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Abstract: As China increases its pace of urbanization, urban areas achieve rapid development by
snatching resources from small towns that suffer persistent outflow of resources and anemic growth.
Consequently, this trend is likely to destroy the foundation of urbanization and structural equilibrium
of sustainable development. Based on the theory of complex adaptive systems (CAS), this paper
held that the changes above were results of the small towns’ making adaptive adjustments to their
internal structures according to external environments. To assess the fitness values of the small
towns around major cities in China, this study analyzed Wuhan city and its peripheral towns from
the ‘fitness’ perspective using the NK model. Meanwhile, the “space-function” coupled mode was
introduced to analyze the development features of these small towns at different fitness levels. On this
basis, spatial autocorrelation was employed to reveal the spatial patterns of the small towns around
Wuhan according to their fitness values. Besides, the locally optimal paths of eight different types of
combinations to evolve fitness were identified based on the NK computation results. The findings
indicate positive correlations between the fitness values of small towns around major cities and
the number of dominant factors. Apart from this, there exists a hierarchical clustering structure
in the region of the major city which is bounded by urban growth boundary based on the fitness
values of small towns. Also, spatial restructuring, the path to closer interaction with peripheral
adaptive agents and effective resource integration in a greater scope, should be given priority to
improve the adaptability of small towns. Additionally, the small towns should shift toward the
function-oriented pattern that emphasizes specialization from the conventional centralized clustering
structure to go with the tide of regional specialization and transformation in urban areas and realize
their regional value.

Keywords: fitness value; small town; China’s major cities; complex adaptive system; sustainable
regional development

1. Introduction

“Fitness”, derived from population genetics, is a quantitative indicator that represents a
population’s receptive ability in the process of evolution regarding natural selection. In essence,
“fitness” can also be used to quantify and describe the adaptability of a population to a specific
external environment [1]. In 1993, John H. Holland, a pioneer in genetic algorithms and echo
models, put forward the “complex adaptive system” (CAS) [2] and introduced the notions of fitness
and adaptability into the systems theory as the theoretical basis that explains the complex systems
comprising numerous adaptive agents. CAS is a critical breakthrough in the history of epistemology
of systematic kinetics and evolutionary law [3]. Different from the “old three” theories such as systems
theory, cybernetics, and information theory and the “new three” theories such as dissipative structure,
synergetic, and catastrophe theories CAS suggests that “elements” be replaced with “adaptive agents”
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and that it is the agents’ adaptation that builds complexity of systems [4]. Moreover, the fitness
improvement of adaptive agent will also promote the adaptability of system, which is the fundamental
reason for the evolution of system [5]. In hidden order, John H. Holland points out the characteristics
of “adaptation”, i.e., universality, relativity, interactivity, complexity [6]. Hence, the theory has been
widely used in studies on evolutionary economics [7,8], social engineering [9,10], and ecological
adaptation [11,12]. On one hand, the theory is applied to explain interaction between the subjects in the
above-mentioned complex system as well as internal mechanism of the system’s continuous evolution
and adaptation. On the other hand, it is applied in computer simulations (mainly by SWARM) to
simulate the evolution of the system. Urban and rural development system is a typical complex
socio-economic system encompassing socio-economic entities including cities, towns, and villages.
The explanation and application of CAS theory on this system has been increasing in recent years.
For example, the framework of CAS theory is used to explain the formation and evolution of city
structure [13,14], to explain the evolution of villages and study adaptive development strategy [15],
and to explore paths of adaptive development of small towns in China [16]. CAS, at its core, relates
to the theoretical feasibility and real necessity of the interpretation and analysis on urban–rural
development. It acknowledges the intrinsic complexity of systems and addresses proactive behavior
of adaptive agents, which agrees with the trending urban planning ideology that fuses “humanism”
and “rational thinking”.

While using CAS theory in the explanation and calculation of system’s evolution, the common
methods are genetic algorithm [6] and NK model [5]. Genetic algorithm is a kind of search algorithm in
essence, which solves fitness function to get the optimal solution through iteration [17]. Compared with
genetic algorithm, NK model focuses more on describing the impact of interaction among elements of
complex system on overall fitness, and demonstrates the overall fitness landscape of system through
calculation of the adaptive agent’s fitness level. It also searches for the development path towards
optimal fitness level while identifying the adaptive agent with optimal fitness. At present, the NK
model is widely applied in assessing fitness of agents with self-organizing behavior, as well as in
exploring paths to elevate fitness of agents, especially in relevant research on regional economic
development. The application of NK model in socio-economics has already been realized by many
scholars, because the industrial development connection among economic entities is similar to that
among members of biological population. The practical examples include Jovanovic’s study on
strategy and organizational structure of regional industrial cluster [18], Levinthal’s study on businesses
adaptive development strategy [19], and Jia Xioahui’s study on adaptive behavior of industrial cluster’s
innovative subject [20].

As mentioned above, CAS theory has been widely applied in explaining the process and
mechanism of development in urban and rural areas or in towns and villages. However, during
application and calculation of the theory, the fitness evaluation has not yet been directly applied in
urban and rural development. At present, application research on NK model in urban and rural
development is relatively less, and mainly concentrates on fitness evaluation of socio-economic
entities in major cities [21], such as high-tech zones and clusters of urban innovation industry [10].
Therefore, in order for CAS theory to play a greater role in both qualitative and quantitative research
on urban–rural development, this thesis applies NK model in fitness evaluation of towns during
urban–rural development. An emphasis is placed on the study differentiation (and even division)
during the development of small towns around the major cities. Furthermore, based on the explanation
of this by CAS theory, it employs NK model to assess the fitness level of small towns around the major
city, and proposes and categorizes paths to improve the small towns’ fitness, so as to provide evidence
for guiding plans and policies for the healthy development of small towns, and to prevent regional
sustainable development with major cities at its core from being discontinued and collapsing in the
development of small towns. Small towns are not only important economic and social entities in urban
and rural development but also the important nodes in the structure of regional economic development.
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According to the standard of towns, small towns refer to administrative units with a total
population of more than 20,000 and an urban population of more than 10% or a total population of
less than 20,000 and urban population of more than 2000 [22]. In China’s administrative framework
with distinct hierarchical characteristics, small towns form the connecting link between urban and
rural areas, offering service to the latter and undertaking the industrial spillover from the former.
During the period between 1978 and 2015, when the reform and opening-up policy was in full swing,
the proportion of urban residents to the national population rose by 38.2%. Compared to the 1978 level
when there were 2173 small towns with the population of 2000 and above, the number of small towns
in the same scale was increased to 20,515 in 2015 [23] (as seen in Figure 1), which accounted for 21.6%
of the urban population in China, including 33.3% of migrant workers [24]. Particularly from 1978 to
1999, the urban population was increased by 210 million nationwide, among which 80 million chose to
live in small towns, equating 57.1% of the total migrant population [25]. However, as the urbanization
strategy shifted toward mega-regions and major cities, such factors of production as migrant workers,
capital, and land rapidly passed through small towns and flowed into larger cities. Consequently,
the small towns had to suffer economic downturn, inefficient public service, and sluggish spatial
development. It is especially obvious that the small towns around the major cities were excluded from
the flow of production factors.
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Figure 1. The quantity changes of small towns with the population of 2000 and above since 1949 (the
foundation of the state). Data source: Urban and Rural Construction Statistical Bulletin in China [23].

In China, most of the major cities are undergoing rapid development and high-level clustering.
They are vigorously spurring urbanization and thus the factors of production in the peripheral towns
and villages in smaller sizes are highly likely to be absorbed by these cities, leading to a wider gap and
greater conflicts between urban and rural areas. Similar to many Euro-American countries, some small
towns around the major cities in China have already been urbanized by multiple external factors and
internal forces. However, it should be noted that a large number of small towns are still struggling on
the way to urbanization because at the internal level, there is a lack of initiative, and at the external
level, the excessive suppression and absorption of larger cities brings about inefficiency in development
and functional operations in small towns, which therefore find it difficult to achieve development
and integrate into the urban area. As a result, they fail to fully perform their strategically significant
role to support urbanization and connect urban and rural areas. It follows that the small towns at
the primary level in China were faced with a continuous decline in their soft power regarding social
equality and cultural inheritance as urbanization proceeded and the major cities snatched resource
factors from them. This phenomenon, if it continues, is likely to further impede the economic progress
in these primary-level towns lacking support and initiative. Consequently, the small towns, failing the
villages that they are supposed provide service and assistance for, are exposed to a considerable risk of
destroying the foundation of the urbanization development system and the regional economic structure;
apart from this, they adversely affect the overall efficiency of harmonious regional development in
the urban area, the joint development of grass-roots society depending on the effective integration of
resource factors and the urbanization of the entire country.
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To a certain extent, these are rational and inevitable problems amidst rapid urbanization,
because small towns must make adaptive adjustments to their internal structures according to the
changes in external environments. According to Holland’s CAS theory, the underlying reason for
the aforementioned problems lies in the adaptive capacity of the small towns. Small towns with
high fitness can participate in regional economic division with the driving force of major cities and
integrate themselves into the macro-development environment and realize their further development.
On the contrary, due to the sustained resource outflows caused by polarization effect of major cities,
small towns with low fitness are failure to achieve their own and regional sustainable development.
Therefore, the main objective of this paper was to investigate how to evaluate the fitness value of
small towns around the major city using NK model, so as to improve the adaptability to promote the
sustainable development of small towns themselves and metropolitan area. The study was carried out
in Wuhan City, a major city in the central of China.

2. Study Area and Data

2.1. Study Area

Wuhan, a city situated in Central China (Figure 2), is the subject and data source of this study.
As of the end of 2016, Wuhan had a resident population of 10,766,200, making it one of the most
populous cities and national center cities in China. The reason why Wuhan has been chosen is the
obvious differentiation in the surrounding small towns. The population continues to grow at a fast
pace in downtown which has a strong adsorption force to the economic factors of surrounding small
towns. Moreover, the public policies and resource are concentrated in the downtown and surrounding
satellite cities instead of small towns. According to the fifth (2000) and sixth (2010) population census
datasets in China, there are 58 small towns in Wuhan, among which 47 see a continuing decline in
population since 2000. [26] During this period, merely 4.12% of the 548 km2 construction land was
in the small towns, with most construction projects in Wuhan springing up in the central urban area
(Figure 3) [27]. In general, over two-thirds of the small towns are confronted with a series of problems,
including outflow of population, sluggish economic growth, vacancy of space, and alienation of
function. They fail to realize the regional functions which can be a disadvantageous factor in balanced
and sustainable regional development.
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2.2. Data

Data may affect the fitness of small towns will be collected according to CAS theory which is
the theoretical basis of NK model in this paper. According to Holland’s echo model built on CAS
theory and his interpretation on the adaptation mechanism of adaptive agents, the underlying reason
for the differentiation lies in the adaptive capacity of the small towns. In other words, the lack of
adaptive capacity makes the small towns fail to respond to their external environments, primarily the
major cities’ snatches at their factors of production and the impact of rapid urbanization. In Holland’s
view, an adaptive agent with high “fitness value” is able to maintain its capacity to draw on and
process resources in their systems and to accelerate the evolution process in disregard of the changes
or impacts of external environments [6]. Flow, one of CAS’ important characteristics, is essential
to the adaptive capacity of small towns. It is used to identify whether the internal structure of an
adaptive agent matches its function, and whether the fashion of matching allows the adaptive agent to
persistently access to flowing factors. For small towns in an urban area, there are empirical studies
that have proven the impact on the flow of production factors at diverse aspects, such as market,
government, and geographic environment [28,29]. However, existing studies largely focus on empirical
analysis and thus fail to quantitatively assess fitness about the small towns from an “adaptability”
perspective [30–32].

The existing evaluation and research on small towns generally centers on individual development
scale, economic level, or other aspects. Therefore, the scope of data collection basically focuses on the



Sustainability 2018, 10, 2154 6 of 20

township where the economic factors are concentrated [33,34], and it is less considered from the overall
administrative unit. From the explanation of the CAS theory on the adaptability process of small
towns, the adaptability of small towns is seriously affected by the “flow”, which in turn influences
whether its own structure is able to assume the due regional functions (the most important role of
small towns is to promote rural development and ensure the stability of the grassroots structure for
regional sustainable development) [35–37]. Thus, the meaning represented by the data and the spatial
scope of data collection should be expanded with the change of the resource element flow.

In this paper, 58 town area units in Wuhan City are used as data collection scope. With the year
of 2014 as the data collection time node, the data of the 58 town units were involved in the three
dimensions of space, economy, and public services. As mentioned above, data must be reflecting the
regional function of small towns which can be summarized from the perspective of space, economic
and public service in general [38,39]. Based on the dimensions mentioned above, three types of data
will be collected in this paper (Table 1). The first type is point data, which reflect the spatial scale,
economic scale, and public service facility configuration data of small towns’ townships, including
population size, economic scale, and facility configuration scale. This is also the data that other
small towns must collect in the evaluation process, and is involved in many scholars’ research on
the evaluation of small town development [30–32]. The development scale of township affects the
ability of small town to acquire and attract the resources from other towns based on the scale effect.
The second type is relational data (line data), which can reflect the structural functions of small towns in
regional development and the role of promoting regional sustainable development (including economy
and public services). This is often neglected in the evaluation of small towns, but it represents the
connection between small towns and central urban areas and the ability of small towns’ townships to
serve the surrounding villages. The collection of this indicator data draws on some scholars’ research
on the evaluation of urban–rural relations [40]. Including the urbanization rate, proportion of patients
to total population, and so on. The relational data reflect the ability of small towns to exchange and
utilize resources with other adaptive agents. The third type is the plane data, which reflect the overall
development level of the small towns, including the scale data in the whole administrative unit of the
township and villages. With the development of agricultural modernization and the development
of rural tourism, rural areas in the administrative units of small towns have also taken advantage of
many resources and created a lot of value. Considering that the value of resources in rural areas mostly
comes from agriculture and tourism, the selected data indicators include rural tourism income and
land productivity and other indicators. Such indicators which reflect the amount of resources available
are also easily overlooked in the evaluation of small towns. The data source comes from the statics
about small towns of Wuhan Land Resources and Planning Bureau [41].

Table 1. Type of basic data collection.

Space Economy Public Service

Point
Data reflect the spatial scale of
township including the
population and land use.

Data reflect the economic scale of
township including the secondary
industrial and public finance.

Data reflect the scale of public service
facility in township including the education
and health care.

Line
Data reflect the spatial
relationship between small town
and major city.

Data reflect the economic
relationship between small town
and major city.

Data reflect the ability of small towns’
townships to serve the surrounding
villages.

Plane

Data reflect the overall
development level of the small
towns including the scale of
population and land use.

Data reflect the overall economic
development level of the small
towns including the scale of
primary and tertiary industries.

Data reflect the overall public service of the
small towns including the proportion of
served population.

Table source: drawn by authors.

The collected data will be calculated by the NK model as the following framework (Figure 4).
The methods will be elaborated in Section 3.
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3. Methods

3.1. The Method of Data Pre-Processing

In order to make the meaning of data more accurate, it is necessary to preprocess the original
data. Part of the data are calculated by the statics, including proportion of township area to land area
of town (%), urbanization rate (%), and proportion of patients to total population (%). Because the
proportional data can indicate the structural characteristic of small towns [42]. Min. time between
township and the third ring, min. time between township and the third ring by bus and proportion of
population living in a distance within 30-min drive to hospitals in township are measured by Google
Earth and Arc GIS. The former two indicators can reflect the spatial relationships between small towns
and the downtown of a major city. The capability for providing basic public services of a small town
can be shown by the latter indicator.

3.2. Fitness Value Assessment Based on NK Model

3.2.1. Brief of the NK Model

The NK model is a mathematical model introduced by the American theoretical biologist Stuart
Kauffman in 1993 to build fitness landscapes. The NK model combines the fitness with the complexity
science for the first time. It is characterized in that the overall ruggedness of the fitness landscape can
be adjusted via changes to its two parameters, N and K, with the former representing the number
of genes of a species (the number of factors that affect the fitness value of the agent) and the latter
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measuring the degree of interaction between genes (the number of relationships between factors that
affect the fitness of the agent) [4]. The NK model comprises five parameters totally [18] (Table 2).

Table 2. Basic parameters of NK model.

NK Model Parameter The Explanation of Parameter

N The number of genes in a species
K The number of genes associated with each other
A The number of alleles of a gene
S The number of related species
C The link between genes and the number of other species involved

In the application of NK model, N and K are the most important parameters [20]. Therefore,
the key to assessing the fitness value of small towns in this paper is to determine the values of N and
K. N represents the number of factors that affect the adaptability of small towns while the value of
K controls the degree of complexity of systems. A high value of K indicates that a given gene has
relatively complex limiting factors. With K = 0, there is no interaction between genes. To simplify the
calculation, we valued K as 0 in the assessment of fitness value about small towns. From Kauffman’s
follow-up study, it can be seen that the value of A is highly insensitive to the conclusions concerning
the analysis of the model as a whole. Hence, Kauffman considered only the two extreme values,
i.e., A = 0 and A = 1. Therefore, there will be 2N kinds of small towns in the paper. In this case, only
one hill is presented in the fitness landscape of the system, i.e., global optimum. The overall fitness of
the adaptive agent is defined as the mean value of the fitness of all genes as

W(s) =
1
N
·

n

∑
i=1

wi (1)

W(s) is the fitness value of each small town, wi is the contribution degree of factors to the of small
town’s adaptability. When wi is less than the system average, the state of the factor will be 0 while 1
represents the former is greater than the latter. The prerequisite for this step is to standardize the data
of the impact factor as

Zj =
(
Yj −minYj

)
/
(
maxYj −minYj

)
(j = 1, 2, 3, . . . , 58) (2)

Each of the impact factors of each small town is empowered and the adaptability value of the small
town is calculated. In this paper, the weights are determined based on weight of factor interpretation
obtained from factor analysis by SPSS. Each small town not only has an adaptability value, but also a
set of corresponding adaptability combinations.

NK model is a method in the application of CAS theory and a measurement for the adaptability
of the agent in complex adaptive system. Therefore, the interpretation of the small towns’ fitness value
calculated by NK model should refer to the explanation of adaptability in CAS theory. In terms of the
CAS theory, adaptive capacity is described to be the ability of an adaptive agent to match its internal
structure up with its function and sustain in a given environment with favorable support [5]. There will
be three adaptive types of results which can be interpreted by CAS theory (Table 3). Moreover, each
small town will have a combination of adaptability. The NK model can indicate the optimal paths for
different type small towns to promote the fitness value.
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Table 3. Interpretation on classification of the small towns by different degrees of fitness.

Adaptive Type “Space–Function” Coupled State Behavior and Performance of Small Towns

Adaptive failure
Complete mismatch between
varying spatial structure and
functional structure

Given that the number of the total demand subjects in the
region is on the rise, the centers of the small towns offer
backward service regarding economic function and public
service in the region.

Locally adaptive Partial mismatch between spatial
structure and functional structure

Small towns is failed to realize certain functions because of
the slow space growth.

Highly adaptive Comprehensively coupled spatial
structure and functions

The small towns have developed significant clustering edges
and capacity in their centers. Meanwhile, they are relatively
efficient in providing public service for peripheral villages.

3.2.2. Applicability of Using the NK Model to Assess the Fitness of Small Towns around a Major City

The fitness landscape theory and the NK model are both derived from the study of evolution in the
field of biology; however, biological systems also are typically complex adaptive systems. Therefore,
biological theories and models can favorably explain the adaptability of the internal structures of
complex adaptive systems in external environments. Presently, the NK model is often employed to
analyze the fitness (adaptive capacity) of industrial clusters from the perspectives of management
and economics. In general, previous studies have demonstrated the feasibility of applying the NK
model to research on self-organization, and natural and social selection. Likewise, the NK model can
also be applied to the study of urban–rural development systems that combine social and economic
dimensions [18] (Figure 5).
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Firstly, the NK model is a model that calculates the agent adaptability based on CAS’s complexity
system theory. The urban–rural development system with the metropolises as the core and the small
towns as the surrounding nodes has the characteristics of complex adaptive systems, and can use the
key mechanism “flow” in CAS to interpret the process of change rationally (as mentioned Figure 5).
So, starting from the theoretical basis, the NK model can be applied to the adaptability evaluation of
small towns around the major cities.

Secondly, metropolitan areas have relatively high marketization and are relatively freely
competitive compared to other regions. Therefore, the development and evolution of the urban–rural
development system with the metropolises as its core has obvious self-organization behavior. The NK
model has been used to study the adaptability of high-tech zones and industrial clusters in metropolitan
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areas [21]. As a socio-economic entity that integrates industries, society, services, and other factors,
small towns have the self-organization behavior of participating in the regional division of labor
and assuming regional functions under the urbanization process and market forces. For this reason,
the NK model is also applicable to the assessment of adaptability in small towns in metropolitan areas.
For small towns in non-metropolitan areas, the NK model may not be applicable, because the degree
of marketization is relatively low, the development of small towns is mostly dominated by top-down
government, and self-organization behavior is not obvious, which is why the metropolitan areas are
chosen in this paper for research.

3.3. Methods to Determine the Parameter N in the NK Model

N is one of the important parameters in the NK model, which represents the number of factors
that affect the adaptability of small towns. Indicators that may influence the fitness value for small
towns have been collected preliminarily based on Table 1. However, if N is valued as the number
of original indexes directly, the calculations will be extremely complicated. Correlation analysis and
factor analysis were used to further screen for accurate NK model parameter determination.

3.3.1. Bivariate Correlation Analysis

Bivariate analysis is one of the simplest forms of quantitative (statistical) analysis. The objective
of bivariate correlation analysis is to confirm the correlation between the two variables X and Y. It can
help us to screen indicators that affect the adaptability of small towns more precisely. Some scholars
screened indicators that influence the public service efficiency of small towns by using bivariate
correlation analysis [43]. Pearson correlation coefficient will be used to measure the linear correlation
between two variables and it can be calculated as

r =
∑n

i=1
(
Xi − X

)(
Yi −Y

)√
∑n

i=1
(
Xi − X

)2
√

∑n
i=1
(
Yi −Y

)2
(3)

where r is the Pearson correlation coefficient. It has a value between +1 and −1, the higher the value is,
the stronger the linear correlation the two variables have.

3.3.2. Factor Analysis

Since the parameters selected by the determination of the parameter N need to be further clarified
to explain the role of fitness value, SPSS software is used to perform dimensionality reduction analysis
using factor analysis methods after the correlation analysis. Factor analysis is a kind of methods to
realize the data reduction. The theory of analytic methods is that the information gained about the
interdependencies between observed variables can be used later to reduce the set of variables in a
dataset. Multiple original variables will be reduced to several new divisors with new implications.
Only the variables have close relationship can be reorganized into one new divisor. In addition, degree
of variable’s interpretation to the divisor showed by factor analysis can be used to determine the
weight of indicators. The weight of variables (Wi) can be computed as

Wi =
Ci

∑n
i=1 C

(4)

where Ci is the degree if variable’s interpretation to the divisor.

3.4. Method of Visualizing the Spatial Pattern of Fitness Values in Small Towns

The NK model can only calculate the fitness value of small towns, but cannot show the spatial
pattern of fitness value from the perspective of region. Therefore, spatial statistics were used to
describe the regional characteristics as an analytical basis for formulating regional development
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policies. The spatial patterns of small towns at different levels of fitness refer to the spatial correlation
of fitness in the entire region. In spatial analysis, the global Moran’s I is generally used to measure
spatial dispersion while the “local indicators of spatial association” (LISA) are exploited to evaluate
the level of similarity and spatial segregation of local units. The global Moran’s I can be expressed by

Moran′s I = ∑n
i=1 ∑n

j=1(Xi − X)
(
Xj − X

)
/S2 ∑n

i=1 ∑n
j=1 Wij (5)

where Xi and Xj respectively denote the observed values of i and j, and Wij represents the spatial
weight. With Moran’s I > 0, the development fitness of the small towns shows an obvious level of
spatial clustering; with Moran’s I < 0, the development fitness of the small towns presents evident
signs of spatial segregation.

The LISA can be represented by

LISA = Z′i
n

∑
j=1

WijZ′j (6)

where Z′i and Z′j respectively express the observed and standard values. With LISA > 0, there is a
low degree of segregation between the fitness of the small towns and their surrounding spatial units;
with LISA < 0, a high degree of segregation can be observed.

4. Results and Discussion

4.1. Result of Data Pre-Process

Based on the data collection and pre-processing, 35 indicators were prepared to analyses and
calculation (Table 4). Moreover, the indicators will be screened below.

Table 4. Basic data collection.

Type of Data Space Economy Public Service

Point

Resident population in township (Per capita) fixed asset investment Number of senior high schools in town
(Per capita) budget revenue Number of junior high schools in town

Township area (Per capita) local fiscal revenue Number of primary schools in town
Proportion of township area to

land area of town (Per capita) GDP of secondary industry
Number of beds of hospitals in township

Proportion of village area to land
area of town (%)

Number of medical practitioners
Number of teachers

Line

Urbanization rate (%)

Yield of farmland

Proportion of patients to total population (%)
(Per capita) road density in town
Min. time between township and

the third ring
Min. time between township and

the third ring by bus
Number of expressway entrances

Plane

Land area of town (Per capita) GDP of primary industry Proportion of population living in a distance
within 30-min drive to hospitals in townshipLand area of villages

Resident population in town (Per capita) GDP of tertiary industry
Forestland area in town (Per capita) GDP of the region

Water area in town Per capita net income of farmers
Overall operating rate of mechanized

farming
Proportion of yields of characteristic

agriculture
Proportion of area of land-use right transfer

Revenue from leisure tourism in villages

4.2. Results of N Value

4.2.1. Result of Bivariate Correlation Analysis

Taking the 35 indicators mentioned above in Table 4 as independent variables and the changes of
the permanent resident population in each small town in the five years from 2010 to 2014 as dependent
variables, a bivariate correlation analysis by SPSS software was carried out one by one (Table 3).
The population data in the period between 2010 and 2014 are defined as dependent variable because
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changes in populations can directly reflect the impact of rapid urbanization and the core effect of
larger cities on small towns, as well as the internal structures of small towns altered by external factors.
Besides, there is no need to carry out meta-analysis that involves such difficult and complex tasks as
micro-data acquisition. Meanwhile, changes in the resident population of a small town somewhat
represent its total demand for public services and infrastructure [44,45].

12 indicators were selected after bivariate correlation analysis (Table 5). However, because of the
insufficient exploitation and utilization of water area in small town, the implication of indicator 7 in
Table 3 to the adaptability of small towns would not be obvious. Therefore, water area in town would
not be selected in next calculator step. Ultimately, 12 indicators were selected.

Table 5. Bivariate correlation analysis.

Number Indicators Pearson Significance
(Bilateral)

Selected or
Not

1 Urbanization rate (%) 0.169 0.206
2 Resident population in town 0.571 ** 0.000 Selected
3 Resident population in township 0.595 ** 0.000 Selected
4 Township area 0.619 ** 0.000 Selected
5 Land area of town 0.432 ** 0.001 Selected
6 Forestland area in town −0.009 0.947
7 Water area in town 0.125 0.312
8 Land area of villages 0.364 ** 0.005 Selected
9 Proportion of village area to land area of town (%) 0.533 ** 0.000 Selected

10 Proportion of village area to land area of town (%) 0.139 0.298
11 Per capita road density in town −0.163 0.222
12 Min. time between township and the third ring −0.257 0.051
13 Min. time between township and the third ring by bus −0.117 0.381
14 Number of expressway entrances 0.284 * 0.031 Selected
15 Per capita fixed asset investment 0.246 0.063
16 Per capita budget revenue 0.328 * 0.012 Selected
17 Per capita local fiscal revenue 0.166 0.213
18 Per capita GDP of the region 0.204 0.124
19 Per capita GDP of primary industry 0.026 0.848
20 Per capita GDP of secondary industry 0.231 0.082
21 Per capita GDP of tertiary industry 0.221 0.096
22 Per capita net income of farmers 0.205 0.122
23 Yield of farmland 0.264 * 0.046 Selected
24 Yield of farmland Overall operating rate of mechanized farming 0.042 0.753
25 Proportion of yields of characteristic agriculture 0.213 0.109
26 Proportion of area of land-use right transfer −0.188 0.157
27 Revenue from leisure tourism in villages 0.202 0.129
28 Number of senior high schools in town 0.278 * 0.035 Selected
29 Number of junior high schools in town 0.224 0.091
30 Number of primary schools in town 0.071 0.597
31 Number of teachers 0.203 0.127
32 Number of beds of hospitals in township 0.578 * 0.000 Selected

33 Proportion of population living in a distance within 30-min drive to
hospitals in township Proportion of patients to total population (%) −0.076 0.572

34 Number of medical practitioners 0.207 0.119
35 Proportion of patients to total population (%) 0.343 ** 0.008 Selected

** Significant correlation at 0.01 level (bilateral). * Significant correlation at 0.05 level (bilateral).

4.2.2. Results of Factor Analysis

Specific indexes which have high degrees of factor’s interpretation and close to each other can be
reorganized into a new component. Three impact factors affecting the development adaptability of
small towns were obtained, and the overall level of interpretation of the three factors reached 77.566%,
and namely N = 3 was determined (Table 6). These three impact factors affect the adaptability of
small towns from different perspectives. Component 1 derived from the dimension reduction includes
the permanent resident population of the township, local fiscal revenue, the size of the township,
and the ratio of the township to the town area. The indicators included in this component are basically
reflected in the supply configuration of the central node of the township. The agglomeration scale of
the center is firstly related to whether it has the ability to obtain resources from different locations in
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the metropolitan area where it is located, and thus whether it has influence on the rural nodes and their
influence and whether or not small cities and towns have local top-down organizational dynamics
under the influence of major cities. Therefore, this component is defined as a central scale factor that
affects the adaptability of small cities and towns. Component 2 is mainly an indicator of the overall
spatial scale within the town area, representing the available resources within the overall spatial unit
of small towns and the demand for how many resources are available within the unit. It is therefore
defined as the regional demand factor. Component 3 is mainly an indicator that reflects the relationship
between township and surrounding rural nodes. It also reflects the access of small towns to the outside
world and the degree of connection between internal township and rural nodes. In addition, it reflects
the regional position and internal structure of small towns, and affects the judgment of whether small
towns can undertake regional functions. The component is therefore defined as a structural correlation
factor. Two indicators—number of senior high schools in town and number of beds of hospitals in
township—are discarded because of unapparent degree of factor’s interpretation. After the factor
analysis, weight assignments are made based on the degree of interpretation of the factors in the
rotation matrix (Table 7).

Table 6. Factor analysis.

Component
Initial Eigen Values Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings

Total % of
Variance Cumulative% Total % Variance % Cumulative Total % of

Variance Cumulative %

1 6.221 51.839 51.839 6.221 51.839 51.839 3.819 31.828 31.828
2 1.873 15.610 67.449 1.873 15.610 67.449 3.076 25.630 57.457
3 1.214 10.117 77.566 1.214 10.117 77.566 2.413 20.109 77.566
4 0.802 6.684 84.250
5 0.583 4.862 89.112
6 0.406 3.385 92.497
7 0.371 3.090 95.587
8 0.242 2.018 97.605
9 0.146 1.219 98.823
10 0.082 0.682 99.505

Extraction method: principal component analysis.

Table 7. Rotated component matrix a.

Component

1 2 3

Resident population in township 0.876 0.338 0.238
Local fiscal revenue 0.859 0.171 0.022

Township area 0.841 0.198 0.428
Proportion of township area to land area of town 0.772 −0.104 0.530

Number of senior high schools in town 0.575 0.569 −0.003
Proportion of village area to land area of town 0.100 0.909 0.147

Land area of town 0.080 0.844 0.062
Resident population in town 0.488 0.794 0.182

Yield of farmland 0.075 0.018 0.724
Proportion of patients to total population (%) 0.053 0.488 0.705

Number of expressway entrances 0.395 0.033 0.685
Number of beds of hospitals in township 0.512 0.388 0.583

Extraction method: principal component analysis. Rotation method: Kaiser’s standard orthogonal rotation. Rotation
converged in six iterations. a: The rotation converged after 6 iterations.

On the bases of factor analysis, the weight is calculated by the Formula (4). The implication and
contained specific indexes of each divisor is match to the type of data mentioned in Table 4 including
point, line, and plane (Table 8). It proved that the data collection and pre-processing is effective for
assessment of fitness value concerning small towns.
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Table 8. Divisors of NK model and the weight index.

Divisors in NK
Model Specific Index Degree of Factor’s

Interpretation (C)
Weight of
Index (W) Type of Data

Divisor of
Center size

Resident population in township 0.876 0.262 Point
local fiscal revenue 0.859 0.256

Township area 0.841 0.251
Proportion of township area to land area of town 0.772 0.231

Divisor of
Regional
demand

Land area of town 0.844 0.331 Plane
Proportion of village area to land area of town 0.909 0.357

Resident population in town 0.794 0.312

Divisor
Structural
correlation

Yield of farmland 0.724 0.343 Line
Number of expressway entrances 0.685 0.324

Proportion of patients to total population (%) 0.705 0.333

4.3. Spatial Patterns of Small Towns with Different Degrees of Fitness

The following presents the divisors and fitness value of the 58 small towns in Wuhan according
to the data processing procedures above (Table 9).

Table 9. Value and state of the divisor of 58 small towns in Wuhan.

Sample Small Towns Divisor of
Center Size

State of
Divisor

Divisor of
Regional Demand

State of
Divisor

Divisor
Correlation

State of
Divisor

Fitness
Value

1 0.266573773 1 0.166054951 0 0.471717086 1 0.301449
2 0.277643891 1 0.635586115 1 0.430782802 1 0.448004
3 0.192476006 0 0.497097188 1 0.246698996 1 0.312091
4 0.154260006 0 0.595400587 1 0.241906471 1 0.330522
5 0.274121729 1 0.450994716 1 0.305960145 1 0.343692
6 0.102040519 0 0.397531377 1 0.20531812 0 0.234963
7 0.107342728 0 0.412752881 1 0.152131598 0 0.224076
8 0.05759707 0 0.47528238 1 0.183337386 0 0.238739
9 0.221720034 0 0.473370176 1 0.301659494 1 0.332250
10 0.113369944 0 0.285429417 0 0.347251137 1 0.248683
11 0.210710001 0 0.697035375 1 0.379927154 1 0.429224
12 0.032809953 0 0.010388518 0 0.211190637 0 0.084796
13 0.110683344 0 0.10800026 0 0.227584737 0 0.148756
14 0.326521572 1 0.210808813 0 0.454614557 1 0.330648
15 0.384040827 1 0.409810021 1 0.53594896 1 0.443267
16 1.512428612 1 0.509788826 1 0.961831133 1 0.994683
17 1.259737924 1 0.920219175 1 0.234173094 1 0.804710
18 0.263533568 1 0.511569067 1 0.295172844 1 0.356758
19 0.011703344 0 0.102131037 0 0.092070183 0 0.068635
20 0.180720962 0 0.357158649 1 0.116179009 0 0.218020
21 0.225439494 0 0.466917387 1 0.3696329 1 0.353997
22 0.027551108 0 0.017648292 0 0.010925682 0 0.018708
23 0.175329394 0 0.276355239 0 0.340562835 1 0.264082
24 0.082141102 0 0.192090939 0 0.093802769 0 0.122678
25 0.09546015 0 0.202447957 0 0.178360463 0 0.158756
26 0.262412087 1 0.491497559 1 0.360631383 1 0.371514
27 0.168397876 0 0.347544613 1 0.351452367 1 0.289132
28 0.278298599 1 0.558910495 1 0.159022501 0 0.332077
29 0.234115896 0 0.497278314 1 0.238957127 1 0.323450
30 0.144817773 0 0.223733264 0 0.174729798 0 0.181094
31 0.182036003 0 0.180950444 0 0.042955099 0 0.135314
32 0.146091655 0 0.141501686 0 0.032120497 0 0.106571
33 0.190977154 0 0.158796432 0 0.147591575 0 0.165788
34 0.698815889 1 0.423411617 1 0.189330905 1 0.437186
35 0.433953302 1 0.254728079 0 0.155917923 0 0.281533
36 0.260821149 1 0.269864315 0 0.220207078 0 0.250298
37 0.293934458 1 0.290169621 0 0.201389927 0 0.261831
38 0.3999795 1 0.450210438 1 0.24860226 1 0.366264
39 0.045853279 0 0.205981065 0 0.120478254 0 0.124104
40 0.019041785 0 0.02191795 0 0.05371016 0 0.031557
41 0.032061081 0 0.047613657 0 0.099872598 0 0.059849
42 0.179147049 0 0.440332358 1 0.163790612 0 0.261090
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Table 9. Cont.

Sample Small Towns Divisor of
Center Size

State of
Divisor

Divisor of
Regional Demand

State of
Divisor

Divisor
Correlation

State of
Divisor

Fitness
Value

43 0.1369995 0 0.236105858 0 0.131234732 0 0.168113
44 0.07377397 0 0.163895036 0 0.128259004 0 0.121976
45 0.04745544 0 0.203703438 0 0.183126866 0 0.144762
46 0.230818108 0 0.100761487 0 0.183587439 0 0.171722
47 0.244364093 1 0.145566578 0 0.200290912 0 0.196741
48 0.258878826 1 0.159318192 0 0.277655684 1 0.231951
49 0.3599347 1 0.390077971 1 0.118077463 0 0.289363
50 0.362193707 1 0.379542788 1 0.147383627 0 0.296373
51 0.247150763 1 0.59688653 1 0.141874192 0 0.328637
52 0.024126589 0 0.231082025 0 0.030685838 0 0.095298
53 0.068037992 0 0.230316756 0 0.065025687 0 0.121127
54 0.064860274 0 0.230414654 0 0.136497403 0 0.143924
55 0.082247855 0 0.240627881 0 0.181436986 0 0.168104
56 0.012759708 0 0.011032025 0 0.1356416 0 0.053144
57 0.385715784 1 0.672619834 1 0.310980319 1 0.456439
58 0.377659992 1 0.68205548 1 0.208980651 0 0.422899

average 0.234718774 0.328626169 0.222935149

The spatial analyst extension supported by ArcGIS 10.2 was employed to obtain the global Moran’s
I based on the fitness of the small towns in the 58 spatial units in Wuhan: Moran’s I = 0.119792 > 0.
This indicates that the overall development fitness of the small towns in Wuhan has a distinct feature
of spatial clustering. Furthermore, spatial computation of the LISA was performed. See the figure
made by ARCGIS 10.2 software below (Figure 6).
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As shown in the figure, the H-H cluster consists of Hengdian, Shekou, Yangluo, Cangbu and
Tianhe; the L-L cluster includes Hongbei, Dengnan and Tonghu; the H-L cluster comprises Qijiawan,
Liji, and Wulijie; the L-H encompasses Xin’andu, Xingou, Zhuru, and Xiaosi. It is noticed that the
high-level clusters are situated in the development area of the city. This indicates a significant difference
in the spatial clustering of fitness between the area in and out of the development area.

According to the spatial autocorrelation analysis on the fitness of small towns, the overall
development fitness of the small towns shows an evident characteristic of spatial clustering, and on
this basis, the concentric rings separated by the development bound of the main urban area show
dimensional differences, which are specifically reflected by the locally spatial autocorrelation between
high and low levels of fitness. This indicates that even though fitness combines the indicators in three
dimensions (i.e., center size, regional demand, and structural correlation) to measure the development
of small towns, it fails to withstand the impact of the concentric development pattern of major cities.
It is thus perceived that the adsorption of flowing resources and factors of production in small towns is
a universal manifestation of the core effect of main urban areas in larger cities, and the differentiation of
fitness among the small towns is primarily driven by the differential forces of intervention generated by
concentric rings. Besides, it is another important path toward sustainable development for urban areas.

4.4. Discussion of the Fitness Paths Results

As we mentioned in Section 3.2, there will be 2N = 8 kinds of combinatorial fitness states for small
towns in Wuhan. The results about eight kinds of degrees’ fitness in Wuhan as follows from high
to low by calculating the mean value of each kind based on Table 7. They can be classified by three
adaptive types (Table 10).

Table 10. Fitness values of different combinatorial fitness states in Wuhan.

Adaptive Type Combinatorial
Fitness States

Divisor of
Center Size

Divisor of Regional
Demand

Divisor of Structural
Correlation

Fitness
Value Amount

Highly adaptive 111 0.428597 0.508922 0.358884 0.432127857 10

Locally adaptive

110 0.428597 0.508922 0.139855 0.359118249 5
011 0.116249 0.508922 0.358884 0.328018303 7
101 0.428597 0.171595 0.358884 0.319685575 3
010 0.116249 0.508922 0.139855 0.255008695 5
100 0.428597 0.171595 0.139855 0.246675966 3
001 0.116249 0.171595 0.358884 0.215576021 2

Adaptive failure 000 0.116249 0.171595 0.139855 0.142566412 23

Ultimately, according to the results produced by the NK model, 58 small towns in Wuhan can be
divided into several groups with different degrees of fitness. The computation results produced by the
NK model can be classified into non-factor (000), single (001, 100, and 010), two (101, 011, and 110) and
three-factor contribution by the level of fitness from low to high. This implies that the adaptability of
small towns surrounding major cities becomes stronger as the number of contributing factors increases.
Moreover, obvious polarization can be seen in the fitness values of small towns in Wuhan. The highest
and lowest fitness values are both have the largest number of small towns.

It can be seen from Table 8 that each small town corresponds to a fitness value and a combinatorial
fitness state which are significant to arrive at the fitness improvement path. Especially for the small
towns which belong to the type of locally adaptive and adaptive failure. In addition to fitness
classification, the NK model can also be used to identify the paths from local to global optimum in
different kinds of fitness landscapes. Without doubt, the NK computation results offer more than a
solution to raise the level of fitness of each type of small towns. However, considering the intrinsic
content and the corresponding degree of fitness of each combinatorial mode, the following are three
optimal paths to improve the fitness of the small towns around the urban area in Wuhan (Figure 7).
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4.4.1. Optimal Path of Structural Correlation-Oriented Type (001)

For the small towns in category 001, there are two globally optimal paths: 001–101–111 and
001–011–111. According to the fitness combinations produced by the NK model, in Wuhan, category
011 has a higher degree of fitness than the category 101. On this basis, the NK paths suggest that the
structural correlation-oriented small towns should raise their levels of fitness by increasing the overall
regional demand. As for administrative framework, considering the area of jurisdiction, number
of subordinate villages, construction land area and population, it is difficult for the small towns to
implement a top-down reform in the administrative framework. Therefore, the priority should be
given to how to increase spatial interaction between the small towns and other units and integrate
more resource factors for these small towns to improve their levels of fitness.

4.4.2. Optimal Path of Center Size-Oriented Type (100)

As for the small towns in category 100, there are two globally optimal paths: 100–101–111
and 100–110–111. However, from the fitness combinations based on the NK model, it can be seen
that category 110 outperforms category 101 in fitness. Hence, the NK paths also suggest the center
size-oriented small towns to improve their fitness by increasing the overall regional demand. Similar
to the structural correlation-oriented small towns, it is essential to expand their sphere of influence on
the development of small towns, expand the range of spatial interaction, and integrate more resource
factors with certain approaches or intervention.

4.4.3. Optimal Path of Regional Demand-Oriented Type (010)

For the small towns in category 010, there are two globally optimal paths: 010–110–111 and
010–011–111. The NK computation shows that, category 110 has a higher level of fitness than category
011. Therefore, the NK model provides the regional demand-oriented small towns with two solutions
to reach the globally optima of fitness by improving technical efficiency and structural correlations
between the core (i.e., centers of the small towns) and the nodes (i.e., surrounding villages) for
centralized clustering.

4.4.4. Optimal Paths for Small Towns at the Lowest Level of Fitness (000)

Most small towns in Wuhan are categorized in 000, i.e., the category representing the lowest level
of fitness. These small towns are provided with eight globally optimal paths, more than those in other
categories. However, according to the computation of the fitness of each category using the NK model,
category 000 should follow the globally optimal path 000–010–110–111. In other words, the integration
of regional demand should take priority over other aspects to achieve the global optimum.

The findings based on the NK model imply that the regional-demand factors, no matter in the
single or two-factor contribution categories, occupy the position representing the highest level of fitness.
Besides, the optimal paths for the non-factor contribution category (000) at the lowest level of fitness
and the center size (100) and structural correlation-oriented (001) small towns to the corresponding
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highest level of fitness require these small towns to broaden the scope of integration of internal factors
and increase regional demand. To realize global optima, except category 111, four out of the other
seven combinatorial fitness types suggest that small towns to improve their development fitness by
enhancing the regional-demand factor, which drives the top-down centralized clustering in these small
towns so that they can reach the peak of a hill in the fitness landscape.

5. Conclusions

As an important theory and method of complexity science, the CAS theory and NK model
for small towns’ fitness value assessment proved to be feasible, especially in the region with high
marketization degree and obvious self-organization behavior of the adaptive agent. To elaborate this
approach, taking Wuhan City as an example, this paper used NK model to explore the fitness value
and the improvement path of small towns in Wuhan. Some conclusions have been drawn.

The results show that it is an appropriate approach for small towns around Wuhan City to
improve their fitness by increasing the dominant factors in the process of development and exploring
possible measures to control the flow of factors within the small towns. This agrees with the trend
of vertical specialization in urban area and guarantees the structural position of villages that play a
supplementary role in regional development.

The results also indicate that small towns, under the influence of Wuhan, follow the trend of
expanding the space of flow in the process of raising their fitness levels, and integrate factors through
interaction with other adaptive agents in such a larger space. It is the most effective and the only
path to greater adaptability when the small towns are faced with normal shrinkage in size caused by
the universal outflow of resource factors. Therefore, Wuhan, as a major city with multi-center spatial
structure, should be guided by urban planning respond to this trend. The spatial integration mode of
interaction based on the functional correlations between townships and villages around Wuhan can be
a feasible spatial guidance. Networking development will be an effective way for small towns to make
full use of resources.

In the current fiscal framework, small towns mainly rely on top–down public input and other
self-derived fiscal revenue. Hence, the public input can dramatically increase the center sizes of small
towns and even lead to a temporary leap. However, since the input of public finance is limited and the
return rates of resources put into small towns largely differ, public policies should accurately target
at critical aspects in the future development of Wuhan City. In the new era of labor specialization,
we should develop a comprehensive and accurate understanding of the connotation and value of the
development of small towns in order to realize a rational specialization structure in China, heightened
urban–rural economy, and security and sound development. In a fitness landscape, the path up the
hill refers to the process of small towns improving their risk capacity and the overall value in regional
specialization so that they can adapt themselves to the rapid urbanization in China, the external
environment, and changes in urban areas—e.g., active flow of factors—in order to ultimately achieve
sustainable regional development.
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