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Whether airport groups develop synergistically has become a concern for the aviation industry. Existing studies have neglected the
dynamic comprehensive evaluation and analysis of infuencing factors of synergy degree. Taking the synergistic development of
airport groups as the research perspective, we integrate the dynamic comprehensive evaluation model into the traditional synergy
model. From two dimensions of airport development and regional economy, we measured the static synergy degree of the
Chengdu-Chongqing airport group and the dynamic synergetic development degree on the overall time series. Further, using
a spatial econometric model, we construct a distance economy-nested spatial weight matrix so as to explore the infuence of each
indicator on the synergy degree of the composite system. Te results show that the overall synergy of the Chengdu-Chongqing
airport group is above 0.5 in terms of static synergy degree. Te clustering spectrum shows that the Chengdu-Chongqing airport
group can be divided into three categories and basically forms the characteristic of “two main and multiple auxiliary airports.” In
terms of dynamic synergetic development degree and comprehensive evaluation value, the change speed of synergy degree is
relatively smooth in the early stage and fuctuates in the later stage, and the overall dynamic evaluation value of the Chongqing
regional airports is high.Te efects of the explanatory variables of the airport group composite system on the synergy degree show
more direct efects than spillover efects, and the direct efects are all positive feedback efects, while the negative spillover efects of
the explanatory variables cannot be ignored.

1. Introduction

Te airport is a critical component of air transportation [1].
Since the Five-Year Plan was announced in 2016, the scale
system and market structure of China’s civil aviation have
undergone signifcant changes. Te National Civil Transport
Airport Layout Plan promulgated in 2017 proposed “an
airport system led by the construction of world airport
groups,” which immediately triggered a research boom. Te
current focus of global civil aviation development revolves
around airport groups. Te development model of airport
groups is of great signifcance to the high-quality develop-
ment of airport systems and even the high-quality devel-
opment of civil aviation [2]. Te outline for national

comprehensive transport network promulgated in February
2021 highlighted the Chengdu-Chongqing economic circle,
as the fourth pole after Beijing-Tianjin-Hebei, the Yangtze
River Delta, and Guangdong-Hong Kong-Macao Greater
Bay Area should build an integrated comprehensive
transportation hub system and promote the construction of
aviation hubs.

Te airport group is an original concept advocated and
proposed by Chinese research academia. Closer to this
concept are the metropolitan airport system proposed in the
1960s−1970s [3] and the multiairport system proposed in
the 1970s–1980s [4]. A multiairport system refers to a set
composed of two or more large airports and other airports
within a metropolitan area [3, 4]. Te airport group refers to
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the spatial group formed by the ground transportation
connection between airports and cities in the region based
on aviation demand, with one or more large airports as the
core within a certain region [5]. Multiairport systems focus
on the landscape, relationships, and organization of primary
and secondary hub airports within metropolitan areas [4],
and airport groups focus on the overall development re-
lationships of airport systems within city groups.

Many foreign airport groups have been developed and
improved, such as the London Airport Group and the New
York Airport Group [6, 7]. Domestic airport groups are also
developing rapidly, but there is a lack of synergistic devel-
opment compared to foreign airport groups [8]. With the
rapid development of large aeronautic hubs, the situation of
unbalanced development among airports has become in-
creasingly prominent. Guo et al. pointed out that there is
homogeneity among large airport groups in terms of route
network, operational level, and airport capacity. It is im-
portant to assess the degree of homogeneity of airport
groups [9]. In 2022, the Chengdu Shuangliu Airport and the
Chongqing Jiangbei Airport account for more than 50% of
the total passenger and cargo and mail throughput, greatly
inhibiting the development of other airports in the same
region. Te serious homogenization of large hub airports
[5, 10] and the large gap between the sizes of small- and
medium-sized airports [11] seriously afect the development
of airport groups. Tus, how to realize the synergistic de-
velopment between large hub airports and small- and
medium-sized airports within the airport groups is an urgent
issue to be solved. Assessing the synergy degree of airport
groups and analyzing its infuencing factors are rich in
theoretical and practical signifcance for improving the
synergy degree of airport groups.

In terms of research methods, synergy theory has re-
ceived a lot of attention in other felds and is one of the
characteristic frontier topics in management science. Te
main studies have focused on the exploration of synergistic
issues among economic [12, 13], ecological [14], and re-
source [15] systems. Guo et al. divided regional carbon
emissions into diferent subsystems and used a traditional
synergy model to assess the overall regional synergy degree
[16]. Wang and Wang construct a synergistic evaluation
framework and quantitative model of coal capacity removal
policies in horizontal, vertical, and temporal dimensions.
However, the traditional synergy model does not dynami-
cally evaluate the change speed as well as the change trend of
synergy degree on time series [17]. Tis problem also exists
in the study by Zhou et al. [18]. However, there are relatively
few studies on the synergistic development of airport groups,
and most of them simply assess the static synergy of the
composite systems. For example, Shen et al. [19] constructed
a synergy model of the Beijing-Tianjin-Hebei air logistics
industry to analyze the synergy of the regional air logistics
industry. In comprehensive evaluation, the speed of synergy
change is very important [13]. Combining the composite
system synergy model with the dynamic comprehensive
evaluation model can better carry out the comprehensive
evaluation from both static and dynamic perspectives
[20–22]. For example, Dongri et al. analyzed the factors

afecting the efciency of resource allocation for techno-
logical innovation in the aerospace industry. Ten, a dy-
namic comprehensive evaluation model is used to evaluate
the resource allocation based on speed characteristics’
perspective [20].

Current studies on foreign airports in the United States,
European countries, and Japan include the optimization of
airspace operations in airport groups of aerodromes [23],
comparisons of operations among large international airport
groups [24], and competitive relationships among airports
within multiairport systems [7]. For example, Cheung et al.
found that the United States focused on developing its major
airports into global hubs, while Western Europe, Southeast
Asia, and the Middle East focused on developing their large
airports into global hubs [25]. Studies on airport clusters in
China include research and recommendations on the syn-
ergistic development of the Yangtze River Delta Airport
Group [10, 26, 27], the synergistic layout and construction of
the Beijing-Tianjin-Hebei Airport Group [19, 28], and the
coordinated competition among airport groups in the
Guangdong-Hong Kong-Macao-Great Bay region [11].
Research on the synergistic development of airport group
composite systems has mainly focused on the evaluation of
the level of synergistic development of airport groups.
Trough the qualitative analysis of many factors limiting the
synergistic development of airport groups and the com-
parison of domestic and foreign airport groups [28], sug-
gestions were made to promote the synergistic development
of airport groups [26, 27, 29]. Most studies mainly construct
composite system index systems by considering multiple
factors and using traditional synergy models [19, 30] or
coupled synergy models [31, 32] to calculate the composite
system synergy. For example, Yangmin et al. established an
aviation-industry-city (AIC) index system by selecting
positive and negative internal and external indicators and
using the synergy model to calculate the composite system
synergy using Zhengzhou Aviation City as a case study [30].
Tese fndings have some implications for the synergistic
development of airport groups but are limited to a rough
evaluation of the synergy of the system. It can be found as
follows: (1) the existing studies have only evaluated the static
synergy degree of the airport groups at a certain point in time
but lack a comprehensive evaluation of the synergetic devel-
opment degree in the overall time series and (2) the existing
studies have only derived the synergy degree or coupled
synergy degree of the composite system, without further an-
alyzing the infuence of each index on the synergy degree.

For this reason, this study took the Chengdu-Chongqing
airport group as the research object and constructed the
airport group synergy evaluation index system. First, we
analyzed the static synergy degree of the airport group.Ten,
we added a dynamic comprehensive evaluation model with
speed characteristics to evaluate the synergy of airport
groups in terms of time series. Finally, an innovative spatial
econometric model is added so as to explore the infuence of
the composite system index system as an explanatory var-
iable on the synergy degree.Tis study is intended to provide
a reference for promoting the high-quality development of
airport groups and optimizing the synergy of airport groups.
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Tis paper is structured as follows: Section 2 constructs
the composite system synergy model, incorporates the dy-
namic integrated evaluation model, and fnally constructs
the spatial econometric model. Section 3 measures the
synergy degree of the composite system of the airport
group and the dynamic comprehensive evaluation value.
Section 4 analyzes the degree of infuence of each indicator
on the synergy degree, including the direct and indirect
efects. Section 5 provides conclusions and policy
recommendations.

2. Methods and Construction of the
Indicator System

Based on the synergy theory proposed by physicist Harken,
frst, the traditional synergy degree model was used to calculate
the static synergy degree of the composite system of the airport
group; then, the dynamic comprehensive evaluation model
[33] was incorporated into the synergy model to measure the
state and trend of the synergy change rate and the dynamic

comprehensive evaluation value of the airport group on the
overall time series. Figure 1 visualizes these diferent steps.

2.1. Composite System SynergyModel. Te composite system
of the Chengdu-Chongqing airport group (S� {S1, S2})
consists of the airport development subsystem and the twin-
city economic subsystem. S1 is the airport development
subsystem, and S2 is the twin-city economic subsystem. Te
order parameter of the subsystem is hij � (hi1, hi2, . . ., hin),
where i denotes the subsystem (i� 1.2) and n is the number
of indicators afecting the operation of the system (n≥ 1).

2.1.1. Order Degree Model for Indicators. According to the
principle of ordinal parametrization and the principle of
servitude of synergy theory [23, 34], the order degree is taken
as the state function of the ordinal parametrization to refect
the order degree of the system, as shown in the following
equation:

ζj hij  �

hij − αij 

βij − αij 
, where hij  is a positive orde r parameter ,

βij − hij 

βij − αij 
, where hij  is a negative orde r parameter ,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(1)

where α and β are the upper and lower bounds of the critical
point-order parameter of system stability (αij≤ hij≤ βij). To
eliminate the infuence of zero numerators on the results,
this paper sets the variable range of the upper limit and lower
limit to 10% [19].

2.1.2. Degree of Order Model for Subsystems. Te “total
contribution” of the order parameter variable hij to the order
degree of the system Si can be achieved by the integration of
ζ(hij), which is usually used to determine the order degree of
the subsystem by the geometric mean method

ζj hj  �
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ζj hij ,
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(2)

where ζj(hj) ∈ [0, 1], the larger ζj(hj) is, the greater the
contribution of hj to the order of the system, the higher the
order degree of the system, and vice versa.

2.1.3. Composite System Degree of Synergy Model. To
measure the degree of smoothness of the system, we add the

time dimension to themeasurement of the composite system
synergy. Assuming that the initial time is t0, the orderliness
of each subsystem is ζ0j(hj) and the degree of the subsystem
is ζk

j(hj) at the moment tk(k� 1, 2, 3, . . ., m). Tus, the
synergy degree of the composite system at themoment tk can
be calculated as follows:

Ck � τk
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j hj  − ζ0j hj ≠ 0 

min ζk
j hj  − ζ0i hj ≠ 0 




.
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(3)

Te higher the value of Ck ∈ [−1, 1], the higher will be
the synergy of the composite system. Ck refects the static
result of the synergy of the composite system of the airport
groups. Te coefcient τk indicates that the composite
system is in a state of synergistic development when and
only when ζk

j(hj) − ζ0j(hj)> 0; conversely, from time t0 to
tk, at least one subsystem does not achieve orderly
development.
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2.2. Dynamic Comprehensive Evaluation Model of Synergy

2.2.1. Timing SequenceMatrix of the Change Speed in Synergy
Degree. Assuming that the change speed in synergy degree
Ck in the time interval [tk, tk+1] is Vik (i� 1, 2, . . .,m; k� 1, 2,
. . ., h), then the temporal information matrix of the Vik is as
follows:

V � Vik m×l

�

v11–v12– · · · v1l

v21–v22– · · · v2l

⋮–⋮–⋱ ⋮

vm1–vm2– · · · vml

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,
(4)

where Vik � (Ci,k+1 − Cik)/(tk+1 − tk). When the composite
system synergy of the airport group is in a growing trend, the
Vik is positive. Conversely, the Vik is negative if the com-
posite system synergy remains unchanged, and the Vik is 0.

2.2.2. Te Dynamic Change Speed State Value. Assuming
that the change speed of the composite system is uniformly
variable, a multiperiod information agglomeration model of
the status value of change speed will be formed according to
the information agglomeration theory as follows:

μv
i tk, tk+1(  � 

tk+1

tk

vik + t − tk(  ×
vi,k+1 − vik

tk+1 − tk

 dt. (5)

2.2.3. Te Dynamic Change Speed Trend Value. Assume that
aik is the linear growth rate of the change in speed in the
interval [tk, tk+1], i.e., the slope, the calculations are as
follows:

aik �

0, tk+1 � 1,

vi,k+1 − vik

tk+1 − tk

, tk+1 > 1,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

where (i� 1, 2, . . ., m; k� 1, 2, . . ., h− 1). Assuming that χ is
a function of aik, the specifc formula for the change speed
trend value of the composite system is given as follows:

χ aik(  �
ω

1 + e
− aik

. (7)

χ(aik) is a monotonically increasing function. Let χ(aik)�

1 when aik � 0 to fnd the constant ω� 2. Tis function
refects the motivating efect of the change speed state value
on the change speed trend value. When aik> 0, the number
greater than 1 is multiplied by the change speed state value
being evaluated, indicating that change speed with an up-
ward trend is given incentives, while change speed with
a downward trend is given penalties; when aik � 0, change
speed value with a smooth trend is not treated.

2.2.4. Dynamic Comprehensive Evaluation Value of Synergy.
Applying Newton’s second law to the dynamic integrated
evaluation, the dynamic comprehensive evaluation value
combining the change speed state value and the change
speed trend value can be obtained, which is expressed by
equation (9):

η∗i � 

h−1

k

μv
i tk, tk+1(  × χ aik( , (8)

when η∗i > 0, it means that the change speed of the composite
system synergy in the period of [t1, tl] shows a good in-
creasing trend; when η∗i < 0, it means that the change speed
of the composite system synergy in the period of [t1, tl]
shows a decreasing trend; when η∗i � 0, it means that the
change speed of the composite system synergy in the period
of [t1, tl] shows a smooth trend.

2.3. Infuencing Factor Analysis Method. Te synergistic
development of airport groups requires consideration of
spatial factors. Airports within airport groups are susceptible
to spatial direct and spillover efects from neighboring
airports and the regions where the airports are located [35].

Synergy model

Composite
system

Subsystem
1

Subsystem
2

Indicators

Composite system
synergy degree

Dynamic comprehensive
evaluation value

Status and Trend
value

Change speed

Dynamic comprehensive
evaluation model

spatial econometric
model

Spatial weight
matrix

Global and Local
Moran’ s I

Direct and Spillover
effects

Figure 1: Flowchart of research methodology.
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However, spatial econometric models can address spatial
dependence efects, interaction efects, and network efects
between neighboring geographic units. Terefore, this study
used a spatial econometric model to analyze the infuence of
synergy degree. Tis accurately revealed the impact of each
factor on the degree of synergy.

Tis study used a spatial panel data model. Te general
nested space model is given as follows:

Y � ρWY + Xβ + WXθ + μ,

μ � λWμ + ε,
 (9)

where Y is the explained variable, WY is the endogenous
interaction efect existing between the explained variables, X
is the explanatory variable,WX is the exogenous interaction
efect existing between the explanatory variables, Wμ is the
interaction efect existing between diferent disturbance
terms, ρ and λ represent the spatial autoregressive co-
efcients and spatial autocorrelation coefcients, which are
parameters to be estimated, W represents the spatial weight
matrix, and ε is the error term.

Te following three models are used in this study, and
the model degeneracy form is shown in Figure 2. Te spatial
autoregressive model (SAR) when θ � λ� 0; the spatial
Durbin model (SDM) when λ� 0; when ρ� θ� 0 is the
spatial error model (SEM), the optimal model is fnally
selected based on the relevant hypothesis tests.

2.4. Construction of the Indicator System and Data Sources.
Te development model of airport groups is a regional
development model with strong vitality. Its goal is to suf-
fciently integrate the elements and resources of airport
groups, coordinate the interests among airports, provide
a harmonious industrial development space, and achieve
leapfrog development and rapid rise. In addition, the
composite system emphasizes synergistic development and
integrates factors such as airports, airlines, and population as
well as the economy to achieve common, synergistic, eq-
uitable, and efcient development of airport groups [30, 35].

Te construction of an indicator system is a prerequisite
for the quantitative evaluation of the system’s state [36]. At
present, many scholars have established synergy measure-
ment models and conducted empirical studies, which pro-
vide some reference for the selection of order parameters in
the indicator system [14, 19, 30]. In this paper, based on the
existing synergy evaluation indicator system, key indicators
that have an impact on the synergy degree are selected from
the perspectives of airport development, airline operation,
and economic development.

Te airport development subsystem and the twin-city
economic subsystem interact to form a composite system for
the synergetic development of airport groups. Considering
the complexity of airport synergetic development, indicators
are selected from the perspectives of scientifcity, compre-
hensiveness, and operability. Te indicators of the airport
development subsystem are selected from two perspectives:
airport transportation scale and airport operation capacity.
Te airport transportation scale includes passenger

throughput, cargo throughput, and aircraft take-of and
landing sorties. Te operational capacity of the airport in-
cludes the number of air routes and airlines. Te develop-
ment of the economy and civil aviation are complementary
to each other. Economic status includes urban GDP and
tertiary industry share. Te consumption level includes per
capita disposable income and resident population. Te
specifc indicators are shown in Table 1.

Airport development subsystem data are obtained from
the Civil Aviation Administration of China’s Annual Airport
Production Bulletin (2012–2022), the national airline launch
fight schedule (2012–2022), and the ofcial websites of
airports. Te data for the Twin Cities Economic Subsystem
are obtained from the Chongqing Statistical Yearbook
(2012–2022), the Sichuan Statistical Yearbook (2012–2022),
and the China Statistical Yearbook (2012–2022). Te short
opening times of Chengdu Tianfu Airport and Chongqing
Wushan Airport resulted in some missing data. Terefore,
these airports are not considered in this study. Tere are
statistical methods to compensate for a small number of
missing data cases. To eliminate the infuence of the mag-
nitude factor, the Z-score is used to normalize the data.

3. Measurement of the Synergy of
Composite Systems

3.1. Static Synergy Evaluation Analysis. Te airport group
composite system is infuenced by many factors. Using the
traditional synergy model, we can objectively measure the
static synergy of airport groups.Te Z-score function is used
to standardize the index data, and the synergy of airports
from 2012 to 2022 can be calculated in Table 2.

As shown in Table 2, the synergy degree of airports rises
year by year. However, the synergy degree of most airports
shows a diferent decline in 2019-2020, infuenced by
COVID-19, and it fuctuates between 2020 and 2022. Te
development of airports drives the economic development of
the Chengdu-Chongqing region, while the economic devel-
opment has a feedback adjustment efect on the development
of airports. It is worth noting that the name of each airport is
represented by the corresponding ICAO code, as shown in
Table 3. Specifcally, ZUUU and ZUCK, as international air
hub airports, have been leading the synergy level over the
years and have been on an upward trend. Teir synergy
degrees reached 0.7684 and 0.7666, respectively, in 2019.

θ=λ=0 (SAR)

ρ

λ=0 (SDM)

ρ=0 (SDEM)

ρ=θ=0 (SEM)

ρ=θ=λ=0 (NSM)

θ=0 (SAC)

λ

θ

ρ=λ=0 (SXL)

Figure 2: Degenerate forms of spatial econometric models.
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ZULZ, ZUNC, ZUDX, ZUWX, and ZUQJ have a low average
synergy degree.Te synergy degree of ZULZwas at a low level
in the early years, even negative in 2018, but close to ZUCK
and ZUUU in 2019. Tis reason is due to the fact that ZULZ
started its operations in September 2018. Compared to the
Luzhou Lantian Airport (former ZULZ) before the relocation,
ZULZ is larger and the safety issues due to airspace re-
strictions are resolved.Terefore, the synergy degree of ZULZ
has increased dramatically. ZUQJ is not as large as ZUWX in
size of the airport and throughput, but it has a higher average
synergy than ZUWX. Te reason is that since 2011, when
Qianjiang Zhoubai Airport (the former ZUQJ) was renamed
ZUQJ, the expansion of the airport and the addition of new
routes have led to an increase in the overall business volume
of the airport. Te synergy degree of airports is closely related
to the level of regional economic development.

Te Chengdu-Chongqing airport group has formed the
characteristic of “two main and many auxiliary airports.” In
order to better analyze the evaluation results, the recent
synergetic development level of the Chengdu-Chongqing
airport group in 2022 is selected for horizontal static analysis
and the order degree of each airport in 2022 is analyzed by
system clustering analysis. Te results are shown in Figure 3.

As shown in Figure 3, the relationship of the Chengdu-
Chongqing airport group can be divided into the following 3
categories: the frst category is the highest synergy in-
ternational hub airports, including ZUUU and ZUCK, which
are large international hubs within the airport group and even
nationwide. Te second category is medium-sized airports
with a high synergy degree, including ZUWX and ZUMY.
Te third category is small airports with low overall synergy,
including ZUQJ, ZUDX, ZUNC, ZUYB, and ZULZ.

Specifcally, airports in Chongqing and Chengdu are dis-
tributed in all three categories, indicating that the distribution
of airport types in Chongqing and Chengdu is relatively even.
It shows the situation that large airports drive the develop-
ment of small airports and coordinate the development of
regional airports to form a positive interaction to promote the
enhancement of synergy. More than half of the airports with
low airport development subsystem indicators and economic
indicators have a low degree of synergy. Generally speaking,
airports with higher levels of scale and economic development
have a higher degree of synergy.

3.2. Dynamic Synergy Evaluation Analysis. Te static eval-
uation only refects the synergistic development of the
airport group in the time section; based on the static
evaluation, dynamic comprehensive evaluation can further
reveal the synergistic development and changes of the
Chengdu-Chongqing airport composite system.

Table 1: Index of the Chengdu-Chongqing airport group composite system order parameter.

Composite system Subsystem Characteristics Order parameters Unit

Airport group
composite
system (S)

Airport development
subsystem (S1)

Air transportation scale
Air passenger throughput (h11) Person
Air cargo throughput (h12) ton

Aircraft take-of and landing sorties (h13) Sortie
Operational capacity of

the airport
Te number of air routes (h14) Strips
Te number of airlines (h15) —

Twin-city economic
subsystem (S2)

Economic status Urban GDP (h21) Yuan
Tertiary industry share (h22) %

Consumption level Per capita disposable income (h23) Yuan
Resident population (h24) Person

Table 2: Synergy degree of the composite system of each airport in the Chengdu-Chongqing airport group.

Airport 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Mean
value

ZUCK 0.1047 0.2486 0.3476 0.4527 0.4750 0.6475 0.7684 0.6541 0.7516 0.7432 0.5193
ZUUU 0.0303 0.1683 0.2660 0.3843 0.4806 0.5835 0.7666 0.6721 0.7366 0.6086 0.4697
ZUMY 0.0491 0.1671 0.1684 0.3409 0.3967 0.5589 0.6892 0.6167 0.6391 0.5596 0.4186
ZULZ 0.0777 0.1118 0.1354 0.2803 0.1621 −0.0927 0.6690 0.6710 0.6107 0.4190 0.3044
ZUYB 0.1175 0.1098 0.1915 0.1927 0.2653 0.4276 0.4218 0.5190 0.6297 0.5526 0.3427
ZUNC −0.0373 0.1422 0.1316 0.2391 0.3127 0.4766 0.3863 0.2974 0.3083 0.3147 0.2572
ZUDX 0.1059 0.0755 0.2588 0.3540 0.2682 0.5493 0.5349 0.4036 0.4122 0.3657 0.3328
ZUWX −0.0043 −0.0143 0.1157 0.1761 0.2909 0.4682 0.5324 0.5341 0.5501 0.4050 0.3054
ZUQJ 0.0953 0.1344 0.1869 0.1880 0.2712 0.4057 0.4158 0.7343 0.6528 0.4072 0.3492
Note.Tename of each airport is replaced by the ICAO code (the name of the airport is replaced by the ICAO code in the latter part of the paper (see Table 3)).

Table 3: Te full names of airports corresponding to the In-
ternational Civil Aviation Organization airport (ICAO) code.

ICAO code Airport
ZUCK Chongqing Jiangbei International Airport
ZUUU Chengdu Shuangliu International Airport
ZUMY Mianyang Nanjiao Airport
ZULZ Luzhou Yunlong Airport
ZUYB Yibin Wuliangye Airport
ZUNC Nanchong Gaoping Airport
ZUDX Dazhou Heshi Airport
ZUWX Wanzhou Wuqiao Airport
ZUQJ Qianjiang Wulingshan Airport
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As shown in Figure 4(a), the change speed of the synergy
degree is basically in a stable stage in the early stage and there
is no negative value, indicating that the synergy degree of
each airport increases steadily, while the change speed
fuctuates in the middle and late stages. Te main reasons
include the frequent heavy precipitation at ZUDX that af-
fects the normal take-of and landing of aircraft, the re-
location of ZUYB and ZULZ, and the extension of ZUNC.
Impacted by COVID-19, the change speed decreases pre-
cipitously and reduces to negative values for almost all
airports. Te change speed shows varying degrees of fuc-
tuation in 2020–2022. Te larger the size and business
volume of the airport are, the smoother the change speed
curve and change speed state values in the time series would
be. For example, the curves for ZUCK, ZUUU, and ZUMY
are relatively smooth, while the other airports are more
volatile.Te change in speed state values implies acceleration
in the level of synergistic development. In Figure 4(b), except
for ZULZ, the change speed state values are basically stable
throughout the time series and show a downward trend,
decreasing to negative values in 2022. Tis indicates that the
change speed of synergy degree has an upward trend
throughout the time series and shows a downward trend at
a later stage.

According to (6) and (7), the dynamic integrated eval-
uation value of the airport group on the time series is
calculated and the fnal results are shown in Figure 5.

In Figure 5, the dynamic composite evaluation value of
airport group synergy is positive in the time series, in-
dicating that the synergy change of the Chengdu-Chongqing
airport group shows an upward development.

Specifcally, the dynamic comprehensive evaluation
value varies somewhat from airport to airport. ZUCK and
ZUUU have the highest dynamic comprehensive evaluation
value, which is consistent with the static synergy analysis
results for 2022. Tese two airports play a key role in
promoting the in-depth synergy of the Chengdu-Chongqing
airport group. In comparison, the dynamic evaluation re-
sults of airports in the Chengdu region vary widely. ZUMY

and ZUYB show strong growth momentum, while ZULZ,
ZUNC, and ZUDX have lower growth rates. ZUCK, ZUWX,
and ZUQJ in the Chongqing region have higher dynamic
comprehensive evaluation values.Tis is because Chongqing
is the center of economy, fnance, science and innovation,
shipping and trade, and logistics in the upper reaches of the
Yangtze River. It is also the largest industrial and com-
mercial city in the southwest. It has developed the civil
transportation industry to a high level with its resources and
advantages. Terefore, the overall dynamic and compre-
hensive evaluation values show a higher development
momentum.

4. Analysis of Factors Influencing the
Degree of Synergy

4.1. SpatialWeightMatrix Construction. For the selection of
relevant variables in the composite system of the Chengdu-
Chongqing Airport Group from 2013 to 2022, the composite
system index system has a total of 9 variables. Since the
spatial weight matrix is a distance economy (GDP) nested,
GDP (h21) and disposable income per capita (h23) have
severe multicollinearity by VIF hypothesis testing. Te ex-
planatory variables (h21) and (h23) have VIF values of 62.51
and 51.29, respectively, which are much greater than 10 [37].
Tis seriously afects the reliability of the results. Terefore,
the explanatory variables GDP (h21) and disposable income
per capita (h23) were excluded before the spatial econometric
regression [38]. Te maximum value of VIF for the
remaining 7 explanatory variables does not exceed 2.93.

Te premise of spatial econometric analysis is to con-
struct a weight matrix for the composite system.Te current
forms of spatial weight matrix mainly include neighboring
weight matrix, geographic distance weight matrix, and
economic distance weight matrix [28, 39]. While con-
structing the spatial weight matrix of the composite system
of airport groups, it is necessary to consider the spatial
connection between the airport and the city where the
airport is located. After comparing multiple spatial weight
matrices through experiments, we fnally chose the nested
weight matrix combining distance and economy. Te nested
matrix form is as follows:

W � Wd · diag
X1

X
,
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X
, · · · ,
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X
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n
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(10)

where diag is the diagonal element matrix; Xi is the mean
value of GDP for spatial cross-section i during the period t0
to t1; X is the mean value of spatial panel data GDP;Wd is the
distance weight matrix, and the matrix elements take the
values Wij � dij; and dij is the great circle distance between
two airports. Te latitudes of airport i and airport j are φ1

ZUCK

ZUUU

ZUMY

ZUWX

ZULZ

ZUYB

ZUNC

ZUDX

ZUQJ

0.0 0.5 1.0 1.5 2.0 2.5
Clustering results

Figure 3: 2022 synergy clustering analysis results by airport.
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and φ2, the diference in longitude is ϖ, and the radius of the
earth R is 6,371 km. Te calculations are as follows:

dij �
R × arccos(ϑ),

ϑ � cosφ1 cosφ2 cosϖ + sinφ1 sinφ2.
 (11)

4.2. Model Estimation and Testing. To analyze the spatial
dependence of airport units, the global Moran’s I index
(Table 4) and local Moran’s I index (Figure 6) of the synergy
of 9 airports in the Chengdu-Chongqing airport group from
2013 to 2022 were calculated and the signifcance levels of
the calculated results were tested (Table 4). Te original
hypothesis of no spatial autocorrelation is rejected at the
signifcant level of 0.1 in most years, indicating that the
Chengdu-Chongqing airport group shows a signifcant
negative correlation or spatial dependence in economic
space and geographical space.

As shown in Figure 6, the synergy degree shows a neg-
ative spatial correlation. Terefore, the airports within the
Chengdu-Chongqing airport group show spatial autocor-
relation, and a spatial panel model needs to be constructed
for analysis.

In Table 5, the LM test results under the nested matrix
of distance and economy show that LM-Lag, LM-Error,
Robust LM-Lag, and Robust LM-Error all pass the 10%
signifcance test. It shows that the spatial Durbin model
(SDM), the spatial autoregressive model (SAR), and the
spatial error model (SEM) are applicable under the nested
matrix; the Hausman test rejects the original hypothesis of
using a random-efects model at the 1% signifcance level,
so a fxed-efects model is used; meanwhile, the SAR and
SEM models were tested by LR and Wald, and their
statistical values all rejected the original hypothesis that
the SDM model could be transformed into SAR and SEM
models at 1%, 5%, and 10% signifcance levels, so the SDM
under fxed efects, which is more suitable for the analysis
of the impact factors of the Chengdu-Chongqing airport,
was fnally selected. Finally, the regression results of the
SDM model for time fxed efects, spatial fxed efects, and
spatial and time fxed efects show that the best for within
is individual fxed (R2 � 0.9569). Terefore, we fnally
chose the spatial Durbin model with individual fxed
efects.

ZUWX
ZUDX
ZUNC

ZUYB
ZULZ

ZUMY
ZUUU

ZUCK

0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

(a)

ZUWX
ZUDX
ZUNC

ZUYB
ZULZ

ZUMY
ZUUU

ZUCK

0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

(b)

Figure 4: Composite system change speed value and the change speed state value. (a) Te change speed value. (b) Te change speed state
value. (Te years of the vertical coordinates of (a) and (b) in Figure 4, 2014 indicates 2013-2014, 2015 indicates 2014-2015, and so on).
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Figure 5: Airport group composite system dynamic comprehen-
sive evaluation value.

Table 4: Global Moran’s I index value of synergy.

Year Moran’s I p value∗

2013 −0.105 0.045∗
2014 −0.215 0.029∗
2015 −0.285 0.233
2016 −0.224 0.058∗
2017 −0.039 0.049∗∗
2018 −0.181 0.044∗
2019 −0.150 0.001∗∗∗
2020 −0.227 0.198
2021 −0.240 0.022∗∗
2022 −0.299 0.030∗∗

Note. ∗10% signifcance, ∗∗5% signifcance, and ∗∗∗1% signifcance.
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4.3. Decomposition of Spatial Measurement Efects. To fur-
ther reveal the spatial infuence of the explanatory variables
on the synergy of the composite system, the spatial efect is
decomposed through partial diferential equations. Te re-
sults are shown in Table 6.

Te regression results of the direct efects and spillover
efects under the distance economy nested weight matrix
indicate the following:

(1) Te infuence of the direct efect is greater than that
of the spillover efect. Te explanatory variables all
pass the signifcance test under direct efects, and

only a small number of explanatory variables show
signifcance in spillover efects. Taking h14 as an
example, its direct efect on the synergy of one
airport is very signifcant, while the spillover efect on
neighboring airports is not signifcant. Specifcally,
for every 1% increase in the number of airport
routes, the synergy of the airport will increase by
0.0416%; this is directly related to the connection
characteristics of air routes. When an airport in-
creases routes, the vast majority of airports are
connected to airports outside the composite system,
with a little spillover efect on neighboring airports.

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

W
Z

-1.5 1-0.5 1.50.5-1 2-2 0
Z

ZUDX

ZULZ

ZUYB

ZUNC

ZUWX

ZUMY

ZUUU
ZUQJ

ZUCK

Moran scaatterplot of synergy (Moran’ I = -0.299)

Figure 6: Moran’s I scatterplot in 2019.

Table 5: Spatial econometric model test results.

Test
Nested weight matrix

Statistical values p value
LM test

Spatial error (SEM)
Lagrange multiplier 4.959 0.026∗
Robust Lagrange multiplier 1.772 0.018∗

Spatial lag (SLM) or (SAR)
Lagrange multiplier 5.691 0.017∗
Robust Lagrange multiplier 2.505 0.011∗

Hausman test
Ho: Diference in coefcients not systematic 16.92 0.018∗

LR test
LR test (H0: SAR nested in SDM) 26.96 0.003∗∗
LR test (H0: SEM nested in SDM) 59.67 ≤0.001∗∗∗

Wald test
Wald test for SAR 23.58 ≤0.001∗∗∗
Wald test for SEM 34.27 ≤0.001∗∗

SDM regression
Within Between Overall

SDM with time fxed-efects 0.9176 0.9031 0.8987
SDM with spatial fxed-efects 0.9569 0.7017 0.9204
SDM with spatial and time fxed-efects 0.9481 0.7535 0.9122
Note. ∗10% signifcance; ∗∗5% signifcance; ∗∗∗1% signifcance.
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(2) Te direct efects of the explanatory variables on
airport synergy are all positive feedback efects. In
comparison, h11 has the greatest efect on synergy
degree. For each 1% increase in passenger
throughput, the synergy of the airport will increase
by 0.2853%, indicating that h11 has an extremely
strong positive feedback efect. h12, h13, h14, h15, and
h22 have positive feedback efects on synergy at
varying levels, h14 has the least efect on the synergy,
and for every 1% increase in the constant pop-
ulation, the airport synergy will increase by
0.0416%.

(3) Te negative spillover efects of the explanatory
variables cannot be ignored. Taking h11 as an ex-
ample, its spillover efect has a negative efect, for
every 1% increase in h11, the synergy of the airport
will increase by 0.1853%, and the synergy degree of
neighboring airports will decrease by 0.1941%.
When passenger throughput increases at one air-
port, the airport has no or few connecting air routes
to neighboring airports, and then the neighboring
airports lose that portion of the passenger market.
Te negative spillover efect of passenger
throughput is most directly manifested in the
competition between airports within the
airport group.

5. Conclusion and Implications

5.1. Conclusion. Tis paper combines the synergy model
with the dynamic comprehensive evaluation model to an-
alyze the synergistic development status of the Chengdu-
Chongqing airport group from two perspectives: static and
dynamic. Further, the economic distance weight matrix is
constructed, and the spatial econometric model is used to
decompose the efects of the explanatory variables in the
index system. Te fndings are as follows:

(1) From the static evaluation results, the average syn-
ergy of airports is low due to COVID-19, but ZUCK
and ZUUU are in the top two. Te clustering results
of the airport group in 2022 show that the airports in
the Chengdu-Chongqing airport group can be di-
vided into three categories, basically forming the
feature of “two main and many auxiliary airports.”

(2) Te dynamic comprehensive evaluation results show
that change speed of synergy is relatively stable in the
frst period and fuctuates in the later period. ZUCK
and ZUUU have the highest dynamic comprehensive
evaluation values. Tere are large diferences in the
values of airports in the Chengdu region, and the
values in the Chongqing region are higher. Te rate
of increase in the synergy of the Chengdu-
Chongqing airport group is not stable in the time
series, and the dynamic comprehensive evaluation
value varies widely.

(3) Te explanatory variables of the airport group have
a greater direct efect than the spillover efect on
synergy. Most of the explanatory variables for an
airport directly afect the airport where it is located
and less frequently afect other airports. Air pas-
senger throughput has a very high positive feedback
efect, while the number of airlines has the lowest
positive feedback efect. Te negative spillover efect
of the explanatory variables cannot be ignored, and
the negative spillover efect is most directly man-
ifested in the competition among airports.

5.2. Policy Implications. Based on the abovementioned
fndings, this paper argues that to comprehensively improve
the level of synergy development of the Chengdu-
Chongqing airport group, the characteristics of the static
and dynamic evaluation results of diferent airports need to
be considered. Te direct and spillover efects of each index

Table 6: SDM model efect analysis of the factors infuencing synergy.

Variables Direct efects Spillover efects

Air passenger throughput (h11)
0.2853∗∗∗ −0.1941∗∗∗
(0.0345) (0.0600)

Air cargo throughput (h12)
0.2003∗∗∗ 0.1803∗∗
(0.0218) (0.0598)

Aircraft movements (h13)
0.1294∗∗∗ 0.0517∗
(0.0200) (0.0421)

Te number of air routes (h14)
0.0416∗∗∗ 0.0147
(0.0346) (0.0518)

Te number of airlines (h15)
0.1866∗∗∗ 0.0193
(0.0250) (0.0425)

Urban GDP (h21) — —

Tertiary industry share (h22)
0.1554∗∗∗ 0.1151
(0.0413) (0.0554)

Per capita disposable income (h23) — —

Resident population (h24)
0.1659∗∗∗ −0.0238
(0.0216) (0.0537)

Note. Values in parentheses are standard deviations; ∗10% signifcance; ∗∗5% signifcance; ∗∗∗1% signifcance.
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on the degree of synergy are equally important. Terefore,
the diferentiated development strategies are targeted from
the abovementioned perspectives.

(1) Airports with high static and dynamic evaluation
results (e.g., ZUCK and ZUUU) should continue to
take advantage of the airport’s conditions and the
resources of the region. At the same time, the hub
distribution function should be enhanced to further
improve the synergy of the airport group, while
avoiding vicious competition in terms of market
resources. Tis will lead to a good situation of “clear
division of labor and moderate competition.”

(2) For airports with a high static evaluation value but
a low dynamic evaluation value (e.g., ZULZ and
ZUYB, located in southern Sichuan), they should
continue to radiate to southern Sichuan and
northern Guizhou, western Chongqing, and eastern
Yunnan. At the same time, the synergistic operation
among airports should be strengthened to accelerate
the development of the airport into an important
aviation hub in the combined areas of Sichuan,
Yunnan, Guizhou, and Chongqing.

(3) For airports with medium static and dynamic
comprehensive evaluation values, they should con-
tinue to improve their airport synergy degree in
many ways. Te airport maintains a coordinated
linkage and continues healthy development. Under
the conditions that the existing airlines support, the
potential of the market should be fully explored and
the capacity and efciency should be continuously
expanded.

In this study, the synergy degree of airport groups is
frst analyzed statically and then evaluated on an overall
time series. Second, a comprehensive dynamic evaluation
model with speed characteristics is incorporated.
Finally, a spatial econometric model is incorporated to
explore the infuence of explanatory variables on the
degree of synergy. It has important theoretical signif-
cance for the innovation of research methods. It is of
great practical signifcance in promoting the high-quality
development of airport clusters and providing references
for optimizing the synergistic development of airport
groups.

Our study has some limitations that can be addressed in
future studies. Our index system is divided into two parts,
and the synergy of airport groups can be evaluated from
more perspectives in the future. In addition, studying the
synergy of airport groups from the perspective of passengers’
travel choices is also an important direction.
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