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Abstract

In the context of escalating geopolitical tensions, recurring aircraft safety incidents, and
frequent unforeseen events, the security of aircraft supply faces significant challenges. This
research employs complex network theory to analyze the evolutionary characteristics of
three global aircraft trade network (GATN) systems from 2015 to 2024. It then applies
the entropy-weighted TOPSIS method to assess node importance within the network and
finally conducts a robustness analysis based on the node importance ranking. The results
indicate that the number of participating countries has declined post-pandemic, while
trade concentration has increased. Analysis of the node’s importance reveals that the
United States holds the most critical role in the GATN. The global medium aircraft trade
network is characterized by one dominant player alongside several strong competitors,
whereas the global large aircraft trade network features multiple major players coexisting.
Regarding network robustness, targeted node attacks cause significantly more disruption
than random node attacks. After removing 10% of key nodes, the global small aircraft trade
network’s average connectivity fell to 0.6, and efficiency dropped to 0.1. Similar patterns
were observed in the medium and large aircraft networks, with connectivity decreasing to
0.4 and efficiency to 0.05. Under targeted attacks, the global small aircraft trade network is
more robust than the medium and large ones. This study provides quantitative insights to
help optimize aircraft trade strategies.

Keywords: aircraft; robustness; complex network; trade structure

1. Introduction

Aircraft are quintessentially complex products, characterized by their substantial size,
intricate structures, high added value, advanced technology, and significant research and
development costs. Amid the post-pandemic resurgence of the air transportation industry,
demand for aircraft is projected to continue growing robustly in the coming years [1]. The in-
herently globalized and interdependent nature of aircraft manufacturing makes the GATN
especially vulnerable to disruptions, including global health crises (e.g., COVID-19 [2]),
geopolitical tensions [3], and safety accidents [4]. Trade networks are complex systems
with complex trade relationships between countries [5]. An attack on one country within
the network can disrupt the trade stability of other connected nations. For instance, the
2018 U.S.—China trade war exerted considerable pressure on bilateral relations, significantly
restricting U.S. aircraft exports to China. Consequently, the trade value of U.S.-sourced
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aircraft in the Chinese market experienced a sharp contraction. The figure for 2019, at
approximately $11 billion, stood in stark contrast to the 2018 level of over $18 billion [3].
These incidents disrupted normal aircraft trade between countries, triggering a crisis of
aircraft shortages. Given that aircraft trade constitutes a vital component of global high-end
equipment trade, it not only reflects the development dynamics of the international aviation
industry but also bears close relevance to economic cooperation, technological competition,
and geopolitical dynamics among nations. Therefore, studying the evolutionary character-
istics of the GATN and the stability of trade relations amid escalating multidimensional
uncertainties is crucial for nations to enhance the security of their aircraft supply.

Amidst escalating global political and economic instability, scholars have increasingly
focused on studying the stability of trade networks [6,7]. Research on network stability
typically employs robustness analysis methods. Robustness is an endogenous attribute of
complex systems. A robust network is characterized by its ability to maintain core oper-
ational capabilities despite internal malfunctions and external disturbances [8]. Scholars
commonly assess network robustness by quantifying network connectivity and efficiency
after randomly or strategically removing nodes [9,10]. Since the importance of nodes
determines their removal order, accurately assessing node importance is crucial for targeted
attacks and significantly influences the robustness assessments of complex networks [11].
Consequently, establishing reliable rankings of node importance is critical for accurately
evaluating network robustness under targeted node attacks. This method can systemati-
cally evaluate the impact of attacks on major aircraft-trading nations on the GATN. This
paper employs the entropy-weighted TOPSIS method to address the multifaceted challenge
of assessing node importance, which is influenced by multiple topological features. This
method enhances evaluation accuracy by objectively weighting different indicators and
producing a comprehensive ranking.

Based on the above analysis, this paper first employs complex network theory to con-
struct GATN, examining the evolutionary characteristics of the network from 2015 to 2024.
Subsequently, the entropy-weighted TOPSIS method is applied to evaluate the importance
of nodes within GATN. Finally, through simulation analyses of random and targeted node
attacks, the robustness of GATN is systematically assessed. This study makes three key
contributions: First, it applies complex network methods to the GATN, enriching research
on global high-end manufacturing equipment trade. Second, by comparing the evolution-
ary characteristics and robustness of GATN, the findings provide valuable decision-making
references for policymakers and industry stakeholders. Third, an integrated evaluation
framework is developed using the entropy-weighted TOPSIS approach. This multidimen-
sional approach, which incorporates topological features, identifies key nodes within the
GATN and establishes removal orders in attack scenarios, thereby improving the accuracy
and dependability of network robustness assessments.

2. Literature Review
2.1. Global Trade Network

Complex network methods are quantitative analytical tools for studying global trade
networks [12]. These methods typically represent countries or regions as nodes, trade
relationships as edges, and trade value or volume as weights to construct international
trade network models [13]. The complex network approach analyzes the macroscopic
structure of trade networks using indicators such as degree distribution while simultane-
ously assessing individual nodes through centrality measures [14-16]. They also analyze
the temporal evolution of the structural features of international trade networks [17,18].
Currently, most studies on trade networks focus on scarce resources, including energy [19],
mineral resources [17], and food [20]. Research on trade networks for high-end equipment,
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such as aircraft, remains comparatively limited. In the context of escalating geopolitical
tensions and recurring aircraft safety incidents, the prolonged R&D and production cycles,
substantial technical barriers, and significant capital requirements inherent in aircraft manu-
facturing pose considerable challenges to supply security [21]. This underscores the urgent
need to employ complex trade network analysis to examine the evolutionary characteristics
and robustness of the GATN.

2.2. Network Robustness in the Aviation Industry

Most existing studies in this area are concentrated more on the robustness of the air
transport network. These studies represent airports as nodes and route relationships as
edges to construct weighted or unweighted air route networks, simulating the robustness
of the entire network when certain airports or routes are removed [21,22]. Meanwhile,
some scholars have focused their research on the vulnerability and robustness of the avi-
ation supply chain. Gupta et al. investigated risk management in the aviation supply
chain, identified risk factors in civil aviation, and discussed its vulnerabilities [23]. Zeng
et al. analyzed the characteristics of aircraft supply chains and examined the robustness of
aircraft manufacturing supply chain networks against random and targeted attacks [24].
However, the research above has primarily focused on supply chain robustness. That is to
say, the ability of a supply chain to maintain its revenue stream and continuous operational
functions when disrupted by uncertainties, whether from internal operations or external
emergencies [25]. In contrast to trade network robustness, supply chain robustness focuses
on the supply chain management of individual enterprises or corporate groups, involving
specific operational activities such as supplier management, inventory control, and produc-
tion planning [26]. Trade network robustness examines the network of trade relationships
between countries or regions, emphasizing the importance of nodes, connectivity, and the
structural characteristics of the network [20]. It is noteworthy that, unlike the supply chain
robustness of the aviation industry, the aircraft trade network has received less scholarly
attention. In a context of intensifying geopolitics, the stability of the aircraft trade network
is crucial for ensuring a secure supply of aircraft, necessitating in-depth research.

Furthermore, existing research on trade network robustness predominantly relies on
single indicators to determine the importance rankings of nodes [27,28]. Nevertheless, it
has been demonstrated that some nodes may hold significant importance for the network,
despite having low rankings in individual indicators [29]. This highlights the critical need
for multidimensional node importance assessment frameworks to comprehensively capture
network characteristics and functionalities, thereby preventing information loss [30]. There-
fore, this study adopts a comprehensive evaluation method to assess node importance. The
TOPSIS method is a classic technique for solving multi-criteria decision-making problems.
However, its weight assignment can be subjective [31]. In contrast, the entropy weight
method can objectively determine weights based on the variability of the indicators [32].
Therefore, this paper combines the TOPSIS method and the entropy weight method to
determine the sequence of node removal under targeted attacks.

3. Data and Methodology
3.1. Framework of Evolutionary Characteristics and Robustness Analysis for the GATN System

Figure 1 illustrates the framework of this research. Firstly, construct global trade
networks for small, medium, and large aircraft to analyze their evolutionary characteristics.
Secondly, employ the entropy-weighted TOPSIS method to assess the importance of nodes
within the global aircraft trade network. Finally, conduct a robustness analysis of the
worldwide aircraft trade network based on the node importance evaluation results.



Systems 2025, 13, 1016

40f23

Constructing GATN

Degree distribution

Individual

Small aircraft

trade network

Network density ‘

Node importance

|
|
|
: evaluation
|
|
|
|
|

APL
] Evoluti 7
Medium aircraft ot onaﬂ.
trade network characteristics of the [——] Degree
rade network
‘ GATN
‘ Strength ‘

Large aircraft

trade network

‘ Closeness centrality ‘

|
|
|
|
|
|
|
|
|
|
|
|
|
|
“ Betweenness centrality | ——
|
|
|
|
|
|

Indicators

Methods

Robustness

GAIN

|
|
|
| .
| assessment of
|
|
|

Connectivity

Network efficency

Figure 1. The research Framework.

3.2. Data Sources

Based on a dataset provided by the United Nations Statistics Division, this study
examines the global aircraft trade network over the decade from 2015 to 2024. Aircraft trade
codes are categorized into 880220, 880230, and 880240. Specifically, code 880220 represents
aircraft with an operating empty weight not exceeding 2000 kg; code 880230 represents
aircraft with an operating empty weight exceeding 2000 kg but not exceeding 15,000 kg;
and code 880240 represents aircraft with an operating empty weight exceeding 15,000 kg.
For convenience, 880220 will be referred to as small aircraft, 880230 as medium aircraft,
and 880240 as large aircraft. Due to differences in statistical methods, trade values reported
by exporting and importing countries often do not match. Since countries (or regions)
typically impose stricter controls on imports than on exports, this study uniformly adopts
each country’s annual import trade value as the basis for analysis. Additionally, all data
for Hong Kong, China, and Macao, China, are consolidated under China. To facilitate the
model establishment, we define the notations as shown in Appendix A.

3.3. Model Construction and Overall Indicators of the GATN

Based on aircraft trade network data, global small, medium, and large aircraft trade
networks have been constructed. The GATIN is represented by the set M = (A, B).
A(aq,ap,a3...a,) is the set of nodes representing countries or regions involved in the
GATN. n represents the number of nodes. B(b;j) is the edge set of the aircraft trade net-
work, representing the trade relationship between node i and node j. In a weighted trade
network, edges represent the direction and strength of node connections. This paper uses
aircraft trade value to measure trade intensity between two countries.
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1.  Degree and strength

In directed trade networks, a node’s degree consists of both in-degree and out-degree,
representing the number of import and export partners, respectively. Strength refers to a
country’s trade intensity. The specific formulas are given in Equations (1) and (2):

ki = ki—in + ki—out (1)

n n
si= ) Wi+ ), wjj 2
=1 =1

where k; is the degree of 7, k;_;;, is the in-degree of 7, k;_,,,; is the out-degree of 7, s; stands
for the strength of i, wj; denotes the trade value exported from country j to country i.

2. Degree distribution

From a statistical perspective, the degree distribution p(k) fully characterizes the
probability that a node has k trading partners. The degree distribution is expressed by
Equation (3):

p(k) =ck™ 3)
where ¢ and r are constants.
3. Network density

To assess the sparsity of trade networks, we utilise network density, which measures
the proportion of potential trade linkages that are actually realized [33]. The density D is
given in Equation (4):

M
D= —— 4
N(N-1) @

where M is the total count of edges within the network, N is the number of nodes in
the network.

4. Average path length (APL)

Equation (5) defines the average path length. In the GATN, a lower average path
length indicates greater network efficiency [34].

1

where APL denotes the average path length, and d; is the count of edges between i and j.
5. Average clustering coefficient (ACC)

The clustering coefficient reflects the degree of clustering within the GATN. A higher
ACC indicates closer cooperation in the GATN. The ACC is given in Equation (6):

1 2
A =y _—_—
CC=NLNN-1) ©)
i=1
where ACC denotes the average clustering coefficient of the network, and e; represents the
number of nodes that have trade relationships with node i.
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3.4. Node Importance Evaluation
3.4.1. Evaluation Indicators

Referencing relevant research [11], five indicators—degree, strength, betweenness
centrality, closeness centrality, and eigenvector centrality—were selected to evaluate node
importance using the entropy-weighted TOPSIS method. The calculation methods for
degree and strength are shown in Equations (1) and (2).

1.  Betweenness Centrality

According to Equation (7), betweenness centrality measures a node’s importance as a
bridge by calculating the proportion of shortest paths between all pairs of nodes that pass
through that node [35].

iy = Y Sl )
s#iit st

where Cp (i) denotes the betweenness centrality of i, g5+ represents the number of shortest
paths between nodes s and ¢, s (i) embodies the number of shortest paths through node i.

2. Closeness Centrality

Closeness centrality is calculated using Equation (8). A node with high closeness
centrality is closer to other nodes in the network [36].

N-1
Ci==— (8)
Yt dij
where C; refers to the closeness centrality of i.
3. Eigenvector Centrality

Eigenvector centrality measures a node’s importance not only by the number of
neighbours but also by the importance of those neighbours—that is, the more important
your neighbours are, the more critical you become [37]. Eigenvector centrality is defined by

Equation (9).
1 n
Ei = 5 X aij¥j 9)
j=1
AE = AE (10)

where E; refers to the Eigenvector centrality of node 7, A denotes the eigenvalues of matrix
A, and E is the eigenvector corresponding to the eigenvalue of matrix A. When there is a
connection between node i and node j, ajj = 1, otherwise, ajj = 0.

3.4.2. Entropy-Weighted TOPSIS

This paper employs entropy-weighted TOPSIS to evaluate node importance. As a
comprehensive evaluation method, entropy-weighted TOPSIS is unaffected by the number
of indicators or the dispersion of data [31]. Decision matrix X is constructed using the
indicators described in Section 3.4.1.

X117 ... X1
X=1: = (11)
Xm1 -+ Xmn
where m represents the number of nodes in the network, n represents the number of indica-

tors in the network, and x;; is the value of indicator j for node i. Since the measurement
scales of the indicators vary, it is necessary to standardize them to create a standardized
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matrix. Because all indicators in this study are positive, the standardization formula is
presented in Equation (12):

yij = (xl-]- —x;)/(x; —x;) (12)
where y;; is the standardized value of x;;. After standardization, the entropy value for each
indicator is calculated using Equations (13) and (14):

1 m
ej = _71”’”;:1: pijlnpij (13)
Yij
= 14
Pij = yr Vi (14)

where ¢; represents the entropy of each indicator, and the weight w; for each indicator is
calculated based on its entropy value, as shown in Equation (15):
__1-9
i (1—e)
After calculating the weights, the TOPSIS method is applied to compute the relative
scores for each node. First, compute the weighted normalized matrix Z.

w] (15)

Z11 .-+ ZIn wiy11 .- WnYin
Z = : : = : : (16)
Zml .-+ Zmn WiYm1 -+ WnYmn

Then, calculate the positive and negative ideal solutions using Equations (17) and (18).
zt={z,zf ... ZF}, 2} = max(z1n,zon - - - Zmn) (17)

Z = {Z;,ZE...Z;},Z; = min(zlanZn--'Zmn) (18)

Next, calculate the distances between the positive and negative ideal solutions using
Equations (19) and (20).

-

Lt = (z].+ —2)2,(i=1,2...n) (19)

i=1

L_:

I

l
—

(z]f —2)?,(i=1,2...n) (20)

1

Finally, the relative scores for each node are calculated, as shown in Equation (21).

=

SN

=12...,m (21)
where C; is the score of node i.

3.5. Robustness Assessment of the GATN

Node failures are typically caused by random node attacks and targeted node at-
tacks [38]. Random node attacks model the effects of stochastic events, such as epidemics,
on a network by randomly removing nodes. Targeted node attacks involve deliberately
damaging critical nodes within a network to disrupt its functionality, as seen during geopo-
litical crises. The sequence of targeted node attacks is determined by attacking nodes in
order of their importance, as calculated using the method described in Section 3.4. Addi-
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tionally, network robustness is typically measured by changes in connectivity and efficiency
when subjected to attacks [24].

1.  Network Connectivity

If all nodes in a network are interconnected, the network’s connectivity coefficient
equals 1. If some nodes are not connected to others, the connectivity coefficient is less
than 1. When a network is attacked, it breaks into several connected subgraphs. Network
connectivity can be quantified by G, the fraction of nodes residing in the largest connected
component. The formula is shown in Equation (22).

_N

C=N

(22)

2. Network efficiency

Average path length can be used to evaluate network efficiency; however, it has
normalization issues. Therefore, we measure network efficiency using Equation (23).
1 1

P 1 23
N(N—l)l;dij @)

4. Results and Discussions
4.1. Changes in Global Aircraft Trade Value

Figure 2 illustrates the changes in trade value for small, medium, and large aircraft
from 2015 to 2024. In 2018, the U.5.—China trade war brought bilateral aircraft trade to a
standstill [39], while safety incidents involving the Boeing 737 MAX led to numerous order
cancellations and delays [40]. Consequently, trade value for small, medium, and large
aircraft declined in 2018. The COVID-19 pandemic in 2020 disrupted aircraft supply chains,
severely impacting the production and delivery of medium and large aircraft, further
reducing trade value. In contrast, trade value for medium aircraft has steadily increased
since 2021, surpassing 2019 levels by 2023. The trade value of large aircraft only began
recovering in 2022; although it rose to $131.09 billion by 2023, it sharply declined again to
$86.245 billion in 2024. On the one hand, the recovery of international long-haul travel has
been relatively slow [41], resulting in lower demand for large aircraft. Medium aircraft offer
greater flexibility and can operate on short-haul international and domestic routes, which
are recovering more quickly. Consequently, the recovery of large aircraft lags behind that
of medium aircraft. On the other hand, amid elevated oil prices, airlines are increasingly
opting to deploy two medium aircraft instead of a single large aircraft to reduce costs
and maintain operational flexibility. Additionally, given the greater stability of air cargo
operations, many carriers actively pursue passenger-to-freighter conversions, resulting in
a surge in the modification of medium passenger aircraft into freighters. This trend has
contributed to the observed growth in medium aircraft trade value [42]. Beyond these
factors, the sharp decline in large aircraft trade value to $86.245 billion in 2024 was also
linked to a series of Boeing safety incidents that year.

Compared to medium and large aircraft, the trade value of small aircraft remained
largely unaffected by the COVID-19 pandemic, with 2020 figures nearly identical to those of
2019. Notably, in 2021, the trade value of small aircraft surged significantly to $2.341 billion,
more than doubling the value in 2020. This increase resulted from economic, social, and
policy factors in the post-pandemic era. Following the outbreak of the pandemic, more
individuals purchased or flew small aircraft for safer travel. Simultaneously, disruptions
in global supply chains prompted many businesses to rely on small aircraft to swiftly and
flexibly transport critical components and personnel. After 2022, as the pandemic subsided,
demand for small aircraft declined. This decrease was compounded by the fact that 2021
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had already absorbed a portion of future purchasing power, resulting in a sustained decline
in the value of the small aircraft trade. Overall, influenced by events such as trade wars,
safety incidents, and the COVID-19 pandemic, trade value for both small and large aircraft
experienced significant fluctuations. In contrast, trade value for medium aircraft remained
relatively stable, demonstrating stronger resilience to risks.
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Figure 2. Trade value of small, medium, and large aircraft from 2015 to 2024. (a) Small aircraft (Blue);
(b) Medium aircraft (Orange); (c) Large aircraft (Green).

4.2. Evolutionary Characteristics of the GATN

Figure 3 illustrates the trade networks for small, medium, and large aircraft in 2024,
and Table 1 shows the average values of network indicators from 2015 to 2024. In 2024,
101 countries and regions participated in the global small aircraft trade, encompassing
511 trade routes. For medium aircraft, 80 countries and regions were involved, comprising
274 trade routes. Similarly, 80 countries participated in the large aircraft trade, which
included 246 trade routes. The small aircraft trade network demonstrates greater complexity
than the medium and large aircraft networks, involving the most participating countries.
Furthermore, the global small aircraft trade network exhibited higher average network
density and a higher average clustering coefficient, along with a shorter average path
length, compared to the medium and large aircraft trade networks. This indicates that the
global small aircraft network operates with greater efficiency, features tighter connections
among countries, and demonstrates a more clustered characteristic.

Table 1. Average values of network indicators (2015-2024).

Network

Type Nodes Edges Density ACC APL

Small 129.2 7212 0.0437 0.3581 2.5278
aircraft
Medium 107.7 3342 0.0297 0.2648 3.0441
aircraft

Large 101 290.8 0.029 0.255 3.2629
Aircraft

To analyze the degree distribution characteristics of small, medium, and large global
aircraft trade networks, we plotted scatter plots of their degree distributions along with
fitted curves for 2024. As shown in Figure 4, these three GATNSs all approximately
follow a power-law distribution, consistent with the properties of scale-free networks.
It indicates that most nodes have a low degree, while only a few nodes have a high degree;
these high-degree nodes play a dominant role in the networks. A typical characteristic
of a scale-free network is that it can quickly collapse when nodes with high degrees are
targeted for attack. In contrast, it can usually maintain its basic structure and function
when facing random failures.
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Figure 3. Cont.
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Figure 3. Global trade networks for small, medium, and large aircraft. (a) Small aircraft trade network;
(b) Medium aircraft trade network; (c) Large aircraft trade network.
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Figure 4. Degree distribution of three GATNSs. (a) Small aircraft trade network; (b) Medium aircraft
trade network; (c) Large aircraft trade network.

Figure 5 presents the quantities of nodes, edges, and the APL for three distinct cate-
gories of GATNSs spanning 2015 to 2024. Between 2015 and 2022, the number of countries
participating in the global small aircraft trade network and the number of trade edges
remained relatively stable. The number of participating countries fluctuated between
131 and 138, while the number of trade edges remained steady between 711 and 770. In
2023, the number of countries involved in the global small aircraft trade network decreased
to 122, and further declined to 101 in 2024. Concurrently, the number of edges in this
network dropped to 663 in 2023 and 511 in 2024. Many countries withdrew from the small
aircraft trade, primarily developing nations in Asia and Africa. These countries generally
face economic fragility and fiscal pressures, making the purchase and operation of small
aircraft particularly challenging [43]. Additionally, the immense value of small aircraft
purchased in 2021 has preempted future demand. The number of countries participating
in the global medium and large aircraft trade networks was significantly affected by the
COVID-19 pandemic, as many airlines faced operational difficulties and bankruptcy [43].
In 2020, the number of countries in the global medium aircraft trade network decreased
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from 119 to 100, with trade network edges falling from 341 to 299. Similarly, the number
of countries in the global large aircraft trade network declined from 108 in 2019 to 88 in
2020, with edges decreasing from 302 to 224. From 2021 to 2023, trade in medium and
large aircraft gradually recovered, with the number of participating countries and trade
routes steadily increasing. However, in 2024, the number of participating countries and
trade routes for medium and large aircraft experienced a significant decline. Considering
that trade value for medium aircraft increased while large aircraft decreased substantially
in 2024, this outcome may be attributed to three possible factors. First, amid a global
economic downturn and high oil prices, some airlines replaced specific large aircraft with
medium ones to reduce costs. Second, increasingly complex geopolitical factors and rising
trade protectionism have impacted the procurement of both medium and large aircraft [44].
Finally, a series of safety incidents involving Boeing in 2024 led to delays or cancellations of
some orders.
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Figure 5. The number of nodes, edges, and APL of the global small, medium, and large aircraft trade
networks. (a) Small aircraft trade network; (b) Medium aircraft trade network; (c) Large aircraft
trade network.

From 2015 to 2024, the APL of the global small aircraft trade network remained stable
at 2.5, indicating low susceptibility to external influences and significantly outperforming
medium and large aircraft networks in terms of efficiency. In contrast, the APL of the global
medium aircraft trade network fluctuated considerably, peaking at 3.308 in 2018, when the
network’s efficiency was at its lowest. This network exhibits a core—periphery structure,
making it highly vulnerable to the influence of key nodes [45]. In 2018, the U.S.—China trade
war erupted, and the Boeing 737 MAX crashes led to a loss of confidence in the aircraft
among global airlines [4]. These events disrupted or suspended some trade relationships,
resulting in less direct and less efficient network connections. The COVID-19 pandemic
significantly impacted the APL for large aircraft, reaching its lowest point of 2.628 in 2020.
Alongside reductions in trade value, participating countries, and trade edges, this apparent
efficiency gain did not arise from network optimization but rather from the disappearance
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of numerous weak connections. The loss of links and contraction of trade relationships led
to the network becoming more compact.

Figure 6 illustrates the network density and ACC of GATNSs for different aircraft types.
Regarding network density, all kinds of GATNs exhibit relatively low density with an
upward trend. Among them, the global small aircraft trade network demonstrates higher
density than the medium and large aircraft networks, fluctuating between 0.04 and 0.051.
The global medium and large aircraft trade networks exhibit network densities ranging
from 0.024 to 0.043, indicating sparse connectivity. In 2015, the global small aircraft trade
network exhibited pronounced clustering, with the ACC reaching 0.423—the highest level
in nearly a decade. From 2016 to 2021, the ACC fluctuated around 0.35, then declined to
0.305 in 2022 and decreased to 0.263 by 2024. The ACC of the global medium aircraft trade
network remained stable around 0.25 in most years, except in 2016, when it reached its
lowest point of 0.203. The ACC of the global large aircraft trade network remained stable
between 2015 and 2023, peaking at 0.282 in 2019 but declining significantly to 0.211 in
2024. Notably, in 2024, the network density of the GATN for all three categories increased
significantly. An examination of the trade relationships of each node revealed that the
majority of nodes did not see an increase in connections. This suggests that the rise in
network density was not due to a genuine strengthening of trade ties among existing nodes,
but rather a result of the withdrawal of a large number of peripheral nodes, which reduced
the overall network size. Additionally, the COVID-19 pandemic outbreak in 2020 led to a
substantial decrease in the ACC across global trade networks for all three aircraft types,
indicating that post-pandemic trade among nations has become more concentrated, shifting
from multilateral trade to trade among a smaller number of countries. After several years
of recovery, the ACC of the global medium aircraft trade network has approached pre-
pandemic levels. However, the ACC of the global small and large aircraft trade networks
remain significantly below their pre-pandemic levels.

0.5 mmm S-Clustering mmm | -Clustering == M-Density
mmm M-Clustering —@— S-Density =~ L-Density

- 0.05

- 0.04

-0.03

Clustering Coefficient
Density

-0.02

-0.01

~0.00

2016 2017 2018 2019 2020 2021 2022 2023

Year

Figure 6. Network density and average clustering coefficient of the GATN for small, medium, and
large aircraft. S-Density, M-Density, and L-Density denote the network densities of the global small,
medium, and large aircraft trade networks. Similarly, S-Clustering, M-Clustering, and L-Clustering
represent the ACC of the global small, medium, and large aircraft trade networks, respectively.

4.3. Node Importance Evaluation Analysis

The entropy weight method was employed to calculate the topological indicator
weights for the global trade networks of small, medium, and large aircraft, as shown in
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Table 2. The results indicate that strength and betweenness centrality carry the greater
weights, emphasizing their critical roles in analyzing network characteristics and identify-
ing key nodes.

Table 2. Topological indicator weights of nodes.

Betweenness Closeness  Eigenvector

Type Time Degree Strength Centrality = Centrality = Centrality
2015 0.152 0.353 0.328 0.088 0.079
Small 2020 0.157 0.324 0.345 0.097 0.077
aircraft 2024 0.137 0.339 0.35 0.055 0.119
‘ 2015 0.175 0.341 0.306 0.109 0.069
Medium 2020 0.179 0.347 0.307 0.085 0.082
aircraft 2024 0.162 0.326 0.328 0.08 0.104
2015 0.173 0.341 0.32 0.092 0.074
Large 2020 0.182 0.301 0.339 0.09 0.088
aircraft 2024 0.168 0.312 0.329 0.085 0.106

A comprehensive node importance evaluation was conducted using the TOPSIS
method and node indicator weights for three distinct categories within the GATNs. Figure 7
presents the top ten countries by node importance in the global trade networks for small,
medium, and large aircraft from 2015 to 2024. The results indicate that the United States
holds the most significant position in the GATNs. Key nodes in the global small aircraft
trade network have experienced substantial changes over the past decade, reflecting con-
siderable volatility in small aircraft trade among nations. For example, Jordan’s share of
global light aircraft exports reached 31.89% in 2015, ranking second to the United States.
This surge was primarily driven by Sudan’s import of approximately $600 million worth of
small aircraft from Jordan, accounting for roughly 30% of the global trade value in small
aircraft. This transaction propelled Sudan and Jordan into the top five in the 2015 global
small aircraft trade rankings. However, in subsequent years, neither country’s import nor
export value has ranked among the world’s top ten.
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Figure 7. Top ten countries by node importance in the GATN for small, medium, and large aircraft
from 2015 to 2024. (a) Small aircraft trade network. (b) Medium aircraft trade network. (c) Large
aircraft trade network.
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Compared to small aircraft, medium and large aircraft are more challenging to manu-
facture and incur higher costs. Consequently, the key nodes within the global medium and
large aircraft trade networks have remained essentially unchanged over the past decade,
with country rankings showing relative stability. In the medium aircraft trade network, the
United States, France, Canada, South Africa, Germany, and Switzerland have consistently
ranked among the top ten in node importance for most years, with the overall network
exhibiting a pattern of one dominant player alongside several strong competitors. In the
medium aircraft trade network, aside from the United States, the scores of the other top
10 most influential countries show an increasingly converging trend. In the global large
aircraft trade network, the United States, France, Germany, Ireland, Canada, the United
Kingdom, and China consistently rank among the top ten in importance. The score gap
between France, Germany, Ireland, and the United States is relatively small, particularly
for France, whose score surpassed that of the United States in 2018. Therefore, compared to
the medium aircraft trade network, the United States” dominance in the large aircraft trade
network is diminishing, currently reflecting a state where multiple major players coexist.

4.4. Robustness of the GATN

When the GATN is subjected to external attacks, its connectivity and efficiency are
compromised. These external attacks primarily include random node attacks (RAs) and
targeted node attacks (TAs). RA involves randomly removing nodes from the network,
whereas TA sequentially remove nodes in descending order of importance, as determined
in Section 3.3.

The initial average connectivity of the GATNs across all three categories approaches 1,
indicating virtually no isolated trade relationships within these networks. From 2015 to
2024, the initial average network efficiency for global small, medium, and large aircraft
trade networks was 0.47, 0.44, and 0.43, respectively. This disparity may result from the
greater complexity inherent in the small aircraft trade network.

4.4.1. Analysis of the Robustness of the GATN Under Random Node Attacks

Figure 8 presents the robustness results of GATNs across different categories under
the RA for the period 2015-2024. Over time, the global medium aircraft trade network
maintained consistent accessibility trends throughout the study period, while the global
small and large aircraft networks fluctuated significantly in 2015, which may be attributed
to fewer peripheral nodes in that year.

Under RA, network efficiency exhibits a nonlinear declining trend, indicating that
specific nodes either enhance or inhibit network performance. Simultaneously, changes in
global aircraft trade efficiency under RA follow a convex curve, indicating that the failure
of a single node has a minimal impact on overall network efficiency. Many nodes under RA
can find similar alternative paths, so randomly removing less critical nodes has a limited
effect on network efficiency. Consequently, network efficiency remains relatively stable
after deleting 30% of the nodes. However, network efficiency declines more rapidly after
substantial node removals, with the network nearly collapsing when approximately 90% of
nodes are removed. Over time, the efficiency trends of both small and large aircraft trade
networks under RA have been largely consistent across the years, except for 2015, which is
likely due to the relatively straightforward network structure observed that year.
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Figure 8. Robustness of the global trade networks for small, medium, and large aircraft under random
node attacks. (a) Small aircraft trade network. (b) Medium aircraft trade network. (c) Large aircraft
trade network.

4.4.2. Analysis of the Robustness of the GATN Under Targeted Node Attacks

Targeted node attacks on the GATN involve systematically removing nodes in descend-
ing order of their importance. As the proportion of failed nodes increases, the network’s
connectivity and efficiency gradually decline to zero. Figure 9 illustrates the changes in
connectivity and efficiency over a decade for three distinct aircraft categories under the TA
model. The network demonstrates significant vulnerability under TA. Compared to RA, the
network collapses much more rapidly under TA and exhibits substantially lower robustness.
This indicates that a few critical countries play a pivotal role in the aircraft trade network:
removing these key countries can easily lead to the paralysis of the entire network.



Systems 2025, 13, 1016

17 of 23

Connectivity

Connectivity

Connectivity

1.0 Year Year
- 2015 o 2015
0.9 ~=- 2016 -=- 2016
0.8 —4e 2017 0.4 —h- 2017
: 4+ 2018 <4 2018
0.7 - 2019 | B ~+— 2019
- 2020 | G =4 2020
0.6 —-- 2021 E —-- 2021
42022 | W 4 2022
0.51 202 | ¥ 2023
041 2024 % 0.2 2024
=z
0.3
0.24
0.1
0.01- . = S8 SE : 001~ . N ;
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Percentage of nodes failed @ Percentage of nodes failed
a
1.0 Year Year
- 2015 > 2015
0.9 = 2016 0.4 -=- 2016
0.8 —ae 2017 - 2017
: +- 2018 +- 2018
0.7 —— 2019 | 2 —— 2019
-+ 2020 | § 0.3 —#- 2020
0.6 —=-- 2021 E —-- 2021
42022 | I - 2022
0.51 202 | £ — 2023
0.4 —— 2024 % 0.2 - 2024
z
0.3
0.24 0.1
0.1
0.0 : R 0.0 : —_— .
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Percentage of nodes failed ® Percentage of nodes failed
1.04 Year Year
—e— 2015 —o— 2015
0.91 —=- 2016 0.4 -=- 2016
081 —e 2017 e 2017
: - 2018 4 2018
0.7 —— 2019 | & —— 2019
—+- 2020 | § 03 —*- 2020
0.6 —-- 2021 E —e-- 2021
42022 | 1D - 2022
0.5 —— 2023 | ¥ 02 —— 2023
] ~—- 2024 | 3 O ~—- 2024
0.4 g
0.3
0.2 01
0.14
0.0 = Ls 0.0 = —_—
0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Percentage of nodes failed Percentage of nodes failed

(c)

Figure 9. Robustness of the global trade networks for small, medium, and large aircraft under
targeted node attacks. (a) Small aircraft trade network. (b) Medium aircraft trade network. (c) Large
aircraft trade network.

Overall, the robustness of the global small aircraft trade network under TA is higher
than that of the global medium and large aircraft trade networks. In contrast, the robustness
difference between the medium and large aircraft trade networks is insignificant. Regarding
connectivity across different types of aircraft trade networks, when the node failure rate
reaches 10% in the global small aircraft trade network, connectivity drops to approximately
0.6. In contrast, connectivity in the global medium and large aircraft trade networks
declines to around 0.4. Regarding efficiency, when the node failure rate in the global small
aircraft trade network reaches 20%, network efficiency decreases to approximately 0.1.
In contrast, the efficiency of the global medium and large aircraft trade networks falls to
around 0.05. Compared to medium and large aircraft, small aircraft are relatively easier
to manufacture and have lower import costs. Consequently, more countries participate
in their trade networks, increasing their complexity. This complexity provides greater
robustness against TA than medium and large aircraft networks.
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The failure process of GATN across different categories under TA can be generally
delineated into three phases. The first stage (removal of the top 10% of nodes) represents
a period of drastic change, characterized by a sharp decline in network connectivity and
efficiency. Over a decade, the average connectivity decline for small, medium, and large
aircraft networks reached 36%, 50%, and 51%, respectively, while the average efficiency
decline over the same period reached 59%, 77%, and 77%, respectively. This demonstrates
the aircraft trade network’s heavy reliance on a few critical nodes; the removal of these
nodes causes widespread disruptions to the paths between them. The second stage (removal
of 10-25% of nodes) is the collapse phase. During this period, network connectivity and
efficiency continue to decline, but at a slower rate. Connectivity for small, medium, and
large aircraft trade networks decreased to 0.27, 0.15, and 0.17, respectively, while efficiency
dropped to 0.05, 0.02, and 0.02. Although the nodes removed in this phase are not core,
they are relatively important secondary nodes in the network, causing it to fragment into
isolated subgraphs. The third stage (removal of more than 25% of nodes) is the paralysis
phase, where network connectivity and efficiency approach zero. The remaining nodes
cannot form effective connections, and network functionality is almost completely lost.

From a temporal perspective, the global small aircraft trade network under TA exhib-
ited greater robustness after 2021 than before 2021. In 2021, the immense value of small
aircraft purchased 2021 has preempted future demand. Concurrently, after 2021, global
economic growth slowed down, and many developing countries in Africa and Asia, which
generally faced economic vulnerabilities and fiscal pressures, were unable to purchase
or operate more small aircraft, thus withdrawing from the small aircraft trade network.
The reduction in peripheral nodes in the small aircraft trade network led to an increase in
network density, thereby enhancing the cohesion, interdependence, and trade efficiency
among core members, and ultimately strengthening the network’s robustness.

The COVID-19 pandemic had a more severe impact on the global medium and large
aircraft trade networks than on the small ones. In 2020, their robustness declined signif-
icantly compared to previous years. Following the failure of the top 10% of nodes, the
connectivity of the global medium aircraft trade network dropped from 0.51 in 2019 to
0.36 in 2020, while efficiency decreased from 0.1 to 0.05. The global large aircraft trade
network experienced declines in connectivity and efficiency from 0.43 and 0.07 in 2019 to
0.35 and 0.06 in 2020, respectively. In 2021, the robustness of the global medium aircraft
trade network recovered; after the failure of the top 10% of nodes, its connectivity and effi-
ciency remained at 0.47 and 0.08. However, the robustness of the global large aircraft trade
network deteriorated further, with connectivity and efficiency dropping to 0.33 and 0.06,
respectively, lower than in 2020. The 2024 global medium and large aircraft trade networks
demonstrated the strongest resilience. After 10% node failures, the 2024 medium aircraft
trade network achieved connectivity and efficiency of 0.58 and 0.15, respectively, while the
large aircraft trade network maintained connectivity and efficiency at 0.66 and 0.2. This
indicates increased network redundancy within the global medium and large aircraft trade
networks, strengthened connections to secondary nodes, and a gradual decentralization of
network hubs.

5. Conclusions and Suggestions

This study employed complex network methods to construct three GATNs, analyzing
the evolutionary characteristics and robustness of trade networks for three distinct aircraft
categories from 2015 to 2024. Methodologically, an integrated evaluation framework is
developed using the entropy-weighted TOPSIS approach. This multidimensional method
incorporates topological features to identify key nodes within the GATN and establish their
removal order in attack scenarios, thereby enhancing the accuracy and reliability of network
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robustness assessments. Meanwhile, this study enriches the research on global high-end

manufacturing equipment trade. In terms of application, the comparison of evolutionary

characteristics and robustness of the GATN yields valuable decision-making references for

policymakers and industry stakeholders. Key findings are summarized below.

1.

From 2015 to 2024, the global aircraft trade has exhibited fluctuating patterns, reflect-
ing its cyclical nature. Influenced by trade wars, safety incidents, and the COVID-19
pandemic, trade value for both small and large aircraft has experienced significant
volatility. In contrast, the trade of medium-sized aircraft has demonstrated a faster
recovery during crises and has maintained a growth trend in recent years.

From the evolutionary characteristics of the GATN, the network exhibits scale-free
properties and follows a power-law distribution. The average path length of the
medium-sized aircraft trade network fluctuated significantly, peaking at 3.308 in 2018
when network efficiency was at its lowest. The COVID-19 pandemic significantly
impacted the average path length for large aircraft, reaching its lowest point of 2.628
in 2020. This apparent increase in efficiency did not result from network optimization
but rather from the disappearance of numerous weak ties and the contraction of
trade relationships, making the network more compact. Consequently, the number
of countries participating in aircraft trade decreased after the pandemic, with trade
becoming more concentrated between fewer nations—shifting from multilateral trade
to trade among smaller countries.

The United States occupies a pivotal position within the GATN. Trade in small aircraft
demonstrates significant volatility across countries. In contrast, medium and large
aircraft are more difficult to manufacture and command higher prices, resulting in
relatively stable rankings among key nodes in the global medium and large aircraft
trade networks over the past decade. Within the global medium aircraft trade network,
the USA, France, Canada, and South Africa consistently rank among the top five most
important nodes in most years, reflecting a pattern of one dominant player alongside
several strong competitors. In the global large aircraft trade network, France, Germany,
and Ireland have scores close to that of the USA, indicating a state of multiple strong
players coexisting.

The damage caused by RA to the GATN is significantly less than that caused by
TA. When the GATN experiences TA, connectivity and efficiency decline rapidly.
This indicates that a few critical countries play a pivotal role in the aircraft trade
network; removing these key countries can easily lead to the paralysis of the entire
network. For example, under TA, the connectivity of medium and large aircraft trade
networks drops to only about 0.1 after removing 20% of nodes; whereas under RA,
the connectivity remains around 0.6 after removing the same proportion of nodes.
The significant disparity between the two scenarios demonstrates the critical role
of key nodes in stabilizing aircraft trade networks. Under RA, the robustness gaps
among global trade networks for small, medium, and large aircraft are relatively
small, indicating that RA has a limited impact on the overall aircraft trade network.
Compared to the medium and large aircraft trade, the small aircraft trade involves
more participating countries and a more complex network. Under TA, the global
small aircraft trade network demonstrates greater robustness than the medium and
large aircraft networks.

Based on the above conclusions, the following policy recommendations are proposed.

First, the trade value of global medium aircraft is stable, and the current network structure

presents a pattern of one superpower and several major powers. Non-core countries can

utilize policy tools, such as R&D subsidies and tax incentives, to steer resources toward

the R&D and manufacturing of medium aircraft, encouraging companies to participate in
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the medium aircraft manufacturing supply chain actively. Furthermore, by focusing on
the manufacturing of specific components or subsystems, non-core countries can leverage
economies of scale and specialized expertise to reduce costs, thereby becoming a critical
link in the global supply chain. Simultaneously, policies like tax incentives can be employed
to attract the establishment of relevant enterprises. Second, the global trade networks for
medium and large aircraft exhibit lower robustness than those of small aircraft. It is imper-
ative to proactively establish stable, cooperative relationships with key nations within the
medium and large aircraft trade networks to ensure supply stability, while simultaneously
promoting trade diversification to mitigate the impact of unforeseen disruptions. Finally,
targeted attacks have a far greater impact on the robustness of the aircraft trade network
than random failures. Therefore, it is imperative to continuously monitor key global events
affecting aircraft trade, particularly developments involving the network’s core nodes, and
to ensure that contingency plans can be activated promptly upon risk identification.

This study has several limitations and shortcomings. At the data level, it primarily
relies on macro-level HS code classifications, which do not differentiate specific aircraft
models or encompass broader segments of the industrial chain, such as components and
technical cooperation. In 2025, the United States imposed tariffs globally, leading to a rise
in trade protectionism. This will significantly increase aircraft manufacturing costs and
exacerbate delivery delays, posing a substantial shock to the aircraft trade network [46].
However, due to the lack of aircraft trade network data for 2025, a precise assessment of
the event’s impact is currently unfeasible. Methodologically, the current static network
analysis is restricted to an in-depth exploration of the dynamic evolution of trade network
relationships and their cascading failure mechanisms. Given these limitations, future
research could be expanded in the following directions: first, obtaining more granular
trade data and constructing multi-layered or multimodal networks to provide a more
comprehensive analysis. Simultaneously, incorporate the 2025 data into the discussion to
adequately account for the impact of the trade war on the aircraft trade network. Second,
adopting dynamic network models better to capture the temporal evolution of networks
and cascading risks. And finally, quantitatively integrating non-structural variables, such
as geopolitics and technological innovation, into models to enhance predictive capabilities
for future shocks and improve the precision of policy recommendations.
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Abbreviations

The following abbreviations are used in this manuscript:
GATN  Global Aircraft Trade Network

APL Average Path Length

ACC Average clustering coefficient

RAs Random Node Attacks
TAs Targeted Node Attacks

Appendix A

Table A1l. Consolidated table of notations.

Variables and Parameters Definition
k; The degree of i
ki_in The in-degree of i
ki_out The out-degree of i
S The strength of i
p(k) The probability that a node has k trading partners.
D Network density
APL Average path length
djj The count of edges between i and j
ACC Average clustering coefficient
e The number of nodes that have trade relationships with node i
Cp(i) The betweenness centrality of i
st Represents the number of shortest paths between nodes s and ¢
gst (i) The number of shortest paths through node i
G The closeness centrality of i
E; The Eigenvector centrality of node i

A A is a matrix, when there is a connection between node i and
node j, a;; = 1, otherwise, 4;; = 0.

A The eigenvalues of matrix A

M The total count of edges within the network.

E The eigenvector corresponding to the eigenvalue of matrix A

X The decision matrix

m The number of nodes in the network

n The number of indicators in the network

Xjj The value of indicator j for node i
Yij The standardized value of x;;
¢ The entropy of each indicator
wj The weight for each indicator
z the weighted normalized matrix Z
zt The positive ideal solutions
zZ- The negative ideal solutions
Lt The distances between the positive ideal solutions
L~ The distances between negative ideal solutions
C; The score of node i
G Network connectivity
N The number of nodes in the network
N’ Nodes residing in the largest connected component
F Network efficiency
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