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Abstract. The logistics industry is being significantly transformed by the sus-
tained growth of the low-altitude economy; however, how the government can
effectively strengthen its regulatory role in the low-altitude logistics market re-
mains a pressing issue. This paper investigates the interaction mechanisms
among low-altitude logistics enterprises, the government, and consumers using a
tripartite evolutionary game model to analyze payoff variations and equilibrium
conditions under different strategy combinations. The results indicate that: an op-
timal interval exists for subsidy intensity, and a graduated phase-out mechanism
should be adopted to achieve efficient resource allocation; penalty instruments
require differentiated design to balance regulatory constraints with innovation
incentives; policy resources should prioritize enterprise R&D to leverage techno-
logical innovation for demand stimulation; and the government should concen-
trate its efforts during the critical early window of industrial development, facil-
itating the market's breakthrough past the tipping point before orderly with-
drawal, thereby establishing a scientifically efficient governance model.

Keywords: Government subsidy; R&D innovation; Low-altitude logistics;
Evolutionary game theory; Consumer adoption.

1 Introduction

Since the inclusion of the low-altitude economy in the National Comprehensive Three-
Dimensional Transportation Network Planning Outline as a key industry of the "14th
Five-Year Plan" in 2021, national and local policy support has been continuously in-
tensified, effectively stimulating market vitality. In 2024, the low-altitude economy was
incorporated into the Government Work Report for the first time. Against this back-
drop, last-mile delivery via logistics drones, as a pivotal application of the low-altitude
economy empowering smart logistics and optimizing e-commerce "last-mile" delivery,
has demonstrated significant strategic value. Low-altitude logistics delivery effectively
leverages the flexibility and efficiency of UA Vs, and through coordination with ground
transportation, expands service coverage [1] and enhances overall delivery efficiency.
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Extensive research has been conducted on the feasibility and prospects of low-alti-
tude logistics delivery. Rico Merkert et al. [2] highlighted its considerable development
potential. Kristin Flemons MA et al. [3] argued that it offers superior flexibility, envi-
ronmental sustainability, lower maintenance costs, and accessibility to remote areas.
Behzad Behdani et al. [4] posited that UAVs can serve as transformative solutions,
particularly in facilitating rural telemedicine applications. Regarding low-altitude econ-
omy policy and industrial integration, Hou et al. [5] proposed deepening industrial in-
tegration to cultivate distinctive economic models. Li et al. [6, 9], from a supply-side
reform perspective, advocated leveraging technological innovation and air-ground re-
source integration. Tan et al. [7] emphasized coordinating government and market roles
while consolidating infrastructure development. These studies provide important refer-
ences for understanding the macroscopic framework of low-altitude economic devel-
opment. In terms of specific applications, Li [8] identified scenario-driven approaches
as a critical pathway for deep integration. Hong [10] classified low-altitude services
into production operations, public services, and aviation consumer services, noting the
growing prevalence of the latter. Liu et al. [11] explored how eVTOL aircraft can fa-
cilitate smart city renewal through tiered infrastructure planning. While these studies
have enriched the understanding of application scenarios, they seldom address strategic
interaction among multiple stakeholders.

In summary, the sustainable development of low-altitude logistics involves deep in-
teraction and strategic coordination among enterprises, the government, and consum-
ers. However, existing research exhibits notable deficiencies in tripartite evolutionary
game analysis [12, 14] of the low-altitude logistics market under government subsidy
strategies. Investigating whether the three parties can achieve effective collaboration is
directly pertinent to the successful implementation of this secto—embodying signifi-
cant potential as a new quality productive force—thereby underscoring the practical
significance of studying their interaction mechanisms.

2 Scenario Assumptions

2.1  Problem Description

A subsidy and pricing game scenario is constructed involving three parties: low-altitude
logistics enterprises, the government, and consumers, with the market generating social
benefits. Low-altitude logistics enterprises are responsible for market operations, with
their core objective being to drive technological iteration through R&D while minimiz-
ing revenue losses caused by technological obsolescence, thereby strengthening market
competitiveness. The government, as the policy-making and supervisory authority, sub-
sidizes both the R&D and production activities of low-altitude enterprises and consum-
ers to incentivize innovation and stimulate market demand, while simultaneously reg-
ulating the market to ensure behavioral compliance. When adopting low-altitude logis-
tics services, consumers can obtain baseline time-efficiency benefits as well as addi-
tional benefits compared to traditional delivery modes. All parties make decisions ra-
tionally with the objective of profit maximization, and market information is publicly
available to all parties.



Research on Market Game Dynamics in Low-Altitude Logistics ... 403

2.2 Model Assumptions

In the evolutionary game model (Table 1), the three game players are the government,
low-altitude logistics enterprises, and consumers. All game players are in their initial
states, and enterprises and consumers prioritize profit maximization as their primary
objective.

Table 1. Model Notations and Their Definitions.

Parameter  Description

F Base subsidy amount from the government to low-altitude logistics enterprises

£ Subsidy coefficient for low-altitude logistics enterprises

eF Total subsidy amount allocated to low-altitude logistics enterprises

G Total subsidy amount for consumers upon adoption of low-altitude products

(0] Regulatory cost of the government for the low-altitude logistics market

a Probability of regulatory inspection for subsidized enterprises

A Penalty imposed on enterprises detected for subsidy fraud

0 Penalty coefficient for subsidy fraud by low-altitude logistics enterprises

oA Total penalty amount for subsidy fraud

Q Base penalty for non-R&D enterprises under the subsidy regime

T Penalty coefficient for non-R&D enterprises under the subsidy regime

0 Total penalty amount for non-R&D behavior under the subsidy regime

Ci R&D cost when the enterprise adopts the R&D strategy

w1 Sales revenue under the enterprise's R&D strategy

] Additional revenue from technological innovation under the R&D strategy

pi Social benefit generated by the enterprise's R&D strategy

w2 Sales revenue under the enterprise's non-R&D strategy

C: Efficiency loss due to technological obsolescence under the non-R&D strategy

p: Social benefit under the enterprise's non-R&D strategy

P Additional environmental remediation cost borne by the government under the
non-R&D strategy

M Consumer benefit from adopting low-altitude products

M: Consumer benefit from adopting conventional products
Additional benefit for consumers adopting the low-altitude logistics delivery

i mode [13]

3 Model Construction

3.1 Payoff Matrix Construction

Within the tripartite game framework involving the government, low-altitude logistics
enterprises, and consumers (Table 2), each party formulates strategic decisions based
on its own interests. The probability that the government adopts a "subsidy" measure is
denoted as x, with the probability of not providing subsidies being 1—x. The probability
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that the low-altitude logistics enterprise chooses to invest in R&D for innovative prod-
ucts is denoted as y, with the probability of not conducting R&D being 1—y. The prob-
ability that consumers prefer to adopt low-altitude service products is denoted as z, with
the probability of non-adoption being 1—z. The strategy probabilities X, y, and z all
satisfy x, y, z € [0, 1].

Table 2. Tripartite Strategy Selection and Payoff Matrix

Govern- Enterorise Consumer
ment P Adopt () Not Adopt (1-z)
apA-Q—-cF -G+ aph-Q—cF + 3
R&D (y) —aph+eF -G+ o+ —apA+sF -C + o,
Subsidy G+M, +7 M-
x) TQ+ﬂ2—P ZQ+ﬂ2—P
No R&D
(l-y) —zQ+0)2 _Cz —@‘FCOZ _Cz
0 M,
ﬂ] ﬁl
R&D (y) -C +w +0o -C +o
Subsidy M +z M,
(%) ﬂz _pP ﬁz -P
No R&D o —C
(l‘y) 0)2 - C‘2 2 2
0 M

3.2  Expected Payoffs of the Three Parties

Let the average expected payoffs of the government, low-altitude logistics enterprises,
and consumers adopting different strategies be E,, Ey, and E,. From this, the replicator
dynamic equations for the three parties are obtained as follows:

F(X)%=x(1,X)[(a,,,A,gF,GZ,TQ,Q)}m] (1)

F(r) -2 (=) [(apas Ferar)xsw—c,+Cy v - o] )
dt

P )y s oy ) ®)
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3.3 Equilibrium Point Analysis

In the game system, the three participants continuously optimize their strategy selec-
tions to maximize payoffs, ultimately forming an irreversible dynamic equilibrium
state. The corresponding strategies are termed evolutionarily stable strategies (ESS).
The Jacobian matrix is as follows (Table 3):

Jl JZ J3
Jy,2)=|J, J, J, (4)
J, J,J

7 8 9

Table 3. Jacobian Matrix Parameters.

Pa- Value Param- Value

rame- eter

ter

Ji (1-2x)(Qr - (~Aap+ Fe+Gz+Qr+0) y)Js (1=y)yo

J> x(1-x)(Aap - Fs -Gz -Qr - Q) J7 2(1-2)yG

J3 —x(l —x) Gy Js z(l—z)(xG+M1+7r)

J4 (1—y)y(—Aa(p+Fg+Qr) Jo (1—22)(—M:+y(xG+M'+7T)

Js (-2 ((-Aap+Fe+Q1)x+6z-C +C,+ 0, - ,)

4 Numerical Simulation Analysis

To verify the stability results of the aforementioned tripartite game and further investi-
gate the effects of each party's initial willingness and model parameters on system sta-
bility, Es(1,1,1) is designated as the evolutionarily stable strategy (ESS) of the system.
This requires that all three eigenvalues be negative. With reference to parameter ranges
established in existing government subsidy game studies and in combination with ac-
tual development data from China's low-altitude logistics industry, the initial parameter
values are set as shown in Table 4.

Table 4. Parameter Values [14,15].

a ¢ A ¢ FGrQQ5a)1a)zC1CzM[M2

06 05 8 05 3 015 05 3 06 09 3 21 29 15 03 04 02
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4.1 Initial Strategy Simulation Analysis

Fig. 1. Influence of the initial states of the government, low-altitude logistics enterprises, and
consumers on the evolutionary process of each party.

To examine the sensitivity of the system to initial conditions, the three parties' initial
willingness is set at 0.2, 0.5, and 0.8(Figure 1), respectively, with results shown in Fig-
ure 1. A positive feedback mechanism is observed: government subsidies promote en-
terprise R&D and accelerate consumer preference shifts, while higher initial willing-
ness across all parties leads to faster system convergence toward the ideal equilibrium.
Meanwhile, government subsidy policies, regulatory interventions, and consumer de-
mand jointly serve as effective drivers of enterprises' autonomous R&D decisions.

4.2  Parameter Sensitivity Analysis

Government Subsidy Coefficient.

Fig. 2. Impact of government subsidy coefficient on enterprise strategy selection.

Under the government subsidization scenario, the subsidy coefficient is assigned
values of 0.2, 0.5, and 0.8 (Figure 2). As the coefficient increases, enterprises become
more proactive in R&D, since higher subsidies effectively reduce R&D costs and pro-
mote the intelligent upgrading of low-altitude logistics infrastructure, thereby encour-
aging consumer adoption. However, when the coefficient reaches 0.8, the government's
willingness to subsidize gradually declines due to mounting fiscal pressure and relaxed
regulatory oversight. This indicates that an efficiency-critical interval exists for the sub-
sidy coefficient—beyond which enterprise and government strategies diverge. There-
fore, the government should establish well-calibrated subsidy standards that balance
innovation incentives with fiscal sustainability.
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Penalty Coefficient for Subsidy Fraud by Low-Altitude Logistics Enterprises.

—e—varphi=0.2

—— varphi=0.8,

0 2 4 6 8 0 o 4 8 12 16 20
t +

Fig. 3. Impact of the penalty coefficient on enterprise strategy selection.

To investigate the influence of the subsidy fraud penalty coefficient on the evolu-
tionary game process, values of 0.2, 0.5, and 0.8 are assigned (Figure 3). At 0.2 and
0.5, enterprises converge toward the R&D strategy at an increasing rate as the penalty
coefficient rises. However, at 0.8, excessively high compliance risk causes enterprises
to forgo subsidy applications and associated R&D altogether, as any uncertainty during
R&D may be construed as fraudulent behavior. This reveals an inverted U-shaped re-
lationship between the subsidy fraud penalty and enterprise R&D willingness: moder-
ate penalties incentivize compliance, while excessive penalties paradoxically suppress
innovation—a "chilling effect." From the government's perspective, penalty standards
are necessary to ensure subsidy accountability. From the enterprises' perspective,
overly stringent penalties elevate the perceived risk of legitimate R&D, driving risk-
averse withdrawal from the subsidy system. Therefore, the subsidy fraud penalty should
be calibrated within an optimal interval to balance regulatory deterrence with innova-
tion incentives.

Penalty Coefficient for Non-R&D Production by Low-Altitude Logistics Enter-
prises.

Fig. 4. Impact of the non-R&D penalty coefficient on enterprise strategy selection.

In practice, low-altitude logistics enterprises, similar to traditional logistics enter-
prises, utilize delivery facilities for goods transportation. Considering the differences
in delivery equipment, values of 0.2, 0.5, and 0.8 are assigned to the penalty coefficient
for non-R&D production by low-altitude logistics enterprises(Figure 4). As this coeffi-
cient gradually increases, the government's willingness to adopt the subsidy strategy
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also rises. This indicates that penalty payments collected from enterprises that fail to
conduct R&D augment government revenues, thereby incentivizing the government to
subsidize low-altitude logistics enterprises and develop supporting infrastructure for
the low-altitude economy. For low-altitude logistics enterprises, as the penalty coefti-
cient increases, enterprises prefer to proactively invest in R&D for low-altitude prod-
ucts to avoid paying substantial penalties. In summary, without disrupting the develop-
ment of the low-altitude logistics market, the government can appropriately adjust the
penalty coefficient to enhance the R&D willingness of low-altitude logistics enter-
prises.

5 Conclusions

This paper constructs a tripartite evolutionary game model involving the government,
low-altitude logistics enterprises, and consumers. Using MATLAB R2024a, numerical
simulations are conducted to examine the effects of initial willingness and key param-
eters on system evolution and stability. The main findings are as follows:

First, the subsidy coefficient exhibits an asymmetric relationship with the strategies
of the three parties. An efficiency-critical interval of [0.3, 0.6] is identified, within
which government and enterprise strategies are aligned and the system converges to-
ward the ideal equilibrium. Beyond 0.7, rising fiscal pressure triggers government with-
drawal, necessitating a graduated phase-out subsidy mechanism. Second, the two pen-
alty instruments differ fundamentally in their effects. The R&D absence penalty shows
a monotonically positive correlation with enterprise R&D willingness, whereas the sub-
sidy fraud penalty must be kept within a moderate range to avoid suppressing innova-
tion. Third, consumer adoption is subordinate to enterprise R&D outcomes. Subsidies
allocated to the enterprise R&D side yield significantly greater marginal effects than
direct consumer-side subsidies, indicating a supply-side priority in policy transmission.
Fourth, a nonlinear take-off threshold exists in the system's initial conditions. The gov-
ernment should concentrate intervention during the early industrial stage to propel the
market past this critical point, then withdraw in an orderly manner.

Policy Recommendations: First, implement a graduated phase-out subsidy mecha-
nism: set higher initial subsidies with explicit reduction timelines and performance-
triggered benchmarks, prioritizing R&D-side allocation through value chain joint ap-
plication mechanisms and supply chain finance instruments. Second, adopt a differen-
tiated penalty portfolio: use R&D absence penalties as the primary driver with clear
output assessment criteria, while maintaining moderate subsidy fraud penalties with
well-defined boundaries between technological uncertainty and deliberate fraud. Third,
seize the early-stage policy window through targeted phased interventions—including
demonstration projects, scenario liberalization, and technical standard formulation—
supported by a dynamic evaluation system for real-time policy adjustment.
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Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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