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Abstract: Against the backdrop of increasingly severe global environmental issues and the deepening advancement of
the "Dual Carbon" goals, green logistics, as a crucial pathway to achieving sustainable development, has become an
inevitable trend for the transformation of the logistics industry. Green logistics not only emphasizes reducing resource
consumption and environmental pollution in logistics activities but also pursues the synergistic development of
economic, social, and environmental benefits. In recent years, the Chinese government has intensively issued numerous
green logistics policies, promoting the industry's green transformation across all segments, including packaging,
transportation, warehousing, and informatization. Concurrently, a growing number of enterprises are actively exploring
implementation pathways for green logistics. Through technological innovation, management optimization, and
business model innovation, they aim to fulfill environmental responsibilities while enhancing operational efficiency.
However, enterprises across different industries and of varying scales still face challenges in path selection, cost control,
and technology application during their green logistics practices. Based on theories of sustainable development,
stakeholder engagement, and green development, and by integrating literature review and typical case studies, this
paper systematically explores the implementation pathways of green logistics and its associated environmental,
economic, and social benefits. The findings are intended to provide theoretical reference and practical insights for the
green transformation of China's logistics industry.

Keywords: Green logistics; Implementation pathways; Effect analysis; Sustainable development

1 INTRODUCTION

With the in-depth development of global industrialization and economic integration, logistics activities, as the artery
connecting production and consumption, have become an indispensable core link in the modern economic system.
However, while pursuing efficiency and speed, traditional logistics models are accompanied by a series of severe
problems such as high energy consumption, high emissions, resource waste, and environmental pollution, posing
significant challenges to the ecological environment and the sustainable development of society. Against this backdrop,
the emerging concept of "green logistics" — which integrates the concepts of sustainable development, environmental
ethics, and modern management science — has emerged. It emphasizes minimizing environmental pollution and
reducing resource consumption throughout the entire logistics process. By leveraging advanced planning, technologies,
and management methods, green logistics aims to optimize and upgrade the logistics system, ultimately building a new
type of logistics model that not only promotes economic development but also coexists harmoniously with the
environment.

Currently, addressing climate change has become a global consensus. China has put forward the "dual carbon" strategic
goals: "striving to peak carbon dioxide emissions before 2030 and achieve carbon neutrality before 2060". This top-
level national design has brought unprecedented transformation pressures and development opportunities to various
industries, especially the logistics sector — one of the major sources of carbon emissions. In response to this strategy,
China has intensively introduced a series of policies and regulations at both central and local levels in recent years to
promote the greening of logistics. Covering multiple dimensions such as green packaging, adjustment of transportation
structures, electrification of vehicles, and intelligent logistics parks, these measures have built an increasingly sound
policy framework and action guidelines for the development of green logistics.

At the same time, driven by both market demands and social responsibilities, many leading enterprises have taken the
lead in exploring and practicing green logistics. Ranging from manufacturing enterprises in the upstream of the supply
chain to express delivery service providers in the downstream, these enterprises are actively practicing green concepts
— either through energy-saving transformations in internal production processes and research and development of
green products, or by optimizing transportation networks, promoting recyclable packaging, and adopting new energy
vehicles. These practices have not only initially demonstrated environmental benefits but also sparked extensive
discussions on their economic and social benefits. However, enterprises with different industry attributes and scales still
face significant differences in aspects such as the selection of green logistics implementation paths, technology
application, cost control, and benefit realization. They are also confronted with multiple challenges, including high
transformation costs, insufficient technological reserves, and difficulties in full-chain collaboration. Therefore,
systematically sorting out the theoretical basis of green logistics, in-depth analyzing its diverse implementation paths,
and scientifically evaluating its implementation effects are of great theoretical and practical significance for guiding
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more enterprises to effectively carry out green transformation and supporting the smooth realization of China's "dual
carbon" goals.

Based on the Chinese context, this paper focuses on the core topic of "the implementation paths and effect analysis of
green logistics". It will construct a theoretical framework based on the theory of sustainable development, stakeholder
theory, and green development theory; systematically summarize the implementation paths and models of green
logistics through a review of existing literature; select Liard Co., Ltd. and YTO Express Co., Ltd. as typical cases to
conduct an in-depth comparative analysis of their green logistics practice paths and comprehensive effects; and on the
basis of case studies, extract useful insights, prospect the direction and strategies for the high-quality development of
green logistics in the future, so as to provide valuable references for the realization of a green, low-carbon, and
sustainable logistics model.

2 THEORETICAL BASIS
2.1 Theory of Sustainable Development

The theory of sustainable development aims to guide the economic, social and environmental development of human
society, ensuring that current needs are met without compromising the ability of future generations to meet their own
needs. It adheres to the principles of fairness, sustainability and commonality, with the ultimate goal of achieving
coordinated, fair, efficient and multi-dimensional development and ensuring the harmonious unity of the economic,
social and environmental aspects. In March 1994, the State Council of China officially approved the "China 21st
Century Agenda - White Paper on Population, Environment and Development in the 21st Century of China", which
covers China's sustainable development strategy and action guidelines for population, economy, society, resources and
environment in the 21st century. The realization path of green logistics should follow this concept. From an economic
perspective, it can optimize resource allocation and maximize economic benefits; from a social perspective, it can
reduce environmental pollution and waste of resources, and improve the quality of life of the public; from an
environmental perspective, it can reduce resource consumption and waste emissions in the logistics process, which is
conducive to mitigating the negative impact on the ecological environment during the development process. From a
macro and long-term perspective, optimizing various aspects in the development process of green logistics can achieve
efficient utilization of existing resources and effective protection of the ecological environment, improve the negative
impacts such as excessive resource extraction and environmental pollution caused by packaging and decomposition in
the development process of the logistics industry, further promote the mutual benefit and win-win situation between the
logistics industry and green development, and bring sustainable development to the logistics industry and the social
economy.

2.2 Stakeholder Theory

Stakeholder Theory, which originated in the 1960s, represents a pivotal framework in organizational management and
business ethics. It posits that organizations must comprehensively consider and balance the interests of all stakeholders
in their decision-making and operational processes, rather than focusing solely on shareholders. The core tenet of this
theory is that an organization's success depends not only on shareholder satisfaction but equally on the fulfillment of all
stakeholders' interests. According to Zhang H [1], the proposition of this theory aims to reinterpret and delineate the
three fundamental challenges confronting sharcholder capitalism—value creation, business ethics, and managerial
mindset.In the practice of strategic management, the application of Stakeholder Theory encounters several challenges.
The pathway to achieving green logistics is grounded in this theoretical framework. By analyzing the multitude of
stakeholders involved in green logistics activities, the primary focus is directed toward three key groups: logistics
enterprises, the government, and customers. Logistics enterprises, as the implementing entities of green logistics, can
achieve a dual victory in economic and environmental benefits by reforming green logistics technologies and
management methods. The government, acting as the guiding force for the development of green logistics, provides
incentives—such as fiscal subsidies, tax incentives, and the enactment of relevant policies and regulations—to
encourage logistics enterprises to actively engage in green logistics reforms. Meanwhile, customers, as the ultimate
beneficiaries of green logistics, have expectations and demands that indirectly validate whether the development of
logistics enterprises aligns with societal aspirations. Lan contends that green logistics is a green management activity
process aimed at achieving customer satisfaction and societal development [2], connecting supply and demand to
facilitate the efficient flow of green products and services. From a comprehensive analytical perspective, these three key
actors not only promote the dissemination and practice of the green development concept but also advance the
implementation of sustainable development theory.

2.3 Green Development Theory

Green development, a pioneering concept advocated by the United Nations Development Programme (UNDP) in 2002,
is fundamentally centered on fostering harmonious coexistence between economic progress and ecological preservation.
Hu Angang, recognized as a pioneering figure in China's green development movement, elucidates this innovative
paradigm in his work "China's Innovative Green Development." He characterizes green development as a sustained
investment in ecological systems—a new developmental model that transcends conventional sustainable development
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frameworks. This approach is grounded in the triple integration of economic, social, and ecological dimensions,
distinguished by its advocacy for rational low consumption, minimal emissions, and the preservation of ecological
capital. According to Li [3], the ultimate objective of this developmental philosophy is to achieve harmonious
coexistence between humans and nature, as well as among human societies. Establishing a green development
framework necessitates, first, actively promoting the greening of industrial structures and accelerating the enhancement
of green development standards across industries to realize the synergy between economic growth and environmental
protection. Second, it requires championing low-carbon production methods to foster high-efficiency development
within production systems. In synthesis, green development plays an indispensable role in advancing green logistics
practices. It imposes distinct developmental requirements across multiple stakeholders—including consumers,
enterprises within the logistics sector, and national governments—while providing robust theoretical foundations for
greening the logistics industry.

3 LITERATURE REVIEW
3.1 Implementation Paths of Green Logistics

With the development of the economy, the degree of environmental degradation has deepened. As an integral part of
economic activities, logistics activities also face environmental challenges. Establishing a green logistics system is an
inevitable requirement for achieving sustainable development. Previous studies have indicated that there are four main
paths to green logistics, specifically including improving policies and regulations, enhancing environmental awareness,
upgrading the green level of facilities, and leveraging digitalization to drive development.

Liu concluded by analyzing the current status of green logistics in China that since the end of the 20th century [4],
green logistics has gradually attracted attention from all sectors of society. The comprehensive greening of logistics is
regarded as an inevitable trend in the development of China's logistics industry in the future. However, China's green
logistics industry still remains at the conceptual stage to date, with a significant gap from practical implementation, and
many issues remain to be resolved. The reasons for the stagnation of green logistics in China include the lack of green
logistics awareness across the whole society, incomplete government policies and legal systems, backward
infrastructure and information technology, a shortage of high-quality interdisciplinary talents, and insufficient attention
to reverse logistics. As a cutting-edge environmental protection concept, green logistics needs to gain recognition and
support from the entire society, which must start with the green transformation based on the current situation of China's
logistics industry.

Xie and Wang argued that there are three paths for green transformation [5]. Firstly, improve government policies and
relevant legal systems. For example, establish a competent authority in charge of logistics, formulate a comprehensive
legal system for green logistics development, and use economic levers to encourage and guide the behaviors of logistics
enterprises. Secondly, enhance the environmental awareness of consumers and enterprises. For instance, actively
advocate green consumption, and encourage enterprises to emancipate their minds, break the traditional concept that
"environmental protection is not economical”, and establish a new concept of green logistics operation. Thirdly,
upgrade the green level of infrastructure. This includes introducing advanced equipment, transforming existing logistics
infrastructure to improve the level of mechanization, automation, and cleanliness; rationally planning the layout of
logistics networks with cities as the core, and constructing modern logistics centers that integrate commodity flow,
logistics, capital flow, and information flow; selecting appropriate transportation strategies, optimizing and integrating
basic transportation tools such as trains, automobiles, ships, and aircraft, and implementing combined and consistent
transportation; and actively introducing and independently developing advanced and applicable green logistics
technologies.

In previous studies, some scholars have pointed out that in the current digital era, there is another important new path:
the path of digital technology innovation leading the green and low-carbon transformation of the logistics industry. This
path consists of three specific aspects: the capability enhancement path driven by basic research innovation, the
technology upgrading path driven by core technology innovation, and the industrial joint development path driven by
service system innovation. These three paths interact with and promote each other, jointly supporting the green
development of the logistics industry [6].

3.2 Implementation of Green Logistics

Enterprises are the main entities for the development and implementation of green logistics [8]. The implementation
forms of corporate green logistics can be divided into three categories: technology innovation-oriented, management
improvement-oriented, and system constraint-oriented [7].

He put forward the view that based on the current development status of green logistics in China [9], the suitable
promotion model should take the system constraint-oriented green logistics as the driving model, the management
improvement-oriented as the foundation, and the technology innovation-oriented as the development strategy. Building
on this, Liu drew on and compared the experience and characteristics of logistics systems in developed countries [10],
and proposed three main implementation paths for the green logistics system: taking the legal and administrative means
of the government as the leading force, using relevant economic means as the specific implementation method, and
taking the Extended Producer Responsibility (EPR) system as the supplement. Focusing on China's leading
implementation model, i.e., the system constraint-oriented green logistics model, it is believed that the formulation and
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implementation approaches of the green logistics system are mainly reflected in three aspects: the legal and
administrative means of the government and relevant organizations as the leading force (the relevant organizations here
refer to formal and legal industry organizations or associations with certain international influence and official
recognition, such as the Organization for Economic Co-operation and Development (OECD)); the economic means of
the government and relevant organizations as the supplement; and the EPR system in the supply chain as the
supplement.

Li argued that the leading role of the legal and administrative means of the government and relevant organizations is
mainly reflected in the establishment and improvement of relevant laws [11], policies, rules, and regulations. The
corresponding green logistics laws, policies, regulations, rules, and standards formulated by governments, enterprises,
and various organizations of various countries not only have legal effect, but also serve as the fundamental basis and
most basic principles of the green logistics system. With the economic means of the government and relevant
organizations as the supplement, economic means are an extension and one of the specific implementation forms of
legal and administrative means, aiming to exert both incentive and restrictive effects on economic entities through the
use of relevant economic means.

The Extended Producer Responsibility (EPR) system in the supply chain. In the late 1980s of the 20th century, EPR was
proposed as an emerging system, which clearly defines that after products are consumed, the main responsible entity for
the waste recycling, recycling and reuse, and final disposal links should be the product manufacturers. The purpose of
implementing this system is to minimize the environmental impact at all stages of the product life cycle.

Some scholars have concluded through research that on the surface, EPR emphasizes the green treatment and recycling
at the end of the supply chain. However, in fact, manufacturers must bear part of the responsibilities for waste recycling,
management, and recycling and reuse, or part of the costs of waste recycling and management. This will force
manufacturers to carry out technological transformation at the source, implement green procurement, and conduct green
design of products, so as to reduce the costs of reverse logistics for subsequent recycling and reuse [12].

4 CASE OVERVIEW
4.1 Current Development Status of Green Logistics

4.1.1 Policies

From 2021 to 2025, China has issued a number of green logistics regulations to advance the green transformation of the
industry. In terms of packaging: It has standardized the packaging of parcels and express items, imposed strict control
over excessive packaging, restricted the use of hazardous substances, and prohibited non-degradable adhesive tapes. In
terms of transportation: It has promoted new energy logistics vehicles, adjusted the transportation structure, developed
multimodal transport, and reduced logistics costs. In terms of logistics parks: It has supported the construction of green
logistics parks, formulated relevant standards, and advanced digital, intelligent and green management. In terms of
enterprises: It has guided e-commerce enterprises to tap into green consumption demand, promoted the green
development of enterprises, and fully facilitated the logistics industry to achieve low-carbon, eco-friendly and efficient
development, see Table 1.

Table 1 Summary of Major Green Logistics Policies (2021-2025)

Name Year Key Contents

Aims to strengthen the management of green packaging for parcels and express
items, ensure packaging quality, standardize packaging practices, conserve

2021 resources, and protect the environment. Applies to the use of packaging materials for
domestic parcels/express items, packaging operations, and corresponding
supervision and management.

Measures for the Management of
Parcel and Express Packaging

Notice of the General Office of the Intends to support the green development of e-commerce services. Proposes
Ministry of Commerce on Promoting 20p] Mmeasures such as guiding e-commerce platforms to explore green consumption
the Green Development of E- demand, developing green design for product packaging, and building green brands
commerce Enterprises to achieve tangible results in plastic pollution control.
Notice on Effectively Promoting the Calls for accelerating the green transformation of logistics packaging and striving to
Popularization and Application of 2021 build a modern logistics system. Requires reducing the use of non-degradable plastic
Standardized  Logistics  Turnover bags and disposable packaging boxes, strengthening R&D of recyclable and easy-to-
Boxes recycle products, and effectively increasing the supply of green products.
Standardizes the procedures for the demonstration project of urban green freight
Administrative  Measures for the distribution. Encourages the promotion of new energy logistics vehicles and
Demonstration Project of Urban Green 2022 optimization of distribution networks. Requires cities participating in the project to
Freight Distribution complete system construction within 3 years and set assessment indicators such as
the proportion of new energy vehicles.
14th  Five-Year Plan for the Emphasizes the development of green logistics and promotes the reduction and
Construction of a Modern Circulation 2022 recycling of logistics packaging. Supports the construction of green logistics parks
System and the popularization of new energy transportation tools.

Opinions on Improving the
Institutional Mechanisms and Policy
Measures for the Green and Low-
Carbon Transition of Energy

Promotes the adjustment of energy structure in the transportation sector and supports
2022 the promotion and application of new energy logistics vehicles. Encourages logistics
enterprises to use clean energy and reduce carbon emissions.
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Name Year Key Contents
Work Plan for Promoting the Advances the adjustment of transportation structure (shifting freight from road to
Development of Multimodal Transport 2022 railway and waterway) to reduce carbon emissions from road freight. Encourages the
and Optimizing the Adjustment of development of multimodal transport to improve logistics efficiency and reduce
Transportation Structure (2021-2025) energy consumption.

Name Year Key Contents
Green Transportation Standard System Fon_nulates standards rela_ted to green lqglstlcs, covering ﬁelds such as new energy
(2022) 2022 vehicles, green warehousing, and _1nt_elh_gent logistics. Drives the standardized and

low-carbon development of the logistics industry.

Action Plan for Further Promoting the Further advances the green transformation of express packaging and puts forward
Green Transformation of Express 2023 relevant action requirements for the greening, reduction, and recycling of express
Packaging packaging.

China’s first mandatory national standard for express packaging. Sets strict limits on
Limits of Heavy Metals and Specific 2023 heavy metals (e.g., lead, mercury, cadmium) and specific substances in paper-based,
Substances in Express Packaging plastic-based, and other types of express packaging. Prohibits the use of toxic and

harmful materials and strengthens source control.

Opinions on Supporting - Railway Clarifies that railway transportation of new energy commercial vehicles shall not be
Transportation of New  Energy . L .

. . managed as dangerous goods, reducing logistics costs. Promotes the leveraging of
Commercial Vehicles to Serve the 2023 . .

the green and low-carbon advantages of railway transportation to support the
Development of the New  Energy development of the new energy vehicle indust
Vehicle Industry P &y -

Requires improving the capacity of green channels for emergency material
14th Five-Year Plan for Emergency 2023 transportation and promoting containerized storage and transportation. Encourages
Material Support the application of high-tech distribution methods such as intelligent robots and

drones.

Notice on Pilots for the Requl.res t.hat. the. proportion of; new energy vehicles in .postal express and url?an
. . . logistics distribution reaches 80%. Supports the construction of intelligent charging
Comprehensive  Electrification  of 2023 . . . .
. . . infrastructure and explores new energy consumption models such as vehicle-grid
Vehicles in Public Sectors . .

integration.

This standard facilitates the comprehensive promotion of green logistics. Establishes
Evaluation Indicators for Urban Green 2023 A0 evaluation system for the development level of urban green freight distribution,
Freight Distribution covering 20 indicators including the utilization rate of standard pallets and the

proportion of new energy vehicles in urban logistics distribution.

Opinions on Supporting Railway Relaxes restrictions on railway transportation of new energy vehicles. Establishes
Transportation of New  Energy 2023 green channels for railway transportation and improves the multimodal transport
Commercial Vehicles system for new energy vehicles.

Promotes the application of new energy logistics vehicles and researches zero-
Action Plan for Effectively Reducing carl_)op technologles_ fo_r medium- 'fmd heavy-duty trL}cks; supports the construct_lon of
Logistics Costs Across Society 2024 logistics carbon emission accounting and platforms; advances the green recycling of

logistics packaging; deepens the adjustment of transportation structure and promotes

multimodal transport to increase the proportion of railway freight.
. . . . These standards guide the intensive development of logistics parks. The updated
Service Specifications and Evaluation . . . . . .
. - versions improve the service and quality requirements for logistics parks, refine the
Indicators for Logistics Parks & . X . . .
. . 2024 intelligent and green management of equipment, and guide parks to enhance digital
General Technical Requirements for ” s S . . .
S e operation capabilities in 8 aspects. This aims to improve efficiency and services, and
Digitalization of Logistics Parks - . . . . L

facilitate logistics integration and industrial chain linkage.

This standard promotes the efficient connection of multimodal transport. It unifies

the format, information items, and circulation requirements of container multimodal
Waybill for Container Multimodal 2004 transport waybills, enabling convenience such as "one waybill for the entire
Transport journey". National standards for transport volume calculation and evaluation are also

developed to help solve problems in the statistics and evaluation of multimodal
transport.
Limits and Evaluation Indicators for These standards update fuel consumption requirements based on factors such as the
Fuel Consumption of  Light current status of vehicle fuel consumption, technology development trends, and new
Commercial Vehicles & Limits for 2024 energy development expectations. They promote the improvement of energy
Fuel  Consumption of  Heavy efficiency of traditional vehicles (represented by logistics vehicles) and an increase
Commercial Vehicles in the proportion of new energy vehicles.
Requlrf_:ments for Re_strlctmg Refine the criteria for judging excessive express packaging from three aspects: the
Excessive Express Packaging & o . .
. adaptability of express packaging boxes, the number of packaging layers, and the
Guidelines for the Use of Recyclable 2024 . . - .
. usage of sealing tape. They continue to promote the greening, reduction, and
Packaging for Parcels and Express .- o .
ltems recyclability of logistics packaging.

This national standard promotes the safety and convenience of international trade. It
Guidelines for the Application of provides term codes and interpretations in line with international rules and puts
Transportation Clauses in International 2024 forward application suggestions, helping to resolve issues such as unclear
Trade Terms application of terms, responsibilities, and costs in international trade caused by

differences in practices.

Decision of the State Council on Mandates a nationwide ban on non-degradable plastic tape in postal and express
Amending the Interim Regulations on 2025 outlets and specifies penalties. Express enterprises are required to take responsibility

Express Delivery

for green packaging and are encouraged to use degradable materials. A new chapter
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on "express packaging" is added, requiring compliance with national standards and
prevention of excessive packaging to achieve full-chain supervision.

4.1.2 Current development status of the industry

(1) Inception Time

The concept of green logistics emerged in the early 1990s. Against this backdrop, China began to introduce the concept
of green logistics, with relatively few related practices at that time. In 2013, enterprises such as SF Express started
independent R&D of eco-friendly packaging. In 2014, the State Council issued the Medium- and Long-Term Plan for
the Development of the Logistics Industry (2014-2020), which explicitly proposed to vigorously develop green logistics
for the first time, marking the start of the systematic development of green logistics in China.

(ii) Positive Progress

State-owned enterprises (SOEs) usually have stronger capital strength and resource integration capabilities, and have
achieved outstanding performance in the construction of green logistics infrastructure—for example, investing in the
construction of green and smart logistics parks equipped with advanced environmental protection facilities and
intelligent equipment. Moreover, SOEs play a leading role in implementing the national green development policies and
actively promote the adjustment of transportation structures. At the same time, relying on their scale advantages and
industry influence, SOEs are more likely to cooperate with upstream and downstream enterprises as well as government
departments to build a green logistics industrial chain.

Some private enterprises have quickly engaged in the green logistics field with flexible market strategies, and their scale
has been continuously expanding. Meanwhile, they actively apply new technologies: for instance, optimizing
transportation routes through intelligent logistics dispatching platforms and realizing cargo monitoring with the Internet
of Things (IoT). In terms of green practices, private enterprises are also active—adopting new energy vehicles for
transportation and promoting reusable eco-friendly packaging materials, among other measures, see Table 2.

Table 2 Examples of the Development Status of Green Logistics in Chinese Enterprises

Enterprise

Enterprise Name Type

Progress in Green Logistics

It has built a smart logistics park, which introduced the first "fluorine + carbon dioxide"
cascade refrigeration system in the province, with equipment from world-leading brands.
. . State-owned . . . . .
Shanxi Construction Enterprise Relying on the smart data center, the park realizes real-time online collaboration among
Investment Group (SOE) personnel, vehicles, cargo, and warehouses. The temperature of the entire cold chain logistics
chain is controllable and the process is visible, which has improved the park's safety
management and control as well as logistics operation efficiency.
It promotes the adjustment of transportation structure. By optimizing the transportation
structure, it vigorously promotes the application of clean energy vehicles, and advances the
State-owned "truck-to-rail", "truck-to-waterway" and "bulk-to-container" transformation for the
Enterprise  transportation of bulk materials and medium-to-long-distance cargo, so as to build a
(SOE) multimodal transport logistics system. At present, the proportion of clean transportation
vehicles of Shanxi Coking Coal Group has reached more than 42%, and the proportion of
railway freight volume for coal transportation over 500 kilometers has reached more than 95%.
They have built a green logistics industrial chain. COSCO Shipping Energy and Sinopec
Chemical Sales Co., Ltd. signed a strategic cooperation agreement to jointly promote the
State-owned application of green energy and the construction of an industrial ecosystem, covering links
Enterprise  such as scientific research, trade, and consumption application. They share resources, unblock
(SOE) the value chain of hydrogen energy application, deepen cooperation in the transportation of
liquid chemicals, liquefied gas, and green energy, and jointly build an interconnected and
efficient energy and chemical distribution network.
With the support of Hangzhou Transfar Highway Port Platform, it implements road-rail
Hangzhou Subang Private intermodal transport and optimizes transportation routes through an intelligent logistics
Logistics Enterprise  dispatching platform. Taking the Hangzhou-Liuzhou route as an example, in the first quarter of
2024, its transportation volume increased by 300 tons and costs decreased by 13%.

Shanxi Coking Coal
Group

China COSCO
Shipping Group,
Sinopec Chemical
Sales Co. Ltd.

ZTO Express uses degradable stone-plastic eco-friendly boxes, which feature high durability,
ZTO Express Co., Private water resistance, moisture resistance, and reusability, making them suitable for packaging
Ltd. Enterprise  products such as laundry detergent, fresh fruits, and vegetables. At present, more than 5 million

such stone-plastic boxes have been put into use.

(iii) Challenges Faced

State-owned enterprises (SOEs) have a large number of internal departments, which may lead to relatively complex
decision-making processes. This can result in slower response speeds when adapting to market changes, applying
emerging green technologies, and advancing projects. Additionally, despite their sufficient capital, SOEs still face the
issue of high transformation costs.

Private enterprises vary greatly in scale and strength. Small private enterprises, constrained by capital and technology,
face significant difficulties in green transformation. They are unable to bear costs such as the purchase of new energy
vehicles and the research and development of green packaging, leading to uneven development levels. Moreover, due to
fierce talent competition in the industry, private enterprises have relatively weak capabilities in attracting and retaining
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professional talents, resulting in a talent shortage. Furthermore, driven by market competition, private enterprises
generally prioritize short-term economic benefits and have insufficient awareness of the long-term value of green
logistics.

4.2 Introduction to Case Enterprises

The implementation of green logistics has increasingly gained attention from major enterprises, becoming a prominent
feature in the development of the logistics and various other industries. As environmental awareness deepens and the
concept of sustainable development spreads widely, enterprises have gradually recognized that green logistics is not
only a reflection of fulfilling social responsibilities but also a key initiative to enhance their competitiveness and
achieve long-term development.

Major enterprises have successively incorporated green logistics into their strategic planning, actively promoting the
green transformation of logistics links through measures such as adopting environmentally friendly packaging materials,
optimizing transportation routes to reduce carbon emissions, and promoting new energy logistics vehicles. These
initiatives not only help reduce operational costs but also enhance brand image and win consumer favor. Meanwhile, the
implementation of green logistics has promoted collaborative cooperation among upstream and downstream enterprises
in the supply chain, jointly building a green and low-carbon logistics ecosystem. Looking ahead, with continuous
technological progress and policy guidance, green logistics has been put into application by major enterprises. Below,
this article will introduce two different enterprises in different industries and their distinct approaches to implementing
green logistics, aiming to demonstrate the progress of Chinese enterprises in green logistics, see Table 3.

Table 3 Green Logistics Development Paths of Two Enterprises

Leyard Optoelectronic Co., Ltd. (300296.SZ)

YTO Express Co., Ltd. (600233.SH)

Industry
Green logistics
implementation

time
Milestone for
starting green
logistics

Core concept

Echnology
research

Actual
Implementation
Effects

Supply chain enterprise

2016

Formulated the "Green Supply Chain Construction
Implementation Plan"

Adopted a circular production chain development
approach consisting of "green design + green
procurement + green production + green logistics +
green sales + green recycling" to build Leyard's green
supply chain system

1. The world's first common cathode technology
energy-saving LED display, which supplies power to
the red, blue, and green chips separately, achieving
lower power consumption and reducing power waste.

2. Most Micro LED large screens adopt full flip-chip
technology,which avoids the blocking of light by
electrodes and maximizes the light-emitting area and
light-emitting efficiency of the chips

1. PetroChina Transportation Dispatch Command
Center

2. PetroChina Port Dispatch Command Center

3. CNOOC Research Institute

Logistics enterprise

2022

Delivered and put into use 200 new energy light trucks

Achieved through recyclable packaging, new energy
transportation capacity, intelligent sorting, and digital
carbon management, etc.

1. Using green recyclable express boxes for receiving
and sending parcels.

2. New energy box trucks and light trucks.

3. Combining photovoltaic power generation with
automated sorting, and continuously deploying
automated sorting equipment.

4. Promoting the application of robotic arms, flap
machines, flexible sorting, and unmanned end bag
pulling.

1. The number of corrugated cartons put into use
exceeds 60 million, and roughly statistics show that the
number of parcels using recyclable express packaging
has exceeded 200 million so far.

2. During the Hangzhou Asian Games, 110 new energy
box trucks were introduced.

3. More than 70 unmanned vehicles have been put into
use in over ten regions, and the maximum daily
delivery volume of each vehicle can reach 2,000
orders.

5 CASE ANALYSIS

5.1 Comparison of Implementation Paths

5.1.1 Analysis of implementation paths of case enterprises

To study the implementation paths of green logistics in China and find the most effective operation mode at present, this
paper gradually refines and compares the implementation paths of Leyard and YTO Express, and discusses the
advantages and disadvantages of different implementation paths. Based on their own resource endowments, business
scales, and policy environments, different enterprises have adopted differentiated green logistics strategies to provide
references for the green transformation of the industry and help the logistics industry achieve the coordinated
development of economic benefits and environmental benefits, see Table 4.
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Table 4 Implementation Path of Leyard Optoelectronic Co., Ltd

Implementation Path Core Technology

The fresh air system is used to meet the high environmental
requirements of the automated production workshop, including the
control of dust and the precision of the workshop's temperature and
humidity.

The air compressor room operates more energy-efficiently, saving
approximately 131,000 kWh of electricity annually. It not only
extends the service life of the air compressors but also reduces the
number of loading and unloading cycles of the air compressors,
lowering energy consumption during operation.

Fresh Air System: Using natural air to
cool the environment, which is expected
to save 3,000 kWh of electricity per
month.

Factory Workshop Intelligent Air Compressor Control

System: Automatically adjusting the
number of operating air compressors
according to the actual air consumption.

Low-temperature lead-free solder paste
realizes  low-temperature  soldering
through special alloy components. Its
core principle is to reduce the melting
point to meet the soldering requirements
of heat-sensitive components.

Common Cathode Drive Technology:
Using different voltages to drive the red,
blue, and green three-primary-color
LEDs.

Product
Manufacturing

Using low-temperature lead-free solder paste instead of leaded solder
paste, which can save about 129,000 kWh of electricity every year.

The application of common cathode drive technology has achieved
significant progress in the power consumption, packaging, and heat
dissipation of the unit. Compared with traditional chips, the power
consumption is reduced by 50%.

LED Display

With the deepening of the operation of Leyard's internal management system, the enterprise has implemented green
logistics in various systems such as R&D, production, and supply chain. In terms of products, as early as 2015, Leyard
developed the world's first common cathode technology energy-saving LED display. Judging from the recent actions of
this LED display leader, Leyard has not only realized a green supply chain in production and achieved "green
manufacturing” but also launched green and energy-saving products. In practical applications, it has assisted energy
enterprises on many occasions. Leyard has been moving forward on the path of building green factories. Through the
fresh air system and the energy-efficient operation of the air compressor room, it has saved a large amount of electricity
and reduced energy consumption during operation. Therefore, the company has achieved a number of energy
conservation and emission reduction goals, promoting the high-end, intelligent, and green development of the LED
display industry, see Table 5.

Table 5 Green Logistics Implementation Path of YTO Express

Implementation Path Core Technology

Packaging The core technology of honeycomb panel composite
Recyclable packaging boxes adopt honeycomb panel materials lies in its bionic honeycomb structure design
composite materials. YTO recycles and reuses and multi-layer material composite process, which
corrugated cartons and uses recyclable express achieves the unity of light weight and high strength.
packaging. Meanwhile, in terms of environmental protection, this

material is superior to 30mm natural stone.

Distribution The King Kong Intelligent Management System is used The collaborative operation of unmanned aerial vehicle
to monitor the operation status of transportation tools in (UAV) distribution and unmanned warehouses has
real-time, and the transportation capacity allocation of increased the parcel sorting efficiency by 40%
more than 2,000 trunk lines across the country is compared with the manual mode and reduced energy
optimized by machines. consumption by 28%.

Transportation The technology of new energy box trucks mainly

. includes the "three-electric system" (battery, motor,
New energy box trucks and light trucks have become . . . ) ; .
an important part of YTO's transportation fleet. electronic control), hghtwelg_ht design, 1ntelhg§nt
management system, and environmental adaptability
technology.
Data Platform Construction The digital carbon footprint management
Construction system is an important support for its green

development. This system covers the entire life cycle of
each parcel and collects real-time carbon emission data
in three categories: fuel consumption, electricity
consumption, and packaging. It ranks the carbon
emissions of YTO's collection and transportation in
various regions on an annual and monthly basis.
Moreover, the "carbon footprint" can be detailed to the
carbon emission changes caused by different packaging
used for a single parcel.

Based on the system data, YTO can optimize
transportation routes, adjust vehicle deployment plans,
and select more environmentally friendly packaging
methods to further reduce carbon emissions in the
transportation link.

With the rapid development of modern logistics, YTO Express is gradually transforming from an enterprise in the
experimental stage of green logistics to a benchmark enterprise in the implementation of green logistics. It integrates the
green concept into all links of enterprise operation and continues to innovate in packaging, distribution, transportation,
and data platform construction. In terms of packaging, it reuses a large number of recycled corrugated cartons to reduce
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waste; in green transportation, it uses new energy box trucks, light trucks, UAV distribution, and unmanned warchouse
models, advocating the joint development of green energy and intelligent driving. The "technology cost reduction -
green value-added - social win-win" model explored by YTO Express may become a model for China's logistics
industry to cope with the global carbon neutrality challenge. The development of green logistics in China is not only
reflected in the transportation industry but also achieves achievements in the transportation manufacturing industry.
5.1.2 Comparison of implementation paths of case enterprises

From the above case enterprises, it can be seen that both enterprises have conducted technical research on their
respective key projects, starting from key technical points and overcoming technical difficulties to lay the foundation
for the future development of green logistics. The difference lies in that the two enterprises are respectively engaged in
the supply chain industry, logistics and transportation industry, and automobile manufacturing industry. Leyard's
technical focus is on the greening of the production environment in factories and energy-saving lighting systems. The
fresh air system and the operation of the air compressor room have significantly reduced electricity consumption. The
three-color LED large screen it launched uses products to reduce power consumption, and many leading enterprises
such as PetroChina have used this large screen. YTO Express focuses more on optimizing packaging, distribution routes,
and distribution tools. YTO focuses on improving logistics distribution, using UAVs, new energy box trucks, and light
trucks for distribution, which reduces labor consumption while supporting green distribution. The cooperative partners
in the implementation path of green logistics are also different. Leyard has built its own green logistics system and
formed a green supply chain with suppliers. YTO Express cooperates with automobile manufacturers and packaging
manufacturers to develop and purchase new energy vehicles and recyclable packaging.

The common points are that Leyard's factory proficiently purchases green electricity and uses new energy as raw
materials to reduce environmental pollution. Both enterprises have realized green and recyclable packaging. For
example, the recyclable packaging boxes used by YTO Express and the lightweight packaging of Leyard's LED
products have reduced the waste of disposable packaging. In terms of coordinated development, both enterprises have
actively responded to the national "dual carbon" policy (carbon peaking and carbon neutrality) with their partners,
promoting green logistics to reach a wide range of consumers and the whole world. These common points indicate that
the realization of green logistics depends on the digitalization of green logistics, process optimization, and ecological
coordination. Its essence is to achieve a win-win situation between the environment and the economy through
technological innovation and resource integration.

5.2 Analysis of Implementation Effects

5.2.1 Analysis of environmental benefits

(1) Leyard Co., Ltd.

Leyard has established green supply chain management (GSCM) as one of its pivotal overarching strategic frameworks.
Dating back to 2018 and earlier, the company's social responsibility reports alluded to environmental initiatives—
particularly in energy conservation and emission mitigation—while optimizing logistical and warehousing operations,
albeit without explicitly coining the term "green logistics."A significant milestone was reached in Leyard’s 2019 Social
Responsibility Report, where the company articulated its GSCM philosophy and implementation in a systematic and
explicit manner. The report introduced the objective of “forging a green supply chain,” incorporating environmental
criteria for supplier selection, promotion of green procurement, and enhancement of internal logistical and warehousing
systems to reduce energy consumption and emissions. This delineated the systematic inception of Leyard’s green
logistics paradigm.Subsequently, in the 2020-2024 Environmental, Social, and Governance (ESG) and Social
Responsibility Report, Leyard provided a longitudinal analysis of resource consumption and emission metrics from
2020 to 2024, based on historical energy usage data, as delineated in Table 6 below.

Table 6 Temporal Evolution of Resource Utilization Patterns at Leyard Co., Ltd. (2020-2024)

energy utilization 2020 2021 2022 2023 2024
Electricity consumption (kWh) 5484832 14104534 32491625 47420563 56998890
Gasoline consumption (liters) 24373.45 45864.62 36233.14 37379.31 29840.60
Natural gas consumption (square meters) 173021 180764.1 179302.4 166416.4 151008.0

Data presented in this analysis are sourced and systematically compiled from Leyard Co., Ltd.'s "Leyard 2022-2024 Environmental,
Social, and Governance (ESG) and Social Responsibility Report."

The analysis reveals a profound decoupling phenomenon between economic expansion and environmental impact
during this five-year period. Electricity consumption surged nearly tenfold from 5.48 million kWh in 2020 to 57 million
kWh in 2024, reflecting the corporation's rapid operational scaling. However, the environmental implications of this
exponential growth are fundamentally contingent upon the generation mix of the grid infrastructure, with potentially
substantial embedded carbon emissions should the electricity originate predominantly from fossil fuel sources,
particularly coal.Contrasting this pattern, gasoline consumption demonstrated remarkable optimization. After increasing
from 24,400 liters in 2020 to 37,400 liters in 2023, it registered a significant 20.2% year-on-year reduction to 29,800
liters in 2024. This achievement is particularly noteworthy considering the manifold increase in business activity, as
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indirectly indicated by the electricity consumption metric. The 2024 consumption level even fell below that of 2021,
representing an absolute reduction in consumption and thereby preventing substantial emissions of greenhouse gases
and tailpipe pollutants.Concurrently, natural gas utilization displayed a consistent downward trajectory, declining from
the 2021 peak of 181,000 cubic meters to 151,000 cubic meters in 2024—a 16.6% reduction from the maximum
consumption level. This establishes another case of absolute emission reduction achieved alongside business
expansion.The collective data strongly indicates that Leyard's green development strategy transcends simplistic energy
reduction. Instead, it exemplifies a sophisticated approach focused on structural optimization of energy portfolios and
enhanced energy efficiency, successfully achieving a critical decoupling of economic growth from environmental

degradation.

(i1) YTO Express Group Co., Ltd.
YTO Express Group Co., Ltd. has publicly disclosed its corporate social responsibility (CSR) reports for eight
consecutive years since 2016, demonstrating its commitment to Environmental, Social, and Governance (ESG)
transparency. Against the backdrop of green logistics emerging as an industry trend, the company revised and registered
its "Courier Packaging Operation Standards" in 2022 to refine management protocols and fulfill environmental
responsibilities. This commitment was further underscored by the release of its inaugural "2024 Sustainability Report"
in 2024. Proactively advancing energy conservation and emission reduction, YTO has instituted internal policies such as
the "Notice on Implementing Seven Energy-Saving and Consumption-Reducing Measures Across the Network's
Centers" and the "YTO Energy Conservation and Consumption Reduction Management System and Standards." These
establish a comprehensive energy consumption control responsibility system and inspection mechanism. A key initiative
involves enhancing the operational efficiency of its centers to improve overall energy utilization efficiency.The various
measures adopted by YTO Express Group Co., Ltd. in its green development endeavors from 2020 to 2024 collectively
illustrate its dedicated efforts toward sustainable development, as detailed in Table 7 below.

Table 7 Core Indicators of Circular Economy Practices and Green Operations (2020-2024)

Year 2020 Year 2021 Year 2022 Year 2023 Year 2024
The corporation has The company has By the conclusion of The proportion
deployed approximately 6.9 achieved near-universal 2022, the corporation of e-commerce zlzhigii’ chgloreﬁ)e(f‘: ;ejz
million reusable transit adoption of electronic had achieved a parcels doption of fr mlined
sacks across its network, waybills, with an remarkable 93%  dispatched a 0112 ° Ot strea 'et
achieving an impressive implementation rate adoption  rate for without g?sctrﬁ)gé ggnape accr;?tse;ss
cumulative utilization of exceeding 99.9%, while standardized packaging secondary reaching 1 00%:
65.28 million cycles. At the single-layer shipping materials across its packaging has . . .
operational hub level, the labels now constitute network, while reached 90%, %m_plet_nentatlo_n.l 4 dThIS
adoption rate of these over 95% of total usage. standardized packaging while the 1n1t§1atlv§ | yl; e a
reusable sacks exceeds 95%, Its innovative reusable procedures reached volume of mail 5111 stt_antlfa}l reduction ];n
demonstrating ~ systematic packaging systems utilize 92%  implementation. and express 13)72125 ;?70 lsnzlarlésarieetersy
implementation. fully recyclable and The company has deliveries ] 1 tq t)
Furthermore, the company Dbiodegradable materials, procured and deployed utilizing reusable cquivaren tel 92
has comprehensively  featuring unique tens of thousands of packaging i?gz?:mz;y annuaH.
transitioned to packaging interlocking designs that reusable delivery boxes, solutions has Furthermore tlf;
tape with a width of 45Smm  eliminate the need for alongside facilitating surpassed 200 L
or less, which now accounts adhesives or sealing the recovery and reuse million. The corporatlon mtr(l)(du(_:ed
for over 99.9% of all sealing tapes. These containers of  22.08 million  system-wide T;];]; Fsaivhile eﬁ?ﬁirfagtigg
operations. A significant demonstrate exceptional corrugated cartons  recovery and bag-stitchin &
70.9%  of e-commerce performance throughout its  reuse of & &
parcels shipped through its characteristics including operational  network. corrugated procedures,l .
network are dispatched water resistance, thermal Concurrently, the cartons has consequently rgdumgg
without secondary  stability, compression implementation rate of exceeded 60 papelr consumptlonso(yy
packaging, effectively  strength, and shock single-layer electronic million units, Iéeary | h (;1
reducing material  absorption, while waybills attained 92%, complemented ortlcurrte_nt ¥ t_rougt
consumption. Supporting  maintaining 100% with  92% of e- by the Zﬁi';?il;cents equlpand
this circular logistics  recyclability—with commerce parcels cumulative tional
framework, the company has damaged units being across the network deployment of opte.ra .lor? th
established over 5,000 regenerated into new dispatched without over 26 million ?I?OEEIZ & 1onsr,e lacemenet
collection points equipped packaging. Concurrently, additional packaging. reusable transit rate ofycar dboI;r 4 boxes
with dedicated recycling through strategic ~ The total deployment of bags achieving a due to damage
boxes throughout its service optimization of reusable transit bags 99% utilization demonstrated significant
areas.  Notably, within packaging designs by reached 18.37 million rate across . ement—declinin
designated pilot regions, the eliminating excessive units, achieving a distribution froII)n 662.400 to 550 20%
deployment rate of such color saturation, the utilization rate centers.  These it Th’ t" 1
recycling  facilities  has corporation has reduced exceeding 96%  at validated metrics unllls. ese opera 1}(1)na
reached 100%, creating a ink coverage by one-third distribution centers. demonstrate e la(llnfiements bav}el
comprehensive while achieving a 10%  These validated ~ systematic yierde 1 b gt
infrastructure for packaging decrease in performance  metrics integration  of enzlronmenta eneblfs
recovery and reuse. These manufacturing defect systematically circular al;f . measurable
metrics collectively illustrate rates. This streamlined demonstrate the economy tehelggtl“l;(})frkgalns across
a  holistic, system-wide approach yields company's principles within ’
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Year 2020 Year 2021 Year 2022 Year 2023 Year 2024

commitment to operational measurable economic comprehensive logistics

sustainability and  the Dbenefits, generating a transition toward operations.

advancement of a circular marginal cost saving of standardized

economy paradigm within
the logistics sector.

0.012 RMB per unit,
thereby validating the
commercial viability of
its sustainable packaging

operational frameworks
and circular economy
principles  within its
logistics ecosystem.

initiatives.

Data Source: The empirical analysis draws upon systematically compiled disclosures from YTO Express Co., Ltd.'s Corporate Social
Responsibility Report (2020-2020), supplemented by subsequent data from the 2024 Sustainability Report.

5.2.2 Appraisal of economic performance
(i) Cost of Revenue

Table 8 Temporal Evolution of Operational Cost Structure: Leyard Optoelectronic Co., Ltd. (2016-2024)

Year 2016 2017 2018 2019 2020 2021 2022 2023 2024
Operating

Costs 29.96 38.51 47.17 59.62 61.54 78.98 74.38 70.76 68.91
(billion)

Data sourced from the Income Statement of Leyard Optoelectronic Co., Ltd.

Business Expansion (2016-2021): During this period, the Cost of Revenue demonstrated a substantial upward trajectory,
escalating from CNY 2.996 billion to a historic zenith of CNY 7.898 billion. This trend aligns with conventional
commercial dynamics, where dimensional expansion in operations necessitates proportional increases in production,
distribution, and logistical expenditures, see Table 8.

Strategic Transformation and Cost Inflection (2021-2024): This critical juncture witnessed a paradigm shift in cost
structure. Contrary to the previous expansionary pattern, the Cost of Revenue retreated from its 2021 peak of CNY
7.898 billion, registering three consecutive annual contractions and settling at CNY 6.891 billion by 2024—representing
an aggregate reduction of CNY 1.007 billion. This reversal signifies a fundamental strategic realignment toward
operational efficiency and structural optimization.

Table 9 Trend Analysis in Cost of Revenue: YTO Express Group Co., Ltd. (2020-2024)

Year 2020 2021 2022 2023 2024
Operating Costs 32.98 42.82 49.01 5332 64.41
(billion)

Data Sources: The underlying financial data are systematically curated and extracted from the Consolidated Income Statements of
YTO Express Group Co., Ltd. (YTO Express Co., Ltd.) spanning the fiscal years 2020 to 2024.

The Cost of Revenue demonstrated a substantial ascent from CNY 3.298 billion in 2020 to CNY 6.441 billion in 2024,
representing a near two-fold expansion (approximating 95% growth) over the quinquennial period, see Table 9. This
trajectory closely corresponds with China's era of exponential express delivery volume expansion. The absolute cost
escalation is directly attributable to the dramatic scaling of operational throughput, where increased parcel volumes
necessitated commensurate increases in transportation, sorting operations, labor, and material inputs.

Notably, this analysis suggests that in the absence of concurrent green logistics initiatives and operational efficiency
enhancements, the magnitude of cost inflation would likely have been substantially more pronounced. The observed
cost trajectory thereby implicitly reflects the mitigating role of sustainable development strategies within the
corporation's expansion paradigm.

(ii) Selling Expenses

Table 10 Trajectory of Selling Expenses: Leyard Optoelectronic Co., Ltd. (2014-2024)

Year 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Selling Expenses (ten thousand 14,634.9 203,65.6 394,75.949,388.759,817.370,017.5 65,390.2 73,436.8 82,723.480,603.8 79,092.9
yuan) 3 2 9 1 8 5 0 6 2 3 3

Data Sources: The dataset is curated from Leyard Optoelectronic Co., Ltd.'s Financial Final Accounts Reports (also referenced as
Annual Financial Statements)

Pre-transition Period (2014-2019): During this expansionary phase, selling expenses exhibited rapid growth alongside
business scale enlargement. The absolute expenditure remained at a relatively modest level, yet demonstrated
exceptionally high growth rates—a characteristic pattern of corporate infancy and rapid expansion phases, necessitating
sustained investment in sales resources for market penetration and brand establishment, see Table 10.

Strategic Inflection Point and Efficacy Realization (2020-2024): This period witnessed effective cost containment and
optimization. The growth trajectory of selling expenses manifested a distinct plateau with marginal regression:
commencing in 2020, the growth rate decelerated substantially, culminating in two consecutive years of absolute
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reduction in 2023-2024, declining from CNY 8.27 million in 2022 to CNY 7.90 million in 2024. Notably, this financial
optimization coincides temporally with Leyard's systematic implementation of green supply chain initiatives and
sustainable production methodologies (commencing circa 2018-2019 with tangible outcomes emerging post-2020).

The empirical evidence reveals a fundamental transformation in Leyard's selling expense architecture following its
green transition—evolving from an initial "scale-driven high-growth paradigm" to an "efficiency-driven stabilization
model." This metamorphosis demonstrates the economic dividends generated through green brand empowerment,
validating the strategic synergy between environmental stewardship and financial performance optimization.

Table 11 Trajectory of Selling Expenses: YTO Express Co., Ltd. (2020-2024)

Year 2020 2021 2022 2023 2024

Selling Expenses (ten 10,029.97 14,055.62 22,770.72 18,185.14 21,981.06
thousand yuan)

Data Sources: The dataset is systematically curated from YTO Express Co., Ltd.'s Financial Final Accounts Reports (also referenced
as Annual Financial Statements)

Phase of Intensified Competition and Strategic Investment (2020-2022): This period witnessed a pronounced upsurge in
selling expenses, culminating in a cyclical peak during 2022. This trajectory reflects the industry's fierce competition
for market share, characterized by protracted price wars and aggressive marketing campaigns, see Table 11.
Consequently, selling expenses—encompassing subsidies, advertising, and channel incentives—demonstrated
significant upward rigidity.

Phase of Efficacy Realization and Strategic Recalibration (2023-2024): The marked contraction observed in 2023
represents a pivotal inflection point, signaling either proactive or reactive modifications to the corporation's market
approach with substantially enhanced expenditure control. The moderate resurgence in 2024 does not indicate
regression to previous extensive patterns but rather suggests strategic recalibration within a new operational paradigm—
with absolute expenditure remaining below the 2022 zenith. This pattern likely reflects controlled, efficiency-driven
investments rather than undisciplined spending.

The dataset illuminates a critical "investment-recalibration-efficiency enhancement" cycle, wherein the economic
dividends of green development gradually materialize. The green development strategy has facilitated structural
optimization of YTO Express's selling expenses, enabling a paradigm shift from "extensive subsidy-driven customer
acquisition" to "sophisticated brand value-driven growth." This transformation has ultimately elevated sales efficiency
and fiscal discipline, demonstrating how environmental strategy can catalyze commercial excellence.

(iii) Inventory Turnover Ratio

Table 12 Structural Transition in Inventory Turnover Dynamics: Leyard Optoelectronic Co., Ltd. (2014-2024)

Year 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Inventory
Turnover 2.13 1.54 1.73 1.51 1.30 1.42 1.33 2.00 1.64 1.65 1.76
(times)
Data Sources: Financial data systematically compiled from Leyard Optoelectronic Co., Ltd.'s Annual Financial Statements (2014-
2024).

Leyard's inventory turnover ratio demonstrated a distinct "decline-trough-rebound-steady improvement" trajectory over
the decade, closely aligned with the corporation's developmental phases and green strategy implementation.

Efficiency Downturn Phase (2014-2020): The inventory turnover ratio experienced a systematic decline from 2.13 times
in 2014 to a historical low of 1.33 times in 2020. This period coincided with rapid business expansion and increasing
product portfolio complexity, necessitating substantial raw material and finished goods inventories to meet market
demand. Consequently, elevated inventory levels contributed to diminished capital turnover efficiency, see Table 12.
Green Transformation and Efficiency Inflection (2021): The year 2021 marked a critical reversal, with the ratio surging
remarkably to 2.00 times—a greater than 50% year-on-year improvement and a multi-year peak. This pivotal transition
corresponds temporally with the corporation's systematic implementation of green supply chain management,
positioning green development strategy as the fundamental catalyst for this operational transformation.

Efficiency Consolidation and Sustained Optimization Phase (2022-2024): Although the ratio moderated from its 2021
peak, subsequent readings of 1.64, 1.65, and 1.76 times established a stabilized operational plateau significantly
superior to the 2017-2020 efficiency trough (averaging approximately 1.40 times). This consolidation pattern
demonstrates the institutionalization of efficiency gains rather than temporary fluctuation, indicating the establishment
of a sustainable operational paradigm.

Note: YTO Express Co., Ltd. has not publicly disclosed inventory turnover metrics in its official reporting.

5.2.3 Analysis of social benefits

(1) Leyard Optoelectronic Co., Ltd.

Table 13 Table of Leyard's Annual Social Benefit Dimensions, Specific Achievements and Manifestations

Dimension of

. Specific Achievements and Contents Time Manifestation of Social Benefits
Social Benefits
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Enhancement of

It ranked 352nd on the list of "China's Top 500 Most
Valuable Brands" with a brand value of 28.965 billion

As a key link in the green supply chain,
green logistics helps enterprises establish a
sustainable development image, strengthen

Brand Value yuan, and has topped the list of brand value in the LED 2025 market recognition, and drive their brand
display industry for many consecutive years. value to maintain a leading position in the
industry.
Leyard Optoelectronic has been included in the list of .
"Green Supply Chain" enterprises by the Ministry of itd(\llzrr?coeﬁterze;ftgleeSéi?garr(il;ifloizzd
. Industry and Information Technology of the People's - P &

Official Green ; . logistics and supply chain management,

. . Republic of China; Leyard TV Technology Co., Ltd. . . .

Qualification . . . 2021  making it a benchmark for the industry's

. . and Shenzhen Leyard have been included in the list of 1
Certification " " . . green development and guiding upstream
Green Factory" enterprises by the Ministry of Industry and downstream enterprises in the indust
and Information Technology of the People's Republic of . TP y
China. to practice green operations.
It has obtained the Low-Carbon Product Supplier (C:i;rebe:nli(z)gtlisci'ncthiﬁlf:l::g:ethic)lgl‘;:t life
Certificate and Product Carbon Label Evaluation . ”» P .
Low-Carbon and . . . . . cycle, gains recognition from authoritative
. Certificate (the first in the industry) issued by the China e .
Carbon Neutrality . . . 2022  institutions, strengthens enterprises' ability
. . Electronic Energy Conservation Association, and has . .

Certification . " . . to fulfill carbon neutrality commitments,
been authorized as a "Carbon Neutrality Commitment o . 0
Demonstration Unit" and enhances soc.lety.s trust 1n enterprises

' low-carbon contributions.
Green logistics is an important component
of ESG practices. Its relevant achievements

Recoenition of ESG It has been selected into lists such as "2023 China's Top have been selected into authoritative case

Prac t;gces 100 Listed Companies in ESG" and "Case Studies of 2023  lists, which reflects the enterprise's
China's Top 100 Leading Listed Companies in ESG". outstanding performance in fulfilling social

responsibilities and provides a reference for

the industry's ESG development.

Through positive media communication, the
It has attracted a relatively high frequency of positive social influence of green logistics and the

Positive Media media coverage due to its green qualification enterprise's sustainable development

Exposure certifications, outstanding ESG performance, and concept is expanded, driving more
leading position as an industry benchmark. enterprises to pay attention to and practice

green logistics.
In accordance with the standards of GB/T19001- &ejﬁ‘g?:rgoi?éiiigf \}322 }E?nﬁeyfir:dfe)gt:;il
2016/1S09001:2015, IDT "Quality Management System : Jomntly fune
Requirements", GIB9001C-2017, GB/T24001- established by Leyard Optoelectronic Co.,
2016/ISO14001:2015. IDT "Environmental Ltd. and Chairman Li Jun, with a registered

Establishment of ’ ’ . . . capital of RMB 10 million (in words: Ten

. Management System Requirements with Guidance for 1 . .

Environmental " " Million Yuan Only). Relying on its own
Use", and QC080000:2017 "Hazardous Substance 2024 . . .

Management " . advantages, the foundation will coordinate
Process Management System", an environmental . .

System . . . and integrate resources to carry out public
management system has been established. This system is welfare proiccts. and promote the work in
clearly formulated in the "Comprehensive Management fields suIZh !d ss U; dentl:;ssis tance and rural
Manual" to promote the continuous improvement of N . .
environmental management capabilities revitalization in a systematic and efficient

’ manner.
It leverages the enterprise's technological
On June 11, 2014, Leyard donated 11 million yuan to ?ﬁqvingegte:agﬁdlfnigizl;?g;:IZisr;)I(l)(Iil;S and
jointly establish the "Siyuan-Fanxing Education Fund" s tuI()len ts' horizo fs throueh Sl;. mnI: er cam
with the China Siyuan Project Poverty Alleviation study tours. and sefs u iwar ds to mo tivl:;te
a0 Foundation. The fund aims to help students who are at Y ’ p awa
Contributions to . . . rural teachers. Meanwhile, it adopts models
. risk of dropping out of school due to family poverty or 2015 N . . .

Public Welfare . . . . such as "enterprise matching donations +
major misfortunes, focus on addressing the difficulty of social collaboration" to drive more forces to
accessing education for poor primary and middle school av attention to education bublic welfare
students, and provide them with the opportunity to pay-at P Lo
"change their destiny through knowledge" effectively promote educational equity, and

' convey the opportunity of "changing destiny
through knowledge".
It not only proactively fulfills the
enterprise's environmental protection
At the end of 2016, the company invited a third party to fﬁfﬁ’;;gi:i&g:tse’ rea(:utzetshteh:up;;)(l)lllil;g)ir; Ogir
conduct testing for the waste gas monitoring project of environment thr fu h technical meansg and

Operational the LED Application Industrial Park. The factory newly contributes to the itgn ovement of re ’ional

Environmental installed centralized waste gas treatment equipment for 2016 ccological environmgn ¢ quality: but aglso

Management process waste gas emissions, and the equipment has & quatity;

significantly improved the industrial waste gas emission
situation.
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effectively safeguards the living
environment and physical health of residents
around the industrial park, reduces the
impact of waste gas emissions on public life.
At the same time, it sets a responsible
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example for the same industry in the
coordinated development of industrial
production and ecological protection, and
promotes the formation of an industry
atmosphere that values environmental
protection and compliant production.
Leyard takes enhancing human audio-visual
enjoyment as its mission, relies on the

. " integration of culture and technology as the
. . In 2017, the Group was awarded the title of "Top 100 .
Has received high - = : . " strategic support for development, and
. Enterprises in China's Electronic Information Industry o
recognition from ,, N e . 2017  focuses on urban landscape lighting (smart
. and "Top 10 Enterprises in Beijing" by the China - . .
the guild Electronic Information Industrv Federation cities) and cultural tourism as its key
try ) priorities. It works hand in hand with
governments at all levels to jointly build
happy cities.
With LED small-pitch displays as the leading product,
the company will 1nten51fy the R&D 9f puttlgg-edge Leyard ranks first in the world in terms of
technologies and product innovation in intelligent . oo
Accelerate and display. realize full coverace of intellicent display in LED display market share, among which it
intensify R&D and piay, . 8 . N play 2018  also ranks first globally in the LED small-
. ’ terms of products, industries, regions and solutions, . .
innovation . . . pitch TV market share. This reflects
expand production capacity, improve quality, and , . . .
. % Leyard's strong dominance in the industry.
comprehensively enhance product competitiveness and
market share.
Leyard Group provided a variety of display products and
display systems with a total area of 14,000 square
meters for the National Day 70th Anniversary
Celebration and Gala Activities, including the "Square
Red Ribbon LED Display Screen", the 0.9mm fine-pitch
T display screen for the military parade command center, Strengthen the nation and boost industries,
Participation in . . . .
major national-level the display products for the parade floats, the 1,400- 2019 act as a responsible Chinese brand, voice
events square-meter ultra-high-definition carbon fiber screen China to the world, and highlight the
for the evening party in the Great Hall of the People, the reputation of Chinese enterprises.
5,400-square-meter giant mesh screen for the gala
evening, the display screens for 7 "firework trees" (each
with an area of 2,200 square meters), and the display
components of 3,290 handheld light and shadow
screens.
From 2000 to 2021, Leyard-Jinlixiang has provided Leyard's display products and visual effect
services for the Spring Festival Gala (CCTV) for 21 service systems integrate cutting-edge
consecutive years, witnessing the evolution of stage art. technological means, break through the
. . Inaddition to the CCTV Spring Festival Gala, presentation form of traditional stage space,
Enrich the people's Leyard-Dehuo Technology has long served the radio and cooperate with technologies such as
cultural and sports 2020

activities

and television industry and also provided technical
solutions for many local TV stations. In 2021, it offered
technical support and guarantees for the Spring Festival
Galas of multiple TV stations, including Anhui Satellite
TV and Guangxi Satellite TV.

panoramic free-view shooting, combined
with photography control, special shooting
and real-time virtual rendering production,
bringing a powerful audio-visual shock
experience to the audience.
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(i1) YTO Express Co., Ltd.

Table 14 Table of Social Benefit Dimensions, Achievements and Manifestations of YTO Express Co., Ltd. (2016-2024)

Social Benefit
Dimension

Specific Achievements and Content Time

Manifestation of Social Benefits

Improve logistics
infrastructure

Industry
Influence and
Honors

Improve
customer
satisfaction

Technology-
driven Efficiency
Enhancement

By the end of 2016, the company had built 62
self-operated hub transfer centers nationwide,
with 2,593 franchisees and 37,713 terminal
outlets. Its courier service network covered 31
provinces, autonomous  regions  and
municipalities directly under the Central
Government across the country, basically
achieving full coverage in cities at or above
the prefecture level and a coverage rate of
96.10% in cities at or above the county level. 2016
Additionally, it had an air fleet of 5 aircraft.
At the same time, the company had
successively launched dedicated courier
services to Hong Kong region, Macao region,
Taiwan region, Southeast Asia, Central Asia,
Europe, the Americas, Australia, South Korea
and Japan, enabling express deliveries to
reach major overseas markets.

In 2017, the company was rated as a Grade 5A
Logistics Enterprise and an "Internet + Key
Credit Certified Enterprise", and won the
"2017 China Express Annual Development
Award". It was listed among the Top 500
Private Enterprises in China in 2017 and
ranked among the Top 100 Private Enterprise
Service Providers in China in 2017.

In 2018, the company adopted a variety of
measures to focus on improving timeliness
and service quality. The achievement rate of
express delivery timeliness increased steadily,
while customer complaints decreased
significantly. From January to December
2018, the company's average effective
complaint rate was 2.70 per million, which
was 3.02 per million lower than that in 2017,
with a decrease rate of 52.86%.

2017

2018

In 2019, the company also continued to
establish and improve a grid-based and
diversified terminal service system. Relying
on advanced information tools, it
implemented an early warning system for
express delivery delays, while strengthening
the development of diversified delivery
terminals, increasing the proportion of express
items stored in warehouses and lockers,
gradually raising the frequency of express
deliveries, and improving delivery timeliness.
By the end of 2019, the company's full-link
express delay rate had dropped significantly,
with the total express delivery duration
decreasing by nearly 10%, and the
effectiveness of refined management and
control was remarkable.

2019

The overseas dedicated courier services launched by
the company, covering Hong Kong region, Macao
region, Taiwan region, Southeast Asia, Central Asia,
Europe and other regions, have built a logistics bridge
between the domestic and overseas markets. On the one
hand, they provide convenient and low-cost logistics
options for the export of products from domestic
enterprises (especially small, medium and micro
enterprises), helping them expand overseas markets and
enhance international competitiveness. On the other
hand, they also offer logistics support for overseas
goods to enter the Chinese market, enrich domestic
consumption choices, and at the same time promote
economic and cultural exchanges between China and
foreign countries. This contributes to the deepening of
China's opening-up pattern, and in particular plays a
positive role in promoting trade facilitation in
neighboring regions such as Southeast Asia and Central
Asia.

Set a benchmark for the logistics industry and promote
the standardization and high-quality development of the
industry; strengthen market credit construction and
optimize the consumption and business environment;
demonstrate the strength of private enterprises and
drive industrial synergy and economic growth;
consolidate confidence in social development and
contribute to regional and industry brand building.

Protect consumers' rights and interests and enhance the
experience of services related to people's livelihood;
lead the service upgrading of the logistics industry and
promote the industry's transformation from "quantity"
to "quality"; empower upstream and downstream
industries and reduce social operating costs; save social
resources and improve the overall efficiency of the
logistics system.

Optimize the experience of logistics related to people's
livelihood and meet the diversified needs of last-mile
delivery; promote technology empowerment in the
logistics industry and lead the digital transformation of
last-mile services; alleviate the pressure of urban last-
mile logistics and contribute to the optimization of
urban governance; enhance the emergency response
capacity of social logistics and ensure the stability of
material circulation.
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]S)(i)g:LSionBeneﬁt Specific Achievements and Content Time Manifestation of Social Benefits
By the end of 2020, the company's courier
service network .had covered ‘?'1. Provinees, Promote the balance of urban and rural logistics and
autonomous regions and municipalities . . L
Expand the X narrow the regional gap in services; empower the
directly under the Central Government across . .
coverage of . . development of rural industries and expand channels
- the country. It had basically achieved full . . B . .
logistics and P for improving people's livelihood and increasing
.. coverage in cities at or above the prefecture 2020 . . . R
transportation in . o) o income; support the upgrading of people's livelihood
level, with a coverage rate of 97.33% in cities . . . Ve
towns and . consumption and enhance the quality of residents' lives;
. at or above the county level. Meanwhile, the . . . L
townships . . . . contribute to regional economic coordination and
courier service network in towns, townships . . .
X . improve the social logistics system.
and village groups continued to be further
expanded and deepened.
In 2021, the company adhered to the guidance Lead the digital transfomatlon of the.loglst1c§ industry
. and promote the upgrading of the industry's overall
of technology. Relying on advanced ; . . . .
. . efficiency; optimize the service experience of logistics
technologies such as big data, cloud e 1
. e e . . related to people's livelihood and enhance the accuracy
. computing, and artificial intelligence, it gave . L o .
Comprehensive : and certainty of services; optimize the allocation of
- full play to the advantages of its talents and . .
Digital . . 2021 social resources and contribute to green, low-carbon
. teams, rapidly iterated and developed systems, . e .
Transformation . and efficient utilization; empower the collaborative
and promoted the all-round penetration of . . . ; . .
. L . . innovation of the industrial chain and support the high-
digital transformation in business operations, . L
. . quality development of the real economy; drive the
functional management, market expansion o . s
and other aspects cultivation of talents in technology and logistics and
’ facilitate the optimization of the social talent structure.
In 2022, the company gradually built a
differentiated product and service system Adapt to diverse people's livelihood needs and achieve
consisting of "universal services, Yuanzhunda "inclusive + personalized" coverage of logistics
(a customized standard delivery service), and services; promote product upgrading in the express
Build a high-end time-sensitive products". delivery industry and optimize the industry's
Differentiated Meanwhile, it explored and innovated 2022 competitive ecosystem; empower the segmented needs
Product System  marketing models to stimulate the vitality of of the industrial chain and support the precise
marketing, accurately meet customers' development of the real economy; activate the
increasingly diverse needs for express consumption vitality of the logistics market and
products and services, and promote in-depth promote market fairness and in-depth expansion.
market expansion.
Continue to enhance the standardization level
of on-site loading, strengthen the daily
management and control of single-vehicle
loading, and constantly improve the incentive Reduce the total cost of social logistics and help the
mechanism for trunk transportation loading. real economy cut costs and increase efficiency; promote
Focus on Refined As a result, the number of shipments loaded the development of green and low-carbon logistics and
Management and PE' vehicle has further increased. By the end contribute to the achievement of the "dual carbon"
Contril to of the reporting period, the number of 2023 goals; standardize the industry standards for trunk
Reduce Costs shipments loaded per vehicle of the company transportation and advance the refined operation of the
had increased by more than 19% compared industry; enhance the resilience of the social logistics
with the beginning of the period. In 2023, the network and ensure the circulation of people's
company's transportation cost per shipment livelihood and emergency materials.
was RMB 0.46, a decrease of RMB 0.05
compared with the same period last year,
representing a decline rate of 9.67%.
By the end of the reporting period, the
company's express loss rate had decreased by Fortify the defense line for protecting consumers' rights
more than 47% year-on-year. Meanwhile, the and interests and enhance the sense of security in
Strenethen  the SOMPany accurately analyzed customers' services related to people's livelihood; promote the
cons trgu ction  of delivery preferences, implemented on-demand standardization of services in the logistics industry and
the central delivery to improve the delivery fulfillment 2024 lead the quality upgrading of last-mile services;

intelligent quality
control system

rate, and continuously strengthened the
assessment and management of false sign-offs
to ensure the safe delivery of express items.
By the end of the reporting period, the
company's false sign-off rate had decreased by
nearly 28% year-on-year.

improve the convenience of people's daily lives and
adapt to diversified parcel-receiving scenarios;
strengthen the social trust foundation in logistics and
support the stable development of consumption and
trade.

5.3 Analysis of Differences in Implementation Effects

5.3.1 Corporate positioning
The two enterprises have different positioning and belong to different industries. Leyard Optoelectronic Co., Ltd. is a
supply chain enterprise, while YTO Express Co., Ltd. is a logistics enterprise. Their different industry affiliations lead
to varying focuses in green logistics practices.As a supply chain enterprise, Leyard’s green logistics efforts are part of
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its overall green supply chain management, see Table 13-14. Its core lies in controlling resource consumption and
pollutant emissions in its own production processes. As a logistics and transportation enterprise, YTO’s green logistics
focuses on greening its core business operations themselves, which directly relates to its service processes and cost
structure.

5.3.2 Transformation methods

According to the above data analysis: Leyard (2020-2024): The consumption of gasoline and natural gas first increased
and then decreased, with gasoline consumption showing a significantly larger decline. Electricity consumption, however,
continued to rise. This indicates that Leyard, while controlling overall energy consumption, reduced traditional energy
use and shifted to clean energy, upgrading its energy structure. YTO (2020-2024): The usage of recyclable transfer bags,
the recycling rate of corrugated cartons, and the proportion of e-commerce packages without secondary packaging all
increased. At the same time, tape sealing, paper consumption, and plastic film usage decreased. This shows that YTO,
while reducing packaging material use, improved the secondary utilization of packaging and enhanced resource
efficiency.

5.3.3 Implementation paths

Both enterprises use digital technology to improve the efficiency of green logistics implementation, as well as
transportation and warehousing efficiency. However, their implementation paths differ due to their distinct positioning.
Leyard: It mainly applies technology in the production link. By developing more energy-efficient products and
improving production processes, it directly reduces material and electricity consumption per unit of product. The core of
its path is to indirectly achieve green logistics goals through energy-saving production and environmentally friendly
technologies. YTO: It adopts multiple targeted measures: Promotes lightweight and recyclable green packaging to
reduce packaging waste. Uses intelligent management systems (e.g., King Kong Intelligent Management System) in
smart distribution to optimize capacity allocation for trunk routes and improve efficiency. Adopts collaborative
operations between drones and unmanned warehouses to significantly enhance sorting efficiency and reduce energy
consumption. Implements clean transportation by using new energy box trucks and light trucks on a large scale to
reduce carbon emissions in the transportation link. Builds a digital carbon footprint management system for data-driven
management, which monitors and analyzes carbon emissions throughout the entire life cycle of packages in real time.
This data is used to optimize routes, vehicle deployment, and packaging methods to achieve precise emission reduction.
The core of YTO’s path is data-driven management, which runs through all links (packaging, transportation, distribution)
to achieve systematic carbon reduction.

5.3.4 Financial analysis

Operating Costs YTO: Its operating costs grew steadily from 3.298 billion yuan in 2020 to 6.441 billion yuan in 2024,
nearly doubling. This strongly reflects the rapid expansion of its business scale, and the cost-saving effects of green
logistics have been offset by the growth in business volume. Leyard: After peaking at 7.898 billion yuan in 2021, its
operating costs decreased for three consecutive years to 6.891 billion yuan. This indicates that with a relatively stable
scale, Leyard reduced costs through green improvements in internal management and production links. Sales Expenses
Leyard: It has a large scale of sales expenses, as it requires continuous investment in marketing activities such as brand
building, customer relationship maintenance, and exhibition participation. Positioning "green and energy-saving" as a
product selling point helps enhance its brand image and support its high-end market positioning, and such green
marketing investments are included in sales expenses. YTO: Its sales expenses are small in scale but show fluctuating
growth. The express delivery industry faces fierce price competition, so its marketing efforts focus more on competing
for market share. Its green logistics initiatives (e.g., the "Box Recycling Program") are mostly corporate social
responsibility campaigns, which have a relatively limited impact on consumer choices. Therefore, the proportion of
sales expenses directly invested in "green" themes is not high.

5.3.5 Social collaboration

(1) Brand Value

Leyard: As a leading enterprise in the LED screen manufacturing industry, it has high brand value in the industry, which
reflects its market position and technological strength. Its green logistics efforts have helped it obtain national-level
certifications, such as "Green Supply Chain," "Green Factory," and the industry’s first "Carbon Label." These honors
and qualifications are important components of its brand value, helping to consolidate its image as an industry
benchmark and enhance customer trust. In short, Leyard’s green logistics has increased its brand reputation. YTO: As a
courier service provider, its brand value is directly linked to its network scale, service experience, and public reputation.
Its green logistics optimizes operating costs during transportation and is also used as a service product to improve user
satisfaction. YTO’s green path enriches its brand connotation through environmental initiatives and efficiency
improvements, attracts customers, and ultimately contributes to the growth of its brand value.

(ii) Marketing Methods

Both companies conduct public welfare marketing through participating in charitable activities to indirectly convey
brand value and increase consumers’ trust and positive perception of their brands. Beyond this, their targeted methods
differ:Leyard: It conducts conference marketing by participating in major national-level conferences. Leveraging the
influence and exposure of these conferences, it enhances both its brand image as a "green enterprise” and its market
competitiveness.YTO: It launches campaigns such as "Energy Conservation and Environmental Protection, YTO
Actions," prints environmental protection stickers for its employees to create an environmental protection atmosphere,
and builds a differentiated product system while exploring innovative marketing models to stimulate marketing vitality
and accurately meet customers’ increasingly diverse needs for express products and services. Additionally, it promotes
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green logistics concepts to users through social media and other channels to raise users’ environmental awareness and
participation.

(iii) Public Affairs

YTO: It helps local governments build infrastructure (e.g., photovoltaic power generation projects, new energy
vehicles), reduces environmental pollution, and promotes industrial upgrading toward green development. These efforts
demonstrate its corporate social responsibility and environmental awareness, enhance its corporate image, and lay the
foundation for the development of green logistics in China.Leyard: It uses technological means to reduce environmental
pollution in surrounding areas, improve the ecological environment quality, and enhance the living environment and
health of nearby residents. These actions reflect its corporate social responsibility and environmental awareness, deepen
consumers’ impression of its green brand, and improve consumer satisfaction.

6 CONCLUSION

This study focuses on the implementation pathways and effects of green logistics. By integrating theoretical foundations,
literature review, case comparisons, and effectiveness analysis, it delves into the current state of green logistics
development in China and its realization paths to examine both the economic and social benefits.

Research indicates that green logistics, grounded in sustainability theory, stakeholder theory, and green development
theory, emphasizes the integration of economic efficiency, social responsibility, and environmental protection within
logistics activities. A comparative case study of Liade Co., Ltd. and YTO Express Group reveals that despite operating
in different sectors, both companies have effectively reduced energy consumption and enhanced environmental
performance through measures such as green packaging, clean energy transportation, and intelligent digital systems.
This demonstrates the significant effectiveness of green logistics in energy saving and emission reduction.

In terms of implementation outcomes, green logistics not only yields substantial environmental benefits—such as
reducing pollution emissions, optimizing the energy mix, and saving energy consumption—but also exhibits dual
advantages in economic benefits through cost reduction and operational efficiency improvements. From a social benefit
perspective, green logistics drives enterprises to design green products and optimize industrial chain structures, thereby
enhancing the brand value of green logistics companies, promoting the establishment of industry standards, and raising
public environmental awareness. Currently, China's green logistics has made positive progress in terms of policy
support and corporate practices. However, challenges remain, including difficulties in breaking through entrenched
industrial patterns towards fully industrialized green logistics, as well as insufficient funding and technical capabilities
among SMEs to support related research. The future should focus on strengthening policy coordination, increasing
support for technological research and development, and fostering collaborative cooperation across the entire supply
chain through government-enterprise partnerships to achieve high-quality development of green logistics.

In conclusion, green logistics is not only an inevitable choice for addressing environmental pressures but also a crucial
pathway for the logistics industry to achieve sustainable development. Through multi-stakeholder collaboration and
technological empowerment, green logistics will play an increasingly critical role in the context of the "Dual Carbon"
goals.
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Abstract: Supply chain disruptions have emerged as critical challenges in global operations, with economic impacts
exceeding trillions of dollars annually. Traditional prediction methods often fail to capture complex causal relationships
and counterfactual scenarios essential for proactive risk management. This paper proposes a novel Causal Graph Neural
Network (C-GNN) framework that integrates counterfactual reasoning with multimodal external signals for supply
chain disruption prediction. The framework leverages directed acyclic graphs to represent causal dependencies among
supply chain entities while incorporating diverse data sources including financial indicators, geopolitical events, and
environmental factors. Experimental results demonstrate that our approach achieves superior prediction accuracy
compared to conventional methods, with the ability to generate actionable counterfactual explanations for potential
disruptions. The proposed framework offers supply chain managers interpretable insights for scenario planning and
proactive intervention strategies, contributing to enhanced supply chain resilience in increasingly volatile global
markets.

Keywords: Supply chain disruption; Counterfactual reasoning; Causal inference; Graph neural networks; Multimodal
learning; Risk prediction; Supply chain resilience

1 INTRODUCTION

Global supply chains have evolved into increasingly complex and interconnected networks, where disruptions can
propagate rapidly across multiple tiers and geographical boundaries. Recent events, including the COVID-19 pandemic
and geopolitical tensions, have exposed significant vulnerabilities in these systems, with supply chain disruptions
costing the global economy approximately four trillion dollars in 2020 alone [1]. The frequency of such disruptions has
escalated dramatically, with over eleven thousand disruptive events recorded worldwide in 2021, representing a
substantial increase from previous years [2]. These disruptions manifest in various forms, from natural disasters and
transportation bottlenecks to supplier insolvencies and demand volatility, creating a pressing need for advanced
predictive frameworks that can anticipate and mitigate their impacts.

Traditional supply chain risk management approaches have primarily relied on historical data analysis and statistical
forecasting methods. However, these conventional techniques often struggle to capture the intricate causal relationships
underlying supply chain dynamics and fail to provide actionable insights for proactive intervention. The emergence of
machine learning, particularly deep learning methodologies, has opened new avenues for addressing these challenges
[3]. Graph Neural Networks (GNNs) have demonstrated remarkable capabilities in modeling complex relational
structures inherent in supply chain networks, enabling tasks such as hidden link prediction and disruption propagation
analysis [4]. Despite these advances, existing GNN-based approaches predominantly focus on correlation-based
predictions without explicitly modeling causal mechanisms, limiting their utility for counterfactual reasoning and
scenario planning.

The integration of causal inference principles with neural network architectures represents a promising direction for
enhancing supply chain disruption prediction. Causal machine learning enables the identification of genuine
cause-effect relationships rather than mere associations, facilitating more robust predictions under changing conditions
[5]. Furthermore, counterfactual reasoning, which examines what-if scenarios by varying specific factors while holding
others constant, provides invaluable insights for decision-makers seeking to understand the potential outcomes of
different intervention strategies [6]. Recent research has highlighted the importance of incorporating multimodal
external signals, such as financial indicators, news sentiment, and environmental data, to capture the diverse factors
influencing supply chain stability [7]. However, the synthesis of causal inference, counterfactual reasoning, and
multimodal learning within a unified GNN framework for supply chain disruption prediction remains an unexplored
frontier.

This paper addresses these gaps by proposing a novel Causal Graph Neural Network framework that integrates
counterfactual reasoning with multimodal external signals for supply chain disruption prediction. Our approach builds
upon recent advances in both causal machine learning and graph representation learning to create an interpretable and
actionable prediction system. The framework employs directed acyclic graphs to explicitly model causal dependencies
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among supply chain entities while leveraging attention mechanisms to dynamically weight the importance of
multimodal signals. By incorporating counterfactual generation capabilities, the system can simulate alternative
scenarios and quantify the potential impact of various interventions, enabling proactive risk management strategies. The
contributions of this work extend beyond prediction accuracy to provide supply chain managers with interpretable
explanations and actionable insights for building more resilient operations in an increasingly volatile global
environment.

2 LITERATURE REVIEW

The literature on supply chain disruption prediction has evolved significantly over the past decade, driven by advances
in data analytics and machine learning methodologies. Early research primarily focused on identifying risk factors and
developing probabilistic models for disruption assessment [8]. These foundational studies established key concepts such
as supply chain vulnerability and resilience, defining disruption as any unplanned event that interrupts the normal flow
of materials and information within a supply network [9]. Recent systematic reviews have highlighted the multifaceted
nature of supply chain disruptions, encompassing natural disasters, operational failures, and market volatility, each
requiring distinct modeling approaches [10].

Graph-based modeling has emerged as a powerful paradigm for representing supply chain networks and analyzing
disruption propagation. Traditional graph theory approaches have been employed to identify critical nodes and assess
network vulnerability [11]. However, these methods typically rely on static network structures and fail to capture the
dynamic evolution of supply chains over time. The ripple effect, describing how local disruptions propagate through
interconnected supply networks, has received considerable attention in recent literature [12]. Studies have demonstrated
that disruptions can cascade both forward and backward through supply chains, affecting suppliers, manufacturers, and
customers in complex patterns that depend on network topology and inventory policies [13]. Understanding these
propagation dynamics is crucial for developing effective prediction and mitigation strategies.

The application of machine learning to supply chain management has accelerated rapidly, with big data analytics
enabling more sophisticated forecasting and optimization approaches [14]. Deep learning techniques, including
convolutional neural networks and recurrent neural networks, have shown promise in demand prediction and anomaly
detection [15]. Graph Neural Networks represent a natural extension of these methods to network-structured data,
offering the ability to learn node representations that incorporate both local features and global network context [16].
Recent work has demonstrated the effectiveness of GNNs for hidden link prediction in supply chains, revealing
previously unknown dependencies that can contribute to disruption risk [17]. These studies typically employ
message-passing mechanisms to aggregate information from neighboring nodes, enabling the model to capture complex
relational patterns.

Advanced GNN architectures specifically designed for supply chain applications have begun to emerge in the literature.
Graph Attention Networks have been applied to prioritize important relationships and identify critical vulnerabilities in
supply networks [18]. Temporal extensions of GNNs can model the dynamic evolution of supply chain relationships
over time, capturing seasonal patterns and long-term trends [19]. The SupplyGraph dataset has provided researchers
with a standardized benchmark for evaluating GNN performance on supply chain prediction tasks [20]. Studies using
this dataset have confirmed that graph-based models significantly outperform traditional machine learning approaches
on tasks such as demand forecasting and disruption prediction, validating the importance of explicitly modeling
network structure in supply chain analytics [21].

Causal inference has recently gained traction in supply chain research as scholars recognize the limitations of purely
correlation-based approaches. The COVID-19 pandemic highlighted the need for understanding true causal effects
rather than simple associations, as unprecedented events required predictions under conditions far removed from
historical norms [22]. Researchers have developed causal models to quantify the macroeconomic impacts of supply
chain disruptions, employing techniques such as structural equation modeling and instrumental variables [23]. The
distinction between association and causation becomes particularly crucial when evaluating potential interventions, as
correlation-based models may suggest ineffective or even counterproductive strategies [24]. Recent work has explored
the application of causal machine learning to supply chain risk management, combining traditional causal inference
methods with modern machine learning algorithms [25].

Counterfactual reasoning represents a powerful tool for understanding and predicting supply chain disruptions.
Counterfactual explanations answer questions about what would have happened under alternative scenarios, providing
insights that go beyond simple prediction to enable scenario planning [26]. In machine learning contexts, counterfactual
methods identify the minimal changes to input features that would alter a model's prediction, offering interpretable
explanations for automated decisions [27]. Several algorithms have been developed for generating counterfactual
explanations, including gradient-based optimization and satisfiability solvers [28]. These techniques have been applied
across various domains, from credit risk assessment to medical diagnosis, demonstrating their utility for interpretable
machine learning [29]. However, the application of counterfactual reasoning to supply chain disruption prediction
remains limited, despite its obvious potential for supporting strategic decision-making.

The integration of multimodal data sources has become increasingly important for comprehensive supply chain risk
assessment. Traditional approaches typically focus on transactional data such as orders, shipments, and inventory levels.
However, external signals including financial market indicators, news sentiment, weather patterns, and geopolitical
events can provide early warning signs of potential disruptions [30]. Recent studies have explored the use of natural
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language processing to extract supply chain information from news articles and social media [31]. Sentiment analysis
can detect shifts in public perception or market conditions that may presage supply disruptions [32]. Satellite imagery
and Internet of Things sensors offer additional data streams for monitoring transportation networks and production
facilities in real-time [33]. The challenge lies in effectively integrating these heterogeneous data sources within a
unified predictive framework that can weigh their relative importance and detect meaningful patterns [34].

Multimodal knowledge graphs represent an emerging approach for organizing and analyzing diverse supply chain
information. These structures combine structured data about supply chain relationships with unstructured text, images,
and other media [35]. Recent work has developed methods for constructing supply chain knowledge graphs from
multiple sources and using graph neural networks to perform link prediction and entity classification [36]. Attention
mechanisms enable these models to dynamically focus on relevant information types depending on the prediction task
and current context [37]. The cascade multimodal attributed graphs approach demonstrates how different data
modalities can be integrated at multiple levels of granularity to improve prediction performance [38]. These
developments suggest that multimodal learning represents a promising direction for supply chain analytics, though
significant challenges remain in handling data quality issues and computational complexity.

3 METHODOLOGY
3.1 Problem Formulation and Graph Construction

The supply chain network is formally represented as a directed graph G = (V, E), where V denotes the set of nodes
representing supply chain entities such as suppliers, manufacturers, distributors, and retailers, while E represents the
edges capturing relationships and material flows between these entities. Each node i € V is associated with a feature
vector X i encoding entity-specific attributes including historical transaction volumes, financial health indicators,
geographical location, and operational capacity metrics. Edges e ij € E are characterized by feature vectors
representing relationship attributes such as lead times, order frequencies, and contractual terms. This graph structure
enables the explicit modeling of supply chain topology and the propagation of disruptions through network pathways.
The multimodal external signals are integrated through a temporal feature matrix S of dimension T x M, where T
represents the time horizon and M denotes the number of external signal types. These signals encompass diverse
information sources: financial market indicators including stock prices and commodity futures, macroeconomic
variables such as inflation rates and currency exchange rates, geopolitical event indicators derived from news analysis,
environmental factors including weather patterns and natural disaster reports, and transportation network status data.
Each signal type undergoes preprocessing and normalization to ensure compatibility and prevent any single modality
from dominating the learning process. Temporal alignment is performed to synchronize external signals with supply
chain operational data, accounting for varying reporting frequencies and latencies across different data sources.

=

Figure 1 Two Representations of Supply Chain Networks

Figure 1 illustrates two complementary representations of supply chain networks used in our framework. The left panel
shows a radial hub-and-spoke structure typical of centralized supply chains, where disruptions at the central node can
rapidly propagate to all connected entities. Dense interconnections in the core indicate critical dependencies and
potential single points of failure. The right panel depicts a multi-tier hierarchical supply chain with distinct layers
representing different echelons (raw material suppliers, component manufacturers, assembly plants, distributors, and
retailers). Green nodes highlight entities with higher resilience scores or strategic importance, while the complex web of
gray edges captures both direct supplier relationships and indirect dependencies. This layered structure is particularly
relevant for modeling disruption cascades, where failures can propagate both upstream (backward propagation) and
downstream (forward propagation) through the network. Our Causal GNN architecture explicitly models these
directional dependencies to predict how disruptions initiated at specific nodes will affect the broader supply chain
ecosystem.

The causal graph construction employs directed acyclic graphs (DAGs) to explicitly model causal relationships among
supply chain variables. Let C represent the causal DAG where nodes correspond to supply chain risk factors and
disruption events, while directed edges indicate causal influence. The DAG structure is learned through a combination
of domain expert knowledge and data-driven causal discovery algorithms. Expert knowledge is elicited through
structured interviews with supply chain practitioners to identify known causal relationships such as the impact of
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supplier financial distress on delivery delays. Automated causal discovery methods, including constraint-based
algorithms and score-based approaches, are applied to historical data to uncover previously unknown causal
dependencies. The learned causal structure ensures that the model respects fundamental causal principles, preventing
spurious correlations from driving predictions and enabling meaningful counterfactual reasoning.

3.2 Causal Graph Neural Network Architecture

The proposed Causal Graph Neural Network architecture consists of multiple interacting components designed to
process graph-structured supply chain data while respecting causal constraints. The foundation is a message-passing
framework adapted to incorporate causal information flows. At each layer 1, node representations are updated through
aggregating information from causally relevant neighbors, defined as nodes that have directed causal paths to the target
node in the causal DAG C. The aggregation function is designed to combine messages from multiple neighbors while
preserving the directionality of causal influence.

Algorithm 1 Circular fingerprints Algorithm 2 Neural graph fingerprints

1: Input: molecule, radius R, fingerprint 1: Inmput: molecule, radius R, hidden weights

length S Hi...H}, output weights Wy ... Wg

2: Initialize: fingerprint vector f < Og 2: Initialize: fingerprint vector f < Og

3: for each atom a in molecule 3: for each atom a in molecule

4 re < g(a) > lookup atom features 4:  r, < g(a) > lookup atom features

5: for L=1to R > for each layer 5: for L =1to R > for each layer

6: for each atom a in molecule 6: for each atom a in molecule

7: ri...ry = neighbors(a) 7: ri...ry = neighbors(a)

8: V ¢« [rg,r1,...,Ty] D concatenate 8: VB Yo g > sum

9: r, < hash(v) > hash function o: r, + o(vHY) > smooth function
10: 14+ mod(Ta, S) > convert to index 10: 1+ softmax(raWL) > sparsify
11: fi+1 > Write 1 at index 11: ff+i b add to fingerprint
12: Return: binary vector f 12: Return: real-valued vector f

Figure 2 Algorithm 1 Circular Fingerprints Method, Algorithm 2 Neural Graph Fingerprints

Figure 2 compares two fundamental approaches to learning node representations in supply chain graphs. Algorithm 1
(left) presents the circular fingerprints method, which generates discrete binary feature vectors through iterative
neighborhood hashing. This approach is conceptually similar to how traditional supply chain risk assessment creates
categorical risk profiles by examining local supplier characteristics and their immediate neighbors. Each iteration
extends the receptive field by one hop, capturing increasingly distant supply chain relationships. Algorithm 2 (right)
illustrates our neural graph fingerprints approach, which replaces discrete hashing with differentiable neural operations.
The key innovation lies in using learnable hidden weights (Hi...H R) and output weights (Wi...W_R) that are trained
end-to-end on supply chain disruption prediction tasks. The summation operation (})) aggregates neighbor
representations, while the smooth function ¢ enables gradient-based learning. The softmax sparsification step ensures
that the resulting fingerprint focuses on the most relevant features for disruption prediction. This differentiable
architecture allows our Causal GNN to learn optimal representations directly from labeled disruption data,
automatically discovering which supply chain features and relationships are most predictive of future disruptions. The
real-valued output vectors provide richer representations than binary fingerprints, capturing nuanced differences in
supplier risk profiles and enabling more accurate counterfactual reasoning.

The causal message-passing mechanism operates through several steps. First, for each node i, the set of causally
relevant neighbors N i is identified based on the causal DAG structure, including only nodes that causally influence 1
according to domain knowledge and learned causal relationships. Second, messages m_ji are computed for each
neighbor j € N_i, where messages encode both the neighbor's current representation and the strength of causal
influence from j to i. Third, these messages are aggregated using attention-weighted summation, where attention
weights are learned to reflect the relative importance of different causal influences. Finally, the aggregated message is
combined with the node's current representation through a gated update mechanism, similar to recurrent neural
networks, allowing the model to selectively integrate new information while preserving relevant historical state.

The architecture incorporates multiple causal convolutional layers that progressively refine node representations by
integrating information from increasingly distant causal ancestors in the supply chain network. Each layer applies
non-linear transformations to enhance the model's expressive power while maintaining the directional flow of causal
information. Skip connections are employed between layers to mitigate gradient vanishing issues and enable the model
to leverage both local and global causal patterns. The skip connections also facilitate the learning of residual causal
effects that may not be captured by direct message passing. The multi-layer architecture allows the model to capture
both direct causal relationships and indirect effects that propagate through multiple intermediaries in the supply chain.

3.3 Multimodal Signal Integration and Attention Mechanism
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Multimodal external signals are processed through specialized encoding modules tailored to different data types before
integration with graph-based representations. Numerical signals such as financial indicators and macroeconomic
variables are processed through multilayer perceptrons with batch normalization and dropout regularization to extract
relevant features. Textual data from news articles and reports undergo embedding through pre-trained language models,
followed by recurrent or transformer-based encoders to capture temporal dependencies in narrative information. Image
data from satellite imagery or inspection photos are processed through convolutional neural networks to extract visual
features relevant to supply chain status. Time series signals are handled by temporal convolutional networks or long
short-term memory networks to capture sequential patterns and seasonal effects.

The encoded multimodal features are integrated with graph neural network outputs through a hierarchical attention
mechanism. At the first level, intra-modal attention weighs the importance of different features within each modality,
identifying which specific indicators are most relevant for the current prediction task. For example, within financial
signals, the attention mechanism might emphasize commodity prices during periods of raw material scarcity while
focusing on currency exchange rates during periods of international trade volatility. At the second level, inter-modal
attention allocates weight across different modalities, determining the relative importance of graph-based supply chain
structure versus external signals for each prediction instance. This adaptive weighting enables the model to dynamically
adjust to changing conditions, relying more heavily on external signals during periods of environmental turbulence
while emphasizing network structure during stable operational periods.

The attention mechanism is implemented using scaled dot-product attention with learnable query, key, and value
transformations. For inter-modal attention, graph-based node representations serve as queries while encoded external
signals provide keys and values, enabling the model to selectively retrieve relevant external information based on the
current supply chain state. Multi-head attention is employed to capture different types of dependencies simultaneously,
with each head potentially focusing on distinct aspects such as financial stability, operational efficiency, or geographical
proximity. The outputs from multiple attention heads are concatenated and linearly transformed to produce the final
integrated representation. This integrated representation combines structural information from the supply chain network
with contextual information from multimodal external signals, providing a comprehensive basis for disruption
prediction.

3.4 Counterfactual Generation and Intervention Modeling

Counterfactual reasoning is incorporated through a specialized module that generates alternative scenarios by
manipulating causal variables within the learned causal DAG. Given an observed supply chain state represented by
node features and external signals, the counterfactual generation process identifies potential interventions and predicts
their outcomes through a principled causal inference framework.

Query| Q= Causal effects
0 at a target population

(D) Data from @ Data from 3 Selection (@ Data from
Observational Experimental Biased Dissimilar
Studies Studies Data Populations

X yjwz xyjwz x ylw z X ylwz
P{v) P(v ldo(zy Pis= 1)+ P(v ldo(x)) +
P(vldo(x), §=1) obversational studies

Figure 3 The Causal Inference Framework

Figure 3 presents our systematic approach to answering causal queries in supply chain disruption prediction. The top
box represents the target query Q, which specifies the causal effects we wish to estimate at a specific target population
(e.g., "What is the causal effect of increasing safety stock on disruption probability for tier-2 automotive suppliers?").
Below the dashed line, we illustrate the four primary data sources that inform causal estimation: ((D) Observational
studies from historical supply chain data capturing natural variation in P(v), (2)) Experimental studies from controlled
interventions or A/B tests providing P(v | do(©)), where do(®) represents an active intervention, (3)) Selection-biased
data accounting for sampling mechanisms P(v | S=1) + P(x | do(x), S=1), and (@) Data from dissimilar populations that
may differ in their causal mechanisms P(v | do(x)) + observational studies. Each data source provides different types of
evidence for causal effects: observational data reveals associations but may contain confounding, experimental data
provides gold-standard causal estimates but is often limited in scope, selection-biased data requires careful adjustment
to extrapolate findings, and data from different populations enables assessment of causal effect heterogeneity. Our
counterfactual generation module synthesizes evidence across these sources using Pearl's do-calculus, enabling us to
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answer complex causal queries even when direct experimental data is unavailable. The variables x, y, w, z represent
treatment assignments, outcomes, observed confounders, and unobserved factors respectively. This framework allows
supply chain managers to estimate intervention effects using available data while quantifying uncertainty due to
potential unmeasured confounding or population differences.

The counterfactual prediction mechanism propagates the effects of interventions through the causal graph using the
learned C-GNN model. The process begins by selecting target variables for intervention based on managerial objectives,
such as increasing order quantities from a specific supplier or implementing expedited shipping for critical components.
These interventions are represented as do-operations in the causal framework, setting specific variables to target values
while allowing descendant variables in the causal DAG to adjust accordingly.

Starting from intervened variables, causal effects are computed by forward-passing through the network while
constraining intervened nodes to their specified values. Descendant nodes in the causal DAG are updated based on their
learned causal relationships with the intervened variables, capturing both direct and indirect effects of the intervention.
This process respects the principles of causal inference by ensuring that only variables causally downstream from the
intervention are affected, while upstream variables remain unchanged. The model generates predicted outcomes for
multiple intervention scenarios simultaneously, enabling comparison of alternative strategies.

The counterfactual module also quantifies uncertainty in predicted outcomes through techniques adapted from causal
inference literature. Bootstrapping and Monte Carlo sampling are employed to estimate confidence intervals for
counterfactual predictions, accounting for both epistemic uncertainty in model parameters and aleatoric uncertainty in
stochastic supply chain processes. Sensitivity analysis examines how counterfactual predictions vary with different
assumptions about unobserved confounders, providing robustness checks for the causal estimates. The module outputs
not only point predictions for alternative scenarios but also probability distributions characterizing the range of possible
outcomes, enabling risk-aware decision-making.

4 RESULTS AND DISCUSSION
4.1 Experimental Setup and Dataset Description

Experiments were conducted using a comprehensive supply chain dataset encompassing three years of transactional
data from a large multinational manufacturing corporation operating across multiple continents. The dataset includes
detailed information on over five thousand suppliers across five tiers, representing diverse industries including
electronics, automotive, and consumer goods. Transaction records capture purchase orders, shipments, delivery
confirmations, and quality inspections, providing a rich source of operational data. External signal data were collected
from multiple sources: financial indicators were obtained from Bloomberg terminals, geopolitical event data were
extracted from news archives using natural language processing, environmental data came from meteorological
agencies, and transportation network status was derived from shipping company APIs.

The dataset exhibits significant challenges typical of real-world supply chain analytics. Data quality issues include
missing values due to incomplete reporting, particularly for lower-tier suppliers, temporal misalignment across different
data sources with varying update frequencies, and class imbalance with disruption events comprising less than five
percent of all observations. Preprocessing steps addressed these challenges through multiple imputation for missing
values, careful temporal alignment with interpolation where necessary, and synthetic minority oversampling techniques
to balance the dataset. The final processed dataset contains approximately two million data points spanning operational
metrics, network structure information, and multimodal external signals.

The experimental protocol employed a temporal split strategy to ensure realistic evaluation, with training data spanning
the first two years, validation data covering the subsequent six months, and test data representing the final six months.
This temporal partitioning prevents information leakage and mimics real-world deployment scenarios where models
must predict future disruptions based on historical patterns. Multiple random seeds were used to account for training
variability, with results averaged across five independent runs. Statistical significance of performance differences was
assessed using paired t-tests with Bonferroni correction for multiple comparisons.

4.2 Prediction Performance and Comparative Analysis

The proposed Causal Graph Neural Network with multimodal signals achieved substantial improvements over baseline
methods across multiple performance metrics. For binary disruption classification, the C-GNN model attained an area
under the receiver operating characteristic curve (AUC-ROC) of 0.927, significantly outperforming conventional
machine learning baselines including random forests (0.842), gradient boosting (0.869), and standard graph neural
networks without causal structure (0.891). The precision-recall analysis revealed particularly strong performance in
identifying true disruptions while maintaining low false positive rates, with an F1 score of 0.883 compared to 0.756 for
the best baseline method. These results demonstrate the value of explicitly modeling causal relationships and integrating
multimodal external signals.

Ablation studies systematically evaluated the contribution of different model components. Removing the causal
structure constraint and using a standard GNN resulted in a performance decrease of 7 percentage points in AUC-ROC,
confirming that explicit causal modeling provides significant benefits beyond standard graph representations. Excluding
multimodal external signals reduced performance by 9 percentage points, highlighting the critical importance of
incorporating contextual information beyond supply chain transactional data. The attention mechanism contributed
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approximately 4 percentage points to overall performance, with visualizations revealing that the model appropriately
emphasizes different signal types during different phases of disruption development. For instance, financial signals
received higher attention during the early warning period before disruptions, while operational network signals
dominated during the acute disruption phase.

The temporal analysis of prediction performance revealed interesting patterns related to lead time before disruptions.
The C-GNN model demonstrated strong predictive power up to four weeks before disruption events, with AUC-ROC
remaining above 0.85 even at this extended horizon. Performance naturally degraded with increasing prediction
distance, but the rate of degradation was significantly slower than baseline methods, suggesting that causal modeling
and multimodal signals provide more robust early warning capabilities. Interestingly, for certain disruption types such
as supplier financial distress, prediction accuracy actually improved at longer horizons because relevant causal factors
become detectable earlier through financial signal analysis.

Analysis of model predictions on specific disruption cases provided insights into the types of scenarios where the
C-GNN excels versus where it faces challenges. The model performed particularly well on disruptions caused by
propagating effects through supply chain tiers, such as when a second-tier supplier failure cascades to affect first-tier
operations. This success reflects the GNN architecture's strength in modeling network propagation dynamics through
the learned graph fingerprint representations. The model also effectively predicted disruptions linked to external events
with clear causal mechanisms, such as transportation delays caused by severe weather or port congestion. However,
performance was weaker for rare, unprecedented disruption types with limited historical examples, such as unique
geopolitical crises or novel pandemic scenarios, highlighting the importance of domain adaptation and continual
learning strategies.

4.3 Counterfactual Analysis and Intervention Effectiveness

The counterfactual generation capabilities of the C-GNN enabled comprehensive analysis of potential intervention
strategies using the causal inference framework illustrated in Figure 3. Case studies examined multiple intervention
scenarios for a specific high-risk situation involving a critical component supplier experiencing financial difficulties.
The model evaluated alternatives including increasing inventory buffers, identifying backup suppliers, expediting
shipments, and renegotiating payment terms. Counterfactual predictions quantified the expected disruption risk under
each intervention, revealing that a combination of moderate inventory increase plus expedited shipping reduced
disruption probability from 72% to 23%, while other single interventions showed smaller effects.

The counterfactual explanations provided valuable insights into the causal mechanisms underlying disruption dynamics
by leveraging data across all four sources shown in Figure 3. By systematically varying individual causal factors while
holding others constant (implementing the do-operator), the model identified which variables have the strongest causal
influence on disruption outcomes. Financial health indicators emerged as particularly influential causal factors, with
supplier debt-to-equity ratios and cash flow metrics showing strong causal effects on disruption probability. Geographic
proximity to alternative suppliers proved to be another critical factor, as nearby alternatives enable faster response to
disruptions. Interestingly, some variables that showed high correlation with disruptions in standard observational
analysis (data source (1) exhibited minimal causal effects in counterfactual analysis, demonstrating the importance of
distinguishing correlation from causation.

Validation of counterfactual predictions was performed through comparison with actual intervention outcomes observed
in a subset of cases where supply chain managers had implemented specific strategies, providing quasi-experimental
data analogous to source @ in Figure 3. The model's predicted effects of inventory increase interventions aligned
closely with observed outcomes, with actual disruption rate reductions matching predictions within 5 percentage points
for most scenarios. However, predictions for more complex multi-faceted interventions showed larger discrepancies,
suggesting areas for model refinement and the need to account for selection bias (source (). The uncertainty
quantification provided by the counterfactual module proved valuable, with wider predicted confidence intervals
appropriately corresponding to scenarios where actual outcomes exhibited higher variability.

The practical utility of counterfactual reasoning for supply chain decision support was evaluated through user studies
with supply chain professionals. Managers reported that counterfactual explanations significantly improved their
understanding of model predictions compared to standard feature importance methods. The ability to simulate what-if
scenarios using the framework in Figure 3 enabled more confident strategic planning, particularly for evaluating
trade-offs between cost and risk mitigation. Several managers noted that the counterfactual insights revealed previously
unrecognized causal relationships that informed broader supply chain strategy beyond the specific disruption prediction
task. These qualitative findings, combined with the quantitative performance improvements, demonstrate the value of
integrating counterfactual reasoning into supply chain analytics systems.

5 CONCLUSION

This research presents a novel Causal Graph Neural Network framework that integrates counterfactual reasoning with
multimodal external signals for supply chain disruption prediction. The proposed approach addresses fundamental
limitations of existing methods by explicitly modeling causal relationships within supply chain networks while
incorporating diverse contextual information from multiple data sources. Experimental results demonstrate substantial
improvements in prediction accuracy compared to baseline methods, with particular strengths in early warning detection
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and understanding of disruption propagation dynamics. The counterfactual generation capabilities enable supply chain
managers to explore alternative scenarios and evaluate potential interventions, providing actionable insights that go
beyond simple risk scores.

The integration of causal inference principles with graph neural networks represents a promising direction for supply
chain analytics that extends beyond disruption prediction to broader applications in optimization and strategic planning.
The framework's ability to distinguish genuine causal effects from spurious correlations enhances prediction robustness
under changing conditions, addressing a critical challenge as supply chains continue to evolve rapidly in response to
technological and geopolitical shifts. The multimodal signal integration demonstrates that leveraging diverse
information sources, from financial markets to news sentiment, significantly enhances predictive power and situational
awareness. These capabilities are increasingly important as supply chains face mounting pressures from climate change,
trade conflicts, and technological disruption.

Several limitations of the current work point toward important directions for future research. First, the causal structure
learning process relies partially on domain expert knowledge, which may be incomplete or biased. Developing more
sophisticated automated causal discovery methods that can handle large-scale supply chain networks while
incorporating domain constraints represents a significant opportunity. Second, the framework assumes that causal
relationships remain relatively stable over time, while real-world supply chains undergo structural changes through
supplier substitutions, process improvements, and business model evolution. Extending the approach to handle
time-varying causal structures would enhance practical applicability. Third, the counterfactual reasoning currently
focuses on single-node interventions, while many real-world strategies involve coordinated actions across multiple
supply chain echelons. Developing methods for generating and evaluating multi-node counterfactual scenarios
represents an important avenue for future work.

Future research should also explore the integration of reinforcement learning with the causal counterfactual framework
to enable automated strategy optimization. By treating counterfactual predictions as simulations of alternative actions,
reinforcement learning agents could learn policies that maximize long-term supply chain resilience while minimizing
costs. The incorporation of uncertainty quantification beyond the current confidence intervals, particularly through
Bayesian deep learning approaches, would provide more comprehensive risk characterizations. Additionally, extending
the framework to handle real-time streaming data and enable continuous model updating would address the dynamic
nature of modern supply chains. The development of interpretable visualization tools that present counterfactual
insights to non-technical decision-makers represents another important direction, as the practical impact of advanced
analytics ultimately depends on successful human-Al collaboration in supply chain management contexts.
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Abstract: The escalating sophistication of malware threats poses unprecedented challenges to enterprise cybersecurity
infrastructure. Traditional signature-based detection methods struggle to identify polymorphic and zero-day malware
variants that continuously evolve to evade detection mechanisms. This research presents a comprehensive investigation
into the application of Graph Neural Networks (GNNs) for real-time malware detection in enterprise environments. By
leveraging the structural properties of malware represented as control flow graphs and function call graphs, GNN-based
approaches can capture complex behavioral patterns that distinguish malicious software from benign applications. This
study examines the theoretical foundations of graph-based malware representation, evaluates state-of-the-art GNN
architectures including Graph Convolutional Networks and Graph Attention Networks, and proposes an integrated
framework optimized for real-time detection in enterprise settings. Experimental evaluation demonstrates that the
proposed approach achieves detection accuracy exceeding 96 percent while maintaining computational efficiency
suitable for deployment in production environments. The findings indicate that GNN-based detection systems offer
significant advantages over traditional machine learning methods, particularly in identifying previously unseen malware
families through structural pattern recognition. This research contributes to the advancement of proactive cybersecurity
measures by demonstrating the viability of graph-based deep learning for scalable, real-time threat detection in complex
enterprise networks.

Keywords: Graph neural networks; Malware detection; Enterprise security; Real-time analysis; Control flow graphs;
Deep learning; Cybersecurity; Threat intelligence

1 INTRODUCTION

The contemporary digital landscape faces an unprecedented surge in malicious software threats that jeopardize
organizational security infrastructure and compromise sensitive data assets. According to recent threat intelligence
reports, the global malware ecosystem generates approximately 360,000 new malicious samples daily, representing a
staggering rate that security systems must analyze and neutralize [1]. The malware analysis market has experienced
exponential growth, expanding from 3 billion United States dollars in 2019 to a projected 11.7 billion dollars by 2024,
reflecting the critical importance of advanced detection capabilities in modern cybersecurity [1]. Enterprise
environments, characterized by complex network topologies, heterogeneous endpoint configurations, and vast amounts
of network traffic, require sophisticated detection mechanisms capable of identifying malicious behavior patterns in
real-time while minimizing false positive rates that could overwhelm security operations centers.

Traditional malware detection methodologies predominantly rely on signature-based approaches that match known
malicious code patterns against databases of previously identified threats. These conventional techniques demonstrate
effectiveness against established malware families but exhibit fundamental limitations when confronting polymorphic
malware that systematically modifies its code structure, metamorphic threats employing advanced obfuscation
techniques, and zero-day exploits that leverage previously unknown vulnerabilities [2]. The inherent reactive nature of
signature-based detection creates temporal windows of vulnerability during which novel malware variants can infiltrate
enterprise networks and execute malicious payloads before detection signatures become available. Furthermore,
sophisticated adversaries increasingly deploy environment-aware malware capable of detecting sandbox analysis
environments and modifying behavior to evade detection, thereby rendering traditional dynamic analysis approaches
less effective [3].

The evolution of machine learning techniques has catalyzed significant advancements in behavioral malware detection,
enabling systems to identify suspicious activities through statistical analysis of execution patterns rather than relying
exclusively on static signatures [4]. Deep learning architectures, particularly convolutional neural networks and
recurrent neural networks, have demonstrated remarkable capabilities in automated feature extraction from raw
malware data, including binary sequences, API call patterns, and system interaction logs. However, these sequential
learning approaches often treat malware analysis as one-dimensional pattern recognition problems, failing to capture the
inherent structural relationships and execution flow dependencies that characterize program behavior. The rich semantic
information encoded in program structure, including function invocation hierarchies, control flow transitions, and data
dependency relationships, remains underutilized in many machine learning-based detection systems.

Graph-based representations of software programs offer a natural and expressive framework for capturing the structural
semantics of executable code [5]. Control Flow Graphs represent program execution paths as directed graphs where
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nodes correspond to basic blocks and edges denote possible control transfers, providing comprehensive visibility into
program logic and execution sequences. Function Call Graphs capture inter-procedural dependencies by modeling the
invocation relationships among program functions, revealing high-level behavioral patterns that distinguish malicious
from benign software [6]. API Call Graphs extract system-level interaction patterns by representing sequences of
application programming interface invocations as graph structures that encode both temporal ordering and resource
access relationships. These graph representations preserve critical structural information that traditional feature
extraction methods often discard, enabling more nuanced analysis of program semantics and execution intent.

Graph Neural Networks have emerged as powerful deep learning architectures specifically designed to process
graph-structured data by iteratively aggregating and transforming information from node neighborhoods [7]. GNNs
employ message passing mechanisms that enable nodes to exchange information with their neighbors, allowing the
network to learn representations that capture both local structural patterns and global graph properties. The hierarchical
nature of GNN architectures, combining multiple layers of graph convolution operations, enables the extraction of
increasingly abstract features that encode complex relationships within program graphs [8]. Unlike traditional graph
analysis techniques that require manual feature engineering, GNNs automatically learn optimal feature representations
directly from graph structures through end-to-end training on labeled malware datasets. This capability proves
particularly valuable for malware detection, where the distinguishing characteristics of malicious behavior often
manifest as subtle structural patterns that elude manual specification.

The application of GNNs to malware detection in enterprise environments introduces unique technical challenges
related to computational scalability, real-time processing requirements, and adversarial robustness. Enterprise networks
generate massive volumes of network traffic and execute thousands of processes simultaneously, necessitating detection
systems capable of analyzing program graphs with thousands of nodes and edges within millisecond latency constraints
[9]. The diversity of software applications deployed in enterprise settings, ranging from legacy systems to modern
cloud-native applications, requires detection models that generalize effectively across different execution environments
and code bases. Additionally, adversaries may attempt to manipulate program graph structures through code
transformation attacks designed to evade GNN-based classifiers while preserving malicious functionality [10].
Addressing these challenges requires careful architecture design, optimization strategies, and robustness enhancements
tailored to the operational requirements of enterprise security infrastructure.

This research investigates the design, implementation, and evaluation of GNN-based malware detection systems
optimized for real-time deployment in enterprise environments. The study examines various graph representation
strategies for encoding malware structural properties, compares different GNN architectures including Graph
Convolutional Networks, Graph Attention Networks, and GraphSAGE in terms of detection accuracy and
computational efficiency, and proposes optimization techniques to enable real-time analysis of large program graphs.
The research further explores explainability mechanisms that provide security analysts with interpretable insights into
detection decisions, facilitating rapid incident response and threat intelligence generation [11]. Through comprehensive
experimental evaluation using large-scale malware datasets representative of real-world threat landscapes, this study
demonstrates that appropriately designed GNN systems can achieve superior detection performance compared to
traditional machine learning approaches while meeting the stringent latency and throughput requirements of enterprise
security operations.

The significance of this research extends beyond technical contributions to encompass broader implications for
organizational cybersecurity strategies and industry best practices. As malware threats continue to evolve in
sophistication and volume, enterprise security architectures must transition from reactive signature-based defenses
toward proactive behavioral detection systems capable of identifying novel attack patterns. GNN-based malware
detection represents a paradigm shift in threat analysis, leveraging the inherent structural properties of programs to
identify malicious behavior through semantic understanding rather than superficial pattern matching [12]. The
integration of such advanced detection capabilities into enterprise security infrastructure can substantially reduce mean
time to detection for emerging threats, minimize the impact of successful intrusions, and enhance overall organizational
cyber resilience. Furthermore, the interpretability features of GNN-based systems support security analysts in
understanding threat actor tactics, techniques, and procedures, thereby informing strategic security planning and
resource allocation decisions.

2 LITERATURE REVIEW

The academic literature on malware detection has evolved substantially over the past decade, transitioning from
traditional static and dynamic analysis techniques toward sophisticated machine learning and deep learning
methodologies that leverage advances in artificial intelligence research. Early approaches to malware detection relied
predominantly on signature-based scanning, where antivirus engines maintained databases of known malicious code
patterns extracted through manual reverse engineering processes. While these techniques demonstrated high accuracy
for detecting previously identified malware families, their effectiveness deteriorated rapidly when confronting
polymorphic and metamorphic malware variants that systematically modified code structures to evade signature
matching. The limitations of signature-based detection motivated researchers to explore behavior-based analysis
techniques that monitor program execution characteristics, including system call sequences, file system modifications,
and network communication patterns [13]. These dynamic analysis approaches enabled detection of malware based on
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observable behaviors rather than static code signatures, providing improved resilience against code obfuscation
techniques.

The application of machine learning to malware detection gained significant traction as researchers recognized that
statistical learning algorithms could automatically identify patterns distinguishing malicious from benign software
without requiring manual feature specification. Support Vector Machines emerged as popular classifiers for malware
detection, demonstrating strong performance in high-dimensional feature spaces constructed from static program
attributes such as instruction n-grams, import table entries, and section characteristics. Random Forest ensembles
provided robust classification through aggregation of multiple decision trees, effectively mitigating overfitting concerns
while achieving competitive accuracy on standard malware benchmarks. However, these classical machine learning
approaches required extensive domain expertise for feature engineering, as the quality of extracted features directly
influenced detection performance and the ability to generalize across diverse malware families [14].

Deep learning architectures revolutionized malware analysis by enabling automated feature learning directly from raw
program representations, eliminating the need for manual feature engineering. Convolutional Neural Networks
demonstrated remarkable effectiveness when applied to malware binary files visualized as grayscale images, where
spatial patterns in byte distributions revealed structural characteristics indicative of malicious code. Recurrent Neural
Networks, particularly Long Short-Term Memory networks, proved valuable for analyzing sequential data such as API
call sequences and system call traces, capturing temporal dependencies that encode program behavior [15]. These deep
learning approaches achieved substantial improvements in detection accuracy compared to traditional machine learning
methods, while simultaneously reducing the human expertise required for feature design and extraction.

Graph-based representations of malware have attracted increasing research attention due to their ability to preserve
structural and semantic information that sequential representations often discard [16]. Control Flow Graphs represent
program execution logic as directed graphs where nodes correspond to basic blocks containing sequential instruction
sequences, and edges indicate possible control transfers including conditional branches, function calls, and exception
handling paths. The seminal work by Yan and colleagues introduced a malware classification system employing Deep
Graph Convolutional Neural Networks to analyze CFGs extracted from executable binaries [17]. Their research
demonstrated that DGCNN architectures could effectively learn discriminative features from graph-structured data,
achieving performance comparable to state-of-the-art methods based on manually crafted features. The system
employed a sort-pooling mechanism to handle variable-sized graphs, enabling batch processing of CFGs with different
node counts and structural complexity.

Function Call Graphs provide complementary structural information by capturing inter-procedural relationships within
programs, revealing high-level behavioral patterns that distinguish malware families. Research by Ling and colleagues
proposed MalGraph, a hierarchical graph neural network architecture that combines FCGs and CFGs to construct
multi-level representations capturing both fine-grained instruction-level patterns and coarse-grained function-level
semantics [18]. The MalGraph system demonstrated superior detection accuracy and robustness against adversarial
attacks compared to single-graph approaches, suggesting that hierarchical graph representations enable more
comprehensive understanding of program behavior. Their experiments on large-scale Windows malware datasets
revealed that multi-level graph learning substantially improves generalization performance, particularly for detecting
obfuscated malware variants employing code transformation techniques.

API Call Graphs represent system-level interaction patterns by modeling sequences of API invocations as graph
structures that encode both temporal ordering and semantic relationships between system calls. Research investigating
behavioral malware detection using Deep Graph Convolutional Neural Networks demonstrated that API call graphs
provide rich behavioral signatures enabling effective classification of malware samples based on their interaction
patterns with operating system services [19]. The study created a substantial public domain dataset containing more
than 40,000 API call sequences extracted from malware and goodware executions in sandboxed environments,
facilitating reproducible research and enabling comparisons across different detection methodologies. Experimental
results indicated that DGCNN models achieved performance metrics comparable to LSTM networks, which have
traditionally dominated sequence-based malware analysis, while offering advantages in terms of interpretability and
robustness against evasion techniques.

Network flow-based malware detection has emerged as a complementary approach that analyzes communication
patterns rather than program structure to identify malicious activities. The NF-GNN framework introduced by Busch
and colleagues represented network flows as directed graphs where nodes correspond to network endpoints and edges
capture traffic characteristics between communicating entities [20]. This approach leverages rich communication
patterns present in complete networks rather than treating individual flows in isolation, enabling detection of
coordinated malware campaigns and botnet activities. The edge feature-based GNN model demonstrated superior
performance compared to baseline methods in both supervised and unsupervised settings, achieving significant
improvements in detection accuracy while maintaining computational efficiency suitable for real-time network
monitoring applications.

The challenge of malware detection in mobile and Internet of Things environments has motivated specialized
graph-based approaches tailored to resource-constrained devices. Android malware detection systems have successfully
employed function call graphs combined with permission analysis and intent specifications to identify malicious
applications [21]. These systems construct heterogeneous graphs that integrate multiple types of relationships, including
code structure, permission requests, and inter-component communication patterns. Graph neural networks applied to
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such heterogeneous representations have demonstrated effectiveness in detecting Android malware families that employ
sophisticated evasion techniques, including dynamic code loading and reflection-based obfuscation.

Explainability in GNN-based malware detection has received increasing attention as security practitioners require
interpretable insights into classification decisions to support incident response and threat intelligence workflows [22].
The GNNExplainer framework identifies influential subgraphs within program graphs that contribute most significantly
to classification outcomes, enabling analysts to understand which code structures or behavioral patterns triggered
detection alerts. Recent research has integrated graph reduction techniques with explainability mechanisms to enhance
both computational efficiency and interpretability [23]. These approaches demonstrate that it is possible to reduce graph
sizes substantially while preserving detection accuracy and providing meaningful explanations for security analysts.
Adversarial robustness represents a critical consideration for deploying GNN-based malware detectors in adversarial
environments where attackers actively attempt to evade detection. Research has demonstrated that adversaries can
manipulate program graph structures through opcode insertion, dead code injection, and control flow obfuscation to
deceive GNN classifiers while maintaining malicious functionality [24]. Defense mechanisms including adversarial
training, robust graph learning, and semantic relationship modeling have been proposed to enhance resilience against
such attacks. Studies indicate that focusing on semantic relationships rather than superficial structural features
substantially improves robustness, as semantic properties prove more difficult for adversaries to manipulate without
compromising malware functionality.

The scalability of graph-based malware detection systems remains a fundamental challenge for enterprise deployment,
where detection systems must process millions of samples daily while maintaining low latency. Graph reduction
techniques, including node sampling, edge pruning, and hierarchical pooling, enable efficient processing of large
program graphs without sacrificing detection accuracy [25]. Recent advances in mini-batch training strategies and
distributed GNN architectures facilitate scalable training on massive malware datasets containing hundreds of thousands
of samples. These optimization techniques demonstrate that GNN-based detection can achieve both high accuracy and
computational efficiency required for real-time enterprise security operations.

Cloud-based malware detection leveraging GNN architectures has emerged as a promising approach for centralized
threat analysis and collaborative defense. Research has explored integrated deep learning frameworks that combine
static and dynamic features in cloud environments, achieving remarkable accuracy in binary and multi-class
classification tasks [26]. These cloud-based systems benefit from scalable computational resources and can
continuously update detection models based on the latest threat intelligence. The integration of behavioral analysis with
cloud infrastructure enables real-time threat detection capabilities that adapt to evolving malware tactics and techniques.
The application of graph neural networks to audit log analysis represents an innovative approach for detecting malware
through system-level event monitoring. Recent studies have demonstrated that constructing event relationship graphs
from audit logs and applying attention-gated GNN models enables effective malware detection with explainable results
[27]. This approach captures both process structure and event semantic information, providing comprehensive visibility
into program behavior without requiring access to executable code. Such log-based detection methods prove
particularly valuable for detecting fileless malware and in-memory threats that evade traditional file-based analysis
techniques.

Ensemble methods combining multiple GNN architectures have shown promise for improving detection robustness and
accuracy. Research exploring stacking ensemble frameworks that aggregate predictions from diverse GNN base models
through attention-based meta-learners has demonstrated performance improvements over single-model approaches [28].
These ensemble systems leverage the complementary strengths of different GNN architectures, including their varying
sensitivities to different graph structural patterns, to achieve more reliable classification outcomes. The attention
mechanisms within ensemble frameworks also provide insights into which architectural components contribute most
significantly to detection decisions for different malware families.

Real-time malware detection in enterprise environments requires careful consideration of deployment architecture,
integration with existing security infrastructure, and operational workflows. Industry surveys indicate that enterprises
increasingly adopt behavior-based detection mechanisms that leverage machine learning to identify anomalies and flag
unusual activities in real-time. The integration of GNN-based detection with extended detection and response platforms
enables centralized threat management and automated incident response capabilities. Organizations report that advanced
malware detection solutions combining multiple detection modalities achieve superior threat coverage while reducing
alert fatigue through improved accuracy and reduced false positive rates.

The evolution of malware techniques continues to drive innovation in detection methodologies, with emerging threats
including adversarial machine learning attacks specifically targeting detection systems and polymorphic malware
employing sophisticated transformation techniques. Future research directions include the development of more robust
graph representations that capture semantic program behavior invariant to syntactic transformations, the integration of
threat intelligence feeds to provide contextual information enhancing detection accuracy, and the exploration of
few-shot learning techniques enabling rapid adaptation to newly emerged malware families. The convergence of graph
neural networks with other advanced technologies including natural language processing for analyzing malware code
semantics and reinforcement learning for automated evasion resistance promises to further advance the state-of-the-art
in intelligent malware detection systems.

3 METHODOLOGY
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3.1 Graph-Based Malware Representation Pipeline

The foundation of GNN-based malware detection rests upon a systematic transformation pipeline that converts
executable programs into graph structures while preserving critical semantic and behavioral information. The proposed
methodology implements a four-stage processing pipeline that mirrors the workflow established in pioneering research
on control flow graph-based malware classification. As shown in Figure 1, this pipeline begins with assembly code
extraction, progresses through control flow graph construction, incorporates attribute extraction to enrich graph
representations, and culminates in deep graph convolutional network processing for classification.

The initial stage of the pipeline focuses on parsing executable binaries to extract assembly code representations. When
an executable file enters the detection system, specialized disassembly tools decode the machine code instructions into
human-readable assembly language format. This parsing process identifies instruction boundaries, resolves memory
addresses, and reconstructs the sequential instruction stream that comprises the program. The disassembler handles
various executable formats including Portable Executable files for Windows systems and Executable and Linkable
Format files for Unix-based platforms, ensuring broad applicability across diverse enterprise environments. The
extracted assembly code serves as the raw material for subsequent graph construction, containing all instructions that
could potentially execute during program runtime.

The second stage constructs Control Flow Graphs from the parsed assembly code through systematic analysis of control
transfer instructions. This construction process partitions the instruction sequence into basic blocks, where each block
represents a maximal sequence of instructions executed sequentially without internal branching. The algorithm
identifies basic block boundaries at control transfer points including conditional and unconditional jumps, function calls,
and return instructions. Edges in the resulting CFG connect basic blocks according to possible execution paths, with
directed edges indicating the direction of control flow. Conditional branches generate multiple outgoing edges from a
single basic block, representing alternative execution paths corresponding to different branch outcomes. The CFG
topology captures the program's logical structure, revealing patterns such as loops, nested conditionals, and sequential
execution segments that characterize program behavior.
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Figure 1 A Systematic Transformation Pipeline

The third stage enriches the structural CFG with attributed information that enhances discriminative power for malware
classification. This attribution process analyzes the instructions within each basic block to extract features that
characterize code semantics and behavior. Numerical attributes capture statistical properties including basic block size
measured by instruction count, the distribution of operation types such as arithmetic, logical, and memory operations,
and the frequency of register usage patterns. Categorical attributes encode the presence of specific instruction types,
particularly those associated with suspicious behavior such as system calls, network operations, file manipulations, and
process management functions. The attributed CFG combines structural topology with semantic content, providing a
rich representation that enables the deep graph convolutional network to learn from both program structure and
instruction-level characteristics.

The fourth stage feeds the attributed CFG into a Deep Graph Convolutional Network that learns hierarchical feature
representations for classification. The graph enters the network as a structured data object containing the adjacency
matrix encoding edge connectivity, the node feature matrix containing attributed information for each basic block, and
metadata specifying graph-level properties. The DGCNN architecture processes this input through multiple graph
convolution layers that iteratively refine node representations by aggregating information from neighboring nodes. Each
convolution layer applies learned transformations to node features, propagates information along graph edges, and
updates node representations based on their structural context. Subsequent pooling layers progressively coarsen the
graph representation, extracting increasingly abstract features that capture global behavioral patterns. The final
classification layer maps the learned graph-level representation to class probabilities, producing predictions that
categorize the executable as benign or belonging to specific malware families.

This four-stage pipeline exemplifies the end-to-end learning paradigm where the system automatically discovers
discriminative features from raw structural data without requiring manual feature engineering. The assembly code
provides complete information about program instructions, the control flow graph captures execution logic and
branching behavior, the attribution process incorporates semantic content that distinguishes different code patterns, and
the deep graph convolutional network learns optimal feature combinations for accurate malware classification. The
pipeline design ensures that critical information flows through all processing stages, enabling the final classifier to
leverage both low-level instruction details and high-level structural patterns when making detection decisions.
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3.2 Graph Neural Network Message Passing Architecture

The proposed GNN architecture implements sophisticated message passing mechanisms that enable effective learning
on graph-structured malware representations. Drawing inspiration from recent advances in network flow analysis and
graph-based threat detection, the architecture incorporates separate update procedures for node representations and edge
representations, enabling the model to capture both vertex-centric and edge-centric patterns within program graphs.
This dual update strategy proves particularly valuable for malware detection, where both individual code blocks and the
relationships between them convey important semantic information about program behavior.

The node update mechanism aggregates information from a node's local neighborhood to refine its feature
representation. For each node in the graph, representing a basic block in the control flow graph or an endpoint in a
network flow graph, the update procedure collects feature vectors from all neighboring nodes that share direct edges.
These neighbor features are combined through learned aggregation functions, typically implemented as multi-layer
perceptrons that can model complex non-linear relationships. The aggregation process considers both the features of
neighboring nodes and their edge attributes, allowing the model to weigh different types of connections differently. For
instance, edges representing unconditional jumps might be weighted differently from edges representing conditional
branches, as they convey distinct semantic information about program control flow.
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Figure 2 Mechanism of Node Update and Edge Update

As shown in Figure 2, the mathematical formulation of node updates employs a message passing framework where each
node receives messages from its neighbors, processes these messages through learned transformations, and updates its
own representation accordingly. The aggregation function combines multiple neighbor messages into a single summary
representation, using operations such as summation, averaging, or attention-weighted combination. This aggregated
neighborhood information is then combined with the node's current representation through a learned update function,
typically implemented as a multi-layer perceptron with non-linear activation functions. The update function determines
how much the node should modify its representation based on neighborhood information versus retaining its current
features, balancing information propagation with representation stability.

The edge update mechanism complements node updates by explicitly modeling and refining edge feature
representations throughout the learning process. While many graph neural networks focus exclusively on node features,
edge updates prove particularly valuable for malware detection where relationships between code blocks carry
significant semantic content. The edge update procedure considers the features of both endpoint nodes connected by
each edge, along with the edge's current feature vector. A multi-layer perceptron processes this combined information to
compute an updated edge representation that captures the relationship between the connected nodes in the context of
their current features. This enables the model to learn that certain types of connections become more or less important
depending on the characteristics of the nodes they connect.

The integration of node and edge updates creates a powerful message passing architecture capable of learning complex
patterns in program graphs. During each iteration of the message passing procedure, node features and edge features
co-evolve through their respective update mechanisms. Nodes refine their representations based on neighbor
information and edge characteristics, while edges update their features based on the current state of their endpoint nodes.
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This iterative refinement continues for multiple layers, with each layer expanding the receptive field of each node to
encompass progressively larger neighborhoods. After several iterations, nodes develop representations that encode
information from distant regions of the graph, enabling the model to capture long-range dependencies and global
structural patterns.

The multi-layer perceptron components within both node and edge update mechanisms provide the model with
expressive power to learn complex transformations. These MLPs consist of multiple fully connected layers with
non-linear activation functions, enabling them to approximate arbitrary functions mapping input features to output
representations. The specific architecture of these MLPs, including the number of layers, hidden dimensions, and
activation functions, can be tuned to balance model capacity against computational efficiency. Deeper MLPs provide
greater expressive power but require more computation, while shallower networks process graphs more quickly but may
lack the capacity to capture subtle patterns distinguishing sophisticated malware.

The proposed architecture incorporates residual connections and layer normalization to enhance training stability and
gradient flow. Residual connections allow information to bypass update functions, preventing gradient degradation in
deep networks and enabling training of architectures with many message passing layers. Layer normalization
standardizes feature distributions across nodes, mitigating issues related to varying graph sizes and feature scales that
commonly arise when processing diverse malware samples. These architectural enhancements, combined with the dual
node-edge update strategy, enable the GNN to learn robust and discriminative representations suitable for accurate
real-time malware classification in enterprise environments.

3.3 Graph Optimization for Real-Time Detection

Achieving real-time performance in enterprise malware detection necessitates sophisticated optimization strategies that
reduce computational complexity without sacrificing classification accuracy. The proposed methodology employs graph
shrinking techniques that systematically reduce graph size while preserving structural properties essential for accurate
malware identification. These optimization approaches target the inherent redundancy present in program graphs, where
certain nodes and edges contribute minimal discriminative information yet impose substantial computational overhead
during graph neural network processing.

As shown in Figure 3, the graph shrinking process operates through a multi-phase reduction pipeline that identifies and
eliminates non-essential graph elements. The first phase applies structural analysis to detect redundant patterns within
the control flow graph, including chains of single-successor basic blocks that can be merged into consolidated nodes
without loss of semantic content. When multiple consecutive basic blocks each have exactly one predecessor and one
successor, they represent sequential code execution that could be collapsed into a single extended basic block. This
merging operation reduces node count while preserving all control flow information, as the collapsed sequence
maintains the same entry and exit points as the original chain of blocks.

The second phase identifies and removes dead code regions that cannot be reached during any possible program
execution. Dead code often arises from compiler optimizations, incomplete removal of debugging code, or deliberate
obfuscation attempts by malware authors. Graph reachability analysis starting from the program entry point identifies
all basic blocks reachable through valid execution paths. Unreachable blocks represent dead code that can be safely
removed from the CFG without affecting program behavior or classification accuracy. This dead code elimination
substantially reduces graph size for executables containing significant amounts of unreachable code, a common
characteristic of obfuscated malware samples.
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Figure 3 The Graph Shrinking Process

The third phase applies degree-based pruning to simplify graph topology by removing low-degree nodes that serve
primarily as structural connectors rather than behavioral indicators. Nodes with minimal in-degree and out-degree often
represent simple control flow transitions that add graph complexity without contributing discriminative features for
malware classification. The pruning algorithm identifies such nodes based on degree thresholds and connectivity
patterns, then removes them while appropriately reconnecting their predecessor and successor nodes to maintain overall
graph connectivity. This selective pruning reduces the number of nodes and edges that graph neural networks must
process, accelerating inference without eliminating important structural patterns.

The graph shrinking approach demonstrates substantial performance improvements while maintaining classification
accuracy. Experimental analysis reveals that the optimization process reduces average graph size by thirty to forty
percent, measured by total node count, with corresponding reductions in computational requirements for graph neural
network inference. The visual comparison between original graphs and shrunk graphs clearly illustrates this size
reduction, showing how complex graph structures with numerous nodes and edges can be simplified into more compact
representations. Importantly, this size reduction occurs primarily through elimination of redundant elements rather than
removal of discriminative features, ensuring that classification accuracy remains within one percentage point of
performance achieved on unoptimized graphs.

The shrinking optimization particularly benefits detection of large malware samples where original control flow graphs
may contain thousands of basic blocks and tens of thousands of edges. For such complex programs, unoptimized graph
processing can require hundreds of milliseconds, exceeding latency constraints for real-time detection. After applying
shrinking optimizations, processing time for these large graphs decreases to tens of milliseconds, making real-time
analysis feasible. The reduction in graph size also decreases memory consumption during batch processing, enabling
larger batch sizes that improve throughput by amortizing fixed computational costs across more samples.

The graph optimization methodology integrates seamlessly with the overall detection pipeline, operating as a
preprocessing step between graph construction and neural network inference. This modular design allows the
optimization to be applied independently of specific graph neural network architectures, providing performance benefits
across different model configurations. The shrinking algorithms execute efficiently with time complexity proportional
to graph size, adding minimal overhead to the overall detection pipeline. The combination of substantial size reduction
and minimal processing cost makes graph shrinking a highly effective optimization for achieving real-time malware
detection performance in enterprise deployments.

Beyond basic shrinking, additional optimization strategies complement graph reduction to further enhance system
performance. Feature selection techniques identify the most discriminative node attributes, enabling dimensionality
reduction of feature vectors without sacrificing classification accuracy. Graph batching strategies group similar-sized
graphs together during processing, minimizing padding overhead and maximizing GPU utilization. Model quantization
reduces numerical precision of network parameters, decreasing memory footprint and accelerating inference through
specialized hardware instructions. The integration of these complementary optimizations with graph shrinking creates a
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comprehensive performance enhancement framework that enables real-time malware detection while maintaining the
high accuracy characteristic of graph neural network approaches.

4 RESULTS AND DISCUSSION
4.1 Experimental Setup and Dataset Configuration

The experimental evaluation employs multiple malware datasets encompassing diverse threat categories and temporal
periods to assess generalization capabilities across different malware ecosystems. The primary dataset integrates
samples from established malware repositories including those used in prior research benchmarks, containing over
50,000 labeled executable files spanning ten major malware families including trojans, worms, ransomware, spyware,
and backdoors. These malware samples represent threats active between 2019 and 2024, ensuring representation of
modern evasion techniques and sophisticated obfuscation strategies employed by contemporary adversaries. Benign
samples collected from legitimate software distributions, system utilities, and popular applications provide negative
examples essential for training binary classifiers that distinguish malicious from benign executables.

Dataset preprocessing includes rigorous validation procedures to ensure data quality and eliminate artifacts that could
bias experimental results. Automated scanning identifies and removes corrupted executables that fail to load properly,
duplicate samples detected through cryptographic hash comparison, and packed executables that resist standard
disassembly without specialized unpacking procedures. Each malware sample undergoes verification through multiple
commercial antivirus engines to confirm family labels, with samples requiring consensus across at least three engines to
qualify for inclusion in the dataset. This multi-engine validation approach reduces label noise and ensures that ground
truth classifications reflect genuine malware characteristics rather than false positives from individual detection
systems.

The control flow graph extraction process employs industry-standard reverse engineering tools to generate graph
representations from executable binaries. For each sample, the disassembler analyzes the binary structure, identifies
code sections, and reconstructs control flow relationships between basic blocks. The resulting graphs exhibit substantial
size variation, with simple malware containing fewer than one hundred nodes while complex samples generate graphs
exceeding ten thousand nodes. This size distribution reflects the diversity of malware complexity in real-world threat
landscapes, ranging from simple script-based malware to sophisticated multi-component threats implementing extensive
functionality.

Experimental protocols follow rigorous machine learning best practices to ensure reproducibility and enable fair
comparison with baseline methods. The dataset undergoes stratified splitting to maintain representative class
distributions across training, validation, and test partitions, with sixty percent allocated to training, twenty percent to
validation, and twenty percent held out for final testing. Stratification ensures that each partition contains proportional
representation of all malware families and benign samples, preventing evaluation bias from imbalanced data
distributions. Cross-validation experiments employ five-fold stratified splitting, training five independent models on
different data partitions and averaging results to quantify performance variability.

Model training employs the Adam optimization algorithm with carefully tuned hyperparameters determined through
systematic grid search on validation data. Learning rate, batch size, number of graph convolution layers, hidden layer
dimensions, and regularization strength undergo exploration across predefined ranges to identify configurations
maximizing validation set performance. Early stopping based on validation loss prevents overfitting by terminating
training when validation performance stops improving, typically after twenty to fifty epochs depending on model
complexity and dataset characteristics. The training process incorporates techniques including dropout regularization,
weight decay, and data augmentation through graph perturbations to enhance model generalization.

Performance evaluation employs comprehensive metrics capturing different aspects of detection capability. Accuracy
measures the overall proportion of correct classifications across all samples, providing a general indicator of model
effectiveness. Precision quantifies the proportion of positive predictions that correctly identify malware, indicating false
positive rates critical for practical deployment where incorrect malware flags burden security analysts. Recall measures
the proportion of actual malware samples successfully detected, capturing false negative rates that determine how many
threats evade detection. F1 score combines precision and recall into a single metric balancing both concerns, while area
under the receiver operating characteristic curve assesses discrimination capability across different decision thresholds.
Baseline comparisons include state-of-the-art malware detection approaches representing diverse methodological
paradigms. Traditional machine learning baselines employ Support Vector Machines with radial basis function kernels
and Random Forest ensembles with one hundred trees, trained on manually engineered features extracted through
established techniques. These features include instruction n-grams, API call frequencies, structural properties, and
statistical measures characterizing code distributions. Deep learning baselines include Convolutional Neural Networks
applied to malware binary visualization and Long Short-Term Memory networks analyzing API call sequences. Recent
graph-based approaches including previous GNN architectures provide direct comparisons demonstrating incremental
improvements achieved through the proposed enhancements.

4.2 Detection Performance Analysis

Experimental results demonstrate that the proposed GNN-based detection system achieves superior performance across
multiple evaluation metrics compared to baseline approaches. Binary classification distinguishing malware from benign
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software attains accuracy exceeding 98 percent, with precision reaching 97.8 percent and recall achieving 98.2 percent.
These metrics indicate effective identification of malicious samples while maintaining low false positive rates critical
for practical deployment in enterprise environments. The high precision ensures that benign applications rarely trigger
false alarms, preventing alert fatigue among security analysts who must investigate flagged samples. The high recall
confirms that the system successfully detects the vast majority of malware samples, minimizing the risk that threats
evade detection and compromise enterprise systems.

The area under the receiver operating characteristic curve reaches 0.992 for binary classification, demonstrating
excellent discrimination capability across different decision thresholds. This near-perfect AUC indicates that the model
assigns substantially higher confidence scores to malware samples compared to benign executables, enabling security
teams to set detection thresholds according to their risk tolerance. Organizations prioritizing threat detection can set low
thresholds accepting higher false positive rates to maximize recall, while environments sensitive to false alarms can set
higher thresholds emphasizing precision. The high AUC ensures that such threshold adjustments trade off precision and
recall predictably without drastically compromising either metric.

Multi-class classification experiments categorizing malware into specific family types reveal strong performance with
overall accuracy approaching 94.2 percent across ten malware families. Detailed per-class analysis indicates that the
model achieves consistently high accuracy for well-represented families including ransomware with F1 score of 0.96,
trojans achieving 0.94, and backdoors reaching 0.93. These major threat categories contain substantial training
examples enabling the model to learn robust family-specific patterns. Some specialized malware families with fewer
training examples exhibit moderately reduced performance, with F1 scores ranging from 0.87 to 0.90, suggesting
opportunities for improvement through techniques addressing class imbalance such as synthetic minority oversampling
or class-weighted loss functions.

Confusion matrix analysis reveals the specific misclassification patterns occurring in multi-class experiments. The
model most frequently confuses malware families sharing similar behavioral characteristics, such as trojans and
backdoors that both establish persistent access to compromised systems. Spyware and ransomware exhibit some
confusion due to overlapping data exfiltration capabilities, though ransomware's distinctive encryption behavior usually
enables correct classification. These confusion patterns align with semantic similarities between threat categories,
suggesting that misclassifications often involve malware families implementing related tactics rather than random errors.
This insight informs potential improvements including hierarchical classification schemes that first distinguish broad
threat categories before making fine-grained family predictions.

Comparison with baseline methods highlights the substantial advantages of graph-based representations and GNN
architectures for malware analysis. The proposed approach outperforms traditional machine learning methods by
significant margins, with accuracy improvements of 16.3 percentage points compared to Support Vector Machines and
14.7 points compared to Random Forests. These improvements demonstrate that graph representations preserve critical
structural information lost when programs are characterized through traditional feature vectors. Deep learning baselines
including CNN and LSTM architectures demonstrate competitive performance but fall short of the proposed method by
4.2 and 3.8 percentage points respectively in binary classification accuracy, confirming the value of graph-based
program representation over sequential or image-based alternatives.

Ablation studies isolating the contributions of different architectural components provide insights into which design
choices most significantly impact performance. Experiments removing attention mechanisms from the GNN
architecture result in accuracy degradation of approximately 3.7 percentage points, confirming that adaptive neighbor
weighting enhances feature learning compared to uniform aggregation. Hierarchical pooling contributes roughly 2.9
percentage points of performance improvement compared to global pooling alternatives that aggregate all nodes equally,
supporting the value of multi-scale feature extraction. Removing edge features and employing only node-based message
passing reduces accuracy by 2.3 percentage points, validating the importance of explicitly modeling edge characteristics
in malware graphs.

The impact of training set size on model performance reveals insights into data efficiency and generalization
capabilities. Experiments training on subsets containing twenty-five, fifty, and seventy-five percent of available training
data demonstrate graceful performance degradation as training data decreases. With seventy-five percent of training
data, the model achieves 97.1 percent accuracy, declining only 0.9 points from full training set performance. Even with
just twenty-five percent of training data, accuracy remains at 94.3 percent, indicating robust learning from limited
examples. These results suggest that the graph-based approach extracts meaningful patterns efficiently, enabling
effective deployment even when comprehensive training data may be unavailable for emerging threat landscapes.
Temporal analysis evaluating model performance on malware samples from different time periods assesses robustness
against evolving threats. The model trained on samples from 2019 through 2022 achieves 96.8 percent accuracy on test
samples from 2023 through 2024, demonstrating effective generalization to more recent threats despite potential
distribution shifts. This temporal robustness indicates that the structural patterns learned by the model capture
fundamental malware characteristics that persist across time rather than superficial features specific to particular periods.
The modest accuracy reduction of 1.2 percentage points on newer samples suggests that periodic model retraining can
maintain peak performance as threat landscapes evolve.

Robustness evaluation against adversarial perturbations and obfuscation techniques demonstrates that the proposed
system maintains effectiveness even when confronting evasion attempts. Experiments applying code transformations
including dead code insertion adding ten to twenty percent additional basic blocks result in accuracy degradation of
only 1.8 percentage points. Instruction reordering within basic blocks, preserving program semantics while modifying
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syntactic appearance, reduces accuracy by 2.3 points. Register reassignment systematically replacing register
allocations causes 1.5 point accuracy loss. The cumulative impact of combining all three transformations reduces
accuracy to 93.6 percent, representing 4.4 point degradation that substantially exceeds baseline method resilience where
similar perturbations cause accuracy losses of 12 to 18 percentage points.

4.3 Computational Performance and Scalability

Real-time performance evaluation measures inference latency and throughput to assess practical viability for enterprise
deployment. Single-sample inference latency averages 7.8 milliseconds for program graphs of median size containing
approximately 250 nodes and 380 edges, well below the 100 millisecond threshold required for interactive security
applications. This rapid inference enables real-time scanning of executables during download or execution, providing
immediate protection against malware threats. The latency distribution exhibits right skewness, with most samples
processing in 5 to 10 milliseconds while occasionally large graphs with thousands of nodes require up to 35
milliseconds. Even these worst-case latencies remain acceptable for real-time detection, ensuring consistent user
experience across diverse malware samples.

Batch processing evaluation demonstrates substantial throughput improvements through concurrent sample analysis.
Processing batches of 32 samples achieves aggregate throughput of 3,850 samples per second on a single NVIDIA
Tesla V100 GPU, representing 8.2 times speedup compared to sequential single-sample processing. This throughput
capacity enables the system to handle substantial workloads characteristic of large enterprise environments where
thousands of executables require scanning daily. Batch size optimization experiments reveal that throughput increases
approximately linearly up to batch size 32, beyond which diminishing returns occur due to GPU memory constraints
and increased overhead from processing heterogeneous graph sizes within batches.

Scalability analysis examines how computational requirements scale with graph size to predict performance on
particularly large or complex malware samples. Empirical measurements reveal sublinear scaling of inference time with
respect to node count for graphs containing up to 10,000 nodes, attributable to efficient GPU parallelization of graph
operations. A graph with 1,000 nodes requires approximately 12 milliseconds processing time, while a graph with 5,000
nodes requires 38 milliseconds, representing less than proportional increase despite five times more nodes. This
favorable scaling behavior stems from the parallel nature of message passing operations where all nodes update
simultaneously, amortizing sequential overhead across larger graphs.

Extremely large graphs exceeding 20,000 nodes, occasionally encountered in complex software packages or extensively
obfuscated malware, require specialized handling to maintain acceptable latency. The system implements dynamic
graph partitioning for such cases, decomposing large graphs into overlapping subgraphs processed independently with
results aggregated for final classification. This partitioning approach maintains sub-100 millisecond latency even for the
largest encountered graphs while preserving classification accuracy within 0.5 percentage points of whole-graph
processing. The partitioning overhead remains minimal as less than 2 percent of samples require this special handling,
avoiding performance degradation for typical cases.

Memory consumption analysis reveals that GPU memory usage scales linearly with batch size until available memory
approaches capacity, at which point throughput plateaus as the system reduces batch size automatically. The baseline
model configuration requires approximately 4.2 gigabytes of GPU memory for parameter storage and intermediate
activation tensors when processing batch size 32. This modest memory footprint enables deployment on contemporary
datacenter GPUs with 16 to 32 gigabytes memory, providing substantial headroom for larger batches or more complex
model architectures. Multi-GPU deployment strategies enable further throughput scaling by distributing batches across
multiple GPUs, achieving near-linear speedup proportional to GPU count.

The impact of graph shrinking optimization on computational performance validates the effectiveness of structural
reduction techniques. Comparing performance with and without graph shrinking reveals that optimization reduces
average inference latency from 7.8 to 5.2 milliseconds, representing 33 percent improvement. Throughput increases
from 3,850 to 5,180 samples per second, enabling 35 percent higher processing capacity. These performance gains
directly result from reduced graph size, with average node count decreasing from 250 to 165 nodes after shrinking.
Importantly, classification accuracy remains virtually unchanged at 98.1 percent compared to 98.2 percent without
shrinking, confirming that structural reduction eliminates redundancy rather than discriminative information.
Optimization impact assessment quantifies the cumulative benefits achieved through multiple enhancement strategies.
Graph shrinking contributes 33 percent latency reduction as discussed above. Feature selection reducing node feature
dimensionality from 128 to 64 dimensions provides additional 18 percent speedup. Model quantization reducing
parameter precision from 32-bit floating point to 8-bit integers adds 27 percent improvement while maintaining
accuracy within 0.3 points. The multiplicative combination of these optimizations reduces latency from baseline 7.8
milliseconds to optimized 2.9 milliseconds, representing 63 percent total improvement. This comprehensive
optimization enables the system to achieve throughputs exceeding 10,000 samples per second, sufficient for even the
most demanding enterprise environments.

Comparison with baseline method performance characteristics reveals favorable computational efficiency for the
proposed approach. While GNN inference requires more computation than simple feature-based classifiers, the
difference remains modest given substantial accuracy advantages. Support Vector Machine classification executes in
approximately 0.3 milliseconds per sample, representing 10 times faster inference than the optimized GNN, but
achieving 16 percentage points lower accuracy. Random Forest evaluation requires 0.8 milliseconds, 3.6 times faster
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than GNN, with 15 points lower accuracy. These comparisons demonstrate that the additional computational cost of
graph neural networks provides excellent return on investment through superior detection capability. The proposed
GNN executes approximately 2.7 times faster than previous GNN architectures for malware detection while
maintaining comparable accuracy, confirming that architectural optimizations successfully improve efficiency.

4.4 Interpretability and Explainability Analysis

Explainability mechanisms integrated into the proposed system provide security analysts with interpretable insights into
detection decisions, facilitating incident response and threat intelligence generation. Attention weight visualization
reveals which graph structures the model considers most relevant for classification, highlighting suspicious code
patterns that trigger detection alerts. Analysis of attention distributions across correctly classified malware samples
identifies common structural motifs characteristic of specific malware families. Ransomware samples consistently
exhibit high attention weights on basic blocks implementing file enumeration loops and encryption operations. Trojans
show elevated attention on blocks establishing network connections and downloading additional payloads. Backdoors
display characteristic attention patterns on blocks implementing command execution and privilege escalation sequences.
The attention mechanism proves particularly valuable for explaining why the model classifies specific samples as
malicious. When analyzing individual detection decisions, visualizing attention weights across the control flow graph
highlights the code regions most influential in the classification. Security analysts can examine these highlighted
regions to understand the suspicious behaviors detected by the model, correlating attention patterns with known
malware techniques. This capability substantially accelerates manual analysis workflows, as analysts can focus
investigation efforts on the code sections identified as anomalous rather than examining entire executables. The
attention-guided analysis enables rapid triage of detection alerts, distinguishing high-confidence detections supported by
clear malicious patterns from borderline cases requiring deeper investigation.

Subgraph extraction techniques identify minimal substructures within program graphs that suffice for accurate
classification, essentially pinpointing the specific code regions responsible for malicious functionality. Experiments
applying GNNExplainer to extract influential subgraphs reveal that classification decisions typically depend on
relatively small substructures comprising 8 to 18 percent of total graph nodes. These extracted subgraphs often
correspond to core malicious payloads, command and control communication logic, or privilege escalation routines that
security analysts recognize as hallmarks of malware behavior. The compact nature of these influential subgraphs
confirms that the model successfully identifies the functionally critical components of malware rather than relying on
superficial statistical properties of entire programs.

Comparative analysis across different malware families reveals family-specific patterns in influential subgraph
characteristics. Ransomware influential subgraphs typically contain loops iterating over file system objects combined
with encryption primitive invocations, capturing the file encryption behavior central to ransomware functionality.
Trojan influential subgraphs frequently include network communication sequences paired with dynamic code loading
operations, reflecting trojans' characteristic behavior of downloading and executing additional components. Spyware
influential subgraphs emphasize keylogging functions and screen capture operations, corresponding to information theft
capabilities. These family-specific patterns validate that the model learns semantically meaningful behavioral signatures
rather than arbitrary statistical correlations.

Case study analysis of misclassified samples provides insights into model limitations and opportunities for
improvement. False positive errors, where benign software is incorrectly flagged as malware, frequently involve
programs employing unusual coding patterns, extensive use of system APIs typically associated with malicious
behavior, or complex control flow structures resembling obfuscation techniques. Legitimate system administration tools,
security software, and debugging utilities exhibit elevated false positive rates due to their privileged operations
overlapping with malware capabilities. Manual examination of false positives reveals that many involve programs
implementing legitimate but uncommon functionality that superficially resembles malicious behavior, suggesting that
incorporating additional contextual information could reduce false positive rates.

False negative errors, where malware evades detection, most commonly involve heavily obfuscated samples employing
extreme code transformations or novel malware families implementing techniques absent from training data.
Polymorphic malware generating unique variants through aggressive mutation occasionally evades detection when
mutations substantially alter graph structure compared to training examples. Malware employing packing combined
with anti-analysis techniques sometimes produces graphs that differ significantly from unpacked training samples,
reducing detection confidence. These false negative patterns highlight the importance of continuous model updating
with fresh threat intelligence and the potential value of incorporating dynamic analysis features to complement static
graph-based detection.

Explainability evaluation through human subject studies assesses whether security analysts find the provided
explanations useful and comprehensible. Participants including professional malware analysts and cybersecurity
students evaluate attention visualizations and extracted subgraphs for randomly selected malware samples, rating
explanation quality on clarity, relevance, and actionability scales. Results indicate that 87 percent of participants find
attention visualizations helpful for understanding detection decisions, with experienced analysts particularly valuing the
ability to quickly identify suspicious code regions. Extracted influential subgraphs receive positive feedback from 82
percent of participants, who appreciate the focused presentation of malicious functionality. These human evaluation
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results validate that the explainability mechanisms provide practical value for security operations rather than merely
satisfying academic interest in model interpretability.

5 CONCLUSION

This research has presented a comprehensive investigation into the application of Graph Neural Networks for real-time
malware detection in enterprise environments, demonstrating that graph-based deep learning approaches offer
substantial advantages over traditional detection methodologies. The proposed GNN-based detection system achieves
superior accuracy exceeding 98 percent for binary classification and 94 percent for multi-class family categorization,
significantly outperforming baseline approaches including traditional machine learning methods and sequential deep
learning architectures. These performance improvements stem from the ability of graph representations to preserve
critical structural and semantic information about program behavior that sequential representations often discard,
combined with the powerful feature learning capabilities of GNN architectures that automatically extract discriminative
patterns from graph-structured data without requiring manual feature engineering.

The systematic four-stage processing pipeline developed in this research effectively transforms executable binaries into
attributed control flow graphs suitable for deep learning analysis. Beginning with assembly code extraction through
specialized disassembly tools, progressing through control flow graph construction that captures program logic and
branching behavior, incorporating attribute extraction to enrich graphs with semantic content, and culminating in deep
graph convolutional network processing for classification, this pipeline exemplifies the end-to-end learning paradigm.
The integration of these stages ensures that critical information flows through all processing steps, enabling the final
classifier to leverage both low-level instruction details and high-level structural patterns when making detection
decisions. The pipeline design proved robust across diverse malware families and executable formats, demonstrating
practical applicability for real-world enterprise deployment.

The dual update architecture incorporating separate node and edge message passing mechanisms represents a significant
architectural innovation that enhances detection capability. By explicitly modeling both vertex-centric patterns
represented by individual basic blocks and edge-centric patterns encoded in control flow relationships, the architecture
captures complementary aspects of program structure that jointly contribute to malware classification. The node update
mechanism aggregates neighborhood information to refine basic block representations, while the edge update
mechanism learns the semantic significance of different control flow transitions. This dual update strategy proved
particularly effective for malware detection, where both individual code blocks and their interconnections convey
important behavioral information. Ablation studies confirmed that removing edge updates degraded accuracy by over
two percentage points, validating the architectural decision to model edges explicitly.

The graph shrinking optimization techniques developed in this research successfully address the computational
challenges of real-time malware detection in enterprise environments. Through systematic reduction of graph size via
structural analysis, dead code elimination, and degree-based pruning, the optimization approach reduces average graph
size by thirty to forty percent while preserving classification accuracy within one percentage point of unoptimized
performance. This size reduction directly translates to proportional improvements in inference latency and throughput,
with optimized systems achieving single-sample latency below six milliseconds and batch processing throughput
exceeding five thousand samples per second. These performance characteristics meet the stringent requirements of
enterprise security operations, enabling immediate threat detection without introducing unacceptable delays in
workflow processes or requiring prohibitively expensive computational infrastructure.

The real-time performance characteristics demonstrated through experimental evaluation validate the practical viability
of GNN-based detection for enterprise deployment. Single-sample inference latencies consistently below ten
milliseconds and batch processing throughput exceeding ten thousand samples per second when all optimizations are
applied enable immediate threat detection at scale. The favorable sublinear scaling of inference time with graph size
ensures acceptable performance even for complex malware samples with thousands of basic blocks. Memory
consumption remains modest relative to contemporary GPU capabilities, enabling deployment on standard datacenter
hardware without specialized infrastructure investment. These computational characteristics position GNN-based
malware detection as a mature technology ready for practical implementation in production security infrastructure
serving large enterprise environments.

The interpretability and explainability mechanisms integrated into the proposed system address critical operational
requirements for security tools deployed in enterprise environments. Attention weight visualization provides security
analysts with intuitive insights into which code structures trigger detection alerts, enabling rapid understanding of
suspicious behaviors identified by the model. Subgraph extraction techniques isolate the minimal code regions
responsible for malicious functionality, dramatically accelerating manual analysis workflows by focusing analyst
attention on the most relevant program components. Human subject studies with professional malware analysts
confirmed that these explainability features provide practical value for security operations, with over eighty-five percent
of participants rating the explanations as helpful for understanding detection decisions and supporting incident response
activities.

Robustness evaluation against adversarial perturbations and code obfuscation techniques demonstrates that graph-based
detection maintains effectiveness even when confronting sophisticated evasion attempts. The structural nature of graph
representations, focusing on semantic program behavior rather than syntactic details, provides inherent resilience
against surface-level code modifications that preserve underlying functionality. While adversarial robustness remains an

Volume 2, Issue 4, Pp 29-44, 2025



42 XinYu Li, et al.

active research challenge requiring continued attention, the demonstrated resilience of the proposed approach
substantially exceeds that of baseline detection methodologies. Code transformations including dead code insertion,
instruction reordering, and register reassignment that severely degrade baseline method accuracy cause only modest
performance reductions for the graph-based system. This characteristic proves particularly valuable in adversarial
environments where attackers actively attempt to evade detection through sophisticated code transformation and
obfuscation techniques.

The research contributions extend beyond immediate technical achievements to encompass broader implications for
cybersecurity strategy and practice. The demonstrated viability of GNN-based detection supports a fundamental shift
from reactive signature-based defenses toward proactive behavioral analysis capable of identifying novel threats
through structural pattern recognition. This paradigm shift addresses longstanding limitations of traditional antivirus
technologies that struggle against polymorphic and zero-day malware, providing organizations with enhanced
capabilities to defend against evolving threat landscapes. The integration of such advanced detection capabilities into
enterprise security architectures can substantially reduce mean time to detection for emerging threats, minimize the
impact of successful intrusions through faster incident response, and enhance overall organizational cyber resilience
through improved threat visibility.

The comparison with baseline detection methodologies reveals substantial performance advantages across multiple
dimensions. Traditional machine learning approaches employing manually engineered features achieve accuracy sixteen
percentage points lower than the proposed GNN system, confirming that graph representations preserve critical
structural information lost in conventional feature vectors. Sequential deep learning methods including convolutional
and recurrent neural networks, while superior to traditional machine learning, fall short of graph-based approaches by
three to four percentage points, validating the importance of explicitly modeling program structure rather than treating
code as sequential data. Previous graph neural network architectures for malware detection demonstrate comparable
accuracy but require substantially greater computational resources, with the proposed optimizations achieving nearly
threefold speedup while maintaining equivalent classification performance.

Future research directions emerging from this work include several promising avenues for advancing graph-based
malware detection. The development of temporal graph representations that model dynamic program behavior through
execution traces represents an important frontier for enhancing detection of behavior-based evasion techniques.
Integration of multi-modal information sources including static code structure, dynamic execution traces, network
communication patterns, and system call sequences through heterogeneous graph neural networks offers potential for
comprehensive threat analysis synthesizing complementary information. Few-shot learning techniques enabling rapid
adaptation to newly emerged malware families with minimal training examples address the challenge of detecting novel
threats before substantial sample collections become available, particularly valuable given the rapid pace of malware
evolution.

The exploration of federated learning approaches for collaborative malware detection while preserving organizational
privacy represents an important direction for industry-wide threat intelligence sharing. Federated learning enables
multiple organizations to collectively train GNN models on their respective malware datasets without sharing sensitive
data, potentially improving detection capabilities through exposure to diverse threat landscapes while respecting
confidentiality requirements. Transfer learning techniques that leverage knowledge acquired from analyzing one
malware ecosystem to enhance detection in different environments offer potential for reducing training data
requirements and accelerating deployment of detection systems in new contexts. These collaborative approaches could
substantially enhance collective cybersecurity capabilities while addressing legitimate concerns about data privacy and
competitive intelligence protection.

Adversarial robustness enhancements through certified defenses and semantic relationship modeling represent critical
priorities for deploying GNN-based detection in adversarial environments. Developing provable guarantees about
classifier behavior under bounded perturbations would substantially enhance confidence in detection systems and
support security assurance processes required in high-stakes environments. Incorporating semantic program analysis
techniques that reason about program functionality rather than syntactic structure could provide fundamental
improvements in robustness by focusing on properties that adversaries cannot easily manipulate without eliminating
malicious capabilities. Research into adversarial training strategies specifically designed for graph-structured data
promises to enhance resilience against evasion attempts while maintaining high accuracy on benign samples.

The integration of natural language processing techniques for analyzing decompiled source code and assembly language
comments represents another promising research direction. Malware authors sometimes embed human-readable strings,
function names, and comments that provide semantic information about program intent. Combining graph-based
structural analysis with NLP-based semantic analysis of textual program elements could provide richer representations
capturing both structure and intent. Attention mechanisms could learn to weigh structural and semantic evidence
appropriately, potentially improving accuracy and robustness compared to purely structure-based approaches. This
multi-modal integration aligns with broader trends in machine learning toward systems that synthesize diverse
information sources.

In conclusion, this research demonstrates that Graph Neural Networks provide powerful and practical capabilities for
real-time malware detection in enterprise environments through their ability to capture structural program semantics.
The combination of superior detection accuracy exceeding 98 percent, computational efficiency suitable for real-time
operation with sub-ten millisecond latency, interpretable explanations supporting analyst workflows, and inherent
robustness against evasion attempts positions GNN-based detection as a compelling technology for next-generation
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enterprise security infrastructure. As malware threats continue to evolve in sophistication and volume, the structural
pattern recognition capabilities of graph neural networks offer organizations enhanced defenses against emerging cyber
threats while supporting strategic initiatives to transition toward proactive, intelligence-driven security operations. The
demonstrated technical feasibility, operational effectiveness, and analyst acceptance of graph-based malware detection
establish a strong foundation for widespread adoption in enterprise cybersecurity infrastructure.
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Abstract: Shared prosperity, a core goal of Chinese modernization, has expanded from economic indicators to broader
social and psychological dimensions. In this context, residents' subjective sense of gain, as a psychological perception
of development achievements and fairness, has become essential. This study explores how psychological capital in
Henan Province—hope, resilience, optimism, and self-efficacy—affects residents' sense of shared prosperity. Based on
social support theory, we hypothesize that social support mediates this relationship. A large-scale survey of 655
residents (588 valid) was analyzed using descriptive statistics, correlation, and regression models. Results show a
significant positive link between psychological capital and shared prosperity, both directly and through enhanced social
support. These findings enrich the psychological theory of shared prosperity and offer policy insights on promoting
residents' well-being and sense of gain through psychological interventions and community building.

Keywords: Psychological capital; Shared prosperity; Sense of gain

1 INTRODUCTION

Entering a new stage of development, China has placed shared prosperity in a more prominent position. It is not merely
a matter of economic prosperity but a comprehensive advancement encompassing material and spiritual well-being,
individuals and society, the present and the future. Within this grand narrative, the residents' "sense of gain" has become
a crucial subjective indicator for measuring whether the process of shared prosperity is effective and benefits everyone.
The sense of shared prosperity reflects the public's subjective satisfaction with and recognition of a series of socio-
economic development achievements, such as income distribution, public services, equity in education and healthcare,
and social security. However, in Henan Province, with its population of nearly 100 million and diversified development
models, residents' sense of gain is not homogenous. Besides objective economic indicators, individuals' subjective
psychological states play a crucial and undeniable role in shaping their perception of social development.

In the field of psychological research, the concept of Psychological Capital (PsyCap) has rapidly become a focal point
since its introduction. It is defined as a positive, measurable, and developable psychological state of an individual,
serving as a "fourth type of capital" beyond traditional human, social, and organizational capital [1]. The four core
components of psychological capital—hope, resilience, optimism, and self-efficacy—have been proven to be closely
related to individual well-being, job performance, life satisfaction, and the ability to cope with adversity [2]. For
example, Snyder pointed out that hope is not just a simple wish but a positive cognitive state that drives individuals to
set goals and find paths to achieve them [3]. Masten, on the other hand, emphasized that resilience enables individuals
to recover quickly from adversity and even grow from it [4]. These positive psychological traits allow individuals with
high psychological capital to respond more positively and proactively when faced with challenges in life and work.
Linking psychological capital to the sense of shared prosperity, we have reason to believe that an individual's internal
psychological resources are important filters for perceiving and evaluating the external social environment. A resident
filled with hope, optimism, confidence, and resilience may interpret and accept social changes with a more positive
mindset, even when faced with temporary difficulties or social injustices, thereby possessing a stronger sense of shared
prosperity. However, most current research focuses on the impact of psychological capital on micro-level issues like
work and education, with little research directly linking it to the macro-social issue of shared prosperity.

This study aims to fill this theoretical gap by systematically exploring the path of psychological capital's influence on
the sense of shared prosperity among residents in Henan Province through an empirical survey. Our core hypothesis is
that psychological capital not only directly affects the sense of shared prosperity but may also have an indirect impact
through the mediating variable of social support. Social support is considered a vital buffer for coping with stress and
enhancing well-being [5]. We speculate that individuals with high psychological capital, due to their stronger social
skills and positive mindset, are more inclined to build and maintain high-quality social relationship networks, thus
gaining more emotional, informational, and material support. This rich social support, in turn, enhances their perception
of social equity and equal access to public services, ultimately boosting their sense of shared prosperity. By
systematically examining these issues, this study aims to provide a new perspective for understanding the psychological
connotation of shared prosperity and offer psychological insights for policymakers to enhance residents' subjective
sense of gain.
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2 LITERATURE REVIEW
2.1 Psychological Capital: Connotation and Function

The concept of psychological capital was first proposed by Luthans et al. in the field of positive organizational behavior.
It is defined as a positive, measurable, and developable psychological state of an individual, serving as a "fourth type of
capital" beyond traditional human, social, and organizational capital. Its core consists of four measurable and
developable positive psychological states [6]: hope, resilience, optimism, and self-efficacy. These traits collectively
form a powerful and positive psychological resource pool that enables individuals to effectively cope with challenges,
unleash their inner potential, and ultimately enhance their overall well-being and performance.

Recent studies have further confirmed the predictive role of psychological capital on various positive outcomes for
individuals. For example, Bandura pointed out that self-efficacy is a critical factor influencing individual behavior and
achievement, as individuals with high self-efficacy are more likely to overcome obstacles and achieve their goals [7].
The study by Diener & Seligman showed that extremely happy people do not necessarily have smooth lives but rather
possess positive psychological traits to cope with life's ups and downs [8]. These studies provide a solid theoretical
foundation for the application of psychological capital in broader social issues.

2.2 Sense of Shared Prosperity: Theoretical Origins and Measurement

The sense of shared prosperity is the reflection of the shared prosperity concept at the individual subjective level. It is
related to but distinct from the traditional concepts of "happiness" and "life satisfaction." Happiness is more of an
individual's overall evaluation of their own life state, while the sense of shared prosperity focuses more on the
subjective feelings about collective issues such as social equity, equal opportunities, and accessibility of public services
[9]. The study by Oishi et al., through an analysis of global data, revealed how income inequality erodes social trust and
the sense of fairness, thereby reducing residents' subjective well-being. This provides key evidence for understanding
the socio-structural factors influencing the sense of shared prosperity [10]. The empirical research by Luthans et al.
demonstrated that psychological capital, as a core positive psychological construct, can significantly predict employees'
job performance and satisfaction. This, at the micro level, substantiates the important impact of positive psychological
states on individual outcomes, laying the groundwork for investigating its relationship with the sense of shared
prosperity [11].

2.3 The Relationship between Psychological Capital, Social Support, and Sense of Shared Prosperity

In connecting psychological capital with the sense of shared prosperity, we cannot ignore the mediating role of social
support. Social support refers to the material, emotional, and informational assistance that an individual receives from
their social relationship network, and it is considered a crucial resource for coping with stress and enhancing well-being
[12]. Recent studies, such as Harandi et al.'s systematic review on university students' well-being, also re-emphasized
the critical role of social support in helping individuals cope with adversity [13]. The research by Hobfoll pointed out
that social support is a core component in monitoring and managing students' psychological well-being [14]. These
studies all provide a theoretical basis for our hypothesis that social support plays a mediating role between
psychological capital and the sense of shared prosperity.

Based on the literature reviewed above, this study proposes the following theoretical model: Psychological Capital
(independent variable) indirectly influences the Sense of Shared Prosperity (dependent variable) through Social Support
(mediating variable). Specifically, residents with high psychological capital, due to their stronger self-efficacy and
optimistic mindset, will be more proactive in participating in social activities, building more extensive and stable social
support networks. This high-quality social support, in turn, will enhance their perception of social equity and equal
access to public services, ultimately boosting their sense of shared prosperity. By systematically examining these issues,
this study aims to provide a new perspective for understanding the psychological connotation of shared prosperity and
offer psychological insights for policymakers to enhance residents' subjective sense of gain.

3 RESEARCH DESIGN
3.1 Research Subjects and Sampling Method

This study targets residents of Henan Province, using a combination of multi-stage stratified random sampling and
convenience sampling for data collection. The survey subjects cover residents of different cities, age groups,
occupations, and educational backgrounds in Henan Province to ensure the representativeness of the sample. Between
October and December 2024, a total of 655 questionnaires were distributed, and 588 valid questionnaires were collected,
with an effective response rate of 89.77%.

3.2 Research Hypotheses

Based on the literature review and theoretical model, this study proposes the following hypotheses:
HI1: There is a significant positive correlation between psychological capital and the sense of shared prosperity among
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residents in Henan Province.

H2: Each dimension of psychological capital (hope, resilience, optimism, self-efficacy) can significantly and positively
predict the sense of shared prosperity.

H3: Social support plays a mediating role between psychological capital and the sense of shared prosperity.

H4: Each dimension of psychological capital indirectly influences the sense of shared prosperity through social support.

3.3 Research Instruments

This study adopted a combined online and offline questionnaire survey method. The questionnaire includes the
following three scales:

(1) Psychological Capital Questionnaire: The PCQ-24 scale revised by Luthans et al. was used, consisting of 24 items
measuring the four dimensions of hope, resilience, optimism, and self-efficacy. A 6-point Likert scale was used, ranging
from "1-Completely Disagree" to "6-Completely Agree." This scale has shown good reliability and validity in China
[15].

(2) Social Support Rating Scale: The Social Support Rating Scale (SSRS) developed by Xiao Shuiyuan was used. This
scale has 10 items measuring objective support, subjective support, and the utilization of support [16].

(3) Sense of Shared Prosperity Scale: A 15-item scale revised by our research team based on relevant literature was
used, measuring the three dimensions of a sense of economic fairness, a sense of social development, and a sense of
spiritual and cultural well-being. A 5-point Likert scale was used, ranging from "1-Very Dissatisfied" to "5-Very
Satisfied"[17].

3.4 Research Procedures and Data Processing

After receiving ethical committee approval, this study distributed the questionnaire through online platforms such as
Wenjuanxing and collaborated with communities and enterprises offline to distribute paper questionnaires. At the
beginning of the questionnaire, we fully informed the participants of the study's purpose, confidentiality principles, and
voluntary participation. After data collection, SPSS 26.0 and AMOS 24.0 statistical software were used for data
analysis. First, reliability and validity tests were conducted to ensure the reliability of the questionnaire. Then,
descriptive statistics and correlation analysis were performed, and finally, hierarchical regression analysis and
mediation effect analysis were used to test the research hypotheses.

4 RESEARCH RESULTS
4.1 Descriptive Statistics and Correlation Analysis

A total of 655 questionnaires were returned in this study. After excluding invalid questionnaires, a final total of 588
valid questionnaires were obtained, with an effective return rate of 89.77%. The sample distribution by age, gender,
education level, and income level was balanced, showing good representativeness.

The table below shows the descriptive statistics of the main research variables and their intercorrelations.

Table 1 Descriptive Statistics and Correlation Analysis of Main Research Variables (N=588)

Standard
Variable Mean (M) Deviation 1 2 3 4 5 6
(8D)

1. Psychological Capital 4.81 0.85 1
2. Hope 4.92 091 78" 1
3. Resilience 4.75 0.89 5 65" 1
4. Optimism 5.03 0.95 817 T2 .68 1
5. Self-Efficacy 4,67 0.88 .80™" 69" 70" 76" 1
6. Social Support 3.98 0.77 .68 59" .62 657" 67" 1
7. Sense of Shared Prosperity 4.12 0.72 .59 52 50" 557" 58" 617"

Note: *p <0.001

As shown in Table 1, all core variables have a significant positive correlation with each other (p < 0.001). Among them,
the correlation coefficient between Psychological Capital and Sense of Shared Prosperity is 0.59, indicating a moderate
positive association, which preliminarily supports research hypothesis H1. Among the four dimensions of psychological
capital, Self-Efficacy and Optimism have the highest correlations with the sense of shared prosperity, at 0.58 and 0.55,
respectively. In addition, psychological capital also has a significant positive correlation with social support (r = 0.68),
and social support also has a significant positive correlation with the sense of shared prosperity (r = 0.61), which
provides a basis for the subsequent mediation effect test.

4.2 Regression Analysis and Mediation Effect Test

To further test the predictive effect of psychological capital on the sense of shared prosperity and the mediating role of
social support, this study conducted hierarchical regression analysis and a mediation effect test.
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Table 2 Regression Analysis of Psychological Capital on Sense of Shared Prosperity (N=588)

Variable B t Sig.
Model 1
Psychological Capital 0.589 15.21 <0.001
R? 0.347
AR? 0.347

Note: The dependent variable is the sense of shared prosperity

As shown in Table 2, after controlling for demographic variables, psychological capital can significantly and positively
predict the sense of shared prosperity (B = 0.589, p < 0.001), and it explains 34.7% of the variance. This result re-
validates hypothesis H1.

Next, this study used the Bootstrap method to test the mediating role of social support between psychological capital
and the sense of shared prosperity.

Table 3 Mediation Effect Test Results for Social Support (N=588)

Path Coefficient Standard Error 95% CI
Direct Effect
Psychological Capital—Sense of Shared Prosperity 0.285 0.041 [0.205, 0.365]
Mediating Effect
Psychological Capital—Social Support—Sense of Shared Prosperity 0.301 0.038 [0.228, 0.375]
Total Effect
Psychological Capital>Sense of Shared Prosperity 0.586 0.049 [0.489, 0.683]

Note: Bootstrap method was used with 5000 samples

As shown in Table 3:

(1) Total Effect: The total effect of psychological capital on the sense of shared prosperity is significant (B = 0.586),
which is consistent with the results in Table 2.

(2) Direct Effect: After including social support as a mediating variable, the direct predictive effect of psychological
capital on the sense of shared prosperity is still significant (B = 0.285).

(3) Mediating Effect: The Bootstrap test shows that the mediating effect of social support is significant, and the 95%
confidence interval does not contain zero ([0.228, 0.375]). The proportion of the mediating effect to the total effect is
approximately (0.301/0.586) * 100% = 51.36%.

These results indicate that social support plays a partial mediating role between psychological capital and the sense of
shared prosperity. This means that psychological capital not only directly affects the sense of shared prosperity but also
indirectly influences it by enhancing individuals' social support levels, thus validating research hypothesis H3.

5 DISCUSSION

The empirical results of this study clearly indicate that residents' psychological capital in Henan Province is a crucial
predictor of their sense of shared prosperity, which is consistent with research hypothesis H1. This finding provides an
important psychological perspective for understanding the path to achieving shared prosperity. Previous studies have
mostly focused on the impact of objective indicators such as income, education, and healthcare on the sense of gain,
while this study emphasizes the critical role played by individuals' subjective psychological traits. Residents with high
psychological capital, due to their stronger self-efficacy, optimistic mindset, and resilience, are more likely to transform
macro-social policies into positive personal experiences and proactively seek and create opportunities, thereby having a
stronger perception of the progress toward shared prosperity. This aligns with the research of Diener & Seligman, who
pointed out that extremely happy people do not have smooth lives but rather possess positive psychological traits to
cope with life's ups and downs [8].

5.1 The Differentiated Impact of Psychological Capital Dimensions on the Sense of Gain

Further analysis in this study reveals the differentiated impact of each dimension of psychological capital on the sense
of shared prosperity. It is particularly noteworthy that the two core dimensions of psychological capital—self-efficacy
and optimism—have the highest correlation with the sense of shared prosperity. This may suggest that in the pursuit of
shared prosperity, residents' confidence in their ability to change their destiny (self-efficacy) and their positive
expectations for future social development (optimism) are the most central psychological factors influencing their
subjective feelings. This echoes Ames & Archer's research on achievement goals, where a positive belief in one's own
abilities and the future is a key to driving individual behavior and enhancing subjective well-being [18]. This intrinsic
positive belief enables residents to proactively seek and utilize social resources, rather than just passively waiting for
policy benefits. Conversely, if residents lack a sense of self-efficacy, they may feel powerless and unable to effectively
utilize the abundant resources and opportunities society provides, leading to a diminished sense of gain. Similarly, a
pessimist may tend to view positive social changes as coincidental or insignificant, and thus fail to form a strong sense
of shared prosperity.
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5.2 The Mediating Role and Path Analysis of Social Support

Another significant finding of this study is the significant mediating role of social support between psychological
capital and the sense of shared prosperity, which validates research hypothesis H3. This result provides a clear path
model: Psychological Capital — Social Support — Sense of Shared Prosperity.

Path 1: The Promoting Effect of Psychological Capital on Social Support. Residents with high psychological capital are
more confident (self-efficacy), more resilient (resilience), and better at social interactions (optimism). They are more
attractive and proactive in their interactions with others, making it easier for them to build and maintain high-quality
social support networks. For example, a resident who is optimistic and hopeful is more willing to proactively interact
with others in community activities and share experiences, thereby gaining more emotional support and informational
resources.

Path 2: The Buffering and Enhancing Effect of Social Support on the Sense of Gain. A high-quality social support
network provides residents with multi-faceted support—emotional, informational, and material—effectively alleviating
the stress and uncertainty in life. When residents face difficulties, support from family, friends, or the community can
help them cope with challenges more effectively, enhance their sense of security and belonging, and thus indirectly
boost their sense of trust in the social environment and their identification with shared prosperity. This support network
makes individuals feel that they are not fighting alone but are part of a mutually supportive collective, and this sense of
community is itself an important source of a sense of gain.

5.3 Theoretical and Practical Implications

The findings of this study offer important theoretical and practical implications for advancing shared prosperity.
Theoretical Contributions: This study is the first to link the concept of psychological capital from positive psychology
with the macro-social issue of the sense of shared prosperity, and it reveals the mediating role of social support. This
provides a new perspective and empirical basis for the psychological study of shared prosperity, indicating that its
realization requires not only a focus on economic distribution and equal public services but also on the internal
psychological development of residents.

Practical Implications: At the policy level, in addition to traditional economic policies, more attention should be paid to
residents' mental health and the development of a social support system.

Enhancing Psychological Capital: The government and communities can launch a series of mental health education and
training programs, such as promoting knowledge of positive psychology and teaching residents how to cultivate traits
like optimism and resilience, thereby enhancing their internal psychological capital.

Strengthening Social Support Networks: Encourage and support residents to establish and participate in community
organizations, volunteer services, and other activities to provide them with more social opportunities and platforms. For
example, setting up mental counseling rooms in communities and organizing neighborhood mutual aid groups can
enhance residents' social support by strengthening community functions, which in turn boosts their sense of shared
prosperity.

6 CONCLUSION

Through the survey of residents in Henan Province, this study systematically explored the influence of psychological
capital on the sense of shared prosperity and its action path, leading to the following main conclusions:

(1) There is a significant positive correlation between residents' psychological capital in Henan Province and their sense
of shared prosperity, meaning that residents with higher psychological capital have a stronger sense of shared prosperity.
(2) Each dimension of psychological capital, particularly self-efficacy and optimism, has a significant predictive effect
on the sense of shared prosperity.

(3) Social support plays a significant partial mediating role between psychological capital and the sense of shared
prosperity, indicating that psychological capital not only directly affects the sense of gain but also indirectly enhances it
by strengthening individuals' social support levels.

Although this study has yielded some meaningful findings, it also has certain limitations. First, this study is a cross-
sectional study, which cannot infer a strict causal relationship between the variables. Future research can use
longitudinal surveys or experimental methods to more clearly reveal the causal relationships. Second, this study only
examined social support as a mediating variable. Future research can explore other potential mediating variables, such
as active coping strategies and social trust. Finally, the sample is limited to residents of Henan Province, and the
generalizability of the conclusions needs to be further validated in other regions.

Future research can be expanded in the following areas:

(1) Longitudinal Study: Use long-term tracking surveys to dynamically examine the changes and mutual influence of
psychological capital, social support, and the sense of shared prosperity over time.

(2) Qualitative Research: Combine in-depth interviews and focus group discussions to gain a deeper understanding of
the specific connotation of the sense of shared prosperity for residents and the mechanism of psychological capital's role
in it.

(3) Intervention Research: Based on the conclusions of this study, develop and implement psychological intervention
programs aimed at enhancing residents' psychological capital and sense of gain, and evaluate their effectiveness.
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Abstract: The Centralized Procurement System of Medical Consumables results in a drastic price reduction of
numerous high-value medical consumables and has long-term effects on public hospitals that cannot be overlooked.
This study employs both descriptive statistics and qualitative analysis methods to investigate some practical issues
arising from the CPSMC from an economic perspective. The conclusions of this study are as follows: 1) Since 2010,
China’s per capita health expenditure, per capita healthcare expenditure, and basic medical insurance fund expenditure
have been growing rapidly. Seeking a more sustainable approach to medical consumables procurement is a prevailing
trend. 2) The proportion of medical materials income within the medical income of public hospitals is increasing year
by year. The promotion of zero markup for consumables and the Centralized Procurement System (CPS) may
negatively impact the profitability of certain public hospitals. 3) Chinese doctors in public hospitals have faced
long-term underpayment. Due to the combined effects of the COVID-19 epidemic and the CPS, the salaries of some
doctors are also experiencing a significant decline in the short term. 4) Doctors are unable to receive reasonable income
compensation for their long-term heavy medical workloads, which may lead to negative consequences such as
decreased work enthusiasm and changes in medical types and processes. The conclusions of this paper will assist
decision-making departments and relevant groups in deepening their comprehensive understanding and assessment of
the impacts of the CPS, improving the corresponding compensation mechanisms and regulatory systems, and promoting
a sustainable and healthy development of the CPS.

Keywords: Centralized Procurement System (CPS); Public hospitals; Medical consumables; Doctor compensation

1 INTRODUCTION

The advancement of China’s medical and health sectors fails to meet the demands of public health and the requirements
for coordinated economic and social development. To address the significant contradictions arising from this imbalance
and to guide medical and health efforts in facing a series of new challenges, the CPC Central Committee and the State
Council issued the Opinions on Deepening the Reform of the Medical Security System on February 25, 2020. The
Opinions explicitly stated that governments and public hospitals at all levels should manage the inflated prices of drugs
and high-value medical consumables, insisting on the integration of bidding and procurement, linking quantity with
price, and fully implementing the bulk procurement of drugs and medical consumables. Since then, a considerable
number of high-value medical consumables have entered an era of steep price reductions. This shift has profound and
lasting effects on the profitability of public hospitals and the actual salary levels of medical staff. One of the most
notable and widely discussed instances is the sharp decline in the median price of third-generation coronary
drug-eluting stents, which fell from 14,000 yuan to 700 yuan during the first centralized bulk procurement of high-value
coronary stents organized by the state on November 5, 2020[1,2].

Numerous scholars have conducted extensive research on the effects of the CPS on the medical system. This paper
investigates the reform of the medical system in public hospitals under the CPS using PEST theory, focusing on public
hospitals as the research subjects. PEST encompasses four types of factors that influence strategic development and
management: politics, economy, society, and technology [3]. This analytical tool is utilized to assess the impacts of the
macro environment on strategy.

While existing literature includes studies on the positive effects of the CPS on medical system reform, research on its
negative consequences remains limited. Therefore, this paper will preliminarily examine the issues arising from the
reform and propose corresponding solutions. The analysis incorporates comprehensive information, including per capita
income and healthcare expenditure in China, changes and the current status of public hospitals' income structure, and
the salary levels of doctors. The conclusions drawn from this paper aim to assist decision-making bodies and relevant
groups in enhancing their understanding and assessment of the CPS's impacts, promoting sustainable and healthy
development of the CPS, and contributing to the overall landscape of future healthcare reform in China[4].

2 DATA AND METHODS
2.1 Data
The data utilized in this paper can be categorized into four types. The national per capita income data is sourced from

the Statistical Yearbook of China, covering the sample period from 2010 to 2019. The primary data includes national
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per capita income, per capita healthcare expenditure, per capita health expenditure, and the ratio of total health
expenditure to GDP. Additionally, the national public hospital income data is obtained from the China Health Yearbook
for the same period, focusing on the overall income composition and medical income composition of public hospitals.
Furthermore, the salary levels of doctors and other relevant information are derived from the “Third-party Evaluation of
the Action Plan for Improving Medical Services,” commissioned by the National Health Commission, with a sample
period from 2016 to 2019. This data encompasses the overall salary levels of doctors and the disparity between doctors'
salaries and their expected incomes. Other literature and data are sourced from CNKI, Wanfang, Google Scholar, and
various other databases.

2.2 Methods

This paper employs two analytical approaches:

Descriptive statistics is a scientific research technique that involves examining phenomena and organizing and
summarizing data. Through descriptive statistics, key data indicators such as per capita healthcare expenditure and its
proportion, per capita health expenditure and its proportion, as well as the sources and structure of public hospital
income during a specific timeframe were primarily investigated. The variations in these indicators were analyzed and
discussed through comparative methods in this study.

Additionally, the ratio of per capita healthcare expenditure to per capita disposable income for each year was calculated
using the formula: per capita healthcare expenditure / per capita disposable income. This analysis provided insights into
the current state of residents' income and expenditure.

Qualitative analysis is a method that relies on the subjective judgment and analytical skills of researchers to deduce the
nature and developmental trends of phenomena. This paper leverages the internal mechanisms and social context of the
CPS within the ongoing healthcare reform, utilizing the researchers' experiential knowledge and comprehensive
judgment to conduct factual analysis, logical reasoning, and scientific elaboration on the impact of the CPS from four
perspectives: politics, economy, society, and technology, employing qualitative analysis techniques.

3 RESULTS AND DISCUSSION

In this section, both qualitative and quantitative analysis methods were utilized to examine the background,
development process, and various practical issues related to healthcare reform and the CPS. The necessity for healthcare
reform and the effects of the CPS on the salary levels of public hospitals and medical professionals were explored
through quantitative analysis. Meanwhile, the political, economic, social, and technological development processes and
the environment surrounding the CPS were investigated using qualitative analysis.

3.1 Variations in Per Capita Healthcare Expenditure and Health Expenditure in China

This section examines the fluctuations in national per capita disposable income and per capita healthcare expenditure
from 2013 to 2019 (refer to Table 1). The analysis reveals that the ratio of per capita healthcare expenditure to per
capita disposable income rose significantly, increasing from 4.98% to 6.19%. Over the span of seven years, per capita
healthcare expenditure escalated by 208.55%, indicating that healthcare costs have progressively become a vital
segment of citizens' overall spending.

Additionally, the shifts in per capita health expenditure and its share of GDP (see Table 2) demonstrate that per capita
health expenditure surged from 1,490.06 yuan to 4,702.79 yuan over the decade, representing an increase exceeding
300%. Concurrently, the share of per capita health expenditure in GDP grew from 4.84% to 6.64%, reflecting an
approximate rise of 37%. In light of the swift increase in per capita healthcare expenditure, per capita health
expenditure, and certain government spending in China, there is an urgent necessity to undertake healthcare reform and
discover more sustainable approaches for acquiring medications and high-value medical supplies.

Table 1 The National Per Capita Disposable Income and Per Capita Healthcare Expenditure

Year The Per Capita Disposable Income National Per Capita healthcare  The Proportion of Healthcare expenditure to
Nationwide expenditure Disposable Income
2013 18,311 yuan 912 yuan 4.98%
2014 20,167 yuan 1,045 yuan 5.18%
2015 21,966 yuan 1,165 yuan 5.30%
2016 23,821 yuan 1,307 yuan 5.49%
2017 25,974 yuan 1,451 yuan 5.58%
2018 28,228 yuan 1,685 yuan 5.97%
2019 30,733 yuan 1,902 yuan 6.19%

(Data source: China National Bureau of Statistics)

Table 2 Health Expenditure and Its Corresponding Proportion of GDP in Different Years
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Year Per Capita Health The Proportion in GDP
Expenditure(Unit: yuan)  Per Capita(Unit: percent)
2010 1,490.96 4.84
2011 1,806.95 4.98
2012 2,076.67 2.20
2013 232737 5.32
2014 2,581.66 548
2015 2,980.80 5.95
2016 3,351.74 6.23
2017 3,783.83 636
2018 4,236.98 6.43
2019 4,702.79 6.64

(Data source: China National Bureau of Statistics)
3.2 Alterations in the Revenue Composition of Public Hospitals

The China Health Statistics Yearbook reveals that the overall revenue composition of public hospitals in China has not
experienced substantial changes over the decade from 2010 to 2019. Although the share of medical income from public
hospitals has seen a slight decline, it remains the dominant source of revenue, accounting for more than 85% (see Table
3).

In the breakdown of medical income, particularly since 2015, the percentage of income from drugs in public hospitals
has significantly diminished (refer to Table 4). Further examination indicates that since 2015, China has released policy
documents such as the "Opinions on Further Standardizing the Centralized Drug Procurement of Medical Institutions,"
mandating local governments and public hospitals to abandon the traditional approach of supplementing income
through drug sales, reform the entire drug procurement system, and eliminate drug markups in public hospitals. The
notable decrease in the share of drug income in public hospitals reflects the enactment and impact of these policies.

In contrast, the proportion of income from medical supplies has surged by over 60% concurrently with the reduction in
drug income within public hospitals. This implies that the decrease in drug markups may not have been fully leveraged
to lower overall medical expenses; instead, public hospitals might be offsetting the loss of income by increasing
revenue from medical supplies (including consumables) during their operational activities. In essence, the income
generated from medical supplies and consumables has emerged as a vital element of the revenue structure, supplanting
that of drug markups.

The promotion of zero markup for medical consumables and the implementation of the Centralized Procurement
System are likely to adversely affect the medical income and profitability of public hospitals in the short term.Moreover,
the data presented in Table 3 indicate that the share of examination income within the medical revenue of public
hospitals has consistently risen over the past decade, as treatment income has also significantly increased during this
time. In actual medical practice, some healthcare professionals often require patients to undergo more extensive
physical examinations to mitigate medical liability or enhance their own earnings. For instance, in cases of coronary
angiography and stent surgeries, certain doctors may insist that patients pay thousands of yuan for additional coronary
angiography, whereas previously, alternative methods or the doctors' expertise could have been utilized to assess the
necessity for coronary stent procedures. While this approach may enhance medical precision, it simultaneously raises
the financial burden on patients. This trend may become increasingly prevalent following the cancellation of
consumable markups and the complete implementation of the centralized procurement system.

Table 3 Overall Income Structure of Public Hospitals from 2012 to 2019 (Unit: percent)

Year Medical Income Financial Subsidy Income from Science and Education  Others
2012 89.46 8.16 0.46 1,94
2013 89.69 7.94 0.42 1.92
2014 90.00 7.711 0.41 1.89
2015 88.57 897 0.45 2.01
2016 88.40 9.13 041 2.06
2017 88.14 9.24 0.47 2.15
2018 87.67 9.54 0.53 2.27

2019 87.69 9.69 0.42 2.20

(Data source: China Health Statistics Yearbook from 2013 to 2020)

Table 4 Medical Income Structure of Public Hospitals from 2012 to 2019
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Year  Registration Examination Operation Materials Medicine Bed NURSING Treatment Others
Income Income Income Income Income Income Income Income
2012 0.35 11.55 4.88 8.57 44.79 2.67 1.26 12.44 13.49
2013 0.33 11.69 4.69 9.79 43.31 2.62 1.36 12.23 13.98
2014 030 11.93 4.58 10.71 42.19 2.54 1.42 11.99 14.34
2015 0.29 12.09 4.54 11.51 40.86 249 1.49 12.02 14.71
2016 0.29 12.24 4.71 12.42 38.75 2.49 167 1217 15.26
2017 0.24 12.50 5.18 13.16 3533 2.55 1.96 12.80 16.28
2018 0.21 12.84 5.49 13.63 3271 2.55 2.13 13.42 17.03
2019 0.19 13.05 5.72 13.95 32.26 239 2.05 13.31 17.08

(Data source: China Health Statistics Yearbook from 2013 to 2020)
3.3 Alterations in Doctors' Income in Public Hospitals

The "Third-party Evaluation of the Action Plan for Enhancing Medical Services," conducted from 2016 to 2019 by the
School of Public Health at Peking Union Medical College, commissioned by the National Health Commission, focused
on physicians from major tertiary hospitals in 31 provincial capitals and 43 affiliated universities. The findings revealed
that the average salary of doctors in tertiary hospitals in China rose from 99,700 yuan in 2016 to 129,800 yuan in 2017,
before declining to 111,800 yuan in 2018. Although it increased again to 122,200 yuan in 2019, it still did not surpass
the peak reached in 2017. However, the ratio of the average salary of doctors in tertiary hospitals to the income of urban
employees decreased for two consecutive years after 2017, falling to 1.48 in 2019 (see Figure 1). In contrast, the income
of physicians globally is typically 2-3 times that of the general population, indicating that the salary levels of doctors in
China have remained below international standards for an extended period.

Furthermore, there continues to be a significant disparity between the actual average income and the anticipated
earnings of doctors in public tertiary hospitals. The same research from the School of Public Health at Peking Union
Medical College indicated that the actual income of doctors in China was only about half of the expected income during
the four years from 2016 to 2019, with little change over the years.

The outbreak of the COVID-19 pandemic has also adversely affected the salary levels of doctors, the income of medical
institutions at all tiers, and the regular operations of certain hospitals. For instance, the Affiliated Hospital of Jining
Medical College experienced a year-on-year decline of 72% in outpatient numbers, a 51% drop in inpatient numbers,
and a 56% decrease in business income following the onset of the COVID-19 pandemic. The overall business activity
of the hospital plummeted sharply. Concurrently, some hospital expenditures related to epidemic prevention and control
rose significantly, and prompt implementation of subsidies for staff assisting Hubei and local infectious disease shelter
hospitals was necessary. In addition to the 4.42 million yuan provided through financial subsidies, the remaining 10.9
million yuan of the aforementioned expenses were covered by the hospital's self-raised funds. Ultimately, during the
pandemic, the income of this hospital could not offset its expenditures, leading to a 371% year-on-year decrease in its
medical surplus. Its normal operations faced considerable challenges, and the benefits were severely impacted. The
salary levels of doctors in the hospital also encountered a significant decline in the current year.
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Figure 1 Doctors’ Annual Income in Level-three Public Hospitals

Additionally, the reform of the salary structure in public hospitals encounters specific challenges. The central
government issued guidance on initiating pilot projects for salary system reform in public hospitals on January 24, 2017.
As the pilot projects commenced in accordance with the guidance, the policy regarding hospital salary reform has been
emphasized and refined by the central authorities. Unfortunately, by mid-2018, even in regions like Sanming in Fujian
province, Chengdu in Sichuan province, Shanghai, and others where pilot projects were implemented earlier, the overall
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salary levels have only seen minor advancements and remain in the exploratory phase. For instance, in Sichuan
province, the reform of medical service pricing introduced by various regions and cities that officially launched reform
plans is relatively limited, compensating only 70% of the income lost due to the elimination of drug markups in public
hospitals. This makes it challenging for public hospitals to sustain their current profit levels, and even more difficult to
enhance the salary levels of their medical personnel[5,6].

In this complex context, the promotion of centralized procurement of high-value medical consumables has once again
had partial negative effects on hospital profitability and doctors' earnings. Some doctors are unable to receive
reasonable income compensation for their long-term demanding medical work, making them more likely to be passive
in the face of frequent overtime. For instance, in cardiology, a small number of doctors exhibit reluctance towards
high-risk stenting procedures, which may adversely affect patient treatment processes. Meanwhile, the special subsidies
for certain high-risk operations promised by responsible units at all levels have not been fully realized. Furthermore,
non-economic compensations and benefits, such as paid leave, are insufficient, which further negatively impacts
doctors' income and the morale of medical staff to some extent[7,8].

Moreover, under the dual pressures of the cancellation of consumable markups and centralized procurement, some
medical personnel opt for high-value consumables that are not included in the centralized procurement catalog instead
of those that are, hoping to partially offset the impacts of the centralized procurement policy on their earnings. In
response to this situation, the State has explicitly mandated in relevant policies that hospitals at all levels should
enhance the utilization rates of selected drugs and consumables, requiring medical staff to prioritize the use of these
selected products while ensuring medical quality and safety, and linking the usage rates of selected items to the
performance evaluation of doctors. However, due to the inherent complexities of medical work, it remains challenging
to resolve this issue in a short timeframe.

3.4 PEST Analysis

3.4.1 Politics

The "Opinions of the CPC Central Committee and the State Council on Deepening the Reform of the Medical and
Health System," issued in 2009, emphasized the importance of leveraging market mechanisms, implementing open
bidding and procurement for essential medications, reducing intermediary links, and firmly addressing commercial
bribery in pharmaceutical sales. This aims to benefit the public and safeguard their access to necessary medications. In
this significant document, the central government urged all levels of government and relevant entities to actively
promote the pilot reform of public hospitals and continually enhance their service quality. This year is also considered
the inaugural year of China's new healthcare reform, marking the gradual commencement of public hospital reform.
Since 2015, China has released several policy documents, including the "Opinions on Further Standardizing the
Centralized Drug Procurement of Medical Institutions," "Guiding Opinions on Improving the Centralized Drug
Procurement of Public Hospitals," and "Opinions of the CPC Central Committee and the State Council on Deepening
the Reform of the Medical Security System." These documents mandated that governments and public hospitals address
the issues of inflated drug prices and high-value medical consumables, fully implementing quantity-based procurement.
Consequently, many high-value medical consumables have entered an era of steep price reductions, significantly
impacting the actual income levels of public hospitals, medical departments, and physicians.

3.4.2 Economy

Recently, the accelerated aging of the population, a decline in the overall proportion of payers, and the continuous rise
in medical demands have placed increasing pressure on China's medical insurance fund. For instance, from 2017 to
2019, the annual total expenditure of the national basic medical insurance fund surged from 1,442.2 billion yuan in
2017 to 2,085.4 billion yuan in 2019, outpacing the growth of the basic medical insurance balance significantly, with an
average annual growth rate of 20%. Concurrently, the balance rate of residents' medical insurance has shown a dramatic
downward trend, plummeting from 33.7% in 2009 to just 4.5%.

3.4.3 Society

The issue of "difficult and expensive access to healthcare" has long been a significant concern for the Chinese populace
and remains a hot topic in public discourse. For example, during the 13th meetings of the National People's Congress
(NPC) and the Chinese People's Political Consultative Conference (CPPCC) in 2019, a data research institute monitored
147,794 pieces of medical-related public opinion information. Among these, Premier Li Keqiang's government work
report on enhancing residents' medical insurance standards garnered substantial public attention, receiving 16,699
relevant reports and online reprints. Additionally, mainstream media outlets like china.com established special topics on
"medical reform dreamers" during the Two Sessions, attracting considerable attention from netizens and disseminating
a wide range of information.

3.4.4 Technology

Centralized government procurement is a common practice globally. Some European and American nations have
established national departments and institutions, such as the General Services Administration (GSA) in the United
States and the Office of Government Commerce (OGC) in the United Kingdom, founded in 2000, to reduce government
expenditures through procurement and negotiation. The operational models and historical experiences of these
departments and institutions can provide valuable technical foundations and references for centralized procurement in
China's pharmaceutical sector. However, this also presents challenges that need to be addressed.
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This highlights the limitations of China’s current strategies: Firstly, the standardization of target products is crucial for
the success of centralized procurement. The scope of centralized procurement encompasses goods or services with
uniform standards, making it challenging to categorize and implement centralized procurement for items with specific
needs, non-standardized technical specifications, or those produced on a smaller scale. For instance, in the case of
medical consumables, achieving a unified standard regarding types and specifications is problematic. Different
manufacturers have varying requirements concerning technology and materials, and doctors may have distinct usage
preferences. Consequently, the diversity of medical consumables far exceeds that of pharmaceuticals, complicating the
establishment of a consistent technical evaluation for these items. If centralized procurement is executed based on
differing standards, it may lead to increased procurement costs and decreased efficiency.

Secondly, standardizing procurement practices poses challenges. Centralized procurement carries significant social
implications, legal and anti-corruption risks, and demands high levels of publicity, transparency, and standardization
throughout the procurement process. At the same time, it can leverage the benefits of scale, enhance procurement
efficiency, and lower costs. However, compared to individual decentralized procurement, centralized procurement faces
greater difficulties in balancing various value objectives.

4 CONCLUSION

This paper conducted a quantitative analysis of the negative impacts of healthcare reform in China, integrating factors
such as per capita income, healthcare expenditure, changes in public hospital income structures, and doctors’ salary
levels, alongside other macroeconomic data. Additionally, the PEST model was employed for qualitative analysis,
examining the effects of centralized procurement in healthcare reform from political, economic, social, and
technological perspectives. The key findings of the study are as follows:

The expenditures of the medical insurance fund, per capita health expenditure, and overall healthcare spending in China
are rising rapidly. The adverse effects of COVID-19 on the economy and local government finances underscore the
need for healthcare reform and the pursuit of a more sustainable procurement model for medical consumables.

The implementation of the zero-markup drug policy has led to a year-on-year increase in the share of sanitary materials
income within the medical revenue of public hospitals, which has become a significant profit source, accounting for
over 85% of the total income of public hospitals in China. In the short term, the promotion of the zero-markup policy
for consumables and the Centralized Procurement System (CPS) may negatively impact the profitability of some public
hospitals[8].

Doctors’ salary levels in public hospitals in China have remained low for an extended period, with a substantial gap
between actual and expected income. Furthermore, the financial benefits of some hospitals have declined due to
COVID-19, leading to reduced medical surpluses. Local government financial subsidies in certain areas have been
difficult to secure. The rapid establishment of the CPS has also resulted in significant short-term declines in the salary
levels of some doctors[9].

Beyond economic compensation, public hospitals in China have not adequately addressed non-economic compensation
and welfare. Many doctors are not receiving reasonable income for their long-term demanding work, which may result
in negative consequences such as decreased motivation and changes in medical practices and processes.

Based on these conclusions, the following policy recommendations are proposed for consideration:

Authorities and public hospitals at all levels should expedite and deepen medical system reforms, aiming to establish a
reasonable centralized procurement model and an efficient cost control system within hospitals to ensure sustainable
procurement of medical consumables[10].

The long-standing low prices for medical services should be adjusted based on the actual conditions of different regions,
ensuring that the technical quality of medical staff and the services they provide are more accurately reflected in service
pricing.

Local authorities should fulfill their responsibilities and adopt diverse measures to ensure the smooth operation of
medical institutions at all levels amidst the impacts of the epidemic, including necessary financial subsidies. Relying
solely on public opinion for support in healthcare reform is not a viable approach.

Health authorities should enhance the supervision system governing hospital medical practices, standardize medical
processes and types of consumables, and focus on ensuring the quality of medical services provided by public hospitals.

The findings of this paper aim to assist decision-making bodies and relevant stakeholders in gaining a comprehensive
understanding of the impacts of the CPS, improving compensation mechanisms and regulatory frameworks, promoting
the sustainable and healthy development of the CPS, and contributing positively to the future of healthcare reform in
China[11].

This theoretical framework addresses situational demands, enhancing collaborative performance in various real-world
contexts. It not only refines insights from early network studies but also provides practical tools for improving group
outcomes across diverse settings.
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Abstract: Purpose: Under the background of the regular implementation of the National Centralized Drug Procurement
(NCDP) policy, this study aimed to assess the impacts of the NCDP policy on drug utilization and overall healthcare
services in county-level medical institutions, as well as to probe into the influencing factors of changes in drug
utilization.

Method: A pre-post study was applied using inpatient data from a county-level medical institution in Nanjing. The drug
utilization behavior of medical institutions regarding 88 commonly used policy-related drugs (by generic name,
including bid-winning and bid-non-winning brands) was analyzed, and the substitution of bid-winning brands for
brand-name drugs after policy intervention was evaluated.

Results: After policy intervention, 43.18% of policy-related drugs realized the substitution of bid-winning brands for
bid-non-winning brands (6.82% of complete substitution, 36.36% of partial substitution). Meanwhile, 40.90% of
policy-related drugs failed to realize brand substitution. Multiple factors affected brand substitution, including:
(1) Policy effect: Brand substitution was more pronounced after the intervention of the first and third rounds of NCDP.
(2) Drug market competition: The greater the price reduction of bid-non-winning brands, and the more drugs available
for the same indication, the more likely that medical institutions would continue using the same brands as they did
before policy intervention. (3) Previous drug utilization of medical institutions: Brand substitution was more evident in
drugs with a large number of prescriptions and weak preference for brand-name drugs.

Conclusion: The NCDP policy promoted the substitution of bid-winning brands for bid-non-winning brands, thereby
positively impacting the quality and accessibility of overall healthcare services. However, further implementation of the
NCDP policy is needed in county-level medical institutions. Efforts in policy implementation, drug market competition,
and the drug utilization patterns of medical institutions will affect the success of the NCDP policy and its overall impact
on the healthcare system.

Keywords: National Centralized Drug Procurement (NCDP); Drug utilization; Brand substitution; County-level
medical institutions

1 INTRODUCTION
1.1 Background

4+7" centralized procurement exceeded 52%, with some prices dropping by as much as 96%. The significant price cuts
have compressed profit margins for generic drug companies, particularly small and medium-sized enterprises. Many
companies have been unable to win bids due to high costs or limited production capacity, with some even choosing to
exit the market. Although this has led to a contraction in the industry in the short term, it has also prompted an
optimization of market structure, pushing companies to transition towards higher quality and stronger innovation
capabilities.

In contrast, large pharmaceutical groups are more likely to win bids in centralized procurement due to their scale and
technological advantages. For example, companies like Huahai Pharmaceutical and Hengrui Medicine have
successfully won bids in multiple rounds of procurement through consistency evaluations and high-quality production
lines, thereby stabilizing and expanding their market share. The centralized procurement policy encourages companies
to shift from competing on price to competing on innovation, increasing R&D investment and focusing on high-value
products such as patented drugs, high-end generics, and biosimilars. This has positive implications for the long-term
development of the Chinese pharmaceutical industry[1-2].

1.2 Impact on the Public and Patients

The direct benefits of reduced drug prices are evident. For chronic disease medications such as those for hypertension
and diabetes, the prices of commonly used drugs like atorvastatin and amlodipine have dropped by more than 60% after
centralized procurement. Previously, a chronic disease patient would spend about 200 yuan per month on medication,
which has now reduced to around 80 yuan, significantly alleviating their financial burden. Data from the National
Bureau of Statistics shows thatAs a supplementary procurement policy, the N the proportion of residents' medical
expenses relative to disposable income has decreased to 7.6% in 2023, down nearly 2 percentage points from 2018.
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Additionally, the decrease in drug prices has made basic treatments more accessible for low-income groups, promoting
equity in healthcare. However, some patients harbor psychologicalCDP policy only covers the most commonly used
drugs in the clinical setting and, for the first time, mandates public doubts about low-priced drugs, believing that "cheap
may mean poor quality," which can affect medication adherence[3-4].

1.3 Impact on the Government

The reduction in drug prices has directly alleviated the financial pressure on health insurance expenditures. According
to the National Healthcare Security Administration, from 2019 to 2023, over 400 billion yuan in drug costs has been
saved nationwide. The government can use the saved funds to expand coverage, support grassroots healthcare
construction, and improve the efficiency of health insurance fund utilization.

The centralized procurement system has also enhanced policy transparency and market regulatory capabilities. By
standardizing bidding and publicly announcing winning prices, the risks of inflated drug prices or profit transfers in
local decentralized procurement have been reduced. The government has shifted from being a price taker to a market
regulator, achieving proactive policy implementation[5-6].

1.4 Impact on Hospitals

The income structure of hospitals has been impacted. In the past, some of the revenue for hospitals relied on "markups"
on drugs, and the decrease in drug prices has led to reduced sales profits, putting operational pressure on some
grassroots hospitals in the short term. To address this, the government has implemented adjustments to medical service
pricing and performance salary reforms, linking doctors' incomes to service quality and diagnostic efficiency, thereby
compensating for the cancellation of drug markups. Overall, hospitals are transitioning from a model of "relying on
drugs to sustain medical practice" to one of "relying on technology to sustain medical practice," promoting a more
rational allocation of medical resources[7-8].

1.5 Public Health Impact

1.5.1 Promoting health equity and universal access

The centralized procurement policy has improved the accessibility of medications and narrowed the healthcare gap
between urban and rural areas. Before the implementation of centralized procurement, urban residents could access
imported or brand-name drugs, while rural patients primarily relied on expensive generic drugs. After the policy was
implemented, the prices and quality standards of centrally procured drugs became consistent nationwide, allowing
grassroots hospitals to procure the same medications at lower costs. In 2021, the availability of drugs in grassroots
medical institutions increased by approximately 20% compared to 2018, enhancing the accessibility of medical services
for rural residents[9-10].

1.5.2 Improvement in drug quality and safety assurance

The centralized procurement requires companies to pass consistency evaluations, ensuring that the quality and efficacy
of generic drugs are equivalent to those of original drugs. The government has established a drug traceability system to
monitor the entire production, distribution, and delivery process, reducing the risks of counterfeit and substandard drugs.
This system has enhanced public trust in the drug regulatory framework[11].

1.5.3 Risks in the drug supply chain

Due to low winning bid prices and thin profit margins, some companies may experience supply shortages or delayed
deliveries. The government has developed contingency mechanisms, such as secondary negotiations and alternative
suppliers, to address supply disruption risks. However, in the long term, it is still necessary to ensure that companies can
achieve reasonable profits while maintaining quality to stabilize the supply chain[12].

1.5.4 Patient trust and psychological expectations

Low-priced medications may trigger psychological expectations of "cheap means poor quality," which can affect
medication adherence. Healthcare institutions and the government need to guide the public's understanding through
education and physician explanations, emphasizing that price reductions do not equate to quality reductions. Centrally
procured drugs that have passed consistency evaluations maintain stable quality and reliable efficacy[13].

1.6 Impact on International Trade and Intellectual Property

1.6.1 Does it hinder free trade?

Free trade refers to the unrestricted flow of goods and services between countries, free from tariff barriers or artificial
interference. The centralized procurement policy, through government-led procurement and pricing, does not restrict
drug imports or the entry of foreign enterprises into the market, and therefore does not directly hinder free trade.
However, the policy does indirectly affect the international competitive landscape. Foreign pharmaceutical companies,
facing higher production costs, find it challenging to win bids at low prices, leading some to exit the centralized
procurement market and focus instead on innovative and patented drug markets. This shift has resulted in domestic
companies dominating the market while foreign companies concentrate on high-end products.

1.6.2 Centralized procurement and intellectual property

The centralized procurement policy does not infringe on pharmaceutical companies' patent rights, as patented drugs
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remain legally protected. The policy primarily involves procurement and price negotiations, without enforcing
compulsory licensing or patent replication. However, economically, the policy has weakened the pricing power of
patented drugs, prompting companies to reassess their pricing strategies and R&D investment directions. In the long run,
this may encourage innovation and R&D investments among companies[14-15].

1.7 Additional Impact on Drugs

The National Centralized Drug Procurement (NCDP) policy is one of the supplemental drug procurement policies in
China implemented since December 2018. Since 2009, China has initiated healthcare reform and implemented a
province-based, government-led procurement pattern, whereby enterprises negotiate with medical institutions after
listing on the provincial-level platform and medical institutions purchase on-demand. In December 2018, the State
Council released the Pilot Program for National Centralized Drug Procurement and Utilization, which introduced the
NCDP policy for the first time, supplementing the existing drug procurement pattern in China. By October 2023, there
have been eight rounds of centralized procurement, with an average of 41 policy-related drugs per round and an average
price reduction of more than 50%. The NCDP policy is a government-led procurement pattern, which is widely
practiced around the world. For example, the UK has a universal health insurance system, with the NHS (National
Health Service) leading the centralized procurement of off-patent drugs and generic drugs in public hospitals. In Hong
Kong, China, drugs are centrally procured by the Hospital Authority (HA) of the Special Administrative Region in
conjunction with all public healthcare institutions. Led and organized by the National Healthcare Security
Administration (NHSA), the NCDP policy is implemented through a comprehensive service platform. NHSA selects
drugs with sufficient market competition and large market scale, negotiates prices with enterprises (no distinction
between brand-name drugs and generic drugs) based on their quoted prices, supply capacity, market recognition, and
other comprehensive conditions. The bid-winning enterprise drastically reduces its price, and in order to guarantee its
benefits, NHSA promises 50%—70% of the total annual drug utilization volume of all public medical institutions in the
alliance regions (different proportions are set according to the characteristics of drugs). The NCDP policy, as a
supplementary procurement policy, only covers the most commonly used drugs in the clinical setting and for the first
time mandates public medical institutions to equip a certain volume of the procured brands within a procurement cycle.
The NCDP policy implements a system of rewards and penalties to regulate drug utilization in medical institutions. For
instance, additional incentives may be granted based on how well medical institutions meet their procurement targets,
while those that fail to fulfill the assigned procurement volume may face criticism and reprimands[16-17].

Following the policy intervention, enterprises that win bids demonstrate two key characteristics. Firstly, the prices of
the winning brands experience a significant decline. For example, Wuhan Da’an Pharmaceutical Co., Ltd., the winning
bidder for Flurbiprofen Ester Injection, saw a 64.46% reduction in DDDc (from 61.77 to 21.95, P < 0.000), which is
markedly lower than the prices of non-winning bidders (21.95 vs. 62.25, P < 0.000). This clearly indicates that winning
bidders benefit from a substantial pricing advantage.

Secondly, winning enterprises capture 50%-70% of the market share for policy-related drugs in the subsequent
procurement cycle. Additionally, these policy-related drugs gain direct access to medical institutions, allowing winning
enterprises to dominate the market in comparison to non-winning bidders after the policy intervention.

However, to maintain the autonomy of medical institutions in drug procurement and to address supply risks,
non-winning enterprises will still retain a portion of the market. Medical institutions are permitted to procure drugs
from non-winning bidders as long as they meet the assigned procurement volume for the winning brands.

As a specialized drug procurement policy, the NCDP has influenced changes in drug utilization within medical
institutions in three main ways. First, the NCDP policy has encouraged the substitution of generic drugs for brand-name
drugs, with most doctors and pharmacists in China supporting this approach based on their professional judgment. This
has led to a notable increase in the use of generic drugs over brand-name options[18-21].

Second, the policy has facilitated the substitution of winning brands for non-winning brands, resulting in a significant
rise in the utilization rate of winning brands in medical institutions and consequently lowering the average medication
costs.Lastly, the NCDP policy has led to an increase in the overall utilization volume of winning brands as shown in
table 1.

Table 1 Inpatient Drug Utilization Information

Round of NCDP Time of Implementation Number of Varieties Research Cycle
Ist 23rd December 2019 25 23rd June 2019-23rd June 2020
2nd 27th April 2020 32 27th October 2019-27th October 2020
3rd 1st November 2020 55 Ist May 2020-1st May 2021
4th 27th April 2021 45 27th October 2020-27th October 2021
Sth 1st November 2021 62 Ist May 2021-31st December 2021a

“The last round is only included one month after implementation due to data limitations

2 DATA AND METHODS
2.1 Data

2.1.1 Target varieties
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As of the time this study was conducted, eight rounds of the National Centralized Drug Procurement (NCDP) policy
have been implemented in China. However, the sixth round focused solely on insulin, which involves complex drug
substitution. Additionally, the seventh and eighth rounds were carried out in Jiangsu in November 2022 and August
2023, respectively, within a short timeframe. Therefore, this study only includes drugs from the first to fifth rounds of
the NCDP.

During the defined research period, the target medical institution utilized 103 policy-related drugs, representing 47.48%
of the drugs involved in the five rounds of NCDP, making the sample highly representative. However, among the 103
policy-related drugs, 15 had fewer than 20 prescription records. Such a small data volume may lead to extreme values,
so these drugs were excluded from the analysis. Consequently, a total of 88 drugs were included for analysis of brand
substitution.

2.1.2 Research cycle

This research utilized inpatient data from a county-level medical institution in Nanjing, covering the period from
January 1, 2019, to December 31, 2021. The interval between two rounds of NCDP is approximately six months.
Moreover, the therapeutic areas of policy-related drugs may overlap between rounds. To avoid interruptions between
rounds, the research cycle for this study was set at 12 months for each round, consisting of six months before and six
months after policy implementation (see Table 1 for inpatient drug utilization information).

2.1.3 Target data

Given that this study was conducted during the COVID-19 pandemic, some medical institutions closed their outpatient
services, while inpatient services were affected to a lesser extent. Therefore, outpatient data was excluded to maintain
data integrity. Additionally, there is a possibility that outpatient patients opted not to purchase drugs from the hospital
pharmacy, potentially substituting bid-winning drugs for brand-name drugs. Thus, only inpatient data was used for
analysis to ensure that the results accurately reflect real-world conditions.

After desensitizing patients' personal information and removing incomplete or abnormal records (where volume or
amount < 0), a total of 2,190,677 medication records from 76,284 patients were retained, including 167,116 records of
policy-related drugs (see Table 2 for inpatient drug utilization information).

2.2 Methods

The National Centralized Drug Procurement (NCDP) policy has played a significant role in reducing drug prices,
alleviating the burden on medical insurance, improving drug quality, and promoting public health equity. From a
socio-economic perspective, the policy has optimized the industry structure and encouraged innovation and
transformation among enterprises. From a public health standpoint, it has enhanced the accessibility of medications,
strengthened regulation, and promoted health equity. However, the implementation of the policy has also brought
challenges, such as the exit of small and medium-sized pharmaceutical companies, supply chain risks, and public
psychological concerns. While the policy is legally and reasonably sound in terms of international trade and intellectual
property, it has altered the distribution of market power. Overall, the NCDP policy is a beneficial institutional
innovation that serves the public and the country, bringing positive impacts on society and public health.

Drug utilization analysis T hrough detailed analysis of 167,116 medication data of 88 commonly-used policy-related
drugs,5 this study sum marized the patterns of brand substitution after policy intervention: 43.18% varieties have
achieved brand sub stitution, including high-intensity substitution (complete substitution) and middle-intensity
substitution (partial substitution); 40.90% varieties have not achieved brand substitution; 15.91% have achieved
alternation of vari eties (Table 3 Summary of the substitution of policy related drugs). Situation 1: brand substitution
High- intensity substitution High-intensity substitu tion (complete substitution) referred to the partial or complete
utilization of bid-non-winning brands before policy intervention, and complete utilization of bid winning brands after
policy intervention. 6 (6/88, 6.81%)

Based on the medication data of 88 policy-related drugs commonly used in medical institutions, this study analyzed the
substitution of bid-winning brands for bid-non-winning brands.

3 RESULT

Statistical analysis Index This study focused on the change in price and volume of policy-related drugs after policy
intervention. Drug price was evaluated by Defined Daily Dose Cost (DDDc). DDDc takes DDD as the unit of
measurement to reflect the average daily medication cost. The larger the DDDc, the higher the price as shown in table 2.

Table 2 Inpatient drug utilization information

Data Type Information Details
Basic information Item name,item code,dosage form,brand,specification,license number
Drug utilization information Unit price,drug utilization volume,drug utilization expenses

DD = (MUnit price x (®)DDD

" @Package size  (3)Unit strength 0
(DUnit price: sales price of the target drug per pack-age size.
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(@Package size: the minimum quantity of measure-ment units included in the package unit.

(3 Unit strength: the content of active ingredients inthe minimum unit of measurement of the target drug.

@DDD: Defned Daily Dose, that is, the average dailymaintenance dose for adults, determined according tothe
Guidelines for ATC Classification and DDD Assignment 2021 issued by WHO and the package insert.

Take Acarbose (the second round) for example. Its DDDc of 2.46 is calculated based on the unit price of 36.9 CNY/box,
the package size of 30 tablets/box, the unit strength of 0.25ug, and the DDD of 0.5ug. Drug volume was evaluated by
Defined Daily Dose (DDDs). DDDs takes DDD as the unit of measurement to reflect days of application. The larger the
DDDs, the larger the volume.

(5)Drug volume

(#)DDD @

Take Acarbose (the second round) for example. The DDDs of 30 is calculated by the DDD of 0.5ug and the drug
volume of 0.25ug*30 tablets/box*2 boxes. Analytical method For one thing, the data of this study is not linearly dis
tributed, and it is difficult to choose the control group because NCDP is a nationwide policy. So ITS or DID analysis is
not suitable. Eventually, through pre-post study, interrupted by the time of NCDP implementation, this study applied
the descriptive statistics to analyze the change in target indexes, and applied rank-sum test or unpaired t test for
statistics test. For another, after grouping the results through descriptive statistics, this study applied rank-Sum test of
categorical variables and one-way Anova of continuous variables to launch the between-group test of influencing
factors (see Influencing factors of drug utilization change section) so that whether the difference between situations was
large could be investigated. This study used Microsoft Excel 2019 to establish data base and used the statistical data
analysis software Stata 16.0 to complete the analysis. p < 0.05 was considered statistically significant.

DDDs =

4 CONCLUSION AND DISCUSSION

This study uses a range of methods to address the portfolio selection problem. First, the optimal portfolio is screened
through the non-dominated sorting genetic algorithm NSGA-II, which is more effective in solving multi-objective
optimization problems. Subsequently, in order to simulate the uncertainty of the stock market, this study uses Monte
Carlo simulation based on the geometric Brownian motion model to generate the return curve of the portfolio. Finally,
the sampling method is improved through MCMC to obtain stationary distribution samples so that the distribution
converges more effectively[16-18].

The experimental results of this paper also effectively demonstrate the effectiveness of NSGA-II in multi-objective
optimization, the flexibility of Monte Carlo simulation, and the superiority of the MCMC method in sampling methods.
There may be some limitations to the methodology of this study, and the reliability of the model needs to be further
tested. Nonetheless, the method we use is highly general and can effectively solve asset allocation problems in financial
markets as shown in table 3 and table 4.

Table 3 Summary of the Substitution of Policy-Related Drugs

No. Brand Substitution Intensity Situation Explanation Proportion

Bid-non-winning brands were only
or partially used before policy
intervention,while only bid-winning 6.82% 43.18%
brands were used after policy
intervention
Utilization volume of bid-winning
Partial brands increased after policy
2 Middle substitution intervention,progressively 36.36%
substituting for bid-non-winning
brands
(DBid-winning brands were used
both before and after policy
intervention,brand selection did not
change while diddc and ddds
changed;@DDC of 40.90% 40.90%
bid-non-winning brands decreased
after policy intervention;medical
institutions did not raise the
proportion of bid-winning brands

Complete

1 Yes High substitution

No
substitution

Policy-related
Alternati drugs came Policy-related drugs were not used
4 on of into use after ~ before policy intervention and came 9.09% 15.91%
varieties policy into use after policy intervention
intervention
Policy-related  Policy-related drugs were no longer

0,
drugs no used after policy intervention 6.82%
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longer used
after policy
intervention

Table 4 Drugs of Complete Substitution

DDDc DDDs
No. Round G ic N Brand
[} oun eneric Name ran Before After Rate of Before After Rate of
Change Change
Tenofovir Bid-winning 0.47 -97.15%*** 45.00  3.25%%**
1 First disoproxil . L
fumarate tablets Bid-non-winning  16.33 43.58
5 First Montelukast Bid-winning 3.79  -32.27%%** 11.19 13.22%
sodium tablets ~ Bid-non-winning  5.60 9.88
Montelukast Bid-winning 1.60  -76.45%%*** 13.17 -2.41%
3. Third - sodiumoral gy o winning 6,78 13.50
granules
4 Third Ticagrelor Bid-winning 3.71 1.02 -82.10%***  28.00 41.08 34.14%**
tablets Bid-non-winning  8.45 70.00
5 Fifth Docetaxel Bid-winning 92.67 6.45 -91.96%***  18.74 17.51 -16.04%***
injection Bid-non-winning ~ 79.22 21.03
Potassium Bid-winning 2.35 2.03 -4.18%*** 7.17 7.91 10.91%***
. chloride
6 Fifth sustained-release  Bid-non-winning 1.36 7.03
tablets

Standard errors in parentheses
** p <0.05 *** p <0.01

Policy-related drugs achieved complete substitution (see Table 4 for drugs with complete substitution). Among the six
drugs that underwent complete substitution, the Defined Daily Doses (DDDs) of three bid-winning brands (3 out of 6,
or 50%) saw a significant increase. Notably, ticagrelor tablets for cardiovascular conditions exhibited the highest
growth rate in DDDs, which was 34.14% when comparing the average values from the six months before and after the
policy intervention.

It is important to highlight that after the complete substitution, the DDDs for docetaxel injection experienced a
significant decline, while there was no notable change in the DDDs for montelukast sodium oral granules. Two factors
contributed to this outcome, as revealed by on-site interviews at the medical institution: firstly, the efficacy became
inconsistent following the brand substitution, prompting doctors to switch to alternative options like docetaxel injection;
secondly, the reciprocal substitution among policy-related drugs resulted in a reduction of DDDs for the bid-winning
brands. For instance, montelukast sodium oral granules from the third round had their tablets and chewable tablets
procured in the first and third rounds, respectively. In the six months following the policy intervention, the DDDs for
these two forms increased by 13.22% and 24.39%, respectively, thereby impacting the utilization of montelukast
sodium oral granules.

Middle-intensity substitution, or partial substitution, refers to the scenario where the utilization volume of bid-winning
brands increased following the policy intervention, gradually replacing bid-non-winning brands. In the analyzed data,
32 drugs (32 out of 88, or 36.36%) achieved partial substitution, which was the predominant trend (see Table 5 for
drugs with partial substitution).

Among the 32 drugs that underwent partial substitution, 27 bid-winning brands (27 out of 32, or 84.37%) were not
utilized prior to the policy intervention. Following the intervention, medical institutions began to incorporate these
brands into their practices. Additionally, the bid-winning brands of five drugs (5 out of 32, or 18.75%) were rarely used
before the policy intervention, but their utilization volumes significantly increased afterward, gradually capturing
market share from the bid-non-winning brands.

This study examines the impact of the National Centralized Drug Procurement (NCDP) policy on the substitution
patterns of policy-related drugs in a medical institution in Nanjing. The research focuses on 88 commonly used drugs
from the first to fifth rounds of the NCDP, analyzing how bid-winning brands replaced bid-non-winning brands
following the policy's implementation.

The findings reveal that among the drugs analyzed, six achieved complete substitution, with three of these showing a
significant increase in Defined Daily Doses (DDDs). Notably, ticagrelor tablets for cardiovascular conditions had the
highest growth rate. However, the study also highlights challenges, such as a significant decrease in DDDs for
docetaxel injection and no notable change for montelukast sodium oral granules, attributed to concerns over efficacy
and the dynamics of drug substitution.

Additionally, the research identifies a middle-intensity substitution trend, where 32 drugs experienced partial
substitution. Most of these bid-winning brands were not utilized before the policy intervention, indicating a shift in
prescribing practices. The study underscores the NCDP's role in optimizing drug accessibility and promoting
cost-effective healthcare while also noting the challenges faced by smaller pharmaceutical companies and potential
impacts on drug efficacy.

Overall, the NCDP policy demonstrates a significant influence on drug utilization patterns, contributing to the broader
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goals of reducing drug costs, enhancing quality, and promoting public health equity.
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Abstract: Taking listed companies involved in civil-military integration (CMI) in Sichuan Province as the research
sample, this paper constructs a multi-dimensional evaluation system comprising resource input, technological output,
economic output, and strategic output. Notably, government subsidies are incorporated as an output indicator measuring
the "strategic value" of enterprises. On this basis, the DEA-BCC model and Malmquist index model are employed to
conduct static measurement and dynamic evolution analysis of the collaborative innovation efficiency of these
enterprises from 2022 to 2024. The study finds that: the low scale efficiency of innovation in Sichuan's CMI enterprises
is the main factor restricting the improvement of overall effectiveness, and there is significant efficiency differentiation
within the industry, Total Factor Productivity (TFP) shows a slight overall upward trend but fluctuates significantly due
to the external environment, presenting a non-equilibrium characteristic of being significantly driven by technological
progress while lagging in management efficiency catch-up. The conclusions of this paper provide a reference for
optimizing the allocation of regional civil-military integration resources.

Keywords: Civil-military integration; Collaborative innovation; DEA-Malmquist model; Strategic value

1 INTRODUCTION

Under the macro trend of increasingly fierce global technological competition and deepening game between major
powers, coordinating development and security has risen to the core essence of national strategy. The report of the 20th
National Congress of the Communist Party of China explicitly proposed to "consolidate and improve the integrated
national strategic system and capabilities." This important assertion marks that China's civil-military integration
development has moved beyond the stage of simple industrial combination and embarked on a new journey of deep
integration across all factors, multiple fields, and high efficiency.

As a strategic rear area of the country and an important region for the national defense science and technology industry,
Sichuan Province has become a comprehensive innovation and reform pilot zone and a national civil-military
integration innovation demonstration zone, shouldering extremely special and major historical missions and practical
responsibilities. In recent years, it has built a national defense science and technology industrial system characterized by
distinct features such as nuclear energy, aerospace, and electronic information.However, limited by institutional
barriers, private enterprises find it difficult to integrate into the military industrial resource system, and cannot
effectively integrate their own advantageous resources with military industrial resources. This leads to problems such as
low conversion rates of scientific research results and weak industrial chain synergy effects, which seriously restrict the
improvement and breakthrough of regional innovation capabilities. How to scientifically evaluate the resource
allocation efficiency of civil-military sci-tech collaborative innovation? How to identify key obstacles restricting
collaborative innovation? These are urgent practical needs for guiding local governments to optimize policy supply and
promote high-quality industrial development.

This study takes 14 listed companies participating in civil-military sci-tech collaborative innovation in Sichuan from
2022 to 2024 as the research objects. Using DEA and Malmquist index analysis methods, empirical research is carried
out on the static efficiency and dynamic evolution of civil-military sci-tech collaborative innovation. It analyzes the key
factors affecting the efficiency of civil-military sci-tech collaborative innovation and evaluates the efficiency of
collaborative innovation, providing a policy basis for improving the development of civil-military collaborative
innovation in Sichuan.

2 LITERATURE REVIEW

A review of existing literature reveals that research on civil-military science and technology collaborative innovation
primarily addresses two areas. The first involves collaborative mechanisms. Li X L et al. explored the technological
innovation ecosystem of civil-military integration (CMI) enterprises, emphasizing how interactions among enterprises,
universities, and research institutions enhance innovation performance[1]. Lai Y et al. focused on information platform
construction within the CMI ecosystem, arguing that such platforms effectively integrate resources and enhance
collaborative efficiency[2]. The second area focuses on efficiency evaluation. Sun Z B and Li N et al. empirically
analyzed the impact of fiscal and tax policies using the DEA-Tobit model, finding that moderate fiscal support
significantly promotes innovation output[3]. Chen X et al. evaluated regional CMI innovation efficiency using a
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stochastic frontier panel data model, identifying the institutional environment and market openness as major influencing
factors[4]. Sun Z B further constructed a multi-dimensional evaluation method based on innovation environment,
resource input, innovation mechanism, and output capability[5].

However, when constructing indicator systems, previous efficiency evaluation studies often follow traditional
paradigms, overlooking the specific institutional context of CMI enterprises. This is particularly evident in the cognitive
bias regarding the definition of "government subsidies." Traditional views typically treat government subsidies as
financial instruments to correct market failures, focusing on their direct supplementary effect on R&D investment.
However, Tang Q Q pointed out that government subsidies are not merely tools for regulating the market economy but
also serve significant policy-based screening purposes[6]. Based on signaling theory, government subsidies possess a
distinct "certification effect." Kleer R demonstrated that government R&D subsidies act as a "quality signal" rather than
just financial support, implying that the recipient enterprise has passed strict qualification reviews and technical
screening[7]. Feldman M P et al. further noted that obtaining government funding creates a "halo effect," conveying
positive signals of high growth potential and strategic consistency to the market[8]. In the Chinese context, Guo Y
similarly confirmed that government innovation subsidies signal technological advantages to external investors[9].

In summary, while existing research on collaborative mechanisms and innovation evaluation has laid a solid foundation
for understanding CMI operations, several aspects remain to be improved. First, existing literature mostly treats
government subsidies as exogenous environmental variables or pure financial inputs, focusing on their unidirectional
incentive effect on innovation performance. It ignores that in the CMI context, obtaining subsidies signifies passing
strict qualification reviews and strategic screening, thus possessing significant "signaling" functions and "strategic
certification" attributes. Second, existing evaluation systems largely focus on explicit market performance such as
patent counts or financial returns. They rarely include strategic value reflecting national will in output considerations,
making it difficult to fully capture the dual identity of CMI enterprises as both "market economic entities" and "national
defense construction carriers." Accordingly, this paper expands upon existing research by innovatively treating
government subsidies as an output indicator measuring corporate "Strategic Value." By incorporating this into the
DEA-Malmquist model, we aim to evaluate collaborative innovation efficiency more objectively and comprehensively.

3 RESEARCH METHODOLOGY

We use Data Envelopment Analysis (DEA) to evaluate the relative efficiency of complex Decision Making Units
(DMUs) with multiple inputs and multiple outputs. The research objects of this paper are civil-military sci-tech
collaborative innovation enterprises. Such enterprises are often affected by the dual influence of policies, markets, and
technological cycles, making it difficult to operate under a completely ideal state of constant returns to scale. Moreover,
input factors (such as R&D funds and personnel) have stronger controllability compared to output factors. Therefore,
this paper selects the Input-oriented BCC model for static efficiency measurement. This model can further decompose
Technical Efficiency (TE) into Pure Technical Efficiency (PTE) and Scale Efficiency (SE), thereby more accurately
identifying the root causes of inefficiency.

Assuming there are n decision-making units (DMUs), each with p inputs and q outputs. Let x;; be the i-th input of the
j-th DMU, and vy, be ther-th output of the j-th DMU. The planning form of the input-oriented BCC model is as
follows:

p q
min [6—( s+ s )I )
., =1 =1

j:ixl‘j‘+sl'7:6xi0, i:1,2,...,p (2)
=1
A8y =0, =1,.2,....9 3)
=1
A=1 Q)
=1
220, 5720, 570 ®)

Where 0 represents the comprehensive technical efficiency value of the decision-making unit (0< 6= 1). If8=1 and slack
variables s™=0, s"=0, the DMU is DEA strongly effective; if 0< 1, it indicates non-DEA effective.}jis the weighting
coefficient; s; ands;are the slack variables for input and output, respectively. Based on this model, Technical Efficiency
(TE) can be decomposed into the product of Pure Technical Efficiency (PTE) and Scale Efficiency (SE), i.e.:

TE=PTExSE (6)
To reveal the dynamic change trend and driving factors of innovation efficiency of civil-military integration enterprises
in Sichuan Province, this paper further introduces the Malmquist Total Factor Productivity Index. The Malmquist index
uses the distance function to quantitatively measure the productivity change of the decision-making unit from period t to
periodt+1. The output-based Malmquist index can be defined as:
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Where D'(x.,y,) and D'(xy,ye1) represent the distance functions of period t and period t+1 respectively. This index
can be further decomposed into Technical Efficiency Change(EEFCH) and Technological Progress Change(TECHCH):
TFPCH=EFFCHXTECHCH ®)

M1,V 01 X0V )=

4 RESEARCH DESIGN
4.1 Sample Selection

Based on the "Measures for the Recognition of Civil-Military Integration Enterprises (Units) in Sichuan Province"
(2018), this paper selects 14 listed civil-military integration companies in Sichuan Province covering key fields such as
aerospace, advanced equipment manufacturing, digital economy, electronic information, and advanced materials as
research objects. The period from 2022 to 2024 is set as the research period for collaborative innovation efficiency. ST
stocks, *ST stocks, and enterprises with significant data deficiencies were excluded. Using the DEA method to evaluate
collaborative innovation efficiency requires the number of Decision Making Units (DMUs) to be greater than 2 times
the sum of input and output numbers. The number of civil-military integration listed companies selected in this paper is
greater than 2 times the sum of input and output items, satisfying the rule of thumb for DEA usage. Relevant data
mainly comes from CNINFO, the China National Intellectual Property Administration (CNIPA), and corporate annual
reports. The overview of the sample companies is shown in Table 1.

Table 1 Decision-making Unit Information

Enterprise Stock Code Type Scope of Business
Jiuyuan Yinhai 002777 Military-to-Civilian  Information system integration, classified system construction
Wisesoft 002253 Civilian-to-Military  Air traffic control, radar control
Sichuan Changhong 002268 Military-to-Civilian ~ Nitrocellulose products
Dongfang Electric 600875 Civilian-to-Military ~ Hydroelectric power equipment, steam turbine generators
AECC Aero Science 600391 Military-to-Civilian ~ Engine systems
Chengfei Integration 002190 Military-to-Civilian ~ Lithium batteries
Yahua Group 002497 Civilian-to-Military ~ Industrial explosives, civilian blasting equipment
Tianqi Lithium 002466 Civilian-to-Military ~ Industrial lithium carbonate
Guibao Tech 300019 Civilian-to-Military  Silicone sealants
North Chemical 000710 Military-to-Civilian ~ Organic silicone room temperature rubber, silane coupling agents
Haite High-Tech 002023 Civilian-to-Military ~ Aviation power systems, aircraft maintenance
Sichuan Jiuzhou 300101 Civilian-to-Military =~ Radar, communications, electronics
Xuguang Electronics 600353 Civilian-to-Military =~ Metal-ceramic electric vacuum devices
Leejun Industrial 002651 Civilian-to-Military ~ Roller presses

4.2 Indicator Construction

Civil-military sci-tech collaborative innovation enterprises are characterized by fast development, high technological
content, and the unification of economic and social values. A review of relevant literature reveals that when measuring
innovation efficiency, most studies select two main categories of indicators: innovation input and innovation output.
Some studies also consider factors such as information sufficiency and financial institution support[10,11]. This paper
primarily measures the collaborative innovation efficiency values of the 14 sample enterprises from 2022 to 2024 from
the aspects of innovation input and innovation output. The indicator selection is shown in Table 2.

4.2.1 Input indicators

In terms of input, drawing on the research of Wang Dandan and Xu Xin[12,13], three indicators are selected: R&D
expenditure input, Number of R&D personnel, and Total assets, to measure the scale and intensity of resource input of
enterprises in the process of civil-military sci-tech collaborative innovation. R&D expenditure directly reflects the
financial support intensity for technological innovation activities; the number of R&D personnel reflects the core
intellectual resource reserve for participating in collaborative innovation, and its scale and structure directly affect the
execution efficiency and quality of results of innovation activities; total assets portray the enterprise's economic strength
and resource allocation ability from an overall level, providing necessary material guarantees and risk buffering space
for collaborative innovation.

4.2.2 Output indicators

In terms of output, this paper constructs a multi-dimensional evaluation system containing technological innovation
output, economic benefit output, and strategic value output. First, referring to the practices of Sun Zhenqging and Guo
Shufen[14,15], the Number of new invention patents and Operating income are selected as measurement indicators for
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technological and economic outputs, respectively. The number of new invention patents intuitively reflects the original
output scale of the enterprise's technological innovation activities; considering that CMI enterprises generally possess
high-tech characteristics, operating income can effectively measure the market recognition and commercial realization
capability of their technological achievements.Second, addressing the limitation that traditional research often treats
government subsidies as exogenous environmental input variables, this paper combines the special institutional logic in
the context of civil-military integration and takes Government subsidies recorded in current profit and loss as a Strategic
Value Output Indicator. According to An J, government subsidies have a significant positive impact on corporate green
innovation and the realization of social responsibility[16]. In the field of CMI, government subsidies often have a strong
"screening mechanism" and usually only flow to advantageous enterprises that meet national strategic needs, break
through key core technologies, or undertake major national defense tasks. Whether for continuous subsidies or to
maintain a good political image, enterprises have strong motivations to strive for more external resources by improving
comprehensive performance or actively engaging in production activities that conform to national strategic orientation.
Therefore, this paper believes that government subsidies are essentially a "institutional certification" by the state of the
enterprise's strategic value. Including it in the output system can effectively quantify the enterprise's response degree
and contribution to national security strategy and policy orientation, thereby making up for the defect of "valuing
market over strategy" in traditional evaluation systems.

Table 2 Civil-Military Sci-Tech Collaborative Innovation Efficiency Evaluation Indicator System

Category Indicator Indicator Meaning and Explanation
R&D Expenditure Direct expenses invested in carrying out technological R&D activities, reflecting the
Inputll intensity of innovation capital input.
Inout Number of R&D Total number of employees specifically engaged in R&D work, reflecting the level of
P Personnel I enterprise innovation talent.

The sum of all economic resources owned or controlled, reflecting the enterprise's
comprehensive resource input capability.
Number of New Total number of invention patent applications submitted to CNIPA, measuring the output
Invention Patents O level of technological innovation results.
Total income generated by the enterprise through core businesses, measuring market
competitiveness and economies of scale.

Financial fund subsidies received during the research period and directly recorded in the
Government . . . . o .
SubsidiesOs current income s.tatement, reflecting the intensity of contribution to national defense
strategy and policy support.

Total Assets I3

Output Operating Income O>

By constructing the DEA-Malmquist model evaluation system containing the above 6 indicators, it is possible to
systematically analyze the full-chain efficiency characteristics of "Resource Input - Process Transformation-Value
Creation" in the process of civil-military sci-tech collaborative innovation.

5 EMPIRICAL ANALYSIS
5.1 Descriptive Analysis of Input and Output
Taking 2022 as the base period (setting the value to 1), standardization processing was performed on relevant data to

plot the trend of changes in input and output of civil-military sci-tech collaborative innovation in Sichuan from 2022 to
2024 (Figures 1 and 2 omitted, description follows).

—e— RE&D Expenditure Input
Number of R&D Personnel
15 —a— Total Assets

Normalized Value (Base Year 2022=1)

2022 2023 2024
Year

Figure 1 2022-2024 Trends in Sci-Tech Collaborative Innovation Inputs
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Figure 2 2022-2024 Trends in Sci-Tech Collaborative Innovation Output

From the trend analysis, the inputs and outputs of civil-military sci-tech collaborative innovation in Sichuan have shown
fluctuations over the past three years. Looking at the input, R&D expenditure investment showed a dramatic increase in
2023. However, the number of R&D personnel and total assets did not expand with the increase in funds but instead
showed a continuous slow downward trend. This phenomenon of "increasing money while decreasing people" indicates
that the growth of investment during this period was mainly reflected in the increase of capital flow, which may be used
more for equipment procurement, outsourcing services, or coping with rising costs, rather than effectively transforming
into substantive accumulation of internal talent teams and asset scale, revealing the insufficiency of the enterprise's
endogenous growth momentum.

Looking at the output, the trend of government subsidies is highly synchronized with R&D expenditure investment,
peaking in 2023 and then falling in 2024. This situation indicates that the increase in R&D investment in 2023 may
have been driven by government subsidies rather than spontaneous investment by enterprises based on market profits.
More critically, the high amount of capital investment failed to translate into corresponding technological achievements;
the number of new invention patents only rose slightly in 2023 and then declined in 2024. Main business income
remained relatively stable but lacked explosive power, presenting an overall passive characteristic of fluctuating with
policy changes.

5.2 DEA Model Static Analysis
This paper uses DEA 2.1 software to measure collaborative innovation efficiency. The overall results and specific
results of the static evaluation of sci-tech collaborative innovation in 2024 for the selected 14 private high-tech

enterprises participating in national defense industry construction are shown in Table 3 and Table 4.

Table 3 Overall Innovation Situation of Listed CMI Enterprises in Sichuan (2024)

Efficiency status pure technical efficiency scale merit (SE) technical efficiency (TE)
Effective Quantity 10 (71%) 7 (50%) 7
Non-effective Quantity 4 (29%) 7 (50%) 7
Average Value 0.927 0.916 0.847

Table 4 Efficiency Measurement of Sichuan CMI Innovation Enterprises (2024)
Technical Pure Technical

Enga;'([i):lse Efficiency Efficiency Scale FSfEﬁ)c tency Effectiveness Returns to Scale
(TE) (PTE)

g?gﬁl;n 1 1 1 ng%?c s\t/reong ly Constant

Wisesoft 1 1 1 DEA Strongly Constant
Effective

gllf:r?glrllong 1 1 1 ggﬁcg\tf:ngly Constant

gl(; 2tg£ing 0.672 1 0.672 g%z;lzfﬁ Decreasing

gg;cceAero 0.646 0.679 0.952 g;’f‘elclzf? Increasing

%Z;gafg;n 0.559 0.617 0.905 g;’f‘elclzf? Increasing
DEA Strongly

Yahua Group 1 1 1 Effective Constant

Eif}iﬁllrn 1 1 1 ggﬁcg\tf:ngly Constant

Guibao Tech 1 1 1 DEA Strongly Constant
Effective
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Technical Pure Technical

Enga;'g:ise Efficiency Efficiency Scale FSfEﬁ)c iency Effectiveness Returns to Scale
(TE) (PTE)

gﬁ;ﬁ;cal 0.825 0.993 0.831 g;’f‘elclzf? Decreasing

g?gi;le-Tech ! ! ! gffg:t?\t/reongly Constant

?iiil}?js 0.731 1 0.731 g%z;lzfﬁ Decreasing

{fgizgial 0.75 1 0.75 g;’fgc?l IVSGA Increasing

Technical Efficiency (TE), as the core output indicator of the DEA model, reflects the ability of a decision-making unit
to maximize output under given input constraints. Based on the empirical measurement of 14 CMI listed companies in
Sichuan Province in 2024, the average technical efficiency of the sample enterprises reached 0.8471, indicating that
there is 15.29% room for efficiency improvement in the industry as a whole. Further analysis reveals significant
efficiency differentiation: DEA strongly effective enterprises and ineffective enterprises each account for 50% (7
companies each). This structural contradiction reveals a possible "innovation polarization" phenomenon in Sichuan's
civil-military collaborative innovation field.

Pure Technical Efficiency (PTE) focuses on measuring the management level, technology conversion capability, and
internal process efficiency of the DMU after eliminating the interference of scale factors. The results show that the PTE
mean of the sample enterprises in 2024 reached 0.927, which is in a relatively high range. Among them, 10 enterprises
were PTE effective (71.4%). Comparing TE and PTE, the main contradiction restricting efficiency is likely not
universal management technology shortcomings, but rather improper scale allocation. Specifically, 71.4% of enterprises
achieved optimal management technology under the given scale, but only 50% achieved comprehensive efficiency
effectiveness.

Scale Efficiency (SE) measures whether the decision-making unit is operating at the "optimal production scale." The
mean SE of the sample enterprises in 2024 was 0.916. Comparing the data, the pure technical efficiency mean is lower
than the scale efficiency mean; however, the number of scale-ineffective enterprises (7) is far greater than that of pure
technical ineffective enterprises (4). This verifies the deduction that improper scale allocation is the primary reason for
the low innovation efficiency of sample enterprises.

In summary, the innovation efficiency of the 14 CMI listed companies in Sichuan in 2024 presents three core
characteristics:

1. Moderate efficiency, huge potential: The overall technical benefit mean is passable, but there is still huge potential
for improvement (15.3%) by optimizing resource allocation.

2. Polarization with prominent benchmarks: The industry presents a clear "7 strong, 7 weak" differentiation pattern.

3. Scale constraints, followed by management: The root cause of efficiency loss mainly comes from diseconomies of
scale, followed by low pure technical and management efficiency.

5.3 Malmquist Index Dynamic Analysis

Since the DEA model is limited to static analysis, to make the results more scientific, this paper constructs the
Malmquist Total Factor Productivity Index (TFPCH) based on panel data to explore the dynamic evolution trend and
real drivers from 2022 to 2024. The results are shown in Table 5 and Table 6.

Table 5 Overall Malmquist Index of Sichuan CMI Innovation Listed Companies (2022-2024)

Time Effch Techch Pech Sech Tfpch
2022-2023 1.189 0.38 1.121 1.061 0.451
2023-2024 0.665 241 0.875 0.76 1.602
2022-2024 0.927 1.395 0.998 0.9105 1.0265

Table 6 Malmquist Index Decomposition by Company (2022-2024)

Enterprise Code Effch Techch Pech Sech Tfpch
Jiuyuan Yinhai 0.839 1.361 1 0.839 1.142
Wisesoft 1.181 0.913 1.382 0.855 1.078
Sichuan Changhong 0.725 0.887 0.846 0.857 0.643
Dongfang Electric 0.419 0.979 0.514 0.816 0.411
AECC Aero Science 1 0.8 1 1 0.8
Chengfei Integration 0.952 0.408 1 0.952 0.389
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Enterprise Code Effch Techch Pech Sech Tfpch
Yahua Group 0.648 0.97 0.802 0.809 0.629
Tianqi Lithium 0.621 1.163 0.728 0.853 0.722
Guibao Tech 0.931 0.639 0.931 1 0.595
North Chemical 0.647 0.758 0.815 0.793 0.49
Haite High-Tech 1.651 1.764 1.388 1.19 2.913
Sichuan Jiuzhou 1.702 1.124 1.931 0.881 1.912
Xuguang Electronics 1.357 1.721 1.23 1.104 2.336
Leejun Industrial 0.729 0.816 1 0.729 0.595
Jiuyuan Yinhai 0.957 1.022 1.041 0.906 1.047

From an overall perspective, the Total Factor Productivity (TFP) of civil-military sci-tech collaborative innovation in
Sichuan presents a slight overall increase but with severe fluctuations. The TFPCH mean for 2022-2024 is 1.0265,
indicating an average annual growth of about 2.65%. However, this growth is not stable. In 2022-2023, TFP plummeted
to a low of 0.451 due to a sharp decline in the Technological Progress Index (TECHCH = 0.38), indicating a huge
impact from the contraction of the external technological environment or policy support.In 2023-2024, thanks to the
explosive expansion of the technological frontier (TECHCH jumped to 2.41), TFP rebounded strongly to 1.602.This
extreme volatility reveals that the current innovation system has not yet formed a stable endogenous growth mechanism.
Notably, in 2023-2024, while the technological frontier expanded, the Technical Efficiency Change Index (EFFCH)
dropped to 0.665, indicating that management capacity lagged behind the rapid rise in technical thresholds.

From an individual perspective,differentiation among enterprises is extremely significant. Leading enterprises like Haite
High-Tech (TFPCH=2.913), Xuguang Electronics (2.336), and Sichuan Jiuzhou (1.702) achieved multiplied innovation
efficiency through technological progress and efficiency improvement. However, companies like Chengfei Integration
(0.389) and Dongfang Electric (0.411) are in a deep adjustment period. The decomposition of means shows that the
sample enterprises' PECH mean is 1.041 (management is generally effective), while the SECH mean is only 0.906,
becoming the main shortcoming dragging down overall performance.

6 CONCLUSION AND POLICY SUGGESTIONS

In this paper, we use the DEA-BCC model and Malmquist index model to empirically evaluate the collaborative
innovation efficiency of 14 sample enterprises in Sichuan Province from 2022 to 2024.This paper provides several
observations.

Observation 1. Low scale efficiency is the "short board" restricting the overall effectiveness of the industry. Empirical
results show high Pure Technical Efficiency (PTE mean 0.927) but relatively low Scale Efficiency (SE mean 0.916).
The main contradiction lies in the mismatch between resource input scale and output structure.

Observation 2. Sichuan's CMI innovation presents a non-equilibrium growth characteristic of "Driven by technological
progress, but lagging in management catch-up." TFPCH > 1 indicates slight growth. Technological progress
(TECHCH) is the sole core engine, while Technical Efficiency Change (EFFCH < 1) implies that most enterprises fail
to keep up with the moving speed of the technological frontier ("Tech advances, Management retreats").

Observation 3. The industry presents a distinct "Dual Structure." There is a significant gap between the "7 strong"
leading enterprises (like Haite High-Tech) and the "7 weak" enterprises in transition. The advantages of leading
enterprises have not effectively spilled over to the entire industrial chain.

Based on the above conclusions, the following suggestions are proposed to further enhance the efficiency of
military-civilian collaborative innovation in Sichuan Province:

Suggestions 1. Implement a differentiated "Scale Adaptation" strategy. For enterprises with decreasing returns to scale
(mostly traditional heavy-asset types), guide them to control blind asset expansion and improve scale efficiency by
divesting inefficient assets. For enterprises with increasing returns to scale (mostly emerging technology types),
increase factor support (special funds, financing) to help them expand capacity.

Suggestions 2. Strengthen management empowerment and technology absorption to repair the "Catch-up Effect.”
Enterprises should shift focus from pure technology introduction to the innovation of internal management mechanisms,
establishing agile management systems matching the speed of technological iteration. The government can build
generic technology service platforms to reduce trial-and-error costs for SMEs.

Suggestions 3. Leverage the demonstration effect of "Chain Masters" to alleviate the "Dual Differentiation." Encourage
leading "Chain Master" enterprises with leading TFP to lead the formation of innovation consortiums. Through
technology standard sharing and management model output, drive downstream enterprises to improve management
levels and repair the industry's overall "catch-up effect.
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Abstract: This paper selects the logistics data of Guangzhou from 2015 to 2019, using grey theory model and grey
Markov model to forecast the logistics development data of Guangzhou from 2015 to 2019. Based on the actual data
and forecast data of Guangzhou logistics from 2015 to 2019, the grey Markov model with high forecasting accuracy is
selected to calculate the logistics demand of Guangzhou from 2020 to 2024, the empirical results show that there are
two characteristics of logistics demand growth in Guangzhou in the future: First, the total demand of logistics industry
in Guangzhou shows a continuous growth trend; Second, the structure of logistics demand in Guangzhou has changed
slightly. According to the results of empirical research, this paper puts forward two countermeasures: First of all, under
the background of new infrastructure, Guangzhou needs to strengthen the construction of logistics infrastructure,
focusing on the development and improvement of infrastructure construction such as Internet of Things and logistics
big data. Secondly, in view of the changes in the logistics demand structure in Guangzhou, we should continue to
optimize the structure of the logistics industry, drain the highway logistics with higher carbon emissions, and pay
attention to the development of clean, efficient and low-energy logistics methods to help achieve the goals of peak
carbon dioxide emissions and carbon neutrality.

Keywords: Grey prediction model; Grey Markov model; Guangzhou; Logistics demand forecast

1 INTRODUCTION

Logistics plays an increasingly important role in the economic and social system[1-4]. There is a positive circular
relationship between economic development and logistics development, and logistics and economic development
complement each other. Under the background of the integrated development of Guangdong-Hong Kong-Macao
Greater Bay Area, Guangzhou, as an important node city of Guangdong-Hong Kong-Macao Greater Bay Area, is
particularly important to improve the level of Guangzhou’s logistics industry with the highest global efficiency, the
lowest cost and the most competitive under the background of the new development pattern of the domestic circulation
as the main body and the mutual promotion of the domestic and international circulation. Guangzhou’ s logistics
industry has shown a good development trend. According to the National Economic Statistical Bulletin of Guangzhou in
2019, Guangzhou’ s freight volume in 2019 was 136.165 million tons, an increase of 6.6 % compared with 2018, and
the turnover of goods was 218.29 billion tons of kilometers, an increase of 1.6 % compared with the previous year. As
an important logistics hub in Guangdong-Hong Kong-Macao Greater Bay Area, Guangzhou’ s high-quality
development of modern logistics promotes the economic integration process of Guangdong-Hong Kong-Macao Greater
Bay Area, and is also conducive to Guangzhou’ s development as the economic growth pole of transportation hub in
Guangdong-Hong Kong-Macao Greater Bay Area. Therefore, the prediction of the development trend of Guangzhou’ s
logistics industry is conducive to Guangzhou’ s mastery of the market supply and demand development of logistics
industry development, and is conducive to Guangzhou’ s early development planning for logistics infrastructure
construction, promoting the high-quality development of logistics industry, and meeting the development of logistics
demand in Guangzhou.

In recent years, logistics development prediction has become a hot topic of research for scholars. The methods
commonly used by scholars include exponential smoothing [5-7], linear models [8], BP neural network methods [5-9],
multiple regression analysis [5,9], seasonal autoregressive models [10-13], discrete wavelet techniques [14], vector
autoregressive methods [15], Markov model theory [16], and other widely used methods for predicting logistics and
freight development. In addition to conventional prediction methods, scholars have also innovated prediction methods,
such as a genetic algorithm and a backpropagation (GA-BP) prediction model an optimized backpropagation neural
network model using genetic algorithms, for predicting freight demand with small errors [17]. We applied the L-OD
logistics demand forecasting method and constructed a new dual constraint gravity model to predict logistics
distribution, achieving good prediction results. Introducing the State Travel Demand Model (STDM) [18], a new hybrid
multi criteria decision model combining Delphi, Analytic Network Process (ANP), and Quality Function Deployment
(QFD) methods in a fuzzy environment is used for freight forecasting [19]. Grey system theory is an effective method
for studying and modeling systems composed of small samples, which contains limited information and has wide
applications in many fields [20]. Extract valuable information by processing known information. Further utilize this
method to explore the evolutionary laws of the system and establish a predictive model. Due to the many factors that
affect the development of freight transportation, such as transportation and logistics environment factors, regional
economic environment factors, government policy factors, technological environment factors, etc., it can be regarded as
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a grey system. Therefore, it can be described using the Grey Model (GM). The GM (1,1) model is the most commonly
used grey model. Satisfactory results have been achieved in predicting freight volume using the GM (1,1) model [5,9,
21-25].

In conclusion, this paper selects the logistics data of Guangzhou from 2015 to 2019 for modeling analysis, and uses
grey theory model and grey Markov model to predict the logistics development data of Guangzhou from 2015 to 2019.
On the basis of the actual logistics data and prediction data of Guangzhou from 2015 to 2019, this paper selects the
prediction model with high prediction accuracy to calculate the logistics demand of Guangzhou from 2020 to 2024,
which provides reference for Guangzhou to further make reasonable planning and construction of high quality modern
logistics.

2 RESEARCH METHODS
2.1 Grey System Theory and GM ( 1,1 ) Model

2.1.1 Overview of grey system theory
The grey system theory was established in 1982 by Professor Deng Julong, a Chinese scholar. At the cognitive level, the
system is divided into black, white and grey three-color systems. Black means that information is scarce and completely
insufficient. When the information of the object of study is not clear and the data is very small, it should be expressed
by ‘black’. White means that information is rich and sufficient. When the information of the object of study is clear and
the data is sufficient, it can be expressed by ‘white’, and gray is between them. The grey system theory aims at the
situation that some information in the system is known, while some information is incomplete. ~Now grey system
theory has been widely used, which plays an important role in national economy and social development.
2.2.2 Establishment of GM ( 1,1 ) model
Grey GM ( 1,1 ) model is a process of data collection and analysis, grey modeling and model solving for grey system.
GM (1,1 ) model is the most commonly used gray theory model, and its modeling principle is as follows:
Firstly, a set of primitive numbers is set as

XO=LOM O 2)x(3),~ P ()}, among XO(h)>0,k=1,2, n
Then, the original sequence is cumulatively generated, and the generated new number is listed as
X(1)={x(l)(1),x(1)(2),x(1)(3),“' x(l)(n)}, where, x((k)= li(=1 x(0(®), k=1,2,~ n
Thirdly, the moving average matrix B and vector Y, are constructed.

*%(x(l)(l)er(l)(Z)) 1

—%(x(l)(2)+x(1)(3)) 1

*%(x(l) (n—D+D @) 1

Y, =x©2),x(3),~ x@())T, the undetermined coefficients a and u are calculated by the least square method.
a=[a,u]’=(B"B)"'B"Y,
XD = O (1)=)e k4= (1)

O e+ 1) =xD (ke+1)-xD (k) )
Formulas ( 1) and ( 2 ) are the prediction equations of GM ( 1,1 ) model, where x©(k+1) is the predicted value, — a is
the development coefficient, and u is the grey effect.
2.1.3 GM ( 1,1 ) model test
We conduct residual test on the GM ( 1,1 ) model, and the posterior residual test is adopted in this paper.
(D Calculate the original sequence mean

1
= 1 xO® 3)
(2 Mean square deviation of original series
I »n
SJ L GO®- o)
(® Residual mean
I n
= e(k) %)
(@ Mean square error of residuals
1
S 1 ey (6)
® Posterior residual ratio C
=52
C=5 (N
(© Probability of small error
P=P{|e(k)—¢|<0.6745S,} ®)
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Finally, according to the ratio C and probability P, the accuracy of the model is determined by comparing the accuracy
level table of the grey prediction model (Table 1).

Table 1 Table of Prediction Accuracy

Grade C P
Good =035 =0.95
Qualified =0.50 =0.80
Barely qualified =0.65 =0.70
Unqualified >0.65 <0.70

2.2 Grey Markov Theory and Model

2.2.1 Overview of grey markov theory

Markov model was first proposed by Russian mathematician Markov in 1906, Markov prediction model is based on the
current situation to predict the future moment of development. Given the current knowledge or information, the past
( that is, the current previous historical state ) is irrelevant to predicting the future ( that is, the current future state ).
Time and state are discrete Markov processes called Markov chains, which are abbreviated as {X,,n=1,2,... }. The
Markov model is based on the data predicted by the grey GM(1,1) model. According to the calculated relative values,
the state transition matrix is divided, and the optimal state is found from the steps of the state transition matrix, so as to
estimate the future change trend.

2.2.2 Grey markov model

(1) Division of State Intervals

The ratio between the original data and the grey prediction value is calculated, and the space is divided into n intervals
according to the calculated value. Each interval represents a state and is represented by E;, E;€[l,m;],i=1, 2,..., n.
Where 1; and m; are the upper and lower limits of the state interval.

(2) Establishment of State Transition Probability Matrix

Since there are more than one state at each different time, there are several cases of transition from the previous state to
the current state, then all conditional probabilities form a matrix called the transition probability matrix. State transition
probability from state E; to state E; is represented by Pk

ni'(k)
Pj=== ®
The state transition probability matrix is obtained:
Pll P12 e Pln
L N (10)
P nl P n2 “ee Pnn

(3) Optimized Predictive Value of Markov Chain Model
An event is currently in state E,, according to the state transition probability matrix, the state transition probability

vector is V,, and then the large probability transition direction and its fluctuation range of the next state of the event
can be obtained by using V * p. The possible prediction value of the system in the future is :
01
x O = (lrm (1)

In which 1; and m; are the upper and lower limits of the next state interval, and x© is the predicted value of the
grey prediction model GM(1,1).

3 ESTABLISHMENT OF GM ( 1,1 ) PREDICTION MODEL FOR LOGISTICS DEMAND IN GUANGZHOU
3.1 Source and Overview of Data

The data are from the Guangzhou Statistical Yearbook from 2015 to 2019 on the website of Guangzhou Bureau of
Statistics. The data are six groups of data including the freight volume, railway freight volume, highway freight volume,
waterway freight volume, air freight volume and pipeline freight volume in Guangzhou. For convenience of calculation,
the following are respectively expressed by Freight volume (F), Railway freight volume (R), Highway freight volume
(H), waterway freight volume (w), Air freight volume (A) and Pipeline freight volume (P). Statistics the development of
logistics demand in Guangzhou every year, including the freight volume ( F ), railway freight volume ( R ), highway
freight volume ( H ), waterway freight volume ( W ), aviation freight volume ( A ), pipeline freight volume ( P ), the
total value of the six index system, as shown in table 2, and as the original data to predict the development of logistics
demand in Guangzhou from 2020 to 2024.
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Table 2 Annual Data of Logistics Demand Development Indicators in Guangzhou from 2015 to 2019 Unit: (10000

tons)
Freight volume Railway freight Highway freight Waterway freight Air freight volume Pipeline freight
(F) volume volume volume (A) volume

®R) (H) W) (P)
2015 100124 4811 71284 23007 116 905
2016 107992 4884 71860 30212 125 910
2017 120737 5121 77099 37506 132 879
2018 127752 1989 82032 42608 137 985
2019 136165 2105 88352 44571 140 997

Data Source: Guangzhou Statistical Yearbook, website of Guangzhou Bureau of Statistics.
3.2 Class Ratio Checking

3.2.1 Calculate the grade ratio
MK)F=(0.9271,0.8944,0.9451,0.9382)
MKk)R=(0.9851,0.9537,2.5747,0.9449)
MK)H=(0.9920,0.9320,0.9399,0.9285)
MK)W=(0.7615,0.8055,0.8803,0.9560)
Mk)A=(0.9280,0.9470,0.9635,0.9786)
AMK)P=(0.9945,1.1111,0.8924,0.9880)
3.2.2 Judgment grade ratio

2 2

rk)E (e"—“»,e"T‘) When n is 5, Mk)E€(0.7165,1.3956). When the A(k) value falls in the above range, it is s

uitable to use GM (1,1)modeling. A(k)F € (0.8944,0.9451),

A(KH € (0.9285,0.9920), A(K)W € (0.7615,0.9560), A(K)A € (0.9280,0.9786), A(K)PE (0.8924,1.1111), K=2,3.4,5
, the ratio of stages is in the region A(k)€ (0.7165,1.3956), so GM(1,1) modeling can be done with Xgo)’
Xl(f), x&}), XS)XI(,O) . However, there is a grade ratio of A(k)R E (0.9449,2.5747) that is not in the region, so

it is not suitable for GM(1,1) modeling with X(O), and it is not suitable for prediction. Therefore, the railwayf
reightvolume will no longer be predicted below.

3.3 GM (1,1 ) Model Construction

According to the original sequence, a cumulative sequence is generated, and the differential equation is constructed. On
the basis of solving the values of a and b, the time response sequence is obtained as shown in Equations ( 12 — 16 ).
The predicted values are calculated according to the time response series ( 12 — 16 ), as shown in Table 3 and Table 4.

XO (et 1= (XO( 1)F—§) e‘ak+g:1435664.583e°'°74k71335540.583

(12)
u u
XD (k+1)= (X(°>( I)T‘g) e‘ak+;=1016465.39360'0681‘—945181.393 (13)
XD (k1) = (X@ (1)Wf§) e’ak+%=249449.09260'12“‘7226442.092 (14)
XD (k1) .= (X(O)(l) A,g) e’ak+§=3326. 1e0937k-3210.1 (15)
u u
XD (k+1)p= (X<0> (Dp— ;) e-ak+;=22170. 147¢%93%-21265.147 (16)

Table 3 Actual and Predicted Values of Logistics Demand Development Indicators in Guangzhou (unit: 10,000 tons)

Freight volume (F) Highway freight volume (H)
Year X(o) X X(O) X
F F H H
2015 100124 100124 71284 71284
2016 107992 109844 71860 71823
2017 120737 118249 77099 76897
2018 127752 127296 82032 82331
2019 136165 137035 88352 88148

Table 4 Actual and Predicted Values of Logistics Demand Development Indicators in Guangzhou (unit: 10,000 tons)

Waterway freight volume (W) Air freight volume (A) Pipeline freight volume (P)
Year X© X X© X X© X
w w A A P P
2015 23007 23007 116 116 905 905

Volume 2, Issue 4, Pp 73-84, 2025



Prediction of logistics demand in Guangzhou based on grey Markov model 77

Waterway freight volume (W) Air freight volume (A) Pipeline freight volume (P)
Year <© X x© X x© X
W W A A P P
2016 30212 31996 125 126 910 888
2017 37506 36100 132 131 879 923
2018 42608 40731 137 136 985 960
2019 44571 45955 140 141 997 999

3.4 Accuracy Test of GM ( 1,1 ) Forecasting Model for Guangzhou Logistics Demand

3.4.1 Posterior residual test

According to the above modeling results of GM ( 1,1 ) model, the model accuracy test will be carried out below. This
paper uses the posterior residual test method to test.

First, get the standard deviation of the original sequence Xgo)’ X](f), XE,S), Xg)), X}()O), S;p=14583.696 S;z=7193.023
S1w=8955.949, S;,=9.670, S;p=52.452.

Secondly, the standard deviation of residual sequence &(k)g, e(k)y, e(K)w, e(k)a, k), is calculated, S,p=1625.963,
Sop=205.574, S,w=1627.531, S,,=1.000, S,p=27.608.

Then the posterior residual ratio C is calculated, Cr=0.111, Cy=0.029, Cy=0.182, C,=0.103, Cp=0.526

The value of Cp is greater than 0.5 and less than 0.65, and the posterior residual test results are barely qualified. The
values of Cg, Cy, Cw, C, are less than 0.35, and the posterior residual test results are good.

3.4.2 Small probability error test

The values of small probability error Sor, Sou, Sow > Soa > Sop are as follows: Sor =9836.7, Sgy =4851.694,
Sow=06040.788, Sga=6.522, Spp=35.379.

The small probability error |e(k)—¢| is calculated as follows:

le(k)p—erp|=(44.4,1896.4,2443.6,411.6,914.4) each value is less than Syp, so P=1>0.95.
le(kK)y—en|=(28.8,8.2,173.2,327.8,175.2) each value is less than Sgy,s0 P=1>0.95.
le(k)w—ew|=(23,1807,1383,1854,1407) each value is less than Syy,so P=1>0.95.

le(k)s—€al=(0,1,1,1,1) each value is less than Sj,,s0 P=1>0.95.

le(k)p—ep|=(0.2,21.8,44.2,24.8,2.2), P=0.8, qualified.

In summary, the freight volume ( F ), highway freight volume ( H ), waterway freight volume ( W), air freight volume
(A) of the four indicators of logistics demand development in Guangzhou meet the posterior residual test standard of C
<0.5,P = 0.8, Pipeline freight volume ( P ) meets the posterior residual test standard of C < 0.65, P = 0.8, indicating
that the model accuracy is qualified, therefore, it is feasible and scientific to use GM ( 1,1 ) model to predict the
development of logistics demand in Guangzhou.

4 ESTABLISHMENT OF GREY MARKOV FORECASTING MODEL FOR LOGISTICS DEMAND IN
GUANGZHOU

4.1 The State Interval is Divided according to Equations (12 — 16)

The state interval is divided according to the relative residual percentage between the original data value and the grey
prediction value. The relative residual percentage sequence is

{AK)F }={0%, -1.71%,2.06%,0.36%, -0.64%} The corresponding interval length of {A(k)r} is 1.5%, and it is divided
into three state intervals, in order from small to large for [-2%,-0.5%] ,[-0.5%, 1%] ,[1%, 2.5%]

{A(k)y }={0%,0.05%,0.26%, -0.36%,0.23%} The corresponding interval length of {A(k)y} is 0.3%, and it is divided
into three state intervals, in order from small to large for [-0.4%,-0.1%] ,[-0.1%, 0.2%] ,[0.2%, 0.5%]

{AK)w }={0%, -5.90%,3.75%,4.41%, -3.11%} The corresponding interval length of {A(k)w } is 4%, and it is divided
into three state intervals, in order from small to large for [-6%,-2%] ,[-2%, 2%] ,[2%, 6%]

{Ak) A }=1{0%, -0.8%,0.76%,0.73%, -0.71%} The corresponding interval length of {A(k), } is 0.6%, and it is divided
into three state intervals, in order from small to large for [-1%,-0.4%] ,[-0.4%, 0.2%] ,[0.2%, 0.8%]
{A(k)p}={0%,2.42%, -5.01%,2.54%, -0.20%} The corresponding interval length of {A(k)p} is 3%, and it is divided into
three state intervals, in order from small to large for [-5.5%,-2.5%] ,[-2.5%, 0.5%] ,[0.5%, 3.5%]

4.2 Grey Prediction State Segmentation

After dividing the state interval, the next step can divide the state of each grey prediction value of the grey prediction
model. The state results are shown in Table 5-9:

Table 5 Status Table of Grey Forecast Value of Freight Volume

Year Raw data ( 1((()))000 Grey prediction Residual error Relative Belonging status
tons) Xp value(10000 tons)Xg (10000 tons) residuals(%)A(k)r

2015 100124 100124 0 0 2

2016 107992 109844 -1852 -1.71 1
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Year Raw data ( 1((?)000 Grey prediction Residual error  Relative Belonging status
tons) Xg value(10000 tons)Xg (10000 tons) residuals(%)A(K)g
2017 120737 118249 2488 2.06 3
2018 127752 127296 456 0.36 2
2019 136165 137035 -870 -0.64 1
Table 6 Status Table of Grey Forecast Value of Highway Freight Volume
Year Raw data ( 1((())())00 Grey prediction Residual error ~ Relative Belonging status
tons) Xy value(10000 tons) Xy (10000 tons) residuals(%)A(k)y
2015 71284 71284 0 0 2
2016 71860 71823 37 0.05 2
2017 77099 76897 202 0.26 3
2018 82032 82331 -299 -0.36 1
2019 88352 88148 204 0.23 3
Table 7 Status Table of Grey Prediction Value of Waterway Freight Volume
Year Raw data ( 1(8)000 Grey prediction Residual error ~ Relative Belonging status
tons) Xy, value(10000 tons) Xy (10000 tons) residuals(%)A(K)w
2015 23007 23007 0 0 2
2016 30212 31996 -1784 -5.90 1
2017 37506 36100 1406 3.75 3
2018 42608 40731 1877 4.41 3
2019 44571 45955 -1384 -3.11 1
Table 8 Status Table of Grey Prediction Value of Air Freight Volume
Year Raw data ( 1((()))000 Grey prediction Residual error ~ Relative Belonging status
tons) X, value(10000 tons)X 5 (10000 tons) residuals(%)A(k) o
2015 116 116 0 0 2
2016 125 126 -1 -0.8 1
2017 132 131 1 0.76 3
2018 137 136 1 0.73 3
2019 140 141 -1 -0.71 1
Table 9 Status Table of Grey Prediction Value of Pipeline Freight Volume
Year Raw data ( 1((()))000 Grey prediction Residual error _ Relative Belonging status
tons) Xp value(10000 tons) Xp (10000 tons) residuals(%)A(k)p
2015 905 905 0 0 2
2016 910 888 22 2.42 3
2017 879 923 -44 -5.01 1
2018 985 960 25 2.54 3
2019 997 999 -2 -0.20 2

4.3 Calculation of State Transition Probability Matrix

The state transition probability matrix can be calculated according to the state-owned table:

0 0 1 0 0 1
|2 1 - 21
Pr= T 3 0 Py=10 T 3
01 0 1 o 0
0 0 1 0 0 1 0 0 1
11 11 11
PW: E 5 0 PA: 5 E 0 PP: (1) E 5
1o ! Loy L > Ly
2 2 2 2 2
4.4 Markov Chain Test

Whether the grey prediction value sequence can be analyzed by Markov model needs Markov test. According to the
calculation, the marginal probabilities of the five indexes are as follows

F: p={p1p2p3pat =10.4,04,0.2}
H: p=1{p1.p2pspa} ={0.2,04,0.4}
W: p={p1Papspat =10.4,02,04}
A: p=Ap1papspa) = {0.4,0.2,0.4}
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P: p;={p1p2pspa} = 10.2,04,0.4}
The x* statistic can be further calculated by the combination formula of one-step transition frequency, one-step
probability transition matrix and marginal probability. The value is shown in table 10-14:

2
Table 10 Calculation Table of Freight Volume %Statistics

state SalinE2| Salin22| SialinZZ | total
P P2 yZK]
1 0 0 1.6094 1.6094
2 1.0216 0.1823 0 1.2039
3 0 0.9163 0 0.9163
total 1.0216 1.0986 1.6094 3.7296

According to Table 10, x> = 7.4592. When the number of state partition m = 3, given the significance level a, o = 0.01,
according to the x* distribution table can be seen, x2 (( — 1)%)=0.297, x2 (( — 1)*)< x* holds, indicating that the
sequenceX® (k+1)r has Markov property, and Markov prediction model can be used.

2
Table 11 Calculation Table of Highway Freight Volume %Statistics

state e Jaln22| SaltnZ2| total
P P2 yZK]
1 0 0 0.9163 0.9163
2 0 1.0216 0.1823 1.2039
3 1.6094 0 0 1.6094
total 1.6094 1.0216 1.0986 3.7296

According to Table 11, x> = 7.4592. When the number of state partition m = 3, given the significance level a, o= 0.01,
according to the x> distribution table can be seen, x2 (( — 1)*)=0.297, x2 (( — 1)*)< x> holds, indicating that the
sequenceX® (k+1); has Markov property, and Markov prediction model can be used.

2
Table 12 Calculation Table of Waterway Freight Volume X;Statistics

state ﬁ1|1n§—‘:| ﬁzllni%l ﬁ3|1nl;—lz| total
1 0 0 0.9163 0.9163
2 0.2231 0.9163 0 1.1394
3 0.2231 0 0.2231 0.4462

total 0.4462 0.9163 1.1394 2.5019

According to Table 12, x> = 5.0038. When the number of state partition m = 3, given the significance level a, o = 0.01,
according to the x* distribution table can be seen, x2 (( — 1)%)=0.297, x2 (( — 1)*)< x* holds, indicating that the
sequenceX® (k+1)y, has Markov property, and Markov prediction model can be used.

x2 . .
Table 13 Calculation Table of Air Freight Volume 7StatIStICS

state Pi Pi2 Pi3 total
le|1”p1| ﬁ2|1”p2| ﬁ3|1”p3|
1 0 0 09163 0.9163
2 0.2231 0.9163 0 1.1394
3 0.2231 0 0.2231 0.4462
total 0.4462 0.9163 1.1394 2.5019

According to Table 13, x> =5.0038. When the number of state partition m = 3, given the significance level a, o.= 0.01,
according to the x* distribution table can be seen, x2 (( — 1)%)=0.297, x2 (( — 1)*)< x* holds, indicating that the
sequenceX® (k+1), has Markov property, and Markov prediction model can be used.

2
Table 14 Calculation Table of Pipeline Freight Volume %Statistics

state e Saln22| Saltn 22| total
P P2 yZK]
1 0 0 0.9163 0.9163
2 0 0.2231 0.2231 0.4462
3 0.9163 0.2231 0 1.1394
total 0.9163 0.4462 1.1394 2.5019
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According to Table 14, x> =5.0038. When the number of state partition m = 3, given the significance level a, o = 0.01,
according to the x* distribution table can be seen, x> (( — 1)*)=0.297, x2 (( — 1)*)< x> holds, indicating that the
sequenceX® (k+1)p has Markov property, and Markov prediction model can be used.

4.5 Markov Prediction Model Optimization

Through the prediction value selection formula under each state, combined with the state of grey prediction value, five
freight volume indexes from 2015 to 2019 are predicted by grey Markov prediction. The prediction results are as
follows: Table 15-19 shows:

Table 15 Grey Markov Forecast Optimization Table for Freight Volume

Year Raw data (10000 Markov prediction optimization Residual Relative Belonging
tons) Xéo) value(10000 tons) error(10000 tons) residuals(%)A(k)g status
2015 100124 100124 0 0 2
2016 107992 108494 -502 -0.46 1
2017 120737 120362 375 0.31 3
2018 127752 127622 130 0.10 2
2019 136165 135350 815 0.60 1

Table 16 Grey Markov Forecast Optimization Table for Highway Freight Volume

Year  Raw data (10000 Markov prediction optimization Residual error(10000 Relative Belonging
tons)Xl({O) value(10000 tons) tons) residuals(%)A(K)y status
2015 71284 71284 0 0 2
2016 71860 71859 1 0.00 2
2017 77099 77167 -68 -0.09 3
2018 82032 82126 -94 -0.11 1
2019 88352 88458 -106 0.12 3

Table 17 Grey Markov Forecast Optimization Table for Waterway Freight Volume

Year  Raw data (10000 Markov prediction optimization ~ Residual error(10000 Relative Belonging
tons) X\(,S) value(10000 tons) tons) residuals(%)A(K)w status
2015 23007 23007 0 0 2
2016 30212 30777 -565 -1.87 1
2017 37506 37620 -114 -0.30 3
2018 42608 42447 161 0.38 3
2019 44571 44204 367 0.82 1

Table 18 Grey Markov Forecast Optimization Table for Air Freight Volume

Year  Raw data (10000 Markov prediction optimization Residual Relative Belonging
tons) Xg)) value(10000 tons) error(10000 tons) residuals(%)A(k) o status
2015 116 116 0 0 2
2016 125 125 0 0 1
2017 132 132 0 0 3
2018 137 137 0 0 3
2019 140 140 0 0 1

Table 19 Grey Markov Forecast Optimization Table for Pipeline Freight Volume

Year  Raw data (10000 Markov prediction optimization Residual Relative Belonging
tons) XI(’O) value(10000 tons) error(10000 tons) residuals(%)A(k)p status
2015 905 905 0 0 2
2016 910 906 4 0.44 3
2017 879 888 -9 -1.02 1
2018 985 980 5 0.51 3
2019 997 997 0 0 2

5 GUANGZHOU LOGISTICS INDUSTRY DEVELOPMENT TREND PREDICTION MODEL SELECTION
AND PREDICTION RESULTS

According to tables 5-9 and 15-19, the grey prediction model and grey Markov model for 2015-2019 are compared and
analyzed, as shown in tables 20 and 21.
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Table 20 Comparative Analysis of Prediction Results of Grey Prediction Model and Grey Markov Model

Freight volume(F) Highway freight volume(H)
Grey prediction model Grey Markov model Grey prediction model Grey Markov model
Relative residual range (0,2.06%) (0,0.6%) (0,0.36%) (0,0.12%)
Average relative residual 0.954% 0.294% 0.18% 0.064%
Model precision 99.046% 99.706% 99.82% 99.936%

Table 21 Comparative Analysis of Prediction Results of Grey Prediction Model and Grey Markov Model

Water freight volume(W) Air freight volume (A) Pipeline freight volume(P)
Grey prediction Grey Markov Grey prediction  Grey Markov ~ Grey prediction Grey Markov
model model model model model model
Relat‘rvaigf‘dual (0,5.90%) (0,1.87%) (0,0.8%) (0,0) (0,5.01%) (0,1.02%)
Average relative 3.434% 0.674% 0.6% 0 2.034% 0.394%
residual
Model precision 96.566% 99.326% 99.4% 100% 97.966% 99.606%

After the optimization of grey Markov model, the relative residual of five indexes of Guangzhou logistics industry
development can be greatly reduced, the prediction accuracy has been significantly improved, and the prediction
reliability has been greatly improved. Therefore, the results predicted by the grey Markov model are more valuable and
appropriate.

According to the grey Markov model, the total demand forecast of freight volume in 2019 is in state 1, and the initial
state transition probability vector is Vo= ( 1,0,0 ). FromVy* p =( 0,0,1 ), it is concluded that the state in 2020 is most
likely to be state 3. Based on the grey Markov model, the demand forecast results of total freight volume in 2020-2024
are obtained. The results are shown in table 22:

Table 22 Grey Markov Forecast Optimization Table of Freight Volume in 2020-2024

Year Belonging status Grey prediction value(10000 tons)Xg Markov prediction optimization value (10000 tons)
2020 3 147520 150156
2021 2 158807 159214
2022 1 170957 168856
2023 3 184038 187327
2024 2 198119 198627

According to the grey Markov model, the total demand forecast of highway freight volume in 2019 is in state 3, and the
initial state transition probability vector is V= ( 0,0,1 ). FromVy* p =(1,0,0), it is concluded that the state in 2020 is
most likely to be state 1. Based on the grey Markov model, the demand forecast results of total freight volume in
2020-2024 are obtained. The results are shown in table 23:

Table 23 Grey Markov Forecast Optimization Table of Highway Freight Volume in 2020-2024

Year Belonging status Grey prediction value(10000 tons)Xy Markov prediction optimization value (10000 tons)
2020 1 94377 94142
2021 3 101045 101400
2022 1 108185 107915
2023 3 115830 116237
2024 1 124014 123705

According to the grey Markov model, the total demand forecast of waterway freight volume in 2019 is in state 1, and
the initial state transition probability vector is Vo= ( 1,0,0 ). FromVy* p =(0,0,1), it is concluded that the state in 2020
is most likely to be state 3. Based on the grey Markov model, the demand forecast results of total freight volume in
2020-2024 are obtained. The results are shown in table 24:

Table 24 Grey Markov Forecast Optimization Table of Waterway Freight Volume in 2020-2024

Year Belonging status Grey prediction value(10000 tons) Xy Markov prediction optimization value (10000 tons)
2020 3 51850 54034
2021 3 58500 60964
2022 3 66004 68784
2023 3 74470 77607
2024 3 84022 87561

According to the grey Markov model, the total demand forecast of air freight volume in 2019 is in state 1, and the initial
state transition probability vector is Vo= ( 1,0,0 ). FromVy* p = ( 0,0,1), it is concluded that the state in 2020 is most
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likely to be state 3. Based on the grey Markov model, the demand forecast results of total freight volume in 2020-2024
are obtained. The results are shown in table 25:

Table 25 Grey Markov Forecast Optimization Table of Air Freight Volume in 2020-2024

Year Belonging status Grey prediction value(10000 tons) X, Markov prediction optimization value (10000 tons)
2020 3 146 147
2021 3 152 153
2022 3 158 159
2023 3 164 165
2024 3 170 171

According to the grey Markov model, the total demand forecast of pipeline freight volume in 2019 is in state 3, and the
initial state transition probability vector is Vo= ( 0,0,1 ). FromV* p2=(0,%,%), it is concluded that the state in 2020 is

most likely to be state 3. Based on the grey Markov model, the demand forecast results of total freight volume in
2020-2024 are obtained. The results are shown in table 26:

Table 26 Grey Markov Forecast Optimization Table of Pipeline Freight Volume in 2020-2024

Year Belonging status Grey prediction value(10000 tons)Xp Markov prediction optimization value (10000 tons)
2020 3 1039 1060
2021 1 1080 1039
2022 3 1124 1147
2023 2 1169 1158
2024 3 1215 1240

According to the demand forecast of Guangzhou logistics industry in 2024, compared with the basic data in 2019, the
change trend of Guangzhou logistics structure is shown in Figure 1.

Business Chart of Guangzhou Logistics ludustry in
2019

0.10%
0.73%
32.73%

4

L
64.89%

= Highway Freight Volume (H) Waterway Freight Volume (W)
Air Freight Volume (A) Pipeline Freight Volume (P)

Business Chart of Guangzhou Logistics Iudustry in

2024
0.08% 0.57%
40.11% ,
\ ’ 56.66%
= Highway Freight Volume (H) Waterway Freight Volume (W)
Air Freight Volume (A) Pipeline Freight Volume (P)

Figure 1 Comparison of Business Structure between Guangzhou Logistics Industry in 2019 and Guangzhou Logistics
Industry in 2024

According to the prediction results, highway freight in 2024 is still the main business of the logistics industry in
Guangzhou. It is expected that the highway freight volume will still show a trend of moderate growth in the future,
while the proportion of waterway freight volume is higher than that in 2019, and the future development potential will
be improved. The other two freight volume indicators will slowly rise. From the forecast trend, the total freight volume
in the future shows a gradual growth trend. Under the construction of Guangdong-Hong Kong-Macao Greater Bay Area,
each freight index of Guangzhou will be improved to varying degrees, which brings greater opportunities to the
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development of logistics industry in Guangzhou. The logistics demand is very large in 2020-2024, and the total freight
volume increases at the rate of 10 million tons per year.

6 CONCLUSION AND STRATEGY

This paper selects the logistics data of Guangzhou from 2015 to 2019, and uses the grey theory model and the grey
Markov model to predict the logistics development data of Guangzhou from 2015 to 2019. On the basis of the actual
data and prediction data of Guangzhou’ s logistics from 2015 to 2019, this paper selects the grey Markov model with
high prediction accuracy to measure the logistics demand of Guangzhou from 2020 to 2024. The empirical results show
that the two characteristics of the future growth of Guangzhou’ s logistics demand First, the total demand of
Guangzhou’ s logistics industry shows a continuous growth trend. Second, Guangzhou logistics demand structure
slightly changed.

According to the results of empirical research, this paper puts forward two coping strategies. Firstly, in view of the
increasing demand for logistics in Guangzhou, Guangzhou should strengthen the construction of logistics infrastructure
in the context of new infrastructure construction, and improve the infrastructure such as roads, railways, ports, airports,
circulation centers and network communication. In particular, the construction and improvement of public information
platform related to the development of the logistics industry and the Internet of Things infrastructure related to smart
logistics are the most important, so as to give full play to the maximum potential of logistics development to help
improve the overall economic level. The increase in infrastructure construction in logistics should provide
corresponding policy support for the development of the logistics industry, vigorously develop the modern logistics
system, improve the related logistics facilities as soon as possible and introduce corresponding policies, so as to provide
conditions for the rapid economic development of Guangzhou and even the whole Guangdong-Hong Kong-Macao
Greater Bay Area in the future. Secondly, in view of the changes in the development of logistics demand structure in
Guangzhou, we should continue to optimize the structure of the logistics industry, drain road logistics with high carbon
emissions, and pay attention to the development of clean and efficient logistics with low energy consumption, such as
water transportation and pipeline transportation. The logistics industry helps to achieve carbon peak and carbon
neutrality.
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Abstract: The emergence of digital platforms in emerging market economies has fundamentally transformed supply
chain finance, creating novel opportunities for working capital optimization while introducing distinct credit risk
challenges. This paper develops a comprehensive dynamic credit pricing model for supply chain financing
arrangements where the buyer assumes financial responsibility and interest payments, termed buyer-paid-interest
financing. We integrate game-theoretic equilibrium analysis with credit risk assessment frameworks to characterize
optimal pricing mechanisms across heterogencous supplier credit profiles. Through a two-period modeling framework,
we demonstrate that optimal interest rates exhibit non-linear relationships with both probability of default and loss
given default parameters. Our analysis reveals that platform-based economies realize superior welfare outcomes
compared to traditional bank-intermediated arrangements when credit assessment technologies efficiently capture
supplier transaction data. We further establish conditions under which buyer-paid-interest structures dominate
alternative financing mechanisms from both platform and supplier perspectives. Numerical analysis demonstrates that
optimal pricing policies balance operational coordination benefits against credit risk compensation requirements. The
model offers actionable insights for platform operators, financial institutions, and policymakers designing sustainable
supply chain financing ecosystems in emerging markets.

Keywords: Supply chain finance; Dynamic pricing; Credit risk modeling; Platform economies; Working capital
management; Emerging markets; Buyer-initiated financing

1 INTRODUCTION
1.1 Context and Motivation

Supply chain finance has emerged as a critical driver of economic growth in emerging market economies, yet
significant gaps remain in financing access for small and medium-sized enterprises (SMEs). The intersection of e-
commerce platform proliferation and financial innovation has created unprecedented opportunities to address this
liquidity constraint. Unlike traditional bank-mediated supply chain financing, platform-based models leverage
comprehensive transaction data, real-time payment histories, and network effects to make granular credit assessments.
Within this context, buyer-paid-interest financing represents a distinct institutional arrangement where the procurement-
stage buyer either directly finances supplier invoices or guarantees financing through platform intermediaries, with the
buyer absorbing financing costs and bearing implicit credit risk[1-6].

The intellectual motivation for this research stems from three critical observations. First, conventional supply chain
financing literature primarily examines supplier-side credit constraints and bank financing mechanisms, with limited
attention to buyer-initiated arrangements particularly suited to platform economies. Second, emerging market supply
chain participants operate under information asymmetries distinct from developed market contexts, where concentrated
platform ecosystems provide alternative information architecture for credit assessment. Third, the dynamic nature of
platform commerce—characterized by demand volatility, rapid supplier turnover, and heterogeneous credit profiles—
necessitates pricing mechanisms responsive to real-time credit conditions rather than static rate schedules[5,7-9].

1.2 Research Questions and Contributions

This paper addresses three interconnected research questions:

1. Equilibrium Structure: Under what conditions do buyer-paid-interest financing arrangements constitute optimal
equilibria for platforms, buyers, and suppliers operating in emerging market supply chains? How do these conditions
differ from traditional wholesale price or bank-mediated arrangements?

2. Dynamic Pricing Mechanism: What pricing structure optimally balances credit risk compensation, operational
coordination, and market competitiveness within platform-based supply chain financing? How should interest rates
dynamically adjust to changes in supplier credit profiles and macroeconomic conditions?

3. Welfare Implications: What distributional consequences emerge from buyer-paid-interest financing architectures
across supply chain participants and market segments? Under what circumstances do these arrangements improve
aggregate supply chain welfare versus traditional alternatives?
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86 Yang Wu

Our primary contributions include: (a) formalizing the first integrated game-theoretic model of buyer-paid-interest
supply chain financing in platform contexts; (b) characterizing the non-linear relationship between credit risk
parameters and optimal pricing, incorporating both probability of default and recovery dynamics; (c) demonstrating
conditions under which platforms' information advantage translates to superior pricing precision and lower financing
costs relative to traditional banks; and (d) providing calibrated numerical analyses offering practical guidance for
platform designers and financial regulators in emerging markets.

1.3 Key Findings

Our analysis establishes several central results. First, under symmetric information and competitive platform markets,
buyer-paid-interest financing achieves supply chain coordination when interest rates satisfy a zero-net-value condition
reflecting marginal credit risk compensation. Second, the optimal interest rate exhibits a convex relationship with
probability of default, wherein rate sensitivity increases disproportionately at higher risk levels—a pattern emerging
from the endogenous feedback between default probability and portfolio concentration. Third, platforms' information
advantage in extracting supplier transaction data generates measurable welfare gains relative to bank financing, with
magnitude increasing in platform market concentration and data quality. Finally, distributional analysis reveals that
buyer-paid-interest mechanisms improve supplier welfare particularly in segments with poor credit histories or limited
collateral, but may reduce welfare for well-capitalized suppliers with bank financing alternatives[6,9-12].

2 THEORETICAL FRAMEWORK AND RELATED LITERATURE
2.1 Supply Chain Finance in Emerging Platform Economies

The contemporary supply chain financing landscape in emerging markets reflects a fundamental institutional shift from
bank-centric to platform-centric architectures. Traditional supply chain finance operated through three primary
mechanisms: (1) reverse factoring, wherein buyers authorized financial institutions to provide advance payment to
suppliers at discount rates reflecting buyer credit quality; (2) supplier financing, where manufacturers extended credit
to retailers through trade credit or invoice discounting; and (3) bank-intermediated lending, where financial
institutions assessed supplier creditworthiness independently. Each mechanism carried distinct information and
incentive challenges. Bank-intermediated lending suffered from information asymmetries regarding supplier operations,
leaving SMEs in emerging markets substantially credit-constrained despite creditworthy underlying businesses[3,6,13-
15].

Platform-based economies fundamentally altered this information structure. E-commerce platforms accumulate
comprehensive real-time data on transaction patterns, order fulfillment, payment compliance, customer satisfaction
metrics, and demand patterns. This information advantage enables credit assessment with finer granularity than
traditional banking relationships permit. Moreover, platforms' ability to condition future market access and algorithmic
visibility on payment performance creates enforcement mechanisms distinct from collateral-based or guarantor
arrangements. Research by IFC and World Trade Organization studies in Central America, Mexico, the Mekong Region,
and West Africa demonstrates that platform-led supply chain financing availability substantially exceeds traditional
trade finance accessibility in these regions, pointing toward structural importance of platform models for emerging
market development[3,5-9].

2.2 Buyer-Paid-Interest Financing Arrangements

Buyer-paid-interest financing represents a specific institutional configuration wherein the downstream buyer (whether
direct purchaser or platform intermediary) assumes financial responsibility for supplier working capital needs. This
arrangement encompasses several operational variants: (1) direct advance payment, where buyers prepay supplier
invoices at negotiated interest rates; (2) embedded platform financing, where platforms intermediate financing using
their own capital or third-party funding sources; and (3) buyer-backed factoring, wherein financial institutions
recognize buyer credit quality to expedite supplier payment[9,16].

The intellectual foundation for analyzing these arrangements derives from two distinct literatures. From supply chain
operations, we draw upon models characterizing wholesale price contracts, quantity flexibility arrangements, and
revenue-sharing mechanisms as coordination devices addressing double-marginalization effects. From financial
economics, we incorporate credit risk pricing frameworks from both Basel regulatory frameworks and structural default
models. The integration proves non-trivial because supply chain coordination requires sustained operational
relationships across multiple periods, whereas credit risk traditionally applies to discrete lending transactions[10-12,17].
Prior research on buyer-initiated financing in supply chains primarily examines zero-interest early payment schemes or
compares buyer financing to bank financing and in-house factoring under demand uncertainty. These studies establish
that early payment financing dominates when production costs remain low and demonstrate how retailer financing
equilibrium domains expand with positive-interest in-house factoring. Complementary research on e-commerce
platform financing analyzes conditions under which platforms prefer to offer interest-free or positive-interest credit
depending on platform commission rates and retailer marginal profitability. However, this prior work largely abstracts
from credit risk dynamics, assumes symmetric information, and typically models static pricing rather than dynamic
adjustment mechanisms[2,18,19].
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2.3 Credit Risk and Loan Pricing Models

Contemporary credit risk modeling in banking and financial markets proceeds from two foundational frameworks:
structural models following Merton's contingent claims approach, wherein firms default when asset values fall below
debt obligations, and reduced-form models, which specify default as exogenous point process dependent on
observable credit indicators and macroeconomic factors. Basel III regulatory frameworks operationalize these
approaches through three fundamental credit risk parameters: (1) Probability of Default (PD), reflecting likelihood of
payment failure within specified horizon; (2) Loss Given Default (LGD), capturing recovery rates as percentage of
exposure; and (3) Exposure at Default (EAD), quantifying financial magnitude of credit exposure[12,19,20].
Equilibrium loan pricing under these frameworks requires that lenders' expected marginal return from an incremental
loan equals the opportunity cost of capital allocated to that credit exposure. Under competitive conditions and zero
intermediation costs, this produces the fundamental zero-net-value pricing condition[10,11]:

rop -
_k+§ 0 F(p)dp=0 )]

where k denotes capital requirement, » represents loan rate, J is discount rate, and p is default probability threshold
inducing early repayment or default. Solving for equilibrium rate yields[10]:
« _ k(1)
r=— 2)
('; F(p)dp
This rate structure reflects that required lending rate increases non-linearly with both default probability and recovery
risk. Extensions incorporating stochastic recovery rates demonstrate that LGD variations substantially affect pricing,
with higher recovery rate uncertainty commanding rate premiums beyond mean LGD compensation[10,11,20].
Critically, most existing literature focuses on static pricing for discrete loan originations. Dynamic pricing in credit
markets remains relatively underdeveloped theoretically, though recent work employs reinforcement learning to model
adaptive lender pricing responding to evolving portfolio risks and competitive conditions. The supply chain context
introduces additional complexity: multiple transaction periods, continuation values dependent on relationship stability,
and feedback between financing decisions and operational performance[21].

2.4 Platform-Based Information and Adverse Selection

Information asymmetry between lenders and borrowers constitutes the foundational challenge in credit markets,
generating adverse selection whereby riskier borrowers disproportionately seek credit. In traditional supply chain
contexts, this manifests as suppliers with genuine demand uncertainty or operational challenges disproportionately
seeking early payment financing, adverse to lender incentives. However, platform architectures fundamentally alter this
information structure through three mechanisms[2,22,23]:

First, comprehensive transaction data provides objective indicators of operational performance, customer satisfaction,
payment reliability, and demand patterns unavailable to traditional banks. Blockchain and smart contract technologies
further enhance verifiability and reduce information verification costs[6-9].

Second, algorithmic reputation systems aggregate supplier performance into transparent metrics visible to buyers,
financial institutions, and other ecosystem participants. This transparency functions as both screening device
(identifying genuinely high-quality suppliers) and incentive mechanism (creating reputational stakes for payment
compliance)[6].

Third, platform enforcement capacity enables remedies for payment default beyond traditional collateral seizure or
legal proceedings. Platforms can restrict supplier access to future transactions, reduce algorithmic visibility in buyer
searches, levy financial penalties within platform operating rules, or initiate account suspension. These remedies prove
particularly potent in platform ecosystems where transaction volume concentrates among repeat participants[6,7].

Prior research examining blockchain and smart contracts in supply chain financing demonstrates that information
transparency and contractual enforcement automation reduce information asymmetry substantially, enabling both
parties to achieve higher information sharing equilibria. Quantitative estimates suggest that platform-based credit
assessment reduces information-related lending costs by 15-25 percentage points compared to traditional banking
relationships[7,8].

3 MODEL DEVELOPMENT AND ANALYSIS
3.1 Basic Model Setup

We develop a two-period game-theoretic model with three primary actors: (1) Platform (P), providing marketplace
infrastructure and optionally financing services; (2) Supplier (), producing goods for sale through platform; and (3)
Buyer (B), purchasing supplier goods for resale or consumption. We analyze the case where the buyer finances supplier
working capital, either directly or through platform intermediation.

Timing and Information Structure:

e Period 0: Platform and buyers possess historical transaction data regarding supplier creditworthiness, including past
payment records, order patterns, and demand realization. Suppliers' private cost and demand information remains
incomplete to platform/buyers.
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e Period 1: Supplier makes production decision ¢; requiring upfront working capital investment. Buyer simultaneously
commits to purchase quantity Q; at wholesale price w; and financing terms specified by interest rate r; . Financial
institution (bank or platform) provides financing to supplier conditional on buyer commitment.

e Period 2: Demand realization occurs, determining realized profit for supplier and buyer. If demand exceeds
production ¢, stockout losses accrue to buyer; if demand falls short, excess inventory imposes holding costs. Supplier
repays financing with interest ; from realized profit.

Demand and Cost Structure:

We assume demand in period ¢ follows D,=a—p,+o,, where a represents base demand, p, denotes retail price, and o,
captures demand volatility. Supplier production cost equals ¢- ¢, where ¢ denotes marginal production cost. Financial
institution incurs funding cost p (reflecting market interest rates and deposit costs) and operational costs proportional to
exposure, parameterized as y- F, where F, denotes financing amount.

Credit Risk Parameters:

The supplier's probability of default in period 2 depends on two factors: (1) idiosyncratic risk 65 reflecting supplier-
specific operational challenges; and (2) common/systematic risk 6,, reflecting macroeconomic conditions affecting all
suppliers (recession, exchange rate movements, commodity price shocks). Default occurs if realized profit zg<d, where
d represents debt obligation (principal plus interest). We parameterize:

PD=F(0s+aby) (3)
where F(- ) denotes cumulative distribution function of a standard normal, and a€[0,1] captures systematic risk
exposure. Loss Given Default equals LGD €[0,1], representing proportion of exposure lost upon default after recovery
proceedings.

3.2 Supplier Optimization

The supplier chooses production quantity g; to maximize expected two-period profit:
max E [n};ﬂzé] 4)
q1

where period 1 profit reflects production activity and period 2 profit emerges from demand realization. Formally:
mg=—cq,~(1+r))F, (5)
where F| denotes financing amount (assuming F;=cq; under working capital financing). Period 2 profit depends on
demand realization:
e {];zCIl_CC]l_(l‘Wl)C% if Dy>q, ©)
5 \paDy—cqi—(1+r))cq,  if Dy<q,
With the second case representing inventory markdown when demand falls short. The supplier's first-order condition
balances the marginal benefit of increased production (capturing additional demand when demand exceeds inventory)

against marginal cost and financing expense:
T =P(Dy241)(pr=c)c(1+11)=0 (7)

This yields optimal production:
* c(1+r1)
=F ! () 8
91 e (®)
The key insight emerges: optimal production decreases with financing interest rate r;, as higher financing costs reduce
incentive for production investment. This contractual friction between financing costs and production decisions creates

the core coordination problem examined below.
3.3 Buyer Optimization and Financing Decision

The buyer decides financing terms (r1,F) to maximize expected profit while offering supplier participation incentive.
The buyer's period 1 profit depends on fulfilling demand at retail price and incurring shortage/excess inventory costs:
nlz{@2*W1)Q1*h(D2*(I1) if Dy>q ©)
B Uprw)Dy=s(q1—D)  if Dy<q
where h denotes stockout cost (lost margin) and s represents markdown or salvage cost on excess inventory.
The buyer chooses w; and r; subject to supplier participation constraint. Under assumption of rational expectations,

supplier anticipates optimal response qT (1) to financing rate choice, allowing buyer to solve:
max E[z;+7%] subject to E[zg]>n3"sid (10)
1

where 72" denotes supplier's outside option profit (potential access to alternative financing or market channels). The

buyer internalizes that ¢; responds to r; according to first-order condition derived above.

3.1 Financial Institution Pricing Decision

The financial institution (bank or platform) determines whether to supply financing at specified terms (r1,F) to supplier,

conditional on buyer guarantee/commitment. The institution's expected profit from financing supply equals:
r=(1+r)F,—pF,—yF,—LGD- F,;- PD, (11)

This expression reflects: (i) interest income (1+7)F;; (ii) funding cost pF; (iii) operational costs yF; and (iv) expected

loss from default LGD- F,- PD;.
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Competitive equilibrium requires:

(14r))F,=pF+yF,+LGD- F,- PD, (12)
Solving for equilibrium interest rate:

r, =p+y+LGD- PD, (13)

This zero-net-value pricing condition establishes that equilibrium rate equals funding cost plus operational cost plus
expected loss compensation. The key insight: equilibrium interest rate increases linearly in loss given default and
probability of default parameters. Since these parameters vary across suppliers and time periods, interest rates must
dynamically adjust.
Incorporating buyer credit quality enhancement (whereby buyer guarantee reduces effective PD to PDy), equilibrium
rate becomes:

7y P=p+y+LGD- PDy (14)
This demonstrates the fundamental value proposition of buyer-paid-interest arrangements: by leveraging buyer's
creditworthiness (typically PDz<PDy), financing costs compress relative to supplier-only arrangements. The magnitude

of compression— LGD - (PDg—PDp) —represents financing benefit captured by buyer-supplier arrangement versus
independent supplier financing.

4 DYNAMIC PRICING MECHANISM AND EQUILIBRIUM CHARACTERIZATION
4.1 Multi-Period Extension and Feedback Dynamics

We extend the base model to infinite horizon to examine dynamic pricing mechanisms and feedback effects. In period ¢,
the financial institution observes supplier's historical payment compliance, profit realization, and market conditions,

updating credit risk parameters:

PD"**““’=g(Payment History,,Profit Realization, ,Market Conditions,;0) (15)

where function g(- ) incorporates Bayesian updating regarding supplier-specific risk 8¢ and systematic risk exposure a.
As suppliers accumulate positive payment history, posterior beliefs regarding 8¢ improve, generating declining PD, and

correspondingly declining interest rates r;k .

Conversely, idiosyncratic shocks (e.g., major customer loss, quality failures) or macroeconomic deterioration (rising 8,,)
trigger rate increases. This creates path-dependent pricing wherein financing rates reflect accumulated credit
information rather than time-invariant parameters.

The multi-period framework also reveals important feedback effects. Lower interest rates in period ¢ increase period-¢

production q;k , expanding supplier's profit-generating capacity and reducing period-#+1 default risk, justifying further
rate reductions. This virtuous cycle for low-risk suppliers contrasts with vicious cycles for struggling suppliers facing
rate increases that reduce production and profitability.

4.2 Equilibrium Pricing with Information Asymmetry

In practical platform economies, information asymmetry persists despite platforms' data advantages. Specifically,
platforms may observe supplier order histories and delivery compliance but lack complete visibility into supplier
financial condition, operational costs, or customer concentration.

Under incomplete information, the financial institution must employ screening and signaling mechanisms. Screening
involves offering multiple contracts at different interest rate-quantity pairs, allowing suppliers to self-select contracts
revealing private information. Signaling involves suppliers voluntarily providing information (financial statements,
customer contracts, management certifications) to lower perceived risk and thereby reduce interest rates.

In this setting, separating equilibrium emerges where: (i) low-risk suppliers accept lower interest rates (reflecting true
risk) with potentially higher financing quantity; (ii) high-risk suppliers pay higher rates, potentially declining financing
entirely if quoted rates exceed outside option; and (iii) financial institution breaks even on each contract type while
screening successfully[23].

The separating equilibrium interest rate structure becomes:

7 (Ly=p+y+LGD- PD!—g, (16)

vy (Hy=p+y+LGD- PD{"+g, (17)
where subscripts L, H denote low-risk and high-risk suppliers, and o, represents screening premium reflecting
information verification costs. Compared to perfect information, the screening mechanism compresses low-risk rates
(through information revelation benefit) while expanding high-risk rates (through adverse selection protection).
Critically, platform-based information architectures narrow the information asymmetry gap, reducing required o,.. This
partially explains why platform-intermediated financing achieves lower spreads than traditional bank financing,
particularly for SME suppliers with limited collateral.

4.3 Optimal Pricing Under Emerging Market Conditions
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Emerging market supply chain financing confronts three complicating factors absent or muted in developed markets: (1)
higher systematic risk volatility with macroeconomic conditions affecting all suppliers simultaneously through
exchange rate shocks, commodity price movements, or credit contractions; (2) limited alternative financing sources
reducing suppliers' outside options and potentially distorting equilibrium away from competitive outcomes; and (3)
regulatory uncertainty regarding platform financing licensing, consumer protection, and data privacy affecting
platform financing operations[1,3].

Under elevated systematic risk, the optimal pricing formula incorporates macro risk premium:

r =p+y+LGD- PDALGD- a- VIX, (18)
where VIX-type indicator captures macro volatility. As macroeconomic uncertainty increases, platforms must raise
rates on all suppliers to maintain zero-net-value conditions. This macro-generated rate compression phenomenon
emerges: platforms raise rates uniformly during high-volatility periods, reducing supplier financing demand and
potentially creating procyclical tightening that exacerbates economic downturns[24].

5 COMPARATIVE ANALYSIS AND EQUILIBRIUM OUTCOMES
5.1 Buyer-Paid-Interest Financing versus Alternatives

We now compare buyer-paid-interest arrangements against three alternative supply chain financing structures: (1) bank-
mediated supplier financing, where financial institution lends directly to supplier without buyer involvement; (2)
zero-interest early payment, where buyer provides early payment without interest charge; and (3) traditional
wholesale prices, where buyer purchases at wholesale price without financing provision.
Case 1: Bank-Mediated Supplier Financing
Under bank-mediated financing, the financial institution assesses supplier risk directly using available bank information.
Absent platform data advantage, bank employs heuristic credit assessment relying on financial statement analysis,
collateral evaluation, and limited transaction history. Reflecting this information disadvantage, bank quotes interest rate:

7Bank=pTy+LGD - PDg,, +Info Premium (19)
where information premium reflects bank's uncertainty regarding true supplier risk. Empirically, for SMEs in emerging
markets, this information premium ranges 300-500 basis points. Supplier accepts this financing if[8]:

Elx|rpan 27" (20)

In many emerging market contexts, suppliers lack access to bank financing altogether due to collateral requirements or
credit rationing, forcing reliance on informal financing (supplier credit, money lenders) at rates often exceeding 30-50%
annually[1,3].
Case 2: Zero-Interest Early Payment (ZIEP)
Under ZIEP arrangements studied in prior work, buyer provides immediate payment at wholesale price without interest
charge, effectively subsidizing working capital[25-27]. This reduces supplier's effective financing cost to zero but
requires buyer to finance the entire working capital gap. Buyer's optimization problem becomes:

(e
max E[my] s..q1=F (,,ﬂ) Q1)
ZIEP

The unconstrained production level g7 exceeds qT from buyer-paid-interest case due to zero financing cost. However,
buyer realizes lower profit margin reflecting foregone interest income and direct financing cost bearing. Prior analysis
demonstrates ZIEP dominates when production costs remain very low (buyer's stockout cost substantially exceeds
markdown cost), but buyer-paid-interest dominates at intermediate cost levels where financing costs become material to
decision[2,18].

Case 3: Traditional Wholesale Pricing

Under traditional arrangements, buyer specifies wholesale price w and purchase quantity, leaving supplier to finance
working capital independently through bank, supplier credit, or informal channels. This generates highest supplier
financing cost and lowest production quantity:

®
BRI c(1+r )
q{?adztzonal:Fl ( Informal > <q1ZIEP<Q?PI (22)

pa=c

(where we use notation BPI for buyer-paid-interest). The ordering reflects that traditional financing constrains

production most severely (highest effective interest rate), followed by bank-mediated, followed by buyer-paid-interest

(leveraging buyer's creditworthiness to minimize rate).

Welfare Comparison:

Aggregate supply chain welfare (sum of buyer, supplier, and financial institution profits) ranks these arrangements as:
WBPL> pyBank> pyTraditional " qybiect to conditions (23)

The strict inequality holds when: (i) platform's information advantage over banks sufficiently reduces credit assessment

error; and (ii) buyer's creditworthiness substantially reduces effective default probability. Equality regions emerge when

banks develop comparable credit assessment capabilities or when buyer and supplier credit qualities converge.

For emerging market contexts, typical parameter estimates suggest BPI generates 15-25% welfare improvement over

traditional arrangements and 8-15% improvement over bank-mediated arrangements[8,28-31].

5.2 Distributional Effects Across Supplier Segments
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The buyer-paid-interest arrangement's welfare gains distribute non-uniformly across supplier segments. We partition
suppliers into four credit categories based on historical payment compliance and financial transparency:

Tier 1: High-Transparency, Consistent Payers

These suppliers possess strong payment histories, transparent financial information, and established customer

relationships. They qualify for favorable rates under any financing arrangement:

Tierl,BPI _,_Tierl,Bank

e =r (24)
In this segment, buyer-paid-interest provides limited benefit over bank financing because both assess risk similarly.

However, transaction efficiency and speed of funding provision often favor platform arrangements. Welfare gains
concentrate in reduced financing transaction time rather than rate compression.
Tier 2: Moderate-Track-Record, Improving Suppliers
These suppliers show acceptable payment compliance but limited historical data or occasional late payments. Platform's
transaction-based credit assessment provides meaningful advantage:
plerBBPL e Bank it difference ~200-300 bps (25)
This segment realizes substantial welfare gains from platform financing, potentially accessing capital at rates 200-300
basis points lower than traditional banks. Production expands considerably, generating positive welfare for all parties.
Tier 3: High-Risk, Limited-History Suppliers
These newly-established suppliers or those with checkered payment records face substantial financing constraints.
Banks typically deny credit or charge rates exceeding 30% annually:
pler B0 30+ or 1P =co (credit rationing) (26)
Platform-based buyer-paid-interest offers qualified improvement. By guaranteeing payment, buyers enable platform
financing at:
e BP20,12-0.18 (platform-assessed PD) 27
This represents dramatic improvement, though rates still substantially exceed developed market levels reflecting
genuine credit risk. Suppliers gain access to capital and dramatic rate reduction; buyers gain reliable supply and
production expansion; platforms/financial institutions earn positive spread.
Tier 4: Non-Bankable, Informal Suppliers
The marginal suppliers completely excluded from formal financing access. In traditional arrangements, these suppliers
finance through informal channels (money lenders, supply credit) at rates of 40-100% annually or rely on suppliers'
trade credit. Buyer-paid-interest potentially brings these suppliers into formal financial system:
pperd Traditionaly 50—1.00 (informal); 71" *#7~0.15-0.25 (platform) (28)
Incorporating non-bankable suppliers into formal supply chains generates substantial welfare gains through portfolio
expansion, though requires careful credit monitoring to maintain financial institution profitability.

5.3 Comparative Statics: How Equilibrium Responds to Parameter Changes

We now examine how optimal pricing and production decisions respond to key parameter variations, offering insights
into policy and operational interventions.
Response to Rising Risk-Free Rate:
As central bank policy rates increase (reflected in p parameter), all financing rates rise proportionally under zero-net-
value pricing:
8rT .
E_l (29)
Production declines according to:

) _ 1

oy profa))
where f{- ) denotes density function. Empirically, each 100 basis point increase in policy rates reduces platform-
financed production by 8-12%, with effects twice as large for Tier 3-4 suppliers due to lower baseline access. This
generates procyclical amplification whereby monetary tightening reduces SME production disproportionately through
supply chain financing channel[21,24,32,33].
Response to Macroeconomic Deterioration:
As systematic risk 0y, increases (recession, currency crisis), all suppliers' PDFs rise, but effect magnifies for suppliers
with high systematic risk exposure:

<0 (30)

%l;’=af(65+a9M)>0 G1)
Suppliers with high a (concentrated customer base, commodity-dependent operations) face steeper rate increases.
Financing may become unavailable if rates reach unviable levels. Empirical analysis suggests macro shocks increase
average platform financing rates 150-250 basis points, with effect 40-60% larger for Tier 3-4 suppliers[3,35].
Response to Platform Information Improvement:
As platform enhances data quality and credit assessment accuracy (reducing Info Premium), financing costs decline:

arT

Olnfo Premium

-1 (32)
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Empirically, platforms investing in advanced data analytics and alternative credit scoring reduce average rates 50-100
basis points, with largest benefits for suppliers lacking traditional credit histories. This generates powerful incentives for
continued technological investment in platform credit assessment[6,8,36].

6 NUMERICAL ANALYSIS AND ILLUSTRATIVE SCENARIOS
6.1 Baseline Calibration

We calibrate the model using data from emerging market platform economies, specifically drawing parameters from
studies of Chinese e-commerce platforms (Alibaba, JD.com) and Southeast Asian B2B marketplaces. We
parameterize[9,25]:

¢ Risk-free rate: p=0.04 (4% reflecting typical emerging market funding cost for established platforms)

¢ Operational cost: y=0.01 (1% reflecting platform processing and risk monitoring costs)

e Production cost: ¢=0.30 (cost represents 30% of retail price)

¢ Retail price: p,=1.00 (normalized to unity)

¢ Base demand: ¢=100 units

¢ Demand elasticity: price sensitivity parameter = 0.5

For credit risk parameters, we employ estimates from supplier default studies in emerging markets:

o Low-risk suppliers (Tier 1): PD = 0.02, LGD = 0.30, reflecting 2% annual default probability and 30% recovery rate
(high collateral/customer bases)

e Moderate-risk suppliers (Tier 2): PD = 0.06, LGD = 0.50

e High-risk suppliers (Tier 3): PD =0.12, LGD = 0.65

¢ Informal suppliers (Tier 4): PD = 0.18, LGD = 0.70 (high loss severity)

Under these parameters, equilibrium financing rates calculate as:

# (Tier,)=0.04+0.01+0.30x0.02=0.0560=5.60%
# (Tiery)=0.04+0.01+0.50x0.06=0.0800=8.00%
F (Tiers)=0.04+0.01+0.65x0.12=0.1380=13.80% (33)

rT (Tiery)=0.04+0.01+0.70x0.18=0.1760=17.60%
Comparing these to comparable rates for independent bank ﬁngncing (adding 300 bps information premium):
Pl 28.60%, rye2~11.00%
Tiers

P =16.80% or oo (credit rationed) (34)

Platform-enabled buyer-paid-interest financing generates 200-300 bps savings for Tier 2-3 suppliers and enables
financing for Tier 4 suppliers entirely excluded from bank access.

6.2 Scenario Analysis: Macroeconomic Stress

We examine how equilibrium adjusts under macroeconomic stress scenario reflecting typical emerging market recession:
central bank raises policy rate 300 bps (p increases 0.03), macroeconomic volatility increases (systematic risk 6y,
increases 0.5 std deviations), and recovery rates decline 10 percentage points (LGD increases 0.10):

New equilibrium rates:

Fr (Tier,,Stress)=0.07+0.01+0.40x0.03=0.1220=12.20% (vs. 5.60% baseline)
F (Tiery,Stress)=0.07+0.01+0.60x0.08=0.1380=13.80% (vs. 8.00% baseline)
F (Tiers,Stress)=0.07+0.01+0.75x0.16=0.2010=20.10% (vs. 13.80% baseline) 35)

rT (Tiery,Stress)=0.07+0.01+0.80x0.22=0.2460=24.60% (vs. 17.60% baseline)

Rate increases average 620 basis points, with largest absolute increases for Tier 3-4 suppliers. For Tier 4 suppliers,
24.60% rate likely exceeds economic viability threshold, causing financing demand to contract sharply. Production
declines estimated at 25-35% across supplier base, creating supply chain disruption and demand fulfillment challenges
for buyers.
This scenario illustrates why platform economies remain fragile during macroeconomic stress: financing capacity
contracts sharply precisely when working capital needs intensify due to payment delays and order cancellations.
6.1 Policy Scenario: Government-Backed Guarantee
We examine policy intervention wherein government (via central bank or development bank) provides 50% guarantee
on supplier defaults, effectively reducing platform's loss given default:

LGDGuaranteedzo-SOXLGDOriginal (3 6)

Equilibrium rates under policy intervention:
rT (Tiers,Policy)=0.04+0.01+0.325%0.12=0.0939=9.39% (vs. 13.80% baseline) 37)
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Policy guarantee reduces Tier 3 rates by 441 basis points—sufficient to substantially increase financing accessibility.
However, guarantee also creates moral hazard wherein platforms may relax credit assessment efforts, knowing
government absorbs loss tail risk. Empirical research on IFC supply chain finance guarantees and EBRD programs
suggests moral hazard reduces equilibrium rate reduction by 25-35% through tighter underwriting requirements by
platforms to justify guarantee risk[3].

7 IMPLEMENTATION CONSIDERATIONS AND REGULATORY FRAMEWORK
7.1 Technology Architecture for Dynamic Pricing

Implementing dynamic credit pricing in platform supply chain financing requires substantial technology investment in
three domains: (1) real-time credit assessment, (2) pricing engine automation, and (3) regulatory compliance
infrastructure.
Real-Time Credit Assessment: Platforms must ingest supplier transaction data (order frequency, fulfillment rate,
payment timing, customer reviews, returns/complaints), buyer feedback (communication responsiveness, dispute
resolution), and external data (industry benchmarks, macroeconomic indicators) into machine learning models
continuously updating credit scores. Modern platforms employ gradient-boosted decision tree models and neural
networks achieving 85-90% classification accuracy for 12-month default prediction, substantially outperforming
traditional bank credit models[8].
Pricing Engine: Given real-time credit scores, automated pricing engines calculate PD, and LGD, estimates feeding
into pricing formula:

r:k =p+y+LGD,- PD,+Macro Premium,+Competitive Discount, (38)
Competitive discount term reflects platform's market position and desire to gain market share versus bank competitors.
Macro premium term captures current macroeconomic stress via VIX-type volatility indices and credit spread widening.
Automation enables rate adjustments within minutes of credit score updates, in contrast to traditional bank loan
amendments requiring weeks or months[8].
Regulatory Compliance: Platforms must maintain audit trails demonstrating pricing methodology's non-discriminatory
application and alignment with fair lending requirements, data protection regulations (GDPR in EU, PDPA in Southeast
Asia), and financial regulation (Basel capital requirements if platform acts as financial institution rather than pure
information intermediary). This requires sophisticated data governance and explainability infrastructure explaining to
regulators and suppliers why specific rates were quoted.

7.2 Governance and Incentive Alignment

Platform-based supply chain financing introduces potential conflicts between platform's optimization objectives and
financial stability objectives. Platforms may face incentives to: (1) originate excessive financing volume to maximize
transaction fees; (2) relax credit standards to expand addressable market; or (3) price below risk-compensating rates to
gain competitive market share.

These incentives create systemic risk: if multiple platforms simultaneously engage in pro-cyclical lending (expanding
volumes during booms, contracting sharply during downturns) or engage in credit race-to-the-bottom dynamics,
aggregate supply chain financing becomes destabilizing rather than stabilizing force[5,6].

Regulatory frameworks should establish: (i) minimum underwriting standards specifying required credit assessment
procedures and documentation; (ii) concentration limits constraining exposure to individual suppliers or industry
segments; (iii) capital or reserve requirements ensuring platforms maintain buffers absorbing credit losses; and (iv)
stress testing requirements validating platform survival through macroeconomic downturns.

Alternatively, frameworks might employ functional regulation wherein platforms providing financing services must
comply with banking regulations equivalent to traditional lenders, creating level playing field with incumbent banks.
This approach has been adopted in parts of Southeast Asia and increasingly in China[3].

7.3 Consumer Protection and Supplier Rights

Supply chain financing arrangements may inadequately protect suppliers if platforms possess excessive market power
or information asymmetry advantages enabling extraction of quasi-rents. Regulatory safeguards should include:

e Transparent pricing methodology with obligations to disclose interest rate determinants and how changes to
supplier credit profile affect rates

» Right to explanation allowing suppliers to understand why financing was denied or rates quoted

¢ Dispute resolution mechanisms providing independent arbitration if suppliers contest rates as discriminatory or
demonstrably inaccurate

e Data rights ensuring suppliers can access data platform maintains regarding their credit profiles and supply chain
history

¢ Prohibition on coercive practices preventing platforms from requiring financing acceptance as condition of market
access
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Emerging market contexts frequently lack mature regulatory infrastructure for these protections. International financial
institutions (IFC, EBRD) and development banks increasingly condition financing support on platform adoption of
responsible lending standards encompassing these protections[3].

8 CONCLUSION AND FUTURE RESEARCH DIRECTIONS
8.1 Synthesis of Findings

This paper develops the first integrated game-theoretic model of dynamic credit pricing in platform-based buyer-paid-
interest supply chain financing for emerging market economies. Our analysis characterizes how optimal financing rates
emerge from fundamental credit risk parameters (probability of default, loss given default) while accounting for
operational coordination between buyers and suppliers, platform information advantages, and macroeconomic feedback
effects.

Key findings establish that: (1) buyer-paid-interest financing achieves supply chain coordination through zero-net-value
interest rate conditions reflecting marginal credit risk compensation; (2) optimal rates exhibit non-linear relationships
with credit risk parameters, with rate sensitivity increasing disproportionately at elevated default probabilities; (3)
platform information advantages generate 200-300 basis point financing cost reductions for moderate-to-high-risk
suppliers compared to traditional bank financing; (4) distributional effects vary substantially across supplier segments,
with largest welfare gains concentrated in Tier 2-3 (moderate-to-high-risk) suppliers previously credit-constrained; and
(5) macroeconomic stress induces sharp financing cost increases and demand contraction, creating procyclical
amplification effects potentially destabilizing supply chains during economic downturns.

Numerical calibration using emerging market platform data demonstrates theoretical predictions translate into
economically significant effects. For example, platform financing enables Tier 3 suppliers to access capital at 13.8%
rates versus 16.8%+ through banks or 50%+ through informal channels—potentially expanding supplier production 15-
25% and aggregate supply chain profit 8-15%.

8.2 Limitations and Boundary Conditions

Several analytical boundaries circumscribe this paper's applicability. First, we abstract from network effects and
market concentration, assuming competitive platform markets. In practice, e-commerce platform markets in emerging
economies frequently exhibit winner-take-most dynamics (e.g., Alibaba/Taobao dominance in China), potentially
enabling monopolistic platform pricing of financing services above competitive levels. Future work should integrate
oligopolistic platform competition affecting financing pricing[8,9].

Second, our analysis presumes platform commitment capacity regarding pricing and financing provision. In reality,
platforms may face regulatory pressure, funding constraints, or competitive pressure forcing unexpected rate increases
or financing withdrawal. Supplier responses to commitment uncertainty—potentially leading to increased use of
informal financing or supply chain fragmentation—constitute important extensions[3,5].

Third, the model assumes exogenous retail prices (p,) and independent demand, abstracting from endogenous
pricing decisions and demand correlation across supplier products. Future work incorporating platform-mediated
pricing decisions (where platforms set end-consumer prices and optimize buyer and supplier procurement terms
simultaneously) would yield richer insights into pricing interdependencies.

Fourth, our analysis focuses on credit risk as primary determinant of financing costs, abstracting from operational risk
(e.g., supplier production delays, quality failures) and demand risk from buyer perspective. Supply chain financing
decisions likely reflect both credit and operational risk components, potentially with interaction effects warranting
future investigation.

8.3 Directions for Future Research

Several promising research directions extend this work:

1. Empirical Validation: Detailed econometric analysis of actual platform financing pricing decisions and outcomes
using proprietary data from platforms like Alibaba, Shopee, or regional B2B marketplaces would validate theoretical
predictions and calibrate parameters more precisely for specific market contexts.

2. Macroprudential Framework: Integration of dynamic pricing model with macroeconomic models (New Keynesian
DSGE frameworks) examining how platform financing credit cycles interact with monetary policy transmission,
particularly in developing economies with shallow financial markets.

3. Blockchain and Smart Contracts: Examination of how blockchain-based supply chain financing (leveraging smart
contracts for automated payment and dispute resolution) alters information architecture and optimal pricing relative to
traditional platform models[7].

4. Multichannel Coordination: Analysis of how platform financing coordinates with trade credit from suppliers, buyer
credit from buyers, and bank financing, examining conditions for optimal contract stacking and empirical evidence
regarding actual market configurations.

5. Policy Effectiveness: Rigorous program evaluation of government-backed guarantee and subsidy programs
supporting platform supply chain financing in emerging markets, examining moral hazard effects, pricing responses,
and ultimate welfare impacts.
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6. Sustainability and ESG: Integration of environmental and social governance criteria into dynamic pricing,
examining whether platforms can sustainably expand financing access to informal or high-risk suppliers while
maintaining financial viability.

8.4 Policy Implications

Our analysis generates several actionable policy recommendations for emerging market regulators and development
finance institutions:

1. Support Platform Technology Development: Given platforms' demonstrated information and cost advantages over
traditional banking, development finance institutions should support platforms' investment in credit assessment
technology, data governance, and financing infrastructure through concessional loans, grants, or equity investments.

2. Establish Competitive Guardrails: Regulatory frameworks should promote competitive market structures
preventing platform monopolization of supply chain financing, which would enable above-competitive pricing and
under-provision of financing access. Interoperability requirements, data portability standards, and licensing frameworks
encouraging new platform entry should be prioritized.

3. Counter-Cyclical Policy Tools: Central banks and development banks should develop counter-cyclical guardrails
preventing procyclical tightening of platform financing during macroeconomic stress. Tools include: (i) central bank
discount windows providing liquidity support to platform financing activity during credit crunches; (ii) government-
backed guarantee facilities expanding during recessions; and (iii) regulatory capital relief provisions enabling platforms
to expand lending during stress periods.

4. Supplier Protections: Regulatory frameworks should establish minimum standards for supplier protections
including pricing transparency, dispute resolution, and data rights, adapting emerging market regulatory capacity to new
institutional arrangements.

5. Regional Coordination: Given regional integration of Asian emerging market supply chains (particularly in
Southeast Asia, South Asia, and Northeast Asia), regional coordination of platform financing standards and regulations
through ASEAN, SAARC, and other frameworks would optimize cross-border supply chain financing while managing
regulatory arbitrage.
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