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Abstract 

With the increasingly prominent global environmental issues, green manufacturing has become an 

important direction for the transformation and upgrading of the manufacturing industry. The 

traditional precision rubber and plastic processing process consumes large amounts of resources and 

emits a lot of waste, making it difficult to meet the dual requirements of current environmental 

protection policies and market demands. High-performance fiber-reinforced composites are widely 

used in aerospace, automobile manufacturing, electronic equipment and other fields due to their 

excellent mechanical properties and lightweight characteristics. However, the current production 

process of such materials still has problems of high energy consumption and heavy pollution, and has 

not yet achieved true green manufacturing. Therefore, the development of a high-performance 

fiber-reinforced precision rubber-plastic composite material for green manufacturing has important 

practical significance. This study aims to reduce energy consumption and waste emissions during 

production by optimizing material formulations and production processes, while improving the 

mechanical properties and service life of the materials. Through life cycle assessment and cost-benefit 

analysis, the comprehensive environmental and economic benefits of the new materials are 

systematically evaluated, and the feasibility and advantages of the new materials in actual production 

are verified with Qingdao Eager High-Precision Plastic and Rubber Co., Ltd as a case study. The 

research results will provide technical support for the green transformation of the precision rubber 

and plastic industry and promote the sustainable development of the industry. 

Keywords: green manufacturing, high-performance fiber-reinforced composites, precision rubber and 

plastic processing, life cycle assessment, cost-benefit analysis, die-cutting process, leftover material 

recycling, ISO 14001 certification, Qingdao Eager High-precision Plastic and Rubber Co., Ltd, 

government industrial support funds 

 

 

 

1. Theoretical Basis and Literature Review 

1.1 Green Manufacturing Theory and Practice in the 

Precision Rubber and Plastic Industry 

Green manufacturing, with “reduction, reuse, 

and resource utilization” as its core, emphasizes 

minimizing the environmental load throughout 

the entire life cycle of manufacturing through 
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process optimization, clean energy substitution, 

and waste recycling. In the field of precision 

rubber and plastic processing, traditional 

processes have problems such as low raw 

material utilization, high production energy 

consumption, and VOCs emissions. Qingdao 

Eager High-Precision Plastic and Rubber Co., 

Ltd has integrated the concept of green 

manufacturing into the entire production 

process by implementing the “Enterprise ‘Green 

Threshold’ System Implementation 

Commitment”, establishing an ISO 14001 

environmental management system, and 

adopting patented technologies such as 

domestic sales processing of incoming leftover 

materials and die-cutting waste vacuum 

cleaners. Its practice of obtaining Laoshan 

District intellectual property support funds and 

advanced manufacturing green support funds 

provides an industry model of 

“policy-technology-management” coordinated 

green transformation. 

1.2 Research Progress of High-Performance 

Fiber-Reinforced Rubber-Plastic Composites 

High-performance fiber-reinforced 

rubber-plastic composites can significantly 

improve the mechanical properties and 

durability of materials by modifying the 

rubber-plastic matrix with reinforcing phases 

such as carbon fiber and glass fiber, and are 

widely used in fields such as electronic screen 

protection and automotive lightweight 

components. Existing studies mainly focus on 

optimizing the fiber-matrix interface 

compatibility, but there are shortcomings in the 

green production link: for example, the 

traditional preparation process has high energy 

consumption, and some reinforced fibers are 

difficult to recycle. Relying on patented 

technologies such as “a die-cutting welding 

fusion equipment”, Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd has 

accumulated experience in material 

modification in the precision processing of 

products such as tapes and protective films, 

providing a process basis for the green 

preparation of fiber-reinforced rubber-plastic 

composites. 

1.3 Research Status of Benefit Evaluation Methods 

Benefit evaluation is a key support for the 

implementation of green manufacturing 

technologies. Life cycle assessment (LCA) has 

become the mainstream method for evaluating 

the environmental benefits of materials by 

quantifying energy consumption and pollutant 

emissions throughout the entire process of raw 

material acquisition, production, and waste 

disposal. The bonded verification list and energy 

consumption records of Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd 

provide enterprise-level data support for LCA. 

Cost-benefit analysis (CBA) evaluates economy 

by comparing the input and output of green 

technologies, and its application in the precision 

rubber and plastic industry needs to be 

combined with the actual situation of 

enterprises to form a “environmental-economic” 

two-dimensional evaluation framework. 

2. Green R&D of High-Performance 

Fiber-Reinforced Precision Rubber-Plastic 

Composites 

2.1 Design of Green Material System 

The green material system takes “environmental 

protection raw materials + efficient 

reinforcement” as the core, and designs 

formulations combined with the product 

characteristics of Qingdao Eager High-Precision 

Plastic and Rubber Co., Ltd. The matrix selects 

low-VOCs rubber-plastic materials to match the 

process compatibility of its existing single-sided 

self-adhesive products; the reinforcing phase 

preferentially selects renewable fibers or 

recycled carbon fibers to replace traditional glass 

fibers to reduce environmental load. Referring to 

the company’s patented composition ratio of 

“60% acrylic polymer + 40% polyester film”, the 

fiber-matrix interface compatibility is optimized 

to ensure that the material is suitable for 

precision processing processes such as 

die-cutting and lamination, while reducing 

waste generation during processing. 

2.2 Development of Green Preparation Process 

Based on the production equipment and 

patented technologies of Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd, a 

low-energy consumption preparation process is 

developed: using patented equipment such as 

“lubricated circular knife die-cutting fixtures” to 

optimize the melt mixing process and reduce 

energy consumption per unit product; combined 

with the experience of “die-cutting waste 

vacuum cleaners” and domestic sales processing 

of incoming leftover materials, a leftover 

material recycling and reprocessing system is 

established to crush die-cutting waste and 

re-incorporate it into the matrix to improve raw 
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material utilization. To address the problem of 

uneven fiber dispersion, the company’s 

“laminating machine feed dust removal fixture” 

is introduced to improve the forming 

environment, reduce the impact of impurities, 

and reduce energy consumption from manual 

operations through intelligent regulation of 

process parameters. 

2.3 Material Performance Testing and Verification 

Performance testing focuses on the “mechanical 

properties + environmental protection 

indicators” two dimensions: in terms of 

mechanics, referring to the company’s testing 

standards for exported plastic pads, the tensile 

strength, wear resistance, and dimensional 

stability of the composite materials are tested to 

ensure that they meet the needs of application 

scenarios such as electronic screen protection 

and automotive components; in terms of 

environmental protection, the VOCs emissions 

and heavy metal content are tested to verify that 

they meet ISO 14001 certification and 

environmental protection requirements for 

export to the European Union. Through trial 

production on the existing production line of 

Qingdao Eager High-Precision Plastic and 

Rubber Co., Ltd, combined with patented 

technologies such as the “protective film size 

verification system” to monitor the performance 

stability during processing, a material standard 

suitable for green manufacturing is finally 

formed. 

3. Environmental Benefit Evaluation 

3.1 Construction of Life Cycle Assessment 

Framework 

Based on the actual production of Qingdao 

Eager High-Precision Plastic and Rubber Co., 

Ltd, a full-chain evaluation boundary of “raw 

material acquisition — production and 

processing — product use — waste disposal” is 

constructed. Data sources include enterprise 

bonded verification lists, energy consumption 

ledgers, and customs declaration information. 

With reference to the ISO 14040 standard, the 

evaluation indicators are set as: energy 

consumption, greenhouse gas emissions, solid 

waste generation, and water resource 

consumption, focusing on comparing the 

environmental load differences between new 

composite materials and traditional 

rubber-plastic materials.  

3.2 Quantitative Analysis of Environmental Impact 

Based on an annual output of 100 tons of 

composite materials, the data shows that the 

production energy consumption of the new 

material is 860 kWh/ton, which is 28.3% lower 

than that of traditional materials, benefiting 

from the application of Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd’s 

patented technology of “energy-saving 

die-cutting machine”; the solid waste generation 

is reduced to 35 kg/ton, which is 56.2% lower 

than the industry average, mainly due to the 

increase in the recovery rate of leftover materials 

to 92%; greenhouse gas emissions are 1.2 tons 

CO₂e/ton, 40% less than traditional materials, 

due to the use of low-VOCs matrix. In terms of 

water resource consumption, it is reduced to 15 

m³/ton through the circulating water system, 

which meets the “Advanced Manufacturing 

Water-saving Standard” of Laoshan District. 

3.3 Discussion of Evaluation Results 

The new composite material has significant 

environmental benefits, especially in energy 

consumption and solid waste control, which are 

better than the industry benchmark, verifying 

the effectiveness of the green material system 

and process optimization. The improvement of 

its benefits is closely related to the practice of 

Qingdao Eager High-Precision Plastic and 

Rubber Co., Ltd: on the one hand, the ISO 14001 

system ensures data traceability; on the other 

hand, patents such as “die-cutting waste 

vacuum cleaners” directly improve resource 

recycling efficiency. However, it should be noted 

that there are still hidden carbon emissions in 

the transportation of fiber reinforcements, and 

future optimization can be combined with 

localized procurement. The evaluation results 

provide a quantitative basis for enterprises to 

apply for “green manufacturing demonstration 

projects” and obtain government support funds. 

4. Economic Benefit Analysis 

4.1 Production Cost Calculation 

Based on the annual output of 100 tons of 

high-performance fiber-reinforced precision 

rubber-plastic composites by Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd, the 

production cost covers many aspects. In terms of 

raw materials, the green rubber-plastic matrix 

uses low-VOCs acrylic polymer with a purchase 

price of 18 yuan/kg, which is 20% higher than 

the traditional matrix of 15 yuan/kg; the 

renewable fiber reinforcement phase has a unit 

price of 25 yuan/kg, which is 16.7% lower than 
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the 30 yuan/kg of glass fiber. Overall, the raw 

material cost is 4.15 million yuan/year, a slight 

increase of 3.75% compared with the traditional 

material cost of 4 million yuan/year. In terms of 

process cost, with the help of “energy-saving 

die-cutting machines” and “leftover material 

recycling systems”, the production energy 

consumption is reduced to 860 kWh/ton. 

Compared with the traditional process of 1200 

kWh/ton (Hou, M. & Friedrich, K. 1991), 

calculated at the industrial electricity price of 0.7 

yuan/kWh, the annual electricity cost is saved by 

about 58,000 yuan. At the same time, the 

recovery rate of leftover materials is increased to 

92%, reducing the annual waste disposal cost by 

32,000 yuan. In terms of equipment 

transformation investment, the introduction of 

patented technologies such as “counter-aligned 

die-cutting devices” requires a one-time 

investment of 200,000 yuan, which is amortized 

over 5 years, with an average annual cost of 

40,000 yuan. Overall, the average annual 

production cost of the new composite material is 

4.24 million yuan, an increase of 140,000 yuan 

compared with the traditional material cost of 

4.1 million yuan. 

 

Table 1. 

Cost Item Traditional 

Materials 

New 

Composite 

Materials 

Raw Material 

Cost (10,000 

yuan/year) 

400 415 

Rubber-Plastic 

Matrix (yuan/kg) 

15 18 

Reinforcing Fiber 

(yuan/kg) 

30 25 

 

4.2 Market Revenue Evaluation 

In terms of product premium, due to the 

improved performance of the new composite 

material, the tensile strength is increased by 

30%, and it has ISO 14001 green certification. 

The price can reach 80 yuan/kg, a 23.1% 

premium compared with the traditional product 

price of 65 yuan/kg, increasing annual sales 

revenue by 1.5 million yuan. In terms of policy 

dividends, the material meets the “green 

threshold” system. Referring to the company’s 

previous Laoshan District advanced 

manufacturing support funds, such as 206,000 

yuan in the fourth batch of 2023 and 300,000 

yuan in high-tech enterprise recognition 

subsidies in 2021, the average annual support 

fund can be about 150,000 yuan. In terms of 

customer development, it meets the needs of 

high-end customers such as LG Display (Xu, 

Bing, Wang, Xiaoshu & Lu, Yun. 2006). Referring 

to the company’s export orders to Vietnam, it is 

expected to increase annual orders by 20 tons, 

increasing revenue by 1.6 million yuan, with a 

total annual new revenue of 3.25 million yuan. 

4.3 Comprehensive Cost-Benefit Analysis 

The average annual production cost of 

traditional materials is 4.1 million yuan, and that 

of new composite materials is 4.24 million yuan, 

an increase of 140,000 yuan; the average annual 

sales revenue of traditional materials is 6.5 

million yuan, and that of new composite 

materials is 11.6 million yuan, an increase of 5.1 

million yuan; the average annual policy income 

of traditional materials is 50,000 yuan, and that 

of new composite materials is 150,000 yuan, an 

increase of 100,000 yuan; the average annual net 

profit of traditional materials is 1.2 million yuan 

(Faruk, O., Bledzki, A. K., Fink, H. P., et al., 

2012), and that of new composite materials is 

5.36 million yuan, an increase of 4.16 million 

yuan. The investment payback period of the 

new composite material is about 0.05 years (22 

days). It can be seen that although the cost of the 

new composite material increases slightly, 

relying on product premium, policy support, 

and customer development, the net profit has 

increased significantly. Combined with the 

company’s production scale with an operating 

income of 34.808 million yuan in 2024, the cost 

advantage will be more obvious after large-scale 

production, bringing significant economic 

benefits. 

 

Table 2. 

Indicator Traditional 

Materials 

New 

Composite 

Materials 

Average Annual 

Production Cost 

(10,000 yuan) 

410 424 

Average Annual 

Sales Revenue 

(10,000 yuan) 

650 1160 
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Average Annual 

Policy Income 

(10,000 yuan) 

5 15 

Average Annual Net 

Profit (10,000 yuan) 

120 536 

Investment Payback 

Period (years) 

- 0.05 (about 

22 days) 

 

5. Case Application and Verification — Taking 

Qingdao Eager High-Precision Plastic and 

Rubber Co., Ltd as an Example 

5.1 Background of Enterprise Application 

Qingdao Eager High-Precision Plastic and 

Rubber Co., Ltd was established in 2008, 

focusing on the R&D and production of 

precision rubber and plastic products such as 

tapes, protective films, and plastic gaskets. In 

2024, its operating income reached 34.808 

million yuan, with 45 employees and ISO 9001 

and ISO 14001 dual certification systems. Its core 

business covers electronic screen protection 

materials and die-cutting processing, with 

customers including international enterprises 

such as LG Display. In recent years, the 

enterprise has faced two demands: one is the 

pressure from environmental protection 

policies, which need to meet the energy 

consumption and emission requirements of the 

“green threshold” system in Laoshan District; 

the other is the demand from market 

competition, as the requirements for material 

performance in the high-end electronics field 

continue to increase. Based on this, the 

enterprise has listed the R&D of 

high-performance fiber-reinforced precision 

rubber-plastic composites as a key 

transformation direction. The existing 

production line provides equipment basis for 

the trial production of materials, and the 

historically obtained government support funds 

provide financial support for technological 

transformation. 

5.2 Composite Material Production Practice 

The enterprise selected the existing protective 

film production line for transformation and trial 

production of 10 tons of high-performance 

fiber-reinforced composites. In the raw material 

link, low-VOCs acrylic polymer and recycled 

carbon fiber were used, matching the company’s 

mature formula system of “60% acrylic + 40% 

polyester”; in the process link, the cutting 

precision was optimized through “lubricated 

circular knife die-cutting fixtures”, and the 

recovery rate of leftover materials was increased 

from 60% to 92% with the combination of 

“die-cutting waste vacuum cleaners”. During 

the trial production period, only 0.8 tons of 

waste were generated, a 56% reduction 

compared with traditional processes; in terms of 

equipment transformation, 150,000 yuan was 

invested to upgrade the dust removal system 

(referring to the “laminating machine feed dust 

removal fixture” patent), reducing the 

particulate matter concentration in the 

production environment to 0.3 mg/m³, which 

meets the electronic-grade material processing 

standards. The trial production period was from 

March to April 2025, with a total power 

consumption of 8,600 kWh and water resources 

of 150 m³, both lower than the 12,000 kWh and 

200 m³ of traditional processes. 

5.3 Application Effect Evaluation 

 

Table 3. 

Indicator Traditional Materials (Trial 

Production Data) 

New Composite Materials 

(Trial Production Data) 

Tensile Strength 25 MPa 32.5 MPa 

Energy Consumption per Unit 

Product 

1200 kWh/ton 860 kWh/ton 

Solid Waste Generation 80 kg/ton 35 kg/ton 

Production Cost 41,000 yuan/ton 42,400 yuan/ton 

Customer Feedback (Qualified Rate) 95% 99.2% 

 

From the data, the tensile strength of the new 

composite material meets the performance 

requirements of LG Display for electronic 

gaskets (≥30 MPa), and the qualified rate has 
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increased to 99.2%, with 2 tons of additional 

orders obtained; in terms of environmental 

indicators, unit energy consumption and solid 

waste volume have decreased significantly, 

meeting the “Advanced Manufacturing 

Energy-Saving Standard” of Laoshan District, 

laying the foundation for the enterprise to apply 

for 2025 green support funds; economically, 

although the unit cost increased slightly by 

3.4%, due to performance premium, the net 

profit per ton increased from 12,000 yuan to 

53,600 yuan, verifying the feasibility and benefit 

advantages of technical application. 

6. Conclusions and Prospects 

6.1 Research Conclusions 

Taking Qingdao Eager High-Precision Plastic 

and Rubber Co., Ltd as the practical carrier, this 

study successfully developed a 

high-performance fiber-reinforced precision 

rubber-plastic composite material for green 

manufacturing. Through the combination of 

theory and practice, the following conclusions 

are drawn: At the technical level, the composite 

material uses low-VOCs acrylic polymer as the 

matrix and renewable fibers as the reinforcing 

phase. After optimizing the formula and process 

improvements such as “energy-saving 

die-cutting” and “waste recycling”, the tensile 

strength is increased by 30% to 32.5 MPa, 

meeting the performance requirements of 

high-end scenarios such as electronic screen 

protection. In terms of environmental benefits, 

the life cycle assessment based on enterprise 

production data shows that the unit energy 

consumption is reduced to 860 kWh/ton, and the 

solid waste generation is reduced by 56.2%, 

which meets the requirements of ISO 14001 

certification and the “green threshold” system in 

Laoshan District. Economically, although the 

unit cost increases slightly by 3.4%, relying on 

performance premium and policy support, the 

net profit per ton increases by 346.7%, with an 

investment payback period of only 22 days. The 

trial production in Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd 

verifies the feasibility of a 

“environmental-economic” win-win situation. 

6.2 Innovation Points 

The research innovations are reflected in three 

aspects: First, the collaborative greening of 

material systems and processes. Combining 

patented technologies of Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd such 

as “die-cutting welding fusion equipment” and 

“dust removal fixtures”, the environmental 

adaptation of fiber reinforcement and precision 

processing is realized, solving the problems of 

high energy consumption and more waste in 

traditional composite material production. 

Second, enterprise-level data support for benefit 

evaluation. Relying on the company’s bonded 

verification list, energy consumption records, 

and details of government support funds, life 

cycle assessment and cost-benefit analysis are 

more in line with the actual situation of the 

precision rubber and plastic industry. Third, the 

practical orientation of case application. The 

compatibility of the technology in the existing 

production line is verified through 10-ton trial 

production, providing a replicable “technical 

transformation-policy docking-market 

expansion” path for the green transformation of 

small and medium-sized rubber and plastic 

enterprises. 

6.3 Limitations and Prospects 

The research has two limitations: First, the 

localized supply of fiber reinforcement is 

insufficient, and currently relies on imports from 

South Korea, which increases the hidden costs 

and carbon emissions in the transportation link. 

Second, the stability of large-scale production 

needs to be verified. Although the performance 

meets the standards in trial production, 

large-batch production may face problems such 

as uneven fiber dispersion. In the future, 

optimization can be carried out from three 

aspects: giving priority to purchasing local fiber 

materials in Shandong to reduce the 

environmental load of the supply chain; 

combining the company’s “tape color difference 

detection and discrimination system” 

technology to develop an online monitoring 

device for composite material performance to 

improve the stability of large-scale production; 

exploring cooperation with the “Flexible Energy 

Storage Materials Joint Laboratory” of Ocean 

University of China to develop a degradable 

fiber reinforcement system, further deepening 

the green attributes, and helping Qingdao Eager 

High-Precision Plastic and Rubber Co., Ltd 

transform from “precision processing” to “green 

material innovation”. 
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Abstract 

Flooding poses a persistent and escalating threat to communities in the Niger Delta, particularly in 

Ahoada East and Ahoada West, and this study employs a Multi-Criteria Decision Analysis (MCDA) 

approach to assess the risks and impacts. The primary aim was to identify, map, and assess the spatial 

distribution of flood-prone areas and the varying degrees of vulnerability, thereby informing effective 

disaster risk management. 

Employing a quantitative research design, the study integrated diverse physical (e.g., elevation, slope, 

proximity to rivers), environmental (e.g., land use/land cover, drainage density), and socio-economic 

indicators (e.g., population density, housing quality, access to services). The Analytical Hierarchy 

Process (AHP) was utilized to determine indicator weights, followed by Weighted Linear 

Combination (WLC) to generate a composite flood vulnerability map. The findings reveal a 

heterogeneous spatial distribution of vulnerability, with areas along major river channels and those 

characterized by low-lying topography exhibiting the highest susceptibility. Crucially, socio-economic 

sensitivities, such as high population density and informal housing, significantly amplify overall 

vulnerability, transforming moderately exposed areas into high-risk zones. The study implicitly 

highlights a pervasive low adaptive capacity, underscoring the communities’ limited ability to cope 

and recover, further compounded by environmental degradation. 

This research contributes a granular, localized flood vulnerability map for Ahoada East and West 

LGAs, filling a critical knowledge gap and providing actionable intelligence for targeted interventions. 

It reinforces theoretical frameworks by demonstrating the synergistic interplay of exposure, 

sensitivity, and adaptive capacity in real-world contexts. Recommendations include implementing 

targeted flood risk management plans, promoting flood-resilient infrastructure, strengthening 

socio-economic resilience, investing in environmental restoration, enhancing community engagement, 

improving data collection, integrating flood risk into land-use planning, and fostering inter-agency 

collaboration. These measures are vital for building resilient communities and mitigating the 

escalating impacts of flooding in the Niger Delta. 
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1. Introduction 

Flooding remains one of the most devastating 

natural disasters globally, causing significant 

socio-economic disruption, loss of life, and 

damage to infrastructure, particularly in 

vulnerable regions (Onwubiko & Aheto, 2025). 

The Niger Delta region of Nigeria, characterized 

by its low-lying topography, extensive river 

networks, and high rainfall intensity, is 

exceptionally susceptible to recurrent and severe 

flooding events (Alexander et al., 2025). These 

events are exacerbated by climate change, 

inadequate drainage systems, and rapid 

urbanization, leading to widespread 

displacement, agricultural losses, and public 

health crises. The impacts are particularly acute 

in rural and semi-urban areas where 

communities heavily rely on agriculture and 

natural resources for their livelihoods, making 

them highly vulnerable to environmental 

shocks. 

Understanding and mapping flood vulnerability 

is therefore crucial for effective disaster risk 

reduction, land-use planning, and the 

implementation of adaptive strategies. 

Geographic Information Systems (GlS) have 

emerged as indispensable tools in 

environmental management and disaster 

assessment due to their capacity to integrate, 

analyze, and visualize spatial data. When 

combined with Multi-Criteria Decision Analysis 

(MCDA), GIS provides a robust framework for 

evaluating complex environmental phenomena 

by incorporating multiple factors and expert 

judgments. This integrated approach allows for 

a comprehensive assessment of flood 

vulnerability, moving beyond mere hazard 

mapping to include exposure and susceptibility 

components (Nkechi et al., 2024). While 

GIS-based MCDA has been applied in various 

flood vulnerability studies across Nigeria, there 

remains a need for localized, in-depth analyses 

that address the unique socio-economic and 

environmental contexts of specific high-risk 

areas. 

This journal article focuses on the Ahoada East 

and Ahoada West Local Government Areas 

(LGAs) of Rivers State, Nigeria, two regions that 

have historically experienced significant flood 

impacts. Despite the recurring nature of these 

disasters, a detailed geospatial analysis of flood 

vulnerability using an integrated GlS-based 

MCDA approach specifically tailored to these 

LGAs is lacking. Such an analysis is vital for 

identifying the most vulnerable areas, 

understanding the contributing factors, and 

informing targeted interventions to enhance 

community resilience. By employing advanced 

geospatial techniques and incorporating 

relevant socio-economic and environmental 

criteria, this study aims to provide a 

comprehensive assessment that will serve as a 

critical resource for policymakers, disaster 

management agencies, and local communities in 

their efforts to mitigate flood risks and promote 

sustainable development in the region. 

The Niger Delta region of Nigeria, situated in 

the southern part of the country, is a vast 

low-lying plain formed by the deposition of 

sediments from the River Niger. This 

geographical characteristic, coupled with its 

tropical monsoon climate, makes the region 

inherently prone to flooding (Alexander et al., 

2025). Rivers State, one of the nine states in the 

Niger Delta, is particularly affected due to its 

extensive network of rivers, creeks, and 

proximity to the Atlantic Ocean. The state 

experiences two main seasons: a prolonged 

rainy season (March to October) and a short dry 

season (November to February), with annual 

rainfall often exceeding 2,000 mm. This heavy 

precipitation, combined with tidal surges, river 

overflows, and the release of water from dams, 

frequently leads to devastating flood events 

(Onwubiko & Aheto, 2025). 

Ahoada East and Ahoada West Local 

Government Areas (LGAs) are integral parts of 

Rivers State, located northwest of Port Harcourt. 

These areas are predominantly rural and 

semi-urban, with a significant portion of their 

population engaged in agriculture, fishing, and 

other natural resource-dependent livelihoods 

(Alexander et al., 2025). The topography of these 

LGAs is generally flat, making them highly 

susceptible to inundation during periods of 
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heavy rainfall and riverine flooding. Historical 

records and recent studies indicate a consistent 

pattern of severe flooding in these areas, with 

notable events causing widespread destruction. 

For instance, the 2012 flood disaster in Nigeria 

had a profound impact on communities in 

Ahoada West LGA, disrupting agricultural 

activities and displacing many residents (RSIS 

International, n.d.). More recently, the 2022 

flooding further exacerbated the challenges 

faced by these communities, highlighting the 

persistent vulnerability of the region (Reuters, 

2022). 

The recurring floods in Ahoada East and West 

LGAs have had multifaceted impacts on the 

socio-economic fabric of the communities. 

Beyond the immediate destruction of homes and 

infrastructure, these floods significantly 

undermine food security by reducing crop 

yields, disrupting livestock farming, and 

hindering access to markets (Alexander et al., 

2025). The health implications are also severe, 

with increased incidences of waterborne 

diseases and other flood-related ailments 

(IIARD Journals, n.d.). Furthermore, the 

degradation of natural protective barriers, such 

as mangrove habitats, due to oil spills and 

over-exploitation, has further diminished the 

region’s natural resilience to flooding 

(Onwubiko & Aheto, 2025). This complex 

interplay of geographical factors, climatic 

conditions, and anthropogenic activities 

underscores the urgent need for a 

comprehensive and spatially explicit 

understanding of flood vulnerability in Ahoada 

East and West LGAs to inform effective 

mitigation and adaptation strategies. 

Despite the well-documented history of 

recurrent and devastating floods in the Niger 

Delta region, particularly in Rivers State, the 

Ahoada East and Ahoada West Local 

Government Areas continue to bear a 

disproportionate burden of these disasters. The 

pervasive nature of flooding in these LGAs 

presents a multifaceted challenge that 

significantly impedes sustainable development 

and human well-being. Firstly, the lack of a 

precise and spatially explicit understanding of 

flood vulnerability at the local government level 

hinders effective disaster preparedness and 

response. While general flood susceptibility 

maps exist for the broader Niger Delta, these 

often lack the granular detail necessary for 

targeted interventions in specific communities 

within Ahoada East and West (Nkechi et al., 

2024). 

Secondly, the existing flood management 

strategies have proven largely insufficient in 

mitigating the socio-economic impacts on the 

affected populations. Flooding in these areas 

leads to substantial agricultural losses, 

disruption of livelihoods, and exacerbation of 

food insecurity, as evidenced by recent studies 

highlighting significant reductions in crop yields 

and challenges in livestock farming (Alexander 

et al., 2025). The destruction of infrastructure, 

including roads and markets, further isolates 

communities and impedes humanitarian aid 

delivery. Moreover, the health consequences, 

such as increased prevalence of waterborne 

diseases, add another layer of complexity to the 

problem, placing immense strain on already 

limited healthcare facilities (IIARD Journals, 

n.d.). Thirdly, the degradation of natural flood 

defense mechanisms, such as mangrove 

ecosystems, due to anthropogenic activities like 

oil exploration and over-exploitation, has further 

compounded the vulnerability of these areas 

(Onwubiko & Aheto, 2025). This environmental 

degradation reduces the natural resilience of the 

landscape to absorb floodwaters, making 

communities more exposed to the destructive 

forces of inundation. 

The absence of comprehensive, integrated flood 

management plans that consider both the 

physical and socio-economic dimensions of 

vulnerability, coupled with limited community 

engagement and institutional support, 

perpetuates a cycle of disaster and recovery. 

Therefore, there is an urgent need for a robust 

analytical framework that can accurately assess 

and map flood vulnerability in Ahoada East and 

West LGAs, thereby providing a scientific basis 

for proactive and sustainable flood risk 

reduction measures. 

The primary aim of this study is to conduct a 

comprehensive geospatial analysis of flood 

vulnerability in Ahoada East and Ahoada West 

Local Government Areas of Rivers State, 

Nigeria, utilizing a GIS-based Multi-Criteria 

Decision Analysis (MCDA) approach. This 

research seeks to identify, map, and assess the 

spatial distribution of flood-prone areas and the 

varying degrees of vulnerability within these 

regions, thereby providing critical insights for 

effective flood risk management and sustainable 

development planning. 
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To achieve the stated aim, this study will pursue 

the following specific objectives: 

1) To identify and map the key physical and 

environmental factors contributing to flood 

susceptibility in Ahoada East and Ahoada West 

LGAs, including topography, drainage density, 

land use/land cover, and proximity to water 

bodies. 

2) To assess the socio-economic characteristics of 

the population in the study area that influence 

their vulnerability to flooding, such as 

population density, housing quality, access to 

infrastructure, and livelihood patterns. 

3) To integrate the identified physical, 

environmental, and socio-economic factors 

using a GlS-based Multi-Criteria Decision 

Analysis (MCDA) framework to generate a 

comprehensive flood vulnerability map for 

Ahoada East and Ahoada West LGAs. 

4) To delineate and categorize areas into 

different flood vulnerability zones (e.g., low, 

moderate, high, very high) based on the 

integrated analysis. 

5) To provide recommendations for effective 

flood risk reduction strategies, land-use 

planning, and community resilience building 

initiatives tailored to the specific vulnerability 

profiles of the study area. 

This study will address the following research 

questions: 

1) What are the primary physical and 

environmental factors that contribute to flood 

susceptibility in Ahoada East and Ahoada West 

LGAs, and how can they be spatially mapped? 

2) What are the key socio-economic 

characteristics of the population in Ahoada East 

and Ahoada West LGAs that render them 

vulnerable to flood impacts? 

3) How can a GlS-based Multi-Criteria Decision 

Analysis (MCDA) framework effectively 

integrate diverse physical, environmental, and 

socio-economic factors to produce a 

comprehensive flood vulnerability map for the 

study area? 

4) What are the spatial patterns and varying 

degrees of flood vulnerability across Ahoada 

East and Ahoada West LGAs, and which areas 

are most susceptible to severe impacts? 

5) What specific, actionable recommendations 

can be derived from geospatial analysis to 

enhance flood risk reduction, improve land-use 

planning, and build community resilience in 

Ahoada East and Ahoada West LGAs? Research 

seeks to identify, map, and assess the spatial 

distribution of flood-prone areas and the 

varying degrees of vulnerability within these 

regions, thereby providing critical insights for 

effective flood risk management and sustainable 

development planning. 

This study holds significant importance for 

various stakeholders involved in disaster 

management, environmental planning, and 

sustainable development within Rivers State, 

Nigeria, and other flood-prone regions globally. 

Firstly, by providing a detailed and spatially 

explicit flood vulnerability map for Ahoada East 

and Ahoada West LGAs, this research will serve 

as a crucial tool for local government authorities 

and disaster management agencies. The 

granular insights derived from the GIS-based 

MCDA will enable these bodies to identify 

high-risk areas with precision, facilitating the 

allocation of resources for targeted 

interventions, emergency preparedness, and 

early warning systems. This will move beyond 

generalized assessments, allowing for more 

effective and efficient deployment of aid and 

mitigation measures, ultimately saving lives and 

reducing economic losses. 

Secondly, the findings will contribute 

significantly to improved land-use planning and 

development control. By delineating areas of 

varying vulnerability, urban planners and 

policymakers can make informed decisions 

regarding future infrastructure development, 

housing projects, and agricultural activities. This 

can prevent the construction of settlements in 

highly vulnerable zones, promote flood-resilient 

building practices, and guide the 

implementation of sustainable land 

management strategies that minimize 

environmental degradation and enhance natural 

flood defenses. Such proactive planning is 

essential for fostering long-term resilience and 

preventing the perpetuation of flood-induced 

cycles of poverty and displacement. 

Thirdly, this research will enrich the existing 

academic discourse on flood vulnerability 

assessment, particularly in the context of the 

Niger Delta region. By employing a robust 

GIS-based MCDA framework and integrating a 

comprehensive set of physical, environmental, 

and socio-economic indicators, the study will 

offer a methodological contribution that can be 

replicated and adapted to other similar contexts. 
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It will highlight the complexities of vulnerability 

in a region characterized by unique 

socio-ecological dynamics, providing valuable 

empirical data and analytical insights for 

researchers and practitioners. The emphasis on 

recent and authentic materials ensures the 

relevance and applicability of the findings to 

contemporary challenges. 

Furthermore, the study’s insight into the 

socio-economic dimensions of vulnerability will 

empower local communities. Understanding 

how factors like livelihood patterns, housing 

conditions, and access to services influence 

susceptibility to flooding can inform 

community-based adaptation initiatives. This 

knowledge can facilitate the development of 

tailored awareness campaigns, capacity-building 

programs, and livelihood diversification 

strategies that enhance the adaptive capacity of 

residents. By highlighting the specific challenges 

faced by farmers and other vulnerable groups, 

the study can advocate for policies that 

strengthen social protection mechanisms and 

promote equitable access to resources for flood 

recovery and resilience building. 

Finally, this research aligns with national and 

international efforts towards achieving the 

Sustainable Development Goals (SDGs), 

particularly those related to climate action (SDG 

13), sustainable cities and communities (SDG 

11), and no poverty (SDG 1). By addressing a 

critical environmental challenge that 

disproportionately affects vulnerable 

populations, the study contributes to building 

more resilient societies and promoting inclusive 

development in the face of climate change. The 

practical recommendations derived from this 

analysis will serve as a valuable resource for 

policymakers, non-governmental organizations, 

and international development partners seeking 

to implement effective and sustainable flood risk 

reduction strategies in the Niger Delta and 

beyond. 

This study will focus on the geospatial analysis 

of flood vulnerability within the administrative 

boundaries of Ahoada East and Ahoada West 

Local Government Areas (LGAs) in Rivers State, 

Nigeria. The geographical scope is strictly 

limited to these two LGAs to allow for a detailed 

and localized assessment, recognizing that flood 

dynamics and vulnerability factors can vary 

significantly even within a broader region like 

the Niger Delta. The temporal scope of the study 

will primarily consider recent flood events and 

available data, with a particular emphasis on the 

period from 2012 to the present, given the 

severity and recurrence of major floods during 

this timeframe. This focus ensures that the 

analysis is based on contemporary conditions 

and reflects the most recent challenges faced by 

the communities. 

The methodological scope will involve the 

application of Geographic Information Systems 

(GlS) for spatial data acquisition, processing, 

and analysis. The core analytical framework will 

be a Multi-Criteria Decision Analysis (MCDA), 

which will integrate various physical, 

environmental, and socio-economic parameters 

identified as critical determinants of flood 

vulnerability. These parameters will include, but 

are not limited to, elevation, slope, drainage 

density, proximity to rivers, land use/land cover, 

population density, and socio-economic 

indicators such as housing types and access to 

research seeks to identify, map, and assess the 

spatial distribution of flood-prone areas and the 

varying degrees of vulnerability within these 

regions, thereby providing critical insights for 

effective flood risk management and sustainable 

development planning. 

1.1 Study Area 

The study focuses on Ahoada East and Ahoada 

West Local Government Areas (LGAs), situated 

in the Rivers State of Nigeria. These two LGAs 

are geographically positioned in the 

northwestern part of Rivers State, forming an 

integral part of the larger Niger Delta region. 

The region is characterized by its low-lying 

topography, which is a significant factor 

contributing to its susceptibility to flooding. The 

terrain is predominantly flat, making it prone to 

inundation during periods of heavy rainfall and 

riverine overflows. 

The climate is tropical monsoon, experiencing a 

prolonged rainy season from March to October, 

with annual rainfall often exceeding 2,000 mm. 

This heavy precipitation, combined with the 

influence of the Atlantic Ocean and the extensive 

network of rivers and creeks, including the 

prominent Orashi River and its tributaries, 

creates an environment highly vulnerable to 

recurrent flood events. 

The vegetation in Ahoada East and Ahoada West 

LGAs is primarily dense rainforest, reflecting 

the rich biodiversity of the Niger Delta. 

However, this natural landscape has been 

significantly impacted by human activities, 
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including extensive agricultural practices and, 

notably, oil and gas exploration and exploitation. 

These activities have led to environmental 

degradation, such as deforestation and 

pollution, which further diminish the natural 

resilience of the ecosystem to absorb floodwaters 

and exacerbate the impacts of flooding. The 

socio-economic landscape of these LGAs is 

largely agrarian, with a significant portion of the 

population engaged in farming, fishing, and 

hunting. 

Major crops cultivated include cassava, yams, 

and plantains, which are highly susceptible to 

flood damage, directly impacting the livelihoods 

and food security of the local communities. 

Research seeks to identify, map, and assess the 

spatial distribution of flood-prone areas and the 

varying degrees of vulnerability within these 

regions, thereby providing critical insights for 

effective flood risk management and sustainable 

development planning. 

 

Figure 1. Map showing the study areas 

 

2. Literature Review 

Flood vulnerability assessment has become a 

critical area of research due to the increasing 

frequency and intensity of flood events globally, 

exacerbated by climate change and rapid 

urbanization (Onwubiko & Aheto,2025). 

Understanding the multifaceted nature of flood 

vulnerability requires a comprehensive 

approach that integrates various physical, 

environmental, and socio-economic factors. This 

section reviews existing literature on flood 

vulnerability assessment, with a particular focus 

on Geographic Information Systems (GIS) and 

Multi-Criteria Decision Analysis (MCDA) 

applications, as well as relevant conceptual and 

theoretical frameworks. 

Flood vulnerability is a complex concept, often 

defined as the degree to which a system is 

susceptible to, and unable to cope with, adverse 

effects of flooding (IPCC, 2014). It is generally 

understood as a function of exposure, 

sensitivity, and adaptive capacity. 

Exposure refers to the presence of people, 

livelihoods, and assets in areas that could be 

adversely affected by floods. Sensitivity 

describes the degree to which a system is 

affected by flood events, while adaptive capacity 

denotes the ability of a system to adjust to 

potential damage, take advantage of 

opportunities, or cope with the consequences 

(IPCC, 2014). Early approaches to flood 

assessment primarily focused on hazard 

mapping, delineating areas prone to inundation 

based on hydrological and topographical 

characteristics. However, a more holistic 

understanding of flood risk necessitates the 

inclusion of vulnerability components, 

recognizing that the impact of a flood is not 

solely determined by its physical magnitude but 

also by the socio-economic and environmental 

characteristics of the affected population and 

area (Alexander et al., 2025). 

Various methodologies have been developed for 

flood vulnerability assessment, ranging from 

indicator-based approaches to complex 

modeling techniques. Indicator-based 

approaches are widely adopted due to their 

simplicity and ability to integrate diverse data 

types. These methods typically involve selecting 

a set of indicators representing different 

dimensions of vulnerability (e.g., physical, 

social, economic, environmental), normalizing 

them, and then combining them using various 

weighting and aggregation techniques to 

produce a composite vulnerability index (Cutter 

et al., 2003). The selection of appropriate 

indicators is crucial and often depends on the 

scale of the study, data availability, and the 

specific context of the flood hazard. Common 

physical indicators include elevation, slope, 

drainage density, and proximity to rivers, while 

socio-economic indicators encompass 

population density, housing conditions, income 

levels, and access to services (Nkechi et al., 

2024). 

Geographic Information Systems (GIS) have 

revolutionized flood vulnerability assessment by 

providing powerful tools for spatial data 

management, analysis, and visualization. GIS 

enables the integration of diverse spatial 

datasets, such as digital elevation models 

(DEMs), land use/land cover maps, hydrological 
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data, and socio-economic census data, into a 

common platform. This capability allows for the 

spatial analysis of flood hazards and the 

mapping of vulnerable areas with high precision 

(Khosravi et al., 2020). The visual output of 

GIS-based assessments, typically in the form of 

vulnerability maps, is highly effective for 

communicating complex information to 

policymakers and the public, facilitating 

informed decision-making in disaster 

management and land-use planning (Nkechi et 

al., 2024). 

Multi-Criteria Decision Analysis (MCDA) 

techniques, when integrated with GIS, provide a 

robust framework for combining multiple, often 

conflicting, criteria to arrive at a comprehensive 

assessment of flood vulnerability. MCDA 

methods allow for systematic evaluation of 

various factors by assigning weights to each 

criterion based on their perceived importance or 

influence on vulnerability. One of the most 

widely used MCDA techniques in flood 

vulnerability assessment is the Analytical 

Hierarchy Process (AHP) (Saaty, 1980). AHP 

facilitates the structuring of complex decisions 

into a hierarchy and uses pairwise comparisons 

to derive ratio scale weights for each criterion. 

This method helps in quantifying subjective 

judgments and ensures consistency in the 

weighting process (Nkechi et al., 2024; Saaty, 

1980). 

Other MCDA techniques, such as Weighted 

Linear Combination (WLC), also find extensive 

applications. WLC involves multiplying the 

weight of each criterion by its standardized 

score and summing the results to obtain a 

composite index. Various methodologies have 

been developed for flood vulnerability 

assessment, ranging from indicator-based 

approaches to complex modeling techniques. 

Indicator-based approaches are widely adopted 

due to their simplicity and ability to integrate 

diverse data types. These methods typically 

involve selecting a set of indicators representing 

different dimensions of vulnerability (e.g., 

physical, social, economic, environmental), 

normalizing them, and then combining them 

using various weighting and aggregation 

techniques to produce a composite vulnerability 

index (Cutter et al., 2003). The selection of 

appropriate indicators is crucial and often 

depends on the scale of the study, data 

availability, and the specific context of the flood 

hazard. Common physical indicators include 

elevation, slope, drainage density, and proximity 

to rivers, while socio-economic indicators 

encompass population density, housing 

conditions, income levels, and access to services 

(Nkechi et al., 2024). 

The Social-Ecological Systems (SES) framework 

views human societies and natural ecosystems 

as interconnected and interdependent systems, 

where vulnerability to hazards like floods arises 

from the interactions and feedbacks between 

social and ecological components (Liu et al., 

2007). This framework provides a holistic 

perspective by considering how the degradation 

of natural systems (e.g., wetlands, forests, 

coastal habitats) due to human activities can 

increase flood vulnerability, and how social 

factors influence the capacity of communities to 

adapt and respond to floods. For example, the 

destruction of mangrove forests in coastal areas, 

often driven by economic activities, removes a 

natural buffer against storm surges and floods, 

thereby increasing the exposure and sensitivity 

of human settlements (Onwubiko & Aheto, 

2025). 

Simultaneously, social factors such as 

governance structures, community participation, 

and access to information play a crucial role in 

shaping the adaptive capacity of the system. 

The SES framework highlights the need for 

integrated approaches that consider both human 

and natural dimensions of vulnerability. It 

emphasizes that sustainable flood risk 

management requires not only engineering 

solutions but also the restoration and 

conservation of ecosystems, alongside 

strengthening social institutions and 

empowering local communities. By analyzing 

the interplay between social and ecological 

components, the SES framework helps to 

identify leverage points for intervention that can 

enhance the overall resilience of the system to 

flood events. 

Empirical studies on flood vulnerability 

assessment have proliferated globally, reflecting 

the increasing recognition of flooding as a major 

environmental and socio-economic challenge. A 

significant portion of this research has leveraged 

Geographic Information Systems (GlS) and 

Multi-Criteria Decision Analysis (MCDA) to 

map and analyze flood-prone areas, particularly 

in developing regions that are 

disproportionately affected by these disasters. 

This section reviews key empirical studies, with 
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a focus on applications in Nigeria and other 

similar contexts, highlighting methodologies, 

findings, and existing gaps. Various 

methodologies have been developed for flood 

vulnerability assessment, ranging from 

indicator-based approaches to complex 

modeling techniques. Indicator-based 

approaches are widely adopted due to their 

simplicity and ability to integrate diverse data 

types. These methods typically involve selecting 

a set of indicators representing different 

dimensions of vulnerability (e.g., physical, 

social, economic, environmental), normalizing 

them, and then combining them using various 

weighting and aggregation techniques to 

produce a composite vulnerability index (Cutter 

et al., 2003). The selection of appropriate 

indicators is crucial and often depends on the 

scale of the study, data availability, and the 

specific context of the flood hazard. Common 

physical indicators include elevation, slope, 

drainage density, and proximity to rivers, while 

socio-economic indicators encompass 

population density, housing conditions, income 

levels, and access to services (Nkechi et al., 

2024). 

3. Methodology 

This study will employ quantitative research 

design, utilizing a Geographic Information 

System (GIS)-based Multi-Criteria Decision 

Analysis (MCDA) approach to assess and map 

flood vulnerability in Ahoada East and Ahoada 

West Local Government Areas (LGAs) of Rivers 

State, Nigeria. The methodology is structured to 

systematically address the research objectives 

and answer the research questions, integrating 

diverse spatial and non-spatial data to generate 

a comprehensive flood vulnerability map. 

The research design involves multi-stage 

process, beginning with data acquisition, 

followed by data preprocessing, spatial analysis 

using GlS, and finally, the application of MCDA 

for vulnerability mapping. The core of the 

methodology lies in integrating various 

physical, environmental, and socio-economic 

indicators that collectively define flood 

vulnerability. The output will be a series of 

thematic maps and a final composite flood 

vulnerability map, categorizing areas into 

different vulnerability zones. 

To achieve the objectives of this study, both 

primary and secondary data will be collected. 

Secondary data will form the bulk of the input 

for the geospatial analysis, encompassing a 

range of physical, environmental, and 

socio-economic parameters. The data types and 

their sources are outlined below: 

Digital Elevation Model (DEM): A 

high-resolution DEM (e.g., SRTM 30m or ASTER 

GDEM) will be acquired to derive topographical 

parameters such as elevation, slope, and 

drainage networks. These parameters are crucial 

for understanding water flow accumulation and 

flood inundation patterns. 

Land Use/Land Cover (LULC) Map: Recent 

satellite imagery (e.g., Landsat, Sentinel) will be 

obtained and processed to generate a current 

LULC map of the study area. This map will 

identify different land cover types (e.g., built-up 

areas, agricultural lands, forests, water bodies) 

which influence flood susceptibility and 

exposure of assets. 

Hydrographic Data: Data on rivers, streams, and 

other water bodies will be extracted from the 

DEM or existing hydrographic maps. Proximity 

to these features is a critical indicator of flood 

risk. 

Rainfall Data: Historical rainfall data for the 

Rivers State region will be obtained from the 

Nigeria Meteorological Agency (NiMet). This 

data will be used to understand rainfall patterns 

and intensity, which are direct drivers of pluvial 

and riverine flooding. 

Soil Type Data: Soil maps will be acquired from 

relevant geological surveys or environmental 

agencies. Soil characteristics influence 

infiltration rates and surface runoff, affecting 

flood dynamics. 

Population Data: High-resolution population 

density data will be obtained from the National 

Population Commission (NPC)or other reliable 

demographic sources. This data is essential for 

assessing the number of people exposed to flood 

hazards. 

Socio-economic Data: Data related to housing 

types, income levels, access to basic services 

(e.g., healthcare, education, infrastructure), and 

livelihood patterns will be gathered from census 

data, household surveys (if available from 

previous studies), and relevant government 

reports. These indicators will help in assessing 

the sensitivity and adaptive capacity of the 

population. 

Infrastructure Data: Maps of critical 

infrastructure such as roads, bridges, schools, 
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and health facilities will be collected from 

relevant government ministries or open-source 

platforms. The vulnerability of these assets 

contributes to the overall impact of floods. 

The collected data will be processed and 

analyzed using ArcGIS software (version 10.x or 

higher). The analysis will involve several steps: 

There is also a need for more studies that 

explicitly incorporate climate change projections 

and future flood scenarios into their 

vulnerability assessments, moving beyond 

historical data to anticipate future risks. This 

study aims to address some of these gaps by 

providing a detailed, localized GIS-based 

MCDA of flood vulnerability in Ahoada East 

and West LGAs, integrating a comprehensive set 

of physical and socio-economic factors to inform 

targeted and proactive flood risk management 

strategies. 

All acquired spatial data will be projected to a 

common coordinate system (e.g., Universal 

Transverse Mercator, UTM) and resampled to a 

uniform spatial resolution to ensure 

compatibility. DEM will be used to derive slope, 

aspect, flow direction, flow accumulation, and 

drainage density. LULC classification will be 

performed using supervised classification 

techniques on satellite imagery. Proximity maps 

(e.g., distance to rivers, roads) will be generated 

using Euclidean distance tools. 

Based on literature review and expert 

knowledge, a set of key indicators representing 

exposure, sensitivity, and adaptive capacity will 

be selected. These indicators will include: 

Exposure Indicators: Elevation, slope, distance 

from rivers, drainage density, land Use (e.g., 

built-up areas, agricultural lands). 

Sensitivity Indicators: Population density, 

housing quality (inferred from LULC or 

socio-economic data), proportion of vulnerable 

groups (e.g., elderly, children, or poor 

households). 

Adaptive Capacity Indicators: Road network 

density (access to evacuation routes), presence 

of healthcare facilities, access to education, 

livelihood diversity (inferred from 

socio-economic data). 

Each indicator will be standardized to a 

common scale (e.g., 0-l or 1-5) to allow for 

comparison and integration. This will typically 

involve assigning scores based on their 

contribution to vulnerability (e.g., lower 

elevation = higher vulnerability score). 

The Analytical Hierarchy Process (AHP) will be 

employed to determine the relative weights of 

each selected indicator. AHP involves 

constructing a pairwise comparison matrix 

where the relative importance of each indicator 

against every other indicator is judged using 

Saaty’s nine-point scale (Saaty, 1980). Expert 

judgment from hydrologists, urban planners, 

and disaster management professionals familiar 

with the Niger Delta region will be sought to 

populate the pairwise comparison matrix. The 

consistency ratio (CR) will be calculated to 

ensure the consistency of the judgments. If the 

CR exceeds 0.10, the judgments will be 

re-evaluated until an acceptable consistency is 

achieved. 

Once the weights are determined, a Weighted 

Linear Combination (WLC) method will be 

applied in the GIS environment to combine the 

standardized indicator layers. The WLC model 

calculates the flood vulnerability index (FVI) for 

each pixel (or spatial unit) using the following 

formula: There is also a need for more studies 

that explicitly incorporate climate change 

projections and future flood scenarios into their 

vulnerability assessments, moving beyond 

historical data to anticipate future risks. This 

study aims to address some of these gaps by 

providing a detailed, localized GIS-based 

MCDA of flood vulnerability in Ahoada East 

and West LGAs, integrating a comprehensive set 

of physical and socio-economic factors to inform 

targeted and proactive flood risk management 

strategies. 

4. Presentation of Results 

This section presents the key findings derived 

from the geospatial analysis of flood 

vulnerability in Ahoada East and Ahoada West 

Local Government Areas (LGAs) using the 

GIS-based Multi-Criteria Decision Analysis 

(MCDA) approach. The results are primarily 

presented through a synthesized flood 

vulnerability map and a quantitative breakdown 

of the contribution of various indicators to the 

overall vulnerability. 

4.1 Flood Vulnerability Map 
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Figure 2. Map Showing Flood Vulnerability 

Zones in the study Area 

 

The integrated analysis of physical, 

environmental, and socio-economic factors 

culminated in the generation of a 

comprehensive flood vulnerability map for 

Ahoada East and Ahoada West LGAs (Figure 2). 

This map delineates the study area into five 

There is also a need for more studies that 

explicitly incorporate climate change projections 

and future flood scenarios into their 

vulnerability assessments, moving beyond 

historical data to anticipate future risks. This 

study aims to address some of these gaps by 

providing a detailed, localized GIS-based 

MCDA of flood vulnerability in Ahoada East 

and West LGAs, integrating a comprehensive set 

of physical and socio-economic factors to inform 

targeted and proactive flood risk management 

strategies. 

4.2 Contribution of Vulnerability Indicators 

The Analytical Hierarchy Process (AHP) 

revealed the relative importance of the selected 

indicators in contributing to overall flood 

vulnerability. Table 1 summarizes the weights 

assigned to each primary category (Exposure, 

Sensitivity, Adaptive Capacity) and their 

respective sub-indicators. The analysis indicated 

that physical exposure indicators, such as 

elevation and proximity to rivers, held the 

highest cumulative weight, underscoring the 

dominant role of geographical factors in 

determining flood susceptibility in the study 

area. However, socio-economic sensitivity 

indicators, particularly population density and 

housing quality, also contributed significantly, 

highlighting the human dimension of 

vulnerability. 

 

Table 1. Weights of Flood Vulnerability 

Indicators in Ahoada East and West LGA 

Indicator 

Category 

Sub-Indicator AHP 

Weight (%) 

Exposure Elevation 25 

 Slope 15 

 Dist.to Rivers 20 

 Drainage Density 10 

 Land Use/Cover 5 

Sensitivity Population 

Density 

10 

 Housing Quality 5 

 Vulnerable 

Groups 

5 

Adaptive 

Capacity 

Road Network 

Density 

3 

 Access to 

Healthcare 

1 

 Access to 

Education 

1 

 Livelihood 

Diversity 

0.5 

Total  100 

 

Further analysis of the spatial overlay of 

individual indicator maps with the final 

vulnerability map revealed specific correlations. 

For instance, areas with high population density 

and predominantly informal housing structures 

consistently overlapped with zones classified as 

‘High’ or ‘Very High’ vulnerability, even in areas 

with moderate physical exposure. This suggests 

that socio-economic factors significantly amplify 

the overall vulnerability, transforming areas of 

moderate physical risk into zones of high overall 

vulnerability due to the limited coping and 

adaptive capacities of the resident population. 

5. Discussion of Results 

The findings from the geospatial analysis of 

flood vulnerability in Ahoada East and Ahoada 

West LGAs provide critical insights into the 

complex interplay of factors contributing to 

flood risk in the Niger Delta region. The flood 

vulnerability map (Figure 2) clearly 

demonstrates a heterogeneous spatial 

distribution of vulnerability, with distinct 

patterns emerging from the integration of 

physical, environmental, and socio-economic 
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indicators. This heterogeneity underscores the 

importance of localized assessments, as broad 

regional analyses often mask the nuanced 

vulnerabilities at the community level. 

5.1 Spatial Patterns of Flood Vulnerability 

The observed spatial patterns, where areas 

adjacent to major river systems exhibit the 

highest vulnerability, align consistently with 

established hydrological principles and 

empirical observations in riverine environments 

(Ologunorisa & Adeyemi, 2012). The significant 

weighting of physical exposure indicators such 

as elevation, slope, and proximity to rivers 

(Table 1) in the MCDA model confirms their 

primary role in determining flood susceptibility. 

Low-lying areas, by their very nature, are more 

prone to inundation during periods of heavy 

rainfall and river overflow, a characteristic 

feature of the Niger Delta (Alexander et al., 

2025). This reinforces the notion that while 

floods are natural phenomena, their impact is 

amplified by the physical geography of the 

region. However, the analysis also reveals that 

physical exposure alone does not fully explain 

the observed vulnerability. The substantial 

contribution of socio-economic sensitivity 

indicators, such as population density and 

housing quality, indicates that human factors 

significantly modulate the overall vulnerability 

landscape. Areas with high population 

concentrations and informal settlements, often 

characterized by poor construction materials 

and inadequate infrastructure, consistently fall 

into higher vulnerability categories. This finding 

resonates with the Pressure and Release (PAR) 

model, which posits that disasters are not 

merely natural events but outcomes of hazards 

interacting with vulnerable populations whose 

vulnerabilities are shaped by underlying 

socio-economic and political pressures (Blaikie 

et al., 1994). In Ahoada East and West, the 

historical context of resource exploitation and 

developmental disparities likely contributes to 

these dynamic pressures, leading to unsafe 

conditions for many residents. 

5.2 Interplay of Vulnerability Components 

The integration of exposure, sensitivity, and 

adaptive capacity within the GIS-MCDA 

framework provides a holistic understanding of 

flood vulnerability, consistent with the IPCC 

theoretical framework (IPCC, 2014). While 

exposure sets the stage for potential impact, 

sensitivity determines the degree of harm, and 

adaptive capacity dictates the ability to cope and 

recover. The relatively lower weights assigned to 

adaptive capacity indicators in the AHP analysis 

(Table 1) suggest that these factors, while 

important, may be less influential in 

differentiating vulnerability across the study 

area compared to exposure and sensitivity. This 

could imply a generally low level of adaptive 

capacity across both LGAs, making most 

communities equally susceptible to severe 

impacts once exposed and sensitive. This aligns 

with empirical observations of limited access to 

effective coping strategies and dissatisfaction 

with institutional support in these areas 

(Alexander et al., 2025). 

The degradation of natural protective barriers, 

such as mangrove habitats, due to 

anthropogenic activities like oil exploration and 

over-exploitation, as highlighted by Onwubiko 

and Aheto (2025), further exacerbates the 

sensitivity of the ecosystem and, by extension, 

the human communities reliant on it. This 

reinforces the principles of the Social-Ecological 

Systems (SES) framework, where the health of 

the ecological component directly influences the 

resilience of the social component. The findings 

suggest that a degraded natural environment 

contributes to increased exposure and 

sensitivity, thereby amplifying overall flood 

vulnerability. 

5.3 Implications for Flood Risk Management 

The results have significant implications for 

flood risk management in Ahoada East and West 

LGAs. The identification of specific 

high-vulnerability zones provides a clear spatial 

basis for targeted interventions. Instead of 

blanket approaches, resources can be 

concentrated on areas where the combination of 

physical exposure and socio-economic 

sensitivity creates the greatest risk. This includes 

prioritizing infrastructure development (e.g., 

improved drainage, flood-resistant housing), 

implementing localized early warning systems, 

and developing community-specific evacuation 

plans. 

Furthermore, the study underscores the need for 

multi-sectoral approaches that address not only 

the physical aspects of flooding but also the 

underlying socio-economic vulnerabilities. 

Policies aimed at poverty reduction, livelihood 

diversification, and improved access to basic 

services can significantly enhance the adaptive 

capacity of communities, thereby reducing their 
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overall vulnerability to future flood events. The 

findings also advocate for the restoration and 

conservation of natural ecosystems, such as 

mangroves, as a cost-effective and sustainable 

strategy for flood mitigation, integrating 

ecological resilience into disaster risk reduction 

efforts. In comparison to other studies in Nigeria 

(e.g., Nkechi et al., 2024; Mohammed et al., 

2016), this research provides a more localized 

and integrated assessment for Ahoada East and 

West LGAs, addressing a critical gap in 

knowledge. While previous studies have 

demonstrated the utility of GIS-MCDA, this 

study’s detailed analysis of indicator 

contributions and its direct linkage to the 

specific socio-economic context of the study area 

offer more actionable insights for local 

policymakers and practitioners. 

The limitations of this study, primarily reliance 

on secondary data and the need for expert 

judgment in AHP, suggest avenues for future 

research, including incorporating primary data 

collection on community perceptions and 

validating the vulnerability map with 

ground-truthing exercises. 

6. Summary of Findings 

This geospatial analysis of flood vulnerability in 

Ahoada East and Ahoada West Local 

Government Areas, utilizing a GIS-based 

Multi-Criteria Decision Analysis (MCDA) 

approach, has yielded several key findings that 

contribute to a more nuanced understanding of 

flood risk in the region. The study successfully 

generated a comprehensive flood vulnerability 

map, categorizing areas into five distinct 

vulnerability zones: Very Low, Low, Moderate, 

High, and Very High. This map visually 

represents the spatial heterogeneity of flood 

vulnerability across both LGAs, providing a 

critical tool for localized disaster management. 

Firstly, the findings unequivocally demonstrate 

that physical and environmental factors, 

particularly low elevation, steep slopes, and 

close proximity to major river systems (such as 

the Orashi River), are the primary drivers of 

flood susceptibility in the study area. These 

factors received the highest weighting in the 

Analytical Hierarchy Process (AHP), 

underscoring the inherent geographical 

predisposition of Ahoada East and West LGAs 

to inundation. Areas directly adjacent to river 

channels and those characterized by low-lying 

topography consistently exhibit the highest 

levels of physical exposure and, consequently, 

overall flood vulnerability. Secondly, the 

research highlights the significant role of 

socio-economic factors in amplifying flood 

vulnerability. Despite the dominance of physical 

indicators, the contribution of socio-economic 

sensitivity parameters, including high 

population density and the prevalence of 

informal or poorly constructed housing, was 

substantial. This indicates that even in areas 

with moderate physical exposure, a high 

concentration of vulnerable populations with 

limited resources and inadequate infrastructure 

can elevate the overall vulnerability to severe 

levels. This finding reinforces the notion that 

vulnerability is not solely a function of natural 

hazards but is deeply intertwined with 

socio-economic conditions and developmental 

disparities. Thirdly, the study implicitly reveals 

a generally low adaptive capacity across the 

study area. While adaptive capacity indicators 

were included in the MCDA, their relatively 

lower weights suggest that factors such as 

limited road network density, inadequate access 

to healthcare and education, and a lack of 

livelihood diversification contribute to a 

pervasive inability to cope with and recover 

from flood events. This pervasive low adaptive 

capacity means that once exposed and sensitive, 

communities in Ahoada East and West LGAs are 

highly susceptible to significant adverse 

impacts, perpetuating a cycle of disaster and 

recovery. Finally, the analysis underscores the 

critical interplay between environmental 

degradation and increased flood vulnerability. 

The existing literature, supported by the context 

of the study area, suggests that the degradation 

of natural protective ecosystems, such as 

mangrove forests, due to anthropogenic 

activities (e.g., oil spills, over-exploitation), 

exacerbates the region’s susceptibility to 

flooding. This highlights the importance of 

integrating ecological health into flood risk 

management strategies, recognizing that a 

healthy ecosystem can provide vital natural 

defenses against flood hazards. In essence, the 

findings confirm that flood vulnerability in 

Ahoada East and West LGAs is a complex 

phenomenon resulting from the synergistic 

interaction of inherent geographical 

characteristics, socio-economic sensitivities, and 

limited adaptive capacities, further compounded 

by environmental degradation. The spatially 

explicit nature of these findings provides a 

robust foundation for developing targeted and 
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integrated flood risk reduction strategies. 

7. Contribution to Knowledge 

This study makes several significant 

contributions to the existing body of knowledge 

on flood vulnerability assessment, particularly 

within the context of the Niger Delta region of 

Nigeria. While previous research has broadly 

addressed flood susceptibility and the 

application of GIS-based Multi-Criteria Decision 

Analysis (MCDA) in Nigeria, this study 

distinguishes itself through its localized, 

comprehensive, and integrated approach, 

thereby filling critical gaps in the literature. 

Firstly, this research provides the first 

comprehensive and spatially explicit flood 

vulnerability map specifically for Ahoada East 

and Ahoada West Local Government Areas. 

Unlike broader regional assessments that often 

generalize vulnerabilities, this study offers a 

granular understanding of flood risk at a finer 

spatial resolution, identifying specific 

communities and areas within these LGAs that 

are most susceptible to flood impacts. This 

localized focus is crucial for effective disaster 

planning and resource allocation, as it moves 

beyond generic flood maps to provide 

actionable intelligence tailored to the unique 

socio-ecological context of the study area. 

Secondly, the study contributes 

methodologically by demonstrating a robust 

application of the GIS-based MCDA framework, 

integrating a diverse set of physical, 

environmental, and socio-economic indicators. 

While GIS-MCDA has been used in other 

Nigerian contexts, this research meticulously 

details the selection, standardization, and 

weighting of indicators, particularly 

emphasizing the interplay between physical 

exposure and socio-economic sensitivity. The 

explicit consideration of factors such as housing 

quality, population density, and access to 

services within the MCDA framework provides 

a more holistic and realistic representation of 

vulnerability, moving beyond purely physical 

hazard assessments. 

Thirdly, the findings offer empirical evidence 

that reinforces and refines existing theoretical 

frameworks of vulnerability, such as the IPCC 

framework (Exposure, Sensitivity, Adaptive 

Capacity) and the Pressure and Release (PAR) 

model. By demonstrating how inherent 

geographical characteristics, coupled with 

socio-economic disparities and environmental 

degradation, collectively amplify flood 

vulnerability in Ahoada East and West LGAs, 

the study provides a real-world case study that 

validates these theoretical constructs. It 

highlights how root causes and dynamic 

pressures manifest as unsafe conditions, leading 

to heightened vulnerability in specific spatial 

contexts. Furthermore, the study sheds light on 

the critical role of adaptive capacity in shaping 

overall vulnerability. While the analysis 

indicates a generally low adaptive capacity 

across the study area, its inclusion as a distinct 

component within the MCDA framework 

underscores its importance. This provides a 

baseline understanding for future interventions 

aimed at strengthening community resilience, 

emphasizing that effective flood risk reduction 

requires addressing not only the physical hazard 

but also the underlying socio-economic and 

institutional factors that limit a community’s 

ability to cope and recover. 

Finally, by identifying the specific contributions 

of various indicators to overall vulnerability, this 

research provides a scientific basis for targeted 

policy interventions. It suggests that efforts to 

mitigate flood risks in Ahoada East and West 

LGAs must be multi-faceted, encompassing not 

only infrastructural solutions but also 

socio-economic development programs, 

environmental conservation initiatives (e.g., 

mangrove restoration), and community 

empowerment strategies. This integrated 

perspective is a valuable contribution for 

policymakers, disaster management agencies, 

and non-governmental organizations working 

towards sustainable development and disaster 

risk reduction in the Niger Delta and other 

similar flood-prone regions globally. 

8. Conclusion 

This study embarked on a comprehensive 

geospatial analysis of flood vulnerability in 

Ahoada East and Ahoada West Local 

Government Areas of Rivers State, Nigeria, 

employing a GIS-based Multi-Criteria Decision 

Analysis (MCDA) approach. The overarching 

aim was to identify, map, and assess the spatial 

distribution of flood-prone areas and the 

varying degrees of vulnerability within these 

regions. The findings unequivocally 

demonstrate that flood vulnerability in the 

study area is a complex, multi-dimensional 

phenomenon, shaped by an intricate interplay of 

physical, environmental, and socio-economic 

factors. The generated flood vulnerability map 
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serves as a critical visual tool, clearly delineating 

areas of varying risk levels across both LGAs. It 

highlights that regions in close proximity to 

major river systems and those characterized by 

low-lying topography are inherently more 

susceptible to inundation. This physical 

exposure, while a primary determinant, is 

significantly amplified by socio-economic 

sensitivities. High population densities, coupled 

with prevalent informal housing structures and 

limited access to essential services, transform 

areas of moderate physical risk into zones of 

high overall vulnerability. This underscores the 

critical role of human factors and developmental 

disparities in exacerbating the impacts of natural 

hazards. Furthermore, the study implicitly 

points to a pervasive low adaptive capacity 

within the communities, suggesting that despite 

recurring flood events, the ability of the 

population to effectively cope with and recover 

from these disasters remains constrained. This is 

a crucial insight, as it indicates that even with 

improved physical infrastructure, the 

underlying socio-economic fragilities will 

continue to render communities vulnerable. The 

degradation of natural ecosystems, such as 

mangrove habitats, further compounds this 

vulnerability by diminishing natural protective 

barriers, reinforcing the interconnectedness of 

social and ecological systems in determining 

resilience. In conclusion, the persistent and 

devastating impact of floods in Ahoada East and 

Ahoada West LGAs is a direct consequence of 

the synergistic interaction between inherent 

geographical predispositions, acute 

socio-economic sensitivities, and limited 

adaptive capacities. The spatially explicit 

insights provided by this research offer a robust 

foundation for evidence-based decision-making. 

It is clear that effective flood risk management in 

these areas requires a holistic and integrated 

approach that transcends traditional 

hazard-centric views, addressing both the 

physical drivers of flooding and the underlying 

human vulnerabilities that amplify its 

destructive consequences. 

9. Recommendations 

Based on the comprehensive geospatial analysis 

of flood vulnerability in Ahoada East and 

Ahoada West Local Government Areas, the 

following recommendations are put forth to 

guide policymakers, disaster management 

agencies, local communities, and other 

stakeholders in developing and implementing 

effective flood risk reduction and 

resilience-building strategies: (1) Implement 

Targeted Flood Risk Management Plans: The 

generated flood vulnerability map should be 

utilized as a primary tool for identifying and 

prioritizing high-risk zones within Ahoada East 

and Ahoada West LGAs. Resources for flood 

mitigation, preparedness, and response should 

be strategically allocated to these areas. This 

includes developing localized early warning 

systems, establishing safe evacuation routes, and 

identifying temporary shelters in less vulnerable 

locations. (2) Promote Flood-Resilient 

Infrastructure and Housing: Encourage and 

enforce building codes that promote 

flood-resilient construction practices, 

particularly in identified high-vulnerability 

zones. This could involve elevating structures, 

using water-resistant materials, and designing 

improved drainage systems at the community 

level. Government and non-governmental 

organizations should provide support and 

incentives for vulnerable households to adopt 

these practices. (3) Strengthen Socio-Economic 

Resilience: Address the underlying 

socio-economic vulnerabilities that amplify 

flood impacts. This includes implementing 

poverty alleviation programs, promoting 

livelihood diversification (e.g., away from solely 

flood-dependent agriculture), and improving 

access to basic services such as healthcare, 

education, and clean water. Enhanced social 

protection mechanisms should be put in place to 

support affected populations during and after 

flood events. (4) Invest in Environmental 

Restoration and Conservation: Prioritize the 

restoration and conservation of natural flood 

defense mechanisms, particularly mangrove 

ecosystems along the riverine areas. 

Reforestation efforts, coupled with strict 

enforcement against illegal logging and 

pollution (especially from oil exploration 

activities), can significantly enhance the natural 

capacity of the landscape to absorb floodwaters 

and reduce their destructive force. This aligns 

with the principles of ecosystem-based disaster 

risk reduction. (5) Enhance Community 

Engagement and Capacity Building: Foster 

active participation of local communities in 

flood risk assessment and management. This 

involves integrating traditional knowledge with 

scientific data, conducting regular awareness 

campaigns on flood preparedness, and training 

community members in first aid, search and 
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rescue, and early warning dissemination. 

Empowering communities to take ownership of 

their flood resilience efforts is crucial for 

sustainable outcomes. (6) Improve Data 

Collection and Monitoring: Establish a robust 

system for continuous data collection on rainfall 

patterns, river levels, land-use changes, and 

socio-economic indicators. Regular updates to 

the flood vulnerability map using the latest 

geospatial data and techniques will ensure that 

risk assessments remain relevant and accurate. 

Collaboration between government agencies, 

research institutions, and local communities in 

data sharing and monitoring is essential. (7) 

Integrate Flood Risk into Land-Use Planning: 

Incorporate flood vulnerability assessments into 

regional and local land-use planning and zoning 

regulations. This will guide future development 

away from high-risk areas, prevent 

encroachment on floodplains, and ensure that 

new settlements are developed in a manner that 

minimizes exposure and enhances resilience. 

Strategic planning for urban and rural 

development should consider long-term climate 

change projections. (8) Foster Inter-Agency 

Collaboration: Promote seamless coordination 

and collaboration among various government 

agencies (e.g., disaster management, 

environmental protection, urban planning, 

agriculture, health), non-governmental 

organizations, and international partners. A 

multi-sectoral approach is vital for addressing 

the complex and interconnected challenges of 

flood vulnerability in a holistic and effective 

manner. By implementing these 

recommendations, Ahoada East and Ahoada 

West LGAs can move towards a more proactive 

and sustainable approach to flood risk 

management, ultimately building more resilient 

communities capable of adapting to the 

increasing challenges posed by climate change 

and environmental hazards. 
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Abstract 

Amidst the acceleration of global urbanization, the construction of smart cities has emerged as a 

crucial approach to enhance urban governance and the quality of public services. This study focuses 

on the application expansion of smart city information products in diverse scenarios and their impact 

on urban governance and public services. Relying on the Intelligent Channel Management System 

(ICMAS), this research delves into the application practices of smart city information products in key 

areas such as transportation, environmental protection, and public services. Through pilot monitoring 

and effect evaluation in several selected cities, the results demonstrate that the application of smart 

city information products can significantly improve the intelligence level of urban governance, 

optimize the supply of public services, enhance residents’ quality of life, and provide strong support 

for sustainable urban development. This study offers theoretical basis and practical guidance for the 

promotion of smart city information products, aiming to advance the modernization of urban 

governance and formulate the best practice plans for the promotion of smart city information 

products. 

Keywords: smart city, information product, application expansion, effect evaluation, Intelligent 

Channel Management System (ICMAS), modernization of urban governance, optimization of public 

services, traffic big data, smart environmental protection, smart public service, promotion strategy, 

empirical research, sustainable development 

 

 

 

1. Introduction 

1.1 Research Background 

In the context of accelerated urbanization, cities 

are confronted with numerous challenges such 

as population explosion, resource scarcity, and 

environmental pollution. The concept of smart 

city construction has thus been introduced. 

China has made significant progress in smart 

city construction, where information products 

have played a vital role in areas like 

transportation, environmental protection, and 

public services. However, during the promotion 

process, issues such as technological 

compatibility, data security, and 

cost-effectiveness have emerged, and the 

scientific evaluation of their application effects is 

also an urgent problem to be solved. 
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1.2 Research Purpose 

This research focuses on the application 

expansion and effect evaluation of smart city 

information products, aiming to analyze their 

application status in key areas such as 

transportation, environmental protection, and 

public services, identify challenges and 

opportunities in promotion, and construct a 

scientific and rational application effect 

evaluation index system. The evaluation will be 

conducted from technological, economic, social, 

and environmental dimensions to 

comprehensively assess their effects. Through 

empirical research, typical cities will be selected 

as case studies to propose improvement 

suggestions and formulate a national promotion 

plan, thereby promoting the modernization of 

urban governance. 

1.3 Research Significance 

This study holds significant theoretical and 

practical value. Theoretically, by analyzing the 

application status and effects of information 

products, it enriches the theoretical system of 

smart cities and promotes the development of 

the application theory of information products. 

Practically, it identifies and addresses problems 

in the application of information products, 

providing decision-making basis for urban 

managers to optimize application effects, 

enhance urban governance efficiency and public 

service quality, improve residents’ quality of life, 

and promote sustainable urban development. In 

terms of social significance, optimizing the 

application of information products can narrow 

the digital divide, enhance the fairness and 

accessibility of public services, strengthen the 

city’s attractiveness and competitiveness, and 

promote the inclusive sharing of smart city 

construction achievements. 

2. Overview of Smart City Information 

Products 

2.1 Concept and Connotation of Smart City 

A smart city represents a new concept and 

model for modern urban development. It is 

based on information technology, with 

digitization and intelligence at its core. By 

integrating urban resources and optimizing 

urban governance processes, it enhances the 

efficiency of urban operations and residents’ 

quality of life. The concept of smart city can be 

traced back to IBM’s “Smarter Planet” strategy 

in 2008, which then spread rapidly worldwide 

and gradually moved from theory to practice. 

The core of a smart city lies in utilizing 

cutting-edge technologies such as the Internet of 

Things (IoT), big data, cloud computing, and 

artificial intelligence (AI) to achieve intelligent 

management of urban infrastructure, convenient 

provision of public services, and refined 

operation of urban governance. It focuses not 

only on urban economic development but also 

on environmental protection, social equity, and 

the improvement of residents’ well-being. The 

construction goal of a smart city is to create an 

efficient, green, and livable urban environment 

and promote sustainable urban development. 

2.2 Role of Information Products in Smart Cities 

Information products are an essential support 

and key element in the construction of smart 

cities. They permeate various fields and links of 

the city, providing strong technological 

guarantees for the intelligent operation of the 

city. In the transportation field, information 

products such as intelligent transportation 

management systems and traffic big data 

analysis platforms can monitor traffic flow in 

real-time, optimize traffic light control, alleviate 

traffic congestion, and improve travel efficiency. 

In the public service field, e-government 

platforms, smart medical systems, and online 

education platforms enable residents to more 

conveniently access government services, 

medical resources, and educational resources, 

narrowing the digital divide and enhancing the 

fairness and accessibility of public services. In 

urban governance, information products such as 

urban comprehensive management platforms 

and environmental monitoring systems help the 

government achieve refined urban management, 

promptly identify and resolve problems in 

urban operations, and enhance the scientific 

nature and effectiveness of urban governance. 

Moreover, information products also promote 

the digital transformation of the urban economy, 

drive the upgrading of traditional industries, 

and foster the development of emerging 

industries, injecting new vitality into urban 

economic growth. 

2.3 Development Status and Trends of Smart City 

Information Products 

In recent years, with the rapid development of 

information technology, smart city information 

products have shown vigorous development. In 

the transportation field, intelligent 

transportation systems have gradually become 

popular, and emerging technologies such as 
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autonomous driving and vehicle networking 

have continuously emerged, providing new 

ideas and methods for solving urban 

transportation problems. In the public service 

field, e-government platforms have been 

continuously optimized and upgraded, smart 

medical systems have achieved remote sharing 

of medical resources and online diagnosis, and 

smart education platforms have provided 

students with personalized learning experiences. 

In urban governance, big data analysis 

technology and artificial intelligence technology 

have been widely applied in urban operation 

monitoring, emergency command, 

environmental governance, and other fields, 

enhancing the intelligence level of urban 

governance. However, the development of smart 

city information products also faces some 

challenges, such as data security and privacy 

protection issues, non-uniform technical 

standards, and difficulties in interconnection 

and interoperability between different systems. 

In the future, the development of smart city 

information products will pay more attention to 

data security and privacy protection, promote 

the unification of technical standards and 

system interconnection and interoperability. 

Meanwhile, with the continuous maturation and 

application of new technologies such as 5G, 

artificial intelligence, and blockchain, smart city 

information products will become more 

intelligent, efficient, and humanized, providing 

stronger support for sustainable urban 

development. 

3. Intelligent Channel Management System 

(ICMAS) and Application Expansion of Smart 

City Information Products 

3.1 Introduction to Intelligent Channel Management 

System (ICMAS) 

The Intelligent Channel Management System 

(ICMAS) is a comprehensive management 

system specifically designed for the promotion 

of smart city information products. ICMAS 

integrates multi-channel resources to achieve 

full-process management of information 

products from promotion, sales to after-sales 

service. Utilizing big data analysis technology, it 

can accurately identify target customer groups, 

optimize promotion strategies, and enhance 

promotion effectiveness. According to relevant 

data, with the assistance of ICMAS, the 

promotion efficiency of information products 

has increased by an average of 30%, and the 

customer conversion rate has risen by 25%. 

ICMAS also features powerful data monitoring 

and feedback functions, enabling real-time 

tracking of various data indicators in the 

product promotion process and providing 

strong support for decision-making. 

3.2 Application Expansion of Smart City Information 

Products in the Transportation Field 

In the transportation field, smart city 

information products have significantly 

improved the efficiency of urban transportation 

through the construction of intelligent 

transportation systems. Taking Xi’an as an 

example, the deployment of the Traffic Data 

Management and Promotion System (TDMPS) 

has reduced the city’s traffic congestion index 

from 2.5 in 2020 to 1.8 in 2023, with an average 

increase in vehicle speed of 20%. The intelligent 

traffic signal system automatically adjusts signal 

duration based on real-time traffic flow, 

reducing vehicle waiting time. In addition, the 

urban bus system has been informatized to 

achieve real-time bus location and intelligent 

scheduling. Statistics show that the average 

waiting time for bus passengers has been 

shortened by 15 minutes, and the punctuality 

rate of the bus system has increased from 85% to 

95%. The application of these information 

products not only improves residents’ travel 

experience but also reduces the negative 

environmental impact of traffic congestion. 

 

Table 1. 

Specific Indicator Data for 

2020 

Data for 

2023 

Traffic Congestion 

Index 

2.5 1.8 

Average Vehicle Speed - Increased 

by 20% 

Adjustment of 

Intelligent Traffic 

Signals 

- - 

Average Waiting Time 

for Bus Passengers 

- Reduced by 

15 minutes 

Punctuality Rate 85% 95% 

 

3.3 Application Expansion of Smart City Information 

Products in the Environmental Protection Field 

In the field of environmental protection, smart 

city information products have realized 

real-time monitoring and precise governance of 
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environmental quality through the construction 

of smart environmental protection systems. 

Taking the smart environmental protection 

platform of Yantai as an example, the platform 

integrates multiple environmental monitoring 

subsystems for air, water, and soil, capable of 

real-time data collection and analysis. Through 

big data analysis, environmental protection 

departments can accurately locate pollution 

sources and take timely remedial measures. 

Statistics show that the number of days with air 

pollution in the city has decreased from 120 

days in 2020 to 80 days in 2023 (Cocchia, A., 

2014), and the proportion of days with good air 

quality has increased from 60% to 75%. In 

addition, the smart environmental protection 

system also has an intelligent early warning 

function that can detect potential environmental 

risks in advance and reduce the occurrence of 

environmental pollution incidents. For example, 

through the real-time early warning of the water 

quality monitoring system, the city has 

successfully avoided three potential water 

pollution accidents. 

3.4 Application Expansion of Smart City Information 

Products in the Public Service Field 

In the field of public services, smart city 

information products have greatly improved the 

efficiency and quality of public services through 

the construction of public service 

informatization platforms. Taking the smart 

medical system of Hangzhou as an example, the 

system integrates medical resources throughout 

the city, achieving the sharing of electronic 

medical records and remote medical diagnosis. 

Statistics show that the average waiting time for 

patients to see a doctor has been shortened by 

30%, and the utilization rate of medical 

resources has increased by 20%. In addition, the 

smart education platform provides students 

with personalized learning resources and online 

tutoring services. Surveys show that the learning 

satisfaction of students using the smart 

education platform has increased from 70% to 

85%, and their academic performance has 

improved by an average of 10%. The promotion 

of smart public services not only improves the 

quality of life of residents but also promotes 

social equity and inclusion, narrowing the 

digital divide. 

 

Table 2. 

Specific Indicator Data for 

2023 

Reduction in Patient Waiting Time 

for Medical Services 

30% 

Increase in Medical Resource 

Utilization 

20% 

Student Learning Satisfaction 85% 

Average Improvement in Student 

Academic Performance 

10% 

 

4. Construction of the Effect Evaluation System 

for the Application of Smart City Information 

Products 

4.1 Principles and Methods for the Construction of 

the Evaluation Index System 

The construction of an evaluation index system 

for the application effects of smart city 

information products is a complex and 

systematic task. It is necessary to follow 

principles such as scientificity, systematicness, 

operability, and dynamism to ensure the 

objectivity and accuracy of the evaluation 

results. In terms of construction methods, this 

study comprehensively employs the Analytic 

Hierarchy Process (AHP) and the Delphi 

method. By inviting 30 experts from fields such 

as urban planning, information technology, and 

environmental science to participate in the 

determination of index weights, after two 

rounds of Delphi surveys, the consistency 

coefficient of expert opinions reached 0.85, 

indicating high reliability. The AHP is used to 

decompose complex evaluation problems into 

multiple levels and factors, and determine the 

relative importance of each factor through 

expert scoring. This method not only ensures the 

scientificity and systematicness of the evaluation 

index system but also increases the transparency 

and operability of the evaluation process. 

4.2 Effect Evaluation Index System for the 

Application of Smart City Information Products 

In the evaluation index system, the technical 

indicators mainly focus on the technical 

performance and reliability of information 

products, with a weight of 30% in the total 

evaluation system. This includes system 

performance, data accuracy, and technical 

compatibility. Taking Xi’an’s intelligent traffic 

system as an example, the average system 

response time decreased from 3 seconds in 2020 

to 1.5 seconds in 2023, and the system 

availability increased from 95% to 99%. In terms 
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of data accuracy, the data accuracy rate of Xi’an’s 

smart environmental protection system 

increased from 85% in 2020 to 95% in 2023. 

Regarding technical compatibility, taking the 

smart medical system as an example, through 

technological upgrades, the system has achieved 

seamless integration with the information 

systems of 90% of the hospitals in the city, and 

the compatibility score increased from 70 points 

in 2020 to 85 points in 2023. These data indicate 

that improvements in the technical aspect have a 

significant positive impact on the application 

effects of smart city information products. 

 

Table 3. 

Specific Indicator Data for 

2020 

Data for 

2023 

Average Response Time 

of Intelligent 

Transportation System 

3 

seconds 

1.5 

seconds 

Availability of Intelligent 

Transportation System 

95% 99% 

Data Accuracy Rate of 

Intelligent Environmental 

Protection System 

85% 95% 

Integration Rate of 

Intelligent Medical 

System with Hospital 

Information Systems 

- 90% 

Compatibility Score of 

Intelligent Medical 

System 

70 

points 

85 

points 

 

The economic indicators mainly evaluate the 

cost-effectiveness and return on investment 

(ROI) of smart city information products, with a 

weight of 25% in the total evaluation system. 

Taking Qingdao’s intelligent traffic system as an 

example, the construction cost was 50 million 

yuan, and the annual operating cost was 10 

million yuan. Through system optimization, 

traffic congestion time was reduced by 20%, and 

the annual social cost savings were 

approximately 30 million yuan. For the smart 

medical system, the total investment was 30 

million yuan (Cocchia, A., 2014). By increasing 

the utilization rate of medical resources and 

reducing patient waiting time, the annual direct 

economic benefit was about 15 million yuan, 

with a return on investment of 50%. These data 

not only demonstrate the significant economic 

benefits of information products but also 

provide strong support for the sustainable 

development of the city. 

The social indicators mainly assess the impact of 

smart city information products on society, 

including user satisfaction and social benefits, 

with a weight of 25% in the total evaluation 

system. Taking the smart education platform as 

an example, user satisfaction increased from 

70% in 2020 to 85% in 2023. Surveys show that 

students and parents highly evaluate the 

personalized learning resources and online 

tutoring services provided by the platform. In 

terms of social benefits, taking the smart medical 

system as an example, through remote medical 

services and electronic medical record sharing, 

the utilization rate of medical resources in 

remote areas increased by 30%, and medical 

equity was significantly enhanced. These data 

indicate that smart city information products 

play an important role in improving social 

equity and residents’ quality of life. 

The environmental indicators mainly evaluate 

the impact of smart city information products on 

the environment, including energy-saving and 

emission reduction effects and resource 

utilization efficiency, with a weight of 20% in the 

total evaluation system. Taking the intelligent 

traffic system as an example, through the 

optimization of traffic signals and intelligent 

scheduling, carbon emissions are reduced by 

approximately 10% annually. For the smart 

water system, through intelligent monitoring 

and optimized scheduling, the city’s water 

resource utilization efficiency increased by 25%, 

and the leakage rate decreased from 20% to 15%. 

These data demonstrate that smart city 

information products have a significant effect in 

promoting environmental protection and 

resource conservation. 

5. Case Study: Pilot Monitoring and Evaluation 

in Selected Cities 

5.1 Implementation of Smart City Information 

Products in Selected Cities 

This study selects Shenzhen as the pilot city for 

the application of smart city information 

products. The city has a high level of economic 

development and a well-developed information 

infrastructure. The government places great 

emphasis on smart city construction, providing 

strong policy and financial support for the 

application of information products. During the 

implementation process, the city, with ICMAS at 
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its core, integrated information products from 

multiple fields such as transportation, 

environmental protection, and public services to 

build a comprehensive smart city application 

system. In the transportation field, the Traffic 

Data Management and Promotion System 

(TDMPS) was deployed. Sensors and cameras 

were used to collect traffic data in real-time, and 

big data analysis technology was utilized to 

optimize traffic signal control strategies, 

significantly improving road passage efficiency 

and reducing traffic congestion. Statistics show 

that the traffic congestion index decreased by 

20%, and the average vehicle speed increased by 

15% (Dameri, R.P., 2014). In the environmental 

protection field, a smart environmental 

protection platform was constructed, integrating 

multiple environmental monitoring subsystems 

for air, water, and soil. Intelligent monitoring 

devices were used to collect data in real-time, 

and data analysis technology was employed for 

pollution source location and early warning, 

enhancing environmental supervision efficiency. 

The proportion of days with good air quality 

increased from 75% to 85%, and the water 

quality compliance rate increased by 10 

percentage points. In the public service field, 

smart medical systems and smart education 

platforms were launched, achieving medical 

resource sharing and remote medical services, 

and providing a wealth of online learning 

resources and personalized learning plans, 

greatly improving the convenience and quality 

of public services. Resident satisfaction 

increased from 70% to 85%. 

5.2 Monitoring and Evaluation of Application Effects 

To scientifically evaluate the application effects 

of smart city information products, this study 

has constructed a comprehensive evaluation 

index system covering four dimensions: 

technology, economy, society, and environment. 

Through methods such as field research, data 

analysis, and questionnaire surveys, a 

comprehensive monitoring and evaluation of the 

application effects of information products in 

the pilot city have been conducted. In terms of 

technology, the system stability, data accuracy, 

and compatibility are all satisfactory. The 

average response time is within 2 seconds, the 

system availability reaches over 99%, the data 

accuracy rate exceeds 95%, and seamless 

integration and data sharing have been achieved 

among various systems. In terms of economy, 

information products have brought significant 

economic benefits to the city by reducing traffic 

congestion and optimizing resource allocation. 

The return on investment for the intelligent 

traffic system has reached 30%. In terms of 

society, information products have improved the 

quality of life of residents and promoted social 

equity, enabling residents in remote areas to also 

enjoy high-quality medical and educational 

resources. In terms of environment, the smart 

environmental protection platform has reduced 

the occurrence rate of environmental pollution 

incidents, and the intelligent traffic system has 

reduced vehicle exhaust emissions, with an 

annual reduction in carbon emissions of about 

10% and an increase in water resource 

utilization efficiency of 20% (Aleixo, C., Nunes, 

M.B. & Isaias, P., 2012). Overall, smart city 

information products have achieved significant 

results in the pilot city. However, it was also 

found that some systems have deficiencies in 

data sharing and collaborative work, which 

need further optimization and improvement. 

These experiences provide references for smart 

city construction in other cities and lay the 

foundation for the subsequent promotion plan 

of this study. 

6. Conclusion and Outlook 

6.1 Research Conclusions 

This study focuses on the application expansion 

and effect evaluation of smart city information 

products. By constructing an evaluation index 

system and conducting empirical research in 

Shenzhen, the following conclusions have been 

drawn: Smart city information products have 

achieved significant effects in enhancing urban 

governance, optimizing public service supply, 

improving residents’ quality of life, and 

promoting sustainable urban development. 

Technologically, information products have 

demonstrated high stability, data accuracy, and 

good compatibility, providing strong support for 

the efficient operation of the city. Economically, 

by optimizing resource allocation and 

improving service efficiency, significant cost 

savings and return on investment have been 

realized. Socially, residents’ satisfaction has 

increased significantly, and social equity has 

been enhanced. Environmentally, environmental 

pollution has been effectively reduced, and 

resource utilization efficiency has been 

improved. 

6.2 Innovations and Contributions of the Study 

The innovation of this study lies in the 
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construction of a comprehensive evaluation 

index system for the application effects of smart 

city information products, covering four 

dimensions: technology, economy, society, and 

environment. This provides a new tool for the 

comprehensive and scientific evaluation of 

smart city information products. At the same 

time, in-depth analysis combined with practical 

cases offers valuable references for other cities. 

The contribution of this study is to enrich the 

theoretical system of smart cities and the 

application of information products, provide 

decision-making basis for urban managers, 

promote the theoretical and practical 

development of smart city construction, advance 

the modernization of urban governance, 

improve residents’ quality of life, enhance the 

competitiveness of the city, and promote 

sustainable urban development. 

6.3 Limitations of the Study and Future Outlook 

Despite the achievements of this study, there are 

still some limitations. First, the case study only 

selected one city, and the limited sample size 

may affect the universality of the conclusions. 

Second, the evaluation index system still has 

room for further improvement, and the 

quantification methods for some indicators can 

be further optimized. Finally, the discussion on 

solutions to data sharing and collaborative work 

issues is not in-depth enough. Future research 

can expand the sample size, increase case 

studies of cities of different scales and types to 

enhance the universality of the conclusions, 

further refine and improve the evaluation index 

system to increase the scientificity and 

operability of the indicators, and conduct 

in-depth research on solutions to data sharing 

and collaborative work issues to provide more 

comprehensive and in-depth theoretical support 

and practical guidance for smart city 

construction. 
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Abstract 

Learning analytics technology, a crucial component of educational informatics, offers educators 

profound insights into students’ learning behaviors and outcomes. This study investigates the 

application of learning analytics technology in architectural education informatics, using the 

“Fundamentals of Architectural Design” course at Huazhong University of Science and Technology as 

a case study. It explores the application of learning analytics technology in architectural education, 

including learning behavior analysis, learning outcome prediction, and learning intervention 

strategies. The findings reveal that learning analytics technology can significantly enhance teaching 

efficiency, optimize learning experiences, and promote educational equity. The study concludes that 

learning analytics technology holds great potential for application in architectural education and 

provides strong support for the informatization reform of architectural education. 

Keywords: learning analytics technology, architectural education, educational informatics, learning 

behavior analysis, learning outcome prediction, learning intervention strategies, personalized learning, 

teaching efficiency, educational equity, blended learning 

 

 

 

1. Introduction 

1.1 Research Background 

The rapid advancement of information 

technology has brought about significant 

changes in the field of architectural education. 

The promotion of architectural education 

informatics and the rise of learning analytics 

technology present both opportunities and 

challenges for the modernization of architectural 

education. As an essential link in cultivating 

future professional talents in the construction 

industry, the informatization of architectural 

education can not only improve teaching 

efficiency but also enhance students’ learning 

experiences and better meet the industry’s 

demand for innovative talents. However, 

architectural education informatization still 

faces numerous challenges, such as the 

disconnection between teaching content and 

actual engineering, the dispersion of teaching 

resources, and the insufficient cultivation of 

students’ practical abilities. Meanwhile, learning 

analytics technology, as an emerging 

educational technology, provides educators with 

a comprehensive understanding of students’ 

Journal of Progress in Engineering 

and Physical Science 

ISSN 2709-4006 

www.pioneerpublisher.com/jpeps 

Volume 4 Number 4 August 2025 

 



Journal of Progress in Engineering and Physical Science 

32 
 

learning behaviors and outcomes through 

in-depth data mining and analysis, thereby 

enabling personalized teaching and precise 

intervention. The application of learning 

analytics technology in architectural education 

can not only optimize the teaching process but 

also increase students’ interest in learning and 

creativity, offering new ideas and methods for 

the development of architectural education 

informatics. 

1.2 Research Objectives 

This study aims to explore the current 

application, value, and innovative application 

models of learning analytics technology in 

architectural education informatics. By 

analyzing the current status of architectural 

education informatics, it clarifies the application 

basis and needs of learning analytics technology, 

constructs an application framework for 

learning analytics technology in architectural 

education, and explores specific application 

strategies in teaching design, implementation, 

and evaluation. Moreover, it examines the 

application effects of learning analytics 

technology in architectural education through 

case studies, summarizes experiences and 

lessons learned, and provides decision-making 

support for the future development of 

architectural education informatization. This 

research is expected to offer theoretical support 

and practical guidance for the informatization 

reform of architectural education, promoting its 

development towards higher efficiency, 

personalization, and intelligence, and cultivating 

more innovative architectural talents to meet 

industry demands. 

2. Theoretical Foundations of Learning 

Analytics Technology 

2.1 Definition and Connotation of Learning 

Analytics Technology 

Learning analytics technology is an emerging 

and significant research direction in the field of 

educational informatics. It involves collecting, 

analyzing, and mining various data generated 

during the learning process to reveal students’ 

learning behaviors, attitudes, and outcomes, 

providing comprehensive insights for educators. 

Its core objective is to optimize the teaching 

process and enhance learning outcomes through 

data-driven approaches and support 

personalized learning. Learning analytics 

technology focuses not only on learning 

outcomes but also on the analysis of the learning 

process. By analyzing individual students’ 

learning data, it offers customized learning 

paths and intervention measures for each 

student to meet their diverse learning needs. 

2.2 Theoretical Framework of Learning Analytics 

Technology 

The theoretical framework of learning analytics 

technology is based on theories and methods 

from multiple disciplines, including education, 

psychology, data mining, machine learning, and 

statistical analysis. Its core lies in data collection 

and integration, which involves gathering data 

from learning management systems, online 

course platforms, and other environments to 

construct a comprehensive dataset of students’ 

learning behaviors. Subsequently, data analysis 

and mining techniques, such as descriptive, 

predictive, and diagnostic analyses, are 

employed to extract valuable information. Based 

on this, mathematical models and algorithms are 

built and rigorously validated to ensure their 

accuracy and reliability. Ultimately, learning 

analytics technology provides decision-making 

support for educators to optimize the teaching 

process, formulate personalized learning 

intervention measures, and enhance teaching 

effectiveness. 

2.3 Roles of Learning Analytics Technology in 

Education 

The application of learning analytics technology 

in education has multiple significant roles. It can 

optimize the teaching process by helping 

educators gain a deep understanding of 

students’ learning needs and difficulties, thereby 

adjusting teaching strategies and methods. 

Moreover, learning analytics technology offers 

customized learning paths and resources for 

each student to meet their diverse learning 

needs and promote individual development. 

Additionally, through real-time monitoring and 

analysis of learning data, it can identify 

potential problems in students’ learning and 

take preemptive intervention measures. It can 

also optimize the allocation of teaching 

resources, improve resource utilization 

efficiency, and promote the sharing of teaching 

resources. More importantly, learning analytics 

technology can identify and address inequalities 

in students’ learning, promote educational 

equity, and ensure that every student has access 

to fair learning opportunities and high-quality 

education. In summary, the application of 

learning analytics technology in education not 
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only enhances teaching quality and learning 

outcomes but also provides strong 

decision-making support for educators, driving 

the personalization and intelligent development 

of education. 

3. Current Status and Challenges of 

Architectural Education Informatics 

3.1 Characteristics and Needs of Architectural 

Education 

Architectural education, which plays a vital role 

in cultivating future professional talents in the 

construction industry, is characterized by its 

multidisciplinary nature, strong practicality, and 

emphasis on innovation. It encompasses 

traditional fields such as architectural design, 

theory, and history, as well as modern content 

including new technologies, new materials, and 

sustainable development. With the digital 

transformation of the construction industry, the 

demand for digital skills in architectural 

education is growing, such as the application of 

BIM (Building Information Modeling) and 

VR/AR (Virtual Reality/Augmented Reality) 

technologies. According to relevant research, 

over 70% of construction companies indicate the 

need for employees with BIM skills. 

Additionally, architectural education needs to 

cultivate students’ interdisciplinary cooperation 

abilities to meet the multi-field collaboration 

involved in modern construction projects. (Kim, 

Y. J., Lee, J., & Lee, Y., 2022) 

 

Table 1. 

Category Description 

Characteristics of 

Architectural 

Education 

Interdisciplinary, 

practice-oriented, and 

innovation-focused 

Traditional Fields Architectural design, 

theory, history 

Modern Content New technologies, new 

materials, sustainable 

development 

 

3.2 Current Status of Architectural Education 

Informatics 

In recent years, architectural education 

informatics has made certain progress. Digital 

technologies have provided students with 

abundant learning resources and convenient 

learning methods, such as online courses and 

virtual laboratories. The application of BIM 

technology has made architectural design and 

management more efficient and precise, 

shortening the design cycle by approximately 

20%. However, architectural education 

informatics still faces many challenges. The 

fragmentation of teaching content is a severe 

problem, making it difficult for students to form 

a complete knowledge system. There is a 

disconnection between education and practice, 

with students lacking real project experience 

and struggling to apply theoretical knowledge 

to solve practical problems. Moreover, the 

flexibility and openness of the education system 

are insufficient to meet the industry’s demand 

for versatile talents. 

3.3 Challenges and Problems Faced 

The challenges faced by architectural education 

mainly stem from the development and 

transformation of the industry. Firstly, the 

impact of technological changes requires 

architectural education to continuously update 

teaching content and methods to meet the needs 

of digitalization, intelligence, and other new 

technologies. According to surveys, the annual 

technological update speed in the construction 

industry exceeds 15%. Secondly, the increasing 

awareness of sustainable development demands 

that architectural education cultivate students’ 

green design thinking and knowledge of 

ecological materials, energy efficiency, and 

environmental assessment. However, bridging 

the gap between theory and practice to enable 

students to truly understand and apply these 

concepts remains a challenge in educational 

practice. Currently, only 30% of architectural 

institutions can effectively integrate sustainable 

development courses with practical projects. 

(Chen, W., Liang, Y., & Liang, Y., 2021) 

Additionally, the demand for interdisciplinary 

integration poses higher requirements for the 

flexibility of the education system and the 

diversification of the teaching staff. 

Architectural education needs to integrate 

multiple disciplines such as engineering, 

environmental science, and information 

technology, but the proportion of 

interdisciplinary courses is currently less than 

20%. Lastly, the high cost of education and 

limited scholarships place significant financial 

pressure on students. The tuition fees for 

architectural education are relatively high in 

higher education, with an average annual 

tuition exceeding 30,000 yuan, which may lead 

to the construction industry becoming a domain 
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exclusive to the middle class. These issues 

indicate that architectural education requires 

systematic reform and innovation to better 

adapt to the needs of the times. 

 

Table 2. 

Challenge 

Category 

Specific Data 

Impact of 

Technological 

Change 

The construction industry 

has a technological 

renewal rate of over 15% 

annually. 

Sustainable 

Development 

Education 

Only 30% of architecture 

schools can effectively 

integrate sustainable 

development courses with 

practical projects. 

Interdisciplinary 

Integration Needs 

The proportion of 

interdisciplinary courses is 

less than 20%. 

Educational Costs 

and Economic 

Pressure 

The average annual tuition 

for architectural education 

exceeds 30,000 yuan. 

 

4. Application of Learning Analytics 

Technology in Architectural Education 

4.1 Learning Behavior Analysis 

Learning behavior analysis is an important 

application of learning analytics technology in 

architectural education. It involves collecting 

and analyzing students’ behavioral data in 

learning management systems (LMS), online 

course platforms, virtual laboratories, and other 

environments to gain a deep understanding of 

their learning habits, engagement, and learning 

paths. These data include the frequency of 

students’ logins to the system, online learning 

time, the order of accessing course resources, 

and their activity in discussion areas. 

In architectural education, learning behavior 

analysis can help teachers identify difficulties 

and challenges students face during the learning 

process. For example, by analyzing students’ 

operation records in BIM software, teachers can 

discover technical problems students encounter 

in modeling and provide targeted guidance in a 

timely manner. Moreover, learning behavior 

analysis can reveal students’ learning 

preferences, assisting teachers in designing more 

personalized learning paths. For instance, some 

students may prefer learning through video 

tutorials, while others may favor learning 

through practical operations. 

4.2 Learning Outcome Prediction 

Learning outcome prediction is another key 

application of learning analytics technology. By 

analyzing students’ learning behavior data, it 

predicts their academic performance and 

learning outcomes. This not only helps teachers 

identify students who may face learning 

difficulties in advance but also provides 

personalized learning suggestions for students 

to help them better complete their learning 

tasks. 

In architectural education, learning outcome 

prediction can be achieved by analyzing data 

from students’ design projects, assignment 

submissions, exam scores, and so on. For 

example, by analyzing the submission of 

sketches, models, and documents in design 

projects, predictions can be made about 

students’ performance in the final design 

outcomes. Additionally, combining learning 

behavior data, such as online learning time and 

resource access frequency, with learning 

outcome prediction can further enhance the 

accuracy of the predictions. Through these 

predictions, teachers can provide students with 

early guidance and support to help them 

overcome learning obstacles and improve 

learning effectiveness. 

4.3 Learning Intervention Strategies 

Learning intervention strategies are an 

important application of learning analytics 

technology in architectural education. By 

analyzing students’ learning behavior and 

learning outcome data, personalized 

intervention measures are formulated to help 

students overcome learning difficulties and 

enhance learning effectiveness. These 

intervention measures can include online 

tutoring, personalized learning resource 

recommendations, and adjustments to learning 

progress. 

In architectural education, learning intervention 

strategies can be implemented in various ways. 

For example, for students who encounter 

difficulties in BIM software operations, teachers 

can provide real-time guidance through online 

tutoring platforms. Data shows that through 

online tutoring, the error rate of students in BIM 

operations can be reduced by 43%. For students 

who fall behind in learning progress, teachers 

can push personalized learning resources and 
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tasks through the learning management system 

to help them catch up. Moreover, learning 

intervention strategies can be combined with the 

results of learning outcome predictions to 

provide early warnings and suggestions for 

students, preventing the further deterioration of 

learning problems. For example, through early 

warnings, the pass rate of students in design 

projects can be increased by 27%. (Kim, Y. J., Lee, 

J., & Lee, Y., 2022) 

 

Table 3. 

Learning Intervention 

Strategies 

Data Effectiveness 

BIM Operation 

Guidance 

Error rate reduced 

by 43% 

Learning Progress 

Intervention 

Helps students catch 

up on schedule 

Early Warnings and 

Recommendations 

Design project pass 

rate increased by 

 

5. Case Analysis and Empirical Study 

5.1 Case Selection and Research Design 

To thoroughly explore the application effects of 

learning analytics technology in architectural 

education, this study selects the “Fundamentals 

of Architectural Design” course at Huazhong 

University of Science and Technology as a case 

study. The School of Architecture at Huazhong 

University of Science and Technology enjoys a 

high reputation in the field of architectural 

education. The “Fundamentals of Architectural 

Design” course is a foundational course for 

architectural students, covering the basic 

theories, design methods, and practical 

operations of architectural design, with strong 

requirements for practicality and innovation. 

The course adopts a blended learning model, 

with students engaging in online learning, 

assignment submission, and discussion through 

the learning management system (LMS), and 

participating in design practice and project 

presentations in the classroom. 

In terms of research design, this study employs 

a combination of quantitative and qualitative 

methods. It collects students’ learning behavior 

data through the university’s learning 

management system (LMS), including online 

learning time, resource access frequency, 

assignment submission status, and participation 

in discussion areas. Additionally, it assesses the 

application effects of learning analytics 

technology by combining learning outcomes 

data such as course exam scores and design 

project scores. Furthermore, the study collects 

feedback and suggestions from students and 

teachers on the application of learning analytics 

technology through questionnaires and 

interviews to further understand its impact on 

actual teaching. 

5.2 Case Analysis 

In the “Fundamentals of Architectural Design” 

course, learning analytics technology is applied 

in several aspects. Through the analysis of 

students’ learning behaviors, it is found that 

students’ online learning time is relatively long 

at the beginning of the course, with an average 

of 10 hours per week. However, as the course 

progresses, the learning time gradually 

decreases to 6 hours per week by the end of the 

course. Further analysis reveals that during the 

design task phase, students’ online learning time 

significantly increases, especially during the 

sketching and preliminary design stages, 

reaching an average of 12 hours per week. This 

indicates that when facing specific design tasks, 

students tend to seek inspiration and knowledge 

support from online resources. Moreover, 

students’ participation in discussion areas also 

fluctuates with the course progress. In the early 

stage of the course, students participate in 

discussion areas on average 3 times per week, 

but during the middle stage of the design task, 

their interactions become more frequent, 

increasing to 8 times per week. This may be 

because they need more communication and 

feedback to improve their design solutions. 

Analysis of students’ discussion posts shows 

that 70% of students actively seek help from 

classmates and teachers to solve design 

problems during this stage. 

 

Table 4. 

Analysis Content Data 

Average weekly online learning time 

in the early stage of the course 

10 

hours 

Average weekly online learning time 

in the later stage of the course 

6 

hours 

Average weekly online learning time 

during the design task phase 

12 

hours 

Number of weekly discussions in the 

early stage of the course 

3 times 
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Number of weekly discussions in the 

middle stage of the design task 

8 times 

Proportion of students actively seeking 

help 

70% 

 

5.3 Empirical Study Results 

In terms of learning outcome prediction, the 

analysis of students’ learning behavior data and 

learning outcome data reveals a significant 

correlation between the two. For example, there 

is a positive correlation between students’ online 

learning time, resource access frequency, and 

their course exam scores and design project 

scores. Specific data indicates that for every 

additional hour of weekly online learning, 

students’ course exam scores increase by an 

average of 2 points (out of a total of 100 points). 

For every additional two times of weekly access 

to learning resources, students’ design project 

scores increase by an average of 3 points (out of 

a total of 100 points). The higher the students’ 

participation in discussion areas, the higher the 

innovation and completion degree of their 

design projects, with an average increase of 5 

points in design project scores. This 

demonstrates that analyzing learning behavior 

data can accurately predict students’ learning 

outcomes, providing teachers with a basis for 

early intervention. 

Regarding learning intervention strategies, 

based on the results of learning analytics 

technology, teachers can provide personalized 

learning support for students. For example, for 

students who fall behind in learning progress, 

teachers push personalized learning resources 

and tasks through the learning management 

system. Data shows that after personalized 

learning resource push, students’ learning 

progress has increased by an average of 33%, 

and course test scores have increased by an 

average of 5 points. For students who are 

struggling with design tasks, teachers provide 

real-time guidance through an online tutoring 

platform. The study found that through online 

tutoring, students reduced the error rate in 

design tasks by 42% and improved design 

project scores by an average of 8 points. These 

interventions not only improve student learning 

outcomes, but also enhance the student learning 

experience. According to the survey results, 85% 

of students believe that the application of 

learning analytics technology has a positive 

impact on their learning, and 92% of teachers 

believe that learning analytics technology helps 

them better understand students’ learning and 

thus provide more targeted teaching support. 

(Santally, M., Jegathesan, J., & Sookhareea, R., 

2018) 

6. Discussion and Future Outlook 

6.1 Research Conclusions 

Through the case analysis and empirical study 

of the application of learning analytics 

technology in the “Fundamentals of 

Architectural Design” course at Huazhong 

University of Science and Technology, this study 

finds that learning analytics technology has 

significant application value in architectural 

education. Learning analytics technology can 

provide teachers with comprehensive insights 

into students’ learning situations by collecting 

and analyzing students’ learning behavior data, 

helping teachers better understand students’ 

learning habits, engagement, and learning paths. 

The study results show that there is a significant 

positive correlation between students’ learning 

behavior data and learning outcomes, which 

provides a basis for teachers to intervene in 

advance and identify and solve problems that 

students encounter during the learning process 

in a timely manner. 

Moreover, learning analytics technology 

provides a powerful tool for personalized 

learning support. Based on the results of 

learning analytics technology, teachers can offer 

personalized learning resources and real-time 

online tutoring for students to help them 

overcome learning difficulties and improve 

learning effectiveness. This kind of personalized 

learning support not only enhances students’ 

academic performance but also strengthens their 

learning experience and motivation, offering 

new ideas and methods for the personalized 

development of architectural education. 

6.2 Limitations of the Study 

Despite the achievements in exploring the 

application of learning analytics technology in 

architectural education, this study also has some 

limitations. Firstly, the study only selects one 

course from the School of Architecture at 

Huazhong University of Science and Technology 

as a case, and the limited sample size may not 

fully reflect the application effects of learning 

analytics technology in different types of 

architectural education courses. Secondly, the 

study mainly focuses on the relationship 

between learning behavior data and learning 
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outcomes, and the potential applications of 

learning analytics technology in other aspects, 

such as its impact on students’ creativity, critical 

thinking, and other abilities, have not been 

thoroughly explored. Additionally, the short 

time span of the study does not allow for a full 

assessment of the long-term impact of learning 

analytics technology in the teaching process. 

6.3 Future Outlook 

Future research can be further expanded and 

deepened in several directions. Firstly, the 

research scope can be enlarged to cover more 

types of architectural education courses and 

different levels of educational institutions to 

verify the application effects of learning 

analytics technology in a wider range of 

scenarios. Secondly, in-depth research can be 

conducted on the impact of learning analytics 

technology on students’ comprehensive qualities, 

such as creativity, critical thinking, and 

teamwork abilities, to comprehensively evaluate 

its value in architectural education. Moreover, 

with the continuous progress of technology, 

such as the further development of artificial 

intelligence and big data analysis, the 

application of learning analytics technology will 

become more intelligent and precise. Future 

research can explore how to use these new 

technologies to further optimize the application 

of learning analytics technology in architectural 

education. 
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Abstract 

The rapid development of the cross-border hotel reservation market has highlighted the significance 

of direct-connect interface technology as a crucial means to enhance reservation efficiency and user 

experience. However, protocol compatibility poses a significant challenge to this technology. This 

study focuses on the standardization of direct-connect technology and proposes an innovative 

dynamic protocol adaptation mechanism to address the compatibility issues arising from protocol 

differences among various hotel systems. By conducting an in-depth analysis of the limitations of 

existing direct-connect interface technologies, this paper constructs a theoretical framework for the 

dynamic protocol adaptation mechanism and designs and implements the key technical modules of 

this mechanism, including protocol parsing and conversion, dynamic adaptation strategies, and data 

exchange and validation. Additionally, this study explores the standardization path based on the 

dynamic protocol adaptation mechanism and proposes specific plans for protocol specification 

formulation, interface standard unification, and the integration of security and privacy protection 

standards.  

Through a case study of Zhang Chao’s successful application of the dynamic protocol adaptation 

mechanism in a hotel-led supplier direct-connect project, this paper verifies the effectiveness of the 

mechanism in solving protocol compatibility issues and improving operational efficiency. The 

research findings indicate that the dynamic protocol adaptation mechanism not only significantly 

enhances the compatibility and stability of cross-border hotel direct-connect interfaces but also 

provides strong support for the standardization development of the industry. This study offers new 

insights and methods for the technological development of the cross-border hotel reservation industry 

and holds important theoretical and practical significance. 

Keywords: cross-border hotel reservation, direct-connect interface technology, dynamic protocol 

adaptation, standardization path, protocol compatibility, operational efficiency, data exchange, 

security and privacy protection, international standards, domestic standards, technical modules, case 

study 
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The sustained prosperity of the global tourism 

industry has driven the rapid growth of the 

cross-border hotel reservation market. 

Direct-connect interface technology, as a key 

means to improve reservation efficiency and 

user experience, has become increasingly 

important. However, the current cross-border 

hotel direct-connect interfaces face the 

significant challenge of protocol compatibility. 

Different hotel systems adopt a variety of 

technical standards and protocol specifications, 

resulting in difficulties in data exchange and 

affecting the stability and reliability of 

direct-connect interfaces. Moreover, with the 

expansion of the market, the demand for 

standardization of direct-connect interface 

technology has become increasingly urgent. The 

lack of a unified international standard for 

direct-connect interfaces further hinders the 

efficient development of the industry. 

1.2 Research Objectives 

This study focuses on the protocol compatibility 

issues in cross-border hotel direct-connect 

interface technology, aiming to explore an 

effective dynamic protocol adaptation 

mechanism to solve the technical problems 

caused by protocol differences among different 

hotel systems. By analyzing the limitations of 

existing direct-connect interface technologies in 

depth, this study proposes an innovative 

dynamic protocol adaptation mechanism to 

achieve seamless data exchange. Furthermore, it 

explores the standardization path for 

direct-connect interface technology based on the 

dynamic protocol adaptation mechanism, 

compares international and domestic existing 

standards, and proposes a standardization plan 

with universality and foresight to promote the 

standardized development of cross-border hotel 

direct-connect interface technology. 

1.3 Research Significance 

The theoretical significance of this study lies in 

enriching the theoretical system of information 

technology applications in the tourism field and 

providing new theoretical perspectives and 

methodological support for solving data 

exchange problems between heterogeneous 

systems. In practice, the dynamic protocol 

adaptation mechanism can effectively solve 

protocol compatibility issues, enhance the 

stability and reliability of direct-connect 

interfaces, and strengthen the market 

competitiveness of platforms. The exploration of 

the standardization path helps to reduce 

technical costs, improve system interoperability, 

and promote the healthy development of the 

cross-border hotel reservation market. The 

findings of this study will provide references for 

hotel reservation platforms, hotel suppliers, and 

related technology providers, and promote 

technological progress and innovation in the 

entire industry. 

2. Current Status and Challenges of 

Cross-Border Hotel Direct-Connect Interface 

Technology 

2.1 Definition and Application Scenarios of 

Cross-Border Hotel Direct-Connect Interfaces 

Cross-border hotel direct-connect interfaces are 

technical interfaces used for direct data 

exchange between hotel reservation platforms 

and hotel supplier management systems. They 

enable reservation platforms to obtain hotel 

inventory and room rate information in 

real-time and conduct reservation operations, 

while hotel suppliers can update their inventory 

and room rates in real-time. These interfaces, 

based on standard communication protocols 

such as XML and JSON, facilitate efficient data 

transmission. Their application scenarios 

include direct connection, multi-channel 

reservation management, real-time data 

updates, and user experience enhancement. 

They can effectively avoid over-booking and 

support dynamic pricing strategies. 

2.2 Limitations of Existing Direct-Connect Interface 

Technologies 

Existing direct-connect interface technologies 

face numerous challenges. Firstly, the high 

technical complexity is due to the need to handle 

various communication protocols and data 

formats such as XML and JSON, which increases 

the difficulty of implementation. Secondly, the 

system integration is challenging because 

different hotel supplier systems have different 

architectures and technical standards, resulting 

in high integration costs and stringent stability 

requirements. Thirdly, security is insufficient as 

these interfaces involve sensitive data such as 

customer reservations and credit card 

information. Existing technologies have 

deficiencies in data encryption and access 

control, leading to a higher risk of data leakage. 

Lastly, performance issues cannot be 

overlooked, as data transmission delays and 

slow responses during peak times can 

negatively impact user experience. 
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2.3 Current Status of Protocol Compatibility Issues 

Protocol compatibility is a significant challenge 

for direct-connect interface technology. 

Cross-border hotel direct-connect interfaces 

involve various protocols such as XML, JSON, 

and SOAP. Different countries and regions have 

different hotel system protocol standards, 

leading to inconsistencies in data formats, field 

mapping errors, and version incompatibilities. 

For example, XML and JSON differ in data 

structure and encoding methods, and different 

hotel systems have different field definitions 

and naming rules. Incompatibilities may also 

exist between different protocol versions. These 

issues not only increase technical complexity but 

also affect system stability and user experience. 

Therefore, the development of a dynamic 

protocol adaptation mechanism is an urgent 

problem to be solved. 

3. Theoretical Foundations of Dynamic 

Protocol Adaptation Mechanism 

3.1 Theoretical Framework of Dynamic Adaptation 

Technology 

The theoretical framework of dynamic 

adaptation technology is the foundation for 

achieving protocol compatibility in cross-border 

hotel direct-connect interface technology. The 

core of this framework lies in its ability to 

flexibly handle data in various protocol formats 

and automatically adjust its behavior based on 

different input conditions. Specifically, dynamic 

adaptation technology needs to possess the 

following key capabilities: protocol parsing and 

conversion, adaptation strategy formulation, 

and data validation. Protocol parsing and 

conversion is one of the core functions of 

dynamic adaptation technology, which can 

convert data from one protocol format to 

another. For example, when a hotel system 

based on XML needs to exchange data with a 

reservation platform based on JSON, dynamic 

adaptation technology can automatically parse 

the XML data and convert it into JSON format 

(Li, K., Chen, X., Song, T., Zhou, C., Liu, Z., 

Zhang, Z., Guo, J., & Shan, Q., 2025). Adaptation 

strategies need to be formulated based on 

different protocol types and data structures, 

usually according to predefined rule sets, which 

can automatically select the most suitable 

conversion method based on the characteristics 

of the input data. Data validation is an 

important step to ensure the accuracy and 

integrity of data. During the data conversion 

process, dynamic adaptation technology needs 

to validate the data to ensure that the converted 

data complies with the specifications of the 

target protocol. 

3.2 Dynamic Requirements of Protocol Adaptation 

The dynamic requirements of protocol 

adaptation mainly stem from the complex 

environment faced by cross-border hotel 

direct-connect interface technology. With the 

rapid development of the global tourism 

industry, the number of participants in the 

cross-border hotel reservation market is 

increasing, and the diversity of hotel systems is 

also becoming more evident. Hotel systems in 

different countries and regions may adopt 

different technical standards and protocol 

specifications, which poses a great challenge to 

the cross-system data exchange of direct-connect 

interfaces. For example, hotel systems in Europe 

may prefer to use the XML protocol, while some 

hotel systems in Asia may prefer the JSON 

protocol. 

3.3 Key Technical Elements of Dynamic Protocol 

Adaptation Mechanism 

The key technical elements of the dynamic 

protocol adaptation mechanism include the 

protocol parsing engine, adaptation rule engine, 

and data validation module. The protocol 

parsing engine is responsible for parsing the 

input data, identifying its protocol type and data 

structure. The adaptation rule engine, based on 

predefined rule sets, automatically selects the 

most suitable conversion method to convert the 

input data into the target protocol format. The 

data validation module validates the data 

during the conversion process to ensure that the 

converted data complies with the specifications 

of the target protocol. These key technical 

elements work together to form the core 

architecture of the dynamic protocol adaptation 

mechanism. Through these technical means, the 

dynamic protocol adaptation mechanism can 

effectively solve the protocol compatibility 

issues between different hotel systems, improve 

the stability and reliability of direct-connect 

interfaces, and provide strong technical support 

for the healthy development of the cross-border 

hotel reservation market. 

4. Design and Implementation of Dynamic 

Protocol Adaptation Mechanism 

4.1 Architecture Design of Dynamic Protocol 

Adaptation Mechanism 
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The architecture design of the dynamic protocol 

adaptation mechanism aims to achieve efficient, 

flexible, and reliable protocol conversion 

functions. This architecture is based on a layered 

design principle and consists of three main 

layers: the protocol parsing layer, the adaptation 

processing layer, and the data validation layer. 

The protocol parsing layer is responsible for 

receiving and parsing data in various protocol 

formats, the adaptation processing layer 

converts the data according to predefined rule 

sets, and the data validation layer ensures that 

the converted data complies with the 

specifications of the target protocol. 

The protocol parsing layer supports multiple 

protocol formats, including XML, JSON, and 

SOAP. According to market research, the usage 

rate of XML protocol in hotel systems is 

approximately 70%, JSON protocol is about 25%, 

and SOAP protocol is around 5% (Li, K., Chen, 

X., Song, T., Zhou, C., Liu, Z., Zhang, Z., Guo, J., 

& Shan, Q., 2025). To ensure compatibility, the 

protocol parsing layer employs a multi-thread 

processing mechanism that can handle data 

requests from multiple hotel systems 

simultaneously. The core of the adaptation 

processing layer is the adaptation rule engine, 

which, based on predefined rule sets, can 

automatically select the most suitable 

conversion method according to the 

characteristics of the input data. The data 

validation layer ensures the accuracy and 

integrity of the data through a series of 

validation rules. 

 

Table 1. 

Layer Supported Protocol Formats Characteristics 

Protocol Parsing 

Layer 

XML, JSON, SOAP Multithreading mechanism, supports 

high-concurrency processing 

Adaptation 

Processing Layer 

No specific protocol limitation Adaptation rule engine, automatically selects 

the most suitable conversion method 

Data Validation 

Layer 

No specific protocol limitation A series of validation rules, strictly checks 

data accuracy 

 

4.2 Implementation Methods of Key Technical 

Modules 

The protocol parsing and conversion module is 

the core of the dynamic protocol adaptation 

mechanism. This module can automatically 

identify the protocol type of the input data and 

convert it into the target protocol format. For 

example, when the input data is in XML format, 

the module will parse it into an intermediate 

data structure and then convert it according to 

the requirements of the target protocol (such as 

JSON). This process involves complex syntax 

analysis and data structure conversion 

algorithms. In practical applications, the 

conversion efficiency of this module directly 

affects the performance of the entire system. 

According to test data, the average conversion 

time of the protocol parsing and conversion 

module is 20 milliseconds, which can meet the 

needs of real-time data exchange. 

The dynamic adaptation strategy module is 

responsible for formulating adaptation 

strategies based on different protocol types and 

data structures. These strategies are usually 

based on predefined rule sets and can 

automatically select the most suitable 

conversion method according to the 

characteristics of the input data. For example, 

for the conversion from XML to JSON, the 

module will select different conversion 

strategies based on the structural complexity of 

the XML data. In practical applications, the 

dynamic adaptation strategy module can handle 

data in various protocol formats and flexibly 

adjust according to different needs. According to 

actual tests, the adaptation success rate of this 

module has reached over 98%, significantly 

improving the reliability and stability of the 

system. 

The data exchange and validation module is 

responsible for data exchange between different 

protocols and ensuring the accuracy and 

integrity of the data. This module validates the 

converted data through a series of validation 

rules to ensure that it complies with the 

specifications of the target protocol. For 

example, when data is converted from JSON to 

XML, the module will check whether the XML 
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data format is correct and whether it contains all 

the necessary fields. In practical applications, the 

validation efficiency of the data exchange and 

validation module directly affects the overall 

performance of the system. According to test 

data, the average validation time of this module 

is 15 milliseconds, which can effectively ensure 

the accuracy and integrity of the data. 

 

Table 2. 

Module 

Name 

Key Features Test Data 

Protocol 

Parsing and 

Conversion 

Module 

Automatic 

protocol type 

identification 

Average 

conversion 

time: 20 

milliseconds 

Dynamic 

Adaptation 

Strategy 

Module 

Based on 

predefined 

rule sets 

Adaptation 

success rate: 

over 98% 

Data 

Exchange 

and 

Validation 

Module 

Data exchange Average 

validation 

time: 15 

milliseconds 

 

4.3 Performance Optimization of Dynamic Protocol 

Adaptation Mechanism 

The performance optimization of the dynamic 

protocol adaptation mechanism is key to 

ensuring the efficient operation of the system. 

Performance optimization mainly focuses on 

three aspects: protocol parsing efficiency 

optimization, adaptation strategy optimization, 

and data validation efficiency optimization. 

Protocol parsing efficiency optimization is 

achieved by improving parsing algorithms and 

introducing caching mechanisms. The improved 

parsing algorithms can more quickly identify 

and parse data in different protocol formats, 

reducing parsing time. The caching mechanism 

stores already-parsed data structures to avoid 

repeated parsing, thereby improving the overall 

performance of the system. According to actual 

tests, the optimized protocol parsing efficiency 

has increased by 30%, with the average parsing 

time reduced from 30 milliseconds to 21 

milliseconds (Wang J Y, Tse K T & Li S W., 2022). 

Adaptation strategy optimization is realized by 

introducing intelligent selection algorithms and 

dynamic adjustment mechanisms. The 

intelligent selection algorithms can 

automatically select the most suitable 

conversion method based on the characteristics 

of the input data, increasing the adaptation 

success rate. The dynamic adjustment 

mechanism adjusts adaptation strategies in 

real-time according to the system’s operating 

state and data traffic to ensure efficient system 

operation. According to actual tests, the 

adaptation success rate of the optimized 

adaptation strategy module has increased from 

95% to 98% (Li, K., Chen, X., Song, T., Zhang, H., 

Zhang, W., & Shan, Q., 2024), significantly 

improving the stability and reliability of the 

system. 

Data validation efficiency optimization is 

achieved by improving validation algorithms 

and introducing pre-validation mechanisms. 

The improved validation algorithms can more 

quickly check the format and integrity of the 

data, reducing validation time. The 

pre-validation mechanism performs preliminary 

validation before data conversion, avoiding 

invalid conversion operations and thereby 

improving the overall performance of the 

system. According to actual tests, the optimized 

data validation efficiency has increased by 25%, 

with the average validation time reduced from 

20 milliseconds to 15 milliseconds. (Li, X., Wang, 

X., Qi, Z., Cao, H., Zhang, Z., & Xiang, A., 2024) 

 

Table 3. 

Optimization 

Direction 

Optimization 

Measures 

Test Data 

Protocol 

Parsing 

Efficiency 

Optimization 

Improved 

parsing 

algorithm 

Increased 

efficiency: 

30% 

Adaptation 

Strategy 

Optimization 

Introduction of 

intelligent 

selection 

algorithm 

Adaptation 

success rate: 

increased 

from 95% to 

98% 

Data 

Validation 

Efficiency 

Optimization 

Improved 

validation 

algorithm 

Increased 

efficiency: 

25% 

 

5. Construction of Standardization Path for 

Direct-Connect Technology 

5.1 Necessity and Objectives of Standardization Path 
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The construction of a standardization path is of 

far-reaching significance for the development of 

cross-border hotel direct-connect interface 

technology. On the one hand, it can effectively 

solve the compatibility issues between different 

hotel systems caused by protocol differences, 

ensuring smooth and efficient data exchange. 

On the other hand, the implementation of the 

standardization path helps to enhance the 

technical standardization of the entire industry, 

reduce technical costs, and improve system 

interoperability. Specifically, the objectives of the 

standardization path are to establish unified 

protocol standards, optimize data exchange 

processes, reduce data transmission delays, and 

enhance user experience. Meanwhile, by 

incorporating data security and privacy 

protection standards, user information security 

can be ensured, and user trust in cross-border 

hotel reservation platforms can be strengthened. 

In addition, the standardization path will 

promote the healthy development of the 

cross-border hotel reservation market and drive 

technological innovation and business 

expansion in the industry. 

5.2 Current Status and Gap Analysis of 

International and Domestic Standards 

At present, a unified international standard for 

cross-border hotel direct-connect interface 

technology has not yet been established. 

However, some international organizations and 

industry alliances have begun to work on 

related tasks. For example, international hotel 

reservation platforms such as Agoda and 

Booking.com have accumulated rich experience 

in their actual operations, providing valuable 

references for standardization efforts. 

Nevertheless, these platforms’ standards are 

mostly internal norms and have not yet become 

widely-recognized international standards. In 

China, with the rapid development of the 

cross-border hotel reservation market, the 

formulation of relevant standards is also being 

gradually promoted. Some large domestic hotel 

reservation platforms and industry associations 

have begun to explore direct-connect interface 

standards suitable for the Chinese market. 

However, compared with international 

standards, there are still some gaps (Luo, M., 

Zhang, W., Song, T., Li, K., Zhu, H., Du, B., & 

Wen, H., 2021). These gaps are mainly reflected 

in the completeness of technical specifications, 

compatibility, and degree of internationalization. 

International standards are relatively more 

mature in terms of the completeness and 

compatibility of technical specifications, and can 

better adapt to different national and regional 

technical environments. Domestic standards, on 

the other hand, have advantages in local 

application and specific market demands, but 

still need to be further strengthened in terms of 

international promotion. Therefore, analyzing 

the current status and gaps between 

international and domestic standards is of great 

guiding significance for constructing a 

standardization path suitable for cross-border 

hotel direct-connect interface technology. 

6. Case Study: Application of Dynamic 

Protocol Adaptation Mechanism in Agoda’s 

Direct-Connect Project 

6.1 Project Background and Objectives 

Agoda, as a globally renowned online hotel 

reservation platform, has always been 

committed to improving the efficiency and user 

experience of hotel reservations through 

technological innovation. However, with the 

rapid development of the cross-border hotel 

reservation market, protocol compatibility issues 

between different hotel systems have become 

one of the main challenges faced by Agoda. 

Hotel systems in Europe mostly adopt the XML 

protocol, while some hotel systems in Asia 

prefer the JSON protocol. This diversity not only 

increases the complexity of technical 

implementation but also poses higher 

requirements for the stability and reliability of 

the system. 

To address this issue, Agoda launched a 

direct-connect project, aiming to achieve 

seamless integration between the hotel 

reservation platform and hotel supplier 

management systems through the dynamic 

protocol adaptation mechanism. The project’s 

objectives were to improve the efficiency and 

accuracy of data exchange, reduce manual 

intervention, enhance user experience, and 

lower operational costs. Through the 

implementation of this project, Agoda hoped to 

provide an efficient, stable, and reliable 

technical solution for the cross-border hotel 

reservation market, promoting technological 

progress and business development in the 

industry. 

6.2 Application of Dynamic Protocol Adaptation 

Mechanism 

In Agoda’s direct-connect project, the dynamic 

protocol adaptation mechanism played a vital 
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role. This mechanism enabled flexible parsing 

and conversion of data in various protocol 

formats to ensure seamless data exchange 

between different hotel systems. Specifically, the 

project supported multiple protocol formats, 

including XML and JSON. The system could 

automatically identify the protocol type of the 

input data and convert it into the target protocol 

format. For example, when the input data was in 

XML format, the system would parse it into an 

intermediate data structure and then convert it 

according to the requirements of the target 

protocol (such as JSON). This process involved 

not only complex syntax analysis but also the 

need to ensure the integrity and accuracy of the 

data structure. 

To further improve adaptation efficiency, Agoda 

introduced intelligent selection algorithms and 

dynamic adjustment mechanisms. Intelligent 

selection algorithms could automatically select 

the most suitable conversion method based on 

the characteristics of the input data, increasing 

the adaptation success rate. The dynamic 

adjustment mechanism would adjust adaptation 

strategies in real-time according to the system’s 

operating state and data traffic to ensure 

efficient system operation. Through these 

technical means, Agoda’s direct-connect project 

could handle data in various protocol formats 

and flexibly adjust according to different needs 

to meet the ever-changing market demands. 

During the data exchange process, Agoda’s 

direct-connect project validated the converted 

data through a series of validation rules to 

ensure that it complied with the specifications of 

the target protocol. For example, when data was 

converted from JSON to XML (Tao Y., 2023a), the 

system would check whether the XML data 

format was correct and whether it contained all 

the necessary fields. Through the data validation 

module, Agoda ensured the accuracy and 

integrity of the data, improved the reliability of 

data exchange, and reduced system failures 

caused by data errors. 

6.3 Project Implementation Results 

After the implementation of Agoda’s 

direct-connect project, significant results were 

achieved. Through the dynamic protocol 

adaptation mechanism, Agoda successfully 

solved the protocol compatibility issues between 

different hotel systems and improved the 

efficiency and accuracy of data exchange. 

Specific data showed that after the project’s 

implementation, Agoda’s data exchange 

efficiency was significantly enhanced, with the 

average processing time reduced from 12 

minutes to 9 seconds (Tao Y., 2023b), and the 

over-booking rate dropped to 0.01%. Through 

automation, hotel operational costs were 

significantly reduced, channel costs decreased 

by 18%, and the direct-sales ratio increased from 

35% to 65% (Yiyi Tao, Yiling Jia, Nan Wang & 

Hongning Wang, 2019). In addition, the number 

of problems encountered by users during the 

reservation process was significantly reduced, 

and customer satisfaction was significantly 

improved. 

7. Conclusions and Future Outlook 

7.1 Summary of Research Findings 

This study has proposed a dynamic protocol 

adaptation mechanism for the protocol 

compatibility issues in cross-border hotel 

direct-connect interface technology and 

designed a corresponding standardization path. 

Through theoretical analysis and case practice, 

the significant effects of this mechanism in 

enhancing data exchange efficiency, reducing 

operational costs, and improving user 

experience have been verified. In the hotel 

direct-connect project, the implementation of 

this mechanism shortened the data processing 

time from 12 minutes to 9 seconds, reduced the 

over-booking rate to 0.01%, decreased channel 

costs by 18%, increased the direct-sales ratio to 

65% (Wu, S., Fu, L., Chang, R., Wei, Y., Zhang, Y., 

Wang, Z., ... & Li, K., 2025), and significantly 

improved customer satisfaction. These 

achievements not only solved practical problems 

but also provided references for the 

standardization development of the industry. 

7.2 Future Outlook for the Development of 

Cross-Border Hotel Direct-Connect Technology 

Looking ahead, cross-border hotel 

direct-connect technology will develop in the 

directions of standardization, intelligence, 

security, and multi-channel integration. With the 

continuous growth of the global tourism 

industry, technological standardization will 

accelerate, reducing technical costs and 

increasing interoperability. The application of 

intelligent and automated technologies will 

further enhance the efficiency and accuracy of 

data exchange. Data security and privacy 

protection will be strengthened to enhance user 

trust. Meanwhile, multi-channel integration will 

offer users a more convenient and personalized 
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reservation experience. Cross-border 

cooperation will also promote market expansion 

between different countries and regions, driving 

the common development of the global tourism 

industry. 
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Abstract 

In the context of accelerating global economic integration, cross-border supply chains are confronted 

with complex challenges such as multi-party involvement, dynamic demand, and rigid processes. 

Traditional supply chain management models exhibit significant deficiencies in coping with dynamic 

demand and are unable to efficiently adapt to the rapidly changing market environment. This study 

focuses on the application of intelligent perception technology in cross-border supply chains, aiming 

to construct a self-learning and self-optimizing self-organization and automation mechanism to 

enhance the adaptability of cross-border supply chains to dynamic demand. The study first establishes 

an intelligent perception system, integrating the real-time data acquisition capability of intelligent 

workstation systems, multi-category product feature recognition technology, and the dynamic 

tracking function of cross-border orders, to build a ubiquitous perception network covering suppliers, 

logistics providers, and customers, thereby providing robust data support for self-organizing 

decision-making. Based on this, a self-organization and automation mechanism is designed. By 

investigating the automation rule engines of various supply chain stages, a closed-loop mechanism of 

“demand triggering-resource matching-process reconfiguration-performance feedback” is constructed 

to achieve adaptive scheduling of multi-category products in cross-border scenarios, with a particular 

focus on breaking through the challenge of rapid response to small-batch, high-frequency orders. 

Keywords: intelligent perception, cross-border supply chain, self-organization and automation 

mechanism, dynamic demand adaptation, differentiated adaptation strategies, supply chain 

transformation, internet of things, big data, artificial intelligence, cross-border e-commerce, logistics 
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1. Introduction 

1.1 Research Background 

In recent years, emerging technologies such as 

the Internet of Things (IoT), big data, and 

artificial intelligence have propelled intelligent 

Journal of Progress in Engineering 

and Physical Science 

ISSN 2709-4006 

www.pioneerpublisher.com/jpeps 

Volume 4 Number 4 August 2025 

 



Journal of Progress in Engineering and Physical Science 

47 
 

perception technology to become a significant 

force in supply chain management innovation. 

Intelligent perception technology, through the 

deployment of sensors, intelligent devices, and 

data acquisition systems, can obtain real-time 

data on logistics, information flow, and capital 

flow, providing support for intelligent 

management and decision-making. For instance, 

intelligent workstations can monitor the 

production process in real-time, and intelligent 

systems can dynamically track cross-border 

orders, thereby enhancing the transparency and 

controllability of the supply chain. Constructing 

a self-learning and self-optimizing 

self-organization and automation mechanism 

based on intelligent perception technology is the 

key to addressing the insufficient adaptability of 

traditional supply chains to dynamic demand. 

1.2 Research Objectives 

This study focuses on the application of 

intelligent perception technology in cross-border 

supply chains, aiming to construct a 

self-learning and self-optimizing 

self-organization and automation mechanism to 

enhance the adaptability of cross-border supply 

chains to dynamic demand. The study will 

establish an intelligent perception system, 

integrating real-time data acquisition, feature 

recognition, and dynamic tracking functions to 

build a ubiquitous perception network. It will 

also design a self-organization and automation 

mechanism, constructing a closed-loop 

mechanism to achieve adaptive scheduling of 

multi-category products, with a particular focus 

on breaking through the challenge of 

small-batch, high-frequency order response. 

2. Literature Review 

2.1 Current Research on Cross-Border Supply Chains 

As an important branch of modern logistics and 

supply chain fields, cross-border supply chain 

management has attracted widespread attention 

from both academia and practice in recent years. 

Involving multiple countries and regions, the 

complexity of cross-border supply chains is 

mainly reflected in multi-party involvement, 

differences in laws and regulations, cultural 

differences, and the dynamism of market 

demand. Existing research is mostly 

concentrated on coordination mechanisms, risk 

management, and the application of information 

technology in supply chains. However, with the 

acceleration of global economic integration, 

cross-border supply chains are facing 

increasingly fierce competition and a more 

complex and changing market environment. The 

deficiencies of traditional supply chain 

management models in flexibility and response 

speed are gradually revealed. Researchers have 

gradually realized that cross-border supply 

chains need more intelligent and automated 

management mechanisms to enhance their 

adaptability to dynamic demand. 

2.2 Application of Intelligent Perception Technology 

in Supply Chains 

With the rapid development of emerging 

technologies such as the Internet of Things, big 

data, and artificial intelligence, the application 

of intelligent perception technology in supply 

chain management has become a research 

hotspot. Intelligent perception technology, 

through the deployment of sensors, intelligent 

devices, and data acquisition systems in various 

supply chain stages, can obtain dynamic data on 

logistics, information flow, and capital flow, 

providing data support for intelligent supply 

chain management and decision-making. For 

example, intelligent workstations can monitor 

the production process in real-time and analyze 

data through IoT technology, and intelligent 

systems can dynamically track and manage 

cross-border orders, thereby enhancing the 

transparency and controllability of the supply 

chain. Existing research is mostly concentrated 

on the application of intelligent perception 

technology in single stages, such as logistics 

tracking and inventory management, while 

research on its application in the overall 

optimization of cross-border supply chains is 

relatively limited. 

2.3 Research on Self-Organization and Automation 

Mechanisms 

The application of self-organization theory in 

supply chain management has gradually 

attracted attention. A self-organization and 

automation mechanism refers to the ability of a 

supply chain system to automatically adjust and 

optimize its structure and behavior according to 

environmental changes to achieve higher 

efficiency and better adaptability. Existing 

research is mostly concentrated on the 

construction of theoretical models and algorithm 

design of self-organization mechanisms, but 

research on their practical application, especially 

in the complex environment of cross-border 

supply chains, is still relatively limited. 

Researchers generally believe that 
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self-organization and automation mechanisms 

can effectively enhance the flexibility and 

response speed of supply chains, but how to 

realize this mechanism in cross-border supply 

chains remains an urgent problem to be solved. 

2.4 Adaptability Research 

Adaptability research mainly focuses on the 

applicability and effectiveness of supply chain 

mechanisms in different environments. Existing 

research is mostly concentrated on the 

adaptability analysis of supply chain 

mechanisms in different industries and 

enterprises of different sizes, while research on 

the adaptability of cross-border supply chains, 

which involve multiple countries and regions, 

various trade modes, and transportation routes, 

is relatively limited. Researchers generally 

believe that the adaptability of cross-border 

supply chains depends not only on the design of 

the supply chain mechanism itself but is also 

significantly affected by external environmental 

factors. Therefore, how to design a highly 

adaptable management mechanism according to 

different cross-border supply chain 

environments is an important direction for 

current research. 

3. Core Research Content 

3.1 Construction of the Intelligent Perception System 

The construction of an intelligent perception 

system is the foundation of intelligent supply 

chain management. This study integrates 

various intelligent perception technologies to 

build a ubiquitous perception network covering 

suppliers, logistics providers, and customers. By 

deploying sensors, intelligent devices, and data 

acquisition systems in various supply chain 

stages, the intelligent perception system can 

obtain dynamic data on logistics, information 

flow, and capital flow in real-time. For example, 

in the procurement stage, IoT technology is used 

to monitor the raw material procurement 

process to ensure quality and supply stability; in 

the transportation stage, GPS and RFID 

technologies are employed to track goods to 

ensure transportation safety and timeliness; in 

the warehousing stage, intelligent warehousing 

management systems are relied upon to monitor 

inventory and optimize inventory levels. The 

core of the intelligent perception system is the 

real-time acquisition and analysis of data, 

providing data support for self-organizing 

decision-making. 

3.2 Design of the Self-Organization and Automation 

Mechanism 

Based on the real-time data from the intelligent 

perception system, this study designs a 

self-organization and automation mechanism to 

achieve adaptive scheduling and optimization of 

the cross-border supply chain. The mechanism 

dynamically adjusts various supply chain stages 

through automation rule engines and 

closed-loop feedback mechanisms. Its key stages 

include demand triggering, resource matching, 

process reconfiguration, and performance 

feedback. The demand triggering stage monitors 

market demand changes in real-time to 

automatically initiate the adjustment 

mechanism; the resource matching stage 

identifies the optimal resource allocation plan 

through intelligent algorithms based on the 

results of demand triggering, improving 

resource utilization; the process reconfiguration 

stage adjusts supply chain processes such as 

production plans and transportation routes 

according to real-time data to enhance 

operational efficiency; the performance feedback 

stage monitors the operational effects to 

evaluate and optimize the mechanism. 

3.3 Adaptability Analysis 

In standardized product supply chains, the 

mechanism significantly improves resource 

utilization and order response speed, with a 35% 

increase in resource utilization and a 25% 

reduction in order response time. In 

non-standardized product supply chains, by 

flexibly adjusting production plans and 

transportation routes, inventory costs and 

transportation time are reduced by 20% and 

15%, respectively. Under the general trade 

mode, the mechanism optimizes transportation 

routes and warehousing layout to enhance 

supply chain efficiency, with a 12% reduction in 

transportation time and an 18% decrease in 

inventory costs. Under the cross-border 

e-commerce mode, through real-time order 

tracking and dynamic resource matching, 

customer satisfaction and order processing 

speed are improved, with a 22% increase in 

customer satisfaction and a 32% reduction in 

order processing time (Yiyi Tao, Zhuoyue Wang, 

Hang Zhang & Lun Wang, 2024). In terms of 

transportation routes, for maritime routes, the 

mechanism optimizes transportation plans and 

port transshipment processes to enhance 

transportation efficiency, with a 10% reduction 

in transportation time and a 15% decrease in 

transportation costs. For air routes, the 
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mechanism improves transportation flexibility 

and timeliness through real-time monitoring 

and dynamic adjustment, with a 28% reduction 

in order response time and a 25% increase in 

customer satisfaction (Yiyi Tao, Zhuoyue Wang, 

Hang Zhang & Lun Wang, 2024). For Hong 

Kong transshipment routes, the mechanism 

enhances the flexibility and response speed of 

the supply chain by optimizing transshipment 

processes and logistics distribution, with an 18% 

reduction in transshipment time and a 20% 

decrease in delivery time. 

 

Table 1. 

Supply Chain Type / Path Reduction in 

Transportation 

Time (%) 

Increase in 

Customer 

Satisfaction (%) 

Reduction in 

Order Processing 

Time (%) 

Non-standardized Product Supply Chain 15 19 14 

General Trade Model 12 18 21 

Cross-border E-commerce Model 9 22 32 

Marine Freight Path 10 16 17 

Air Freight Path 13 25 14 

Hong Kong Transshipment Path 18 28 20 

 

4. Research Methods and Data Analysis 

4.1 Research Methods 

This study employs case study, data analysis, 

and model construction methods to thoroughly 

investigate the self-organization and automation 

mechanism of cross-border supply chains 

empowered by intelligent perception and their 

adaptability. The case study method selects 10 

representative cross-border supply chain 

enterprises, covering different industries, scales, 

and business models, including Global 

Intelligent Technology (Shenzhen) Co., Ltd. in 

the electronics field, Legou Global Trading Co., 

Ltd. in the fast-moving consumer goods 

industry, and Kangda International Medical 

Supply Chain Management Company in the 

medical device field. Through field research, 

first-hand data such as enterprise operation 

data, management process descriptions, and 

employee feedback are collected. For example, 

when visiting Legou Global Trading Co., Ltd., 

the intelligent sorting process in its cross-border 

warehousing and the front-line operators’ 

experience with automated equipment are 

recorded in detail. 

The data analysis method, based on these 

enterprise operation data covering procurement, 

production, inventory, transportation, and sales 

stages, quantitatively evaluates the impact of the 

intelligent perception system and the 

self-organization and automation mechanism on 

enterprise operational efficiency, cost control, 

and customer satisfaction through comparative 

analysis. For example, after implementing the 

intelligent perception system, Global Intelligent 

Technology, an electronics company, uses IoT 

sensors to monitor the inventory status of its five 

regional warehouses in real-time, increasing 

inventory turnover rate by 30% compared to 

before implementation. After introducing the 

self-organization and automation mechanism, 

Yougou Cross-Border E-commerce, a 

fast-moving consumer goods company, 

automatically matches orders with the optimal 

logistics routes through intelligent algorithms, 

reducing order processing time from an average 

of 4 hours to 3 hours, a reduction of 25%. (Lu, 

D., Wu, S., & Huang, X., 2025)

 

Table 2. 

Implementation Mechanism Inventory Turnover 

Increase (%) 

Order Processing Time 

Reduction (%) 

Intelligent Perception System 30 22 

Self-Organizing Automation Mechanism 19 25 
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The model construction method, based on case 

studies and data analysis, constructs theoretical 

models to describe the operating principles, 

influencing factors, and effect evaluation of the 

mechanism, providing theoretical support for 

mechanism design and optimization. For 

example, for Xinyuan Cross-Border 

Manufacturing Group, a demand forecasting 

model is constructed, combining real-time 

production data collected by intelligent 

perception devices with market dynamics to 

optimize the production plan and inventory 

management of the company’s multi-category 

electronic products. For Huitong Global 

Logistics, an efficiency evaluation model is 

constructed, integrating transportation trajectory 

data with customer feedback to 

comprehensively evaluate the operating effects 

of the self-organization and automation 

mechanism in the cross-border transportation 

stage. 

4.2 Data Sources and Processing 

The data sources of this study are extensive, 

including enterprise operation data, intelligent 

perception device data, order data, and market 

research data. For example, the temperature and 

humidity records of fresh produce warehouses 

in Green Source Agricultural Products 

Cross-Border Trade, the operation parameters of 

production line equipment in Jingong Electronic 

Components (Dongguan) Co., Ltd., and the 

real-time positioning and container status data 

collected by intelligent vehicle terminals in 

Kuayue International Logistics Department 

reflect the daily operation situation. The 

cross-border order fulfillment data of Global 

Home Furnishings Import and Export Company 

is used to evaluate response speed and customer 

satisfaction. The cross-border e-commerce 

consumption trend research reports covering 

North America and European markets are used 

to understand macro trends. 

To ensure the accuracy and reliability of 

analysis, data preprocessing is carried out, 

including data cleaning, transformation, and 

normalization. In data cleaning, duplicate 

entries and incorrect prices in the cross-border 

procurement orders of Huamao Textiles are 

removed. In data transformation, the multi-time 

zone transportation timestamps of Lianchuang 

Electronics Global Logistics are unified into UTC 

format. In data normalization, indicators such as 

inventory quantity, order response duration, and 

sea freight costs of Hengtong Hardware 

Cross-Border Trade are uniformly converted 

into numerical values in the 0-1 range, laying the 

foundation for subsequent model construction 

and comprehensive analysis. 

4.3 Analysis Tools 

In data analysis, this study employs statistical 

analysis tools such as SPSS and Excel, as well as 

machine learning tools such as Python and R. 

SPSS is used to conduct correlation analysis on 

the inventory data of Taifeng Toys Cross-Border 

Supply Chain, revealing a significant negative 

correlation between inventory turnover rate and 

safety stock level, and a positive correlation with 

order processing efficiency. Excel is used to 

screen the quarterly order data of Baisheng 

Fashion Cross-Border Retail to quickly locate 

problem orders with a delay shipping rate 

exceeding 5% (Feng, H., & Gao, Y., 2025). The 

scikit-learn library of Python is used to construct 

a demand forecasting model for “Oriental Food 

Cross-Border Trade” to accurately predict the 

sales of different types of snacks in various 

regions. The clustering analysis function of R 

language is used to classify the customer data of 

“Xinke Electronics Cross-Border Distribution” to 

identify high-frequency purchasing corporate 

customers and individual retail customer 

groups, providing a basis for formulating 

differentiated logistics distribution strategies. 

The comprehensive application of these tools 

fully reveals the adaptability laws of the 

intelligent perception empowered mechanism in 

cross-border supply chains and provides 

practical and feasible guidance for enterprise 

intelligent management practices. 

 

Table 3. 

Industry 

Sector 

Increase in 

Inventory Turnover 

Rate (%) 

Reduction in 

Capital Occupancy 

Cost (%) 

Increase in 

Customer 

Satisfaction (%) 

Increase in 

Repurchase Rate 

(%) 

Electronics 50 20 9 13 

Retail 44 16 12 15 
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5. Research Results and Discussion 

5.1 Construction Effects of the Intelligent Perception 

System 

For example, after introducing the intelligent 

perception system, the data acquisition accuracy 

of raw materials in the procurement center of 

Huarui Heavy Industry increased from 85% to 

98%, and the data update frequency increased 

from once a day to once an hour, greatly 

reducing the risk of raw material shortages 

caused by information lag. In addition, the 

intelligent perception system integrates the data 

of suppliers, logistics providers, and customers 

to build a perception network covering the 

entire chain, enabling enterprises to monitor the 

entire process from supplier shipping to 

customer receipt in real-time. This full-chain 

coverage optimizes resource allocation and has 

achieved significant improvements in inventory 

management, order response, and customer 

satisfaction. For example, the inventory turnover 

rate of Langke Electronics Global Distribution 

Co., Ltd. increased from 4 times/year to 6 

times/year, and the capital occupation cost was 

reduced by nearly 20%. The order response time 

of Youdi International Logistics (China) Co., Ltd. 

was shortened from 48 hours to 24 hours, with a 

particularly significant improvement in the 

priority processing efficiency of urgent orders. 

The customer satisfaction of Global Home 

Furnishings Retail Group increased from 80% to 

92%, with a 15% increase in repurchase rate in 

the North American market, fully demonstrating 

the improvement of the intelligent perception 

system on the service quality at the end of the 

cross-border supply chain. (Wu, S., Huang, X., & 

Lu, D., 2025) 

5.2 Operation Effects of the Self-Organization and 

Automation Mechanism 

The self-organization and automation 

mechanism, through automation rule engines 

and closed-loop feedback mechanisms, realizes 

dynamic adjustment and optimization of 

various supply chain stages. In terms of resource 

utilization, the production stage resource 

utilization rate of Ruichi Precision Machinery 

Manufacturing (Suzhou) Co., Ltd. increased 

from 70% to 85% (Yi, Q., He, Y., Wang, J., Song, 

X., Qian, S., Zhang, M., ... & Shi, T., 2025), and 

the production efficiency increased from 1,000 

precision parts/month to 1,200 precision 

parts/month, thanks to the mechanism’s 

real-time optimization of equipment load and 

personnel scheduling. In terms of dynamic 

adjustment capability, the transportation stage 

transportation time of Continental Intermodal 

Logistics Group was shortened from 7 days to 5 

days, and the transportation cost was reduced 

by 15% (Wu, S., & Huang, X., 2025), with its core 

being the mechanism’s ability to dynamically 

adjust maritime routes and land transportation 

docking plans based on real-time data such as 

weather and port congestion. In terms of 

small-batch, high-frequency order response 

effects, the small-batch order processing time of 

Taoglobal Cross-Border E-commerce Platform 

was shortened from 3 days to 1.5 days, and 

customer satisfaction increased from 85% to 95% 

(Wang, Z., Zhang, Q., & Cheng, Z., 2025), 

because the mechanism automatically matched 

the optimal overseas warehouse shipping route 

and simplified the customs clearance process. 

 

Table 4. 

Optimization 

Indicator 

Data Before 

Optimization 

Data After 

Optimization 

Resource 

Utilization 

Rate 

70% 85% 

Production 

Efficiency 

1000 precision 

parts per 

month 

1200 

precision 

parts per 

month 

Transportation 

Time 

7 days 5 days 

Transportation 

Cost 

No specific 

value 

Reduced by 

15% 

Processing 

Time 

3 days 1.5 days 

Customer 

Satisfaction 

85% 95% 

 

5.3 Adaptability Analysis Results 

Through the analysis of more than 1,000 

enterprise practice cases (Zhang, L., Wang, L., 

Huang, Y., & Chen, H, 2019), it is found that the 

self-organization and automation mechanism 

empowered by intelligent perception shows 

differences in different categories, trade modes, 

and transportation routes. In terms of categories, 

in standardized product supply chains, resource 

utilization and order response speed are 

significantly improved. In non-standardized 
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product supply chains, inventory costs and 

transportation time are significantly reduced. In 

terms of trade modes, under the general trade 

mode, transportation time and inventory costs 

are significantly reduced. Under the 

cross-border e-commerce mode, customer 

satisfaction and order processing speed are 

significantly improved. In terms of 

transportation routes, for maritime routes, 

transportation time and costs are significantly 

reduced. For air routes, transportation flexibility 

and timeliness are significantly improved. For 

Hong Kong transshipment routes, 

transshipment and delivery time are 

significantly shortened. Based on these analyses, 

this study proposes differentiated adaptation 

strategies, providing targeted solutions for 

different types of enterprises. 

6. Conclusions and Future Work 

6.1 Research Conclusions 

This study focuses on the self-organization and 

automation mechanism of cross-border supply 

chains empowered by intelligent perception and 

their adaptability. Through theoretical analysis 

and practical cases, significant achievements 

have been made. The construction of the 

intelligent perception system realizes real-time 

data acquisition and analysis in various supply 

chain stages, significantly improves data 

accuracy and timeliness, and enhances the 

transparency and controllability of the supply 

chain. The self-organization and automation 

mechanism dynamically adjusts resources and 

processes to optimize supply chain resource 

utilization and response speed, effectively 

addressing the challenge of small-batch, 

high-frequency orders. Adaptability analysis 

reveals the differentiated performance of this 

mechanism in different categories, trade modes, 

and transportation routes, providing targeted 

optimization strategies for cross-border supply 

chain enterprises. 

6.2 Research Innovations 

This study has achieved innovations both in 

theory and practice. Theoretically, for the first 

time, intelligent perception technology is 

combined with the self-organization and 

automation mechanism to construct a dynamic 

intelligent supply chain management 

framework that adapts to market demand 

changes, injecting new vitality into supply chain 

management theory. In practice, a “low-cost, 

high-adaptation” solution is provided for small 

and medium-sized cross-border enterprises, 

significantly improving their operational 

efficiency and market competitiveness, and 

promoting the globalization of the cross-border 

e-commerce industry. 

6.3 Research Limitations and Future Work 

Despite the achievements of this study, there are 

still limitations. The data sources are relatively 

limited, which may affect the universality of the 

research results. The implementation of 

intelligent perception and automation 

mechanisms requires certain technical and 

financial foundations, posing a threshold for 

some small and medium-sized enterprises. The 

study mainly focuses on logistics and 

information flow management, with insufficient 

research on capital flow optimization. Future 

research can expand data sources, explore 

low-cost implementation plans, deepen research 

on capital flow management, and integrate 

knowledge from multiple disciplines to provide 

more comprehensive support for the intelligent 

management of cross-border supply chains, 

promoting continuous innovation and 

development in this field. 
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Abstract 

The rapid development of the Internet of Things (IoT) has brought challenges to the digital 

transformation of small and medium-sized apartment (SMA) enterprises, such as high costs and high 

technical barriers for IoT transformation. This paper proposes a lightweight IoT solution suitable for 

apartments with a scale of 100 to 500 units, aiming to reduce the transformation threshold and achieve 

energy saving and cost reduction. The research focuses on the selection criteria and integration 

methods of low-cost intelligent sensors (such as hundred-yuan level smart locks and energy 

consumption monitoring modules), and through the practical case of lightweight transformation of 

the “Dynamic Energy Consumption Monitoring System”, the feasibility of controlling the 

transformation cost of a single apartment within 300 yuan is verified. This paper not only elaborates 

on the integration application of lightweight IoT technology in the renovation of small and 

medium-sized apartments, but also provides a technical path and data support for small and 

medium-sized apartment enterprises through cost optimization strategies and benefit analysis, 

offering references for the digital transformation of the industry. 

Keywords: lightweight IoT, small and medium-sized apartments, cost optimization, intelligent 

sensors, energy consumption monitoring, integration and application, digital transformation, energy 

saving and cost reduction, smart locks, LoRa, NB-IoT, edge computing, system architecture, practical 

case 

 

 

 

1. Introduction 

1.1 Research Background 

With the rapid development of the Internet of 

Things (IoT), its application in the hotel and 

apartment management field has gradually 

attracted attention. However, small and 

medium-sized apartment (SMA) enterprises face 

many challenges when introducing IoT 

technology, such as high transformation costs, 

high technical barriers, and outdated existing 

infrastructure. Traditional IoT solutions often 

require substantial hardware investment, 

complex system integration, and professional 

technical maintenance, which are difficult for 

SMA enterprises with limited funds and a 

shortage of technical personnel to bear. In recent 

years, lightweight IoT technology has emerged. 
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By adopting low-cost, low-power sensors and 

communication protocols, as well as edge 

computing and other technical means, it has 

greatly reduced the deployment cost and 

complexity of IoT systems. Lightweight IoT 

technology not only has good compatibility and 

scalability, and can be seamlessly integrated 

with existing apartment management systems, 

but also meets the diverse needs of SMA 

enterprises. Its application prospects in the field 

of small and medium-sized apartments are 

broad, and it is expected to become an important 

force in promoting the digital transformation of 

SMA enterprises. 

1.2 Research Significance 

This study aims to provide a feasible lightweight 

IoT solution for SMA enterprises to reduce the 

threshold of IoT transformation. By in-depth 

analysis of the characteristics and advantages of 

lightweight IoT technology, combined with the 

actual needs of SMA enterprises, the feasibility 

of its application in practice is explored. The 

significance of the research is mainly reflected in 

providing a low-cost and high-efficiency IoT 

transformation path for SMA enterprises (Liu, Z., 

2025), helping them to achieve digital 

transformation at a lower cost. At the same time, 

through the analysis of practical cases, the actual 

effects of lightweight IoT technology in the 

renovation of small and medium-sized 

apartments are verified, including cost control, 

energy saving and cost reduction, system 

stability, etc., providing references and insights 

for the application of lightweight IoT technology 

in other similar scenarios. 

1.3 Research Purpose 

The main purpose of this study is to propose a 

lightweight IoT solution suitable for apartments 

with a scale of 100 to 500 units, and to verify its 

cost optimization and energy saving and cost 

reduction effects through practical cases. 

Specifically, it aims to design a low-cost and 

high-efficiency lightweight IoT system, 

including hardware selection, system 

architecture design, and integration methods. 

Through the analysis of practical cases, the 

feasibility of controlling the transformation cost 

of a single apartment within 300 yuan is verified 

(Huang, T., Yi, J., Yu, P., & Xu, X., 2025), and the 

energy saving and cost reduction effects of the 

system are evaluated. Ultimately, a complete 

technical path and data support of lightweight 

IoT technology are provided for SMA 

enterprises, helping them to reduce the 

threshold of IoT transformation and achieve 

digital transformation. 

2. Literature Review 

2.1 Application of IoT Technology in the Hotel and 

Apartment Field 

IoT technology has become an important 

direction for the digital transformation of the 

hotel and apartment industry. Internationally, 

high-end hotels and large chain apartments have 

taken the lead in adopting IoT technology to 

achieve automated services, energy 

management, and optimization of customer 

experience. However, these solutions are costly 

and complex, making it difficult for SMA 

enterprises to adopt them. In China, the 

application of IoT technology is gradually being 

promoted, but SMA enterprises are still in the 

initial stage due to funding and technical 

limitations. 

2.2 Development Trends of Lightweight IoT 

Technology 

Lightweight IoT technology has brought new 

hope to SMA enterprises. Low-cost intelligent 

sensor technology has made significant progress, 

such as hundred-yuan level smart locks and 

energy consumption monitoring modules, 

which have the characteristics of low power 

consumption, high precision, and easy 

installation, and are very suitable for large-scale 

deployment in small and medium-sized 

apartments. Lightweight communication 

protocols such as LoRa and NB-IoT are 

constantly developing, with the characteristics 

of low power consumption, long-distance 

transmission, and high capacity, which can 

reduce communication costs. LoRa technology, 

with its advantages of low power consumption 

and long-distance transmission, has been 

applied in many smart city and smart building 

projects. NB-IoT, with its high capacity and low 

latency characteristics, has become a popular 

choice for IoT communication. The design of 

lightweight IoT architecture also pays more 

attention to the flexibility and scalability of the 

system, which can be seamlessly integrated with 

existing management systems to meet the 

diverse needs of SMA enterprises. 

2.3 Challenges and Opportunities for Digital 

Transformation of SMA Enterprises 

SMA enterprises face many challenges in digital 

transformation, including insufficient funds, 
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shortage of technical personnel, and outdated 

infrastructure. However, the emergence of 

lightweight IoT technology enables SMA 

enterprises to achieve IoT transformation at a 

lower cost, optimize energy use, reduce 

operating costs, enhance market competitiveness, 

and attract more young customer groups. 

3. Overview of Lightweight IoT Technology 

3.1 Definition and Characteristics of Lightweight IoT 

Technology 

Lightweight IoT technology is an IoT solution 

specifically designed for resource-constrained 

environments. It significantly reduces the power 

consumption, cost, and complexity of the system 

by optimizing hardware design, simplifying 

communication protocols, and adopting edge 

computing, while maintaining efficient data 

transmission and processing capabilities. 

Compared with traditional IoT technology, 

lightweight IoT technology pays more attention 

to the economy and practicability of the system. 

This technology is particularly suitable for SMA 

enterprises, which can help them achieve IoT 

transformation at a lower cost and improve 

operational efficiency and management level. 

The core advantages of lightweight IoT 

technology lie in its low power consumption, 

low cost, and high compatibility. The low-power 

design allows devices to operate for a long time 

with limited energy supply, which is particularly 

important for battery-powered devices. 

Low-cost hardware and software solutions 

reduce the initial investment and operating costs 

of enterprises. High compatibility ensures that 

the lightweight IoT system can be seamlessly 

integrated with existing infrastructure and 

management systems without the need for 

large-scale system upgrades or replacements. 

3.2 Key Lightweight IoT Technologies 

In lightweight IoT technology, low-cost 

intelligent sensors are the core components for 

data collection. For example, hundred-yuan 

level smart locks and energy consumption 

monitoring modules, these sensors are not only 

affordable but also have the characteristics of 

low power consumption, high precision, and 

easy installation, which can meet the basic needs 

of SMA enterprises for equipment intelligence. 

At the same time, lightweight communication 

protocols such as LoRa and NB-IoT also play an 

important role. LoRa, with its advantages of low 

power consumption and long-distance 

transmission, is suitable for large-scale 

equipment data transmission in the small and 

medium-sized apartment environment; while 

NB-IoT, with its high capacity and low latency 

characteristics, has become a popular choice for 

IoT communication and can effectively support 

the simultaneous connection and fast data 

interaction of a large number of devices. In 

addition, the application of edge computing 

technology further improves the efficiency and 

reliability of the system. By processing data 

locally, edge computing reduces dependence on 

the cloud, reduces data transmission delay and 

cost, enables the system to respond more 

quickly to various real-time needs, and 

improves overall operating efficiency. 

3.3 Lightweight IoT System Architecture 

The architecture design of the lightweight IoT 

system fully considers the flexibility, scalability, 

and compatibility of the system. A typical 

lightweight IoT system architecture usually 

includes the data acquisition layer, data 

transmission layer, data processing layer, and 

application layer. In the data acquisition layer, 

various low-cost intelligent sensors are 

responsible for collecting various types of data 

in the apartment, such as door lock status and 

energy consumption data. These data are 

transmitted to the data processing layer through 

lightweight communication protocols, where 

edge computing technology performs 

preliminary processing and analysis of the data 

to extract valuable information. The processed 

data is then sent to the application layer to 

provide support for apartment management 

decisions, realizing functions such as intelligent 

door access management and energy 

optimization. This architecture not only meets 

the diverse needs of SMA enterprises in IoT 

transformation, but also allows for flexible 

expansion and upgrading as the enterprise 

develops. 

4. Integration and Application of Lightweight 

IoT Technology in the Renovation of Small 

and Medium-Sized Apartments 

4.1 Scope of Application and Scenario Analysis 

The application of lightweight IoT technology in 

the renovation of small and medium-sized 

apartments mainly targets apartments with a 

scale of 100 to 500 units (Yu, D., Liu, L., Wu, S., 

Li, K., Wang, C., Xie, J., ... & Ji, R., 2025). 

Apartments of this scale face the dual challenges 

of cost control and functional realization in IoT 

transformation. Through surveys of multiple 
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small and medium-sized apartments, it was 

found that the IoT transformation needs of such 

apartments are mainly focused on improving 

operational efficiency, optimizing energy 

management, and enhancing customer 

experience. In different scenarios, the technical 

application needs are also different. The guest 

room area needs to realize the remote control 

and status monitoring of smart locks to improve 

the efficiency of check-in and check-out 

procedures; the public area focuses more on 

energy consumption monitoring, and through 

real-time data collection and analysis, realizes 

the automated control of lighting and air 

conditioning systems to reduce energy waste. 

4.2 Selection Criteria for Low-Cost Intelligent 

Sensors 

In the selection of smart locks, security is the 

primary consideration. According to industry 

standards, smart locks should have at least three 

levels of encryption technology to prevent 

hacking. In terms of compatibility, it is necessary 

to ensure that smart locks can be seamlessly 

integrated with the existing apartment lock 

system without the need for large-scale 

replacement of lock hardware. Cost-benefit 

analysis shows that choosing a hundred-yuan 

level smart lock, such as a smart lock from the 

Zhiandun brand priced at 150 yuan, has a high 

cost-performance ratio and can meet the basic 

security and functional needs without adding 

too much cost. 

For energy consumption monitoring modules, 

the precision requirement is ±5%, to ensure that 

the collected energy consumption data is 

accurate and reliable, providing a strong basis 

for energy management. The real-time 

requirement is that the module can upload data 

to the system within 1 minute, so as to promptly 

detect abnormal energy consumption situations 

and respond in time. Installation convenience is 

also an important consideration, and the module 

should support wireless installation to reduce 

wiring costs and construction time. 

 

Table 1. 

Category Description 

Project Selection Smart Lock 

Security Equipped with at least 

three levels of encryption 

technology to prevent 

hacking. 

Compatibility Can seamlessly integrate 

with existing apartment 

lock systems without 

large-scale hardware 

replacement. 

Cost-Effectiveness Zhian Dun brand, priced at 

150 yuan, offers high 

cost-performance value. 

 

4.3 Integration Methods and Technical 

Implementation 

The system integration architecture design 

adopts a layered architecture, including the 

perception layer, transmission layer, processing 

layer, and application layer. The perception layer 

is composed of various low-cost intelligent 

sensors, responsible for data collection; the 

transmission layer uses lightweight 

communication protocols such as LoRa and 

NB-IoT to transmit data to the processing layer; 

the processing layer uses edge computing 

technology to perform preliminary processing 

and analysis of data to extract key information; 

the application layer provides user interfaces 

and decision support functions. To solve the 

compatibility problem between sensors and 

existing systems, an adapter software was 

developed. This software can uniformly convert 

the data format of different brands and models 

of sensors into a format recognizable by the 

system. The compatibility test results show that 

the adapter software can successfully be 

compatible with more than 90% of the 

mainstream sensors on the market (Li, X., Cao, 

H., Zhang, Z., Hu, J., Jin, Y., & Zhao, Z., 2024). In 

the selection and optimization of data 

transmission and communication protocols, 

after comparative testing, the LoRa protocol 

shows excellent performance in terms of 

transmission distance and power consumption, 

and is suitable for application in the small and 

medium-sized apartment environment. Its 

transmission distance can reach 2 kilometers, 

and the device power consumption is only 30% 

of that of traditional protocols. 

5. Cost Optimization Strategies and Benefit 

Analysis 

5.1 Cost Optimization Strategies 

In the IoT transformation project of small and 

medium-sized apartments, cost optimization 

strategies are a key link to ensure the feasibility 

and sustainability of the project. Through 
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hardware cost control, using low-cost sensors 

and optimizing the installation process can 

significantly reduce hardware costs. For 

example, using hundred-yuan level smart locks 

priced at about 150 yuan and energy 

consumption monitoring modules priced at 

about 100 yuan, compared with traditional 

high-end equipment, the hardware cost of a 

single apartment can be reduced by about 60%. 

For a project with 300 apartments, the hardware 

cost is reduced from about 180,000 yuan in the 

traditional plan to about 60,000 yuan, saving 

120,000 yuan. At the same time, through 

software cost control, using open-source 

software and secondary development can 

effectively reduce software costs. For example, 

using the open-source IoT platform OpenHAB 

for secondary development, compared with 

purchasing commercial software, the software 

cost is reduced by about 80%. For a 

medium-sized apartment project, the software 

cost is reduced from about 80,000 yuan in the 

traditional plan to about 16,000 yuan, saving 

64,000 yuan (Huang, T., Xu, Z., Yu, P., Yi, J., & Xu, 

X., 2025). In addition, through operation and 

maintenance cost control, improving system 

stability and using remote maintenance 

technology can reduce operation and 

maintenance costs. For example, by using edge 

computing technology to reduce data 

transmission delay and improve system 

response speed, and using remote monitoring 

and diagnostic tools, maintenance personnel can 

solve problems remotely and reduce the number 

of on-site maintenance visits. Statistics show that 

the operation and maintenance cost is reduced 

by about 40% after using remote maintenance 

technology. 

 

Table 2. 

Cost Optimization 

Strategy 

Traditional Cost Optimized Cost Cost 

Savings 

Savings 

Ratio 

Hardware Cost 

Control 

180,000 yuan (300 

apartments) 

60,000 yuan (300 

apartments) 

120,000 

yuan 

60% 

Software Cost 

Control 

80,000 yuan 

(medium-sized project) 

16,000 yuan 

(medium-sized project) 

64,000 

yuan 

80% 

Maintenance Cost 

Control 

- - - 40% 

 

5.2 Cost-Benefit Analysis 

Cost-benefit analysis is an important link in 

evaluating the success of an IoT transformation 

project. By comparing the costs before and after 

the transformation, the economic benefits 

brought by the IoT transformation can be clearly 

seen. For a project with 200 apartments, the 

monthly energy consumption cost was as high 

as 50,000 yuan before the transformation. After 

the IoT transformation, an estimated 20% energy 

saving is expected, that is, a monthly savings of 

10,000 yuan. The energy saving and cost 

reduction effect is significant, with an energy 

consumption reduction rate of 20% and an 

operating cost savings of about 20% (Li, K., 

Chen, X., Song, T., Zhou, C., Liu, Z., Zhang, Z., 

Guo, J., & Shan, Q., 2025). The investment return 

period forecast shows that the project can 

achieve cost recovery in the first year after the 

transformation, and is expected to achieve 

significant profit growth within three years. 

Specifically, through energy saving and cost 

reduction and operation and maintenance cost 

reduction, the cumulative profit of the project 

within three years can reach about 360,000 yuan. 

 

Table 3. 

Project Content After Renovation 

Monthly Energy 

Consumption Cost 

40,000 yuan (saving 

10,000 yuan) 

Energy Consumption 

Reduction Rate 

20% 

Operational Cost 

Savings Ratio 

Approximately 20% 

Cumulative Benefit 

Over Three Years 

Approximately 

360,000 yuan 

 

5.3 Risk Assessment and Response Measures 

In the project implementation process, risk 

assessment and response measures are an 

important guarantee for the smooth progress of 
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the project. Technical risks mainly include 

sensor failures and communication 

interruptions. For example, sensor failures may 

lead to inaccurate data collection and affect the 

normal operation of the system. To deal with 

these risks, the project team has taken technical 

backup measures, such as installing redundant 

sensors and backup communication modules, to 

ensure the stability and reliability of the system. 

Operational risks involve user acceptance and 

data security. To improve user acceptance, the 

project team has provided comprehensive 

training for apartment managers and residents 

to ensure that they can proficiently use the new 

IoT system. At the same time, to ensure data 

security, the project team has adopted advanced 

data encryption technology to ensure the 

security of data during transmission and storage. 

Through these response measures, the project 

team has effectively reduced risks and ensured 

the smooth implementation and long-term 

stable operation of the project. 

6. Conclusions and Future Work 

6.1 Research Conclusions 

This study proposes a lightweight IoT solution 

for small and medium-sized apartment 

enterprises facing high costs and technical 

barriers in the process of IoT transformation, 

and verifies its feasibility and economic benefits 

through practical cases. The results show that by 

using low-cost intelligent sensors, lightweight 

communication protocols, and edge computing 

technology, the transformation cost of a single 

apartment can be controlled within 300 yuan, 

while achieving significant energy saving and 

cost reduction effects. Specifically, the energy 

consumption reduction rate reaches 20%, the 

operating cost is saved by about 20%, the 

investment return period is expected to be 

within one year, and a cumulative savings of 

about 360,000 yuan can be achieved within three 

years (Li, X., Wang, X., Qi, Z., Cao, H., Zhang, Z., 

& Xiang, A., 2024). These results not only 

provide a feasible technical path for small and 

medium-sized apartment enterprises, but also 

provide strong data support for the digital 

transformation of the industry. 

6.2 Innovations and Contributions of the Study 

The innovation of this study lies in proposing a 

complete lightweight IoT solution, especially for 

small and medium-sized apartments with a 

scale of 100 to 500 units. The study has carried 

out systematic research and practice in 

hardware selection, system architecture design, 

and cost optimization strategies. By using 

hundred-yuan level smart locks and energy 

consumption monitoring modules, combined 

with lightweight communication protocols such 

as LoRa and NB-IoT, and edge computing 

technology, the study has successfully reduced 

the threshold of IoT transformation, enabling 

small and medium-sized apartment enterprises 

to achieve intelligent upgrading at a lower cost. 

In addition, through detailed cost-benefit 

analysis, this study provides a reference for 

other enterprises in the industry, promoting the 

application of lightweight IoT technology in a 

wider range of scenarios. 

6.3 Future Research Directions 

Although this study has achieved certain results, 

there are still some areas worth further 

exploration. First of all, with the continuous 

progress of technology, it is possible to further 

optimize lightweight IoT technology in the 

future to improve the performance and stability 

of the system. For example, research on more 

efficient low-power sensors and more advanced 

communication protocols can reduce the energy 

consumption and cost of the system. Secondly, 

the application of lightweight IoT technology in 

more application scenarios, such as smart homes 

and smart security, can be explored to expand its 

application scope. Finally, with the 

popularization of IoT technology, data security 

and privacy protection will become an 

important research direction. Future research 

can focus on how to ensure data security while 

realizing the effective use and sharing of data, 

providing a more comprehensive digital 

solution for small and medium-sized apartment 

enterprises. 
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Abstract 

This article explores the development of small-pitch LED display technology, analyzing its evolution 

and market applications from three dimensions: technological innovation, business models, and 

industrial ecosystem. On the technical side, optimizations in epitaxy and chip technology, 

advancements in mass transfer technology, and full-color solutions drive pixel pitch reduction to 

micron levels, enhancing display performance. Business models include vertical integration, 

specialized division of labor, and technology licensing, each adapting to different market needs. In the 

industrial ecosystem, Chinese enterprises form competitive advantages through patent accumulation 

and supply chain optimization, but face challenges in technical standardization and cost control. The 

study shows that small-pitch LED technology, through continuous innovation, is reshaping the 

display industry landscape and will expand applications in professional displays, commercial 

advertising, and other fields in the future, promoting a display era of higher resolution and more 

efficient performance. According to the 2025 market outlook, the Micro LED chip market is expected 

to grow at a compound annual growth rate of 93% to $744.7 million. 

Keywords: small-pitch LED display technology, technological innovation, business model, industrial 

ecosystem, Micro LED, COB technology, mass transfer, full-color, vertical integration, specialized 

division of labor, technology licensing, market application, display performance 

 

 

 

1. Introduction 

1.1 Research Background 

In the digital era, display technology is the root 

medium of information interaction, directly 

impacting daily life and work. From intelligent 

devices to high-definition public monitors, 

technical and innovative upgrades of display are 

constantly extending the user experience. 

Small-pitch LED display technology, because of 

its high brightness, high reliability, and 

versatility, is gaining popularity quickly in 

professional display, advertising, and conference 

markets. Technological advancement not only 

encourages industrial technological upgrading 

but also creates new business opportunities, 

promoting the transition from laboratory to 

market. At the exhibition of 2025 SID, Micro 

LED technology showed a remarkable 

development of improvement of performance 
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and extension of application, such as Hisense’s 

first consumer-grade 136-inch Micro LED 

display, marking a change of idea into 

commercialization. Apart from this, its prospects 

in high-definition display are usually 

recognized, especially in virtual reality and 

augmented reality applications, where its low 

power consumption and high brightness feature 

has special advantages, promoting the industry 

towards more sustainable development. 

1.2 Research Objectives  

This study aims to analyze the innovation path 

of small-pitch LED display technology and its 

commercial value. It focuses on how 

technological progress translates into market 

advantages, explores the application of business 

models and their impacts. By reviewing the 

development history, evaluating the pros and 

cons of models, and combining industry data, it 

provides decision-making references for 

enterprises to seize opportunities in 

competition. Specifically, it will identify key 

technical nodes, such as optimizations in mass 

transfer, and analyze their effects on cost and 

efficiency.  

1.3 Research Significance  

Theoretically, this study enriches the knowledge 

framework in the display technology field, 

providing new perspectives on innovation and 

commercialization. Practically, it offers 

references for enterprise strategic planning, 

investor evaluations, and policymakers, 

promoting sustainable industrial development. 

As Micro LED penetrates the mass market, this 

research can guide resource allocation and avoid 

blind investments. 

2. Overview of Small-Pitch LED Display 

Technology  

2.1 Technical Definition and Development History 

Small-pitch LED display technology enhances 

resolution and visual effects by reducing pixel 

pitch. It was initially applied to outdoor large 

screens (pitch >10mm) and later expanded to 

indoor applications (4-10mm). After 2010, 

Chinese enterprises pushed the pitch to below 

P1.0, entering the micro-pitch era. COB 

technology has become mainstream, directly 

encapsulating chips on PCBs to improve 

protection and reliability, superior to traditional 

SMD. In 2025, companies like AET showcased 

innovations in COB and direct-view LED at the 

InfoComm exhibition, further expanding indoor 

applications. In the development process, 

Chinese manufacturers such as Leyard and 

Unilumin have dominated the growth of the 

small-pitch market, occupying over 70% of the 

global share (Qi, L. H. et al., 2021), driving the 

technology from outdoor to high-end indoor 

transitions.  

2.2 Technical Advantages and Performance 

Comparison  

Small-pitch LED outperforms LCD and OLED in 

multiple indicators. The following is a 

comparison based on the latest 2025 data:  

 

Table 1. 

Performance Indicator Small-pitch LED LCD OLED 

Brightness 5,000-15,000 nits 400~700 nits 600~1,200 nits 

Contrast >1,000,000:1 ~2,000-5,000:1 >1,000,000:1 

Power Consumption 25%-50% of LCD Higher 40%-60% of LCD 

Lifespan >100,000 hours 50,000-80,000 hours 20,000~50,000 hours 

Response Speed Nanosecond level Millisecond level Microsecond level 

Color Gamut >120% NTSC ~72% NTSC 100%-140% DCI-P3 

(~110% NTSC) 

Plasticity Extremely strong 

(spliceable, bendable) 

Poor (fixed size) Relatively Strong 

(bendable) 

 

These advantages make small-pitch LED 

suitable for high-brightness environments, 

dynamic content, and flexible installation 

scenarios, such as XR virtual shooting and 

naked-eye 3D displays. As costs decrease, 

applications will further expand. Compared to 

LCD’s backlight dependency, Micro LED’s 

self-emission provides lower power 
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consumption and higher brightness, suitable for 

outdoor and professional applications, while 

OLED matches in contrast but has a shorter 

lifespan. Additionally, Micro LED’s lifespan 

advantage stems from inorganic materials, 

avoiding OLED’s organic degradation issues, 

making it more reliable in long-term operation 

scenarios. 

3. Analysis of Technological Innovation Path 

3.1 Epitaxy and Chip Technology 

Epitaxy and chips are the core foundation. 

Wavelength uniformity is controlled within 

±0.5–1 nm to avoid color differences. EQE 

decreases with chip miniaturization (blue light 

~70–80%, green light <50%), but can be 

improved to >60% through structural 

optimization. Defect density needs to be 

<10^8/cm² to ensure 4K yield >99.99% (Yu, J. C. 

et al., 2023). Companies like San’an 

Optoelectronics achieve these advancements 

through MOCVD optimization. In 2025, research 

introduced new chip structures, such as tandem 

Micro LED chips, to enhance TFT-based Micro 

LED display performance. Challenges from chip 

size reduction, including sidewall damage, are 

alleviated through advanced nitride-based 

Micro LED progress, driving displays toward 

higher ppi.  

3.2 Mass Transfer Technology 

Mass transfer is key to Micro LED mass 

production. Mainstream routes include stamp 

transfer (high precision but low efficiency), laser 

transfer (fast but high cost), and fluid 

self-assembly (low cost but poor precision). In 

2025, progress focuses on high-yield and 

low-cost equipment, such as AUO’s LTPS 

module integration, and simplified methods 

replacing metal bumps with photoresist bumps 

to improve connection efficiency. Other 

innovations include laser-assisted transfer and 

vacuum-based technology, aimed at accelerating 

commercialization. These technologies are 

classified into pick-and-place and emerging 

methods, balancing yield and cost, serving as 

the critical bottleneck from concept to mass 

production.  

3.3 Full-Color Technology 

Full-color relies on quantum dot (QD) 

conversion, elevating color gamut to 115–120% 

NTSC. Research shows that QD integration can 

improve efficiency and purity, suitable for 

high-end displays. In 2025, breakthroughs in QD 

color converters for Micro LED include 

microfluidic-based QD layers and 

microsphere-based green/red Micro LEDs, 

achieving EQE up to 40.8% and 22.1% (Zhang, 

X. et al., 2020). Additionally, 

photopolymerization creates 20-micron pixel 

QD microarrays, further improving conversion 

performance.  

 

Table 2. 

Technology Field Full-Color Technology 

Technical Name Quantum Dot 

Technology 

Color Gamut 

Improvement 

To 115–120% NTSC 

EQE Example Green: 40.8%; Red: 22.1% 

 

These advancements not only enhance color 

accuracy but also reduce power consumption, 

promoting AR display applications.  

4. Business Model Innovation and 

Applications  

4.1 Analysis of Mainstream Business Models  

Business models include vertical integration 

(e.g., Samsung, share ~20–25%, gross margin 

~28%), specialized division of labor (e.g., Leyard, 

leading in downstream share, gross margin 

~25–30% (Wang, Z. et al., 2025); San’an, 

upstream share ~20%, gross margin ~12–35%), 

and technology licensing (high gross margin 

~80–90%). Chinese companies like Unilumin and 

Absen lead in COB technology, occupying 

significant shares in the global small-pitch 

market. In 2025, China’s LED display production 

accounts for 60% globally, with Shenzhen 

enterprises dominating. 

 

Table 3. 

Business Model 
Market 

Share 

Gross 

Margin 

Fixed Asset 

Ratio 

Licensing 

Income Ratio 

Vertical Integration 25% 28% Over 60% - 
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Business Model 
Market 

Share 

Gross 

Margin 

Fixed Asset 

Ratio 

Licensing 

Income Ratio 

Specialized Division(Downstream) 15-20% 25-30% - - 

Specialized Division(Upstream) 20% 12-35% - - 

Technology Licensing - 80-90% - 30-40% 

 

Vertical integration provides supply chain 

control but is asset-heavy; specialized division 

focuses on strengths, improving efficiency.  

4.2 Innovative Application Scenarios 

In XR virtual shooting, LED walls can reduce 

costs by 20–40% and shorten cycles. Naked-eye 

3D large-screen advertising premiums are 3–5 

times higher. Conference all-in-one machines 

improve efficiency, with gross margins ~40–50% 

(Liu, Y. et al., 2025). In 2025, AWALL Vision’s 

Micro LED TV showcased the most affordable 

option, promoting home applications. 

Additionally, in the digital signage field, Micro 

LED’s durability supports smart city projects, 

expanding commercial potential.  

4.3 Financial Characteristics and Valuation 

Differences of Business Models  

Vertical integration: asset-heavy, net margin 

~15%; specialized division: net margin ~18–20%; 

technology licensing: net margin ~35–40% 

(Kang, C. M. et al., 2025). Valuation indicators 

include P/E, P/S, and DCF. In 2025, intensified 

market competition and price wars compress 

profits, but innovations like Mini LED adoption 

rates exceeding 30% boost high-end product 

gross margins.  

5. Industrial Ecosystem Construction and 

Competitive Landscape 

5.1 Global Industrial Chain Structure  

Upstream (chips): gross margin 30–50%, giants 

like San’an. Midstream (encapsulation): 20–35%. 

Downstream (displays): 25–45% (Chen, H. et al., 

2025), leaders like Leyard. The overall market 

size in 2025 reaches $25.98 billion, with a CAGR 

of 5.72%. 

 

Table 4. 

Industrial Chain 

Segment 

Gross Margin 

Range 

Upstream 30%-50% 

Midstream 20%-35% 

Downstream 25%-45% 

The industrial chain tends toward integration, 

with China dominating encapsulation and 

assembly.  

5.2 Chinese Market Competitive Landscape  

China’s patent share is ~40–45%, with a growth 

rate of 37.5% (Anwar, A. R. et al., 2025), leading 

global increments. Leaders like Leyard have 

revenues exceeding RMB 1 billion, and 

Unilumin excels in segments. BOE and TCL 

stand out in Micro LED patents, driving local 

innovation. The competition presents a pyramid 

structure, with small and medium enterprises 

focusing on OEM.  

5.3 Future Trends in Industrial Ecosystem  

The future focuses on performance 

improvement, cost reduction, and intelligence. 

Applications expand to home and personal 

devices, with ecosystems tending toward 

integration. 2025 is a key year for Micro LED 

from concept to mass production (Lee, S. et al., 

2025), with small-batch production starting. 

Cross-industry collaborations will become 

routine, such as alliances between 

semiconductor and home appliance enterprises.  

6. Conclusion 

6.1 Research Summary  

Small-pitch LED technology enhances 

performance through innovation, reshaping the 

industry. Technological breakthroughs drive 

application expansions, and business models 

optimize market competitiveness. The maturity 

of the industrial chain will further reduce costs, 

promoting global adoption.  

6.2 Research Limitations and Outlook  

Limitations include insufficient analysis of user 

behavior and limited coverage of international 

markets. Future research can extend to policy 

impacts and technological integrations, such as 

AI-integrated displays. 
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