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Abstract. The accelerating digital economy demands service systems that are adaptive, data-
driven, and collaborative. This study introduces an integrated stakeholder-driven service
innovation framework that combines system dynamics modeling, the fuzzy analytic hierarchy
process (FAHP), and a hybrid convolutional neural network—long short-term memory (CNN-
LSTM) model to enhance organizational responsiveness and decision intelligence. Drawing
on global datasets from the World Economic Forum and OECD (2020-2025) and validated
through multi-country case studies in Germany, China, and Singapore, the framework models
complex stakeholder interactions, prioritizes uncertain preferences, and forecasts digital-skill
demands with high accuracy. The FAHP component achieves a consistency ratio of 0.07 in
weighting stakeholder priorities, while the CNN-LSTM model predicts emerging
competencies with 93.4% accuracy (RMSE = 0.11). Empirical evidence from 1,800
stakeholders across 15 institutions shows measurable improvements in service relevance
(+17.8%), outcome effectiveness (+12.6%), and overall stakeholder satisfaction. Compared
with conventional static approaches, the framework demonstrates greater agility in adapting
to digital disruptions such as artificial intelligence integration and green transformation. By
linking stakeholder collaboration with intelligent analytics, this research offers a scalable
strategy for service excellence and sustainable innovation in the global digital economy,
contributing to both informatics-based management and service science theory.
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1. Introduction

The digital economy, propelled by advancements in artificial intelligence, automation, and sustainable
technologies, is reshaping global labor markets at an unprecedented pace (Lakshminarayana, 2024).
According to the World Economic Forum's Future of Jobs Report 2025, approximately 39% of existing
skill sets will become obsolete or transformed by 2030, with 78 million new job opportunities emerging,
primarily in sectors requiring digital proficiency (Choudhury et al., 2025). This shift underscores the
critical need for vocational education and training (VET) systems to evolve beyond traditional
paradigms, incorporating stakeholder-driven innovations to ensure alignment with industry demands.
Vocational education, which focuses on practical, job-specific skills, plays a pivotal role in this
transition, yet many systems suffer from curriculum obsolescence, limited stakeholder engagement, and
inadequate forecasting of future skills. For instance, OECD's Trends Shaping Education 2025 highlights
that breakthrough digital technologies are exacerbating skill mismatches, with vocational programs
often failing to integrate real-time industry feedback (Huang et al., 2025). In countries like Germany,
with its renowned dual VET system combining apprenticeships and classroom learning, stakeholder
collaboration has historically driven success, but even there, digital disruptions necessitate more
dynamic approaches. Similarly, China's expansive TVET network, serving over 30 million students
annually, and Singapore's SkillsFuture initiative emphasize lifelong learning, yet face challenges in
scaling innovations across diverse stakeholder groups (Ogbu, 2025).

This paper addresses these gaps by proposing a stakeholder-driven service innovation framework
that leverages system dynamics (SD) for modeling complex interactions, FAHP for prioritizing
uncertain preferences, and a CNN-LSTM hybrid model for predictive analytics. The framework's
novelty lies in its integration of these tools into a cohesive management strategy, enabling vocational
institutions to simulate scenarios, prioritize resources, and forecast skills with high precision. Grounded
in empirical data from the global TVET market—valued at USD 812.3 billion in 2024 and projected to
reach USD 1,432.9 billion by 2030—the study draws on case analyses from Germany, China, and
Singapore to demonstrate practical applicability. By focusing on stakeholder groups including industry
partners, educators, students, and policymakers, the framework fosters collaborative innovation,
reducing skill gaps where 92% of jobs now require digital competencies, yet one-third of workers lack
foundational skills. The research contributes to the field by providing a theoretically robust, empirically
validated model that enhances VET excellence, with implications for policy, practice, and future
research in the digital economy.

The introduction of this framework is timely, as the post-COVID era has accelerated digital
transformations, with VET institutions in South-East Asia, for example, responding variably to digital
readiness indices as per ILO reports.

Traditional curriculum development, often reliant on static surveys or expert panels, lacks the agility
to handle such dynamics, leading to employability rates as low as 70% in some regions. In contrast,
stakeholder-driven approaches, as evidenced in Singapore's ecosystem where partnerships with over 50
industry sectors boost skill alignment, offer a pathway to resilience (Sadovska et al., 2025). This paper's
methodology, detailed in subsequent sections, builds on these insights to create a framework that not
only models but also optimizes VET service delivery, ensuring excellence through data-driven decision-
making.

2. Literature Review

The rapid transformation of the digital economy has placed vocational education and training (VET)
systems under intense scrutiny, necessitating innovative, stakeholder-centric approaches to address
evolving workforce demands. The literature underscores the critical role of stakeholder collaboration,
advanced analytical tools, and adaptive strategies in aligning VET with the needs of industries,
educators, students, and policymakers. This section synthesizes key findings from global research,

165



Su & Li, Journal of Logistics, Informatics and Service, Vol. 12 (2025), No 9, pp 164-178

focusing on digital transformation in VET, stakeholder-driven models, and methodological
advancements, while identifying gaps that this study seeks to address through an integrated framework
(Spiess & Jessica, 2025).

2.1 Digital Transformation in Vocational Education

The integration of digital technologies into VET has been a focal point in recent scholarship, driven by
the accelerating pace of technological disruption. UNESCO-UNEVOC's seminal reports emphasize the
transformative potential of digitalization in technical and vocational education and training (TVET),
advocating for the incorporation of skills in artificial intelligence (Al), the Internet of Things (IoT), big
data analytics, and green technologies to meet labor market demands (Widodo et al., 2025). These skills
are critical as the World Economic Forum's Future of Jobs Report 2025 projects that 39% of core job
skills will evolve by 2030, with 92% of roles requiring digital competencies, yet one-third of workers
globally lack foundational digital skills. Studies highlight the urgency of embedding emerging
technologies into curricula, noting that VET systems lagging in digital adoption risk exacerbating skill
mismatches, particularly in high-growth sectors like advanced manufacturing, renewable energy, and
cybersecurity. For instance, OECD's Trends Shaping Education 2025 identifies breakthrough digital
technologies and ecological crises as key drivers of skill transformation, with VET systems needing to
adapt to global trends such as Al-driven automation and the green transition (Puja Sharma, Dipendra
Karki, 2025).

Globally, the TVET market's valuation at USD 812.3 billion in 2024, with projections to reach
USD 1,432.9 billion by 2030, underscores its economic significance and the pressing need for
innovation. Research from the International Labour Organization (ILO) further illustrates regional
disparities, noting that South-East Asian VET systems exhibit variable digital readiness, with countries
like Singapore leading in tech integration, while others struggle with infrastructure and funding
constraints. These findings highlight the necessity for VET systems to adopt dynamic, technology-
driven curricula that respond to real-time industry needs, a challenge that traditional, static approaches
fail to address effectively (Lingyun & Nasri, 2025).

2.2 Stakeholder-Driven Models in Vocational Education

Stakeholder collaboration is increasingly recognized as a cornerstone of effective VET systems,
enabling alignment between educational outputs and labor market demands. Germany's dual VET
system, which combines classroom learning with industry apprenticeships, serves as a global exemplar
of stakeholder-driven innovation. In 2024, Germany's youth unemployment rate stood at 6.5%,
significantly below the EU average of 14.2%, largely due to robust partnerships between vocational
schools and industries, with 468,900 new apprenticeship contracts signed in 2022 alone. Studies
indicate that 68% of trainees secure employment post-training, reflecting the system's ability to integrate
industry feedback into curriculum design. However, even this model faces challenges in adapting to
digital disruptions, with recent analyses suggesting a need for greater emphasis on skills like Al
programming and data analytics to maintain its edge.

In China, TVET reforms under initiatives like "Made in China 2025" aim to align vocational
education with high-tech industries. With over 11,133 vocational institutions enrolling 35 million
students and a 2025 education budget of 31.257-billion-yuan, China's system is one of the largest
globally, targeting the training of 30 million skilled workers by 2027. The World Bank's evaluations
highlight progress in integrating advanced manufacturing and robotics skills, yet note persistent
challenges in stakeholder coordination, with regulatory delays of 12-18 months slowing curriculum
updates. These delays underscore the need for models that can dynamically incorporate industry inputs
to reduce skill obsolescence, estimated at 25% annually in digital sectors.

Singapore's SkillsFuture initiative exemplifies a stakeholder ecosystem approach, engaging over
50 industry sectors to upskill 650,000 individuals since 2015, achieving a 93% employability rate in
digital roles. The program's success is attributed to its agile partnerships, which facilitate rapid
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curriculum adjustments based on real-time labor market data, such as LinkedIn's Economic Graph
insights indicating a 40% annual increase in demand for Al and cybersecurity skills. Comparative
studies, such as those in Costa Rica and the U.S., further demonstrate the efficacy of stakeholder
collaboration, with government-industry partnerships improving skill alignment and community college
programs enhancing workforce development, respectively. In Switzerland and Norway, cross-sector
collaboration in upper secondary VET has reduced dropout rates by 10-15% and boosted employability,
emphasizing the value of inclusive stakeholder models (Voice of socio-cultural values, 2025).

Despite these advances, stakeholder-driven models often face challenges in scalability and
integration across diverse contexts. For instance, while Germany's dual system excels in manufacturing,
its adaptation to emerging fields like green technologies remains uneven. Similarly, China's scale is
impressive, but coordination across its vast network of institutions is hindered by bureaucratic
inefficiencies. These examples highlight the need for frameworks that not only foster collaboration but
also leverage advanced analytics to optimize stakeholder inputs in real time.

2.3 Methodological Advancements in VET Innovation

Methodological tools like system dynamics (SD), fuzzy analytic hierarchy process (FAHP), and hybrid
machine learning models have gained prominence in addressing VET challenges, offering robust
approaches to model complexity, prioritize resources, and forecast trends. System dynamics, rooted in
Forrester's work, has been extensively applied in educational contexts to simulate policy impacts and
stakeholder interactions. In VET, SD models capture dynamic behaviors such as feedback loops and
time delays, critical for understanding skill adaptation lags. For example, Finnish VET systems use SD
to model innovation networks, reducing curriculum update delays from 18 to 12 months, while
Singapore's SkillsFuture employs similar approaches to enhance responsiveness to industry shifts.
These models incorporate non-linear elements to reflect real-world complexities, such as diminishing
returns from excessive regulatory interventions, as evidenced in OECD analyses of VET financing
where funding increases beyond 20% yield marginal benefits. Recent advancements have extended SD
to include stochastic elements, accounting for uncertainties like economic fluctuations, with
applications in European VET systems showing improved prediction accuracy by 15%.

The fuzzy analytic hierarchy process (FAHP) addresses uncertainty in stakeholder prioritization,
a critical aspect of VET where preferences are often ambiguous. Building on Saaty's analytic hierarchy
process (AHP), FAHP uses triangular fuzzy numbers (TFNs) to model vague inputs, achieving
consistency ratios below 0.1 in educational applications such as student project evaluations and
curriculum prioritization. In VET contexts, FAHP has been applied in countries like Indonesia and
Sweden, where stakeholder-driven curriculum design improved program relevance by 15-20%,
particularly for skills in renewable energy and digital transformation. The method's strength lies in its
ability to handle conflicting stakeholder priorities, such as industry demands for technical skills versus
policymakers' focus on regulatory compliance, providing a structured approach to decision-making
under uncertainty (Mirsadeghi et al., 2025).

Hybrid machine learning models, particularly convolutional neural network-long short-term
memory (CNN-LSTM) architectures, have emerged as powerful tools for time-series forecasting in
labor market applications. These models combine CNN's ability to extract spatial features from data
(e.g., skill co-occurrence matrices) with LSTM's capacity to capture temporal dependencies, achieving
RMSE values around 0.10 in supply chain and job demand predictions. In VET, CNN-LSTM models
have been adapted to forecast skill demands, aligning with WEF's projections of high-growth roles in
Al, cybersecurity, and green technologies, which are expected to account for 60% of new jobs by 2030.
For instance, studies in the Asia-Pacific region demonstrate that hybrid models outperform traditional
forecasting methods by 12-18% in predicting demand for skills like data analytics and IoT integration,
offering a robust foundation for curriculum planning. Recent advancements incorporate attention
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mechanisms to enhance prediction accuracy, particularly for volatile skill trends influenced by rapid
technological changes (Zhu, 2025).
2.4 Gaps in Existing Research and Contribution of This Study

Despite these methodological advancements, significant gaps remain in integrating SD, FAHP, and
hybrid machine learning models into a cohesive framework for stakeholder-driven VET innovation.
Most studies apply these tools in isolation, focusing on specific aspects like policy simulation or skill
forecasting, without synthesizing them to address the full spectrum of VET challenges. For example,
while SD models effectively capture feedback loops, they rarely incorporate stakeholder prioritization
under uncertainty, limiting their practical applicability in multi-stakeholder contexts. Similarly, FAHP
studies prioritize criteria but often lack dynamic integration with real-time labor market data, reducing
their responsiveness to rapid skill shifts. Machine learning applications in VET forecasting are
promising but typically operate independently of stakeholder engagement models, missing
opportunities for iterative feedback and optimization.

Moreover, empirical validations are often context-specific, with limited cross-country
comparisons. While Germany's dual system, China's TVET reforms, and Singapore's SkillsFuture
provide valuable insights, few studies systematically compare these models to derive generalizable
frameworks. The lack of holistic approaches is particularly evident in addressing the digital economy's
multifaceted challenges, where technological, ecological, and geopolitical factors converge to create
complex skill demands. Additionally, existing research often overlooks the scalability of stakeholder-
driven models across diverse economic and cultural contexts, a critical consideration given the global
TVET market's growth projections (Kumar & Sleiti, 2025).

This study bridges these gaps by proposing an integrated framework that combines SD, FAHP,
and CNN-LSTM models to create a dynamic, stakeholder-driven approach to VET innovation. By
synthesizing empirical data from authoritative sources, including the World Economic Forum's 2025
report (surveying over 1,000 employers representing 14 million workers) and OECD's Trends Shaping
Education 2025, the framework is validated across diverse contexts in Germany, China, and Singapore.
The study engages 1,800 stakeholders to ensure robust data inputs and conducts multi-scenario
simulations to test adaptability under varying digitalization levels. This multi-method approach not only
addresses isolated application limitations but also provides a scalable blueprint for VET systems
globally, contributing to both theoretical and practical advancements in achieving excellence in the
digital economy (Pokkuluri et al., 2025).

3. Methodology

The methodology forms the backbone of the stakeholder-driven service innovation framework,
integrating three advanced analytical components: system dynamics (SD) modeling, fuzzy analytic
hierarchy process (FAHP), and a hybrid convolutional neural network-long short-term memory (CNN-
LSTM) model. These components work synergistically to simulate stakeholder interactions, prioritize
preferences under uncertainty, and forecast skill demands, ensuring vocational education and training
(VET) systems align with the digital economy's dynamic requirements (Jin Li, Fangfang Zhu et al.,
2025). The methodology is grounded in real-world data from the World Economic Forum's Future of
Jobs Report 2025, OECD's Trends Shaping Education 2025, and UNESCO-UNEVOC's global TVET
analyses, validated through a multi-country case study involving Germany, China, and Singapore. Each
component is meticulously designed to capture the complexities of stakeholder ecosystems, address
skill obsolescence, and enhance curriculum relevance and employability, with parameters calibrated
against empirical data to ensure robustness and applicability (Ansari et al., 2025).
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3.1 System Dynamics Modeling of Stakeholder Interactions

System dynamics modeling serves as the foundational pillar, enabling the simulation of complex, time-
dependent interactions among stakeholders—industry partners (I), educators (E), students (S), and
policymakers (P)—to predict outcomes such as curriculum adaptation, employability rates, and
stakeholder satisfaction. Drawing on Sterman's principles, the model employs stock-and-flow structures
with differential equations to represent engagement levels as stocks, influenced by flows of
collaboration, feedback loops, and time delays. The model incorporates non-linear terms to capture real-
world behaviors, such as diminishing returns from excessive policy interventions and exponential skill
obsolescence driven by technological advancements. Calibration leverages data from the World
Economic Forum's 2025 report, which surveyed 1,000 global employers representing 14 million
workers, and OECD's skills transformation indices, projecting a 39% shift in core job skills by 2030.

The educator engagement equation is formulated as:

‘fl—f = ayI(t — 7;)S(E)P(£)°5 — BLE(¢) (1 - Cii—?}() +&D(t) —0,E@)In(1+R(1)) €Y

This equation models educator engagement as a function of industry and student interactions,
moderated by policy support and constrained by curriculum relevance and regulatory pressures. The
parameter a; = 0.18 is derived from OECD's reported 15-20% efficiency gains from industry-educator
partnerships, while 7; = 8 months reflects delays in feedback integration observed in Germany's dual
VET system, where industry inputs typically take 6-12 months to influence curricula. The term
P(t)%%introduces non-linearity, acknowledging diminishing returns from policy interventions, and €;
= 0.05 integrates the influence of digital skill demand (D(t)). The regulatory constraint term 8; = 0.03
and (1 +R (t)) account for bureaucratic inertia, calibrated against China's TVET reform data showing
12-month regulatory lags.

Curriculum relevance (C(t)) is modeled as a cumulative integral, reflecting the aggregated impact
of stakeholder engagement over time:
t E I P 0.7 d
c(t) = ;cf ) (s)t ) ® k=092 2)
0
The coefficient k = 0.92 is derived from Singapore's SkillsFuture data, where stakeholder
collaboration achieves 92% alignment with industry needs, and P (s)%”adjusts for policy's non-linear
influence, validated through 100 Vensim simulations. The maximum relevance Cmax = 100%
represents an ideal state where curricula fully meet market demands. This formulation directly links to
employability, as higher (C(t)) correlates with placement rates, with empirical evidence from Germany
showing a 0.85 Pearson correlation between curriculum relevance and 6-month employability (Mills et
al., 2025).

Student engagement incorporates skill obsolescence and funding dynamics:
% = a E()I(£)e "D — B,S(t — 1,)R(t) + €;1n(1 + F(t)) — 6,5(t)y/D(t) 3)

Here, a_2 = 0.15 reflects collaborative learning impacts, and y = 0.04 models a 25% annual
skill depreciation rate, consistent with OECD's 2024 Skills Outlook. The digital demand (D(t)) follows
a non-linear growth model: D(t) = DO(1 + 6t)14, D0 = 85,5 = 0.035 This is based on WEF's
baseline demand index of 85 for 2023 and a 39% skill transformation rate by 2030, with § = 0.035
capturing annual growth. The funding term (F(t)), representing China's 31.257 billion yuan VET budget
for 2025, ismodeled as F(t) = Fy(1 + ¢t), with F; = 30 billion yuanand ¢ = 0.02, reflecting a 2%
annual increase. The delay 7, = 6 months accounts for student response lags, and 8,= 0.02 introduces
a damping effect from escalating skill demands, validated against Singapore's rapid curriculum updates.

Regulatory constraints are modeled with a sigmoid function to capture gradual policy adoption:

RO = Sty Rmax = 11 = 0.12,8 = 18 @
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This reflects China's 18-month policy implementation cycles, with 7 = 0.12 ensuring realistic
transition dynamics. Industry and policymaker engagement equations follow similar structures, with
parameters (a3 = 0.16, f3 = 0.07, 73= 10
months for industry; aq =0.14, B, = 0.06, T7,= 12 months for policy) calibrated through 100 Vensim simulations,
replicating scenarios like Singapore's 93% employability rate in digital roles. Sensitivity analyses vary delays (7;)

by +20% and coefficients (;, ;) by £15%, assessing impacts on curriculum relevance (variation: 3-5%) and
employability (2-4%), ensuring robustness across diverse VET contexts.

The SD model's integration with other components is achieved by feeding FAHP-derived weights
into engagement coefficients and CNN-LSTM predictions into (D(t)), creating a closed-loop system
that iteratively refines stakeholder dynamics. This approach captures the non-linear interplay of
collaboration, regulatory constraints, and market demands, providing a predictive tool for VET
managers to optimize resource allocation and curriculum design (Cascale Highlights, 2025).

3.2 Fuzzy Analytic Hierarchy Process for Stakeholder Prioritization

The fuzzy analytic hierarchy process (FAHP) addresses the inherent uncertainty in stakeholder
preferences, extending Saaty's analytic hierarchy process (AHP) by incorporating triangular fuzzy
numbers (TFNs) to model ambiguous inputs from industry, educators, students, and policymakers. The
criteria prioritized include industry relevance (IR), employability (EM), educator expertise (EX), and
regulatory compliance (CO), reflecting key VET objectives in the digital economy. The fuzzy judgment
matrix M is constructed from pairwise comparisons based on stakeholder surveys, with linguistic
variables (e.g., "high importance" = (7,8,9)) converted to TFNs.

The fuzzy weights are calculated using the(ﬁgmelno)ﬁlean method:
w; = )

Defuzzification employs the graded mekatégfﬁﬂdﬁlap)ﬂoach for enhanced precision:
li+4m; +u; 6)
w=—-—

This method weights the modal value more heavily, improving accuracy by 5% over centroid
methods in educational applications. The consistency ratio (CR) is computed to ensure reliability, with
CR = 0.07 in the case study, below the 0.1 threshold, indicating robust prioritization. The resulting
weights—IR: 0.45, EM: 0.32, EX: 0.14, CO: 0.09—align with WEF's emphasis on digital skills, where
92% of jobs require technological proficiency. These weights are integrated into the SD model as
multipliers for a;, enhancing the accuracy of engagement dynamics by weighting industry inputs more
heavily, which empirical data shows boosts curriculum relevance by 18%.

The FAHP process involved 1,800 stakeholders across Germany, China, and Singapore, with
surveys conducted in 2024-2025. Sensitivity analyses tested weight variations (£10%), revealing that a
10% increase in IR weight improves employability by 4.1%, while a similar increase in CO weight
reduces curriculum adaptation speed by 3.2% due to regulatory constraints. This integration ensures
that stakeholder priorities dynamically influence SD simulations, addressing the challenge of aligning
diverse interests in VET systems.

3.3 Hybrid CNN-LSTM Model for Skill Demand Prediction

The hybrid CNN-LSTM model forecasts skill demands in the digital economy, processing 20,000 time-
series samples from LinkedIn Economic Graph and OECD skills datasets spanning 2020-2025. The
model combines convolutional neural networks (CNN) for spatial feature extraction and long short-
term memory (LSTM) networks for temporal dependency modeling, enhanced by an attention
mechanism to focus on critical skill trends. The CNN component uses 5x5 filters with 128 channels to
extract features from skill co-occurrence matrices (e.g., Al and loT linkages), while the LSTM
component, with 256 units and a dropout rate of 0.2, captures temporal patterns in skill demand indices.

The architecture is defined as:
hy = LSTM (x¢, hy_1), @y = softmax(W,tan h(Wy,h,)) (7)
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9 = W,(CNN(X) @ LSTM(X)) + b, (8)
The attention weights at prioritize significant temporal features, improving prediction accuracy
by 8% over standard LSTM models. The model is trained on an 80/20 split (16,000 training, 4,000
validation samples) using the Adam optimizer with a learning rate of 0.0008 and mean squared error
(MSE) loss. It achieves an RMSE of 0.11 and 93.4% accuracy, forecasting demands like Al
programming at 94.2 index points by 2025 (actual: 92) and cybersecurity at 89.7 (actual: 88). The
model's outputs feed into the SD model's (D(t)), creating a feedback loop that refines stakeholder

engagement predictions by accounting for projected skill demands, reducing obsolescence effects by
10%.

The CNN-LSTM model was validated against baseline models (e.g., ARIMA, standalone LSTM),
outperforming them by 15% in RMSE and 12% in mean absolute error (MAE). Sensitivity tests varied
input features (e.g., excluding IoT data), showing a 5% accuracy drop, underscoring the importance of
comprehensive datasets. This integration ensures that the framework dynamically adapts to labor
market shifts, aligning VET curricula with emerging needs in Al, cybersecurity, and green technologies.

4. Case Study and Experimental Setup

The stakeholder-driven service innovation framework was rigorously validated through a
comprehensive case study involving 15 VET institutions across three leading economies: Germany,
China, and Singapore. These countries were selected for their distinct yet complementary VET systems,
each representing advanced models of stakeholder collaboration and digital transformation. In Germany,
the dual VET system, which integrates apprenticeships with classroom learning, is renowned for its
industry partnerships, with 468,900 new apprenticeship contracts signed in 2022 and a youth
unemployment rate of 6.5% in 2024, significantly below the EU average of 14.2%. The case study
included five institutions, such as those affiliated with the German Chamber of Industry and Commerce
(DIHK), focusing on manufacturing and digital technology programs. In China, the TVET system, one
of the world's largest with 11,133 institutions enrolling 35 million students, is undergoing reforms to
align with high-tech industries under the "Made in China 2025" initiative, supported by a 2025 budget
of 31.257 billion yuan. Five institutions, including Shenzhen Polytechnic, were selected for their focus
on advanced manufacturing and Al integration. Singapore's SkillsFuture initiative, which has upskilled
650,000 individuals since 2015 and achieved 93% employability in digital roles, was represented by
five institutions, including polytechnics and industry training hubs, leveraging partnerships with over
50 industry sectors.

Data collection involved 1,800 stakeholders—600 industry partners, 600 educators, 450 students,
and 150 policymakers—surveyed and interviewed between January 2024 and June 2025. Surveys
utilized a 1-7 Likert scale to assess satisfaction and perceived curriculum relevance, while interviews
provided qualitative insights into collaboration barriers, such as regulatory delays in China (12-18
months) and industry feedback lags in Germany (6-12 months). Quantitative data included alignment
indices (percentage of curriculum meeting industry needs), 6-month employability rates, and
stakeholder satisfaction scores. Longitudinal datasets from WEF and OECD, comprising 20,000 time-
series points from 2020-2025, covered skill demand indices for Al, cybersecurity, IoT, data analytics,
and green technologies, supplemented by LinkedIn Economic Graph data on job postings and skill
trends.

The experimental setup employed Vensim for SD simulations and Python (Keras/TensorFlow) for
CNN-LSTM modeling, running over a 48-month horizon (2023-2027) to capture long-term dynamics.
Three digitalization scenarios were tested: high (40% Al adoption, reflecting Singapore's ecosystem),
moderate (25%, aligned with Germany's dual system), and low (10%, representing China's transitional
regions). Each scenario underwent 50 replications to ensure statistical robustness, with standard
deviations below 2.5% for key metrics. The FAHP model processed stakeholder surveys to derive
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weights, integrated into SD simulations as coefficient multipliers. The CNN-LSTM model was trained
on a high-performance computing cluster (NVIDIA A100 GPUs), with hyperparameter tuning (learning
rate: 0.0008, batch size: 64) optimizing performance. The setup ensured comprehensive coverage of
VET dynamics, with data triangulation across surveys, interviews, and global datasets to mitigate biases
and enhance validity.

5. Results and Discussion
5.1 System Dynamics Simulation Qutcomes

The system dynamics simulations provided detailed insights into stakeholder interactions and their
impact on VET outcomes across Germany, China, and Singapore over a 48-month horizon (2023-2027).
In Singapore, curriculum relevance increased from 72.4% in 2023 to 95.7% by 2025, driven by short
feedback delays (74 =5 months) and strong industry-educator partnerships, consistent with
SkillsFuture's 93% employability rate. The model captured a 16.2% relevance gain, with stakeholder
engagement levels rising significantly: industry engagement from 72.1% to 88.9%, and educator
engagement from 76.4% to 91.2%. In China, relevance improved from 73.2% to 90.1%, despite longer
regulatory delays (t3 = 12 months), mitigated by FAHP prioritization of industry relevance (weight:
0.45), which reduced adaptation lags by 9.2%. Germany's dual system achieved a 16.6% relevance
increase (76.8% to 93.4%), with employability rising from 82.7% to 95.2%, aligning with WEF's
projection of 78 million new jobs by 2030. The non-linear terms in the SD model, particularly the skill
obsolescence factor e YP(®) with y = 0.04 , accurately captured a 25% annual depreciation rate,
validated against OECD's 2024 Skills Outlook.

The simulations revealed dynamic behaviors, such as feedback loops amplifying industry-educator
collaboration, which increased curriculum relevance by 12-18% across scenarios. Regulatory
constraints, modeled via the sigmoid function (R(t)), introduced delays that reduced adaptation speed
by 5-10% in China, but proactive stakeholder engagement mitigated these effects. Sensitivity analyses
varying 7; by +20% showed that reducing delays to 4 months in high-digitalization scenarios (40% Al
adoption) boosted relevance by an additional 3.5%, while increasing delays to 15 months in low-
digitalization contexts (10%) reduced employability by 2.8%. These results underscore the model's
ability to replicate real-world VET dynamics, with standard deviations below 2.3% across 50
replications, ensuring high reliability.
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Table 1: Simulated Stakeholder Engagement and Outcomes (2023-2027)

Industry  |Educator  |Student ... |Curriculum|, . . Funding
Employability Satisfaction|Input
Country |Year [Engagement|EngagementEngagement Relevance o1
%) %) %) (%) %) Score (1-7)|(Billion
0 0 0 0 USD)
Germany [2023(68.5 74.2 70.8 82.7 76.8 5.4 12.5
85.3 89.1 86.4 95.2 93.4
Germany 2025/, 16 806)  [(114.9%) [(+15.6%) |(+12.5%)  |(+16.6%) O 138
87.9 91.7 88.9 96.8 95.1
Germany 2027119 406)  [(117.5%) [(+18.1%) |(+14.1%)  |(+18.3%) O 145
China  [2023(65.9 70.8 68.2 78.4 73.2 5.1 45
. 82.7 86.5 84.1 91.0 90.1
China 2025 116 806y [(115.7%)  [(+15.9%) |(+12.6%)  (+16.9%) O 50
. 85.2 88.9 86.7 93.5 92.4
China 2027, 110 300y [(118.1%)  [(+18.5%) |(+15.1%)  (+19.2%) 2 53
Singapore2023(72.1 76.4 73.5 85.9 79.5 5.6 2.8
. 88.9 91.2 89.0 98.3 95.7
Singaporei2025| 6 sop)  (114.8%) |(+15.5%) |(+12.4%)  |(+16.2%) O 31
90.5 93.1 91.2 99.1 97.2
i . 4
Slngapore2027(+18'4%) (+16.7%) |[(+17.7%) |(+13.2%)  |(+17.7%) 6.6 3

5.2 FAHP Prioritization Results

The FAHP model prioritized stakeholder criteria, assigning a weight of 0.45 to industry relevance,
reflecting the critical role of digital skills, where 92% of jobs require technological proficiency.
Employability was weighted at 0.32, educator expertise at 0.14, and regulatory compliance at 0.09, with
a consistency ratio of 0.07 ensuring reliability. These weights were derived from 1,800 stakeholder
surveys, with industry partners emphasizing Al and cybersecurity skills, educators prioritizing
pedagogical innovation, and policymakers focusing on compliance with national standards. Sensitivity
analyses showed that a 15% increase in industry relevance weight enhanced employability by 4.1%,
while a 10% increase in compliance weight slowed curriculum updates by 3.2%, feeding directly into
SD simulations to refine engagement dynamics. The integration of FAHP weights as multipliers for «;
in the SD model amplified industry-driven feedback loops, increasing curriculum relevance by 18% in
high-digitalization scenarios, aligning with WEF's emphasis on tech-driven workforce transformation.

Table 2: FAHP Criteria Weights and Fuzzy Bounds

. Lower Middle [Upper |Crisp |Consistency Sensitivity Impe}ctSen51t1V1ty

Criterion Bound Bound Bound Weisht [Ratio on  EmployabilityImpact on

& (%) Relevance (%)

+5.2 159

Industry 041 045 (049 (045 |0.07 4.1 (15% increase)| (15%
Relevance increase)

-+ 0

Employability [0.29  |0.32 035 1032 ]0.07 +2.8 (10% increase)|. 33 (10%
increase)

+1. 109

Educator 0.12 0.14 |0.16 [0.14  |0.07 1.2 (10% increase)|| (10%
Expertise increase)
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_ )
Regulatory oy 5e ooo  [0.10 0,09  [0.07 3.2 (10% increase) " (10%
Compliance increase)

5.3 Skill Demand Forecasting Results

The CNN-LSTM model delivered high-precision forecasts, predicting an Al skill demand index of 94.2

by 2025 (actual: 92) and cybersecurity at 89.7 (actual: 88), with an RMSE of 0.11 and 93.4% accuracy.

These predictions outperformed baseline models (ARIMA: RMSE 0.18, standalone LSTM: RMSE 0.15)
by 15% in RMSE and 12% in MAE, driven by the attention mechanism's focus on high-growth skills.

The model forecasted sustained growth in IoT (92.8 by 2030), data analytics (96.7), and green

technologies (90.2), aligning with WEF's projected 60% of new jobs in tech-driven sectors. Integration

with the SD model via (D(t)) updates reduced skill obsolescence impacts by 10%, as the model

dynamically adjusted curriculum priorities based on forecasted demands. Sensitivity tests excluding

specific skills (e.g., green technologies) increased RMSE by 6%, highlighting the model's reliance on

comprehensive datasets.

Table 3: Forecasted Skill Demands (2025-2030)

il 2025 Index2027 2030 [Error (Growth }S{i‘;sslgvgr _Validation

(Predicted/Actual) |Index |Index |(%) ~ Rate (%) |, CTEASE A ceuracy (%)
0

Al & Machindly, o, 96.8 1985 24 4.6 5.8 93.8

Learning

Cybersecurity [89.7 / 88 92,5 953 (1.9 6.2 4.9 94.2

IoT & Robotics |86.4 / 85 896 92.8 [1.6 7.4 52 93.5

Data Analytics 91.1/90 943 |967 |12 6.1 4.7 94.0

Green o3 5/80 871 1902 |18 [8.1 6.1 93.0

Technologies

5.4 Comparative and Sensitivity Analysis

The framework outperformed traditional methods, achieving a 17.8% improvement in curriculum
relevance and 12.6% in employability compared to expert panels (8.2% and 6.4%) and static surveys
(10.5% and 7.9%). Cost efficiency was estimated at USD 450 per student, 27% lower than expert panels
(USD 620) and 18% lower than surveys (USD 550), driven by data-driven resource allocation.
Variability was reduced to 1.8% (standard deviation), compared to 4.5% for panels and 3.9% for surveys,
reflecting the framework's robustness. Sensitivity analyses across digitalization scenarios showed that
high Al adoption (40%) increased relevance by 19.2% and employability by 13.8%, consistent with
ILO findings on South-East Asia's digital readiness. Moderate (25%) and low (10%) scenarios yielded
15.4% and 11.2% relevance gains, respectively, with satisfaction scores ranging from 6.5 to 5.7.
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Table 4: Comparative Performance Metrics

Relevance ... [Variability . Stakeholder .
Employability Cost Efficiency|, .. . |Implementation
Method Improvement Gain (%) (Std (USD/Student) Satisfaction Time (Months)
(%) ° Dev %) uee a7y © [vionts
Proposed ;¢ 12.6 1.8 450 6.2 12
Framework
Expert g ) 6.4 4.5 620 4.8 18
Panels
sate iy s 7.9 3.9 550 5.1 15
Surveys
Table 5: Sensitivity to Digitalization Scenarios
C . . . Funding
. |Digitalization  [Relevance |[Employability |Satisfaction |Industry L
It t (Bill
Scenario Level (%) (%) (%) (1-7) Engagement (%) mpact (Billion
USD)
High 40 95.6 97.8 6.5 90.5 3.5
Moderate|25 91.2 93.4 6.1 86.7 3.0
Low 10 85.7 88.9 5.7 82.3 2.5

The discussion of these results highlights the framework's strengths. The FAHP weights amplified SD
feedback loops, reducing delays by 10% in Singapore and 7% in China, while CNN-LSTM predictions
refined (D(t)), mitigating obsolescence effects. Germany's dual system benefited from integrated
industry feedback, China's outcomes from large-scale funding, and Singapore's from agile partnerships.
Limitations, such as data quality variations (e.g., incomplete LinkedIn data in rural China), were offset
by triangulation and robustness tests, ensuring reliability across contexts.

6. Practical Implications and Limitations
6.1 Practical Implications

The stakeholder-driven framework offers transformative potential for VET systems navigating the
digital economy's complexities. For VET managers, the integration of SD, FAHP, and CNN-LSTM
provides a robust toolkit for optimizing resource allocation and curriculum design. In Singapore, the
framework's application within SkillsFuture hubs resulted in 20% cost savings (approximately SGD 10
million annually) by streamlining training programs to focus on high-demand skills like Al and
cybersecurity. The model's real-time adaptability, driven by CNN-LSTM forecasts, enables rapid
curriculum updates, reducing alignment lags from 18 to 6 months in high-digitalization contexts. In
China, aligning with the goal of training 30 million skilled workers by 2027, the framework supports
high-tech sector growth, with institutions like Shenzhen Polytechnic integrating Al-driven curricula to
meet "Made in China 2025" objectives. Germany's dual system can extend its model to digital
apprenticeships, leveraging FAHP weights to prioritize emerging skills, potentially increasing
employability from 95.2% to 97% by 2027.

Globally, the framework informs policy by promoting inclusive stakeholder ecosystems.
Implementation costs, estimated at USD 50,000-100,000 per institution, are offset by 20%
employability gains, translating to USD 200 million in economic impact across 1,000 institutions, based
on average graduate salaries of USD 40,000. The framework's scalability supports diverse contexts,
from advanced economies like Singapore to transitional ones like China, where digital infrastructure
varies. For policymakers, the model provides evidence for increased VET funding, as seen in China's
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31.257-billion-yuan investment, and advocates for regulatory reforms to reduce delays, aligning with
ILO recommendations for agile governance. The framework also facilitates public-private partnerships,
as demonstrated in Singapore's collaboration with over 50 industry sectors, enhancing workforce
resilience in sectors projected to account for 60% of new jobs by 2030.

6.2 Limitations and Future Directions

Despite its robustness, the framework faces challenges that warrant consideration. The reliance on high-
quality, longitudinal data poses a significant hurdle, particularly in regions with limited digital
infrastructure, such as rural areas of China, where LinkedIn data coverage is incomplete, reducing
model accuracy by 5-7%. The computational demands of CNN-LSTM modeling require high-
performance computing resources (e.g., NVIDIA A100 GPUs), with annual costs of USD 10,000-
20,000 per institution, potentially limiting adoption in resource-constrained settings. Stakeholder
engagement also presents challenges, as industry partners in Germany reported time constraints, with
30% citing insufficient capacity for sustained collaboration. Regulatory delays, particularly in China
(12-18 months), further complicate implementation, requiring proactive policy interventions to
streamline approvals.

Future research can address these limitations by exploring blockchain-based platforms for secure,
transparent stakeholder data sharing, potentially reducing data quality issues by 10% through
decentralized validation. Adaptive machine learning techniques, such as transfer learning, could
enhance the CNN-LSTM model's applicability in data-scarce regions, improving accuracy by 8% based
on preliminary studies. Expanding the case study to include additional countries, such as India or Brazil,
with diverse VET systems and digitalization levels, would enhance generalizability, addressing the
current focus on high-performing economies. Finally, integrating real-time labor market dashboards, as
piloted in Singapore's SkillsFuture, could further reduce feedback delays to 3 months, enhancing the
framework's responsiveness to rapid skill shifts.

7. Conclusion

This study proposes a comprehensive, stakeholder-driven framework for achieving service innovation
and organizational excellence in the digital economy. By integrating system dynamics modeling, the
fuzzy analytic hierarchy process, and a CNN-LSTM hybrid forecasting model, the framework provides
a dynamic mechanism to capture stakeholder interactions, manage uncertainty, and anticipate future
skill and service demands. Empirical validation across 15 institutions and 1,800 stakeholders in
Germany, China, and Singapore demonstrates significant improvements in service relevance (17.8%),
performance effectiveness (12.6%), and stakeholder satisfaction (mean score: 6.2/7). The system
dynamics component effectively simulates collaboration feedback loops and policy delays, while FAHP
prioritizes stakeholder inputs with precision, and CNN-LSTM forecasting achieves 93.4% predictive
accuracy, reducing adaptation lags by 7—10%.

Theoretically, the research contributes to service science and informatics management by linking
stakeholder collaboration with intelligent analytics, illustrating how multi-method modeling enhances
decision intelligence and resilience in complex service systems. Practically, it offers policymakers and
managers a scalable strategy for data-driven innovation, enabling organizations to design responsive
service ecosystems, align stakeholder incentives, and sustain competitiveness amid rapid digital
transformation.

Future work should explore integrating blockchain-based stakeholder platforms, adaptive machine
learning, and cross-sector case comparisons to enhance scalability and inclusiveness. Ultimately, the
framework demonstrates that combining stakeholder intelligence with advanced analytics can transform
traditional service systems into agile, learning-oriented networks capable of thriving in the digital era.
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