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Integrating policy agendas for 
sustainable innovation: a quadruple 
helix approach to the European 
Green Deal and sustainability 
transitions

A B S T R A C T
This paper explores the integration of DIY (Do-It-Yourself) and crowdsourcing-driven 
innovation management with top-down policy frameworks to advance the European 
Green Deal and sustainability transitions. Drawing on the CASI (Common Framework 
for the Assessment and Management of Sustainable Innovation) project, it examines 
how CASI-F and its CASIPEDIA platform — a repository of over 700 sustainable 
innovation initiatives — can bridge local and global sustainability goals. Using  
a quadruple helix approach, the study highlights the role of innovation ecosystems in 
driving systemic change through the alignment of technological, economic, social, and 
environmental objectives. The paper compares the CASI SI agendas with the European 
Green Deal and sustainability transition agendas, identifying synergies, gaps, and 
opportunities for further alignment. Foresight is emphasised as a crucial tool to ensure 
innovation strategies remain adaptable, future-oriented, and resilient to emerging 
challenges. The findings underscore the importance of integrating grassroots 
innovations into broader policy frameworks to enhance sustainability transitions. 
Lastly, the paper recommends strengthening the Green Deal by fostering innovations 
from diverse actors, including those from the quadruple helix, and promoting the 
application of SMART foresight processes.
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Introduction

The CASI project, which concluded in 2017, laid 
the foundational groundwork for significant contribu-
tions to sustainable innovation across Europe through 
its sustainable innovation (SI) agendas. Although the 
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project itself has now ended, CASI-F and its associ-
ated tools, such as the CASIPEDIA mapping platform, 
continue to attract users, with over 100 new SI cases 
added annually by a growing community of SI enthu-
siasts (Martini et al., 2020a). This sustained engage-
ment with CASI-F, coupled with its increasing 
adoption across Europe, provides the impetus for this 
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paper. In particular, the aim of this paper is to reana-
lyse the 10 CASI SI agendas within the context of the 
sustainability transition agendas and the European 
Green Deal agendas, with a particular focus on identi-
fying commonalities, unique features, and synergies 
between these agendas. The CASI SI agendas, devel-
oped through a bottom-up, empirical approach, offer 
valuable insights into crowdsourcing-based innova-
tion initiatives that have emerged across Europe. 
These initiatives are deeply rooted in local communi-
ties, businesses, and civil society, emphasising com-
munity-driven efforts, local knowledge, and practical 
solutions that are tailored to specific regional contexts. 
The ongoing application of CASI-F and its platform 
further underscores the relevance of these agendas in 
driving innovation processes, effectively bridging the 
gap between local, bottom-up innovation and broader 
sustainability goals.

Foresight plays a crucial role in connecting local 
innovation with broader sustainability goals. As posi-
tioned by Popper (2008), foresight is a systematic and 
methodologically rigorous process requiring careful 
design and implementation. This complexity necessi-
tates its thoughtful integration into policymaking, 
ensuring that sustainable innovation agendas are both 
analytically grounded and adaptable to emerging 
challenges. Foresight is a participatory, prospective, 
and policy-oriented process that actively engages key 
stakeholders through environmental and horizon 
scanning techniques, aiming to anticipate, recom-
mend, and transform (ART) futures across techno-
logical, economic, environmental, political, social, 
and ethical (TEEPSE) dimensions (Popper, 2011). 
This participatory and forward-looking nature makes 
foresight an essential tool for guiding long-term sus-
tainability transitions, especially within the framework 
of the European Green Deal, where it informs policy 
decisions that address the interconnected challenges 
of achieving a climate-neutral future.

In contrast, the European Green Deal, initiated by 
the European Commission, represents a top-down, 
policy-driven framework that sets out ambitious tar-
gets for climate neutrality by 2050. It identifies strategic 
actions across key sectors such as energy, transport, 
agriculture, and biodiversity, with the aim of catalysing 
systemic transformation across Europe. Similarly, the 
sustainability transition agendas focus on understand-
ing the political, social, and economic drivers and 
barriers of sustainability transitions, offering  
a comprehensive theoretical framework for facilitating 
transformative societal change. While these top-down 
and theoretical agendas are critical in guiding Europe’s 

overarching sustainability strategy, their effectiveness 
relies on deeper integration with local-level innova-
tions to achieve tangible results on the ground.

This paper compares these three sets of agendas, 
focusing on how the crowdsourcing-driven CASI SI 
agendas can complement and enhance the policy-
driven frameworks of the European Green Deal and 
the research-focused sustainability transition agendas. 
By examining areas of alignment, identifying gaps, 
and exploring opportunities for further development, 
the analysis offers a novel perspective on how local 
innovations and top-down policies can be aligned to 
accelerate sustainability transitions. Moreover, map-
ping initiatives such as CASI-F and its CASIPEDIA 
platform are instrumental in understanding the 
intersection of bottom-up and top-down efforts. As 
Popper (2009) asserts, “Foresight research is not only 
interdisciplinary in theory but also in practice”, 
emphasising the importance of mapping platforms 
that facilitate interdisciplinary connections and pro-
mote collaboration across sectors. These initiatives 
play a pivotal role in ensuring that local innovations 
are effectively mapped and integrated into broader 
policy frameworks, fostering synergies that can drive 
sustainable development.

An additional purpose of this paper is to demon-
strate the importance of tools like CASIPEDIA as an 
instrument for capturing and disseminating crowd-
sourcing-based innovations. By leveraging CASI-F 
and its ever-expanding database of sustainable inno-
vation initiatives, CASIPEDIA offers valuable insights 
into successful local projects, enabling their integra-
tion into broader policy frameworks. The potential of 
such tools for fostering interdisciplinary collaboration 
and advancing sustainability transitions in Europe 
cannot be overstated. Ultimately, the paper aims to 
illustrate how the continued use of CASI-F, under-
pinned by SMART foresight principles, can support  
a more integrated and inclusive approach to achieving 
Europe’s climate-neutral goals. This approach ensures 
that systemic change is both actionable and widely 
supported, paving the way for a more sustainable and 
inclusive future across Europe.

1. Literature review

1.1. Innovation ecosystems: catalysts for 
systemic change

Innovation ecosystems are increasingly recog-
nised as pivotal drivers of systemic change, particu-



Volume 17 • Issue 2 • 2025

3

Engineering Management in Production and Services

larly within the context of sustainability transitions. 
These ecosystems are dynamic networks of intercon-
nected actors — governments, businesses, research 
institutions, and civil society — that collaborate to 
address complex, cross-cutting challenges. By facili-
tating the flow of knowledge, resources, and technol-
ogy, innovation ecosystems have the potential to 
instigate transformative shifts across various sectors. 
The concept of systemic change, or transformation, is 
a fundamental principle of sustainability science. It 
involves far-reaching shifts across economic, techno-
logical, and social systems, enabling societies to effec-
tively respond to global challenges such as climate 
change and resource depletion. Unlike incremental 
changes that refine existing systems, systemic change 
necessitates the complete rethinking and redesigning 
of these systems. Achieving such transformation 
requires a realignment of policies, practices, and 
institutional frameworks to align with sustainability 
objectives. As Kivimaa and Kern (2016) suggest, tran-
sitions involve not only the development of disruptive 
innovations but also the formulation of policies 
designed to drive broader changes within socio-tech-
nical systems. This underscores the critical role of 
integrating technological innovation with policymak-
ing to facilitate large-scale transformations. It is 
through the strategic alignment of these elements that 
societies can navigate the complexities of sustainabil-
ity transitions and achieve meaningful change.

Within this context, innovation ecosystems serve 
as the driving force behind systemic shifts, enabling 
the scaling of sustainable innovations by integrating 
technological advancements with new governance 
models, business practices, and societal norms. An 
innovation ecosystem is the evolving set of actors, 
activities, and artefacts, and the institutions and rela-
tions, including complementary and substitute rela-
tions, that are important for the innovative 
performance of an actor or a population of actors 
(Granstrand & Holgersson, 2020). This dynamic and 
evolving nature is crucial for facilitating the innova-
tion required for sustainability transitions, and these 
ecosystems can compete with or complement each 
other (ibid.). This is particularly relevant for the 
European Green Deal, which spans sectors like 
energy, transport, agriculture, and industry, requiring 
collaboration and competition to drive technological 
solutions for sustainability. As Oh et al. (2016) high-
light, innovation ecosystems are purposefully 
designed and engineered systems aiming to achieve 
specific goals, such as sustainability transitions, rather 
than evolving naturally. They thrive on the balance of 

competition and collaboration, ensuring that diverse 
actors both cooperate and compete to drive innova-
tion. Furthermore, the era of the laissez-faire 
approach to market development is over, and today’s 
complex challenges necessitate active governance and 
intervention to align innovation with sustainability 
objectives. This shift requires clear policy frameworks 
that guide and regulate the ecosystem’s development, 
ensuring that market dynamics support the overarch-
ing goals of the European Green Deal. 

Transitions encompass changes both across value 
chains and within each part of them, highlighting the 
need for multi-dimensional transformations in tech-
nological and societal structures (Markard & Truffer, 
2008). Furthermore, the innovation systems approach 
provides greater analytical power by examining the 
structural and functional dynamics within these eco-
systems, offering valuable insights into how different 
actors collaborate and navigate complex challenges. 
A key feature of these transitions is the fostering of 
competition among diverse suppliers, which in turn 
can stimulate market-driven solutions that enhance 
efficiency and effectiveness in addressing sustainabil-
ity goals. The innovation ecosystem concept empha-
sises both collaboration and competition, offering  
a more holistic and nuanced understanding of how 
innovation ecosystems function. The European 
Green Deal could greatly benefit from supporting 
such a variety of technological solutions rather than 
focusing on a single pathway, as this diversity fosters 
more robust and adaptive innovation ecosystems.

A key characteristic of successful innovation 
ecosystems is their ability to effectively address the 
interdependence between various actors. As high-
lighted by recent studies on ecosystem dynamics, the 
challenges faced by different stakeholders — from 
technology developers to end-users — are distinct yet 
deeply interconnected. The challenges in upstream 
components, such as those faced by suppliers and 
technology developers, are qualitatively different 
from those faced by downstream complementors 
who enable customers to fully utilise new innova-
tions. For example, innovations in clean energy tech-
nologies may require not only advances in the core 
technology itself but also changes in infrastructure, 
such as energy grids or charging stations, which are 
essential for their widespread adoption (Adner  
& Kapoor, 2010).

In the context of the European Green Deal, these 
distinctions are particularly relevant. Achieving sus-
tainability requires more than just technological 
breakthroughs; it also requires systemic changes in 
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how innovations are integrated into existing societal 
and economic systems. This means addressing not 
only the internal innovation challenges within firms 
but also considering how the surrounding ecosystem 
— including suppliers, regulators, and customers — 
must evolve to support these innovations. Under-
standing the structure of technological 
interdependence in such ecosystems allows for better 
identification of the barriers to scaling sustainable 
solutions and formulating policies that target these 
bottlenecks (Adner & Kapoor, 2010).

As the focus shifts from individual innovations to 
broader systems of collaboration, it becomes clear 
that successful sustainability transitions depend on 
the alignment of diverse actors across sectors. The 
European Green Deal provides a framework to 
address the interconnected challenges of climate 
change, biodiversity loss, and inequality, offering an 
opportunity to foster the kind of multi-stakeholder 
collaboration needed for systemic change. This 
approach moves beyond firm-level innovation and 
highlights the importance of a broader, more inclu-
sive ecosystem perspective, which enables technology 
evolution and creates pathways for achieving long-
term sustainability goals.

1.2. European Green Deal (EGD):  
a framework for collaboration

The European Green Deal (EGD), launched in 
2019, presents an ambitious roadmap to make Europe 
the world’s first climate-neutral continent by 2050. 
Central to this vision is a commitment to reducing 
greenhouse gas emissions across key sectors such as 
energy, agriculture, transport, and industry while 
addressing the profound challenges posed by climate 
change. However, the success of this transition 
depends on its inclusivity and the ability to mitigate 
social and economic impacts, particularly for vulner-
able regions and workers. The European Commission 
(2019a, 2019b, 2020) highlights the importance of 
addressing these inequities through mechanisms like 
the Just Transition Fund and Mechanism, which aim 
to mobilise at least EUR 100 billion to support the 
regions and sectors most affected by the green transi-
tion. Despite these efforts, concerns remain regarding 
the adequacy of the EGD’s focus on social sustainabil-
ity and equity, which are often overshadowed by 
decarbonisation goals (Hereu-Morales et al., 2024; 
Kwilinski et al., 2024)).

A key element of the EGD is its emphasis on 
systemic innovation, calling for an integrated, cross-

sectoral approach that fosters synergies between 
technologies, policies, and societal practices. This 
vision requires the development of robust innovation 
ecosystems that enable multi-stakeholder coopera-
tion, knowledge exchange, and the scaling of sustain-
able solutions. By facilitating the integration of 
sustainable practices across sectors such as energy, 
transport, and agriculture, the EGD envisions the 
transformation of economic systems prioritising sus-
tainability. However, for a truly just and inclusive 
transition, this transformation must also address the 
social and economic dimensions of sustainability 
(Koundouri et al., 2024). Despite its ambitious goals, 
the EGD has been criticised for insufficiently incor-
porating policies to tackle inequalities, poverty, and 
social justice, even though these are closely linked to 
environmental sustainability.

The EGD is often described as a collection of 
evolving targets, intentions, and objectives rather 
than a fixed strategy, reflecting the complexity and 
long-term nature of the transition. This dynamic 
approach acknowledges that policy implementation 
and societal adaptation will unfold over decades. 
Thus, the development of innovation ecosystems that 
bridge the gap between advanced technologies and 
their real-world applications is crucial. These ecosys-
tems will play a vital role in advancing clean energy, 
sustainable mobility, and circular economy practices, 
with initiatives like Destination Earth (DestinE), 
which creates a digital simulation of Earth to better 
understand climate impacts, offering essential tools 
for decision-making and policy development.

To ensure the EGD delivers on both its environ-
mental and social promises, it is critical to develop 
innovation ecosystems that extend beyond technol-
ogy to include social innovation. These ecosystems 
must promote collaboration across all sectors of 
society, ensuring that no one is left behind in the 
green transition and that the benefits of sustainable 
growth are shared equitably. As Szélpál and Varga 
(2024) emphasise, such collaborative frameworks are 
essential for fostering both environmental and social 
sustainability, ensuring that the EGD’s ambitions are 
met comprehensively. A key aspect of the Green 
Deal’s success is its focus on energy independence 
and security, reducing Europe’s reliance on energy 
imports from politically unstable regions. By promot-
ing renewable energy sources like wind and solar 
power, the EGD not only contributes to decarbonisa-
tion but also enhances Europe’s economic competi-
tiveness and political stability. Furthermore, the 
transition to a circular economy, which replaces the 



Volume 17 • Issue 2 • 2025

5

Engineering Management in Production and Services

traditional linear model of resource use, is integral to 
decoupling economic growth from resource con-
sumption, supporting the EGD’s target of net-zero 
emissions by 2050. This focus on systemic innovation 
ensures a sustainable and economically viable transi-
tion. Additionally, the Green Deal’s financial mecha-
nisms, such as NextGenerationEU (NGEU) and 
green bonds, provide critical support for achieving 
climate and sustainability targets, with investments 
directed towards long-term resilience. In this context, 
initiatives like the “Fit for 55” package, which seeks to 
reduce net greenhouse gas emissions by at least 55% 
by 2030, must be viewed as part of a broader effort to 
create a just, inclusive, and resilient European econ-
omy. Achieving this requires integrating measures to 
address inequalities, promote decent work, and sup-
port communities most affected by the green transi-
tion. Only by addressing the full spectrum of 
sustainability — environmental, social, and economic 
— can the EGD be realised as a transformative frame-
work, positioning Europe as a global leader in sus-
tainable development.

2. Research methods

This study adopts a mixed-methods approach, 
combining both qualitative and quantitative datasets 
to assess the role of innovation ecosystems in advanc-
ing the objectives of the European Green Deal. The 
methodology draws upon the CASI project, a Euro-
pean Union-funded initiative that systematically 
mapped and analysed over 500 sustainable innova-

 

 
Fig. 1. From 1,852 quadruple helix innovation goals to ten sustainable innovation agendas 

 
 

 

Fig. 2. From SI goals to SI priorities by type of innovation 

 

tion cases across Europe. The study compares the ten 
CASI sustainable innovation (SI) agendas with the 
European Green Deal and sustainability transition 
agendas to identify synergies and gaps that could 
guide more effective sustainability transitions.

2.1. Literature review and documentary 
analysis

The first step of the methodology involved an 
extensive literature review and documentary analysis. 
This was critical in establishing a comprehensive 
understanding of the theoretical frameworks and 
policy directions relevant to the study. The European 
Commission’s reports and communications about the 
European Green Deal were examined to identify the 
core objectives, priorities, and planned actions within 
the Green Deal. This involved a detailed review of key 
documents such as the European Green Deal Com-
munication (European Commission, 2019a, 2019b), 
the Climate Law, and the Green Deal Implementation 
Plan (European Commission, 2020). These docu-
ments provided crucial insight into the EU’s strategic 
plans for achieving climate neutrality by 2050, focus-
ing on decarbonisation, resource efficiency, and 
technological innovation.

Additionally, the sustainability transitions (ST) 
agendas outlined in Köhler et al. (2019) were reviewed 
to understand the academic perspectives on the 
dynamics of sustainability transitions. This frame-
work, which examines the role of power, governance, 
social movements, and institutional transformations, 
was crucial in contextualising the CASI SI agendas 
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Fig. 2. From SI goals to SI priorities by type of innovation 

 

within broader theoretical discussions on systemic 
change.

The SI agendas themselves are based on a review 
of key documents, including CASI-F and the CASI 
project’s comprehensive reports on sustainable inno-
vation mapping and policy advice, which outline the 
core principles for fostering crowdsourcing-based 
innovation assessment and management (Popper et 
al., 2017a, 2017b, 2017c).

2.2. Data collection

During the life of the CASI project (Popper et al., 
2020; Martini et al., 2020b; Velasco et al., 2020), the 
CASI team, consisting of 19 partners from 12 EU 
countries and 16 country correspondents, nominated 
a total of 548 initiatives, each country representative 
selecting 15–22 initiatives to ensure broad coverage 
of the pre-defined seven types of sustainable innova-
tion (SI) and public participation, as well as engage-
ment with the quadruple helix of stakeholders. Of the 
nominated initiatives, 49% were led by business 
actors, 21% by government entities (including inter-
governmental organisations such as the EU and the 
UN), 20% by civil society organisations (including 
NGOs), and 10% by research and education stake-
holders. These initiatives focused on social, economic, 
and environmental dimensions and aligned with one 
or more EU Framework Programme for Research 
and Innovation priorities related to climate action, 
environment, resource efficiency and raw materials 
while spanning key sectors such as energy, agricul-

ture, mobility, and the circular economy, ensuring  
a diverse representation of local, regional, and 
national-level innovations (Popper et al., 2020). This 
diversity was vital for addressing sustainability chal-
lenges across Europe. 

From this pool, 202 initiatives were selected from 
CASIPEDIA (Box 1) for detailed mapping and analy-
sis based on criteria such as sustainability impact, 
public participation, scalability, and novelty. The aim 
was to capture innovations with substantial potential 
for societal impact, particularly at local and regional 
levels. These selected initiatives were analysed in 
terms of their main and supporting objectives, which 
were then clustered to identify key research and 
innovation priorities. A total of 1,852 short-, 
medium-, and long-term goals and aspirations of the 
quadruple helix of SI stakeholders were analysed, 
aimed at contributing positively to sustainability. 
These goals were derived from the different types of 
innovations, with 494 from product-related innova-
tions, 416 from service innovations, 309 from social 
innovations, 245 from organisational innovations, 
187 from governance innovations, 142 from system 
innovations, and 59 from marketing-related innova-
tions (Popper et al., 2017a).

From these 1,852 goals, some 76 SI priorities 
were mapped against the seven types of SI, and these 
were subsequently clustered into ten sustainable 
innovation (SI) agendas (Fig. 2). The resulting key 
terms were carefully analysed and clustered into key 
SI priorities. Several research priorities per type of SI 
were formulated by clustering these terms, but only 
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the top five priorities from each type are discussed in 
this paper. These priorities were then linked to EU 
Framework Programme for Research and Innovation 
priority areas and relevant socio-economic sectors. It 
is worth noting that while some of the innovators’ 
objectives have already been achieved and are driving 
positive environmental, economic, and social trans-
formations, they remain as priorities for future 
developments and diffusion strategies of similar 
innovations. Thus, the combined analysis of SI objec-
tives can be seen as the implicit, and at times explicit, 
ongoing and future research and innovation agendas 
of innovators (ibid.).

2.3. Data analysis and comparative 
framework

The next step of the analysis involved identifying 
key sustainable innovation (SI) priorities across seven 
innovation categories: product, service, social, 
organisational, governance, system, and marketing. 
Qualitative and quantitative methods were employed 
to extract meaningful patterns and trends from the 
dataset. Text mining tools were used to identify 
recurring themes, while qualitative content analysis 
was employed to interpret and contextualise the data, 

revealing the underlying connections and implica-
tions of these themes.

Once the key themes and trends were identified, 
a comparative analysis was conducted between the 
ten SI agendas, the sustainability transition agendas, 
and the European Green Deal agendas. This analysis 
focused on understanding the synergies between 
crowdsourcing-based innovation management and 
top-down policy frameworks. In particular, it aimed 
to identify potential gaps where further alignment or 
development might be necessary to ensure cohesive 
and inclusive sustainability transitions. The key 
themes from the SI agendas — including eco-com-
munity empathy, circular economy, and sustainable 
transport — were compared with the policy-driven 
agendas of the Green Deal and the research-oriented 
agendas of sustainability transitions.

A critical component of this analysis involved 
using the quadruple helix framework, which maps 
the roles of government, business, academia, and civil 
society across these sustainability agendas. Each 
agenda was assessed for the intensity and relevance of 
each stakeholder’s role in driving its objectives. The 
comparative matrix highlighted how each stakeholder 
group contributed to advancing innovation and sus-
tainability goals, focusing on areas such as govern-



8

Volume 17 • Issue 2 • 2025
Engineering Management in Production and Services

ance, system innovation, and community-based 
solutions. This allowed for a nuanced understanding 
of how crowdsourcing-driven innovations and top-
down policy initiatives can complement and reinforce 
each other, providing a comprehensive view of the 
innovation ecosystem and its role in achieving sus-
tainability transitions.

2.4. Bottom-up horizon scanning and 
expert insights

As part of the methodology, a self-sustainability 
element was incorporated into CASI-F through the 
development of an openly accessible online tutorial 
designed to promote crowdsourcing-based sustaina-
ble innovation assessment and management (Box 2). 
This innovative, certified executive course represents 
an example of organisational innovation, introducing 
a novel approach to learning and applying CASI-F to 
real-world innovation cases. By providing widespread 
and unrestricted access to the course and enabling 
participants to map their own innovation cases into 
CASIPEDIA, a comprehensive database that aids 
users in organising and tracking sustainable innova-
tions, the CASI project has established an open and 
scalable system for continuous innovation.

By 2017, the CASI project had successfully 
trained and certified 100 participants, meeting its 
initial target. However, the enduring relevance of the 
course and its accessibility via an online platform has 
resulted in sustained interest beyond the completion 
of the project. As of now, the course has expanded its 
reach significantly, with over 577 participants from 
80 countries around the world. Countries such as 
Colombia, Poland, and Bulgaria lead in enrolment, 
underscoring the course’s global accessibility and its 
capacity to foster bottom-up engagement in sustain-
able innovation practices. This growth in participa-
tion highlights the long-term impact and 
self-sustainability of CASI-F, ensuring its continued 
relevance in the absence of further EU funding since 
2017.

The online tutorial and executive course form  
a crucial component of the bottom-up horizon scan-
ning strategy, which generates new data for subse-
quent analysis through focus groups and expert 
insights. This approach encourages participants from 
a variety of sectors to contribute their innovation 
cases and challenges, providing a rich source of real-
world data that feeds into the broader analysis.  
A diverse range of perspectives on local sustainable 
innovations is captured by engaging directly with 

 
Fig. 4. Box 2. Global participation in the CASI-F course 
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crowdsourced participants, thereby enhancing the 
understanding of how these innovations evolve and 
align with broader sustainability objectives.

Furthermore, the methodology is supported by 
other types of innovation, such as social innovation 
and system innovation, particularly through the 
development of the BOLERO project (2022–2025). 
The BOLERO project is designed to adapt CASI-F to 
the needs of the University of Milano-Bicocca in Italy, 
offering a practical example of how system innova-
tion can transform education and innovation man-
agement by linking local institutional needs with 
broader sustainability agendas. The BOLERO project 
serves as a sister mapping platform to CASIPEDIA, 
further advancing the integration of bottom-up 
approaches with the overarching goals of sustainabil-
ity. It demonstrates how social innovation can be 
embedded into educational and research practices by 
encouraging collaborative, knowledge-sharing envi-
ronments that enhance societal relationships and 
create new forms of collaboration within the univer-
sity and beyond.

The focus groups formed as part of this method-
ology comprised stakeholders from local innovation 
ecosystems, including innovators, policymakers, and 
researchers, who discussed key findings from the SI 
agendas and their relevance to the European Green 
Deal. These discussions provided valuable insights 
into how innovations from local contexts can align 
with or challenge larger policy frameworks. Focus 
groups not only identified barriers but also high-
lighted enablers to the integration of local innovations 
with global sustainability objectives. Additionally, 
expert insights were gathered from leading research-
ers in sustainability transitions, policy advisors, and 
practitioners engaged in the European Green Deal. 
Their input provided a more nuanced understanding 
of the challenges and opportunities for sustainability 
transitions in Europe. These insights helped refine the 
analysis, offering perspectives on how top-down pol-
icy initiatives could better support the integration of 
bottom-up innovations, thus enhancing the scalabil-
ity and impact of sustainable innovations across dif-
ferent levels. Through these combined efforts, a global 
community of innovators and researchers committed 
to sustainable change continues to grow.

2.5. Comparative analysis and synthesis

The final phase of the analysis synthesised the 
findings from the SI agendas, the European Green 
Deal, and the sustainability transition agendas. This 

synthesis aimed to develop a more integrated and 
inclusive approach to sustainability transitions, high-
lighting how the SI agendas, with their emphasis on 
community-driven innovation, could complement 
and strengthen the Green Deal’s ambitious goals. The 
comparative analysis also identified specific areas of 
alignment, potential gaps, and opportunities for pol-
icy development, ultimately contributing to a more 
cohesive sustainability agenda that integrates local 
innovations with broader European objectives.

3. Research results  
and discussion

The alignment between the CASI SI agendas, the 
European Green Deal, and the transitions research 
agendas – complemented by the guidance set out in 
Action Roadmaps for More Resilient Research and 
Innovation Futures – paves a shared pathway toward 
a climate-resilient, sustainable future (Popper & Pop-
per, 2024, 2025). These three frameworks share com-
mon overarching objectives, including the reduction 
of greenhouse gas emissions, the enhancement of 
resource efficiency, and the promotion of sustainabil-
ity across various sectors. By comparing and contrast-
ing these agendas, this section highlights the synergies 
that can foster more integrated approaches for the 
implementation of the Green Deal (Szpilko & Ejdys, 
2022). The identification of these commonalities not 
only reveals areas of alignment but also emphasises 
the significance of combining crowdsourced innova-
tion management with top-down policy frameworks 
to drive systemic transformations. This analysis pro-
vides valuable insights into how local innovations, as 
outlined in the CASI SI agendas, can meaningfully 
contribute to the ambitious goals of the European 
Green Deal, ensuring that both local and global sus-
tainability objectives are effectively pursued.

3.1. Synergies for sustainability:  
a comparative analysis of key agendas

This subsection presents a comparative analysis 
of ten sustainable innovation agendas, nine sustaina-
bility transition agendas, and ten European Green 
Deal agendas, focusing on their key areas of align-
ment. The five core themes explored — environmen-
tal sustainability and resource management; 
technological innovation and industrial transforma-
tion; social change, equity, and justice; governance, 
policy, and institutional transformation; and integra-
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tion of sustainability across sectors — serve as the 
foundational pillars through which these agendas 
intersect. Examining the synergies between these 
three frameworks uncovers the potential for a more 
integrated approach that combines bottom-up inno-
vation with top-down policy frameworks. This com-
parative analysis not only clarifies the shared priorities 
of these agendas but also provides insight into how 
localised innovation efforts, as outlined in the CASI 
sustainable innovation agendas, can complement and 
reinforce the European Union’s broader sustainability 
objectives. In doing so, it highlights the opportunities 
for a more coordinated and cohesive path toward  
a sustainable, climate-neutral future. The following 
analysis delves deeper into the converging themes 
across these agendas, illustrating how their collective 
strengths can be leveraged to foster long-term sus-
tainability.

3.1.1. Sustainable innovation agendas

The ten sustainable innovation (SI) agendas pre-
sented here are based on previous work from the 
authors in the CASI project (Popper et al., 2017a; 
2017b), though they have been revised and updated 
to reflect current challenges and emerging trends. 
These agendas focus on addressing urgent global 
issues through systemic, multidisciplinary 
approaches. They encompass the transformation of 
energy, transportation, and resource management 
while fostering resilience and innovation in govern-
ance and education. Promoting sustainable practices 
across sectors, they advocate for circular economies, 
renewable energy, and localised food systems, aiming 
to equip communities with the necessary tools for 
long-term sustainability.

1.	 Tackling climate change and reducing green-
house gas emissions agenda calls for innovative 
approaches to tackling climate change through sys-
temic solutions at multiple levels. It advocates for  
a shift from viewing climate change as a problem to 
recognising it as an opportunity for broad societal 
transformation. Key strategies include the implemen-
tation of climate mitigation technologies, the promo-
tion of low-carbon business models, and the 
integration of climate-resilient policies across sectors. 
R&I efforts should focus on creating adaptive, multi-
level solutions that engage all sectors of society, 
empowering communities, and ensuring climate jus-
tice, while fostering collaboration across industries, 
governments, and citizens to accelerate the transition 
to a low-carbon future.

2.	 Enhancing governance through foresight 
and data-driven intelligence. In a world increasingly 
shaped by uncertainty and unpredictability, the need 
for anticipatory governance has never been more 
urgent. This agenda focuses on the integration of 
foresight methodologies, data analytics, and predic-
tive intelligence into governance structures to better 
address sustainability challenges. By leveraging big 
data, artificial intelligence (AI), and scenario plan-
ning, it aims to create adaptive, responsive govern-
ance models that can navigate global shifts in climate 
policy, geopolitics, and socio-economic dynamics. 
The role of ICT and data-driven decision-making is 
crucial to enable governance that is proactive, flexible, 
and capable of responding to wild card events, such as 
policy reversals and climate commitments, ensuring 
long-term sustainability and resilience.

3.	 Building integrated sustainable infrastruc-
tures for a circular bioeconomy agenda focuses on 
developing sustainable urban and rural infrastruc-
tures that support a circular bioeconomy. Emphasis-
ing material efficiency, sustainable building practices, 
and the integration of smart technologies, it explores 
how infrastructure can reshape supply chains and 
consumption patterns. The role of governance and 
social innovation is crucial for scaling circular econ-
omy models, particularly in resource management. 
Future R&I should explore systemic approaches to 
creating connected economies, where sustainable 
technologies work in tandem with social, economic, 
and governance innovations to enhance resilience 
and reduce environmental impacts across diverse 
geographical and socio-economic contexts.

4.	 Advancing responsible environmental man-
agement and resource efficiency agenda focuses on 
balancing economic activity with environmental sus-
tainability, particularly through resource-efficiency 
strategies. By adopting a systems approach, it 
addresses product innovations, governance models, 
and social innovations aimed at reducing emissions 
and managing resource consumption. It advocates for 
integrating circularity into industrial and residential 
systems, with a focus on water, energy, and waste. 
Moving beyond technical solutions, it calls for sys-
temic, behavioural, and governance innovations that 
promote sustainable consumption and equitable dis-
tribution while also focusing on restorative 
approaches to natural ecosystems and promoting 
collaborative action for inter-sectoral sustainability.

5.	 Accelerating the transition to renewable 
energy and biofuels. The focus of this agenda is the 
transformation of energy systems towards sustaina-
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bility, primarily through renewable energy and bio-
fuel solutions. It addresses both supply-side 
innovations, such as biogas and anaerobic digestion, 
and demand-side strategies, such as energy efficiency 
and community energy initiatives. Future R&I efforts 
should focus on creating integrated energy systems, 
incorporating social and economic governance mod-
els that facilitate the transition. This agenda highlights 
the need for policies that support low-carbon tech-
nologies while also considering societal impacts, 
including equity in access to renewable energy, com-
munity involvement, and sustainable energy con-
sumption practices.

6.	 Innovating sustainable transport and mobil-
ity systems agenda focuses on sustainable transport 
solutions, advocating for a shift towards low-carbon, 
accessible mobility systems. It examines innovations 
in transport technologies, such as electric and hydro-
gen vehicles, alongside social innovations that 
encourage shifts in behaviour and public engagement. 
The integration of smart technologies, such as big 
data and IoT, is central to optimising transport sys-
tems and promoting more sustainable urban plan-
ning. Future R&I should explore the tensions between 
technological advances, such as smart cities, and the 
social implications of mobility, including access, 
equity, and the challenge of reducing dependency on 
unsustainable transport models.

7.	 Advancing circular economy and waste 
resource management agenda promotes the transi-
tion to a circular economy where waste is viewed as  
a resource. It highlights the importance of systemic 
innovation across industries, focusing on circular 
business models, waste reduction, and recycling. 
Drawing from examples of both small-scale commu-
nity-based initiatives and large-scale industrial sym-
biosis, it encourages scaling up successful models 
through improved infrastructure, financing, and 
design innovation. R&I efforts should address barri-
ers to circularity, exploring solutions for product 
life-cycle management, waste-to-resource technolo-
gies, and the social dynamics of consumption to 
facilitate the transition to a sustainable, zero-waste 
economy.

8.	 Enhancing eco-community resilience and 
collaborative development agenda aims to foster sus-
tainable, inclusive communities through empathy, 
solidarity, and local economic resilience. Emphasis-
ing multi-stakeholder engagement, it advocates for 
collaborative governance models that address gender, 
ethnic equality, and citizen empowerment. By lever-
aging digital platforms, this approach enhances local 

development through crowd-funded initiatives, 
cooperative business models, and sustainable regional 
development. Additionally, it promotes environmen-
tal stewardship in both urban and rural settings. The 
focus is on enabling behavioural change, with empa-
thy as a central driver, creating institutions that are 
socially, culturally, and ecologically responsive to 
long-term sustainability challenges.

9.	 Embedding sustainability in education and 
skills development agenda stresses the critical role of 
education in shaping a sustainable future. It advocates 
for incorporating sustainability into all levels of edu-
cation, from primary schools to professional training, 
promoting both technical and behavioural change. 
The focus is on fostering skills that support sustainable 
practices in diverse sectors, from green technologies 
to community-based sustainability initiatives. Future 
R&I should explore the potential of online platforms, 
gamification, and eco-feedback systems to engage 
citizens, businesses, and policymakers. The aim is to 
create an informed, active populace capable of driv-
ing and participating in the transformation towards  
a more sustainable world.

10.	 Promoting sustainable agriculture and local-
ised food systems agenda focuses on fostering sus-
tainable agricultural practices that support both 
ecological health and food security. Emphasising 
local food systems, it encourages innovations in 
farming techniques, such as aquaculture and alterna-
tive cultivation practices, that enhance resource effi-
ciency and reduce environmental impact. By 
promoting circularity in food production and distri-
bution, it seeks to reconnect producers and consum-
ers, encouraging sustainable consumption. Future 
R&I should explore scaling up successful local initia-
tives and identifying pathways to influence global 
food systems towards sustainability, addressing chal-
lenges such as public health, education, and the need 
for a post-oil food transition.

3.1.2. Sustainability transition agendas

The nine sustainability transition agendas pre-
sented here are based on collaborative work from the 
Sustainability Transitions Research Network (STRN), 
evolving from earlier research and discussions within 
the network (Köhler et al., 2019). These agendas have 
been revised to reflect the rapid growth and diversifi-
cation of the field, addressing emerging global chal-
lenges. They focus on the complex, multi-dimensional 
nature of transitions, exploring the roles of govern-
ance, civil society, and industry in reshaping energy, 
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food, transport, and urban systems. The agendas 
advocate for transformative, equitable change, aiming 
to build resilient, sustainable societies through inter-
disciplinary and participatory approaches.

1.	 Understanding transitions — theoretical 
frameworks and insights agenda focuses on the foun-
dational frameworks in sustainability transitions, 
primarily the multi-level perspective (MLP), techno-
logical innovation systems (TIS), strategic niche 
management (SNM), and transition management 
(TM). These frameworks aim to capture the complex-
ity of transitions, considering the dynamics between 
niches, regimes, and landscapes. They help explain 
the processes of system innovation, path dependency, 
and change. While early studies concentrated on 
niche innovations, newer research has increasingly 
explored the role of incumbent regimes and the inter-
actions between emerging and established technolo-
gies in shaping sustainable transitions.

2.	 Examining power and politics in transitions. 
Transitions are inherently political, as various actors 
and groups contest the direction and speed of change. 
This agenda explores the power dynamics that influ-
ence sustainability transitions, particularly the resist-
ance of incumbent industries and the lobbying efforts 
of emerging actors. The research draws from policy 
science theories such as advocacy coalitions and dis-
course coalitions to study how power shapes transi-
tion outcomes. Attention is given to the politics of 
governance, where power struggles between regime 
actors and innovators determine the pace and scope 
of transitions toward sustainability, with implications 
for equity and justice.

3.	 Governing transitions — approaches and 
frameworks agenda examines the governance of sus-
tainability transitions, highlighting the role of multi-
ple actors, from governments to civil society, in 
shaping the path forward. Transition management 
(TM) and strategic niche management (SNM) offer 
frameworks for guiding transitions, promoting col-
laboration across sectors. It emphasises the impor-
tance of governance mechanisms that can deal with 
the uncertainties and complexities of transitions. 
Recent developments in governance focus on the role 
of transition arenas, policy mixes, and the  
experimental approaches needed to address sustain-
ability challenges at local, national, and international 
levels.

4.	 Integrating civil society, culture, and move-
ments in transitions agenda recognises the critical 
role of civil society and social movements in driving 
sustainability transitions. These groups influence 

industrial change by advocating for policies, provid-
ing protective spaces for innovation, and challenging 
existing cultural values. Research in this field exam-
ines crowdsourced innovation assessment and man-
agement, the role of social movements in shaping 
public policies, and the cultural shifts necessary to 
support sustainability. Civil society’s efforts often lead 
to societal transformations, influencing consumer 
preferences, policy frameworks, and broader cultural 
norms, thereby promoting a transition towards more 
sustainable practices.

5.	 Engaging organisations and industries in 
transitions agenda investigates the role of firms and 
industries in sustainability transitions, focusing on 
how businesses drive innovation, market formation, 
and the reorientation of industries towards more 
sustainable practices. Industries not only develop 
new technologies and services but also influence 
policy and public opinion through lobbying, dis-
course, and framing. This research highlights the 
tensions between incumbents, who may resist change, 
and new entrants, who drive radical innovations. 
Understanding how businesses interact with institu-
tional changes, create legitimacy for new technolo-
gies, and contribute to the emergence of new 
industries is vital for effective transition strategies.

6.	 Exploring transitions in practice and every-
day life agenda explores how sustainability transitions 
unfold in everyday practices, including consumption 
and lifestyle changes. It examines the role of users in 
innovation and transition processes, focusing on how 
individuals and communities adopt, adapt, and advo-
cate for sustainable technologies. Practice theory is 
applied to understand the persistence of resource-
intensive behaviours and the potential for trans-
formative shifts in daily life. Research in this area 
investigates the social dynamics of consumption, user 
involvement in innovation, and the impact of every-
day practices on broader sustainability transitions 
from the household level to society at large.

7.	 Understanding the geography of transitions 
— spaces and scales. The geography of transitions 
examines how sustainability transitions vary across 
different regions and scales. It highlights the role of 
local institutions, natural resources, and regional 
networks in shaping transitions, as well as the transfer 
of innovations between places. Research in this area 
explores how different geographical contexts-rural, 
urban, or global-facilitate or hinder the development 
and diffusion of sustainable practices. It also consid-
ers how global networks and local experiments 
interact, with particular attention to urban transitions 



Volume 17 • Issue 2 • 2025

13

Engineering Management in Production and Services

and the role of cities in driving sustainability through 
experimentation and innovation.

8.	 Ethical considerations in transitions — jus-
tice and equity agenda focuses on the ethical dimen-
sions of sustainability transitions, addressing 
concerns of justice, distribution, and poverty. It 
explores how transitions can perpetuate or alleviate 
inequalities, considering the impacts of technological 
and social innovations on vulnerable communities. 
Research highlights the importance of ensuring that 
transitions are just, inclusive, and equitable, ensuring 
that marginalised groups benefit from sustainable 
development. It also examines the ethical implica-
tions of policy decisions, including the distribution of 
costs and benefits, and calls for a more explicit inte-
gration of justice considerations into sustainability 
transition frameworks.

9.	 Reflecting on methodologies for transitions 
research agenda reflects on the methodologies used 
in sustainability transitions research, emphasising the 
need for methodological pluralism. It addresses key 
dilemmas such as balancing in-depth case studies 
with the search for broader, generic insights, and 
reconciling micro-level investigations with macro-
level frameworks. The agenda also considers the 
complexity of transitions, arguing for approaches that 
can capture the non-linear dynamics of system 
change. Methodological advancements include the 
integration of qualitative and quantitative methods, 
the use of comparative case studies, and the explora-
tion of transdisciplinary approaches that engage with 
policy and real-world experiments to catalyse transi-
tions.

3.1.3. European Green Deal agendas

The ten European Green Deal (EGD) agendas 
outline a comprehensive framework for achieving 
climate neutrality and sustainability across the EU. In 
addition to the original eight priorities, two more 
agendas have been added to reflect the European 
Commission’s increasing emphasis on sustainable 
finance and the internationalisation of climate diplo-
macy, positioning the EU as a global leader in climate 
action. These agendas highlight the EU’s role in fos-
tering clean energy transitions, reducing pollution, 
preserving ecosystems, and promoting sustainable 
mobility and food systems.

1.	 Becoming climate-neutral by 2050 for 
Europe. The European Green Deal (EGD) sets the 
ambitious target of achieving a net-zero carbon Euro-
pean Union by 2050, with interim goals including  

a 55% reduction in greenhouse gas emissions by 
2030. This transformation demands an overhaul of 
policies, including new legislation to strengthen cli-
mate targets across various sectors. Achieving climate 
neutrality requires broad participation from all soci-
etal actors, including businesses, governments, and 
individuals, ensuring a comprehensive transforma-
tion that spans the economy and everyday life for all 
EU citizens.

2.	 Driving a clean and efficient energy transi-
tion. The Green Deal prioritises the transition to 
renewable energy sources, such as wind and solar, to 
reduce the EU’s dependence on fossil fuels. Aiming 
for affordable, clean, and secure energy for all EU 
citizens, this agenda addresses energy poverty while 
promoting energy efficiency across member states. 
Since energy production accounts for over 75% of the 
EU’s greenhouse gas emissions, decarbonising the 
energy system is crucial to meet the EU’s 2030 climate 
objectives and the long-term goal of carbon neutral-
ity by 2050.

3.	 Mobilising industry for a clean circular 
economy. The Green Deal promotes a circular econ-
omy model that decouples economic growth from 
resource consumption. By mobilising industries and 
integrating green technologies, it aims to foster sus-
tainable, job-creating economic models that align 
with environmental objectives. Transitioning to  
a circular economy will reduce pressure on natural 
resources, halt biodiversity loss, and stimulate sus-
tainable growth. Local governments and small busi-
nesses have significant roles in scaling these models, 
benefiting both citizens and the local economies, thus 
contributing to the EU’s 2050 climate neutrality goal.

4.	 Building energy- and resource-efficient 
structures. Improving energy performance in build-
ings is a key focus of the European Green Deal, aim-
ing to reduce energy consumption and emissions. 
Renovating existing buildings and constructing new, 
energy-efficient structures is vital for meeting climate 
targets. With buildings accounting for approximately 
40% of Europe’s energy use, the need for energy-effi-
cient solutions is critical. The Renovation Wave 
Strategy, launched in 2020, addresses this challenge, 
particularly in retrofitting 85% of European buildings 
built before 2001, engaging citizens in the transfor-
mation to improve sustainability across Europe’s 
housing stock.

5.	 Reducing pollution for a toxic-free environ-
ment. The European Green Deal aims to cut pollution 
across air, water, and soil, ensuring a toxic-free envi-
ronment for all. It focuses on strengthening industrial 
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pollution controls and enhancing regulations to 
reduce harmful emissions. Pollution remains a sig-
nificant environmental and health issue, with detri-
mental effects on public health, especially for 
vulnerable populations. The EU’s Zero Pollution 
Action Plan seeks to address air quality, plastic waste, 
chemical pesticide use, and more in collaboration 
with citizens to create a cleaner, healthier, and more 
sustainable European environment.

6.	 Preserving ecosystems and restoring biodi-
versity. The Green Deal underscores the need to pro-
tect biodiversity and reverse the loss of ecosystems. 
The EU’s Biodiversity Strategy for 2030 aims to safe-
guard natural habitats, conserve species, and restore 
damaged ecosystems, including through the creation 
of protected areas. Biodiversity plays a fundamental 
role in food production, health, and climate regula-
tion. With the goal of protecting 30% of European 
land, restoring ecosystems on land and at sea is 
essential for ensuring sustainable growth and enhanc-
ing public awareness of the importance of biodiversity 
preservation.

7.	 Transforming food systems for sustainability. 
The Farm to Fork Strategy focuses on creating a sus-
tainable, healthy, and fair food system across Europe. 
This agenda promotes sustainable farming practices, 
reduces food waste, and aims to enhance food secu-
rity. The food sector, which accounts for about one-
third of global greenhouse gas emissions, must evolve 
to meet both environmental and public health goals. 
The EU’s strategy addresses these challenges, using 
new technologies, scientific discoveries, and increased 
public demand for sustainable food to create a food 
system that benefits all stakeholders, from producers 
to consumers.

8.	 Accelerating the shift to sustainable mobility. 
A central objective of the European Green Deal is to 
reduce emissions from transport, a significant con-
tributor to EU greenhouse gas emissions. This agenda 
focuses on promoting electric vehicles, alternative 
fuels, and sustainable public transport systems to cre-
ate a more connected, low-carbon mobility system. 
Urban mobility is specifically targeted through the 
European Urban Mobility Framework, which pro-
poses measures for cities to develop more sustainable 
transport solutions. Achieving climate neutrality by 
2050 requires reducing transportation emissions and 
enhancing the sustainability of urban transport net-
works across Europe.

9.	 Leveraging sustainable finance for green 
goals. Sustainable finance is essential for supporting 
the Green Deal’s goals, ensuring that investments 

align with climate and environmental objectives. The 
EU aims to mobilise substantial funds through initia-
tives such as InvestEU, with at least 25% of the EU 
budget dedicated to climate change mitigation. This 
agenda includes incorporating environmental, social, 
and governance (ESG) considerations into financial 
decisions, promoting long-term investments in sus-
tainable economic activities. By addressing climate 
change, pollution, and social inequalities, sustainable 
finance aims to support the EU’s transition to  
a greener, more inclusive economy with transparent 
risk management strategies.

10.	 Leading global climate action and diplomacy 
efforts. The European Green Deal positions the EU as 
a global leader in climate action, promoting interna-
tional cooperation and climate diplomacy to address 
global sustainability challenges. By strengthening 
partnerships with neighbouring regions like Africa 
and the Mediterranean, the EU aims to foster green 
investments and lead multilateral climate negotia-
tions. The EU’s external strategy involves a blend of 
collaborative, coercive, and diplomatic approaches, 
ensuring that the global green transition is inclusive, 
just, and aligned with Europe’s climate-neutral objec-
tives by 2050, encouraging widespread international 
commitments to climate resilience.

3.1.4. Comparative analysis: quadruple 
helix stakeholder roles in 
sustainability agendas

The comparative matrix presented below assesses 
the role and intensity of the four key stakeholders - 
government, business, academia, and civil society — 
across the ten CASI SI agendas, nine sustainability 
transition agendas, and ten European Green Deal 
agendas. The purpose of this analysis is to capture the 
extent of each stakeholder’s involvement in advanc-
ing the respective agendas, focusing on their unique 
contributions to sustainable innovation, transitions, 
and policy formulation.

The quadruple helix model, which encompasses 
government, business, academia, and civil society, is 
used to evaluate the level of engagement of each 
stakeholder group in the implementation and impact 
of the sustainability agendas. This approach acknowl-
edges that sustainable transitions require the active 
participation of multiple actors who can offer diverse 
perspectives and expertise. Governments are typi-
cally responsible for policymaking, regulatory frame-
works, and the establishment of incentives; businesses 
drive innovation and market solutions; academia 
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Tab. 1. Quadruple helix stakeholder comparative matrix 

AGENDA GOVERNMENT BUSINESS ACADEMIA CIVIL SOCIETY 

SIA 1. Tackling climate 
change and reducing 
greenhouse gas 
emissions 

High. Governments set 
policies, regulations, and 
frameworks for climate 
action. 

Medium. Businesses 
implement low-carbon 
practices, adopting green 
tech. 

High. Academia drives 
research and innovation 
in climate solutions. 

High. Civil society 
advocates, mobilises, and 
ensures public support. 

SIA 2. Enhancing 
governance through 
foresight and data-
driven intelligence 

High. Governments drive 
foresight planning and 
policymaking. 

Medium. Businesses 
provide data and 
contribute to 
technological solutions. 

High. Academia conducts 
research to refine 
foresight methodologies. 

Low. Limited role in 
foresight processes, mainly 
a receiver of policy. 

SIA 3. Building 
integrated sustainable 
infrastructures for a 
circular bioeconomy 

High. Governments 
provide regulatory 
frameworks and financial 
incentives. 

High. Businesses 
innovate, provide 
technology, and scale 
sustainable practices. 

High. Academia leads 
research on circular 
economy models and best 
practices. 

Medium. Civil society 
participates in local 
solutions, demanding 
sustainability. 

SIA 4. Advancing 
responsible 
environmental 
management and 
resource efficiency 

High. Governments 
create policies for 
resource management 
and regulation. 

High. Businesses apply 
resource-efficient 
practices and innovate for 
sustainability. 

Medium. Academia 
develops tools and 
technologies but has 
limited practical reach. 

High. Civil society 
influences and demands 
sustainable resource 
management. 

SIA 5. Accelerating the 
transition to renewable 
energy and biofuels 

High. Governments set 
policies, regulations, and 
financial mechanisms for 
energy transition. 

High. Businesses lead 
renewable energy 
production, biofuel 
innovation, and 
distribution. 

High. Academia conducts 
research and provides 
technological 
breakthroughs. 

Medium. Civil society 
supports transitions and 
advocates for energy 
equity. 

SIA 6. Innovating 
sustainable transport 
and mobility systems 

High. Governments 
create transport policies, 
subsidies, and 
infrastructure. 

High. Businesses develop 
and commercialise 
electric vehicles and 
sustainable transport 
solutions. 

Medium. Academia 
provides innovative 
solutions and evaluates 
sustainable transport 
impacts. 

Medium. Civil society 
participates in public 
campaigns and adopts 
new mobility solutions. 

SIA 7. Advancing 
circular economy and 
waste resource 
management 

High. Governments 
regulate waste 
management and 
incentivise circular 
practices. 

High. Businesses innovate 
circular supply chains and 
recycling processes. 

High. Academia conducts 
research on efficient 
waste management 
systems. 

High. Civil society 
demands improved waste 
management and engages 
in recycling. 

SIA 8. Enhancing eco-
community resilience 
and collaborative 
development 

High. Governments 
create policies and 
support initiatives for 
community resilience. 

Medium. Businesses 
support sustainable 
development projects and 
local economies. 

Medium. Academia 
explores and evaluates 
resilience models for 
communities. 

High. Civil society 
organises grassroots 
movements and 
empowers local 
communities. 

SIA 9. Embedding 
sustainability in 
education and skills 
development 

High. Governments 
promote policies and 
curricula for sustainability 
education. 

Low. Businesses offer 
some training but have 
limited influence on 
education. 

High. Academia is central 
to integrating 
sustainability into 
education systems. 

Medium. Civil society 
engages in educational 
campaigns and promotes 
learning. 

SIA 10. Promoting 
sustainable agriculture 
and localised food 
systems 

High. Governments 
provide subsidies, policy 
support, and frameworks 
for sustainable 
agriculture. 

High. Businesses innovate 
in sustainable farming 
technologies and local 
food systems. 

High. Academia leads 
research on sustainable 
farming practices and 
food systems. 

High. Civil society supports 
local agriculture and 
campaigns for food system 
transformation. 

STA 1. Understanding 
transitions — 
theoretical frameworks 
and insights 

Medium. Governments 
implement transition 
strategies based on 
theoretical insights. 

Medium. Businesses 
adapt models from 
theoretical frameworks 
for innovation. 

High. Academia develops 
and refines theoretical 
frameworks for 
sustainability transitions. 

Low. Limited role, 
primarily as beneficiaries 
of academic research 
outputs. 

STA 2. Examining 
power and politics in 
transitions 

High. Governments play 
key roles in managing 
power dynamics through 
policy. 

Medium. Businesses 
influence transitions 
through lobbying and 
political power. 

Medium. Academia 
explores power dynamics 
and contributes research 
on sustainability 
transitions. 

High. Civil society 
advocates for just 
transitions and political 
accountability. 

STA 3. Governing 
transitions — 
approaches and 
frameworks 

High. Governments 
govern and coordinate 
transitions at various 
levels. 

Medium. Businesses 
adapt to governance 
changes, integrating 
sustainable practices. 

High. Academia 
contributes to governance 
models and framework 
development. 

Medium. Civil society 
engages in the 
consultation processes for 
governance models. 
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STA 4. Integrating civil 
society, culture, and 
movements in 
transitions 

Medium. Governments 
collaborate with civil 
society to implement 
cultural shifts. 

Low. Businesses may 
support but have minimal 
involvement in cultural 
and social movements. 

Medium. Academia 
studies and supports the 
integration of culture into 
sustainability transitions. 

High. Civil society drives 
cultural shifts, policy 
advocacy, and community 
mobilisation. 

STA 5. Engaging 
organisations and 
industries in transitions 

High. Governments 
provide incentives and 
policies for business 
involvement. 

High. Businesses are 
central to innovation, 
industrial shifts, and 
market-driven transitions. 

Medium. Academia 
provides research but is 
more of a supporting 
player in this agenda. 

Low. Civil society has a 
limited direct role in 
business and 
organisational transitions. 

STA 6. Exploring 
transitions in practice 
and everyday life 

Medium. Governments 
create enabling policies 
for sustainable practices 
at the individual level. 

Medium. Businesses 
influence consumer 
behaviour and support 
everyday sustainability 
solutions. 

High. Academia studies 
practices and provides 
insights on sustainable 
living. 

High. Civil society is central 
to implementing everyday 
sustainability through 
grassroots actions. 

STA 7. Understanding 
the geography of 
transitions — spaces 
and scales 

High. Governments 
define spatial policies and 
regional planning for 
transitions. 

Medium. Businesses 
adapt to different 
regional contexts and 
manage localised supply 
chains. 

Medium. Academia 
investigates regional 
transitions and how 
spatial scales impact 
sustainability. 

Medium. Civil society 
plays a role in 
implementing local 
initiatives but is less 
influential at higher scales. 

STA 8. Ethical 
considerations in 
transitions — justice 
and equity 

High. Governments 
define policies to ensure 
equity and fairness in 
transitions. 

Medium. Businesses must 
align with ethical 
standards and address 
equity in operations. 

Medium. Academia 
contributes research on 
the ethics of transitions 
and equity considerations. 

High. Civil society ensures 
that ethical concerns and 
justice are central to 
sustainability. 

STA 9. Reflecting on 
methodologies for 
transitions research 

Low. Limited government 
involvement in the 
development of research 
methodologies. 

Low. Business 
involvement is minimal; 
primarily academic-driven 
methodologies. 

High. Academia leads 
methodological 
innovations for studying 
transitions. 

Low. Civil society is 
primarily a beneficiary of 
the methodologies 
developed. 

EGD 1. Becoming 
climate-neutral by 
2050 for Europe 

High. Governments set 
ambitious targets, 
policies, and regulatory 
frameworks. 

Medium. Businesses 
implement solutions but 
are heavily influenced by 
government policies. 

Medium. Academia 
supports policy 
development and 
technological innovations. 

Low. Civil society’s role is 
largely as supporters, less 
directly involved in policy 
creation. 

EGD 2. Driving a clean 
and efficient energy 
transition 

High. Governments set 
energy transition goals 
and implement 
regulations and 
incentives. 

High. Businesses provide 
renewable energy 
solutions, technologies, 
and infrastructure. 

Medium. Academia 
provides energy-related 
research and evaluates 
transition impacts. 

Medium. Civil society 
supports the transition 
and advocates for energy 
access equity. 

EGD 3. Mobilising 
industry for clean 
circular economy 

High. Governments 
create frameworks for 
industry participation and 
regulation. 

High. Businesses are key 
players in developing and 
scaling circular economy 
models. 

High. Academia supports 
research on best practices 
and business models for 
circularity. 

Medium. Civil society 
supports through advocacy 
for reduced waste and 
increased recycling. 

EGD 4. Building energy- 
and resource-efficient 
structures 

High. Governments set 
building codes and 
policies for energy-
efficient structures. 

High. Businesses innovate 
in construction and 
energy-efficient 
technologies. 

Medium. Academia 
contributes through 
research on energy-
efficient materials and 
systems. 

Low. Civil society’s role is 
limited to adopting 
energy-efficient practices 
in buildings. 

EGD 5. Reducing 
pollution for a toxic-
free environment 

High. Governments 
regulate pollution, set 
limits, and enforce 
compliance. 

Medium. Businesses are 
affected by regulations 
but also innovate in 
pollution reduction. 

Medium. Academia 
studies pollution 
reduction technologies 
and their effectiveness. 

High. Civil society 
advocates for pollution 
reduction and public 
health safety. 

EGD 6. Preserving 
ecosystems and 
restoring biodiversity 

High. Governments 
create policies, protected 
areas, and biodiversity 
strategies. 

Medium. Businesses help 
through sustainability 
practices and biodiversity-
friendly innovations. 

High. Academia conducts 
research and provides 
strategies for ecosystem 
restoration. 

High. Civil society plays a 
key role in advocacy, 
conservation efforts, and 
education. 

EGD 7. Transforming 
food systems for 
sustainability 

High. Governments 
regulate food systems 
and set policies for 
sustainability. 

High. Businesses play a 
major role in transitioning 
the food sector towards 
sustainability. 

Medium. Academia 
contributes research on 
sustainable farming and 
food systems. 

High. Civil society pushes 
for food security, health, 
and sustainable 
agriculture. 

EGD 8. Accelerating the 
shift to sustainable 
mobility 

High. Governments 
create policies and 
infrastructure for green 
mobility solutions. 

High. Businesses provide 
electric vehicles, 
sustainable transport 
technologies, and 
services. 

Medium. Academia 
researches transportation 
systems and sustainable 
mobility. 

Medium. Civil society 
advocates for equitable 
mobility and the adoption 
of clean technologies. 
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EGD 9. Leveraging 
sustainable finance for 
green goals 

High. Governments 
regulate green 
investments and provide 
financial mechanisms. 

High. Businesses attract 
investments and drive 
green economic growth. 

Medium. Academia 
contributes research on 
sustainable finance 
models and investment 
strategies. 

Low. Civil society’s role is 
more indirect, advocating 
for ethical investments. 

EGD 10. Leading global 
climate action and 
diplomacy efforts 

High. Governments take 
the lead in international 
negotiations and 
commitments. 

Medium. Businesses align 
with international climate 
policies but may resist 
strict measures. 

Low. Academia supports 
through research but 
plays a secondary role in 
diplomacy. 

Low. Civil society plays a 
minimal role in 
international climate 
diplomacy efforts. 

 
 provides research, analysis, and new technological 
developments; and civil society plays a crucial role in 
advocacy, public mobilisation, and ensuring account-
ability.

The comparative analysis highlights several key 
patterns. First, it is evident that governments have  
a high level of involvement in nearly all the agendas, 
as they set regulatory frameworks and policies and 
provide financial incentives. Business stakeholders, 
often second in influence, are central to scaling inno-
vations, particularly in areas like renewable energy, 
circular economies, and sustainable agriculture. Aca-
demia’s role, although significant, is mostly focused 
on research, technological advancements, and theo-
retical frameworks, which provide essential guidance 
for policy and business practices. Civil society, while 
influential in many areas, particularly in advocating 
for sustainability and raising awareness, often has  
a secondary role in the formal implementation of 
policy agendas.

The matrix further reveals that certain agendas 
require more collaborative involvement, such as those 
related to community resilience, circular economy, 
and sustainable mobility, where the active participa-
tion of all four stakeholders is essential for achieving 
long-term sustainability. For example, the “Advancing 
circular economy and waste resource management” 
agenda requires high involvement from both govern-
ment and business for regulation and innovation, 
while academia and civil society contribute through 
research and public advocacy. Conversely, agendas 
like “Enhancing governance through foresight and 
data-driven intelligence” see a more prominent role 
for governments and academia, with limited direct 
involvement from business and civil society.

In conclusion, the comparative matrix offers val-
uable insights into the varying degrees of stakeholder 
involvement in each agenda, highlighting both syner-
gies and potential gaps. It underlines the importance 
of fostering greater collaboration across these stake-
holder groups, particularly in areas where grassroots-
driven innovation and top-down policy frameworks 

intersect. The analysis sets the stage for further 
exploration into how these stakeholders can work 
more effectively together to advance the goals of the 
European Green Deal and other sustainability agen-
das.

3.2. Key features of each agenda

While there are notable alignments between the 
CASI SI agendas, the transitions research agendas, 
and the European Green Deal agendas, several gaps 
and differences have been identified across their focus 
areas. These gaps highlight opportunities for further 
integration and refinement of the Green Deal’s 
approach. By addressing these discrepancies, the 
Green Deal could benefit from a more holistic and 
inclusive strategy, ensuring a more participatory and 
comprehensive transition towards sustainability. This 
would not only strengthen the Green Deal’s objectives 
but also enhance its alignment with both crowd-
sourced innovation management and the broader 
societal shifts necessary for a sustainable future.
•	 Sustainable innovation agendas (Popper et al., 

2017a, 2017b, 2017c). The SI agendas are distin-
guished by their strong focus on quadruple helix 
and ecosystem-oriented innovation approaches, 
fostering collaboration across diverse sectors. 
They prioritise the importance of localised 
efforts, such as fostering eco-community empa-
thy, crowd-funded development, and eco-local 
agriculture. The SI agendas focus on practical, 
bottom-up innovations that involve local com-
munities and small-scale initiatives, thereby 
addressing sustainability from a more regional 
and community-specific perspective. This 
approach complements the more top-down, pol-
icy-driven frameworks seen in other agendas. 
Additionally, SI agendas place a high value on the 
integration of sustainability across sectors such 
as bioeconomy and urban infrastructures and 
promoting sustainability in cultural and educa-
tional contexts.
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•	 Sustainable transition agendas (Köhler et al., 
2019). Transition research agendas are distinct 
for their academic focus on the dynamics of sus-
tainability transitions, especially the social, 
political, and cultural dimensions. These agendas 
investigate the role of power, governance, and 
social movements in facilitating or hindering 
transitions. They also explore ethical considera-
tions in transitions, such as justice, equity, and 
poverty. This framework places a strong emphasis 
on understanding transitions as complex, multi-
dimensional processes, with a focus on both the-
oretical and methodological advancements in 
transition research.

•	 European Green Deal agendas (EC, 2019a, 2019b, 
2020). The European Green Deal agendas are 
unique in their overarching focus on achieving 
Europe’s climate-neutral goals by 2050, position-
ing Europe as a global leader in sustainability 
transitions. These agendas strongly emphasise 
the transformation of the European economy, 
particularly in energy, transport, and agriculture. 
The Green Deal underscores the importance of 
achieving decarbonisation and resource effi-
ciency at a large scale, with goals like circular 
economies, sustainable mobility, and clean 
energy. Moreover, the Green Deal highlights 
inclusivity and social justice in the transition, 
ensuring that no region or community is left 
behind in the shift towards sustainability.

3.3. Towards a harmonised agenda

CASI-F, in conjunction with CASIPEDIA, can 
make a substantial contribution towards harmonis-
ing the diverse sustainability agendas outlined here 
by serving as a central platform that integrates bot-
tom-up innovations with top-down policy objectives. 
CASI-F’s emphasis on community-driven projects 
and local innovations complements the European 
Green Deal’s broader sustainability goals, fostering 
synergies between local and European initiatives. 
“When a technology is consumed as part of a system, 
the performance that matters to the consumers’ 
assessment of value is not the performance of the 
focal technology on its own, but is rather a function 
of its interaction with the other elements of the sys-
tem” (Adner & Kapoor, 2016). This highlights that the 
impact of local innovations, when integrated into 
broader systems, can be more pronounced than when 
considered in isolation. By systematically mapping 
and evaluating sustainable innovations through 

CASIPEDIA-like tools, these projects can be linked to 
wider global and European sustainability objectives, 
thereby facilitating better alignment with the SDGs.

Moreover, the application of foresight and antici-
patory intelligence within CASI-F’s governance 
framework can aid in assessing future challenges and 
opportunities, thereby offering a proactive approach 
to sustainability management. “The relative pace at 
which the new technology will substitute the old 
technology will depend on the joint levels of ecosys-
tem emergence challenge for the new technology and 
the ecosystem extension opportunity for the old 
technology: fastest when both are low, slowest when 
both are high, and intermediate in the mixed case 
where one is high and one is low” (ibid.). This under-
scores the importance of creating optimal conditions 
for the co-evolution of technologies within a system, 
which is critical for accelerating transitions (Aarikka-
Stenroos & Ritala, 2017). By collecting comprehen-
sive data on regional innovations and practices, 
CASIPEDIA can provide invaluable insights into the 
effectiveness of these innovations, thereby contribut-
ing to ongoing policy development and guiding 
future research directions in sustainability transi-
tions. Consequently, CASI-F and CASIPEDIA have 
the potential to serve as an effective bridge, uniting 
research, policy, and practice in a cohesive and inte-
grated manner, thus fostering a more harmonised 
and dynamic sustainability agenda across Europe and 
beyond.

Conclusion

Innovation ecosystems play a crucial role in 
advancing the objectives of the European Green Deal 
by offering pathways for systemic transformation that 
align technological innovation with broader social, 
economic, and institutional changes. These ecosys-
tems facilitate multi-level collaboration, effectively 
integrating DIY and crowdsourced innovation man-
agement with top-down policies, which can acceler-
ate Europe’s transition to a climate-neutral and 
resource-efficient economy. The lessons derived from 
the CASI project and its sister BOLERO project pro-
vide valuable insights for refining the Green Deal’s 
framework, ensuring that it remains not only ambi-
tious but also inclusive and resilient in addressing the 
complex sustainability challenges we face today and 
in the future.

One core principle emerging from this study is 
the importance of adopting a global perspective while 
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acting locally. Although the European Green Deal 
presents a high-level vision for a climate-neutral 
Europe, it is at the local level where the most impact-
ful changes often take place. DIY and crowdsourced 
initiatives – such as community-led energy coopera-
tives, decentralised agriculture, and locally driven 
circular economy projects – hold significant potential 
to drive meaningful change. These bottom-up solu-
tions can be scaled up and integrated into national 
and regional frameworks, ultimately contributing to 
global sustainability objectives. By empowering local 
communities and fostering innovation, the Green 
Deal has the capacity to create a more inclusive, 
resilient, and adaptive transition.

The integration of local innovations into broader 
national and regional policies is essential for develop-
ing a flexible, responsive approach that addresses 
sector-specific and regional needs while still aligning 
with global sustainability goals. This integration pro-
motes greater coherence between policy levels, 
enhancing the ability to address diverse challenges 
and ensuring that no region or community is left 
behind. Strengthening policy coherence across local, 
national, and EU levels is not only critical for the suc-
cess of the Green Deal but also vital for driving a 
transition that is sustainable, equitable, and adaptable 
to future challenges. “The co-evolutionary logic shifts 
the focus from the evolution and exchange of a busi-
ness network to system co-evolution... Ecosystems 
cross industry boundaries, connecting various types 
of business and innovation networks in an exchange 
that is embedded in an institutional and socio-techni-
cal environment” (ibid). A relevant example of this 
co-evolution is seen in the interaction between the 
CASIPEDIA and BOLERO platforms. These plat-
forms act as bridges between European-level and 
regional innovation ecosystems focused on sustaina-
bility. By connecting local sustainability innovations 
in the BOLERO platform with the broader policy and 
research initiatives showcased in CASIPEDIA, they 
facilitate a dynamic exchange of knowledge, technolo-
gies, and best practices that fosters system-wide sus-
tainability transitions.

Thus, this study reinforces the need for a more 
harmonised, multi-actor approach – blending DIY 
and crowdsourced innovation management, policy 
agendas, and cross-sectoral collaboration – ensuring 
that Europe can move forward as a global leader in 
sustainability and climate resilience.

Recommendations for policy enhancements: 
This section outlines key recommendations for 
enhancing the European Green Deal’s effectiveness 

and inclusivity, with the goal of ensuring a trans-
formative and sustainable transition to a climate-
neutral future. The recommendations emphasise the 
integration of local, community-driven initiatives 
into broader policy frameworks, fostering an 
approach that is both adaptable and equitable. Key 
strategies include strengthening community engage-
ment, advancing sustainability education, scaling 
DIY and crowdsourced innovation management, 
improving innovation mapping tools, and incorpo-
rating SMART foresight processes. By implementing 
these measures, Europe can create a more resilient, 
inclusive, and forward-looking sustainability strategy, 
empowering local communities while reinforcing 
global sustainability objectives. 

1.	 Strengthening community engagement. To 
ensure that the Green Deal is inclusive and equitable, 
it is essential to develop and expand participatory 
mechanisms that actively engage local communities 
in the design and implementation of sustainability 
policies. Local communities possess invaluable 
knowledge and insights, which can help shape poli-
cies that are both effective and contextually relevant. 
By involving these communities in decision-making 
processes, policies will reflect diverse needs and foster 
greater ownership and accountability in the green 
transition. As Geels and Schot (2007) point out, 
“ecosystems cross industry boundaries, connecting 
various types of business and innovation networks in 
an exchange that is embedded in an institutional and 
socio-technical environment”, which suggests that 
integrating local knowledge into larger systems can 
provide mutually beneficial outcomes, aligning com-
munity-driven innovations with broader policy 
frameworks.

2.	 Advancing sustainable innovation mapping. 
To optimise the European Green Deal’s impact, it is 
crucial to further advance tools like CASIPEDIA and 
BOLERO, which systematically support the mapping 
and assessment of sustainable innovations across 
Europe. These platforms play a pivotal role in identi-
fying, sharing, and scaling locally-driven initiatives, 
fostering collaboration and knowledge exchange. By 
combining qualitative and quantitative approaches, it 
would be possible to develop a more universal or 
hybrid framework for sustainable innovation (SI), 
which could help reduce fragmentation and divisions 
within the growing community of SI practitioners 
and scholars (Pajula & Popper, 2020). Expanding and 
enhancing these tools would strengthen the integra-
tion of DIY and crowdsourced innovation manage-
ment into broader policy frameworks, ensuring that 
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Europe’s sustainability efforts are both informed and 
inclusive. This hybrid approach, which bridges the 
boundaries across sectors and regions, can facilitate 
the alignment of local innovations with EU-wide 
policies. The integration of local innovations into 
national and regional policies is vital for developing a 
flexible, responsive approach that addresses sector-
specific and regional needs while still contributing to 
global sustainability goals. The systematic assessment 
and management of SI provides unique and shared 
benefits to multiple stakeholders, making it accessible 
across different areas of science and industry and 
capable of delivering the results needed to address 
and meet current challenges. This underscores the 
importance of adapting local solutions to larger 
frameworks like the European Green Deal, ensuring 
that bottom-up, DIY-driven initiatives align with top-
down policy objectives and contribute to a more 
cohesive, comprehensive transition.

3.	 Promoting sustainability education across 
Europe. Integrating sustainability education into all 
levels of the European education system — from pri-
mary schools to higher education — is essential for 
the long-term success of the Green Deal. By embed-
ding eco-literacy and sustainability-focused curricula, 
Europe can equip future generations with the skills 
and knowledge required to actively contribute to  
a more sustainable future. This educational approach 
must also emphasise the ethical dimensions of sus-
tainability, enabling citizens to understand the social, 
environmental, and economic implications of their 
actions. Education for sustainability should aim to 
foster a critical understanding of technology and 
social organisation, encouraging learners to reflect on 
how both can promote harmony between people and 
the natural world. As Huckle (1991) pointed out in 
one of the earliest works on this subject, such educa-
tion must empower students to engage in democratic 
processes that can drive societal transformation. The 
development of new knowledge and values is crucial 
for building a broad-based support system for sus-
tainability innovations, especially in the context of 
the co-evolution of niche innovations with societal 
values. Higher education institutions play a central 
role in preparing future leaders who will help achieve 
the United Nations Sustainable Development Goals 
(Žalėnienė & Pereira, 2021).

4.	 Scaling and integrating DIY and crowd-
sourced innovation management. The European 
Green Deal would greatly benefit from increased 
support for scaling successful DIY and crowdsourced 
innovation management practices, including grass-

roots-level initiatives. Financial and technical support 
for community-driven projects — such as renewable 
energy cooperatives, urban farming, and circular 
economy ventures — will enable these local initiatives 
to contribute more effectively to national sustainabil-
ity goals and create scalable models for broader 
implementation. By embedding these innovations 
into broader policy frameworks, Europe can ensure 
that sustainability strategies remain adaptable to 
diverse regional needs while reinforcing the global 
sustainability agenda. This approach can help foster 
resilient, adaptive systems that leverage local knowl-
edge and resources for maximum impact. In line with 
Aarikka-Stenroos and Ritala’s (2017) focus on value 
co-creation, facilitating the scaling of DIY and 
crowdsourced innovation management will foster 
collaborative relationships between multiple stake-
holders, thus enhancing the overall value generated 
by these local projects and aligning them more closely 
with broader sustainability objectives. As noted by 
Callaghan (2016) and Popper et al. (2025), this 
approach is particularly valuable in crisis manage-
ment, where geopolitical instability and unpredictable 
events, or “wild cards”, are increasingly shaping every 
aspect of innovation ecosystems. These disruptions 
require more agile and responsive frameworks that 
can draw upon a diverse range of inputs from crowd-
sourced R&D and social media platforms. By inte-
grating real-time problem-solving and probabilistic 
innovation, Europe and other world regions can bet-
ter navigate these complexities, enabling faster, more 
collaborative solutions to urgent global challenges.

5.	 Adopting SMART foresight for future-ori-
ented policymaking. The adoption of SMART fore-
sight processes (Popper, 2011, 2012) offers significant 
potential to enhance the effectiveness of the European 
Green Deal by providing a structured framework for 
future-oriented policymaking. This approach guides 
decision-making through distinct phases — scoping, 
mobilising, anticipating, recommending, and trans-
forming — which together create a dynamic cycle of 
strategic foresight. Integrating this foresight method-
ology (Popper, 2008) into the Green Deal will enable 
the European Union to ensure its policies are both 
forward-looking and flexible, capable of responding 
proactively to emerging challenges and uncertainties. 
This approach provides a comprehensive roadmap for 
the sustainability transition, helping to identify 
potential risks, set clear priorities, and mobilise  
a diverse range of stakeholders to implement effective 
sustainability solutions. Through the creation of  
a “space” for discourse, analysis, and creative vision-
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ing, foresight empowers policymakers to consider 
long-term implications and explore innovative path-
ways that might otherwise be overlooked (Miles et al., 
2008; Velasco et al., 2021). Furthermore, by combin-
ing foresight with other strategic policy intelligence 
tools such as evaluation and technology assessment, 
the EU can ensure that the Green Deal is grounded in 
actionable, evidence-based strategies that meet cur-
rent needs while being resilient to future disruptions. 
The integration of SMART foresight ensures that the 
Green Deal is adaptive, resilient, and capable of 
responding to evolving environmental, social, and 
technological contexts, ultimately fostering a more 
sustainable and inclusive future for Europe.

By implementing these recommendations, 
regions worldwide can accelerate their transitions to 
a  climate-neutral future that is transformative, inclu-
sive, adaptive, and resilient. Empowering citizens and 
communities to actively contribute to a sustainable 
future will be crucial for achieving long-term climate 
objectives. The integration of bottom-up innovations 
and local solutions into national, regional, and global 
frameworks will foster a sustainable, just transition 
that addresses the diverse needs of communities 
while reinforcing global sustainability goals.

Further research and a way forward: As the Euro-
pean Green Deal strives to meet its ambitious sustain-
ability targets, future research should prioritise 
enhancing emerging frameworks that underpin sus-
tainable innovation. Building on lessons from estab-
lished tools such as CASI-F and BOLERO, integrating 
the complementary Candy Innovation Model, devel-
oped at La Salle – Ramon Llull University, offers  
a promising avenue for advancing both methodology 
and impact. With its structured approach spanning 
four key phases — challenges, ideas, development, 
and scalability — the model aligns closely with the 
principles of CASI-F and BOLERO, particularly in 
fostering multi-level stakeholder engagement and 
supporting scalable innovation solutions. As Pique et 
al. (2017) underscore, the model’s emphasis on 
addressing real-world challenges through collabora-
tive problem-solving provides invaluable insights for 
navigating complex sustainability issues, ensuring 
that local innovations are developed, tested, and 
scaled effectively in alignment with broader policy 
frameworks.

Originally developed to address regional innova-
tion needs in Catalonia, Spain, the approach has since 
expanded to other Spanish regions and is being 
adopted across Latin America through universities 
within the La Salle network. This broad implementa-

tion demonstrates the model’s adaptability across 
diverse geographical and cultural contexts. Future 
research should explore how this methodology can 
be integrated into national and EU-level policy 
frameworks to enhance sustainability efforts. 

Additionally, research should address the scala-
bility potential of sustainability projects within the 
EU context. Integrating this model into CASI-F pre-
sents an opportunity for enhanced cross-border col-
laboration, pooling expertise from industry, 
academia, government, and civil society. This integra-
tion ensures that local solutions to sustainability 
challenges are effective and adaptable across regions, 
aligning innovations with EU-wide sustainability 
targets. The model’s emphasis on testing, prototyping, 
and real-time feedback from diverse stakeholders will 
help develop policies that are both forward-looking 
and resilient to global challenges. Through continued 
adaptation and refinement, Europe can establish  
a more integrated, adaptive, and inclusive framework 
for achieving sustainability, empowering local com-
munities to contribute meaningfully to the broader 
transformation envisioned by the European Green 
Deal. 
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Trends and challenges  
of forecasting in the airline  
industry research

A B S T R A C T
This study aims to comprehensively review aviation forecasting research by identifying 
its bibliometric trends, evolving research areas, and thematic developments. It focuses 
on understanding the aviation industry’s research gaps, highlighting emerging trends, 
and offering insights into future forecasting innovations. A systematic literature review 
in the Scopus database used Preferred Reporting Items for Systematic Review and 
Meta-Analyses (PRISMA) and bibliometric analysis. It identified key patterns, influential 
publications, and emerging topics. A science mapping analysis was executed to 
pinpoint research trends in airline forecasting using Biblioshiny to visualise the network 
analysis and thematic evolution keywords mapping. The study categorised research 
trends and identified underexplored areas for future investigation. The findings reveal 
significant shifts in aviation forecasting research, with three distinct phases of 
publication growth and a surge in output from 2016 onwards. Passenger demand 
forecasting remains the most researched topic, though its growth has stabilised. 
Emerging issues such as customer behaviour, financial forecasting, and dynamic pricing 
have gained prominence, driven by advancements in machine learning and big data 
analytics. The study also highlights transitioning from traditional statistical methods to 
more advanced predictive techniques, emphasising real-time decision-making and 
operational efficiency. Established research areas, such as air cargo forecasting and 
fleet scheduling, have become more standardised, reducing the need for further 
innovation.
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Introduction

The airline industry is currently experiencing 
substantial growth in travel demand. International Air 
Transport Association (IATA) reports an annual 
compound average growth rate of approx. 3.7%. Pro-
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jections indicate that by 2035, the global number of 
travellers is expected to soar to around 7.2 billion, 
nearly doubling the number of passengers recorded in 
2016 (IATA, 2016). The aviation industry can address 
this projected growth by leveraging accurate forecast-
ing across all operational and strategic levels. This 
remarkable increase in demand presents a significant 
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challenge for the airline industry, as it requires precise 
forecasting to manage and optimise revenue expecta-
tions effectively. 

Forecasting is fundamental to decision-making 
(Winkowski, 2019) and is critical across various avia-
tion sectors. Accurate travel demand information is 
important for transportation systems, especially for 
the airline industry (Samli et al., 2021). In airline 
operations, accurate forecasting is essential for deter-
mining optimal flight frequencies, route allocations, 
and seat capacities to avoid overcapacity or shortages, 
thereby maximising load factors and improving over-
all profitability (Wang & Gao, 2021). Short-term 
decisions, such as flight schedules, pricing strategies, 
marketing campaigns, and crew rostering, rely heavily 
on demand forecasts. Long-term strategic planning, 
including fleet acquisition, emission, workforce allo-
cation, resource investment, and network expansion, 
also depends on demand projections. Airport opera-
tors use demand forecasting as the foundation of air-
port master plans, which guide infrastructure 
expansion and significant capital investments to 
ensure sufficient capacity and operational efficiency 
(Sulistyowati et al., 2018). Policymakers rely on 
demand estimates to allocate budgets for air transpor-
tation and related sectors, while the aerospace indus-
try depends on accurate forecasts for developing and 
manufacturing aircraft, engines, and components. 
Moreover, demand forecasts are critical in determin-
ing the stock market performance of airlines (Caiado 
& Lúcio, 2023), as investors and stakeholders closely 
monitor demand trends to assess airline companies’ 
financial health and future profitability. Local com-
munities also benefit from accurate air travel forecasts, 
as these estimates determine air transportation net-
works and regional connectivity.

Numerous research efforts have been devoted to 
addressing forecasting-related challenges in the avia-
tion industry. Key areas of focus include predicting 
and mitigating flight delays (Li et al., 2023), optimis-
ing flight routing paths, addressing the impacts of 
weather and climate change, and improving spare 
parts inventory management and maintenance strate-
gies to reduce operational disruptions. The growing 
emphasis on environmental sustainability has led 
researchers to explore demand forecasting for CO2 
emissions reduction in the aviation sector (Huang et 
al., 2023). 

Airlines were compelled to adopt new adaptive 
and robust revenue management strategies that con-
tinuously monitored key metrics to respond dynami-
cally to market fluctuations (Vinod, 2022). These 

adjustments underscored the importance of incorpo-
rating flexible forecasting models that can adapt to 
sudden disruptions and evolving market conditions. 
Methods relying solely on historical data without tra-
ditional demand forecasting and optimisation have 
also been proposed to enhance forecasting accuracy in 
highly uncertain environments (van Ryzin & McGill, 
2000).

Forecasting became incredibly challenging dur-
ing the COVID-19 pandemic, as sudden disruptions 
rendered historical demand patterns less meaningful 
and necessitated new forecasting approaches. Studies 
have explored passenger demand variations across 
segments during the pandemic (Li et al., 2023) and the 
recovery of airfreight operations using time series 
analysis (İnan, 2022). Furthermore, Caiado and Lúcio 
(2023) proposed clustering methods to compare 
financial time series and analyse the pandemic’s 
impact on the US stock market. Wang et al. (2020) 
studied predictors for international stock markets 
during the spread of COVID-19, while Ye et al. (2023) 
analysed the pandemic’s impact on the airline indus-
try. Their findings highlighted the importance of 
workforce planning and human resource management 
in adapting to the industry’s disruptions.

Given the critical role of forecasting and the 
dynamic nature of the aviation industry, systematic 
reviews of relevant studies have become meaningful 
and necessary. Over the past decades, several signifi-
cant efforts have been made to review and summarise 
advancements in this field to provide insights into 
effective forecasting practices and future research 
opportunities. Based on Zachariah et al. (2023), fore-
casting future demand for the aviation industry is 
critical, as it relies on a thorough understanding of 
various demand determinants. They also conducted  
a notable study evaluating aviation demand research 
and assessing the effectiveness of various forecasting 
techniques, providing valuable insights into the evolv-
ing landscape of demand modelling. Wang et al. 
(2022) provided a detailed review of the flight opera-
tion process, identifying flight delays as the most criti-
cal irregular flight issue. Their findings highlighted 
that delays are primarily caused by severe weather and 
other factors such as airline planning, air traffic con-
trol, airspace flow restrictions, and military activities, 
which also contribute to the problem.

Although extensive studies have been conducted, 
certain emerging and evolving areas in aviation fore-
casting remain underexplored. Addressing these gaps 
is the primary motivation for this literature review, 
which employs a bibliometric analysis to uncover key 
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trends and research opportunities. This work high-
lights key focus areas for airline managers to gain  
a competitive advantage by concentrating on emerg-
ing research trends. For areas where research is 
becoming less relevant or more standardised, practi-
tioners can focus on applying established best prac-
tices to maintain operational efficiency and optimise 
decision-making. This study aims to provide a holistic 
view of forecasting research in the aviation industry, 
with specific contributions as outlined below:
•	 RQ1: Identifying bibliometric research trends and 

global focus in forecasting or prediction in the 
aviation industry.

•	 RQ2: Evolving research areas and trends in the 
field of airline forecasting.

•	 RQ3: Thematic evolution and keyword shifts 
using co-citation analysis.

•	 RQ4: Topic mapping and emerging directions in 
aviation forecasting
The following chapters explore the identified 

challenges and trends in aviation demand forecasting, 
offering detailed bibliometric analysis and highlight-
ing emerging research themes for future exploration. 
Chapter 1 examines the topics within the context of 
airline forecasting. Chapter 2 explains the methodol-
ogy used for bibliometric analysis. Chapter 3 presents 
the findings from the bibliometric analysis, and the 
final chapter discusses the results and provides the 
conclusions.

1.	Literature review

Forecasting presents a major challenge in the avia-
tion industry and relies on accurate demand predic-
tions. Moreover, revenue management (RM) depends 
on classifying demand based on historical demand 
patterns and consumer behaviour (Selc̣uk & Avṣar, 
2019). An essential focus within this industry is mod-
elling demand over the sales horizon, spanning studies 
of air transport demand at international, regional, 
national, intercity, and airport levels (Zachariah et al., 
2023). Over recent years, the collaborative efforts of 
academic researchers and industry professionals have 
significantly propelled advancements in aviation 
forecasting. Many studies have been conducted 
employing linear and nonlinear models to predict 
passenger and cargo demand, with some even delving 
into the intriguing realm of demand prediction based 
on customer sentiment (Iddrisu et al., 2023).

Numerous studies in the aviation sector have 
focused on forecasting and predictive analysis, cover-

ing aspects such as passenger and cargo demand, 
flight delays, weather and climate change, route 
adjustments, maintenance, spare parts management, 
emissions, and fuel consumption. These critical areas 
of research can generally be categorised into several 
key domains.

The most prominent key domain is in forecasting 
demand for passengers. The demand for air travel 
continues to rise, accompanied by dynamic changes in 
passenger preferences, making forecasting an excep-
tional challenge for the aviation industry. Conse-
quently, commercial aviation heavily relies on reliable 
travel demand predictions (Zachariah et al., 2023).  
A comprehensive assessment has been conducted 
concerning the prediction of passenger demand 
(Zachariah et al., 2023; Banerjee et al., 2020; Wang  
& Gao, 2021), including ticket pricing (Abdella et al., 
2021). The use of demand forecasting is leveraged by 
airlines and airports for capacity planning, such as 
predicting passenger connectivity (Guimarães et al., 
2022), determining airport infrastructure needs 
(Nieto & Carmona-Benítez, 2021), forecasting cargo 
space in combination carriers (Tseremoglou et al., 
2022), and personalised customer experiences by 
considering customer behaviour (Sznajder et al., 
2023). As Zachariah et al. (2023) summarised, the 
methods used in demand forecasting include econo-
metric, statistical, machine learning, artificial intelli-
gence, and hybrid models. Additionally, many studies 
have compared statistical methods with machine 
learning approaches, such as the research by FAN et al. 
(2023), which compared time series forecasting meth-
ods with machine learning, assessing forecast accuracy 
through RMSE error values.

Following demand forecasting, flight delay pre-
diction has emerged as the second most extensively 
studied area. This prominence is due to the significant 
impact that flight delays have on both operational 
efficiency and passenger satisfaction. Various factors, 
including severe weather conditions, air traffic control 
issues, airline scheduling problems, military activities, 
and other reasons, typically cause flight delays (Wang 
et al., 2022). Besides, flight delays can affect many fac-
tors, such as operational efficiency and airline service 
quality (Wang & Pan, 2022). The complexity of these 
factors necessitates the use of advanced predictive 
models. Wang et al. (2022) categorised flight delay 
prediction methods into traditional statistical analysis, 
simulation modelling and queuing theory, and 
machine learning methods. Conventional statistical 
analysis methods are usually used to predict data 
trends and characteristics. The methods used for flight 
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delay predictions include time series, regression mod-
els, and correlation analysis. Several studies discussing 
time series were conducted by Wang et al. (2019), 
which addressed the flight delay situation by using 
time delay stability.

The flight delay prediction method based on simu-
lation uses operations research to analyse, calculate the 
model, evaluate the results, and compare the appropri-
ate case to achieve better predictions (Tascón & Díaz 
Olariaga, 2021; Lee et al., 2020). Flight delays have 
become increasingly prevalent, and forecasting related 
to climate change to meet the needs of airlines and 
issues associated with global warming and carbon 
emissions generated by aircraft (Oguntona, 2020). The 
machine learning method is based on artificial intelli-
gence derived from a large amount of flight data. Sev-
eral machine learning techniques include decision 
trees (Kang et al., 2021), Bayesian networks (Yang et 
al., 2023), random forests (Tang, 2021), k-nearest 
neighbours, support vectors, and deep learning. 

Another airline forecasting topic is that contem-
porary climate science and weather forecasting studies 
increasingly integrate advanced computational tech-
niques to address complex environmental challenges. 
Several studies focus on utilising machine learning and 
AI techniques (Choi et al., 2016), such as random for-
ests, to improve the accuracy of weather predictions 
(Williams, 2014). This weather forecasting includes 
applications in wind forecasting and predicting exhaust 
gas temperature margins in aero-engines using transfer 
learning techniques (YAN et al., 2022). Additionally, 
significant attention is being given to developing data-
driven models for wind forecasting and the prediction 
of thunderstorms, which are critical for improving the 
safety and efficiency of air travel (Andrés et al., 2021). 
The airline industry operates in a much more complex 
environment, which became especially true during the 
COVID-19 and post-COVID era, where passenger 
and cargo markets have gained significance. The situa-
tion resulted in numerous disruptions and uncertain-
ties. COVID-19 has disrupted societies and economies 
worldwide, with the aviation sector experiencing one 
of the most catastrophic impacts (Suau-Sanchez et al., 
2020). The COVID-19 pandemic caused a drastic drop 
in passenger air transport demand due to two forces: 
supply restriction and demand depression. Li et al. 
(2023) proposed a method separating the two COVID-
19 forces and evaluating the respective impact on 
demand. It involves dividing passengers into segments 
based on passenger characteristics, simulating differ-
ent scenarios, and predicting demand for each pas-
senger segment in each scenario.

2.	Research methods

This research uses a bibliometric analysis to assess 
the evolving interest in this topic, focusing on the 
number of publications during the specified period. 
The study was based on data retrieved from the Scopus 
database, which is more comprehensive, encompasses 
the most extensive peer-reviewed data, and is widely 
used in several bibliometric analyses (Asif et al., 2020). 
It identified the use of forecasting in the airline indus-
try and the methods employed. Subsequently, Bibli-
oshiny was used to create a classification of research 
subareas and developed to visualise the network analy-
sis and the thematic evolution of keyword mapping. 
The Scopus database was used because it is recognised 
as the most extensive repository of abstracts and refer-
ences from peer-reviewed literature (Pérez-Acebo et 
al., 2018). The ensuing section provides details regard-
ing the specific database employed in this investigation.
•	 Database: Scopus
•	 Period of data: 1964 to 2023

This study involved a comprehensive literature 
assessment that adopts the Preferred Reporting Items 
for Systematic Review and Meta-Analyses (PRISMA) 
methodology. This approach allows for identifying and 
evaluating the most relevant and appropriate research 
through several criteria (Rahman et al., 2023). Fig. 1 
established a knowledge base on forecasting in the air-
line industry. The methodology comprises the follow-
ing steps:

1.	 Defining the search criteria. This step involves 
selecting keywords. While investigating the Scopus 
database, specific keyword strings were utilised to 
ensure the inclusion of all relevant publications, 
including “forecast” OR “forecasting” in conjunction 
with “airline”, OR “predict”, “demand”, AND “airline”.

2.	 Search and screening. The second phase 
entailed the quest for documents to scrutinise. Initially, 
1465 documents were found. Subsequently, a language 
restriction was applied to focus on English. Several 
criteria for exclusion and inclusion were used to refine 
the selection and achieve a final set of articles meeting 
the study’s parameters. These articles were further 
assessed and chosen based on their relevance to the 
study’s objectives, incorporating keywords, abstracts, 
titles, and source type considerations. 

3.	 Publication information processing. This step 
identified articles related to the author’s name, journal, 
and title to determine the presence of any duplications.

4.	 Document characteristics analysis. The study 
involved analysing information extracted from 820 
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publications indexed in Scopus. Descriptive statistics 
were employed to conduct trend analyses of growth.

5.	 Scientific mapping analysis. In this step, the 
database was examined using various software tools. 
Biblioshiny was employed to analyse the network of 
keywords and authors and create thematic and key-
word evolution maps.

6.	 A quantitative review of airline forecast and 
prediction. A quantitative analysis focused on numer-
ous studies addressing various aspects of airline fore-
casting and prediction. Through this analysis, emerging 
subjects were identified, and the research requirements 
for the future of this field were charted.
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Fig. 1. Framework of the review paper 

 
 3. Research results

3.1. RQ1: Bibliometric trends and global 
research focus

The bibliometric analysis encompasses 820 docu-
ments recorded from 1964 to 2023, providing an 
overview of the distribution of scientific publications 
identified in Scopus. The annual production of publi-
cations (Fig. 2) indicates three distinct phases. The 
first phase (1964–2000) had a consistent output of 
one to two publications annually. The second phase 
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Fig. 2. Total publications per year 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Patterns of cumulative papers published in the six most productive countries 
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Tab. 1. Ten most globally cited documents 

MOST CITED DOCUMENT PUBLICATION YEAR AVERAGE CITATION PER YEAR TOTAL CITATIONS 

(Colizza et al., 2006) 2006 45.78 824 

(Gui et al., 2020) 2020 42.75 171 

(Gudmundsson Et Al., 2021) 2021 34.67 104 

(McGill & Van Ryzin, 1999) 1999 31.44 786 

(Baptista et al., 2018) 2018 27.83 167 

(Lamb et al., 2020) 2020 22.25 89 

(Hadavandi et al., 2010) 2010 21.14 300 

(Liu et al., 2021) 2021 21.33 64 

(Elsaid et al., 2018) 2018 16.50 99 

(Zhang & Graham, 2020) 2020 16.25 65 

 
 
Tab. 2. Classification by field of airline forecasting 

TYPE OF FORECASTING/PREDICTION 1964-2005 2006-2010 2011-2015 2016-2020 2021-2023 TOTAL PAPERS 

Demand passenger 55 34 55 58 39 241 

Flight delay 5 9 16 54 33 117 

Air traffic 10 6 6 22 19 63 

Weather 16 10 9 9 11 55 

Maintenance-spare part 10 5 3 16 15 49 

Financial 12 6 5 8 16 47 

Route 6 5 7 19 9 46 

Customer behavior and competition 3 1 2 18 16 40 

Price 2 1 7 15 13 38 

Aircraft and engine 15 3 4 9 1 32 

Fleet and scheduling 5 8 5 3 4 25 

Airport capacity 6 3 2 3 4 18 

Fuel and emission 1 3 1 9 4 18 

Risk 0 1 5 8 4 18 

Cargo 2 2 4 3 2 13 
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(2001–2015) saw a moderate increase, averaging 20 
publications annually. The final phase (2016–2023) 
demonstrated significant growth, averaging 55 publi-
cations annually, reflecting an increased academic 
focus on aviation forecasting.

In the early 2000s, the USA led aviation research, 
primarily focusing on forecasting passenger demand 
(32% of studies). Flight delay prediction (15%) and 
weather (11%) were the second and third most 
prominent topics, respectively. In 2006, research on 
flight delays increased, while studies on economic 
issues declined. In China, aviation forecasting 
research experienced a steady upward trend starting 
in 2007. The topics most studied in China were flight 
delays (24%), passenger demand (19%), and spare 
parts (11%). Research on spare parts emerged in 
2016, and studies on flight delays began in 2011. 
These trends are visually represented in Fig. 3, high-
lighting the topic distribution by country over time.

The top ten highly cited publications and authors 
on airline forecasting are listed in Table 1. The most 
frequently cited study is by Colizza et al. (2006), 
which models the global spread of diseases through 
large-scale airport networks using a stochastic com-
putational framework. This framework incorporates 
the international air transportation network and 
population data to evaluate outbreak scenarios and 
containment policies. Another highly cited publica-
tion by Gui et al. (2020) uses big data and machine 
learning models to predict flight delays. Their find-
ings indicate that while the Long Short-Term Memory 

 
Tab. 1. Ten most globally cited documents 

MOST CITED DOCUMENT PUBLICATION YEAR AVERAGE CITATION PER YEAR TOTAL CITATIONS 

(Colizza et al., 2006) 2006 45.78 824 

(Gui et al., 2020) 2020 42.75 171 

(Gudmundsson Et Al., 2021) 2021 34.67 104 

(McGill & Van Ryzin, 1999) 1999 31.44 786 

(Baptista et al., 2018) 2018 27.83 167 

(Lamb et al., 2020) 2020 22.25 89 

(Hadavandi et al., 2010) 2010 21.14 300 

(Liu et al., 2021) 2021 21.33 64 

(Elsaid et al., 2018) 2018 16.50 99 

(Zhang & Graham, 2020) 2020 16.25 65 

 
 
Tab. 2. Classification by field of airline forecasting 

TYPE OF FORECASTING/PREDICTION 1964-2005 2006-2010 2011-2015 2016-2020 2021-2023 TOTAL PAPERS 

Demand passenger 55 34 55 58 39 241 

Flight delay 5 9 16 54 33 117 

Air traffic 10 6 6 22 19 63 

Weather 16 10 9 9 11 55 

Maintenance-spare part 10 5 3 16 15 49 

Financial 12 6 5 8 16 47 

Route 6 5 7 19 9 46 

Customer behavior and competition 3 1 2 18 16 40 

Price 2 1 7 15 13 38 

Aircraft and engine 15 3 4 9 1 32 

Fleet and scheduling 5 8 5 3 4 25 

Airport capacity 6 3 2 3 4 18 

Fuel and emission 1 3 1 9 4 18 

Risk 0 1 5 8 4 18 

Cargo 2 2 4 3 2 13 

 
 

(LSTM) model can handle aviation data, the random 
forest model provides higher accuracy and is more 
robust against overfitting. Gudmundsson et al. (2021) 
explored the relationship between economic strength 
and the airline industry’s recovery following the 
COVID-19 pandemic, finding a direct correlation 
between financial shocks and passenger or cargo traf-
fic.

3.2. RQ2: Evolving research areas  
and trends

This study identified and analysed 15 distinct 
research areas in aviation forecasting and prediction, 
as summarised in Table 2. The table illustrates the dis-
tribution and evolution of research focus across five 
periods, from 1964 to 2023. Passenger demand fore-
casting consistently emerged as the most researched 
topic, with 241 published papers reflecting its central 
role in airline operations and strategy. Flight delay 
prediction has seen significant publication growth 
since 2016, ranking second with 117 papers. This 
increase highlights the growing importance of mini-
mising delays to enhance operational efficiency and 
customer satisfaction (Wang et al., 2022; Wang & Pan, 
2022). Other areas, such as traffic demand, mainte-
nance spare parts, risk analysis, and customer behav-
iour, show an upward trend, indicating increased 
interest in optimising operational aspects through 
personalised services and big data. In contrast, tradi-
tional topics like aircraft and engine research have 
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Fig. 4. Bubble chart analysis: growth vs rank of total papers  
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Fig. 4. Bubble chart analysis: growth vs rank of total papers 

experienced a decline, suggesting advancements or 
shifting priorities. Fleet scheduling and airport capac-
ity have also shown reduced publication volumes. 
Emerging areas, including customer behaviour, com-
petition, and financial forecasting, have gained promi-
nence, driven by the rise of big data and more nuanced 
market analysis.

Fig. 4 presents a bubble chart depicting the year-
to-year growth of research publications across the 15 
areas. Passenger demand forecasting ranks first in vol-
ume, as indicated by its large bubble size, but shows  
a low growth rate, indicating slower expansion despite 
its significance. Flight delay prediction ranks second 
and exhibits a high growth rate, signifying its rising 
importance. Mid-ranking topics, such as traffic 
demand and spare parts forecasting, display notable 
growth, likely due to advancements in data analytics 
and the need for precision in forecasting. Emerging 
areas, like customer behaviour, competition, and fare 
pricing show rapid growth, reflecting shifting academic 

interest. Under-researched topics, such as fuel and 
emissions and risk forecasting, are indicated by small 
bubble sizes, highlighting potential research opportu-
nities. Traditional areas, like aircraft and engine fore-
casting, show minimal growth and low volume, 
suggesting a shift in research priorities towards emerg-
ing challenges and operational complexities.

3.3. RQ3: Thematic evolution  
and keyword shifts

The study collected and analysed keywords from 
research publications from 1964 to 2023. Keyword 
occurrence frequency was employed to identify the 
most used terms and to determine potential future 
research directions. The evolution of research themes 
over time is illustrated in Fig. 5, highlighting different 
thematic transformations from 1964 to 2023. The 
keyword “revenue management” demonstrated con-
sistent use throughout this period. Keywords such as 
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“data mining”, “machine learning”, and related fore-
casting methodologies began to emerge around 2011 
and have since evolved to include terms like “random 
forest”, “data analytics”, “sentiment analysis”, and 
“LSTM”. Air cargo research was particularly promi-
nent between 2006 and 2015 but has declined. “Flight 
delay” research, prevalent from 2011 to 2015, became 
closely associated with machine learning studies. 
Between 2021 and 2023, research themes shifted 
towards advanced technologies and the impact of 
COVID-19, with machine learning remaining a cen-
tral focus alongside innovations in big data, continu-
ous pricing, and random forest methodologies.

3.4. RQ4: Topic mapping and emerging 
directions in aviation forecasting

Fig. 6 visually maps the evolution of trending 
research topics over time, illustrating the frequency 
and emergence of key terms in aviation forecasting. 
In the early years, foundational topics, such as tech-
nological forecasting, flight dynamics, and industrial 
economics, were prevalent, reflecting the industry’s 
initial focus on operational fundamentals. Over time, 
there was a marked shift towards more advanced 
computational methods and data-driven research. By 
the mid-2000s, terms like machine learning, deep 
learning, and prediction modelling began to domi-
nate, indicating the growing integration of emerging 
technologies into aviation research. The COVID-19 
pandemic, which emerged as a dominant research 
topic by 2020, further reshaped aviation research 
priorities. Studies on the industry’s recovery pros-
pects emphasised several core strategies, including 
operational resilience (Linden, 2021), lessons learned 
from successful recovery stories (Czerny et al., 2021), 
and the critical role of digital transformation in 
enhancing industry adaptability (Halpern et al., 
2021). Furthermore, the research explored defining 
attributes for resilience and sustainability in aviation, 
underlining the industry’s need to withstand future 
disruptions. Colizza et al. (2006) demonstrated the 
applicability of stochastic models in predicting epi-
demic transmission through airports. Li et al. (2023) 
expanded on this by leveraging forecasting models to 
evaluate the impact of the COVID-19 pandemic on 
passenger demand and operational strategies. Simul-
taneously, research increasingly focused on enhanc-
ing prediction accuracy and improving operational 
efficiency. Terms such as learning algorithms, flight 
delay prediction, and predictive maintenance became 

more frequent, reflecting the industry’s shift towards 
data-driven decision-making to optimise real-time 
operations. Collectively, these emerging trends illus-
trate how the aviation sector is evolving to integrate 
advanced forecasting methods and technological 
innovations, particularly in response to global dis-
ruptions.

Fig. 7 further illustrates the evolution of analyti-
cal methods over time. Traditional statistical meth-
ods, such as regression analysis and time series 
modelling, were dominant from 1964 to 2005, with  
a 100% usage rate. However, their prevalence steadily 
declined, reaching just 11% by 2021–2023. Simula-
tion and queuing theory methods, which were first 
employed between 2006 and 2010, peaked at 33% 
during that period but subsequently declined to 6% 
in the latest period. In contrast, machine learning 
methods — including decision trees, random forests, 
and deep neural networks — rose rapidly, becoming 
the dominant analytical approach by 2021–2023 with 
an 83% usage rate. This trend underscores the field’s 
increasing reliance on machine learning to manage 
complex aviation challenges and improve prediction 
accuracy.

Emerging topics and strategic opportunities. 
Topic mapping reveals several emerging themes that 
airline managers can leverage to gain a competitive 
edge. Machine learning, deep learning, and customer 
behaviour analysis are critical for developing accurate 
demand forecasts, predictive maintenance, and cus-
tomer-centric strategies. Sentiment analysis high-
lights the growing emphasis on passenger feedback 
and experience in operational decisions, while con-
tinuous pricing reflects the trend toward dynamic 
and real-time pricing strategies to maximise revenue. 
Practitioners can enhance operational decision-
making and develop adaptive, real-time responses to 
evolving market conditions by focusing on these 
emerging topics.

Sinking topics and standardisation. Conversely, 
topic mapping highlights areas where research inter-
est has stabilised or declined. Air cargo forecasting, 
fleet scheduling, and traditional statistical methods 
have become more standardised, reflecting their 
diminished relevance in addressing new challenges. 
The industry has primarily developed best practices 
for these areas, reducing the need for further research. 
Practitioners in these domains should focus on apply-
ing proven solutions and optimising existing pro-
cesses to maintain operational efficiency without 
significant innovation.



32

Volume 17 • Issue 2 • 2025
Engineering Management in Production and Services

 

Fig. 6. Mapping of trend topics  

 

 

 

Fig. 7. Number of articles using machine-learning methods 

 
 

 

100%

56%

38%

7% 11%
0%

33%
25%

18%

6%
0%

11%

38%

75%
83%

1964-2005 2006-2010 2011-2015 2016-2020 2021-2023

Pa
pe

rs
 u

se
d 

m
et

ho
ds

 (%
)

Year
Traditional statistical analysis
- time series
- regression
- correlation analysis

Simulation and queueing theory
- simulation modeling
- queuing theory

Machine learning
- decision tree
- random forest
- bayesian network
- K-nearest neighbor
- support vector machine…

 

Fig. 6. Mapping of trend topics  

 

 

 

Fig. 7. Number of articles using machine-learning methods 

 
 

 

100%

56%

38%

7% 11%
0%

33%
25%

18%

6%
0%

11%

38%

75%
83%

1964-2005 2006-2010 2011-2015 2016-2020 2021-2023

Pa
pe

rs
 u

se
d 

m
et

ho
ds

 (%
)

Year
Traditional statistical analysis
- time series
- regression
- correlation analysis

Simulation and queueing theory
- simulation modeling
- queuing theory

Machine learning
- decision tree
- random forest
- bayesian network
- K-nearest neighbor
- support vector machine…

4.	Discussion of the results

This section synthesises key findings across bib-
liometric trends, thematic evolution, and technologi-
cal advancements to address the four research 
questions (RQ1–RQ4). 

RQ1. The bibliometric analysis of aviation fore-
casting research revealed significant shifts in publica-

tion trends and geographical research focus from 
1964 to 2023. Three distinct phases of publication 
growth were identified, with a notable increase in 
research output from 2016 onwards, signalling 
heightened academic interest. This growth aligns 
with global advancements in data analytics and the 
increasing complexity of aviation operations. Geo-
graphically, the USA initially led aviation forecasting 
research, with passenger demand forecasting being 
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the most studied topic (32%). The focus later 
expanded to flight delay prediction and weather-
related studies. China followed with a steady upward 
trend in aviation research, particularly on flight 
delays and spare parts forecasting, reflecting the 
country’s expanding aviation industry. These findings 
indicate that regional aviation market needs and 
economic priorities significantly influence research 
directions. Highly cited publications reflect the inte-
gration of advanced methodologies such as machine 
learning and stochastic modelling. For instance, 
Colizza et al. (2006) applied network-based stochastic 
models to disease transmission through airports, 
demonstrating the relevance of aviation research in 
broader public health contexts. The prominence of 
machine learning models like random forest and 
LSTM in predicting flight delays underscores the shift 
towards more data-driven, predictive analytics 
approaches in aviation forecasting.

RQ2. The study identified 15 distinct research 
areas, with passenger demand forecasting consist-
ently dominating the field due to its strategic impor-
tance for airline operations. Flight delay prediction 
has grown significantly since 2016, driven by opera-
tional efficiency improvements and rising customer 
expectations. Emerging topics, such as customer 
behaviour, financial forecasting, and competition 
analysis, have gained traction, influenced by the pro-
liferation of big data and evolving market dynamics. 
Conversely, traditional research areas such as aircraft 
and engine performance have declined, likely due to 
advancements in these fields or shifting research pri-
orities. The bubble chart analysis illustrates varying 
growth rates across research areas. Passenger demand 
forecasting remains the most studied topic but shows 
slower growth, reflecting its established status. In 
contrast, flight delay prediction and emerging areas 
like customer behaviour exhibit rapid growth, indi-
cating increasing interest and potential for future 
research. Under-researched areas such as fuel and 
emissions forecasting present opportunities for inno-
vation, particularly in light of sustainability and regu-
latory challenges.

RQ3. The evolution of research themes highlights 
a transition from traditional statistical methods to 
machine learning and big data-driven approaches. 
Early studies relied heavily on time series and regres-
sion analyses, but more advanced techniques have 
largely supplanted these methods. By 2021–2023, 
machine learning methods, including decision trees, 
random forests, and deep neural networks, became 
dominant, reflecting their superior accuracy and 

adaptability in managing aviation complexities. Key 
terms like “machine learning”, “data mining”, and 
“sentiment analysis” emerged post-2011 and have 
evolved to encompass more specialised methodolo-
gies. COVID-19 research themes emerged promi-
nently after 2020, further underscoring the aviation 
industry’s adaptive response to global crises. Continu-
ous pricing and predictive maintenance also surfaced 
as critical areas, indicating a strategic shift towards 
real-time decision-making and dynamic operational 
adjustments.

RQ4. Topic mapping revealed distinct patterns in 
emerging and declining research areas. Emerging 
areas, like machine learning, customer behaviour 
analysis, and sentiment analysis, are poised to trans-
form aviation forecasting by enabling more accurate 
demand forecasts and customer-centric strategies. 
Continuous pricing further highlights the shift 
towards dynamic pricing models for revenue optimi-
sation. On the other hand, areas like air cargo fore-
casting and fleet scheduling have become more 
standardised, reducing the need for further research. 
These areas have established best practices, indicating 
industry maturity. However, underexplored topics 
such as fuel and emissions forecasting remain critical 
for addressing sustainability and regulatory compli-
ance, presenting opportunities for future research 
and innovation. The COVID-19 pandemic catalysed 
a shift in research priorities, emphasising the impor-
tance of resilience, adaptability, and digital transfor-
mation in aviation recovery. Applying stochastic 
models and forecasting tools further underscores the 
industry’s proactive approach to mitigating risks and 
enhancing operational efficiency. Future research 
should focus on deepening the understanding of 
predictive technologies and expanding studies on 
resilience and sustainability to navigate future disrup-
tions effectively. Expanding this area could help the 
industry develop robust long-term strategies to with-
stand financial shocks and market disruptions, ensur-
ing sustainable recovery and growth. Conversely, 
topic mapping highlights areas where research inter-
est has stabilised or declined. Air cargo forecasting, 
fleet scheduling, and traditional statistical methods 
have become more standardised, reflecting their 
diminished relevance in addressing new challenges. 
The industry has largely developed best practices for 
these areas, reducing the need for further research. 
Practitioners in these domains should focus on apply-
ing proven solutions and optimising existing pro-
cesses to maintain operational efficiency without 
significant innovation. 
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Despite topic diversification, certain themes 
remain under-researched, presenting key challenges 
in airline forecasting. However, fuel and emissions 
forecasting remains a niche research area critical for 
addressing sustainability and regulatory concerns. 
Expanding research in this direction presents an 
opportunity for innovation in sustainability initia-
tives and compliance strategies. Economic resilience 
in the face of financial shocks, particularly post-pan-
demics, is crucial for developing robust long-term 
operational strategies. The pandemic’s impact has 
also highlighted the importance of economic resil-
ience research, which remains under-explored. 
Expanding this area could help the industry develop 
robust long-term strategies to withstand financial 
shocks and market disruptions, ensuring sustainable 
recovery and growth. Addressing these challenges 
will be essential for the aviation sector to adapt to 
evolving complexities and achieve sustainable indus-
try resilience.

Conclusions

This study has successfully addressed its objec-
tives and research questions (RQ1–RQ4) by compre-
hensively analysing aviation forecasting trends, 
thematic evolution, and emerging opportunities. 
Bibliometric analysis revealed significant shifts in 
publication trends from 1964 to 2023, driven by 
advancements in data analytics and aviation com-
plexity. Passenger demand forecasting remains the 
most researched area due to its strategic importance 
for airline operations, while emerging topics in cus-
tomer behaviour, financial forecasting, and competi-
tion analysis have gained prominence. Thematic 
evolution highlighted the transition from traditional 
statistical methods to machine learning and big data-
driven approaches, underscoring aviation’s increasing 
reliance on predictive analytics. Topic mapping 
emphasised emerging areas in sentiment analysis and 
dynamic pricing, reflecting evolving customer expec-
tations and the need for real-time decision-making. 
Established areas like air cargo forecasting and fleet 
scheduling have become more standardised, indicat-
ing industry maturity and reduced research demand.

This work highlights key focus areas for airline 
managers to gain a competitive advantage by concen-
trating on emerging research trends and data-driven 
approaches. For stabilised research areas like fleet 
scheduling, practitioners can focus on applying 
established best practices to maintain operational 

efficiency and optimise decision-making processes. 
Future research should prioritise underexplored areas 
in fuel and emissions forecasting, economic resil-
ience, and sustainability to address evolving regula-
tory and environmental challenges. Additionally, 
advancing research on real-time pricing, customer 
behaviour analysis, and predictive maintenance will 
ensure sustainable growth and resilience in the avia-
tion industry as it adapts to new complexities and 
global disruptions.
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Enhancing airport services:  
data-driven analysis of passenger 
satisfaction and service quality  
in Southeast Asia

A B S T R A C T
Airports encompass a range of service touchpoints that directly impact passenger 
satisfaction and, consequently, the likelihood of service recommendation. This study 
investigates the service quality of Southeast Asian airports by applying five supervised 
machine learning classification models — decision trees, random forests, support 
vector machines, neural networks, and gradient boosting machines — on passenger 
satisfaction data extracted from the Skytrax website. The dataset includes evaluations 
of various service dimensions, such as staff behaviour, queuing time, and overall 
experience. This study incorporates cross-validation and hyperparameter tuning to 
identify the most suitable model for classifying passenger satisfaction. Among the 
models tested, the random forest classifier achieved the highest accuracy (0.91), 
demonstrating strong robustness and interpretability. Model performance was 
assessed using confusion matrices, balanced accuracy, the Matthews correlation 
coefficient (MCC), and ROC curves. Furthermore, SHAP values were used to identify 
the most influential service touchpoints, highlighting airport staff performance and 
queue management as key factors. These findings align with existing literature 
emphasising the pivotal role of well-trained airport employees and efficient queuing 
systems in shaping positive passenger experiences. Studies have shown that courteous 
staff interactions, efficient conflict resolution, and reduced waiting times significantly 
contribute to customer satisfaction and loyalty. Additionally, the integration of smart 
technologies such as self-service kiosks, automated security systems, and touchless 
check-in and baggage solutions enhances operational efficiency and aligns with 
sustainability initiatives. This study offers a data-driven approach for airport managers 
to optimise service delivery, increase passenger experiences, and tailor improvements 
to specific airport environments.
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Introduction

Air transportation continues to be a vital mode of 
transport, reaching a peak of 37.52 billion passengers 
in 2019. However, the outbreak of the COVID-19 
pandemic led to a dramatic reduction in passenger 
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numbers, plummeting to 15.57 billion in 2020 (World 
Bank Group, 2024), as illustrated in Fig. 1. The slow 
recovery of air travel in the Asia–Pacific region can be 
attributed to strict travel restrictions, slower vaccina-
tion rollouts, and prolonged lockdowns, collectively 
hindering its aviation sector. In contrast, North 
America and Europe exhibited recovery signs as early 
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as the first half of 2021 due to robust immunisation 
campaigns, relaxed travel restrictions, and a swift 
resurgence in domestic travel demand. Despite these 
improvements, a full recovery to prepandemic levels is 
not anticipated until the latter half of 2024. This pro-
longed recovery period highlights the complexities 
associated with international travel, necessitating 
harmonised travel regulations, elevated global vacci-
nation rates, and measures to rebuild passenger confi-
dence. The aviation industry is projected to recover 
fully by 2025 (ACI, 2023).

According to the ACI World, enhancing the cus-
tomer experience is the most effective strategy for 
increasing airport nonaviation revenue (NAR). An 
analysis of airport service quality (ASQ) data reveals 
that a 1% increase in the number of passengers is 
associated with a 0.7% to 1% increase in the NAR. 
Additionally, expanding the commercial area by 1% 
correlates with a 0.2% increase in the NAR, whereas  
a 1% improvement in overall passenger satisfaction 
results in an average 1.5% increase in the NAR (ACI, 
2021b). As airports increasingly adopt a commercial 
management approach, the value of customer feed-
back has become substantially more prominent.

The primary aim of this study is to enhance the 
overall service quality of airports by establishing  
a secure, efficient, and passenger-centric environ-
ment that exceeds user expectations and contributes 
to an improved travel experience. (Elshafey et al., 
2007). In 2006, airport service quality (ASQ) stood as 
the foremost global programme for benchmarking 
airport passenger services that evaluated customer 

satisfaction with airport facilities. ASQ provides 
objective metrics that assist airports in enhancing 
their performance and delivering competitive ser-
vices to passengers. To help airports assess their per-
formance in passenger services and comprehend 
passenger expectations (ACI, 2022).

Despite various challenges, digital solutions have 
been pivotal in addressing these issues. In 2020, 
investment in airports increased by 40% to improve 
capacity, operations, and the passenger experience 
(Zaharia & Pietreanu, 2018). Airports, which are 
complex environments offering a range of services, 
require effective tools for evaluating service quality. 
Given the competitive environment of the aviation 
industry, airport management must prioritise the 
enhancement of operations and passenger satisfac-
tion. Consistent monitoring is essential to meet high 
service quality standards. The emergence of web-
based platforms, such as Skytrax, Google Reviews, 
TripAdvisor, and social media, provides valuable 
traveller feedback. These platforms allow travellers to 
rate and review airport services, providing valuable 
insights into various service aspects. This feedback is 
a rich information source for travellers, service pro-
viders, and other stakeholders. Owing to the substan-
tial volume of reviews available, machine learning is 
an effective tool for evaluating ASQ.

The competitive nature of the airport industry 
necessitates continuous improvement and innovation 
in service quality. This study leverages the Skytrax 
star rating system, a recognised measure of ASQ, 
which has improved through expertise in the field 

 

Fig. 1. Number of air passengers from 1970 to 2021  

Source: World Bank Group, 2024. Air transport, passengers carried. Retrieved from https://data.worldbank.org/indicator/IS.AIR.PSGR 

 

 

Fig. 2. Experimental model for enhancing airport services: data-driven analysis of passenger satisfaction and service quality in Southeast Asia 
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(Skytrax, 2024). By analysing nine key variables — 
including queuing time, cleaning, seats, signs, food, 
retail, Wi-Fi, staff, and recommendations — this 
research focuses on the busiest airports in Southeast 
Asia, a critical region for aviation revenue. The aim is 
to develop a nuanced understanding of the factors 
influencing passengers’ likelihood of recommending 
airports, particularly within the extended recovery 
timeline.

This study employs star ratings and recommen-
dation data (“yes”/“no”), converting these into 
numerical formats suitable for analysis. It applies five 
machine learning algorithms — decision trees, ran-
dom forests, support vector machines, neural net-
works, and gradient boosting machines — to the 
processed dataset. The objective is to devise a robust 
model for decision-making and strategic planning. 
This involves identifying factors that influence pas-
sengers’ likelihood of recommending an airport and 
developing a classification model that aligns airport 
services with passenger expectations.

This research holds particular significance for 
ASEAN countries for two main reasons. First, there is 
a noticeable paucity of academic literature addressing 
airport service quality within the region. Second, the 
aviation sector in ASEAN countries has experienced 
substantial growth in recent years, underscoring the 
need for comprehensive service evaluations. The pri-
mary objective of this study is to develop a robust 
classification model designed to align airport services 
with passenger expectations. This model identifies 
and analyses the key determinants that significantly 
impact passenger satisfaction.

The structure of this paper is organised as fol-
lows: Section 2 reviews the relevant literature, fol-
lowed by Section 3, which details the data collection 
process. Section 4 presents the experiments and 
results, and finally, Section 5 offers a conclusion.

1. Literature review

1.1. Airport service quality

Over the past two decades, the assessment of 
airport service quality (ASQ) has garnered significant 
attention within academic research. Studies by 
researchers such as Fodness and Murray (2007), Jiang 
and Zhang (2016), and Yeh and Kuo (2003) have 
predominantly utilised user surveys and expert evalu-
ations to explore ASQ, employing questionnaires 
designed to capture passenger opinions. These inves-

tigations have illuminated critical discrepancies 
between passenger perceptions and their expecta-
tions of service quality. Enhancing passenger satisfac-
tion has emerged as a key objective in airport 
management, directly influencing competitiveness 
and operational efficiency. The intricate relationship 
between airport aeronautical and non-aeronautical 
performance and passenger experiences has been 
well-documented in aviation scholarship (Wattan-
acharoensil et al., 2015). Notably, non-aeronautical 
revenue (NAR) has been identified as a vital contribu-
tor to the economic growth of the aviation sector. 
ASQ is widely acknowledged as a fundamental 
determinant of travellers’ experiences and has a sub-
stantial impact on their journeys (Bezerra & Gomes, 
2019; Del Chiappa et al., 2016; Freitas et al., 2021; 
Graham, 2009).

As the global benchmark established by the Air-
ports Council International (ACI) for evaluating 
passenger satisfaction, ASQ underscores the aviation 
sector’s dedication to not only meeting but exceeding 
passenger expectations (ACI, 2021a). A comprehen-
sive evaluation approach incorporating both internal 
and external assessments is essential to effectively 
assess service levels and passenger satisfaction. Fod-
ness and Murray (2007) emphasised the importance 
of systematically analysing passenger expectations to 
prioritise improvements across critical service 
dimensions, a sentiment echoed by Lubbe et al. 
(2011), who advocated for the integration of air trav-
ellers’ perspectives in service-level assessments. In 
their analysis, Bezerra and Gomes (2020) employed 
structural equation modelling (SEM) to investigate 
the interplay of factors influencing passenger satisfac-
tion, revealing insightful connections among passen-
ger expectations, ASQ, switching costs, and loyalty 
dynamics. Similarly, Isa et al. (2020) conducted  
a study focused on the klia2 terminal of Kuala Lumpur 
International Airport, identifying eight key dimen-
sions that contribute to overall passenger satisfaction 
through Partial Least Squares SEM (PLS-SEM).

Bulatović et al. (2023) utilised both ordinal 
regression and maximum likelihood structural equa-
tion modelling (ML SEM) to evaluate the efficacy of 
the Skytrax evaluation system, identifying facility 
comfort, wayfinding and signage, and restaurant 
outlets as significant indicators of airport service 
quality. The application of hybrid methodologies has 
been a notable trend in airport management research. 
For instance, Bakır et al. (2022) analysed online 
reviews of European airports using multiple regres-
sion analysis (MRA) and necessary condition analysis 
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(NCA), highlighting airport operators as pivotal 
influencers shaping passenger experiences. Addition-
ally, Pholsook et al. (2023) conducted a comprehen-
sive three-stage analysis to identify critical dimensions 
of ASQ, pinpointing airport facilities, wayfinding, 
and security as integral components essential for 
achieving overall passenger satisfaction.

With respect to digitisation, two prominent 
approaches have been adopted to obtain passenger 
sentiment: online questionnaires and data scraping 
from user-generated content (UGC). Digital and 
web-based online surveys enable airports to gather 
structured passenger opinions on various aspects of 
their experiences. Moreover, data scraping from pas-
senger reviews such as Google Maps (Alanazi et al., 
2024; Lee & Yu, 2018; Li et al., 2022), TripAdvisor 
(Nghiêm-Phú & Suter, 2018; Sezgen et al., 2019), 
Skytrax (Akan & Karataş, 2025; Alanazi, Li et al., 
2024; Bakır et al., 2022; Brochado et al., 2024; 
Bulatović et al., 2023; Bunchongchit & Wattanachar-
oensil, 2021; Halpern & Mwesiumo, 2021; Homaid & 
Moulitsas, 2023; Wattanacharoensil et al., 2017; Yavuz 
et al., 2020), X (Barakat et al., 2021; Booranakittipinyo 
et al., 2024; Martin-Domingo et al., 2019), and airport 
online channels (Arasli et al., 2023) provides reliable 
information from passengers. Notably, Abouseada et 
al. (2023) conducted quantitative research using data 
from Skytrax, TripAdvisor, and other review sites, 
illustrating the value of scraping data to capture 
authentic passenger sentiments. Although several 
alternative platforms of customer’s voice exist, Skyt-
rax is a respected platform in aviation, offering valu-
able passenger review data for airport management 
research. The utilisation of platforms such as Skytrax 
to incorporate UGC highlights a significant trend, 
allowing airports to remain responsive to passenger 
sentiments and improving services to meet evolving 
customer expectations (Pholsook et al., 2024).

In recent years, there has been a significant 
increase in the use of machine learning and natural 
language processing techniques for evaluating ASQ, 
with UGC often serving as a key data source for ana-
lysing user satisfaction. Some studies have applied 
lexicon-based sentiment analysis to assess traveller 
sentiment (Kiliç & Çadirci, 2022; Song et al., 2020), 
whereas others have utilised traditional machine 
learning algorithms (Eswaran et al., 2019; Sulu et al., 
2022). In research conducted by Rane and Kumar 
(2018), traveller sentiment was evaluated across six 
major U.S. airlines via seven classifiers, with the ran-
dom forest classifier identified as the most effective 
for their dataset.

There are few studies that specifically apply 
machine learning to analyse Skytrax data concerning 
traveller sentiments and airport services. Gitto and 
Mancuso (2017) undertook the analysis of passenger 
satisfaction by analysing passenger reviews on Skyt-
rax. Their analysis, which used the Semantria tool, 
classified reviews into positive, negative, or neutral 
sentiments. Moreover, Mizufune and Katsumata 
(2018) proposed a sentiment analysis approach 
employing latent Dirichlet allocation for the top 50 
ranked airports, showing improvements in predict-
ing review polarity. Recently, Pholsook et al. (2024) 
introduced a multimethod approach that focuses on 
leading Southeast Asian airports. Their findings 
identified queuing time and staff services as impor-
tant factors affecting airport service quality.

1.2. Data mining models

In the context of evaluating passenger satisfac-
tion with airport services in Southeast Asia, this 
research leverages several classification data mining 
models to derive meaningful insights from collected 
data. These models offer various methodologies for 
categorising and analysing passenger feedback, 
enhancing understanding and improving service 
delivery.

1.2.1. Decision tree algorithm

A decision tree algorithm is utilised for both clas-
sification and regression tasks (Lively et al., 2024; 
Naveen et al., 2023). This method works by recur-
sively dividing the dataset into smaller subsets on the 
basis of specific criteria, forming a tree-like structure. 
In this structure, internal nodes represent decisions 
on attributes, branches illustrate the outcomes of 
these decisions, and leaf nodes denote the final clas-
sifications. Therefore, the decision tree model uses 
the following equation to analyse the data:
• Splitting criteria:   

      
Entropy  

(H):𝐻𝐻𝐻𝐻(𝑆𝑆𝑆𝑆) =  −  ∑ 𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖 = 1𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 log2(𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖)        (1) 

Information gain (IG): 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑆𝑆𝑆𝑆,𝐴𝐴𝐴𝐴) = 𝐻𝐻𝐻𝐻(𝑆𝑆𝑆𝑆) −  ∑ |𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣|

|𝑆𝑆𝑆𝑆|𝑣𝑣𝑣𝑣∈𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝐴𝐴𝐴𝐴)  𝐻𝐻𝐻𝐻(𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣)      

• Tree construction: 
Recursive splitting: 
 Base case. If all samples within a node belong 

to a single class, generate a leaf node with that 
class label. 

 Feature selection. Identify the feature that 
provides the highest information gain. 

 Data splitting. e data are divided into 
subsets according to the values of the chosen 
feature. 

 Iteration. Recursively implement the above 
steps on each subset until a stopping 
condition is reached. 

Prediction: 
 Tree traversal. For a new instance, the tree is 

navigated according to its feature values until 
it arrives at a leaf node. 

 Classification. Assign the predicted class to 
the new instance on the basis of the majority 
class of the instances within that leaf node. 

In this study, decision trees are applied to classify 
passenger satisfaction levels, offering insights into 
the various factors that impact customer experiences 
at airports in Southeast Asia. 

 
1.2.2. RANDOM FOREST ALGORITHM 
 

A random forest algorithm, known for its 
robustness and accuracy, is utilised to test passenger 
recommendations for airport services (Braikia et al., 
2024). As an ensemble method, the random forest 
improves model reliability by aggregating 
predictions from multiple decision tree models to 
improve accuracy and robustness. A random forest 
performs a classification analysis as follows: 

Given 𝛭𝛭𝛭𝛭 decision trees, the prediction of the 
random forest for a classification problem is typically 
the mode (majority vote) of the predictions made by 
each individual tree. 

 
𝑦𝑦𝑦𝑦� = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑦𝑦𝑦𝑦�1, 𝑦𝑦𝑦𝑦�2, … , 𝑦𝑦𝑦𝑦�𝑀𝑀𝑀𝑀)      (2) 

 
where: 
𝑦𝑦𝑦𝑦� is the final class predicted by the random forest. 
𝑦𝑦𝑦𝑦�𝑖𝑖𝑖𝑖 is the class predicted by the 𝑖𝑖𝑖𝑖-th decision tree. 

is enables a comprehensive understanding of 
whether passengers are likely to recommend an 
airport service. 

 
1.2.3. SUPPORT VECTOR MACHINE (SVM)  
 

A support vector machine (SVM) is another 
supervised learning algorithm used in this research, 
primarily for classification tasks (Punne et al., 2024). 
Its capability extends to regression analysis 
and outlier detection. For classification, the support 
vector machine operates as follows: 

 
𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) = 𝑤𝑤𝑤𝑤 ∙ x + 𝑏𝑏𝑏𝑏                       (3) 

 
where: 
x is the input feature vector. 
w is the weight vector. 
b is the bias term.    

is study employs an SVM to explore 
classification outcomes related to passenger 
recommendations of airport services, aiming to 
identify influential factors. 

 
1.2.4. NEURAL NETWORK 

 
A neural network is a type of machine-learning 

model inspired by the structure and function of the 
human brain (Chinnarasri et al., 2012). It consists of 
interconnected layers of nodes (also called neurons) 
that process and transmit information. Neural 
networks are particularly well suited for tasks such as 
image recognition, speech processing, and complex 
pattern recognition. erefore, the neural network 
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where 𝑦𝑦𝑦𝑦 is the output of the neural network. 

is experiment uses a neural network to classify 
how each satisfaction level from various features 
determines the recommendation class for airport 
services. 
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• Splitting criteria:   
      
Entropy  

(H):𝐻𝐻𝐻𝐻(𝑆𝑆𝑆𝑆) =  −  ∑ 𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖 = 1𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 log2(𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖)        (1) 

Information gain (IG): 
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑆𝑆𝑆𝑆,𝐴𝐴𝐴𝐴) = 𝐻𝐻𝐻𝐻(𝑆𝑆𝑆𝑆) −  ∑ |𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣|

|𝑆𝑆𝑆𝑆|𝑣𝑣𝑣𝑣∈𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝐴𝐴𝐴𝐴)  𝐻𝐻𝐻𝐻(𝑆𝑆𝑆𝑆𝑣𝑣𝑣𝑣)      

• Tree construction: 
Recursive splitting: 
 Base case. If all samples within a node belong 

to a single class, generate a leaf node with that 
class label. 

 Feature selection. Identify the feature that 
provides the highest information gain. 

 Data splitting. e data are divided into 
subsets according to the values of the chosen 
feature. 

 Iteration. Recursively implement the above 
steps on each subset until a stopping 
condition is reached. 

Prediction: 
 Tree traversal. For a new instance, the tree is 

navigated according to its feature values until 
it arrives at a leaf node. 

 Classification. Assign the predicted class to 
the new instance on the basis of the majority 
class of the instances within that leaf node. 

In this study, decision trees are applied to classify 
passenger satisfaction levels, offering insights into 
the various factors that impact customer experiences 
at airports in Southeast Asia. 

 
1.2.2. RANDOM FOREST ALGORITHM 
 

A random forest algorithm, known for its 
robustness and accuracy, is utilised to test passenger 
recommendations for airport services (Braikia et al., 
2024). As an ensemble method, the random forest 
improves model reliability by aggregating 
predictions from multiple decision tree models to 
improve accuracy and robustness. A random forest 
performs a classification analysis as follows: 

Given 𝛭𝛭𝛭𝛭 decision trees, the prediction of the 
random forest for a classification problem is typically 
the mode (majority vote) of the predictions made by 
each individual tree. 

 
𝑦𝑦𝑦𝑦� = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑦𝑦𝑦𝑦�1, 𝑦𝑦𝑦𝑦�2, … , 𝑦𝑦𝑦𝑦�𝑀𝑀𝑀𝑀)      (2) 

 
where: 
𝑦𝑦𝑦𝑦� is the final class predicted by the random forest. 
𝑦𝑦𝑦𝑦�𝑖𝑖𝑖𝑖 is the class predicted by the 𝑖𝑖𝑖𝑖-th decision tree. 

is enables a comprehensive understanding of 
whether passengers are likely to recommend an 
airport service. 

 
1.2.3. SUPPORT VECTOR MACHINE (SVM)  
 

A support vector machine (SVM) is another 
supervised learning algorithm used in this research, 
primarily for classification tasks (Punne et al., 2024). 
Its capability extends to regression analysis 
and outlier detection. For classification, the support 
vector machine operates as follows: 

 
𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) = 𝑤𝑤𝑤𝑤 ∙ x + 𝑏𝑏𝑏𝑏                       (3) 

 
where: 
x is the input feature vector. 
w is the weight vector. 
b is the bias term.    

is study employs an SVM to explore 
classification outcomes related to passenger 
recommendations of airport services, aiming to 
identify influential factors. 

 
1.2.4. NEURAL NETWORK 

 
A neural network is a type of machine-learning 

model inspired by the structure and function of the 
human brain (Chinnarasri et al., 2012). It consists of 
interconnected layers of nodes (also called neurons) 
that process and transmit information. Neural 
networks are particularly well suited for tasks such as 
image recognition, speech processing, and complex 
pattern recognition. erefore, the neural network 
operates as follows: 
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is experiment uses a neural network to classify 
how each satisfaction level from various features 
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services. 

 
1.2.5. GRADIENT BOOSTING MACHINES  

 
Gradient boosting machines (GBMs) are 

deployed, offering potent capabilities for 

classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
2

 (6) 

is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
�(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)

     (7) 

 
where: 
TP = true positives 
TN = true negatives 
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classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
2

 (6) 

is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
�(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)

     (7) 

 
where: 
TP = true positives 
TN = true negatives classification and regression (Touzani et al., 2018). 

is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =  𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
2

 (6) 

is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
�(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)

     (7) 

 
where: 
TP = true positives 
TN = true negatives 

classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
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is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
�(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)

     (7) 

 
where: 
TP = true positives 
TN = true negatives 

FP = false positives 
FN = false negatives 

e MCC is especially valuable because it 
provides a balanced measure that works well even if 
the classes are very different sizes. A high MCC score 
in your model indicates a strong correlation between 
actual and predicted classes, suggesting reliable 
performance across “recommend” and “not 
recommend” categories. 

 
1.3.4. ROC CURVE  
 

e ROC curve is a graphical plot used to 
evaluate the performance of a binary classification 
model. It illustrates the trade-off between the true 
positive rate (sensitivity) and the false positive rate  
(1 — specificity) across different threshold settings 
(Chang & Newman, 2024). e key concepts of the 
ROC are as follows: 
• True positive rate (TPR). Also known as 

sensitivity or recall, the TPR measures the 
proportion of actual positives that are correctly 
identified by the model. 

• False positive rate (FPR) measures the 
proportion of actual negatives that are 
incorrectly identified as positive by the model. 

• ROC curve plots the TPR (y-axis) against the 
FPR (x-axis) for various threshold values. Each 
point on the curve represents a different decision 
threshold. A model with a perfect classifier 
would have a point at the top le corner (TPR = 
1, FPR = 0), representing 100 % sensitivity and 0 
% false positives. 

• Area under the curve (AUC) is a single scalar 
value that represents the overall performance of 
the model. It ranges from 0 to 1, where a model 
with an AUC of 1 indicates perfect performance 
and a model with an AUC of 0.5 indicates 
performance no better than random guessing. 
 

classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
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is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
�(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)

     (7) 

 
where: 
TP = true positives 
TN = true negatives 

classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 
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is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
�(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃)(𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁+𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁)

     (7) 

 
where: 
TP = true positives 
TN = true negatives 

classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
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is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
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     (7) 

 
where: 
TP = true positives 
TN = true negatives 

(6)

classification and regression (Touzani et al., 2018). 
is ensemble technique enhances predictive 
accuracy by aggregating the outputs of several weak 
learners, predominantly decision trees, to formulate 
a robust model. us, the GBM operates according 
to the following equation: 

 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) =  𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) +  𝜂𝜂𝜂𝜂 ∙  ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍)           (5) 

 
where: 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the model’s prediction aer 𝑚𝑚𝑚𝑚 iterations. 
𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚−1(𝓍𝓍𝓍𝓍) is the prediction from the previous 
iteration. 
ℎ𝑚𝑚𝑚𝑚(𝓍𝓍𝓍𝓍) is the new weak learner (typically a decision 
tree) added at iteration 𝑚𝑚𝑚𝑚. 
𝜂𝜂𝜂𝜂 is the learning rate, controlling the contribution of 
each new model. 

erefore, this research uses the GBM as the final 
technique to experiment with predicting whether  
a passenger will recommend an airport service on 
the basis of their satisfaction level. 

Collectively, these data mining models provide  
a robust framework for analysing passenger 
satisfaction, offering insights that can guide strategic 
improvements in service quality and customer 
experience at Southeast Asian airports. rough 
these methodologies, the research aims to identify 
factors that significantly influence passenger 
satisfaction and recommendations. 

 
1.3. EVALUATION OF THE BINARY 
CLASSIFICATION MODEL 
 

To rigorously evaluate the performance of the 
binary classification model, this study incorporates 
several analytical tools and techniques, each offering 
a unique perspective on model efficiency and feature 
impact. e study specifically utilises the confusion 
matrix, ROC curve, and SHAP values to provide 
comprehensive insights into the model’s capabilities 
and the influential features in passenger satisfaction 
classification. 

 
1.3.1. CONFUSION MATRIX  
 

e confusion matrix is central to assessing 
classification model performance, particularly in 
binary or multiclass contexts (Sumiati et al., 2022). 
For a binary classification problem, the following 
metrics are derived from the confusion matrix: 
• Accuracy. e proportion of correctly predicted 

instances (positive and negative) out of all 
predictions. 

• Precision. e proportion of true positive 
predictions among all positive predictions made 
by the model. 

• Recall (sensitivity or true positive rate). e 
proportion of actual positives that were correctly 
identified by the model. 

• F1 score. e harmonic means of precision and 
recall, providing a balance between the two 
metrics. 
 

1.3.2. BALANCE ACCURACY  
 

Balance accuracy is a metric used to evaluate the 
performance of a classification model, especially in 
situations where there is a class imbalance (one class 
has significantly more samples than the other) (Doo 
et al., 2024). It is calculated as the average of the recall 
obtained on each class, effectively giving equal 
weight to both classes regardless of their frequency. 
e formula for balanced accuracy is as follows: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝑛𝑛𝐵𝐵𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉)+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑁𝑁𝑁𝑁𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉  𝐶𝐶𝐶𝐶𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉) 
2

 (6) 

is metric is useful because it provides a more 
unbiased assessment of model performance across 
both classes, preventing the accuracy score from 
being skewed by class imbalance. In an experiment, 
a high balanced accuracy score indicates that the 
model performs well at classifying “recommend” and 
“not recommend” classes without bias toward either 
class. 

 
1.3.3. MATTHEWS CORRELATION COEFFICIENT 
(MCC)  
 

e Matthews correlation coefficient (MCC) is  
a performance metric used to evaluate the quality of 
binary classifications, particularly in cases with class 
imbalance (Chicco et al., 2021). e MCC considers 
true and false positives and negatives, providing  
a comprehensive measure of the correlation between 
the predicted and actual classifications. It returns  
a value between -1 and +1, where: 

+1 indicates a perfect prediction, 
0 suggests a prediction no better than random 

chance, 
-1 indicates total disagreement between the 

predictions and actual values. 
e formula for the MCC is as follows: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑇𝑇𝑇𝑇𝑃𝑃𝑃𝑃×𝑇𝑇𝑇𝑇𝑁𝑁𝑁𝑁)−(𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃×𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁) 
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where: 
TP = true positives 
TN = true negatives 
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FP = false positives 
FN = false negatives 

e MCC is especially valuable because it 
provides a balanced measure that works well even if 
the classes are very different sizes. A high MCC score 
in your model indicates a strong correlation between 
actual and predicted classes, suggesting reliable 
performance across “recommend” and “not 
recommend” categories. 

 
1.3.4. ROC CURVE  
 

e ROC curve is a graphical plot used to 
evaluate the performance of a binary classification 
model. It illustrates the trade-off between the true 
positive rate (sensitivity) and the false positive rate  
(1 — specificity) across different threshold settings 
(Chang & Newman, 2024). e key concepts of the 
ROC are as follows: 
• True positive rate (TPR). Also known as 

sensitivity or recall, the TPR measures the 
proportion of actual positives that are correctly 
identified by the model. 

• False positive rate (FPR) measures the 
proportion of actual negatives that are 
incorrectly identified as positive by the model. 

• ROC curve plots the TPR (y-axis) against the 
FPR (x-axis) for various threshold values. Each 
point on the curve represents a different decision 
threshold. A model with a perfect classifier 
would have a point at the top le corner (TPR = 
1, FPR = 0), representing 100 % sensitivity and 0 
% false positives. 

• Area under the curve (AUC) is a single scalar 
value that represents the overall performance of 
the model. It ranges from 0 to 1, where a model 
with an AUC of 1 indicates perfect performance 
and a model with an AUC of 0.5 indicates 
performance no better than random guessing. 
 

1.3.5. SHAP values 

SHAP (SHapley Additive exPlanations) values 
provide a method to interpret the outputs of machine 
learning models by quantifying each feature’s contri-
bution to predictions (Mao et al., 2023). Rooted in 
game theory, SHAP values ensure a fair and consist-
ent framework for assessing the importance of global 
and individual prediction features. As model-agnostic 
tools, they are applicable across various machine 
learning models, enhancing model transparency and 
trust. SHAP values are particularly valuable in identi-
fying critical features that significantly influence the 
target label’s classification and for debugging and 
improving model interpretability.

By integrating these sophisticated evaluation 
methods, this study analyses the binary classification 
model used for assessing passenger satisfaction with 

airport services in detail. The insights gained from 
these analyses aim not only to increase the accuracy 
and robustness of the classification model but also to 
uncover strategic service features crucial for satisfy-
ing passengers in Southeast Asia’s airports.

2. Research methods

Skytrax serves as a global leader in the evaluation 
and certification of airline and airport services, pro-
viding a platform for passengers to share and rate 
their experiences with specific airport services. For 
this study, sentiment analysis was conducted on pas-
senger feedback sourced from the Skytrax website 
(https://www.airlinequality.com/), with data extrac-
tion performed via the R programming language. 
This analysis focused on user-generated content 
(UGC) related to service ratings across nine airport 
attributes.

The scope of this study is limited to the leading 
airports in Southeast Asia (OAG, 2024), which 
include Changi Airport, Denpasar Ngurah Rai Inter-
national Airport, Don Mueang International Airport, 
Hanoi Airport, Ho Chi Minh City Airport, Jakarta 
Soekarno-Hatta Airport, Kuala Lumpur International 
Airport, Manila Ninoy Aquino International Airport, 
and Suvarnabhumi International Airport.

The data collection process on Skytrax com-
menced with gathering demographic information 
from passengers, including details such as  
name, country of residence, airport visited, date of 
visit, and purpose of the trip. Subsequently,  
passengers were invited to rate eight dimensions of 
airport service: queuing time, clean, seats, signs, food, 
retail, Wi-Fi, and staff. These ratings form the basis of 
Skytrax’s airport star ratings, which range from one to 
five stars. A rating of 1 indicates poor service,  
whereas a rating of 5 signifies excellent service. Fur-
thermore, passenger reviews are categorised as “rec-
ommended” or “not recommended”, providing an 
additional layer of qualitative data for analysis (Table 
1).

This approach highlights the importance of vol-
untary UGC in understanding passenger sentiment 
and experiences at key Southeast Asian airports, 
facilitating a detailed analysis of service quality and 
customer satisfaction. By integrating comprehensive 
demographic data with service ratings, this study 
aims to provide insights into the factors influencing 
passenger recommendations and satisfaction with 
the region’s busiest airports.



44

Volume 17 • Issue 2 • 2025
Engineering Management in Production and Services

Tab. 1. Dataset characteristics

No. ASQ Dimensions Characteristics Data Type

1
Passenger satisfaction with queue 

management
Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

2 Airport cleaning service satisfaction Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

3 Airport seating satisfaction Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

4 Airport signage satisfaction Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

5
Airport food service satisfaction by 

passengers
Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

6
Airport retail satisfaction by passen-

gers
Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

7 Internet satisfaction of passengers Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

8 Airport staff satisfaction by passengers Satisfaction level 1 – 5 on a Likert scale Ordinal Scale

9 Recommendation
“Yes” indicates a recommendation, and “No” indicates 

no recommendation. This is a targeting label.
Binary Data

Tab. 2. Demographic information (n = 1061)

Passenger

Details
Category Frequency Percentage

Passenger

experience

Arrival and departure 425 40.06%

Departure only 375 35.34%

Transit 155 14.61%

Arrival only 106 9.99%

Passenger type

Solo trip 376 35.45%

Business trip 243 22.90%

Family trip 234 22.05%

Couple trip 208 19.60%

Passenger by 

continent

Asia Southeast Asia 471 44.39%

East Asia 59 5.56%

South Asia 31 2.92%

West Asia 21 1.98%

Oceania Australia and New Zealand 163 15.36%

Europe Northern Europe 133 12.54%

Western Europe 60 5.66%

Southern Europe 9 0.85%

Eastern Europe 8 0.75%

North America North America 89 8.39%

Central America 1 0.09%

South America South America 2 0.19%

Africa Southern Africa 1 0.09%

Nonidentified Nonidentified 13 1.23%

The dataset compiled for this study encompasses 
reviews from nine significant airports in Southeast 
Asia collected over a period extending from 2015 to 
June 2024. This dataset comprises 1,061 valid pas-
senger reviews and offers a detailed portrayal of pas-
senger demographics, as summarised in Table 2. This 

demographic information sheds light on various 
passenger attributes related to travel experiences and 
geographical origins.

Regarding the nature of passenger experience, 
the most common category, identified by 40.06% of 
respondents (n = 425), includes those who partici-
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pated in both arrival and departure procedures. This 
group is closely followed by passengers who reported 
departing only, comprising 35.34% (n = 375) of the 
sample. Transit passengers represent 14.61% (n = 
155) of all passengers, whereas those arriving only 
account for 9.99% (n = 106) of all passengers.

An analysis of the passenger types reveals that 
solo travellers constitute 35.45% (n = 376) of the 
dataset. Business travellers make up 22.90%  
(n = 243), whereas family travellers account for 
22.05% (n = 234). Couples travelling together repre-
sented 19.60% (n = 208) of the respondents.

The data also provide insights into passenger 
origins by continent. Within Asia, Southeast Asian 
travellers predominated, accounting for 44.39%  
(n = 471) of the sample. This is followed by travellers 
from East Asia (5.56%, n = 59), South Asia (2.92%,  
n = 31), and West Asia (1.98%, n = 21). In Oceania, 
travellers from Australia and New Zealand contrib-
uted 15.36% (n = 163) to the dataset.

In the European context, Northern European 
passengers constitute a significant portion, account-
ing for 12.54% (n = 133) of the reviews, followed by 
Western Europe (5.66%, n = 60), Southern Europe 
(0.85%, n = 9), and Eastern Europe (0.75%, n = 8). 
North American passengers represented 8.39%  

(n = 89), with a minor contribution from Central 
America (0.09%, n = 1). Additionally, South America 
accounts for 0.19% (n = 2), whereas southern Africa 
contributes 0.09% (n = 1). There is also a small per-
centage (1.23%, n = 13) of passengers whose conti-
nental origins were not identified.

This diverse dataset not only captures a wide 
range of travel experiences and traveller types but 
also represents a broad spectrum of geographical 
origins, providing a comprehensive foundation for 
analysing passenger satisfaction and service quality at 
key Southeast Asian airports.

3. Research results

On the basis of the research objectives and litera-
ture review, this study selects supervised learning 
techniques, including decision trees, random forests, 
SVMs, neural networks, and GBMs, to develop  
a model that can identify whether a passenger will 
recommend an airport service in Southeast Asia 
based on their satisfaction levels across various 
dimensions of airport service. Consequently, this 
research develops an experimental model designed to 
address each research objective as follows.

 

Fig. 1. Number of air passengers from 1970 to 2021  

Source: World Bank Group, 2024. Air transport, passengers carried. Retrieved from https://data.worldbank.org/indicator/IS.AIR.PSGR 

 

 

Fig. 2. Experimental model for enhancing airport services: data-driven analysis of passenger satisfaction and service quality in Southeast Asia 
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This research experiments with a dataset using 
five data mining techniques, as described by equa-
tions (1) through (5), and explains the results via 
confusion metrics, balance accuracy, the Matthews 
correlation coefficient (MCC), and the AUC, with the 
outcomes described next. 

3.1. Decision tree experiment

The decision tree model performs well in classi-
fying whether passengers would recommend airport 
services, with an accuracy of 85.58% and a balanced 
accuracy of 85.57%, indicating that it handles both 
recommendation options well. The Matthews corre-
lation coefficient is 0.71, which shows a strong match 
between the classification results and the actual 
results. The precision and recall for “recommend” 
and “not recommend” are high, with F1 scores of 
approximately 0.85, indicating that the model is 
consistent. The confusion matrix shows that most 
classifications are correct, and the AUC score of 0.86 
indicates that the model is good at distinguishing 
between passengers who would recommend and 
those who would not. This model provides useful 
insights to help improve airport services on the basis 
of passenger feedback.

To improve model performance via hyperpa-
rameter tuning, grid search tuning significantly 
improved the model performance, resulting in the 
following optimal parameters: criterion='entropy', 
max_depth=10, min_samples_leaf=1, and min_sam-
ples_split=20. These settings led to the best cross-

validation score of 0.89. During 5-fold 
cross-validation, the model showed accuracy scores 
of 0.798, 0.948, 0.896, 0.821, and 0.892, with a mean 
accuracy of 87% and a low standard deviation of 
0.05, indicating consistent performance across dif-
ferent data splits. On the test set, the tuned model 
achieved an accuracy of 86.83% and a balanced 
accuracy of 86.55%, suggesting that the model per-
forms fairly well in classifying both recommendation 
classes.

The Matthews correlation coefficient (0.73) 
points to a strong positive correlation between clas-
sification and actual outcomes. The precision for 
“not recommend” was 0.87, and the recall was 0.90, 
indicating that the model correctly identifies pas-
sengers who would not recommend the service with 
high accuracy. For “recommend”, the precision was 
0.87, and the recall was 0.83, suggesting that the 
model also performs well in classifying recommen-
dations. The overall F1 scores for both classes, 0.88 
for “not recommend” and 0.85 for “recommend”, 
reflect a good balance between precision and recall.

The confusion matrix further illustrates the 
model’s performance, with 156 correct predictions 
for “not recommend” and 121 correct classifications 
for “recommend”. The model had 18 false positives 
and 24 false negatives, which is an improvement over 
prior models and results in fewer misclassifications. 
The AUC score of 0.93 indicates that the model is 
highly capable of distinguishing between the two 
recommendation classes, demonstrating strong 
overall performance, as shown in Fig. 3.

 

Fig. 3. Receiver operating characteristics of a decision tree with parameter tuning 

 

 

 

Fig. 4. Receiver operating characteristics of the optimised random forest 
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According to Fig. 3, this high AUC score indi-
cates that the model is robust for data classification 
and ensures that the model can be used to recom-
mend taking a service at the airport on the basis of 
the features of the airport service.

To summarise the decision tree model experi-
ment, the decision tree has strong accuracy and low 
variability due to good results from cross-validation, 
which is used to improve model reliability and repro-
ducibility. The decision tree has balanced values 
between precision, recall, and F1 scores for both 
classes. This balance shows consistent and effective 
data classification performance. The model achieved 
a high AUC value, confirming its efficiency for class 
separability and its ability to classify unseen data.

3.2. Random forest

In the experiment, the random forest model 
demonstrated high performance, with an accuracy of 
90.3%. It exhibited balanced precision (90% for both 
classes) and high recall rates, particularly for “not 
recommending taking an airport service” (91%), 
making it a robust model in this experiment. The 
balanced accuracy is 0.9046, which means that the 
random forest model correctly classified both classes: 
“not recommended” and “recommended” for taking 
an airport service. Additionally, the MCC of 0.8102 is 
high, indicating a strong positive correlation between 
the classified values and the actual data in the label 
feature. The precision is 90.9%, and the recall is 
91.9%, whereas the “recommended” class has a preci-
sion value of 90.2% and a recall value of 88.97%. The 
macro F1 score is 90.5%, and the weighted average F1 
score is 90.6%, indicating consistent performance 
across classes. The confusion matrix shows low false 
positives at 14 and false negatives at 16, reflecting the 
model’s accuracy in classification. The AUC is 0.96, 
which means that the random forest model has high 
performance in classifying between “recommended” 
and “not recommended”. Moreover, the model has a 
low tendency to produce false positives as well as false 
negatives.

To improve model performance, this research 
added cross-validation, finding that the random for-
est model achieved strong results, with a test accuracy 
of 89.66% and a mean cross-validation accuracy of 
89.16%, showing consistent performance across data 
splits. The model maintained balanced accuracy, 
reaching 89.60% on the test set and 88.99% on aver-
age in cross-validation, which suggests that it can 
classify “recommended” and “not recommended” 

airport services effectively. The Matthews correlation 
coefficient (MCC) of 0.79 indicates a strong positive 
link between the classification results and actual 
results, indicating balanced performance. The classi-
fication report shows high precision, recall, and F1 
scores for both classes, with precision values of 
90.75% for “not recommended” and 88.36% for “rec-
ommended” and similar recall values of 90.23% and 
88.97%, respectively, indicating accurate classifica-
tion for both. An AUC of 0.95 suggests that the model 
can very effectively separate the classes. The confu-
sion matrix confirms this, with only 17 false positives 
and 16 false negatives supporting the model’s accu-
racy. Overall, these metrics show that the random 
forest model is robust and suitable for accurately 
classifying airport service recommendations. Note 
that the performances are lower than when the 
experiment splits the dataset into two sets: training 
and testing. This is because when cross-validation is 
used, which creates five opportunities to train a ran-
dom forest model, it reveals a more realistic pattern of 
the data. Therefore, the experiment can better assess 
how the model will perform with unseen data.

In this experiment, the random forest model uses 
default settings because the focus is on evaluating 
performance with cross-validation, not on tuning 
specific parameters. By default, 100 trees — n_esti-
mators — are used to make classifications, providing 
a balance between accuracy and computational effi-
ciency. The maximum depth, max_depth, is set to 
None, allowing each tree to grow until all the leaves 
are pure, which helps capture complex patterns but 
can also lead to overfitting. The minimum number of 
samples split, min_samples_split, is 2, so a node must 
have at least 2 samples to split, which can create 
deeper trees. The minimum number of samples per 
leaf, min_samples_leaf, is 1, meaning that each leaf 
node must have at least one sample, which could lead 
to capturing very specific patterns and possibly 
increasing overfitting. Finally, the number of features 
at each split, max_features, is set to the square root of 
the total features (sqrt), a common choice in classifi-
cation that adds randomness, helping to reduce cor-
relations between trees and improve generalisation.

To improve performance, this research uses 
hyperparameter tuning with the grid search tech-
nique. The optimised random forest model shows 
strong performance, with an accuracy of 91.5% on 
the test set, meaning that it accurately classifies both 
“recommended” and “not recommended”. The bal-
anced accuracy is 91.4%, showing the model’s ability 
to handle both classes well. The Matthews correlation 
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coefficient of 0.83 reflects a strong positive link 
between the model’s classification and the actual 
outcomes, meaning that it performs reliably and bal-
ances both classes well. The classification report also 
shows high precision, recall, and F1 scores for each 
class: 92.0% precision and 92.5% recall for “not rec-
ommended” and 90.97% precision and 90.3% recall 
for “recommended”. The macro- and weighted aver-
age F1 scores of 91.5% confirm consistent perfor-
mance across classes, which is further supported by 
the confusion matrix showing 161 true negatives, 131 
true positives, 13 false positives, and 14 false nega-
tives. The AUC score is high at 0.96, indicating that 
the model has an excellent ability to separate the 
classes, as shown in Fig. 4.

For hyperparameter settings, these choices were 
made to improve the model’s stability and repeatabil-
ity. The number of trees, n_estimators, was set to 200 
after several values, including 50, 100, and 200, were 
tested. The choice of 200 gave the best results, as more 
trees often improve accuracy by reducing variance. 
The maximum depth, max_depth, was set to 30 to 
find the best balance between bias and variance, 
allowing the model to capture patterns without over-
fitting. The cross-validation results revealed that 
deeper trees did not add much improvement, so 30 
was ideal.

The minimum number of samples split, min_
samples_split, of 5 and the minimum number of 

 

Fig. 3. Receiver operating characteristics of a decision tree with parameter tuning 

 

 

 

Fig. 4. Receiver operating characteristics of the optimised random forest 

 

 
samples per leaf, min_samples_leaf, of 2, control the 
model complexity. They set the minimum number of 
samples needed to split a node or form a leaf. These 
settings help avoid overly specific rules that could 
cause overfitting, keeping the model general and 
effective. Finally, the number of features at each split, 
max_features, was set to “sqrt”, meaning that the 
model randomly picks the square root of the total 
number of features at each split. This choice, which is 
common in random forests, reduces variance and 
prevents the model from depending too much on any 
one feature.

Overall, these hyperparameter choices, which are 
based on thorough cross-validation, make the ran-
dom forest model accurate and robust while mini-
mising overfitting. This helps ensure that the model is 
repeatable and reliable.

After hyperparameter tuning, the random forest 
model improved the accuracy, balance accuracy, and 
overall classification performance efficiency. This 
makes it suitable for use as a recommendation system 
for airport services. The research adjusts parameters 
such as the number of trees, maximum depth, mini-
mum samples for splits and leaves, and number of 
features per split. This helps the model balance bias 
and variance better. Now, the model provides more 
accurate and reliable recommendations to passen-
gers. This helps them make better choices about air-
port services with more information.
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3.3. Support vector machine: SVM

The SVM model effectively classifies passenger 
recommendations regarding airport services, achiev-
ing high accuracy (90%), balanced accuracy (90%), 
and an AUC of 0.95. These metrics indicate that the 
model reliably differentiates between those who 
would and would not recommend the airport on the 
basis of features such as cleanliness, staff performance, 
and Wi-Fi access. With a high Matthews correlation 
coefficient (0.80), the model demonstrates robust 
predictive power, even when accounting for classifi-
cation errors. Overall, the results affirm that SVM is  
a suitable and reliable approach for analysing cus-
tomer satisfaction, offering valuable insights for 
improving airport services.

This research relies on cross-validation for the 
experiments. The cross-validation results confirm the 
SVM model’s robust and consistent performance 
across multiple data splits, with a mean accuracy of 
0.89 and a standard deviation of 0.04. This slight 
reduction from the single test split accuracy of 0.90 
suggests minor variability in performance depending 
on the data split, yet the model remains stable. The 
balanced accuracy of 0.90 and MCC of 0.80 show that 
the model effectively handles “recommend” and “not 
recommend” classifications with minimal class-spe-
cific issues. Additionally, high precision, recall, and 
F1 scores in the classification report and a consistent 
AUC of 0.95 indicate excellent discriminatory power. 
Overall, cross-validation verifies the model’s suitabil-

ity for this task, confirming its generalisability and 
reliability across different data subsets.

Finally, this research aims to improve the data 
classification performance of the SVM model via 
parameter tuning, which is a grid search. After the 
experiments, the optimised SVM model demon-
strated robust performance in predicting whether 
passengers would recommend airport services, 
achieving an accuracy of 89.3%, indicating that it 
correctly classified nearly 9 out of 10 cases. A bal-
anced accuracy of 89.2% confirms the model’s con-
sistency across both recommendation classes, 
effectively handling any potential class imbalance. 
The Matthews correlation coefficient (MCC) of 0.78 
shows a strong positive correlation between the actual 
and predicted values, underscoring the model’s relia-
bility in accurately balancing true and false predic-
tions. The model also shows stability across various 
data subsets, as evidenced by a cross-validation mean 
accuracy of 89.5% with a low standard deviation of 
3.3%. High precision (89.8% for “no” and 88.8% for 
“yes”) and recall (90.8% for “no” and 87.6% for “yes”) 
values, along with strong F1 scores for both classes, 
indicate that the model effectively minimises false 
positives and negatives. The AUC of 0.95 highlights 
its excellent discriminatory ability between recom-
mendation categories, as shown in Fig. 5.

This optimised SVM model achieves high accu-
racy, balanced performance across both classes and 
excellent stability, as confirmed by cross-validation 
results. With high precision, recall, and AUC, the 

 

Fig. 5. Receiver operating characteristics of the optimised SVM 

 

Fig. 6. Receiver operating characteristic (ROC) characteristics of the neural network (last fold). 
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model is well-suited for accurately predicting pas-
senger recommendations for airport services. The 
strong MCC further confirms its reliability in han-
dling the classification task effectively.

3.4. Neural network

The neural network model effectively classifies 
whether passengers would recommend airport ser-
vices, achieving a high overall accuracy of 90.3%. This 
performance highlights the model’s ability to identify 
patterns in service-related factors, such as queue effi-
ciency, cleanliness, seating quality, signage, food and 
beverage options, shopping facilities, Wi-Fi access, 
and staff performance. The network architecture 
consists of two hidden layers with 16 and 8 neurons, 
respectively, using the ReLU activation function to 
introduce nonlinearity, effectively preventing vanish-
ing gradients in deeper networks. The output layer 
applies the sigmoid activation function to output 
probabilities suitable for binary classification.

The Adam optimiser is employed, utilising an 
adaptable learning rate of 0.001 for efficient training 
with sparse gradients. The model was trained with  
a batch size of 10 over 50 epochs, which allowed it to 
converge and generalise well without requiring addi-
tional regularisation techniques, such as dropout or 
L2 regularisation. This choice was validated by the 
model’s balanced accuracy of 90.2%, which demon-
strated consistent performance across both recom-
mendation classes and effectively handled class 
imbalance.

In support of the model’s reliability, the Matthews 
correlation coefficient (MCC) of 0.80 indicates a 
strong correlation between the true and predicted 
classifications, reinforcing the model’s ability to mini-
mise both false positives and negatives. The precision 
values (91.3% for “no” and 89.0% for “yes”) and recall 
values (90.8% for “no” and 89.7% for “yes”) confirm 
its robust classification capabilities, with F1 scores of 
91.1% for “no” and 89.3% for “yes”, indicating a bal-
anced trade-off between precision and recall. Addi-
tionally, an AUC of 0.96 demonstrates the model’s 
strong discriminatory power in distinguishing 
between recommendation categories. Overall, the 
model’s reliable performance and robustness suggest 
that it is well suited for generating valuable insights 
into passenger satisfaction with airport services, pro-
viding actionable data-driven support for enhancing 
service quality and the overall passenger experience.

The neural network model was subsequently 
evaluated via cross-validation to confirm and enhance 

its performance, which revealed consistency across 
various subsets of data. Initially, a single train‒test 
split evaluation reported an accuracy of 90.3%, 
whereas cross-validation yielded a mean accuracy of 
88.7%, indicating the model’s robust ability to gener-
alise. The balanced accuracy remained high, with  
a mean of 88.6% in cross-validation, confirming the 
model’s consistent handling of class imbalance across 
different folds.

In both evaluations, the Matthews correlation 
coefficient (MCC) was strong, with an initial value of 
0.80 and a cross-validation MCC of 0.77, suggesting 
 a reliable correlation between the true and predicted 
classifications. This reliability supports the model’s 
consistent accuracy in identifying both the recom-
mendation and non-recommendation classes, as fur-
ther reflected in the confusion matrix. The aggregate 
confusion matrix revealed 523 true negatives, 64 false 
positives, 56 false negatives, and 418 true positives, 
indicating that the model effectively minimises both 
types of classification errors.

While precision and recall were not calculated 
directly for each cross-validation fold, the initial split 
provided high values, with precisions of 91.3% for 
“no” and 89.0% for “yes” and recalls of 90.8% for “no” 
and 89.7% for “yes”. These metrics confirm the model’s 
robust classification capabilities, further supported by 
a mean AUC of 0.96 across cross-validation, which is 
consistent with the initial split evaluation. This high 
AUC reaffirms the model’s excellent discriminatory 
power in distinguishing between recommendation 
categories.

The neural network architecture, comprising two 
hidden layers with 16 and 8 neurons via ReLU  
activation, the Adam optimiser with a learning rate of 
0.001, a batch size of 10, and 50 epochs, has proven 
effective, delivering strong performance without 
additional regularisation techniques. Overall, the 
cross-validation results validate the initial  
findings, demonstrating that the model performs 
consistently well across multiple data subsets, which 
supports its suitability for providing actionable 
insights into passenger satisfaction with airport ser-
vices.

This experiment relies on hyperparameter tuning 
and sets an experimental design as follows:

3.4.1. Network architecture

The neural network architecture was designed 
with one to three hidden layers, tuned via random 
search via a Keras tuner to balance model complexity 
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Fig. 5. Receiver operating characteristics of the optimised SVM 

 

Fig. 6. Receiver operating characteristic (ROC) characteristics of the neural network (last fold). 

 

 

with performance. The final model selected consisted 
of two hidden layers.

Each hidden layer was tuned to have eight to 64 
neurons in steps of eight, resulting in an optimal con-
figuration of 16 neurons in the first hidden layer and 
eight neurons in the second hidden layer. These values 
were selected on the basis of cross-validation results, 
with higher neuron counts discarded to prevent over-
fitting without significant performance gains.

3.4.2. Activation functions

ReLU activation was used in each hidden layer. 
ReLU is effective in reducing vanishing gradient 
issues, which is particularly beneficial in deeper net-
works, as it allows faster convergence and more effi-
cient learning of complex patterns.

The sigmoid activation function was applied to 
the output layer to produce probability estimates suit-
able for binary classification, mapping the output to 
values between 0 and 1.

3.4.3. Hyperparameter tuning

Hyperparameter tuning was conducted via  
a random search, allowing for efficient exploration of 
different configurations. This approach tested a range 
of values for the number of layers, neurons, dropout 
rates, learning rates, and optimiser options to identify 
the best-performing model setup.

3.4.4. Optimiser and parameters

The Adam optimiser was selected for its ability to 
adapt learning rates dynamically on the basis of gra-
dient updates, which enhances performance on 
complex datasets.

The learning rate was tuned logarithmically 
between 10^(-4) and 10^(-2), with a final selection of 
0.001, to ensure stable convergence without rapid 
oscillations.

Although SGD with momentum was considered, 
Adam’s default configuration proved sufficient; thus, 
the momentum and decay parameters were not fur-
ther tuned.

3.4.5. Batch size and epochs

	 The model was trained with a batch size of 10 
over 50 epochs. Preliminary testing indicated that 
this batch size provided a balance between memory 
efficiency and gradient update frequency. Training 
over 50 epochs allowed sufficient learning time to 
capture patterns without excessive training cycles, 
which could lead to overfitting.

3.4.6. Regularisation techniques

Dropout was employed as a regularisation tech-
nique during hyperparameter tuning. Dropout rates 
between 0.1 and 0.5 were explored, with the final 
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model including a dropout rate of 0.2. This helps 
prevent overfitting by randomly deactivating neurons 
during training, compelling the model to learn more 
generalised features.

The experimental results indicate that the hyper-
parameter-tuned neural network model performs 
well, achieving a mean accuracy of 89.3%, a mean 
balanced accuracy of 89.1%, a Matthews correlation 
coefficient (MCC) of 0.78, and a mean AUC of 0.965 
across cross-validation folds. The high accuracy and 
balanced accuracy confirm the model’s consistency 
across the recommendation and non-recommenda-
tion classes. The MCC score indicates a reliable cor-
relation between true and predicted classifications, 
whereas a high AUC indicates excellent discrimina-
tory power, as shown in Fig. 6. 	

The aggregate confusion matrix further high-
lights this performance, with 534 true negatives, 53 
false positives, 61 false negatives, and 413 true posi-
tives, indicating strong predictive accuracy and con-
trolled misclassifications. The neural network model 
demonstrated effective performance in classifying 
passenger satisfaction with airport services, achiev-
ing an overall accuracy of 91.8% with high precision 
and recall values for “not recommended” (class 0) 
and “recommended” (class 1) services. Specifically, 
the model achieved a precision of 92.8% and a recall 
of 91.8% for predicting “not recommended” instances, 
along with a precision of 90.2% and a recall of 91.4% 
for “recommended” instances. These metrics indicate 
the model’s balanced capability in identifying satis-
fied and dissatisfied passengers without bias toward 
either class, as reflected by the macro- and weighted 
F1 scores of 91.6%.

This hyperparameter-tuned neural network 
model achieved high performance through well-
optimised architecture configuration, activation 
functions, and regularisation techniques. The cross-
validation results confirm its stability across different 
data subsets, with highly balanced accuracy and 
MCC, indicating effective handling of class imbal-
ance and low misclassification rates. This robust con-
figuration is suitable for accurately predicting 
passenger recommendations and can offer valuable 
insights for enhancing airport service quality.

3.5. Gradient boosting model: GBM

The GBM model demonstrated strong perfor-
mance in classifying passenger recommendations, 
achieving an accuracy of 90.60%. This high accuracy 
indicates that the classifier correctly identified 90.60% 

of the recommendations across both classes, high-
lighting its robust classification capabilities. Similarly, 
the balanced accuracy score was high at 90.52%, 
suggesting that the model performed equally well 
across both classes without bias. This metric is par-
ticularly valuable in cases of class imbalance, ensuring 
that the “recommend” and “not recommend” catego-
ries are classified with comparable accuracy.

The MCC value of 0.81 further demonstrates  
a strong correlation between the observed and pre-
dicted classifications, underscoring the model’s 
robustness even when faced with potentially imbal-
anced class distributions. An MCC close to 1 suggests 
a high-quality prediction with minimal random 
error, making it a reliable measure of model perfor-
mance. In terms of precision, the model achieved  
a value of 0.90 for the “recommend” class and 0.91 for 
the “not recommend” class, indicating accuracy in 
identifying true recommendations and non-recom-
mendations. Both classes achieved recall values of 
approximately 0.90, demonstrating the model’s effec-
tiveness in capturing true instances for each class. The 
F1 scores were approximately 0.90 for both categories, 
indicating a good balance between precision and 
recall.

The model’s confusion matrix revealed that it 
correctly classified 159 out of 174 instances as “not 
recommend” and 130 out of 145 instances as “recom-
mend”. With only 15 misclassifications in each class, 
the model’s high precision and recall are further 
emphasised. Additionally, the AUC score of 0.95 
reflects an excellent level of distinction between the 
“recommend” and “not recommend” classes, imply-
ing that the model effectively differentiates between 
passengers likely to recommend airport services and 
those who are not.

The experimental findings reveal that the features 
related to airport services (queue, cleanliness, seating, 
signage, F&B, shopping, Wi-Fi, and staff) are influen-
tial in determining passenger willingness to recom-
mend these services to others. The model’s high 
accuracy, balanced accuracy, and AUC highlight the 
potential of the GBM as a classifier in this context, 
while the MCC score reinforces the model’s robust-
ness under possibly imbalanced conditions. In con-
clusion, this experiment demonstrates that the 
gradient boosting machine is a highly effective tool 
for classifying passenger recommendations for air-
port services, confirming that the identified service 
features strongly correlate with passenger satisfaction 
and willingness to recommend. Future research could 
involve experimenting with alternative classification 
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models or integrating additional features to further 
improve the prediction accuracy.

To improve the GBM performance, this research 
relies on cross-validation. The updated experiment 
with 5-fold cross-validation and evaluation on the 
test set reveals consistent model performance,  
underscoring the robustness and reliability of the 
gradient boosting machine (GBM) classifier in pre-
dicting passenger recommendations for airport ser-
vices.

The cross-validation results provide insights into 
how well the model performs across different splits of 
the training data. The mean cross-validation accuracy 
across the five folds was 88.68%, which was slightly 
lower than the test set accuracy of 90.91%. This indi-
cates that the model generalises well to new data, 
although it performs slightly better on the test set, 
possibly owing to slight variations in the data distri-
bution. Similarly, the mean cross-validation balanced 
accuracy was 88.60%, which closely aligns with the 
test set balanced accuracy of 90.75%. This metric 
reinforces that the model is capable of classifying 
“recommend” and “not recommend” classes with 
comparable accuracy across multiple data splits with-
out favouring one class over the other. The mean 
cross-validation AUC, used here as a proxy for the 
Matthews correlation coefficient (MCC), was 0.959—
nearly identical to the test set AUC of 0.96. This con-
sistency in AUC values reflects the model’s strong 
ability to distinguish between the two classes, demon-
strating its reliability in effectively distinguishing 
between recommendations.

For the test set, the accuracy was 90.91%, show-
ing a slight improvement over the cross-validation 
accuracy and confirming the model’s high precision 
in identifying recommendations on a dedicated test 
split. This result aligns well with the original test 
accuracy, indicating a consistent performance level 
even when cross-validation is applied. The balanced 
accuracy on the test set was 90.75%, marginally 
higher than the cross-validation balanced accuracy, 
which shows that the model performs well across 
both classes, even on an unseen test set. The MCC on 
the test set was 0.82, which was slightly higher than 
the cross-validation proxy of the AUC (0.96), indicat-
ing a robust correlation between the predicted and 
actual classifications. An MCC close to 1 reflects  
a minimal random error in the model’s performance, 
further supporting its reliability across classes.

The classification report shows that the precision 
and recall values were similar to those of previous 
results, with both classes achieving high values close 

to 0.90. Specifically, the precision for the “not recom-
mend” class improved slightly to 0.91, whereas the 
recall for the “recommend” class remained consistent. 
This high precision and recall suggest that the model 
accurately captures true recommendations and non-
recommendations, with minor variations likely due 
to the different training‒testing splits. The confusion 
matrix shows that the model correctly classified 161 
out of 174 instances as “not recommend” and 129 out 
of 145 instances as “recommend”, with only minor 
misclassifications. This low misclassification rate 
aligns with previous results, confirming the model’s 
precision and recall.

The AUC on the test set remains high at 0.96, 
indicating that the model consistently distinguishes 
between the “recommend” and “not recommend” 
classes with a high level of accuracy, as observed in 
both the cross-validation and test set results. This 
high AUC value suggests that the GBM model reliably 
identifies passenger recommendations on the basis of 
the provided service-related features.

In conclusion, the consistency between the cross-
validation and test set results confirms that the gradi-
ent boosting machine is highly effective and 
generalisable well for this classification task. The 
slight variations between the cross-validation and test 
set metrics highlight that the model is stable across 
different data splits and remains unaffected by class 
imbalance. Overall, the addition of cross-validation 
reinforces the model’s robustness, confirming that the 
GBM model is a reliable classifier for predicting air-
port service recommendations. Future experimenta-
tion with other model types or additional features 
could further enhance performance, but the current 
model configuration shows strong predictive power 
in this context.

Finally, this research aims to improve model 
performance by hyperparameter tuning and sets an 
experimental design as follows.

3.5.1. The number of estimators

The number of estimators or the number of 
boosting rounds was set to 200, a choice that reflects 
a balance between underfitting and overfitting. The 
optimal number of estimators was determined 
through grid search cross-validation, with candidate 
values ranging from 100 to 200. A greater number of 
estimators often enables the model to learn more 
complex patterns, but this may increase overfitting 
risk. The selected value of 200 provided strong classi-
fication results without excessive model complexity.
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3.5.2. Learning rate (shrinkage factor)

The learning rate controls the contribution of 
each tree to the overall model. In this experiment,  
a learning rate of 0.1 was selected after testing values 
ranging from 0.01 to 0.1. While reducing overfitting, 
lower learning rates often require a larger number of 
estimators for the model to converge effectively.  
A learning rate of 0.1 allowed faster convergence and 
good predictive accuracy without compromising the 
model’s ability to generalise.

3.5.3. Maximum depth of trees

The maximum depth of the trees was set to five, 
allowing the model to capture complex patterns in 
the data. A deeper tree depth can model more intri-
cate relationships but risks overfitting by learning 
specific details of the training set. Testing tree depths 
from three to five in the grid search revealed that  
a depth of five yielded the best balance, accurately 
capturing relationships without excessive complexity.

3.5.4. Subsampling rate and column 
sample rate

The subsampling rate was adjusted to 0.9, and the 
column sample rate was set to “log2” (a subset of 
features for each split). By using a subsampling rate of 
less than 1.0, the model introduces slight randomness 
to the training process, reducing variance and miti-
gating overfitting. The column sample rate (“log2”) 
further enhances generalisation by limiting the num-
ber of features each tree evaluates, increasing diversity 
among trees. This strategy contributes to the model’s 
robustness without sacrificing accuracy.

In the experiment, the best cross-validation 
accuracy from the grid search was 90.30%, demon-
strating strong model performance. The cross-valida-
tion accuracy scores across folds were consistently 
high, with a mean of 89.22% and a balanced accuracy 
of 89.84%, indicating that the model performs well 
across the “recommended” and “not recommended” 
classes.

For the test set, the model achieved an accuracy 
of 89.03% and a balanced accuracy of 88.74%. The 
Matthews correlation coefficient (MCC) was 0.78, 
indicating a strong correlation between the predicted 
and actual classifications. The model’s precision, 
recall, and F1 scores for each class were approximately 
0.90, with minimal variations in the confusion matrix. 
Specifically, 160 out of 174 “not recommend” 

instances were correctly classified, and 124 out of 145 
“recommend” instances were correctly classified. The 
test set AUC was 0.95, confirming the model’s excel-
lent ability to distinguish between recommendation 
categories, as shown in Fig. 7.

The thorough hyperparameter tuning of the 
GBM model confirmed its reliability for classifying 
passenger recommendations, with consistent results 
across the cross-validation and test sets. The selected 
hyperparameters balance complexity and generalisa-
tion, ensuring strong performance in predicting air-
port service recommendations. Future studies could 
explore additional regularisation techniques or alter-
native classifiers, but the current model setup demon-
strates substantial predictive power for this dataset.

The experiments conducted with multiple 
machine learning models demonstrated consistent 
classification performance for predicting passenger 
recommendations regarding airport services. To 
obtain a clear result, this section aims to summarise 
the efficiency of each classification model after the 
model is trained via cross-validation and parameter 
tuning via an evaluation matrix, as shown in Table 3.

Table 3 shows that each model’s performance, 
optimised through parameter tuning, was assessed 
via metrics such as accuracy, balanced accuracy, the 
Matthews correlation coefficient (MCC), and the area 
under the curve (AUC). The random forest and neu-
ral network emerged as the top-performing models, 
achieving the highest precision, recall, and F1 scores 
across both classes. Both demonstrated a balanced 
accuracy of approximately 91% and MCC values 
exceeding 0.80, indicating their effectiveness in dis-
tinguishing between the “recommend” and “not rec-
ommend” classes. Additionally, their high AUC score 
of 0.96 confirms their strong discriminatory power, 
further validating their reliability for classification 
tasks.

The decision tree and gradient boosting machine 
(GBM) models also performed well, although their 
balanced accuracy and F1 scores were slightly lower 
than those of the random forest and neural network 
models. The decision tree achieved a balanced accu-
racy of approximately 86%, with an MCC of 0.76, 
suggesting good performance, although with slightly 
less consistency in classification accuracy. The GBM 
yielded comparable metrics, with an AUC of 0.96, 
indicating that it is effective but slightly less consist-
ent across different class distributions.

The support vector machine (SVM) displayed 
balanced accuracy, and MCC values close to 90% and 
0.78, respectively, indicating stable and reliable per-
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Fig. 7. Receiver operating characteristic (ROC) characteristics of GBM 

The thorough hyperparameter tuning of the GBM model confirmed its reliability for classifying passenger recommendations, with consistent 
results across the cross-validation and test sets. The selected hyperparameters balance complexity and generalisation, ensuring strong 
performance in predicting airport service recommendations. Future studies could explore additional regularisation techniques or alternative 
classifiers, but the current model setup demonstrates substantial predictive power for this dataset. 
The experiments conducted with multiple machine learning models demonstrated consistent classification performance for predicting 
passenger recommendations regarding airport services. To obtain a clear result, this section aims to summarise the efficiency of each 
classification model after the model is trained via cross-validation and parameter tuning via an evaluation matrix, as shown in Table 3. 
 
 Tab. 3. Evaluation matrices from all experimental models 

 

Table 3 shows that each model’s performance, optimised through parameter tuning, was assessed via metrics such as accuracy, balanced 
accuracy, the Matthews correlation coefficient (MCC), and the area under the curve (AUC). The random forest and neural network emerged 
as the top-performing models, achieving the highest precision, recall, and F1 scores across both classes. Both demonstrated a balanced 
accuracy of approximately 91 % and MCC values exceeding 0.80, indicating their effectiveness in distinguishing between the “recommend” 
and “not recommend” classes. Additionally, their high AUC score of 0.96 confirms their strong discriminatory power, further validating their 
reliability for classification tasks. 
The decision tree and gradient boosting machine (GBM) models also performed well, although their balanced accuracy and F1 scores were 
slightly lower than those of the random forest and neural network models. The decision tree achieved a balanced accuracy of approximately 

MODELS CLASS LABEL 
CLASSIFICATION REPORT WITH OPTIMISED MODEL ACCURACY 

BALANCE 

ACCURACY 
MCC AUC 

PRECISION RECALL F1-SCORE SUPPORT     

Decision 

tree 

Not recommend 0.86 0.89 0.88 174 
0.86 0.86 0.76 0.93 

Recommend 0.87 0.83 0.85 145 

Random 

forest 

Not recommend 0.92 0.92 0.92 174 
0.91 0.91 0.82 0.96 

Recommend 0.90 0.90 0.90 145 

SVM 
Not recommend 0.89 0.90 0.90 174 

0.89 0.89 0.78 0.95 
Recommend 0.88 0.87 0.88 145 

Neural 

network 

Not recommend 0.92 0.91 0.92 117.4 
0.91 0.91 0.83 0.90 

Recommend 0.90 0.91 0.90 94.8 

GBM 
Not recommend 0.89 0.90 0.90 174 

0.89 0.88 0.77 0.96 
Recommend 0.88 0.86 0.87 145 

Tab. 4. Confusion matrix of each classification model

Models Predicted: No Predicted: Yes

Decision tree
Actual: No 156 18

Actual: Yes 24 121

Random forest
Actual: No 161 13

Actual: Yes 14 131

SVM
Actual: No 158 16

Actual: Yes 18 127

Neural network
Actual: No 540 47

Actual: Yes 41 433

GBM
Actual: No 158 16

Actual: Yes 19 126

 Tab. 3. Evaluation matrices from all experimental models

Models Class Label

Classification Report with Optimised 

Model
Accuracy

Balance 

Accuracy
MCC AUC

Precision Recall F1-Score Support

Decision tree
Not recommend 0.86 0.89 0.88 174

0.86 0.86 0.76 0.93
Recommend 0.87 0.83 0.85 145

Random 

forest

Not recommend 0.92 0.92 0.92 174
0.91 0.91 0.82 0.96

Recommend 0.90 0.90 0.90 145

SVM
Not recommend 0.89 0.90 0.90 174

0.89 0.89 0.78 0.95
Recommend 0.88 0.87 0.88 145

Neural net-

work

Not recommend 0.92 0.91 0.92 117.4
0.91 0.91 0.83 0.90

Recommend 0.90 0.91 0.90 94.8

GBM
Not recommend 0.89 0.90 0.90 174

0.89 0.88 0.77 0.96
Recommend 0.88 0.86 0.87 145
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formance. However, the ability of SVM to distinguish 
between classes was marginally lower than that of 
random forest and neural networks, reflecting a slight 
limitation in its discriminatory power across class 
boundaries.

In addition, after the models are trained via 
cross-validation and the parameters are fine-tuned,  
a confusion matrix is analysed to provide a detailed 
breakdown of a classification model’s performance by 
showing the counts of actual versus classifying out-
comes across classes of each model, as shown in Table 
4.

From Table 4, the confusion matrices reveal dis-
tinct prediction tendencies across the models. The 
random forest method demonstrated the fewest mis-
classifications, with only 13 false positives and 14 
false negatives, underscoring its robustness in accu-
rately distinguishing between recommendation 
classes with minimal errors. The neural network, 
while achieving high overall accuracy, had slightly 
higher misclassification rates, with 47 false positives 
and 41 false negatives, indicating some room for 
improvement in precise class separation despite its 
high AUC score. The decision tree, SVM, and GBM 
models also performed well but exhibited marginally 
higher misclassification rates, with GBM and SVM 
producing 16–18 false positives and 16–19 false nega-
tives. Although these models are accurate, they are 
not as precise as the random forest in differentiating 
between classes.

The random forest model is the recommended 
choice for SHAP analysis because of its high accuracy, 
robustness, and interpretability. The random forest 
method demonstrated the fewest misclassifications, 
along with highly balanced accuracy, precision, and 
recall, indicating that a stable model effectively dif-
ferentiates between the “recommend” and “not rec-
ommend” classes. This stability ensures that SHAP 
values provide a reliable interpretation of the impor-
tance of features. Additionally, the random forest’s 
consistent performance across key metrics, including 
the MCC and AUC, reflects its reliability and strong 
discriminatory power, which enhances the trustwor-
thiness of SHAP insights. Furthermore, random for-
est models are inherently interpretable, making them 
well suited for SHAP analysis, as SHAP values can 
clearly illustrate feature contributions across the 
ensemble of decision trees, providing a clear under-
standing of how each feature impacts predictions.

Fig. 8 shows that the SHAP value analysis of the 
random forest model reveals the relative importance 
of various features in predicting whether passengers 
will “recommend” airport services. The feature staff 
stands out as the most influential factor, indicating 
that the quality of service provided by airport staff 
significantly impacts passenger satisfaction and the 
likelihood of recommendation. This result suggests 
that passengers prioritise the quality of interactions 
with airport personnel, which can shape their overall 
experience and satisfaction.

 

Fig. 8. Feature importance based on the mean absolute SHAP values 

 

Fig. 8 shows that the SHAP value analysis of the random forest model reveals the relative importance of various features in predicting whether 
passengers will “recommend” airport services. The feature staff stands out as the most influential factor, indicating that the quality of service 
provided by airport staff significantly impacts passenger satisfaction and the likelihood of recommendation. This result suggests that 
passengers prioritise the quality of interactions with airport personnel, which can shape their overall experience and satisfaction. 
Queue management emerges as the second most important feature, underscoring that the efficiency of queue handling and wait times 
considerably influence passenger decisions. Passengers are likely to recommend airports if they experience minimal wait times and efficient 
service, highlighting the operational aspect of customer satisfaction. 
Following queues, features such as signs and shops have comparable importance. The presence of clear signage contributes to ease of 
navigation within the airport, whereas the availability of shops adds convenience and variety to the passenger experience. Although these 
factors are not as influential as staff and queues are, they still play a notable role in enhancing passenger satisfaction. 
“Seat” and “clean” exhibit moderate importance in influencing recommendations, suggesting that cleanliness and seating comfort are valued 
by passengers but are secondary to factors such as staff service and queue management. “F&B” (food and beverage), while still relevant, ranks 
lower in importance, indicating that passengers may not consider food services critical to their overall airport experience. “Wifi” has the lowest 
SHAP value, suggesting that internet connectivity, although expected by passengers, is not a primary factor driving satisfaction and 
recommendation. 
In summary, the SHAP values indicate that staff and queue management are the most crucial features and are likely to increase passenger 
satisfaction and willingness to recommend airports. This insight implies that airports should focus on improving the quality of staff interactions 
and optimising queue management systems to reduce wait times. Secondary factors, such as signage, cleanliness, and seating, also contribute 
positively and should be maintained to create a well-rounded, pleasant experience. In terms of machine learning implications, this analysis 
demonstrates how SHAP values can offer a nuanced understanding of feature importance, enabling targeted improvements in service quality 
that align with customer priorities. 
 

3. Discussion of the results 

Among the passenger expectation changes and technology adoptions that could be used to enhance service quality, airports face many 
complaints from passengers. On the other hand, passengers suggest airport services to others. This research aims to alleviate the problem for 
airports regarding many variables that might affect passenger satisfaction. Moreover, airports cannot make certain decisions concerning service 
preparation that should exceed passenger expectations. Eventually, passengers might not recommend airports to others, such as family or 
friends, during their trip. These problems may vary across the different environments of each airport. To overcome these problems, a 
classification model was developed to match airports with services that meet passenger expectations and identify variables that might influence 
a passenger to recommend airports to others. Therefore, this research focuses on airports in Southeast Asia, which encompass many tourist 
destinations and support tourists from countries worldwide. 
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Queue management emerges as the second most 
important feature, underscoring that the efficiency of 
queue handling and wait times considerably influ-
ence passenger decisions. Passengers are likely to 
recommend airports if they experience minimal wait 
times and efficient service, highlighting the opera-
tional aspect of customer satisfaction.

Following queues, features such as signs and 
shops have comparable importance. The presence of 
clear signage contributes to ease of navigation within 
the airport, whereas the availability of shops adds 
convenience and variety to the passenger experience. 
Although these factors are not as influential as staff 
and queues are, they still play a notable role in 
enhancing passenger satisfaction.

“Seat” and “clean” exhibit moderate importance 
in influencing recommendations, suggesting that 
cleanliness and seating comfort are valued by pas-
sengers but are secondary to factors such as staff ser-
vice and queue management. “F&B” (food and 
beverage), while still relevant, ranks lower in impor-
tance, indicating that passengers may not consider 
food services critical to their overall airport experi-
ence. “Wifi” has the lowest SHAP value, suggesting 
that internet connectivity, although expected by pas-
sengers, is not a primary factor driving satisfaction 
and recommendation.

In summary, the SHAP values indicate that staff 
and queue management are the most crucial features 
and are likely to increase passenger satisfaction and 
willingness to recommend airports. This insight 
implies that airports should focus on improving the 
quality of staff interactions and optimising queue 
management systems to reduce wait times. Second-
ary factors, such as signage, cleanliness, and seating, 
also contribute positively and should be maintained 
to create a well-rounded, pleasant experience. In 
terms of machine learning implications, this analysis 
demonstrates how SHAP values can offer a nuanced 
understanding of feature importance, enabling tar-
geted improvements in service quality that align with 
customer priorities.

4.	Discussion of the results

Among the passenger expectation changes and 
technology adoptions that could be used to enhance 
service quality, airports face many complaints from 
passengers. On the other hand, passengers suggest 
airport services to others. This research aims to alle-
viate the problem for airports regarding many varia-

bles that might affect passenger satisfaction. 
Moreover, airports cannot make certain decisions 
concerning service preparation that should exceed 
passenger expectations. Eventually, passengers might 
not recommend airports to others, such as family or 
friends, during their trip. These problems may vary 
across the different environments of each airport. To 
overcome these problems, a classification model was 
developed to match airports with services that meet 
passenger expectations and identify variables that 
might influence a passenger to recommend airports 
to others. Therefore, this research focuses on airports 
in Southeast Asia, which encompass many tourist 
destinations and support tourists from countries 
worldwide.

This study aims to analyse the factors influencing 
passenger intentions to recommend airport services 
in Southeast Asia. The research process began with 
data collection through data extraction from the 
Skytrax website using the R programming language. 
The resulting dataset comprises variables reflecting 
passenger satisfaction across various service dimen-
sions, as well as their tendency to recommend the 
respective airports to others.

During the data preparation phase, the research 
team structured the data appropriately for processing 
with data mining techniques, splitting the dataset 
into two parts: 70% for building and training machine 
learning models (training dataset) and 30% for evalu-
ating model performance (testing dataset).

The data analysis was conducted by applying five 
types of data mining models, including decision trees, 
random forests, support vector machines, neural 
networks, and gradient boosting machines. All the 
models were developed and tested using Python. The 
experimental process was divided into three rounds:

(1) Evaluating the performance of the five models 
via the basic dataset, (2) applying 5-fold cross-valida-
tion to enhance model learning performance, and (3) 
performing hyperparameter tuning to optimise 
model performance.

Model performance in each experimental round 
was evaluated using multiple metrics, including the 
confusion matrix, balanced accuracy, Matthew’s cor-
relation coefficient, and ROC curve. The comparison 
results indicated that the random forest model dem-
onstrated the highest performance in classifying pas-
senger tendencies to recommend airport services. 
This highlights the suitability of the random forest 
model for the regional context of airports in South-
east Asia. However, the results may vary if the model 
is applied to datasets from airports in other regions.
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Additionally, the SHAP value analysis combined 
with the random forest model revealed that staff qual-
ity and queuing time were the most influential factors 
affecting passenger decisions to recommend airport 
services in Southeast Asia.

Overall, the findings not only present an effective 
model for predicting passenger behaviour but also 
provide deep insights into key factors influencing 
satisfaction and recommendation intentions in the 
context of airports in Southeast Asia. This research 
demonstrates the potential of applying data mining 
techniques and advanced analytics using Python to 
generate valuable knowledge for enhancing airport 
service quality and developing strategies to improve 
the passenger experience more effectively and in line 
with their needs.

Discussion and theoretical 
implications

This research highlights the complex relationship 
between passenger satisfaction levels and the propen-
sity to recommend airport services within the South-
east Asian context. By employing multiple data 
classification techniques — decision trees, random 
forests, support vector machines, neural networks, 
and gradient boosting machines — this study pro-
vides substantial empirical evidence linking various 
service touchpoints to passenger experiences.

The findings indicate that the random forest 
model stands out for its superior accuracy and inter-
pretability and has emerged as the most effective tool 
for predicting passenger recommendations on the 
basis of a diverse set of service quality metrics. This 
model not only demonstrates its suitability for classi-
fication tasks but also offers a robust framework for 
analysing passenger satisfaction. The ability of ran-
dom forests to accurately predict recommendations 
underscores the potential of machine learning as  
a valuable asset in the development of customer ser-
vice strategies. Moreover, this research contributes 
significantly to the theoretical literature on airport 
service quality (ASQ) by integrating advanced 
machine learning methodologies with user-generated 
data sourced from platforms such as Skytrax. This 
approach not only enhances the understanding of key 
variables influencing passenger attitudes but also 
underscores the growing importance of data-driven 
decision-making in the aviation sector. The identifi-
cation of critical factors such as staff service quality 
and queue management highlights key areas for tar-

geted improvements in airport operations. The 
application of SHAP values for feature importance 
analysis offers practical insights, detailing which ser-
vice components most significantly affect passenger 
satisfaction. Such granular detail is invaluable for 
airport authorities aiming to prioritise resource allo-
cation and enhance service quality. Focusing efforts 
on improving staff interactions and optimising queue 
management can effectively address the most impact-
ful aspects of the passenger experience, potentially 
leading to increased recommendation rates and  
a strengthened competitive advantage.

While this study explored multiple machine 
learning models, the superior performance of ran-
dom forests compared with decision trees, SVMs, 
neural networks, and GBMs suggests a critical need 
for ongoing exploration of ensemble methods in 
similar contexts. Additionally, this research reinforces 
the notion that model selection should be guided by 
the specific characteristics of the dataset, emphasising 
the advantages of ensemble approaches when 
addressing complex classification challenges. By 
integrating machine learning techniques to analyse 
extensive and intricate datasets, this study enriches 
existing theories on service quality and customer 
satisfaction. The findings imply that traditional met-
rics of service quality can be effectively enhanced 
with data-driven insights, providing a more nuanced 
understanding of passenger expectations and satis-
faction levels. The successful application of machine 
learning methods in this research highlights the vital 
role of technology in managing and advancing service 
quality. The ability to process and analyse user-gener-
ated content from platforms such as Skytrax opens 
new avenues for theoretical development regarding 
the utilisation of customer feedback in service 
enhancement. Furthermore, by identifying staff per-
formance and queue management as pivotal determi-
nants, this study provides empirical support for 
theories that stress the significance of personal inter-
actions and operational efficiency within customer 
experience management. These insights not only 
align with but also expand upon prior research, sug-
gesting that enhancing these aspects can lead to ele-
vated levels of customer satisfaction and loyalty.

4.1. Managerial implications

From a managerial perspective, this study high-
lights the critical need for airport operators to priori-
tise improvements in both staff performance and 
queue management, as these factors are pivotal in 
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influencing passenger recommendations. This 
emphasis aligns with the findings of Akan and Karataş 
(2025), Brochado et al. (2024), Halpern and Mwesi-
umo (2021), and Pholsook et al. (2024), who also 
identify these factors as critical determinants of pas-
senger satisfaction.

The analysis underscores the role of staff interac-
tions as a primary determinant of passenger satisfac-
tion, indicating that comprehensive training 
programmes focused on customer service skills are 
essential. Emphasising courteous and efficient staff 
behaviour is paramount, as prioritising human 
resource development can yield substantial improve-
ments in passenger experiences and increase the 
likelihood of service recommendations. The findings 
suggest that targeted investments in staff training and 
the implementation of efficient operational practices 
can significantly increase customer satisfaction. By 
adopting a robust classification model, airport 
authorities are equipped to derive insights that inform 
strategic initiatives designed to improve the overall 
passenger experience. Such proactive measures are 
likely to foster increased passenger loyalty and ulti-
mately contribute to enhanced nonaviation revenue 
streams. Research has consistently highlighted the 
pivotal role of airport employees in shaping passenger 
loyalty and satisfaction. Antwi et al. (2020) concluded 
that the helpfulness and communication skills of air-
port personnel significantly influence these factors. 
To support this view, Bakır et al. (2022) identified 
airport employees as the most critical determinants 
of passenger satisfaction. In a similar vein, Wattan-
acharoensil et al. (2017) noted that passengers often 
experience negative encounters at airports, primarily 
due to insufficient assistance from staff, including 
airline ground personnel, security officers, and immi-
gration officials, as emphasised by Brochado et al. 
(2024). The contribution of staff to enhancing airport 
service quality is further underscored by Fodness and 
Murray (2007), who argued that well-trained employ-
ees, who are equipped with excellent service and 
communication skills, can increase airports’ overall 
efficiency and productivity (Pantouvakis & Renzi, 
2016). Passenger satisfaction within the airport con-
text is influenced by a multitude of factors, with the 
quality of services rendered by staff being paramount. 
Creating a conducive service environment is essential 
for promoting customer satisfaction and fostering 
positive behavioural outcomes. Relógio and Tavares 
(2023) suggest that airport managers can bolster 
employee performance by refining their recruitment 
and training methodologies, providing incentives, 

and facilitating clear career progression paths. Addi-
tionally, the implementation of effective conflict reso-
lution protocols, the establishment of enhanced 
feedback mechanisms, and the utilisation of observa-
tional techniques, such as mystery shopper assess-
ments, are recommended to identify areas for 
improvement and increase service standards, as 
noted by Brochado et al. (2024).

Queuing time is also recognised as a critical fac-
tor in the overall airport experience, necessitating 
that managers map the customer journey to identify 
specific pain points associated with queues. To 
address these issues, the implementation of queue 
management systems is essential, along with continu-
ous collaboration with airlines and security agencies, 
to optimise the flow of passengers (Brochado et al., 
2024). Self-service check-in kiosks and automated 
security screening systems have the potential to sig-
nificantly increase passenger satisfaction by stream-
lining processes. These technologies alleviate the 
need for traditional check-in counter queues, thereby 
saving time and providing a more efficient experience 
for travellers. Automated security screening systems, 
which incorporate advanced technologies such as 
millimetre-wave scanners and automated X-ray 
machines, further contribute to minimising waiting 
times and increasing overall convenience for passen-
gers (Booranakittipinyo et al., 2024). In alignment 
with the Sustainable Development Report of the Air-
port of Thailand (AOT, 2022), initiatives such as the 
“Touchless Airport” concept have been introduced. 
This includes the deployment of common-use self-
service (CUSS) kiosks and common-use bag drop 
(CUBD) technologies, both aimed at reducing touch-
points within the airport environment. Furthermore, 
encouraging early reservations for accommodations 
and restaurant services, along with promoting the use 
of digital payment systems, can significantly mitigate 
crowding and reduce queuing times for passengers.

While staff performance and queue efficiency are 
crucial, the significance of clear and effective signage 
should not be overlooked. An increase in airport 
wayfinding systems can alleviate passenger stress and 
improve the overall flow of individuals through air-
ports, contributing to a more seamless travel experi-
ence. By understanding which specific features most 
influence passenger recommendations, airport man-
agers can allocate resources more strategically. Invest-
ments should be concentrated in those areas that 
deliver the highest return in passenger satisfaction, 
such as staff quality and queue management systems, 
rather than being diffused across less impactful areas. 
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Integrating data analytics into service management 
practices allows for ongoing monitoring and continu-
ous improvement of service quality. Managers should 
establish data-driven feedback loops, utilising 
insights generated from machine-learning models to 
inform strategic decision-making and adapt to evolv-
ing passenger needs and expectations. In addition to 
staff and queue management improvements, atten-
tion must also be given to other aspects of the pas-
senger journey, such as the retail and dining 
experiences offered at the airport. Enhancing the 
variety and quality of shopping and dining options 
can add significant value to the passenger experience, 
making airports more attractive and recommendable 
destinations. Finally, encouraging real-time feedback 
from passengers is vital for identifying immediate 
areas for improvement and gauging satisfaction lev-
els. The implementation of systems that facilitate 
swift passenger feedback can empower airports to be 
responsive and agile in addressing any service issues 
that may arise, thereby further increasing overall pas-
senger satisfaction and loyalty.

4.2. Limitations and prospective 
research

While this study provides valuable insights into 
passenger satisfaction and service quality within 
Southeast Asian airports, it is essential to recognise 
its limitations. The dataset utilised in this research is 
confined to specific airports within Southeast Asia, 
which may restrict the generalisability of the findings 
to other regions or smaller airports. Additionally, the 
reliance on user-generated content may introduce 
biases related to self-selection, potentially skewing 
the overall satisfaction ratings and affecting the accu-
racy of the conclusions drawn.

Future research can address these limitations by 
expanding the dataset to encompass a broader range 
of airports globally. Such an expansion would 
enhance the robustness and applicability of the find-
ings across different contexts. Moreover, longitudinal 
studies that monitor shifts in passenger expectations 
over time could provide critical insights into evolving 
preferences, particularly in the aftermath of the 
COVID-19 pandemic. Further exploration of 
advanced machine learning techniques, such as deep 
learning models, could yield richer insights into the 
factors influencing passenger satisfaction. Addition-
ally, incorporating external variables — such as eco-
nomic indicators and environmental conditions 
— may deepen the understanding of the complex 

dynamics affecting passenger experiences. Integrat-
ing natural language processing techniques into the 
analysis of passenger reviews could also prove benefi-
cial, offering enhanced insight into the sentiments 
expressed by travellers. Moreover, examining alterna-
tive machine learning models and hybrid approaches 
may facilitate advancements in the accuracy of pre-
dictions related to passenger satisfaction.

Conclusions

In conclusion, this study lays a solid foundation 
for continued exploration at the intersection of data 
analytics and airport service quality. By pursuing the 
recommended avenues for future research, the air-
port industry can refine service strategies that effec-
tively resonate with passenger needs and expectations, 
thereby enhancing the overall traveller experience.
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Impact of global supply chain 
complexity on the individual 
performance of companies 

A B S T R A C T
Cooperation is a key element in building business relationships, particularly when these 
relationships are complex and implemented on an international scale. The process of 
globalisation has facilitated the creation of complex networks and the expansion into new 
markets. However, globalisation has also introduced vulnerabilities due to global crises 
that disrupt supply chains. In this context, this paper examines the role of global supply 
chain complexity, specifically focusing on the number of global partners and its impact on 
the performance outcomes of individual supply chain actors. A multivariate analysis of 
variance (MANOVA) was employed to test the significance of differences between the 
studied groups in the independent sample. This approach allows for the examination of 
how variations in the number of global partners influence multiple performance indicators 
within the supply chain context. The analysis revealed that a greater number of global 
partners positively affects several key performance outcomes for companies. Specifically, 
improvements were observed in lead time, overall supply chain efficiency, inventory and 
warehouse management, company revenue, and market share. These findings highlight 
the continued benefits of globalisation despite concerns about its associated risks. This 
study contributes to the ongoing debate about the advantages and risks of global supply 
chain complexity. It provides empirical evidence that, while globalisation introduces risks 
such as instability and reduced resilience, the benefits associated with a greater number 
of global partners remain significant. This research enhances the understanding of how 
global connectivity impacts supply chain performance and strategic decision-making for 
international businesses. The findings suggest that businesses should carefully assess the 
balance between expanding global networks and managing potential disruptions. Firms 
can capitalise on the advantages of global partnerships by enhancing key performance 
outcomes while simultaneously developing strategies to mitigate risks associated with 
instability. Furthermore, discussions surrounding the regionalisation and shortening of 
supply chains should consider how strategic global partnerships can complement efforts 
to build more resilient supply chains.
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achieved in the entire supply chain are the synergy of 
functioning individual links. Thus, partner selection 
affects the results produced in a particular entity. The 
number of direct and indirect suppliers or the indus-
try can determine the results achieved at each level of 
cooperation. 
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The widespread phenomenon of globalisation, 
which allows for creating a dense and wide network of 
cooperation between entities across the globe and the 
resulting increase in competitiveness and opportuni-
ties to conquer new markets, has contributed to new 
problems and constraints during the extreme global 
crisis. Recent global and international economic crises 
have revealed that the higher the complexity of the 
supply chain, the greater the impediments and risk of 
lowering the efficiency of the entire chain (Ivanov, 
2021). Extensive global and international collabora-
tions involving numerous players have been shown to 
cause exponential delays in producing goods and ser-
vices. The interdependence of deliveries between sup-
plies meant that each successive delay at one level 
caused even greater delays at the next. Ultimately, 
consumers received their products with significant 
delays. 

All this has led to increasing talk of the need to 
shorten supply chains or regionalise them to reduce 
the risk of a decline in their performance, especially in 
a dynamically changing economic environment, as 
well as to increase their resilience to unusual environ-
mental disruptions (Bielecki et al., 2024; Gereffi, 
2020). 

It turns out that in severe crises, simple local sup-
ply chains may be more likely to remain stable than 
global ones. This can lead to deglobalisation or reloca-
tion of production, yet goods will still have to change 
country several times as part of the production process 
before reaching the end customer (Cernat, 2022). 
Considering the role of the supply chain in the effects 
of its individual links, it is necessary to analyse the 
process of cooperation in supply chains conditioned 
by its complexity. Most of the research presented later 
in this article focuses on identifying challenges related 
to longer delivery times, the risk of disruptions, and 
the overall effects of the pandemic. However, there is a 
lack of in-depth, quantitative empirical research that 
directly analyses the impact of the number of links in 
the supply chain on the measurable economic effects 
of companies. This research gap is the subject of this 
article. To this end, a preliminary study was conducted 
to see how the number of partners in the supply chain 
affects the performance of individual entities in differ-
ent areas of activities. The article consists of the fol-
lowing parts: the literature analysis part is designed to 
present arguments on the relationship between supply 
chain performance and its complexity. The empirical 
part presents the author’s survey-based research con-
ducted. To this end, it includes the characteristics of 
the research sample, the research methodology, the 

results of statistical analyses, their discussion, and  
a summary.

1. Literature review 

1.1. Global supply chain management

Supply chain management aimed at increasing 
efficiency determines gaining and maintaining  
a competitive advantage more often than the product 
itself. Especially today, when advances in technology 
and civilization make it possible to realise services and 
deliveries on a global scale, the degree of interdepend-
ence between links and the processes implemented 
gain in value. Collaboration between companies in the 
supply chain brings numerous benefits, i.e., realisation 
of common market goals, effective formation and use 
of the supply chain structure, increasing global profit-
ability, more effective response to demand, creation of 
potential beyond the capabilities of the company itself 
or reduction of inventory levels along the chain (Tsan-
Ming Choi & Cheng, 2011).

In this context, globalisation is extremely impor-
tant as it has significantly contributed to shaping the 
approach to supply chain management through the 
increasing opportunities to create connections 
between markets and the free flow of goods and infor-
mation (Gereffi & Fernandez-Stark, 2016). At the 
same time, it has also posed new challenges especially 
for companies operating in the global market, espe-
cially in relation to advances in technology and com-
munication. Ali, 2023 pays particular attention to the 
following benefits of globalisation in supply chain 
management:
•	 Greater market access. Globalisation has allowed 

increased access to new customers from different 
world regions, resulting in independence from 
one market and increased opportunities for sales 
and revenue sources.

•	 Reduction of production costs. As a result of 
globalisation, companies benefit from relocating 
production to cheaper regions where labour or 
input costs are lower, thus reducing and optimis-
ing operating costs and spreading fixed costs over 
a higher production level.

•	 Access to scarce resources and skills. Companies 
gain access to resources or skills unavailable in 
the domestic market, which positively influences 
business development and its innovation level.

•	 Business flexibility and scalability. As a result of 
global interconnectedness, companies gain the 
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ability to adjust the size of their production and 
distribution directions to fluctuations in demand 
and the type of needs and thus respond appropri-
ately to changes in the environment.

•	 Building supply chain resilience. Geographic 
diversification of supply chains helps reduce risks 
from environmental, political or economic fac-
tors, minimising the impact of potential disrup-
tions from the environment.

•	 Access to modern technologies. Globalisation 
allows the exchange of experience from different 
areas of the world, which in the supply chain 
increases innovation and efficiency of individual 
links;

•	 Use of outsourcing. Access to diverse markets 
expands access to specialised service providers in 
different regions of the world to carry out side 
activities, allowing the company to focus on its 
main objectives. 

•	 Cooperation and knowledge transfer. Establish-
ing closer and farther afield partnerships facili-
tates the exchange of knowledge and experience, 
provided there is well-developed communication 
and information flow.

•	 Minimising lead times. Efficient supply chain 
processes and the use of modern tools and meth-
ods to optimise logistics processes help maintain 
a competitive position.
However, as research shows (Chopra & Meindl, 

2016), the number of links in global supply chains 
significantly affects their complexity and efficiency.  
A larger number of links can increase coordination 
costs and the risk of delays, which negatively affects 
the operating results of individual companies. In this 
context, this study analyses how the number of links 
in a supply chain affects the efficiency and profitability 
of companies.

However, it is increasingly observed that increas-
ing economic freedom can also be a threat (Baldwin, 
2016). The uneven distribution of benefits achieved 
from globalisation in different countries around the 
world undermines the perception of free trade only in 
terms of development. Moreover, according to Erixon, 
“globalisation has stalled — and global trade has 
become a casualty of increasing protectionism around 
the world” (Erixon, 2018). This is also confirmed by 
Marel, stating that globalisation is in increasing trou-
ble and is entering a period of rapid deglobalisation, as 
evidenced by the slowdown in global trade in recent 
years (van der Mare, 2020).

Shortages such as delayed delivery of products to 
customers or the inability to meet consumer needs in 

the supply chain caused by the recent global crisis 
have mainly introduced numerous disruptions in the 
flow of goods (Laire, 2021). An adverse supply chain 
event in the last year was experienced by more than 
75% of large global organisations (Bondar et al., 2023). 
Cernat (2022) also points out problems with various 
trade arrangements for processing activities, which 
hinder the integration of developing countries’ global 
production chains. These regulations typically include 
a single perspective on a country’s processing trade 
conditions and requirements, significantly limiting 
the chances for interoperability in complex global 
supply chains. These barriers, as indicated by UNC-
TAD (2023) research, increase the complexity of sup-
ply chains by adding additional links, which can 
negatively affect companies’ financial performance, 
especially in developing countries. This forces busi-
ness leaders to immediately adapt their processes to 
those of the supply chain and seek new partners to 
reduce and improve the efficiency of the entity’s opera-
tions. Therefore, assessing how the number of links in 
the supply chain affects the performance of individual 
companies forms the basis of this study, which exam-
ines this issue in the context of global and regional 
supply chains through the analysis of survey responses.

1.2. Impact of the number of links in the 
supply chain on company performance	

The selection of partners and the proper mainte-
nance of relationships between them is essential to 
remain competitive in the global market. As the mar-
ket has expanded, the possibility of expanding one’s 
network has increased. The number of closer and far-
ther partners directly involved in a given company’s 
activities can have different effects on the efficiency 
and quality of supply chain operations. This can be 
observed in the long-term effects of globalisation, 
which has created opportunities to define new busi-
ness models involving foreign capital, innovation and 
the field of research and development with greater 
intensity. Greater production capacity has determined 
a significant increase in specialised human capital 
(Erixon, 2018). Moreover, building global economic 
and technological connections is essential in main-
taining a country’s competitiveness and, thus, eco-
nomic development. Therefore, they must promote 
sources of international cooperation and specialisa-
tion in value chains and actively make joint efforts 
with their partners (Bauer et al., 2023). There is also 
increasing talk that globalisation is shifting toward 
intangible and digital flows (van der Mare, 2020). This 
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should be seen as complementary to, not opposed to, 
trade and the role of the global supply chain in that 
exchange (Pepper et al., 2016). 

Globalisation also contributes to changes in the 
structure of supply chains and affects the local com-
munity. The need to respond effectively to customer 
needs forces the realisation of production in different 
parts of the world, which, on the one hand, simplifies 
the manufacturing of finished products and, on the 
other hand, makes the process of sourcing raw materi-
als and intermediate products more difficult (Bujak, 
2012). At the same time, the complexity and level of 
sophistication of the supply chain complicate the flow 
of goods and information between its partners. An 
observed effect of globalisation is the lengthening of 
lead times. It causes global supply chain management 
to run the risk of delayed and even incomplete deliver-
ies. Moreover, the lengthening of the supply chain also 
increases the risk of currency fluctuations and tends to 
lower the level of vigilance against unforeseen events 
and phenomena occurring in various economies 
around the world (Muzyczka, 2011). At the same time, 
it creates entirely new opportunities and possibilities 
for companies willing and able to adapt to the chang-
ing environment. Global supply chain management is 
thus the resultant subordination to disparate domestic 
and international factors. Global supply chains and 
the values of multinational companies are paving the 
way for a global market for trade and the fragmenta-
tion of chains (Bauer et al., 2016).

Despite its many benefits, globalisation has posed 
several challenges for supply chain management. 
These are primarily due to recent disruptions in the 
stability of international supply chains caused mainly 
by recent economic crises and the associated conse-
quences, i.e., pandemics, natural disasters, operational 
risk, financial and geopolitical crises, cyber insecurity 
and logistical disruptions (Thuge Lund et al., 2023). 
This is an interesting subject area of much current 
research, which mainly refers to supply chain resil-
ience to external factors and building strong relation-
ships with specific suppliers.

The negative impact of recent disruptions could 
especially be observed in the automotive industry, 
where waiting times in the end market average 
between six months and a year (Belhadi, 2021). This is 
especially true for technologically advanced products, 
which, due to their equipment, involve longer produc-
tion process times and the use of modern materials 
and products. Great concern could also be observed in 
the semiconductor industry, which, due to its global 
nature, is exposed to numerous supply chain disrup-

tions (SIA, 2022). The semiconductor chain involves 
many stages, i.e., research and development, design, 
manufacturing and distribution. In doing so, it 
requires many different international stakeholders.  
A large semiconductor company may require the 
participation of as many as 16,000 suppliers (Bauer, 
2023). This significantly increases the complexity of 
supply chain management, which, as shown in a McK-
insey report (2020), leads to increased coordination 
costs and delivery delays. In contrast, the intensive 
cooperation with China over the past decade, due to 
lower labour costs and specialisation of competencies 
in different countries, has caused supply chains in 
multinational companies to become rather frag-
mented (Erixon & Messerlin, 2009).

Numerous global connections mean greater com-
plexity and associated problems requiring a broader 
view of one’s operations. This, in turn, brings a greater 
risk of supply chain disruptions related to the disper-
sion of suppliers and customers, global crises or the 
individual circumstances of doing business in a par-
ticular country (especially when different legal sys-
tems, traditions, and religions are considered). The 
global market brings new opportunities and new 
competitors who have access to the same suppliers 
and customers. In addition, the dispersion of the sup-
ply chain makes it difficult to collect and control data, 
including sensitive data (Champion, 2023).

1.3. Consequences of the number of 
links in the supply chain for individual 
companies

One of the important problems of the global sup-
ply chain is delivery delays or long transit times, which 
can be particularly acute in complex chains and net-
works with many links. Research by Sheffi (2015) 
indicates that each additional level in the supply chain 
increases the risk of delays by approximately 5–10%, 
directly affecting customer satisfaction and compa-
nies’ financial results.  Effective inventory manage-
ment and establishing partnerships only with 
experienced suppliers of products and logistics ser-
vices can somewhat minimise this problem (Vidrova, 
2020). This is perfectly evident from observations of 
the 2008–2009 and 2019–2021 global crises, which 
caused significant disruptions in demand and supply 
sequentially in many industries, thus revealing the 
previously mentioned disadvantages of an elongated 
supply chain. Research by Christopher (2016) indi-
cates that extended supply chains increase operational 
risk, negatively affecting the profitability of companies, 
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especially in industries with high demand volatility. 
To cope with the changing conditions and maintain 
efficiency, it is important to maintain the constant 
ability of supply chain links to adapt to new condi-
tions.

The number of links in the supply chain directly 
impacts the operational efficiency and financial per-
formance of individual companies. This study focuses 
on examining how the number of links in the supply 
chain affects key aspects of a company’s operations, 
such as operating costs, order fulfilment time, resil-
ience to disruptions, and profitability. In the context of 
company performance, the number of links in the 
supply chain is crucial. 

Literature reviews indicate that a larger number of 
links in the supply chain increases the risk of disrup-
tions and coordination costs. For example, Jasrotia et 
al. (2024) emphasise that each additional level in the 
supply chain increases management costs by approxi-
mately 3–5%, which can lead to a reduction in operat-
ing margins. In addition, companies with more 
extensive supply chains are more vulnerable to fluc-
tuations in demand and supply, negatively affecting 
their financial liquidity (Alicke et al., 2024). 

What is more, the number of links affects compa-
nies’ ability to respond quickly to market changes. 
Research by Christopher and Peck (2004) shows that 
shorter supply chains with fewer links allow compa-
nies to adapt more quickly to changing conditions, 
which is crucial in highly volatile industries such as 
electronics and automotive. According to a Deloitte 
report (2022), companies with shorter supply chains 
(fewer links) report 15–20% lower operating costs and 
faster order fulfilment times compared to companies 
with more extensive chains. A larger number of links 
in the supply chain increases the risk of these disrup-
tions, as each additional link introduces potential 
points of failure (Christopher, 2016). Research indi-
cates that companies with more extensive supply 
chains report higher operating costs and longer order 
fulfilment times, negatively affecting their profitability 
(Mentzer et al., 2001).

1.4. Globalisation and regionalisation 
of the supply chain

Regionalisation of supply chains, which is under-
stood as reducing the number of links and shortening 
their length, is increasingly seen as a strategy for 
improving business efficiency in response to the chal-
lenges of globalisation. In the literature and ongoing 
research, one can find different positions on the direc-

tion of globalisation and related cooperation in inter-
national supply chains. On the one hand, there is the 
approach that globalisation is less extensive than 
assumed. DHL’s 2022 report shows interesting results 
regarding globalisation (Altman & Bastian, 2022). 
Most trade operations are more often domestic than 
international. Only about 20% of global economic 
output is exported (in value-added terms), and foreign 
investment flows account for only 6% of gross fixed 
capital formation. Moreover, international flows are 
already largely regionalised, with about half of the 
international trade and capital realised in the world’s 
major regions. For example, in the ASEAN region, 
shorter supply chains with fewer links increase the 
operational efficiency of companies through lower 
transportation costs and faster order fulfilment times 
(ADB, 2023).

This means that if physical distances and differ-
ences between countries did not constrain flows, they 
would have a far wider scope. The political environ-
ment has also become less conducive to globalisation, 
which increases the risk of costly fragmentation of 
international flows or its decline. On the other hand, 
the value of post-pandemic international trade shows 
that it is quite resistant to global pandemic crises. 
During the COVID-19 pandemic, trade flows were 
carried out over greater distances, thus contradicting 
the ongoing phenomenon of regionalisation (Mena et 
al., 2022). Instead, the president of the European 
Central Bank mentions three key changes in post-
pandemic world trade, among which he marks the 
apparent shift from globalisation to regionalisation 
(Lagarde, 2022). A key argument supporting the view 
that the pattern of flows may become more regional-
ised stems primarily from a change in the attitude of 
companies and governments, which are increasingly 
willing to support nearshoring and reshoring (Euro-
pean Parliament, 2021). The business model based on 
doing business with long-standing regional partners is 
also a major advantage of regionalisation. This is pri-
marily due to the reduction of transportation and 
transit costs, the elimination of impediments caused 
by regulations and laws of other countries, or the 
reduction of the phenomenon of dependence on other 
countries (Altman & Bastian, 2022). Regionalisation 
is fostered by high levels of inflation and shortages of 
inputs, causing companies to seek local suppliers to 
ensure timely and reliable deliveries (Grazia et al., 
2021). In turn, due to limited public budgets, only the 
most strategic supply chains can count on assistance 
in relocating production sites (Zhang et al., 2018). 
Banaszyk (2023) noted that the model of full globali-
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sation would coexist with the model of a multilateral 
structure with a regional character centred around the 
main consumption and production centres.

Simplifying and shortening supply chains may be 
one of the future directions of change in supply chain 
performance management. According to Deloitte’s 
Supply Chain Panel survey, more than 70% of entities 
“either have or will implement dual or multi-sourcing, 
coming from single sourcing” (Thuge Lund & Vis-
gaard Duch, 2023). The speed of response to customer 
demand generates the need to produce close to the 
potential consumer. 

A significant argument towards regionalising 
parts of supply chains is lengthening lead times due to 
globalisation. Regionalisation reduces the number of 
links and shortens delivery cycles, which increases 
supply chain resilience and improves companies’ 
operating results (Sheffi, 2015). Regionalisation is 
considered within supply chain flexibility as an 
increase in the use of local suppliers and the associ-
ated reduction in cycle times, which is one factor in 
supply chain resilience (Thuge Lund & Visgaard Duch, 
2023). Moreover, some companies are changing their 
operations to mitigate emerging efficiency problems 
by increasing procurement from local suppliers (Cen-
tral Europe CFO Survey, 2023). Copacino and Byrnes 
observed that manufacturers are currently reducing 
the number of their suppliers, allowing them to cap-
ture a large market share. A McKinsey study, on the 
other hand, found that 45% of supply chain actors 
either do not have access to downstream performance 
in their supply chain or only see suppliers adjacent to 
the supply chain and in a direct relationship (Alicke et 
al., 2022). 

The lack of visibility into downstream activities, 
resulting from many cells, often causes disruption and 
consequent inefficiency in supply chain management. 
This is borne out by the research of Binh An Thi 
Duong et al., which proved that the resonant influence 
mechanism in the supply chain increases the effective-
ness of downstream activities and thus significantly 
affects the performance of individual entities in the 
chain (Duong et al., 2019). Meanwhile, it is observed 
that about half of the companies fail within the next 
five years of their operations; this is especially true for 
small entities (Zhou, 2024). The reasons for this situa-
tion can be traced to poor supply chain performance, 
which can contribute to business failure. According to 
a 2014 Deloitte survey, only 8% of companies with 
weaker supply chains experience above-average 
growth. In contrast, nearly 80% of companies that 
achieve above-average revenue growth in their indus-

tries operate in high-performance supply (Chew  
& Mohamed Zainal, 2024). Previous studies have 
focused mainly on general performance indicators, 
but the literature lacks more detailed analyses consid-
ering different categories of partner numbers. There-
fore, this study aims to fill this gap and provide more 
detailed information on this topic. These observations 
are the starting point for this study, which aims to 
examine how the number of links affects the perfor-
mance of companies in this chain.

2. Research methods

2.1. Research sample

This article aims to conduct a quantitative analysis 
of the impact of the number of links in the supply 
chain on the efficiency and profitability of companies 
operating under conditions of global disruption. The 
study is based on empirical data and aims to verify 
whether the number of entities in the chain translates 
into the performance of the companies that belong to 
it. Further empirical analysis primarily used data col-
lected through a survey. The survey finally included 
212 companies from four selected European countries: 
Poland (19%), Romania (33%), the United Kingdom 
(22%), and Turkey (26%). The selection of companies 
for the study was simple and random. To ensure diver-
sity in the supply chain partnership, the research 
population included companies of various sizes coop-
erating with their suppliers or customers at the inter-
national level. In the end, about 40% of small, 26% of 
medium-sized, and 34% of large companies took part 
in the study. The study excluded micro-companies, 
which usually operate locally.

Countries selected for the study are economically 
interconnected in terms of trade, foreign investment 
and membership in international economic organisa-
tions. First, they have numerous bilateral agreements 
on economic cooperation, investment, avoidance of 
double taxation and investment protection, which is 
conducive to building mutual cooperation in the pro-
cess of exchange of goods, including on a global scale. 
In addition, these countries, due to their numerous 
memberships in international organisations, have 
established strategic partnerships with many countries 
on a global scale. Therefore, the results will serve as  
a prelude to research on supply chain changes as  
a result of the global crisis.

Preliminary characterisation of the surveyed 
companies made it possible to observe that the most 
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frequent participants were those whose number of 
global supply chain partners was between one and 
three (nearly 37%), with one in three companies 
declaring that they work with three to ten global 
partners (nearly 30%) or with more than ten (nearly 
30%). In the case of British companies, four to nine 
partners dominated (29%), while the range for the 
other countries surveyed was between one and three 
global partners (Poland with 21%, Romania with 36%, 
and Turkey with 31%). At the same time, Polish and 
Turkish companies most often declared the absence of 
a global partner in their direct supply chain (both 
40%). Typically, the surveyed companies acted  
as manufacturers (33%) or logistics providers (28%) 
in the supply chain. The most common participants  
in the survey were companies that act as manufactur-
ers (33%) or logistics providers (28%) in the supply 
chain.

2.2. Assumptions and research methods

The collected data were statistically analysed 
according to the assumptions of the selected statistical 
methods. It was assumed that there is a relationship 
between the performance of entities in the supply 
chain and the number of partners in the supply chain. 
Therefore, the following research hypotheses were set. 

Hypothesis 0. The entity’s average performance 
rating is similar for each category of the number of 
partners in the supply chain 

Hypothesis 1. The entity’s average performance 
rating varies by the category of the number of supply 
chain partners in at least one of the company’s perfor-
mance areas studied

To verify the research hypothesis, the dependent 
and independent variables were defined based on  
a review of literature and research on the impact of the 
supply chain on the performance of companies par-
ticipating in it.

1. The multivariate dependent variable deter-
mines the evaluation of supply chain performance, 
i.e.: 
•	 lead time,
•	 efficiency of the entire supply chain,
•	 logistics costs,
•	 efficiency in inventory, warehouse management,
•	 human resource management,
•	 fulfilment of customer requests,
•	 mitigation of risk in the supply chain,
•	 revenue of the company,
•	 market share — the company’s share in the whole 

market in which it operates.

The scale is 1 to 5, where 1 is definitely worse than 
the previous years, 2 is worse than the previous year,  
3 is comparable to the previous years, 4 is better than 
the previous years, 5 is definitely better than the previ-
ous year.

2. The multivariate independent variable specifies 
the number of global logistics partners included in 
three groups: Group 1 — from 0 to 3 partners; Group 
2 — from 4 to 9 partners; and Group 3 — 10 or more 
partners. 

The defined variables were subjected to statistical 
analysis using the multivariate analysis of variance 
MANOVA method for independent samples, which 
made it possible to examine simultaneously the asso-
ciations of multiple independent variables of the 
qualitative type and multiple dependent variables of 
the quantitative type (Wątroba, 2009). The most lib-
eral NIR post-hoc test was used to test for differences 
(Aranowska & Rytel, 2010).

3. Research results 

3.1. Checking assumptions for MANOVA

According to the assumptions of MANOVA 
analysis, all explained variables must have a multivari-
ate normal distribution in the population, and all 
independent populations must be determined by the 
levels of factors and their intersections (Todorov  
& Filzmoser, 2010). To check the validity of the 
assumption of a normal distribution, random devia-
tions were made based on a histogram of the number 
of residuals (Chmielewski & Berczyński, 2001). The 
analysis assumes that the random deviations are inde-
pendent, have zero expected value, have constant vari-
ance, and follow a normal distribution. If the proposed 
dependency model is adequate, then the residuals that 
are realisations of the random deviations should show 
trends that confirm the assumptions about the nor-
mality of the distribution. Moreover, when the mar-
ginal distributions of the explanatory variables can be 
considered normal, the multivariate distribution of 
these variables is often also a normal distribution 
(Gnanadesikan, 1977). Outlier observations were 
examined using the Mahalanobis distance measure 
for the distance of a case from the centre of gravity, 
determined by the independent variables (Ampula, 
2015). It was determined that the value of the 
Mahalanobis distance was greater than the critical 
value of the chi test2 for each p level and for N=212. 
Using exploratory statistics, five extreme values were 
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identified, i.e., so-called outlier observations, which 
disturbed the achievement of a multivariate normal 
distribution of the studied population. Again, repeated 
analysis of the Mahalanobis distance on the reduced 
dataset yielded a maximum distance value of 24.679. 
For N=207, the critical value of the distribution Chi2 
= 27.88 > the value of the Mahalanobis distance, for  
p =0.001 and df = 9 allows for assuming that the con-
dition about the multivariate normality of the distri-
bution in the population was met. 

3.2. Testing for homogeneity  
of covariance 

The basic assumption for the use of the MANOVA 
model is the assumption of equality of the covariance 
matrix in the compared samples verified by the Box 
test. This means that each explanatory variable has 
homogeneous variances in all independent subpopu-
lations determined by factor levels and their intersec-
tions. The Box test results for all explanatory variables 
combined did not meet the assumption of equality of 
covariance, which may be due to the number of 
dependent variables. The more of them, the greater 
the probability of inequality of variances across groups 
(Tabachnick & Fidell, 2001). Since the equality and 
the size of individual subgroups can affect the results 
of testing, their distribution was examined for cer-
tainty (Table 1).

The number of observations for the study groups 
is similar but not identical, so the equality of the 
covariance matrix was checked using the Box M test, 
the results of which are shown in Table 2.

Box’s M test value (F(90; 251)) < 0.001 theoreti-
cally does not indicate homogeneity of the covariance 
matrix across groups. Test results less than 0.001 
suggest possible bias in the results for the alpha level. 
However, according to the approach of Tabachnick 

Tab. 1. Frequency distribution of the population by study subgroups

Number of partners in the global supply chain

Frequency Percentage Percentage of valid Cumulative  
percentage

Number of partners 0-3 86 41.5 41.5 41.5

4-9 62 30.0 30.0 71.5

10< 59 28.5 28.5 100.0

Total 207 100.0 100.0

Tab. 2. Box’s homogeneity of the covariance matrices test

χ² df p

251 90 < .001

and Fidell (2001), the condition of analysis can be 
considered satisfied if the sample sizes are not equal. 
In this case, the sample sizes are not equal, so the 
result was considered significant, allowing the 
MANOVA model to be applied to the new dataset.

3.3. Testing for differences between 
variances in compared groups

The next step was to test the assumption of 
homogeneity of variance, that is, that the results are 
similarly dispersed around the mean in each sub-
group. The null hypothesis of this test is that the vari-
ances in the subgroups are identical. For this purpose, 
the Levene’s test was applied.

Table 3 shows the result of Levene’s test based on 
the mean for each dependent variable; the difference 
between the variances in the compared groups is sta-
tistically insignificant (p > 0.05). This means that it 
can be assumed that the variances of the subgroups 
are equal or close to each other. 

3.4. MANOVA testing results 

The multivariate analysis of variance (MANOVA) 
procedure provides regression analysis and analysis 
of variance for the dependent variables studied 
according to a single factor of the number of global 
supply chain partners, categorised into three groups. 
The hypothesis that there is one mean difference or 
more between the studied categories of the number of 
partners and business performance was tested. Table 
4 presents the results of the multivariate analysis of 
variance.

Regarding the main effect of the number of part-
ners based on the above data, three of the four tests 
obtained the same F-test value and significance. The 
results of the Pillai’s Trace test F(18.392) = 1.78;  
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Tab. 3. Tests for homogeneity of variance

Levene’s test df1 df2 Relevance

Lead time 1.692 2 209 0.187

Efficiency of the entire 
supply chain 3.033 2 209 0.050

Logistics costs 1.795 2 207 0.169

Efficiency in inventory, 
warehouse manage-
ment

0.447 2 209 0.640

 Human resource man-
agement 0.810 2 205 0.446

Fulfilment of customer 
requests 0.875 2 209 0.418

Mitigation of risk in the 
supply chain 1.112 2 209 0.331

Revenue of the company 2.559 2 209 0.080

Market share: the share 
of the company in the 
whole market on which 
it operates

0.398 2 209 0.672

Tab. 4. Multivariate tests

    value F df1 df2 p

Number of partners Pillai’s Trace 0.151 1.78 18 392 0.026
  Wilks’ Lambda 0.854 1.78 18 390 0.026

  Hotelling’ Trace 0.165 1.77 18 388 0.026
  Roy’s Largest Root 0.107 2.33 9 196 0.017

p = 0.026 mean that the main effect is statistically 
significant for α = 0.05. The null hypothesis should be 
rejected in favour of the alternative hypothesis, which 
assumes that at least one outcome factor has a differ-
ent mean value for the compared populations. This 
means that the effect of a factor is different for differ-
ent levels of another factor. 

3.5. Explain the nature of the main 
effect

Once the significance of the main effect of the 
factor under study was established, an analysis was 
conducted to explain the significance of the effect. 
For this purpose, post hoc tests/contrast analysis was 
used. Due to the lack of an interobjective factor, 
checking which averages are statistically significantly 
different. A simple main effect analysis of the number 
of partners was used. That is, the significance of dif-
ferences between supply chain effects were compared 
separately in each group due to the number of part-
ners in the chain. This analysis aims to answer the 
following questions:

•	 Whether the effects of the chain, as measured by 
the Likert scale, are different in the group where 
the number of partners in the chain is less than or 
equal to three.

•	 Whether the effects of the chain, as measured by 
the Likert scale, are different among the groups 
where the number of partners in the chain is 
greater than three but less than nine.

•	 Whether the effects of the chain as measured by 
the Likert scale are different among the groups 
where the number of partners in the chain is 
equal to or greater than ten.
The NIR post-hoc test, which is the most liberal 

test, was used to test for differences (Table 5).
The results from the table allow for concluding 

that there is a significant statistical difference between:
•	 Lead time and the number of partners in the 

chain. These results differ in the group of up to 
ten or more partners in the chain.

•	 Efficiency of the entire supply chain. These results 
differ among the three groups studied.

•	 Efficiency in inventory and warehouse manage-
ment. These results differ between two groups, i.e.,
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Tab. 5. Post-hoc NIR test results

Dependent variable

(I) num-
ber_partne 
4. number  

of partners

(J) num-
ber_partne 
4. number  

of partners

Difference 
in averages 

(I-J)

Standard 
error Relevance

95% confidence interval

Lower limit Upper limit

Lead time 0–3 4–9 -.26026 .17606 .141 -.6073 .0868

10< -.55059 .17606 .002 -.8977 -.2035

4–9 0–3 .26026 .17606 .141 -.0868 .6073

10< -.29032 .19071 .129 -.6663 .0856

10< 0–3 .55059 .17606 .002 .2035 .8977

4–9 .29032 .19071 .129 -.0856 .6663

Efficiency of the en-
tire supply chain

0–3 4–9 -.33798 .16529 .042 -.6638 -.0121

10< -.37023 .16529 .026 -.6961 -.0444

4–9 0–3 .33798 .16529 .042 .0121 .6638

10< -.03226 .17905 .857 -.3852 .3207

10< 0–3 .37023 .16529 .026 .0444 .6961

4–9 .03226 .17905 .857 -.3207 .3852

Logistics costs 0–3 4–9 .03812 .18510 .837 -.3268 .4030

10< -.15758 .18690 .400 -.5261 .2109

4–9 0–3 -.03812 .18510 .837 -.4030 .3268

10< -.19570 .20217 .334 -.5943 .2029

10< 0–3 .15758 .18690 .400 -.2109 .5261

4–9 .19570 .20217 .334 -.2029 .5943

Efficiency in invento-
ry, warehouse man-
agement

0–3 4–9 .11510 .17945 .522 -.2387 .4689

10< -.30425 .17945 .091 -.6580 .0495

4–9 0–3 -.11510 .17945 .522 -.4689 .2387

10< -.41935 .19438 .032 -.8026 -.0362

10< 0–3 .30425 .17945 .091 -.0495 .6580

4–9 .41935 .19438 .032 .0362 .8026

Human resource 
management

0–3 4–9 .17132 .19030 .369 -.2039 .5465

10< .02401 .18849 .899 -.3476 .3956

4–9 0–3 -.17132 .19030 .369 -.5465 .2039

10< -.14731 .20488 .473 -.5513 .2566

10< 0–3 -.02401 .18849 .899 -.3956 .3476

4–9 .14731 .20488 .473 -.2566 .5513

Fulfilment of custom-
er requests

0–3 4–9 .12023 .18014 .505 -.2349 .4754

10< -.13783 .18014 .445 -.4930 .2173

4–9 0–3 -.12023 .18014 .505 -.4754 .2349

10< -.25806 .19513 .187 -.6427 .1266

10< 0–3 .13783 .18014 .445 -.2173 .4930

4–9 .25806 .19513 .187 -.1266 .6427

Mitigation of risk in 
the supply chain

0–3 4–9 .04692 .16832 .781 -.2849 .3788

10< -.30792 .16832 .069 -.6397 .0239

4–9 0–3 -.04692 .16832 .781 -.3788 .2849

10< -.35484 .18233 .053 -.7143 .0046

10< 0–3 .30792 .16832 .069 -.0239 .6397

4–9 .35484 .18233 .053 -.0046 .7143
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Revenue of the com-
pany

0–3 4–9 -.09164 .18057 .612 -.4476 .2643

10< -.47874 .18057 .009 -.8347 -.1228

4–9 0–3 .09164 .18057 .612 -.2643 .4476

10< -.38710 .19559 .049 -.7727 -.0015

10< 0–3 .47874 .18057 .009 .1228 .8347

4–9 .38710 .19559 .049 .0015 .7727

Market share: the 
share of the company 
in the whole market 
on which it operates

0–3 4–9 .04692 .16346 .774 -.2753 .3692

10< -.50147 .16346 .002 -.8237 -.1792

4–9 0–3 -.04692 .16346 .774 -.3692 .2753

10< -.54839 .17707 .002 -.8975 -.1993

10< 0–3 .50147 .16346 .002 .1792 .8237

4–9 .54839 .17707 .002 .1993 .8975

•	 4–9 and above ten partners.
•	 Revenue of the company. These results differ in 

the group of up to ten or more partners in the 
chain.

•	 Market share is the share of the company in the 
whole market on which it operates. These results 
differ among up to ten or more chain partners.
No statistically significant differences were 

shown between the studied groups, i.e., logistics 
costs, human resource management, fulfilment of 
customer requests, and mitigation of risk in the sup-
ply chain. This means that these supply chain results 
do not differ due to the number of partners in the 
chain. Thus, the number of partners in the supply 
chain does not affect the performance of companies.

The results (Table 6) show that the greater the 
number of partners in the supply chain, the better the 
company’s performance in the current year compared 
to the previous year. At the same time, these results 
were most often significantly better when the number 
of partners in the supply chain was greater than ten. 

The improved results can be traced to the pan-
demic-related economic crisis that preceded the year 
of the survey. Nonetheless, a surprising result indi-
cates that shortening supply chains is not necessarily 
good for business performance. Because the surveyed 
companies have more cooperators, they improved 
their performance in terms of lead time — operation 
time from point a to b; efficiency of the entire supply 
chain; efficiency in inventory and warehouse man-
agement; revenue of the company and market share 
— the share of the company in the whole market on 
which it operates. A big difference in improvement is 
observed, especially in the efficiency of the entire 
supply chain indicator, where each additional link in 
the chain can result in better performance for the 
company operating in it. 

For completeness, the percentages of grades for 
the indicators studied were also analysed for the trend 
of change, where Grades 1 and 2 indicate a deteriora-
tion in performance compared to the previous year, 
Grade 3 shows no change, and Grades 4 and 5 indicate 
an improvement in performance compared to the 
previous year (Table 7).

In the case of the lead time indicator, the rela-
tionship is very clear: the higher the number of part-
ners, the more often companies observe an 
improvement in performance, and conversely, a lower 
number of partners results in a deterioration of the 
company’s performance. Companies with an average 
number of partners observe the highest percentage of 
no change in lead time results. A similar trend applies 
to the relevant results for efficiency in inventory and 
warehouse management, where the results improve 
most often in companies with more than ten partners 
than in companies with 4–9 partners. Also, in this 
group, the indicator level remains the same. The 
indicator of revenue of the company is significantly 
more often indicated as the number of partners in the 
chain increases. At the same time, it is in the second 
group that the deterioration in performance is more 
often observed than in the other groups. In the group 
of up to four partners, it is also significantly more 
often observed that there is no change in the level of 
revenue compared to the previous period. 

Efficiency of the entire supply chain indicates 
that the most frequent improvement in performance 
was observed in the middle group of the surveyed 
population, which at the same time is the least likely 
to indicate a deterioration in the performance of their 
companies. A similar positive trend also extends to 
companies in Group 3. Most often, the lack of 
improvement in performance is typical of companies 
that work with the least number of partners in the 
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supply chain.  The trend of changes in the market 
share indicator is slightly different. It is significantly 
more often better for Groups 1 and 3. In contrast, 
considering the lack of change, Group 1 dominates. 
Group 2, on the other hand, has significantly more 
often worsened performance than other groups.

4. Discussion of the results

In response to the growing geopolitical tensions 
and dynamic changes of the past few years, there has 
been increasing talk of a move towards national self-
reliance and sovereignty, which could provide some 
degree of trade independence. This discussion is 
accompanied by the idea of a shift from globalisation 

to regionalisation, which could halt or even reverse 
the progressive process of globalisation and related 
trade on the world stage. At the same time, the inter-
national nature of the activities of most domestic 
companies may be at odds with this perception of 
economic reality. The results of the research presented 
in this article confirm that the complexity of the sup-
ply chain and the resulting cooperation with foreign 
partners positively impact the performance of com-
panies. A detailed analysis of data from companies 
operating in the manufacturing and service sectors 
showed that the number of partners in the supply 
chain significantly impacts key operational and 
financial indicators. The results indicate that a larger 
number of partners in the supply chain contributes to 
improving key performance indicators of the compa-
nies participating in it. Similar conclusions were 

Tab. 6. Average values of statistically significant results in the supply chain

Significant dependent 
variables Average values

Number of partners

1–3 4–9 >10

Average rating

Lead time 3.3962          3.1591 3.4194 3.7097

Efficiency of the entire 

supply chain

3.3208 3.1136 3.4516 3.4839

Efficiency in inventory, 

warehouse manage-

ment

3.3962 - 3.2258 3.6452

Revenue of the company 3.4623 3.2955 3.3871 3.7742

Market share 3.4057 3.2727 3.2258 3.7742

Tab. 7. Percentage of indications

Range  
of evaluation  

of changes 

Number of partners

Group 1: 1–3 Group 2: 4–9 Group 3: >10

Share% 

1-2 3 4-5 1-2 3 4-5 1-2 3 4-5

Lead time 29.6 29.5 40.9 16.1 38.7 45.1 9.7 32.2 58.1

Efficiency of the 

entire supply chain

29.5 31.8 38.6 12.9 35.5 51.7 19.4 35.5 45.2

Efficiency in inven-

tory and ware-

house manage-

ment

18.2 36.4 45.4 29 25.8 45.2 9.7 29 61.3

Revenue of the 

company

20.4 36.4 43.1 25.9 22.6 51.7 16.1 12.9 71

Market share 15.9 43.2 40.9 29 32.2 38.7 9.7 29 61.3
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reached by Saengchai and Jermsittiparserta (2019), 
who demonstrated a statistically significant correla-
tion between supply chain performance and compa-
nies’ financial results but did not analyse the level of 
operational indicators in the context of the number of 
partners.

This is proven by the results of the research con-
ducted in this article, indicating that the complexity of 
the supply chain and the associated cooperation with 
foreign partners affects the use of the results generated 
in a given entity. This, in turn, means that globalisa-
tion continues to benefit and is not fading away. This is 
also confirmed by the latest DHL report data on 
international flows of goods, services and capital, the 
levels of which have returned to pre-pandemic levels. 
This is especially true for those susceptible to chang-
ing macroeconomic conditions and the political envi-
ronment (Altman & Bastian, 2022). In this case, 
regionalisation yields better results. During the crisis, 
this was mainly the case for the tourism industry, but 
regionalisation can also prove to be much more ben-
eficial for agriculture, industry or energy. In the case 
of industrial and energy sectors, global supply chains 
ensure greater stability and access to resources, as 
confirmed by research conducted by Kano et al. 
(2020). Companies involved in global cooperation 
networks gain an advantage through broader access to 
knowledge and technology, which increases their 
innovation and operational efficiency, in particular, 
improving lead times by 18% and inventory efficiency 
by 22% compared to regional companies, which is 
consistent with our research results.

Also, studies conducted by Altman and Bastian 
(2023) suggest that despite the trend towards region-
alisation, globalisation continues to play a key role in 
the world economy. According to them, the overall 
level of international trade and interconnectedness 
remains significant, negating large-scale moves toward 
regionalisation, even if some supply chains have suc-
cumbed to it. The study presented in this article com-
plements these findings by showing that companies 
with more partners in their supply chains achieve 
better business performance, confirming the impor-
tance of global linkages, particularly in highly complex 
sectors.

An interesting perspective is presented by O’Neil, 
who believes that the actions of a group of countries 
that are increasing their exports, like China, India, 
and Mexico, can have a large impact on global flows 
(O’Neil, 2023). This study partially confirms the 
observation, indicating that companies actively par-
ticipating in global supply chains report greater flexi-

bility in responding to changes in demand. This is also 
confirmed by research by Kim and Chai (2017), who 
showed that multi-level supply chains consisting of 
several links increase operational flexibility by 20% 
and improve financial performance by 12% compared 
to simpler regional structures. This research and the 
results of other studies in this area show that in some 
sectors, globalisation and global supply chains will 
remain the dominant arena for trade and cooperation, 
providing further benefits for all participants.

Conclusions

The results showed that cooperation with global 
logistics partners in the supply chain benefits its 
individual participants. A larger number of partners 
in the supply chain, i.e., a larger number of links, 
positively impacts key performance indicators of the 
company, such as lead time, efficiency of the entire 
supply chain, efficiency in inventory and warehouse 
management, company revenue, and market share. 
Based on the results, a basic recommendation can be 
made for companies seeking to improve their perfor-
mance in the global supply chain: they should actively 
engage in extensive and complex cooperation net-
works with a larger number of international partners. 
This approach increases opportunities to operate in 
international markets, even during periods of tempo-
rary crisis.

This study has certain limitations due to its pre-
liminary nature. It relied only on the number of 
international partners for supply chain complexity. 
For more accurate results, future research should 
focus on considering other relevant characteristics of 
supply chain complexity due to globalisation and 
regionalisation processes. No analysis of sectoral dif-
ferences was conducted, which limits the applicability 
of the conclusions to specific industries. The distance 
of individual partners in the supply chain is also an 
important aspect with regard to the study of their 
impact on the performance of a single company, 
which was not considered in this study. In addition, 
business performance was assessed on a five-point 
scale, which also limits the accuracy of the results and 
includes the risk of subjectivity in the respondent 
assessments. Therefore, in future research, it is advis-
able to collect specific quantitative data on economic 
and performance indicators based on the actual scale.

Future research should consider an in-depth 
aspect of the impact of supply chain complexity on 
company performance depending on the industry 
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and scope of activity. Various other dimensions of 
supply chain complexity related to its horizontal and 
vertical structure, horizontal technological integra-
tion between partners, and the dynamics of coopera-
tion should be considered.
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System quality, information quality, 
perceived usefulness, and ease of 
use as determinants of intention to 
continue using a Digital Accounting 
System among Jordanian SMEs

A B S T R A C T
This study aims to investigate the determinants of the intention to continue using digital 
accounting systems (ICU-DAS) among Jordanian small and medium-sized enterprises 
(SMEs). This study used a quantitative approach with questionnaires distributed to o 440 
Jordanian SMEs. The sample included key decision-makers such as managers and owners, 
primarily from SMEs. A total of 318 sets of questionnaires were returned with complete 
responses and were examined further. The research model was analysed using partial 
least squares (PLS) with the Smart-PLS software. The results of this investigation revealed 
that system quality, information quality, perceived usefulness, and perceived ease of use 
significantly influence the intention to continue using digital accounting systems. This 
study bridges the gap between theory and practice, offering academic and practical 
insights into the factors influencing the continued use of digital accounting systems in 
SMEs. This research contributes significantly to understanding technology continuance, 
particularly in the context of SMEs in Jordan. Integrating ISSM, TAM, and ECM provides 
insights into how these systems are adopted and sustained in less-developed regions. 
The study provides actionable recommendations for SMEs and policymakers. SMEs can 
enhance SQ, IQ, and user satisfaction to improve adoption and long-term use by 
understanding the key factors driving DAS continuance. Policymakers can leverage these 
findings to create policies that encourage SMEs to adopt and maintain DAS, contributing 
to the region’s economic growth. 
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Introduction

Nearly every industry, including accounting, 
endured change caused by information technology. As 
a result, the importance of information technology 
and systems in company operations has been growing. 
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Consequently, businesses have been relying more and 
more on information systems and technologies to stay 
competitive and swiftly adjust to changes (Ritchi et al., 
2019; Jaklič et al., 2018; Almaqtari et al., 2023; Al-
Hattami et al., 2021c). Employees, managers, and leg-
islators must make numerous decisions in the modern 
business environment all the time, usually making 
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decisions supported by adequate and trustworthy 
information and facts (Harris, 2018; Kowalczyk  
& Buxmann, 2015; Al-Hattami & Kabra, 2022; Jaklič 
et al., 2018). Digital accounting systems (DAS) are 
essential decision-support tools that improve corpo-
rate decisions by delivering accurate, timely, and sub-
stantial information regarding finances and 
accounting (Alawaqleh & Al-Sohaimat, 2017; Romney 
& Steinbart, 2016). 

DAS are now widely recognised as essential 
instruments for data storing, financial transaction 
management, and decision-making facilitation. DAS 
are becoming increasingly more popular among small 
and medium-sized businesses (SMEs) aiming to 
improve their efficiency and consolidate financial 
processes (Al-Hattami, 2022; Al-Hattami et al., 
2021b). Research indicates that implementing DAS 
benefits these companies by enhancing their organisa-
tional performance (Al-Hattami et al., 2021b; Grande 
et al., 2011). In particular, studies show that decision-
making using DAS results in better quality decisions 
(Al-Hattami, 2022). DAS is seen as a crucial resource 
for business rivalry and leadership success, and this 
view incentivises companies to increase their efforts in 
the field (Mohammad, 2018; Ritchi et al., 2019; Zain  
& Hussin, 2019; Al-Hatami et al., 2022). Nevertheless, 
SMEs’ intentions to continue employing these systems 
are influenced by several elements necessary for the 
effective development and ongoing use of these plat-
forms. According to the research, a company’s ability 
to effectively apply information technology and sys-
tems depends more on persistence than on adoption 
or its use at first, which could be met with resistance 
(Mishra et al., 2023; Bhattacherjee, 2001; Zain & Hus-
sin, 2019; Yan et al., 2021; Hayat et al., 2020). Although 
DAS adoption can help with practical decision-making 
(Al-Hattami, 2021; Al-Hattami et al., 2022b; Akrong 
et al., 2022; Al-Hattami, 2022), more research is 
required to identify the factors contributing to user 
intentions to continue using DAS (ICU-DAS) follow-
ing adoption. Based on the authors’ best knowledge, 
user-friendly ICU-DAS have received relatively little 
attention thus far, especially for organisational uses.

Essam et al. (2024) provided an in-depth survey 
of quality techniques for question analysis in Arabic 
question answering that helped improve the search 
quality in the Arabic language. The available literature 
often provides extensive research into user acceptance 
along with sustained usage of information technology 
systems (IT/systems) (Hou, 2016; Venkatesh et al., 
2012; Ashfaq et al., 2020; Chiu et al., 2021; Al-Hattami 
et al., 2021; Qutaishat et al., 2023; Al-Debei et al., 

2022). However, behaviour intention to continue 
using DAS has not been well studied (Li & Wang, 
2021). Remarkably, there has been relatively little 
research on the intention to continue using DAS, 
especially among SMEs in less developed nations. 
Based on studies, the COVID-19 pandemic resulted 
in numerous obstacles and problems for SMEs (Adam 
& Alarifi, 2021). According to researchers’ predictions 
(Guo et al., 2020; Al-Hatami et al., 2022), SME strate-
gies and activities should centre on the exploitation 
and execution of digital technology, particularly 
accounting systems. Regretfully, no research has yet 
examined the factors determining the users’ ICU-DAS 
during this timeframe or setting. This research 
attempts to address the research gaps by identifying 
the primary motivators for organisational users to 
continue adopting DAS. To be more precise, this study 
supported the information systems success model 
(ISSM), expectation confirmation model (ECM), and 
the technology acceptance model (TAM) theoretical 
frameworks to look at how the perceived usefulness 
(PU), perceived ease of use (PEU), system quality 
(SQ), and information quality (IQ) affect SMEs’ inten-
tions to continue using DAS. Based on the authors’ 
best knowledge, no such practical research has been 
conducted in Jordan. The results showed that com-
pared to ISSM, ECM, and TAM, the synthesised para-
digm by Al-Hattami and Almaqtari (2023) had  
a greater explanation capacity, where the results also 
suggested that important variables in ICU-DAS in 
SMEs include PU, SQ, PEU, IQ, and satisfaction. 
Moreover, the significance of these study findings lies 
in their ability to shed light on the changing patterns 
of DAS uptake and persistence in the world of SMEs. 
The study’s results may help SMEs, legislators, tech-
nology suppliers, and the whole economy by promot-
ing sustainable digitalisation initiatives and enabling 
better decision-making. Thus, this empirical study 
aims to investigate the factors that influence Jordanian 
SMEs’ intentions to continue using digital accounting 
systems, namely IQ, SQ, PU, and PEU. The review of 
relevant literature, conceptual framework, formula-
tion of methodology, hypotheses, and the analytical 
part are covered in the following section.

1.	Literature review

Most enterprises in Jordan, an Arab Peninsula 
nation, are small and medium-sized enterprises 
(SMEs). In fact, 97% of all privately registered enter-
prises in Jordan are SMEs (ASI, 2013). Al-Hattami 
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and Almaqtari (2023) defined the Jordanian enter-
prises as companies with up to 50 employees. In Jor-
dan, SMEs are critical to reducing poverty, fostering 
economic expansion, and creating jobs. In particular, 
SMEs are thought to be a driver of economic expan-
sion, a significant contributor to equitable develop-
ment, and especially a source of the fastest job creation 
(Al-Hattami, 2022). Furthermore, given the volume of 
capital spent, their impact on the total GDP is note-
worthy, confirming their critical role in development 
that extends well beyond large enterprises (OCHA, 
2021). However, Jordanian SMEs face obstacles and 
problems, including the detrimental effects of 
COVID-19 and the nation’s political unrest (Saleh  
& Manjunath, 2020; OCHA, 2021). These businesses 
have the power to bring about socio-economic change 
in Jordan, notwithstanding these obstacles. SMEs may 
increase their reach, enhance their efficiency, and aid 
in the recovery of the economy by utilising technol-
ogy, particularly DAS (Al-Hattami, 2022; Abdullah et 
al., 2018; Al-Hattami et al., 2022a). Al-Hattami et al. 
(2021b) stated that many Jordanian SMEs are still 
ignorant of the significance and function of such sys-
tems in boosting their success. Several SMEs stopped 
utilising these systems after a while. The factors influ-
encing the Jordanian SMEs’ acceptance and utilisation 
of DAS have been the subject of several research 
efforts (Al-Hattami, 2022; Al-Hattami et al., 2022a, b; 
Al-Hattami & Kabra, 2022). It is crucial to research 
the factors encouraging users to continue using DAS 
because the success of businesses utilising informa-
tion technology/systems relies on the ongoing use 
compared with the implementation or first use, which 
might be met with resistance (Mishra et al., 2023; 
Bhattacherjee, 2001; Yan et al., 2021; Zain & Hussin, 
2019; Yan et al., 2021). However, to the authors’ best 
knowledge, no previous research has looked at the 
factors encouraging DAS users in Jordanian SMEs to 
keep using them. This literature gap emphasises the 
need for more studies to improve the comprehension 
of the variables impacting the adoption and continued 
use of DAS in this particular setting. In Jordan’s SME 
industry, where efficient financial management may 
have a major impact on company performance and 
economic growth, it is imperative to investigate these 
factors not just for academic purposes but also to 
guide policy and practice (Nair et al., 2020; Al-Hattami 
& Kabra, 2022).

Over time, the business world actors (managers, 
accountants, and finance specialists) are likelier to 
remain with a particular digital accounting system. 
Factors that could affect continuation include system 

quality, accuracy of the information, ease of use, over-
all user experience, and perceived usefulness (Li  
& Wang, 2021; Bhattacherjee, 2001; Cheng, 2020, 
Ujawry-Gil et al., 2025). The decision to keep using  
a digital accounting system impacts business opera-
tions because it enhances decision-making, helps with 
adherence to regulations, and increases the precision 
and efficacy of financial procedures (Cheng, 2020; 
Veeramootoo et al., 2018; Almaqtari et al., 2023).

1.1.	 Underpinning theory / Theoretical 
framework

DeLone and McLean (1992) utilised the ISSM, 
which is currently widely used as a framework to 
measure the efficacy and achievement of IS, to deliver 
a significant literature contribution to measuring the 
outcomes of IS (Mehta et al., 2022). Three categories 
comprise ISSM: quality, use, and impacts. The first 
category includes two structures (SQ and IQ) as well 
as the second (use and satisfaction), and the third 
category comprises two constructs (individual impact 
and organisational impact) (McLean & DeLone, 
1992). For instance, depending on the investigation’s 
goal, a certain set of scales or constructs may be 
employed (Floropoulos et al., 2010; Fadelelmoula, 
2018). Additional aspects or constructs independently 
of or subservient to additional models, like ECM, may 
be added to the model (Cheng, 2019; Khayer et al., 
2020; Veeramootoo et al., 2018; Franque et al., 2021; 
Akrong et al., 2022). This provided the model with the 
adaptability to measure various IS precisely in a vari-
ety of settings; additionally, this allowed for the 
approach to be applied and used at any assessment 
stage that the investigator felt was most appropriate 
(Petter et al., 2008; Dalloul et al., 2023; Al-Hattami, 
2022). This aspect of ISSM is determined by the relia-
bility dimension in conjunction with the functionality 
dimension since the current study gauges user inten-
tions to stick with DAS. Furthermore, the work com-
bines two well-known models (TAM and ECM) using 
ISSM to evaluate the continuity of intention within 
the realm of DAS.

TAM theory of IS, which explores how people 
embrace and employ technology, was first introduced 
by Davis (1989). Moreover, TAM typically refers to 
the ultimate decision made by users to buy, install, or 
utilise a system. It considers two essential compo-
nents, PU and PEU, that emerge in most major 
examples of technology adoption (Verkasalo, 2008; 
Davis, 1989). These concepts work together to ensure 
the user’s intention to utilise the investigated technol-
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ogy, which ultimately results in the system being used 
(Schöpfel et al., 2019; Charness & Boot, 2016). To be 
more precise, TAM proposes that PU influences 
behavioural intent in both directions, while PEU 
influences PU, and PU affects behavioural intent in 
both directions (Davis, 1989). TAM employs the 
“attitude” of a mediator, but “satisfaction” may rather 
be employed because satisfaction at the post-usage 
phase evaluates pre-usage attitudes, use intentions, 
and plans to continue using information technology 
or systems, all of which are related constructs (Cheng, 
2020; Bhattacherjee, 2001). Scientific investigations 
reaffirmed the importance of incorporating technol-
ogy acceptance and usage of TAM with other aspects 
related to use continuation, and TAM investigation 
has shed light on these areas (Hou, 2016; Ashfaq et 
al., 2020; Zhou et al., 2018). Aiming to ascertain the 
ongoing use of DAS, the current study extended the 

TAM by ISSM along with ECM, following earlier 
research regarding continuous use. 

The enterprise continuity paradigm (ECM) is 
widely used in various fields concerning the sustain-
ability of information technology and systems (Veera-
mootoo et al., 2018; Mishra et al., 2023; Cheng, 2020). 
ECM assumes that a user’s choice to continue depends 
on the level of post-adoption satisfaction, PU, and 
confirmed information technology/systems (Bhat-
tacherjee, 2001; Cheng, 2020). However, behavioural 
intention towards continued use of IS may also be 
influenced by other constructs, such as SQ, IQ, and 
ease of use. Thus, to create a robust IS consistency 
model within the DAS setting, this work explores the 
feasibility of combining several elements from addi-
tional models, such as ISSM and TAM. Some investi-
gators (e.g., Ashfaq et al., 2020) have backed such 
synthesis, albeit in a different setting and culture than 
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DAS. Therefore, applying the components of these 
models to the DAS would provide a broader view-
point for the IS continuation study.

1.2.	Research conceptual framework

Based on the three models mentioned above, the 
proposed investigation model has five components, 
as depicted in Fig. 1, which are connected around the 
ICU-DAS objective. The concepts shown in Fig. 1 are 
interrelated and aid in comprehending ICU-DAS. 
Enhanced SQ may positively impact other model 
elements since happy users are more satisfied with 
well-functioning systems. Additionally, reliable evi-
dence for making decisions is made possible by good 
IQ, which particularly raises customers’ perceptions 
of value and satisfaction (Al-Hattami, 2022; Floro-
poulos et al., 2010). Easy-to-use technologies can 
potentially increase user satisfaction and PU in  
a similar environment. Furthermore, affirmative vali-
dation enhances contentment and PU, but adverse 
validation could lead to discontent and a reduced 
propensity to employ the system going forward 
(Mishra et al., 2023; Bhattacherjee, 2001). In conclu-
sion, ICU-DAS displays user preparedness to imple-
ment the digital accounting software at a later time. It 
might be affected by every construct that had come 
prior to it. When users think a system is useful for 
their work, easy to use, provides accurate informa-
tion, and is of high quality, they are also inclined to 
express a positive desire to continue using it. This 
model helps academics and practitioners compre-
hend the complexities that affect ICU-DAS by pro-
viding a thorough view of the relationships among 
these aspects.
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1.3.	Hypothesis development

This work presents four hypotheses to undergo 
empirical tests, which are described below, reflecting 
prior research and the aforementioned underlying 
theories.

According to ISSM, satisfaction and usage inten-
tion are impacted by SQ (DeLone & McLean, 2003; 
Petter et al., 2008; DeLone & McLean, 1992), and 
system quality (SQ) stands for DAS’s technological 
ability to provide users with reliable and fast access to 
information with adequate security (Belfo &Trigo, 
2013; Al-Hattami, 2021a). Numerous studies show 
that SQ influences continuing intentions along with 
satisfaction favourably in various situations. Veera-
mootoo et al. (2018) discovered, for instance, a strong 
correlation between SQ with satisfaction and contin-
ued intention of utilising e-filing. Sharma and Sharma 
(2019) discovered that SQ had no effect on customer 
satisfaction or the propensity to keep utilising mobile 
banking facilities. Zheng et al. (2013) concluded that, 
in a different situation, SQ influences satisfaction 
directly and intent to continue indirectly. Al-Hattami 
et al. (2022b), Kabra (2022), and Al-Hattami (2022) 
discovered that SQ favourably impacted satisfaction 
and actual usage within the setting of DAS. Li and 
Wang (2021) found that contentment is positively 
impacted by SQ. Nevertheless, there was no research 
on the connection between SQ and ICU-DAS, espe-
cially with regard to Jordanian SMEs. Thus, the fol-
lowing pertinent pathways are outlined:

 H1: SQ positively affects ICU-DAS.
The impact of IQ on user satisfaction and inten-

tion to utilise is a topic covered by ISSM (DeLone  
& McLean, 2003; Petter et al., 2008; DeLone  
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& McLean, 1992). IQ is a measure of suitability for 
use in institutions, according to Xu et al. (2003). 
According to Al-Hatami (2022), a decision-making 
support system (DAS) is deemed appropriate if it 
produces comprehensive, pertinent, timely, and accu-
rate information. Beneficial effects were seen at the 
DAS degree when IQ was considered for satisfaction 
and real usage (Al-Hattami & Kabra, 2022; Al-Hat-
tami, 2022; Al-Hattami et al., 2022b). However, Li 
and Wang (2021) suggested that IQ influences satis-
faction directly while indirectly influencing the will 
to continue. Sharma and Sharma (2019) discovered 
that SQ had a favourable impact on satisfaction and 
intention to continue in a different setting. Neverthe-
less, no research has been done on this effect in the 
context of SMEs within Jordan. Consequently, this 
research suggests:

H2: IQ positively affects ICU-DAS.
Among independent constructs within TAM and 

ECM, PU is regarded as usefulness (Fig. 1). Thus, 
behavioural intention and satisfaction are directly 
impacted by PU (Bhattacherjee, 2001; Davis, 1989). 
In the fields of internet banking (Rahi et al., 2022), 
internet-based shopping (Al-Hattami, 2021b), and 
online learning (Suzianti & Paramadini, 2021), the 
importance of PU has been widely acknowledged. 
They define PU as the arbitrary potential that a user’s 
performance on a given task would be enhanced by 
the application of technology. They stated that PU is 
one important factor influencing behavioural inten-
tion and pleasure. In the case of DAS, PU may posi-
tively affect satisfaction and ICU-DAS. Likewise, 
individuals who consider that using DAS could boost 
their job performance tend to be content with it while 
also obtaining an extra ideal continuation intention 
of DAS use (Floropoulos et al., 2010; Cheng, 2020). 
Consequently, the following theories are put forth 
throughout this paper:

 H3: PU positively affects ICU-DAS.
Users gain more from simpler technology 

(Mishra et al., 2023). According to TAM, PU and 
behavioural intention are highly impacted by PEU 
(Cheng, 2020). Ramayah et al. (2012) claimed that 
the primary determinant of behavioural intention 
was the ease of use or accessibility of a system. Cheng 
(2019) adds that user happiness and their views of 
DAS effectiveness significantly improve when they 
feel the technology is easy to use and requires mini-
mal effort and time. In a similar vein, Cheng (2020) 
found that PEU increases continuation intention and 
improves satisfaction. Thus, it is presumed that: 

H4: PEU positively affects ICU-DAS.

2.	Research methods

2.1.	Measurement of variables

The model for investigating the intention to con-
tinue using DAS focused on four key constructs: “sys-
tem quality”, “information quality”, “perceived 
usefulness”, and “perceived ease of use”. Each construct 
was measured using scales adapted from the study by 
Al-Hattami and Almaqtari (2023) and customised to 
reflect the context of DAS in Jordanian SMEs. A total 
of 15 items were used to assess these five constructs, 
with each item rated on a five-point Likert scale.

2.2.	Data collection

For this research, a survey was distributed to 440 
Jordanian SMEs, and 318 responses were received, 
yielding a response rate of 72.3%. Non-response bias 
was not a significant concern, as the high response 
rate helped ensure representativeness. The confiden-
tiality of respondents’ answers was emphasised, con-
tributing to the high participation rate. After data 
cleaning, 308 valid responses were used for analysis. 
The sample included key decision-makers such as 
managers and owners, primarily from SMEs employ-
ing up to 50 people. These individuals with an 
accounting background provided critical insights 
into DAS usage and its future prospects. The respond-
ents were from diverse sectors, including manufac-
turing, services, and commerce, ensuring a broad 
range of perspectives. Table 5 shows the factor load-
ings, Cronbach’s alpha (CA), and composite reliability 
(CR), which were all satisfactory, ensuring the relia-
bility and validity of the measurement items.

2.3.	Statistical tool

The research model was analysed using partial 
least squares (PLS) with the Smart-PLS software. 
Smart-PLS was chosen over traditional regression 
and covariance-based SEM (CB-SEM) due to its 
advantages in handling complex models with multi-
ple constructs. It is well-suited for non-normally dis-
tributed data and small-to-medium sample sizes, 
making it an ideal choice for this study. Bootstrapping 
techniques were used to minimise estimation bias 
and improve the robustness of the analysis. PLS is 
frequently utilised in technology acceptance studies 
due to its flexibility and efficiency in processing intri-
cate models (Hair et al., 2017; Henseler et al., 2016).
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2.4.	 Data analysis and measurement 
model

The main objective of the measurement model is 
to filter the data, which is to assess and confirm the 
constructs’ validity and reliability before establishing 
the goodness of measures. The data were examined 
through the indicator’s reliability, whereas 0.4 is 
accepted. For internal consistency, using composite 
reliability, 0.7 is considered the accepted level. Con-
vergent validity using average variance extracted 
(AVE), which must be 0.5 and above (Chin, 1998). 
For discriminant validity using factor loading, any 
item loading on the other construct higher than their 
loadings should be deleted (Chin, 1998; Hair, 2010). 
Hence, it is resolved that the instrument adapted in 
this study is reliable since none of the items is with 
less than 0.4. 

Tab. 1. Factor loading

Items Factor  
loadings

Composite 
reliability AVE

SQ1 0.790

SQ2 0.698 0.781 0.544

SQ3 0.722

IQ1 0.667

IQ2 0.826 0.821 0.606

IQ3 0.831

PU1 0.789

PU2 0.794 0.826 0.548

PU3 0.557

PEU1 0.793

PEU2 0.719 0.735 0.567

PEU3 0.775

ICU-DAS1 0.813

ICU-DAS2 0.569 0.896 0.742

ICU-DAS3 0.688

Tab. 2. Discriminant validity

Constructs SQ IQ PU PEU ICU-DAS

SQ 0.871

IQ 0.594 0.871

PU 0.298 0.515 0.814

PEU 0.002 0.237 0.522 0.753

ICU-DAS 0.002 0.237 0.522 0.645 0.861

All items loaded on their respective construct 
range from 0.536 to 0.831, which is deemed acceptable 
since all values range above the cut-off point of 0.4 
(Chin, 1998; Hair, Ringle & Sarstedt, 2011). Equally, 
the values of composite reliability range from 0.781 to 
0.941, which are also greater than the recommended 
value of 0.7 (Hair et al., 2011). AVE was used to deter-
mine the convergence validity. The AVE values range 
from 0.518 to 0.606, which are above the minimum 
cut-off point of 0.5 (Hair et al., 2011).  Lastly, to deter-
mine the discriminant validity, the AVE is compared 
to the correlation squared of the interrelated variables 
of concerned constructs, which indicates adequate 
discriminant validity. Table 1 presents factor loading, 
and Table 2 presents the discriminant validity.

3.	Research results

The next step in the data analysis process was 
testing the research model and its hypothesised rela-
tionships. This study specifically focused on evaluat-
ing the role of SQ, IQ, PU, and PEU in influencing the 
ICU-DAS among Jordanian SMEs. The SEM approach 
was employed to test the hypothesised paths and 
determine the explanatory power of the model.

The results indicated that all four constructs sig-
nificantly contributed to explaining the intention to 
continue using DAS. Specifically, SQ, IQ, and PU had 
a direct positive impact on and positively influenced 
ICU-DAS. PEU and PU were also significant predic-
tors of ICU-DAS. Based on Table 3, the statistical 
analysis proved that H1 is supported where SQ is 
significantly and positively related to ICU-DAS 
(β=.115; t=2.507). There is a significant positive influ-
ence of IQ on ICU-DAS (β=.213; and t=3.739), so H2 
is supported. H3 and H4 were also supported, indi-
cating a positive significant influence of PU and PEU 
on ICU-DAS (β=.250; t=4.585) and (β=.192; t=3.228), 
respectively.

Overall, the model explained 63.6% of the vari-
ance in the intention to continue using DAS, demon-
strating a strong fit to the data, which suggests that 
SQ, IQ, PU, and PEU are significant factors in deter-
mining the continued adoption of digital accounting 
systems among Jordanian SMEs. Additionally, the 
model’s explanatory power was higher than that of 
previous models, confirming the importance of inte-
grating these four factors for a comprehensive under-
standing of DAS continuance.

In conclusion, this study highlights the critical 
role of a system and IQ, PU, and PEU in the decision 
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Tab. 3. Hypothesis testing results 

Hypotheses Relationships Beta SE T Statistics 

H1 SQ -> ICU-DAS 0.115* 0.046 2.507

H2 IQ -> ICU-DAS 0.213*** 0.057 3.739

H3 PU -> ICU-DAS 0.250*** 0.055 4.585

H4 PEU -> ICU-DAS 0.192** 0.059 3.228

of SMEs to continue using digital accounting systems. 
These findings offer valuable insights for SMEs and 
accounting professionals aiming to enhance the usa-
bility and effectiveness of digital accounting technolo-
gies.

4.	Discussion of the results

The ICU-DAS is critical in predicting user 
behaviour post-adoption, as it reflects the decision to 
persist with system usage after initial implementation 
(Bhattacherjee, 2001; Chen et al., 2021). This study 
focused on the key factors influencing ICU-DAS 
among Jordanian SMEs, specifically examining SQ, 
IQ, PU, and PEU.

The findings supported the proposed hypotheses, 
revealing that SQ positively influences satisfaction 
and ICU-DAS, which is consistent with previous 
research (Al-Hattami, 2022; Li & Wang, 2021). This 
indicates that when the system provides flexibility, 
accessibility, and reliability, users are more likely to 
continue using it. IQ also had a significant positive 
effect on satisfaction and ICU-DAS, confirming prior 
studies (Floropoulos et al., 2010; Al-Hattami & Kabra, 
2022), which found that relevant, timely, and accurate 
information leads to higher user satisfaction and 
continued system use.

PU was another significant determinant of both 
satisfaction and ICU-DAS. In the context of manda-
tory use, such as Jordanian SMEs, users are more 
likely to continue using a system if they perceive it as 
useful for improving work efficiency (Floropoulos et 
al., 2010; Fadelelmoula, 2018). This study’s findings 
align with this conclusion, showing that a system 
perceived as useful leads to greater satisfaction and  
a higher likelihood of continued use (Cheng, 2020).

The PEU was equally important, as simpler sys-
tems reduce cognitive load and allow users to com-
plete tasks more efficiently (Mishra et al., 2023). The 
study confirmed that PEU positively influences PU 
and ICU-DAS, with users more likely to adopt and 

continue using systems that are intuitive and easy to 
operate (Kumar & Natarajan, 2020).

Satisfaction emerged as a strong predictor of 
ICU-DAS, supporting the expectation confirmation 
theory proposed by Bhattacherjee (2001). Users who 
are satisfied with the system are more likely to con-
tinue using it, which is in line with previous studies 
on technology adoption and continued use (Cheng, 
2020; Hou, 2016; Zhou et al., 2018).

In summary, SQ, IQ, PU, and PEU are crucial in 
influencing user satisfaction and the intention to 
continue using digital accounting systems among 
Jordanian SMEs. High-quality systems reduce errors, 
ensure data accuracy, and offer a seamless user expe-
rience while accurate and relevant financial data 
support decision-making and compliance (Al-Hat-
tami & Kabra, 2022). Systems that are easy to use and 
perceived as useful enhance user motivation, leading 
to continued usage and long-term adoption.

Conclusions

This research focused on the determinants of the 
intention to continue using digital accounting sys-
tems. The study employed several models, such as 
ISSM, TAM, and ECM, to find that SQ, IQ, PU, and 
PEU provided the most comprehensive explanation 
for continuance intention, accounting for 63.6% of 
the variance. Key findings revealed that SQ, IQ, PU, 
and PEU significantly influence the intention to con-
tinue using DAS. Additionally, satisfaction was influ-
enced by SQ, IQ, and PU.

High SQ ensures a seamless user experience by 
reducing technical issues and instilling confidence in 
the system’s performance. IQ guarantees that finan-
cial data is accurate and relevant, improving user 
interaction and satisfaction. Users are likelier to con-
tinue using DAS if they perceive that the system 
enhances productivity, PU, and PEU. A system that is 
complex or difficult to use may lead to user frustra-
tion, reducing the likelihood of continued usage. 
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Furthermore, satisfaction plays a crucial role, as users 
who are satisfied with DAS are more inclined to con-
tinue using it.

This research contributes significantly to the 
understanding of technology continuance, particu-
larly in the context of SMEs in Jordan. Integrating 
ISSM, TAM, and ECM provides insights into how 
these systems are adopted and sustained in less-
developed regions. The findings serve as a foundation 
for future research on technology adoption, offering  
a framework for examining continuance intention 
across different sectors and regions.

On a practical level, the study provides actionable 
recommendations for SMEs and policymakers. SMEs 
can enhance SQ, IQ, and user satisfaction by under-
standing the key factors driving DAS continuance to 
improve adoption and long-term use. Policymakers 
can leverage these findings to create policies that 
encourage SMEs to adopt and maintain DAS, con-
tributing to the economic growth of the region.

In summary, this study bridges the gap between 
theory and practice, offering academic and practical 
insights into the factors influencing the continued use 
of digital accounting systems in SMEs.

Lastly, the limitations of the study should be 
noted. Future research should consider extended 
models, examine demographic variables, and explore 
longitudinal effects as DAS continues to evolve. Addi-
tionally, the lack of a direct relationship between 
confirmation and satisfaction requires further inves-
tigation, and the applicability of these findings to 
other regions and industries should be explored.

Literature

Abdullah, A., Thomas, B., Murphy, L., & Plant, E. (2018). 
An investigation of the benefits and barriers of  
e‐business adoption activities in Yemeni SMEs. Stra-
tegic Change, 27(3), 95-208.

Adam, N. A., & Alarifi, G. (2021). Innovation practices for 
survival of small and medium enterprises (SMEs) in 
the COVID-19 times: the role of external support. 
Journal of Innovation and Entrepreneurship, 10(1), 
1-22.

Afthanorhan, W. M. A. B. W. (2013). A comparison of par-
tial least square structural equation modeling (PLS-
SEM) and covariance based structural equation 
modeling (CB-SEM) for confirmatory factor analy-
sis. International Journal of Engineering Science and 
Innovative Technology, 2(5), 98-205.

Alawaqleh, Q., & Al-Sohaimat, M. (2017). The relationship 
between accounting information systems and mak-
ing investment decisions in the industrial compa-
nies listed in the Saudi Stock market. International 

Business Research, 10(6), 199-211. doi: 10.5539/ibr.
v10n6p199

Al-Debei, M. M., Dwivedi, Y. K., & Hujran, O. (2022). Why 
would telecom customers continue to use mobile val-
ue-added services? Journal of Innovation & Knowl-
edge, 7(4), 100242.

Al-Hattami, H. M. (2021). University accounting cur-
riculum, IT, and job market demands: Evi-
dence from Yemen. Sage Open, 11(2), 1-14. doi:  
10. 1177/21582440211007111

Al-Hattami, H. M. (2021a). Validation of the D&M IS suc-
cess model in the context of accounting information 
system of the banking sector in the least developed 
countries. Journal of Management Control, 32(1), 
127-153.

Al-Hattami, H. M. (2021b). Determinants of intention to 
continue usage of online shopping under a pandem-
ic: COVID-19. Cogent Business & Management, 8(1), 
1936368.

Al-Hattami, H. M. (2022). Impact of AIS success on deci-
sion-making effectiveness among SMEs in less devel-
oped countries. Information Technology for Develop-
ment, 1-21. doi: 10.1080/02681102.2022.2073325

Al-Hattami, H. M., & Almaqtari, F. A. (2023). What de-
termines digital accounting systems’ continuance 
intention? An empirical investigation in SMEs. Hu-
manities and Social Sciences Communications, 10(1),  
1-13.

Al-Hattami, H. M., & Kabra, J. D. (2022). The influence of 
accounting information system on management con-
trol effectiveness: The perspective of SMEs in Yemen. 
Information Development, 02666669221087184. doi: 
10. 1177/02666669221087184

Al-Hattami, H. M., Abdullah, A. A. A. H., Kabra,  
J. D., Alsoufi, M. A. Z., Gaber, M. M. A., & Shuraim,  
A. M. A. (2022b). Effect of AIS on planning process 
effectiveness: a case of SMEs in a less developed na-
tion. The Bottom Line, 35(2/3), 33-52. doi: 10. 1108/
BL-01-2022-0001

Al-Hattami, H. M., Abdullah, A. A. H., & Khamis,  
A. A. A. (2021a). Determinants of intention to con-
tinue using internet banking: Indian context. In-
novative Marketing, 17(1), 40–52. doi: 10.21511/
im.17(1).2021.04

Al-Hattami, H. M., Hashed, A. A., & Kabra, J. D. (2021b). 
Effect of AIS success on per- formance measures of 
SMEs: evidence from Yemen. International Journal 
of Business Information Systems, 36(1), 144-164. doi: 
10.1504/IJBIS. 2021.112399

Al-Hattami, H. M., Hashed, A. A., Alnuzaili, K. M., Alsoufi, 
M. A., Alnakeeb, A. A., & Rageh, H. (2021c). Effect 
of risk of using computerized AIS on external audi-
tor’s work quality in Yemen. International Journal 
of Advanced and Applied Sciences, 8(1), 75-81. doi: 
10.21833/ijaas.2021.01.010

Al-Hattami, H. M., Senan, N. A. M., Al-Hakimi,  
M. A., & Azharuddin, S. (2022a). An empirical ex-
amination of AIS success at the organizational level 
in the era of COVID- 19 pandemic. Global Knowl-
edge, Memory and Communication, 73(3), 312-330. 
doi: 10.1108/GKMC-04-2022-0094

Al-Mamary, Y. H. S., Al-Nashmi, M. M., Shamsuddin,  
A., & Abdulrab, M. (2019). Devel- opment of an inte-
grated model for successful adoption of management 
information systems in Yemeni telecommunica-

https://doi.org/10.5539/ibr.v10n6p199
https://doi.org/10.5539/ibr.v10n6p199
https://doi.org/10.1177/21582440211007111
https://doi.org/10.1177/21582440211007111
https://doi.org/10.1177/21582440211007111
https://doi.org/10.1080/02681102.2022.2073325
https://doi.org/10.1177/02666669221087184
https://doi.org/10.1177/02666669221087184
https://doi.org/10.1177/02666669221087184
https://doi.org/10.1108/BL-01-2022-0001
https://doi.org/10.1108/BL-01-2022-0001
https://doi.org/10.1108/BL-01-2022-0001
https://doi.org/10.21511/im.17(1).2021.04
https://doi.org/10.21511/im.17(1).2021.04
https://doi.org/10.1504/IJBIS.2021.112399
https://doi.org/10.1504/IJBIS.2021.112399
https://doi.org/10.1504/IJBIS.2021.112399
https://doi.org/10.21833/ijaas.2021.01.010
https://doi.org/10.21833/ijaas.2021.01.010


Volume 17 • Issue 2 • 2025

87

Engineering Management in Production and Services

tion organizations. International Journal of Scientific  
& Technology Research, 8(11), 39123939.

Al-Mamary, Y. H., Abubakar, A. A., & Abdulrab, M. (2023). 
The effects of the expectation confirmation model 
(ECM) and the technology acceptance model (TAM) 
on learning management systems (LMS) in sub-
saharan Africa. Interactive Learning Environments, 
1-17. doi: 10.1080/ 10494820.2023.2191272

Almaqtari, F. A., Farhan, N. H., Al-Hattami,  
H. M., & Elsheikh, T. (2023). The moderating role of 
information technology governance in the relation-
ship between board characteristics and continuity 
management during the Covid-19 pandemic in an 
emerging economy. Humanities and Social Sciences 
Communications, 10(1), 1-16.

Al-Okaily, M., Alghazzawi, R., Alkhwaldi, A. F., & Al-
Okaily, A. (2022). The effect of digital account-
ing systems on the decision-making quality in the 
banking industry sector: a mediated-moderated  
model. Global Knowledge, Memory and Communi-
cation, 72(8/9), 882-901. doi: 10.1108/GKMC-01-
2022-0015

Alzahrani, A. I., Mahmud, I., Ramayah, T., Alfarraj,  
O., & Alalwan, N. (2019). Modelling digital library 
success using the DeLone and McLean information 
system success model. Journal of Librarianship and 
Information Science, 51(2), 291-306.

Andoh-Baidoo, F. K. (2016). Organizational information 
and communication tech- nologies for development. 
Information Technology for Development, 22(2), 193-
204. doi: 10.1080/02681102.2016.1160703

Ashfaq, M., Yun, J., Yu, S., & Loureiro, S. M. C. (2020). 
I, Chatbot: Modeling the determi- nants of users’ 
satisfaction and continuance intention of AI-pow-
ered service agents. Telematics and Informatics, 54, 
101473.

ASI. (2013). Conducting a study of micro, small, and medi-
um enterprises in Yemen-Adam Smith International. 
Retrieved from https://adamsmithinternational.
com/projects/conducting-a-study-of-micro-small-
and-medium-enterprises-in- yemen/#

Belfo, F., & Trigo, A. (2013). Accounting information sys-
tems: Tradition and future directions. Procedia Tech-
nology, 9, 536-546.

Bhattacherjee, A. (2001) Understanding information sys-
tems continuance: An expectation-confirmation 
model. MIS Quarterly, 25(3), 351-370.

Bhattacherjee, A., Perols, J., & Sanford, C. (2008). Informa-
tion technology continuance: A theoretic extension 
and empirical test. Journal of Computer Information 
Systems, 49(1), 17-26.

Charness, N., & Boot, W. R. (2016). Technology, gam-
ing, and social networking. In K. Warner Schaie,  
S. L. Willis, Handbook of the Psychology of Aging,  
(pp. 389-407). Oxford, England: Academic Press.

Chen, J. V., Chung, H. Y., Widjaja, A. E., & Ha,  
Q. A. (2021). An Empirical Investigation of Users’ 
Continuance Intention to Use Cloud Storage Ser-
vice for Organi- zational Uses. International Journal 
of Business Information Systems, 45(2). doi: 10.1504/
IJBIS.2021.10038640

Cheng, Y-M. (2019). A hybrid model for exploring the an-
tecedents of cloud ERP continuance: Roles of quality 
determinants and task-technology fit. Inter- national 
Journal of Web Information Systems, 15(2), 215-235. 
doi: 10.1108/IJWIS-07-2018-0056

Cheng, Y-M. (2020). Understanding cloud ERP continuance 
intention and indivi- dual performance: a TTF-driven 
perspective. Benchmarking: An International Journal, 
27(4), 1591-1614. doi: 10.1108/BIJ-05-2019-0208

Chin, W. W. (1998). The partial least squares approach to 
structural equation modeling. Modern Methods for 
Business Research, 295(2), 295-336.

Chin, W. W. (2010). How to write up and report PLS analy-
ses. In Handbook of partial least squares (pp. 655–
690). Berlin, Germany: Springer.

Chin, W. W., & Newsted, P. R. (1999). Structural equation 
modeling analysis with small samples using partial 
least squares. Statistical Strategies for Small Sample 
Research, 2, 307-342.

Chiu, W., Cho, H., & Chi, C. G. (2021). Consumers’ con-
tinuance intention to use fitness and health apps: an 
integration of the expectation–confirmation mod-
el and investment model. Information Technology  
& People, 34(3), 978-998. doi: 10.1108/ITP-09-2019-
0463

Dalloul, M. H. M., Binti Ibrahim, Z., & Urus, S. T. (2023). 
The Impact of Quality Dimensions of Accounting 
Information System Success on the Effectiveness of 
During- Financial Crisis Management: The Mediat-
ing Role of System Usage in a Gov- ernment Sec-
tor Context. Asian Economic and Financial Review, 
13(1), 18-48.

Davis, F. D. (1989). Perceived usefulness, perceived ease of 
use, and user acceptance of information technology. 
MIS Quarterly, 13(3), 319-340.

DeLone, W. H., & McLean, E. R. (1992). Information sys-
tems success: The quest for the dependent variable. 
Information Systems Research, 3(1), 60-95.

DeLone, W. H., & McLean, E. R. (2003). The De-
Lone and McLean model of information sys-
tems success: a ten-year update. Journal of Man-
agement Information Systems, 19(4), 9-30. doi: 
10.1080/07421222.2003.11045748

Doll, W. J., & Torkzadeh, G. (1988). The measurement of 
end-user computing satisfac- tion. MIS quarterly, 
12(2), 259-274.

Essam, M., Deif, M. A., Attar, H., Alrosan, A., Kanan, M. 
A., & Elgohary, K. (2024). Decoding Queries: An In-
Depth Survey of Quality Techniques for Question 
Analysis in Arabic Question Answering Systems. 
IEEE Access, 12, 135241-135264. doi: 10.1109/AC-
CESS.2024.3458466.

Fadelelmoula, A. A. (2018). The impacts of the quality di-
mensions of the ERP system on the realization of the 
fundamental business objectives and perceived use-
fulness. International Journal of Enterprise Informa-
tion Systems, 14(4), 89-107.

Floropoulos, J., Spathis, C., Halvatzis, D., & Tsipouridou, 
M. (2010). Measuring the success of the Greek taxa-
tion information system. International Journal of In-
formation Management, 30(1), 47-56. doi: 10.1016/ 
j.ijinfomgt.2009. 03.013

Franque, F. B., Oliveira, T., & Tam, C. (2021). Understand-
ing the factors of mobile payment continuance inten-
tion: empirical test in an African context. Heliyon, 
7(8).

Gefen, D., Straub, D., & Boudreau, M. C. (2000). Struc-
tural equation modeling and regression: Guidelines 
for research practice. Communications of the As-
sociation for Information Systems, 4(7), 1-77. doi: 
10.17705/1CAIS. 00407

https://doi.org/10.1080/10494820.2023.2191272
https://doi.org/10.1080/10494820.2023.2191272
https://doi.org/10.1108/GKMC-01-2022-0015
https://doi.org/10.1108/GKMC-01-2022-0015
https://doi.org/10.1080/02681102.2016.1160703
https://adamsmithinternational.com/projects/conducting-a-study-of-micro-small-and-medium-enterprises-in-yemen/
https://adamsmithinternational.com/projects/conducting-a-study-of-micro-small-and-medium-enterprises-in-yemen/
https://adamsmithinternational.com/projects/conducting-a-study-of-micro-small-and-medium-enterprises-in-yemen/
https://doi.org/10.1504/IJBIS.2021.10038640
https://doi.org/10.1504/IJBIS.2021.10038640
https://doi.org/10.1108/IJWIS-07-2018-0056
https://doi.org/10.1108/BIJ-05-2019-0208
https://doi.org/10.1108/ITP-09-2019-0463
https://doi.org/10.1108/ITP-09-2019-0463
https://doi.org/10.1080/07421222.2003.11045748
https://doi.org/10.1080/07421222.2003.11045748
https://doi.org/10.1016/j.ijinfomgt.2009.03.013
https://doi.org/10.1016/j.ijinfomgt.2009.03.013
https://doi.org/10.1016/j.ijinfomgt.2009.03.013
https://doi.org/10.17705/1CAIS.00407
https://doi.org/10.17705/1CAIS.00407
https://doi.org/10.17705/1CAIS.00407


88

Volume 17 • Issue 2 • 2025
Engineering Management in Production and Services

Grande, E. U., Estébanez, R. P., & Colomina, C. M. (2011). 
The impact of Accounting Information Systems 
(AIS) on performance measures: empirical evidence 
in Spanish SMEs. The international Journal of Digital 
Accounting Research, 11(1), 25-43.

Granić, A., & Marangunić, N. (2019). Technology accep-
tance model in educational context: A systematic 
literature review. British Journal of Educational Tech-
nology, 50(5), 2572-2593.

Guo, H., Yang, Z., Huang, R., & Guo, A. (2020). The digi-
talization and public crisis responses of small and 
medium enterprises: Implications from a COVID-19 
survey. Frontiers of Business Research in China, 14, 
1-25.

Hair Jr, J. F., Hult, G. T. M., Ringle, C., & Sarstedt, M. (2017). 
A primer on partial least squares structural equation 
modeling (PLS-SEM). Thousand Oaks, USA: Sage.

Halilovic, S., & Cicic, M. (2013). Understanding deter-
minants of information systems users’ behaviour:  
A comparison of two models in the context of inte-
grated accounting and budgeting software. Behav-
iour & Information Technology, 32(12), 1280-1291.

Harris, E. (Ed.). (2018). The Routledge Companion to Per-
formance Management and Control. New York, USA: 
Routledge

Hayat, A., Akhmad, B., Budiman A. (2020). Integrating 
people and technology in accrual accounting man-
agement to support quality financial reporting. Pol-
ish Journal of Management Studies, 22(2), 158-172. 
doi: 10.17512/pjms.2020.22.2.11

Henseler, J., Hubona, G., & Ray, P. A. (2016). Using PLS 
path modeling in new technology research: updated 
guidelines. Industrial Management & Data Systems, 
116(1), 2-20. doi: 10.1108/IMDS-09-2015-0382

Hou, C. K. (2016). Understanding business intelligence 
system continuance intention: An empirical study of 
Taiwan’s electronics industry. Information Develop-
ment, 32(5), 1359-1371.

Ismail, N. A., Abdullah, S. N., & Tayib, M. (2003). Com-
puter-based accounting systems: The case of man-
ufacturing-based small and medium enterprises in 
the northern region of peninsular Malaysia. Jurnal 
Teknologi, 39(1), 19-36.

Jaklič, J., Grublješič, T., & Popovič, A. (2018). The role of 
compatibility in predicting business intelligence and 
analytics use intentions. International Journal of In-
formation Management, 43, 305-318.

Khayer, A., Bao, Y., & Nguyen, B. (2020). Understanding 
cloud computing success and its impact on firm 
performance: an integrated approach. Industrial 
Management & Data Systems, 120(5), 963-985. doi: 
10.1108/IMDS-06-2019-0327

Kumar, K. A., & Natarajan, S. (2020). An extension of the 
Expectation Confirmation Model (ECM) to study 
continuance behavior in using e-Health services. In-
novative Marketing, 16(2), 15-28.

Li, Y., & Wang, J. (2021). Evaluating the Impact of Informa-
tion System Quality on Continuance Intention To-
ward Cloud Financial Information System. Frontiers 
in Psychology, 12(12), 713353.

Mehta, N., Chauhan, S., & Kaur, I. (2022). Extending the 
story of IS success: A meta- analytic investigation of 
contingency factors at individual and organisational 
levels. European Journal of Information Systems, 
31(5), 617-640.

Mishra, A., Shukla, A., Rana, N. P., Currie, W. L., & Dwivedi, 
Y. K. (2023). Re-examining post- acceptance model 
of information systems continuance: A revised theo-
retical model using MASEM approach. International 
Journal of Information Management, 68, 102571.

Mohammad, A. A. (2018). An exploration of accounting in-
formation system’s role in SMEs failure triangular. In-
ternational Journal of Agile Systems and Management, 
11(2), 155-178. doi: 10.1504/IJASM.2018.092546

Monteiro, A. P., Vale, J., Leite, E., Lis, M., & Kurowska-
Pysz, J. (2022). The impact of information systems 
and non-financial information on company success. 
International Journal of Accounting Information Sys-
tems, 45, 100557.

Nair, S., Radman, O., & Ahamad, S. (2020). The budget-
ary process and its effects on financial performance: 
a study on small and medium enterprises in Yemen. 
International Journal of Innovation. Creativity and 
Change, 14(4), 816-834.

OCHA, (2021). Yemen Socio-Economic Update. Retrieved 
from https://reliefweb.int/report/yemen/yemen-
socio-economic- update-issue-66-november-
2021-enar

Petter, S., DeLone, W., & McLean, E. (2008). Measuring 
information systems success: models, dimensions, 
measures, and interrelationships. European Journal 
of Information Systems, 17(3), 236-263. doi: 10.1057/
ejis.2008.15

Qutaishat, F., Abushakra, A., Anaya, L. & Al-Omari, M. 
(2023). Investigating the factors affecting the in-
tention to adopt cloud-based ERP systems during 
the COVID-19 era: evidence from Jordan, Business 
Process Management Journal, 29(3), 653-670. doi: 
10.1108/BPMJ-09-2022-0462

Rahi, S., Alghizzawi, M., & Ngah, A. H. (2022). Factors in-
fluence user’s intention to continue use of e-banking 
during COVID-19 pandemic: the nexus between 
self-determination and expectation confirmation 
model, EuroMed Journal of Business, 18(3), 380-396. 
doi: 10.1108/EMJB-12-2021-0194

Ramayah, T., Ahmad, N. H., & Hong, T. S. (2012). An as-
sessment of e-training effectiveness in multinational 
companies in Malaysia. Journal of Educational Tech-
nology & Society, 15(2), 125-137.

Ramdani, B., Raja, S., & Kayumova, M. (2022). Digital in-
novation in SMEs: a systematic review, synthesis and 
research agenda. Information Technology for Develop-
ment, 28(1), 56-80.

Ritchi, H., Azis, Y., Adrianto, Z., Setiono, K., & Sanjaya, 
S. (2019). In-app controls for small business ac-
counting information system: a study of domain 
understanding. Journal of Small Business and En-
terprise Development, 27(1), 31-51. doi: 10.1108/JS-
BED-12-2018-0372

Romney, M. B., & Steinbart, P. J. (2016). Accounting infor-
mation systems. London, England: Pearson.

Rubin, A., & Babbie, E. R. (2016). Empowerment series: 
Research methods for social work. Boston, USA: Cen-
gage Learning.

Rubino, M., & Vitolla, F. (2014). Internal control over fi-
nancial reporting: opportunities using the COBIT 
framework. Managerial Auditing Journal, 29(8), 736-
771.

Saleh, M. A. K., & Manjunath, K. R. (2020). Small  
and medium enterprises in Yemen: Navigating 

https://doi.org/10.1108/IMDS-09-2015-0382
https://doi.org/10.1108/IMDS-06-2019-0327
https://doi.org/10.1108/IMDS-06-2019-0327
https://doi.org/10.1504/IJASM.2018.092546
https://reliefweb.int/report/yemen/yemen-socio-economic-update-issue-66-november-2021-enar
https://reliefweb.int/report/yemen/yemen-socio-economic-update-issue-66-november-2021-enar
https://reliefweb.int/report/yemen/yemen-socio-economic-update-issue-66-november-2021-enar
https://reliefweb.int/report/yemen/yemen-socio-economic-update-issue-66-november-2021-enar
https://doi.org/10.1057/ejis.2008.15
https://doi.org/10.1057/ejis.2008.15
https://doi.org/10.1108/EMJB-12-2021-0194
https://doi.org/10.1108/JSBED-12-2018-0372
https://doi.org/10.1108/JSBED-12-2018-0372


Volume 17 • Issue 2 • 2025

89

Engineering Management in Production and Services

through additional obstacles during Covid-19. In 
11th International Conference on Shifting Paradigm 
in Business, Economy and Society: Vision (Vol. 2050, 
pp. 1-12).

Schöpfel, J., Azeroual, O., & Saake, G. (2019). Implemen-
tation and user acceptance of research information 
systems: An empirical survey of German universities 
and research organisations. Data Technologies and 
Applications, 54(1), 1-15.

Sharma, S. K., & Sharma, M. (2019). Examining the role of 
trust and quality dimensions in the actual usage of 
mobile banking services: An empirical investigation. 
International Journal of Information Management, 
44, 65-75.

Suzianti, A., & Paramadini, S. A. (2021). Continuance in-
tention of e-learning: The con- dition and its connec-
tion with open innovation. Journal of Open Innova-
tion: Technology, Market, and Complexity, 7(1), 97.

Teo, T. S., Srivastava, S. C., & Jiang, L. I. (2008). Trust and 
electronic government success: An empirical study. 
Journal of management information systems, 25(3), 
99-132.

Ujwary-Gil, A., & Florek-Paszkowska, A. (2025). Introduc-
tion to the Innovability Index: Beyond the fusion of 
innovation and sustainability. Journal of Entrepre-
neurship, Management, and Innovation, 21(2), 5-14. 
doi: 10.7341/20252121

Uzialko, A. (2022). Choosing the Right Small Business Ac-
counting Software. Retrieved from https://www.
businessnewsdaily.com/ 7542-choosing-accounting-
software.html

Veeramootoo, N., Nunkoo, R., & Dwivedi, Y. K. (2018). 
What determines success of an e-government ser-
vice? Validation of an integrative model of e-filing 
continuance usage. Government Information Quar-
terly, 35(2), 161-174.

Venkatesh, V., Morris, M. G., Davis, G. B., & Davis,  
F. D. (2003). User acceptance of information technol-
ogy: Toward a unified view. MIS Quarterly, 27(3), 
425-478.

Venkatesh, V., Thong, J. Y., & Xu, X. (2012). Consumer ac-
ceptance and use of information technology: extend-
ing the unified theory of acceptance and use of tech-
nology. MIS Quarterly, 36(1), 157-178.

Verkasalo, H. (2008). Dynamics of mobile service adoption. 
International Journal of E-Business Research, 4(3), 40-
63.

Williamson, K., & Johanson, G. (Eds.). (2017). Research 
methods: Information, systems, and contexts. Col-
chester, England: Chandos Publishing.

Xu, H., Horn Nord, J., Daryl Nord, G., & Lin, B. (2003). 
Key issues of accounting information quality man-
agement: Australian case studies. Industrial Man-
agement & Data Systems, 103(7), 461-470. doi: 
10.1108/02635570310489160

Yan, M., Filieri, R., & Gorton, M. (2021). Continuance 
intention of online technologies: A systematic lit-
erature review. International Journal of Information 
Management, 58, 102315.

https://www.businessnewsdaily.com/7542-choosing-accounting-software.html
https://www.businessnewsdaily.com/7542-choosing-accounting-software.html
https://www.businessnewsdaily.com/7542-choosing-accounting-software.html
https://www.businessnewsdaily.com/7542-choosing-accounting-software.html
https://doi.org/10.1108/02635570310489160
https://doi.org/10.1108/02635570310489160


90

Volume 17 • Issue 2 • 2025
Engineering Management in Production and Services

received: 20 January 2025
accepted: 1 June 2025

Multi-project buffer setting and 
dynamic monitoring of a critical 
chain based on comprehensive 
factors

A B S T R A C T
The paper introduces a new multi-factor critical chain buffer estimation model and 
designs a dynamic monitoring method based on the project elements. A literature analysis 
determined a research gap and a research problem. It was found that the existing methods 
offer scarce collaborative studies on buffer setting and monitoring and insufficient 
research on buffer setting considering project economic indicators. However, these topics 
are often given priority consideration in practical engineering applications. Therefore, the 
study proposes a multi-factor critical chain buffer setting and its dynamic monitoring 
method. The planning stage analyses the impact of income, resources, and probability of 
success on buffer size setting and defines the calculation model of capacity constraint 
buffer. The execution stage dynamically sets buffer monitoring points according to the 
progress of project implementation, monitors the remaining buffer amount at the 
completion of each activity on the critical chain, and takes corresponding actions to 
ensure that the progress is controllable. The method was applied in a multi-project of  
a Chinese software enterprise. To further verify the effectiveness of this research, the 
method is compared with the traditional static buffer monitoring method (TBMM) and 
the relative buffer monitoring method (RBMM), and the construction period of the real 
project is simulated through the computer program for analysis. Results show that the 
research method can reduce unreasonable buffer settings, enhance the robustness of  
a buffer against complex environments, and reduce the probability of false warnings in the 
monitoring process.
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Introduction

The developing economy produces a more com-
petitive environment and greater uncertainty for the 
software industry. Many software enterprises encoun-
ter resource limitations and schedule control issues in 
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multi-project implementation (An et al., 2024; Peng & 
Peng, 2022). The critical chain, a method developed 
from the constraint theory, has been regarded as an 
effective approach to solving these dilemmas (Tukel et 
al., 2006; Zhao et al., 2024). It focuses on the critical 
factors limiting the achievement of project objectives, 
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considers the relationship between activity constraints 
and resource constraints from the perspective of 
global optimisation, and finds the critical chain that 
determines the overall progress based on the discrimi-
nation principle that activities on the path have no 
room for delaying (Peng & Peng, 2022; Zhang & Han, 
2023b). The buffer concept is introduced to reduce the 
impact of uncertain factors on the progress of project 
execution. By reducing the safety time and increasing 
the buffer, the critical chain method can shorten the 
project planning cycle, use the buffer to absorb the 
adverse impact of the delay on the overall schedule 
and improve the probability of completion on time 
(She et al., 2021; Zhang et al., 2018). A theoretical 
review of buffer management research shows two 
main directions, i.e., buffer settings and monitoring 
(Bredael & Vanhoucke, 2024; Zhang & Han, 2023a). 
The basic logic of using critical chain methods for 
multi-project management could also be summarised 
from previous literature (Zhang & Han, 2023b; Zhao 
et al., 2024).

The planning stage analyses the capacity con-
straint resource (CCR) of a multi-project to eliminate 
the resource conflict of the CCR and use heuristic 
algorithms (such as genetic algorithms etc.) to identify 
the system critical chain of the multi-project (Satic et 
al., 2024). At the same time, to avoid the delay of the 
drum activity of the former project affecting the start 
of the latter project, a capacity constraint buffer (CCB) 
is set for a multi-project system critical chain between 
the activity that uses the CCR last in the preceding 
project and the activity that uses the CCR first in the 
following project (Zhang & Han, 2023a). Here, a 
multi-project will be regarded as a single project with 
the critical activity chain as the critical chain (Bu et al., 
2021). The execution phase analyses the buffer con-
sumption based on the determined CCB to monitor 
whether multiple projects are delayed and correspond-
ing measures are taken to ensure the timely comple-
tion of the projects (Trietsch, 2005).

Inspired by the literature and the concept of col-
laborative design (Dalouchei et al., 2022; Ghoddousi 
et al., 2017; Li et al., 2022; Luong Duc & Ohsato, 2008), 
this paper comprehensively considers factors such as 
project importance, resource scarcity, and risk resil-
ience to set buffer size. Furthermore, real-time moni-
toring of the current active buffer consumption can be 
achieved by dynamically setting buffer monitoring 
points. Finally, combining case studies truly reflects 
the implementation of the proposed method, provid-
ing a basis for project schedule management decision-

making and helping enterprises reduce the occurrence 
of erroneous warnings.

1. Literature review

Classic methods of buffer setting include the cut 
and paste method (C&PM) proposed by Goldratt and 
the root square error method (RSEM) proposed by 
Newbold in the 1990s (Bie et al., 2012). Although 
C&PM is simple to operate, the size of the buffer is 
directly related to the length of the critical chain. So, it 
is easy for C&PM to produce a buffer that is too large 
or too small; therefore, the method is rarely used in 
practice (Bakry et al., 2016). Contrastively, RSEM is 
based on the root of the sum of the variance of the safe 
time of all activities, which avoids arbitrarily reducing 
or increasing the estimated time of each activity and 
reduces subjective blindness (Hu et al., 2017). 

On this basis, many scholars make improvements 
according to the project attributes (Goudarzi et al., 
2024; Mozhdehi et al., 2024). For instance, Tukel et al. 
(2006) studied the impact of resource tension and 
network complexity on buffer determination and pro-
posed an improved RSEM. Bie et al. (2012) analysed 
the influence of dependencies between activities on 
project duration and proposed a calculation method 
for a buffer size. Ghoddousi et al. (2017) studied indi-
cators, such as project flexibility, complexity, robust-
ness and dependency, and established a buffer size 
calculation method that considered internal and 
external risks. She et al. (2021) determined the buffer 
size based on the analysis of the structure of the project 
network. Some scholars also study project uncertainty. 
Luong Duc and Ohsato (2008) applied fuzzy theory to 
analyse the uncertainty of activity and project dura-
tion and converted it into a definite duration to ensure 
the reliability of the safe time estimation of each activ-
ity. Bakry et al. (2016) proposed an algorithm for 
optimal scheduling of repetitive construction projects 
under uncertain conditions and used fuzzy theory to 
model uncertainties related to various input parame-
ters. Peng and Peng (2022) introduced risk integration 
shock rate to describe project process uncertainty and 
proposed a critical chain buffer setting method based 
on vulnerability theory. In addition, some scholars are 
concerned about the cost of project resources (Hu et 
al., 2017). Some scholars also used machine learning 
to study the method for setting a project buffer. Li et al. 
(2022) proposed a data-driven method for setting  
a buffer size, used full-factor experimental design and 
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Monte Carlo simulation to build data sets, trained the 
project buffer model through support vector regres-
sion, and constantly adjusted relevant parameters.

In terms of buffer monitoring, it usually divides 
buffers into three areas for monitoring (Kamanda-
nipour et al., 2023; Zhao, Hu et al., 2024). When the 
buffer consumption is less than 1/3 of the total planned 
buffer, it indicates that the project activity is perform-
ing well (in the green area), and no action is required. 
When the buffer consumption is between 1/3 and 2/3 
of the planned buffer total, it indicates possible prob-
lems in the project activities (in the yellow area), and it 
is necessary to identify the causes and take counter-
measures. When the buffer consumption exceeds 2/3 
of the planned buffer total (in the red area), it indicates 
that the project activity has a problem and immediate 
action is needed, such as rushing to work, adjusting 
the scope of the project and other measures to resolve 
the risk of delay, in which two trigger points (green 
zone and yellow zone, yellow zone and red zone 
demarcation points) are fixed (Zhang & Wan, 2019; 
Zhang & Wang, 2022). Though this static method 
(TBMM, traditional buffer management method) is 
easy to operate, it does not consider the possible 
increase of buffer consumption with the implementa-
tion of the project, which is a trigger to error warning 
(Zhang & Han, 2023a). Leach (2005) comprehensively 
considered the relationship between project imple-
mentation and buffer consumption and proposed the 
RBMM (relative buffer management method) but did 
not give the specific setting criteria for trigger points. 
Bei et al. (2010) proposed that the buffer required by 
the project should be adjusted in real-time according 
to the actual situation of the unfinished project. By 
dividing the remaining buffer at the current moment, 
dynamic monitoring of the buffer can be realised by 
setting dynamic monitoring points. On this basis, Bei 
et al. (2014) studied the impact of activities on buffer-
ing and further improved the dynamic buffering 
monitoring method based on activity-sensitive infor-
mation. Zhang and Wan (2018) analysed the relation-
ship between project uncertainty and activities and 
proposed that the buffer sizing should be allocated 
according to the risk exposure of activities, and the 
buffer monitoring margin of each monitoring point 
should be redistributed according to the risk weight 
factor of activities. In addition, there are also studies 
on building a dynamic buffer monitoring model based 
on project phase attributes (Zhang et al. 2018), activity 
reliability (Zhang et al. 2022), and other factors.

Summarising the above research results, some 
deficiencies were found in the existing methods. First, 

buffer management is a continuous work involving the 
planning stage to the execution stage; buffer setting 
and buffer monitoring correspond to the main tasks of 
these two stages, respectively. Most existing methods 
only focus on the research of one of the tasks, and 
there are few methods to design the coordination of 
the two from an overall perspective, which is not con-
ducive to engineering practice applications. Secondly, 
the buffer setting of the existing methods takes eco-
nomic indicators into less consideration, including 
project input cost, expected project return, etc. These 
factors imply the concept of more buffer protection for 
items with high economic indicators, and this concept 
is often given priority consideration in actual produc-
tion. Based on this, this paper developed a new method 
for building a multi-factor critical chain buffer estima-
tion model and designing a dynamic monitoring 
method based on project elements. This method 
improves the efficiency of buffer setting, ensures  
that high-yield projects obtain more buffer guarantees 
under the condition of limited resources, and reduces 
the occurrence probability of false warnings that  
often occur in traditional buffer monitoring. Specifi-
cally, it will include method analysis and case opera-
tion.

2. Research methods

2.1. Influential factors of a buffer

To ensure the stability of the multi-project sched-
ule and improve the probability of completion on 
time, the critical chain method absorbs the uncertain-
ties in the execution of activities through the use of 
buffering. When activities are affected by multiple 
uncertain factors. It is necessary to analyse the rela-
tionship between the multiple factors, establish  
a multi-factor critical chain buffer estimation model, 
and then obtain the project buffer sizing through the 
estimation of the activity buffer so as to calculate the 
overall buffer size of the multi-project. The project 
importance, resource tension, and on-time comple-
tion probability are discussed from the perspective of 
project management elements.

Project importance and its measurement coeffi-
cient 

According to the definition of portfolio value 
management (Bu et al., 2021), all portfolios need to be 
managed to enhance and maintain organisational 
value. Value is a measure of the impact achieved by an 
entity or service. 



Volume 17 • Issue 2 • 2025

93

Engineering Management in Production and Services

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 
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To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛
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In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡
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 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

(1)

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

(2)

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. (3)

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

1 
 

To measure this value, refer to the definition of net 
income (profit) in economics. 

First, consider the project in terms of net revenue, 
take the product of the project’s expected return and 
project success probability minus the input cost as the 
net benefit. Then, divide the net benefit of a single 
project by the net benefit of the whole of multiple 
projects to obtain the final benefit, which is defined as 
the importance index Qi of project i. Qi reflects the 
importance of a single project i in a multi-project 
ensemble. 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]               (1) 

In Formula (1), a multi-project consists of N single 
projects. 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖、𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖、𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖  and 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  represent the income, 
expected return, success probability, and input cost of 
project i, respectively. E represents the net benefit of all 
projects, V represents the expected return matrix,         
P represents the probability of success matrix, and C is 
the cost matrix (generally a constant matrix). There are 
correlations between projects in multiple projects. For 
example, 𝑉𝑉𝑉𝑉12  represents the return from the joint 
implementation of Project 1 and Project 2, 
𝑃𝑃𝑃𝑃12 represents the probability that Project 1 and Project 
2 will succeed together depending on each other. 

Second, the buffer sizing should meet the 
expectations of project value management. The 
measurement of returns is an influential factor in the 
buffer setting. For important projects with high returns, 
the appropriate buffer should increase to ensure its on-
time completion principle and for general projects with 
lower returns, excess buffers should reduce. The 
importance measurement coefficient is defined as 
follows to reflect the importance difference between 
projects in the buffer setting. 

iλ  
= 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 

∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑛𝑛

)       (2) 

In Formula (2), 𝑄𝑄𝑄𝑄  means of the importance of 
items in multi-project. 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  as a product factor, when 
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  exceeds 𝑄𝑄𝑄𝑄  and 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is greater than 1, the buffer 
sizing is amplified. When 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖   is less than 𝑄𝑄𝑄𝑄, the buffer 
sizing is compressed. 

Resource tension coefficient 
The intensity of active resource usage is another 

factor affecting buffer setting. On this basis, according 
to the characteristics of multi-project multi-resource 
constraints, the resource tension coefficient within the 
activity duration is defined as follows. 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                   (3) 

In Formula (3), 𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) represents the activity j of 
project i, 𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘  represents the demand for resource k 
of activity j of project i within the duration 𝑑𝑑𝑑𝑑𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 represents the available use of resource k at time t, 
and K represents the set of all resources k. 

In this step, the proportion of single resource 
demand of all activities in multiple projects in unit time 
is first judged, and then, the proportion of different 
resources is accumulated to find the sum of the 
proportion of demand of activities in unit time under 
multiple resources. Finally, the maximum value of the 
entire activity duration is taken and defined as the 
activity resource tension. The larger the 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , the 
more resources are required, and the smaller the value, 
the less resources are occupied. In addition, when 
designing multi-resource demand effects, the use of 
summation instead of product is to consider that the 
product may weaken the size of the value and does not 
reflect the characteristics that the buffer Settings should 
be increased when the tension of multiple resources is 
high. 

On-time completion probability 
The probability of completing each activity on time 

can be expressed through PERT’s three-point 
estimation time, namely the most optimistic 
completion time, the most likely completion time and 
the most pessimistic completion time. The ratio of the 
difference between the most likely time and the most 
optimistic time to the difference between the most 
pessimistic time and the most optimistic time is defined 
as the elasticity coefficient as follows. 

𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) =
𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) − 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)

                                      (4) 

In Formula (4), 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most optimistic time 
of project i activity j, 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most likely time, and 
𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is the most pessimistic time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
approaches 𝑀𝑀𝑀𝑀𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , it means that the activity is more 
likely to be completed optimistically, the smaller 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  
is, the greater the probability that the activity will be 
completed on time. When 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  approaches 𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) , 
it means that the activity is more likely to be completed 
pessimistically, the greater the 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  is, the smaller the 
probability that the activity will be completed on time. 
 
2.2. MULTI-FACTOR BUFFER ESTIMATION MODEL 

Based on the above analysis of income and the 
improvement of the root difference method, resource 
and on-time completion probability, a multi-factor 
capacity constraint buffer estimation model is proposed. 

(4)
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
 

2 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
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In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
 

(5)

2 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
 

(6)

2 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
 

(7)

2 
 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2

𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

         (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                        (6) 

In Formula (5) and Formula (6), 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  and 
𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)  are the resource tension and on-time completion 
of activity j of Project I, respectively, 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖  is the 
measurement coefficient of importance of Project i, and 
activity j in all i is equal to this value. It can be seen that 
the improved CCB takes the activities involved on the 
critical chain of the system as the unit of calculation, and 
the final buffer size is obtained after summating and 
taking the root. CCB is the set of all activities on the 
critical chain of the system, and CCBi is the set of 
activities that use bottleneck resources from the first to 
the last of Project i on the critical chain of the system. Its 
size is assigned according to its proportion of the most 
likely completion time on the critical chain of the system. 

 
2.3. BUFFER MONITORING POINT SETTING 
 

After completing the buffer position setting, the 
monitoring study of the project execution began. First, 
the health of the overall progress at a given moment is 
determined by the consumption of the buffer at that 
moment. 

 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                             (7)

𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘=1

 

 

In Formula (7), 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1,𝑡𝑡𝑡𝑡  is the actual cumulative 
construction period that has occurred before activity    
j (including activity j) on the critical chain of the system 
at time t, 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 is the planned cumulative construction 
period before activity j (including activity j) at time     
t, and the difference between the two is defined as the 
buffer consumption 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  before activity         
j (including activity j). If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, it indicates that 
the actual construction period is greater than the 
planned period, the progress is delayed, and the buffer 
is being consumed. If 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, it indicates that the 
actual construction period is less than or equal to the 
planned construction period, the progress is ahead of 
schedule or normal, and the buffer is not consumed. 

Second, compare the difference between the actual 
buffer consumption and the total buffer reserve, 
evaluate the buffer amount needed after the moment, 
and set the dynamic buffer monitoring point. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                         (8) 

 

 
In Formula (8), 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 is the remaining buffer 

after activity j at time t, and 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 is the total buffer 
reserve. When 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 ≤ 0, 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , it 
means that buffer reserve has been exhausted and the 
project has been delayed. At this time, it is no longer 
meaningful to study the buffer monitoring settings, so 
this paper analyses the situation based on 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡>0, 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 <𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 . Refer to Goldratt’s definition of 
buffer monitoring area division to divide the 
monitoring area. Since the value of buffer consumption 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  may be positive or negative, two cases are 
discussed. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡>0, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡<𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the 
buffer is consumed, and the remaining buffer is the total 
buffer reserve minus the actual buffer consumption. 
Accordingly, dynamic monitoring point 1 and 
monitoring point 2 are set. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≤ 0, 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , the buffer is not consumed, and 
the remaining buffer is the total buffer reserve. Dynamic 
monitoring point 1 and monitoring point 2 are set for 
this value. In addition, the absolute value of the actual 
buffer consumption, that is, the set of pre-completed 
quantities up to and including activity j at time t, can be 
regarded as an additional supplement to the total buffer 
reserve, the specific setting method of which is not 
discussed in this paper. 
 
  
 

Based on the above analysis, the buffer monitoring 
point settings for activity j+1 are defined as follows. 

 
Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =              (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡   =           (10) 

 
Third, according to the setting of dynamic 

monitoring points 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡 , 
classification processing is as follows. When 
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  < 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ,𝑡𝑡𝑡𝑡, project execution is normal, 
and no action is required. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  and 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  <  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , there 
may be problems in project execution, and it is 
necessary to identify the causes and adopt 
countermeasures. When 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 ≥ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗+1∈𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 , 
project execution problems have occurred, and 
immediate action is needed to resolve the overall risk of 
delay by rushing work or adjusting the scope of the 
project. 

Finally, based on the preceding monitoring point 
settings, define the dynamic monitoring procedure. 
 (8)

1 
 

𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]                                            (1) 

iλ  = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 
∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1
𝑛𝑛𝑛𝑛

)                        (2) 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡

K

𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                                                  (3) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2
𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

                                 (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                                                    (6) 

𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗,𝑡𝑡𝑡𝑡 = ��𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡�                                               (7)
𝑗𝑗𝑗𝑗

𝑘𝑘𝑘𝑘𝑘𝑘

 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑃𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 − 𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡                                                            (8) 

 

Monitoring point 1：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶1𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  = 








<

≥+

∈∈

∈∈∈

0
3
1

0
3
1

tCC,jtCC,j

tCC,jtCC,jtCC,j

BUPB

BUBRBU

，

，
             (9) 

Monitoring point 2：𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  = 








<

≥+

∈∈

∈∈∈

0
3
2

0
3
2

tCC,jtCC,j

tCC,jtCC,jtCC,j

BUBP

BUBRBU

，

，
          (10) 
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𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 = 
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸  = 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖−𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃−𝐶𝐶𝐶𝐶  , i ∈ [1,𝑁𝑁𝑁𝑁]                                            (1) 

iλ  = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖 - 𝑄𝑄𝑄𝑄) = 1 + (𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖  - 
∑ 𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1
𝑛𝑛𝑛𝑛

)                        (2) 

𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀�𝑟𝑟𝑟𝑟𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗),𝑘𝑘𝑘𝑘/𝑅𝑅𝑅𝑅𝑘𝑘𝑘𝑘,𝑡𝑡𝑡𝑡
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𝑘𝑘𝑘𝑘𝑘𝑘

 ， 𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)                                                  (3) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = � � �1 + 𝛼𝛼𝛼𝛼𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)� ∙ 𝛽𝛽𝛽𝛽𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) ∙ 𝜆𝜆𝜆𝜆𝑖𝑖𝑖𝑖 ∙ (𝑏𝑏𝑏𝑏𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗) −𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗))2
𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�

1
2

                                 (5) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 = � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

/ � � 𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤(𝑖𝑖𝑖𝑖,𝑗𝑗𝑗𝑗)
𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

�  ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶                                                    (6) 
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Fig. 2. Multi-project scheduling after adding capacity constraint buffer 
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3. RESEARCH RESULTS AND DISCUSSION 
 
3.1 BUFFER SIZING CALCULATION 
 

A real case of a software development enterprise 
was used to verify the effectiveness of this paper. The 
company is a payment institution affiliated with a global 
top 500 financial group, focusing on internet payment, 
mobile phone payment, prepaid card issuance, and 
acceptance business in China. Its mobile payment 
transaction scale ranks among the top in the industry. 
In recent years, with the strong regularisation of China’s 
financial industry and the intensification of competition 
within the industry, enterprises are facing a more severe 
market survival environment. Large internet software 
enterprises face challenges in internal project 
management. Among them, Internet IT projects have 
the characteristics of short duration, large quantity, and 
large scale (Bu et al., 2021). In the case of limited 
resources, they face the problem of resource conflicts 
among multiple projects. Moreover, project delays often 
occur due to an imperfect risk prevention mechanism 
and uncertain factors in the execution process. 

In this context, three medium-sized projects 
carried out by the software development enterprise in 
the same period were selected as a verification case. The 
software development method adopts the “waterfall 
development” model. The cost input, expected return, 
and success probability of the project are shown in Table  

1, and the working hours, activities relationships and 
resource requirements of each activity of the project are  
shown in Table 2. The resource constraints are mainly 
human constraints, with no more than eight 
development engineers and no more than four testing 
engineers. The critical chain of the system is 21-22-23-
24-25-26-27-15-16-17-5-6-7-8-9. 

According to Formulas (1) to (6), the capacity 
constraint buffer size 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖 of each project is obtained, 
as shown in Table 3. 

By summating the 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖  values of each project, 
the capability constraint buffer value CCB=6.796 is 
obtained, and the total buffer reserve PB=6.796. 
Compared with the RSEM CCB RSEM =8.426, the buffer 
size is obviously reduced, and the overall schedule is 
shortened. 

 
3.2. BUFFER POSITION SETTING 
 

According to the multi-project critical chain buffer 
setting method, the capacity constraint buffer is set at 
the last bottleneck resource of Project C, Project B, and 
Project A, respectively. Considering that the actual 

software projects are set in a unit of person/day, this 
paper set 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶=3, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵=2, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴=2, and the total 
capacity buffer CCB = 7. Among them, TBMM 
monitoring point 1: 1/3·PB = 2.27, TBMM monitoring 
point 2: 2/3·PB = 4.53. The monitoring points of the 
RBMM are monitored by two linearly increasing trigger 
lines; refer to Bie’s method (2010) for setting (Tab.4). 

 
3.3. DYNAMIC BUFFER MONITORING 
 

The simulated working hours of activities are 
randomly generated from the lognormal distribution 
(Tukel et al., 2006); the actual construction period can 
be simulated based on the “lognrnd()” function in 
MATLAB. To facilitate observation, the critical chain 
activities of the system were renumbered according to 
serial number 1 to serial number 15. Through computer 
programming simulation, TBMM, RBMM, and the 
method in this paper were respectively used for buffer 
monitoring. The following results were obtained in  
a single run. 

In Figure 3, Figure 4, and Figure 5, the horizontal 
axis represents the activities on the critical chain of the 
multi-item system, and the vertical axis represents the 
capacity constraint buffer consumption. The blue dot 
represents the buffer consumption to simulate the 
actual activity. The green line represents the warning 
monitoring line 1 linked by the buffer monitoring point 
1, beyond which the activity may be problematic. The 
red line represents the warning monitoring line 2 linked 
by buffer monitoring point 2, beyond which the activity 
has encountered problems. 

By comparison, it can be found that, with the 
completion of activities, activity 3 to activity 15 in 
TBMM exceeded the warning monitoring line 1, with a 
proportion of more than 86 %, activity 2 to activity 7 in 
RBMM exceeded the warning monitoring line 1, with 
the proportion reaching 40 %. However, no situation 
beyond the monitoring line occurred in the method 
presented in this paper. 

To verify the reliability of the above results further, 
the Monte Carlo technique was used to perform 1000 
simulations, and TBMM, RBMM and the proposed 
method in this paper were analysed and compared. 
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Tab. 1. Summary of case project cost returns

Project Cost Ci Return Vi Success PR Pi Effect V, P Income Ei 

A 18 300 80% VA,B=200, PA,B=0.9 222

B 32 800 70% VB,C=100, PA,B=0.5 528

C 21 700 60% 399

ALL 71 1,800 E=1,379
 
Notes: Total income E consists of single item-income and inter-item related income. The units of Cost C, Return Vi and Income Ei are ten 
thousand yuan.

Tab. 2. Project activities hours and resources demand table (unit: person/day)

Project Activity Immediate 
activity

Work
hours 50% hours Optimistic 

hours
Coding 

engineer
Testing

engineer

A

0 requirement analysis 1 3 2 1 2 0

1 architecture design 2 2 1 1 2 1

2 code programming 3 5 3 2 3 0

3 self-testing 4 3 2 1 2 0

4 smoke-testing 5 2 1 1 1 2

5 system-testing 6 8 5 3 1 3

6 regression-testing 7 9 5 4 1 2

7 online release 8 2 1 1 1 1

8 whitelist verification 9 3 2 1 0 1

9 full open 10 3 2 1 1 1

B

10 requirements analysis 11 5 3 1 4 0

11 architecture design 12 2 1 1 2 0

12 code programming 13 4 2 1 4 0

13 self-testing 14 5 4 3 5 0

14 smoke testing 15 7 4 2 4 0

15 system testing 16 3 2 1 2 3

16 regression testing 17 10 7 5 2 4

17 security scanning 18 9 6 3 1 2

18 online release 19 4 3 2 2 1

19 post-online verification 20 3 2 1 2 1

20 data statistics 21 5 3 2 1 0

C

21 requirements analysis 22 4 2 1 1 0

22 architecture design 23 2 1 1 2 1

23 code programming 24 3 2 1 4 0

24 self-testing 25 5 3 1 4 0

25 system testing 26 8 5 3 1 3

26 regression testing 27 6 4 2 1 2

27 pressure testing 28 4 3 2 2 2

28 online release 29 2 1 1 1 1

29 technical support / 3 1 1 1 1
 
Notes: Considering the operability of 0.5 person/day in the project and the overall program programming, 0.5 person/day is calculated as 
1 person/day, the size of the optimistic working hours comes from empirical assessment.
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Tab. 3. Buffer estimation parameter calculation table (unit: person/day)

i j r1 r2 a m b σ

A

0 0.161 0.277 0.884 2 0 0.250 0.000 0.250 1 2 3 0.500 1

1 0.161 0.277 0.884 2 1 0.250 0.250 0.500 1 1 2 0.000 1

2 0.161 0.277 0.884 3 0 0.375 0.000 0.375 2 3 5 0.333 2

3 0.161 0.277 0.884 2 0 0.250 0.000 0.250 1 2 3 0.500 1

4 0.161 0.277 0.884 1 2 0.125 0.500 0.625 1 1 2 0.000 1

5 0.161 0.277 0.884 1 3 0.125 0.750 0.875 3 5 8 0.400 3

2.039

≈2.00

6 0.161 0.277 0.884 1 2 0.125 0.500 0.625 4 5 9 0.200 4

7 0.161 0.277 0.884 1 1 0.125 0.250 0.375 1 1 2 0.000 1

8 0.161 0.277 0.884 0 1 0.000 0.250 0.250 1 2 3 0.500 1

9 0.161 0.277 0.884 1 1 0.125 0.250 0.375 1 2 3 0.500 1

B

10 0.382 0.277 1.105 4 0 0.500 0.000 0.500 1 3 5 0.500 2

11 0.382 0.277 1.105 2 0 0.250 0.000 0.250 1 1 2 0.000 1

12 0.382 0.277 1.105 4 0 0.500 0.000 0.500 1 2 4 0.333 2

13 0.382 0.277 1.105 5 0 0.625 0.000 0.625 3 4 5 0.500 1

14 0.382 0.277 1.105 4 0 0.500 0.000 0.500 2 4 7 0.400 3

15 0.382 0.277 1.105 2 3 0.250 0.750 1.000 1 2 3 0.500 1
2.039

≈2.00
16 0.382 0.277 1.105 2 4 0.250 1.000 1.250 5 7 10 0.400 3

17 0.382 0.277 1.105 1 2 0.125 0.500 0.625 3 6 9 0.500 3

18 0.382 0.277 1.105 2 1 0.250 0.250 0.500 2 3 4 0.500 1

19 0.382 0.277 1.105 2 1 0.250 0.250 0.500 1 2 3 0.500 1

20 0.382 0.277 1.105 1 0 0.125 0.000 0.125 2 3 5 0.333 2

C

21 0.289 0.277 1.012 1 0 0.125 0.000 0.125 1 2 4 0.333 2

2.718

≈3.00

22 0.289 0.277 1.012 2 1 0.250 0.250 0.500 1 1 2 0.000 1

23 0.289 0.277 1.012 4 0 0.500 0.000 0.500 1 2 3 0.500 1

24 0.289 0.277 1.012 4 0 0.500 0.000 0.500 1 3 5 0.500 2

25 0.289 0.277 1.012 1 3 0.125 0.750 0.875 3 5 8 0.400 3

26 0.289 0.277 1.012 1 2 0.125 0.500 0.625 2 4 6 0.500 2

27 0.289 0.277 1.012 2 2 0.250 0.500 0.750 2 3 4 0.500 1

28 0.289 0.277 1.012 1 1 0.125 0.250 0.375 1 1 2 0.000 1

29 0.289 0.277 1.012 1 1 0.125 0.250 0.375 1 1 3 0.000 2
 
Notes: The columns in Table 3, from left to right: project number (i), activity number (j),	 Project average importance degree (), impor-
tance measurement coefficient (Qi), number of coding engineer (r1), number of testing engineer (r2), coding engineer tension (α1), test-
ing engineer tension (α2), resource constraints coefficient (α), the most optimistic time (a), the most probable time (m), the most pes-
simistic time (b), on-time completion probability (β), b and m deviation (σ).

Tab. 4. RBMM buffer settings

Completion ratio of system critical 
chain (%)

Proportion of buffer consumption

monitoring point 1 (%) monitoring point 2 (%)

0 15 30

100% 75 90
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the capability constraint buffer value CCB=6.796 is 
obtained, and the total buffer reserve PB=6.796. 
Compared with the RSEM CCB RSEM =8.426, the buffer 
size is obviously reduced, and the overall schedule is 
shortened. 

 
3.2. BUFFER POSITION SETTING 
 

According to the multi-project critical chain buffer 
setting method, the capacity constraint buffer is set at 
the last bottleneck resource of Project C, Project B, and 
Project A, respectively. Considering that the actual 

software projects are set in a unit of person/day, this 
paper set 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶=3, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵=2, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴=2, and the total 
capacity buffer CCB = 7. Among them, TBMM 
monitoring point 1: 1/3·PB = 2.27, TBMM monitoring 
point 2: 2/3·PB = 4.53. The monitoring points of the 
RBMM are monitored by two linearly increasing trigger 
lines; refer to Bie’s method (2010) for setting (Tab.4). 

 
3.3. DYNAMIC BUFFER MONITORING 
 

The simulated working hours of activities are 
randomly generated from the lognormal distribution 
(Tukel et al., 2006); the actual construction period can 
be simulated based on the “lognrnd()” function in 
MATLAB. To facilitate observation, the critical chain 
activities of the system were renumbered according to 
serial number 1 to serial number 15. Through computer 
programming simulation, TBMM, RBMM, and the 
method in this paper were respectively used for buffer 
monitoring. The following results were obtained in  
a single run. 

In Figure 3, Figure 4, and Figure 5, the horizontal 
axis represents the activities on the critical chain of the 
multi-item system, and the vertical axis represents the 
capacity constraint buffer consumption. The blue dot 
represents the buffer consumption to simulate the 
actual activity. The green line represents the warning 
monitoring line 1 linked by the buffer monitoring point 
1, beyond which the activity may be problematic. The 
red line represents the warning monitoring line 2 linked 
by buffer monitoring point 2, beyond which the activity 
has encountered problems. 

By comparison, it can be found that, with the 
completion of activities, activity 3 to activity 15 in 
TBMM exceeded the warning monitoring line 1, with a 
proportion of more than 86 %, activity 2 to activity 7 in 
RBMM exceeded the warning monitoring line 1, with 
the proportion reaching 40 %. However, no situation 
beyond the monitoring line occurred in the method 
presented in this paper. 

To verify the reliability of the above results further, 
the Monte Carlo technique was used to perform 1000 
simulations, and TBMM, RBMM and the proposed 
method in this paper were analysed and compared. 

 

1 
 

  

Fig. 1. Buffer monitoring point (left: when 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡 > 0; right: when 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑗𝑗𝑗𝑗𝑗𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑡𝑡𝑡𝑡  ≤  0) 

  

 

Fig. 2. Multi-project scheduling after adding capacity constraint buffer 

Table 5, Table 6 and Table 7 show the numbers of 
the active buffer consumption values of the three 
methods that fall into the three monitoring areas. In 
Figure 6, Figure 7 and Figure 8, the buffer monitoring 
results of three methods are visually displayed in 
three different colours in terms of activity, buffer 
consumption, and execution times.

An analysis shows that the buffer consumption of 
TBMM does not fall into the red area in the early 
stage of the project, and the frequency of falling into 
the yellow area is also small, but the frequency of 
falling into the yellow area and the red area is con-
stantly increasing in the later stage, and the frequency 
of falling into the yellow area and the red area reaches 
the highest in the last activity. This is inconsistent 
with the situation when the actual project goes to the 
later stage, and the uncertainty is smaller, as well as 
the warning frequency. It shows that the TBMM 
method does not consider the actual situation of 
project execution.

Compared with TBMM, the buffer warning fre-
quency of RBMM is relatively small, but due to the 
linear characteristics of the relative buffer monitoring 
points, the lower monitoring points in the early stage 
lead to more warning frequency, showing a phenom-
enon of more before and less after. In actual work, 
there is generally no direct delay at the beginning of 
the project, and a large number of buffer warnings 
may cause wrong judgment of monitoring, which 
also indicates that the setting of RBMM monitoring 
points is too subjective.

The method proposed in this paper avoids 
TBMM and RBMM problems better, and the buffer 
warning frequency is the least. The buffer consump-
tion of activities on the critical chain of the whole 
system is basically in the green area, and some activi-

Fig. 2. Multi-project scheduling after adding capacity constraint buffer
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Fig. 3. TBMM method’s buffer monitoring results (single time) 

 

Fig. 4. RBMM method’s buffer monitoring results (single time) 
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Fig. 5. Buffer monitoring results of the method described in this paper (single time) 

 

 

Fig. 6. TBMM method’s buffer monitoring results (1000 times) 
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Tab. 6. RBMM method’s regional distribution of the monitoring results (1000 times)

Activities

Area

1

(21)

2

(22)

3

(23)

4

(24)

5

(25)

6

(26)

7

(27)

8

(15)

9

(16)

10

(17)

11

(5)

12

(6)

13

(7)

14

(8)

15

(9)

Less than the 
monitoring line 1 

(green area)
921 911 915 932 957 976 964 974 980 987 987 995 989 990 993

Greater than 
monitoring line 1 
and smaller than 
monitoring line 2 

(yellow area)

76 75 75 61 41 23 32 22 19 12 12 4 10 9 7

Greater than the 
monitoring line 2 

(red area)
3 14 10 0 2 1 4 4 1 1 1 1 1 1 0

Tab. 7. Regional distribution of the monitoring results of the method described in this paper (1000 times)

Activities

Area

1

(21)

2

(22)

3

(23)

4

(24)

5

(25)

6

(26)

7

(27)

8

(15)

9

(16)

10

(17)

11

(5)

12

(6)

13

(7)

14

(8)

15

(9)

Less than the 
monitoring line 1 
(green area)

997 999 1000 1000 1000 1000 997 1000 1000 1000 998 999 1000 980 999

Greater than 
monitoring line 1 
and smaller than 
monitoring line 2 
(yellow area)

3 1 0 0 0 0 3 0 0 0 2 1 0 19 1

Greater than the 
monitoring line 2 
(red area)

0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Activities

Area
1

(21)

2

(22)

3

(23)

4

(24)

5

(25)

6

(26)

7

(27)

8

(15)

9

(16)

10

(17)

11

(5)

12

(6)

13

(7)

14

(8)

15

(9)

Less than the 
monitoring line 1 

(green area)
997 972 951 944 948 947 915 922 916 909 896 893 885 830 820

Greater than 
monitoring line 1 
and smaller than 
monitoring line 2 

(yellow area)

3 27 49 56 52 53 84 77 83 90 103 105 113 154 162

Greater than the 
monitoring line 2 

(red area)
0 0 0 0 0 0 1 1 1 1 1 2 2 16 18

	

Tab. 5. TBMM method’s regional distribution of the monitoring results (1000 times)
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Fig. 7. RBMM method’s buffer monitoring results (1000 times) 

 

 

Fig. 8. Buffer monitoring results of the method described in this paper (1000 times) 
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ties in the yellow area are scattered, especially in the 
tail, due to the delay caused by uncertain factors, the 
buffer consumption of the last activity is processed 
and solved. The overall buffer monitoring cost is the 
best among the three methods, which obviously 
reduces the additional resource expenditure caused 
by the error buffer warning and ensures the timely 
completion of the multi-project execution.

Conclusions

This paper proposes a critical chain buffer setting 
and dynamic monitoring method based on project 
elements. In the planning stage, the calculation model 
of the multi-project capacity constraint buffer is 
designed by analysing three factors: project income, 
resources, and on-time completion probability. In the 
execution stage, according to the dynamic change of 
buffer consumption in the process of multi-project 
implementation, dynamic buffer monitoring points 
are set to monitor the buffer surplus in real-time. This 
method improves the efficiency of buffer setting, 
ensures that high-yield projects can obtain more 
buffer protection under the condition of limited 
resources, and reduces the probability of false warn-
ings, which often occur in traditional buffer monitor-
ing.

Managerial implications: By studying the project 
schedule management problem of software develop-
ment enterprises under resource constraints, this 
paper proposes a critical chain buffer estimation 
model considering the influence of multiple factors 
from the project elements and designs a dynamic 
buffer monitoring model. A financial payment enter-
prise is taken as a case to verify the effectiveness of 
this method. First, in the planning stage, project 
importance was defined according to the input and 
income of multiple projects, resource tension was 
designed based on the activity’s bottleneck resource 
occupation, and on-time completion probability was 
designed based on the PERT estimation of the activ-
ity. The capacity constraint buffer estimation model 
of multiple projects was established by integrating 
three kinds of factors, and the buffer setting size and 
location were determined. Second, the buffer con-
sumption is determined according to the current 
activity buffer consumption, the remaining buffer is 
calculated through the buffer reserve, and the buffer 
monitoring of the next activity is dynamically set by 

setting dynamic monitoring points on the remaining 
buffer so as to achieve rolling dynamic monitoring 
and warning. Finally, the proposed method in this 
paper is verified by computer simulation with a real 
case, and the results are compared with TBMM and 
RBMM to demonstrate the effectiveness and advan-
tages of the proposed method.

The empirical results show that compared with 
the traditional critical chain management method, 
this paper considers the characteristics of IT multi-
projects under resource constraints. In terms of buffer 
setting, it reflects the design intention of giving prior-
ity to high-yield and high-risk projects to obtain 
more buffer protection and effectively shorten the 
overall schedule and construction period. In terms of 
buffer monitoring, dynamic analysis of the current 
buffer consumption is used to set the next activity 
monitoring point, and real-time prediction and judg-
ment of buffer monitoring are carried out, which 
effectively reduces the occurrence frequency of false 
buffer warnings, makes the division of buffer moni-
toring area more reasonable, and significantly 
improves the efficiency of buffer monitoring com-
pared with traditional methods. This paper provides  
a reference for the research and practice of progress 
assurance and monitoring in multi-project parallel 
software enterprises.

Limitations and further research: Limitations of 
this paper are reflected in two aspects: case study and 
buffer monitoring point settings. In terms of the case 
research, three software projects carried out by the 
enterprise within the same time period were selected. 
The scale of the project portfolio was relatively small 
and could not fully reflect the current situation of the 
enterprise’s project portfolio. Therefore, it is neces-
sary to expand the scope of project portfolio manage-
ment and increase the scale of the project portfolio in 
the next step to further improve the buffer settings 
and monitoring methods proposed in this paper. In 
terms of the buffer monitoring point settings, there is 
no further discussion of situations where buffer con-
sumption may be negative (such as activities being 
completed ahead of schedule), which can be consid-
ered as an additional supplement to buffer reserves. 
The buffer can be called a “pseudo-buffer”; it can 
appropriately reduce the dependency of the delay on 
the buffer amount and should be considered in 
dynamic buffer monitoring. Therefore, the next step 
is to study the influence of “pseudo-buffer” on 
dynamic buffer monitoring on the existing basis.
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Expert-innovator behaviour 
questionnaire as a new tool  
for selecting potential experts

A B S T R A C T
The effects of global change on development and the sustainability of the economy are 
visible in implementing innovations. Appropriate selection of experts, considering various 
knowledge areas, should use selected tools. The article introduces a research tool for 
selecting experts for innovation risk assessment. In particular, it aims to present individual 
measurement scales and their reliability assessment (Cronbach’s alpha). The article 
presents the factor structure of a potential expert’s competencies measured using  
a questionnaire. The questionnaire was developed for the appropriate selection of 
specialists from various industries, including production, mechanics, and management. 
The questionnaire constitutes a tool applicable for assessing and selecting people involved 
in the implementation and risk assessment of innovations. It is based on the following 
four scales (factors): open mind, closed mind, cognitive motivation, and response to 
uncertainty. The questionnaire’s effectiveness was studied using two research samples, 
n= 224 and n= 349, comprised of entrepreneurs and individuals professionally related to 
business and development and implementation of innovations. The interviewees were 
selected randomly. Factor analysis was used to reduce the test items in the questionnaire. 
The internal reliability of items was analysed using Cronbach’s alpha. The proposed 
questionnaire forms a new tool that can be used in selecting experts who deal with the 
risk assessment of innovations and in the broadly understood process of recruiting staff 
with appropriate competencies in terms of mindset characteristics. The article presents 
an analysis related to the conduct of typical research in Management and Quality Sciences, 
as well as practical principles guiding the use of the questionnaire, which may have wider 
application in the practice of risk management. The article presents the measurement 
tool with the answer key, which is a valuable guide for interpreting the results. The 
questionnaire facilitates the selection of individuals focused on independent and 
courageous problem-solving and the statement of evaluations. At the same time, an 
adequate level of caution should be respected, characterising people with risk aversion. 
Furthermore, creativity and openness are coupled with a considerable ability to develop 
new solutions and rationally respond to difficult and unpredictable situations.
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expert, innovation, creativity, risk, questionnaire, assessment, open mind, closed 
mind, cognitive motivation, response to uncertainty
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Introduction 

The need to develop a research tool in the form of 
a questionnaire was mainly due to the research gap 
that was perceived in this area and the experience of 
practitioners involved in project implementation in 
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the enterprise. The key objective of this activity was to 
increase the effectiveness of the work carried out by 
specialists dealing with innovation, particularly those 
related to risk assessment. The guidelines related to 
the assessment procedure and, more broadly, to risk 
management became the determinant for the study of 

Anna M. Deptuła
Czesław S. Nosal

https://orcid.org/0000-0002-2073-4971
https://orcid.org/0000-0002-1693-2692


Volume 17 • Issue 2 • 2025

107

Engineering Management in Production and Services

the new research tool. The right selection of experts is 
the key to effective risk analysis, devoid of overesti-
mated and underestimated assessments (Deptuła, in 
preparation).

The expert-innovator behaviour questionnaire 
(EIBQ) forms a new tool that offers support in select-
ing potential experts for tasks related to creating and 
implementing innovations.  Its structure is a response 
to the research needs related to the correct process of 
assessing the risk of innovation on a narrow scale of 
an enterprise and a wide scale of society. In the absence 
of available tools for diagnosing of experts’ competen-
cies (Deptuła & Nosal, 2021), corresponding to, 
among others, the purposeful selection of experts for 
the team that implements innovations, the authors 
developed a new measurement tool. The question-
naire facilitates the selection of individuals who fulfil 
the following criteria:

1.	 They are focused on independent and coura-
geous problem-solving and the statement of evalua-
tions. At the same time, they respect an adequate level 
of caution characterising people with risk aversion.

2.	 They are creative and open, coupled with  
a considerable ability to develop new solutions.

3.	 They can respond rationally to difficult and 
unpredictable situations.

The article aims to present a new tool for employee 
evaluation, EIBQ. The article proposes new scales, 
which, according to the authors, best describe selected 
characteristics of the expert mindset. The previous 
article (Deptuła & Nosal, 2021) presented a draft ver-
sion of the questionnaire based on the three measured 
characteristics of the mindset and personality of the 
expert. In this article, the discussion focuses on factor 
analysis results based on which new measurement 
scales (sets of items) were selected. An answer key is 
also presented that can be applied to selecting poten-
tial experts. The paper presents the individual test 
items for measurement: open mind, closed mind, 
cognitive motivation, and response to uncertainty.

It also provides the proposed answer key for 
diagnosing the expert’s state of mind.

It should be noted that EIBQ does not measure 
direct expert behaviour as the questionnaire is based 
on self-assessment. 

1.	Literature review 

Choosing the right expert is a difficult and com-
plicated task. Creating and implementing technologi-
cal and organisational innovations is a task that 

requires the innovator to be open-minded and adapt 
quickly to changes that will undoubtedly take place in 
the future. Another important expert attribute is  
a balanced reaction to risk and estimation of uncer-
tainty. In creating the new method for diagnosing 
expert attributes, the authors attempted to balance the 
psychological attributes with the diversity of tasks. 

The expert-innovator behaviour questionnaire 
(EIBQ) proposed in this article is a new method 
attempting to consider the characteristics of the 
expert’s mind. No such diagnostic tool was found in 
the literature. As a rule, the literature is dominated by 
efforts focused on the content of projected changes or 
narrow technological solutions. There is a distinct lack 
of methods for diagnosing the mind and personality 
traits of experts. Also, as a rule, these analyses used the 
Delphi method and did not consider the mind or 
personality traits of experts. Therefore, EIBQ fills an 
important gap in diagnosing the expert mind and 
personality.  

The interdisciplinary nature of innovation pro-
jects means that the expert is required to have knowl-
edge of, among other things, economics, management, 
design, marketing, environmental protection or legal 
regulations. Increasing the effectiveness of the work 
carried out by specialists in innovation, particularly 
related to risk assessment, may prove to be a recipe for 
many of the shortcomings and deficiencies faced by 
the company in adapting innovation to the require-
ments of society. The right selection of experts will 
play a key role here, and the effects will be seen in 
sustainable, socio-economic, scientific and integrated 
approaches to sustainable development. However, 
many efforts in the literature indicate the importance 
of this task (Ayag & Özdemir, 2007; Dey & Ogunlana, 
2004; Dotgson, 2008; Kahraman et al., 2007; Lee et al., 
2006; Manuel, 2007; Mobey & Parker 2002; Mullins  
& Sutherland, 1998; Nadkarni & Shenoy, 2001; Robin 
& Riedel, 1997; The Institute of Operational, 2012; 
Simon, 1992; Tversky & Kahneman, 1983;  Ericsson, 
1981; Ericsson, 1982; Larkin et al., 1980;  Bouman, 
1980; Reber et al., 2007; Ungson & Braunstein, 1984; 
Busenitz, 1999; Austin et al., 2007; Neubauer  
& Freudenthaler, 2005). An extensive group of meth-
ods is represented by behavioural models that use the 
knowledge and skills of the expert (Mobey & Parker, 
2002; Mullins & Sutherland, 1998; Slovic, 2000).

Most often, these relate to describing the effec-
tiveness of an expert’s predictive judgments of  
a patient’s condition (Sarbin, 1944; Dörfler & Acker-
mann, 2012). It turns out that learning about the cog-
nitive qualities of expert minds lays the groundwork 
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for more effective and efficient decision-making 
(Dörfler & Ackermann, 2012; Petrides et al., 2022; 
Garb, 1989; Gustafson, 1963; Goldberg, 1970; Gold-
berg, 1992; Alegre, Pérez-Escoda, López-Cassá, 2019). 
However, these studies are rather selective and 
directed at a general overview of the expert’s role in 
decision-making.  

Contemporary support in this area is personality 
questionnaires. They are designed to assess a person’s 
selected behaviour. Currently, tools, such as self-
assessment questionnaires, are used where the indi-
vidual answers questions about their behaviour, 
feelings, or thoughts (Credé et al., 2012). Most com-
monly, questionnaires address self-reported neuroti-
cism, extraversion, cognitive motivation, novelty 
tolerance, and positive valuing of life (The Big Five 
questionnaires) and have dimensions to support psy-
chological issues or the HR process more broadly 
(Gustafson, 1963; Goldberg, 1970; Goldberg, 1992; 
Alegre et al., 2019; Andrei, 2016). Available methods 
use various combinations of measurement of selected 
traits of both personality and human temperament 
(Catell, 1943; Catell et al., 1993; Cloninger et al., 1993; 
Costa & McCrae, 1992). However, the available ques-
tionnaires are not geared towards the purposeful 
selection of an expert with an emphasis on elements of 
a managerial and organisational nature. In practice, 
companies are looking for the right specialists to 
direct to specific tasks due to selected personality 
traits. Particularly important in this regard is selecting 
experts for innovation risk assessment.

In the literature, most of the methods used for 
risk assessment are expert-based. In particular meth-
ods of project management are currently used in the 
innovation risk assessment (Ayag & Özdemir, 2007; 
Dey & Ogunlana, 2004; Dotgson, 2008; Kahraman et 
al., 2007; Lee et al., 2006; Manuel, 2007; Mobey  
& Parker 2002; Mullins & Sutherland, 1998; Nadkarni 
& Shenoy, 2001; Robin & Riedel, 1997; The Institute of 
Operational, 2012). An extensive group of methods is 
represented by behavioural models that use the 
knowledge and skills of the expert (Mobey & Parker, 
2002; Mullins & Sutherland, 1998; Slovic, 2000).

The authors also frequently use fuzzy logic for the 
risk assessment process (Deptula & Rudnik, 2017; 
Deptula & Rudnik, 2018; Choi & Ahn, 2010; Kahra-
man et al., 2007).

Differences between expert opinions significantly 
affect the outcome of the assessment; therefore, there 
is a need to continuously improve and objectify such 
methods (Choi & Ahn, 2010; Chin et al., 2009). Thus, 
the method of selecting experts gains importance. The 

selection of an expert should be based on certain rules. 
Personality questionnaires can be helpful in this 
regard. An example of a measurement tool character-
ising selected personality traits of an innovator is the 
expert-innovator behaviour questionnaire (EIBQ) 
presented in this article.

The starting point for developing the EIBQ ques-
tionnaire was the analysis of 54 statements, presented 
in detail by Deptuła and Nosal (2021). The statements 
describing the practically observable behaviours of 
innovators concerned three personality characteristics 
related to locus of control, motivation in activities, 
and the need for stimulation (Deptuła & Nosal, 2021; 
Deptuła & Nosal, 2021; Knosala & Deptuła, 2018; 
Larsen et al., 2013; Nosal, 1990, 1992, 2001; Rokeach, 
2015; Rotter, 1966; Singer, 1975; Strelau, 2014; Zim-
merman, 2000; Zuckerman, 2007).

2.	Research methods

In the development of the version of the question-
naire presented in the article, the following research 
procedure was carried out several times:

1. Correlation coefficients within each variant 
(different variants were created by changing the num-
ber of statements in the measurement scales) of the 
questionnaire were analysed. 

2. Factor analysis was conducted to extract meas-
urement scales for assessing a person’s predisposition 
to be an expert. 

3.  Basic statistics of the model with the extracted 
factors (measurement scales) were developed. Each of 
the extracted scales was developed according to the 
following assumptions: 
•	 The measurement strongly impacts the decision-

maker’s preference for risk perception.
•	 The items address behaviours from everyday life 

and work. 
•	 The questions provide a broad spectrum of 

research on the decision-maker’s personality and 
cognitive abilities.
4.  The reliability and relevance of the question-

naire were determined based on Cronbach’s alpha.
Two research samples were used in the develop-

ment of the questionnaire. The first was used to 
develop IBQ. The sample selection was random; 
however, the survey was conducted among entrepre-
neurs implementing innovations. The survey was 
conducted using paper questionnaires. The sample 
size, in this case, was 224. The survey was conducted 
in early 2020 in Poland. The first version of the ques-
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tionnaire was used to conduct research to develop 
EIBQ. The research sample was purposive. The 
research was directed at entrepreneurs, innovators, 
designers, researchers, and people implementing 
innovations that appeared in publicly available reports 
and registers on innovation development in Poland. 
The research was funded by the research grant MIN-
IATURA 4, 2020/04/X/HS4/00632. The survey was 
conducted in 2021 in Poland. As the study coincided 
with the period of the COVID-19 pandemic, in the 
implementation of the survey, an electronic version of 
the questionnaire was used. 

The study of the EIBQ was carried out among 224 
entrepreneurs and individuals professionally related 
to business, development, and implementation of 
innovations. The interviewees were selected randomly. 
Their number was determined by the minimum 
threshold resulting from the methodological rules for 
developing a personality questionnaire (Cohen et al., 

1999; Crocker & Algina, 1986; Cronbach, 1990; Hor-
nowska, 2007; Nunnally, 1978; Zakrzewska, 1994). 

Factor analysis is a multivariate method used for 
data reduction purposes. It was originally developed 
by Spearman (1927) to analyse scores on mental tests 
and extract the general factor (factor g) as a structural 
basis of human intelligence. Based on a long history, 
the factor analysis methods are useful in a much wider 
range of situations. The basic idea is to represent a set 
of variables (matrix of correlations) with fewer new 
variables as vectors. In this solution, the vectors are 
called factors. These factors can be thought of as 
underlying correlations. Factor analysis is designed 
for interval data, although it can also be used for 
ordinal data (e.g., scores assigned to Likert scales) 
(Anderson, 2003; Manly & Navarro, 2016; Rencher, 
2002).      

In the studies, the following steps were taken to 
determine the final structure of the factors:

Tab. 1.  Factor structure of items

Factory structure of test items after rotation - main components

Lp Statement Factor 1 Factor 2 Factor 3 Factor 4

1 When buying new products, I choose well-known brands (com-
panies) 0.492

2 I like to accomplish new tasks as a means to learn something 0.244

3 Too many changes make me feel uncomfortable
0.414

4 In my life, I am guided by the advice/suggestions provided by 
my parents 0.426

5 Sometimes I do not know how to act in many situations 0.477

6  I like to deal with difficult issues 0.563

7 Most success stories of companies are related to pure coinci-
dence -0.406

8 At school, I sought honours and good grades 0.520

9 Rapid changes make me feel confused 0.539

10  I feel anxious when a new employee appears in the company 0.406

11  Existing work methods and techniques should not be changed 0.522

12 Companies should offer products similar to their competitors 0.490

13 Most of the company’s successes are the result of its employ-
ees’ activities

0.114

14 In general, I am looking for tasks that I have never performed 0.515

15 When I feel unsure of something, I do not undertake any ac-
tion

0.558

16 I like to follow/walk/run along unknown paths 0.516

17 When I carry out tasks in a company, I like to focus on new 
solutions 0.581

18 I cope well with uncertain situations -0.116

19 I am happy to provide new solutions and ideas 0.697

20 I like complicated tasks 0.676
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1.	 The correlation coefficients between the 54 
variables (IBQ items) were determined and analysed. 

2.	 An exploratory factor analysis was performed 
for the matrix of all variables using the principal com-
ponents method. 

3.	 Values of factorial loadings for four factors 
were analysed. Values greater than 0.4 were qualified 
for the content analysis. Factor loadings prior to and 
following rotations were considered.

4.	 Names were specified to four main factors, 
which will further be referred to as scales for measur-
ing an expert’s mind competencies: open mind, closed 
mind, cognitive motivation, and reaction to uncer-
tainty.

 The coefficient of factor loads (for the four identi-
fied scales) is provided in Appendix 1. Table 1 shows 
the factor structure of the 20 items that make up the 
final draft of the questionnaire. The final version also 
had four control statements from the social desirabil-
ity scale.

3.	Research results

As a result of factor analysis, four factors charac-
terising the competencies of the potential expert were 
identified. In total, these four factors all account for 
13.26% of the identified variance. This is not a large 
range of explanations but indicates that the identified 
factors are specific in their nature. Further studies 
have been planned to extend (add to) this range with 
new factors. 

The first factor, open mind (OM), forms the major 
factor, as it means directing the mind to new informa-
tion and preference to coping with difficult tasks. 
However, other studies demonstrate that open-mind-
edness is positively correlated with intuition, imagina-
tion, and curiosity (Nosal, 2021). It is these qualities of 
mind that will be the focus of the projected research 
and factor analysis. 

The second factor, defined as the closed mind 
(CLM), can be understood in a nearly literal sense. It 
means a mind that limits its field of exploration and 
new information. The problem of characteristics of 
such a mind has a long history dating back to Rokeach’s 
pioneering research on dogmatism (1960). The dog-
matic mind limits the scope of information search 
because it is thinking about formulated judgments 
based on narrow conceptual categories. 

Factor three (cognitive motivation, CM) and fac-
tor four (response to uncertainty, RU) involve the 
attributes that characterise the stability of this type of 

motivation and behaviour under uncertainty.  
A favourable organisation of the mind should condi-
tion not only a constant tendency to seek information 
but also an appropriate attitude toward an emergence 
of uncertainty. This attitude is a kind of substitute for 
the ability to anticipate and not block the mind in the 
face of emerging changes and various forms of uncer-
tainty in the environment. As emphasised by Prigogine 
(1996), we live in the conditions marked by uncer-
tainty.

All the presented factors of the expert’s mind 
form a rather clear structure. The justification for its 
feasibility is provided by the correlation matrix 
between the factors (Table 2).

Tab. 2. Matrix of correlation between factors

Factor 1 Factor 2 Factor 3 Factor 4

Factor 1 1.00 0.04 -0.42 0.02

Factor 2 0.04 1.00 -0.24 0.14

Factor 3 -0.42 -0.24 1.00 0.14

Factor 4 0.02 0.14 0.14 1.00

Table 2 shows that the open mind is independent 
of the closed mind. These two types of minds and their 
associated cognitive orientation clearly oppose each 
other. In turn, the third factor (cognitive motivation) 
correlates negatively with the second factor (closed 
mind). Summarising the results of the factor analysis, 
it can be argued that competencies related to the open 
mind may constitute adequate criteria for the selec-
tion of potential experts. In turn, the indicator of 
mental closure can be used as a control since it is not 
beneficial for an expert to have this kind of mental 
orientation. The questionnaire also proposed a general 
simplified version of the control scale (SD). 

The resulting factor structure was developed for  
a research sample equal to n=224. It concerned the 
analyses of the first version of IBQ presented in the 
article (Deptula & Nosal, 2021). The following section 
presents a comparison of the factor analysis results for 
the new research sample n=349 (EIBQ 2).

4.	Discussion of the results

Item internal reliability EIBQ was analysed using 
Cronbach’s alpha. Cronbach’s alpha is certainly the 
most used statistic in the area of social sciences. It is  
a measure of reliability, specifically internal consist-
ency reliability or item interrelatedness, of a scale or 
test (e.g., questionnaire). Internal consistency refers to 
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the extent to which all items on a scale or test contrib-
ute positively towards measuring the same construct.

It should be noted that the test items presented in 
the article are still an object of research and will be 
subject to changes in subsequent versions of the ques-
tionnaire. Currently, two estimations of the reliability 
of the developed scales have been carried out for  
a sample equal to n=224 and n=49. The results show 
an upward trend for the index Alpha.

A summary of the results is presented in Table 3.
A further stage of the study will also be to conduct 

a CFA to determine the validity of the factorial struc-
ture of the questionnaire. However, this requires the 
collection of new data, which is currently underway. 
Nevertheless, the visible progress already suggests that 
the effectiveness of the developed scales is relatively 
high.

4.1.	Brief characteristic of measurement 
scales in EIBQ — originality

Statistical analysis forms an important element of 
the assessment of the effectiveness and accuracy of 
each questionnaire; however, the knowledge of the 
scope of the presented topic and experience in con-
ducting research is an equally important and signifi-
cant element that determines the final draft of the 
research tool. Considering these two aspects means 
that the EIBQ presented in the work may be recom-
mended for use as an assessment tool for people 
involved in the risk assessment of innovation and 

Tab. 3. Analyse Cronbach’s alpha for two questionnaire versions

IBQ* Cronbach’s alpha 
N=224

EIBQ** Cronbach’s alpha 
n= 349

UO

6 items

0.7 UO
4 items

0.71

UZ

5 items

0.38 UZ
6 items

0.57

MP

4 items

-0.06 MP
 4 items

0.68

RNNS

5 items

-.04 RNNS
4 items

0.77

Number of items tested 54* 41**

Number of items of the Q 24 22

*The factor structure in Appen-
dix 1    **The factor structure 
in Appendix 2

support in the recruitment process to the team of 
experts.

The statements in the first factor, open mind, 
characterise the desired expert mind orientation, so 
the more points a person scores on this scale, the 
higher their competencies as an expert.

The statements in the second factor, closed mind, 
indicate that if a person agrees with them, such indi-
viduals are challenging themselves with difficult, 
complicated and paradoxical experiences. Hence, the 
higher the score on this scale, the lower their compe-
tencies as experts. In such conditions, the selection of 
such a person should not be considered for tasks 
related to risk assessment and innovation implemen-
tation. 

The statements in the third factor, cognitive moti-
vation, are intended to determine the level of a person’s 
motivation to create new solutions and ideas. People 
who need to create new solutions are very desirable 
for tasks where the scope of uncertainty and risk is 
high. The more points a person scores on this scale, 
the higher their competence as an expert. 

The statements included in the reaction to uncer-
tainty scale refer to the analysis of the familiar and 
commonly accepted attitudes towards risk: risk aver-
sion, neutrality, and preference. Determining how  
a person reacts to uncertain situations may signifi-
cantly limit the irrational decisions that bypass the 
substantive analysis of facts and data. The higher the 
result obtained by an employee on this scale, the more 
it proves the lack of resistance to action in unexpected 
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and uncertain situations, i.e., their poor adaptation to 
work in stressful conditions and a low level of compe-
tence as an expert.

In the final draft, the new questionnaire (EIBQ) 
contains 18 basic statements and four control state-
ments from the social desirability scale. Apart from 
the many advantages of the questionnaire survey, 
there are some difficulties associated with the use of 
this survey form. The biggest problem is related to the 
degree of honesty (truthfulness) and reliability of the 
data derived from the questionnaire. Some respond-
ents may consciously or unconsciously evaluate indi-
vidual statements using conformist and schematic 
behaviour patterns and actions undertaken under the 
effect of generally accepted social norms and princi-
ples. Therefore, the use of the social desirability scale is 
widely known and accepted and recommended for 
this type of research tool.

It should also be emphasised that the independ-
ence of the created measurement scales allows them to 
be used as control scales. For example, the closed 
mind scale can be applied to successfully verify the 
reliability of the respondent’s answers for the open 
mind scale. Moreover, the reaction to the uncertainty 
scale in relation to the cognitive motivation scale may 
have a similar application. The independence of the 
created scales can also be a good starting point for 
measuring the selected competencies of people apply-
ing for various positions in the company. Detailed 
principles for using the developed scales as control 
scales and the possibility of verifying the dependen-
cies that can be established between them will be 
found in the reported research (Deptula, in prepara-
tion). 

The factor analysis and the authors’ experience in 
conducting research allow for proposing a presented 
version of EIBQ (Appendix 3).

4.2.	Implications — the interpretation 
of questionnaire results 

Completing the questionnaire, the respondents 
reply by expressing their opinions in support or rejec-
tion of a statement. A 5-point rating scale is employed 
to evaluate the statements: “I completely disagree”,  
“I disagree”, “It is difficult to say”, “I agree”, and  
“I completely agree”, which correspond to a point scale 
from 1 to 5, respectively.

If an overall result equals 0, the respondent’s 
competency as an expert can be assumed to be consid-
erable. In the interpretation of the questionnaire 

results, it is assumed that the lower the result, the 
higher the competency. The overall result of the ques-
tionnaire or partial results for individual measurement 
scales can be interpreted (Table 4). The overall score 
for EIBQ is calculated according to the formula:

EIBQ= |-31+OM-CLM+CM-RU|              (1)

where:
OM — point value obtained on the open mind scale,
CLM — point value obtained on the closed mind 
scale,
CM — point value obtained on the cognitive motiva-
tion scale,
RU — point value obtained on the response to uncer-
tainty scale.

The most suitable candidates for experts include 
candidates with a score in the range of 0 to 21. These 
people are creative and open-minded, and, at the 
same time, they can offer stability to the implementa-
tion of the innovation process while maintaining an 
appropriate level of caution. They are not excessively 
focused on generating risky activities, and, at the 
same time, they cope well with the fast pace of activity 
and accept the need for frequent divergence from  
a plan.

The individuals scoring between 22 and 41 points 
will be slightly worse at adjusting to frequent changes. 
Such individuals can display many contradictory 
features and strongly depend on specific events and 
situations.

The least desirable candidates include persons 
with scores above 42 points. In this situation, an 
individual will very often make decisions in a fearful 
or hasty manner and, thus, very often ill-considered. 
It is recommended that people with a score above 42 
points should not be involved in innovative tasks.

The interpretation of the results of the question-
naire based on the given scale is only indicative. It 
was developed to evaluate expert applicants quickly. 
Detailed and unambiguous assessment requires expe-
rience and knowledge of the constructs described in 
the questionnaire. The authors encourage readers to 
carry out the questionnaire themselves and then 
interpret its result, and in case of doubts, to contact 
the authors to clarify any ambiguities. One should be 
aware that the interpretation of the questionnaire 
given in the article is simplified and does not consider 
the feedback between the personality traits tested in 
the questionnaire. Detailed rules for the interpreta-
tion of the results can be found in (Deptuła, in prepa-
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ration). Nevertheless, the simplified interpretation of 
the EIBQ offers a tool for an accurate and independ-
ent characterisation of the candidate for an expert.

Conclusions 

The article proposes an expert-innovator behav-
iour questionnaire (EIBQ) to facilitate the effective 
process of selecting experts for projects related to 
implementing innovations.

Individual statements were selected so that it was 
possible to indicate individuals who are potentially 
the most suitable candidates for work on innovative 
projects. The practical use of the questionnaire will 
make it possible to eliminate people who may overes-
timate or underestimate the innovation risk assess-
ment. In this respect, the results from the literature 
and this research concerning the features of the mind 
of an innovator’s expert were extensively considered. 
On this basis, the following factors were considered 
to be the determinants of selecting an expert: a men-
tal quality defined as an open mind, cognitive moti-

vation, and a stable reaction to uncertain situations. 
For this purpose, potential innovators were tested, 
and the described version of the EIBQ was prepared 
using statistical and content analysis. 

The questionnaire presented in the paper is a new 
tool that can be used to characterise experts-innova-
tors, but also for the broadly understood process of 
recruiting employees. A broader profile of experts 
will be possible thanks to the IMQ Innovator Mind 
Questionnaire, which is in the development of  
o measuring the expert’s intuition (IMQ characteris-
tics will soon appear in subsequent papers).

The results presented in the article may constitute 
the basis for the development of research in the disci-
pline of Management and Quality Sciences, as well as 
have an extensive practical application due to the 
advantages of the presented research tool.

The EIBQ questionnaire is considered a prelimi-
nary solution, although it meets basic psychometric 
standards such as consistency coefficients (Cronbach’s 
alpha) and factor structure indices. The EIBQ requires 
further research and confirmation in different crite-
rion groups. The authors also plan to include attrib-

Tab. 4. Interpretation of the EIBQ results 

Competence level LOW MEDIUM HIGH

OM

Items:

8, 17, 19, 20

Score from 4 to 10 points

Individuals scoring in this 
range are characterised by 
an open mind to a limited 
degree. When such a person is 
selected for the expert team, it 
is recommended to undertake 
decisions on the basis of the 
overall result of the question-
naire. 

Score from 11 to 15 points

Individuals scoring in this 
range tend to vary in their be-
liefs, may be hesitant, and de-
fining their mindsets as open 
may be ambiguous. In the case 
a high result is obtained on the 
control scale, the participation 
of such a person in the team 
implementing innovations 
should be considered. 

Score from 16 to 20 points

Scores in this range demon-
strate strong open-minded-
ness. In combination with 
a moderate result from the 
control scale, such candidates 
can be successfully selected for 
tasks related to the implemen-
tation of innovations.

An employee scoring in this 
range will be creative, curious 
and tolerant of discrepancies.

CLM

Items:

2, 5, 6, 13, 14, 15

Score from 30 to 20

points

Individuals who score in this 
range are characterised by 
a closed mind. They do not 
tolerate unclear and uncertain 
situations and, at the same 
time, may demonstrate the 
characteristics of overly self-
confident people, which, in 
the case of innovation, could 
limit its implementation. When 
selecting such a person for 
the expert team, it is recom-
mended to make decisions 
based on the overall result of 
the questionnaire.

Score from 13 to 19

points

Individuals who score in this 
range are characterised by 
changing mindsets, may be 
indecisive, and the ability to 
define their mind as closed 
may be ambiguous. 

Score from 6 to 12

points

People with scores in this 
range demonstrate little char-
acteristics of a closed mind. In 
combination with a moderate 
result in the control scale, they 
can be successfully selected for 
tasks related to the implemen-
tation of innovations. 



114

Volume 17 • Issue 2 • 2025
Engineering Management in Production and Services

utes of the mind such as intuition and critical 
thinking. It is understood that a method of this kind 
requires constant changes in language and terminol-
ogy. Regardless of the practical (diagnostic) purpose 
of EIBQ, we view the method as a step on the road to 
better understanding the characteristics of the mind 
of experts.

Competence 
level LOW MEDIUM HIGH

CM

Items:

3, 10, 21, 22

Score from 4 to 10

points

Individuals scoring the results in 
this range have a low need to learn 
new things. They prefer well-prov-
en solutions and working methods 
and, therefore, may be reluctant 
to constant changes and improve-
ments related to the development 
of innovation. 

Score from 11 to 15

points

Individuals who score in this range 
may be hesitant or reluctant to 
provide the actual reasons for 
their behaviour. Their participation 
in the team of experts should be 
monitored and confronted with the 
needs of the project on an ongo-
ing basis. In the case of obtaining 
a high result on the control scale, 
the participation of such a person 
in the team implementing innova-
tions should be considered.

Score from 16 to 20

Individuals who achieve results in 
this range demonstrate a willing-
ness to create new solutions. In 
combination with a moderate 
result in the control scale, they can 
be successfully selected for tasks 
related to the implementation of 
innovations. In conjunction with 
the low RNNS score, their par-
ticipation in the team of experts is 
desirable. 

RU

Items:

4, 9, 11, 18

Score from 16 to 20

points

Individuals who score high on the 
scale of responding to uncertain 
situations could be susceptible to 
suspending its implementation; 
therefore, their participation in the 
expert team should be limited or 
strongly controlled. 

Score from 15 to 9

points

Individuals who score in this range 
may be hesitant or reluctant to 
reveal the true reasons for their 
behaviour. Their involvement in 
the team of experts should be 
monitored and confronted with 
the current needs of the project. 
In the event of a high score on the 
control scale, the participation of 
such a person in the team should 
be considered. 

Score from 8 to 4

points

Individuals who achieve scores in 
this range demonstrate resistance 
to new and difficult situations. 
They do not immerse themselves in 
an unforeseen situation and try to 
deal with it so they can be success-
fully selected for tasks related to 
the implementation of innovations. 

SD

Items:

1, 7, 12, 16

Score from 4 to 8

points

A result in this range may mean 
that the employee will be pushing 
through their ideas with deter-
mination and will not be afraid to 
express their personal opinions. 

Score from 9 to 15

points

The result in this range is difficult 
to interpret. It can indicate indi-
viduals who do not intend to stand 
out too much and choose safe 
answers, and thus, at work, will act 
in accordance with the “instruc-
tions” guidelines.

Score from 16 to 20

A score in this range means that 
the employee tried to fit into the 
generally accepted patterns and 
norms of a creative employee. 
Their answers might not be entirely 
dictated by the inner conviction of 
the will to get a good result.

Overall test result

Score from 42 to 64

Scorers in this range are individu-
als who like to be supervised. They 
work better when they know exact-
ly what to do and their participa-
tion in the project implementation 
is limited to following orders. Their 
participation in the team of experts 
implementing innovations is not 
excluded; however, it needs to be 
adequately planned.

Score from 22 to 41 points

Individuals who score in this range 
may be creative and inventive; 
however, they also show many 
contradictory features and are 
strongly dependent on specific 
circumstances and situations. They 
may also tend to fit in with gener-
ally accepted standards and recom-
mendations. Their participation in 
the team of experts, however, will 
not impede the potential innova-
tion development opportunities.

Score from 0 to 21 points

The individuals who achieve a 
result in this range are most likely 
creative and outgoing individuals. 
Their participation in a team of 
experts is very welcome.

Tab. 5. Interpretation of the EIBQ results - continued
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