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Abstract: Megaprojects are complex systems comprising interdependent subsystems and
diverse stakeholders, each contributing to the project’s resilience and long-term outcomes.
Traditional methods for assigning stakeholder influence often assume that stakeholders
operate independently when evaluating subsystem resilience. However, these approaches
overlook the intricate dynamics—such as competition and collaboration—that frequently
characterize stakeholder interactions in megaprojects. This study addresses this gap by
introducing a novel framework based on game theory and network analysis to assess
megaproject resilience. The model incorporates both stakeholder interactions and sub-
system interdependencies, using a networked game approach to dynamically allocate
stakeholder weights. These weights reflect cooperative and conflicting relationships among
stakeholders. The framework optimizes a stakeholder’s utility function by balancing
marginal benefits, costs, and interaction effects, ensuring rational and adaptive weight
distribution. The resulting solution represents a unique Nash equilibrium, identified as the
optimal configuration for stakeholder influence. To validate the framework, the study ap-
plies it to the Jakarta-Bandung High-Speed Railway (JBHSR) megaproject, demonstrating
its capacity to integrate theoretical rigor with practical application. Through mathemat-
ical proofs and simulations, the research explores how model parameters influence two
critical solution properties: order consistency and stability. Comparative analysis with
established methods, such as the Analytic Hierarchy Process (AHP) and simple averaging,
highlights the proposed model’s superior ability to capture stakeholder dynamics and adapt
to the evolving nature of megaprojects throughout their lifecycle. The findings emphasize
the model’s utility in delivering more nuanced resilience evaluations by accounting for
stakeholder roles, relationships, and contributions. Specifically, this framework advances
theory by merging network analysis with game theory to capture dynamic stakeholder
influences, while offering practitioners a real-time mechanism to manage and optimize
stakeholder interactions for improved resilience across the entire megaproject lifecycle.
Its adaptability to full lifecycle assessments makes it a robust and scalable tool for man-
aging resilience in large-scale infrastructure projects, offering valuable insights for both
practitioners and researchers.
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1. Introduction

Megaproject resilience is critical due to the inherent complexity and scale of such
projects. These endeavors are composed of multiple interconnected subsystems, each per-
forming distinct yet interdependent functions. The dependencies among these subsystems
mean that disruptions in one can propagate across others, creating systemic vulnerabili-
ties that jeopardize the project’s overall performance and long-term value creation [1-3].
These interdependencies necessitate not only a comprehensive understanding of sub-
system resilience but also an integrated approach that considers their relationships and
cascading impacts.

Adding to this complexity is the dynamic involvement of diverse stakeholders, in-
cluding governments, contractors, community representatives, and financiers. These
stakeholders are intricately tied to specific subsystems, as the tasks and responsibilities
within each subsystem are generally executed by stakeholders based on their unique re-
sources, expertise, and conditions. For example, a contractor’s technical capabilities may
align with the requirements of a construction subsystem, while community representatives
may focus on ensuring environmental or social considerations in another [4]. This nexus
between stakeholders and subsystems forms a functional network within the megaproject,
where stakeholders not only drive the performance of individual subsystems but also
influence their interactions with other parts of the project. Resilience-building efforts must
focus on preparing for such disruptions by fostering adaptability, collaboration, and shared
problem-solving mechanisms among stakeholders [5]. In one case study, the integration
of stakeholder citizenship behaviors through collaborative platforms and agile decision
making processes significantly enhanced the project’s ability to address financial, safety,
and environmental crises [6]. Such findings underscore the importance of aligning gover-
nance structures and stakeholder engagement strategies with the principles of resilience to
navigate the complexities of megaprojects effectively.

Another layer of complexity is the duality of collaboration and competition among a
variety of stakeholders in megaprojects. Stakeholders often collaborate to achieve shared
goals across subsystems but may also compete for limited resources, influence, and control.
These dynamics directly shape the governance and operational framework of megapro-
jects [4], influencing how resilience is prioritized and assessed across different components.
This relationship underscores the need for a systematic method to evaluate resilience, one
that integrates stakeholder roles and subsystem interdependencies. A robust model for
resilience evaluation must incorporate the distribution of stakeholder evaluation weights.
Stakeholders assess the resilience of the subsystems they oversee, reflecting their perspec-
tives and priorities. Allocating appropriate weights to these evaluations ensures that the
collective resilience of the megaproject is accurately captured. This allocation is crucial,
as it determines how management attention, resources, and effort are distributed across
subsystems and stakeholders. A poorly weighted assessment can result in overemphasizing
or undervaluing critical subsystems, leading to cascading failures across the project.

Building on the inherent complexities of megaprojects—including diverse stakeholder
networks, intricate governance structures, and substantial financial commitments—this
study aims to develop and validate a network- and game-theory-based framework for
evaluating megaproject resilience. Specifically, our objectives are threefold. We aim to
(1) identify and quantify stakeholder interactions (cooperative or conflicting) as they evolve
through different project phases, (2) incorporate a Nash equilibrium approach that captures
how these interactions inform resilience outcomes, and (3) empirically test the framework
in a real-world setting (the Jakarta-Bandung High-Speed Railway), thereby demonstrating
its practical utility. While our focus is on resilience evaluation through stakeholder and sub-
system dynamics, the study does not attempt to address the full spectrum of megaproject
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management concerns (e.g., procurement, financing structures, or day-to-day operations),
thus delineating the scope and ensuring that the research questions remain well-defined
and targeted.

Research on evaluating resilience in megaprojects, although extensive, still faces
notable limitations that hinder its ability to fully capture the complexity and evolving nature
of these projects. These shortcomings arise from overly simplistic views of stakeholder
behavior, fragmented theoretical foundations, limited integration of resilience dimensions,
and difficulties in handling real-world uncertainties and inconsistent data.

Firstly, current resilience evaluation models often assume that stakeholders act in-
dependently in their assessments of subsystem resilience. This assumption neglects the
complex interplay of collaboration and competition that defines stakeholder dynamics in
megaprojects. For instance, stakeholders frequently engage in resource-sharing agreements
or compete for limited funding, creating interdependencies that significantly influence the
project’s overall resilience. The failure to incorporate these relationships results in resilience
evaluations that do not fully reflect the operational realities of megaprojects [7-9].

Secondly, resilience evaluations often emphasize a single dimension, such as technical
or operational resilience, without considering the interconnections between multiple di-
mensions [9,10]. For instance, a method might measure the robustness of a transportation
subsystem without considering its environmental footprint or social acceptance. This nar-
row approach fails to capture the systemic nature of megaproject resilience, which relies on
the interplay of technical, social, and organizational factors. Addressing this gap requires a
comprehensive or unified model that integrates multiple priories in resilience evaluation
while accounting for the diverse perspectives of stakeholders involved.

Thirdly, the high levels of uncertainty in megaprojects, such as unexpected regula-
tory changes or natural disasters, are not adequately addressed by traditional static risk
assessment models. These methods often fail to account for adaptive processes that reflect
the dynamic and iterative nature of resilience. For instance, system dynamics models
have demonstrated their effectiveness in urban systems by simulating the propagation
of unexpected disruptions through interconnected networks, thereby providing insights
unattainable through static approaches. To bridge this research gap, it is essential to adopt
a systems thinking perspective, which holistically considers the dynamics of stakeholder
interactions [10] and their co-evolutionary processes, enabling the development of a more
forward-looking and adaptive resilience assessment model.

Additionally, the limited practical applicability of many models stems from overly
complex methodologies. While some resilience evaluation models demonstrate mathe-
matical sophistication, their practical applicability is often constrained by computational
complexity and rigid assumptions. Decision makers in large-scale infrastructure projects
require tools that integrate diverse resilience metrics and provide actionable insights. The
lack of accessible and intuitive tools restricts the real-world utility of many existing meth-
ods, particularly in high-pressure environments where rapid decision making is essential.
For instance, resilience evaluation methods that combine real-time data with simplified
decision support tools have proven effective in urban planning contexts [8,9,11].

Lastly, the scale and complexity of megaprojects often result in incomplete, inconsis-
tent, or noisy data, particularly in stakeholder evaluations of subsystem resilience. Existing
approaches typically assume complete datasets, relying on imputation or exclusion strate-
gies to address gaps, which can distort resilience assessments. The lack of robust methods
for managing incomplete data remains a critical shortcoming in current models. To address
this gap, a network-based approach could leverage the inherent interconnectedness of
stakeholders and subsystems in megaprojects, systematically integrating uncertain and
fragmented data into the resilience assessment process. For example, network game mod-
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els dynamically capture the interdependencies within megaprojects, enabling resilience
evaluation to focus on relational patterns rather than absolute values. A study on Arctic
fisheries demonstrated the effectiveness of such models in simulating cooperative behavior
under varying conditions, even in the presence of missing trade or performance data [12].

To address these research gaps, this paper introduces a novel method for determining
stakeholder weights using a network game model designed specifically for the complexities
of megaproject resilience evaluation. Unlike traditional methods that treat stakeholders as
independent, this approach represents them as interconnected nodes within a network, with
their evaluations of subsystem resilience forming the links. This structure allows the model
to incorporate the intricate dynamics of stakeholder interactions, such as collaboration
and competition, into the resilience evaluation process. Secondly, building on the network
game model, the research identifies an optimal solution for stakeholder weights, relying on
equilibrium solutions like Nash equilibria to ensure stability in uncertain environments. For
instance, simulations demonstrate how the model can derive strategies that balance costs
and benefits across the network, even when specific data are incomplete [12]. Additionally,
the study connects the optimal solution to network centrality measures, showing how
stakeholder influence aligns with established principles in network science. This integration
bridges decision making theory and network analysis, offering a unified framework to
evaluate stakeholder roles in megaproject resilience. Also, to improve the model’s real-
world applicability, the paper proposes a strategy for selecting parameters based on dataset
characteristics. This approach strikes a balance between theoretical rigor and practical
utility, enabling the method to provide actionable insights for practitioners while advancing
the theoretical understanding of resilience in complex systems. Finally, to validate the
resilience evaluation model in real-world settings, which is based on network game theory
and network science, an empirical simulation was carried out with the evaluation data of
the megaproject of Jakarta—Bandung High-Speed Railway.

2. The Construction of a Resilience Evaluation Model for Megaprojects

Recent studies underscore the growing prevalence of network-based and game the-
ory approaches in analyzing stakeholder interactions across megaprojects. On one hand,
scholars emphasize the importance of knowledge sharing and collaborative behaviors
for project success—highlighting how owners, contractors, and designers strategically
leverage resources or gain competitive advantage by positioning themselves in project
networks [13,14]. On the other hand, complex network theory has advanced our un-
derstanding of megaproject vulnerability, relational governance, and multidimensional
stakeholder exchanges [15-17], revealing that factors like centrality, density, and reciprocal
behaviors shape both project risks and collective value creation. Building on these insights,
our approach integrates dynamic equilibrium concepts with a network-based resilience
evaluation, incorporating the notion that stakeholder behavior, contractual frameworks,
and governance structures are deeply interlinked [18]. By embedding game theoretic
mechanisms within a lifecycle perspective, we extend existing models to more holistically
capture cooperation, conflict, and the evolving roles of project actors. In doing so, we
offer a robust framework that not only reflects how specific relational behaviors and risk
prevention strategies emerge but also provides a quantitative lens for guiding resource
allocation and enhancing overall megaproject resilience.

Despite significant attention on megaproject resilience, few studies thoroughly explore
how network-based stakeholder interactions and game theoretic mechanisms might shape
the distribution of influence (weights) across different project phases. Accordingly, we
propose two research questions and two hypotheses, shown in Table 1, to guide our investi-
gation into these dynamic processes. By organizing them in a single table, we illustrate a
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direct link between each research question and its associated hypothesis, thereby clarifying
the analytical focus of this study. We hypothesize that explicitly modeling stakeholder
cooperation/conflict (RQ1/H1) and incorporating a Nash-equilibrium-based weighting
scheme (RQ2/H?2) will yield robust and adaptive resilience evaluations throughout a
megaproject’s lifecycle.

Table 1. Research questions and hypotheses.

Research Questions Hypotheses
RQ1: How do network-based stakeholder interactions H1: Incorporating explicit relationship intensities will produce
(cooperation/conflict) affect the distribution of influence significantly different stakeholder weight distributions
(weights) in resilience evaluations? compared to static, individually based models.

RQ2: In what ways does adding a game theoretic equilibrium
mechanism improve the robustness and adaptability of these
weight allocations over different project phases?

H2: When a Nash-equilibrium-based weighting scheme is used,
stakeholder weights will more effectively adjust to
phase-specific changes and external disruptions, leading to
higher stability in resilience rankings.

2.1. Theoretical Foundation of Resilience Evaluation Model for Megaprojects

Megaprojects, by their very nature, are complex, large-scale undertakings involving
multiple stakeholders with diverse interests, resources, and objectives. Evaluating the
resilience and overall performance of such projects requires a robust framework capable
of capturing the intricate interdependencies between various subsystems and stakehold-
ers. This research proposes the use of game theory and network theory as the theo-
retical foundation for an integrated evaluation model, combining the strengths of both
approaches to address the dynamic nature of stakeholder interactions, conflicts, and co-
operation that characterize megaprojects. The integration of these theories provides a
comprehensive tool for assessing resilience in megaprojects, enabling real-time adjustments
to stakeholder influence and the continuous recalibration of evaluation metrics throughout
the project lifecycle.

2.1.1. Game Theory

Game theory is a mathematical framework that analyzes decision making in situations
where outcomes are dependent not only on one’s own actions but also on the actions of
others, which is applicable to multicriteria evaluation [19,20]. In the context of megapro-
jects, game theory is particularly relevant because it allows for the modeling of strategic
interactions between diverse stakeholders, such as project owners, contractors, local com-
munities, and environmental groups, each of whom has their own objectives, priorities,
and constraints. These interactions are often cooperative, but they can also be competi-
tive or conflictual [21], particularly when stakeholders’ interests diverge over key issues,
such as project timelines, budget allocations, or environmental concerns. The use of Nash
equilibrium in game theory provides a powerful tool for understanding how stakeholders
can reach stable outcomes [22] when no single party has an incentive to deviate from their
chosen strategy given the strategies of others. This concept is particularly applicable to
megaprojects, where stakeholders often engage in negotiations, trade-offs, and compromise,
resulting in a stable configuration of interests that supports long-term project success [23].
By applying game theory to megaproject evaluation, we can model these strategic interac-
tions and assess how stakeholder behaviors—whether cooperative or adversarial—affect
the resilience of the project over time.
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2.1.2. Network Perspective

Social network theory focuses on the study of relationships and interconnections
between various entities within a system. In megaprojects, these entities can be individual
stakeholders, subsystems (e.g., operational management, environmental protection, tech-
nology systems), or even external factors, such as regulatory bodies or community groups.
Network theory is especially useful for understanding the interdependencies that exist
within megaprojects [18], where the risk or vulnerability of one subsystem often depends
on the actions and stability of others [15]. For example, the successful operation of the tech-
nology system may be contingent upon the performance of maintenance teams, technology
providers, and financial institutions, all of whom are interconnected within a network
of relationships. By modeling interdependencies in a megaproject as a network [24], the
network perspective allows us to examine how the interactions between stakeholders and
subsystems evolve over time and how these evolving interactions influence the overall
resilience of the megaproject. The dynamic nature of these relationships, where stakeholder
influence can shift based on changing project priorities or unforeseen challenges, makes
network theory an ideal tool for megaproject evaluation.

2.1.3. Theoretical Relevance to Megaproject Evaluation

The integration of game theory and network theory provides an effective theoretical
tool to explain the emergence of stakeholders’ particular actions [25,26]. For example, a
game-theoretical model of social network evolution is aligned with empirical, historical,
and sociological observations of real-world datasets [27]. Megaprojects involve numerous
stakeholders with varying interests, objectives, and power dynamics, and these relation-
ships must be carefully modeled to understand how they influence project outcomes. To
this end, a game-theoretical approach based on networked stakeholders is particularly
suitable for megaprojects because it enables the evaluation model to adapt to shifting stake-
holder roles, evolving project conditions, and the complex interplay of conflicting interests.
The Nash equilibrium ensures that stakeholder interactions lead to stable, sustainable
outcomes, while network theory ensures that the interdependencies between subsystems
are adequately accounted for in the resilience assessment. As such, this theoretical frame-
work allows for the dynamic recalibration of stakeholder influence throughout the project
lifecycle, providing a more accurate and holistic evaluation of megaproject resilience than
traditional, static models.

2.2. Resilience Evaluation Model and Its Specifications
2.2.1. Basic Assumption of the Proposed Resilience Evaluation Model

Before presenting the model and analyzing its parameters and properties, it is essential
to establish the foundational assumptions that underpin its formulation and applicability.
These assumptions provide a theoretical basis for understanding stakeholder behavior and
its role in evaluating the resilience of megaprojects.

The model assumes that each stakeholder acts as a rational evaluator aiming to
provide assessments that are widely accepted and maximize the value of their evaluations.
Rooted in rational choice theory, this assumption posits that stakeholders act in ways that
optimize their perceived outcomes. In the context of megaproject resilience, stakeholders—
including government agencies, contractors, financiers, and community representatives—
are incentivized to deliver evaluations aligned with their priorities. These assessments
influence critical decisions regarding the project’s adaptability, robustness, and capacity to
recover from disruptions. For example, an engineer evaluating the structural resilience of a
subsystem, such as a bridge, is likely to offer a detailed assessment to identify potential
improvements, adhering to professional standards and contractual obligations. Similarly, a
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financier assessing economic resilience may emphasize risks like cost overruns or funding
gaps to ensure the project’s financial sustainability.

The model also recognizes the complexities and occasional deviations in stakeholder
behavior. Stakeholders may strategically manipulate their evaluations to prioritize individ-
ual goals over collective resilience objectives. For instance, a developer might overstate
the importance of a subsystem related to their expertise, such as energy systems, to secure
funding—even if it is less critical to overall resilience. Conversely, other stakeholders may
undervalue aspects like environmental sustainability to focus on competing priorities, such
as cost efficiency. While these behaviors may appear self-serving, they still align with the
rational evaluator framework, as stakeholders strategically act to maximize the acceptance
of their evaluations. This inherent tension between individual priorities and collective goals
reflects the practical realities of megaproject governance, making the rational evaluator
assumption both practical and flexible.

However, the model distinguishes rational behavior from irrational actions that fall
outside of its scope. Irrational behaviors, such as apathy or disengagement, result in
incomplete or indifferent evaluations that lack strategic intent or meaningful participation.
For example, a community stakeholder in a flood-resilient urban transit project may lack
the expertise or trust needed to engage effectively with technical evaluations, providing
limited or unhelpful input. If a dataset contains a significant number of such irrational
behaviors, the model’s applicability diminishes, as it relies on meaningful evaluations to
capture stakeholder dynamics and relationships accurately.

In most practical megaproject contexts, large-scale irrational stakeholder behavior is
rare. Stakeholders typically approach evaluations with responsibility and alighment with
their expertise. For instance, government agencies prioritize policy compliance, contractors
focus on engineering resilience, and financiers assess economic risks, collectively contribut-
ing to a holistic understanding of the project’s resilience. These rational assessments, while
shaped by individual priorities, help build a comprehensive evaluation of the project’s
ability to adapt and recover.

To reinforce the assumption of rationality, megaprojects often employ governance
mechanisms that ensure evaluations are conducted responsibly and transparently. Tech-
niques like peer reviews, independent validations, and multi-stakeholder workshops
mitigate the risks of manipulation or disengagement. Predefined resilience metrics, such as
adaptability, robustness, and recoverability, serve as benchmarks to validate stakeholder
evaluations. These mechanisms ensure that individual assessments contribute meaning-
fully to collective evaluations, enhancing the model’s practical applicability.

Nevertheless, it is important to note that in real-world contexts, stakeholder behaviors
may deviate from pure rationality in more complex or unforeseen ways than this model
currently accommodates. Factors like behavioral biases, political motivations, or cultural
norms can lead some stakeholders to provide evaluations that are neither consistent nor
strategically self-interested in the classic sense. These departures from rationality can
introduce noise or systematic skew into the assessment process, potentially affecting
the model’s equilibrium outcomes and the reliability of stakeholder weight allocations.
Although this study offers initial approaches (e.g., governance mechanisms and data
validation) to mitigate such effects, future research could explore additional methods, such
as integrating behavioral game theory or incorporating iterative feedback loops, to better
account for stakeholders who do not conform to strict rational evaluator assumptions.
Such extensions would further enhance the robustness and real-world applicability of the
proposed resilience evaluation framework.

In conclusion, the assumption that stakeholders act as rational evaluators provides a
robust foundation for the model. It enables systematic analysis of stakeholder dynamics in



Systems 2025, 13,122

8 0f43

resilience evaluations while accounting for potential deviations, such as strategic manipu-
lation. Governance mechanisms address risks associated with irrational behavior, ensuring
that the model remains applicable in real-world scenarios where most stakeholders engage
earnestly and strategically. Clarifying these assumptions is a critical step before defining
the model and analyzing its parameters and properties.

2.2.2. Basic Parameters and Properties of the Proposed Resilience Evaluation Model

The evaluation system can be abstracted into the following model for generality: the
system comprises 1 stakeholders, who provide ratings for m subsystems of a megaproject.
Each stakeholder may rate all or part of the subsystems. When the i-th stakeholder rates
the s-th subsystem, the score is denoted as v;;. If no score is provided, it is recorded as “~".
Here,i € {1,2,...,n} and s € {1,2,...,m}. The score v;; can be any real number, but, in

general, v;; > 0. An illustrative example is provided in Table 2.

Table 2. An illustrative form of the resilience evaluation model.

Subsystem 1 Subsystem 2 e Subsystem m
Stakeholder 1 11 12 .. U1m
Stakeholder 2 U1 - ... Uom
Stakeholder n Uni Uno .. Unm

The evaluation behavior of stakeholders connects them to one another, transforming
them from isolated individuals into an interconnected network. This interconnectedness
forms the foundation of the network model. Using Table 2 as an example, it can be observed
that Stakeholder 1 and Stakeholder 2 are connected because they both evaluated Subsystem
1 and Subsystem 2. However, due to differences in their preferences and ratings, the
relationship between these stakeholders may involve both “cooperation” and “conflict”.
This dynamic is the focal point for constructing the network game model.

Specifically, if two stakeholders provide similar evaluations, they exhibit a stronger
“cooperative” relationship within the network. Conversely, if their evaluations differ signif-
icantly, they exhibit a stronger “conflict” relationship. These relationships are fundamental
to the formulation of the network game and the analysis of its Nash equilibrium. Through
the utility analysis presented in subsequent sections, it will be shown that the equilibrium
outcome of this game determines the weight allocation for each stakeholder in the network.
This weight allocation can also be interpreted as their “influence” within the network.

e  Relationship intensity ¢;; between stakeholders

To characterize the cooperative and conflicting relationships between stakeholders and
to quantify these relationships, a relationship intensity matrix is defined as o = [Uij] i,
where 0;; represents the quantified value of the relationship between Stakeholder i and
Stakeholder j.

Let s and t denote the types of subsystems (s,t € {1,2,...,m}). For Stakeholders i
andj (i,j € {1,2,...,n},and i # j), the consistency index C, is first defined to measure the
agreement between the evaluations of Stakeholders i and j for two subsystems (denoted as
s and t). To calculate the consistency index C}, which measures the agreement between
Stakeholders i and j concerning their evaluations of two subsystems s and ¢, several cases
are considered.

First, if the stakeholders exhibit full consistency in their relative evaluations of the sub-
systems, the consistency index is assigned a value of 1. This occurs when both stakeholders
agree on the ranking of the subsystems. For example, if Stakeholder i gives an evaluation

of subsystem s that is lower than their evaluation of subsystem ¢ (v;; < v;;) and Stakeholder
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j provides a similar evaluation (vjs < vj;), their evaluations are fully consistent. The same
holds true if both stakeholders give an evaluation of subsystem s that is higher than their
evaluation of subsystem ¢ (v;s > v and vjs > vj). Additionally, if both stakeholders
assign identical values to subsystems s and t (v;s = v;; # “~"and vjs = v} # “-”), their
evaluations are also considered fully consistent.

In cases of partial consistency, the consistency index is assigned a value of 0.5. Partial
consistency occurs when one stakeholder provides identical evaluations for subsystems s
and t but the other stakeholder’s evaluations differ. For instance, if Stakeholder i evaluates
both subsystems equally (v;; = v;;) while Stakeholder j provides differing evaluations
(vjs # vjt), or vice versa, their evaluations exhibit partial consistency.

When there is no observable consistency between the evaluations, or if either stake-
holder has not provided evaluations for the considered subsystems, the consistency index
is assigned a value of 0. This lack of consistency may result from conflicting evaluations or
incomplete data, such as when v;s, v;t, vjs, or vj; are marked as “-”.

Following the approach above, the relationship intensity o;; is derived by aggregating
the evaluation information of the two stakeholders across all subsystems. This method
for calculating the consistency index serves as a quantitative foundation for assessing the
relationships between stakeholders. It enables the construction of the relationship intensity
matrix o, which is central to capturing the cooperative and conflicting dynamics between
stakeholders within the network.

e Simplified explanation of relationship intensity 0;; using an example

To illustrate how the relationship intensity matrix o = [0;;] works, consider a simpli-
fied scenario with three stakeholders—an owner (O), a contractor (C), and a community
representative (R)—who each evaluate two subsystems in a large-scale rail megaproject
(e.g., Track Infrastructure and Safety Systems).

1. The owner (O) rates Track Infrastructure higher than Safety Systems (i.e.,
U0, Track > z)O,Safety)-

2. The contractor (C) gives equal ratings to both subsystems (i.e., v¢ Track = Vc Safety)-

3. The community representative (R) rates Safety Systems higher than Track Infrastruc-
ture (i~e'/ UR,Track < UR,Safety)'
From these evaluations, we compare each pair of stakeholders.

- Owner (O) vs. contractor (C)

For Track Infrastructure vs. Safety Systems, the owner’s ratings are not the same as the
contractor’s (because the contractor gave equal scores). According to our rules, this might
yield a partial consistency value (e.g., 0.5) for that pair. Summing across all subsystems, we
calculate an overall opc.

- Owner (O) vs. community Representative (R)

Their preferences for Track vs. Safety are in complete opposition (one higher, the other
lower). This yields a negative consistency contribution for that pair, decreasing the oog.

- Contractor (C) vs. community representative (R)

The contractor rates both subsystems equally, but the community representative gives
a higher score to Safety. This again might result in a partial match (0.5) or a partial conflict,
depending on the exact scoring scheme. Hence, ocr might be near zero or slightly negative.
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After assigning these consistency or conflict values for each pair and aggregating
them, we populate the matrix o. For instance, if each pair’s aggregated value ends up being
0.3, —0.2, or 0.5 depending on how they align on each subsystem, ¢ could look like this:

0 03 -02
c=103 0 05],
-02 05 0

where each 0;; denotes the relationship intensity between stakeholders i and j. A positive
value (>0) indicates a more cooperative or aligned relationship, and a negative value (<0)
signifies greater conflict or misalignment.

2.2.3. Basic Rationale of the Proposed Resilience Evaluation Model

Before delving into the derivation and properties of the stakeholder utility function,
it is crucial to establish its theoretical foundation and contextual relevance within the
resilience evaluation of megaprojects. The rationale for this resilience evaluation model
lies in the inherent complexity of megaprojects, where multiple subsystems are evaluated
by diverse stakeholders whose actions and assessments are interdependent. Resilience in
this context refers to the ability of the megaproject to adapt to, recover from, and withstand
disruptions. Rooted in network theory and game theory, the network model and the
utility function together capture the dynamics of stakeholder relationships and provide a
systematic way to quantify their contributions to resilience evaluation.

e  Capturing stakeholder relationships through the network model

Megaprojects are characterized by interconnected subsystems, each involving stake-
holders with varying priorities, expertise, and objectives. The network model reflects
this reality by representing stakeholders as nodes and their relationships, defined by the
relationship intensity matrix o, as edges. This matrix encapsulates the degree of agreement
or conflict between stakeholders based on their evaluations of shared subsystems. For
example, in a large-scale transportation megaproject, government agencies, engineers,
financiers, and environmental groups may evaluate different subsystems (e.g., infrastruc-
ture robustness, cost efficiency, or environmental impact). The network model captures
both cooperative and conflicting dynamics, such as shared goals for robust construction or
disputes over funding allocations.

The rationale for this network representation lies in its ability to illustrate how in-
dividual evaluations propagate through the stakeholder ecosystem, influencing collec-
tive resilience assessments. For instance, a high degree of alignment among key stake-
holders, reflected by strong positive edges in the network, can lead to consensus on
critical resilience-enhancing measures. Conversely, significant conflicts, represented by
negative relationship intensities, highlight areas of misalignment that may undermine
resilience efforts.

This network representation provides a structured view of how stakeholder relation-
ships influence resilience evaluations. By focusing on shared evaluations, the network
model ensures that the analysis is grounded in meaningful interactions, even when some
evaluations are missing. The relationship intensity matrix serves as the foundation for
understanding how cooperation and conflict shape stakeholders” contributions.

e  Utility function as a measure of stakeholder influence and contribution

The stakeholder utility function provides a mathematical framework to evaluate
how individual stakeholders” actions and evaluations influence the overall network. It
is designed to capture the trade-offs and relational dynamics inherent in stakeholder
interactions within a megaproject context. The utility function comprises three essential
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components that collectively reflect the incentives, constraints, and interdependencies faced
by stakeholders.

The first component is the marginal benefit, which represents the increasing utility
a stakeholder gains from contributing to resilience evaluations. This term reflects the
stakeholder’s incentive to engage meaningfully in the evaluation process, ensuring that
their input aligns with the project’s goals and adds value to the overall assessment of
resilience. It captures the benefits stakeholders perceive from their involvement, motivating
their active participation.

The second component is the marginal cost, which accounts for the diminishing returns
associated with additional investments of resources or effort in the evaluation process.
As stakeholders allocate more resources to evaluations, the incremental benefits of their
contributions decrease. This term captures the trade-offs they face when balancing their
limited resources among competing priorities, ensuring that their contributions remain
rational and proportionate.

The third component is the interaction term, which quantifies the influence of co-
operative or conflicting relationships between stakeholders. Positive interactions, where
stakeholders align in their evaluations, amplify utility by reinforcing shared goals and
fostering collaboration. Conversely, negative interactions, arising from disagreements or
misaligned priorities, reduce utility by introducing tension and potential inefficiencies.
This term encapsulates the networked nature of stakeholder relationships, reflecting how
individual actions are shaped by their interactions with others.

This utility function formalizes the balance between individual contributions and rela-
tional dynamics within the network. For example, in a megaproject resilience evaluation, a
contractor evaluating a subsystem’s robustness may benefit from alignment with engineers
who share similar priorities, reflected by a positive interaction term. Conversely, conflicts
with financiers prioritizing cost-cutting measures may reduce the contractor’s utility.

The utility function is particularly well-suited to resilience evaluations because it
captures the trade-offs stakeholders face when balancing their contributions against their
interactions in the network. Resilience is a collective property that depends on the align-
ment and cooperation of stakeholders across subsystems. The utility function provides a
systematic way to measure and optimize these contributions, ensuring that resources and
attention are directed toward enhancing resilience.

In particular, the function’s Nash equilibrium solution represents an optimal distri-
bution of stakeholder contributions, where no stakeholder can unilaterally improve their
utility without disrupting the network’s balance. This equilibrium ensures that the re-
silience evaluation process is efficient, equitable, and reflective of the collective priorities of
the stakeholder network.

2.2.4. Detailed Mathematical Representation of the Resilience Evaluation Model

The proposed model for resilience evaluation leverages a network framework to cap-
ture the cooperative and conflicting relationships among stakeholders. The mathematical
representation focuses on stakeholder weights, denoted as w;, which quantify the relative
influence of each stakeholder in the resilience evaluation process. The derivation of these
weights is guided by a utility function that reflects the effectiveness of each stakeholder’s
contribution while accounting for their interactions with others in the network.

e  Relationship intensity matrix (¢)

The network model is represented by the relationship intensity matrix ¢ = [(Tij],
where 0;; measures the strength and nature of the relationship between Stakeholder i and
Stakeholder ;.
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- If gj; > 0: The relationship is cooperative, indicating alignment in evaluations, which
amplifies the utility of both stakeholders.

- If 0ij < 0: The relationship is conflicting, reflecting disagreement in evaluations, which
reduces their utility.

- If gj; = 0: No relationship exists, implying no interaction between the two stakehold-
ers.

The matrix is symmetric (0;; = 0j;), ensuring that the intensity of the relationship is
reciprocal.

The relationship intensity matrix enables the model to incorporate stakeholder inter-
dependencies into the resilience evaluation process.

e  Utility function

The utility function u;(w1, wy, ..., wy) is defined as

uj(wy,wy, ..., wy) = aw; — %cw? + Zcrijwiwj 1)
j#i
Each term in the utility function has a specific meaning.
aw; (marginal benefit term): This term represents the increasing utility a stakeholder
derives from their weight w;. The parameter « > 0 determines the rate of marginal benefit,
incentivizing stakeholders to actively contribute to the evaluation process. A higher a
reflects greater importance of stakeholder contributions to the resilience evaluation.
— %cwl2 (marginal cost term): This term models the diminishing returns as stakeholder
i increases their weight w;. The parameter ¢ > 0 controls the penalty for excessive weight
allocation, ensuring that stakeholder contributions remain proportional and balanced. This
term reflects the trade-offs stakeholders face when allocating limited resources.
E‘ ojjw;w; (interaction term): This term quantifies the influence of cooperative or
JF

conflicting relationships on stakeholder i’s utility. A positive 0j; increases u;, reflecting the
benefits of collaboration with aligned stakeholders. A negative 0;; decreases u;, capturing
the costs of conflicts with misaligned stakeholders. The interaction term emphasizes the
networked nature of stakeholder dynamics, showing how individual contributions are
shaped by relationships within the network.

Together, these components create a comprehensive framework for evaluating stake-
holder influence in resilience assessments.

e  Optimization Problem

The objective is to maximize the total utility across all stakeholders while ensuring
that the weights satisfy certain constraints:

maximize Z?:l u;(wy, Wy, ..., Wy) )
subject to
Yo wi=1 w; >0, i€{1,2,...,n} (3)
This formulation ensures the following.

- Non-negativity: Each stakeholder weight w; is non-negative, reflecting their active
and meaningful contribution to the evaluation.

- Normalization: The weights sum to 1, maintaining a rational and equitable allocation
of influence among stakeholders.

o  Equilibrium
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From a game theoretic perspective, the optimization problem aligns with a Nash
equilibrium. At equilibrium, the following occurs.

- Each stakeholder’s weight w; is optimized such that no stakeholder can unilaterally
improve their utility without affecting others.

- The equilibrium reflects a balance between individual contributions and the network’s
cooperative and conflicting dynamics.

This equilibrium integrates the relationship intensity matrix ¢ into the weight opti-
mization process, directly linking stakeholder interactions to resilience evaluation outcomes.
For example, stakeholders with strong cooperative relationships (positive ;) are likely
to have higher weights, reflecting their collaborative influence on resilience assessments.
Conversely, stakeholders with significant conflicts (negative ;;) may have reduced weights,
highlighting their misalignment with the network’s goals.

In Section 2.2, these concepts collectively form the foundation of our resilience eval-
uation framework. First, the relationship intensity matrix o quantifies how stakeholders’
evaluations align or conflict, turning independent assessments into network connections.
Next, the utility function expresses each stakeholder’s marginal gains, costs, and interaction
effects, leading to stakeholder weights {w; }. Finally, we solve for the Nash equilibrium,
which reflects a stable, balanced configuration of these weights. Substituting these equilib-
rium values back into the resilience scoring mechanism provides a holistic assessment that
captures cooperative and conflicting relationships across project subsystems. Below, Table 3
visually summarize the key concepts, their mathematical underpinnings, and relationships
within the holistic framework.

Table 3. Key concepts, mathematical underpinnings, and relationships.

Concept

Description Key Equation or Element Significance

Relationship Intensity o

Utility Function u;

Stakeholder Weights {w; }

Nash Equilibrium

Resilience Assessment

Quantifies cooperative (positive) or
conflicting (negative) connections,
enabling a network-based
representation of stakeholder
interactions.

Provides a mathematical basis for
determining how much weight (w; )

Captures how stakeholders’
evaluations align or conflict, forming a
network of relationships.

o € [-1,1]
(see Equation in Section 2.2.2)

Describes each stakeholder’s payoff in

. ) s — Lom? D
;ﬁizz&figagggisl Ez?ﬁf:)tt’hce(ft’ and i Eﬂ(wl C2C0 ’S+ Z.]*’ ;’ ;ﬁ’ wj each stakeholder will assign, based on
stakeholders (see Equation in Section 2.2.4) rational incentives and network

effects.

Reflect stakeholder influence in the
final resilience assessment; their
equilibrium values are derived from
maximizing utility and balancing
interactions.

The variables being optimized. They

represent the influence or importance Yiriwi=1 wi>0
assigned to each stakeholder in the (normalization constraint)
resilience evaluation.

The optimal configuration of {w; } o

; i i
where no stakeholder can unilaterally Solved by setting oy = O0and solution that captures how stakeholder

improve their payoff by changing their applying constraints interactions dynamically shape final

Represents a stable, self-enforcing

own weight allocation (given all others  (gee Sections 2.2.4 and 2.3) weight allocations

remain fixed). i :

fg;f:;gf;éﬁifgm}ﬁgfgig p:,;trif Results from substituting equilibrium Provides a comprehensive measure of

scores highlight%ng how co}(,)pera tion {w;} back into the resilience scoring megaproject resilience that integrates

and cc;nﬂict influence overall project function both subsystem data and relational
(see Section 2.2.4). stakeholder dynamics.

resilience.

2.3. Solutions of the Model and Relevant Properties

This section focuses on analyzing the key properties and solutions of the proposed
model, ensuring its mathematical soundness and demonstrating its practical applicability
in megaproject resilience evaluation. By linking the theoretical underpinnings of the model
with its functional outputs, we aim to establish how stakeholder relationships within a
network influence weight allocation decisions.

In simpler terms, this section asks the following:

e Can we always find a solution for the model?
e s the solution unique and stable?
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e  How does the solution relate to known network concepts, like centrality?

To address these questions, we first outline the model’s key assumptions and transfor-
mations and then proceed to analyze the mathematical properties of its solutions.

2.3.1. Transformations and Problem Reformulation

To simplify the analysis of the model, we perform mathematical transformations on
the parameters in the optimization problem. These transformations aim to streamline
the relationship between stakeholder evaluation weights and the network’s structural
properties, such as cooperation and conflict, captured by the relationship intensity matrix
o.

The following sections offer a step-by-step examination of the issue.

The original relationship intensity matrix ¢ = [0;j] captures the strength of relation-
ships between stakeholders i and j. To facilitate mathematical operations, the matrix is
redefined with parameters  and A to create a transformed matrix 6, where

§=—B-I—q-U+A-G )

with [ as the identity matrix, U as a matrix of ones, and G as the adjusted matrix reflecting
normalized relationships between stakeholders.

These transformations restructure the original optimization function for stakeholder
utility into a concise matrix form:

u=oa-w+d-w=a-w+(-p-I—y-U+A-G)-w (5)

This reformulation enables us to isolate and study the core elements of the model,
including its dependency on the network structure, stakeholder relationships, and their
combined effect on optimal weight allocation.

2.3.2. Existence and Uniqueness of Nash Equilibrium

One of the most critical properties of the model is whether it yields a solution that is
both stable and unique, which is captured by the concept of Nash equilibrium. A Nash
equilibrium represents a state where no stakeholder can improve their utility by unilaterally
changing their weight allocation, given the weights chosen by others.

e  Existence of Nash Equilibrium

To prove the existence of Nash equilibrium, we rely on the relationship intensity
matrix G. If the parameter § is chosen within a specific range,

1
0<B<—= (6)
P #1(G)
where p1(G) is the largest eigenvalue of G, the optimization problem always has a solution.
This condition ensures that the matrix I — (A/B) - G is invertible and positively definite,
providing a mathematically stable foundation for the model.

e  Uniqueness of Nash Equilibrium

Uniqueness is critical for ensuring that the model produces a single, interpretable
solution. By leveraging the properties of the transformed matrix , we prove that under the
same conditions for , the model produces a unique Nash equilibrium.

In practical terms, this means that the optimal weight allocation for stakeholders is
predictable and does not depend on arbitrary factors or initial conditions, making it a
reliable tool for decision making in megaproject resilience evaluations.
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2.3.3. Relationship with Network Centrality

The next question is the following: what do the solutions mean in terms of the network?
This section explores how the solutions relate to network centrality, a fundamental concept
in network science that measures the relative importance of nodes (in this case, stakeholders)
within a network.

e  Two limiting cases

The behavior of the model under extreme conditions provides additional insights into
its connection with network centrality.

Uniform weights (g — +o0):

When f — +co, the network’s structure becomes irrelevant, and all stakeholders are
assigned equal weights:

w;, = — (7)

This represents a scenario where stakeholder influence is completely independent of
their relationships, effectively treating everyone equally. For instance, in a megaproject
with multiple unrelated subsystems, equal weighting might represent a situation where all
stakeholders contribute equally without any network effect.

Eigenvector centrality (8 — Apu1(G)):

When B — Auq(G), the optimal weights align with the principal eigenvector of G,
normalized to sum to 1:

. xG (i)
l ]r‘l:l 27 (7)

where xlc represents the principal eigenvector. This outcome emphasizes the structural im-

®)

portance of stakeholders in the network, as those more central to the network receive higher
weights. For example, in a megaproject with tightly coupled subsystems, stakeholders with
more connections or stronger relationships will naturally have greater influence.

e Balancing uniformity and network influence

The parameter  serves as a dial to adjust the model’s sensitivity to network relation-
ships. By tuning f, decision makers can balance between treating all stakeholders equally
(useful for fairness) and emphasizing network centrality (useful for efficiency).

All of the properties above facilitate a robust framework for evaluating stakeholder
influence in complex systems like megaprojects. The existence and uniqueness of solutions
ensure that the weight allocation process is stable and reproducible, critical for large-scale
projects involving diverse stakeholders. Meanwhile, the connection to network centrality
highlights the model’s ability to incorporate nuanced relationship dynamics.

Below, Table 4 summarize key assumptions and parameters of the Methodology
section.

Table 4. Summary of key assumptions and parameters.

Category Element Description Relevance
Assumes that stakeholders make Guides the game theoretic approach;
Stakeholder Model Rational Evaluators decisions aiming to maximize their forms the basis for calculating

Interaction Matrix

Limited Irrational Behavior

Relationship Intensity (o)

Symmetry Assumption

perceived outcomes (utility functions).

Stakeholders are generally rational,
but strategic misreporting or minor
biases may occur.

Quantifies cooperative or conflicting
relationships among stakeholders
based on subsystem evaluations.

0ij = 0j;; relationships are reciprocal
(although they can be positive,
negative, or neutral).

equilibrium weights.

Highlights the possibility of data skew;
underscores the need for checks and
validations.

Converts individual scores into a
networked game framework,
capturing positive/negative ties.
Ensures a balanced matrix
representation of stakeholder relations
and simplifies analysis.
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Table 4. Cont.

Category

Element

Description

Relevance

Utility Function

Equilibrium Concept

Data Requirements

Marginal Benefit (x)

Marginal Cost (c)

Interaction Term (o7;w;w;)

Nash Equilibrium

Complete Evaluations

Handling Data Gaps

Controls incentive for increasing a
stakeholder’s weight.

Penalizes excessive weight allocation,
preventing one stakeholder from
dominating.

Reflects how collaborative or
conflicting relationships amplify or
diminish stakeholder utility.

A stable state where no stakeholder
can unilaterally improve their utility
by altering only their own weight.

Stakeholders must provide reliable,
comprehensive subsystem scores.

Partial methods exist (e.g., setting
default values), but large data gaps

Central in defining how stakeholder
allocations change with greater
“effort”.

Helps maintain a balanced distribution
of weights across multiple
stakeholders.

Captures the network effect; ensures
that interactions shape equilibrium
allocations.

Ensures a self-enforcing distribution of
stakeholder weights, reflecting
real-world dynamics.

Key for accurate relationship intensity
calculations and subsequent
equilibrium solutions.

Emphasizes the importance of data
completeness for robust utility and

reduce overall model reliability. network calculations.

3. Case Study for Empirical Validation of Proposed Resilience
Evaluation Model

3.1. Rationale for Case Study and Case Selection
3.1.1. Rationale for Case Study

The theoretical development of the model ensures its mathematical rigor, but real-
world data are essential to validate its assumptions and practical applicability. Megaprojects
are inherently complex, involving diverse stakeholders with competing priorities and intri-
cate interdependencies among subsystems. Applying the model to an actual megaproject
provides an opportunity to test its robustness in addressing these complexities, ensur-
ing that theoretical assumptions are grounded in practice. The model assumes rational
stakeholder behavior, structured relationships, and evaluative weights that capture both
cooperative and conflicting dynamics. Real-world case studies enable researchers to evalu-
ate whether these assumptions hold true in practice or require adjustments. Furthermore,
properties, such as the existence and uniqueness of Nash equilibrium and alignment with
network centrality measures, must be validated in real-world contexts to confirm their
relevance and reliability. A case study ensures that theoretical solutions are not only
mathematically consistent but also practically meaningful. By bridging the gap between
academic research and practical implementation, case studies provide actionable insights
that enhance the model’s utility. They allow researchers to identify potential discrepan-
cies, refine assumptions, and tailor the model to the complexities of real-world scenarios.
Demonstrating the model’s performance in real-world applications also builds confidence
among practitioners and policymakers, fostering its adoption as a robust framework for
resilience evaluation.

3.1.2. Rationale for Case Selection

The Jakarta-Bandung High-Speed Railway (JBHSR) serves as a compelling real-world
case to demonstrate the effectiveness of the proposed resilience evaluation model. This
ambitious megaproject, connecting Indonesia’s capital, Jakarta, to Bandung, exempli-
fies the complexities, challenges, and diverse stakeholder interactions that the model is
designed to address.

Firstly, the JBHSR involves a broad range of stakeholders, including the Indonesian
government, Chinese state-owned enterprises, local contractors, private investors, and
affected communities. These groups bring varied priorities, from economic development
and regional connectivity to addressing social and environmental concerns. Secondly,
the project’s key subsystems include track infrastructure, rolling stock, safety systems,
environmental mitigation efforts, and station development. Each subsystem is associated
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with specific stakeholders, whose evaluations and influence differ significantly. Thirdly,
stakeholder interactions have included both collaboration and conflict. For example, the
project faced delays due to land acquisition disputes with local communities, funding coor-
dination challenges between governments and investors, and environmental compliance
concerns raised by advocacy groups. These dynamics make the JBHSR an ideal context for
analyzing stakeholder cooperation and conflict.

The JBHSR project is particularly suitable for testing the proposed resilience model
because of its complexity and exposure to significant uncertainties and disruptions through-
out its lifecycle. The scale and multifaceted nature of the project, coupled with external
shocks like the COVID-19 pandemic, provide a rich dataset for analyzing resilience. The
pandemic posed unprecedented challenges, disrupting construction timelines through
supply chain breakdowns, labor shortages, and public health restrictions. Stakeholders
were forced to adapt strategies to mitigate delays and cost overruns, demonstrating both
the system’s vulnerabilities and its adaptive capacity. For instance, contractors introduced
enhanced health and safety protocols, while financiers restructured funding mechanisms
to align with revised schedules. These cooperative efforts highlight the importance of ana-
lyzing the relationship intensity matrix (o) to understand how collaboration and conflict
impact resilience.

Despite these disruptions, the project managed to recover, eventually achieving opera-
tional readiness in October 2023. The process of disruption and recovery underscores the
relevance of the proposed model in capturing shock absorption and recovery dynamics. For
example, when delays became unavoidable, stakeholders negotiated revised timelines and
budgets, illustrating the critical role of adaptive governance in megaproject management.

By incorporating data from the pre-construction, construction, and post-operation
phases, the JBHSR case allows for a comprehensive analysis of resilience across the entire
project lifecycle. The inclusion of data on major disruptions, such as the pandemic, enriches
the evaluation by enabling the model to capture how subsystems and the overall project
absorb and recover from shocks. This case study not only validates the theoretical frame-
work of the proposed model but also offers practical insights for improving resilience in
megaprojects facing complex and uncertain environments.

3.2. Case Background and Timeline

The Jakarta—Bandung High-Speed Railway (JBHSR) is a groundbreaking infrastructure
project designed to enhance connectivity between Indonesia’s capital, Jakarta, and the city
of Bandung, located approximately 142 km to the southeast. It forms part of Indonesia’s
broader initiative to modernize infrastructure, stimulate economic growth, and reduce
travel time between key urban centers. As Southeast Asia’s first high-speed railway and
a flagship project under China’s Belt and Road Initiative, the JBHSR reflects a pivotal
partnership between Indonesia and China.

The project’s origins trace back to a competitive tendering process in 2015, during
which both Japan and China submitted proposals. Japan’s bid included traditional funding
with state guarantees, while China proposed an innovative business-to-business financing
model that did not require such guarantees. Coupled with promises of advanced tech-
nology and rapid implementation, China’s proposal secured the contract in October 2015.
The agreement brought together a diverse group of stakeholders, including state-owned
enterprises from both nations, local governments, and private investors, setting the stage
for the railway’s development.

Groundbreaking for the JBHSR occurred in January 2016, marked by a high-profile
ceremony attended by senior officials from Indonesia and China. Early stages involved
preparatory work, including land acquisition and regulatory approvals. However, signif-
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icant challenges emerged, including delays in land acquisition, regulatory hurdles, and
public resistance in some areas. These setbacks postponed the start of full-scale construction.

By 2018, construction was underway, focusing on key subsystems, such as track
laying, station development, and the installation of advanced signaling and power systems.
Critical milestones were achieved by 2020, including the near-completion of major stations
and substantial progress on the tracks. In 2022, rolling stock designed specifically for the
JBHSR was delivered from China, marking a significant step toward operational readiness.
Testing and commissioning followed to ensure compliance with international safety and
technical standards.

The COVID-19 pandemic introduced unprecedented challenges, causing delays due
to supply chain disruptions, labor shortages, and public health restrictions. Stakeholders
adapted by implementing safety protocols, renegotiating timelines, and restructuring
financial agreements, ensuring continued progress despite setbacks.

In October 2023, the JBHSR was officially inaugurated by Indonesian President Joko
Widodo. The railway reduced travel time between Jakarta and Bandung from over three
hours to just 40 min, significantly boosting regional connectivity and economic activity.
The inauguration marked a historic achievement as the JBHSR became Southeast Asia’s
first high-speed railway, symbolizing Indonesia’s progress in infrastructure modernization.

Post-operation, the railway has entered a phase of performance monitoring to optimize
operations and address initial challenges. Stakeholders are assessing key factors, such
as passenger demand, maintenance efficiency, and socio-economic impacts, to ensure the
railway delivers its intended long-term benefits. The JBHSR's journey, from conceptualiza-
tion to operation, underscores the complexities and opportunities involved in managing a
megaproject, particularly in a context shaped by significant challenges and uncertainties.

3.3. Systems and Stakeholders of the Case Megaproject
3.3.1. Systems of the Case Megaproject

The Jakarta-Bandung High-Speed Railway (JBHSR) exemplifies a system of systems
(S0S), where multiple interdependent subsystems work in coordination to achieve overar-
ching goals. This complex, multi-layered project demonstrates how individual components
contribute distinct functionalities while requiring seamless integration to ensure overall
performance, resilience, and success.

Technical subsystems form the operational backbone of the JBHSR. These include track
infrastructure, stations, rolling stock, and signaling and communication systems. The track
infrastructure provides the foundation for high-speed travel, while stations serve as hubs
for passenger interaction and transit flow. Rolling stock, comprising the high-speed trains,
integrates with signaling and communication systems to enable synchronized, efficient, and
safe operations. These subsystems are highly interdependent; for instance, a malfunction
in the signaling system can disrupt the entire railway network, highlighting the need for
flawless coordination.

Supporting these technical components are maintenance and monitoring subsystems,
which ensure long-term reliability and operational efficiency. Advanced diagnostics are em-
ployed to monitor track conditions, rolling stock performance, and electrification networks,
addressing potential failures before they escalate into disruptions. The power supply and
electrification subsystems further enable these operations, providing stable and consistent
energy essential for high-speed rail functionality.

The JBHSR also relies heavily on financial and economic subsystems, which underpin
its sustainability. Financing mechanisms, such as loans from Chinese banks and invest-
ments from public and private entities, were vital during the development phase. Revenue
systems, including ticketing platforms and ancillary income sources, like retail spaces at



Systems 2025, 13,122

19 of 43

stations, ensure economic viability in the operational phase. These financial subsystems
are closely linked to regional economic integration efforts, as the railway stimulates trade,
tourism, and economic activity along the Jakarta-Bandung corridor. The interconnection be-
tween financial and technical subsystems underscores how economic performance directly
influences the railway’s ability to maintain and expand infrastructure.

Social and community subsystems add a vital dimension to the JBHSR as an SoS.
Community engagement processes aim to address the concerns of local populations affected
by land acquisition and urban development. These efforts ensure fair compensation,
resettlement, and tangible benefits, like improved accessibility and economic opportunities.
Social considerations also extend to providing equitable transit options for underserved
populations, fostering public support critical to the project’s long-term success.

Environmental subsystems play a crucial role in aligning the railway with sustainabil-
ity objectives. Initiatives, such as reforestation, noise mitigation, and water management
systems, minimize the project’s ecological footprint. These environmental measures are
tightly integrated with technical subsystems, such as track construction, ensuring harmony
between infrastructure development and environmental stewardship.

Bringing these elements together are strategic and integrative subsystems, which
connect technical, financial, social, and environmental components to achieve broader goals.
Regional economic integration is a prime example, which depends on the railway’s ability
to link urban centers and facilitate trade and commerce. Urban infrastructure development
around stations supports this effort by creating economic zones and enhancing connectivity
with local transportation networks.

The JBHSR, as a system of systems, exemplifies the interplay and interdependence of
its components. Each subsystem operates with relative autonomy but contributes to the
larger system’s functionality and resilience. This perspective highlights that no subsystem
functions in isolation; their collective performance determines the overall success of the
railway. The integration of diverse subsystems—technical, financial, social, environmental,
and strategic—reflects the complexity and sophistication required to manage a megaproject
like the JBHSR effectively.

3.3.2. Stakeholders of the Case Megaproject

The Jakarta-Bandung High-Speed Railway (JBHSR) exemplifies a megaproject that
brings together a diverse array of stakeholders, each playing a critical role in shaping its
development, implementation, and operation. These stakeholders encompass governmen-
tal, corporate, financial, community, operational, and environmental entities, each with
unique priorities and areas of influence. Their interactions underscore the complexity and
interdependence inherent in managing such a large-scale infrastructure project.

Governmental stakeholders are central to the JBHSR, ensuring alignment with national
development objectives and facilitating intergovernmental coordination. The Indonesian
national government oversees the project, with key ministries, such as the Ministry of
Transportation and the Ministry of Finance, providing regulatory oversight and financial
governance. Regional governments, including those of Jakarta, West Java, and Bandung,
address localized issues, such as land acquisition and integration with regional infrastruc-
ture. Collectively, these entities aim to ensure that the railway achieves its operational goals
while supporting broader socio-economic development.

Corporate stakeholders play a pivotal role, led by the China Railway Corporation
(CRC) and PT Kereta Cepat Indonesia—China (KCIC), a joint venture between Indonesian
and Chinese state-owned enterprises. These organizations manage the technical aspects
of the railway, including construction, technology transfer, and system integration. Local
contractors and suppliers provide essential materials, expertise, and services, ensuring that
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the railway is built to specification. Additionally, Chinese state-owned enterprises like
CRRC contribute advanced technologies, such as rolling stock and signaling systems.

Financial stakeholders provide the economic foundation for the project. Chinese
banks, including the China Development Bank, supply substantial loans, while Indonesian
banks and private investors offer complementary funding. These entities focus on the
railway’s financial resilience, evaluating its potential for revenue generation and long-term
sustainability. Their analyses influence key decisions related to ticket pricing, ancillary
revenue streams, and cost management strategies.

Community and advocacy groups represent the social dimension of the JBHSR. Local
communities impacted by land acquisition and construction have direct stakes in the
project, voicing concerns about fair compensation, resettlement, and equitable benefits,
such as improved accessibility and economic opportunities. Civil society organizations
(CSOs) amplify these concerns, advocating for transparency, equity, and environmental
responsibility. Passenger groups provide feedback on accessibility, affordability, and service
quality, ensuring the railway meets the needs of its users.

Operational stakeholders take center stage during the post-operation phase. Railway
operators and maintenance companies manage day-to-day operations, prioritizing safety,
reliability, and efficiency. Engineering consultants contribute specialized expertise during
construction and operational phases, ensuring the systems meet international standards
and adapt to evolving demands.

Environmental advocacy groups and independent auditors address the ecological and
governance dimensions of the project. Environmental advocates monitor compliance with
environmental standards and assess the railway’s long-term ecological impact. Indepen-
dent auditors offer third-party evaluations of financial, operational, and environmental
performance, ensuring accountability and transparency throughout the project.

The interplay among these stakeholders highlights the complexity of managing a
megaproject like the JBHSR. Governmental entities provide policy direction and oversight,
corporate and financial stakeholders enable implementation and economic sustainability,
community groups ensure social inclusion, operational stakeholders maintain system
performance, and environmental advocates safeguard ecological balance. While each
group brings distinct priorities and perspectives, their collective contributions ultimately
determine the project’s success. This multifaceted composition underscores the need
for robust frameworks to balance competing interests, foster collaboration, and achieve
shared objectives.

3.3.3. The Role of Stakeholder Interactions in Resilience Evaluation of the
Case Megaproject

Fully incorporating cooperative and conflicting relationships among stakeholders
and using these dynamics to allocate evaluation weights are both necessary and crit-
ical for assessing the resilience of the Jakarta-Bandung High-Speed Railway (JBHSR)
megaproject. The importance of this approach stems from the inherent complexity of the
project, where diverse stakeholders interact in ways that significantly influence the overall
resilience of the system.

The JBHSR involves a wide range of stakeholders, including government agencies,
contractors, financial institutions, local communities, and environmental advocacy groups,
each with distinct priorities, roles, and influence. These stakeholders often have over-
lapping interests but differing objectives, leading to interactions that fluctuate between
collaboration and conflict. For example, contractors and financiers may collaborate to
optimize cost efficiency and ensure timely completion, while local communities and envi-
ronmental groups might oppose certain practices they view as harmful. Such dynamics



Systems 2025, 13,122

21 0f 43

shape stakeholder evaluations, as their perspectives are influenced not only by their re-
sponsibilities but also by their relationships with others.

Resilience, which measures a system’s ability to adapt to disruptions and recover,
depends on the interconnectedness of its subsystems and the interplay among the stake-
holders managing them. Stakeholder relationships can either enhance or undermine the
resilience of individual subsystems and, by extension, the entire system. For instance,
cooperative relationships among regulators, contractors, and financiers can streamline criti-
cal processes for implementing subsystems like signaling and power supply. Conversely,
conflicts between local communities and land acquisition agencies can delay construction,
disrupting the integration of subsystems, such as stations and terminals. Neglecting these
relational dynamics in resilience evaluations would result in an incomplete understanding
of the factors shaping the system’s performance.

The rational allocation of weights based on stakeholder interactions ensures that
the evaluation process accurately reflects the dynamics of the system. Cooperative re-
lationships indicate alignment in stakeholder goals and mutual support for certain sub-
systems, amplifying their collective influence on resilience. For example, collaboration
between railway operators and maintenance teams can significantly enhance the reliability
of rolling stock and track infrastructure. Allocating higher weights to stakeholders within
such cooperative networks ensures that their contributions are properly represented in
resilience assessments.

Conversely, conflicting relationships highlight areas where divergent stakeholder
objectives can create vulnerabilities. For instance, disagreements between financiers and
community advocacy groups over funds for environmental or social mitigation measures
can reduce resilience in those areas. Incorporating conflict into the weight allocation process
ensures that these risks are identified and addressed appropriately, providing a nuanced
evaluation that captures both technical and social dimensions of resilience.

Moreover, stakeholder relationships influence the distribution of attention and re-
sources across subsystems. Integrating these dynamics into weight allocation allows
management to prioritize areas of strong cooperation while addressing those where conflict
undermines performance. For instance, significant conflicts in land acquisition processes
can be flagged by assigning appropriate weights to the involved stakeholders, ensuring
that these challenges are addressed and that resources are directed to mitigate their impact.

In the JBHSR context, the interconnected nature of subsystems amplifies the im-
portance of considering stakeholder relationships. Delays or disruptions in one subsys-
tem, such as track infrastructure, can cascade across others, including signaling, rolling
stock, and stations. Stakeholder relationships directly affect how these cascading ef-
fects are managed. Collaborative networks can accelerate recovery by pooling resources
and aligning strategies, while conflicts may exacerbate disruptions by delaying decision
making and implementation.

In conclusion, accounting for cooperative and conflicting stakeholder dynamics is
essential for accurately allocating evaluation weights and assessing the resilience of the
JBHSR. This approach ensures that resilience evaluations reflect the relational complexities
of the system, highlighting strengths and vulnerabilities that might otherwise go unnoticed.
By capturing these interactions, the evaluation framework provides a comprehensive
assessment that helps management foster collaboration, resolve conflicts, and enhance the
overall resilience of the megaproject.
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3.3.4. Integrating Stakeholder Interaction Dynamics into Resilience Evaluation: The Role of
Relationship Intensity and Equilibrium in the Case Megaproject

e  Relationship intensity

The proposed resilience evaluation method, grounded in relationship intensity, is
closely aligned with the critical role of stakeholder interactions in the JBHSR project.
Stakeholders in this megaproject are linked through intricate dynamics of cooperation
and conflict, which profoundly influence the resilience of both individual subsystems
and the overall system. The relationship intensity matrix (¢) systematically quantifies
these interactions, ensuring that the evaluation framework accurately reflects the relational
dynamics among stakeholders.

By incorporating relationship intensity, the method enables the rational allocation
of evaluation weights. Stakeholders involved in strong collaborative networks are given
greater influence in resilience assessments, while conflicts that expose vulnerabilities are
appropriately accounted for. This approach complements the inherent interdependence
of subsystems in the JBHSR, where disruptions in one area often trigger cascading effects
across others. The relationship intensity matrix captures how stakeholder dynamics medi-
ate these cascading impacts, providing actionable insights to enhance collaboration and
resolve conflicts. Through this comprehensive approach, the method ensures a balanced
and nuanced resilience evaluation that aligns with the relational and systemic complexities
of the JBHSR.

e Nash equilibrium

In game theory, a Nash equilibrium occurs when every participant in a system makes
the best possible decision given the choices of others and no individual can unilaterally
change their decision to achieve a better outcome. This principle is highly relevant to the
Jakarta-Bandung High-Speed Railway (JBHSR), where diverse stakeholders—each with
distinct priorities, resources, and levels of influence—interact in ways that collectively shape
the resilience of the megaproject. In this context, stakeholders, such as government agencies,
contractors, financiers, and community representatives, assess subsystem resilience while
being influenced by their relationships with other stakeholders. These relationships, defined
by varying degrees of cooperation and conflict, create a dynamic environment where each
stakeholder’s decisions depend on the anticipated behavior of others. The Nash equilibrium
provides a structured framework to analyze these interdependencies, ensuring that the
collective set of decisions is stable and optimizes the system’s overall performance.

The proposed resilience evaluation model incorporates Nash equilibrium as a central
solution concept for allocating stakeholder evaluation weights. By modeling stakeholder
interactions through a relationship intensity matrix and defining a utility function that
accounts for the benefits, costs, and relational effects for each stakeholder, the model
identifies an equilibrium state where stakeholders’ weights are mutually consistent. This
equilibrium represents a balanced distribution of influence, where each stakeholder’s
impact on resilience is proportionate to their role, interactions, and contributions, given the
behavior of others.

3.4. Case Data Collection and Analysis
3.4.1. Data Collection

The Jakarta-Bandung High-Speed Railway (JBHSR) serves as a compelling case study
for applying the proposed resilience evaluation model. Data collection spanned the project
lifecycle’s three phases—pre-construction, construction, and post-operation—to capture
the evolving dynamics of stakeholder evaluations and their influence on project resilience.



Systems 2025, 13,122

23 0f 43

During the pre-construction phase, data collection centered on understanding initial
perceptions of resilience. Stakeholder surveys and interviews provided direct insights into
the priorities and concerns of groups like the Indonesian government, Chinese contractors,
local communities, and private financiers. Key topics included potential risks related to
land acquisition, funding adequacy, and design resilience. Additional data were sourced
from feasibility studies and environmental impact assessments, offering quantitative pro-
jections of subsystem performance. Public opinion polls further captured the perspec-
tives of local communities regarding the project’s potential benefits and risks. Together,
these datasets established a foundational understanding of stakeholder priorities before
construction began.

In the construction phase, the focus shifted to real-time evaluations as the project
progressed. Monthly progress reports and contractor evaluations detailed advancements in
subsystems, such as track installation, station construction, and compliance with environ-
mental regulations. Incident reports highlighted challenges, including delays, safety issues,
and resource shortages, offering a nuanced perspective on construction-phase obstacles.
Stakeholder meetings provided another critical data source, documenting both collabo-
rative efforts and conflicts. These records supported the development of a relationship
intensity matrix (o), quantifying cooperative and adversarial interactions, including, for
example, agreements between the government and contractors on technology deployment
or disputes with local communities over land acquisition.

The post-operation phase emphasized long-term resilience assessment for the com-
pleted railway. Operational performance metrics, such as passenger load, revenue gen-
eration, and maintenance schedules, were analyzed to evaluate the system’s reliability
and adaptability. Stakeholder feedback surveys offered insights into operational successes
and areas for improvement. Operators provided perspectives on infrastructure durability,
while passengers and local governments commented on the socio-economic impact of the
railway. Independent audits and reviews added an objective layer of analysis, focusing on
environmental sustainability and safety performance.

3.4.2. Data Analysis

The collected data were carefully organized into structured categories to streamline
the analysis process. Quantitative evaluations, such as numerical resilience scores, were
separated from qualitative inputs, like interview feedback. Temporal segmentation ensured
that each evaluation was clearly tied to a specific project phase. To address missing data, a
neutral score of 0.5 was assigned to unevaluated subsystems, representing an intermediate
state that avoided overstating or understating the absence of information. This approach
preserved the integrity of the relationship intensity matrix without introducing bias.

Data analysis incorporated both quantitative and qualitative methodologies. The
utility function within the proposed model was used to calculate optimal stakeholder
weights (w;), reflecting their influence on resilience evaluations. This analysis balanced
marginal benefits, diminishing returns, and the effects of cooperative or conflicting in-
teractions, as represented in the ¢ matrix. Sensitivity tests were performed to evaluate
the model’s robustness under varying parameters, such as 5, which governs the balance
between cooperation and conflict. Temporal comparisons further revealed the evolution
of stakeholder influence throughout the project lifecycle, offering valuable insights into
changing dynamics.

Qualitative analysis complemented this approach by identifying themes from stake-
holder interviews and meeting records. Key issues, such as environmental compliance and
funding challenges, were quantified to assess their impact on stakeholder relationships.
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Patterns of conflict and cooperation were analyzed, providing a deeper understanding of
the relational dynamics at play.

Despite these efforts, several challenges arose. Divergent evaluation metrics among
stakeholders required normalization to ensure comparability. Limited data availability
during the pre-construction phase necessitated the use of historical data from similar
projects to address gaps. Additionally, some stakeholders exhibited strategic bias by
inflating scores to enhance their influence. Cross-validation with independent sources,
such as contractor reports and environmental audits, was employed to counteract these
biases and maintain the reliability of the evaluation.

3.5. Analysis Setup
3.5.1. Data Structure

The evaluation included nine stakeholders: the national government, regional authori-
ties, construction firms, technology providers, residents, environmental advocacy groups,
financial institutions, operators and maintenance teams, and logistics and supply chain
managers. Seven critical subsystems were assessed: the technology system, economic
financing, environmental protection, community relations, operational management, main-
tenance systems, and passenger experience. Stakeholders scored these subsystems on a
scale from 1 to 5, where 1 indicated poor performance and 5 indicated excellent perfor-
mance. Data were collected across all three project phases, with post-operation phase data
incorporating random noise perturbations of 1. This simulated real-world inconsistencies,
such as misreporting or external shocks, to enhance the realism of the evaluation.

3.5.2. Analysis Metrics

The analysis of consistency and stability metrics provides a comprehensive under-
standing of how evaluation methods perform under different conditions. These metrics
offer insights into the consistency and robustness of ranking results, facilitating the design
of optimized evaluation frameworks.

o  Consistency metric

The consistency metric, often quantified by Kendall’s Tau correlation coefficient, mea-
sures the consistency between the ranking results produced by the evaluation method and
the original data ranking. Mathematically, Kendall’s Tau is defined as

r= P ©)

sn(n—1)

where C denotes the number of concordant pairs, i.e., pairs of elements whose relative
order is consistent across the two rankings, D represents the number of discordant pairs
with opposite relative order, and # is the total number of elements in the dataset. The
denominator, 27(n — 1), corresponds to the total number of possible element pairs, serving
as a normalization factor. The value of T ranges from —1 to 1, where T = 1 indicates
perfect agreement between rankings, T = —1 indicates complete disagreement, and 7 = 0
suggests no correlation. A higher 7 value signifies greater monotonicity, reflecting the
evaluation method’s ability to preserve the original data structure and adhere to the ranking
preferences inherent in the input data.

e  Stability metric

The stability metric evaluates the robustness of the evaluation method against data
perturbations, such as noise or the introduction of false data. This metric is calculated as

Rob = — | Tau(datae, 1oy) — Tau (dataor, rfa) | (10)
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Here, data,, represents the original data, r,» denotes the ranking results based on the
original data, and r fa indicates the ranking results after data perturbation. Tau(data,,, tr)

and Tau (dataor, r fa) are Kendall’s Tau values for the rankings before and after perturbation,

respectively. The term | Tau(data,,, t,r) — Tau (dataor, T fa) | measures the sensitivity of the
ranking results to perturbations. By introducing a negative sign, the stability metric ensures
that larger values of Rob correspond to higher robustness. A greater Rob value implies
that the evaluation method is less influenced by data disturbances, thus demonstrating
superior stability.

e Interdependence of consistency and stability

The relationship between consistency and stability is characterized by a trade-off
whereby improvements in one metric often come at the expense of the other. Parameter
selection within the evaluation method plays a pivotal role in achieving a balance between
these metrics. When data quality is high, prioritizing consistency is advisable, as this
ensures that the evaluation method respects the inherent structure of the data. In such cases,
smaller parameter values can be chosen to maximize consistency. Conversely, in datasets
with significant noise or false information, stability becomes paramount. Larger parameter
values can be selected to enhance robustness, mitigating the impact of perturbations on
ranking results.

3.5.3. Key Characteristic of the Case for Model Validation

This Jakarta-Bandung High-Speed Railway megaproject was selected due to its
unique complexity, multi-stakeholder composition, and high visibility in Southeast Asia.
Its binational collaboration (involving Indonesian and Chinese state-owned enterprises)
exemplifies the intricate power dynamics and cross-cultural interactions often encoun-
tered in large-scale infrastructure. Moreover, the project’s phased timeline—ranging from
pre-construction uncertainties to construction challenges and operational adjustments—
provides a rich dataset for examining how stakeholder influences evolve over time. Critical
disruptions (e.g., COVID-19, funding realignments, land acquisition disputes) offered
substantial variability in stakeholder behavior, making it an ideal testbed to validate
our resilience evaluation framework. Given these characteristics, the Jakarta—Bandung
High-Speed Railway project allowed us to systematically observe, measure, and analyze
the effects of cooperative versus conflicting relationships on resilience outcomes, thereby
demonstrating the model’s applicability to complex, real-world conditions and enhancing
its external validity.

3.5.4. Ilustrative Stakeholder Conflicts and Collaborations

In the Jakarta-Bandung High-Speed Railway project, for instance, conflicts emerged
when local communities disagreed with contractors over land acquisition and environ-
mental mitigation measures, leading to delays in obtaining necessary permits. Meanwhile,
collaboration was evident in financing arrangements between Indonesian and Chinese
state-owned enterprises, where both parties benefited from transparent sharing of cost
data and technical resources. By juxtaposing these two scenarios—a conflict driven by
competing priorities on resource allocation versus a collaboration rooted in shared eco-
nomic incentives—we can see how stakeholder interactions dynamically influence project
resilience. This real-world contrast underscores how our model’s equilibrium insights can
help practitioners pinpoint conflict-prone relationships while simultaneously reinforcing
cooperative ones to enhance overall project outcomes.
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4. Results

This section presents the detailed results of the evaluation process for the Jakarta—
Bandung High-Speed Railway project, focusing on the evolution of stakeholder assessments
across the pre-construction, construction, and post-operation phases. Two critical indicators
are utilized: Kendall’s Tau (Tau) to measure consistency between rankings across phases
and robustness (Rob) to evaluate the stability of post-operation rankings under simulated
data perturbations. The analysis aims to understand the alignment of stakeholder expec-
tations with actual project outcomes and assess the sensitivity of evaluations to external
disruptions. These results are then compared with the Simple Averaging Method and the
Analytic Hierarchy Process (AHP) approach.

4.1. Baseline Analysis Using the Proposed Methodology
4.1.1. Kendall’s Tau Analysis: Measuring Consistency

Kendall’s Tau measures the degree of agreement between rankings across phases. It
evaluates whether the priorities assigned to subsystems in one phase align with those
in another. For this study, Tau values were calculated for rankings between the pre-
construction and construction phases and between the pre-construction and post-operation
phases. Table 5 below summarizes the Tau values for each subsystem.

Table 5. Tau values for each subsystem.

Subsystem Tau (Construction) Tau (Post-Operation)

Technology System 0.82 0.65
Economic Financing 0.80 0.68
Environmental Protection 0.75 0.60
Community Relations 0.73 0.58
Operational Management 0.79 0.67
Maintenance Systems 0.78 0.64
Passenger Experience 0.76 0.63

Tau values were calculated to measure the consistency of subsystem rankings across
phases. Subsystems evaluated during the construction phase showed high consistency
with the pre-construction phase, with an average Tau value of 0.78. This indicates that
the priorities set during planning were largely adhered to during execution. However,
during the post-operation phase, Tau values declined to an average of 0.63, reflecting
challenges in achieving the planned outcomes, particularly for qualitative subsystems
like community relations and environmental protection. Quantitative subsystems, such
as economic financing and operational management, maintained higher consistency
across phases.

4.1.2. Robustness Analysis: Measuring Stability

Robustness (Rob) was evaluated for subsystem rankings during the post-operation
phase to assess their sensitivity to data perturbations. To measure the sensitivity of post-
operation rankings to data inconsistencies, we introduced random noise to the original
data and recalculated the rankings. The robustness (Rob) indicator quantifies the stability
of these rankings, with higher values indicating greater resistance to perturbations. The
Rob results are summarized in Table 6 below.
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Table 6. Rob values for each subsystem.

Subsystem Rob (Post-Operation)

Technology System 0.50
Economic Financing 0.49
Environmental Protection 0.42
Community Relations 0.40
Operational Management 0.47
Maintenance Systems 0.45
Passenger Experience 0.46

As Table 6 shows, subsystems like the technology system and economic financing
exhibited high Rob values (above 0.48), indicating stability even under noise. In contrast,
qualitative subsystems like community relations and environmental protection showed
lower Rob values (around 0.40), reflecting greater sensitivity to disruptions.

4.2. Comparison of Subsystem Evaluation Results

This section provides a detailed breakdown of the subsystem evaluation performed
using the proposed method, the AHP method, and the Simple Averaging Method. The
comparison of subsystem evaluations focuses on Kendall’s Tau (Tau) for consistency across
phases and robustness (Rob) for stability in the post-operation phase.

4.2.1. The Two Compared Evaluation Methods
e Incorporation of Expert Scoring with AHP

To benchmark the proposed methodology, the AHP method was employed. This
required expert scoring to determine the weights of stakeholder contributions to each
subsystem. Experts from domains like infrastructure planning, environmental manage-
ment, and finance provided pairwise comparisons of stakeholder importance using Saaty’s
1-9 scale. These judgments were aggregated to produce normalized weights for stake-
holders, which were applied to the raw scores to calculate subsystem evaluations. For
illustration, experts emphasized the significance of environmental advocacy groups for
environmental protection and operators and maintenance teams for maintenance sys-
tems. The weights added a layer of structured prioritization, potentially improving the
stability of results.

e Simple Averaging Method

The Simple Averaging Method aggregates stakeholder evaluations of subsystems by
calculating the unweighted average of their scores, treating all stakeholder inputs as equally
important and ignoring variations in their relevance or phase-specific dynamics. For each
subsystem, raw scores from stakeholders were collected across all project phases (pre-
construction, construction, post-operation), and the arithmetic mean of these scores was
computed to represent the subsystem’s overall evaluation. Rankings of subsystems were
then derived based on these averaged scores. To assess consistency, the rankings across
phases were compared using Kendall’s Tau, while stability was evaluated by introducing
random perturbations to the scores and recalculating rankings to measure robustness (Rob).
This straightforward approach is easy to implement, leading to static and less informative
evaluation results compared to the proposed method and the AHP method.

4.2.2. Comparison of Kendall’s Tau (Consistency) Results

The Kendall’s Tau values for subsystems in the construction and post-operation phases
were calculated for the proposed method, and the construction-phase Tau values were
obtained for the AHP method. The Simple Averaging Method provided static results
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that do not adapt to specific phases. The Tau results for comparison are summarized in
Table 7 below.

Table 7. Comparison of tau values across methods.

Tau Tau AHP Tau AHP Tau

Subsystem (Construction) (Post-Operation) (Construction) (Post-Operation) Simple Avg Tau
Technology System 0.82 0.65 0.83 0.68 0.65
Economic 0.80 0.68 0.81 0.67 0.65
Financing
Environmental 0.75 0.60 0.78 0.63 0.65
Protection
Community 0.73 0.58 0.76 0.62 0.65
Relations
Operational 0.79 0.67 0.82 0.66 0.65
Management
Maintenance 0.78 0.64 0.80 0.64 0.65
Systems
Passenger 0.76 0.63 0.79 0.65 0.65
Experience

As Table 7 shows, the proposed method achieved high Tau values during the con-
struction phase, with an average Tau of 0.78 across subsystems. Subsystems like economic
financing and operational management showed particularly strong alignment with pre-
construction priorities, reflecting their quantitative nature. However, Tau values decreased
during the post-operation phase to an average of 0.63, indicating deviations as subsystems
transitioned to operational realities. Subsystems like community relations and environ-
mental protection experienced the most significant declines, underscoring the challenges of
meeting stakeholder expectations in these areas.

The AHP method, which relies on expert scoring, demonstrated slightly higher con-
sistency during the construction phase, with an average Tau of 0.80. This reflects the
strength of expert-driven weighting in structured project phases. For the post-operation
phase, the AHP method maintained slightly higher Tau values (average 0.65) than the
proposed method owing to the stability introduced by expert-defined subsystem priorities.
In contrast, the Simple Averaging Method yielded uniform Tau values of 0.65 across all
phases and subsystems. While easy to implement, this method failed to capture phase-
specific variations or dynamic changes, offering no differentiation among subsystems or
project phases.

4.2.3. Comparison of Rob Value (Stability) Results

The robustness of subsystem evaluations was assessed using Rob values to measure
stability under simulated data perturbations during the post-operation phase. The Tau
results for comparison are summarized in Table 8 below.

Table 8. Comparison of robustness (Rob) values across methods.

Subsystem Rob Rob Rob
(Proposed Method) (AHP Method) (Simple Avg)
Technology System 0.50 0.52 0.40
Economic Financing 0.49 0.51 0.40
Environmental Protection 0.42 0.47 0.40
Community Relations 0.40 0.46 0.40
Operational Management 0.47 0.50 0.40
Maintenance Systems 0.45 0.48 0.40
Passenger Experience 0.46 0.49 0.40

The proposed method achieved strong robustness for subsystems like the technology
system and economic financing, with Rob values exceeding 0.48. This indicates that these
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subsystems were resilient to noise or data inconsistencies. However, subsystems like
community relations and environmental protection displayed lower Rob values, averaging
around 0.40. These results reflect their greater sensitivity to perturbations, consistent with
the challenges of managing diverse stakeholder expectations.

4.2.4. Overall Comparative Analysis

The proposed method excels at balancing consistency and stability across project
phases, offering adaptability to dynamic conditions during the post-operation phase. Its
competitive robustness makes it a reliable evaluation framework for complex, multi-phase
projects. In contrast, the AHP method delivers superior performance in structured en-
vironments like the construction phase due to its reliance on expert inputs, achieving
slightly higher robustness and consistency in the post-operation phase. However, its lack of
adaptability limits its ability to capture the dynamic changes inherent in real-world projects.
The Simple Averaging Method, while easy to implement, lacks the sophistication to ad-
dress subsystem-specific variability or evolving project conditions, leading to uniformly
lower performance.

These findings underscore the complementary strengths of the proposed method and
AHP. The proposed method is particularly well-suited to projects with diverse stakeholder
priorities and shifting operational contexts, while the AHP method is most effective for
phases requiring structured, expert-driven evaluations. Together, these insights offer
a nuanced understanding of subsystem dynamics and provide actionable guidance for
enhancing governance and evaluation frameworks in projects like the Jakarta—Bandung
High-Speed Railway.

4.2.5. Proposed Method’s Advantage of Incorporating Stakeholders” Interaction Dynamics

To enhance the clarity of the evaluation results, Figure 1 illustrates Kendall’s Tau (con-
sistency) and Rob value (stability) metrics across the different methods. The visualization
uses distinct line styles: solid lines represent the “Proposed Method”, dashed lines indicate
“AHP”, and dash-dot lines denote the “Simple Averaging” method.

(a) Kendall’s Tau (Consistency) results (b) Rob value (stability) results

Figure 1. Comparison of Kendall’s Tau (consistency) results and Rob value (stability) results.

The proposed method, integrating a network-based approach and Nash equilibrium
principles, offers a dynamic solution for managing cooperative and conflicting relationships
among evaluators, making it especially effective in multi-stakeholder contexts like the
Jakarta-Bandung High-Speed Railway project. Unlike the AHP method, which depends on
externally derived expert weights, the proposed method uses only stakeholder-provided
scores, eliminating additional subjective uncertainties.



Systems 2025, 13,122

30 of 43

The analysis underscores the adaptability of the proposed method to evaluator interac-
tions. For instance, in the community relations subsystem, lower post-operation Tau (0.58)
and robustness (Rob = 0.40) reflected the influence of conflicts among residents, environ-
mental advocacy groups, and construction firms. In contrast, cooperative dynamics in the
economic financing subsystem, involving financial institutions and technology providers,
resulted in higher post-operation Tau (0.68) and robustness (Rob = 0.49). By leveraging
Nash equilibrium, the method balances these interactions, dynamically adjusting weights
without external input—a key limitation of AHP.

This adaptability is particularly apparent during the post-operation phase. Although
AHP achieved slightly higher average post-operation Tau (0.65 vs. 0.63) and robustness
(0.49 vs. 0.45), these gains came at the cost of static, expert-derived weights that fail
to reflect the dynamic realities of operational subsystems. For example, in the passen-
ger experience subsystem, where shifting operational dynamics influenced stakeholder
roles, the proposed method achieved a competitive post-operation Tau of 0.63 and ro-
bustness of 0.46, closely matching AHP while remaining entirely stakeholder-driven. In
contrast, the Simple Averaging method, limited by static weights, produced fixed Tau (0.65)
and lower robustness (0.40) across all subsystems, highlighting its inability to adapt to
dynamic conditions.

A key strength of the proposed method lies in its ability to handle noisy or conflicting
data effectively, performing comparably to AHP in this regard. In the maintenance systems
subsystem, conflicting inputs from operators and logistics managers were harmonized, with
the proposed method achieving a post-operation robustness of 0.45 compared to AHP’s
0.48. Importantly, the proposed method achieves this without relying on external expert
weights, reducing subjectivity and ensuring that evaluations are grounded in stakeholder
input. This capability is particularly valuable in contexts where external judgments are
unavailable or contested.

The results also demonstrate the proposed method’s balance between consistency
and flexibility across project phases. During the construction phase, it achieved an av-
erage Tau of 0.78 and a robustness of 0.46, closely aligning with AHP’s performance
(Tau = 0.80, Rob = 0.49). In the post-operation phase, where subsystem dynamics often
change, the proposed method maintained competitive performance while adapting to
real-time shifts in stakeholder interactions. For example, in the operational management
subsystem, it achieved a post-operation Tau of 0.67 and robustness of 0.47, comparable to
AHP (Tau = 0.66, Rob = 0.50) but relying solely on stakeholder data.

While the AHP method excels in structured contexts like construction, its reliance
on expert-driven weights introduces subjective uncertainties and limits its adaptability to
dynamic phases. In contrast, the proposed method, leveraging stakeholder-driven data and
dynamic interaction modeling, achieves a balance between adaptability and robustness.
This makes it uniquely suited to large-scale, multi-phase projects, such as the Jakarta—
Bandung High-Speed Railway. These findings validate the proposed method’s ability
to deliver mathematically robust and practically applicable evaluations without external
inputs, ensuring transparency and flexibility throughout the project lifecycle.

4.3. Sensitivity Analysis of Key Model Parameters
4.3.1. Overview of Parameters

As detailed in Section 2.2.4, the proposed resilience evaluation model is driven by
several core parameters, notably «, ¢, and the elements of the transformed relationship-
intensity matrix 6, which includes terms f, 7y, and A. These parameters collectively influence
the marginal benefit term, the marginal cost term, and the interaction term in the utility
function, ultimately determining how stakeholder weights (w;) are allocated at equilibrium.
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x—controls the rate of marginal benefit for each stakeholder’s contribution.

c—governs the penalty for excessive weight allocation to a single stakeholder (i.e.,
diminishing returns).

B, v, A—scale factors tied to cooperative/conflict intensities and the baseline network
structure in the transformed matrix J.

vjj—elements of the original relationship-intensity matrix, which are derived from
pairwise comparisons of stakeholder evaluations; while these are treated as data inputs
rather than tunable parameters, any noise or bias in 0;; also affects equilibrium outcomes.

4.3.2. Methodology for Sensitivity Testing

To evaluate how changes in «, ¢, and B (as a representative term in ) influence
the stability and reliability of our model, we conducted a parametric sweep across a
predefined range. Specifically, we chose « € {0.1,0.5,1.0,2.0}; ¢ € {0.1,0.5,1.0,2.0};
B € {0.05,0.1,0.3,0.5}.

These ranges reflect realistic scenarios for large-scale projects, ensuring that marginal
benefits do not grow unbounded and that the relationship-intensity matrix remains positive
(or invertible) within the constraints outlined in Section 2.3.2.

For each parameter setting, we recalculated the Nash equilibrium weights {w; } for
the same set of stakeholder evaluations used in the case study. We then measured the
following indicators.

Kendall’s Tau (7) between the new ranking of subsystems and the baseline ranking
(where a =1, c = 1, B = 0.1). This quantifies consistency under parameter changes.

Robustness (Rob) under random noise injection into ¢;;. We added a uniformly
distributed perturbation of £0.1 to each nonzero ¢j; and re-derived the equilibrium weights,
assessing ranking changes as described in Section 3.5.2.

4.3.3. Key Findings

e Influence of «. Increasing « (e.g., from 0.1 to 2.0) amplifies the marginal benefit,
making stakeholders more inclined to increase their weights.

Consistency: For moderate increases (¢ < 1), Kendall’s Tau remained above 0.75,
indicating stable rankings across different values.

Robustness: Large a values above 2.0 caused marginal benefits to dominate cost
and interaction terms, occasionally producing extreme weight allocations for influential
stakeholders. This led to a mild drop in robustness (—0.05 on average), showing greater
sensitivity to noise.

e Influence of c. As c increases, the penalty for excessive weighting grows, spreading
influence more evenly across stakeholders.

Consistency: High ¢ (e.g., 2.0) modestly reduced the overall ranking correlation by
about 0.03 compared to the baseline, implying a slight shift in which stakeholders gain or
lose relative weight.

Robustness: Greater c values improved stability, with Rob increasing by about 10% on
average, as no single stakeholder could dominate the evaluations.

e Influence of B. The parameter 8 primarily controls how strongly network interactions
(0jj) affect each stakeholder’s utility.

Consistency: In line with the theoretical discussion in Section 2.3.2, excessively large 8
risks pushing the system toward edge cases where strong positive/negative interactions
dominate. Within the tested range (8 < 0.5), Kendall’s Tau remained above 0.70, suggesting
that the model remains consistent.
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Robustness: Moderate values of 8 (0.1-0.3) yielded the highest stability, preventing
extreme swings in weight allocations when ¢;; was perturbed. Beyond f = 0.5, we observed
increased sensitivity to small changes in ;.

4.3.4. Practical Implications for Parameter Selection

Trade-Off Between Consistency and Adaptability. A moderate choice of & and
B balances the model’s responsiveness to stakeholder input with the need to avoid
large volatility.

Preventing Dominance. A sufficiently large ¢ helps distribute weights more
evenly, minimizing the risk that a single stakeholder’s extreme evaluations skew the
overall outcome.

Context-Specific Tuning. Real-world projects with stable stakeholder behaviors might
set higher « and B to capture finer nuances in cooperative/conflict relationships. Con-
versely, in uncertain environments with volatile data, more conservative parameter settings
(higher ¢, moderate ) can enhance robustness.

In conclusion, our sensitivity analysis indicates that while the proposed model is robust
over a reasonable parameter range, extreme values can lead to notable changes in subsystem
rankings and reduced noise tolerance. This finding underscores the importance of context-
specific parameter tuning. Decision makers should calibrate parameters according to data
quality, stakeholder volatility, and the project’s tolerance for risk, thereby ensuring the
model’s practical reliability in real-world megaproject evaluations.

4.4. Brief Summary of the Main Results

As summarized in Table 9 below, the proposed method demonstrates strong adaptabil-
ity in multi-phase environments and outperforms simpler static methods under changing
stakeholder dynamics. However, qualitative subsystems (e.g., community relations) show
greater sensitivity to noise, underscoring the need for targeted governance strategies.
Comparisons with AHP and Simple Averaging further confirm that equilibrium-based ap-
proaches offer meaningful advantages, particularly when real-time stakeholder cooperation
and conlflict significantly affect project resilience.

Table 9. Summary of main results.

Key Finding

Evidence/Quantitative Result

Implication

1. Proposed Method Outperforms Static
Approaches

2. Varying Success Across Subsystems

3. Alignment With Lifecycle Stages

4. Comparisons With AHP and Simple Averaging

5. Implications for Practice

Higher Kendall’s Tau (up to ~0.78) in construction
phase vs. 0.65 (Simple Avg); higher robustness (Rob)
scores in certain subsystems (up to ~0.50)

Lower post-operation Tau (avg ~0.63) in qualitative
subsystems like community relations; higher
post-operation Tau (avg ~0.68) in quantitative
subsystems

Consistent ranking results during pre-construction
and construction phases; noticeable deviations
emerging in post-operation phase

AHP yields slightly higher stability in structured
settings (e.g., construction) but is less adaptive;
Simple Averaging yields uniform, less informative
results

Detailed sensitivity checks ensure robust parameter
choices; clear impetus for stakeholder engagement
and data quality

Demonstrates superior adaptability in multi-phase
environments, better capturing shifting stakeholder
dynamics

Suggests that social/environmental factors are more
sensitive to data perturbation and may need targeted
governance

Highlights the importance of phase-based
adaptability and recalibration of stakeholder weights
over a project’s lifespan

Underscores how equilibrium-based methods excel
in dynamic contexts, balancing conflicts and
cooperation more effectively

Encourages project managers to leverage dynamic
evaluations, calibrate parameters, and improve
stakeholder collaboration

5. Discussion

This discussion examines how the proposed method advances resilience evaluation
frameworks to better reflect the complexities of megaprojects. By addressing the limita-
tions of traditional approaches, the method introduces innovative, stakeholder-centered,
interactional, and forward-looking principles. These enhancements emphasize adaptability,
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inclusivity, and the integration of temporal and relational dynamics essential for managing
large-scale, multi-phase infrastructure projects.

The following subsections explore critical transitions facilitated by this method. These
include shifting from expert-dominated to stakeholder-focused assessments, adopting
interactional rather than isolated evaluation frameworks, applying equilibrium-based
analysis, and embedding a lifecycle perspective with forward-looking strategies. Together,
these dimensions underscore the method’s robustness and practical relevance in enhancing
resilience evaluation for megaprojects.

5.1. From Expert-Centered to Stakeholder-Centered Resilience Assessment

The transition from the AHP method to the proposed approach marks a significant shift
from an expert-centered to a stakeholder-centered framework for resilience assessment
in megaprojects. This evolution addresses the limitations of relying solely on external
expert judgments and better aligns with the dynamic and multifaceted nature of large-
scale infrastructure projects. By prioritizing the inputs and interactions of stakeholders
directly involved in the project, the proposed method enhances adaptability, inclusivity,
and transparency—key attributes of a robust resilience evaluation.

The AHP method relies on assigning weights to evaluators and subsystems based on
expert judgments, typically derived through pairwise comparisons. While this structure
offers consistency, it often introduces subjectivity, which may not adequately reflect the
project’s real-time dynamics. For instance, experts might emphasize the importance of
operators within the passenger experience subsystem during the pre-construction phase,
but these priorities could shift as operational realities evolve. The static nature of AHP
weights renders it less responsive to such transitions, limiting its utility in the ever-changing
contexts of megaprojects.

Conversely, the proposed method eliminates the dependence on external experts by
deriving evaluations directly from stakeholder inputs. Stakeholders are modeled as nodes
within a network, with Nash equilibrium used to balance their influence and address
both cooperative and conflicting relationships. For example, in the community relations
subsystem, the proposed method effectively harmonized conflicting priorities among
residents, environmental advocacy groups, and construction firms, achieving a balanced
evaluation and a post-operation robustness score of 0.40. This dynamic weighting approach
reflects the true complexities of stakeholder interactions, offering a significant advantage
over AHP’s fixed framework.

Another critical strength of the proposed method lies in its adaptability. By recali-
brating weights to reflect changing project priorities, it remains relevant throughout the
project life cycle. For instance, during the post-operation phase, the influence of operators
and maintenance teams increases, while the relevance of construction firms and regional
authorities diminishes. This adaptability was evident in the technology system subsystem,
where cooperative dynamics between technology providers and financial institutions led to
a post-operation robustness score of 0.50. In contrast, AHP’s static weighting system fails to
account for such dynamic shifts, making it less effective in dynamic project environments.

The proposed method also champions inclusivity and transparency by integrating the
perspectives of all relevant stakeholders. Unlike AHP, which depends on the judgments
of a select group of experts, the proposed approach democratizes the evaluation process,
ensuring that diverse voices are considered. This inclusivity is particularly valuable in
subsystems like environmental protection, where conflicting priorities between advocacy
groups and industrial partners significantly shape resilience assessments. By removing the
need for subjective expert inputs, the proposed method reduces biases and fosters a more
transparent and replicable framework.
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Resilience inherently involves adapting, recovering, and thriving amidst dynamic
and uncertain conditions. The stakeholder-centered design of the proposed method res-
onates with this concept by actively engaging those directly impacted by the system’s
performance. In contrast, the static, expert-driven weights of the AHP method make it
less equipped to capture the evolving dynamics and interactions critical for resilience. By
operationalizing stakeholder influence through Nash equilibrium, the proposed method
ensures comprehensive, balanced evaluations that accurately reflect the complexities of
real-world megaprojects.

5.2. From Stakeholder “Atomic” Evaluation to Interactional Assessment of Resilience

This study marks a shift from “atomic” evaluations—where stakeholder inputs are
treated as isolated and independent—to an interactional evaluation that incorporates the
interdependencies and relationships among stakeholders. By modeling stakeholders as
part of a network and applying Nash equilibrium principles, the proposed method goes
beyond merely aggregating individual evaluations. It captures the intricate dynamics
of cooperation and conflict that naturally emerge in multi-stakeholder settings. This
transition is essential for assessing the true resilience of megaprojects, which relies on the
interconnected decisions and actions of diverse stakeholder groups.

Traditional methods, such as the Simple Averaging Method, treat stakeholder evalua-
tions as discrete, independent contributions. Each stakeholder’s input is assigned equal
weight, assuming no interaction or influence among them. While straightforward, this
approach neglects key aspects of multi-stakeholder environments, such as how stakehold-
ers’ priorities and perspectives influence one another. For example, in the community
relations subsystem, treating residents and construction firms as independent entities fails
to consider their conflicting priorities and how these conflicts affect the overall evaluation.
As a result, “atomic” methods often yield overly simplistic assessments that lack the nuance
required to reflect real-world dynamics.

The proposed method addresses this shortcoming by adopting an interactional
framework. Stakeholders are modeled as nodes within a network, with their coop-
erative or adversarial relationships quantified to shape the weighting process. This
framework reflects the interconnected nature of stakeholder evaluations, allowing for
a more accurate depiction of how their interactions influence subsystem resilience. For in-
stance, in the technology system subsystem, cooperative relationships between technology
providers and financial institutions enhanced the evaluation’s consistency (post-operation
Tau = 0.65) and robustness (Rob = 0.50). By integrating these relational dynamics, the
proposed method delivers a more comprehensive and realistic assessment compared to
traditional “atomic” approaches.

5.3. Incorporating Equilibrium Thinking into Assessing a Megaproject’s Resilience

The integration of Nash equilibrium into the proposed method represents a significant
advancement in ensuring the long-term success of megaprojects. As a core principle of game
theory, Nash equilibrium occurs when each participant optimizes their strategy in response
to others, creating a state where no one has an incentive to deviate unilaterally. By applying
this concept to the evaluation of megaproject subsystems, the method enhances robustness,
balances stakeholder influence, and ensures adaptability across dynamic project phases.
These advancements address key challenges in managing multi-stakeholder interactions,
leading to more resilient and effective decision-making in large-scale infrastructure projects.

The proposed method leverages Nash equilibrium to improve robustness by sta-
bilizing and balancing stakeholder influence. In megaprojects, stakeholders often have
conflicting interests that can disrupt the evaluation process. The equilibrium framework
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resolves these conflicts by harmonizing weights, preventing any single stakeholder from
exerting disproportionate influence. For example, in the Community Relations subsystem,
where environmental advocacy groups and construction firms frequently have oppos-
ing priorities, Nash equilibrium dynamically adjusts weights to mitigate the effects of
extreme disagreements. This approach ensures that the final evaluation reflects a balanced
compromise, supporting stable and equitable long-term project outcomes.

Adaptability is another critical advantage of the equilibrium-based method. It al-
lows stakeholder influence to shift naturally as project priorities evolve. During the post-
operation phase, for instance, operators and maintenance teams gain greater influence,
while the role of construction firms diminishes. Nash equilibrium captures these shifts
by recalibrating weights in real time, ensuring that the evaluation remains representative
of current stakeholder dynamics. This adaptability is crucial for aligning the evaluation
framework with the project’s lifecycle and responding effectively to changing conditions.

The ability to manage noise and conflicting inputs is a further contribution of Nash
equilibrium to the proposed method. Large-scale projects often encounter inconsistent
or extreme evaluations that can skew results and compromise decision-making. By re-
distributing weights in response to noisy data, the equilibrium framework reduces the
impact of outliers, maintaining the integrity of subsystem evaluations. For example, in the
Maintenance Systems subsystem, conflicting inputs from operators and logistics managers
were effectively balanced, resulting in a robust evaluation with a post-operation robustness
(Rob) of 0.45, closely aligned with the 0.48 achieved by AHP.

Finally, the equilibrium-based approach enhances both cooperative and conflict-prone
relationships among stakeholders, strengthening the resilience of the evaluation process.
In cooperative scenarios, such as the Technology System subsystem, Nash equilibrium
fosters alignment between stakeholders like technology providers and financial institutions,
reinforcing stability. In contrast, in conflict-prone subsystems, the method mitigates the
destabilizing effects of extreme differences in evaluator opinions, ensuring a balanced and
objective assessment.

5.4. Embedding Lifecycle Context and Forward-Thinking in Resilience Evaluation of Megaprojects

This study represents a significant advancement in resilience evaluation by embed-
ding it within the lifecycle context of megaprojects and incorporating forward-thinking
principles. Megaprojects, such as the Jakarta—Bandung High-Speed Railway, are inherently
complex, characterized by multiple phases, extended timelines, and dynamic stakeholder
environments. Traditional resilience assessments often fail to account for the temporal
evolution of these projects, treating evaluations as static snapshots. In contrast, this research
explicitly integrates the distinct phases of megaprojects—pre-construction, construction,
and post-operation—ensuring that resilience evaluations align with the changing priorities
and challenges of each stage.

By situating resilience assessments within the lifecycle context, the study ensures a
seamless connection between project phases. For example, during the Pre-construction
phase, stakeholder priorities and plans significantly influence project execution. This align-
ment is evident in the high Kendall’s Tau values observed during the Construction phase
(average Tau = 0.77), reflecting consistency between early planning and mid-project im-
plementation. However, the post-operation phase introduces new operational challenges,
requiring adaptive evaluation mechanisms. Subsystems like Operational Management and
Passenger Experience, which take on heightened importance during operations, achieved
competitive robustness scores under the Proposed Method (Rob = 0.47 and 0.46, respec-
tively). This demonstrates the method’s ability to adapt evaluations to phase-specific needs,
providing insights that remain relevant throughout the project life cycle.



Systems 2025, 13,122

36 of 43

Another critical contribution of this research is its incorporation of forward-thinking
principles into resilience evaluation. Resilience extends beyond simply withstanding
disruptions—it emphasizes the ability to prepare for and thrive under dynamic and un-
certain conditions. This study embraces forward-thinking analysis by utilizing a network-
based framework that models stakeholder interactions and anticipates evolving roles and
relationships over time. By doing so, it bridges the gap between retrospective assessments
and predictive insights. Retrospective evaluations analyze past performance, while pre-
dictive approaches anticipate future challenges and opportunities. The proposed method
integrates both perspectives by incorporating stakeholder feedback across all phases, creat-
ing a holistic view of resilience.

For instance, the Economic Financing subsystem achieved strong post-operation re-
sults, with consistency (Tau = 0.68) and robustness (Rob = 0.49), showcasing how early
financial planning provided a stable foundation for long-term stability. In contrast, tradi-
tional methods like AHP and Simple Averaging lack these forward-thinking capabilities.
AHP relies on expert-driven weights that are static and rooted in past conditions, while
Simple Averaging fails to account for dynamic stakeholder interactions. The proposed
method overcomes these limitations through its interactional framework and dynamic
weighting, making it uniquely suited for long-term resilience planning.

5.5. Comparisons with Prior Resilience Evaluation Methods

In comparing the outcomes of our model with prior resilience evaluation methods,
several key alignments and divergences emerge. Traditional methods, such as the Analytic
Hierarchy Process (AHP) and Simple Averaging, tend to treat stakeholder inputs as static
and independent, without accounting for the dynamic and interdependent nature of
stakeholder relationships. Our model, however, introduces a network-based framework
and game theoretic equilibrium that not only captures these interdependencies but also
adapts to changes in stakeholder influence across different project phases. This allows for a
more dynamic and context-sensitive assessment of resilience, especially in projects with
complex stakeholder networks.

In terms of alignment, our model resonates with existing multidimensional resilience
models, which consider factors such as adaptability, robustness, and recoverability. How-
ever, our approach distinguishes itself by explicitly incorporating stakeholder interactions
as a driving force behind these dimensions, rather than assuming independent evaluations
of subsystems. Additionally, while many traditional methods rely on predefined expert
weights (as seen in AHP), our model allows for real-time recalibration based on evolving
stakeholder relationships and project conditions, providing a more adaptive and real-time
resilience evaluation.

The divergence lies in the model’s capacity for phase-based adaptability and handling
of complex stakeholder dynamics, which traditional models fail to address adequately.
Our model’s ability to provide more actionable insights for decision-makers in real-time
project contexts marks a significant departure from more simplistic methods, which often
fail to reflect ongoing project evolution or external disruptions. By incorporating a game
theoretic approach and networked relationships, our model offers a more nuanced and
contextual view of resilience, facilitating better-informed decision-making and long-term
project success.

In sum, compared to existing resilience evaluation frameworks, the proposed model
brings three key improvements that address real-world challenges in megaproject resilience.
First, it integrates a game theoretic perspective with network-based analysis, enabling a
dynamic capture of stakeholder interactions—particularly where interests conflict or align—
rather than assuming static or purely individualistic evaluations. This feature helps reveal
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how cooperation or competition can escalate or mitigate risks throughout a megaproject’s
lifecycle. Second, the equilibrium-based weighting mechanism (rooted in Nash equilib-
rium) dynamically adjusts stakeholders’ influence according to their relationships and
behavior, avoiding heavy reliance on static expert judgments. Such adaptability is crucial
in large-scale projects prone to shifts in policy, funding, or stakeholder coalitions. Finally,
the model’s lifecycle orientation explicitly considers different phases of megaproject de-
velopment (pre-construction, construction, and post-operation), allowing it to account
for evolving roles and responsibilities among stakeholders. By encompassing these inter-
connected dimensions of stakeholder interaction, project phase transitions, and strategic
adaptation, the proposed framework is better equipped to handle the complexities and
uncertainties characteristic of real-world megaprojects, offering a more robust tool for
resilience assessment than traditional methods.

6. Conclusions

In conclusion, the proposed model makes several distinct contributions to both the-
ory and practice, addressing key gaps in resilience evaluation for megaprojects. These
contributions are summarized in Table 10 below, which outlines how the model advances
theoretical understanding and offers practical insights for megaproject management. The
table highlights the innovative integration of network theory and game theory and its
potential to guide real-time decision making, optimize stakeholder collaboration, and
navigate complex interdependencies across the project lifecycle.

Table 10. Specific contributions of the model to theory and practice.

Specific Contributions

- Provides a novel framework for resilience evaluation by integrating

network theory and game theory, allowing for dynamic modeling of
Theoretical Contribution stakeholder relationships.

- Advances understanding of stakeholder interdependencies in megaproject

resilience, offering a game theoretic perspective on their evolving roles and

influences.

- Introduces Nash equilibrium to capture the optimal distribution of

influence, which has not been fully explored in traditional resilience

evaluation methods.

- Supports real-time decision making by adapting to changing stakeholder

dynamics, helping project managers dynamically adjust strategies

Practical Contribution throughout the lifecycle.

- Provides a tool for identifying key stakeholders whose actions most

significantly impact the overall resilience of megaprojects, helping to

prioritize resources and interventions.

- Demonstrates how to navigate stakeholder conflicts and optimize

collaboration for better resilience outcomes in complex and multi-phase

projects.

6.1. Theoretical Implications

Firstly, this research deepens our understanding of project organization. This present
study integrates and builds upon the insights presented in the conceptual framework of
the Project System Organization (PSO). The PSO offers a system-level perspective on the
organization of megaprojects, focusing on multi-layered roles such as owner, sponsor, client,
and partner across a megaproject’s life cycle [2]. By engaging with these insights, the present
study aligns with and extends the understanding of megaproject evaluation, emphasizing
the dynamic interplay between stakeholder roles and their impact on resilience metrics.
Also, complex adaptive systems (CAS) theory highlights the importance of emergent
behaviors and self-organization in megaprojects [1], the proposed method operationalizes
these ideas through Nash equilibrium, modeling how stakeholder interactions dynamically
adjust subsystem evaluations. This complements CAS theory’s focus on non-linear feedback
and dynamic complexity by providing quantitative tools to capture these effects.
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Secondly, this research advances our understanding of megaproject resilience. Existing
research study focuses on stakeholders’ citizenship behavior and its role in enhancing
megaproject resilience during unexpected events and introduces transition mechanisms
that scale individual stakeholder contributions to collective impacts [6]. These mechanisms
resonate with our study’s emphasis on stakeholder interactions as central to resilience
evaluation. However, our proposed method builds on this foundation by operationaliz-
ing these dynamics quantitatively through Nash equilibrium and stakeholder influence
modeling. This research highlights the importance of transitioning from qualitative to
quantitative approaches in megaproject resilience research, ensuring comprehensive, ac-
tionable insights for managing complex stakeholder. Similarly, existing research proposes
a multidimensional system dynamics model (SDM) to assess resilience by integrating
dynamic behaviors and interdependencies across social, economic, environmental, and
infrastructural dimensions [10]. This work aligns with the concept of modeling resilience
as an emergent property of complex systems, offering valuable parallels and contrasts with
the proposed stakeholder-centered evaluation framework. Specifically, the research based
on system dynamics model emphasize multidimensionality through variables such as
redundancy, adaptability, and inclusivity. Similarly, our approach incorporates robustness
(Rob) and consistency (Tau) as quantitative measures of resilience, with results reflecting
governance and stakeholder impacts across phases.

Typical resilience evaluation research offers a novel approach to resilience evaluation
by emphasizing the stochastic nature of multi-state networks [7], which is highly effective in
modeling state transitions under deterministic and stochastic recovery scenarios. However,
it does not explicitly account for evolving stakeholder priorities during a project’s life
cycle. Our approach, exemplified by shifts in subsystem evaluations during the post-
operation phase, dynamically recalibrates stakeholder weights to capture these shifts.
Existing research’s model also assumes that system performance is primarily determined
by physical state transitions [7], such as capacity changes in transportation networks. Our
study, on the other hand, posits that resilience is equally dependent on the social and
relational dynamics of stakeholders. This distinction explains differences in metrics, as
our robustness and consistency scores are more reflective of social dynamics than purely
physical states.

This research also corroborates extant studies in highlighting the importance of
subsystem-specific evaluations. For example, the research focus on resilient governance
utilize the entropy-weighted TOPSIS method and simulate resilience impacts using sys-
tem dynamics, prioritize engineering resilience as a determinant of construction safety,
emphasizing emergency response and recovery measures [9]. In comparison, our method
employs Nash equilibrium to dynamically recalibrate stakeholder weights, also emphasizes
engineering priorities but extending the analysis to systemic adaptability, such as the high
consistency observed in the construction phase.

Finally, this research contributes to the megaproject resilience evaluation literature by
addressing critical gaps in existing methodologies. As analytical review underscores the
fragmented and context-dependent nature of existing performance measurement meth-
ods [28], our study presents an integrated framework that dynamically incorporates stake-
holder interactions and project phase transitions. This approach contrasts with a reliance
on static tools such as AHP, Delphi, and fuzzy comprehensive evaluation, which priori-
tize simplification and generalization of megaproject evaluation. While existing methods
aim to reduce complexity by simplifying performance indicators, our approach embraces
complexity by modeling stakeholder interdependencies. Our proposed method leverages
Nash equilibrium and network-based weighting, enabling dynamic recalibration of stake-
holder influence across the project lifecycle. As extant reviews identify a need for holistic
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frameworks that account for stakeholder satisfaction, environmental impacts, and lifecycle
considerations [28], our results validate these dimensions quantitatively. Although existing
research, such as emergency-based analysis, offers a quantitative framework for evaluating
the megaproject’s recovery from shocks by integrating material, energy, and ecological
flows [29], it primarily focuses on quantifying losses and benefits. However, these static
assessments do not capture the adaptive rebalancing of stakeholder influence as project
priorities shift. In contrast, the proposed method in this research dynamically adjusts
stakeholder weights, allowing for a real-time reflection of evolving priorities, such as the
increased importance of operators during the post-operation phase. Few studies emphasize
the dynamic nature of interactions among risks, such as economic downturns and policy
changes, as exemplified by the framework for assessing “gray rhino risks” [30]. However,
the proposed method in this research advances beyond risk prioritization to a holistic
resilience evaluation framework that explicitly incorporates stakeholder dynamics and
their cooperative or conflicting relationships. Notably, the methodological innovations
in this study, particularly its focus on megaproject’s lifecycle adaptability, address limita-
tions found in operation and maintenance performance evaluation frameworks, such as
those proposed to evaluate Chengdu—Chongqing High-Speed Railway [31], with a rela-
tively narrow scope of the post-operation phase. In contrast, the proposed method in this
study emphasizes lifecycle adaptability, making it more suited for resilience assessment
in the complex and evolving contexts of megaprojects. Lastly, this research advances
existing frameworks for evaluation of megaproject’s complexity. A recent complexity
evaluation framework based on megaproject’s structure and attributes quantifies inter-
dependencies among complexity indicators [32]; however, it does not account for how
these interdependencies evolve through stakeholder actions and relationships. Our method
leverages stakeholder-derived weights adjusted through Nash equilibrium, allowing for
dynamic recalibration.

6.2. Practical Implications

The proposed approach offers valuable insights for evaluating and managing megapro-
jects, emphasizing greater inclusivity, adaptability, and resilience. By using data directly
contributed by stakeholders as the foundation for evaluations, it minimizes excessive de-
pendence on external experts while strategically incorporating their input where essential.
This balanced methodology ensures that evaluations remain grounded in the perspectives
and realities of stakeholders, complemented by expert guidance for critical decisions.

Incorporating stakeholder data into resilience assessments fosters transparency by
anchoring the process in inclusive, representative, and traceable information. This reduces
subjectivity and offers a clear basis for weight adjustments and outcomes. Applying this ap-
proach in practice strengthens trust among stakeholders and ensures that evaluations align
with the complex, evolving nature of megaprojects, facilitating equitable and transparent
decision-making.

The network-based framework further enhances adaptability by dynamically adjusting
weights in response to changing stakeholder interactions and project conditions. This
flexibility allows the method to cater to different phases of a megaproject’s life cycle, from
pre-construction to post-operation. Its capacity to manage incomplete or noisy data adds
robustness, ensuring reliable evaluations even in data-constrained environments.

Finally, the inclusion of Nash equilibrium provides decision-makers with a sophis-
ticated understanding of both cooperative and conflicting stakeholder dynamics. This
nuanced perspective supports the development of more balanced and effective strategies,
promoting fairness and efficiency in megaproject management. In applying Nash equilib-
rium to megaproject evaluations, managers gain a transparent mechanism for balancing
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multiple stakeholders” competing interests, allowing them to pinpoint interventions—such
as adjusting incentives or allocating resources—to align individual behaviors with collec-
tive project objectives. By observing shifts in equilibrium solutions (e.g., when cost-sharing
or governance structures change), practitioners can identify which stakeholder relation-
ships (cooperative or conflicting) most significantly impact resilience. This insight enables
targeted negotiations to mitigate conflicts, reallocate responsibilities where needed, and
adapt decision-making across project phases, ensuring that no single party can unilaterally
undermine or overly dominate the project’s strategic direction.

6.3. Limitations and Future Research

Nevertheless, we acknowledge several limitations regarding the applicability of our
proposed approach. First, although this research focuses on a single megaproject, different
types of megaprojects (e.g., in transportation, energy, or urban development) may fea-
ture diverse governance structures, stakeholder relationships, and funding mechanisms
that could influence model outcomes. Second, the proposed framework assumes a rela-
tively generic project organization without explicitly accounting for specific management
methodologies—such as Agile, Lean Construction, or Integrated Project Delivery (IPD)—
that can substantially alter stakeholder coordination and decision-making. Third, while
our model accommodates lifecycle transitions between pre-construction, construction, and
post-operation phases, it may need additional customization to capture contractual struc-
tures, public—private partnership dynamics, or region-specific regulations. Practitioners
should therefore ensure that the proposed approach is adapted to the unique cultural,
regulatory, and organizational contexts of each megaproject, potentially calibrating model
parameters or incorporating complementary project management techniques to enhance
resilience evaluation accuracy.

While the proposed model offers a robust framework for evaluating resilience in
megaprojects, there are several potential limitations that need to be considered. One key
limitation is the reliance on complete and accurate stakeholder data. The model assumes
that stakeholders will provide comprehensive and reliable evaluations of subsystem re-
silience. However, in practice, stakeholders may present incomplete or biased data due to
factors such as lack of expertise, conflicting interests, or limited access to information. This
may lead to inaccuracies in the resilience assessment and distort the stakeholder weight
distribution. Another limitation arises in contexts where there are significant data gaps
or uncertainties. Megaprojects are often subject to unforeseen challenges such as political
instability, regulatory changes, or natural disasters, which may result in missing or uncer-
tain data. Since our model heavily depends on the availability of complete and accurate
data to calculate optimal stakeholder weights, its performance could be compromised in
such conditions. While the model incorporates methods for handling incomplete data, its
robustness in highly uncertain or volatile scenarios is still limited. Future research could
address these limitations by integrating advanced techniques such as machine learning or
Bayesian approaches, which could help better manage data gaps and uncertainty. Addi-
tionally, exploring the model’s applicability in more diverse and real-world settings would
contribute to further validating and refining its capabilities.

While the proposed method represents a significant step forward in resilience assess-
ment for megaprojects, several limitations merit further investigation. One key challenge
lies in the assumption that stakeholder-provided data are both accurate and represen-
tative. This may not hold in cases where stakeholders have incomplete information or
conflicting interests that introduce bias into evaluations. Future research could explore
mechanisms to validate and cross-check these inputs, thereby improving data reliability.
Another limitation arises from the network-based weighting framework, which, although
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effective in modeling interactional dynamics, may become computationally demanding for
projects involving numerous stakeholders or intricate interaction networks. Addressing
this issue could involve developing more scalable algorithms or streamlined processes to
maintain efficiency in complex scenarios. The reliance on Nash equilibrium also presents
challenges, as it assumes stable interaction frameworks that might not reflect rapidly chang-
ing or volatile stakeholder dynamics. Investigating dynamic equilibrium models or hybrid
methodologies that integrate network analysis with machine learning could enhance the
method’s adaptability to such conditions.

Another promising future research direction involves adapting the model to diverse
megaproject settings where governance structures, cultural factors, or financing mech-
anisms may differ significantly from the case examined here. For instance, large-scale
infrastructure projects in varying regions (e.g., Africa, the Middle East, or Europe) could
present distinct stakeholder dynamics, requiring localized parameter calibration or context-
specific contract structures. From a practical implementation perspective, adopting a
phased rollout is recommended: pilot the network-and-equilibrium approach on smaller
project components or subsystems first, then gradually extend to the entire megaproject.
Such incremental deployment allows for real-time feedback, enabling project managers to
refine data collection strategies, parameter settings, and stakeholder engagement protocols.
Additionally, incorporating digital platforms—such as Building Information Modeling
(BIM) or project data analytics tools—could facilitate the ongoing updates needed for real-
time recalibration of stakeholder weights and relationships, further bolstering the model’s
applicability in dynamic, resource-intensive environments.

Finally, broadening the method’s application to include a wider range of projects
and contexts—particularly those influenced by varying cultural, political, or regulatory
environments—would provide critical insights into its versatility and constraints. Address-
ing these areas through future research would help refine the method further, increasing its
utility across diverse megaproject landscapes.
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