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Abstract

Urban infrastructure planning is central to advancing sustainable cities, but project success
increasingly depends on public acceptance as well as technical, economic, and environmen-
tal performance. This study develops a fuzzy-grey multi-criteria decision-making (MCDM)
framework that embeds public opinion as a formal evaluation dimension. A novel POI,
derived from online discourse data, integrates multi-dimensional emotions, polarization,
and participation intensity to capture societal legitimacy. The framework employs entropy
weighting and applies three established MCDM methods: TOPSIS, VIKOR, and EDAS, to
evaluate project alternatives under uncertainty and incomplete information. An empirical
case study in Nanjing demonstrates that incorporating Public Opinion Index (POI) signifi-
cantly alters decision outcomes: the ecological park gained priority due to strong public
support, while the wastewater treatment plant declined in ranking despite environmental
benefits. These results underscore the decisive role of societal legitimacy in shaping sustain-
able infrastructure decisions. The framework contributes to sustainable urban planning by
providing a replicable tool for balancing technical feasibility, environmental responsibility,
and social acceptance in future infrastructure projects.

Keywords: sustainable urban planning; urban infrastructure; fuzzy-grey multi-criteria
decision-making; public opinion; social acceptance; entropy weighting

MSC: 90B50; 90C70; 91B10

1. Introduction

Urban infrastructure planning and sustainable environmental management are increas-
ingly recognized as complex decision-making problems that involve balancing economic
efficiency, ecological protection, technological feasibility, and social well-being. In recent
decades, multi-criteria decision-making (MCDM) methods have been widely applied to
support such complex choices, offering structured approaches to integrate heterogeneous
criteria and stakeholder preferences [1,2]. Techniques such as the Analytic Hierarchy Pro-
cess (AHP), Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), and
VlseKriterijumska Optimizacija I Kompromisno Resenje (VIKOR) have been employed in
diverse environmental applications, including land use allocation, renewable energy site

Mathematics 2025, 13, 3553

https://doi.org/10.3390/math13213553


https://doi.org/10.3390/math13213553
https://doi.org/10.3390/math13213553
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0009-0005-6226-3310
https://doi.org/10.3390/math13213553
https://www.mdpi.com/article/10.3390/math13213553?type=check_update&version=2

Mathematics 2025, 13, 3553

2 0f 23

selection, and water resource management [3,4]. Within the scope of environmental sys-
tems research, such methods have provided important insights into integrating ecological,
technical, and economic perspectives for sustainable development [5]. However, despite
the progress, the dimension of public opinion and societal acceptance has often remained
underexplored in MCDM-based environmental planning

Previous studies addressing public perception have mainly relied on questionnaire
surveys and stakeholder interviews to capture citizens’ preferences and concerns [6,7].
Even in articles published in Environmental Systems Research, survey-based approaches
have been adopted to evaluate local communities” attitudes toward planning alternatives.
While valuable, these approaches face several limitations: small sample sizes restrict
representativeness; social desirability bias may lead respondents to provide “polite” rather
than truthful answers in face-to-face settings; and static survey designs cannot fully capture
the evolving dynamics of social opinion. In contrast, online platforms such as social
media, forums, and digital news outlets provide massive, timely, and relatively anonymous
data sources where individuals are more willing to express genuine concerns, especially
on controversial infrastructure projects [8,9]. Consequently, online public opinion data
not only enhance scalability and efficiency in collection and processing, but also more
authentically reflect collective attitudes, making them a promising input for environmental
decision-making frameworks.

Nevertheless, even when public opinion has been incorporated in decision models, it
is usually represented in a simplistic manner, for instance as an average sentiment score
or a positive—negative ratio [10,11]. Such aggregate measures fail to capture the complex-
ity of collective attitudes, particularly the presence of polarization (i.e., strong divisions
between support and opposition) and the degree of public engagement. These factors
are crucial in determining whether a technically and economically sound project can gain
sufficient legitimacy to be implemented. To address this gap, this study develops a novel
POI that integrates three dimensions: (i) multi-dimensional emotions (e.g., anger, fear,
joy, anticipation) extracted from online discourse, (ii) polarization of opinions, measured
using an entropy-based index, and (iii) participation intensity, reflecting the scale of so-
cietal attention. The POI is normalized and incorporated as an explicit criterion into a
fuzzy-grey MADM framework, alongside economic, environmental, and technical crite-
ria. By designing comparative experiments between models with and without POI, and
between traditional sentiment-based indices and the proposed POI, we aim to demon-
strate the necessity and added value of incorporating social acceptance into sustainable
infrastructure planning.

The main contributions of this study are threefold. First of all, we integrate public
opinion as an explicit and independent criterion into the fuzzy—grey MADM framework
for infrastructure planning, thereby extending the scope of decision-making beyond con-
ventional technical and economic dimensions. Secondly, we propose a novel POI that
moves beyond simplistic sentiment averages by combining multi-dimensional emotions,
polarization, and participation intensity into a single quantitative measure. Thirdly, we
validate the effectiveness of this approach through comparative experiments, showing
how incorporating POI can significantly alter the ranking of alternatives and provide more
socially robust decisions. Together, these contributions advance both the methodological
toolkit of environmental systems research and the practical agenda of embedding societal
legitimacy into sustainable decision-making processes.

The novelty of this study lies in three interrelated dimensions that extend conven-
tional fuzzy—grey multi-criteria decision-making (MCDM) frameworks toward a socially
grounded and dynamically adaptive form of urban governance:

Interdisciplinary integration:
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The proposed framework bridges quantitative decision science and social science by
embedding societal legitimacy—captured through public opinion—into the fuzzy—grey
MCDM process. This integration transforms traditional sustainability assessment, which
focuses mainly on technical, economic, and environmental factors, into a framework that
explicitly accounts for public sentiment and collective acceptance.

Data-driven legitimacy measurement:

Instead of relying on static expert surveys or small-sample questionnaires that often
suffer from social desirability bias, this study introduces large-scale online opinion crawling
as a normative and efficient means to quantify public attitudes. The approach ensures
higher authenticity, timeliness, and representativeness, as individuals express genuine
perspectives in online spaces without the constraints typical of formal survey environments.

Temporal adaptability:

Public opinion inherently possesses a time dimension that allows decision-makers to
monitor legitimacy dynamics in real time. By leveraging the temporal evolution of online
discourse, the framework can be extended into a dynamic decision-support system that
adapts to shifts in public sentiment, thereby enhancing the transparency, interpretability,
and long-term acceptance of government decisions.

Collectively, these innovations reposition the fuzzy-grey MCDM paradigm from a
purely technical optimization tool to a participatory and legitimacy-oriented mechanism
for sustainable urban infrastructure planning.

2. Materials and Methods
2.1. Notation and Assumptions

To enhance the mathematical rigor and clarity of the proposed framework, the main
symbols and assumptions are summarized in Table 1. Table 1 summarizes all mathematical
symbols and assumptions used throughout the methodology. To ensure consistency, the
same notation is applied across Section 2.5-2.8, where A; and C; represent alternatives
and criteria, respectively, and Cs specifically denotes the Public Opinion Index (POI)
introduced in this study. This unified definition facilitates the understanding of subsequent
formulations and their empirical implementation.

Table 1. Notations.

Symbol Meaning
i=1,...,n Index of alternatives (A, B, C)
k=1,...,5 Index of criteria (C1-C5, where C5 = POI)
X = [xi] Raw decision matrix
X i = (L, mix, tix) Triangular fuzzy number (TEN) for expert evaluation under C1-C4
(Xiks Xik) Grey interval representation for incomplete information
Zik Normalized crisp value used for computation (see Equations (6)—(9))
Wy Weight of criterion k, with ) wy = 1, wy > O(obtained via entropy method)
Ex.p, Entropy and degree of diversification (Equations (2) and (3))
POI; Public Opinion Index of alternative i(Equation (10))
df,d; Distances to the positive/negative ideal solution in TOPSIS
Si,Ri, Qi Group utility, individual regret, and compromise index in VIKOR
PDA;,NDA;, ¢; Positive /negative distances and appraisal score in EDAS
m Number of alternatives (used as logarithm base in entropy calculation)

Assumptions:

e  All criteria can be transformed into benefit-type indicators; cost-type criteria are
directionally adjusted before normalization.
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e  Grey intervals and TFNs are unified through a defuzzification and confidence rule
(Equations (7) and (8)).

e  The POI consists of three normalized components: emotion polarity, polarization, and
participation intensity with corresponding weights.

All variables appearing in the following equations are defined in Table 1 for clarity
and reference.

2.2. Research Framework

To provide a systematic overview of the methodological design and highlight the
integration of the POI, this section introduces the overall research framework (Figure 1).
The framework combines conventional sustainability assessment with a novel societal legit-
imacy dimension, ensuring that both technical and social aspects are explicitly incorporated
into the evaluation process.

C5: Public Opinion

Criterion System

CL E_conomic:, == Social Media & News
Environmental

C3: Technical, C4: Soial

h 4

Online Discource

-

2 POl Construction
Data Acquisition (Sentiment, Polarization,
Reports & Expert Participation)
Judgement

- =

Weight Determination
Entropy Method for C1-C5

l

Fuzzy-Grey Decision Matrix

MCDM Analysis

TOPSIS VIKOR EDAS

~ -/

Comparative Analysis ‘

Ranking Results

Figure 1. Research framework.

The framework begins with the formulation of a comprehensive criteria system. Four
conventional dimensions, including economic, environmental, technical, and social, consti-
tute the foundation of sustainability evaluation, while the POl is added as a fifth criterion
to represent collective societal attitudes expressed in online discourse. This extension re-
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Sustainability Dimensions

flects the recognition that infrastructure projects cannot be regarded as sustainable without
adequate public legitimacy.

Data are then acquired from both conventional and online sources. For the first four di-
mensions, information is obtained from governmental reports, feasibility studies, planning
documents, and expert consultations, expressed in either quantitative form or linguistic
assessments. For the public opinion dimension, text data are collected from social media
and digital news platforms. After preprocessing procedures such as text cleaning, sentiment
and emotion classification, and the measurement of polarization and participation intensity,
the results are normalized to generate POI values that are comparable with other criteria.

The relative importance of the criteria is subsequently determined through the entropy
weighting method. Unlike subjective weighting approaches, this technique objectively
reflects the discriminative power of each criterion based on the variability of evaluation
data. By including the POl in this process, the influence of societal legitimacy is formally
embedded within the weighting structure.

A fuzzy—grey decision matrix is then constructed to accommodate the uncertainty of
linguistic judgments and the incompleteness of available information. Expert assessments
are represented as triangular fuzzy numbers, missing or imprecise values are modeled
as grey intervals, and POI values serve as direct quantitative indicators. This hybrid
representation provides a realistic modeling of decision environments where vagueness
and incomplete information coexist, while also balancing expert-based inputs with data-
driven social measures.

Finally, the weighted fuzzy—-grey decision matrix is analyzed using three mainstream
MCDM methods: TOPSIS, VIKOR, and EDAS. The use of multiple methods enhances
robustness through cross-validation of results, while comparative analysis between mod-
els with and without POI explicitly demonstrates the role of public opinion in shaping
decision outcomes.

Figure 1 presents the overall research framework, showing the sequential process from
criteria formulation to comparative analysis. The integration of the POl is emphasized as
the central innovative component of this study.

2.3. Decision Criteria System

The evaluation of sustainable infrastructure projects requires a multidimensional set of
criteria that adequately captures technical feasibility, economic viability, ecological protec-
tion, social benefits, and societal legitimacy. Drawing on previous studies in environmental
decision-making [1,2], this study adopts a five-dimensional criteria system (Figure 2). The
conventional pillars of sustainability assessment are represented by four dimensions: eco-
nomic, environmental, technical, and social. The fifth dimension, public opinion, explicitly
aims to incorporate societal acceptance into the decision-making process.

Sustainable Infrastructure
Project Evaluation

Conventional Innovative Dimension

C1: Economic C2: Environmental C3: Technical ‘ C4: Social Multi-dimensional Emotior Polarizatior articipation Intens

Figure 2. The Integrated Sustainability Evaluation Framework.

Economic (C1): investment cost, operational efficiency.
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Environmental (C2): ecological impacts, including carbon emissions, pollution control,
ecological footprint.

Technical (C3): feasibility and reliability of project implementation, adaptability to
future needs.

Social (C4): equity, inclusiveness, and accessibility of services.

Public Opinion (C5): quantified through the POI, integrating multi-dimensional emo-
tions, polarization, and participation intensity.

The hierarchical structure of the criteria is shown in Figure 2, with representative
sub-indicators summarized in Table 2.

Table 2. Decision criteria and representative sub-indicators.

Criterion Sub-Indicators (Examples) Description
. Investment cost, Captures financial viability
Economic (C1) . e e
operational efficiency and resource utilization
Carbon emissions, Evaluates ecological
Environmental (C2) ecological footprint, sustainability and
pollution control environmental impacts

Implementation feasibility, —Reflects technological

Technical (C3) reliability, adaptability robustness and resilience

Ensures fairness and
societal benefits
across groups

Service equity, accessibility,

Social (C4) inclusiveness

Public Opinion Index
(multi-dimensional
emotions, polarization,
participation intensity)

Quantifies collective
attitudes and legitimacy
through online data

Public Opinion (C5)

2.4. Data Acquisition and Preprocessing

Reliable and comprehensive data acquisition is a prerequisite for applying the pro-
posed fuzzy-grey MCDM framework. This study combines conventional sources of evalu-
ation data with online public opinion data to construct a balanced decision matrix.

For C1-C4, data are obtained from governmental reports, planning documents, and
domain experts. Quantitative indicators such as investment, operating efficiency, and
emission levels are collected from official statistics and technical studies. Qualitative
assessments such as feasibility and social equity are elicited through expert consultation.
These linguistic terms are converted into TFNs, preserving vagueness while maintaining
computational tractability [3,4].

For C5, data are retrieved from online platforms such as social media, news comments,
and forums. Preprocessing includes:

Text cleaning and tokenization

Sentiment and emotion classification (anger, fear, joy, anticipation, etc.)

Aggregation and normalization to [0, 1]

In addition, participation intensity is measured by discourse frequency, while distri-
butions of supportive versus opposing opinions are used to compute polarization. These
three components form the POI [5-7].

The overall data acquisition and preprocessing workflow is shown in Figure 3.
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Data Acquisition

Online Discourse Data

Social media posts
News commensts
Forum discusssions

Text Mining Pipeline for
C5: POI

Text Cleaning
Remove stop words,

) punctuation
Conventional Data 1
Govefr?nlwl;ﬁisreports Sentiment & !Emotion
Planning documents : Ar_talySIS :
Expert consultations | Classify into !““lt'P‘e
e e S categories
¥
Aggregation &
Normalization
Generate normalized
POl values
v |

C1-C4: Conventional C5: Public Opinion Index
Criteria Normalized values 0-1

Integrated Fuzzy-Grey
Decision Matrix

Figure 3. Preprocessing workflow.

This figure illustrates the workflow for constructing the Public Opinion Index (POI)
from large-scale online discourse data. It depicts the sequential procedures of text collection,
data cleaning, tokenization, sentiment classification, and normalization. Each stage trans-
forms raw comments into structured information that quantitatively represents citizens’
emotional tendencies toward infrastructure alternatives.

To ensure transparency and reproducibility, additional details of data collection are
clarified. For C1-C4, expert judgments were obtained from a panel of domain specialists
with backgrounds in construction management, urban planning, and environmental en-
gineering. Each expert provided linguistic evaluations, later transformed into triangular
fuzzy numbers, covering the economic feasibility, environmental impact, social acceptance,
and technical reliability of the alternatives. For C5, public opinion data were collected from
the Bilibili video platform, where a total of 421 comments were retrieved between Year
2024 Month 11 and Month 12 using a dedicated Python 3.12.3 crawler. After removing
duplicates, irrelevant messages, and spam, 361 valid comments (emtion not conclude) were
retained for sentiment analysis. The emotional polarity, polarization, and participation in-
tensity were then derived using a lexicon-based classifier and engagement metrics. Missing
values were handled through grey intervals, while extreme outliers were truncated at the
5th and 95th percentiles to improve robustness.
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2.5. Entropy Weight Determination

The entropy weighting method is adopted to obtain objective weights. Unlike subjec-
tive assignment methods such as AHP, entropy weighting avoids expert bias and ensures
criteria with greater discriminative information receive higher weights [9,10].

Let x;; denote the normalized performance value of alternative i with respect to criterion
jwherei = 1,2,...,mandj = 1,2,...,n. The entropy of criterion j is computed as:

B — k3 pin(p), pr = <k = 1
j = TR PyintPy) Py = Y xg’ <~ In(m) 1)

The degree of diversification of criterion j is:
d = 1-F; )

Finally, the entropy weight of criterion j is obtained as:

d:

Wi = erli g 3)

The entropy of each criterion is calculated, followed by diversification and weight

determination. All five criteria (C1-C5) are included in the process, guaranteeing that

public opinion is integrated into the structure. Expert linguistic judgments are mapped to
TFNs before normalization (Table 3).

Table 3. Entropy-based weights of the five evaluation criteria.

Linguistic Term TFN Representation (1, m, u)
Very Low (VL) (0.0, 0.0, 0.25)
Low (L) (0.0, 0.25, 0.50)
Medium (M) (0.25, 0.50, 0.75)
High (H) (0.50, 0.75, 1.0)
Very High (VH) (0.75,1.0, 1.0)

Compared with subjective weighting techniques such as AHP or BWM, the entropy
method relies on the intrinsic variability of data and avoids potential biases from expert
judgment, making it particularly suitable for the context of this study.

2.6. Fuzzy—Grey Decision Matrix Construction

After weight determination, the fuzzy—grey decision matrix is constructed. C1-C4
expert judgments are expressed as TFNs, while C5 values are derived from the POL Incom-
plete or uncertain data are represented by grey intervals. This ensures the decision matrix
reflects real-world uncertainty [11-13].

After determining the criteria weights, the next step is to construct the fuzzy—grey
decision matrix that integrates both conventional sustainability dimensions (C1-C4) and
public opinion (C5). This representation accounts for two main sources of uncertainty:
linguistic vagueness in expert evaluations and incompleteness of data arising from limited
or imprecise information [11-13].

Let A; (i = 1,2,...,m) denote the set of alternatives under consideration, and
G (j = 1,2,...,n) the evaluation criteria. Expert judgments with respect to criteria C1-C4
are expressed as TFNs:

;ij = (lij,mij,uij),i = 1,...,1’1’1;j = 1,...,n. (4)
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Here, li]-, mjj, and ujj represent the lower, most likely, and upper values of the linguistic
evaluation, respectively. This formulation captures the inherent imprecision of linguistic
terms and ensures that expert subjectivity is preserved in computational form.

For public opinion (C5), the value assigned to each alternative is given by the POI
derived in Section 3.4. Unlike expert evaluations, POl is data-driven and directly quantifies
collective attitudes by integrating emotional intensity, polarization, and participation. Thus,
the decision matrix explicitly balances traditional expert-driven inputs with large-scale
social feedback.

To handle incomplete or uncertain data, the fuzzy decision matrix is extended with a
grey system representation. When the available information for an alternative—criterion
pair is incomplete, the evaluation is expressed as a grey interval: x;; € [Xq_ , x:]r]

In constructing the unified decision matrix, the POl is directly incorporated as criterion
C5 alongside the conventional dimensions, ensuring its consistent role in the subsequent
evaluation procedures.

By combining fuzzy numbers with grey intervals, the final decision matrix is expressed as:

X11 X12 " Xin

~ X21 X22 " X2n

X = ()
Xml Xm2 - Xmn

where each element may be a TEN, a grey interval, or (in the case of C5) a normalized POI value.

The hybrid use of fuzzy and grey systems is not an arbitrary combination: fuzzy
numbers capture subjective vagueness in expert assessments, while grey intervals address
missing or incomplete information. Their integration therefore enables the framework to
simultaneously represent cognitive uncertainty and data incompleteness, which are typical
characteristics of large-scale decision-making.

The incorporation of both fuzzy and grey elements ensures that the decision matrix
faithfully represents real-world conditions, where data may be uncertain, imprecise, or
incomplete. In particular, the integration of the POI as criterion C5 provides a novel mecha-
nism to embed public acceptance into a rigorous MCDM framework, thereby enhancing
the societal relevance of the evaluation results.

2.7. Evaluation Methods

Instead of developing an entirely new MCDM method, this study introduces a
novel criterion, the POI, and embeds it into three mainstream fuzzy-grey MCDM tech-
niques: TOPSIS, VIKOR, and EDAS. This design choice reflects two key considerations.
First, the selected methods are widely recognized and frequently applied in environ-
mental decision-making, which ensures methodological familiarity for both scholars and
practitioners [6,7,14]. Second, by incorporating the POI as a formal criterion (C5) alongside
conventional sustainability dimensions (C1-C4), the proposed framework highlights the
innovative contribution of integrating societal legitimacy into project evaluation.

Through this embedded approach, the evaluation process remains transparent and
replicable, while at the same time extending existing methods to account for public ac-
ceptance. The use of multiple methods further enhances the robustness of results, as
consistent rankings across techniques strengthen confidence, whereas discrepancies reveal
methodological sensitivity.
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2.7.1. Fuzzy—Grey TOPSIS

The selection of TOPSIS, VIKOR, and EDAS is motivated by their complementary per-
spectives on multi-criteria evaluation. TOPSIS emphasizes proximity to the ideal solution,
VIKOR highlights compromise solutions balancing group utility and individual regret,
while EDAS assesses deviations from average performance. Applying these three methods
in parallel enhances the robustness and credibility of the final ranking results.

The fuzzy—grey TOPSIS method ranks alternatives according to their relative closeness
to the positive ideal solution (PIS) and distance from the negative ideal solution (NIS).
For each criterion j the fuzzy—grey normalized values are compared against the ideal
benchmarks. The closeness coefficient of alternative i is defined as:

D~

where D;" and D;” are the distances of alternative i from the PIS and NIS, respectively.
Alternatives are ranked in descending order of CC;.

In this framework, POI (C5) is incorporated as a normalized and weighted criterion.
Alternatives that receive strong public support and low polarization are positioned closer
to the PIS, highlighting the role of societal legitimacy in decision outcomes [15,16].

2.7.2. Fuzzy-Grey VIKOR

The fuzzy-grey VIKOR method emphasizes compromise solutions by considering
both group utility and individual regret. For each alternative i, the following indices
are computed:

Si = Zwlﬁ, Ri = max Wi — |- (7)
= f - A

where fj* and fjf are the best and worst values across all alternatives for criterion j. The
overall compromise index is then:

S;—S* R;—R*
Qi = stfs* + (1_V)R*,R*/ (8)
With v typically set to 0.5. Alternatives are ranked in ascending order of Q;.
By including POI (C5) in the weighting and normalization process, VIKOR explicitly
integrates public attitudes into the compromise solution, balancing technical efficiency
with social legitimacy [13,17].

2.7.3. Fuzzy-Grey EDAS

The EDAS method evaluates alternatives based on their positive distance from average
(PDA) and negative distance from average (NDA) across all criteria. For alternative i

PDA; = 3 wimax (0 I AVj) NDA; = Y wimax (0 AV - Xij) )
1 = /7 7 i - i /7 7
= AV = AY]

where AV is the average performance of criterion j. The appraisal score of alternative i is:

_ 1(_ PDA; NDA;
AS; = 2 (max(PDA) +1- max(NDA) ) : (10)
Alternatives are ranked in descending order of AS;.
In this study, the POI dimension contributes to both PDA and NDA calculations. Alter-
natives that align with favorable public sentiment achieve higher appraisal scores, thereby
reinforcing the importance of societal legitimacy in sustainability assessments [14,18].
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TOPSIS

VIKOR

EDAS

2.7.4. Comparative Advantage of Using Multiple Methods

By employing TOPSIS, VIKOR, and EDAS simultaneously, this framework enables a
robust evaluation (Table 4). While TOPSIS emphasizes proximity to ideal solutions, VIKOR
highlights compromise under conflicting objectives, and EDAS provides an intuitive as-

sessment relative to average performance. Consistency across these methods enhances the

reliability of results, whereas discrepancies reveal sensitivity to methodological assump-

tions. Importantly, in all three approaches, the integration of the POI criterion ensures that

societal legitimacy is explicitly embedded into the ranking process [19,20].

Table 4. Improvements of classical MCDM methods after embedding POI [21,22].

Ranks alternatives by distance to
PIS/NIS, using conventional
criteria (C1-C4) only

Compromise solution based on
group utility (S) and individual
regret (R), only C1-C4 considered

Relies on PDA /NDA relative to
average solution, ignoring
societal attitudes

Adds POI (C5) as a normalized
criterion in distance calculation

POl integrated into weighting
and normalization, affecting both
Sand R

POI included in PDA /NDA
computations

Alternatives with stronger public
support and lower polarization
are closer to PIS, reflecting
societal legitimacy

Ensures compromise solution
balances technical efficiency and
public acceptance

Alternatives aligning with positive
public sentiment gain higher
appraisal scores, enhancing

social relevance

2.8. POI Formulation

In order to systematically embed societal legitimacy into the evaluation framework,
this study proposes a novel POI as criterion C5. The POI captures the collective attitudes
of stakeholders as expressed through online platforms, reflecting not only the average

emotional polarity but also the diversity and intensity of participation. This design ensures

that alternatives with broader and stronger public support are favored in the decision-

making process, while those facing polarized or limited engagement are penalized.

The POl is constructed from three complementary components:
Multi-dimensional emotions (E;)

Sentiment analysis provides the probability distribution of emotions (e.g., joy, trust,

fear, anger) for alternative i. The aggregated sentiment polarity score is computed as:

E = Ty Py

K
Y1 %k

(11)

where p;, is the proportion of emotion category k associated with alternative i, and o is

the weight assigned to each emotion (positive emotions > 0, negative emotions < 0). This
yields a normalized sentiment value in [0, 1] [23].

Polarization (P;)

To account for disagreement within public discourse, polarization is measured by the

variance of sentiment polarity across individuals:

P, =1 9

4
Omax

(12)

where o; is the standard deviation of sentiment scores for alternative i, and omay is the

maximum observed deviation across all alternatives. Higher values of P; indicate greater

consensus, whereas lower values suggest divisive opinions [24].
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Participation intensity (I;)
Public legitimacy also depends on the level of civic engagement. Participation intensity
is proxied by the normalized volume of online discourse:

N;j
Ii = max(N)”’ (13)
where N; is the number of opinion instances collected for alternative i, and max (N) is the
maximum count among alternatives [25].
The overall POI for alternative i is then defined as a weighted aggregation of the
three components:

POL = BqE; + BoP; + B3l 1 + B2+ B3 =1 (14)

Weights (31, 35, B3 are assigned according to the relative importance of emotion, po-
larization, and intensity in the specific decision context. In this study, equal weights are
adopted for simplicity, but the framework allows flexibility for stakeholders to adjust
these parameters [26].

The resulting PO is a continuous value in the range [0, 1], where higher values indi-
cate alternatives that are more positively perceived, broadly supported, and less divisive
among the public. By including POI as criterion C5 in the decision matrix, the framework
provides a transparent and reproducible mechanism for integrating social legitimacy into
sustainable infrastructure evaluation.

Figure 4 illustrates the distribution of eight basic emotions: joy, trust, anticipation,
anger, fear, disgust, sadness, and surprise across the three candidate infrastructure projects.
The heatmap highlights distinct emotional profiles for each alternative, reflecting the het-
erogeneity of public discourse. Specifically, Alternative A (wastewater treatment plant) is
predominantly associated with negative emotions such as anger, fear, and disgust, which
aligns with common concerns over environmental risks and health hazards. In contrast,
Alternative B (ecological park) exhibits higher levels of joy and trust, indicating broad soci-
etal support rooted in perceived ecological and recreational benefits. Alternative C (metro
extension) is characterized by strong anticipation and joy, suggesting positive expecta-
tions regarding improved mobility and urban connectivity. These differentiated emotional
patterns provide empirical evidence that public attitudes toward infrastructure projects
extend beyond a simple polarity of positive versus negative sentiment. By incorporating
such multi-dimensional emotional information into the POI, the proposed framework
captures not only the overall orientation of public opinion but also its underlying affec-
tive drivers, thereby offering a more nuanced and socially grounded basis for sustainable
infrastructure decision-making.

This figure presents the distribution of eight basic emotions which are joy, trust, antic-
ipation, anger, fear, disgust, sadness, and surprise—across the considered infrastructure
alternatives. The color gradient denotes the relative intensity of each emotion (lighter
shades indicate higher proportions). The figure highlights distinct emotional patterns
among alternatives, revealing how collective sentiment shapes the perceived legitimacy of
each option.
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Figure 4. Distribution of emotion.

2.9. Integration and Implementation Procedure

To ensure logical consistency, the overall methodological procedure can be summa-
rized in four sequential steps: Criteria system construction: Five dimensions (C1-C5) are
defined, integrating conventional sustainability criteria with the novel POI. Weighting
and representation: Entropy weighting (Section 2.5) is applied to determine the objective
importance of each criterion, and the fuzzy—grey decision matrix (Section 2.6) is constructed
by combining TFNs, grey intervals, and POI values. Evaluation through multiple meth-
ods: The weighted decision matrix is analyzed using three well-established multi-criteria
decision-making methods: TOPSIS, VIKOR, and EDAS, each embedding POI as an explicit
criterion to highlight societal legitimacy. Comparative analysis: By contrasting results
with and without POI, and by performing sensitivity tests on POI weights, the framework
demonstrates both the methodological contribution and the robustness of outcomes.

This integration ensures that the proposed framework is not a simple collection
of techniques, but a coherent decision-making process in which societal legitimacy is
systematically embedded. The next section applies this procedure to the Nanjing case
study to validate its feasibility and practical implications. In this way, the methodological
framework forms a complete toolchain, which directly supports the empirical validation
presented in Section 3.

3. Results
3.1. Case Background

Nanjing, the capital city of Jiangsu Province in eastern China, is undergoing rapid
urban expansion and faces mounting challenges related to environmental sustainability
and social well-being. With a population exceeding nine million and an ambitious agenda
to achieve carbon peaking before 2030, the city has prioritized investments in green in-
frastructure projects such as wastewater treatment, ecological restoration, and sustainable
urban transport [27]. These projects are not only technically demanding and financially
intensive but also subject to diverse societal expectations and public scrutiny.

In this study, three candidate projects were selected to represent alternative options
for sustainable infrastructure development in Nanjing:
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e  Alternative A: Construction of a large-scale wastewater treatment facility.
e  Alternative B: Development of a new urban ecological park.
e  Alternative C: Extension of a metro line.

3.2. Data Collection and Processing

To evaluate the three candidate projects, data were collected for each of the five criteria
(C1-C5). For C1-C4, information was gathered from government planning documents,
technical feasibility reports, and domain experts. Expert judgments were elicited using
linguistic terms (Very Low to Very High) and subsequently converted into triangular fuzzy
numbers, as shown in Table 5.

Table 5. Data Sources and Processing Methods for Evaluation Criteria.

C1 Economic

Nanjing Municipal
Development and Reform
Commission reports;
feasibility studies;

expert interviews

Normalization of
cost/efficiency values;
grey intervals for
missing estimates

Investment cost,
operational efficiency

C2 Environmental

Nanjing Bureau of Ecology
and Environment;
environmental impact
assessments; literature data

Normalization on [0, 1]
scale; aggregation of
ecological metrics

Carbon emission reduction,
ecological footprint,
pollution control

. Construction feasibility, Pro]e?c't dg51gn Linguistic terms mapped
C3 Technical L - specifications; expert
reliability, adaptability . to TFNs per Table 2
consultations
Population distribution; Mixed
. Equity, accessibility, transport statistics; policy | quantitative/qualitative
C4 Social . ; L
inclusiveness documents; stakeholder data; normalization of
consultation accessibility indices
Emotion polarity, Online discourse (Weibo, ii?:{ass_iirsr?nir;ii of
C5 Public opinion (POI) polarization, Zhihu, local POI }(ISec’tion :f 1;
participation intensity media comments) normaliza tion. !

For C5, online public opinion data were retrieved from major Chinese social media plat-
forms and digital news portals. Preprocessing included text cleaning, sentiment/emotion
classification, and computation of polarization and participation intensity [28]. These steps
generated normalized POI values for each project (Figure 5).

This figure depicts the integrated construction process of the Public Opinion Index
(POI). It combines three complementary dimensions: emotional polarity, polarization,
and participation intensity. The visualization demonstrates how these sub-indices are
synthesized into a unified legitimacy metric that reflects both the emotional direction
and the diversity of public attitudes. The proposed POI, together with the conventional
sustainability dimensions, forms an integrated decision-making framework. In the next
section, this framework is applied to a real-world case study to demonstrate its feasibility
and practical implications.
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Online Discourse Data
Social media, news
comments, forums

Text Preprocessing
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removal of irrelevant
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Sentiment & Emotion
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broadly supported
alternatives

Figure 5. Workflow of POI construction from online discourse data.

3.3. Computation Process

Using the collected data, entropy weights were calculated for the five criteria (Table 2).

Next, the fuzzy—grey decision matrix was constructed, integrating both expert-derived

TENs and POI values. The evaluation process was carried out using the three methods:
TOPSIS, VIKOR, and EDAS.

regret, incorporating POl into the normalization process.

In TOPSIS, each alternative’s closeness coefficient was computed by measuring its
distance to the PIS and NIS.
In VIKOR, compromise solutions were derived based on group utility and individual

In EDAS, appraisal scores were calculated from positive and negative distances to the
average, with POI contributing directly to PDA and NDA values.
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The integration of POI into all three methods ensured that societal legitimacy was
explicitly embedded in the evaluation results [29,30].

3.4. Impact of Public Opinion on Rankings
3.4.1. Comparative Ranking Outcomes

The evaluation framework was applied to the three candidate projects in Nanjing
under the five-dimensional criteria system. The entropy weighting method was first used
to determine the relative importance of criteria. When only C1-C4 were considered, envi-
ronmental and economic criteria received relatively higher weights, reflecting the salience
of cost efficiency and ecological performance in conventional sustainability assessments.
After the inclusion of C5, the weight distribution shifted, with POI contributing nearly
20% of the overall importance, thereby elevating the influence of societal legitimacy in the
decision process.

The rankings of alternatives obtained from the three fuzzy—grey MCDM methods are
summarized in Table 6.

Table 6. Rankings of alternatives using fuzzy—grey TOPSIS, VIKOR, and EDAS with POI included.

Alternative TOPSIS VIKOR EDAS
A: Wastewater plant 3 3 3
B: Ecological park 2 2 2
C: Metro extension 1 1 1

All three methods produced a consistent ranking:

e Alternative C (Metro extension) ranked first, benefiting from strong economic effi-
ciency, technical feasibility, and widespread public support captured by the POL

e Alternative B (Ecological park) was ranked second, as its high social acceptance and
favorable online sentiment compensated for relatively modest economic returns.

e Alternative A (Wastewater treatment plant) was ranked lowest, despite strong envi-
ronmental performance, due to high investment costs and negative public perceptions
reflected in online discourse.

To highlight the added value of POI integration, a baseline model was constructed
using only C1-C4. The comparison between the two models is presented in Table 7.

Table 7. Comparison of average ranks with and without POI integration.

Alternative Avg. Rank (no POI) Avg. Rank (with POI) A Rank
C: Metro extension 1.0 1.0 0.0

B: Ecological park 3.0 2.0 -1.0

A: Wastewater plant 2.0 3.0 +1.0

In the baseline model (without POI), Alternatives A and C were close in performance:
A gained advantages from its environmental benefits, while C scored highly on economic
and technical grounds. Alternative B lagged behind because its ecological and social
benefits were not sufficient to outweigh weaker economic performance. However, once
POI was introduced, the ranking pattern changed substantially:

o  C (Metro extension) was consistently reinforced as the top-ranked alternative, with
strong online support consolidating its leading position.

e B (Ecological park) improved significantly, moving ahead of A, as public sentiment
strongly favored the ecological park.
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o A (Wastewater treatment plant) fell to the lowest rank, as widespread online opposition
to wastewater facility construction outweighed its environmental merits.

This reversal demonstrates that excluding POI could lead to misleading conclusions,
whereas the proposed framework explicitly captures the decisive role of societal legitimacy.

Figure 6 compares the ranking results of the three candidate infrastructure projects
under two evaluation settings: one excluding the POI and one embedding POI as an
explicit criterion. The comparison highlights the decisive influence of societal legitimacy
on sustainable decision outcomes.

o
o

s No POI
B With POI

i
S|

i
o

=
o

Average rank (lower = better)
p =
(9] w

o
o

A B C
Figure 6. Comparative average rankings of alternatives with and without POI integration.

This figure compares the average ranking results of alternatives under models with
and without the POL The comparison indicates that incorporating the POI alters the relative
priorities of certain alternatives, signifying the tangible influence of social legitimacy on
decision outcomes. The figure underscores that public opinion can reshape the final
sustainability assessment when integrated into the MCDM framework.

Specifically, in the baseline model without POI, the wastewater treatment facility
(Alternative A) obtained a relatively favorable position due to its strong environmental ben-
efits, while the ecological park (Alternative B) was penalized for limited economic returns.
However, once POI was introduced, the ranking of Alternative A declined substantially,
reflecting the strong opposition expressed in online discourse. In contrast, Alternative
B improved in rank, supported by high levels of joy and trust identified in the public
sentiment analysis. The metro extension (Alternative C) maintained its top position across
both models, indicating a convergence of technical feasibility, economic efficiency, and
positive societal perception.

This comparative result demonstrates that conventional sustainability criteria
(C1-C4) are insufficient to capture the full complexity of infrastructure legitimacy [21,22].
By incorporating POI, the framework accounts for negative externalities arising from public
resistance, which can undermine technically sound but socially contested projects [23,24].
Moreover, the shift in ranking underscores the methodological contribution of the fuzzy-
grey MCDM approach with POL: the ability to integrate heterogeneous data sources—expert
judgments and large-scale online discourse—into a unified evaluation matrix [12,13].

From a broader perspective, the results emphasize that excluding public opinion may
lead to misleading policy recommendations, as projects that are environmentally respon-
sible but socially rejected are unlikely to succeed in practice. Conversely, including POI
ensures that evaluation outcomes align more closely with societal legitimacy and long-term
governance feasibility [14,19,31]. Hence, Figure 6 not only visualizes the outcome differ-
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ences between the two models but also illustrates the theoretical necessity of embedding
legitimacy into sustainable decision-making frameworks.

The shift in rankings after incorporating the Public Opinion Index (POI) reflects
the divergence that often exists between expert-driven evaluations and the collective
voice of citizens. In real-world governance, such divergence cannot—and should not—be
eliminated, as it embodies the pluralistic nature of sustainable decision-making. Ignoring
public sentiment may lead to technically sound yet socially fragile outcomes. In contrast,
incorporating POI not only makes the evaluation more inclusive but also exposes the social
legitimacy dimension that conventional MCDM frameworks overlook.

Compared with the baseline model without PO, the proposed approach better cap-
tures the trade-offs between technical optimization and social acceptance. The results
show that alternatives with greater public endorsement tend to rank higher despite lower
economic or technical scores, suggesting that legitimacy acts as a compensatory factor
balancing short-term efficiency and long-term governance feasibility. This improvement
is not merely quantitative but interpretive: by linking decisions to collective emotions,
polarization, and participation intensity, the model yields rankings that policymakers
can more easily justify and communicate to the public. Hence, the integration of POI
transforms a purely analytical evaluation into a socially grounded decision framework—
one that acknowledges public voice as an indispensable foundation of sustainable and
democratic governance.

3.4.2. Robustness and Sensitivity Analysis

While Figure 6 provides a static comparison between the models with and without
the POJ, further robustness tests are required to examine whether these results hold under
varying parameter settings. To this end, we conducted a sensitivity analysis by adjusting
the relative weight of POI from 10% to 30% of the total criteria weight.

Figure 7 illustrates the ranking outcomes of the three alternatives across different
weighting scenarios. The results reveal several consistent patterns. First, the metro exten-
sion (Alternative C) maintains the top position in all cases, suggesting strong robustness of
its superiority. Second, the ecological park (Alternative B) steadily improves its ranking as
the weight of POl increases, reflecting the positive contribution of broad public support
captured in the sentiment analysis. By contrast, the wastewater treatment facility (Alter-
native A) consistently declines in rank under higher POI weights, indicating that its low
legitimacy driven by negative emotions and high polarization, cannot be compensated for
by environmental benefits alone.

This figure presents the sensitivity analysis of final ranking outcomes with respect to
variations in the POI weighting coefficient (y). The results show that the ranking of the top
alternatives remains relatively stable, while the positions of lower-ranked options fluctuate
with increasing y. This stability demonstrates the robustness of the proposed model and
the moderate yet consistent role of the POI in shaping decision preferences.

These findings confirm that the integration of POI systematically reshapes the ranking
structure and that the results are not artifacts of arbitrary weight assignments. The persis-
tence of Alternative C at the top and the downward trajectory of Alternative A underscore
the methodological soundness of embedding legitimacy as an explicit criterion. Moreover,
this robustness analysis strengthens the credibility of the fuzzy—grey MCDM framework,
demonstrating its ability to produce stable and interpretable outcomes under different
parameter assumptions.
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Figure 7. Sensitivity of ranking outcomes.

4. Discussion

The case study in Nanjing provides valuable insights that go beyond the simple
ranking of infrastructure projects. The results clearly show how the inclusion of public
opinion can reshape quantitative evaluations. When the assessment only considered
traditional sustainability factors such as economic, environmental, technical, and social
aspects, the wastewater treatment plant ranked relatively high because of its environmental
contribution. After the POI was introduced, its ranking declined significantly, revealing
strong public opposition in online discussions. This change demonstrates that technical
excellence alone cannot guarantee social legitimacy. It also supports the idea that legitimacy
should be treated as an independent criterion rather than as a secondary effect of social or
environmental factors.

In addition, the case reveals how emotions play a complex role in shaping collective
preferences. The POI, which combines emotional polarity, polarization, and participation
intensity, showed distinct patterns among the three projects. For example, the metro
extension generated positive emotions such as anticipation and joy, reflecting expectations
for better mobility and urban connectivity. In contrast, the wastewater treatment project
triggered fear, anger, and disgust, emotions often linked to perceived risk and opposition.
These findings suggest that emotion-related data from social media can serve as early
signals of acceptance or resistance. For planners, such information offers an early warning
tool to identify projects that may face legitimacy challenges before implementation.

Moreover, the comparison of results from TOPSIS, VIKOR, and EDAS shows that
incorporating POI not only changes the order of rankings but also improves the consistency
across different methods. This consistency increases confidence in the conclusions and
highlights the importance of legitimacy as a decision factor. Ignoring public opinion can
lead to strategies that seem efficient from a technical and economic perspective but lack
social stability. Integrating legitimacy into multi-criteria decision frameworks helps reduce
the risk of project delays, public protests, or policy reversals. Compared with traditional
fuzzy—grey MCDM models, the proposed approach provides both methodological and
practical advantages. Conventional models rely heavily on expert judgment or small-scale
surveys, which cannot reflect the dynamic nature of social attitudes. By contrast, the POI-
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based framework incorporates large-scale online discussions, allowing legitimacy to be
measured more objectively and updated over time. This result shows that social legitimacy
is not an optional addition to sustainability evaluation but a key factor that determines
whether a project can actually be implemented.

Another important point is the tension between environmental responsibility and
social legitimacy. The wastewater treatment facility contributes greatly to environmental
sustainability, yet its low legitimacy score caused by negative public sentiment lowered its
overall priority. This finding highlights a common dilemma in urban planning: projects
that bring long-term environmental benefits may encounter short-term social resistance,
while projects that are popular in the short term may have limited ecological value. By
considering both aspects together, the fuzzy-grey MCDM framework with POI provides a
structured tool to balance these competing goals. Future studies could extend this approach
by reassessing projects over time as public attitudes evolve.

Finally, the experience from Nanjing shows that this framework can be applied in
other rapidly growing cities. Urban areas often face tension between expert-driven sus-
tainability goals and community-driven legitimacy concerns. The results demonstrate
that large-scale online discourse can be systematically integrated into decision-making,
reducing dependence on traditional surveys that are static and narrow in scope. This
approach also bridges quantitative analysis with participatory governance. Beyond urban
infrastructure, the framework could be adapted to other fields such as renewable energy,
waste management, or transportation planning, where public legitimacy often determines
the ultimate success or failure of projects.

5. Conclusions and Future Work

The comparison between the proposed model and traditional fuzzy—-grey MCDM
approaches shows that introducing the POI can fundamentally change evaluation outcomes
and make them more socially meaningful. This highlights the importance of integrating
public sentiment and legitimacy dynamics into sustainable infrastructure assessment.

This study brings social legitimacy into a multi-criteria decision-making framework,
thereby advancing sustainable infrastructure planning both methodologically and prac-
tically. Our core innovation lies in proposing the POI, which systematically extracts
sentiment, polarization, and engagement intensity from large-scale online discussions.
Compared to traditional sentiment averages, POI provides a more nuanced and accu-
rate portrayal of public attitudes. This enables decision models to consider not only
the positive or negative orientation of opinions but also their intensity, diversity, and
level of engagement.

Integrating the POI into the fuzzy grey MCDM framework provides a more complete
way to support complex infrastructure decisions. This approach combines expert judg-
ment with large-scale public data, allowing analysis to proceed even when information
is uncertain or incomplete. Comparative results from TOPSIS, VIKOR, and EDAS show
that including the POI changes the nature of evaluation itself rather than simply adding
another factor. Once public sentiment is considered, the rankings become more stable
across methods, and the final decisions are clearer and more socially credible.

The Nanjing case demonstrates how these effects appear in practice. Projects that
performed well on technical or environmental grounds, such as the wastewater treatment
plant, dropped in priority after legitimacy was considered. In contrast, projects with strong
public support, including the ecological park and the metro extension, rose in the ranking.
This outcome reflects a common dilemma in urban planning: projects that bring long-term
environmental benefits often face short-term resistance, while initiatives that attract quick
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approval may offer limited ecological value. Sustainable decision-making therefore requires
balancing environmental goals with public expectations that continue to evolve over time.

Beyond this case, the findings suggest several directions for future research. The POI
can be updated continuously to monitor changes in public sentiment during a project’s
entire life cycle, enabling decision-makers to respond more effectively to shifts in opinion.
Comparative studies conducted in different cultural and institutional contexts could further
test the flexibility of the framework. Linking the POI with models of trust, communication,
and social consensus may also help explain how legitimacy develops and spreads among
communities. In parallel, advances in natural language processing and machine learning
could improve the accuracy of emotion and polarization analysis, making public opinion
integration both more precise and more timely.

Although the proposed fuzzy-grey MCDM framework with the POI shows great
potential, there are several meaningful directions that can be explored in future research:

(1) Multi-source public opinion measurement and improved emotion analysis
Future research can expand data sources beyond a single social media platform. It may
include information from news websites, online forums, community feedback systems,
and short-video platforms. At the same time, emotion analysis can be improved by
using advanced machine learning and deep learning methods. These tools can better
identify mixed emotions, sarcasm, and contextual meanings. Such progress would
make the POI more accurate and more representative of overall public attitudes.

(2) Dynamic modeling and continuous monitoring of legitimacy
A one-time evaluation can only reflect public sentiment at a single moment. Fu-
ture studies should build dynamic models that follow how public opinions change
over time and how these changes influence policy decisions. Including time factors,
feedback effects, and variables such as trust, information flow, and communica-
tion networks can help create a real-time decision system that tracks and adjusts
legitimacy continuously.

(8) Spatio-temporal and socio-cultural differences
Public attitudes and perceptions of legitimacy differ between regions because of
variations in culture, governance, and civic participation. Future work can add spatial
and cultural factors to the framework to understand how local conditions affect public
support, participation, and responses to planning projects. This approach would make
POI-based evaluation more general and more useful for explaining local patterns.

(4) Broader applications in decision-making
The proposed framework can be applied to more complex planning problems beyond
basic site selection or ranking. It can help address issues such as urban redevelopment,
relocation, demolition, transport network planning, or the placement of industrial
facilities near housing areas. By adapting the POI to these cases and including related
economic and environmental variables, the model can support more realistic and
participatory urban planning decisions.

Overall, this study shows that including public opinion in fuzzy grey MCDM frame-
works is not only practical but also essential. It gives policymakers a way to design infras-
tructure decisions that are technically reliable, environmentally responsible, and socially
accepted. By connecting decision science with social legitimacy, the research contributes to
a more flexible, transparent, and participatory model of sustainable urban governance.
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