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Abstract

The rapid development of smart seismic systems has made future-oriented decision-making increasingly
complex, particularly when technological uncertainty, implementation constraints, and resilience requirements
must be considered simultaneously. This study develops a scenario-based framework for evaluating four
foresight methods; actor analysis, brainstorming, bibliometric analysis, and patent analysis for supporting
strategic decisions on smart seismic systems. The assessment was based on the judgments of 12 experts and eight
criteria grouped into two categories: process-related criteria and resilience-oriented criteria. Criterion weights
were derived using the Fuzzy-Grey SWARA method, while the alternatives were ranked through Fuzzy-Grey
VIKOR under three decision scenarios: baseline, supportive, and resource-constrained. The robustness of the
results was further examined using sensitivity analysis and 100,000-iteration Monte Carlo simulations. The
findings show that adaptability, robustness, and rapidity are the most influential criteria, with resilience-related
criteria accounting for 63% of the total model weight. Bibliometric analysis ranked first in all three scenarios,
followed by patent analysis. Monte Carlo results indicated that bibliometric analysis retained the first rank with a
probability above 99.8% in every scenario, whereas the probability of satisfying VIKOR’s acceptable-advantage
condition was 46.7% in the baseline scenario, 77.5% in the supportive scenario, and only 12.1% under resource
constraints. These results show that rank stability should not be interpreted as decisive superiority. A robust
foresight decision should therefore consider not only the final ranking, but also the strength of separation between
leading alternatives and the stability of that separation under uncertainty.
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Introduction

Smart seismic systems are evolving from isolated monitoring tools into integrated platforms that combine
sensing, structural health monitoring, adaptive control, data analytics, artificial intelligence, digital twins, and
real-time decision support. This transition has made long-term planning more difficult because technological
change, implementation constraints, and resilience requirements must be considered at the same time. In this
context, selecting an appropriate foresight method is not a trivial procedural step; it directly shapes how future
technological pathways are identified, interpreted, and translated into strategic decisions.

This study evaluates four foresight methods—actor analysis (MACTOR), brainstorming, bibliometric
analysis, and patent analysis—for application to smart seismic systems. Rather than asking only which
method ranks first, the study examines whether the leading option remains defensible under changing decision
conditions and uncertainty. This distinction is important because a stable first rank does not necessarily imply
a strong or decisive advantage over competing alternatives.

Methodology

The analysis was based on the judgments of 12 experts, including specialists in structural engineering,
earthquake engineering, and construction management. Eight evaluation criteria were defined in two groups:
process-related criteria (information accessibility, efficiency and acceptance, implementation cost, and
implementation time) and resilience-oriented criteria (robustness, redundancy, adaptability, and rapidity).
Criterion weights were derived using Grey—Fuzzy SWARA, and the four foresight methods were ranked using
Grey—Fuzzy VIKOR.

The ranking was performed under three decision scenarios. The baseline scenario retained the original expert-
derived weights. The supportive scenario increased the importance of information accessibility and
efficiency/acceptance while reducing the emphasis on cost and time. The resource-constrained scenario
applied the opposite change. To test robustness, sensitivity analysis was conducted for different weight-
variation levels and VIKOR strategy settings, followed by Monte Carlo simulation with 100,000 iterations for
each scenario.

Results and Discussion

The weighting results showed a clear preference for resilience-related criteria. Adaptability received the
highest final weight (0.20), followed by robustness (0.18) and rapidity (0.16). In total, resilience-oriented
criteria accounted for 63% of the model weight, while process-related criteria accounted for 37%. This pattern
suggests that, from the experts’ perspective, the value of a foresight method depends more on its ability to
support stable and adaptive decision-making than on speed or low implementation cost alone.

Table 1. Scenario-based VIKOR results for the four foresight methods

Alternative Q (S0 Rank Q(SH) Rank QS Rank

Bibliometric

analysis (A3) 0.000 : 0.000 : 0000 :
Paten(t::)alysis 0336 D) 0.446 2 0.220 2
Brair}i(;r)ming 1.000 4 1.000 4 1.000 4

Across all three scenarios, bibliometric analysis ranked first, followed by patent analysis, actor analysis, and
brainstorming. Although the ranking order remained unchanged, the distance between the two leading
alternatives varied noticeably. Under supportive conditions, bibliometric analysis maintained a clearer
advantage over patent analysis. Under resource constraints, however, the gap became smaller, indicating that
the superiority of the first-ranked method was less decisive.
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Figure 1. Scenario-wise VIKOR compromise index for the four foresight methods

Figure 1 illustrates the scenario-based behavior of the VIKOR compromise index. The chart confirms that
bibliometric analysis consistently retains the lowest Q value, while the position of patent analysis remains
second in all three scenarios. The main variation lies in the degree of separation between these two options
rather than in a change of the ranking order itself.

Sensitivity and simulation analyses added an important layer of interpretation. Monte Carlo results showed
that bibliometric analysis preserved the first rank with a probability above 99.8% in every scenario. However,
the probability of satisfying VIKOR’s acceptable-advantage condition was 46.7% in the baseline scenario,
77.5% in the supportive scenario, and only 12.1% in the resource-constrained scenario. This means that the
first rank of bibliometric analysis is highly stable, but its decisive superiority over patent analysis is much
more dependent on decision conditions.
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80 77.5%

Probability (%)
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Baseline (50) Supportive (S+) Resource-constrained (S—)
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Figure 2. Probability of satisfying the VIKOR acceptable-advantage condition under the three decision scenarios
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Figure 2 clearly highlights this distinction. Supportive conditions strengthen the case for bibliometric analysis
as a stand-alone compromise solution, while resource limitations sharply reduce the likelihood of a
sufficiently large gap between the first and second alternatives. From a practical standpoint, this suggests that
bibliometric analysis can serve as a reliable core method for monitoring smart seismic systems, whereas
patent analysis becomes a particularly valuable complement when technology maturation and implementation
feasibility gain importance.

Conclusion

The study shows that bibliometric analysis is the most robust foresight method for smart seismic systems
within the adopted framework, and patent analysis is its closest competitor. At the same time, the results
demonstrate that rank stability should not be confused with decisive superiority. A method may consistently
occupy the first position while still lacking a sufficiently strong margin over the next best alternative under
some decision environments. Therefore, the proposed scenario-based Fuzzy-Fuzzy and SWARA-VIKOR
framework offers a more realistic basis for foresight-method selection by combining ranking, robustness, and
uncertainty analysis in a single decision structure.
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Figure 1. Final weights of evaluation criteria
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Figure 2. Weight distribution by criterion group
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S- | A4 Patent Analysis 99.8%
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