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Abstract

Spatial assessment and modeling of suitable locations for high-rise buildings play a crucial role in environmental
planning and controlling urban sprawl. This study aimed to identify suitable areas for high-rise building
development in Bandar Abbas, Iran, through an integrated approach combining Multi-Criteria Decision-Making
(MCDM), machine learning, and uncertainty analysis. Initially, 37 sub-criteria grouped into 4 categories—
physical, infrastructural, socio-economic, and environmental—were defined and weighted by using the Fuzzy
Analytic Hierarchy Process (FAHP). Subsequently, Random Forest (RF) and Extreme Gradient Boosting
(XGBoost, XGB) algorithms were employed to re-evaluate the importance of criteria and generate spatial
suitability maps. To assess model sensitivity, a tornado analysis was conducted, while uncertainty and stability
were evaluated by using Monte Carlo simulation and a coefficient-of-variation-based spatial stability index.
Additionally, Cohen's Kappa coefficient was calculated to measure the spatial agreement among the final outputs
of the three approaches. The results indicated that physical criteria had the highest influence on high-rise
building suitability with a fuzzy weight of 0.646. The RF model identified larger suitable areas, whereas FAHP
and XGB provided more conservative estimations. Stability and uncertainty analyses demonstrated that the XGB
model exhibited higher spatial robustness and reliability compared to RF. Moreover, a substantial agreement was
observed between XGB and FAHP results (Kappa=0.83), indicating strong spatial consistency. Overall, the
findings suggested that integrating MCDM methods, machine learning algorithms, and uncertainty analysis
provided a robust and reliable framework for high-rise building site selection and urban decision-making
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support. The results of the three models indicated that the northwestern and central-eastern parts of Bandar
Abbas were most suitable for high-rise development. Furthermore, the spatial stability index confirmed that
XGB performed more consistently than RF, making it a more reliable model for urban planning applications
related to high-rise development suitability mapping.

Keywords: High-Rise Development, Sensitivity Analysis, Machine Learning, Monte Carlo, Bandar Abbas.

Introduction

Rapid urbanization and the increasing demand for land in large cities have intensified the need for vertical
development and construction of high-rise buildings. In this context, the appropriate siting of such land uses
plays a crucial role in reducing pressure on urban land, preventing horizontal urban sprawl, and improving
spatial efficiency. Bandar Abbas, due to its geographical location, specific climatic conditions, infrastructural
limitations, and environmental sensitivities, requires careful planning for high-rise development. Considering the
complexity of factors influencing site selection, the use of integrated approaches combining Multi-Criteria
Decision-Making (MCDM), machine learning, and uncertainty analysis can enhance the accuracy and reliability
of results. This study aimed to provide a comprehensive framework for evaluating and modeling suitable
locations for high-rise buildings in Bandar Abbas.

Materials & Methods

In this study, 37 sub-criteria were identified and structured into 4 main criteria: accessibility to infrastructure and
physical, environmental, and socio-economic factors. The criteria weights were determined by using the Fuzzy
Analytic Hierarchy Process (FAHP). After weighting, all spatial layers were standardized and normalized and a
Weighted Linear Combination (WLC) method was applied to generate the initial land suitability map.
Subsequently, to validate and compare FAHP results, machine learning algorithms, including Random Forest
(RF) and Extreme Gradient Boosting (XGB), were employed to re-estimate the importance of criteria. Three
final suitability maps were produced based on the FAHP, RF, and XGB models. Sensitivity analysis was
performed by using the tornado method. In addition, uncertainty and stability were assessed by using Monte
Carlo simulation and a coefficient-of-variation-based spatial stability index. Furthermore, the spatial agreement
between the models was evaluated by using the Kappa coefficient.

Research Findings

The results indicated that in all three methods (FAHP, RF, and XGB), the physical criterion had the highest
importance in high-rise building site selection. However, its weight in machine learning models (approximately
0.80) was significantly higher that of FAHP (0.469). This suggested that data-driven models were more sensitive
to the physical characteristics of the urban environment and assigned greater importance to these factors in
determining land suitability. In contrast, FAHP allocated higher importance to infrastructural and socio-
economic criteria, reflecting a more comprehensive expert-based perspective compared to machine learning
algorithms. The similarity between RF and XGB results indicated strong convergence and stability of these two
models in spatial analysis, while FAHP provided a more balanced distribution of weights among the criteria.
Sensitivity analysis revealed that the physical criterion has the greatest impact on the final output, where small
changes in its weight significantly altered the spatial suitability pattern. The other criteria showed lower
sensitivity and contributed more stable effects within the model. Regarding uncertainty analysis, Monte Carlo
simulation results demonstrated that the XGB model exhibited higher spatial stability compared to RF as random
changes in criterion weights had less influence on its outputs. Moreover, the high Kappa coefficient (0.83)
between XGB and FAHP indicated a strong agreement between these two approaches. Spatially, the
northwestern and central-eastern parts of Bandar Abbas were identified as the most suitable areas for high-rise
development.

Discussion of Results & Conclusion

The findings of this study demonstrated that integrating multi-criteria decision-making methods, machine
learning techniques, and uncertainty analysis provides a comprehensive, accurate, and reliable framework for
high-rise building site selection. Model comparison showed that FAHP offers a more expert-driven and balanced
perspective, while RF and XGB rely more on spatial data patterns and observed relationships. However, the
XGB model is recommended as the most robust approach due to its higher stability, better consistency with
FAHP, and more balanced performance in identifying suitable areas. Overall, this integrated framework can
serve as an effective tool for urban planners to control urban sprawl, optimize land use, and guide high-rise
development in Bandar Abbas. Future studies are recommended to incorporate climatic variables, population
growth scenarios, and temporal datasets to enable more dynamic urban modeling.
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Table 1- Criteria and sub-criteria used in the study, data sources, standardization functions, and FAHP weights
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Figure 2- Weighting results of criteria and sub-criteria, and the final suitability map based on the research criteria
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Figure 5: Spatial stability index mapping based on the RF and XGB
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