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# Abstract

High-rise development has become an increasingly important strategy for accommodating
rapid urban growth, optimizing land use, and promoting compact urban development.
Nevertheless, inappropriate site selection may impose substantial pressure on urban
infrastructure, environmental resources, and spatial organization, thereby compromising the
principles of sustainable urban development. Therefore, identifying suitable locations for
vertical urban expansion requires comprehensive evaluation of multiple spatial criteria while
accounting for uncertainty in the decision-making process. This study aims to identify and
prioritize suitable areas for high-rise building development in Bandar Abbas, Iran, by integrating
Geographic Information Systems (GIS), Fuzzy Analytic Hierarchy Process (Fuzzy AHP), and
Monte Carlo Simulation within a spatial multi-criteria decision analysis framework. Four major
criteria, including physical, infrastructural, socio-economic, and environmental factors, together
with thirty-nine sub-criteria, were identified through literature review and expert consultation.
Criterion weights were determined using Chang's extent analysis method within the Fuzzy AHP
framework. Standardized spatial layers were subsequently integrated using the Weighted
Linear Combination (WLC) technique in a GIS environment to generate the final suitability map.
To evaluate the robustness and reliability of the obtained results, Monte Carlo Simulation was
employed by introducing random perturbations into criterion weights and generating multiple
suitability scenarios. The results indicate that physical characteristics (0.469) and infrastructure
accessibility (0.300) are the most influential factors affecting high-rise development suitability.
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The uncertainty analysis demonstrates low standard deviation and coefficient of variation
across most suitable areas, confirming the high stability and robustness of the proposed spatial
decision model. The final suitability map identifies the northwestern districts, eastern
neighborhoods, and selected coastal zones of Bandar Abbas as the most appropriate locations
for future high-rise development. The integration of GIS, Fuzzy AHP, and Monte Carlo
Simulation not only improves the accuracy of spatial suitability assessment but also provides
valuable information regarding the reliability and uncertainty of planning decisions. The
proposed framework offers a practical decision-support tool for sustainable urban planning and
vertical development management in rapidly growing coastal cities.

**Keywords:** High-rise Development; Spatial Suitability Analysis; Geographic Information
System (GIS); Fuzzy Analytic Hierarchy Process (Fuzzy AHP); Multi-Criteria Decision Analysis
(MCDA); Monte Carlo Simulation; Urban Planning; Bandar Abbas.

# Extended Abstract

## Spatial Analysis and Prioritization of Suitable Areas for High-Rise Development in Bandar
Abbas Using GIS-Based Multi-Criteria Decision Analysis and Monte Carlo Simulation

##Ht Introduction

Rapid urbanization has become one of the most significant challenges facing cities worldwide
over the last few decades. Continuous population growth, urban expansion, increasing land
values, and the scarcity of developable land have considerably intensified the pressure on
urban environments. Consequently, many metropolitan areas have shifted from horizontal
expansion toward compact and vertical urban development as a sustainable strategy for
accommodating population growth while reducing land consumption. High-rise buildings have
therefore become an essential component of contemporary urban planning because they
improve land-use efficiency, reduce urban sprawl, optimize infrastructure utilization, and
contribute to the realization of compact city principles.

Despite these advantages, uncontrolled high-rise development may generate numerous
environmental, social, and infrastructural problems when appropriate site selection is ignored.
In many developing cities, the location of high-rise buildings is often determined primarily by
land market forces rather than comprehensive spatial planning principles. Such an approach
frequently leads to excessive pressure on transportation systems, utility networks, public
services, urban landscapes, and environmental resources. Furthermore, inappropriate vertical
development may intensify urban heat islands, reduce natural ventilation, increase traffic
congestion, and deteriorate urban livability. Consequently, identifying suitable locations for
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high-rise development has become one of the fundamental issues in sustainable urban
planning.

Recent advances in Geographic Information Systems (GIS) and Multi-Criteria Decision Analysis
(MCDA) have substantially improved spatial decision-making processes in urban planning. GIS
provides an efficient platform for integrating, managing, analyzing, and visualizing large
volumes of spatial information, while MCDA techniques enable decision-makers to
simultaneously evaluate multiple conflicting criteria. Among these techniques, the Fuzzy
Analytic Hierarchy Process (Fuzzy AHP) has received considerable attention because it
effectively incorporates expert knowledge while reducing the uncertainty associated with
subjective judgments. Unlike the conventional Analytic Hierarchy Process, fuzzy theory allows
decision-makers to express pairwise comparisons using linguistic variables, thereby producing
more realistic weights under uncertain decision environments.

Although GIS-based MCDA techniques have been widely employed for urban land suitability
assessment, most previous studies have primarily focused on deterministic models. These
approaches usually assume that criterion weights remain fixed throughout the analysis,
whereas real-world planning decisions are inherently uncertain. Expert judgments, data quality,
model assumptions, and spatial variability may all influence the final suitability map. Therefore,
evaluating the robustness of spatial decision-making models has become an increasingly
important issue in urban planning research.

Monte Carlo Simulation has emerged as one of the most effective approaches for uncertainty
analysis in spatial modeling. By repeatedly generating random variations in input parameters,
this method allows researchers to evaluate the stability, sensitivity, and reliability of spatial
suitability maps. Instead of producing a single deterministic output, Monte Carlo Simulation
generates multiple realizations from which statistical indicators such as mean suitability,
standard deviation, and coefficient of variation can be derived. These indicators provide
valuable insights into the confidence level of spatial planning decisions.

Bandar Abbas, the capital of Hormozgan Province and the largest coastal metropolis in
southern Iran, represents an appropriate case study for investigating high-rise development.
Owing to its strategic location along the Persian Gulf, rapid population growth, increasing
economic activities, limited developable land, and various natural and human-induced physical
constraints, the city has experienced substantial pressure for vertical urban expansion.
However, the existence of shallow groundwater, soft coastal sediments, surrounding
mountains, military zones, industrial complexes, and airport restrictions significantly limits
horizontal urban growth. Consequently, identifying appropriate areas for vertical development
requires a comprehensive evaluation of physical, infrastructural, socio-economic, and
environmental conditions.
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Accordingly, the present study aims to identify and prioritize suitable areas for high-rise building
development in Bandar Abbas by integrating GIS-based spatial analysis with the Fuzzy Analytic
Hierarchy Process and Monte Carlo uncertainty analysis. Unlike previous studies that merely
produce deterministic suitability maps, the proposed framework evaluates both the spatial
suitability of development zones and the reliability of the obtained results under uncertain
decision conditions. Therefore, the proposed methodology provides urban planners and
decision-makers with a more robust scientific basis for sustainable vertical development and
evidence-based urban planning.

## Methodology

This research is an applied spatial planning study that aims to identify and prioritize suitable
locations for high-rise building development in Bandar Abbas. A quantitative research approach
was adopted, integrating Geographic Information Systems (GIS), Fuzzy Multi-Criteria Decision
Analysis (FMCDA), and Monte Carlo Simulation to evaluate spatial suitability while addressing
uncertainty in the decision-making process.

The methodological framework consisted of four sequential stages. First, the spatial database
was established by integrating various geospatial datasets obtained from the Bandar Abbas
Comprehensive Plan, Detailed Urban Development Plan, cadastral maps, demographic
statistics, urban infrastructure databases, and land-use information. These datasets included
transportation networks, water distribution systems, sewerage networks, electricity
infrastructure, land ownership, building regulations, population density, urban facilities, and
other spatial information relevant to high-rise development.

Second, the evaluation criteria and sub-criteria were identified through an extensive review of
previous studies and refined using the Fuzzy Delphi technique based on expert judgments from
specialists in urban planning, geotechnical engineering, and urban management. Following
several rounds of expert consultation, four principal criteria were finalized, including physical
characteristics, infrastructure accessibility, socio-economic conditions, and environmental—
physical factors, comprising a total of thirty-nine sub-criteria representing the major
determinants of high-rise development suitability in Bandar Abbas.

Third, the relative importance of each criterion and sub-criterion was calculated using the Fuzzy
Analytic Hierarchy Process (Fuzzy AHP) based on Chang's Extent Analysis Method. Pairwise
comparison matrices were developed using triangular fuzzy numbers to reduce the uncertainty
associated with subjective expert evaluations. After calculating the fuzzy synthetic extent
values, normalized weights were derived for all evaluation criteria. Subsequently, each spatial
criterion was standardized using appropriate fuzzy membership functions within the GIS
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environment. The standardized raster layers were then integrated using the Weighted Linear
Combination (WLC) technique to generate the preliminary spatial suitability map.

Finally, to evaluate the robustness and reliability of the obtained suitability model, Monte Carlo
Simulation was performed by introducing random perturbations into the criterion weights
while preserving their relative importance. Hundreds of simulation iterations generated
multiple suitability maps, from which statistical indicators including mean suitability, standard
deviation, and coefficient of variation were calculated. These outputs enabled the assessment
of spatial uncertainty and the identification of areas exhibiting stable or sensitive suitability
patterns under varying weighting scenarios.

## Results and Discussion

The Fuzzy AHP analysis revealed that physical characteristics and infrastructure accessibility
were the most influential criteria affecting high-rise building development in Bandar Abbas,
with fuzzy weights of 0.469 and 0.300, respectively. These findings demonstrate that successful
vertical urban development depends primarily on physical urban structure and the availability
of essential infrastructure rather than solely on economic considerations.

Among the infrastructure sub-criteria, proximity to the urban road network received the
highest priority, emphasizing the critical importance of transportation accessibility for high-rise
developments. Buildings with high residential or commercial densities require efficient
transportation systems to accommodate increased traffic demand and ensure effective
emergency access. Water supply infrastructure and connections to the main distribution
network ranked second and third, highlighting the necessity of reliable utility services for
sustainable high-rise development. Sewerage infrastructure, electricity distribution systems,
and fiber-optic communication networks also received relatively high weights, indicating that
urban infrastructure capacity represents a fundamental prerequisite for vertical expansion.

The spatial suitability analysis generated through GIS-based Weighted Linear Combination
identified several highly suitable development zones located primarily in the northwestern
districts, eastern neighborhoods, and selected coastal areas of Bandar Abbas. These areas
possess favorable physical conditions, better accessibility to urban infrastructure, and relatively
appropriate socio-economic characteristics that collectively support sustainable high-rise
development.

To investigate the reliability of these findings, Monte Carlo Simulation was conducted to
evaluate the influence of uncertainty in criterion weighting. The resulting mean suitability map
exhibited strong consistency with the deterministic model, while both the standard deviation
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and coefficient of variation remained relatively low throughout most suitable areas. These
results indicate that the proposed decision-making framework is highly robust and that the
identified development zones remain stable despite random variations in criterion weights.

Nevertheless, several localized areas displayed comparatively higher coefficients of variation,
suggesting greater sensitivity to uncertainty. These locations require more detailed field
investigations before implementing high-rise development projects. The findings confirm that
incorporating uncertainty analysis substantially improves the credibility of GIS-based spatial
decision-making and reduces the risk of overconfidence associated with deterministic suitability
models.

Overall, the integration of Fuzzy AHP, GIS spatial analysis, and Monte Carlo Simulation provides
a comprehensive framework capable of simultaneously evaluating spatial suitability and model
uncertainty. Compared with conventional deterministic approaches, this methodology offers
more reliable support for urban planning decisions by explicitly quantifying the stability of the
final suitability patterns.

##t Conclusion

This study presented an integrated GIS-based spatial decision-support framework for
identifying suitable areas for high-rise building development in Bandar Abbas while explicitly
considering uncertainty in the decision-making process. By combining Fuzzy AHP, Weighted
Linear Combination, and Monte Carlo Simulation, the proposed methodology successfully
evaluated both the spatial suitability and the robustness of the obtained results.

The findings demonstrate that physical characteristics and infrastructure accessibility constitute
the primary determinants of appropriate locations for vertical urban development. The final
suitability map identified the northwestern, eastern, and selected coastal districts of Bandar
Abbas as the most appropriate areas for future high-rise construction. Furthermore,
uncertainty analysis confirmed that the majority of highly suitable areas exhibit considerable
spatial stability, indicating a high level of confidence in the proposed planning framework.

Unlike conventional GIS-based suitability assessments, the incorporation of Monte Carlo
Simulation enables planners to evaluate the reliability of spatial decisions by quantifying
uncertainty and identifying sensitive locations requiring additional investigation. Consequently,
this integrated methodology represents an effective decision-support tool for sustainable urban
planning, land-use management, and vertical development strategies in rapidly growing cities.
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Future studies are recommended to incorporate additional sources of uncertainty, including
alternative urban growth scenarios, temporal changes in land-use patterns, and larger panels of
experts for weight determination. Furthermore, integrating machine learning techniques with
GIS-based multi-criteria decision analysis may further improve the predictive capability and
reliability of urban suitability assessments under complex planning conditions.
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