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Abstract:

This study aimed to optimize the location and typology of healthcare centers in Borujerd by integrating machine learning algorithms,
geographic information system analyses, and urban morphological indicators. This applied study employed a descriptive—analytical spatial
design. The expert population comprised 30 specialists in urban planning, geography and geographic information systems, and healthcare
services management, selected through purposive sampling. The study area was divided into 50 x 50-meter grid cells, and 2,400 balanced
spatial points, including 1,200 suitable and 1,200 unsuitable points, were extracted for modeling. The variables included healthcare service
shortage, population density, network travel time, street configuration, land-use mix, block size, and urban permeability. Nearest-neighbor
analysis, global Moran’s I, network analysis, support vector machine, random forest, extreme gradient boosting, and a weighted ensemble
model were applied. The overall nearest-neighbor ratio was 0.68, with a Z value of -5.62, indicating a significant clustered distribution (p <
0.001). Global Moran’s I was 0.39 and statistically significant (p <0.001). The weighted ensemble model achieved the strongest performance,
with a testing accuracy of 0.932, sensitivity of 0.936, specificity of 0.928, F1 score of 0.932, kappa coefficient of 0.864, and area under the
curve of 0.976. Model-expert agreement was confirmed by a kappa coefficient of 0.817, while the correlation between their rankings was
0.862 (p < 0.001). Implementing the proposed scenario increased favorable healthcare coverage from 72.13% to 89.46%. Integrating machine
learning with urban morphology provided an accurate, interpretable, and stable framework for identifying priority areas and assigning
appropriate healthcare facility types, thereby contributing to reduced spatial inequality and improved healthcare accessibility in Borujerd.
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Extended Abstract

Introduction

Healthcare centers constitute a critical component of urban infrastructure, and their spatial distribution directly affects public
health, social equity, urban resilience, and residents’ quality of life. Effective access to healthcare is not determined solely by
the presence of a facility within an urban area. It is also influenced by travel time, transportation networks, service capacity,
facility type, population density, demographic composition, and the correspondence between healthcare demand and the
functional level of available facilities. An inefficient spatial distribution may increase travel costs, intensify pressure on central
facilities, delay access to urgent care, and reproduce inequalities between central and peripheral neighborhoods. Geographic
information system-based research has demonstrated that spatial analysis can identify inequalities in access to medical and
healthcare facilities and distinguish adequately served areas from disadvantaged urban zones (1).

Healthcare location planning is complicated by the diversity of healthcare services. General and specialized hospitals,
polyclinics, comprehensive health centers, health posts, emergency medical centers, and diagnostic facilities differ in their
catchment areas, physical requirements, service capacities, target populations, and accessibility needs. Certain diseases require
coordinated pathways connecting diagnosis, specialized treatment, and follow-up care, demonstrating that healthcare facilities
should be organized as an interconnected service network rather than as isolated buildings (3). The complexity of diagnostic
and therapeutic requirements further indicates that different healthcare functions require distinct combinations of equipment,
expertise, accessibility, and supporting infrastructure (4). Consequently, determining whether a location is suitable is
insufficient unless the appropriate type of healthcare facility for that location is also identified.

The concept of building typology provides an important foundation for distinguishing healthcare facilities according to their
functional and spatial characteristics. Building types historically emerge in response to particular social needs, technologies,
functions, and spatial organizations (5). Accordingly, healthcare typology should consider not only official administrative
classifications but also actual service functions, patient volumes, referral relationships, operating hours, and infrastructure
requirements. Evidence from the data-driven classification of emergency departments has shown that facilities with apparently
similar formal titles may represent different underlying operational types (11). Integrating typology with location analysis can
therefore address two related questions: where new healthcare services should be developed and which type of facility is most
appropriate for each priority area.

Conventional healthcare location studies commonly rely on geographic information systems, multicriteria evaluation, and
weighted overlay procedures. Although these approaches are transparent, they often assume fixed weights and linear
relationships. In reality, relationships between urban variables and locational suitability may be nonlinear. Increasing
population density, for example, can strengthen the need for healthcare services up to a certain point, while extremely high
density may reduce suitability because of congestion, limited land availability, and insufficient expansion capacity. Machine

learning algorithms can identify nonlinear relationships, interactions, and thresholds without requiring all associations to be
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specified in advance. Reviews of machine learning applications in urban land-use planning have confirmed the usefulness of
random forests, support vector machines, neural networks, and gradient-boosting algorithms for classification, prediction,
scenario assessment, and spatial decision support (7). Machine learning has also been applied to land-use scenarios and urban
design, indicating its capacity to compare alternative development patterns and support evidence-based planning (8).

The growing use of artificial intelligence and emerging technologies has created new opportunities for analyzing complex
urban systems. These technologies can integrate high-dimensional datasets, predict spatial changes, and improve infrastructure
planning, provided that data quality, interpretability, and validation are adequately addressed (9). In medical and emergency
applications, constructing a reliable machine learning model requires clear outcome definitions, appropriate data preprocessing,
independent training and testing datasets, hyperparameter tuning, and evaluation through multiple performance measures (10).
These requirements are particularly important for spatial data because neighboring observations may be highly similar,
potentially causing information leakage and an overestimation of predictive performance.

Urban morphology offers an additional analytical perspective by examining street networks, blocks, plots, buildings,
density, land use, and their spatial relationships. Intersection density, street connectivity, integration, block size, plot
granularity, land-use diversity, and urban permeability can influence actual access to healthcare facilities. Two locations with
similar Euclidean distances from a healthcare center may have substantially different network travel times because of
disconnected streets, large blocks, physical barriers, or restricted routes. Urban form also affects resilience during public-health
emergencies. Research on pandemic-resilient cities has shown that urban planning characteristics, density, land-use
organization, open spaces, and infrastructure distribution influence the ability of cities to respond to health crises (12).
Experiences associated with COVID-19 further emphasized the vulnerability of healthcare systems to rapidly increasing
demand and the need for coordinated spatial and institutional responses (13).

Despite advances in spatial analysis and artificial intelligence, limited research has jointly addressed healthcare location,
facility typology, and urban morphology within an interpretable machine learning framework. This gap is especially important
in medium-sized cities such as Borujerd, where a historical core, intermediate neighborhoods, peripheral development, and
new urban expansion coexist. The present study therefore sought to optimize the location and typology of healthcare centers in
Borujerd by integrating machine learning algorithms, geographic information system analyses, and urban morphological
indicators to identify priority areas, determine the appropriate facility type for each area, and improve spatial equity in
healthcare access.

Methods and Materials

This applied, descriptive—analytical study used an integrated spatial and machine learning design. The study area covered
the legal urban boundary of Borujerd and its immediate surrounding development areas. The city was divided into 50 x 50-
meter grid cells after all spatial layers were transformed into a common coordinate system. Non-developable cells, including
river corridors, high-risk infrastructure buffers, cemeteries, environmentally restricted land, and areas with excessive slopes,
were excluded.

A complete census of active healthcare facilities was conducted using organizational records, urban maps, satellite images,
and field observations. The expert panel comprised exactly 30 participants selected purposively according to academic
qualifications, professional experience, and familiarity with healthcare or urban location planning. It included 10 urban
planning and design specialists, 10 geography, remote sensing, and GIS specialists, and 10 healthcare planning and

management specialists. The spatial machine learning dataset consisted of 2,400 sample points, including 1,200 suitable and
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1,200 unsuitable points classified through existing facility patterns, planning standards, spatial constraints, and expert
agreement.

Data were collected using a healthcare facility spatial inventory checklist, an expert questionnaire, an urban morphology
assessment form, field observations, global positioning system measurements, and GIS layers. The variables included
population density, age structure, network travel time, proximity to arterial roads and public transportation, existing service
coverage, incompatible land uses, environmental constraints, intersection density, street integration, network choice, block size,
block compactness, plot density, building coverage, floor-area intensity, land-use mix, and urban permeability.

Spatial analyses included nearest-neighbor analysis, kernel density estimation, global Moran’s I, hot-spot analysis, and
network-based accessibility assessment. Correlation coefficients and variance inflation factors were examined to control
redundancy and multicollinearity. Random forest, support vector machine, and extreme gradient-boosting algorithms were then
trained to predict locational suitability. The data were spatially divided into training, validation, and testing subsets at
proportions of 70%, 15%, and 15%, respectively. Hyperparameters were optimized using grid search and five-fold spatial cross-
validation. Accuracy, sensitivity, specificity, positive predictive value, F1 score, Cohen’s kappa, and the area under the receiver
operating characteristic curve were used to evaluate model performance. A weighted ensemble model was subsequently
constructed, and SHapley Additive exPlanations values were calculated to determine the direction and magnitude of variable
effects. Final suitability was divided into five classes, and a multiclass procedure was used to assign the most appropriate
healthcare facility type to each priority area. Expert validation and sensitivity analyses were conducted to assess the reliability
and stability of the results.

Findings

The expert sample included 21 men and 9 women, with a mean age of 43.27 years and a standard deviation of 6.84. Eighteen
participants held doctoral degrees, and 12 held master’s degrees. Their mean professional experience was 14.63 years, with a
standard deviation of 5.21.

A total of 86 active healthcare facilities were identified, comprising 6 hospitals and specialized treatment centers, 13 clinics
and polyclinics, 21 comprehensive health centers and health posts, 8 emergency medical centers, and 38 diagnostic—therapeutic
centers. Of these facilities, 62.79% were concentrated in central and intermediate areas, while only 15.12% were located in
southern and western areas.

The overall nearest-neighbor ratio was 0.68, with a Z value of -5.62 and a significance level below 0.001, demonstrating a
statistically significant clustered pattern. Global Moran’s I was 0.39 and was also significant below 0.001, confirming positive
spatial autocorrelation. Diagnostic—therapeutic centers demonstrated the strongest clustering, with a nearest-neighbor ratio of
0.67 and Moran’s I of 0.46.

Accessibility analysis indicated that 72.13% of residents had favorable access, 17.92% had moderate access, and 9.95% had
unfavorable access to healthcare services. Unfavorable access was highest for emergency medical centers at 14.27% and clinics
and polyclinics at 11.91%. The overall mean network travel time was 6.28 minutes, while the neighborhood accessibility
coefficient of variation was 0.39, indicating meaningful disparities between neighborhoods.

Among the individual algorithms, the support vector machine achieved a testing accuracy of 0.864 and an area under the
curve of 0.914. Random forest achieved an accuracy of 0.903 and an area under the curve of 0.951. Extreme gradient boosting
performed best among the individual models, with an accuracy of 0.921, an F1 score of 0.922, and an area under the curve of
0.968. The weighted ensemble model produced the strongest overall results, with a testing accuracy of 0.932, sensitivity of
0.936, specificity of 0.928, F1 score of 0.932, kappa coefficient of 0.864, and area under the curve of 0.976.
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Service shortage was the most influential predictor, with a relative importance of 0.164, followed by network travel time at
0.137, population density at 0.121, street-network integration at 0.096, proximity to primary and secondary arterial roads at
0.083, and land-use mix at 0.071. SHAP analysis showed that greater service shortages, higher population density, stronger
street integration, and greater land-use diversity increased locational suitability. Longer travel times, greater distance from
arterial roads, proximity to incompatible uses, excessively large blocks, and low urban permeability reduced suitability.

The final map classified 11.84% of the analyzable area as highly suitable, 21.67% as suitable, 28.46% as moderately suitable,
23.19% as unsuitable, and 14.84% as highly unsuitable. Highly suitable areas were primarily located in northeastern, east-
central, southeastern, and selected western development corridors. The northeastern P1 area was ranked first for a general and
specialized hospital, with a suitability score of 0.94. The southeastern P2 area was ranked second for a clinic or polyclinic, with
a score of 0.92. The southwestern P4 area was identified as the most appropriate location for a new emergency medical center
and was expected to reduce travel time by 45.36%.

Implementing the 10 proposed locations was estimated to increase favorable healthcare coverage from 72.13% to 89.46%,
reduce unfavorable access from 9.95% to 3.18%, and decrease mean network travel time from 6.28 to 4.47 minutes. Expert
validation produced an overall mean rating of 4.35 out of 5, an intraclass correlation coefficient of 0.884, a model-expert kappa
coefficient of 0.817, and a Spearman correlation of 0.862. Sensitivity analysis showed that 87.63% of cells remained in their
original suitability class after a 10% change in the importance of the main predictors.

Discussion and Conclusion

The findings revealed a substantial imbalance between the numerical availability and spatial distribution of healthcare
facilities in Borujerd. Although the city contained 86 active facilities and more than two-thirds of residents had favorable
access, the clustered pattern indicated that aggregate urban statistics concealed important neighborhood-level inequalities.
Peripheral and recently developed areas experienced longer travel times and weaker access, especially to emergency and
intermediate-level services.

The superior performance of the ensemble model demonstrated that combining algorithms with different learning
mechanisms improved predictive reliability. The limited difference between training and testing performance, together with
strong sensitivity, specificity, kappa, and area-under-the-curve values, indicated adequate generalizability. Moreover, SHAP
analysis made the model interpretable by showing that unmet healthcare need, network travel time, population density, and
street integration were more decisive than simple geometric proximity.

Urban morphology made a distinct contribution to the analysis. Locations with connected street networks, moderate block
sizes, mixed land uses, and adequate permeability were generally more suitable. In contrast, the central core was not
automatically prioritized despite its accessibility because of service concentration, congestion, high building density, and
limited expansion capacity. This finding confirms that the most accessible location is not necessarily the most equitable or
operationally feasible location.

The proposed typology also demonstrated that different underserved areas required different interventions. A hospital was
justified in the northeast because of population size and specialized service shortages, whereas a clinic was more appropriate
in the southeast and emergency centers were prioritized in the southwest and western development corridor. A health post was
considered more suitable for the eastern expansion area, where current population levels were lower but future growth was
expected.

Overall, the integrated framework successfully connected spatial need, accessibility, urban form, and healthcare facility

type. Its implementation could substantially improve coverage, reduce unfavorable access, and shorten travel times. The results
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support a shift from demand-driven and investor-led facility development toward an evidence-based network in which the
location, scale, and function of each center are coordinated with population needs and urban structure. The proposed model can
provide a practical decision-support framework for municipal authorities and healthcare planners, although final site selection
should additionally incorporate land ownership, construction feasibility, infrastructure capacity, environmental assessment, and

financial evaluation.
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