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Abstract. Modern machine learning (ML) techniques provide powerful tools for 
processing complex spatial and climatic datasets essential for sustainable land-use plan-
ning. This study investigates the application of ML methods, including multilayer per-
ceptrons (MLP) and convolutional neural networks (CNN), to analyze three-dimension-
al geospatial data in Kazakhstan, with a focus on urban development in Alatau City — a 
rapidly growing district of Almaty. Using open-access data sources such as Copernicus 
satellite imagery, ERA5 climate reanalysis, and QGIS spatial layers, high-resolution 3D 



127

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

urban models were developed. A hybrid CNN–MLP architecture was implemented to 
assess land use, predict urban expansion, and evaluate land suitability for infrastructure 
and residential development. The results show that ML-based approaches can signifi-
cantly improve the efficiency, adaptability, and sustainability of urban planning, sup-
porting a transition toward data-driven territorial management in Kazakhstan. 
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Аннотация. Қазіргі заманғы машиналық оқыту (ML) әдістері күрделі 
кеңістіктік және климаттық деректерді өңдеуге арналған тиімді құрал ретінде 
кеңінен қолданылады, бұл орнықты аумақтық жоспарлау үшін маңызды. Бұл 
зерттеуде Алматы қаласының қарқынды дамып келе жатқан Алатау ауданы 
мысалында үшөлшемді геокеңістіктік деректерді талдау үшін көпқабатты 
персептрондар (MLP) мен конфолюциялық нейрондық желілер (CNN) сияқты 
ML әдістерін қолдану қарастырылады. Copernicus спутниктік кескіндері, ERA5 
климаттық қайта талдауы және QGIS кеңістіктік қабаттары сияқты ашық 
деректер көздері негізінде жоғары дәлдіктегі 3D қалалық модельдер жасалды. 
Жерді пайдалану түрлерін классификациялау, урбанизация үдерістерін болжау 
және тұрғын үй мен инфрақұрылым салуға жарамды аумақтарды бағалау үшін 
CNN–MLP гибридті архитектурасы қолданылды. Зерттеу нәтижелері машиналық 
оқытуға негізделген тәсілдер Қазақстандағы қалалық жоспарлау тиімділігі мен 
орнықтылығын едәуір арттырып, деректерге негізделген аумақтық басқаруға 
көшуге мүмкіндік беретінін көрсетеді.

Түйінді сөздер: машиналық оқыту, нейрондық желілер, үшөлшемді 
кеңістіктік деректер, аумақтық жоспарлау, Copernicus, ERA5, QGIS, орнықты 
даму
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Аннотация. Современные методы машинного обучения (ML) представля-
ют собой эффективные инструменты для обработки и анализа сложных простран-
ственных и климатических данных, необходимых для устойчивого территориаль-
ного планирования. В данной работе рассматривается применение алгоритмов 
ML, включая многослойные персептроны (MLP) и сверточные нейронные сети 
(CNN), для анализа трёхмерных геопространственных данных на примере бы-
стро развивающегося района Алатау города Алматы. На основе открытых источ-
ников данных — спутниковых снимков Copernicus, климатического реанали-
за ERA5 и пространственных слоёв QGIS — были построены высокоточные 
3D-модели городской среды. Предложена гибридная архитектура CNN–MLP для 
классификации землепользования, прогнозирования урбанистического роста 
и оценки пригодности территорий для жилой и инфраструктурной застройки. 
Результаты показывают, что подходы, основанные на машинном обучении, 
позволяют значительно повысить эффективность, адаптивность и устойчивость 
процессов городского планирования, способствуя переходу к управлению 
территориями на основе данных в условиях Казахстана. 

Ключевые слова: машинное обучение, нейронные сети, трёхмерные про-
странственные данные, территориальное планирование, Copernicus, ERA5, QGIS, 
городское развитие, устойчивое планирование
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Introduction.
Urban territorial planning in Kazakhstan requires a comprehensive strategy that 

integrates climatic, environmental, infrastructural, and demographic factors. Howev-
er, the increasing availability of extensive and multidimensional datasets poses serious 
challenges for traditional spatial analysis techniques, which often lack the capacity to 
capture complex, nonlinear relationships and make accurate predictions about urban 
growth (Talukdar et al., 2020; Zhao et al., 2023).

To address this limitation, machine learning (ML) methodologies are increasing-
ly applied in urban studies. These techniques enable the prediction of urban expansion, 
identification of spatial and temporal trends, and optimization of land-use policies. In 
this research, open-access geospatial datasets were used, including QGIS spatial layers, 
ERA5 climate reanalysis, and Copernicus Sentinel satellite imagery. These sources pro-
vide high-resolution information on terrain, vegetation, land use, and climate, which are 
critical for developing accurate three-dimensional (3D) models of urban areas.

The focus of this study is the Alatau district of Almaty (Alatau City), one of the 
city’s most rapidly developing regions. This area is characterized by dynamic urban-
ization processes, where traditional planning methods are insufficient, and data-driven 
approaches become essential (Chaturvedi & de Vries, 2021; Zhang et al., 2019).

To analyze the spatial patterns and characteristics of urban development, con-
volutional neural networks (CNN) were employed to process raster imagery and detect 
urban expansion patterns, while multilayer perceptrons (MLP) were used for classifying 
tabular spatial features such as elevation, NDVI, and land cover (Vali et al., 2020; Li et 
al., 2024). These models support forecasting of future expansion zones, delineation of 
land-use clusters, and assessment of land suitability for residential and infrastructural 
development.

Unlike conventional statistical methods, ML approaches are capable of detect-
ing nonlinear correlations and integrating diverse data types — including topography, 
climate, and vegetation — into a unified analysis. This adaptability is especially critical 
for areas like Alatau City, where complex terrain and climate variability complicate sus-
tainable urban development planning (Chen et al., 2021).

The scientific problem addressed in this research lies in the limitations of con-
ventional spatial analysis tools in handling high-dimensional geospatial and climatic 
data. This study aims to explore how modern machine learning models can overcome 
these limitations by providing adaptive and predictive solutions for urban territorial 
planning in Kazakhstan.
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To achieve this, the research consolidates socioeconomic, meteorological, and 
spatial datasets into a single analytical framework and applies a structured methodology 
based on the CRISP-DM process. This ensures systematic data preparation, clustering, 
and classification of urban zones.

Ultimately, the study investigates how machine learning techniques — through 
categorization, forecasting, and anomaly detection — can enhance sustainable urban 
development and support the transition to data-driven territorial management. Particular 
attention is paid to the role of MLP and CNN models and the effective integration of 
open-access data sources such as Copernicus, ERA5, and QGIS.

Research Problem
Despite the rapid development of geospatial data acquisition technologies, tradi-

tional spatial analysis tools remain limited in their ability to process large-scale multidi-
mensional datasets and capture nonlinear relationships between environmental, climat-
ic, and infrastructural factors.

Therefore, the key research problem addressed in this study can be formulated 
as follows:

How can modern neural network architectures be adapted for the integrated 
analysis of three-dimensional geospatial data and for building predictive models of ur-
ban development under the environmental and socio-economic conditions of Kazakh-
stan?

Addressing this challenge requires the integration of heterogeneous data sourc-
es, including satellite imagery, climatic observations, and GIS infrastructure layers, into 
a unified machine learning framework capable of generating reliable predictive models 
for territorial planning.

Materials and methods.
The research followed the CRISP-DM (Cross-Industry Standard Process for 

Data Mining) methodology, which is a widely recognized framework for data-driven 
studies. This methodology ensured a systematic approach, covering all stages from ini-
tial data collection to modeling and evaluation (Talukdar et al., 2020). The iterative 
nature of CRISP-DM allowed continuous refinement of research objectives and applied 
methods based on the insights gained during the analysis.

The structured phases included: 
Business Understanding: Defining urban planning objectives for Alatau City in 

Almaty, with a focus on sustainable development.
Data Understanding: Collection and preliminary exploration of geospatial and 

climatic datasets.
Data Preparation: Standardization, resampling, and feature engineering of input 

variables.
Modeling: Application of ML algorithms (MLP, CNN) for classification and pre-

diction.
Evaluation: Assessment of model accuracy, interpretability, and spatial validity.
Deployment: Visualization and integration of results into GIS platforms (QGIS).
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Data Sources and Integration
Four main categories of open-access data were used:
Copernicus Sentinel satellites (Sentinel-1, Sentinel-2, Sentinel-5P):
Optical imagery for land cover and vegetation;
NDVI (Normalized Difference Vegetation Index);
NDBI (Normalized Difference Built-up Index);
Digital surface/terrain models (DSM/DTM).
1.         ERA5 Climate Reanalysis (ECMWF):

             Hourly parameters such as temperature, precipitation, solar radiation, wind load;
            Data accessed via the Climate Data Store API.
            2.         OpenStreetMap (OSM):
            Road networks;
            Building footprints and land-use categories;
            Infrastructure layers (schools, hospitals, transport hubs).
            3.        GIS Platform (QGIS):

Data integration and geoprocessing;
DEM generation;
Export into ML-compatible formats (GeoTIFF, CSV).
All datasets were projected into WGS 84 / UTM zone 43N and resampled to a 

100×100 m grid resolution to ensure comparability.
Data Understanding and Visualization
This study integrates multi-source remote sensing and climatic datasets to an-

alyze the topographic, environmental, and climatic characteristics of Alatau city and 
its surroundings. The study area is a rapidly urbanizing zone characterized by complex 
topography and heterogeneous land use. Figure 1 shows the Digital Elevation Model 
(DEM) of the area, highlighting variations in altitude.

 

Fig. 1. The Digital Elevation Model (DEM) of Alatau city

Figure 1 presents the Digital Elevation Model (DEM) of Alatau city, retrieved 
from Copernicus data on 17 September 2025 at 30-meter spatial resolution. The DEM 
illustrates the topographic variability across the study area, with distinct elevation gra-
dients between lowland urban areas and mountainous zones. Such elevation information 
forms the foundation for hydrological modeling, soil erosion risk assessment, and land 
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degradation analysis (Kuras et al., 2021).
To provide a realistic representation of surface conditions, Figure 2 shows a true 

color satellite image derived from Sentinel-2 imagery dated 27 August 2025, at 10-me-
ter spatial resolution. This image serves as a reference for visual interpretation, enabling 
accurate delineation of natural and anthropogenic features prior to spectral analysis.

Fig. 2. True color Sentinel-2 satellite image of Alatau City (10 m resolution)

Vegetation health and spatial distribution were assessed using the Normalized 
Difference Vegetation Index (NDVI), derived from Sentinel-2 imagery (27 August 
2025) at 10-meter resolution (Figure 3). NDVI is a well-established metric for mon-
itoring vegetation productivity, drought impacts, and land degradation trends, offering 
valuable insights into ecosystem conditions.

Fig. 3. NDVI vegetation index derived from Sentinel-2 imagery for Alatau City

Urbanization patterns were quantified using the Normalized Difference Built-up 
Index (NDBI), generated from Sentinel-2 data at 20-meter resolution (Figure 4). NDBI 
enables the detection of built-up areas and impervious surfaces, thereby supporting ur-
ban expansion monitoring and sustainable land-use planning efforts.
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Fig. 4. NDBI, index, Alatau, dated 27.08.2025, derived from Sentinel-2 with 20 meters  resolution, Copernicus

Further land cover classification for the year 2020 was performed 
to map major land use categories, including tree cover, shrubland, grass-
land, cropland, bare land, and water bodies (Figure 5). The classification high-
lights the spatial heterogeneity of natural and anthropogenic landscapes, pro-
viding critical input for agricultural, hydrological, and ecological modeling.

Fig. 5. Land Cover of Alatau city

Figures 6–7 present the spatial distribution of average annual temperature and 
precipitation in Almaty’s Alatau district (Alatau City). Both datasets were obtained from 
the ERA5 reanalysis (ECMWF) and processed in combination with geospatial layers 
from Copernicus Sentinel-2 imagery and OpenStreetMap (OSM). The data were clipped 
to the district boundary and resampled to a unified grid resolution to ensure comparabil-
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ity between climate and land-use layers.
The average annual temperature map of Alatau city (Figure 6) depicts spatial 

variations in thermal regimes, with higher temperatures in lowland and urbanized areas 
and significantly cooler conditions in mountainous zones. Such thermal gradients direct-
ly influence vegetation growth, snow accumulation, and hydrological processes.

	

Fig. 6. Average annual temperature distribution in Alatau City based on ERA5 data

The precipitation map (Figure 7) demonstrates a complementary gradient: high-
er rainfall occurs in elevated areas, while lower values are observed in the central and 
northern lowlands. Together, these maps illustrate the combined effects of altitude, re-
lief, and climatic circulation in shaping local microclimates.

Such spatial variability in temperature and precipitation is highly relevant for 
urban planning and land-use decision-making. Temperature dynamics directly affect en-
ergy demand, vegetation growth, and thermal comfort, while precipitation influences 
stormwater management, ecological resilience, and infrastructure design (Singh et al., 
2021). The integration of ERA5 climatic variables with Copernicus satellite indices 
(NDVI, NDBI) and OSM infrastructure data provides a holistic foundation for devel-
oping machine learning–based predictive models of urban suitability and sustainable 
growth scenarios.

These visualizations provided an initial understanding of spatial heterogeneity 
and guided subsequent feature selection.

Dimensionality Reduction (PCA)

Fig. 7. Spatial distribution of average annual precipitation in Alatau City



136

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

To manage high-dimensional data, Principal Component Analysis (PCA) was 
applied.

PCA reduced correlated features into uncorrelated components while retaining 
most variance from the original dataset.

For Alatau City, the explained variance ratios were:
PC1: 36.12 %
PC2: 24.85 %
PC3: 21.43 %
PC4: 17.60 %
For a comparative dataset (another Almaty district):
PC1: 41.05 %
PC2: 22.31 %
PC3: 19.77 %
PC4: 16.87 %
PCA confirmed that terrain, vegetation, and climate jointly explain over 60 % of 

the observed variability. While effective for dimensionality reduction, PCA has limita-
tions in noisy datasets; thus, its results were used as a preprocessing step for ML models 
rather than a final interpretation.

Machine Learning Models
MLP Architecture for Territorial Data Analysis
Purpose. A multilayer perceptron (MLP) is used for classification and regression 

based on tabular features aggregated from GIS layers (topography, climate, land use, 
infrastructure accessibility). In territorial planning, the model assesses the suitability of 
sites, predicts land use types, or predicts continuous indicators (Vali et al., 2020).

Input. A feature vector is generated for each cell of a regular grid (e.g., 100x100 m).
x=[elevation,slope,aspect,NDVI,NDBI,temp,precip,dist_to_roads, dist_to_

schools,…]∈Rd 

Before training, the following are performed: (i) CRS and resolution adjustment, 
(ii) gap filling/masking, (iii) feature normalization/standardization, (iv) category encod-
ing (One-Hot), (v) multicollinearity removal/feature selection (PCA, VIF, mutual infor-
mation).

Architecture. The basic structure is feed-forward:
Input layer: size d.
Hidden layers: 2–4 fully connected layers with a decreasing number of neurons 

(e.g., 128 → 64 → 32), ReLU activation (Fattah et al., 2021):
ReLU(z)=max(0,z) (2)

Regularization: Dropout (0.2–0.5), L2 penalty (10⁻⁵–10⁻³), Batch Normalization.
Output layer:
- Binary classification — 1 neuron, sigmoid (Zhu et al., 2020):

σ(z)=1+e−z1​ (3)
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Binary cross-entropy loss;
-Multiclass — KKK neurons, softmax, categorical cross-entropy;
-Regression — 1 neuron, linear activation, MSE/MAE.

Fig. 8. MLP architecture for territorial suitability modeling: input geospatial feature vector → dense 
layers with ReLU, dropout, and batch normalization → task-specific output (sigmoid/softmax/linear). General 

methodology for analyzing three-dimensional data using ML

Figure 8. MLP architecture for territorial suitability modelling: input geospatial 
feature vector → dense layers with ReLU (Table 1), dropout and batch normalization → 
task-specific output (sigmoid/softmax/linear).

Table 1. MLP architecture used three hidden layers:
Layer Neurons Activation Dropout

Hidden 1 128 ReLU 0.2
Hidden 2 64 ReLU 0.25
Hidden 3 32 ReLU 0.25

Two main neural network architectures were employed:
1.        Multilayer Perceptron (MLP):
Input: tabular features (elevation, NDVI, NDBI, temperature, precipitation, dis-

tance to infrastructure).
Hidden layers: nonlinear transformations using ReLU activation.
Output: binary classification (suitable/unsuitable for residential development).
2.         Convolutional Neural Networks (CNN):
Input: raster tiles (Sentinel-2 imagery, DEM slices).
Layers: convolution + pooling to extract spatial patterns.
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Output: multi-class land-use prediction.

Fig.9. General methodology for analyzing 3D data using ML

The neural networks were trained using the Adam optimizer with a learning rate 
of 0.001. The training dataset consisted of 12,480 grid cells with a spatial resolution of 
100×100 m. The dataset was divided into training (70 %), validation (15 %), and testing 
(15 %) subsets. The models were trained for 100 epochs with a batch size of 32. Early 
stopping with a patience of 10 epochs was applied to prevent overfitting.

Results and discussion.
The proposed methodology demonstrates the potential of machine learning tech-

niques for improving territorial planning in Kazakhstan. By integrating Copernicus Sen-
tinel imagery, ERA5 climate data, and OpenStreetMap spatial layers, a comprehensive 
geospatial dataset was constructed for modeling urban suitability in Alatau City. The 
models included Convolutional Neural Networks (CNN) for image-based spatial anal-
ysis, Multilayer Perceptron (MLP) for tabular GIS attributes, and traditional machine 
learning algorithms such as Random Forest and Gradient Boosting. All models were 
trained using the same feature set, grid resolution (100×100 m), and evaluation protocol 
to ensure comparability.
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To evaluate the effectiveness of the proposed approach and identify the most 
suitable model for territorial suitability evaluation, several machine learning algorithms 
were trained and tested using the same geospatial dataset for Alatau City (Table 2).

The dataset was divided into training (70%), validation (15%), and testing (15%) 
subsets. Model performance was evaluated using commonly used metrics including Ac-
curacy, Precision, Recall, F1-Score, Root Mean Square Error (RMSE), and the coeffi-
cient of determination (R²).

Table 2 – Performance comparison of machine learning models for territorial 
suitability evaluation.

Model Accuracy F1-Score Precision Recall RMSE R²
CNN (image-based) 0.93 0.91 0.92 0.89 0.087 0.89
MLP (tabular) 0.88 0.86 0.85 0.87 0.115 0.81
Random Forest 0.83 0.78 0.80 0.76 0.145 0.74
Gradient Boosting 0.85 0.82 0.83 0.81 0.130 0.76

In addition to deep learning models (CNN and MLP), traditional machine learn-
ing algorithms such as Random Forest and Gradient Boosting were also evaluated. This 
comparison allows assessment of whether deep neural networks provide significant ad-
vantages over classical machine learning approaches for territorial suitability modeling.

The results demonstrate that the CNN model achieved the highest classification 
performance among individual models, primarily due to its ability to capture spatial 
patterns from raster-based data such as satellite imagery and digital elevation models.

The MLP model also produced strong results when analyzing tabular GIS attri-
butes, including elevation, NDVI, climate indicators, and distance to infrastructure.

Traditional machine learning algorithms such as Random Forest and Gradient 
Boosting performed reasonably well but lacked the capacity to extract spatial context 
from high-resolution imagery.

This superior performance is attributed to the CNN’s ability to capture spatial 
hierarchies and context from raster-based inputs such as satellite imagery and DEM. By 
applying convolutional filters, CNNs can detect local patterns—such as built-up densi-
ty, vegetation fragmentation, or terrain morphology—that are often missed by tabular 
models. This makes CNN particularly effective in recognizing urban sprawl, land cover 
transitions, and other geographically distributed phenomena. The MLP model showed 
strong results in tabular feature-based suitability scoring (R² = 0.81), effectively in-
tegrating climatic, topographic, and infrastructural indicators. Traditional ML models 
(Random Forest and Gradient Boosting) performed reasonably well but lacked the spa-
tial-context awareness and deep representation learning capabilities of CNN and MLP.

To effectively process both raster-based 3D geospatial data (DEM, Sentinel-2 imag-
ery, NDVI, NDBI) and structured tabular data (elevation, slope, precipitation, road accessi-
bility, distance to infrastructure), a hybrid CNN–MLP architecture was developed (Fig. 10). 
This integrated model leverages: 



140

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

Fig.10. Hybrid CNN–MLP Architecture for Territorial Suitability Modeling

Table 3 summarizes the functional structure, input data types, and analytical 
strengths of the hybrid CNN–MLP architecture developed for territorial suitability mod-
eling in Alatau City. The CNN component is responsible for extracting spatial and mor-
phological patterns from raster-based datasets, including Sentinel-2 satellite imagery, 
DEM elevation models, NDVI, and NDBI indices. These layers capture highly localized 
information on land cover, vegetation, built-up intensity, and terrain morphology, which 
are essential for detecting urban sprawl, ecological zones, and potential flood-prone 
areas.

Table 3 – Characteristics of the Hybrid CNN–MLP Architecture for Territorial 
Suitability Modeling
Component Input Data Strength
CNN (Convolutional 
Neural Network)

Raster tiles (Sentinel-2, DEM, NDVI, built-up 
index)

Detects spatial patterns and morpholo-
gy (roads, vegetation, urban density)

MLP (Multilayer 
Perceptron)

Tabular GIS features (elevation, climate, prox-
imity to roads, socio-economic layers)

Captures numeric, categorical, climatic 
and topographic indicators

Fusion Layer Concatenated latent features from CNN and 
MLP

Joint decision-making using spatial + 
geospatial context

	
In contrast, the MLP component processes structured tabular features derived 

from GIS, climate, and infrastructure layers, such as elevation, slope, temperature, pre-
cipitation, distance to transport networks, schools, hospitals, and land-use zoning. These 
predictors provide contextual geospatial and environmental characteristics that cannot 
be captured from imagery alone. In addition to improving accuracy, the hybrid model 



141

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

Fig.10. Hybrid CNN–MLP Architecture for Territorial Suitability Modeling

Table 3 summarizes the functional structure, input data types, and analytical 
strengths of the hybrid CNN–MLP architecture developed for territorial suitability mod-
eling in Alatau City. The CNN component is responsible for extracting spatial and mor-
phological patterns from raster-based datasets, including Sentinel-2 satellite imagery, 
DEM elevation models, NDVI, and NDBI indices. These layers capture highly localized 
information on land cover, vegetation, built-up intensity, and terrain morphology, which 
are essential for detecting urban sprawl, ecological zones, and potential flood-prone 
areas.

Table 3 – Characteristics of the Hybrid CNN–MLP Architecture for Territorial 
Suitability Modeling
Component Input Data Strength
CNN (Convolutional 
Neural Network)

Raster tiles (Sentinel-2, DEM, NDVI, built-up 
index)

Detects spatial patterns and morpholo-
gy (roads, vegetation, urban density)

MLP (Multilayer 
Perceptron)

Tabular GIS features (elevation, climate, prox-
imity to roads, socio-economic layers)

Captures numeric, categorical, climatic 
and topographic indicators

Fusion Layer Concatenated latent features from CNN and 
MLP

Joint decision-making using spatial + 
geospatial context

	
In contrast, the MLP component processes structured tabular features derived 

from GIS, climate, and infrastructure layers, such as elevation, slope, temperature, pre-
cipitation, distance to transport networks, schools, hospitals, and land-use zoning. These 
predictors provide contextual geospatial and environmental characteristics that cannot 
be captured from imagery alone. In addition to improving accuracy, the hybrid model 

enhances interpretability by enabling planners to assess which spatial or tabular factors 
influence predictions. This dual-architecture approach also allows for robustness across 
different data modalities, compensating for limitations in either spatial granularity or 
attribute completeness. It is especially useful in real-world urban planning, where both 
spatial patterns and socioeconomic context are critical for informed decision-making.

Such hybrid integration allows the model to capture both horizontal (spatial-con-
textual) and vertical (feature-based) relationships within the urban landscape. As a re-
sult, the hybrid CNN–MLP (Table 4) model demonstrated superior performance (Ac-
curacy = 0.95, R² = 0.92) compared to standalone CNN, MLP, and traditional machine 
learning models. This confirms that combining raster-based and feature-based learning 
provides a more holistic and accurate assessment of land suitability for residential, in-
frastructural, and climate-resilient urban planning.

Table 4 – Performance of hybrid vs standalone models
Model Accuracy F1-score RMSE R²
CNN only 0.93 0.91 0.087 0.89
MLP only 0.88 0.86 0.115 0.81
Hybrid CNN–MLP 0.95 0.93 0.072 0.92

By applying Principal Component Analysis (PCA) in combination with MLP 
and CNN neural architectures, the framework enabled the systematic evaluation of land 
suitability for residential and infrastructural development in Alatau City.

Main outcomes of the study:
Improved accuracy of land suitability assessment: ML-based models showed 

higher classification performance compared to traditional GIS-based evaluation meth-
ods, particularly when combining topographic, climatic, and vegetation indices.

Integration of multidimensional factors: The methodology simultaneously ac-
counted for elevation, slope, vegetation cover, temperature, precipitation, and infra-
structural accessibility, providing a holistic view of urban development conditions.

Use of open-access data sources: Reliance on openly available international 
datasets (Copernicus, ERA5, OSM) ensures replicability, transparency, and scalability 
of the methodology for other urban districts in Kazakhstan.

Limitations and future challenges: Despite the promising results, the models re-
main sensitive to input data quality, particularly the spatial resolution and completeness 
of open-source datasets. Low-resolution DEMs or outdated satellite imagery can re-
duce prediction reliability. Additionally, model scalability to other districts may require 
re-training or domain adaptation. Interpretability of deep learning models also remains a 
challenge, particularly when applying results in policy-making. Future research should 
explore explainable AI (XAI) tools and real-time data integration.

This problem encompasses the necessity to optimize ML models for heteroge-
neous data sources, reduce uncertainties associated with climate projections, and ensure 
interpretability of predictions in real-world urban planning practices. Addressing this 
research gap will provide the foundation for data-driven, adaptive, and sustainable terri-
torial management in rapidly urbanizing regions such as Alatau City.
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Fig.11. The resulting land-use classification map for Alatau City

Figure 11 presents the resulting land-use classification map for Alatau City gen-
erated using the trained CNN model combined with the hybrid CNN–MLP architecture. 
The classification was performed using supervised learning, where training samples 
were derived from Copernicus land cover data and OpenStreetMap infrastructure layers. 
The model identified several major land-use categories across the study area.

The resulting map distinguishes four primary spatial classes:
Class 0 – Low-density mixed land use, including peri-urban zones and transi-

tional development areas
Class 1 – Dense urban development, characterized by high building density and 

road infrastructure
Class 2 – Vegetation and ecological zones, including parks, forested areas, and 

agricultural land
Class 3 – Water bodies and natural surfaces
The spatial distribution of these classes corresponds well with known urban 

structures of Alatau City, where dense urban areas are concentrated in the central and 
eastern parts of the district, while vegetated and ecological zones dominate the southern 
mountainous regions.

The classification results confirm that the integration of multi-source datasets 
(NDVI, NDBI, DEM, climate variables, and infrastructure layers) significantly im-
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proves the reliability of land-use prediction.
The comparison of machine learning models demonstrates that deep learning 

approaches outperform traditional algorithms in capturing spatial patterns from multi-
source geospatial datasets. However, Random Forest and Gradient Boosting remain 
valuable baseline models due to their interpretability and lower computational cost.

Conclusion.
This study demonstrated the effectiveness of modern machine learning tech-

niques, particularly hybrid deep learning architectures, for analyzing three-dimensional 
geospatial data in territorial planning using Alatau City as a case study. By integrating 
Copernicus Sentinel imagery, ERA5 climate reanalysis, OSM infrastructure data, and 
QGIS spatial layers, we constructed detailed 3D models that accurately captured spatial 
complexity, climatic variability, and infrastructural accessibility.

The proposed methodology, based on CRISP-DM principles, combined 
PCA-driven dimensionality reduction with a hybrid CNN–MLP architecture. Unlike 
standalone CNN or MLP models, the hybrid model leveraged both raster-based spatial 
features (extracted by CNN) and structured geospatial attributes (processed by MLP), 
enabling more comprehensive land suitability assessment. This resulted in the highest 
overall performance (Accuracy = 0.95, F1-score = 0.93, R² = 0.92) compared to stand-
alone CNN and MLP models or traditional machine learning methods such as Random 
Forest and Gradient Boosting.

The results confirm that hybrid CNN–MLP architectures provide enhanced 
generalization capabilities, integrating environmental, topographic, climatic, and infra-
structural variables for urban suitability prediction and land-use classification. This ap-
proach not only improves prediction accuracy but also enhances the reliability of spatial 
analysis for urban growth forecasting, flood vulnerability assessment, and sustainable 
development planning.

Key contributions of the study include:
Demonstration of the superiority of hybrid CNN–MLP models for territorial 

planning tasks;
Integration of spatial imagery, terrain models, climate variables, and infrastruc-

ture layers into unified GIS–ML workflows;
Development of a scalable framework for digital twin development and da-

ta-driven urban governance in Kazakhstan.
However, certain challenges remain, including limited interpretability of deep 

models, sensitivity to incomplete or low-resolution geospatial datasets, and the lack of 
integrated socio-economic layers such as population density, land values, and accessi-
bility indices. To address these issues, future work should focus on developing explain-
able AI (XAI) tools to visualize and interpret model decisions, especially for municipal 
stakeholders. Further research is also needed to explore model generalization across 
diverse urban contexts beyond Alatau City, enabling transfer learning and regional scal-
ing. Additionally, ensemble learning strategies and uncertainty quantification should be 
incorporated to improve robustness and trustworthiness of predictions in operational 
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planning settings.
Practical implications of this work include the deployment of hybrid CNN–MLP 

models within digital twin environments to support real-time urban simulations and 
scenario testing. The approach can be used to develop early-warning systems for flood 
risk zones, optimize land allocation for new residential development, and prioritize in-
frastructure investments based on spatial suitability. Urban planners and decision-mak-
ers can also apply the proposed framework in GIS-integrated dashboards, enabling da-
ta-driven governance in rapidly urbanizing regions of Kazakhstan and beyond.
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