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Abstract

In the context of the ongoing digital transformation of land administration systems in the Republic of Kazakhstan,
geoinformation databases are becoming a key instrument for land monitoring and rational land resource management.
The purpose of this study is to substantiate and evaluate the application of geoinformation databases as the core of
land monitoring systems, as well as to develop a methodological approach for their use in spatial analysis and decision
support. The study is based on the application of modern geoinformation technologies, including ArcGIS Pro, spatial
analysis tools, and visual geoprocessing modeling using ModelBuilder. The research focuses on the development of a
structured geoinformation database that ensures data consistency, integrity, and reproducibility of analytical results.
An analytical land-use monitoring model was developed to automate spatial data processing, including spatial
selection, overlay analysis, area calculation, and the generation of summary statistics. The proposed approach was
practically tested using data stored in the geoinformation database, which made it possible to assess its applicability
for analyzing land-use structure and identifying spatial changes in land resources. The results demonstrate that the
integration of geoinformation databases with automated analytical models significantly improves the efficiency of
land monitoring, enhances result comparability, and reduces the influence of subjective factors in spatial analysis. The
findings of this study confirm that geoinformation databases, combined with spatial analysis and automated
geoprocessing tools, provide a solid methodological and technological basis for the development of regional and
national land monitoring systems. The proposed framework can be used to support rational land resource management
and spatial planning in Kazakhstan.
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1. Introduction

In the context of the digital transformation of public administration and the development of spatially
oriented information systems, geoinformation technologies are becoming a key tool for monitoring and the
rational management of land resources. In many countries, geoinformation databases serve as the
foundation for modern spatial analysis systems, ensuring the integration of diverse information, increased
transparency in land use, and well-founded management decisions. For the Republic of Kazakhstan, which
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possesses land resources that are vast in area and diverse in structure, the development of effective
geoinformation solutions is relevant (D’ Acunto et al., 2024).

In recent years, Kazakhstan has been implementing several programs aimed at introducing geographic
information systems, Earth remote sensing technologies, and web-based platforms into the fields of land
management and spatial planning. Cadastral information systems, regional geoportals, and land-use
monitoring services are being established and developed. Numerous studies show that the use of GIS
contributes to improving the accuracy of land valuation, identifying changes in land cover, and supporting
management decision-making in the fields of agriculture, ecology, and land management. At the same time,
a significant portion of existing solutions is focused primarily on the visualization of spatial data and its
reference use (Blanche, M.F. et al., 2024).

International experience shows that geoinformation databases form the technological core of modern
spatial data infrastructures, ensuring long-term storage, processing, and analysis of geographic information.
Using databases as the foundation of GIS enables a systematic approach to land resource management,
including spatial analysis, modeling, mapping, and decision support. The widespread adoption of open
geoinformation solutions further expands the possibilities for creating scalable and replicable land
monitoring systems (Asam, S. et al., 2025).

In this context, the development and application of geoinformation databases focused on the tasks of
monitoring and rational management of Kazakhstan’s land resources represent a pressing scientific and
practical challenge. The object of the study is a land resource monitoring system based on geoinformation
technologies. The subject of the study is the structure, principles of formation, and functional capabilities
of geoinformation databases used for the analysis and management of land use (Shokparova D.K. et al.,
2025).

The aim of this study is to develop and justify a geoinformation database as the foundation for
monitoring and rational management of land resources in the Republic of Kazakhstan. To achieve this aim,
the study will address the following objectives:

« analyze current approaches to the use of geoinformation databases in land resource management;

* develop the structure of a geoinformation database that integrates spatial and attribute data on
land use;

 assess the potential applications of the developed database for analysis, monitoring, and
supporting management decisions.

The structure of the article includes a theoretical review and analysis of existing approaches, a
description of the source data and methodological solutions, a presentation of the developed geoinformation
database, and a discussion of the results of its application in the tasks of monitoring and rational land
resource management.

2. Materials and Methods

The methodological framework of the study is based on the comprehensive use of geographic
information systems, spatial databases, and Earth remote sensing methods, aimed at creating a unified
geographic information database for monitoring and the rational management of land resources in the
Republic of Kazakhstan. A systematic approach was applied in this work, ensuring the integration of
heterogeneous spatial and attribute data within a unified logical structure oriented toward analytical support
for management decisions (Sabljié, L. et al., 2024; Dubovyk, O., 2017).

The source materials used included digital spatial data from various sources, such as information on
the boundaries of administrative-territorial units, land-use patterns, natural features, and infrastructure
elements, as well as medium-resolution Earth remote sensing data. All source datasets underwent
mandatory preprocessing, including transformation to a unified coordinate system, correction of geometric
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and topological errors, unification of attribute fields, and verification of the spatial consistency of layers.
This ensured data comparability and improved the reliability of subsequent spatial analysis (FAO, Land
resources planning for sustainable land management).

The methodology placed particular emphasis on the creation of vector datasets as a key component of
the geodatabase. The process of selecting, refining, and vectorizing spatial information was carried out
based on an analysis of available sources, the interpretation of satellite imagery, and comparison with
existing cartographic materials (Figure 1). This stage facilitated the transition from disparate spatial sources
to structured vector layers suitable for storage and analysis in a geodatabase.

Theoretical and methodological
analysis

Search and selection of initial
spatial data
Experimental processing and
vectorization

Attributive content and
standardization

Quality control and data
validation

Integration into a geoinformation
database

[ Usage and updating J

Figure 1. The process of selecting vector data for the development of a geodatabase

*Compiled by the author

The geodatabase was designed in accordance with the principles of relational-spatial organization,
ensuring data integrity, scalability, and the ability to update data. The structure of the geodatabase included
interconnected thematic layers reflecting administrative divisions, land categories, land use types, natural
conditions, and infrastructure elements. Logical relationships between objects made it possible to account
for the spatial and temporal dynamics of land use, as well as to perform a comprehensive analysis of changes
in land resources.

Methods of spatial analysis and cartographic modeling were used for analytical data processing, with
the aim of identifying the structure and dynamics of land use. The analysis of remote sensing data included
preliminary image correction and the calculation of spectral indices characterizing the condition of the land
cover. The results obtained were integrated into a geographic information database, ensuring their
compatibility with cadastral and thematic layers and expanding the system’s analytical capabilities
(Zhumataeva J. et al., 2024).

The developed geoinformation database was tested using typical usage scenarios characteristic of land
resource monitoring and management tasks. The ability to update data in real time, execute spatial queries,
and generate thematic maps necessary to support management decisions was evaluated. The results of the
testing confirmed the feasibility of using geoinformation databases as a functional foundation for the
monitoring and rational management of land resources.
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3. Results and Discussion

During the study, a geographic information database was developed and tested, designed to address the
tasks of monitoring and rational management of land resources in the Republic of Kazakhstan. The results
confirm that using a structured geodatabase as the core of a geographic information system allows for a
transition from fragmented storage of spatial data to a comprehensive, logically connected model of spatial
analysis and management decision support (G. Kabzhanova et al., 2023; Reynolds, J. F., 2023).

Based on the developed structure of the geoinformation database, logical models of its practical use
were formed, reflecting the main scenarios of user interaction with spatial information. These models are
implemented as functional diagrams (“builder models”) demonstrating the sequence of data acquisition,
processing, storage, and analysis within a unified geoinformation environment. This approach made it
possible to formalize the processes of working with the geodatabase and ensure the reproducibility of
analytical operations when solving land monitoring tasks (Zhu, Z., Woodcock, C. E., 2014).

As part of the modeling process, scenarios for integrating vector and raster data were implemented, in
which spatial information from various sources is sequentially converted and stored in a geographic
information database. The geodatabase serves as the central element of the system, ensuring the
accumulation, updating, and logical linking of information on land resources. The use of a unified attribute
structure and standardized spatial relationships ensured data comparability and minimized information
duplication (Tucker, C. J., 1979).

Figure 2 presents a generalized diagram of the application of a geoinformation database in a land
resource monitoring system, illustrating the key stages of working with spatial information-from the
creation of vector layers to their use in analytical and management tasks.
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Figure 2. Model of the use of a geographic information database in a land resource monitoring system (G. Kabzhanova et al.,
2023)

The model of geoinformation database usage presented in Figure 2 reflects the systematic and
comprehensive nature of land resource monitoring. Within this model, the geoinformation database serves
as a central integrating element, ensuring the consolidation of diverse spatial and attribute data, their
consistency, and analytical processing. The model clearly demonstrates the interrelationship between the
main sources of spatial information, analytical procedures, and application modules, the interaction of
which results in cartographic and analytical products used to support management decision-making in the
field of rational land use.
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The structure shown illustrates that the geoinformation database is not limited to the function of storing
information but serves as an active element of the monitoring system, ensuring the implementation of
spatial analysis, assessment of land-use changes, and data quality control. Integrating the geodatabase with
analytical and cartographic modules enables the creation of reproducible analysis scenarios designed to
address both operational and strategic land resource management tasks.

To provide a more detailed explanation of the practical aspects of implementing the proposed model,
we will now examine the architecture of the analytical and cartographic modules that operate based on a
geoinformation database. Attention is paid to issues related to the organization of the geodatabase structure,
the interaction of individual thematic datasets, and the mechanisms for their use in the process of spatial
analysis and mapping. It is shown how the structured data of the geodatabase are applied in a desktop GIS
environment to automate geoprocesses, generate thematic layers, and prepare analytical materials used in
the land resource monitoring system.

The interface fragment presented below clearly illustrates the organization of the geodatabase and the
principles of interaction between analytical and cartographic modules within a single software environment.
This allows one to trace the logical connection between the conceptual model of using the geoinformation
database and its practical implementation, as well as to emphasize the applied focus of the developed
approach.
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Figure 3. Architecture of analytical and mapping modules based on a geoinformation database
*Compiled by the author

The results of modeling and field testing have shown that the developed geographic information
database can be effectively used as a core for implementing various analytical and cartographic scenarios.
In particular, its application enables the analysis of land-use patterns, the identification of spatial changes
in agricultural land, and the comparison of cadastral data with remote sensing results. These scenarios are
implemented through the modular architecture of the geodatabase, which supports the reuse of spatial layers
and analytical procedures across various application modules without altering the underlying data structure.

To systematize the results of the design and practical application of the geoinformation database, Table
1 summarizes the main functional components of the system and their role in the process of monitoring and
rational management of land resources.
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Table 1. Functional components of a geographic information database and their purposes

System component Main content Functional purpose

Vector layers Administrative boundaries, land parcels, land [IpocTpaHCTBEeHHAss OCHOBA MOHHTOPUHTA U
use categories aHaJm3a

Raster data Satellite images, land cover indices Assessment of Land Dynamics and Condition

Attribute database Cadastral and descriptive characteristics of Analytical support for management decisions
land

Analytical modules Spatial queries, overlay, classification Identifying changes and patterns

Cartographic billboards | Thematic maps, visualization of results Data Presentation and Decision Support

The functional components presented in the table form a comprehensive system in which the
geographic information database serves not only as a repository for spatial information but also as a key
element of the analytical infrastructure for land resource monitoring. The integration of structured spatial
data with analytical and cartographic modules enables comprehensive land-use analysis, the identification
of spatial patterns, and the formulation of informed management decisions regarding the rational use of
land.

The practical implementation of these functions is based on the use of tools for the visual modeling of
geoprocesses, which allow for the formalization of a sequence of analytical operations and ensure their
automated execution. The use of the ModelBuilder environment enables the construction of reproducible
analytical chains based on data from the geoinformation database, including stages of spatial selection,
overlay, classification, and calculation of quantitative indicators. This approach ensures the standardization
of data processing procedures and improves the comparability of monitoring results when calculations are
performed repeatedly.

In this study, ModelBuilder was used as a tool for integrating geospatial data with applied land resource
monitoring tasks, enabling a shift from one-off analytical operations to formalized analysis scenarios. The
implemented models provide automated processing of spatial information, the generation of final
cartographic materials, and the derivation of analytical indicators necessary for assessing the structure and
dynamics of land use.

The developed geoprocessing workflow based on ModelBuilder clearly illustrates the architecture for
using a geodatabase in a land resource monitoring system and demonstrates the relationship between source
data, analytical procedures, and the results of spatial analysis. The concept and logic behind the construction
of this model are presented in Figure 4.
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Figure 4. An analytical model for land-use monitoring based on a geoinformation database, implemented in the ModelBuilder
environment (created with ArcGIS Pro)
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The analytical model presented here clearly demonstrates the practical application of a geoinformation
database in a land resource monitoring system. The formalization of the sequence of geoprocesses in the
ModelBuilder environment enables the automation of spatial analysis operations, including data selection
for the monitoring area, analysis of intersections with cadastral units, and calculation of quantitative land-
use indicators. This allows for reproducible and comparable results, eliminating the influence of subjective
factors during analytical operations.

The implementation of monitoring based on the developed model confirms that a geoinformation
database can be effectively used not only as a repository of spatial information but also as a foundation for
building applied analytical tools. The use of visual modeling of geoprocesses ensures the standardization
of data processing procedures and creates conditions for their repeated application within the framework of
various territorial and thematic tasks.

The results obtained indicate that integrating a geoinformation database with analytical modules
improves the effectiveness of land-use monitoring and enhances the capacity to support management
decisions. This, in turn, forms the methodological basis for the further development of the land monitoring
system and its scaling up to the regional and national levels, which determines the main conclusions and
prospects for further research.

4. Conclusion

In accordance with the research objectives and tasks outlined in the introduction, this study confirms
the effectiveness of using geographic information databases as a foundation for monitoring and rational
management of land resources in the Republic of Kazakhstan. The study showed that a structured
geoinformation database ensures the integrity, comparability, and timeliness of the spatial information
necessary for land use analysis and to support management decisions.

The primary objective of the study-the development and testing of a geoinformation database designed
for land resource monitoring-has been achieved. The structure of the geodatabase ensures the integration
of vector and raster data, accounts for the spatio-temporal characteristics of land use and allows for multiple
analytical uses of the data without altering its underlying architecture.

As part of the study, an analytical model for land-use monitoring was implemented using the
ModelBuilder environment within the ArcGIS Pro software suite. The use of visual modeling of
geoprocesses made it possible to formalize and automate the sequence of spatial operations, including
spatial selection, intersection analysis, calculation of area indicators, and generation of summary statistics.
This ensured the reproducibility and comparability of monitoring results, as well as reduced the influence
of subjective factors during the performance of analytical procedures.

The results confirm that integrating a geoinformation database with analytical and cartographic
modules expands the functional capabilities of land monitoring systems. The use of a modular approach
and the reuse of spatial layers allow for the effective analysis of land-use patterns, the identification of
spatial changes in agricultural land, and the comparison of cadastral data with remote sensing data.

The developed approach demonstrates the practical applicability of geographic information systems as
a tool for supporting the rational use of land resources and territorial planning. The results obtained can be
used in the activities of land resource management agencies, research and design organizations, as well as
in the development of regional and national land monitoring systems.

Overall, the research results confirm that the use of geoinformation databases in combination with
spatial analysis tools and automated geoprocessing creates a methodological and technological foundation
for the further development of land resource monitoring systems. The proposed approach has the potential
to be scaled up to the regional and national levels and can serve as the basis for the formation of a unified
spatial data infrastructure for the Republic of Kazakhstan.
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