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Abstract: Based on our experience of development and teaching Machine Learning in Geospatial Studies course in
2024-2025, Master’s program on spatial data and applied geoanalytics at the Geography and Geoinformation
Technologies Faculty, HSE University, we propose its redesign. We made an overview of geospatial ML-courses
(including Master's Programs) at the Universities around the world. Updated course will be consisted of 3 parts: in the
first one we present the ML basics by keeping the present experience, then part 2 and part 3 include GeoLLM and
GeoGPT, as well as expert systems and fuzzy logic to solve spatial tasks. GeoLLM and GeoGPT’ part includes
architectures, training, output optimization and infrastructure, and security. Expert systems cover classification,
structure and operating principle of expert systems, peculiarities of expert systems, basics of expert systems design,
development stages, and approaches to create geospatial expert model; for the fuzzy logic systems we consider fuzzy
sets and operations.
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INTRODUCTION

Modern labor market is becoming more dynamic and flexible, and opportunities for professional growth and self-
fulfillment are expanding. This makes it important to study new strategies for accumulating personal professional
capital, the motivations of the younger generation for choosing education, and their attitudes towards career [Novikova,
Maximova, 2025]. The facts and trends discussed in a number of educational [Frolov et al., 2018; Endovitskiy, Gaidar,
2021; Torzua et al., 2025; Sydora, Muehlebach, 2026] and technical [Kolesnikov et al., 2018] publications demonstrate
that artificial intelligence (Al) plays an important role in geoanalitycs, providing a qualitatively different set of methods
and innovative technological tools for processing and analyzing large spatial data compared to the traditional
approaches.

Development of a machine learning (ML) course aimed at solving problems in the field of geoinformatics should be
based on the principles of interdisciplinarity and continuous education, as well as take into account the concept of open
access to spatial data [Moiseeva, 2025]. As was mentioned in the paper [Poshivaylo, Kolesnikov, 2021] such training
profiles as geo-manager, geo-analyst, and geo-marketer will be in demand, thereby further strengthening
interdisciplinary connections. Present advances of Al from the very beginning [Openshaw S., Openshaw C., 1997] till
nowadays [Lansley et al., 2019; Janowicz et al., 2020; Blanutsa, 2025; Roussel, Bohm, 2025] made daily work of
modern geospatial analyst in a variety of applications [Binetti et al., 2024] more productive.

Some examples of geospatial ML-courses at university level were analyzed and placed in the Table 1 with their city and
country of location, description, level and format, comparison basis and key features, followed by the active official
web-pages.
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Table 1. Worldwide examples of ML-courses at the Universities (including Master's Programs) in Geospatial Analytics

and Geoinformatics

University / Description Level Basis for comparison | Key difference Official web
course or /format from the HSE page
program and course
country
University of A master’s-level | Standalone | A near-direct Southampton https://www.sout
Southampton — module designed | master’s substantive analogue: | module placesa | hampton.ac.uk/c
Machine to develop module, applied ML for broader ourses/2026-
Learning for practical skills in | Level 7 geospatial data emphasis on 27/modules/gges
Geospatial Data | applied machine science, with infrastructure 6031
Science, UK learning for integration of remote | and tooling,

geospatial data sensing, GIS, data including cloud

science, science, deep learning, | platforms, large-

integrating and cloud computing. | scale geospatial

remote sensing, datasets, Google

GIS, data Earth Engine,

science, deep and an optional

learning, and LLM

cloud computing. component.
University of A course on Standalone | The course covers Florida uses the | https://catalog.uf
Florida — GeoAl: | GeoAl as a course GeoAl as a subfield of | more specialized | l.edu/UGRD/coll
Geographic subfield of spatial data science GeoAl eges-
Artificial spatial data and includes work framework, schools/UGLAS/
Intelligence, science; it with real-world public syllabus GAI UMN/
USA includes hands- geospatial data, linear | provides a more

on labs with real models, tree-based detailed

geospatial data methods, spatial cross- | presentation of

and covers linear validation, super specific

models, decision learning, and deep techniques and

trees, spatial learning. laboratory tools.

cross-validation,

super learning,

deep learning,

and interpretable

AL
University of A master’s Master’s The overall Vienna program | https://studieren.
Vienna — Spatial | program focused | program, educational is a broader univie.ac.at/en/d
Data Science and | on spatial data including a | framework is similar: | programmatic egree-
GeoCommunicat | science, GeoAl and | spatial data science, umbrella rather programmes/mas
ion, Austria geoinformatics, | Machine geoinformatics, and than a single ter-

geographic Learning GeoAl, the program course for programmes/spat

artificial block structure explicitly comparison. ial-data-science-

intelligence, and includes “GeoAl and and-

geocommunicati Machine Learning,” geocommunicati

on, with modeling and on-master/

emphasis on simulation,

modeling and programming, and

simulation, automation.

programming,

and automation.
University of A master’s Master’s The program Primarily an https://www.gla.
Glasgow — program program combines GIS, analogue at the ac.uk/postgradua
Geospatial Data | providing cartography, spatial program level te/taught/geospat
Science & Al advanced statistics, remote rather than at the | ial-data-science-
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MSc, UK

geospatial,
analytical,
programming,
and AI/ML skills
for working with
spatial data in

sensing, GeoAl, big
geospatial data
analytics, and AI/ML
skills.

level of a single
course; its scope
is broader and
more
characteristic of
an Al-enabled

modelling/?card
=relatedprogram

mes&subject=dat
ascienceai

environmental, program than of

urban, and socio- one dedicated

technical spatial ML

domains. course.
University of A master’s Master’s The program is Miinster places a | https://master-
Miinster — program in program oriented toward stronger geoinformatics.c
Geoinformatics | advanced advanced geographic | emphasis on om/
and Spatial Data | geographic information algorithmic
Science, information processing, processing and
Germany processing and interdisciplinary software

interdisciplinary spatial data science, development,

spatial data algorithmic processing | making it closer

science, with a of geospatial data, and | to a

strong software development. | geoinformatics/c

component in omputer science

algorithmic profile.

processing of

geospatial data

and software

development.
The University An Master’s One of the closest This is an https://web.socsc
of Hong Kong — | interdisciplinary | program international analogue at the .hku.hk/master-
MSc in master’s analogues: the level of the entire | of-sciences-in-
Geospatial Data | program in program is explicitly master’s geospatial-data-
Science, Hong geospatial oriented toward program rather science-
Kong theory, geospatial theory, than a single mscgeods/

technology, and technology, and compulsory

applications; the applications, that is, course; in scale,

official materials toward geospatial data | the program is

also specifically science as an broader than one

indicate a course independent field of individual HSE

in machine study. course.

learning for

geospatial data

analysis.
Chinese An Master’s The program includes | Unlike the HSE | https://mscgis.gr
University of interdisciplinary | program GIS, digital remote course, this m.cuhk.edu.hk/e
Hong Kong — master’s sensing image program has a n/
MSc in program in GIS, analysis, statistical stronger
Geolnformation | digital remote analysis of urban/smart city
Science and sensing image geographical data, orientation, and
Smart Cities, analysis, geospatial big data, spatial ML is
Hong Kong statistical and artificial embedded in a

analysis of intelligence for smart | broader smart-

geographical cities. cities curriculum.

data, geospatial
big data, and
artificial
intelligence for
smart cities.
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Lomonosov A master’s Master’s The public description | Program deeply | https:/www.geo
Moscow State program in program explicitly states that rooted in gr.msu.ru/educati
University — geoinformation students master cartography and | on/vo/programs/
“Geoinformation | and aerospace methods of spatial aerospace mag/gamk/
and Aerospace mapping statistics and machine | methods,
Methods of technologies for learning for pattern meaning that ML
Mapping”, Earth science recognition and the is embedded in a
Russia applications; construction of broader

publicly geoinformation cartographic and

available models. geoinformation

materials from context.

the program and
department
include spatial
statistics,
programming
and data
analysis, as well
as machine
learning
methods.

Based on the studied educational experience and meeting the present day’s challenges and needs of students and
employers, we developed a course on machine learning in geospatial tasks
(https://www.hse.ru/edu/courses/1110549464). It already has its history: started in 2020 from the concept of Intellectual
geosystem and navigated by the paper [Belyakov, Rosenberg, 2011] as “Intellectual geoinformation systems”
[Podolskaia, 2024a; Podolskaia, 2024b] it has been transformed and extended into its present view at the Faculty of
Geography and Geoinformation Technologies, HSE University [Podolskaia, Sakirkina, 2025]. It plays the key role in
the Master’s program on Spatial Data and Applied Geoanalytics (https://www.hse.ru/ma/geoanalytics/) of the Faculty.
Master’s program was opened at the Faculty in 2024 and presently has a number of concurrent advantages among the
Russian and international Master’s programs. They include:

(1) A set of spatial data analytics disciplines for a variety of interdisciplinary projects;

(2) application of modern methods and technologies of artificial intelligence for solving geoinformation tasks;

(3) communication with geoinformatics practitioners with experience in science and teaching in Russia and around
the world;

(4) opportunities to participate in the real geoinformation projects, conferences, scientific and educational grants
under the guidance of Faculty members;

(5) gaining experience in GIS project management activities.

Redesign program

Thinking about course redesign we strongly believe that its classical basics should be kept. An analog course ("Machine
learning and big spatial data") from Omsk State Technical University includes the basics of classical ML with
unsupervised and supervised methods and deep learning with spatial data [Moiseeva, 2025]. So, the first part of ML-
introduction and its place in Data Science and Al, quick review of ML-mathematical foundations and types of ML-tasks
will be the same as before in the new course. Then we describe cluster analysis, classification and regression, decision
trees and ensembles of algorithms. As before we pay special attention to the neural networks giving an overview of
algorithms, their features and differences in geoanalytics. Practical and industrial part of the course starts with the ML-
datasets and the ML-model concept. Then we cover Python-frameworks for classic machine learning: Pandas, Scikit-
Learn, numpy, tree ensembles (CatBoost, XGBoost, LightGBM) and Python-frameworks for deep learning (Keras,
Tensorflow) with references to the modern geospatial libraries [Stewart et al., 2025]. Next step is to consider a ML-
project, its stages and organization, and methods of integration into production processes. Ethical and legal issues of
using data and results of ML-projects conclude the first part.

New parts of the course are: (1) GeoLLM and GeoGPT and (2) Expert systems and fuzzy logic in solving spatial
problems.
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1. GeoLLM and GeoGPT

In this part we accumulated the experience of some University’s courses like UC Santa Kruz, Vienna, and Copernicus
Master in Digital Earth [2025] on LLM and geoanalytics [Li, 2025].

Developed program includes the following blocks:

e  Architectures of existing GeoLLM and GeoGPT: Geo-foundation models (GeoFM) are reshaping GeoAl
research. Existing models include SatMAE, NASA IBM Prithvi, and AllenAl's Satlas. Domain-specific
adaptations include HydroGPT and MapGPT [Janowicz et al., 2025];

e  GeoLLM Training: Training requires instruction tuning on geospatial datasets. Foundation models pre-trained
on heterogeneous data can be fine-tuned for downstream tasks. Challenges include geographic generalization,
temporal reasoning, and spatial grounding [Janowicz et al., 2025];

e output optimization and GeoLLM infrastructure: Optimization ensures spatial accuracy using retrieval-
augmented generation (RAG) with spatial operators. Infrastructure includes spatial indexing, vector
embeddings, and policy layers [Janowicz et al., 2025; UC Santa Cruz, 2026];

e placement of GeoLLM and embeddings: Corporate deployment uses on-premises or cloud hosting. Scientific
projects benefit from open-source GeoLLMs [Janowicz et al., 2025]. The Copernicus Master in Digital Earth
includes an AI4EO specialization covering ML for Earth observation [Copernicus Master in Digital Earth,
2025].

e  Geo-chatbot development: Geospatial chatbots enable natural language GIS interaction [Janowicz et al., 2025].
The University of Vienna's Master in Spatial Data Science and GeoCommunication includes GeoAl, geodata
management, and programming [University of Vienna, 2025].

e GeoLLM and GeoGPT security: Limitations include data leakage, copyright risks, and content filtering.
Geography is local and contextual, shaped by cultural and societal factors [Janowicz et al., 2025]. Future
research must address GeoAl scaling laws [Janowicz et al., 2025; UC Santa Cruz, 2026].

It is reasonable to include a separate block on GeoLLM, GeoGPT, and geo-foundation models (GeoFM) in the
redesigned course, since these approaches are shaping a new stage in GeoAl and spatial data science [Zhang et al.,
2024; Janowicz et al., 2025]. While the classical machine learning part of the course is responsible for predictive tasks
such as classification, regression, and analysis of spatial factors, GeoLLM and GeoGPT make it possible to treat
geoinformatics as an environment for natural-language interaction with data, tools, and workflows. In their review,
Janowicz et al. describe GeoFM as a direction capable of reshaping GeoAl research, education, and practice, whereas
Zhang et al. [2024] present GeoGPT as an agentic framework in which a language model interprets user intent, plans a
sequence of actions, and invokes GIS tools to solve geospatial tasks [Zhang et al., 2024; Janowicz et al., 2025].
Therefore, the lecture component of the course should include GeoFM and GeoGPT architectures, model adaptation to
geospatial data, spatial grounding, limitations, and security issues.

The practical core of this block can be built around retrieval-augmented generation (RAG) as an architecture that
connects a generative model with external knowledge sources. In the original formulation by Lewis et al. [2020], RAG
combines the model’s parametric memory with non-parametric memory stored in an external document index, making
responses more factual, verifiable, and easier to update without retraining the whole model. This is particularly
important in geoinformatics, where answers should rely not only on the model’s general knowledge but also on
specialized corpora, such as dataset descriptions, metadata, cartographic sources, regulations, and domain-specific texts
related to a given territory [Lewis et al., 2020; Janowicz et al., 2025]. In teaching practice, this can be implemented as a
seminar in which students assemble a small geospatial corpus, perform chunking, vectorization, and retrieval, and then
build a prototype geo-assistant that answers natural-language queries on the basis of retrieved context [Lewis et al.,
2020; Zhang et al., 2024].

The next step is to move from standard RAG to agentic scenarios, in which the model not only retrieves relevant
passages but also decides on a sequence of actions, calls external tools, and interprets results in an applied geospatial
context [Zhang et al., 2024, Ragas Documentation, 2025]. This is precisely the logic underlying GeoGPT, where a
natural-language instruction is transformed into a chain of geoprocessing operations [Zhang et al., 2024]. To ensure that
this course component does not remain a showcase of prototypes, it is important to embed a quality evaluation layer as
well. A suitable solution is RAGAS, introduced as a reference-free framework for evaluating RAG pipelines across
several dimensions, from retrieval quality to faithful use of context [Es et al., 2024], there is a set of experiments
between GeoRAG and conventional RAG in the paper [Wang et al., 2025]. In the current Ragas documentation,
separate metrics are also provided for agentic/tool-use workflows, including tool-call accuracy and agent-goal accuracy
[Ragas Documentation, 2025].



Inclusion of GeoLLM, GeoGPT, RAG, and RAGAS into the course allows to build a coherent learning trajectory for
the students: from classical machine learning and spatial ML to generative models, retrieval-based systems, and agentic
GIS assistants. Such a course design is important not merely as a response to current technological trends, but as a way
to develop durable competencies in graduate students: the ability to choose between predictive, retrieval-based, and
agent-based approaches, justify architectural decisions, evaluate answer quality, detect hallucinations, and account for
limitations related to spatial accuracy, data provenance, and security. As a result, the course gains not just a new
thematic block, but a full methodological chain of “architecture — implementation — evaluation — responsible use,”
which is especially important for contemporary geoinformatics.

2. Expert systems and fuzzy logic in solving spatial problems

This part is quite new for the ML-courses and combine modern geoAl-technologies with expert knowledge and fuzzy
logic. An expert system (ES) is a man-machine system, the most important component of which is a knowledge base
that can partially replace a specialist expert in resolving a problem situation in the domain of Earth science. Based on
the disclosed features of the subject area, a specialist, interacting with the user, creates an ES [Uvarova et al., 2025].
Expert systems play an essential role among data mining, data warehouse, multiagent systems, ontologies and
knowledge bases, knowledge discovery in database and heuristic methods. The main advantages of expert systems for
geoanalytics over other automated systems are the following:

e A possibility of solving, optimizing or obtaining estimates of new classes of difficult-to-formalize problems,
the implementation of which on computers until recently was considered difficult or impossible;

e enabling a non-programmer user to conduct a dialogue in a natural language and apply information
visualization methods for the effective use of computers and solving problems in their subject area;

e accumulation of data, knowledge, rules for the use of knowledge, rules for self-learning to obtain more reliable
and qualified conclusions or solutions, including those not authorized by the user;

e solving issues or problems that the user himself is not able to solve either due to his lack of information, or due
to its diversity, or due to the duration of the usual solution, even using a computer;

e apossibility of creating individual specialized ES through the use of developed tools and personal experience
of the user-developer of this system.

We propose the blocks:

e Expert systems (ES): introduction and classification. Classification of systems with Al. Structure and operating
principles. POS creation technology. Examples of solving intelligent problems. Peculiarities of ES application
in geoinformatics;

e methods of knowledge representation. The problem of representing knowledge in information systems.
Production model of knowledge representation. Application in geoinformatics;

e ES development stages. Prototyping. Identification. Conceptualization. Approaches to building a domain
model,;

e frames and semantic networks. Frame structure. Frame types. Ontological approach. Concept of taxonomy.
Tasks solved using ontologies. Logic of utterances. Logic programming. Heuristic search. Logical inference.
Application in geoinformatics;

o fuzzy knowledge and fuzzy sets. Membership function. Fuzzy set operations. Application in geoinformatics.

Course in 2026: present results and ongoing work

In January-April 2026 we taught the course to the students of Moscow, St. Petersburg and Nizhny Novgorod’s
campuses. This academic year the variety of ML-GIS projects (projects will be defended at the end of April 2026) was
extended and covers physical-geographical and socio-economic topics:

e Identification of factors influencing the severity of road accidents;
e Identification of vegetation degradation zones from satellite images;

e (lassification of road segment types based on spatial characteristics of surrounding development using
ensemble machine learning methods;

e Comparison of manual socio-demographic and machine learning forecasting in the cities transport zones;



e Decoding of avalanche deposits from Sentinel-1 radar images using Random Forest machine learning
algorithm;

e Use of spatial characteristics to predict retail revenue;

o Identification of barriers to commercialization and survival analysis of green hydrogen projects;
e Availability analysis of public transport in Moscow;

e Analysis of road network’s seasonal use (example: Krasnoyarsk Krai);

e Identification of factors affecting the value of cultural heritage sites;

e Forecasting housing costs using transport accessibility.

The course materials are used in the forest transport modeling of land access to forest resources and forest fires at the
Laboratory of Forest Ecosystems Monitoring, Centre for Forest Ecology and Productivity of the Russian Academy of
Sciences (CEPF RAS). A number of works have been published on machine learning in the forestry, for example, paper
[Podolskaia, 2023], there is an ongoing activity to engage students into the scientific work by presenting at the
conferences and writing papers [Podolskaia, Sinitsina, 2024; Podolskaia, Sinitsina, 2026].

CONCLUSIONS AND FUTURE RESEARCH

As was done before for the actual version which is being delivered to the students in 2026, the course materials are of
constant updates with various news, papers, textbooks and specialized conferences on geo-artificial intelligence. We
keep the system of lectures and practical seminar assignments as well as an opportunity to join the course for the
remotely-based Master’s program students in St. Petersburg, Nizhny Novgorod and Perm HSE campuses (this system of
student remote access in HSE is called Mago-Lego). As noted by researchers and educators, study of ML-discipline can
be the basis for completing coursework, practical training tasks, project activities, and students' final qualifying works
and give a certain advantage to start or to continue a professional career in geoanalytics.

Handbook of geospatial artificial intelligence [Gao et al., 2024] and Introduction to Geospatial Artificial Intelligence
[Jakovljevic et al., 2025] can be called the main referenced books of the course as of spring 2026. It is quite obvious
that new research opportunities are associated with the conceptualization of new models of geo-Al architecture and
deep implementation of LLM.
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