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ABSTRACT

The mining industry, which is fundamental to the global economy due to its extraction of natural resources
and supply of essential raw materials for various industries, faces ongoing challenges in terms of efficiency,
productivity, and sustainability. Although significant technological advancements have been implemented,
including automation, artificial intelligence, and machine learning, integrating agile methodologies in
mining extraction processes still needs to be explored. This article presents an approach that combines
SCRUM methodology with advanced artificial intelligence technology to optimize material extraction
management in mining operations. We propose a model where each element of the extraction process
becomes part of the SCRUM team, with a Large Language Model (LLM) acting as the SCRUM Master
and a Mining Operations Engineer as the Product Owner. We detail the team structure, adapted SCRUM
processes, necessary technological implementation, and daily workflow.

Keywords: Mining, SCRUM, process optimization, material extraction, agile methodologies, artificial
intelligence.

RESUMEN

La industria minera, fundamental para la economia global por su extraccion de recursos naturales y
suministro de materias primas esenciales para diversas industrias, enfrenta desafios continuos en eficiencia,
productividad y sostenibilidad. Aunque se han implementado avances tecnologicos significativos, incluyendo
automatizacion, inteligencia artificial y aprendizaje automdtico, la integracion de metodologias dgiles
en los procesos de extraccion minera permanece inexplorada. Este articulo presenta un enfoque que
combina la metodologia SCRUM con tecnologia avanzada de inteligencia artificial para optimizar la
gestion de extraccion de material en operaciones mineras. Proponemos un modelo donde cada elemento
del proceso de extraccion se convierte en parte del equipo SCRUM, con un Modelo de Lenguaje Grande
(LLM) actuando como SCRUM Master y un Ingeniero de Operaciones Mineras como Product Owner.
Detallamos la estructura del equipo, los procesos adaptados de SCRUM, la implementacion tecnologica
necesaria y el flujo de trabajo diario.

Palabras clave: Mineria, SCRUM, optimizacion de procesos, extraccion de materiales, metodologias
dgiles, inteligencia artificial.

' Universidad de Valparaiso. Escuela de Ingenierfa Informatica, Valparaiso, Chile.
E-mail: pablo.olivareszu@uv.cl; diego.monsalves @uv.cl; diego.miranda@uv.cl; dominique.garrido@uv.cl
* Autor de correspondencia: pablo.olivareszu@uv.cl

(o) W DOI: 10.64966/ingeniare.v33.14

BY



Ingeniare. Revista chilena de ingenieria, (2025) 33:14

INTRODUCTION

Mining plays a fundamental role in the global
economy, providing essential raw materials for
various industries and economic activities. Its
contribution to Gross Domestic Product (GDP) is
significant in numerous countries, both developed and
developing, generating national income, creating jobs,
and fostering infrastructure development [1], [2].The
mining industry occupies a central position in the
global supply chain, supplying crucial resources for
manufacturing, construction, and energy production
sectors. The production and export of minerals
remain a key economic pillar for many countries.
As of the 2020s, in Peru, this represents 10% of
GDP [3]; in Australia, 9% [4]; in South Africa, 7%;
and in Canada, 4% [5]. These countries significantly
depend on extracting resources such as copper, gold,
iron, and coal for economic growth and exports. In
the same context, the mining sector’s contribution
to Chile’s GDP is substantial, with copper being the
main export product [6]. Chile remains the world’s
largest copper producer, producing 1,325 million
metric tons in 2023 [7]. Additionally, the country
is experiencing a boom in lithium demand, which
has put the salt flats of northern Chile in the global
spotlight [6], [8]. However, the Chilean mining
sector faces challenges in increasing efficiency,
productivity, and sustainability while focusing on
reducing its carbon footprint and protecting the
environment [9].

The mining industry has undergone significant
technological advancements in recent decades, driven
by the need to enhance productivity, safety, and
environmental sustainability. Modeling technologies
have become crucial for optimizing open-pit mining
operations, highlighting a lower environmental
impact through more efficient work processes
and predictive analysis capabilities [10], [11].
The adoption of technologies such as automation,
artificial intelligence (AI), machine learning (ML),
and the Internet of Things (IoT) has provided new
visions of operations in mining [12], being used in
various areas, including sonic drilling, microwave
radar surveillance, and radon gas monitoring,
among other applications [13]. Initially introduced
with autonomous trucks, AI, ML, and autonomous
technologies have provided economic benefits by
reducing costs and improving worker safety. However,
their implementation faces various challenges,
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including economic and social factors[14], where
they must adopt the principles established for
Industry 4.0 and 5.0, thus maintaining and facing
future challenges, including the transition to “green
mining,” a collaboration of workers with technologies,
and improving occupational safety [15], [16].

Extraction processes naturally vary according to
the type of mineral and the geological conditions
of the deposit. The most common methods include
open-pit mining and underground mining. Open-
pit mining is primarily used for deposits near the
surface. On the one hand it involves the removal
of large quantities of material through the use
of explosives and heavy machinery, followed by
crushing and grinding processes. On the other hand,
underground mining is employed to access deeper
deposits, requiring the construction of tunnels and
chambers to reach mineral deposits. Methods such
as long-hole stopping and paste backfill are used to
ensure stability [17]. These processes have undergone
significant technological evolution in recent years,
focusing on improving efficiency, safety, and
environmental sustainability [18]. Among the most
notable advances are the development of advanced
treatments such as the use of microwaves, ultrasonic
processing, and biological methods [19], as well
as the introduction of new chelating agents and
flotation reagents to improve metal extraction from
low-grade ores [20]. The industry has also integrated
advanced technical solutions, such as improved use of
explosive energy and microbiological recovery [21],
and implemented partially autonomous systems to
optimize extraction and transportation [22], [23].

Additionally, solar installations for directly
processing mining waste have been explored [24],
and new multicomponent microflotation techniques
have been developed [25]. The incorporation of
robotic arms controlled by artificial intelligence
and permanent magnet synchronous motors has
improved the precision and efficiency of extraction,
as indicated in [26]. Recent advances in mining
truck automation have developed sophisticated
programming models and algorithms that optimize
energy consumption and temporal efficiency [27],
[28]. These models integrate various factors such
as loading requirements, spatial route coordination,
and improvements in global search, thus refining
decision-making processes for autonomous
vehicles in open-pit mines. In parallel, significant
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innovations have been achieved in LiDAR point
cloud registration algorithms. These improvements
address the challenges of irregular terrains and
detection inaccuracies within mining environments,
resulting in more precise odometric calculations [29].
Additionally, real-time programming systems that
employ tabu search algorithms and mixed integer
programming models have been proposed. These
systems seek to simultaneously optimize truck
routes and speeds to minimize energy consumption
in autonomous mining operations [28].

However, it is essential to note that, despite these
technological advances, significant research or
experiences have not yet been documented that
explicitly focus on applying agile methodologies in
the extraction process, integrating agility, technology,
and technical personnel. Agile methodologies,
originating in computer science, have revolutionized
project management in various sectors, offering a
flexible and adaptive approach that significantly
contrasts with traditional methods [30]. In a business
environment characterized by dynamism and rapid
technological advancement, these methodologies
have proven fundamental in efficiently responding to
fluctuating market demands [31]. Agile frameworks,
such as Scrum, Kanban, and Extreme Programming,
prioritize collaboration, adaptability, and continuous
value delivery, thereby improving efficiency and
customer satisfaction. Their adoption has extended
beyond software development, finding applications
in sectors as diverse as healthcare [32], law
development [33], and even the fashion industry [34].
Work teams adopting agile methodologies are
characterized by autonomy, multifunctionality, and
fluid communication. Daily meetings and periodic
reviews promote transparency and alignment of
objectives [35]. These teams can quickly respond to
changes in project requirements, adjusting plans and
priorities as needed, which improves collaboration
and ensures that all members are aligned with
project objectives. In the current context, agile
methodologies are evolving to integrate emerging
technologies, support decision-making tasks,
predict outcomes, and automate repetitive tasks.
Recent studies suggest that the implementation of
agile methodologies has had a positive impact on
optimizing industrial project management [35].
According to the NTTData report [36], they indicate
that the surveyed mining sector shows a preference
for team organization based on enablers, and their

agile implementations are within work teams of
administrative departments/cells of the mining
companies and not in the productive or extraction
processes, detailing a resistance to change when
implementing agility.

This article presents an approach to improve mining
operations processes by integrating the Scrum
methodology in mineral extraction management,
involving both machines and operators involved
in this task. Here, a model is proposed where each
element becomes an element of the SCRUM team,
with a specifically trained Large Language Model
(LLM) acting as the SCRUM Master. The system
features a Mining Operations Engineer as the Product
Owner, who defines goals based on production needs.
The team structure, adapted SCRUM processes,
necessary technological implementation, and daily
workflow are described. This approach promises
to improve operational efficiency, coordination,
and real-time adaptability of mining operations,
offering a transformative solution for the industry.

SCRUMINE FRAMEWORK

Current Situation

Currently, extraction processes in mining are
characterized by significant complexity and
dynamism, particularly in decision-making regarding
exploitation areas [37]. The selection of zones for
extraction is based on a multifactorial evaluation
that includes detailed geological studies, mineral
grade analysis, advanced mining planning, economic
considerations, deposit accessibility, environmental
and social impact assessments, and available
technologies. Mining companies employ sophisticated
computational models and optimization techniques
to integrate these factors and determine the most
efficient and profitable extraction plans [38]. The
exploitation strategy is not limited to completely
exhausting one area before moving to another;
instead, it adopts a more flexible and dynamic
approach [37]. Multiple work fronts are managed
simultaneously with operations constantly optimized
in response to market fluctuations, technological
advances, and changing deposit conditions. This
approach allows for maintaining a balance between
the extraction of high and low-grade zones, ensuring
the longevity of the mine and more stable production.
The “cut-off grade” concept is dynamically adjusted
according to economic and operational conditions,
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directly influencing extraction decisions [39]. This
comprehensive and adaptive approach to mineral
resource management reflects the complexity and
sophistication of the modern mining industry,
which seeks to maximize efficiency and long-term
profitability while adapting to a constantly evolving
operational and economic environment.

Proposed Situation

Integrating SCRUM methodology into material
extraction management in mining operations
represents an innovation in traditional extraction
processes. This proposal adapts the agile principles
of SCRUM to the dynamic and complex mining
environment. In this model, each component of the
extraction process, from mining trucks to drilling and
loading equipment, becomes an active element of
the SCRUM team. The cornerstone of this proposal
is the introduction of a specialized Large Language
Model (LLM), which acts as a SCRUM Master. This
LLM, trained explicitly in mining operations through
advanced fine-tuning techniques, coordinates and
optimizes tasks in real time, constantly adapting
to the deposit’s changing conditions, variations
in mineral quality, and operational priorities. The
proposed system seeks to integrate data-driven
decision-making with the flexibility of the agile
approach. This synergy between artificial intelligence
and SCRUM principles enables more dynamic
planning, more efficient execution, and enhanced
responsiveness to unforeseen challenges that are
common in mining operations. The implementation
of this methodology must comply with relevant
international standards in the mining industry and
project management, such as those established by
the International Organization for Standardization
(ISO) and the Institute of Electrical and Electronics
Engineers (IEEE).

Compliance with these standards ensures that the
framework is effective, efficient safe, sustainable, and
compatible with global best practices. These practices
include but are not limited to, ISO 14001 standards
for environmental management, ISO 45001 for
occupational health and safety, and IEEE standards for
information technology and automation. Regarding
the process and technologies involved (Figure 1),
SCRUM elements are meticulously adapted to
the mining context. A product backlog containing
prioritized extraction and transportation tasks is
implemented, while daily meetings are automated

for efficient sprint planning. The LLM generates
daily status reports and leads weekly evaluations and
retrospective reviews, ensuring continuous process
improvement. The technological infrastructure is
crucial in this implementation, including an advanced
digital task management system, a network of sensors
and telemetry installed in mining equipment for
real-time monitoring of critical parameters, and a
sophisticated communication interface between the
LLM and human operators. The workflow begins
with a comprehensive review of the backlog by the
LLM, followed by the precise allocation of tasks.
Throughout the day, monitored execution of these
tasks is carried out, with real-time adjustments
as necessary, culminating in a detailed progress
report at the end of the day. Particular emphasis is
placed on rigorous training of operators in SCRUM
principles and effective interaction with the LLM
system to ensure the success of this integration.
Additionally, a continuous adjustment process for
the LLM model is implemented based on the analysis
of historical data and ongoing feedback from the
team, ensuring permanent system optimization and
increasingly precise adaptation to the specific needs
of the mining operation.

The critical actors in this adapted SCRUM model are:

Product Owner (PO):
* Role: Mining operations engineer.
*  Responsibilities:

—  Define and prioritize production objectives.

—  Establish daily and weekly goals based on
needs.

— Balance production demands with mineral
quality considerations and operational
constraints.

— Actasaliaison between mine management
and the SCRUM team.

SCRUM Master (specialized LLM):
e Characteristics:
— LLM with specific fine-tuning for mining
operations.
— Real-time processing capability of complex
data.
e  Functions:
— Coordinate and optimize extraction and
transportation tasks.
—  Facilitate communication between all team
components.
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Product Owner SCRUM Master (LLM) Operadores

Define daily and weekly goals
Ll

Assign daily tasks

Report progress and incidents

Daily status report

Evaluate achieved goals

\ 4

Report issues weekly

Weekly retrospective report

Coordinate and optimize tasks

o

Product Owner

Figure 1.

Identify and resolve operational impediments.
Ensure adherence to SCRUM practices
adapted to the mining context.

Report adjustment needs

SCRUM Master (LLM)
Solution Model - ScruMine.

Operadores

Support Systems:
e Components:

Sensors and telemetry systems in extraction

—  Perform predictive analyses to anticipate equipment.
problems and opportunities. — Global positioning systems and real-time
mapping.
Development Team: — Communication interfaces between the
e Composition: LLM and operators.

Mining trucks and their operators.
Drilling and blasting equipment.

Loaders and excavators with their respective
operators.

Maintenance and support personnel.

Responsibilities:

Execute tasks assigned by the SCRUM

A digital task management platform is
integrated with mine control systems.

¢ Functions:

Collect and transmit real-time data on
equipment status and deposit conditions.
Facilitate fluid communication between
all SCRUM team components.

Master (LLM) and PO. — Provide visualizations and analytics for
—  Provide continuous feedback on the status informed decision-making.
of operations.

Implement real-time improvements and
adjustments as per LLM guidelines.
Collaborate in problem-solving and process
optimization.

BENEFITS AND LIMITATIONS

The SCRUM methodology, adapted to mining
extraction, can offer several benefits, including
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greater operational flexibility, improved efficiency in
extraction processes, real-time optimization of data-
driven decisions, and more effective communication
between different components of the mining team.
This approach enables for a faster response to
changes in deposit conditions or production demands,
potentially leading to increased productivity and
a reduced downtime. Additionally, integrating an
LLM as a SCRUM Master can provide advanced
predictive analytics, improving both short-term and
long-term planning.

However, the adoption of this methodology is not
without its challenges. It necessitates a substantial
investment in technology and training, which may
be a barrier for some mining operations. There is
also the potential for resistance to change from
personnel who are accustomed to traditional methods.
The reliance on advanced technological systems
introduces vulnerabilities to technical failures or
cyberattacks. Furthermore, adapting SCRUM to the
complex and physically demanding environment
of mining may face practical obstacles, and the
effectiveness of the LLM as SCRUM Master will
largely depend on the quality of its training and the
accuracy of the data it receives.

CONCLUSIONS

The mining industry is a sector that continually
innovates and evolves. This evolution is driven by
the need to improve efficiency, reduce costs, and
meet growing environmental and sustainability
demands. Integrating artificial intelligence in the
mining industry transforms the way mineral resources
are explored, extracted, and processed, necessitating
more efficient and effective management. In this
context, this article presents ScruMine, an innovative
approach that integrates the SCRUM methodology
with advanced artificial intelligence technologies
to optimize extraction processes in the mining
industry. The proposal adapts agile principles to
the complex and dynamic environment of mining
operations, introducing a Large Language Model
(LLM) as SCRUM Master and redefining traditional
roles within the extraction team. ScruMine aims to
enhance operational flexibility, improve efficiency
in extraction processes, and facilitate real-time data-
driven decision-making. However, it is essential to
recognize that implementing this approach involves
significant challenges. The substantial investment

in technology and training, possible resistance to
change from personnel, and dependence on advanced
technological systems are obstacles that must be
carefully considered and addressed. The actual
effectiveness of ScruMine in the mining context
is yet to be demonstrated. Adapting SCRUM to a
physically demanding and complex environment,
such as mining, may face practical obstacles that
require continuous adjustments and refinements. As
future work, it is planned to develop and test this
methodology using Autodesk’s FlexSim simulator.
This simulation phase will be crucial for assessing
the viability and effectiveness of the proposed
framework in various mining extraction scenarios,
allowing for adjustments and optimizations before
implementation in natural environments. The results
of these simulations will provide valuable insights
for developing and refining the ScruMine framework.
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