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Abstract

Determination of stope boundary is a critical step in underground mine design, directly impacting project
profitability and operational plans. Developing efficient and accurate algorithms for solving the Stope
Boundary Optimization (SBO) problem has been a challenging task. In this study, a metaheuristic Discrete
Imperialist Competitive Algorithm (DICA) was introduced for the SBO problem. The DICA algorithm,
following a simulation-based approach, provides initial solutions in the search space and identifies the
optimal solution after evaluating each one. Tested with different operators such as assimilation and
revolution, and various initial populations, the suggested algorithm was applied to a 5*5*5 m block model of
a copper deposit comprising 15,945 blocks. The results demonstrated the algorithm’s capability to determine
stope boundaries within a reasonable computational time. For validity check, the results were compared with
those obtained from the Maximum Value Neighborhood (MVN) and floating stope algorithms. The
comparison revealed that DICA outperformed both algorithms.

Keywords
Stope boundary optimization, Optimization algorithm, Metaheuristic algorithm.

* Corresponding Author


https://dx.doi.org/10.22034/ijme.2024.2018817.1999
mailto:amirarsalan.hemasian@modares.ac.ir
mailto:jafarkhademi@modares.ac.ir
mailto:a_mousavi@modares.ac.ir
https://creativecommons.org/licenses/by/4.0/

AmirArsalan Hemasian Etefagh, Jafar Khademi Hamidi, Amin Mousavi Iranian Journal of Mining Engineering (IJME)

1- Introduction

The increasing depth of underground mines necessitates advanced optimization techniques for
efficient design and planning. Despite this need, traditional, time-consuming, and inefficient
empirical methods remain prevalent. In contrast, open-pit mining has benefited from optimization
techniques since the 1960s, leading to significant improvements. Stope boundaries, a crucial stage
in underground mine design and intricately linked to subsequent phases, significantly impact project
profitability. Therefore, formulating an optimal, or at least near-optimal, yet practical stope design
Is paramount [1-3].

The objective of stope layout design is to identify the best combination of blocks from a
geological/economic model while adhering to technical constraints such as geometric limitations
imposed by the mining method. This selection aims to maximize overall profit. Block models are
valuable tools for designing stopes and optimizing production plans [4]. However, developing a
comprehensive algorithm for the optimal final extraction zone remains challenging due to the need
to consider all constraints, including those related to geomechanics and the chosen mining method.
Intelligent metaheuristic optimization algorithms offer a solution. Their ability to consider all
relevant parameters simultaneously leads to enhanced design and production planning in mines due
to their solution quality, adaptability, and search capability [5]. These algorithms provide results
very close to the true optimum.

The Imperialist Competitive Algorithm (ICA), a metaheuristic technique, has recently gained
popularity in the mining field. Javadzadeh et al. [6] used ICA to develop a 2D model for optimizing
the extraction zone in open-pit mines. The present study employs ICA to optimize the final
extraction zone for an underground copper mine stope. The objective is to maximize the economic
value of the final extraction zone within a reasonable timeframe.

2- Methods

Inspired by socio-political evolution, ICA represents potential solutions as "countries”" and
iteratively refines them through assimilation (attraction), competition (elimination of weak
solutions), and revolution (random exploration) [7]. Initial solutions become "imperialist countries"
or "colonies” based on their quality. Imperialists attract colonies, guiding them towards the optimal
solution. The algorithm incorporates mechanisms to prevent stagnation and ensure continuous
improvement, ultimately seeking convergence to the best outcome [7].

While standard ICA tackles continuous problems, modifications like the Discrete ICA (DICA)
by Enayatifar et al. [8] enable it to handle discrete problems like stope boundary optimization.
DICA retains ICA's core structure but adapts components like initialization, assimilation, and
revolution. Unlike continuous problems, DICA requires problem-specific initialization to ensure
valid initial solutions. Additionally, a modified assimilation operator updates colony variables
towards the imperialist's values within their permissible range [8]. The revolution operator
randomly assigns new values to a colony's variables, independent of the imperialist.

DICA closely reflects real-world scenarios by leveraging a 3D block model of the ore deposit.
Blocks within this model can have positive or negative economic values. DICA defines the final
stope boundary as the set of consistently mined out blocks across all sections, adhering to minimum
stope dimensions. The economic value of each region is the sum of its constituent blocks' values.
DICA utilizes a "country" metaphor, where each country is a binary array representing mineable
blocks based on their position in the 3D model. To achieve optimal solutions, DICA employs an
initial population of randomly generated countries. The size of this population impacts both
accuracy and computational time. A subset of these countries becomes "imperialists,” while the
remainder are "colonies." Colony assignment favors stronger imperialists, reflecting a power
dynamic. Each imperialist and its colonies form an "empire." DICA incorporates assimilation and
revolution operators: assimilation moves colonies closer to their imperialists, while revolution helps
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avoid local optima through random modifications.

In summary, this study investigates DICA for optimizing underground mine stope boundaries. A
3D block model incorporates both geometric constraints and economic parameters. The proposed
approach utilizes a two-step process. First, a grade block model is generated, followed by the
creation of an economic block model. In the second step, DICA is implemented. Positive economic
value blocks are identified, and the initial population of "countries” is formed using a binary block
model. The algorithm iteratively selects the highest economic value stope for each marked block,
updating the binary model to ensure no block belongs to multiple stopes. Finally, the remaining
DICA steps (imperialist/colony selection, empire formation, and assimilation/revolution operators)
are performed to achieve an optimal final stope boundary for each country.

3- Findings and Argument

Sublevel stoping was chosen as the mining method for the ore deposit. The algorithm for
determining the final stope boundary assumed a minimum stope size of 10x10x10 meters. A fixed
cut-off grade of 0.69% copper was used to identify economically viable stopes. Leveraging the
grade block model, an economic block model was constructed considering average block grade,
cut-off grade, and other relevant information. Blocks with positive economic value were identified
based on their spatial coordinates (x, y, z). Each "country™ in the DICA model represents a potential
stope configuration. The arrangement of each country's binary array reflects the block positions
with priority given to row, column, and level. A total of 9,143 blocks had positive economic value,
defining the length of each country's binary array.

The initial population size was chosen as 200 countries after considering the impact on the
number of possible solution states. Each country randomly selected a subset of these positive
blocks, marking them with a value of 1. For each selected block, a stope with the highest economic
value that included that block was formed, ensuring minimum stope dimensions. Overlapping
effects were addressed by adding remaining blocks of a stope to another stope, if necessary, while
maintaining minimum dimensions. Figure 1 illustrates this process.

|:| Positive economic value blocks D Positive economic value blocks
D other blocks - A set of stope blocks
() (b)

Y X

Figure 1. Steps for determining the stope boundary of an underground mine for each country:
(a) Random selection of positive blocks (b) Formation of a stope for each positive block (c) Determining the final
stope boundary of underground mine for one country
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As shown in Figure 1(a), the positions of positive economic value blocks randomly selected from
the 9,143 blocks are marked in red. Subsequently, in Figure 1(b), considering the locations of the
selected positive blocks in the block model and adhering to the minimum stope dimension
constraint of 2x2x2 blocks, the most suitable set of blocks surrounding the positive block is chosen
to form the mining stope. To address the overlapping effect constraint, if some of the blocks in the
stope formed by the positive block are included in another stope, the remaining blocks of the same
stope are added to the other stope while maintaining the minimum stope dimensions. Some of these
types of stopes are exemplified in Figure 1(b). Finally, as depicted in Figure 1(c), the final
underground stope boundary is determined for each country.

The top 15% (31 countries) of the initial population, based on economic value, were selected as
imperialists. The number of colonies for each imperialist was determined probabilistically based on
their power. Table 1 provides details of the initial empires.

Table 1. Established Empires

Empire No. | Imperialist Number | Power of Imperialist | Number of Colonies | Occupancy Percentage
1 145 382,764 11 7.1%
2 46 381,702 10 6.5%
3 2 379,265 9 5.9%
4 166 372,712 9 5.9%
5 98 372,376 8 5.3%
6 79 369,595 7 4.7%
7 64 368,578 7 4.7%
8 172 367,406 7 4.7%
9 154 364,949 6 4.1%
10 126 364,027 6 4.1%
11 134 361,893 6 4.1%
12 67 360,968 6 4.1%
13 164 359,583 6 4.1%
14 39 359,138 6 4.1%
15 53 356,522 5 3.6%
16 101 352,661 5 3.6%
17 165 350,751 5 3.6%
18 198 349,824 5 3.6%
19 42 349,057 5 3.6%
20 112 346,366 5 3.6%
21 59 344,801 4 3.6%
22 21 343,680 4 3.0%
23 171 341,205 4 3.0%
24 141 337,466 4 3.0%
25 102 337,176 4 3.0%
26 36 334,837 3 2.4%
27 88 329,875 3 2.4%
28 148 329,459 3 2.4%
29 133 325,924 2 1.8%
30 186 325,736 2 1.8%
31 130 319,641 2 1.2%

The DICA algorithm was iterated until termination conditions were met (1000 iterations in this
study). Convergence of all countries to a similar solution indicated algorithm termination. The
economic value of the final imperialist country was considered the optimal economic value for the
final stope boundary. Figure 2 illustrates the economic value of the final boundary at each iteration.
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Figure 2: Convergence plot of the highest economic value of the final stope boundary for each iteration of the
DICA algorithm

As shown in Figure 2, the algorithm achieved the best economic value in 366 iterations, with
94% of the best values achieved within the first 500 iterations. This confirms the convergence of the
solutions. The final, optimal stope boundary for the case study is depicted in Figure 3.
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Figure 3: The optimal stope boundary as determined by DICA algorithm
4- Conclusions

Determining the optimal stope boundary in underground mine design is a crucial step that
directly impacts project profitability. This stage is closely linked to production scheduling, and
achieving optimal production plans necessitates defining the optimal stope boundary. Due to the
diversity of underground mining methods and the complexity of calculating economic parameters,
developing algorithms for stope boundary determination has been challenging and time-consuming.
Therefore, introducing new algorithms can be effective in solving the stope boundary determination
problem.
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This paper proposed a novel approach for solving the stope boundary determination problem

using the Discrete Imperialist Competitive Algorithm (DICA) to find an optimal solution in the
presence of geometric constraints and economic parameters. The proposed method effectively
identified the optimal solution and provided it within a reasonable computational time.
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7-Mining Rock Mass Rating (MRMR)
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1-Alford

2-Floating Stope

3-Maximum Value Neighborhood (MVN)
4-Dijkstra

5-Matlab

6-Sandanayke
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5-Discrete Imperialist Competitive Algorithm (DICA)
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1-Imperialist Competitive Algorithm (ICA)
2-Assimilation

3-Imperialistic competition

4-Revolution
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