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ABSTRACT

One of the main steps after selecting underground mining method is determining stope boundaries.
Obviously, regarding its impacts on mining economy, it should be an optimal plan. However, due to the
problem complexities, a comprehensive algorithm has not been reported yet for it. Most of the presented
algorithms are heuristic for which the true optimality is not guaranteed. Also, other algorithms whose
solutions are seemed to be optimal, either fail to run on 3D problems or their applications are limited to
a specific method. This paper introduces a new greedy algorithm. Although this proposed algorithm may
fail to provide a globally optimum solution, it is a polynomial time algorithm. After algorithm description,
it has been compared to MVN algorithm. Results show that this algorithm may find a higher value
solution compared to its alternatives.

1. Introduction

As open pit mines deepen their stripping ratio and consequently their mining costs are increased. In these
situations, extracting the rest of deposit by one of the underground mining methods may be more
economically. Also, for some of the deposits in which overburdens are large enough, the underground
mining methods are our only options. Given one of these underground methods as the suitable method for
extracting the ore deposit, it is necessary to determine the optimal workable layout. Clearly, this layout
should be as optimal as possible. However, after four decades from the presentation of the first algorithm
for optimizing underground mining limit, the growth rate of these algorithms had been slow within this
passed period. The majority of presented algorithms are heuristic, as well as, their solutions are
suboptimal. Moreover, the presented rigorous algorithms either are not 3D or they have many
simplifications.

Open pit and underground optimization algorithms are usually implemented on 2D or 3D economic block
models. Indeed, a large cube covers the whole of the ore deposit and part of waste rocks. Afterwards,
using the parallel vertical and horizontal planes, the large cube is divided into smaller cubes which are
usually regular. Each of these smaller cubes is called a block and owns a specific position and also
dimensions. In the next step, using one of the estimation methods, block grade is estimated. By knowing
the mining cost, commodity price, and recovery, block economic value (BEV) is calculated.

The main purpose of optimizing underground mining limit is a determination of an appropriate plan for
choosing a combination of blocks in the economic models that maximizes the overall profit, subject to
some constraints.

Some researchers have been looking at optimization of stope boundaries since four decades ago such as;
Riddle (1977), Ovanic and Young (1995, 1999), Alford (1995), Ataece-pour (1997), Jalali and et al (2004),
Topal and Sens (2010), Bai and et al (2013, 2014). However, most of the presented algorithms are
heuristic, as well as, their solutions are suboptimal. Moreover, the presented rigorous algorithms, either is
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not 3D or they have many simplifications. Although these heuristic algorithms usually fail to provide an
optimal solution they are useful techniques to solve our large-scale problem at a reasonable time.

This paper proposes a new greedy algorithm for stope boundaries optimization. It is a heuristic algorithm
and may not find out the global optimum solution. However, it has a great potential for solving such
large-sized problem.

2. Proposed Algorithm

Indices, parameters, sets, and variables which are used in this algorithm are defined as below:

Index

t stage number

Parameters

P economic block model

Dijx value obtained from extracting block B, |,

1 number of P blocks along i axis

J number of P blocks along j axis

K number of P blocks along k axis

d, minimum stope size in terms of block along i axis

dj minimum stope size in terms of block along j axis

d, minimum stope size in terms of block along k axis

B, .o origin block of a probable stope

B, s origin block of a definitive stope

Sets

M feasible locations of origin blocks along i axis

N feasible locations of origin blocks along j axis

(0] feasible locations of origin blocks along k axis

S blocks which are located in a probable stope

Siis blocks which are located in a definitive stope

Variables

§0:n,n,o value added to overall stope value from extracting a probable stope at the ¢ stage
,t;,,,;,a value added to overall stope value from extracting a definitive stope at the " stage

A’ optimal stope boundaries which is the union of all definitive stopes at the ¢ stage
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Al overall stope value at the ¢ stage
o non-investigated stopes set
e pre-investigated stopes set

2.1. Probable and Definitive Stopes

A probable stope is a subset of P and denoted by S This subset creates a cube that its dimensions

m,n,o °
along i, jand k axis are fixed and they are pre-known parameters. These dimensions are also named as

minimum stope sizes. Each cube is determined by an origin block ( B yellow blocks in Fig. 1).

m,n,o

Since §,,,, satisfies minimum stope size constraints, it has a potential to be chosen as part of the final
layout. However, based on the problem’s objective function (it can be maximization of profit, NPV, etc)
the algorithm might reject it. Therefore, it is called a probable stope. When a probable stope is decieded to
be included in the optimal solution, its name changes to definitive stope. The relationship between a

probable stope and its blocks is presented in Eq (1).
Spno =B i lie{m,...om+d, -1}, jein,....,n+d, -1} ,kelo,...,o+d, —1} } (1)

Also, feasible locations of origin blocks along i, jand k axis are defined by M, N and O sets (Egs.
(2) and (4)).

M={,2,....1-d +1} (2)
N={1,2,..,J-d,+1} (3)
0=1{,2,...K—d, +1} 4)
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Fig. 1. A 3D view of a probable stope
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2.2. Greedy Algorithm

Based on the type of objective function, e.g. maximization of profit, a greedy algorithm at each stage
selects the best solution without considering its previous and future decisions. Obviously, these
approaches may lead to a local and near-optimal solution. Although they do not guarantee a global
solution, they are very fast and useful algorithms to solve any large-scale problem at a polynomial time.

In this paper, it is tried to propose a new greedy algorithm for optimization of stope boundaries
considering minimum stope sizes. The main core of this algorithm is to find the most valuable probable
stope between non-investigated stopes set by Eq. (5). This stope is called definitive stope and it is added

to the optimal stope boundaries set (A") if its value is positive (Eq. (6)). Since the algorithm checks any
stopes only once, any definitive stope is removed from non-investigated stope sets (Q'), Eq. (7), and is
added to pre-investigated stope sets (©'), Eq. (8).

¢rt?1,ﬁ,6 =max {gD:n,n,o |Bm,n,() € Qt_l} (5)

Where:

t —
(Dm,n,o - z pi,j,k

(1,758, ,~A™)

A =A"US;u5 (6)
Q'=Q"-B,., (7
® =0"UB,,, (8)

At the beginning of algorithm, pre-investigated stope set (®°) and also the stope boundaries set (A”) are
empty, because the algorithm has not found any definitive stope yet. However, the initial non-investigate

stope set (QO) consists of all feasible origin blocks (Eq. (9)).

QO:{Bi’A].,k|ieM,jeN,keO} 9)
Also, the overal stope value at each stage (A" ) is determined by Eq. (10).

A=l (10)
The pseudo code of this algorithm has been illustrated in Fig. 2.

3. Numerical Example

Let us suppose that there is a section of the economic block model with six rows and ten columns (Fig. 3),
and minimum stope sizes along iand j axis to be equal to three and one blocks, respectively. Based on
the following calculations the greedy algorithm determines a layout with a value of 63 (Fig. 4). However,
the MVN algorithm determines a layout with a value of 59 when its search direction is from the right side
to left side (Fig. 5).
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algorithm greedy algorithm for stope boundaries optimization;
begin
D=1,
2)Q°:={B, lieM,jeN,keO};
3)0’ =,
HA" =,
51" =0;
6) find a stope with the maximum value among the non-investigated stopes:
(Drtﬁ,ﬁ,ﬁ =max {q)rtn,n,n | Bm,n,() € Qtil} and Brﬁ,ﬁ,ﬁ € th
7) remove this stope from the non-investigated stopes set (') and add it to pre-
investigated stopes set (®"):
Qt :Qt_l—B~ o
0 =0"U B s
While @, ; ; is positive do
begin
a) update stope boundaries (A"): A' =A""'US i
b) update overall stope value (A'): A' =1 + s
c) t=t+1;
d) gotostep6
end;
end;
Fig.2. Pseudo code of the greedy algorithm
]
1 2 3 4 5 6 7 8 9 10 11 12
1] 1 2 1 -1 0 3 2 -2 4 1 2 -2 -1
2 5 -1 -1 2 3 -2 1 0 1 -1 -1
3 3 4 1 -2 -1 0 -1 2 1 -1 2
4 -1 0 -2 1 2 0 4 -1 1 2 2 -1
5 6 -1 -3 1 -3 5 3 1 -4 2 0

Fig. 3. The economic block model example
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t=1:(”~1;”~1):(537)9¢7(15,7) =9,0' :{35,7}91\1 = {S5,7}a/11 =9

t=2:(”~1>ﬁ):(1,8)a¢(21,3) =7,0 = {B5,7,Bl’8},/\2 :{S5,7>Sl,8}’/12 =16

t=3:(m,ii) = (3,1), 0%,

t=17:0,7) = (5,2),
@17 —

A17 —

/117 —

t=18:(i, i) = (1,2),®

{By+,B,3>By1sBy5>B,4»Bios By 3y Bygs By s Bis Buos By By oy B 7 B

2,72

1,82

17 _
(52) —

B4745 BS,Z} H

{S5,7>S S3,1>S4,5aS1,4aS4,9aSz,3aS2,8aS2,1>S1,15S3,9aS S S,758

3,100

1,8

S4,49S5,2} >

63

18
(1,2)

1,

4,9>72,3572,8>72,1° 110

3,92

5,12

=0,1t 1s not a positive number - End

= 7a®3 = {B5,7’BI,S’B3,1} >A3 = {S5,7’S1,8’ S3,1} ’13 =23

2,79

3,20

J
> 1 2 3 4 6 7 8 9 10 11 12
il 1 2 1 -1 0 2 -2 4 1 2 -2 -1
2 5 -1 -1 2 3 -2 1 0 1 3 -1 -1
3 3 0 4 1 2 -1 0 -1 2 1 -1 2
4 -1 0 -2 1 2 0 4 -1 1 2 2 -1
5 6 -1 -3 1 0 -3 5 3 1 -4 2 0

Fig. 4. The greedy algorithm output with value of 63

J
‘ 1 2 3 4 6 7 8 9 10 11 12
i | 2 1 -1 0 2 -2 4 1 2 -2 -1
2 5 -1 -1 2 3 -2 1 0 1 3 -1 -1
3 3 0 4 1 -2 -1 0 -1 2 1 -1 2
4 -1 0 -2 1 2 0 4 -1 1 2 2 -1
5 6 -1 -3 1 0 -3 5 3 1 -4 2 0

Fig. 5. MVN output with value of 59
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4. Conclusion

Undoubtedly, underground mining limit optimization is one of the main mining problems which play an
important role in the industrial mining economy. However, after four decades since the first algorithm has
been presented for this problem, there is no complete algorithm yet. Most of them are heuristic and their
solutions are not guaranteed. Also, due to many simplifications in designing rigorous algorithms, they are
not appropriate to solve real case problems. In this research, a new greedy algorithm was introduced.
Although it may provide a locally optimum solution, it is able to find the solution at a reasonable time.
Actually, less processing time for running this algorithm is very important due to our hardware
limitations.
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