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Synopsis
Long-term production scheduling is a major step in open pit mine planning and design. It aims to
maximize the net present value (NPV) of the cash flows from a mining project while satisfying all the
operational constraints, such as grade blending, ore production, mining capacity, and pit slope during
each scheduling period. Long-term plans not only determine the cash flow generated over the mine life,
but are also the basis for medium- and short-term production scheduling. Mathematical programming
methods, such as linear programming, mixed integer linear programming, dynamic programming, and
graph theory, have shown to be well suited for optimization of mine production scheduling. However, the
long-term plans generated by the mathematical formulations mostly create a scattered block extraction
order on several benches that cannot be implemented in practice. The reason is the excessive movement
of mining equipment between benches in a single scheduling period. In this paper, an alternative integer
linear programming (ILP) formulation is presented for long-term production scheduling that reduced
the number of active benches in any scheduling period. Numerical results of the proposed model on a
small-scale open pit gold mine show a 34% reduction in the average number of working benches in a
given scheduling period.
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Introduction
One of the significant stages in open pit mine planning and designing is the optimization of long-term
production scheduling. The objective is to determine the extraction sequence of ore and waste blocks
in order to maximize the NPV of the mining operation within the existing economic, technical, and
environmental constraints. The applied constraints are the mining extraction sequences; mining, milling
and refining capacities; mill head grades; and various operational requirements such as minimum pit
bottom width.
Mathematical programming has been effectively used by various researchers to tackle long-term
open pit scheduling problems. Linear programming (LP) was first applied by Johnson (1969), and led
to the mixed integer linear programming (MILP) formulations by Gershon (1983) for the production
scheduling problem. Many researchers subsequently used mathematical programming models to
solve the long-term production scheduling problems (Dagdelen and Johnson, 1986; Ramazan and
Dimitrakopoulos, 2003; Dimitrakopoulos and Ramazan, 2009; Goodfellow and Dimitrakopoulos,
2015, 2017). A complete bibliography of the mathematical programming models that were used in
mine production scheduling is provided by Osanloo, Gholamnejad, and Karimi (2008) for open pit
optimization, and by Newman et al. (2010) for optimization in underground mine planning.
One of the most important problems in a production schedule from the mathematical models
is excessive movement of loading and hauling equipment between benches in a given period of
scheduling. This increases both the mining costs and the complexity of the excavation operations. For
technical and economic reasons, mining operations will not be performed on a large number of widely
spread levels in any given scheduling period (Djilani and Dowd 1994).
Caccetta and Hill (2003) restricted the maximum vertical depth, D, that can be mined in each
scheduling period. They added some constraints to ensure that blocks separated by vertical distances
greater than D are mined in different time periods.
Dimitrakopoulos and Ramazan (2004) proposed an alternative MILP model in which access to
equipment and mobility constraints are taken into account. They considered two concentric inner and
outer windows around each block (i). The optimization model attempted to mine each block (i) together
with the adjacent blocks within the inner (smaller) window. If the blocks within the inner and outer
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windows could not be mined out, their tonnage was considered
as ‘deviations’, which were then minimized in the objective
function along with their deviation costs. The resulting schedule
decreases the movement of equipment on each bench.
Pourrahimian, Askari Nasab, and Tannant (2009) presented
two MILP formulations to prevent scattering of the excavation
sequence in a given scheduling period. Their first model, which
is a block-based model, was a modification of the approach
by Ramazan and Dimitrakopoulos (2004). They introduced
constraints into the optimization model that enforced extraction
of a working block with at least 40% of its surrounding blocks
in the same period. The second model was developed based
on a combination of concepts from Caccetta and Hill (2003)
and Boland et al. (2009). In the second model, the blocks
were aggregated prior to the schedule optimization based on
their attributes such as the spatial location, rock type, and
grade distribution. The authors termed these block clusters
‘mining-cuts’ and the scheduling model was then applied on the
generated mining cuts instead of mining blocks. They showed
that the schedule generated by the second model (mining-cut
based model) is more feasible in practice.
Askari-Nasab, Awuah-Offei, and Eivazy (2010) presented
a mixed integer nonlinear programming (MINLP) model for
long-term production scheduling. To reduce the number of
continuous and binary variables in the model, they aggregated
blocks into larger units, referred to as mining cuts, using
clustering algorithms. Then, they defined a binary integer
decision variable, equal to unity if a mining-cut is scheduled to
be extracted in period t, and zero otherwise. Finally, they added
a set of constraints to control the maximum number of fractions
that mining cuts are allowed to be extracted over. For large-scale
models with many scheduling periods, this value was set equal to
two or three fractions. Due to the difficulties in solving nonlinear
models, the nonlinear equation was linearized by introducing a
new continuous variable. The model ensured that the generated
schedule is practical in terms of equipment movement (AskariNasab, Awuah-Offei, and Eivazy, 2010).
Past efforts to deal with production of practical plans
attempted to reduce the movement of equipment on a particular
bench, (not between the benches), with the exception of Caccetta
and Hill (2003). In this paper, a new ILP model is presented
for the open pit mine sequencing and scheduling problem.
Traditionally, in ILP models, some physical and technical
constraints are used such as grade blending, processing and
mining capacity, pit slope, and reserve constraints. The novelty
of this work lies in the definition and incorporation of additional
constraints in the ILP model, in order to reduce the number of
active benches in each scheduling period.
The remainder of the paper is organized as follows. The
section on materials and methods presents the problem definition,
with the notations of variables and the ILP formulations of
the problem. Moreover, addition of the novel constraints
(equipment movement constraints) to the traditional model for
each scheduling period is investigated. This is followed by a
comparison of the results from the suggested model with those
from the traditional one, using a mining case study, and finally, a
discussion and conclusion.

Materials and methods
Mathematical optimization techniques use a linear or nonlinear
model to represent the mining operation and find an optimal
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schedule, taking into account the physical constraints imposed by
the mining system. The general criterion of optimization can be
maximizing the NPV, minimizing mining costs, or minimizing the
variance of the grade, etc.
LP is the most widely used technique for decision-making
in business and industry, and also in open pit mine scheduling
optimization. Usually in a LP decision, variables are allowed to be
fractional. In ILP, all decision variables are integer, and in MILP,
some, but not all, variables are restricted to being integer.
The mathematical programming model presented here is
based on ILP and can be extended easily to a MILP model simply
by defining the variables as linear instead of integer. The model
for long-term production scheduling contains an objective
function and a set of constraints.

Objective function
In long-term production scheduling for open pit mines, the
objective function is usually constructed to maximize the
overall NPV of the project over the model’s scheduling horizon.
The scheduling horizon is divided into a finite number of time
intervals with predefined durations. Even though this objective
is the most commonly used criterion in long-term scheduling
optimization (Chanda and Ricciardone 2002), other objectives
such as cost minimization, reserve maximization (Askari-Nasab,
Awuah-Offei, and Eivazy, 2010), and risk minimization (Montiel
and Dimitrakopoulos, 2015) can also be applied. The objective
function can be identified as follows:
[1]
where
ijk	Indices correspond to the row, column, and level of blocks
in the model, i = 1,2,…I, j = 1,2,…, J and k = 1,2,…,K.
These are block counters in the x, y, and z directions
respectively with k decreasing with depth. I, J, and k are,
respectively, the number of blocks in the block model in
the x, y, and z directions.
I	Long-term schedule time period, t = 1,2,…,T
T 	The number of periods over which blocks are being
scheduled
cijkt
The NPV obtained from mining, processing, and selling of
block ijk in period t
xijkt	A binary variable which is equal to 1 if block (i,j,k) is
mined in period t, and zero otherwise.
cijkt can be calculated easily based on the weight and type
of the block; grade(s) within block; mining, processing. and
smelting recovery percentages; costs of mining, processing, and
smelting; selling price of final product(s); and discount rate. A
key assumption in the calculation of block values is that the
block cost of mining does not depend on the mining sequence.

Constraints
Grade blending constraints
The grade blending constraints adjust the feed quality to the mill.
These constraints guarantee that the average grade of the feed
to the mill is less than or equal to an upper bound value, , and
more than or equal to a lower bound value, , for each scheduling
period (t):
[2]
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[3]
where
gijk Average grade of block ijk
t
AGmax
Maximum average grade of ore sent to the mill in period t
t
AGmin
Minimum average grade of ore sent to the mill in period t
OTijk Ore tonnage in block ijk.
If necessary, these constraints can also be written for other
by-products (such as gold in copper deposits) and deleterious
elements (such as phosphorus in an iron ore deposit) that may
have an impact on the efficiency and costs of the metallurgical
process.

Processing capacity constraints
The processing capacity constraints ensure that the total
tonnage of ore processed by the mill does not exceed the mill
capacity (PUt) and is less than a predefined amount (PLt) in any
scheduling period (t):
[4]

the directly overlying blocks have already been mined. The
overlying blocks can be determined by applying the precedence
constraints. There are several slope patterns that are used to
identify precedence relationships, such as the 1:5 pattern, 1:9
pattern, and 1:5:9 pattern (Mousavi. Kozan, and Liu, 2014). The
precedence constraints for a 1:9 pattern (Figure 1) can be written
as follows:

[8]

where
r
Time period index, r = 1,2, …,t.

Reserve constraints
The reserve constraints signify that each block cannot be mined
more than once, and can be formulated as follows:
[9]

[5]

where
PUt Maximum processing capacity in any period, t
PLt	Minimum amount of ore that should be processed in period
t.
In practice, in order to provide a uniform feed to the mill, the
processing capacity constraints should be set within limited upper
and lower bounds (Askari-Nasab, Awuah-Offei, and Eivazy,
2010).

Equipment movement constraints
These constraints guarantee that the average number of working
benches over each scheduling period will not exceed an integer
number (h), which is specified by the designer. These constrains
minimize the movement of equipment between working benches
in a given scheduling period. The related constraints can be
written as:

[10]

Mining capacity constraints
The mining capacity constraints guarantee that the maximum
mining capacity of equipment, MUt, is respected. Moreover, the
stripping ratio can be controlled by the lower bound mining
capacity (MUl) as follows:

[11]

[6]

[7]
where
MUt Maximum available equipment capacity for each period t
MLt	
Minimum amount of material (waste and ore) that should
be removed in each scheduling period t
WTijk Tonnage of waste material within block ijk.
Equation [7] is useful to balance waste production over
the mine life. When the stripping ratio is more or less constant
throughout the life of the mine, equipment fleet size and labour
requirements are also relatively constant.

Local block precedence constraints
A block can be mined in a given scheduling period only if
The Journal of the Southern African Institute of Mining and Metallurgy
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where
h	An integer number representing the maximum average
number of benches that are allowed to be mined in each
period
ykt
A binary variable which is equal to 1 if at least one block
within the kth bench is mined in period t, and 0 otherwise.
In fact

, represents the number of mined benches in a

scheduling period (t). If only one block of a bench is extracted
in a particular scheduling period, that bench is considered to
be active at that time; therefore, the left-hand side of constraint
[11] represents the average number of mined benches in a given
scheduling period.
As shown in constraints [10] and [11], the number of
binary variables and constraints added to the problem (due to
the consideration of the new constraints) are KT and 2TK+1,
respectively.

Application to a gold mine
The implementation of the ILP model for long-term production
scheduling is demonstrated for an open pit gold mine in Iran.
The mine is a conventional truck-and-loader operation. The final
pit contains 1 273 446 t of rock containing 714 834 t of ore with
an average grade of 1.62 g/t Au (at a 0.6 g/t cut-off grade). It
will take about 10 years to exploit the final pit, considering the
capacity constraints of the operation. The final pit contains 2690
blocks (1510 ore blocks and 1180 waste blocks) of 6 × 6 × 5 m
with the information containing block coordinates (x, y, and z),
rock type, rock density. and gold grade in grams per ton. The total
number of benches in this model is 16.
In order to reduce the number of decision variables and
consequently reduce the solution time, the long-term production
scheduling model is run over five scheduling periods (each period
is 2 years long). In this study, it is assumed that the ore materials
that are destined for the processing plant are limited to between
100 000 and 200 000 t and the total mined material is between
140 000 and 300 000 t during each production period. According
to the processing plant layout, the average grade of the feed to
the mill must be more than 1.5 g/t. To have a benchmark in the
proposed model, two schedules were produced; one using the
new model (NM) proposed in this paper and another, referred to

as the traditional model (TM), which ignores constraints [10] and
[11]. Based on the number of loading and hauling machines and
authors’ experiences at this mine, the value of h is assumed to be
5 in NM.

Results
These two models were solved on a PC with an Intel(R) Xeon(R)
CPU E5-2699 v4 at 2.2 GHz and 16 GB RAM using the CPLEX
solver in GAMS version 24.7.4. As Table I shows, it took 108
seconds for the TM to be solved, while running the NM took
about 2627 seconds.
Figure 2 shows cross-sectional views of the two schedules
for the gold deposit: one obtained using the TM and the other
generated by the NM. It can be seen that the NM scheduling
pattern appears more practical and needs less equipment
movement between benches within each scheduling period.
Table II summarizes the results of the schedules obtained
using these two models. The average number of active benches
in the schedules was 7.6 for the TM and 5 for the NM, which
represents a 34% reduction. This means that mining equipment
would need less relocation between benches in a given
scheduling period using the NM, and all activities would be
concentrated on a smaller number of benches. Table II shows that
in the schedule by the NM, the amount of ore extracted in the
first period decreases by 10%, while the amount of waste mined
in this period increases by 8.5%. However, the processing and
mining capacity constraints were satisfied. The total generated

Table I

Information of TM of NM runs for gold deposit in case
study
Description
Total number of blocks
Total number of periods
Annual discount rate
Number of constraints
Total 0-1 variables
Solution time (seconds)

TM

NM

2.690
5
10%
16.165
13.450
108

2.690
5
10%
16.326
13.530
2627

Figure 2—Cross-sectional views of production scheduling pattern from the traditional (a) and new (b) approaches
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Table II

Summary of results for production scheduling using the TM and NM
Period

Ore production		

TM

NM

TM

1

199.775

181.786

2

123.557

161.429

3

115.036

4
5

Waste production

Au average grade

NM

TM

NM

56.335

61.542

1.77

59.648

138.233

1.50

159.062

134.919

27.931

127.818

103.675

164.743

148.648

108.882

142.967

Average

142.967

142.967

Total

714.834

714.834

No. of active benches
TM

NM

1.94

9

6

1.50

5

3

1.59

1.52

6

3

180.365

1.53

1.51

8

5

150.541

1.61

1.50

10

8

111.722

111.722

1.62

1.62

7.6

5

558.612

558.612

–

–

–

–

NPVs from the TM and NM models are about $21.57 million
and $20.77 million, respectively, which shows a 3.7% reduction
of NPV in the NM. One of the main reasons for this is that the
objective function in the NM cannot extract more ore from more
benches to satisfy the ore tonnage requirements, which stems
from constraints [10] and [11]. Instead, in order to satisfying
the grade blending constraints, the model extracts high-grade
materials in the first scheduling period.
In order to investigate the horizontal scheduling pattern,
the number of time periods for the extraction of each bench was
calculated (Table III). Remarkably, the average number of time
periods required to extract a bench is reduced from 2.4 in the TM
to 1.6 in the NM (a 37.5% reduction).
As an example, the plan views of the scheduling patterns
generated from the NM and TM for the 8th bench of the open pit
mine are illustrated in Figure 3. As illustrated, bench 8 is mined
in five scheduling periods (1, 2 ,3, 4, and 5) with the schedules
produced by the TM, while by employing the NM, this is reduced
to two scheduling periods (2 and 4). Therefore, mining a single
bench requires less movement of equipment compared with the
schedules obtained from the NM.

Discussion
Open pit mine scheduling can be divided into three phases, i.e.
long-, medium-, and short-term production scheduling. Longterm production scheduling usually aims to maximize the NPV,
and defines the yearly production schedules. In short-term
production scheduling, the micro-level operational constraints
such as mining and mill capacity, grade requirements, equipment
constraints, stockpile constraints, availability of consumable
additives, and block accessibility are taken into account to
minimize deviations from production targets. Short-term
plans, which define monthly, weekly, or even daily production
schedules, are based on medium- and long-term plans. The
optimality and practicality of the short-term plans depend
strongly on the optimality and practicality of long-term plans;
therefore, in order to have a practical short-term schedule, the
long-term plans should be practical to the greatest possible
extent. On the other hand, if planners can reach the optimal
production target through short-term scheduling, then the main
objective of the mining operation, which is maximizing NPV,
is secured in the long term. One of the operational aspects of
short-term scheduling is that the total number of active benches
in each scheduling period should be kept as low as possible. This
reduces the movement of equipment between benches, which in
turn can reduce the total mining costs (Bai et al., 2018). In the
The Journal of the Southern African Institute of Mining and Metallurgy

authors’ experience, if the number of benches that are active
simultaneously during a long-term planning horizon is high, the
number of active benches in each short-term scheduling horizon
will be high as well. This point, as a significant consideration,
persuaded the authors to add linear constraints (equipment
movement) to the traditional long-term production scheduling
models in order to decrease the number of active benches in each
scheduling period.
Comparison of the scheduling patterns of the TM and NM
(Figure 2) showed that the schedule obtained by the TM was
further developed vertically while that obtained by NM was
developed horizontally without violating the constraints. The
spread of sequencing patterns obtained from TM (Figure 2a)
shows that in a given scheduling period, mining equipment
would need to be moved frequently between active benches.
Hence, the resultant TM plans require more complex short-term
scheduling compared to those obtained from the NM.
Basically, by adding constraints to the optimization problems,
the objective function either remains unchanged or becomes
worse (it decreases in maximization problems and increases in
minimization problems). In the presented case study, although
adding mobility constraints leads to a 3.7% reduction in the
Table III

The scheduling periods for each bench extraction
Bench No.

TM

Period

NM

1

1

1

2

1

1

3

1

1

4

1

1

5

2

1

6

4

2

7

5

1

8

5

2

9

5

3

10

3

3

11

3

3

12

2

2

13

2

1

14

1

1

15

1

1

16

1

1

2.4

1.6

Ave.
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Figure 3—Plan views of the production scheduling patterns from the traditional (a) and new (b) approaches

theoretical NPV, the materialized NPV may be increased because
of the reduction in mining equipment movement. This, in turn,
will increase the efficiencies in the utilization of loading and
hauling equipment. This is very important since the haulage costs
in open pit mines can be 60% or more of the mine’s operating
cost (Ribeiro, 2013). Also, compared with the length of the
planning horizon in long-term production scheduling, there was
no noticeable increase in the computation time of the NM relative
to the TM.

Conclusion

In this paper, a new optimization formulation is presented for
long-term production scheduling in open pit mines that reduces
the movement of mining equipment between the excavated
benches by restricting the number of working benches in each
scheduling period. This can increase the productivity and
efficiency of mining equipment. Although the proposed approach
needs more computation time, and may reduce the theoretical
NPV of a project, it generates a more realistic NPV by reducing
the costs of equipment movements. The average number of
active benches within each scheduling period was decreased by
about 34% in the presented ILP model, with less scattered block
sequencing within each bench.
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