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Abstract This study investigates a truck scheduling
problem in open-pit mines, which focuses on optimizing
truck transportation and commercial coal production.
Autonomous dump trucks are essential transportation tools
in the mines; they transport the raw coals and rocks exca-
vated by electric shovels to the unloading stations. Raw
coals with different calorific values are processed to
produce commercial coals for sale. This process requires
maintaining a calorific balance between the excavated raw
coals and the blended commercial coals. We formulate a
mixed-integer linear programming model for the truck
scheduling problem in open-pit mines. The objective of
this decision model is to minimize the total working time
of all trucks. To solve the proposed model efficiently in
large-scale instances, a branch-and-price based exact algo-
rithm is devised. Based on real data of an open-pit mine in
Holingol, Inner Mongolia, China, numerical experiments
are performed to validate the efficiency of the proposed
algorithm. The experiment results show that the optimality
gap of the proposed algorithm by comparing with CPLEX
is zero; and the solution time of CPLEX is 2.46 times that
of the proposed algorithm. Moreover, sensitivity analyses
are conducted to derive some managerial insights. For
example, open-pit mine managers should carefully
consider the truck fleet deployment, including the number
of trucks and the capacity of trucks. Additionally, the
spatial distribution of unloading stations and electric shovels
is crucial for enhancing transportation efficiency in open-
pit mines.
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1 Introduction

With the development of intelligent technology,
autonomous vehicles have been used widely across various
industries to enhance work efficiency. In the coal mining
sector, autonomous dump trucks (hereafter referred to as
“trucks”) are becoming increasingly popular, driven by
the need to navigate complex production environments
and meet strict safety requirements. These trucks rely on
wireless communication systems, positioning and naviga-
tion systems, and data acquisition systems to achieve
autonomous intelligent driving. This technology enables
them to efficiently and safely complete material trans-
portation tasks in mining environments (Li and Zhan,
2018). Trucks travel along transportation routes optimized
by scheduling systems, which can significantly reduce
safety risks caused by human error and improve the effi-
ciency of mineral transportation. An open-pit mine is a
type of surface mining where mineral resources are
extracted directly from the earth’s surface rather than
through underground tunnels, as shown in Fig. 1(a). This
method involves removing layers of rock that cover the
mineral deposit and exposing the ore for extraction. By
working at the surface, open-pit mining allows large
machinery to efficiently extract resources like coal, metal
ores, and construction materials. In open-pit mining oper-
ations, trucks are important for transporting materials,
while electric shovels are commonly used for the extraction
of materials, as shown in Fig. 1(b). This study focuses on
real requirements from an open-pit mine located in Holin-
gol, Inner Mongolia, China, where electric shovels are
mainly used for extracting raw coals and rocks. According
to the type of extracted materials, there are two types of
unloading stations (as shown in Figs. 1(c) and 1(d)):
waste dumps and coal crushing stations. The waste
dumps are used to store excavated rocks, while the coal
crushing stations are used to crush raw coals and process
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(a) Open-pit mining work environment
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(c) Waste dump

Fig. 1 Schematic diagram of open-pit mine and equipment.

them into commercial coals for sale.

In mining operations, electric shovels are utilized to
extract rocks and raw coals. The extracted rocks are
transported to the waste dumps to reduce safety risks in
the mine, while the extracted raw coals are transported to
the coal crushing stations to produce commercial coal.
The open-pit mines produce various types of commercial
coals with specific calorific values based on customer
orders. However, the varying characteristics of coal
seams across different locations lead to differences in the
calorific values of raw coals excavated by electric shov-
els. Therefore, the coal crushing stations need to blend
raw coals from different electric shovels to meet the
calorific value requirements for commercial coals. Typi-
cally, coal crushing stations need trucks to accurately
transport raw coals with varying calorific values to
produce commercial coals. For example, if a customer
orders 400 tons of commercial coals with a calorific
value of 3400 cal/g, the trucks need to transport 200 tons
of raw coals with a calorific value of 3200 cal/g and 200
tons with a calorific value of 3600 cal/g to meet the
calorific requirements. This requirement influences the
transportation quantity of different types of raw coals and
creates challenges for truck scheduling.

Many studies examine transportation scheduling in
production systems, offering valuable references to
models, methodologies, and managerial insights. In open-
pit mines, the truck transportation scheduling problem
differs from those in other production systems due to the
specific calorific value requirements for commercial coal
production. In this study, we develop a truck scheduling
problem in open-pit mines, which focuses on both truck
transportation and commercial coal production. We
formulate a mixed-integer linear programming (MILP)
model for the truck scheduling problem, to minimize the
total working time of all trucks and optimize their routes
and commercial coal production. To efficiently solve the

model, we design a branch-and-price (BP) based exact
algorithm. Based on the real data of an open-pit mine in
Holingol City, China, experimental results demonstrate
that the BP-based algorithm effectively and accurately
addresses the problem. Additionally, we conduct a sensi-
tivity analysis focused on the relationship between the
distribution of electric shovels and unloading stations, the
number of trucks in the fleet, and the combinations of
truck loading capacity. This analysis provides valuable
management insights.

The structure of this study is as follows: Section 2
provides a review of related literature and outlines the
current research landscape. Section 3 describes the truck
scheduling problem specific to open-pit mining. Section
4 presents the formulation of the MILP model designed
to address this scheduling issue. Section 5 details the BP-
based algorithm. Section 6 discusses the numerical exper-
iments, including the experimental setup, results, and
sensitivity analysis, along with managerial insights.
Finally, Section 7 summarizes the conclusions of the
study.

2 Related works

As mining technology advances, researchers increasingly
focus on the field of mine planning, which employs oper-
ations research methods to optimize various issues within
mines. Interested readers may refer to the excellent
reviews provided by Newman et al. (2010). The authors
summarize the applications in operations research for
mine planning problems from 1960 to 2010, including
mine design, long-and short-term production scheduling,
equipment selection, and dispatching. Jélvez et al. (2020)
focus on the precedence-constrained production schedul-
ing problem, which involves selecting the blocks (tasks)
to extract to maximize total profit. They propose a heuristic
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algorithm that combines a rolling horizon decomposition
with a block preselection procedure to solve the problem
efficiently. Brickey et al. (2021) developed a three-
dimensional mining plan for ore extraction to satisfy
spatial precedence constraints. Souza et al. (2010)
proposed an optimization problem for open-pit mines that
considers dynamic truck allocation, to minimize the
number of used trucks. This paper presents a hybrid algo-
rithm that combines two metaheuristic approaches to
solve the problem efficiently. Bakhtavar and Mahmoudi
(2020) developed a MILP model to solve a truck-shovel
allocation problem in open-pit mining, which employs a
scenario-based robust optimization approach to address
the issue. However, our study differs from the aforemen-
tioned research but is instead a truck scheduling problem.

In open-pit mining operations, the truck scheduling
problem is also an important problem of research in mine
planning. Patterson et al. (2017) proposed a MILP model
to schedule truck transportation to minimize the energy
consumption of trucks and shovels with production target
constraints. They demonstrate the efficiency of the
proposed heuristic algorithm using a case of an operating
mine in South-east Queensland. Tian et al. (2021) devel-
oped a trajectory planning framework for autonomous
mining trucks with engine power and time window
constraints. Li et al. (2023) focused on a heavy-duty
mining truck trajectory planning problem and formulate
an efficient mixed-integer nonlinear program model with
conditional constraints. Additionally, some researchers
consider factors such as truck travel speed, traffic conges-
tion, and uncertainty in mining operations. Zhang et al.
(2022) concentrated on the ability of autonomous trucks
to precisely control their speed and develop a MILP
model to optimize both truck routes and travel speed. To
solve the model efficiently, they propose a two-part tabu
search algorithm and demonstrate the effectiveness of the
algorithm using a case of a coal mine in Inner Mongolia,
China. Zhang et al. (2023) addressed the traffic congestion
issue in mine road networks during truck transportation
and develop a MILP model by using a time-space
network method, to optimize truck routes. Noriega et al.
(2025) focused on uncertainties in open-pit mining
production and develop a discrete event simulation
model. The aforementioned literature primarily uses
single-objective, single-stage modeling approaches, some
researchers adopt multi-stage, multi-objective models for
mine optimization. Shishvan and Benndorf (2019)
proposed a multi-stage simulation-based optimization
algorithm for material transportation scheduling, integrat-
ing mathematical optimization models with stochastic
simulation models for solutions. Afrapoli et al. (2019)
adopted a multi-objective transportation model for real-
time truck dispatching, to minimize shovel idle time,
truck waiting time, and deviations from the path production
requirements. Our study also addresses the truck trans-
portation problem and constructs a MILP model to
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minimize the total travel time of all trucks.

In the truck transportation problem, our study also
focuses on commercial coal production through the
blending of raw coal in mining operations. This topic has
been widely explored by many researchers. Ta et al.
(2013) formulated a MILP model with ore grade
constraints to minimize the number of trucks. Matamoros
and Dimitrakopoulos (2016) focused on a short-term
mine production scheduling problem with blending
restrictions, optimizing the combination of different ore
types. Goycoolea et al. (2021) addressed the issue of
material grades in mining and propose a time-varying
“cutoff grade” policy to optimize the production scheduling
of single-metal, single-processor open-pit mines. They
design a Lane algorithm to efficiently solve this problem.
In addition, many researchers connect open-pit mines and
ports to optimize production scheduling. Blom et al.
(2014) developed a short-term production scheduling
problem for multiple open-pit mines and ports, which
considers ore grade and quality. Blom et al. (2016)
expanded the problem presented in Blom et al. (2014) to
a multiple-time-period production scheduling issue
involving multiple open-pit mines and ports. This study
regards the combinations of mined products to meet
consumers’ demands for ore grade and quality. Haonan et
al. (2021) also focus on the integrated optimization prob-
lem of mines and ports, which takes into account the
blending of products extracted from the mines at port
terminals to achieve blending targets.

Additionally, some studies also focus on decision-
making for mine optimization from other issues, such as
long-term mine planning, truck types and transport envi-
ronments, and extraction methods and systems. Epstein
et al. (2012) considered long-term planning that involves
sharing ore reserves among multiple processing plants
and open-pit mines to achieve integrated optimization of
mining production. Unlike many studies that focus on
truck types and transport environments, Riquelme-
Rodriguez et al. (2016) optimized the water truck routes
and determine the locations of water reservoirs within the
mine. Yang et al. (2023) focused on implementing coop-
eratives for trucks at unloading points in unstructured
environments to enhance operational efficiency in these
areas. Differing from the traditional extraction way,
Nesbitt et al. (2020) designed two ore extraction meth-
ods, namely open-stope mining and bottom-up stoping
with backfill, to optimize the underground mine design
and scheduling problem. Samavati et al. (2020) addressed
a novel extraction system by developing a new integer
programming model for the open pit mine production
scheduling problem.

In summary, this paper integrates decision-making
problems related to truck transportation and commercial
coal production, which have limited attention in previous
research. Within the context of open-pit mines, we optimize
truck routes to meet the extraction requirements of electric
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shovels. Specifically, we focus on commercial coal
production and determine the optimal blending ratios of
raw coals with different calorific values. Unlike most
studies that employ heuristic solutions, we propose a BP-
based exact algorithm for efficient problem-solving.
Utilizing real-world data for an open-pit mine in Holin-
gol, Inner Mongolia, we conduct some sensitivity analyses
to provide some management insights for decision-
makers.

3 Problem background

We propose a truck scheduling problem that optimally
schedules trucks within a given planning horizon (one or
two hours) to improve the efficiency of operations in
open-pit mines. The mining process starts with removing
the rock overburden to expose coal seams, followed by
the extraction of raw coal, which is then crushed and
blended to produce commercial coal. Commercial coal is
sold in the market for energy production and other uses.
Two types of equipment play a central role in the mining
and production processes of open-pit mines: electric
shovels and unloading stations. Electric shovels are
responsible for excavating raw coals as well as excavating
the layers of rocks that cover the coal seams. Let S be a
set of electric shovels; let S€ and S* be sets of coal electric
shovels and rock electric shovels, respectively,
S =85°US*, indexed as i,j. The unloading stations are
responsible for handling and processing the extracted
materials, denoted by D and indexed as i, j. Based on the
type of materials, unloading stations can be divided into
two types: set D is a set of waste dumps that store rocks;
while set D is a set of coal crushing stations that blend
raw coals to produce commercial coals for sale,
D = DUDC. The transportation of materials within the
mine relies on trucks. Let V be the set of trucks, indexed
as v. Truck v departs from the starting location o,, trans-
ports marital between elective shovels and unloading
stations, and then returns to the ending location o,.
Trucks are responsible for transporting raw coals to coal
crushing stations and transporting rocks to waste dumps.
Considering the capacity of each shovel, we define the
electric shovels can extract 7; (indexed by ¢,i € D) loads
of material. The trucks can make multiple trips to the
electric shovels to load the materials and transport them
to the unloading stations. Therefore, we need to decide
which tth (¢ € T;) load of materials excavated by electric
shovel i is transported by truck v, represented by the
decision variable «,,;. Additionally, we need to determine
which unloading station the load materials are unloaded,
defined by the decision variable 6,,;. In addition, the
mine managers preliminarily determine the planned
extraction quantity for each electric shovel based on the
production schedule, denoted as g;. The maximum
production capacity of the coal crushing station is repre-
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sented by p;, which is determined by the power of the
machinery used at the station. In the mine operation, the
quantity of material extracted by the electric shovels
(Zvev 2er,ha,) should exceed their planned extraction
quantity g;, while the quantity of commercial coal
produced (ZveVZieSCZreT\.hevrij) by the coal crushing station
should be less than its maximum production capacity p;.
In the transportation of materials, we focus on the truck
scheduling problem, which determines truck transport
routes to ensure the accurate transport of materials.

In amining operation, electric shovels excavate materials
and load them into trucks, which then unload the materials
into the unloading stations. We use parameters /; to repre-
sent the loading time of electric shovel i (or unloading
time of unloading station 7). The unloading time for one
truck is much less than the loading time. In addition, the
electric shovel can only load one truck at a time.
However, the unloading station is spacious enough to
allow multiple trucks to unload simultaneously. There-
fore, we consider the sequential loading queue of trucks
at the electric shovel. The decision variable d,,; is defined
to represent the start time of truck v transports the z-th
load of material excavated by electric shovel i,
veV,ieS,te€T;. When two trucks v,V are scheduled to
transport consecutive loads (the #-th load and the (¢ + 1)th
load) from the same electric shovel i, the truck v trans-
porting the (¢ + 1)th load must wait until the truck v trans-
porting the #-th load has completed loading before it can
begin loading its material. The waiting behavior of the
truck V' leads to a delay in the transporting start time for
the (#+ 1)th load (J, .,), which subsequently increases
the total working time of the truck. We defined the total
working time for truck v to complete the transportation as
¢,, which includes the travel time, loading and unloading
time, as well as waiting time. We establish a truck
scheduling plan for a planning horizon to minimize the
total working time of the trucks (3 .,¢,) within that
period. Moreover, we define the maximum working time
for the trucks as the duration of the planning horizon, and
the total working time for each truck cannot exceed the
maximum working time.

The coal electric shovels are responsible for excavating
raw coals, while the coal crushing stations are responsible
for producing commercial coals. Due to the varying char-
acteristics of coal seams at different locations, the
calorific value of raw coals extracted by electric shovels
also differs across these sites. In a planning horizon, the
locations of the electric shovels are considered fixed.
Therefore, the calorific values of the extracted coals are
also assumed to remain constant. We define the calorific
value of the raw coal extracted by the coal electric shovel
i is b;, i€S€. The extracted raw coals are used to
produce U (indexed as u) types of commercial coals. The
calorific value of each type of commercial coal is repre-
sented by b,, u€ U. We define decision variables p,;,
and o, to represent the quantity and the calorific value
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of raw coals transported by truck v to coal crushing
station i for the production of type-u commercial coal,
respectively. In the process of blending raw coals, the
crushing stations ensure the conservation of calorific
value between all mined raw coals and the final blended
commercial coals, which means ) ., 0 = 2evDuluius
u € U. By maintaining this balance, the station guarantees
that the resulting commercial coals meet the required
calorific specifications for sale.

Based on the preceding discussion, the truck scheduling
problem in open-pit mines should address truck trans-
portation and commercial coal production. To improve
mining operational efficiency, our optimization objective
is to minimize the total working time of all trucks. For
truck transportation, it is crucial to determine truck routes
to ensure that materials are transported accurately to desig-
nated unloading stations while fulfilling excavation quantity
requirements. For commercial coal production, decisions
related to maintaining the calorific value balance between
mined raw coals and blended commercial coals.

4 Model formulation

4.1 Notations

Before formulating the mathematical model, the notation
for both the parameters and decision variables is clearly
defined.

Indices and sets:

S set of electric shovels used for mining both raw coals
and rocks, indexed by i, j.

D set of unloading stations, which include coal crushing
stations and waste dumps, indexed by i, j.

S® set of electric shovels used for mining rocks,
SEkcS.

D* set of waste dumps, D* C D.

S€ set of electric shovels used for mining raw coals,
Sccs.

D€ set of coal crushing stations, D¢ C D.

V set of trucks, indexed by v.

0,,e, index of the starting and ending locations for the
transportation route of truck v.

T; set of transportation loads for electric shovel i,
indexed by t, where each element corresponds to the ¢-th
load of material excavated by electric shovel i, i € D.

U set of commercial coal types, indexed by u.

Parameters:

K maximum working time of a truck.

h maximum load of a truck.

p; maximum production capacity of coal crushing
station i, i € D°.

g planned extraction quantity of electric shovel i,
iesS.

l; loading time of electric shovel 7, or unloading time at
unloading station i, i € S UD.
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c;; transportation time of location i to location j,
i,jeSUDUo,Ue,.

b; calorific value of raw coal extracted by electric
shovel i, i€ S€.

b, calorific value of type-u commercial coal, u € U.

M a sufficiently large positive number.

Decisions variables:

a,; binary, equals one if truck v transports the 7th load
of material excavated by electric shovel i, otherwise zero,
veVieS,teT,.

B..r; binary, equals one if truck v transports the rth
load of material excavated by electric shovel i before
transporting the #'th load of material excavated by electric
shovel i, otherwise zero, ve V,ie S,te T, i € S,teT,.

7°T binary, equals one if truck v transports the rth load
of material excavated by electric shovel i from starting
location o,, otherwise zero, ve V,ie S,t e T,.

7EP binary, equals one if truck v travels to ending location
e, after transporting the fth load of material excavated by
electric shovel i, otherwise zero, ve V,ie S,t € T;.

0, start time of truck v transports the 7-th load of material
excavated by electric shovel i, ve V,ie S,t€T;.

0,,; binary, equals one if truck v transports the rth load
of material excavated by electric shovel i to unloading
station j, otherwise zero, ve V,ieS,teT,,je D.

Puie quantity of raw coals transported by truck v to coal
crushing station i for producing type-u commercial coals,
veVieDuel.

0., calorific value of raw coals transported by truck v
to coal crushing station i for producing type-u commercial
coals,veV,ie D, ueclU.

¢, total working time for truck v, ve V.

4.2 Mathematical model

Based on the above defined notation, the MILP model is
formulated as follows.

[M1] Minimize}, ... )

Objective (1) minimizes the total working time for all
trucks, subject to:

Zvevavti < 1Vl € Sa re Ti, (2)
Zi/eS ZﬂeT,,va'i' + Vﬁf) =a,,YveV,ieS, teT, (3)

Zies ZieT,ﬁvli/’i/ + yft'Ti' = av!’[’vv € ‘/9 i, € S, t, € Ti’s (4)

lgwiri =0VveV,ieS, te T, (5)
Zies ZtsT,yfz: < 1VV € V, (6)
Ziss ZteT,)’f,,-D < 1V¥ve V, (’7)
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Zjebgvtij = a’v,iVV S ‘/, i€ S, te Tiv (8)

ZjeDRZiES”OV”',I' = ZjeDfZiesRewij =0VveV,reT. ©

Constraint (2) state that each load excavated by an elec-
tric shovel can be transported by at most one truck.
Constraints (3) and (4) ensure that each valid load, apart
from the first one, has precisely one predecessor, while
each load, apart from the last one, has exactly one succes-
sor, all transported by the same truck. Constraint (5)
ensure no loops occur in the truck’s travel route.
Constraints (6) and (7) define the first and last loads
transported by each truck. Constraint (8) require that each
load excavated by the electric shovel must be transported
to unloading stations. Constraint (9) restrict raw coal
excavated by coal electric shovels must be transported to
coal crushing stations, while rock excavated by rock elec-
tric shovels must be transported to waste dumps.

ZveVZteT,hawi > glVI € S, (10)

ZveVZiESCZtET,hHVIij < pjv.] € DC' (11)

For the electric shovel i €S, Constraints (10) require
that the total quantity of material extracted
(ZveVZreT,ha'wi) from electric shovel i must exceed the
planned extraction quantity of the shovel g,. T; consider a
limit on the extracted material from the shovel, and the
mining capacity of an electric shovel is captured by the
|T;|h. For the coal crushing station je€ D€, Constraints
(11) specify that the total quantity of raw coal
(ZveVZieS"Zrer\hgvﬁj) crushed at the coal crushing station
i must be less than the station’s maximum production
capacity p;.

Sui 2 CoVoINVEV, i€S, tET,

(12)
Oy Z Oy + (Cij + Cji’) Ouij+1i+1; =M1 =B, )NV EY,

ieS, teT, eSS, VeT,, jeD, (13)

Oy psri—Owi 2 b, YV, vV €V, i€ S, te TA\{|IT\|}, (14)

{v > 5vti +(C,'j +Cje\‘)0vtij+li +l] - M(l _VSID)VV € ‘/,

ieS, teT, jeD (15)

L <KVYveV. (16)

For the truck v eV, Constraint (12) define the start
time at which the truck begins to transport the first load.
Constraint (13) state that the start time for transporting
the next load must be after the start time of the previous
load. The time interval between the two loads must
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exceed the sum of the transportation time, the loading
time, and unloading time related to the previous load.
Constraint (14) define that when trucks transport two
consecutive loads (z-th load and (7+ 1)th load) from the
same electric shovel, the time interval between the start
times of the #-th load and (#+ 1)th load must be greater
than or equal to the loading time of electric shovel. These
constraints ensure that the electric shovel only loads one
truck at a time. Constraint (15) define the total working
time for a truck. This includes travel time, loading and
unloading time, as well as waiting times. Constraints (16)
ensure that the working time of a truck does not exceed
its maximum working time.

Zueupvju = ZieS‘ ZreT,hgm‘jvv € V» j€ DC’ (17)
Zueua-vju = Z[es ZteT,-bihevtijvv € V, .] € DC’ (18)
ZvEVo-viu = ZvevzupviuVi € DC, ue U (19)

For the coal crushing stations i € D¢, Constraints (17)
and (18) address both the quantity and the calorific value
of the raw coal transported to the coal crushing station i
for commercial coal production. Constraint (17) specify
the quantity of raw coal transported by truck v to the coal
crushing station i for all types of commercial coal
production. Constraint (18) define the calorific value of
the raw coal transported by truck v to the station i for all
types of commercial coal production. Constraint (19)
ensures that the total calorific value of the raw coal trans-
ported by all trucks matches the calorific value of the
blended commercial coal produced.

@i Vo VP 0, €0, 13V EV, €S, 1€T, jeD, (20)
Buive €{0,1}VveV,ieS, teT,,i'eS,eT,, (21)
Oinl, 2 0¥veV,ieS, teT, (22)

Doies O 2 OVVEV, i€ D, ue U. (23)

Constraints (20)— (23) define the decision variables.

5 Branch-and-price based algorithm

Although model M1 can be solved using commercial
solvers like CPLEX, it becomes difficult to handle effi-
ciently for large-scale problems. To address this, we
develop an BP-based exact based algorithm based on the
work of Costa et al. (2019). The BP-based algorithm
combines column generation (CG) with branch-and-
bound, which also be applied in Hernandez et al. (2016),
allowing us to handle large-scale problems by optimizing
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over a reduced set of variables while maintaining solution
feasibility.

5.1 Set partitioning reformulation

We employ Dantzig-Wolfe decomposition introduced by
Dantzig and Wolfe (1960) to formulate the master problem
(MP) and execute the CG procedure. Let M, denote the
set of all possible transport routes for truck v from the
starting location o, to the ending location e,. Each route
m, € M, represents a complete route for truck v, beginning
at o,, traveling between electric shovels and unloading
stations to transport raw coal or rock, and go back to
ending location e,. Let 7,, be a binary variable for route
m,, where 7, equals to one if truck v selects route m,,
otherwise zero. The total time of route m, is defined «,,,
including the total travel time, loading time and unloading
time, waiting time in route m,. For each route m,, the
parameters as follow:

1. binary, equals one if route m, transports the rth
load of coal or rock on electric shovel s, otherwise zero,
ieS,teT,;.

w,.; start time of route m, transports the rth load of
coal or rock on electric shovel i, i€ §,t € T;.

X, binary, equals one if route m, transports the tth
load of coal or rock from electric shovel i to unloading
station j, otherwise zero, i€ S,t€ T, j€ D.

Ymi quantity of raw coal transported by route m, to
coal crushing station i for the production of type-u
commercial coal, i€ D¢,u e U.

z,... calorific value of raw coal transported by route m,
to coal crushing station i for type-u of commercial coal
production, i € D,ue U.

According to the parameters and variables above, a
covering model can be set as follows:

[MP] Minimize}} .y > cpt Ko T, 24)
subject to:

DmemTm S 1YV EY, 25)
ZveVZm‘eM‘.rm‘n’Tm‘ < IVl € Sa te Ti’ (26)
ZveVZm,.eMvZteT,hrznpriTm‘- > g,Vl € Sa (27)

ZIVEVZIIH‘EM\,ZZI'ES('ZtETX hxmrtianu < p/v] € DC’ (28)
ve my,€e ,Wm\u, + ,iTm,. - ve m,eM, Wmv iTm,.
Z VZ VEM, +1 Z VZ M 1 (29)
> l[ZvEVZm‘.eM,.rm‘l[Tm‘Vi € S,t € Tz\ {|T1|} >
ve m, €. .Zm\‘iuTm‘. =
Divev Zimem (30)

— . c
ZVEVZm‘.EM‘ buym‘.iu‘rmvVZ € D S u € Us
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7, €{0,1} VveV, m, e M,. (31)

Objective (24) minimizes the total working time of all
trucks. Constraint (25) restrict each truck to selecting at
most one route. Constraint (26) ensure that each load
excavated by an electric shovel is transported by no more
than one truck. Constraint (27) stipulate that the total
quantity of materials loaded by all trucks at the electric
shovel i € S must exceed the planned extraction quantity
of the electric shovel. Constraint (28) ensure that the total
quantity of materials unloaded by all trucks at the coal
crushing station i € D remains within the station’s maxi-
mum processing capacity. Constraint (29) ensure that
when trucks transport two consecutive loads from the
same electric shovel, the time between the transports
must be at least the electric shovel’s loading time, guar-
anteeing that the electric shovel loads only one truck at a
time. Constraint (30) state that the total calorific value of
all raw coal transported to coal crushing station i € D¢
matches the calorific value of the commercial coal
produced at the station. Constraint (31) define decision
variable 7, .

5.2 Restricted master problem

As the size of the MP model instance increases, the
complexity, solution space, and solving time rise expo-
nentially, making it impractical to solve the entire set of
schedules directly. To overcome this, the CG process
typically addresses the linear programming (LP) relaxation
of the model. We formulate an RMP that includes a set of
possible routes for each truck within the CG algorithm,
which is denoted as M, € M,. The RMP is formulated as
follows:

[RMP] Minimize: o, 3%, ep K, T, » (32)
subject to: Constraint (25)—Constraint (30)
T, 20VveVmeM. (33)

The following are the definitions for these six vari-
ables:

n, dual variables for Constraint (25), Vv e V.

w;, dual variables for Constraint (26), Vi€ S,t € T,.

o: dual variables for Constraint (27), Vi€ S'.

¢; dual variables for Constraint (28), Vi € D°.

@, dual wvariables for Constraint (29),
te€ T\{IT)|}.

¥, dual variables for Constraint (30), Vie D, u € U.

Vies,

5.3 Pricing problem

This subsection introduces the pricing problem based on
the dual variables from the RMP solution, which generates
new columns for the next RMP iteration. Before modeling
the pricing problem, the relevant parameters and decision
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variables for truck v € V are listed.

Input parameters:

T, @i, 0isSir ;s Wi dual variables obtained from the
RMP.

o0, e the starting and ending locations for transportation
route.

Decisions variables:

a,; binary, equals one if the route transports the 7th load
of material excavated by electric shovel i, otherwise zero,
ieS,teT,.

B.r» binary, equals one if the route transports the rth
load of material excavated by electric shovel i before
transporting the #'th load of material excavated by electric
shovel i, otherwise zero, i€ S,t€T;,i’ €S,teT,.

7:" binary, equals one if the route transports the rth
load of material excavated by electric shovel i from starting
location o, otherwise zero, i € S,t € T;.

75P binary, equals one if the route travels to ending
location e after transporting the rth load of material exca-
vated by electric shovel i, otherwise zero, i € S,t € T,.

0, start time of the route transports the fth load of
material excavated by electric shovel i, i€ S,t e T,.

6,; binary, equals one if the route transports the tth
load of material excavated by electric shovel i to unloading
station j, otherwise zero, i€ S,t € T;,j€ D.

Pi,. quantity of raw coal transported by the route to coal
crushing station i for the production of type-u commercial
coal,ie D, ucU.

o, calorific value of raw coal transported by the route
to coal crushing station i for type-u of commercial coal
production, i € D,u € U.

K, total working time of the route m,.

[PP] Minimize sz -7, — Zies ZreT, Wiy

—Dies 2uerh0it — Zjenfz,'est'zter h§i9rij

(34)
+Dies ZT,\HT,l)¢it (L= 6410+ 04i)
+ZieDCZueU¢iu (bupiu - O-iu) .
Objective (34) seeks to minimize the reduced cost.
subject to:
Zi’es Zt’eT,rﬁtit’i’ +V§D = atiVi € S’ te Ti’ (35)
Dies ZieT,ﬁtir’i’ +V§,-T =a.Vi'eS, eT,, (36)
Bii =0VieS, teT, (37
Zies ZtelefiT < 1’ (38)
ZieS ZreT,VgD < 17 (39)
ZjeDgtij = OZ,iVi € S, 1t e Ti’ (40)
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2 jenr 2ies< Orij = 2 jene DuiestOij = OV € T, 41)
Si>c)SVieS, teT, (42)
O 2 0+ (cij+¢i) 0+ Li+1;,—M(1 - Bi)Vi€S,

teT,i'eS,teT,, jeD, (43)

K, 2 04+ (Cij+€Cjo) O+ L+ 1, — M(1 —yEP) 4
VieS,teT, jeD,

DcvPiu = Diese 2uier, M0V j € D, (45)

DucvTju = Dies ier,Dih0i¥ j € DS, (46)

K, < H, 47)

@y, y .0, €(0,1}Vie S, t€T,, jeD, (48)

Bire €{0,1}VieS, teT,i'eS,t €Ty, (49)

S, >0VieS, teT, (50)

DT =0¥ie D, ue U, (51)

K, > 0. (52)

Constraints (35) and (36) define the loading sequence
for the truck. Constraint (37) prevent loops in the truck’s
travel route. Constraints (38) and (39) identify the first
and last loads carried by the truck. Constraint (40) ensure
that each load excavated by the electric shovel is trans-
ported to unloading stations. Constraint (41) limit raw
coal only being transported to coal crushing stations and
rock must to waste dumps. Constraint (42) define the
start time for the truck to start its first load. Constraint
(43) define that the truck must complete the transportation
of the previous load before starting the next load.
Constraint (44) define the total working time for the
truck. Constraints (45) and (46) define the quantity and
calorific value of raw coal used for commercial coal
production, respectively. Constraint (47) require that the
total working time of the truck does not exceed its maxi-
mum working time. Finally, Constraints (48) through
(52) define the decision variables.

5.4 Branching strategy
By executing the previously outlined CG process, we

obtain the optimal solution to the LP problem. However,
this optimal solution is often not an integer. Therefore,
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we apply branch and bound to further process the LP
solution to obtain a feasible integer solution. After
running the CG procedure, we derive the values of each
route (i.e., the values of the variables 7, , where
ve V,m, € M,). Each route includes the loading sequence
of'the trucks, the start time for each load, and the unloading
stations for each load. In the optimal solution of the LP, a
truck may choose multiple routes, with various loading
sequences. Thus, we construct a binary tree for branching
and establish the corresponding branching strategy.

We propose the branching strategy and define an indi-
cator  buivi < Dot S T, for veViieS, teT,
i'eS,teT,. We arrange the b, in increasing order
based on |b,,,» —0.5] and choose the first one b.;pi, it
represents the b,,., value closest to 0.5. The selected two
loads are the #"th load excavated by shovel i* and the #*th
load excavated by shovel 7*. This process creates two
new child nodes in the branch tree. In the left child node,
the #“th load excavated by shovel i* must be transported
immediately after the #“th load excavated by shovel i*. In
the right child node, it is forbidden to transport #“th load
excavated by shovel i’ after the #"th load excavated by
shovel i*.

To effectively handle the new child nodes in the branch
tree, some branching constraints are added to both the
RMP and PP for each child node. In the left child node,
all transport routes m, where s, ;.- =0 in the RMP are
removed. In the PP, a constraint is added to ensure that
the #"th load excavated by shovel i’" is transported imme-
diately after the #*th load from shovel i*. In the right child
node, transport routes where s, ;- = 1 in the RMP are
removed, and a constraint is added in the PP to prevent
the #'"th load excavated by shovel i’* from being transported
after the #*th load excavated by shovel i*.

In the node selection strategy, we use the best-lower-
bound rule and the depth-first rule. If the objective value
of the current node reaches or exceeds the upper bound,
we prune that node. When a node is pruned, we select the
node with the lowest lower bound from the list for the
next exploration. If the node is not pruned, we explore
the left child of the current parent node instead.

5.5 Generation of the initial solution

To apply the CG procedure, we first generate an initial
set of feasible routes for the RMP, ensuring that the RMP
produces at least one feasible solution. We use a greedy
algorithm (GA) to generate the driving route for each
truck. In this algorithm, we aim to minimize the total
working time of the trucks while ensuring that the
calorific value and quantity of the transported material
meet the mining and production requirements. The steps
of our greedy algorithm are as follows:

Step 1: Initialize the minimum access count for each
electric shovel according to the planning extraction
quantity.
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Step 2: Assign trucks to the nearest available location.
Each time, a truck is selected and assigned to the nearest
available location, which ensures the workflow is main-
tained and has a remaining visit count greater than zero.
For example, after a truck completes a task for an excava-
tor, it should visit the nearest coal crushing station. After
the minimum access count for each electric is zero,
proceed to Step 3.

Step 3: Update coal requirements and secondary visits
for electric shovels. Based on the calorific value require-
ments of commercial coal, update the secondary visit
count for the electric shovels.

Step 4: Repeat to assign truck until all electric shovels
have zero secondary visits remaining.

5.6 Framework of the branch-and-price based algorithm

To provide a clearer understanding of the BP-based algo-
rithm, the previous sections outlined its key steps. Below,
we present the overall framework of the proposed algo-
rithm.

Step 0: The initial routes are generated as outlined in
Section 5.5. Define x* as the current best solution and
UB as the objective value corresponding to this best solu-
tion. Define N as the current nodes list in the branch and
bound tree, initializing it to an empty set N « @. The
RMP is established with the initial routes as the current
parent node, and x"<«initial feasible solution,
UB «initial objective value.

Step 1: Solve the RMP of the current parent node using
the CG procedure to obtain the LP relaxation. Define the
LP solution as x and the current objective value as
Zp(X).

Sub-step 1-1: If z;,(x) < UB and x is a non-integer
infeasible solution, go to Step 2.

Sub-step 1-2: If z.,,(x) < UB and x is an integer
feasible solution, set x* « x, UB « 7;»(Xx), and go to
Step 3.

Sub-step 1-3: If z,, (x) > UB, prune this node, and go
to Step 3.

Step 2: Choose the branching decision variable based
on the branching strategy from Section 5.4 and branch
the current parent node into two child nodes (a left child
node and a right child node) by adding specific
constraints. The left child node is designated as the new
current parent node, while the right child node is added to
the current nodes list N. Then, go to Step 1.

Step 3: If N is empty, stop the whole BP-based algo-
rithm; otherwise, sclect the node with the lowest LB
value from the current node list N and set it as the current
parent node, go to Step 1.

6 Computational experiments

To test the correctness of the proposed model and the
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effectiveness of the proposed algorithm, we conduct
numerous computational experiments. All experiments
are performed on a workstation with an Intel(R) Xeon(R)
Platinum 8360Y CPU @ 2.40GHz 3.50 GHz and 128GB
RAM. The model and algorithm are implemented in C#
and use CPLEX solver version 12.6.1. Each experiment
has a 3,600-s time limit.

6.1 Generation of test instances

This study is motivated by the practical requirements of
an open-pit mine in Holingol, Inner Mongolia, China.
The open-pit coal mine operates 10 WK-10B electric
shovels, including 4 shovels for excavating raw coal and
6 shovels for excavating rock. During each excavation,
the loading time of shovels varies from 120 to 300 s due
to the differences in the size and shape of excavated raw
coals and rocks. The theoretical productivity of each elec-
tric shovel is 1170 tons/h. The mine also includes 6
unloading stations, with 2 coal crushing stations and 4
waste dumps. The maximum processing capacities of two
coal crushing stations are 4000 tons/h and 4500 tons/h,
respectively. The truck unloading process is straightfor-
ward and fast, with an average unloading time of 60 s. In
the mine, the electric shovels excavate four types of raw
coal. The calorific values of four types of raw coal are
3,000 cal/g, 3,200 cal/g, 3,300 cal/g, and 3,500 cal/g,
respectively. Based on customer orders, the coal crushing
stations produce two types of commercial coal: calorific
values of 3,100 cal/g and 3,400 cal/g. The mine operates
30 Caterpillar 777G trucks with a load capacity of 100
tons. Trucks can operate continuously in the mine along
predetermined routes. In our experiments, we develop a
two-hour operational plan for the trucks.

Using real data from the mine, we conduct computational
experiments to verify the efficiency of the proposed algo-
rithm and assess the correctness of the decision model.
We use six instance groups (ISGs) in the experiments,
and the parameters for these instance scales are detailed
in Table 1. For each instance group, we conduct five sets
of experiments, labeled ID1 to ID5. The difference
between each ID within the same instance group lies in
the planned excavation quantity and loading time of each
electric shovel.

Table 1 Various scales of instance groups in experiments

Group No. of electric  No. of unloading  No.of No. of commercial

ID shovels (|E|) stations(|V]) trucks(|K|)  coal types(|N|)
ISG1 3 2 4 1
ISG2 4 3 6 1
ISG3 5 4 8 2
ISG4 6 4 15 2
ISG5 8 5 20 2
ISG6 10 6 30 2
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6.2 Performance of the BP-based algorithm

We conduct experiments to evaluate the performance of
solutions calculated by the BP-based algorithm. The solu-
tion performance is measured by the optimality gap,
defined as the difference between the solutions generated
by the proposed algorithm and the optimal solutions
obtained from CPLEX. Furthermore, we also design a
GA algorithm to solve the M1 model and evaluate its
performance. Table 2 presents the results of the compara-
tive analysis for small-scale instances.

The optimality gap (Gap$,) of the BP-based algorithm
compared to CPLEX is zero, which indicates the BP-
based algorithm provides high-quality solutions.
Compared to the solution times of the BP-based algorithm
and CPLEX, the BP-based algorithm spends more time
than CPLEX to solve the problem in ISG1. However, as
the problem size increases, CPLEX’s solution time grows
significantly, while the BP-based algorithm continues to
find optimal solutions efficiently. In ISG3, the solution
time of CPLEX is 2.46 times that of the BP-based algo-
rithm. This demonstrates that the BP-based algorithm not
only delivers high-quality solutions but also solves prob-
lems faster and more efficiently. Additionally, the optimal
gap (Gapgl) of the GA algorithm compared to CPLEX is
2.24%, which demonstrates the effectiveness of the GA
algorithm. Therefore, the optimality of the solution
provided by the BP-based algorithm is confirmed and the
efficiency of the GA algorithm is also validated.

In large-scale instances, CPLEX cannot find an optimal
solution within 3600 s. Thus, we compare the solution
generated by the BP-based algorithms with those
obtained from the GA algorithm to evaluate the perfor-
mance of the BP-based algorithms. Table 3 presents the
results of the comparative analysis for large-scale
instances. The values in the “Gap” column in Table 3
show that the solutions obtained by the BP-based algorithm
have an average reduction of 13.54% compared to those
obtained by the GA algorithm. Notably, in ISG6, the
reduction increases significantly to 20.22%. Therefore,
the results show that the BP-based algorithm offers high
solution quality, fast solving speed, and effectively
addresses problems even at large scales.

6.3 Managerial insights derived from sensitivity analy-
ses

In this section, we conduct some sensitivity analysis to
gain management insights. The analysis focuses on three
factors that impact all trucks’ total working time: the
locations distribution of electric shovels and unloading
stations, the number of trucks, the combination of truck
loading capacity in the truck fleet. In addition, we also
analyzed the impact of the calorific value of raw coal on
the production of commercial coal. We aim to provide
insights into the location distribution from a long-term
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Table 2 Performance of the BP-based algorithm in experiments (small-scale instances)
Instances CPLEX BP GA Comparison
Group ID Objcp Tcp(s) Objgp Tgp(s) Objga Gap$h Gap&l, Tcp/Tpp
ISG1 1 155 3.25 155 4.35 156 0.00% 0.65% 0.75
2 164 3.23 164 3.82 165 0.00% 0.61% 0.85
3 157 2.44 157 4.25 158 0.00% 0.64% 0.57
4 186 2.67 186 4.66 186 0.00% 0.00% 0.57
5 160 2.56 160 4.55 161 0.00% 0.63% 0.56
Average gap 0.00% 0.50% 0.66
ISG2 1 171 26.74 171 26.69 175 0.00% 2.34% 1.00
2 191 27.72 191 25.08 194 0.00% 1.57% 1.11
3 181 34.12 181 32.94 183 0.00% 1.10% 1.04
4 170 39.10 170 30.16 174 0.00% 2.35% 1.30
5 181 34.58 181 33.21 186 0.00% 2.76% 1.04
Average gap 0.00% 2.03% 1.10
ISG3 1 196 322.53 196 188.10 199 0.00% 1.53% 1.71
2 185 443.65 185 164.10 196 0.00% 5.95% 2.70
3 196 312.36 196 108.40 207 0.00% 5.61% 2.88
4 192 539.75 192 263.60 200 0.00% 4.17% 2.05
5 193 295.84 193 100.70 200 0.00% 3.63% 2.94
Average gap 0.00% 4.18% 2.46
Average gap 0.00% 2.24% 1.40

Note: a) Objcp represents the optimal objective value found by CPLEX, Objgp indicates the objective value obtained through the BP-based algorithm, and
Objc, is the objective value calculated by the GA algorithm; b) The computation time for CPLEX is denoted as Tcp, and for the BP-based algorithm, it is
represented as Tpp; ¢) Gappp measures the difference between Obj-p and Objpp, calculated as Gapgﬁ =(Objgp—Objcp)|Objcp,while Gapg, quantifies
the difference in objective value, calculated as Gapg‘: =(0bjgs—Objcp)[Objcp.

strategic planning perspective, as well as recommendations
on the number and loading capacity of trucks in the fleet
from a short-term tactical perspective.

6.3.1 Determining the proper location distribution of
shovel and stations

In mining operations, the location distribution of electric
shovels and unloading stations is different. Therefore, we
propose three location distributions of electric shovels
and unloading stations to conduct experiments. These
distributions are referred to as random distribution, mate-
rial-specific clustered distribution, and equipment-
specific clustered distribution. Each distribution has the
following characteristics: (a) In the random distribution,
shovels and stations are scattered throughout the mining
area. The unloading stations are randomly distributed in
the mining area. (b) In the material-specific clustered
distribution, electric shovels and unloading stations that
excavate and process the same type of material are clus-
tered together. The materials include two types: coal and
rock. For example, coal crushing stations are placed close
to areas where coal electric shovels operate, while waste
dumps are located near areas where rock electric shovels

are excavating. (c) In the equipment-specific clustered
distribution, equipment of the same type is clustered
together. The equipment includes two types: electric
shovels and unloading stations. The electric shovels are
grouped within the mining area, while the unloading
stations are clustered outside the mining area.

Figure 2 shows that in material-specific clustered distri-
bution, the total working time for all trucks is the short-
est, followed by random distribution. In contrast, equip-
ment-specific clustered distribution shows the longest
total working time. This is because both material-specific
clustered distribution and random distribution place elec-
tric shovels and unloading stations in the mining area.
Compared to equipment-specific clustered distribution,
this results in reduced transportation distances for the
trucks. Additionally, compared to random distribution,
the material-specific clustered distribution enhances the
material handling process efficiency where the unloading
stations are situated close to the electric shovels that
extract the same type of material. This distribution not
only enhances immediate operational efficiency but also
supports more effective resource allocation and manage-
ment. The open-pit managers should position electric
shovels and unloading stations within the mining area.
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Table 3 Performance of the BP-based algorithm in experiments (large-scale instances)

Instances BP GA Comparison
Group ID Objgp Tgp(s) Objga Gap
ISG4 1 264 191.97 290 8.97%
2 239 62.16 265 9.81%
3 235 142.86 261 9.96%
4 259 173.58 285 9.12%
5 256 209.69 282 9.22%
Average gap 9.42%
ISG5 1 464 393.26 512 9.38%
2 422 287.96 496 14.92%
3 435 536.01 482 9.75%
4 464 565.33 508 8.66%
5 432 391.82 492 12.20%
Average gap 10.98%
ISG6 1 949 807.41 1186 19.98%
2 952 643.69 1218 21.84%
3 969 691.47 1149 15.67%
4 936 504.72 1218 23.15%
5 952 977.78 1197 20.47%
Average gap 20.22%
Average gap 13.54%

Note:a)Objgp indicates the objective value obtained through the BP-based algorithm, while Obj;, is the objective value calculated by the GA algorithm. b) The
computation time for the BP-based algorithm, it is represented as Tgp. ¢) Gap measures the difference between Objgp and Objg,, calculated as

Gap = (0b G4 —Objgp) /Objgy -

170
160

150
140
130
120

Total working time (min)

Random distribution

Material-specific clustered
distribution

Equipment-specifie clustered
distribution

Fig. 2 Performance for three location distributions of shovels and unloading stations.

Furthermore, they should determine the location
distribution based on the material handling process to
optimize operational efficiency and minimize the total
working time of all trucks.

6.3.2 Determining the proper number of trucks

We examine the effect of the number of trucks on the
total working time for all trucks to determine the proper
number required. Based on real mining data, we analyze
the proper number of trucks by using an ISG with 6 electric
shovels and 4 unloading stations. The results are illustrated
in Fig. 3, where we observe that the optimal number of

trucks is 6. When the number of trucks is less than 6, the
total working time for all trucks increases. Conversely,
when the number of trucks exceeds 6, the total working
time remains unchanged. At this point, adding more
trucks will not further improve transportation efficiency
because the key bottleneck in mine transportation is the
loading and unloading time, not the number of trucks.
More than six trucks would not be actively involved in
transportation; they would be idle, with no additional
impact on total work time. This indicates that having
more trucks is not necessarily performing better. There-
fore, managers should determine the proper number of
trucks to reduce equipment purchase costs and enhance
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Fig. 3 Performance for the number of trucks.

truck operational efficiency.

6.3.3 Determining the proper combination of trucks
with different loading capacities

In the current model, we use the same loading capacity
trucks to transport material. However, in real-world
scenarios, a fleet may consist of trucks with varying loading
capacities. Therefore, we explore different combinations
of truck loading capacities in a fleet to identify the optimal
combination. We design three truck types with different
capacities, which are as follows: (a) the Caterpillar 773E
truck with a load capacity of 50 tons, (b) the Caterpillar
777G truck with a load capacity of 100 tons, and (c) the
EH3500AC-3 truck with a load capacity of 150 tons.
Based on three types of truck loading capacities, we
design four combinations of these capacities as follows:
(1) two trucks with a load capacity of 50 tons and three
trucks with a load capacity of 100 tons; (ii) four trucks
with a load capacity of 100 tons; (iii) one truck with a
load capacity of 50 tons, two trucks with a load capacity
of 100 tons, and one truck with a load capacity of 150
tons; and (iv) one truck with a load capacity of 100 tons
and two trucks with a load capacity of 150 tons. We
ensure that the total load capacity of all trucks in each
combination equals 400 tons to maintain fairness in the
experiments.

The results in Fig. 4 indicate that combination 4
performs the best, followed by combination 3, while
combinations 1 and 2 show the poorest performance. This
is because combinations 3 and 4 include the largest
capacity truck, the EH3500AC-3 truck with a load capacity
of 150 tons. This enables the trucks to transport larger
quantities of materials in a single load, which reduces the
number of required loads and expedites the overall trans-
portation process. Additionally, the proportion of large
capacity trucks in combination 4 is greater than that in
combination 3. This result indicates that a higher percent-
age of large capacity trucks can lead to shorter total
working times for all trucks. However, it is important to
note that although combination 2 has a higher proportion
of large capacity trucks (the Caterpillar 777G truck with a
load capacity of 100 tons) compared to combination 1,
both combinations have the same objective value. This

suggests that while increasing the proportion of large
capacity trucks can improve performance, it does not
always guarantee better outcomes. The mine can
incorporate large capacity trucks into the fleet and set a
reasonable proportion for the large capacity of trucks.

6.3.4 Determining the type of commercial coal for
production

In open-pit mining production, different raw coals with
varying calorific values are blended to produce commercial
coal with a fixed calorific value. We propose an experiment
to examine the impact of the raw coal’s calorific value on
commercial coal production. We design there are four
types of commercial coal, with calorific values of
3100, 3200, 3300, and 3400 cal/g, respectively. We also
design five scenarios for the calorific value distribution of
raw coal, where in each case, the calorific value follows a
uniform distribution. The values are U(3000, 3200),
U(3000, 3400), U(3100, 3400), U(3200, 3500), and
U(3300, 3500), respectively. We calculate the average
calorific value of the commercial coal produced under
different calorific value distributions of raw coal scenar-
ios, which is calculated by Zvev2ieoc LuevPviu/

vev 2ienc ZuevTviu, The experimental results in Fig. 5
indicate a positive relationship between the calorific
value of raw coal and that of the commercial coal
produced.

7 Conclusions

This study investigates the truck scheduling problem in
open-pit mines, which focuses on materials transporta-
tion, truck waiting time, excavation planning, and
commercial coal production. To address this complex
issue, we develop a MILP model and designed a BP-
based exact algorithm to solve the model. The main
contributions of this study are categorized into three
perspectives:

From the perspective of mathematical modeling, we
construct the truck scheduling problem based on the real
conditions of an open-pit mine located in Inner Mongolia,
China. This problem involves making decisions regarding
truck transportation and commercial coal production. In
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Fig. 4 Performance for four combinations of trucks with different loading capacities.
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U(3000, 3400) U(3000, 3200)

Fig. 5 Performance for five scenarios calorific value distribution of raw coal.

decisions related to truck transportation, trucks must
accurately transport excavated materials to unloading
stations. In decisions related to commercial coal
production, coal crushing stations should maintain a
calorific balance between the excavated raw coals and the
blended commercial coals. To handle the complexity of
these factors, we formulate a MILP model to minimize
the total working time for all trucks.

From the perspective of algorithmic design, we create
and apply a BP-based exact algorithm to solve the MILP
model. Based on real data of the open-pit mine, we
design six ISGs and conduct some numerical experi-
ments. Experiments show that the optimality gap of the
BP-based algorithm compared to CPLEX is zero and the
solution time of CPLEX is 2.46 times that of the BP-
based algorithm. As the problem size increases, CPLEX
is unable to find a solution within a limit of 3600s, while
the BP-based algorithm continues to rapidly generate
high-quality solutions. Experiments validate the efficiency
and effectiveness of the BP-based algorithm.

From the perspective of managerial insights, we
perform sensitivity analyses on the location distribution
of shovels and stations, the number of trucks, and the
combination of truck loading capacity in the truck fleet.
From a long-term strategic planning perspective, to
enhance mining efficiency, open-pit managers should
place electric shovels and unloading stations within the
mining area and establish the location distribution
according to the material handling process. From a short-
term tactical perspective, the open-pit managers need to
set the proper number of trucks to improve operational

efficiency. Additionally, while increasing the proportion
of large capacity trucks can improve performance, it does
not always guarantee better outcomes. The open-pit
managers should determine the suitable proportion of
large capacity trucks and produce commercial coals with
moderate calorific values.

Despite its significant contributions, this study has
some limitations. In the real world, roads in open-pit
mines often intersect at multiple intersections, which
causes trucks to wait at intersections and results in traffic
congestion. Additionally, the travel speed of trucks varies
and is not constant. Future research should focus on
incorporating traffic congestion and variable truck speeds
into the model.
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