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ABSTRACT

In most operpit mines, material haulage costs can comprise over 50% of the total mining
costs This portion can even increase as the future mining conditions will become more
challenging. Although the conventional truakdshovel system is adopted by over 95% of
existing surface mines,dpit crushing and conveying (IPCC) systems receive more attention to
the modern mining industry due to their lower operating costs and céobiprint than
conventional truckandshovel systems. However, tHECC systerd smplementation can
introduce substantial upfront investment and reduce mining flexibility; thus, careful mine

planning and design are required before the systems' application

This study considers a situation that the conveyor is fixed in one pit side throughout the
mine life, and it can be extended to deeper levels when the mining operation goes deeper. This
configuration introduces additional mining directioequirements: mining starts from the
conveyor sidelt then expands to the other side of the level, and the mining activities below the
conveyor line should be avoided. A set of candidate high angle conveyor layouts is generated
along the final pit wall, ad the situation foaconventional lowangle conveyor with ramp slots

is also considered. Each conveyor scheme is considered a scenario for later calculation.

The studyaims to develop, implement, and verify a theoretical optimization framework to
maximize the economic return measured by NPV while considering the total transportation costs
under the application of sermobile IPCC systems. In this sense, three mathematical models
are proposed to solve the problem from different perspectivesfirshenocel is a twostep
linear programming (LP) modé&br the conventional conveyanstalled inthe rampslot Its

first step is a MILRormulationthat aims to maximize the NPV; the generated scheduling results



are fed to the second step, a facility locatioobem, to minimize the total transportation costs.

The secondmodel isa twostep modelsimilar to thefirst one in which instead of the
conventional conveyoand ramp slot, a high angle conveyor (HAC) is considerlad.third

model is a binanmteger Inear programming (BILP) formulation for the HAC case, which can
make the production scheduling and crusher locagtotation decisions simultaneouslil

the presented mathematical models are run at a cluster level to reduce the computation time. A
hierarchical clustering approach is applied to aggregate blocks into larger mining units, and their

precedence relationships are determined.

The main scientific contributions of this research on the body of knowledge are: (i)
introducing a new production schding optimization strategy under sembbile IPCC
systems by incorporating the mining direction requirements from the conveyor's perspective,
(i) developing a conveyor location optimization framework by generating various conveyor
lines along the finapit wall and comparing the NPV under each location scenario, (iii)
proposing mathematical models for making the production scheduling and crusher location
relocation decision to maximize the NPV while considering the transportation costs, with

respect to perational and technical constraints.
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Chapter 1 Introduction

CHAPTER 1

INTRODUCTION

1.1 Background

Openpit mining isthe most common surface mining technique for extracting minerals
from shallow reserves by excavating a massive Kdlestrulid et al. 2013)The pit wall
typically expands and deepens until eithemtineeral resources exhausted or the ratio of waste
to ore (stripping ratio) becomes too high to make a profit. The pit shell's shape is similar to a
converted cone to maintain a safe slope angle and prevent rock falls. Soil and rock overlying the
mineraldeposit, known as overburden, must be removed to expose the orebody. This stripping
process contributes to massive extraction materials. Some-Seaifge copper mines can
transport up to one million tons of overburden and minerals eacfiviag 2017) As a result,
material handlig is the most expensive part of mine development, accounting for over 50% of
capital and operating costs. Different transportation systems can make the difference between a
sustainably profitable mine in a competitive market environment and one thaigglisiy to

meet its marginal costs.

Today's mining industry is becoming more competitive due to resource depletion, climate
changeand global low commodity prices. As largeale, higkgrade and sallow deposits have
been exhaustg, the future mining cagiitions are challenging. Ope&it mines will become
deeper and broader, with a higher stripping ratio and lower mineral grade. Excavated materials
should overcome longer distances and more elevation differences to exit the pit than current
operation;corre pondi ngl vy, more trucks are required
fuel consumption and operating costs. The number of operation and maintenance staff also
increases during the operation. Moreover, other challenges, including low commazks; pr
greenhouse gas emissions, mining companies face pressure to develop more efficient and less

energyconsuming operations in the mineral extraction processes.


https://en.wikipedia.org/wiki/Mineral_resource_classification
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Mining trucks are widely used in all types of surface mines at a considerable economic
scale The truckandshovel (TS) system is adopted by over 95% of existing surface mines
(Czaplicki 2008) With geological and market price uncemtgti the TS system provides
significant flexibility for deposit exploitation by simultaneously switching mining zones. TS
system can also adjust the production rate efficiently due to its discrete nature. When the pit
scale is small at the early stage ahenlife, the TS system is highly efficient. However, when
the pit becomes deeper and broader, the tamckshovel system's costs risgponentily. The
pit expansion can result in a higharipping ratio and waste level gvth. Also, the hauling
distance and the elevation difference from the loading point to the destination increase sharply.
The additional costs include more trucks needed in the fleet, more fuel consumption, tires and
labour expenses, and more extended hguload construction and maintenariédbaspour
and Magla mi ni k 2016, De mi r.durthemnore, truGk Habliagki€ als@ 0 1 6 )
inefficient in terms of cycle time. About a half of truck travelling time is on the way of returning,
wasting both operating time and fuel to move the hundreds of tons of tiy tencg.

The inpit crushing and conveying (IPCC) system offers another material handling
operation than the puteuck system, and it has attracted more attention in the recent mining
industry. The IPCC system is a continuous transportation method cedpbs series of
feeding, crushing, conveying, and discharging modyl@sanloo and Paricheh 2019)
According to the crusher station's movability, the IPCC systambe categorized into fully
mobile, semimobile, and fixed systemgarling 2011) The truck haulage is partially or fully
replaced by the belt conveyitigsed on the system's categadkg conveying has much lower
operating costs and more enesggfjicient than trucking, especially in deep and lasgale open

pit mines(Czaplicki 2008) the IPCC systems can provide significant cost savings.

1.2 Statement of Problem

The proposed research mainly focuses on the-termg operpit production scheduling
problem (LTOPP) with ssemimobile IPCC system. LTOPP is a largeale optimization
problem that aims to optimize the block extraction sequence that produces the maximum
possible net present value (NPV), subject to a set of technical and economic constraints
(Osanloo et al. 2008)-or the purpose of scheduling extraction sequence inmpearnes, the

mine deosit is divided into numerous small and equal cubes called blocks, each of which is

2
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assigned estimated attributes such as rock type, mineral grades and @&msttisne et al.

2012) The set of all blocks that comprises a mineral deposit is known as a block model. The
extraction profit for eacblock in the model is calculated based on the block’s attributes. In the
NPV estimation, this qofit is reduced by the discount factor of its corresponding extraction
period, reflectinghe time valuef money. Under the optimal production schedule, the
accessible higigrade ore is extracted as soon as possible, maximizing the cash flow in the early

mine life to avoid a higher discount factor.

Most current mine planning research assumes using the TS system as the transportation
method. The trucking fleet provides considerable flexibility for selective mining, as each truck
is discrete and can be daphed efficiently. The active mining zones can switch between
different levels in a short time. Compared to the TS transportation method, the IPCC system
introduces additional mining sequence and pit expansion constraints. The active mining faces
shouldbe close to the crushing station that cannot be relocated fregteergtuce the trucking
portion. Also, the main ipit conveyor belts are typically accomdatedn stationary structures
without subsequent transf@ryzhenko et al. 2016, Dryeinko et al. 2017}therefore, the open
pit mine should be developed toward tiposite edge of the conveyor wall, and the mining
activities below the conveyor system are prohibited. Moreover, the capacity of the IPCC system
is generally constant ondeet conveyor is installed. This variant of LTOPP under IPCC system
is more complex than basic LTOPP. This is mainly due to the additional extraction sequencing

and pit expansion restriction that are not required in traditional TS systems.

Based on the equment mobility, IPCC systems can be categorized into three types: fully
mobile, semimobile, and fixed system@®arling 2011) The semimohle IPCC systems are
the most popular category, as tloaybe easily transited from the truakidshovel system. The
crusher's relocation nature and the relatively lower initial investment make these types of IPCC
systems more appealing to be adopted odenn mining activitiegRitter 2016) Under the
semimobile IPCC system, the material is initially transported by a fleet of trucks from the
loading point to the crushing station located some point inside the pit, and the crushed material
is then transferred through a conveying system othepit. The relocation frequency of the
crushing station isypically 2-5 years, and the conveybelts are usually anchored to the pit
wall and mounted on concrete structures or in a pit slot where relocation of this system is rare
(Ritter 2016)
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In this £nse, two research problems arise based onrselnie IPCC systems' features:

(i) the production scheduling plan that gives the maximum NPV with additional mining

sequenceand pit expansion restrictionsind (ii) the crusher locatierelocation plan that

minimizes the material handling and crusher relocation costs. This study focuses on the

production scheduling and crusher location optimization under-is@&file IPCC systems

Moreover, lecause the different conveyor layouts can result in various pogsitkction

schedules, a series of candidate conveyor locations are investigated and compared.

In this research, the LTOPP and crusher locatgocation problem is studied based on

the following assumptions:

T

The conveyor system, either the highgle coneyor (HAC) or conventional conveyor
with a slot, is anchored along one side of the pit wall throughout the mine life. However,
the conveyor can be extended to a deeper level as the mining operation move forward

by installing another conveyor flight.

Mining starts from the conveyor side and then expands to the other side of the pit.

Material within the pit limit and close to the conveyor line should be mined first.

The HAC conveyor can be implemented directly along the final pit wall, while the
conventionalow-angle conveyor requires a dedicated ramp slot on the pit wall to flatten

the slope.

The crushing station is installatbngthe conveyor line. It can be relocated to different

levels while still along the conveyor line.

All the materials, including orand waste, are transported through the saobile IPCC
system. It can be realized through parallel conveyor belts that transfer different types of

material respectively.

1.3 Summary of Literature Review

Many studies in the IPCC systems optimization have fm®rsed on crusher location and

relocation plans. Several techniques, including simulations, trial and error, facility location

problem, mixeeinteger programming model, transportation problem and heuristics, have been
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used to solve the crusher locatianlgem in previous works. The main object lies in minimizing

the total transportation costs.

Some earlier works adopted the discrete event simulation (DES) method to minimize the
truck cycle time or the truckdStuguhl@engy wi t |
and Zhang 1988)More recentlyKonak et al. (2007gstablished a trisdnderror process to
enumerated different possible crusher locations on a level basis. The level gives the minimum
average haulage distance as the optimum location. Soew reorks applied facility location
problems (FLPs) and their variant to find the optimum crusher locations in théelonglan
horizon.Rahmanpour et al. (2018pnsidered each of the possible crusbeations as a hub
node. They solved the problem by an integergramming model to minimize the truck haulage
cost and crusher relocation cd3aricheh et al. (2017 corporated the time factor and salve
the problem using a dynamic facility location approaearicheh et al. (2018Jeveloped a
heuristic framework based on the dynamic location problem to solve the transition time from a
puretruck system to an [PC system.They combined the two integer linear programming
model s based on a heuristic approach to obt
corresponding crusher locations. The problem optimizes NPV in consideration of transportation
costs.Abbaspour et al. (201&plve the crusher relocation plan by the transportation problem.

They defined each mining unit as a source and each pit level where crushers can be located as a
destination. Then they investigated different crusher relocation intervals and considessgthe

with the lowest operating and relocation costs as the optimum plan.

There has been an increasing amount of literature on mine planning and design under IPCC
systems in recent years. Some studies considered IPCC systems optimization as a production
scheduling problemNehring et al. (2018yompared the NPV of different mining sequences of
the pure truck, semmobile, and fullymobile IPCC systems. They found that the IPC§&eyn
is more applicable for largecale mines with large horizontal extensions and stable mining
plans.Builes (2017used a mixednteger goal programming model to maximize the NPV, and
instead of a fixed production rate, a set of goal deviational variables and penalties were set.
Paricheh and Osanloo (201@pposed an integrated mixadeger linear programming model
to solve semmobile IPCC system planning problems and equipment ®ystshronously.
Although they specify a set of initial candid&ienveyor locations, they did not consider the
conveyor wall locationSamavati et al. (202@plved the mine production scheduling problem

5
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under fully-mobile IPCC systems, with additional sequence constraints. Mord¢logeffect of

| PCC systemsoO i mpl e me inttgdUPL) ovais investigatediHay etidl.t i mat ¢
2019. The authors determined the conveyor wall
present values. The UPL is generated by the network flow method with the additional conveyor

wall requirements.

Al t hough many studi es h aratiag aadvcapitall astsefdwerl P C C
have analyzed the production scheduling problem under these systems. Furthermore, most
recent studies focus on crusher location and relocation plans based on a set of predetermined
candidate sites (e.g., the centroid of dawgbkl). However, finding the proper candidate locations
is a critical challenge in real cagg&richeh and Osanloo 2018@nd a greater number of these
locaions can significantly increase the complexity of the model. Additionally, the crusher
location plan can be infeasible for conveyor implementation. This study considers the
scheduling problem from the conveyor wlocat.i
mathematical framework for optimizing the conveyor and crusher locations undemséite
IPCC systems that maximize the NPV, while considering the material handling and crushing

station relocation costs.

1.4 Objectives of theStudy

The study snain objectve is to develop, apply, and validate a theoretical optimization
framework for longterm operpit production scheduling ithepresence of a semobile IPCC
system. The goal of the proposed mathematical models is to maximize the NPV of the mining
operati while incorporating the material handling and crushing station relocation costs. A
series of iApit conveyor layouts and the corresponding mining sequences are investigated, with
the maximum economic return measured by NPV. Furthermore, a crusherioelication
plan is considerebased on the facility location problémminimize transportation costs under

the generated mining schedule and conveyor layout

To achieve thee objectives, this work includes the development and testing of

the conceptuahulti-step framework that focuses on:
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1 Developing a mathemaat model to generate a strategic production scheduling
plan to maximum the NPV under sembbile IPCC systems while respecting the

additional constraints introduced by the system location;

1 Generating a crusher location and relocation plan with the minimiainctasts of
material handling and crusher relocation based on the conveyor layout;

1 Evaluating the mining direction and precedence among mining units with a fixed

conveyor located in one pit side;

1 Identifying the optimum conveyor layout by comparing the different NPVs
obtained by a series of conveyor locations around the UPL;

1 Developing a methodology to cluster blocks with size control and determine the
cluster extraction precedence while considgrihe additional mining direction

constraints.

1 Designing the dedicated ramp slot for conventional conveyor belts whose
inclination angle is flatter than the stable pit wall slope while comparing the NPV

with high angle conveyor.

1.5 Scope and Limitations of the Study

The study addresses the letggm production scheduling and crusher locatielocation
problem for ope#pit mines with semimobile IPCC systems as a material handling method.
Some assumptions and simplifications limit the optimization framewaripared to the real

world case, the geological, operating, and marketing requirements.

1 This research considers the optimization of a sewbile IPCC system's situation.
Thus, there is a small fleet of trucks hauling material from the loading points to the
crushing station, from where theroseyor transfers the crushed matetoadxit the
pit. The inpit crusher is fixed for typically-% years before relocation.

1 Input data in this framework, including the block grade, commodity ,paice all
types of opeating costs, have deterministic values. The geological and economic

uncertainties are not considered and out of the scope of the study.
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1 The UPL of the block model is determineeforescheduling. Because the conveyor
line is installed along the final pitadl, the slope angle of the UPL should be stable
at different benches.

1 The main conveyor line in this IPCC model is fixed through the mine life.
Therefore, the proposed methodology is not applicable for mobile conveyors as the
primary lifting system. Howear, the conveyor line should be extensible to a lower

level as the mining operation advances.

1 This thesis focuses on a lotgym operpit production scheduling plan. Shoange
operational mine plan, haul road layout, and trankishovel dispatch are ho

considered.

1 The model is slved at the cluster level therefore, te proposednodek cannot
obtain the production scheduling plan within a specific cluster. Thedslaig

resolutiongeneratedrom the model is based on cluster size.

1.6 Research Methodoloy

The primary motivation for ik research's development is to optimize the production
scheduling under sermobile IPCC systems by investigating different conveyor locations and
their impact on the mining precedence into mathematical models to maximikdPiwhile
minimizing the total transportation costs. The scheduling optimization models work at the
cluster levelFigurel-1illustrates a summary olfie research methodology.
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Figurel-1. Summary of research methodology

The following summarizes theesearch tasks that are completed to achieve theéstudy

objectives:

1 Establish a theoretical framework using coordinate rotation and the least square

method to generate a series of candidate conveyor locations along the final. pit wall

1 Propose a modifiedhierarchical clustering algorithm to generate clusters with
concentrated size while considering the mining directié@ndecisionmaking

process determines the precedence relationship amongluster

1 Evaluate the material handling costs based on the losadicthe loading point and

crushing station.

1 Develop twestep LPmodelsto determine the optimum production scheduling plan
and crusher locatierelocation plan successively. The first step is a MILP model
that aims to maximize the NPV under a specifiading direction; the generated
scheduling results are fed to the second step, a facility location problem, to

minimize the total transportation costs.
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1 Propose a conveyor ramp slot situation with additional waste extraction on one side
of the UPL to accomnuate the conventional conveyor. Compare the optimization

results with HAC.

1 Develop a BILP model to maximize the NPV while making production scheduling

and crusher locatierelocation decisions simultaneously.

1 Implement the formulations in a MATLABIatform using IBM CPLEX as the

optimization solver.

1 Test the methodology on a case study to assess the results in terms of the mining

plands practical feasibility and validity.

1.7 Scientific Contributions and Industrial Significance of the Research

Due tothe high initial investment and the reduction of operating flexibility, IPCC systems
requireaccurateplanning before their application. In most cases, decisiakers still rely on
qualitative analysis through broad professional experiences, knowledgegrgmkeers
judgment. It can take weeks to generate a minetpititan be far from optimglSamavati et
al. 2020) Thereforethis research has developed mathematical models formpproduction
scheduling and crusher locatioglocation planning undesemimobile IPCC system
implementation The resulting techniques and formulations improve the current literature on

openpit production planning by:

1 Introducing a new production scheduling optimization strategy undesraefile IPCC
systems by incorporating the mining direction requirements from the coidseyor

perspective.

1 Developing a conveyor location optimization framewdsk generating various
conveyor lines along the final pit wall. The conveyor location that gives the overall

highest NPV is considered as the optimum conveyor location.

1 Proposng mathematical models for makinipe production scheduling and crusher
locationrelocation decisiorto maximize the NPV of the mine and minimize the

transportation costs, with respect to operational and technical constraints.

10
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1 Introducing a modified block model clustering algorithm that generates the mining units
with stable size; deVeping a decisiormaking procedur¢éo determinghe extraction

precedence relationship between the mining units.

Thepresented framework's main applicatisim the feasibility or early development stage
of the operpit mine projects, where an economiadasperational valuation is required for a
deposit with a high degree of confidence. The production scheduling and crusher {ocation
relocation decision generated by the proposed mathematical mogebeate a reference for
the future mine plan and the itementation of IPCC systems.

1.8 Organization of the Thesis

Chapter 1 of this thesis is an introduction to the research project. It explains the motives
and objectives behind this study and illuminates the scope of the thesis. Moreover, a summary
of the literaure review and an introduction to the research methodology is included in this
chapter.

Chapter 2 reviews the literature related to this project. The review starts with an overview
of the IPCC systems and conveyor exit scheme. It reviews the relevant $i$I€m
optimization studies in the crusher location problems and production plan. It also includes the
background in opepit mine planning and desigmdthe approximate strategies used in solving
largescale production scheduling models.

Chapter 3 contas the theoretical framework of the different conveyor location scenarios.
This chapter includes the determination of conveyor lines around the final pit wall based on a
rotation process. A modified clustering algorithm and a decisiaking process for
determining cluster precedence relationships are proposed. An approach for material handling
costs estimation is presented. Moreover, a ramp slot on the UPL for the conventional @nveyor

case is established.

Chapter 4 provides the three mathematical nofieloperpit mine production scheduling
under a fixed conveyor wall. It contaiastwo-step LP model for the conventional conveyor
case a twostep LP model for the HAC case, aa8ILP model for the HAC casé& heBILP
model can solve the production sdhbng and crusher locatierlocation problem

simultaneously, where théwo LP models solve the two problems successively. The

11
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conventional convey@s situation with a ramp slot and extra waste extraction is considered in
thefirst LP model.

Chapter 5 praides the implementation of the conveyor location framework and the
mathematical models. A small test dataset is used in this chapter to formulate the models and

study the effect of different conveyor locations on the NPV.

Finally, the summary, contributio of the researghand suggestions for future work are

discussed in chapter 5.

12
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CHAPTER 2

LITERATURE REVIEW

2.1 In-pit Crushing and ConveyingSystem

2.1.1 General Overview

The IPCC system is a continuous haulage system that comprises feeding, crushing,
conveying and dicharging processé®sanloo and Paricheh 2019he concept of the IPCC
system was first proposed in Germany in 1956. The soft and wet floor conditions retitected
trucking operation of a limestone quafKoehler 2003) The inpit crusher was mounted on a
fully mobile crawler and connected to an overland conveyor. However, Since then, the IPCC
systems had not drawn much attentiotiluhe last two decades. AccordingRdter (2016) at

least 447 irpit crusher stations have been installed globally by 2014.

Some early literature classifies the IPCC systems based on the crushingsstatibitity
into mobile, semimobile, movable, modular, seffiked, and fixed (Ritter 2016)
Nowadays, the mining industry simplifies the classification into fixed, seatiile and fully
mobile IPCC systemi@arling 2011, Ritter 2016, Builes 2017)

1 The fulk-mobile IPCC system (FMIPCC) is an integrated transportation method.
Trucks are not required, and the materialsfedeby shovels or dozers directly. The
crusher station, usualtyackmountedor wheelmountedshould be flexible enough

to follow the working face with shovels simultaneously and continuously.

1 In a fixed IPCC system, the crusher is stationary in deefai over ten years. The
crusher station is typically mounted on a concrete structure where the mining
operation cannot be affected throughout the mine life. The crusher is typically
located in the pit rim (rimmounted crusher), or on the other sideh& pushback
direction.

13
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1 In a semimobile IPCC system (SMIPCC), They are typically located near the
operational level; rather than hauling or conveying material all the way, the material
delivered by trucks is first dumped into-pit crushers and therebymveyed by
conveyor to move out of the pit. When pushbacks go further, the crushers should be
relocated to keep the location near the centroid of the working face. The relocation

frequency can be 1 to 10 years, depending on different situations.

Much reseech on the economic comparison of the IPCC systems and the conventional
truck and shovel operation has been dpngton and Streck 2009, Oberrauner and Turnbull
2013, Dzakpata et al. 2016, Nehring et al. 2018, Bernardi et al..Z0#9)nain concern lies in
the area of operating cost and capital expenditure. Generally, an IPCC system requires
considerablymore capital investment than a piineck system, but the IPCC systems typically
have lower operating costs in the long run. The savings by IPCC systems varies depending upon
the mining operation sizDsanloo and Paricheh 201%or a largescale mine that requires
long strip mining, as the equipment is more flexible to move along a straight bench conveyor
within a level, the operating cost for material handlin&ssive, which can justify the IPCC
usage. For a pit of 200m deep, the cost can be about the same for both @yatémen et al.

1992) Also, the IPCC systems can offer more savingsdnger mine life.McCarthy and Eng
(2011))not e the mine |ife is the most <critical
greater than ten years. This requirement is due to IPCC sydteghsinitial investmenand
needing a longermoperation to justify its low operating costs. Moreover, the capital expense
of the IPCC system can be lower over the mine Tifeat is because the associated equipment

of IPCC systems such as are usually replaced everg52@ears, while the economic

redacement age for trucks is around @ yeargDean et al. 2015)

Since its appearance, IPCC systems have been mainly used for ore material handling.
However, IPCC systems are also gaining attention for waste as the stijpirigerease. In the
last decade, a rising proportion of IPCC systems are installed for waste handling. From 2010 to
2014, approximately onthird of newly applied IPCC systems have been used for waste
transportatior(Ritter 2016, Osanloo and Paricheh 2019)

14
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2.1.2 Conveyor Exit Schemes

For the conventional conveyor belt, theximaum inclination angle is determined by the
reposeangledfoose materials, vary from 15e to 22c¢
t o ([@od Kantos 19867 his inclination angle is considerabbwer than the pit slope (around
40e), which means the conventional <conveyor
limit. In the previous practice, four methods have been proposed to install the conveyor with the

inclination requirementParicheh and Osanloo 2019)

1 Implement the conveyor along an existing haul road;
71 Construct a dedicated (generally steep) conveyor slot;
1 Excavate an inclined tunnel;

1 High-angle conveyors.

The first three methods inwa the conventional conveyor. The maximum ramp gradient
is between 8% and 10% (4.57° to 5.41°) for the existing haul road to maintaimof d t r uc k s
performance. Spiral ramps and switchbacks are applied to mitigate the ramp dghéatienich
etal. 20199 However, the typical conveyor gradien
road ramp. Implementing the conveyor on the existing haul road can increase the minimum
conveyor length bytdeast 2.5 times and consume more pa@drerrauer and Turnbull 2013)

Al so, the rampdés width must be expanded t o ac

The concept conveyor ramp slot has been practiced in the past at Chuquicamata and
Carmeaux mines, and the crushing station can be irstalléhe slo{Tutton and Streck 2009)
Theplan viewsketchof an operpit mine with a slot is shown iRigure2-1. Although the slot
can flatten the pit wal ledtractios &nd impacts thetpushback ul t s
development. The construction of a tunnel is subject to geological and topographical cgnditions

and it is technically the last option to be used in most ddsesbull and @oper 2010)
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Figure2-1. A plan view of conveyor ramp sl¢tutton and Strek 2009)

On the other hand, applying a highgle conveyor (HAC) can avoid many obstacles rising
by the conventional counterpart. Because HAC can transport material at a deep angle along the
pit wall, the conveyor belt length is minimized, and no ewtagte material needs to be mined.
The sl ope angl e o(DosBanGs 2017%0 it tae be ingtalled along thecpit
wall without extra mining. HACs are designed in various forms, including cleated belt conveyor,
pocket belt conveyor, a@bucket elevator, while the sandwich belt conveyor is the most used in
the mining industry(Santos and Frizzell 1983The concept of the sandwich conveyor is
employingtwo conventional belts that are parallel to each other, moving together and firmly
contactirg the material between them. This setting incretsefiction angle between material
to-belt and materialéo-material interface and avoids material backsliding, making steep incline
runs achievabléDos Santos and Stanisic 198%he HAC structre is anchored to the mine
slope and is mounted on concrete footi(lR&ter 2016) Steel structures, such as truss spans
and bents, are required to reinforce the conveyor in a high slope angle and c{bai8antos
2013) Because the construction of these structures contributes a significant paitelacoats,
the HAC is not intended to relocate for a long time. However, some HAC systems are adaptable
to mult-module sections using sealbntained units, and can be extended or shortened by

connecting another conveyor flight.

2.2 IPCC SystemOptimization

2.2.1 In-Pit Crusher L ocation Problem

The majority ofresearch on IPCC system optimization has been concerned withpite in
crusher location. Since the emergence of IPCC systems aims to reduce trucking costs in deep

and large opepit mines, the relevant research has focused on minimizing transportatisn co
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using approaches such as the facility location problem (FLP). FLP is a branch of operations
research that focuses on the optimal positioning of facilities that gives the minimum
transportation costs while subject to various constraints. In this prolthemnpit crusher
station is considered as the facility site where material from the working face is transported to
the crusher station. The optimization goal is to minintieetotal transportation and relevant

cost from a given set of candidate crus$ites.

The basic form of an FLP model can be formulated as:
min a jé_qj X%+ t &Ry

subject to x=0od, "i
y; =0orl, i

Where0 is the transportation cost frofock ito crusher station g is relocation cost in

period t, theX; is equal to 1 if the material bfock iis sent to crusher j and equal to 0 otherwise;
y,is equal to 1 if the crusher is relocated in period t and equal to O if it is static. The objective

function is to mmimize the combination of transportation and crusher relocation costs.

Rahmanpour et al. (2013pply a single hub location problem, an extension of classical
FLP, to find the optimum crusher location.tms model, each possible crusher location is a
singlehub node that aims to minimize the total truck haulage and crusher relocation costs. The
problem is solved by an integprogramming formulation. The authors use a decisiaking
approach called thanalytical hierarchical process to reduce the number of candidate crusher
locations to four. This research, however, is static and based on theastyartplan without

considering the crusher relocation and the conveyor location.

The subsequent studies incorporate the time factor to investigate thdejmedent
crusher relocation plan and the IPCC system implementation tirRexicheh et al. (2017)
consider the crusher locatiwalocation plan as a dynamic location probldimey examined all
IPCC introduction times from the first capital payback period to the end of mine life, each as
different scenarios. Each scenario was solved independently as the total haulage costs
minimization problem in a deterministic mining schedule. The author found the optimum

transition period from TS to IPCC system and its corresponding crusher relocation schedule
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The same authors did a further study to integrate the transition time fromtayakrsystem to

an IPCC system using a dynamic location model and heur{§&arscheh et al. 2018)hey

divided the probleninto optimum crusher location (OL) and optimum IPCC application time
(OT). For the first part, as in thgirevious paper, they solved the OL problem by using dynamic
facilities location problems, obtained the optimum crusher locations for each year after the IPCC
system introduced; the second part determined when to transfer thetshokalystem into the

IPCC system based on the result of the first part. The second part aims to maximize the NPV
with respect to the transfer time from the pure trucking to IPCC systems and the corresponding
discounted cash flow. The authors combined the two mathematic madedsinerative loop

until the NPV converge to the optimum. However, they assumed the gravity centre of each level
as the candidate crusher location, which could be infeasible when the operating face and the
crusher are in different levels. For examplesupport the crusher station, the materials of lower
levels cannot be fully extracted; if the crusher station is located lower than the operating level,
then the mining sequence should be changed. Also, they used a predetermined discounted cash
flow to cakulate the NPV and did not consider the influence of applying IPCC system on

production scheduling.

Another operations research approach to solve the crusher location problem is done by
Abbaspour et al. (2018Jhe authors use the transportation problem to solve the crusher location
and relocation plan of sermobile IPCC systems. Ely defined each mining unit as a source
and each bench where crushers can be located as a destination. The author then investigated
different crusher relocation intervals and found the optimum relocation plan with the lowest
operating and relocation costsAlthough this study was a lorigrm plan, the production
schedule is predefined without considering the systems relocation plan. Furthermore, the author
did not mention the location of the system within a specific level, which can lead to an inaccurate

operating cost.

Other approaches such as simulation, enumeration, transportation, and heuristic algorithms
have also been used to solve the crusher location proStemgul (1987xdopted the discrete
event simulation (DES) method to simulate the truck cycle time for three possible crusher
locations. Based orié means and deviations of the truttiscrete events (load, haul, dump
and return), the author applied GPSS (gereugbose simulation system) to simulate the truck
and shovel cycle time within a certain period for each candi®aiey and Zhang (1988)d
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similar work. They considered the capacity ofihloadinghaulage and crushingpnveying
systems. They siulated the production rate of different conveyor crusher locations as well as
equipment size. However, this model is restricted to an existing mine dataset, and no optimal

solution was proposed.

Konak et al. (2007¢stablished an enumeration approach to solve thetéyngcrusher
location plan for a limestone quarry. Thagplied a trialanderror process to enumerate all
possible crusher locations level by level. The mine deposit is divided into 5 m thickness slices,
where the crusher is on the edge of one slice. The slice level gives the minimum overall haulage
distances the optimum crusher location. For haulage between different levels, upward haulage
coefficients are introduced to adjust truck travel distances. They also considered the crusher
relocation as the crusher level change and solved it by a heuristic appioactver, they did
not consider the crusher location within a certain level. The crusher relocation cost was not
mentioned either. Similar to Kon&kstudy,Taheri and Irannajad (200@pnsidered crusher
install and replacement costs and conveyor capital cdsty. donsidered three crusher location
alternatives and calculated the total operating costs for each case. Because the number of
possible crusher location alternatives is more than thousands, the proposed several candidate
locations may be far from optimdtven though trianderror method is intuitional and safe to
find a solution, it may not find the optimusolution or even all solutions, and the computation

could be huge and infeasible to test every single alternative.

Roumpos et al. (2014tudied the belt conveyor distribution point, where materials are
sorted and transferred to different dumpsites or processing plants. The problem was treated as a
p-median problem. The objective is to minimize the miningd@oatal transportation costavi
the distribution points and finally to different destinations. They applied an iterative
methodological model to evaluate the distribution points under a spatial analysis perspective. In
the case study, eight scenarios with varied waste dump site placesmee simulated. The
results suggest the total transportation cost and optimum distribution point location highly
depend on the external dump location. Instead of a fixed production rate, goal deviational

variables and penalties were set.

In the previousesearch, a number of candidate crusher locations are predefined. The size

of the crusher location problem can be largely controlled by-aefihed candidate conveyor
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locations. In this sens@aritheh and Osanloo (2018eveloped a search algorithm forpit

crusher candidate locations. They aggregated blocks within the same azimuth ranges,
pushbacks, and benches into clusters, where each cluster denotes a candidate location. The
algorithm seatees all candidate locations and removes those locations defined as infeasible
through a series of rules such as processing plant location, depth restriction, pushback
restriction. In the case study, the total number of candidate points is reduced fr(80QY v

only 23, making the IPCC planning problem tractable.

Some recent studies apply a heuristic approach to the crusher location deterntwag&bn.
al. (2020)establish a heuristic algorithm to solve the crusher location problem on a large scale.
They develop a twstage fusion particle swarm algorithm (FBBO) to optimize the opgpit
mine crushing station layout. The objectiveadsminimize the total transport work, which is a
combination of each block to the crushing station and its tonnage. Even though the authors have
considered the dynamic nature of loading points and the truck hauling path as the working face
moving forwardthey do not consider the crusher relocation plan throughout the mine life. This
algorithm can solve the crushing location problem with 301,875 blocks in 125 seconds.
Yarmuch et al. (2017adopt Markov chain model to determine the crusher location with the
minimum capital and operating costs while considering equipment failure probability. Two
alternative location configurations are evaluated using the statiorasplities of a Markov
chain model, and the results are validated with a disesetat simulation model. The Markov
model generates insights into the relationships between the variables that a-eisamete
simulation cannot provide, and does so withiat latteés greater costs and complexities of
modelling, solving and calibration.

2.2.2 Mine Planning under IPCC Systems

Comparal to the traditional TSystem, the IPCC system introduces additional mining
sequence and pit expansion constraints. While mostpip@noduction scheduling studies are
based on the TS system, there are almost no studies for optimizing the operations under IPCC
systemé application until recent yeardlehring et al. (2018tompared the different mining
sequences of the pure truck, semobile, and fully mobile IPCC systems in aliZnension
block model. The production schenhg plan was defined for each case scenario based on the

ore grade distribution and crusher relocation plan. They found that IPCC haulage scenarios,
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especially FMIPCC, have more overall resource recovery and longer mine life than pure truck

haulage scenars. The reason is that IPCC systems have lower operating expenses and can
maintain positive economic block value for lower grade blocks. The authors concluded FMIPCC

system is more suitable for largeale mines with large horizontal extension and stabieng

plans. The case study shows a 58.9% NPV increase for the FMIPCC scenario compared with
the truck scenario.

E. Hay et al(Hay et al. 2019)nvestigated the influence of semiobile IPCC systems on
the ultimate pit limit (UPL). Firstly, they determined the optimum orientadiahthe depth o
the straight conveyor ramp. The conveyor ramp is along one side of UPL and can give maximum
pit discounted value. Next, based on the optimum conveyor wall, a UPL was generated by the
network flow method with the additional mining dependencies. This stoyidered various
conveyor line locations at the different edges of the UPL; however, due to the configuration, the
conveyor cannot reach a deeper level, which restricts the model to a horizontally developed pit
only. Moreover, the block extraction seguae is predetermined by the bldskparticular

location.

Jimenez Builes (201 ¢pnsidered the IPCC location plan and mine plan scheduling through
a dynamic uncapacitated facility problem model. The author incorporated coonplex
economic factors and equipment operating constraints, asidche truck number and cost,
conveyor length and operating cost, IPCC system investment and installation/reinstallation, and
stockpile in a MILP model. Instead of a fixed productiore ragioal deviational variables and
penalty were set. The objective is to maximize the NPV with consideration of production
deviation, IPCC operating cost. The author tested the proposed model on a layered deposit with
low dips, and applied a-keans clusténg algorithm to reduce the model size. Two
predetermined conveyor layouts were investigated. The candidate crusher locations are on the
conveyor segments. The result shows IPCC transportation cases have about 5% higher NPV
than the TS case. However, tlendidate crusher locations are limited and cannot guarantee an
optimal solution. Also, because the mine in the case study is horizontally developed, the levels

of crusher locations were not considered.

Paricheh and Osanloo (201@)oposed an integrated MIP model to solve serobile

IPCC system planning problems concurrently. The model comprises three pargitopiee
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production scheduling (@MPS), crusher relocation planning, and truck fleet
sizing/replacement planning. However, they specified a set of initial candidate conveyor

locations and did not consider the conveyor wall location.

Samavati et al. (202@stablish a programming formulation and a heuristic to solve the
mine production scheduling problem under fully mobile IPSy8tems. The authors consider a
situation that a conveyor network is constructed inside the deposit and the flow of the extracted
material relies on the conveyor layout. This configuration introduces additional mining
constraints and makes the mathematiwadel nonlinear. Then they propose a heuristic to solve

the LP relaxed problem with the concurrent optimization approach.

2.3 Long-Term Open-Pit Mine Planning and Design

Long-term operpit planning is a largscale optimization problem made for several years
to the whole mine life. This production scheduling problem aims to find the optimum block
extraction sequence on a large scale that maximum the net present valuavilB\6peying
a series of technical and economic constraints. This problem is usually solved in the block
model, consisting of discretized cubic blocks of the physical mineral deposit. Each of the blocks
is assigned an estimated tonnage and estimatedahgrades.

Due to the complexity and the limitation of the computing power, many earlier works
solved the longerm scheduling problem by decomposing it into (i) determination of the
ultimate pit limit, (ii) nested pit shell (pushback) design, and findiliy temporary production
scheduling(AskariNasab et al. 2007)The three stepsan be solved independently, and the

whole problem is decomposed into a series of solvable parts.

At the first stage, the depo&t pit extraction limit, including the orebody and the
corresponding overburden, is determined. The optimum ultimate pit (WRL) gives the
maximum undiscounted pit value that satisfies the slope constraints. The UPL pcabl&®
solved using heuristic algorithms such as the floating cone (Elahi et al. 2012) and the Lerchs
Grossmann algorithrflLerchs 1965) The floating cone method is a simple heuristic that involves
a moving inverted cone with itside corresponding to the pit slope. The apex of the cone is
repeatedly applied to each block with positive EBV. The economic value of all the blocks inside the

cone is examined to find the maximum positive pit value. Although this method is fast to epmput
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it sometimes yields a neoptimal solution. The Lerch&rossmann algorithm is based on graph
theory. Eaclblock is defined as a node with the EBV, and arcs are generated between two nodes if
they have direct precedence relations under the slope cohsifae objective is to find the
maximum value closure of the grapfhe UPL determination is essential in the planning for
surface facilities such as processing plan, waste dump, tailing ponds and other equipment during
the mining operatio@Johnson 198). However, these algorithms do not provide a mathematical
guarantee of an optimal solution, and they do not consider the mining sciAdsiol@n optimal
production schedule or extraction sequence throughout each bench subject to geometric and
resouce constraints may not necessarily fall within the ultimate pit [{Bjgsndal et al. 2012)

After the UPL is deterined, pushbacks or phases are designed as a series of incremental
nested pits.The pushback selection for each time range is thepsaolidlem of UPL
determination, and every pushback is used as the unit for the subsequent production scheduling
(Jélvez et al. 2020)

However, the UPL and pushback design are the determination of pit shells by using
undiscounted values. Mining and processing capacities, grade blendstgints and discount
rate are not considered in those two steps. However, to generatedefierelent mine plan,
many factors should be taken into account to obtain the maximum NPV. Production scheduling
over a certain stretch of time is known as the salivegl horizon, which typically contains three
ranges: longerm, mediurderm and shorterm, corresponding to 280 years, 4 years and-1

6 month planning horizon, respectivéysanloo et al. 2008)

The early mine planning method is the taaderror, hanecalculated, crossection
approach until the work done hjohnson (1968)This pioneering work applies a linear
programming (LP) model to determine a feasible extraction schedule that maximizes the profits
over the multiple planning periods. The master model is divided intgpraldlems by one
period,and each of them is solved independently. Although this method incorporates the time
value of money, rock types, and a dynamic economioffub generates optimum results. It
does not solve the whole problem. Moreover, because all the variables ane@aosin the
formula, it can result in the fractional extraction of precedent blocks. The solution may be

infeasible with the overlying blocks suspending in the air.
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Johnsos LP model is subsequently modified®grshon (1983)The author adds a set of
binary decision variables in the original LP model to denote the status of the precedent blocks.
Thus, the partial blocks can be mined onlyalf precedent blocks have been completely
removed. The mixedinteger linear programming (MILP) model provides a more practical
extraction sequence in mine schedulifige model can handle multiple ore processing options
and multiple grades. However, tlegde numbers of binary variables make the model intractable
for the largescale problemCaccetta and Hill (2003)ropose a MIP formulation of the mine
producton scheduling problem and solve it by a braaodcut method. The model contains
multiple constraints, including extraction precedence, mining and processing capacities,
blending grades, stockpiles and various operational requirements such as minirhattopit

width and maximum vertical depth.

2.4 Solving Large-Scale M athematical M odels

It is well known that mixednteger programming is NRard (Bixby et al. 2004) The
computation time required to solve them increases much faster than the size of the problem. In
the real case, the op@it mine block models usually include several tlamgsto millions of
blocks, making it impossible to find an exact solution for the open pit production scheduling
problem in most cases. From the practical point of view, obtaining a feasible solution in a
practical time horizon is equally vitalasthe modeac cur acy f or (Meagheye s c a
et al. 2014) As a result, approximate techniques should be applied to obtain theptieaal
solution within areasonable timeThe strategies to solve largeale MILP model including
(Liu and Kozan 2016)

Reduce the whole model size by aggregating the blocks and periods.
Rdax the model constraints.

1
1
1 Decompose the master model into a number of subproblems
1

Heuristics and metaheuristics

2.4.1 BlocksClustering and Aggregation

Bl ock aggregation is the most straightforw
there is no universdllock aggregatio method that is compliable with all block models and
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should be tailored to particular instances. In general, blocks can be aggregated from three
approaches: reblocking block size, sdmel block aggregation and slepased block
aggregdon (Mai 2017)

2.4.1.1 Reblocking

Reblocking is the simplest method to reduce the total number of blocks and can be realized
in most mine databaseftware; however, the block mo@gtesolution is compromisedélvez
et al. (2016)mprove this method to maintain the granularity of the original block model. They
present a heuristic algorithm to aggregate and disaggregate blocks inscklsgdeposit. fie
algorithm has a forward stage and a backward stage. In the forward stage, the authors divide the
block scheduling problem into different tinperiod and solve each period in sequence. Next,
blocks were aggregated into larger units, where each unieasett as a new block. The
simplified problem is solved on the unit level. The backward stage is to restore the resolution of
the new block model: for these neighbouring blocks extracted at different periods, they are
disaggregated into the original scatel@olved through the scheduling problem again. The final
solution is the combination of the two stages. Although this algorithm can not guarantee a
feasible solution, the authors apply it to the instances in the MineLib library and manage to
reduce the mblem size (number of variables and constraints) by 80%.

2.4.1.2 Levelbased block aggregation

This type of clustering method aims to aggregate blocks at the same level based on several
criteria. A significant work developed byabesh and Askaflasab (2011)is a hierarchical
algorithm to aggregate blocks into mining units. The clustering process is based ewiagair
similarity matrix calculated by rock types, ore grades and planendestebetween every two
blocks. Blocks are merged in each iteration based on their similarity indices until predefined
conditions are met. Because of each attrifsutifferent importance, a set of weights is defined
for each type of attribute, respectivelhis algorithm is applied on a level basis, so all blocks
within a specific cluster are from the same level. The authors apply the Tabu search procedure
as the post process to reduce the cludfmecedence arcs between two adjacent levels. The
generatd mining is preferable for selective mining, as the blocks from the same cluster have
similar characteristics. The clusters can be further merged to mining panels oiphases,

defined as the intersections of pushbacks and mining. Each penal is eerastsior material
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extraction containing a set of minkogits and controls the mine production operation
sequencingTabeslds algorithm has been applied to several studies proved to be an effective
block aggregation method in both surface minjBgdiozamani and AskaNasab 2016and

underground miningNezhadshahmohammad and Pourrahimian 2018)

Other samdevel block aggregation attempts are also established by various studies.
Klingman and Phillips (1988&)alculatedhe production planning of a phosphate mine based on
horizontal layers. The authors built a mathematical model with binary variables to determine
whether a layer will be mined and processed. However, the method of generating these layers
is not mentioned.Weintraub et al. (2008pply the kmeans algorithms to reduce the size of
mixedinteger programming models for a blec&ving mine. This partitional clustering method
divides each level into several clusters while the total distances (dissimilarity measures) of all
the incluster blocks to the mean (cluster centroid) is minimal. Angthetitional clustering
method, fuzzy aneans, is used byskariNasab and Awualffei (2010)andRen and Topal
(2014) to improve the kmeans algorithm to create more compact mining units.

The levelbased block aggregation methods are more applicable fdyifigtor shallow
deposit such as oil sand min@®adiozamani and AskaNasab 2016)A massive unit for
material extraction can be defined as a mining panel and significantly reduces psagem
However, the precedence relationship cannot be directly identified by these methods, and the
slope constraints maybe not respected between mining units. Additional steps are required to

determine the precedent arcs among clusters before fed intemaibal models.

2413 S|l ope based bl ock aggregation

This type of aggregation strategy incorporates the block precedence and pit slope into the
clustering procesfamazan et al. (2008eveloped a soalled fundamental tree algorithm to
aggregate blocks in the mixaateger linear programming problem. Each fundamental tree is
treated as a mimum mining unit that contains a group of blocks. All blocks within a tree can
be mined under the pit slope constraints, and the summation of the block economic is positive.
Each block within the UPL belongs to a specific tree. The authors createaglb of the block
model and applied an iterative netwdidw algorithm to aggregate blocks into trees. Thus, the
number of binary variables and constraints in the MIP model is decreased, and the pit slope
angle is strictly respected. In a case study, thkeoawgggregate 12350 blocks into 1640 trees
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and generate a schedule with a 7% higher NPV than those given by traditional software
packages. However, in some cases, a large number of ore blocks are the single FTs that only
contain one block, so the miningitsncannot be effectively reduced. Also, the generation of

FTs and the mining sequence depend on a set of predetermined pushbacks, which impacts the

optimality of the results.

Anot her noticeabl e work of sl oMaeetab(@3048 d bl o«
Recognizing the potentials and drawke®f existing aggregation techniques, the authors
improve the FT method by another similar block aggregation technique called the TopCone
algorithm (TCA). This algorithm is capable of controlling the minimum number of blocks in
each cluster (top cone) \Withe pit slope constraint, so the laiggale block model is tractable.

Firstly, the block modébs network flow is generated based on LerGiessmanralgorithm. A

linear programming formulation is set to generate top cones with minimum size and apositiv
economic value in the clustering stdjhe iteration is repeated from top to bottom level, and the
top cones with a smaller size than the lower bound are fed into the next iteration. The TCA can
combine mining precedence requirements with the size amtderuof generated TCs, making

the downstream mathematical scheduling model tractable.

2.4.2 MILP Relaxation and Decomposition

The main idea of relaxation is to remove some constraints of the original MILP model. The
constraints can be removed from two directidimear programming (LP) based relaxation and
Lagrangian relaxation. The former one aims to relax the integrality of the variables without
modifying the objective function; the latter one is based on removing some constraints and

transfer them to the olgve function by a set of weights (Lagrangian multipliers).

LP-based relaxation transforms an integer problem into an associated linear problem that
that can be solved polynomial time(Boland et al. 2009)The optinal value generated from
LP relaxation can be treat as the upper bound in some algorithms, such as branch and bound.
The latter is applied to find the exact optimal or raatimal solution while respect the
integrality restriction.Boland et al. (2009apply linear Progmmaming (LP) relaxation to an
iterative block disaggregation procedure in a MILP model. This algorithm can substantially

reduce the LP relaxation gap and the computation time required to find the optimal integer
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solution in almost all caseBienstock and Zuckerberg (201d8velop an iterative algorithm for
solving the LP relaxation of production scheduling problem. The algorithm can solve a relaxed
MILP model with 87,831 blocks and 12 periods witbime hour.

The concept of Lagrangian relaxation is to relax the problem by removing some constraints
that are hard to be satisfied and transfer them into the objective function, assigned with weights
(the Lagrangian multiplier). The initial application apenpit mine scheduling is done by
Dagdelen (1987)The author solves an integer programming model by decomposing the original
problem by dividing the constraints into (i)rraints for block precedence, and (ii) constraints
associated with production capacities. The second part is then moved to the objective function
and multiplied by various Lagrangian multipliers. This additional part can impose penalties on
the objectivdunction value if any violation from the soft constraints. Since then, various mine
planning studies have applied the Lagrangian relaxation due to its simplicity and reliability.
More recently,Chatterjee and Dimitrakopoulos (202@}egrate Lagrangian relaxation and
branchandcut algorithm to schedule an open pit mine under geological uncertainty. The
algorithm imposes Lagrangian relaxed-gubblems sequentially and then uses the bramch
cut algorithm to generate an efficient production scheduling model respecting the Lagrangia

relaxed solutioés feasibility.

2.4.3 Heuristic and Metaheuristics

The complexity of the largecale ope#pit mine scheduling problem and its variants led to
the development of numerous heuristic/metaheuristic algorithfhese algorithms are
approximation apr oac hes t hat can obtain near opt.i

computational time.

A heuristic method applied in many previous studies is the sliding time window heuristic
(STWH), proposed byCullenbine et al. (2011)This approach combines the Lagrangian
relaxation technique and time decomposition heuristic. The full scheduling periods are divided
into three sequential subsets: gibaing part with fixed variables value, a middle period (time
window) applied by the original programming model, and a relaxed Lagrangian part for the
subsequent periods. The algorithm uses eaaffikoptimize scheme and iteratively solving

relaxed sukproblems of a time window with fewer binary variables. The authors solve a
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problem instance of 25,000 blocks and 15 periods in a few hours, although this algorithm may
not find a feasible solution for some cases.

Moreover, several metaheuristic approachesjuding genetic algorithm, simulated
annealing, tabu search, ant colony optimization, and particle swarm optimization are also

adopted to mine planning in recent ye@hishvan and Sattarvand 2015)

2.5 Summary and remarks

IPCC systems have been known in thaing industry for many decades. They gain more
attention as material handling options due to their low operating costs and social and
environmental benefits. However, due to the high upfront costs, reduced mining flexibility, and
conveyor exit requiremesitiPCC system@application requiresareful and detailed planning

at the early stages of mine life to provide financial savings.

As mentioned in the literaturepost current IPCC system optimization studies focus on
crusher location and relocation plarssed on various predetermined candidate locations. The
objective of these studies lies in the total transportation costs minimization. On the other hand,
although the mine design and planning under IPCC systems are unique, few studies have been
done on tk production scheduling problem.

Mathematical programming has been developed as a powerful tool to solve thgitopen
mine production scheduling problem and maximize the NPV while considering a number of
operational and economic constraints. Some appitaf mathematical programming models
in mine planning are documented. However, these kinds of problems anartiiland can
become intractable as the problem size grows. Therefore, various approximate approaches have

been proposed to reduce the computatime and obtain neaptimal solutions.
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CHAPTER 3

THEORETICAL FRAMEWORK

3.1 Introduction

The longterm mine production scheduling is a laiggmle optimization problem to
determine the mining sequeno@timizing the compardg strategic objective while respecting
the operational and geotechnicastrictiors over the mine life. The target is typically
maximizing the net present value (NPV), with the optimum production schedule that preferably
extract high-grade materials as soon as possibled lowgrade materials and waste are

postponed to thiate period of the mine life.

However, the implementation of the IPCC system can reduce mining flexibility and
introduce additional mining sequence requirements. For system stability, the conveyor belt is
usually anchored to the pit wall and mounted orcoete structures, which means the relocation
of this system is rar@Ritter 2016) The conveyor line should be located in such a way so that
it cannot affect the future pit expansion.

This framework considers a situation where the conveyor system is fixegl@ie side of
the final pit wall throughout the mine life. The excavated material should be trucked towards
this side via a crusher station located on the conveyor line and then transferred by the conveyor
system to exit the pit. This implementation inlwoes additional mining direction requirements:
mining starts from the pit side where the conveyor is installed and then expands to the opposite
side. The extraction of blocks closer to the conveyor has precedence over othigngre 1

shows. As a result, the location of the conveyor can impact the mining sequence and the NPV.

30



Chapter 3 Theoretical Framework

Conveyor line

Phase 1

Conveyor side Phase 1

________________

Phase 3

@) (b)

Figure3-1. Schematic view of the mining method with the conveyor system along one side of the UPL:
(a) plan view; b) vertical view

In this framework, A set of conveyor locations are generated around the final pit wall, and
each coneyor location is solved independently by a mathematic model in Chapter 4. Also, the
blocks in this model are aggregated into larger mining units to reduce the problem size. A
modified clustering method with cluster size control is applied to reduce thieenwhblocks
in each | evel, and the clustersé precedence
mining direction. The material handling costs and implementation of conventional conveyors

are also discussed in this chapter.

3.2 Determination of the HAC and Ramp SlotLocations

As mentioned before, the HAC system is usually anchored to the pit wall and mounted on
concrete structures in the deep op@nmine for its stability. The HAC system is alsa
continuous transportation method, which meansiiudown of any conveyor segment can halt
the whole system. As a result, the conveyor is usually fixed in the mining operation to avoid
significant downti me during the conveyor sys:
HAC line is fixed abng one side of the final pit wall throughout the mine life, where this location
cannot affect the future pit expansion. In this section, a series of procedures are proposed to

determine a set of HAC schemes in different locations.

3.2.1 Conveyor Side Rotation around the UPL

In this thesisa pit rotation approach is proposed to investigate the possible locations along
the UPL. In this approach, each scenari o00s c{
rotation angles, making this investigation evedgistributed. This method isitially used by
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Hay et al. (20190 determine the UPL with a straight conveyor wall. This concept is used here

as a tool to investigate the possible conveyor azimuth along the UPL.

Based on the existing UPL, a group of convex hulls is createzhfidr level. Each convex
hull is the minimum convex polygon that circumscribes all the centroids of blocks to be mined
in that I evel, and all the interior angles a
box is generated from the convex hull. THainding box is extended an additional 0.5 unit of

the block width on each side to include all parts of blocks.

0.5 block width—»
1

A\

* * * * * *

* * * * * *

=) a *

~—

Conveyor wall Tangent point
Figure3-2. Creation of convex hull and bounding box for a specific level

The bounding boxds specified edge is consi
line shows inFigure3-2. The point of tangency between the Udtid the CWS is identified as
the conveyor feeding spot. If there is more than one point of tangency, the midpoint is
considered, shown as the red poinFigure3-2. The bounding boxes are determined again at
each rotation angle, and the tangent points also move around the UPL accoFiguyl/3-3
slows the tangent points for a specific | evel

clockwise, respectively.

30°

L
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Figure3-3. The plane revolution of the bounding box around the convex hull

The boundngbx 6 s rotation is equivalent to the
method is simpler to implement by multiplying a rotation matrix to the block coordinates and
ensures all levels have a uniform rotation angle. Equa(bh) shows the rotation
transformation with a 3x3 matr{eutsch) The rotated coordinatgx’, y', z) are obtained by
rotating the X and Y axes i nZ-ass, andtoecéomwinatee an g
in the zaxis remainsinchangedFigure3-4 shows theX and Y axes rotation effeutith respect
to a specific pit level. The bounding box and the CWS are updated under the new coordinate
system so that the CWS can atUo taanThd tamenopoimd t he

is also determmed based on the CWS.

e’ g cc@@) - sin(a) O X g
&' g sifi@) cos(a) 0 y; (3.1)
&4 & 0 1 zg

axis

X axis

. X' axis

—

Figure3-4. Pit level and the new bounding box with a 2D rotation

Next, this rotated coordinate system is applied to all levels within the WWBhould be
noted the rotation transformation will change the origh@nd Y coordinates of each block;
however, since the study focuses on the relative location between the conveyor and the pit, the
absolute coordinates during the rotation are not a concern. Then, the coordinate system rotates
clockwise by a step anglend the associated CWS and tangent points are updated each time
until it returnsto the original position. Each rotation angle is a scenario for later calculation. The

step angle should have a decent resolution to cover all scenarios accurately, busmatitas
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the computation time wil!/ Il ncrease. Besi des

significant role in selecting the step angle.

3.2.2 Generation of the Straight Conveyor Linefor HAC

After calculating all the tangent points at all levels it same rotation angle, the three
dimension least square regression algorithm is applied. This method can generate a spatial
straight line from the pit bottom to the rim, where the sum of squared distances from each
tangent point to the generated linenmimum, as showing ikigure3-5. This line is considered
as the layout of HAC, and it is generally on the pit boundary with an inclination equalgi th
slope. Moreover, two sets of HACs should be installed on the layout line for transporting ore
and waste, respectively. This setting can also increase the throughput of the conveying system
as the capacity of HAC is generally lower than the conveaticonveyor(Dos Santos 215).

The capacity of HAC for ore and waste may be different depending on the overall stripping

ratio.

Figure3-5. The schematic diagram of the pit with the regression line

In order tocalculate their linear regression, first, the coordinates of the tangent points are
transformed into vectors and a matrix. Assume that the block model has j levels, and each level
has a tangent point based on the conveyor side rotation. The coordinedes tdngent point

are denoted by, Yandz, among whichZ is a freeof-error variable to predict the value of x

and y, respectively. EquatidB.2) shows the variables in vectors and matrix fody, Y are

two j3 1 vectors that represent the coordinates of all tangent points inakis and yaxis,
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respectively; Zis a j3 2matrix where the elements of the first column are all 1, and the

seconlld column is theaxis cardinates of all tangent points.

e e o 1 z¢
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The concept of weighted linear regressios used to increase the

adaptability. The weight of each observation (tangent point) is a positive number measured by
the total undiscounted block economic value (EBVjhef corresponding leljeas Equation

(3.4) shows. The summation of all weights is equal toelvel with relatively low value is given

lower weights to its tangent point, and versa. By incorporating the knowledge of the value,

the generated straight line can be closer to the tangent points e¥diighlevels than the
standard linear regression algorithm. Therefore, the original pit design and the boundary can be
respected ithe highvalue levels.w is ajxj diagonal matrix with all the weight values in its

diagonal (see EquatiqB.4)).

_ block conomic value in leve
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The fitting line is threedimensional that contains an independent variable z and two
respone variables x and ylThe linear least square method is applied to each of the response
variables with respect to z; therefore, the sum of horizontal squared distance from the tangent
points to the spatial fitting line is minimum. The spatial fitting limejg@ction in the XZplane
is the linear regression for variable x and z, and its projectiopl#iZe is the linear regression
for variable x and zEquation(3.5) calculates the projection of the weighted linear regression

in XZ-plane and YZplan, respectively. The predicted values in matrix form are given by

Equation(3.6). 4,is the Xintercept to the YZ plane projection, add is the slope to the YZ
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plane; similarly,b,and b, are theY -intercept and slope to the XZ plane, respectivEhe z

axis coordinate of each level remains unchanged after the linear regression. The conveyor line

is determined based on the fitting line, from the bottom level to the surface.

f[ao a)=(z"wz) "z wX

! . (35)
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eXi=a, +a&
ivi:bo Y4 (3.6)
tzi=z
The conveyor spot for a specific | evel i s

that level, whose coordinates can be calculateddpyation(3.6) with the associated-axis

value. Because the crusher is located and relocated along the conveyor line, each conveyor spot
is considered as the candidate crusher location. Moreover, the weighted least square method is
repeated to generate the straight cgovédines around the pit limit for the tangent points under
different conveyor rotation angleSigure3-6 shows the eight candidate HAC lines with gste

of 45e¢e.

2700

@3) (b)

Figure3-6. The outline of eight candidate HAC lines (black straight line) based on tangent points and
rotation angles: (a) perspective view; (b) plan view

In this research, the conveyor & is used to transport both ore and waste. As a result,
two sets of HACs should be installed on the layout line for the two types of material,

respectively. This setting can also increase the throughput of the conveying system as the
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capacity of HAC is gnerally lower than the conventional convey®ps Santos 2013)The

capacity of each HAC may be different depending on the overall stripping ratio.

3.2.3 Generation of theRamp Slotfor Conventional Conveyor

In this section, a situation that the conventional conveyor is accommodated in a ramp slot
is considered. The generated conveyor | ineods
than the conventional ¢ onv éonadinshe leratule redews | op e
one solution to the inclination problem is constructing a dedicated ramp slot to flatten the slope
[23]. This method enables the straight and short conveyor route to exit the pit, and it has been

practiced in opetpit minesin the pas{Tutton and Streck 2009)

Based on the conveyor line generated for HAC, the ramp slot is corrected in the same
vertical plane of the conveyor line considering allowable inclination angle, as Figure3-7
shows. Both HAC and the conventional conveyor lines start from the samé&pdint%,) at

the bottom level, and their horizontal projections are in a line. The transformation é&tese

two lines is shown in Equatig3.7) and(3.8).

K = 1ana 3.7)
tang

X'=k(x x¥ %

y'=kiy- ¥ % (3.8)

z2'= 2z

Where (x,y,z)and (x',y ',z") are the set of coordinates dfet points in the HAC and

corrected conveyor line, respectively%, Yy: Z,) is the start point at the bottom level for both
conveyor lines; k is a adjust factor in x andxis direction;a is the inclination angle for HAC

and its slope is approximate to the pitsloga; s t he corrected conveyor
to the horizont al pl ane, with a sl ope typic

conveya spots of the corrected conveyor line can be calculated by Eq@a&pn
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HAC line

Corrected conveyor line

Ramp slot

Figure3-7. The 2D sketch of the pit with ramp slot and conveyor line inside

The conveyor spots on the corrected conveyor line are defined at each level as the candidate
crusher location, as the triangles are showrignire3-7. Similar to the configuration of HAC,
the conventional system transports all materials inside the UPL; therefore, two sets of the
conveyor should be installed the ramp slot to transfer ore and waste, respectively, and the
ramp slot width should be wide enough to accommodate two parallel conveyor belts. This
conveyor exit strategy introduces additional waste excavation. The 3D sketch of the ramp slot

is shownin

Figure3-8 (a). In this study, the entire slot is divided level by level, angtrgonof the
slot in each level is called a slot slice, as

Figure3-8(b)(c) illustrate. The slot is deepened to the corresponding levels with the mining
development. Before the crusher is relocated to a l@wvet, all slot slices should be extracted

at that level.

(a) (b)

Ramp slot width

(€)
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Figure3-8. A 3D sketch of ramp slot: (a) the overview for the whole pit; (b) the ramp slot in a

level; (c) the geometryfahe ramp slot slice in a level

The top and bottom surfaces of the slot slice are horizontal. Among its four side faces, the
one separate from UPL is the conveyor face with an inclination of the maximum conventional
conveyor slope angle; the other thraeds have the same inclination as the pit safety slope,
which is 45e to the horizont al pl ane. Each
volume is not straightforward to be solved analytically. Alternatively, because its vertices
coordinatescan be deduced from the conveyor lines, the volume of each slot slice can be
calculated by Delaunay triangulation in MATLABIATLAB 2018). Delaunay triangulation is
an algorithm of joining a set of vertices to make a triangular mesh, and the corresponding
volume enclosed can be calculated from these triangulated syKacesvor and Taylor 1998)
Another staly that calculates the slot volume analytically can be seParnicheh and Osanloo
(2019)

The amount of extra waste excavation anty determined by the ramp slope and its depth.
Figure 3-9 shows the slot volume based on different slot depth and slope angles, with a slot
width of 10 m. The slot volume is directly proportionalsté o t s dubip polver, so the
additional waste extraction tonnage increases dramatically as the pit deepen. The slot slope also
has a significant impact on the slot volume. For a depth of 300 m, about 8 million cubie meter
of waste removal is required at a 20Mmm@slope, whereas this volume is over 8 million cubic
metesfor a slope of 15°. In addition to the extra waste excavation, the conveyor length must be

identified based on each depth and ramp slope.

6
15 %10

=
o

Volume (ma)

5 Slope angle 15°

o _— 4—Slope angle 20°

PP e S C Slope angle 22°
| T |

b ‘ 7 50 100 150 200 250 300
Slot Depth

Figure3-9. The volume of ramp slot by its depth and inclination slope
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Similar to the HAC, this process is repeated under each conveyor rotation angle. The
eight candidate ramp slots are illustrateéFigure3-10.

180°
b
25° A

- P i
ya |

Figure3-10. The outline of candidate conveyor lines and the corresponding ramp slots under different
rotation

3.2.4 Pit Wall Stability Considerations for Conveyor Wall L ocations

In openpit mining, a major geotechnical challenge is the excavation of the steepest possible
slope anglevhile maintainingthe lowest stripping ratioAs a result, thevaste rock removal
tonnage and the total mininglated costare minimizedHowever, steepit slopes may induce
failuresthat can overweigh theconomic benefits thareinitially aimed at{Obregon, 2019
#296}. For the conveyor systems that are anchored on the pit wall, the failurescdtnn loss
of life, damage to equipment atlte environmat. On the other hand, the conveyor systems
require a higher standard for pit wall stability than the traditional pit design, as the
implementation of the conveyor belts can introduce additional pressure and vilraémefore,
thegeotechnical and geajaal conditions of the final pit wall and its slope must be considered

before the generation of candidate conveyor locations.

Generally, the geotechnical and geological conditions are different around the final pit wall.
In this case, the conveyor shdwnly be installed along the stable pit wall, as an example shows
in Figure3-11. The UPL is divided into two sectors: stable pit wall zone and unstable pit wall
zone.Five candidate conveyor lines are generated inside the stable zone. This research only
focuses on the conveyoros | ocation from the
assumed the pit is stable for the conveyor around the UPL under a sglepdéiangle. However,
it should be noted in terms of the conveyord

higher priority than the economic comparison proposed in this research.
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Figure3-11 The considerations for pit wall stability for conveyor locations

3.3 Hierarchical Agglomerative Clustering

It is well known that mixednteger programming is NRard thatcannot be solved in
polynomial time The proposed mathematic model contaiimsry (G1) integer variablesvhich
can beintractable for the real case oppih mine block models with thousands to millions of
blocks. As mentioned in chapter 2, various techniques such as block clustering, decomposition,
relaxation, and heuristic aused in the previous literature. In this research, a block aggregation
approach is adopted to group blocks with similar attributions and locations into the same cluster.
This approach can significantly reduce the number of mining units and binary wvéaegdtes
at the cluster level; thus, the problem can be solved in a reasonable time. Moreover, it can
generate practical mining schedules that follow a selective mining unit without scattered

scheduling solutions and an overestimated NEVazy and AskarNasab 2012)

On the other hand, aggregation techniques are highly dependent on the structure of the
problem and, in general, are tailored specifically for a class ofggnabor even for a specific
instance of a problem. In this case, clusters are generated on a level basis, with a relatively stable
size that gives both acceptable resolutions and running time. The hierarchical agglomerative
clustering algorithm is initiayl presented by Tabesh and Askdesab(Tabesh and Askari
Nasab 2011)In this framework, the original algorithm is modified to reduce the number of
smaltsize clusters under a specific threshalding the clustering process. The mining direction

that adapts to the IPCC system is also incorporated in the modified algorithm.
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3.3.1 Similarity Matrix Calculation

This cluster algorithm depends on a measure of similarity between the blocks. The
similarity values form ag ¢ pairwise similarity matrix and merging similar blocks in an
iterative procedure. The similarity value between a pair of blocks (with an indeandfj) is
measured based on rock type, grade, Euclidean distance, mining directiblockrnatljacency
Boolean. Adjacent blocks with more similar attributes have higher similarity values; thus, they
are grouped into one cluster. The similarity betwielerck i and j are calculated by Equation
(3.9):

RT""
i = e Wais War ir Wair

A (39

In whichO'1Q,"@ ,01Qhand’Y'Y are the normalized value of Euclidean distance, grade
difference, mining direction difference, and rock type penalty between blocksd j,
respectivelyd Q@ a Boolean (€1) value that denotes whethieand j are adjacent blocks;

O ,0 ,0 ,and0d , in the power position, are a set of positive numbers denoting the
weights of corresponding parameters. Setting a higher weighd tpecific parameter can
promote the clustering results to follow that characteristic. For example, incréasirggn

create rounder clusters while increasing makes clusters more compliant with the grade

distribution. The value g0 iQ, 0 , O1Qhand’Y'Y are measured as follows:

3.3.1.1 Normalized Euclidean Distance

The normalized distance difference is the Euclidean distance between two ¢#aties
divided by the maximum distance of two blocks in that level. This norntializansures all the
di stance difference is equal or |l ess than
B denote the set of blocks in the target level. The normalized distance bé&teelenand j

can be calculatedytEquation(3.10):

Sie = JO-%)* Y y)°
Comax{y(x,- x)° €Y, ¥)’| mn Bj

|

(3.10)
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The denominator is the maximum distance of two blocks. The value of x and y can be either
the indices or coordinate of the corresponding blkire only if theunit is consistent in the

formula.

3.3.1.2 Normalized Grade Difference

The calculation of the normalized grade difference is similar to normalized Euclidean
distance. Let® and"@ denote the grade dlock iand j, and the normalized grade difference

canbe given by Equatio(B8.11).

Jor - gr)?
Gr, = i : (3.12)
max{y/(gr,, - gr,)* | 'm,n B}

The numerator is the absolute value of the grade difference belosén and j, and the

denominator is the maximum grade difference in that level. Moreov@r, #d"Q have the
same value under "0h will bt assigneddaa aGsficigntlyeroall gositven

number & to avoid getting a zero value.

3.3.1.3 Rock Type Penalty

The rock typegpenaltyis a qualitative value indicatinghetherblock i and j belong to the
same rock type. If the rock type of clustemnd j are the same, the rock type similarity will be

1. Otherwise, the similarity is a penalty number less than 1, as Eq(&fidnshows.

- :fl if block i and_j belong to theas amo type (312
| penalty othe wse
The less the penalty value is, the less similarity will be for clusters with differentyjoek
The penalty is set to zero means onlyliloek in one rock type can be aggregated into the same
cluster. Because thieck type per se is a qualitative value, as a reb@tpenalty could be varied
by different groups of rock types. For example, if the ore blocks are affiliated to some specific
rock types, then the penalties within these rock types should have lest oompared with a
waste rock type.
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3.3.1.4 Mining Direction Difference

In the presented methodology, mining operations should be started from the conveyor spot
and then expand to the other side of the lekajure 3-12a). Blocks closer to the conveyor
should be mined before other blocks, leaving space for the latter to be transported toward the
conveyor. The materials transport direction is opposite toniheng direction Figure3-12b),

from the working face to the conveyor side.

/ N\ /
,/ o \ o \

\ g | |.“ Materials transport direction |
1 ot i

\ \ N / ;“'; LL\-. e B ~ «'fl‘
NN // /' \ X N/
NS NN T
\\N‘-V ) -1{./ - \\__\‘:-7-7- iy L
, , 2 4
Conveyor spot Conveyor spot
(a) Mining direction (b) Materials transport direction

Figure3-12. lllustration of mining and materials transport direction for a certain level

Blocks with the same distance to the conveyor spot are mong iikbe mined in the same
period; thus, they should be assigned more similarity in mining direction. In other words, the

long sides of clusters should face the conveyor location.

Figure3-13illustrates the effect of mining direction on the clustering, where the clusters
show rectangular. Clusters with darker colors are mined earlier; for those with the same color,
they are more likely to be extractedane period because they have the approximate distances

to the conveyor. Therefore, the mining direction difference between them should be small.
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Conveyor spot

Figure3-13. Diagram of clusters given mining direction

The mining direction difference measures t

the conveyor spot. The Equatif8113) shows the calculation of the normalized mining direction

differenceDir; betweerblock iand j at the same level. Whe[fg,, ¥, ) is the coordinate of the
conveyor spot at that Ieve(l;g, yi) and(xj, Y, ) are the coordinate dlock iand j, respectively.

The denominator is the maximum distance between the cluster centroid and conveyor spot at

that level.

NG %Y €y P O (Y '

Dir -
maxfy(x,- %)? €Y, ¥)2| m BJ

(3.13

ij

3.3.1.5 Block Adjacency Boolean

Each cluster is a mining unit for schedule planning; therefore, clusters should be continuous
and closed to be mined without frequent relocating shovels. To avoid generating fragmented
clusters, blocks can only be merged to adjacent blocks with a comdeoRigure3-14 shows
the four adjacent blocks (ligishaded) of the target one (datkaded). The Boolean valteQ 'Q
is set to identify the adjaacy betweeiblock i and j, based on the horizontal distance between
the two blockcentregEquation(3.14)). For two adjacent blocks in the same level, tbern't r e s 0
distance is equal to the block width, and the adjac8oofeanbetween the two blocks is 1. If
two blocks are not adjacent, theire n t distanesis greater than the block width, and the
corresponding adjacency Boolean value is equal tothidrcase, the similarity value between

the two nonadjacent blocks is 0 as well, so these two blocks will not be clustered.
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.
Block centre

Figure3-14. Blocks adjacency relationship
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3.3.2  Block Clustering

The similarity value of each pair of blocks is stored in a similarity matrix. Because the
b | o sdtebtisn ordeis not a factor for theimilarity value, and a specific block cannot merge
with itself, the similarity matrix is symmetric with zero diagowalues. In the beginning, every
block is considered as an individual cluster, then the two blocks with the maximum similarity
are merged into a cluster. After the merging, the similarity values are updated for each of the
merged blocks to decide theckeist 6 s simi |l arity values to each

An example of the clustering process is showrRigure3-15. the similarity matrix is a 7x7
paiwise matrix with seven blocks. First, the maximum similarity value is identified, which is
48 between blocks 1 and 3. After merging, e a
is updated, so these two blocks have the same similarity values tchdrebtuicks. In this
example, the new clusterds similarity values
1 and 3. This value update approach is called complete linkage, in which the similarity between
clusters is measured by the most dissimilgjects in the twelusters(Hartigan 1985) The
complete linkage can generate compact clusters that are evenly distributed and with similar
diameters. The maximum similarity value is set to zero, so these two blocks cannot be merged
again. That is the fitglustering iteration. In the next iteration, the next maximum similarity is
identified (between blocks 4 and 7), and the clustering proepsss$ until certain criteria are
met.
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1 39 10 | 19| 28 1 39 | 48 10| 19 | 28 7 10| 19 | 28
2| 39 7 |9 | 18| 27|29 2| 39 7 la |18 27|29 tv' 7 |9 | 18] 27| 20
3 7 17 | 26 | 35 | 37 3] 48 | 7 17| 26| 35| 37| 7 10| 19 | 28
4 9 17 34 | 36| 45 4 9 |17 34| 36 | 45 4 9 34 | 36
5/ 10| 18 | 26 | 34 44 5/ 10| 18 | 26 | 34 44 5/ 10| 18 [ 10 | 34 44
6| 19| 27 | 35| 36 | 44 12 619 | 27 | 35 | 36 | 44 12 6| 19| 27 | 19 | 36 | 44 12
7| 28| 20 37| 45 12 7| 28| 20| 37 | 45 12 7] 28| 29 | 28 12
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Figure3-15. The first clustering iteration in the similarity matrix: {dgntify the maximum
similarity value (b) merge the corresponding blocks; (pdate the similarity values and identify the

next maximum value.

Themaximum cluster size can be specified in the hierarchical clustering algorithm: once a
cluster size increases up to the maximum size, its similarity values are set to 0 and no longer
merge to the other clusters, gdierthdm thgupper ant e ¢
bound. However, because this algorithm follows a botipnaggregation pattern, it cannot
control the clustersd minimum si ze. Il n fact,
while their adjacent clusters already reach nfeximum size. Aditionaly, the hierarchical
clustering algorithm cannot undo any previous steps, and the results are sensitive to noise and
outliers, which makes the results highly unpredictable, and no apriori information can be

incorporated in the clusting proces§Weintraub et al. 2008)

On the other hand, cluster size is a crucial factor for ema#tical framework at the cluster
level. Each cluster is a mining unit that is considered equally in the decision variables of the
mathematicalmodek. These smalsized clusters can disturb the precedence arcs between
adjacent clusters, making theathem#écal modek inaccurate or even infeasible. On the
contrary, a concentrated cluster size distributionseamire the production ratgenerate robust

cluster precedence relationshipad maintain a stable slope angle.

Therefore, a modified algorithm igsqposed to generate more concentratieed clusters
by applying a multiplier during the clustering and a merging post process. In the modified
algorithm, for those clusters smaller than a threshold in every clustering iteration, their similarity

values a@ magnified by a multiplier greater than otiejs, the possibility of merging for these
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clustering smaikized clusters is increased. During the beginning iterations, because no clusters
exceed the size threshold, the multiplier is applied to all sityilgalues. Since the similarity

values are the qualitative comparison between different clusters and the multiplier is applied to
all similarity values within a specific cl usi
to this cluster. At th end of the clustering, any cluster that is smaller than a lower bound will

be merged into one of its adjacent clusters with the minimum size. Thipnoasissing step

can further eliminate smadiized outliers. The flowchart of this modified clusteraigorithm

is shown inFigure3-16.

( Start )

4

)
Block model »/Open target level i (with n blocks)/
Database v

p
[ weights of similarity / Calcullatlerpdate pajr_sze compa}"ison .
E measurement f > similarity and adjacent matrix
L )

increase the similarity value of clusters
samller than a threshold by a multiplier

.

Merge two adjacent clusters with maximum similarity value
— " \\k‘\\
_— ~—~——__ No
<___Numbers of clusters < exit criteria? —>———
Yes
v [
Merge clusters smaller than the lower bound e —
into the samllest adjacent clusters DT LG e e
End \\

Figure3-16. The flowchart of the modified clusteriradgorithm for cluster size control

A trial-anderror approach is developed for tuning the value of the multiplier based on
ClustersizeThe objective is to find a multiplieros
cluster size. The attempt valuags from 1 but also not too large to make the similarity value
infinite over the iterations. In practice, the attempt values are between 1 and 2 with a reasonable
resolution. Each attempt is a repetition of the modified clustering prdégsse3-17 shows a
multiplier tuning practice, and the attempt values are from 1 to 2 with a step of @.805.
evidentthat the size variance is highly irregulatwh r espect to the mul t i)
lowest variance at 4.37 is obtained when the multiplier is equal to 1.865. are tailored specifically

for a class of problems or even for a specific instance of a problem.
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Figure3-17.The vari ance of cluster size by different

The two histograms of cluster size for the original and the modified algorithm practice are
shown inFigure3-18, respectively. In the original clustering algorithm, the maximum cluster
size is the only parameter for the size control. Figure 1.14(a) showthé¢haluster size is
dispersive, with an average size of 18l@&cks, and the variance is 20.54. Whereas the modified
algorithm can generate clusters whose sisg&idution is concentrated in a small ranges

Figure1l.14(b) shows. In this casthe average cluster size is 19.5, and the variance is 4.37.
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Figure3-18. Histogram of cluster size: (a) the original clustering algorithm; (b) the modified
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clustering algorithm

Figure3-19displays the results generated by the modified clustering algorithm. The target
cluster size is 20 bllabeldd®re bldeks aréd mackedumgth whited s ¢ €
circles, and the big black dot shows the lével conveyor feeding spot.
reveal that the modified clustering approach can generate clusters with more concentrated sizes

while retaining the similarity features within each cluster.
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Figure3-19. Clustering result for a level by applying the modified clustering algorithm

3.4 Clusters Precedence Relationships

The precedence relation between blocks is straightforward, as all the blocks are arranged
in the orthogonal XYZ grid system and typically have a uniform cubic shape. However, because
themathematicamodekaresolved at the cluster level, any precedenastrbe defined between
clusters. Because the clusters do not have regular shapes and are not in a regular grid, their
extraction precedends not explicit. Moreover, the specific mining direction required for the
IPCC system introduces additional precememith a level. In this section, the precedence
relationships are divided into two types (i) horizontal precedence at the same level and (ii)

vertical precedence between two levels.

3.4.1 Horizontal precedence

The horizontal precedence is a result of the ngimiimection. In this research, it is assumed
that the conveyor spot is fixed on one side of the level throughout the mine life. The materials
mined from a certain level are sent toward this side. At a specific level, the precedent clusters
must be extractein advance to make the target cluster available for mining, and the mining
operation is expanded away from the conveyor spot. Additionally, the drilling and blasting
progression, equipment mobility and shovel access should be considered to limit wargecess

equipment moves and make a smooth planning transition. As a result, continuous mining from
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one cluster to its neighboring clusters is preferred. The horizontal precedence clusters should

be:

9 adjacent to the target cluster;

1 their centroid point should be closer than the mepoint of the target cluster to the

conveyor spot.

The coordinate centroid of a specific cluster is calculated fronavbeage- and y

coordinateof the blocks inside the clustefigure 3-20 illustrates the horizontal precedence

among clusters based on the mining direction. The target cluster numbered 13 has two direct

horizontal precedent clustersmb er ed 12 and

1 4 centwedare closer tb tha h

cl

conveyor spot than the target one. These two clusters should be mined first to make cluster 13

accessible by the mining equipment.
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Figure3-20. Schematic view of the direct horizontal precedence
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3.4.2 Vertical precedence
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The vertical precedence is challenging to determine at the cluster level. To be specific, the

shapes of the generated clusters are irregular. The clustering process is indepeatibnt |
level, so the relative location of clusters between two adjacent levels is unspecified.

Badiozamani and AskahNlasab define the cluster precedence relation from the corresponding

block precedence inside each cluster. In this method, one cluster is precedent to another if there

exists a block precedence relation between their two sélsaks. However, this method can

51

L



Chapter 3 Theoretical Framework

overestimate the number of precedence relations since each cluster contains a number of blocks.
Those unnecessary precedence constraints can result in a significantly lower pit slope angle than
the requirement and increatbe mathematical models’ solution tirrla this section, the cluster
vertical precedence relation is determined by multgapistablecriteria based on the block
precedence, which is adaptable to different pit slope requirements and decreases thefnumber o
precedence arcs. The method is demonstrated in two steps as follows:

Step 1:precedent blocks of each block within the target cluster are defined based on the
classic precedence rule. The predecessors can be found from théemuppblocks based on

thar coordinates or indices (séggure3-21).

— 4 \;>5<(‘2 - Lyl | (xyHD) | (xtLy+)

7 (5 <3 =
T8 =T 6
Tl 9 1
} - (x-1.y) (x.y) (xtLy)

J (x-Ly-1) | (xy-1) | (xtLy-1)

() (b)

Figure3-21. Nine predecessorsé6é pattern to control p
nine predecessors at the uppereleshould be mirgfirst; (b) the relative indices of nine predecessors

in the 2D plan.

Step2al ong the blocksd border, a boundary i s
precedent blocks. Figure 11 shae target cluster's exampulatlined bya bold black line, and
clusters 11, 12, 14, 16, and 17 are | ocated ¢
boundary in the upper level. The materials from the upper level and inside the red boundary line
should be extracted before thegir cluster. Based on the red boundary line, each precedent
cluster can be identified if any of the following criteria are satisfied:

a) Clusterods centroid is inside the red b
b) Cluster is partly inside the boundary, andthewceny or i s c¢cl oser to
centroid than to the centroid of the target cluster (clusters 11, 12, and 17)

c) The portion of the cluster inside the red boundary is greater than 40%.
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All these five clusters ( 11sverlcalpredecessors] 6 ,

and they are one level upwaithe flowchart of the determination process is showfigure

3-23.
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Figure3-22. Vertical precedent clusters (clusters 11,12,14,16 and 17) for the target cluster at the

lower level (in bold black outline)

In practice, the criteria of determining the precedent clusters are adjusiabtéon the pit

safety slope and the cluster size. For example, in criterion 3, the minimum portion of a precedent

a |

cluster inside the boundary can be adjusted as needed; also, because most precedent clusters

generated from criterion 1 and 3 are overlappme criterion can be deleted to increase the

processing time.
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/Find blocks' ID within target cluster at Ievely
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Figure3-23. Flowchart for determining the precedent clusters

3.5 Material handling cost

After drilling and blasting, the loose material is axated by shovel and then loaded to the
trucks. Trucks are adaptable to transportatimine rock from the working face to the crusher
station on a different bench, whereas the conveyor belt can only convey crushed material. The
crusher station plays agransfer point that connects the two transportation methottse iiirst
segment, a small truck fleet is hauling material from the loading point to the crusher, and from
where the conveyor belt system sends the crushed material as the secondtsegmpittexit.

If the crusher station is closer to the working face, the trucking distance will be shorter, and
correspondingly, the conveying portion will increase. On the other hand, because conveying is
generally cheaper than trucking, it is favourablméoease the portion of conveying by locating

the crusher close to the working face to save the total material handling costs.
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By aggregating the entire block model wi t |
tonnage of each cluster have bégentified The material handling costs are calculated on a

cluster basis; therefore, the materials within a specific cluster have the same unit handling cost.

For material handling cost estimation, the wholgiintransportation process is divided
into three pes: vertical trucking, horizontal trucking and conveying. A schematic diagram is
illustrated inFigure 3-24. The transportation distance of each parneasured first, then the

associated handling costs are estimated based on the distances of each part, respectively.

Pit exit

Conveyor

==« P Trucking vertical
=== § Trucking horizontal
Conveying

Figure3-24. Diagram of three parts of material handling cost (showirdash linearrows:

trucking vertical, trucking horizontahnd conveying)

Although the truck hauling road is a continuous ramp with curves and switchbacks, the
trucking part is divided into horizontal and vertical components for the cost calculation. The
division isbecause trucks consume considerably more energy in hauling material to a different
elevation than the same distance of horizontal hauling. Generally, the truck fleet should travel
significantly longer to reach a different level than hauling within the dawet That is because
the maxi mum haul road gradient is |imited to
example, if the trucks travel across a bench with a height of 15 m, the minimize ramp distance
should be 151 m. Meanwhile, the trucloald overcome the grade resistance in the uphill travel
and the frequent braking during downhill travel. Moreover, due to the other design factors such
as stopping distance, curves and switchbacks, the actual ramp length can be even longer. As a
result, he truck haulingcostsare sensitive to the elevation difference, and the vertical and
horizontal directions should be considered separately for the cost estimation. The horizontal

trucking distance for a specific cluster is the Euclidean distance fromthe st er 6 s cent
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the crusher in the horizontal projection plane; the vertical trucking distance is measured in the

difference in elevation between a specific cluster and the crusher level.

Conveyors are the main components for the material eleviatithg IPCC system. Once
the material is comminuted in the-it crusher station, it is transferred through the conveyor
belt to exit the pitThe conveyor system usually comprises several conveyor flights, and each
flight may haw a different slope anglend curvature; therefore, the vertical lifting height from

the crusher level to the surface is measured to simplify the conveying distance.

Equation(3.16) calculates the material handling cost per ton (denotel;hyor a specific

clusteri with respect to the crusher locatiort contains the cost of horizontal trucking, vertical
trucking, and vertical conveying. Each part of tletds the product of the corresponding unit

cost and its transportation distance. WHark is the horizontal trucking distance from the
clusteri to the crusher locatiopp CT,, is the unit horizontal trucking sty similarly, DV," and

D\/iC are the vertical trucking distance frooiusteri to the crusher locatiop and vertical

conveying distance from crusher locatioto the surface, respectivelZT and CC are their

corresponding unit vertical lifting cost.

_ T
i =Dl Glpg Plps O DY CC (319

horizontal trucking vertical trucking veritconveying

Since the material handling cost happens every period along with the cluster extraction,
each yeardéds discount factor is applmateridl t o tF

handling costs for ore and waste are the same. The discounted cost fori ¢tuptiod t is
calculated by Equatio8.16). WhereTorf andTor" is the ore and waste tonnage of cluster

respectively; r is the yearly discount rate.

(3.16)

fy = F 2 (Ton® +Ton")3 (L+1)
It should be mentioned that in mix@deger programming, a cluster may be mined during

several different periods. In this case, associated decision variable, which denotes the

extraction portion for that cluster in a certain period, is applied to calculate the partial material

handling cost.
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3.6 Summary and Conclusion

This chapter focuses on a framework that generates a serimmnditiate higlangle
conveyor lines along the final pit wall. The conveyor system is fixed along one side of the final
pit wall throughout the mine life. First, a rotation method is applied to identify the conveyor
side wall for each level in different entations. Next, the least square algorithm is developed
to find straight conveyor lines under various rotations around the UPL. The crusher is located

on the conveyor line and can be relocated to different levels.

Because the mining operation cannot bgettgped under the conveyor line, the fixed
conveyor system can reduce mining flexibility and introduce additional mining direction. A
clustering method integrated with mining direction and cluster size control is applied, which
aims to reduce the block med 6 s si ze. The mining precedence

based on a proposed decisimaking step.

An approach for estimating the material handling costs is proposed in this chapter. The
excavated material should be trucked to a crusher statiatetbon the conveyor line and then
transferred by the conveyor system to exit the pit, where the crusher connects the material flow
between trucks and conveyors. Because of the different operating costs between these two
methodseach method's handling theceshould be clarified based on the locations of a specific

cluster and the crusher.

Moreover, the installment for the conventional conveyor is discussed. Because the pit slope,
typically 40e¢e, is steeper than 2tOlkee ndaexdii muan ecdd
slots are designed to accommodate these types of conveyors. However, the ramp slot requires

additional waste excavation, and the conveyor route is more extended than HAC.
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CHAPTER 4

MATH EMATICA L MODELS

4.1 Introduction

Long-term planning is a largecale optimization problem made for several years to the
whole mine life. This production scheduling problem aims to find the optimum block extraction
sequence on a large scale that maximum the net present value (NPV) ekitegabseries of
technical and economic constraints. However, other objectives such as minimizing the operating

costs are also considered.

In this chaptera two-steplinear programmingnodel(LP) for conventional conveyors
two-stepLP model forhigh-angle convey@ (HAC), anda binaryinteger linear programming
(BILP) modelare proposed respectivelyn overview framework of the proposed mathematical

models is shown ifrigure4-1.

Thefirst andthe secondmodels consider the conventional convegnd HACSsituations,
respectively. Both models contain a tatep framework, which separately solves the production
schedulig and the crusher locatioelocation plans. The production scheduling step is solved
by mixedinteger linear programming formulations, which contain continuous variables so that
a specific cluster can be partially mined within a period. The second shepfagility location
solved based on the production scheduling results obtained from the previous step. In contrast
to the HAC sitwuation of the second model, th

first model for the conventional convayo

The BILP model aims to maximize the NPV while minimizing the transportation and
crusher relocation costs of the mining operation, which is a combination of production
scheduling and facility location problems. Therefore, this model can determine rthetiert
sequence and the crusher station locatedocation plan simultaneously. All the decision

variables inthe BILPmodel are @l binary. These variables control the production scheduling
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decision, mining precedence, material handling decision, thshiog unit location and

relocation decision. The objective function and all the constraints are linear equations.

Conveyor location framework
T i Determination of material handling
FToTmmooosoosooos T .1 Block clustering anc_i C|L_1519r : I cost of each clusters based on
1 Original Block ' | Various conveyor layouts | | precedence determination | candidate crusher locations

u w

model with UPL 1 o

|
| ! S - < e
| : | g Py —~l — ! 0| L = - } : < ;.,!,, "Y

1 b \.v = T | - L o

,,,,,,,,,,,,,,,,,,,,,,,,,, HAC __ ______comveyorwithslols | o« ___________________________
Optimization models Results comparison
v
1. Two-step LP model .,___..r T
i Maximize NPV with = - ifi
for conventional scﬁzmﬁﬁg dec;lm Minirmize total transportation Under a spgmfu: mode_l, compare the
conveyor for slot situation costs with crusher location plan NPV_5 Obtameq fror_n Qn‘ferent co_nveyor
locations and identifying the optimum
= one with overall max NPV
- o
2. Two-step LP model e , X - I"]
for HAC Masximize NPV with Minimize total transportation The BitHEY by lffersnt cory @ side rotation anche

scheduling decision costs with crusher location plan

¥

= H /N .
. | |
- 1
‘. v L - | J
3. BILP mOdEI for HAC Solve the production scheduling and crusher location problem \/
" Conveyor skta oistion angle ()

simultaneously.
Maximum NPV minus transportation costs

NPV (8ilian Dolkar)

Figure4-1. The overview framework of the proposed mathematical models

All three models & solved by a commercial optimization soligi ILOG CPLEX (IBM
2011) For the mathematical model in tmesearch, MATLAB(MATLAB 2018) is used as the
numerical modelling platfon and CPLEX toolbox as the optimization solver. The formulations
in these models are transformed to the matrix structurethth&PLEX engine can s@vThe

formulation structure of the BILP models a complete mode$,explainedn this chapter.

4.2 Models Configuration

4.2.1  Models Assumptions

Due to the considerable complication of realrld problens in their entirety, every
mathematical model is subject to assumptions and simplifications. absseptions should
be clarified to avoid obtaining a resultathis misleading and difficult to assess. The major

assumptions of the mathematical models include:
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1. Thedeposifs geostatistical informatiois known andstoredin a block model, where
eachblock isa 3D cube with its unique coordinate and indidéschblock is assigned
to a set of determistic attributesincluding element grade, rock type, density. Other
economic and technical parameters are also predetermined as inputs model.

2. This framework is propsed based onthe semobi | e | PCC systemso
economic and technical comparison among seobile IPCC systems, conventional
truck-andshovel system and other types of IPCC systems are not considered in this
research. The #pit transportatioormethod should be determined before the application
of this framework.

3. This researchssumeshefinal pit wall is stableinder a specific acceptable slope angle;
thus, the conveyowall can be rotated to any angkdeng the pit limit. Howevelhased
on the geological and geotechnical conditions in the real cases, the candidate conveyor
locations are only restricted to stable pit zone.

4. The UPL of the block model is determineeforescheduling. Because the conveynel
is installed along the final pit wall, the slope angle of the UPL should be stable at
different benches.

5. The models areodved at the cluster level Althoughin the MILP modelsthe clusters
can be partially removed in one perisiticethe model contais continuous decision
variables thesemodek cannot obtain thepecific cluster's production scheduling plan
The scledding resolution generatedfrom the model is based on cluster size.
Additionally, this model desnot guideshorttermplanning.

6. The conveyor belts are not intended for relocation once conveyor flights are installed.
However, a new conveyor flight can be installed to connect the crusher station that is
relocated lower level. The entire conveyor system is still in a straight liee itgt
extension.

7. The conveyor systems are used to transfer both ore and waste. Therefore, parallel
conveyor belts should be installed along the same conveyor line to transfer different
material typesand avoid the mixture of ore and waskdée crusher stion should be
configured in such a way so that it can handle all types of material without ore dilution.

8. The crusher statioms installed on the conveyor linand it can only be relocated
downward with the general mining despient. Tke crusher statiorelocation costs
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are massive, and the conveyor system should also be reinstalled, resulting
considerable operational downtime. It is unreasonable to relocate the crusher opposite
to the general miningirection.

9. The upfront investment, salvggmd mantenance costs are not explicitly counted in the
mathematical models. However, they candaectly implemented in the model by
deducting the relevant casbm the objective functian

10. For the conventional conveyor implementation, a ramp slot is extrattbe final pit
wall toreduet he conveyor | ineds sl ope angle. Th

the pit level. The slot slice of a specific level should be extracted before mining material

from that level, and the crusher station is located etié slot.

4.2.2 Notation

All the notatios used to formulate thproposed modelareclassified into sets, indices,

parametersand decision variables, aable4-1 presents.

Table4-1. Overview of the notations used in tieee mathamtical models in this study

Sets

N Set of clusters in the model

B Set of waste blocks clustér
B’ Setof ore blocks clusteir

P For each cluster, there is a set of immediate predecessors that must be ext
! before extraction of cluster
L; Set of all clusters in levgl

Indices

il {L,...,17  Index for clusters
ji{,...3}  Index for pitlevels

ti{1,...,T}  Index for scheduling periods

Parameters

I Total number of clusters

J Total number of levels
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T Number of scheduling periods

r Discountrate

CLEV The undiscounted economic value of cluster

Ton, The tonnage of block

Ton" The total tonnage of waste in cluster

Torf The total tonnage of ore material in cluster

TOnJ-S The extra tonnage of extracting ramp slot in Ig\(ak waste)

d, Grade of ore block

o The average grade of ore material in cluster

Pc Price per unit of product sold in peribd

s Selling cost per unit of product

m" Cost of mining a tonne afaste

m’ Cost of mining a tonne of ore

m° Cost of mining a tonne of waste in the ramp slot (including transportation cost

c’ Cost of processing a tonne of ore

R The recovery rate for ore material

fm Discounted transportation cost for cluster i sent to cryshegreriodt

E Undiscounted transportation cost for a unit weight of material in clugtent to
! crusheyj in periodt

fc; Discounted transportation cost for all materials sent to crjishereriodt

X Vector denoteshie portion of cluster mined in periodt (the result of decisior
e variable X;; generated in scheduling MILPauel)

S Vector denotes iftte slot slice in levej is mined in period (the result of decisior
I variable S ; generated in scheduling MILP model)

C Discounted crusher relocation cost at petiod

n The minimum period interval for crusher relocation
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DH, The horizontal distance from the centroid of clusterthe crusher statign
D\/”-T The vertical distance from clusteto the crusher statign(truck hauling)
DVJ-C The vertical distance from crusher statjda the pit exit (conveying)

CT, Unit truck horizontal hauling cost per tonne per meter

CT, Unit truck vertical hauling cost per tonne peeter

CcC Unit conveyor vertical lifting cost per tonne per meter

M Upper bound of mining capacity in peribd

M’ Lower bound of mining capacity in period

Et Upper bound of processing capacity in petiod

Et Lower bound of processing capacity in period

gt Upper bound on allowable average grade of processed ore in period
(_3t Lower bound on allowable average grade of processed ore in period

DecisionVariables

X1 {0,213
X 110,1]
x', 1 {0,8
X" 1 0,1}
y,, 1 {0,1}
2, 1{0,1}

Binary variable denoting the if clustemined in period

Continuous variable denoting the portion of clust@ined in period

Binary variables equal to 1 if the precedent clusters are all cleared for ¢just
otherwise

Binary variables denoting if clusteis crushed at levélin periodt
Binary variables equal to ltifie crusher is in levglin periodt; 0 otherwise

Binary variables equal to 1 if the crusher is relocated in |engderiodt; O otherwise

4.3 Two-Step LP model forConventional Conveyor

This LP model considers asituation that the conventional conveyor belts are

accommodated in a ramp slot. This conveyor ramp slot requires additional stripping at each

| evel

conveyor spot. Extra mining tonnage
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The slot is dividd into slices based on the pit level, and each slice can be extracted in different

periods. The slot design and its tonnage calculatioexaiainedn Chapter 3.

In this model, lhe production scheduling and crusher locatielocation decisions are
solved using two linear programming formulations, respectivdlfie first step is aMILP
formulation that aims to maximize the NP\and obtain associated the cluster extraction
sequence. The production scheduling decision variables are continuous numbens Deatwee
1, which means the clusters can be partially extracted in a period. The second step is a binary
integer programming formulation deciding on the crusher locagtotation plan that gives the
minimum total transportation costs. The second step sedban the production scheduling
results generated from the first step: all the materials mined in a specific fp@rgosent to the
crushing station at a specificlejetl ur i ng t hat peri od, and the

subject to theactive mining face.

4.3.1 Production scheduling MILP formulation

In the MILP formulation, the material transportation costs are not considered. Production
scheduling plan is generated based on the CLEV of each cluster and a set of constraints,
including mining pecedence, capacities and slot extractidreach level, the slot slice is mined
first before the extraction of that level, and the additional slot tonnage should be considered in
the mining capacityThe production scheduling obtained by this formulatfooconsidered the

second stepds input parameter.
Objective function

The objective functiofEquation(4.1)) contains two items. The first one is the sumorati
of the discounted CLEV of each period, and the second term is the additional mining costs for

the ramp slot extraction. Equati¢h3) calculates the undisunted CLEV.

Maximize a as X, - 8 Forf3 ni 3, (4.1)

t = '|‘)t

- (gtaded (76 Pl T BT 62

revenue mining cost pocesing cost
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o QueToN’ G
Abiee O (4.3)

Equations(4.2) and (4.3) show the concept of clustedisaggregatin. Although the
mathematical model is built at the cluster level, the blocks defined as ore or waste within a
specific cluster are considered separately in the formulations. Since ore should be processed and
may have a different mining cost than waste, the cost differences, process capacity and grade
blending constraints arspecializedfor ore. This disaggregatioprocess can increase the
model 6s resolution at t he crhodestcamputatioa tineel wi t |
Each clusterdés average grade is based on the
4.3).

Constraints
1 Mining capacity

The mining capacity constraint is the bottleneck capacity among thednosiel fleet,
crusher, and conveying system. It is measured by the total tonnage of ntla¢grin move in
each periodincluding the slot's additional excavation tonnalgas limit can vary from period
to period Equation(4.4) ensureshat thetotal tonnage of material extracted from active clusters
and the ramp slot in each perisdvithin an acceptable range that allows flexibility for potential

operational variations.

Hrod § M t{L,..JF (4.4)

1 Processing capacity

The structure of processing capacity constraint is simil&inang capaity constraint. This
capacity is mainly determined by the processing fathiroughput, and only ore tonnage is
considered.Equation(4.5) certifies thatlhe amount of ore mined in each period is within the

processing plads acceptable range.

Et ¢_.é_T0rii) 3)|E,1 &5 t" {1,(.., T (4.5)

1 Blending grade
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Grade blending is an important constraint on the processing plant. It controls the grade of
material that the processing plant for recovery effigreren process. Equati¢a.6) and(4.7)

force the mining syem to achieve the desired grade between the lower bound and upper bound,

respectively.
éﬁmwg-@)x 0¢ ., T (4.6)
éﬁﬂ“@5@)% 0¢ 0T a7
1 Reserves

Equation(4.8) is the reserve constraint, which ensures each cluster within the UPL can be
at most mined once. The predetermined UPL is based on the traditionahmaiskovel
system. It also gives the model freedom to decide whether a cluster is mined or not, as some

lower value block may not contribute to the NPV.

éﬁ¢1 i .0 (4.8)

M Precedence

Equations(4.9) and (4.10) are the precedence constraints, which contain both horizontal
and vertical precedent clusters. These constraints reflect the pit slope angle and the mining
direction. Equatiorn(4.10) ensures cluster can only be partially or wholly extracted if all its

precedent clusters are entirely removed.

e t.. . - -
Px, -4 & @ Lyt LTS (4.9)
ipt4
X, - X, @ AR N 1 T W A (4.10)
1 Ramp Slot

For a specific level, the slice of the ramp slot should be mined before extending the

conveyor to that leveEquation(4.11) guarantees the ramp slot sliddavel j must be extracted
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before mining any clusters in that level. Equatféri?) enforces the ramp slot slice for each
level can only be extracted once.

s T. . - -
9‘ ){t ) tgl_j‘ 3%1 @ J ! {111'-,‘]}1 t {l’li-r} (411)

as, =1 TR AN } S A O (4.12)

In order to input the MILP model into the CPLEX solvat the formulations in this section
should be transformed to variable vectors, several coefficient matrices, andviectord. The
constraint matrix of MILP is similar to theILP model,which will be presenteth Subsection
4.5.2 The results from this step will be usednnimize the material handling and crusher

relocation costsf the project in the nexbrmulation

4.3.2 Crusher Location-Relocation Formulation

This step is a facility location problem that aims to optimize the crusher location based on
the results from the first step. The formulation containss@isof conjoint binary variables that

denote the crusher location and reloen, respectively. The values of production scheduling

variablesx’; and slot extraction decision variablgs determined in the first step are used as

the input parameters, denoted Ky, and S;, , respectively.

Objective function

The objective functior§4.30) is defined as minimizing the total transportation costs. The
first part of the function is the material handling costs, and the second part is the relocation costs
of the IPCC. The coeﬁ‘icierft:jt represents the total discounted mialehandling costs of all

c

the material extracted in peribdend to the crusher location at leyethere X;; is production

scheduling results obtained by the formulation present8dlisectiord.4.1 The value offcjt

is calculated by Equatioi.14).
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Objective function

Minimize A Hccy +& % (413
it i
Where:
A, 1
fc. =AF 3 X¢ Ton® ") 33—
¢ =af® X, Ao Aa) (4.14)
Constraints

é%'tly,-,t =1 "t {L..,T} (4.15)
i
2 J,, o ;
a2 4.3t {2, T} (4.16)
Z,2 Y, Yo jod..,Jt 2., 4.17)
z, ¢y, " ., 3t {2 T (4.18)
z, =Y, TR (N 8 O (4.19
T T, o
gyiyt -n 3t iazl ¢] "l 3 (4.20

T . ,
Vi ¢§1§¢ Lt 4, T (4.21)

In those constraints, Equati¢h15) certifiesthat exactly one crusher station is available
in each periodEquation(4.16) ensureshat the crusher station can only be relocated to lower

levels or remain static in any peridequationg4.17) - (4.19)setthec r us her st ati onbs

conditions the relocation variabl&, is equal to 1 only if the crusher station moved to level j

from another level in period t. Equati¢$20) controls theminimum frequencyof the crusher
statiorts relocation, where the cluster station should stay at a specific level for at pesistd
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before relocationEquation(4.21) forcesthat the ramp slot slice of a specific level should be
mi ned before available for the crusheros rel

4.4 Two-Step LP Model for HAC

This LP model considers a situation that the HAC is installed directly along the final pit
wall. Similar to the model in SectioA.3, the production scheduling and crasHocation
relocation decisions are solvedtwo linear programming formulations, respectivaije first
step is the NPV maximization while considering the extra mining cost for the slot; then, based
on the obtained production scheduling result, thersgstep is deciding on the crusher location

relocation plan.

4.4.1 Production Scheduling Formulation

This MILP formulation is similar to the one foonventional conveyadn 4.3.1 However,
because the HAC can be directly installed along the final pit m@bamp slot and its associated

constraints are considered in this model.
Objective function

The objective function in Equatiof#.22) sums the discounted cluster economic value
multiply their corresponding scheduling decision variablég undiscountedluster economic

values(CLEV) in this formulation are the same as the first model calculated by Eq(&&pn

Maximize é IégCLEV‘ g ¥ (4.22
t=1 i % g(1+l’)t g ot '
Constraints
M'¢ATof % o t L, T (4.23)
i=1
| — i
P'¢yTof 3% @ i, (4.24)
i=1
o .
a(Tof3 (G -g)) ¥ o¢ t,.0, T (4.25)
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i'éz'll(TorfE'(g _G)) ¥ 0¢ t .0, (4.26)
é)ﬁim i {0} (4.27)
RJ* X}, f’:}tt?ﬁ e ol t LT (4.28)
X - X}, @ .0t T (4.29)

Equation(4.23) is the mining capacity constraint whiemsureghat the total tonnage of
material extracted from active clusters is within an acceptable range that allows flexibility for
potential operational variations. Equatiqds24) to (4.29) are the same as the corresponding
constraints in the previoldILP formulationfor conventional conveyors

The resultsobtainedfrom this step will be used tminimize the material handling and

crusher relocation costd the project in the nexbrmulaton.

4.4.2 Crusher Location-Relocation Formulation

Same as the first modehi$ formulation contains twsetsof conjoint binary variables that

denote the crusher location and relocation, respectivelyvalues ofproduction scheduling

variablesx’, determined in the first step are used as the input paramesersted byX;, , to
calculate the material handling costs.

Objective function

T

Minimize é afc:jt3 Yi +La ¥ (4.30
j j

t

The objective functior§4.30) is defined as minimizing the total transportation costs. The
first part of the function is the material handling costs, and the second part is the relocation costs

of the IPCC. The value oijt Is calculated by Equatioi.14).

Constraints
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é_’\yj,t=1 "t {L..,T} (4.31)
avi.? av, L3t {2 T) (4.32)
Zii? Yy Y- .3t 2l T (4.33)
2, ¢ Y, LIt 2T (4.34)
Z, =Y, " {1,...,3},t 1: (4.35
I T, o

ay.-n°o © "L, 3 (4.36)

In those constraints, Equati¢h31) certifiesthat exactly one crusher station is available
in each periodEquation(4.32) ensureghat the crusher station can only be relocated to lower

levels or remain static in any peridequationg4.33) - (4.35) setthc r us her st ati onés

conditions the relocation variabl&; is equalto 1 only if the crusher station moved to level |

from another level in period t. Equati¢fh36) controls theninimumfrequency of the crusher
statiorts relocation, where the cluster station should stay at a specific level for at pesistd

before relocation

45 BILP Model for HAC

The BILP model is a combination of production scheduling and facility location problems.
It is designed to make the cluster extraction scheduling and the crusher station -location
relocation decisions. It aims to maximize the NPV while considering the total transportation
costs, including material handling and crusher relocation .chstsmainta n t hi s mode

linearity, dl the decision variableis the formulatiorare G1 binary.

45.1 BILP Formulation

Objective function
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The BILP model is designed ®imultaneously determine the mining units' extraction

period and the crusher station locatr@focdion plan The objective function irEquation

@437 )comprises three items: t heconomicsvalwe (CGLEW,d
material transportation costs, and crusher station allocation and relocation costs.
The first item is the summation of each

and thevalue of eaclCLEV is calculated byEquation(4.2). The second item calculates the

time-dependent transportation costs based on the production 8ogedariable X, and

crusher location variably,, .

These two sets of variables are connected by another set of

decision variablex";; , which are binary variables denoting the matefad ffrom clusteri via

crusher at levglin periodt. The coeﬁicientfijt , calculated by Equatio@.38), is the discounted

transportation costs of the whole clustera the crusher at levein periodt. The costs include

three parts: the cost of horizontal trucking toward the conveyor s$ideadditional cost of

S

trucking between different levels, and the conveyor lifting cost. Each part is the product of a

specific distance and its corresponding unit cost. The third item calculates the crusher relocation

costs.
L eC LEV a J L,
Maximize & &g gx, -aaxa § - a a’ (4.37)
ﬁmg%gw ' wapum-ea it
discounted cluster values material handling cost relocation costs
Where:
i =F 3 (Tor® +Ton")? : (4.39)
(@+r)
Constraints
M'¢ATod °x, o t (Ll T (439
i=1
E‘¢_'e"1Tor,i’ 3y, ® "Ll T (4.40)
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é‘(Ton‘*" (G -9)) % o¢ t .0, (4.41)

-I- - L

a(torr> (g -G)) % o¢ te.L T (4.42)

é&,t‘?l ) (443
. t.. . - -

‘RP Xli,t -a (3 Lyt LT (4.44)
iPt4

X~ Xj, @ .0t QLT (4.45)

a vy =1 “t {1..,T} (4.46)

.‘]. J.. . - ~

AYi? Ay L. dht {2 T (4.47)

Zi 2 Ve Y .., 3t (4.49)

Z,, ¢y, R, 3t 2T (4.49)

Zii = Y IR N S (4.50)

I T, o

?.yi’t -n 3ta;1 8 "l J} (4.51)

X5 ¢ 0.5(x, ) ) ) e dNt LT @52

X +y, 15 &} i1 @lant @1y @53

Equation(4.39) to (4.45) are the production scheduling constraingjch is similar to
Equations(4.23) to (4.29); however, the decision variabl&s are binary integersEquation
(4.39) is the mining capacity constraint that ensures that thetaytabge of material extracted
in each periods within an acceptable range. Equat{@®0) controls thequantityof ore mined
in each period is within therpo ¢ e s s i ©apacify Equation§4s41) and(4.42) force the

mining system to achieve the desired grade. Equ#4id) is the reserve constraint, which
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ensures each cluster can be at most mined once. Equ@tiddisand (4.45) are precedence
constraints ensuring clusters can only be extracted if all its precedent clusters are entirely

removed.

Equation (4.46) guarantees that onlgne crusher station is available in each period.
Equation(4.47) certifies that the crusher station can only be relocated to lower levels or remain

static inany period. Equationl.48) - (4.50) set the relocation calitions of the crusher station;
the relocation variablé; is equal to 1 only if the crusher station moved to level j from another
level in period t. Equatiori4.51) controls theminimumf r equency of t he <cru
relocation, where the cluster station should stay at a specific level for at least N period before
relocation.

Equationg(4.52) and(4.53) are the key parts for the simultaneously optimization model.

Theyadd the material flow decision variab¥; to the modelX"; is equal to 1 if clusteris
mined in period t (denoted by the production scheguwliariablex;,) and it is crushed at the

level j in the same period (denoted by the crusher location varjable

45.2 BILP Model Structure

The BILP model represents the problem using linear equations with baegrgion
variables. The objective function and all the constraints are linear, and all the decision variables
are binary (61). The standard form of a BILP problem to be solved by CPLEX solver is
displayed in Equatio(4.54):

min c,'x

s.t.

Ax ¢b
x {0, " x ix

(4.54)

Where:

C; is the linear coefficient vector of the formulation in the objective function: a vector of

n3 1, andnis the length of decision variable vector;

74



Chapter 4 MathmaticalModels

x is the decision variable of the formulation: a vectomnaf1;

A denote coefficients of inequality and equality constraints in the model: a matnxmof

andmis the number of all the constraints;

In order to solve the formulation inRCEX, the objective function and all the constraints
should be transferred into the standard form by the decision variable vector, coefficient matrices
and the bound vectors. As a result, all decision variables are concatenated into a single vector
to be ®lved into the CPLEX optimizer. The objective functions, constraints are also organized
into several coefficient matrices or vectors. In this section, the structures of the variables and

coefficient matrix are demonstrated.

4.5.2.1 Structures of decision variables

The first type of variableg;,is a set of binary variables denote whether the clustey

extracted in periotl In this configuration, clusters can only be mined or not mined at all. There
arelxT variables in this type whetas the total number of mining units (clusters), and T is the
number of planning periods. All variables in this set are either 0 and 1. The structure of the first

variable type is defined ihable4-2.

Table4-2. The structure of mining scheduling variables

X, L X, 1 . X1 A

t=1 C. t=T

The second type of variable’, is a set of binary variables that control the mining

precedence of cluster iin period t. The valu®f is equal to 1 only if all the precedent clusters

for cluster i are completely extracted in period t. The structure of thsblatype (Sedable

4-3) is the same as the first type of variables.

Table4-3. The structure of mining precedence variables

Xl,l XI,l

t=1 c. t=T

Xl,T Xi,T
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The third type of variable";, represents the material flow decision variaklg in this

model. X" It is equal to 1 if clusteris mined in period t and transferred via crushed at the level

j inthe same period. (S@able4-5). There aréxJxT variables in this typéis the total number

of pit levels. All variables in this set are either 0 and 1.

Table4-4. The struatire of material flow variable

Xul,l,l X X"I 11 X Xul,J 1 X X"I J,1 X Xul,l,T X X I'I AT X an,J T X X"I J.T
j=1 X j=J X j=1 X j=J
t=1 X t=T

The fourth type of variabley,, is a set of binary variables that denote the crusher location.

The value ofy;, is equal to 1 only if the crusher is located at level j in period t. There are JxT

variables in this set. The structure of this variable type is showalile4-5.

Table4-5. The structure of crusher location variables

i1 cee Yia ce Yir cee Yir
t=1 C. t=T

The crusher relocation variables affliated to crusher location variable;, , and both
have the same structure (Seble 4-6). The binary variablez;, is equal to 1 only if the crusher

is relocated to levglin periodt, thatisy;, =1and y;, , =0.

Table 4-6. The structure of crusher relocation variables

21’1 PR ZJ’l PR Zl,T PR ZJ'T

t=1 C. t=T

4.5.2.2 The BILP Models Objective Function

The objective function as defined by the Equat87) consists of three terms summed

over mindife. The first term is the total revenue generated from the portion of cluster economic
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value. The second term is the material handling costs, and the last term is the crusher relocation
costs. The objective is to maximize the NPV minus the transpartatid crusher relocation

costs of the mining operation. The general form of the BILP model in the CPLEX solver is to
minimize the objective function. Therefore, the negative sign is applied to all the coefficient
arrays in the objective function, so theximaization problem can be changed to minimize its
minus value. The structures of the decision variable vector and the coefficient vector are
presented ifable4-7.

Table4-7. The decomposition of the decision variable and coefficient vectors

Decision variableypes

Crusher Crusher

Scheduling  Precedence Material flow location  relocation

X elements X ¢ X' X" Y z;,

c corresponding Discounted 0 Material handling 0 Relocation
values CLEV, cost f;, costC,
Size IxT IxT IxIXT JIXT IxT

4.5.2.3 The BILP Models constraints

The constraints are linear inequalities of the continuous and integer variables. Each
constraint is transformed to a number of rows of the coefficient matrix multiplied by the decision
variables. The coefficient matrix can be considered lasear combin#ion of the decision
variables. These combinations represent the constraint equations, which should satisfy the lower
and upper bounds. The general structure of the inequality constraints in matrix form is shown
in Figure4-2. The equality constraints have the same form, whose corresponding lower bound
is equal to its high bound. The number of rows for each constraint and its associated decision

variabless shown inTable4-8.

Table4-8. Number of rows in constraintds coefficie
Constraint Number of rows Associated variable:
Mining capacity T X ¢
Processing capacity T X ¢
Blending grade T X ¢
Reserves I X ¢
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Precedence 2x(TxI) X, X,
Material flow control 2x(TxJ x1) X X Y

Crusher location and relocatic T+3Jx%(T-1)+2J Vi Z

The constraintsdéd coefficient matri X has ¢t}
decision variables, and the matrix can be further divided into different areas according to the
decision variables. The number of theseas is defined based on the number of the decision

variables type. If a variable type is not used in a specific constraint, the coefficient matrix

el ements in its associated area and the cons
Decision
Upper Constraint coefficient matrix variables UPPer
bound vector ~ bound
Coef for X  Coef for X° Coef. for X** Coef for Y Coef for Z
) | | |
| i I |
imng Capacity
Processing Capacity T
X:‘
Blending Grade
S Reserve X g
Cluster Precedence
X"P
Crusher Station Number
Material flow
Crusher Relocation Control T
Y
Z

Figure4-2. Coefficient matrix general structure for the constraints. Adapted Rroamrahimian
(2013)

4.6 Summary and Conclusion

In this chapter iHreemathematical models are proposedolve the SMIPCC optimization

problem.
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The first model consideed a situation in which the conventional conveyor system is
installed in a ramp slot, and the dedicated ramp slot is requiestdonmodate the low@ngle
belts Therefore, additional 8pping tonnage from the slot is considerétis modelis a two-
step frameworko make the production scheduliagd crusher locatierelocationdecisiors
successively Thefirst step is a MILP formulation famakingproduction schedulindecisions
while maximiang the NPV. Thescheduling resultebtained from the first stegre used as the
secondsteps I nput par amet er trelocatien@landhe secancemodel u s h e r
is similar to the first one bwonsideeda situation in which the conmgonal conveyor system
is installed in a ramp slpandthe dedicated ramp slot is requiredatmcommodate the lower

angle belts.

The third model is a binary integer linear programming (BILP) modalilt to
simultaneously determine the mining ud#gxtraction period and the crusher station location
relocation plan. This modaimsto maximize the NPV while considering thmaterial handling
and crusher relocation costs during the mining operafitve material handlingcosts are
determined by both produch schedulingvariablesand the crusher locatiomariables;
therefore, another set of decision variables are created to denote the material flow while

maintaining the formulatian Bneaiity.

Because the mathematical model is implemented in a MATLAB environment using
CPLEX as the optimization engine, the formulations are structured into vectors and matrices
form as the input parameters. The coefficient mataoesthe structure of the decisigariables

in the first modehre demonstrated.
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CHAPTER 5

CASE STUDY AND DISCUSSION OF RESULTS

5.1 Introduction

This chapter presents the application of the developed model in a case study. The mineral
deposit presented for testing purposes is a copper deposit from a standard test dataset called
Marvin (Espinoza et al. 20137 small dataset as a part of the main dataset is considered for

modelling purposes.

First, the block model of the datased#s aggregated into clusters, and différeonveyor
locations for HAC and conventional conveyovgere defined. Then, threeproposed
mathematical modelgi) two-step LP model foconventional conveyorand (ii) two-step LP
model forHAC, and (iii) BILP modelfor HAC were applied Each modelvas implemented to
the cluster level under different conveyor locations, respectivelyn pregluction scheduling
and crusher locatierelocation planning resuligere obtained

5.2 Modelling Dataset

This model was applied to a smaflale copper mine dataset wRB06 blocks and six
levels, where eacblock is 50 mx50 m in width, 40 m in height. The UPL was predetermined
by Geoviads Whittle software. All the Dbl ocks
rock densitywerepredetermined by geostatistical approaches. The summary of block rock type
information is shown imable5-1. Figure5-2 presents the selected block model dataset that is
used in this case study, and the copper grade for ore blocks is showing in different éolours.
clustering procedure presented in Chapter 3 is impiged to the block model, and cluster size
is set at 20 blockd.he clustering results for this dataset are showsigare5-1.
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Table5-1. Summary of rock type information in the block model

Rock type (tzr?::;z) Aver?(i)e; grade thnMr;dge Number ofBlocks
MZ1 (ore) 2.1 1.836 2.94 14

MZ2 (ore) 2.1 0.822 44.73 213

W (waste) 1.8 0 320.22 1779

Because the mining direction is incorporated in the clustering process, the clustering results
t he

can be varied by different conveyor side rotatidradle5-2s u mmar i zes

after

clusteri

ng

the UPL of the block mode¥as 105.

at conveyor

S i

de rotat.

Table5-22 Summary @mformatibne | evel s0O

Number of Number of  Total Tonnage Ore Tonnage Average Ore
Blocks Clusters (Mt) (Mt) Grade (%)

Level 1 498 25 91.36 9.28 0.81

Level 2 426 22 78.24 8.79 0.90

Level 3 356 20 65.56 8.45 0.94

Level 4 294 15 54.56 8.34 0.86

Level 5 238 13 44.36 8.03 0.78

Level 6 194 10 36.31 7.51 0.76

Various technical and economic paramet®ese set as the input of the mathematical
models. Their values are shownTable5-3. Part of the databtained from(de Werk et al.

2017)

Table5-3. Production parameters of the mathematical models

Category Parameter Quantity
Reference mining cost$/t) 1.5
Ore processing cost ($/t) 3.06
Recovery (%) 90
Economic Factors
Cu price ($/t) 7,936
Selling cost ($/t) 0
Discount rate per year (%) 8
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Horizontal trucking cost ($/km-t) 0.2
Conveyor vertical lifting cost ($/level-t) 0.3
Transportation Costs
Vertical trucking cost ($/level-t) 1.2
Crusher relocation cost/(ine) 1,000,000

Upper mining capacity (Mt/yr) 30

Lower mining capacity (Mt/yr) 25

Upper processing capacity (Mt/ yr) 6

Lower processing capacity (Mt/ yr) 4

Production

Uppe ore blending grade (%) 1.1
Lower ore blending grade (%) 0.5

Mine life (yrs) 10

Minimum crusher relocation interval (yr) 2

Note. This referencemining costexcludes transporting cost and crushing cBstta are fronte Werk
et al. (2017, andAbbaspour et al. (2018)

In this model, eight scenarios with different conveyor side rotatieme calculated, from
O¢o 315e wit h .Foreachscenarie,ithe elustering wasbdene at all levels, and
then the problem was solved for that scendfigure5-3 shows these eight scenarios, dmel

HAC locations are displayed in straight lines.

Figure5-3. The outline of various candidate HAC lines (black straight line) based on tangent

points and rotation angles
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5.3 Application of Two-Step LP Modelfor Conventional Conveyor

This proposed twatep LP model considers a situation that the conventional conveyor is
located in a ramp slot. This ramp slot introduces extra mining tonnage and crusher location
constraintsThe performance of different conveyayouts was analyzed based on the NPV and
the corresponding production schedulgnerated in the first step (MILP formulatiofhe
crusher locatiofrelocation plan is thedeterminedbased on the optimum scenario obtained
from the first step. Tmatlematicalframework was developed in MATLABJVATLAB 2018)
and solved inle IBM ILOG CPLEX(IBM 2011) environment. CPLEX uses a branghd
bound scheme with an integer linear programming solver to solve the convex BILP model,
ensuring an optimal solution if the algorithm is run to completion. A gap (EPGAP) was used as
an optimization termination criteriorits value is a relative tolerance on the gap between the

best integer objective and the best objective value among the remainedBotigo11).

5.3.1 Production Scheduling Results

This step considers all the conveyor location scenarios and maximizes the NPV of each
scenario respectively. Due to ramp stoplementatiod #he extra stripping tonnage, the mining
capacitywas changed and wastbetween30 to 35 Mt/year. The slope angle of the conveyor
l ine is set to 20e. The additional extractio
in Table5-4. The material handling costs are incorporated into the CLEV calculation. Other
parameters are the samelable5-3 defines.

Table5-4. Additional extraction tonnage of ramp slot in each level

Total Tonnage in UPL Ore Tonnage Ramp Slot Tonnage

(Mt) (Mt) (Mt)

Level 1 (Top) 91.36 9.28 9.69
Level 2 78.24 8.79 7.24
Level 3 65.56 8.45 4.89
Level 4 54.56 8.34 2.81
Level 5 44.36 8.03 1.20
Level 6 36.31 7.51 0.23

84



Chapter 5 Case study and Discussion of Results

An Intel fourcore CPU at 3.2GHz with 6GB RAM was used to conduct the computation.
Since the dataset is relatively smadtle trelative gap tolerance was sedDtd’'he average CPU
time for each scenario was ab8&Qtseconds-igure5-8 shows a summary of the obtained NPVs
for eight rotation angles. It can be s¢eamaximumNPWwas obt ai ned at a 180e¢e
The highest NPWas 40.6%higher than the worst scenario.

i 135 1.38

1.08 : 1.06

NPV (Billion $)

0.5r

0 45 90 135 180 225 270 315
Conveyor side rotation angle (°)

Figure5-4. Comparison of NPV obtained by the MILP formulation for different scenarios

Table5-5 summarizes the results of different scenariosindé&ailc h s cenari o6s

extraction tonnagewere almost equal, while the waste tonnagms different. Bcause the
mining capacitywas increased, more ore tonnage can be recovered from the pit. However, the
generates NPMsere lower than the MILP formulation for HAIG Subsectio®.4.1 The reason

could be more waste tonnage, longer trucking and less production flexibility due to the slot
construction. The optimum scenario has the lowest total extraction toandgeipping ratio,

which means less wasieas extracted, and the mining cess reduced.

Table5-5. Summaryof resultsfor eight conveyor side rotation scenarios

Rotation Total tonnage Oretonnage Total stripping NPV
angl e (Mt) (Mt) ratio (B%)
0 350.00 50.17 5.98 1.078
45 332.86 50.17 5.63 1.259
90 311.52 50.17 521 1.346
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135 317.25 50.17 5.32 1.380
180 299.35 50.17 4.97 1.488
225 308.23 45.30 5.80 1.277
270 350.00 50.17 5.98 1.114
315 350.00 50.17 5.98 1.056

The production scheduling results for the optimum scenario are displayégune 5-5.
The blue line shows the commutative discounted cash(fiCF); the yellow bars and the grey
bars represent the extracted tonnage of ore and waste in each period, respectively; the red line
is the average ore grade. The tonnage of extracted material in each period is Bétueem
35Mt, which are the loweand upper bound of the mining capacity, and the ore tonnage per
period iswithin the processing capacity limits. The DCFs of the first half periods contribute the
over65% of NPV, as he early production periods have relatively low discounted factbes.
average ore grade has some fluctuation in different periods due to the ore grade distribution, and
no noticeable trends can be seen from the results. Because this model was shé/ehlistietr
level, and the ore grade was averaged within each cluster, the results could not reflect the

selective mining for higlgrade blocks.
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Figure5-5. Production schedul irotaionéngle t he scenari o w

Themining sequence of the optimal scenario generated by the first step MILP formulation

is illustrated inFigure5-6, andFigure5-7 shows the plan view of each level separately. Each
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colored block corresponds to a specified period that it is completely extractecheduled

blocks are uncoloredlusters closer to conveyor side or higher levels are mined earlier, while
some blocks from the opposite side of the conveyor wall remain intact. These blocks have the
least precedence and would be mined during the latter period of mine life, whicheisialeol

by a higher discount factor. The total tonnage of the extracted material was 299r83uding

16.37 Mt from the ramp slot. Total tonnage in the UPL was 367.83hds; only 76.9% of
materials inside the UPL were mined. In a test calculaatthpugh the upper bound of the
mining capacity was removed, these far side blocks were still not scheduled in this model. That
indicates the conventiondJPL based on the traekdshovel system should be updated
according to the conveyor side, as matsria the opposite of conveyor have less contribution

to the NPV.

Periods

-
-

2 OEE~NOOEWN

Conveyor line

Figure5-6. Production scheduling results for the optimum scenario with the ramp slot in 3D view
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Figure5-7. Plan view of production scheduling results from the top level (a) to the bottom level

(f) with ramp slot and conveyor spot

5.3.2 Crusher Location-Relocation Results

The second stegvas a facility locatbn problem, which decides the crusher location
relocation plan based on the production schedatéslot excavating plagenerated from the
first step. In this study, only the optimum conveyor locationscemaso consi der ed at

rotation obtained by the MILP formulation.

The formulation in this step cont&id120 binary variables armbuldbe solved in less than
one second. The crusher location result is showhaiole 5-6. In this model,the minimum
crusher relocation intervalas set at two period3he crushewas relocatedwicein P3 and P6
from its initial location as the mining level goes downward. The minimum total transportation
costswere $ 365.14 million. After deducting the total transportation costs, the optimum NPV
was$ 1122.9 million.
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Table 5-6. Results of the crusher locatioelocation plan

Variable Period

values | pP1 P2 P3 P4 P5 P6 P7 P8 P9 P10
L1 |1 1 0 0 0 0 0 0 0 0
L2 |0 0 0 0 0 0 0 0 0 0

T |L3 |0 0 1 1 1 0 0 0 0 0

Sl |o 0 0 0 0 0 0 0 0 0
L5 |0 0 0 0 0 1 1 1 1 1
L6 |0 0 0 0 0 0 0 0 0 0

5.4 Application of Two-step LP Model for HAC

This proposed twatep LP model considers a situation that high-angle conveyor is
installed directly along the final pit walbimilar tothe first modelthe production scheduling
and crusher locatierelocation plans are generated from two separate steps. However, ramp slot

is not considered in this model.

5.4.1 MILP formulation results

This stepinvestigatedhll the conveyor location scenariasd maximizes the NPV of each

scenario respectively. The parameters are the sairabéesb-3 defines.

An Intel fourcore CPU at 3.2GHz with 6GB RAM waised to conduct the computation.
Since the dataset is relatively smadltle trelative gap tolerance was sedDtd’'he average CPU
time for each scenario was about 40 secdrdsire5-8 shows a summary of the obtained NPVs
for eight rotation angles. It can be seenthe maximumWN&/ obt ai ned at a 180e
The highest NPWvas 42.6% higher than the worst scenario.
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Figure5-8 Comparison of NPV obtained by the MILP formulation for different scenarios

The cumulative block economic value (BEWgs generated to evaluate tredatiorship

between the block model value distribution and the optimum gonvecation Eigure5-9).

The cumulative BEV summarizes each column BEV within the UPL in this model, and linear

interpolation is applied to smooth thialue distribution. As expected, the optimum conveyor

location is close to thblock model's higtvalue aredthe yellow and red area Figure5-9).

Because the mining operation starts from the conveyor location, thevhigé area can be

extracted sooner under the optimum conveyor location than the other locations. This time

difference can impact discounted cash flow during the early stage of mirandifeesult in
different NPVs.
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Figure5-9. The plan view of the cumulative BEV of the block model
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Table5-7s h ows

tonnagesverebetween 273 to 300 Mt, almost equal, the ore tonnslgas a more significant
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50

of di fferent

scenar

fluctuation. The optimum scenariodtne lowesttotal stripping ratio, which means less waste

was extracted, and the mining cegsds reduced.

Table5-7. Summary of MILP results for eight conveyor side rotation scenarios

Rotation Total Tonnage Ore Tonnage Total Stripping Ratio NPV
Angl e (Mt) (My) (B%)
0 299.66 37.58 6.97 1.372
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45 284.73 50.17 4.68 1.723
90 297.71 45.53 5.54 1.581
135 281.24 49.76 4.65 1.782
180 272.72 50.17 4.44 1.798
225 292.08 43.32 5.74 1.658
270 300.00 38.10 6.87 1.352
315 296.65 36.91 7.04 1.258

Figure5-10s hows t he production tonnage of waste
rotation angle. The commutative discounted cash flow (CDCF) increases stably during the 10

period of mine life.
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Figure5-10. Production scheduling for the scenar

The mining sequence of the optimal scenario generated by the MILP formulation is
illustrated inFigure5-11, andFigure5-12 shows the plan view of each level separately. Each
colored block corresponds to a specified period that it is completely extracted. Blocks from
clusters that arkeftover by the end of mine life are uncolorédthis result,The total tonnage
of the extracted material wa&32.29Mt, which means only4.0% of materials inside the UPL

were mined, considering the total tonnage in UPL was 367.89 Mt.
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Figure5-12. Plan view of production scheduling results of LP model for HAC

5.4.2 Crusher Location-Relocation Results

The BIP formulation decides the crusher locatielocation plan based on the production
scheduling generated from the first step. In this section, only the optimum conveyor location

scenaricobtained from the previous ste@s considered

The crusher location result is showriliable5-8. The crushewas relocated three times in
P3, P6 and P9 from its initial location as the mining operatientdownward. The minimum
durationwas an input parameter to the model. The minimatal transportation costs, including

material handling and crusher relocatiagre $326.96 million.

Table5-8. Results of the crusher locatioalocation plan

Variable Period

values | P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
L1 |1 1 0 0 0 0 0 0 0 0
L2 |0 0 1 1 1 0 0 0 0 0

T L3 |0 0 0 0 0 1 1 1 0 0

314 |o 0 0 0 0 0 0 0 0 0
L5 |0 0 0 0 0 0 0 0 1 1
L6 |0 0 0 0 0 0 0 0 0 0
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5.5 Application of BILP Model for HAC

The proposed BILP modelas applied to each conveyor location scenariamiake
production scheduling and crusher station locateacation decisions simultaneouskin
Intel fourcore CPU at 3.2GHz with 6GB RAM was used to conduct the computdtinen
relative gap tolerance was set @0 The average CPUimes were varied under different
scenarios, with an average4s0 seconds. The goal was to maximize the NPV considering the
material handling costs and crushing station relocation .cBgiare 5-13 summarizes the
obtained NPVs for eight rotation angles: the maximum NPV was $ 1.47 billion obtained at a
180e rotation angl eameashithe previowd naotelsdhsvatuemgs e | s
58.1% higher than the NPV in the worst scenario.
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Figure5-13. Comparison of NPV obtained by the BILP model for different scenarios

Table5-9 shows the results of different scenarios in detail. The optimum scenario has the
highest ore tonnage and lowest stripping ratio. In this case, the conveyor layoseisalthe
ore body, and | ess waste should be extracted

Table5-9. Summary of BILP results for eight conveyor side rotation scenarios

Rotationangle Total tonnage Ore tonnage Total NPV
(e) (My) (Mt) stripping ratio (B$)
0 287.02 34.48 7.33 1.023
45 258.05 41.33 5.24 1.204
90 258.79 42.43 5.10 1.232
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135 286.17 46.17 5.2 1.432

180 277.23 45.75 5.06 1.470
225 292.08 43.32 5.74 1.306
270 278.11 36.91 6.54 1.118
315 282.10 35.14 7.03 0.932

5.5.1 Results of Production Scheduling

Figure5-14showst he pr oducti on tonnage of waste an
rotation angle. The commutative discounted cash flow (DCF) increases stably during the 10

year mine lifeThe DCF in this modelincludes the transportation costd the associated year
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Figure5-14. Production scheduling for the scenar

The mining sequence of the optimal scenario generated by the BILP model is illustrated in
Figure5-15, andFigure5-16 shows the plan view of each level separately. Eabdbred block
corresponds to a specified period that it is completely extraeatad bocks from unmined
clustersby the end of minefié are uncoloredThe total tonnage of the extracted material was

277.23 Mt, which means only ZB% of materials inside the UPL were mined
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Figure5-16. Plan view of production scheduling results from the top level (a) to the bottom level (f)
with the conveyor spot (hollow circle)
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5.5.2 Crusher Location-Relocation Results

The crusher locatierelocation plarwas determined by variables; . This set of vaiables
was restructured into a matrix and displayed able5-2. The value 1 in each cell represents
the crusher i$ocated in the associated level getiod along the conveyor line. The minimum
duration for the crusher staying at a certain level is set to 2 periods. The avashaitially
installed in the first level; then,wtas relocated three times as the mining level goes downward.
In this model the minimum number of crusher location periags set at 2 to avoid frequent

relocation.

Table5-10. Results of the crusher locatioelocation plan

) Period
Variable valueq
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
L1 1 1 1 0 0 0 0 0 0 0
L2 0 0 0 1 1 0 0 0 0 0
§ L3 0 0 0 0 0 1 1 1 0 0
et L4 0 0 0 0 0 0 0 0 1 1
L5 0 0 0 0 0 0 0 0 0 0
L6 0 0 0 0 0 0 0 0 0 0

The totaldiscountedmaterial handling cost generated from the medbsl $ 206.3 million,
and the net present crushing station relocationveas$ 2.01 million. These parts of costsre
combined into the NPV value of thesults.

When the crushing statiowas located at a specific level, all extracted mateniase
hauled to that level by trucks. As the mmig operation moed downward, the crushing station
is also relocated to a lower level, and the materials extracted durimgltwation periodvere
sent to the cr (rigune&-i7Gsowsnthe wrusheo destihatioon of .each cluster
hauled by trucks. Clusters irsgecific colorweresent to the corresponding crusher level as the
legend displays. The numbers in each cluster represent the level difference between the crusher
destination and that cluster. Clusters with positive numbers indicate the inside materials are
trucked to the crushing station at a higher level; in contrast, negative numbers mean the
associated clusters are trucked downward to the crusher, and 0 implies the associated clusters

are trucked horizontally to the crushing station at the same levédh Eactr us hi ng st a
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location is shown in downwaddointing triangles with a specificolor corresponding to the

legend.
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Figure5-17. Plan view of crusher locations and their feeding clusters of each level
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5.5.3 Sensitivity Analysis

In this section, the impact of changes in constraints on the NPV and CPU time was
investigated for different MIP tolerance gaps and cluster resolution. Also, the changes in
transportation costs to the NPV and the changes in the relocation costs tolike r@losation

planwereinvestigated.

5.5.3.1 Relative MIP gap tolerance (EPGAP)

EPGAP a relative tolerance on the gap between the best integer objective and the objective
of the best node remaining. When this difference falls below the value of this parahester, t
mixed-integer optimization is stopped. A larger relative MIP gaip result in early termination
within a reasonable amount of computation time; however, the model accuracy is compromised.
Four different EPGAPSs are set in the BILP model, and the sunwh&kU time and NPV are
presented ifable5-11. Thi s result i s based on the conve
gap declines, the generated WBhows a slight improvement, while the computation time

increases accordingly.

Table5-11. Summary of different EPGAP values and the solution results

Relative MIP Gap CPU Time (s) NPV
(Billion $)
10% 75 1.4503
5% 145 1.4608
0 197 1.4700

5.5.3.2 Cluster size

The purpose of the clustering step is to reduce the number of mining units in the block
model; thus, the number of binary variables and the constraints amealsual, resulting in
smaller problem size and shorter running time. The clustering algdiagttows a hierarchical
approach, starting from individual blocks to larger clusters; therefore, it takes a slightly longer
processing time to create larger clusters. However, due to the complexity of the BILP model,
the reduction in the running time witarger clusters is significantable5-1 summarizes the
problem size and theptimization framework's running time three different cluster sizes. All

three cases are based on the same optimum cor
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wassettd% i n the CPLEX solver. The BILP model 6s

number of clusters rises.

On the other hand, for large cluster sizbs,BILP model's resolutiors compromised, or
even the model becomes infeasible. Fitable5-12, it can be seen that the NPV decreases as
the cluster gie from 10 to 20. That is because the mining production scheduling is less flexible
and accurate under a lower resolution. However, when the clustewagset to 30, the
mathematical model becomes unfeasible. In this case, the clustesmsimm largeo generate

a feasible production scheduling solution while satisfying the production constraints.

Table5-12. BILP run summary for different cluster sizes

Cluster Size No. of No. of Binary NPV Clustering CPU  BILP model
(Blocks) Clusters Variables (Billion $) time (s) CPU time
(s)
10 211 17000 1.543 47 6548
20 105 8520 1.461 56 145
30 87 7080 Infeasible 64 *

5.5.3.3 Material handling costs

Due to the changing energy prices, equipment depreciation, and maintenance costs, the
trucking and conveying economic parameters may deviate throughout the mining operation. The
sensitivity analysis can ident nckygncdsts.énthisr i t i c
sense, the original trucking costs (both vertical and horizontal part) and conveyingeests
respectively changed by a set of deviations and their impact on thenM&figategdasFigure
5-18shows. In this specific case, the changes in conveying costs have a slightly more impact on
the NPV than the sanpercentage of trucking. Fexample, if the conveying costs increase by
10%, the total NPV will be increased by $ 15.1 million, which is about a 1.0% decline of the
NPV; while the NPV will be decreased by 12.3 if the trucking costs increase by 10% trucking
costs. However, it shoulde noted this sensitivity analyssalso dependent on the original
material handling costs. If the original trucking costs become higher, the NPV will be more

dependent on the trucking costs in the sensitivity analysis.
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Figure5-18. Sensitivity analysis for material handling costs

5.5.3.4 Crusher relocation cost

The crusher relocation cost can directly affect the MBWvell aghe relocation decision.
Furthernumerical tests weroneby modifying the crusher kecation costo see how its value
impacs the crusher relocation plaiNo change in theoptimumcruster locations occurred by
increasing the valugf this cosup  $25 million.When the relocation costs exceed $25 million
the crusher locatiorelocation plan is presented Trable 5-13. In this case, the crusher is

relocated tuce during the mine life.

Table5-13. Crusher locatiomelocation plan scenarlay increasing the reloction costs

Variable Period

values | p1 P2 P3 P4 P5 P6 P7 P8 P9 P10
L1 |1 1 0 0 0 0 0 0 0 0
L2 |0 0 1 1 1 1 1 0 0 0

T |L3 |0 0 0 0 0 0 0 0 0 0

SiL4 |o 0 0 0 0 0 0 1 1 1
L5 |0 0 0 0 0 0 0 0 0 0
L6 |0 0 0 0 0 0 0 0 0 0
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5.6 Summary and Conclusion

This chapter covered the case study and verification of three mathematical models. All the
models were run at the cluster level to maximize the NPV in different conveyor locations,

considering the total transportation costs.

Thefirst andthe seconanodelswereboth twostep LP models built for the conventional
conveyorandHAC systeans, respectively. The HAC can be directly installed along the final pit
wall, while a conventional conveyor requires a flatter inclination slop than the final pit wall.
Thus, a ramp slot and the additional extraction tonnage and constraretonsidered for the
conventional conveyor 6s s-stapframeword:the firsBstepahh mo d e |
to maximize and decide the production schedule by a MILP forioojathen, based on
production scheduling results, the second steg@imminimize the total transportation costs

and malethe crusher locatiorelocation decisions.

The third model (BILP mode) combineal production scheduling and facility location
problems. It can make extraction sequencing and crusher logatmration decisions
simultaneously. ltvas configurated for a HAC situation. The crusher station relddaree
times from its initial location during the ten years of mine life. Sensitivityyara of the
CPLEX solverdéds gap tolerance, materi al hand

conducted to estimate their impact on the solutions.

All the threemodek was run at a smaficale block model with 2006 blocks and ten
scheduling periodsThe results showed that all the models give the optimum conveyor location
at t he r o.tThigoptiomum confveyal IBcaten was close to the hvgtue ore body
where the mining operatiorcould extract the orebody early with fewer waste precedence
clusters, generating a higher profit in the early stage of the mind éifde 5-14 summarizes
the obtainedesultsof each modellt can be seen tha#he first modelgeneratedhe best NPV
value. Because the scheduling decision variakérecontinuousthis modelgivesthe freedom
to partially mine clusters within a periatiat yield a more flexible production schedule.
However,asthe totaltransportation costwere minimized separately in the first and second
modek, these costs obtained asmgnificantly higher than the BILP mod&n the other hand,

the CPU times for the twstepLP models are shorter than the BILP modélefirst model, a
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conventional conveyor 0sdtlseilowesaNPV @amd highest total a r a

transportation costs.

Table5-14. Summary of result for ththree mathematical models

Model

LP for convl. conveyor LP for HAC  BILP for HAC

NPV include trans. costs (M$) 1123 1471 1470
Trans. costs (M$) 365 327 208
Avg. CPU time (s) 50 40 450
Total tonnage (Mt) 299.35 272.29 277.23
Ore tonnage (Mt) 50.17 50.17 45.75
Total stripping ratio 4.97 4.44 5.06
Material mined within UPL (%) 76.9% 74.0.% 75.4%

Fromthe production schedulingesults of all three modelsateriab insidethe ULPwere
not wholly mined some blocksn the pit sideoppositethe conveyor walare unscheduledt
indicates the UPkhould be updateahder tle IPCC systemgzigure5-19 presents theriginal
blocks within the UPL and &scheduled blocksbtainedby each of thehreemodek, viewing

from the opposite sidef the conveyor wall.
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Figure5-19. The comparisonf the schedulethining area (a) original UPL, (b)LP model for
HAC, (c) LP model for conventionalonveyor, and (d) BILP modé&r HAC
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CHAPTER 6

SUMMARY, CONCLUSION AND
RECOMMENDATIONS

6.1 Summary of Research

In-pit crushing and conveyingRCC) systems have drawn attention to the modern mining
industry due to the numerous benefits over the conventionatanaghovel system. However,
the implementation of the IPCC system can reduce mining flexibility and introduce additional
mining sequece requirements. Thereforender IPCC systems, the strategy mining plare

different from the traditional production scheduling plans based on thedana$hovel system.

This research aigdto solve the longerm production scheduling and the crusher location
relocation problem of opepit mines using a sermobile IPCCsystem. It assundethe
conveyor systeneithera conventional conveyarr a highangle conveyor (HAG)waslocated
on one side of the final pit wall throughout the mine life, and the conveyadinidbe extended
to lower levels as the mining operatiays deep. Additional mining sequence constravese
consideredrom the conveyor line's perspective series of candidate conveyor locatiovere
generated along the UPL, and the candidate crusher locatwasn the conveyor line of each

level.

For each conveyor location, a hierarchical clustering algorithas applied to aggregate
the blocks into larger mining units while considering the mining direction based on the conveyor
location.A proposed decisiemaking step determines the mining precedeamoeng clusters
The unit material handling costs from the loading point to the pitweedéestimated for each
cluster based on their coordinates and the candidate crusher location. Moreover, this research
investigate a situation for the conventional leangle conveyor. A series of candidate ramp
slots were generated to accommodate the conventional conveyor, while additional slot

excavatiorwasconsidered.
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Afterwards, three mathematical modelsreformulated to solve the LTOPP problems: (i)
a two-step LPmodel forconventional conveyo(ii) a two-step LP model foHAC, and(iii) a
BILP model for HAC Thefirst two models solvéscheduling and location problems in different
steps. Each conveyor locatiovas solved independently by a specific mathematioaldel,
aiming to maximize the net present value (NPV) while considering the material handling costs
and crushing station relocation costbe BILP modekould simultaneously make production

scheduling and crushing station locati@ocation decisions

The conveyor location scenario with the overall maximum NiAs considered the
optimum or neapptimum results. The obtained production scheduling and crusher lecation
relocation decision caprovide a reference for the future mine plan and IPCC implementa

The main optimization framework in this thesis is presentétgare6-1.

! i Set different conveyor lines e !

Block model within the UPL | | @long the UPL o

as ' Clustering and mining o |
| 2 |:> precedence determination !

Repeat steps to the
next conveyor location

| Mathematical models for production e
tonsnae | i scheduling and crusher location plan

o
|
|
‘ i I I I
|

Figure6-1. A summary 6the main optimization framework

6.2 Conclusions

One of the most important gaps in the current IPCC systems optimization literature is the
LTOPP under the application of IPCC systems. This thesis pro@osew IPCC systems

optimization framework to considehe production scheduling problem from the conveyor
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location perspective. Various conveyor layouts along the final pitweké generated as the
inputs to the mathematical models, and their NR¥s2compared.

It should be noted that although additiomahing constraints in the IPCC system can result
in a lower NPV than the traditional truandshovel system, the IPCC's operating costs is
generally much lower than the trucking fleet. As a result, the overall profit can still favourable
to the IPCC trarngortation method.

The main conclusions of this research are summarized as follows:

1 The mathematical models generate production scheduling resuhg cluster
level. The results are the strategic, yearly production schedule to maximize the NPV
while congdering the material handling costs and crusher relocation costs;

1 Different conveyor locations around the UPL can lead to varied mining direction
requirements and generate different production schedules, which results in different
NPV. In the case studyhe¢ NPV in the best scenario can be more than 50% higher
than the value in the worst scenario. Therefore, the conveyor's layout should be
designed carefully before implementing the IPCC system, especially for the
conveyor line fixed through the mine life.

1 The twostep LP model for conventional conveyeaisbased on the second model,
while considering the additional slot extraction and its constraliies.maximum
NPV for this modelvas$1123 milion. Due to the extra waste tonnage for the ramp
slot and operational constraints, the NPV obtained from the conventional conveyor
casewasthe lowest.

1 Inthe twostep LP model for HAGhe first stepvasa MILP formulation that aired
to maximize the NP\inder a specified mining direction; the generated scheduling
resultswerefed to the second step, a facility location problem, to minimize the total
transportation costs. The obtained NPVs under the best scevengds 1471
million.

1 The BILP model can mak the production scheduling and crusher location
relocation decisionsimultaneously. In the case study, it was applied to the HAC
case. The maximum NPV obtained from the best conveyor location sceaafo

1470 million, and transportation costasthe lbwest among all the models.
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1 The computation time required for the BILP modelsseveral times longer than
the twostep LP models. However, this model can make various decisions
simultaneously and generate the lowest transportation costs in the case study.

1 From the production scheduling results, not all material in thewH&mined &en
though the upper mining capacity limiasremoved. The unmined part indicdte

thatthe UPL should be updated based on the IPCC system's location.

6.3 Recommendations for Future Research

Although the framework developed in this thesis provides new me#mmtformulations
for production scheduling in semiobile IPCC systems, further improvement and investigation
are required for the mathematical models. The following suggestions for future research address
the limitations that can be improved in the future

1 Incorporating geological uncertainties. The reality in the mining industry is much
more complicated than this simple assumption may suggest. In practice, mine
planners cannot fully understand the quantity and quality of deposits in the ground.
On the otler hand, because the IPCC systems can reduce the mining flexibility, its
application is sensitive to the ore body configuration and grade distribution of the

deposit.

1 Investigating different orebody configurations. This framework is suitable for
dipping ae bodies with flat terrain on the surface. In this case, various conveyor
layouts around the UPL can result in different distances to the ore bodies. However,
for vertical orebodies or fldying seam deposits, the impact of different conveyor

locations @ the NPV may not be that significant.

1 Incorporaing otherapproximate approaches suclnesristisor relaxatiosto solve
thelargescale problemat the blockevel. Thisresearclsolved the modeldbased on
clusters therefore, theschedulingresolutionis compromisedandthe slopeangle

betweerclusterscannotbe guaranteed.

1 Transferringthe BILP model tamixed-integerprogramming model. Thas, using
continuoudecisionvariablesto denote the production scheelglothateachmining

unit can be partially mine within a periothe mixedintegerprogrammingmodel
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can generate a higher NPV than the binary maaithe former model gives more
freedom ifrmaking scheduling decisioridowever this transformation camakethe
mathematical model nonlinear andnnot be solved by the CPLEX solvEuture
studeswill need tofind a way to solve themixed-integer programming model while
simultaneously optimizing the production scheduling and crusbationrelocation

plan.

1 Incorporating deviations from production targets. The strict production target
constraints in the mathematical model can makeptbblem infeasible in specific
scenarios. By removing this type of constraints and introducingatiten penalty

costs can increase the usness of the proposed models.
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Appendix

APPENDI X
MATLAB Codes

This appendix includes the MATLAB codes developed for the implementation of the
optimization framework presented in this research. The codes presented here include the data
reading and preparation, clustering and de
programming mathematical model and the scripts for plotting and result analysis. First, the block
model 6s data is read from a .txt file conta
bl ockés coordinates, rock t yrpodelisaggregated moper gr
clusters, and the mining precedence among those clistgtermined. Next, the clusters in
the block model are fed into the mathematical model; the coefficient matrices are also generated
in this step, and the problem is solMegthe IBM ILOG CPLEX optimization toolbox. The
CPLEX optimization toolbox for MATLAB must be added to the MATLAB path before run the
binary linear programming model. To reduce the redundancy, only the code for the third model
(BILP for HAC) is presentetere. Plotting and result analysis scripts are developed for personal
use on the display of the results. The code is presented in a series of scripts and functions, which

are later run sequentially dlhe main script for the whole calculation.

The input @rameters are read from a Microsoft EXCEL file, however, it can lzso
directly modified from the MATLAB code. To display the value of the parameters in this

appendi x, all the parameters6é values are ass

Functions 1 to 7functions 10 to 13 must be run in the presented order, script 2 is used
when the problem is solved by CPLEX. Scripts S3 to S9 are used for plotting purposes and can
be run after running function 13. Figure Al presents the flowchart of the optimizaticel mod

and how the functions are connected
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Data Preparation Clustering and Precedence Determination ~ Optimization Model
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Figure Al.Flowchart of the optimization framework (MATLAB functions)

S1. Preparing block model at the cluster level

% A script used to create and plot the clusters and leave the results in
% the workspace so that they can be saved
% Date: October, 2020

0,

clear

clc

tic

fclose (‘all' );

load ([ 'Param_sz' , num2str (30)]);

% Size = 30;
ConveyorSetting = 'HAC' ;
for ang = 0:45:315 %315
LevelTop = 30; LevelBottom = 35;
ConvSpot = [];
for LevelLoop = LevelTop : LevelBottom

%% Open block model file

% Divide the pit by its levels

[ LevelData ] = f OpenPitData ();

%% Rotate the conveyor side and find the nearest conveyor spot

[ BlockData , ConvSpot] = f Rotate (LevelData , ang, LevelLoop , ConvSpot );

end
%% ramp slot for conventional conveyor
if ~strcmp (ConveyorSetting , 'HAC')
slope = 20;
[ ConvSpot_slope ] = ..
f_ConvWall_slope (' slope , ConvSpot , LevelTop , LevelBottom );
% Calculate extra excavation tonnage for slot level by level
ConvWidth = 0.2 ; 9% 0.2*50(block width, m) =10 m
[SlotTon ] = ..
f_SlotTon (ConvSpot , ConvSpot_slope , ConvWidth , LevelTop , LevelBottom );
SlotTon_rot .([ 'ang’ , num2str (ang)]) = SlotTon ;
% Update conveyor slot
ConvSpot = ConvSpot_slope ;
else
SlotTon_rot =
end
for LevelLoop = LevelTop : LevelBottom
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%% Agglomerative Hierarchical Clustering
% open blocks of the target level
[ BlockData ,~] = f Rotate (LevelData , ang, LevelLoop , ConvSpot );

StartStep = Param.( strc at ('ang’ , num2str (ang)))( LevelLoop , 1);
ExpanFactor = Param.( strcat ('ang’ , num2str (ang)))( LevelLoop , 2);

[ AdjBlockMat , AdjClusterMat , Clusters , SmAjMatrix ] = f_Clustering
( BlockData , ConvSpot , LevelLoop , Size , ExpanFactor , StartStep );
%% Merge small cluster
[ Clusters , Clusters_data , BlockCoor , BasisBlockindex ] = f MergeSmall
(Clusters , AdjClusterMat , Size , SmAjMatrix , BlockData );

%% Create Clusters data structure % AdjClusterList,...
RefOPEX = ;
[ ClustersData ] = f_DataStructure (Clusters_data , ...

BlockCoor , ...

BlockData |, ...

LevelLoop , ...

BasisBlockindex ...

RefOPEX,

ConvSpot );

%% Horizontal Precedence
[ ClustersData ] = f_HorizontalPrecedence
(ClustersData , ConvSpot , AdjBlockMat , LevelLoop , Size );

eval ([ 'PitData.Level , hum2str ( LevelLoop ), '= ClustersData’ D
clearvars - except Size PitRot ang ClustersData PitData
Conv* Level * Param SlotTon_rot

end

%% Verticl Precedence
% Give the top level null VP value
PitData .( strcat ('Level' ,num2str (LevelTop )))( 1). VP = [I;

% Top- Down

for LevelLoop LevelTop +1: LevelBottom % Start from the level below to the top

[ PitData ] f_VerticalPrecedence (PitData , LevelLoop , ConvSpot , Size );

end
%%
ConvSpot_rot .([ 'ang’ , num2str (ang)]) = ConvSpot ;
disp ([ 'Calculating conveyor side rotation angle at ' , hum2str (ang), 'degree’ )
toc

eval ([ 'PitRot.ang’ , hum2str (ang), '= PitData’ 5D
end

save ([ 'PitRot_sz' , hum2str ( Size ), "“mat'" ], 'PitRot" , 'SlotTon_rot' , 'ConvSpot_rot' )
%% plots
ang = ;
level = LevelTop ;

ConvSpot = ConvSpot_rot .([ 'ang’ , num2str (ang)]);

[ figurel figure2 ] = plot_Clusters (ang, level , PitRot , ConvSpot );
clearvars level

F1. f OpenPitData

% Purpose: Open the block model's data from a txt file, and store the blocks'
% data bench by bench into a matlab structure

% Dingbang Liu, September 2020

0,

()

% Inputs
0,

(]

% The file "finalpit.txt" with 6 columns:
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% Z(index),Y(index),X(index),RockCode,Grade%

% Outputs
0,

()

% LevelData = A structure with the blocks' data for each bench.
0,

(]

%% Open file and data
% Divide the pi t by levels
function [ LevelData ] = f OpenPitData ()
fid = fopen (‘finalpit.txt’ );
block =cell2mat (textscan (fid , '%f %f %f %f %f' , 'Delimiter’ M
% % block: Z,Y,X,RockCode,Grade%
% divide block model by its level

LevelMin min ( block (:, 1));
LevelMax max( block (:, 1));
LevelLoop = LevelMin ;
level_data =[]; k=0;

% create z_level
for BlockLoop = 1:length (block )

if block (BlockLoop , 1) == LevelLoop % The LevelLoop - th level
k=k+1;
level_data (k,:)= block (BlockLoop , 2:5); % Y X RockCode Grade%
else
eval ([ 'LevelData.Level , hum2str ( LevelLoop ), '=' , [level_data] 5D
level_data =1
LevelLoop = LevelLoop + 1;
k = 0;
end
end
% the last level
eval ([ 'LevelData.Level , hum2str ( LevelLoop ), =" , [level_data] R S
clearvars BlockLoop k LevelLoop level_data
end
F2. f_Rotate
% Purpose: generate the coordination of ramp slot for each level

%

% Date: Aug 2020
% Dingbang Liu

0,

()

% Inputs
0,

(]

% LevelData = A st ructure with the blocks' data for each bench

% ang = Conveyor wall rotation angle

% LevelLoop = Level index from the top level to the bottom level

% ConvSpot = The conveyor spots' coordinates for all levels under a rotation angle

% outputs
0,

()

% BlockData = The block data with rotated coordinates
% ConvSpot = The conveyor spots' coordinates for all levels under a rotation angle

function [ BlockData , ConvSpot ] = f Rotate (LevelData , ang, LevelLoop , ConvSpot )

rad = ang*pi/180; % Counter clockwise

rot = [cos(rad), -sin (rad); sin (rad ), cos (rad)];

BlockData = LevelData .( ‘Level' , num2str (LevelLoop )]);

BlockData (:,[ 1 2]) = BlockData (;,[ 2 1]); % exchenge the first column(x,y)
Bench_rotate = [BlockData (:,[ 1,2])*( rot '), BlockData ([ 3:4])];

% find the ConvSpot of tangency of conveyor wall
% if point of tangancy are more than one, find the middle one
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ymin = min(Bench_rotate (:, 2)) + 1; % idistheindex k(id), index 1 is the relaxation

% find the index of all points of tangency
% use round to ignore the accurate of operation

id = find (rou nd(Bench_rotate (:, 2), 2) <= round (ymin, 2));
ConvSpot ( LevelLoop ,:) = [mean(BlockData (id, 1)) -.5 *sind (ang), min(BlockData (id , 2)) -

.5 *cosd (ang), -LevelLoop * 0.81]; % XY coordinate

clearvars id ymin_p rad rot
end

F3.f _LeastSqgLine

% Purpose: generate the fitting line based on the tangent points of all levels

% Date: April 2020
% Dingbang Liu
0,

()

% Inputs

% OriginalXYZ = A n*3 array that denote the coordinate of the tangent points

0,

()

% outputs
0,

(]

% x1,y1,z = the coordination of conveyor line at each level

function [x1,yl,z] = f LeastSqLine (OriginXYZ )
L=length (OriginXYZ (:, 1));
x=0riginXYZ (:, 1),
y=0riginXYZ (;, 2);
z=0riginXYZ (;, 3);
F=[ones (1,L); z7;
% no weights
MEF* F';
N=F*x;
O=F"y;

% % apply weights

% M=F*w*F

% N=F*w*Xx;

% O=F*w*y;

% % wis a L*L diagnal matrix
A=(MN);

B=(M O

xL=(A(2)* z'+ A(1));
y1=(B(2)* z'+ B(1));

F4. f ConvWall_slope

% Purpose: generate t he coordination of ramp slot for each level
% Date: Aug 03, 2020

% Dingbang Liu

0,

()

% Inputs
0,

% slope = the slope of conveyor
% Coneveyor location of all levels under a specific rotation
% LevelTop = The index of the top level

% LevelBottom = The index of the bottom level
0,

()

% outputs
0,

(6]

% ConvSpot_slope = t he coordination of ramp slot for each level

120



Appendix

function [ ConvSpot_slope ] = f ConvWall_slope (slope , ConvSpot , LevelTop , LevelBottom )

%% Give each point a weight

% lambda = NPV _rot(:,3);

% lambda(end)= []; % delete the grand total row

% lambda = lambda(lambda>=0); % delete the negative NPV

% lambda = lambda/max(lambda); % normalization

% data([length(data(:,1)); - length(lambda)+1:length(data(:,1));],4) = lambda; % store in matrix
% lambda = data(:,4);

% w= diag(lambda); % weights matrix

%% least squre multivarible(arg X Y)
ConvSpot_data = ConvSpot ( LevelTop : LevelBottom ,3);
L=length (ConvSpot data (:, 1));
x=ConvSpot_data (:, 1);
y=ConvSpot_data (;, 2);
z=ConvSpot_data (:, 3);
F=[z'; ones (1, L)];

% no weights
M=F*F,
N=F* x;
O=F*y;

% % apply weights
% M=F*w*F';
% N=F*w*X;
% O=F*w*y;

A=(M N);
B=(M O,
x1=(A(1)* z'+ A(2));
yl=(B(1)* z'+ B(2));

% plot3(x1,y1,z,'r','LineWidth',2)

% Calculate the original fitting line gradient

vectorl = [x1(1)-x1(2), y1(1)-y1(2), z(1)-z(2)];
% sin angle

angle vectorl (3)/ norm(vectorl );

angle rad2deg (asin (angle ));

% to adjust the gradient of line to 'grad' degree

% the x,y coordinate with multiplied by a extension coefficient k

k = sgrt (( 1/( sind (slope ))* 2-1)/( 1/( sind (angle ))* 2-1));
% the origin point is the lowest point(bottom)

x2= k.*( x1-x1(end))+ x1(end);

y2= k.*( yl-yl(end))+ yl(end);

ConvSpot_slope (LevelTop : LevelBottom ) = [x2,Yy2, z];

% hold on
% plot3(x2,y2,z,'Color',[1 .6 .6],'LineWidth',4)

% verify if the gradient is ‘grad'

vector2 = [x2(1)-x2(2), y2(1)-y2(2), z(1)-z(2)];
angle2 = vector2 (3)/ norm(vector2 );
angle2 = rad2deg (asin (angle2 ));
%% Plot

% title('Straight Conveyor Wall Fitting Line );
% view(2)

% view( - 20,10)

%% Slowering the slope based on conveyor spot in other level
% i = length(data(:,1)); %the bottom level

% x2= k*(x1 - x1(i))+x1(i);

% y2=k*(yl - y1()+yL(i);

% % plot3(x2,y2,z,'"y','LineWidth',2)
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end

F5. f_clusterting

% Purpose: Clustering blocks into larger mining units level by level using
% Hierarchical Agglomorative Clustering (HAC) algorithm

% Dingbang Liu, September 2020

0,

()

% Inputs
0,

(]

% BlockData = A structure with the blocks' data for a specific bench

% ConvSpot = The conveyor spots' coordinates for all levels under a rotation angle
% LevelLoop = Level index from the top level to the bottom level

% Size = The target size of the cluster (# of blocks)

% ExpanFactor = Inpu t parameter for cluster size control, intial value is 1

% StartStep = Input parameter for cluster size control, intial value is 1
0,

(]

% Outputs

0,

% AdjBlockMat = A pairwise matrix that contains blocks' adjacent relations
% AdjClusterMat = A pairwise matrix that contains the blocks adjacent relations

% Clusters = Cells contains the index of blocks that in the same cluster

% SmAjMatrix = A pairwise matrix that contains blocks' similarity value,

% while considering blocks' adjacency
0,

()

function [ AdjBlockMat , AdjClusterMat , Clusters , SmAjMatrix ] = f_Clustering

( BlockData , ConvSpot , LevelLoop , Size , ExpanFactor , StartStep )

Num = length (BlockData ); % # of blocks for this bench %

% Bottom - up fashion, from the lowest level to surface %
count = 0; % Count the times of clustering
epsilon = 0.000001 ; % Avoid the divisor to be 0 %
MinSize = Size * .8 ;

%% set the weight of each parameter, original weights are all 1

[W_RTW_Dir, W_Dist, W_Gi = deal (1, 10, 48, 1);

% Same RT: 1; Different RT: penalty
% Rock type penalty, the less the more powerful
RTPenalty = 0;

MaxNumCluster = ceil (Nuni Size ); % The maximum # of clusters

%% Clustering
% Each blocki s a cluster from beginning %
% Store the information of each cluster into a cell %

Clusters = num2cell (1: Num); % Initial # cluster = # blocks
Xindex = BlockData (:, 1);

Yindex = BlockData (;, 2);

% deplicate vector to squre matrix

Xmatrix = Xindex (;, ones (1, Nun));

Ymatrix = Yindex (;, ones (1, Nun));

% Distance pairwise matrix

DistMatrix = sgrt (( Xmatrix - Xmatrix ') A~ 2 + ..
(Ymatrix - Ymatrix ) AN 2);

MaxDist = max( DistMatrix  (3)); % Find the largest distance %
clearvars Xmatrix Ymatrix

% Adjacent pairwise matrix.(Adjacent:1; Otherwise:0) %

AdjBlockMat = DistMatrix ;

% Ajacent: 1; Otherwise: 0 %
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AdjBlockMat ( AdjBlockMat > 1) = 0;

% diagonal setto 0

AdjBlockMat = AdjBlockMat .* (1-eye(length (AdjBlockMat )));
% Original cluster adjacent matrix is equal to block's

AdjClusterMat = AdjBlockMat ;

%% Mining direction pairwise matrix

% (Distance to the optimum conveyor location(OCL))
DistOPL_X = Xindex - ConvSpot ( LevelLoop , 1);
DistOPL_Y = Yindex - ConvSpot ( LevelLoop , 2);
DistOPL = sqrt (DistOPL_X A + DistOPL_Y A~ 2);
DirMatrix = DistOPL (;, ones (1, Num);

DirMatrix = abs ( DirMatrix - DirMatrix ');

MaxDir = max( DirMatrix  (3));

clearvars DistOPL_X DistOPL_Y XMat YMat

%%Grade %

GrVector = BlockData (:, 4);
GrMat = GrVector (:, ones (1, Nunj);
GrMatrix = (GrMat- GrMat").A  2;
MaxGr = max( GrMatrix (:));

clearvars GrVector GrMat

%% Rock type %

RTVector = BlockData (:, 3);

RTMat = RTVector (:, ones (1, Num);

RTMatrix = double (RTMat ~= RTMat; % Same RT: 0; Otherwise: 1 %
% Same RT: 1; Otherwise: Penalty %

RTMatrix = (RTPenalty - 1) * RTMatrix + 1;

MaxRT = max( RTMatrix (:));

%% Similarity matrix %

DistMatrix ~ ( DistMatrix < epsilon ) = epsilon ;
DirMatrix  ( DirMatrix < epsilon ) = epsilon ;
GrMatrix (GrMatrix < epsilon ) = epsilon ;

% Normalisation/Weighting %

DistMatrix = ( DistMatrix / MaxDist ) .~ W._Dist; % Distance
DirMatrix = ( DirMatrix / MaxDir ) .~ W._Dir; % Direction
GrMatrix = (GrMatrix / MaxGr) » W_Gr, % Grade
RTMatrix = (RTMatrix / MaxRT) A W_RT

SMatrix = RTMatrix ./ ( DistMatrix > DirMatrix > GrMatrix );
SMatrix = SMatrix .*( 1-eye(Num); % Not cluster the same block %
SmAjMatrix = SMatrix .* AdjClusterMat ; % Similarity and Adjacent %

% clearvars RTMatrix DistMatrix DirMatrix GrMatrix

%% Create Clusters %
NumCluster = Num % Number of clusters = Number of blocks %

if Size >
while  NumCluster > MaxNumCluster

% Find the pair of most similar ajacent clusters %
[ MaxSM MaxIndex ] = max( SmAjMatrix (:));

if  MaxSM == % when all elements in similarity matrix are 0
break ;

end

% Column number, cluster 2

Cluster_J = ceil (MaxIndex / Num);

%mod(MaxIndex,Num); % Row number, cluster 1

Cluster_| = MaxIndex - (Cluster_J - 1) * Num

% Quit clustering when the merging size is no less than the max size %

if length (Clusters {Cluster_| }) + length (Clusters {Cluster J }) > Size
% Not merge the two cluster together anymore %
SmAjMatrix (Cluster_| , Cluster J ) = 0;
SmAjMatrix (Cluster_J , Cluster_| ) ;

else
% Merge the two clusters %
% Update the similarity matrix using min value(Complete Link) %
SMatrix (Cluster_| ;) = ..
min ( SMatrix ( Cluster_| ,:), SMatrix (Cluster_J .));
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SMatrix (:, Cluster_| ) = SMatrix (Cluster_|I )}

SMatrix (Cluster_| , Cluster_I ) = 0; % Not merge the same cluster %
% Update the similarity matrix using max value %

AdjClusterMat  (Cluster_| ;) =..

max( AdjClusterMat  (Cluster_| ,:), AdjClusterMat (Cluster_J .));

AdjClusterMat  (:, Cluster_| ) = AdjClusterMat (Cluster_| ;)%
SmAjMatrix (Cluster_| ;) = ...

SMatrix (Cluster_| ;) .* AdjClusterMat (Cluster_| );
SmAjMatrix (:, Cluster_| ) = 0;

% The other cluster is not considered anymore
SMatrix (Cluster J ;) = 0;

SMatrix (:, Cluster J ) = 0;

AdjClusterMat  ( Cluster_J )
AdjClusterMat  (:, Cluster_J )
SmAjMatrix (Cluster J ;) =
SmAjMatrix (:;, Cluster J ) =

0;
0;

% Merge the two cluster
Clusters {Cluster | } = [Clusters {Cluster_| } Clusters {Cluster_J }I;

Clusters {Cluster J } = [;
NumCluster = NumCluster - 1;
count = count + 1;
end
if count >= StartStep
ClustersSize = cellfun ('size’ , Clusters , 2);
smiCluster = find ( ClustersSize < MinSize & ClustersSize > 0);
SMatrix (smiCluster ) = SMatrix (smiCluster ) .* ExpanFactor
SMatrix (;, smiCluster ) = SMatrix (smiCluster )}
end
end
end
AdjCluster = AdjClusterMat > (1-eye(length (AdjClusterMat )));

clearvars Cindex W_Dist W_Dir W_Gr W_RT MaxMumCluster Num

end

F6. f MergeSmall

% Purpose: Merge clusters smaller than a certain threshold to the adjacent clusters
% Dingbang Liu, September 2020

% Inputs

0,

(]

% Clusters = Cells contains the index of blocks that in the same cluster

% AdjMatrix = A pair wise matrix that contains the clusters' adjacent relations
% Size = The target size of the cluster (# of blocks)

% SmAjMatrix = A pairwise matrix that contains blocks' similarity value,

% while considering blocks' adjacency

% BlockData = A structure with the blocks' data for a specific bench
0,

()

% Outputs

0,

(]

% Clusters = Cells contain s the index of blocks that in the same cluster
% Clusters_data = Blocks' index within a cluster

% BlockCoor = An array of block cluster within a cluster

% BasisBlockindex =Tthe first block that are merged in a cluster

0,
% Cluster_J is he small cluster need to be merged

% Cluster_| is the smallest cluster among all adjacent clusters of Cluster_J
% merge Cluster_J and Cluster_J=I
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%%

function [ Clusters , Clusters_data , BlockCoor , BasisBlockindex ] = f_MergeSmall
(Clusters , AdjMatrix , Size , SmAjMatrix , BlockData )

MinSize = Size *

% Find small cluster index

ClustersSize = cellfun ('size’ , Clusters , 2);
index = find (ClustersSize > & ClustersSize < MinSize );
for ClusterLoop = 1:length (index )

% Blocks index within this small cluster

SmallCluster = Clusters {index (ClusterLoop )};

SmAjMatrix (SmallCluster ;) = 1;
SmAjMatrix (;, SmallCluster ) = SmAjMatrix (SmallCluster )’

%% find the smallest adjacent cluster
SmAjMatrix = AdjMatrix ¥ SmAjMatrix
% Adjacent Cluster Index

AdjClusterindex = find (max( SmAjMatrix ( SmallCluster ,:),[], ) = 1)
% Remove the cluster itself
AdjClusterindex = AdjClusterindex ( AdjClusterindex ~= index ( ClusterLoop

% Find the adjacent cluster with smallest size
[~, Smallestldx ] = min(ClustersSize ( AdjClusterlndex );

Cluster_| AdjClusterindex (Smallestldx ); % the smallest adjacent cluster
Cluster_J index ( ClusterLoop );
% Cluster_J = double(ClustersSize(SmallCluster) ~=0) * SmallCluster";
% Small cluster index
if isempty (Cluster_| )% when all elements in similarity matrix are 0
continue
end

% Merge two cluster
if length (Clusters {Cluster_| })+ length (Clusters {Cluster J }) <= ..
Size * || length (Clusters {Cluster J }) <

Clusters {Cluster_ | } =
Clusters {Cluster J } =
AdjMatrix ( Cluster_J )
AdjMatrix  (:, Cluster_J ) ;
% NumCluster = NumCluster -1
end

[ Clusters {Cluster_ | } Clusters {Cluster J 1}];

end

% Delete null cells
% Save the blocks data into Clusters_data
% Clusters_data: index for the level, X index, Y index

Cindex = cellfun (@isempty , Clusters ) == 0; % find the index of null cell
Clusters_data = Clusters (Cindex )} % blocki ndex for the level
for ClusterLoop = 1:length (Clusters_data )

% blocks index with cluster(ClusterLoop)
idx = cell2mat (Clusters_data ( ClusterLoop ));

BlockCoor (ClusterLoop , 1) = {BlockData (idx ,1)}; % Block X index
BlockCoor ( ClusterLoop ,2) = {BlockData (idx ,2)}; % Block Y index
end
BasisBlockindex = find (Cindex ==1);
end

F7.f _DataStructure

% Purpose: C alculate Cluster Economical Value and create clusters' data strcture

)
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% Dingbang Liu, September 2020

% Inputs
0,

% Clusters_data = cells that store block's index within in each cluster

% BlockCoor = Blocks' coordinate

% BlockData = Array of blocks' attributes (Coordinates, rock type, grade)

% LevelLoop = Level index from the top level to the bottom level

% BasisBlockindex = The first block that are merged in a cluster

% RefMiningC = Mining reference cost, exc lude trucking and conveying costs
% ConvSpot = Coneveyor location of all levels under a specific rotation

0,

()

% Outputs

0,

% ClustersData = Clusters' attributes stored in a MATLAB structure
0,

()

function [ ClustersData ] = f_DataStructure (Clusters_data , ...

BlockCoor , ...
BlockData , ...
LevelLoop , ...
BasisBlockindex ...
RefMiningC , ...
ConvSpot )
ClustersData = struct ('Blockldx' , Clusters_data , ...
‘BlockCoor' 0, ..
'XCentroid' , 0,
'Y Centroid' , 0,
'Level' o, ..
'‘BasisBlock’ , 0,
'‘Destination’ , o, ...
'‘MiningC' o, ...
'CEV' , 0,
'‘AvgGr' 0,
'RockCode" 0, ..
‘Tonnage' , o, ..
"TonnageOre' 0);
Clusterindex = 1;
for ClusterLoop = 1 : length (Clusters_data )
% Index_Block: the index of blocks within a cluster
Index_Block = cell2mat (Clusters_data ( ClusterLoop ));
% Distinguish the ore and wasste block by its rock type
Logic_Ore = BlockData (Index_Block ,3) == 55| BlockData (Index_Block ,3) == 50;
Logic_Waste = BlockData (Index_Block ,3) ~= 55 & BlockData (Index_Block ,3) ~= 50;
ClustersData  ( ClusterLoop ). BlockCoor = cell2mat (BlockCoor ( ClusterLoop ,));
ClustersData  ( ClusterLoop ). XCentroid = mean( BlockData (Index_Block , 1));
ClustersData ( ClusterLoop ). YCentroid = mean( BlockData (Index_Block , 2));
ClustersData  ( ClusterLoop ). Level = LevelLoop ;

% ClustersData(ClusterLoop).ClusterCentroid.ZIl = LevelLoop;

ClustersData  ( ClusterLoop ). BasisBlock = BasisBlockindex ( ClusterLoop );
ClustersData  ( ClusterLoop ). Destination = ConvSpot ( LevelLoop ,);
ClustersData  ( ClusterLoop ). RockCode = BlockData (Index_Block , 3);

% Formula: ReferenceMiningC + 10% increase for each lower level ...

% + Horizontal distance to ConvSpot

% Horizontal Distance (HD) from cluster centroid to ConvSpot

Xc = ClustersData ( ClusterLoop ). XCentroid ;

Yc ClustersData  ( ClusterLoop ). YCentroid ;

HD = sqgrt (( Xc- ConvSpot ( LevelLoop , 1)) 2 + (Yc- ConvSpot ( LevelLoop , 2)) 2).* 40;
Cost HD = HD*0.001 ;

ClustersData  ( ClusterLoop ). HD2Spot HD

ClustersData  ( ClusterLoop ). MiningC = RefMiningC *+ Cost _HD;

MiningC = ClustersData  ( ClusterLoop ). MiningC ;

ClustersData  ( ClusterLoop ). AvgGr = mean( BlockData (Index_Block (Logic_Ore ), 4));
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ClustersData  ( ClusterLoop ). AvgGr (isnan ( ClustersData ( ClusterLoop ). AvgGr))= 0;
ClustersData  ( ClusterLoop ). Tonnage = ...

sum(1.0e+5 * (2.21 * Logic_Ore + 1.8 * Logic_Waste ));

Tonnage = ClustersData ( ClusterLoop ). Tonnage;

ClustersData  ( ClusterLoop ). TonnageOre = sum(1.0e+5 * (2.21 * Logic_Ore ));

% Economic cluster value

% sigma(TonOre*Price*grade - TonOre*CostP ...

% - (TonW+TonO)*CostM) - Operation cost(mining,transporting)

ClustersData  ( ClusterLoop ). CEV = ...

(15000174. *BlockData (Index_Block ,4)-642600)* Logic_Ore - MiningC .* Tonnage;

end
clearvars Index_Block Logic_Ore Logic_Waste

end

F8. f_HorizontalPrecedence

% Purpose: Determine the cluster's precedence relations in the same level
% Dingbang Liu, September 2020

()

% Inputs
0,

(]

% ClustersData = Clusters' attributes stored in a MATLAB structure
% ConvSpot = Coneveyor location of all levels under a specific rotation

% AdjBlockMat = Pairwise matrix denote whether two blocks are adjacent

% LevelLoop = Level index from the top level to the bottom level

% Size = The target size of the clust er (# of blocks)

0,

()

% Outputs

0,

(]

% ClustersData = Clusters' attributes stored in a MATLAB structure
% with an added field of horizontal precedence clusters' indeces
0,

(]

function [ ClustersData ] =

f_HorizontalPrecedence (ClustersData , ConvSpot , AdjBlockMat , LevelLoop , Size )
%% Find the set of adjacent clusters for each cluster
if Size > 1
% update the cluster adjacent relations based on block's
AdjClusterl = zeros (length (ClustersData ), length ( AdjBlockMat ));
AdjClusterMat = zeros (length (ClustersData )); % preallocate matrix

% Adjacent matrix merge in row

for ClusterLoop 1: length (ClustersData )

BlocksIndex ClustersData  ( ClusterLoop ). Blockldx ; % The index of blocks within a
cluster
% BasisBlocks = cat( 2,ClustersData.BasisBlock); % Read the column(.BasisBlock)
of the struct
AdjClusterl  (ClusterLoop ,:) = max(AdjBlockMat ( Blocksindex ,));
end

% Adjacent matrix merge in column
for  ClusterLoop = 1:length (ClustersData )
BlocksIndex = ClustersData ( ClusterLoop ). Blockldx ;
AdjClusterMat  (:, ClusterLoop ) = max( AdjClusterl (:, Blocksindex ),[], 2);

end
else

AdjClusterMat = AdjBlockMat ; % Each blocki tselfis a cluster
end
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clearvars AdjClusterl BlocksIndex ClusterLoop
% Exclude each cluster itself from the adjecant matrix
AdjClusterMat = AdjClusterMat - eye(length (AdjClusterMat ));

% Save the adjacent clusters number into ClustersData
for Cluster,oop = 1:length (ClustersData )

ClustersData  ( ClusterLoop ). AdjacentCluster = find (AdjClusterMat (:, ClusterLoop ) == 1);
end

%% Calculate the distance from each cluster centroid to the conveyor ConvSpot

Xdist = cat (1, ClustersData . XCentroid ) - ConvSpot ( LevelLoop , 1);
Ydist = cat (1, ClustersData . YCentroid ) - ConvSpot ( LevelLoop , 2);
Dist = sgrt (Xdist A 2 + Ydist A 2);

%% Find the set of clusters which are closer to the conveyor

for  ClusterLoop = 1:length (ClustersData )
Adjldx = ClustersData ( ClusterLoop ). AdjacentCluster ;
ClustersData  ( ClusterLoop ). HP =
ClustersData  ( ClusterLoop ). AdjacentCluster (Dist (Adjldx )< Dist (ClusterLoop ));
end
end

F9. f_VerticalPrecedence

% Purpose: Determine the cluster's precedence relations from one upper level
% Dingbang Liu, September 2020

0,

(]

% Inputs
0,

()

% PitData = Clusters' attributes for all levels stored in a MATLAB structure
% ConvSpot = Coneveyor location of all levels under a specific rotation

% LevelLoop = Level index fro m the top level to the bottom level
% Size = The target size of the cluster (# of blocks)

0,

(]

% Outputs
0,
% PitData = Clusters' attributes for all levels stored in a MATLAB structure

% with an added field of horizontal precedence clusters' indeces
0,

(]

function [ PitData ] = f_ VerticalPrecedence (PitData , LevelLoop , ConvSpot , Size )

%% Cluster Loop
% Cluster numbers for that level
CINum = length (PitData .( strcat ('Level' , num2str (LevelLoop ))));
% Set of vertical precedence store in cell array VP
VP = cell (CINum, 3);

for ClusterLoop = 1: CINum
% Get the block coordinate inside a certain block
% BlockCoor = PitData.Level**(##).BlockCoor
BlockCoor = PitData .( ‘Level' , num2str (LevelLoop )])( ClusterLoop ). BlockCoor ;

% BlockCoor =  ClustersData(1).BlockCoor;
Xl = BlockCoor (:, 1);
Yl = BlockCoor (:, 2); % Get the block coordinate in this cluster

% Get the centroid coordination of the this cluster (Target cluster)
Xc = PitData .([ ‘Level' , num2str (LevelLoop )])( ClusterLoop ). XCentroid ;
Yc = PitData .( ‘Level' , num2str (LevelLoop )])( ClusterLoop ). YCentroid ;

% Find the boundry of a cluster
Bdl = boundary (XI, YI, 1);
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if isempty (Bdl)
Bdl = 1:length (XI);

else
Bdl(end,) =1 % Delete the last index (duplicate with the first)
end
X1 = XI(Bd1, 1);
Y1 = YI(Bd1, 1);
% Find the precedence blocks of the boundry block for the upper level

% Block precedence relationship using pattern 1:9

% Expand the matrix to the end

id_upper = [X1-1,Y1-1;
X1-1,Y1 ;
X1-1, Y1+1;
X1, Y1-1;
X1, Y1 ;
X1, Y1+1;
X1+1, Y1-1;
X1+1,Y1
X1+1, Y1+1];

% Find the boundry of precedence blocks for the upper level
Bd2 = boundary (id_upper (;, 1), id_upper (;, 2), 1);
BdX_upper = id_upper (Bd2, 1);

BdY_upper = id_upper (Bd2, 2);

% Open the upper level clusters

CenX_upper = cat (1, Pitbata .([ 'Level' , num2str (LevelLoop -1)]). XCentroid );
CenY_upper = cat (1, PitData .([ 'Level'’ , num2str (LevelLoop -1)]). YCentroid );
%% 1. Find which cluster's centroid is inside/on the boundry

IN1 = inpolygon (CenX_upper , CenY_upper , BdX_upper , BdY_upper );

VP( ClusterLoop , 1) = {find (IN1 ==1)}

clearvars IN CenX_upper CenY_upper
if Size >1

% Find which blocks from the upper level are inside the boundry
% load X,Y  coordinate of the upper blocks

UpperBlocks = cat (1, PitData .([ 'Level' , num2str (LevelLoop -1)]). BlockCoor );
IN2 = inpolygon (UpperBlocks (:;, 1), UpperBlocks (:;, 2), BdX_upper , BdY_upper );

% Cluster numbers for the upper level

CINum_Up = length (PitData .([ 'Level' , num2str (LevelLoop - 1)]));
LwB = 1; UpB =0; % blocki ndex within a cluster

% Cluster Loop for the upper level: ClusterLoopl

for ClusterLoopl = 1: CINum_Up
% Nmubers of blocks for Cluster(ClusterLoopl)
Clustersize = ..
length (PitData .([ 'Level' , num2str (LevelLoop -1)])( ClusterLoopl ). Blockldx );
UpB = LwB + Clustersize - 1; % block upper index within a clutser

% Nmuber of blocks from that cluster inside the boundary

% sum of the binary varible inside a cluster

NumInBd = sum(int8 (IN2 ([ LwB: UpB])));

if  NumInBd ~=0 % Cluster from the upper level has precedence blocks
%% 2. Distance from target cluster centroid to the conveyor

% Check if this cluster is on back side
% Calculate the diatance from the cluster centroid to the convey or
% Back side if closer than target cluster centroid to the conveyor

% load the centroid of the cluster(ClusterLoopl)

CenX = PitData .([ 'Level' , num2str (LevelLoop -1)])( ClusterLoopl ). XCentroid ;
CenY = PitData .([ 'Level' , num2str (LevelLoop -1)])( ClusterLoopl ). YCentroid ;
Dist_sqr = (CenX- ConvSpot ( LevelLoop , 1)) 2 + (CenY- ConvSpot ( LevelLoop , 2))* 2;
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end
end

DistRe_sqr = ( Xc- ConvSpot ( LevelLoop , 1)) + (Yc- ConvSpot ( LevelLoop

if Dist. sqr < DistRe_sqr % Closer to ConvSpot than targrt cluster
VP( ClusterLoop , 2) = {[ cel2mat (VP(ClusterLoop , 2)); ClusterLoopl 1}
end

%% 3. Ratio of blocks inside the boundary to the tatal
%  block number for a cluster

Ratio = NumlInBd/ Clustersize ;
if Ratio >=
VP( ClusterLoop , 3) = {[ cell2mat (VP(ClusterLoop , 3)); ClusterLoopl };
end
end
LwB = UpBt+1;

VP( ClusterLoop , 4)= ...
{'union (cell2mat (VP(ClusterLoop , 2)), cel2mat (VP(ClusterLoop , 3))}

end

end

% Write set of vertical precedence to pit data
for ClusterLoop = 1: CINum

if

Size >
PitData .( 'Level' , num2str (LevelLoop )])( ClusterLoop ). VP
cel2mat (VP(ClusterLoop , 4));

else % Cluster Size =1 classic 9 precedence case

%

ClustersData(ClusterLoop).VP =

PitData .([ 'Level' , num2str (LevelLoop )])( ClusterLoop ). VP = ..
cel2mat (VP(ClusterLoop , 1));
cell2mat(VP(ClusterLoop,4))

end

end

S2. Mathematical model

% A script used to create and plot the clusters and leave the results in
% the workspace so that they can be saved
% Date: October, 2020

0,

()

%% cluster size 20
% load('PitRot8.9.mat');

clear
Size
Gap

load ([ 'PitRot sz, num2str (Size ), "mat  );

%% Conveyor setting
% HAC: high angle conveyor
% Slot: designated ramp slot (with exta waste)

ConveyorSetting = 'HAC' ;
for ang = : % Pit rotation loop, from 0 to 315, step size = 45
ConvSpot = ConvSpot_rot .([ 'ang’ , num2str (ang)]);
Periods = ;
%% MIP formula input parameters

% transportation costs vector

[fc,

LvINum , Num Periods , VarLen , LevelSize ] = ..

f_TranportCostMatix (Periods , ang, PitRot , ConvSpot );

% Cluster Economic Value

[fv,

Cluster_Ton , Cluster_Ore , Cluster Gr ] =

f_CLEM PitRot , ConveyorSetting , SlotTon_rot , ang, Num Periods , VarLen );

DA
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% CPLEX inputl
[ Aineql , bineql , Aeql, beql, sostype , sosind , soswt , Ib , ub, ctype , x0] = ...
f_MIQP_inputl_value  (PitRot , ConveyorSetting , SlotTon_rot , ang, Num LviINum, Periods , VarLen );

% CPLEX input2
[ Aineg2 , bineq2 , Aeg2, beq2] = f MILP_input2_FLP  ( LvINum, Num Periods , VarLen , LevelSize , ang);

Aineq [ Aineql ; Aineg2 J;
bineq [ bineql ; bineq2 J;
Aeqg = [ Aeql; Aeq2];
beq = [beql; beq2];
f =fv + fc; % Coefficient of Objective Function - Linear Item

%% milp Caculation
tic

options = cplexoptimset  (‘cplex’ );
options . mip. tolerances . mipgap = Gap;

[x, fval |, exitflag ,output ] = ..
cplexmilp (f, Aineq, bineq , Aeq, beq, sostype , sosind , soswt, Ib, ub, ctype , x0, options );

disp ([ 'Conveyor slot rotation angle at ' , hum2str (ang), 'degree’ .
' The maximum NPV for this scenario is ' , hum2str (-fval ), 'M$' )
%% Output the result
x_Mat = reshape (x([ 1: Num* Periods ]), Num Periods ); % Cluster extraction plan

x2p_Mat = reshape (x([ 2 * Num* Periods +1: * Num* Periods + LvINum * Num *
Periods ]), Periods , LvINum * Nun);

y_Mat = reshape (x(VarLen -2*LvINum*Periods + : VarLen - LvINum * Periods ), LvINum, Periods );
% Crusher reloction

z_Mat = reshape (x(VarLen - LvINum*Periods + . VarLen ), LvINum, Periods ); % Slot slice

extraction plan
% Cluster economic value with discount
fx_Mat = reshape (f([ 1: Num* Periods ]), Num Periods );
fc_Mat = reshape (f_c ([ 2 * Num* Periods +1: * Num* Periods + LvINum * Num *
Periods ]), Periods , LvINum * Nun);
% Cluster economic value with discount

fz_Mat = reshape (f_v (VarLen - LvINum*Periods + : VarLen ), LvINum, Periods );
CostT = fc' * x; % Transportation cost matrix: LvINum*Periods
CostT_Vector = sum(fc_Mat ' .* x2p_Mat');

% eval(['result.ang’,num2str(ang),’.x = x_Mat',";']);

result ([ 'ang’ , num2str (ang)]). x = x_Mat;
result ([ 'ang’ , num2str (ang)]). y = y_Mat;
result ([ 'ang’ , num2str (ang)]). z = z_Mat;

result ([ 'ang’ , num2str (ang)]). NPV = - fval ;
result ([ 'ang’ , num2str (ang)]). CostT = sum( CostT );

disp ([ 'Total material handling cost is ,  num2str ( sum( CostT ))]);
% {DCF = Discounted CLEV + Transportation cost + Relocation cost}in period t
result ([ 'ang’ , num2str (ang)]). DCF = - sum(x_Mat.* fx_Mat )- CostT_Vector -
sum( z_Mat .* fz_Mat );
result ([ 'ang’ , num2str (ang)]). runtime = output .time ;
toc
eval ([ 'result_sz' , hum2str (Size ), ‘'ang’ , num2str (ang), '=result.ang’ , hum2str (ang), ;' 1)
clearvars - except Gap Size ConveyorSetting SlotTon_rot result * ConvSpot * PitRot NPV Level *
Ub* Lb* Disc Periods f Cluster_Ton output Cluster_CEV
end
save (result_sz.mat' , strcat  ('result_sz' , num2str ( Size )), ' -append' )
% save('resultNew_sz.mat',strcat('result_sz',num2str(Size)),' - append’)
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F10.f CLEV

% Purpose: Generate coefficient vector for cluster economic values (CLEV)
% Dingbang Liu, October 2020
0,

(]

% Inputs
0,

% PitRot = block model at the cluster level under a specific convey or rotation

% ConveyorSetting = the type of conveyor:'HAC' - high angle conveyor, or'Slot' - conventional
conveyor

% SlotTon_rot = An array for conveyor slot tonnage of all levels under a specific rotation

% ang = The conveyor rotation angle

% Num = Number of total mining units (clusters) within the UPL

% Periods = Mine life

% VarLen = The total length of the decision variables

0,

()

% Outputs

0,

% f_value = A vector of cluster economic value
% Cluster_Ton = A vector of cluster total tonnage
% Cluster_Ore = A vector of cluster ore tonnage

% Cluster_Gr = A vector of cluster average ore blending grade
0,

(]

function [f_value , Custer_Ton , Cluster_ Ore , Cluster Gr ] = ..
f_CLEV(PitRot , ConveyorSetting , SlotTon_rot , ang, Num Periods , VarlLen)
LevelTop = 30;
LevelBottom = 35;
Disc = 0.08 ; % Discount rate
CostReloc = 1; % relocation cost 1IM$
LevelSize = [];
PitData = PitRot .( strcat ('ang’ , num2str (ang)));
for LevelLoop = LevelTop : LevelBottom

% the number of clusters for each level

Size = length (PitData .( strcat ('Level'’ , num2str (LevelLoop ))));
LevelSize (LevelLoop , 1) = Size ;

% Cumulative size

LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));

end
%Precedence constraint matrix
PrecedenceMatrix = zeros ( Num Nun);
i=1;
hp=[; vp =[;
for LevelLoop = LevelTop : LevelBottom
for ClusterLoop = 1:LevelSize (LevelLoop )
% Tranfer from level index to pit index
hp = PitData .([ 'Level' , num2str (LevelLoop )])( ClusterLoop ). HP,
hp = sum( LevelSize (19: LevelLoop - 1))+ hp;
hp=hp();
if LevelLoop ~= LevelTop
vp = PitData .([ ‘Level' , num2str (LevelLoop )])( ClusterLoop ). VP,
vp = sum(LevelSize (19: LevelLoop -2))+ vp;
vp=vp(); % change all to column vector
end
PrecedenceMatrix (i ,[ hp;vp]) = 1;
NumPre(i, 1) = length ([ hp; vpl);
% PrecedenceMatrix(i,i) = - length([hp;vp));
i =i +1; % the number of the cluster
% sum(LevelSize(19:LevelLoop - 1)) + ClusterLoop;
end
end

clearvars Bench hp i LevelLoop Size vp
%% Cluster Economic Value (coefficient of objective function)
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Cluster_CEV = [];
Cluster_Ton = [];
Cluster_Ore = [];
Cluster_ Gr = [];
for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level
eval ([ 'templ = cat(1,PitData.Level , hum2str ( LevelLoop ), “CEV)" [, 1)
eval ([ 'temp2 = cat(1,PitData.Level , hum2str (LevelLoop ), ".Tonnage) ,% 1)
eval ([ 'temp3 = cat(1,PitData.Level' , hum2str (LevelLoop ), "TonnageOre)'
eval ([ 'temp4 = cat(1,PitData.Level' , hum2str (LevelLoop ), "“AvgGr)" %" )
Cluster CEV = [ Cluster_CEV ;templ];
Cluster_Ton = [ Cluster_Ton ;temp2];
Cluster_Ore = [ Cluster_Ore ;temp3];
Cluster_Gr = [Cluster_Gr ;temp4];
end
%% Discounted Cluster Economic Value vector
LvINum = LevelBottom - LevelTop + 1; % the total numbers of level
Cluster_Ton = Cluster_Ton / le+6; % ton - > million ton
Cluster_Ore = Cluster_ Ore /| le+6;
f_value = repmat (Cluster_CEV , Periods , 1) / 1le+6; % CEV repetitive vector. ton
ton
PeriodMat = fix ([ O: Periods * Num 1]/ Nun); % Period repatitive vector,
Discount = ones(Periods * Num1)./(( 1+Disc) A PeriodMat );
% Discounted cost for slot excavation & crusher relocation
PeriodMatl = fix ([ O: Periods * LvINum-1]/ LvINum); % Period repatitive vector
Discountl = 1./(( 1+Disc ) A PeriodMatl );
% relocation cost dicounted vector
CostReloc_v = CostReloc .* Discountl ;
% slot  cost discounted vector
if ~ConveyorSetting == 'HAC'
f_ value = [-f_value .* Discount ; zeros (VarLen - Periods *Num -
Periods *LvINum, 1); CostReloc_v J;
else
SlotCost = SlotTon_rot .([ 'ang’ , num2str (ang)])( LevelTop : LevelBottom , 2)/
f value = [-f_value .* Discount ; zeros (Periods * Num 1); repmat ( SlotCost
> Discountl J;
end
clearvars Bench hp i LevelLoop Size vp temp * Discount PeriodMat *

end

F11. f TransportCostMatrix

% Purpose: Generate coefficient matrix for material handling costs
% Dingbang Liu, October 2020

()

% Inputs
0,

(]

% Periods = Mine life

% ang = The conveyor rotation angle

% PitRot = block model at the cluster level under a specific conveyor rotation
% ConvSpot = Coneveyor location of all levels under a specific rotation

% Outputs

0,

()

% LvINum = Numbers of levels

% Num = Number of total mining units (clusters) within the UPL
% Periods = Mine life

% VarLen = The total length of the decision variables

% LevelSize = the number and cumulative number of clusters at each level
0,

()

function [f_c, LvINum, Num Periods , VarLen, LevelSize ] =
f_TranportCostMatix (Periods , ang, PitRot , ConvSpot )
LevelTop = 30;

LevelBottom = 35;

Disc = 0.08 ;

D

- > million

le+6;
, Periods , 1)
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Cost_TruckHori =
Cost_TruckV_up = ;
Cost_TruckV_down =

;% conveying cost

;% horizontal hauling cost $/Km

Cost_ConvyVert = $/m
PitData = PitRot .( strcat ('ang’ , num2str (ang)));
%% LevelNumber
PitData_cat =
LevelSize = [];
PitData = PitRot .( strcat ('ang’ , num2str (ang)));

for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level

Size = length (PitData .( strcat

LevelSize (LevelLoop , 1) = Size ;

% Cumulative size

LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));

% concatenation all clusters

('Level'

, hum2str ( LevelLoop ))));

LvINum;

PitData_cat = [ PitData_cat ;PitData .([ 'Level' , num2str (LevelLoop )])];
end
% total number of clusters
Num = sum( LevelSize (:, 1));
LvINum = LevelBottom - LevelTop + 1; % the total numbers of level
VarLen = * Periods * Num+ Num?* Periods * LvINum + * Periods *
f_Cost = zeros ( NumtLvINum *Periods , 1);

%% Distances with respect to CCL(candidate crusher locations)
% Truck - HoriDistance(cluster centroid to CCL),

% Conveyor - VertDistance(CCL centroid to pit exit)

V_Level = [PitData_cat .Level ];
V_Ton = [PitData_cat . Tonnage ]
% initial variables

V_TruckHoriD = zeros ( Num LvINum);
level's CCL

V_TruckVertD = zeros ( Num LvINum);
level's CCL

V_ConvyVertD = zeros ( Num LvINum);

k = 0;

VertDistance(cluster centroid to CCL)

% Level vector of all clusters

% unit transpot cost for each cluster with crusher in level LevelLoop

for LevelLoop = LevelTop : LevelBottom
k =k + 1;
CrusherLoc = ConvSpot ( LevelLoop ,:);

V_CoorDif = [[ PitData_cat . XCentroid |

CrusherLoc ( 2)];
V_TruckHoriD (;, k)
V_TruckVertD (;, k)
V_ConvyVertD (;, k)

end

%% cost
TotalCostUnit = Cost_TruckHori
X( V_TruckVertD >0) ...

* V_TruckHoriD /

+ Cost_TruckV_down * -V_TruckVertD

subsequent periods ;
CostP = reshape (CostP1 ,[], );

for t = . Periods
CostP = CostP ./ (1+Disc);
f_Cost (( NunmfLvINum*( t- 1)+
end

f ¢ = [zeros (2*NuntPeriods , 1);
end

F12. f BILP_inputl value

% Crusher location level

sqgrt (sum( V_CoorDif A 2, 2)).* ;
(V_Level - LevelLoop ) * ;
(LevelLoop - LevelTop ) * ;

*( V_TruckVertD <0)+ Cost_ConvyVert
CostP1 = repmat (V_Ton, 1, LvINum).* TotalCostUnit A ;% transportation cost(M$) for

% transform the matrix to vector

:NunfLviNum*t), 1) = CostP;

f_Cost ;

zeros ( 2* LvINum * Periods

% Vert(z) distance from each level's CCL to

+ Cost_TruckV_up

)

- CrusherLoc (1),[ PitData_cat

% Hori(x,y) distance from cluster centroid to each

% Vert(z) distance from cluster centroid to each

pit exit

. YCentroid ] -

* V_TruckVertD

* V_ConvyVertD ;
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% Purpose: Generate coefficient matrices and right - hand side vectors for
% the constraints group 1

% Dingbang Liu, October 2020

0,

()

% Inputs
0,

% PitRot = block model at the cluster level under a specific conveyor rotation

% BlockData = A structure with the blocks' data for a specific bench

% ConveyorSetting = the type of conveyor:'HAC' - high angle conveyor, or'Slot' -
conveyor

% SlotTon_rot = An array for conveyor slot tonnage of all levels under a specific rotation
% ang = The conveyor rotation angle

% Num = Number of total mining units (clusters) within the UPL

% LvINum = Numbe rs of levels

% Periods = Mine life

% VarLen = The total length of the decision variables

0,

()

% Outputs

0,

% Ain eql = Double matrix for linear inequality constraints

% bineql = Double column vector for linear inequality constraints

% Aeql = Double matrix for linear equality constraints

% beql = Double column vector for linear equality constraints

% sostype,sosind,so swt = [J;

% ctype = String with possible char values 'B': Binary variable(0 - 1 variable)
% x0 = []; Double column vector of initial point of x

0,

()

function [ Aineql , bineql , Aeql, beql, sostype , sosind , soswt , Ib , ub, ctype , x0] = ...
f_ BILP_inputl_value (PitRot , ConveyorSetting , SlotTon_rot , ang, Num LvINum, Periods

% LevelTop = 30;

%  LevelBottom = 35;

% LbMc = 25; % yearly mining capacity in Mt
% UbMc = 30;

% LbPc=3; % yearly processing capacity in Mt

% UbPc =6;

% LbGr=0.5; % Minimum processing grade(%)

% UbGr=1.1;

% Disc = 0.08; % Discount rate

% CostReloc = 1; % relocation cost 1M$

LevelSize = [];
PitData = PitRot .( strcat ('ang’ , num2str (ang)));
for LevelLoop = LevelTop : LevelBottom

Size = length (PitData .( strcat ('Level' , num2str (LevelLoop ))));

LevelSize (LevelLoop , 1) = Size ;

% Cumulative size

LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));
end

%Precedence constraint matrix

PrecedenceMatrix = zeros ( Num Nun);
i=1;
hp=[; vp =[;
for LevelLoop = LevelTop : LevelBottom
for  ClusterLoop = 1: LevelSize (LevelLoop )

% Tranfer from level index to pit index
hp = PitData .([ 'Level' , num2str (LevelLoop )])( ClusterLoop ). HP,
hp = sum(LevelSize (19: LevelLoop -1))+ hp;
hp=hp(:);
if LevelLoop ~= LevelTop
vp = PitData .([ 'Level' , num2str (LevelLoop )])( ClusterLoop ). VP,
vp = sum(LevelSize (19:LevelLoop -2))+ vp;
vp=vp(); % change all to column vector
end

PrecedenceMatrix (i ,[ hp;vp]) = 1;
NumPre(i, 1) = length ([ hp; vpl);

conventional

, VarLen )
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% PrecedenceMatrix(i,i) = - length([hp;vp));
i =i +1; 9% the number of the cluster
% sum(LevelSize(19:LevelLoop - 1)) + ClusterLoop;
end

end
clearvars Bench hp i LevelLoop Size vp
%% Cluster Economic Value (coefficient of objective function)

Cluster CEV = [];
Cluster_Ton = [];
Cluster_Ore =[;
Cluster_Gr = [;
for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level
eval ([ 'templ = cat(1,PitData.Level' , hum2str (LevelLoop ), "CEV)" %" )
eval ([ 'temp2= cat(1,PitData.Level , hum2str (LevelLoop ), ".Tonnage) ,% 1)
eval ([ 'temp3 = cat(1,PitData.Level , hum2str ( LevelLoop ), '.TonnageOre)' R
eval ([ 'temp4 = cat(1,PitData.Level' , hum2str (LevelLoop ), "“AvgGr)" %" )
Cluster_CEV = [ Cluster_ CEV ;templ];
Cluster_Ton = [ Cluster_Ton ;temp2];
Cluster_Ore = [ Cluster_Ore ;temp3];
Cluster_Gr = [ Cluster_Gr ;temp4];
end
%% Discounted Cluster Economic Value vector
LvINum = LevelBottom - LevelTop + 1; % the total numbers of level
Cluster_Ton = Cluster_ Ton [/ le+6; % ton - > million ton
Cluster_Ore = Cluster_ Ore | le+6;
f_value = repmat (Cluster_CEV , Periods , 1) / 1le+6; % CEV repetitive vector. ton - > million
ton
PeriodMat = fix ([ O: Periods * Num 1]/ Nun); % Period repatitive vector,
Discount = ones(Periods * Num1)./(( 1+Disc) . PeriodMat );
% Discounted cost for slot excavation & crusher relocation
PeriodMatl = fix ([ O: Periods * LvINum-1]/ LvINum); % Period repatitive vector
Discountl = 1./(( 1+Disc ) A PeriodMatl );
% relocation cost dicounted vector
CostReloc_v = CostReloc .* Discountl ;
clearvars Bench hp i LevelLoop Size vp temp * Discount PeriodMat *
%% decision variables:
% X = [x,y,2]
% x: continuous variables, portion of cluster mined,size(Periods * Num,1)
% y: binary variables,1 if precedent clusters are cleared,size(P eriods * Num,1)

% z: binary variables,1 if that level starts to be mined, size(Levels,1)
%%%%%%%6%6%%% %% % %% %% %% % %% % %% %% %%

%% Define Constraints Matrix
StMC = zeros ( Periods , VarLen );
StPC = zeros (Periods , VarLen);
StGrLb = zeros ( Periods , VarLen );
StGrUb = zeros ( Periods , VarLen );
StPrel_x = zeros (Periods * Num Periods * Num);
StPrel xb = StPrel x ;

StSlotl
StSlot2

zeros (Periods * LvINum, VarlLen);
zeros (Periods , VarLen);

% Slot Constraints (x part matrix)

StSlotl_templ = zeros (LvINum, Num);
k1=1; 9% Initial cluster index within a level
for LevelLoop = LevelTop : LevelBottom

k2 = k1 + LevelSize (LevelLoop ,1) -1;
StSlotl_templ (LevelLoop -LevelTop +1,kl:k2) = 1;
kl = k2;
end
clearvars k1 k2
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for t = 1:Periods
sl = (t-1)* Num+ 1; % Initial index of Num loop in this period
s2 =t * Num % Final index of Num loop in this period
L1 = (t-1)* LvINum + 1; 9% Initial index of LvINum loop in this period
L2 = t* LvINum ; % Final index of LvINum loop in this period

% Mining  Capacity
StMC(t, s1:s2) = Cluster_Ton ;
if strcmp (ConveyorSetting , 'Slot" ) % ConveyorSetting == 'Slot'

SlotTon = SlotTon_rot .([ 'ang’ , num2str (ang)])( LevelTop : LevelBottom , 1);
elseif  strcmp ( ConveyorSetting , 'HAC' ) % ConveyorSetting == 'HAC'

SlotTon = zeros (1, LvINum);
end

StMC(t, Periods * Num* + L1 : Periods * Num* + L2) = SlotTon '; % slot
excavation tonnage

% Processing Capacity
StPC(t, sl:s2) = Cluster_Ore ;

% Grade Constraint
StGrLb (t, sl:s2)
StGrUb (t, s1:s2)

Cluster_Ore .* (LbGr- Cluster_Gr );
Cluster_Ore .* (Cluster_Gr - UbGr);

% Precedence Constraints (x part matrix)
StPrel_x (sl:s2,1:s2) -repmat ( PrecedenceMatrix , 1,t);
StPre2_x (sl:s2,1:s2) repmat (diag (ones (Num 1)), 1,t);

%% Slot Excavation Constraints
if strcmp (ConveyorSetting , 'Slot' ) % ConveyorSetting =="Slot'
StSlotl (L1:L2,sl:s2) = StSlotl_templ ;
StSlotl (L1:L2,[ 1:L2] + 2 * Num?* Periods ) = -
repmat (LevelSize (LevelTop : LevelBottom , 1) .* eye(LviINum), 1,t);
StSlot2 = sparse ([ zeros (LvINum, * Num *
Periods ), repmat (diag (ones (LvINum, 1)), 1, Periods )]);
StSlot2_RHS = ones ( LvINum, 1);
elseif  strcemp ( ConveyorSetting , 'HAC' ) % ConveyorSetting == 'HAC'
StSlotl = zeros (LvINum * Periods , VarlLen);
StSlot2 = zeros (LvINum, VarlLen);
StSlot2_ RHS = zeros (LvINum, 1);
end
end

% Precedence Constraints (y part matrix)

% set diagonal element

StPrel_xb (logical (eye(NunfPeriods ))) = repmat ( NumPre, Periods , 1);
StPre2_xb = -diag (ones ( NuntPeriods , 1));

% change to sparse matrix
StMC_s = sparse ( StMO);
StPC_s sparse ( StPC);
StGr_s sparse ([ StGrLb ; StGrUb]);

%% Reserve Constraint (x:size(Num,Num*Periods))
StRev_s = sparse ([ repmat (diag (ones(Num 1)), 1, Periods ), zeros (Num VarLen - NunfPeriods )]);

% StPrel and StPre2 are both precedence constraints
% (dicision variables [x,y,z]

StPrel_s = [StPrel_x , StPrel_xb , zeros (Periods *Num VarLen - 2*NuntPeriods )];
%x - y<=0
StPre2_s = [ StPre2_x , StPre2_xb , zeros (Periods *Num VarLen - 2* NunfPeriods )];

%% X" constraints
% Xx"<=0.5(x +y)
Len_x2 = Periods * LvINum * Num
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StMH_x
StMH_y

zeros (Len_x2, Periods *Nunj;
zeros (Len_x2, Periods *LvINum);

StMH_x2 = eye(Len_x2, Len_x2);

for t = 1:Periods

StMH_x(( t-1)* NunfLvINum+1 : t*NunfLvINum, (t-21)* Num1l : t*Num) =

repmat (eye (Num Nun), LvINum, 1);

end
for k = : LvINum* Periods
StMH_y(( k- 1)* Num+1 : k*Num k) =
end
StMH1 = [- *StMH_x, zeros (Len_x2,t*Nun), StMH_x2, - * StMH_y,
StMH2 = [ StMH_x, zeros (Len_x2,t*Nun), -StMH_x2, StMH_y,
StMH1_s = sparse ( StMH1);
StMH2_s = sparse ( StMH2);

clearvars StMH1_x StMH1_x2 StMH1_y StMH1 StMH2

%% Slot Excavation Constraints

StSlotl_s = sparse (StSlotl );

StSlot2_s = sparse (StSlot2 );

clearvars StPre StMC StPC StGr StSlotl StSlot2 s1 s2 L1 L2 StPre_temp

zeros (Len_x2,t*LvINum)]

1

zeros (Len_x2,t*LvINum)j;

9%9%6%%%6% %% %% % %% %6 %% % %% % %% %% % %% %% % %Piedtd it s dbirgt) %%6%6%% %6 %% % %% %

LbMc_RHS = ones ( Periods , 1).* LbMc;
UbMc_RHS= ones (Periods , 1).* UbMg
LbPc_RHS = ones (Periods , 1).* LbPc;
UbPc_RHS = ones ( Periods , 1).* UbPc;

% processing capacity is lower during the first two years
UbPc_RHS 1) = UbPc_RHY 1).* :

UbPc_RHS 2) = UbPc_RHS 2).* ;

StGr_RHS = zeros (Periods * 2,1);

StPrel_RHS = zeros (Num* Periods , 1);

% MI_RHS =[0.99 .* repmat (NumPre,Periods,1);zeros(Num * Periods,1)];
StPre2_RHS = zeros (Num* Periods , 1);

StMH_RHS = [ zeros (Len_x2, 1); ones(Len_x2, 1)* 1;
StSlotl RHS = zeros (LvINum * Periods , 1);

%% MLP value assignment

Aineql = [-StMC_s; StMC_s; -StPC_s; StPC_s; StGr_s ; StRev_s ; StPrel_s ;

StPre2_s ; StMH1_s; StMH2_s; StSlotl_s ];

bineql = [-LbMc_RHS UbMc_RHS -Lch__RHS UbPc_RHS StGr_RHS; ones(Num 1); StPrel RHS;

StPre2_RHS ; StMH_RHS StSlotl_RHS J;

Aeql = StSlot2_s ;

beql = StSlot2_ RHS ;

Ib = zeros (VarLen, 1);

ub = ones (VarLen, 1);

ctype = [repmat ('B' , 1, VarLen)];
sostype = [J;

sosind = [];

soswt = [];

x0 =[]

end

F13.f BILP_input2 FLP

% Purpose: Generate coefficient matrices and right - hand side vectors for
% the constraints group 2 for crusher location(Facility Location Problem, FLP)
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% Dingbang Liu, October 2020

(]

% Inputs
0,

% LvINum = Numbers of levels

% Num = Number of total mining units (clusters) within the UPL

% Periods = Mine life

% VarLen = The total length of the de cision variables

% LevelSize = the number and cumulative number of clusters at each level
% ang = The conveyor rotation angle

0,

(]

% Outputs

0,

% Aineq2 = Double matrix for linear inequality constraints

% bineq2 = Double column vector for linear inequality constraints

% Aeq2 = Double matrix for linear equality constraints

% beq2 = Double column vector for linear equality constraints
0,

function [ Aineqg2 , bineq2 , Aeg2, beq2] =
f_BILP_input2_FLP  (LvINum, Num Periods , VarLen , LevelSize , ang)

% clearvars - except PitRot result* x_Mat ConvSpot_slope
LevelTop = 30;
LevelBottom = 35;

N = 2; % Consective periods for one location

%% Set coefficient matrix (Left - hand side)
% relocation constraints

% y(i) = 1 if crusher locates in level i

% x(i,t ) =1if crusher locates in level i at period t

% Create super diagnal matrix without period 1

diag_super_t2 = diag (ones (LvINum*( Periods - 1), 1), LvINum);

Constl_y = -eye(LvINum*Periods ) + diag_super_t2 ;

Constl = [zeros (LvINum*Periods , VarLen - 2*LvINum*Periods ), Constl_y , -diag_super_t2 ];
Constl (end-LvINum+1:end,:) =[]

Const2 = [zeros (LvINum*Periods , VarLen - 2*LvINum*Periods ), -diag_super_t2 , diag_super_t2
%y tl=2z11

Const_t1_y [ eye (LvINum), zeros (LvINum, LvINum *( Periods - 1))];

Const_t1 = [zeros (LvINum, VarLen - 2*LvINum*Periods ), -Const_t1 y , Const tl y ]

clearvars Constl_y Const_tl1_y

% 3. crusher number(1) constraint
k= VarLen - 2 * Periods * LvINum;
Const3 = zeros (Periods , VarLen );
for t = 1:Periods
Const3 (t,[( k+1):( k+LvINum)]) = 1;
k = k + LvINum;
end

% % 4. Precendence constraint (Slot first, crusher later)
%  Const4d_x = zeros(LvINum*Periods,Num*Periods);

% =1

% k=1;

% for LevelLoop = LevelTop:LevelBottom

% Const4_x(j,k:LevelSize(LevelLoop,2)) = 1,

% =i+

% k = k + LevelSize(LevelLoop,1);

% end

% Const4 =

[Const4_x,zeros(LvINum*Periods,Num*Peri ods),eye(LvINum*Periods),zeros(LvINum*Periods,LvVINum*Pe
riods)];

% clearvars Const4_x j k

% 5. Crusher can only relocate to lower levels
Const5_y = zeros (( Periods -1) * LvINum, Periods * LvINum);
templ = ones (LvINum);

I
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temp2 tril (templ); % Lower triangular matrix

for t 1: Periods -1
Const5_y ([( t-1)* LvINum+1:t*LvINum],[( t-1)* LvINum+1:t*LvINum])
Const5_y ([( t-1)* LvINum+1:t*LvINum],[ t*LvINum+1:( t+1)* LvINum])

-temp2;
temp2;

end

Const5 = zeros (( Periods - 1)* LvINum, VarLen );

Const5 (;,[ VarLen - 2*Periods *LvINum+1 : VarlLen - Periods *LvINum]) = Const5_y ;
clearvars Const5_y temp *

% 6. crusher stays at one level for at least N consecutive periods
Const6_y = zeros (LvINum, LvINum * Periods );

for j = 1:LvINum

temp = zeros (1, LvINum);

temp(j)= 1;

Const6_y (j,)) = repmat (temp, 1, Periods );
end

Consté = [zeros (LvINum, VarLen -2*Periods *LvINum), -Const6_y , N* Const6_y J;

%% Setright - hand side

% (bineq)

Constl_RHS = zeros (LvINum*( Periods -1), 1);
Const2_RHS = zeros (LvINum *Periods , 1);
Const4_RHS = zeros (LvINum *Periods , 1);
Const5_RHS = zeros (( Periods - 1)* LvINum, 1);
Const6_RHS = zeros (LvINum, 1);

% ( beq)

Const_t1 RHS = zeros (LvINum, 1);
Const3_RHS = ones ( Periods , 1);

Aineq2 = [Constl ; Const2 ; Const5; Const6]; %:;

bineq2 = [Constl_RHS; Const2_RHS; Const5_RHS; Const6_RHS]; % ; Const6_RHS
Aeq2 = [ Const_tl ; Const3 ];

beq2 = [ Const_t1_RHS ; Const3_RHS];

end

F14. plotcube

% Purpose : Plot cube(block) with a specific color

function plotcube (varargin )

% PLOTCUBE- Display a3D - cube in the current axes

%

% PLOTCUBE( EDGES,ORIGIN,ALPHA,COLOR) displays a 3D - cube in the current axes
% with the following properties:

% *EDGES:3 - elements vector that defines the length of cube edges

% *ORIGIN: 3 - elements vector that defines the start point of the cube

% *ALPHA: scalar that defines the transparency of the cube faces (from 0
% to 1)

% *COLOR:3 - elements vector that defines the faces color of the cube

%

% Example:

% >> plotcube([555],[2 2 2],.8,[1 0 0]);

% >> plotcube([5 5 5],[10 10 10],.8,[0 1 0]);

% >> plotcube([5 5 5],[20 20 20],.8,[0 0 1));
% Default input arguments

inArgs = { ..
[10 56 100] , ... % Default edge sizes (x,y and z)
[10 10 10] , ... % Default coordinates of the origin point of the cube
7 , ..% Default alpha value for the cube's faces
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[ ] ... % Default Color for the cube

% Replace default input arguments by input values
inArgs (1:nargin ) = varargin ;

% Create all variables

[ edges, origin , alpha ,clr ] = deal (inArgs {});
XYz = { .

1 — — ——_——
— e e e
——————
— e e e
——————
— e e

XYZ’ = mat2cell (...
cellfun ( @k,y,z) x*y+z ,
XYZ .

repmat ( mat2cell (edges, 1,[ D, 6,1) , ..
repmat (mat2cell (origin , 1,[ D, 6,1) ,
‘UniformOutput’ , false ),
il D;
cellfu (@patch , XYZBliekl1u et al.) , XYZ 2}, XYZA 3}, ..
repmat ({ clr }, 6, 1), ..
repmat ({ 'FaceAlpha' '}, 6, 1), ..

repmat ({ alpha }, 6, 1) ...

vieW (3);

S3. Plot conveyor line

% A script used to plot the pit levels and conveyor lines (HAC)
% level by level for a spacific scenario (conveyor rotation angle)
% Dingbang Liu

% Date: April, 2020

figure ;

[ LevelData ] = f OpenPitData ();

LevelTop = ;
LevelBttom = ;
for ang = :
t =0;
for LevelLoop = LevelTop : LevelBttom % from upper level to lower level
BlockC = LevelData .([ 'Level' , num2str (LevelLoop )]);
% angel with maximum NPV
% rotate all orientation with step=30 degree

rad = - ang*pi/ ;
rot = [cos(rad), -sin (rad); sin (rad ), cos (rad)];
BlockC_rot = [ BlockC ([ , 2D rot '), BlockC ([ N % rotate y,x(first 2
column)
[k, av] = convhull (BlockC_rot ([ , 2D);
pgon = polyshape (BlockC_rot (k, 2), BlockC_rot (k, 1)); %XY
fill3  (BlockC (k, 2), BlockC (k, 1), ..
ones (length (k))*( - LevelLoop ).* i
], 'FaceAlpha’ , .2, 'FaceColor [ D;

BlockC_O =[]; BlockC_W=[];
hold on

% bounding box
[xlim ,ylim ] = boundingbox (pgon);
xmax=max( xlim )+ ; Xxmin =min ( xlim ) - ;
ymax=max( ylim )+ ; ymin =min (ylim ) - ;
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xbox =[ xmin , xmin , xmax, xmax];

ybox =[ ymin , ymax, ymax, ymin ];

% bbox=polyshape(xbox,ybox);

% plot(bbox)

ymin_p = min(BlockC_rot (k, 1))+ 1; % idisthe index Kk(id)

id = find (round (BlockC_rot (k, 1), 2) <= round (ymin_p , 2));

point = [ mean(BlockC_rot (k(id ), 2)); mean(BlockC_rot (k(id ), 1))];

rad = rad ;
rot R = [cos(rad), -sin (rad); sin (rad ), cos(rad)]; % rotation for x1,y1
xyl = rot_R *[ xbox; ybox];
xbox =xy1 ( 1,:); ybox =xyl(2,:);

t=t+1;
ConvSpot (t,;) = [rot *point ;( 11-LevelLoop )* 0.8 ];
scatter3 ( ConvSpot (:, 1), ConvSpot (:, 2), ConvSpot (:, 3), 20, filled )
% plot3(tan_P(;,1),tan_P(;,2),tan_P(;,3),' - 0','Color','c','LineWidth',2)

% % plot bounding box
% fill3(xbox,ybox,ones(4,1)*(11 - level).*0.8 ...
% ,[0.5,1,.5],'FaceAlpha’,.2);
% % straight conveyor wall
% scw = plot3([xbox(1) xbox(4)],[ybox(1),ybox(4)], ...
% [11 -level,11 - level].*0.8,'Color','’k','LineWidth',2);

%% disconting power

% it is a function of distance to staright wall and depth
% distance to conveyor wall: abs(y -ymin)
% depth: (level -11)*40

%% Iee;; squre multivarible(arg X Y)

[x1,yl,z] = f LeastSqLine (ConvSpot );

plo t3 (x1,y1, z, 'Color , k" , 'LineWidth' , 2)
%% Slot

slope = 20;

[ ConvSpot_slope ] = f _ConvWall_slope (slope , ConvSpot );
% if ang==

text (ConvSpot (1, 1), ConvSpot (1, 2), ConvSpot (1, 3)+ 0.5 [ num2str (ang), ' ], 'FontSize'

end

view ( 3)
axis equal
axis tight
axis off

S4. Plot NPV comparison for different scenarios

% A script used to plot the NPV generate from different conveyor rotation
% scenario

% Dingbang Liu

% Date: October, 2020

LevelTop = 30;

LevelBottom = 35;

Periods = 10;

Size = 20;

load ('result_sz.mat' );

load ([ 'PitRot_sz' , hum2str ( Size )]);

eval ([ 'result =result_sz' , hum2str (Size ), ;' 1)

» 16)
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for ang = 0:45:
LevelSize = [];
% load(['PitRot_sz',num 2str(Size)));
% load(‘result_sz")
PitData = PitRot .( strcat ('ang’ , num2str (ang)));
for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level
ClusterNum = length (PitData .( strcat ('Level' , num2str (LevelLoop ))));
LevelSize (LevelLoop , 1) = ClusterNum ;
LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));
end

96%%%%6%%6%6%%% %% % %% %% %% % %% % %% % %
%% reset period field

for level = LevelTop : LevelBottom
for n =1 : length (PitRot .([ ‘'ang’ , num2str (ang)]).(  'Level' , num2str (level )]))
PitRot .([ 'ang’ , num2str (ang)]).(  'Level' , num2str (level )])( n). Period = [
end

end

%%%%%%% %% %% % %% % %% %% % %% % %% % %% %
% Write the extraction period for each cluster

for t = 1:Periods
x_Mat = result .([ ‘'ang’ , num2str (ang)]). X;
Cl(:, 1) = find (x Mat(, t)> ); % x_Mat(:,t)==1, which clusters are mined in t

level = LevelTop ;
for Clusteroop = 1:length (Cl) % clusters mined in period t
% find cluster from which level
while  CI( ClusterLoop , 1) - LevelSize (level , 2)>
level = level +1;
end
Cl (ClusterLoop ,2) = level ;
n = Cl(ClusterLoop ,1) - LevelSize (level -1,2); % cluster number within level

% Write the period infomation into PitData

PitRot .([ 'ang’ , num2str (ang)]).((  'Level' , num2str (level )])( n). Period = t;
end

clearvars level PitData ClusterLoop LevelLoop ClsterNum Cl n s1 s2

end
% save('PitRot.mat','PitRot "'result’);

clearvars - except Size Level * result ConvSpot PitRot NPV count x_Mat Top Bottom UbMc UbPc
Disc Periods f Cluster_Ton Cluster_CEV
end

%%% Plot NPV tonnage for each scenario
%% NPV: ang, NPV, Tonnage, Ore

NPV = [
PitData_cat =1
k=0;
for ang = 0:
k =k + 1;
PitData_cat =1
PitData = PitRot .( strcat ('ang’ , num2str (ang)));
for level = LevelTop : LevelBottom
PitData_cat = [PitData_cat ; PitData .([ ‘Level'’ , num2str (level )]);
end
NP\ k, 1)=ang;

% Total tonnage (Mt)

NP\ Kk, 2)= sum(result .( ‘'ang’ , num2str (ang)]). X, 2)* cat (1, PitData_cat . Tonnage)/
% ore tonnage (Mt)

NPV k, 3)= sum(result .( ‘ang’ , num2str (ang)]). x, 2)* cat (1, PitData_cat . TonnageOre )/

% Stripping ratio
NP\ k, 4) = NPk, 2) ./ NP\Yk, 3);

% npv
NP\ Kk, 5)= result .([ 'ang’ , num2str (ang)]). NPV ; % M$ ->B$
end
%% The total extraction tonnage by different conveyor side rotation angle
figure ;
hold on
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bar (NPM[ 1:K], 1), NP\, 2)/ le+6,0.4 ,'b" ); %

% bar(NPV([1:ii],1),NPV(;,4)/1e+6,0.4,y"); %

TotalOre = sum(cat (1, PitData_cat . TonnageOre ))/ le+6;

line ([ -10 325],[ TotalOre TotalOre ], 'Color' ,'red" , 'LineStyle' )

xticks  (NP\Y[ 1:k], 1));
xticklabels (string (NPM[ 1:K], 1))
ylim ([ O, max(NPY[ 1:Kk], 2)* 1.2 / 1le+6)]);

titte  ('The total extraction tonnage by different conveyor side rotation angle’ )
xlabel ('Conveyor side rotation angle ()' )
ylabel ('Tonnage(Mt)" )

set (gca, ‘fontsize' , 16, 'FontWeight' , 'normal’ );
barlabel = string (roundn (NP, 2)/ le+6,-2)); % the second decimal place
text (NP\Y:;, 1), NP\, 2)/ le+6, barlabel , 'HorizontalAlignment' , ‘center' ...
‘VerticalAlignment' , 'bottom' , 'fontsize' , 12, 'FontWeight' , 'normal’ );
% legend({'Waste','Ore’,' Total in - pit Ore'},'Location’,'southoutside’,...

%  ‘fontsize',14,'FontWeight','normal’,'Orientation’,'horizontal’);
9%9%6%%%6%%%6%%% %% % %% % %% %% %% % %% % %% %6 %% % %% %% % %% %% % %% % %% %% % %% % %% %% % %% %6 %% %% % %% %% %0 %%
%% NPV comparison by scenarios(different rotation angle)
figure ;
hold on
bar (NP 1:k], 1), NP\{:, 5), 0.4);
ylim ([ O, max( NP\[ 1: k], 5)* 1.2))]);
xticks  (NPY[ 1:Kk], 1))
xticklabels (string (NPMY[ 1:k], 1)));
% title('The pit NPV by different conveyor side rotation angle’)

xlabel ('Conveyor side rotation angle ()' )

ylabel ('NPV (Billion $)'

set (gca, ‘fontsize' , 16, 'FontWeight' ,'normal’ );

barlabel = sprintfc  ('%0.2f" , NP\Y(:;, 5));

text (NP\Y:; 1), NP\Y:; 5), barlabel , 'HorizontalAlignment' , ‘center’ ...
‘VerticalAlignment' , 'bottom' , 'fontsize' , 16, 'FontWeight' , 'normal’ );

S5. Plot production scheduling bar

% A script used to plot Production scheduling graph for a spacific scenario
% Dingbang Liu
% Date: October, 2020

ang = 180;

Disc = 0.08 ;

LevelTop = 30;

LevelBottom = 35;

Periods = 10;

Size = 20;

ConveyorSetting = 'HAC' ;

load ([ 'PitRot_sz' , hum2str ( Size )]);

load ([ 'result sz’ D;

eval ([ 'result =result sz' , hum2str (Size ), ;' 1)

PitData_cat =1
PitData = PitRot .( 'ang’ , num2str (ang)]);
% concatenation all clusters
for level = LevelTop : LevelBottom
PitData_cat = [ PitData_cat ; PitData .([ 'Level' , num2str (level )]);
end

% x_Mat = result.(strcat('ang',num2str(ang))).x;

Cluster_ CEV = [ PitData_cat .CEV;
Cluster_Ton = [PitData_cat . Tonnage];
Cluster_Ore = [PitData_cat . TonnageOre [;
Cluster_Gr = [PitData_cat . AvgGr];

% Num = length(Cluster_CEV);
% f=repmat(Cluster_CEV,Periods,1);
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% PeriodMat = fix([1:Periods * Num]'/Num);
% Discount = ones(Periods * Num,1).*(1 - Disc) .~ PeriodMat;
% f=f.* Discount;
% f Mat=re shape(f,Num,Periods);
%% calculate discounted cash flow,tonnage,NPV, ore tonnage for each period

x_Mat = result .([ 'ang’ , num2str (ang)]). Xx;
z Mat = result .( ‘'ang’ , num2str (ang)]). z;
if  ConveyorSetting ~= 'HAC'
SlotTon = SlotTon_rot .([ 'ang’ , num2str (ang)])( LevelTop : LevelBottom , 2);
end
result DCF = result .( strcat ('ang’ , num2str (ang))). DCE
result_ton = sum(x_Mat .* Cluster Ton ,1)./ 1le+6; % +sum(z_Mat.* SlotTon,1)"./1e+6/2;

result cDCF = cumsum(result DCF )/ 1000; % cumulative DCF

cat ('NPV.sz' , num2str (Size )) = sum(result DCF );

result_Gr (( Cluster_Ore .* Cluster_Gr )* x_Mat) ./ (Cluster_Ore ™ x_Mat);
result_Gr '

= result_ Gr
% calculate the tonnage of ore in block level

result_ore = (Cluster_Ore " x_Mat)/ 1le+6;

result_ore = result_ore

result_waste = result_ton  -result_ore ;

OriginPlot = [[ 1: Periods ], result_ton ,result_ore ,result_cDCF ,result_Gr J;

% export to excel

% xlIs_SchedulingData = [[1:10]';result _ton - result_ore,result_ore,result_cDCF/1000,result_Gr];

9%69%%%%6%%6%6%% % %% % %% % %% %% % %% %% %0 %% %6 %% % %% %% % %% %% %0 %% % %% %% % %690 %% %0 %% %0 %% % %% %% %% %0 %% %0 %%
%% plot scheduling graph

fig = figure ;

left_color =[0,0, 0]

right_color =[0,0, 0]

set (fig , 'defaultAxesColorOrder' [ left_color ; right_color D

% title('The tonnage and profit graph by different periods")
xlabel ('Period" )

yyaxis left

bar (result_ton ,'b" ); % tonnage of all mining materials
hold on

bar (result_ore ,'y" ) % tonnage of ore blocks

ylabel ('Tonnage(Mt)" )
ylim ([ O ceil (max(result_ton /10))* 10]);

yyaxis right
% plot([1:10],result_profit,’ - *g','LineWidth',2); % discounted cash flow
% plot([1:Periods],result_cDCF,’ - ok','LineWidth',2) % cumulative DCF

ylabel ('Value(B$)' )
ylim ([ 0 1.500 J);
set (gca, ‘fontsize' , 16, 'FontWeight' , 'bold" , 'Looselnset' , get (gca, Tightinset' );

%69%%%6%6%%6%6%%6%6 %% % %% % %% %% %% %% %% %% %6 %% % %% % %% %6 %% %696 %% %0 %% % %% %6 %% %6 %% %696 % %% %% % %% %6 %% Y Yo%
%% Create triple yy - axis to show grade

x3 = [ 1: Periods J;
y3 = result Gr ;
cfig get (gcf , ‘color );

pos = [0.1 01 07 08]
offset = pos(3)/ 10;

%Reduce width of the two axes generated by plotyy
pos(3) = pos(3) - offset /2;

%%

[ ax, hlines (1), hlines (2)] = plotyy (x3,result_ton ,x3, result_cDCF );
set (ax(2), 'YTickLabel JD;

%%

set (ax, 'position’ , pos);

%Determine the position of the third axes

pos3=[ pos(1) pos(2) pos(3)+offsetpos (4)];

%Determine the proper x - limits for the third axes

limx1 =get (ax(1), xlim" );
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limx3 =[limx1 (1) limx1 (1) + 1.1 *(limx1 (2)-limx1 (1))];
%Bug fix 14 Nov - 2001: the 1.2 scale factor in the line above
%was contributed by Mariano Garcia (BorgWarner Morse TEC Inc)
limy3 =1[0,121;

ax( 3)= axes ('Position’ , pos3, ‘box' , ‘off ..
‘Color* ,'none' , 'XColor' ,'k" ,'YColor ,'rT" ..
'xtick' A, xim' o limx3 , 'ylim' -, limy3 , 'yaxislocation' , 'right' );
hlines (2) = line (x3,result_cDCF , 'Marker' ,'0" ,'Parent’ ,ax(2), 'LineWidth" ,2);
hlines (3) = line (x3,y3, 'Color 't ,'Parent ,ax(3), 'LineWidth' , 2);
set (get (ax(3), 'ylabel ), 'string’ , 'Ore Blending Grade (%)’ ) % set label

% line([limx1(2),limx3(2)],[limy3(1),limy3(1)],'parent’,ax(3),'color','w','LineWidth',1.5);

set (gca, ‘fontsize' , 16, 'FontWeight' , 'bold" , 'Looselnset' , get (gca, Tightinset' );

S6. Plot block sequencing for the whole pit

% A script used to plot block sequencing for a spacific scenario
% Dingbang Liu
% Date: October, 2020

ang = 180; % The optimum conveyor rotation angle
LevelTop = 30;

LevelBottom = 35;
Periods = 10;
PitData = PitRot .( 'ang’ , num2str (ang)]);

% %% reset period

%

% for level = Top:Bottom

% for n =1: length(PitRot.(['ang',num2str(ang)]).(['Level' ,num2str(level)]))
%  PitRot.(['ang',num2str(ang)]).(['Level',num2str(level)])(n).Period = [];

% end

% end

% LevelSize =];

%  for LevelLoop = LevelTop:LevelBottom

% % the number of clusters for each level

% Size = length(PitData.(strcat('Level',num2str(LevelLoop))));

% LevelSize(LevelLoop,1) = Size;

% LevelSize(LevelLoop,2) = sum(LevelSi ze(LevelTop:LevelLoop));
% end

x_Mat = result .([ 'ang’ , num2str (ang)]). X;
% clusters mined completely in period t

for  ClusterLoop = 1:length (x_Mat)
level = LevelTop ;
% find the complete extraction period t of each cluster
temp = find (x_Mat (ClusterLoop ,))> 0.9); % period of complete extraction and afterwords

if ~isempty (temp)

Cl_Period ( ClusterLoop , 1)
else

Cl_Period (ClusterLoop ,1) = NaN
end

temp ( 1);

% find cluster from which level

while  ClusterLoop - LevelSize (level ,2)>0
level = level +1;

end

n = ClusterLoop - LevelSize (level -1, 2); % cluster number within the level
% Write the period infomation into PitData
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PitRot .([ 'ang’ , num2str (ang)]).((  'Level' , num2str (level )])( n). Period

Cl_Period ( ClusterLoop , 1);
end
clearvars level ClusterLoop LevelLoop Size CIn sl s2temp
PitData = PitRot .( strcat ('ang’ , num2str (ang)));
%% overall number - >> level number
% save the periods to database(PitData)
LevelSize = [];

for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level
Size = length (PitData .( strcat ('Level' , num2str (LevelLoop ))));
LevelSize (LevelLoop , 1) = Size ;
LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));
end
%% load conveyor spot for that angle
ConvSpot = [J;
[ LevelData ] = f OpenPitData ();
for LevelLoop = LevelTop : LevelBottom
[~, ConvSpot] = f Rotate (LevelData , ang, LevelLoop , ConvSpot );
end

tic

figure ;

hold on

set (gca, ‘fontsize' , 18, 'FontWeight' , 'bold" );

% title(['Production scheduling in with conveyor rotation of ',num2str(ang),"]);
xlabel (‘X Index' );

ylabel ('Y Index' );

zlabel ('ZIndex' );

PitData_cat =1
for level = LevelTop : LevelBottom

% write field 'level' to every cluster

for i = 1:length (PitData .([ ‘Level' , num2str (level )])

PitData .( strcat ('Level' , num2str (level )))( i). Level = level ;

end

% transfer level structure into cluster structure

PitData_cat = [ PitData_cat ; PitData .([ 'Level' , num2str (level )])I;
% % plot conveyor spot location
%  scatter3(ConvSpot(level,1),ConvSpot(level,2), - level*.8,100,'k")
end

% plot conveyor line
[x1,yl,z1] = f LeastSqLine (ConvSpot ([ LevelTop : LevelBottom ][ 1:3]));

plot3 (x1,yl, z1, 'linewidth’ , 5,'Color k' )
colorjet = jet (Periods );
for i = 1:length (PitData_cat )
BlockCoor = PitData_cat (i). BlockCoor ;

% Open each cluster centroid

% CentroidX = PitData_cat(i).XCentroid;

% CentroidY = PitData_cat(i).YCentroid;

% Plot cluster's centroid and number

% Plot blocks inside the cluster

for j = 1:length (BlockCoor )
x = BlockCoor (;, 1);
y = BlockCoor (;, 2);
z = PitData_cat (i). Level *(-.8); % Xx,y, z coordinate
t = PitData_cat (i). Period ;
if isnan (t) % this cluster will never be mined
c=1[1,1,1]
elseif isempty (t)
c =1[1,1,1]
else
c = colorjet (t,);
end
plotcube ([ 1 1 8]1[ x(j)-05 y(j)-05 2z], 5,c)
end
end
% legend(t,{'1''2''3,'4"'5''6','7",'8','9','10'})
axis equal
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axis tight
%% create legend

legend off
for t = 1:Periods

sc(t)= scatter3 (ConvSpot (level , 1), ConvSpot (level , 2), -
level *.8,1,colorjet (t,), 's' ,'filled );
end

lgd = legend (sc{ 1" ,2" ,'3 ,'4" %5 ,'6 ,7 ,8 ,9 ,10 } ..

‘fontsize' , 14, 'FontWeight'  , 'normal' , 'Location’ , 'northeast' );
title  (lgd , 'Periods’ )
legend ('boxon' )

view ( , 10)

S7. Plotblock sequencing for each level

% A script used to plot block sequencing level by level for a spacific
scenario

% Dingbang Liu

% Date: October, 2020

clearvars - except PitRot result * x_Mat ConvSpot_slope ConveyorSetting

ang = ;
LevelTop = ;
LevelBottom = ;
Periods ;
PitData
slope = ;
ConveyorSetting = 'HAC' ;

% x_Mat = result.(['ang',;num2str(ang)]).x;

Pit’Rot .( strcat ('ang’ , num2str (ang)));

%% reset period

for level = LevelTop : LevelBottom
for n =1 : length (PitRot .([ ‘ang’ , num2str (ang)]).(( ‘Level’ , num2str (level )])
PitRot .([ 'ang’ , num2str (ang)]).(  'Level' , num2str (level )])( n). Period = [];
end
end
%% overall number - >> |evel number
% save the periods to database(PitData)
LevelSize = [];
for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level
ClustersinLevel = length (PitData .( strcat ('Level’ , num2str (LevelLoop ))));

LevelSize (LevelLoop , 1) = ClustersinLevel ;
% cummulative size
LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));
end
Xx_Mat = result .([ ‘'ang’ , num2str (ang)]). Xx;
X_Cum = cumsum(x_Mat, 2); % cumulative sum of each row of x_Mat
% clusters mined completely in period t

for  ClusterLoop = 1:length (x_Mat)
level = LevelTop ;
% find the complete extraction period t of each cluster
temp = find (x_Cum( ClusterLoop ,)> ); % period of complete extraction and afterwords

if ~isempty (temp)

Cl_Period (ClusterLoop ,1) = temp(1);
else

Cl_Period (ClusterLoop , 1) = NaN
end
% find cluster from which level
while  ClusterLoop - LevelSize (level , 2)>

level = level +1;
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end

n = ClusterLoop - LevelSize (level -1, 2); % cluster number within the level

% Write the period infomation into PitData

PitRot .([ 'ang’ , num2str (ang)]).((  'Level' , num2str (level )])( n). Period
Cl_Period ( ClusterLoop , 1);
end
clearvars level ClusterLoop LevelLoop Size Cl n s1 s2 temp
%% load conveyor spot for that angle
[ LevelData ] = f OpenPitData ();
ConvSpot = [];
for LevelLoop = LevelTop : LevelBottom
[~, ConvSpot] = f Rotate (LevelData , ang, LevelLoop , ConvSpot );
end
tic
PitData = PitRot .([ 'ang’ , num2str (ang)]);
for level = LevelTop : LevelBottom
% write field 'level' to every cluster
for ClusterLoop = 1:length (PitData .([ ‘Level’ , num2str (level )])
PitData .( strcat ('Level' , num2str (level )))( ClusterLoop ). Level = level
end
end
colorjet = jet (Periods );
%% plot a series of figures level - by - level
% gragh axis range ( the pit range of the top level)
% initialize x,y bound
xmin = 0;
ymin = 0;
xmax = 0;
ymax = 0;
TopCoor = [];
for LevelLoop = LevelTop : LevelBottom
PitData_level = PitData .([ 'Level' , num2str ( LevelLoop )]);
t slot = min([ PitData_level . Period 1); % the period of extacting slot slice
fig = figure ('Renderer’ , ‘painters' , 'Position’ | D;
hold on
for ClusterLoop = 1:length (PitData_level )
BlockCoor = PitData_level ( ClusterLoop ). BlockCoor ;
% Open each cluster centroid
% CentroidX = PitData_cat(i). XCentroid,;

% CentroidY = PitData_cat(i).YCentroid;
% Plot cluster's centroid and number

% Plot blocks inside the cluster
for BlockLoop = 1:length (BlockCoor )
x = BlockCoor (;, 1);
Block Coor (;, 2);

y
z
t PitData_level ( ClusterLoop ). Period ;

if isnan (t) % this cluster will never be mined

¢ =[1,1,1]; % setcolor to pure write
elseif isempty (t)
¢ =[1,1,1]; % setcolorto pure write
else
c = colorjet (t,); % set color to corresponding period
end
plotcube ([ 1.[ x(BlockLoop ) - y( BlockLoop ) -

end

% find the pit bound for the top level
if LevelLoop == LevelTop

z],

PitData_level (ClusterLoop ). Level *(-.8); % X,y, z coordinate

, C);
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TopCoor = [ TopCoor ; BlockCoor J;
end

% scatter3(CentroidX,CentroidY, - 28.4,20, 'filled','k")
% text(PitData.Level29(i).XCentroid,PitData.Level29(i).YCentroid,
28.4,num2str(i),'FontSize',15)

end

%% plot slot & convey or spot (if not HAC)
% if strcmp(ConveyorSetting,'Slot")
%  ColorSlot = colorjet(t_slot,:);

% plot2_ConveyorSlot_Slice(ColorSlot,ConvSpot_slope,LevelLoop,LevelTop,LevelBottom)

% % plot the conveyor spot

% [ConvSpot_slope] =f _ConvWall_slo pe(slope,ConvSpot,LevelTop,LevelBottom);

%  scatter3(ConvSpot_slope(LevelLoop,1),ConvSpot_slope(LevelLoop,2),
LevelLoop*0.8+1,200,...
% ‘w',filled','MarkerEdgeColor','k','LineWidth',2);

% elseif strcemp(ConveyorSetting,'HAC'") && LevelLoop ~= LevelBottom

% scatter3(ConvSpot(LevelLoop,1),ConvSpot(LevelLoop,2)
LevelLoop*0.8+1,150,...
% ‘w','filled','MarkerEdgeColor','k','LineWidth',2);
% else
% scatter3(ConvSpot( LevelLoop,1),ConvSpot(LevelLoop,2),
% ‘w','filled','MarkerEdgeColor','k','LineWidth',2);
%
% end
%
%% Figure setting

set (gca, ‘fontsize' , 18, 'FontWeight' , 'bold" ' );
titte ([ 'Level’ , hum2str ( LevelLoop - LevelTop +1)]);
xlabel ("X Index' );
ylabel ('Y Index' ),
zlabel ('ZIndex' );
% Specify Axis Limits
xmin = min( TopCoor (;, 1));
xmax = max( TopCoor (;, 1));
ymin min ( TopCoor (:, 2));
ymax max( TopCoor (:, 2));
ax = gcal();
ax. YDir = 'reverse' ;
ax. XDir = 'reverse' ;

axis equal

view (2)

xlim ([ xmin -1 xmax+1]);

ylim ([ ymin-1 ymax+1]);

% saveas(fig,['Slice_L',num2str(LevelLoop)], tiffn")
end

S8. Plot block material flow

% A script used to plot crusher location and block material flow
% level by level for a spacific scenario (conveyor rotation angle)

% Dingbang Liu

% Date: October, 2020

clearvars - except PitRot result * x_Mat ConvSpot_slope ConveyorSetting
% load('PitRot8.9.mat")

ang = 180;

LevelTop = 30;

LevelBottom = 35;

Periods = 10;

PitData = PitRot .( strcat ('ang’ , num2str (ang)));

slope = 20;

LvINum = LevelBottom - LevelTop +1;

ConveyorSetting = 'HAC' ;

% x_Mat = result.(['ang’,num2str(ang)]).x;

- cosd(ang), -

- LevelLoop*0.8+1,150,...
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%% reset period

for level = LevelTop : LevelBottom
for n =1 : length (PitRot .([ ‘ang’ , num2str (ang))).([ ‘'Level'’ , num2str (level )])
PitRot .([ ‘'ang’ , num2str (ang)]).((  ‘'Level' |, num2str (level )])( n). CrusherLoc = [];
end
end
%% overall number - >> level number

% save the periods to database(PitData)

LevelSize = [];
for LevelLoop = LevelTop : LevelBottom
% the number of clusters for each level
ClustersinLevel = length (PitData .( strcat ('Level’ , num2str (LevelLoop ))));

LevelSize (LevelLoop , 1) = ClustersinLevel
% cummulative size
LevelSize (LevelLoop , 2) = sum(LevelSize (LevelTop : LevelLoop ));

end
x_Mat = result_sz20 .( 'ang’ , num2str (ang)]). Xx;
y_Mat = result_ sz20 .([ ‘'ang’ , num2str (ang)]). vy;
z_Mat = result_sz20 .([ ‘'ang’ , num2str (ang)]). z;

LocNum = sum( sum( z_Mat ));

Cl_Crusher = x_Mat*y Mat"
% cumulative sum of each row of x_Mat
% clusters mined completely in period t

for ClusterLoop = 1:length (CI_Crusher )
level = LevelTop ;
% find the complete extraction period t of each cluster
temp = find (CI_Crusher (ClusterLoop ,)> ); % period of complete extraction and
afterwords

if ~isempty (temp)

Cl_ CrusherLoc ( ClusterLoop , 1) = temp(1);
else

Cl_CrusherLoc ( ClusterLoop , 1) = NaN
end

% find cluster from which level

while  ClusterLoop - LevelSize (level , 2)>
level = level +1;
end
n = ClusterLoop - LevelSize (level -1,2); % cluster number within the level

% Write the period infomation into PitData
PitRot .([ 'ang’ , num2str (ang)]).((  'Level' , num2str (level )])( n). CrusherLoc =
Cl_CrusherLoc ( ClusterLoop , 1);
end

clearvars level ClusterLoop LevelLoop Size Cl n s1 s2 temp

%% load conveyor spot for that angle

[ LevelData ] = f _OpenPitData ();
ConvSpot = [];
for LevelLoop = LevelTop : LevelBottom

[~, ConvSpot] = f Rotate (LevelData , ang, LevelLoop , ConvSpot );
end

tic
PitData = PitRot .([ 'ang’ , num2str (ang)]);
for level = LevelTop : LevelBottom

% write field 'level' to every cluster
for  ClusterLoop = 1:length (PitData .( ‘Level' , num2str (level )]))

PitData .( strcat ('Level’ , num2str (level )))( ClusterLoop ). Level = level
end

% transfer level structure into cluster structure
% plot conveyor spot location
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end
colormap = pink (LvINum)/ + ;
%% plot a series of figures level - by - level

% gragh axis range ( the pit range of the top level)
% initialize x,y bound

xmin = 0;
ymin = 0;
xmax = 0;
ymax = 0;
TopCoor = [];
for LevelLoop = LevelTop : LevelBottom
Lvildx = LevelLoop - LevelTop + 1;
PitData_level = PitData .([ 'Level' , num2str (LevelLoop )]);
fig = figure ('Renderer’ , ‘painters' , 'Position’ | D;
hold on
for ClusterLoop = 1:length (PitData_level )
BlockCoor = PitData_level ( ClusterLoop ). BlockCoor ;
XCentroid = PitData_level ( ClusterLoop ). XCentroid ;
YCentroid = PitData_level ( ClusterLoop ). YCentroid ;
% Open each cluster centroid
% CentroidX = PitData_cat(i).XCentroid,;
% CentroidY = PitData_cat(i).YCentroid;
% Plot cluster's centroid and numbe r
% Plot blocks inside the cluster
for BlockLoop = 1:length (BlockCoor )
x = BlockCoor (;, 1);
y = BlockCoor (;, 2);
z = PitData_level (ClusterLoop ). Level *( -.8); % Xx,y, z coordinate
CrusherLoc = PitData_level (ClusterLoop ). CrusherLoc ;
if isnan (CrusherLoc ) % this cluster will never be mined
c =[1,1,1]; % setcolorto pure write
elseif isempty ( CrusherLoc )
¢ =[1,1,1]; % setcolorto pure write
else
¢ = colormap ( CrusherLoc ,); % set color to corresponding period
end
plotcube ([ 1.[ x(BlockLoop ) - y( BlockLoop ) - z], 1,¢);
end
% Mark the level difference between cluster and crusher
LvIDiff = Lvlldx - CrusherLoc ;
if LvIDiff >
text (XCentroid , YCentroid ,z+1,[ '+ , num2str (LvIDiff )], 'FontSize'
elseif ~isnan (LvIDiff )
text (XCentroid , YCentroid , z+1, num2str (LvIDiff ), 'FontSize' , 16);
end
% find the pit bound for the top level
if LevelLoop == LevelTop
TopCoor = [ TopCoor ; BlockCoor J;
end
% scatter3(CentroidX,CentroidY, - 28.4,20, ‘filled','k")

% text( PitData.Level29(i).XCentroid,PitData.Level29(i).YCentroid, -
28.4,num2str(i),'FontSize',15)
end

LocList = unique (CIl_CrusherLoc );
LocList = LocList (~isnan (LocList ));
if ismember (Lvlldx , LocList ) %that level locate crusher
%% plot slot & conveyor spot (if not HAC)
if strcmp (ConveyorSetting , 'Slot" )
ColorSlot = colormap (t_slot ,);

plot2_ConveyorSlot_Slice (ColorSlot , ConvSpot_slope |, LevelLoop , LevelTop , LevelBottom

% plot the conveyor spot
[ ConvSpot_slope ] = f _ConvWall_slope (slope , ConvSpot , LevelTop , LevelBottom );
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scatter3
colormap (Lvlldx ), 'v' , 'filled ,
strcmp ( ConveyorSetting , 'HAC'
scatter3 ( ConvSpot ( LevelLoop ,
LevelLoop *0.8 +1, 400, ...

elseif

colormap (Lvlldx ), 'v' , 'filled ,
else

scatter3 ( ConvSpot ( LevelLoop ,

colormap (Lvlldx ), 'v' , filled' ,
end

) && LevelLoop

(ConvSpot_slope (LevelLoop , 1), ConvSpot_slope (LevelLoop , 2), - LevelLoop *0.8 +1, 300, ...

, 'k, 'Linewidth'
LevelBottom
1), ConvSpot ( LevelLoop , 2)-cosd (ang), -

'"MarkerEdgeColor' , 2);

'MarkerEdgeColor' ,'k' , 'Linewidth' , 2);

1), ConvSpot ( LevelLoop , 2), - LevelLoop *0.8 +1, 300, ...
'MarkerEdgeColor ,'k' , 'LineWidth' , 2);

text ( ConvSpot ( LevelLoop , 1)-.3, ConvSpot ( LevelLoop , 2)+ 1.5, - LevelLoop *0.8 +1, ...

[ 'Crusher L'
the crusher location

end

%% Figure setting
set (gca, ‘fontsize'
title ([ 'Level’
xlabel (X Index'
ylabel ('Y Index' );
zlabel ('ZIndex' );

% Specify Axis Limits

Xmin min ( TopCoor (;,
xmax = max( TopCoor (,
ymin min ( TopCoor (:,
ymax max( TopCoor (;,

, 18, 'FontWeight'

);

1));
1));
2));
2);

ax = gcal();
ax. YDir
ax. XDir

reverse’ ;
reverse’ ;

axis equal

view (2)
xlim ([ xmin -1 xmax+1]);
ylim ([ ymin - 1 ymax+1]);

saveas (fig ,[ 'Slice L
end

legend off

for i 1:length (LocList )
t = LocList (i);
sc(i)= scatter3 (ConvSpot (level
* 8,100, colormap (t,), 's' ,‘filled
label (i) cellstr ([ 'Crusher L'

end
lgd = legend (sc, label |, ...
‘fontsize' , 6, 'FontWeight'
titte  (lgd , 'Destination’ )
legend ('boxon' )

level

S9. Plot the updated UPL

% A script used to plot the updated UPL

, hum2str ( LevelLoop - LevelTop +1)],

, hum2str ( LevelLoop )],

, 1), ConvSpot ( level

, hum2str ( LocList

, 'normal’

'FontSize' , 16, 'FontWeight' , 'bold' ); % Mark

‘bold" );

, hum2str (LevelLoop - LevelTop +1)]);

tiffn )

2 -

)

);

, 'Location’ , 'northeast’

);

% level by level for a spacific scenario (conveyor rotation angle)

% Dingbang Liu
% Date: October, 2020

LevelTop
LevelBottom

Block_cat

30;
= 35;
= [l;

fid = fopen ( ‘finalpit.txt’
block =cell2mat (textscan

(fid", %f %f %f %f %f

, 'Delimiter’ .

)
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blockiIDX = find (block (;, 1)>=30 & block (;, 1)<=35);
block = block (blockIDX ,:);
% Open each cluster centroid
% CentroidX = PitData_cat(i).XCentroid;
% CentroidY = PitData_cat(i).YCentroid;
% Plot cluster's centroid and number

% Plot blocks inside the cluster

for j = 1:length (block )
X = block (:, 3);
y = block (;, 2);
z = block (;, 1); % x,y, z coordinate
g = block (;, 5);
alpha = 0.8 ; % transparency
if g(j) == % this cluster will never be mined
% continue
c = [1,1,1]
alpha = 1;
elseif g(j) > 0 && g(j)<056
c =1[1,1,0]

elseif  g(j) > 06 && g(j) <!
c =[1,05,0];, % colorjet(t,:);

else
c =[1,0,0];, % colorjet(t,:);
end
c=[5,5,5]
plotcube ([ 1 1 81[ x(j)-05 y(j)-05 -z(j)* 8], alpha ,c);
end

% Cluster_CEV(i) = PitData_cat(i).CEV;

% Cluster_Ton(i) = PitData_cat(i). Tonnage;

% Cluster_Ore(i) = PitData_cat(i).TonnageOre;

% scatter3(CentroidX,CentroidY, - 28.4,20, 'filled','k")

% text(PitData.Level29(i).XCentroid,PitData.Level29(i).YCentroid, -

28.4,num2str(i),'FontSize',15)

% legend off
% colormap = [[1,1,1];[1,1,0];[1,0.5,0];[1,0,0]];

%

% fort=1:4

%  sc(t)= scatter3(30,30,30,1,colormap(t,:),'s", filled");

% end

% lgd =legend(sc{'1','2','3",'4},...

% ‘fontsize',14,'FontWeight','normal’,'Locat ion','northeast’);

% title(lgd,'Periods’)
% legend('boxon’)

% for i = 1:length(LocList)

%  t=LocList(i);

%  sc(i)= scatter3(ConvSpot(level,1),ConvSpot (level,2), -
level*.8,100,colormap(t,:),'s'", filled");

% label(i) = cellstr(['Crusher L',num2str(LocList(i))]);

% end

% lgd = legend(sc,label,...

% ‘fontsize' ,6,'FontWeight','normal’,'Location’,' northeast');
% title(lgd,'Destination’)

% legend('boxon’)

% legend(t,{'1','2','3,'4"'5''6','7",'8','9','10'})
axis equal
axis tight
axis off
view (40, 10)
% view(160,10)
% view(270,0)
%% plot conveyor side
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% scatter3(ConvSpot( Top,1),ConvSpot(Top,2), - Top*0.8+1,500,'w', filled",...
% 'MarkerEdgeColor','k','LineWidth',2);

%% create legend
% legend off
% fort = 1:Periods
%  sc(t)= scatter3(ConvSpot(level,1),ConvSpot(level,2), -
level*.8,1,colorjet(t,:),'s', filled’) ;

% end
% Igd = legend(sc,{1,'2',3''4",'5','6','7''8','9','10},...
% ‘fontsize',14,'FontWeight','normal’,'Location’,'northeast');

% title(lgd,'Periods')
% legend('boxon’)
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