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Abstract — The research demonstrates the efficiency of the
simulation technique application for the analysis of goldmine
system operation with a particular focus on truck-shovel system.
The research has been carried out within the modelling
competition “ITE/Rockwell Student Simulation Competition”
arranged by an international organization IIE (Industrial
Engineering). The information on the goldmine system structure
and operation has been provided by the competition organizers,
thus allowing the authors of the article to analyse the system
operation based on real data and to propose recommendations
and solutions for increasing goldmine efficiency through the
optimization of technical resources used. A simulation model of
the goldmine system is developed by means of Arena simulation
environment.
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. INTRODUCTION

Simulation is the method of analyzing and improving
system operation, while operating with the real system is too
expensive or time consuming. It is possible to control the
experimental conditions during the simulation, which is very
important for comparing alternatives and making direct
comparisons. Using simulation it is possible to predict system
performance, to compare alternative system designs and to
determine the effect of alternative management strategies on
system performance [5].

Fig. 1. Goldmine system structure

The goldmine system operation problem focuses on the
challenges of modelling material handling operations,
common in mining and construction operations.

Fig. 2. The simulation model of the goldmine system

These operations are characterized by cyclical processes
with highly variable activity times resulting in uncertainty and
its estimation. Discrete event simulation can be a powerful
tool to analyse such systems [1]. Goldmine system structure is
represented in Fig. 1. The simulation model of the goldmine
system is shown in Fig. 2.

Il1. CONCEPTUAL MODEL OF THE GOLDMINE SYSTEM

For better understanding of the system processes, its
conceptual model has been developed, which at the same time
is also a template for creating the simulation model. Goldmine
conceptual model consists of the following components (see
Table 1):

1. modelling objectives — the analysis of the effective usage of
technical resources in order to increase the volume of
produced gold ore;

2. input data: empty and loaded truck speed; truck loading and
unloading time; the time between excavator breakage and
excavator repair times; goldmine operation time which is 2
shifts per day, each 9 hours long, 30 days per month;

3. output data or parameters as excavator utilization; initially 3
excavators are available in the system; the obtained amount
of the waste and the gold ore; the average number of trucks
in use according to all possible four excavation phases,
initially 30 trucks are available in the system; crusher
average queue length
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TABLE |
MAIN COMPONENTS OF THE GOLDMINE SYSTEM
Component Description
Excavators Truck loading and unloading times, breakage/repair times, working time
Trucks Empty and loaded truck driving speeds, unloading times, carrying capacity, working time
Crusher Exploitation limit, working time
Leach dump Distance from other system objects
Waste dump Distance from other system objects
Materials Type of material, amount of material
Ramps Length
Queue to the excavator Waiting in line

There are different ways available for representation of the
conceptual model. To develop the conceptual model of the
goldmine system, four different approaches have been
evaluated, namely, list of components, process flow diagram,
business process logic flow chart and activity cycle diagram

[2].
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Fig. 3. Process logic flow chart

In order to compare different approaches, 3 dimensions and
10 criteria have been selected as shown below:
1. specification  dimension:  validity, visualization,
complexity of the design, accuracy, simplicity;
2. dimension of use: transparency, credibility, usefulness,
completeness;
3. implementation dimension: feasibility.

Based on the comparative analysis results, the most
valuable is business process logic flow chart (see Fig. 3). Due
to its complex structure, this conceptual model provides the
accurate representation of system and its processes, which is
important for the simulation model development process, and
it is easy readable and clearly understandable. The simulation
model is created according to the developed conceptual model.
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I1l1. DESIGN AND ANALYSIS OF EXPERIMENTS

The simulation model of the goldmine system has been
developed by means of a standard edition of Arena
professional simulation software. A dynamic, discrete-event
and stochastic simulation model has been created. Design and
analysis of experiments have been performed in order to
achieve better understanding of the real world system that is
being modelled and to find ways of improving the system [5].
If the input data is not satisfactory and the experimentation is
not carried out correctly then the understanding gained may be
incorrect and the improvements cannot be identified properly.
That is why it is essential to obtain accurate results on the
model performance.

In order to obtain accurate results on the Goldmine
simulation model performance, the number of replications and
the run length have been determined. The aim is to ensure that
enough output data have been obtained from the simulation in
order to estimate the model performance with sufficient
accuracy [5]. The goldmine simulation model is a terminating
system, because it starts in an empty condition and it has a
natural end point — the end of 30 days or a month.

To determine the number of replications, the confidence
interval method has been applied. The significance level of
5% has been selected, which gives 95% probability that the
value of the true mean lies within the confidence interval. 20
replications, each 30 days long, have been performed using the
goldmine simulation model. Fig. 4 shows cumulative mean
and confidence intervals graphically for the crusher average
queue length. The number of replications is selected as the
point where the interval reaches and remains below the desired
level of deviation. Within current research deviation less than
10% is satisfactory. It is concluded that 3 replications are
enough to obtain accurate results.
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To determine the appropriate run length, the graphical TABLE 1Nl
method has been applied. Three replications have been 2“ FACTORIAL DESIGN
performed by means of the goldmine simulation model. The No. X1 X X3 X4 y
run length has been selected as the point where the 1. 1 1 1 1 269209.7
convergence is seen as acceptable, which is at the level of less 2. 1 1 1 +1 287956.3
than 5%. As Fig. 5 shows, the run length of 720 hours or 30 3. 1 1 +1 1 268963.3
days is necessary. 4. 1 1 +1 +1 288156.7
5, -1 +1 +1 +1 2941133
6. -1 +1 -1 -1 273326
5 e Resl 1 7. 1 1 1 1 294038.3
3 o0 o 8. 1 1 1 1 270626.7
& 9. 1 1 -1 -1 332666.3
g 10 1 1 -1 +1 371762.3
D 11 +1 1 +1 -1 3316433
] 12 ") 1 1 +1 370690
13 +1 +1 +1 +1 649503.3
Hour 14 +1 +1 -1 -1 630085
Fig. 5. Run length selection 15 +1 +1 -1 +1 646059.7
16 +1 +1 +1 -1 624193.3

To find interdependency between performance measures
and experimental factors, the design and performance of
simulation experiments have been completed. For this
purpose, the 2X full factorial design and linear regression
analysis have been performed. The performance parameter is
the amount of the produced gold ore in tons in a month. Four
experimental factors have been considered: number of
shovels, number of trucks, system phase and time between
shovel failures. The input data is shown in Table II.

The 2% full factorial design defines the alternative scenarios
of the organization of the goldmine technical resources. 16
different scenarios have been executed in accordance with the
2" full factorial design.

TABLE Il
INPUT DATA

The values of ay ag ay ay
factors

.rj'-" 2 15 2 30

Ax; 1 5 1 10

P 1 10 1 7

dmim

I 3 20 3 40
dmaox

Each factor value has been increased or decreased
respectively and then all 16 scenarios have been simulated, as
well as results have been recorded. The development of
experiments is shown in Table I1I.

In order to determine the influence of experimental factors
on the amount of produced gold ore, linear regression analysis
has been performed. Obtained multifactorial linear regression
model has been formed using the data obtained in the 2*
factorial design.

Obtained multifactorial linear regression model explains
77.24 % of the changes in the amount of produced gold ore.
The four factor linear regression model is presented below:

= 307607.1042 + 1068883125 - x; + 7255610417 -x, — 4508541667 1
%, +12597.89583 - x, 1)

For the factors X, X, and X4, the main effect is positive. This
means that if the number of shovels or trucks or the amount of
time between failures is increased, the amount of produced ore
increases. Similarly, a negative main effect identifies a
decrease in the response. This means that if the system phase
is increased, the amount of produced ore decreases. The size
of the main effect also indicates which factors have the
greatest effect on the response, as well as helps identify the
most important factors [5].

Sensitivity analysis has been performed within the research
to assess the consequences of changes in model inputs. The
values and 95% confidence intervals of the factor coefficients
Lo, 1. o, Ba, Ba have been defined. The confidence intervals of
the factors are the following:

60132.1781 < f3y < 153644.4469
25799.96976 <, < 119312.2386
-47206.98857 < fi; < 46305.28024 )

-34158.23857 < 8, < 59354.03024
To estimate the significance of each factor, the hypothesis
of each factor should be verified:

Ho:$1=0, Ho:$>=0, Ho:$3=0, Ho.:8,=0,

Ho:$1#0, Ho:Bo#0, Hy:f5#0, Hy: 0.
The hypothesis tests show that there are two statistically
relevant experimental factors — the number of shovels and the

number of trucks. The results of sensitivity analysis show that
the number of shovels and number of trucks are statistically
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relevant experimental factors with confidence of 95%, while
the system phase and time between shovel failures are not.

IV. OPTIMIZATION TASK

Optimization is a method, which helps increase the
efficiency of system activity [4]. The optimization goal of the
simulated system is to increase the total produced material
quantity and to diminish costs for material transportation. The
number of used resources in the goldmine directly affects the
amount of total produced material. Resources that are used in
the simulated system are shovels, crushers and trucks, which
are used for material transportation. The number of trucks
affects production costs, so that it is necessary to determine
the optimal number of trucks according to their costs and
quantity of produced material. Before optimization, 3 shovels,
2 crushers and 30 trucks have been used in the simulation
model. The analysis of simulation replications shows that
approximately 560 000 t of gold ore are produced during a
period of 30 days. During optimization, it is possible to
change a number of used resources by decreasing the number
of used trucks and increasing the number of shovels and
crushers to 5 each, instead of 3 and 2, respectively.

Optimization has been done wusing Arena built-in
optimization tool OptQuest, which applies three meta-heuristic
search strategies, i.e., scatter search, tabu search and neural
networks. Scatter search is the main search strategy in
OptQuest package. It is one of evolutionary algorithms, which
operates with a set of solutions and uses special procedures for
making combinations of solution [3].

The tool OptQuest provides the search process during
optimization, when the objective optimal value is searching by
changing control values on the defined constraints [4].

For optimization performance, the optimization model has
been created defining controls, constraints and objectives.

According to the previously defined optimization task, two
resources — the number of shovels and the number of crushers
— have been chosen as variables for optimization as controls.
The next stage of optimization model creation is to determine
system responses, which are output parameters of the system.
According to the defined optimization task, the objective
corresponds to the system responses. The goal function of the
optimization model is presented below:

n
F = >k-a-(bjci) " —> max
where i=1
a;; — the produced material of i quantity in j" phase,
bij; — i" number of the used trucks in j" phase,
Ci — it truck cost.

The objective is to reach the maximum value of the goal
function with defined constraints to the number of trucks,
number of shovels and number of crushers.

Two variables have been chosen as constraints, which
correspond to the number of available resources. Both
constraints have been defined using the defined variables in
the simulation model: number of crushers and number of
shovels. During optimization, the number of simulations and
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replications is equal to 10, but tolerance is 0.0001. There has
been an attempt to increase the number of replications during
the optimization, but the result of this has been useless — the
search time for an optimal solution has increased significantly,
but the precision of solutions has remained the same. The
search process fro an optimal solution is shown in Fig. 6.
OptQuest package shows the best solution search trajectory.

Obijective Values

\ Best Value

Simulation

Fig. 6. The search process for an optimal solution

The results of the optimization are summarized in Fig. 7.
The best result corresponds to the number of trucks equal to
18. The best value of objective has been found during the
second simulation experiment. Decreasing the number of used
trucks, costs for ore transportation reduce by 40% in
comparison with the simulation results before and after
optimization.

Fig. 7. Optimization results

Based on optimization results, the following
recommendations for efficiency improvement of material
handling system are developed:

»  to reduce the number of transporting trucks from 30 to
18, thereby reducing costs for operation of shovel-truck
system;

*  to consider the possibility of renting additional trucks for
the third and fourth excavation phases;

»  to increase the number of crushers from 2 to 3, thereby
reducing the total time of produced material
transportation (consider, if both crushers are busy, trucks
wait in a queue, and as a result the total time for
transportation increases).

CONCLUSIONS

Within the research, functional processes and operation
rules of the goldmine system have been investigated. Business
process model of the goldmine system has been described in
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the form of logic flow chart taking into consideration real data.
The design of experiments has been elaborated and various
simulation experiments have been performed in order to find
interdependency between the performance measure and
experimental factors by applying the sensitivity analysis. An
optimization model has been developed according to the
defined optimization task, and optimal values of system
parameters have been determined, using OptQuest software.
As a result, the research goal has been achieved, and optimal
structure of the goldmine system has been provided.
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Liene Andersone, Anna Bogusevi¢a, Aleksandra Petrakova, Jalija Petuhova. Zelta atradnes sistémas darbiba, pielietojot imitacijas modelésanu
Petijuma apskatita imitacijas model&sanas tehnikas pielietosanas efektivitate zelta atradnes sistémas darbibas izpéte. Izmantojot Arena Professional model&sanas
vidi, izveidots zelta atradnes imitacijas modelis. P&tTjuma ietvaros tika izstradats zelta atradnes sistémas konceptudlais modelis, kas tika attélots Getros dazados
veidos — komponen$u saraksta, procesa plismu diagrammas, biznesa procesa logikas plismu diagrammas un aktivitates cikla diagrammas veida. Modelu
salidzino$a analize tika veikta, balstoties uz katram modelim pieskirto ballu skaitu, Siem nolikiem tika izstradata konceptualo modelu novértésanas sistéma.
P&tTjuma rezultata tika noteikts, ka vispiemérotakais un efektivakais zelta atradnes sistémas konceptudla modela att€lojums ir biznesa procesu logikas plismu
diagramma. P&tTjuma tiek veikta zelta atradnes imitacijas modela eksperimentu planosana un analize. P&tTjuma meérkis ir izpétit metodes imitacijas modelésanas
eksperimentu taktiskai un stratégiskai planosanai, realizgjot zelta atradnes sist€émas imitacijas model&$anas projektu. P&tjjuma gaita, lai iegiitu ticamu rezultatu,
apskatits nepiecieS$amais imitacijas méginajumu skaits un modeléSanas laiks. Lai analizétu alternativus sistémas darbibas scenarijus un noteiktu rezultata
jutigumu uz ieejas parametriem, aprakstitas tddas metodes ka pilnais un daljais faktorialais eksperiments, regresijas analize, korelacijas analize, hipotézu
parbaude. Pétljuma ietvaros tika veikta iekrau$anas-izkrausanas darbu optimizacija, pamatojoties uz definéto optimizacijas uzdevumu. Optimizacijas modelis tika
realizéts OptQuest rika, kas meklé optimalo mérka funkcijas vértibu, mainot vadibas mainigo vértibas un ievérojot definétos ierobezojumus. Risinamaja
uzdevuma mérka funkciju bija nepiecieSams maksimizét. P& optimizacijas tika veikta iegiito optimizacijas laika rezultatu analize, nosakot optimalo kravas
masinu, ekskavatoru un drupinataju skaitu. Izstradato optimizacijas modeli var izmantot, lai paaugstinatu p&tamas sisteémas darbibas efektivitati.

Jluene Anpepcone, Auna Borymesnya, Asnekcanapa Ilerpakosa, FOums IleryxoBa. AHaim3 paGoThl CHCTEMBI 30J10TOI0 PYHHKA € MCHOJIb30BAHHEM
MMHTAIIHOHHOTO MO/ e THPOBAHHS

B xome mccienoBaHUWs, Ha HpHMepe HM3y4eHHS PabOTHl CHCTEMBI 30JI0TOTO PYyIHHKA, ObUIa paccMOTpeHa A()(EeKTHBHOCTH HNPHMEHEHHS HMHTAIIMOHHOTO
MozenupoBanus. Mcrnonb3yst cpeny Momenuposanusi Arena Professional, co3nana mmutanmoHHas MoJelb 30J10TOr0 pyaHHKa. B pamkax mcciemoBanust Obuia
pa3paboTaHa KOHIIENTyaJlbHash MOZEIb JUISL CUCTEMBI 30JI0TOrO PYAHUKA, OTOOpaKEHHAsI YETHIPbMS PAa3IHYHBIMU TTOAXOAAMH — B BHJIE CITHCKA KOMIIOHEHTOB,
JIMarpaMMbl TIOTOKOB MPOIIECCa, JHATPaMMbl JIOTHYECKUX TTOTOKOB OM3HEC-IPOIIeCcca U AMarpaMMbl aKTHBHOCTH LHKJIA. CpaBHHTENIBHBIA aHAIM3 Mojeneil ObL1
MPOU3BEACH Ha OCHOBE KOJIMYECTBA OAJUIOB, MPHCYKACHHBIX KKTOW MOJENH, UL 3THX Ilieneld Obula pa3spaboTaHa CHCTEMa OLICHUBAHMS KOHIICNTYaJIbHBIX
Mozeneil. B pesynbraTe uccienoBaHusi ObUIO YCTAHOBIIEHO, YTO HanOoiee MOAXOMAIUM U (P HEKTUBHBIM COCOOOM OTOOpPAKEHUSI KOHIENTYaTbHOW MOJEITH
CHCTEMBI 30JI0TOTO PYIHHKA SBISIETCS JHarpaMMa JIOTHYECKHX ITOTOKOB OHM3HEC-TIpoIieccoB. B pamkax mccienoBaHus IPOU3BOAUTCS IUIAHHPOBAHHE M aHAIN3
9KCIIEPIMEHTOB HMUTALIMOHHON MOJENN 30J0TOr0 pyaHHKa. Llenb MccleqoBaHus — M3YyYHTh METOIBI JUI TAKTHYECKOTO W CTPATErMYecKOro IUTaHWPOBAHUS
9KCIIEPHIMEHTOB HMHUTAIIMOHHOTO MOJCIUPOBAHNS, PEAH3ys MPOSKT HMHTAIIMOHHOIO MOJIEIUPOBAHMUS CUCTEMBI. J{JIsl MONydeHUs! JOCTOBEPHBIX PEe3yJIbTaToB B
paboTe paccMOTPEHBI METOABI OIPECICHUs] HEOOXOAMMOTr0 KOJINYECTBA SKCIIEPUMEHTOB M BPEMEHH MOZCINPOBaHHMs. JIJIs aHAIH3a albTePHATUBHBIX CLICHAPHEB
paboTHI CHCTEMBI, a TAaKKe JUIS ONPEIENCHUs] 3aBUCUMOCTH PE3YJIbTATOB M BXOJHBIX IIAPAMETPOB, PACCMOTPEHBI TaKHE METObI, KaK ITOJHBI M YaCTUYHBII
(haKTOPHBIH IKCHEPUMEHT, PErPECCHOHHBIN aHaIN3, KOPPEIALHMOHHbIN aHAIN3 U NpOoBepKa TUIoTe3. B Xoxe mccnenoBanus OblIa MPOM3BeeHAa ONTUMHU3ALMS
HOTPY304HO-PA3TPY30YHBIX PabOT 30510TOro pyAHnKa. ONTUMH3AIMOHHAS MOJENb OblIa pealn30BaHa, MCIOIB3Ys CpeaAcTBo ontumusanun OptQuest, koTopoe
UIIET ONTHMAIBHYIO BEIMYHHY I€eBONH (DYHKINH, U3MEHSSI 3HAYCHHS ONTHMH3HPYEMBIX MEPEMEHHBIX M COONIOJasi yCTAHOBICHHBIC OrpaHWYeHMs. Pemras
JAHHYIO 3ajady, IeleByI0 (QYHKIHIO ObUIO HEOOXOOMMO MAaKCHMH3UPOBATh. AHAIM3HPYS Pe3ylIbTaThl ONTHUMH3ALHMH, OBUIO OINPENEIeHO ONTHMAlIbHOE
KOJIMYECTBO TPY30BBIX MAlINH, SKCKaBATOPOB M JIPOOWIOK B cHCTeMe. Pa3paboTaHHYIO ONTHMH3ALMOHHYIO MOJENIb MOXHO HCIIONB30BATh ISl MOBBIICHUS
3G GEKTUBHOCTH AESTEIBHOCTH HCCIIETyEMOH CHCTEMBI.
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