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Application of fully automated systems for truck dispatching plays a major role in decreasing the
transportation costs which often represent the majority of costs spent on open pit mining. Consequently,
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Furthermore, since the transportation fleet of most mines use trucks with different capacities, innovative
methods, operational optimisation techniques and the best possible methods for developing the required
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Zastosowanie w pelni zautomatyzowanych systemow dysponowania przewozami cigzarOwek w po-
wazny sposoOb przyczynia si¢ do zmniejszenia kosztow transportu, ktore czgstokro¢ maja powazny udziat
w kosztach funkcjonowania kopalni odkrywkowych. Dlatego tez zastosowanie systemu dysponowania
transportem ma kluczowe znaczenie w kopalniach odkrywkowych na $wiecie. Niedawne doswiadczenia
wskazuja, ze poprzez zmniejszenie czasu przejazdu cigzarowek oraz zmniejszenie czasu oczekiwania
dzigki zastosowaniu systemu dysponowania przewozami mozliwe jest znaczne podniesienie poziomu
produkcji. Wspomagany komputerowo system dysponowania przewozami wykorzystujacy odpowiednie
algorytmy a takze zaawansowane oprogramowanie stanowia przyktady nowoczesnych rozwigzan w tej
dziedzinie. Opracowanie algorytmu komputerowego dostosowanego do konkretnych warunkéw panuja-
cych w danej kopalni odkrywkowej jest jedna z kluczowych czynnosci dla uruchomienia komputerowego
systemu dysponowania przewozami cigzarowek w kopalni. W artykule przedstawiono zmieniajace sig
trendy w zakresie programowania, algorytmow sterowania przewozami i automatyzacji. Ponadto, poniewaz
wigkszo$¢ kopalni odkrywkowych wykorzystuje cigzaréwki o roznej tadownosci, wybrano najlepsze
i najnowoczesniejsze metody i techniki optymalizacji oraz najskuteczniejsze metody opracowywania
algorytmow wspomagajacych systemy dysponowania przejazdami cigzarowek w czasie rzeczywistym,
wybrano je w oparciu o metody planowania wykorzystujace aparat matematyczny. W czgsci koncowe;j
zaprezentowano model dysponowania przewozami w czasie rzeczywistym kompatybilny z wymogiem
zastosowania cigzarowek o roznej fadownosci, opracowany w oparciu o metody sieci przeptywowych
i programowania binarnego.

Stowa kluczowe: transport, dysponowanie przewozami, optymalizacja transportu w kopalni, progra-
mowanie binarne

1. Introduction

Due to the recent progress of all industries and their needs for raw materials, mining must
be improved in parallel with other industries and adopt better technology to enhance the industry
both technically and economically. Optimisation models are among the most useful methods to
attain such objectives. Such models will improve mining technically and are of a great importance
to challenge the economical issues of the industry, (Aghajani Bazzazi et al., 2009; Topuz & Luo,
1987; White & Olson, 1986).

Taking into consideration the downward movement of mining grades and existing reserves
and increasing production expenses, open pit mines must try to optimise the productivity through
utilising automation of operations. To do this, the decisions must be made in a timely manner.
So, obtaining information adequately on each individual element of a mine is paramount. Proper
and real-time application of such information creates the possibility of employing a dynamic
programming system which is sensitive to market conditions, condition of equipment, grade
changes, geometry and hardness of ores achievement of production objectives with expected
efficiency can become feasible. If real-time information is available through monitoring, posi-
tioning and communication with equipment, then an active optimisation can be incorporated into
the programming (CECH, 2010; Peck & Gray, 1995).

The purpose of incorporating different stages of mineral programming is the positive impact
that can be gained when examining the Net Present Value resulting in cash flows that can be
maximised during the mine’s lifetime. During programming of mining, initially all long-term
planning will be developed based on geological information and economical parameters through
which an annual perspective of the mine for maximisation of Net Present Value is provided. Due
to the application of optimised long-term plans, monthly, weekly or daily short-term plans can be
implemented and managed for developing and expanding the degree of mining within a limited
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period of time and according to this short-term plan, the material transferring is undertaken in
connection with the mining operation. Currently, Shovel-Truck Systems are generally consid-
ered to be the best system for material transferring during open pit mining operations (Arnold
& White, 1983).

Truck cycle patterns will be generated in order to identify the mine road’s network rout
which includes the start and finish of the loading points and the its various destinations such as
processing plant and/or dump locations.

During the operation stages, each individual truck is allowed to be loaded by dedicated
loading machine or it may be sent to several different loading machines. Allocation of a truck to
several loading machines is certainly more efficient and causes the production to be improved
in a Shovel-Truck System. Finding the allocation of an optimised and instantaneous truck for
transferring materials according to important parameters and their effects on the success of
a short-term plan is considered as the main issue (Beaudoin, 1977).

Whenever materials transferring during mining operations are considered as the main part
of the operation, a Shovel-Truck System will generally be the most efficient means of transfer.
Throughout the operation, the truck departs from a starting point towards a specified destina-
tion. The starting point is a place where a truck is loaded by different materials therein. A shovel
or a loading machine location may be considered as a starting point. A destination is a place
a truck is unloaded therein. A crusher or a dumping place can be considered as a final destination
(Bonates & Lizotte, 1988).

The number of trucks needed for an operation as well as the allocation of trucks will be de-
termined according to the short-term plans for materials transferring on a daily basis. In principle,
the number of required and allocated trucks must be designated in such a way that given the period
of the short-term plan and other dependant factors such as the truck’s capacity, length of route,
production objective and real-time truck dispatching, the number of trucks required for achieving
mining objectives is as minimal as possible (Dagdelen, 1996; Dyer & Jacobsen, 2007).

Since more than 50% of mining costs are generally allocated to loading and transportation
in open pit mines (Akbari et al., 2009; Oraee & Goodarzi, 2007), then decreasing by a small
percentage these costs will give rise to a considerable saving for the operation (Micholopulos
& Panagiotou, 2001; Xing & Sun, 2007). Therefore, developing the appropriate models for
optimised utilisation of equipment and decreasing operational costs of mine are inevitable. Dis-
patching models are among such models that cause the transportation system to be optimised and
productivity of mines to be improved (Bascetin, 2004; Jian-hong et al., 2008).

The first step for establishing algorithms through which a complicated situation such as
mineral transferring may be controlled will be a mathematical model by which the process of
transportation technology from extraction point to mill could be described. A real-time dispatch-
ing model compatible with specifications of the trucks with different capacities is developed by
using two techniques namely Network Theory and Integer Programming.

2. Application of Dispatching in Open Pit Mines

The truck dispatching issue is not peculiar to the mining industry. In fact, many of the
industries using a transportation fleet are involved with such a problem. The truck dispatching
main issue needs to answer the question where does the truck have to go after it is unloaded? To
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answer this question, first of all it is necessary that given the specified objective, the best desti-
nation is determined for the truck. Of course, truck dispatching in the mine is not complicated
as compared to other industries and sometimes there is only one option for truck dispatching.
Transportation systems in the mines are often closed systems and then loading and discharg-
ing points remained unchanged for a long periods. Meanwhile, the shuttle distance is short in
comparison with the shift time period and the rate of demand is high at each individual point
(Alarie & Gamache, 2002).

The truck dispatching issue is amongst the primary matters that has to be taken into consid-
eration to improve a mines’ productivity. Two major outcomes follow in all dispatching systems
these are: To maximise the application of the shovel (to minimise the interruption time of the
shovel) and to maximise the application of the trucks (to minimise waiting time of trucks i.e.,
queuing). A secondary outcome would be to maximise the loading capacities for trucks along
different routes to ensure the operation reaches an accurate and required rate of production in
each period (Temeng et al., 1997).

By complicating the conditions of decision making and achieving the required objectives is
becoming more difficult. For this reason and given the automation process currently used in the
mines, the previous models and algorithms are not appropriate for planning and controlling the
haulage system (Cross & Williamson, 1969; Elbrond & Soumis, 1987). Therefore, some methods
have been initiated to attempt to achieve the required objectives. In this regard, researchers have
developed various models for optimization of loading and transportation. Optimisation models
have been emerging since the 1970s and have been successfully implemented since the 1980s.
However, by 1997, a target function was considered in all optimisation models. Maximisation
of profit, minimisation of costs and minimisation of distance are typical of such constraints
which can be solved using the linear programming technique. To succeed in reaching only one
of these goals is one of the disadvantages of this method. In other words, without consideration
of the conditions of a problem (in terms of objectives which are of little priority) optimisation
as an objective is only met (Chung et al., 2005). As a result, the structure of dispatching models
has been gradually evolving and in comparison with the status they have had in the past have
evolved from a single-stage form into multi-stages forms and are developing towards real-time
dispatching algorithms (Jian-hong et al., 2008).

Multi-stage dispatching models (two or three stages) usually consist of two main parts: the
first part is usually a linear programming model or a non-linear programming model employed
to determine the production volume per shift or per hour in compliance with the objectives of
the operations short-term plans. The second part uses innovative methods and/or mathematical
programming to develop a real-time dispatching algorithm and is intended for dynamic allocation
of trucks to shovels according to the optimised solving of the first part (Jian-hong et al., 2008;
Xi & Yegulap, 1994).

In recent years, some multi-stage dispatching models have been developed in this regard.
In 1989, Lizotte & his colleagues initiated the application of comparative innovative methods
in the first stage for the allocation of trucks based on solving a linear programming model. In
1990, and for the purpose of allocating trucks based on solving a linear programming model,
Zhang and his colleagues initiated the use of an innovative method in the first stage in order to
minimise the saturation degree of loading point of trucks. In 1990, for the purpose of minimising
a truck’s waiting time for an allocated shovel, Soumis and Elbrond initiated the use of the alloca-
tion method in the first stage for allocating trucks based on solving a non-linear programming
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model. In 1993, White and his colleagues initiated the application of dynamic programming
in the first stage for allocating the ‘Best Truck’ to the most demanding route (or shovel) based
on solving a linear programming model. In 1994, Xi and Yegulap initiated the application of
a deviation programming model based on optimised solving of a linear programming model. In
1997 and 1998, Temeng and his colleagues developed the real-time dispatching model in which
a transportation-based method has been applied to proper allocation of trucks based on solving an
ideal model. In 2000, Kolonjia generated a haulage system with respect to the effects on a crusher
system newly installed in a mine on establishment of a Shovel-Truck System and so developed
a simulation model for the transportation system of an open pit mine. In 2002, inspired by natu-
ral guidance existing in our insects’ society; Bissiri applied a working sequence mechanism of
Shovel-Truck System. The results of researches have indicated that depending on the existing
mining operation, positive results of dispatching due to application of the combination of rules
is more likely (Chung et al., 2005).

3. Allocating a Truck to a Shovel

Trucks are allocated to the shovels in two ways: Fixed allocation and Flexible allocation
(Ataeepour and Baafi, 1999; Sadri et all., 2008). Below both methods are discussed in detail:

3.1. Fixed Allocation

In this method, a truck is dedicated to a special shovel and this condition will remained
unchanged until the end of the shift. The numbers of trucks dedicated to each shovel will be fixed
and will never be changed throughout the shift. Each individual truck is allowed to be loaded by
a specified shovel and once given to its dedicated load (mineral or waste) is then dispatched to
a discharging point (crusher, ore or waste dump). In other words, it can be asserted that a fixed
allocation method is a static method for truck allocation and while the allocation program remains
unchanged, it will be continued. Conventional methods in which queuing theory principles are
used along with innovative programming are amongst the different methods applied for truck
allocation. All such methods intend to determine the optimised number of trucks allocated to
each individual shovel.

3.2. Flexible Allocation

The results of investigations conducted by the researchers in this field have indicated that
a fixed allocation method is not useful and efficient for programming the transportation in large
mines. For the purpose of this method, the trucks will not be allocated to a particular shovel
throughout the shift, but they are dispatched to the shovels at a specific time given the current
conditions, and based on a unique system. The studies conducted by other researchers indicate
that allocation and dispatching of trucks on a flexible basis can cause their complicated pro-
gramming and controlling problems to be eliminated; consequently the capacity of loading and
transportation of Shovel-Truck systems may be improved considerably.
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4. Computer-based Dispatching

Generally speaking, maximising the production volume of the mine using available equip-
ment is considered as the main objective of all dispatching systems. To do this and with regard
to truck dispatching which is a dynamic and active operation, an algorithm will be required.
This algorithm must be developed in such a way that route selection, truck and shovel status for
optimised truck allocation can be monitored continuously (L.K. Nenonen et al., 1981).

Today, monitoring and controlling technology applied to a truck and shovel operation has
progressed and guidance systems for directing movement of unmanned trucks are under comple-
tion. Integration of computer-based dispatching, precise monitoring and movement of unmanned
trucks in the future will cause the excessive costs of transportation systems of open pit mines to
decline significantly (Kolonja et al., 1993).

Computer-based dispatching can be defined as a dynamic allocation of a specific truck
to a specific shovel during the time period of production. Nowadays, truck dispatching has
become a necessity for all mines even small open pit operation. By increasing the efficiency of
transportation, the costs of production will be generally lowered and computer-based dispatch-
ing can become compatibly economical with all open pit mining operations. An algorithm or
a procedure used for making a proper decision during truck dispatching is considered as the most
important element of a dispatching system. The extent of a mining operation, special objectives,
transportation structure, condition of the operators equipment, geological condition (grades and
continuity) and financial resources of a mine are the amongst the many factors affecting the
choice of a dispatching system. Similarly, the above factors greatly affect the choice of dispatch-
ing methods (Kolonja et al., 1993).

The capability of a truck dispatching algorithm to maximise the production and maintain
the quality of mineral within a specified range will depend on the truck’s instantaneous algorithm
and linear and/or non-linear programming models. In addition, the capability of a truck dispatch-
ing system to react rapidly towards any unexpected changes in a truck or shovel’s position is of
a great importance. Target functions usually used in programming a model for truck allocation
are: maximisation of truck and shovel productivity, maximisation of production, minimisation of
total transportation and minimisation of the number of trucks. For the purpose of instantaneous
truck dispatching, mathematical algorithms, innovative algorithms and a combination of these
two types have been presented (L.K. Nenonen et al., 1981; Sgurev et al., 1989).

5. The Logic Applied for Developing the Algorithm

For the purpose of presenting a real-time dispatching model in such a way that the influence
of say a difference in truck capacity in a mine’s transportation fleet is observed, an algorithm has
been developed. This algorithm consists of two stages. The first stage is based on Network Flow
Theory. Through a Network Analysis technique, the best route between the intended departure
point and destination point is determined taking into account all of the possible transportation
routes between the nodes. Then, given the designated routes, the truck allocation is accomplished
according to a mathematical method of integer programming, as if all operational and equipment
constraints have been taken into consideration, and then optimised allocation of trucks with dif-
ferent capacities under circumstances of real-time as well as computer-based dispatching is met.
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As mentioned before, this two-stage algorithm approach is based on programming methods and
is compatible with truck computer-based dispatching.

5.1. The Best Route Model

By considering a network where the length of its branches is non-negative and known, the
concept of the best route based on the shortest route in such a network means finding the short-
est distance between starting point and destination. One of the most efficient algorithms in this
connection is given as follows:

« Intention of “n” repetition: The n'" node closed to starting point is specified. (This opera-

tion is repeated for n =1, 2, 3, ... till it arrives at the destination).

+ Input information for the n™ repetition: At the n' repetition, information (data) on n — 1
nodes which are closer to the starting point (and are obtained during the previous repeti-
tion) will be required. These data include the shortest route as well as the distance of
these nodes from the starting point. These nodes and the starting point are called solved
nodes and the other nodes are called unsolved nodes.

« Those nodes can be selected as the N node close to the starting point: Each individual
unsolved node which closer to one of the solved nodes may be selected as the n'" node
close to the starting point.

+ Calculation of the n'" node close to the starting point: The distance of each node which
can be selected as the n'™ node close to the starting point, consists of the sum of the dis-
tances of that node from the solved node plus the shortest distance of that solved node
from the starting point. Among all selectable nodes, the node whose distance from the
starting point is the closest distance will be selected.

Generally, programming based on Network Theory is comparable with the basic structure
of dynamic programming. Wherever a series of interrelated decisions is required, then dynamic
programming, which is naturally a mathematical method will be applied frequently. A dynamic
programming form uses a system-oriented process and determines a combination of sequential
decisions which finally causes the total efficiency of an operation to be maximised.

The issues found in dynamic programming can be compared to that found in Network
Theory. Each individual node represents a state and the network consists of columns of nodes.
Each individual node is considered as one stage, so that the flow can run from one node towards
the next one. Each individual branch which interconnects two nodes is designated by a digit which
can be interpreted as the increase of target function in terms of movement from a state within one
stage toward a state within the next stage. By considering such interpretation, it can be seen that
a dynamic programming model intends to find the shortest route existing within the network.

5.2. Integer Programming Model

With respect to many of the real problems, if the values excepting an integer are applied to
the decision variables, the result will be meaningless. If during formulation of a problem, there
is an integer constraint, it is called integer programming.

By eliminating divisibility, we realise the diverse nature of integer programming. One of
the most important applications of integer programming is dealing with yes or no decisions. In
such cases, we have only two options.
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Such decisions (i.e. Yes or No decisions) can be expressed in terms of variables in which two
values, i.e. 0 and 1 are selected. Therefore, the j™ decision value of yes or no type is represented
by X;. So that if j decision is a Yes decision or if j decision is a No decision, then the values of 1
and 0 will be allocated to them, respectively. These variables are called binary variables or 0 and 1
variables. As a result, any integer programming consisting of only such variables called 0 and 1
would be referred to as Binary Integer Programming.

As mentioned earlier, the calculation complexity of the integer programming method de-
pends on the structure of the case and the number of integer variables. However, the number of
constraints is also important but it is of less significance compared with the two above-mentioned
factors. In fact, the increase of constraints causes the complexity of calculations to be decreased,
due to the decreasing number of justified answers.

6. Information Required for Trucks with Different Capacities

Efficient models of real-time truck dispatching as applied to an open pit mine should have
the capability to reach an intelligent allocation through initial data under any circumstance. The
most important discrepancy of initial data required for trucks with different capacities that may
result from an influential dispatching system is as follows:

The difference in the capacity may give rise to a difference in the dimensions and weight of
a truck which must be considered for comparing against the roads’ condition (i.e. width, gradient
and radius,) and the distances of transportation. Usually, differences in the capacity may give
rise to differences in power and traction of the trucks and for this reason, transportation intervals
between the shovels discharging points must be considered and the technical specifications of
the trucks such as minimum, maximum and average movement velocity with and without load,
maneuvering power, turning radius and braking efficiency have to be compared. It is clear that
any difference in a trucks capacity may cause the loading time by a shovel to be varied. Those
trucks with higher capacities require more discharge time at the dumping location than those
ones with lower capacities hence the discharging time required for trucks’ with different capaci-
ties will be varied.

With regard to the stripping ratio, any difference in transportation capacity of the trucks may
cause changes in the stripping ratio during the fixed period of time. Any differences in transporta-
tion capacities of the trucks may naturally give a difference in the overall costs.

7. A Real-time Dispatching Model for Trucks with Different
Capacities

As mentioned previously, the best route model has been used for the optimised determina-
tion of routes between departure and destination points. To do this, information on the mine as
well as the routes are required. Information about the ore bench faces, waste bench faces, ore
and waste dumps, the crushers and local positions between them are among the most important
information. Topography of the mine site and existing elevation differences are also of a great
significance. The most important information required for the roads are the possible routes between
face bench locations as mentioned above, intersections and communicative nodes existing within
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the possible routes and the slope of the respective routes. Therefore, the time period spent by
each individual unloaded and loaded truck can be calculated for each type of truck (with different
capacities and specifications). This information, as the input data of the best route model are used
and the related output consists of optimised routes between each departure and destination and
the time spent by each type of truck for each of the determined routes. The algorithm presented
at this stage is depicted below in figure 1.

Times spent on
routes for each type

of truck
. List of the best
Mine and .
\ A | route in terms

routes » BR >
. . of each type of
information

truck
form

Fig. 1. Best route determination algorithm

When the best transportation routes are selected, truck allocation will be accomplished using
a Binary Integer Programming (BIP) model. The algorithm of this model was developed based on
minimising the function of the total cost of loading and transportation. Defined target functions
will be optimised by the BIP model considering the following constraints:

1.
. Allocation time;
. Total number of current trucks;

[ IS I NV RN N IR N

Flow continuity in loading and unloading points;

Maximum capacity of unloading points;
Maximum loading of each shovel,

. Volume of production;
. Stripping ratio according to production schedule;
. Grade required in blending process.

So, given the above-mentioned constraints which are totally dependent on the design of
the mine and mining planning and by solving the BIP model, real-time allocation of trucks with
different capacities can be accomplished. This research has given rise to developing a model that
its target function is defined as equation (1):
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i=N, j=N, i=N, j=N,
MIN Z Z CEi/'kl‘ij/'kl + Cszikl'Yijkl
=1 j=I i=1 =1
n=N, i=N, j=N,
+ ¢S, (SC, - Z TG X )
n=1 i=l j=1
m=N i=N, j=N, (D
+ Z CCm (Cm - Z T QI ijkl )
m=1 i=l  j=1
p=N; i=N;, j=N,
+ Z CRp( Yl/kl)
p=1 =l j=1
for (k,l) e R

cost of transportation of unloaded truck of i type and number of j from starting
point of k to destination of I.

unloaded truck of i type and number of j from starting point of k to destination of|
(Unknown).

number of all kinds of trucks in terms of capacity.

cost of transportation of loaded truck of i type and number of j from starting point
of k to destination of I.

loaded truck of i type and number of j from starting point of k to destination of |
(Unknown).

cost of each tonne of remained capacity of n' shovel.

loading capacity of n' shovel.

capacity of the truck of type i.

number of shovels loading.

cost of each tonne of remained capacity of N crusher.

maximum capacity of a working crusher.

numbers of working crushers.

cost of reloading of ores from p™ depot.

possible routes between loading and discharging points.

number of ores’ depot.

In order to maintain the continuity of loading and transportation flow, the numbers of each
type of truck arriving at the loading point must be equal to the number of the trucks going out
from the loading point. So, this requirement has been taken into consideration as shown in equa-

tion (2):

k=N, k=N,
D X = D, Yy =0
k=1 =1

fori:1,2,...,]\/,,j:1,2,...,]\/,, (2)
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In which:
Nx — number of possible routes through which the trucks can arrive at loading point of
| after they depart from discharging point of k.
N, — number of possible routes through which the trucks can exit discharging point of |

after they depart from loading point of k.

For the purpose of observing the appropriate allocation time, the sum of a time series of
allocation of each truck must be less than the time period taken for truck allocation in each stage
of real-time dispatching. So, this requirement is defined as equation (3):

k=N, I=N,
(ETy + PET ) Xy +
k=1 I=1
k=N, I=N,
(LT + PLT )Yy < t 3)
k=1 =1
fori=1,..,N,, j=1,..,N,
In which:
ETija — travelling time of unloaded truck of i type and number of j from starting point of
k to destination of I.
PETjjq — remaining travelling time of unloaded truck of i type and number of j from starting
point of k to destination of I.
LTijq — travelling time of loaded truck of i type and number of j from starting point of k
to destination of I.
PLTjjq — remaining travelling time of loaded truck of i type and number of j from starting
point of k to destination of I.
t — period of allocation or duration of period.

It is worthy to note that as lower as value of t is, the higher is its accuracy. Therefore, the
least time period for t has to be equal to the longest travelling time between departure point of
k and destination of I.

Since the number of ready-to-work trucks may be changed over time, the following equation
(equation 4) may cause an appropriate relationship to be established between available trucks
with a volume of transportation:

J=N, J=N,
Xij + Z Yiu <N,
J=1 J=1 “4)
fori=1,...N,,(k,/) eR
In which:
N — number of ready-to-work trucks.

In order to reach the maximum capacity of discharging points while observing reception
capacity of such places, the following equation is considered:
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i=N, j=N,
D TC; Yy < D,

=l j=1 (5)
for,VI =m, (k,l) eR

In which:

D — maximum capacity of m" discharging point during accomplishment of the mod-
el.

In order to reach the maximum loading capacity of shovels, the following equation has to
be applied:

i=N, j=

1l
~.

n

TG Yy <SG,
i=1 =l (6)
for,vl=n, (k1) € R

In which:
SC, — maximum capacity of n'" shovel during accomplishment of the model.

The trucks have to be dispatched so that the requirement of a desired volume of production
at the mine is met and optimised as best possible. To do this, equation (7) is considered:

i=N, j=N,

Z Z TCZ Yykl (7)

i=1

~.

In which:
Py — minimum volume of ore desired for period of allocation.

By applying the following equation, the stripping ratio is set to:

TC; .Yy, > SR . ®)

In which:
SR — stripping ratio according to production schedule.

In order to reach a proper blending condition for each ore in proportion to their respective
each mill, the following equations are considered as equation No 9 and 10 respectively:

i=N, j=N, i J=N,

=N,
> TG Yt (UG — Gy ) (Y, . TCr. Ygg) > 0 )

i=l j=1 i=1 j=1

~.
Il

=N, j=N,

Tci.icjk,(G,,p—LG,p,n)/(Z D TC Yy) 20 (10)
=1 i=l j=1

I’
.
H

1

W
~.
i
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In which:
UGpm — upper limit of p™ ore grade for m™ mill.
Gjjp — mean value of p'™ ore grade related to truck of i type and number of j.
LGpm — lower limit of p™ ore grade for m™ mill.

8. Conclusion

Given the excessive cost of transportation in open pit mines as well as some of the inap-
propriate truck dispatching systems for the purpose of minimising the total cost of loading and
transportation, placing into operation an advanced and suitable truck dispatching system causes
the respective costs to be lowered significantly and as a result the profitability of the operation
to be improved. The experiences acquired during these investigations has shown that putting into
operation a flexible dispatching system into a mining operation causes the volume of produc-
tion to be increased and hence the number of loading facilities and trucks needed for reaching
a targeted rate of production to be decreased.

One of the features of the designed model as presented in this paper is its capability to
optimise the mines’ transportation system using integer programming. Simplicity and precision
are two major merits of such a model. Another advantage of this model is the possibility of using
several types of trucks with different capacities within the transportation fleet.

This model may be used in mines where their processing plant utilises several production
lines. In other words, by using this model, it is practical that ores with different grades can be
transferred and moved to several crushers for blending purposes.

Acknowledgments

The authors wish to acknowledge Dr Peyman Afzal for his great useful advice while this paper was
being carried out. Also, the authors would like to thank the editors and reviewers of this paper for their
comments and valuable remarks.

References

Aghajani Bazzazi A., Osanloo M., Karimi B., 2009. Optimal open pit mining equipment selection using fuzzy multiple
attribute decision making approach. Archives of Mining Sciences 54(2), 301-320.

Akbari A.D., Osanloo M., Shirazi M.A., 2009. Minable reserve estimation while determining ultimate pit limits (UPL)
under price uncertainty by real option approach (ROA). Archives of Mining Sciences, 54 (2), 321-339.

Alarie S., Gamache M., 2002. Overview of solution strategies used in truck dispatching systems for open pit mines. Int.
J. Surface Mining. 16, 59-76.

Armold M.J., White J.W., 1983. Computer-based Truck Dispatching. Proceeding of World Mining congress, Serbia,
53-57.

Ataeepour M., Baafi E., 1999. ARENA simulation model for truck-shovel operation in dispatching and non-dispatching
modes. Int. J . Surface Mining, Reclamation and Environment. 13, 125-129.

Bascetin A., 2004. An application of the analytic hierarchy process in equipment selection at orhaneli open pit coal
mine. J. Mining Technology. 113, a192-a199.

Beaudoin R. 1977. Automatic Truck Dispatching Mount Wright Operations. Canadian Institute of Mining and Metallurgy.
Proceeding of First Open-Pit Operators Conference.

Bissiri Y., 2002. Application of Agent-based Modelling to Truck-Shovel Dispatching Systems in Open Pit Mines. PhD
thesis, Department of Mining Engineering, University of British Columbia.



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

Bonates E., Lizotte Y. 1988. A Combined Approach to Solving Truck Dispatching Problems. Proceeding of First Canadian
Conference on Computer Applications in the Mineral Industry, 403-410.

Cech I., 2010. Simulation of load-haul-dump of mining method. Archives of Mining Sciences, 55(1), 141-150.

Chung T., Kresta J.V., Forbes J.F., 2005. A stochastic optimization approach to mine truck allocation. Int. J. Surface
Mining, Reclamation and Environment. 19(3),162 — 175.

Cross B.K., Williamson G.B., 1969. Digital simulation of an open pit truck haulage system, a decade of digital computing
in the mineral industry, in: Weiss A. (Ed.), AIME. New York, pp. 385-400.

Dagdelen K.,1996. Mining dilution in geostatistical ore reserve estimation. SME Annual Meeting. Preprint Number
96-201. 1-9.

Dyer T.L., Jacobsen W.L., 2007. Simulation modelling validates load and haul requirements at Cortez Gold Mines.
Mining Engineering, SME.

Elbrond J., Soumis F., 1987. Towards integrated production planning and truck dispatching in open pit mines. Int. J.
Surf. Mining. 1, 1-6.

Jian-hong C., Li-bing Y., Yun-cai C., Hai-yang Y., 2008. Simulating and Optimizing of Ore Transportation System in
Strip Mines. 21st World Mining Congress & Expo. India, pp. 55-63.

Kolonja B., Kalasky D.R., Mutmansky J.M., 1993. Optimization of dispatching criteria for open-pit truck haulage
system design using multiple comparisons with the best and common random numbers. In Proceedings of Winter
Simulation Conference, Los Angeles, California, USA, 393-401.

Kolonja B., Vasiljevic N., 2000. Computer simulation of open-pit transportation systems, mine planning and equipment
selection, in: Panagiotou., Michalakopoulos. (Eds.), Balkema., Rotterdam, pp. 613-618

Lizotte Y., Bonates E., Leclerc A. 1989. Analysis of truck dispatching with dynamic heuristic procedures. Proceeding of
off-highway haulage in Surface mines, Balkema, 47-55.

Micholopulos T.N., Panagiotou G.N. 2001. Truck allocation using stochastic goal programming. Proceeding of Mine
Planning & Equipment Selection, New Delhi, India, 965-970.

Oraee K., Goodarzi A., 2007. General approach to distribute waste rocks between dump sides in open cast mines. Pro-
ceeding of Sixteenth international symposium on mine planning and equipment selection, Thailand, 1-11

Peck J., Gray J., 1995. The total mining system (TMS): The basis for open pit automation. CIM Bulletin. 88, No, 993,
507-509.

Sadri A., Ataecepour M., Simorghi Gargari R., 2008. Development of an open pit transportation software based on combined
model of truck-shovel assignment. Proceeding of 2nd Iranian Mining Engineering Conference, Iran, 251-258.
Sgurev V., Vassilev V., Dokev N., Genova K., 1989. Trasy-An automated system for real time control of industrial truck

haulage in open pit mines. European Journal of Operational Research. 43, 44-52.

Soumis F., Elbrond J. 1990. Truck dispatching software using mathematical programming implemented on an IBM-PC.
Proceeding of 22nd APCOM, Germany, P 235-246.

Temeng V.A., Otounyr F.O., Frendewey Jr J.O., 1997. Real-time truck dispatching using a transportation algorithm.
Int. J. Surface Mining. 11, 203-207.

Temeng V.A., Otounyr F.O., Frendewey Jr J.O., 1998. A Nonpreemptive Goal Programming Approach to Truck Dispat-
ching in Open Pit Mines. J. MRE. 7, 59-67.

Topuz F., Lou Z., 1987. Models for allocating and dispatching trucks in surface mining operation. J. Bulk solid handling.
7,46-52.

White J.W., Olson J.P., 1986. Computer based dispatching in mines with concurrent operating objective. J. MIENA.
38, 1045-1054.

White J.W., Olson J.P., Vohnout S.I., 1993. On improving shovel truck productivity in open pit mines. CIM Bulletin.
86, 43-49.

Xing J., Sun X.Y., 2007. The open-pit truck dispatching method based on the completion of production target and the
truck flow saturation. J. China Coal Society. 977-980.

XiY., Yegulap T.M., 1993. Optimum dispatching algorithms for anshan open pit mine. Proceedings of 24th APCOM
conference, Canada, 426-433.

Zhang Y., Li S., Cai Q., 1990. Optimization criteria for computer controlled truck dispatching system. Proceedings 22nd
APCOM conference, Germany, 295-306.

Received: 30 September 2011



