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Abstract: Mine production systems (MPS) are characterized, more or less, by the
following properties: uncertai nty, subjectivity, impreciseness, polysemy, instability,
indefiniteness and lack of data. From the aspect of modern studies these MPS
mathemat ically belong to the class of fuzzy systems. With this in mind, the usage of
fuzzy sets is recommended as a methodology that t reats the impreciseness ,
indefiniteness and complexity of mine production syste ms in a sat isfactory manner.
Fuzzy modelling, discussed in this paper, is applied as a mathematical implement. The
objective of the paper is to show production optimization in pract ice on the example of
bauxite ope n pits where fuzzy linear programming (FLP) was used. following the
criterion per income. The variables in the criterion function are lingu istic variables
while both variables and variable restrictions are presen ted by triangular fuzzy
numbers (TFN). The term "sat isfactory income" presented through triangle fuzzy
numbers was int rod uced instead of "maximizing the income". Sensitivity of the obtained
solutions has been analysed .
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1. INTRODUCTION

Mining, is an enormous businesssystem. The dominant role has been given to
the mine production system (MPS) which is particularly important for its in fluence on
the overall running of the business. In both the mine production system and other
systems/subsystems the presence of uncertainty, subject ivity, impreciseness and often
polysemy has proved to be evident . Connections between particular attributes within
the mine production systems or the mine production system together with the
environment or other systems/subsystems in the business system differ according to
their content and intensity. Both uncertainty in the mine production system and the
complexity of the phenomen a result from the specific and complex nature of the
working medium, working conditions, interactive connections, investment tasks mining
has an economic branch is characteristic for regarding to other branches etc.
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Linear programming (LP) is one of the most frequently used methods of
operational research in mining. Using linear programming the extreme values of
objective functions are determined taking into account the fulfilment of limitating
conditions . These values, in fact, represent optimum solutions. However , very often the
precise data on certain input parameter values appearing with in a determined
mathematical model do not exist. On addition the uncertainty is obvious (change in
working conditions, quality of mineral raw materials , economic conditions, income,
etc .). The means that some problems emerging duringlinear (or dynamic) programming
should be solved for the cases of environmental unceratinty. In order to solve th is class
of problems the theory on possibilit ies , namely the theo ry on fuzzy sets (Zadeh 1965,
1978), should be used as it formulates and solves the problem of opt imizat ion under
conditions when objective functions an d constraints faile to be precisely formulated.
This concept was introduced by Belman and Zadeh (1970) through the criterion
treating both the aim and limitation as fuzzy sets and defines a set that meets the
demands of both the ai m and limitations of fuzzy linear programming WLP). It also
allows fuzzyfication (t ra nsfer) when necessary as well as operat ions with defuzzyfied
values when t he need for fuzzyfied ones does not exist any longer. The rela t ive
phenomena can be described by expert evaluation. Consequently, the ' vague"
presentation of a phenomenon or a process is determined by fuzzy numedrical input
data. The main problem of this approach lies in the subjectivity of the expert's
est imation . In fuzzy linear program ming: each obtained solution is characterized by its
own affiliation level being of importance during t he decision making process. Cirovic
(991) used fuzzy linear programming to solve the optimum qualification st ruct ure of
task forces in mini ng. These experiences toget her with new knowledge within the
domain of fuzzy linear programming have been of significant importance for our
furthe r studies. Part of t his research is presented in this paper.

2. PROBLEM: OPTIMUM PRODUCTION PLAN

Setting up the linear problem

Using fuzzy linear programming in mining production planning is illustrated
by a bauxite basen that includes five mines wit h different bauxit e quality . The price of
bauxite at the plate for homogenization. condit ioned by quality, transport and
exploatation costs, considerably va ries. The required bauxite production amounts to
3000 (t/shift) . Numerous data referring to the re lative problem are presented in Table l
and the disposition of the system's facilities is given in Fig. 1.
PROBLEM : Determine t he production of each mine separately, under the cond ition
t hat maximum income is reali zed and that bau xite at the pla te for homogenization is
characterized by a modu le=8 (t he module represents the A120 3 1Si02 rat io).

Table 1
Mine ality of bauxite C~cit.Y Price of

A1"D1 ('ll) SiO·, I'll) modu le Al?O'l 1SiD·, (Usm.l bauxite (din/t)
1 58 4 14,5 1000 230
2 58 6 9.7 500 200
3 53 12 4,4 750 170
4 58 5 1 t,fi 500 240
5 52 12 4.3 800 160
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3. LP MODEL FOR THE PROBLEM

Mathematical model for the problem

Selection variables

xl product io of bauxite in t he first mine
x2 productio of bauxi te in the second mine
x3 productio of bauxit e in the third mine
x4 productio of bauxite in the fourth mine
x5 productio of bauxite in the fifth mine
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Figure 1: Schematic presentation of t he dispos itio n
of the system's facilities

Selection of optimum criterion

MAXIMUM INCOME is taken as an optimum criterion

Z ~ (MAX )

Setting the objective function

{max) Z = 230xl + 2OOx2 + 170X3 + 240x4 + 160xs

for: Xj ~ 0 (i ~ 1 ,2,3 , 4,5 ) (la)
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Mathematical formulation of constraints

Bauxite production from the whole system should amount to 3000 (t/shiftl and it
therefore follows

(2)

As the bauxite module should be m =8 at the outflow of the plate for homogenization ,
the second constraint follows:

(3)

The const raints accord ing to production possibilities of certain mines will be as follows:

Xl s 1000
x2 s 500
x 3 s 750
x4 s 500
Xs s 800

Solution to the LP model

(4 )

(5)
(61
(7)

(81

The optimum production plan , namely the opt imum solution to the problem reads 3.,<;

follows:

X I =: 458.33 (tl
.1"2 = 500 (t)

.1"3 = 750 (t)

.1"4 = 500 It}

.1"5 = 791,66 ( t )

(product ion of the first mine)
(product ion of the second mine)
(product ion of the third mine)
(product ion of the fourth mine)
(product ion of the fift h mine)

The optimum value for the objective const raint function is

Z mlU = 579583,33 din (for 3000 t of bauxite/shift)

namely,

Zmu =: 193,19 (dinJt bauxite)

Thus, on the bas is of the above we can conclude that the reali zation of the maximum
income amounting to 193,19 (di nJt ) requires the quality of ba uxite at the out flow of
plate of homogenization to be m = 8 as well as the fulfilment of othe r restr ict ions : the
first mine should produce 458,33 (tl bauxite in a shift , tre second mine 500 ttl, the third
mine 750 {tl , the fourth min e 500 { t l and fifth mine 791,66 (tl .
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4. FUZZY LI NEAR MODEL

Mathematical model of a fuzzy linear problem

When production planning- is concerned. some uncertainties exist regarding

a) the possibilities of open pit capacity reali zation
b) the possibility of income realization
c) t he possibility of realizing- the capacity of a shirt

This is why the linear programming problem should be transformed into a
fuzzy linear programming model. Intead of maximizing the income the concept of
satisfactory income has been introduced and presented by a triangular fuzzy number
(TFN) having: t he corresponding: level of h affiliation (0<" <1) , Satisfactory income is
given through the triangular fuzzy number (540000. 570000. 600000).
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Figure 2: Fuzzy numbers characterizing "satisfactory income"
and "higher tha satisfactory income "
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T he fuzzy number presented in Fig. 2 is analogous to t he fu zzy number "less
than sat isfactory costs" int roduced by Perinchery and Kikuchi ( 990) with the aim of
solving s imilar fuzzy linear problem. It is obvious from Fig. 2 that the value of
parameter h represents a field "exceeding satisfacto ry income". The mat hemat ical
definition of this field (using the equation of a st raight lin e through two points) enables
a so mewhat closer formulation of aim fu nction. For h max. namely for t he highest level
that should be satisfied when cri terium function and restrictions are concerned. the
cri ter ion function 0 ) will have the following form:

R + p(2 h - 1) 2: 230xl + 200x2 + 170 X3 + 240x4 + 160x5 (9)

where r represents the left/right boundary of the triangu lar fu zzy number of
sat isfactory income. i.e .• in our case

o <?: - 540000 - 60000 + 230x1 + 200 x2 + 170x3 + 240 x4 + 160x5 (101

The bou ndaries of T fo'N variables are given in aim function ( 0) . The var iables x l are
t reated as linguistic variables and they are also TFN. The TFN have been sekected as
both the presentat ion a nd solut ion to the problem are elaborated to a level tha t enables
efficie nt engi neering application. T he simple mathemat ical rules presented t hrough
fuzzy algebra by Kaufman and Gupte (1988) are also designated factors . T he study on
applicat ion of affiliat ion function of so me ot her form would require further elaborat ion
of t he cor respondi ng mathematical apparatus .

The boundaries of x l variables can be presented in the following way:

(11)

Expression (11) means that x l is smaller/grea ter than x/x approxi mately. T he
coefficients of a im funct ion (10) that designate the bauxite price are constants . Let us
determine the limi ts of express ion (11) and let the left limit be, analogous to expression
{I n) a tr iangular fuzzy num ber (0, 0, 0), Fig. 3.

1- -

OA

Figure 3 : A t riangula r fuzzy number . T FN
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In that case we shall have the following : (0, 0, 0) < xI (12)

and ythe r ight boundary of limitation: XI < x~· (13 )

will be determined as TFN "less than approximately 1000" which corresponds to the
value (4). This number is given in Fig. 4 .

For max h the right boundary of limitation ( 13) is as below:

namely

XI s 1050 -100 h

All other boundaries of variables can be obtained analogously:

(0, 0, 0) :5: X2 s 550 - 100h

(0 ,0 , 0):5 x3 :5 BOO -lOOh

(O, O,O)< x, < SSO- 100h

(O, O, O) <x5 < 800- 100h

Thus, the model of the problem should read as follows:

(max h) 0 z -540000 - 60000h + 230xl + 200x2 + l70 x3 + 240x4 + l 60 xs

max Z "" 540000 + 60000h

0 :5 Xl :5 1050 - loo h

0 ::; X2 :5 550 - I OOh

os X3 sBOO- l OOh

0 :5 x4 :5 550 - 100h

0 :5 Xs s BOO - l ooh

(14)

(15 )

(16 )

(17)

(18)

(19)

(1 0' )

(2 1)

(15')

(16' )

(1 7')

(18' )

(19')
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F'igure 4: T f N (950, 1000, 1050)

bearing- in mind tho al ready defined limitations.

14, 5 XI -+ 9 ,7 x 2 -+ .. , " x3 -+ II , 6 x4 -+ 4 ,3x5 ;; 24000

(2·)

(3· )

Expression ( 10' ) rep resents the aim funct ion (in concrete cas e max shou ld be
determined ) nnd (15 ' )·(19' ), (2' ), (3' ) are limitations. It is obvious that the !,'LP problem
has been tra nsformed into II 1.1' task by the procedure of introducin g- parameter h as a
level t ha t fulfills th e cr iter ium function and limitat ions.

S o lu tio n to the .'1." model

l k-re iAthe sol ut ion to tbe problem:

h = n,53
XI - .162.14
x :l = 496.96
x .1 ~ 746,96
x t = 496,96
.1"5 ::I 796 ,96
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Z max = 57 1800 di n (for 3000 t bau xite/shift )
namely: Z max = 190 ,6 din/to

Discussion of the FLP model

S election o f a sat isfac to ry income

It is obvious that the obtained Z max is less than in the case of LP even with a small
sat isfac to ry level of parameter II . When select ing a sat isfactory income as TFN (550000,
580000,610000) i.e. for aim function.

a~ -550000 - 60000h + 230xI + 200x2 + 170xa + 240 I 4 + I60I S

the obtained solut ion is: h = 0,494

XI = 457,51
X2 = 500,64
I 3 = 750,64
X4 = 500,64
IS = 790,53
Z max = 579640 (dirt);

(22)

while when TFN (600000, 630000, 660000) the soluti on of satis factory income IS
unfeasible.

This means that the possibility of higher satisfacto ry income is reduced th is reduced a t
higher income requ irements ). Both x, I and x are characteri zed by values so mewhat
higher 500, 700 namely 500 representing a transgression in the LP model (formulae (5 ),
(6 ), (7 ) but in FLP model this is in complete agreement with TFN formulation such as :
"approximately 500", "approximately 700" and "approximately SaO".

Selection of c a pacit y per pit

It logical ly follows that by narrowing the boundaries of TFN designating the capacity of
single pits, the uncerta inty in connection with capaci ty is reduced . When these
capati ti es are respectively (975, 1000, 1025), (475, sao, 525), (725, 750, 775), (475, 500,
525) and (775, 800, 825 ) parameter h increases and h = 0,652 and Zmax = 579120
(din).

The module s o f bauxite

When m = 7, the problem is unfeasible and for m = 9 it is 1. In furthe r elaborations the
idea t hat the modulus of bauxite as a fuzzy number "approximately 8" will certainly
remain. The problem is eve n more complex when m is considered as the quotient of a
fuzzy number denoting bauxite Quality espressed as a percentage od AI20 J and a fuzzy
number denoting the percentage of Si02 in accordance with fuzzy algebra presented by
Kaufman and Gupte (1988).
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Selection of production capacity per s h irt

Const raint (2') cons idered from the physical aspect ca n be read as "a dai ly capacity of
approximate ly 3000", Let it be TFN (2800, 3000, 3200) as given in Fig. 5.

1

h

2800

•

•

In this case

hi .. 2800 + 200h
N2 = 3200 - 20011

k l
•

3000

k2
•

....igure 5

3200

(23)
(24 )

whore till! cons t raint (2' ) can he changed to the two following limitations, the so lut ion
is as follows:

XI + x2 + X:l + X" + x5 ~ 2800 + 20011
XI + X2 + X3 + .1"4 + .1"5 :!> 3200 - 20011

In for sntisfuctory income (540000, 750000, 600000)

h = 0.657
X I = 462,36
x 2 ,.. 491),85
X3 = 746,85
X4 = -196.85
Xli = 796.85
Z max - 579·120 (d in)

(25)

(26)
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5. CONCLUSION

Modern approaches to the st udy of mining product ion systems are based on
mat hematical-model too ls and compute r technologies. Engineering analysis can be
real ized only when taking into consideration all the factors that influence a sys tem as
well as the connections between attributes. The method that adequately responds to
the uncertainty of monitoring occurences and processes, impreciseness, polysemy and
subjecti vity when presented, is considered to be a successful method. T he example
illust rates how particu lar problems of real production systems ca n he t reated by t he
theory on fuzzy sets. Thus , one real sys tem is considered as a fuzzy system which is of
essent ia l importance du e to our frequent impossibility descripti on of hoth production
systems and processes.
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