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Short Note on the Application of the Coefficient of Variance in
Mine Planning

Behrang Koushavand, Hooman Askari Nasab and Clayton V. Deutsch

The goal of mine planning is to determine which block should be extracted at which period to maximize
the Net Present Value(NPV) of the project. Askari-Nasab and Awuah-Offei (2009) have presented the
mathematical programming formulization to maximize NPV. The advantage of this model was less integer
variables and much faster converge time. The disadvantage of this model was they did not consider
uncertainty on the grade. There for only one block model can be used at their model.

Geostatistical methods are widely used to model geological uncertainty. Kriging (Deutsch and
Journel, 1998a; Goovaerts, 1997) is the most common estimation method used in industry. Geostatistical
simulation algorithms are widely used to quantify and assess uncertainty. The generated realizations are
equally probable and represent plausible geological outcomes (Deutsch and Journel, 1998b; Goovaerts,
1997; Journel and Huijbregts, 1981).

On the other hand Recently some authors are tried to used uncertain models at mine
planning(Dimitrakopoulos, 1998; Dimitrakopoulos et al., 2001; Dimitrakopoulos and Ramazan, 2004,
2008; Godoy and Dimitrakopoulos, 2003; Leite and Dimitrakopoulos, 2007; Ramazan and
Dimitrakopoulos, 2004). Paper 301 and 307 at CCG 2010 also provide some new techniques to use
conditional simulation realizations at mine planning. The main problems with these methods are either
the presented linear programming methods are very slow or they are using heuristic method to solve the
optimization where optimality of the solution is not guaranteed. Boland et.al.(2009) and Askar-Nasab and
Awuah-Offeri (Askari-Nasab and Awuah-Offeri) tried to solve this problem with clustering the blocks to
reduce the number of variables. Using some grade aggregation methodology and based on lithological
information, similar blocks are summarized to a group and are dealt as one variable which will be
extracted at the same period. At this paper a new technique is presented that is much faster than new
methods that are using simulation realization at mine planning.

Methodology
At this model instead of minimizing deviation from target production, the variance of production is going
to be minimized. The model has two parts: maximizing NPV and minimizing the variance of the
production.

{Max. NPV

Min. Variance of production

The variance of production can be calculate as eq.(1) :

Variance of production = var(g, X0, Xrxz,)=0,xz,xrxvar(g,) (1)

Var(gn) is the variance of grade at block n and is a numerical measure of uncertainty. The

dimension of NPV is dollar value; therefore it is needed to make variance of production to have the same
dimension of NPV. Therefore a dimensionless measure of uncertainty is required; the "coefficient of
variance" is used at this model.

A new term called "cost of variance" is defined as eq.(2):

: o,
Cost of Variance = Cv, =0, Xrx—xCu' (2)

8n

Where 0O, is the tonnage of ore at block n, r is the processing recovery factor, %is the

8n
coefficient of variance and is defined as the ratio of the standard deviation of block n to the mean of that
block and it is a dimension less value. Either Kriging value or Etype mean can be used as mean of the
block. Etype variance can be used as for variance of the block n. Ordinary Kriging (OK) variance is not the
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true variance and one should know that Kriging variance is not represent the variance of the blocks at
original unit. The other method to calculate variance of the block is using simple Kriging at Gaussian
framework. A quantile to quantile back transformation is performed to transfer sufficient number of
values from Gaussian unit to original units. The Program called PostMG is used for this purpose. The

correct distribution of local uncertainty can be get and variance of the block can be calculating form. Cu’
is the discounted pseudo-cost of variance and is not a real cost. The discount factor may be different
from original discount factor that is used to calculate revenue. One may penalize the uncertainty more at

early years by choosing high discount rate for Cu’ . The discounting rate for this cost may be different
from original discounted rate. The new model is defined as eq.(3):

T N
Max ZZ[(V;—CVZ)XZZ—(];X));] (3)
t=1 n=l
All the parameter at this model is the same as Eq (4) at paper 307 CCG 2011. This model is
superior to model (13) at paper 307 because there is no extra variable and the speed of algorithm is

exactly the same as traditional mine planning model (4) at paper 307.

Case Study
The same case study as paper 307 is used at this paper too and Cu’ = 0.5 $/Tonne . Figure 1 shows

the schedule created with this method. Figure 2 shows the effect of grade uncertainty on the feed of the
plant and this is because of at this case there is no constraint on the lower limit of the production.
Therefore the optimizer tried to minimize the variance of input ore to the plant with less input ore at early
yrar. As is can be seen from Figure 2, there is very small deviation from kriging (black line) at first year of
production (period 3). But the input ore is less at first period. To solve this problem, a lower limit of the
production target is set to the target limit which is 36MT per year. Figure 3 shows the schedule with new
constraints on lower limit of production schedule. As the same procedure at paper 301, any probable
over produced ore has been cleaned. From Figure 4 to Figure 7 there are two graphs for each figure. At
left the surplus ore are not removed and it is the row version. And at right the post processed version
where the over probable produced ore is removed from simulation realizations. Table 1 shows some
summery statistics of input ore, strip ratio, input bitumen, average grade and NPV. The NPV of kriging is
higher than any other realizations because the kriging block model is used at optimization. Also the
average mean of NPV calculated from realizations is higher when surplus ore is not removed (M$2290.97
vs. MS$2287.18). Table 2 shows the statistics of cumulative cash flow over the periods.

Conclusion

At this paper A new method is presented based on coefficient variance to minimize the variance of
production at generated schedule. It is an optimization method that maximizes NPV using input block
model and minimize the variance of the input ore by penalizing the Coefficient of variance. The number of
variables is exactly the same as traditional method which done not consider grade uncertainty. Therefore
the speed of algorithm is much more than new proposed method based on grade uncertainty. The short
come of this method is to set lower limit of production. The optimizer tries to minimize the variance and
this cause to shortfall at production at early years. The other changing question is to find the correct value

of Cu'. There is a proposed method at paper 307 CCG 2012. The method is running the optimization
with different Cost parameter to find the optimum value.
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Figure 1. Schedules generated using krig model and simulation realizations
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Figure 2. Feed of the plant over periods for kriging (back line), etype (dashed blue line) and simulations
(dash red line)
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Figure 3. Schedules generated using krig model and simulation realizations with constraints on lower limit
of production set to 36MT

$2500 -

$2000

$1500

$1000 A

$500

-$500

Cumulative NPV ($) , a. Surplus ore not removed Cumulative NPV ($) , b. Cleaned
$2500 -
ot <
ot /’/&g‘fé
e $2000 &@‘;
- $1500 “&§
----Simulations && ----Simulations
—Krige $1000 - —Krige
$500
/ Period (year) s / Period (year)
‘\2/ 3 4 5 & 7 8 9 10 ‘\2/ 3 4 5 & 7 8 9 10
-$500

Figure 4. Cumulative NPV over periods for kriging (

back line), etype (dashed blue line) and simulations

(dash red line), surplus ore not removed at left and cleaned version at right
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Figure 5. Input head grade to the plant over periods for kriging (back line), etype (dashed blue line) and
simulations (dash red line), surplus ore not removed at left and cleaned version at right
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Figure 6. Feed of the plant over periods for kriging (back line), etype (dashed blue line) and simulations
(dash red line), surplus ore not removed at left and cleaned version at right
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Figure 7. Boxplot and deviation from target production (yellow bars), calculated using simualtion values,
surplus ore not removed at left and cleaned version at right

Table 1. Summary statistic of realizations when generated schedule with Kriging is followed, at above
without stockpile and bottom with stockpile

a: LP With Krig &

re Input Bitumen NPV
\i/iirtri;olifasli(z)iigﬁi Milliorcl)s Tonnes > IR0 Miﬁions Tonnes Average % Millions Dollars

Mean 276.03 1.37 28.27 10.24 2290.97

Std. dev 3.85 0.03 0.46 0.09 59.06
Min 268.97 1.28 27.26 10.03 2159.37
Quartile 1 273.14 1.35 27.87 10.20 2244.66
Median 276.14 1.37 28.25 10.25 2290.71
Quartile 2 278.38 1.39 28.63 10.29 2332.71
Max 286.83 1.43 29.36 10.52 2409.59
Krig 282.44 1.31 29.11 10.31 2421.27
Etype 282.03 1.32 28.48 10.10 2317.94
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b: LP With Krig &

Sim.' Realizati.ons Millior?sr?l"onnes STRO l\flrilﬁ?(fn]?"tll?;irels Average % Millicl)\rllrs)\]])ollars
With Stockpile

Mean 275.77 1.37 28.24 10.24 2287.18

Std. dev 3.65 0.03 0.45 0.09 56.87
Min 268.97 1.28 27.26 10.03 2159.36
Quartile 1 273.13 1.35 27.85 10.20 2235.65
Median 276.05 1.37 28.23 10.25 2288.95
Quartile 2 278.03 1.39 28.57 10.29 2328.98
Max 285.49 1.43 29.23 10.52 2395.43
Krig 282.44 1.31 29.11 10.31 2421.27
Etype 281.32 1.32 28.41 10.10 2307.70

Table 2. Summery statistics of cumulative cash flow at each period, at above without stockpile and
bottom with stockpile

Period 1 2 3 4 5 6 7 8 9 10
Mean -223.09 -479.70 47.00 484.13 908.59 1,228.27 1,547.82 1,807.94 2,064.99 2,290.97
Std. dev 0.00 0.00 7.86 19.46 30.87 31.38 37.10 42.20 50.28 59.06
Min -223.09 -479.70 3297 447.68 84456 1,174.60 147627 1,721.02 1,959.43 2,159.37
Quartile 1 -223.09 -479.70 41.65 469.02 884.18 1,202.83 1,521.84 1,770.04 2,023.89 2,244.66
Median -223.09 -479.70 4555 48241 91026 1,225.01 1,542.47 1,807.17 2,070.61 2,290.71
Quartile2  -223.09 -479.70 5290 498.75 929.12 1,259.19 1,583.94 1,848.07 2,100.73 2,332.71
Max -223.09 -479.70 6298 53697 980.64 1,287.32 1,607.66 1,882.96 2,152.65 2,409.59
Krig -223.09 -479.70 68.18 521.89 967.83 1,312.67 1,660.90 1,939.09 2,208.48 2,421.27
Etype -223.09 -479.70 47.84 486.54 919.12 1,24098 1,561.53 1,826.20 2,086.05 2,317.94
Period 1 2 3 4 5 6 7 8 9 10
Mean -223.1 -479.7 47.0 481.3 905.1 1,224.8 11,5443 18042 2,061.2 2,287.2
Std. dev 0.0 0.0 7.9 17.4 28.7 28.9 34.9 39.8 48.0 56.9
Min -223.1 -479.7 33.0 447.7 844.5 1,174.6 1,4763 1,721.0 11,9594 2,159.4
Quartile 1 -223.1 -479.7 41.6  467.7 882.9 1,201.0 11,5209 11,7689 2,021.9 2,235.6
Median -223.1 -479.7 45.5 479.6 908.1 1,224.2 1,540.1 1,804.3 2,070.6 2,288.9
Quartile 2 -223.1 -479.7 52.9 494.9 924.0 1,252.,5  1,5751 1,838.2 2,096.3 2,329.0
Max -223.1 -479.7 63.0 526.2 969.9 1,276.6 1,602.4 1,876.0 2,150.6 2,395.4
Krig -223.1 -479.7 68.2 521.9 967.9 1,312.7 1,660.9 1,939.1 2208.5 24213
Etype -223.1 -479.7 47.9 484.5 908.9 1,230.8 1,551.3 1,816.0 2,075.8 2,307.7
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