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In introducing his paper, Mr Roman said that whereas in 
manufacturing plants the yearly production levels were 
usuaUy chosen to produce the largest annual cash flow, in a 
mining operation, the raw mnterials (ore) were exhaustible 
so that the production had to be scheduled to maximiJ:e the 
total nct present worth of the operation. This optimum 
production schedule could be dclecrnined by using dynamic 
programming. The required information was readily available 
to management at most mincs. The 'possible operating range' 
of production rates lay between the rate with the highest 
profit per Ion and tbat with the highest profit per year. 
Tbe optimum production rate started typically at the top of 
this range and decreased slowly as the deposit was depleted. 

Dynamic programming was used to determine several 
production schedules for a bypothetical mine-mill complex. 
The effects of changes in the ore grade estimates. size of 
deposit and acceptable rate of interest on the production 
schcdule were taken into account. Apart from the fact that 
the net present worth of the overall profits was larger thau 
that obtained by conventional methods, it appeared from the 
cases studied that the amount of metal recovered was also 
greater. 

Dr R. P. King commented that this was a very interesting 
application of dynamic programming. He pointed out, 
however, that the market price of the motal was likCl ly to vaty 
significantly and randomly during the life of the mine, and he 
suggested that the problem should, therefore, be reformulated 
aB a stochastic dynamic progrnmming problem. 

If the price of the metal rose to abnormally higl1 levels, 
a much higher than normal production rate could be expected. 
The results of analyses given in Table S shoM:<! that the 
production rate was a function of market price. In his view 
tbe stoehastic problem could be solved just as easily as the 
deterministic problem. 

In reply to a question by Dr King as to whether the function 
relating recovery to production rate (Table I) was based on 
real data, the author replied thnt it was based on the results 
of an analysis conducted at too Union Carbide Corporation'& 
Pine Creek tungstCJ..I mine ill Calirornia. 

Dr D. M. Hawkins stated tbat costs were incurred when the 
production rate was altered, for example, in appointing or 
laying off staff. and that in practice it may be necessary to 
take thesccosts into account in finding the optimum production 
rate. Mr Roman replied that, while normal administrative 
costs were accounted for, the additional costs incurred in 
appointing and laying off staff were not taken into account. 

In a comment on Dr Kiog's statement regarding the 
feasibility of using stochastic dynamic programming, Dr 
Hawkins said that if stochastic elements were introduced, an 
extra state variable would have to be inlloduced for each of 
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these. The work of solving a dynamic program increased 
expollentially with the number of state variables. A problem 
involving several state variables migbt prove to be com
putulionally infeasible. 

Mr Roman said tbat his experience of stochastic modelling 
was limited to tbe use of MOnle Carlo methods, but he agreed 
that the amount of computation involved would increase 
considerably. In reply, Or King said that the stoclut.stic 
formulation of the problem would add only one dimension to 
it aDd it could, Iherefore, still be considered to be eom
puttllionally feasible. 

Dr 8. L. Joffe asked if the aulhor had considered cases 
where the maximum production rate occurred below the rate 
at which curve relating profit per ton to produclion rate 
reached its maximum, Fig. I, and l:a.ses where tbe minimum 
production rate occurred above tbe rate with a maximum 
profit per year. In these cases, which lie outside the 'possible 
operating range', the optimum would simply be at the upper 
or lower bounds oftbe production raoge. 

The author replied that the curves given in Fig. 1 were 
hypothetical and chosen to bave bolh maxima. within tile 
production range. It was conceivable that some mines could 
be operating in the range where increaood production would 
lower the profit peL" year. He knew of no cases at the other 
extreme, however. 

Mr C. O. Robinson, wbo presentcd the-second paper in the 
session, explained that the work done was an attempt to 
optimize the design of a processing plant for a large mining 
venture as distioct from an attempt to optimize the parameters 
of an existing operating process. Pro~ parameters such as 
cut-off grade, grind size, process temperature and the different 
unit operations to be used, were to be decided on for the 
design phase and a lal·go number of different combinations of 
operating and design parameters were available which satisfled 
the required production criteria. The function of the operation 
was to choose the best set of parameters on which to bRse 
tho design. 

The processing plant W3..'I to treat Ofe from 3.n infini te pit 
and the output of the mine wns contrnct-limitc.d.. The oconomic 
criteria 10 be applied were, therefore, purely dependent on the 
cost of producing metal at any stage in the process. Marginal 
costing was usedas well asa gencrn l~purposeOowsheet in which 
were incorporated margiual processes, and a search routine 
was followed to minimize costs as a function of all the 
variables. Processes with n negative marginal contribution to 
profit were eliminated automatically and an optimal plant 
desisn and control structure were obtained. TIle total cost 
per unit of metal was taken as the sum of operating and capital 
costs, discounted at a given rate. This meant that the design 
was very sensitive to the rate at which capital was charged. 

H 
I 



T.he various operations compnslDS the process were 
modelled mathematically and, wherc possible, sub-optimi:m
tions were carried out and the design was fragmented, only 
one or two key variables being caTl'ied forward from operation 
to operation. 

The effect of variations in cut-off grade on thc amount of 
ore that was mined and milled for thc required metal produc
tion to be ~Iized. were shown in Fig. 4. Furthermore, the 
effect of variations in cut-off grade on the lotal oplimmn 
capital costs and the total optimum operating costs wcre 
shown in Fig. S. As the cut-off grade increased, the mctal 
recovery decreased , which had important effeecs on mining 
policy. It could be seen that the minimum in the total capital 
curve did not correspond to thc minimum in the curve for 
total opcraling costs. The best grade of mill feed would lie 
somewhere between the two minima and would depend all 
the rate at which the capital was discounted. 

The conclusion was reached that far too much time was 
spent in mathematical modelling of the constituent unit 
operation!!, and it wall considered that a more simpllr1ed 
analysis of the type pre!lCnted would prove adequate in the 
early design stages. 

Commentill8 on the paper, Dr P. J. D. Lloyd congratulltted 
the authors 011 obtaining a SOIUtiOD to the complex sy!!tem 
they described. He thought, however, that they had not laid 
sufficient stress on the possible Jack of generality of their 
systcm, and that this hick of generality had led them to 
conclusions which were most interesting but possibly opcn to 
misinterpretation, particularly in a ditTerent C011lext. 

In their introduction, the authors identified the phYsical 
parameters which controlled the profitability of a mining 
venture. The venture coMidercd by them was rather unique 
in that, unlike most ventures undertaken by the milling 
industry, the ore body was of infinite size, there was a single 
customer who required a fixed tonnage of metal over a fi."(ed 
de livery pcriod and, because of the size of the deposit, there 
was an infinite range of ore grades which had to be 
considered. In bis opinion most mining people would be 
surprised if it were suggested to them that, agaiTl.'lt a fixed 
sales contract, the tonnage mined should increase as the ore 
grade increased, as shown in Fig. 4 in the paper. Of course, 
the tonnage milled decreased with increasing: ore grade, as 
expected and as shown in Fig. 4. This implied that more and 
more low-grade material should be sent to waste as the grade 
increased, and the overall recovery would decrease markedly 
with increase in grade, as shown in Fig. 5. This might be called 
'wasteful' extraction, and superficially, it seemed justifiable 
only where an essentially infinite ore body with a wide range 
of ore grades was available. 

Dr Lloyd went on to say that it should be stressed that this 
most interesting conclusion that the authors had obtained W8.!l 

only a design answer. Plainly, tbe conclusion might change 
for an operating plant, particularly under conditions where 
there was the fixed capital investment in mine and mill, and a 
change in the market for the product. Under these conditions, 
which could occur at any time after tbe initial constmction 
of the plant, the optimum operatillg conditions might be 
totally different. It was unfortunate that the authors could 
not present any data Oil the effects of such changes, which 
would have demonstrated Ihat sufficient nex.ibility had beeo 
built in to their optimum design to permit such changes 
without major additional capital or operating costs being 
incurred. 

Referring to the optima shown in Fig. 5, he .said that there 
were plainly wide errors in aay design cost analysis, and tbat 
the cost curves shown in Fig. 5 should, therefore, had been 
sbown as bands rather 111ao as tbin lines. The minima shown 
were very shallow, and therefore the 'optimum' ore grallcs 

390 

determined by Ihis method would be subject 10 very wide 
errors. Hc wanted to know if the authors could perhaps 
comment on this, and give some indication of tbe possible 
relative errors. 

Mr Robinson and Dr Lovcday replied to different parts of 
Or Lloyd's comments. They stated that they found it 
interesting that his criticisms were directed at the policy of 
examining U1e total cost structure as a function of cut-off 
grade for any given rate of production of metal. This was one 
of the more obvious ways of determining the cut-otT grade 
in the initial years of operation. The project described in 
the paper was aimed at determining the minimum total cost 
curve by considering the interactions of mining cnt-oJf grade, 
and the upgrading and metallurgical plant design options. 
They would nevertheless clarify the points as they were raised. 

At the deSign stage of a project, the only major constraints 
were the total capital and tile rate of production of metal, 
as determined by long-term contracts. In the manual 
feasibility studies, upon which tlleir data were based, only a 
few rates of metal production could be COllsidered. With their 
computer program any metal production rate could be defined 
on an input variable, thus providing more flcxibility. The 
concept of an infinite ore reserve referred to the situation 
where tbe mining company did not wisb to operate at a 
higher uni t cost in order to conserve resources. This aUitude 
would prevail when a large marginal grade deposit was mined, 
especially when future market conditiolls were uncertain. 
On (he basis of Fig. 5, discount cash flow calculations could 
be performed to delermine the possible benefits of operating 
to the left of the minimum unit cost, thereby extending the 
life of the mine. 

figu re 4 had been completely misinterpreted, despite a 
clear statement in the conclusions and in the fignre itself. It 
was well known to operators of open pit mines that, as the 
cut-off grade (at the mine) was increased, the grade of ore sent 
to the mill also increased, and hence tbe tonnage to be milled 
for a given rale of metal production decreased, but more 
material had to be mined to achieve the same rate of metal 
production. Thewa8te-to-oreratio, of necessity, also increased. 
This simple statement of ore tt$Crve5 had nothing to do with 
day-Io-day variations in lhe grade of ore fed 10 the mill. 
The curves ill Fig. 5 appeared to be very fiat, showing that 
the change in cost with eut~off grade was a small proportion 
of the 10lltl cosl. Nevertheless, this change repre~ted 
millions of rand!. This would be particularly signi6cant in 
terms of operating cost, which WU!l expressed 00 a per annum 
bASis. 

The question of sensi.tivity of the lotal cost curve to 
individual components became particularly significant when 
devaluation was announced, but sensitivity studies showed 
that the position of the minimum was remarkably insensitive. 
Also, the position of minimum CO!!I changed very little over 
a wide range of production ra tes. These phenomena showed 
that the optimum plant conditions were not likely to be 
sensitive to changes in labour costs, etc. Changes in the 
market price affected only profit, bl1t might force tbe company 
to operate at the minimum operating cost in lean years. 

It was uorortunate that the length allowed fm the paper 
did not permit a more detailed discus~ion of the design 
philosophy for lacge mining ventures, and the authors were 
grateful to Dr L10yd for providing an opportunity to elaborale 
on some points. 

Or Falkie in presenting the l<lst paper in the session said 
that he had encountered the use of a !!opbisticale<l mine 
economic planning system in phosphate mining aod was 
interested to find out if similar quantitative models could be 
developed for multiple-seam coal mining which was becoming 
increasingly important in the United States. The study was 
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conducted in two main stages. Tilo first, which was the subject 
of the paper, was to develop a preliminary program which 
would embody a feasibility study. 1n the second stage tlte model 
would be extended to provide daily infonnation on price-cost
production relationships. Throughout tltestudy,lhe possibility 
of using lhe model to study new mining methods which would 
include land reclamation had to be kept in mind, because of 
expected futuro State and Federal land reclamation require
ments. 

The first part of the model was concerned willl decisiou
making. Physjcal, chemical and economic variables were 
taken into account. A strippability factor and effective coal 
thickness were determined for each block, and thereafter 
the mining of these seams, within the limits of production 
requirements, was simulated. This was done incrementally. 
by first considering one seam only and subsequently including 
others. The life of the property. annual coal tOIUJages, etc., 
were predicted for each seam and combination of seams. 
Subsequently, costs of, amongst other things, plant supplies, 
minjng supplies IUld power were calculated and the a!Ulual 
gross profits determined. Lastly, the discounted cash flow 
retum on investmeot, in which allowance was made for 
depreciation and variable tax req\l;remcnts, was calculated 
Rnd a series of rates of return representing differen t seam 
combinations obtained. 

Mr Wells said that this paper and many others presented 
at the symposium e.xemplified the wide spectrum of knowledge 
required by tbe minerals engineer. T here was a time when 
engineers were concerood mainly with technical malleTS. As 
time progressed, the financial side of their activities became 
increasingly important. More recently they had had to acquire 
knowledge of the use of computers to reduce the tedium of 
their many calcUlations. The process started on the technical 
side, however, and the paper described a good example of 
the suoccss[ul marriage between the technical and economic 
sides of [he formulation of a problem. He asked jf Dr Falkie 
could give further details about the output of the system and 
about his plans to extend the system. 

Or Palkie explained that the paper was based OD a lengthy 
report which had to be condensed to meet the length require-
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ments of papers in the symposium. The output included a 
listing of strippability factors, coal thickooss IUld overburden 
thickness for each seam in each block. All operating cost data 
chart W"dS given, followed by data on capital investment, 
depletion rate and Federal tax rate. Mining data, such as 
property life, number of seams being mined, rate ofproductioll 
aud block dimensions were theu printed, and a list of physical 
and chemical restrictions such as maximu"\ depth of over
burden and maximum ash and ~ulphur content was given. This 
was rollowed by annual production fIgures. and data on coal 
overburden and stripping ratios on a yearly basis. The annual 
profit and loss statements were givcn and, lastly, the results of 
the discounted cash flow calculations. 

It was hoped to develop models which would relate costs 
to such items as stripping ratios, depths and volumes. Further
more, s ince factors such as price and demand changed, it was 
hoped to incorporate stlcb dynamic relationships in the model. 
Lastly, it was planned to ex[eud the model so that it could be 
used in long- and short-term forecasting. 

Mr Hargreaves cmnme.nted on the mining sequence outlined 
in Fig. l. He said that tbe equipment mixture seemed to be 
rather random and asked if the maintenance department was 
consulted in its choice. He added that rehandling took place 
as a designed procedure which would be c1Ipcnsive, and tbat 
the Marion dragline had to operatc on a waste heap, which 
would endanger the undercarriage and also tie up a lot of 
bulldozer lime. He asked whether the possibility of stripping 
the two upper beds of overburden with the dragline and the 
lower section with the stripping shovel could be considered. 
The draglino could be used to make up any leeway on the 
bottom stripping horizon where necessary. Ho assumed that 
it was known from drilling data what variatious existed in 
interneam thicknes!l and that the stripping cycle could be 
programmed accordingly. 

Dr Falkie replied that the mining sequence was determined 
by the mining company concerned and he would not claim 
that it was tbe best possible sequence. At this stage, however, 
he was not in a position to advise them to change although 
it was possible that he might do so at a later s tage or the 
project. 
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