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The paper presents an optimal mine planning system designed to simultaneously optimize all the 
underground mines of large South African gold and platinum mining corporations. 

The system, code named PlanIT -OPTIM, is a multi-stage solution involving the use of a 
detailed 3D CAD-based mine planning system (CADSmine™ V4). The mine design and 
scheduling rules defined in CADSmine™ are responsible for simulating mining sequencing, rock 
mechanics, and ventilation, etcetera. Feasible production ranges generated by CADSmine™ and 
various high-level mathematical models are used as inputs to a mathematical optimization engine. 
The optimization engine produces optimal production profiles (i.e. key business indicators such as 
tonnages, mineral and areas extracted per time period) by maximizing net present value. Other 
objectives such as profit continuity, production continuity and maintaining available reserves can 
also be specified as optimization criteria. The final step in the PlanIT-OPTIM process is to convert 
the optimal production profiles into practical and attainable business plans. This is achieved 
through the CADSmine™ Detail Optimization Engine that modifies the original CADSmine™ 
schedule to match the optimal production profiles. 

With current methods it is an impossible task to find the best business plan for a mining 
corporation in any reasonable period of time should conditions change (e.g. gold prices, exchange 
rates, grade estimates, etcetera). The fast turn around time achieved through PlanIT-OPTIM 
makes it possible to do several 'what-if' scenarios in a reasonably short time. 

PlanIT -OPTIM has ah'eady been used in the gold mining industry to find optimal business plans 
for a mine. 

Introduction-A perspective on optimal mine 
planning systems 

Many attempts have been made to try and apply modern 
computing power to increase the value of ore resource 
assets of large South African underground gold and 
platinum mining operations by maximizing portions of the 
mining value chain. Some of these attempts have not lived 
up to expectations due to the inability of the systems to deal 
with the complex interactions among the variables that 
constitute the mining value chain. Furthermore, the value of 
ore resource assets cannot be confined to only the Net 
Present Value (NPV) calculated over the life of the mine. 
Various other objectives should also be considered e.g. 
profit sustainability, maintaining labour relations, reducing 
risk by maximizing available reserves, etcetera. 

An optimal mine planning system should, therefore, be 
able to maximize various objectives in addition to NPV by 
considering most of the complex factors describing the 
mining business. 

Practical considerations for an optimal mine planning 
system can be summarized as follows: 

• Tabular underground mining standards and business 
rules should be implemented-This is necessary to 
simulate the entire spectrum of the mining value chain. 
At the more detailed levels of the value chain the 
standards and rules of mining sequencing, rock 
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mechanics, ore flow routes, etcetera, must be described. 
On higher levels, standards and business rules such as 
financial models, business hierarchies and labour 
models should be included. 

• The system should be in line with current 
technologies-There is little use in providing a system 
that can only run on an expensive supercomputer. 
Conventional and affordable platforms should be used, 
e.g. Intel and Microsoft Windows. 

• Fast turn-around time-The ability to modify business 
plans instantly in response to changes in the business 
environment, such as changes in, evaluation data, gold 
prices or exchange rates, can deliver significant 
business benefits. 

• Results should be realistic, reasonable, practical and 
achievable-A major concern to the mining 
community is mathematical models that suggest 
ludicrous changes to current business practice. The 
system must assist with the detailed planning required 
to achieve a high level business objective. 

• Simplified operating procedures-The interface to the 
planning system should be presented in a way that fits 
in with the mining business using familiar terms and 
familiar mine planning tools. Descriptions and 
definitions used in the mining industry should be used 
to prevent misinterpretation of input data. 

Various optimization systems have been developed for 
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open cast mining, such as the Whittle 4Dl and Whittle 4X2, 
that may be efficient in producing optimal business plans 
and that complies to most of the guidelines for optimal 
mine planning systems mentioned above. This is, however, 
not the case for underground tabular mines as to our 
knowledge. PlanIT-OPTIM is the only single integrated 
mine planning system that can be used as an optimal mine 
planning system for underground tabular mines. The aim of 
this paper is, therefore, to give an overview of the approach 
followed by PlanIT -OPTIM to produce optimal business 
plans, and also to present some comparative results. 

A combinatorial optimization problem 
CADSmine™ V4 is a 3D mine design and scheduling 
system that is being used by most major South African 
mining houses for doing medium- to long-term planning. 
The following is a brief outline of the process involved with 
CADSmine™ and most other planning packages in the 
industry: 

• Designing the mine layout--'::The physical layout is 
done in 3D. Graphic mine design elements denote 
physical entities such as haulages, travelling ways, 
crosscuts, raises and stoping panels 

• Defining the schedule rules-The schedule rules are 
used for mining sequencing and to obey constraints 
determined by rock mechanics, ventilation, etcetera 

• Scheduling according to the mine design and schedule 
rules-The CADSmine™ scheduling engine is 
employed to schedule out the advance of the graphic 
mine design elements per period according to user 
defined rates 

• Evaluating the scheduled mine design elements-This 
is done in terms of quantities, ore flow, costs, revenues, 
etcetera. 

Steps 2 to 4 are usually an iterative process that may take 
several weeks to complete. The time is dependent on the 
complexity and size of the plan being developed and, 
therefore, such exercises rarely exceed one business unit in 
size. With each iteration changes to schedule rules, mining 
rates evaluation data, etcetera, may result in a totally 
different production plan and, subsequently, a totally 
different business plan. It should be realized that there is a 
strong knock-on effect resulting from changes made to 
scheduling valiables. Consider, for instance, increasing the 
delay time on a specific mine design element that denotes 
development. The total delay that will be observed after 
scheduling out the whole mine design can be significantly 
larger than expected. There is, consequently, a strong non
linear relationship among the scheduling variables. These 
non-linear relationships exist even though a fixed set of 
financial parameters is considered. It is, therefore, an 
impossible task to determine the optimal business plan by 
means of trial and error. There are too many combinations 
to consider. 

The multi-stage optimization architecture 

Overview 

The CADSmine™ V4 Mine Design and Scheduling system 
paved the way for PlanIT-OPTIM, an advanced corporate 
optimization system extending the view from single 
business units through regional to multinational 
corporations. The project has several man-years of research 
and development work attached to it and has progressed 
well beyond proof-of-concept. It has attracted widespread 
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interest in South Africa and has been awarded funding from 
AngloGold, AST Mining, and the South African Industrial 
Development Corporation (IDC) (The IDC only gives 
grants for innovative work that has the potential to benefit 
the country as a whole). 

The solution entails generating feasible production ranges 
through the use of CADSmine™ V 4 Scheduling. The focus 
being on using detailed plans provided by knowledgeable 
persons familiar with the operational planning constraints 
of the businesses to be optimized. These production ranges 
al'e input to a mathematical optimization engine. 

In addition to the production ranges operational 
constraints, predictive grade models (mineral content) and 
specific economic scenario data are input to represent the 
relevant revenue and cost potentials. Optimal production 
profiles generated by the optimization engine are then 
converted back into practical schedules by using the 
CADSmine™ Detail Optimization Engine. The flow 
diagram in Figure 1 illustrates the process. 

Generating feasible production ranges using 
CADSmine™ V4 
The concept of feasible production ranges was introduced 
to decompose the complex combinatorial optimization 
problem into manageable sub-problems. The approach 
entails splitting the mine design into schedule independent 
areas (logical mining areas that can be mined independently 
of each other). Within each schedule independent area 
various scheduling rules are created which contain three 
scheduling attributes, i.e. a minimum, maximum and a 
preferred attribute. For mine design elements the minimum 
attribute represents a slow mining rate, the maximum a fast 
rate and the preferred the mining rate that is applicable in a 
stable production environment. In the case of scheduling 
rules that describe the time when scheduling must 
commence for a mine design element the minimum, 
maximum and preferred attributes will denote an earliest 
starting time, a later starting time and a preferred starting 
time. Another example will be scheduling rules imposed to 
create delays in a schedule at specific offset points of a 
mine design element. The minimum, maximum and 
preferred attributes for these rules will, for instance, be the 
minimum delay, the maximum delay and the preferred 
delay. 

By scheduling a schedule independent area twice, first 
using the minimum scheduling attributes and then the 
maximum scheduling attributes, a feasible production range 
is created. This denotes the boundaries of the mathematical 
problem. The graph in Figure 2 is an example. 

Generating optimal production profiles using the 
mathematical engine 
Optimal production profiles are produced as output by the 
mathematical optimization engine (i.e. key business 
indicators such as tonnages, mineral and areas extracted per 
time period). In addition to the feasible production ranges 
per schedule independent area, various other models also 
form part of the input to the mathematical optimization 
engine, e.g. financial models, labour models, grade models, 
ore flow network models and business hierarchies. All these 
models are incorporated into what is referred to as an 
Optimization Scenalio. 

Most of the parameters entered into the various models 
are specified as time dependent values. This allows for 
extrapolation of values into the future, e.g. mineral prices, 
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Figure 1. A multi-stage optimization architecture 
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production costs, escalation factors, etcetera. The models 
are described below. 

specifying mineral prices ranging over time per mineral. 

Financial models 
Financial models encapsulate parameters to be used mainly 
in the objective function e.g. NPV, CPI and exchange rates. 
Constraints for modelling desired profit profiles e.g. 
continuity, lower limits, etcetera, are also specified in 
Financial Models. 

Mineral price models 

The mathematical optimization engine caters for a multi~ 
mineral model. A mineral price model is used for 
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Business unit models 

Business units are the building blocks for a business 
hierarchy. Business unit models are designed to be generic 
and can be used to represent corporations, mines, shafts, or 
even tax ring fences. Some of the cost generators like 
stoping cost and development cost are captured in a 
business unit model. Other inputs on business unit level 
include capacity constraints, tax formulas and cost-volume 
graphs for representing fixed cost relationships. Figure 3 is 
an illustration of a possible business hierarchy. 
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Figure 3. A business hierarchy 

Labollr models 

Labour models are used to impose labour constraints on 
business units. These can model the permitted increasing or 
decrease in the number of workers. Labour models also 
provide for the costing associated with increasing or 
decreasing labour. The optimization engine is capable of 
determining the optimum labour complement for each 
peIiod of mine life based on labour efficiency. 

Area models 

For every business unit several area models are created. The 
area models map with the schedule independent areas 
defined in the CADSmine™ V4 mine design. This entails 
that the first set of constraints that will be encountered in an 
area model is the feasible production ranges defined by the 
CADSmine™ V 4 Scheduling engine. In addition to the 
feasible production ranges parameters defining physical 
attributes like, rock density, stope width, lag factors, 
etcetera, are entered into the area model. 

Associated with each area model is a quantity-quality 
relationship. This relationship can be defined as either a 
Grade- Tonnage-Curve or a Value-Area-Curve. This 
relationship is updated for every time peIiod thus providing 
the mathematical solution that maximizes NPV while 
simultaneously obtaining the other constrain values. 
Figure 4 illustrates the concept for a single period in time. 

Plant models 

For each Optimization Scenario several plant models can be 
defined. Plant models encapsulate parameters like capacity 
constraints, processing cost and recovery factors. Various 
business units can share a plant due to the generic nature of 
the business hierarchy. 

Ore flow network models 

For every Optimization Scenario created an ore flow 
network needs to be defined. This is achieved by linking 
area and plant models with virtual transportation links. 
Associated with each transport link are costs and capacities. 
Fairly complex ore flow networks can be created by the use 
of intermediate ore flow nodes. The optimization engine 
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will consider which ore flow route is best for which plant 
considering grade, plant efficiency, processing cost and 
transportation cost. Figure 5 illustrates the concept of an ore 
flow network. 

Producing the results (The mathematics) 
Using the models identified by an optimization scenario a 
mathematical model is constructed. It consists of an 
objective function that is subjected to a set of constraints. 
The objective function represents NPV and is constructed 
out of sets of parameters from various models e.g. revenue 
coefficients are extracted from the mineral price model, cost 
coefficients are extracted from the business unit models, 
escalation factors are extracted from the financial models, 
etcetera. The constraints are constructed in similar fashion 
and may denote production capacity constraints, plant 
capacity constraints, profit continuity constraints, etcetera. 

The constructed mathematical model is non-linear and is 
solved using a hybrid approach of linear programming and 
meta-heuristics 3 . The non-linear relationships are 
introduced by the grade tonnage curves (value area curves), 
the tax formulations and the cost-volume curves. 

The mathematical optimization engine produces the 
following outputs per model, with a focus on the production 
related vatiables. 

• Output from the area models-stoping, development, 
selectivity factors, grade, and minerals broken. 

• Output fr0111 the business unit models-accumulated 
stoping, development and minerals broken, total cost 
and revenue figures, and tax rates. 

• Output fr0111 the plant models-amount of ore 
processed, processing cost, and minerals recovered. 

• Output from the ore flow network-amount of ore and 
waste transported across the transportation links, and 
transportation cost. 

Generating the optimal business plan 

The mathematical optimization engine produces optimal 
production profiles per schedule independent area. The final 
challenge in the PlanIT-OPTIM process is to adjust the 
current CADSmine™ V4 schedules in order to match the 
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Figure 4. Quality-quantity relationships for optimization 

Figure 5. Example of an ore flow network 

optimal production profiles. The CADSmine™ V4 Detail 
Optimization engine is responsible for this by making 
intelligent changes to the attributes of the scheduling rules. 
Changes may include altering the rates on mine design 
elements, changing their selectivity, or even making 
changes to the delays imposed on them. The changes will 
be made in accordance to the boundaries set out by the 
minimum, maximum and preferred scheduling attributes. 

There is full control over the type of changes allowed in 
the process. This is a way of ensming that the optimal plan 
is practical and attainable. 

Meeting the requirements for an optimal mine 
planning system 

The PlanIT-OPTIM process involves evaluating a vast 
combination of unknown variable settings in order to 
determine the optimal business plan. The spectrum of 
variables ranges from detail scheduling information on a 
3D-mine design level up to complex business models at a 
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corporate level. On each level of complexity business rules 
and standards have been implemented to simulate the 
mining business as closely as possible. This extends the 
solution beyond optimization of the single business unit and 
into the realm of multinational corporations. 

With mine designs and schedules in place for several 
mines corporate 'what if' scenarios can be run in a matter of 
a few hours. Various test runs on large scenarios have been 
completed within 24 hours on conventional computer 
systems (Windows NT), with processing power not 
exceeding 800 MHz. This fast tum-around time is of great 
benefit for decision making in a constantly changing 
environment. The ability to obtain higher level optimized 
plans instead of a collection of sub-optimal plans from each 
business unit is also of great importance. 

PlanIT -OPTlM is successful with regard to the 
requirement that results should be attainable and practical. 
On a higher conceptual level the mathematical models are 
equipped with all the necessary constraints to model real 
life restrictions, e.g. capacity constraints, production 
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continuity constraints, labour constraints, etcetera. On a 
lower level scheduling rules direct the Scheduling and 
Detail Optimization Engine to model the sequencing of 
mining accordingly. 

The graphical user interface for capturing Optimization 
Scenarios have been designed in such a way that it makes a 
particularly complex system work as simply as possible. 
Careful consideration was given to managing variables for 
which values are extrapolated into the future. 

Comparative results 

The results presented in this section were generated using 
PlanIT-OPTIM as part of an optimization project launched 
by AngloGold. The project entailed building optimization 
models and finding 'optimal' production profiles for one of 
its mines. The optimization criteria for this project was 
maximize NPV. 

On each of the five graphs which follow (Figures 6-10) is 
a comparable data series that corresponds to the mine's 
production profiles of their LOM business plan. 

Figure 6 shows the m2 stoping profile generated by 
PlanIT -OPTIM in comparison to the m2 stoping profile 
from the mine's business plan. In order to model a stoping 
profile similar to what is presented in the business plan a 
maximum production constraint of 36 000 m2/month was 
imposed on the optimization model. It is also clear from the 
graph that PlanIT -OPTIM found it economically more 
attractive to reduce the life of the mine by one year. If 
desired a minimum production constraint could have been 
imposed to counteract PlanIT -OPTIM in reducing the life 
of the mine by one year. This of course may result in a 
lower NPV than what is proposed by the 'optimal' solution. 

Figure 7 shows the gold profile generated by PlanIT
OPTIM in comparison to the gold profile from the mine's 
business plan. This graph clearly illustrates the power of 
PlanIT-OPTIM to utilize the underlying value-area-curves 
of the geological model and to use different combinations 
of selectivity factors and re-sequencing to improve on gold 
recovery. Although the stoping profiles generated by 
PlanIT-OPTIM is comparable to that of the mine's business 

plan (periods 2002 to 2008), PlanIT-OPTIM succeeded in 
producing a better gold profile. 

Figure 8 shows the cost profile generated by PlanIT
OPTIM. The fact that the two profiles are similar for the 
first seven time periods (also the time periods for which the 
stoping production matches) confirms that the cost break 
down (fixed and variable) used in the optimization model 
produces the expected cost profile for a given production 
profile. 

From Figure 9 the higher revenue profile generated by 
PlanIT -OPTIM is evident from the higher gold profile 
presented in Figure 7. The consequence of the revenue 
profile of PlanIT -OPTIM exceeding that of the business 
plan with similar cost profiles are reflected in Figure lO 
where the contribution proposed by PlanIT-OPTIM is 
compared to that of the mine's business plan. 

Comparing the contribution profile generated by PlanIT
OPTIM against the contribution profile of the mine's 
business plan at an NPV rate of 10%, an improvement in 
NPV of approximately 10% can be observed. It should, 
however, be noted that PlanIT-OPTIM operated within the 
boundaries set by the already defined business plan. That is, 
PlanIT -OPTIM was not given the opportunity to explore 
ground outside of the planned resources. 

Summary and conclusions 
PlanIT-OPTIM finds the best plans for all the underground 
mines of a large corporate gold mine in a reasonably short 
time. The criteria for such a best plan can be a mixture of 
NPV, profit sustainability, production continuity and 
maintaining available reserves. PlanIT-OPTIM fulfils the 
requirements of an optimal planning system with regard to 
implementing business rules and standards specific to 
underground precious metal mines, using readily available 
technologies, performing simulation runs in a reasonable 
short time periods, delivering attainable results, and 
providing the user with an interface that makes operating 
the system as easy as possible. 

It should be realized that even though PlanIT-OPTIM can 
be used for optimizing business plans of individual mines, 
the greatest benefit would be realised if the business plans 
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Figure 6. Total m2 stoping profiles 
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Figure 10. Profiles of contribution 

for the entire corporation are optimized simultaneously. 
This is evident if one considers that 'optimal' business units 
may have a negative effect on total margin and even on tax 
benefits. Furthermore, scenarios may exist where several 
mines share facilities such as processing and transportation 
making it necessary to reduce production during periods of 
time for some mines. 
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