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Abstract: The optimization of mine complexes and related value chains is a challenging problem due to the
simultaneous presence of a highly-dimensional decision space, integer decision variables, non-linear constraints
and recovery functions, as well as geological and market uncertainty. In addition, if the uncertainty is
revealed progressively then decisions need to continuously adapt to new information, which poses additional
challenges. Stochastic dynamic programming is a well-known class of methods for addressing problems
where a decision-maker reacts to new information. While simplistic applications of dynamic programming
using exact representations would be intractable for any realistic mine planning problem, new dynamic
programming methods using approximate value function representations have been successfully implemented
in the past to address problems of similar complexity. This work formulates the problem of mine complex
optimization as an approximate dynamic program, and presents an application of the resulting method to a
gold-copper deposit.
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1 Introduction

In a mining complex, the mineral extracted from the ground can follow different blending and processing
streams. These streams, and the material transformations that occur along the way, can be seen as forming
a mineral supply chain. Optimizing the quality and quantity of the inputs to the metallurgical processes
within the supply chain can increase the value of the mining complex. This processing stream optimization
can also lead to a higher quality mine schedule, by allowing the scheduler to compute block values according
to the actual maximum-value destination, instead of relying on simplifying assumptions needed to compute
processing-stream-independent economic block values.

There has been increasing interest in recent years in the global optimization of mining complexes (Good-
fellow and Dimitrakopoulos, 2012, 2013; Montiel and Dimitrakopoulos, 2013; Whittle, 2010, 2007). This is
a highly complex problem due to the presence of a large number of integer decision variables, the availabil-
ity of multiple processing streams, and potential non-linearities introduced by recovery curves or blending
requirements. In addition, uncertainty needs to be taken into account by the optimization models in order
for realistic solutions to be produced. Indeed, previous work has shown that ignoring geological uncertainty
can lead to lower-quality solutions for both stand-alone scheduling problems (Dimitrakopoulos, 2011) and
global optimization problems (Goodfellow and Dimitrakopoulos, 2013; Montiel and Dimitrakopoulos, 2013).
Another important source of uncertainty is given by potential market fluctuations (Del Castillo and Dimi-
trakopoulos, 2013; Johnson et al., 2011).

Adding even further to this complexity, mining operations may have the flexibility to adapt their operation
according to new information obtained. For instance, managers may have an option to close the mine earlier
or later than originally planned (Del Castillo and Dimitrakopoulos, 2013; Dimitrakopoulos and Abdel Sabour,
2007), or to adapt their production rates in order to respond to price changes (Kizilkale and Dimitrakopoulos,
2013). Accounting for this flexibility can better prepare management by foreseeing how they will respond to
uncertain future information. Similarly to processing stream optimization, this can provide more accurate
material values for use by scheduling methods.

Previous work dealing with flexibility modeled either CAPEX-related decisions, such as life-of-mine or
production rate, or scheduling-related decisions (Boland et al., 2008). This paper introduces a new method
for optimizing processing stream decisions under uncertainty.

The proposed method is based on dynamic programming (Bellman, 1957; Cormen et al., 2001; Puterman,
1994), which efficiently combines solutions to different subproblems of the original optimization problem.
In order to deal with the high dimensionality of the problem representation space, we use approximate
dynamic programming (Bertsekas and Tsitsiklis, 1996; Powell, 2007; Sutton and Barto, 1998), which works
by approximating the value of the subproblems’ solutions. Approximate dynamic programming has been
used in large-scale industrial applications such as fleet management (Powell et al., 2012a) and power system
control (Powell et al., 2012b; Ernst et al., 2009).

There are a few examples in the literature of dynamic programming applied to mine planning. Dowd
(1976) proposed a dynamic programming approach for computing a different cut-off grade for each period.
A dynamic programming model was also proposed by Wang et al. (2008) for determining per-period cut-off
grades as a function of the amount of previously extracted mineral in an underground mine. Kizilkale and
Dimitrakopoulos (2013) used dynamic programming and game theory to compute a strategy for adapting
mine production rates in response to price changes in a multi-mine complex. Because they used a target-
tracking formulation of the problem, they were able to use quadratic control (Anderson and Moore, 1989)
and did not require approximations. To our knowledge, this work is the first to use dynamic programming for
processing stream optimization, and to use approximate dynamic programming for mine planning in general.

The dynamic programming methodology is introduced in the next section, together with a complete
formulation for the problem of computing initial material destination policies. Subsequently, results obtained
by applying the proposed method to a copper-gold deposit data set are presented. The paper ends with
conclusions and directions for future work.
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2 Approximate dynamic programming

Dynamic programming is an approach to solving complex optimization problems by breaking them into
smaller subproblems. It works by decomposing the objective function of the original problem into partial
evaluation functions corresponding to each of the subproblems, and then combining the subproblems using
the partial evaluation functions as a guide.

In order to illustrate how dynamic programming can be used for mineral supply chain optimization, we
will present an in-depth example of its application to the problem of allocating material to initial destinations.

2.1 Initial destination policies

This section describes the problem of allocating mined blocks to initial processing destinations. Similarly to
Goodfellow and Dimitrakopoulos (2012), it is assumed that the material that needs to be allocated has a
set of additive properties. Examples of such properties are total tonnage and metal tonnage, but not metal
grade, since this is not an additive property.

Using the concept of additive properties, the output of some initial destination dest for a given period ¢
can be computed according to the following general steps:

e Compute the set of blocks B(dest, t) that are allocated to dest in period t

e Sum up the properties of all blocks b € B(dest, t); denote the resulting vector by piotar (dest, t)

e Compute any auxiliary variables based on pioiai (dest, t) that are required in order to compute the
output of dest; for instance, compute the head grade if a grade-recovery curve is to be used

e Compute the output of dest as a function of pyiai(dest, t) and the auxiliary variables computed in the
previous step

The revenue obtained from selling the output of the initial destinations is then used as part of the objective
function, which has the general form

T
Obj = Z % Z E [Revenued“t (t) — Costest () — PenaltiesdeSt(t)]
t=1 (1 + d) dest

where T is the total number of periods, and d is a discount factor. Different types of costs (such as processing,
selling, or environmental remediation) and penalties (such as deviations from targets or blending constraint
violations) can be incorporated.

Let the objective function for a particular scenario sc be denoted by Objs., such that

#scenarios

1
Obj  ————— Objse -
J #scenarios %Zzl J

The expectation on the right-hand side is taken with respect to geological and/or financial uncertainty. The
expectation can be approximated in a Monte-Carlo fashion by computing the average over a set of scenarios,
where each scenario corresponds to a realization of the uncertainty.

The goal of the optimization problem we are interested in is to compute a block destination policy that
maximizes the value of Obj. However, the stochastic formulation introduces a new level of complexity to the
problem: depending on when the stochasticity is revealed, we can have different types of destination policies,
as described in the following sections.

2.1.1 Scenario-independent policies

A scenario-independent policy decides the mapping of blocks to initial destinations before any information
about the stochasticity is revealed. This mapping is typically computed so that it is robust with respect
to uncertainty, and scenario-independent policies have been shown to be capable of increasing a project’s
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value while reducing risk (Goodfellow and Dimitrakopoulos, 2013; Montiel and Dimitrakopoulos, 2013). An
important advantage of scenario-independent policies is that they have fewer parameters than the other types
of policies we will discuss, and consequently they are easier to represent and conceptualize.

We will illustrate the different types of policies discussed in this paper using a very simple example with
two blocks, two scenarios, and two destinations. The two destinations, denoted by D1 and D2, have recovery
rates of 0.5 and 0.1, respectively. However, D1 has a capacity constraint of 10 tons for the total tonnage of
the material sent to it. We assume that the penalty for surpassing the upper bound at D1 by one ton is
larger than the revenue that would be obtained from both blocks combined, under either scenario, so that
an optimizer should never choose to surpass the capacity of D1.

The block property values under the two scenarios are shown in Table 1. For the purpose of this example,
we assume that the revenue obtained is directly proportional to the amount of concentrate produced, and
that there are no costs to be considered.

Table 1: Block property values for the example in this section.

bl properties Scenario 1  Scenario 2

Total Tonnage 5 7
Metal Content 0.01 0.02

b2 properties Scenario 1  Scenario 2
Total Tonnage 5 4
Metal Content 0.02 0.04

An optimal scenario-independent policy would send b2 to D1 and bl to D2, because the average profit
obtained is higher from sending b2 to D1 than from sending bl to D1. Note that the policy will never choose
to send both blocks to D1 because it risks surpassing the capacity by one ton, if s2 is the actual realized
scenario, and thus incurring a prohibitively high penalty.

On the other hand, if the manager had the flexibility to choose the destination for b2 after the property
values for bl have been observed, then both bl and b2 could be sent to D1 if the tonnage for bl had been
revealed to be equal to 5 tons. However, scenario-independent policies do not take advantage of this type
of flexibility. Ignoring the potential to adapt to new information, when such potential exists, can result in
overly pessimistic block evaluations, and can therefore reduce the quality of a schedule that is based on these
evaluations.

2.1.2 Per-scenario policies

Per-scenario policies provide a separate mapping of blocks to destinations for each scenario. Within each
scenario, there is no uncertainty surrounding block properties. Therefore, the allocation decision made for a
specific block by a per-scenario policy depends on the exact properties of the other blocks, thus avoiding the
potential over-pessimism of scenario-independent policies. Per-scenario policies can be seen as the second
part of a two-stage stochastic programming approach to global mine complex optimization (Goodfellow and
Dimitrakopoulos, 2012).

For the example described in the previous section, an optimal per-scenario policy would send both blocks
to D1 under the first scenario, but the first one to D2 and the second one to D1 under the second scenario.
This example illustrates the flexibility of per-scenario policies — in this case, they are able to exploit the
fact that, as soon as sl is identified as actual scenario, both bl and b2 can be sent to D1 without violating
capacity constraints.

On the other hand, the example also illustrates an important drawback of per-scenario policies. While
they are able to model the flexibility of adapting the destination according to the observed properties of the
material, they cannot model the setting where the properties of some of the un-allocated blocks are not fully
known yet. In our example, if the uncertainty for b1 is revealed and it turns out that b1 has a weight of 6 tons,
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and therefore is consistent with scenario 2, a per-scenario policy would be computed based on the tonnage
for b2 that is given by scenario 2. This implicitly assumes that the uncertainty related to b2 is revealed as
soon as the uncertainty for bl is revealed. However, the properties of the blocks that need to be allocated
may not become all known at the same time. If this is the case, then per-scenario policies may produce overly
optimistic block evaluations. The next section introduces a class of policies that can model the flexibility to
adapt to new information without requiring that all this information be revealed simultaneously.

2.1.3 Per-state policies

We propose per-state policies as a bridge between scenario-independent and per-scenario policies. Per-state
policies take their name from the concept of system state, which can be informally described as a numerical
representation containing all the necessary information about the system that is being optimized. For a more
in-depth and theoretical discussion of the concept of state, see Chapter 5 of Powell (2007).

The concept of state can be illustrated using the example of initial destination policies. In this case, the
system to be optimized is composed of the material that needs to be allocated and the initial destinations.
Assume that allocation decisions are made in sequence, as described in the previous section. One example of a
suitable state representation would be one that includes a numerical summary of the distribution of property
values for the blocks that have not yet been allocated, and the aggregate properties of the material already
sent to each of the initial destinations. However, making decisions based on distributional representations is
a significant challenge, and is beyond the scope of this work. Therefore, the rest of this paper will use a state
representation that only contains the aggregate properties of the material sent to the different destinations.

As the name suggests, the decisions made under a per-state policy are a function of the state. Because
the state summarizes the change brought to the system by the new information, per-state policies allow us to
express the idea of a system that reacts to new information. In the previous example, the property values for
bl may be revealed while the property values for b2 are still uncertain. An optimal per-state policy would
send bl to D1 if its tonnage is equal to 5, but to D2 if it is equal to 7. Note that this is the optimal decision
even if the scenario is not fully identified (in other words, even if the values for b2 are still uncertain).

Per-state policies are not necessarily the only way of modelling the process of adapting the policy in
response to new information. Multistage stochastic programming (MSP) (Birge and Louveaux, 1997; Boland
et al., 2008) can be seen as a way of constraining per-scenario policies in order to ensure that they are not
overly optimistic. This is performed through the addition of non-anticipativity constraints. These require
that, at every stage in the decision-making process, all scenarios sharing the same previous realizations
make the same decision. The relationship between MSP and state-based dynamic programming has been
analyzed by various researchers (Powell, 2012; Powell et al., 2012a; Defourny et al., 2012). This work uses
per-state policies rather than MSP; this is in large part due to the fact that per-state policies allow for
machine-learning-based approximation schemes to be used in order to reduce problem complexity.

2.2 Computing destination policies using dynamic programming

This section illustrates how per-state policies can be computed using dynamic programming, using once
again the problem of optimizing initial material destinations as an example. For simplicity of exposition,
we focus on optimizing the destination policy within a single period. Extensions to the multi-period setting
are possible, but not presented here, since they are not necessary for the case study presented in this paper.
This is because in the case study stockpiling is not used and a pre-determined mining schedule is provided,
making it possible to treat each period independently.

In order to illustrate the dynamic programming methodology, the concept of state updates must first be
discussed. For the initial destination problem, the first state corresponds to the setting where no material
has been allocated yet, so the aggregate material properties at the destinations are equal to zero. Every
time a new block is allocated, the state is updated to reflect this new allocation. This is done by adding the
property values for the block that is allocated to the aggregate properties of the destination it is allocated to.
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For instance, for the earlier example with two blocks and two destinations, the first state is
S1 = (Dltonnage = 07 Dlmetal = 07 thonnage = 07 D2metal = 0) .

Assume that the observed properties of bl are (5, 0.01), in agreement with scenario 1, and that the policy
sends bl to destination D1. Denote by f the function that takes a state and a destination as an input, and
produces the updated state as an output. Then we can write

f (817 Dl) = (Dltonnage = 57 Dlmetal = 0017 D2t0nnage = 07 D2metal = O) .

The next step is to break down the objective function into terms corresponding to each state update.
Denote the first state (before any blocks are allocated) under scenario sc by si, and the state after blocks
b1,...bg—1 have been allocated according to policy 7 by s}, for all £ > 1. Note that the state value depends
on the scenario, however we will not make this notation explicit in order to avoid overburdening the formulas.
Define Objs. to be the value of Obj,. that would be obtained if all the blocks were allocated according to
7 in scenario sc. Also define Objs.(s) to be the value of Objs. that would be computed assuming that the
properties of the entire material sent to the destinations in the current period are given by state s. Note
that, under these definitions, Obj., = Objsc(sT). Then the value of Obj7, can be written as

Objgc = Objsc (377;) = Objsc (8727) — Objsc (51) + Objse (sg) — Objsc (872r) + -+ + Objsc (32) — Objsc (8271) :

The equation above assumes that Objs. (s1) is equal to zero, because s; corresponds to the situation where
no blocks have been allocated yet, and therefore there is no material to process.

For some state s and scenario sc, define Cs.. (s, dest) = Objs. (f(sk, dest)) — Objsc(sk), the direct con-
tribution to the objective function made by sending block by to destination dest. Also define the remaining
total contribution of the blocks that still need to be allocated after by has been sent to its destination to be

Cre™ (sha1,m) = Y Coe (55,7 (s5))

j=k+1

This notation allows us to re-write Obj7,, as

n

ObjT, = Cre™ (s1,m) = > _ Cac (55,7 (s5))

j=1
where the states s; in the equation above obey the property that s;11 = f (s;,7(s;)),Vj.

We can now apply a well-known dynamic programming result, the policy improvement theorem (Bellman,
1957), to the initial destination problem. The policy improvement theorem states that, for any policy w, a
new policy 7’ can be computed such that Obj”, > Obj™ by making a local modification to w. For our
problem, the modification requires that instead of allocating block by to the destination given by 7(si) we
allocate it to the destination dest that maximizes

E[Cse (s, dest) + C™ (f (sk, dest) , )] -

Recall that we assumed that the uncertainty is being reduced one block at a time. This means that at
step k the property values for all blocks up to and including by have been observed and are therefore known
with full certainty, but the values for the remaining blocks are still uncertain. Therefore, we can re-write the
quantity that dest needs to maximize as

C (sg,dest) + E[CJS, . (f (sk,dest) ,m)],

where C (s, dest) is computed deterministically according to the scenario that corresponds to the observed
properties of bg.
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The policy improvement theorem also guarantees that, if we keep improving the policy in this fashion
until the decisions made by the improved policy are identical to the decisions made by the old policy, the
objective function is maximized for this last policy. Therefore, the dynamic programming algorithm for the
initial destination problem will repeat policy improvement steps until this termination criterion is reached, or
until some maximum number of iterations if computational constraints need to be taken into account. This
iterative process requires an initial policy for the first iteration. This policy can be taken to be the “greedy”
policy, that is, the policy that only maximizes the local contribution C' (s, dest) and ignores the expected
total remaining contribution.

There remains, however, one difficulty, which is estimating E [C£¢, (s, )] for all appropriate values of s.

For any particular value of s, it can be estimated by simply averaging the sum of the values of C2¢, (s, 7)
over all scenarios. However, the difficulty with this direct approach lies in the iterative nature of the policy
improvement process. When we estimate the values of F [CZ¢, (s,n')] for the improved policy ', we need to

keep in mind that 7’ is a function of the values of E [CS, (s, 7)] corresponding to the old policy 7. Therefore,

in order to estimate the value of E [C2¢, . (s,7')] at step k, (n — k) % (#scenarios) values of E [C2¢, (s, )]
need to be estimated. After m iterations of the improvement process, this computational effort grows to
((n — k) * (#scenarios))™ estimations for each allocation. This exponential trend is clearly unsustainable,
and we will therefore use the approximation methods outlined in the following section in order to reduce the

computational burden.

2.3 Approximating the expected remaining contribution

As discussed in the previous section, computing the expected total remaining contribution can become in-
tractable due to the iterative nature of the policy improvement process. This section shows how the com-
putational burden can be alleviated by using approximation methods based on machine learning, and uses
randomized tree ensembles as an example of such a method.

As mentioned before, E [CZS, (s, 7)] can be estimated for any policy m by averaging the values of C2¢, (s, )
over all scenarios. This is efficient as long as 7 is not expensive to evaluate. However, when we perform
the iterative process this direct estimation method quickly becomes inefficient because 7 needs to be com-
puted using the estimated values for all the previous policies. In order to avoid this, we will approximate

E[Czg,, (s, m)] using regression methods in order to be able to evaluate it efficiently.

In general, univariate regression analysis provides an estimate of some conditional expectation E [Y]|z],
where x € R™ and Y is a scalar random variable whose distribution depends on z. Regression analysis
requires training data of the form (x;, y;), where the z; are called the training inputs and the y; are called
the training outputs or targets. Some algorithmic procedure is then followed in order to estimate E [V |x]
based on these samples. This algorithmic procedure can take a variety of forms depending on factors such as
the assumptions on how Y depends on x, the amount of data available, or the desired bias-variance trade-off.
Note that regression methods can produce estimates of E [Y|z] for any point z, and not only for the training
examples x;.

In our case, the conditional expectation we want to estimate is E [CZS,, (s, 7)], which is implicitly condi-
tioned on the value of s. Therefore, the training data set used contains the state values as the x-values and

average-based estimates of E [CZ¢,, (s, )] as y-values.

The particular regression method we use is called extremely randomized trees (Geurts et al., 2006), and
comes from the machine learning community. Extremely randomized trees are part of a class of methods
that use ensembles of classification or regression trees.

A regression tree (Breiman et al., 1993) is a regression method that uses a tree-based representation
to partition the input space into different regions, and predicts a different output value for each of those
regions. A regression tree for our problem would partition the input-space, which is the space of state values,
according to the different components of the state vector. In our case, these components are the aggregate
properties of the material that has already been sent to the initial destinations.
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The output returned by a decision tree when a new input is presented is determined by the value stored
at the leaf node corresponding to that input. For instance, for the tree in Figure 1, if the input is a state
vector for which the total tonnage at D1 is equal to 5 and the metal content at D1 is equal to 0.01, then the
returned output V1 is obtained by following the path in the tree corresponding to the input state.

D1 Tonnage < 5.5

No Yes

D1 Metal Tons < 0.02| (D2 Tonnage > 4.5

No Yes No / \‘;(es
V3 V

V1 V2 4

Figure 1: Example of a regression tree.

For a regression tree with a pre-defined structure, the values stored at the leaf nodes are computed based
on the training data. That is, the output of a given leaf node is computed as the average of the training
outputs for which the respective inputs correspond to a path to that leaf node.

In addition to the leaf node values, the input variables that the tree branches on at each internal leaf (D1
tonnage for the root note of the tree in Figure 1), and the values that those variables are compared to (5
for the root node in Figure 1) need to be computed as well. Regression trees typically compute these values
such that the post-split reduction in the entropy of leaf node values is maximized. In other words, they are
computed so that the distributions of leaf node values in the resulting subtrees are as peaked as possible.

However, because the value of the split criterion (the reduction in entropy) is estimated using the training
data, traditional regression trees can suffer from overfitting. Randomized tree ensembles have been proposed
in order to alleviate this issue. A regression tree ensemble is simply a set of regression trees such that, for
any input value, the output produced by the ensemble is the average of the outputs produced by the trees in
the set for that input. In a randomized ensemble, all the trees are constructed based on the same data set,
but randomization is artificially introduced in order to ensure that the trees are different from each other.

There are two main ways to inject randomization that have been proposed in the literature. Random
forests (Breiman, 2001) re-sample, with repetition, copies of the original training set, and then construct
a separate tree for each re-sampled set using traditional methods. Extremely randomized trees (Geurts et
al., 2006), on the other hand, use the original data set without re-sampling for every tree in the ensemble.
Instead, they inject randomization by selecting the split characteristics for each internal node (what input
variable to branch on, and what value to compare that variable to) randomly. Extremely randomized trees
have been shown to have very good empirical performance on both classification and regression tasks, and
are the method that is implemented for the case study presented in this paper.

Putting everything together, the approach proposed in this paper proceeds according to the following
sequence:

e Start with some initial destination policy 7 (e.g. greedy)

e Generate training data for regression tree ensemble

o Generate states s corresponding to different scenarios as inputs

o Compute average-based estimates of V7" (s) = E[CI¢™ (f (s,dest),w)], where f is the state
update function defined earlier
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e Train tree ensemble using the generated training data
e Let 7’ be a new policy selecting at each state the destination for which C (s, dest)+ Vre™ (f(s, dest))
is maximized, where V. °™ is the estimate of V" computed using the tree ensemble

e Repeat the above steps with m = 7/, until the two policies are identical or until a predefined number of
iterations

The idea of approximating the expected total remaining contribution (referred to as the “value function”
or “cost-to-go function” in the dynamic programming literature) has a long history. More about historical
developments and the various existing approaches can be found in monographs such as Powell (2007) or
Sutton and Barto (1998). In particular, the idea of using extremely randomized trees as part of a dynamic
programming approach has first been proposed by Ernst et al. (2005).

3 Case sudy: Application at a copper-gold deposit

This section presents an application of the proposed method using data from a copper-gold mine. The
application is based on the case study of Goodfellow and Dimitrakopoulos (2013).

The mine complex under consideration consists of a single mine from which the extracted blocks can
be sent to one of six initial destinations. The material extracted from the mine is comprised of three main
groups (sulphides, transition and oxides), each of which is divided into two sub-groups, as illustrated o the
left side of Figure 2. There are six destinations to which the material can be sent: a sulphide mill, a sulphide
heap leach, a sulphide dump leach, a transition heap leach, an oxide heap leach and an oxide waste dump.
The destinations are selective about the types of material they accept, as illustrated by the colour coding in
Figure 2.

Sulphide Mill (Cu, Au)

Copper-Gold Mine (3 Mtpa)
(25 Mtpa) e
Sulphides Sulphide Heap Leach (Cu)
(8 Mipa)
<02%cu [ L ———
z02%cu [ Sulphide Waste Dump (Cu)
{Unlimited)
Transition L B
<02%cu [l Transition Heap Leach (Au)
(Linlimitesd )
z02%Cu [ I

Oxide Heap Leach (Au)

Oxides {Unlimited)
Potential
Wasts . Oxide Waste

{Unlirmited)

Figure 2: Graphical representation of the various material types and destinations. Note the color coding,
representing the material types that can be accepted by each destination. Figure adapted from Goodfellow
and Dimitrakopoulos (2013).

The sulphide mill is limited to processing three million tonnes per year, and produces both copper and
gold outputs. The sulphide heap leach has an upper limit of eight million tonnes per year. The remaining
destinations do not have any capacity constraints. All destinations, with the exception of the waste dump
(which does not treat any material) have variable grade-recovery curves, as illustrated in Figure 3.

For this case study, only the first six mining periods (years) are considered. In addition, the study focuses
on initial destination policies, therefore a pre-determined mining schedule is used. The mined blocks are
clustered according to their properties, using the k-means++ (Arthur and Vassilvitskii, 2007) variant of the
well-known k-means algorithm (Lloyd, 1982), This property-based clustering is similar to the methodology
proposed by Goodfellow and Dimitrakopoulos (2012). Ten clusters are used for each material type, resulting
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100% 100%
90% — 90%
= ° / = o
S 80% 7 s 80%
S 705 pmmmm—————- 2 J0%
o / o
2 60% / 3 60%
2 0, 2 10/
S 50% I T 50%
8 20% e it ] 40%
> . >
§ 30% § 30%
g 20% 15 = = Sulphide Heap Leach § 20% i = = Transition Heap Leach
I3 Lole S eeeees Sulphide Dump Leach 3 ., B eeeee Oxide Heap Leach
s 10% —t s 10% e Vil
© . Sulphide Mill < Sulphide Mi
0 T T 1 0 T T T 1
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Figure 3: Grade-recovery curves for the various destinations. Recoveries expressed as percentage of maximum
recovery for confidentiality purposes. Figure reproduced from Goodfellow and Dimitrakopoulos (2013).

in a total of 60 clusters. Note that this clustering scheme groups blocks according to similar properties, rather
than according to geographical location. The remaining parameters used are identical to those in Goodfellow
and Dimitrakopoulos (2013).

In order to model geological uncertainty, 50 orebody simulations are used. 40 of these simulations are
used for generating training data for the regression tree ensemble, and the remaining 10 are used to test the
robustness of the proposed approach. The initial policy used as part of the iterative policy improvement
process is a greedy policy (a policy that maximizes only the local block contribution, and ignores the ex-
pected total remaining contribution). Due to computational limitations, the improvement process was set to
terminate after a maximum of three iterations.

In order to write the objective function for this example, the following quantities are defined for each
period t:

o vk (t), v&, (t) and vh, (t) are random variables denoting, for cluster clusg, its total tonnage, copper

tonnage, and gold tonnage, respectively; the 50 orebody simulations provide realizations of these random
variables

o inet(t) =3, ., r(clus)=dest vk, (t) is the total tonnage of the material sent to destination dest;

mdcejt( ) and md“t(t) are the total tonnages for the copper and gold, respectively, sent to destination

dest in period t, and are computed similarly to m‘f\fth (t)

o outdst (1) = indet (t) x Recoveryd®s® (inest (t), ings5t () is the total copper produced at dest (for
destlnatlons that produce only gold, outsst (t) = 0)

o outdst (t) = in%st (t) x Recovery®™st (indet (t), ing5st (t)) is the total gold produced at dest (for
destinations that produce only copper, outdcst (t) = 0)
® pcy, and py, are the selling prices for copper and gold, respectively

° dest and Cdest

Cproe <o’ are the processing and selling costs, respectively, for dest

e pfiest is the penalty factor for deviating from the capacity of destination dest

o LBt and UB%*! are the total tonnage lower and upper bound, respectively, for destination dest
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The terms making up the objective function can now be written for this case study. As stated previously,
the objective function has the general form:

T

1
Obj = Z — Z E [Revenued“t (t) — Cost®st () — Penaltyd“t(t)] ,
t=1 (1 + d) dest

with the composing terms having the following values:

Revenue®® (t) = poy x out&st (1) + pay x outdest (t)

Cost!e* (1) = (et + <) it (1

Penalty?st (t) = pfdest x (max (0, LBt —in9%5t () + max (0, ing53t (1) — UB) )

3.1 Numerical results

Applying the policy improvement algorithm on this case study results in an improvement of 30.58% in the
value of the objective function after three iterations of the algorithm. This shows that the method works as
intending, computing a tree-based per-state policy that improves upon the initial policy.

The reasons for the difference in the objective function can be deduced by examining the total tonnage of
the materials sent to the different destinations, as well as the total value of the destinations’ outputs. Since
the first two destinations, the sulphide mill and the sulphide heap leach, generate most of the value, the total
tonnage and output value graphs are only shown for these destinations.

The graph in Figure 4 shows the total tonnage sent to the mill. We can see that the tree-based policy
does a much better job at matching the capacity of the mill than the greedy policy. This accounts for some
of the difference in the objective function, since the solutions get penalized if they send less than 2.9 tons per
year to the mill.

x 10

—Tree ensemble
3.5 Greedy

Mill Tonnage
N
|
|
‘

Period

Figure 4: Total tonnage sent to the sulphide mill by the two policies. The horizontal black line corresponds
to the mill’s capacity (3 Mtpa). The thinner lines correspond to the 10th and 90th percentile (P10 and P90),
while the thicker lines correspond to the averages.

The other main source of difference between the two policies appears to be given by the value of the
copper produced by the mill. As can be seen in Figure 6, the total copper value is much higher for the
tree-based policy than for the greedy policy. This appears to be because the greedy policy appears to choose
to send some of the material with high copper grade to a less profitable destination (the heap leach) rather
than to the mill. Indeed, it can be seen in Figure 8 that the total copper output at the heap leach is slightly
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Figure 5: Total value of gold produced by the sulphide mill under the two policies. The thinner lines
correspond to the 10th and 90th percentile (P10 and P90), while the thicker lines correspond to the averages.
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Figure 6: Total value of copper produced by the sulphide mill under the two policies. The thinner lines
correspond to the 10th and 90th percentile (P10 and P90), while the thicker lines correspond to the averages.

higher for the greedy policy than for the tree-based policy. This may be explained by the fact that the greedy
policy is trying to make sure that the lower bound on the heap leach capacity (7.8 tons) is met, so it sends
some of the first blocks to be allocated to the heap leach rather than to the mill, despite their relatively high
grade.

The other main source of difference between the two policies appears to be given by the value of the
copper produced by the mill. As can be seen in Figure 6, the total copper value is much higher for the
tree-based policy than for the greedy policy. This appears to be because the greedy policy appears to choose
to send some of the material with high copper grade to a less profitable destination (the heap leach) rather
than to the mill. Indeed, it can be seen in Figure 8 that the total copper output at the heap leach is slightly
higher for the greedy policy than for the tree-based policy. This may be explained by the fact that the greedy
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Figure 7: Total tonnage sent to the sulphide heap leach by the two policies. The horizontal black line
corresponds to the capacity of the sulphide heap leach (8 Mtpa). The thinner lines correspond to the 10th
and 90th percentile (P10 and P90), while the thicker lines correspond to the averages.
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Figure 8: Total value of copper produced by the sulphide heap leach under the two policies. The thinner lines
correspond to the 10th and 90th percentile (P10 and P90), while the thicker lines correspond to the averages.

policy is trying to make sure that the lower bound on the heap leach capacity (7.8 tons) is met, so it sends
some of the first blocks to be allocated to the heap leach rather than to the mill, despite their relatively high
grade.

Figures 5 and 7 show that the two policies are fairly similar in terms of total gold value produced by the
mill and total tonnage sent to the heap leach.
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4 Conclusions and future work

This paper introduces per-state policies as a new way to predict how a mining complex might adapt to a
gradual reduction in uncertainty. It illustrates the concept on the problem of allocating extracted mineral to
a set of initial destinations, and describes how approximate dynamic programming can be used in order to
compute per-state policies.

The case study demonstrates that the approximate dynamic programming methodology can successfully
construct a per-state policy with significantly superior performance than that of a policy based on a greedy
heuristic. Analyzing how close the policy produced by our method is to an optimal policy remains a topic
for future work.

Future work also needs to investigate how our method can be used for optimizing other parts of the
mining complex, and show examples of its integration into a global optimization algorithm. Of particular
interest is designing a realistic model of how the uncertainty is gradually reduced. In addition, computational
improvements are needed in order to apply our method to more complex processing streams and to integrate
with production scheduling.
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