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Abstract: Modern mining companies are complex organisations as per their
organisational, management and operational structure. They also operate in a
complex business and operational environment facing significant uncertainties
related to natural, technical, technological, market, organisational, economic,
financial, political, etc., influential factors affecting their business, management
and operations. Traditional approaches in strategic planning, asset management
and decision-making in the mining industry have been unable to adequately
grasp and address this complexity. This paper proposes a new approach in the
strategic planning and asset management for mining enterprises by analysing
them as complex adaptive systems (CAS). The methods of the complexity
science may help to better comprehend the complex environment of mining
organisations providing more realistic understandings upon it. Thus, we
consider that they may be useful in designing an enhanced strategic asset
management decision-making framework. The benefits, challenges, as well as
recommended future research works and applications in mining are also
discussed.
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1

Introduction

Globalisation and increased competition are keywords used to describe the market
development worldwide. This context also applies quite well to the mining industry. The
ability of mining enterprises to develop and implement innovative concepts in both
strategic planning and asset management will be decisive to meet the progressive
demands on competitiveness, and to ensure their sustainable operation and development.
The organisational strategic planning is described as an overall long-term plan for an
organisation that is derived from, and embodies, its vision, mission, values, business
policies, stakeholders’ requirements, objectives and risk management (BSi, 2008).
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Asset management is defined as an ensemble of systematic and coordinated actions
and practices through which an organisation optimally and sustainably manages its assets
and asset systems, as well as their associated performance, risks and expenditures over
their life cycles for the purpose of achieving its organisational strategic plan (BSi, 2008,
2009). This definition is rather generic and applies to any type and any size of
organisation, including mining companies.
The same standard provides the definition of an asset as plant, machinery, property,
buildings, vehicles and other items that have a distinct value to the organisation. In this
context, orebodies exploited by mining companies should also be considered as their
assets.
The newly published International Standard on AsM ISO55000 defines asset
management as “a coordinated activity of an organisation to realise value from assets”
(ISO55000, 2014).
The essential element of a good asset management system is the clear connectivity
between the organisation’s strategic plan and the daily activities of each department
(planning, engineering, procurement, operations, maintenance, performance management,
etc.) (The Institute of Asset Management, 2012; BSi, 2008; ISO55000, 2014).
Usual industry-wide asset management systems focus on traditional facilities such as
factories, assembly lines, etc. that have a more or less controlled and stable operational
environment. Mines are different. The experience in the mining industry has often shown
that what works at one mining site does not always work well at another one owing to
local conditions, culture and available resources which can substantially vary from site to
site (Carter, 2015). Moreover, most of the main mining equipment is mobile. Such a
context adds to further complexity in mining operations.
Mining enterprises also operate in a business, natural, technical, technological,
organisational, regulatory, legal, political, financial and market environment (hereafter
called business and operational environment), which is complex and characterised by
significant intrinsic uncertainties (Komljenovic, 2007).
Additionally, modern mining companies conduct their operations and business in the
contemporary world which is tightly connected at numerous levels and in different ways
(e.g., communications and IT, markets, finances, transportation, etc.). These are quite
favourable to normal business, but may reveal damaging effects in cases of major
perturbations. In fact, the mining industry is rather sensitive to various extreme and rare
events (natural and human-made).1 Meanwhile, there is not much research in this field
that helps understanding their impact on the strategic planning and asset management in
the mining sector.
Furthermore, mining companies are themselves complex by their organisational,
management and operational structure (particularly the larger ones), which also adds to
the overall complexity and uncertainties. Hence, the modern world is complex, and
mining companies operate in a complex business and operational environment which is
predominantly dynamic, and rarely entirely foreseeable. Those web-like complex
structures and organisations of interdependent constituent elements continually adapt to
their constantly changing environment.
Thus, issues and challenges in the mining industry are complex and
multidimensional. They have emergent and often unpredictable behaviour. Anticipating
and assessing the latter requires extensive knowledge from multiple disciplines in
engineering and beyond while managing a wide range of risks and uncertainties.
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Handling the issues discussed above has recently shown to be inefficient while using
traditional approaches (Makridakis and Taleb, 2009a, 2009b). Advices and input from
technical experts, strategic planners or knowledgeable managers may be insufficient or
too narrowly focussed to adequately manage the complexity of systems and structures in
a constantly changing and barely predictable environment (Glouberman and Zimmerman,
2002). It is generally owing to a lack of knowledge regarding the type and the range of
uncertainties, the nature and the intensity of interconnections between the constituent
parts of the systems, the level of their complexity, as well as human’s low ability to
predict future events and their characteristics. It should be highlighted that these concerns
are similar in other industries (Allen et al., 2011).
Most mining organisations deal with these issues by using various models and tools
that help decrease uncertainties and risks in their decision-making process to increase
their overall effectiveness. They are often based on traditional methods that have limits in
adequately treating the above-mentioned complexities and uncertainties. As a result,
mining companies sometimes suffer from low efficiency, and are vulnerable to
occasional major perturbations. It appears that the complexity of business and operational
environment in the mining industry sometimes overwhelms the ability of mining
companies to efficiently analyse and manage such increasingly difficult issues.
Consequently, there is a need for some alternative and enhanced methods and tools to
comprehensively understand and model the complex business and operational
environment in mining. The former may help define more efficient means of organising
and managing mining enterprises. This way, mining enterprises can improve their overall
effectiveness, enabling a sound management and sustainable development.
We consider that in such a context, mining enterprises should be considered as
complex adaptive systems (CASs). The methods and tools of complexity science (theory)
are recommended in those circumstances to better understand their behaviour and to
design appropriate management policies (OECD, 2009, 2011; Farmer, 2012). This is also
discussed and recognised by Smith et al. (2010). The definition and characteristics of
both the CAS and complexity science will be addressed below.
This paper aims at proposing an enhanced and complementary approach for a
strategic planning and asset management decision-making framework for mining
companies by considering them as CAS.
Section 2 introduces the concept of complexity science (theory). It also includes a
high level description of complex (adaptive) systems and their characteristics. Section 3
presents a literature review upon the analysed topic, and Section 4 proposes a global
model of strategic planning and asset management in mining in the context of business
and operational complexity. Section 5 discusses the benefits, and impending challenges
of applying this concept in the mining industry. It also highlights some future research
works in this field.

2

Overview of the complexity science and CASs

A new interdisciplinary field called complexity science has emerged and evolved over the
last few decades. It seeks to understand, predict and influence behaviours of complex
systems (Chan, 2001; Farmer, 2012; Blouin, 2013; OECD, 2009; Rickards, 2009). In this
movement, the Santa Fe Institute was created in the early 1980s aiming at discovering,
comprehending and communicating common fundamental principles in complex
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physical, computational, biological and social systems (Santa Fe, 2015). This discipline
deals with issues that traditional science has previously had difficulty addressing,
such as nonlinearity and discontinuities, self-organisation, emergence as well as
aggregated macroscopic patterns rather than causal microscopic events, probabilistic
rather than deterministic outcomes and predictions and changes instead of equilibrium
(OECD, 2009).
There is no commonly agreed definition of complexity science. For example, the
University of Southampton and its Centre of Complexity Science Focus suggested a
definition which may be reasonably acceptable:
“Complexity science is the scientific study of complex systems, systems with
many parts that interact to produce global behaviour that cannot easily be
explained in terms of interactions between the individual constituent elements.”
(Complexity Science Focus, 2015)

Ramalingam and Jones (2008) explain that complexity science is not a single theory – it
encompasses more than one theoretical frameworks and is highly interdisciplinary,
seeking the answers to some fundamental questions about living, adaptable and
changeable systems.
Another document produced by the European Commission states that complexity
science is merely the science at its limits (European Commission, 2007).
The CASs are dynamic systems able to adapt in and evolve with a changing
environment. They exhibit coherence under change, via conditional action and
anticipation, and they do so without a strong central direction. CASs are self-organising,
evolving, dynamic, rarely predictable and not proportional nor additive. It is important to
recognise that there is no exact separation between a complex system and its environment
(Chan, 2001; NISAC, 2015; Current, 2000). In fact, the complexity may only arise in the
context of a system.
Some basic characteristics of complex (adaptive) systems are listed below (Alderson
and Doyle, 2009; Blouin, 2013; Carrillo, 2011; Farmer, 2012; Goldstein, 2008;
Homer-Dixon, 2011; NISAC, 2015; Ramalingam and Jones, 2008; OECD, 2009, 2011;
Current, 2000). Some theoretical background has been defined in the late 1980s
(Bak et al., 1987) where the authors numerically demonstrate that dynamical systems
with extended spatial degrees of freedom naturally evolve into self-organised critical
structures characterised by barely stable states. Other characteristics of CASs include the
following:
•

Adaptability and feedbacks (feedback loops) allow systems to evolve, i.e., to
promote and/or inhibit changes within the systems. In this context, the boundaries of
a complex system are rather irrelevant given numerous interconnections between
both its environment and internal components. Example: A large company is a
highly complex system, with individuals and organisations interacting on social,
political, economic and physical levels, constantly changing and adjusting to one
another.

•

Emergence: Where unexpected system characteristics and behaviours may emerge
from simple rules of interactions (system-level patterns are not easily identified by
examining the system’s individual constituents).

•

Attractors: Some complex systems spontaneously and consistently mutate to
recognisable dynamic states known as attractors. While they might, theoretically, be
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capable to exhibit a vast variety of states, they mostly exhibit the constrained
attractor states. An attractor is a recognisable dynamic state of a system that may
continuously reappear. Example: the rules, norms and culture of an organisation are
attractors which define its functioning and possible states. Complex systems have an
extreme sensitivity to their initial conditions. Even minor differences in initial
conditions may lead to a completely different evolution of events when those
systems are involved.
•

Self-organised criticality and self-organisation: A complex system may possess a
self-organising attractor state that has an inherent potential for abrupt transitions of a
wide range of intensities. At a system level, it means the autonomous adaptation to
changing conditions as a result of the adaptability of the individual components.
Experience has shown that complex systems can be influenced, but cannot be
directly controlled. Example: financial markets, commodity prices, etc.

•

Chaos or edge of chaos: One of the first known features of complex systems was
chaotic dynamics, characterised by extreme sensitivity to initial conditions. Chaotic
systems are not entirely predictable. They show order owing to an underlying
attractor. A system can be predictable and stable on one time scale, and
complex/chaotic on another.

•

Nonlinearity: Complex systems usually exhibit nonlinear dependence of external and
internal influential factors. This characteristic basically means that changes in one
property or component may have a disproportionately large or small effect on
another property or component. Prediction in such a system requires sophisticated
probabilistic algorithms.

•

Phase transitions: The behaviour of complex systems changes suddenly and
dramatically (and, often, irreversibly) when a ‘tipping point’, or phase transition
point, is reached.

•

Power laws: Complex systems are often characterised by probability distributions
that are best described by a particular type of slowly decreasing mathematical
function known as a power law (i.e., fat tail distributions).

EPRI (2004) defines eight characteristics of technical and organisational CAS that go
well along with the features presented above:
•

the system includes several functional, operational and management layers

•

the technologies employed are multistage, multicomponent, heterogeneous and
distributed

•

the system comprises a combination of dynamic, interactive and nonlinear entities

•

the behaviour is influenced by uncertain cause-and-effect relationships and
unscheduled discontinuities (for example, failures)

•

the system is vulnerable to attacks and local disturbances with the risk of potentially
rapidly propagating (almost instantaneous) cascading effects, leading to widespread
system failures

•

many independent points of interaction exist
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•

the number of interactions increases much faster than the number of participants

•

the system behaviour is too complex to enable centralised real-time control.

CAS may function at various time scales (from seconds to years or decades), and at
multiple spatial scales (from less than 1 mm to several kilometres or more).
Orrell and McSharry (2009) state that complex systems cannot be reduced to simple
mathematical laws to be modelled properly. This statement is supported by Farmer
(2012) and Aven (2014).
Complexity science (or complexity theory) has known as an application growth in
recent years in almost all domains of human activities. Those applications also include
the strategic management of complex organisations (Alderson and Doyle, 2009; Blouin,
2013; Carrillo, 2011; DeRosa et al., 2008; Abbott, 2007; EPRI, 2004; Current, 2000;
Farmer, 2012; Santa Fe, 2015; Gaha, 2012; Goldstein, 2008; Glouberman and
Zimmerman, 2002; European Commission, 2007; Gershenson, 2013; Grobbelaar and
Ulieru, 2007; Maldonado and Gómez Cruz, 2012; Lewin et al., 1998; Homer-Dixon,
2011; Hu et al., 2008; Smaldino and Schank, 2012; Kemper, 2012; Kremers, 2012;
Mandelbrot and Taleb, 2006; NISAC, 2015; Meyer, 1998; OECD, 2009, 2011; Samet,
2011; Ulieru and Doursat, 2011; Graça, 2012).
The complexity science helps reframing our views of complex (adaptive) systems
which are only partially understood by traditional modelling techniques. Thus, it offers an
alternative and complementary view of the real world.
To perform analyses in this field, several methods and tools drawn from the
complexity science have been developed and used such as agent-based or multi-agentbased models, and network analyses. Additional complexity-related techniques are also
employed, although their use is not unique to complexity science: data mining, scenario
modelling, sensitivity analysis, dynamical systems modelling, artificial intelligence and
analytic deliberative decision making process (OECD, 2009, 2011; EPRI, 2004; Farmer,
2012; Gaha, 2012; Kremers, 2012; NISAC, 2015; Elliott, 2010).
Considering the characteristics discussed above, and taking into account the
complexity of both modern mining organisations and their business and operational
environment, we can reasonably consider them as CAS. Consequently, we strongly
believe that the strategic planning and asset management in the mining industry may be
enhanced through methods and tools rooting in complexity science.

3

Literature review

Research works in the fields of strategic planning, impact of uncertainties, optimisation
and asset management in mining using innovative approaches have been performed by
several authors. Some key contributions are discussed below.
McGill University’s research centre COSMO is devoted to develop new frameworks
for orebody modelling and strategic mine planning based on stochastic models and
optimisation. This research program focuses on exploring a key element of sustainable
mineral resource development, namely a new risk-based framework for holistic mine
planning, design and production scheduling founded upon stochastic optimisation and
modelling (COSMO, 2015).
Dehghani et al. (2014) analyse simultaneously the uncertainty of both metal price and
operating costs as the most important parameters in mine economic uncertainty. For this
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purpose, they use a pyramid technique method based on the multidimensional binomial
tree method. The authors state that this technique enables evaluating the mining projects
under the situation of multi-uncertainties. A case study is carried out and achieved results
are compared with other methods such as binomial tree. The authors conclude that when
uncertainties are studied with the pyramid method, the evaluation of the mine suggests a
more reliable net present value (NPV).
Salama et al. (2013) performed research works using a combination of discrete event
simulation and mixed integer programming as a tool to improve decision-making in the
process of generating and optimising mine plans.
Dehghani and Ataee-pour (2013) analyse the effects of economic uncertainties on
mining project evaluation using the real option valuation (ROV). They used the
discounted cash flow and ROV methods to compute the NPV of a copper mine under
uncertainties regarding operating costs and metal price.
The same authors (Dehghani and Ataee-pour, 2012) consider mining projects as
complex businesses that demand a constant risk assessment. This is owing to various
uncertainties that influence the value of a mining project. The authors classify those
uncertainties as exploration, economic and engineering uncertainties. They state that the
evaluation of a mining project under these uncertainties is difficult and may sometimes
lead to make a wrong decision by managers and stockholders.
This research uses the binomial tree technique to compute the NPV of a copper mine
under three scenarios. The authors conclude that the mine evaluation suggests greater
NPV when uncertainty is considered for both price and operating costs.
Topal and Ramazan (2012) present a network linear programming (LP) model to
efficiently optimise strategic planning and production scheduling by maximising the
NPV. The model is applied to optimise the strategic schedule over a 50-year life span for
a large mining district in Western Australia, a region of the world that operates many
mines and plants on its territory.
Evatt et al. (2012) present a methodology that enables to consider a modifying factor
of price uncertainty to be included within such a reserve estimate. The paper proposes an
efficient and general methodology which can quantify the effect of price uncertainty
within reserve estimates, providing both the expected reserve size and the associated
distribution.
Abdel Sabour and Poulin (2010) investigate on how to deal with uncertainty when
analysing mine expansion decisions. The decision to go forward with a mine expansion
proposal can represent a challenge to decision-makers who have to fully take into account
uncertainties and risks. The authors show how ignoring uncertainties in the conventional
financial analysis can affect the expansion decision.
Azapagic and Perdan (2010) propose an integrated approach to managing corporate
sustainability along whole supply chains. The application of the approach is illustrated by
a real case study of a company in the mining and minerals sector. The paper aims to
contribute towards a more systematic and structured incorporation of sustainability
thinking into corporate practice, as well as providing some practical guidance to
companies in their efforts to become more sustainable.
Ben-Awuah et al. (2010) develop a discrete-event simulation model to link long-term
predictive mine plans with short-term production schedules in the presence of
uncertainty. They present a discrete-event simulation model for open pit production
scheduling using the SLAM simulation language.
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Komljenovic (2007) proposes a holistic risk-informed, performance-based asset
management in mining. This approach is intended to maximise both NPV of the mine and
long-term profitability through a continuous support of the decision-making process.
Considering that the strategic planning and asset management are continuous and
long-term activities and the commitments of a mining company, forecasting both the
trends and the behaviour of all relevant influential factors of their business and
operational environment is vital. The literature review below highlights limitations of
prediction approaches that should be taken into account. It also discusses how those
limitations could affect both the strategic planning and asset management, as well as the
overall performance of the enterprises.
There is growing empirical evidence which shows that accurate forecasting in the
economic and business world is quite challenging. Practically all economic and business
activities in the mining sector and other industries are exposed to events that are basically
unpredictable. Some examples can illustrate our inability to foresee major crises or
changes: recent substantial variations in commodity prices (e.g., coal, iron ore, oil,
copper, gold), the subprime and credit crunch crises, major market crashes (1987,
2008/2009), the collapse of Lehman Brothers, Enron, WorldCom, LTCM and Amaranth,
etc. (Makridakis et al., 2009; Taleb, 2010; Triana, 2009; Hand, 2014; Orrell and
McSharry, 2009; Kreye et al., 2012). All those events had or may have a significant
impact on the overall performance of the mining sector and other organisations since they
usually produce cascading effects in the whole market.
Robert Shiller, the 2013 Nobel Prize Laureate in Economic Sciences, considers that
the models used in economic science are more vulnerable than those applied in physics or
engineering, given that their validity cannot be entirely determined owing to various
approximations and assumptions (Shiller, 2013). Furthermore, these models should also
characterise and model human behaviours. The accurate modelling of the latter is quite
challenging, and almost impossible owing to its complexity. Additionally, numerous
authors are of the opinion that it is wrong to consider that human decision-making is
always rational (Kahneman, 2012; Rickards, 2009; Schiller, 2013; Taleb, 2010; Triana,
2009). This situation may lead to various cognitive and motivational biases in the
decision-making process that could negatively affect the desired outcome (Montibeller
and Winterfeldt, 2015).
The experience has shown that most of the time prediction models fit past data well,
but are not so good to foresee future events and their trends. It is particularly true in the
case of complex (adaptive) systems (Makridakis et al., 2009; Makridakis and Taleb,
2009a; Taleb, 2010; Goodwin and Wright, 2010). Orrell and McSharry (2009) suggest
that we could improve forecasting models by integrating information from disparate
sources.
In addition, the society and the business sector continue to face extreme, rare and
often disruptive events (natural and human-made) that are completely unexpected, and
sometimes even outside the realm of our imagination (Hand, 2014; Taleb, 2010; OECD,
2011; Aven, 2013). These events are labelled as ‘Black Swans’2 by Taleb (2010). Their
occurrences often yield undesirable cascading effects that are very challenging to deal
with. Several authors consider that they should be seriously taken into consideration in
engineering and business analyses (Aven, 2014, 2013; Muller, 2010; OECD, 2011).
H.G. Muller states: “Decision makers in both the public and private sectors, as well as
analysts, engineers, and scientists must understand that it is no longer acceptable
to consider rare events as external to their design, analysis, and operating plans”
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(Muller, 2010). Some researchers use the term ‘Wildcard’ for those events in asset
management and business planning (Markmann et al., 2013; Mendonça et al., 2009).
Several authors strongly recommend the complexity science (theory) and its various
modelling techniques as one of the potential and promising means for coping with the
complexity of systems and uncertainties (Farmer, 2012; Hazy et al., 2007; OECD, 2009,
2011; Blouin, 2013; Homer-Dixon, 2011; Ramalingam and Jones, 2008; Samet, 2011;
Ulieru and Doursat, 2011).

4

Global model of strategic planning and asset management in mining
in the context of complexity

Strategic planning and asset management in mining are made up of a set of interacting
and interdependent activities and constituent elements in a multilevel structure. Despite
valuable research works in this area, there are still opportunities to further expand them.
We believe that new concepts and approaches should take into account more
systematically the overall complexity of the mining business and operating environment.
One of the means consists in considering mining organisations as a CAS.
In addition, mining companies are part of larger systems and entities, each with their
own people, processes, organisational structure and rules, technologies, markets,
resources, legal constraints and ways of carrying out business. There are elements that
mining enterprises may efficiently predict and control (mostly technical and
technological systems within them). Other factors may be rather efficiently influenced
and directed, but not necessarily tightly controlled by a mining company (enterprise-wide
structure and organisation, way of performing business activities). The prediction of
those factors is more challenging owing to associated uncertainties. Finally, there are all
other elements representing the environment of mining enterprises that they cannot
accurately predict, control or strongly influence (e.g., natural, business, regulatory,
political and market conditions). However, those factors usually exercise both a strong
influence and a major impact on their operations and overall performance. Figure 1
depicts the hierarchy of this overall operational and business context.
Thus, it is necessary to develop a theoretical, conceptual model of the strategic
planning and asset management for mining companies that identifies and captures key
constituent elements and influential factors, as well as their relationship,
interdependencies and complexity. It is depicted below.

4.1 Global model
This paper proposes a global model for strategic planning and asset management in
mining, which integrates all relevant engineering, natural, operational, organisational,
economic, financial, as well as other quantitative, qualitative and intangible influential
factors in a structured and systematic manner. The impact of uncertainties and
complexity of the business and operational environment is systematically taken into
consideration. Such an integrated model has not been considered in existing studies led in
this field.
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Figure 1

Operational environment of a mining enterprise

The approach can also take into account the impact of extreme and rare events in the
overall strategic asset management decision-making process. This aspect has usually
been neglected in both existing research works and practice despite the fact that those
events could have severe consequences on the performance of mining organisations.
The proposed approach is intended to be generic, applicable and adaptable to any
size and any type of mining companies. However, it should be stressed that it is not
suggested for day-to-day decision-making, but rather to the strategic asset management
decision-making affecting both mid- and long-term performance and sustainability of a
mining enterprise.
Figure 2 presents a proposed high-level global model which consists of six
sub-models:
•

market and revenue sub-model (predominantly external to a mining organisation,
but has a major impact on its global performance; this constituent element may not
be efficiently controlled or influenced by an enterprise)

•

sub-model of reliability, availability and maintenance (RAM) factors (mainly
internal to a mining enterprise; in principle, it may be well controlled and influenced)

•

sub-model of operations and operational constraints (mainly internal to an enterprise;
it may be controlled and strongly influenced)

•

cost sub-model (both internal and external to a mining enterprise; it may be partly
controlled and influenced)

•

organisational sub-model (mainly internal to a mining enterprise; it may be partly
controlled and efficiently influenced)
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sub-model of impact regarding other influence factors (mainly external to a mining
organisation, but has a major impact on its global performance; normally, this factor
cannot be efficiently controlled or influenced).

These sub-models and their constituent parts interact in a complex manner that leads to
the behaviour of the global model (system) that is not obvious from the individual
behaviour of its elements. The latter are complex themselves as far as their structure and
functioning are concerned. Consequently, the strategic planning and asset management
activities of a mining company may be considered to be an emergent phenomenon
integrating several functional, operational and management layers.
Figure 2

Global model of strategic planning and asset management in the mining industry

They involve numerous feedback loops reacting to the influences of their environment as
well as the behaviour of the other constituent parts usually generating a nonlinear and
adaptive behaviour for the whole system. If any of the interacting processes or elements
is changed or experiences more or less significant variations, the functioning and the
performance of other elements and the entire system may be seriously altered.
With those characteristics, we clearly demonstrate that the mining enterprises show
the main features of CAS, and should be analysed as such.
Therefore, the proposed global model of mining organisations as CAS would
enable to continuously take into consideration and to integrate the overall feedback
from its sub-models and their constituent parts. It also includes the impact of the
mining organisation’s strategic orientation, asset management strategy, stakeholders’
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requirements and expectations, sustainable development goals, as well as risk
management constraints (Figure 2).
Additionally, Figure 2 provides more details on other factors which are constituent
parts of those sub-models.
The model also enables to define and characterise the following elements:
a

Identification and mapping the type and strength of connections between both the
sub-models and their constituent parts, as well as the degree of their complexity.

b

Mapping potential uncertainties related to sub-models and parts of the model
susceptible to be affected by those uncertainties. In principle, the uncertainties affect
all the sub-models.

c

Approach to characterise and cope with uncertainties in the overall decision-making
process (transitional function depicted in Figure 2).

d

Approach to identify and characterise extreme and rare, but plausible events (natural
and human-made) which may affect a mining organisation’s performance or even
endanger its existence. It also involves the identification of business opportunities for
the organisation that could result from those events.

e

Principles and approaches to achieve mining organisation’s robustness, resilience
and flexibility facing various internal and external events both predicted and initially
unforeseen in the context of business and operational complexity while remaining
economically viable.

f

Approach to define a more appropriate reward system for managers at different
levels of a mining organisation to ensure the development, implementation and
sustainability of an efficient strategic planning and asset management framework.

The mapping process (points (a) and (b) above) basically includes the following
components (adapted from OECD, 2011):
•

Physical maps delineate the spatial relationship between the constitutive parts of a
mining enterprise and its operational and business environment. They may be as
diverse as national boundaries or the locations of orebodies, mining sites, stores,
customers, suppliers, energy sources, etc.

•

Conceptual maps are useful to provide insights regarding the structure and the
evolution of mining companies as CASs. They may or may not have tangible,
physical components. These maps are mainly helpful in depicting ‘human’ networks
or other large, complex systems that do not necessarily have important physical
components. In the strategic planning and asset management field, it basically
involves all the sub-models presented in Figure 2.

•

Process and/or organisational maps describe a sequential and sometimes
time-dependent process. In practice, these maps could be presented in the form of
decision-trees, propagation trajectories, an order of operation or an organisational
structure and hierarchy. Process maps provide information upon the order or
structure of a system (example, to what extent is it linear?), the options available at
each decision-point, external and internal factors which may affect the process, and a
definition regarding possible outcomes or end-results.
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Mapping tools enable us to better understand the structure and general features of a
particular CAS. The proposed global model (Figure 2) is a first step in the mapping
process that should be further refined. Once maps are developed adequately describing a
CAS’ scope, components and various relationships, an effort should be made to model
the system. At the end of the mapping and modelling processes, it is necessary to perform
a final, coherent integration of both the sub-models and their constituent parts into a
definitive, holistic transition function representing a final decision-making model
(Figure 2).
It should be stressed that the methods, steps and tolls mentioned above represent early
ideas based on the experience and practices in the areas where the complexity science has
already been applied. They do not preclude other new methods that could emerge by
taking into account the specific needs and features of the mining industry.
The above presented sub-models and their constituent parts are partly developed and
may already be used in various forms in the mining industry. However, they have been
mostly established by using traditional, deterministic techniques with some
improvements through probabilistic approaches. Thus, additional research works are
recommended to apply the concepts of CAS and complexity science in this field.

4.2 Modelling methods
Given that the overall proposed global model is fairly complex, the methods and tools of
complexity science such as multi-agent models, network analyses and dynamical systems
modelling are recommended for its development. Furthermore, the development of the
global model should harmoniously integrate traditional approaches while describing the
behaviour of mining organisations in their complex business and operating environment
as CAS.
Some other techniques are also envisaged to support the above-presented modelling
methods. In this regard, multi–attribute decision-making methods (MADM), and analytic
deliberative decision-making process (ADP)3 are suggested. Further, scenario planning
(Amer et al., 2013; Bradfield et al., 2005) may provide valuable inputs for a more global
development of the model. They should be mainly used in handling uncertainties, and
developing an integrated, holistic decision-making model (transitional function in
Figure 2).
Meanwhile, we should be aware that building the proposed model is challenging
at several levels:
•

data acquisition is difficult

•

each sub-model and its constituent parts are in principle independently complex

•

the operational and business environment is constantly changing and evolving

•

governing regulations are continuously changing, and consequently difficult to
capture.

5

Discussion

The consideration of mining companies and their strategic planning and asset
management as CAS may potentially change some paradigms but also bring certain
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benefits. However, the development and implantation of this new approach also involve a
number of challenges. Given that the proposed methodology is at initial stages, it is
necessary to outline the future research agenda in this field. These elements are discussed
below.

5.1 New insights through complexity science
The fact that the business and operational environment in the mining industry is complex
is not always adequately recognised in analyses, management or decision-making
processes. Mining companies often use traditional methods and reductionist models that
are not necessarily able to capture their overall complexity. Complex systems or
problems cannot be usefully deconstructed into their casual components. When this is
done, more unknowns and uncertainties are introduced.
Obviously, traditional approaches in analyses, management or decision-making
process cannot be abandoned. We are of the opinion that both approaches are necessary
and they should be considered as complementary. In fact, many problems or challenges
may still be successfully resolved using traditional approaches. This paper proposes a
concept where the complexity science may be introduced in the strategic decision-making
process and asset management in the mining industry, but does not preclude the use of
traditional or other approaches where appropriate. In fact, we should answer the
following questions: what may the complexity science concept offer to mining
companies, and how its insights differ from existing ones?
Some elements are discussed below based on the relevant experience in areas and
activities where it has already been applied at various levels (Blouin, 2013; Brodu, 2009;
Goldstein, 2008; Homer-Dixon, 2011; Farmer, 2012; NISAC, 2015; Current, 2000;
Ramalingam and Jones, 2008; Miller et al., 2004; OECD, 2009, 2011; Samet, 2011;
Ulieru and Doursat, 2011; Alderson and Doyle, 2009; Carrillo, 2011; Smith et al., 2010;
Hu et al., 2008; Wang, 2012; DeRosa et al., 2008).
Since there is no tangible experience in the mining industry with complexity science
and the CAS, some thoughts are presented below. They are based on the experience of its
application in other human activities, and may be relevant to the mining sector.
•

Complexity science enables users to bridge natural, technical, socioeconomic and
management sciences by serving either as explanations of encountered phenomena
or as a guide for better understanding and actions.

•

Through a better understanding of the patterns by which unpredictable, unknown and
emergent changes happen, complexity science enables new ways to interpret mining
companies as CASs, as well as the problems emerging within them. The aim of
complexity science is to generate insights that help comprehending complex
problems in a more realistic and holistic manner, thereby supporting more useful
actions.

•

These better insights may allow us to embrace what we have previously seen as
‘messy realities’. In fact the concept of complexity science may be used in a flexible
manner and in combination with traditional approaches. This might enable
comparisons between scenarios, cases and systems that appeared previously not
related, supporting relevant insights and helping to point towards possible effective
actions.
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•

Experience has shown that we should be cautious while applying “good practices” or
‘best practices’. They may work in one setting but play out in very different ways in
other settings. It is especially true in the mining industry. Complexity science
methods may help in investigating possible scenarios and developments in this
regard and in recommending the best course of action.

•

Therefore, the complexity science suggests new ways to think about known or
anticipated problems and new questions that should be asked and answered.
It focuses on identifying and analysing trends, patterns of behaviour, as well as
associated probabilities and uncertainties, rather than seeking to predict specific
events.

5.2 Anticipated benefits
The proposed model may bring some tangible benefits to mining companies. These
include, but are not limited to:
•

Elaboration of a robust and integrated strategic asset management decision-making
model with a rigorous scientific and technical basis. Complexity science can offer
new insights for better understanding and business model and operational
environment, and thus help in designing more successful strategic asset management
decision-making framework.

•

Increased robustness, resilience and flexibility of mining organisations facing
numerous uncertain future scenarios, including plausible extreme, rare and
potentially disruptive events.

•

Optimised return on investment and growth.

•

Long-term planning and performance sustainability through more realistic models.
One of the most important strengths of the models is their ability to assess a number
of different scenarios to determine what conditions might lead to an event with
undesirable (or desirable) consequences. Thus, adequate strategies may be designed
to promote favourable scenarios.

•

The ability to demonstrate best value-for-money within a constrained funding
regime.

•

Compliance with regard to the required standards and legislation.

•

Improved health, safety and environmental performance.

•

Improved corporate reputation and benefits which may include enhanced shareholder
value, better staff satisfaction, and more efficient and effective procurement from the
supply chain; the ability to demonstrate that sustainable development is actively
considered within the strategic planning and management of the assets over their life
cycles.

5.3 Challenges
It is also necessary to highlight the many challenges that the proposed approach may
encounter. These include, but are not limited to:
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•

Gaps in our scientific understanding of complexity, and in our ability to apply it in
real life situations in the mining industry.

•

Adequate identification and mapping of constituent parts and sub-systems where
complex issues may emerge or be encountered; satisfactorily describing the nature
and extent of their connections (i.e., right understanding of the whole complex
system).

•

Availability of relevant data to perform required analyses. It should be investigated
which input data are really needed, and whether they are available. Collecting and
preparing data may involve considerable efforts.

•

Availability and adequacy of decision-making support models and tools: they have to
be developed and tailored to the needs in the mining industry. Real-world complexity
adds challenges to the modelling of the strategic planning and asset management in
mining. Moreover, CASs do not always act as expected, since each individual
component, while easily described in isolation, may behave differently when
functioning in combination with different system components. The difficulty also
lies in the large number of parameters, which must be included to model the system
accurately. Modelling in this situation becomes much more difficult and requires
more sophisticated tools (OECD, 2011). To be useful for the purposes outlined
above, the model shall be built on solid foundations and its limitations need to be
understood. This work also requires an adaptation of existing traditional tools to
better fit with novel methods and approaches.

•

Consequently, the costs related to bringing a complexity framework into the mining
industry may not be trivial (new research, data collection, development of methods
and tools, implementation, training, maintenance, etc.). However, mid- and
long-term benefits are without doubt assured, as it has been shown in activities and
industries which have already embraced it.

•

Acceptability of the novel approach by the mining industry: an introduction of new
ways of performing analyses or decision-making may face some resistance and
unwillingness regarding their adoption.

Therefore, the introduction of the concept of complexity science should be progressive,
stepwise and demonstrate some tangible gains at each stage. In this case, the mining
industry will increasingly engage in both its use and a more systematic application.

5.4 Future research
We need to better understand the scope, benefits and challenges of the complexity
science applications in the mining industry. It should be investigated through future
research works and actual applications. These include, but are not limited to:
•

Analyse and define an adequate balance between the use of traditional and novel
approaches. It also includes reasonable combinations of those two types of
approaches within a global methodology.

•

Define and characterise more accurately the nature and strength of interconnections
between sub-models and their constituent parts, as well as associated uncertainties.
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•

Develop a detailed model of mine strategic planning and asset management.

•

Pursue detailed studies regarding the sub-systems and constituent parts of the global
model to achieve a better understanding and refine it.

•

Develop a multi-agent simulation-based tool of the model (or by using another
technique, or a combination of techniques, mentioned previously), which will
provide information upon its behaviour patterns as a means of changing business and
operational environment. This topic also includes determining how we compose
multiple interacting adaptive processes within a single comprehensive enterprise
system.

•

Identify and map in a more detailed way associated characteristics of complexity for
both sub-systems and their constituent parts.

•

Conceive and carry out a pilot project with an actual mining enterprise to calibrate
and validate the model, and to acquire a better understanding of the approach.

Furthermore, it is suggested to include the concept of complexity science (theory) into the
curriculum of mining school programs, at least at the graduate levels for further
development and applications in the mining sector.

6

Conclusion

Facing tough international competition, mining companies worldwide are constantly
forced to produce more at a lower cost. They are also confronted with a highly complex
business and operational environment which also includes intrinsic uncertainties related
to business, natural, technical, technological, organisational, regulatory, political, legal,
financial, market and environmental influential factors. Strategic planning and a sound
asset management play a key role in this environment.
In such a context, the mining industry develops various methods and approaches that
help addressing these issues. They are often based on traditional approaches that are
generally unable to adequately grasp and tackle the above-mentioned complexities and
uncertainties. It seems that the complexity of the business and operational environment,
and associated uncertainties in the mining industry, can sometimes overwhelm the ability
of mining enterprises to efficiently analyse and manage such increasingly complex issues.
This paper proposes a novel, enhanced approach for a strategic asset management
decision-making framework for mining companies considering them as CASs, and based
on the concept of complexity science. This science has emerged and evolved over the
past several decades in other domains of human activities where complexities generally
occur. In this regard, this paper depicts a global, high level model describing the
proposed approach by integrating this concept.
The mining industry has not yet developed its own original framework for this
purpose, contrary to some achievements and experience with complexity science
applications gained in other human activities or industries. This paper indicates that there
are significant benefits and potential for further studying, understanding and expanding
this concept to the mining industry.
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This way, it may assist decision-makers in key decision-making processes and asset
management by providing more realistic insights. The proposed approach complements
existing traditional approaches and also intends to integrate them into a holistic process.
This method is envisioned to maximise the overall performance of a mining
enterprise. It also enables designing a robust, sustainable and resilient organisation which
is economically viable. It may be particularly useful to optimise several mining sites
belonging to the same company.
This approach will be undoubtedly beneficial for mining companies facing a fierce
competition on the international scale. It also goes along with modern developments
worldwide. The ultimate success of such an endeavour requires careful and adequate
adaptation of the proposed high-level ideas with regard to operational and business
context of the mining industry. This paper also provides a discussion upon challenges and
recommended future research and applications of this concept in the mining industry.
It is also worth emphasising that similar approaches may be developed for other
industrial branches.
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Notes
1

Those events may include but are not limited to natural disasters, financial and market crashes,
major failures of critical assets, major industrial accidents, prolonged shortage of power/energy
supply, political unrests and instability, armed conflicts or terrorist attacks, radical changes in
regulatory framework, extremely negative treatment in mass-media creating an unfavourable
business environment, major legal pursuits, payment defaults or loss of major customers, etc.
2
Definition of a ‘Black Swan’ event such as provided by Taleb (2010): first, it is an outlier, as it
usually lies outside the realm of regular expectations, because nothing in the past can convincingly
point to its possibility. Second, it carries an extreme impact. Third, in spite of its outlier status,
human nature tries to elaborate explanations for its occurrence after the fact, making it explainable
and predictable.
3
Analytic deliberative decision-making process (ADP) is a methodology that has been under
development at MIT for a number of years, and has been used to study a number of decision
problems (Elliott, 2010). It is applied for making decisions when there is adequate time for
analysis and collective discussion, and is not appropriate for a real-time decision-making (Elliott,
2010). This methodology is also used by the U.S. Nuclear Regulatory Commission and NASA
(NRC, 2012; NASA, 2010).

