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Operations Research (OR) refers to analytical and mathematical methods of problem-solving and
decision-making. The Institute for Operations Research and the Management Sciences (INFORMS)"
defines OR simply as “a discipline that deals with the application of advanced analytical methods to

help make better decisions”.

Despite a number of recent studies in the area of systems thinking (Mingers and White 2010) and
lately in Behavioural OR (Harmalainen et al. 2013) it appears that OR is still mainly inspired by a
Newtonian framework that claims that the universe can be understood through a process of
reductionism and breaking up of systems into parts in order to understand how the whole works. This
viewpoint has been indicated and critiqued as early as 1962 by OR researchers such as R.L. Ackoff,
who argues that OR is based on a mechanistic methodology. In fact, Ackoff claimed in 1979 that the
“future of OR is past” because of this closed and mechanistic approach of “predict and prepare”. He
lists six deficiencies to support his argument and contends that the OR methodology does not take into
account the complexity of the large number of role players, their interactions and intricate
relationships (Ackoff 1979a). The reductionist approach followed by OR practitioners may have
worked in the past but more fitting paradigms for the present should also be considered and where
appropriate, should replace the old paradigm of linearity. One such new paradigm may be found in

Complexity Theory.

Complexity Theory, although difficult to define, offers a new and different theoretical framework for
the way in which certain systems can be understood. The late South African philosopher Paul Cilliers
describes a complex system in terms of ten characteristics, such as being an open system consisting of
a large number of elements that interact in a dynamic and non-linear way with each other (Cilliers
1998). Complex systems also exhibit other properties, such as emergence, boundaries, lack of
complete knowledge and ethical issues. These characteristics and properties clearly indicate that a
complex system cannot fully operate in the same paradigm of order in which OR traditionally
operates. It can be argued that the majority of typical OR applications function in a complex reality
which can be described in terms of the characteristics of a complex system. This study therefore
proposes that OR can benefit from employing a complexity theory approach to its field so as to afford
new fundamental insights to the methods for engaging with decision-making in the real-life context in
which OR is used. This goal may be translated into the following hypothesis: By acknowledging that

decision-making happens in a complex reality (with the characteristics as stated by Cilliers) and by
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verifying that the structures and environments in which OR approaches are applied are complex, new

contributions could be made to the epistemology that fundamentally informs the field of OR.

In order to reach this goal — with the possibility of a fundamental change in how decision-makers
view the process of OR based decision making — the study will start with a brief introduction and
overview of OR and Complexity Theory. The development of both these fields are discussed and
especially Ackoff’s critique regarding the short-comings of the traditional OR methods that are based
on analytical and mathematical modelling so as to develop better optimisation models. It will then be
argued that the traditional models that are used in OR are mainly assuming that the nature of the
world is machine-like and that OR models assume that formal mathematical models can explain and
predict the reality in which they are employed perfectly (positivism). To criticise and broaden this
traditional OR approach (and to explain the shortcomings thereof in light of real life problems)
Complexity Theory will be introduced and discussed (through the work of Paul Cilliers) as a way in
which the complexity of the world is acknowledge. Based on the understanding that the world is not
mechanical but complex in nature (as explained by Cilliers and the characteristics of complex
phenomena), one sees that the assumptions on which traditional OR theories based their field of study
are in many cases contentious and that the accompanying epistemology and related methods are
limited and/or flawed. By aligning OR epistemologies with the acknowledgment of complexity, new
methods for modelling decision making could be developed. In light of Complexity Theory, these
methods should be cognisant of complexity characteristics such as emergence, boundary setting,
provisional knowledge and what (ethical) responsibilities accompany such methods. Some concrete
examples will therefore be given as part of this study of how OR could be influenced by applying a
complexity lens. The overall focus will thus be, as the title suggests, on the epistemological

implications of complexity thinking for OR.

In accordance with rule A.7.2.5 of the “General Academic Rules” of the North-West University, this
mini-dissertation is presented in the form of an article. The article will be presented for publication in
the European Journal of Operational Research at a later stage (the guidelines for publication in this

journal are included in the appendix).
The article contains the following sections

Introduction

Operations Research: Epistemological questions

Complexity Theory: An alternative epistemology

Operations Research in the context of Complexity

The general reductionist epistemology of Operations Research

Aligning the epistemology of Operations Research with complexity
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Conclusion



The next section presents the research article, with a bibliography and a summary in accordance with
the prescriptions of the European Journal of Operational Research. In the final sections of this mini-
dissertation some general conclusions, limitations and recommendations for further research are
presented. The appendix contains the prescriptions for research articles submitted to the European
Journal of Operational Research.



RESEARCH ARTICLE
The Ontology of Operations Research and Complexity Theory: a critical analysis®
Abstract

Operations Research (OR) is a discipline that is mainly concerned with the use of analytical and
mathematical techniques and models that are used in problem-solving and decision-making situations.
The discipline appears to operate largely in a paradigm of order and has been called mechanistic, with
a methodology that is based on the principle of “predict and prepare”. Although this positivistic
approach may have worked well in the past, the acknowledgement of the complexity of the real world
calls for broadening this approach or epistemology. Complexity Theory is considered here as an
approach that can broaden and enrich the epistemology of traditional OR applications. Following a
brief introduction to OR and Complexity Theory, an argument is developed that the traditional OR
approach is based on the assumption of the world being machine like, and that it leads to an
epistemology and related methodologies that are limited and/or flawed. It is then argued that
Complexity Theory (through the work of the philosopher Paul Cilliers) acknowledges the complex
nature of the real world and helps one to identify the characteristics of complex phenomena. By
aligning OR epistemologies with the acknowledgment of complexity, new methods for modelling
decision making could be developed. In light of Complexity Theory, these methods should be
cognisant of characteristics such as emergence, boundary setting, provisional knowledge and what
(ethical) responsibilities accompany such methods. Some concrete examples is given of how OR
could be influenced by applying a complexity lens in order to highlight the epistemological

implications of complexity thinking for OR.

1. Introduction

Operations Research (OR) is mainly concerned with the use of mathematical techniques to formulate
models that can be used to assist decision makers in specific decision-making situations. In 1979
Russel Ackoff, the OR specialist who also taught philosophy, published his well-known paper “The
future of Operational Research is past” (Ackoff 1979a). In this paper he argues that the OR
methodology is in general inappropriate and that deficiencies exist in the concept and practice of
optimisation (the basis of OR). Ackoff also suggests that there are problems in the way which
operations researchers pursue objectivity in their work. He proposes that systems thinking, with the

associated concept of expansionism (as opposed to reductionism), be applied to OR. The importance

’The term ontology is used in the title in a very broad sense and a more appropriate term (as one of the
external examiners suggested) could be epistemology



of systems thinking has already been pointed out in earlier work by Ackoff (1962) and others. A large
number of studies in different application areas have been performed in the area of systems thinking,
among others theories such as a general systems approach, cybernetics, system dynamics, problem
structuring methods, critical systems and multi-methodologies. Mingers and White (2010) provide a
review of the contribution of these theories and methodologies to OR. A more recent development in
OR that also attempts to address some of the reductionist deficiencies is Behavioural OR, which
studies the behavioural aspects of the use of OR in problem solving and decision support (Hamalainen
et al. 2013).

Despite a number of recent studies to address the reductionist deficiencies it appears that OR is still
mainly inspired by a Newtonian framework that claims that the universe can be understood through a
process of reductionism and breaking up of systems into parts in order to understand how the whole
works. As mentioned above, this viewpoint has been indicated and critiqued as early as 1962 by OR
researchers who argued that OR is based on a mechanistic methodology. Ackoff lists six deficiencies
to support these arguments and contends that the OR methodology does not take into account the
complexity of the large number of role players and their interactions and intricate relationships
(Ackoff 1979a). The reductionist approach followed by OR practitioners may have worked in the past
but more fitting paradigms for the present should also be considered and where appropriate, should
replace the old paradigm of linearity. One such new paradigm may be found in Complexity Theory.

Complexity Theory, although difficult to define, offers a new and different theoretical framework for
the way in which certain systems can be understood. The late South African philosopher Paul Cilliers
describes a complex system in terms of ten characteristics, such as being an open system consisting of
a large number of elements that interact in a dynamic and non-linear way with each other (Cilliers
1998). Complex systems also exhibit other properties, such as emergence, boundaries, lack of
complete knowledge and ethical issues. These characteristics and properties clearly indicate that a
complex system cannot fully operate in the same paradigm of order in which OR traditionally
operates. It can be argued that the majority of typical OR applications function in a complex reality
which can be described in terms of the characteristics of a complex system. This study therefore
proposes that OR can benefit from employing a complexity theory approach to its field so as to afford
new fundamental insights to the methods for engaging with decision-making in the real-life context in
which OR is used. This goal may be translated into the following hypothesis: By acknowledging that
OR related decision-making happens in a complex reality (with the characteristics as stated by
Cilliers) and by verifying that the structures and environments in which OR approaches are applied
are complex, new contributions could be made to the epistemology that fundamentally informs the
field of OR.



It is important to note that Complexity Theory is listed as one of the recently developed theories in
systems thinking (Mingers and White 2010: p. 1148). However, Complexity Theory is usually linked
to Chaos Theory and the two terms are ostensibly used as synonyms for the same theory (Merali
2006: p. 219). In this study the discussion of Complexity Theory will be based on the philosophical
work and contributions of the late South African philosopher Paul Cilliers (1998) and will not include
the mathematical and computational views that are often derived from Chaos Theory. The reason for
this exclusion is that Complexity Theory as described by Cilliers does not value sensitivity to initial
conditions — the underlying concept of Chaos Theory is the notion of small occurrences or changes
that significantly affect the outcome of seemingly unrelated events. Furthermore, while chaotic
behaviour in a technical sense results from the non-linear interaction of a relatively small number of
equations, complex systems imply an interaction of a large number of components (Cilliers 1998: p.
ix). Merali (2006) supports the idea of a wider class of complexity systems, because a chaotic system
is technically a deterministic system that is just difficult to predict. Merali argues that it is more
realistic to see complexity science as an emergent paradigm shift in the Kuhnian sense (Merali 2006:
p. 219), a view shared by some operational researchers (Mingers and White 2010: p. 1148). The
exclusion does not imply that Chaos Theory may not contribute to further insights into Complexity
Theory. This study will therefore exclude systems thinking and its associated theories and
methodologies and will only concentrate on Complexity Theory as presented by Cilliers (1998). No
claim is made that the computational and mathematical models in OR are wrong or of little use. These
models are necessary for the development and progress of OR and fulfil an important role in many
circumstances. They have produced wonderful results in the past and will continue to do so in a great
variety of application areas. The argument is rather that these models can be enriched and further

developed by aligning OR epistemologies with the acknowledgement of complexity.

In order to reach the stated goal of the study — with the possibility of a fundamental change in how
decision-makers view the process of decision making — the article will start with a brief introduction
and overview of OR and Complexity Theory. The development of both these fields are discussed and
especially Ackoff’s critique regarding the short-comings of the traditional OR methods that are based
on analytical and mathematical modelling so as to develop better optimisation models. It will then be
argued that the traditional models that are used in OR are mainly assuming that the nature of the
world is machine-like and that the OR models assume that formal mathematical models can explain
and predict the reality in which they are employed adequately (positivism). To criticise and broaden
this traditional OR approach (and to explain the shortcomings thereof in light of real life problems)
Complexity Theory will be introduced and discussed (through the work of the philosopher Paul
Cilliers) as a way in which the complexity of the world is acknowledged. Based on the understanding
that the world is not mechanical but complex in nature (as explained by Cilliers and the characteristics

of complex phenomena), one sees that the assumptions on which traditional OR theories based their



field of study may be wrong and that the accompanying epistemology and related methods may be
seen as limited and/or flawed. By aligning OR epistemologies with the acknowledgment of
complexity, new methods for modelling decision making could be developed. In light of Complexity
Theory, these methods should be cognisant of emergence, boundary setting, provisional knowledge
and what (ethical) responsibilities accompany such methods. Some concrete examples will be
presented as part of the study on how OR could be influenced when applying a complexity lens. The
overall focus will thus be, as the title suggests, on the epistemological implications of complexity
thinking for OR.

Complexity Theory is chosen as the comparative paradigm and epistemology to OR, because
Complexity Theory advocates and offers explanations for concepts such as non-linear environments
and non-hierarchical structures which are regularly experienced in OR applications. Investigating and
relating a specific area of interest to Complexity Theory is a known and acceptable method to attempt
to gain a deeper understanding of a subject. Examples of studies where this has been done include
disciplines such as music (Crowe 2004), mathematics (Mowat and Davis 2010), education (Morrison
2006), staff development (Fong 2006) and information systems (Merali 2006). The principles of
Complexity Theory have also been applied to decision-making and OR-related problems, for example
by Paul et al. (2014), who developed a management decision-making model based upon a complexity
perspective and with reference to a bee optimisation algorithm. Nature-inspired algorithms based on
the behaviour of, for example, bees, birds and fish (particle-swarm optimisation) are well-known OR
techniques and are regularly employed by operations researchers in a variety of management science

problems.

2. Operations Research: Epistemological questions

Operations Research as a discipline has been defined by many researchers, but a common element
found in all these definitions is that OR is concerned with computational and mathematical techniques
for decision making. Even more interesting is the explanation by Gass and Assad (2005: p. i), who
emphasise that the human element is an active participant in OR, which they define as the science of
decision making. There is general consensus that the birth of OR was during the years of World War
I, when mathematical techniques were employed in warfare. There were, and still are, many
developments in OR and in the different techniques used. However, the main development took place
during the 1940s, when George Dantzig developed the simplex method for solving linear
programming (LP) models (Eiselt and Sandblom 2010: p. 3). These types of optimisation models play
a significant role in OR and are among the most powerful tools in OR. A typical LP model is
formulated as some objective function (e.g. a profit or cost function), which is to be maximised or

minimised subject to certain constraints (e.g. resource limitations), which are also expressed as linear
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functions. Optimisation then refers to the process of finding the best values for variables, or in the
context of decision making, finding the best values for a particular measure of performance (Baker

2011: p. 1). The basic formulation (for a single objective problem) is as follows:

Maximise/Minimise f(X) = ¢X subject to AX = b and X > 0 where ¢ = (¢4, Cy, ..., C,) iS a row vector of
coefficients, X = (X1, Xz, ..., Xo) and b = (by, by, ..., by) are column vectors. A = (a;) and 0 is an n-

dimensional null column vector.

Ackoff noted six deficiencies with regard to the optimisation concept used in OR. According to
Ackoff the methods used in OR are purely analytic, while the models are predominantly closed and
mechanistic in nature — it relies on one elementary relationship, namely cause and effect, which
results in a deterministic concept of reality (Ackoff 1979a: pp. 95,97). He proposes a systems thinking
approach in which “purposeful systems that contain purposeful parts with different roles or functions
and that are themselves parts of larger purposeful systems” can be designed (Ackoff 1979a: p. 96).
This approach will then facilitate a process whereby systems can effectively serve their own purposes
(self-control), the purposes of their parts (humanisation) and the purposes of larger systems of which

they are part (environmentalisation).

In the context of an OR problem, these concepts may be explained in terms of the well-known facility
location problem, which can be solved by means of a linear programming model. Suppose that a
number of warehouses have to be built on predetermined potential sites. The objective is to determine
the appropriate number of warehouses and the sites where they should be built in such a way that the
demands of all customers are met at a minimum cost. If the only ultimate goal is to build the
warehouses to serve all the customers at an absolute minimum cost, without taking any other factors
into account, then the problem and solution is focused on its own purposes (self-control). If other
factors are taken into consideration, such as the impact on people and communities living in the area
where the warehouse will be erected, then the solution will also serve the purposes of their parts
(humanisation). For example, a warehouse may cause unemployment in a community where people
(small businesses) were employed to store and transport products which may now be available from a
nearby warehouse. If the influence on the larger region and environment is also taken into account,
then the purposes of larger systems (environmentalisation) are considered. Quality of life may be

reduced due to pollution, noise and destruction of eco-systems caused by building activities, etc.

For Ackoff, OR is almost exclusively concerned with self-control, thus with serving its own purpose
(Ackoff 1979a: p. 96). Based on this motivation, Ackoff (1979a: p. 103) identifies the following
deficiencies of OR:

1) A need for decision-making systems that can learn and adapt — something that an optimising

system cannot do.



2) Taking into account values that are relevant to quality of life — ( called aesthetic values by
Ackoff).

3) Model abstraction of systems of problems (called messes by Ackoff). According to Ackoff,
problems cannot be treated effectively by decomposing them analytically into separate
problems.

4) A synthesising planning paradigm should be adopted, as opposed to the problem-solving
paradigm of “predict and prepare” that is employed by OR.

5) Interdisciplinary nature and interaction are requirements to deal with messes (complex
systems).

6) In addition to these aspects related to optimisation, Ackoff also noted a sixth deficiency
pertaining to the concept of objectivity in OR. This issue relates to all those who can be
affected by the outcome of a decision-making process.

The concerns of the deficiencies of OR raised by Ackoff have a common denominator in the sense
that they are focused on typical human characteristics and they require a more holistic, integrated
approach to address. Keywords indicating this include “learn and adapt”, “quality of life”, “messes”,
“synthesised planning” and “interdisciplinary and interaction”. Furthermore, it also seems that Ackoff
believes that a too mechanistic approach is followed in solving problems — this approach does not take
into account the complexity of the large number of role players, their interactions and intricate

relationships.

It may be said that all six issues raised by Ackoff are fundamental issues in OR. They indicate that
OR as a discipline has built its conceptual foundations on the assumption that reality works like a
clock or a machine that adheres to principles such as order, controllability, interactions that are linear
e.g. a certain amount of input guarantees an equal or proportional amount or effect in output and
initial conditions that lead to predictable outcomes (deterministic). These conceptual foundations (and
six issues raised by Ackoff) are still applicable today, in spite of certain developments (e.g. the
systems thinking approach) that may address some of them. Some of the solutions offered by Ackoff
himself (in a follow-up paper, Ackoff 1979b) are cosmetic changes that deal with how professional
OR societies should function and what should be taught in educational OR programmes. He also
suggested that OR should be “undefined”, to get rid of the constraints of the profession. A suggestion
that touches on more fundamental issues is the argument that OR should replace its problem-solving
paradigm with one that focuses on planning and design of systems. Such a paradigm should,
according to Ackoff, be based on a participative principle, a principle of continuity and a holistic
principle. These three principles are concerned with planning and Ackoff offered some practical
guidelines for how to adhere to them. Although these practical suggestions are necessary to address
the deficiencies of OR identified by Ackoff, more fundamental questions may be asked about the

nature of OR’s epistemology. It is at this point where Complexity Theory may play an important role.
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3. Complexity Theory: An alternative epistemology

Cilliers argues that complexity cannot be given a simple definition — an analysis of the characteristics
of a complex system should rather be attempted to arrive at a suitable and general description (Cilliers
1998: p. 2). He distinguishes between complicated and complex systems: Systems that can be
analysed accurately, such as a Jumbo jet, are complicated while systems that are constituted by
intricate sets of non-linear relationships and of which only certain aspects can be analysed at a time,
are called complex (Cilliers 1998: p. 3). Cilliers view fractals (which form an important part of Chaos
Theory) as being complicated and not complex, as claimed by many researchers. He emphasises this

distinction as follows:

A complex system is not constituted merely by the sum of its components, but also by the
intricate relationships between these components. In ‘cutting up’ a system, the analytical

method destroys what it seeks to understand (Cilliers 1998: p. 2).

It is apparent from this description that there are definite links between complex systems and Ackoff’s
OR concerns. Ackoff agrees that systems cannot be analysed by looking only at their components but
that there are an interdisciplinary relationship and interaction (intricate relationships) among
components. For Cilliers the characteristics of a complex system (that will provide the necessary

definition or description of a complex system) can be summarised as follows (Cilliers 1998: pp. 3-5).

Complex systems consist of a large number of elements that interact in a dynamic way. These
interactions are non-linear and fairly rich in the sense that any one element influences, and is
influenced by, a large number of other elements. The nature of the interactions are of a short range
(elements receive information primarily from immediate neighbours) and loops occur in the
interactions (the effect of an activity can feed back onto the element itself). Complex systems do not
operate under equilibrium and are usually open systems as it is difficult to define borders for the
system. Complex systems also have a history, which means that the past is co-responsible for present
behaviour. Finally, each element in a complex system is ignorant of the behaviour of the system as a

whole.

It is also important to note that complexity is often viewed from two different perspectives. Morin
(2007) distinguishes between restricted complexity and general complexity. The former refers to cases
where the goal of scientific practices is to uncover the rules and laws of complexity (Woermann nd: p.
1). This refers to the mathematical and computational approaches which may include the concepts of
chaos, fractals, disorder etc. Restricted complexity therefore tries to describe and explain chaotic

phenomena mathematically and in ways that reintroduce positivism and reductionism (Cilliers 2010:
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p. 41). As explained in the introduction, this paper is not concerned with the principles of restricted
complexity. General complexity, on the other hand, assumes that it is impossible to uncover the rules
and laws that govern all phenomena (Woermann nd: p. 2). A more comprehensive description of these

concepts as well as the features of complex systems can be found in Woermann (nd).

In addition to the characteristics of a complex system as described above, Cilliers also pointed out that
complex systems need two capabilities to deal with changing environments (Cilliers 1998: p. 10):
representation, which involves storing information concerning the environment for future use; and

self-organisation, which involves adapting the system’s structure when necessary.

In order to understand complex systems it is necessary to model them. Cilliers (1998: p. 13) identifies
two approaches for this. Cilliers describes the first approach — the rule-based system — as
inappropriate for understanding complex systems. The second approach is termed connectionist
models and is based on the well-known neural networks that are widely used in computer science.
Cilliers argues that these connectionist models share the characteristics of a complex system and
should be more useful for understanding complex systems than rule-based models (Cilliers 1998: p.
21). Follow-up work on Complexity Theory by Cilliers indicated that there are a number of aspects of
complex systems that may be applicable to this study and to OR. Some of the more important issues
include the concept of knowledge and what constitutes knowledge in a complex system (Cilliers 2002,
2000a); the role played by limits and boundaries in a system and how it may possibly lead to
reductive descriptions of a complex system (Cilliers 2002); the status of rules when dealing with

complex systems (Cilliers 2000b); and ethical decision making (Woermann & Cilliers 2012).

4. Operations Research in the context of complexity

In this section the complexity in the context of reality in which the majority of typical OR applications
functions is described. This will be done in terms of the characteristics of a complex system as
presented by Cilliers (1998: pp. 3-5). Applications where the objective is simply to seek an optimal
answer to an obvious mechanistic problem (e.g. the optimal loading sequence of different items onto a
truck) are not considered in the discussion. The facility location problem where a number of
warehouses have to be built on pre-determined possible sites will be used as a representative example
of a typical OR application in a complex real world context. This example was introduced earlier in

the paper when reference was made to the work of Ackoff.
4.1 OR applications consist of a large number of elements

The OR discipline is grounded in mathematics and mathematical statistics and is therefore made up of

a large number of concepts, ideas and techniques that are used and applied in an even larger number
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of combinations. If these elements only are taken into consideration, it implies a finite number of
elements which imposes some sort of a boundary on an OR system. However, according to Mowat
and Davis (2010: p. 4) and Cilliers (2008: p. 47) it is unavoidable (and in fact required) that a study of

a complex system will have some sort of an artificial boundary from the observer’s viewpoint.

In her study on complexity and information systems, Merali (2006) pointed out that a network
economy and network society has emerged and that the world currently should be seen as a
“networked world”. This view strongly supports the idea that an OR application does not exist in
isolation, nor does the set of techniques and concepts on their own constitute an OR system. Other
interacting elements are always present, such as individuals, societies, the environment etc. The OR
application described earlier is also strongly related to an economic application which interacts with a
large number of economic elements such as people, the economy itself (price, supply, demand, labour
interest rates etc.) and the environment. All these external interactions do not contribute to the OR
application in a deterministic way but rather interact and merge with the application. It is difficult to
identify all components of all elements and to fit them into a coherent whole to provide an exact
description of the OR application and all its elements.

4.2 The elements in an OR application interact dynamically

An OR model can only be meaningful in the real life context in which it is applied. In other words, if
the model does not interact with the environment in which it operates, it becomes meaningless. The
variables in an OR model do not only interact mathematically with each other but they also represent
a certain relationship with reality, economic variables, resource variables and a host of others, all
present in the warehouse example, and they imply an interaction with the environment and individuals
which may be continually shifting and changing. The OR application, and also specifically the
warehouse location problem, are therefore used in the combined efforts and relationships caused by
the dynamic interactions of a large number of elements. This interaction between the OR application
and reality is not necessarily always of a physical nature but may also occur as the “transfer of
information” (Cilliers 1998: p. 3).

4.3 The level of interaction among elements in an OR application is fairly rich

Advances in the field of OR is the result of relationships among different elements which include
mathematical concepts as well as application concepts. New developments are therefore formed from
interactions among existing concepts and elements. The implementation of an OR model, as described
in the example, will result in a rich interaction with, for example, the environment. An economic
activity, as a result of the OR model implementation will cause a large number of interactions with

economic and other agents.
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4.4 The interactions in an OR application are non-linear

Non-linearity guarantees that small causes can have large results and vice versa (Cilliers 1998: p. 4).
This is exactly what happens in the type of OR application used here as an example. The
implementation of a relatively small and simple OR model may produce large economic and/or social
returns. Conversely, a comprehensive and significantly large model associated with costly
development (in terms of time and money) may have no or very little impact if the model proves to be
trivial, incorrect or inadequate. Furthermore, Cilliers (1998: p. 120) states that the principle of
asymmetry is closely related to the principle of non-linearity. The OR application described here
contains strong elements of a competitive nature; i.e. the best location at the lowest cost. This
competitive nature causes an asymmetrical system of relationships. If there were a symmetrical
relationship amongst the variables (e.g. no difference in the cost to deliver goods at different
locations), there would have been no need for an OR, or any other model. Non-linearity, asymmetry
and competition (which are all present in OR applications) are inevitable components of complex
systems (Cilliers 1998: p. 120).

Considering the OR discipline itself, a single (small) idea may also cause large-scale changes and may
even lead to new knowledge, schools of thought and applications. One example of this is the
application of activity analysis by Farrell (1957) to the measurement of productive efficiency, which
was generalised by Charnes et al. (1978) as a new OR approach, known as Data Envelopment
Analysis (DEA). DEA today is a new subfield within the OR discipline which produced literally

thousands of research papers and which has led to specialist international conferences and journals.
4.5 Interactions in an OR application have a fairly short range

The formulation and implementation of an OR model may have a profound impact on elements
locally or close to the application area. The aim of an OR model is to bring about change which will
hopefully result in improvement. This change occurs mainly at a local level and close to the
application. For example, building a warehouse (by using an OR model) will have an impact first and
foremost on elements close to the building activity, for instance economic activity, social activity

(employment, communities etc.), pollution, eco-system and so forth.

Although spatial and temporal location plays the most significant role, the interactions do not
necessarily have to be of a short range only — interactions may also be wide-ranging (Cilliers 1998: p.
4). The success or failure of an OR model can also have a wider effect than just on the immediate
environment. Economic activity at a regional level that also has an impact at national level is an
example of such wide-ranging interaction. The ideas, concepts and techniques used in an initial model
may permeate other problem areas, which may result in new OR model formulations — this may

provide another dimension of the interactions in OR models and OR applications.
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4.6 There are loops in the interactions among the elements in an OR application

In OR as a discipline there exist continuous feedback and interconnected loops. For example, the
result of a basic linear programming model has led to extensions and new developments such as
fractional and goal programming. The development and application of an OR model have also clear
and definite loops and interactions that feed back onto itself. A successful OR model will deliver good
results while the opposite is true for an unsuccessful model. If there were no feedback on the model,
the model would not be necessary and the formulation of the model would have been a useless
exercise — OR models would not have been formulated if there were no feedback or results. Feedback
may in certain cases not be immediate but may occur only after some time has expired. The building
of a new warehouse, for example, may influence the economy in a positive or negative way after
some time — this is unpredictable in the context of the real world. Further examples of this are the

complexities of job creation and social communities.
4.7 An OR application functions in an open system

An OR model formulation on its own should be regarded as a closed system that is described or
defined within a formal description. An OR model can therefore not be called a complex system
without qualification. However, to formulate an OR model in a proper way the modeller or decision-
maker is confronted with an open system in real life where there are a large number of elements that
may have an influence on the formulation. The model may be bombarded with input from the
physical, cultural and intellectual application environment. Once the model has been implemented and
applied to a specific problem area, the application becomes a truly open system as it becomes
impossible to identify a precise boundary of where the impact of the model stops. To confine the
results of an OR model to a set of variables, which take on certain values, would therefore be a gross

oversimplification.
4.8 OR applications operate under conditions far from equilibrium

De Villiers-Botha and Cilliers (2010: p. 34) explain that our interaction with the world is dynamic and
as the environment changes, adaptations are made. The majority of OR applications are aimed at
dealing with the improvement and/or adaptation of how we interact with the world. The warehouse
model may be a result of the dynamics of supply and demand; a recession; a political system;
technology etc. In a symmetric or equilibrium state there would be no need for change, adaptations or
management science models. Cilliers rightly pointed out that equilibrium is another word for death
(Cilliers 1998: p. 4).
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4.9 OR applications have a history

OR applications are greatly influenced by its history. Successful models may be re-used or improved
while unsuccessful models are changed or discarded. The history of an OR application as well as the
context in which it was applied, determine the future, the nature and, in a sense, the identity of similar
models and applications. The result of an OR model, as in the warehouse example, can no longer be
seen as a once-off objectively given result by merely looking at the optimal answer that was generated
by the model. Traces of the application of the OR model persist long after the actual implementation —
the meaning of the OR model is therefore dependent on past interactions of similar models with other
elements. This is consistent with Cilliers’s view that the history of a complex system is a collection of
traces distributed over the system and is always open to multiple interpretations (Cilliers 1998: p.
122).

Associated with history is the concept of memory. It is doubted whether mathematics have a memory
(Cilliers 2010: p. 40), and by implication this would mean that OR does not have a memory either.
Although this may be true for an OR model in isolation, such a model does show signs of memory
once it has been implemented, as was indicated earlier in the discussion of the influence of successful
models and failures. This memory also appears to be contingent and dynamic (a characteristic of a
complex system (Cilliers 2010: p. 40)) as the memory will vary from application to application — even

when the same type of model is applied in more than one case.
4.10 Each element in an OR application is ignorant to the behaviour of the system as a whole

Although a mathematical relationship exists among the variables in an OR model, the elements in the
model are ignorant of the behaviour of the system as a whole. An element reacts only to information
available to itself and remains unaware of what happens to other elements or their behaviour. The
building of a warehouse at location x is based on information close to the activity, such as the building
cost locally at location x; the number of clients at or in close proximity to location x; storing costs at
location x, etc. Other elements or their behaviour are unknown, for example the impact on the

economy (interest rates, confidence etc.).

Cilliers (1998: p. 122) warns that this characteristic should be carefully considered. Other
characteristics have already indicated that elements respond only to local information (short range);
that this information is rich; and that single elements are not significant in themselves. The point
being made with the ignorant characteristic is that single elements cannot contain the complexity of
the whole system — if that were true, all the complexity would have to be present in that element
(Cilliers 1998: p. 5). It goes without saying that no single element in a mathematical OR model can

contain the complexity of the whole system.
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In a complex real world it is rarely possible to simplify things according to a list of characteristics or
properties. Although, based on the ten characteristics above one can indicate the complexity in the
context of reality in which OR is applied. In addition to this, Cilliers (2010: p. 40) also emphasised
that the ten characteristics identified by him constitute only part of the process that is necessary to
claim complexity. For example, an important element in complexity is the notion of emergence.
Complex systems have emergent properties, which are not something that can simply be reduced to
another point on a list of characteristics (Cilliers 2010: p. 40). The acknowledgment of complexity of
the real world context in which OR is applied (based on the ten characteristics), however, is
important, because it challenges the field of OR to develop a new epistemology and related methods
to capture and engage with the complex nature of these systems and processes that it aims to

understand and influence.

5. The general reductionist epistemology of Operations Research

In section 4 it was indicated that a typical OR application functions in the real complex world, in
terms of the characteristics of a complex system. This is apparently consistent with Ackoff’s claim
that OR should move away from its existing mechanistic methodology. Ackoff claims that OR is
almost exclusively concerned with what he terms a machine-age approach to problems (Ackoff
1979a: pp. 96-97). It is based on a three-step approach (called analysis) where things that need to be
understood are taken apart; followed by trying to understand how these parts work — and finally, by
assembling the understanding of the parts, the whole is believed to be understood. Something of this
apparent positivistic view was already clear in the section on Operations Research where mention was
made of Ackoff’s concerns, among others that “OR is purely analytic”, “models are predominantly
closed and mechanistic” and “OR is almost exclusively concerned with self-control”. In this section
the epistemology of OR will be briefly reviewed. The aim is to indicate that the epistemology of OR
is based on the assumption that the world is mechanical and that it disregards the complexity of the
nature of the world in which it functions. This will highlight the need for new approaches within OR
and therefore, in the next section, OR epistemologies will be align with the acknowledgement of

complexity.

Despite the fact that an OR application functions in a real life context (with complexity
characteristics), as shown in the previous section, OR is still practiced in a paradigm of order, where
the general known assumptions of scientific method and epistemology are followed. These
assumptions (also called positivistic ideas) have enjoyed widespread acceptance in the Western world
since the beginning of the modern period (Delanty and Strydom 2003: p. 13). Geyer (2003: pp. 2-3)
points out that the paradigm of order is founded on four basic rules: order (everything that occurs is

taken to be the effect of a preceding cause); reductionism (a system can be understood by observing
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the behaviour of its parts and the whole is the sum of its parts); predictability (future events can be
predicted by using appropriate inputs to a model); and determinism (the universe is causally ordered

and everything flows along orderly and predictable paths with a clear beginning and a rational end).

It is of course possible to break down the principles of scientific method into a number of finer
categories. Crowe (2004: p. 3), for example, mentions objectivism, which looks at phenomena from a
distance and excludes human contaminants such as bias and emotion. Delanty and Strydom (2003)
guote other important tenets of scientific method, such as empiricism (which they describe as the
experimental basis of all knowledge); value freedom (where the demand is made that science should
proceed in a neutral manner that is free from personal, ethical, moral, social or cultural values);
instrumentalism (which refers to the manipulation of the world rather than understanding it, i.e. a tool
of prediction); and technicism (where techniques and methods are valued higher than results) (Delanty
and Strydom 2003: pp. 13-14).

All the scientific assumptions and rules of order are closely related to OR’s epistemology and the
traditional OR methodologies. They are virtually openly practised in OR, and the OR methodologies
described in text books confirm this — descriptions of the mathematical modelling process consistently
refer to “selective representation of the situation”, “acquiring data”, “analyse the quantitative model”
etc. (Moore and Weatherford 2001; Render et al. 2015; Eiselt and Sandblom 2010). In terms of
technicism it is common knowledge how high the majority of OR specialists (or mathematicians)
value the techniques and methods used, and it hardly requires any further motivation. Reductionism
plays a particularly important role in OR, as decision-makers constantly has to construct abstracts of
reality (real problems) in order to formulate a mathematical model. There are however different kinds
of reductionism and Preiser (2012: pp. 87-91) refers to three general kinds of reductionism. The first
kind is called ontological reductionism and refers to the claim that one physical object can be
explained in terms of other physical objects. This leads to a linear development view which assumes
that complicated processes are made up of identifiable parts and progress from simple to complex and
from inferior to superior (Crowe 2004: p. 4). The next kind of reductionism, epistemological
reductionism, occurs when a scientific discipline is reduced to the principles of another scientific
discipline, for instance the idea to explain biology in terms of physics and chemistry. Preiser explains
that “[t]he whole analogy of a clockwork universe or that society’s behaviour can be explained in
universal algorithms rests on reducing non-mechanical objects to an epistemology that favours
mechanism and mathematics™ (Preiser 2012: p. 89). Methodological reductionism is the third kind of
reductionism. It refers to the idea that a system is best investigated at the lowest level and that

experiments should therefore be defined in such a way that causal effects can be studied.

From these brief definitions it may be concluded that scientific reductionism favours a paradigm of

order. The reductionist method has seemingly proven to be successful in the study of OR problems
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and its applications. However, Ackoff’s concern is that OR is dealing with complex phenomena and
human complexities and that a reductionist approach is too mechanistic and deterministic to address
all OR problems satisfactorily. This orderly, reductionist and positivistic epistemology with which OR
seems to operate is excellently summarised by Geyer (2003) in terms of epistemological expectations
and the methodological implications thereof. The epistemological position emphasises that human
knowledge will increase over time. Knowledge will bring about order and the increased knowledge
will therefore result in greater order. The increased knowledge will then also enable humans to predict
and control more and more phenomena. All phenomena have an endpoint, and so does knowledge.
The orderly natural sciences (of which OR is part) form the basis in a hierarchy of scientific
knowledge; and duplicating this knowledge and methods serves as a justification for orderly science.
The methodological implications of this epistemology are that rational foundations are sought, no
inherent limits to human knowledge exist and predictable and repeatable experimental results can be
obtained. In addition, the primary methodological strategy is the duplication of orderly natural science
methods with an ultimate goal of creating universal and parsimonious laws (Geyer, 2003:7). One can
thus argue that although OR functions within complex systems in real life (as indicated in the
previous section), OR generally operates with a mechanistic, controlled and reductionist
epistemology. This epistemology needs to be enriched and broadened to deal with real world
complexities so that new methods for modelling decision making could be developed. This will be

investigated in the next section.

6. Aligning the epistemology of Operations Research with complexity

The preceding analysis strongly suggests that most of the typical OR applications functions within
complexity. Despite this, it appears if OR may still be inspired by a Newtonian framework that claims
that the universe can be understood through a process of reductionism and breaking up of systems into
parts in order to understand how the whole works. Mortenson et al. (2015: p. 586), for example, argue
that OR fits into a dianoetic (conclusions reached by reason or argument) management paradigm.
These reductionist approaches may have worked well in the past — it may still even be applicable
today under certain circumstances, but more fitting epistemologies for the present — such as
Complexity Theory — should also be considered and where appropriate replace the old clockwork
perspective that originated from Newton. This view is in line with Ackoff’s concern, as pointed out in

section 2.

Drawing from the concerns and epistemological deficiencies raised by Ackoff and the brief
description of OR and Complexity Theory, it can be deduced that OR — which functions in
complexity— uses an epistemology of order (positivistic) while Complexity Theory with its
complexity properties — uses a much more “disorderly” and open epistemology. This introduces the

question if OR epistemologies (in a paradigm of order) can be aligned to the complex (disorderly)
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epistemology of Complexity Theory. Because OR functions in complexity, the link with complexity
theory is not only on a practical level, but also epistemological. In analysing this link, it should firstly
be acknowledged that OR functions in a system which has a significant number of complex
(disorderly) properties and that all OR applications cannot simply rely on a linear sequential approach
that assumes that all phenomena are context-free. Such an acknowledgement will open up new
avenues not just for the development of OR epistemologies, but also for the acceptance and
accommodation of criticism such as those raised by Ackoff. Previous studies in other disciplines,
where the existence and value of Complexity Theory were acknowledged, have greatly benefitted
from such an acknowledgement. Examples of such studies in music, mathematics, education, staff
development and information systems were mentioned in section 1 and are briefly revisited here in
order to indicate how a deeper understanding of the subject was gained by linking the various
epistemologies to Complexity Theory.

The study by Crowe (2004) on complexity science and music therapy emphasises that complexity
science “offers music therapy a scientific model that brings greater understanding to the immensely
intricate process that occurs in (the) therapeutic discipline” (Crowe 2004: p. 18). Crowe states that it
has changed music therapy to be less concerned with predicting results and more concerned with the

process. It also now seeks to understand, rather than to look for causes.

Mowat and Davis (2010: p. 27) concluded that it is appropriate to consider a system of mathematical
ideas as a network structure that exhibits the properties of a complex system. Based on this, they
claim that insights from network theory (and the associated complexity principles) will assist in the

understanding of teaching mathematics and also lead to more effective teaching of mathematics.

In the paper on Complexity Theory and staff development it is argued that Complexity Theory has
provided insight on how to facilitate and plan complexity-based staff development. It is also
particularly useful to understand change and to prepare for change — in some instances complexity-

driven staff development may even initiate a change process (Fong 2006: p. 12).

In order to understand and accept that the dynamics of Information Systems (IS) in a networked world
can no longer be treated with traditional scientific methods, Merali posits that a paradigm shift in the
IS discipline is necessary. Through an exploration of the concepts of Complexity Theory, and its
usefulness for developing IS theory and practice, it is then claimed that “complexity science furnishes
us with the concepts and tools for building multi-level representations of the world and for making

sense of the dynamics of emergence” (Merali 2006: p. 226).

Finally, in the study regarding decision-making with specific reference to the bee algorithm (an OR

technique), Paul et al. (2014) concluded that a complexity perspective is highly appropriate and
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assists with the explanation of different properties of decision-making in a particle-swarm

optimisation context.

In section 5 it was argued that OR’s epistemological nature is closely related to the positivistic
paradigm, or rather the reductionistic natural science paradigm. Certain significant characteristics of
complexity in OR applications should, however, be acknowledged — as indicated in section 4. The
acknowledgment of the existence of complexity properties (identified in a list of 10 characteristics) in
the context in which OR is applied links OR to Complexity Theory. To enrich and broaden OR’s
epistemologies through Complexity Theory may also open up new perspectives in OR — as the case is
for the other disciplines listed above — and it may provide for a more non-mechanistic approach and
understanding of OR than its epistemological nature in general allows for. Some new perspectives in
OR might be gained for example in term of 1) emergence, 2) the setting of boundaries, 3) lack of
complete knowledge and 4) responsibility (ethics) for choices and consequences regarding definitions
of boundaries.

6.1 Emergence

Cilliers claims that one of the defining characteristics of a complex system is that it will have
emergent properties which cannot simply be reduced to properties of components in the system
(Cilliers 2010: p. 40). This characteristic of emergence is defined by Checkland (1993: p. 314) as “the
principle that whole entities exhibit properties which are meaningful only when attributed to the
whole, not to its parts — e.g. the smell of ammonia”. Having indicated that OR functions within
complexity, the question arises to what extent OR applications relate to emergent properties — in other
words: How can emergence broaden OR’s epistemology? What can be expected to emerge in an OR

application and what are the benefits of such an emergence?

Complexity emerges as a result of the patterns of interaction between elements in a system (Cilliers
1998: p. 5). In an OR application (such as the facility location problem described earlier) the dynamic
and non-linear interaction amongst elements may lead to a number of emergent properties. To start
with, one would hope that after some time the interaction of elements will lead to an emergence of a
better understanding of OR and the application. As time passes, stakeholders and communities may
develop a consciousness of the application, its interaction with the environment and the consequences.
The building of a warehouse in a specific region may impact on economic activities, which may lead
to some form of competition amongst economic units that may ultimately change each of them into a
better efficient and effective unit — thereby driving the overall economic structure or system to better
efficiency and effectiveness. Other examples of properties that may emerge after some time may
include operational changes (the way things are done), changes in social structures and the
development of new eco-systems. Paul et al. (2014: p. 9) warn that the magnitude of an emergent

property cannot be quantified. This is due to the open boundary and non-linear characteristics of a
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complex system. This is also true in the case of an OR application as it is not possible to incorporate
all elements that will interact or have an effect on the application. The non-linear interactions of
elements in an OR system (e.g. a small model with a large economic or social impact) will make the

guantification of emergent properties impossible.
6.2 Setting of boundaries

Other specific issues that need to be mentioned when dealing with complexity as an alternative
epistemology are, firstly, the issue of boundaries that leads directly to the issue of knowledge. An OR
application implies solving a specific real world problem. To solve such real world problems, the
problem has to be framed in a specific way as it would be impossible to try and solve the problem by
involving all of reality. Furthermore, for something to be recognisable as a system, it must be bounded
in some way (Cilliers 2005a: p. 610). The OR specialist, together with a team of stakeholders,
therefore needs to determine the extent of the system to be studied or modelled. The only way to
achieve this is by setting boundaries, and according to Audouin et al. (2013: p. 12) “such boundaries,
whether conceptual, spatial or temporal, for example, are essential as they enable the generation of
knowledge”. Drawing boundaries, however, is not a simple straightforward exercise. Cilliers (2008:
pp. 45-46) warns that closure by a boundary should not be over-emphasised, as one can never
describe it objectively. According to him, a boundary should be thought of as something that
constitutes that which is bounded — and not as something that separates one thing from another. A
second point concerning boundaries raised by Cilliers is that a system should not be visualised as
something contiguous in space but that parts of a system may exist in total different spatial locations.
The idea of boundaries is not something new — not even in the OR discipline. The work of Midgeley
et al. (1998) serves as an example of boundaries in an OR application. The new insights gained (or at
least emphasised) through Complexity Theory on this point is that OR’s epistemology should

accommodate (be broadened) the fact that boundary setting is artificial, not objective and temporary.
6.3 Lack of complete knowledge

Closely related to the issue of boundaries is the knowledge aspect. Cilliers (2008: p. 50) argues that to
fully understand a complex system, one needs to understand all its complexity as well as the system’s
complete environment. This is of course not possible and is the reason why boundary setting is
necessary. The implication of this is that one can never have complete knowledge of a complex
system, but only knowledge in terms of a certain framework. Cilliers further explains that the
generation of knowledge in a complex system is an exploratory process and that the knowledge is
always provisional. This seems to be important for OR applications — by accepting the boundary and
knowledge principles of a complex system, the OR professional will remain aware of the existence of
a diverse set of stakeholders and other elements that may impact the OR application while at the same

time still setting boundaries to facilitate the practical problem and possible solutions.
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The arguments concerning the provisional nature of knowledge in a “bounded” system may lead to a
charge of relativism. This argument is rejected by Cilliers and others. Woermann (2010) pointed out
that relativism (being relative to other things) only makes sense when it is contrasted with absolutism
(standing in no relation to anything) — the fear of relativism is therefore something that haunts
absolutism. Cilliers’s view is that “limited knowledge is not ‘any’ knowledge” (Cilliers 2005b: p.
260) and that complexity is not an excuse for relativism but rather a challenge to develop a new kind
of scientific understanding which does not want to argue that “sloppy” work is acceptable (Cilliers

2007: p. 4).
6.4 Responsibility (ethics) for choices and consequences regarding definitions of boundaries

Another issue that flows from the concept of boundaries and provisional knowledge, is the idea of
ethics, or — more specifically in this case — responsibility. When a specific framework is chosen
(boundary setting) to investigate and interpret an application area or system, one cannot escape from
the fact that the complexity of the system has been reduced and that a certain level of uncertainty in
knowledge will prevail. Cilliers (2008: p. 52) warns that as a result of such a boundary setting, one
cannot blame the outcomes of decisions and actions on such a procedure and that responsibility
should be assumed. Woermann (nd: p. 7) confirms this by stating: “If our models do not correspond
with reality (due to boundaries — my text), and if they are the outcomes of certain choices, then we
must also take responsibility for both the intended and unintended consequences.” Similarly, Audouin
et al. (2013: p. 3) note that boundary definitions involve choices that are essentially value-based.
Ethics and ethical considerations are seemingly important in Complexity Theory and more insight
from a philosophical viewpoint on ethics and complexity can be found in Woermann and Cilliers
(2012). The idea of ethical considerations and responsibility in OR is widely accepted. Examples of
an awareness of this can be found in Ackoff (1974) and Gallo (2004). Both these studies focus on
responsibility, with the latter concentrating on not just responsibility towards an OR client but also to
a wider audience (e.g. stakeholders, society, nature) that may be directly or indirectly affected by the

results of an OR application.

A facility location problem was earlier described as a typical example of an OR problem to illustrate
the implications of complexity thinking for OR. Given the four characterising aspects of complexity
(sections 6.1-6.4), it is fairly easy to quote other well-known classical OR problems to serve as
further concrete examples of how OR could be influenced by applying a complexity lens to them. For
example, the portfolio selection problem is a fundamental OR model in modern finance that can be
solved with a standard non-linear mathematical program. The problem entails the selection of a set of
stocks given a limited budget and subject to a certain level of risk and/or an expected return of the
chosen portfolio. The well-known data envelopment analysis problems where the efficiency of a set of

homogeneous decision making units (e.g. bank branches) are evaluated based on input and output
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variables represents another practical example. A third example may be found in the area of
manufacturing applications — e.g. a standard production mix problem. These types of problems use
linear programming models to help plan the optimal mix of different products to be manufactured
subject to resource constraints. There are also many other standard OR problems in a wide variety of

application areas that could be cited as examples for this discussion.

If one considers the three examples above from a complexity perspective it becomes clear that the
majority of conventional OR problems should not simply be treated as a mathematical model that
seeks an optimal answer while neglecting the characteristics and associated intricacies of insights
offered by complexity theory. All three examples are related to economic applications where a large
number of elements continuously interact. The nature of this interaction is non-linear as a small
change in one of the elements may lead to large changes in the application area. The interaction will
no doubt lead to emergent properties (e.g. learning and deeper understanding of the problem) that may
change or render initial solutions less useful. To model the three problems it is clear that each one will
have to be framed to a certain extent to be able to solve the problem — this means that artificial
boundaries will have to be set and defined. Owing to these boundaries the solutions and knowledge
offered by the OR models are only conditional as the impact and consequences of the application
cannot be fully known. E.g. the consequences of a specific financial portfolio, a specific product mix
or a recommendation on the efficiency or inefficiency of a decision making unit may be far reaching
once the OR solutions are implemented. Finally, the consequences and lack of complete knowledge
will result in ethical responsibilities for each of the three applications. This ethical responsibility is
applicable to both the OR specialist (whose models recommend a financial portfolio, a product mix or
a recommendation on the efficiency or inefficiency of a business unit) and the OR client for
implementing the OR recommendations with the associated consequences for humans, the

environment, society etc.

In general the characteristics, which are prerequisites for complexity, are to a large extent present in
the context of OR applications. The non-linear interactions of elements in an OR application will lead
to emergent properties, such as a deeper understanding and consciousness of the problem and its
consequences. The setting of boundaries forms part of any OR application and is necessary to
properly frame a problem in order to produce possible solutions. Furthermore, there is an increasing
acknowledgement in OR that knowledge produced through the setting of boundaries is only
provisional — a complete OR application with its impact and consequences cannot be fully known.
Lastly, the issue of boundaries and the associated lack of complete knowledge emphasise and broaden

the ethical responsibility of OR.

The acknowledgement of the above complex aspects in OR, and the alignment of OR’s epistemology

to complexity theory, could help to develop new methods for modelling decision making. This
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acknowledgement that decision making happens in a complex reality, furthermore makes OR more
prone to the benefits other disciplines experienced through their link with complexity. For example,
OR should also be less concerned with predicting results and more concerned with the process (this
will enable OR to take into account other stakeholders, society, nature, etc.); be taught more
effectively (i.e. a greater sensitivity for setting boundaries and ethical implications); understand
change better (also initiate change and a willingness to adapt models and methodologies); make sense
of the dynamics of emergence (i.e. expect any unexpected emergent properties); and assist with the
explanation of the different properties of decision-making and building multi-level representations of
the world. The aspect of “building multi-level representations of the world” is of specific importance
in the context of this paper’s argument. While OR is generally and historically more aligned to a
positivistic (reductive scientific) epistemology, its strong link to complexity (as shown in this paper)
opens up an acknowledgement to a more “open” epistemology, and this leads to the possibility of this
multi-level understanding of the world in which it operates. This may bring new fundamental insights
into the discipline of OR and new directions of understanding the basic principles of OR as described

above.

The acceptance of complexity and complexity principles as a framework for understanding
(epistemology) or changing the way one thinks about applications or systems like OR is not free from
criticism. Some examples of challenges to Complexity Theory are highlighted in the work of
Morrison (2006: pp. 6-10), who raised some of the difficulties of Complexity Theory in education.
The issues raised are, however, generally applicable and not limited to the area of education (and

therefore relevant for OR as well).

One of the first issues raised is that of how novel a theory Complexity Theory really is. Concepts such
as the ten characteristics used to describe complexity are not new and may simply be a reformulation
of known aspects. In addition, it may also appear as if complexity is simply a statement of the obvious
(using old concepts). Morrison also asks questions about the usefulness of Complexity Theory — it is
mainly regarded as a post hoc explanation with limited prospective or predictive utility. It also has the
disadvantage of being non-optimal, non-controllable, non-understandable and non-immediate. These
characteristics do not fit with systems, applications or practical situations that seek efficiency, control,
comprehensibility and immediate solutions. It also raises further questions on responsibility: for
example, if one cannot predict the consequences of one’s actions, in what sense can one then be held
responsible for what happens after one’s actions? These criticisms should be taken into account when
dealing with OR in the context of complexity because it can further enrich the new directions OR may

follow.
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7. Conclusion

To conclude, it appears that applications of OR function in the same structure and topology of a
complex system and that it is not solely based on the objects that it comprises. This, however, does
not imply an argument against mathematical modelling techniques — models have to be built to
understand problems or applications. But, as Cilliers puts it, “it is an argument that models of complex
systems will always be flawed in principle and that we have to acknowledge these limitations”
(Cilliers 2008: p. 49). Complexity Theory therefore provides a new and different theoretical
framework and epistemology with important implications for the way in which OR and OR
applications should be understood. It specifically addresses the failure of traditional reductionist
approaches and the concerns of Ackoff. As stated above, it is clear that while OR is generally and
historically more aligned to a modernistic (reductive scientific) epistemology, its strong link to
complexity opens up an acknowledgement to a more open epistemology which leads to the possibility
of a multi-level understanding of the world in which it operates. This acknowledgement may further
open up new prospective and transdisciplinary interaction for OR in a more sustainable and ethical
way. It is important that OR applications are not just treated as a “hard” science but that OR
specialists realise that “science without philosophy is blind, and philosophy without science is
paralysed” (Cilliers 1998: p. 13). When one acknowledges that OR based decision making happens in
a complex world, and verifies the complexity of structures and environments in which OR approaches
are applied, new contributions can be made to the epistemology that fundamentally informs the field
of OR.
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CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS
1. Purpose of the study and conclusions

The purpose of the research was to investigate the relations between the epistemologies of Operations
Research (OR) and Complexity Theory. The aim was to determine what new insights into OR’s
epistemology can be derived from comparing the two disciplines. To address this problem, the study
proceeded as follows.

A brief introduction of both OR and Complexity Theory was presented. It was then shown how a
typical OR application can be described in terms of the characteristics of a complex system. Next, the
general reductionist epistemology of OR as well as the more postmodernist epistemology of a
complex system were presented. It was argued that although OR is still inspired by a mechanistic
framework or approach; it functions within a context which exhibits complexity characteristics and
properties.

The study concluded that all aspects which are in general prerequisites for something to be identified
as complex, are to a large extent present in the context of a typical OR application. These aspects
include the general characteristics identified in the literature as well as other properties such as
emergence, boundary setting, lack of complete knowledge and ethics. In addition to this, it was also
noted that, through the acknowledgement of complexity principles, OR’s epistemology may benefit in
the same way other disciplines had benefitted from such an acknowledgement. The implication is
therefore that Complexity Theory provides a new and different theoretical framework with important
implications for the way in which OR’s epistemology and OR applications should be understood. This
framework addresses the traditional reductionist approach and may lead to a more “open”
epistemology with new prospective and transdisciplinary interactions for OR in a more sustainable

and ethical way.
2. Limitations of the research

An obvious limitation of this study is that it explored only Complexity Theory as a new framework
for gaining insight into the OR discipline. The field of Chaos Theory (which was excluded in this
study) is very closely related to Complexity Theory and the two fields share certain concepts and
definitions, for instance the concept of self-organisation. The study further excluded work that has
been done in the area of systems thinking, which will no doubt also offer new opportunities for

understanding OR.
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3. Contributions of the study

The first contribution of the study is to provide a new perspective on the OR methodology or
epistemology in general. Existing methodological problems (as listed by Ackoff) and the general
reductionist epistemology of OR were highlighted, leading to the conclusion that OR still operates
mainly in a paradigm of order where it is assumed that all phenomena are context-free and can be

explained by reducing a system to its parts.

Secondly, the study contributes by showing that a typical OR application can be described in terms of
the characteristics of a complex system. Furthermore, such a typical OR application context also
exhibits other properties of complexity, such as emergence, boundaries, lack of complete knowledge
and ethical consequences. This emphasises the epistemological tension in OR and makes it necessary
to acknowledge that the ambivalence of OR’s epistemology seems to be driven towards the more

“disorderly, complex and open” epistemology.

Thirdly, it contributes by indicating the consistency between findings of previous studies where the
existence and value of Complexity Theory were acknowledged, and where similar benefits (e.g.

deeper understanding and new insights) became possible for OR.

Finally, the study provides an alternative theoretical framework with important implications for how
OR’s epistemology and OR applications should be understood. It opens up an acknowledgement of a
more “open” epistemology, which will hopefully lead to a new multi-level understanding

(epistemology) of the world in which OR operates.
4. Recommendations for future research

Consistent with the limitations of the study outlined earlier, further research can be done on the

following.

- Exploring the influence of other paradigms such as Chaos Theory and Systems Thinking. Other
recent trends, such as Big Data, may also play a significant role in the approaches and
methodologies of OR.

- Ethical aspects, and particularly the question of responsibility with regard to the principles of

Complexity Theory, may be helpful to broaden the research on OR as a complex system.
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editor it does not make a sufficient scientific contribution - even if some of the reviewers support
publication.

EJOR welcomes the following types of papers:

e Invited Reviews, explaining to the general OR audience the developments in an OR topic over the
recent years

e Innovative Applications of OR, describing novel ways to solve real problems

e Theory and Methodology Papers, presenting original research results contributing to the
methodology of OR and to its theoretical foundations,

e Short Communications, if they correct important deficiencies of papers previously published in EJOR

An Invited Review may be either on a specific research topic, a tutorial, or a bibliographic survey.
Anyone interested in writing a review is requested first to suggest a topic to one of the editors or to
a member of the editorial board of EJOR. A paper presenting an Innovative Application of OR may be
worthy of publication simply because it can be used to convince managers of the value to be gained
by applying OR to particular problems.

The Theory and Methodology Papers will be classified into one of the seven headings:
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e Continuous Optimization

¢ Discrete Optimization

e Production, Manufacturing and Logistics

e Stochastics and Statistics

e Decision Support

e Computational Intelligence and Information Management
¢ Interfaces with Other Disciplines

The above classification will be based on the EJOR keywords (see the list at the end of the Guide).

All submitted papers that conform to the editorial policy will be refereed. However, the manuscripts
that do not will be rejected without refereeing.

If an editorial decision of "revise" is made, authors are advised to revise and resubmit their manuscript
not later than 6 months after this decision. If the revision is not submitted within this time, the review
process of the paper will be terminated, and the revised paper will have to be submitted as a new
submission.

PREPARATION

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts your files to a single PDF file, which
is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a single file
to be used in the refereeing process. This can be a PDF file or a Word document, in any format or lay-
out that can be used by referees to evaluate your manuscript. It should contain high enough quality
figures for refereeing. If you prefer to do so, you may still provide all or some of the source files at
the initial submission. Please note that individual figure files larger than 10 MB must be uploaded
separately.

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book
title, chapter title/article title, year of publication, volume number/book chapter and the pagination
must be present. Use of DOI is highly encouraged. The reference style used by the journal will be
applied to the accepted article by Elsevier at the proof stage. Note that missing data will be highlighted
at proof stage for the author to correct.

There are no strict formatting requirements but all manuscripts must contain the essential elements
needed to convey your manuscript, for example Abstract, Keywords, Introduction, Materials and
Methods, Results, Conclusions, Artwork and Tables with Captions.

If your article includes any Videos and/or other Supplementary material, this should be included in
your initial submission for peer review purposes.

Divide the article into clearly defined sections.

Length of article

Articles should be as concise as possible. Regular articles should not exceed 30 standard manuscript
pages and short communications should not exceed 10 standard manuscript pages, including tables
and figures embedded in the text. The page length also includes appendices if they are not uploaded
as supplementary material. A standard manuscript page is A4 or letter size, text with 1.5 line spacing
and 11 pt font. In exceptional cases the Editors may waive this requirement. Supplementary material
is allowed, which will be available in e-version only.

Figures and tables embedded in text
Please ensure the figures and the tables included in the single file are placed next to the relevant text
in the manuscript, rather than at the bottom or the top of the file.
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Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting
codes will be removed and replaced on processing the article. The electronic text should be prepared in
a way very similar to that of conventional manuscripts (see also the Guide to Publishing with Elsevier:
https://www.elsevier.com/guidepublication). See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check’
functions of your word processor.

You are recommended to use the Elsevier article class elsarticle.cls (http://www.ctan.org/tex-
archive/macros/latex/contrib/elsarticle) to prepare your manuscript and BibTeX
(http://www.bibtex.org) to generate your bibliography.

For detailed submission instructions, templates and other information on LaTeX, see
https://www.elsevier.com/latex.

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered
1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be
given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed literature
survey or a summary of the results.

Material and methods
Provide sufficient detail to allow the work to be reproduced. Methods already published should be
indicated by a reference: only relevant modifications should be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in the
Introduction and lay the foundation for further work. In contrast, a Calculation section represents a
practical development from a theoretical basis.

Results
Results should be clear and concise.

Discussion
This should explore the significance of the results of the work, not repeat them. A combined Results
and Discussion section is often appropriate. Avoid extensive citations and discussion of published
literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix,
Eqg. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

It they exceed the page limit, they can be put as supplementary material, which will be available
in e-version only.

e Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid formulae
where possible. Abbreviations are not permitted

e Author names and affiliations. Please clearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately spelled. Present the authors' affiliation
addresses (where the actual work was done) below the names. Indicate all affiliations with a lower-
case superscript letter immediately after the author's name and in front of the appropriate address.
Provide the full postal address of each affiliation, including the country name and, if available, the
e-mail address of each author.
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e Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. Ensure that the e-mail address is given and that contact
details are kept up to date by the corresponding author.

e Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author(s) and year(s).

An abstract of between 50 and 250 words. Abstracts should not contain formulae or abbreviations.

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the online
article. The graphical abstract should summarize the contents of the article in a concise, pictorial form
designed to capture the attention of a wide readership. Graphical abstracts should be submitted as a
separate file in the online submission system. Image size: Please provide an image with a minimum
of 531 x 1328 pixels (h x w) or proportionally more. The image should be readable at a size of 5 x
13 cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office
files. See https://www.elsevier.com/graphicalabstracts for examples.

Authors can make use of Elsevier's Illustration and Enhancement service to ensure the best
presentation of their images and in accordance with all technical requirements: Illustration Service.

Highlights are mandatory for this journal. They consist of a short collection of bullet points that
convey the core findings of the article and should be submitted in a separate editable file in the online
submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum
85 characters, including spaces, per bullet point). See https://www.elsevier.com/highlights for
examples.

Highlights must not contain abbreviations.

Must be included and at least the first one should be selected from the list below. Some keywords
from outside the list may be added but the total number of keywords should not exceed five. The
letters before the keywords are those of the surnames of the five editors. The paper is submitted to
the editor whose initial is given before the first keyword selected from the list.

(D) Analytics (I) Applied probability (S) Artificial intelligence (S) Assignment (D) Auctions/bidding
(D) Behavioural OR (I) Bioinformatics (S) Branch and bound

(O) Combinatorial optimization (S) Complexity theory (B) Computing science (I) Conic programming
and interior point methods (O) Constraint programming (I) Control (I) Convex programming (D) Cost

benefit analysis (O) Cutting

(D) Data envelopment analysis (I) Data mining (B) Decision analysis (D) Decision processes (S)
Decision support systems (B) Distributed decision making (O) Distribution (S) Dynamic programming

(D) E-commerce (D) Economics (O) Education (D) Ethics in OR (S) Evolutionary computations

(I) Facilities planning and design (B) Finance (O) Flexible manufacturing systems (T) Forecasting (I)
Fractional programming (S) Fuzzy sets

(I) Game theory (O) Genetic algorithms (I) Global optimization (S) Goal programming (I) Graph
theory (S) Group decisions and negotiations

(O) Heuristics (D) Human resource planning (O) Humanitarian logistics
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(B) Integer programming (T) Inventory (B) Investment analysis
(S) Knowledge-based systems

(I) Large scale optimization (I) Linear programming (O) Location (T) Logistics

(T) Maintenance (T) Manufacturing (I) Markov processes (O) Metaheuristics (D) Multi-agent systems
(S) Multiple criteria analysis (S) Multiple objective programming (I) Multivariate statistics

(I) Networks (I) Nonlinear programming

(D) OR in agriculture (I) OR in airlines (B) OR in banking (T) OR in defense (O) OR in developing
countries (O) OR in disaster relief (I) OR in energy (B) OR in entertainment (D) OR in environment
and climate change (D) OR in government (O) OR in health services (O) OR in maritime industry (D)
OR in marketing (S) OR in medicine (D) OR in natural resources (B) OR in organization theory (D) OR
in research and development (I) OR in scientometrics (O) OR in service industries (D) OR in societal
problem analysis (D) OR in sports (I) OR in telecommunications

(D) OR for community development (O) Packing (S) Preference learning (B) Pricing (D) Problem
structuring (O) Production (D) Productivity and competitiveness (B) Project management (S) Project
scheduling (B) Purchasing

(I) Quality control (B) Quality management (I) Queueing

(B) Reliability (I) Replacement (O) Retailing (D) Revenue management (B) Risk analysis (B) Risk
management (B) Robustness and sensitivity analysis (S) Rough sets (T) Routing

(B) Scenarios (S) Scheduling (I) Semi-infinite programming (B) Simulation (I) Stochastic processes
(I) Stochastic programming (D) Strategic planning (T) Supply chain management (D) Systems
dynamics

(O) Timetabling (I) Traffic (O) Transportation (O) Travelling salesman
(B) Uncertainty modelling (B) Utility theory

*Codes of Editors: (I) - Immanuel Bomze, (B) - Emanuele Borgonovo, (D) - Robert Dyson, (O) - José
Fernando Oliveira, (S) - Roman Slowinski, (T) - Ruud Teunter

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors build footnotes into the text, and this feature may be used. Should this not be the case,
indicate the position of footnotes in the text and present the footnotes themselves separately at the
end of the article.

Electronic artwork

General points

e Make sure you use uniform lettering and sizing of your original artwork.

e Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

e Number the illustrations according to their sequence in the text.

e Use a logical naming convention for your artwork files.

¢ Indicate per figure if it is a single, 1.5 or 2-column fitting image.

e For Word submissions only, you may still provide figures and their captions, and tables within a
single file at the revision stage.

¢ Please note that individual figure files larger than 10 MB must be provided in separate source files.
A detailed guide on electronic artwork is available on our website:
https://www.elsevier.com/artworkinstructions.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as' or
convert the images to one of the following formats (note the resolution requirements for line drawings,
halftones, and line/halftone combinations given below):
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EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi
is required.

Please do not:

e Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is too low.
e Supply files that are too low in resolution.

e Submit graphics that are disproportionately large for the content.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum but
explain all symbols and abbreviations used.

As the publishing language of the European Journal of Operational Research is English, authors are
required to keep references to sources in other languages to a necessary minimum, and to provide
an English translation of the title in parentheses.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results' or
'Personal communication'. Citation of a reference as 'in press' implies that the item has been accepted
for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

Reference management software

Most Elsevier journals have their reference template available in many of the
most popular reference management software products. These include all products
that support Citation Style Language styles (http://citationstyles.org), such as Mendeley
(http://www.mendeley.com/features/reference-manager) and Zotero (https://www.zotero.org/), as
well as EndNote (http://endnote.com/downloads/styles). Using the word processor plug-ins from
these products, authors only need to select the appropriate journal template when preparing their
article, after which citations and bibliographies will be automatically formatted in the journal's style.
If no template is yet available for this journal, please follow the format of the sample references and
citations as shown in this Guide.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
link:

http://open.mendeley.com/use-citation-style/european-journal-of-operational-research

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book
title, chapter title/article title, year of publication, volume number/book chapter and the pagination
must be present. Use of DOI is highly encouraged. The reference style used by the journal will be
applied to the accepted article by Elsevier at the proof stage. Note that missing data will be highlighted
at proof stage for the author to correct. If you do wish to format the references yourself they should
be arranged according to the following examples:

AUTHOR INFORMATION PACK 12 Mar 2016 www.elsevier.com/locate/ejor 42


http://www.mendeley.com/features/reference-manager)
http://www.zotero.org/)
http://www.zotero.org/)
http://endnote.com/downloads/styles)
http://open.mendeley.com/use-citation-style/european-journal-of-operational-research

Reference style

Text: Citations in the text should follow the referencing style used by the American
Psychological Association. You are referred to the Publication Manual of the American Psychological
Association, Sixth Edition, ISBN 978-1-4338-0561-5, copies of which may be ordered from
http://books.apa.org/books.cfm?id=4200067 or APA Order Dept., P.O.B. 2710, Hyattsville, MD
20784, USA or APA, 3 Henrietta Street, London, WC3E 8LU, UK.

List: references should be arranged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same author(s) in the same year must be identified by
the letters 'a', 'b', 'c', etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J. A. J., & Lupton, R. A. (2010). The art of writing a scientific article.
Journal of Scientific Communications, 163, 51-59.

Reference to a book:

Strunk, W., Jr., & White, E. B. (2000). The elements of style. (4th ed.). New York: Longman, (Chapter
4).

Reference to a chapter in an edited book:

Mettam, G. R., & Adams, L. B. (2009). How to prepare an electronic version of your article. In B. S.
Jones, & R. Z. Smith (Eds.), Introduction to the electronic age (pp. 281-304). New York: E-Publishing
Inc.

Reference to a website:

Cancer Research UK. Cancer statistics reports for the UK. (2003). http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/ Accessed 13.03.03.

The journal encourages authors to create an AudioSlides presentation with their published article.
AudioSlides are brief, webinar-style presentations that are shown next to the online article on
ScienceDirect. This gives authors the opportunity to summarize their research in their own words and
to help readers understand what the paper is about. More information and examples are available at
https://www.elsevier.com/audioslides. Authors of this journal will automatically receive an invitation
e-mail to create an AudioSlides presentation after acceptance of their paper.

Supplementary material can support and enhance your scientific research. Supplementary files
offer the author additional possibilities to publish supporting applications, high-resolution images,
background datasets, sound clips and more. Please note that such items are published online exactly
as they are submitted; there is no typesetting involved (supplementary data supplied as an Excel
file or as a PowerPoint slide will appear as such online). Please submit the material together with the
article and supply a concise and descriptive caption for each file. If you wish to make any changes to
supplementary data during any stage of the process, then please make sure to provide an updated
file, and do not annotate any corrections on a previous version. Please also make sure to switch
off the "Track Changes' option in any Microsoft Office files as these will appear in the published
supplementary file(s). For more detailed instructions please visit our artwork instruction pages at
https://www.elsevier.com/artworkinstructions.

Large data tables and long proofs of theorems should also be treated as supplementary data.

Authors have the option of converting any or all parts of their supplementary or additional raw data into
one or multiple Data in Brief articles, a new kind of article that houses and describes their data. Data
in Brief articles ensure that your data, which is normally buried in supplementary material, is actively
reviewed, curated, formatted, indexed, given a DOI and publicly available to all upon publication.
Authors are encouraged to submit their Data in Brief article as an additional item directly alongside the
revised version of their manuscript. If your research article is accepted, your Data in Brief article will
automatically be transferred over to Data in Brief where it will be editorially reviewed and published in
the new, open access journal, Data in Brief. Please note an open access fee is payable for publication
in Data in Brief. Full details can be found at http://www.journals.elsevier.com/data-in-brief. Please
use the following template to write your Data in Brief: https://www.elsevier.com/dib-template.
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Elsevier encourages authors to connect articles with external databases, giving readers access to
relevant databases that help to build a better understanding of the described research. Please refer
to relevant database identifiers using the following format in your article: Database: xxxx (e.g., TAIR:
AT1G01020; CCDC: 734053; PDB: 1XFN). See https://www.elsevier.com/databaselinking for more
information and a full list of supported databases.

The following list will be useful during the final checking of an article prior to sending it to the journal
for review. Please consult this Guide for Authors for further details of any item.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

e E-mail address

e Full postal address

All necessary files have been uploaded, and contain:

e Keywords

¢ All figure captions

¢ All tables (including title, description, footnotes)

Further considerations

e Manuscript has been 'spell-checked' and 'grammar-checked'

¢ All references mentioned in the Reference list are cited in the text, and vice versa

e Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

Printed version of figures (if applicable) in color or black-and-white

e Indicate clearly whether or not color or black-and-white in print is required.

For any further information please visit our customer support site at http://support.elsevier.com.

AFTER ACCEPTANCE

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The DOI
consists of a unique alpha-numeric character string which is assigned to a document by the publisher
upon the initial electronic publication. The assigned DOI never changes. Therefore, it is an ideal
medium for citing a document, particularly 'Articles in press' because they have not yet received their
full bibliographic information. Example of a correctly given DOI (in URL format; here an article in the
journal Physics Letters B):

http://dx.doi.org/10.1016/j.physletb.2010.09.059

When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to
change.

One set of page proofs (as PDF files) will be sent by e-mail to the corresponding author (if we do
not have an e-mail address then paper proofs will be sent by post) or, a link will be provided in
the e-mail so that authors can download the files themselves. Elsevier now provides authors with
PDF proofs which can be annotated; for this you will need to download Adobe Reader version 9 (or
higher) available free from http://get.adobe.com/reader. Instructions on how to annotate PDF files
will accompany the proofs (also given online). The exact system requirements are given at the Adobe
site:  http://www.adobe.com/products/reader/tech-specs.html.

If you do not wish to use the PDF annotations function, you may list the corrections (including replies
to the Query Form) and return them to Elsevier in an e-mail. Please list your corrections quoting line
number. If, for any reason, this is not possible, then mark the corrections and any other comments
(including replies to the Query Form) on a printout of your proof and scan the pages and return via e-
mail. Please use this proof only for checking the typesetting, editing, completeness and correctness
of the text, tables and figures. Significant changes to the article as accepted for publication will only
be considered at this stage with permission from the Editor. We will do everything possible to get your
article published quickly and accurately. It is important to ensure that all corrections are sent back
to us in one communication: please check carefully before replying, as inclusion of any subsequent
corrections cannot be guaranteed. Proofreading is solely your responsibility.
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The corresponding author, at no cost, will be provided with a personalized link providing 50
days free access to the final published version of the article on ScienceDirect. This link can
also be used for sharing via email and social networks. For an extra charge, paper offprints
can be ordered via the offprint order form which is sent once the article is accepted for
publication. Both corresponding and co-authors may order offprints at any time via Elsevier's
WebShop (http://webshop.elsevier.com/myarticleservices/offprints). Authors requiring printed copies
of multiple articles may use Elsevier WebShop's 'Create Your Own Book' service to collate multiple
articles within a single cover (http://webshop.elsevier.com/myarticleservices/booklets).

AUTHOR INQUIRIES

You can track your submitted article at https://www.elsevier.com/track-submission. You can track
your accepted article at https://www.elsevier.com/trackarticle. You are also welcome to contact
Customer Support via http://support.elsevier.com.

© Copyright 2014 Elsevier | http://www.elsevier.com
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