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a  b  s  t  r  a  c  t

Fuzzy  Cognitive  Maps (FCM)  are  a promising  approach  for socio-ecological  systems  modelling.  FCMs
represent  problem  knowledge  extracted  from  different  stakeholders  in  the  form  of  connected  fac-
tors/variables  with  imprecise  cause-effect  relationships  and  many  feedback  loops.  These  typically  large
maps  are  condensed  and  aggregated  to obtain  a summary  view  of the system.  However,  representa-
tion,  condensation  and  aggregation  of  previous  FCM  models  are  qualitative  due  to  lack  of  appropriate
quantitative  methods.  This  study  tackles  these  drawbacks  by  developing  a semi-quantitative  FCM  model
consisting  of robust  methods  for  adequately  and  accurately  representing  and  manipulating  imprecise  data
describing  a complex  problem  involving  stakeholders  for pragmatic  decision  making.  The  model  starts
with  collecting  qualitative  imprecise  data  from  relevant  stakeholders.  These  data  are  then  transformed
into  stakeholder  perceptions/FCMs  with  different  causal  relationship  formats  (linguistic  or  numeric)
which  the  proposed  model  then  represents  in a unified  format  using  a 2-tuple  fuzzy  linguistic  represen-
tation  model  which  allows  combining  imprecise  linguistic  and  numeric  values  with  different  granularity
and/or  semantic  without  loss  of  information.  The  proposed  model  then  condenses  large  FCMs  using a
semi-quantitative  method  that  allows  multi-level  condensation.  In  each  level  of  condensation,  groups  of
similar  variables  are  subjectively  condensed  and the  corresponding  imprecise  connections  are computa-
tionally  condensed  using  robust  calculations  involving  credibility  weights  assigned  to variables  (variables’
importance).  The  model  then  uses  a  quantitative  fuzzy  method  to aggregate  perceptions/FCMs  into  a
stakeholder  group  or  social  perception/FCM  based  on  the  2-tuple  model  and  credibility  weights  assigned
to  FCMs  (stakeholders’  importance).  Thereafter,  the  structure  of  produced  FCMs  is analysed  using  graph
theory indices  to examine  differences  in perceptions  between  stakeholders  or  groups.  Finally,  the model
applies  various  what-if  policy  scenario  simulations  on  group  FCMs  using  a dynamical  systems  approach
with  neural  networks  and  analyses  scenario  outcomes  to provide  appropriate  recommendations  to  deci-
sion makers.  An  example  application  illustrates  method’s  effectiveness  and  usefulness.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Soft computing approach, coined by Zadeh in (1994) [62], has
been proposed to deal with reasoning and approximation and
exploit the tolerance for imprecision and uncertainty of complex
problems. Zadeh (1994) also pointed to the key techniques of soft
computing: fuzzy logic, neural network and probabilistic reasoning,
with emphasis on fuzzy logic technique for approximate decision
making. The last three decades have witnessed the growth of sev-
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eral soft computing approaches such as intelligent systems and
expert systems proposed to address real life ecological problems.
For example, Yamada et al. [58] used expert systems for elicit-
ing expert knowledge for wildlife habitat modelling. This study
provided promising results for wildlife habitat management. How-
ever, the authors found out that the elicitation of knowledge base
was complicated and very time consuming. Another example of
addressing ecological problems using intelligent systems was in
Chen and Liu [9]. In this study, artificial neural network and mul-
tilinear regression models were developed for modelling water
quality in reservoirs. It provided valuable information that could
help decision-makers in managing reservoir water quality. How-
ever, this study requires many complex calculations and large
amount of data for the water quality variables needed for model
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simulation. Moreover, it lacks an effective method for the determi-
nation of sufficient variables needed to deal with the complexity
and dynamicity of the problem.

Many real-life problems such as ecosystems management are
qualitative, complex and dynamic such that their knowledge can
only be represented in the form of relevant factors linked to each
other through imprecise and uncertain cause-effect relationships
and many feedback loops. Fuzzy Cognitive Map  (FCM) presented
by Kosko [31] is one such directed graph that represents domain
knowledge on a map  by way of nodes and imprecise directed con-
nections between them to represent the factors and relationships,
respectively. FCM incorporates fuzzy logic to deal with uncertain
connections and allows feedback loops to appropriately represent
system dynamics. Compared to various soft computing approaches
such as intelligent systems and expert systems, FCM model is sim-
pler and quicker to extract knowledge from diverse sources and
different levels of stakeholder experience at the lowest cost. This is
because FCM model can represent and deal with the knowledge of
various complex problems in an intuitive, appropriate and flexible
way that other intelligent systems cannot. It represents knowledge
as factors and relationships, rather than using complicated IF/THEN
rules as expert systems. It has the ability to deal with ill-defined
variables and relationships. It is also useful if detailed scientific
data or knowledge are lacking or insufficient but local knowledge
of people is available [43] thus making them highly valuable for
such domains in a way that neural networks are not. Further, FCM
model can combine diverse knowledge sources (individual FCMs)
into a Group map  that represents overall knowledge. Additionally,
it allows simplification of a large complex map  into a simpler map
so that the important processes of the domain become easily under-
standable, traceable and predictable. Finally, FCM model can be
treated as a dynamical system that helps making inferences from
system outcomes using simple operations and scenario simulations
instead of using complex and costly calculations as in most other
applicable soft computing and quantitative methods.

Fig. 1 shows an example FCM from a water scarcity problem
showing a number of factors (water resources, demand, wastage
and economic, legal, technological factors etc.) affecting the water
scarcity situation and their relationships (positive, negative and
feedback). Feedback loops in an FCM mean that the effect of change
in one node on other nodes can, in turn, affect the node initiating
the change. FCM with feedback therefore is a dynamical system
and it can be used not only to understand systems properties and
behaviour but also to conduct what-if policy scenarios simula-
tions that can be the basis for recommending effective policies for
improved management of the system concerned.

FCM model is a useful approach to model and reflect the real-
ity of complex ecological or environmental problems involving
humans. In Papageorgiou et al. [44,45], the researchers developed
FCM models using ‘expert’ knowledge to capture the effective fac-
tors and causal relationships in agriculture applications. These
models could assist decision makers in agricultural yield man-
agement. However, the drawback is that these FCM models only
capture experts’ knowledge which could narrowly represent the
knowledge of complex domains. For example, addressing complex
ecological problems could involve many relevant stakeholders with
varying levels of knowledge and perceptions that often exist in an
environment of conflict. Perceptions (point of view) of each ‘expert’
stakeholder could be represented by an individual FCM as in Fig. 1
but the development of FCM models based solely on experts can-
not be completely representative of the entire domain knowledge.
In such cases, FCM model can benefit from local people’s knowl-
edge to extend or complement experts’ knowledge in knowledge
extraction [43]. Several studies have addressed the limitation of
the dependency on experts’ knowledge alone in developing FCM
models in ecological problems. Kafetzis et al. [19] combined the

perceptions of farmers, local residents and government officials
to develop a social FCM model to analyse conflicts of stakeholder
views on water problems [19]. Further, owing to the diversity of
opinions of the stakeholders, the individual and aggregated percep-
tions/FCMs are often large and complex. Such large FCM needs to
be simplified (condensed) before or after aggregation in order to be
understood, analysed and later simulated in search of effective pol-
icy options that could alleviate the ecological problem concerned.
Ozesmi and Ozesmi [43] suggested a novel multi-step FCM model
for ecological problems. This model can extract different types of
knowledge from experts as well as from lay experts, combines the
perceptions of different stakeholder groups and allows simplifica-
tion/condensation of large FCMs. The approach has proven to be
useful and gained good results in addressing a number of environ-
mental problems ([61,54]).

Despite its capabilities in modelling ecosystems management,
currently FCM model has a number of limitations and building a
robust and comprehensive model is still a challenge. Most impor-
tant challenges can be summarised as follows. The participants,
especially humans, would like to express their knowledge in a way
that is natural to them rather than in ways that are artificial or
enforced by the researcher (system developer). FCM model lacks
satisfactory mathematical methods to represent and deal with dif-
ferent imprecise numeric values and/or linguistic expressions of
various perceptions that are more likely to arise due to differ-
ent levels of stakeholder experiences. When an FCM model deals
with different perceptions of various participants and stakehold-
ers, there is a need to combine these perceptions in order to obtain
a group or social perception [33,42,43]. FCM model lacks a fuzzy
persuasive method to aggregate conflicting and shared perceptions
and also suffers from the inability to assign acceptable credibil-
ity weights to these perceptions during the aggregation process
in order to successfully attain a more realistic group consensus.
After aggregating FCMs into a group or social FCM, the result of the
aggregation process is often a complex map  and it is very difficult
to gain insights and understanding from it. Even individual stake-
holder FCMs may  be large and complex in a large problem domain.
In such cases, there is a need to simplify a complex map  into a
simpler one. A qualitative condensation method has been previ-
ously used to combine, subjectively, the variables into a higher level
of abstraction [43]. This qualitative condensation lacks a suitable
approach to multi-level condensation as well as adequate repre-
sentation and calculation of the connections resulting from the
condensation process. Finally, FCM model lacks sound objective
criteria for evaluating the simulated maps for choosing the most
effective policies.

The above discussion makes the case that FCM representation
and calculations involved in the condensation and aggregation pro-
cesses as well as the evaluation of its outcomes should be carried
out using appropriate methods that can deal with imprecise or
fuzzy values, avoid loss of information, reflect process validity, and
lead to accurate outcomes. Therefore, improvements are needed
in approaches to all aspects of FCM ranging from representation,
development, synthesis, condensation, simulation and evaluation.  The
main goal of this article is to develop an advanced FCM model
that improves FCM representation, development, synthesis, con-
densation and evaluation in a systemic way to provide a robust
semi-quantitative FCM model for addressing and modelling com-
plex real-life problems. The main contributions of the article can
be summarised as follows. It uses an appropriate fuzzy repre-
sentation method to deal with imprecise numeric values as well
as linguistic expressions, individually or together. It also benefits
from various intelligent systems, especially graph theory and fuzzy
logic approaches, in handling imprecise data during calculations.
In terms of FCM aggregation process, this article enhances this pro-
cess by, firstly, using an appropriate fuzzy aggregation method, and
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