
 
 

 

  

Abstract— Environmental planning is complex, and 
requires careful consideration of a large number of factors, 
including quantitative ones (e.g., water balance) and 
qualitative ones (e.g., heterogeneous stakeholder input). To 
better integrate these factors, value-driven frameworks have 
been designed in the environmental conservation 
community. These frameworks are currently largely utilized 
manually by conservation and policy experts in order to 
inform policy design. In this paper, we present a fuzzy logic 
based system, which has been developed to operationalize the 
existing manual framework while preserving essential 
qualities, including the capture of uncertainty in the data 
sources and a consistent interpretability of the underlying 
automatic reasoning mechanisms. We provide a detailed 
description of the current implementation which can be 
applied in the operationalization of policy design and 
planning tasks in a range of natural resources management 
cases, followed by a set of concrete, practical outputs for a 
studied use case in Western Australia. Finally, we highlight 
remaining limitations and future work.  

I. INTRODUCTION 
UZZY Logic Systems (FLSs) have been widely used 
in dealing with uncertainty and imprecision in 

practical applications ranging from human resource 
allocation to stock market prediction and industrial control 
[1-3].  An area of FLS application is in environmental 
management and protection based on complex decision 
making processes under uncertain conditions, which 
encompass factors such as the delivery of human values 
and the associated management of a suite of abiotic (e.g., 
water) and biotic (e.g., communities of natural species) 
elements and key ecosystem processes. 

More generally, effective environmental management is 
based on appropriate policy design and planning which in 
turn is based on the desired state of the environment as 
determined by one or more stakeholder groups such as 
local and federal government, residents, investors, 
conservationists, etc. The current state of the biotic 
elements and the associated processes (e.g., climate 
change) will also strongly influence system management.  
Significant amounts of work have been conducted in order 
to enable this “appropriate” design of policy and planning 
[4], with a key concept being the application of a 
top-down approach where initially stakeholder 
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expectations are gathered in order to derive environmental 
management policies that support the realization of those 
expectations ([5-7]). 

In [6], a values-driven planning framework was 
introduced which formalizes the aforementioned approach 
as a well-defined sequence of steps. The work in [8], 
expanded on the first two steps of [6] to create five 
sub-steps,  which are to:  

1) Define a set of values for a given spatio-temporal 
conservation context. 

2) Define an appropriate set of biotic elements that are 
applicable in the given context. A biotic element is 
typically a species or a community of species that can 
deliver value(s). Note that from hereafter, we simply use 
the word element to refer to biotic elements. 

3) Rank or rate (from a stakeholder perspective) the 
importance of the given values arising from the set of 
given elements. 

4) Estimate the provision of the values by individual 
properties of each element. 

5) Estimate and compare the total value delivery 
generated by each element. This in turn enables elements 
to be ranked in order of their management priority.  

For example, one desired value, “Productive Use”, 
could be delivered by an element such as “Vegetation 
community”. The ability of the element to deliver a value 
would depend on several properties (e.g., the species 
composition and structure of the community). The same 
element could also deliver multiple other values such as 
aesthetic pleasure, recreation, philosophical/spiritual 
contentment, etc.  

Each of the steps listed above is tied to a series of 
conditions. For example, the value-set that drives the 
approach could be a comprehensive set that minimizes 
redundancies among the values. Significantly, all of the 
steps in the framework encompass potentially complex 
information and uncertainty, compounded by the reality 
that the required information must often be elicited from a 
variety of experts or expert/non-expert stakeholders. Such 
information is prone to imprecision, discord amongst 
contributors (inter-contributor uncertainty) and general 
uncertainty in terms of the individual responses 
(intra-contributor uncertainty). 

In this paper, we describe the operationalization of the 
selected planning framework ([6]) based on a FLS. While 
aspects of the framework can be implemented using other 
artificial intelligence tools (e.g., Bayesian modeling), the 
proposed approach directly addresses perceived 
shortcomings, particularly in relation to the incorporation 
of known uncertainty aspects at various steps in the 
framework as well as preserving a maximal 
interpretability (“white-box-ness”) of the resulting system. 
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We focus on steps 4 and 5 of the framework, showing 
how, for a given value-set, the actual value-delivery can 
be derived based on a set of elements which deliver said 
values through an underlying set of properties. We also 
show how the resulting system provides useful outputs, 
which can be directly employed to support planning 
policy decisions. 

Section II provides background material on the formal 
(manual) framework, highlighting challenging aspects in 
terms of its operationalization (complexity and 
uncertainty), the applicable aspects of fuzzy systems as 
well as a brief overview of the resulting decision-making 
support tools. Section III describes the proposed system 
architecture, while Section IV provides detail on a current 
real world application. Finally, Section V provides 
conclusions, highlights remaining limitations and 
discusses the direction for future work.  

II. BACKGROUND 
In this section, we briefly introduce the environmental 

planning framework which is in place to support manual 
policy design and which is being operationalized through 
the system presented in the next sections. We then 
describe the practical challenges, output generation and 
suitability of fuzzy logic to the modelling of the 
framework.  

A. The Environmental Management Framework 
In the current context of general environmental change, 

well-defined and well-focused environmental 
management plans are crucial in order to maximize the 
positive contribution of available resources to the quality 
of human life, including the maximization of future 
options. Limited time, human resources, funding and 
equipment are pervasive problems in environmental 
management. As a consequence, natural resources 
conservation plans are necessarily focused on a limited set 
of environmental elements. In many cases, it is 
challenging to define an optimal set of elements for 
management priority [9]. 

In 2005, the World Health Organization (WHO) 
released the Millennium Ecosystem Assessment [10], a 
global set of guidelines for environmental 
decision-makers. In this document, the sustainable use of 
ecosystems and their contribution to human well-being is 
focused on as the center of environmental policy making 
[11]. Modern environmental planning frameworks such as 
the Value-Driven Framework in [6] follow this insight 
and thus focus on the preservation and enhancement of 
human values, i.e. those required for human survival and 
well-being, as the main management “drivers”. The 
framework [6], which we are focusing on in this paper, 
further describes an evidence-driven method for the 
prioritization of conservation actions and elements in a 
given environment based on the delivery of the human 
values as perceived by stakeholders.  

In this context, a stakeholder is anybody who has an 
interest in, is affected by, or can affect the given 
management plan [12]. Examples are representatives of 
conservation non-governmental organizations (NGOs), 
governmental agencies, educational bodies, farmers and 

residents. In the context of limited resources, conservation 
planning can thus be considered akin to an optimization 
problem where the resources are allocated in a way that 
maximizes satisfaction (across a heterogeneous group of 
stakeholders).  

B. From Framework to Operational System - Challenges 
The operational realization of a value-driven 

framework is highly challenging in a real world setting. 
Particular challenges are the complexity of natural 
resource environments, including the associated 
uncertainties in capturing environmental data; the 
difficulty of surveying stakeholders’ opinions and finally 
the aggregation and evaluation of the resulting 
heterogeneous information. We explore some of these 
aspects below. 

1. System complexity: Managing the interwoven 
many-to-many relationships and interactions in an 
ecosystem is a complex problem with large numbers of 
inputs and outputs. Simultaneously, it has been shown that 
complex management tools are likely to be rejected by 
stakeholders [13]. Limiting and precisely defining a 
number of inputs and outputs can reduce the complexity 
of modeling such a multifaceted phenomenon. One way of 
achieving this is to have a well-focused and clear value 
delivery analysis in conjunction with a specific 
management framework. 

2. Uncertainty: The data required for 
decision-making includes information collected about the 
environment using a variety of different methods. These 
methods entail many sources of epistemic and linguistic 
uncertainty [14]. For example, the number of a particular 
species, size of a vegetation community or the intactness 
of a waterbird community are rarely known precisely. 
Even sensor-based information, such as groundwater 
salinity levels, is subject to measurement uncertainties. 

A well-known study on the different types of 
uncertainties involved in ecological systems is conducted 
in [15]. Here, the sources of uncertainties are 
summarized/categorized as “knowing too little”, 
“knowing too differently” and “accepting not to know”. 
For example, consider measuring the composition of 
different elements. An estimate of abundance will almost 
certainly contain a considerable measurement uncertainty, 
as formulated in [16]. This is a case of “knowing too 
little” as well as “accepting not to know”. In a studied 
region in Southern Africa [16], about 50% measurement 
variance is calculated, which could be reduced by limiting 
the study’s space-time context. Another source of 
uncertainty is that the same measurement is made using 
different methods, which may lead to different results 
(“knowing too differently”).  

3. Stakeholders: Most environmental decisions are 
made without detailed data. In these situations, modeling 
environmental interactions is not practicable without 
eliciting expert opinion from stakeholders including local 
conservation and industry groups, professional scientists 
and natural resource managers. Stakeholders and experts 
differ in motivation and level of knowledge/experience 
leading to inter-expert uncertainty (multiple experts 
provide different data). Finally, even a single expert may 
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come up with different results at different times (intra- 
expert uncertainty). Thus, effective expert knowledge 
elicitation and application is a significant challenge [17]. 

C. Generating Outputs – Policy Design Support  
In the context of environmental management, decisions 

are difficult to make because of the imprecise nature of 
ecosystems [18]. Environmental Decision-Support 
Systems (EDSSs) [19] are developed based on a number 
of techniques including artificial intelligence, stakeholder 
participation, statistical/numerical methods and 
geographical information systems [20, 21]. Within the 
described value-driven framework, the human values are 
the drivers of the planning process. Thus, in order to 
operationalize the framework, the EDSS-specific outputs 
are designed to indicate (to decision makers) the 
optimized resource management for the maximum value 
delivery in a given setting. We will be supporting the 
policy-making process by focusing on the generation of 
the following three key outputs: 

1. Value Delivery Report: An estimate of the delivered 
human values based on the modeled environment is the 
primary output. This shows how much of each human 
value is delivered/produced based on data derived from 
direct measurement and expert input.     

2. Prioritized Conservation List: A list of the natural 
resource elements ranked by their value delivery. This 
provides policy makers with a basis for ranking elements 
for subsequent planning. An EDSS example that has 
utilized different technologies to prioritize a list of 
elements for conservation in the Mississippi River is 
presented in [22]. However, it does not use human value 
delivery as the basis for priority setting.   

3. Sensitivity Analysis: A sensitivity analysis, i.e. an 
analysis of the amount of change in outputs due to a given 
change in input parameters, which is a common method in 
analyzing environmental models with uncertainties [23]. 
In the case of designing environmental policy, when the 
value delivery contribution of each element is known, it is 
crucial to know the variation of the value delivery with 
respect to the changes in each input parameter. This 
analysis shows the policy designers how stable the system 
is as well as how the results change in response to small 
or large input changes. EDSS can also contain some other 
common analysis tools e.g., risk and benefit-cost analysis, 
which are also part of our current research project but 
which we will not focus on further as part of this paper.  

D. Fuzzy Logic Based Modeling 
Since its introduction in 1965 [24], fuzzy sets have 

been widely used for modeling and analyzing real world 
systems when complexity, uncertainty and vagueness are 
involved.  

Fuzzy logic systematically deals with decision-making 
problems in uncertain and complex systems [25, 26], so 
the challenges outlined above make fuzzy logic a suitable 
modeling approach for environmental management [18]. 
As an example, fuzzy logic is particularly useful in 
finding intermediate solutions where the different 
stakeholders have some interest conflicts – e.g., the 
possible conflicts between the recreation and 

philosophical/spiritual contentment values [27].  
We briefly review a number of works applying fuzzy 

logic based modeling in environmental management and 
associated decision making support, however the 
approach taken in this paper differs in that it applies a 
value-driven framework. In [28], fuzzy sets are used to 
support decision-making in the context of air pollution. 
While fuzzy sets are used to handle the environmental 
facts, no fuzzy logic system is employed. Similarly in 
[29], environmental facts are represented as fuzzy sets in 
order to classify and quantify environmental facts, as well 
as dealing with uncertain or missing data. The work in 
[30] reviews rule-based fuzzy logic modeling of 
environmental facts. The application of FLSs in 
classification of species is also presented in [31] which 
could be used towards the definition of elements in the 
value driven framework discussed here.  

Further, there are studies considering the incorporation 
of fuzziness into geographical contexts of environmental 
management. A fuzzy logic based model of geographical 
extents of vegetation using remotely-sensed imagery has 
been considered in [32]. Finally, a fuzzy logic based 
approach for wetlands classification is provided in [18]. 
The key differences between these works and our 
approach lie in the underlying environmental management 
framework (i.e. the data sources and types employed) and 
its operationalization.  

III. SYSTEM ARCHITECTURE 
In order to operationalize the value-driven framework 

and consequently provide EDSS tools for policy-makers, 
we use a FLS to structure a computational model for steps 
4 and 5 defined in Section 1 (i.e. estimating the human 
value delivery for given elements). In other words, the 
aim is to first quantify value delivery by the elements 
(given their individual properties) through a FLS and 
second, to further process and interpret the FLS’s outputs.  

 An overview of the system structure is shown in Fig. 1. 
Briefly, the FLS processes the inputs (element property 
measurements/assessments) and produces raw outputs 
(value deliveries from elements). The raw outputs together 
with the inputs are processed to produce the 
EDSS-specific results. The details of the system 
development are described in the following sub-sections.  

 
Figure 1: The system architecture 
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A. System Setup 
As for every FLS, the basic information required during 

its design stage relates to the basic parameters (e.g., 
number of inputs/outputs), the fuzzy sets (FSs) and the 
fuzzy rules capturing the relationship between inputs and 
outputs. In order to elucidate the information required to 
define the basic parameters, the following steps described 
in the value-driven framework [6] are followed. (In 
practice, they are completed by the environmental policy 
makers, experts and/or by surveying the stakeholders.)  

1. Defining a concise vector of V human values 
(e.g., productive use, recreation, etc.) that are important to 
be delivered, each one in the range of [0,1], where 1 refers 
to the full value delivery and 0 refers to no value delivery. 
Each value is denoted as 𝑣!   (1 ≤ 𝑖 ≤ 𝑉). 

2. Defining a vector of E elements (e.g., riparian 
vegetation, waterbirds, etc.) that exist in the conservation 
context and that may be related to the delivery of the 
human values defined in Step 1. Each element is denoted 
as 𝑒!   (1 ≤ 𝑗 ≤ 𝐸). 

3. Finally, each element is described through a vector of 
measureable properties (e.g., the area of the riparian 
vegetation) for each element. If element j has 𝑃! 
properties, we define: 

 
𝑝!,! = the kth property of element j,  

    where 1 ≤ 𝑗 ≤ 𝐸 and 1 ≤ 𝑘 ≤ 𝑃!. 
(1) 

 
Hereafter, we use indices i, j and k for values, elements 

and properties respectively. In our case for simplicity, all 
elements have the same number of P=4 properties 
(namely: natural species richness, intactness, rarity, and 
size). The range and the unit of each property are also 
defined (e.g., minimum/maximum possible size in the 
given context). For example, the vectors of values, 
elements and properties are respectively defined as: 

 
 Values: (𝑣! =knowledg and education, 𝑣! =productive 

use, …, 𝑣!); 
Elements: (𝑒! = waterbirds, 𝑒! = mamals, …, 𝑒!);  
Properties: ( 𝑝!,! = richness of waterbirds, 𝑝!,! =

  intactness of waterbirds, … ,  𝑝!,! = richness of mammals, 
…, 𝑝!,!) 

 
 In order to capture the value delivery (i.e., the output) 

within the FLS, we define a number of consequent FSs for 
each value in order to capture the magnitude of value 
delivery (e.g. high, moderate, low). For each consequent 
FS, a membership function (MF) is defined by an expert 
or a group of experts. Currently, the MFs are simply 
chosen to evenly cover the universe of discourse. Fig. 2 
shows an example of multiple FSs for a single value. 

In order to define the antecedents, it is important to 
consider that it is the properties of a given element that 
define how well said element can deliver a given value. 
For example, when compared to other elements in the 
management area, if the species richness (property) of the 
waterbird population (element) is low, then, its ability to 
contribute to the delivery of the value aesthetic pleasure is 
low. Thus, the antecedent of the FLS is constructed from 

the properties of all elements. Each property (and its level 
of presence or magnitude in the environment) is described 
by a number of FSs. Fig. 3 provides an example of the 
three FSs defining the levels of the property intactness of 
the element amphibians. 

For simplicity, in the current iteration of the work and 
in this paper, it is assumed that all the properties for all 
elements are described by the same number of FSs, 
namely: three. The actual types of antecedent and 
consequent FSs are chosen by the system user at design 
time from a choice of triangular, trapezoidal or Gaussian 
as further detailed in Section IV. In the future, more 
complex designs for the fuzzy sets, such as data-driven 
approaches, could be adopted. 

The next step is the construction of the rule-base, i.e. 
the set of fuzzy rules which follow the same form as the 
following example: 
 
IF richness_of_waterbirds IS low AND 
intactness_of_waterbirds IS low AND …  
THEN ValueDelivery_of_AestheticJoy IS low 

 
Note that currently the AND logical connective is used 

throughout (implemented as the minimum t-norm in the 
system). The actual rule-base is constructed by experts or 
stakeholders in a purpose built process which we will 
describe in detail as part of a future publication. 

B. Fuzzy Logic System Execution 
In the resulting FLS, singleton fuzzifier, centroid 

de-fuzzifier and Mamdani inference are used [33], while 
minimum and maximum are employed for the t-norm and 
t-conorm operators respectively. 

The FLS’s numerical inputs are elicited or collected 
from experts based on data collected in the respective 
conservation context (ranging from species diversity 

 
Figure 2: Sample consequence FSs for a single value (Productive Use). 

 
Figure 3: Sample antecedent FSs for a single property (Amphibians). 
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assessments to local measurements such as salinity 
assessments), for all the element/property combinations. 
Each input is then converted into a singleton FS. The 
pre-defined rule-base is employed to derive the specific 
output FSs, one for each element-property-value 
combination. By applying de-fuzzification, the centroid of 
each output FS is calculated, indicating how much of a 
given value is delivered by the individual elements 
through any of their given properties. 

Formally, if 𝑝!,!  is defined in (1), each FLS individual 
output is a number in the range of [0,1]) denoted as: 
 
𝑑!,!! = the ith value delivery caused by input 𝑝!,! 
where 1 ≤ 𝑖 ≤ 𝑉  , 1 ≤ 𝑗 ≤ 𝐸  , 1 ≤ 𝑘 ≤ 𝑃 

(2) 

 
In each execution, the FLS takes the properties vector 

(defined in (1)) as the input and returns a number of 
outputs in the form of (2). 

C. Data Analysis and Decision Support 
The inputs and outputs of the described FLS are 

leveraged to realize the described EDSS reports outlined 
in Section II.C. Specifically, the following three EDSS 
outputs are derived from a single FLS execution, i.e. a 
static context based on a single set of inputs. 

1) Value Delivery Contribution per Element for a 
Given Value: A primary EDSS report is made where the 
outputs defined in (2) are averaged over all the properties 
of each element. The result is a set of normalized numbers 
where each one is defined as: 
 

𝑠 𝑖, 𝑗 =
𝑑!,!!!

!!!

𝑉
;   1 ≤ 𝑖 ≤ 𝑉, 1 ≤ 𝑗 ≤ 𝐸 (3) 

 
Each 𝑠   𝑖, 𝑗  shows the averaged contribution of the jth 

element towards the delivery of the ith value. 
2) Value Delivery per Element across all Values: If 

all the calculated 𝑠(𝑖, 𝑗)s in (3) are averaged again over all 
the values, a set of normalized numbers are generated 
where each one is defined as: 
 
𝑠! 𝑗 = ! !,!!

!!!
!

;   1 ≤ 𝑗 ≤ 𝐸  (4) 

 
Each 𝑠! 𝑗  is the averaged contributions of the jth 

element towards the delivery of all the values. A table of 
sorted 𝑠! 𝑗 s for all elements makes an important EDSS 
report which is the prioritized list of elements –to be 
conserved- along with their value delivery contributions. 

3) Value Delivery across all Elements: If the 
calculated 𝑠 𝑖, 𝑗 s in (3) are averaged over all the elements 
the resulting normalized numbers are in the form of: 
 

𝑠!! 𝑖 =
𝑠 𝑖, 𝑗!

!!!

𝐸
  |  1 ≤   𝑖 ≤ 𝑉} (5) 

 
𝑠!! 𝑖  is the averaged delivery of the ith value across all 

the elements, which makes another EDSS report when 
calculated for all the values. 

Further, a dynamic data analysis is conducted where the 
FLS inputs are perturbed in order to capture changes in 

value delivery in relation to input changes. This enables 
the following EDSS outputs: 

1) Sensitivity Analysis of Elements’ Relative Values: It 
is useful to know how the total value delivery changes if a 
particular property of an element changes around its actual 
measure. As an example, one may need to know how the 
delivery of all values are affected if the area of a 
vegetation community is slightly reduced. Having a 
particular element/property (j and k), different 𝑝!,! s 
(defined in (1)) are automatically produced in a particular 
range around the initial measure and are repeatedly fed 
into the FLS. Each FLS execution results in a tuple in the 
form of (𝑝!,! , 𝑠! 𝑗 )  where 𝑠′(𝑗) is defined in (4). The 
tuples from all the FLS “runs” represent a 2-D graph, as 
exemplified in Fig. 4a. The shape of the graph captures 
the sensitivity of the overall value delivery around the 
initial measure of a single property. 

2) Sensitivity Analysis of Value Delivery: It is also 
useful to consider the sensitivity of a single value delivery 
when a particular property changes. We notice that a 
single property cannot exactly change across all the 
elements, since each one may have a different context, 
range and unit. For example, the property size in reality 
does not equally increase for a vegetation element and a 
water bird element. However since we assume that all the 
elements have the same set of properties, it is possible to 
change a given property by a given percentage for all 
elements. For example, the sensitivity of value productive 
use is considered when the size of all the elements are 
increased by 5%. Repeated FLS executions fed by the 
different inputs produce a graph exemplified in Fig. 4b, 
which shows the sensitivity of the ith value delivery when 
the kth property changes around its initial measure. 

3) Control Surface: A three-dimensional control surface 
is another type of EDSS output that is available and has 
been found a useful EDSS output. Such a 3-D 
visualization helps policy-makers understand the stability 
of a certain value delivery according to the variation of 
two input parameters. In particular, it is interesting to 
study the changes in a value delivery if two properties of a 
single element simultaneously change. The currently 
implemented control surface graph takes two particular 
properties of a single element (along x and y-axis) and the 
delivery of a single value (along z-axis). An example of 
this is given in Fig. 4c. 

D. User-Interfacing and Software Platform 
A web-based user-interface has been developed in order 

to make the EDSS accessible to both expert and 
non-expert users in multiple locations. This is of particular 
importance in order to make the system accessible beyond 
computer science, namely to all stakeholders from 
modeling experts to local environmental management 
experts and policy makers. In the current iteration of the 
system, the following information can be provided/altered 
by the user: 

1) Values and their FSs: For each FS, the type (a choice 
of triangular, trapezoidal or Gaussian) and the associated 
parameters to each type are set via a graphical interface. 

2) Elements, properties and their FSs: FSs for each 
property are managed similar to the value FSs. At the 
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same time, the user enters the measurement of each 
property of each element. 

3) Rule-base: For each rule, the antecedent(s) and the 
consequence are taken from the expert user. 

The overall system is running on cloud infrastructure, 
making it accessible on demand, world-wide, for any 
number of conservation contexts. For a given context, the 
FSs, MFs and inputs are stored in a central database.  

The technologies used in the system development are: 
• Juzzy, an open-source Java library for fuzzy logic 

computing [34] 
• Apache Tomcat™ for Java Web Serving 
• PostgreSQL® for database management 
• Qercus for database interfacing; and 
• Windows Azure™ for the cloud Web hosting. 

IV. REAL-WORLD APPLICATION 
While the previous section formally described the 

system architecture, in this section we show its practical 
application in an ongoing environmental planning context. 
To demonstrate the system, real world data gathered from 
a planning task in Toolibin Lake Natural Diversity 
Recovery Catchment in Western Australia [35] is used 
[8]. The Toolibin Lake Natural Diversity Recovery 
Catchment is the focus of conservation planning because 
it includes a series of regionally significant biological 
communities and species that are under threat from a 
range of different processes [35].  

A. System Setup 
Following the framework in [6], in order to provide 

direction for planning and management, a concise list of 
values was developed and ranked by a group of 
stakeholder representatives. From the ranking exercise, 
three priority values were identified to be delivered by the 
biological elements: knowledge, heritage and education, 
productive use and philosophical/spiritual contentment. 
Each value has five triangular symmetric FSs (called very 
low, low, moderate, high and very high). 

Working with a small group of experts, 22 elements 
were defined (listed in the next sub-section). Four 
measurable properties (natural species richness, 
intactness, rarity, and size) were identified as important 
for each element in terms of delivering values. All 
properties and their relationships with the values are 
defined and conceptualized in [8]. We note that here we 
do not discuss the selection of elements and values further 
but focus on demonstrating the generation of EDSS 
outputs by the proposed system. 

The designed list of values, elements and properties are 
entered into the system. The designed FSs for each value 
and for each element-property combination are entered 
independently via the browser-based user interface. Each 
of element-property combinations (22 elements having 3 
properties lead to 88 combinations) has three FSs called 
high, low and moderate  (see example in Fig. 3) as well as 
its own range and input measure. The FSs can also be 
interactively altered using a browser-based user interface. 

B. Rule-base Development 
A team of conservation experts applied the following 

approach to establish the rule-base: First every possible 
combination of properties was associated with all 
individual three values, resulting in 243 rules (34 
combinations for antecedents and 3 possible consequents). 
Where a particular property set was low, moderate or high 
it received a particular score towards delivering a 
particular value (e.g. for philosophical/spiritual 
contentment value, the scores are 1 for low, 2 for 
moderate and 3 for high). 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Figure 4: A sample of sensitivity analysis graphs: (a) the sensitivity of 
the total value delivery with respect to a single element/property 
changes. The red dot indicates the actual richness. (b) The sensitivity of 
value deliveries to a single property change among all elements. (c) A 
sample control surface: This visualizes the sensitivity of a single value 
delivery (Productive Use) with respect to the changes in two properties 
(Size and Richness) of an element (Red Morell Woodland Community).  
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The resulting score for each combination was 
calculated by summing the individual property scores 
(e.g., rarity is low (1) + richness is low (1) + intactness is 
moderate (2) + size is large (3) = 7). In order to define the 
consequent of each rule, the resulting score calculated for 
each antecedent is considered, e.g., if the score is 4 to 5 
then the philosophical/spiritual contentment delivery is 
very low, for 6-7 it is moderate and for 10-11 it is very 
high. The expert users can manually edit the rule-base 
(Fig. 5).  

While the above provides a rapid way to define the 
rule-base, clear shortcomings include potential 
oversimplification and omission of details. In the future, 
we are considering other approaches such as 
crowd-sourcing and the establishment of a system for 
incremental rule-base construction over time.  

C. The System Reports 
The system provides a number of key outputs. The 

various forms of sensitivity analyses (e.g., Fig. 4) are used 
to provide a visual representation of the model outputs for 
experts and stakeholders. For example, in Fig. 4a the 
sensitivity of the overall value delivery to the variation of 
the richness in the Dulbining Nature Reserve shrubland 
community is shown. Also in Fig. 4b for instance, the 
sensitivity of the knowledge and education’s value 
delivery to changes in the richness of all elements is 
illustrated. This shows a relative stability of the value 
delivery for the actual current (red dot) richness levels 
which is unlikely to suffer from minor decreases in 
richness. An example of control surface (Fig. 4c) shows 
the sensitivity of the productive use value based on the 
changes in size and richness of Red Morrell woodland 
community. The predicted delivery of the values, by each 
of the elements can be presented as centroid estimates. 
This will allow the priority elements to be identified. 

The detailed value delivery results (Fig. 6) are tables 
showing the two discussed EDSS reports in section III.C: 
The sorted value deliveries across all elements (2) and the 
elements’ relative value across all elements (3). For 
example, according to the top table shown in Fig. 6 the 
delivery of philosophical/spiritual contentment is the 
highest contribution. The lower table in Fig. 6, is a 
prioritized list that ranks the elements according to their 
value delivery contributions that ultimately shows their 
conservation importance to the policy makers.  

Importantly, the outputs from the sensitivity analyses 
can be used to develop functions that express the 
relationships between particular properties of elements 
and the related utility on an element-by-element basis. 

This information is critical to conducting benefit-cost 
analyses where the benefits are expressed in terms of the 
utility expected as a consequence of a change in an 
element property in response to a specific management 
strategy. 

V. CONCLUSION AND FUTURE WORKS 
In this paper, we highlighted the challenging domain of 

environmental policy design, in particular in relation to 
the incorporation of a large number of heterogeneous and 
uncertain information sources that together are employed 
to guide and inform conservation policy decision making. 
We have presented a fuzzy logic based approach for 
operationalizing an established (but so-far only manually 
applied) value-driven, environmental conservation 
framework. The complex and uncertain nature of relevant 
variables in the challenging area of environmental 
conservation makes fuzzy logic a highly suitable 
modeling approach. 

In particular, we have highlighted the role of the FLS 
within the overall system and have showcased how the 
complete system has been developed into an online, 
interactive, cloud-based conservation-support tool, which 
is currently being employed and evaluated (to inform 
future development) by the Western Australian 
Department for Parks and Wildlife. We have shown a 
selection of outputs of the system for a conservation area 
in Western Australia for which environmental 
conservation planning is currently under way. This is the 
only developed FLS based on the framework described in 
[6] so the results, their practicality and usefulness are 
being evaluated by the local environmental experts. Our 
early results and feedbacks from stakeholders have 
highlighted the capability of fuzzy sets to capture this 
uncertainty as well as the high interpretability of the 
resulting system as key strong points of the fuzzy logic 
based approach. 

While the proposed FLS enables the uncertainty capture 
within the system, we are currently focusing on expanding 
the work in two main areas. First, while the employed 
singleton fuzzifier is computationally attractive, it is 
expected that employing a non-singleton fuzzifier will 
enable the capture of the actual uncertainty in the property 

 
Figure 6: The value delivery report 

 
Figure 5: The user interface for editing the rule-base. 
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assessments, which are frequently uncertain and/or noisy 
(e.g., population size is usually determined through 
species count exercises which strongly depend on time of 
year, chosen quadrat, sampling frequency, etc.).  

More recently, an increasing interest in type-2 FLSs 
[36] has focused on the conceptualization of, and 
computation with human-sourced information based 
on/around human language, e.g., Computing with Words 
[37] and the modeling of concepts such as agreement 
across multiple sources [38]. An example here is the 
capture of the stakeholders’ agreement, as analyzed in 
[39]. Thus the second direction for future works is 
employing type-2 sets and their additional degrees of 
freedom [40] that may provide a promising development 
area in order to accurately capture the uncertainties 
present, in particular without increasing the complexity at 
the rule base level. 
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