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ABSTRACT







Cornelissen, A.M.G., 2003. The Two Faces of Sustainability. Fuzzy Evaluation of
Sustainable Development. PhD thesis. Wageningen University, the Netherlands.
Summary in English and Dutch.

An evaluative framework of sustainable development operates at both the production system
level and the society level: objective information gathered at the production system level is
given subjective meaning at the society level. The evaluative framework constitutes a
complete cycle to monitor sustainable development: Phases 1 through 4 establish evaluative
conclusions, and Phase 5 closes the cycle by acting upon the conclusions. Emphasis in this
thesis is on methodological aspects to identify (Phases 1 through 3) and interpret (Phase 4)
sustainability criteria. The objectives of this study were to construct a support to identify
appropriate sustainability criteria, and to obtain relevant information with respect to
sustainable development; and to construct a method to interpret this information, and to draw
evaluative conclusions about sustainable development. Based on Koestler's metaphor of the
Janus-faced holon, the «two faces of sustainability» provide a two-way perspective by
integrating ecocentric and anthropocentric rationales on sustainability in a system imperative
and a societal imperative. These two imperatives of sustainability identify common ground
for sustainable development that allows proper identification of sustainability criteria. If
appropriate sustainability criteria have been identified, then giving meaning to the
information obtained from sustainability criteria, by way of measuring or observing
sustainability indicators, is the next phase in drawing conclusions about sustainable
development. Fuzzy set theory was suggested as a formal mathematical basis to support Phase
4. The main body of research presented in this thesis deals with the feasibility of fuzzy set
theory to interpret and integrate available information. Fuzzy models can interface
information between the society level and the production system level, because linguistic
variables provide a bridge between subjective interpretation of objective measurements. If
expert knowledge is thoughtfully applied to construct both the essential membership functions
and fuzzy rule bases, then fuzzy models can draw valid evaluative conclusions with respect to
sustainable development. The evaluative framework of sustainable development that
identifies sustainability criteria on the basis of the point of view provided by the two faces of
sustainability, and that gives meaning to sustainability criteria on the basis of fuzzy
evaluation, provides a novel and valuable contribution to the sustainability debate.
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CHAPTER 1







INTRODUCTION






1.1 POINT OF DEPARTURE

In 1994, the Tropical Animal Production Group and the Sustainable Animal
Production Group within the Department of Animal Sciences of Wageningen
University merged into the Animal Production Systems Group (APS). Thus, APS
incorporates research experience in the development of tropical agricultural
production systems into a wider economic, ecological and societal context (e.g., de
Wit et al., 1992; Schiere, 1995; Ifar, 1996; Bosman et al., 1997; Cornelissen et al.,
1997; Udo, 1997; Udo and Cornelissen, 1998), with a new challenge of realizing
sustainable animal production. A principal objective of APS was to develop a
«systems approach» and to make «sustainability» in agricultural production systems
operational.

The research project described in this thesis was one of several initiatives to
contribute to realization of the principal objective of APS, and aimed at moving
beyond the polemics of sustainability by quantifying the concept. At the project's base
lay the hypothesis that a method allowing identification of an explicit quantitative
measure of sustainability might help to consistently assess agricultural production
systems with respect to their degree of sustainability. The hypothesis held three
presuppositions with respect to an approach to realize that objective.

The first presupposition was in the word <assess>. The hypothesis assumed that
interpreting information derived from sustainability criteria could be expressed in a
commensurable unit. The commensurability of the unit would allow integration of
information into an overall assessment so as to enable a comparison of sustainability.
The second presupposition was in the word <consistently>. The hypothesis assumed
that a universal set of criteria could be identified that unequivocally defined
sustainability. The universality of the set would allow a comparison of sustainability,
consistent among production systems. The third presupposition was in the word
«degree>. The hypothesis assumed that an overall assessment of sustainability would
be by degrees. The gradedness of sustainability would allow ranking of agricultural
production systems on a continuous scale, ranging from completely unsustainable to
completely sustainable.

For this thesis, two objectives were formulated to develop a quantitative
measure of sustainability. First, a method was needed to establish relevant criteria that
define sustainability. Second, a method was needed to establish an assessment of
sustainability by degrees, based on information derived from relevant criteria. Hence,
first a decision had to be made on a perspective from which to select relevant criteria,
and to establish a definition of sustainability.



1.2 PERSPECTIVES ON SUSTAINABILITY

1.2.1 THREE ORIENTATIONS TO SUSTAINABILITY

The concept of sustainability is rooted in 18" century German forestry. A
mining engineer, von Carlowitz, used the German equivalent term Nachhaltigkeit to
express his concern about maintaining the long-term productivity of timber
plantations that had provided construction poles for the mining industry (Becker,
1997). Much later, a similar concept of sustainability echoed in Conway's approach to
agroecosystem analysis: '"sustainability is the ability of a system to maintain
productivity in spite of a major disturbance" (Conway, 1985). Considering the
predicted growth of the world population, those who regard sustainability primarily as
a matter of food security and who approach agriculture as an instrument for feeding
the world, typically use economic cost-benefit analyses as a tool to guide the
development of agriculture (Douglass, 1984).

In this «farm productivity orientationy, sustainability is considered equivalent
to a guarantee of maintaining productivity of agricultural production systems, and
sustainability is referred to in terms of «sustainable yield» or «sustainable productiony
(Altieri et al., 1984; Conway, 1985; Marten, 1988; Viglizzo and Roberto, 1998). This
orientation to sustainability emphasizes economic consequences of system behavior
and aims at maintaining a certain level of income based on continuity in system
output (Blatz, 1992). Problems that relate to sustaining the resource base or respecting
the social significance of agriculture seem less important than problems that relate to
producing enough to meet global market demands (Douglass, 1984).

The inadequacy of such a one-sided economic emphasis already was evident
during the introduction of Nachhaltigkeit in German forestry some 200 years ago. The
renunciation of harvesting wood to secure the long-term availability of timber for the
mining industry - forced on traditional smallholders by aristocratic landowners -
deprived smallholders of their source of fuel wood and fodder (Becker, 1997).

Since the publication of Limits to Growth by the Club of Rome (Meadows et
al., 1972), Blueprint for Survival by The Ecologist (Goldsmith et al., 1972) and Our
Common Future by the Brundtland Commission (WCED, 1987), and under the
influence of the UN conferences on Human Environment in Stockholm (1972) and
Environment and Development in Rio de Janeiro (1992), a more comprehensive
perspective on sustainability has developed (Mebratu, 1998). Essentially, the common
denominator in these milestones is the anticipated failure of society, because of key

resources becoming unavailable through degradation, depletion or pollution,



ultimately resulting in a disintegration of social cohesion. In reference to agriculture,
this perspective on sustainability was often couched in terms of concern that
conventional agricultural activities endanger future continuity of agricultural
production systems because of, for example, undesirable side effects in a system's
environment (Blatz, 1992). Possible undesirable side effects include erosion of the
soil, nutrient emissions to the environment, exhaustion of non-renewable resources,
decline of rural communities, and negative impact on the welfare of animals (Kelly,
1998).

In this «farm continuity orientation»', sustainability is considered equivalent
to a guarantee of maintaining the agricultural production system itself, and
sustainability is referred to in terms of «sustainable agriculture» (Olson, 1992;
Torquebiau, 1992; Ikerd, 1993; Stockle et al., 1994; Dalsgaard et al., 1995; Spedding,
1995; Steinfeld et al.,, 1997). Emphasis here is on stable patterns of agricultural
activities rather than on maintenance of farm output, and repair of actual and potential
damage to an agricultural production system's environment is acknowledged to be
essential for its continuation (Blatz, 1992). Keeny (1989) aptly expresses the farm
continuity orientation by defining sustainable agriculture in terms of "agricultural
systems which are environmentally sound, profitable, and productive and maintain the
social fabric of the rural community".

More recently, a third perspective on sustainability directly associates the
concept with societal quality of life (Mitchell et al., 1995; Clayton and Radcliffe,
1996, Giampietro, 1997; Bell and Morse, 1999). This perspective emphasizes
continuity of society as a whole, to which agricultural production systems can
contribute by providing sufficient, safe and inexpensive food products, adhering to
accepted values regarding, for example, environmental quality, animal welfare, and
attractiveness of the landscape.

In this «societal continuity orientation», sustainability is considered equivalent
to a guarantee of human quality of life, and sustainability is referred to in terms of
«sustainable development» (cf. WCED, 1987). Emphasis here is on the dynamic
development of society as driven by human expectations about future opportunities,
and concurrently considers economic, ecological and social issues relevant in a
specific context (Bossel, 1999).

The three perspectives on sustainability are presented in Figure 1.1. The farm
productivity orientation (1A) and the farm continuity orientation (1B), on the one
hand, regard sustainability as a characteristic that is an inherent and objective property
of agricultural production systems (Hansen, 1996). Starting from either orientation 1A
or 1B, research projects typically aim to design production systems that guarantee
sustainability through applying «sustainable technology» or «sustainable

management» (Douglass, 1984). Technology and management selection may be



grounded in ideology, for example, as is the case in organic agricultural production
(Blatz, 1992; Pretty, 1997)*. Hence, both orientations select relevant criteria - and
define sustainability - from a perspective that originates within agricultural production

systems.

Society Society Society

1A 1B 1C

Figure 1.1: Three orientations to sustainability. In the farm productivity orientation (1A)
and the farm continuity orientation (1B), the perspective on sustainability (%) originates
within society: sustainability is seen as a characteristic inherent to agricultural production
systems (APS) more (1B) or less (1A) taking into account the system's environment. In the
societal continuity orientation (1C), the perspective on sustainability originates within society:
sustainability is seen as a public concern.

The societal continuity orientation (1C), on the other hand, regards
sustainability as a public concern that emerges within society. Relevant criteria,
therefore, are selected from a perspective that originates within society. To explore
the suitability of each perspective as an appropriate foundation to select sustainability

criteria, the concepts of «hierarchy» and «holon» can be helpful tools.

1.2.2 HIERARCHY AND HOLONS®

A «party commonly carries the meaning of something incomplete, that in itself
has no claim to autonomous existence, whereas a «whole» carries the meaning of
something complete in itself whose autonomous existence is founded in the
organization of its constituent parts. Parts and wholes, however, are not independent
entities. An agricultural production system, for example, can be considered a whole,
in terms of an organization of constituent parts such as crops and livestock. An
agricultural production system, however, also can be considered a part in terms of it

being an element in a larger societal organization. Figure 1.2 presents an agricultural



production system as level L in a hierarchy of systems; crops and livestock as level L-
1; and the larger societal organization - of which an agricultural production system is
a part - as level L+1. An agricultural production system, therefore, simultaneously is

both part of system L+1 and a whole as system L.

Level: L+1

Society

& ;ﬁ — ; N Level: L

Agricultural Production
System

Livestock Unit 7T T

Figure 1.2: A hierarchy of systems. An agricultural production system as Level L in a
hierarchy of systems; a livestock unit as a part of an agricultural production system as Level L
— I; and society, of which an agricultural system is a part, as level L + 1.

Each constituent part of a system hierarchy at each level can be considered a
stable structure, equipped with means of self-regulation and enjoying a considerable
degree of autonomy. Each system is subordinated to the higher levels in the hierarchy,
but at the same time functions as an autonomous whole. According to Koestler (1967,
1978), a system is Janus-faced, after the two-faced Roman god Janus®. The face
turned upward, toward the higher levels, is that of a dependent part; the face turned
downward, toward its constituents, is that of an autonomous whole. Koestler refers to
such a Janus-faced structure as «holony», which originates from the Greek holos
meaning whole, with the suffix -on, as in neutron, suggesting a particle or part.
Koestler's concept of the «holony, therefore, suggests that no system can exist in full
autonomy. In reference to agriculture, a farmer - looking downward - can rightly
assert that his farm (i.e., an agricultural production system) is a complete and unique
entity, a whole. But looking upward, a farmer is constantly - sometimes pleasantly,
sometimes painfully - reminded that his farm also is an elementary part of society.

The danger that is hidden in the farm productivity orientation and the farm continuity



orientation, therefore, lies in their implicit utopian scheme that typically views
sustainable production or sustainable agriculture as an autonomous and tangible
endpoint in itself.” Consequently, a system's environment is considered important to
the extent that it affects a system's autonomy as the face looking upwards turns a blind
eye to views held in society.

1.2.3 TwO FACES OF SUSTAINABILITY

The two faces of Janus bestow on each holon two apparently opposite
tendencies: an «autonomous tendency»® preserving each holon's independence, and an
«integrative tendency» making each holon function as part of the larger whole. The
autonomous tendency is expressed in the holon's internal organizational pattern of
relations and activities, which accounts for its coherence, stability and behavior. The
autonomous tendency, however, is kept in check by the integrative tendency of the
holon which accounts for its role and function as a subordinate part within the higher
level.

Society can be seen as a hierarchic organization of holons, which derives its
stability from the fact that holons are Janus-faced’. If an agricultural production
system is considered a holon, then - under favorable conditions - its autonomous and
integrative tendencies are balanced. An agricultural production system interacts in
dynamic equilibrium with the encompassing whole and the two faces of Janus
complement each other. Under unfavorable conditions, however, this equilibrium is
upset and concern for sustainability emerges.

Following the societal continuity orientation, the autonomous tendency of an
agricultural production system - manifested in agricultural practices and as such
affecting society's sustainable development - is kept in check at the societal level®.
Sustainability in reference to agricultural production systems, therefore, has two
faces: one face is turned upwards to observe the boundary conditions set by society;
and one face is turned downwards to initiate a contribution to sustainable

development.

1.2.4 SUSTAINABILITY'S CHANGING MOODS

If society defines the boundary conditions for an agricultural production
system's contribution to sustainable development, then defining the relevant criteria
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that direct such development will become the responsibility of a diverse group of
stakeholders’. Sustainable development, therefore, is considered to be a construct of
human subjects reflecting their attempts to sort out a problematic reality (cf. Rawls,
1973; Achterhuis et al., 1999). Rawls' constructivist view on society substantiates,
albeit hypothetically, that sustainable development as a societal construct should be
the result of fair negotiations among those who have a stake in the concern for
sustainability'®. Consequently, because stakeholders play a pivotal role in sustainable
development, a definition of sustainability based on a «consistent> set of sustainability
criteria seems unattainable, mainly because public concern will be subject to change
(e.g., Mitchell, 1996)'". If sustainability criteria will change, then the emphasis in
sustainable development will change accordingly, which makes the possibility of
quantitative «prediction> of future sustainability disputable at the least.

Although the emphasis in sustainable development may change over time, the
quintessence of sustainable development, however, will not. This quintessence, for
example, was formulated - in political terms - in the report of the Brundtland
Commission, Our Common Future (WCED, 1987). In that report, WCED (1987)
presents sustainable development as an economic strategy which "meets the needs of
the present generation without compromising the ability of future generations to meet
their own needs". The quintessence, therefore, is that the present mode of economic
development seems inconsistent with respect to means and ends. The general goal of
economic development - a better life for human beings - is being pursued in a way
that eventually may result in human suffering (Shearman, 1990).

Sustainability now is a core element of government policies, of university
research projects, and of corporate strategies, and cannot simply be discarded as a
buzz-word. Considering sustainability's importance for development strategies as well
as its temporal dynamics, it seems to be more useful to continuously monitor

sustainable development, then to predict sustainability.

1.3 RESEARCH OUTLINE

1.3.1 MONITORING AND EVALUATION

Monitoring can be thought of as a guarantee of quality that aims at closing the
gap between intention and realization in a societal development program (Rossi and
Freeman, 1989). Monitoring, therefore, guides development by continuously

evaluating the results of an ongoing development program, and then acting upon the
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conclusions drawn from the evaluation to (re-)direct development. Such conclusions,
according to Scriven (1980), can provide feedback to stakeholders that are trying to
dispel concern for sustainability through sustainable development, and can provide
information for policy makers who are in doubt whether to support or terminate a
development program.

For whatever purpose the conclusions of an evaluation ultimately will be used,
however, Scriven (1980) emphasizes that «to evaluate», in the strict grammatical
sense, means to determine the merit or worth of that what is evaluated (i.e., the
evaluand). Fournier (1995) builds on Scriven's interpretation as she states that
evaluation is a special kind of inquiry that follows a «general logicy, i.e., a general
pattern of reasoning to establish justifiable evaluative conclusions. Fournier's general

logic of evaluation is:

to establish criteria of merit: on what issues must the evaluand do well?
to construct standards: how well should the evaluand perform?

3. to measure performance and compare with standards: how well did the
evaluand perform?

4. to integrate data into a judgment of merit or worth: what is the merit or worth

of the evaluand?

Proper evaluation, therefore, means setting criteria and standards, measuring the
performance of the evaluand along these lines, and synthesizing the information into a
final judgment about the merit or worth of the evaluand'?,

Fournier uses the term «working logic» to express the practical variation when
the general logic of evaluation is actually made operational. By analogy, general logic
outlines the strategy, whereas working logic develops the specific tactics (Fournier,
1995). Hence, a working logic brings together explicit methods to identify criteria,
construct standards, measure performance, and synthesize data in an evaluative
framework. Differences in the way the general logic is applied originate from the

particular type of problem addressed.

1.3.2 AN EVALUATIVE FRAMEWORK OF SUSTAINABLE DEVELOPMENT

In Figure 1.3A, agriculture's contribution to sustainable development is
depicted as a societal construct, building on public concern about the impact of
current agricultural activities on society's sustainable development. Figure 1.3A is

elaborated in Figure 1.3B, showing a five-phased evaluative framework that develops
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a working logic based on Fournier's general logic of evaluation. Figure 1.3B
introduces a complete monitoring cycle in which Phases 1 through 4 evaluate the
effects of agriculture's contribution to society's sustainable development and Phase 5

acts upon the conclusions drawn from the evaluation.

e STAKEHOLDER
§ Phase 2 Phase 4-3
Public concern 2 Rhase L Determine Lhase 4-2 Derive
= Public concern o I D v
about 3 Sustainability nterpret Data Evaluati
cabili S about Issues vauanve
Sustainability 3 Sustainability Conclusion
\/ |
M) I
Phase 5 |
Agricultural Interpret Evaluative Phase 3 Phase 4-1
Production 3 Conclusions and Define Gather Data using
Systems Contribute Y Apply Sustainability Sustainability
to Dispel § Corrective Indicators Indicators
Public Concern 2 Measures
“
=
2
Q
3 N
~
L /
/
1.3A 1.3B

Figure 1.3: An evaluative framework of sustainable development. In Figure 1.3A,
sustainable development is considered a social construct that, with respect to agriculture,
builds on public concern about the impact of current agricultural activities on society. Figure
1.3A is elaborated in Figure 1.3B, which introduces a five-phased evaluative framework to
monitor sustainable development. Phases 1 to 4 evaluate the contribution of agricultural
production systems to society's sustainable development, and Phase 5 acts upon the
conclusions drawn from the evaluation.

In Phases 1 and 2, stakeholders acknowledge concern for sustainability by
identifying issues of concern. In Phase 3, such sustainability issues are transformed
into tangible «sustainability indicators». Sustainability criteria, therefore, are
established by expressing public concern in sustainability issues, and by translating
these issues into measurable or observable sustainability indicators. Phases 1 through
3, therefore, develop the first step in Fournier's general logic.

In Phase 4-1, information gathered at production system level using
sustainability indicators are interpreted at society level in Phase 4-2, using appropriate
standards. Phases 4-1 and 4-2, therefore, develop the second and third step in
Fournier's general logic. The information resulting from Phase 4-2 is integrated in

Phase 4-3 to derive an overall conclusion with respect to the quality of the
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contribution of current agricultural production systems to society's sustainable
development. Phase 4-3, therefore, develops the fourth step in Fournier's general
logic.

In Phase 5, finally, the monitoring cycle is closed by interpreting the
evaluative conclusions and, if necessary, by applying corrective measures at
production system level. Figures 1.3A and 1.3B, therefore, demonstrate that an
evaluative framework of sustainable development operates at both the production
system level and the society level.

At the production system level objective information is gathered, whereas at
the society level subjective meaning is given to this information by using terms such
as <acceptabley, «favorable> or <promising> (e.g., Zimmermann and Zysno, 1983;
Dubois and Prade, 1998). In the 1960's, fuzzy set theory was introduced to manage
subjective human communication and interpretation of objective information (Zadeh,
1965). Fuzzy set theory, therefore, seems a promising tool to integrate the perceptions
of the two faces of sustainability, and develop Phase 4 in the evaluative framework of

sustainable development.

1.3.3 RESEARCH OBJECTIVES AND THESIS OUTLINE

This thesis aimed at developing a working logic to evaluate the contribution of
agricultural production systems to society's sustainable development. The objectives

of the study, therefore, were as follows:

1. construct a support to identify appropriate sustainability criteria, and to obtain
relevant information with respect to sustainable development;
2. construct a method to interpret this information, and to draw evaluative

conclusions about sustainable development.

The following research questions were addressed:

What constitutes an appropriate support to identify sustainability criteria?

2. Can use of fuzzy set theory combine objective information, obtained at the
production system level, and subjective interpretation of information, obtained at
the society level?

3. Can use of fuzzy set theory establish standards that allow subjective interpretation

of information?
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4. Can use of fuzzy set theory draw valid evaluative conclusions through integration
of information?
5. Does the evaluative framework of sustainable development provide a valuable

contribution to the sustainability debate?

In Table 1.1, the five phases of the working logic that implement a practical
evaluation of sustainable development (rows), are related to the six chapters in this
thesis (columns). Chapter 2 identifies a common ground for sustainable development,
based on Koestler's metaphor of the Janus-faced holon, to provide an explicit point of
departure for identifying sustainability criteria. Chapter 2, additionally, introduces a
simple graphical model that visualizes the sustainability scope of local initiatives by
delineating the common ground covered using the selected sustainability indicators. A
case study in a region of the Province of Overijssel, the Netherlands, illustrates how
the sustainability scope reflects the common ground covered.

Chapter 3 introduces fuzzy set theory as a mathematical tool to combine
objective information gathered at the production system level, and subjective
interpretation of information at the society level. Two fuzzy models are developed to
assess sustainable development based on selected sustainability indicators.

Chapter 4 presents a study that deals with criticism regarding the inherent
subjectivity in the construction of membership functions, as membership functions are
at the core of fuzzy models. Chapter 4 develops a six-step procedure that identifies
criteria to select experts so as to ensure the use of appropriate expert knowledge, and
compares four methods to elicit expert knowledge and construct membership
functions in practical situations.

Chapter 5 applies the results of Chapters 3 and 4 in an operational situation
and develops a full fuzzy model to obtain evaluative conclusions. The measurement
procedure to implement a fuzzy model is illustrated using the concept of animal
welfare in animal production systems. The decision to choose an illustrative example
with respect to animal welfare, rather than with respect to sustainable development
was made, because animal welfare and sustainable development both are entities that,
as such, are not directly measurable. Both animal welfare and sustainable
development can be considered as manifestations of public concern, i.e., they are a
linguistic expression of a complex problem that is characterized by a variety of issues.
Drawing evaluative conclusions with respect to animal welfare, therefore, also
involves subjective interpretation at the society level, of objective information
gathered at the production system level. Analogous to sustainability, animal welfare is
evaluated on the basis of subjective human reasoning at the society level about

objective data gathered at the production system level.
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Table 1: Thesis outline. Five phases of a working logic to implement an evaluative framework of sustainable development (rows) are related to the six
chapters in this thesis (columns)

Phase 1 2 3 4-1 4-2 4-3 5

Chapter
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Chapter 6, finally, reviews the research efforts described in this thesis,
discusses the research contribution to the sustainability debate, and draws final

research conclusions.

NOTES

" The classification of perspectives on sustainability in terms of «farm productivity
orientation» and «farm continuity orientation» is adapted from Blatz (1992). Blatz
respectively uses the terms «product orientation» and «process orientationy.

? Pretty (1997) distinguishes five contrasting schools of thought with respect to technologies
and management procedures to realize a sustainable agricultural production. «Business-as-
usual optimists» believe that food production will continue to expand as the fruits of
biotechnology ripen, boosting plant and animal productivity. «Environmental pessimists» do
not consider it likely that any new technological breakthroughs will be able to stretch the
ecological limits to growth and advocate, for example, a change in consumption patterns. The
«industrialized-world-to-rescue lobby» believes that for a wide range of ecological,
institutional and infrastructural reasons, Third World countries will never be able to feed
themselves and suggest that the looming food gap will have to be filled by modernized
agriculture in the industrialized countries. The «new modernists» believe that high-input
agriculture is more environmentally friendly than low-input agriculture and advocate a repeat
of the Green Revolution model. The «sustainable intensification group», finally, argues that
regenerative and low-input agriculture can be highly productive, and suggests that
productivity in agriculture is as much a function of human capacity and ingenuity as it is the
result of biological and physical processes.

3 This paragraph mainly builds on the ideas of Arthur Koestler (1905-1983) discussed in his
books The Ghost in the Machine (1967) and Janus. A Summing Up (1978). In both works he
argues against the dominating positivist world-view in many fields of science and proposes
the concept «holon» to support a constructivist approach.

* Janus is the Roman god of beginning and end, the keeper of arches and doorways, of
entrances and exits. He looks both forward and backward and, as such, is depicted with two
faces. The Romans devoted the first month of the year, January, to him, bringing offers on
New Year's Day.

> Hansen and Jones (1996), for example, consider a system's environment important only
when society charges farmers for costs of unwanted side-effects of agricultural activities that
otherwise would have to be born by all members of society. Becker (1997), in addition, states
that "sustainability principles can be upheld only as long as they do not interfere with
dominating economic interests".

6 Koestler (1967, 1978) uses the term «self-assertive tendency» instead of «autonomous

tendency» next to integrative tendency.
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7 Koestler (1978), in this respect, often uses the term holarchy rather than system hierarchy
when he discusses a hierarchy consisting of quasi-autonomous holons.

¥ An important implication of the societal continuity orientation is that realizing a contribution
to sustainable development is a social goal of the entire system of agricultural production,
rather than an individual goal of specific agricultural production systems (Thompson, 1986).

? Persons, groups, neighborhoods, organizations, institutions, community and even the natural
environment are generally thought to qualify as actual or potential stakeholders. An in-depth
discussion on which groups can be considered stakeholders, and which not, is beyond the
scope of this thesis: the observation that a diverse group of stakeholders will be involved in
defining the emphasis in sustainable development suffices. Stakeholder theory is
comprehensively discussed in papers by Mitchell et al. (1997) and Greenwood (2001).

' According to the American philosopher John Rawls in his book 4 Theory of Justice (1973;
also extensively discussed in Achterhuis et al., 1999), society is an aggregate of institutions
dividing fundamental rights and duties, as well as the advantages of societal cooperation,
within which the choices of individuals and groups takes place. A constructivist approach to
sustainable development can build on Rawls' idea of how society should justify those choices.
A just society, according to Rawls, is founded on the basis of a hypothetical contract which is
negotiated by free, equal and rational individuals, pursuing their self-interest in a context of
fair relationships. Fair relationships are guaranteed by letting the negotiations take place
behind a «veil of ignorance» because of which the negotiators do not know their future
position and opportunities in the society they are negotiating. The veil of ignorance, thus,
guarantees that a just distribution in the first place is aimed at those who will be worst of in
society, because the negotiators themselves could well be those who will be worst of.
Constructivism, therefore, reflects the idea that the truth of things, such as, for example, the
merit of contributions to sustainable development, is a construct, i.e., the result of several
non-trivial choices as to what is acceptable, favorable, promising, desirable, useful, et cetera.
" The fact that public concern is easily subject to change was recently confirmed by the
Nitrofen-affair in Germany. De Volkskrant reported on 28 May 2002, after traces of the
forbidden herbicide Nitrofen were found in eggs and chicken originating from organic farms
in Germany, that consumer organizations warned the public for organic food products, that
organic farms were temporarily closed, and that the credibility of organic agriculture was
seriously damaged.

2 Following Scriven's philosophy, all four steps of Fournier's «general logic», including the
first step, are part of proper evaluation, not only the measuring part in steps 2 to 4. According

to Reuzel (2001), this makes evaluation a constructivist activity in the sense of Rawls.
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COMMON GROUND FOR SUSTAINABLE DEVELOPMENT,
AND GROUND COVERED BY SELECTED

SUSTAINABILITY INDICATORS



This chapter has been submitted.
AM.G. Cornelissen, W.J. Koops. Common ground for sustainable development, and ground covered
by selected sustainability indicators. International Journal of Agricultural Sustainability.



2.1 INTRODUCTION

Concern for sustainability currently is an important frame of reference for
development of society and its constituents (e.g., agricultural production systems),
and acknowledges that human activities (e.g., agricultural production practices) might
endanger continuity of society in the (near) future. Activities initiated in society to
dispel concern for sustainability claim to contribute to «sustainable developmenty
(SD), and aim at bringing society from a state that is perceived as unsustainable in a
new, more sustainable state (Hardi and Zdan, 1997). Since the publications of Limits
to Growth (Meadows et al., 1972), Blueprint for Survival (Goldsmith et al., 1972) and
Our Common Future (WCED, 1987), and the UN conferences on Human
Environment (in Stockholm 1972) and Environment and Development (in Rio de
Janeiro 1992), an increasing number of studies report on activities initiated to realize
SD.

h context ﬁ

rationale criteria

| |
[Concem for SustainabilityJ—V—[ Issues of Concern ]—'—[ Sustainability Indicators }

L J

Phase 1 Phase 2 Phase 3

Figure 2.1: The link between concern for sustainability and selected sustainability
indicators. In Phase 1, concern for sustainability is identified. In Phase 2, concern for
sustainability is translated into qualitative issues of concern. The extent of issues being dealt
with depends on the underlying rationale. In Phase 3, qualitative issues of concern are
translated into tangible sustainability indicators using specified selection criteria.

As sustainability is not a measurable entity in itself, most studies use
sustainability indicators (SI) to characterize their contribution to SD (e.g., Mitchell et
al., 1995; Harger and Meyer, 1996; Gallopin, 1997; Bell and Morse, 1999; Nijkamp
and Vreeker, 2000; OECD, 2000a). The use of SI presumes a link between concern
for sustainability and selected SI. In Figure 2.1, this link is expressed in terms of
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«issues of concern». In practice, a wide range of SI is being operated, as different
studies typically start from different rationales (cf. Dumanski et al., 1998). A rationale
underlying a concern for sustainability essentially determines the extent of issues
being dealt with. Some studies, for example, only consider issues related to
conservation of natural resources, other studies also consider issues related to quality-
of-life (cf. Blatz, 1992; Thompson, 1992).

The context in which a study takes place further influences the range of SI
being operated. Initiatives to dispel concern for sustainability start at a local level, for
example, at production system level or at regional level (Mitchell, 1996; Peco et al.,
1999; Devuyst, 2000; Ball, 2001; Chatterton and Style, 2001). A different context,
however, means a different group of stakeholders who adhere to a different rationale
and prioritize different issues of concern. Local and perhaps trivial issues (e.g., noise)
are sometimes considered just as important as issues of concern that originate beyond
the local level (e.g., energy use) (Mitchell, 1996). Context also widens the range of SI
being operated through the criteria applied to select proper SI (Table 2.1). Most of
these criteria will result in context-dependent rather than context-independent SI (e.g.,
Peco et al., 1999).

Table 2.1: Selection criteria. Criteria to construct sustainability indicators (SI)

1 Relevance of SI

1.1  relevant to the issue of concern
1.2 comprehensible to all stakeholders

2 Quality of SI

2.1  sensitivity to change across space

2.2 sensitivity to change across social groups

2.3 sensitivity to change over time

2.4 possibility to identify a target or trend allowing assessment of progress

3 Data Availability of ST
3.1 consistent data support

3.2  measurement technically feasible

3.3 measurement financially feasible

Source: Cornelissen et al., 2000
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In practice, the wide range of highly context-dependent SI reported in the
literature confuses the meaning of SD by suggesting that concern for sustainability
can be characterized at will (cf. Chatterton and Style, 2001), which inevitably will
result in SD losing its momentum. Confusion with respect to SD primarily results
from the implicit nature of the rationale underlying a concern for sustainability.
Consequently, if concern for sustainability in Phase 1 is left implicit, then Phase 2
lacks a solid basis, and the link between selected SI in Phase 3 and concern for
sustainability remains obscure (Figure 2.1).

The first objective of this study is to identify a «common ground for SD» that
provides an explicit basis to define issues of concern. Common ground for SD,
however, should not be counterproductive in that it discourages local initiatives by
completely disregarding local issues, thus provoking a Not-In-My-BackYard
sentiment (van Pelt et al., 1995; Mitchell, 1996). The second objective of this study is
to develop a graphical model that makes visible the «ground covered» by the issues
considered in a local initiative, i.e. the initiative’s «sustainability scope». Selected SI
will be used as input to the graphical model.

The common ground identified in this study builds on integrating two
principal rationales underlying SD (section 2.2). A case study in a region of the
Province of Overijssel, the Netherlands, illustrates how the «sustainability scope»

reflects the ground covered by local contributions to SD (section 2.3).

2.2 IDENTIFYING COMMON GROUND

2.2.1 IMPERATIVES OF SUSTAINABILITY

Rationales underlying SD can be characterized as either anthropocentric or
ecocentric  (cf. Thompson, 1992). An anthropocentric rationale considers
sustainability to be a societal construct, and claims that involvement of all
stakeholders and inclusion of local issues is essential to muster public support when
implementing sustainability in practice (de Graaf and Musters, 1998; Valentin and
Spangenberg, 2000; Bell and Morse, 2001). An ecocentric rationale disputes such a
subjective basis and claims that sustainability refers objectively and exclusively to the
maintenance of life support systems, i.e., to society preserving biological and physico-
chemical processes that maintain the conditions necessary for life on earth (Meadows
et al., 1992; Hueting and Reijnders, 1998).
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Ecocentric and anthropocentric rationales identify two imperatives of
sustainability. The ecocentric rationale identifies a «system imperative» which
emphasizes the existence of a system. A «system» is defined by its organizational
pattern which allows orderly interaction of its constituent parts (Klir, 1991). Society is
an open system that continuously exchanges energy and matter with its environment.
More accurately, society is a dissipative system that needs a sufficient flow of energy
and matter to maintain and develop its organizational pattern (de Rosnay, 1988;
Buenstorf, 2000). The system imperative of sustainability, thus, guarantees that
society can exist, i.e., maintain the integrity of its organizational pattern through
continuous supply of resources, disposal of waste products, and prevention of
environmental pollution.

The anthropocentric rationale identifies a «societal imperative» of
sustainability which emphasizes the acceptability of society. The acceptability of
society depends on people to maintain and develop its organizational pattern, and is
measured by the quality-of-life that society provides: e.g., employment possibilities,
recreational facilities, and safety (Mitchell, 1996). Because not all stakeholders pursue
similar objectives, a compromise solution is needed with respect to the way in which
energy and matter are to be used (cf. Becker, 1997; Bell and Morse, 1999; Beekman,
2001). The societal imperative, thus, guarantees that society is acceptable, i.e., can

maintain a fair organizational pattern through equitable use of available resources.

2.2.2 INTEGRATION OF IMPERATIVES

The system and societal imperatives of sustainability can be integrated in a
hierarchy using Koestler's «holon theory» (Koestler, 1967; Koestler, 1978;
Checkland, 1991). The word «holon» is derived from the Greek holos meaning
«whole», with the suffix -om, as in neutron, suggesting a «particle» or «party.
According to Koestler (1967: 48), society considered as a holon is Janus-faced, like
the two-faced Roman god Janus (Figure 2.2). The face turned upward, toward the
higher levels, is that of society as a dependent part of a larger (global) ecosystem; the
face turned downward, toward its constituents (e.g., agricultural production systems),
is that of society as an autonomous whole. In such a hierarchical setting, society
behaves on the basis of two tendencies: an «autonomous tendency» which is reflected
in self-rule and internal organization, and an «integrative tendency» which
emphasizes that the functioning of society is enabled and restrained by the higher
level (global) ecosystem. Under favorable conditions both tendencies are balanced,

and society interacts in a dynamic equilibrium with the encompassing ecosystem: the
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two faces of Janus complement each other. Under unfavorable conditions the
equilibrium is upset, i.e., the two faces of Janus are in disarray and concern for

sustainability emerges.

Global Ecosystem

e.g. Industrial /j ____________ e.g. Agricultural

Production System Production System

Figure 2.2: Society as a holon. Society considered as a holon is Janus-faced, after the two-
faced Roman god Janus. The face turned upward, toward the higher levels, is that of society
as a dependent part of the larger global ecosystem; the face turned downward, toward its
constituents (e.g., agricultural production systems), is that of society as an autonomous whole.

The system imperative of sustainability, which guarantees that society can
exist, originates from society's integrative tendency and, in the literature, often is
referred to as ecological and/or environmental sustainability. The societal imperative
of sustainability, which guarantees that society is acceptable, originates from society's
autonomous tendency and often is referred to as economic, social and/or human
sustainability (Dahl, 1997). From an ethical point of view, the system imperative
emphasizes intergenerational equity of society, whereas the societal imperative

emphasizes intragenerational equity of society (cf. Becker, 1997).
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Table 2.2: Common ground for sustainable development. System issues and societal issues
essential with respect to concern for sustainability, and possible local initiatives to dispel such
concern

SYSTEM ISSUES

Issues of Concern Possible Initiatives

1.1 use of renewable resources
(soil, water, air, biodiversity, energy not
depending on fossil fuels)

decrease soil erosion

improve soil fertility

increase water use efficiency
increase production of drinking
water

prevent loss of biodiversity

e increase use of environmentally
friendly energy sources

1.2 use of non-renewable resources e decrease depletion of fossil fuels
(raw materials, energy depending on fossil e increase recycling of materials
fuels)

1.3 prevention of area-specific pollution e decrease soil pollution

e decrease water pollution
e decrease air pollution
1.4 prevention of non-area-specific pollution e decrease emission of greenhouse
gases
e decrease depletion of the ozone
layer
SOCIETAL ISSUES
Issues of Concern Possible Initiatives
2.1 deterioration of economic security e increase employment
e increase production levels

2.2 deterioration of social security & public e improve health care facilities
health e increase life expectancy

2.3 deterioration of community environment e improve scenic quality

e decrease exposure to noise

2.4  deterioration of community development e improve public transport

e improve housing conditions
2.5 deterioration of public safety e decrease traffic casualties
e decrease crime rate
2.6 deterioration of personal development e improve educational facilities
e increase literacy

Source: Daly, 1990; Meadows et al., 1992; Mitchell et al., 1995; Clayton and Radcliffe, 1996; Horlings,
1996; Dahl, 1997; Hueting and Reijnders, 1998; Bell and Morse, 1999; OECD, 2000b; Valentin and
Spangenberg, 2000

30



2.2.3 COMMON GROUND FOR SUSTAINABLE DEVELOPMENT

Common ground for SD builds on Koestler's holon theory, integrating both
imperatives of sustainability. Hence, if concern for sustainability is expressed through
debate on «issues of concerny», then the common ground identifies the extent of issues
relevant to SD. Thus, relevant issues include «system issues» that emphasize concern
for the existence of society, and «societal issues» that emphasize concern for the
acceptability of society (Table 2.2). System issues emphasize use of renewable
resources (soil, water, air, biodiversity, energy not depending on fossil fuels), use of
non-renewable resources (raw materials, energy depending on fossil fuels), prevention
of area-specific pollution (soil, water, air) and prevention of non-area-specific
pollution (depletion of the ozone layer, greenhouse gases). Societal issues emphasize
quality-of-life provided by society: economic security (e.g., employment, production
level), social security and public health (e.g., health care facilities, life expectancy),
community development (e.g., infrastructure, housing), community environment (e.g.,
scenic quality, noise), public safety (e.g., traffic, crime), and personal development

(e.g., educational facilities, literacy).

2.3 ILLUSTRATION OF THE GROUND COVERED

2.3.1 INTRODUCTION TO THE CASE STUDY

In its northwestern region (NWO), the Province of Overijssel is reconsidering
and changing existing claims on land use to contribute to SD. In NWO, land is used
by the local community (COM), it is used for agricultural activities (AGR), for
recreational facilities (REC), and for development of nature areas (NAT)
(Anonymous, 1997). All relevant stakeholders (e.g., policy makers, farmers, residents,
local shop keepers, tourist branch) identified local issues of concern (e.g.,
improvement of local sports facilities), and issues originating beyond local boundaries
(e.g., issues related to the development of new nature areas as laid down in national
policy documents). Based on these issues, SI were selected to monitor whether
initiatives developed would contribute to SD, as well as to inform policy makers and

the local community on progress made (Cornelissen et al., 2000).
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Figure 2.3: Illustration of the ground covered (I). A graphical model to express the
«sustainability scope» of a local initiative. Squares represent system issues 1.1 through 1.4
and societal issues 2.1 through 2.6 (Table 2.2); rectangles represent the overall system and
societal imperatives. The colors assigned to each square or rectangle (given in the key)
express the emphasis given to system and societal issues.

2.3.2 METHODOLOGY

The SI selected are used to determine the sustainability scope of the case study
using a simple graphical model. In Figure 2.3, squares represent system issues 1.1
through 1.4 and societal issues 2.1 through 2.6 (Table 2.2); rectangles represent the
overall system and societal imperatives. The shades of grey assigned to each square or
rectangle (given in the key to Figure 2.3) express the emphasis given in the case study
to the corresponding system or societal issue. If emphasis given to an issue is high,
i.e., if relatively more SI are selected to deal with an issue, then the square is given a
darker shade of grey. The overall impression of grey tones in the model reflects the
sustainability scope of the case study. If the sustainability scope is broad (i.e., system
and societal issues have been given equal emphasis), then the impression will be

evenly grey; if the sustainability scope is narrow (i.e., a limited number of issues has
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been given emphasis), then the impression will tend to a black-and-white contrast. A
list of issues of concern and corresponding SI was provided by the Province of
Overijssel.

First, issues of concern and corresponding SI were allocated to appropriate
system and societal issues. Second, a shade of grey was assigned to each square by
computing the ratio of the allocated number of SI to the total number of SI. In total,
94 SI were selected in the case study (Table 2.3). Table 2.3 distinguishes between
«means-based SI» and «effect-based SI». Means-based SI indicate the degree of
adherence to technologies and practices (i.e., means) applied to dispel a specific issue
of concern; effect-based SI indicate the actual effect of the means applied (van der
Werf and Petit, 2002). In this illustration, only effect-based SI (n = 44) have been
used as input in the graphical model, because it is logically impossible to evaluate
progress made in dispelling issues of concern using means-based indicators (Hansen,
1996). Moreover, application of the graphical model assumes that all effect-based SI

are equally important.

2.3.3 SUSTAINABILITY SCOPE

Figure 2.4 shows the overall sustainability scope of the case study in
Northwest Overijssel. The impression of grey tones in the graphical model indicates a
broad sustainability scope, i.e., equal emphasis has been given to both system and
societal issues. Relatively higher emphasis has been given to system issues on
renewable resources and area-specific pollution, and to societal issues on economic
security. System issues on non-area-specific pollution and societal issues on personal
development are not considered.

Figure 2.5 shows the sustainability scope for initiatives with respect to the four
major claims on land use in Northwest Overijssel. Although as a whole, equal
emphasis has been given to system and societal issues, the sustainability scope for
particular land use types is more specific. AGR more or less equally emphasizes both
system and societal issues: higher emphasis is given to system issues on area-specific
pollution and societal issues on community development. NAT primarily emphasizes
system issues on renewable resources and area-specific pollution, REC only
emphasizes societal issues on economic security, and COM primarily emphasizes

societal issues on economic security.
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Figure 2.4: Illustration of the ground covered (II). Overall sustainability scope of a local
initiative that aims at contributing to sustainable development in a region of the Province of
Overijssel, the Netherlands.

2.4 DISCUSSION

The first objective of this study aimed at identifying a «common ground for
SD» to avoid sustainability from being characterized at will (cf. Shearman, 1990).
This common ground was identified using Koestler's metaphor of the Janus-faced
holon. Society regards concern for sustainability with two faces, and these two faces
of sustainability represent a two-way perspective by integrating ecocentric and
anthropocentric rationales. The associated system and societal imperatives,
respectively, identify system and societal issues (Table 2.2) that, in combination,
define the «common ground for SD» as an explicit point of departure for local

initiatives that aim at contributing to SD.
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Table 2.3: SI selected in the case study. Number of effect-based and means-based
sustainability indicators (SI) selected in relation to four major claims on land use (LU) in a
region of the Province of Overijssel, the Netherlands

Issue! LU’ effect-based SI means-based SI Total SI

1.1 AGR 2 5 7
NAT 6
REC - - -
COM 1 - 1

1.2 AGR 1 1 2
NAT - - -
REC - - -
COM - - -

1.3 AGR 6 - 6
NAT 4 - 4
REC - 1 1
COM - - -

1.4 AGR - - -
NAT - - -
REC - - -
COM - - -

2.1 AGR 2 2 4
NAT - - -
REC 4 8 12
COM 8 2 10

2.2 AGR - 2 2
NAT - - -
REC - - -
COM 1 - 1

23 AGR - 3
NAT 2 -
REC - 4
COM - 1

24 AGR 4 - 4
NAT - - -
REC - - -
COM 2 13 15

2.5 AGR - - -
NAT - - -
REC - - -
COM 1 1 2

2.6 AGR - - -
NAT - - -
REC - - -
CcoM - - -

44 50 94

" System issues and societal issues as defined in Table 2.2
* Land is used by the local community (COM), is used for agricultural activities (AGR), for
recreational facilities (REC), and for development of nature areas (NAT)
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Figure 2.5: Illustration of the ground covered (I1I). Sustainability scopes for initiatives with
respect to four major claims on land use in a region of the Province of Overijssel, the
Netherlands: agriculture (AGR), nature (NAT), recreation (REC), and community (COM).

Common ground for SD as an explicit point of departure, however, does allow
for different appreciation of issues in different circumstances. Some issues may not be
cause for concern in a specific context, or stakeholders may decide to focus on a
limited range of concerns. Van Pelt et al. (1995), for example, argue that such
flexibility is essential for successfully initiating SD in developing countries. Such
countries are in need of support for their efforts to simultaneously develop long-term
policies emphasizing system issues (e.g., stop environmental degradation) and short-
term policies emphasizing societal issues (e.g., combat poverty).

Common ground for SD, furthermore, does not require that all issues are taken
into account. Those adhering to an ecocentric rationale may be reluctant to also
consider societal issues, as ecocentrism originates from the sense that
anthropocentrism is at the very root of current concern for sustainability (Shearman,
1990). Hueting and Reijnders (1998), for example, argue that <ecological constraints
should be complied with, irrespective of prevailing economic conditions and policies.
Those adhering to an anthropocentric rationale, however, will argue that disregarding

societal issues is the weakness of any ecocentric rationale, as disregard of issues other
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than those related to the existence of society can make SD an impossible task (e.g.,
van Pelt et al., 1995; de Graaf and Musters, 1998; Bell and Morse, 1999). Shearman
(1990) adds that considering societal issues will make it easier for people to
appreciate the significance of conservation and preservation activities.

Common ground for SD, therefore, makes it possible to explicitly express how
concern for sustainability is identified by issues of concern and corresponding SI that
are considered relevant in a specific context. Moreover, common ground for SD also
explicitly illustrates that SI contribute to SD through their contribution to dispelling
corresponding issues of concern (cf. Figure 2.1).

The second objective of this study aimed at developing a graphical model to
express the «sustainability scope» of a local initiative, and visualize the ground
covered using selected SI. The overall sustainability scope for an initiative, set up in a
region of the Province of Overijssel, showed that equal emphasis was given to both
system and societal issues and, therefore, that common ground for SD was evenly
covered. Different stakeholders, however, generally are involved in different activities
with respect to claims on land use, and the sustainability scopes for such claims did
show specific differences. On the face of it, results seem to correspond to prevalent
public opinion and policy: whereas AGR and NAT give higher emphasis to system
issues, REC and COM give higher emphasis to societal issues. And although a limited
sustainability scope is not necessarily inferior to a broad sustainability scope, the
limited sustainability scope for COM, for example, can induce stakeholders to
reconsider whether its specific contribution to SD is adequate. Reconsideration then
may result in deciding on a broader sustainability scope by identifying additional
issues of concern: e.g., concerns with respect to use of non-renewable resources in
COM. In Figure 2.1, such a retrospect is illustrated as a feedback-loop from Phase 3
to Phase 1.

2.5 CONCLUSION

Concern for sustainability currently is an important frame of reference for
local initiatives that aim at contributing to society's sustainable development.
Although SD inherently holds subjective aspects (WRR, 1995), concern for
sustainability needs an explicit point of departure to prevent SD from losing its
meaning (cf. Shearman, 1990). In this study, a «common ground for SD» was
identified to provide such an explicit basis. Additionally, a graphical model is
presented to express the «sustainability scope» of a local initiative, and visualize the

common ground covered using selected sustainability indicators. Combined, common
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ground and sustainability scope provide a point of departure, as well as a means for

local initiatives to justify their specific contribution to SD.
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3.1 INTRODUCTION

The impact of «sustainability» on development of national and international
policy has increased over the last decade. Sustainability is now a core element of
government policies, of university research projects, and of corporate strategies
(Spedding, 1995; WRR, 1995; de Graaf and Musters, 1998; Mebratu, 1998).

Despite the wvariety of definitions and interpretations, sustainability
consistently means, either explicitly or implicitly, «continuity through time>. Rather
than referring to continuity per se, sustainability associates continuity to context-
dependent economic, ecological and societal (EES) issues (e.g., Shearman, 1990;
Brklacich et al., 1991; Neher, 1992; Heinen, 1994; Clayton and Radcliffe, 1996;
Hansen, 1996; Vavra, 1996; Becker, 1997; Giampietro et al., 1997; Mebratu, 1998).

«Agricultural sustainability», which is sustainability in reference to
agricultural production systems, invokes concern that in the future, also in the near
future, current agricultural activities might endanger the continuity of agricultural
production systems (WRR, 1995). This concern is expressed through EES issues,
which can range from meeting a need for sufficient, safe, and inexpensive food
products to achieving agricultural production practices without undesirable side
effects. Possible undesirable side effects include erosion of the soil, nutrient emission
to the environment, exhaustion of non-renewable resources, decline of rural
communities, and a negative impact on the welfare of animals (e.g., Ikerd, 1993;
Stockle et al., 1994; Steinfeld et al., 1997; Kelly, 1998).

Sustainability does not represent the endpoint of a process; rather, it represents
the process itself (Shearman, 1990; WRR, 1995). Sustainability implies an ongoing
dynamic development, driven by human expectations about future opportunities, and
is based on present EES issues and information. Sustainability is «sustainable
development» (Bossel, 1999).

As a consequence of the impact of sustainability on agricultural production
systems, a standardized framework to initiate and monitor sustainable development
(SD) would have great practical utility (Heinen, 1994; Vavra, 1996, Becker, 1997).
Such a framework requires a four-phased methodology to: (1) describe the problem in
a defined context, (2) determine context-dependent EES issues, (3) translate EES
issues into measurable context-dependent sustainability indicators (SI), and (4) assess
the contribution of SI to overall SD. Phases (1) through (3) have been dealt with in the
literature (e.g., Verbruggen and Kuik, 1991; Ikerd, 1993; Stockle et al., 1994; Mitchell
et al., 1995; Rennings and Wiggering, 1997; Kelly, 1998; Udo and Cornelissen, 1998;
Bell and Morse, 1999; Bossel, 1999; Callens and Tyteca, 1999). Phase (4), however,

has not been investigated. To assess the contribution of SI to overall SD requires a
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formal mathematical basis. This paper, therefore, introduces the mathematical theory
of fuzzy sets, which enables assessment of overall SD based on the contribution of SI

information.

3.2 METHODOLOGY

3.2.1 UNCERTAINTY REGARDING SUSTAINABLE DEVELOPMENT

To decide upon a mathematical theory to model sustainable development, the
type of uncertainty related to SD must be considered. Because SD will be assessed
using selected SI, this selection determines how much we know about SD, i.e., how
much information is available; and how much we do not know about SD, i.e., how
much information is missing. Certainty about SD requires complete and consistent
information. To reduce the description of SD to a manageable level and to obtain a
feasible model, it is necessary to reduce the amount of information. Incomplete
information, therefore, is a fundamental characteristic of complex concepts (Klir,
1991; WRR, 1995).

In addition to incompleteness, information regarding SD is inconsistent.
Human expectations about future opportunities for agriculture may change over time.
If so, EES issues and, consequently, context-dependent SI will change.

Further, SD involves trade-offs among issues that cannot be resolved
simultaneously (WRR, 1995). An increasing number of Dutch consumers, for
example, object to battery housing systems that interfere with the natural behavior of
laying hens. Keeping laying hens in floor housing systems instead of in battery
housing, therefore, is a societal issue in the Netherlands. There is a trade-off,
however, because floor housing tends to have higher ammonia emissions than battery
housing, and high emissions conflict with ecological issues for Dutch agriculture
(Groot Koerkamp, 1994).

Due to incomplete and inconsistent information, SD has no well-defined
meaning. The type of uncertainty regarding an assessment of the contribution of SI to
SD, therefore, essentially concerns the meaning of SD. In mathematical terms, this
type of uncertainty is known as fuzzy uncertainty (Klir and Folger, 1988).
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3.2.2 PROBABILISTIC AND FUZZY UNCERTAINTY

Probabilistic uncertainty relates to events that have a well-defined,
unambiguous meaning. Probability theory is based on classical set theory and on two-
valued logic, e.g., true-or-false or yes-or-no statements; probability theory assesses
whether an event will occur (Batschelet, 1975; Bethea et al., 1985; Kosko, 1992).
Because SD cannot be well-defined, it is impossible to assess unambiguously whether
development of an agricultural production system is two-valued: sustainable or
unsustainable. Two-valued logic, therefore, yields an unsatisfactory conclusion (Klir
and Folger, 1988; Fresco and Kroonenberg, 1992; Pelt et al., 1995).

Fuzzy uncertainty, in contrast, relates to events that have no well-defined,
unambiguous meaning (Kosko, 1992). Fuzzy set theory is based on multi-valued logic
(McNeill and Freiberger, 1993; Pedrycz, 1993; Klir and Yuan, 1995; Zimmermann,
1996). Multi-valued logic enables intermediate assessment between strictly
sustainable and strictly unsustainable; i.e., fuzziness describes the degree to which an
event occurs, not whether it occurs (Kosko, 1990; Kosko, 1992). We propose,

therefore, that fuzzy set theory offers a formal mathematical framework to assess SD.

3.2.3 BASIC DEFINITIONS OF SET THEORY

Classical set theory is based on two-valued logic. Let the universe of discourse
define a set U that consists of elements x (x € U). If A is a subset of U (A < U), then
each element x is either a member of A (x € A) or a nonmember of A (x ¢ A). In set
theory, <subset> and <event) are interchangeable, i.e., x € A means that for element x
event A has occurred (Hogg and Tanis, 1997). A «characteristic function» pa defines
an unambiguous distinction between members of A and nonmembers of A. Thus,
characteristic function pa assigns to each x one of two values: pa(x) = 1 iff (if and
only if) x € A, or pa(x) =0 iff x ¢ A (Figure 3.1A).

Recall the example of housing systems for laying hens. Let Ug; be the universe
of discourse for the SI <Ammonia Emissiony, where x is the amount of ammonia
emission (kg NHs/hen), and let A be the subset <Acceptable> (A < Usg). Further,
assume that the Dutch government determines as acceptable a maximum (threshold)
amount of ammonia emission xt. If x < xr, then the amount of ammonia emission is
acceptable, so pa(x) = 1. If x > x1, however, then the amount of ammonia emission is

unacceptable, so pa(x) = 0 (Figure 3.1A).
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Figure 3.1: Basic definitions of set theory. U is the universe of discourse for the
sustainability indicator c<Ammonia Emission, and x is the amount of ammonia emission (kg
NHs/hen): x € Ug. (3.1A) A is the classical subset <Acceptable> (A < Ug)), and characteristic
function u, defines a hard threshold xt between acceptable amounts of ammonia emission (x
< x1) and unacceptable amounts (x > xt): L4 assigns to each x one of two values: pa(x) = 1 iff
x < x1, or pa(x) = 0 iff x > xr. (3.1B) A is the fuzzy subset <Acceptable> (A = Uy)), and
membership function pz defines a soft threshold between acceptable amounts of ammonia
emission and unacceptable amounts: i3 assigns to each x a value pz(x) decreasing from 1 to 0
with increasing x.

Classical set theory, therefore, requires a hard threshold xt to determine an
unambiguous distinction between acceptable amounts of ammonia emission (x < xr)
and unacceptable amounts (x > x1). A hard threshold is often unrealistic in practice,
however, because two nearly indistinguishable measurements x of SI on either side of
xt will be placed in complementary subsets (Bosserman and Ragade, 1982; George et
al., 1997; Silvert, 1997).

Fuzzy set theory, in contrast, is based on multi-valued logic. Analogous to
classical set theory, A is a fuzzy subset of U (A < U), and a «membership function»
ua defines the partial membership in a set. Transition between membership and
nonmembership, therefore, is gradual rather than abrupt. Thus, membership function
LA assigns to each x a value from 0 through 1, indicating the «degree of membership»
na(x) of x in A. Membership functions, therefore, are functions that map x from U
into the interval [0,1] (Figure 3.1B).

Recall again the example of housing systems for laying hens, and the universe
of discourse for cAmmonia Emission> Ug;. Let A be the fuzzy subset <Acceptable> (A
< Usp). Membership function px is assumed to have a nonlinear form, with degree of
membership px(x) for ammonia emission decreasing from 1 to 0 with increasing x
(Figure 3.1B).

Fuzzy set theory, therefore, requires a soft threshold to determine an

intermediate assessment pa(x) between acceptable amounts of ammonia emission and
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unacceptable amounts. A membership function pi defines a soft threshold, which
enables a smooth and practical assessment of measurements x of SI (Bosserman and
Ragade, 1982; George et al., 1997; Silvert, 1997).

3.2.4 FuzzYy MODELS AND LINGUISTIC VARIABLES

Membership functions are fundamental to fuzzy models, which use such
functions to operate «linguistic variablesy. In fuzzy set theory, a linguistic variable A
is characterized by: (1) base variable x of A, (2) name of A, (3) linguistic value A; of
A (i=1,...,n), and (4) membership function pi; of A; (adopted from: Zadeh, 1975a;
Zadeh, 1975b; Klir and Yuan, 1995). Characteristics of a linguistic variable are in
Figure 3.2.

Acceptability (2) Name of A

|

Acceptable || Moderately Acceptable
Al Az

L

(3) Linguistic value Ai of A

Unacceptable
A3

(4) Membership function py; of Ai

x kg NH, per hen (1) Base variable x of A

Figure 3.2: Linguistic variable. Linguistic variable A is characterized by: (1) base variable x
of A, (2) name of A, (3) linguistic value A; of A, and (4) membership function uz; of A;
(based on Zadeh, 1975a; Zadeh, 1975b; Klir and Yuan, 1995).

Consider the example of housing systems for laying hens. The amount of
ammonia emission x, which is a measurement of the SI <Ammonia Emission», defines

Usp; hence, x is the base variable of A. If the contribution of <Ammonia Emission» to
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SD is expressed in terms of <Acceptability> of base variable x, then the name of A is
<Acceptability>.

Three linguistic values A; (A, A,, and A3) define the contribution of x to SD
in linguistic terms (Figure 3.2): A| = (Acceptabley, A, = <(Moderately Acceptable, and
A= <Unacceptable», A linguistic value, therefore, is a fuzzy subset of Ug; (A; c Ug)).
A membership function pa; defines each linguistic value A; by determining to what
degree pai(x) a base variable x is <Acceptable>, pxi(x); <Moderately Acceptabley,
LAi2(x); or <Unacceptabley, pas(x).

In the standardized framework, human expectations about SD are expressed as
EES issues, for which SI provide numerical data. Use of linguistic variables in fuzzy
models enables one to link expectations about SD, expressed in linguistic
propositions, to numerical data, expressed in measurements of SI (Dubois and Prade,
1998). Use of <Acceptability>, for example, enables one to link the proposition
<Ammonia Emission is Acceptable> to amount of ammonia emission (x kg NH3 per
hen).

3.3 FUZZY MODELS TO ASSESS SUSTAINABLE DEVELOPMENT

3.3.1 NOTATION

Two fuzzy models are explored to assess SD: one model that applies fuzzy set
aggregation operations, and another that applies approximate reasoning. Input for
fuzzy models includes m sustainability indicators Sly (k = 1,...,m) and base variable
xx. Associated with each Slk is a membership function pjx that defines a linguistic
value A; by mapping xi into the interval [0,1]. Associating x; with p; results in m
degrees of membership pix(xx). Numerical assessment of SD, pgp, is the output of a
fuzzy model; i.e., usp is in the universe of discourse Usp (usp € Usp), which is
defined as the interval [0,1].
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Figure 3.3: Scheme of fuzzy model (I). The scheme of a fuzzy model applying fuzzy set
aggregation operations to assess the contribution of sustainability indicators (SI) to
sustainable development (SD).

3.3.2 FuzzY MODEL APPLYING FUzZZY SET AGGREGATION OPERATIONS

3.3.2.1 SCHEME OF Fuzzy MODEL

The scheme of a fuzzy model applying aggregation operations to assess SD is
in Figure 3.3. Five steps are involved: Step 1 defines model input, sustainability

indicator SI; and base variable xi; Step 2 defines linguistic variable A and linguistic
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value A;; Step 3 constructs membership function pj; Step 4 computes degree of
membership pik(xx); and Step 5 selects a fuzzy set aggregation operation for Wik(xx) so

as to assess model output pgp.

3.3.2.2 SELECTION OF AGGREGATION OPERATION

An aggregation operation expresses an attitude toward SD. A meaningful
assessment gp, therefore, requires careful selection of an aggregation operation
(Dubois and Prade, 1988; Munda, 1995; Silvert, 1997).

Assume that Step 2 defines a linguistic variable A with name <Acceptability>
and linguistic value <Acceptable> (A;). A conservative attitude toward SD means that
usp cannot be larger than the smallest degree of membership p(x;),...,ltim(Xm). In
fuzzy set theory, the standard fuzzy intersection enables a conservative attitude
toward SD by applying the minimum operator (Dubois and Prade, 1985; Dubois and
Prade, 1988):

usp = min[p11(x1),...,lim(Xm)]

where min denotes the minimum operator. Consequently, if one degree of
membership px(xx) is 0, then assessment pgp is 0.

A liberal attitude toward SD, in contrast, means that psp cannot be smaller
than the largest degree of membership pi(xi),...,Lim(xm). In fuzzy set theory, the
standard fuzzy union enables a liberal attitude toward SD by applying the maximum
operator (Dubois and Prade, 1985; Dubois and Prade, 1988):

usp = max[pi1(x1),. . .,him(xm)]

where max denotes the maximum operator. Consequently, if one degree of
membership px(xx) is 1, then assessment pgp is 1.

In political reality, economic, ecological, and societal issues inevitably will be
balanced against each other (Silvert, 1997). Averaging operations allow a «degree of
compromise» o among the m degrees of membership p;(x1),...,Lim(xm): therefore, o
determines to what degree possible low assessments in the range p;(xi),...,Lim(Xm)
can be compensated for by possible high assessments in the range p;1(x1),. .., im(Xm).
Averaging operations determine a value for psp between min[p;(x1),...,lim(x¥m)] and
max[pi1(x1), ..., Lim(*m)] (Dubois and Prade, 1985; Dubois and Prade, 1988; Klir and
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Yuan, 1995; Munda, 1995). In addition, if the relative importance of SIx with respect
to SD is considered to be unequal, then it is necessary to weight the contribution of
Sy, e.g., in proportion to its importance (Silvert, 1997).

If a denotes the degree of compromise among m degrees of membership and
wi denotes the relative importance of Sli, then a generalized formulation of weighted

averaging operations is

i(wkulk(xk))a
Hgp = | —— [3.1]

Zwk

k=1

where a > 0, in this model. In the special case when the relative importance of each

Sl is equal, Equation 3.1 reduces to

m Ja
Z Hlk(xk)
Rep =| [32]
m

Equation 3.1, generally, includes special cases for specific values of a: (i) if a
— — oo, then ugp is the standard fuzzy intersection; (ii) if o — 0, then pgp is the
geometric mean; (ii1) if o = 1, then pgp is the arithmetic mean; and (iv) if a - + oo,
then pgp is the standard fuzzy union (Dubois and Prade, 1985).

In the example of housing systems for laying hens, assume SD is to be
assessed based on three SI: SI; is <Farm Continuity> (x;, costs per hen), SI, is
<Ammonia Emission> (x;, kg NH; per hen), and SIs is <Total Dust in Air» (x3, mg per
m’) (de Boer and Cornelissen, 2002). Further, assume that associating xi with i
results in three degrees of membership p;1(x;) = 0.2, pia(x2) = 0.3, and py3(x3) = 0.9.

In Equation 3.1, the smallest degree of membership determines psp to an
increasingly lesser extent with increasing degree of compromise a. Using the specific
values of a above results in special cases: (i) pusp = 0.2, (i1) usp = 0.4, (iii) psp = 0.5,

and (iv) psp = 0.9.
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3.3.3 FuzzY MODEL APPLYING APPROXIMATE REASONING

3.3.3.1 SCHEME OF Fuzzy MODEL

The scheme of a fuzzy model applying approximate reasoning to assess SD is
in Figure 3.4. Six steps are involved: Step 1 defines model input, sustainability
indicator SI; and base variable xi; Step 2 defines linguistic variable A and n linguistic
values A;, and also defines linguistic variable O and q linguistic values O, (p = 1,...,q)
regarding assessment psp; Step 3 constructs membership function pi and pep; Step 4
computes degree of membership pi(xi); Step 5 determines a fuzzy conclusion N; and
Step 6 draws a numerical assessment pgp. In approximate reasoning, Step 4 is known
as fuzzification, Step 5 as fuzzy inference, and Step 6 as defuzzification (Bezdek, 1993;
Klir and Yuan, 1995; Cox, 1998).

3.3.3.2 Fuzzy RULE BASE

Reasoning is the process of inferring a conclusion regarding a problem that
cannot be observed directly (viz., SD), from aspects of the problem that can be
observed directly (viz., SI) (Bhatnagar and Kanal, 1992). In a fuzzy model applying
approximate reasoning, the reasoning process is based on a series of r fuzzy rules R; (j
= 1,...,r), which together is referred to as the «fuzzy rule base» of the model. A fuzzy
rule presents the contribution of Sl to SD by way of linguistic if-then propositions.

A proposition contains a «premisey, the if-part, and a «conclusion», the then-
part (Boixader and Godo, 1998; Dubois and Prade, 1998). The premise contains one
or more facts Sl is Ap. The conclusion contains a single fact «<SD is Op>, where
linguistic value O, defines a fuzzy assessment regarding SD (O, c Usp). Fuzzy rule

R;, therefore, reads
if Slx is Ay then <SD is C)p>
If, for example, Sl is <Ammonia Emission», A; is linguistic value
(Acceptables, SD is «<Sustainable Developmenty, O is linguistic variable

«Achievementy, and O, is linguistic value <Very Good, then fuzzy rule R; reads

if Ammonia Emission is Acceptable then Sustainable Development is Very Good
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Figure 3.4: Scheme of fuzzy model (II). The scheme of a fuzzy model applying approximate
reasoning to assess the contribution of sustainability indicators (SI) to sustainable
development (SD).

Recall assessing the SD of housing systems for laying hens: SI; is <Farm
Continuity> (x, costs per hen), SI, is <AAmmonia Emission» (x,, kg NH; per hen), and
SI; is <Total Dust in Air> (x3, mg per m’). Further, linguistic value A, is <Acceptable>

and A, is (Unacceptabley; and linguistic value O, is «Very Good», O; is «Good», O3 is
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Poon, and Oy is «Very Poon. A fuzzy rule base comprising four fuzzy rules could

read
R, if SI; is A; AND Sl is A; AND Slz is A, then SD is O
R, if SI; is A; AND Sl is A; AND Sls is A, then SD is O,
R; if SI; is A; AND SI, is Ay AND SIs is A, then SD is O3
Ry if SI; is Ay AND Sl is Ay AND Sls is A, then SD is Oy

where <AND)> denotes a logical connective (Klir and Yuan, 1995). Rule R, for
example, reads «if Farm Continuity is Acceptable AND Ammonia Emission is
Acceptable AND Total Dust in Air is Acceptable then Sustainable Development is
Very Goody. Steps 4 (fuzzification), 5 (fuzzy inference), and 6 (defuzzification) will
be illustrated based on the fuzzy rule base above.

3.3.3.3 FUZZIFICATION

Fuzzification of model input refers to computing the degree of membership
lik(xx). In the example of assessing SD of housing systems for laying hens,
fuzzification of SI; results in p;;(x;) = 0.2; of SIy, pia(x2) = 0.3; and of SI3, wis(x3) =
0.9. Further, A, (<Unacceptabley) is the fuzzy complement of A; (<Acceptable»), so that
tok(xk) = 1 - pik(x) (Klir and Yuan, 1995): woi(x;) = 0.8, toa(xz) = 0.7, and pp3(x3) =
0.1 (Figure 3.5).

3.3.3.4 FuzzY INFERENCE

Fuzzy inference is a two-step process: the <mplication process> and the
<aggregation process» (Yager, 1994; Anonymous, 1998). The implication process
defines a fuzzy conclusion N; for each rule R;. The aggregation process then defines
an overall fuzzy conclusion N for the entire fuzzy rule base.
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Fuzzy inference: Implication Process
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Figure 3.5: Approximate reasoning. Graphical illustration of a fuzzy model applying approximate reasoning to assess the sustainable development of
housing systems for laying hens. A fuzzy rule base comprising four fuzzy if-then rules presents the contribution of three sustainability indicators (Farm
Continuity, Ammonia Emission, and Total Dust in Air) to sustainable development. Approximate reasoning starts with fuzzification of model input x; (costs
per hen), x, (kg NH; per hen), and x; (mg per m’). Next, fuzzy inference, a two-step process comprising the implication process and the aggregation process,
determines an overall fuzzy conclusion N based on fuzzy conclusions N, through N, for each rule (based on Anonymous, 1998)



The implication process first defines a truth value 1; for the premise of the
proposition in R;. If the premise contains a single fact <Sli is Ap, then 7; is defined by
the degree of membership pix(xx). If the premise contains more than one fact,
however, then 7; is defined by a logical connective (Zadeh, 1975b; Boixader and
Godo, 1998).

Consider the example that assesses the SD of housing systems for laying hens.
For R;, the logical connective <AND> defines a fuzzy intersection operator to compute
7; based on degrees of memberships. Applying the min-operator for R;, for example,
results in t; = min[0.2, 0.3, 0.9] = 0.2 (Figure 3.5).

The implication process then defines how t; implies a fuzzy conclusion N;
based on the fact «SD is Op. The operator defined to implement the implication
process in R; modifies membership function pg,, constructed in Step 3, to the degree
specified by 7. Applying the min-operator for R;, for example, modifies the
membership function p; by truncation at 1, = 0.2. The fuzzy conclusion N is the
area under the truncated membership function (Figure 3.5).

The aggregation process defines an overall fuzzy conclusion N by selecting an
operator to aggregate the N;. In a fuzzy rule base, rules are connected by the logical
connective <ELSE» (Watanabe et al., 1992). In the example, the fuzzy rule base then

reads
R, if SI; is A; AND Sl is A; AND Sls is A; then SD is O, ELSE
R, if SI; is A; AND Sl is A} AND Sl; is A, then SD is O,, ELSE
R3 if SI; is A; AND SI, is Ay AND Sl; is A, then SD is O3, ELSE
R4 if SI; is Ay AND SI, is Ay AND Sls is A, then SD is O,.

Each fuzzy rule above expresses a situation regarding the contribution of three
SI to SD. In approximate reasoning, rules R; through R4 are true to a certain degree,
as expressed by 1; through 14, which means that all rules contribute partly to the
overall fuzzy conclusion N. If one rule is completely true (e.g., t; = 1), then all other
rules must be completely false (i.e., T, through 14 = 0) and should not contribute to N.
The logical connective <ELSE)> is defined, therefore, by the max-operator to enable a
fuzzy union of N; (Yager, 1994; Tiirksen, 1999). The fuzzy conclusion N is the area
under the curve (Figure 3.5).
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3.3.3.5 DEFUZZIFICATION

Defuzzification converts the fuzzy conclusion N from an area under the curve
to a numerical assessment psp. Various methods of defuzzification are available (e.g.,
Filev and Yager, 1991; Yager and Filev, 1993; Bardossy and Duckstein, 1995; Klir
and Yuan, 1995; Dubois and Prade, 1998; Leekwijck and Kerre, 1999). The method
used most often is the «center of gravity method», which defines psp as a value that
divides the area under the curve into two equal subareas. In the example that assesses

SD of housing systems for laying hens, the center of gravity is computed as psp = 0.6
(Figure 3.6).

1-
overall fuzzy conclusion N
_ center of gravity x
/7
0 T
0 0.5  pg,=0.6 1

Figure 3.6: Defuzzification. Graphical illustration of defuzzification of the overall fuzzy
conclusion N in a fuzzy model applying approximate reasoning to assess the sustainable
development of housing systems for laying hens. The center of gravity method divides the
area under the curve N into two equal subareas and thus determines pigp

3.4 DISCUSSION

3.4.1 Fuzzy MODELS TO ASSESS SUSTAINABLE DEVELOPMENT

The impact of sustainability on agricultural production systems emphasizes the
need for a standardized framework to initiate and monitor sustainable development
(Shearman, 1990; Hansen, 1996; Becker, 1997). A numerical assessment of SD in

such a framework is based on context-dependent economic, ecological, and societal
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sustainability indicators. The objective of this paper was to introduce fuzzy set theory
as a mathematical basis to enable a numerical assessment of SD. For this reason, we
developed two fuzzy models: one model that applies fuzzy set aggregation operations
and another that applies approximate reasoning. Each fuzzy model was explored using
a hypothetical example of housing systems for laying hens. The hypothetical example
is based on a currently important issue in Dutch agriculture (de Boer and Cornelissen,
2002).

The first fuzzy model constitutes a robust application of fuzzy set theory and
enables a general approach to human reasoning. Fuzzy set aggregation operations
allow a continuum of (political) attitudes toward SD, ranging from conservative to
liberal.

The second fuzzy model constitutes a refined application of fuzzy set theory
and enables a specific approach to human reasoning. Fuzzy if-then rules allow human
expectations about SD to be expressed in linguistic propositions that present the
contribution of SI to SD. A numerical assessment pgp can then be «fine-tuned> by
selected fuzzy operators used in the approximate reasoning process to draw a
conclusion regarding SD. Various fuzzy operators are available to implement fine-
tuning of the reasoning process (Klir and Yuan, 1995; Rojas et al., 1999). The choice

of operators, therefore, needs careful consideration.

3.4.2 PRACTICAL IMPLEMENTATION OF FUZZY MODELS

Membership functions are at the core of fuzzy models. The membership
function is considered to be both the strongest and the weakest point of fuzzy set
theory (Munda et al., 1992). It is the strongest, because a membership function defines
a soft threshold, which allows a smooth and practical assessment of the contribution
of SI to SD, in contrast with a characteristic function, which defines a hard threshold
in classical set theory (Bosserman and Ragade, 1982; George et al., 1997; Silvert,
1997). It is the weakest, because the membership function is regarded as too
subjective in relation to its construction. In industrial engineering applications of
fuzzy set theory, construction of membership functions is realized mostly by trial and
error (McNeill and Freiberger, 1993; Bardossy and Duckstein, 1995; Klir and Yuan,
1995; Zimmerman, 1996). Trial-and-error methods to construct membership functions
to assess SD, however, are not possible and are considered unacceptable.

Several studies discuss empirical methods to construct a membership function
based on expert knowledge (e.g., Norwich and Tirksen, 1984; Chameau and

Santamarina, 1987; Santamarina and Chameau, 1987; Tiirksen, 1991; Bardossy and
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Duckstein, 1995; Ruspini et al., 1998; Tiirksen, 1999). Although in this paper the
membership functions shown are of a hypothetical nature, three aspects regarding use
of expert knowledge must be considered in future practical implementation of fuzzy
models to assess SD: (1) criteria that determine necessary qualifications of experts, (2)
proper elicitation of expert knowledge to construct a membership function, and (3)
methods to test reliability of a membership function. Reliability of a membership
function is also important with regard to verification and validation of the fuzzy
model (Chang and Hall, 1992).

A potential problem in the practical application of the fuzzy model applying
approximate reasoning concerns the combinatorial nature of the fuzzy rules. For
example, the assessment of the contribution of n SI to SD using two linguistic values
(e.g., acceptable and unacceptable) results in a fuzzy rule base of 2" rules. Therefore,
with increasing number of SI the number of fuzzy rules in the fuzzy rule base
increases exponentially. In other words, because of the exponentially increasing
number of fuzzy rules, the fuzzy rule base soon becomes nontransparent and difficult
to apply. A possible way to overcome this problem is to consider as few SI as possible
by choosing them mutually independently. For example, if two SI show high
correlation, then both SI should be replaced by one new SI. The fuzzy model applying
fuzzy set aggregation operations avoids problems concerning the combinatorial nature

of a fuzzy rule base.

3.5 CONCLUSIONS

A decision-making process regarding SD is first and foremost a political and,
therefore, a subjective issue (Bockstaller et al., 1997; Silvert, 1997; de Graaf and
Musters, 1998). Although the attitude toward SD might be a subjective one, fuzzy set
theory enables a formal mathematical framework to link human expectations about
SD, expressed in linguistic propositions, to numerical data, expressed in
measurements of SI. The fuzzy models developed in this paper, therefore, provide a
novel approach to support decision-making regarding sustainable development.

Current research applies both fuzzy models in practice.
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4.1 INTRODUCTION

Public concern about, for example, food security and food safety, environmental
degradation, and human and animal welfare nowadays is an important frame of
reference for the development of agricultural production systems (e.g. Ruttan, 1997;
Pinstrup-Andersen and Pandya-Lorch, 1998; Safley, 1998; Frouws and van
Broekhuizen, 2000; Kunkel, 2000; OECD, 2000a). Such public concern emphasizes
that agriculture is a human activity which takes its shape from being at the meeting
point of natural systems and the rest of society (Thompson, 1986; Marsh, 1997,
Bland, 1999). The development of agricultural production systems, therefore, involves
two system levels (cf. Zoeteman, 2001). At society level, public concern is a
perception of the impact of present agricultural production practices on society. At
production system level, public concern finds a response in corrective measures to
production practices (Figure 4.1A). For example, public concern for welfare of laying
hens stimulated development of animal-friendly production practices like aviary and
deep-litter production systems (de Jonge and Goewie, 2000).
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Figure 4.1: An evaluative framework. In Figure 4.1A, development of agricultural
production systems builds on public concern about the impact of current agricultural activities
on society. Figure 4.1A is elaborated in Figure 4.1B to introduce a four-phased framework to
evaluate the development of agricultural production systems.
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Public concern is a linguistic expression of a complex problem which generally
can be characterized through multiple issues. Public concern regarding animal
welfare, for example, comprises issues regarding animal behavior, physiology, health
and production (de Jonge and Goewie, 2000). In an earlier paper (Cornelissen et al.,
2001), we proposed a four-phased framework which acknowledges that evaluating
development of agricultural production systems involves both society level and
production system level (Figure 4.1B). In Phase 1, the public concern is defined in its
specific context and relevant stakeholders of the problem are identified. For example,
welfare of laying hens is defined as a public concern in the Netherlands and farmers,
consumers, veterinarians and scientists might be identified as relevant stakeholders. In
Phase 2, context-dependent issues which characterize the public concern are
determined by the stakeholders. For example, space allowance and the resultant
possibility for hens to move is a relevant issue regarding welfare of laying hens. In
Phase 3, issues are translated into measurable, context-dependent indicators. For
example, the issue <possibility to movey is translated into the indicator <stocking
density> which at production system level is measured as the number of hens per m®.
Phase 4 of the framework consists of three steps. In Step 1, indicators are measured to
gather information: e.g. «stocking density is x hens per m. In Step 2, information
gathered is interpreted: e.g. «stocking density is acceptable>. In Step 3, interpreted
information is integrated to derive a conclusion: e.g. <if stocking density is acceptable,
then the possibility for hens to move is good>.

Following Zadeh's «principle of incompatibility» (Zadeh, 1973) - which is
based on how humans understand and manage complexity - information obtained at
production system level through measuring indicators (stocking density is x hens per
m?) typically is interpreted at society level in imprecise, linguistic terms (stocking
density is acceptable). In other words, according to Zadeh's principle there exists a
trade-off between the complexity of a problem and the precision in formulating
conclusions on the problem (Ruspini and Mamdani, 1998).

To make Phase 4 operational, we suggested the use of fuzzy models to link
measurable information and its linguistic interpretation (Cornelissen et al., 2001).
Membership functions (MFs) are at the core of fuzzy models, and proper use of such
models, therefore, depends on proper construction of MFs (Krishnapuram, 1998). A
number of elicitation methods are available to construct MFs using expert knowledge.
Such MFs, however, are considered to be both the strongest and the weakest point of
fuzzy models. They are the strongest, because MFs provide an understandable
linguistic, context-dependent interpretation of information. They are the weakest,
because MFs, paradoxically, are often regarded as too subjective with regard to their
construction (Munda et al., 1992).
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We propose that criticism regarding the inherent subjectivity in the construction
of MFs mainly builds on two reasons. First, if expert knowledge is used to construct
MFs, then proper selection of experts must ensure the use of appropriate expert
knowledge. However, a justification for the selection of experts generally is absent in
studies applying fuzzy models. Second, studies which apply expert knowledge to
construct MFs either emphasize theoretical rather than practical aspects of elicitation
methods (e.g. Norwich and Tiirksen, 1984; Giles, 1988; Blishun, 1989), or do not
discuss the construction of MFs at all (e.g. Bosserman and Ragade, 1982; Angel et al.,
1998; van der Werf and Zimmer, 1998). Therefore, as fuzzy models promise to be a
valuable tool in evaluating development of agricultural production systems, a practical
procedure to warrant proper selection of both experts and methods to elicit expert
knowledge is needed.

The objective of this paper is to outline such a procedure and, thus, deal with
criticism regarding the inherent subjectivity in the construction of MFs using expert
knowledge. The procedure must constitute (i) criteria which qualify a person as an
expert, and (i1) a selection of methods to elicit expert knowledge and construct MFs in
a variety of practical situations. To realize (i), a foundation which can be used to
define selection criteria is needed (section 4.2.1). In addition, it is meaningful to
distinguish between the role of stakeholders and the role of experts in the evaluative
framework (section 4.2.2). To realize (ii), first the essence of fuzzy modeling is
briefly discussed (section 4.3.1) to provide the reader with an adequate background to
consider a list of suitable elicitation methods (section 4.3.2) which enables a
comparison of these methods to support their practical application (section 4.3.3).
Next, the full procedure to elicit expert knowledge (section 4.4) is demonstrated using

an illustrative example on the welfare of laying hens (section 4.5).

4.2 CRITERIA TO SELECT EXPERTS

4.2.1 FOUNDATION TO DEFINE SELECTION CRITERIA

Criteria to select experts guarantee elicitation of appropriate expert
knowledge, i.e. they guarantee the quality of the expert knowledge required (Ram and
Ram, 1996). Three aspects are important: how is expert knowledge obtained, which
expert knowledge is available, and which combination of expert knowledge is

preferred?
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An expert is a person whose knowledge in a specific domain (e.g. welfare of
laying hens) is obtained gradually through a period of learning and experience
(Bromme, 1992; Turban, 1995). Learning and experience influence a person's
cognitive, judgmental, social, creative, analytical, and procedural behavior
(Greenwell, 1988). According to Greenwell, especially a person's judgmental and
analytical behavior provide tangible points of departure to define criteria identifying
experts.

A person's judgmental behavior relates to making decisions, weighting
evidence and assessing consequences; a person's analytical behavior relates to
examining a complex problem through dealing with it in terms of mutually related
parts (Greenwell, 1988). Within the evaluation framework in Figure 4.1B, an expert's
judgmental and analytical experience typically is used at the boundary of both system
levels. An expert, therefore, is familiar with an analysis of the public concern in terms
of multiple issues (e.g. an analysis of the welfare of laying hens in terms of
behavioral, physiological, health and production issues), and is able to judge
measurements of indicators corresponding to these issues in linguistic terms (e.g.
judge <stocking density> in terms of <acceptabley and <unacceptabley). A person's
experience can be theoretical (e.g. experience obtained from scientific research),
practical (e.g. experience obtained from farming practice) or a combination of both
(e.g. experience obtained in the extension service or at experimental farms) (Bromme,
1992; Schreiber et al., 2000).

Expert knowledge is influenced by individual perspectives and goals (Ford
and Sterman, 1998). Complete impartiality of expert knowledge, therefore, is difficult
to achieve. An important consideration in the selection of experts is whether to use a
heterogenous group of experts (e.g. both scientists and farmers) or a homogenous
group of experts (e.g. only scientists). The effect of differences in personal experience
on an expert's judgment is assumed to be smaller in a homogenous group compared to
a heterogenous group. Scientists, therefore, might come to a different evaluation of
production systems in terms of animal welfare than farmers (Kunkel, 2000). Such
differences, however, are not necessarily disadvantageous. A heterogenous group of
experts can have an advantage over a homogenous group through considering all
opinions and, thus, compensating for dissenting points of view by more liberal ones
(cf. Reuzel, 2001).

In summary, criteria to identify experts are based on (I) a person's period of
learning and experience in a specific domain of knowledge, thus influencing his or her
judgmental and analytical behavior, and are based on (II) the specific circumstances in
which experience is gained, e.g., in theoretical or practical circumstances. Criteria
based on (I) to identify experts regarding welfare of laying hens among a group of

scientists, for example, can be the number of projects on welfare of laying hens a
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person has been working on, the number of scientific publications a person has
published on the subject, a person's involvement in public debates on the subject, or
the length of a person's period of learning and experience (cf. Ram and Ram, 1996).
Criteria based on (II) consider whether a heterogenous or a homogenous group of
experts is preferred. Criteria can be assessed by both the person who is a candidate-
expert, and by his or her peers. Although there exists no definite list of criteria, and
even if criteria at best are formulated qualitatively, the important contribution is that

the basis on which experts are to be selected is transparent and public.

4.2.2 DISTINGUISHING BETWEEN STAKEHOLDERS AND EXPERTS

Regarding the use of expert knowledge within the evaluation framework in
Figure 4.1B, it is important to distinguish between the role of «experts» in Phase 4
and the role of «stakeholders» in Phases 1 and 2. That is, experts are not necessarily
stakeholders and stakeholders are not necessarily experts. Stakeholders can be any
group or individual who can affect or is affected by the behavior of the system
(Mitchell et al, 1997; Greenwood, 2001). The role of stakeholders and experts in the
evaluation framework is different, and so are the criteria for selection. Mitchell et al.
(1997), for example, present a comprehensive discussion of possible criteria to define
stakeholders. The difference between experts and stakeholders can be demonstrated
by considering the role of expert and non-expert witnesses in law (Lectric Law
Library, 2002). An expert witness is allowed to give an opinion on the meaning of
facts observed. Non-expert witnesses, however, only are allowed to affirm the facts
observed but cannot give an opinion on the meaning of these facts. Experts, on the
one hand, are allowed to give an opinion on the meaning of information gathered.
Stakeholders, on the other hand, are allowed to formulate the relevant issues but
cannot give an opinion on the meaning of information.

Thus, a person who qualifies as a stakeholder not necessarily qualifies as an
expert, as stakeholders and experts are selected on the basis of different criteria. For
example, although consumers are considered stakeholders regarding the welfare of
laying hens in Dutch egg production systems (de Jonge and Goewie, 2000), they are
not necessarily experts qualified to judge whether specific stocking densities are

acceptable with respect to a hen's possibility to move.
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4.3 ELICITATION OF EXPERT KNOWLEDGE

4.3.1 ESSENCE OF FUZZY MODELING

Fuzzy models are based on the theory of fuzzy sets (Zadeh, 1965) and, as
discussed in Cornelissen et al. (2001), use MFs to operate «linguistic variables» and
interpret indicator information using expert knowledge. In Figure 4.2, a linguistic
variable A is characterized by: (i) name of A, (ii) base variable x of A, (iii) linguistic
value A; of A (i = 1...N), and (iv) membership function nz; of A; (adapted from
Zadeh, 1975a,b; Klir and Yuan, 1995). At society level, if <stocking density» is the
name of A, then <acceptable> (A|) and nacceptable> (A,) are linguistic values A; of
A (N = 2). At production system level, indicator «stocking density> is measured as x
hens per m? which is the base variable of A. A membership function px defines
linguistic value A; by determining the degree pai(x) to which stocking density x is
<acceptable>, pxi(x), or unacceptabley, pax(x), by assigning to each x a value pa;i(x)
between 0 and 1. In Figure 4.2, the degree pa;(x) to which stocking density x is
<acceptable> decreases with increasing stocking density. Thus, if pzi(x) = 1, then
linguistic statement <stocking density is acceptable> is true; if pai(x) = 0, then
linguistic statement «stocking density is acceptable> is not true; and if 0 < pa;(x)< 1,
then pai(x) defines the degree to which linguistic statement <stocking density is
acceptable» is true. In Figure 4.2, A, is the standard fuzzy complement of A;, so that
Li2(x) = 1 — pai(x) (Klir and Yuan, 1995).

Table 4.1 illustrates linguistic variables in three practical examples. The
example <sustainable development» is based on de Boer and Cornelissen (2002); the
example <animal welfarey is based on the illustrative example used in this paper. The
example <height of men» is a common illustration in the literature on fuzzy set theory
(Tiuirksen, 1991). The construction of p3;, i.e. the interpretation of base variable x in

terms of linguistic value A, is realized by eliciting expert knowledge.
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4.3.2 ELICITATION METHODS

Different methods are available to elicit expert knowledge for the construction
of membership functions. Different methods are based on different assumptions
regarding the way an expert determines the degree pa;(x) to which x has property A;
(Giles, 1988). Four elicitation methods are presented. «Point estimation» (or polling),
«interval estimation», and «direct rating» originate from the literature (Hersch and
Caramazza, 1976; Norwich and Tirksen, 1984; Chameau and Santamarina, 1987;
Tiirksen, 1991; Kaymak, 1998; Krishnapuram, 1998); «transition interval estimation»

is developed in this paper as an alternative to the other elicitation methods.

< Society level )

L Stocking Density (A) J (i) Name of A

/s ix
[ Acceptable (Al) } [Unacceptable (AZ)

(iii) Linguistic value Ai of A

I A,(x)

(iv) Membership function M of A

x hens per m? (ii) Base variable x of A

( Production system level )

Figure 4.2: Essence of fuzzy modeling. At society level, linguistic variable A is characterized
by (i) name of A, (iii) linguistic value A; of A, and (iv) membership function pz; of A;. At
production system level, A is characterized by (ii) base variable x of A (based on Zadeh,
1975a,b; Klir and Yuan, 1995).

For each elicitation method, the expert evaluation mode (i.e. the way an expert
evaluates the degree to which x has property A;), the way an overall assessment of
uai(x) is computed from individual expert assessments, the meaning of overall

assessment pzi(x), the number of experts needed to obtain a proper MF, and the
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characteristics of the MF constructed are discussed and illustrated. Further,
advantages and disadvantages of elicitation methods are considered and, on this basis,
elicitation methods are compared in section 4.3.3 to support their practical

application.
4.3.2.1 POINT ESTIMATION

In point estimation (PE), an expert p (p = 1...P) determines unambiguously
whether each x does or does not have property A;, i.e., an expert's response is crisp.
Expert p, therefore, assesses if pai(x), has value 1 or 0. An overall assessment pa;(x)

is computed as
1 P
hy () =5 2 m5 (0, [4.1]
p=1

where pa;(x) = 0.6 means that 60% of P experts determine that x has property A;. To
obtain a proper MF, therefore, more than one expert is needed (Klir and Yuan, 1995).
The MF constructed is characterized by data points pai(x).

Recall from Figure 4.2 that stocking density is measured as x hens per m?* and
an expert evaluates stocking density in terms of acceptable> (A;) and <unacceptable>
(A2). In Figure 4.3A, expert p determines if stocking density x is <acceptable> (uz1(x),
= 1) or if stocking density x is <unacceptable> (uai(x), = 0). Expert p, therefore,
determines an unambiguous distinction x, = 12 hens per m” between acceptable
stocking densities (x < 12 hens per m?) and unacceptable stocking densities (x > 12
hens per m?). An overall assessment pz;(x) = 0.6 means that 60% of P experts
determines that stocking density x is acceptable.

The main advantage of PE is the simple processing of elicited expert
knowledge. Also, PE can be applied to nominal, discrete and continuous base
variables. The main disadvantage of PE is the contradiction between the crispness of
the expert response mode (i.e. x does or does not have property A;) and the fuzziness
inherent in human interpretation of information (i.e. x has property A; to a degree)
(Zadeh, 1973). Also, experts need to evaluate a number of individual x within the
relevant range U of the base variable. Therefore, if a large number of x needs to be
evaluated, then practical application of PE can be laborious and time-consuming for
an expert, and influence the reliability of expert evaluations (Nunnally, 1978;

Chameau and Santamarina, 1987).
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Table 4.1: Practical examples. Characteristics (i) through (iv) of a linguistic variable illustrated using examples regarding <sustainable development,
<animal welfare» and <height of men>.

Sustainable Development Animal Welfare Height of Men
(de Boer and Cornelissen, 2002) (this study) (Tiirksen, 1991)
issues € public concern” economic, ecological and societal behavioral, physiological, health man € men
issues € sustainable development and production issues € animal
welfare
secure farm continuity e
sustainable development of egg possibility to move € welfare of
___________________________________ production systems ___________________layinghens i
context of public concern the Netherlands the Netherlands North America
(i) linguistic variable A labor profit stocking density height
2
(ii) base variable x of A x NLG (x 1000) X hens per m X meters
and its relevant range~U ) U= [0, 100] U =10, 30] U =10, 2.20]
(iii) linguistic value A; of A, high acceptable tall

i.e., property A; of x

e cvaluation of labor profit of egg e  evaluation of stocking density of {e evaluation of the height of a man

production systems by an expert laying hens by an expert who by an expert who uses property
who uses property high uses property acceptable tall according to his/her
(iv) membership function p; according to his/her according to his/her understanding of the term within
of A; understanding of the term within understanding of the term within the context of the height of a man
the context of labor profit of egg the context of stocking density of in North America
production systems in the laying hens in egg production
Netherlands systems in the Netherlands

" The example on <height of men> is an example often used in the literature to illustrate fuzzy set theory in general.
* The symbol e denotes that multiple issues are <an element of> a public concern, i.e. that a public concern comprises multiple issues.
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Figure 4.3: Elicitation methods. Four methods to elicit expert knowledge: point estimation
(4.3A), interval estimation (4.3B), direct rating (4.3C), and transition interval estimation
(4.3D). Expert p determines the degree wii(x) to which base variable x (hens per m’) is A,
<Acceptable> by determining xr, (4.3A), by determining interval A,, (4.3B), by determining
pai(x), (4.3C), or by determining interval T, (4.3D).
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4.3.2.2 INTERVAL ESTIMATION

In interval estimation (IE), an expert p determines a sharply defined interval
(over the relevant range U of the base variable) containing values of x for which
property A; applies, i.e., an expert's response is crisp. Expert p, therefore, determines
interval A;, on U for which pgi(x), has value 1. An overall assessment pai(x) is
computed using Equation 4.1 where pzi(x) = 0.6 means that 60% of P experts
determines that x is in the interval A;. As in PE, more than one expert is needed to
obtain a proper MF (Klir and Yuan, 1995). The MF constructed is characterized by
data points pLai(x).

In Figure 4.3B, expert p determines an interval Ay, that contains all stocking
densities x which the expert considers <acceptable>. Expert p, thus, determines an
unambiguous distinction xr, = 12 hens per m’ between acceptable and unacceptable
stocking densities as in PE. An overall assessment pz;(x) = 0.6 means that 60% of P
experts determines that stocking density x is acceptable.

The main advantage of IE is the simple processing of elicited knowledge.
Also, by defining an interval over U practical application of IE is less laborious and
time-consuming for an expert compared to evaluating individual x of U. As in PE, the
main disadvantage of IE is the crispness of the response mode required from experts.
Also, the range of application of IE is limited because the elicitation method cannot be

applied to nominal base variables.

4.3.2.3 DIRECT RATING

In direct rating (DR), an expert p directly determines the degree pai(x) to
which each x has property A, i.e., fuzziness is allowed in an expert's response. Expert
p, therefore, assigns to each x a value pzi(x), from the interval [0,1]. An overall
assessment Lii(x) is computed using Equation 4.1 where pzi(x) = 0.6 means that on
average x resembles a typical value x;, which truly has property A; (i.e. pai(x;) = 1), to
a degree of 0.6. One expert can be sufficient to obtain a proper MF (Klir and Yuan,
1995). The MF constructed is characterized by data points pa;(x).

In Figure 4.3C, expert p determines the degree to which stocking densities are
<acceptabley by assigning a value from the interval [0,1] to stocking density x. For
example, expert p evaluates x = 9 hens per m” as nai(9), = 0.9, i.e., expert p considers

a stocking density of 9 hens per m” to be acceptable to a degree of 0.9. An overall
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assessment pzi(x) = 0.6 means that, on average, P experts determine that stocking
density x resembles a truly acceptable stocking density to a degree of 0.6.

The main advantage of DR is that it allows fuzziness in an expert's response
mode, i.e., DR does not force experts to determine whether x does or does not have
property A;. Also, DR can be applied to nominal, discrete and continuous base
variables. A disadvantage of DR, however, can be the low reproducibility of pai(x),
due to the assignment of precise numerical grades and because small differences in
numerical values for pz;i(x), may not seem to matter to an expert (Leung, 1981). As in
PE, if a large number of x needs to be evaluated, then practical application of DR can
be laborious and time-consuming for an expert, and influence the reliability of expert

evaluations (Nunnally, 1978; Chameau and Santamarina, 1987).

4.3.2.4 TRANSITION INTERVAL ESTIMATION

Table 4.2 summarizes expert evaluation modes and expert response modes
regarding PE, IE and DR. In the literature, no distinct elicitation method was found
that allowed the expert evaluation mode to use intervals rather than judging individual
x of U and, at the same time, allowing an expert's response mode to be fuzzy rather
than crisp. Based on a crude concept described in Macvicar-Whelan (1978), transition

interval estimation (TIE) was developed to fill this gap.

Table 4.2: Expert assessment in relation to expert response mode. Elicitation methods” originating
from the literature categorized based on expert assessment and expert response.

EXE3
expert response

crisp fuzzy
. individual x of U PE DR
expert assessment
interval on U IE

"PE = point estimation; IE = interval estimation; DR = direct rating.
Expert assessment can be done by judging individual x of U, or by defining an interval on U.
Expert response can be unambiguous, i.e., crisp, or allow fuzziness.

In TIE, expert p determines an interval (over the relevant range U of the base
variable) containing values of x for which expert p can make no unambiguous
distinction whether property A; does or does not apply, i.e., TIE allows a fuzzy
response. Expert p, therefore, determines transition interval T, on U bounded by [Xmin-
p> Xmaxp] for which xminp < x < Xmaxp and 0 < pai(x), < 1. The minimum value and

maximum value in itself, however, are not meaningful: they can be characterized by
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the center point of and the range between both values. An overall assessment pzi(x) in
transition interval T, therefore, can be based on a linear transition characterized by

center point xn,, and range d, of T,

1 P
and
1 P
d= = pzl“dp and d, = Xmax-p — Xminp [4.2b ]

where x;, is the mean center point of T based on P assessments xn,, (Equation 4.2a),
and d is the mean range of T based on P assessments d,, (Equation 4.2b). One expert,
therefore, is sufficient to obtain a proper MF. Transition interval T is bounded by

[Xmins Xmax] Where Xmin and xp,.x are defined as

d
X . =X —— 43a
min m 2 [ ]
and
d
Xmax :Xm +5 [4'3b]

Next, pai(x) is computed as

[
Oorl when x < Xpin
Hy(xX)= ( 05% % when Xmin < X < Xmax [44]
Oorl when x > Xmax
\

where pai(x) = 0 for x < xpin and pgi(x) = 1 for x > xpmax if the £-sign is positive, i.e.,
HAi(x) is linearly increasing with increasing x. If the t-sign is negative, then the
assessment of pzi(x) in Equation 4.4 for x < xmi, and x > xm,x 1S reversed, i.e., pzi(x) is
linearly decreasing with increasing x. As we consider this a first exploration in the
possibilities of TIE, we have used the most elementary shape, i.e. a linear transition,
to express the change in pai(x) over transition interval T. The transition of pai(x) over
T, for example, also could be non-linear. The MF constructed is characterized by

Equation 4.4. Additionally, on condition that only linear transitions are used in
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Equation 4.4, parameter d can be interpreted as a measure of fuzziness to express the
uncertainty among experts regarding the change-over between x is A; and x is not-A;.
In Figure 4.3D, expert p determines transition interval T, bounded by xminp, = 6
hens per m? and Xmax-p = 18 hens per m°. Thus, expert p considers stocking densities
smaller than 6 hens per m” to be acceptable, stocking densities greater than 18 hens
per m” to be unacceptable, and stocking densities between 6 and 18 hens per m” to be
intermediate between completely acceptable and completely unacceptable. An overall
assessment pii(x) = 0.6 means that, on average, P experts determine that x is in the
interval T, i.e. P experts cannot determine unambiguously that x is either A; or not A.
The main advantage of TIE is that experts do not have to determine precise
numerical assignments pii(x). Expert response mode can be fuzzy through defining an
interval for which 0 < pai(x) < 1 without precisely having to specify pai(x). In
addition, TIE is less laborious and time-consuming for an expert. A main
disadvantage of TIE can be that the expert evaluation mode is less straightforward
through the assignment of boundary values Xyinp and xmaxp of T, compared to PE and
IE. Also, the range of application of TIE is limited because the elicitation method

cannot be applied to nominal base variables.

4.3.3 COMPARISON OF ELICITATION METHODS

In Table 4.3, a qualitative comparison based on a practical application of
elicitation methods is presented. The comparison considers (I) the range of
application, (II) the ease of the response mode for experts, and (III) the ease of
constructing and interpreting MFs.

Regarding (I), both PE and DR can be applied to nominal, discrete and
continuous base variables, whereas both IE and TIE cannot be applied in case the base
variable is nominal. Regarding (I), PE and DR in Table 4.3 are the most appropriate
elicitation methods.

Regarding (II), the response mode of an expert in PE or IE is straightforward:
the expert determines whether base variable x does or does not have property A;. Both
elicitation methods, however, do not allow fuzziness in the response mode of an
expert and require a potentially difficult to define unambiguous threshold (Silvert,
1997). DR, in contrast, does allow fuzziness in an expert's response, but requires a
potentially difficult to define precise numerical value (Leung, 1981). TIE provides a
method that does allow fuzziness in expert response mode, and does not require a

precise numerical evaluation as in DR. In contrast to PE and IE, however, the expert
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evaluation mode for TIE might be less straightforward. Regarding (II), TIE in Table

4.3 is the most appropriate elicitation method.

Table 4.3: Qualitative comparison of elicitation methods. Comparison of four methods” to elicit
expert knowledge to support their practical application.

criteria elicitation method™

PE IE DR TIE
(1) range of application

applicable to all types of base

variables (nominal, discrete and + — + —
continuous)

one expert is sufficient to obtain a
proper MF

(2) ease of response mode for
experts

response mode is straightforward + + -
response mode is consistent + + -
response mode allows fuzziness - - +
response mode is not time-
consuming

+ o+

(3) ease of constructing and
interpreting MFs

construction of MFs is
uncomplicated
interpretation of MFs is
straightforward

" Point estimation (PE), interval estimation (IE), direct rating (DR), and transition interval estimation (TIE).
** For (+) the method fulfills the criterion; for () the method does not fulfill the criterion.

Regarding (IIT), all four elicitation methods use rather uncomplicated
procedures to construct MFs, i.e., Equations (4.1) through (4.4). MFs constructed
from elicited knowledge applying PE, IE, and DR, however, are characterized only by
data points pzi(x), whereas the MF constructed from elicited knowledge applying TIE
provides an additional uncertainty measure d which defines the degree of fuzziness in
expert evaluation. A similar numerical measure is available for results from PE, IE or
DR only after characterizing available data points using, for example, logistic
functions (cf. Brown and Rothery, 1993). Further, PE and IE need more than one
expert to obtain a proper MF which can lead to problems if experts in a certain
domain of knowledge are hard to find. Regarding (III), TIE in Table 4.3 is the most

appropriate elicitation method.
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Table 4.3 can be used in practical situations to support decisions regarding the

choice of elicitation method to apply.

4.4 PROCEDURE TO ELICIT EXPERT KNOWLEDGE

A six-step procedure to elicit expert knowledge is developed based on criteria

to select experts, and on the choice of a method to elicit expert knowledge.

Step 1

Step 2

Step 3

Step 4

Step 5

Step 6

Domain of Knowledge:

define the domain(s) of knowledge vrepresented in the issues and
corresponding indicators selected.

Candidate-Experts:

identify candidate-experts within each domain of knowledge: candidate-
experts can originate from various parts of society, e.g., universities, extension
services, farming communities, or pressure groups.

Selection Criteria:

criteria are based on (I) a person's period of learning and experience in a
specific domain of knowledge, and (Il) the specific circumstances in which
experience is gained.

Selection of Experts:

criteria can be assessed by the person who is a candidate-expert, and by his or
her peers.

Elicitation Method:

determine the elicitation method(s) to be applied considering (I) the range of
application, (Il) the ease of the response mode for experts, and (Ill) the ease of
constructing and interpreting MFs.

Knowledge Elicitation:

prepare written questionnaires or oral interviews to elicit expert knowledge.

A body of literature is available to properly prepare and apply Step 6 in the

procedure (e.g. Welbank, 1983). An in-depth study of step 6, however, is beyond the

objectives of this paper.
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4.5 ILLUSTRATIVE EXAMPLE

4.5.1 APPLYING THE SIX-STEP PROCEDURE

4.5.1.1 SELECTION OF EXPERTS

An increasing number of Dutch consumers objects to battery housing systems
that interfere with the natural behavior of laying hens (de Jong and Goewie, 2000).
Battery housing systems, for example, provide less possibilities for hens to move
freely compared to animal-friendly housing systems like aviary systems or deep-litter
systems. Providing a possibility for hens to move, therefore, is considered an
important issue in relation to welfare (Appleby and Hughes, 1991; Blokhuis and
Metz, 1992; Bokkers, 1995a). Two animal welfare indicators which determine a hens
possibility to move have been selected in this illustrative example (Bokkers, 1995b):
stocking density (AWI;) and presence of perches (AWI,). Table 4.4 defines
characteristics of selected linguistic variables. The domain of knowledge, therefore, is
the welfare of laying hens in Dutch egg production systems and, specifically, the
influence of stocking density and presence of perches on a hen's possibility to move
(Step 1).

Eighteen candidate-experts were identified with the assistance of an ethologist
of Wageningen University. The group of candidate-experts consisted of animal
scientists, ethologists and researchers at experimental farms employed at Wageningen
University and Research Center, and professionals from two societal institutions: the
Dutch Society for the Protection of Animals and the Agricultural Extension Service
(Step 2).

Selection criteria used were the number of projects a person was involved in
regarding the domain of knowledge defined, a person's involvement in public debate,
and the length of time of a person's experience in the domain of knowledge. Because
of widely varying points of view within the domain of knowledge, a heterogenous
group of experts was preferred (Step 3). After being approached to participate in this
study, five candidate-experts declined participation because they were no longer
working and, therefore, were no longer up-to-date in the domain of knowledge.

Finally, 13 experts contributed to this study (Step 4).
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Table 4.4: Characteristics of selected linguistic variables. Two animal welfare indicators (AWI; and AWI,) which influence a hens possibility to move:
selected linguistic variables and corresponding characteristics.

Indicator Linguistic Variable Linguistic Values (A;) Base Variable Type of Base Variable Relevant Range
of Base Variable
AWI, stocking density acceptable (A)) hens per m* continuous [0, 30]

unacceptable (A,)

AWI, presence of perches acceptable (Al ) level 1: present nominal -
unacceptable (A;) level 2: not present




4.5.1.2 ELICITATION OF EXPERT KNOWLEDGE

Regarding Step 5, transition interval estimation was applied for AWI;, whose
base variable is continuous. Results obtained from TIE are used to also illustrate PE
and IE. To illustrate PE, center point x,, in TIE is considered to be equal to xt, in PE
(Figure 4.3). To illustrate IE, the interval [0, xmp] on U is considered to be equal to the
interval A, on U in IE (Figure 4.3).

Direct rating was applied for AWI,, whose base variable is nominal. DR,
however, was modified (DRy,0q) to further align the expert response mode with TIE.
Rather than defining a precise numerical assignment pi;(x), experts in DRyoq defined
an interval on [0,1], i.e., a p-interval bounded by [Wmin-p, Mmax-p] In Which x has
property A; to a degree pai(x) and Hminp < HA1(X)p < Hmaxp- Next, pai(x), is defined as
the center point of the p-interval.

Experts contributed by way of written questionnaires which consisted of an
introduction to this study, an example illustrating the evaluation mode and the
response mode required, and the actual evaluation of AWI; and AWI, (Step 6).

4.5.2 RESULTS

Table 4.5 and Figure 4.4 show results of applying TIE for AWI,. The resulting

MFs pa; and pa» which define linguistic values <Acceptable> (A ;) and <Unacceptable»
(A,) are

. HA1 [ [29V)
1 0 X<62

. 0.5—% . 0.5+% 62<x<11.6 [4.5]
0 1 x>11.6

L \

where A, is the standard fuzzy complement of A; (Klir and Yuan, 1995). Experts,
therefore, consider stocking densities to change from acceptable to unacceptable at

approximately 9 hens per m” regarding a hen's possibility to move.
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Table 4.5: Expert elicitation results (I). Results of applying transition interval estimation for AWI,;
(Stocking Density).

o, . *
transition interval T,

*
*
*
*

expert p Xmin-p Xmax-p Xmp d,
1 3 8 5.5 5
2 7 17 12 10
3 1 4 25 3
4 2 8 5 6
5 6 12 9 6
6 6 12 9 6
7 2 4 3 2
8 5 8 6.5 3
9 6 9 7.5 3
10 10 14 12 4
11 7 10 8.5 3
12 6 20 13 14

13 20 25 22.5 5
Xm d
8.9 5.4
(sd™5.3) (sd™ 3.3)

i Expertp (p=1...P, P = 13) determines transition interval T, bounded by Xyin., and Xy, between acceptable
and unacceptabel stocking densities over a relevant range of [0, 30] hens per m".

Mean centre point x,, and mean range d to construct MF are computed on the basis of P assessments x,,, and
d

i ..
sd = standard deviation

1O OO0 @@ @0 - - - - - - -

© .
a 08+ ----- O O- - - - - s s s s s s s s s
£ °
e O’O’Q’ ””””””””””””””” ¢ TIE
o4l OPE/IE
o oo
021 -----"------------" O - - - s s s s s e e e
. O 00000000
0176060606066 66660600000000
0 5 10 15 20 25 30

x hens per m?

Figure 4.4: Membership functions (I). Membership function pj constructed for AWI,
(Stocking Density) using transition interval estimation (TIE), and point estimation/interval
estimation (PE/IE).

Table 4.6 shows practical results when implementing Step 2 of Phase 4 in the

evaluation framework of Figure 4.1. Based on MF pa; in Equation 4.5, minimum
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standards - according to European Union legislation — concerning stocking densities
in different egg production systems are examined for their degree of truth pzi(x)ms
regarding the linguistic statement <Stocking Density is Acceptable>. Experts consider
biological egg production systems to provide the most acceptable stocking densities in
relation to a hen's possibility to move (pna(x)rie = 0.9), they are inconclusive where
the acceptability of stocking densities for deep-litter and aviary systems is concerned
(na1(x)Tie = 0.5), but they consider stocking densities in systems with enriched cages

and battery cages as completely unacceptable (pa;(x)me = 0).

Table 4.6: Expert evaluation of stocking density. Minimum standards for
stocking densities in different egg production systems according to
European Union legislation, and expert evaluation of their acceptability A,
applying transition interval estimation (Wz;(X)tE).

egg production system stocking density Ma1(X)Tie
(x hens per m?)

biological 6 0.9
deep-litter 9 0.5
aviary 9 0.5
enriched cage 13 0
battery cage 18 0

Table 4.7 and Figure 4.4 show results for both PE and IE, based on the set of
data in Table 4.5 obtained from applying TIE. In Figure 4.4, the MF from TIE shows
a smaller degree of fuzziness compared to the MF from PE/IE, because of lower
sensitivity of TIE to outliers (i.e. the response of expert 13 in Table 4.5). Considering
that both MFs are based on the same set of data, the difference seems to be systematic
(cf. Santamarina and Chameau, 1987).

Table 4.8 and Figure 4.5 show the results of applying DR;,0q for AWIL,. One
expert did not respond, and one expert did not correctly respond to the questionnaire
regarding AWI,, so P = 11. The degree pa;(x) to which level 1 (perches present) is
<Acceptabley is 0.9; the degree paj(x) to which level 2 (perches not present) is
«Acceptable> is 0.2. Experts, therefore, consider the presence of perches an important

contribution to a hen's possibility to move.
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Table 4.7: Expert elicitation results (II). Results of both point estimation and interval estimation for AWI,; (Stocking Density) over a

relevant range of [0, 30] hens per m’.

x o 1 2 3
SuaG),= 13 13 13 12
1)

i (v) 1 1 1 09

4 5 6 7 8 9 10 11 12 13 14...22  23...30

11 11 9 8 7 6 4 4 4 2 1 0

08 08 07 06 05 05 03 03 03 02 0.1 0

Note: results are derived from applying transition interval estimation assuming x,,, = xt, for point estimation, and assuming interval [0, x,] =

interval A, for interval estimation.



Table 4.8: Expert elicitation results (I11). Results of applying modified direct rating for AWI,
(Presence of Perches) which has two levels: perches present (level 1) and perches not present (level
2).

u,-interval for level 1 (perches present)’

expert p Mmin-p Mmax-p range “Al(level l)p
1 0.8 1 0.2 0.9
2 0.5 0.8 0.3 0.7
3 1 1 0 1
4 0.8 1 0.2 0.9
5 0.6 0.9 0.3 0.8
6 1 1 0 1
7 0.9 1 0.1 1
8 0.8 1 0.2 0.9
9 0.7 0.9 0.2 0.8
10 0.75 1 0.25 0.9
11 1 1 0 1
mean range 0.2 (sd” 0.1)
px(level 1) 0.9 (sd™ 0.1)
p,-interval for level 2 (perches not present)*
expert p Mmin-p Mmax-p range MAl(level 2)]3
1 0 0.2 0.2 0.1
2 0.1 0.4 0.3 0.25
3 0 0 0 0
4 0 0.2 0.2 0.1
5 0.1 0.6 0.5 0.35
6 0.5 1 0.5 0.75
7 0 0.1 0.1 0.05
8 0.2 04 0.2 0.3
9 0.1 0.3 0.2 0.2
10 0.25 0.5 0.25 0.38
11 0 0.5 0.5 0.25

mean range 0.3 (sd”0.2)
pai(level 2) 0.2 (sd 0.2)

“Expertp (p=1...P, P = 11) defines the up-interval bounded by pminp and pimaxp, 00 a scale of 0 to 1 which
determines the degree to which levels of AWI, are acceptable (A)).
" sd = standard deviation
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Figure 4.5: Membership functions (II). Membership function 4, constructed for AWI,
(Presence of Perches) using modified direct rating.

4.6 DISCUSSION

Fuzzy models promise to be a valuable tool in evaluating the development of
agricultural production systems, as such development nowadays is directed by public
concern about the impact of current agricultural practices. Membership functions
(MFs) are at the core of such fuzzy models. The objective of this study was to outline
a procedure which dealt with criticism regarding the inherent subjectivity in the
construction of MFs when using expert knowledge. We suggested that such a
procedure should consider (i) selection of appropriate expert knowledge, and (ii)
selection of methods to elicit expert knowledge and construct MFs.

4.6.1 SELECTION OF EXPERT KNOWLEDGE

The criteria defined in this study to determine whether a person qualifies as an
expert are expressed in qualitative terms. Qualitative criteria increase the transparency
in selecting experts and, at least, prevent ad hoc choices. It is, however, possible to
quantify such criteria (Ram and Ram, 1996) using rating scales as described by
Nunnally (1978). The procedure to elicit expert knowledge, however, already is a
time-consuming activity. To fully quantify Steps 3 and 4 in order to establish a
person's degree of expert knowledge will occupy more of an expert's time and might
well diminish an expert's willingness to participate (Welbank, 1983). If, however, a
quantitative degree of expert knowledge for experts is determined, then Equations 4.1,
4.2a and 4.2b can be further adapted to include weighting of the contribution of
individual experts based on their degree of expert knowledge.
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Considering public recognition of final evaluation results, credibility can play
an important role in selecting experts. Experts reflect trustworthiness because they act
both in the public interest and with regard to actual technical standards and practice
(Kontic, 2000). In Figure 4.1B, experts typically have to empathize with situations at
both society and production system level. Although farmers have considerable
practical experience regarding the daily care of their animals, it remains to be seen
whether farmers are qualified to actually judge the welfare of their animals.
Credibility of evaluation in the eyes of the public or the authorities, however, may
well increase when farmers are included as experts (Kontic, 2000). Nevertheless,
farmers if not included as experts can still play an important role as a stakeholder in

the evaluation framework presented in this paper.

4.6.2 SELECTION OF ELICITATION METHODS

Qualitative comparison regarding practical application of four elicitation
methods showed that the appropriateness of an elicitation method and, therefore, the
choice of an elicitation method depends on the starting point for comparison: (1) the
range of application, (2) the ease of the response mode for experts, or (3) the ease of
constructing and interpreting MFs. Regarding (1), using PE and DR are appropriate
methods. Regarding (2) and (3), TIE is an appropriate method. The actual choice,
therefore, can depend on practical aspects like the type of base variables providing the
input for the fuzzy model. Also, the choice to use just one elicitation method can be a
rational one, thus requiring only a single response mode from the experts for all base
variables involved. According to Nunnally (1978) a single response mode can
increase the reliability of expert assessments. The choice for applying just one
elicitation method can also be preferred considering that different elicitation methods
result in different MFs for the same base variable, an effect that can be systematic
(Santamarina and Chameau, 1987).

Results of the illustrative example show that experts are able to assess a
measurable indicator in linguistic terms, which information can be used to construct
MFs as shown in Figure 4.4 and Figure 4.5. The procedure could be further improved
by using the supplementary information provided by standard deviations in Table 4.5,
and mean ranges and standard deviations in Table 4.8, to allow an expression of the
uncertainty regarding the reliability of a particular MF. This uncertainty can be
expressed through computing type-2 fuzzy sets (Klir and Yuan, 1995). However,
these authors also state that computational demands in defining type-2 fuzzy sets

generally outweigh the advantage of including the supplementary information.
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Phase 4 Modeling Phase 4

to gather information INPUT

<
measure indicators . MODEL
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define linguistic
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use expert knowledge
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construct membership
functions pj;,
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compute iz ,(x)
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to derive a conclusion . . .
[ combine piz,(x) ] [ combine p;(x) using J
using fuzzy aggregation approximate reasoning
Y Y
evaluation of system MODEL
development OuTPUT

Figure 4.6: Fuzzy models to evaluate development of agricultural production systems.
Operationalization of Steps 1 through 3 of Phase 4 in a fuzzy model (Cornelissen et al., 2001).

4.6.3 APPLICATION OF MEMBERSHIP FUNCTIONS IN FUZZY MODELS

Cornelissen et al. (2001) developed two fuzzy models to evaluate development
of agricultural production systems. In Figure 4.6, the results of Step 2 in Phase 4, i.e.
the emphasis of the study in this paper, are integrated in Step 3 using fuzzy
aggregation or approximate reasoning to derive a conclusion about the problem at
hand.

Integrating of all interpreted information provided by different indicators will
enable a more accurate conclusion. In Table 4.6, for example, experts were
inconclusive where the acceptability of stocking density in relation to a hen's
possibility to move in deep-litter and aviary systems was concerned. Integrating the
results on stocking density with additional results about the contribution of the
presence of perches to a hen's possibility to move will provide a more complete

understanding.
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4.7 CONCLUSION

Public concern nowadays is an important frame of reference for the
development of agricultural production systems. Fuzzy models promise to be a
valuable tool in evaluating such development, if a suitable response to criticism
regarding the inherent subjectivity in the construction of membership functions is
outlined. Also on the basis of the results in the illustrative example, the procedure
outlined in this study suitably deals with such inherent subjectivity and enables
practical implementation of a fuzzy evaluation of agricultural production systems.
Current research implements the procedure to build a fuzzy model which evaluates

egg production systems in relation to public concern about the welfare of laying hens.
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5.1 INTRODUCTION

Public concern about, for example, food security and food safety,
environmental degradation, and human and animal welfare nowadays is an important
frame of reference for the development of animal production systems (Kunkel, 2000).
Public concern for the welfare of laying hens, for example, has initiated development
of animal-friendly egg production systems (EPS) as an alternative to conventional
battery cage systems (Blokhuis and Metz, 1992; de Jonge and Goewie, 2000).
Development of EPS, therefore, involves two system levels (Figure 5.1). At society
level, public concern is a perception of the impact of present production practices on
animal welfare, whereas at production system level public concern finds a response in
corrective measures to production practices. Thus, evaluation of EPS for their
contribution to animal welfare is needed to inform society and to dispel public
concern (cf. Bracke et al., 1999; de Jonge and Goewie, 2000).

Public Concern
about
Animal Welfare

—_
o
-

2

2

X
S

A

Corrective Measures
to Production
_ Practices

( Production system level )

Figure 5.1: Two system levels. Development of egg production systems involves two system
levels. At society level, public concern is a perception of the impact of production practices
on animal welfare. At production system level, corrective measures to production practices
aim to dispel public concern.
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Evaluation is a reasoning process based on appropriate information to
determine the welfare of animals in a particular EPS, and to derive a conclusion about
the contribution of a particular EPS to animal welfare (cf. Fournier, 1995). Animal
welfare complicates such an evaluation in two ways. At production system level,
animal welfare is the complex resultant of an animal's behavior, physiology, health
and production (e.g., Fraser, 1995). In the literature, a large number of variables have
been suggested as relevant indicators of animal welfare at production system level
(e.g., Duncan and Dawkins, 1983; Appleby and Hughes, 1991; Blokhuis and Metz,
1992; Striezel, 1994; Broom, 1997). A large number of indicators, however, typically
results in a myriad of data where society asks for concise and comprehensible
evaluation of animal welfare (de Jonge and Goewie, 2000). Policy makers and the
general public can hardly be expected to take a decision or to form an opinion about
animal welfare on the basis of a diffuse collection of data (Bracke, 2001). A model to
evaluate animal welfare, therefore, must interpret and integrate information to derive a
concise and comprehensible conclusion.

At society level, animal welfare is a normative concept: interpretation and
integration of information inherently involves value judgments. A model to evaluate
animal welfare must make such value judgments explicit (Sandee and Simonsen,
1992; Fraser, 1995). Value judgments generally are expressed in linguistic terms: e.g.,
Fraser and Broom (1990) perceive animal welfare to be on a continuum from «very
poor> to «very good». So, if a particular animal welfare indicator is measured at
production system level as «stocking density is x hens per m®, then this information
can be interpreted at society level as, for example, «stocking density is low>. A model
to evaluate animal welfare, therefore, can make value judgments explicit by using
linguistic terms. The uncertainty involved in the linguistic statement «stocking density
is low» can be expressed by the degree to which different people perceive «x hens per
m? to be <low» in a specific context (cf. Ruspini et al., 1998). This type of uncertainty
was formalized by Zadeh in his theory of fuzzy sets (Zadeh, 1965). Fuzzy set theory,
therefore, offers a mathematical framework for developing a fuzzy model to evaluate
animal welfare (cf. Cornelissen et al., 2001).

A laying hen's possibility to move (PM) is an important characteristic of the
welfare of a laying hen, next to a hen's possibility to forage, to rest, and to nest, a
hen's possibility for social and explorative behavior, and a hen's health (Bokkers,
1995b). The objective of this study is to develop and validate a fuzzy model to
evaluate a laying hen's possibility to move. Development and validation of the fuzzy
model is supported by evaluating the contribution of conventional and animal-friendly
EPS to PM. To provide the reader with adequate background, first the basics of fuzzy
modeling are presented in the next section. Next, the actual scheme of fuzzy modeling

is introduced and its results are discussed.
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5.2 MATERIALS AND METHODS

5.2.1 BASICS OF FUzzy MODELING

5.2.1.1 LINGUISTIC VARIABLES

Fuzzy models are based on the theory of fuzzy sets (Zadeh, 1965) and use
linguistic variables to interpret and integrate information obtained by measuring
indicators (Zadeh, 1975a,b). In Figure 5.2, a linguistic variable A; (i = 1,..,n) is
characterized by: (1) name of A;, (2) base variable x; of A,, (3) linguistic value A;; of
A; (j = 1,..,m), and (4) membership function w; of A;; (adapted from Zadeh, 1975a,b;
Klir and Yuan, 1995). If stocking density> is the name of A;, then dow> (Aj)),
noderate> (Aj), and <high> (A3) are linguistic values Ay of A; (m = 3). Animal
welfare indicator «stocking density> (AWI,), for example, is measured as x; hens per
m?” which is the base variable x| of A;. A membership function wi; defines linguistic
value Aj; by determining the degree p;j(x;) to which stocking density x; is dow>,
wii(xr), <moderatey, pia(x1), or <highy, pi3(x;), by assigning to each x; a value pj(x1)
between 0 and 1. In Figure 5.2, the degree p;i(x;) to which stocking density x; is
considered dow> decreases with increasing stocking density. Thus, if pu;1(x;) = 1, then
linguistic statement <stocking density is low» is true; if pji(x;) = 0, then linguistic
statement <stocking density is low» is not true; and if 0 < p;(x;) < 1, then p;;(x;)
defines the degree to which linguistic statement «stocking density is low> is true (cf.
Klir and Yuan, 1995).

5.2.1.2 Fuzzy RULE BASE

A fuzzy model to evaluate animal welfare can use approximate reasoning to
integrate information obtained from measuring AWI (Cornelissen et al., 2001).
Approximate reasoning is based on a series of q fuzzy rules R, (p = 1,..,q) that
together is referred to as the model's fuzzy rule base (FRB). R, makes normative
reasoning explicit by way of linguistic IF-THEN propositions. A proposition contains
a premise, the IF-part, and a conclusion, the THEN-part (Boixader and Godo, 1998).
In this study, a premise contains multiple linguistic statements <A; is A;p that are
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combined using the logical connective <AND»; and a conclusion contains a single

linguistic statement <O is Op (c = 1,..,d).

< Society level )

[ Stocking Density A, (2) Name of A,

[ Low A, ‘ [Moderate An} { High A, } (3) Linguistic value A, of A,

(4) Membership function B, of Aij

x, hens per m? (1) Base variablex; of Ai

@roduction system leveD

Figure 5.2: Linguistic variables. Use of a linguistic variable A; to interpret information at
society level obtained by measuring indicators at production system level.

For example, if information obtained from two AWI is combined to derive a

conclusion about a laying hen's possibility to move, then R, reads as follows:

[R,] IF A is Ajp AND (A, is Asp THEN <O is Op.

If A, is the linguistic variable <stocking density», and Aj; its linguistic value dow>; if
A, is the linguistic variable <use of outlety, and Azj its linguistic value «<good»; and if 0]
is the linguistic variable possibility to move, and O, its linguistic value <good>; then

a specific R;, reads:

[Rp] IF <stocking density is low» AND «<use of outlet is good»
THEN <(possibility to move is good».
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An essential characteristic of a fuzzy rule is, that the truth of its conclusion -
and, therefore, the truth of R;, - is graded. The degree of truth pg.p of conclusion O is
Op in R, is defined by the degree p;j(x;) to which linguistic statements <A; is A;p in
the premise of R, are true. A fuzzy implication operator defines how single ;j(x;) in
the premise of R, are combined to infer pocp. For example, if the logical connective
<AND> defines the minimum-operator, and if pj(x;) = 0.2 and p;(x2) = 0.7, then pocp
is inferred as pocp = min(0.2, 0.7) = 0.2.

Next, if the logical connective <ELSE> combines fuzzy rules R, in FRB, then
an overall conclusion pp. can be inferred using the maximum-operator (Yager, 1994).
For example, if q = 2, and if poe; = 0.2 and poe2 = 0.9, then po, is inferred as poe =
max(0.2, 0.9) = 0.9 (cf. Cornelissen et al., 2001).

5.2.2 SCHEME OF FUuzzY MODELING

5.2.2.1 NOTATION

Input for the fuzzy model to evaluate a laying hen's possibility to move are n
animal welfare indicators AWI; (i = 1,..,n) and related base variables x;, where x;
denote actual measurements of AWI;. Associated with each AWI; is linguistic variable
A; and membership function wij which defines linguistic value Aij (G = L,.,m) by
mapping x; into the interval [0, 1]. Associating x; with p;; results in n degrees of
membership pij(x;) for each alternative EPS that is evaluated. An evaluative
conclusion regarding PM is associated with linguistic variable O and linguistic values
O. (c = 1,...d). To integrate information obtained from measuring AWI;, single
linguistic statements <A; is Aj are combined in q fuzzy rules R, (p = 1,..,q) to derive

fuzzy conclusion <O is Op).

5.2.2.2 SCHEME

Fuzzy modeling involves six steps (Figure 5.3). Step 1 defines relevant AWI;
and corresponding base variables x;, i.e., model input. Step 2 defines linguistic
variables A; and O, and linguistic values A; and O, i.e., linguistic terms in which

measurements of AWI; are interpreted and conclusions with respect to PM are
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Step 1 define and
base variable x,

animal welfare indicator AWI, J Model Input

' il + Fuzzy Model
L :
: linguistic variable Ai and O
X linguistic value A and O .
. ij c :
LN :
: A 4 .
v ( .
‘ fuzzy rule base '
construct and
: L membership function B .
\ 4
degree of membership p..(x.)
iyl
compute : [ (fuzzification)
: v
. : fuzzy conclusion py_ and pg
. c,p Oc
determine X [ (fuzzy inference)
: v
: qualitative conclusion G and
draw quantitative conclusion G,
(defuzzification)
\ 4
evaluative conclusion Model Output

with respect to animal welfare

Figure 5.3: Six steps of fuzzy modeling. Scheme of fuzzy modeling to evaluate a laying hen's
possibility to move.

formulated. Step 3 combines linguistic statements and constructs FRB, and constructs
membership functions p;;. Step 4 computes degree of membership pij(x;) using actual
measurements x; for each alternative EPS. Step 5 determines fuzzy conclusions pocp

and po.. Step 6, finally, defines a quantitative conclusion G, and a qualitative
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conclusion Gyom based on fuzzy conclusion pg.. In fuzzy modeling, Step 4 is known
as fuzzification, Step 5 is known as fuzzy inference, and Step 6 is known as
defuzzification (adapted from Cornelissen et al., 2001). The fuzzy model was
programmed using MATLAB 6.0 (® The Mathworks, Inc., Natick, MA).

(AWI)
Possibility to Nest ,:
------------------- (AWL) :
AWL)  Feoe e :
------------------- » (AWL) :
(AWL)  reee S :
(AWI) - —p Possibility to Rest ‘
................................................ ;
e
:>-v_' Welfare of Laying Hens
( Stocking Density in the Stable (AWI)) AR R ‘
i
;
( Physical Capacity (AWI,) Possibility to Move ) - ’
( Accessibility (AWI,)
(Stocking Density (AWI) Use of Outlet (AWL,)
( Composition (AWI)
(AWL) b »  Possibility to Forage
(AWI)

Figure 5.4: A hierarchical structure to evaluate the welfare of the laying hen. Continuous
lines delineate the fuzzy model developed in this study.

STEP 1 AND 2

Relevant model input regarding PM was determined on the basis of (i)
literature on the welfare of laying hens (Striezel, 1994; Sundrum and Andersson,
1994; Bokkers, 1995b), (ii) consultation with an expert (Ethology Group, Department
of Animal Sciences, Wageningen University and Research Center), and (iii) European
Union legislation concerning housing conditions in EPS (Council Directive
1999/74/EC). Figure 5.4 defines PM in relation to overall welfare of the laying hen in
a hierarchical structure, and the fuzzy model developed in this study is delineated by
continuous lines. PM is characterized by Stocking Density in the Stable (AWI)),
Physical Capacity (AWL), and Use of Outlet (AWI3). Use of Outlet is characterized
by its Accessibility (AWIy), its spatial Composition (AWIs), and its Stocking Density
(AWIg) (n = 6). Table 5.1 presents selected AWI, associated linguistic variables and
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values, and associated base variables. Model output is associated to linguistic variable
O «possibility to move> and linguistic values O, = <bad>, O, = <insufficient>, O3 =

moderate>, O4 = «sufficienty, and Os = «<good> (d = 5).

STEP 3

Two FRB were constructed: FRB-1 using AWI; to AWIg to determine Use of
Outlet (AWI;), and FRB-2 using AWI; to AWI; to draw a conclusion for PM.
Construction of an FRB involved two steps. First, the premises of the fuzzy rules were
formulated through combining linguistic statements <A; is A;p. Second, an expert
(Ethology Group, Department of Animal Sciences, Wageningen University and
Research Center) formulated conclusions <O is O for each fuzzy rule by choosing
appropriate linguistic value O.. The second step was repeated three times with one-
month intervals. If formulated conclusions <O is O. for fuzzy rule R, were not
consistent in all three repetitions, then the most frequent formulation (if two out of
three of the O, chosen were identical) or the intermediate formulation (if none of the
O. chosen were identical) was selected. FRB-1 and FRB-2 are in Tables 5.2 and 5.3
respectively.

Membership functions were constructed following the procedure outlined in
Cornelissen et al. (2002). Nineteen candidate-experts initially were selected based on
(i) a person's involvement in projects related to the welfare of laying hens, (ii) a
person's involvement in public and scientific debate, and (iii) the length of time of a
person's experience. Five candidate-experts declined participation or did not respond,
fourteen experts participated. Experts were animal scientists and ethologists, and
professionals from the Dutch Society for the Protection of Animals and the
Agricultural Extension Service.

A written questionnaire was used to elicit expert knowledge. Point estimation
was selected as an appropriate method to elicit expert knowledge: this elicitation
method allows a single response mode from the expert for continuous, discrete and
nominal type base variables and, therefore, would provide highest confidence in

consistency of expert responses (Cornelissen et al., 2002).
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Table 5.1: Characteristics of selected indicators. Input for the fuzzy model to evaluate a laying hen's possibility to move (animal welfare indicators
AWI, and base variables x;) and corresponding linguistic terms (linguistic variables A; and linguistic values A;)

AWI;,  Linguistic Variable A; Linguistic Values A;  Base Variable x; Type of Base Relevant Range
(i=1,..,n) G=1,..m) Variable of Base Variable
3 low (An)
AWI, stocking density (A;) moderate (Aj>) x; hens per m* continuous [0, 30]
high (Aj5)
. P good (A;)) . 2
AWL, physical capacity (A») x X, presence of perches nominal {0, 1}
poor (Az)
) good (Ay)
AW]; Use of Outlet (A3) moderate~ (Azp) — - -
poor (Ass3)
N good (Aq)
AW], Accessibility of Outlet (Ay) moderate (As) x4 hours per day continuous [0, 12]
poor (A43)

attractive (As)
moderately attractive

AWI; Composition of Outlet (As) (Xs2) xs number of stimuli' discrete {0, 4}
52
unattractive (As;)
. . low (Ag))
AWI; Stocking Der~151ty of Qutlet moderate (Aéz) X M- per hen continuous [0, 15]

(B6) high (A)

'A stimulans refers to something in the outlet that stimulates laying hens to go outside and actually use the outlet. Stimuli can be feed, water, shelter, and
overgrowth. «<Overgrowth> means «covered with vegetation which is edible for laying hens>. No stimulus means that the outlet is barren.
% x, = 0 denotes «perches not present>, and x, = 1 denotes «perches present>.



Table 5.2: Construction of fuzzy rule base (I). Fuzzy rule base to determine Use of Outlet (FRB-1)

Rule R,
(q=27)
IF Accesibility is AND

1 good

2 good

3 good

4 good

5 good

6 good

7 good

8 good

9 good
10 moderate
11 moderate
12 moderate
13 moderate
14 moderate
15 moderate

Composition is

attractive
attractive
attractive

moderately attractive
moderately attractive
moderately attractive

unattractive
unattractive
unattractive

attractive
attractive
attractive

moderately attractive
moderately attractive
moderately attractive

AND Stocking Density is THEN

low
moderate
high

low
moderate
high

low
moderate
high

low
moderate
high

low
moderate
high

Use of Outlet is

good
good
good

good
good
moderate

moderate
poor
poor

good
good
good

moderate
moderate
moderate




Table 5.2: Construction of fuzzy rule base (I). (cont.)

Rule R,
IF Accesibility is AND Composition is
16 moderate unattractive
17 moderate unattractive
18 moderate unattractive
19 poor attractive
20 poor attractive
21 poor attractive
22 poor moderately attractive
23 poor moderately attractive
24 poor moderately attractive
25 poor unattractive
26 poor unattractive

27 poor unattractive

AND

Stocking Density is

low
moderate
high

low
moderate
high

low
moderate
high

low
moderate
high

THEN

Use of Outlet is

poor
poor
poor

moderate
moderate
moderate

poor
poor
poor

poor
poor
poor




Table 5.3: Construction of fuzzy rule base (Il). Fuzzy rule base to determine Possibility to Move (FRB-2)

Rule R,
(q=24)

IF Stocking Densityis ~ AND Use of Outlet is AND  Physical Capacity is THEN Use of Outlet is
1 low good good good
2 low good poor moderate
3 low moderate good good
4 low moderate poor moderate
5 low poor good moderate
6 low poor poor insufficient
7 low none good sufficient
8 low none poor moderate
9 moderate good good good
10 moderate good poor moderate
11 moderate moderate good sufficient
12 moderate moderate poor insufficient
13 moderate poor good moderate
14 moderate poor poor insufficient
15 moderate none good sufficient

16 moderate none poor insufficient




Table 5.3: Construction of fuzzy rule base (II). (cont.)

Rule R,
(q=24)
IF Stocking Densityis ~ AND Use of Outlet is AND

17 high good

18 high good

19 high moderate

20 high moderate

21 high poor

22 high poor

23 high none

24 high none

Physical Capacity is

good
poor
good
poor
good
poor
good
poor

THEN Use of Outlet is

sufficient
insufficient
moderate
insufficient
moderate
bad
insufficient
bad




STEP 4

Five EPS were selected to obtain measurements x; to x¢: battery cage system,
enriched cage system, deep-litter system, aviary system, and organic system. Four
different situations were distinguished with respect to availability and spatial
composition of the outlet in deep-litter and aviary systems: no outlet, barren outlet,
feed-and-water outlet (i.e., outlet providing feed and water), and a complete outlet
(i.e., outlet providing feed, water, overgrowth, and shelter). Table 5.4 shows input
patterns for selected EPS, obtained using expert consultation (Ethology Group,
Department of Animal Sciences, Wageningen University and Research Center) and
European Union legislation concerning housing conditions in EPS (Council Directive
1999/74/EC).

Table 5.4: Input patterns for the fuzzy model. Input patterns of 11 egg production systems (EPS)
based on five animal welfare indicators

Animal Welfare Indicators AWI; (i = 1,..,n)1

EPS’ AWI, AW], AW, AWI; AWI,
1 18 0 - - -
2 13 1 - - -
3 9 1 - — —
4 9 1 12 0 4
5 9 1 12 2 4
6 9 1 12 4 4
7 9 1 - - -
8 9 1 12 0 4
9 9 1 12 2 4

10 9 1 12 4 4
11 6 1 12 4 4

"AWI, = stocking density in the stable (x; hens per m”); AWI, = physical capacity (x, = 0 denotes «no
perches present»; x, = 1 denotes «perches present»); AWI, = accessibility of outlet (x4 hours per day);
AWI; = composition of outlet (xs number of stimuli); AWIs = stocking density of outlet (xs m* per hen).
’EPS 1 = battery cage; EPS 2 = enriched cage; EPS 3 = deep-litter - no outlet; EPS 4 = deep-litter - barren
outlet; EPS 5 = deep-litter - feed-and-water outlet (i.e., outlet providing feed and water); EPS 6 = deep-litter
- complete outlet (i.e., outlet providing feed, water, overgrowth, and shelter); EPS 7 = aviary - no outlet;
EPS 8 = aviary - barren outlet; EPS 9 = aviary - feed-and-water outlet; EPS 10 = aviary - complete outlet;
EPS 11 = organic system.
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STEP 5

Fuzzy inference is a two-step process. First, a fuzzy implication operator infers
a conclusion for individual R, in a FRB; second, a fuzzy aggregation operator infers a
conclusion for the complete FRB. In this study, Mamdani max-min composition was
selected to achieve fuzzy inference. In Mamdani max-min composition, the
minimum-operator is used as a fuzzy implication operator, and the maximum-operator
is used as a fuzzy aggregation operator (Boixader and Godo, 1998; Cornelissen et al.,
2001).

The result of FRB-1 was directly applied in FRB-2. Fuzzy conclusion ug,
drawn from FRB-2 was defined on a discrete space y. € {1, 2, 3, 4, 5} where y. is

associated with pg.: i.e., y; = 1, which is associated with pg;.

STEP 6

Defuzzification used the cogus-operator (Kaymak, 1998):

G=|=L [5.1]

where G denotes a defuzzified value that provides a quantitative conclusion with
respect to PM (G € [1, 5]), G = 1 defines the worst possible conclusion, and G = 5
defines the best possible conclusion; y. € {1, 2, 3, 4, 5} denotes domain elements in a
discrete space associated with fuzzy conclusions poc; and pp. denotes the degree to
which the fuzzy conclusion O, is true for a specific EPS. In addition, Equation 5.1
includes three parameters that introduce unequal sensitivity to domain elements.
Parameter w, denotes the relative importance of domain elements y. (w. > 0).
Parameter o denotes a «degree of compromise» that defines the degree to which
unfavorable assessments of pp. can be compensated for by possible favorable
assessments. If a increases, then the influence of favorable assessments o, on G will
increase. Parameter 3, finally, denotes unequal sensitivity to domain elements and can
be interpreted to indicate <welfare awarenessy. If 3 increases, then the influence of the

more favorable conclusions with respect to PM (e.g., domain elements 4 and 5) on G
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will increase. In this study, all parameters were set at neutral values (i.e., we =1, o =

1, B =1), as no empirical evidence was available to conclude otherwise.

5.2.2.3 MODEL VALIDATION

To support qualitative model validation, defuzzified values G for each EPS
were associated with linguistic terms {bad, insufficient, moderate, sufficient, good} to
define Gpom as follows: if G € [1, 1.5>, then Guom = <bady; if G € [1.5, 2.5>, then
Grom = dnsufficienty; et cetera. To support quantitative model validation, defuzzified

values G were transformed to a continuous scale [0, 10] using linear equation:

G,=25G-1) [5.2]

where Gt € [0, 10], Gr = 0 defines the worst possible conclusion, and Gt = 10
denotes the best possible conclusion.

Empirical validation of the fuzzy model involved experts as a standard
(Nunnally, 1978; McDowell and Newell, 1987). A written questionnaire was sent to
the same group of experts as in Step 3: eight experts contributed. In the questionnaire,
EPS were described in like manner on separate cards. Experts were asked to assess
EPS in relation to PM exclusively, not considering any other characteristics regarding
the welfare of laying hens (e.g., social and explorative behavior), nor considering
economic, environmental and ergonomic aspects of EPS. Uniform conditions were
emphasized: EPS were managed by well-experienced farmers, and suitable soil
conditions in the outlet as well as the use of appropriate building materials according
to current guidelines and legislation were to be assumed. After reading and initial
ranking of cards, experts were asked to give a quantitative evaluation of PM for
selected EPS, by assigning a number from the interval [0, 10] to each EPS (EEn);
and experts were asked to give a qualitative evaluation of PM for selected EPS by
assigning the most appropriate term {bad, insufficient, moderate, sufficient, good} to
each EPS (EEom).

Aggregation of validation results obtained from individual experts is
considered acceptable if subjective perceptions of individual experts are not too
different (Norwich and Tiirksen, 1984). The Kendall Coefficient of Concordance (W),
defined in the interval [0, 1], was computed to analyze the agreement among experts
with respect to their evaluation of EPS, where W = 1 denotes complete agreement

among experts, and W = 0 denotes complete disagreement (Siegel and Castellan,
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1988). If experts are used as a validation standard, results for W typically lie in the
range 0.65 < W < 0.95, and are considered satisfactory if W > 0.85 (McDowell and
Newell, 1987).

Quantitative expert evaluations EE,,, were aggregated by computing the
median. Qualitative expert evaluations EE,., were aggregated by computing the
relative frequency with which experts selected O, as an appropriate linguistic term for
a specific EPS. EE,om, further, is set in quantitative terms as EE, .1 using Equations
5.1 and 5.2.

The Spearman Rank Correlation Coefficient (1), defined in the interval [-1, 1],
was computed to analyze the correlation between modeling result Gt, and validation
results EE,,m and EE,mr, where ry = -1 denotes complete discordance between
modeling results and validation results, r; = 0 denotes complete independence, and r;
= 1 denotes complete concordance (Snedecor and Cochran, 1978). Non-parametric

statistics were computed using Statistix 7° (© Analytical Software, Tallahassee, FL).

5.3 RESULTS

Table 5.5 shows the statistic W for EE o, and EE . W for EE o = 0.69 (P
<0.001) and W for EE .y, = 0.87 (P < 0.001): both values lie within the typical range
given by McDowell and Newell (1987), and W for EE,,, can be considered
satisfactory (EE,,, > 0.85). Table 5.6 shows results for EE;m, EEnom-1, G1, Gnorm and
EE.om and for the statistic 1. Figure 5.5 compares quantitative modeling result Gr and
validation result EE,,,. Figure 5.6 compares qualitative modeling result Guom and
validation result EE, . Triangles in Figure 5.6 denote final evaluative conclusions in

qualitative terms.

Table 5.5: Agreement among experts. Kendall Coefficient of
Concordance (W)' for quantitative (EE,,) and qualitative (EE o)
expert evaluations of a hen's possibility to move with respect to 11 egg
production systems

Expert assessment W2
EEnum O . 8 7
EEnorm O . 6 9

'W is defined in the interval [0, 1] where W = 1 denotes complete agreement
among experts, and W = 0 denotes complete disagreement.
> P <0.001.
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Table 5.6: Modeling and validation results. Modeling results (Gt and G,,m), validation results

(EEum, EEom.t and EE .,) and associated Spearman Rank Correlation Coefficients

1 2 3
EPS : EEnum EEnorm-T GT EEnorm Gnorm Spe(?l;glan
1 1.0 0.3 0.0 bad bad
2 4.0 2.5 0.2 insufficient bad I3 =0.99
3 6.8 5.9 1.6 moderate insufficient I3 = 0.96
4 7.1 7.2 4.9 sufficient moderate I =0.93
5 7.5 7.5 5.2 sufficient moderate
6 8.0 9.7 6.6 good sufficient
7 6.5 7.2 1.6 sufficient  insufficient
8 7.0 7.8 49 sufficient moderate
9 7.5 7.8 5.2 sufficient moderate
10 8.8 9.7 6.6 good sufficient
11 9.0 10.0 8.4 good sufficient
'For explanation of EPS see Table 5.4
2P <0.01
10.0 -
EPS 11
s,
00 | NG
CEPs 4 )0 ®(Eps5+0)
: 3
‘= 60 -
=2
e
<
2 40-e
=
2.0
[
0.0 T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0
Model results

Figure 5.5: Quantitative validation. Comparison of quantitative modeling results and
quantitative validation results for evaluative conclusions of a fuzzy model for a laying hen's
possibility to move (for description of EPS 1 through 11 see Table 5.4).
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Figure 5.6: Qualitative validation. Graphical comparison of qualitative validation results (EE,,.,: black bars) and modeling results (Guom: grey bars)
Triangles indicate final evaluative conclusions for specific EPS (for description of EPS see Table 5.4).



In relative terms, i.e. in terms of ranking, modeling results Gt and Gporm and
validation results EE,,, and EE,,m, are comparable (Figures 5.5 and 5.6). These
findings are supported by high r-values (Table 5.6): rs.13 = 0.99 (P < 0.01) for Gy and
EEqum, and 1553 = 0.96 (P < 0.01) for Gt and Gpom.1 respectively. In absolute terms,
however, modeling results consistently underrate a laying hen's possibility to move
for different EPS in comparison to validation results. In Figure 5.5, this difference is
illustrated by validation results lying consistently above the continuous line <y =x>. In
Figure 5.6, absolute differences between final evaluative conclusions EEpom and Guom
(denoted by triangles) are illustrated by a consistent shift to the right for EE,om,
except for the Battery Cage System (EPS 1).

Additionally, Figure 5.5 shows an interval between, on the one hand, EPS 1-3
and 7, and, on the other hand, EPS 4-6 and 8-11 for modeling results. This suggests
that according to the fuzzy model PM especially improves in EPS that provide laying
hens with a possibility to use an outlet. Regarding validation results, however, an
interval occurs between, on the one hand, EPS 1 and 2, and, on the other hand, EPS 3-
11. This suggests that according to experts PM especially improves in EPS that do not
use cages and allow laying hens to roam freely, with enriched cages (EPS 2) being

intermediate between battery cages and other EPS.

5.4 DISCUSSION

5.4.1 Fuzzy MODELING

The objective of this paper was to develop and validate a fuzzy model to
evaluate a laying hen's possibility to move. Development and validation of the fuzzy
model was supported by evaluating the contribution of conventional and animal-
friendly egg production systems to PM. Model validation, in general, compares
modeling results against a real-world standard to test the success of the model at its
task. However, such a validation procedure is not possible with respect to models that
draw an evaluative conclusion of animal welfare, as no real-world standard is
available. Empirical validation, therefore, involved experts as a standard.

The Kendall Coefficient of Concordance (W) was used to decide whether
aggregating validation results of individual experts, to serve as a validation standard,
was meaningful. High and significant values of W show that experts, essentially,
apply the same criteria for ranking EPS with respect to PM (Siegel and Castellan,
1988). According to McDowell and Newell (1987), values of W greater than 0.85 are
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considered satisfactory. Although the statistic W for EE, o, was smaller than 0.85 (W
= 0.69, Table 5.5), the Spearman Rank Correlation Coefficient between EE,m, and
EEnum (ts-12 = 0.93 and P < 0.01, Table 5.6), however, proved sufficiently high to also
use EE,.m as a validation standard.

A possible reason for W being lower for EE,m, than for EE,,, could be that
not enough linguistic terms were available for experts to provide an accurate
qualitative evaluation (McDowell and Newell, 1987): this was supported by additional
remarks made by some of the experts. Application of linguistic hedges is one
possibility to increase the number of linguistic terms. The hedge <very», for example,
can be used in connection with the existing term <good» to create an additional
linguistic term «very good» (Zadeh, 1975a,b; Klir and Yuan, 1995; Schwartz, 1998).

Validation results were compared to modeling results in relative terms, and in
absolute terms. In relative terms, the Spearman Rank Correlation Coefficient (r) was
used as a crude measure for the success of the fuzzy model at its task (Snedecor and
Cochran, 1978). Results showed that modeling results and validation results
correlated very well (rs.13 and 15,3 in Table 5.6), i.e., the fuzzy model and experts both
ranked EPS in a similar way. If the success of the fuzzy model is considered only to
depend on whether EPS are correctly ranked in terms of PM, because unequivocal
evaluative conclusions with respect to animal welfare do not exist (cf. Sandee and
Simonsen, 1992), then the fuzzy model has been successfully validated.

In absolute terms, modeling results consistently underrated PM in comparison
to validation results. Figures 5.5 and 5.6 suggest two possible causes. First, the fact
that the fuzzy model consistently underrates PM suggests that linguistic statements in
the conclusion of the fuzzy rules need to be reconsidered. Second, the fact that
modeling results show a different emphasis with respect to which EPS improve PM,
suggests that experts and the fuzzy model emphasize different characteristics in their
line of reasoning: where the fuzzy model seems to emphasize the actual area available
to laying hens, the experts seem to emphasize spatial perception of the laying hen.
This suggests that an additional animal welfare indicator expressing spatial perception
of laying hens would be a useful addition in the premises of the fuzzy rules in FRB-2.
Research work with respect to spatial perception, however, has only just started
(E.A.M. Bokkers, 2002, Ethology Group, Wageningen Institute of Animal Sciences,
Wageningen UR, the Netherlands, personal communication). Hence, for the fuzzy
model to be successfully validated in absolute terms, the results suggest
reconsideration and reformulation of the models FRB. In addition, results also
emphasize that validity of fuzzy models largely depends on correct construction of the
model's FRB when expert knowledge plays an important role. Further research with
respect to procedures to support construction of a fuzzy rule base, therefore, would be

beneficial.
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5.4.2 FuzzY MODELING OF ANIMAL WELFARE

Animal welfare complicates evaluation because it is a complex concept, and
because it is a normative concept. Complexity is reflected in inevitable choice
regarding which information to consider in the model so as to properly describe
animal welfare. Part of what has been won in making a vague, common-sense concept
like animal welfare concrete through in-depth research concerning behavioral,
physiological, health and production aspects, at the same time has been lost in this
diversity (Stafleu et al., 1996). In this study, selection of AWI to describe PM was
based on characteristics of EPS rather than, for example, using physiology-based
indicators. Additional indicators, however, can easily be inserted without having to
modify the complete model. In Figure 5.3, only Steps 2 and 3 would have to be
adjusted.

Normativity is reflected in interpretation of information, and in integration of
information to draw an evaluative conclusion. Interpretation of information concerns
defining thresholds, for example, with respect to which levels of stocking density are
to be considered dow>. Use of hard thresholds - e.g., a distinct number of hens
allowed per m* with respect to <ow» stocking densities - have been criticized for
being arbitrary and subjective (Mendl, 1991). Fuzzy models acknowledge the
subjectivity involved by using membership functions that define soft thresholds
(Cornelissen et al., 2001). Additionally, application of soft thresholds in fuzzy
modeling also prevents that only technical facts dictate how animal welfare is
conceived (cf. Sandee and Simonsen, 1992).

Integration of information concerns making explicit the normative reasoning
which is involved in formulating a concise evaluative conclusion. Fuzzy models
acknowledge the subjectivity involved through the construction of a FRB that
contains transparent linguistic statements in the terms of reference of policy makers
and the general public (cf. Stafleu et al., 1996). Therefore, even though science cannot
provide answers for value judgments implicit to animal welfare (Fraser, 1995),
science can contribute by developing modeling procedures that help making such
value judgments explicit.

In conclusion, this study shows that fuzzy modeling can be a useful tool to
bridge the communication-gap between the production system level and the society
level, as it helps to make explicit how humans manage and understand public concern.
Although the procedure to construct the model's fuzzy rule base needs to be further
refined, the prospects of fuzzy modeling with respect to drawing concise and easy-to-
understand evaluative conclusions look promising. This also opens up perspectives for

applying fuzzy evaluation to human issues in agriculture other than animal welfare
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that take place at the interface of production system level and society level: e.g., with
respect to public concern for sustainability. It, therefore, seems to be worthwhile to
broaden the experience with fuzzy modeling.
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CHAPTER 6







GENERAL DISCUSSION






6.1 RESEARCH OBJECTIVES

This thesis aimed at developing an evaluative framework to draw justifiable
conclusions about the contribution of an agricultural production system to society's
sustainable development. Using Fournier's general logic of evaluation, such
conclusions should be based on methods that set criteria and standards for the
evaluand, measure performance of the evaluand in terms of these criteria and
standards, and integrate information in a final assessment of merit or worth of the
evaluand (Fournier, 1995)'. Figure 6.1 presents the evaluative framework of
sustainable development that served as a common thread in this thesis. The evaluative
framework constitutes a complete cycle to monitor sustainable development: Phases 1
through 4 establish evaluative conclusions along the lines of Fournier, and Phase 5

closes the monitoring cycle by acting upon the conclusions.

N
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Figure 6.1: An evaluative framework of sustainable development. In Figure 6.1A,
sustainable development is considered a social construct that, with respect to agriculture,
builds on public concern about the impact of current agricultural activities on society. Figure
6.1A is elaborated in Figure 6.1B, which introduces a five-phased evaluative framework to
monitor sustainable development. Phases 1 to 4 evaluate the contribution of agricultural
production systems to society's sustainable development, and Phase 5 acts upon the
conclusions drawn from the evaluation.
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Emphasis in this thesis was on methodological aspects to identify (Phases 1
through 3) and interpret sustainability criteria (Phase 4). The objectives of the study,
therefore, were as follows:

1. construct a support to identify appropriate sustainability criteria, and to obtain
relevant information with respect to sustainable development;
2. construct a method to interpret this information, and to draw evaluative

conclusions about sustainable development.

Figure 6.1, further, demonstrates that an evaluative framework of sustainable
development operates at both the production system level and the society level:
objective information gathered at the production system level is given subjective
meaning at the society level. In the 1960's, fuzzy set theory was introduced to manage
subjective human communication and interpretation of objective information (Zadeh,
1965). In this thesis, fuzzy set theory was suggested as a formal mathematical basis to
support Phase 4 in the evaluative framework of sustainable development. The
following research questions, therefore, were addressed:

What constitutes an appropriate support to identify relevant sustainability criteria?

2. Can use of fuzzy set theory combine objective information, obtained at the
production system level, and subjective interpretation of information, obtained at
the society level?

3. Can use of fuzzy set theory establish standards that allow subjective interpretation
of information?

4. Can use of fuzzy set theory draw valid evaluative conclusions through integration
of information?

5. Does the evaluative framework of sustainable development provide a valuable

contribution to the sustainability debate?

6.2 RESEARCH RESULTS

6.2.1 IDENTIFYING SUSTAINABILITY CRITERIA

Sustainability criteria lie at the basis of drawing evaluative conclusions about
sustainable development. In Figure 6.1, sustainability criteria are defined in Phases 1
through 3, and explicitly express public concern for sustainability (Phase 1) by
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identifying context-dependent issues of concern at the society level (Phase 2), and by
translating such issues into measurable sustainability indicators at the production
system level, to provide tangible, objective information (Phase 3). However, because
of the implicit nature of rationales underlying concern for sustainability in Phase 1,
Phase 2 lacks a solid basis, and the link between selected sustainability indicators in
Phase 3 and concern for sustainability in Phase 1 remains obscure. This suggests that
concern for sustainability can be characterized at will which, consequently, hampers
implementation of local initiatives that aim at contributing to sustainable development
(cf. Chatterton and Style, 2001)>.

Chapter 2 identifies a «common ground» to provide an explicit point of
departure for sustainable development, and prevent concern for sustainability from
being characterized at will. Common ground for sustainable development was
identified using Koestler's metaphor of the Janus-faced holon. The «Two Faces of
Sustainability» provide a two-way perspective by integrating ecocentric and
anthropocentric rationales in two imperatives of sustainability: a system imperative
and a societal imperative. These imperatives define, on the one hand, system issues
that refer to concern for the existence of society, and, on the other hand, societal
issues that refer to concern for the acceptability of society. System and societal issues,
ultimately, identify the common ground for sustainable development.

The association between both imperatives of sustainability emphasizes the
need for an integrated approach, and refutes the supposed dichotomy between
ecocentric and anthropocentric rationales (Thompson, 1992: 12). The system and
societal imperatives, therefore, can be considered proper equivalents of the Kantian
«categorical imperative» as their legitimacy hinges on acceptance of both system and
societal issues by society as a whole (cf. Russel, 1996)°. Acceptance of a common
ground for sustainable development, however, does not prevent existence of trade-offs
between ecological integrity and quality-of-life. Common ground rather emphasizes
that such trade-offs can only be avoided by society itself through choosing a lifestyle
that represents a compromise solution with respect to both imperatives of
sustainability®. As it is not realistic to force people to choose more sustainable
lifestyles (Beekman, 2001), it is the more important for local initiatives that aim at
contributing to sustainable development to make explicit their point of departure.

Chapter 2, therefore, introduces a simple graphical model that visualizes the
«sustainability scope» of local initiatives by delineating the common ground covered
using the selected sustainability indicators. The model uses an overall impression of
grey tones that depends on the emphasis given to the various system and societal
issues. If the sustainability scope is broad (i.e., system and societal issues have been

given equal emphasis), then the impression will be evenly gray; if the sustainability
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scope is narrow (i.e., only a limited number of issues have been given emphasis), then
the impression will tend to a black-and-white contrast.

The graphical model, however, should be applied with some restraint as it
assumes all sustainability indicators to be of equal importance, i.e., it assumes that all
indicators are necessary to appropriately reflect identified issues of concern. This
condition can be met by selecting sustainability indicators in accordance with the
criteria referred to in Chapter 2 (cf. Table 2.1). An additional criterion was provided
by van der Werf and Petit (2002), who distinguish between means-based indicators,
that express the degree of adherence to technologies, practices and policies
implemented and, therefore, provide information about success or failure of measures
taken; and effect-based indicators, that express the actual effect of the means
implemented and, therefore, provide information about progress or regress with
respect to dispelling an issue of concern. Because means-based indicators generally
are easier to construct and cheaper to apply, the sustainability scope should be
cautiously applied.

Sustainability indicators, rather than issues of concern, are used to delineate a
sustainability scope, because not all issues of concern necessarily are considered in
the evaluative framework. Relevant indicators may be omitted if they do not meet
selection criteria (de Boer and Cornelissen, 2002). Sustainability indicators, therefore,

best reflect the actual effort put into a contribution to sustainable development.

6.2.2. GIVING MEANING TO SUSTAINABILITY CRITERIA

If appropriate sustainability criteria have been identified, then giving meaning to the
information obtained from sustainability criteria is the next phase in drawing
evaluative conclusions about sustainable development. In Figure 6.1, objective
information, gathered at the production system level (Phase 4-1), is given subjective
meaning at the society level (Phases 4-2 and 4-3). Fuzzy set theory was suggested as a
formal mathematical basis to support Phases 4-2 and 4-3 in the evaluative framework
of sustainable development. The main body of research presented in this thesis,
therefore, deals with the feasibility of fuzzy set theory to interpret and integrate

available information.
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6.2.2.1 INTERPRETATION OF INFORMATION

Interpreting information requires thresholds that serve as reference points to
assess performance achieved (e.g., Bell and Morse, 1999). If, for example, a
sustainability indicator provides information with respect to ammonia emission, then
classical set theory defines a hard threshold value to identify an unambiguous
distinction between acceptable and unacceptable levels of ammonia emission (cf.
Chapter 3). If fuzzy set theory is applied, then a membership function defines a soft
threshold that allows a smooth and gradual transition from unacceptable to acceptable
levels of ammonia emission. The smooth interpretation of information by a
membership function presents two important advantages over using hard thresholds.
First, a membership function acknowledges the subjectivity involved when
interpreting information and, second, by acknowledging the subjectivity involved, a
membership function may help to prevent that technical detail (e.g., with respect to
defining a hard threshold value) dictates the sustainability debate (cf. Chapter 5).

Chapter 3 applied fuzzy set theory to explore the feasibility of two fuzzy
models that support decision-making with respect to sustainable development.
Membership functions were found to be fundamental to fuzzy models, and Chapter 3
concluded that the reliability of such functions is essential to guarantee the validity of
fuzzy models. First, reliability of membership functions depends on the
appropriateness of elicited expert knowledge. This involves selection of expert
knowledge and selection of methods to elicit expert knowledge. In Chapter 4, a six-
step procedure was developed to improve this aspect of reliability and deal with
criticism on the inherent subjectivity in the construction of membership functions
based on expert knowledge.

Second, reliability of membership functions depends on the consistency of
expert knowledge. Consistency, in this context, can refer to variation in repeated
responses when knowledge is elicited from a single expert, or to the variation in
responses when knowledge is elicited from multiple experts (Klir and Yuan, 1995).
Including such variability in the construction of membership functions is possible by
using so-called Type-2 fuzzy set techniques (Tiirksen, 2002). These techniques
express the uncertainty embedded in the representation of meaning by fuzzy sets and,
as such, can be considered analogous to confidence intervals in statistical methods.
Although the potential of Type-2 fuzzy set representation was already discussed by
Zadeh (1975b), the computational demand seems to be the main reason that such
techniques hardly have been used in practical applications (Klir and Yuan, 1995).

Tiirksen (2002), however, is convinced that current research that aims at reducing this
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computational demand will increase future applicability. Type-2 fuzzy set techniques,
therefore, may improve this aspect of the reliability of membership functions.

Finally, the reliability of membership functions is not timeless, because human
understanding is dynamic. Validity of fuzzy models with respect to their use of
membership functions, therefore, neither is timeless and regular reconsideration of

membership functions will be indispensable.

6.2.2.2 INTEGRATION OF INFORMATION

Chapter 3 explored two fuzzy models that apply different techniques to
integrate information from individual sustainability indicators: one model applies
fuzzy set aggregation operations, and another applies approximate reasoning. Fuzzy
set aggregation techniques directly use evaluative conclusions on individual
sustainability indicators to compute an overall evaluative conclusion with respect to
sustainable development. Societal opinion with respect to sustainable development
can then be incorporated in two ways. First, an evaluative conclusion can be adjusted
by modifying the relative importance of individual indicators using a weighting
procedure. Second, an evaluative conclusion can be adjusted by modifying the degree
to which unfavorable evaluations of specific individual indicators can be compensated
for by favorable ones using the degree of compromise (cf. Chapter 3, Subsection
3.3.2.2).

In contrast to fuzzy set aggregation techniques, approximate reasoning
techniques use evaluative conclusions on individual sustainability indicators to
support a reasoning process that draws an overall evaluative conclusion with respect
to sustainable development on the basis of available knowledge about possible
relationships among indicators. In Chapter 5, a full fuzzy model applying approximate
reasoning was made operational’. Such a model is valid only if the credibility of its
conclusion can be guaranteed (Fournier, 1995). Model validation, in general,
compares modeling results against a real-world standard to test the success of the
model in <recreating» a recognizable reality. However, such a validation procedure is
not possible with respect to fuzzy models that draw an evaluative conclusion on
sustainable development, as no real-world standard is available. In Chapter 5,
validation of the fuzzy model was performed by using expert opinion as a standard.
Whether expert evaluation provides an appropriate validation standard, however, is
contestable, as an expert's line of reasoning is not necessarily similar to the line of
reasoning used in the fuzzy rule base of the fuzzy model. The validity of fuzzy

modeling in the context of sustainable development, therefore, mainly has to be
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guaranteed by ensuring the correct use of expert knowledge to construct both
membership functions and fuzzy rule bases. Thus, where Chapter 4 presents a
procedure to guarantee the reliability of membership functions, a comparable
procedure to support the construction of a fuzzy rule base would be beneficial. Such a
support also could consider the use of multiple experts in developing a fuzzy rule
base, to further improve the model's description of available knowledge.

Whether information obtained from sustainability indicators should be
integrated into a single-value evaluative conclusion at all, is a contested topic in the
sustainability debate (e.g., Bell and Morse, 1999; Gallopin, 1997; IISD, 2002;
Neumayer, 2001; Niemeijer, 2002; von Wirén-Lehr, 2001; WRR, 2002). Arguments
in favor of integrating information generally revolve around the undesirable situation
where large numbers of sustainability indicators will inevitably result in a myriad of
data. Society in general, and policy makers in particular, will be unable to take a
decision or to form an opinion on the basis of a diffuse collection of data. Integration
of information, thus, allows expression of the contribution to sustainable development
in a comprehensive way, and increase awareness with respect to sustainable
development.

Arguments against integration of information generally revolve around two
issues. First, integration obscures insight in the information that has been included
and, therefore, will lead to inevitable loss of valuable information. Information on
individual sustainability indicators, however, is essential in order to identify the issues
that are in need of further action. Moreover, single-value evaluative conclusions may
come to dominate the political debate, rather than the information underlying such a
conclusion and, consequently, may lead to ill-founded decision-making. Second,
integration obscures underlying relations, and involves mathematical operations that
reduce the transparency with respect to how evaluative conclusions are arrived at.

In this thesis, arguments against integration are addressed by considering a
single-value conclusion about sustainable development as an integral part of a
complete monitoring cycle. In this evaluative framework of sustainable development,
information on individual sustainability indicators must be available to all participants
at all times. Further, underlying mathematical equations and relations among
indicators are made transparent by «computing with words», i.e., by use of linguistic

variables, and by expressing relations as linguistic statements.
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Figure 6.2: The Two Faces of Sustainability. Society and agricultural production systems as
Janus-faced holons.

6.3 RESEARCH CONTRIBUTION TO THE SUSTAINABILITY DEBATE

The «Two Faces of Sustainability» provide a novel contribution to the
sustainability debate in two ways (Figure 6.2). First, the metaphor applied to society
identifies a common ground for sustainable development. Recent contributions to
support the Dutch position with respect to the UN conference on Sustainable
Development (in Johannesburg 2002) once again emphasize that such a common
ground is considered essential (e.g., Bil and Peters, 2002; Rotmans et al., 2001; WRR,
2002). These contributions, in general, state that continuation of the sustainability

debate without a common point of departure inevitably will only generate more
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debate and more controversy, but will not stimulate initiation of local contributions to
set sustainable development in motion.

Second, the metaphor applied to agricultural production systems identifies an
evaluative framework of sustainable development that operates at both the production
system level and the society level. Sustainable development, in other words, involves
a group that expresses a concern for sustainability and has an opinion about
sustainable development (e.g., citizens and policy makers at the society level), and a
group that deal with sustainable development in practice and can contribute to dispel
concern for sustainability (e.g., farmers at the production system level). Fuzzy
modeling provides a means to bridge the communication-gap between the society
level and the production system level by contributing to the insights in how humans
understand and manage complexity6. Where most studies using sustainability
indicators stop at the <hard> data, fuzzy modeling attaches <soft>) meaning to <hard»
data, thus allowing implementation of a complete monitoring cycle. Moreover, as
currently sustainable development essentially manifests itself at the policy level,
policy makers will need a tool that provides them with information with respect to the
state of sustainable development, as well as with information regarding specific
interventions needed. Fuzzy models, therefore, can interface information between
society and agricultural production systems (or any other part of society) to support
platforms of all relevant stakeholders to learn their way to more sustainable futures
(cf. Roling, 1994).

In conclusion, it appears worthwhile to broaden the experience with fuzzy
modeling in the context of an evaluative framework of sustainable development and,
in this way, support a learning process toward a more sustainable future. After all, the
best validation of a fuzzy evaluation of sustainable development is its adoption in the

unruly environment of the real world.

6.4 RESEARCH CONCLUSIONS

Final conclusion are formulated on the basis of the research questions

addressed in this thesis.

1. The system and societal imperatives of sustainability identify system and societal
issues that, in combination, define the «common ground for sustainable
development». This common ground provides an explicit point of departure for

local initiatives that aim at contributing to sustainable development.
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2. Fuzzy models can interface information between the society level and the
production systems level, because linguistic variables provide a bridge between

subjective (soft) interpretation of objective (hard) measurements.

3. Membership functions are at the core of fuzzy models and provide a standard for
drawing evaluative conclusions by defining a soft threshold that allows a smooth
interpretation of information, and that acknowledges the subjectivity involved

when interpreting information at the society level.

4. If expert knowledge is thoughtfully applied to construct both membership
functions and fuzzy rule bases, then fuzzy models can draw valid evaluative

conclusions with respect to sustainable development.

5. The evaluative framework of sustainable development that identifies sustainability
criteria on the basis of the common ground, and that gives meaning to
sustainability criteria on the basis of a fuzzy evaluation, provides a novel and

valuable contribution to the sustainability debate.

NOTES

' Fournier's general logic of evaluation was introduced in Chapter 1 (Subsection 1.3.1). An
«evaluand» denotes «that what is (to be) evaluated» (cf. Scriven, 1980). In this thesis, the
evaluand is an agricultural production system.

? Consider Alice's theorem: If you don't know where you want to go, it doesn't matter which
road you takey (from: Alice in Wonderland by Lewis Carol).

3 Immanuel Kant (1724-1804) deduces the «categorical imperative» in his book Metaphysics
of Morals which states: <act only according to a maxim by which you can at the same time
will that it shall become a general law» (Russel, 1996).

* Beekman (2001) provides a valuable philosophical reflection on possible non-directive
government intervention in non-sustainable lifestyles.

> In Chapter 5, public concern for animal welfare was used to illustrate an operational fuzzy
model. The decision to choose an illustrative example with respect to «animal welfare», rather
than with respect to «sustainable development» was made on the following grounds. First,
«animal welfare» and «sustainable development» both are entities that, as such, are not
directly measurable. Both animal welfare and sustainable development can be considered as
manifestations of public concern, i.e., they are a linguistic expression of a complex problem
that is characterized by a variety of issues (cf. Table 4.1). Drawing evaluative conclusions

with respect to animal welfare, therefore, also involves subjective interpretation at the society
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level, of objective information gathered at the production system level. Second, emphasis in
this chapter was on methodology, i.e., on development and validation of a full fuzzy model.
Third, within the time-span available for this research project, information with respect to
«animal welfare» was more readily available.

% Recall Zadeh's «principle of incompatibility» which states that a trade-off exists between the
complexity of a problem, and the precision in formulating conclusions on the problem
(Zadeh, 1973).

137






REFERENCES







Achterhuis, H., Sperna Weiland, J., Teppema, S., de Visscher, J., 1999. The philosophers. An
intellectual biography of the 20% century. Uitgeverij Contact, Amsterdam and
Antwerp. (in Dutch)

Altieri, M.A., Letourneau, D.K., Davis, J.R., 1984. The requirements of sustainable
agroecosystems. In: Douglass, G.K. (ed.), Agricultural sustainability in a changing
world order. Westview Press, Boulder, CO.

Angel, D.L., Krost, P., Silvert, W.L., 1998. Describing benthic impacts of fish farming with
fuzzy sets: theoretical background and analytic methods. Journal of Applied
Ichthyology 14, 1-8.

Anonymous, 1997. Perspective for Northwest Overijssel. Land use policy document.
Northwest Overijssel. Province of Overijssel, Zwolle. (in Dutch)

Anonymous, 1998. Fuzzy Logic Toolbox. The Math Works Inc., Natick, MA.

Appleby, M.C., Hughes, B.O., 1991. Welfare of laying hens in cages and alternative systems:
environmental, physical and behavioral aspects. World's Poultry Science Journal 47,
109-128.

Ball, J., 2001. Environmental future state visioning: towards a visual and integrative approach
to information management for environmental planning. Local Environment 6, 351-
366.

Bardossy, A., Duckstein, L., 1995. Fuzzy rule-based modeling with applications to
geophysical, biological and engineering systems. CRC Press, Boca Raton, FL.

Batschelet, E., 1975. Introduction to mathematics for life scientists. Springer-Verlag, Berlin.

Becker, B., 1997. Sustainability assessment: a review of values, concepts, and methodological
approaches. CGIAR, Washington, D.C., Issues in Agriculture 10.

Beekman, V., 2001. A green third way? Philosophical reflections on government intervention
in non-sustainable lifestyles. Ph.D. Thesis, Wageningen University, the Netherlands.

Bell, S., Morse, S., 1999. Sustainability indicators. Measuring the immeasurable? Earthscan
Publications Ltd, London.

Bell, S., Morse, S., 2001. Breaking the glass ceiling: who really cares about sustainability
indicators? Local Environment 6, 291-309.

Bethea, R.M., Duran, B.S., Boullion, T.L., 1985. Statistical methods for engineers and
scientists. Marcel Dekker, Inc., New York.

Bezdek, J.C., 1993. Fuzzy models. What are they, and why? IEEE Transactions on Fuzzy
Systems 1, 1-6.

Bhatnagar, R., Kanal, L.N., 1992. Models of enquiry and formalism for approximate
reasoning. In: Zadeh, L.A., Kacprzyk, J. (eds.), Fuzzy Logic for the Management of
Uncertainty. John Wiley and Sons Inc., New York.

Bil, T., Peters, J., 2002. Sustainable development is in need of a compass. How the business

community can contribute to a national strategy for sustainable development. NSDO-
publication 200205, the Hague. (in Dutch)

141



Bland, W.L., 1999. Toward integrated assessment in agriculture. Agricultural Systems 60,
157-167.

Blatz, C.V., 1992. The very idea of sustainability. Agricultural and Human Values 9, 12-28.

Blishun, A.F., 1989. Comparative analysis of methods of measuring fuzziness. Soviet Journal
of Computers Systems Science 27, 110-126.

Blokhuis, H.J., Metz, JH.M., 1992. Integration of animal welfare into housing systems for
laying hens. Netherlands Journal of Agricultural Science 40, 327-337.

Bockstaller, C., Girardin, P., van der Werf, HM.G., 1997. Use of agro-ecological indicators
for the evaluation of farming systems. European Journal of Agronomy 7, 261-270.

Boer, de, I.J.M., Cornelissen, A.M.G., 2002. A method using sustainability indicators to
compare conventional and animal-friendly egg production systems. Poultry Science
81, 173-181.

Boixader, D., Godo, L., 1998. Fuzzy inference. In: Ruspini, E.H., Bonissone, P.P., Pedrycz,
W. (eds.), Handbook of fuzzy computation. IOP Publishing Ltd, Philadelphia.

Bokkers, E.A.M., 1995a. Survey of health and welfare problems in conventional and
alternative egg production systems. Dutch Organization for the Protection of
Animals, The Hague, Report 1995-1. (in Dutch)

Bokkers, E.A.M., 1995b. Animal welfare index for egg production systems. Dutch
Organization for the Protection of Animals, The Hague, Report 1995-3. (in Dutch)

Bosman, H.G., Moll, H.A.J., Udo, H.M.J., 1997. Measuring and interpreting the benefits of
goat keeping in tropical farm systems. Agricultural Systems 53, 349-372.

Bossel, H., 1999. Indicators for sustainable development: theory, method, applications.
International Institute for Sustainable Development, Winnipeg.

Bosserman, R.W., Ragade, R.K., 1982. Ecosystems analysis using fuzzy set theory.
Ecological Modeling 16, 191-208.

Bracke, M.B.M., 2001. Modeling animal welfare. The development of a decision support
system to assess the welfare status of pregnant sows. Ph.D. Thesis, Wageningen
University.

Bracke, M.B.M., Spruijt, B.M., Metz, JJHM., 1999. Overall animal welfare assessment
reviewed. Part 1: is it possible? Netherlands Journal of Agricultural Science 47, 279-
291.

Brklacich, M., Bryant, C.R., Smit, B., 1991. Review and appraisal of concept of sustainable
food production systems. Environmental Management 15, 1-14.

Bromme, R., 1992. The teacher as an expert. On the psychology of professional expertise.
Verlag Hans Huber, Bern. (in German)

Broom, D.M., 1997. Welfare evaluation. Applied Animal Behaviour Science 54, 21-23.
Brown, D., Rothery, P., 1993. Models in biology: mathematics, statistics and computing. John

Wiley & Sons Ltd., Chichester, UK.

142



Buenstorf, G., 2000. Self-organization and sustainability: energetics of evolution and
implications for ecological economics. Ecological Economics 33, 119-134.

Callens, 1., Tyteca, D., 1999. Towards indicators of sustainable development for firms. A
productive efficiency perspective. Ecological Economics 28, 41-53.

Chameau, J.-L., Santamarina, J.C., 1987. Membership functions I: comparing methods of
measurement. International Journal of Approximate Reasoning 1, 287-301.

Chang, A.M., Hall, L.O., 1992. The validation of fuzzy knowledge-based systems. In: Zadeh,
L.A., Kacprzyk, J. (eds.), Fuzzy logic for the management of uncertainty. John Wiley
& Sons Inc., New York, NY.

Chatterton, P., Style, S., 2001. Putting sustainable development into practice? The role of
local policy partnership networks. Local Environment 6, 439-452.

Checkland, P., 1991. Towards the coherent expression of system ideas. Journal of Applied
Systems Analysis 18, 25-28.

Clayton, A.M.H., Radcliffe, N.J., 1996. Sustainability. A systems approach. Earthscan
Publications Ltd, London.

Conway, G.R., 1985. Agroecosystem analysis. Agricultural Administration 20, 31-55.

Cornelissen, A.M.G., Ifar, S., Udo, HM.J., 1997. The relevance of animal power for land
cultivation in upland areas: a case study in East Java, Indonesia. Agricultural Systems
54, 271-289.

Cornelissen, A.M.G., Teeuw, J., Koops, W.J., van der Fluit, N., 2000. Assessment of
sustainable development of land and water use: a pilot study in Northwest Overijssel,
the Netherlands. In: Gagnaux, D., Daccord, R., Gibbon, A., Poffet, J.R., Sibbald, A.R.
(eds.), Livestock farming systems. Integrating animal science advances into the
search for sustainability. Wageningen Pers, Wageningen.

Cornelissen, A.M.G., van den Berg, J., Koops, W.J. Grossman, M., Udo, HM.J., 2001.
Assessment of the contribution of sustainability indicators to sustainable
development: a novel approach using fuzzy set theory. Agriculture, Ecosystems and
Environment 86, 173-185. (Chapter 3 of this thesis)

Cornelissen, A.M.G., van den Berg, J., Koops, W.J., Kaymak, U., 2002. Elicitation of expert
knowledge for fuzzy evaluation of agricultural production systems. Agriculture,
Ecosystems and Environment (in press). (Chapter 4 of this thesis)

Cox, E., 1998. The fuzzy systems handbook. AP Professional, Boston, MA.

Dahl, A.L., 1997. The big picture: comprehensive approaches. In: Moldan, B., Billharz, S.
(eds.), Sustainability indicators. Report of the project on indicators of sustainable

development. John Wiley & Sons Ltd., Chichester, UK.

Dalsgaard J.P.T., Lightfoot, C., Christensen, V., 1995. Towards quantification of ecological
sustainability in farming system analysis. Ecological Engineering 4, 181-189.

Daly, H.E., 1990. Toward some operational principles of sustainable development. Ecological
Economics 2, 1-6.

143



Devuyst, D., 2000. Linking impact assessment and sustainable development at the local level:
the introduction of sustainability assessment systems. Sustainable Development 8, 67-
78.

Douglass, G.K., 1984. The meanings of agricultural sustainability. In: Douglass, G.K. (ed.),
Agricultural sustainability in a changing world order. Westview Press, Boulder, CO.

Dubois, D., Prade, H., 1985. A review of fuzzy set aggregation connectives. Information
Science 36, 85-121.

Dubois, D., Prade, H., 1988. Possibility theory. An approach to computerized processing of
uncertainty. Plenum Press, New York, NY.

Dubois, D., Prade, H., 1998. An introduction to fuzzy systems. Clinica Chimica Acta 270, 3-
29.

Dumanski, J., Gameda, S., Pieri, C., 1998. Indicators of land quality and sustainable land
management. An annotated bibliography. The World Bank, Washington, D.C.

Duncan, [.J.H., Dawkins, M.S., 1983. The problem of assessing "well-being" and "suffering"
in farm animals. In: Smidt, D. (ed.), Indicators relevant to farm animal welfare.
Martinus Nijhoff Publishers, Boston, MA.

Filev, D.P., Yager, R.R., 1991. A generalized defuzzification method via Bad Distribution.
International Journal of Intelligent Systems 6, 687-697.

Fraser, D., 1995. Science, values and animal welfare: exploring the 'inextricable connection'.
Animal Welfare 4, 103-117.

Fraser, A.F., Broom, D.M., 1990. Farm animal behavior and welfare. Bailliére Tindall,
London.

Ford, D.N., Sterman, J.D., 1998. Expert knowledge elicitation to improve mental and formal
models. Systems Dynamics Review 14, 309-340.

Fournier, D.M., 1995. Establishing evaluative conclusions: a distinction between general and
working logic. In: Fournier, D.M. (ed.), Reasoning in evaluation: inferential links and
leaps. Jossey-Bass Publishers, San Francisco, CA.

Fresco, L.O., Kroonenberg, S.B., 1992. Time and spatial scales in ecological sustainability.
Land Use Policy 9, 155-168.

Frouws, J., van Broekhuizen, R., 2000. Developments in dutch animal production. An
exploration of policy, market, technology and actors. Rathenau Instituut, Den Haag.
(in Dutch)

Gallopin, G.C., 1997. Indicators and their use: Information for decision-making. In: Moldan,
B., Billharz, S. (eds.), Sustainability indicators. Report of the project on indicators of
sustainable development. John Wiley & Sons Ltd., Chichester.

George, R., Srikanth, R., Buckles, B.P., Petry, F.E., 1997. An approach to modelling
impreciseness and uncertainty in the Object-Oriented Data Model. In: Dubois, D.,
Prade, H., Yager, R.R. (eds.), Fuzzy information engineering. A guided tour of
applications. John Wiley & Sons, Inc., New York, NY.

144



Giampietro, M., 1997. Socio-economic constraints to farming with biodiversity. Agriculture,
Ecosystems and Environment 62, 145-167.

Giampietro, M., Paoletti, M.G., Bukkens, S.G.F., Chunru, H., 1997. Preface. Agriculture,
Ecosystems and Environment 62, 77-79.

Giles, R., 1988. The concept of grade of membership. Fuzzy Sets and Systems 25, 297-323.

Goldsmith, E.D., Allen, R., Allaby, M. Davoll, J., Lawrence, S., 1972. A blueprint for
survival. The Ecologist 2, 1-43.

Graaf, de, H.J., Musters, C.J.M., 1998. Opportunities for sustainable development. theory,
methods, and regional applications. Ph.D. Thesis, Leiden University, the Netherlands.

Greenwell, M., 1988. Knowledge engineering for expert systems. Ellis Harwood Limited,
Chichester.

Greenwood, M.R., 2001. Community as a stakeholder. Focusing on corporate social and
environmental reporting. Journal of Corporate Citizenship 4, 31-45.

Groot Koerkamp, P.W.G., 1994. Review on emissions of ammonia from housing systems for
laying hens in relation to sources, processes, building design and manure handling.
Journal of Agricultural Engineering Research 59, 73-87.

Hansen, J.W., 1996. Is agricultural sustainability a useful concept? Agricultural Systems 50,
117-143.

Hansen, J.W., Jones, J.W., 1996. A systems framework for characterizing farm sustainability.
Agricultural Systems 51, 185-201.

Hardi, P., Zdan, T., 1997. Assessing sustainable development: principles in practice. 1ISD,
Winnipeg.

Harger, J.R.E., Meyer, F.-M., 1996. Definition of indicators for environmentally sustainable
development. Chemosphere 33, 1749-1775.

Heinen, J.T., 1994. Emerging, diverging and converging paradigms on sustainable
development. International Journal of Sustainable Development and World Ecology
1,22-33.

Hersch, H.M., Caramazza, A., 1976. A fuzzy set approach to modifiers and vagueness in
natural language. Journal of Experimental Psychology 105, 254-276.

Hogg, R.V., Tanis, E.A., 1997. Probability and statistical inference. Prentice Hall, Upper
Saddle River, NJ.

Horlings, 1., 1996. Skilful sustainable farming. Innovation groups in Dutch agriculture.
Wageningen Agricultural University, Wageningen, Studies van Landbouw en

Platteland 20. (in Dutch)

Hueting, R., Reijnders, L., 1998. Sustainability is an objective concept. Ecological Economics
27, 139-147.

Ifar, S., 1996. Relevance of ruminants in upland mixed-farming systems in East Java,
Indonesia. Ph.D. Thesis, Wageningen Agricultural University, Wageningen.

145



IISD, 2002. http://iisd1.iisd.ca/measure/fags.htm (Accessed 01/10/02).

Ikerd, J.E., 1993. The need for a systems approach to sustainable agriculture. Agriculture
Ecosystems and Environment 46, 147-160.

Jonge, de, F.H., Goewie, E.A., 2000. For the good of the animal. On the welfare of animals in
animal production systems. Rathenau Instituut, The Hague. (in Dutch)

Kaymak, U., 1998. Fuzzy decision making with control applications. Ph.D. Thesis. Delft
Technical University, the Netherlands.

Keeny, D.R., 1989. Toward a sustainable agriculture: need for clarification of concepts and
terminology. American Journal of Alternative Agriculture 4, 101-105.

Kelly, K.L., 1998. A systems approach to identifying decisive information for sustainable
development. European Journal of Operational Research 109, 452-464.

Klir, G.J., 1991. Facets of systems science. Plenum Press, New York, NY.

Klir, GJ., Folger, T.A., 1988. Fuzzy Sets, uncertainty, and information. Prentice-Hall
International Inc., New Jersey.

Klir, G.J., Yuan, B., 1995. Fuzzy sets and fuzzy logic. Theory and application. Prentice-Hall
PTR, New Jersey.

Koestler, A., 1967. The ghost in the machine. Hutchinson & Co Publishers Ltd., London.
Koestler, A., 1978. Janus. A summing up. Hutchinson & Co Publishers Ltd., London.

Kontic, B., 2000. Why are some experts more credible than others? Environmental Impact
Assessment Review 20, 427-434.

Kosko, B., 1990. Fuzziness vs. probability. International Journal of General Systems 17, 211-
240.

Kosko, B., 1992. Neural networks and fuzzy systems. Prentice-Hall International Inc., New
Jersey.

Krishnapuram, R., 1998. Membership function elicitation and learning. In: Ruspini, E.H.,
Bonissone, P.P., Pedrycz, W. (eds.), Handbook of fuzzy computation. [OP Publishing
Ltd, Bristol.

Kunkel, H.O., 2000. Human issues in animal agriculture. Texas A&M University Press,
College Station, TX.

Lectric Law Library, 2002. http://www.lectlaw.com/def/e066.htm (Accessed 04/01/02)

Leekwijck, van, W., Kerre, E.E., 1999. Defuzzification: criteria and classification. Fuzzy Sets
and Systems 108, 159-178.

Leung, Y., 1981. On the exactness of membership functions in fuzzy set theory. Department

of Geography and Geographical Research Center, The Chinese University of Hong
Kong, Occasional Paper No. 18.

146



Macvicar-Whelan, P.J., 1978. Fuzzy sets, the concept of height, and the hedge VERY. /IEEE
Transactions on Systems, Man and Cybernetics, SMC-8, 507-511.

Marsh, J.S., 1997. The policy approach to sustainable farming systems in the EU. Agriculture,
Ecosystems and Environment 64, 103-114.

Marten, G.G., 1988. Productivity, stability, sustainability, equitability and autonomy as
properties for agroecosystem assessment. Agricultural Systems 26, 291-316.

McDowell, 1., Newell, C. 1987. Measuring health: a guide to rating scales and questionnaires.
Oxford University Press, Oxford.

McNeill, D., Freiberger, P., 1993. Fuzzy logic. Simon and Schuster, New York.

Meadows, D., Meadows, D., Randers, J., Behrens, W., 1972. Limits to growth. Universe
Books, New York.

Meadows, D.H., Meadows, D.L., Randers, J., 1992. Beyond the limits. Confronting global
collapse; envisioning a sustainable future. Earthscan Publications Ltd., London.

Mebratu, D., 1998. Sustainability and sustainable development: historical and conceptual
review. Environmental Impact Assessment Review 18, 493-520.

Mendl, M., 1991. Commentary. Some problems with the concept of a cut-off point for
determining when an animal's welfare is at risk. Applied Animal Behaviour Science
31, 139-146.

Mitchell, G., 1996. Problems and fundamentals of sustainable development indicators.
Sustainable Development 4, 1-11.

Mitchell, G., May, A., McDonald, A., 1995. PICABUE: a methodological framework for the
development of indicators of sustainable development. International Journal of
Sustainable Development and World Ecology 2, 104-123.

Mitchell, R.K., Agle, B.R., Wood, D.J., 1997. Toward a theory of stakeholder identification
and salience: defining the principle of who and what really counts. Academy of
Management Review 22, 853-886.

Munda, G., 1995. Multicriteria evaluation in a fuzzy environment. Theory and applications in
ecological economics. Physica-Verlag, Heidelberg.

Munda, G., Nijkamp, P., Rietveld, P., 1992. Multicriteria evaluation and fuzzy set theory:
applications in planning for sustainability. Free University, Amsterdam, Research-
Memorandum 1992-68.

Neher, D., 1992. Ecological sustainability in agricultural systems: definition and
measurement. In: Olson, R.K. (ed.), Integrating sustainable agriculture, ecology, and

environmental policy. Haworth Press Inc., London.

Neumayer, E., 2001. The human development index and sustainability - a constructive
proposal. Ecological Economics 39, 101-114.

Niemeijer, D., 2002. Developing indicators for environmental policy: data-driven and theory-
driven approaches examined by example. Environmental Science & Policy (in press).

147



Nijkamp, P., Vreeker, R., 2000. Sustainability assessment of development scenarios:
methodology and application to Thailand. Ecological Economics 33, 7-27.

Norwich, A.M., Tiirksen, 1.B., 1984. A model for the measurement of membership and the
consequences of its empirical implementation. Fuzzy Sets and Systems 12, 1-25.

Nunnally, J.C., 1978. Psychometric theory. McGraw-Hill Book Company, New York.

OECD, 2000a. Towards sustainable development. Indicators to measure progress. OECD
Publications, Paris.

OECD, 2000b. Frameworks to measure sustainable development. OECD Publications, Paris.

Olson, R.K., 1992. The future context of sustainable agriculture: planning for uncertainty. In:
Olson, R.K. (ed.), Integrating sustainable agriculture, ecology, and environmental
policy. Haworth Press Inc., Binghamton, NY.

Peco, B., Malo, J.E., Onfate, J.J., Sudrez, F., Sumpsi, J., 1999. Agri-environmental indicators
for extensive land-use systems in the Iberian Peninsula. In: Brouwer, F., Crabtree, B.
(eds.), Environmental indicators and agricultural policy. CABI Publishing, New
York, NY.

Pedrycz, W., 1993. Fuzzy control and fuzzy systems. Research Studies Press Ltd., Taunton,
UK.

Pelt, van, M.J.F., Kuyvenhoven, A., Nijkamp, P., 1995. Environmental sustainability: issues
of definition and measurement. International Journal of Environment and Pollution
5,204-223.

Pinstrup-Andersen, P., Pandya-Lorch, R., 1998. Food security and sustainable use of natural
resources: a 2020 vision. Ecological Economics 26, 1-10.

Pretty, J.N., 1997. The sustainable intensification of agriculture. Natural Resources Forum
21, 247-256.

Ram, S., Ram, S., 1996. Validation of expert systems for innovation management: issues,

methodology, and empirical assessment. Journal of Product Innovation Management
13, 53-68.

Rawls, J., 1973. A theory of justice. Oxford University Press, Oxford and New York.

Renning, K., Wiggering, H., 1997. Step towards indicators of sustainable development:
linking economic and ecological concepts. Ecological Economics 20, 25-36.

Reuzel, R.P.B., 2001. Health technology assessment and interactive evaluation: different
perspectives. Ph.D. Thesis, University of Nijmegen, Nijmegen.

Rojas, 1., Ortega, J., Pelayo, F.J., Prieto, A., 1999. Statistical analysis of the main parameters
in the fuzzy inference process. Fuzzy Sets and Systems 102, 157-173.

Roling, N., 1994. Platforms for decision-making about ecosystems. In: Fresco, L.O.,
Stroosnijder, L., Bouma, J, van Keulen, H. (eds.), The future of the land: mobilising
and integrating knowledge for land use options. John Wiley and Sons Ltd, Chichester,
UK.

148



Rosnay, de, J., 1988. Macroscope. Systems thinking: view on coherence and change.
Uitgeverij L.J. Veen bv, Utrecht. (in Dutch)

Rossi, P.H., Freeman, H.E., 1989. Evaluation. A systematic approach. Sage Publications Inc.,
Newbury Park, CA.

Rotmans, J., Grosskurth, J., van Asselt, M., Loorbach, D., 2001. Sustainable development:
from concept to application. ICIS, Maastricht. (in Dutch)

Ruspini, E.H., Mamdani, E.H., 1998. Probability, imprecision, and vagueness. In: Ruspini,
E.H., Bonissone, P.P., Pedrycz, W. (eds.), Handbook of fuzzy computation. IOP
Publishing, Philadelphia.

Ruspini, E.H., Bonissone, P.P., Pedrycz, W., 1998. Handbook of fuzzy computation. IOP
Publishing, Philadelphia.

Russel, B., 1996. History of western philosophy. Routledge, London.

Ruttan, V.W., 1997. Sustainable growth in agricultural production: poetry, policy, and
science. In: Vosti, S.A., Reardon, T. (eds.), Sustainability, growth, and poverty
alleviation. A policy and agroecological perspective. The John Hopkins University
Press, Baltimore and London.

Safley, M., 1998. How traditional agriculture is approaching sustainability. Biomass and
Bioenergy 14, 329-332.

Sandee, P., Simonsen, H.B., 1992. Assessing animal welfare: where does science end and
philosophy begin? Animal Welfare 1, 257-267.

Santamarina, J.C., Chameau, J.-L., 1987. Membership functions II: trends in fuzziness and
implications. International Journal of Approximate Reasoning 1, 303-317.

Schiere, J.B., 1995. Cattle, straw and system control. Ph.D. thesis, Wageningen Agricultural
University, Wageningen.

Schreiber, G., Akkermans, H., Anjewierden, A., de Hoog, R., Shadbolt, N., van de Velde, W.,
Wielinga, B., 2000. Knowledge engineering and management. The CommonKADS
methodology. MIT Press, Cambridge, MA.

Schwartz, D.G., 1998. Fuzzy mathematical objects. In: Ruspini, E.H., Bonissone, P.P.,
Pedrycz, W. (eds.), Handbook of fuzzy computation. IOP Publishing Ltd.,
Philadelphia.

Scriven, M., 1980. The logic of evaluation. Edgepress, Inverness, CA.

Shearman, R., 1990. The meaning and ethics of sustainability. Environmental Management
14, 1-8.

Siegel, S., Castellan, N.J., 1988. Nonparametric statistics for the behavioral sciences.
McGraw-Hill Book Company, New York, NY.

Silvert, W., 1997. Ecological impact classification with fuzzy sets. Ecological Modelling 96,
1-10.

149



Snedecor, G.W., Cochran, W.G., 1978. Statistical methods. Iowa State University Press,
Ames, 10.

Spedding, C.R.W., 1995. Sustainability in animal production systems. Journal of Animal
Science 61, 1-8.

Stafleu, F.R., Grommers, F.J., Vorstenbosch, J., 1996. Animal welfare: evolution and erosion
of a moral concept. Animal Welfare 5, 225-234.

Steinfeld, H., de Haan, C., Blackburn, H., 1997. Livestock-environment interactions, issues
and options. FAO-World Bank, Rome.

Stockle, C.O., Papendick, R.I., Saxton, K.E., Campbell, G.S., van Evert, F.K., 1994. A
framework for evaluating the sustainability of agricultural production systems.
American Journal of Alternative Agriculture 9, 45-50.

Striezel, A., 1994. Animal welfare index for laying hens. In: Sundrum, A., Andersson, R.,
Postler, G., (eds.), Animal welfare index-200. A guideline for evaluation of housing
systems. Kollen Druck & Verlag GmbH, Bonn. (in German)

Sundrum, A., Andersson, R., 1994. The animal welfare index (TGI). In: Sundrum, A.,
Andersson, R., Postler, G. (eds.), Animal welfare index-200. A guideline for

evaluation of housing systems. Kéllen Druck & Verlag GmbH, Bonn. (in German)

Thompson, P.B., 1986. The social goals of agriculture. Agricultural and Human Values 3, 32-
42.

Thompson, P.B., 1992. The varieties of sustainability. Agricultural and Human Values 9, 11-
19.

Torquebiau, E., 1992. Are tropical agroforestry homegardens sustainable? Agriculture,
Ecosystems and Environment 41, 189-207.

Turban, E., 1995. Decision support and expert systems. Prentice-Hall, Englewood Cliffs, NJ.

Tiirksen, 1.B., 1991. Measurement of membership functions and their acquisition. Fuzzy Sets
and Systems 40, 5-38.

Tiirksen, 1.B., 1999. Type I and Type II fuzzy system modeling. Fuzzy Sets and Systems 106,
11-34.

Tiirksen, 1.B., 2002. Type 2 representation and reasoning for CWW. Fuzzy Sets and Systems
127, 17-36.

Udo, HM.J., 1997. Relevance of farmyard animals to rural development. Outlook on
Agriculture 26, 25-28.

Udo, H.M.J., Cornelissen, A.M.G., 1998. Livestock in resource-poor farming systems.
Outlook on Agriculture 27, 237-242.

Valentin, A., Spangenberg, J.H., 2000. A guide to community sustainability indicators.
Environmental Impact Assessment Review 20, 381-392.

Vavra, M., 1996. Sustainability of animal production systems: an ecological perspective.
Journal of Animal Science 74, 1418-1423.

150



Verbruggen, H., Kuik, O., 1991. Indicators of sustainable development: an overview. In:
Kuik, O., Verbruggen, H. (eds.), In search of indicators of sustainable development.
Kluwer, Dordrecht.

Viglizzo, E.F., Roberto, Z.E., 1998. On trade-offs in low-input agroecosystems. Agricultural
Systems 56, 253-264.

Watanabe, H., Symon, J., Detloff, W.D., Yount, K.E., 1992. VLSI fuzzy chip and inference
accelerator board systems. In: Zadeh, L.A., Kacprzyk, J. (eds.), Fuzzy logic for the
management of uncertainty. John Wiley & Sons Inc., New York, NY.

WCED, 1987. Our common future. Oxford University Press, Oxford and New York.

Welbank, M., 1983. A review of knowledge acquisition techniques for expert systems.
Martlesham Consultancy Services, Ipswich, UK.

Werf, van der, H.M.G., Petit, J., 2002. Evaluation of the environmental impact of agriculture
at the farm level: a comparison and analysis of 12 indicator-based methods.
Agriculture, Ecosystems and Environment (in press).

Werf, van der, HM.G., Zimmer, C., 1998. An indicator of pesticide environmental impact
based on a fuzzy expert system. Chemosphere 36, 2225-2249.

Wirén-Lehr, von, S., 2001. Sustainability in agriculture - an evaluation of principle goal-
oriented concepts to close the gap between theory and practice. Agriculture,
Ecosystems and Environment 84, 115-129.

Wit, de, J., Schiere, J.B., Udo, H.M.J., 1992. Analyzing livestock systems in developing
countries: experiences of DTAP reviewed. In: Ayeni, A.O., Bosman, H.G. (eds), Goat

production systems in the humid tropics. Proceedings of an international workshop,
Ile-Ife, Nigeria, July 1992.

WRR, 1995. Sustained risks. A lasting phenomenon. Sdu Uitgeverij bv, The Hague, Reports
to the Government 44.

WRR, 2002. Sustainable development. Administrative conditions for an activating policy.
Sdu Uitgevers bv, The Hague, Reports to the Government 62.

Yager, R.R., 1994. Aggregation operators and fuzzy systems modeling. Fuzzy Sets and
Systems 62, 129-145.

Yager, R.R., Filev, D.P., 1993. On the issue of defuzzification and selection based on a fuzzy
set. Fuzzy Sets and Systems 55, 255-271.

Zadeh, L.A., 1965. Fuzzy sets. Information and Control 8, 338-353.
Zadeh, L.A., 1973. Outline of a new approach to the analysis of complex systems and
decision processes. [EEE Transactions on Systems, Man, and Cybernetics SMC-3,

28-44.

Zadeh, L.A., 1975a. The concept of a linguistic variable and its application to approximate
reasoning-1. Information Science 8, 199-249.

Zadeh, L.A., 1975b. The concept of a linguistic variable and its application to approximate
reasoning-11. Information Science 8, 301-357.

151



Zimmermann, H.-J., 1996. Fuzzy set theory and its applications. Kluwer Academic
Publishers, Boston.

Zimmermann, H.-J., Zysno, P., 1983. Decisions and evaluations by hierarchical aggregation
of information. Fuzzy Sets and Systems 10, 243-260.

Zoeteman, K., 2001. Sustainability and nations. Tracing stages of sustainable development of

nations with integrated indicators. [International Journal of Sustainainable
Development and World Ecology 8, 93-109.

152









SUMMARY







RESEARCH OBJECTIVES

This thesis aimed at developing an evaluative framework to draw justifiable
conclusions about the contribution of an agricultural production system to society's
sustainable development. Such conclusions should be based on methods that set
criteria and standards for the evaluand (i.e., agricultural production systems), measure
performance of the evaluand in terms of these criteria and standards, and integrate
information in a final assessment of merit or worth of the evaluand. The evaluative
framework, that served as a common thread in this thesis, constitutes a complete cycle
to monitor sustainable development: Phases 1 through 4 establish evaluative

conclusions, and Phase 5 closes the monitoring cycle by acting upon the conclusions.

Emphasis in this thesis was on methodological aspects to identify (Phases 1
through 3) and interpret sustainability criteria (Phase 4). The objectives of the study,

therefore, were as follows:

1. construct a support to identify appropriate sustainability criteria, and to obtain
relevant information with respect to sustainable development;
2. construct a method to interpret this information, and to draw evaluative

conclusions about sustainable development.

An evaluative framework of sustainable development operates at both the
production system level and the society level: objective information gathered at the
production system level is given subjective meaning at the society level. In the 1960's,
fuzzy set theory was introduced to manage subjective human communication and
interpretation of objective information. In this thesis, fuzzy set theory was suggested
as a formal mathematical basis to support Phase 4 in the evaluative framework of
sustainable development. The following research questions, therefore, were
addressed:

What constitutes an appropriate support to identify relevant sustainability criteria?

2. Can use of fuzzy set theory combine objective information, obtained at the
production system level, and subjective interpretation of information, obtained at
the society level?

3. Can use of fuzzy set theory establish standards that allow subjective interpretation
of information?

4. Can use of fuzzy set theory draw valid evaluative conclusions through integration

of information?
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5. Does the evaluative framework of sustainable development provide a valuable

contribution to the sustainability debate?

IDENTIFYING SUSTAINABILITY CRITERIA

Concern for sustainability currently is an important frame of reference for
development of society, and numerous local initiatives claim to contribute to
sustainable development. Although sustainable development inherently holds
subjective aspects, expressing concern for sustainability needs an explicit point of

departure to prevent sustainable development from being characterized at will.

Chapter 2 identifies a «common ground for sustainable development» to
provide an explicit point of departure. Common ground was identified using
Koestler's metaphor of the Janus-faced holon. The «Two Faces of Sustainability»
provide a two-way perspective by integrating ecocentric and anthropocentric
rationales in two imperatives of sustainability: a system imperative and a societal
imperative. These imperatives define, on the one hand, system issues that refer to
concern for the existence of society, and, on the other hand, societal issues that refer
to concern for the acceptability of society. System and societal issues, ultimately,

identify the common ground for sustainable development.

Chapter 2, additionally, introduces a simple graphical model that visualizes the
«sustainability scope» of local initiatives by delineating the common ground covered
using the selected sustainability indicators. The model uses an overall impression of
grey tones that depends on the emphasis given to the various system and societal
issues. If the sustainability scope is broad (i.e., system and societal issues have been
given equal emphasis), then the impression will be evenly gray; if the sustainability
scope is narrow (i.e., only a limited number of issues have been given emphasis), then
the impression will tend to a black-and-white contrast. A case study in a region of the
Province of Overijssel, the Netherlands, illustrates how the sustainability scope
reflects the common ground covered based on sustainability indicators selected by
local initiatives. Chapter 2 concludes that common ground for sustainable
development allows proper identification of sustainability criteria, and that the
sustainability scope provide a useful means for local initiatives to justify their specific

contribution to sustainable development.
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GIVING MEANING TO SUSTAINABILITY CRITERIA

If appropriate sustainability criteria have been identified, then giving meaning
to the information obtained from sustainability criteria is the next phase in drawing
evaluative conclusions about sustainable development. Fuzzy set theory was
suggested as a formal mathematical basis to support Phases 4-2 and 4-3 in the
evaluative framework of sustainable development. The main body of research
presented in this thesis, therefore, deals with the feasibility of fuzzy set theory to

interpret and integrate available information.

Chapter 3 introduces fuzzy set theory and develops two fuzzy models to assess
sustainable development based on selected sustainability indicators: one model
applies fuzzy set aggregation operations, and another applies approximate reasoning.
Membership functions are at the core of fuzzy models, and define the degree to which
sustainability indicators contribute to sustainable development. Implementation of
fuzzy models with respect to sustainable development is based on elicitation of expert
knowledge to construct a membership function. The membership function, therefore,
often is considered to be both the strongest and the weakest point of a fuzzy model. It
is the strongest, because a membership function defines a soft threshold, which allows
a smooth and practical assessment of the contribution of sustainability indicators to
sustainable development. It is the weakest, because the membership function is
regarded as too subjective in relation to its construction. Chapter 3, therefore,
concludes that the reliability of membership functions is essential to guarantee the

validity of fuzzy models.

Chapter 4 outlines a procedure which deals with criticism regarding the
inherent subjectivity in the construction of membership functions, when such
construction is based on the use of expert knowledge. The procedure guarantees the
selection of appropriate expert knowledge, and provides a guideline supporting the
selection of methods to elicit expert knowledge and construct membership functions.
Selection of appropriate expert knowledge is based on criteria to identify experts, and
consider a person's period of learning and experience in a specific domain of

knowledge, as well as the specific circumstances in which experience is gained

Next, qualitative comparison with respect to practical application of four
elicitation methods (point estimation, interval estimation, direct rating, and transition
interval estimation) showed that the actual choice of an elicitation method depends on

the range of application, the ease of the response mode for experts, and the ease of
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constructing and interpreting membership functions. Also on the basis of the results in
an illustrative example, Chapter 4 concludes that the procedure outlined suitably deals
with criticism regarding membership functions and, therefore, enables a practical

implementation of fuzzy models.

Chapter 5 develops and validates an operational fuzzy model to evaluate egg
production systems for a laying hen's possibility to move. A laying hen's possibility to
move is chosen as it provides a concise characteristic of the welfare of a laying hen.
The decision to choose an illustrative example with respect to animal welfare, rather
than with respect to sustainable development is made on the following grounds. First,
animal welfare and sustainable development both are entities that, as such, are not
directly measurable. Both animal welfare and sustainable development can be
considered as manifestations of public concern, i.e., they are a linguistic expression of
a complex problem that is characterized by a variety of issues. Drawing evaluative
conclusions with respect to animal welfare, therefore, also involves subjective
interpretation at the society level, of objective information gathered at the production
system level. Second, emphasis in this chapter is on methodology, i.e., on
development and validation of a full fuzzy model. Third, within the time-span
available for this research project, information with respect to animal welfare was

more readily available.

Empirical validation of the fuzzy model in Chapter 5 involves experts as a
standard. Validation results are compared to modeling results in relative and in
absolute terms. In relative terms, modeling results and validation results correlate very
well, i.e., the fuzzy model and experts both ranked egg production systems with
respect to a laying hen's possibility to move in a similar way. If the success of the
fuzzy model is considered only to depend on whether egg production systems are
correctly ranked in terms of possibility to move, then the fuzzy model is considered
successfully validated. In absolute terms, modeling results consistently underrate a
laying hen's possibility to move in comparison to validation results. For the fuzzy
model to be successfully validated in absolute terms, the results suggest
reconsideration of the model's fuzzy rule base. In addition, results emphasize that
validity of fuzzy models largely depends on correct construction of a fuzzy rule base
when expert knowledge plays an important role. Further research with respect to
procedures to support construction of a fuzzy rule base, therefore, will be beneficial.
Chapter 5 concludes that, even though the procedure to construct the model's fuzzy
rule base needs to be further refined, the prospects of fuzzy modeling with respect to

drawing concise and easy-to-understand evaluative conclusions look promising.
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RESEARCH CONCLUSIONS

The «Two Faces of Sustainability», based on Koestler's metaphor of the
Janus-faced holon, provide a novel contribution to the sustainability debate in two
ways. First, the metaphor applied to society identifies a common ground for
sustainable development. Second, the metaphor applied to agricultural production
systems identifies an evaluative framework of sustainable development that operates

at both the production system level and the society level.

Fuzzy modeling provides a means to bridge the communication-gap between
the society level and the production system level by acknowledging how humans
understand and manage complexity. As currently sustainable development essentially
manifests itself at the policy level, policy makers will need a tool that provides them
with information on the state of sustainable development, as well as with information
with respect to specific interventions needed. Fuzzy models can interface information
between society and agricultural production systems (or any other part of society) to
support platforms of all relevant stakeholders, including policy makers, to learn their

way to more sustainable futures.

Specific research conclusion are formulated on the basis of the research
questions addressed in this thesis:

1. The system and societal imperatives of sustainability identify system and societal
issues that, in combination, define the common ground for sustainable
development. This common ground provides an explicit point of departure for

local initiatives that aim at contributing to sustainable development.

2. Fuzzy models can interface information between the society level and the
production systems level, because linguistic variables provide a bridge between

subjective (soft) interpretation of objective (hard) measurements.

3. Membership functions are at the core of fuzzy models and provide a standard for
drawing evaluative conclusions by defining a soft threshold that allows a smooth
interpretation of information, and that acknowledges the subjectivity involved
when interpreting information at the society level.
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4. If expert knowledge is thoughtfully applied to construct both membership
functions and fuzzy rule bases, then fuzzy models can draw valid evaluative

conclusions with respect to sustainable development.

5. The evaluative framework of sustainable development that identifies sustainability
criteria on the basis of the common ground, and that gives meaning to
sustainability criteria on the basis of a fuzzy evaluation, provides a novel and

valuable contribution to the sustainability debate.
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DOELSTELLINGEN VAN DIT ONDERZOEK

Het onderzoek beschreven in dit proefschrift beoogde een evaluatief raamwerk
te ontwikkelen om verantwoorde conclusies te kunnen trekken over de bijdrage van
landbouwproductiesystemen aan een duurzame ontwikkeling van de maatschappij.
Evaluatieve conclusies zijn het resultaat van methoden met behulp waarvan
duurzaamheidscriteria worden vastgesteld, en van methoden waarmee vervolgens op
basis van deze criteria de mate van succes wordt bepaald waarmee
landbouwproductiesystemen bijdragen aan een duurzame ontwikkeling. De mate van
succes wordt bepaald door de verkregen informatie te integreren in een uiteindelijke
beoordeling. Het evaluatieve raamwerk, dat als een rode draad door dit proefschrift
loopt, omvat een complete cyclus bedoeld om een duurzame ontwikkeling te
monitoren: de Fasen 1 tot en met 4 in deze cyclus resulteren in evaluatieve conclusies,
en Fase 5 sluit de monitoring-cyclus door te handelen naar de aard van de getrokken

conclusies.

De nadruk in dit proefschrift ligt op de methodologische aspecten van het
identificeren (Fasen 1 tot en met 3) en het interpreteren van duurzaamheidscriteria

(Fase 4). De doelstellingen van dit onderzoek waren als volgt:

1. het bepalen van een grondslag, op basis waarvan geschikte duurzaamheidscriteria
kunnen worden geidentificeerd, en relevante informatie over duurzame
ontwikkeling kan worden verkregen;

2. het bepalen van een methode om deze informatie op een zinvolle manier te
kunnen interpreteren, en vervolgens evaluatieve conclusies over duurzame

ontwikkeling te kunnen trekken.

Een evaluatief raamwerk voor duurzame ontwikkeling opereert zowel op het
productiesysteem-niveau als op het maatschappij-niveau: objectieve informatie wordt
verzameld op productiesysteem-niveau — door middel van meten of observeren van
duurzaamheidsindicatoren — en krijgt subjectieve betekenis op maatschappij-niveau.
In de jaren zestig werd fuzzy set theory (vaagverzamelingenleer) geintroduceerd om
subjectieve, menselijke communicatie te relateren aan de eraan ten grondslag liggende
objectieve informatie. In dit proefschrift wordt onderzocht of fuzzy set theory kan
worden gebruikt als een mogelijke formele wiskundige basis ter ondersteuning van

Fase 4 in het evaluatief raamwerk voor duurzame ontwikkeling.
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De volgende onderzoeksvragen kwamen in dit proefschrift aan de orde:

Op welke basis kunnen relevante duurzaamheidscriteria worden vastgesteld?

2. Kan door gebruik van fuzzy set theory objectieve informatie, verkregen op
productiesysteem-niveau, gekoppeld worden aan subjectieve interpretatie van
deze informatie op maatschappij-niveau?

3. Kunnen door gebruik van fuzzy set theory standaarden worden vastgesteld die
deze inherente subjectiviteit ondersteunen?

4. Kunnen door het gebruik van fuzzy set theory verantwoorde evaluatieve conclusies
worden getrokken middels het integreren van informatie?

5. Levert het «evaluatief raamwerk voor duurzame ontwikkeling» een waardevolle

bijdrage aan het duurzaamheidsdebat?

IDENTIFICEREN VAN DUURZAAMHEIDSCRITERIA

De publieke zorg over duurzaamheid vormt tegenwoordig een belangrijk
referentickader waar het de (toekomstige) ontwikkeling van onze maatschappij
betreft. Vele lokale initiatieven claimen bij te dragen aan een duurzame ontwikkeling
van de maatschappij. Ondanks het inherente subjectieve karakter van duurzame
ontwikkeling is een expliciet uitgangspunt echter noodzakelijk om te voorkomen dat

duurzame ontwikkeling naar een ieders eigen inzicht wordt ingevuld.

Hoofdstuk 2 bepaalt een «algemeen uitgangspunt voor duurzame
ontwikkeling» op basis waarvan context-specifiecke duurzaamheidscriteria kunnen
worden vastgesteld. Een dergelijke grondslag wordt ontwikkeld met behulp van
Koestler's holon-theorie. Een «holon» is een abstracte benadering van de
werkelijkheid waarin de maatschappij wordt voorgesteld als een systeem met twee
gezichten. Het ene gezicht is gericht op het maatschappelijk systeem zelf en
benadrukt een antropocentrische opstelling ten opzichte van duurzame ontwikkeling;
het andere gezicht is gericht op de omgeving waarin (en de omgeving waarvan) dat
maatschappelijk systeem moet bestaan, en benadrukt een ecocentrische opstelling. De
«Twee Gezichten van Duurzaamheid» — twee gezichten van hetzelfde hoofd: een
Janus-hoofd — leveren op die manier een tweeledig perspectief op duurzaamheid door
antropocentrische en ecocentrische opstellingen te verenigen in twee
duurzaamheidsimperatieven: een maatschappij-imperatief en een systeem-imperatief.
Deze imperatieven formuleren enerzijds «systeemkwesties», die refereren aan zorg

over de bestaanswijze van de maatschappij, en anderzijds «maatschappijkwestiesy,
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die refereren aan zorg over de redelijkheid van de maatschappij. Systeem- en
maatschappijkwesties bepalen samen een expliciet algemeen uitgangspunt voor

duurzame ontwikkeling.

Hoofdstuk 2 introduceert vervolgens een eenvoudig grafisch model om het
«duurzaamheidsbereik» van lokale initiatieven te visualiseren met behulp van de door
deze initiatieven geselecteerde duurzaamheidsindicatoren. Het model gebruikt een
impressie van grijstinten welke athankelijk is van de nadruk die door de geselecteerde
duurzaamheidsindicatoren wordt gegeven aan de verschillende systeem- en
maatschappijkwesties. Een breed duurzaamheidsbereik (gelijke nadruk wordt gegeven
aan zowel systeem- als maatschappijkwesties) levert een regelmatige grijs-impressie
op; een smal duurzaamheidsbereik (slechts een klein aantal kwesties krijgt aandacht)
zal leiden tot meer zwart-wit contrasten. Een casestudy in de noordwestelijke regio
van de provincie Overijssel illustreert hoe dit duurzaamheidsbereik visualiseert in
welke mate de algemene uitgangspunten voor duurzame ontwikkeling worden
meegenomen door de ontwikkelde lokale initiatieven. Hoofdstuk 2 concludeert dat het
algemene uitgangspunt voor duurzame ontwikkeling, vastgesteld op basis van de twee
duurzaamheidsimperatieven, het mogelijk maakt relevante duurzaamheidscriteria vast
te stellen. Het visualiseren van het duurzaamheidsbereik kan voor lokale initiatieven
een praktisch middel zijn om hun bijdrage aan een duurzame ontwikkeling van onze

maatschappij te illustreren en te rechtvaardigen.

BETEKENIS GEVEN AAN DUURZAAMHEIDSCRITERIA

Na het vaststellen van relevante duurzaamheidscriteria moet betekenis worden
gegeven aan de informatie verkregen op basis van deze criteria, om zodoende tot een
evaluatieve conclusie te kunnen komen met betrekking tot duurzame ontwikkeling.
Fuzzy set theory werd voorgesteld als een formele wiskundige basis om Fase 4 te
operationaliseren. Het belangrijkste deel van het onderzoek beschreven in dit
proefschrift richt zich op de mogelijke geschiktheid van deze wiskundige basis om de
informatie, verkregen uit vastgestelde duurzaamheidscriteria, te interpreteren en te

integreren.

Hoofdstuk 3 introduceert de basisprincipes van fuzzy set theory en ontwikkelt
twee fuzzy modellen die de voortgang van een duurzame ontwikkeling vast kunnen
stellen op basis van geselecteerde duurzaamheidsindicatoren. Eén model realiseert een

evaluatieve conclusie door zogenaamde fuzzy set aggregatie operatoren toe te passen
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om informatie te integreren, het andere model maakt gebruik van approximate
reasoning. Membershipfuncties (of lidmaatschapfuncties) liggen aan de basis van
ieder fuzzy model en definiéren in principe de mate waarin duurzaamheidsindicatoren
bijdragen aan duurzame ontwikkeling. Toepassing van fuzzy modellen in de praktijk
moet gebruik maken van expertkennis om de noodzakelijke membershipfuncties te

kunnen bepalen.

De membershipfunctie wordt vaak beschouwd als zowel het sterkste als het
zwakste punt van een fuzzy model. De functie wordt beschouwd als het sterkste punt,
omdat het de bijdrage van duurzaamheidsindicatoren aan duurzame ontwikkeling op
een evenwichtige en realistische manier bepaalt. De functie wordt beschouwd als het
zwakste punt, omdat de ontwikkeling van de functie zelf vaak als te subjectief wordt
gezien. Hoofdstuk 3 concludeert dat het verzekeren van de betrouwbaarheid van

membershipfuncties een essentieel aspect van de validiteit van fuzzy modellen vormt.

Hoofdstuk 4 zet vervolgens een procedure uiteen waarin een weerwoord wordt
geformuleerd op de eerder geuite kritiek wat betreft de inherente subjectiviteit van
membershipfuncties als deze worden ontwikkeld op basis van expertkennis. De
procedure voorziet in een richtlijn voor de selectie van relevante expertkennis, alsook
in een richtlijn voor de selectie van methoden om de benodigde expertkennis te
vergaren en de membershipfuncties te ontwikkelen. De selectie van expertkennis is
gebaseerd op criteria om die personen te identificeren die als expert op kunnen treden.
Dergelijke criteria hebben bijvoorbeeld betrekking op de lengte van de periode waarin

een persoon kennis en ervaring heeft opgedaan in een bepaald kennisgebied.

Een kwalitatieve vergelijking van vier mogelijke methoden die kunnen
worden gebruikt om in de praktijk expertkennis te vergaren laat zien dat de keuze
uiteindelijk afhangt van de diversiteit aan informatie die beschikbaar is, van het
gemak waarmee experts de beschikbare informatie kunnen interpreteren en
vervolgens hun oordeel kunnen formuleren, en van het gemak waarmee tenslotte de
membershipfuncties uit de verkregen expertise kunnen worden bepaald. Mede op
basis van een voorbeeld wordt in hoofdstuk 4 geconcludeerd dat de procedure, zoals
die in dit hoofdstuk uiteengezet wordt, op een geschikte manier weerwoord biedt aan
de geuite kritieck met betrekking tot de bepaling van membershipfuncties, en dat een

praktische toepassing van fuzzy modellen daardoor mogelijk wordt.
Hoofdstuk 5 ontwikkeld en valideert een operationeel fuzzy model dat

eiproductiesystemen evalueert in relatie tot de bewegingmogelijkheden van de

leghennen die erin gehouden worden. De beweeglijkheid van leghennen is gekozen,
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omdat het een wezenlijk aspect van het welzijn van een leghen vormt. De keuze om
een fuzzy model uit te werken aan de hand van een voorbeeld dat betrekking heeft op

dierenwelzijn in plaats van op duurzame ontwikkeling is drieledig.

Ten eerste komt, mijns inziens, de problematick met betrekking tot
dierenwelzijn, net als waar het de problematiek omtrent het vaststellen van de
bijdrage van landbouwproductiesystemen aan een duurzame ontwikkeling van onze
maatschappij betreft, voort uit uitingen van publieke zorg. Met andere woorden,
publiecke zorg over zowel dierenwelzijn als duurzame ontwikkeling wordt geuit in
linguistische termen op maatschappij-niveau, en is als zodanig een weergave van een
complex probleem dat is gekarakteriseerd door de samenkomst van een veelheid aan
uiteenlopende kwesties. Ook in geval van dierenwelzijn worden uiteindelijk
evaluatieve conclusies getrokken middels subjectieve interpretatiec op maatschappij-
niveau van objectieve informatie verkregen op productiesysteem-niveau. Ten tweede
ligt de nadruk in dit hoofdstuk op de methodologische aspecten van het ontwikkelen
en valideren van een operationeel fuzzy model. Het onderwerp van evaluatie is
daarom in principe van minder belang. Ten derde was, gezien de beschikbare tijd om
dit onderzoek af te ronden, betrouwbare informatie met betrekking tot dierenwelzijn

eerder voorhanden dan informatie met betrekking tot duurzame ontwikkeling.

Empirische validatie van het fuzzy model in hoofdstuk 5 werd mogelijk
gemaakt met behulp van experts. Validatieresultaten werden zowel in relatieve zin als
in absolute zin vergeleken met de resultaten gegenereerd door het model. In relatieve
zin correleerden modelresultaten en validatieresultaten uitstekend: het fuzzy model en
de experts rangschikten de verschillende eiproductiesystemen in relatie tot de
bewegingsmogelijkheden van leghennen op eenzelfde manier. Als het succes van het
model uitsluitend zou worden bepaald door een relatieve validatie procedure, dan zou
de validatie als geslaagd mogen worden beschouwd. In absolute zin echter lagen de
modelresultaten systematisch lager als de validatieresultaten. Om in absolute zin van
een geslaagde validatie te kunnen spreken zou daarom opnieuw moeten worden
gekeken naar de fuzzy rule base die ten grondslag ligt aan het model. In deze fuzzy
rule base liggen de regels opgeslagen die de verschillende bronnen van informatie
integreren tot een uiteindelijke evaluatieve conclusie. De resultaten van dit onderzoek
benadrukken dan ook dat de validatie van een fuzzy model, naast het correct opstellen
van de relevante membershipfuncties, ook sterk athankelijk is van het juist modeleren
van de aan de conclusie ten grondslag liggende redeneerregels. Verder onderzoek naar
procedures die het ontwikkelen van een correcte fuzzy rule base zouden ondersteunen
is noodzakelijk. Hoofdstuk 5 concludeert dat de vooruitzichten wat betreft de

toepassing van fuzzy modellen om tot bondige en gemakkelijk te begrijpen conclusies

171



te komen veelbelovend lijken, maar dat de procedure tot het opzetten van een juiste

fuzzy rule base nog worden verbeterd.

CONCLUSIES VAN DIT ONDERZOEK

De «Twee Gezichten van Duurzaamheid», gebaseerd op Koestler's holon-
metafoor, leveren op twee manieren een nieuwe en waardevolle bijdrage aan het
duurzaamheidsdebat. Als de metafoor wordt toegepast op maatschappij-niveau, dan
maakt Koestler's metafoor het mogelijk om een algemeen en expliciet uitgangspunt
voor een duurzame ontwikkeling van die maatschappij vast te stellen. Als de metafoor
wordt toegepast op productiesysteem-niveau, dan illustreert Koestler's metafoor een
communicatiekloof die door de keuze van de juiste methode in een evaluatief
raamwerk voor duurzame ontwikkeling overbrugt kan worden. Fuzzy modellen
helpen deze communicatiekloof tussen maatschappij-niveau en productiesysteem-
niveau te dichten door informatie tussen beide niveaus te koppelen, en zodoende
tegemoet te komen aan de manier waarop mensen om kunnen gaan met complexe

problemen.

Duurzame ontwikkeling speelt tegenwoordig een grote rol op bestuurlijk
gebied. Beleidsmakers hebben dan ook een instrument nodig waarmee ze de veelheid
aan informatie — die op hen afkomt als het over duurzame ontwikkeling gaat — op een
transparante manier kunnen doorvertalen in termen van verworvenheden, alsook in
termen van de geschiktheid van mogelijk noodzakelijke interventies. Fuzzy modellen
kunnen dan ook een zinvolle bijdrage leveren aan overlegplatformen waarin alle
belangrijke maatschappelijke belangengroepen samenkomen om al lerende hun weg

naar een duurzame toekomst te zoeken.

Specifieke conclusies van het onderzoek beschreven in dit proefschrift zijn:

1. De beide duurzaamheidsimperatieven bepalen samen een expliciet uitgangspunt
op basis waarvan lokale initiatieven een relevante bijdrage aan een duurzame

ontwikkeling van onze maatschappij kunnen bewerkstelligen.

2. Fuzzy modellen verbinden de informatiestroom tussen maatschappij-niveau en
productiesysteem-niveau door met behulp van membershipfuncties de
communicatiekloof tussen objectieve informatie en subjectieve interpretatic te

overbruggen.
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3. Membershipfuncties bepalen de bijdrage van duurzaamheidsindicatoren aan

duurzame ontwikkeling op een evenwichtige en begrijpelijke manier.

4. Fuzzy modellen resulteren in valide evaluatieve conclusies met betrekking tot

duurzame ontwikkeling als expertkennis op een juiste manier wordt ingezet.

5. Het evaluatieve raamwerk voor duurzame ontwikkeling, dat enerzijds context-
specifieke duurzaamheidscriteria vaststelt uitgaande van het perspectief van de
twee gezichten van duurzaamheid, en anderzijds een zinvolle betekenis kan geven
aan informatie verkregen op basis van deze duurzaamheidscriteria door middel
van een fuzzy evaluatie, levert een waardevolle nieuwe bijdrage aan het

duurzaamheidsdebat.
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BEDANKT...

Dit is 'm dan, mijn proefschrift! Toen ik in januari 1997 begon aan een
onderzoek dat betrekking zou hebben op «duurzame ontwikkelingy, liet een oud-
collega me uit zijn eigen ervaring weten dat ik op dit onderwerp aardig wat tanden
stuk zou kunnen bijten. Achteraf gezien heeft het me ook aardig wat <tanden> gekost,
maar uiteindelijk is er voldoende gebit overgebleven om in de toekomst nog eens

stevig op dit onderwerp door te kauwen...

Velen zijn mij voorgegaan in het wereldkundig maken van hun ideeén over
duurzame ontwikkeling en vaak ben ik de wanhoop nabij geweest, omdat niemand
van hen het met elkaar eens leek te zijn, en ook niet met mij. Gelukkig kon ik bouwen
op de inhoudelijke en mentale ondersteuning van velen, waardoor ik steeds weer de
energie vond om dit werk tot een goed einde te brengen. Bij deze wil ik dan ook
speciaal die mensen bedanken die me op de een of andere bij het afronden van dit

proefschrift tot grote steun zijn geweest.

Wiebe, alle uren die ik tegen jouw boekenkast heb staan leunen, dan wel met
een krijtje in de hand op je schoolbord heb staan kalken, hebben zich vertaald in wat
nu voor je ligt. Ik bewonder jouw vermogen om in een fase waarin je op weg was
richting een afronding van je loopbaan, je het stuur nog eens radicaal omgooide en
enthousiast met nieuwe ideeén aan de slag ging. Zonder jou had dit proefschrift er niet

gelegen.

Jan, als jij niet de moed had gehad om een Wageninger te hulp te schieten, die
wat fuzzy sets betrof de klok wel hoorde luiden maar de klepel niet kon vinden, dan
had ik op z'n minst het wiel meerdere malen opnieuw uit moeten vinden. Jouw
<Rotterdamse» blik op mijn onderzoek heeft me echter ook geholpen om af en toe uit
mijn Wageningse wereld te stappen, en de problematiek eens van een hele ander kant

te bekijken. Je hulp in de totstandkoming van dit proefschrift is onmisbaar gebleken.

Herman, jouw begeleiding was noodzakelijkerwijs meer op de achtergrond,
ook gezien je vaak meer blauwe dan blanco agenda. Als ik je hulp nodig had, binnen
of buiten kantoortijden, was dat echter nooit een probleem. Wat ik echter vooral heb
gewaardeerd, is dat je me alle vrijheid hebt gegeven bij het invullen van dit
onderzoeksproject, en dat is dan ook een belangrijke reden dat het proefschrift is

geworden wat het nu is.
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Henk, ondanks het feit dat jouw bijdrage aan dit proefschrift door de vele
ontwikkelingen binnen DPS meer op de achtergrond is geraakt dan je waarschijnlijk
had gewild, heb je desalniettemin een belangrijke rol gespeeld in het tot stand komen
van dit proefschrift. Niet alleen ben jij mijn mentor van het eerste uur, ook kon ik ten
allen tijde bij je binnen vallen om je raad te vragen, dan wel om mijn hart te luchten.

En we blijven natuurlijk gewoon biljarten!

Uzay, Imke en Eddie, jullie hebben een belangrijke bijdrage geleverd aan dit
proefschrift. Jullie steun en jullie hulp is voor mij van grote waarde geweest.

DPS-collega's, wij hebben samen veel meegemaakt, samen veel besproken, en

samen vele liters koffie weggewerkt. Het is waar, goede collega's zijn het halve werk!

Mike, I guess I could write this in Dutch, but as this is to say <thanks) for
making it possible for me to spend six months at the University of Illinois at Urbana-
Champaign and reflect upon my research work (which, in retrospect, has been very
important to me), as well as for your support with respect to my writing, English

probably is the most appropriate language to say all this.

Nicolien, jij bent in de afgelopen jaren vaak diegene geweest die me met mijn
abstracte wetenschappelijke verhalen weer met beide voeten terug op de grond zette.
Onze gesprekken over mijn ideeén op het provinciehuis in Zwolle, of over jouw
weerbarstige wereld die daarbuiten lag, hebben niet alleen een hoofdstuk in dit
proefschrift opgeleverd, maar hebben mij ook doen belanden in het provinciehuis van
Noord-Brabant. Ik weet zeker dat wij elkaar in de toekomst vaker tegen zullen komen.

Joost, jij hebt als afstudeervakker bij DPS een niet onbelangrijke bijdrage
geleverd aan een hoofdstuk in dit proefschrift. Jouw onathankelijke denken over een
onderwerp waar ik me al enige jaren in verdiept had, was vaak heel verfrissend.

Jules en Toin, jullie als oud-huisgenoten in de «Vaerzekettel>, eerst op de
Thorbeckestraat, later op de Asterstraat, waren lange tijd diegenen bij wie ik mijn
verhaal kwijt kon. Tijdens het eten, met een bak koffie en een sigaret, of met een

pilsje. Daar drinken we er binnenkort nog een op!

Karen, gedurende het grootste deel van de tijd dat wij beiden tijdelijke
contracten versleten op Zodiac, hebben we het wel en wee van DPS, van ons
onderzoek, en van vele andere zaken gedeeld op <onze» kamer. En ook al ben ik

verkast van Wageningen naar Den Bosch, wandelen kan altijd!
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En die hele schare mensen die ik mijn vrienden mag noemen, met name
Walter van den Nieuwboer, Paul van den Brink, Tino Cornelissen, Paulien Leijnse en

Hans de Haan; gewoon bedankt voor wat jullie voor me betekenen.

Pap, Mam, Berry en Tino, wat er ook gebeurt, altijd een basis om op terug te
vallen. Pap en Mam, aan jullie draag ik dit proefschrift op: voor jullie onbeperkte
steun en vertrouwen in alles wat ik doe.

Lieve Susan, mijn grote steun en toeverlaat, zeker in die laatste maanden.
Dank je voor jouw vertrouwen in mij in tijden dat ik het niet meer zag zitten. Het

proefschrift is af, met jou ga ik verder...

Wageningen, december 2002.
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