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Abstract

Studies on multi-group multi-criteria decision-making problems for oil spill contingency management are in their infancy. This paper presents
a second-order fuzzy comprehensive evaluation (FCE) model to resolve decision-making problems in the area of contingency management after
environmental disasters such as oil spills. To assess the performance of different oil combat strategies, second-order FCE allows for the utilization
of lexical information, the consideration of ecological and socio-economic criteria and the involvement of a variety of stakeholders. On the other
hand, the new approach can be validated by using internal and external checks, which refer to sensitivity tests regarding its internal setups and
comparisons with other methods, respectively. Through a case study, the Pallas oil spill in the German Bight in 1998, it is demonstrated that this
approach can help decision makers who search for an optimal strategy in multi-thread contingency problems and has a wider application potential

in the field of integrated coastal zone management.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The economic productivity of the North Sea coastal region
in Germany is among the highest in Germany (yearly gross
value is over 125 billion Euros [1]) despite its small size (see
Fig. 1) The main economic activities at this site are transporta-
tion, recreation, tourism, fishery and to a lesser but increasing
extent wind energy conversion. It is also a particularly impor-
tant natural ecosystem, which supports breeding populations
of seabirds, seals, dolphins and other marine species. Due to
its ecological sensitivity, social, cultural, economic importance
and scientific and educational purposes, a major part of Wad-
den Sea has been declared as particularly sensitive sea areas
(PSSAs) within the framework of the International Maritime
Organization (IMO). However, frequented shipping movements
make this zone vulnerable to oil or chemical spills, as oil spills
may lead to long-lived consequences for near-shore ecosystems
and economic uses. This has been demonstrated by the eco-
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logical disaster caused by the Pallas oil spill, a shipwreck near
the German island Amrum in 1998. Therefore, responding to
emergency cases in an effective way turns out to be a critical
concern in the domain of integrated coastal zone management.
A golden rule of oil spill contingency management, on the one
hand, is to remove as much oil as possible from the sea surface
in order to minimize the onshore impact; on the other hand, it
aims to minimize the cleanup cost also comprising investment
and maintenance of combat facilities. In this paper, we simu-
late a set of feasible combat strategies based on the Pallas case
using available combat vessels, as shown in Fig. 1. This creates
an array of potential response measures, which in turn, can be
selected after an integrated consideration of socio-economic and
environmental impacts. For this, also a variety of stakeholders
should be accounted, since they are directly or indirectly affected
by decisions. Often their different interests cause a conflict on
selecting an oil spill response strategy. Thus, we here formulate
the selection of optimal combat strategy as a multi-group multi-
criteria decision-making problem [2]. Conventional methods of
multi-criteria analysis (MCA) can be used as a decision support
system (DSS) to generate and evaluate alternative solutions in
order to gain insight into the problems and support the decision-
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Germany

Fig. 1. German North Sea case study area. Both combat vessels and Pallas spill site are highlighted by different marks. Totally, there exist 14 oil combat vessels

distributed in selected coastal administrative districts along the German North Sea.

making process [3—7]. However, the multi-criteria analysis is
less favored if the environmental and socio-economic impacts
are non-linearly related [8]. Additionally, it is difficult to han-
dle lexical data involving human opinions and imprecise data
including uncertainties [8,9]. These and other issues of con-
ventional multi-criteria analysis motivate seeking for alternative
decision support techniques that are capable of integrating these
criteria in an effective way.

Fuzzy logic techniques have represented an approach suitable
for modelling imprecision and vagueness for decades [10,11].
Their use is spreading rapidly in the field of environmental
management. For example, Adriaenssens et al. [12] reviewed
and assessed applications of fuzzy logic for decision support in
ecosystem management. As an integral part of decision support
system for managing oil spill events [13], a fully automated sys-
tem based on fuzzy logic was developed by Keramitsoglou et
al. [14] to identify possible oil spill. Fuzzy sets were also used
as instruments to evaluate sustainability in forest management
and incorporate multiple objectives [15,16]. Based on a set of
fuzzy rules derived from experimental observations and expert
knowledge, Marsili-Libelli [17] designed a predictor for algae
blooms. Gurocak and Whittlesey [18] developed a fuzzy method
for fishery management. Bonvicini et al. [19] presented an appli-
cation of fuzzy logic to the risk assessment of the transport of
hazardous materials by road and pipelines. In a contaminated
sediment management, Stansbury et al. [20] found an optimal
option by using fuzzy method. In brief, fuzzy logic techniques
have potential to deal with uncertain and complicated problems
in operational environmental management.

In this paper, we propose a second-order fuzzy comprehen-
sive evaluation (FCE) method [21,22] in order to identify a con-
sensus oriented solution for complex emergency cases like Pallas
oil spill. The FCE consists of three principal steps: (a) a first-

order evaluation of performances of alternatives with respect to
various criteria. (b) A second-order evaluation with an involve-
ment of weighting schemes assigned to the selected criteria by
groups with different interests. (c) Making a rule based con-
sensus, which represents a majority view of interested groups.
Unlike the multi-criteria analysis which adds measures origi-
nally defined in different units, in the first step of FCE complex
pollution effects can be broken down to a single fuzzy degree rep-
resenting the overall environmental damage level, which allows
these effects to be compatible and comparable directly. Instead
of quantitative weights, stakeholders may describe the impor-
tance of criteria in a qualitative way. This way, FCE focuses on
the exchange of thoughts among stakeholders and on finding a
workable group consensus. The specific objectives of the paper
can be formulated as follows:

e to represent systematically opposing stakeholder interests
within a decision support tool for oil spill contingency man-
agement;

e to re-evaluate response measures taken in a specific contin-
gency case (Pallas, German Bight);

e to explore potentials and limitations of the FCE for future
applications in the field of integrated coastal zone manage-
ment.

2. Data

Formulation of a multi-group multi-criteria decision-making
problem is based on three basic components: (1) alternatives,
(2) criteria and (3) stakeholders. The oil spill contingency
and response (OSCAR) model system developed by SINTEF
[23-25], Norway, simulated a variety of combat strategies for
a 60-t crude oil spill at the site where the accident of Pallas
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Table 1
Response strategies in terms of used combat vessels

Table 2
Selected criteria and their description

Alternatives Name of vessel # of vessels Criteria Descriptions
Alt.1 Neuwerk, Mellum, Knechtsand, 5 SO Stranded oil The stranded oil (tons) in the coastal areas
Norderhever, Westensee RR Residual risk Summed amount of oil (tons) in the open sea
Alt.2 Neuwerk, Mellum, Knechtsand, 6 oC Oil collected Oil collected (tons) by combat vessels
Norderhever, Westensee, Nordsee CC Cleanup costs The costs (Euro) by using the combat vessels
Alt.3 Neuwerk, Mellum, Knechtsand, 6 and their equipments
Norderhever, Westensee, Eversand F Fishery Summed amount of oil (tons) in the principal
Alt.4 Neuwerk, Mellum, Knechtsand, 6 fishery areas
Norderhever, Westensee, Thor T Tourism Summed amount of oil (tons) in main
Alt.5 Neuwerk, Mellum, Knechtsand, Norderhever 4 recreation areas along the German North Sea
The sixth vessel used in Alt.2, 3 and 4 is Nordsee, Eversand and Thor, respec- D Duck ;iislﬂizz amount of oil (tons) in important

tively. These vessels are different at several aspects ranging from costs to
facilities to location.

occurred (54°32.5'N; 8°17.24’E). One major issue of the discus-
sions in the aftermath of the accident was whether an appropriate
number of response ship is in existence, and if so, how many of
these should have been used in the Pallas case. Thus, after a
preliminary evaluation of these combat alternatives, five alter-
natives characterized by a variable number of four to six combat
vessels are pre-selected. Among these five alternatives, alterna-
tive 1 can be taken as a reference as it includes all five activated
combat vessels: Neuwerk, Mellum, Westensee, Knechtsand and
Norderhever. Based on alternative 1, in alternatives 2—4, one
more combat vessel is assumed while in the alternative 5, only
four combat vessels are considered (see Table 1). Fig. 2 shows a
two-dimensional projections of the temporal evolution exhibited
by the oil when alternative 1 as the particular combat strategy is
used. Such a simulation based on the actual data for wind con-
ditions and currents is provided by OSCAR. In accordance with
observations [26], the affected area is in the simulation limited
to the east part of the German North Sea coast or, more specifi-

areas supporting breeding of Eider ducks

cally, the Schleswig—Holstein coastal area (see Fig. 1). The five
alternatives are evaluated with respect to a set of selected cri-
teria, which can be regarded as representative for many coastal
regions around the world with their specific economic uses and
ecological values: the stranded oil, residual risk, oil collected,
cleanup costs, fishery area, tourism area and bird area, the latter
focused on the Eider duck as a key species (details can be seen in
Table 2). They reflect existing interests as well as existing back-
ground information at the German North Sea coast, with special
regard paid to oil pollution. The performances of the alternatives
in terms of these criteria contribute to one major input matrix for
the model of fuzzy comprehensive evaluation. In addition, the
FCE methodology requires stakeholders’ preferences regarding
each criterion. These weighting values can be revealed in either
a quantitative or a qualitative way. In many cases, it is not real-
istic to ask participants who are from non-technical background
to assign a numeric scale for the importance of criteria, although
this kind of numeric scale response is quite straightforward for a
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Fig. 2. Simulated oil distribution 10 days after the use of combat strategy (e.g. Alt.1) responding to a hypothetical release (site: 54°32.5'N; 8°17.24'E; spill amount:
601t). Due to the small footprint in this spill scenario, the quantities of oil accumulated in different economic and ecological areas tend to stabilize after about 2-3

days following the spill.
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Fig. 3. A brief methodology scheme.

further evaluation [9]. Thus, here we use three different impor-
tance levels only. Participants are asked to select one importance
level and their preferences are directly integrated in the FCE.

3. Fuzzy comprehensive evaluation

Through OSCAR simulations, consequences of using differ-
entcombat alternatives in terms of selected criteria are estimated.
The resulting performance matrix includes both robust informa-
tion and impact uncertainties. In addition, the importance of each
criterion is assumed to be presented in a qualitative way. In other
words, inputs include both imprecise data and lexical knowledge
as shown in Fig. 3. In such circumstances, the method of fuzzy
comprehensive evaluation is expected to provide a high level of
confidence for the selection of the optimal combat strategy by
fuzzifying the performace matrix and defuzzifying the lexical
weights (see Fig. 3). The fuzzification aims to lower uncer-
tainties in the data by using experts’ experiences. Whilst, the
defuzzification tries to transfer the lexical knowledge to numer-
ical values, which are easily integrated in an evaluation process.
The detailed procedure of applying FCE into the Pallas case is
described in the following paragraphs.

3.1. Fuzzy grades

Five lexically fuzzy grades are assigned to each criterion:
very low impact (VLI), low (LI), middle (MI), fairly high (FHI)
and high impact (HI). Flexibility on the design allows to set a
different set of fuzzy grades, according to the resolution required
for a specific problem. Thus, we get a fuzzy set that contains a
series of fuzzy grades for each criterion,

u' = {VLI, L', MI, FHI, HI'} )

where 1’ denotes the set of lexical grades for the ith criterion.
3.2. Establishing membership degrees

Values in the performance matrix are linked to the lexical
grades by using a fuzzy membership function. It is

n 1 4 n

n I BT R € — X
WY = max | min , 1, ,0 2)

ij o2 _ ol A _ o3

ij ij i ij

where x7 is the performance value of the alternative » in terms
of the criterion i; /L;lj indicates the membership degree of x

regarding to the jth grade of the ith criterion and el-lj’""4 are four
scalar parameters for the jth fuzzy grade of the ith criterion. A
degree vector (AY) is constructed below:

n __ n n n n n
{Ai = {ajy, ajs., aj3, ayy, djs}

5 (3
alr-;- = M?j/zj':luf;lj

An intuitive example for the criterion SO is shown in Fig. 4.
Its fuzzy set is defined as ' = {VLI', LI!, MI!, FHI', HI'}.
Supposed that there is 28.5t of spilled oil stranded, then the
fuzzy degree reads A; =(0, 0, 0.5, 0.5, 0). Namely, 28.5t oil
pollution falls into the category of MI and FHI with the fuzzy
membership of 0.5, respectively.

3.3. Defining damage levels

The coastal environment is highly vulnerable to marine pollu-
tion especially in form of spilled oil. Usually, we face a practical
issue: how to assist decision makers to assess the performance of
different combat strategies in a quantitative way? For simplicity,
equally spaced oil spill damage levels ranging from O to 1 can
be applied, it is given by,

s={s1,62,....611} =1{0,0.1,...,0.9, 1.0} “

where 0 represents no damage, while 1.0 denotes a complete
damage in concerned coastal areas. Clearly an efficient strategy
should lead to lower damage level.

13 €13

-

10 20 30 0 . .
x (oil pollution in tons)

Fig. 4. The fuzzy membership function for criterion stranded oil (SO). VLI,
very low impact; LI, low impact; MI, middle impact; FHI, fairly high impact;
HI, high impact.
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Table 4
Ranking of combat alternatives

Stakeholder Ranking (1>2>3>4>5)

Table 3
Weighting schemes (@ highly important; © moderate; O non-important)
Criteria
SO RR OoC CC F T D
Group 1: Policy makers o O o O o O (@]
Group 2: Combat organizations © O e o O O O
Group 3: Environmentalists ® O O O o e [ J
Defuzzification ®=095 © =05 O=0.05

3.4. First-order fuzzy evaluation

A first-order fuzzy degree assignment matrix represents fuzzy
degrees of lexical grades associated with those 11 damage levels.
An example for criterion SO is shown in Appendix A. Though
roughly representing existing expert knowledge and rules, the
matrix coefficients are of empirical nature, so that they can be
modified for a specific application. Through combining the pre-
defined first-order fuzzy degree assignment matrix (R;) and the
fuzzy degree vector (A?), the first-order FCE set (B}') for alter-
native n in terms of criterion i can be obtained.

B! = A} x R; &)

Following the example mentioned in Section 3.2, the first-
order set (B;) with regarding to the criterion SO is given by,

B; =10,0,0.2,0.3,04,0.7,0.7,0.7,0.7,0.4, 0.3]

3.5. Second-order fuzzy evaluation

It is evident that the criteria (i.e. SO, RR, OC, CC, E, T, D)
may not be equally important from the perspective of different
stakeholders who are involved in using and managing coastal
resources. Hence, a parameter W* is used to denote the weights
for criteria according to the opinion of stakeholder s. For sim-
plicity, three different importance levels are designed for each
criterion: highly, moderate and non-important. In this paper, we
supposed three different groups participating in the decision-
making process. Their weighting schemes are shown in Table 3
where policy makers tend to treat these criteria equally impor-
tant, while groups 2 and 3 put more emphasis on efficiency of
the combat strategy and environmental damages, respectively.
To transform the lexical information into quantitative data, we
use a weighted average defuzzification for which more details
are given in [27]. By multiplying W* by B", a second-order FCE
set (K*") for alternative n according to stakeholder s can be
obtained from the following equation:

K" =W*x B" =«7", 65", .. k) 6)
3.6. Calculating the overall impact

The overall impact (OI) for a specific alternative n according
to opinion of stakeholder s is determined as follows:

11
szlk;;”gp
> peika”

or" = )

Alt.5>Alt.2>Alt.1>Alt.3>Alt4
Alt.5>Alt2>Alt3>Alt.1>Alt4
Alt2>Alt.3>Alt.1>Alt.5>Alt.4

Combat organizations
Policy makers
Environmentalists

A smaller value of the overall impact is preferred since it
indicates less damage. To illustrate the procedure of the above
method, an example to calculate the overall impact for Alt.1 is
given in Appendix B.

3.7. A wide consensus

The overall impact of each alternative allows for a rank-
ordering. For stakeholder s, alternative e outranks alternative
f,if OI¢ < OI*/. Obviously, various rankings may be presented
due to the different opinions of stakeholders. In order to make a
consensus, which represents a majority view of stakeholders, a
mean rank for each alternative is taken into account, which rep-
resents the average of ranks according to all interested groups.

4. Results and discussions

In this study, five combat alternatives were ranked by different
hypothetical interested group, respectively. As shown in Table 4,
both combat organizations and policy makers take Alt.5 and 2
as the top two options, while from the view of environmentalists
Alt.2 significantly outranks Alt.5.

4.1. Ranking

If we compare the mean rank of five alternatives in Fig. 5,
it appears that Alt.2 is the best, followed by Alt.5, 3, 1 and
4. On the other hand, the standard deviations of ranking for
each alternative indicate that Alt.4 is the least less controversial,
reflecting that all three groups take it as the worst case. Both

Mean/Std of rank

| .
] i B
sl

6 N

Alt.1 Alt.2 Alt.3 Alt.4 Alt.5

Fig. 5. Rankings of combat alternatives based on FCE. The interval plotted in
solid lines indicates the standard deviation value of ranks. The standard deviation
of ranks for Alt.4 is zero because all three groups rank it indifferently.
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Fig. 6. The internal check of FCE. Different setups regarding the number of damage levels and various membership functions are examined.

Alt.1 and 2 are less controversial and Alt.3 and 5 are the most
controversial according to different stakeholders’ interests.

Although the Alt.5 outranks both Alt.1 and 3 with respect to
the mean rank value, the overlap among them suggests that they
are very similar. Considering the mean rank and the interval of
ranks comprehensively, Alt.2 is considered as the most preferred
option. Alt.1, 3 and 5 can be grouped into the sub-optimal class
and the Alt.4 appears to be the least preferred.

4.2. Consistency and robustness checks

In order to guarantee that the evaluation using FCE is reliable
to a satisfying extent, two types of examination were performed,
an internal check (e.g. sensitivity test) and an external one
(e.g. comparison with other methods). In the internal check, the
effects of model or control parameters on the result are studied.
Two critical setups in FCE are the membership function and the
damage level mentioned in Sections 3.2 and 3.3, respectively
(see Fig. 6). The ranking result presented in Fig. 5 is based on a
setup in which the number of damage level is 11 and the mem-
bership function is trapezoidal. In order to examine whether
other possible setups could lead to different results, two tests
are conducted separately. All criteria are considered to carry the
same weight (e.g. the view of policy makers) in both test cases.
According to the maximal extent at which the ranking of a spe-
cific alternative varies with the change of setups, the alternatives
can be grouped as (i) not sensitive alternatives, (ii) relatively
sensitive alternatives or (iii) highly sensitive alternatives. It is
summarized as follows:

not sensitive if max(AR(Alt.j)) € [0, 1]
if max(AR(Alt.j)) =2 ®)

if max(AR(Alt. j)) € [3, 4]

Alt.jis { relatively sensitive

highly sensitive

where AR(ALIt.j) indicates the difference between ranks associ-
ated with the alternative j by changing the internal setups. Firstly,
three different membership functions are compared: the trape-
zoidal shape, the triangular shape and the Gaussian curve (see
Fig. 6). The results are shown in Table 5. Most cases are not sen-
sitive to the change of membership functions. The rankings of
Alt.2 vary significantly when the membership function is Gaus-
sian. A possible reason is that the Gaussian curve has continuous

tails, while the triangular and trapezoidal shaped functions are
truncated at both sides. This leads to minimize the difference of
performances of combat alternatives. Secondly, the number of
damage levels is assigned as 3, 5, 7, 9 and 11, respectively (see
Fig. 6). Their effects on the rank-ordering of alternatives are pre-
sented in Table 5. Similar with the first test, all alternatives are not
sensitive with the changing of such a setup according to the Eq.
(8). Generally, different internal setups could result in a minor
change of the ordering of alternatives. In order to minimize such
effects or uncertainties introduced by different internal setups,
traditional correlation analyses are useful to determine a suitable
setup, which could produce a highly correlated result with those
based on other setups. In case of the Pallas study in this paper,
the trapezoidal shaped membership function and the number of
damage levels over seven are recommended, since they may pro-
duce results, which are relatively highly correlated with those
derived from other setups. Additionally, the external check is
also a useful way to validate the result produced by the FCE,
since it allows people to compare the result derived from FCE
with the real condition or those from other methods. Alt.1 is the
actual decision made by the government to response to the Pal-
las spill, 1998. Obviously, compared with the evaluation result
shown in Fig. 5, such a decision is not predicted as the opti-

Table 5
Sensitivity tests regarding the internal setups of FCE
Tests Alternatives
Alt.1 Alt.2 Alt.3 Alt.4 Alt.S

Membership function

Trapezoidal shape 4 2 3 5 1
Triangular shape 4 2 3 5 1
Gaussian curve 3 5 2 4 1
Sensitive? Not Highly Not Not Not
Damage levels
#3 4 1 3 5 2
#5 4 2 3 5 1
#7 3 2 4 5 1
#9 4 2 3 5 1
#11 4 2 3 5 1
Sensitive? Not Not Not Not Not

The ranks of alternatives are indicated by numerical numbers.
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mal but the least controversial strategy if compared with other
less optimal options (e.g. Alt.1, 3 and 5). Furthermore, its per-
formance could be improved significantly if one more combat
vessel (i.e. Nordsee) can be introduced. For a further validation,
other methods such as monetary evaluation model and multi-
criteria analysis are also applied in this oil spill case. Compared
with FCE, they produce consistent outputs reinforcing the result
that the best case is Alt.2, while the worst alternative is either
Alt.4 or 5.

4.3. Critical criterion

Generally, the rank of an alternative is affected by weight
profiles that are, in turn, pre-defined by stakeholders. In order
to assess the sensitivity of rankings with respect to a chang-
ing relevance of criteria a numerical experiment is carried out
for all criteria. For both simplicity and clarity, the member-
ship function is trapezoidal shaped and the number of damage
levels is specified as 3 in the experiment. As mentioned previ-
ously, the importance level of each criterion can be described
in three levels: highly important, moderate and non-important.
If the importance level of one criterion is fixed, the possible
combination of description of other six criteria is 729 (39).
In this case study, we collect the mean rank of 729 scenar-
ios for each importance level of the selected criterion for each
alternative. Fig. 7 maps the change of mean rank with respect
to different description of importance of each criterion for all
alternatives. For example, for Alt.5, the mean rank decreases
from 1.03 to 3.89, as the importance of criterion cleanup costs
(e.g. CC) ranges from highly importance level to non-important

O highly important B moderate B non-important

Alt.1
Alt.2

x> 2t 1

c

g Alt.3

c 37 ) b

[0}

o 4L

= SO RR O0OC cCC F T D
1Alt4
Alt.5

SO0 RR OC CC F T D
Criteria

Fig. 7. Sensitivity test for each alternative in terms of each criterion. The
importance of each criterion is defined in three different levels. Their changes
contribute to the variation of mean rank for each alternative. The most critical
criterion for each alternative is highlighted with a circle.

level. For each alternative, there exists a critical criterion whose
change significantly affects the mean rank of the particular alter-
native. As shown in Fig. 7, criterion CC is highly critical for
Alt.2, 3 and 5. Therefore, decision makers should be notified
by the evaluation system when assigning a weight for a critical
criterion.

In summary benefits of FCE are as follows (i) it is a method
to deal with lexical data; (ii) it is capable of aggregating ecologi-
cal and socio-economic criteria which are measured in different
metrics; (iii) provides a clear and traceable structure to integrate
a variety of stakeholders into the decision-making process; (iv) it
is able to differentiate robustly the optimal and worst alternative
groups. On the other hand, one limit is that it requires knowledge
of the involved parameters and a careful design of the internal
setups. Thus, a re-examination of the setup is required when the
FCE is applied to other case studies. In addition decision mak-
ers will in general not completely rely on the computer-based
results and constrain the final decision to the order of ranking for
alternatives [28]. Since decision makers are responsible for the
consequences of the decision, they must maintain the freedom
to deviate from a modeled solution and may inspire suggestions
for new alternatives from the results and analyses [28,29]. The
attractive alternatives found by FCE are not yet the compromise
alternatives, although they collect a wide consensus among the
majority stakeholders. However, the utilization of FCE could be
the basis for further negotiation like over the combat alternatives
and money payments. This may also include the compensation
for stakeholders who have to make disadvantageous agreements
[30].

5. Concluding remark

As a computer-aided decision-making tool, the fuzzy com-
prehensive evaluation helps to identify an efficient combat mea-
sure for the oil spill contingency management. The generic
nature of this approach is capable of dealing with lexical data,
considering ecological and socio-economical criteria and inte-
grating a variety of stakeholders simultaneously in the decision-
making process. These benefits are demonstrated by the Pallas
case study presented in this paper, as well as applications in other
field done previously [21,22]. Additionally, in order to improve
its applicability and robustness, both of the internal and external
checks are highly recommended.
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Appendix A

An example of the first-order fuzzy degree assignment matrix
for the criterion stranded oil (SO) is as follows:
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Fuzzy grades Damage levels (#11)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
VLI 1 0.8 0.6 0.4 0 0 0 0 0 0 0
LI 0.6 0.8 1 0.8 0.6 0.4 0 0 0 0 0
MI 0 0 0.4 0.6 0.8 1 0.8 0.6 0.4 0 0
FHI 0 0 0 0 0 0.4 0.6 0.8 1 0.8 0.6
HI 0 0 0 0 0 0 0 0.4 0.6 0.8 1

Notes: VLI, very low impact; LI, low impact; MI, middle impact; FHI, fairly high impact; HI, high impact.

Appendix B

An example of calculating the overall impact for Alt.1 with the weighting schemes representing opinions of the policy makers.

Evaluation
Membership degree
| wvu U ] FHI HI
SO 0 0 0 o] 1
/ RR 0 0 0 0.41 0.59
A oc o 0 1 0 0
cC o 0 0 1 0
F o 0 0 0.42 0.58
Performance T 0 0 0.34 0.66 0
D
| so RR oCc ccC F T D 0 0 0 0 1
xA11<|| 1273 478 3597 951756 036 0.41 19.05 ﬂ
The first order FCE set
| Damage levels (0~1)
sO 0 0 0 O O 0 0 04 06 08 10
RR O 0 0 0O 0 017 025 059 077 08 083
oC 0 0 040 060 080 10 08 06 04 0 O
Bl lcc o o o0 o0 0 04 06 08 10 08 06
F o 0 0 0 0 017 025 057 077 08 0.83
T 0 0 014 021 028 061 067 073 079 052 039
Do o 0 0 O O 0 04 06 08 10
Overall impact H
} The second order FCE set
Ol =0.7453
x | Damage levels (0~1)
KA1 | 0 0027 040 054 147 128 203 246 226 233
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