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Abstract Emergency management with oil spill is a very complex decision problem. This
paper targets efforts to propose and develop a new technology: an extension of grey relational
analysis for facilitating group consensusmodel to dealwith this problem. In thismodel, firstly,
two parts of the extension of grey relational analysis are presented and proposed. One is to
simultaneously compute grey relational degree to positive reference sequence (PRS) and
negative reference sequence (NRS), on the basis of the basic concept of a relative closeness
degree of TOPSIS. The other is to determine index weights by a developed mathematical
optimization model implemented by Matlab 2012a, which also matches the basic concept
of the first part of the extension. Secondly, a group consensus facilitation method based
on three-dimension leg-mark selected location method is proposed to aggregate individual
preferences in order to address the problem of ranking inconsistency during the evaluation
of multi-criteria decision making methods. What’s more, the calculation steps and processes
of n-dimension leg-mark selected location method for facilitating group consensus are given
and explored. A simulation case study on oil spill emergency management demonstrates and
verifies the feasibility and effectiveness of our proposed model by comparative analysis with
the previous research papers.
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1 Introduction

During the past 20–30years, the frequent occurrence of emergencies with oil spill in all
over the world have caused a large number of environmental pollution, ecological damages,
property losses and casualties, such as Exxon Valdez oil spill of the United States in 1989,
Sea Empress oil spill of Britain in 1996, Erika tanker accident of France in 1999, prestige oil
spill of Spain in 2002, oil spill of the Russian Arctic in 2007, Gulf of Mexico oil spill of the
United States in 2010, Dalian oil spill of China in 2010, Bohai Bay oil spill of China in 2011,
Alberta oil spill of Canada in 2012, marine oil spill of Thailand in 2013 and Texas oil spill of
the United States in 2014. The oil spill emergency management has become a focus of global
concern (Anaya-Arenas et al. 2014), and it has challenged all kinds of prevention, resistance,
response, mitigation and recovery capacities of fishermen, policy makers, environmentalists
and all the stakeholders. How to effectively evaluate and deal with oil spill emergencies has
became a worldwide highly challenging task and issue.

These accidental oil spill emergencies have also promoted and stimulated the development
of new techniques to deal with oil pollution both at marine areas and shorelines (Michel et al.
2013; Passosa et al. 2014), which include chemical methods such as dispersant, mechani-
cal methods such as skimmer and biological methods such as straw or plant material as an
absorbent for oil. The biological methods have already become the focus and goal of con-
temporary attention and research (Swannell et al. 1996). For example, the technique of the
addition of materials to encourage microbiological biodegradation of oil, known as biore-
mediation, has received the great attention and speculation, specifically after the emergency
with Exxon Valdez oil spill of the United States (Swannell et al. 1996). However, their effec-
tiveness can be constrained because of all kinds of possible accident scenarios companied
with the sharp increase of petroleum production and petroleum transportation (Liu andWirtz
2007a).

A golden standard of emergency management with oil spill is to minimize the loss and
damage by making emergency preplan to deal with the emergency situations (Keramitsoglou
et al. 2003; Krohling and Campanharo 2011). However, the design and development of the
best emergency preplan are very hard to be accomplished since it is accompanied by some
variable conditions such as types of oil spill, volume of oil spill, rate of oil flowing, location of
oil spill, time, weather situation and the dynamic ocean environment, which can be identified
as an MCDM problem (Dyer et al. 1992; Goni et al. 2015). In this paper, grey relational
analysis (GRA), one of known MCDM technologies, is applied to deal with the oil spill
emergencymanagement problems of dynamic and variable factors, because GRA is a portion
of grey system theory based on grey space, proposed and developed by Deng (1982), and the
advantage of GRA can address complex real-world problems marked by vague, incomplete
and inaccurate information (Chen and Tzeng 2004), Besides it only requires small sample
data, and simple calculation.

In this paper, in order to increase evaluation accuracy of GRA for enhancing oil spill
emergency management level, an extension of GRA model is developed. In this model, the
extension contains two parts: The first part is to simultaneously calculate the grey relational
degree to PRS and NRS, on the basis of a relative closeness degree of TOPSIS, and the
second part is to determine the information of index weights by a developed mathematical
optimization model which also presents the basic concept of a relative closeness degree that
the most satisfactory alternative should have the nearest distance to PRS and the farthest
distance to NRS, that is to say, the information of index weights matches the basic concept
of the first part of the extension.
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In case of response to emergency management with oil spill, many departments, organi-
zations or institutions, such as the fishermen, policy makers and environmentalists should be
considered to reflect their own benefit, interests and preferences (Krohling and Rigo 2009).
In general, it will get inevitably contradictory and conflict when evaluating the best emer-
gency preplan, especially among multi-stakeholders (Krohling and Campanharo 2011). So,
the process to achieve a group consensus involves a decision processwithmultiple criteria and
multiple stakeholders. In this background, a group consensus facilitationmethod is developed
and proposed to address the problem of ranking inconsistency in the evaluation of MCDM.
Xie et al. (2009) used two-dimension leg-mark selected location method to slope treatment
for group decision making (GDM). In our method, three-dimensional Euclidean space is
applied to support and develop our three-dimension leg-mark selected location method for
GDM. In addition, the calculation steps and processes of n-dimension leg-mark selected
location method for facilitating group consensus of n decision-makers are developed and
explored in this paper.

This paper aims to illustrate and explain, in case of oil spill emergency management, how
decision-making process and negotiation process are centralized in a scenario simulation
framework. The focused question is that our proposed model suffices to provide feasible
and effective decision support in oil spill emergency management by selecting appropriate
emergency plan. Given all that, this paper proposes and develops an extension of grey rela-
tional analysis for facilitating group consensus model to oil spill emergency management
involving multi-criteria, complex dynamic environments and benefits and interests of multi-
stakeholders. The oil spill emergency alternatives and data have been simulated by a scenario
simulation model called OSCAR (Oil Spill Contingency and Response). And in the empiri-
cal study, by comparative analysis, the research results are consistent with the previous ones
from two related papers (Liu and Wirtz 2007a, b).

The remaining structures of the article are arranged: In Sect. 2, the related works are
described. Section 3 demonstrates some preliminaries and foundations of GRA, TOPSIS
and a three-dimension leg-mark selected location method. Next, in Sect. 4, an extension
grey relational analysis for facilitating group consensus model is proposed and developed. In
Sect. 5, an empirical study on emergency plan evaluation with oil spill is conducted to verify
our proposed model. Finally, in Sect. 6, the conclusion is discussed.

2 Related works

The aim of emergency management oil spill is to minimize the loss and damage by making
emergencypreplan to dealwith the emergency situations (Liu andWirtz 2006). The traditional
techniques to deal with oil spill emergencies include chemical methods such as dispersant,
mechanical methods such as skimmer and biological methods such as straw or plant material
as an absorbent for oil. In the recent decade, a number of studies of oil spill emergency
have been conducted and some new techniques have been promoted and stimulated. Belardo
et al. (1984) applied a partial set covering method to address the oil spill response equipment
location problem for maritime oil spills. Psamftis and Ziogas (1985) formulated a tactical
decision algorithm in the resource allocation about oil spill cleanup equipment. Psamftis et al.
(1986) developed a mixed integer programming model for addressing the location problem
of types and levels of cleanup capability. Bragg et al. (1994) developed a new interpretative
method to evaluate bioremediation capability for oil spills on dynamic heterogeneous marine
shorelines. Keramitsoglou et al. (2003) proposed developed a complete decision support
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system to manage marine pollution events caused by oil spills. Wirtz et al. (2004) applied
a straightforward weighted sum model to deal with the problem of contingency with oil
spill. Liu and Wirtz (2007a) formulated a second order fuzzy comprehensive evaluation
model to evaluate and select oil spill contingency options. Liu and Wirtz (2007b) further
applied the second order fuzzy comprehensive evaluation model to evaluate oil spill response
planning for a group consensus decision-making. Ivanova (2011) developed an initial attempt
to summarize the private and public organizations or institutions involved in addressing the oil
spill problem in the Murmansk region. Liao et al. (2012) integrated genetic algorithm, case-
based reasoning and artificial neural networkmethod for dealing with oil spill accidents. Park
et al. (2013) presented the National Interstate Economic Model to estimate direct, indirect
and induced economic losses. MacKenzie et al. (2014) presented necessary conditions for
optimality for developing a static model and a deterministic branch-and-bound algorithm
for developing a dynamic model to the Deepwater Horizon oil spill in order to analyze
adverse effects in the Gulf region. Helle et al. (2015) based on bayesian network, proposed
a probabilistic method to analyze and manage oil spill emergency under an uncertainty
environment.

Tufekci and Wallace (1998) said emergency management is essentially a very complex
multiple criteria optimization problem. Emergency decision, such as oil spill in the sea,
is an extremely complex multiple criteria optimization problem involving several dynamic
and variable factors (Liu and Wirtz 2007a), which cannot be solved well by the traditional
decision theory. MCDMmethods are a series of decision-making analysis methods, evolved
as an important field of operations research which pay attention to multiple and conflicting
criteria (Keeney and Raiffa 1976; Wallenius et al. 2008; Kou et al. 2011; Peng et al. 2011a, b;
Wu et al. 2012a; Peng and Yu 2014).

TOPSIS, as one classic technology of MCDM technologies, was initially proposed by
Hwang and Yoon (1981), in order to evaluate alternative performance according to the dis-
tance to ideal solution. TOPSIS can find themost satisfactory alternative by the basic principle
of having the nearest distance to the positive ideal solution (PIS) and the farthest distance to
the negative ideal solution (NIS) (Chen and Hwang 1992). GRA, as one typical technology
of MCDM technologies, is a multi-factor analysis tool to indicate and measure the similarity
in order to analyze uncertain relations between the alternative series and the reference series
(Deng 1982, 1988; Lai et al. 2005). The alternative, which is the closest to the reference
series, can be considered as the best chosen alternative (Huang et al. 2008; Hamzaçebi and
Pekkaya 2011). This paper, on the basis of the basic principle of TOPSIS, combines TOPSIS
and GRA to derive the ranking of all the evaluation alternatives by simultaneously comput-
ing the grey relational degree to PRS and NRS. Besides, the information of index weights
is determined by a mathematical optimization model which presents the extension princi-
ple of GRA that the most satisfactory alternative should minimize the distance to PRS and
maximize the distance to NRS. The details are introduced in Sect. 4.

Once oil spill emergency occurs, their own benefit and interests of many departments,
organizations or institutions such as the fishermen, policy makers and environmentalists
should be considered, simultaneously, public demand for stricter environmental laws and
environmental responsibility should be also considered. In general, it will get inevitably
contradictory and conflict when evaluating the best emergency preplan involving the benefits
and interests of multi-stakeholders (Krohling and Campanharo 2011). In this condition, the
process to achieve a group consensus involves a decision process with multiple criteria
and multiple stakeholders (Krohling and Rigo 2009). Although some favorable assessment
technologies are promoted and developed (Wirtz et al. 2004; Liu andWirtz 2007a; Liao et al.
2012), there is very difficult to reach a consensus among the organizations or stakeholders
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chargedwith responding to emergencymanagementwith oil spill.And in anMCDMproblem,
the essence is how to effectively aggregate individual preferences in a group consensus to
solve the problem of ranking inconsistency. So, in this paper, a group consensus facilitation
method, on the basis of three-dimension leg-mark selected location method, is proposed and
developed to increase the overall satisfaction level for the ultimate decision-making among
the multiple stakeholders for extending the aggregation method.

Two-dimension leg-mark selected location method, on the basis of expert prioritization,
is to establish a two-dimensional leg-mark coordinate system for GDM where the group
members consists of two people (Xie et al. 2009). It is characterized by briefness, concision
and simple calculation, and it requires a little information, just individual preference ranking
of each expert. Given all that, in this paper, on the basis of the two-dimension leg-mark
selected location method, we first propose and develop three-dimension leg-mark selected
location method to facilitate group consensus by depending on a three-dimensional leg-
mark coordinate system. Then, the steps and processes of n-dimension leg-mark selected
location method for facilitating group consensus are presented and given in this paper, which
popularizes and improves the graphical representation of GDM in the coordinate system.

Emergency management with oil spill is an extremely complex multiple criteria optimiza-
tion problem. It is very difficult to deal with those ever-variable factors and opinions of the
stakeholders. For addressing such an extremely complexmulti-criteria optimization problem,
the paper aims to develop and propose an extension of grey relational analysis for facilitating
group consensus model into group decision support system for emergency management with
oil spill.

3 Preliminaries

MCDMis apopular researchdirectionof operations researchwhich is committed to the imple-
mentation and development of decision-making methods in order to address ill-structured
decision problems by which concerns about multi-criteria, multi-objective or multi-goal of
conflicting nature (Turskis and Zavadskas 2011; Kou et al. 2012, 2014b; Wu et al. 2012b;
Kou and Lin 2014a; Kau et al. 2014c; Kou andWu 2014). It covers all aspects of the decision
making process. However, the increasing complexity nature of decision-making problems
makes it difficult for a decision-maker to premeditate all the related aspects of the real-
world applications (Vahdani et al. 2013). So in this paper, on the basis of TOPSIS and GRA,
an extension of GRA for facilitating group consensus model is proposed and developed to
increase the overall satisfaction level of the ultimate decision-making for addressing the
increasing complexity problems of the real life. In the following sub-sections, we introduce
two MCDM technologies such as GRA and TOPSIS method, and some basic concepts of
three-dimension leg-mark selected location method are also introduced.

3.1 GRA

GRA originally proposed and developed by Deng (1982, 1988, 1989a, 1989b) is a multi-
factor analysis tool to measure the similarity in order to analyze uncertain relations between
the alternative series and the reference series (Deng 1982; Kuo et al. 2008; Lin et al. 2009;
Liou et al. 2011). GRA is a basic approach of grey theory, which can process the inaccurate
and vague information in grey systems under variable factors and changing environment
(Deng 1988; Hsu and Wang 2009). It only requires a reasonable amount of sample data, just
a simple and easy calculation and GRA has been widespread applied in addressing kinds
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of real-world application problems in control, decision-making, data processing as well as
systems analysis (Deng 1982, 1989a, b; Hwang and Lin 1987; Kung andWen 2007; Liu et al.
2011). The specific calculation procedures and steps are illustrated as follows:

The matrix R with m alternatives and n index of multi-criteria decision problem is pre-
sented:

R =

⎡
⎢⎢⎢⎣

x11 x12 · · · x1n
x21 x22 · · · x2n
...

...
...

...

xm1 xm2 · · · xmn

⎤
⎥⎥⎥⎦ (1)

1. Standardize the raw matrix R:
The standardization process is described as follows:

(a) Benefit criteria: the larger value is better. It can be computed and gotten as follows:

x ′
i j =

xi j − min
i

xi j

max
i

xi j − min
i

xi j
(2)

(b) Cost criteria: the smaller value is better. It can be computed and gotten as follows:

x ′
i j =

max
i

xi j − xi j

max
i

xi j − min
i

xi j
(3)

(c) Suitability criteria: the value closer to the objective value xob is better and it can be
computed and gotten as follows:

x ′
i j = 1 −

∣∣xi j − xob
∣∣

max

{
max
i

xi j − xob; xob − min
i

xi j

} (4)

2. Construct the normalized matrix R′:

R′ =

⎡
⎢⎢⎢⎣

x ′
11 x ′

12 · · · x ′
1n

x21 x22 · · · x ′
2n

...
...

...
...

x ′
m1 x ′

m2 · · · x ′
mn

⎤
⎥⎥⎥⎦ (5)

3. Generate the reference series x ′(0)

x ′(0) = (x ′
11(0), x

′
12(0), . . . x

′
1 j (0) . . . , x ′

1n(0)) (6)

where x ′
1 j (0) is the reference value of the jth factor and it can be obtained by the largest

normalization value of each factor.
4. Calculate all difference �i j (0) between all the normalization alternative series and the

reference series x ′(0):

�i j (0)=
∣∣∣x ′(0) − x ′

i j

∣∣∣ (7)

� =

⎡
⎢⎢⎢⎣

�11(0) �12(0) · · · �1n(0)
�21(0) �22(0) · · · �2n(0)

...
...

...
...

�m1(0) �m2(0) · · · �mn(0)

⎤
⎥⎥⎥⎦ (8)
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5. Compute grey relational coefficient value between all the normalization alternative series
and the reference series γi j (0):

γi j (0) =
min
i

min
j

�i j (0) + δmax
i

max
j

�i j (0)

�i j (0) + δmax
i

max
j

�i j (0)
(9)

where δ is a distinguished coefficient, its value is usually configured to 0.5 to provide
good stability and moderate distinguishing effects.

6. Get grey relational degree �i :

�i =
n∑
j=1

(w( j) × γi j (0)) where
m∑
j=1

w( j) = 1 (10)

where w j is a weight coefficient of ith criteria, and
n∑

i=1
w j = 1.

7. Rank alternatives.
The greater the grey relational degree �i , the better the chosen alternative.

3.2 TOPSIS

TOPSIS, one well-known typical technology of MCDM technologies, is initially proposed
by Hwang and Yoon (1981), in order to evaluate and rank all the evaluation alternatives for
addressing complex real-world application problems. TOPSIS is on basis of the principle
that the most satisfactory alternative should minimize the distance to the PIS and on the other
side maximize the distance to the NIS (Opricovic and Tzeng 2004), that is to say, TOPSIS
can find the best chosen alternative by having the nearest distance to the PIS and the farthest
distance to the NIS. Finally, all the chosen alternatives are ranked by the relative closeness
degree. The detailed procedures of TOPSIS are described and introduced as follows:

1. Determine the normalization matrix A. The standardization value ai j is determined as
follows:

ai j = xi j√
m∑
i=1

(xi j )2

(1 ≤ i ≤ m, 1 ≤ j ≤ n) (11)

2. Computer weighted normalization matrix:

D = (ai j ∗ w j )(1 ≤ i ≤ m, 1 ≤ j ≤ n) (12)

where w j is a weight coefficient of ith criteria, and
n∑

i=1
w j = 1.

3. Computer the PIS V ∗ and determine the NIS V−:

V ∗ = {
v∗
1 , v

∗
2 , . . . , v

∗
n } =

{
(max

i
vi j | j ∈ J ), (min

i
vi j

∣∣ j ∈ J ′ )
}

V− = {
v−
1 , v−

2 , . . . , v−
n

} =
{

(min
i

vi j | j ∈ J ), (max
i

vi j
∣∣ j ∈ J ′ )

}
(13)

123



622 Ann Oper Res (2016) 238:615–635

Table 1 Preference ranking of
each expert

1 2 … i … m

DM1 A2 A1 Ai Am

DM2 Am A2 A1 Ai

DM3 Ai A2 Am A1

4. Obtain the separation measures applying the Euclidean distance formula:

S+
i =

√√√√
n∑
j=1

(V j
i − V ∗)2 (1 ≤ i ≤ m, 1 ≤ j ≤ n)

S−
i =

√√√√
n∑
j=1

(V j
i − V−)2 (1 ≤ i ≤ m, 1 ≤ j ≤ n) (14)

5. Get the relative closeness degree Yi :

Yi = S−
i

S+
i + S−

i

(1 ≤ i ≤ m) (15)

where Yi ∈ (0, 1), Yi is closer to 1, the chosen alternative is better.
6. Rank the alternatives.

The chosen alternatives can be ranked by the relative closeness degree.

3.3 Three-dimension leg-mark selected location method

In this paper, on the basis of the two-dimension leg-mark selected location method, a three-
dimension leg-mark selected location method (TDLMSLM) for facilitating group consensus
is proposed. Be similar to the two-dimension leg-mark selected location method, TDLM-
SLM, also on the basis of expert prioritization, is to establish a three-dimensional leg-mark
coordinate system for facilitating group consensus in the three members of the group. And
it just requires the information of individual preference ranking of each expert. The specific
process is presented and given as follows:
Define 1 In the three-dimensional leg-mark coordinate system, the line through the point
(1, 1, 1) and the point (2, 2, 2) is defined as the alignment of three-dimensional leg-mark
coordinate system, the equation is e1 = e2 = e3. Where ei (1 ≤ i ≤ 3) is a unit vector of
ith-axis of the three-dimensional leg-mark coordinate system.
Define 2 In the three-dimensional leg-mark coordinate system, the three-dimensional hyper-
plane y = e1 + e2 + e3 is defined as a cross-section of three-dimensional leg-mark
coordinate system.

Assume there are A = {A1, A2, . . . Ai . . . Am}(1 ≤ i ≤ m) alternatives and three experts:
DM1, DM2 and DM3, the number of the chosen alternatives is m. The preference ranking
of each expert are shown as follows, presented in Table 1.

Where 1, 2, . . . i . . .m represents the number order of each axis. A2, A1, . . . Ai . . . Am,

Am, A2, . . . A1 . . . Ai and Ai , A2, . . . Am . . . A1 given randomly as a example for illustration
represents the alternative ranking of each expert. The priorities of experts can be obtained
by the ranking of their prestige, experience or social status. Assume DM1 is prior to DM2,
DM1 is prior to DM3, and DM2 is prior to DM3. Now, we can establish a three-dimensional
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leg-mark coordinate system, where X-axis is on behalf of DM1, Y-axis is on behalf of DM2,
and Z-axis is on behalf of DM3.

Let Apqr ∈ A, (1 ≤ p ≤ m, 1 ≤ q ≤ m, 1 ≤ r ≤ m), m is the number of the chosen
alternatives. The number of DM1-axis represents p of Apqr , similarly, the number of DM2-
axis represents q of Apqr , and the number of DM3-axis represents r of Apqr . Therefore,
each Apqr has their unique corresponding position in the leg-mark coordinate system. We
can define a function as follows:

Fai (p, q, r) = (p + q + r) + |p − q| + |p − r | + |q − r |
10α

+ p

102α
(1 ≤ i ≤ m)

α =
⎧⎨
⎩
1, when 1 ≤ m < 10,
2, when 10 ≤ m < 100,
3, when 100 ≤ m < 1000.

(16)

According to the value of F, we can get group consensus order of the three experts, the
preference rules are as follows:

1. For different F of three alternatives, the smaller the F, the better the chosen alternative;
2. For the same F of three alternatives, the nearer the distance from the alignment, the better

the chosen alternative;
3. For the same F and the same distance from the alignment of three alternatives, the smaller

the p, the better the chosen alternative.

Given all that, the steps and processes of TDLMSLM can be generalized as follows:

Step 1: Establish the three-dimensional leg-mark coordinate system according to the indi-
vidual preference ranking of each expert.

Step 2: Find out the corresponding position of the individual preference ranking of each
expert in the three-dimensional leg-mark coordinate system and mark it.

Step 3: Compute the F value of each chosen alternative in the three-dimensional leg-mark
coordinate system.

Step 4: Determine the group consensus order according to the preference rules.

4 Evaluation method

In this section, an extension of GRA for facilitating group consensus model is proposed
and developed to evaluate emergency plan with oil spill. Our proposed model consists of two
stages: The stage 1 is to develop an extension of GRAwhich includes two parts, and the stage
2 is to propose a group consensus facilitation method, based on three-dimension leg-mark
selected location method to address the problem of ranking inconsistency in the evaluation
of MCDM. The special details are presented as follows:

4.1 Extension of GRA

GRA, firstly proposed and developed by Deng (1982), is devoted to address incomplete, poor
and uncertain systems (Zheng et al. 2010). It is a good match for dealing with multi-criteria
problems with complex real-world applications between multiple variables and multiple
objectives (Tseng 2010). GRA confirms the difference to metric the similarity between the
alternative series and the reference series for identifying the most satisfactory chosen alterna-
tive (Liou et al. 2011). TOPSIS, well-known as one of MCDM technologies, can be applied
to assess the alternative performance by the relative closeness degree. TOPSIS can find the
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best alternative by the basic principle of minimizing the distance to the PIS and maximizing
the distance to the NIS (Chen and Hwang 1992; Opricovic and Tzeng 2004).

So, in this paper, on the basis of the basic concept of a relative closeness degree of TOPSIS,
we combine TOPSIS and GRA to obtain the ranking scheme of all the evaluation alternatives
by simultaneously computing the grey relational degree to PRS and NRS for increasing
the evaluation accuracy. In addition, in this paper, the information of index weights are
determined by a mathematical optimization model which also presents the principle that the
most satisfactory alternative should have the nearest distance to PRS and the farthest distance
to NRS. The implementing processes are detailed as follows:

The matrix R with m alternatives and n criteria of multi-criteria decision problem is
presented as follows:

R =

⎡
⎢⎢⎢⎣

x11 x12 · · · x1n
x21 x22 · · · x2n
...

...
...

...

xm1 xm2 · · · xmn

⎤
⎥⎥⎥⎦ (17)

7. Construct the normalization matrix R′:

R′ =

⎡
⎢⎢⎢⎣

x ′
11 x ′

12 · · · x ′
1n

x21 x22 · · · x ′
2n

...
...

...
...

x ′
m1 x ′

m2 · · · x ′
mn

⎤
⎥⎥⎥⎦ (18)

8. Generate PRS x+(0) and determine NRS x−(0):

x+(0) = (x+
11(0), x

+
12(0), . . . x

+
1 j (0) . . . , x+

1n(0)) (19)

where x+
1 j (0) is the positive reference value of the jth factor and it can be obtained

according to the largest normalization value of each factor.

x−(0) = (x−
11(0), x

−
12(0), . . . x

−
1 j (0) . . . , x−

1n(0)) (20)

where x−
1 j (0) is the negative reference value of the jth factor and it can be obtained

according to the smallest normalization value of each factor.
9. Calculate all difference �+

i j (0) between all the normalization alternative series and PRS
x+(0):

�+
i j (0) =

∣∣∣x+(0) − x ′
i j

∣∣∣ (21)

�+ =

⎡
⎢⎢⎢⎢⎢⎣

�+
11(0) �+

12(0) · · · �+
1n(0)

�+
21(0) �+

22(0) · · · �+
2n(0)

...
...

...
...

�+
m1(0) �+

m2(0) · · · �+
mn(0)

⎤
⎥⎥⎥⎥⎥⎦

(22)
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Similarly, calculate all difference �−
i j (0) between all the normalization alternative series

and NRS x−(0):

�−
i j (0) =

∣∣∣x−(0) − x ′
i j

∣∣∣ (23)

�− =

⎡
⎢⎢⎢⎣

�−
11(0) �−

12(0) · · · �−
1n(0)

�−
21(0) �−

22(0) · · · �−
2n(0)

...
...

...
...

�−
m1(0) �−

m2(0) · · · �−
mn(0)

⎤
⎥⎥⎥⎦ (24)

10. Compute grey relational coefficient value between all the normalization alternative series
and PRS γ +

i j (0):

γ +
i j (0) =

min
i

min
j

�+
i j (0) + δmax

i
max

j
�+

i j (0)

�+
i j (0) + δmax

i
max

j
�+

i j (0)
(25)

Similarly, compute grey relational coefficient value between all the normalization alter-
native series and NRS γ −

i j (0):

γ −
i j (0) =

min
i

min
j

�−
i j (0) + δmax

i
max

j
�−

i j (0)

�−
i j (0) + δmax

i
max

j
�−

i j (0)
(26)

where δ is a distinguished coefficient, its value is usually configured to 0.5 to provide
good stability and moderate distinguishing effects.

11. Calculate grey relational degree between all the normalization alternative series and PRS
�+
i :

�+
i =

n∑
j=1

w jγ
+
i j (1 ≤ i ≤ m) (27)

Calculate grey relational degree between all the normalization alternative series and NRS
�−
i :

�−
i =

n∑
j=1

w jγ
−
i j (1 ≤ i ≤ m) (28)

The principle of the extension of GRA is that themost satisfactory alternative should have
the nearest distance to PRS and the farthest distance to NRS. However, the information
of index weights is incomplete known. The importance of index weights to great extent
determines the effectiveness of decision-making process. Therefore, in the article, amulti-
objective mathematical optimization model, which can measure the basic principle of the
extension of GRA, is developed and used to calculate the information of index weights,
the specific process is presented as follows:

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

max D+
i =

n∑
j=1

w j x+(0)

min D−
i =

n∑
j=1

w j x−(0)

subject to : w ∈ H
1 ≤ i ≤ m, 1 ≤ j ≤ n

(29)
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Each chosen alternative is non-inferior, meanwhile, there exists no single preference
alternative which could reach the best performance (Wei 2010). So the above multi-
objective mathematical optimization function can be transformed into a single objective
mathematical optimization function, presented as follows:

⎧⎪⎪⎨
⎪⎪⎩

max Di =
m∑
i=1

n∑
j=1

w j (x+(0) − x−(0))

subject to : w ∈ H
1 ≤ i ≤ m, 1 ≤ j ≤ n

(30)

According to the formula (30), the initial index weights w′ = (w′
1, w

′
2, . . . w

′
n) can be

computed. And the optimal solution of index weights w = (w1, w2, . . . wn) considering
their importance preference of multi-stakeholders w′′ = (w′′

1 , w
′′
2 , . . . w

′′
n ) (presented in

the empirical process), can be acquired as follows:

wi =
√

w′
i ∗ w′′

i /

n∑
i=1

√
w′
i ∗ w′′

i (31)

Then, the grey relational degree �−
i and �+

i can be easily got respectively.
12. Get the relative closeness degree �i :

�i = �−
i

(�−
i + �+

i )
(1 ≤ i ≤ m) (32)

13. Rank the alternatives.
The chosen alternatives can be ranked by the relative closeness degree �i .

4.2 Group consensus facilitating method

TDLMSLM is based on expert prioritization to establish a three-dimensional leg-mark coor-
dinate system for solving group decision problem where the members of the group consist
of three experts. It only requires a little information, just individual preference ranking of
each expert, characterized by briefness, objective and simple calculation. So in this paper,
a group consensus facilitating method based on three-dimension leg-mark selected location
method is proposed and developed for group decision, presented in Sect. 4. The aim is to
find the best satisfactory alternatives which increase the overall satisfaction level of the ulti-
mate decision-making for a group of cooperative decision makers to solve the difficult and
challenging problem of ranking inconsistency in the evaluation of MCDM.

What’s more, the steps and processes of n-dimension leg-mark selected location method
for facilitating group consensus are further given, which explores and improves the graphical
representation of group decision in coordinate system. Some basic definition and principle
are given and introduced as follows:
Define 1 In the n-dimensional leg-mark coordinate system, the line through the point
(1, 1, . . . , 1) and the point (2, 2, . . . , 2) is defined as the alignment of n-dimensional leg-mark
coordinate system, the equation is as follows:

e1 = e2 = · · · ei = · · · = en(1 ≤ i ≤ n) (33)

where ei is a unit vector of ith-axis of the n-dimensional leg-mark coordinate system.
Define 2 In the n-dimensional leg-mark coordinate system, the n-dimensional hyper-plane
t = e1 + e2 + · · · ei + · · · en(1 ≤ i ≤ n) is defined as a cross-section of three-dimensional
leg-mark coordinate system.

123



Ann Oper Res (2016) 238:615–635 627

Let Ap1...pi ...pn ∈ A, (1 ≤ i ≤ n), the number of the chosen alternatives is n. The number
of DM1-axis represents p1 of Ap1...pi ...pn , similarly, the number of DMi -axis represents
pi of Ap1...pi ...pn , the number of DMn-axis represents pn of Ap1...pi ...pn . Therefore, each
Ap1...pi ...pn has their unique corresponding position in the leg-mark coordinate system. We
can define a function as follows:

Fai (p1...pi ...pn) =
n∑

i=1

pi +
∑
i∈k

|pi − pk |
10α

+ p1
102α

(1 ≤ i ≤ n)

α =
⎧⎨
⎩
1, when 1 ≤ n < 10,
2, when 10 ≤ n < 100,
3, when 100 ≤ n < 1000.

(34)

Given all that, the steps and processes of n-dimension leg-mark selected location method for
facilitating group consensus can be generalized as follows:

Step 1: Establish an n-dimensional leg-mark coordinate system according to the individual
preference ranking of each expert.

Step 2: Find out the corresponding position of the individual preference ranking of each
expert in the n-dimensional leg-mark coordinate system.

Step 3: Computer the F value of each chosen alternative in the n-dimensional leg-mark
coordinate system.

Step 4: Determine group consensus order according to the preference rules, presented in
Sect. 3.3.

Finally, the evaluation flowchart of our extension of grey relational analysis for facilitating
group consensus model has been shown in Fig. 1.

5 Experiment

In this section, an extension of grey relational analysis for facilitating group consensus model
is proposed and developed to evaluate emergency plan with oil spill by anOSCAR simulation
experiment, in order to improve and increase the overall satisfaction level of the ultimate
decision-making in GDM support system and effectively respond to the crisis management
problem of oil spill emergency.

5.1 Problem descriptions

A golden standard of emergency management with oil spill is to minimize the loss and
damage by making emergency preplan to deal with the emergency situations (Krohling and
Campanharo 2011). However, the design and development of the best emergency preplan
with oil spill are very hard to be accomplished because it is accompanied by some vari-
able conditions such as types of oil spill, volume of oil spill, location of oil spill, time,
weather situation and the dynamic ocean environment (Liu and Wirtz 2007a; Krohling and
Campanharo 2011). Besides, the opinions, benefits and interests of the stakeholders, such as
fishermen, policy makers and environmentalists (Wirtz et al. 2004) involved in emergency
management with oil spill are difficult to be treated and reflected, although some favor-
able assessment technologies are promoted and developed (Wirtz et al. 2004; Liu and Wirtz
2007a, b; Liao et al. 2012). There is very difficult to reach a consensus since in general, it will
get inevitably contradictory and conflict when evaluating the best emergency preplan among
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Select group members or stakeholders

Stage 2: Group Consensus Facilitation Method

Three-dimension leg-mark selected location method 
for facilitating group consensus

n-dimension leg-mark selected location method for
facilitating group consensus

Extension of a relative closeness degree, on the basis 
of the basic principle of TOPSIS

Extension of index weight by a mathematical 
optimization model, on the basis of the basic principle 

of TOPSIS

Stage 1: Extension of Grey Relational Analysis

Extension of grey relational analysis for facilitating 
group consensus model

Fig. 1 The evaluation flowchart of our proposed model

multi-stakeholders (Krohling and Campanharo 2011). These motivate our research for new
technologies to handle uncertain, imprecise data and variable factors with incommensurate
and conflicting criteria, considering reaching a consensus among the stakeholders. So, this
paper proposes and develops an extension of GRA for facilitating group consensus model to
oil spill emergency management.

5.2 The data and criteria

Like previous research applying fuzzy comprehensive evaluation method by Liu and Wirtz
(2007a, b), this paper focuses on the oil spill emergency management of Prestige, which took
along 77,000 tons of oil split in the northwest coast of Spain (Liu and Wirtz 2007a). Five
chosen emergency alternatives and eight criteria are defined, exampled in detail by Liu and
Wirtz (2007a, b). The five chosen emergency alternatives on towing the spilling vessel is
direction NE, NW, W, SW and E. And eight criteria is the fishery (F), the tourism (To), the
transportation (Tr), the mariculture (M), the residual risk (RR), the reproduction area (RA),
the persistence area (PeA) and the protection area (PrA). And the data of each emergency
alternative have been simulated by a scenario simulation model called OSCAR, produced by
Norwegian: Stiftelsen for industriell og teknisk forskning (SINTEF) (Aamo et al. 1997; Liu
2010). The data have been presented in Table 2 (Liu and Wirtz 2007a, b).
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Table 2 The data including five
alternatives and eight criteria
(2007a, 2007b)

F To Tr M RR RA PeA PrA

NE 34.5 27.4 17.8 41.5 55.3 0.3 0.5 30.1

NW 18.5 15.3 5.2 26.6 178.5 0.3 0.6 24.0

W 29.5 24.9 9.2 38.5 168.2 0.4 1.3 31.0

SW 74.7 60.1 3.5 78.0 114.3 4.4 5.9 72.9

E 19.1 15.8 1.4 24.1 20.3 0.7 0.8 18.7

Table 3 The importance preferences of the stakeholders in form of weights

F To Tr M RR RA PeA PrA

Freshmen: DM1 0.225 0.075 0.175 0.275 0.025 0.125 0.075 0.025

Environmentalists: DM2 0.375 0.075 0.075 0.125 0.125 0.125 0.025 0.075

Policy makers: DM3 0.125 0.100 0.100 0.100 0.125 0.350 0.050 0.050

Table 4 Normalized decision matrix for freshmen: DM1

F To Tr M RR RA PeA PrA

NE 7.763 2.055 3.115 11.413 1.383 0.038 0.038 0.753

NW 4.163 1.148 0.910 7.315 4.463 0.038 0.045 0.600

W 6.638 1.868 1.610 10.588 4.205 0.050 0.098 0.775

SW 16.808 4.508 0.613 21.450 2.858 0.550 0.443 1.823

E 4.298 1.185 0.245 6.628 0.508 0.088 0.060 0.468

5.3 Empirical process

In the decision making process of emergency plan evaluation with oil spill, there is no doubt
that the stakeholders (fishermen: DM1, environmentalists: DM2 and policy makers: DM3)

consider that the importance of each criteria are different, because they have different inter-
ests, benefits, knowledge, experiences, expertise and the nature of complexity of real-world
applications. So in this paper, firstly, the importance preferences of the stakeholders in form
of weights are given in Table 3, obtained by subjective weighting method, according as the
opinions (such as interests, benefits, knowledge, experiences, expertise) of each stakeholder.

Secondly, on the basis of the importance preferences of the stakeholders presented in
Table 3, the normalized decision matrix for each stakeholder can be computed and generated,
presented in Tables 4, 5, and 6, respectively.

Then, determine the optimal solution of index weights considering simultaneously both
the importance preferences of the stakeholders and the information of index weights on the
basis of the basic principle of TOPSIS. The results of the optimal solution of index weights
are presented in Table 9, obtained by geometricmean algorithm by integrating the importance
preferences of the stakeholders and the information of index weights by the mathematical
optimization model.

Now,we introduce how to determine the information of indexweights by themathematical
optimization model. Under the oil spill emergency, the information of index weights is partly
known, given by opinions of the experts: DM1, DM2 and DM3, it is presented as follows:
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Table 5 Normalized decision matrix for environmentalists: DM2

F To Tr M RR RA PeA PrA

NE 12.938 2.055 1.335 5.188 6.913 0.038 0.013 2.258

NW 6.938 1.148 0.390 3.325 22.313 0.038 0.015 1.800

W 11.063 1.868 0.690 4.813 21.025 0.050 0.033 2.325

SW 28.013 4.508 0.263 9.750 14.288 0.550 0.148 5.468

E 7.163 1.185 0.105 3.013 2.538 0.088 0.020 1.403

Table 6 Normalized decision matrix for policy makers: DM3

F To Tr M RR RA PeA PrA

NE 4.313 2.740 1.780 4.150 6.913 0.105 0.025 1.505

NW 2.313 1.530 0.520 2.660 22.313 0.105 0.030 1.200

W 3.688 2.490 0.920 3.850 21.025 0.140 0.065 1.550

SW 9.338 6.010 0.350 7.800 14.288 1.540 0.295 3.645

E 2.388 1.580 0.140 2.410 2.538 0.245 0.040 0.935

Table 7 The Difference between PRS and NRS of the three stakeholders

F To Tr M RR RA PeA PrA

DM1 12.645 3.360 2.870 14.823 3.955 0.513 0.405 1.355

DM2 21.075 3.360 1.230 6.738 19.775 0.513 0.135 4.065

DM3 7.025 4.480 1.640 5.390 19.775 1.435 0.270 2.710

Table 8 The initial index
weights calculated by the
mathematical optimization model

F To Tr M RR RA PeA PrA

DM1 0.15 0.10 0.09 0.08 0.14 0.20 0.13 0.11

DM2 0.10 0.10 0.09 0.13 0.14 0.20 0.13 0.11

DM3 0.15 0.10 0.09 0.13 0.09 0.20 0.13 0.11

H = 0.08 ≤ w1 ≤ 0.15, 0.04 ≤ w2 ≤ 0.10, 0.04 ≤ w3 ≤ 0.09, 0.06 ≤ w4

≤ 0.13, 0.05 ≤ w5 ≤ 0.14, 0.11 ≤ w6 ≤ 0.20, 0.06 ≤ w7 ≤ 0.13, 0.05 ≤ w8

≤ 0.11, w1 + w2 + w3 + w4 + w5 + w6 + w7 + w8 = 1, w j ≥ 01 ≤ j ≤ 8

The difference between PRS and NRS according to the mathematical optimization model of
these three stakeholders is calculated, presented in Table 7.

According to the mathematical optimization model by formula (30), the initial index
weights of each stakeholder can be calculated, implemented by Matlab 2012a, the research
results are presented and given in Table 8.

The optimal solution of index weights of each stakeholder can be computed by formula
(31). The detailed results are presented and given in Table 9.
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Table 9 The optimal solution of index weights

F To Tr M RR RA PeA PrA

DM1 0.201 0.095 0.138 0.163 0.065 0.173 0.108 0.057

DM2 0.209 0.093 0.089 0.137 0.143 0.170 0.061 0.098

DM3 0.141 0.103 0.098 0.117 0.109 0.272 0.083 0.076

Table 10 The ranking of alternatives of each stakeholder and group consensus

DM1 Ranking DM2 Ranking DM3 Ranking Consensus

NE 0.599 4 0.615 3 0.630 3 3

NW 0.695 2 0.659 2 0.677 2 2

W 0.621 3 0.595 4 0.619 4 4

SW 0.314 5 0.308 5 0.306 5 5

E 0.738 1 0.739 1 0.734 1 1

Finally, the ranking of all the evaluation alternatives of each stakeholder is calculated
according to the extension of GRA by the steps presented in Sect. 4.1. The ranking results
of each stakeholder are shown in Table 10.

The ranking of group consensus can be obtained according to the steps and processes of
three-dimension leg-mark selected location method, presented in Sect. 3.3. The key and core
step is to determine the F value of each alternative, given as follows:

FNE = 10.24, FNW = 6.02, FW = 11.23, FSW = 15.05, FE = 3.01

Based on the F value of each alternative, by the preference rules presented by three-dimension
leg-mark selected location method in Sect. 3.3, we can obtain the group consensus ranking
of alternative NE, NW, W, SW, E is 3, 2, 4, 5, 1 which are also shown in Table 10.

5.4 Result analysis

In Table 10, we can see the best alternative is E, followed by NW, NE and W, the worst
alternative is SW. Based on empirical study, we can get a conclusion that our proposed model
is not only an extension of GRA to address the oil spill emergency management problems
of vague and incomplete information related to related to multi-criteria, complex dynamic
environments, but also increases the overall satisfaction level of the ultimate decision-making
for a group of cooperative decision makers, which solve the difficult and challenging group
decision problem of ranking inconsistency in the evaluation ofMCDM involving the benefits
and interests of multi-stakeholders.

What’s more, for verifying and certifying the effectiveness and feasibility of our model,
we further conduct a comparative analysis with two related previous research papers using
fuzzy comprehensive evaluation method by Liu and Wirtz (2007a, b). The research results
are consistent, they are all that the best alternative is E, followed by NW, NE and W, the
worst alternative is SW. That is to say, the rankings of alternative NE, NW, W, SW, E in
the three papers are all 3, 2, 4, 5, 1, which demonstrates and verifies the effectiveness and
feasibility of our proposed and developed model. Compared with the fuzzy comprehensive
evaluation method used previously by Liu and Wirtz (2007a, b), our proposed model gives a
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consistently result. It ensures that the research results are correct and our proposed model is
effective. However, there exists three weaknesses in the fuzzy logic: (1) there is no uniform
standard about the normalization of fuzzy membership functions (2) the fuzzy rules is no
deed to enumerate all possible configurations of variables (3) there are too many methods for
calculate fuzzy logic operations without optimal way to address the corresponding problem
(Pan and McMichael 1998). In this paper, grey relational analysis for avoiding weaknesses
in the fuzzy logic, is applied to deal with the oil spill emergency management problems
of dynamic and variable factors, because GRA, a portion of grey theory (Deng 1982), is
a multi-factor analysis tool to analyze uncertain relations between the reference series and
alternative series for addressing complex real-world problems marked by vague, incomplete
and inaccurate information (Chen and Tzeng 2004).

Emergency decision, such as oil spill emergency management, is an extremely complex
multi-criteria optimization problem involving the benefits and interests ofmulti-stakeholders,
multi-criteria and complex dynamic environments (Liu and Wirtz 2007a). And a wise deci-
sion should not only reflect the opinion of single decision maker in the complex dynamic
environments, but also consider the group preference of the stakeholders such as fishermen,
environmentalists and policy makers. Thus, two main integration aspects should be con-
sidered in the oil spill emergency decision making process: one is the integration between
multi-criteria and the complex dynamic natural environments. The other is the integration
among the opinions, benefits and interests of the stakeholders. To realize the twomain integra-
tion aspects, an extension of grey relational analysis for facilitating group consensus model is
proposed and developed to oil spill emergencymanagement involvingmulti-criteria, complex
dynamic environments and the benefits and interests of multi-stakeholders.

6 Discussion and conclusion

Emergency management with oil spill is a very complex decision-making problem, because
it is accompanied by vague and incomplete information related to multi-criteria, complex
dynamic environments such as types of oil spill, volume of oil spill, rate of oil flowing,
location of oil spill, time, weather situation and the dynamic ocean environment (Liu and
Wirtz 2007a;Krohling andCampanharo 2011). Besides, the opinions, benefits and interests of
the stakeholders, such as fishermen, policy makers and environmentalists (Wirtz et al. 2004)
involved in emergency management with oil spill, are difficult to be treated and reflected.

This paper targets efforts to develop a new technology to address the complex emer-
gency decision making problem. So in this article, an extension of GRA for facilitating
group consensus model is developed and proposed to oil spill emergency management
involving multi-criteria, complex dynamic environments and the benefits and interests of
multi-stakeholders, and this paper aims to illustrate, in case of oil spill emergency man-
agement, how decision-making process and negotiation process are centralized in a scenario
simulation framework. The results demonstrate that our proposedmodel is feasible and effec-
tive by comparative analysis with the previous research papers by Liu and Wirtz (2007a, b).
The main research contributions are unfolded and summarized.

Firstly, an extension of GRA is proposed to deal with the oil spill emergency management
problems of vague and incomplete information related to multi-criteria, complex dynamic
environments. The extension contains two parts: One is to simultaneously compute the grey
relational degree to PRS and NRS, on the basis of the basic concept of a relative closeness
degree of TOPSIS, for obtaining the ranking of all the chosen alternatives. The other is
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to determine index weights by a developed mathematical optimization model which also
presents the principle that the most satisfactory chosen alternative should have the nearest
distance to PRS and the farthest distance to NRS.

Secondly, a group consensus facilitating method, based on three-dimension leg-mark
selected location method, is applied to address the difficult and challenging GDM problem
of ranking inconsistency in the evaluation of MCDM involving the benefits and interests of
multi-stakeholders. What’s more, the calculation steps and processes of n-dimension leg-
mark selected location method for facilitating group consensus are given and explored in this
paper.

In addition, our proposed model can be popularized and explored to deal with other
complex real-world problems with multi-alternative, multi-criteria, incomplete information
associated to variable factors and different opinions, benefits and interests of multi-
stakeholders.
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