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Abstract Emergency decision making is still an important
issue in unconventional emergency management research.
Although many studies have been written on this topic,
they remain political and qualitative, and it is difficult to
make them operational in practice. Therefore, this article
proposes a decision-theoretic rough set over two universes
as an approach for solving this difficulty. The proposed
approach integrates rough set theory over twouniverses using
a Bayesian decision-making technique. In this study, emer-
gency decision making is considered as a multiple-criteria
ranking or multiple-criteria selection problem with multi-
granularity linguistic assessment information. A Bayesian
decision process based on linguistic description with qualita-
tive data over two universes is first presented to construct the
decisionmodel and approach, and then the decision-theoretic
rough set theory over two universes is taken to induce a set
of decision rules that satisfy minimum risk of loss condi-
tions. These rules can easily give the optimal decision results
with minimum risk of loss by considering online informa-
tion, realistic scenarios, and the dynamic characteristic of
unconventional emergency events as they develop. Finally,
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the steps and the basic principle of the proposed method are
illustrated by a numerical example with the background of
emergency decision making.

Keywords Emergency decision making · Emergency
management · Decision-theoretic rough set over two
universes

1 Introduction

In recent years, unconventional emergency events have
occurred frequently, including earthquakes, mudslides, and
hurricanes, often leading to a great deal of harm to life,
property, and public safety. These include both incidental
and frequent occurrences. Faced with unconventional emer-
gency events, humanbeingsmust be proactive in dealingwith
them, including establishing comprehensive emergency pre-
paredness systems and emergency decision-making theory
and methods (Cosgrave 1996).

Emergency decision making in response to unconven-
tional emergency events is the core of crisis management.
According to incomplete statistics, each year unconventional
emergency events cause a loss of 5 % of the total GDP in
China. Therefore, developing a scientific decision model and
methodology to handle emergency decision problems could
be extremely valuable.

A major feature of unconventional emergency events is
that they often occur unexpectedly, as in the case of ter-
rorist attacks, earthquakes, etc. Technical limitations and
other factors make it difficult to accurately predict crises.
Thus, uncertainty about the time of occurrence and insuffi-
cient information about the severity and extent of the impact
constitute the basic features of unconventional emergency
events. This uncertainty makes it difficult to describe uncon-
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ventional emergency events precisely with a quantitative
model and theory. To address these problems, many quan-
titative approaches have been used in evaluation studies of
emergency planning. These include the fuzzy comprehensive
evaluation (Yang et al. 2007), the analytical hierarchy process
(AHP) (Pauwels et al. 2000) and data envelopment analysis
(Chen et al. 2010).Also,mathematical theories such asmulti-
attribute (or multi-criteria) decision making, multi-objective
programming and optimization of classic operations research
have been used in emergency decision-making research.

Unconventional emergency events are a complex sys-
tem with the characteristics of changeable mechanisms in
how they occur and develop. Significant characteristics
include time constraints, insufficient information, and lim-
ited resources.Decisionmakersmust act quickly even though
the information is usually insufficient. The classical crisp
mathematical theory-based decision approaches and models
may be invalid under such conditions. Modern decision the-
ory such as multi-attribute (multi-criteria) decision-making
theory (Chen andHwang1992) andmulti-objective decision-
making theory (Keeneyr and Raiffa 1993), as well as the
theory of uncertainty in decisions and methods (Xu 2004),
continues to mature. However, due to the complexity, uncer-
tainty, and inadequacy of decision-making information in an
emergency, the difficulty of quantifying the decision-making
object, and the lack of procedures for decisionmaking during
an emergency that has not been faced before, the exist-
ing techniques make it difficult to achieve ideal decision
making.

Fan (2007) proposed five key scientific problems for
possible in-depth discussion related to the management of
unconventional emergency events, one of which is the emer-
gency decision problem under complicated conditions. In
recent years, many different theoretical tools have been used
to study both theory and methodology in this field (Bar-
barosoglu and Arda 2004; Jiang et al. 2011; Ngueveu et al.
2010).

Usually, emergency decision making has the following
two distinct features. First, an emergency decision must
often be made in a short period of time using partial or
incomplete and inaccurate information, especially in the
early stages of the disaster. Second, these decisions may
have potentially serious outcomes (Yu and Lai 2011; Sun
et al. 2013b). In many situations, a wrong decision could
result in deadly consequences (Levy and Taji 2007). Some
previous studies (Ju and Wang 2012; Levy and Taji 2007;
Mendonca et al. 2006; Yu and Lai 2011; Zografos et al.
2000) are mainly focused on the principle and framework of
the group decision approach to emergency decision making
and management. For example, Yu and Lai (2011) proposed
a distance-based group decision-making (GDM) method-
ology to solve unconventional multi-person, multi-criteria
emergency decision-making problems. They first construct a

framework of group decisionmaking. Then, a standardmulti-
criteria decision-making (MCDM) process is performed on
specific emergency decision-making problems. Levy and
Taji (2007) proposed a group analytic network process
(GANP) to construct a GDSS to support hazard planning
and emergency management under incomplete informa-
tion. In their study, a typical unconventional emergency
event, a chemical spill in the city of Brandon, Manitoba,
is simulated. When the proposed GANP model is applied
to evacuation and shelter-in-place decisions, the result is
improvement in emergency management effectiveness, deci-
sion transparency, and user satisfaction (Levy and Taji 2007).
Zografos et al. (2000) presented amethodological framework
for developing a hazardous material emergency response
(HAMER) decision support system (DSS) to manage emer-
gency response operations for large-scale industrial accidents
inWestern Attica, Greece. Similarly, Mendonca et al. (2006)
designed a gaming simulation to assess GDSS for emergency
management. Ju and Wang (2012) presented the DS/AHP
method and extended the TOPSIS method to solve group
multi-criteria decision-making (GMCDM) problems with
incomplete information and then applied these methods to
the evaluation of alternatives during an emergency. Hector
et al. (2013) developed amathematical formulation that com-
bines an integer programming model representing location
and dispatching decisions for emergency medical services
for an unconventional emergency event.

The existing research first concentrates on determin-
ing the characteristics of different types of unconventional
emergency events, and then makes pre-established emer-
gency plans based on the characteristics. Subsequently, all
emergency preparedness plans will be evaluated and contin-
uously improved based on characteristics of different types
of unconventional emergency events using matured quanti-
tative approaches such as fuzzy comprehensive evaluation,
AHPor various improvedAHP (analytical hierarchyprocess)
methods, andmulti-attribute decision analysismethod. Then,
the decision makers select an appropriate emergency pre-
paredness plan by considering the problems in reality and
making some adjustments during implementation. However,
this decision-making process neglects the important role of
the decision makers during the uncertainty of the dynamic
real-time environment. In fact, in the face of unconventional
emergency events, as well as real-time change in a crisis
situation, the subjective judgment and forecasts of the deci-
sion makers about the developing trend of the crisis are
essential.

Based on the existing results for emergency decisionmak-
ing of unconventional emergency events and the idea of
three-way decision (Good 1965; Forster 2000; Yao 2012),
this study attempts to give a new method and perspective
on emergency decision making by combining the three-
way decision with the rough set theory over two universes
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(namely, the decision-theoretic rough set over two universes
based emergency decisionmaking of unconventional events).
The proposed new approach to emergency decision mak-
ing by taking full account of the key role of the decision
makers during an unconventional emergency event. Then
the risk preferences and the real-time judgment of decision
makers during the crisis situation will be reflected in the
process of selecting an emergency decision alternative. As
is known, the evaluation of an emergency preparedness plan
is a multi-attribute information decision table (Yang et al.
2007). In our approach, we first change the multi-attribute
information decision table into the universe of characteris-
tics that describe emergency preparedness plans. We take all
the emergency preparedness plans for similar unconventional
emergency events as a universe. The universe of charac-
teristics and the universe of emergency preparedness plans
are independent but closely related. Then an ideal optimal
emergency preparedness plan with some basic characteris-
tics is given to the decision makers with full consideration
of the real-time dynamic characteristics of unconventional
emergency events. Moreover, the function of risk of loss
is presented based on the risk preferences of the decision
makers and their real-time judgments in the crisis situation.
Then, a decision-theoretic rough set model of emergency
decision making over two universes is established by intro-
ducing the minimum risk Bayesian decision process. Thus,
the proposed decision model will give an optimal emergency
decision choice with minimum risk of loss. Also, the optimal
emergency decision choice is well adapted to the scenar-
ios and the real-time features of unconventional emergency
events.

As stated in the former, the principles and methodology
of the model for emergency decision making of unconven-
tional emergency events established in this paper are mainly
based on the theory of rough set and it extensions. Rough set
theory (Pawlak 1982), initiated by Pawlak in the early 1980s,
presents an effectively non-numeric method for dealing with
uncertainty and makes a well-established mechanism for
uncertainty management in a wide variety of applications
related to knowledge discovery, decision analysis, conflict
analysis and pattern recognition, etc. (Pawlak 1991; Pawlak
et al. 1995). In the past years, under variety background of
management science and conditions, several extensions of
the Pawlak rough setmodel have been accomplished (Pawlak
and Skowron 2007). Decision-theoretic rough set (Yao et al.
1990a, b) and rough set over two universes (Wong et al.
1993a, b) are two important extensions of the Pawlak rough
set model. As for these two extensions model, We briefly
review the existing studies as follows, respectively. Wong
et al. (1993a, b) and Yao et al. (1995) give a general frame-
work of the two universes based on Pawlak rough set model
by interpreting the theory as interval structure. Zhang and
Wu (2000) defined a rough set model based on random set,

in which the lower and upper approximations were general-
ized to two universes. Subsequently, they proposed a general
model of the interval-valued fuzzy rough set on two uni-
verses by integrating the rough set with interval-valued fuzzy
set with the constructive and axiomatic approaches (Zhang
et al. 2009). Sun and Ma (2011) gave a definition of fuzzy
rough set by defining a fuzzy compatible relation between
two universes. Meanwhile, Ma and Sun (2012a) study the
probabilistic rough set theory over two universes systemat-
ically. Furthermore, they establish the relationship between
the probabilistic rough set and theBayesian risk decision over
two universes (Ma and Sun 2012a). Recently, they proposed
the intuitionistic fuzzy rough set model over two universes
and studied the properties in detail (Sun et al. 2013a). A
bipolar fuzzy rough set was defined by Yang et al. (2012)
following the fuzzy rough set over two universes estab-
lished by Sun and Ma (2011). Li (2008) discussed the rough
approximation of a crisp set and its fuzzy extensions over
two universes. The rough set over dual universe was pro-
posed and an effectively algorithm for obtaining the lower
and upper approximations was also presented by Yan et al.
(2010). A rough set model in two universal sets was defined
by introducing the concept of solitary set for any binary rela-
tion between two different universes. Furthermore, based on
the way of the definition of fuzzy rough set on one universe,
the fuzzy rough set model over two universes was given by
Liu (2010). Decision-theoretic rough set, as a general prob-
abilistic rough set model, also has invoked the interest of
many scholars and much valuable research has been done in
recent years. Herbert and Yao (2011) study the combination
of the decision-theoretic rough set and the game rough set. Li
and Zhou (2011) present a multi-perspective explanation of
the decision-theoretic rough set and discuss attribute reduc-
tion and its application for the decision-theoretic rough set.
Liu et al. (2011) discussmultiple-category classificationwith
decision-theoretic rough sets and its applications in the areas
ofmanagement science.Lingras et al. (2009) discuss the clus-
tering analysis using the decision-theoretic rough set theory.
Li et al. (2000) and Liang et al. (2013) discuss information
retrieval and filtering using the decision-theoretic rough set
theory. Greco et al. (2007) combine the decision-theoretic
rough set with the dominance-based rough set and then give
a new generalized rough set model. Ma and Sun (2012a, b)
study the decision-theoretic rough set theory over two uni-
verses based on the idea of the classical decision-theoretic
rough set (Sun et al. 2012; Jia et al. 2014). At the same time,
there are other studies on both rough set models over two
universes and decision-theoretic rough set and also presented
many applications in the existing literatures. Inspired by the
existing studies of rough set over two universes and decision-
theoretic rough set,we introduce the decision-theoretic rough
set over two universes by combining the above twomodels in
this paper. We then present an approach to emergency deci-
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sion making using the decision-theoretic rough set over two
universes.

The paper is organized as follows. Section 2 briefly intro-
duces Pawlak rough set theory and rough set over two
universes. Section 3 gives the basic principles and methodol-
ogy of decision-theoretic rough set theory and the three-way
decisions approach over two universes. In Sect. 4, we present
the emergency decision-making model under the framework
of decision-theoretic rough set over two universes. At the
same time, we propose the algorithm of the method of
emergency decision making. In Sect. 5, we study a numer-
ical example and illuminate the principle of the theory and
approaches proposed in this paper. We conclude our research
and propose further research directions in Sect. 6.

2 Preliminaries

In this section, we briefly review the concept the classical
Pawlak rough set. Also, we will present the definition of
rough set over two universes.

2.1 Pawlak rough set

Rough set theory is an emerging mathematical theory and
approach to dealing with problems that have the features of
being uncertain and imprecise. One of the main advantages
of rough set theory is that it does not need any preliminary
or additional data, such as probability distribution in statis-
tics, basic probability assignment in the Dempster–Shafer
theory, grade of membership or the value of possibility in
fuzzy set theory (Pawlak et al. 1995). The basic concept of
Pawlak rough set is the equivalence relation on the universe
of discourse. All the objects of the universe are classified
into several equivalence classes. Then, an imprecision con-
cept is approximated by two crisp sets called lower and upper
approximations.

LetU be a nonempty finite universe of discourse and R be
an equivalence relation onU. Let [x] denote the equivalence
class of objects x(x ∈ U ).

We call (U, R) an information system or Pawlak approx-
imation space if R is an equivalence relation on U. For any
X (X ⊆ U ), the lower and upper approximations of X are
defined as follows (Pawlak 1982, 1991):

R(X) = {x ∈ U |[x] ⊆ X},
R(X) = {x ∈ U |[x] ∩ X �= ∅}.

If R(X) = R(X), we call X the definable on (U, R).

Otherwise, X is a rough set.
Furthermore, we call POS(X) = R(X), BND(X) =

R(X) − R(X), and NEG(X) = U − R(X) the positive
region, boundary region and negative region of X on (U, R),

respectively.

2.2 Rough set over two universes

In this section, we will review the basic rough set model
over two universes with some general results (Wong et al.
1993a, b).

Definition 2.1 (Shafer 1987) LetU and V be two universes,
and R be a binary relation fromU toV, i.e., a subset ofU×V .

R is said to be compatibility, or a compatibility relation, if
for any u ∈ U ; v ∈ V ; there exist t ∈ V ; s ∈ U such that
(u, t), (s, v) ∈ R.

Definition 2.2 (Shafer 1987) LetU and V be two universes,
and R be a compatibility relation fromU to V . The mapping
F : U → 2V , u �→ {v ∈ V |(u, v) ∈ R} is called the
mapping induced by R.

Obviously, the above-defined binary relation R can
uniquely determine the mapping F, and vice versa. Then,
the rough set over two universes is defined as follows:

Let U and V be two universes, and R be a compatibility
relation from U to V . The ordered triple (U, V, R) is called
a (two-universe) approximation space. The lower and upper
approximations of Y ⊆ V , respectively, are defined as fol-
lows (Wong et al. 1993a, b; Yao et al. 1995):

Apr(Y ) = {x ∈ U |F(x) ⊆ Y };
Apr(Y ) = {x ∈ U |F(x) ∩ Y �= ∅}.

The ordered set-pair (Apr(Y ), Apr(Y )) is called a gener-

alized rough set, and the ordered operator-pair (Apr , Apr)
is an interval structure.

The set Apr(Y ) consists of elements ofU which are only

compatible with those elements in Y, while the set Apr(Y )

consists of elements ofU which are compatible with at least
one element in Y. Therefore, the former can be interpreted
as the pessimistic description and the latter as the optimistic
description of Y.

New rough set models over two universes have been pro-
posed in recent years, motivated by practical applications
in management science (Ma and Sun 2012a, b; Sun and Ma
2011; Sun et al. 2012). These models generalize the corre-
sponding models on the same universe.

3 Three-way decision and decision-theoretic rough
set over two universes

In this section, we will first review the basic principle and the
existing studies for three-way decision over two universes.
Also, we will present the theory foundation of the three-way
decision over two universes. Then, we establish the decision-
theoretic rough set over two universes using the idea of three-
way decision over two universes.
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3.1 Three-way decision over two universes

In the widely used two-way decision models, it is assumed
that an object either does or does not satisfy the decision
criteria. Then the set of objects is divided into two disjoint
regions, namely, the positive region POS for objects satis-
fying the decision criteria and the negative region NEG for
objects not satisfying the decision criteria. However, there
are usually some classification errors associated with such
a binary classification. Two main difficulties with two-way
approaches are their stringent binary assumption of the sat-
isfiability of objects and the requirement of a dichotomous
classification (Yao 2012).

The essential ideas of three-way decisions are commonly
used in everyday life (Marinoff 2007) and widely applied in
many disciplines, including, for example, medical decision
making (Pauker and Kassirer 1980; Schechter 1988), man-
agement sciences (Goudey 2007), and peer review processes
(Yao 2012).

The theory of three-way decisions based on probabilistic
rough set was first established by Yao (2012). The essen-
tial ideas of three-way decisions are described in terms of a
ternary classification according to evaluations of a set of cri-
teria. SupposeU is a finite nonempty set and C is a finite set
of criteria. The problem of three-way decisions is to divide,
based on the set of criteria C, U into three pairwise disjoint
regions, POS, NEG, and BND, called the positive, negative,
and boundary regions, respectively.

The theoretical basis of the three-way decisions is the
Bayesian decision process (Liu et al. 2011; Yao 2008). By the
three-way decisions proposed by Yao (2008), we can present
the three-way decision approaches over two universes. We
briefly introduce the Bayesian decision process over two uni-
verses as follows (Ma and Sun 2012a, b).

Let U, V be two nonempty finite universes and the poset
2V = {Y1,Y2, . . . ,Yk} be all the subsets of universe V with
k states. Let A = {d1, d2, . . . , dm} be m possible actions of
decision makers. P(Y j |F(x)) is the conditional probability
of the characteristic description set F(x) with object x(x ∈
U ) given the state Y j . λ(di |Y j ) is the cost or risk to take the
decision di in the case of the state Y j . Suppose the decision
maker takes the action di for the characteristic description set
F(x) with object x(x ∈ U ). Then, the expected minimum
risk is as follows:

R(di |F(x)) =
k∑

j=1

λ(di |Y j )P(Y j |F(x)) (1)

In general, the decision rule can be regarded as a function
τ(F(x)) with the variable F(x). That is, each description
F(x) with the object x(x ∈ U ) corresponds to a certain
decision making τ(F(x)). Therefore, the risk of loss deci-

sion rule is the expected risk of loss of the decision-making
function τ(F(x)). That is,

R =
∑

x∈U
R(τ (F(x))|F(x))P(F(x)) (2)

Therefore, if there exists a di such that R(di |F(x)) has the
minimum conditional risk, then di is the optimal decision.

3.2 Decision-theoretic rough set over two universes

The Pawlak rough set model is a qualitative model that
defines three regions for approximating a subset of a universe
of objects based on an equivalence relation on the universe.
There has been a question regarding the rigidness of Pawlak
rough set approximations, namely, the classification must be
fully correct or certain. For this reason, the degree of overlap
between an equivalence class and the set is one motivation
behind current research. Probabilistic approaches to rough
set theory can help address this problem. The probabilistic
approach is one of the most important and successful gen-
eralizations of quantitative rough set theory. The lower and
upper approximations of a probabilistic rough set are defined
by a pair of thresholds (α, β) with α > β and also define
three regions for approximating a subset of a universe of
objects with these two parameters (Yao 2003, 2008). How-
ever, a usermust supply theparameters.A lackof a systematic
method for parameter estimation has led researchers to use
ad hoc methods based on trial and error. As one of the prob-
abilistic rough set models, the decision-theoretic rough set
model (DTRS) was proposed in the early 1990s based on the
well-established Bayesian decision procedure by Yao et al.
(1990a, b); Yao and Wong (1992). The DTRS model utilizes
ideas from Bayesian decision theory to calculate probabilis-
tic parameters to define rough regions. Using the notion of
expected loss (conditional risk), themodel enables the user to
depend solely on his notions of cost in classifying an object
into a region. Then, a systematic approach is given for cal-
culating the parameters in a probabilistic rough set model.

The theory of probabilistic rough set over two universes
corresponds with classical applications of a probabilistic
rough set on the same universe (Ma and Sun 2012a, b).
Because of the limitations of classical probabilistic rough set
over two universes, we propose a decision-theoretic rough
set over two universes that is similar to the model on the
same universe that is established by Yao et al. (1990a, b);
Yao (2008).

The decision-theoretic rough setmodel over two universes
is composed of 2 states and 3 actions. The set of states is given
by � = {Y,YC }(Y ⊆ V ), indicating that an object y ∈
F(x)(x ∈ U, F(x) ⊆ V ) is in Y and not in Y, respectively.
Here,weuse the same symbol to denote both a subset ofY and
the corresponding state so that no confusion arises. Let A =
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{P, B, N } be the action set where P, B and N represent the
three actions in classifying an object x(x ∈ U, F(x) ⊆ V ),

namely, deciding x ∈ POS(Y ), deciding x ∈ BND(Y ),

and deciding x ∈ NEG(Y ), respectively. The loss function
regarding the risk or cost of actions in different states is given
by the 3 × 2 matrix:

Y (P) YC (N )

P λPP λPN

B λBP λBN

N λN P λNN

In the matrix, λPP , λBP and λN P denote the losses
incurred for taking actions P, B and N , respectively,when an
object belongs toY.Similarly,λPN , λBN andλNN denote the
losses incurred for taking the same actions when the object
does not belong to Y.

Suppose

λPP ≤ λBP < λN P , λNN ≤ λBN < λPN .

Using the Bayesian decision procedure over two universes
(Ma and Sun 2012a, b), given the universeU and V, F is the
binary mapping from U to V, for any 0 ≤ β < α ≤ 1 and
Y ⊆ V, the (α, β) probabilistic lower and upper approxima-
tions of the subset Y of universe V over two universes are
defined as follows:

Aprα
P
(Y ) = {x ∈ U |P(Y |F(x)) ≥ α},

Apr
β

P (Y ) = {x ∈ U |P(Y |F(x)) > β},
where

α = λPN − λBN

(λPN − λBN ) + (λBP − λPP )

β = λBN − λNN

(λBN − λNN ) + (λN P − λBP )
.

In the case with 0 ≤ β < α ≤ 1 (in Sect. 4, we will explain
this inequality), after tie-breaking, the three-way decision
rules are given as follows:

If P(Y |F(x)) ≥ α, decide x ∈ POS(Y );
If β < P(Y |(F(x))) < α, decide x ∈ BND(Y );
If P(Y |F(x)) ≤ β, decide x ∈ NEG(Y ).

The principles and methodology of decision-theoretic
rough set over two universes are similar to the correspon-
dence model proposed by Yao (2008) and Liu et al. (2011).
In the following sections, we will study emergency decision
making under the framework of decision-theoretic rough set
over two universes.

Remark 3.1 As is well known, there are two different ways
to make approximation for the rough set over two universes
with the given universeU and V : (1) use two subsets of V to
approximate one subset of U ; and (2) use two subsets of U
to approximate one subset of V . In this paper, we present the
rough approximations for the rough set over two universes
using the second way by considering the application of the
emergency decision making. Actually, we also can use the
first way to make approximation for the rough set over two
universes by redefining the meanings for the universeU and
V with respect to the emergency decision making.

4 The emergency decision-making model and
method based on decision-theoretic rough set
over two universes

Sound emergency preparedness plans can ensure a quick and
efficient emergency response and keep the losses to a mini-
mum. A basic principle named “A case of three systems” was
proposed by the State Council of China, and about 1.3 mil-
lion emergency preparedness plans have been established all
over the country. However, the design of such plans depends
on forecasts and assumptions that must be made in advance.
Advance planning cannot be effective unless it allows deci-
sion makers’ flexibility in responding to a crisis. In addition,
the large number of emergency plans indicates that various
departments are acting independently, but a comprehensive
emergency plan requires coordination among the actors. To
address these problems, any emergency plan should be eval-
uated over time and should make improvements based on the
results of the evaluation. Our proposed method can be a tool
in this evaluation process.

Existing research focuses on qualitative evaluation cri-
teria, including effectiveness, economy, and adequacy of
protection, etc., as well as refinements of these indicators.
This literature provides methodologies for determining the
relative significance of each criterion and indicator and the
weight of each expert opinion, how to aggregate group judg-
ments and opinions, and other related problems. Then, the
results of a quantitative evaluation are given using matured
methods such as AHP (analytical hierarchy process), fuzzy
comprehensive evaluation, multi-attribute group decision
making, etc., for the emergency preparedness plan. Thus,
this research provides a basis for decision makers to choose
the right emergency plan in practice.

A key step in existing evaluation methods is comparing
the indicators pairwise and giving the scoring or quantitative
values for every indication. On the one hand, the quantitative
values facilitate the use of sophisticated mathematical tools
in evaluation. On the other hand, this approach potentially
implies numerical semantic inconsistencies. For example,
consider the same expert’s evaluation of two indicators:
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effectiveness in handling the emergency plan and the reason-
able allocation of emergency rescue personnel. These could
be assigned the same score when using the method of multi-
attribute group decision making and also may be regarded as
similarly significant when comparing the two indicators pair-
wise using the analytical hierarchy process. In this way, the
two methods could use the same numerical value to express
the variables of “effectiveness” and “reasonable,” although
they have different descriptive objects, character scopes, and
semantic features. However, there are differences in quanti-
tative degree between the above two indicators. In fact, due
to the different objects and semantic categories which they
describe, there is no uniform metric standard to compare
them. In addition, there may also be a risk of distortion of
scoring reliability because of an excessive number of indi-
cators, which would then affect the accuracy of the final
evaluation results.

So, a new quantitative approach which does not depend
on scoring by comparing the indicators pairwise is needed
for emergency decisionmaking.Decision-theoretic rough set
over two universes can handle this problem easily.

4.1 Problem statement

The evaluation indicators and criteria for emergency decision
making essentially are the description of the basic character-
istics of an emergency preparedness plan. Therefore, we do
not rely on expert scoring or pairwise comparisons for the
evaluation indicators. Instead, evaluation indicators such as
specificity, completeness, quick response to an emergency,
and other related characteristics of the emergency prepared-
ness plan are regarded as a set or universe, denoted V .

That is, the universe V stands for all characteristics of the
emergency preparedness plan, i.e., V = {strong pertinence
(y1), soundness of personnel and resources allocation (y2),
good inter-sectorial collaboration (y3), . . . , reasonable cost
(yn)}. Generally speaking, V is finite because the indicators
describing the basic features of the plan are limited in number.
Meanwhile, we group all the emergency preparedness plans
into a set or universe, denotedU, i.e.,U = {x1, x2, . . . , xm},
where xi stands for the i th emergency plan.

We call a subset R of U × V the compatibility relation
between the emergency preparedness plan setU and the char-
acteristics set V . That is, for any x ∈ U, y ∈ V, there exists
y0 ∈ V, x0 ∈ U satisfying (x, y0), (x0, y) ∈ U ×V .Clearly,
the binary compatibility relation R defines a set-valued map-
ping on universes U and V as follows:

F : U → 2V , x → {y ∈ V |(x, y) ∈ R}.

That is, for any emergency plan x(x ∈ U ), the basic charac-
teristic is F(x)(F(x) ∈ 2V ).

Then, the emergency decision-making problem can be
described as follows:

First, assume that all emergency preparedness plans
(denote as universe U = {xi |i = 1, 2, . . . ,m}) can be
described by the several basic characteristics.

Second, the decision makers are presented with the main
characteristics (denote as the subset Y of universe V =
{y j | j = 1, 2, . . . , n}) which are associated with an optimal
emergency decision plan based on online information and
real-time scenarios.

Finally, decision makers select one of the plans xi (xi ∈
U )(i = 1, 2 . . . ,m), with minimum risk of loss as the crite-
rion for the optimal decision, and then implement the plan.

With this description, we have constructed a model of
emergency decision-making information over two universes
(U, V, R).We next present in detail the emergency decision-
makingmodel based on theminimumriskBayesian decision-
making process.

4.2 The model and algorithm

Let (U, V, R) be an emergency decision-making informa-
tion over two universes. For any Y ∈ 2V , where Y stands
for a set of the basic characteristics of the ideal emergency
plan given by decision makers according to real-time sce-
narios. That is, an emergency preparedness plan with the
characteristics given in Y is the optimal plan. For example,
let Y = {good completeness, strong pertinence, short dis-
posal time, comprehensiveness of post-disposal, completed
safeguards, scientific analysis of causes, lowest resource con-
sumption, fewest rescue workers} be an ideal emergency
response plan. Clearly, Y is a subset of the universe V which
stands for all characteristics of the emergency prepared-
ness plan. Therefore, the state set of the decision making
is � = {Y,YC } (where YC denotes the complement set of
Y ). Then the decision-making action set A = {aP , aB , aN },
where the elements, respectively, are the actions of accept-
ing the plan, delaying decisionmaking and rejecting decision
making. In general, there must exist a risk or loss as long as
decision makers take an action, whether correct or not, for
any decision problem. That is, there will occur different risks
or losses by taking different actions. Let λPP , λBP and λN P ,
respectively, denote the risk when taking the action aP , aB
and aN if the object y ∈ F(x)(x ∈ U, F(x) ⊆ V ) belongs
to Y (i.e., it is the sum of the risks for the three actions of
selecting the emergency plan x, delaying decision making,
and not selecting the emergency plan x if the characteris-
tic of the emergency plan x satisfies the requirement of the
ideal emergency response plan Y.) Similarly, let λPN , λBN

and λNN denote, respectively, the risk when taking the action
aP , aB and aN if the object y ∈ F(x)(x ∈ U, F(x) ⊆ V )

does not belong to Y (i.e., it is the sum of the risks for the
three actions of selecting the emergency plan x, delaying
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decision making and not selecting the emergency plan x if
the characteristic of the emergency plan x does not satisfies
the requirement of the ideal emergency response plan Y ).

From the above analysis, it is easy to see that the subset
F(x) of universe V is the corresponding characteristics of
the emergency preparedness plan x in the universe U. Then,
we can obtain the expected risk or loss of taking the three
actions aP , aB and aN as follows (in this example, we use
risk):

R(aP |F(x)) = λPP P(Y |F(x)) + λPN P(YC |F(x))

R(aB |F(x)) = λBP P(Y |F(x)) + λBN P(YC |F(x))

R(aN |F(x)) = λN P P(Y |F(x)) + λNN P(YC |F(x))

where P(Y |F(x)) and P(YC |F(x)) stand for the conditional
probability.

According to the principle of the Bayesian decision
process over two universes, the optimal decision making will
be a minimum expected risk. Thus, we can obtain three-way
decision rules over two universes as follows:

(P) If R(aP |F(x)) ≤ R(aB |F(x)) and R(aP |F(x)) ≤
R(aN |F(x)), choose x(x ∈ U );

(B) If R(aB |F(x)) ≤ R(aP |F(x)) and R(aB |F(x)) ≤
R(aN |F(x)), further evaluation, that is, neither accept nor
reject x(x ∈ U );

(N ) If R(aN |F(x)) ≤ R(aP |F(x)) and R(aN |F(x)) ≤
R(aB |F(x)), not chosen x(x ∈ U );

Moreover, we have

P(Y |F(x)) + P(YC |F(x)) = 1. (3)

It is easy to see that the above decision rule is only related to
the conditional probability P(Y |F(x)) and the loss function
λ••.

In general, the decision risk of choosing the emergency
response planwill not bemore than the decision risk of delay-
ing decision making when the emergency response plan has
the optimal characteristics according to Y ∈ 2V . Further-
more, the decision risk of both these two actions must be
less than the decision risk of not choosing the emergency
response plan with the optimal characteristics according to
Y ∈ 2V .

Likewise, the decision risk of not choosing the emergency
response planwill not bemore than the decision risk of delay-
ing decision making when the emergency response plan does
not have the optimal characteristics according to Y ∈ 2V .

Furthermore, the decision risk of both these two actions must
be less than the decision risk of not choosing the emergency
response plan without the optimal characteristics according
to Y ∈ 2V .

That is, the loss function satisfies the following relation-
ship:

0 ≤ λPP ≤ λBP < λN P ,

0 ≤ λNN ≤ λBN < λPN . (4)

Using (3) and (4), solving rule (P), (B) and (N ) results in
the following conclusions:

(P) P(Y |F(x)) ≥ λPN − λBN

(λPN − λBN ) + (λBP − λPP )
;

P(Y |F(x)) ≥ λPN − λNN

(λPN − λNN ) + (λN P − λPP )
;

(B) P(Y |F(x)) ≥ λBN − λNN

(λBN − λNN ) + (λN P − λBP )
;

P(Y |F(x)) ≤ λPN − λBN

(λPN − λBN ) + (λBP − λPP )
;

(N ) P(Y |F(x)) ≤ λPN − λNN

(λPN − λNN ) + (λN P − λPP )
;

P(Y |F(x)) ≤ λBN − λNN

(λBN − λNN ) + (λN P − λBP )
;

Suppose

α = λPN −λBN

(λPN −λBN )+(λBP−λPP )
=

(
1+ λBP−λPP

λPN −λBN

)−1

(5)

β = λBN −λNN

(λBN −λNN )+(λN P−λBP )
=

(
1+ λN P−λBP

λBN −λNN

)−1

(6)

γ = λPN −λNN

(λPN −λNN )+(λN P−λPP )
=

(
1+ λN P−λPP

λPN −λNN

)−1

(7)

By the rule (B), we know that α > β, and therefore

λBP − λPP

λPN − λBN
<

λN P − λBP

λBN − λNN
.

By the basic knowledge of inequality, the following relations
hold.

λBP − λPP

λPN − λBN
<

λN P − λPP

λPN − λNN
<

λN P − λBP

λBN − λNN
.

This shows that the following relations among the parameters
α, β and γ hold:

0 ≤ β < γ < α ≤ 1.

Based on the above discussion, the former decision-
making rules (P), (B) and (N ) can be restated as follows
based on three-way decisions over two universes:

123



An approach to emergency decision making based on decision-theoretic rough...

(P ′) If P(Y |F(x)) ≥ α, x ∈ POS(Y ), (x ∈ U );
(B ′) If β < P(Y |F(x)) < α, x ∈ BND(Y ), x(x ∈ U );
(N ′) If P(Y |F(x)) < β, x ∈ NEG(Y ), x(x ∈ U );

Generally speaking, the optimal emergency plan x(x ∈
U ) could not exist which satisfies exactly all the characteris-
tics of the optimal emergency planY used by decisionmakers
in realistic emergency scenarios. Therefore, an optimal emer-
gency response plan x(x ∈ U ) will be that emergency
preparedness plan which has the highest degree of coin-
cidence or similarity with the characteristics of optimal
emergency plan Y. Then, the above conditional probability
P(Y |F(x)) exactly expresses this idea. That is, P(Y |F(x))
expresses the similarity (or degree of coincidence) of the
emergency response plan x(x ∈ U )with the basic character-
istics F(x) ∈ 2V and the optimal emergency plan Y used by
decision makers in realistic scenarios. Moreover, the para-
meters α, β ∈ [0, 1] are a reflection of degree of coincidence
or similarity between emergency response plan x(x ∈ U )

and the optimal emergency plan Y.

There is no strict superiority or inferiority that can apply
to every emergency preparedness plan because each plan has
a different focus. That is, there is no emergency prepared-
ness plan that satisfies all the requirements for responding
to unconventional emergency events in practice. Therefore,
for a given unconventional emergency event, there have to be
different loss functions or risks when selecting an emergency
preparedness plan, and we can calculate the corresponding
thresholds αx and βx by formula (5) and (6) for emergency
preparedness plan x ∈ U with its loss functions or risks. So
the question is how to select the plan with the minimum loss
risk and maximum precision of decision making. Then, the
optimal decision making would be the objects in the posi-
tive region of the optimal emergency plan Y according to
the three-way decisions over two universes established in
Sect. 3.

There is different sensitivity to risk of loss for different
types of emergency events. For example, the direct conse-
quences of a delay in decisionmakingwill bemore casualties
in a short time in the event of a terrorist attack. Meanwhile,
there may also be different intuitive judgments for the same
crisis scenarios by different decision makers. That is, deci-
sion makers have different risk preferences. Thus, in reality,
there are different values of loss functions for different deci-
sion makers for the same crisis scenario.

Thus, first the maximum threshold αM should be deter-
mined according to all the thresholds αx , βx with x ∈ U.

Clearly, the maximum threshold αM can be computed as
follows:

αM = max{αx |x ∈ U } (8)

We call αM the precision of decision making.

It is easy to know that αx , βx ∈ [0, 1] because x ∈ U
is completely determined by the loss function λ•• accord-
ing to the above decision process. Practically, the values of
the loss function λ•• are given in advance by the decision
makers or experts according to the type of crisis, the affected
ranges, the degree of influence, and the real-time judgments
and forecasts of the developments during realistic scenarios
for unconventional emergency events.

To adapt the proposed approach to problems in reality, we
present an algorithm for emergency decision making based
on decision-theoretic rough set over two universes as follows:

Input Emergency decision-making information over
two universes (U, V, R).

Output The optimal emergency plan.
Step 1 Presenting the values of loss function λ•• for

every emergency preparedness plan x ∈ U.

Step 2 Computing the threshold αx and βx .

Step 3 Computing the maximum threshold αM .

Step 4 Establishing the characteristics of optimal emer-
gency plan Y.

Step 5 Computing the conditional probability P(Y |
F(x)) and thenmaking the decision according to the decision
rules (P ′).

Remark 4.1 From the above discussion, the basic idea and
principles of the model for emergency decision making of
unconventional emergency events are based on the three-
way decision associatedwith the decision-theoretic rough set
over two universes. As is well known, the three-way decision
is performed using the concept of positive region, negative
region and boundary region in rough set theory. Meanwhile,
the three regions of positive, negative and boundary are
corresponding three decisions of accept, reject and further
evaluation during a decision-making process, respectively.
As far as the decision model for emergency decision mak-
ing of unconventional emergency events is concerned, the
three regions of positive, negative and boundary with respect
to the decision-theoretic rough set over two universes are
corresponding the optimal emergency plans, the sub-optimal
emergency plans and the inferior emergency plans, respec-
tively. This is the theory foundation of the decision rule (P ′),
(B ′) and (N ) given in the model. Particularly, if the positive
region POS(Y ) = ∅, then there is no optimal emergency
plan under the given minimum expected risk for the emer-
gency decision-making problem. So, the decision makers
can make the decision making from the boundary region
BND(Y ) (in general, there must be BND(Y ) �= ∅ while
POS(Y ) = ∅), i.e., the sub-optimal emergency plan under
the givenminimumexpected risk for the emergencydecision-
making problem. Meanwhile, the decision makers also can
improve the expected risk and then obtain the optimal deci-
sion making.
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In the next section, we will give a numerical example
with the background of emergency decision making during
unconventional emergency events to demonstrate in detail
the principle and approach established in this section.

5 A numerical example

Let U = {x1, x2, . . . , x8} be eight emergency preparedness
plans for one kind of unconventional emergency event. Let V
be the set of characteristics or evaluation indicators of emer-
gency preparedness plans for this event. Suppose there are
the following basic characteristics: risk identification com-
prehensiveness (y1), prevention and warning completeness
(y2), formation specifics (y3), post-event disposal programs
completeness (y4), scientific rescue programme (y5), good
traceability of emergency resources (y6), strong pertinence
(y7), comprehensiveness of elements of plan (y8), compe-
tent rescue team members (y9), clear response level (y10),
quick emergency handling (y11), effective guarantee mea-
sures (y12), reasonable rescue steps (y13), responsibility
clear among agencies (y14), Median cost of emergency
resources (y15). That is, V = {y1, y2, . . . , y15}.

Themain characteristics of every emergency preparedness
plan can be described as follows:

F(x1) = {y3, y4, y8, y10, y12, y15};
F(x2) = {y2, y5, y7, y10, y11, y15};
F(x3) = {y2, y5, y8, y9, y13, y14};
F(x4) = {y1, y5, y8, y10, y12, y14};
F(x5) = {y1, y5, y6, y9, y13, y14};
F(x6) = {y2, y5, y6, y9, y11, y15};
F(x7) = {y1, y4, y7, y9, y12, y15};
F(x8) = {y1, y5, y8, y10, y13, y14};

These equations objectively describe the characteristics for
the given eight emergency preparedness plans for a certain
type of emergency event.

Just as in the above analysis, there is no strict superi-
ority or inferiority for every emergency preparedness plan
and the only decision standard is whether it is appropri-
ate for the given unconventional emergency event. So, for
a given unconventional emergency event, there are different
loss functions or risks when selecting an emergency pre-
paredness plan.

In the following, we present the loss functions or risks
for selecting a plan based the expertise or experiences of the
decision makers in Table 1.

By the formula (5) and (6), the threshold αx and βx can
be computed as in Table 2:

Table 1 The values of loss function λ•• for every emergency prepared-
ness plan

U λPP λBP λN P λNN λBN λPN

x1 0.4 0.6 0.7 0.1 0.2 0.8

x2 0.3 0.4 0.7 0.1 0.3 0.5

x3 0.3 0.3 0.9 0.5 0.7 0.8

x4 0.2 0.5 0.8 0.5 0.6 0.8

x5 0.1 0.3 0.6 0.3 0.4 0.7

x6 0.2 0.6 0.8 0.4 0.5 0.9

x7 0.2 0.6 1.0 0.2 0.3 0.5

x8 0.0 0.2 0.5 0.6 0.7 1.0

Table 2 The threshold
parameters for every emergency
preparedness plans

U αx βx

x1 0.75 0.5

x2 0.667 0.2

x3 0.5 0.25

x4 0.4 0.25

x5 0.6 0.25

x6 0.5 0.333

x7 0.333 0.2

x8 0.6 0.5

By formula (8) we can easily obtain the maximum
precision of the decision making for this unconventional
emergency event as follows:

αM = max{αxi |xi ∈ U, i = 1, 2, . . . , 8} = 0.75.

Suppose Y ∈ 2V is the set of characteristics of the optimal
emergency response plan adapted to real-time scenarios of a
specific unconventional emergency event, where Y includes
the following characteristics:

Y = {y1, y5, y6, y9, y13, y15}.

Let P(Y |F(x)) = |Y∩F(x)|
|Y | (where |•| denotes the cardinality

of the set), it is easy to calculate the results as follows:

P(Y |F(x1)) = 0.167, P(Y |F(x2)) = 0.333,
P(Y |F(x3)) = 0.5, P(Y |F(x4)) = 0.25,
P(Y |F(x5)) = 0.833, P(Y |F(x6)) = 0.667,
P(Y |F(x7)) = 0.667, P(Y |F(x8)) = 0.5.

Then, by the decision rule (P ′), we have

POS(Y ) = aprα

P
(Y ) = {xi ∈U |P(Y |F(xi ))≥αM } = {x5}.

This shows that plan x5 is the optimal decision with the max-
imum precision of decision making at 0.75.
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It is easy to see that the decision results closely depend on
the risk preferences of the decision makers. Therefore, the
decision makers will play an important role in the decision
process in response to unconventional emergency events.

6 Conclusion

Quick and scientific emergency decision making will play
an important role in effectively handling emergency events,
including timely controlling the crisis situation and reduc-
ing the impact caused by the crisis. Based on the classical
rough set theory, this article presents a decision-theoretic
rough set model of emergency decision making with min-
imum risk under the framework of two universes. The model
gives a new perspective for emergency decision making in
response to unconventional emergency events. Traditional
studies have focused on the determination of evaluation cri-
teria for emergency preparedness plans and have looked at
variousmathematical tools andmethods to subjectivelymake
a quantitative ranking. The purpose of this article is first to
determine the basic characteristics of an optimal emergency
response plan chosen by decision makers based on real-time
scenarios of unconventional emergency events. Next, this
approach looks for the emergency plan which has the highest
degree of coincidence or similarity with the optimal emer-
gency response plan, chosen as the optimal decision from
the set of emergency preparedness plans. Thus, the decision
makers play a key role in the decision process by bringing
flexibility to the process of making a suitable decision. This
approach not only overcomes the inconsistencies of the quan-
titative semantics in the traditional multi-criteria evaluation
method, but also fully considers the judgments about risk
that are made by decision makers during real-time emer-
gency scenarios. Therefore, it shows exactly how the actors
making real-time or online decisions about unconventional
emergency events make these decisions by adapting to the
characteristics faced in reality.

In general, decision making relies on the evaluation of all
available alternatives with respect to certain criteria. Some of
these problems are essentially humanistic and thus subjective
in nature (e.g., human understanding and vision systems).
Moreover, due to differences in theoretical bases and process-
ing methods, there is no evaluation criterion to strictly assess
decision results based on theoretical tools. For these reasons,
there may not exist a unique/uniform principle for making
the optimal decision in an emergency. Rough set theory pro-
vides a new perspective to effectively describe and analyze
uncertainty decision-making problems.Rough set theorywas
applied to emergency decision making in this paper by con-
sidering the basic features of incompleteness and inaccuracy
of information and uncertainty during the real-time decision
environment of unconventional emergency events. It also can

be regarded as an attempt to apply rough set theory to emer-
gency management research.

In fact, the proposed model and approach also depend
on the intuitive judgments of decision makers and the expe-
riences of experts, much like the determination of the risk
or loss functions and the selection of the characteristics
for an optimal emergency response plan. This research will
contribute to developing more effective processes for deter-
mining the risk loss function and scientifically evaluating
decisions.
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