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Abstract: With the rapid development of the urbanization process, rainstorm water-logging events
occur more frequently in big cities in China, which causes great impact on urban traffic safety
and brings about severe economic losses. Water-logging has become a hot issue of widespread
concern in China. As one kind of natural disasters and emergencies, rainstorm water-logging has
the uncertainties of occurrence, development, and evolution. Thus, the emergency decision-making
in rainstorm water-logging should be carried out in stages according to its development trend,
which is very complicated. In this paper, an emergency decision-making method was proposed for
urban water-logging with a hybrid use of dynamic network game technology, Bayesian analysis, and
multi-attribute utility theory. The dynamic game process between “rainstorm water-logging” and
“decision-making group” was established and the dynamic generation of emergency schemes was
analyzed based on Bayesian analysis in various stages of water-logging. In terms of decision-making
attributes, this paper mainly considered two goals, i.e., ensuring smooth traffic and controlling
emergency cost. The multi-attribute utility theory was used to select the final scheme. An example
analysis in Guangzhou of China showed that the method is more targeted and can achieve emergency
management objectives more effectively when compared with traditional methods. Therefore,
it can provide reference for the scientific decision-making of emergency management in urban
rainstorm water-logging.

Keywords: rainstorm water-logging; emergency decision-making; dynamic network game
technology; Bayesian analysis; multi-attribute utility theory

1. Introduction

Due to the rapid development of the urbanization process, there have been frequent incidents
of rainstorm water-logging around the world [1]. According to the data released by relevant UN
departments, floods account for the first or second place in all disasters whether considering the
number of people affected, the number of deaths, or the economic losses [2] especially in developing
countries such as Bangladesh, India, Nepal, etc. [3]. China is one of the countries most affected by floods
in the world [4]. The metropolises such as Beijing, Guangzhou, and Shanghai have frequently been
flooded during the summer rains in recent years [5]. “Sea views in cities” has become synonymous
with Chinese cities’ suffering from rainstorm water-logging [6]. The loss of urban water-logging
accounts for a considerable proportion of the total flood disaster losses in the country [7]. Frequent
urban water-logging has severely restricted the stability of China’s urban society and economic
development [8].
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Since the founding of the People’s Republic of China, the development of water conservancy
projects has been in full swing [9]. The flood control engineering system of China’s large-scale
rivers has been nearly completed. Thus, cities are less likely to be submerged due to the collapse of
river dykes. However, the average annual damage caused by internal flooding is more serious than
that of external flooding since the urban rainstorm water-logging breaks out suddenly with a short
foreseeing period and the construction of urban drainage capacity is relatively lagging behind [10].
At present, even though the construction of public facilities is constantly improving, the rainstorm
water-logging still brings tremendous pressure to the city’s drainage system [11]. In addition, many
cities in China are still busy constructing buildings and infrastructures especially subway projects in
recent years, which results in the destruction of drainage networks [12]. This undoubtedly increased the
incidence of urban water-logging. The sponge city has been vigorously promoted in recent years [13],
but the annual rainstorm water-logging are still commonplace. Severe urban water-logging disasters
may cause large-scale traffic and communication disruptions and billions of dollars in losses [14].
Taking the rainstorm water-logging that happened in Guangzhou City, capital of Guangdong Province,
in 2010 as an example, with the specific geographical location shown in Figure 1, we can see the
serious consequences of water-logging in China to a certain extent. According to the statistics of the
Guangzhou Command Center for Flood, Drought and Typhoon Emergencies, 102 towns (sub-districts)
in the city were flooded, 109 houses collapsed, more than 170 square kilometers of farmland were
flooded, and the affected population was 32,166. Water-logging occurred in 118 locations in the central
city of which 44 water-logging sites were very serious. Local traffic jams were caused and some
temporary shops were flooded. The city’s economic losses amounted to approximately $80 million.

Figure 1. Rainfall distribution in different districts of Guangzhou in a water-logging event.

In the process of rapid urbanization, the population is highly concentrated in the city, the urban
area is expanding rapidly, and the urban system functions are generally complicated [15], which has
led to an increase in the threat posed by urban water-logging. Compared with natural factors, human
factors are the main focus in the emergency management of water-logging such as an imperfect
emergency linkage system (poor inter-departmental emergency coordination mechanism) and a
low level of emergency management, etc. [16]. Therefore, it is urgent to strengthen the research
on the emergency management of rainstorm water-logging. This paper focuses on the emergency
decision-making problem of rainstorm water-logging and aims to propose an effective emergency
decision-making method for urban water-logging disasters. As a typical city that seriously suffered
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from water-logging disasters in China, Guangzhou is taken as the real background to verify the
effectiveness of the proposed method with some hypothetical data in this study. Figure 1 shows the
distribution of rainfall in a certain water-logging event in Guangzhou.

2. Literature Review

At present, the research on urban rainstorm water-logging mainly focuses on cause analysis and
control measures, disaster risk assessment, and early warning simulation.

Compared with natural disasters, the causes of water-logging involve more human factors
including the increase of an urban impervious area [17], natural topographical constraints [18,19],
imperfect municipal rainwater pipe network designing [20], and lack of communication and
cooperation between relevant departments and majors [21]. The risk assessment method is more
about the use of advanced technologies such as GIS (Geographic Information System) and remote
sensing imagery, which aims to conduct a scenario analysis and a disaster risk assessment for
water-logging disasters [22,23]. In the current research, the disaster risk assessment system is being
studied further. Yin et al. [23] established a comprehensive disaster risk assessment model from
three aspects including hazard factor assessment, vulnerability assessment, and exposure analysis.
Cai et al. [24] proposed a risk assessment method in terms of risk assessment, emergency assessment,
loss assessment, social impact assessment, and performance assessment, etc. The above research laid a
good foundation for emergency management.

Nowadays, the new generation of IoT (Internet of Things) technology and GPRS (General Packet
Radio Service) technology are used more and more to collect and process real-time data in urban
areas in the early warning of rainstorm water-logging [25], which can improve the monitoring
and the early warning system. Jiang et al. [26] drew componentized emergency plans based on
a comprehensive integration platform, which realized the digitization, procedurization, visualization
of urban emergency response plans, and made them more knowledgeable. Sun et al. [27] constructed
a full-chain and multi-dimensional disaster scenario deduction scheme based on the flood model
and multi-agent urban road condition model and assessed the emergency rescue scheme from the
perspective of the damaged vehicles and people exposed security threats. This study provided a new
idea and approach to emergency decision-making of water-logging.

In the process of emergency decision-making, the emergency plan is an important part of
the emergency system, which is of great importance to make fast and effective responses and
reduce the impact of the emergency [28,29]. Hoarda et al. [30] used the system dynamics to
analyze the influencing factors of the emergency plan and developed the corresponding emergency
plan by computer simulation of the emergency situation. This method laid a certain foundation
for intelligent decision-making. With the research on emergency decision-making going forward,
people gradually realized the dynamic characteristics of emergencies with continuous information
changes. Yang et al. [31] proposed a sequential-based dynamic game model. By using this model,
effective responses can be made according to the time sequence of the occurrence of various events and
the continuous improvement of related information. Wang et al. [32] took the 2012 Beijing heavy rain as
a case study and concluded that the social media text stream usually contains a large amount of timely
information about the emergency. This information, if used properly, can help decision makers make
different decisions. Yu et al. [33] designed a two-stage method for the typhoon disaster emergency
scheme generation and adjustment considering the uncertainty of typhoon forecasting. At the first
stage, case-based reasoning (CBR) is used to generate preliminary emergency plans and, at the second
stage, the emergency plan is adjusted dynamically through prospect theory in which it is considered
that individuals will have different risk attitudes based on different locations of reference points.
Anderssonroswall et al. [34] believed that a systematic approach should be adopted to address the
complex environmental and social risk management decisions resulting from flood hazard policies and
proposed a comprehensive multi-criteria framework that includes simulation models, decision analysis
tools, and a set of policy-making recommendations. Moreover, multi-attribute decision-making
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methods are also commonly used in emergency decision-making processes, which have been applied
in many disciplines such as economics [35], military [36], industry [37], and logistics [38], etc.
Chen et al. [39] considered that the uncertainty of information is the research focus in the field of
emergency management and put forward a multi-attribute emergency decision-making method based
on the relevance of information sources. Liu et al. [40] proposed a multi-attribute risk decision-making
method for the response of emergencies when considering the fact that the multi-state evolution of
emergencies would result in different outcomes.

In summary, it can be seen that the current research on emergency management decision-making
was less common on specific types of events and it was even more rare for rainstorm water-logging.
As one kind of emergencies, the characteristics and goals of rainstorm water-logging emergency
decision-making are similar to that of other emergencies like a typhoon. Thus, related research
in typhoons can provide references to the emergency management in water-logging. However,
the water-logging has its own uniqueness, which calls for special studies on emergency
decision-making. At present, some related work focused on the analysis and application of
mathematical models in rainstorm water-logging rather than on the perspective of emergency
management. There was less research on emergency management decisions and it lacked a systematic
approach for emergency decision-making in water-logging. Moreover, most of the existing emergency
decision-making methods were still single-stage processes that ignored the unique characteristics
of water-logging. Among them, the most important is that the multi-stage evolution process of
the water-logging state is influenced by previous decisions made by the decision-making group.
Therefore, it is necessary to conduct research on an emergency decision-making method focusing on
the multi-stage evolution process.

The aim of this paper is to develop a systematic emergency decision-making approach for urban
rainstorm water-logging. The remaining parts of this paper are organized as follows. Section 3 focuses
on the research methods. Section 4 presents an example that illustrates the applicability of these
methods. Section 5 discusses the advantages and disadvantages of the methods. Section 6 provides
the conclusions.

3. Materials and Methods

In this study, we have employed three major approaches, i.e., Dynamic Game Process Model,
Bayesian Analysis, and Multi-Attribute Utility Theory to analyze the issue of urban water-logging as a
multi-stage evolution process when considering the case of Guangzhou city.

3.1. Study Area

Guangzhou, the capital of Guangdong Province, is located at 113°17’ east longitude and 23°8’
north latitude. It is not only the third largest city in China and the largest city in southern China, but it
is also a political, economic, technological, educational, and cultural center. Guangzhou has always
been a city with plenty of rainfall and there are many more incidents of water-logging.

In Guangzhou, there are different degrees of water-logging in various districts during the
rainstorm. According to the Guangzhou Rainstorm Water-logging Research Report [41], the causes of
urban water-logging problem are quite complicated, which is shown in Figure 2. It can be seen that
48% of the water-logging in the central urban area are mainly caused by a lack of or a low standard
of a drainage network. In addition, 17% occurs due to pipe network blockage, 15% results from low
terrain, 9% takes place due to blocked rivers or backwater, and 7% is caused by construction effects.
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Figure 2. Main causes of water-logging in the downtown area of Guangzhou.

In order to effectively cope with the rainstorm water-logging, the Guangzhou government
has classified the water-logging according to its severity. The levels of water-logging are shown
in Table 1. Considering the regional and temporal elements of water-logging, the levels can be
adjusted accordingly.

Table 1. Level classification of rainstorm water-logging in Guangzhou.

Level Meaning Hazard Level Preventive Measures
Mild water-logging, which will
30% of the water-logging  not cause serious consequences. Pedestrians should be advised
Level III sites reach a depth of Urban traffic will be partially not to wade and not to pass
15~30 cm blocked and affect the normal in principle.
travel of citizens.
Moderate water-logging, severe =~ Measures should be taken as
30% of the water-logging drainage in areas with poor soon as possible to reduce
Level II sites reach a depth of drainage, large-scale urban water-logging and pedestrians
30~50 cm traffic is blocked, seriously are prohibited from entering
affecting citizens’ travel. severe areas.
30% of the water-logging Severe water-logging, urban di Go out to fight agalnst’ .
: . . isasters and rescue. Prohibit
Level I sites reach a depth of traffic is rampant, seriously

pedestrians and vehicles from

more than 50 cm passing through.

affecting urban operations.

3.2. Dynamic Game Process Model

The emergency decision for rainstorm water-logging is dynamic since the state of water-logging
in each phase is changing and it is necessary to make a phased or temporary decision. At each decision
point, the decision-making group should make a choice based on the consequences or observed
information from the previous-stage decision and the future information predicted at this time point.
Specifically, the decision-making group should refer to two aspects of indicators in the emergency
decision-making process, i.e., the current level of rainstorm water-logging and the predicted future
weather information from a weather forecast. Based on these two aspects of information, decisions
will be made regarding the level of the emergency scheme that should be adopted in the next stage.

The “rainstorm water-logging” and the “decision-making group” launched a game in several
stages. The steps are shown in Figure 3. This game requires the “decision-making group” to grade
the state of “rainstorm water-logging” beforehand. Assuming that there are n states (levels) for the
“rainstorm water-logging,” the “decision-making group” should have a transcendental belief about
the probability (p;) that the “rainstorm water-logging “ is at the i-th state and the probability (p;;) of



Sustainability 2018, 10, 3453 6 of 21

the water-logging’s evolving from the i-th state to the j-th state, that is, the “decision-making group”
should estimate the possible probability distributions of various states of rainstorm water-logging: P; =
(p1,p2,- - - pn) and the probability matrix (p;;) of mutual transitions between these states as follows.

P11 P12 .- P
p; = P21 P22 .- Pon
Pn1 Pn2 - Pun

With the progress of the “game,” the “decision-making group” uses Bayes’ rule to dynamically
correct these prior beliefs and then select the schemes for subsequent stages. The options for the
“decision-making group” may be different at different stages. Figure 3 shows the game process
between the “rainstorm water-logging” and the “decision-making group.”

The “decision maker” starts the corresponding level of the plan based
on the observed level of Water-logging, and each sub-scheme has
multiple sub-schemes to choose from. The “decision maker” selects
an optimal sub-scheme based on emergency cost and traffic flow
rate.

The Water-
logging's own
state 7

Results of
the phase 1

Phrase 1

The “decision maker” initiates a new
plan based on the observed evolution
Phrase 2 | of the waterlogging level, and selects
the optimal sub-scheme of this stage
from the plan to implement it.

...... Results of the
phase m-1

The “decision maker” initiates a new
plan based on the observed evolution
of the waterlogging level, and selects
the optimal sub-scheme of this stage
from the plan to implement it.

The waterlogging
evolved into a new | |
state j(i)

Results of
the phase 2

The waterlogging
evolved into a new
state /(i)

Results of
the phase m

Phrase m

Figure 3. Steps of staged game between the “rainstorm water-logging” and the “decision-making group”.

3.3. Dynamic Generation of Emergency Schemes Based on Bayesian Analysis

Without any information being known, the decision-making group has a natural understanding
of the occurrence of rainstorm water-logging called the prior probability of rainstorm water-logging.
Once the decision-making group obtains information through collection and has a better understanding
of the rainstorm water-logging, it will correct the probability of occurrence of rainstorm water-logging
and the newly formed probability is called posterior probability. From the perspective of the probability
theory, Bayesian reasoning is the problem of conditional probability reasoning.

In the above dynamic game model, the decision-making group should select the schemes of each
stage. The key to the decision-making includes two aspects. One is the possible probability distribution
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of various states of rainstorm water-logging denoted by P; = (p1, p2, ... pn) and the state transition
probability matrix of water-logging, which is denoted as p;;. The other is the payment function of the
decision-making group.

As mentioned above, the decision-making group should have a prior belief on the probability of
the state of rainstorm water-logging and the probability of the state transition. As the game process
goes forward, the decision-making group should use the Bayes’ rule to dynamically correct these
prior beliefs.

Based on the posterior probability processing principle of Bayes’ theorem, multi-stage emergency
response schemes for rainstorm water-logging can be dynamically generated. It is assumed that the
rainstorm water-logging are divided into m stages and the possible states of water-logging events
in each stage are represented by 6;(i = 1,2,3). When i = 1,2,3, it means that the water-logging
level is I, II, and III, respectively, or we say that the water-logging is in the first, second, and third
states. The corresponding level of the emergency response plan is initiated when a certain level of
water-logging occurs. Assuming that there are k alternative sub-schemes in each level of the emergency
plan, which are denoted by aj, then the decision should be made at each stage to choose a sub-scheme
to be implemented from a;;. In the sub-scheme set corresponding to the emergency plan of each level,
there may be such a case that the corresponding sub-schemes of different levels are the same and the
whole process is shown in Figure 4.

When making decisions on sub-schemes at each stage, the first step is to judge the state of the
rainstorm water-logging, i.e., the level of rainstorm water-logging denoted by 6;(i = 1,2,3), 6; € ¢,
where ¢ is the type space of the rainstorm water-logging disaster. Based on previous assumptions,
we can get ¢ = {LIL, IIT}.

Pre-planned library Phrase m Pre-planned library

}!

Judging rainstorm Start response Correct rainstorm Start new response

level level ™ Sub-scheme ay level level 1 Sub-scheme gy

—» Level » Level | » Sub-scheme a; —> Levell » Level I » Sub-scheme a;

1 Sub-scheme ay; » | Sub-scheme ay;

Start |yt Tevel IT » Level Il 1 . N » Level II » Levelll f : End

iy Sub-scheme ay; 3 Sub-scheme ay;

S Level 11T Level I P Sub-scheme a —p{ Level IlI Level I1I P Sub-scheme a

P Sub-scheme a3 | Sub-scheme a3

Figure 4. Dynamic generation process of emergency management schemes in water-logging.

The decision-making group does not know the specific type (level) 8; of the rainstorm
water-logging beforehand but knows that the prior probability of the water-logging at level 6;.
Assume that the decision-making group judges that the prior probability is p(6;) (i = 1,2,3) when
the rainstorm water-logging is at the level 6;. Due to the lack of information for the decision-making
groups, experts can be invited to correct the prior probabilities. For the sake of simplicity, the accuracy
of an expert’s prediction can be assumed based on historical conditions. Suppose that the probability
of the following case is p ( T |6;): the expert’s judgment for water-logging level is 7; when the actual
rainstorm water-logging level is 6; and the accuracy of the expert’s judgment is p(j = i), which is the
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probability of the case that the expert’s judgment 7; is the same as the actual rainstorm water-logging
level 0;. Using the Bayesian equation, the posterior probability of the rainstorm water-logging level ¢;
can be obtained, which is the same as the probability denoted by p(6;]7;) for the case that the expert’s
judge is 7; while the actual level is ¢;, and can be given by the equation below.

p(gle)p@:) _ p(5l6:)p#:)
() ép(’ff'\%)zﬂ(ei)

p(6il7) = 1

As for the payment function of the decision-making group in the emergency dynamic “game”
of rainstorm water-logging, i.e., the determined utility level or the expected utility level obtained
by the decision-making group, it can be represented by the utility function of the decision-making
group. The utility function i (6, Tjm, aim) of the decision-making group is a function of the rainstorm
water-logging level, the expert’s judgment 7;, and the emergency decision-making scheme a; where m
is the m-th stage of the decision.

The utility function u (Gim, Tim, aim) indicates that the utility level of scheme a;,, in the m-th stage
when the rainstorm water-logging level is 0;,, and the expert’s judgment is T7;,,. The goal of the
decision-making group is to maximize the expected utility level. The function can be expressed by
Equation (2) below.

3
MaxU = Z P(Oim\ij)u(eimz ij/ aim) (2)
j=1
where p (0, |Tjn,) is the posterior probability of rainstorm water-logging in the m-th stage at the level
6;, which can be solved according to the Bayes’ rule (Equation (1)).

3.4. Emergency Scheme Using Multi-Attribute Utility Theory

3.4.1. Utility Analysis of the Emergency Scheme

With multi-attribute utility theory, each factor (attribute) is evaluated that plays a role in the
decision-making process. Additionally, the solution with the best utility will be chosen by making
comprehensive considerations.

The steps to make decisions using multi-attribute utility theory are below.

(1) Determine the attributes to be considered to solve the problem X = {x1,x2,- -, x»},

(2) Establish a utility function expression for each attribute U(X),

(3) Determine that the weight for each attribute wj, j = (1,2,...,n). w; must satisfy Equation (3).

wj = 1 (3)

M-

1

]

At present, the methods for weight determination mainly include TOPSIS (Technique for Order
Preference by Similarity to an Ideal Solution) [42], ELECTRE (ELimination Et Choix Traduisant la
REalité) [43], DEMATEL (Decision Making Trial and Evaluation Laboratory) [44], and AHP (Analytic
Hierarchy Process) [45]. In this study, it is not the research focus to determine the weight for each
attribute. Thus, we do not discuss how to determine the weights in detail. As one kind of common
methods, AHP can be used in this case. First, we design a questionnaire and select 10 to 15 experts
in the field of water-logging emergency management to conduct a face-to-face interview with them.
By using the expert data, we can get the weights of different attributes based on AHP.

(4) Identify alternatives A = (a1, ay,...,a;),
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(5) Calculate the utility of each scheme U;(X), which can be obtained by Equation (4).
n
Ui(X) = ) wjui(xj) i=1,2,...,k 4)
j=1

In Equation (4), the utility value of scheme i on the j-th attribute satisfies 0 < u; (xj) <1.
Determine the best solution according to the principle of utility maximization. Thus, the best
solution satisfies Equation (5).

U(X) = maxU;(X) = max)_ wju;(xj) i =1,2,...,k (5)

n
j=1

In the application of multi-attribute utility theory, a key issue is to determine the utility function of
each attribute, which is a difficult issue to be addressed. For the sake of simplicity, this paper assumes
that the value functions of various attributes involved in emergency management targets are all linear
and all the value functions have an additive form. Thus, a simple additive weighting method can be
used to make the decision and the value function of each attribute is approximately regarded as its
utility function.

The simple additive weighting method is a method of the multi-objective value function method.
Under the premise that the attribute set satisfies certain independence, the value function can be
expressed as an additive form, as shown in Equation (6).

n
Vi(X) = w101 (x1) + wp0in(x2) + ... + Wn0jn (xn) = Y wivii(x;),i=1,...k (6)
j=1

In Equation (6), V;(X) and Vij (xj) (i=1,2,...,k) are both value functions where vjj represents
the value function of the scheme i on the j-th attribute and v; is the total value function of the scheme
i. If the value function v; can be approximately seen as linear and the normalized attribute value Z;;
is used as the value function of each attribute, i.e., vij = Ziji=12,..., k, then Equation (6) can be
rewritten as the formula below.

n
Vi(X) = w1Zin + wrZip+ ... + wnZiy = Y wiZiji=1,...,k )
j=1

In Equation (7), Zl-]-(i =1,2,...,k;j=1,2,...,n) is the value after the j-th attribute of the scheme
i, which is normalized.
For a cost-type attribute, it can be normalized using Equation (8).

x]. — x,']'
Zj=—1——+ (8)
xMax _ ymin
] ]

For a benefit attribute, Equation (9) can be used for normalization.

7 xi]' — x}“i“ 9
ij = xmax _ xmin ( )
] j

In Equations (8) and (9), x;“ax = maxx;j; x}“in = miny;;
] J

Regarding the value function as a utility function approximately, we can get the equation below.

n n
UZ(X) = ijui(xj) = Zw]-Zij,i =1,.. .,k (10)
j=1 j=1
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By substituting Equation (10) into Equation (5), the best solution can be determined.

3.4.2. Multi-Attribute Utility Evaluation of the Emergency Scheme

(1) Evaluation Attributes

For emergency management of rainstorm water-logging, the goal should be to minimize the
occurrence or reduce the impact and the losses caused by water-logging. The losses caused by
water-logging generally include casualties, loss of property, and losses caused by traffic disruptions.
Due to the contingency of casualties, controllable property losses, and the introduction of local
emergency schemes, casualties and property losses are not considered in this article. In fact, when the
water-loggings occur, the most affected urban transport network is relatively difficult to solve.
Under the current conditions, effective emergency management measures can only be used to alleviate
the impact of heavy rains on traffic. Thus, this paper mainly considers the impact of water-logging on
traffic. The corresponding targets are to ensure smooth traffic operation and reduce emergency cost.

Based on the above analysis, three traffic parameters including vehicle average speed V,,
saturation Q/Q,, and traffic density R; are established together with three emergency cost parameter
indicators including labor cost C;, equipment rental cost C,, and material loss cost C;,,. These parameters
constitute the evaluation attribute tree for emergency decision making of rainstorm water-logging,
which is shown in Figure 5.

Vehicle average

|7 speed V,
1  Smooth traffic Saturation Q/Q,
The main L Traffic density Rt
goal of
preventing —
water-
logging ’7 Labor cost C;
Low emergency Equipment rental
rescue cost cost C,
Material loss
cost Cy,

Figure 5. Evaluation attribute tree for water-logging emergency decision making.

(a). Average speed of vehicle flow V, (km/h). The average speed is usually referred to as the time
average speed or the average point speed, which is the average of a set of instantaneous vehicle speeds
measured at a given location on a road. It can be expressed by Equation (11) below.

V= %V (11)
a — S r m
Mm:l

In Equation (11), V,;, represents the vehicle speed (km/h) of the m-th car. M is the total number of
vehicles observed per unit time.

(b). Saturation. Saturation analysis is an important part of traffic control theory and an important
indicator for evaluating road service levels. Road traffic saturation refers to the ratio of road traffic
volume Q (pcu/h) to road design capacity Q. (pcu/h). It reflects the actual load of the road. Among
them, the traffic volume Q refers to the actual number of vehicles passing through a certain location or
a section of the road per unit time, which is also known as traffic flow.

(c). Traffic density R; (vehicles/km). Traffic density refers to the intensity of vehicles on a lane,
i.e., the number of vehicles on a lane in a certain instantaneous unit length, which is also known as the
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traffic flow density (if there are multiple lanes, the number of vehicles are divided by the number of
lanes into a single lane).

(d). Labor cost Cj, equipment rental cost C,, and material loss cost Cy;. They refer to the labor cost
of the emergency scheme for rainstorm water-logging, the cost of renting equipment, and the cost of
the flood prevention materials. Additionally, they constitute the total contingency cost of the scheme.

(2) Utility Functions, Attribute Values, and Attribute Weights

In order to use the additive weighting method for multi-attribute utility analysis, it is necessary
to determine the maximum and minimum values of each attribute. Then, by normalizing, the value
of each attribute is between 0 and 1 and the normalized attribute value is approximately regarded
as a utility value. However, for the above six attributes, there is actually no absolute maximum or
minimum value, so we can set an upper limit and a lower limit for the values of each attribute. For a
benefit attribute, when the attribute value reaches or exceeds the upper limit, its normalized value is
equal to or greater than 1, but its utility value is regarded as 1. In addition, when the attribute value is
the minimum or lower than the minimum value, its normalized value is equal to or less than 0, but its
utility value is treated as 0. For cost-type attributes, the opposite is true. The final utility values are all
in the interval [0, 1].

For the three traffic parameter indicators including average speed, saturation, and traffic density
of the vehicle combined with the international classification criteria and the specific conditions of
Chinese cities, the upper and lower limits of the values of each attribute are determined, which is
shown in Table 2.

Table 2. Upper and lower limits for the values of each attribute.

Attribute Name Upper Limit of Attribute Value = Lower Limit of Attribute Value
Vehicle average speed (km/h) 55 30
Saturation 1.0 0.6
Traffic density (vehicles/km) 42 11

Taking the attribute value after standardization as the utility, the utility expressions of the above
three attributes can be approximately given, respectively.
(a). Approximate utility expression of average speed can be given by the following equation.

0, xij S 30
ui(xj) =4 (x;—30)/25, 30 < x;; <55 (12)
1 xz-]- > 55

(b). Approximate utility expression of saturation can be given by the formula below.

0, xij > 1.0
Uj (X]) = (1.0 — xl-]-) /04, 0.6 < Xij <1.0 (13)
1 xi]‘ <0.6

(c). Approximate utility expression of traffic density can be given by the equation below.

0, Xij > 42
Uu; (x]) = (42 — xl-]-) /31, 11< xij < 42 (14)
1 xij <11

For the three indicators known as the labor cost, equipment rental cost, and material loss cost,
it is necessary to determine their utility expressions after the relevant scheme is determined since the
specific attribute value depends on the scheme itself.
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For each attribute weight, it can be discussed by experts among the expert group, which is why it
is not discussed in detail here.

According to the above method, the utility function expressions of the six attributes in the attribute
tree shown in Figure 4 are respectively determined and the weight of each attribute is determined by
the expert. Then the total utility value of each scheme can be calculated accordingly.

4. Example Analysis

In this case, we have explored the methods described above (Sections 3.2-3.4) to evaluate
the emergency management decision making in the water-logging case of Guangzhou city with
hypothetical series of events.

At 4:30 am. in the morning, according to the forecast of the Meteorological Observatory,
there would be a heavy rainstorm process in the downtown area of Guangzhou, China. The city flood
control mobile rescue team was responsible for the emergency rescue of SCNU (South China Normal
University) section of Zhongshan Avenue, which is one place apt to water-logging. After receiving the
information, it would be on standby. At 5:50 a.m., there was continuous precipitation in the urban area.
At 6:05 a.m., the weather station issued a Yellow Warning Signal.

It is assumed that the processing of the internal helium is divided into two stages. The schemes
corresponding to the rainstorm water-logging in Class I of each stage are a; and a;. The schemes
corresponding to Class II are a1, a3, and a3. The schemes corresponding to Class III are 4, and a3.
The rescue forces of each scheme are shown in Table 3.

Table 3. Emergency forces of each scheme.

Scheme Small Rescue Group Medium Rescue Group Large Rescue Group
a 7 groups 4 groups 1 group
ap 6 groups 3 groups 1 group
as 5 groups 2 groups —

Among them, the labor cost, equipment rental cost, and material consumption cost of various
types of emergency operation groups are shown in Table 4.

Table 4. Emergency cost of fifferent types of emergency rescue teams.

Types of Emergency Cost Labor Cost Equipment Rental Cost ~ Material Consumption
Emergency Rescue Team (Thousand Dollar) (Thousand Dollar) Cost (Thousand Dollar)
Small group 2 2 0.8
Medium group 4 3 1
Large group 10 8 2

Assume that the maximum total emergency cost acceptable for Zhongshan Avenue is 100
(thousand dollar) of which the maximum labor cost is 100,000 dollars. The maximum equipment rental
cost is 35,000 dollar and the maximum cost of materials is 15,000 dollar. According to the previous
method and the scheme given in Table 5, the approximate utility expressions of labor cost, equipment
rental cost, and material loss cost are given below.

Approximate utility expression for labor cost:

0, Xjj > 50
Uu; (x]) = (50 — xi]') /38, 12 < Xij < 50 (15)
1 xi]- <12
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Approximate utility expression for equipment rental cost:

0, xi]' > 35
ui(x]-) = (35 — xl-j)/28, 7 < X,‘j < 35 (16)
1 xij S 7

Approximate utility expression for material consumption cost:

O, xi]- Z 15
u; (x]) = (15 — xi]-)/lo, 5< Xij <15 (17)
1 x,’j <5

(1) The first phase of the scheme selection.

Suppose that the decision making group judges that the prior probabilities of the three levels are
as follows:

p(61) = 02,p(6:) = 0.5,p(63) = 03

We assume that the actual water-logging level is 6;, the expert’s judgment is 7, and the conditional
probability value p(t;|6;) is as shown in Table 5.

Table 5. The First stage conditional probability.

p(76:) 01 02 03
7 0.4 03 03
7 03 0.4 045
7 03 03 0.25

The Bayesian equation is used to calculate the posterior probability of the three states. According
to Equation (1), the results are shown in Table 6. The calculation steps are shown below.

p(mlo)p(6r) _ p(ml6)p(61) _ 0.4 x0.2

p(6i|t) = = = =0.25
T 3 04x02+03x05+03%x03
p(m) ¥ p(nlo)p(@)
=
p(72161)p(61) p(72|61)p(61) 0.3 x 0.2
p(01w2) = = = =0.15
T 3 03x02+04x05+045x%03
p(z) ¥ p(nl6)p()
1=
p(13101)p(61) p(131601)p(61) 0.3x0.2
p(01]w) = = = =021
T 3 03x02+03x05+025%03
p(m) ¥ p(nl6)p()
1=
p(11/02)p(62) p(11]02)p(62) 0.3 x 0.5
p(02|t) = = = =047
T 3 04x02+03x05+03x%x03
p() ¥ p(alb)p(e)
1=
p(12]02)p(62) p(12]02)p(62) 0.4 x 0.5
p(62|T2) = = = =051
T 3 03x02+04x05+045%03
S Q)
1=
_ p(wl02)p(62) — p(w3l62)p(02) 0.3 x05 _
p(Oafs) = == 77— = = 03x02703x054025x03 0>

3
i)zilp(ﬁl@i)lﬂ(f)i)
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p(nls)p(63)  p(Tls)p(63) 0.3 x0.3
p(93|T1) = = = =0.28
T 3 04x02+03x05+03x0.3
p(n) , 1P(Tl|9i)P(6i)
1=
p(Tz|93)p(93) p(Tz|93)p(93) 0.45 x 0.3
p(93|T2) = = = =0.34
() 3 0.3x02404x05+045x%x0.3
p(z) ‘ZlP(T2|9i)p(9i)
1=
p(T3|93)p(93) p(T3|93)p(93) 0.25 x 0.3
p(93|T3) = = = =0.26
T3 3 03x02403x%x05+025x0.3
p(m) % p(7]6:)p @)
1=

Table 6. Posterior probability of the first stage.

p(6il Tj ) T (%) T3
6, 0.25 0.15 0.21
0> 0.47 0.51 0.53
0, 0.28 0.34 0.26

According to the information collected on the site and the weather forecast, the experts believe
that the water-logging level is Il and Table 6 shows that the posterior probability of the three levels
is 0.15, 0.51, and 0.34, respectively. As for the lack of specific data for the three indicators of traffic
smoothness affected by different emergency rescue schemes under different water-logging levels,
the assumptions are made in Table 7.

Table 7. Utility with traffic parameter indicators for optional sub-schemes.

U( 0; | uk) al az as
01 (0.8,0.7,0.8) (0.2,0.3,0.2) -
0, (0.2,0.2,0,4) (0.6,0.5.0.5) (0.2,0.1,0.1)
03 - (0.3,0.2,0.2) (0.7,0.8,0.6)

The approximate utility of each program’s labor cost, equipment rental cost, and material loss cost
is calculated by Tables 3 and 4 and Equations (15)—(17). The calculation steps and results are shown
in Table 8.

Table 8. Calculations of utilities with emergency cost parameter indicators for optional sub-schemes.

Scheme aq a as
Utility
Lab Cost 7x24+4x4+1x10=40 6x2+3x4+1x10=34 5x2+4+2x4=18
abor
- 5040 _ 3534 _ 5018 _
Utility 50-40 _ 26 B34 0,04 50-18 .84
Equipmentrental Cost 7x244x34+1x8=34 6x2+3x4+1x10=234 5x242x3=16
. 35-34 35-29 35-16
Utility 25 =0.04 25— =021 255> = 0.68
Material Cost 7x08+4x1+1x2=116 6X0‘8+3;81+1X2: 5x08+2x1=6
consumption :
" 15116 _ 1598 _ 156 _
Utility =215 =034 o = 0.52 0> =09

We invited 15 experts to rate the importance of these six attributes including 10 experts from
the Guangzhou Command Center for Flood, Drought and Typhoon Emergencies and 5 experts from
universities or other research institutions. Assume that the weights of average speed, saturation,
traffic density, labor cost, equipment rental cost, and material loss cost are 0.3, 0.2, 0.2, 0.1, 0.1,
and 0.1, respectively. Equations (10) and Equation (12)—(17) can be used to calculate the effects of
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implementing the corresponding schemes under different water-logging levels. This is shown in
Table 9. The calculation steps are as follows.

U(61]a;) = 0.3 X 0.8+ 0.2 x0.7+0.2 x 0.8+ 0.1 x 0.26 4 0.1 x 0.04 4 0.1 x 0.34 = 0.60

U(61]a2) =03 x02+02x03402x02+0.1x042+0.1x0.21+0.1x0.52=0.28
U(6]a1) = 03 x 024+ 0.2 x 024 0.2 x 0.4+ 0.1 x 0.26 + 0.1 x 0.04 + 0.1 x 0.34 = 0.24
U(6z|a;) =0.3x0.6+0.2x054+0.2x05+0.1x042+0.1 x0.21+0.1 x 0.52 = 0.50
U(6z]a3) =03x02+02x0.14+0.2x%x01+4+0.1x0.84+0.1x0.68+0.1x0.9=0.34
U(65)a2) =03 x 0.3+ 0.2 x 02402 x 02+ 0.1 x 042+ 0.1 x 021 + 0.1 x 0.52 = 0.25
U(63]a3) =03 x07+02x08+0.2x0.6+0.1x0.84+0.1x0.68+0.1x0.9=0.73

Table 9. Optional sub-scheme utility table.

U( 9,' | uk) al ar as
0, 0.60 0.28 -
0, 0.24 0.50 0.34
05 - 0.25 0.73

According to Tables 6 and 9, the expected utility is calculated as follows.
E(Us,) = 0.15 x 0.28 4 0.51 x 0.50 4+ 0.34 x 0.25 = 0.38

E(U,,) = 051 x 0.34+ 0.34 x 0.73 = 0.42

The expected utility of the first stage implementation schemes is 0.24, 0.38, and 0.42, respectively.
According to the principle of maximum expected utility, the decision-making group should choose
scheme a3 to be implemented in the first phase and consider the probability of the rainstorm
water-logging level to initiate a Level IIl emergency response. Therefore, the Guangzhou Command
Center for Flood, Drought and Typhoon Emergencies should start the emergency response to the
water-logging at Level III and the city’s flood headquarters will simultaneously initiate the emergency
response of Level III. The municipal flood control mobile rescue team adopted the scheme a3, according
to the Level III emergency scheme, and used five small operation groups, and two medium-sized
operation groupthat put emergency resources into rescue and immediately went to the SCNU section
of Zhongshan Avenue. The team arrived at the site 30 min later.

(2) The second phase of scheme selection

As the rain continues, according to the importance of the road, the time, the flooding depth,
and the weather forecast as well as whether there are other special circumstances, the on-site rescue
management personnel should promptly exchange opinions with the city’s flood headquarters.

According to the emergency rescue results of the first stage and after analyzing the new
information collected, the decision-making group re-judges or corrects the level of water-logging.
At this time, the probability of judging the level of rainstorm water-logging in the previous stage is the
prior probability of this stage. That is:

p(61) = 0.15,p(62) = 0.51, p(03) = 0.34

Assume that the value of the conditional probability p( |6;) at this stage is shown in Table 10.
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The Bayesian equation is used to calculate the posterior probability of the three levels in the
second stage. The calculation steps are as follows. In addition, the results are shown in Table 11.

plbim) = P(ﬁ;@;;(%) - é (pT(l:;:(;;;) T 05x0.15+ 0922 i ggj 025034 020
p(01|T2) = p(TZ;L(Elr)zl)j(el) B | gl (:Zl;,-p)f(le)i) T 03x015+ 09535 00.'5115 015 %034 01
p(61|T3) = pmr'ler):)?(el) B | gl (;(3:1;5:9(1;) T 02x015+ 0().525206.1551 +06x03s 08
p(62|t1) = p(ﬁ;'jzrz;)?(%) B | gl (:ETZ(;(Z;) T 05x015+ 00.'2255;< 00.5511+ 025034~ OH
p(62|T2) = p(TZ;LH(i);;wZ) B | gl (;f;if;;) T 03x015+ 00.;55; 0?5511+ 015 x 034 073
p(62|T3) = p(T3I|79(%(1})7(92) B | gl (;(3:2:)55(29)1-) T 02x015+ ggg i 8?1 F06x038 0
p(6s]T) = ”(Tlﬁﬁ?(%) B | gl (pT(l:T;;(:;;) T 05x015+ 092255: 095314 025 %034 230
p(63]12) = p(Tz,L(iii)q(%) - | 51 (;ZSS)SSE;) T 03x0.15+ 8:;)5;095?1 015 x 032 ~ 01
p(6s[7) = pm)fzﬁ?(%) - pull) _ 02 % 0.15 + 0().56&3?06?541 T 06x038 0

T3
i);lP(TB\f)i)P(@i)

According to the information collected on the site and the weather forecast, the experts believe
that the water-logging state is at Level II. From Table 11, the posterior probability of the three levels
is 0.13, 0.73, and 0.15, respectively. According to Table 11 and scheme utility as shown in Table 9,
the expected utilities of the second stage schemes are 0.35 and 0.51. The calculation steps are as follows.

E(U,,) = 0.13 x 0.60 + 0.73 x 0.24 = 0.25

E(Uy,) = 0.13 x 0.28 4 0.73 x 0.50 4 0.15 x 0.25 = 0.44
E(Ug,) = 0.73 x 0.34 +0.15 x 0.73 = 0.36

According to the principle of maximum utility, we still choose option a3 as the response scheme
and propose to reduce the level of the emergency scheme in consideration of the probability of
the water-logging level and the effect achieved in the first stage. Therefore, the new drainage
emergency scheme formed by the second-stage decision-making group is to use 6 small operation
groups, 3 medium-sized operation groups and 1 large operation group according to the level II
emergency rescue.
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Table 10. The conditional probability.

p ( Tj | Bi) 91 92 93
51 0.5 0.25 0.25
(o) 0.3 0.5 0.15
T3 0.2 0.25 0.6

Table 11. The posterior probability.

p ( 9,‘ | T]) T T2 T3
01 0.26 0.13 0.08
0> 0.44 0.73 0.35
03 0.39 0.15 0.56

If the traditional method was adopted, it would not consider dividing the rainstorm water-logging
into multiple stages. The water-logging level was Class IIl and the Level III response was activated.
Additionally, the scheme a3 selected in the first stage was used for the whole process.

The second state of water-logging in the second stage was Class II, but the traditional
decision-making method still adopted scheme a3 and the utility value was 0.36. The newly proposed
selected scheme a3 and its utility value was 0.44. In the above water-logging incident, the choice of the
traditional method was less effective. The method proposed in this paper was more reasonable.

5. Discussion

This paper studied the emergency decision-making issue in water-logging through a
comprehensive application of three major approaches. First, we constructed a process model for
the emergency decision-making based on the dynamic network game technology. Then, the method
for the dynamic generation of emergency schemes of different stages was put forward based on the
Bayesian analysis. Lastly, the best scheme was selected by using the multi-attribute utility theory.
An example showed that the proposed methods would be effective. However, some limitations
also existed.

5.1. Advantages of the Methods

From the point of view of the evolving state of rainstorm water-logging, the emergency
decision-making in water-logging is a dynamic system problem. Different from the traditional
single-stage decision-making, this paper used dynamic game network technology to construct a
multi-stage dynamic process model for emergency decision-making in rainstorm water-logging,
which fully considered the phases and dynamic characteristics of the water-logging event in the
decision process. Seen from the example, the multi-stage dynamic decision-making is better in line
with the actual emergency decision-making in rainstorm water-logging, which makes the rescue forces
and disaster relief materials to be reasonably arranged to reduce the losses. In addition, based on
Bayesian analysis, the emergency schemes for each stage of heavy rain were further generated by
using the historical emergency decision data of water-logging as well as future weather forecast
information. In addition, this paper further analyzed the types of losses caused by rainstorm
water-logging in the development perspective and determined the guarantee of traffic smoothness and
emergency cost as the main objectives of emergency decision-making. On the one hand, it satisfied the
ultimate goal of reducing water-logging losses and, on the other hand, it improved the efficiency of
emergency decision-making.
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5.2. Deficiencies and Prospects

In the process of emergency decision-making during rainstorm water-logging, this paper
supposed the “rainstorm water-logging” has “game” capabilities and established a dynamic game
process between “rainstorm water-logging” and the “decision-making group” by considering the
water-logging state evolution influenced by the measures taken in the previous stage by the
“decision-making group.” In fact, “rainstorm water-logging” does not have the subjective initiative like
human beings. In addition, the “decision-making group” involves multiple departments in emergency
decision-making such as the transportation department, fire department, and so on. Additionally,
this paper did not focus on the impact of unclear responsibilities and linkages between departments
related to emergency decision-making. For the evaluation attribute of the emergency scheme in the
water-logging, this paper mainly considered two aspects, traffic smoothness, and emergency cost,
which also had limitations. For the sake of simplicity, this paper used SAW and did not compare it
with other multi-attribute decision making methods such as VIKOR (VIseKriterijumsKaOptimizacija
I KompromisnoResenje) and MABAC (Multi-Attributive Border Approximation Area Comparison).
This was also a limitation in the research process. In the future, these attributes and their weight
determination methods should be considered more comprehensively. In the multi-attribute decision
utility analysis, this paper did not discuss the weight of each attribute in detail. At the same time, it is
necessary to study more practical utility functions with more practical data.

Emergency decision-making in rainstorm water-logging is a complex problem covering many
aspects and many fields. It is difficult to express the emergency decision-making process of
water-logging only by using the simple model. The method proposed in this paper is needed to verify
through actual investigation. However, the research results of this paper have played a supporting role
in the public understanding of the emergency decision-making process in rainstorm water-logging and
also provided some reference significance for the emergency decision-making of relevant departments.
In recent years, as people pay more attention to the rainstorm water-logging, it is necessary to formulate
a more perfect emergency management model for rainstorm water-logging.

6. Conclusions

This paper focused on the issue of urban rainstorm water-logging and the research only dealt
with the emergency decision-making of water-logging disasters caused by heavy rain in the urban
area, which aims to improve the efficiency and accuracy of emergency management. In this paper,
the dynamic game network technology was used to construct the process model for the emergency
decision-making considering the dynamic characteristics of emergency management in rainstorm
water-logging. Using the multi-attribute utility theory, the suitable scheme was determined from
the aspects of traffic flow and emergency cost. The research methods were applied to a rainstorm
water-logging process in Guangzhou to verify its validity. Compared the results with traditional
decision-making methods, the newly proposed methods in this paper was more practical and targeted
since it increased the efficiency of rescue forces by adopting different emergency schemes for the
water-logging state of different stages. However, through further discussion, we found that the
rationality of multi-attribute utility evaluation target selection needs to be further discussed, according
to the losses caused by the water-logging in various cities. The determination of each attribute
weight and the choice of a more appropriate multi-attribute decision-making method also needs to be
discussed in detail in the future.

The rainstorm water-logging events and related data mentioned in this paper were mainly from
Guangzhou. We hope it could provide certain reference value as well as enrichment and supplement for
the emergency management department in cities in China or other countries in the world. Besides the
emergency decision-making problem proposed in this paper, the emergency management research
studies on rainstorm water-logging involves many other aspects and fields including the design of the
emergency linkage organization system, the formulation of the emergency scheme, and the incentive
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mechanism design for emergency linkage. In order to better cope with urban rainstorm water-logging,
the future research on emergency management can be discussed from the above aspects.
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