
sustainability

Article

A Complex Network Method in Criticality Evaluation
of Air Quality Standards

Yongchang Wei 1 , Lei Chen 1, Yu Qi 2, Can Wang 1, Fei Li 3 , Haorong Wang 1 and
Fangyu Chen 1,*

1 School of Business Administration, Zhongnan University of Economics and Law, Wuhan 430073, China
2 School of Public Finance and Taxation, Zhongnan University of Economics and Law, Wuhan 430073, China
3 Research Center for Environment and Health, Zhongnan University of Economics and Law,

Wuhan 430073, China
* Correspondence: fychen@zuel.edu.cn; Tel.: +86-13627105924

Received: 11 June 2019; Accepted: 15 July 2019; Published: 18 July 2019
����������
�������

Abstract: In recent years, poor air quality has brought serious threats to public health and sustainable
development. The air quality standard is an effective prerequisite to ensure the quality of the
air. The citation relationships between air quality standards at a certain time point, which reflect
technological development and knowledge transition, form a complex network. In this study,
an integrated multi-criteria decision making method is proposed to measure the criticality of
standards based on a dynamic citation network model. In particular, the Entropy Weight (EW)
method is used to set the weights of each node measurement to avoid subjectiveness, while the
TOPSIS method is employed to measure the criticality for each air quality standard. A case study
based on the data of 444 of China’s national air quality standards reveals that the complex network
method facilitates the identification of critical standards effectively. In addition, we found that there
exist some structural problems in China’s air quality standard system: the connectivity between
standards is insufficient; critical standards are lacking; and the critical standards change over time
following the issue of national policies. Finally, policy suggestions are recommended on strengthening
inter-standard citation, attaching importance to the revision of critical standards, and the dynamics
of critical standards.

Keywords: air quality standard; dynamic citation network; entropy weight method; TOPSIS

1. Introduction

Air is an essential element of human living environment. High quality air is one of the necessary
conditions to promote people’s healthy life and the steady growth of the urban economy. In recent
years, with the rapid growth of the population and the acceleration of urbanization, environmental
pressure in developing countries has increased significantly[1–4], killing more people worldwide than
AIDS, malaria, breast cancer, or tuberculosis. Taking China as an example, the extensive development
mode of “high pollution and high energy consumption” has brought serious damage to the ecological
environment with high concentrations of sulfur dioxide (SO2) and total suspended particles (TSP)
for many years [5]. In 2017, the air quality in 239 Chinese cities exceeded environmental air quality
standards, accounting for 70.7%. In order to solve air quality problems effectively, governments
have taken a variety of measures, among which air quality standards are an effective guarantee for
mitigating air quality risks. In 2012, China adopted the Ambient Air Quality Standards and began the
development of a national Air Reporting System that includes 945 sites in 190 cities [6]. Specifically, air
quality standards impose strict requirements on production, transportation, and construction activities.
An important problem naturally arises: How should we construct a well-planned air quality standard
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system? The structure of a system is a basis for realizing specific functions [7]. This motivates us to
explore the structural problem of China’s air quality standard system aiming to mitigate the public
risks brought by air pollution.

China’s environmental air quality standard system has gone through substantial changes over
the past 30 years. However, similar to other standard systems, there are still some structural problems,
such as standards lacking, aging, repeating, and contradiction [8], which make the standard system
unreasonable, impacting economic development. Due to the complexity of standard systems, which are
composed of heterogeneous components and numerous citation edges, we can hardly know which
standards should be updated or abandoned. In the process of drafting new standards, it is difficult to
identify the target standards that should be carefully reviewed or cited to optimize the structure of the
standard system. The main bottleneck for addressing these problems is that effective methods to assess
the significance of standards are lacking, because the use of traditional quantitative or qualitative
methods, such as AHP (Analytic Hierarchy Process) and ANP (Analytic Network Process) [9], is
relatively lacking data, subjective, or time-consuming.

The challenges in assessing the significance or criticality of air quality standards lie in two
main aspects. Firstly, the importance of air quality standards should be multi-dimensional and
comprehensive, which cannot be measured by a single measurement. The construction of the
measurement system is very important. Secondly, due to the promulgation and abolition of air
quality standards, the structure of the standard network is essentially dynamic. Consequently, the sets
of critical nodes also evolve over time. We need methods/algorithms to extract critical standards in
such a dynamic network.

To address the aforementioned challenges, this paper develops a dynamic network model based
on the citation relationships between standards over different periods to facilitate the identification
of critical standards. As the node significance in a network is multi-dimensional, we deliberately
select a set of topological measurements [10], including degree centrality, betweenness centrality,
clustering coefficient, and eccentricity. Since it is difficult to measure the relative importance of
each measurement, we use the Entropy Weight (EW) method [11,12] to set the weights for these
measurements, which overcomes the disadvantages of traditional methods based on subjective
judgments, such as AHP/ANP [9]. Then, the TOPSIS (Technique for Order Preference by Similarity to
an Ideal Solution) method is used to generate a comprehensive significance index for each standard
based on the weighted attributes [13]. The set of critical standards over different stages can be
identified by ranking the standards based on the comprehensive evaluation value. This integrated
method can be readily implemented in standard systems in different industries. Since the standard
system is dynamic by nature, we can analyze the evolutionary process of critical standards based on
our dynamic network model.

The structure of this paper is organized as follows. In Section 2, the related literature is reviewed.
In Section 3, a dynamic network model of China’s air quality standards citation network is constructed.
In Section 4, the measurement system is introduced and the integrated multi-criteria decision making
method is used to evaluate the importance of each air quality standard. The dynamic evolution of the
critical air quality standards is investigated in Section 5. This paper is concluded in Section 6.

2. Literature Review

In this study, critical air quality standards are identified by employing the methods of social
network analysis and of multi-attribute decision making. In the following, we will mainly review two
streams of literature on air quality standards and social network analysis separately.
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2.1. Air Quality Standards

Research on air quality mostly focuses on air quality monitoring, evaluation standards, and
evaluation technologies; only a few scholars have investigated the implementation of air quality
standards standards [14–16]. For example, Giannadaki et al. [17] estimated the possible results of the
worldwide implementation of PM2.5 air quality standards in the European Union and the United
States. Kelly et al. conducted a case study of time-series comprehensive regional monitoring of the
implementation of national environmental air quality standards in the United States [18]. Nehr et al.
discussed the standardization for indoor air quality [19]. To the best of our knowledge, there is a
research gap on the research of the citation relationship between air quality standards, and there is no
reasonable and operable method to measure the importance of standards in the network.

2.2. Citation Network Analysis

At present, citation network analysis methods are mainly used in the research on paper citation
and patent citation, and there is a shortage on the research of standard citation. Due to the similarities
in these three different types of citation networks, the theory and methods used in the patent citation
network and paper citation network also apply to the standard citation network. As for the research
on the paper citation network, Garfield initially used citation frequency to evaluate journal papers [20].
In 1976, the journal citation report published by the American Institute for Scientific Information
(ISI) developed the impact factors to evaluate the importance of journals [21]. Nerur et al. [22] used
social network measurements to analyze journal citation networks, which can identify important
journals that export knowledge in the network and understand the flow of knowledge between
journals. Calero-Medina and Noyons [23] developed a paper citation network model to analyze
the development path of future research by collecting citation data between papers in specific fields
from 1990–2005. Shibata et al. [24] constructed a paper citation network model and predicted the
future research direction of the subject through the network measurements such as between centrality,
core-edge, and cohesion subgroup. Garcia et al. [25] transformed the rules of the social influence
of a paper in citation networks into mathematical equations and used cooperative game theory to
predict the degree of social influence of academic papers generated by citation networks. Madani and
Weber [26] carried out bibliomeasurement analysis and keyword-based network analysis on 143 papers.

The network analysis of the citation relationship and evolution between patent documents is the
basis of patent technology evaluation, selection, prediction, and other activities. At the same time,
knowledge transfer and diffusion between different technical organizations and fields can also be
studied [27–31]. Narin [32] applied the method of citation analysis to the patent field for the first
time, opening up a new field of patent document measurement. After that, Chang et al. [33] used the
citation data of all commercial technology patents in the USPTO (United States Patent and Trademark
Office) database to develop a patent citation network, classified these patents based on the results of
social network analysis, and identified two main research streams of commercial technology patents.
Shih [34] studied the phenomenon of technology diffusion by constructing a patent citation network
of 48 countries. The empirical results showed that technical knowledge follows the law of diffusion
from developed countries to developing countries. Hung et al. [35] found that the RFID patent citation
network has a small-world network phenomenon. Through the analysis of social network central
measurements, it was found that 81% of RFID patents have high betweenness centrality. Lee et al. [36]
analyzed the network structure of technical knowledge flow in a mobile ecosystem by using the citation
information of American patents. In addition, some scholars also studied the relationship between
the company’s position in the patent citation network and its financial performance measurement, its
ability to obtain external knowledge, and other measurements [37,38].

In summary, the existing literature on air quality has ignored the complicated relationship between
standards, while citation network analysis mainly applies to the patent system and paper citation
network. Actually, knowledge communication and technology development can also be explored
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from the standard citation network, which motives us to identify critical air quality standards in the
standard citation network to mitigate the risks of air pollution.

3. Materials and Methods

3.1. A Dynamic Citation Network Model

The structure of the standard system evolves dynamically in the wake of new standards entering
into the system and out-dated standards leaving the system due to a variety of standardization
activities. Thus, a standard citation network at time t can be represented as a set composed of two
subsets: G t = {N t

s , E t
c}, in whichN t

s is the set of nt standards and Ec = {< i, j > |i, j ∈ N t
s } is the set of

mt directed edges, namely the citation relationship between standards. Note that the standard citation
network is directed because any two standards cannot be cited by each other. The dynamic citation
relationship between standards at a given time point t can be represented by a time-varying adjacent
matrix At = (λt

ij)
nt×nt

, i, j ∈ N t
s , in which λt

ij = 1 if standard i is cited by standard j, otherwise λt
ij = 0.

Actually, the citation set E t
c is consistent with At. If λt

ij = 1, we must have < i, j >∈ E t
c . Consequently,

we can build the air quality standard citation network by setting specific values for the adjacent matrix
based on the dynamic citation data.

3.2. Data Collection

In this study, we collected air quality standard citation data mainly from the Chinese National
Standard Full-Text Disclosure System, Shenzhen Standard Information Public Service Platform, and China
Standard Online Service Network. A total of 444 air quality standards were collected and coded with
unique ids. Through the analysis of the air quality standards, we found that most of the standards
were put under centralized management by the Ministry of Health and the Ministry of Environmental
Protection. In order to enhance the pertinence, this paper mainly focuses on the standards of these
two departments. After the selection, 414 standards of these two departments were investigated in
this study. Due to different development stages, China’s governmental policies on environmental
protection at different periods are different. Therefore, this paper used the Five-Year Plan as the
basis for time division. 1996 was the first year of the 9th Five-Year Plan. Every five years thereafter,
a standard citation network will be established, including 1996, 2001, 2006, 2011, 2016, and 2017,
implying that we will discuss the networks at six time points. It should be noted that a number of air
quality standards were abolished in March 2017, July 2017, and December 2017. Therefore, we will
also study the standard citation network on 30 December 2017. Table 1 shows the number of standards
at six different time points, which clearly displays an increasing trend, except 2017. Figure 1 shows the
structures of standards citation networks at different time points.

Table 1. The number of standards at different time points.

Year 1996 2001 2006 2011 2016 2017

Number of standards 304 360 374 384 396 122
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Figure 1. The evolution of the air quality standard citation network.

3.3. Node Measurements

In the research field of network science, some typical measurements, such as degree centrality,
betweenness centrality, closeness centrality, and eccentricity, are widely used to evaluate the
significance of nodes in the network. Based on the existing research, this paper deliberately chooses
the degree centrality, betweenness centrality, eccentricity, and clustering coefficient, to develop the
measurement system in evaluating node importance:

(1) Degree centrality: Since the standard citation network is a directed network, the degree centrality
can be divided into in-degree and out-degree. The out-degree of a standard is computed by the number
of standards that cite this standard. Consequently, out-degree is closely related to the impact of a
standard, implying that the technology or knowledge recorded in a standard can be used to generate
new standards. The out-degree of standard i ∈ N t

s , di,t
out, is defined as di,t

out = ∑
j∈N t

s

λt
ij, which reflects

the number of standards that cite the concerned standard. Similarly, the in-degree of standard i ∈ N t
s ,

di,t
in , is represented as di,t

in = ∑
j∈N t

s

λt
ji, which reflects the citation count of standard i.
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(2) Betweenness centrality: The betweenness centrality refers to the ratio of the number of paths that
pass the node to the total number of all the shortest paths in the network. In the air quality standard
citation network, a standard with high betweenness centrality has a strong ability to control resources
or transfer knowledge. The betweenness centrality is mathematically represented as:

bi,t =

∑
s,d∈N t

s

gi
s,d

υs
, (1)

where gi
s,d = 1 if a path starting from standard s and ending at d at time t passes through node i;

otherwise gi
s,d = 0, and υs is the number of all the shortest paths in the whole network.

(3) Eccentricity: The eccentricity of a node refers to the largest shortest path that a node can reach.
It is the longest shortest path among all the paths that a node can reach. In the air quality standard
citation network, a standard with high eccentricity has a persistent impact on other standards. Thus,
the eccentricity of a standard i, ei,t, is defined as follows:

ei,t = max
j∈N t

s

{lij}, (2)

where lij is the length of the shortest path between standards i and j.
(4) Clustering coefficient: The clustering coefficient reflects the extent of node aggregation in a

network. A node with a high clustering coefficient tends to be a central component in the whole
network. In the air quality standard citation network, the clustering coefficient refers to the ratio of the
actual number of edges to the maximum number of edges between nodes, which is defined by:

ci,t =
ηi,t

ψi,t × (ψi,t − 1)
, (3)

where ηi,t is the number of actual edges between standard i and its ψi,t neighbors.

3.4. An Integrated Method for Critical Standards’ Identification

In this study, we propose an integrated method by combining the Entropy Weight (EW) method
and TOPSIS method for identifying critical standards. Specifically, based on the node measurements,
we set the weights for each measurement with the entropy weight method. Many traditional methods,
such as AHP and ANP, can be used to evaluate the significance of standards. These methods, however,
are either qualitative or subjective in retrieving the data, while the EW method assigns large weights for
the measurement that has large entropy, subsequently overcoming the subjective problem. Meanwhile,
we used the EW method to assign weights for the measurements because we can hardly know which
network measurement is better than another because the meaning of each measurement is essentially
different, which impedes the use of expert judgment.

The basic idea of the TOPSIS method is that a good solution should be near the positive ideal
solution and far away from the negative ideal solution. In multi-attribute decision making problems,
the TOPSIS method yields a ranking index to measure the significance of all the alternatives. In this
study, by multiplying the weights, which were determined by the EW method, with the attribute
data, we can evaluate the significance of each standard and further identify the critical standards.
The overall procedure is shown in Figure 2.
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Figure 2. The overall procedure of the integrated method for critical standards’ identification.

3.4.1. Weights’ Determination

As mentioned previously, the EW method is used for determining the weights in multi-criteria
decision-making problems. In order to differentiate between all the standards, we set a high weight for
a measurement with high entropy, which characterizes the diversity or variability of the measurement
value. In this sense, the EW method is an objective method, and the detailed procedure is described
as follows:

Step 1. Standardization of node measurements. Consider that τ node measurements are used to
evaluate the significance of nt standards, and the value of the jth measurement of standard i is denoted
as xij, i = 1, 2, ..., nt and j = 1, 2, ..., τ. Then, the measurements data form a decision matrix A(xij)

with nt rows and τ columns. Since the measurements are intrinsically different in the aspects of the
definitions and values, it is impossible to compare them directly. It is necessary to standardize them
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to get a standardized matrix B(rij) with the original decision matrix. All the node measurements
selected in this paper are beneficial, that is the larger the measurement value is, the more important
the standard is in the network. Therefore, the standardization of these measurements is described
as follows:

rij =
xij − xmin

j

xmax
j − xmin

j
, (4)

where xmax
j = maxn

i=1{xij} and xmin
j = minn

i=1{xij}. Considering that the measurement values need to
be further used in calculating the entropy with the logarithm in the subsequent calculation process,
in order to avoid negative numbers and zeros, the dimensionless measurement value is translated,
making r

′
ij = rij + 1. Thus, we obtain a matrix R(r

′
ij) from B(rij).

Step 2. Gravity ratio calculation. Calculate the specific gravity ratio of the elements in the
normalized matrix R(r

′
ij) to obtain the matrix C(pij) by:

pij =
r
′
ij

τ

∑
i=1

r′ij

. (5)

Step 3. Entropy calculation. Calculate the entropy for the jth measurement, which is represented as:

ej = −κ
m

∑
i=1

pij ln pij,

where κ = 1/ ln n for normalization and ensuring that ej ∈ [0, 1].
Step 4. Weights’ generation. Calculate the difference coefficient hj = 1− ej, and finally, determine

the weights for each measurement:

wj =
hj

τ

∑
j=1

hj

. (6)

3.4.2. Identification of Critical Standards

The TOPSIS method is a sorting method that approximates the ideal solution. By defining a
measure in the target space, it measures the degree to which each standard is close to the positive ideal
solution and far away from the negative ideal solution, so as to evaluate the significance level of each
standard. The specific steps of applying the TOPSIS method are as follows:

In the EW method, we obtained the normalized decision matrix B(rij) by the transformation (2).
Based on it, we could build the weighted decision matrix V(vij) with the weights obtained previously
in the use of EW. The calculation formula is represented as vij = rij × wj, j = 1, ....τ. Then, we could
determine the ideal solution V+ and the negative ideal solution V−, which are represented as:

V+ = {max
j∈N t

s

vij}τ
j=1 = {v+1 , v+2 , ..., v+τ }. (7)

and:
V− = {min

j∈N t
s

vij}τ
j=1 = {v−1 , v−2 , ..., v−τ }. (8)

Then, we could calculate the distance from each standard to the positive ideal solution V+, D+
i ,

and the distance from each standard to the negative ideal solution, D−i , by:

D+
i =

√√√√ n

∑
j=1

(vij − v+j )
2 (9)
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and

D−i =

√√√√ n

∑
j=1

(vij − v−j )
2. (10)

Finally, we could obtain the comprehensive ranking index Ci =
D−i

D+
i +D−i

. Generally, a large value

of Ci indicates that standard i is relatively significant. Critical standards can be identified by sorting
air quality standards in ascending order.

4. Results

In this study, Gephi, an open-source visualization and exploration software for all kinds of
networks, was used to compute the node measurements at different times. For each measurement,
we selected the five most significant standards for comparison due to space limitation. The detailed
information of the standards mentioned in the paper is shown in Table A1.

4.1. Degree Centrality

Table 2 shows the standards’ information on in-degree and out-degree over different times.
The standards are represented in descending order according to the out-degree due to its relative
importance. This reveals that most of the standards with a high out-degree are method standards and
fundamental standards, such as S357, S16, etc. Moreover, the majority of these standards that have
been cited more often are relatively old. Most of the standards were issued between 1985 and 1996,
and fewer standards were drafted after 2000. This shows that China’s air quality standard system has
the problem of standard aging. In addition, the most cited standards changed slightly between 1996
and 2017. For example, S29 and S444 were cited frequently at each time point, and the out-degree
exhibited an upward trend. In contrast, the standard S357 was cited frequently from 1996–2016, but it
was not cited again in December 2017 due to its abolishment. Finally, we can also see that except for
the standards with the highest out-degree, the out-degree of other top standards was less than 10,
which indicates that the citation of air quality standards is relatively uniform, lacking diversity.

Table 2. Results of critical standards’ evolution based on different measurements.

id di,t
out id di,t

in id bi,t id ei,t id ci,t id Ci

1996

S357 26 S16 10 S16 0.019 S29 2 - - S34 0.8
S16 4 S88 2 - - S30 2 - - S35 0.8

S444 2 S171 2 - - S31 2 - - S29 0.79
S29 1 S395 2 - - S32 2 - - S30 0.79
S30 1 S18 1 - - S33 2 - - S31 0.79

2001

S357 27 S16 10 S16 0.0175 S29 3 - - S34 0.8
S16 5 S88 2 S366 0.0035 S30 3 - - S35 0.8

S444 3 S171 2 - - S31 3 - - S29 0.79
S34 2 S395 2 - - S32 3 - - S30 0.79
S35 2 S366 2 - - S33 3 - - S31 0.79

2006

S357 27 S16 10 S16 0.0162 S29 3 S20 0.5 S34 0.72
S16 5 S437 3 S366 0.0078 S30 3 S439 0.5 S35 0.72

S444 4 S88 2 S395 0.0018 S31 3 S395 0.1667 S29 0.72
S366 4 S171 2 S399 0.0003 S32 3 S405 0.1667 S30 0.72
S405 3 S395 2 S441 0.0002 S33 3 S399 0.1667 S31 0.72

2011

S357 27 S16 10 S16 0.0137 S29 3 S20 0.5 S29 0.79
S444 12 S437 3 S366 0.0065 S30 3 S395 0.1667 S34 0.78
S29 5 S88 2 S395 0.0015 S31 3 S444 0.0076 S35 0.78
S16 5 S171 2 S399 0.0004 S32 3 - - S30 0.78

S366 4 S395 2 S437 0.0003 S33 3 - - S31 0.78
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Table 2. Cont.

id di,t
out id di,t

in id bi,t id ei,t id ci,t id Ci

2016

S357 27 S375 6 S432 0.0005 S439 3 S88 0.5 S383 0.53
S444 24 S377 5 S399 0.0004 S444 2 S373 0.5 S88 0.53
S29 11 S374 4 S437 0.0002 S432 2 S392 0.5 S392 0.53
S40 5 S376 4 S386 0.0001 S399 2 S383 0.5 S424 0.48
S36 3 S381 3 S429 0.0001 S409 2 S424 0.5 S373 0.48

2017

S444 24 S375 6 S432 0.0017 S439 3 S88 0.5 S383 0.58
S29 11 S377 5 S399 0.0014 S444 2 S373 0.5 S88 0.58
S40 5 S374 4 S386 0.0003 S432 2 S392 0.5 S392 0.58
S36 3 S376 4 S429 0.0003 S399 2 S383 0.5 S424 0.55
S432 3 S381 3 - - S34 1 S424 0.5 S373 0.55

4.2. Betweenness Centrality

The top five standards in terms of betweenness centrality over six periods are shown in Table 2.
The values of the betweenness centrality of standards were normalized, which made bi,t ∈ [0, 1].
We see that the betweenness coefficients of all the standards was generally small, e.g., the largest
value was only 0.018501. This indicates that the citation relationship between China’s air quality
standards was insufficient. In 1996, the betweenness centrality of most standards was zero, which was
attributed by the fact that only a few air quality standards had been established in China in 1996. In
2017, we note that the betweenness centrality values of four standards were greater than zero. With
the approval of the State Council of China, a large number of standards were abolished in 2017, and
the newly-revised standards have not yet been implemented, thus reducing the citation relationship
between air quality standards. The standards with the highest betweenness centrality values in Table 2
are mostly basis standards and method standards, which is similar to the results on out-degree. Some
standards simultaneously had high out-degree and betweenness centrality values, such as S16 and
S366. Comparing the betweenness centrality values over different time points, we found that the
betweenness centrality values of the standard S432 in 2016 and 2017 ranked first. This shows that this
standard is becoming more and more important, implying that China’s focus on air quality standards
is shifting.

4.3. Eccentricity

The results on eccentricity are shown in Table 2, from which we see that the eccentricity of the
standards ranking top at each time point is not high, the maximum being three, indicating that no
standards imposed a great influence on China’s air quality standard citation network. In other words,
the critical standard was lacking in the whole network. In addition, it can be found that in 1996, 2001,
2006, and 2011, the standards that had high eccentricity included S29, S30, S31, S32, and S33. However,
in 2016 and 2017, the standards with high eccentricity were S444, S432, and S399. This is mainly
because with the rapid development of China’s economy and the improvement of people’s living
standards, the sales volume of motor vehicles has increased day by day. As a result, vehicle exhaust
emissions have become the major threat to air quality. Therefore, with the shift of national policy focus,
the standards of pollutants discharged by motor vehicles are becoming more and more important.

4.4. Clustering Coefficient

The top five standards with a high clustering coefficient over the six periods are shown in Table 2.
Since the clustering coefficients of the standards in 1996 and 2001 were all zero, they are not shown in
the Table 2. The clustering coefficients of most of the standards were not high. The standards with a
high clustering coefficient were all basis standards, among which there were a few method standards,
such as S20, S373, and S424. Comparing the clustering coefficient values at different time points, we
noticed that there was a big difference between the clustering coefficients in 2006 and 2011. However,
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the situation in 2016 was similar to that in 2017. Although a number of standards were abolished in
2017, the critical standards were not abolished.

4.5. Evolution Analysis Based on the Integrated Evaluation Method

In the previous section, we analyzed the evolution of the node measurements’ values in the citation
network of China’s air quality standards. In this part, we use the data of the node measurements to
evaluate the air quality comprehensively by combining the entropy weight method and the TOPSIS
method, as described in Section 3.4. The computational results are shown in Table 2.

It can be found from Table 2 that the standards with a high importance evaluation value in
the network were also basis standards and method standards. The standards with high importance
remained almost unchanged from 1996–2011. In addition, when evaluating the importance of the
standards in recent years, as the eccentricity was given the largest weight when the EW method was
used to determine the weights, the importance of standards with high values of eccentricity in the
network ranked high, such as S29 and S30. In 2016 and 2017, the standards with higher importance
changed, and the values of the importance of each standard were diminished as a whole. The standards
at the top of the list with higher values of eccentricity and clustering coefficient are related to pollutants
such as waste, waste water, and exhaust gas. To some extent, it reflects that as the government attaches
more importance to the pollution problem, the critical standards in the network also shift with the
policy focus.

5. Discussion

Based on the previous results on node measurements and the importance of standards in the
citation network of air quality standards, the following insights can be drawn:

(1) The number of nodes and edges in China’s air quality standard citation network reveals an
increasing trend. However, the connectivity of the current citation relationship is still insufficient,
which reduces the systematicness of the standards system. This phenomenon is caused to some extent
by the fact that the citation behavior lacks strong reference support. We can hardly know which
standard is important without a quantitative assessment method. In this regard, we bridge this gap
by proposing a network-based method to identify critical standards. As the existing citation can be
optimized through drafting, revision, and abolishment activities, industrial communities or other
related institutions should carefully examine the status of all the standards to see if they are of poor
quality or are outdated.

(2) Through our computation, we found that the values of each measurement of air quality
standards, namely the in-degree, out-degree, betweenness centrality, eccentricity, and clustering
coefficient, were not high. In the early periods, some measurements even had zero values for all
standards, indicating that there were very scarce citations between China’s air quality standards’
system, that the standards were not closely linked, and that the critical standards were lacking in the
entire network.

(3) The significance ranking of standards in China’s air quality standards’ citation network has
changed greatly in recent years. On the one hand, we observed that the clustering coefficient of
standards improved, indicating that the connection between air quality standards was strengthened.
Meanwhile, the difference in the significance between different standards in the network was reduced.
On the other hand, we found that no standard had absolute dominance in the air quality standards’
system. The critical standards also changed over time with the shift of government attention.

6. Conclusions

In this study, the social network method, EW method, and TOPSIS method were integrated to
identify China’s critical air quality standards over different periods. A dynamic standard citation
network model was developed to reflect the topological evolution of the standard citation network.
Four hundred forty four publicized national air-quality standards were collected in the analysis.
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Several node measurements were used to assess the significance of each standard, including in-degree,
out-degree, betweenness centrality, eccentricity, and clustering coefficient. Since it was very difficult to
differentiate the significance between these measurements, we used the EW method to set the weight
for each node measurement to avoid subjectivity. The comprehensive criticality value of each standard
was obtained by the TOPSIS method.

Based on the empirical study on China’s air-quality from 1996–2017, we deliberately selected
six time periods to simplify the analysis. The following managerial suggestions are proposed for
optimizing the structure of China’s air-quality standard system. Firstly, the air quality standards with
relatively high criticality, as evaluated by the TOPSIS method, play dominant roles in the citation
network and impose great control over other standards in the transmission of information and
knowledge. In this sense, the drafting institutions should pay extensive attention to these critical
standards when carrying out the related standardization activities, such as revision or replacement.
For example, we observed that the standards on testing methods were highly important over different
periods. Secondly, we found that the critical standards changed over time as the introduction of
new technologies or the issue of government policies. This feature is unique in the standard citation
network due to standard revision and abolishment activities. Thus, relevant enterprises should attach
great importance to the dynamics of standard systems and further identify the development of new
technologies and knowledge.

Overall, this study showed the effectiveness of the application of social network analysis methods
in identifying the criticality of air quality standards’ citation networks. Nevertheless, there exist several
problems deserving further investigation. For example, it is interesting to study the participation and
contribution of different drafting institutions, which can provide a foundation for resource allocation.
In addition, this study addressed the interrelationship between air quality standards by citation.
However, the essential connectivity among standards is reflected by the knowledge content or the
standard rules in standard texts. Some emerging AI technologies on text mining can be used for deeply
understanding the interrelationship among standards.
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Appendix A

Table A1. Detailed information of standards mentioned in this paper.

id Standard Name

S16 Ambient Air Quality Standard
S171 Health Standard for Element Mercury Vapor in the Air of Workplace
S18 Emission Standard of Air Pollution for Coke Oven
S20 Emission Standards for Air Pollutants in the Cement Industry
S29 Ambient Air–Determination of Total Suspended Particulates–GravimetryMethod
S30 Ambient Air–Determination of Fluoride–Lime Filter Paper, Fluoride Ion Selective

Electrode Method
S31 Ambient Air–Determination of Fluoride Mass Concentration–Filters, Fluoride Ion Selective

Electrode Method
S32 Ambient Air–Determination of Nitrogen Dioxide–Saltzman Method
S33 Ambient Air–Determination of Nitrogen Oxides–Saltzman Method
S34 Ambient Air–Determination of Ozone–Indigo Disulfonic Acid Sodium Spectrophotometry

Measurement Method
S35 Ambient Air–Determination of Ozone–Ultraviolet Photometry
S357 Method for Measuring Dust in the Air of Workplace
S36 Ambient Air–Determination of Benzo [A] Pyrene–High Performance Liquid Chromatography
S366 Boiler Air Pollutant Discharge Standard
S373 Emission Standard for Air Pollutants from Crematorium
S374 Emission Standard of Pollutants for Petroleum Refining Industry
S375 Emission Standard of Pollutants for Petroleum Chemistry Industry
S376 Emission Standard of Pollutants for Synthetic Resin Industry
S377 Emission Standards of Pollutants for Inorganic Chemical Industry
S381 Emission Standards of Pollutants for Stannum, Antimony and Mercury Industries
S383 Standard for Controlling Pollution of Solid Waste by Coordinated Disposal of Cement Kilns
S386 Thermal Power Plant Emission Standard for Atmospheric Pollutants
S392 Oil Storage Air Pollutant Discharge Standard
S395 Integrated Emission Standard for Atmospheric Pollutants
S399 Light Vehicle Pollutant Emission Limits and Measurement Methods (China III, IV Stage)
S40 Ambient Air–Determination of Lea- Flame Atomic Absorption Spectrophotometry
S405 Vehicle Emission Ignition Engine Exhaust Pollutant Emission Limits and Measurement Method
S409 Light Vehicle Pollutant Emission Limits and Measurement Methods (I)
S424 Domestic Waste Incineration Pollution Control Standard
S429 Heavy Vehicle Exhaust Pollutant Emission Control System Durability Requirements and Test Methods
S432 Vehicle Compression Ignition, Gaseous Fuel Ignition Engine and Vehicle Exhaust Pollutant Emission

Limits and Measurement Methods (China Phase III, IV, V)
S437 Emission Engine Vehicle Exhaust Pollutant Emission Limits and Measurement Method

(Double Idle Method and Simple Working Condition Method)
S439 Method for Automotive Compression Ignition Engine and Compression Ignition Engine
S441 Agricultural Vehicle Free Acceleration Smoke Emission Limits and Measurement Method
S444 Method for the determination of particulate matter Source Exhaust Gas and Sampling Method of

Gaseous Pollutant
S88 Industrial Furnace kiln Air Pollutant Emission Standards
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