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A B S T R A C T   

By manually collecting data on the birthplaces of independent directors of Chinese A-share listed companies from 
2005 to 2019, we construct a cultural similarity index for non-local independent directors according to the di-
alect data and empirically test its impact on the financial reporting quality of listed companies. The results show 
that an increase in the cultural similarity of non-local independent directors is conducive to improving the 
financial reporting quality of the listed companies in which they serve. The mechanism analysis shows that 
cultural similarity can improve financial reporting quality by improving internal control quality and information 
disclosure quality. Our heterogeneity analysis shows that this effect is more pronounced when the listed company 
has a better external monitoring environment, the company is a non-state-owned enterprise, and the company is 
located in a region with a high degree of marketization. In addition, the robustness test results show that our 
conclusion is robust.   

1. Introduction 

The intersection and integration of “culture and corporate behavior” 
have gained attention in recent years as a hot topic in corporate finance 
research. Studies have shown that cultural factors significantly influence 
individual behavior and corporate decision-making (Bereskin, Byun, 
Officer, & Oh, 2018; Du, 2019; Pham, Pham, & Truong, 2022). Although 
the formal institutional constraints in different regions of China are 
similar, the cultural and other informal institutions vary widely between 
regions. Culture is an essential supplement to formal institutional ar-
rangements in economics research (Zingales, 2011), and its differences 
are the underlying reasons that affect economic activities. As a multi- 
ethnic country, China boasts multiculturalism, and one manifestation 
of this is the coexistence of Mandarin and dialects. 

Dialect, as a perspective for studying cultural issues, has unique 
adaptability in the Chinese context (Bian, Ji, & Zhang, 2019; Huang, He, 
Meng, & Ma, 2022). Firstly, the formation of Chinese civilization is the 
result of the assimilation and integration of many nations in history. 

China's vast territory and the large span between the north and south 
have resulted in completely different local cultures, providing a natural 
foundation for studying cultural and economic development. As an 
important carrier, language comprehensively embodies the result of 
cultural horizontal transmission, and cultural differences can be re-
flected in the characteristics of dialects to a large extent. Secondly, 
although China has a unified script, it has many dialects, which provides 
an important research scenario for studying the impact of language on 
economic activities in the same political, economic, and legal environ-
ment. This overcomes the challenge of institutional differences that are 
difficult to eliminate in comparative studies between countries. Lan-
guage is a vital tool for communication and a significant symbol of 
culture (Meng et al., 2023). It profoundly affects the cognition, 
communication, and decision-making choices of economic subjects, 
providing a feasible scenario for this paper to examine the impact of 
cultural differences on corporate behavior from the micro-individual 
level. 

China's capital market is currently in a phase of high-quality 
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development, and the enhancement of the quality of listed companies 
has become an essential prerequisite for promoting the healthy growth 
of the capital market. However, the issue of financial report disclosure 
violations and information distortion in Chinese listed companies has 
drawn criticism, as it not only increases the information asymmetry 
between investors and enterprises, but also damages investors' rights 
and interests and hinders the effective allocation of resources. Such vi-
olations and distortions provide false information to investors, which 
can harm their economic decision-making, as well as cause losses to 
other stakeholders and undermine the healthy economic order of the 
market. High-quality financial reports are critical in the effective 
disclosure of information by listed companies. Prior studies have shown 
that high-quality financial information can effectively reduce agency 
costs and capital costs for financial statement users (Herath & Albarqi, 
2017; Lambert, Leuz, & Verrecchia, 2007; Ying, 2016). Various corpo-
rate governance mechanisms, including the external audit system, in-
dependent director system, and analyst attention, are designed to 
strengthen and supervise information disclosure to enhance the quality 
of financial reporting. On 1 March 2020, the Securities Law of the 
People's Republic of China was officially implemented, providing a legal 
basis for the protection of investors' rights and the stable development of 
the capital market. In the wake of this enactment, regulators and 
academia have shown considerable interest in financial reporting 
disclosure and governance. Therefore, improving the financial reporting 
quality of listed companies in an effective manner has become a critical 
issue to address. 

In listed companies, the board of directors is one of the core mech-
anisms of internal corporate governance and has an important and direct 
impact on the quality of financial reporting. Independent directors have 
important functions on the board, such as monitoring and consultation, 
to mitigate agency problems. In recent years, it has become common for 
listed companies to appoint non-local independent directors (i.e., people 
from other provinces or cities). Currently, over 60% of listed companies 
employ non-local independent directors in Chinese listed companies. 
However, research shows that the monitoring effectiveness of non-local 
independent directors in corporate governance is poor (Masulis, Wang, 
& Xie, 2012; Quan & Zhang, 2021). For example, Quan and Zhang 
(2021) find that firms with non-local independent directors tend to have 
more tunneling activities and earnings management, lower CEO 
pay–performance sensitivity and lower investment sensitivity than other 
firms. 

From a cultural perspective, this study aims to address the following 
questions: Does the cultural similarity of non-local independent di-
rectors impact the financial reporting quality of listed companies? What 
are the underlying mechanisms? And are there any differences in the 
impact on various types of listed companies? Considering that non-local 
independent directors originate from diverse dialect regions and dialects 
symbolize a significant cultural dimension, we employ dialect similarity 
and dialect concentration as proxies for cultural similarity. This 
approach allows us to investigate whether the cultural affinity among 
non-local independent directors impacts the financial reporting quality 
of listed companies. 

Using a sample of Chinese A-share listed companies from 2005 to 
2019, we identify non-local independent directors by manually col-
lecting information on their birthplaces1 and the registered headquar-
ters of the listed companies in which they serve. We manually match 
data on dialect areas with data on birthplaces and the registered head-
quarters of the listed companies and construct our indicators of dialect 
similarity and dialect concentration. The results show that the greater 
the cultural similarity of non-local independent directors, the higher the 
financial reporting quality of listed companies. Our results also shed 

light on the underlying mechanism by which cultural similarity im-
proves financial reporting quality. We find that the internal control 
system and information disclosure system are key channels through 
which non-local independent directors can constrain earnings manage-
ment and improve financial reporting quality. 

We also investigate whether the cultural similarity of non-local in-
dependent directors has different effects on the financial reporting 
quality of different types of listed companies. We find that the effect of 
cultural similarity on financial reporting quality is more pronounced 
when the listed company has a better external monitoring environment, 
when the company is a non-state-owned enterprise (non-SOEs), and the 
company is located in a region with a high degree of marketization. To 
address endogeneity issues, we use a two-stage least squares (2SLS) 
regression in which the instrumental variables are topographic differ-
ences and genetic distance, and the results show that the cultural simi-
larity of non-local independent directors reduces the earnings 
management of listed companies and improves the financial reporting 
quality. Our baseline regression and endogeneity test results support the 
governance role of the cultural similarity of non-local independent di-
rectors in improving financial reporting quality. 

We contribute to the literature in several ways. First, studies on the 
effectiveness of non-local independent directors typically focus on the 
effect of geographical distance on the monitoring role of independent 
directors (Deng, Kanagaretnam, & Zhou, 2020; Quan & Zhang, 2021). In 
contrast, we take into consideration the cultural similarity of non-local 
independent directors and provide a more comprehensive understand-
ing of the impact of cultural similarity on financial reporting quality 
based on dialect similarity and dialect concentration. Second, we iden-
tify the mechanism through which the cultural similarity of non-local 
independent directors affects the financial reporting quality of listed 
companies. Thirdly, we collected information on the birthplaces of non- 
local independent directors and the locations of incorporation (regis-
tered headquarters) of the listed companies in which they serve from the 
resumes of independent directors. We then constructed a dialect simi-
larity index, which serves as a more precise proxy. By using this more 
accurate method, we are able to provide a more nuanced understanding 
of the role that cultural similarity plays in the effectiveness of non-local 
independent directors. 

2. Literature review 

Studies show that corporate financial reporting is an important tool 
for mitigating information asymmetry and agency problems (Benk-
raiem, Bensaad, & Lakhal, 2022; Fu, Kraft, & Zhang, 2012; Habib, 
Ranasinghe, & Huang, 2018; Suharsono, Nirwanto, & Zuhroh, 2020; 
Han, Ding and Zhang, 2022). Therefore, improving the financial 
reporting quality has certain economic implications; for example, high- 
quality financial reporting can improve investment efficiency by alle-
viating information asymmetry (Biddle, Hilary, & Verdi, 2009; Chen, 
Hope, Li, & Wang, 2011). In addition, previous literature mainly studies 
the factors that affect the financial reporting quality of listed companies 
from the perspective of internal governance and external monitoring. 
For example, effective internal control can reduce information asym-
metry and improve the company's financial reporting quality (Herath & 
Albarqi, 2017). Moreover, the personal characteristics of members of the 
executive team (i.e., age, gender, education level and financial work 
experience) are significantly associated with financial reporting quality 
(Qi, Lin, Tian, & Lewis, 2018). Studies show also that CEOs with aca-
demic or financial experience engage less in earnings management and 
thus provide higher quality financial statements than CEOs without such 
experience (Jiang, Zhu, & Huang, 2013; Ma, Novoselov, Zhou, & Zhou, 
2019). Moreover, the quality of financial reporting is higher if members 
of the audit committee have a mixed background of legal, accounting 
and financial and regulatory expertise than otherwise (Krishnan, Wen, & 
Zhao, 2011; Kusnadi, Leong, Suwardy, & Wang, 2016). In terms of 
external monitoring, improvements in the legal environment (Filip, 

1 we conducted extensive data collection efforts, incorporating sources like 
Baidu, Google, the annual reports of listed company, and information regarding 
the organizations of the non-local independent director works. 
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Labelle, & Rousseau, 2015; Zhang, Luo, Han, & Liu, 2021), media 
scrutiny (Cahan, Chen, & Wang, 2021) and the effectiveness of institu-
tional investors as regulators (Pucheta-Martínez & García-Meca, 2014) 
all contribute to the financial reporting quality of listed companies. 

With the rise of geographical economics in recent years, geograph-
ical distance has gradually received attention in corporate finance and 
corporate governance research (Deng et al., 2020). The literature on 
non-local independent directors mainly focuses on the motivations of 
companies to hire non-local independent directors and the role played 
by non-local independent directors. For instance, studies find that the 
existence of non-local independent directors is the product of the com-
pany actively weakening supervision and strengthening consultation 
(Masulis et al., 2012; Quan & Zhang, 2021). Studies also show that the 
motivation of companies to appoint non-local independent directors is 
to build political connections (Quan, Lim, & Liang, 2017), and it pro-
vides the possibility for major shareholder tunneling behavior (Lin & 
Cao, 2019). 

Non-local independent directors' supervisory role depends on their 
independence and supervisory ability. Various factors affect the effec-
tiveness of independent directors in fulfilling their supervisory re-
sponsibilities, and among these factors is the location where they work. 
According to studies, the appointment of non-local independent di-
rectors has a negative impact on corporate governance (Fei, 2022; Lin & 
Cao, 2019). The reason for this is that non-local independent directors 
may not be familiar with the company's operating environment, making 
it difficult for them to acquire soft information, which is critical for 
effectively monitoring the company's performance. Moreover, the high 
cost of information acquisition and the information disadvantage of non- 
local independent directors limit their ability to supervise. However, 
independent directors who work farther from the company headquarters 
may have fewer personal connections with company executives, thus 
making them more independent and effective in their supervisory role 
(Quan & Zhang, 2021). In contrast, local independent directors may 
have more information advantages, but their frequent contacts with 
company management may shorten their personal relationships with 
them, affecting their independence in performing their duties. Hence, 
non-local independent directors' greater independence makes them 
more effective supervisors. 

Masulis et al. (2012) find that the presence of non-local independent 
directors limits their ability and motivation to gather information to 
closely monitor management due to geographical distance and high 
monitoring costs. In this case, the presence of non-local independent 
directors weakens the effectiveness of board oversight, leading to more 
serious agency problems between managers and shareholders and 
poorer corporate performance. Fei (2022) also finds that non-local in-
dependent directors have a negative impact on corporate environmental 
disclosure. In addition, Deng et al. (2020) explore the impact of the 
geographical distance of independent directors on fraud and irregular-
ities in Chinese listed companies and conclude that local independent 
directors at the provincial and municipal levels reduce the frequency 
and extent of misconduct in listed companies. Similarly, local indepen-
dent directors with accounting expertise are more likely to inhibit sur-
plus management than their non-local counterparts (Zhou, Hao, & Yang, 
2019). 

Regarding the consulting role of non-local independent directors, 
some studies have shown that non-local independent directors have the 
information advantage of being related to different places, which will 
have a positive impact on the company. Non-local independent directors 
are conducive to the development of non-local resource relationship 
networks, providing valuable advice and assistance to the company, and 
improving the advisory capabilities of the board of directors, mainly in 
terms of improving the efficiency of non-local mergers and acquisitions 
(M&A) and non-local operations (Masulis et al., 2012; Quan & Zhang, 
2021). These directors can provide region-specific expertise that is 
valuable to M&A parties in assessing M&A targets and assessing the 
value of the M&A value (Masulis et al., 2012). At the same time, the 

appropriate use of the consulting function of non-local independent 
directors can help companies break through the regional segmentation 
of commodity markets and improve the efficiency of non-local opera-
tions (Deng, 2019; Quan & Zhang, 2021). 

As a type of informal institution, culture is an important complement 
to formal institutions in economic research (Zingales, 2011). Studies 
show that culture has a significant impact on corporate governance 
systems (Hashim, 2012). For example, culture can influence corporate 
disclosure quality (Braguinsky & Mityakov, 2015) and financial 
reporting quality (Bhandari, Mammadov, Thevenot, & Vakilzadeh, 
2022; Herath & Albarqi, 2017). Relationship culture (guanxi-based 
business practices) can also reduce transaction costs through effective 
communication and negotiation (Standifird & Marshall, 2000), thereby 
generating competitive advantages in market expansion and thus 
improving firm performance (Park & Luo, 2001). Cultural similarity 
facilitates communication and coordination and promotes the develop-
ment of interpersonal identity, which has positive implications for 
corporate governance. Indeed, studies show that cultural proximity 
between auditors and CFOs is related to audit quality (Pham et al., 
2022). That is, when audited business partners are culturally close to 
client executives, they are more likely to share a common philosophy 
and way of doing things, and this commonality reduces the cost of 
communication and coordination between them by increasing the 
effectiveness of accounting negotiations, thus improving audit quality. 
In addition, cultural similarity helps to form social networks and private 
information communication channels for the analysts (Du, Yu, & Yu, 
2017). Bereskin et al. (2018) examine the impact of firms' cultural 
similarity on M&A decisions and outcomes and find that firms with 
similar cultures are more likely to merge than those with different cul-
tures. Moreover, these mergers are associated with greater synergies and 
superior long-term business performance. Hence, culture can have a 
significant impact on the economic behavior of microeconomic in-
dividuals and on corporate governance. 

3. Hypothesis development 

The cultural similarity of non-local independent directors, as part of 
the core mechanism of corporate governance, can have an impact on 
their communication decisions and, ultimately, on the overall decision- 
making and governance of the board. In this study, we use language as a 
proxy for culture to emphasise cultural characteristics at the individual 
level. Language, as a form of cultural representation, reflects the results 
of the horizontal transmission of culture in many ways; the less linguistic 
variability there is between regions, the more similar cultural percep-
tions will be (Chen, 2013). Piekkari, Oxelheim, and Randøy (2015) 
explore and explain how increased linguistic diversity affects the 
decision-making and work processes of boards of directors. They find 
that the excessive variety of languages causes some board members to 
interact less with other board members, resulting in some members 
feeling marginalised and therefore unable to participate fully in board 
discussions. This feeling of marginalisation has a negative impact on 
their access to information and may reduce the quality of the decisions 
taken at board meetings. Based on principal–agent theory, in the 
absence of formal institutions, the ability of independent directors to 
access information is inevitably affected by the information barriers 
erected by management with an incentive to act opportunistically. Some 
studies show that greater cultural distance induces higher communica-
tion costs for the company (e.g., Du et al., 2017), reducing the efficiency 
of decision-making. 

The cultural similarity of non-local independent directors plays a 
crucial role in not only obtaining public information related to the 
company but also obtaining micro information related to company op-
erations. When the cultural similarity between non-local independent 
directors and the listed companies they serve is high, it promotes 
interpersonal communication and cooperation, reduces information 
friction, and facilitates information exchange (Portes, 2001). As dialect 
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is an integral part of culture (Jiang & Zhang, 2010), it inherently affects 
group behavior. Cultural similarity can influence mutual trust through 
cultural identity (Bian et al., 2019), thereby reducing the possibility of 
mutual concealment of information. Non-local independent directors 
born from the same dialect area possess information and resource ad-
vantages, which reduce the degree of information asymmetry, commu-
nication costs, and efficiency losses (Lang, 1986). This positively 
impacts board participation in corporate governance. The cultural 
similarity of non-local independent directors helps reduce communica-
tion costs, alleviate information asymmetry, and improve supervision 
efficiency, which, in turn, can effectively monitor managers' manipu-
lation of financial statements. Therefore, we propose Hypothesis 1 as 
follows: 

Hypothesis 1. The increase in cultural similarity of the non-local in-
dependent directors can improve the financial reporting quality of listed 
companies. 

Various studies have demonstrated that internal controls play a 
significant role in enhancing the financial reporting quality of listed 
companies (Chen, 2016; Herath & Albarqi, 2017). The internal control 
system comprises five key elements: internal environment, risk assess-
ment, control activities, information communication, and internal su-
pervision. Among these, information communication encourages listed 
companies to establish effective communication channels both inter-
nally and externally to reduce information asymmetry. On the other 
hand, internal supervision helps companies to identify and rectify sig-
nificant deficiencies in their operations and investments promptly. As 
the overseer of a company, the increased cultural similarity of inde-
pendent directors can strengthen the role of internal supervision, 
enhance the quality of internal controls, and ultimately improve the 
financial reporting quality of listed companies. 

Furthermore, information disclosure by listed companies can miti-
gate information asymmetry and have a positive impact on the financial 
reporting quality (Suharsono et al., 2020). A company with a well- 
established information collection system and an efficient information 
processing and transmission system can facilitate communication and 
feedback across different levels, departments, and business processes. 
The improvement of cultural similarity among non-local independent 
directors can also foster information disclosure, thereby reducing the 
degree of information asymmetry in the company. Previous studies have 
shown a significant correlation between information disclosure and 
financial reporting quality, as evidenced by the value relevance of the 
information disclosed (Pavlopoulos, Magnis, & Iatridis, 2019; Suharsono 
et al., 2020). With increased cultural similarity among non-local inde-
pendent directors, information disclosure can be enhanced, thus further 
improving the financial reporting quality of listed companies by 
reducing information asymmetry. Therefore, we propose Hypothesis 2 
as follows: 

Hypothesis 2. The cultural similarity of the non-local independent 
directors will enhance the information disclosure quality and internal 
control quality of listed companies, then improve the financial reporting 
quality. 

4. Research design 

4.1. Sample and data 

In 2001, the China Securities Regulatory Commission (CSRC) issued 
its Guiding Opinions for the Establishment of an Independent Director System 
in Listed Companies (hereinafter referred to as the ‘Opinions’) to formally 
regulate internal corporate governance through the system of indepen-
dent directors. In accordance with the requirements of the Opinions, by 
the end of June 2003 at least one third of a listed company's board 
members had to be independent directors. Moreover, the 2005 revisions 
to China's Company Law require listed companies to have independent 

directors. Hence, we include all A-shared listed companies in China 
between 2005 and 2019 as a sample in this study. We obtain financial 
data on Chinese listed companies from the Corporate Governance 
Structure file of the China Securities Market and Accounting Research 
(CSMAR) database. We obtain data on the registered headquarters of the 
listed companies from the Wind database. We exclude (1) all financial 
firms due to their special disclosure standards and (2) all special treat-
ment2 firms due to their abnormal financial conditions. We also remove 
all observations with missing data for the dependent and independent 
variables. Our final sample consists of 28,209 firm-year observations. To 
minimise the influence of outliers, we winsorise all continuous variables 
at the 1% and 99% levels. The main variables used in the study are 
defined in Appendix A. 

4.2. Discretionary accruals 

Following Guo and Ma (2015), we use earnings quality as a measure 
of financial reporting quality. And, we also use the modified Jones 
model (Dechow, Sloan, & Sweeney, 1995) to compute discretionary 
accruals of listed companies. Specifically, we identify the discretionary 
portion of accruals for a given firm by estimating the following model 
using ordinary least squares at time t and controlling for performance: 

TACCt
TAt− 1

= α1
1

TAt− 1
+ α2

ΔREVt − ΔRECt
TAt− 1

+ α3
PPE
TAt− 1

+ εt (1)  

where TACCt is total accruals in year t, measured as the difference be-
tween net income and cash flow from operations (i.e., TACCt = NIt −

CFOt). ΔREVt is the change in revenue in year t. ΔRECt is the change in 
accounts receivable in year t. Finally, PPEt is the level of gross property, 
plant and equipment in year t. 

Each variable in the model is deflated by the lagged book value of 
total assets (TAt− 1) to avoid heteroscedasticity in the error term. The 
residual (εt) from the regression is the level of opportunistic earnings 
management and the intercept is constrained to 0. To minimise the in-
fluence of outliers, we winsorise discretionary accruals from the re-
siduals at the 1% and 99% levels. We then take the absolute value of 
discretionary accruals (DA) as a proxy for earnings management, as our 
hypotheses focus on the level of accruals rather than on the direction of 
accrual management. DA is an inverse indicator, with a higher value of 
DA suggesting that firms are more likely to engage in earnings man-
agement, resulting in lower financial reporting quality. 

4.3. Cultural similarity of non-local independent directors 

To identify the prefecture-level cities where the majority of non-local 
independent directors work, we obtain the resumes of 122,335 inde-
pendent directors of A-shared listed companies between 2005 and 2019 
from the CSMAR database. For missing resumes, we search annual re-
ports, Sina Finance, Phoenix Finance, and Google to locate the city 
where a given independent director works. Information on the regis-
tered headquarters of all A-share listed companies is obtained from the 
Wind database. From the information on the registered headquarters of 
the listed companies and the city where the companies' given indepen-
dent director works, we can get that if the independent director is the 
non-local independent director or not. Then we search annual reports, 
Independent Directors Research Database (IDRD) of Chinese Research 
Data Services Platform (CNRDS), Baidu, and Google as well as the in-
formation regarding the organizations of the non-local independent di-
rector works, to locate the birthplace of these non-local independent 
director hand-collected. 

2 special treatment (ST) refers to the special treatment of stocks traded by 
listed companies with abnormal financial or other conditions by the Shanghai 
and Shenzhen Stock Exchanges. If a stock is marked with * ST, it indicates a risk 
of delisting. 
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The dialect data used in this study was collected, sorted and released 
publicly by the team of Professor Xianxiang Xu from Lingnan College of 
Sun Yat-sen University. This data set is systematically compiled ac-
cording to the Dictionary of Chinese Dialects. According to the classifi-
cation of the Language Atlas of China, there are 10 supergroups, 25 
groups, and 108 subgroups of Chinese dialects. Based on the dialect tree 
diagram, the study takes prefecture-level cities as the analysis unit of 
dialect similarity and dialect concentration (Spolaore & Wacziarg, 
2009). 

The method for constructing and computing the dialect similarity 
variable is as follows (Bian et al., 2019). First, we determine the dialect 
similarity between the prefecture-level city where a firm is registered 
and the prefecture-level city where a non-local independent director 
born. The specific classification rules are as follows: The main inde-
pendent variable of interest is CSimilar, which is an ordered variable to 
measure the degree of dialect similarity. It takes the value of 3 if the 
dialects of the two places belong to the same subgroups; it takes the 
value of 2 if the dialects of the two places belong to different subgroups 
under the same groups; it takes the value of 1 if the dialects of the two 
places belong to different groups under the same supergroups; it takes 
the value of 0 if the dialects of the two places belong to different su-
pergroups. We then calculate the average CSimilarof non-local inde-
pendent directors by firm and year. We also compute dialect 
concentration (Dia) as the proportion of non-local independent directors 
from the same dialect groups to the total number of non-local inde-
pendent directors. It is the ratio of the number of non-local independent 
directors from the same dialect group divided by the total number of 
non-local independent directors in a company, the higher the ratio, the 
more non-local independent directors from the same dialect group in the 
company, indicating that the dialect is more concentrated.3 

4.4. Control variables 

We draw on the literature to identify and control for a wide range of 
firm and industry characteristics that may influence earnings manage-
ment practices and financial reporting quality (e.g., Quan & Zhang, 
2021; Zhang, Tan, Chen, & Chan, 2021). Specifically, we control for the 
following variables: proportion of shares held by the largest shareholder 
(TOP1), board size (Bsize), proportion of independent directors (IDP), 
proportion of shares held by management (Mshare), CEO–chairman 
duality4 (Dual), firm type (SOE), firm size (Size), leverage ratio (Lev), 
proportion of fixed assets (Tangible), sales growth (Growth), return on 
assets (ROA) and education level (Edu). 

We also include industry dummy variables to control for the differ-
ence in accrual properties across industries, and year dummy variables 
to control for time-specific effects. Specifically, we use the 2012 
Guidelines for the Industry Classification of Listed Companies (hereinafter 
referred to as the ‘Guidelines’) issued by the CSRC to classify industries. 
As most listed companies belong to the manufacturing industry, the 
Guidelines add an auxiliary grade between Category and Type (i.e., 
Subcategory). Hence, we classify all industries in our sample based on 
Subcategory codes for firms in the manufacturing industry and on 
Category codes for firms in other industries. As a result, we identify 19 
industries in our sample and therefore include 18 industry dummy 
variables in the regression. In addition, based on our sample period 

(2005–2019), 14 year dummy variables are included. We winsorise all of 
the continuous variables at the 1% and 99% levels to minimise the 
impact of extreme values. Detailed definitions of all variables can be 
found in Appendix A. 

4.5. Descriptive statistics 

Table 1 presents the descriptive statistics of the key variables for the 
full sample. The mean DA is 7.9% of total assets, with a standard devi-
ation of 0.089. The average CSimilar is 2.052. Dia is 0.682. TOP1 is 
35.3% on average, indicating a relatively high level of control by con-
trolling shareholders. The average proportion of independent directors 
(IDP) is 37.1%, meeting the requirement of the Opinions. The average 
board size (Bsize) in the sample is 8.775, which is consistent with pre-
vious studies. The distribution of other control variables, such as firm 
size, industry, and ownership structure, is also largely consistent with 
previous relevant research. 

5. Empirical results 

5.1. Baseline regressions 

We begin our investigation of the relationship between the cultural 
similarity of non-local independent directors and financial reporting 
quality by estimating the following regression models to test Hypothesis 
1: 

DAi,t = α0 + α1CSimilari,t +
∑

αjControli,t + Industry+ Year+ εi,t (2) 

All of the variables are defined in Appendix A. Model (2) for the full 
sample is used to investigate the influence of dialect similarity on 
earnings management by Chinese listed companies. We also use dialect 
concentration (Dia) as an alternative dependent variable. 

Table 2 presents the results of Models (2). In column (1), we report 
the results without controlling for firm characteristics, while in column 
(2) we report the results after controlling for firm characteristics, using 
DA as the measure of financial reporting quality. The results in columns 
(1) and (2) of Table 2 show that the coefficient on CSimilar is negative 
and significant at 1% level, indicating that the greater the dialect simi-
larity between non-local independent directors and listed companies, 
the lower the level of earnings management and the better the financial 
reporting quality of listed companies. 

The results in columns (3) and (4) show that the coefficients on Dia 
are also negative and significant, which suggests that the higher the 
cultural concentration of non-local independent directors, the lower the 
level of earnings management and thus the better the financial reporting 
quality of listed companies. Overall, these results support Hypothesis 1, 
which posits that the cultural similarity of non-local independent di-
rectors has a positive effect on the financial reporting quality of Chinese 

Table 1 
Descriptive statistics.  

Variable N Mean Median Std. Min Max 

DA 28,209 0.079 0.050 0.089 0.001 0.772 
CSimilar 28,209 2.052 2 0.836 0 3 
Dia 28,209 0.682 0.671 0.401 0 1 
Size 28,209 21.840 21.70 1.190 18.740 25.740 
ROA 28,209 0.037 0.033 0.070 − 0.754 0.285 
Growth 28,209 0.211 0.108 0.656 − 0.737 9.560 
TOP1 28,209 0.353 0.333 0.150 0.081 0.759 
Lev 28,209 0.442 0.436 0.217 0.021 2.555 
Tangible 28,209 0.215 0.179 0.169 0.001 0.807 
Dual 28,209 0.235 0 0.424 0 1 
Bsize 28,209 8.775 9 1.768 5 15 
IDP 28,209 0.371 0.333 0.053 0.300 0.600 
EDU 28,209 1.537 1 0.574 0 2 
Mshare 28,209 0.108 0.001 0.186 0 0.699 
SOE 28,209 0.447 0 0.497 0 1  

3 Indeed, as the reviewer suggested, it would be more appropriate to use the 
dialect differences between the birthplace of independent directors and the 
location of the listed company as a measure of cultural distance. Thanks for the 
reviewer's suggestions!  

4 CEO-chairman duality is a unique leadership structure in which a company's 
CEO also serves as the chairman of the board of directors. This structure is 
characterized by a unity of power at the highest level of decision-making. If the 
CEO and chairman positions are held by the same individual, then the duality 
value is 1; otherwise, it is 0. 
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listed companies. 

5.2. Mechanism analysis 

Based on the Hypothesis 2, we conduct the mechanism analysis by 
referring to the method used by Zhang (2020) to explore whether the 
cultural similarity of non-local independent directors can enhance 
financial reporting quality through improved information disclosure 
and internal control of listed companies. 

Following Chen (2016), the Internal Control Index (ICQ) is used as a 
proxy for internal control quality. To ensure the uniformity of the re-
sults, the value of ICQ is divided by 100. To identify the relationship 
between cultural similarity and internal control quality, we first model 
internal control quality as a function of dialect similarity or concentra-
tion as follows: 

ICQi,t = ω0 +ω1CSimilari,t +
∑

φControlsi,t + Industry+ Year+ εi,t (3)  

where a significant and positive ω1 suggests that non-local independent 
directors with greater cultural similarity can promote the internal con-
trol quality of the firms in which they serve. 

Following Kim and Verrecchia (2001), we use the trading volume 
fluctuation dependency method (KV measurement method) to measure 
the quality of information disclosure. Determine the quality of company 
information disclosure based on the degree of dependence of investors 
on trading volume information. The basic principle is that the more 
sufficient information disclosure is, the less dependent investors' stock 
returns on their stock trading volume information, and the greater their 
dependence on company information disclosure. If the quality of com-
pany information disclosure is poor, investors cannot use information 

disclosure to judge the investment value of the company, thus relying 
heavily on its stock trading volume. The advantage of KV measurement 
method lies in its dynamic comprehensive analysis of voluntary and 
mandatory disclosure of information, which can reflect the actual effect 
of company information disclosure and is a variable that can compre-
hensively measure the quality of company information disclosure. We 
use the following model to construct the KV index: 

ln|(Pt − Pt− 1)/Pt− 1 | = λ0 + λ(Volt/Vol0 − 1)+ ε (4)  

where Pt and Volt are the closing prices and trading volumes of stocks on 
day t, while Vol0 is the average daily trading volume on trading days 
during the study period. The influence coefficient of transaction volume 
on returns is KV index, which is obtained by regression of each company 
with ordinary least squares method λ Value. It reflects the degree of 
information disclosure of a company through the dependence of the 
market on trading volume information. When information disclosure is 
more sufficient, the impact of stock trading volume on returns is rela-
tively small (i.e λ It's smaller).Therefore, the higher the KV value, the 
lower the quality of information disclosure. To identify the relationship 
between cultural similarity and the quality of information disclosure, we 
model the quality of information disclosure as a function of dialect 
similarity or concentration as follows: 

KVi,t = μ0 + μ1CSimilari,t
(
Diai,t

)
+

∑
φControlsi,t + Industry+Year+ εi,t

(5)  

where a significant and negative μ1 suggests that non-local independent 
directors with greater cultural similarity can promote the quality of 
information disclosure of the firms. 

Table 2 
Baseline Regressions.   

(1) (2) (3) (4) 

Variable DA DA DA DA 

CSimilar 
− 0.004*** − 0.003***   
(− 3.958) (− 3.246)   

Dia   − 0.006*** − 0.004***   
(− 4.375) (− 3.745) 

Size  
− 0.007***  − 0.008***  
(− 10.456)  (− 10.138) 

ROA  
− 0.149***  − 0.142***  
(− 9.475)  (− 10.689) 

Growth  
0.016***  0.018***  
(9.046)  (8.936) 

TOP1  0.011***  0.013***  
(3.565)  (3.265) 

Lev  
0.044***  0.041***  
(10.965)  (9.856) 

Tangible  
0.011**  0.007*  
(2.378)  (1.857) 

Dual  0.000  0.001  
(0.645)  (0.947) 

Bsize  − 0.001**  − 0.002***  
(− 2.057)  (− 2.963) 

IDP  
0.016  0.011  
(1.406)  (1.068) 

Mshare  
− 0.006**  − 0.005**  
(− 2.387)  (− 2.057) 

EDU  − 0.002  − 0.002  
(− 1.146)  (− 1.146) 

SOE  − 0.009***  − 0.007***  
(− 7.035)  (− 6.756) 

Constant 
0.081*** 0.203*** 0.092*** 0.219*** 
(46.735) (16.463) (71.406) (14.467) 

Obs. 28,209 28,209 28,209 28,209 
R-squared 0.101 0.185 0.099 0.175 
Year FE Yes Yes Yes Yes 
Industry FE Yes Yes Yes Yes 

Robust t-statistics are reported in parentheses. *，**and *** denote significance 
at the 10%， 5% and 1% levels，respectively. 

Table 3 
Mechanism analysis.   

(1) (2) (3) (4) 

Variable ICQ ICQ KV KV 

CSimilar 0.047***  − 0.003**  
(4.754)  (− 2.302)  

Dia  
0.135***  − 0.007**  
(4.339)  (− 1.996) 

Size 
0.331*** 0.329*** 0.026*** 0.031*** 
(31.245) (32.574) (19.475) (15.953) 

ROA 5.745*** 5.784*** 0.371*** 0.370*** 
(27.424) (26.441) (21.343) (20.945) 

Growth 
0.060*** 0.061*** 0.004** 0.004** 
(3.944) (3.418) (2.301) (2.279) 

TOP1 
0.398*** 0.393*** − 0.014** − 0.014** 
(5.334) (5.075) (− 1.998) (− 2.042) 

Lev 
− 0.942*** − 0.940*** − 0.028*** − 0.027*** 
(− 12.595) (− 13.473) (− 5.736) (− 5.684) 

Tangible − 0.553*** − 0.543*** − 0.028*** − 0.028*** 
(− 9.776) (− 9.843) (− 4.734) (− 4.525) 

Dual 
0.032* 0.032* 0.003 0.002 
(1.735) (1.702) (1.056) (1.175) 

Bsize 
0.011** 0.011** − 0.000 − 0.000 
(2.224) (2.216) (− 0.653) (− 0.668) 

IDP 0.290* 0.292* 0.040* 0.041* 
(1.799) (1.803) (1.832) (1.783) 

Mshare 0.528*** 0.530*** − 0.006 − 0.006 
(10.323) (11.374) (− 1.056) (− 1.196) 

EDU 
0.002 0.003 − 0.001 − 0.001 
(1.353) (1.496) (− 1.162) (− 1.076) 

SOE 
0.039** 0.038** 0.002 0.002 
(2.146) (1.998) (0.735) (0.686) 

Constant − 0.991*** − 0.990*** − 0.148*** − 0.151*** 
(− 5.132) (− 5.146) (− 5.634) (− 5.944) 

Obs. 28,209 28,209 28,209 28,209 
R-squared 0.239 0.241 0.231 0.232 
Year FE Yes Yes Yes Yes 
Industry FE Yes Yes Yes Yes 

Robust t-statistics are reported in parentheses. *，**and *** denote significance 
at the 10%， 5% and 1% levels，respectively. 
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Table 3 presents the results of the mechanism analysis. The (1) and 
(2) columns show the impact of cultural similarity on the internal con-
trol quality. The coefficients of CSimilar and Dia are significant and 
positive at the 1% level respectively, indicating that non-local inde-
pendent directors with greater cultural similarity can improve the in-
ternal control quality of listed companies. Meanwhile, relevant studies 
have shown that high-quality internal control can significantly improve 
the financial reporting quality of listed companies (Chen, 2016; Herath 
& Albarqi, 2017). Therefore, the cultural similarity of non-local inde-
pendent directors can improve the financial reporting quality of listed 
companies by improving their internal control quality. 

The (3) and (4) columns of Table 3 show the impact of cultural 
similarity on the quality of information disclosure. The coefficients of 
CSimilar and Dia are significant and negative. Since a lower KV value 
indicates a higher quality of information disclosure, the results of 
negative coefficients indicate that non-local independent directors with 
greater cultural similarity can improve the quality of information 
disclosure of listed companies. Previous studies have shown a significant 
relationship between information disclosure and financial reporting 
quality (Pavlopoulos et al., 2019; Suharsono et al., 2020). Therefore, the 
cultural similarity of non-local independent directors is beneficial for 
alleviating information asymmetry and has a positive impact on the 
financial reporting quality of listed companies by improving the quality 
of information disclosure. Overall, these results support Hypothesis 2. 

6. Additional analysis 

6.1. Heterogeneity analysis 

Given that there are significant differences among listed companies 
in China, the effect of the cultural similarity of non-local independent 
directors may vary across firms. Therefore, we further investigate 
whether the cultural similarity of non-local independent directors af-
fects financial reporting quality differently across different types of 
firms.  

(1) External monitoring status of the firm 

The first measure we use in this analysis is institutional ownership. 
Higher institutional ownership in a firm means stronger external 
monitoring (Desai & Dharmapala, 2009; Kim, Li, & Zhang, 2011). 
Indeed, institutional investors have more information resources than 
individual investors and can therefore better monitor a company's un-
reasonable and illegal behaviours (Xu, Li, Yuan, & Chan, 2014). 
Therefore, based on the median of the institutional ownership ratio, we 
divide the sample into a high institutional ownership group (institu-
tional ownership ratio greater than or equal to the median) and a low 
institutional ownership group (institutional ownership ratio less than 
the median). 

Columns (1) and (2) of Table 4 present the regression results, 
showing that the coefficient on CSimilar in the high institutional 
ownership group is − 0.003, significant at the 1% level, and the coeffi-
cient for the low institutional ownership group is − 0.001, insignificant 
at the 10% level. We use a Chow test to test the coefficient difference 
between the groups. We obtain an empirical p-value of 0.004, significant 
at the 1% level. That is, the influence of the cultural similarity of non- 
local independent directors on financial reporting quality is stronger 
when institutional ownership is high rather than low. This suggests that 
institutional ownership, as an external monitoring mechanism, creates a 
good monitoring environment for non-local independent directors to 
play their monitoring role. 

The second measure we use is the level of attention received from 
analysts. Analysts collect and transmit information about firms in the 
capital market and predict future business operations; therefore, they 
play the role of information intermediary and external monitor (Dyck, 
Morse, & Zingales, 2010). When a firm receives a high level of attention 

Table 4 
Heterogeneity analysis.   

(1) (2) (3) (4) 

Variable DA DA DA DA 

High 
InstOwn 

Low 
InstOwn 

High 
Attention 

Low 
Attention 

CSimilar 
− 0.003*** − 0.001 − 0.004*** − 0.001 
(− 4.007) (− 0.588) (− 3.995) (− 1.227) 

Size − 0.006*** − 0.010*** − 0.012*** − 0.005*** 
(− 6.865) (− 9.854) (− 7.657) (− 6.443) 

ROA − 0.091*** − 0.193*** − 0.221*** − 0.042** 
(− 5.631) (− 8.538) (− 10.075) (− 2.254) 

Growth 
0.017*** 0.011*** 0.017*** 0.019*** 
(7.506) (5.836) (6.735) (7.056) 

TOP1 
0.014*** 0.001 0.018*** 0.003 
(3.341) (0.965) (3.950) (1.056) 

Lev 0.062*** 0.028*** 0.048*** 0.037*** 
(5.527) (7.685) (7.946) (6.957) 

Tangible 0.016*** − 0.002 0.003 0.016** 
(3.846) (− 0.537) (0.807) (2.057) 

Dual 
− 0.000 0.001 − 0.001 0.001 
(− 0.510) (0.357) (− 0.372) (0.573) 

Bsize 
− 0.001*** − 0.001 − 0.000 − 0.001** 
(− 3.247) (− 0.845) (− 0.794) (− 2.156) 

IDP 0.019 0.006 0.026 0.007 
(1.106) (0.745) (0.568) (0.647) 

Mshare − 0.007* − 0.006 − 0.010*** − 0.003* 
(− 1.749) (− 1.546) (− 2.946) (1.832) 

EDU 
− 0.003 − 0.002 − 0.002 − 0.001 
(− 1.212) (− 1.056) (− 1.052) (− 1.173) 

SOE 
− 0.008*** − 0.010*** − 0.011*** − 0.005*** 
(− 4.335) (− 4.657) (− 6.065) (− 3.946) 

Constant 0.200*** 0.253*** 0.273*** 0.187*** 
(10.572) (10.113) (10.468) (9.957) 

Obs. 14,105 14,104 13,858 14,351 
R-squared 0.174 0.177 0.181 0.143 
Year FE Yes Yes Yes Yes 
Industry FE Yes Yes Yes Yes 
t-test (p-value) 0.004*** 0.037 **    

(5) (6) (7) (8) 

Variable DA DA DA DA 

SOE Non-SOE High 
marketization 

Low 
marketization 

CSimilar 
− 0.001* − 0.004*** − 0.002*** − 0.002 
(− 1.706) (− 4.995) (− 3.964) (− 1.256) 

Size 
− 0.007*** − 0.008*** − 0.009*** − 0.008*** 
(− 8.457) (− 8.056) (− 9.354) (− 8.957) 

ROA − 0.085*** − 0.183*** − 0.176*** − 0.113*** 
(− 4.105) (− 7.335) (− 9.336) (− 4.484) 

Growth 0.015*** 0.018*** 0.016*** 0.023*** 
(5.835) (6.373) (7.553) (4.946) 

TOP1 
0.014*** 0.009** 0.015*** 0.003 
(3.835) (1.969) (4.949) (1.529) 

Lev 
0.034*** 0.052*** 0.036*** 0.050*** 
(6.624) (7.954) (8.573) (4.843) 

Tangible 0.023*** 0.004* 0.009** 0.018* 
(4.694) (1.752) (1.986) (1.748) 

Dual − 0.001 0.001 0.001 − 0.002 
(− 0.405) (0.845) (0.634) (− 0.853) 

Bsize 
− 0.001** − 0.001 − 0.001* − 0.001 
(− 2.271) (− 1.124) (− 1.784) (− 0.884) 

IDP 
0.010 0.021* 0.013 0.008 
(0.894) (1.694) (1.124) (0.946) 

Mshare − 0.014* − 0.004* − 0.005** − 0.004* 
(1.794) (− 1.665) (− 2.262) (− 1.824) 

EDU 
− 0.002 − 0.001 − 0.002 − 0.002 
(− 1.335) (− 0.883) (− 1.495) (− 1.384) 

SOE   
− 0.008*** − 0.004***   
(− 5.356) (− 3.846) 

Constant 
0.206*** 0.242*** 0.221*** 0.232*** 
(11.533) (10.946) (13.344) (7.957) 

Obs. 12,607 15,602 23,876 4333 

(continued on next page) 
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from analysts, it can alleviate information asymmetry. Specifically, an-
alysts can accurately analyse public and private firm information such as 
financial reports through their expertise, thus improving the trans-
parency of firm information. This increased transparency creates a good 
monitoring environment for non-local independent directors to facilitate 
their monitoring role. Therefore, when a firm receives a high level of 
analyst attention, the cultural similarity of non-local independent di-
rectors should have a stronger impact on the financial reporting quality 
of listed companies than when analyst attention is low. 

To test this conjecture, we use analyst attention to measure the level 
of analyst monitoring in companies. Specifically, we measure analyst 
attention by the number of analysts (teams) following a firm in a year. 
The firms in the sample are then divided into two subsamples based on 
the median of analyst attention, high analyst attention (analyst attention 
greater than or equal to the median) and low analyst attention (analyst 
attention less than the median). Columns (3) and (4) of Table 4 present 
the regression results. The results show that the coefficient on the CSi-
milar for the low analyst attention subsample (Low Attention) is not 
significant, while that for the high analyst attention subsample is 
negative and significant at the 1% level. This suggests that the cultural 
similarity of non-local independent directors has a stronger effect on the 
financial reporting quality of firms when analyst attention is high rather 
than low. This indicates that analyst attention, as an external supervi-
sion mechanism, plays an information intermediary role and improves 
the information transparency of listed companies, thereby creating a 
good supervision environment for independent directors to play a su-
pervisory role.  

(2) The nature of property rights in listed companies 

Studies show that SOEs and non-SOEs differ in terms of social status, 
business objectives and social responsibilities (Zhang, Ma, Su, & Zhang, 
2014). As SOEs typically have different regulatory environments and 
management philosophies from non-SOEs, they have different in-
centives to engage in surplus management (Wang, Braam, Reimsbach, & 
Wang, 2020). Hence, we examine whether the effect of the cultural 
similarity of non-local independent directors on financial reporting 
quality varies between SOEs and non-SOEs. We divide the firms in our 
sample into SOEs and non-SOEs based on the nature of their property 
rights, and report the results in columns (5) and (6) of Table 4. In the 
SOE subsample, the coefficient on CSimilar is − 0.001, significant at the 
10% level. In comparison, in the non-SOE subsample, the impact on 
CSimilar is higher (− 0.004) and significant at the 1% level. In addition, 
we test the coefficient difference between the groups and obtain an 
empirical p-value of 0.008, significant at the 1% level. This indicates 
that the cultural similarity of non-local independent directors has a 
strong effect on financial reporting quality when listed companies are 
non-SOEs, while the effect in SOEs is limited.  

(3) The degree of marketization 

The degree of marketization refers to the level and extent of market 

development in a region. Studies have shown that in regions with a high 
degree of marketization, a well-developed system of legal protection and 
regulation provides institutional safeguards for the quality of financial 
information (Herath & Albarqi, 2017). To measure the degree of mar-
ketization, we draw on the provincial marketization index database of 
China, which is available at https://cmi.ssap.com.cn/. We use the 
marketization index of each provincial administrative region from 2005 
to 2019 as a proxy for the degree of marketization, and match this index 
with the place of incorporation of each company in our sample. 

Drawing on the provincial marketization index database of China,5 

we use the marketization index of each provincial administrative region 
from 2005 to 2019 as a measure of the degree of marketization, and 
match this index with the registered headquarters of each company in 
our sample. We divide the firms in our sample into a high marketization 
group and a low marketization group based on whether the marketiza-
tion index of a company's registered headquarter is higher than the 
national average degree of marketization in a year, and conduct 
regression analyses. The results in columns (7) and (8) of Table 4 show 
that the coefficients of CSimilar are negative and significant at the 1% 
level in the high marketization group, but not significant in the low 
marketization group. One potential explanation is that companies 
operating in a good external governance environment generally have 
higher information quality and internal communication efficiency 
(Jacoby, Liu, Wang, Wu, & Zhang, 2019), thus creating a better external 
regulatory environment for non-local independent directors' cultural 
similarity to play a significant role in monitoring the financial reporting 
quality of listed firms. Therefore, in regions with a high degree of 
marketization, the cultural similarity of non-local independent directors 
can have a greater impact on the financial reporting quality. 

6.2. Robustness tests  

(1) Instrumental variable test 

To overcome possible endogeneity problems, we use the raster-scale 
Chinese topographic slope indicator based on the terrain difference 
calculation of Feng, Tang, and Yang (2007) as an instrumental variable 
(DIFF_Podu, measured as the absolute value of the difference between 
the topography of a company's registered headquarter and the average 
topography of an independent director's birthplace) to re-examine the 
impact of the cultural similarity of non-local independent directors on 
the financial reporting quality of listed companies. We choose this in-
dicator as an instrumental variable because topography is an important 
natural condition in a region, and the historical formation of dialects is 
usually closely linked to topography. The more complex the topography, 
the steeper the slope, and the more mountains and rivers there are, the 
more likely the region was historically divided into different small, 
relatively enclosed areas. The population of a region was divided 
accordingly, resulting in the formation of multiple dialects in that region 
and, therefore, the formation of distinct local cultures in each dialect 
area. Therefore, the steeper the topographic slope of a region, the more 
likely the region will develop a different culture (i.e., the cultural sim-
ilarity of a region is negatively related to its topographic variance value). 

However, the financial reporting quality of listed companies does not 
influence the natural topography, especially in modern society in which 
topographic differences have little effect on corporate behavior as 
accessibility continues to increase. Therefore, terrain differences have 
no direct effect on corporate governance behavior. 

Following Gorodnichenko and Roland (2021), we also use genetic 
distance (Gene) as an instrumental variable of cultural similarity. To 
measure Gene, we use immunoglobulin Gm haplotype frequency data, a 
widely used genetic marker due to its stability and ethnic heterogeneity. 
Genetic genes are highly exogenous because they are constructed from 

Table 4 (continued )  

(5) (6) (7) (8) 

Variable DA DA DA DA 

SOE Non-SOE High 
marketization 

Low 
marketization 

R-squared 0.138 0.194 0.199 0.205 
Year FE Yes Yes Yes Yes 
Industry FE Yes Yes Yes Yes 
t-test (p- 

value) 0.008*** 0.010** 

Robust t-statistics are reported in parentheses. *，**and *** denote significance 
at the 10%， 5% and 1% levels，respectively. 

5 The database is available at https://cmi.ssap.com.cn/. 

Y. Zeng et al.                                                                                                                                                                                                                                    

https://cmi.ssap.com.cn/
https://cmi.ssap.com.cn/


International Review of Financial Analysis 90 (2023) 102918

9

neutral genes that are not subject to natural selection and vary randomly 
(Spolaore & Wacziarg, 2009). They are also not influenced by institu-
tional or economic factors and are randomly divergent. Hence, reverse 
causality is unlikely to be an issue. 

The results of our instrumental variable tests are presented in col-
umns (1) to (4) of Table 5. Columns (1) and (3) report the results of the 
first-stage regression. The results show that DIFF_Podu and Gene are all 
significantly and negatively correlated with CSimilar, indicating that 
these variables are valid instrumental variables of cultural similarity. 
Moreover, the greater the magnitude of these variables, the lower the 
dialect similarity. The F-statistics for the weak instrumental variable test 
indicates that these instrumental variables are not weak. 

Columns (2) and (4) show the results of the second-stage regression. 
All of the instrumental variables remain negative and significant, which 
again confirms the main findings of this study that the cultural similarity 
of non-local independent directors does indeed reduce earnings man-
agement by listed companies and improve their financial reporting 
quality. Therefore, our main results are robust.  

(2) Substitution of explanatory variables 

We use the reliability of financial statements (Weak) as a proxy for 
financial reporting quality. If a firm issues a financial restatement, it may 
indicate that its financial report is of low quality and unreliable. In this 
case, Weak takes a value of 1 and 0 otherwise. Columns (1) of Table 6 
show the empirical results. 

We also use other DA2 as alternative measures of financial reporting 
quality. Following Kothari, Leone, and Wasley (2005), We control for 
the impact of performance on estimated discretionary accruals using a 
performance-matched firm's discretionary accrual. Then we use the 
modified Jones model with performance adjustment to calculate the 
absolute value of discretionary accruals, which is DA2. 

TACCi,t

ASSETi,t− 1
= α1

1
ASSETi,t− 1

+ α2
ΔREVi,t

ASSETi,t− 1
+α3

PPEi,t

ASSETi,t− 1
+ α4ROAi,t + εi,t

(6)  

where TACCi,t is total accruals in year t. ASSETi,t− 1is total assets in year t- 
1. ΔREVi,t is the change in operating income. PPEi,t is the original value 
of fixed assets, and ROAi,t is return on assets. The residual (εt) from the 
regression is the level of discretionary accruals. The regression results 
reported in columns (2) of Table 6. 

The results show that the coefficients on CSimilar is negative and 
significant, indicating that an increase in the cultural similarity of non- 
local independent directors will significantly improve the financial 
reporting quality of listed companies. This finding confirms the 
robustness of our results.  

(3) Controlling for firm fixed effects 

We also control for firm fixed effects, taking into account unob-
structed characteristics of firms. The regression results reported in col-
umns (3) of Table 6 show that the direction and significance of the 
coefficients on CSimilar are consistent with our previous results after 
controlling for firm fixed effects, indicating the robustness of our results.  

(4) Deleting certain observations 

Table 5 
Instrument variable regression.   

(1) (2) (3) (4) 

Variable CSimilar DA CSimilar DA 

DIFF_Podu 
− 0.684***    
(− 34.643)    

Gene   − 4.896***    
(− 63.754)  

CSimilar  − 0.007**  − 0.009***  
(− 2.064)  (− 2.953) 

Size 
− 0.065*** − 0.007*** − 0.030*** − 0.008*** 
(− 9.332) (− 10.283) (− 6.524) (− 9.868) 

ROA 
0.109 − 0.152*** − 0.180** − 0.151*** 
(1.275) (− 10.950) (− 2.018) (− 10.464) 

Growth − 0.014* 0.017*** − 0.014** 0.018*** 
(− 1.862) (9.484) (− 2.134) (8.575) 

TOP1 
0.241*** 0.012*** 0.185*** 0.014*** 
(6.074) (3.436) (5.847) (3.743) 

Lev 
− 0.033 0.043*** − 0.097*** 0.044*** 
(− 1.154) (10.235) (− 3.857) (11.452) 

Tangible 
− 0.120*** 0.009** − 0.299*** 0.009** 
(− 3.064) (2.274) (− 8.458) (2.295) 

Dual − 0.003 0.000 0.024** 0.000 
(− 0.430) (0.573) (2.250) (0.462) 

Bsize 
− 0.018*** − 0.001** − 0.011*** − 0.001** 
(− 4.352) (− 2.232) (− 3.953) (− 2.254) 

IDP 
− 0.278** 0.013 − 0.045 0.012 
(− 2.356) (1.054) (− 0.705) (1.242) 

Mshare 0.285*** − 0.006* 0.354*** − 0.006** 
(7.377) (− 1.753) (9.964) (− 1.992) 

EDU 0.001* − 0.003 0.003* − 0.002 
(1.685) (− 1.221) (1.894) (− 1.057) 

SOE 
0.185*** − 0.009*** 0.166*** − 0.008*** 
(11.883) (− 5.734) (11.663) (− 4.956) 

Constant 
3.751*** 0.208*** 2.930*** 0.201*** 
(27.984) (12.551) (24.454) (12.647) 

Obs. 28,209 28,209 28,209 28,209 
R-squared 0.190 0.172 0.321 0.170 
Year FE Yes Yes Yes Yes 
Industry FE Yes Yes Yes Yes 
F value in 

the first stage 165.2 527.6 

Robust t-statistics are reported in parentheses. *，**and *** denote significance 
at the 10%， 5% and 1% levels，respectively. 

Table 6 
Other robustness tests.   

(1) (2) (3) (4) 

Variable Weak DA2 DA DA 

CSimilar 
− 0.008*** − 0.002*** − 0.004** − 0.005*** 
(− 4.046) (− 3.143) (− 2.053) (− 3.884) 

Size − 0.032*** − 0.003*** − 0.007*** − 0.009*** 
(− 12.431) (− 9.865) (− 4.745) (− 10.223) 

ROA 
− 0.443*** 0.043*** − 0.156*** − 0.151*** 
(− 10.623) (8.371) (− 10.422) (− 11.204) 

Growth 
0.010** 0.006*** 0.012*** 0.013*** 
(2.354) (7.785) (7.006) (6.156) 

TOP1 
− 0.065*** 0.006** 0.022** 0.013*** 
(− 3.785) (2.285) (2.117) (3.984) 

Lev 0.194*** 0.028*** 0.031*** 0.045*** 
(10.551) (11.174) (4.424) (8.843) 

Tangible 
− 0.012 − 0.028*** − 0.001 0.008** 
(− 0.834) (− 13.485) (− 0.328) (2.074) 

Dual 
0.005 0.000 0.000 − 0.000 
(0.745) (1.075) (0.201) (− 0.095) 

Bsize − 0.000 − 0.001* − 0.000 − 0.001* 
(− 0.181) (− 1.758) (− 0.751) (− 1.732) 

IDP 0.021 − 0.001 0.019 0.015 
(0.643) (− 0.358) (0.435) (1.364) 

Mshare 
− 0.028*** − 0.001 − 0.002 − 0.006* 
(− 4.754) (− 0.964) (− 0.574) (− 1.748) 

EDU 
− 0.001 − 0.002 − 0.000 − 0.002 
(− 1.064) (− 1.081) (− 0.556) (− 1.495) 

SOE − 0.027*** − 0.004*** − 0.010*** − 0.009*** 
(− 4.095) (− 3.842) (− 2.865) (− 6.094) 

Constant 1.008*** 0.123*** 0.091*** 0.211*** 
(14.965) (13.708) (6.853) (15.339) 

Obs. 28,209 28,209 28,209 25,643 
R-squared 0.179 0.096 0.240 0.158 
Year FE Yes Yes Yes Yes 
Industry FE Yes Yes No Yes 
Firm FE No No Yes No 

Robust t-statistics are reported in parentheses. *，**and *** denote significance 
at the 10%， 5% and 1% levels，respectively. 
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We further process the sample by excluding all observations with a 
value of 0 for CSimilar. The results reported in columns (4) of Table 6 
show that the coefficients on CSimilar is still negative and significant, 
indicating the robustness of our results. 

7. Conclusion 

In this study, we empirically test the impact of the cultural similarity 
of non-local independent directors on the financial reporting quality of 
listed companies using data from China over the 2005–2019 period. We 
manually identify the birthplaces of non-local independent directors, 
match them with their respective dialect supergroups, dialect groups 
and dialect subgroups and measure dialect similarity to collate a unique 
dataset. The results show that the cultural similarity of non-local inde-
pendent directors significantly improves the financial reporting quality 
of Chinese listed companies, and these results are robust to different 
tests such as endogeneity tests, controlling for firm fixed effects and 
replacement of explanatory variables. In the mechanism analysis, we 
show that the cultural similarity of non-local independent directors 
improves financial reporting quality by improving the internal control 
quality and information disclosure quality of listed companies. In our 
heterogeneity analysis, this effect is more pronounced when the listed 
company has a better external monitoring environment, for a non-state- 
owned enterprise (non-SOEs) and for the company is located in a region 
with a high degree of marketization. 

Based on our research findings, relevant suggestions are proposed as 
follows. First, Regulators have a crucial role to play in improving the 
effectiveness of independent directors in listed firms. To achieve this, 
they should focus on strengthening the supervisory and advisory role of 
independent directors, reflecting their functional value. The selection 
process for independent directors should take into account the specific 
needs of the company, such as companies with high consulting or su-
pervision requirements. A reasonable selection of independent directors 

is essential for the development of corporate governance. The supervi-
sory and advisory functions of different independent directors should be 
combined to maximize the overall governance effectiveness of the board 
of directors. By supervising the selection process and emphasizing the 
importance of independent directors' roles, regulators can promote 
greater transparency and accountability in corporate decision-making. 

Secondly, companies should consider implementing measures to 
optimize the appointment mechanism for independent directors in 
different locations. For instance, non-local independent directors could 
be encouraged to conduct on-site research, and more information should 
be shared between listed companies and their non-local independent 
directors. This will enable independent directors to participate more 
effectively in the company's development and play their monitoring 
role, thereby promoting the overall improvement of the corporate 
governance environment. 

Lastly, in addition to the mandatory regulatory function of formal (or 
explicit) governance mechanisms, more attention should be given to the 
role of informal institutional factors, such as traditional customs, moral 
ethics, and cultural norms, in economic and social development. As a 
complete formal governance mechanism is being constructed, informal 
institutional factors can be directed to play a positive role in economic 
and social development, further complementing the formal system. 
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Data will be made available on request. 
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Appendix A. Variable definitions  

Variable Definition 

DA Absolute value of discretionary accruals 
CSmilar Dialect similarity (the average dialect similarity degree of the annual non-local independent directors of the company) 
Dia Proportion of non-local independent directors from the same dialect groups to the total number of non-local independent directors 
Size Firm size (natural log of total assets) 
ROA Return on assets (ratio of net profit to total assets) 
Growth Revenue growth rate 
TOP1 Percentage of shares held by the largest shareholder at the end of the year 
Lev Leverage ratio (ratio of total ending liabilities to total ending assets) 
Tangible Proportion of fixed assets (ratio of net fixed assets to total assets) 
Dual Coded as 1 if there is a dual CEO-chairman role at a firm, and 0 otherwise 
Bsize Board size (number of directors) 
IDP Proportion of independent directors 
EDU Education level of non-local independent directors 
Mshare Proportion of shares held by management 
SOE Coded as 1if the firm is a state-owned enterprise, and 0 otherwise  
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A B S T R A C T   

Based on the blockchain + software defined network(SDN) technology, we explore and research a new smart 
energy networks IoT architecture model of distributed trust to solve the “stuck neck” problems such as band-
width constraints and trust obstruction of the current centralized network architecture of smart energy networks. 
In order to achieve efficient data flow and sharing and co-governance. Based on the MTP-Argon2 hash function 
algorithm in the Itsuku PoW technical solution, we add computing power optimization and correction multi- 
objective optimization operations, and use the network control right separation technology of the FS-Open Se-
curity SDN model to establish local database access policies and storage credentials. The traditional hardware 
devices are separated from the centralized network architecture of the smart energy network into a hybrid 
network architecture model of distributed trust. The results show that the distributed trust hybrid network ar-
chitecture model achieves low latency and circumvents network bandwidth limitations, reflecting the energy 
efficiency gain and security stability of the model, as well as network load robustness.   

1. Introduction 

Major countries in the world are accelerating the development of 
blockchain technology. The integrated application of blockchain tech-
nology plays an important role in new technological innovation and 
industrial transformation. Blockchain is an important breakthrough for 
independent innovation technology. China attaches great importance to 
the integration and application of blockchain technology, strives to 
promote the underlying technical services of blockchain, focuses on the 
integration with the construction of new smart energy networks, ex-
plores the construction of information infrastructure, and uses block-
chain technology to promote smart energy networks. Large-scale 
interconnection to ensure the orderly and efficient flow of production 
factors within the region. The above discussion clarifies the importance 
of combining the core technology of blockchain with the construction of 
intelligent energy network information infrastructure in my country in 
the future, as well as the response strategy to ensure the orderly and 
efficient flow of production factors in energy. Based on the above main 
directions, we strive to overcome the bottlenecks and limitations of the 
current network architecture of smart cities, and combine the core 

technology of blockchain with the construction of smart energy net-
works information infrastructure to solve the key to the orderly and 
efficient flow of production factors in urban areas. Scientific and tech-
nological issues are of theoretical significance in line with the national 
development strategy of network power and the development of the 
digital economy. 

The Internet of Things (IoT) has given vitality to traditional devices, 
and its intelligent and autonomous vision is being quietly realized by the 
commercialization of technologies such as 5G, NB-IoT and eMTC. The 
“Smarter Planet” concept was proposed by IBM in 2008. Today, with the 
technological innovation and diffusion of the Internet, big data and 
artificial intelligence, IoT technology that “everything can be linked” 
has made the smart energy network a reality. The centralized IT infra-
structure of smart energy networks originates from exponentially 
growing intelligent information processing devices controlled by het-
erogeneous network systems [1,2], as well as ubiquitous sources of 
sensor information on the order of millions; however, in the “everything 
can be linked” of IoT, the massive unstructured data formed by the 
network connection exceeds the traditional data by several orders of 
magnitude, and the real-time management, exchange, storage, and 
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mining processing processes of streaming data make the traditional 
smart energy network architecture still inevitable. Latency, bandwidth 
bottlenecks, data reliability, privacy and security, and scalability issues. 
The proliferation of emerging technology innovations will drive the 
iterative development of future smart energy networks and IoT [3]. It is 
necessary to rethink the design of an efficient, safe and scalable 
distributed network architecture based on network energy efficiency 
and storage resource terminals to solve the current centralized network 
architecture of smart energy networks. The constraints of data security 
and the limitations of data security are explored, and the integrated 
application to realize the transformation of the smart energy Internet of 
Things to a self-regulating and self-managing distributed network ar-
chitecture model is explored. 

Based on blockchain + SDN technology, we build a prototype of a 
new smart energy network operation model, which is the main inno-
vation of this paper. We conducted systematic literature mining on the 
IoT scalability network efficiency and security requirements on which 
smart energy networks rely, as well as the energy efficiency of IoT by 
blockchain technology. Looking forward to discovering the use of 
blockchain to solve IoT technology security issues? And how to achieve a 
self-regulating, self-managing distributed model transformation of 
smart energy IoT operations through SDN? We use these two themes as 
clues to carry out a comprehensive literature study. However, from the 
existing literature retrieval research, it is found that the research work of 
smart energy network architecture based on blockchain and SDN is rare. 
This may also confirm the novelty of the research idea of building a 
smart energy hybrid network model with blockchain and SDN technol-
ogies. Therefore, we find the current research significance from the two 
aspects of blockchain consensus mechanism technology (BCM) and SDN, 
and expand the theoretical significance and application value of applied 
basic research based on the above technologies. 

2. Related work 

In this section, we summarize the traditional approaches related to 
blockchain technology resolution services, and provide some back-
ground about the blockchain and its latest applications for achieving 
distributed trusted resolution services. 

2.1. Traditional approaches 

We found from the research of existing high-cited literature [4] on 
the theme of blockchain technology, one of which is the focus of 
financial technology research. Pilkington (2016) outlined the evolu-
tionary technologies of blockchain, such as Ethereum, Ripple, Gridcoin, 
and blockchain related research based on Markov Chain theory, put 
forward the practical basis for the non-financial application of block-
chain [5]. Tschorsch and Scheuermann (2015) studied robust models 
based on digital currency technology, discussed the characteristic 
properties of Bitcoin, and described the consensus mechanism in detail. 
Second, focus on general applications of blockchain and home IoT [6]. 
Dorri, Kanhere, & Jurdak (2017) propose a lightweight smart home IoT 
architecture, focusing on the limitations of blockchain, while proposing 
solutions to avoid Bitcoin’s computationally intensive, TX confirmation 
delay, and scalability issues [7]. Huh, Cho, & Kim (2017) use blockchain 
smart contracts to configure and manage IoT devices to circumvent the 
security and synchronization issues of traditional C/S server architec-
tures [8]. Buterin, Reijsbergen, Leonardos and Piliouras(2020) leverage 
the trust distributed architecture of blockchain to build Ethereum smart 
contract configuration and home IoT devices. Third, pay attention to the 
security technical issues highlighted by digital currency and transactions 
[9]. Conoscenti, Vetrò and De Martin (2016) different from the block-
chain application of the encryption mechanism, a literature review was 
conducted on the applicability of digital currency transaction security 
technology to find the Bitcoin such as integrity attacks, 
de-anonymization and other related vulnerabilities [10]. Dagher, Bünz, 

Bonneau, Clark, and Boneh (2015) conducted an in-depth analysis of 
Bitcoin forks based on many Bitcoin security properties, summarized 
and proposed alternatives to Bitcoin consensus mechanism, user ano-
nymity or privacy technology [11]. Fourth, the operation mechanism of 
blockchain and smart contracts, and the application of Industry 4.0 have 
become new topics in the industry. Christidis, and Devetsikiotis (2016) 
[12]delved into the operational mechanisms of blockchain and smart 
contracts, such as shared services and resource pooling mechanisms 
among IoT devices, as well as P2P markets and supply chain manage-
ment (SCM) mechanisms for renewable sources, expanding A practical 
case of blockchain and IoT. the paper also focuses on testing the appli-
cation of blockchain in IoT with low TX throughput, high latency of 
blockchain based on Proof of work (PoW), user and TX content privacy, 
as well as the performance characteristics and expectations of smart 
contracts related legal and transformational issues. In addition, research 
on the promotion and application of blockchain technology in the 
manufacturing industry has also become a new topic, such as the stra-
tegic route to Industry 4.0 [13] and the prospect of smart factories 
implementing Industry 4.0 [14].Most of the previous literature focuses 
on the foundation and theory of independent blockchain technology or 
SDN [15], or discussions of exploration and verification applications 
[16], and research on the application of blockchain and IoT in specific 
scenarios [17]. At present, the most familiar research accumulation with 
this paper is the subject research on Chain-network Integration between 
Blockchain and Enterprise Network [18,19], but It is still in the stage of 
theoretical research and has not been further extended. 

The above literature mainly focuses on blockchain-related research 
based on Markov Chain theory, smart contracts, future manufacturing 
application exploration, industry 4.0 strategic route support, blockchain 
privacy protection and efficient aggregation, blockchain and The pro-
motion and application of digital currency technology, DDoS attacks and 
51% attacks highlighted by Bitcoin and Bitcoin transactions, as well as 
problems such as Ethereum mining, energy efficiency and applicability. 
However, from the perspective of smart energy and the Internet of 
Things, the related research that explores blockchain technology to 
solve problems such as the scalability of smart energy networks, data 
transmission delay, network bandwidth congestion, data privacy and 
security, etc., has not received extensive attention. , the thematic 
research has its theoretical contribution to seize the dominance of the 
new generation of information technology, showing the urgent need of 
thematic research. 

2.2. Blockchain and relevant nonrepudiation applications 

Under the background of the national development strategy of 
building a network power country and developing a digital economy 
with blockchain technology, it combines the concept of a hybrid 
network architecture with blockchain and SDN technologies, combining 
the core technology of blockchain with information infrastructure. 
Building a scalable smart energy IoT to overcome the bottlenecks and 
limitations of the current architecture. That will help to enhance access 
control security, data privacy, network storage and scalability, circum-
vention of bandwidth limitations, etc., to achieve a transition from an 
expensive, cumbersome and over-centralized centralized smart energy 
network architecture to a self-regulating, self-management The trans-
formation of the distributed network architecture model to solve the 
“stuck neck” problems such as “bandwidth constraints” and “trust 
obstruction” of the current centralized network architecture, so as to 
achieve efficient energy flow and resource sharing and co-governance. It 
is a trend to focus on the integrated application of blockchain technol-
ogy in smart energy networks and to promote the research and devel-
opment of blockchain underlying technology services. 

First, the shared value system of the blockchain gradually forms a 
consensus. Traditional industries and emerging industries rely on shared 
value systems to develop decentralized applications (Dapps) in order to 
build decentralized trust autonomous organizations and decentralized 
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autonomous society, (DAS) in central cities around the world. In 
response to current and future challenges, smart energy may be able to 
take advantage of SDN and blockchain technology to design solutions 
specifically to address the challenges of network scalability, data 
transmission delay, network bandwidth congestion, data privacy and 
security, etc. A new architectural model shift for self-regulating, self- 
managing distributed networks to address the limitations of a central-
ized network architecture for smart energy. 

Second, the original intention of the “six ones” planning and design 
of smart energy makes the construction of smart energy network ar-
chitecture tend to be centralized IT infrastructure. On the basis of 
traditional data center network architecture (such as Fat-tree, Portland, 
VL2, Dcell, Bcube, etc.), combined with the dynamic monitoring char-
acteristics of smart energy construction, a perception layer represented 
by MEMS, GPS, smart sensors and other technologies is built [1]. The 
network layer with multiple wireless communication methods as the 
core and the application layer with multiple specialized capabilities 
[20]. In the future of highly intelligent cities, smart energy networks can 
provide all organizations or individuals with a high-quality transaction 
experience through smart transportation, smart living, smart mobility, 
smart energy, and smart business models. However, the exponentially 
growing intelligent information processing infrastructure controlled by 
heterogeneous network systems, as well as the ubiquitous millions of 
information source sensors, and the massive data formed by them, give 
the intelligent energy network framework of the centralized IT infra-
structure. , bringing increasing pressure. These include network scal-
ability, data transmission delay, network bandwidth congestion, data 
privacy and security issues. 

3. Preliminary 

This section provides the necessary background knowledge of the 
consensus mechanism and Software Defined Network(SDN) used in this 
paper. 

3.1. Understanding and discovery of the applicability of consensus 
mechanism technology 

The blockchain shared value system is applied by cryptocurrencies, 
and with the proposal of the blockchain ecosystem, it has evolved and 
developed, such as Ethereum, smart contracts and asset tokenization 
(ICO), etc. The sharing economy, and even the blockchain country. 
Privacy and security of the blockchain ecosystem, and properties such as 
immutability. It is guaranteed by consensus mechanisms such as Proof of 
Work (PoW), Proof of Stake (PoS) and Delegated Proof of Stake (DPOS), 
as well as distributed ledger consistency. In cryptocurrency and block-
chain technology, PoW is the core content that supports large-scale 
distributed public ledgers. This mechanism makes any block data 
tampering or attacking behavior, the block must be recalculated and All 
subsequent blocks form a SHA-256 puzzle. Proof-of-work is powered by 
the output of a hash function, originally proposed to mitigate spam 
problems, and later as the Bitcoin protocol. Proof of work is usually 
iteratively computed based on the double encryption function SHA-256, 
which is easy to check but difficult to compute [21]. As the core algo-
rithm of cryptographic functions, Argon2 was developed in 2010, 
became the optimal algorithm in the hash cryptography competition in 
2015, and was later fully applied [22]. Biryukov et al. (2016) proposed a 
proof-of-work scheme using Merkle hash trees on the Argon2 hash 
chain. It consists of storage encryption and parameter calculation ex-
amples for cryptocurrency applications, a proof-of-work model is used to 
construct a Merkle tree, and a leaf set is selected based on the 
pseudo-random hash of the root of the Merkle tree as a basis for calcu-
lation. In the Argon2 chain, it is difficult for an attacker to find the 
correct content of the Argon2 chain block through the Merkle tree path. 
Therefore, if an attacker tries to deceive and store only part of the 
Argon2 chain, it will be quickly discovered. Currently, the algorithm is 

considered to be superior to Bcrypt, the most widely used cryptographic 
hash function today, both in terms of security and cost-effectiveness. In 
addition to being a cryptographic hash function, the algorithm is also 
suitable for data privacy and security operations based on consensus 
mechanisms such as blockchain of PoW. 

3.2. Understanding and discovery of the applicability of SDN technology 

SDN originated from the Clean Slate research project of Stanford 
University in 2006. It is a new network architecture model that can 
define and control the network in the form of software programming. It 
has the characteristics of separation of control plane and forwarding 
plane, and open source programmability. Structural research provides a 
new approach and greatly promotes the development of the next- 
generation Internet. SDN has the characteristics of openness, standard-
ization, and programmability through the hierarchical distribution set-
tings of the network architecture, replacing the traditional expensive, 
complicated and excessively centralized network architecture. From the 
previous literature research, it can be found that there are different 
network architecture models existing on the SDN architecture. Mon-
shizadeh, Khatri, & Kantola (2017) proposed a multi-layer IDS model 
[23], which uses programmable SDN control switches to detect and 
prevent future failures. Authorized attack network, clustered SDN 
application and control, and detection-as-a-service (DaaS) algorithm 
functions, highlighting the combination of load balancing technology 
and clustering of sampled traffic, reducing the computing power cost 
and network delay in the SDN controller. Machado et al. (2017) propose 
an ANSwer architecture with network functions virtualization (NFV) 
and SDN capabilities [16] that can create scalable network policies and 
feedback control loops to identify and analyze abnormal behavior of 
network infrastructure. Ammar et al. (2016) propose an enhanced SDN 
data center security network architecture [24]. The architecture com-
bines the programmability of SDN and detects threats through persistent 
search and analysis of abnormal behavior of network traffic, and uses 
security agents to collect and analyze security logs to block attacks. As 
well as improving data center security performance at the physical 
network security layer by integrating applications at the adaptive layer. 
In addition, Sharma et al. (2017) proposed a blockchain-based distrib-
uted in-vehicle network architecture in smart cities, which provides 
ideas for building a safe and reliable distributed network architecture 
model for transmission management systems [20], and that proposed 
the DistBlockNet model, a distributed mesh network model for IoT using 
SDN and blockchain, which defines an update scheme of data flow rules 
to update and verify the mesh securely of data flow rules in the network. 
However, due to the lack of standardization of smart energy IoT prod-
ucts, countries around the world have not agreed on a single smart en-
ergy network architecture model standard. The layered architectures 
and their tasks, functions or purposes discussed in different literatures 
vary according to the scenarios and application practices. 

4. Approach 

The IoT of a smart energy network system usually consists of three 
elements: sensor nodes, IoT gateways, and access points. Since sensor 
nodes in smart energy networks are usually limited in computing and 
storage resources, when the IoT of SDN is combined with a blockchain 
system, these sensor nodes are usually divided into transaction nodes in 
the blockchain system, at each boundary the miner nodes of the network 
use MiniNET to build SDN support controller nodes. The blockchain 
system through SDN allows border transaction nodes to only send 
transactions without mining and storing complete ledger information. 
The smart energy IoT gateway can be used as the full node (FNs) of the 
blockchain system SDN, which has abundant computing and storage 
resources. We use the network control separation technology of the FS- 
Open Security SDN model to establish local database access policies and 
storage credentials, so the blockchain system requires full nodes to 
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perform hash operations to access the ledger and store new blocks. In the 
SDN model network, we define the access point to determine whether it 
is the node of the gateway’s block transmission by sending an ACK 
frame, and the access point does not participate in mining, as a backup 
for the download of the new block gateway, which can be used for blocks 
sent by the storage gateway. 

4.1. Test environment 

We use the go-Ethereum experimental platform to build a private 
blockchain network according to the experimental parameters and 
performance requirements, and test the distributed properties of the 
hybrid network architecture through the Mist browser simulation 
experiment. We use the Argon2 hash function algorithm to define the 
generated block, and use MiniNET to build the SDN support controller 
node on the miner node of each border network. The random concurrent 
big data is generated through the computing power simulation of the 
combination of distributed computer server groups, and it is defined as 
the hash transaction of the blockchain. We assume that there are N 
gateways in IoT, and the computing power of the gateways is constant. 
The minimum contention window Wmin on the node is set to 1, the 
maximum contention window Wmax is set to 2048, the maximum backoff 
stage m is set to 8, the packet header H is set to 256 bits, the size of the 
ACK frame is set to 512 bits, and the channel bit rate is set to 1Mbit/s, 
the transmission delay is set to 2μs, the time slot size is set to 64μs, the 
short inter-frame interval SIFS is set to 16μs, the distributed inter-frame 
interval DIFS is set to 128μs, the size of the block header Dh is set to 512 
bits, and the size of the transaction Dt is set to 1 M bits. 

4.2. Test process 

We adopt the IEEE 802.11 distributed coordination function to 
transmit blocks, and define Proof of Work (PoW) as the output of the 
Hash function of the Argon2 hash function algorithm. Essentially, PoW 
has the characteristics of being difficult to tamper with and verify, which 
is equivalent to finding a hard solution to the random process of Hash 
Collision (HC) to reduce the occurrence of block collisions. The PoW 
algorithm needs to go through the following steps to reach a consensus 
in the IoT of the smart energy network system: First, the sensor node acts 
as a transaction node to generate a new transaction and broadcast it to 
all nodes through a broadcast channel. Second, full nodes collect new 
transactions and continuously perform hash operations (mining) to 
compete for the priority of producing legitimate blocks. Third, the 
gateway that generates the legal block competes for the channel based 
on the distributed coordination function and obtains the block broad-
casting right. Fourth, after the sensor node and the full node accept and 
verify the new block, the new block is stored in the ledger of the 
transaction node in the divided blockchain system, and an ACK frame is 
returned to the full node that sent the block. Fifth, when a new block is 
stored in the transaction node ledger in the blockchain system, the block 
has reached a preliminary consensus. Sixth, with the continuous accu-
mulation of subsequent blocks, the probability of the block storage 
transaction being tampered with will decay exponentially, that is, the 
more blocks accumulated, the higher the degree of consensus. 

5. Results analysis and discussion 

5.1. Results analysis 

On the premise that the forked block is not broadcast, the PoW al-
gorithm can increase the block generation rate by reducing the difficulty 
value of the hash operation, so as to achieve the purpose of improving 
the transaction throughput. In order to verify the performance of the 
PoW algorithm using the block access control scheme in the hybrid 
network architecture IoT, we deduced the transaction throughput, block 
loss rate, block utilization and mining pause time to derive expressions 
for performance metrics.  

● Transaction Throughput 

Transaction Throughput is the maximum number of transactions per 
second that a block can successfully transmit on a network channel. We 
believe that transaction throughput is equal to the number of blocks 
successfully transmitted per second on the channel multiplied by the 
maximum number of transactions a block can hold. In order to reduce 
the probability of forks and improve the consensus efficiency, consider 
that the gateway can transmit a whole block after each block rollback, 
including the block header and all transactions in the block. In this case, 
a single packet average (bits) can be identified as the size of a block. We 
deduce the transaction throughput formula with reference to the Mar-
kov chain model network throughput calculation formula: 

Vw = p1 dp
/
（p0 t + p1 Ts +（1 − p0 − p1）Tb） (1)  

Ts =Hd + dp + 2λ + SIFS + ACK + DIFS (2)  

Tb =Hd + dp + DIFS + λ (3) 

Among them, λ is the block generation rate, SIFS is the short inter- 
frame space, DIFS is the distribution coordination function inter-frame 
space, and ACK is the response inter-frame space. Use Ts to represent 
the size of the block header, Tb to represent the size of a transaction, and 
dp to represent the maximum number of transactions that a block can 
accommodate. Since each successful transmission of a block can 
accommodate up to dp transactions, the transaction throughput Vw can 
be obtained.  

● Block discard rate 

The block discard rate Vd is defined as the number of forked blocks 
discarded by the gateways of the entire network per second. This per-
formance indicator can reflect the wasted computing resources of the 
PoW consensus process from the side. Blocks are discarded in two cases: 
First, when a successful block transfer occurs in the channel, one or more 
gateways are in block rollback state Vd1. Second, when a block collision 
occurs in the channel, one or more gateways are in block transfer state 
Vd2. Through integration, the total block discard rate Vd= Vd1+Vd2 can 
be obtained. According to the transaction throughput formula, the 
expandable formula is:   

V (d)=

(
∑dp − 1

dp=0
dp ×P{Vd1}+

∑dp − 1

dp=0
dp ×P{Vd2}

)
/ (

p1 dp +（p0 t+ p1 Ts+（1 − p0 − p1）Tb）
)

(4)   
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● Block utilization and mining suspension probability 

In order to study what proportion of blocks can become effective 
blocks to protect the security of the ledger, the block utilization rate is 
represented by Vu, which is defined as the steady-state proportion of the 
number of successfully transmitted blocks to the total number of 
generated blocks. To get Vu, we first analyze how many blocks the entire 
IoT can successfully transmit in T time. Let Vus be the successful block 
transmission rate, which means the number of blocks successfully 
transmitted per second in the entire network, and Vud be the number of 
blocks discarded by the entire IoT within T time. The block utilization 
rate can be expressed as: 

vu = lim
T→∞

(vu / (vu + vus)) (5) 

We analyze the steady-state probability pv of mining suspension, and 
its physical meaning is the long-range proportion of the entire network 
mining suspension time to the total system time. We can understand it 
this way, the average number of blocks generated by a gateway per 
second is λ, and its value is the quotient of the gateway hash rate and the 
hash operation difficulty value. When the mining strategy is not used to 
suspend mining, the entire network will generate dp blocks on average in 
T time. When affected by the mining strategy, the entire network will 
only generate dps blocks on average in T time. From this, we can get: 

pv = lim
T→∞

( (
λdp − (vu + vus)T

) /
λdp
)

(6)  

5.2. Results discussion 

Considering that the actual block size is determined by the number of 
transactions contained in the block, we use the above formula to 
calculate the change curve of transaction throughput, block discard rate 
and mining suspension probability according to the parameter settings. 
At the same time, we set the number of gateways dp and the block 
generation rate λ to 23, 24, 25and 26for comparative calculation to reflect 
the impact of the number of gateways on various performance 
indicators.  

● The impact of the maximum number of transactions on performance 

The results in Fig. 1 show that transaction throughput increases as dp 
increases. At the same time, the growth rate of transaction throughput 
will gradually decrease with the increase of dp, and eventually become 
stable. Even when dp = 220, the four curves have no downward trend. 
This is because when dp, increases, each time block rollback ends, a 
block sent by the gateway can accommodate more transactions. Statis-
tically speaking, the smaller the average backoff latency experienced by 
a single exchange, the more transactions per second are transferred. On 
the other hand, the larger the block generation rate λ and dp, the faster 
the transaction throughput grows, but the lower the maximum trans-
action throughput when it reaches a plateau. When dp = 220, the 
transaction throughput of λ and dp equal to 23 is 501tps, the transaction 
throughput of λ and dp equal to 24 is 604tps, the transaction throughput 
of λ and dp equal to 25 is 1047tps, and the transaction throughput of λ 
and dp equal to 26 is 1296 tps. This is because when dp is small, the block 
transmission delay is small. In this case, the larger λ and dp, the higher 
the channel resource utilization, the more transactions per second are 
transmitted. When the dp is large, the block transmission delay is large. 
In this case, the larger λ and dp, the more congested the channel, and the 
overload phenomenon occurs. The frequent collision of blocks reduces 
the maximum transaction throughput when it is stable. 

The results in Fig. 2 show that the block discard rate decreases as dp 
increases. This is because when dp increases, the block transmission 
delay increases, making the mining pause time longer. The mining 
suspension will slow down the block generation rate of the gateway, at 
the same time, reducing the probability of blocks appearing in the 
rollback state, and ultimately reducing the block discard rate. When dp is 
constant, the larger the λ and dp, the greater the probability of fork will 
be generated, and the more blocks will be discarded. According to the 
block utilization formula, we know that the block utilization does not 
change with the change of dp. That is, as dp increases, the ratio of the 
successful block transfer rate to the block discard rate is constant. 
Combining the results in Fig. 1, we can see that with the increase of dp, 
the successful block transmission rate and the block discard rate will 
decrease at the same rate, so that the block utilization rate can be kept 
constant. The reason for the decrease in the successful block trans-
mission rate is that the channel resources are limited. The longer the 
transmission time of a single block, the fewer blocks that can be suc-
cessfully transmitted per second. Since the premise of the test is that the 
gateway computing power and PoW difficulty value are constant, the 
decrease in the successful block transmission rate will lead to less 

Fig. 1. Evaluation of the impact of the maximum number of trans-
actions throughput. 

Fig. 2. Evaluation of the impact of the maximum number of transactions on the 
block discard rate. 
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cumulative computing power per unit time of the ledger. That is, an 
increase in dp reduces security. 

The results in Fig. 3 show that the mining suspension probability 
increases as dp increases. This is because when the dp increases, the block 
occupies the channel for a longer time, so the mining strategy will sus-
pend the mining of the gateway more frequently to reduce the genera-
tion of forks and keep the block utilization constant. On the contrary, if 
the mining suspension strategy is not used, when blocks are transmitted 
in the channel, forked blocks will be generated, which will reduce the 
block utilization rate. We can find that the larger the dp setting, the 
higher the transaction throughput of the consensus process, but the 
block utilization will not be affected while the throughput increases. On 
the other hand, the increase of dp will increase the block transmission 
delay, resulting in fewer accumulated blocks per unit time of the ledger, 
which affects security. Therefore, in actual scenarios, dp can be set ac-
cording to specific requirements to achieve a balance between perfor-
mance and security. 

It can be found from Fig. 4 that the block discard rate increases 
monotonically as λ increases, which is opposite to the effect of dp on the 
block discard rate in Fig. 3. This is because when λ becomes larger, more 
blocks will enter the rollback state at the same time, and only one of 
these blocks will be successfully transmitted in the end, and the rest will 
be discarded due to forks. In contrast, when the dp becomes larger, the 
probability of the pause time increases, and at the same time, there are 
fewer blocks entering the rollback state. In addition, we also found that 
the increase of the number of gateways dp and the block generation rate 
λ has a similar effect on the block discard rate, that is, the block discard 
rate increases. The results in Fig. 4 show that with the increase of λ, the 

block utilization rate will decrease, that is, the proportion of successfully 
broadcast blocks in the total generated blocks will become smaller. 
When the block utilization is less than 0.3, most of the blocks will be 
discarded due to forks. The reason for this phenomenon is that the in-
crease in the block generation rate increases the number of blocks that 
enter the rollback state at the same time, and the proportion of forked 
blocks increases. Since the computing power for generating forked 
blocks cannot be accumulated on the main chain of the ledger, under the 
condition that the computing power of the gateway is constant, the in-
crease in the proportion of forked blocks will “dilute” the computing 
power of the gateway and affect the security. 

6. Conclusion and limitations 

6.1. Conclusion 

Considering that the PoW consensus algorithm has the problems of 
limited transaction throughput and large consumption of computing 
resources, we propose a block access control scheme to deal with the 
fork problem of the PoW algorithm in the smart energy IoT scenario. We 
speed up the block generation rate while improving the effectiveness of 
computing resources to achieve the purpose of improving transaction 
throughput. Next, we established a Markov chain model [25] to analyze 
the performance of PoW algorithm with block access control scheme in 
smart energy IoT, including: transaction throughput, block discard rate, 
block utilization, and mining pause probability. 

The analysis results show that the PoW algorithm using the block 
access control scheme can achieve high transaction throughput in the 
smart energy IoT. Under ideal channel conditions, transaction 
throughput can reach up to 1296 tps. In the consensus process, the more 
transactions a single block contains, the higher the transaction 
throughput, but this also increases the block transmission delay, which 
reduces the cumulative blocks per unit time of the ledger, which affects 
security. When the computing power of the gateway is constant, the 
system can increase the block generation rate by reducing the PoW 
difficulty value to achieve the purpose of improving the transaction 
throughput, but at the same time, the block utilization and security will 
be reduced. Therefore, in actual scenarios, the block size and difficulty 
value can be set according to specific requirements to achieve a balanced 
load among transaction throughput, block utilization, and security. In 
general, the block access control scheme improves the transaction 
throughput and block utilization of the PoW algorithm in the smart 
energy IoT environment, but its resource consumption is still greater 
than the DAG consensus, and its advantages lie in energy efficiency and 
security stability, Not easily affected by network load. 

6.2. Limitations 

Based on the challenges and dilemmas faced by the current smart 
energy centralized network architecture, we conceive a conceptual 
model of distributed trust network operation to realize the smart energy 
IoT network security architecture and sustainable development, but 
there are still the following limitations:  

● Avoid the bottleneck problem of network bandwidth limitation. For 
the business practices and application scenarios of smart energy, the 
current centralized network architecture solutions are not suitable 
for circumventing network bandwidth limitations. Centralized 
network architectures have to send the massive data collected by 
sensors to the core network, which consumes a lot of network 
bandwidth, addresses bandwidth constraints and reduces bandwidth 
usage. We need to design a network architecture that allows 
distributed autonomous regulation and management of local data 
processing and analytical operations.  

● Avoid the single point of failure problem. Due to the massive data 
eruption of heterogeneous networks, the network architecture of 

Fig. 3. Evaluation of the impact of the maximum number of transactions on the 
probability of mining suspension.  

● Block Generation Rate and Performance Analysis 

Fig. 4. Comparison and evaluation of block utilization and block genera-
tion rate. 
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smart energy may be overloaded, resulting in a large number of 
single points of failure and reducing the quality of service envisaged 
by smart energy. We need to design a trust network architecture that 
provides network fault tolerance and tamper resistance. 
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[10] Vetrò Conoscenti, De Martin, Blockchain for the Internet of Things: a systematic 
literature review, 2016 IEEE/ACS 13th International Conference of Computer 
Systems and Applications (AICCSA) (2016) 1–6, https://doi.org/10.1109/ 
AICCSA.2016.7945805, 2016. 

[11] Gaby Dagher, Benedikt Bünz, Bonneau Joseph, Jeremy Clark, Dan Boneh, 
Provisions: privacy-preserving proofs of solvency for Bitcoin exchanges, in: 
Proceedings of the 22nd ACM SIGSAC Conference on Computer and 
Communications Security (CCS ’15), Association for Computing Machinery, 2015, 
pp. 720–731, https://doi.org/10.1145/2810103.2813674, 2015. 

[12] Christidis, Devetsikiotis, Blockchains and smart contracts for the internet of things, 
IEEE Access 4 (2016) 2292–2303, https://doi.org/10.1109/ 
ACCESS.2016.2566339, 2016. 

[13] M. Ghobakhloo, The future of manufacturing industry: a strategic roadmap toward 
Industry 4.0, J. Manuf. Technol. Manag. 29 (6) (2018) 910–936, https://doi.org/ 
10.1108/JMTM-02-2018-0057. 

[14] Wan Wang, Li Zhang, Zhang, Towards smart factory for industry 4.0: a self- 
organized multi-agent system with big data based feedback and coordination, 
Comput. Network. 101 (4) (2016) 158–168, https://doi.org/10.1016/j. 
comnet.2015.12.017, 2016. 

[15] Kumar, Tripathi, Implementation of distributed file storage and access framework 
using IPFS and blockchain.” 2019 fifth international Conference on image information 
processing, ICIIP) (2019) (2019) 246–251, https://doi.org/10.1109/ 
ICIIP47207.2019.8985677. 

[16] Machado, Wickboldt, Granville, Schaeffer-Filho, Arkham: an advanced refinement 
toolkit for handling service level agreements in software-defined networking, 
J. Netw. Comput. Appl. 90 (JUL) (2017) 1–16, https://doi.org/10.1016/j. 
jnca.2017.04.009, 2017. 

[17] Guizani Al-Fuqaha, Aledhari Mohammadi, Ayyash, Internet of things: a survey on 
enabling technologies, protocols, and applications, IEEE Commun. Surv. Tutor 17 
(4) (2015) 2347–2376, https://doi.org/10.1109/COMST.2015.2444095, 2015. 

[18] Li Chen, Hu Liu, Wang, A study of the theory of chain-network integration between 
blockchain and Enterprise network, Proc. SPIE (2021), 1207909, https://doi.org/ 
10.1117/12.2622717, 2021. 

[19] Liu Chen, Li, Zhang, The integration of blockchain and Enterprise network: a 
distributed operation solution, IEEE Computer Society (2021) (2021) 965–976, 
https://doi.org/10.1109/CISAI54367.2021.00194. 

[20] Singh Sharma, Jeong, Park, DistBlockNet: a distributed blockchains-based secure 
SDN architecture for IoT networks, IEEE Commun. Mag. 55 (9) (2017) 78–85, 
https://doi.org/10.1109/MCOM.2017.1700041, 2017. 

[21] Feige Dwork, Naor Kilian, Safra, Low Communication 2-prover Zero-Knowledge 
Proofs for NP, springer, 1992, 1992, https://link.springer.com/content/pdf/10.1 
007%2F3-540-48071-4_15.pdf. 

[22] Dinu Biryukov, Khovratovich, Argon2: new generation of memory-hard functions 
for password hashing and other applications, 2016 IEEE European Symposium on 
Security and Privacy (EuroS&P) (2016) 292–302, https://doi.org/10.1109/ 
EuroSP.2016.31, 2016. 

[23] Khatri Monshizadeh, Kantola, An adaptive detection and prevention architecture 
for unsafe traffic in SDN enabled mobile networks, Integrated Network & Service 
Management (2017) (2017) 883–884, https://doi.org/10.23919/ 
INM.2017.7987395. 

[24] Rizk Ammar, Abdel-Hamid, Aboul-Seoud, A framework for security enhancement 
in SDN-based datacenters, Ifip International Conference on New Technologies 
(2016 (2016) 1–4, https://doi.org/10.1109/NTMS.2016.7792427. 

[25] Richardson, Domingos, Markov Logic Networks, vol. 62, Kluwer Academic 
Publishers, 2006, pp. 107–136, https://doi.org/10.1007/s10994-006-5833-1, 
2006. 

J. Li et al.                                                                                                                                                                                                                                         

https://doi.org/10.1016/j.rineng.2023.100889
https://doi.org/10.1016/j.rineng.2022.100345
https://doi.org/10.1016/j.rineng.2021.100309
https://doi.org/10.1016/j.ijinfomgt.2020.102232
https://doi.org/10.1016/j.ijinfomgt.2020.102232
https://doi.org/10.1109/COMST.2016.2535718
https://doi.org/10.1145/3054977.3055003
https://doi.org/10.23919/ICACT.2017.7890132
https://doi.org/10.1002/nem.2098
https://doi.org/10.1002/nem.2098
https://doi.org/10.1109/AICCSA.2016.7945805
https://doi.org/10.1109/AICCSA.2016.7945805
https://doi.org/10.1145/2810103.2813674
https://doi.org/10.1109/ACCESS.2016.2566339
https://doi.org/10.1109/ACCESS.2016.2566339
https://doi.org/10.1108/JMTM-02-2018-0057
https://doi.org/10.1108/JMTM-02-2018-0057
https://doi.org/10.1016/j.comnet.2015.12.017
https://doi.org/10.1016/j.comnet.2015.12.017
https://doi.org/10.1109/ICIIP47207.2019.8985677
https://doi.org/10.1109/ICIIP47207.2019.8985677
https://doi.org/10.1016/j.jnca.2017.04.009
https://doi.org/10.1016/j.jnca.2017.04.009
https://doi.org/10.1109/COMST.2015.2444095
https://doi.org/10.1117/12.2622717
https://doi.org/10.1117/12.2622717
https://doi.org/10.1109/CISAI54367.2021.00194
https://doi.org/10.1109/MCOM.2017.1700041
https://link.springer.com/content/pdf/10.1007%2F3-540-48071-4_15.pdf
https://link.springer.com/content/pdf/10.1007%2F3-540-48071-4_15.pdf
https://doi.org/10.1109/EuroSP.2016.31
https://doi.org/10.1109/EuroSP.2016.31
https://doi.org/10.23919/INM.2017.7987395
https://doi.org/10.23919/INM.2017.7987395
https://doi.org/10.1109/NTMS.2016.7792427
https://doi.org/10.1007/s10994-006-5833-1






Journal of Biotechnology 368 (2023) 42–52

Available online 26 April 2023
0168-1656/© 2023 Elsevier B.V. All rights reserved.

Deleting specific residues from the HNH linkers creates a CRISPR-SpCas9 
variant with high fidelity and efficiency 

Guohua Wang a,1, Canmao Wang b,c,1, Teng Chu d, Xinjun Wu e, Christopher M. Anderson f, 
Dongwei Huang g, Juan Li h,* 

a School of Food and Biotechnology, Guangdong Industry Polytechnic, Guangzhou 510300, China 
b Department of Pharmacy, Nanfang Hospital, Southern Medical University, Guangzhou 510515, China 
c Department of Pharmacy, Southern University of Science and Technology Hospital (SUS Tech Hospital), Shenzhen 518000, China 
d Sangon Biotech (Shanghai) Co., Ltd., Shanghai 201611, China 
e Lineberger Comprehensive Cancer Center, the University of North Carolina at Chapel Hill, Chapel Hill, NC 27517, USA 
f Department of Biology, East Carolina University, Greenville, NC 27517, USA 
g Pharmaceutical and Material Engineering School, Jinhua Polytechnic, Jinhua 321007, China 
h Department of Histology and Embryology, School of Basic Medical Sciences, Southern Medical University, Guangzhou 510515, China   

A R T I C L E  I N F O   

Keywords: 
CRISPR 
SpCas9 
High fidelity 
Efficiency 
HNH linkers 
Design 

A B S T R A C T   

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated (Cas) systems are 
immunological defenses used in archaea and bacteria to recognize and destroy DNA from external invaders. The 
CRISPR-SpCas9 system harnessed from Streptococcus pyogenes (SpCas9) has become the most widely utilized 
genome editing tool and shows promise for clinical application. However, the off-target effect is still the major 
challenge for the genome editing of CRISPR-SpCas9. Based on analysis of the structure and cleavage procedures, 
we proposed two strategies to modify the SpCas9 structure and reduce off-target effects. Shortening the HNH or 
REC3 linkers (Strategy #1) aimed to move the primary position of HNH or REC3 far away from the single-guide 
RNA (sgRNA)/DNA hybrid (hybrid), while elongating the helix around the sgRNA (Strategy #2) aimed to 
strengthen the contacts between SpCas9 and the sgRNA/DNA. We designed 11 SpCas9 variants (variant No.1– 
variant No.11) and verified their efficiencies on the classic genome site EMX1–1, EMX1–1-OT1, and EMX1–1- 
OT2. The top three effective SpCas9 variants, variant No.1, variant No.2, and variant No.5, were additionally 
validated on other genome sites. The further selected variant No.1 was compared with two previous SpCas9 
variants, HypaCas9 (a hyper-accurate Cas9 variant released in 2017) and eSpCas9 (1.1) (an “enhanced speci-
ficity” SpCas9 variant released in 2016), on two genome sites, EMX1–1 and FANCF-1. The results revealed that 
the deletion of Thr769 and Gly906 could substantially decrease off-target effects, while maintaining robust on- 
target efficiency in most of the selected genome sites.   

1. Introduction 

The clustered regularly interspaced short palindromic repeats 
(CRISPR) loci were first discovered in 1987 (Ishino et al., 1987). The 
characteristics of CRISPR loci are that the repeats are interspaced by a 
similarly sized nonrepetitive sequence (spacer) and were clustered in 
one or several loci of the chromosome (Jansen et al., 2002). The spacer 
of CRISPR was derived from “invaders” (Bolotin et al., 2005). CRISPR 
and CRISPR-associated (Cas) systems were harnessed by archaea and 
bacteria to provide acquired heritable immunity against viruses, 

plasmids, and other mobile genetic elements (Barrangou et al., 2007; 
Sorek et al., 2008). The CRISPR-SpCas9 system is one of the most 
thoroughly studied genome editing tools (Jinek et al., 2012; Akram 
et al., 2020; Sternberg et al., 2014). While the SpCas9 system has been 
widely utilized, off-target effects and the large size (1368 amino-acid 
residues) of SpCas9 have hindered potential clinical usage (Jinek 
et al., 2012; Doudna, 2020; Li et al., 2020; Zatloukalová et al., 2019; Kim 
et al., 2019; Gemberling et al., 2021). Many strategies have been 
developed to decrease off-target effect, including using truncated guide 
RNAs, fusion of catalytically inactive Cas9 to FokI nuclease, 
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neutralization of positive charges in the non-target DNA strand groove, 
reduce the nonspecific contacts, and prime editing (Wright et al., 2015; 
Fu et al., 2014; Guilinger et al., 2014; Anzalone et al., 2019; Slaymaker 
et al., 2016; Kleinstiver et al., 2016; Chen et al., 2017). In addition, some 
prominent Cas9 variants have been developed, such as eSpCas9 (1.1) 
(Slaymaker et al., 2016), SpCas9 HF1 (Kleinstiver et al., 2016) (a 
High-Fidelity variant #1, which was released in 2016), HypaCas9 (Chen 
et al., 2017), Cas9_R63A/Q768A (Bratovič et al., 2020) (a SpCas9 
variant, which was released in 2020), LZ3 Cas9 (Schmid-Burgk et al., 
2020) (a high specificity variant with a unique +1 insertion profile, 
which was released in 2020), and HiFi Cas9 (Vakulskas et al., 2018; 
Kulcsár et al., 2020) (a high fidelity Cas9, which was released in 2018), 
nearly all which employ strategies aimed at decreasing the interaction 
between the SpCas9 protein and the sgRNA/DNA. These strategies could 
effectively decrease off-target effects, but would lead to decreases in 
on-target cleavage efficiency at the same time (Slaymaker et al., 2016; 
Kleinstiver et al., 2016; Chen et al., 2017; Bratovič et al., 2020; 
Schmid-Burgk et al., 2020; Vakulskas et al., 2018; Kulcsár et al., 2020). 
In this study, we tried two strategies to adjust the physical structure of 
SpCas9 so as to decrease the off-target effects while maintaining 
on-target cleavage efficiency. 

2. Materials and methods 

2.1. Plasmids 

Variant No.1– variant No.10 were mutated from the wild-type (WT) 
SpCas9 (VB191031–1069mad, Vector Builder), which was designed to 
have two nuclear localization sequences and constructed by Vector 
Builder. WT1-SpCas9 and variant No.11 was mutated from BPK441020. 
BPK4410- human expression plasmid for SpCas9 Cluster 1 (HypaCas9) 
was a gift from Jennifer Doudna & Keith Joung (Addgene plasmid 
#101178; http://n2t.net/addgene:101178; RRID: Addgene_101178); 
eSpCas9(1.1) was a gift from Feng Zhang (Addgene plasmid # 71814; 
http://n2t.net/addgene:71814; RRID:Addgene_71814). SgRNAs were 
generated from VB191120–4142cbb (Vector Builder). Plasmid DNA 
sequences of WT-SpCas9, variant No.1, and sgRNA-EMX1–1 are listed in 
the supplementary sequences. 

2.2. SpCas9 structure analysis 

SpCas9 structures were analyzed using Pymol 2.4 (Schrödinger). All 
3D structure figures were generated using Pymol 2.4 (Schrödinger). 

2.3. Cell culture and transfection 

HEK293T cells were used to validate the designed variants. HEK293T 
cells were maintained in Dulbecco’s Modified Eagle’s medium with 10% 
fetal bovine serum at 37 ◦C in an atmosphere of 5% CO2. Cells were 
seeded in 24-well plates (1.5 ×105 cells/well, 1 mL) on day 0 and 
transfected with 1 µg plasmids (750 ng of nuclease and 250 ng of gRNA) 
using Lipofectamine 3000 reagent (Invitrogen, 1.5 μL of lipo3000, 2 μL 
of p3000) according to the standard recommended procedures when 
they reached 70–80% confluence on day 1. After transfection for 24 h, 
cells were selected with 4 µg mL− 1 puromycin (Solarbio Life Sciences, 
China) for 3 days. Cells were collected on day 6, and genomic DNA was 
processed from these cells for ddPCR and the T7E1 assay. 

2.4. DdPCR 

DdPCR could quantitate initial targets in limited dilution and pre-
cisely quantify specific double-strand DNA breaks (Dibitetto et al., 2018; 
Sykes et al., 1992; Miyaoka et al., 2018; Rose et al., 2017; Carballar--
Lejarazú et al., 2021). DdPCR has been widely used for detection and 
quantification of NHEJ induced by genome editing at the endogenous 
gene loci induced by CRISPR-Cas9 (Carballar-Lejarazú et al., 2021, 

2020; Hussain et al., 2021). A ddPCR drop-off assay using two probes 
(one drop-off TaqMan-MGB probe and one reference probe) was 
employed to detect the indel in the present study. The ddPCR drop-off 
assay was performed using Bio-Rad QX200 Droplet Digital system 
(BioRad Laboratories). Briefly, the drop-off probe labeled with a fluo-
rophore uniquely binds to the nuclease target site in the WT sequence, 
while the cleavage-induced non-homologous end joining (NHEJ) indels 
block the binding of the probe to the edited sites. Meanwhile, the 
reference probe labeled with another fluorophore is designed to bind the 
reference sequence adjacent to, but not overlapping the cleavage site. In 
the case of the unedited WT sequence, both probes could bind to their 
complementary regions and produce a double-positive population. In 
the case of the cleavage-induced NHEJ indel sequence, the drop-off 
probe could not bind to its target due to the indel, yielding a 
single-positive reference probe population. Based on the above princi-
ple, the indel frequency was calculated as: (drop-off-, reference+)/ 
[(drop-off-, reference+) + (drop-off+, reference+)]. A total of 16.5 ng 
genome DNA was used. 

2.5. T7E1 assay 

The T7E1 assay is one of the classic methods for measuring the 
cleavage efficiency (Singh et al., 2018; Hu et al., 2018; 
Helfer-Hungerbuehler et al., 2021). In the present study, T7E1 assay was 
used to quantify on-target loci mutagenesis induced by the different 
Cas9 variants. T7E1 assays were performed as previously described 
(Kleinstiver et al., 2016; Sentmanat et al., 2018). Briefly, ~700nt 
amplicons (Table S1) including on-target sites were amplified from 
~100 ng of genomic DNA. PCR reactions were carried out in a 50 μL 
system by Q5® Hot Start High-Fidelity 2X Master Mix (NEB) according 
to the manufacturer’s instructions. The primers and specific conditions 
utilized are listed in Table S1. PCR products were denatured, annealed, 
and then co-incubated with T7 Endonuclease 1. Digestion was then 
visualized using 1.5% agarose gel. The staining quantification of the 
acquired pictures was performed using the ImageJ program (Helfer--
Hungerbuehler et al., 2021; Sentmanat et al., 2018; Zulijani and Deka-
nić, 2021). The cleavage efficiency (NHEJ) was calculated with the 
following formula (Helfer-Hungerbuehler et al., 2021; Sentmanat et al., 
2018; Guschin et al., 2010): Cleavage % = 100 × [1 − (1 − fraction 
cleaved)(1/2)], where the fraction cleaved is defined as (density of 
digested-product bands)/(density of digested-product bands + density 
of undigested-parental band). 

3. Results 

3.1. Shortening the HNH or REC3 linkers to design variant No.1 to 
variant No.6 (Strategy #1) 

CRISPR-SpCas9-induced DNA cleavage is initiated by interaction 
between the REC3 and sgRNA/DNA hybrid, with one key cleaving action 
being the movement of the HNH domain (Wang and Li, 2021; Nishimasu 
et al., 2014; Zhu et al., 2019). The energy launching HNH domain 
movement is initiated by hybrid formation and extrusion (Wang and Li, 
2021). While a hybrid mismatch would decrease this energy, mis-
matched hybrids can still initiate cleavage (Sternberg et al., 2014; 
Slaymaker et al., 2016). Therefore, the perfect hybrid is one that pro-
vides more energy than is necessary. We hypothesized that a different 
amount of energy could move the HNH domain to a different distance - 
the larger the energy, the farther the distance (we named it 
energy-distance hypothesis, ED hypothesis). Therefore, we further hy-
pothesized that shortening the HNH linkers or REC3 linkers to make the 
HNH or REC3 away from the hybrid could decrease the off-target effect 
(Strategy #1). 

We attempted to shorten the linkers of the HNH domain, allowing 
only the perfect complementary hybrid to make the HNH domain move 
to the right position to cleave. In 2019, three consecutive conformations 
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(6O0Z, 6O0Y, 6O0X) of active Cas9-sgRNA-DNA complex were released 
(Zhu et al., 2019). 6O0Z conformation (checkpoint conformation) is a 
proofreading state of SpCas9 that assesses whether sufficient 
sgRNA/DNA compensation has been formed to initiate the cleavage. 
6O0Y conformation (postcatalytic conformation) is a state of SpCas9 
that HNH domain is catalytically competent (Wang and Li, 2021; Zhu 
et al., 2019). We implemented the design based on the 6O0Y confor-
mation (Zhu et al., 2019). 

There are two linkers that bind to HNH: residues 763–770 (MAR-
ENQTT, the first linker), and residues 906–916 (GGLSELDKAGF, the 
second linker) (Fig. 1A). There are two continuous threonine residues 
(769− 770) in the first linker, and two continuous glycine residues 
(906− 907) in the second linker. We hypothesized that the deletion of 
one of the two consecutive residues would cause less of an effect than 
other residues. In order to affect the conformation as little as possible, 
we deleted Thr769 and Gly906 to yield variant No.1: SpCas9 (△Thr769, 
△Gly906) (Fig. 1A) (△: deletion) (Table 1). 

After merging “the checkpoint conformation” (6O0Z) and “post-
catalytic conformation” (6O0Y), we found that the second linker may 
have moved a greater distance than the first linker. Therefore, we tried 
to delete two residues in the second linker as well (Fig. 1A-B). In the 
second linker, the Lys902 and Arg905 residues are positively charged, 
and the Glu904 residue is negatively charged. To affect the primary 
structure as little as possible, Leu908 was deleted after being randomly 
selected from Ala903, Gly906, Gly907, Leu908, and Ser909 to yield 
variant No. 2: SpCas9 (△Thr769, △Gly906, △Leu908) (Table 1). 

Next, we tried to shorten the two linkers that bind to REC3. For 
REC3, one linker is residues 497–512 (NFDKNLPNEKVLPKHS, the first 
linker), and the other is residues 711–719 (AQVSGQGDS, the second 
linker). Considering the length, the structure of the two linkers and the 
properties of the residues of the two linkers, we designed variant No.3: 
SpCas9 (△Pro509; △Gln712), variant No.4: SpCas9 (△Leu508- 
Lys510; △Gln712), variant No.5: SpCas9 (△Phe498-Asn504; 
△Gln712-Val713) (Fig. S1) and variant No. 6: SpCas9 (△Phe498- 
Asn504; △Pro509; △Ala711-Val713) (Table 1). 

3.2. Elongating the helix around the sgRNA to design variant No.7 to 
variant No.10 (Strategy #2) 

According to previous studies, N-methyl substituted bridged nucleic 
acids and locked nucleic acids (LNA) in the guide region of sgRNA could 
significantly decrease the off-target effects by impairing the formation of 
the stable “zipped” conformation hybrid during hybridization to off- 
target sequences (Cromwell et al., 2018; Soler-Bistué et al., 2019). 
Because hybrid formation is one of the key steps during cleavage initi-
ation (Jiang et al., 2016), we hypothesized that strengthening the 
interaction between the Cas9 protein and sgRNA could prevent the 
hybrid formation when mismatch occurs (Strategy #2). 

We tried to elongate the helix around the sgRNA to increase the 
interaction between the sgRNA and the SpCas9 protein, finally enhanced 
the rigidity of sgRNA. We tripled helix residues 721–727 (HEHIANL) 
and doubled helix residues 729–732 (GSPA) to yield variant No. 7: 
SpCas9 (▴727–728, HEHIANLHEHIANL; ▴732–733, GSPA) (Fig. 1C) (▴: 
insert). We tripled helix residues 921–926: LVETRQ, and doubled helix 
residues 925–937 (RQITKHVAQILDS) to yield variant No. 8: SpCas9 
(▴926–927, LVETRQLVETRQ; ▴937–938, RQITKHVAQILDS). We 
doubled helix residues 920–925: QLVETR and helix residues 927–933: 
ITKHVAQ to yield variant No. 9: SpCas9 (▴925–926, QLVETR; 
▴933–934, ITKHVAQ). We tripled part of the helix residues 921–926: 
LVETRQ to yield variant No. 10: SpCas9 (▴926–927, LVETRQLVETRQ) 
(Table 1). 

3.3. Variant No.1, variant No.2, and variant No.5 could dramatically 
reduce off-target effects while maintaining robust on-target activity in 
EMX1-1 

EMX1–1 and its two corresponding off-target sites EMX1–1-OT1, 
EMX1–1-OT2 were classic genome sites usually used for primary 
screening of the SpCas9 variants (Slaymaker et al., 2016; Kleinstiver 
et al., 2016; Bratovič et al., 2020). Using EMX1–1, EMX1–1-OT1 and 
EMX1–1-OT2, we verified the efficiency and off-target effects of variant 
No.1 - variant No.10 variants. The results revealed that on EMX1–1-OT1, 
compared with the WT-SpCas9 (10.86%), variant No.1 (0.13%), variant 
No.2 (0.54%), and variant No.5 (0.13%) could dramatically decrease the 
off-target effect by at least 20 - fold; on EMX1–1-OT2, compared with the 
WT-SpCas9 (6.67%), variant No.1 (0.27%), variant No.2 (0.81%), and 
variant No.5(0.15%) could decrease the off-target effect by at least 
8-fold; on EMX1–1, compared with the WT-SpCas9 (85.30%), variant 
No.1 (81.38%) and variant No.2 (74.20%) maintained robust on-target 
cleavage efficiency (Fig. 2, Fig. S2). Variant No.1 reduced the off-target 
effect on both EMX1–1-OT1 and EMX1–1-OT2 by at least 24.7-fold, 
while maintaining 95.4% on-target cleavage efficiency on EMX1–1, as 
compared to WT-SpCas9 (Fig. 2, Fig. S2). 

Variant No.3, variant No.4, variant No.6 (from strategy #1) variant 
No.8, and variant No.9 (from strategy #2) SpCas9 variants showed 
substantially decreased off-target cleavage (Fig. 2E). However, their on- 
target cleavage efficiency was also dramatically damaged and nearly 
inactivated. This means that shortening the HNH domain linkers was 
amino acid selective. Some deletions/insertions of the amino residues 
may be lethal to SpCas9 (Fig. 2E). In particular, the insertion of the 
residues to elongate the helix around the sgRNA (Strategy #2) almost 
thoroughly inactivated the variants. For Strategy #2 guided variants, 
only variant No.7 and variant No.10 were not inactivated, which in-
dicates that elongating the helix around the sgRNA is futile (Fig. 2E). 

To further confirm our results, we carried out the T7E1 assay to 
analyze the on-target cleavage efficiency of WT-SpCas9, variant No.1, 
variant No.2, and variant No.5. Compared to the WT-SpCas9 (43.46%), 
variant No.1 (43.32%), variant No.2 (42.92%), and variant No.5 
(31.22%) could maintain robust on-target cleavage efficiency on 
EMX1–1, which was consistent with the ddPCR results (Figs. 2F, 3J). 

3.4. Variant No.1 shows dramatically reduced off-target cleavage while 
maintaining robust on-target cleavage on alternate genome sites 

To assess whether variant No.1, variant No.2, and variant No.5 have 
a broadly efficient nuclease activity, we expanded the assay to six other 
genome target sites (EMX1–2, FANCF-1, FANCF-3, VEGFA-1, VEGFA-2, 
and VEGFA-5) spanning three genomic loci (Fig. 3, Fig. S3.1–3.5). On- 
target and off-target cleavage efficiency for EMX1–2, FANCF-1, 
FANCF-3, and VEGFA-5 were verified by ddPCR. On EMX1–2, FANCF-1, 
FANCF-3, and VEGFA-5, compared with the WT-SpCas9 (59.90%, 
55.04%, 70.79%, 18.21%), variant No.1 (55.84%, 49.73%, 45.18%, 
18.24%) and variant No.2 (42.84%, 42.38%, 33.86%, 9.48%), but not 
the variant No.5 (21.89%, 32.54%, 22.37%, 0.67%) yielded robust on- 
target cleavage efficiency (Fig. 3, Fig. S3.1–3.5). On EMX1–2-OT2, 
FANCF-1-OT3, FANCF-3-OT2, compared with the WT-SpCas9 (0.58%, 
27.20%, 2.44%), variant No.1 (0.00%, 0.06%, 0.07%) and variant No.2 
(0.00%, 4.40%, 0.04%) substantially decreased the off-target effects 
(Fig. 3E-G, Fig. S3.1–3.3). On FANCF-1-OT1, compared with the WT- 
SpCas9 (46.04%), variant No.1 (30.80%) and variant No.2 (22.95%) 
could decrease the off-target effects at a larger scale (Fig. 3F, Fig. S3.2). 

To further confirm the results, the T7E1 assay was carried out to 
verify the on-target cleavage efficiency. VEGFA-1 and VEGFA-2 were 
only tested for on-target cleavage efficiency by T7E1 assay for lack of 
proper ddPCR probes. T7E1 assay results revealed that: on EMX1–1, 
EMX1–2, FANCF-1, FANCF-3, VEGFA-1, VEGFA-2, and VEGFA-5, 
compared with the WT-SpCas9 (43.46%, 41.44%, 39.07%, 53.92%, 
49.53%, 38.35%, 21.15%), variant No.1 (43.32%, 41.75%, 37.56%, 
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Fig. 1. Structure-guided design of SpCas9 variants. A. The selected residues Thr769 and Gly906 are both marked with red spheres. The two linkers: M763 - A764 - 
R765 - E766 - N767 - Q768 - T769 - T770, and G906 - G907 - L908 - S909 - E910 - L911 - D912 - K913 - A914 - G915 - F916 are marked with red. PDB ID: 6O0Y. HNH 
domain is marked with meganta, other domains are marked with cyan, sgRNA is marked with blue, and DNA is marked with black. B. The second linker may move a 
longer distance than the first linker. The merged conformation of the checkpoint conformation and postcatalytic conformation. The HNH domain is marked with pink 
(6O0Z) and magenta (6O0Y), respectively. The two linkers are marked with red. Gly906 and Thr769 are marked with a red sphere. Thr769 was disordered in 
checking conformation. In checking conformation (6O0Z), the sgRNA is marked with purpleblue, the DNA is marked with gray, the Cas9 is marked with green; in 
postcatalytic conformation (6O0Y), the sgRNA is marked with blue, the DNA is marked with black, the Cas9 is marked with cyan. C. The selected residues 729–732 
(GSPA, marked with green) were inserted between 732Ala (marked with green sphere) and 733Iso (marked with red sphere); residues 721–727 (HEHIANL, marked 
with green) were inserted between 727Leu (marked with green sphere) and 728Ala (marked with red sphere). PDB ID: 6O0Y. SgRNA is marked with blue, and DNA is 
marked with black, other domains are marked with cyan. 
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44.40%, 43.11%, 15.84%, 21.28%) and variant No.2 (42.92%, 33.07%, 
40.49%, 33.71%, 34.50%, 15.60%, 17.65%) but not variant No.5 
(31.22%, 21.53%, 26.02%, 21.73%, 21.04%, 11.29%, 8.13%) yielded 
robust on-target cleavage efficiency (Fig. 3I-J). 

Together, these results revealed that variant No.1 and variant No.2 
could dramatically reduce off-target cleavage efficiency on EMX1–2- 
OT2, FANCF-1-OT3, and FANCF-3-OT2, while maintaining robust on- 
target cleavage efficiency on nearly all of the selected genome sites. 
Variant No.1 had the highest on-target efficiency and lowest off-target 
effects. 

3.5. Variant No.11 was almost dumbed 

After the verification of the variant No.1 - variant No.10, we further 
designed SpCas9 variant No. 11 based on the successful designing of 
variant No.1 (△Thr769; △Gly906). We wondered whether other de-
letions on the first and second linkers of HNH could also produce 
promising variant. There is an alanine residue in both the first linker and 
the second linker. Considering that there is an alanine residue in both 
the linkers of HNH, and the alanine residue is usually used as the mu-
tation result, we designed variant No.11 (△Ala764, △Ala914) 
(Table 1). As EMX1–1 was usually used in primary verification of the 
variant, we verified the cleavage efficiency of the variant No.11 on 
EMX1–1 by ddPCR. The results revealed that compared to the WT- 
SpCas9 (55.11%), the SpCas9 variant No.11 (1.02%) was nearly inac-
tivated (Fig. 4, Fig. S4). 

3.6. Variant No.1 showed similar or higher efficiency than HypaCas9 and 
eSpCas9 (1.1) 

To verify the efficiency of our SpCas9 variants, we carried out side- 
by-side comparisons of variant No.1 with two other high fidelity 
SpCas9 variants: HypaCas9 (Plasmid #101178) and eSpCas9 (1.1) 
(Plasmid #71814) (Fig. 5, Fig. S5.1–5.2). We used EMX1–1 and FANCF-1 
as our target sites and chose EMX1–1-OT1, EMX1–1-OT2, FANCF-1-OT1 
and FANCF-1-OT3 as their corresponding off-target sites. On EMX1–1, 
the on-target cleavage efficiency of variant No.1 (70.32%) was much 
higher than HypaCas9 (11.87%) and eSpCas9 (1.1) (27.61%), and just 
similar to the WT-SpCas9 (79.69%) (Fig. 5A-D, I; Fig. S5.1). The off- 
target effects on EMX1–1-OT1 and EMX1–1-OT2 were substantially 
decreased by variant No.1 (0.08%, 0.06%), HypaCas9 (0.11%, 0.15%) 
and eSpCas9 (1.1) (0.07%, 0.09%) compared with the WT-SpCas9 
(6.08%, 3.90%) (Fig. 5E-H, I; Fig. S5.1). On FANCF-1, the on-target 
cleavage efficiency of variant No.1 (67.99%) was much higher than 
HypaCas9 (35.82%), and was similar to eSpCas9 (1.1) (71.90%) and 
WT-SpCas9 (70.09%) (Fig. 5J, Fig. S5.2). The off-target effects on 
FANCF-1-OT1 were decreased by variant No.1 (27.38%), HypaCas9 

(2.42%) and eSpCas9 (1.1) (17.33%) compared with the WT-SpCas9 
(43.55%) (Fig. 5J, Fig. S5.2). The off-target effects on FANCF-1-OT3 
were dramatically decreased by variant No.1 (0.18%), HypaCas9 
(0.08%) and eSpCas9 (1.1) (0.10%) compared with the WT-SpCas9 
(43.55%) (Fig. 5J, Fig. S5.2). 

4. Discussion 

In this study, we proposed two strategies to develop effective SpCas9 
variants, and revealed that deletion of the specific residues to shorten 
the HNH linkers was efficient in designing high fidelity SpCas9 variants. 
Variant No.1 (△Thr769, △Gly906) performs best, with variant No. 2 
(△Thr769, △Gly906, △Leu908) working slightly worse than variant 
No.1. However, the same strategy induced similar variant No. 11 
(△Ala764, △Ala914) had almost no on-target activities. The compar-
ison of the mutation sites of variant No.1, variant No. 2 and variant No. 
11 revealed that: 1. all of the mutation sites (Thr769, Gly906, Leu908, 
Ala764 and Ala914) didn’t form hydrogen bond with the sgRNA/DNA 
(Fig. 4D); 2. Thr769 and Ala764 are on the first linker, while Gly906, 
Leu908, and Ala914 are on the second linker (Fig. 4E), and their posi-
tions are different; 3. the next adjacent residue of Thr769 is also a 
threonine residue Thr770, and the next adjacent residue of Gly906 is 
also a glycine residue Gly907; 4. the side chain hydrophobicity’s of the 
threonine (0.26), glycine (0.00), leucine (1.70), alanine (0.31) are 
different from each other (Fauchère et al., 1988); 5.the isoelectric points 
of them are similar. It seemed that there are at least two possibilities for 
the underlying mechanism of successful variant No.1. The first possi-
bility is that the ED hypothesis is right, and the deletion of the Thr769 
and Gly906 adjust the HNH domain to the proper position that only the 
perfect compensation of the sgRNA/DNA hybrid could offer enough 
energy to move the HNH to the cleavage site. Though the deletion of the 
Ala764 and Ala914 shortened the linker of HNH, it did not adjust the 
HNH to the proper position; the reason may be that the deletion of one of 
the two consecutive residues makes less conformation effect than the 
deletion of other residues. Many studies have proved that the proper 
decrease of the interaction between the SpCas9 protein and the 
sgRNA/DNA hybrid is helpful for the decreasing of the off-target effect. 
Therefore, the second possibility is that the deletion of Thr769 and 
Gly906 adjusts the hydrophobic interaction between the variant No.1 
(△Thr769, △Gly906) protein and the sgRNA/DNA hybrid to the 
proper level that only the perfect sgRNA/DNA could initiate the cleav-
age. The deletion of Ala764 and Ala914 also decreased the hydropho-
bicity of the SpCas9 protein, however, the position of the Ala764 and 
Ala914 made the variant No.11 (△Ala764, △Ala914) protein can’t 
afford enough hydrophobic interaction with the sgRNA/DNA hybrid 
even the sgRNA perfectly compensated with the DNA. 

Compared to other released variants, the most notable advantage of 
variant No.1 was the high on-target cleavage efficiency. If the first 
possibility was true, it indicated that adjusting the physical structure of 
SpCas9 could maintain higher efficiency than decreasing the contacts 
between SpCas9 and sgRNA/DNA hybrid. 

variant No.1 and variant No.2 were targeting the linkers of HNH 
domain, while variant No.3, variant No.4, variant No.5, and variant 
No.6 were targeting the linkers of REC3 domain. variant No.1 and 
variant No.2 performed much better than variant No.3, variant No.4, 
variant No.5, and variant No.6. Therefore, targeting the linkers of HNH 
domain worked better than targeting the linkers of REC3 domain. The 
deleted amino acid residues in variant No.3 (△Pro509; △Gln712), 
variant No.4 (△Leu508-Lys510; △Gln712), and variant No.6 
(△Phe498-Asn504; △Pro509; △Ala711-Val713) were evidently 
crucial for proper functioning, as their deletion seriously damaged the 
normal cleavage activity of SpCas9. None of the variants based on 
elongating the helix around the sgRNA worked, which may indicate that 
elongating the helix around the sgRNA dramatically disrupted the 
proper conformation which is crucial the normal cleavage. 

In most of the selected genome sites (EMX1–1, EMX1–1-OT1, 

Table 1 
Variants, corresponding mutations, and strategy.  

Variant Mutation (△: delete; ▴: insert.) Strategy 

No.1 △Thr769, △Gly906 Shortening the HNH linkers 
No.2 △Thr769, △Gly906; △Leu908 Shortening the HNH linkers 
No.3 △Pro509, △Gln712 Shortening the REC3 linkers 
No.4 △Leu508-Lys510, △Gln712 Shortening the REC3 linkers 
No.5 △Phe498-Asn504, △Gln712-Val713 Shortening the REC3 linkers 
No.6 △Phe498-Asn504, △Pro509, 

△Ala711-Val713 
Shortening the REC3 linkers 

No.7 ▴727–728 (HEHIANLHEHIANL), 
▴732–733 (GSPA) 

Elongating the helix around 
sgRNA 

No.8 ▴926–927 (LVETRQLVETRQ), 
▴937–938 (RQITKHVAQILDS) 

Elongating the helix around 
sgRNA 

No.9 ▴925–926 (QLVETR), 
▴933–934 (ITKHVAQ) 

Elongating the helix around 
sgRNA 

No.10 ▴926–927 (LVETRQLVETRQ) Elongating the helix around 
sgRNA 

No.11 △Ala764, △Ala914 Shortening the HNH linkers  
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Fig. 2. Variant No.1, variant No.2, and variant No.5 improved specificity while maintaining robust on-target activity in EMX1–1. A-B. DdPCR 2D amplitude results of 
WT-SpCas9 on EMX1–1 (A) and EMX1–1-OT1 (B). Channel 1 amplitude is the FAM amplitude, which shows blue fluorescence; Channel 2 amplitude is the VIC 
amplitude, which shows green fluorescence. The blue dots indicate mutation events while the brown (blue+ & green+) dots indicate wild-type events. C-D. DdPCR 
2D amplitude results of variant No.1 on EMX1–1 (C) and EMX1–1-OT1 (D). Channel 1 amplitude is the FAM amplitude, which shows blue fluorescence; Channel 2 
amplitude is the VIC amplitude, which shows green fluorescence. The blue dots indicate mutation events while the brown (blue+ & green+) dots indicate wild-type 
events. E. Screen of variants for improvement in specificity and corresponding on-target cleavage efficiency by ddPCR on EMX1–1, EMX1–1-OT1 and EMX1–1-OT2. 
Error bars represent S.E.M. for n = 3. F. The on-target cleavage efficiency of WT-SpCas9, SpCas9 variant No.1, variant No.2 and variant No.5 on EMX1–1 were further 
verified by T7E1 assay. 
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Fig. 3. Variant No.1 could always show robust efficiency and high fidelity on alternate gene sites. A-D. DdPCR 2D amplitude results of WT-SpCas9 (A) and variant 
No.1 (B) on EMX1–2 and EMX1–2-OT2. Channel 1 amplitude is the FAM amplitude, which shows blue fluorescence; Channel 2 amplitude is the VIC amplitude, which 
shows green fluorescence. The green dots indicate mutation events, and the brown (blue+ & green+) dots indicate wild-type events. E-H. The on-target and off-target 
cleavage effect of variant No.1, variant No.2, and variant No.5 were further verified on genome sites EMX1–2(E), FANCF-1(F), FANCF-3 (G), and VEGFA-5 (H) in 
HEK293T cells by ddPCR. Error bars represent S.E.M. for n = 3. I. Uncropped gel images from PAGE experiments for T7E1 of EMX1–1. J. On-target cleavage effi-
ciency of variant No.1, variant No.2, and variant No.5 was further verified by T7E1 in HEK293T cells. Error bars represent S.E.M. for n = 3. 
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Fig. 4. Variant No. 11 was nearly dumbed, and the mutation sites of variant No.1, variant No.2 and variant No.5. A-B. DdPCR 2D amplitude results of WT-SpCas9 (A) 
and variant No.11 (B) cleavage of EMX1–1. Channel 1 amplitude is the FAM amplitude, which shows blue fluorescence; Channel 2 amplitude is the VIC amplitude, 
which shows green fluorescence. The blue dots indicate mutation events and the brown (blue+ & green+) dots indicate wild-type events. C. The on-target cleavage 
efficiency of variant No.11 on EMX1–1 was dramatically damaged. Error bars represent S.E.M. for n = 3. D. Thr769, Gly906, Leu908, Ala764 and Ala914 didn’t form 
hydrogen bonds with the sgRNA/DNA. SgRNA is marked with blue, DNA is marked with black. The mutant sites are noted with red spheres. E. Ala764 and Thr769 are 
both on the first linker; Gly906, Leu908, and Ala914 are all on the second linker. SgRNA is marked with blue, DNA is marked with black. The mutant sites are noted 
with red spheres. HNH domain is marked with magenta cartoon, while RuvC domain is marked with cyan cartoon. The first linker and the second linker of HNH 
domain are marked with red. 
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Fig. 5. Comparisons between variant No.1 and previous SpCas9 variants. A-H. DdPCR 2D amplitude results of WT-SpCas9 (A, E), HypaCas9 (B, F), eSpCas9 (1.1) (C, 
G), and variant No.1 (D, H) on EMX1–1 and EMX1–1-OT1. Channel 1 amplitude is the FAM amplitude, which shows blue fluorescence; Channel 2 amplitude is the VIC 
amplitude, which shows green fluorescence. The blue dots indicate mutation events while the brown (blue+ & green+) dots indicate wild-type events. I. Cleavage 
efficiencies of variant No.1, HypaCas9 and eSpCas9 (1.1) on EMX1–1, EMX1–1-OT1 and EMX1–1-OT2 in HEK293T cells. Error bars represent S.E.M. for n = 3. J. 
Cleavage efficiencies of variant No.1, HypaCas9 and eSpCas9 (1.1) on FANCF-1, FANCF-1-OT1, and FANCF-1-OT3 in HEK293T cells. Error bars represent S.E.M. 
for n = 3. 
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EMX1–1-OT2, FANCF-1-OT3), variant No.1 performed better than eSp-
Cas9(1.1) and hypaCas9. However, on FANCF-1-OT1, variant No.1, 
HypaCas9 and eSpCas9(1.1) all show serious off-target effects (>2%)， 
and variant No.1 show higher off-target editing efficiency than Hypa-
Cas9 and eSpCas9(1.1). This means that variant No.1 was not always 
better than HypaCas9 and eSpCas9(1.1), and a pre-test should be carried 
out before the selection of the SpCas9 variant. 

This study mainly focused on proposing and verifying our hypothesis 
which could be used to develop high fidelity variants of CRISPR-SpCas9 
system. Therefore, we carried out the assays on some already known 
genome sites used to screen the potential high fidelity variants. Unbi-
ased detection of off-target mutations and the tolerance of mismatched 
bases at different positions along the hybrid should be continued before 
the active usage. 

In conclusion, our study revealed that deleting the specific residues 
of HNH linkers induced variant No.1 (△Thr769, △Gly906) was a high 
fidelity SpCas9 variant with high efficiency. Variant No.1 may be a 
valuable option for applications requiring high-precision genome 
editing. 
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Soler-Bistué, A., Zorreguieta, A., Tolmasky, M.E., 2019. Bridged nucleic acids reloaded. 
doi:10.3390/molecules24122297 Molecules 24. doi:10.3390/molecules24122297.  

Sorek, R., Kunin, V., Hugenholtz, P., 2008. CRISPR–a widespread system that provides 
acquired resistance against phages in bacteria and archaea. Nat. Rev. Microbiol. 6, 
181–186. https://doi.org/10.1038/nrmicro1793. 

Sternberg, S.H., Redding, S., Jinek, M., Greene, E.C., Doudna, J.A., 2014. DNA 
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62–67. 
https://doi.org/10.1038/nature13011. 

Sykes, P.J., et al., 1992. Quantitation of targets for PCR by use of limiting dilution. 
BioTechniques 13, 444–449. 

Vakulskas, C.A., Dever, D.P., Rettig, G.R., 2018. A High. -Fidel. Cas9 Mutant Deliv. A 
ribonucleoprotein Complex enables Effic. gene Ed. Hum. Hematop. stem Progenit. 
Cells 24, 1216–1224. https://doi.org/10.1038/s41591-018-0137-0. 

Wang, G., Li, J., 2021. Review, analysis, and optimization of the CRISPR Streptococcus 
pyogenes Cas9 system. Med. Drug Discov. 9, 100080 https://doi.org/10.1016/j. 
medidd.2021.100080. 

Wright, A.V., et al., 2015. Rational design of a split-Cas9 enzyme complex. Proc. Natl. 
Acad. Sci. USA 112, 2984–2989. https://doi.org/10.1073/pnas.1501698112. 
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Abstract
In this paper, we consider a class of impulsive quaternion-valued neural networks withmixed
delays. By using the General Lipschitz condition, the contraction mapping principle, the
exponential dichotomy of linear dynamic equations and the generalized Gronwall–Bellman
inequality technique, we obtain the conditions for the existence, uniqueness and global expo-
nential stability of asymptotically almost automorphic solutions of the system. Finally, two
examples are given to illustrate the efficiency of our theoretical results.

Keywords Impulsive quaternion-valued neural networks with mixed delays ·
Asymptotically almost automorphic solutions · Existence uniqueness and global
exponential stability · Generalized Gronwall–Bellman inequality technique

1 Introduction

Neural networks have gained more and more attention since they are widely applied in many
fields (see [1–7]). In addition to this, there are many impulsive phenomena and time delay
phenomena in nature. So, in recent years, the existence and stability of solutions for impulsive
neural networks with time delays have been extensively studied (see [8–13]). On the other
hand, the study of asymptotically almost automorphic solutions for neural networks has been
extensively studied (see [14, 15]).

In 1843, the quaternion groupwas discovered byHamilton (see [16]), after that quaternion
algebra was developed (see [17]). In 1978, Sudbery proposed quaternion analysis (see [18]).
The quaternion group includes one real and three imaginary parts. The three imaginary units
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i, j and k obey the Hamilton’s multiplication rules:

i j = − j i = k, jk = −k j = i, ki = −ik = j, i2 = j2 = k2 = i jk = −1.

We denoteH := {q : q = q R + iq I + jq J + kq K }, where q R, q I , q J , q K are real numbers.
The quaternion-valued neural networks (QVNNs), which are a generalization of the real-
valued and complex-valued neural networks, can be widely applied in the fields such as
satellite tracking, aerospace, image processing and processing of polarized waves.

One of the benefits of using quaternion is that the three-dimensional geometrical affine
transformation can be represented efficiently and compactly based on quaternion-variable
neural networks (QVNNs) especially spatial rotation (see [19]).Compared with complex-
valued neural networks(CVNNs) and the real-valued neural networks(RVNNs), the QVNNs
can takemore the inner relationship. Therefore, the study ofQVNNs has receivedmuch atten-
tion of many scholars and some good results have been obtained for the stability, periodicity
and pseudo almost periodicity of QVNNs (see [7, 17, 20–25]).For example, the accuracy of
the classification of prostate Cancer Gleason Grading can achieve 98.87% in QVNNs (see
[26]) wwhich outperforms other published automatic Gleason grading systems like RVNNs
and CVNNs. The quaternion field can also carry more information, that is, it has a large
storage capacity, the results of (see [27]) show that the n-neuron QVNNs can have 16n stable
equilibrium points more than the CVNNs and RVNNs,and the designed QVNNs work effi-
ciently on storing and retrieving true-color images, the QVNNs perform much better when it
comes.Since many stimulated neural networks, optimal control models in economics, evolu-
tion processes, etc. are characterized by impulsive dynamical behavior, impulsive system is
playing an important role.For QVNNs, impulsive effects should also be considered to resist
the disturbance of some abrupt phenomena or stabilize them. Recently, some authors have
studied impulsive QVNNs (IQVNNs) and obtained some excellent results. The authors in
discussed the exponential stability of the discrete-time IQVNNs by Lyapunov methods and
quaternion-modulus inequality technique.

In 2007, Xia, Cao and Huang in [28] studied the impulsive SICNN neural network with
almost periodic coefficients
⎧
⎨

⎩

x ′
i j (t) = −ai j (t)xi j (t) + ∑

Chl∈Nr (i j)

Chl
i j (t) fi j (xhl(t))xi j (t) + Li j (t), t �= tk,

�(xi j (tk)) = αk
i j xi j (tk) + I k

i j (xi j (tk)) + Lk
i j , t = tk, i = 1, 2, . . . , m, j = 1, 2, . . . , n,

where �(xi j (tk)) = xi j (t
+
k ) − xi j (t

−
k ) are impulses at moment tk , and t1 < t2 < · · · is a

strictly increasing sequence such that lim
k→∞ tk = +∞.

In 2018, Chaouki and Farah in [15] considered the impulsive non-autonomous high-order
Hopfield neural networks with mixed delays

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x ′
i (t) =

n∑

j=1
ci j (t)x j (t) +

n∑

j=1
ai j (t) f j (x j (t − ζ j ))

+
n∑

j=1

n∑

l=1
bi jl(t)g j (x j (t − σ j ))gl(xl(t − νl))

+
n∑

j=1
di j (t)

∫ t
−∞ Ki j (t − s)h j (x j (s))ds

+
n∑

j=1

n∑

l=1
ri jl(t)

∫ t
−∞ Pi jl(t − s)k j (x j (s)ds

× ∫ t
−∞ Qi jl(t − s)kl(xl(s)ds + γi (t), t �= tk,

�(x(tk)) = αk x(tk) + Ik(x(tk)) + ωk, k ∈ Z, t ∈ R, t = tk .
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Under proper conditions, they studied the existence, uniqueness and global exponential sta-
bility of the above systems.

In 2018, Meng and Li in [7] studied pseudo almost periodic solutions for the following
quaternion-valued cellular neural networks

x ′
p(t) = − cp(t)x p(t) +

n∑

q=1

apq(t) fq(xq(t − τpq(t)))

+
n∑

q=1

bpq(t)
∫ ∞

0
K pq(u)gq(xq(t − u))du + u p(t).

Motivated by the above works, in this paper, we consider parallel neural networks to above
three networks of the following form

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

x ′
p(t) = −cp(t)x p(t) +

n∑

q=1
apq(t) fq(xq(t − τpq(t)))

+
n∑

q=1
bpq(t)

∫ +∞
0 kpq(u)gq(xq(t − u))du + u p(t), t ∈ R, t �= tk,

�(x(tk)) = αk x(tk) + Ik(x(tk)) + ωk, k ∈ Z,

(1.1)

where p ∈ {1, 2, . . . , n} := 
, n corresponds to the number of units in the neural net-
work; x p(t) ∈ H, corresponds to the activation of the pth neuron at time t ; H represents
the set of all quaternion functions; cp : R → R

+ represents the rate with which the pth
unit will reset its potential to the resting state in isolation when disconnected from the net-
work and external inputs at time t ; apq(t), bpq(t) ∈ H are the synaptic weights of delayed
feedback between cell p and q at time t respectively; fq , gq ∈ H denote the activation
functions of signal transmission; u p(t) ∈ H is an external input on the pth unit at time
t ; τpq are transmission delays at time t ; the kernel function kpq : R → R

+ satisfies that
∫ +∞
0 kpq(s)ds = 1; t ∈ R, p, q ∈ 
.αk ∈ R

n is connectionweight of impulse atmoment tk ;
Ik : Rn → R

n is a continuous function;ωk ∈ R
n is the external inputs of impulses at moment

tk ; �(x(tk)) = (�(x1(tk)),�(x2(tk)), . . . ,�(xn(tk)))T , x(t) = (x1(t), x2(t), . . . , xn(t))T ,
�(xi (tk)) = xi (t

+
k ) − xi (t

−
k ) is the impulse at moments tk ; xi (t

−
k ) = xi (tk) and xi (t

+
k )

are the activations of the i th neuron before and after impulsive perturbation, respectively;
t1 < t2 < · · · is a strictly increasing sequence such that lim

k→∞ tk = +∞.

The initial conditions with system (1.1) are of the following form

x p(s) = φp(s), p ∈ 
, s ∈ (−∞, 0], (1.2)

where φp = φR
p + iφ I

p + jφ J
p + kφK

p is the quaternion-valued bounded continuous function
defined on (−∞, 0].

Motivated by above analyses, this paper focuses on the exponential stability conditions
of the IQVNNs by utilizing generalized Gronwall–Bellman inequality technique. Compar-
ing with the existing results, this paper has the following main extend contributions: (1) A
general IQVNN model is constructed by the impulsive differential system and QVNNs. In
the cause of overcoming the noncommutativity of quaternion multiplication, it is decom-
posed into impulsive disturbed delayed systems. (2) Based on the definition the norm of
‖x‖ = max

p∈

{sup

t∈T
| xl

p(t) |, l ∈ E}, a novel stability definition is introduced to investigate the

stability criteria of IQVNNs. (3) According to the norm of ‖x‖ = max
p∈


{sup
t∈T

| xl
p(t) |, l ∈ E}
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and QVDNNs, special are constructed to prove the stability of IQVNNs. The obtained results
show that the stable system of this paper has certain capacity under some special conditions.

The rest of this paper is as follows. In Sect. 2, we will give some definitions and some
useful lemmas for the later sections. In Sect. 3, we obtain the existence and uniqueness of
asymptotically almost automorphic solutions of system (1.1) by exploiting general Lipschitz
condition, contractionmapping principal and exponential dichotomy of linear dynamic equa-
tions. In Sect. 4, by utilizing generalized Gronwall–Bellman inequality technique, we discuss
the global exponential stability of the unique asymptotically almost automorphic solution.
In Sect. 5, we will give two examples to illustrate the application of the abstract results.

2 Preliminaries

In this section, we introduce some denotes and basic definitions and also some preliminary
assumptions which are useful throughout this paper (see [1, 9, 12, 15]).

� C(R,Hn) denotes the set whose functions are continuous from R to H
n .

� BC(R,Hn) is the set whose functions are bounded continuous from R to H
n .

� B(R,Hn, ‖·‖∞) denotes aBanach space,where ‖·‖∞ is the sup norm ‖ f ‖ := max
1≤i≤n

sup
t∈R

|
fi (t) |.

� PC(I,Hn) = { f : I → H
n , f is a piecewise continuous function from I ⊂ R to H

n

with points of discontinuity of the first kind tk, k = 1, 2, ...; That is, at tk that f (t+k ) and
f (t−k ) exist, and left continuous f (t−k ) = f (tk)}.

� PC0(R : Hn) = {φ ∈ PC(R,Hn), lim
t→∞ ‖φ(t, x)‖ = 0 at t uniformly in x ∈ H

n}.
� B={(tk)∞k=−∞ : tk ∈ R, tk < tk+1, lim

k→±∞ tk = ±∞} is the set of all sequences which are
unbounded and strictly increasing.

Definition 1 ( [15])Let f : R → Xbe a bounded continuous function.We say that f is almost
automorphic if for every sequenceof real numbers (sn)n∈N, there exists a subsequence (τn)n∈N
such that g(t) = lim

n→∞ f (t + τn) is well-defined for each t ∈ R and lim
n→∞ g(t − τn) = f (t)

for each t ∈ R. Denote by AA(R,X) the set of all such functions.

Definition 2 ( [29]) A bounded continuous function f : R × X → X is called almost
automorphic in t uniformly for x in compact subsets of X, if for every compact subset K of
X and every real sequence (sn)n∈N, there exists a subsequence (τn)n∈N such that g(t, x) =
lim

n→∞ f (t + τn, x) is well-defined for each t ∈ R, x ∈ K and lim
n→∞ g(t − τn, x) = f (t, x) for

each t ∈ R, x ∈ K. Denote AA(R,X) as the set of all such functions.

Definition 3 ( [30]) A bounded continuous function f : R → H
n is called asymptotically

almost automorphic if and only if it can be written as f = g + ϕ, where g ∈ AA(R,Hn)

and ϕ ∈ PC0(R,Hn). This kind of functions is denoted by AAA(R,Hn).

Lemma 1 [31] Let X , Y be Banach spaces, and if f , f1, f2 ∈ AA(R, X), then

(i) f1 + f2 ∈ AA(R, X);
(ii) α f ∈ AA(R, X) for any constant α ∈ R;

(iii) if ϕ : X → Y is a continuous function, then the composite function f ◦ ϕ : R → Y is
almost automorphic.
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Lemma 2 (Generalized Gronwall–Bellman inequality, see [15]) Let a nonnegative function
x(·) ∈ PC(R,Rn) satisfy for t ≥ t0

x(t) ≤ C(t) +
∫ t

t0
u(s)x(s)ds +

∑

t0<tk<t

βi x(ti ),

with C(t) a positive non-decreasing function for t ≥ t0, βi ≥ 0, u(t) ≥ 0 and ti are the
first kind discontinuity points of the function x(·). Then the following estimate holds for the
function x(·):

x(t) ≤ C(t)
∏

t0<tk<t

(1 + βi )e
∫ t

t0
u(s)ds

.

In order to decompose the quaternion neural network into four real value systems, we need
the following assumption:

(H0) [ [7]]Let x p = x R
p + i x I

p + j x J
p + kx K

p ∈ BC(R,Hn), then fq , gq can be expressed as
follows

fq(xq) = f R
q (x R

q , x I
q , x J

q , x K
q ) + i f I

q (x R
q , x I

q , x J
q , x K

q )

+ j f J
q (x R

q , x I
q , x J

q , x K
q ) + k f K

q (x R
q , x I

q , x J
q , x K

q ),

gq(xq) = gR
q (x R

q , x I
q , x J

q , x K
q ) + igI

q (x R
q , x I

q , x J
q , x K

q )

+ jg J
q (x R

q , x I
q , x J

q , x K
q ) + kgK

q (x R
q , x I

q , x J
q , x K

q ),

where f l
q , gl

q : R4 → R, p ∈ 
, l ∈ E := {R, I , J , K }.
Then by Hamilton multiplication rules, (1.1) and (1.2) can be decomposed into four real
systems as follows

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(x R
p (t))′ = −cp(t)x R

p (t) +
n∑

q=1
(aR

pq(t) f R
q (t, τ, x) − aI

pq(t) f I
q [t, τ, x]

−a J
pq(t) f J

q [t, τ, x] − aK
pq(t) f K

q [t, τ, x])
+

n∑

q=1
(bR

pq(t)
∫ +∞
0 kpq(u)gR

q [t, u, x]�u

−bI
pq(t)

∫ +∞
0 kpq(u)gI

q [t, u, x]�u

−bJ
pq(t)

∫ +∞
0 kpq(u)gJ

q [t, u, x]�u

−bK
pq(t)

∫ +∞
0 kpq(u)gK

q [t, u, x]�u) + u R
p (t)

� −cp(t)x R
p (t) + G R

p (t, x(t)) + u R
p (t), p ∈ 
, t > 0, t �= tk,

�(x R(tk)) = αk x R(tk) + I R
k (x R(tk)) + ωR

k , k ∈ Z,

x R
p (s) = φR

p (s), s ∈ (−∞, 0];
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⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(x I
p(t))

′ = −cp(t)x I
p(t) +

n∑

q=1
(aR

pq(t) f I
q (t, τ, x) + aI

pq(t) f R
q [t, τ, x]

+a J
pq(t) f K

q [t, τ, x] − aK
pq(t) f J

q [t, τ, x])
+

n∑

q=1
(bR

pq(t)
∫ +∞
0 kpq(u)gI

q [t, u, x]�u

+bI
pq(t)

∫ +∞
0 kpq(u)gR

q [t, u, x]�u

+bJ
pq(t)

∫ +∞
0 kpq(u)gK

q [t, u, x]�u

−bK
pq(t)

∫ +∞
0 kpq(u)gJ

q [t, u, x]�u) + uI
p(t)

� −cp(t)x I
p(t) + G I

p(t, x(t)) + uI
p(t), p ∈ 
, t > 0, t �= tk,

�(x I (tk)) = αk x I (tk) + I I
k (x I (tk)) + ωI

k , k ∈ Z,

x I
p(s) = φ I

p(s), s ∈ (−∞, 0];
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(x J
p (t))′ = −cp(t)x J

p (t) +
n∑

q=1
(aR

pq(t) f J
q (t, τ, x) + a J

pq(t) f R
q [t, τ, x]

−aI
pq(t) f K

q [t, τ, x] + aK
pq(t) f I

q [t, τ, x])
+

n∑

q=1
(bR

pq(t)
∫ +∞
0 kpq(u)gJ

q [t, u, x]�u

+bJ
pq(t)

∫ +∞
0 kpq(u)gR

q [t, u, x]�u

−bI
pq(t)

∫ +∞
0 kpq(u)gK

q [t, u, x]�u

+bK
pq(t)

∫ +∞
0 kpq(u)gI

q [t, u, x]�u) + u J
p(t)

� −cp(t)x J
p (t) + G J

p(t, x(t)) + u J
p(t), p ∈ 
, t > 0, t �= tk,

�(x J (tk)) = αk x J (tk) + I J
k (x J (tk)) + ωJ

k , k ∈ Z,

x J
p (s) = φ J

p (s), s ∈ (−∞, 0];
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(x K
p (t))′ = −cp(t)x K

p (t) +
n∑

q=1
(aR

pq(t) f K
q (t, τ, x) + aK

pq(t) f R
q [t, τ, x]

+aI
pq(t) f J

q [t, τ, x] − a J
pq(t) f I

q [t, τ, x])
+

n∑

q=1
(bR

pq(t)
∫ +∞
0 kpq(u)gK

q [t, u, x]�u

+bK
pq(t)

∫ +∞
0 kpq(u)gR

q [t, u, x]�u

+bI
pq(t)

∫ +∞
0 kpq(u)gJ

q [t, u, x]�u

−bJ
pq(t)

∫ +∞
0 kpq(u)gI

q [t, u, x]�u) + uK
p (t)

� −cp(t)x K
p (t) + G K

p (t, x(t)) + uK
p (t), p ∈ 
, t > 0, t �= tk,

�(x K (tk)) = αk x K (tk) + I K
k (x K (tk)) + ωK

k , k ∈ Z,

x K
p (s) = φK

p (s), s ∈ (−∞, 0],
where for p ∈ 
, l ∈ E, f l

q [t, τ, x] � f l
q(x R

q (t − τpq(t)), x I
q (t − τpq(t)), x J

q (t −
τpq(t)), x K

q (t − τpq(t))), gl
q [t, u, x] � gl

q(x R
q (t − u), x I

q (t − u), x J
q (t − u), x K

q (t − u)).
That is, system (1.1) can be decomposed into the following equivalent real system

⎧
⎨

⎩

(xl
p(t))

′ = −cp(t)xl
p(t) + Gl

p(t, x(t)) + ul
p(t), p ∈ 
, l ∈ E, t > 0, t �= tk,

�(xl(tk)) = αk xl(tk) + I l
k(xl(tk)) + ωl

k, k ∈ Z,

xl
p(s) = φl

p(s), s ∈ (−∞, 0].
(2.1)

Firstly, let us consider the following system
{

(xl
p(t))

′ = −cp(t)xl
p(t), p ∈ 
, l ∈ E, t > 0, t �= tk,

�(xl(tk)) = αk xl(tk), k ∈ Z.
(2.2)
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If Uk(t, s) is the Cauchy matrix for the following system

(xl
p(t))

′ = −cp(t)xl
p(t) , t ∈ [tk−1, tk], {tk} ∈ B,

and if det(I + αk) �= 0, αk and {tk} also are asymptotically almost automorphic, I is the
Identity matrix of the same order with αk , then according to [32, 33] the Cauchy matrix
W (t, s) for the system (2.2) is as follows

W (t, s) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Uk(t, s), tk−1 < s ≤ t ≤ tk,
Uk+1(t, t+k )(I + αk)Uk(tk, s), tk−1 < s ≤ tk < t ≤ tk+1,

Uk+1(t, t+k )
i+1∏

j=k
[(I + α j )U j (t j , t+j−1)](I + αi )Ui (ti , s),

ti−1 < s ≤ ti < tk < t ≤ tk+1.

By simple calculation, we have

W (t, t) = I , W (t−k , tk) = W (tk , t−k ) = I ,

W (t+k , s) = (I + αk)W (tk , s), W (s, t+k ) = W (s, tk)(I + αk)
−1,

∂W (t, s)

∂t
= −cp(t)W (t, s), t �= tk,

∂W (t, s)

∂s
= W (t, s)cp(s), s �= tk .

By further calculation, we can choose

W (t, s) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

diag
(
e− ∫ t

s c1(m)dm, e− ∫ t
s c2(m)dm, . . . , e− ∫ t

s cn(m)dm
)
,

tk−1 < s ≤ t ≤ tk,

diag
(
e
− ∫ t

t+k
c1(m)dm

, e
− ∫ t

t+k
c2(m)dm

, . . . , e
− ∫ t

t+k
cn(m)dm)

×(I + αk)diag
(
e− ∫ tk

s c1(m)dm, e− ∫ tk
s c2(m)dm, . . . , e− ∫ tk

s cn(m)dm
)
,

tk−1 < s ≤ tk < t ≤ tk+1,

diag
(
e
− ∫ t

t+k
c1(m)dm

, e
− ∫ t

t+k
c2(m)dm

, . . . , e
− ∫ t

t+k
cn(m)dm)

×
i+1∏

j=k
[(I + α j )diag

(
e
− ∫ t j

t+j−1
c1(m)dm

, e
− ∫ t j

t+j−1
c2(m)dm

, . . . , e
− ∫ t j

t+j−1
cn(m)dm)]

(I + αi )diag
(
e− ∫ ti

s c1(m)dm, e− ∫ ti
s c2(m)dm, . . . , e− ∫ ti

s cn(m)dm)
,

ti−1 < t ≤ ti < tk < s ≤ tk+1.

3 Existence and Uniqueness

In this section, by using general Lipschitz condition, contraction mapping principal and
exponential dichotomy of linear dynamic equations, we obtain the existence and uniqueness
of asymptotically almost automorphic solutions of system (1.1). We set

X = {x | x = (x R
1 , x I

1 , x J
1 , x K

1 , . . . , x R
n , x I

n , x J
n , x K

n ) ∈ C(R,H4n) : xl
p are asymptoti-

cally almost automorphic functions, l ∈ E, p ∈ 
}
and equip it with the norm ‖x‖ = max

p∈

{sup

t∈T
| xl

p(t) |, l ∈ E}, so X is a Banach space.

For convenience, for any asymptotically almost automorphic function f (t), we denote
f − = inf

t≥0
| f (t) | and f + = sup

t≤0
| f (t) |.
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Throughout this paper, we assume that the following conditions hold:

(H1) [32] det(I +αk) �= 0, the sequence αk , and tk are asymptotically almost automorphic;
(H2) [15]cp(t) > 0 is asymptotically almost automorphic;
(H3) [7] fq(t), gq(t), apq(t), bpq(t), u p(t), τpq(t) are asymptotically almost automorphic

functions, p, q ∈ 
;
(H4) [32] The sequence Ik is asymptotic almost automorphic and there exists a positive

constant L such that | I l
k(u) − I l

k(v) |≤ L | u − v |, p, q ∈ 
, k ∈ Z, u, v ∈ R;
(H5) [7] For q ∈ 
, l ∈ E , f l

q(0, 0, 0, 0) = gl
q(0, 0, 0, 0) = 0 and there exist positive

constants αl
q , βl

q such that

| f l
q(x R

p , x I
p, x J

p , x K
p ) − f l

q(y R
p , y I

p, y J
p , yK

p ) |
≤αR

q | x R
p − y R

p | +α I
q | x I

q − y I
q | +α J

q | x J
q − y J

q | +αK
q | x K

q − yK
q |,

| gl
q(x R

q , x I
q , x J

q , x K
q ) − gl

q(y R
q , y I

q , y J
q , yK

q ) |
≤β R

q | x R
q − y R

q | +β I
q | x I

q − y I
q | +β J

q | x J
q − y J

q | +βK
q | x K

q − yK
q |;

(H6) [15] There is a positive constants K̃ for the delay kernel kpq : [0,+∞) → R, such
that

∫ +∞
0 | kpq(u) | du ≤ K̃ .

Lemma 3 [15] Assume that assumptions (H5) and (H6) hold. For all 1 ≤ i, j ≤ n, if
φ(·) ∈ AAA(R,Rn), then the function �i j : t → ∫ t

−∞ ki j (t − s)h j (φ j (s))ds belongs to
AAA(R,Rn).

Lemma 4 [33] If the conditions (H0) − (H2), (H5) and (H6) hold, then we have
(1) For the Cauchy matrix W (t, s) of the system (2.2) there exist positive constants K ∗

and ζ such that

| W (t, s) |≤ K ∗e−ζ(t−s), t ≥ s, t, s ∈ T;
(2) For any ε > 0, t, s ∈ T, t ≥ s, | t − tk |> ε > 0, | s − tk |> 0, k ∈ Z there exists a

relatively dense set of T̄ of asymptotically almost automorphic ci (t) and a positive constant
K̂ such that for τ ∈ T̄ , it follows

| W (t + τ, s + τ) − W (t, s) |≤ εK̂ e− ζ
2 (t−s).

Lemma 5 If the hypothesis (H5) and (H6) hold, φ̃ j (·) belongs to AAA(R,X), for all 1 ≤
i, j ≤ n, then the function �i j (t) = ∫ +∞

0 Ti j (s) f j (φ̃ j (t − s))ds belongs to AAA(R,X).

Proof Since
∫ +∞

0
Ti j (s) f j (φ̃ j (t − s))ds =

∫ −∞

t
Ti j (t − u) f j (φ̃ j (u))(−du)

=
∫ t

−∞
Ti j (t − u) f j (φ̃ j (u))du,

(3.1)

byLemma3wehave
∫ t
−∞ Ti j (t−u) f j (φ̃ j (u))du ∈ AAA(R,X). Then,

∫ +∞
0 Ti j (s) f j (φ̃ j (t−

s))ds ∈ AAA(R, X). This complete the proof.
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For any ϕ = (ϕR
1 , ϕ I

1 , ϕ
J
1 , ϕK

1 , · · · , ϕR
n , ϕ I

n , ϕ J
n , ϕK

n )T ∈ AAA(R,R4n), define the non-
linear operator (�ϕ)l

p as follows

(�ϕ)l
p(t) =

∫ t

−∞
W (t, s)(Uϕ)l

p(s)ds+
∑

tk<t

W (t, tk)(I l
k(ϕ(tk))+ωl

k), p ∈ 
, l ∈ E,

(3.2)

where

(Uϕ)R
p (s) =

n∑

q=1

(

aR
pq(s) f R

q [s, τ, ϕ] − aI
pq(s) f I

q [s, τ, ϕ]

− a J
pq(s) f J

q [s, τ, ϕ] − aK
pq(s) f K

q [s, τ, ϕ]
)

+
n∑

q=1

(

bR
pq(s)

∫ +∞

0
kpq(m)gR

q [s, m, ϕ]dm

− bI
pq(s)

∫ +∞

0
kpq(m)gI

q [s, m, ϕ]dm

− bJ
pq(s)

∫ +∞

0
kpq(m)gJ

q [s, m, ϕ]dm

− bK
pq(s)

∫ +∞

0
kpq(m)gK

q [s, m, ϕ]dm

)

+ u R
p (s);

(Uϕ)I
p(s) =

n∑

q=1

(

aR
pq(s) f I

q [s, τ, ϕ] + aI
pq(s) f R

q [s, τ, ϕ]

+ a J
pq(s) f K

q [s, τ, ϕ] − aK
pq(s) f J

q [s, τ, ϕ]
)

+
n∑

q=1

(

bR
pq(s)

∫ +∞

0
kpq(m)gI

q [s, m, ϕ]dm

+ bI
pq(s)

∫ +∞

0
kpq(m)gR

q [s, m, ϕ]dm

+ bJ
pq(s)

∫ +∞

0
kpq(m)gK

q [s, m, ϕ]dm

− bK
pq(s)

∫ +∞

0
kpq(m)gJ

q [s, m, ϕ]dm

)

+ uI
p(s);

(Uϕ)J
p(s) =

n∑

q=1

(

aR
pq(s) f J

q [s, τ, ϕ] + a J
pq(s) f R

q [s, τ, ϕ]

− aI
pq(s) f K

q [s, τ, ϕ] + aK
pq(s) f I

q [s, τ, ϕ]
)

+
n∑

q=1

(

bR
pq(s)

∫ +∞

0
kpq(m)gJ

q [s, m, ϕ]dm

+ bJ
pq(s)

∫ +∞

0
kpq(m)gR

q [s, m, ϕ]dm
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− bI
pq(s)

∫ +∞

0
kpq(m)gK

q [s, m, ϕ]dm

+ bK
pq(s)

∫ +∞

0
kpq(m)gI

q [s, m, ϕ]dm

)

+ u J
p(s);

(Uϕ)K
p (s) =

n∑

q=1

(

aR
pq(s) f K

q [s, τ, ϕ] + aK
pq(s) f R

q [s, τ, ϕ]

+ aI
pq(s) f J

q [s, τ, ϕ] − a J
pq(s) f I

q [s, τ, ϕ]
)

+
n∑

q=1

(

bR
pq(s)

∫ +∞

0
kpq(m)gK

q [s, m, ϕ]dm

+ bK
pq(s)

∫ +∞

0
kpq(m)gR

q [s, m, ϕ]dm

+ bI
pq(s)

∫ +∞

0
kpq(m)gJ

q [s, m, ϕ]dm

− bJ
pq(s)

∫ +∞

0
kpq(m)gI

q [s, m, ϕ]dm

)

+ uK
p (s),

where for p ∈ 
, l ∈ E, f l
q [s, τ, ϕ] � f l

q(ϕR
q (s − τpq(s)), ϕ I

q (s − τpq(s)), ϕ J
q (s −

τpq(s)), ϕK
q (s −τpq(s))), gl

q [s, m, ϕ] � gl
q(ϕR

q (s −m), ϕ I
q (s −m), ϕ J

q (s −m), ϕK
q (s −m)).

Now, we present our first theorem.

Theorem 1 Suppose that (H0) − (H6) hold, then (�ϕ)l
p(t) maps AAA(R,Hn) into itself,

p ∈ 
, l ∈ E.

Proof Step 1: we prove �l
p(t) := ∫ t

−∞ W (t, s)(Uϕ)l
p(s)ds maps AAA(R,Hn) into itself,

p ∈ 
, l ∈ E .
First, by Lemmas 1–5, (Uϕ)R

p belongs to AAA(R,Hn). Then (Uϕ)R
p (t) ∈ BC(R,Hn)

and

| �R
p (t) | ≤

∫ t

−∞
| W (t, s)(Uϕ)R

p (s) | ds

≤ ‖(Uϕ)R
p ‖

∫ t

−∞
K ∗e−ζ(t−s)ds ≤ ‖(Uϕ)R

p ‖ K ∗

ζ
.

We see that
∫ t
−∞ W (t, s)(Uϕ)R

p (s)ds is continuous, absolutely convergent and bounded.

As (Uϕ)R
p (t) belongs to AAA(R,Hn), there exist two functions (ΛR

p )(·) ∈ AA(R,Hn) and

(�R
p )(·) ∈ PC0(R,Hn)) such that (Uϕ)R

p (·)=(ΛR
p )(·) + (�R

p )(·). So, we can rewrite �R
p as

�R
p (t) =

∫ t

−∞
W (t, s)(ΛR

p )(s)ds +
∫ t

−∞
W (t, s)(�R

p )(s)ds.

Let us consider the almost automorphicity of

�R
p1 : t →

∫ t

−∞
W (t, s)(ΛR

p )(s)ds.
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For every real numbers sequence (s
′
n)n∈N, by Definitions 2.2 and 2.3, we can extract a

subsequence (sn)n∈N of (s
′
n)n∈N such that

lim
n→+∞(ΛR

p )(t + sn) = (ΛR
p )1(t),∀t ∈ R,

and

lim
n→+∞(ΛR

p )1(t − sn) = (ΛR
p )(t),∀t ∈ R.

Let

�R1
p1 (t) =

∫ t

−∞
W (t, s)(ΛR

p )1(s)ds.

When n → +∞, we have

| �R
p1(t + sn) − �R1

p1 (t) |

= |
∫ t+sn

−∞
W (t + sn, s)(ΛR

p )(s)ds −
∫ t

−∞
W (t, s)(ΛR

p )1(s)ds |

= |
∫ t

−∞
W (t + sn, s + sn)(ΛR

p )(t + sn)ds −
∫ t

−∞
W (t + sn, s + sn)(ΛR

p )1(s)ds

+
∫ t

−∞
W (t + sn, s + sn)(ΛR

p )1(s)ds −
∫ t

−∞
W (t, s)(ΛR

p )1(s)ds |

≤ |
∫ t

−∞
W (t + sn, s + sn)(ΛR

p )(t + sn)ds −
∫ t

−∞
W (t + sn, s + sn)(ΛR

p )1(s)ds |

+ |
∫ t

−∞
W (t + sn, s + sn)(ΛR

p )1(s)ds −
∫ t

−∞
W (t, s)(ΛR

p )1(s)ds |

≤
∫ t

−∞
| W (t + sn, s + sn) || (ΛR

p )(t + sn) − (ΛR
p )1(s) | ds

+
∫ t

−∞
| W (t + sn, s + sn) − W (t, s) || (ΛR

p )1(s) | ds

≤
∫ t

−∞
K ∗e−ζ(t−s) | (ΛR

p )(t + sn) − (ΛR
p )1(s) | ds

+
∫ t

−∞
K̂ εe− ζ

2 (t−s) | (ΛR
p )1(s) | ds

≤
∫ t

−∞
K ∗e−ζ(t−s)εds +

∫ t

−∞
K̂ εe− ζ

2 (t−s) | (ΛR
p )1(s) | ds.

(3.3)

By the Lebesgue-dominated convergence theorem, we get that for all t ∈ R

lim
n→+∞ �R

p1(t + sn) = �R1
p1 (t).

Also, we can get that

lim
n→+∞ �R1

p1 (t − sn) = �R
p1(t),

which implies that �R
p1 ∈ AA(R,Hn).

Similarly, we can get that �l
p1 ∈ AA(R,Hn), l ∈ {I , J , K }.
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Second, we now turn to prove �l
p2 : t → ∫ t

−∞ W (t, s)(�l
p)(s)ds ∈ PC0(R,Hn), l ∈

{R, I , J , K }. Since (�l
p) ∈ PC0(R,Hn), by Lemma 3 we have �l

p2 ∈ PC(R,Hn) and

lim
t→+∞ | ∫ t

−∞ W (t, s)(�l
p)(s)ds |= 0.

Based on the Lebesgue-dominated convergence theorem, we can get

lim
t→+∞

∫ t

−∞
W (t, s)(�l

p)(s)ds = 0,

which implies that �l
p2 ∈ PC0(R,Hn). Then, �l

p(t) := ∫ t
−∞ W (t, s)(Uϕ)l

p(s)ds maps
AAA(R,Hn) into itself.

Step 2: we prove
∑

tk<t
W (t, tk)(I l

k(ϕ(tk)) + ωl
k) ∈ AAA(R,Hn).

From (H1), (H4) and Lemma 3, we have (I l
k(ϕ(tk)) + ωl

k) ∈ AAA(R,Hn) and then
(I l

k(ϕ(tk)) + ωl
k) ∈ BC(R,Hn). For � = inf

k∈Z
(tk+1 − tk) > 0, we have

|
∑

tk<t

W (t, tk)(I l
k(ϕ(tk)) + ωl

k) | ≤ ‖I l
k(ϕ(tk)) + ωl

k‖
∑

tk<t

K ∗e−ζ(t−tk )

≤ ‖I l
k(ϕ(tk)) + ωl

k‖
K ∗

1 − e−ζ�
.

(3.4)

Then,
∑

tk<t
W (t, tk)(I l

k(ϕ(tk)) + ωl
k) is continuous, bounded and absolutely convergent.

From assumption (H4), for I l
k(ϕ(tk)) ∈ AAA(R,Rn), by the definition, it can be rewritten

as

I l
k(ϕ(tk)) = I l

k1(ϕ(tk)) + I l
k2(ϕ(tk)),

where

I l
k1(ϕ(tk)) ∈ AA(R,Hn), I l

k2(ϕ(tk)) ∈ PC0(R,Hn).

Then
∑

tk<t

W (t, tk)(I l
k(ϕ(tk)) + ωl

k) =
∑

tk<t

W (t, tk)(I l
k1(ϕ(tk)) + ωl

k)

+
∑

tk<t

W (t, tk)(I l
k2(ϕ(tk))).
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For every real sequence (tn)n∈N, by Definitions 2.2 and 2.3, we can extract a subsequence
(tnk )nk∈N of (tk)k∈N such that

lim
nk→+∞ I l

k1(ϕ(tk + tnk )) = Ĩ l
k1(ϕ(tk)) ∀t ∈ R,

lim
nk→+∞ Ĩ l

k1(ϕ(tk − tnk )) = I l
k1(ϕ(tk)), ∀t ∈ R.

Note that

|
∑

tk<t+tnk

W (t + tnk , tk)(I l
k1(ϕ(tk)) + ωl

k)

−
∑

tk<t

W (t, tk)( Ĩ l
k1(ϕ(tk)) + ωl

k) |

= |
∑

tk<t

W (t + tnk , tk + tnk )(I l
k1(ϕ(tk + tnk )) + ωl

k)

−
∑

tk<t

W (t, tk)( Ĩ l
k1(ϕ(tk)) + ωl

k) |

= |
∑

tk<t

W (t + tnk , tk + tnk )(I l
k1(ϕ(tk + tnk )) + ωl

k)

−
∑

tk<t

W (t + tnk , tk + tnk )( Ĩ l
k1(ϕ(tk)) + ωl

k)

+
∑

tk<t

W (t + tnk , tk + tnk )( Ĩ l
k1(ϕ(tk)) + ωl

k)

−
∑

tk<t

W (t, tk)( Ĩ l
k1(ϕ(tk)) + ωl

k) |

≤ |
∑

tk<t

W (t + tnk , tk + tnk )(I l
k1(ϕ(tk + tnk )) + ωl

k)

−
∑

tk<t

W (t + tnk , tk + tnk )( Ĩ l
k1(ϕ(tk)) + ωl

k) |

+ |
∑

tk<t

W (t + tnk , tk + tnk )( Ĩ l
k1(ϕ(tk)) + ωl

k)

−
∑

tk<t

W (t, tk)( Ĩ l
k1(ϕ(tk)) + ωl

k) |

≤
∑

tk<t

| W (t + tnk , tk + tnk ) || I l
k1(ϕ(tk + tnk )) + ωl

k − ( Ĩ l
k1(ϕ(tk)) + ωl

k) |

+
∑

tk<t

| W (t + tnk , tk + tnk ) − W (t, tk) || ( Ĩ l
k1(ϕ(tk)) + ωl

k)) |

≤
∑

tk<t

K ∗e−ζ(t−tk ) | I l
k1(ϕ(tk + tnk )) − Ĩ l

k1(ϕ(tk)) |

+
∑

tk<t

K̂ εe− ζ
2 (t−tk ) | Ĩ l

k1(ϕ(tk)) + ωl
k |

≤
∑

tk<t

K ∗e−ζ(t−tk )ε +
∑

tk<t

K̂ εe− ζ
2 (t−tk ) | Ĩ l

k1(ϕ(tk)) + ωl
k | .

(3.5)
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Since | Ĩ l
k1(ϕ(tk)) + ωl

k | is bounded, we have
lim

nk→+∞
∑

tk<t+tnk

W (t + tnk , tk)(I l
k1(ϕ(tk)) + ωl

k) =
∑

tk<t

W (t, tk)( Ĩ l
k1(ϕ(tk)) + ωl

k),

and

lim
nk→+∞

∑

tk<t

W (t + tnk , tk + tnk )(I l
k1(ϕ(tk + tnk )) + ωl

k) =
∑

tk<t

W (t, tk)( Ĩ l
k1(ϕ(tk)) + ωl

k).

Similarly, we have
∑

tk<t−tnk

W (t − tnk , tk)( Ĩ l
k1(ϕ(tk)) + ωl

k) =
∑

tk<t

W (t − tnk , tk − tnk )(I l
k1(ϕ(tk − tnk )) + ωl

k),

and

lim
nk→+∞

∑

tk<t

W (t − tnk , tk − tnk )( Ĩ l
k1(ϕ(tk − tnk )) + ωl

k) =
∑

tk<t

W (t, tk)(I l
k1(ϕ(tk)) + ωl

k).

So,
∑

tk<t
W (t, tk)(I l

k1(ϕ(tk)) + ωl
k) ∈ AA(R,Hn).

On the other hand, as
∑

tk<t | W (t, tk) |< ∞ and I l
k2(ϕ(tk) ∈ PC0(R,Hn), we have

lim
tk→+∞

∑

tk<t

| W (t, tk)I l
k2(ϕ(tk)) |= 0,

which implies that
∑

tk<t W (t, tk)(I l
k2(ϕ(tk))) ∈ PC0(R,Rn).Hence,

∑

tk<t
W (t, tk)(I l

k(ϕ(tk))+
ωl

k) ∈ AAA(R,Hn).

From Steps 1 and 2, we have that (�ϕ)l
p(t) maps AAA(R,Hn) into itself. The proof is

complete.

Theorem 2 Assume that (H0) − (H6) hold and

(H7)

η = sup
t∈R

{ K ∗

ζ
max
1≤p≤n

�p + K ∗L

1 − e−ζ�
} < 1,

� − ζ = ln(1 + K ∗L)

�
+ K ∗

n∑

p=1

�p − ζ < 0,

where K ∗ defined as in Lemma 3, � = inf
k∈Z(tk+1 − tk) > 0, �p = A∗

p + B∗
p, p ∈ 
,

A∗
p =

n∑

q=1

(aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q + α I

q + α J
q + αK

q ), p ∈ 
,

B∗
p =

n∑

q=1

K̃
(
bR+

pq + bI+
pq + bJ+

pq + bK+
pq

)
(β R

q + β I
q + β J

q + βK
q ), p ∈ 
.

Then, there exists a unique asymptotic almost automorphic solution

ϕ = (ϕR
1 , ϕ I

1 , ϕ
J
1 , ϕK

1 , · · · , ϕR
n , ϕ I

n , ϕ J
n , ϕK

n )T ∈ AAA(R, (R)4n)
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of system (1.1) in the region

S∗(ϕ0, η) = {ϕ ∈ AAA(R,R4n); ‖ϕl
p − (ϕ0)

l
p‖ ≤ η

1 − η
R̄, l ∈ {R, I , J , K }, p ∈ 
},

where

R̄ = K ∗η∗( 1
ζ

+ 1

1 − e−ζ
), η∗ = max{ max

1≤i≤n
| ul

p(s) |,max
tk<t

| ωl
k |},

ϕ0(t) =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

∫ t
−∞ W (t, s)ul

1(s)ds + ∑

tk<t
W (t, tk)ωl

1
∫ t
−∞ W (t, s)ul

2(s)ds + ∑

tk<t
W (t, tk)ωl

2

...
∫ t
−∞ W (t, s)ul

n(s)ds + ∑

tk<t
W (t, tk)ωl

n

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

n×1

,

(ϕ0)
l
p(t) =

∫ t

−∞
W (t, s)ul

p(s)ds +
∑

tk<t

W (t, tk)ω
l
p, p ∈ 
, l ∈ {R, I , J , K }.

Proof First, we calculate the norm of (ϕ0)
l
p,

‖(ϕ0)
l
p(t)‖ = sup

t∈R

{

max
1≤p≤n

{
∫ t

−∞
| W (t, s) || ul

p(s) | ds +
∑

tk<t

| W (t, tk) || ωl
k | }

}

≤ sup
t∈R

{

max
1≤p≤n

{
∫ t

−∞
K ∗e−ζ(t−s) | ul

p(s) | ds +
∑

tk<t

K e−ζ(t−tk ) | ωl
k |}

}

≤ K ∗η∗( 1
ζ

+ 1

1 − e−ζ
) = R̄.

(3.6)

For ϕl ∈ S∗(ϕ0, η), we have

‖(ϕ)l
p(t)‖∞ ≤ ‖(ϕ)l

p(t) − (ϕ0)
l
p(t)‖ + ‖(ϕ0)

l
p(t)‖ ≤ η

1 − η
R̄ + R̄ = R̄

1 − η
.

Obviously, S∗(ϕ0, η) is a closed convex subset of AAA(R,Hn).
For ϕ(t) ∈ S∗(ϕ0, η) and (Uϕ)l

p(s) defined as (3.2), by the above estimate and (H7) we
have

‖(�ϕ)R
p (t) − (ϕ0)

R
p (t)‖

≤ sup
t∈R

{

max
1≤p≤n

{
∫ t

−∞
| W (t, s) ||

n∑

q=1

(aR
pq(s) f R

q [s, τ, ϕ] − aI
pq(s) f I

q [s, τ, ϕ]

− a J
pq(s) f J

q [s, τ, ϕ] − aK
pq(s) f K

q [s, τ, ϕ])

+
n∑

q=1

(bR
pq(s)

∫ +∞

0
kpq(m)gR

q [s, m, ϕ]dm − bI
pq(s)

∫ +∞

0
kpq(m)gI

q [s, m, ϕ]dm

− bJ
pq(s)

∫ +∞

0
kpq(m)gJ

q [s, m, ϕ]dm − bK
pq(s)

∫ +∞

0
kpq(m)gK

q [s, m, ϕ]dm) | ds
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+
∑

tk<t

| W (t, tk) || I R
k (ϕ(tk)) | }

}

≤ sup
t∈R

{

max
1≤p≤n

{
∫ t

−∞
K ∗e−ζ(t−s) |

n∑

q=1

[ | aR
pq(s) || f R

q [s, τ, ϕ] | + | aI
pq(s) || f I

q [s, τ, ϕ] |

+ | a J
pq(s) || f J

q [s, τ, ϕ] | + | aK
pq(s) || f K

q [s, τ, ϕ] | ]

+
n∑

q=1

[ | bR
pq(s) |

∫ +∞

0
| kpq(m) || gR

q [s, m, ϕ] | dm

+ | bI
pq(s) |

∫ +∞

0
| kpq(m) || gI

q [s, m, ϕ] | dm

+ | bJ
pq(s) |

∫ +∞

0
| kpq(m) || gJ

q [s, m, ϕ] | dm

+ | bK
pq(s) |

∫ +∞

0
| kpq(m) || gK

q [s, m, ϕ] | dm
] | ds

+
∑

tk<t

K ∗e−ζ(t−tk ) | I R
k (ϕ(tk)) |}

}

≤ sup
t∈R

{

max
1≤p≤N

{
∫ t

−∞
K ∗e−ζ(t−s) |

n∑

q=1

(aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q | ϕR

q (s − τpq(s)) |

+ α I
q | ϕ I

q (s − τpq(s)) | +α J
q | ϕ J

q (s − τpq(s)) | +αK
q | ϕK

q (s − τpq(s)) |)

+
n∑

q=1

∫ +∞

0
| kpq(m) | (

bR+
pq + bI+

pq + bJ+
pq + bK+

pq

)
(β R

q | ϕR
q (s − m) |

+ β I
q | ϕ I

q (s − m) | +β J
q | ϕ J

q (s − m) | +βK
q | ϕK

q (s − m) |)dm | ds

+
∑

tk<t

K ∗e−ζ(t−tk ) | I R
k (ϕ(tk)) |}

}

≤ sup
t∈R

{

max
1≤p≤N

{
∫ t

−∞
K ∗e−ζ(t−s) |

n∑

q=1

× (aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q + α I

q + α J
q + αK

q )‖ϕ‖

+
n∑

q=1

K̃
(
bR+

pq + bI+
pq + bJ+

pq + bK+
pq

)
(β R

q + β I
q + β J

q + βK
q )‖ϕ‖ | ds

+
∑

tk<t

K ∗e−ζ(t−tk )L | ϕ(tk) |}
}

≤ sup
t∈R

{
K ∗

ζ
max

1≤q≤N
{[

n∑

q=1

(aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q + α I

q + α J
q + αK

q )‖ϕ‖

+
n∑

q=1

K̃
(
bR+

pq + bI+
pq + bJ+

pq + bK+
pq

)
(β R

q + β I
q + β J

q + βK
q )‖ϕ‖ + K ∗L

1 − e−ζ�
‖ϕ‖}

}
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≤ sup
t∈R

{ K ∗

ζ
max
1≤p≤n

�p + K ∗L

1 − e−ζ
}‖ϕ‖

=η‖ϕ‖ ≤ η
R̄

1 − η
.

Thus, (�ϕ)R
p ∈ S∗(ϕ0, η).

Next, we prove that (�ϕ)R
p is a contraction map. For any

ϕ = (
ϕR
1 , ϕ I

1 , ϕ
J
1 , ϕK

1 , · · · , ϕR
n , ϕ I

n , ϕ J
n , ϕK

n

)

and

ϕ∗ = (
ϕR∗1, ϕ I∗1, ϕ J∗1, ϕK∗1, · · · , ϕR∗n, ϕ I∗n, ϕ J∗n, ϕK∗n

)

in the region S∗(ϕ0, η) (l ∈ {R, I , J , K }), we have

‖(�ϕ)R
p − (�ϕ∗)

R
p )‖

≤ sup
t∈R

{ max
1≤i≤n

{
∫ t

−∞
| W (t, s) || (Uϕ)R

p (s) − (Uϕ∗)
R
p (s) | ds

+
∑

tk<t

| W (t, tk) || (I R
k (ϕ(tk)) + ωR

k ) − (I R
k (ϕ∗(tk)) + ωR

k ) |}}

≤ sup
t∈R

{

max
1≤p≤n

{
∫ t

−∞
K ∗e−ζ(t−s)

[ n∑

q=1

[ | aR
pq(s) || f R

q [s, τ, ϕ] − f R
q [s, τ, ϕ∗] |

+ | aI
pq(s) || f I

q [s, τ, ϕ] − f I
q [s, τ, ϕ∗] | + | a J

pq(s) || f J
q [s, τ, ϕ] − f J

q [s, τ, ϕ∗] |
+ | aK

pq(s) || f K
q [s, τ, ϕ] − f K

q [s, τ, ϕ∗] | ]

+
n∑

q=1

[ | bR
pq(s) |

∫ +∞

0
| kpq(m) || gR

q [s, m, ϕ] − gR
q [s, m, ϕ∗] | dm

+ | bI
pq(s) |

∫ +∞

0
| kpq(m) || gI

q [s, m, ϕ] − gI
q [s, m, ϕ∗] | dm

+ | bJ
pq(s) |

∫ +∞

0
| kpq(m) || gJ

q [s, m, ϕ] − gJ
q [s, m, ϕ∗] | dm

+ | bK
pq(s) |

∫ +∞

0
| kpq(m) || gK

q [s, m, ϕ] − gK
q [s, m, ϕ∗] | dm

]

ds

+
∑

tk<t

K ∗e−ζ(t−tk ) | I R
k (ϕ(tk)) − I R

k (ϕ∗(tk)) | }
}

≤ sup
t∈R

{ max
1≤p≤n

{
∫ t

−∞
K ∗e−ζ(t−s)[

n∑

q=1

(aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q + α I

q + α J
q + αK

q )

+
n∑

q=1

K̃
(
bR+

pq + bI+
pq + bJ+

pq + bK+
pq

)
(β R

q + β I
q + β J

q + βK
q )]ds

+
∑

tk<t

K ∗e−ζ(t−tk )L}‖ϕ − ϕ∗‖}
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≤ sup
t∈R

{ K ∗

ζ
max
1≤p≤n

[
n∑

q=1

(aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q + α I

q + α J
q + αK

q )

+
n∑

q=1

K̃
(
bR+

pq + bI+
pq + bJ+

pq + bK+
pq

)
(β R

q + β I
q + β J

q + βK
q )]

+ K ∗L

1 − e−ζ
}‖ϕ − ϕ∗‖

=η‖ϕ − ϕ∗‖.
By (H7), η < 1 and then (�ϕ)R

p is a contraction map.

According the Banach fixed point theorem, (�ϕ)R
p has a unique fixed point.

Similarly, for l ∈ {I , J , K }, we can prove that (�ϕ)l
p ∈ S∗(ϕ0, η) and (�ϕ)l

p is a con-
traction map and has a unique fixed point. Then there exists a unique asymptotic almost
automorphic solution of system (1.1) in S∗(ϕ0, η). This completes the proof. �

4 Global exponential stability

In this section, by utilizing generalized Gronwall–Bellman inequality technique, we shall
discuss the global exponential stability of the unique asymptotically almost automorphic
solution.

Definition 4 Let x(t) = (x R
1 , x I

1 , x J
1 , x K

1 , . . . , x R
n , x I

n , x J
n , x K

n ) be a solution of (1.1) with
the initial valueϕ = (ϕR

1 , ϕ I
1 , ϕ

J
1 , ϕK

1 , . . . , ϕR
n , ϕ I

n , ϕ J
n , ϕK

n ) ∈ C((−∞, 0],R4n) and y(t) =
(y R

1 , y I
1 , y J

1 , yK
1 , . . . , y R

n , y I
n , y J

n , yK
n ) be an arbitrary solution of system (1.1) with the initial

value ψ = (ψ R
1 , ψ I

1 , ψ J
1 , ψ K

1 , . . . , ψ R
n , ψ I

n , ψ J
n , ψ K

n ) ∈ C((−∞, 0],R4n). If there exist
positive constants k and M such that

‖x(t) − y(t)‖ ≤ M‖ϕ − ψ‖e−kt , t > 0,

where

‖x(t) − y(t)‖ = max
p∈
,t∈R

{| xl
p(t) − yl

p(t) |, l ∈ E}.

Then the solution x(t) of system (1.1) is said to be globally exponentially stable.

Theorem 3 If (H0) − (H7) hold, then the unique asymptotic almost automorphic solution of
system (1.1) is globally exponentially stable.

Proof By Theorem 2, (�ϕ)l
p has a fixed point ϕ. Then, for all t ∈ R, the fixed point ϕ satisfies

the following integral system

ϕ(t) =
∫ t

−∞
W (t, s)(Uϕ)l

p(s)ds +
∑

tk<t

W (t, tk)(I l
k(ϕ(tk)) + ωl

k), p ∈ 
, l ∈ E .

Fixed t = a, a �= tk, k ∈ Z, we have

ϕ(a) =
∫ a

−∞
W (a, s)(Uϕ)l

p(s)ds +
∑

tk<a

W (a, tk)(I l
k(ϕ(tk)) + ωl

k)
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and

ϕ(t) =
∫ a

−∞
W (t, s)(Uϕ)l

p(s)ds +
∑

tk<a

W (t, tk)(I l
k(ϕ(tk)) + ωl

k)

+
∫ t

a
W (t, s)(Uϕ)l

p(s)ds +
∑

a<tk<t

W (t, tk)(I l
k(ϕ(tk)) + ωl

k)

=W (t, a)ϕ(a) +
∫ t

a
W (t, s)(Uϕ)l

p(s)ds +
∑

a<tk<t

W (t, tk)(I l
k(ϕ(tk)) + ωl

k).

(4.1)

Second, by Theorem 2, we know that system (1.1) has an asymptotically almost auto-
morphic solution u(t). By using the integral form of system (1.1), if t > σ, σ �= tk, k ∈ Z,

then

u(t) = W (t, σ )u(σ ) +
∫ t

σ

W (t, s)(Uu)l
p(s)ds +

∑

σ<tk<t

W (t, tk)(I l
k(u(tk)) + ωl

k). (4.2)

Let u(t) = u(t; σ, ϕ) and v(t) = v(t; σ,ψ) be two solutions of system (1.1), then

u(t) = W (t, σ )u(σ ) +
∫ t

σ

W (t, s)(Uu)l
p(s)ds +

∑

σ<tk<t

W (t, tk)(I l
k(u(tk)) + ωl

k),

v(t) = W (t, σ )v(σ ) +
∫ t

σ

W (t, s)(Uv)
l
p(s)ds +

∑

σ<tk<t

W (t, tk)(I l
k(v(tk)) + ωl

k).

(4.3)

Therefore,

‖u(t) − v(t)‖ ≤‖W (t, σ )(ϕ(t) − ψ(t))‖ + ‖
∫ t

σ

W (t, s)((Uu)l
p(s) − (Uv)

l
p(s))ds‖

+ ‖
∑

σ<tk<t

W (t, tk)[I l
k(u(tk)) − I l

k(v(tk))]‖

≤‖W (t, σ )‖‖ϕ − ψ‖ +
∫ t

σ

‖W (t, s)‖‖((Uu)l
p(s) − (Uv)

l
p(s))‖ds

+
∑

σ<tk<t

‖W (t, tk)‖‖[I l
k(u(tk)) − I l

k(v(tk))]‖

≤K ∗e−ζ(t−σ)‖ϕ − ψ‖ +
∫ t

σ

K ∗e−ζ(t−σ)
n∑

p=1

�p‖u(s) − v(s)‖ds

+
∑

σ<tk<t

K ∗e−ζ(t−tk )L‖u(tk) − v(tk)‖,

(4.4)

then

eζ t‖u(t) − v(t)‖ ≤K ∗eζσ ‖ϕ − ψ‖ +
∫ t

σ

K ∗
n∑

p=1

�peζ s‖u(s) − v(s)‖ds

+
∑

σ<tk<t

K ∗eζ tk L‖u(tk) − v(tk)‖.
(4.5)
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Let μ(t) = eζ t‖u(t) − v(t)‖, Eq. (4.5) can be rewritten in the following form:

μ(t) ≤K ∗μ(σ) +
∫ t

σ

K ∗
n∑

p=1

�pμ(s)ds +
∑

0<tk<t

K ∗Lμ(tk). (4.6)

By the generalized Gronwall–Bellman inequality, we have

μ(t) ≤ K ∗μ(σ)
∏

σ<tk<t

(1 + K ∗L)e

∫ t
σ K ∗ n∑

p=1
�pds

= K ∗μ(σ)
∏

σ<tk<t

(1 + K ∗L)e
K ∗ n∑

p=1
�p(t−σ)

.

(4.7)

Since � = inf
k∈Z

(tk+1 − tk) > 0, we have

μ(t) ≤ K ∗μ(σ)(1 + K ∗L)
t−σ
� e

K ∗ n∑

p=1
�p(t−σ)

= K ∗‖ϕ − ψ‖e�(t−σ),

where

� = ln(1 + K ∗L)

�
+ K ∗

n∑

p=1

�p.

That is

‖u(t) − v(t)‖ ≤ K ∗‖ϕ − ψ‖e(�−ζ )(t−σ).

Since (H7), � − ζ < 0, then system (1.1) has an exponential stable asymptotically almost
automorphic solutions. This completes the proof. �

Remark 1 • The condition H5, H7 are wild conditions for the above three theorems. And
the condition H0, H1, H2, H3, H4, H5, H6, H7 are practical conditions for the above
three theorems.

• The condition that the activation function in the paper is bounded, as well as being easily
decomposable, looks like a little conservative. The future work we can consider the the
condition that the activation function in the paper whether or not can be more relax.

• Since the multiplication of quaternons does not satisfy the commutative law, the meth-
ods for dealing with real-valued networks and complex-valued networks cannot be used
to deal directly with quaternion numerical neural networks. In order to overcome the
difficulty that quaternion multiplication is not commutative, the quaternion system can
be decomposed into four real-valued systems or two complex-valued systems by using
Hamilton multiplication law of quaternion or complex decomposition method of quater-
nion.

• The future work we can consider if the existence and uniqueness and the global expo-
nential stability of almost periodic solutions of QVNNs can gained by direct method not
by decomposing the functions into four real systems.

5 Examples

In this section, we present two numerical examples to illustrate the results given in this paper.
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Example 1 Consider the system (1.1), when n = 2,
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

x ′
p(t) = −cp(t)x p(t) +

n∑

q=1
apq(t) fq(xq(t − τpq(t)))

+
n∑

q=1
bpq(t)

∫ ∞
0 K pq(u)gq(xq(t − u))du + u p(t), t �= tk,

�(x(tk)) = αk x(tk) + Ik(x(tk)) + ωk, k ∈ Z, t ∈ R, t = tk = 2k.

xl
p(s) = ϕl

p(s) = 1, s ∈ (−∞, 0].

(5.1)

For p, q = 1, 2, the coefficients are as follows:
c1(t) = 4 + sin(t), c2(t) = 3 + cos(t), fq(xq) = 0.2 sin(x R

q ) + cos(| x I
q + x J

q |
)i + 0.3 cos(x J

q ) j + 0.5 tanh(x K
q )k, gq(xq) = 0.3 sin(

√
2x R

q ) + 0.2 sin2(x R
q + x I

q )i +
0.8 sin(x J

q ) j + 0.2 cos(
√
5x K

q )k, a11(t) = a12(t) = 0.02 sin( π

2+sin(
√
3t)

) + 0.05 sin(t)i +
0.03 cos(

√
2t) j + 0.03 cos( π

2+sin(
√
5t)

)k, a21(t) = a22(t) = 0.03 sin( 2π
2+sin(

√
3t)

)

+ 0.02 cos(
√
3t)i + 0.02e−t2 j + 0.02 cos( 2π

2+sin(
√
5t)

)k, b11(t) = b12(t) = 0.02e−t2 +
0.02 cos(

√
2t)i + 0.05 sin(

√
2t) j + 0.03 cos(

√
2t)k, b21(t) = b22(t) = 0.03 cos(

√
3t) +

0.01 cos( 2π
2+sin(

√
5t)

)i + 0.01e−t4 j + 0.02 sin(t)k, u1(t) = (0.2 + 1
1+t2

) + 0.01e−t2 i +
0.2 sin(2t) j + 0.02 1

1+2t2
k, u2(t) = (0.2 + 1

1+0.5t2
) + 0.01e−0.5t2 i + 0.5 sin(1.5t) j +

0.4 1
3+sin(2t) k, τ R

1q(t) = 0.2, τ I
1q(t) = 0.1, τ J

1q(t) = 0.6t, τ K
1q(t) = 0.2t, kpq(s) =

e−s,�x1(2k) = 1
40 x1(2k)+ 1

80 cos(x1(2k))+ 1
40 ,�x2(2k) = 1

40 x2(2k)+ 1
80 sin(x1(2k))+

1
80 .

By calculations, we have c−
1 = 3, c+

1 = 5 c−
2 = 2, c+

2 = 4, aR+
11 = aR+

12 =
0.02, aI+

11 = aI+
12 = 0.05, a J+

11 = a J+
12 = 0.03, aK+

11 = aK+
12 = 0.03, aR+

21 = aR+
22 =

0.03, aI+
21 = aI+

22 = 0.02, a J+
21 = a J+

22 = 0.02, aK+
21 = aK+

22 = 0.02, bR+
11 = bR+

12 =
0.02, bI+

11 = bI+
12 = 0.02, bJ+

11 = bJ+
12 = 0.05, bK+

11 = bK+
12 = 0.03, bR+

21 = bR+
22 =

0.03, bI+
21 = bI+

22 = 0.5, bJ+
21 = bJ+

22 = 0.01, bK+
21 = bK+

22 = 0.02, u R+
1 = 1.2, uI+

1 =
0.01, u J+

1 = 0.2, uK+
1 = 0.02, u R+

2 = 1.2, uI+
2 = 0.01, u J+

2 = 0.5, uK+
2 =

0.2,
∫ +∞
0 | kpq(u) | du ≤ 1, L = 1

80 , A∗
1 = 0.52, B∗

1 = 0.36, �1 = 0.88,
A∗
2 = 0.36, B∗

2 = 1.68, �2 = 2.04.
Also, after calculation we have

W (t, s) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

diag

(

e− ∫ t
s [4+sin(m)]dm, e− ∫ t

s [3+cos(m)]dm
)

,

t, s ∈ (tk−1, tk],
diag

(

e
− ∫ t

t+k
[4+sin(m)]dm

, e
− ∫ t

t+k
[3+cos(m)]dm

)

×(I + diag( 1
40 ,

1
40 ))diag

(

e− ∫ tk
s [4+sin(m)]dm, e− ∫ tk

s [3+cos(m)]dm
)

,

tk−1 < s ≤ tk < t ≤ tk+1,

diag

(

e
− ∫ t

t+k
[4+sin(m)]dm

, e
− ∫ t

t+k
[3+cos(m)]dm

)

×
i+1∏

j=k

[

(I + diag(− 1
40 ,− 1

40 ))diag

(

e
− ∫ t j

t+j−1
[4+sin(m)]dm

, e
− ∫ t j

t+j−1
[3+cos(m)]dm)]

×(I + diag(− 1
40 ,− 1

40 ))diag

(

e− ∫ ti
s [4+sin(m)]dm, e− ∫ ti

s [3+cos(m)]dm
)

,

ti−1 < s ≤ ti < tk < t ≤ tk+1,
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Fig. 1 Transient response of state variables x R
1 , x I

1 , x J
1 , x K

1 for system (5.1) when t ∈ [0, 100]

and

| W (t, s) | ≤ (1 + 1

40
)4e(−4−3)(t−s)e−(cos(t−s)+sin(t−s))

≤ 1.1038e(−7+√
2)(t−s).

So, we can let K ∗ � 1.1038, ζ = −(−7 + √
2) = 5.586,

η = K ∗

ζ
max
1≤i≤2

[
2∑

j=1

(aR+
pq + aI+

pq + a J+
pq + aK+

pq )(αR
q + α I

q + α J
q + αK

q )

+
2∑

j=1

K̃ (bR+
pq + bI+

pq + bJ+
pq + bK+

pq

)
(β R

q + β I
q + β J

q + βK
q )] + K ∗L

1 − e−ζ�∗

=1.1038

5.586
[0.36 + 1.68] + 1.1038 × 1

80

1 − e−5.586×2
= 0.4161 < 1,

� = ln(1 + K ∗L)

�
+ K ∗

2∑

p=1

�p

= ln(1 + 1.1038 × 1
80 )

2
+ 1.1038 × (0.36 + 1.68) ≈ 2.3329,

� − ζ = 2.3329 − 5.586 < 0.

Obviously, (H0) − (H7) hold. By Theorem 3.1, system (5.1) has a unique asymptotic
almost automorphic solution in the region S∗(ϕ0, η). By Theorem 3, this asymptotic almost
automorphic solution of system (5.1) is globally exponentially stable(see Figs. 1, 2, 3, 4).

Example 2 Consider the following system of Example 1 without impulses, when n = 2,
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

x ′
p(t) = −cp(t)x p(t) +

n∑

q=1
apq(t) fq(xq(t − τpq(t)))

+
n∑

q=1
bpq(t)

∫ +∞
0 K pq(u)gq(xq(t − u))du + u p(t)

xl
p(s) = ϕl

p(s) = 1, s ∈ (−∞, 0].

(5.2)
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Fig. 2 Orbit of two of x R
1 , x I

1 , x J
1 , x K

1 for system (5.1) in 3-dimensional space when t ∈ [0, 100]

Fig. 3 Transient response of state variables x R
2 , x I

2 , x J
2 , x K

2 for system (5.1) when t ∈ [0, 100]

For p, q = 1, 2 and the coefficients of Example 2 are the same as Example 1.

System (5.2) has a unique asymptotic almost automorphic solution, which is globally
exponentially stable. The results are verified by the numerical simulations in the Figs. 5, 6,
7, 8.

Remarks

• If we do not take into account the impulsive effects, then system (5.1) can be reduced to
system (5.2).

• Underlining a very remarkable difference between the figures of the system (5.1) and the
figures of the system (5.2), the effects of the impulsion are quite profound.
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Fig. 4 Orbit of three of x R
2 , x I

2 , x J
2 , x K

2 for system (5.1) in 3-dimensional space when t ∈ [0, 100]

Fig. 5 Transient response of state variables x R
1 , x I

1 , x J
1 , x K

1 for system (5.2) when t ∈ [0, 100]

• Figs. 1, 2, 3, 4 of system (5.1) depict the numerical simulations of state variables of
xl

p, p = 1, 2, l ∈ E and show that the existence, uniqueness and stability of asymptotic
almost automorphic solutions of system (5.1) are subject to instantaneous perturbations
and change of the state abruptly due to the effects of the impulse.

• In Figs. 5, 6, 7, 8 of system (5.2), the orbits in three-dimensional spaces, we can see the
dynamic behavior of the asymptotic almost automorphic solutions of the system (5.2)
without impulse.

• From the comparison of Fig. 1 with Fig. 5 and from the comparison of Fig. 3 with Fig. 7,
it can be seen that the impulses have local effect on the original function.

• From the comparison of Fig. 2 and Fig. 6 and from the comparison of Fig. 4 with Fig. 8,
it can be seen that the graph of solutions of neural network with impulse is larger than
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Fig. 6 Orbit of two of x R
1 , x I

1 , x J
1 , x K

1 for system (5.2) in 3-dimensional space when t ∈ [0, 100]

Fig. 7 Transient response of state variables x R
2 , x I

2 , x J
2 , x K

2 for system (5.2) when t ∈ [0, 100]

that of neural network without impulse. It means that the range of solutions for impulsive
neural networks wider than the solutions for neural networks.
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Fig. 8 Orbit of three of x R
2 , x I

2 , x J
2 , x K

2 for system (5.2) in 3-dimensional space when t ∈ [0, 100]
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Abstract

The effect of roll temperature from 60 to 120�C on the crystalline structure and

properties of oriented polypropylene (PP) cast films and the stretched micropo-

rous membrane was studied. It was found that the long period, the thickness

of the crystalline and amorphous phase increase with the increasing roll tem-

perature. And the regularity of the lamellar structure also improves with the

increasing roll temperature. In comparison, the lamellae lateral dimension is

nearly unchanged at 50 nm. The orientation of the lamellar structure slightly

decreases from 0.81 to 0.76 with increasing roll temperature. The increase of

the long period and the improvement of the regularity of the lamellar structure

lead to the increase of the elastic recovery value of PP cast film. The corre-

sponding microporous membrane also shows a smaller thickness of lamellar

clusters, larger pores, better air permeability and better thermal shrinkage

resistance. The higher roll temperature is beneficial to the perfection of the

lamellar structure, obtaining the higher-performance microporous membrane.

KEYWORD S

crystallization, membranes

1 | INTRODUCTION

Microporous membranes have been extensively used in
many separation applications, such as electronic vehi-
cles, rechargeable electronics, water filtration and
medical applications.1 The microporous membrane as
a separator is one of the critical components in Li-ion

batteries, allowing the transportation of ionic charge
carriers and preventing electrical short circuits
between a cathode and an anode.2 Currently, the main
preparation methods of commercial microporous
membranes include the dry method (melt-stretching)
and the wet method.3,4 Among them, polypropylene (PP)
microporous membranes prepared by the melt-stretching
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method are one of the most widely used separators in
industry.5 Studying the polypropylene microporous mem-
brane preparation by the melt-stretching method helps
guide the production of high-performance microporous
membranes.

Preparing polypropylene microporous membranes
by melt-stretching is generally divided into the follow-
ing four steps: (1) the extruded melt forms highly
oriented lamellar structures under stress and tempera-
ture fields; (2) annealing to improve the lamellar
structure, increase the thickness of the lamellae
and improve the orientation6; (3) stretching at low
temperature and high temperature to form a regular
pore structure7; (4) heat-setting to stabilize the pore
structure.8,9 During the melt-stretching process, the
polymer melt would be stretched and oriented under
high-speed stretching force when it flows out of the
die. At the same time, the oriented molecule chains
would be rapidly cooled by the air knife and start to
form the initial oriented lamellar structures. Then,
the oriented lamellar structures further grow up on the
hot casting roller. It is generally accepted that both the
raw material and processing parameters are key factors
for forming highly oriented lamellar structures.10–13

Much research has focused on the processing parame-
ters such as extruding temperature, melt-stretching
ratio, and cooling air.14–18 Although researchers gener-
ally believe that higher roll temperature is beneficial to
the formation of oriented lamellar structures and the
improvement of the performance of the stretched
microporous membranes, little attention has been paid
to the effect of roll temperature. Ajji et al.19 suggested
that the roll temperature has a crucial role in the ori-
entation of the crystalline as well as the amorphous
phases. Liu et al.20 found that the roll temperature of
90�C is suitable for polyethylene to form the oriented
lamellae structure with the largest lamellae orientation
degree, the thinnest lamellae thickness, further obtain-
ing the best uniform microporous membrane with the
larger pore size and better pore distribution. However,
the relationship between roll temperature and lamellar
structure parameters and the properties of cast films
and stretched microporous membranes has not yet
been established.

This paper intends to study the effect of the roll
temperature on the microstructure parameters and
the properties of PP cast films and stretched micropo-
rous membranes. The crystalline parameters were
characterized using two-dimensional small-angle x-ray
scattering (2D-SAXS), DSC, SEM and FTIR. The rela-
tionships between the roll temperature, lamellar struc-
ture parameters and the properties of PP cast film and
stretched microporous membranes were determined.

2 | MATERIALS AND
EXPERIMENTS

2.1 | Material

A polypropylene resin (F401) with a melt flow rate value
of 2.0 g/10 min (230�C, 2.16 kg) from Yangzi Petrochemi-
cal Company, China, was used.

2.2 | The PP cast film preparation

The PP cast film was prepared by cast extrusion through a
T-slot die, followed by stretching and cooling (Figure 1).
During extrusion, the uniaxial stretching (machine direc-
tion, MD) was applied to PP melt, which resulted in the
oriented lamellar structures. The die temperature was set
at 210�C, and a melt draw ratio of 125 was applied. The
melt-draw ratio is a specific ratio between the line speed of
the casting roll and the extruding velocity of the PP melt.
The thickness of the cast film is 25 μm. Since the roll
temperature during melt stretching process was generally
set between the relaxation temperature of the crystalline
region (60–70�C for PP) and the maximum crystallization
temperature (120–130�C for PP), the cast roll temperature
was set at 60, 80, 100 and 120�C, respectively.

2.3 | Annealed and stretched
microporous membrane preparation

The prepared PP cast film was first annealed for 30 min
at 145�C in a hot oven to improve the crystalline struc-
ture. Then, the PP annealed film was stretched by the
H&P Inspekt table blue machine equipped with a heating
chamber. The detailed procedures were shown as follows:
the PP annealed films were first stretched to 30% with
a drawing speed of 100%/min at room temperature
and then stretched to 120% with a drawing speed of
100%/min at 130�C; the stretched membrane was further
heat-set for 5 min at 145�C.

FIGURE 1 Schematic diagram for the melt-stretching process.

[Color figure can be viewed at wileyonlinelibrary.com]
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2.4 | Tensile test and the elastic
recovery value

The tensile test used an H&P Inspekt table blue machine.
As the deformation was homogeneous in the tensile test,
the sample was cut into long strips 80 mm long and
15 mm wide. The gage length was 50 mm. The grip had
standard plate jaws used for flat and thin specimens. The
stretching speed in the tensile test was 50 mm/min.
The elastic recovery value (ER %) was also tested using
an H&P Inspekt table blue machine at a 50 mm/min
deformation rate. It was determined along the stretching
direction of the film. The ER (%) was calculated by the
following equation:

ER %ð Þ¼ L�L0ð Þ= L�L0ð Þ�100%, ð1Þ

where, L0 was the initial length of the film before the
extension, L was the length when strained to 100%, and
L0 was the length at the end of the extension.

2.5 | Scanning electron microscopy

The surface morphology was characterized by scanning
electron microscopy (SEM; S3400N, Hitachi, Japan). All
the samples were sputtered with a platinum ion beam for
100 s before the test. To clearly observe the lamellar clus-
ters of the cast films, an etching method was used to
remove the amorphous part. The films were dissolved in
a 0.7% solution of potassium permanganate in a mixture
of 35 vol% of orthophosphoric and 65 vol% of sulfuric
acid. The SEM images were analyzed with Nano
Measurer software to get information on the structural
units in the microporous membrane. The calculation
process selected more than 200 research units to obtain
a final average result by manual measure and further
calculate the standard deviation.

2.6 | Differential scanning calorimetry

Differential scanning calorimetry measurements were
performed with a Mettler-Toledo DSC3. The temperature
and heat flow were calibrated with indium. Samples
weighing approximately 8 mg were encapsulated in
hermetic aluminum pans, and heated with a temperature
ramp of 10 K/min from 25 to 140�C under a nitrogen
flow of 50 mL/min. The crystallinity (Xc) was calculated
as follows21:

Xc %ð Þ¼ΔНm=ΔH0
m�100%, ð2Þ

where, ΔНm was the endothermic heat of melting, ΔH0
m

was the endothermic heat for perfectly crystalline PP
(290 J g�1).21

The lamellae thickness corresponding to the melting
peaks in the DSC curves was calculated according to the
Thomson–Gibbs Equation:

L¼ 2σe
Δhm

T0
m

T0
m�Tm

�109, ð3Þ

where, L was the lamellae thickness, nm, σe was fold sur-
face free energy of α form PP crystal, 49.6� 10�3 J/m2,
T0
m was the equilibrium melting temperature, 457K, Tm

was the melting temperature, Δhm was the enthalpy of
fusion per unit volume, 1.34� 108 J/m3.

2.7 | Small-angle x-ray scattering

The PP cast films prepared under different roll temper-
atures were tracked using the beamline 1W2A, Beijing
Synchrotron Radiation Facility (China). SX165-CCD
was set at 4880 mm sample-detector distance. The
exposure time was 15 s. The scattering intensities were
integrated within ±5� along the vertical direction of 2D
SAXS patterns.

The average thicknesses of the crystalline phase
layers (Lc) and the amorphous phase layers (La) were cal-
culated from the integrated curve by the one-dimensional
electron density correlation function K(r) as shown22:

K zð Þ¼

Z ∞

0
I qð Þcos qzð Þdq
Z ∞

0
I qð Þdq

, ð4Þ

where, z was parallel to the drawing direction. I(q) was
the integrated intensity along the vertical direction.

2.8 | Fourier transform infrared
spectroscopy

FTIR spectroscopy spectra were obtained using a Nicolet
IS50 FTIR instrument from Thermo Electron Corp.
(DTGS detector, resolution 4 per cm, accumulation of
128 scans). The beam was polarized via a Spectra-Tech
zinc selenide wire grid polarizer from Thermo Electron
Corp. The dichroic ratio (R) was calculated by the ratio of
the absorbance from beams polarized parallel (A//) and
perpendicular (A⊥) to the melt extrusion direction. Then
the data were evaluated in the degree of orientation, f:
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R¼ A==

A ⊥
, ð5Þ

f ¼R�1
Rþ2

�R0þ1
R0�2

: ð6Þ

R0 was given by:

R0 ¼ 2cot2Ψ, ð7Þ

where, Ψ was the angle between the polymer chain axis
and the transition moment of the investigated absorption
band.23

2.9 | Air permeability and porosity

The air permeability of stretched microporous mem-
branes was characterized by Gurley Densometer model
No. 4150 (Gurley Precision Instruments, New York,
USA) according to ASTM D726. The Gurley value was
defined as the time required for a specific amount of air
(100 mL) to pass through a specific area of the micropo-
rous membrane under a specific pressure (20 kgf/cm2).
The porosity was measured using the density method
described in the previous work.24

2.10 | Heat resistance property

The thermal shrinkage data, reported as accelerated
shrinkage in percent, represented the decrease in length
of the dimension along the stretching direction after
exposing the membrane under 130�C for 1 h. The percent
was reported as the percent based on the original length
of the membrane prior to its exposure to 130�C for 1 h.

3 | RESULTS AND DISCUSSION

3.1 | The effect of roll temperature on
the mechanical properties of PP cast films

Figure 2a shows the stress–strain curves of PP cast films
prepared under different roll temperatures. When the roll
temperature is 60�C, the stress–strain curve has a weak
yield point but no obvious yield stress drop, indicating
that highly oriented lamellar structures are formed.12

When the roll temperature increases from 60 to 100�C,
the yield stress decreases slightly with the increasing roll
temperature. And the strain-hardening phenomenon
becomes more apparent with the increasing roll tempera-
ture, implying the formation of more prefect oriented

lamellar structures under higher roll temperatures.25 The
change in mechanical properties may come from the dif-
ference in the microstructure of PP cast film prepared
under different roll temperatures.

Figure 2b shows the elastic recovery of PP cast films
prepared under different roll temperatures. When the roll
temperature increases from 60 to 120�C, the elastic recov-
ery value of the cast film significantly increases from 82%
to 88%. This result is mainly related to the improvement
of lamellar structure.26 The microstructure of PP cast film
prepared under different roll temperatures should be fur-
ther investigated.

3.2 | The effect of roll temperature on
the microstructure of PP cast films

Usually, the melt-stretching process could prepare the
cast film with row-nucleated lamellar structures, and the
roll temperature is a key factor in determining the grow
up of crystalline structure. To characterize the effect of
roll temperature on lamellar structures, the SEM images
of the etched PP cast films prepared under different roll
temperatures were tested and shown in Figure 3. The
lamellar clusters can be clearly observed from the surface
morphology of the etched PP cast films. With the roll
temperature set at 60�C, the thickness of the lamellar
clusters is small, and the arrangement of lamellar clusters
is also irregular. Besides, there are some defects shown in
the SEM image. When the roll temperature is increased
to 80�C, the thickness and the arrangement regularity of
the lamellae clusters increase apparently. When the roll
temperature is further increased to 100 and 120�C, the
thickness of the lamellar clusters becomes larger, and
the arrangement of lamellae clusters becomes more reg-
ular. And the defects of lamellae clusters also become
less. It is apparent that increasing the roll temperature
is beneficial to improve the thickness and arrangement
of the lamellae clusters and eliminate the defects of
lamellae clusters.

To further explore the effect of roll temperature on the
crystallization of PP cast films, the thermal behavior of PP
cast films prepared under different roll temperatures was
analyzed by the DSC test. It can be seen from Figure 4 and
Table 1 that the crystallinity and melting point of the cast
film are 56.3% and 158.9�C when the roll temperature is
60�C. As the roll temperature increases, the crystallinity
and melting point increase slightly. When the roll temper-
ature is increased to 120�C, the crystallinity and melting
point of the cast film show the maximum values of 58.8%
and 160.1�C, respectively. The average lamellar thickness
of the PP cast film calculated by the Gibbs–Thomson equa-
tion is also shown in Table 1. The lamellar thickness
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increases from 13.6 to 14.3 nm with the increasing roll
temperature, which is consistent with the SEM results.

To further describe the effect of roll temperature on
the lamellar structure, the SAXS experiment was used to
track the scattering signals of PP cast films prepared
under different roll temperatures, as shown in Figure 5.
It can be seen that there are two symmetrical scattering
spots in the meridian direction of all the scattering pat-
terns, indicating that the highly oriented lamellae struc-
tures were formed during the melt-stretching process.17,27

With the increase of the roll temperature, the scattering

pattern gradually changes from a long teardrop shape to
a short ellipsoid spindle shape, indicating that the regu-
larity of lamellae increases with roll temperature. At the
same time, the scattering pattern gradually moves to the
beam center, which means that the lamellae size
increases with roll temperature. Compared with the scat-
tering pattern of the annealed film, secondary scattering
signals are not found in the cast films with different roll
temperatures.15,28–30 Highly oriented lamellar structures
typically exhibit high-order scattering spots in the scatter-
ing pattern. Hence, we could infer that increasing roll

FIGURE 2 Stress–strain curves (a), elastic recovery value (b) of cast films prepared under different roll temperatures. [Color figure can

be viewed at wileyonlinelibrary.com]

FIGURE 3 The surface

morphology of PP cast films

prepared under different roll

temperatures. [Color figure can

be viewed at

wileyonlinelibrary.com]

5 of 10 CHEN ET AL.

 10974628, 2023, 30, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54080 by G

uangdong U
niversity O

f, W
iley O

nline L
ibrary on [04/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


temperature could not improve the regularity of the
lamellar structure to a level similar to that of annealed
film. Although the cast film prepared under higher roll
temperature has a larger lamellar thickness and better
structural integrity, the annealing process is still necessary.

Figure 6 shows the one-dimensional integrated curve
along the vertical direction. When the roll temperature
increases from 60 to 120�C, the peak value q of the scat-
tering vector decreases gradually, and the peak value q of
the scattering vector reaches the minimum value at the
roller temperature of 120�C, indicating the long period of
lamellar structure increase with the roll temperature. The
full width at half maximum (FWHM) for the intensity

peak was also calculated and shown in Figure 6b. The value
of FWHMmarkedly decreases from 0.3 to 0.22 with increas-
ing roll temperature, which means that roll temperature
effectively improves the regularity of the lamellar structure
and reduces weak lamellae, further leading to the apparent
strain-hardening behavior in the stress–strain curve. The
detailed parameters of lamellar structures were further cal-
culated by the one-dimensional correlation function and
shown in Table 2.22 When the roll temperature increases
from 60 to 120�C, the long period increases slightly from
11.51 to 12.13 nm, and the thickness of the crystalline
region and the amorphous region also increases with roll
temperature. However, the long period at a roll temperature
of 120�C is only 5.4% higher than that at a roll temperature
of 60�C. The effect of roll temperature on the lamellar size
is limited. This limited effect may be due to the short
residence time of the cast film on the heating cast roll. Dur-
ing the melt-stretching process, a high melt drawing ratio is
necessary to obtain the highly oriented lamellar structures;
the high stretching speed makes the film only stays a short
time on the heating casting roll. There is not enough time
for the cast film to grow up the crystalline structure at a suit-
able temperature. The limited thickening of lamellar struc-
tures is consistent with the previous DSC results.

The lamellar lateral size was further calculated from
the width of the peaks at half-height along the horizontal
direction.31,32 Figure 6d shows that the lateral size of the
PP lamellar structure decreases slightly from 52 to 50 nm
with the roll temperature. Apparently, the effect of roll
temperature on the lamellar lateral size is also limited as
cast film only grows up the crystalline structure within
the short staying time on the heating cast roll.

The orientation of the lamella was further calculated
from intensity curves along the azimuthal direction.33

Figure 7a presents that the orientation degree of the lamel-
lar structures slightly decreases from 0.81 to 0.76 with
increasing roll temperature. The orientation degree of the
chain segment was also characterized by FTIR. The charac-
teristic bands at 998 cm�1 are related to the crystalline
regions.34 Figure 7b shows that the orientation of the molec-
ular chains slightly decreases from 0.58 at a roll temperature
of 60�C to 0.565 at a roll temperature of 120�C. These two
similar orientation results indicate that the higher roll
temperature does not benefit the formation of oriented

FIGURE 5 2D SAXS patterns of PP

cast films prepared under different roll

temperatures; the machine direction

(MD) is the meridional direction. [Color

figure can be viewed at

wileyonlinelibrary.com]

TABLE 1 The crystallinity and melting point of PP cast films

prepared under different roll temperatures.

Roll
temperature
(�C)

Crystallinity
(%)

Melting
point (�C)

Lamellar
thickness
(nm)

60 56.3 158.9 13.6

80 57.3 159.5 13.9

100 57.9 159.8 14.1

120 58.8 160.1 14.3

FIGURE 4 DSC curves of PP cast films prepared under

different roll temperatures. [Color figure can be viewed at

wileyonlinelibrary.com]
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structures, as the molecular chain at higher temperatures
has a higher motivation ability and is easy to disorient.

3.3 | The effect of roll temperature on
the properties of PP stretched microporous
membrane

To investigate the effect of roll temperature on the
properties of PP stretched microporous membrane, the

surface SEM images were collected and shown in Figure 8.
And the detailed statistical values of SEM images were
shown in Table 3. As shown in Figure 8, the typical
separated lamellar clusters, micropores, and connecting
bridges are found in all the samples. For the SEM image
prepared under the roll temperature of 60�C, it is found
that some lamellar clusters are not completely separated
during stretching, and no open micropores are in these
areas. With the increase of roll temperature from 60 to
120�C, the average thickness of lamellar clusters visibly
decreases from 247 to 189 nm, the average length of con-
necting bridges increases obviously from 141 to 195 nm,
and the area of micropore also increases with the roll tem-
peratures. These changes represent that lamellar clusters
of the stretched membrane prepared under a higher roll
temperature could be separated more completely during
stretching, the thickness of lamellar clusters becomes
smaller, and the micropores become larger.

The Gurley values, porosity and thermal shrinkage
of PP microporous membrane prepared under different

FIGURE 6 The I(q) versus q cure (a), the full width at half maximum for the intensity curve (b), one-dimensional correlation function

(c), the lamellar lateral size of the lamellar structure (d) of PP cast films prepared under different roll temperatures. [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 2 Lamellae structure parameters of PP cast films

prepared under different roll temperatures.

Roll temperature (�C) L (nm) Lc (nm) La (nm)

60 11.51 5.31 6.20

80 11.55 5.44 6.11

100 12.10 5.50 6.60

120 12.13 5.48 6.65

7 of 10 CHEN ET AL.
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roll temperatures were further tested and listed in
Table 4. The Gurley value, porosity and thermal
shrinkage are 258 s, 49.5% and 7.6% for the roll tem-
perature of 60�C. When the roll temperature increases

to 120�C, the Gurley value, porosity and thermal
shrinkage are improved to 240 s, 50.5% and 6.4%,
respectively. And the air permeability and thermal

FIGURE 7 The orientation degree of the crystalline region calculated by SAXS (a) and calculated by FTIR (b). [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 8 SEM images of

PP stretched microporous

membrane prepared under

different roll temperatures.

[Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 The average thickness of lamellar clusters (Tlc), the

average length (Lb) of connecting bridges and the area of pore in a

unit area of the stretched membrane prepared under different roll

temperatures.

Sample 60�C 80�C 100�C 120�C

Tlc (nm) 247 ± 4 217 ± 5 204 ± 5 189 ± 5

Lb (nm) 141 ± 4 168 ± 5 181 ± 5 195 ± 6

Area (%) 17 18 20 21

TABLE 4 Air permeability, porosity and thermal-shrinkage of

stretched microporous membrane prepared under different roll

temperatures.

Roll
temperature
(�C)

Gurley
value
(s/100 mL) Porosity (%)

Thermal-
shrinkage
(%)

60 258 49.5 7.6

80 246 50.5 6.4

100 242 50.5 6.0

120 240 49.5 6.3

CHEN ET AL. 8 of 10
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shrinkage resistance are improved compared with the
roll temperature of 60�C. These results verify that the
higher roll temperature is beneficial to the perfection
of the lamellar structure to obtain higher-performance
microporous membranes.

4 | CONCLUSION

In summary, the effect of roll temperature from 60 to
120�C on the microstructure and properties of oriented
PP cast films and the stretching microporous membrane
was studied. With the increasing roll temperature, the
long period of the lamellar structure is increased from
11.5 to 12.1 nm, the crystalline phase thickness and the
amorphous phase thickness are also increased, and the
regularity of the lamellar structure improves. In compari-
son, the lamellae lateral dimension is nearly unchanged
at 50 nm. The orientation of the lamellar structure
slightly decreases from 0.81 to 0.76 with increasing roll
temperature. The increase in the long period and the
improvement in the regularity of the lamellar structure
lead to the increase of the elastic recovery value of PP
cast film. For the stretched microporous membranes
prepared under a higher roll temperature, the lamellar
clusters could be separated more completely, showing a
smaller thickness of lamellar clusters and larger micro-
pores. The air permeability and thermal shrinkage resis-
tance are also improved with increasing roll temperature.
The higher roll temperature is beneficial to the perfec-
tion of the lamellar structure, obtaining the higher-
performance microporous membrane.
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Abstract
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of strategies for allocating elderly resources in community aging-friendly constructions, and to reflect the shortcomings 
of community aging-friendly constructions and propose improvement strategies when evaluating the effectiveness of the 
existing community aging-friendly constructions. The paper uses the Fuzzy Analytic Hierarchy Process (FAHP) to calculate 
the weighting values of each indicator, consulting the government, industry, and academic experts. The research results 
show that the weighting-value order is “public environment (W = 0.364),” “health care (W = 0.342),” “humanistic care 
(W = 0.204)” and “social economy (W = 0.090).” Accordingly, the article proposes specific suggestions to improve the 
effectiveness of community aging-friendly constructions, including the need to find consensus among all parties involved in 
the aging industry, the need to focus on improving the public environment of the community, and the need to improve the 
socio-economic policies as soon as possible.
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What do we already know about this topic?
The weighting values of the indicators in the 4 sub-levels of the community’s aging-friendly construction are “public 
environment (W = 0.364)> health care (W = 0.342)> humanistic care (W = 0.204).>social economy (W = 0.090).”

How does your research contribute to the field?
The research results show that the public environment is the core element of a community’s aging-friendly construction, 
and social economy is an effective supplement, and we learned that some differences exist in the government, industry, 
and academia’s perceptions. Hence, it is necessary to find consensus among all parties to make the aging-friendly con-
struction comprehensive and sustainable.

What are your research’s implications toward theory, practice, or policy?
The results of our study have practical implications for the precise investment of senior care resources, the development 
of strategies to prioritize older adults’ needs, the objective evaluation of the effectiveness of the community’s aging-
friendly construction, and proposing targeted improvement strategies.

Original Research

Research Background and Objectives

With the development of its economy and the rise of its real 
estate industry, China’s community’s function is becoming 
more and more powerful. Therefore, in the 13th 5-year Plan 
for developing China’s aging cause, it is proposed to build a 
“home-based, supported by community and institutions” 
social older-adult care service system as soon as possible. 
The community home-based older-adult care model has 
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gradually sprung up and developed into China’s most cru-
cial older-adult care model.1 Statistics show that China’s 
older-adult care is based mainly on the “9073” model, 90% 
of the older adults rely on community home-based for older-
adult care.2 Since 2011, led by the Ministry of Civil Affairs 
and the National Development and Reform Commission, 
the “Community’s Home-based Older-adult Care Service 
Plan” has been implemented all over the country, and many 
community older-adult care service facilities and older-
adult activity centers have been established. Social security 
systems such as pension and medical insurance have gradu-
ally improved. The daily care services for the older adults 
have been significantly improved.3 As an essential part of 
the older adults’ pension, the ultimate goal of a community’s 
home-based older-adult care service is to comprehensively 
improve the service supply at the levels of community 
humanistic care, public environment, health care, and social 
economy, therefore improving the quality of life and older-
adult care satisfaction of the older adults.4 Whether the com-
munity older-adult care services and the aging-friendly 
constructions match the older adults’ needs, and whether the 
older adults’ diversified care needs are effectively met, are 
the essential factors affecting the development of the com-
munity’s home-based older-adult care industry.5 Although 
economic growth and the improvement of community ser-
vice levels make it possible to meet older-adult care needs, 
the heterogeneous characteristics of older-adult groups will 
produce a diversified demand focus, and increase the com-
plexity of demand identification. At the same time, the 
social background of rapid aging and “getting old before 
getting rich” also determines that due to the limitation of 
social pension resources, the pension needs of the older 
adults can not be fully met. The development of the com-
munity’s home-based older-adult care industry depends on 
the recognition and acceptance of the older-adult care model 
by the older adults. The current community home-based 
older-adult care service model generally has structural con-
tradictions, such as a high supply rate versus a low utiliza-
tion rate, single content versus diversified demand, and 
insufficient accuracy of demand identification versus 
repeated investment of resources.6 Therefore, in order to 
completely distinguish the index factors for community’s 
aging-friendly construction, to determine the construction 
sequence’s priority according to the “importance” of differ-
ent factors, and to accurately match the limited social pen-
sion resources with diversified pension services, whether in 
practical or academic level, it is necessary to study the index 
elements of China’s community’s aging-friendly construc-
tion and the importance of each index element under the 
community’s home-based older-adult care model.

The research objectives of this thesis are as follows:

1. By applying the FAHP method, complete the weight-
ing allocation of each community’s aging index 

under the home-based older-adult care model. 
Construct the all-factor indexes that affect commu-
nity’s aging-friendly construction into a progressive 
relationship, and evaluate the complex evaluation 
indexes and research objects. The stratified division 
clarifies the micro-level structure, which is condu-
cive to guiding the input of community’s aging-
friendly construction resources at the macro level and 
formulating priority strategies at the micro level.

2. Construct a complete set of evaluation weighting 
systems covering all elements of community’s 
aging-friendly construction that effectively assess 
the current status of community’s aging-friendly 
construction in existing communities or after reno-
vation. Make qualitative and quantitative judgments 
on the community’s aging-friendly construction, and 
reflect on the current situation of aging communities 
or the shortcomings in their construction, creating 
effective contrast and promotion.

Research Theory and Literature 
Review

Research on the Construction of Aging-Friendly 
Construction Index System

In April 2002, the “Active Aging Index (AAI),” a policy 
framework to deal with aging in the 21st century, was offi-
cially put forward at the United Nations’ second world 
assembly on Aging. Active aging refers to prolonging the 
healthy life span and improving the quality of life of the 
older adults by optimizing the level of health, social partici-
pation, and security of the older adults,7 This new policy 
theory has attracted attention worldwide and raised extensive 
discussions. In recent years, scholars in related fields in dif-
ferent regions of the world have started exploring indicators 
for the level of active aging based on the socioeconomic and 
cultural background of each area, and suggested many theo-
ries, such as the Healthy Aging Index (HAI), Productive 
Aging Index (PAI) and Successful Aging Index (SAI). 
Thailand is the first country to release the research and devel-
opment results of quantitative measurement tools for active 
aging after the World Health Organization introduced the 
concept of “active aging.” Thanakwang believes that in addi-
tion to physical, cognitive, psychological, social and envi-
ronmental factors and economic resources, positive aging is 
also affected by cultural factors, He developed an active 
aging index evaluation tool adapted to Thailand’s socio-
economic culture based on the World Health Organization 
(WHO)’s conceptual framework.8 Bowling and Stafford sur-
veyed the older adults over 65 on active aging and evalu-
ated the influencing factors using an analytic hierarchy 
process, The results show that “maintaining good health 
and working”, “leisure and social activities”, “functions 
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and activities”, and “social relations and contacts” are the 
most critical factors affecting the older adults’ active aging.9 
Lim and Thompson added the spiritual happiness index to 
the active aging index, and used a multiple regression model 
to test 120 Singaporeans of Chinese, Malay and Indian origin 
aged 55 to 64 and over 65, The results show that the AAI 
evaluation model cannot significantly predict the activity 
level of the older adults only by controlling age; but the accu-
racy is significantly improved by implanting spiritual happi-
ness. Significant differences exist in the final evaluation of 
the AAI index among different ages and races.10 Based on 
health, participation, and security, China’s active aging 
mainly includes development, harmony, and sharing. It can 
therefore build an all-round policy system including econ-
omy, culture, politics, social development, family relations, 
and social resources.11 Liu and Yang used Charls and CGSS 
databases and learned from the EU active aging measure-
ment framework. They used the analytic hierarchy process 
and DEA method to design China’s active aging index, mea-
sured the active aging index of China’s 28 provinces, and 
studied the development level of active aging at the regional, 
urban and rural, provincial and gender levels.12

However, it is important to point out that, with the deep-
ening research on gerontology and aging, the connotation of 
the concept of “older adults” has become the focus of aca-
demic research. Academics usually understand “older adults” 
in the context of “Aging,” and there are mainly 2 perspec-
tives: “natural aging” and “social aging.” On the one hand, as 
biological individuals, older adults are “human beings” and 
have a biological continuum of natural aging13; on the other 
hand, as a socially interacting entity, older adults will gradu-
ally be marginalized by society as their physical functions 
decline.14,15 “In this study, we follow the scholars mentioned 
above” opinions and consider people starting to enter the 
aging state as older adults by combining many factors such 
as living states, health condition, and living ability in addi-
tion to their ages.

Study on Indicators of Community’s Aging-
Friendly Construction

Setting the family as the core and relying on the community 
and professional services as the foundation, the community’s 
home-based older-adult care makes full use of the commu-
nity’s resources, which include community health service 
institutions, various older-adult care institutions, and com-
munity public service institutions. It provides social services 
to help solve older-adult care needs, including life care, 
medical care, spiritual care, and social pension services of 
one or more services such as culture, sports, and emergency 
assistance.16 The community’s aging-friendly construction 
is the supportive and instrumental service obtained by the 

older adults from the community to ensure their care. The 
International Consensus on Establishing Long-Term Care 
Policies for the Older Adults issued by the WHO in 2000 
pointed out: “based on the community, provide extensive 
preventive, remedial and developmental services for the 
older adults, and take independence, participation, care, and 
self-enrichment as the main objectives of long-term care 
policies for the older adults.”17 In addition, the Global Report 
on Aging and Health proposed: “focusing on the health secu-
rity, social attributes, economic rights and human rights 
development of the older adults, and the older adults should 
receive care, services and protection from the community.”18 
In foreign studies, a community’s aging-friendly construc-
tion is generally summarized as “1e3m”: environment, 
money, medical, and mental, It refers to the public environ-
mental security at the “environment” level, material and eco-
nomic security at the “money” level, health care security at 
the “medical” level and psychological care at the “mental” 
level.19 Forder summarized the community’s older-adult care 
needs into 4 aspects: health, economy, residence, and society, 
and extended to multiple sub-items such as chronic disease 
management, health maintenance, economic resources, liv-
ing environment, and psychological comfort.20 Harrison et al 
divided the community’s aging-friendly construction in 
Australia from the general service needs of the community’s 
older adults, which includes 76 indicators such as house-
keeping, care, personal affairs and mental health.21 The pen-
sion system proposed by China’s academics since 1982, 
which includes “the older adults having a sense of security, 
medical care, learning, achievement, and happiness,” is the 
earliest standard used in China’s older-adult care policy and 
research field.22 With the progress of the times and the devel-
opment of society, especially the continuous improvement of 
the social pension security system and community environ-
ment, 4 primary and 9 secondary criteria have been devel-
oped based on the original pension system. The 4 primary 
ones are humanistic care, living environment, health care, 
and social economy. A community’s aging-friendly construc-
tion, with a total of 48 indicators, has become a common and 
recognized division method in academic circles in line with 
China’s current conditions.23 The ultimate goal of the devel-
opment of community home-based aging services is to 
improve the service supply in humanistic care, public envi-
ronment, health care and socio-economic aspects of the 
community in a comprehensive manner, thus enhancing the 
quality of life and satisfaction of the older adults.24,25 
Therefore, using “humanistic care, public environment, 
health care and social economy” as the dimensions of com-
munity aging construction is consistent with all the elements 
of community aging-friendly construction under the commu-
nity home-based aging service model. It can meet the diver-
sified needs of older adults living in communities.26
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Research on Related Theory and Application of 
FAHP

The Analytic Hierarchy Process (AHP) is a systematic evalu-
ation method for multiple judgment bases and comprehen-
sive decision-making under uncertainty, which was founded 
by Thomas Saaty, a famous American scholar, in 1971, It 
mathemationizes the evaluator’s complex thinking process.27 
The AHP requires that the judgment matrix among all levels 
must conform to the consistency test. To achieve matrix 
consistency, the matrix value needs to be adjusted and 
tested several times, affecting decision-making quality. The 
Fuzzy Analytic Hierarchy Process (FAHP) is an evaluation 
method developed based on the combination of fuzzy com-
prehensive evaluation and AHP. It helps to reduce or avoid 
the impact caused by the evaluator’s subjectivity, fuzzi-
ness, and uncertainty. It has been widely used in economic 
progress prediction, national industrial structure research, 
national defense and military research, energy policy anal-
ysis, scientific and technological achievement evaluation, 
and development strategy formulation.28 When making 
decisions with the FAHP method, the following steps are 
mainly used:

The first step is to combine the multi-level evaluation 
model. When using FAHP to solve various evaluation prob-
lems, we should first decompose the complex system prob-
lems into several levels, and then classify the different 
influencing factors to build a multi-level evaluation model.

The second step is to construct the paired comparison 
matrix. After the hierarchical structure is built, the paired 
comparison between the indicators at each level must be car-
ried out. Numbers 1 to 9 and their reciprocals are used as 
scales, to assign the relative importance between the indica-
tors and construct the paired comparison matrix, as shown in 
formula (1).

 R =
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When using the FAHP method for group decision-making, 
Saaty suggests using “geometric average” to obtain group 
opinions29: if n experts participate in scoring, and their scor-
ing values are x1, x2, x3 . . . xn respectively, the average 
value is calculated as formula (2):

 X X X X Xnn= × × × ×1 2 3   (2)

The third step is to obtain the feature vector and check its 
consistency. According to the pairwise comparison matrix, 

the maximum feature vector of each index at the same level 

can be calculated as ω, which meet 
i

n

=
∑ =
1

1wi . Then, it is 

normalized, which can be used as relative weight. When the 
eigenvalue is no longer equal to n, the difference between 
λmax  and n can be used as the consistency standard to mea-
sure the consistency before and after expert judgment. This 
process is called consistency verification. Saaty suggests that 
when the consistency index CR ≤ 0.1, the error is within the 
acceptable range.

Research Methods and Processes

This study aims to determine the weighting value of various 
indicators of a community’s aging-friendly construction 
under the community home-based older-adult care model, 
thus building a complete evaluation system of the commu-
nity’s aging-friendly construction indicators. The research is 
divided into 2 stages. The first stage is the investigation of 
the FAHP expert questionnaire. Experts from 3 decision-
making groups: professional academia, government manage-
ment and community industry, will then score the relative 
importance of various indicators. It reflects the cognitive 
contrasts of different decision-making groups on the impor-
tance of a community’s aging-friendly construction indica-
tors. The second stage is calculating the weight of the 
community’s aging-friendly construction indicators. A super 
decisions software is used to summarize and calculate the 
experts’ evaluation, reducing the subjective understanding of 
evaluators from different decision-making groups, and there-
fore building a comprehensive and appropriate weighting 
system for indicators.

The Super Decisions software was developed by Saaty 
and his research team, Creative Decisions Foundation. It is 
used to compute models with dependencies and provide 
decision feedback. It can run the FAHP.30 The Super 
Decisions software allows decision-makers to quickly ana-
lyze the problem by comparing 2 factors to find the relative 
weightage of each factor in the overall structure, which saves 
more computing time and makes the decision-making pro-
cess more efficient.31

The First Stage: FAHP Expert Questionnaire 
Survey

Construction of evaluation system of community’s aging-friendly 
construction index. This study considers the critical elements 
of community’s aging-friendly construction from humanistic 
care, public environment, health care, and social economy. It 
is divided into 4 criteria levels, 9 sub-criteria levels, and 48 
indicator levels, to build a complete CAFCIS.32 See Table 1:
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Fuzzy analytic hierarchy process questionnaire design. This 
stage aimed to understand the relationship between the eval-
uation indicators of the community public environment and 
aging. The evaluation index weighting of the aging-friendly 
community was calculated using a fuzzy hierarchy analysis 
expert questionnaire. With this evaluation method, a relative 
weight ratio was used, and “relatively important values,” 
“the maximum acceptable value,” and “the minimum accept-
able value” were selected. The collected data were sorted, 
compared, and checked according to the relative importance 
of the indicators. The ratio was then subjectively determined 
based on the experts’ professional and academic experience. 

The instructions for filling out the fuzzy-level analysis expert 
questionnaire are listed in Table 2.

Selection of expert groups and distribution of questionnaires. In 
the part of expert group selection, this study believes that the 
scope of the index evaluation system is broad and complex. 
If only a particular category of experts was selected, the data 
obtained might be too biased and less credible. Therefore, 
this study believes that it is necessary to include the opinions 
of multiple expert groups. Based on the technical indicators 
of selecting experts based on “politics” and “analysis,”33 
Relevant experts and scholars from the community pension 

Table 1. Index System of Community’s Aging-Friendly Construction.

Criterion Sub-criterion Indicator

Humanistic 
Care

Community 
care

Exchanging community information, organizing community activities, improving neighborhood 
relations, organizing cultural and sports performances, cultivating community identity, 
improving community services, providing spiritual comfort, providing cultural education, 
promoting relevant policies

Social care Providing legal assistance, managing older-adult articles, handling related affairs, providing 
psychological guidance

Public 
environment

Physical 
environment

Improving the physical environment of buildings, improving the road condition of communities, 
managing community vehicles orderly, beautifying public environment, separating the static 
and dynamic activity spaces, ensuring the accessibility of environmental spaces, developing 
community safety and control measures, renovating the buildings’ aging facilities

Facility 
environment

Ensuring road accessibility, providing leisure seats, improving lighting facilities, improving public 
health facilities, improving fitness facilities

Related 
environment

Ensuring public transportation, providing living and commercial facilities

Health care Health 
management

Providing chronic disease care, providing in-home medical service, providing accompanying 
medical services, providing regular medical checkups, providing medicine delivery services, 
providing rehabilitation care guidance, installing emergency assistance systems

Medical 
treatment

Providing community clinics, building community day care centers, providing healthcare lectures

Social 
economy

Public Security Publicizing service information, providing service consultation, establishing older-adult 
information files, providing internet older-adult care information, providing online clinic 
services, building older-adult safety monitoring systems, providing social security services

Daily life Constructing older-adult canteens, providing housekeeping services, providing day care services

Table 2. Instruction Sheet for Filling Out the Fuzzy Hierarchy Analysis Expert Questionnaire.

Questionnaire Content Survey Objective

1.  Completion instructions: Explain in detail how to fill 
out the questionnaire and use examples to explain

Use simple instructions to make it easier for respondents to fill out the 
questionnaire and save time.

2.  Aging-friendly community evaluation index 
framework: 4 factors, 24 indexes

Let the interviewees understand the structural relationship of each factor 
of the “Aging-Friendly Community Evaluation Index System.”

3.  Fill in the questionnaire and explain the indicators: 
Respondents checked the “relative importance 
value,” “the maximum acceptable value,” and “the 
minimum acceptable value” by comparing the 
pairwise factors according to their importance 
(Table 3)

1.  Ordering of factors: There are four factors: 1. facilities; 2. road system; 
3. environmental functions; 4. landscape greening. If you think its order 
of importance is “1. facilities” > “3. environmental functions” > “2. 
road system” > “4. landscape greening,” then please record (1) > (3) 
> (2) > (4).

2.  Relative importance of indicators: If you think that (i) the “relative 
importance” ratio of “public health facilities” to “Daily health care” 
is 5:1, (ii) the maximum acceptable value is 7:1, and (iii) the minimum 
acceptable value is 2:1, please separately tick (7:1), (5:1), (2:1) (Table 2)
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industry management, community pension research aca-
demia, and community planning and construction officials 
put forward valuable opinions on the expert scoring stage of 
this study to achieve accuracy. Dalkey believes that when the 
number of people is at least 10, the group error can be mini-
mized, and the reliability is the highest.34 Therefore, the 
research committee invited 16 experts and scholars to par-
ticipate in the questionnaire group. The number of experts 
interviewed is 10 males and 6 females. Among them, there 
are 7 bachelors, 6 masters and 3 PhDs. The interviewees 
include professional academic research experts above the 
associate professor level, community industry workers with 
more than 15 years of employment, and experts from the 
Civil Affairs and Medical Insurance System departments 
with more than 20 years of experience. The questionnaire 
was distributed by e-mail and WeChat files on October 17, 
2021. During the survey, online video communication was 
carried out through Tencent meetings and enterprise WeChat. 
A total of 16 questionnaires were distributed. The deadline 
was November 27, 2021. All questionnaires were recovered 
with a recovery rate of 100%.

The Second Stage: Calculation of the 
Community’s Aging-Friendly Construction 
Indicators’ Weighting Value

Expert fuzzy evaluation conversion. In this study, the expert 
fuzzy interval value conversion rule (Table 4) is used 

to calculate the geometric average of 16 experts through 
Microsoft Excel 2019 software. The vague average of each 
scale is calculated for expert fuzzy evaluation conversion. 
Then the Super Decision software is used to compare the 
total target layer, criterion layer, sub-criterion layer, and 
each index factor. Saaty and its research team jointly develop 
this Super Decisions software. With the software, decision-
makers can quickly analyze problems, leaving more comput-
ing time. The decision-maker only needs to construct the 
relationship diagram of the problem, and does not need to 
clarify the type of matrix formed by the graph, making it 
more effective in calculation and selection. After comparing 
the importance of each factor, the relative weighting value of 
each factor in the whole structure can be obtained.

Construct pairwise comparison matrix. This study calculates 
the weight value of the target layer, criterion layer, sub-
criterion layer, and each index of the CAFCIS under the 
community home-based older-adult care model. It uses the 
Super Decisions software to check and solve it. Due to lim-
ited space and consistent operation, the following only 
takes the criterion layer of one of the expert questionnaires 
as an example to illustrate how to establish the results and 
paired comparison matrix. Under the general objective 
level of the CAFCIS, the experts check the “relative impor-
tance” of the 4 criteria level of humanistic care, public 
environment, health care, and social economy, as shown in 
Table 5 below:

Table 4. Expert Fuzzy Interval Value Conversion Rules.

Original 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

Conversion 9:1 8:1 7:1 6:1 5:1 4:1 3:1 2:1 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9

Table 5. Checklist of Relative Importance of Community’s Aging-Friendly Construction Index Level.

Impact 
indicators

Experts tick the specific weighting value

Impact indicators9 8 7 6 5 4 3 2 1 1/2 1/3 1/4 1/5 1/6 1/7 1/8 1/9

Humanistic 
concern

5 Public environment
 2 Health care
 3 Social economy

Public 
environment

1/3 Health care
 2 Social economy

Health care 3 Social economy

Table 3. Example of Fuzzy Level Expert Analysis Questionnaire.

Impact indicator

Strong Relative Importance Weak

Impact indicator9:1 8:1 7:1 6:1 5:1 4:1 3:1 2:1 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9

Public health facilities √ √ √ Daily health care
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The pairwise comparison matrix between the layers of the 
criteria under the overall objective is shown in Table 6

Calculation of eigenvectors and consistency verification. After 
completing all the paired comparison matrices of a question-
naire, the verification of the characteristic vector and consis-
tency of each paired comparison matrix in the “CAFCIS 
under the community home-based older-adult care mode” 
can be obtained by using super decisions software. The con-
sistency ratio Cr is obtained by dividing the consistency 
index CI by the random consistency index RI, and its calcu-
lation formula is as follows:

 CR
CI

RI
=  (3)

As long as the consistency calculation result is less than or 
equal to 0.1, it is within the allowable error range. Otherwise, 
it will be regarded as an invalid questionnaire, or experts 
will adjust it again. With the help of Tencent conference and 
other network video methods, this study uses super decisions 

software to verify the data in real-time. When the consis-
tency verification fails, experts will be informed to make 
corrections and adjustments. Therefore, the consistency ratio 
of the final 16 points questionnaire (CR ≤ 0.1) is within the 
acceptable range.

Research Results and Discussion

The CAFCIS constructed by this research emphasizes its 
construction effect evaluation ability and expresses its guid-
ing value for the accurate construction of community aging. 
Therefore, based on indicators such as scientific, compre-
hensiveness, comparability, practicability, feasibility, and the 
opinions of experts from various fields, we can understand 
the criteria at all levels of community’s aging-friendly con-
struction indicators and their relative weighting. Officials, 
industry and academia can thus use them to guide commu-
nity construction and evaluate its effectiveness.

Research Results

Since the evaluation of the index system of community’s 
aging-friendly construction involves many disciplines, to 
ensure that the data obtained are complete, fair, and incorpo-
rate multiple expert opinions, the experts are divided into 3 
types: professional academic, government management, and 
community industrial. The weighting values of various crite-
ria and indicators of community’s aging-friendly construc-
tion are shown in Table 7:

Figure 1. Results of questionnaires at each criterion level.

Table 6. Pairwise comparison matrix table between benchmark 
layers.

Humanistic 
concern

Public 
environment

Health 
care

Social 
economy

Humanistic concern 1 5 2 3
Public environment 1/5 1 1/3 2
Health care 1/2 3 1 3
Social economy 1/3 1/2 1/3 1

Input the “relative importance value” in Table 3 into super decisions software to get the questionnaire results, as shown in 
Figure 1:
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Table 7. Statistics of Weight Values of Community’s Aging-Friendly Construction Indicators.

Criterion Sub-criterion Indicator

Name Gp Gg Gc Go Name Gp Gg Gc Go Name Gp Gg Gc Go

Humanistic 
Care

0.147 0.412 0.245 0.204 Community 
care

0.117 0.309 0.184 0.153 Exchanging community information 0.018 0.026 0.025 0.020
Organizing community activities 0.027 0.092 0.044 0.039
Improving neighborhood relations 0.004 0.017 0.008 0.007
Organizing cultural and sports performances 0.012 0.025 0.013 0.014
Cultivating community identity 0.004 0.021 0.012 0.007
Improving community services 0.041 0.102 0.063 0.054
Providing spiritual comfort 0.004 0.017 0.012 0.007
Providing cultural education 0.007 0.009 0.007 0.006
Promoting relevant policies 0.010 0.019 0.015 0.013

Social care 0.029 0.103 0.061 0.051 Providing legal assistance 0.002 0.017 0.009 0.006
Managing older-adult articles 0.004 0.011 0.007 0.006
Handling related affairs 0.011 0.050 0.026 0.022
Providing psychological guidance 0.002 0.005 0.004 0.003

Public 
environment

0.423 0.291 0.374 0.364 Physical 
environment

0.264 0.129 0.202 0.196 Improving the physical environment of buildings 0.051 0.028 0.041 0.034
Improving the road condition of communities 0.032 0.020 0.030 0.031
Managing community vehicles orderly 0.009 0.005 0.009 0.008
Beautifying public environment 0.011 0.005 0.010 0.008
Separating the static and dynamic activity spaces 0.014 0.007 0.013 0.011
Ensuring the accessibility of environmental spaces 0.008 0.006 0.010 0.008
Developing community safety and control 

measures
0.031 0.010 0.030 0.022

Renovating the buildings’ aging facilities 0.107 0.048 0.059 0.074
Facility 
environment

0.101 0.113 0.111 0.108 Ensuring road accessibility 0.046 0.049 0.047 0.047
Providing leisure seats 0.027 0.025 0.030 0.028
Improving lighting facilities 0.014 0.015 0.017 0.016
Improving public health facilities 0.007 0.011 0.006 0.007
Improving fitness facilities 0.006 0.013 0.012 0.010

Aligned 
environment

0.058 0.049 0.061 0.060 Ensuring public transportation 0.043 0.025 0.031 0.040
Providing living and commercial facilities 0.014 0.025 0.031 0.020

Health care 0.346 0.200 0.291 0.342 Health 
management

0.231 0.160 0.219 0.256 Providing chronic disease care 0.019 0.023 0.019 0.024
Providing in-home medical service 0.021 0.010 0.013 0.019
Providing accompanying medical services 0.018 0.006 0.017 0.015
Providing regular medical checkups 0.065 0.031 0.054 0.063
Providing medicine delivery services 0.011 0.011 0.013 0.013
Providing rehabilitation care guidance 0.018 0.023 0.029 0.032
Installing emergency assistance systems 0.080 0.056 0.075 0.090

Medical 
treatment

0.115 0.040 0.073 0.085 Providing community clinics 0.077 0.020 0.046 0.054
Building community day care centers 0.019 0.010 0.017 0.016
Providing healthcare lectures 0.019 0.010 0.010 0.015

Social economy 0.085 0.097 0.089 0.090 Public 
Security

0.028 0.048 0.060 0.045 Publicizing service information 0.001 0.006 0.003 0.002
Providing service consultation 0.001 0.002 0.002 0.002
Establishing older-adult information files 0.002 0.007 0.004 0.004
Providing internet older-adult care information 0.001 0.003 0.004 0.002
Providing online clinic services 0.004 0.003 0.006 0.004
Building older-adult safety monitoring systems 0.010 0.007 0.016 0.012
Providing social security services 0.009 0.020 0.024 0.017

Daily life 0.056 0.048 0.030 0.045 Constructing older-adult canteens 0.033 0.010 0.008 0.015
Providing housekeeping services 0.009 0.019 0.010 0.015
Providing day care services 0.014 0.019 0.012 0.015

Gp = Group of professional academic; Gg = Group of government management; Gc = Group of community industry; Go = Group of Overall opinion.

Research Discussion

First level (criterion level) evaluation facet analysis. The overall 
opinion (all samples) analysis results show that the “public 
environment (W = 0.364)” project is the most important, fol-
lowed by the “health care (W = 0.342)” project. There is little 
difference between the weighting values of the 2 criteria. The 
results of this study verified He and Wei Ling-Hua and other 
scholars’ conclusions: improving the aging-friendly com-
munity environment, creating more and better leisure and 

interaction spaces, and creating a positive community atmo-
sphere are the core priorities of a community’s aging-
friendly construction.35 In terms of the professional academic 
group, the “public environment (W = 0.423)” project is the 
most important, followed by the “health care (W = 0.346)” proj-
ect. The government management group believes that the 
“humanistic care (W = 0.412)” project is the most important, 
followed by the “public environment (W = 0.291)” and “health 
care (W = 0.200)” projects. Community industry groups also 
believe that the “public environment (W = 0.374)” project is 
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the most important, followed by “health care (W = 0.291)” 
and “humanistic care (W = 0.245).” Overall, “public environ-
ment” is the most crucial criterion considered by all 3 deci-
sion-making groups, and “social economy” is the least 
important. It shows that the social economy portion under the 
current community home-based older-adult care mode still 
needs to be strengthened.36 The importance of the “humanis-
tic care” project has a considerable cognitive difference 
among the 3 expert groups. Its importance is particularly 
affirmed by the government management group, which 
shows that strengthening the community’s aging-friendly 
construction can best obtain support from the local govern-
ment management department. In organizing and guiding 
the construction of aging-friendly communities, government 
departments should include more “people-oriented” ideas, 
avoid utilitarianism, and reflect the warmth of social care.37

The second level (sub-criterion level) evaluation facet analysis. In 
the aspect assessment of the second level, the overall opinion 
indicates that the more critical assessment items are “health 
management (W = 0.256),” “physical environment (W = 0.196),” 
and “community care (W = 0.153).” The 3 decision-making 
groups have a relatively consistent understanding of the 
importance of each evaluation item at the standard level. Pro-
fessional and academic groups believe that the “physical 
environment (W = 0.264)” project is the most important, 
followed by “health management (W = 0.231)” and “commu-
nity care (W = 0.117).” The government management group 
believes that the “community care (W = 0.309)” project is the 
most important, followed by the “health management 
(W = 0.160)” and “physical environment (W = 0.129)” projects. 
The community industry group believes that the “health man-
agement (W = 0.219)” project is the most important, followed 
by the “physical environment (W = 0.202)” and “community 
care (W = 0.184)” projects. Thus, it is clear that the community 
environment is the primary place for daily leisure, communica-
tion, interaction, and exercise activities of older adults, and that 
the community’s physical environment is one of the most criti-
cal factors influencing older adults’ activities and prosperous 
aging in place.38,39 Notably, the “daily life” project’s weightage 
is not high among the 3, indicating that the concept of empha-
sizing daily older-adult care service in community home-based 
older-adult care has not been paid attention to.40 It is urgent to 
further promote the concept of older-adult daily care service 
and develop an appropriate supply model. At the same time, it 
is also worth noting that although the government management 
group pays more attention to the “social care” project, the 
weighting value given to the “social care” project by profes-
sional academic and industrial community groups is relatively 
low. It shows that while the government management depart-
ment vigorously promoted the concept of actively using social 
resources to improve the community’s aging-friendly construc-
tion, it has not been recognized by academic and industrial 
circles. This also shows that the community’s function as a 
social resource platform still needs strengthening.41

The third level (index level) evaluation facet analysis. The 3 
expert groups have differences in the importance of each 
evaluation item in this dimension. The overall opinion shows 
that “installing emergency assistance systems (W = 0.090),” 
“renovating the buildings' aging facilities (W = 0.074),” and 
“providing regular medical checkups (W = 0.063)” are more 
critical at these levels. Professional and academic groups 
believe that “renovating the buildings’ aging facilities 
(W = 0.107)” is the most important, followed by “installing 
emergency assistance system (w = 0.080)” and “Providing 
community clinics (W = 0.077).” The government manage-
ment group believes that “improving community services 
(W = 0.102)” is the most important, followed by “organizing 
community activities (W = 0.092)” and “installing emergency 
assistance systems (W = 0.056).” Community industry groups 
believe that “installing emergency assistance systems 
(W = 0.075)” is the most important, followed by “improving 
community services (W = 0.063)” and “renovating the build-
ings’ aging facilities (W = 0.059).” To conclude, “installing 
emergency assistance systems” and “renovating the build-
ings’ aging facilities” are unanimously recognized by the 3 
decision-making groups. It shows that the core concepts of 
“safety” and “convenience” emphasized in the community’s 
aging-friendly construction have been jointly recognized by 
all in the community home-based older-adult care industry.42 
Similarly, when evaluating the importance of “improving 
community services,” there are significantly different results 
obtained from the 3 groups. It indicates that government 
and industry groups hope to prioritize improving the soft 
needs of community service, which is not recognized by 
the academic community due to the lack of connotation 
and evaluation standards.43 Thus, it can be seen that in 
order to develop the home-based community older-adult 
service industry and build aging-friendly medical institu-
tions, the government needs to accelerate the construction 
of barrier-free facilities to enhance the community environ-
ment through policy guidance and support,44,45 while also 
emphasize responsive, rational and standardized older-
adult service provision.46,47

Through the above analysis, we can conclude the follow-
ing. Government participants in community’s aging-friendly 
construction pay more attention to policy formulation and 
plan implementation. Professional and academic circles 
emphasize the importance of the public environment in a 
community’s aging-friendly construction, and attend more to 
the considerations related to their professional background. 
The industrial community pays more attention to pension 
needs in their own interests. These differences in cognition 
and needs can enable all participants in the community’s 
aging-friendly construction to reflect and think about the 
places where consensus needs to be sought, and also remind 
community industry practitioners to strengthen interaction 
and communication with academia and government man-
agement departments based on the common interests of 
community older-adult care industry.
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Research Conclusions and Suggestions
The weightage of the community aging-friendly construction 
evaluation indexes constructed in this study can screen the 
importance of different index elements, to accurately match 
the limited social older-adult resources with diversified 
older-adult services, thus enhancing the effectiveness of 
community home-based aging services. The evaluation sys-
tem of the community home-based aging model covers a 
broad and complex scope, and this study incorporates multi-
ple expert opinions to improve its objectivity and compre-
hensiveness through cross-validation of the opinions from 
government, industry and academia to ensure more thorough 
and objective research conclusions.

The development of the community home-based older-
adult care model and the construction of the true meaning of 
community’s aging-friendly construction should be a process 
established by the consensus of multiple groups. In order to 
improve the construction of aging-friendly communities and 
expand its coverage, establishing an effective and collabora-
tive innovation mechanism should be encouraged from the 
levels of government, communities and individuals. The 
government should actively carry out top-level design, intro-
duce related social resources, and provide policy guidance 
and financial support for the smooth implementation of com-
munity aging-friendly renovation. Communities should be a 
good platform, actively connecting with social older-adult 
care resources and providing diversified services. This study 
suggests that when counseling community aging-friendly 
constructions, the management departments and practitio-
ners related to community home-based aging services should 
take the older-adult needs as the guide, and use the evalua-
tion system constructed in this study to assist the govern-
ment, society, community, and other relevant stakeholders to 
effectively screen and make decisions using the evaluation 
tools, to find the most relevant results. Through theoretical 
and empirical analysis, this study presents the following con-
clusions and suggestions:

Research Conclusion

The public environment is the core elements of community’s 
aging-friendly construction. Through the opinion analysis and 
systematic practical operation of 3 decision-making groups: 
government directors, professional academics, and commu-
nity pension industry experts, this study proposes a com-
prehensive weighting system of community’s aging-friendly 
construction indicators. The results show that among the 4 
criteria levels, the weighting value of “public environment 
(W = 0.364)” is the highest, followed by “health care 
(W = 0.342),” “humanistic care (W = 0.204)” and “social 
economy (W = 0.090).” It shows that the construction of the 
public environment and the improvement of the health and 
medical system are still the core content of community’s 
aging-friendly construction under the development of the 
community home-based older-adult care model. At the same 

time, from the weighting value of “humanistic care,” it can 
be seen that the older adults’ pension needs have gradually 
changed from “physical” to “spiritual,” and from “survival” 
to “development,” which has been widely recognized by the 
society.48 The social economy’s weighting value is relatively 
low, limited by the lack of social pension resources and pen-
sion funds. Currently, the community’s social and economic 
pension services, such as housekeeping services, life care, 
intermediary assistance, and canteen for the older adults, are 
not free of charge. It leads to low recognition in the social 
and economic aspects. Therefore, enriching social pension 
resources and improving social pension security are urgent 
problems to be solved in the future development of commu-
nity home-based older-adult care model and the communi-
ty’s aging-friendly construction.49

Consensus of all parties must be required to build a comprehen-
sively suitable community’s aging-friendly construction. Through 
the analysis of 3 decision-making groups on the community’s 
aging-friendly construction index weighting system, this 
study also finds similarities and differences in the groups’ 
opinions. Regarding the first-level evaluation, “public envi-
ronment” and “health care” are the critical dimensions jointly 
considered by the 3 groups. Still, there are significant cogni-
tive differences among the 3 groups regarding the importance 
of “humanistic care.” Regarding the second-level evaluation, 
the groups tend to be consistent. The importance of “social 
care” has been affirmed by the government management 
group. Still, it seems to be relatively ignored by the industrial 
community group, which shows that the community function 
advocated by the government, as a platform for older-adult 
care and social pension resources, still needs to be strength-
ened at the operation level. Regarding the third-level evalua-
tion, “improving community service” has been valued by 
government management and community industry groups. 
Still, the academic community does not seem to agree, indi-
cating that the government wants the community to provide 
community services and soft-need care for the older adults, 
which the academic community has not recognized due to the 
lack of construction standards and effect evaluation.50 The 
cognitive differences of these decision-making groups show 
that there are still many areas to seek consensus in the con-
struction of community aging adaptation.

Improving the social security level for older adults is the key to the 
construction of aging-friendly communities. The weightage of 
“social economy” is relatively low. It is caused by the lack of 
social older-adult resources and the shortage of older-adult 
funds. Current services provided by the community, such as 
home care, life care, intermediary help and older-adult can-
teen, are not free of charge, leading to the low recognition 
of the social economy component in the community 
aging-friendly construction. Therefore, enriching older 
adults’ social resources and improving their social secu-
rity level is critical in developing the community’s 
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home-based aging model and improving the community’s 
aging-friendly constructions.4

Research Recommendations

Review and suggestions on research methods. This study 
attempts to construct a comprehensive evaluation system of 
community’s aging-friendly construction indicators. Yet, the 
research and formulation of any evaluation system will inev-
itably encounter generality and particularity. This study 
attempts to consider general and individual needs and hopes 
to construct a comprehensive evaluation system that can 
reflect the situation of community’s aging-friendly con-
struction through the FAHP expert questionnaire survey of 
government, school, industry and other community’s 
aging-friendly construction participants. However, estab-
lishing a community’s aging-friendly construction index 
evaluation system is a dynamic interactive process that needs 
to constantly rely on the joint participation of the communi-
ty’s aging-friendly construction’s decision-makers and the 
community’s older adults for feedback and correction. Lim-
ited by research resources, research methods and the survey 
sample number, this study is only a preliminary study. More 
detailed investigation and analysis are needed for feedback 
correction.

Recommendations for follow-up studies. This study has pre-
liminarily constructed the evaluation weighting system of 
the community’s aging-friendly construction index. Future 
research directions are based on this foundation. After that, 
we will score and quantify the index elements in the index 
system, construct a community’s aging-friendly construction 
index evaluation scale, and select specific community exam-
ples for confirmatory analysis and quantitative evaluation of 
community’s aging-friendly construction. On the one hand, 
it can provide a macro-level construction strategy and a 
micro-level priority satisfaction strategy for the community’s 
aging-friendly construction that has not been upgraded. On 
the other hand, it can evaluate the construction effectiveness 
of the updated community’s aging-friendly construction, 
identify the shortcomings of specific indicators’ construc-
tion, and propose targeted rectification suggestions to bring 
in practical significance.

Research Limitations

The main limitations of this study are the following 2. The 
first is that it uses the FAHP method to construct an assess-
ment system of community aging-friendly construction. It is 
objective and rational; however, the weightage of each over-
all assessment index is determined by the consensus among 
experts, and there are significant differences in the percep-
tions of the importance of each index by different expert 
groups. Due to the limitations of the research method and 
time, the results may be limited in terms of research scope 

and general inference. Secondly, this paper focuses on 
exploring and grasping the needs of older adults in general. 
However, at the individual level, their situation has a great 
deal of complexity and variability. In particular, there are dif-
ferent levels of intersection between age, disability, and resi-
dential status, and the corresponding needs may change. This 
paper does not analyze the specific needs of older-adult 
groups.
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Abstract: Two isotactic polypropylene (iPP) resins with
approximate weight-average molecular weight (Mw) and
different molecular weight distribution (MWD) were chosen
to prepare cast films by the melt-stretching method. The
lamellar morphology and mechanical properties of the
initial precursor films and stretched microporous mem-
branes were characterized. It was found that PP1 resin with
a broaderMWD exhibits a higher relaxation time of around
5.5 s, a larger entanglement density of 24.7 mol/m3 and fast
crystalline ability. The lamellar lateral size, orientation
degree and entanglement density of the corresponding
cast film are significantly increasing, resulting in higher
elastic recovery and more apparent strain-hardening
behavior. The PP resin with broader MWD also benefits
the pore formation, resulting in a larger pore size and bet-
ter air permeability of the stretched microporous
membrane.

Keywords: crystallization; polypropylene; molecular weight
distribution

1 Introduction

Polypropylene microporous membrane is one of the most
widely commercially available membrane products, mainly
used in lithium batteries, pharmaceutical filtration, water
treatment and other fields [1]. The melt stretching method is
the primary method for preparing polypropylene micropo-
rous membranes, which is also widely used to prepare other
polymer microporous membranes, such as PE, PVDF, and
PMP [2–4]. Studying the melt stretching method would help
to guide the preparation of high-performance microporous
membranes.

Preparing polypropylene microporous membrane by
melt stretching is generally divided into the four following
steps: (1) The formation of highly oriented lamellar struc-
tures during the melt-stretching process; (2) Annealing to
improve the lamellar structure, increasing the thickness
and orientation of the lamellar structure; (3) stretching at
room temperature and high temperature to form a regular
pore structure; (4) heat-setting to stabilize the pore structure
[5]. Among them, forming an oriented lamellar structure in
the first process is the most critical step. During the melt-
stretching process, the polymermelt is rapidly stretched and
cooled at the exit of the extruder die. The polymermolecules
are stretched and oriented along the flow direction, forming
a shish-kebab structure (or an oriented layered kebab
structure without shish). At this point, polymer chains
compete between oriented-induced crystallization and
chain relaxation. Therefore, polymer structural parameters
and processing parameters that could affect polymer crys-
tallization and relaxation are the main factors that control
the formation of the initial oriented structure during the
melt-stretching process [2, 5–10]. Previous works have sug-
gested that highmolecular weight resin with long chains is a
good candidate to generate a proper row-nucleated lamella
since they form long fibrils that act as sites for lateral
lamellae crystallization [11]. Sadeghi et al. found that the
resin with a higher molecular weight tended to form a
planar crystalline morphology as the melt-drawing ratio
increased [5]. Xu et al. figured out that higher molecular
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weight would enhance the orientation of lamellae but not
change the thickness of lamellae [12]; they also found that the
cast film containing higher molecular weight components
had a larger elongation at break and yield stress but lower
elastic recovery during the cycle stretching. Additionally,
our previous work showed that low molecular weight tails
resulted in higher lamellar thickness in the cast film and
improved pore properties of the stretched microporous
membrane [13]. Apparently, the structural parameters of
polymer highly affect the lamellar structure and properties
of castfilm. However, there are few systematic studies on the
effect of molecular weight distribution (MWD) on lamellar
structure and properties of cast film. Some researchers have
reported the effect of MWD on the formation of shear-
induced oriented structures [14]. But compared with the
shear field, the melt stretching process has a more complex
crystallization environment with a high-speed stretching
force field and rapid cooling temperature field; the process
of oriented crystallization duringmelt stretching is different
from that of shear-induced crystallization. The study on the
effect of MWD on the lamellar structure and properties of
cast film still needs to be clarified.

In this paper, the two polypropylene resins with similar
molecular weights and differentMWDwere used to prepare
the cast film and stretched membrane via an extrusion
casting process. The rheological and crystalline properties of
PP raw resins were characterized by Dynamic rheological
measurements and Differential scanning calorimetry (DSC).
The structure parameters and properties of PP extrusion
cast film and stretched microporous membrane were char-
acterized by SEM, FTIR, DSC, 2D-SAXS, and tensile test. The
relationship betweenMWD and the structure and properties
of the cast film and stretched microporous membrane was
clarified.

2 Materials and methods

2.1 Materials

Two polypropylene resins PP1 (F401) and PP2(HP741H) were supplied
by Huajin petrochemical company China and LyondellBasell
Industries, respectively. The melt flow index for PP1 and PP2 are 2.7
and 3 g/10 min (230 °C, 2.16 kg load). The catalyst(s) used for two PP are
Ziegler-Natta catalysts. The tacticity of PP1 and PP2 are 96.3 % and
97.5 %, respectively. The molecular weight and MWD were measured
using a GPC (Viscotek model 350) at 135 °C and 1, 2, 4-trichlorobenzene
(TCB) as the solvent. The universal calibration curve obtained with
polystyrene (PS12000K, APSC) was used to calibrate the corresponding
molecular weight. The GPC curves and the corresponding molecular
weight values are shown in Figure 1. PP1 and PP2 had an approximate
weight-average molecular weight (Mw), but the MWD of PP1 is larger

than PP2, indicating that PP1 has more content of lower molecular
weight parts and higher molecular weight parts.

2.2 Preparation of precursor film and stretched
microporous membrane

The precursorfilmwas prepared by themelt-stretching process through
an extrusion machine with a hot roll and air knife (PUTO, CHINA).
During extrusion, the uniaxial stretching (machine direction, MD) was
applied to the PPmelt, which resulted in oriented crystalline structures.
The die temperature was set at 210 °C, the extruding velocity of the PP
melt was set at 0.5 mm/s and the melt-drawing ratio of 80 was applied.
The melt-drawing ratio is a specific ratio between the line speed of the
casting roll and the extruding velocity of the PP melt. The films were
produced at a chill roll temperature of 80 °C. The thickness of the pre-
cursor film was controlled at 25 μm.

The prepared precursor film was annealed at a taut condition at
145 °C in a hot oven for 2 h. The stretched PP microporous membranes
were prepared by the H&P Inspekt table blue machine equipped with a
heating chamber. The prepared procedures were shown as follows: the
annealed PP films were first stretched to 20 % with a drawing speed of
100 %/min under room temperature and then stretched to 120 % with a
drawing speed of 100 %/min at 130 °C; then the stretched film was
further heat-setting for 10 min at 145 °C.

2.3 Dynamic rheological measurements

Dynamic rheological measurements were carried out using an Anton
Paar MCR 301 with parallel plate geometry of 25 mm diameter and a gap
equal to 1 mm at the temperature of 210 °C. Before the frequency sweep
tests, the time sweep tests at a frequency of 0.628 rad s−1 were performed
for 2 h to check the thermal stability of the specimens. No degradation
(less than 3 % changes) was observed for the duration of the time sweep
tests. The dynamic data were obtained in the linear regime.

2.4 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC)measurements were carried out
via a DSC3 (Mettler-Toledo, Switzerland) using nitrogen as a purge gas.
The temperature and heat flow were calibrated with indium. The DSC
curves were obtained upon heating and cooling at a rate of 10 °C/min.
The crystallinity (Xc) was calculated as follows:

Xc(%) = ΔHm

ΔH0
m
× 100 (1)

where ΔНm is the endothermic heat of melting, and ΔHo
m is the endo-

thermic heat of melting for perfectly crystalline. This value for PP is
209 J/g [15].

The lamellar thickness can be calculated by the Thomson equation,

L = 2
σε

ΔHm

T0
m

T0
m − Tm

× 109 (2)

where Tm is the observedmelting point of lamellae with thickness. T0
m is

the equilibrium melting point of an infinite crystal (T0
m = 457 K for iPP),

σε is the surface free energy of the basal plane (σε = 49.6 × 103 J/m3 for
iPP), ΔНm is the enthalpy of fusion per unit volume (ΔНm = 1. 34× 108 J/m3

for PP) [16].
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Non-isothermal crystallization was performed as follows: the
samples were first heated to 210 °C at a rate of 10 °C/min under a dry
nitrogen atmosphere and held for 5 min. Then the samples were
quenched to 25 °C at a rate of 30 °C/min.

2.5 SEM morphology

The surfacemorphology of the etched castfilmswas characterized using
scanning electron microscopy (S3400, Hitachi, Japan). All the samples
were sputtered with a platinum ion beam for 100 s before testing. To
clearly observe the lamellar clusters of the cast films, an etchingmethod
was used to remove the amorphous part. The films were dissolved in a
0.7 % solution of potassium permanganate in a mixture of 35 vol% of
orthophosphoric and 65 vol% of sulfuric acid. The average pore size was
collected by the software ‘Nano Measurer’.

2.6 Small-angle X-ray scattering (SAXS) experiments

Small-angle X-ray scattering (SAXS) experiments were performed using
synchrotron radiationwith λ = 0.154 nm at Beamline 1W2A of the Beijing
Synchrotron Radiation Facility (Beijing, China). Mar165-CCDwas set at a
4970 mm sample-detector distance in the direction of the beam for
small-angle X-ray scattering (SAXS) data collection.

2.7 Tensile test

The stress-strain curves and elastic recovery of the castfilmswere tested
using an H&P Inspekt table blue machine. The stretching sample is
15 mmwide, and the gage length is 50mm. The grip is the standard plate
jaw face grip used for flat and thin specimens. A drawing speed of
50 mm/min was applied. The elastic recovery ratio was determined
along the stretched direction of the film. The percent elastic recovery
ratio (ER) was calculated using the following equation:

ER = L − L′

L − L0
× 100 % (3)

where L0 is the initial length of the film before the extension, L is the

length when strained to 100 % and L′ is the length at the end of the

extension.

2.8 Air permeability and porosity

The air permeability of stretched microporous membranes was char-
acterized by Gurley Densometer model No. 4150 (Gurley Precision
Instruments, New York, USA) according to ASTMD726. The Gurley value
was defined as the time required for a specific amount of air (100 mL) to
pass through a specific area of the microporous membrane under a
specific pressure (20 kgf/cm2). The porosity was measured using liquid
absorptionmethods according to ASTMD2873. The paraffin oil was used
and the porosity was calculated based on the weight difference before
and after immersion in the liquid.

3 Results and discussion

3.1 The rheological properties of two PP
resins

To prepare a microporous membrane based on the melt-
stretching mechanism, the first step is preparing a cast film
with a row-nucleated crystalline structure during the melt-
stretching process. Here, the crystalline orientation and
morphology strongly depend on the rheological properties of
the raw materials. The rheological properties of two PP
resins were first tested in a frequency range from 0.05 to
300 rad s−1.

Figure 2a presents the storage modulus as a function of
frequency. As a typical polymer melt, the storage and loss
modulus of two PP resins decreases with the increasing
angular frequency. The storagemodulus and lossmodulus of
PP1 is higher than PP2, especially at the low angular

Figure 1: The GPC curves (a) and the material characteristics (b) of two PP resins.
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frequency range, due tomore highmolecular weight parts of
PP1. Figure 2b also presents that the complex viscosity of PP1
at a low angular frequency range is higher than PP2, which is
related to higher molecular weight parts of PP1.

To further explain the relaxation behavior of the PP raw
materials, the relaxation spectrum (H(λ)) was calculated and
shown in Figure 2c; here, λmeans the relaxation time.H(λ) is
a useful method to explain the viscoelastic relaxation of
different components, which can be determined through the
Tschoegle approximation as revealed in Equation (4) [17, 18]:

H(λ) = G′[dlgG′

dlgω
− 1
2
(dlgG′

dlgω
)

2

− 1
4.606

( d2lgG′

d(lgω)2)]1/ω=λ/ 2̅
√

(4)

Then the relaxation time τe can be represented by the
position of the maximum value in the resulting curve. The
relaxation time of PP1 is 5.5 s, larger than that of PP2, about
0.97 s, due to the existence of the high molecular weight part
of PP1. The longer relaxation time means that the molecular
networks of polymer melt have more time to form the ori-
ented lamellar structure during the melt-stretching process.

Except for the relaxation time, the entanglement mo-
lecular weight (Me) is another important parameter
affecting stress-induced crystallization [19]. The entangle-
ment molecular weight reflects the molecular weight
between adjacent temporary entanglement points, which is

usually calculated by the plateau modulus (G0
N ). For the

semi-crystalline polymer with a broader MWD, the plateau
modulus is difficult to measure by the minimum and
maximum of G″ [20]. Here, an alternative calculated
method of Me based on the terminal crosspoint of G′ and G″
(Gx = G′ = G″ at angular frequency w = wx) proposed by
Nobile–Cocchini was used [21]. The plateau modulus can be
defined by Equation (5) and shown in Figure 2d:

log(Gx

G0
N
) = −0.524 + 0.431 log Mw

Mn
− 1.843 log Mz

Mw

1 − 0.559 log Mw
Mz

+ 0.841 log Mz
Mw

(5)

It must be pointed out that the plateau modulus values
obtained from the crossover methods are not absolute
values, which are only used for qualitative comparisons. The
entanglement molecular (Me) and the entanglement density
(Ne) could be further calculated by Equations (6) and (7):

G0
N = ρRT

Me
(6)

Ne = ρ
Me

(7)

R is the gas constant, 8.314 J/mol k, and ρ is the density of
the PP, 0.90 g/mol, at temperature T, 483 K, at which the
plateau modulus was measured. The Me and the entangle-
ment density Ne are shown in Figure 2d. It can be seen that
the entanglement molecular weight of PP1 is 96,418 g/mol,

Figure 2: Storage modulus (a), complex viscosity (b), relaxation time spectrum (c) and entanglement parameter (d) of two PP resins.
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which is smaller than the value of PP2, 129,527 g/mol. The
entanglement density of PP1 is 24.7 mol/m3, which is smaller
than the value of PP2, 33.2 mol/m3. The polymer with higher
entanglement density is easier to orient the molecular chain
and form the oriented crystalline structure during melt
stretching.

3.2 Crystallization behavior of two PP resins

Figure 3 gives the related crystallization kinetic curves for
two PP resins. It can be seen that the crystallization onset
temperature of PP1 was 124.8 °C, which is higher than the
crystallization onset temperature of PP2 at 122.8 °C. The
maximum crystallization temperature of PP1 was 116.8 °C,
which is also significantly higher than the maximum crys-
tallization temperature of PP2 at 111.9 °C. These results
indicated that PP1 has a higher crystallization ability.
Figure 3b presented that the half crystallization of PP1 is
67.4 s, a little larger than 80.0 s of PP2, meaning that the
crystallization rate of PP1 is faster than that of PP2. The
existence of high molecular weight species in PP1 is benefi-
cial for forming initial crystalline structures [22], and the
content of low molecular weight chains also benefits the
growth of crystalline structures [13]. The broader MDW of
PP1 results in PP1 having a better crystallization ability.
Figure 3c presents themelting curve of two PP resins that are
similar. Although PP1 has a faster crystallization rate, these
two polymers showa similar total crystallization degree. The
different crystallization ability of the two PP resins seems to
have little effect on their crystallization structure.

3.3 Microstructure and properties of the
precursor films prepared by two PP
resins

Figure 4 gives the etched surface morphology of cast films
prepared by PP1 and PP2. It can be seen that row-nucleated

crystalline structures arranged perpendicular to the extru-
sion direction have been formed for all two samples. PP1 and
PP2 showed approximate uniform lamellar crystalline and
crystalline thickness. The difference in molecular weight
does not affect the morphology of lamellar clusters. The
detailed structure parameter should be further clarified.

Figure 5 gives the DSC curves of the cast films prepared
with two PP resins. The melting peak of the two samples is
very similar, which means that the two cast films have
similar crystalline structural parameters. The lamellar
thickness and the crystalline degree are further calculated
by applying the DSC experimental results. As we can see
from Figure 5, the melting peak temperature and the
lamellar thickness of the PP1 cast film is a little higher than
that of the PP2 film, while the crystalline degree of the PP1
cast film is slightly lower than that of the PP2 film. As
mentioned in Figure 3, although the PP1 resin has a faster
crystallization rate, these two polymer resins show a similar
total crystallization degree. During the melt-stretching pro-
cess, the polymer melt undergoes a stretching stress field,
which is also a flow-induced crystallization behavior. Pre-
vious researchers suggested that flow-induced crystalliza-
tion behavior in the melt stretching process could accelerate
the crystallization rate but nearly not change the crystalline
degrees [10, 23]. Hence, the cast films of these two resins also
show similar crystalline thickness and crystalline degrees,
consistent with the above SEM results. 2D-WAXS was also
used to investigate the crystal information of precursor
films. The 1D integrated curve for WAXS patterns (Figure S1)
show that only α phase crystal are formed in our experi-
ment. Hence, the phase transformation in the melt stretch-
ing process of PP film does not need to be considered.

2D-SAXS were further used to investigate the lamellar
structure of precursor films. Figure 6a gives the 2D-SAXS
pattern of PP cast films. Two spot scattering patterns of both
samples are shown in the vertical direction, indicating the
formation of an oriented crystalline structure during melt-
stretching, in agreement with the above SEM and DSC
results. The scattering intensitywas further integrated along

Figure 3: The crystallization curve (a) and the relative crystallization degree (b), the melting curve of two PP resins.
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the vertical direction and analyzed by the one-dimensional
correlation function. The detailed structural parameters,
e.g., the long period (Lp), the crystal region thickness (Lc), and
the amorphous region thickness (La), were calculated
according to the well-known methodology proposed by
Strobl et al. [24], as shown in Figure 6c and d. The L, Lc, and La
of the PP1 sample are 14.5 nm, 5.8 nm and 8.7 nm, respec-
tively, which are slightly larger than that of the PP2 sample.
The approximated value of Lp, Lc, and La of the two samples
mainly attribute to their similarMw, unaffected by theMWD.

We further calculated the lamellar lateral sizes from the
width of the peaks at half-height along the horizontal di-
rection. Figure 6e shows that the lateral size of PP1 is 47 nm,
significantly large than the 32 nm of PP2. And the orientation
of the lamella was further calculated from the intensity
curves along the azimuthal direction. As shown in Figure 6e,

Figure 4: Surface SEM of cast films prepared by
two PP resins.

Figure 5: Melting curves of precursor films with two PP resins.

Figure 6: 2D SAXS patterns (a), corresponding one-dimensional scattering intensity distribution (b), one-dimensional correlation function (c), lamellar
structure parameters (d) and lateral size and orientation degree (e) of PP precursor films.
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the orientation degree of the PP1 cast film is 0.85, which is
obviously higher than 0.69 of the PP2 cast film. The difference
in the lateral sizes and orientation degree of the lamellar
structure may be connected with the MWD in two PP resins.

By summarizing the above results, we can find that the
effect of molecular parameters on the microstructure of PP
cast film is understood. In the melt stretching process, the
polymer melt undergoes a stretching force field and the
cooling field, the molecular chains of high molecular weight
are first stretched and oriented to form a highly oriented
initial nuclei structure (ghost nuclei) along theflowdirection
[25]. The other molecular chain continues to form a lamellar
structure surrounding the initial nuclei structure that aligns
perpendicular to the flow direction. In our previous work on
PE cast film [26], we found that higher molecular weight
parts could increase the content of shish structure crystals
under the same extrusion conditions. Somani et al. [27] also
concluded that a slight increase in the concentration of high
molecular weight chains led to a significant increase in the
shish or nuclei site formation during the shear-induced
crystallization of isotactic polypropylene. For the cast film of
PP1 and PP2, no shish structure was formed during the melt
stretching process. The higher molecule part mainly accel-
erates the crystallization nucleation and the total crystalline
ability still depends on the Mw. Hence PP1 and PP2 show a
similar crystalline degree and thickness of Lp, Lc, and La. On
the other hand, as the existence of low molecules tail is
beneficial to enhance the growing up of the lamellar struc-
ture, the PP1 shows a larger lateral size of lamellar structure
than the PP2. Besides, the polymer molecular chains during
the melt stretching process are in a dynamic balance
between stretching to orientation and relaxation of the
molecular chain. For PP1 with a larger relaxation time, it is
easier to form a higher-oriented lamellar structure. In

contrast, for PP2 with a short relaxation time, which is easy
to relax in the melt-stretching process, PP2 cast film shows a
lower orientation degree.

3.4 The mechanical properties of PP cast
films

Figure 7 gives the stress–strain curves of two PP cast films.
For the two films, no apparent necking phenomenon was
observed, showing a typical stress–strain curve of PP film
with hard elastic behavior [25]. In the small strain region, the
elastic modulus and yield strength of these two films are
similar, as they have a similar thickness of the lamellar
structure. But the ER of the PP1 cast film is 84.8 %, signifi-
cantly higher than the PP2 cast film of 76.6 %. Because the
PP1 cast film has a higher orientation, the irreversible
damage of the lamellar structure is not prone to occur dur-
ing stretching. At the large strain region, the PP2 shows
apparent strain-hardening behavior. Men et al. [28] reported
that the extension of the amorphous network would domi-
nate the deformation process at a large strain region.
A higher entanglement density implies higher stress gener-
ated at a large strain region. Haward et al. [29] proposed that
the strain hardeningmodulus is determined by the sumof the
restraints imposed by a mesh of uncrossable polymer chains.
Here, the strain-hardening region behavior was analyzed
based on the Gaussian network theory of rubber elasticity
proposed by Haward and Thackray using the equation [30]:

σ = Y/λ + Gp(λ − 1/λ2) (8)

where σ is the true stress, Gp is the strain-hardening
modulus, Y is the yield stress and λ is the stretching ratio. As
shown in Figure 7, the slope of σ versus the Gaussian strain

Figure 7: Stress-strain curves (a), stress versus the Gaussian strain (b) of PP cast films.
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yields the strain-hardening modulus Gp. The Gp of PP1 is
apparently larger than that of PP2. According to Haward and
Thackray, the value of Gp is related to the network density νe
by the equation [29, 30]:

Gp = vekB T (9)

where kB is the Boltzmann constant and T is the
temperature.

Table 1 lists the Gp and the network density (ve) calcu-
lated by the Gp. The entanglement density of PP2 is larger
than that of PP1. This result of network density ve is consis-
tent with the entanglement density (Ne) calculated by the

rheological test. As theNe is a qualitative value, the ratio of ve
of two PP resins differs from that ofNe. But it is clear that the
more apparent strain-hardening behavior in PP2 film is
connected with its larger entanglement density.

3.5 The structure and properties of
stretched microporous membranes

Figure 8 shows the SEM images of stretched microporous
membranes with two PP resins. The typical separated
lamellar clusters, pores, and connecting bridges are
observed in all the samples. The SEM images of PP1 show
more apparent separated lamellar clusters and larger
pores. The pore sizes are calculated from the SEM image
and shown in Table 2. The statistics pore value also proves
that PP1 stretchedmicroporous membrane has a larger pore
size. To further give the air permeability and porosity of the
stretched microporous membrane, it can be seen that PP1
has a smaller Gurley value and higher porosity, implying

Table : The mechanical properties of two PP cast films.

Sample E (GPa) Yield strength (MPa) ER (%) Gp Ve (nm)−

PP . . . . .
PP . . . . .

Figure 8: SEM images of stretched
microporousmembranes, and the pore area in
the stretched microporous membranes.
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that the PP1 stretched microporous membrane has better
properties of air permeability. This result reflects that the
PP1 resin with broader MWD could form the cast film with
higher oriented lamellar structures, which is beneficial to
the pore formation during stretching.

4 Conclusions

In this article, two PP resins with approximate MW and
different MWD were used to prepare cast films by the melt-
stretching method. And the effect of MWD on the micro-
structure parameter and properties of cast film and
stretched microporous membrane were investigated. Our
findings can be summarized as follows:
(1) PP1 resin has a broader MWD with high molecular

weight species, exhibiting a higher relaxation time of
around 5.5 s, a larger entanglement density of
24.7 mol/m3 and fast crystallization ability.

(2) Due to the longer relaxation time and the contribution of
low molecules tail, the PP1 cast film has a higher orien-
tation degree and a larger lamellar lateral size. The
higher orientation degree and larger entanglement
density result in higher elastic recovery and more
apparent strain-hardening behavior.

(3) Since the thickness and crystalline degree depend on the
Mw, PP1 and PP2 cast film shows a similar Lp, Lc, La and
crystalline degree, resulting in similar elastic modulus
and yield strength of PP1 and PP2 cast film.

(4) The PP resin with broaderMWD could form the cast film
with higher oriented lamellar structures, which benefits
the pore formation, resulting in a larger pore size and
better air permeability of PP1 stretched microporous
membrane.
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We explored the moderating and mediating roles of self-concept and self-
control on the relationship between trait mindfulness and cell phone addiction.
A sample of 259 Chinese adolescents completed measures related to cell phone
addiction, trait mindfulness, self-control, self-concept, and their background
information. Results showed that (a) trait mindfulness is positively related to
self-control and self-concept, while negatively related to cell phone addiction;
(b) self-control plays a mediating role between trait mindfulness and cell phone
addiction; (c) self-concept plays a moderating role on the mediation pathway of
self-control on trait mindfulness and cell phone addiction. The results
underscore the importance of identifying the mechanisms that moderate the
mediated path between trait mindfulness and cell phone addiction. These
findings point to the potential implications about how to reduce the overuse of
cell phones among adolescents through improving their levels of trait
mindfulness, self-control, and self-concept.
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Article Highlights

Pairwise relationships among cell phone addiction, trait mindfulness, self-control, self-concept were
found.
Self-control mediated the relationship between trait mindfulness and cell phone addiction.
Self-concept moderated the mediation effect of self-control on the relationship between trait mindfulness
and cell phone addiction.

Research has shown that addiction results in a variety of undesirable social outcomes, including a decrease in happiness
and a rise in mistrust (e.g., Chi et al., 2019; Gros et al., 2020). Thus, scholarly attention is increasingly being paid to
addiction in adolescents (e.g., Esposito et al., 2020; Veisani et al., 2020). Previous studies have considered mindfulness
as a determinant of addiction. For instance, Spinella et al. (2013) reported that mindfulness has a negative effect on
attitude toward compulsive buying behavior and alcohol addiction. Other research has suggested that interventions
based on mindfulness can be effective in treating addiction (e.g., Johnson et al., 2016).
 
One specific concern about the effect of mindfulness on addiction is the impact of trait mindfulness on cell phone
addiction (Chen et al., 2021; Karl & Fischer, 2022; Yang et al., 2019). According to previous research, cell phone
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addiction (i.e., problematic cell phone use) manifests as a dependence on excessive use of cell phones, a strong
physiological experience, and behavioral discomfort (Cho et al., 2017). It is regarded as a behavioral as opposed to
substance addiction. Trait mindfulness refers to an individual’s natural or innate mindfulness tendency, which has been
perceived as a stable, permanent characteristic (Brown & Ryan, 2003). As a psychological treatment, mindfulness has
been found to reduce symptoms of anxiety and depression (Yang et al., 2019), improve sleep quality (Liu et al., 2017),
and be effective as a smartphone addiction intervention (Lan et al., 2018). However, how this addiction intervention
interacts with an individual’s intrinsic factors, such as self-control and self-concept, is still unknown.
 
Self-control refers to exercising control over the self by oneself (Flores et al., 2020), reflecting one’s different quantities
of self-control resources (Baumeister, 2016). Evidence has shown that self-control has buffering effects against the
harmful consequences of adverse environments (see, e.g., J.-B. Li et al., 2020). For instance, it might be easier for
people with high self-control to resist the temptation to use cell phones (e.g., Ding et al., 2021). Other studies have
shown that addiction is an important part of one’s self-concept (e.g., Pickard, 2021), which refers to the totality of how
one thinks and feels about oneself (Rosenberg, 1979). When people think they are addicted, they create a feeling of
being disempowered and lacking self-control. Thus, some researchers believe that an important step in the struggle to
overcome addiction is attaining new forms of social identity (e.g., a high self-control image; Flanagan, 2018).
 
Although previous studies have primarily focused on the direct link between trait mindfulness and cell phone addiction,
it is still unclear what factors indirectly moderate and/or mediate this association. To address these gaps, we examined
the mediating effect of self-control and moderating effect of self-concept on cell phone addiction in Chinese
adolescents. Our aim was to underline the effect of trait mindfulness on cell phone addiction by developing a moderated
mediation model.
 
On the basis of previous findings and given the strong links between trait mindfulness, self-control, self-concept, and
cell phone addiction suggested in previous studies (e.g., Ding et al., 2021; Hao & Jin, 2020; Kim et al., 2018; Pickard,
2021), we proposed the following hypotheses:
Hypothesis 1: Trait mindfulness will be positively related to self-control and self-concept, but negatively related to cell
phone addiction in Chinese adolescents.
Hypothesis 2: Self-control will mediate the association between trait mindfulness and cell phone addiction in Chinese
adolescents.
 
According to empirical evidence, a strong sense of self is a resilience asset (Bracken, 1996). People with high self-
concept respect themselves and make others respect them, which allows them to adapt more quickly and engage in
relationships with others. Moreover, cognitive vulnerability models (see, e.g., Abramson et al., 1978) suggest that
cognitive styles (e.g., a negative or positive self-concept) moderate the development and maintenance of mental
symptoms (e.g., depression and addition). Additionally, self-concept theory indicates that adolescents tend to affect
their motivations, attitudes, and behaviors by improving their self-concept (Kennis et al., 2020; Kong et al., 2020).
Therefore, we formed the following hypothesis:
Hypothesis 3: Self-concept will moderate the effect of self-control in the relationship between trait mindfulness and
adolescent cell phone addiction.
 
To sum up, we proposed a moderated mediation model (see Figure 1).
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Figure 1. Proposed Moderated Mediation Model

Method

Participants and Procedure

We recruited 259 students (150 girls, 109 boys; Mage = 15.58 years, SD = 0.73, range = 14–18; Grade 7 = 120 students,
Grade 8 = 90 students, Grade 9 = 49 students) from two high schools in Guangzhou, China, using convenience
sampling. Written informed consent was obtained from each participant and their guardians, following the research
protocol approved by the Institutional Review Board of the South China Normal University (SCNU-PSY-2020-3-078).
This study was carried out in accordance with the Code of Ethics of the World Medical Association as set out in The
Declaration of Helsinki.

Data were collected by trained psychology students. Respondents voluntarily participated in the study during school
hours. They were given a complete description of the research and were instructed to fill in paper-and-pencil
questionnaires. To encourage honest reporting, the responses were kept anonymous.

Measures

Cell Phone Addiction
Cell phone addiction was measured with the Mobile Phone Addiction Index Scale (Leung, 2008). The scale consists of
17 items that measure four dimensions of smartphone addiction: seven items for inability to control cravings (e.g., “You
can never spend enough time on your cell phone”), five for anxiety and feeling lost (e.g., “You find it difficult to switch
off your cell phone”), three for withdrawal and escape (e.g., “You have used your cell phone to talk to others when you
were feeling lonely”), and two for productivity loss (e.g., “Your productivity has decreased as a direct result of the time
you spend on your cell phone”). Each item was rated on a 5-point Likert scale ranging from 1 = never to 5 = always.
The scale is reliable and valid for use in the adolescent population (Leung & Lee, 2012). In this study the Cronbach’s
alpha coefficient was .89.
 
Trait Mindfulness
Trait mindfulness was measured using the 39-item Five-Facet Mindfulness Questionnaire (FFMQ; Baer et al., 2008),
which comprises five dimensions: nonreactivity to inner experience (seven items; e.g., “I perceive my feelings and
emotions without having to react to them”), observing (eight items; e.g., “I notice the smells and aromas of things”),
acting with awareness (eight items; e.g., “I find myself doing things without paying attention”), describing (eight items;
e.g., “I am good at finding words to describe my feelings”), and nonjudgment of inner experience (eight items; e.g., “I
think some of my emotions are bad or inappropriate and I should not feel them”). Responses are made on a 5-point
Likert scale ranging from 1 = never to 5 = always. The FFMQ is reliable and valid for use in adolescents (Gervais et al.,
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2021). Cronbach’s alpha coefficient in thisstudy was .68.
 
Self-Control
Self-control was measured with the 19-item Self-Control Scale (Tan & Guo, 2008), which was adapted from Tangney et
al. (2004) and includes five dimensions: self-discipline (four items; e.g., “I am good at resisting temptation”),
nonimpulsive action (six items; e.g., “I lose my temper too easily”), healthy habits (three items; e.g., “I am lazy”), work
ethic (three items; e.g., “I have trouble concentrating”), and abstinence (three items; e.g., “I spend too much money”).
Responses are made on a 5-point Likert scale ranging from 1 = strongly disagree to 5 = strongly agree. This is a reliable
and valid instrument for use with adolescents (Zhang et al., 2021). Cronbach’s alpha coefficient in this study was .86.
 
Self-Concept
Self-concept was measured with the Adolescents’ Self-Concept Short Scale (Veiga & Leite, 2016), which includes 30
items that measure six dimensions (five items each): anxiety (e.g., “I cry easily”), physical appearance (e.g., “I am good-
looking”), behavior (e.g., “I often get into trouble”), popularity (e.g., “I feel left out of things”), happiness (e.g., “I am
cheerful”), and intellectual status (e.g., “I forget what I learn”). Responses are made on a 6-point Likert scale ranging
from 1 = completely disagree to 6 = completely agree. The Chinese version is valid and reliable for use in the adolescent
population (Adigun, 2020). In this study Cronbach’s alpha coefficient was .90.
 
We translated all measures except the Mobile Phone Addiction Index Scale into Chinese by the author, then a professor
who is fluent in both Chinese and English backtranslated them into English. No further modifications were required.

Results

Common Method Bias Test

We used Harman’s single-factor test to check for common method bias. The amount of variance explained by the first
factor was 17.22%, which is lower than the 40% threshold. Thus, common method variance did not substantially affect
our findings.

Descriptive Analysis

The descriptive statistics and correlation analysis (see Table 1) showed that cell phone addiction was negatively
correlated with trait mindfulness (r = −.12, p < .05), self-control (r = −.50, p < .001), and self-concept (r = −.28, p <
.001). Additionally, trait mindfulness was positively correlated with self-control (r = .46, p < .001) and self-concept (r =
.57, p < .001). Thus, Hypothesis 1 was supported.

Table 1. Means, Standard Deviations, and Bivariate Correlations of Study Variables

Note. Gender was dummy coded as 0 = girl, 1 = boy.
* p < .05. ** p < .01. *** p < .001.
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Mediation Analysis

We used Model 4 of the PROCESS 3.0 macro for SPSS 26.0 to test the mediating effect of self-control in the
relationship between trait mindfulness and cell phone addiction after controlling gender and age (see Table 2). The
mediation analysis results showed that the direct and indirect effects were significant. That is, trait mindfulness and cell
phone addiction were associated through self-control, b = −0.27, SE = 0.04, 95% CI [−0.36, −0.19]. Additionally, trait
mindfulness was directly and positively related to cell phone addiction, b = 0.15, SE = 0.06, 95% CI [0.03, 0.27]. Thus,
Hypothesis 2 was supported.

Table 2. Mediation Analysis of Self-Control

Note. X = trait mindfulness; M = self-control; Y = cell phone addiction; CI = confidence interval; LL = lower limit; UL =
upper limit. Original scores were transformed into z scores. 

Moderated Mediation Analysis

Table 3 presents the main results of testing the proposed moderated mediation model with self-concept as the
moderator. The results indicated there was a significant moderated mediation effect, index of moderated mediation =
−0.06, SE = 0.02, 95% CI [−0.11, −0.02]. When self-concept was high (M + 1 SD), the conditional indirect effect of
trait mindfulness on cell phone addiction through self-control was negative, b = −0.16, SE = 0.04, 95% CI [−0.25,
−0.08]. For participants with a high self-concept, trait mindfulness reduced cell phone addition by promoting self-
control. When self-concept was low (M − 1 SD), there was no conditional indirect effect, b = −0.05, SE = 0.03, 95% CI
[−0.12, 0.01]. For participants with a low self-concept, trait mindfulness did not help in reducing cell phone addiction
by enhancing self-control. Thus, Hypothesis 3 was supported. Figure 2 illustrates the simple slopes of the conditional
indirect effect at high and low levels of self-concept.

Table 3. Regression and Bootstrapping Analysis Results for the Moderated Mediation Model

Note. N = 259. Original scores were transformed into z scores.
* p < .05. ** p < .01. *** p < .001.
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Figure 2. Moderating Effect of Self-Concept in the Relationship Between Trait Mindfulness and Cell
Phone Addiction

Discussion
 

The results of our study showed that trait mindfulness is indirectly related to adolescent cell phone addiction through
self-control, and this process is enhanced by self-concept. The moderated mediation model provides insights into
developing preventive interventions for cell phone addiction among adolescents.

Our findings confirmed the hypothesis that the direct association is mediated by self-control. The result that
mindfulness is negatively associated with problematic cell phone use is in line with previous study findings (e.g., Hao &
Jin, 2020). It has been found that mindfulness can increase self-control by increasing the likelihood that individuals will
acknowledge their own thoughts and feelings (Elkins-Brown et al., 2017). Adolescents who have experienced a high
level of mindfulness have better executive functioning (Riggs & Brown, 2017). In addition, the second link in the
mediation chain strengthens understanding of the previously supported relationship between self-control and adolescent
cell phone addiction (Ding et al., 2021). Specifically, adolescents with higher self-control are less likely to be addicted
to cell phone use as they may have stronger autonomy and efficiency or pursue goals with better outcomes, which, in
turn, decreases their cell phone use (Q. Li et al., 2021).

In addition, our results support the hypothesis that self-concept moderates the impact of trait mindfulness on self-
control. Thus, adolescents who have stronger feelings about their own abilities may have a growth mindset and take
more ownership to manage their impulses, emotions, and behaviors to achieve long-term goals. However, when the
adolescents experience a lower level of self-concept, the protective role of trait mindfulness is nonsignificant. One
possible explanation is that trait mindfulness can increase self-control by allowing individuals to acknowledge their own
thoughts and feelings (Elkins-Brown et al., 2017). When adolescents have a lower level of self-concept, the protective
effect of mindfulness that enables them to supersede their thoughts, emotions, or behaviors becomes weaker. In
summary, high self-control, following on from high trait mindfulness, is more likely to reduce the risk of cell phone
addiction under a high self-concept level than under a low self-concept level.

There are limitations to this study. First, the causality between trait mindfulness and cell phone addiction could not be
established using a cross-sectional research design. Longitudinal approaches will be needed in future to explore
causality. Second, self-reported measures were used in our study and participant response bias is therefore unavoidable.
Future studies could consider incorporating measures from multiple informants, such as teachers, parents, and peers, to
reduce measurement error. Finally, the Cronbach’s alpha coefficient of our FFMQ evaluation (.68) was low; thus, we
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need to treat the findings regarding trait mindfulness with caution. Other populations have demonstrated similarly low
Cronbach’s alphas for FFMQ (e.g., .69 in the Philippines; Centeno & Fernandez, 2020), suggesting the varying internal
consistency of FFMQ across cultures. Future studies could first adapt the FFMQ to ensure all the items are
representatives of the domain of behavior in the target culture.

The current study revealed that the effect of trait mindfulness on reducing cell phone addiction does not function alone
but comes into play via self-control in this process. Moreover, such an indirect effect may play a role only at a high self-
concept level. On the basis of these findings, this study has considerable implications. For example, the results may be
useful for guiding educational interventions for adolescents. Specifically, we recommend that self-control and self-
concept should be considered when developing intervention programs and strategies intended to reduce adolescents’ cell
phone addiction, in particular under a low mindfulness condition.
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LETTER

A congestion-aware hybrid SRAM and STT-RAM buffer design for
network-on-chip router
Jinzhi Lai1, 2, Jueping Cai1, a), and Jie Chu1

Abstract Network-on-chip (NoC) offers a scalable and flexible commu-
nication infrastructure for many-cores systems. Buffers in router is used
for fine-grain flow control and Quality of Service (QoS), yet it is the major
contributor of area and power consumption. In this paper, we propose a
hybrid buffer design with SRAM and Spin-Torque Transfer Magnetic RAM
(STT-RAM) for NoC router leveraging a novel architecture combined Vir-
tual Channel (VC) and Virtual Output Queuing (VOQ) to store congested
and uncongested flow separately. Experiments demonstrates that the pro-
posed scheme can achieve 11.8% network performance improvement and
32.9% power saving with only 8.2% area overhead degradation compared
to conventional SRAM based buffer design.
Keywords: network-on-chip (NoC), router, STT-RAM, buffer, congestion-
aware
Classification: Integrated circuits (memory, logic, analog, RF, sensor)

1. Introduction

Network-on-chip (NoC) has become the focus of recent
multi-core research and the main development direction in
the future. As the complexity of the business and function
increases, NoC is reported to consume up to 33% of total
chip power [1]. The buffer in NoC router is used to store
and forward data for the purpose of more efficient flow con-
trol. However, the conventional SRAM buffer occupies up
to 57.2% of dynamic power consumption and 81.5% of leak-
age power consumption [2]. Many studies, such as buffer-
less [3] and elastic buffer [4], attempt to reduce the use of
memory to cut chip area and power consumption, but suffer
the loss of performance, such as latency, quality-of-service
(QoS) and protocol-level deadlock free. In order to retain
the advantages of buffers, many studies strived to optimize
the buffer structure in NoC by using emerging non-volatile
memory (NVM), such as Phase ChangeMemory (PCM) [5],
Spin-Transfer TorqueMagnetic RAM (STT-RAM) [6, 7] and
Domain-Wall Memory (DWM) [8], because of their prop-
erties of high-density, low leakage power and non-volatility.
Compared with other emerging NVMs, STT-RAM can em-
ploy mature CMOS technology, and the commercial STT-
RAM product had been launched [9, 10]. Hence, STT-RAM
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is considered as the promising candidate to replace SRAM
owing to its combination of fast read speed, high density and
long endurance recently [11, 12]. But STT-RAM encounters
long write latency and high write power consumption. In or-
der to combine the advantageous characteristics in density,
speed and power consumption of SRAM and STT-RAM,
some hybrid memory buffer designs for NoC router buffer
have been proposed [13, 14].
In this paper, we focus on the circuit-level approaches

based on the congestion-aware flow control policy, and pro-
pose a performance-energy efficiency hybrid STT-RAM and
SRAM NoC router buffer implementation. Then substan-
tial evaluations on area, performance and power to evaluate
the proposed scheme and reference implementations were
performed.

2. Background and motivation

2.1 Basic of STT-RAM
As shown in Fig. 1, a basic structure of an STT-RAM cell
is composed of an access transistor and a magnetic tunnel
junction (MTJ) which consists of three layers: two ferro-
magnetic layers along with an MgO tunnel barrier layer in
the middle. One of the ferromagnetic layers is designed as
a free layer used for binary storage, and the other one is
design as a reference layer. The reference layer retains a
fixed magnetic direction, while the free layer can change its
magnetic direction by applying a spin-polarized current. If
the magnetization direction (in-plane or perpendicular) of
the two layers are the same, indicating a “0” state and vice
versa for a “1” state. By applying a MTJ for data storage
instead of electric charges, STT-RAM exhibits a near-zero
leakage power. Compared to the typical 6-transistor SRAM
cells, STT-RAM achieves much smaller cell area by using
1T1J cells [15]. Several designs have been proposed to re-
duce the write energy by relaxing the retention time [16] and

Fig. 1 STT-RAM bit-cell architecture.

Copyright © 2023 The Institute of Electronics, Information and Communication Engineers
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Table I Parameters of SRAM and STT-RAM@ 32 nm [19].

Fig. 2 Average latency of different VC organization.

shorten the write latency to 2 ns [17], which corresponds to
2 cycles at 1GHz clock frequency. Considering most hi-
erarchical routers work under 1GHz clock frequency [18],
a 2-cycle write latency STT-RAM is adopted in our design
accordingly. The parameters (footprint, speed, and power)
of SRAM and STT-RAM are given in Table I [19].

2.2 Congestion aware implementation
The packet latency may increase tremendously and network
throughput degrades dramatically when there occurs con-
gestion in the network or a part of it. Congested packets
prevent uncongested packets storing in the same queue from
moving forward. This situation is referred as head-of-line
(HoL) blocking. If congestion can be predicted as early
as possible, the deterioration of congestion can be relieved.
One of the most popular congestion aware methods is evalu-
ating the occupancy of router input buffer [20]. The number
of occupied VC serving as the congestion criterion is an-
other common congestion aware method [21]. Perceiving
the congestion state of the downstream before the current
node entering congestion helps to relieve the spread of con-
gestion and reduce the impact on network latency.

2.3 VC utilization test
In order to verify the performance of VC organization under
different traffic load, we tested 4 VCs per input port (4-VC)
and 4 flit buffers per VC and 2-VC scheme (The experi-
mental setup is detailed in Section 4). As shown in Fig. 2,
2-VC buffer scheme performs almost identical to 4-VC at
low traffic intensity. Network performance does not benefit
from the increasing of VCs. But, as the injection rate rises,
packets have to compete for storage source and bandwidth
and 2-VC buffer scheme enters saturation quickly. It can
be concluded that 4-VC buffer performs equivalent to 2-VC
buffer under low traffic load with considerable underutilized
buffer resource and has to withstand the high leakage power
consumption of SRAM. Hence, it is necessary to take traffic
condition into consideration in buffer design.

Fig. 3 Logic view of (a) conventional SRAM buffer and (b) hybrid mem-
ory buffer.

3. Hybrid SRAM and STT-RAM buffer design

Inspired by the characteristics of STT-RAM, discussions on
VC utilization and basic principle of congestion, we propose
a congestion-aware hybrid SRAM/STT-RAM buffer design,
whichmakes full use of the advantages of SRAM/STT-RAM
memory technology without performance degradation.

3.1 Baseline NoC router architecture
A generic NoC router architecture depicted in [22] is adopt
as a baseline router design. Route lookahead, which consists
of next hop routing computation (NRC), virtual channel al-
location (VA), switch allocation (SA) and switch traversal
(ST), is used. NRC is performing in parallel with VA. The
result of NRC is carried along with the head flit. Conse-
quently, router can be ware of selected output channel of the
incoming package.

3.2 Hybridmemory buffer withmixed queue (HMMQ)
In particular, the router is connected with 4 adjacent nodes.
Different from the baseline router buffer with 4 pure SRAM
VCs (SRAM-VCs) (Fig. 3(a)), the proposed HMMQ desig-
nates 2 SRAM VCs to conduct low workload situation. As
mentioned above, buffer with only 2 VCs will encounter
congestion and performance degradation in high workload.
HMMQ adopts STT-RAM to enlarge buffer queues which
will not consume extra leakage power owing to STT-RAM’s
near-zero leakage power in unoccupied state. At high work-
load, the congested flow stalls the progress of normal traffic
because of HoL blocking. VOQ [23], where each VC corre-
sponds to a single output channel connecting to the adjacent
node, can eliminate HoL with high power and hardware
complexity and is hard to be used in NoCs [24]. Packets
enter corresponding VOQ according to the output channel
selection from NRC. As shown in Fig. 3(b), HMMQmerges
SRAM-VCs and STT-RAM based VOQs (STT-VOQs) to-
gether to store packets under different conditions. SRAM-
VCs work all the time, while STT-VOQs start working once
there occurs congestion in the corresponding adjacent node
and be used to accept congested traffic particularly. Con-
gested traffic stores in STT-VOQs while uncongested traffic
can go through SRAM-VCs. Uncongested traffic flows are
separated from the congested ones consequently.
According the parameters in Table I, STT-RAM takes 2

cycles to complete write operation at 1GHz clock frequency.
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Fig. 4 Logic view of dual-bank STT-RAM VOQ.

Fig. 5 Timing diagram of a dual-bank buffer access.

A single STT-RAM memory is not able to accomplish con-
secutive writes, which is not mentioned in most of the pre-
vious studies. Consecutive flits are written into dual banks
in an alternate fashion in HMMQ, and 2-cycle latency of
write operation is absorbed accordingly, as shown in Fig. 4.
Flit stays in buffer and bids for grant to dequeue in SA stage
which takes on less than 1 cycle. Read operation is trig-
gered by grant and falls behind write operation by 1 cycle or
more. As depicted in Fig. 5, dual STT-RAM scheme is used
to meet the access timing. As a result, the read and write of
STT-RAM in HMMQ perform the same as SRAM.
In non-uniform traffic, the traffic towards a certain node is

heavier than other nodes, resulting in congestion of a certain
VOQ while other VOQs are not full, which leads to a low
overall buffer utilization. In order to improve the utilization
of buffer, linked list structure is used to manage STT-VOQ
buffer slots. The whole STT-RAM memory bank is shared
among VOQs. Every slot in the buffer contains two fields
which are used to store flit data and address pointing to the
next slot respectively. With the help of linked list struc-
ture, each VOQ is of variable length rather than fixed length,
which improves buffer utilization greatly in the cost of in-
creased complexity and additional overhead. Nevertheless,
the actual overhead is small [25].

3.3 Congestion management and flow control
If congestion occurs in downstream node, the traffic heading
to that node is likely to be stalled at the current node and
block the advance of the traffic to other nodes. The proposed
design observes the usage of input buffer of downstream
node by counting the credit of the input VC of the corre-
sponding downstream node maintained by the output port.
When the occupation of input buffer of downstream node
exceeds a certain predefined threshold, a congestion sign is
activated to indicate that the downstream node is congested.
According the output channel information generated byNRC
at last hop, packets heading to congested node will be put
into the corresponding VOQ until the congestion of the ap-

pointed node relieves. At the same time, a credit is returned
to the upstream node. Therefore, uncongested traffic can use
credit to keep the flow advancing. On the other hand, pack-
ets of uncongested traffic flow enter VC according to the VC
identifier (VCID) in head flit. Bandwidth is retained to serve
uncongested traffic. In consequence, it mitigates the upward
spread of congestion. Congestion management is imple-
mented in Memory Selection Controller (MSC). Owing to
the near-zero leakage power, packets waiting in STT-RAM
consumes much less static power than SRAM.
ON/OFF flow control mechanism is used to avoid STT-

RAM buffer overflow. When available slot of STT-VOQ
buffer is less than a certain threshold, an Xof f signal is
asserted and sent to upstreamnode. The upstreamnode stops
sending any flit once receiving an Xof f signal until the Xof f

is released. The VOQ of corresponding congestion node
quit to make any request for grants. Once the corresponding
congestion disappears, VOQ raises requests immediately to
prevent starvation.

4. Experiments and results

4.1 Experimental setup
In order to verify the effectiveness of the proposed buffer
design, we have performed extensive evaluations for buffer
designs as listed in Table II in terms of area, performance
and power consumption. NVsim [26] was used for area
and power consumption evaluation with different memory
technologies using data as listed in Table I. A parametrized
router RTL implementation [27] was applied in each buffer
design, and then synthesized using Synopsys Design Com-
piler (DC) under 32-nm process design kit at 1GHz clock
frequency for area and timing examinations. BookSim2.0
[28], a cycle-accurate simulator, was used for VC designs
and modified versions were used for VOQ designs, BB and
HMMQ for performance examinations with both synthetic
traffic and application traffic patterns. Orion2.0 [29] library
was integrated in BookSim2.0 combined statistics as listed
in Table I to estimate the power consumption of different
designs. Application traces were generated by a full-system
simulator M5 [30] running PARSEC [31] benchmark suite
with the system configurations illustrated in Table III and
fetched by Netrace [32] and then used in the simulations.

4.2 Experimental results and discussions
1) Area
We collected the area dissipations of memory from NVSim
and non-memory components from DC. As mentioned in
Section 2, cell size of SRAM is more than three times that of
STT-RAM. All STT-RAM designs can get benefit from high
density of STT-RAM memory. Fig. 6(a) shows the mem-
ory area overhead normalized to SRAM_VC. As expect, the
memory in SRAM based designs dominate the largest area
and the STT-RAM designs are minimum on the contrary.
Since HMMQ applies both SRAM and STT-RAM, it con-
sumesmore area, about 30% augment over STTRAM_VOQ,
but still gains nearly 9% improvement over SRAM based de-
signs.
However, the total area is diverse owing to different con-
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Table II Configurations of buffer designs.

Table III System configuration.

Fig. 6 (a) Memory area and (b) total area of all designs normalized to
baseline SRAM design.

trol logic. As shown in Fig. 6(b), STT-RAM designs had
to impose complex control logic for queue scheduling and
to overcome the high write latency of STT-RAM to adapt
the router pipeline which erodes the superiority of memory
size. HMMQ augments extra control circuits for conges-
tion aware and flow control to achieve better performance
and energy efficiency, leading to a reasonable 18% increase-
ment over STTRAM_VC, and only 8.2% increasement over
SRAM_VC in total area. The advantage of high density of
STT-RAM retains and area consumption is constrained in
an acceptable range. Moreover, synthesized result of router
with HMMQ from DC demonstrated that timing constraint
was met.
2) Performance
a) Synthetic traffic patterns
In order to evaluate the performance of different designs,
we employed BookSim2.0 to run different synthetic traf-
fic patterns, such as uniform, transpose, shuffle, and tor-
nado traffic. Fig. 7 shows the average packet latency of all
the designs. Unsurprisingly, due to the longer write la-
tency, STT-RAM based designs perform worse in network
latency. Because BB applies power-gating in individual VC
to achieve energy saving, addition latency is introduced by
wake-up operations unavoidably, and network latency in-
crease consequently. Hence, BB slides into saturation faster
than SRAM based designs. In low injection rate, all flits
pass through router without stall and all designs are running
fluently. As the injection rate increasing, competitions for
output channel among flits rise. Not all the flits can get
grants to leave in time and accumulation of flits in the VC
emerges. When the occupation of buffer reaches a certain
degree, the node is getting into congestion. Congestion will

Fig. 7 Average packet latency of different designs for synthetic workloads.
(a) Uniform, (b) Transpose, (c) Shuffle, (d) Tornado.

Fig. 8 (a) Saturation throughput under synthetic traffic and (b) average
latency under application traffic normalized to baseline SRAM design.

spread upward to form a congestion tree if the congestion
is not alleviated in time, which worsen the network latency
further. Since VC does not handle HoL blocking, the packet
latency of SRAM_VC and STTRAM_VC degrade quickly
as the injection rising. VOQ schemes can effectively elim-
inate HoL blocking at low traffic and work better than VC
schemes, but they cannot perceive and process congestion
when encountering high traffic workload which worsen the
performance. In contrast to the counter designs, HMMQ
launches STT-VOQ when there appears congestion and con-
gested traffic is isolated in STT-VOQ to release bandwidth
for non-congested traffic, avoiding aggravation of congestion
and keeping traffic flow continuous. Hence, HMMQ helps
to cut down the latency of packets and slow down network
stepping into saturation.
Fig. 8(a) depicts the saturation throughput normalized to

baseline SRAM_VC. HMMQ exhibits the best performance
and achieves improvement by 17.6%, 7.1%, 9%, 8.6% and
11.8% for uniform, transpose, shuffle and tornado traffic
and on average respectively over baseline SRAM_VC and is
even superior to the runner-up SRAM_VOQ by 20.5% on
average.
b) Application traffic patterns
We also conduct experiments with application traffic pat-
terns for more extensive performance verification. Fig. 8(b)
demonstrates the packet latency of the proposed design and
counter parts normalized to SRAM_VC. In low contented
traffic, such as blaskscholes and x264, STT-RAM based de-
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Fig. 9 (a) Memory static power dissipation and (b) total power dissipation
normalized to baseline SRAM design.

signs obtain a degeneration as expected. BB also causes
performance losses due to power-gating in drowsy SRAM
of each VC. HMMQ achieves nearly the same performance
with SRAM, the same as mentioned in synthetic traffic ex-
periments. In high contented traffic, such as fluidanimate
and canneal, as traffic rising, network congestion occurs
frequently. STT-RAM based designs declines significantly.
Combination of VC and VOQ helps HMMQ to accommo-
date more congested traffic, and slows down the saturation
of node. Eventually, HMMQ gains 11%, 9% and 34%
improvement over baseline SRAM design, the runner-up
SRAM_VOQ and BB on average respectively.
3) Power consumption
We first ran simulations with NVSim for power dissipation
of memory only. And then, Orion2.0 power library was
integrated in Booksim2.0 to obtain the router power con-
sumption including static and dynamic power consumption.
a) Memory static power consumption
With the great prospect of low leakage power, as shown
in Fig. 9(a), compared to SRAM based designs, the use of
STT-RAM reduces the static power consumption of memory
significantly, where STT-RAM designs, BB and HMMQ
achieve static power reduction by 95%, 48% and 46% over
SRAM respectively.
b) Total power consumption
Fig. 9(b) illustrates the normalized total power consumption
of buffer designs involved with different application traf-
fic patterns to baseline SRAM design. As aforementioned,
STT-RAM designs obtain gratifying reduction in memory
static power consumption. However, according to Table I,
the write energy of STT-RAM is near six times over SRAM
which will hurt the memory power superiority. As traffic in-
creasing, whether in low injection rate or high injection rate,
the write/read operations of STT-RAM are implemented fre-
quently and the backward of high dynamic energy comes
out and total power consumption climbs up. Alternatively,
HMMQ employs the STT-RAM VOQs according to con-
gestion status which avoids frequent write/read operations
of STT-RAM. Taking both low write/read access energy of
SRAM and low leakage power of STT-RAM into account,
HMMQ acquires an outstanding power saving by 32.9% and
9% over baseline SRAM design and BB on average.
Conclusion can be drawn that STT-RAM based buffer

designs consume much more dynamic power which offsets
the benefits of memory static power consumption and area
overhead and it is not realistic to replace SRAM with STT-
RAM directly in buffer design.

5. Conclusion

In this paper, we propose HMMQ, a hybrid memory NoC
router buffer design with SRAM and STT-RAM with the
combinative structure of VC and VOQ, which leverages the
high density and extreme low leakage power of STT-RAM
and develops the ability to perceive node congestion and al-
leviate congestion by isolating congested flow from uncon-
gested flow. The experimental result showed that HMMQ
improves the throughput, network latency and power dissi-
pation by 11.8%, 11% and 32.9% on average respectively
over baseline SRAM based design, while the area overhead
is only increased by 8.2%.
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