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Abstract

:

The purpose of this research is to study the vulnerability of construction enterprises’ innovation capabilities (CEIC) and their respective primary influencing factors. This paper proposed a vulnerability system framework of CEIC, designed two comprehensive assessments for analysis, namely the entropy and set pair analysis method (E-SPA) and the principle cluster analysis and SPA method (P-SPA), and compared grades to verify the vulnerability assessments. Further, the paper quantitatively assessed the major influencing factors in facilitating management, reducing vulnerability, and improving the ability of construction enterprises to respond to changes in the construction industry. The results showed that vulnerability could be effectively and systematically evaluated using E-SPA. However, managing or reducing entrepreneurial sensitivity and improving the ability to respond was critical to supporting sustainable CEIC. The case studies included in this paper suggested that in ensuring sustainable CEIC, companies should concentrate on highly educated human resources, R&D investments, intellectual property related innovations, and government support. This research provided a practical framework and established a sustainable strategy for companies to manage their vulnerability in developing innovation capability. In addition, this research presented an innovative and effective way to quantitatively analyze vulnerability which offered a foundation to signify a new paradigm shift in construction sustainable development.
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1. Introduction


As a critical driver of the sustainable development of a nation, a region, an industry, or an enterprise, innovation can provide a continual basis for sustainable socio-economic development and growth. Construction innovation, as a sustainable driver and a crucial condition, represents the pulse of construction economic development of any nation [1,2,3]. The innovative capabilities of construction enterprises thus hold a key position in advancing industrial and national development [4,5]. The current innovation status of the construction industry reflects the complex features of the industry [6]. As any nation or region will have demand for continued construction, statistics related to this construction make up a major portion of an economy’s well-being. The innovation accomplishments of construction enterprises are affected by the innovation efforts of other firms, and are achieved through the continuing cooperation among industries for breakthroughs in products, processes, and designs. These breakthroughs reflect the strength and innovative desires and interests of construction companies. However, compared to other industries, there is a lack of focus on the diffusion rates of innovation in different sectors of construction, such as building and civil infrastructure. Depending on the developmental level of an economy, the need for civil infrastructure may vary. However, innovation is needed at all levels of economic development [7]. Civil infrastructure companies are large in size and have potential for radical innovations, while residential construction companies are usually small and give limited consideration as to how to effectively convert new research and development into innovation. Often, large companies do not invest sufficiently in innovation as they already dominate a major portion of the existing market. Smaller companies on the other hand need to demonstrate higher degrees of innovation in order to enter or even stay in the market [8]. A similar observation was made by Hultgren and Tantawi [9] in the study of potential radical innovation in large firms.



However, researchers recently noticed that sustainable economic development has its vulnerability, which was considered as a new paradigm shift in the analysis of uncertainty in economic studies of system sensitivity and response capability. Vulnerability research has a wide range of applications, including climate change prediction, natural disaster prevention, food security, and public health improvement [10,11,12,13,14,15,16,17,18,19,20,21]. Generally, innovation vulnerability relates to the risk or uncertainty of a company’s innovation capability. Therefore, eliminating risks or identifying weaknesses is perhaps a preferred method of overcoming vulnerability. Elimination should, however, not simply lead to the avoidance of uncertainty when studying innovation capability, because uncertainty can sense or trace new directions or paths of economic development and thereby represents an innovative strength [18,19]. This new cognitive reasoning requires firms to treat uncertainty as part of innovation capability and develop a strategy to overcome it, or manage uncertainty instead of eliminating it. Construction entrepreneurs should consider the opportunities stemming from uncertainties as well. With this understanding, it is a crucial prerequisite for successful promotion of construction enterprise’s innovation capability (CEIC) to develop and implement a strategy when managing the uncertainty that is part of CEIC. However, there is still a lack of quantitative research to assess the uncertainty involved in innovation, particularly in relation to estimating innovation capability at a firm, industrial, or national level [22,23]. A similar discussion can be found in Costanza et al. [24] ”to say that we should not do valuation of ecosystems is to deny the reality that we already do, always have and cannot avoid doing so in the future”. The research by Costanza et al. [24] emphasized the importance of quantifying ecosystem values for the support of policy decisions or influencing public opinions. This research stressed the necessity for quantitative research in innovation uncertainty. This research was based on an inverse perspective of the relationship between uncertainty and innovation capability. Furthermore, it studied the vulnerability of CEIC and worked to build a system approach to assess the vulnerability of CEIC [11,13,15,16,17,20,21,25,26,27]. This new approach aimed to manage and reduce the vulnerability of CEIC and to support the sustainable improvement of CEIC.



In order to assess the vulnerability of CEIC, this research quantitatively analyzed the individual vulnerabilities of the major influence factors of CEIC with the objective to manage and improve their responsive abilities. In order to achieve this goal, this research constructed a framework of vulnerability of CEIC, using two comprehensive methods of vulnerability assessment in socio-economic research. The two methods were the entropy and set pair analysis method (E-SPA) and the principle cluster analysis and SPA method (P-SPA). This research also implemented these methods in eight construction enterprises to analyze their CEIC, and compared the respective results. The results demonstrated the functions of the vulnerability framework in the uncertainty analysis of construction innovation. The results are applicable to other industries too.



This research expands the field of innovation functions of a company to enhance its competitiveness and sustainable development from an inverse perspective when managing innovation risks. It identified new areas of economic growth with potential broad impact on multiple industries. At an industrial level, the research may help governments, industrial associations, and other organizations implement targeted incentives for innovation planning, to reduce uncertainty and risk, to respond to an innovation-driven service economy, and to promote regional and national innovation. In the long run, the research can help to enhance the positions of industries and facilitate national innovation strategies for economic development and restructuring.



The rest of the paper is structured as follows. Section 2 focuses on the review of literature, links of analysis levels, and the research agenda. Section 3 provides the research methods. Section 4 builds the vulnerability framework based on the selected theories and methods and implements the research procedure and measurements to analyze the vulnerability of CEIC. Section 5 presents the research results, summarizes the conclusions, and highlights the implications of vulnerability assessment for innovation capability in enterprises, and at industrial and national levels.




2. Literature Review


2.1. Innovation and Uncertainty


Enterprises are becoming more specialized than ever before. Based on the technological know-how of a company, competition may lead to additional challenges with respect to innovation and handling uncertainty. Adaptability paired with innovation therefore becomes a key factor to advance technological diversity and the willingness to experiment with new products and services. According to Bell and Pavitt [27], firms rarely fail because of an inability to master a new field of technology, but because of the lack of adaptability and responsiveness to new industry demands and the inability to proactively embrace and discover new technological opportunities [28].



Companies are vulnerable to external factors if they are not well prepared or not strategically aligned with the new innovative technologies. Companies need to be willing to take risks in order to succeed in the competitive construction industries. Finding the right approach to balancing risk versus a company’s vulnerability and its innovative capability is key to success. Facing constant competition in the advancement of any industry for new technology separates company strategies that are sustainable from those that are not. Major differences in this approach seem to exist between larger and smaller companies in the same industries since key challenges for the strategic management of technology depend on a company’s size and its core business: small firms must focus on defining and defending their product niche while large firms focus on building and exploiting competences based on R&D or on complex production or information systems. Companies require continuous learning, the capacity to integrate specialists, and a willingness both to break down established functional and divisional boundaries and to take a view to the long term [29].



Among a multitude of research, Schumpeter’s concept of long waves, a theory of technical innovation and structural change, shows that the successful diffusion of this technology depends on a wide variety of institutional changes. Freeman et al. points to a number of policies including flexible working hours, training and less restrictive macroeconomic demand policies which would help to generate higher levels of innovation [30]. This concept could certainly be extended to the sustainability of an innovation friendly company environment. Innovation does not lead to success just by itself if it is not supported by progressive and flexible federal, regional, and company specific policies. Otherwise, potential risk factors or the perception of uncertainty will hinder the advancement and sustainability of a progressive innovative environment.



Nevertheless, innovation processes are often criticized because they do not accurately portray the process of industry movement, in which there were uncertain and dynamic interactions among knowledge, resources, and environments [31]. Therefore, striving to remove uncertainty might lead to the risk of hindering or even completely impeding innovation rather than promoting it. Despite much success in overcoming uncertainty, it has become clear that uncertainties can never be completely removed. Instead, uncertainty keeps emerging in new forms accompanying complex scientific processes, organization structures, and technical systems. Strategies should be prepared at different levels of acceptance of uncertainty and be utilized to benefit social-economic developments [18]. Uncertainty is not a deficiency, but a structural feature embedded in any entrepreneurial entity. Likewise, uncertainty is not strictly a shortcoming, rather an important factor that can lead to growth. The endeavor to eliminate uncertainty holds the risk of jeopardizing rather than promoting innovation.



Dealing with uncertainty is a continuous process for construction innovation. The concept of coping with uncertainty, as opposed to removing it through planning and control, was presented and substantiated by Bohle [32]. This new cognitive approach to manage uncertainty in innovation processes is not just wishful thinking. For example, Bohle [32] proposed approaches such as experience-led and subject-based actions in project management. They provided new ways of dealing with uncertainty in project management. However, these methods have barely been further developed into quantitative instruments for systematic promotion of innovation processes [32]. This paper developed a new system with quantitative methods to manage the uncertainty in construction innovation. Meanwhile, the system has the ability to react and overcome uncertainty with countermeasures, instead of eliminating uncertainty which might weaken the power of innovation.




2.2. Vulnerability


As an emerging area, systematic studies of vulnerability began with research on natural disasters, with the purpose to achieve sustainable development of the environment through reducing uncertainty, sensitivity, and vulnerability [10]. At present, scholars widely use the methodologies of vulnerability research to explore economic domains, such as financial vulnerability and household vulnerability [10,21,33,34,35]. For example, Dominitz and Manski [17] first discussed the vulnerability of a country’s economic system. United Nations Development Programme (UNDP) [35] defined the concept of economic vulnerability as the capability to suffer the damage due to the impact of unanticipated events in the process of economic development. Vulnerability relates to the sensitivity to disturbance inside and outside of a system and the lack of capability to respond to make necessary changes to the system’s structure and functions. In addition, sensitivity and adaptability are key components of the evaluation of the vulnerability of a system [14,16,21,33,34,36,37,38,39].



Vulnerability management includes the assessment of a system’s sensitivity and adaptability by managing or restricting the potential hazards to realize the systematic promotion in the political, social, economic, or environmental fields. In recent years, examples of systems for which vulnerability assessments were performed include, but are not limited to, climate changes, natural disasters, ecological crises, food security, and public health. The research methods used include composite index method, fuzzy method, scenario analysis, and input-output method [14,16,21,25,33,34,36,37,38,39]. Such assessments were conducted on behalf of a range of different organizations, from small businesses to large enterprises. For example, Gnangnon [25] endowed different weights to various economic growth-indicators to calculate economic vulnerability indices in developing countries. Turner et al. [21] proposed a framework of factors and linkages to study the potential effects of the vulnerability of a couple of human–environment systems which was also related to the sensitivity and resilience of the system.



However, innovation capability is an important driver of any economic system, and the assessment of the vulnerability of innovation capability has not drawn enough attention, especially in regards to CEIC. Therefore, it is urgent to study how to measure the level of vulnerability, select indices, and manage index information to conduct a vulnerability assessment of CEIC. In this research, the authors first selected indices of vulnerability by using the entropy method. The entropy method is a common method to generate the objective weight of index system [40,41]. The next method used in this research is Set Pair Analysis (SPA), which is a novel method to target the uncertainty in a system [42,43]. The core thought of set pair analysis was to treat the confirmed uncertainty of the object to be studied as a confirmed uncertainty system, and to analyze and study the connection and conversion of the research objects for the similarities and differences. The core concept of set pair analysis was the set pair and the connection degree [42]. Another comparison method of principle cluster analysis (PCA) was also used to assess vulnerability. PCA assessment is usually used for the vulnerability assessment of tourism economic systems or city economic systems [38,44,45,46,47]. Using Entropy SPA (E-SPA) and PCA-SPA (P-SPA), the authors analyzed cases of large construction companies to reveal their vulnerability levels.




2.3. Construction Enterprise’s Innovation Capability (CEIC)


From a system point of view, construction innovation capabilities at firm, regional, and national levels are three closely related categories, which support and influence each other, characterized by general factors to realize the overall achievement of sustainable innovation. In innovation systems, the national, regional or industrial technical changes and economic growth are the outcomes of the innovation activities that take place among all firms. However, the changes are not simply the summation of firm-level innovation capabilities, but the result of their interactions at national, regional or industrial levels instead. At national or regional levels, innovation measurements are calculated by agencies such as European Innovation Scoreboard [48], OECD STI Outlook [49], Nordic Innovation Monitor [50], UNCTAD indicators [51] and World Bank indicators [52]. The measured innovation efficiencies refer to innovation input and output, innovation activity, innovation environment, etc. with relevant indicators.



CEIC can be used as an important carrier for national and regional innovation strategies. It is usually implemented at a micro level to foster, form, and upgrade innovation capabilities [3,23,53,54,55,56,57,58], such as innovation environments, innovation investment capabilities, cooperative innovation capabilities, intellectual property capabilities, and change-innovation capabilities [1]. Innovation capabilities enable construction enterprises to create, deploy, and maintain advantageous business performance in the long run. The representations of innovation capabilities, such as distinct skills, processes, procedures, organizational structures, decision rules, and disciplines, undergird enterprise-level sensing, seizing, and reconfiguring capacities.



At the enterprise-level, there are three main types of studies that focused on construction innovation capability. The first type of studies concentrated on analyzing and evaluating the major changes in overall innovation capability and specified the current status and history of innovation capability, e.g., international comparative study [59,60,61]. The second type of studies focused on the evaluations of enterprise innovation capabilities in key sectors (or areas), a.k.a. primary businesses’ innovation. For example, equipment manufacturing, strategic approaches for emerging markets, and process plant construction are considered as business innovation [1,2,4,62,63,64,65]. The third type focused on evaluating and comparing the different types and sizes of CEIC [53,66,67,68,69,70,71], such as domestic and foreign-funded enterprises, large, small-and-medium and micro enterprises, or state-owned and private enterprises.



In terms of types of constitution, CEIC refers to industrial innovation, technological innovation, system innovation, organizational innovation, and collaborative innovation [1,3,72,73]. The participants of CEIC involve government, business, universities, individuals, and community groups. The input factors of CEIC include capital investment, intellectual property, training, human resources (HR), etc. Researchers noticed that CEIC contributed to the enhancement of national competitive advantage, optimization of industrial resource allocation and the employment market, reduction of energy dissipation and pollution, and improvement of social welfare [3]. The systematic framework of CEIC gradually transited from individual and closed-end efforts into open-ended and multilateral cooperative processes. The multilateral interactions help to form the cooperative effects to improve the efficiency of labor, information, knowledge, technology, management and capital to implement CEIC strategies [4,74,75]. Even though the above studies focused on product capability, technology patents, knowledge transfer, university–industry–government cooperation, or output efficiency, there is still deficiency in holistic understanding of the social and organizational aspects of innovations. For example, as an important innovation resource, HR and the associated working conditions become key enablers and central factors of innovations. So, instead of studying the individual parameters of production, technology, and organization etc., this research studied CEICs systematically in a framework. Additionally, the generic innovation models [71,76] put forward that the frameworks with successful innovation outcomes were built by considering the focus of innovation, contextual factors, organizational capabilities and innovation processes. The links between the key concepts used in this research are shown in Figure 1. With the adoption of the extensions of generic innovation models, the framework of CEIC included the following items:
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Figure 1. Links between key concepts. 
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(A) An ideal environment for innovation capability. The environment of CEIC should be at a high level of economic development, enterprise information management, and human resource access, and with the support from government and social sectors to create an accessible and sustainable environment [77,78].



(B) Adequate resources for innovation capability. Without an innovation resource pool, it is difficult for CEIC to carry out innovation activities, such as management innovation, technology innovation, and product innovation [79,80]. CEIC is the carrier of a national and regional innovation strategy. The cooperation among university, industry, and society, together with the alliance of capital, market demands and human resource (HR) pools for business innovation, are key to complying with CEIC [81,82,83,84].



(C) Progressive innovation activities. CEIC is important to the foundation of the entire innovation in an economic society. It also contributes to product innovation, process innovation, marketing innovation and organizational innovation. Resources, technology, and knowledge (tangible and intangible) are bundled, linked and incorporated for innovation activities, which then would be converted and organized into routines and systems to formalize innovation capabilities and lead to production competencies and performance [85,86]. In order to strengthen innovation activities, construction enterprises should actively and continuously promote the innovation investments in human and financial resources, pay good attention to integration and absorption of external technologies, and sustain the creation and ownership of intellectual properties.



(D) Emerging innovation output. As a measurement of the CEIC levels, innovation output includes the number of patents registered, technical trading expansion, and brand building promotion efforts [2,66,87]. Innovation in the area of high-tech and knowledge-intensive service helps the optimization of production and service structure at the industrial level; meanwhile, the new production or service methods enable enterprises to further optimize the product structure. This reciprocal process is an important aspect of innovation outputs [88,89,90,91].



(E) Improved economic efficiency. The economic efficiency of CEIC includes the efficiencies of labor input, capital investment, and energy investment, which contribute to sustainable development of business environments [92,93,94,95]. The construction enterprises with strong dynamic capabilities are highly entrepreneurial, with innovation-capability uncertainty, and are highly vulnerable to innovation environments. From a system uncertainty perspective, this uncertainty or dynamic feature is mainly due to the sensitivity of CEIC to internal and external system disturbances. In addition, the lack of responsiveness of CEIC hinders the sustainable development of those companies. The theoretical framework in this research quantitatively evaluated the vulnerability of CEIC to improve innovation capability. The analysis of the vulnerability or uncertainty of CEIC helps to promote the sustainability of innovation capability.




2.4. Analysis Level and Framework


Items A to E in the aforementioned framework of CEIC can be summarized in the following Table 1. Table 1 shows that there are three implications for CEIC. The implications are reflected in the following aspects. (a) Innovation capability is inherently unstable. (b) Innovation capability is sensitive to the interferences and changes from the outside world. (c) CEIC is vulnerable to risk. Thus, the vulnerability of CEIC is a comprehensive system affected by sensitivity and adaptability. Sensitivity is the degree of susceptibility to external shocks, or ability to deal with innovation uncertainty and risk [77,83,84,85,86]. If a system has weak sensitivity, it would be less susceptible and demonstrate stronger resistance than one with strong sensitivity. Adaptability is the ability to quickly adjust from a risky or uncertain situation to a stable or sustainable situation. It also demonstrates the ability of a system to maintain itself. Adaptability has a direct relationship with the innovation self-maintenance capability of a system.
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Table 1. Analysis level.







Table 1. Analysis level.







	
Topic

	
Innovation and uncertainty

	
Innovation capability

	
Vulnerability






	
Literature summary

	
Managing uncertainty is absolutely necessary from the perspective of construction innovation. There will always be something unforeseeable. Flexibility and creativity are important features of a successful innovation strategy.

	
System dynamics and uncertainty are likely affected by product, technology, organization, and people. The current influence factors and measurement methods are not industry specific.

	
Uncertainty threats are studied using system sensitivity and adaptability to analysis the vulnerability in political, social, economic fields.

Comprehensive methods or mixed method such as E-SPA, PCA, and SPA were used to assess economic vulnerability.




	
Major trends in research

	
Systematical description or linkage to deal with uncertainty with quantitative methods to promote innovation process.

	
Uncertainty measurement of CEIC with generic influence factors

	
Exploratory implementation of the measurements and verification of innovation vulnerability.




	
Research Focus

	
This research constructed the vulnerability-assessment framework, implemented the corresponding indices, and verified CEIC using common comprehensive methods from economic vulnerability areas.









In summary, the vulnerability indicator (  X  ) of CEIC could be expressed in Equation (1).




   X = f ( S , A )   



(1)





Letter   S   represents sensitivity. Letter   A   represents adaptability. Large value of   X   indicates the tendency towards exposure to risk and uncertainty. It also means that CEIC will be slowed down to return to a sustainable state. Thus, the framework of Equation (1) is used to analyze vulnerability from two aspects, namely system sensitivity and adaptability. This research extracted data from 2013 National Innovation Index Reprot [96] to build the vulnerability indices in Table 2. In Table 2, the target layers include Innovation Input Capability (IIC), Cooperative Innovation Capability of Enterprise (CICE), Intellectual Property Capability (IPC), Change Innovation Capability (CIC), and Innovation Environment (IE). Each target layer is further divided into sensitivity indices and adaptability indices. The explanations of both sensitivity and adaptability indices in Table 2 include their indicators, measurement units, descriptions, and tropisms. For sensitive and adaptive indicators, a positive tropism (+) indicates a direct relationship between the index and the sensitivity or adaptability; a negative tropism (−) indicates an inverse relationship between the index and the sensitivity or adaptability.
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Table 2. Vulnerability-assessment framework and indices of construction enterprise’s innovation capability (CEIC).
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Target layer

	
Sensitivity (S)

	
Indicators

	
Sensitive indicator description and its tropism

	
Adaptability (A)

	
Indicators

	
Adaptive indicator description and its tropism






	
Innovation Input Capability (IIC)

	
IICS1

	
Innovative funding accounted for the main business revenue/%

	
It reflects the strength of innovation funding (−)

	
IICA1

	
R&D expenditure accounts for the main business revenue

	
It reflects R & D expenditure intensity (+)




	
IICS2

	
The proportion of R & D types of HR employed/%

	
It reflects the intensity of R & D personnel investment (−)

	
IICA2

	
The proportion of PhD graduates in HR of a corporate

	
It reflects the structure of highly educated personnel in an enterprise (+)




	
IICS3

	
The funding of R & D specific sector accounted for corporate R & D expenditure/%

	
It reflects the state of the R & D funding of a specific sector (−)

	
IICA3

	
The personnel R & D investment of a specific sector accounted for that of corporate R & D /%

	
It reflects the manpower situation of R & D institutions (+)




	
Cooperative Innovation Capability of Enterprise (CICE)

	
CICES1

	
Cooperation Project accounted for the whole research project/%

	
It reflects the cooperative scope of the enterprise (+)

	
CICEA1

	
The R & D expenditure proportion of universities and research institutions in whole corporate R&D expenditures/%

	
It reflect R & D cooperation with universities and research institutions (+)




	
CICES2

	
The ratio of technology import expenditure accounted for the whole R & D funding

	
It reflects the introduction status of technology with respect to independent research (+)

	
CICEA2

	
The ratio of digestion and absorption funds accounted for technology import funds

	
It reflects the absorption and re-innovation status for the introduction technology (−)




	
CICES3

	
The proportion of cooperation innovative project accounted for the whole enterprise project/%

	
It reflects the innovation state of the business cooperation with external institutions (−)

	
CICEA3

	
The proportion of cooperation patent accounted the total patent application/%

	
It reflects the cooperation scale of technological inventions (+)




	
Intellectual Property Capability (IPC)

	
IPCS1

	
The percent of enterprise invention patent applications accounted for the whole patent applications/%

	
It reflects patent application levels. (−)

	
IPCA1

	
100,000 RMB R & D funding per invention patent applications/(No./100,000 RMB)

	
It reflects the patents output efficiency (+)




	
IPCS2

	
The patent-owned project accounted for the whole enterprises’ projects/%

	
It reflects the patent protection awareness of enterprises (−)

	
IPCA2

	
10,000 patents-owned of enterprise employees/(piece /10,000 employees)

	
It reflects the size of enterprise patent pool (+)




	
IPCS3

	
# of implementations of invention patents accounted for overall implemented patents/%

	
It reflects the transformation and application status of invention patents (−)

	
IPCA3

	
The ratio of patent licensing and transfer income accounted for new product sales revenue

	
It reflects the ratio of patent assets income and new product sales revenue (+)




	
Change Innovation Capability (CIC)

	
CICS1

	
New product marketing expenses accounted for all marketing costs/%

	
It reflects the marketing strength of new-investment products (−)

	
CICA1

	
New product sales revenue accounted for the main business revenue/%

	
Reflects the impact of business activities on the entire production of innovative activities(+)




	
CICS2

	
PCT applications accounted for the whole patent applications/%

	
It reflects the potential technology inventions an enterprise in the international market (−)

	
CICA2

	
Income from patented project accounted for the entire project income of an enterprise/%

	
It reflects the corporate innovation competitiveness (+)




	
CICS3

	
Labor productivity/(RMB/person)

	
It reflects the innovation impact on labor productivity (−)

	
CICA3

	
Comprehensive energy output/%

	
It reflects social performance of corporate energy consuming (−)




	
Innovation Environment (IE)

	
IEGS1

	
Direct government support (GS)extent/%

	
The ratio of direct government support accounted for the whole R & D expenses (+)

	
IEGS2

	
Indirect government support(GS) extent/%

	
The ratio of indirect government support accounted for the whole R & D expenses (−)




	
IESS1

	
The extent of Social capital to support (SS) R&D/%

	
The ratio of financial institutions support R&D accounted for the whole R & D expenses (+)

	
IESS2

	
The extent Social capital to support (SS) project development/%

	
The ratio of social-capital development projects accounted for the total capital of enterprises (−)








Note 1: Indices from 2013 National Innovation Index Report [96]; Note 2: For sensitive and adaptive indicators, a positive tropism (+) indicates a direct relationship between the index and the sensitivity or adaptability; a negative tropism (−) indicates an inverse relationship between the index and the sensitivity or adaptability.







The authors designed the research steps and framework as per Figure 2. This research used the common mixed methods of E-SPA and P-SPA to analyze the vulnerability of CEIC. Particularly, Zhao’s grade standards [97] were used as SPA method of the inventor to grade the vulnerabilities of selected cases. In addition, the major influencing factors of response capability were ranked to manage the vulnerability of CEIC.
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Figure 2. Research steps and framework. 
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3. Research Method


3.1. Entropy and SPA (E-SPA) Method


3.1.1. Entropy Weight


Many generic evaluation models rely on subjective weighting methods to determine the weights of indices in their evaluations. Entropy method [41] is an objective empowerment approach used to reflect the disorder degree of information in information theories, which now has been expanded to social and economic areas [40,41,47,98,99]. The weights of individual indicators are determined by calculating the entropy and entropy weight of each of them. The greater the entropy is, the smaller the corresponding entropy weight will be for any indicator. If an entropy weight is zero, the indicator provides no useful information to decision-makers. That indicator may be removed in the evaluation process. The amount of useful information that an indicator provides to a decision-maker is objective. So, using the entropy method to determine index weights could provide realistic and objective insight into the CEIC vulnerability system. The four main steps [41,44] taken are as follows.



Step 1: The formation of the evaluation matrix (Table S1).



Suppose there are m units and n indicators to be evaluated to establish the original data matrix in Equation (2).


   R =   (  r  s t   )   m × n   ( s = 1 , 2 , ... , m ; t = 1 , 2 , ... , n )   



(2)




where rst represents the actual value of the tth index of sth unit.



Step 2: The standardization of the evaluation matrix.



The following equation is used to normalize the matrix B,


   B =   (  b  s t   )   m × n   ( s = 1 , 2 , ... , m ; t = 1 , 2 , ... , n )   with    b  s t   =    r  s t   −  r  min      r  max   −  r  min       



(3)




where rmax and rmin represent the maximum and minimum values, respectively, for the evaluation unit.



If indicator is the positive tropism (+)


    b  s t   =    r  s t   −  r  min      r  max   −  r  min       



(3a)







If indicator is the negative tropism (−)


    b  s t   =    r  max   −  r  s t      r  max   −  r  min       



(3b)







Step 3: The calculation of the entropy



The entropy of the system can be defined by using the following calculations:


    H t  = −  (    ∑  s = 1  m    f  s t     ln  f  s t    )  / ln m   ( s = 1 , 2 , ... , m ; t = 1 , 2 , ... , n )   



(4)




where     f  s t   =  b  s t   /   ∑  s = 1  m    b  s t       ; if     f  s t   = 0   , redefine the     f  s t      as


    f  s t   =  (  1 +  b  s t    )  /   ∑  s = 1  m   ( 1 +    b  s t   )   



(5)







Step 4: The calculation of the entropy weight


   w =    (   ω t   )    1 × n     ,      ω t  =  (  1 −  H t   )  /  (  n −   ∑  t = 1  n    H t     )    with     ∑  t = 1  n    ω t    = 1   



(6)








3.1.2. Set Pair Analysis (SPA)


Given two sets   v   and   u  , the set pair is expressed as    H = ( v , u )   . Equation (7) calculates the connection degree of the two sets:


   μ =  S N  +  F N  i +  P N  j = a + b i + c j ,   where   a + b + c = 1   



(7)







In Equation (7), N is the total number of characteristics of a set pair; S is the number of characteristics of two sets; P is the number of opposite characteristics of two sets; F is the number of characteristics of two sets, which are independent to each other. The ratio     S N     is the similarity degree of two sets;     F N     is the difference degree of two sets;     P N     is the opposite degree of two sets.



In summary, a in Equation (7) is the coefficient of similarity degree; c is the coefficient of opposite degree.   i   and   j   are the coefficients of the difference and the opposite degrees.   i   takes the uncertain value in the section [−1, 1] according to different situations;   j   takes the value of −1 in general situations to indicate that     P N     is the opposite to the similarity degree     S N    .




3.1.3. E-SPA Vulnerability Method


(1) The formation of vulnerability evaluation matrix of CEIC



Given that vulnerability system of CEIC is    Q =  {  E , G , W , D  }    , the m evaluation unit is    E =  {   e 1  ,  e 2  ⋯  e m   }    , the n indices of each unit is    G =  {   g 1  ,  g 2  ⋯  g n   }    , the index weight is    W =  {   w 1  ,  w 2  ⋯  w n   }     (see also Equation (6)), the index evaluation is     d  k p    (  k = 1 , 2 , ⋯ , m ; p = 1 , 2 , ⋯ , n  )    , then the evaluation matrix     D    of vulnerability system of CEIC is shown in Equation (8).




   D =  [       d  11        d  12      ⋯     d  1 n          d  21        d  22      ⋯     d  2 n        ⋯   ⋯   ⋯   ⋯       d  m 1        d  m 2      ⋯     d  m n        ]    



(8)





(2) Identification of similarity and opposite degree



Identify the maximum index set    U =  {   u 1  ,  u  2 ,   ⋯  u n   }     and the minimum index set    V =  {   v 1  ,  v  2 ,   ⋯  v n   }     in the evaluation unit to generate the similarity degree     a  k p      and opposite degree     c  k p      of     d  k p      in the evaluation matrix D on basis of the set     {   v p  ,  u p   }    .



If     d  k p      is a positive tropism (+),


    {     a  k p   =    d  k p      u p  +  v p         c  k p   =    u p   v p     d  k p    (   u p  +  v p   )          



(9a)







If     d  k p      is a negative tropism (−),


    {     a  k p   =    u p   v p     d  k p    (   u p  +  v p   )         c  k p   =    d  k p      u p  +  v p          



(9b)







(3) The connection degree of vulnerability



The connection degree   μ   of set pairs     {   E k  , U  }     in     [  V , U  ]     is shown in Equation (10).




    {     μ   (   E k  , U  )    =  a k  +  b  k i   +  c  k j        a k  =  ∑   ω p   a  k p          c k  =  ∑   ω p   c  k p           



(10)





(4) The vulnerability indicator   X   of CEIC



Given     x k     represents the connection degree between evaluation unit     E k     and the max index set    U =  {   u 1  ,  u  2 ,   ⋯  u n   }     for the Kth construction enterprise, which is shown in Equation (10), the larger     x k     is or the closer vulnerability to the max value, the more vulnerable and uncertain the CEIC, and vice versa.




    x k  =    a k     a k  +  c k      



(11)







3.2. PCA and SPA (P-SPA) Method


The PCA Score process is shown in the following seven steps [100,101].



Step 1: Using SPSS 22 software to implement the factor analysis to extract the principal component     F 1  ,  F 2  , … ,  F n    .



Step 2: Calculating the loading of F1 score. Factor scores were generated and standardized through loadings. The F1 loading was divided by the square root of the corresponding eigenvalues of     F 1    , to generate its orthogonal eigenvectors. N indicators were given as     a 1  ,  a 2  , … ,  a N    .



Step 3: Calculating F1 score (f1) with Equation (12). In Equation (12),     x 1  ,  x 2  , ... ,  x N     were the standardized data of N items with the first sample.




    f 1  =  a 1  ×  x 1  +  a 2  ×  x 2  ⋯ ⋯  a N  ×  x N    



(12)





Step 4: Repeating the steps to calculate     F 2  ,  F 3     and     F n     scores (    f 2  ,  f 3  , ⋯ ,  f N    ) in the first sample.



Step 5: According to the variance % (    v 1  ,  v 2  ,  v 3  , ⋯  v n    %) and cumulative variance % (   c v   %) of Initial eigenvalues, the weighted sum score Fs was calculated by Equation (13) in the first sample.




   Fs =  (   v 1   f 1  +  v 2   f 2  +  v 3   f 3  + ⋯ +  v n   f n   )  / c v   



(13)





Step 6: Repeating the process on other samples. Then, N indicators were normalized score to calculate the weight, and the weight set WP,


   W P = [ w  p 1  , w  p 2  , ⋯ , w  p n  ]   



(14)







Step 7: Constructing the P-SPA Vulnerability method. After using Equations (8) and (14) to alternate the entropy weight, the authors followed the analogy steps of E-SPA method to analysis the vulnerability of CEIC.





4. Empirical Analysis


4.1. Data Collection


In order to verify the vulnerability method of CEIC, comprehensive, accurate, and representative data were retrieved from the “E01Civil Construction Industry Classification Guideline of the Chinese Securities Regulatory Commission (CSRC)”, which included a total of 51 public construction companies (E01 and E05 Building Decoration Classification Guideline) in the Shanghai stock exchange and the Shenzhen stock exchange, P.R. China in 2014. A set of these enterprises was identified and used to test the vulnerability framework. Enterprises from the CSRC list are usually large-scale, global competitors and ideal for CEIC analysis. The annual reports of the CSRC provide the enterprise specific information. The authors carefully cleansed the data using the following criteria. (1) The company is listed in the CSRC list for at least eight consecutive years; and (2) there must be an accurate business description. After data cleansing, there were eight enterprises that fit the criteria and were used in the model construction.



On average, researchers used between five and 25 companies with time durations of one to four consecutive years for validation or verification in research projects [92,93,94,95,96,97,98]. Additional data were collected from internal sources such as HR, intellectual property, government support, enterprise, innovation investment, management reports, secretarial files, and electronic records. All of the selected companies produced and maintained such information for their day-to-day managerial and operational use. In other words, these data were secondary in nature and were readily available within the business organizations.



The selected companies are listed in Table 3, and the corresponding data are listed in Table 4a,b. The eight companies included in Table 3 are large construction enterprises. The following framework does not contain any parameters that would be affected by the company size of a sample. In addition, the assessment method and framework are applicable to small and medium enterprises (SMEs).
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Table 3. Selected samples of the eight construction enterprises.







Table 3. Selected samples of the eight construction enterprises.







	
ID

	
The Listed Time

	
Domain Business Area

	
Research Time Span

	
The Code






	
A

	
2007

	
Construction of structural steel, Industrial construction

	
2007–2014

	
1




	
B

	
2001

	
Railway Engineering and other engineering construction, real estate projects, sales

	
2007–2014

	
2




	
C

	
1994

	
Industrial construction, commercial construction, real estate, food service, design and consulting, and facility rental (since 2008)

	
2007–2014

	
3




	
D

	
2004

	
Road and bridge construction, asphalt concrete sales, environmental protection business

	
2005–2014

	
4




	
E

	
1997

	
Project contracting, cement production and sales, civil explosive, hydroelectric power construction, management of expressways, real estate

	
2004–2014

	
5




	
F

	
2006

	
Construction, real estate development

	
2006–2014

	
6




	
G

	
2005

	
Installation of cement production lines, manufacturing of machinery and equipment, design and technology transfer, supervision

	
2007–2014

	
7




	
H

	
2005

	
Civil construction, Industrial construction, public facilities construction, building decoration, sales of building materials

	
2005–2014

	
8
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Table 4. Sensitivity data of vulnerability of CEIC.







Table 4. Sensitivity data of vulnerability of CEIC.







	

	
Innovation Input capability

	
Cooperation Innovation Capability

	
Intellectual Property Capability

	
Innovation Change Capability

	
Innovation Environment




	
IICS1

	
IICS2

	
IICS3

	
CICES1

	
CICES2

	
CICES3

	
IPCS1

	
IPCS2

	
IPCS3

	
CICS1

	
CICS2

	
CICS3

	
IEGS1

	
IESS1






	
A

	
9.15%

	
30.8%

	
40.98%

	
0.9%

	
1.692

	
24.2%

	
12.37%

	
9.89%

	
40.0%

	
4.0%

	
12.95%

	
267879

	
21.57%

	
3.41%




	
B

	
8.78%

	
30.5%

	
37.29%

	
1.17%

	
1.12

	
24.4%

	
12.49%

	
10.59%

	
38.7%

	
5.8%

	
10.54%

	
254396

	
26.62%

	
4.05%




	
C

	
9.17%

	
28.9%

	
44.22%

	
0.97%

	
1.43

	
25.7%

	
11.92%

	
13.66%

	
42.9%

	
3.9%

	
12.62%

	
266902

	
19.89%

	
3.92%




	
D

	
7.98%

	
30.9%

	
39.89%

	
1.50%

	
0.99

	
22.8%

	
12.51%

	
10.79%

	
32.6%

	
3.3%

	
14.55%

	
267983

	
23.09%

	
2.97%




	
E

	
8.46%

	
27.3%

	
42.25%

	
1.32%

	
1.01

	
23.9%

	
13.05%

	
14.82%

	
45.5%

	
4.9%

	
13.21%

	
259987

	
20.99%

	
3.38%




	
F

	
9.22%

	
28.4%

	
43.77%

	
0.73%

	
1.73

	
23.1%

	
13.58%

	
13.37%

	
36.1%

	
3.1%

	
12.74%

	
269808

	
19.72%

	
3.02%




	
G

	
9.01%

	
29.1%

	
39.83%

	
0.68%

	
1.66

	
25.5%

	
11.47%

	
9.52%

	
39.9%

	
2.9%

	
13.09%

	
270002

	
21.03%

	
3.96%




	
H

	
8.69%

	
31.0%

	
40.17%

	
1.01%

	
1.59

	
24.9%

	
12.06%

	
12.22%

	
40.8%

	
3.7%

	
13.11%

	
268147

	
20.76%

	
3.55%










4.2. E-SPA Result


4.2.1. Entropy Weight of Indices


The authors constructed the evaluation matrix and matrix standardization with Equations (2) and (3). They then used Equations (4)–(6) to deal with the standardization data in Table 4 and Table 5. The results of entropy weights of indices are shown in Table 6. The corresponding calculation process in this research could be seen in the Supplementary Materials.
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Table 5. Adaptability data of vulnerability of CEIC.







Table 5. Adaptability data of vulnerability of CEIC.







	

	
Innovation Input capability

	
Cooperation Innovation Capability

	
Intellectual Property Capability

	
Innovation Change Capability

	
Innovation Environment




	
IICA1

	
IICA2

	
IICA3

	
CICEA1

	
CICEA2

	
CICEA3

	
IPCA1

	
IPCA2

	
IPCA3

	
CICA1

	
CICA2

	
CICA3

	
IEGS2

	
IESS2






	
A

	
9.15%

	
3.31%

	
11.35%

	
44.19%

	
0.139

	
21.84%

	
0.231

	
993

	
13.9%

	
52.99%

	
10%

	
27.0%

	
36.9%

	
6.8%




	
B

	
10.27%

	
1.49%

	
10.98%

	
42.97%

	
0.152

	
21.55%

	
0.301

	
899

	
15.3%

	
53.73%

	
9.77%

	
26.3%

	
40.3%

	
10.7%




	
C

	
8.96%

	
2.99%

	
11.77%

	
43.58%

	
0.144

	
24.31%

	
0.240

	
967

	
15.1%

	
52.92%

	
9.31%

	
27.9%

	
39.6%

	
8.9%




	
D

	
9.39%

	
4.01%

	
11.09%

	
45.76%

	
0.098

	
17.67%

	
0.229

	
952

	
14.7%

	
53.88%

	
10.34%

	
25.4%

	
43.3%

	
9.7%




	
E

	
7.29%

	
4.21%

	
12.03%

	
44.62%

	
0.101

	
18.23%

	
0.206

	
1007

	
13.6%

	
51.64%

	
9.69%

	
25.9%

	
39.8%

	
9.5%




	
F

	
8.98%

	
3.13%

	
10.84%

	
40.88%

	
0.127

	
19.71%

	
0.200

	
981

	
14.2%

	
53.01%

	
10.51%

	
27.3%

	
38.1%

	
8.4%




	
G

	
9.37%

	
3.47%

	
9.96%

	
41.47%

	
0.130

	
16.89%

	
0.236

	
1017

	
13.7%

	
52.68%

	
9.98%

	
28.5%

	
39.9%

	
10.6%




	
H

	
9.59%

	
3.00%

	
10.38%

	
43.51%

	
0.136

	
19.01%

	
0.219

	
977

	
15.0%

	
53.03%

	
10.01%

	
27.2%

	
40.4%

	
10.9%










4.2.2. Identification of Vulnerability


The author constructed the assessment matrix using Equation (8) with indices data to generate the similarity and opposition degrees. In step 1, the authors identified the maximum data set   U   and minimum data set   V   as shown in Table 7.



In step 2, the authors used the Equations (9a) and (9b) to generate the similarity     a  k p      and opposition degree     c  k p      in the     d  k p      of Equation (8).



In step 3, the authors used Equation (10) to deal with index weight, the similarity     a  k p     , and opposition degree     c  k p     . The calculations generated the similarity a and opposition degree   c   of vulnerability of enterprise innovation capability in Table 8. The authors used Equation (11), the similarity   a  , and opposition degree   c   to calculate the vulnerability indicator X in Table 8.



In step 4, the authors used the analogy process to deal with sensitivity and adaptability data respectively, the similarity a, opposition degree   c  , and vulnerability indicator X of enterprise’ sensitivity. The data of adaptability of innovation capability were also generated as shown in Table 8.
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Table 6. Entropy weight and PCA weight of indices.







Table 6. Entropy weight and PCA weight of indices.







	
Index

	
IICS1

	
IICS2

	
IICS3

	
CICES1

	
CICES2

	
CICES3

	
IPCS1

	
IPCS2

	
IPCS3

	
CICS1

	
CICS2

	
CICS3

	
IEGS1

	
IESS1






	
Entropy Weig

	
0.0432038

	
0.049067048

	
0.035248156

	
0.03877084

	
0.053206164

	
0.040532366

	
0.028819682

	
0.038867465

	
0.029726585

	
0.030631336

	
0.024660397

	
0.047492491

	
0.039519158

	
0.04478313




	
PCA Weig

	
0.106823571

	
0.01461821

	
0.027886806

	
0.047262562

	
0.003170126

	
0.265283625

	
0.185939536

	
0.014947161

	
0.163610376

	
0.125805123

	
0.185006011

	
0.108780112

	
0.048122622

	
0.278513069




	
Index

	
IICA1

	
IICA2

	
IICA3

	
CICEA1

	
CICEA2

	
CICEA3

	
IPCA1

	
IPCA2

	
IPCA3

	
CICA1

	
CICA2

	
CICA3

	
IEGS2

	
IESS2




	
Entropy Weig

	
0.02301168

	
0.025365134

	
0.032359383

	
0.033075712

	
0.041265951

	
0.037907817

	
0.033785378

	
0.026661727

	
0.048286338

	
0.026045051

	
0.028806943

	
0.033478911

	
0.024799668

	
0.04062169




	
PCA Weig

	
0.090782332

	
0.185267733

	
0.014451584

	
0.036046266

	
0.219449805

	
0.185363984

	
0.185020389

	
0.099616493

	
0.174176412

	
0.005760201

	
0.261574165

	
0.136289993

	
0.005362125

	
0.110553235
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Table 7. The max data set U and min data set V.







Table 7. The max data set U and min data set V.







	
V

	
0.0922

	
0.31

	
0.4422

	
0.0068

	
0.99

	
0.257

	
0.1358

	
0.1482

	
0.455

	
0.058

	
0.1455

	
270002

	
0.1972

	
0.0297




	
U

	
0.0798

	
0.273

	
0.3729

	
0.015

	
1.73

	
0.228

	
0.1147

	
0.0952

	
0.326

	
0.029

	
0.1054

	
254396

	
0.2662

	
0.0405




	
Sign.

	
−1

	
−1

	
−1

	
1

	
1

	
−1

	
−1

	
−1

	
−1

	
−1

	
−1

	
−1

	
1

	
1




	
V

	
0.0729

	
0.0149

	
0.0996

	
0.4088

	
0.152

	
0.1689

	
0.2

	
899

	
0.136

	
0.5164

	
0.0931

	
0.285

	
0.433

	
0.109




	
U

	
0.1027

	
0.0421

	
0.1203

	
0.4576

	
0.098

	
0.2431

	
0.301

	
1017

	
0.153

	
0.5388

	
0.1051

	
0.254

	
0.369

	
0.068




	
Sign.

	
1

	
1

	
1

	
1

	
-1

	
1

	
1

	
1

	
1

	
1

	
1

	
−1

	
−1

	
−1
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Table 8. a, c and X of vulnerability framework of CEIC.







Table 8. a, c and X of vulnerability framework of CEIC.







	

	
Sensitivity

	
Adaptability

	
Vulnerability






	

	
    a s    

	
    c s    

	
    X s    

	
    a a    

	
    c a    

	
    X a    

	
    a v    

	
    c v    

	
    X V    




	
A

	
E-SPA

	
0.498155954

	
0.89206403

	
0.50453205

	
0.512365605

	
0.477439407

	
0.517642969

	
0.504628

	
0.4838469

	
0.5105117




	
P-SPA

	
0.491235713

	
0.492601156

	
0.499306062

	
0.45408915

	
0.556627269

	
0.449274536

	
0.471400152

	
0.526789897

	
0.47225491




	
B

	
E-SPA

	
0.503231366

	
0.487123778

	
0.508132228

	
0.482450401

	
0.515158926

	
0.483606546

	
0.4937662

	
0.499893

	
0.4969171




	
P-SPA

	
0.459289356

	
0.541436498

	
0.458956221

	
0.595191645

	
0.39944844

	
0.598399013

	
0.531858619

	
0.465617555

	
0.533204334




	
C

	
E-SPA

	
0.481693552

	
0.503798343

	
0.488784894

	
0.499736677

	
0.488092023

	
0.505894066

	
0.4899117

	
0.4966446

	
0.4965877




	
P-SPA

	
0.487313981

	
0.504576976

	
0.491297937

	
0.49295145

	
0.525135707

	
0.484193761

	
0.490324286

	
0.515554954

	
0.487458401




	
D

	
E-SPA

	
0.503713135

	
0.491682509

	
0.506043138

	
0.512686689

	
0.481130567

	
0.51587622

	
0.5078003

	
0.4868764

	
0.510518




	
P-SPA

	
0.546644712

	
0.443842588

	
0.551894721

	
0.424835683

	
0.568083583

	
0.427865284

	
0.48160099

	
0.51018494

	
0.485589657




	
E

	
E-SPA

	
0.471534032

	
0.520072564

	
0.475525308

	
0.503390354

	
0.492286234

	
0.505576168

	
0.4860437

	
0.5074167

	
0.4892431




	
P-SPA

	
0.441540415

	
0.547433388

	
0.446463207

	
0.372700497

	
0.615243849

	
0.377248474

	
0.404781199

	
0.5836429

	
0.409521783




	
F

	
E-SPA

	
0.487024256

	
0.507239244

	
0.48983419

	
0.491055936

	
0.496107288

	
0.497441481

	
0.4888606

	
0.502169

	
0.4932856




	
P-SPA

	
0.544361307

	
0.451137158

	
0.546822849

	
0.409052674

	
0.601814228

	
0.404655324

	
0.47210905

	
0.531595876

	
0.470366378




	
G

	
E-SPA

	
0.511031793

	
0.485367578

	
0.512878479

	
0.477164652

	
0.513768697

	
0.481530521

	
0.4956063

	
0.4983035

	
0.4986431




	
P-SPA

	
0.572003164

	
0.424703054

	
0.573893444

	
0.364723594

	
0.642851229

	
0.361981647

	
0.461319784

	
0.54119007

	
0.460164838




	
H

	
E-SPA

	
0.493845236

	
0.491114037

	
0.501386452

	
0.480387508

	
0.508383974

	
0.485842803

	
0.4877156

	
0.49898

	
0.4942919




	
P-SPA

	
0.493941132

	
0.491211171

	
0.501385553

	
0.413605743

	
0.605142191

	
0.405994191

	
0.451043552

	
0.552048191

	
0.449653339








Note: (a)     a s    ,    c s    and     X s     refer to the similarity, opposition and vulnerability in the single sensitivity system of CEIC. (b)     a a    ,     c a     and     X a     refer to the similarity, opposition and vulnerability in the single adaptability system of CEIC. (c)     a v    ,    c v    and     X V     refer to the similarity, opposition and vulnerability in the whole vulnerability system of CEIC.







According to Table 9, the comparison of Xv indicates that companies A and D had the most vulnerability and company F had the least vulnerability of CEIC. At the same time, the ranking of vulnerabilities of CEIC in the eight companies was E, F, H, C, B, G, A and D, in an ascending order. By comparing the Xs of sensitivity, it was found that G, B, D are the three most sensitive companies.   E   is the least sensitive. By comparing the Xa of adaptability, it was found that A, D and C are the three most adaptable companies. E is the least adaptable.



Therefore, the less sensitive a company is, the better the vulnerability of their CEIC is managed. The more sensitive and adaptable they are, the more likely it is that vulnerability of their CEIC is increased. For the sustainable development of CEIC, it is a pertinent practical solution to manage and reduce sensitivity and promote adaptability. Not only should attention be given to adaptability, sensitivity is important to address in examining the linkage between innovation capability and vulnerability factors.





4.3. P-SPA Result and Validation


Using Equation (14), the weights of indices of the PCA method were generated as shown in Table 6. Further, the authors used the weight indices of PCA method to alternate the entropy weight in Equation (8) in order to calculate the vulnerability of CEIC. The results are shown in Table 8.



Following the steps in Section 3.2, the authors extracted the six principal components from F1 to F6 and their variances (%) in Table 9 to build Equation (15). The weighted sum scores of Fs are shown in Equation (15).




   Fs   =  (  0.30251  f 1  + 0.25894  f 2  + 0.18625  f 3  + 0.10871  f 4  + 0.07236  f 5  + 0.05256  f 6   )  / 0.98133   



(15)
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Table 9. Total variance explained of original questionnaire.







Table 9. Total variance explained of original questionnaire.







	
Component

	
Initial Eigenvalues

	
Extraction Sums of Squared Loadings




	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
total %






	
1

	
8.470

	
30.251

	
30.251

	
8.470

	
30.251

	
30.251




	
2

	
7.250

	
25.894

	
56.145

	
7.250

	
25.894

	
56.145




	
3

	
5.215

	
18.625

	
74.770

	
5.215

	
18.625

	
74.770




	
4

	
3.044

	
10.871

	
85.641

	
3.044

	
10.871

	
85.641




	
5

	
2.026

	
7.236

	
92.877

	
2.026

	
7.236

	
92.877




	
6

	
1.472

	
5.256

	
98.133

	
1.472

	
5.256

	
98.133




	
7

	
0.523

	
1.867

	
100.000

	

	

	








Extraction Method: Principal Component Analysis.







Using PCA and SPA (P-SPA) methods, the authors found that company B had the greatest vulnerability     X v     and company E had the least vulnerability     X v     of CEIC. At the same time, the companies with the ascending vulnerability     X v     of CEIC were E, H, G, F, A, D, C and B.



With the results of P-SPA method in Table 7 and Table 8, through comparing the     X s     and     X a     of sensitivity and adaptability, the authors found that companies E and F both had lower vulnerability     X v    , lower sensitivity, and higher adaptability correspondingly. The calculation results of P-SPA validate the vulnerability system discussed in Section 4.2. While companies A and D both had higher vulnerability     X v    , the higher sensitivity     X s     and lower adaptability     X a     correspondingly. The findings help to develop CEIC by promoting adaptability and managing sensitivity simultaneously.




4.4. Vulnerability Grade


The authors used Zhao’s grade standard [97] to calculate indicators for the SPA method. The calculation of the SPA classic grade method is shown in the following three evaluation conditions.



If    max [ a , b , c ] = b   , it is grade 2; If    max [ a , b , c ] = a   , and    a + b ≥ 0.7   , it is grade 1, otherwise it is grade 2; If    max [ a , b , c ] = c   , and    b + c ≥ 0.7   , it is grade 3, otherwise it is grade 2.



Grade 1 indicates that the vulnerability of innovation capability is high. A company needs to reduce risk in the system and manage its CEIC. Grade 2 indicates that the vulnerability is satisfactory. A company needs to be more active in managing the uncertainty of its innovation capability. Grade 3 indicates that the vulnerability is low. It is recommended to continue current operations to maintain innovation capability.



The calculations of the vulnerability grades of both the E-SPA and P-SPA methods are based on Equation (7) and Table 8, with further comparison shown in Table 10. The samples are at level 2 from the calculations of both the E-SPA method and P-SPA method. These companies were in a good position to manage risk or uncertainty of innovation capability. The results show that the P-SPA method effectively validates the E-SPA method to assess the vulnerability and its grade of CEIC.
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Table 10. The vulnerability grade of innovation capability.







Table 10. The vulnerability grade of innovation capability.







	
Code

	
A

	
B

	
C

	
D

	
E

	
F

	
G

	
H






	
E-SPA method

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2




	
P-SPA validation

	
2

	
2

	
2

	
2

	
2

	
2

	
2

	
2










4.5. Response with Major Influencing Factors


The vulnerability Xv of CEIC comes from the combined effects of sensitivity and adaptability. The authors constructed a vulnerability matrix of CEIC using the horizontal axis with low and high sensitivity and the vertical axis with low and high adaptability. The high sensitivity and low adaptability interval is an ideal area for CEIC. It shows an effective path to improve the adaptability and management or to reduce sensitivity. With low sensitivity and high adaptability, it helps to reduce the vulnerability of CEIC. Thus, an innovation strategy might look for the major influencing factors and compose a targeted solution to improve the adaptability of CEIC to maintain this sustainable path. This research used the major impact index formula [14,20,102] to generate and compare the impact extent of the adaptable indices, which are shown in Equation (16) and Table 11.




    A i  =  ω i   d i  /   ∑  i = 1  n    ω i   d i    × 100 %   



(16)





    A i     represents the impact extents of indices.     ω i     represents the entropy weight of an index.     d i     represents the standardization value of an index. n represents the index number in the adaptability system of CEIC. This research used Ai ≥ 5% [14,20,102] to evaluate the extent of impacts of indices and compared their frequencies. The indices were then placed in descending order of their frequencies. The top frequencies were the major influencing factors of the adaptability system in the vulnerability of CEIC.
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Table 11. Major influence factors in the adaptability system.
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IICA1

	
IICA2

	
IICA3

	
CICEA1

	
CICEA2

	
CICEA3

	
IPCA1

	
IPCA2

	
IPCA3

	
CICA1

	
CICA2

	
CICA3

	
IEGS2

	
IESS2






	
A

	
5.4254

	
6.4111

	
8.208

	
8.4744

	
3.7526

	
9.5526

	
3.9171

	
8.0228

	
3.2187

	
5.9293

	
6.2568

	
6.1192

	
9.3678

	
15.344




	
B

	
9.9312

	
0

	
6.8815

	
6.1135

	
0

	
10.274

	
14.580

	
0

	
20.8391

	
10.487

	
4.7657

	
10.253

	
5.017

	
0.8552




	
C

	
5.2773

	
5.7243

	
11.578

	
7.4888

	
2.5018

	
15.512

	
5.4755

	
6.2874

	
17.435

	
6.0904

	
0

	
2.6517

	
5.8671

	
8.1089




	
D

	
5.6946

	
8.2524

	
6.2032

	
11.615

	
14.491

	
1.3994

	
3.4066

	
4.2053

	
10.971

	
9.1461

	
8.6829

	
11.756

	
0

	
4.1751




	
E

	
0

	
11.532

	
14.713

	
11.525

	
17.720

	
3.1127

	
0.9126

	
11.095

	
0

	
0

	
4.1477

	
12.766

	
6.1665

	
6.3067




	
F

	
6.104

	
7.1534

	
6.4344

	
0

	
8.9359

	
6.7386

	
0

	
8.666

	
7.9712

	
7.4507

	
13.474

	
6.0616

	
9.4247

	
11.585




	
G

	
11.374

	
13.076

	
0

	
2.832

	
11.906

	
0

	
8.5283

	
18.881

	
2.0115

	
8.5637

	
11.390

	
0

	
9.3303

	
2.105




	
H

	
8.8239

	
6.996

	
3.262

	
8.8562

	
6.0746

	
5.381

	
3.1576

	
8.7559

	
19.756

	
8.0296

	
8.3486

	
6.9752

	
5.583

	
0




	
Freq.

	
7

	
7

	
6

	
6

	
5

	
5

	
3

	
6

	
5

	
7

	
5

	
6

	
7

	
4




	
Freq.%

	
0.875

	
0.875

	
0.75

	
0.75

	
0.625

	
0.625

	
0.375

	
0.75

	
0.625

	
0.875

	
0.625

	
0.75

	
0.875

	
0.5









The largest frequency (0.875%) indices in the adaptability system of CEIC were IICA1, IICA2, CICA1 and IEGS2. Table 11 also shows that the major influencing factors (0.875%) for CEIC mainly focus on (a) investment, especially R&D expenditure and the proportion of highly educated employees [103]; (b) innovation and change, especially the impact of new service or innovation activities on the market [78]; (c) government support, for example, large program support and taxation exemptions for application of certain innovation technologies [3,56,60,104,105,106].



The second-tier factors (0.75%) are IICA3, CICEA1, IPCA2 and CICA3. They emphasize the key roles of HR investment and innovation in change, referring to the amount of HR of R&D institutions and the management of corporate energy consumption. In addition, cooperative innovation of enterprise and IP capability played major roles in sustainable CEIC, such as the enterprise investment in university–industry cooperative innovation and the size of enterprise patent pools [69,84,107].



However, much attention should be given to output performance of IP capability (IPCA1, 0.375%) to promote IP marketing and to solve IP transformation problems [108,109]. The lack of social capital [3,110] support given to corporate total capital (IESS2, 0.5%) also leads to inadequate investment in CEIC.




4.6. Discussion


As discussed in this paper, CEIC is vulnerable, and this vulnerability can be measured. The researchers applied and confirmed a quantitative system approach to address the vulnerability of an enterprise’s innovation efforts. Vulnerability research, as a new paradigm of sustainable development, uncertainty and risk, sheds light on how to best analyze the uncertainty of innovation capability. As an innovative method, SPA focuses on uncertainty and is widely applied in the economic and social fields [11,12,18,26,111,112,113,114], and is combined with some common comprehensive methods, such as E-SPA and P-SPA [44,100,101,102]. Innovation capability is an important driver of economic development and is closely linked to uncertainty and risk. However, within the new paradigm of reducing uncertainty, very little research exists to develop a systematic approach to assessing the vulnerability of innovation capability [22,23].



In order to extend a generic model of construction innovation [71,76], this new vulnerability framework of CEIC focuses on the extent of innovation investment, IP capability, cooperative innovation, change innovation and the overall environment to foster companies’ innovation. Further, this research used the corresponding index in the 2013 National Innovation Survey System of MOST, China to match and test the proposed framework (see also Section 2.4) of the vulnerability system of CEIC, which contained two subsystems referred to as the sensitivity and adaptability of a systematic approach and includes the above five criteria and 28 indicators.



Meanwhile, this paper applied the E-SPA as the main method to analyze the case data to evaluate levels of vulnerability, comparing the results of P-SPA to confirm the empirical results. The authors used the E-SPA and P-SPA measurements regarding the vulnerability and uncertainty of innovation capability and quantitatively bridged the gap in system assessments of vulnerability of CEIC. More importantly, this research justified the necessity for a new approach to examining construction innovation uncertainty and built a foundation for overcoming construction innovation uncertainty, with a view to provide a basis for further research on this topic.



For two subsystems of CEIC, sensitivity referred to the ability of the system to withstand external or internal interferences or pressures. The less the sensitivity, the greater a system’s resilience, and vice versa. Adaptability refers to the ability to respond to change which embodies an uncertain state or crisis situations. In other words, the greater the adaptability of a company, the stronger will be the ability of a company to respond to those challenges, and vice versa.



In this research, case studies showed that the sustainable CEIC needed to increase the innovation investment capability such as to enhance HR funding for highly skilled or talented individuals and R&D expenditure for individuals that show the greatest potential for innovation. Much attention seems to be given to the collaboration innovation between universities and research institutions, with the objective to impact business and marketing strategies that already demonstrate a high level performance of intellectual property, which could increase social recognition and capital support, in order to obtain more government assistance [104,115,116,117,118]. Thus, at the policy planning or strategic levels, positive industrial and corporate environments may lead to an optimization of an enterprise’s innovation efforts and may attract sustainable government support. Furthermore, well established policy and strategic planning may encourage investment in corporate innovation. Topics for further research may include how to implement a practical strategy and operation of a market-oriented university–industry cooperative innovation approach, and how to strengthen and improve the innovation performance of intellectual property capabilities.





5. Conclusions


This study discussed the vulnerability framework of CEIC, and attempts to quantify an evaluation system for CEIC. It opened doors to future research in the theory and application areas in this field. This study proposed a new systematic approach to supplement the quantitative framework and methods in examining the uncertainty regarding a company’s ability to innovate applied to the case of construction enterprises. Uncertainty regarding CEIC should not simply be ignored. Rather, it should be managed intelligently and, in an ideal world, help to develop an environment conducive to ongoing innovation. Vulnerability, and the management thereof, is a new domain in the large field of socioeconomic research. This research built a vulnerability framework for CEIC, which examines the subsystems of sensitivity and adaptability and a number of factors including innovation investment capability, cooperation innovation capability, intellectual property capability, change innovation capability, and innovation environment. Further, this research assessed the vulnerability of CEIC, using the comparative results of E-SPA and P-SPA methods for confirmation. It analyzed the major influencing factors in promoting sustainable CEIC.



Case studies showed that the two comparative methods confirm the same grade level of vulnerability of CEIC. We identified a stronger practical approach to reduce the vulnerability of CEIC by managing or reducing sensitivity and strengthening adaptability to respond to new economic environments. The major influencing factors of CEIC are focused on (a) the highly educated HR innovation team, (b) R&D investment intensity, (c) substantial market-led corporate–university–industry cooperation on intellectual property performance, (d) government support and social capital support, and (e) change innovation in construction energy consumption.



In summary, this research provided a theoretical framework and an application method to assess and evaluate both the vulnerability and uncertainty involved in innovation. This research can be implemented to evaluate and grade the vulnerability of CEIC at national, industrial or enterprise levels with the corresponding sequential data and indices. A limitation of this research may result due to the sequential data boundary, i.e., at industrial or national levels, in conducting a systematic analysis to conceptualize innovation capability. A possible future research project may be to expand the dynamic data collection to analyze the vulnerability of construction innovation at both the macro and industrial levels.
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