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Abstract

A measurement of technical innovation efficiency reflects the competitiveness
of the high-tech industry for a region or a country. The high-tech industry,
which appears at the forefront of technology and scientific research, provides a
country with a certain competitive advantage. Many developed countries such
as the USA, UK, Germany and France, have used the high-tech industry as a
means to emerge on the technological frontier. Many developing countries
such as China and India have developed high-tech industries, and are home to
many leading product manufacturers. However, innovation efficiency is
important, since it explains the efficiency of the high-tech industry in
consuming resources and providing outputs. This dissertation examines the
innovation efficiency of the high-tech industry in China. The Data
Envelopment Analysis (DEA) method was used to study and analyse panel
data. The study focused on 28 high-tech provinces of China (DMUs, DMU:
Decision Making Unit), during the years 2005-2011, along with 5 industry
categories and 17 industries. Different datasets were obtained to measure the
input and output indices. Variables included in the inputs index included the
number of full time R&D (Research and Development) personnel, internal
expenditure on R&D, expenditure on new product development, and
investment in fixed assets. The output index included the number of patent
applications, the output value of new products, and sales revenue for new

products.
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The Malmquist index was calculated using static data analysis cases using
Deap2 software in both cases. Several tests were employed in the analysis of
the data, including the KS Test (Kolmogorov-Smirnov Test), T test (Student's
t test), integral analysis, SE efficiency analysis, project analysis, total factor
productivity and others. The findings indicate that the M index is unstable
across the 29 provinces, and 17 industries. The Malmquist index of each DMU
changes in different degrees during the 7 years. In addition, the changes have
no pattern, they go from descending to rising and then declining again, or from
rising to descending and then rising again. The reasons for the unstable M
index were evaluated, and it becomes evident that several factors such as a total
factor productivity variation, EC, TC degradation, excessive man power
resources that increased the input costs. Another factor that makes the M index
unstable is that many of the inputs for China were obtained from western
regions, with little original research. The study also examined the STP (Science
and Technology Policy) policy of the developed western countries, BRIC
nations, and China, and the areas for improvement were identified. The study
has made several recommendations to improve the STP policy, and for the

high-tech industry to increase the innovation efficiency.
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Chapter 1 INTRODUCTION



1.1. Background to the Study

Globalisation brought China into the world of modern consumerism, and
the huge pent up potential of the people and its industries grew to meet the
increasing demand from the world for more and more products (Tisdell, 2009).
The high-tech sector comprises of contemporary technology products and
services, covering robotics, integrated chips, mobile telephony, advanced
digital electronics, new materials such as carbon fibres and nano-engineered
materials, electro-mechanical  engineering devices, etc. spanning
communication, and several other fields (Spraggon & Bodolica, 2008). High-
tech products are used in a number of sectors such as automotive,
manufacturing communication, medical sciences, computing, robotics,
consumer electronics, industrial automation, and other fields (He & Fallah
2011). Countries with high-tech industries develop a competitive advantage,
and the general technology awareness of the country and its people increases

(Lundvall, 2010).

This gives rise to opportunities for the knowledge economy to develop, helps
to increase the intellectual capital of the country, and provides for all round
growth of the economy. However, high-tech industries require innovation, the
development of new concepts, effective research and development, and the
addition of dynamic knowledge (Audretsch et al. 2008). The focus of this
dissertation is on the efficiency of innovation in high-tech industries in China,

and innovation by Chinese firms to make use of the opportunities of this sector.

10



1.1.1. Defining High-tech industries

The high-tech industry in China is defined as a group of companies that
are engaged in one or more of the following: high-tech and high-tech product
research, development, production and technical services. The dominant
technology in their products must belong to the identified high-tech fields, and
must include leading high-tech processing or technological breakthroughs

(Zuoxing, 2010).

According to China’s Statistical Yearbook on Science and Technology (NBS,
2014), the high-tech industry includes the following five parts manufacturing
of medical and pharmaceutical products, manufacturing of aircraft and
spacecraft, manufacturing of electronic and telecommunications equipment,
manufacturing of computers and office equipment, and manufacturing of
medical equipment and meters. The dissertation is going to follow a similar

classification and discuss them later in detail.

1.1.2. Importance of the High-tech Industry

Since the 1980s, with the diffusion of technology brought on by
globalisation, the high-tech industry has become an important area of

international economic competition (Liu & Tsai, 2007). The development of

11



the high-tech industry has promoted the growth of national economies, and the
sector has become an area of focus for many countries as it adds significant
value to their economies (Birch & Mykhnenko, 2009). Germany, the UK, the
USA, and Japan have been acknowledged as nations with advanced high-tech
industries. From 1980 onwards, countries such as Taiwan, Singapore, South
Korea, have become high technology hubs, and these countries serve as

crucibles of growth for high-technology sectors (Pratt, 2008).

The importance of high-tech industry is that it allows a country to move up the
value chain. The process allows diffusion of advanced technology in the
industries, and to move towards having more technology based firms, rather
than those that are labour intensive. The reputation in the market increases,
increasing revenues and firm performance (Li, 2009). Governments have
realised that progress in science and technology is the basis for upgrading the
structure of an industry and for economic development, and this is a critical
factor in determining international competitiveness, especially for developed

countries (Huang et al. 2010).

In order to strengthen a state’s economic, scientific, and technological
competitiveness, and to gain a strong strategic position, governments have to
adjust their development strategies to encourage, support and guide the
development of high technology and industry through the establishment and
implementation of industrial policy. This will enable the high-tech industry to

become the fastest growing and most viable industry in the modern world



(Zhongfang, 2008). Table 1-1 illustrates the advantages of the high-tech

industry.

Table 1-1: Benefits of the high-tech industry

Direct Indirect benefits
benefits

Foreign Exchange earnings [ |

FDI [ |

Employment generation [ |

Government revenue [ |

Export growth [ |

Skills upgrading

Testing field for wider economic reform

Technology transfer

Demonstration effect

Export diversification

Enhancing trade efficiency of domestic firms

Source: Shi & Ganne (2009)

1.1.3. Rationale for the study

According to a report by Oracle, while the high-tech industry presents

first mover advantages to the pioneers, firms need to constantly innovate and

develop new products and design concepts. The high-tech field changes rapidly,

and this is seen in sectors such as mobile telephony, computing devices,

robotics, automotive electronics, semiconductor devices, and others (Oracle,

2014). Resource allocation decisions must be based on market intelligence, and

an ability to judge the market. With low IPR, unless firms innovate and move

rapidly into new technologies, they lose out the market to competitors.



Therefore, timing the market with regular upgraded product launches becomes

important, and it decides the winners and losers (Mata et al. 1995).

According to Fontana and Nesta (2007), product innovation in the high-tech
industry is directly related to the success and survival of firms. The authors
studied 121 high-tech firms in USA, to understand the patterns of growth and
survival. Firms that developed new products and services had a survival rate of
70%, while firms that did not launch new products were either acquired or
began suffering and closed down. One critique of this study concerns the fact
that larger firms may acquire the profitable firms. Cockbrun and Wagner (2007)
studied 356 firms and their performance after the dot.com bubble. Using patent
applications to judge the level of innovation, the authors reported that firms
with a larger number of patents had a greater probability of survival, while
reducing the possibility of mergers and acquisitions. Firms with a number of

lucrative and sought after patents had a greater chance of being acquired.

Hall et al. (2005) rejects the proposition of using patents as a sign of providing
economic value. They argue that the quality, market demand and innovative
capacity of the firm are the main indicators of a firm’s chance for survival.
Therefore, the economic performance of innovative firms becomes important,
and not the number of patents they hold. Bontems and Meunier (2006) point
out that for firms to become innovative, they need to become a part of the
technology frontier. This means the provision of special technology parks, and

assistance that nurtures and aids innovation.



The assessment of the above discussion indicates that innovation efficiency of
the high-tech industry therefore depends on a number of factors. The issue of
innovation in China therefore needs to be understood at greater depth. This
study will help to assess if the current state of innovation in China is
sustainable, if the firms will survive, and the steps needed to reach a

sustainable competitive advantage in the high-tech industry.

1.1.4. China and the High-tech industry

With the advent of globalisation, and the opening of the Chinese
economy, China initially became a source for low cost labour, and it served as
an outsourcing hub for western firms, which needed low cost manufacturing of
apparel, shoes, toys, low cost engineering and electrical products, and hardware
items (Zhongfang, 2008). However, since the early 2000s, China has entered
the field of high-tech products and services. As a knowledge-intensive and
technology-intensive industry, China’s high-tech industry has undergone rapid
development over time (Liang et al. 2007). The Chinese export trade volume
arising from the high-tech industry reached $5.488 trillion in 2011 (NBS,

2014).

China has become an important production base for high-tech products

worldwide and has promoted the national industrial structure adjustment and



product technology upgrading. These have become important forces
stimulating China’s economic growth, and transforming the economic growth
pattern, with China having an average Gross Domestic Product (GDP) growth

rate of 9.82% from 1979 to 2008 (Zhang et al., 2011).

Interestingly, the development status of the high-tech industry has a direct
impact on China’s international standing in the world economy. The Chinese
high-tech industry is one of the fastest-growing industries in the country.
Contribution to the GDP from the high-tech sector has increased steadily from
2005, and in 2013, it reached a value of ¥8843.39 billion (NBS, 2014).
However, in light of the discussion from section 1.1.2, the sustainability of

current innovation needs to be assessed.

1.1.5. Development of STIP in China

Science and Technology Industry Parks (STIP) are special enclaves,
where new age industries are encouraged. These parks have a special status
benefitting them with lower taxes, modern infrastructure, subsidised rents,
availability of power and other amenities and provision of loans, all of which
are needed by high technology industries. These STIPs act as knowledge and
incubation centres, where new age industries are encouraged to grow. A
number of countries such as the UK, Germany, Japan, the USA, Taiwan,
Singapore, and other countries have set up STIPs. These areas have contributed

strongly to the growth of high-tech industries (Zhang & Sonobe, 2011). With
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the rapid development of the high-tech industry in China, the Science and
Technology Industry Parks (STIP) scheme has played a key role in promoting
the transformation of science and technology into products and services,
incubating high-tech enterprises and entrepreneurs and cultivating new

economic development (Wang & Yan, 2009).

The Chinese government established several STIPs and new and high-tech
innovation centres. From 1988 to 2012, 105 High- and New Technology
Industry Development Zones (HNTIDZs) have been approved as National
STIPs by the State Council. In recent years, HNTIDZs have made great strides,
achieved tremendous success and found a new path for China’s characteristics
in developing high- and new-technology industries (NBS, 2014). Table 1-2

gives details of the growth of HNTIDZs in different areas of China.



Table 1-2: State-level HNTIDZs & Geographic Distribution in China

Geographi
No. % HNTIDZs Locations
¢ Location
Harbin, Changchun, Jilin, Daqing, Shenyang, Anshan,
Northeast 13 12.38
Dalian
Beijing  Zhongguancun, Tianjin, = Zhengzhou,
North 22 20.95 Shijiazhuang, Taiyuan, Jinan, Baoding, Luoyang,
Qingdao, Weihai, Zibo, Weifang
Shanghai, Nanjing, Suzhou, Wuxi, Changzhou, Hefei,
East 23 21.91
Hangzhou, Nanchang
Coastal Guangzhou, Shenzhen, Fuzhou, Xiamen, Zhongshan,
14 13.33
Area Huizhou, Foshan, Zhuhai, Haikou
Central 9 8.57 Wuhan, Changsha, Xiangfan, Zhuzhou
Lanzhou, Baoji, Xi’an, Yangling, Baotou, Wulumugi,
Northwest 13 12.38
Changji, Yinchuan, Qinghai
Chengdu, Chongqing, Kunming, Mianyang, Guiyang,
Southwest 11 10.48
Guilin, Nanning
Total 105 100.00

Source: Zeng (2014)

The rapidly growing high-tech industry has some level of statistically

significant impact on China’s economy. Figures 1-1 and 1-2 show the increase

in China’s gross output value, investment, and expenditure on R&D in high-

tech industry respectively.




Figure 1-1: Rise in China’s Gross Output Value in the high-tech Industry
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Figure 1-2: Rise in Investment in the high-tech Industry
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As can be seen in Figure 1-3, the investment in China’s high-tech industry

from 2005 to 2011 followed a growth trend similar to that of the gross output

value, and reached a peak at ¥ 946.85 billion in 2011. There is a link between

the growth of high-tech industry, and investment. The following figure

illustrates the rise in expenditure on R&D in the high-tech industry.
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Figure 1-3: Rise in expenditure on R&D in the high-tech industry
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The above statistics indicate steady progress in the high-tech sector in China.
As per the findings in section 1.1.2, the extent of performance improvements
need to be verified, since the high-tech industry is very competitive. Innovation

and its quality become the deciding factors.

1.2. Important considerations for the study

The brief discussion from the previous sections has brought up some
important factors. In recent years, technological innovation has been
recognised as the engine for economic growth (He-Cheng, 2008). The increase
in the input and output of technical innovation has become the critical factor
that determines the rapid development of the high-tech industry in long term,
and its influence on regional economic growth and competiveness. Thus,

seizing and utilising technical innovation resources as well as ways in which
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the technical innovation efficiency of the high-tech industry can be enhanced
have become the focus in current international competition. Consequently,
improving China’s high-tech industry technology innovation capacity is

becoming increasingly urgent and necessary (Li, 2011).

However, the industry faces several challenges due to intense international
competition, uncertainty derived from the transformation and structural
adjustment of industries, and other serious challenges of the scientific and
technological revolution. Since the investment scale of innovation resources is
restricted by the regional economic development level and regional knowledge
basis, an increase in innovation performance in output becomes an important
method to enhance innovation capacity within a certain input scale for
innovation resources, which request to improve technical innovation efficiency

of the high-tech industry (Fang et al. 2007).

To enhance the technological innovation efficiency of the high-tech industry, a
key issue that needs discussion is the way in which the technological
innovation efficiency of the high-tech industry can be evaluated (Ernst &
Naughton, 2007). The high-tech industry represents the comprehensive power
and competitiveness of a nation. Hence, it is closely correlated to a nation’s
economic growth and social development. In today’s intensively competitive
global market, high tech industries have experienced rapid growth and played a

critical role in promoting China’s economic growth (He-cheng, 2008).
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1.3. Areas in which further research is required

It is clear that the China’s high-tech industry has grown rapidly, and the
scale is expanding continuously. However, the sector faces a number of
problems and these include large-scale investment, without assessing the
efficiency and capacity for technological innovation. These issues reduce the
ability of China to compete in the global marketplace. Under these conditions,
it is important to study innovation efficiency. The subject of innovation in
China has attracted attention from researchers all over the world (Suttmeier,
1997; Motohashi & Yun, 2007; Lindheimer et al., 2009). Many studies have
explored innovation in China from multiple perspectives, and there have been
significant achievements owing to these studies. For instance, Lai et al. (2005)
used the semiconductor industry in Shanghai as a case study in his discussion

on technological innovation.

Suttmeier (1997) discussed the emerging innovation networks and changing
strategies for industrial technology in China. Liu et al. (2013) proposed a
generic framework for analysing innovation systems and applied it
comparatively with regard to China’s national innovation system under central
planning and after the reforms. Motohashi and Yun (2007) investigated the
linkages of science and technology activities between industry and science
statistically from a firm-level perspectivein China. Lindheimer et al. (2009)
looked at style innovation in business and technology in China. Luan and

Zhang (2011) empirically analysed patent data and related law and policies of
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innovation in China during the 1985 to 2009. However, the previous studies
have a number of drawbacks. Based on an evaluation of literature from the
prior sections, it is evident that there are a number of areas requiring further
research to be conducted. Firstly, most studies focus on innovation efficiency
in developed countries, while the empirical results of such studies in developed
countries cannot necessarily be blanketly applied to the Chinese case. The
conclusion drawn do not necessarily fit in with the specific contextual case
when considering China. Secondly, the existing literature on innovation
efficiency research focuses on enterprise innovation efficiency from the micro
level, but does not analyse high-tech technological innovation efficiency at
aggregated levels. Thirdly, these studies do not analyse the factors influencing
innovation efficiency in detail. It is important to study such influencing factors
in terms of policy value. As the reasons for low innovation efficiency are
determined, policy suggestions for enhancing industry innovation efficiency
can be suggested. Fourthly, in the area of selecting innovation output indicators,
most researchers selected a measure of the sales revenue of new products as an
indicator of output. These actually reflect the transformation ratio of innovation
output, while the number of patent applications is the basis of innovation

output.

Thus, there are a number of areas which have been identified either as lacking
in the current literature base, or as needing refinement, new research and
exploration at differing levels of aggregation. In particular, there has been no
comprehensive and detailed analysis of factors affecting innovation efficiency

in China, no aggregated study beyond the micro-level and little exploration into
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alternative measurements of innovation output and the ramifications of using

these in models.

1.4. Research Objectives and Questions

The growth of China’s high-tech industry requires large investments. With
quick obsolescence, and frequent technology upgrades, the sector requires a
higher efficiency for the development of products, and revenue generating
mechanisms. It is clear that technological innovation is important for the long-
term sustainability of the high-tech industry. Since China opened its economy,
and unleashed its economic might, it has been perceived as a nation of ‘sweat
shops’ where cheap labour is available to perform low-tech jobs (Jun & Huixin,
2010). The high-tech industry provides an opportunity for China to emerge as a
hub for modern, technological growth, increase the efficiency, and help the
country to compete with advanced nations. An important requirement to

achieve these goals is to increase the efficiency of the high-tech industry.

Considering that this sector requires high volume of research along with funds
and a highly skilled workforce, it is imperative that the efficiency of innovation
must be improved (Lan & Fen-Mian, 2008). Technological innovations are
achieved through a long and complex process, involving the phases of
searching, selecting, implementing and capturing value (Feng & Teng, 2010).
Therefore, improving the technological innovation efficiency is the key to
improving the efficiency of the entire industry. The purpose and research

questions of this dissertation can be distilled into the following points:
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e To analyse China’s high-tech technological innovation efficiency and to
carry out an empirical analysis for different provinces and locations, based
on panel data for China individual provinces.

e Evaluate China’s high-tech technological innovation efficiency and derive
data for each high-tech industry, based on the panel data for five different
high-tech industries in China.

e Make recommendations to improve China’s high-tech technological
innovation efficiency in order to stimulate and inform policy in this

important area.

1.5. Research Methodology

The research will use Data Envelopment Analysis (DEA), suggested by
Charnes et al. (1978), Banker et al. (1984), and Fang and Zhang (2009). This
method would be applied to analyse and evaluate high-tech technological
innovation efficiency. DEA is a fractional mathematical programming method
that can deal with multiple inputs and multiple outputs simultaneously (Chen et
al., 2004). Secondary data will be derived from volumes of the China
Statistical Yearbook on Science and Technology, and will include four input
indicators and three output indicators covering 28 provinces and five high-tech
industries in China from 2005 to 2011. This duration is considered, since data
is available for these years. Output indicators include combining sales revenue
of new products, the number of patent applications and gross value of new

products. Input indicators include R&D activities of personnel equivalent to
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full-time equivalent, R&D Intramural expenditures, new product development

expenditures and investment in fixed assets.
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1.6. Structure of the Dissertation

This dissertation is organised into chapters which explore a specific area of
study. Chapter 1 discusses the background, purpose, questions, methodology,
importance and structure of the study. Chapter 2 reviews relevant literature on
related concepts and technological efficiency in the high-tech industry. Chapter
3 introduces the research method in detail. In Chapter 4, the data analysis
procedures and results for different provinces are reported. In Chapter 5, the
data analysis procedures and results in 5 different high-tech industries are
reported. In chapter 6, some countermeasures and suggestions on improving
the innovation efficiency of China’s high-tech industry are put forward. In
Chapter 7, science and technology policies and the efficiency of technological
innovation are compared between nations. This chapter concludes with a
discussion of the results, evaluation of the contributions and limitations of the

research, and suggestions for future research.
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Chapter 2 LITERATURE REVIEW
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2.1. Introduction

This chapter critically evaluates several important concepts related to
the research question of innovation efficiency in the Chinese high-tech sector.
High-tech is about technology and its application to develop new products and
upgrade new processes. As seen in section 1.1.1, the high-tech industry
includes five aspects: manufacturing of medical and pharmaceutical products;
manufacturing of automobiles, aircraft and spacecraft; manufacturing of
electronic and telecommunications equipment; manufacturing of computers
and office equipment; and manufacturing of medical equipment and meters
(NBS, 2014). This classification ensures that the major manufacturing,
processing, and design activities are covered. However, these industries are
diverse, and one could argue that innovation in pharmaceutical industries is not
related to innovation in spacecraft. This argument is relevant, but by focusing
on the innovation efficiency of only one sector, the dissertation would ignore
the advances and opportunities available in other sectors. Rather than focusing
on one sector, this chapter reviews the literature on important concepts and
practices of innovation. Some of the topics discussed are the high-tech industry,
the concept and measurement of efficiency, technology innovation and its
application to the high-tech industry. The discussions will be focused and
applied to the China and its high-tech sector. Occasional references will be

made to the high-tech industry in other countries.
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2.2. The high technology industry

Some differences are seen in the definition and categorisation of high-tech
industries, and these have an impact on the research question. One school of
thought proposed by the American Electronics Association suggests that only
firms that organisations with the goal of promoting high-tech use must be
considered, while the U.S. Bureau of Labour Statistics argues that all firms,
consumers, and outsourcing parties that use high-tech must be considered in
the definition. These classifications are important, since the measurement of
innovation efficiency differs across industries and consumers. This also raises
the question of whether high-tech should only consider the process used for the
manufacture, or the product, or the use and implementation of the technology
(Kelley School of Business, 2014). This section discusses several important
topics related to the subject. It is first important to discuss the value chain and
how value is captured, since this will aid us in developing suitable methods to

measure innovation efficiency.

2.2.1. The high-tech industry value chain

The high-tech sector operates with a complex supply chains,
characterised by thin inventories, complex products, volatile product life cycles,
narrow margins, and quick obsolescence. Apple with its iPhone supply chain

sold 170 million units in 2014, and the typical inventory of parts supply at any
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given time is less than 5 days (Statista, 2015). This short inventory is one of the
innovation methods used by many Chinese vendors who use the short window
to procure the exact amount of parts needed, thus avoiding blocking funds in
idle industry. In addition, the volatile nature of the electronics and integrated
chips markets ensures that the vendors are able to get benefits of price
reduction. Such practices also help the manufacturers to cater to changing
customer demands (Sheffi & Rice, 2005). Therefore, understanding the value

chain of high-tech industries is important in answering the research question.

The high-tech industry is configured to create value for upstream, downstream,
and horizontal businesses. The high-tech industry value chain and business has
three levels: a core business; competing business; and cooperative business.
The core business of the firm is made up of the core products and services,
suppliers, and various marketing and distribution channels, which deliver the
items to the customers. The second layer is made up of the competing
businesses, and these rivals offer the same or similar value proposition to the
customers (Saenz et al. 2007). The value proposition is cost, quality,
convenience, add-on services, brand identity, or a combination of these factors.
To gain a competitive advantage, the organisation needs to innovate and
improve its value proposition to the customers; otherwise, it loses its market
share. Cooperative businesses are the group of shareholders, investors,
government rules and regulations, and infrastructure needed for the
organisation to survive and grow (Prahalad & Hamel, 1990). The following

figure illustrates the business environment and value system for Microsoft.
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Figure 2-1: Business environment for Microsoft
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Consider firms such as Apple, Intel, Microsoft and many others that are
regarded as high-tech firms. The core business functions use innovation to
create new products and services for new technologies and markets. Several
interrelations appear in the innovations for the high-tech market. The
innovation value chain in the high-tech industry is described as follows.
Consider now the case of Windows, with its Windows operating system.
Windows involves ongoing innovation with the development of new products
such as Win XP, Win 2003, Min ME, Win 8/9/ 10, and so on. These operating
systems need large amounts of computing power, and since Microsoft does not
make computers and other hardware, firms such as Dell, Lenovo, HP, IBM,
and others, innovate and develop more powerful computers (Niosi, 2011). The
‘brain’ of these devices is the processor and Chip, and Intel innovates its line of
chips and processors to develop a range of processors starting with PL, II, to
Quad Duo, and 17 processors. Software developers like SAP, Oracle, and

others now innovate and develop very powerful software applications to make
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use of the large computing power. The customer at the end of the value chain
has the option of using these advanced products and services for business and
personal needs. Therefore, the value chain begins with innovation in one high-

tech firm, and then moves rapidly through the value chain (Wang et al. 2011).

In the case that any one of the entities such as Microsoft or Intel does not
innovate, innovation does not then stop. What tends to happen is that the
competing businesses step in and provide the required services. Intel initially
dominated the processor and chip market. A number of other chip vendors
have emerged, and these include Samsung, TI, Toshiba, Qualcomm, and many
others. The vendors who innovate and develop products according to the
requirements of the market survive and grow, or else other manufacturers
replace them. Therefore, innovation is the key to survival and growth in the

high-tech sector (Christensen et al. 2008).

The value creation process for innovation is directed at the organisation’s core
business process. The value generated through innovation is a perceived value,
or the perception of the value among various business entities. Organisations
develop innovation by cultivating the technological opportunities and trends
that add to the core product values. True innovators take the lead and develop
new products, becoming lead innovators. An example is Intel, which developed
a number of chips and processors, forcing other firms to develop matching

products. Once the innovation is ready, the firm must develop the market
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advantage by using sales channels, advertising, alliances, and enlarge the

perceived product value (Jacobides et al. 2006).

There is a further need to collaborate with other parties to increase the
perceived value. Four factors help to determine the perceived value, intra value,
inter value, business environment, and technological progress. Intra value
refers to the value contributed directly by the core business. These include
product features, service, quality, price, and brand image. The inter value helps
and guides other entities to add to the intra value. Examples include the brand
name, market size, short lead time, and low cost. This helps other firms to
apply the innovation in the business environment (Lepak et al. 2007). The
business environment includes the infrastructure needed to support the value
creation and supply in the target markets. An innovation has a limited life, and
this is seen in several products such as smart phones, computers, and electronic
products (Prahalad & Ramaswamy, 2004). The business environment in turn
influences the technological progress. The technological progress represents
the innovation and the value creation. Intel introduced 4 bit and now sells 64-

bit processors through constant innovation.
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2.2.2. Capturing value from innovation

Understanding the methods used to capture innovation bears an
important relation to the measurement of innovation efficiency. The previous
section discussed various highly popular and famous innovative products.
However, many organisations err in not assessing and identifying how
innovative practices and even small changes in innovation can lead to product
improvement, improvement in manufacturing, design, and other organisational
processes. Organisations invest a large amount of effort and funds into
developing innovations, and suitable methods and frameworks are needed to
capture these innovations and derive the appropriate ‘rent’ from their

investments (Adams et al. 2006).

Teece (1986) proposed the ‘profiting from innovations’ framework that
explains the methods and manner in which late entrants can impact innovators.
The model describes the manner in which profits from an innovation are shared
between innovators, imitators, customers, suppliers, and the owners. Gans and
Stern (2003) proposed the ‘market of ideas’ model and suggested other
concepts such as competitive reactions and type of appropriability. The authors
speak of asset mobility, where the innovation is dispersed widely. These
models find some criticism from Durand et al. (2008) who point out that the
models ignore innovation features such as the number of potential application

domains. Pisano (2006) brings out various other factors that are ignored while

36



capturing innovation value; these include pricing, legal protection, barriers to

imitability, and extent of profits expected.

Maine and Garnsey (2006) focused on the importance of funding and
availability of complementary resources to match technology and market
applications. Several authors such as Colombo et al. (2006) and He et al. (2006)
speak of the need for commercialisation of innovations and value appropriation.
There is a need for clear commercialisation strategies, since firms invest in the
innovations, and need above average profit for growth and survival. Cohen et
al. (2000) speak of developing the capacity to assess future profits, since it

provides the required incentive to explore the project.

While the above research sheds light on the needs and characteristics of
innovation value, a certain gap is obvious, since they do not speak of specific
measures needed to capture innovation value. Mu and Di Benedetto (2011)
speak of the need to develop a strategic orientation for a sustained and
successful commercialisation of innovations. The strategy needs to include the
application domains, pricing and costing, and barriers to imitation. According
to Durand et al. (2008), a larger downstream diversity may produce a larger
opportunity; however, it can become complex, difficult to manage, and dilute
profits. Liozu et al. (2012) point out that pricing is left to the discretion of the
innovators, who can either sell the product at lower margins and higher

volumes, or demand a higher premium. Apple iPhones and devices use the
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latter strategy, commanding a very high premium. Therefore, price premium

depends on the bargaining strength of the innovator.

Duhamel et al. (2014) proposed a model for rent configuration where rent is the
return derived from an activity that is more than the minimum required to
attract resources to complete the activity. The rent receivable is identified by
the value streams, obtained from the innovations that can be used by innovators,
after due considerations of the various investments. Value is derived by an
entity in the transaction as the sum of the readiness to pay of customers, minus
the opportunity cost of the supplier (Porter, 1980). Resources are the various
inputs given to the production process, and the capabilities as the capacity for

the group of resources to carry out a task (Grant, 1991).

Going back to the model of Duhamel et al. (2014), rent is organised as per
three dimensions that consider the total projected cash flows obtained from the
innovation and include the duration length (L), profit margin (P), and volume
(V). An index is assigned to these three dimensions with a capital letter for a
strong level, along with a small letter for a weak level. This arrangement helps
to derive 8 combinations for rent levels, namely, C1 (v, p, 1), C2 (V, P, L), C3
(v, P, 1), C4 (V,p, L), C5(v,p, L), C6 (V, P, 1), C7 (v, P, L), and C8 (V, p, 1).
Innovators will decide the levels of these indices. This arrangement allows
potential rent configuration through different instances. The potential rent is
obtained through special features of the innovation. It is possible that the

potential rent can reduce or increase when the innovation is launched in the
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market. A number of external forces that change the bargaining position, and
factors arising from regulatory forces, the competition activity, influence the
appropriable rent. In addition, the nature of innovation, various controls needed
for the resources, and capability for successful development influence the rent
(Alegre & Chiva, 2008). Figure 2-2 illustrates the rent expected, and to develop

suitable strategies for commercialisation.

Figure 2-2: Model for rent appropriation
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Source: Duhamel et al. (2014)

It is essential to define the methods and strategies for different rent
configuration for the indices C1 and C2 mentioned in the previous paragraphs.
A point of note is that if the innovator has access to the technological,
development, and business resources through internal capabilities through off-
the-shelf products, the innovation is defendable. However, if the resources and
capabilities must be obtained through complementors, rivals, and through
alliances, then partnerships are essential. If the innovators do not have these
capabilities, then he has to sell out the innovation, license it, or withdraw from
the market (Schwartz et al. 2005). Figure 2-3 illustrates the strategies for

various rent configurations.
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Figure 2-3: Rent configurations and value capture strategies
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autonomous. Otherwise, at the start of the commercialization process,
cooperate, and then license out or sell out if the innovator cannot make it
“big”, for both autonomous and systemic innovations

If innovators’ resource and capability position is strong, remain
autonomous for stand-alone innovations and cooperate for systemic
innovations. Otherwise, since the duration of revenue stream generation is
short, it is preferable to license out or sell out quickly to competitors or
complementors, since the network of complementary resources and
capabilities will take time to set up

If innovators’ resource and capability position is strong, remain
autonomous for stand-alone innovations and cooperate for systemic
innovations. Otherwise, license out or sell out if one cannot make it “big”,
for both autonomous and systemic innovations: partners will have fewer
incentives to accept cooperation relatively to C2 configuration, since the
value of the configuration is lower. In case of new market creation, the
innovator should develop first the commercialization process in an
autonomous fashion or through cooperation to prove innovation’s worth
Remain autonomous for stand-alone innovations to exploit the market
niche. Cooperate for systemic innovations. License out or sell out to key
partners if no leadership of the network of complementors. Partners will
have fewer incentives to accept cooperation relatively to C7 configuration,
since the value of the configuration is lower

License out or sell out quickly, for both autonomous and systemic
innovations. In case of new market creation, the innovator should develop
first the commercialization process in an autonomous fashion or through
cooperation to prove innovation’s worth

Remain autonomous for stand-alone innovations to exploit the market
niche. Cooperate for systemic innovations. License out or sell out to key
partners if no leadership of the network of complementors

Sell out quickly for both autonomous and systemic innovations. Partners
will have fewer incentives to accept a license relatively to C8 configuration,
since the value of the configuration is lower. In case of new market creation,
the innovator should develop first the commercialization process in an
autonomous fashion or through cooperation to prove innovation’s worth

Source: Duhamel et al. (2014)

2.3. Measuring Innovation Efficiency

One of the most important challenges for the high-tech industry is that of

measuring and quantifying innovation. The standard indicators of revenue

increase, margins, market share, market penetration and others require a deeper

understanding of the various issues. While a first requirement is a basic

understanding and definition of innovation, explained in later sections, this

section discusses, at length, the methods used to measure innovation.
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Furthermore, important issues related to measuring innovation efficiency are

examined.

2.3.1. Challenges in measuring Innovation Efficiency

Innovation efficiency, unlike production process efficiency, is a
disorderly process. While efficiency of a production is measured as the ratio of
the output to the input, this formula stops at innovation. The reason for this is
that innovation is a part of the creative process with uncertain outputs, evolved
solutions with R&D efforts. Some challenges emerge when business managers
try to measure innovation as a standard business process like manufacturing or
production. The standard key performance indicators (KPI) do not need to be

refined (Cai et al. 2009).

Innovation performance and efficiency is difficult to interpret and measure.
Standard KPI such as productivity index, return on investment (ROI), output
per head, revenue per person, etc. can lead to perverse results, because the
innovation process can take months to develop and show results. In the
meantime, without results, and only development costs to show, the standard
KPIs are ineffective. In addition, organisations find it difficult to relate the
cause and effect of innovation, such as rise or dip in market share,
improvement in profits or reduced lead times, since a number of factors help to
produce these results. Another challenge is that relevant KPI are hard to
convert into improvements. When KPI are interpreted and evaluated,
organisations can have problems in developing common shared priorities for

improvement (Bunse et al. 2010).
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As an example, a R&D manager would suggest that innovation should be
directed towards improving the productivity of vendors and suppliers, by
developing partnerships. This can involve additional costs in training and
developing vendors. The procurement manager would however, have other
priorities of reducing procurement costs, and he may not agree with the drive
for innovation. Another challenge is that incidental improvements sometimes
do not mature into fully fledged mature systems, and they get absorbed into the
production system, without receiving any acknowledgements. Innovations need
not be full product releases, but small increments and improvements. When
such innovations are not reported, the organisation loses out on opportunities to
report, recognise, and encourage further innovation (De Felice et al. 2013).
When this happens repeatedly, the staff will lose their motivation to try and

innovate.

2.3.2. Methods used to measure Innovation Efficiency

It is clear from the previous section that identifying and tracking innovation is
one of the major challenges. The task of measuring innovation efficiency
therefore becomes more complex when one considers the wide range of
industries, the processes used, and the various KPI available. Several authors
have proposed measures and methods to measure the innovation efficiency,
and this section presents some of these methods. A detailed discussion of

models and methods is presented in chapter 3.
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Cassiman and Golovko (2011) point out that while the interest in innovation is
high, given the huge export potential of such products, research has focused on
innovation outputs. In some cases, a small number of indicators such as
number of innovations, profit and returns from the innovation, improvement in
cash flows, are considered. Hogan et al. (2011) indicate that the lack of
measures for innovation efficiency restricts the development of the resource-
based view of the firm. Wang and Ahmed (2004) argue that given the multi-
dimensional nature of innovation efficiency, it is essential to use multiple
constructs, rather than just a couple of aspect of innovation. The performance
of an organisation is determined by internal factors such as firm and
management characteristic. Sousa et al. (2008) indicate that the structural
characteristics cover the firm’s strategy, which must be aligned with the
external business environment. These include product development and
technological, strategic, and innovation capabilities. Yam et al. (2010) indicate
that any measurement of innovation efficiency must cover the innovation

capability scale on three measures, financial, strategic, and achievement.

Some omission is evident in the observations, given in the preceding paragraph.
All the authors assume that innovation is spontaneous, instantaneous, and time
bound. Hollenstein (2003) concurs with this view and argues that innovation
takes place over multiple stages that cover basic research, design, market
penetration, and feedback. However, not all products and innovations have to

follow these stages, and products that are already in the market already have a
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basic research as the basis. Evangelista and Vezzani (2010) speak of four types
of innovation, namely, technological in processes, technological in products,
non-technological organisational, and non-technological in marketing. These
innovations are seen in the manufacturing and service sectors, and it is clear
that a common method of measuring innovation efficiency, which can be

applied to all these sectors, is difficult.

Teixeira (2015) proposes the ‘INNOVSCALE’ used to measure and quantify
the innovation efficiency of high-tech firms. The author obtained data
concerning 3000 firms from the Portuguese Ministry of Exports, to derive the
scale. A survey instrument was designed and administered to managers from
these firms. The final sample size was 2740. The instrument used questions to
cover four constructs, and the Likert 5-scale instrument was used to evaluate
the responses. Responses were tested for convergent validity, discriminant, and
nomological validity. The four constructs for which the scale was designed are
Product development capability, Innovativeness, Strategic capability, and
Technological capability. The 5-point Likert scale was also used to measure
various KPI of the firm. These included annual export venture financial
performance, annual export venture strategic performance, and annual export
venture performance achievement. The model provided positive results for its
robustness, validity, and it can be considered for further research. However, the
main critique is that the model relied on primary research and responses from
the respondents. Secondary data of the actual firm performance was not used.

Therefore, the acceptability of this INNOVSCALE’ needs more conformation
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and testing with secondary data. The next section presents some conceptual

frameworks to measure innovation.

2.3.3. Conceptual frameworks to measure Innovation Efficiency in

high-tech firms

Discussions from the previous sections indicate have identified gaps in the
literature in terms of the selection of indicators and measurement of innovation
efficiency. Albaladejo and Romijn (2000) consider the measurement of
innovation challenging due to its intangibility, uncertainness, and because, in
some cases, it is diffused over the process. Some errors are evident in the
research of authors such as Kaplan and Norton (2004) and Epstein (2007) who
consider the innovation process as linear with a unique construct. It is therefore
clear that innovation must be considered as a holistic process, and the
measurement of innovation process must be linked with the organisation

performance.

Neely et al. (2000) is of the opinion that performance measurement
frameworks provide the guidelines for measuring efficiency of the innovation
process. However, the researcher needs to understand and select the various
measures such as internal and external, financial and non-financial metric. The
authors suggested using the performance prism with five perspectives, namely,
stakeholder satisfaction and contribution, strategies, processes, and capabilities.

This helps firms to focus on key issues that must be addressed by the
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organisation. Kaplan and Norton (2005) proposed the balanced scorecard with
four perspectives: financial; customer; internal processes; and innovation and
learning. Lonngvist et al. (2006) proposed ‘The Navigator’ framework with
five perspectives, namely, process, financial, customer, human capital, and
renewal and development. The ‘Intangible Asset Monitor’ by Bontis (2001)
has three classes of intangible assets: individual competence with education
and experience, the internal structure made up of management and their
attitudes, and the external structure made of stakeholder relations. Three
indicators help to measure the intangible assets, and these are growth and

renewal, stability and efficiency.

One general assumption made by researchers is that any high-tech firm can
successfully innovate. However, this is not always the case, as seen in the large
number of firms that collapse and do not survive. Laforet (2011) concurs with
this view and suggests that firms can innovate only if they have the inherent
capability. Therefore, innovation capability is a part of the core organisation
process. Yliherva (2004) considers innovation efficiency as the sum of the
organisations intangible property and its capability to use this property to
create innovations, by transforming knowledge into new products, processes,

and systems.

The focus of this paper is to develop measures for innovation efficiency, and
this becomes a problem given the differences in organisational sizes, their

products, and target markets, and the strategic direction taken. Cavusgil et al.
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(2003) used five items to measure the innovation efficiency, and these are
frequency of innovations, order of market entry, simultaneous entry in multiple
markets, and the ability to penetrate new markets to tap the various facets of
innovation capability. Considering that, these requirements are not very
specific. Albaladejo and Romijn (2000) use three measures. These are
assessing whether the firm has had at least one innovation in three years, the
number of patents that the firm holds, and if the firm has developed an index to
assess the significance of the innovation in a three-year duration. The authors
further suggest that innovation efficiency must be organised into input and
output measures. Tura et al. (2008) agree with this classification, since smaller
firms cannot invest substantially in innovation activities. On the other hand,
output measures are essential, since it is difficult to measure all innovations

quantitatively.

Capaldo et al. (2003) propose a model to measure innovation efficiency. The
model uses four resource sets: human resources, resources from external
linkages, economic resources, and entrepreneurial resources. Each set has a
number of measures to evaluate the extent of market innovation capability and
the extent of innovation capability. Muller et al. (2005) propose a matrix with
three categories to measure innovation efficiency. These are the leadership,
capabilities, and resources. Three perspectives, namely, inputs, outputs, and
processes are used to measure the capabilities. Adams et al. (2006) present a
framework with seven categories to measure innovation efficiency. These are

innovation strategy, project management, inputs, commercialisation,
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organisation and culture, knowledge management, and portfolio management.

The framework uses 19 areas for measurement.

It is clear from the above discussions, that a large number of models and
frameworks are available to measure innovation efficiency. Selection of the
model depends on the nature of the firms under study, the products and
services offered, and the target markets. A critique of the above models and
frameworks is that they focus excessively on resources and capability of the
organisation, what it has done, and not what it can do. Saunila and Ukko (2012)
provide a conceptual framework to measure the results of innovation efficiency.
The framework uses the balanced scorecard approach, and it has five
perspectives, namely, financial, customer, processes, personnel, and innovation
performance. The innovation performance perspective has measures for
innovation capability, the activities, and results. The other perspectives help to
measure the impact of innovation efficiency on the firm’s business targets. The
measures and objectives are specific to an organisation, and consider the

organisations characteristics. The model is illustrated in the figure 2-4.
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Figure 2-4: Framework to measure innovation efficiency
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Source: Saunila & Ukko (2012)

The customer perspective can be used to derive measures for customer
profitability, customer retention, customer satisfaction, and the market share.
Process perspective helps to obtain measures for quality of products and
services, flexibility of decision-making, reliability of deliveries, and
effectiveness of problem solving. The personnel perspective is used to derive
measures for employee satisfaction, employee retention, and employee skills.
The financial perspective can be used to derive measures for benefit,
profitability, and growth. The model helps to derive a number of measures, and
these include the objects of innovation efficiency, measures for the objects,
links between improvements needed for business performance, understanding

objects of business performance perspectives, business performance metrics,
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and the cause-effect relationships of business performance measures (Saunila

& Ukko, 2012).

2.3.4. Some observations about measuring efficiency in the high-

tech industry

There is a considerable body of theoretical and empirical studies on the high-
tech industry in the management, marketing, economics, and engineering fields
and so on over the last forty years. However, there is a fact that needs to be
taken into account when going about a review of literature on the subject of
innovation measurement in high-tech industries. In the 1970s and 1980s,
research into high-tech industries was mainly descriptive, generalising their
characteristics (Maidique & Hayes, 1984; Quinn et al. 1990). This raised
challenges in bringing in the element of objectivity into the literature review,
requiring the researcher to be extremely selective in the approach with the
secondary data collection. An extensive discussion on the concept and
definitions of the high-tech industry is provided, so that that this research

remains relevant to the topic.

Given that this research is based on the efficiency of innovation within the
high-tech industry of China, it becomes critical that one gains an appreciation
of the precise definition of the basic terms to have a focused overall approach
to the dissertation. To explore research on this subject, a definition of the high
technology industry is needed. There are many qualitative definitions of the

high technology industry.
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Li (2002) defines the high-tech industry as sectors with intensive technologies,
such as the microelectronics information technology sector, the biotechnology
sector, the new materials sector, the nuclear energy sector, and the spaceflight
sector. A uniform internationally accepted standard for the extent to which the
underlying technology needs to be intensive to qualify as a high-tech industry
is not available. It is clear that industries should satisfy certain requirements to
be classified as a high-tech industry. the first requirement is that the intensity of
scientific research should be high; that is, the proportion of the cost for
research and development to the output value or sales volume of the industrial
sector should be high. The OECD (Hatzichronoglou, 2007) requires this
proportion to reach at least 4%, while National Science Foundation stipulates
that the cost for research and development shall account for at least 3.5% of the

sales volume.

As a second key identifier for high-tech industries, Andersson et al. (2014)
suggest that the concentration ratio of scientific and technical personnel should
be high. In other words, the proportion of scientific and technical personnel to
the number of workers should be high. Besides these two identifiers, other
factors such as the nature of the underlying product also assume significance in

certain cases.

Measurement of efficiency in the high-tech industry would thus depend on the

geographic location of the enterprises. This means that the relative social
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development in a given geographical location must be considered when
measuring the efficiency. When one speaks of the high-tech industry, the ‘what,
where, and how’, become important. An industry that is considered as high-
tech in China may be considered as a traditional industry elsewhere. The
selection of KPIs therefore becomes distorted and confusing (Wu & Yang,

2006).

Consider the following variations in the definition of the high-tech industry. In
the United Kingdom, the high technology industry is defined as a group of
industries that consists of information technology, biological technology, and
many other advanced science and technology industries (Gu et al. 2008). In
France, economists think a new product can be categorised as a high
technology industry when it is made by production line, has a high quality
workforce, occupies a certain market, and becomes a new branch of industry
(Foxon et al. 2005). In Australia, the high technology industry is defined as an
industry with background in science and technology that has invested in
research and development expenditure, mandates close involvement of
researchers, and creates new products and processes (Gu et al. 2008). In the
USA, high technology industries as those consuming considerable research and
development funds and rapid technical progress (Peters, 2006). Finally, in
China, the focus of this study, Li (2002) defines high technology industries as
emerging industry groups, which are technology-intensive, are susceptible to
rapid technical updates, have high added value, can conserve resources and

energy in effect, and have ripple and spin-off effects for correlative industries.
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Even within a particular country, different sectors may have different division
standards for “high-tech industry”. For instance, in the United States, each
sector of the federal government greatly differs in terms of understanding of
“high-tech industry”. The range defined by The Federal Reserve Board is the
narrowest while the range provided by Commerce Department is relatively
wide. The Department of Labour provides three groups of ‘“high-tech
industries” with different ranges (Malerba, 2002): Group I has the widest range
and includes 48 sectors involving 38 manufacturing sectors and 10 labour
service sectors; the range of Group II is the narrowest and only includes 6
manufacturing sectors; and Group III covers 28 sectors, including 26

manufacturing sectors.

The above disparities across geographical locations and sectoral institutions /
entities in the notion of what constitutes a high-tech industry, further reinforce
the case for narrowing down the specific areas / industries that will form the
focus of the present dissertation within the high-tech industry space. What is
important to take into cognizance is that irrespective of the underlying element
of detail in classifying what constitutes a high-tech industry, there exists a set
of attributes specifically associated with the industry. Edquist (2005) puts forth
the idea of high technology industry as a category concept that usually includes
some industry categories, as against a concrete industry concept, as would be
interpreted in conventional industry groups. In case of industries, a concept

consists of a set of some enterprises.
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The high technology industry is a set of enterprises, and not an individual
enterprise. However, industry is not one-to-one correspondence with
technology, and not all high technologies can become high technology
industries. Whether a high technology can become an industry or not depends
on two factors. According to Zhang et al. (2009), the first factor is if the
technology can be applied practically or used to provide high technology
products and services. The second factor is the market value of the technology,
products and services. Not only is the high technology industry required to use
high technologies or high technology products as inputs, its outputs should also
be high technology products or services based on high technologies. Otherwise,
it would be considered as a traditional industry that merely uses high
technologies, not a high technology industry. This distinction is important for

this research, else objections can be raised about the research data.

Some high technology industries may use both high technologies and
traditional technologies in production, but their products can still be classified
as high technology products. High technology industries should have the
capacity of research, exploitation, and application. As such, the industries that
process and assemble standardised high technology products do not belong to
high technology industries category. It is in view of these necessary and
sufficient conditions for an industry to qualify as a high-tech industry that the
scope of industries being critically assessed for innovation efficiency in this
dissertation study is based on Statistical Classification Catalogue of High-tech
Industries issued by National Bureau of Statistics of the People’s Republic of
China (NBC, 2014).
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Finally, along with the spatial differences in what constitutes a high-technology
industry, there is also a temporal variability in how certain industries may or
may not be classified as constituents of the high-tech industry at different
points in time. The proposition here is that with the development of an
economy, the range of high technology industry varies across times, even
within the same country or region. When the development of an economy
reaches a new stage, some new industries may become high technology
industries, while the original high technology industries may be classified as
more mature industries. This implies a dependency on whether an industry can
be classified as a high-tech industry on the degree of development of the local

economy (Zhu & Xu, 2006).

To define the scope of China’s high technology industry from international
experiences, corresponding methods and criteria should be chosen and
established according to China’s special conditions. As mentioned earlier in
this chapter, this dissertation is based on Statistical Classification Catalogue of
High-tech Industries issued by National Bureau of Statistics of the People’s
Republic of China (NBC, 2014). However, this should also be combined with

international comparability in order to conveniently connect global issues.

Based on the above knowledge, the present section has argued thus far, based
on existing literature on the subject, that the definition of high-tech industry is

relative and dynamic; it is the entirety of enterprise groups engaging in all
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kinds of high-tech research, development, production, popularisation, and
application. The high-tech industry is a knowledge and technology-intensive
industry (Graf, 2006), with an established production process and a final
product or service based on high technology. The high-tech industry typically
includes a number of different sectors, and these sectors generally have large
market demand. The high-tech industry has higher potential or actual economic
benefits as compared to traditional industries, and its growth rate is also
significantly higher. Therefore, using data from the NBC (NBC, 2014), in the
“Catalogue of the High-tech Industry Statistics”, the high-tech industry
discussed in this dissertation includes five industries. These are manufacturing
of medical and pharmaceutical products, manufacturing of aircraft and
spacecraft, manufacturing of electronics and telecommunications equipment,
manufacturing of computers and office equipment and finally, manufacturing

of medical equipment and meters.

To conclude this section, it would be relevant to point out how research on
high-tech industries in general and in China in particular has itself evolved with
the evolution of the definition of what constitutes a high-tech industry. A
number of studies have analysed the high-tech industry at a more detailed level,
and from a micro perspective, using selected high-tech industry firms as study
targets. In the 1970s and 1980s, many scholars attempted to address the issue
of managing high-tech firms successfully (McCarthy et al. 1987; Eisenhardt &
Schoonhoven, 1990). In the 1990s, the successful development of high-tech
firms attracted much attention from academics and a number of theories were

developed especially for high-tech companies, such as Gersick’s Time Pacing
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and Eisenhardt’s and Sull’s Simple Rules. Zhu and Xu (2006) empirically
examined the performance of strategic patterns in China’s high-tech industry.
They collected data from 126 Chinese high-tech companies, and found that
Chinese high-tech companies with technology-strategy integration performed
significantly better than those that viewed technology as a staff function, that
did not significantly contribute to strategic objectives. They also observed that
the Chinese Government plays an important role in Chinese high-tech
companies. Warnock and Brush (1997) discussed the factors that influence the
marketing of high-tech products and put forward a high-tech industry

marketing mix.

2.4. Concept of Innovation Efficiency in high-tech industries

An extensive discussion was provided on capturing value from innovation
and the methods used to measure innovation in high-tech industries in
sections 2.2 and 2.3, respectively. The concept of efficiency is rooted into
each field of industry and every aspect of social and economic life. In
economics, there is no concept that is more widespread than economic
efficiency. Although the concept of efficiency is broad-based, it usually
involves conservation of resources or using existing resources better (Wu et al.
2005). In the history of economics, economists have put forth a range of
different perspectives on the concept of efficiency at different points in time.

As discussed in section 2.3.1 and 2.3.2, innovation is multi-dimensional. It is
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therefore important to understand the different types of innovation efficiency,

specific to the high-tech industry.

2.4.1. Economic and Production Efficiency in high-tech industry

innovation

Efficiency has always been associated with traditional businesses, and
productivity norms, looking at the relationship between inputs and outputs.
Classical economic theory has emphasised the significance of making the most
of every single element that forms an input to industry, especially labour
productivity and capital productivity, thus recognising the important effect
efficiency has. In the area of high-tech industry, efficiency is the rational
allocation of resources, which looks at how various kinds of resources in an
economy are used. This provides a two-fold dimension to the concept of

efficiency in high-tech industry innovation (Shi & Li, 2004).

On the one hand, efficiency means how to decrease waste as far as possible and
produce the most value from a set of production factors. In a similar set of
observations, efficiency is the quantity relationship between input and output,
and aims to create as much innovative products as possible in the least possible
time. Therefore, even in the high-tech industry, innovation must be measured
as the productivity for output per unit labour time, as well as measure

production efficiency by labour productivity. In other words, the high-tech
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industry cannot escape the laws and rules of economics. A firm that cannot

innovate efficiently misses opportunities (Zuoxing, 2010).

Feiwel (2012) opines that innovation efficiency means using economic
resources as effectively as possible to meet people’s needs, or there does not
suffer waste. When this happens, then the organisation economy is on the
production possibility frontier. Viewed along a different dimension altogether,
innovation efficiency relates to how resources can be allocated to the most
suitable opportunities. The first kind of efficiency is called production
efficiency, while the second is referred to as economic efficiency, also known

as Pareto efficiency (Hargroves & Smith, 2005).

Lahiri et al. (2012) explain the concept of economic innovation efficiency as a
kind of market efficiency, which involves allocating economic resources
efficiently through the free movement of these factors/resources between
different departments and industries. Production efficiency is a kind of
organisation efficiency, which is achieved by improving internal management
methods and raising production technology. The concept of economic
efficiency in contemporary economic growth theory deals more with the
marginal productivity associated with an incremental rise in the production
resources input into the production process. With reference to the high-tech
industry, it highlights the compound, dynamic characteristics of production
efficiency whose meaning and range is narrower than production efficiency or

efficiency.
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Regardless of the difference in the understanding of innovation efficiency in
the economic theory system, it is consistent with the basic understanding of
efficiency, which is that efficiency is the quantity relationship between input
and output, and it indicates the basic target orientation of enhancing
effectiveness while reducing cost. Specifically, this dissertation studies
technical efficiency and its decomposition derived from a variety of efficiency,
which belongs to the relative efficiency category. In DEA, the innovation
efficiency is measured by the ratio of the aggregated outputs to aggregated
inputs (Chen et al. 2004). The scope of this particular study is limited to the
innovation efficiency or technical efficiency dimension, rather than an overall
agglomeration of production efficiency of individual units and economic

efficiency for aggregated production units.

This section explained how overall efficiency of high-tech industries can be
broken down into production efficiency and economic efficiency components.
The main objective behind synthesising the concept of innovation efficiency in
the high-tech industry is to work with a focused dataset along specific
dimensions of efficiency that allows for more accurate research results within
these limited boundaries. Two other parameters along which efficiency has
been synthesised in prior research studies on the subject are regional and
industry-specific. The next two subsections explain the rationale behind these

approaches.
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2.4.2. Regional Innovation Efficiency

Griffith et al. (2004) note that various inputs should be integrated to
improve regional innovation efficiency for the high-tech sector. In the case of
China, each province has some level of economic and administrative freedom.
Therefore, the workforce and operation of the innovation process occurs within
a regions, with lesser interchange of information across the regions (Li, 2009)
According to Chang et al. (2012), investigating China’s innovation system
based on the province-level datasets is appropriate, since it allows comparison
of innovation efficiency across various regions. Chi and Gennian (2004) and
Peng and Bao (2006) empirically examined China’s regional innovation
efficiency at different points using SFA and DEA tools, and they report
differences in the innovation efficiency across the regions. Therefore, regional

influence has an impact on innovation efficiency in the high-tech sector.

2.4.3. Industry Innovation Efficiency

Innovation efficiency across various industries is important, since it
helps to assess the extent of innovation in different countries. Lee and Shim
(1995) empirically analysed American and Japanese high-tech industries’
innovation efficiency, and examined the relationship between R&D investment
and corporate long-term performance as well as market share. Romijn and
Albaladejo (2002) and Neelankavil and Alaganar (2003) studied the high-tech

industry’s innovation efficiency by multiple regression analysis. The authors
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report that certain industries of semiconductors, chip factories, and
communication sector have a higher efficiency level than aviation and
pharmaceutical industries. Guan et al. (2009) and Jing (2010) constructed and
measured industry innovation based on an evaluation index system. In addition,
some scholars studied innovation efficiency from the perspective of enterprise.
Yang and Qi (2001) studied the impact of enterprise ownership structure and
nature, government investment and marketisation and other factors on
enterprise innovation efficiency. Moreover, Guan and Liu (2003) also

undertook research studies that evaluated the enterprise innovation efficiency.

Guan and Chen (2010) used the Super-SBM approach to evaluate the high-tech
innovation efficiency of 29 Chinese manufacturing industries over a five-year
period. They concluded that the innovation efficiencies among these
manufacturing industries varied. Firms with higher revenues and which were
larger showed higher performance, while smaller firms showed lower
innovation efficiency. Firms in the manufacturing and processing of ferrous
metals had higher innovation efficiency. Claudio and Andrea (2013) used data
envelopment analysis (DEA) bootstrapped to examine the effects of open
innovation practices on technological innovation efficiency by collecting a
panel dataset from 1994 to 2005, consisting of 2472 observations from 415
Spanish manufacturing firms. This study considered indicators such as R&D
spending, capital stock, and high-skilled staff, the number of product
innovations, and number of patents as innovation outputs indicators. They

concluded that the uncertainty of the innovation process is much greater in
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high-tech industries than in low-tech industries, and the open innovation

strategy does make a firm more efficient in the use of their resources.

2.5. Technological Innovation Efficiency in high-tech industries

2.5.1. Technological Innovation

Kaukonen and Nieminen (1999) proposed a concept of technology
innovativeness, which is related to the efficiency of technological innovation.
This discussion is important, since 95% of innovations in the high-tech sector
are seen in the technical areas. He explored technology innovativeness from the
adaptability between R&D and industrial economy. He argued that R&D
achievements are not convertible if there is no correlation between R&D
activities and regional industrial economy. Technology innovation is therefore
the transferability of R&D activity, and not about the input-output efficiency.
Griffith et al. (2004) also highlight the concept of technological innovation and
believe that in order to improve technology innovativeness of countries or
regions, it is necessary to establish a technological innovation system. There is
a need to integrate each innovation factor with the source of technological
innovation. Several sources such as science and technology research, business
activity of R&D, and industry chains must be included to make the
technological innovation system efficient. Such actions help to improve the

technological innovation capabilities of countries or regions.
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At this point, it is critical to make a subtle distinction between invention and
technological innovation. According to Gardner et al. (2007), while invention
is a new concept, a new idea or an experiment at best, technological innovation
takes inventions or other science and technology achievements into the
production system and uses these theories to make goods needed by the market,
and to create shock effects in the production system. As such, technological
innovation should include the process of commercialisation and

industrialisation of science and technology achievements.

Many scholars such as Mansfield et al. (1981), Freeman (1995), and Mueser
(1985) have examined the concept technological innovation in the high-tech
sector. Mansfield et al. (1981) believe that technological innovation is different
from invention and technology samples, and is the actual and first use of
technologies. This has become a common theme in the definition of
technological innovation by later scholars. Quoting from the extensive research
work undertaken by Myers and Marquis over forty years ago on the area of
technological change and technological innovation, Bennett (2006) defines
technological innovation as a process of introduction into the market of new or
improved products, processes and services. Expressing the same underlying
definition in a different fashion, Freeman (1995) believes technological
innovation is the first commercialisation of new products, processes, systems
and services. In recent years, because of the rapid development of the world
economy, the decrease of natural resources and deterioration of natural
environment, many scholars begun to define it from the perspective of

sustainable development. Rennings (2000) points out that progress is
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understood as the technological innovation of enterprises. However, the
sustainable utilisation of natural sources is not the main technology problem,
which may have led to technical deviation. Innovation should include three
changes in technologies, social and system innovation, and the inclusion of

these three is a concept of ecology innovation.

In China, based on analysing and summarising the former theories and
experiences, Du (2000) proposed a more complete concept for technological
innovation in the high-tech sector. Du defined technological innovation as
entrepreneurs capturing the market potential profit opportunities, and for
business interests, reorganising production conditions and essentials,
establishing more efficiency, more productivity and less expensive production
and business systems to create new products, processes, and markets. It also
includes obtaining new raw materials supply sources of semi-manufactured
goods or establishing new organisations consisting of composite processes of

science and technology, organisation, business, and finance.

In 1999, the Chinese Communist Party Central Committee and the State
Council of PRC held a National Technological Innovation Conference (Yusuf
& Nabeshima, 2010). The conference handed down the decision on
strengthening technological innovation, developing high science and
technology and achieving industrialisation. Because of this thrust to the area of
technological innovation, there was unanimous focus on adoption of new
modes of production and business management, improved product quality,

exploitation of new products, and provision of new services. Enterprises are the
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subject of technological innovation. Technological innovation is an important
precondition of the development of high-tech sectors. In terms of the definition
of technological innovation, most scholars have reached the consensus that the

above two definitions are most relevant in the Chinese context.

From the above definitions, it is seen that there was significant difference
among the definitions of technological innovation from the different study
perspectives. While Mansfield et al. (1981) limited technological innovation to
product innovation. Bennett (2006) takes mimicry and improvement without
new technology knowledge as two kinds of innovation in the lowest levels into
their definition of technological innovation. Freeman (1995) inspects
innovation from the economy and limits the role of standardisation as part of
technological innovation. Mueser (1985) highlights the unconventional nature
of technological innovation including novelty, discontinuity and success of

activities.

Klemmer (1999) enhances the scope of technological innovation, by
associating it with sustainable development. He holds that the process of
technological innovation should consider sustainable development, and even
use it as basis, but the negative effect of innovation achievements to ecology
and society should not be due to technological innovation. Moreover, the
negative effects of some innovation achievements are found in the process of
application and washout or in improvements through further innovation.

However, all of these fall under management problems in the application of
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technological innovation, and should not be confused with technological
innovation itself. The definition of technological innovation should therefore
grasp two principles. Firstly, it must have sufficient theoretical basis, which is
especially important to broadening and clarifying technological innovation.
Secondly, it should help to promote the development of China’s socialist
economy and enterprises reform, and strive to make technological innovation
research have more universal meaning and functions in the reality of China’s

economy and life (Mendonga, 2009).

There exist debates on the definition of technological innovation, and these can

be reflected upon along the following three lines.

Firstly, the determination of what exactly constitutes technology in the generic
area of technological innovation is debated. On one hand, there are limitations
to innovative technology in technological innovation, and non-technical
innovation cannot be listed as technological innovation. As such, there are
differences among technological innovation, system innovation, and
organisational innovation (Fritsch & Franke, 2004) and these all belong to
different categories. On the other hand, there are different perceptions
regarding technology and non-technology in innovation, and this leads to the
difference and debate on the concept and definition of technological innovation.
This explains the rangeof technological innovation that is affected by the range

of definitions of technology. This dissertation studies the technological
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innovation of the high technology industry, so it only discusses the innovation

of high technology.

Secondly, there is a debate on whether there is a limitation on the intensity of
technology change in technological innovation. The focus of debate is
incremental improvement or marginal improvement, which means that it
focuses on whether the growth of scale benefit because of gradual
improvement in technology belongs to technological innovation or does not.
Over the past decades, most Western scholars engaged in the study of technical
innovation have been advocating that such incremental improvement should be
viewed as separate from technological innovation (James & Mogab, 2012).
This point pays attention to taking the qualitative changes of technology as
standards and defining technical innovation narrowly in theory. On the
contrary, other scholars pay attention to the extensible nature of the
technological innovation and scope of activities. They begin with how the
social coverage of innovation research and application can be increased, and
think that the technology change intensity in the definition of technical

innovation should be wider than it previously was.

A third issue concerns the concept and standard of success. Since all technical
innovation must eventually achieve and show through the market, the
unsuccessful innovations cannot be called technical innovations. In this case,
the success of technological innovation could mean commercial profit or
market share or technological superiority. While this point does not have a

contrary argument, there is also no completely consistent view. This
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dissertation believes technological innovation is a whole process from
exploitation of new technology to its application in the product market. As
such, the success is divided into two aspects. On one hand, the patent
application and authorisation indicate that the high technology has been
exploited successfully. On the other hand, the achievement of economic
benefits indicates that the technology has been transformed successfully (Coad

& Rao, 2008).

This dissertation specialises in the efficiency of technical innovation in high
technology industries. Therefore, it makes sense to carry out the research from
the investment perspective and to frame technical innovation with regard to
two processes. These are firstly, the process of exploitation of new knowledge
and high technology in the high technology industry, and secondly, the process
in which new knowledge and high technology are used to produce high
technology products or change production engineering, decrease production
costs, and improve product quality and service until the market value of high
technology is achieved. The former process embodies the technology value of
technological innovation on early R&D; the later process embodies the
commercial or market value of technological innovation on later application
and popularisation. These two processes are closely connected; the former can
be viewed as technical preparation for the latter while the latter achieves

market value for the former.
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2.5.2. The two stages of Technological Innovation for the high-tech

industry

Technological innovation is a whole process, which starts from the
study of some applied research in research and development, after-test
development, trial sales of new products and their marketing, to their finally
becoming commodities, from the perspective of linear process to analysis.
Thus, the technological innovation is an intimate interaction process, led by
scientific and economic activities. Xu and Zhang (2008) regard technological
innovation as a whole process, which includes new ideas of technology, their
application to research and their experimental development, or, a combination
of techniques, creation of new products, new technologies, and

commercialisation.

The implementation process of high-tech industrial technological innovation
refers to a series of sophisticated economic activities from research to
development, from technique to production as well as from product to market
based on high technology, when the concept of technological innovation is
applied to the high-tech industry. However, the original products may become
new products with new properties and new features once the high technology is
developed and applied to them. Urel and Zebregs (2009) point out that a new
technology could change the production line and transform the mode of
product production, reduce production costs or enhance productivity. The

newly developed high technology can be used to create new products or
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improve production methods. Meanwhile, new technology could be further
modified and improved through feedback during the course of reforms of the

production line.

In addition, consumers could also come up with new requirements for new
high technology when they use new products. It is not a linear process, for the
R&D of high technology, the production of new products or the improvement
of production methods. However, the outputs of technological innovation
achievements are of two types: technology and product, from the perspective of
the whole industry. As the intermediate product, technology acts both as the
result of preliminary research investment, and as the premise of late new
product development and new technology transformation. Therefore, the input
and output activities of high-tech industrial technological innovation can be
divided into two phases, with the intermediate product as the dividing line

(Glasmeier, 1988).

In the first stage, it focuses on the process of high-technology development. It
develops high technology through R&D investment, and ultimately takes the
form of patents and non-patent knowledge technology as the output of
scientific and technological achievements and so on (Fischer, 2006). The
process mainly reflects the technology development efficiency of high-tech

industry technological innovation.
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The second stage focuses on the high-tech transformation process. That is,
using self-developed high technology, or purchasing high technology from
others both at home and abroad, as well as transforming, assimilating and
absorbing them. Subsequently, new products could be produced or the original
product production modes improved, and ultimately come into the market in
the form of products. The enterprise could also get significant economic profits
by applying these high-tech achievements. This process mainly reflects the
technical transformation efficiency of high-tech industrial technological

innovation (Zhou, 2007).

Technological innovation also has many problems from the perspective of
input-output, which is the same as the general production process. However,
there are obvious distinctions between technological innovation activities and
general production activities, which are mainly manifested in the expression
form of input-output of technological innovation. Technological innovation is a
special kind of productive activity, which includes the accumulation and
breakthrough of knowledge technology, personnel training, and the realisation
of economic and social benefits. In general, it covers three main aspects of
innovation process in measuring technology changes. These are innovation
inputs such as the investment of funds and human resources, intermediate
outputs such as new inventions and new knowledge, and innovation final

output such as increasing revenues and profits (Liu & Buck, 2007).
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Therefore, the technological innovation of high-tech industry can be summed
as an input-output system with multi-parameter inputs and outputs. To sum up,
technological innovation within high-tech industries manifests itself in both
phases — the first where the emphasis is on innovation in the form of new
product features, development of new products, or revolutionary manufacturing
techniques. The second pertains to the ‘productionizing’ of these innovations in
the actual assembly line, which shows the relatively more tangible
improvement in increased revenues, reduced costs or both. For the purposes of
this study, technological innovation is viewed as a combination of the

innovative developments deployed during both these phases.

2.5.3. Efficiency of Technological Innovation in the high-tech sector

The efficiency of technological innovation in the high-tech sector can
be understood from the development of efficiency theory. Different

formulations of efficiency can be looked at from different angles.

With the development of technological innovation in the high-tech sector of
China, a number of scholars have focused on studying the efficiency of
technological innovation. Research on the concept of efficiency of
technological innovation has led to significant achievements, and several
definitions have been given. Zeng et al. (2010) proposed a definition of the
efficiency of technological innovation. They believe that the efficiency of
technological innovation is an input-output concept, and that many elements of

technological innovation convert into the performance of technological
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innovation, which belongs to research category of technological innovation
system. Claudio et al. (2013) defined technological innovation efficiency as the
relative capability of a firm to maximise innovation outputs given a certain

quantity of innovation inputs.

In terms of measuring the efficiency of enterprise technological innovation,
two contemporary measures are used. These are the ratio between new product
profits accounted for by the proportion of total profit, and technological
innovation of enterprises accounted for by the proportion of total enterprise
investment expenditure. Kao and Liu (2011) use the relative input and output
of enterprise technological innovation to measures the efficiency of enterprise

technological innovation.

Increasing the input of technological innovation for high-tech sector and setting
up an orderly technological innovation system is a key route to increasing
technological innovation capability. However, the efficiency of technological
innovation determines the utilisation of the technological innovation element.
Increasing efficiency of technological innovation is equal to increasing output
of technological innovation or saving inputs of technological innovation. The
technological innovation system is a complex exploitation system of inputs and
outputs of numerous elements and the input to output conversion occurs

throughout the entire process of technological innovation (Park, 2005).
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The efficiency of technological innovation is a conversion efficiency of
effective economic quantity between input and output. As such, the efficiency
of technological innovation determines the capability and achievement of
technological innovation. However, because of the diversity of technological
innovation elements and the difficulty in quantifying some elements, it is
difficult to measure the absolute efficiency of technological innovation. Chi
and Gennian (2004) believe that enhanced technological innovation can cause
fewer inputs to create higher outputs, thus reaching relative optimums in

technological innovation efficiency.

Based on the above study achievements, the understanding developed is that
the efficiency of technological innovation is more a form of production
efficiency, and in essence, belongs to technical efficiency. It refers to a ratio of
the minimum cost and actual cost needed to make a certain amount of products,
or a percentage of the actual output level with the maximal output in the same
input scale, input proportion and market value, all other conditions remaining
the same. Therefore, the following points need to be taken into consideration
with respect to the way this dissertation perceives and treats the concept of
efficiency of technological innovation. The efficiency of technological
innovation in the high-tech industry is a relative efficiency. The efficiency of
technological innovation is a standard measure between technological
innovation output with its optimal output, based on a construction of the actual
frontier of input-output innovation activities, through the horizontal
comparison between different innovation subjects and the longitudinal

comparison of the same innovation subject at different times. As such, this
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dissertation views the efficiency of technological innovation more as a relative

concept rather than as an absolute measure of efficiency (Van Riel et al. 2004).

The efficiency of technological innovation is considered as a static efficiency.
The efficiency of technological innovation in this dissertation measures the
input-output relationship at some point, but cannot be a continuous function to
measure a dynamic process at a time. The efficiency of technological
innovation of a same innovation subject can be studied in different times
through the longitudinal comparison. However, for the purposes of this
dissertation, efficiency is viewed as a static concept, a cross-section of which is

measured and assessed from a temporal viewpoint (Mohr et al. 2009).

The above arguments establish the need to isolate pure production (or technical)
efficiencies from the broader subject of economic efficiency relating to
allocation of limited resources across multiple production units, also referred to
as allocative efficiency. It is based on the above that this dissertation limits its
focus in evaluation of technological innovation efficiency to technical

efficiency, and does not include considerations for economic efficiency.
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2.5.4. The Efficiency of the High-tech Industry’s Technological

Innovation

In the late twentieth century, with the rise of high-tech industries such
as information technology and biotechnology, the world industrial structure
embarked upon a new round of adjustments. The high technology industry has
become a locus of organisational research (Rogers et al. 2001). As such, it is of
important practical significance to study the technological innovation

efficiency of high-tech industry.

Production technology has been upgraded constantly due to technological
innovation in the high tech industry (Blonigen & Taylor, 2000) which greatly
promoted the development of the world economy. Klofsten and Jones-Evans
(2000) agree with the observation that high tech firms contribute significantly
to economic growth. Niosi (2011) found that technological innovation alone
likely accounts for over 50 per cent of recent economic growth. More and more
high-tech companies have realised that in order to sustain their customer base
and seize revenue opportunities, they have to manage successive technological

innovations effectively (Wu & Wang, 2005).

As the technological innovation efficiency of the high-tech industry reflects the
different aspects of input and output in technological innovation, many

scholars and constitutions have tried to establish a systemic index to evaluate
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innovation efficiency (Guan & Chen, 2010), and there have been significant

achievements in academic research in this area.

Guan et al. (2003) used the Data Envelopment Analysis (DEA) model to
examine the relationship between high-tech innovation capability and
competitiveness at the enterprise level by analysing 182 industrial innovative
firms in the high-tech science and technology industry in China. The results
showed that only 16% of the enterprises operate on the best-practice frontier,
and that there are some inconsistencies in organisational innovation capability
and competitiveness in many enterprises. Furthermore, it also showed that
decreasing returns to scale was found among about 70% of the inefficient
enterprises and increasing returns to scale was found among the remaining
30% of the inefficient enterprises. Thus, the internal innovation harmonising
process in these enterprises is considerably inefficient. Guan and Chen (2010)
constructed a novel measurement framework for the typical innovation
production process (IPP) from the system perspective associated with a
relational network DEA, and applied it to a cross-region empirical study of
China’s high-tech innovations. The empirical innovation measurement
provides in-depth evidence of China’s high-tech innovation efficiency. Based
on this, some policy recommendations were also made. Bai and Li (2011)
analysed the influence of the local government on regional innovation
efficiency of China based on the panel data of China’s 30 regions during 1998—
2008. The results show that regional innovation efficiency in China is low, and

that the financial support from local government and financial companies and
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the interplay between enterprises and universities (research institutes) has had a

significantly negative impact on innovation efficiency.

Xu and Cheng (2013) utilised the two-stage DEA model to assess scientific
innovation and each sub-system’s efficiencies of 30 Chinese provinces from
2001 to 2011, from the perspective of the science and technology development
process. They concluded that organisational efficiency and degree of synergy
display a positive relation. Besides, whether the science and technology
organisational efficiency progresses or not depends on the extent and the
direction (positive or negative) of the synergy, while the absolute value of

synergy degree reflects the rising or dropping pace of organisational efficiency.

Wang and Xu (2012) used the SFA and Tobit model to calculate and evaluate
innovation efficiency and impact factors of hi tech industries. Panel data of
eighty-nine listed companies in high-tech sector was obtained from 2007 to
2010, covering areas such as energy saving and environmental protection, a
new generation of information technology, biology, equipment manufacturing,
new energy, new materials and new-energy automobiles. They concluded that
the innovation efficiency of China’s strategic emerging industries rose year by
year. The scale of the company and subsidies had a significant positive impact
on innovation efficiency, but profitability had a negative impact on innovation
efficiency. There was no significant relationship between the quality of staff

and innovation efficiency.
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Wang et al. (2008) evaluated the high-tech innovation capability (TIC)
performance of a high-tech firm quantitatively and qualitatively by adopting a
fuzzy measure and non-additive fuzzy integral method. They concluded that
the non-additive fuzzy integral is an effective, simple, and suitable method for
identifying the primary criteria influencing. This is also true for TICs at high-
tech firms, especially when the evaluation criteria are interactive and

interdependent.

Xu et al. (2007) constructed a cross-country production model for evaluating
the relative efficiency of aggregate R&D activities, based on the data derived
from thirty countries (twenty-three OECD members and seven non-OECD
economies that intensively engage in R&D). The results showed that the mean
of efficiency scores was about 0.65 in the cross-country study, when
environmental effects were not taken into account. After controlling for the

operating environment, the mean increased to about 0.85.

Wang and Huang (2007) applied the production framework associated with the
data envelopment analysis (DEA) method to evaluate the relative efficiency of
R&D activities across countries. Based on quantitative analysis of data from
thirty countries, the results showed that less than one-half of the countries are
fully efficient in R&D activities and that more than two-thirds are at the stage
of increasing returns to scale. Most countries have a more significant advantage
in producing SCI cum EI publications than in generating patents. In a separate

study using the DEA / Malmquist index to measure the change in R&D
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efficiency among Japanese pharma firms, Hashimoto and Haneda (2008)
concluded that R&D efficiency of the Japanese pharmaceutical industry has

almost monotonically gotten worse from 1983 to 1992.

Liu et al. (2013) utilised the Data Envelopment Analysis (DEA) model to
evaluate the relative efficiencies of thirty regional R&D investments using the
First Official China Economic Census Data in 2004. The results indicate that
only six provinces are globally technically efficient and that the performance of
regional R&D investments in China needs to improve dramatically. This is
because no province has experienced increasing returns to scale; constant
returns to scale has prevailed in most provinces in the Western region, and
decreasing returns to scale has prevailed in most provinces in the Eastern and
Central regions. There were no direct relationships between global technical
efficiency and the amount of R&D investment. The Western region had the
highest average radial efficiency score, followed by the Eastern region, and
then the Central region; The Eastern region has advantages in local technical
efficiency, the Western region has advantages in scale efficiency, while the
Central region has neither technical efficiency advantages nor scale efficiency

advantages.

The patent is a very important output index of innovation efficiency and is used
in every paper. This could be due to its accessibility and the general usefulness
of the data. Researchers have also argued that patent data are a reliable and

valid measure of innovative activity (Albert et al. 1991; Podolny and Stuart,
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1995). Benner and Tushman (2002) argued that patents are useful for
measuring technological innovation as they are only awarded to novel, non-
obvious designs that represent advancements over existing technology.
However, patent numbers cannot fully express the quality of innovation results,
and they are not an ultimate goal for enterprises. Therefore, a more reasonable
index is required in evaluating technological innovation. In evaluating
innovation efficiency, this dissertation selects patent as one of the output

indexes, and others as well. These will be discussed in detail later.

2.5.5. Decomposition of Innovation Efficiency in the high-tech

industry

Efficiency can be studied from several perspectives. It can be divided
into technical efficiency and technical inefficiency from the perspective of the
degree of effective use of existing technologies. It also can be divided into
scale efficiency and scale inefficiency from the perspective of whether the
scale reaches the optimal production state or not. Furthermore, it can be
divided into partial factor productivity (e.g. labour productivity, capital
productivity) and total factor productivity, from the perspective of input factors
impact on efficiency (Jing, 2010). This dissertation will focus on discussing
innovation efficiency of China’s high-tech industry from the viewpoints of
technology efficiency, scale efficiency, their dynamic change and

developments of these ideas.
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2.5.6. Mathematical analysis of technical efficiency

In simplistic terms, technical efficiency as a measure can be defined as
the point when producer being unable to produce more products, even when
the producer’s technology is effective, without reducing other outputs or
increasing investment (Harrison et al. 2014). While the technical efficiency
measurement was first implemented nearly sixty years ago, it has since evolved
considerably in terms of objectivity, measurability, and accuracy. The technical
efficiency indicates the maximum output capacity with fixed investment, or the
minimal input capacity consumed for a given level of production output (Coelli,
2005). It measures the distance between outputs from the evaluation unit and
the maximum output. This is determined by the production frontier under the
conditions of equivalent factor inputs, or at the request of the equivalent output,
the distance between input consumed by evaluation unit, and the minimum
input determined by the production frontier. At a technical level, whether the
output or input can reach the production frontier of an evaluation unit depends
on the level of technical efficiency. If technical efficiency is 1, it indicates that
current technology has been given full play. When outputs or inputs do not
reach the level of production frontier, the difference is due to the existing

technology caused losses for failing to give full play (Guan & Chen, 2010).

The following analysis is from Emrouznejad et al. (2008), Pastor et al. (1997)

and Dogramaci & Fire (1998).
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Assuming production units put in m kind of production factors, their respective
quantities are x,,x,...x, . These could achieve y of the maximum output when
production is at optimum state, under certain technical conditions. Now, there

is a function relationship between x,,x,..x, and y.  That

is,y = f(x,%,..x,)= f(X)

The function relationship of inputs and maximum outputs X =(xl,x2...xm )7

describes the technical relationship between inputs and outputs. Take a simple
situation as an example, when there is x of one kind of input factor and y of one
kind of output, then the curve of y=f(x) in figure 2-5 represents the production

function and the lower parts of y=f(x) consist of possible productive collection.

Figure 2-5: Technical Efficiency

L

O

Source: Emrouznejad et al. (2008)

As can be seen from Figure 2-5, A, D, and E are all production possibilities.

Both D and E reach the maximal output within their individual inputs. The
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outputs of A are the same as D, while the inputs of A are much more than D.

Thus, technical efficiency (TE) of A can be measured by the equation 7£ | = BD
BA

b

where:

TE, is the technical efficiency of A

BD is the input of D with the output of B

BA is the input of A with the output of B

Because all investigated objects could produce only so that output lies in or
lower than the production function curve y=f (x), the technical efficiency (TE)
is therefore less than or equal to 1. The closer they are to the production
function, the higher their technical efficiency (TE). Technical efficiency (TE)
reaches 1 when an inspected objects lies in the production function curve. This
is referred to as technological efficiency, such as in the case of D and E. A, on

the other hand, falls under technological inefficiency.

The production function describes the optimal production state and is suitable
for situations with one or more inputs but only one output. Thus, it is a special
case of the production frontier. In fact, the Data Envelopment Analysis (DEA)
method is a development of the concept of the production function, and is more
suitable for measuring the efficiency of decision-making units with multi-
inputs and multi-output situations (Banker & Thrall, 1992). The model of E*

in DEA can measure the technical efficiency of decision units.
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High-tech industry innovation activity is typically a social activity with multi-
inputs and multi-outputs. An entity needs to put in a variety of elements of
human, material, and financial resources, etc., to get several achievements in
scientific research such as patents, new products, and so on. By applying DEA
to analyse China’s high-tech industry innovation efficiency, the technological
efficiency and technological inefficiency in individual provinces and industries
can be determined. This can indicate the direction to take to improve the
innovation efficiency of the relevant provinces or industries (Sher & Yang,
2005). The technological relative effectiveness of the decision-making unit

obviously needs to be investigated also.

2.5.7. Scale Efficiency

Scale efficiency (SE) is a very important index that reflects whether an
inspected object starts business under the most suitable investment scale or not.
It is studied from the perspective of the change of input leading to the change
of output, and is also called returns to scale (Banker & Thrall, 1992). Under the
condition of constant technique level, when the inputs of production elements
are expanded K (K>1) times from original input, that is, from

X =(x.,x,..x, ) t0 kX =(kx,kx..kx,) , then the maximised outputs are also
changed from 7(X)= f(x.x,..x, ) t0 f(kX)= f(kx.kx.. kx,) correspondingly (Fire &

Grosskopf, 1985).

At that moment, the change in the maximised outputs could appear in the
following three kinds of situation.
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The first situation should be 7 (kX)>kf(X), and is called Increasing Returns to

Scale (IRS), which indicates that output is more than K times original output

when inputs are expanded K times.

The second situation should be 7 (kX)=kf(X), and is called Constant Returns

to Scale (CRS), which indicates that output is expanded K times original output

when inputs are expanded K times.

The third situation should be f(kX) <kf(X), and is called Diminishing Returns

to Scale (DRS), which indicates that output is less than K times original output

when inputs are expanded K times.

The above three situations can transmit a very clear message to decision-
makers. In the first situation above, there should be an increase in the depth of
inputs until they reach the situation of constant returns to scale. In the third
situation above, inputs should be decreased; while in the second situation
above, the current situation, which is a perfect production state, should be
maintained. There is no need to either increase inputs or decrease inputs.
Generally, some of the reasons behind increasing returns to scale are that a
larger scale makes the division of labour more sophisticated, specialisation
continuously improves, etc. On the other hand, the reason behind diminishing
returns is that the increase in scale exceeds reasonable limits, and this makes

the functions of planning, organising, controlling, and coordination of
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management, as well other functions, difficult put into full play (Lee & Kang,

2007).

Compared to other industries, most of the high-tech industries have rich
resources of human, material, financial, and other resources. However, it is
important to study whether they carry out innovation activities under the
optimal scale. Based on an analysis of the situations of returns to scale of
innovation efficiency, a company can decide whether or not to increase or
decrease inputs, and thus can allocate limited innovation resources in a more
scientific manner in order to improve the efficient use of resources. Scale
efficiency (SE) is measured by calculating the ratio of inputs in the production
frontier with the inputs of constant returns to scale under the condition of the
same output (Chen et al. 2007). As can be seen from figure 2-5, the ray OE
indicates the production frontier with the constant returns to scale and D and A
correspond to the production function. Thus, the formula expression of scale
efficiency of A is as follows:

_BC

SE , =
4 BD

SE: scale efficiency of A
BC: the input of C with the output of B

BD: the input of D with the output of B
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In general, scale efficiency (SE) is less than or equal to 1. When scale
efficiency is equal to 1, the inspect object is referred to as scale efficient.
Otherwise, it would be scale inefficient. As such, it can be concluded from

figure 2-5 that E is scale efficient while A and D are scale inefficient.

There is a kind of overall efficiency combined with technical efficiency and
scale efficiency closely, which is referred to as scale, and technical efficiency
(STE). Scale and technical efficiency (STE) is obtained by calculating the ratio
of actual input of decision-making units to the input of the optimal scale under
the condition of fix output, by assuming constant returns to scale (Cooper et al.
2007). Thus, the formula expression of scale and technical efficiency of A is as

follows:

stE, =5
BA

STE,: scale and technical efficiency of A
BC: the input of C with the output of B

BD: the input of A with the output of B

However, this formula could be combined with the formula of SE,, TE, and

STE ; The result is as follows:

BC _BC BD

STE, = =SE,xTE,

89



That is, scale and technical efficiency is equal to scale efficiency multiplied by
technical efficiency. Obviously, scale and technical efficiency of a decision-
making unit reaches 1 when it is both scale efficient and technical efficient,

such as E in figure 2-5.

In DEA, the model C?R measures the scale and technical efficiency of a
decision-making unit. One of the basic assumptions of C-R is that of constant
returns to scale of the decision-making unit, that is, assumption of convexity.
The scale and technical efficiency of decision-making unit can be calculated

using the model of C°Rand BC?,

Efficiency can be divided into Allocative Efficiency (AE), Management
Efficiency (ME) and so on, besides technical efficiency (TE), scale efficiency
(SE) and scale and technical efficiency (STE). Allocative efficiency (AE)
refers to the mix of input elements with a certain output, under the conditions
of a given price and technology (Ouellette & Vierstraete, 2004). It introduces
the price and cost into the efficiency analysis, and this makes the efficiency
evaluation more scientific and objective. The allocative efficiency of each
decision-making unit can be calculated by applying the DEA model with cost,
which is more suitable in the business management practice. Management
efficiency (ME) is a combination of the above efficiencies, and the relationship
between them is shown in figure 2-6. The organisation management level can

determine whether the technical level is full play or not, whether the resources

are allocated suitable or not, and whether the production scale is optimal or not.
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The relationship among the above kinds of efficiency can be expressed in the
following formula: Management Efficiency is equal to technical efficiency
multiplied by scale efficiency multiplied by overall efficiency, which is also
equal to scale and technical efficiency multiplied by allocative efficiency. That

is, ME =TE * SE * AE = STE * AE.

In calculating the efficiency of resource allocation (AE), the accurate price and
cost of each input and output index is required. However, it is very difficult to
compute the accurate price for output in innovation activists. Therefore, this
dissertation will study the innovation efficiency of the high-tech industry from
the perspective of technical efficiency (TE), scale efficiency (SE), and scale
and technical efficiency (STE). This is also consistent with the corresponding

theoretical arguments in this direction that were presented in Section 2.3.

Figure 2-6: Decomposition of Efficiency

Management
Efficiencv
|
A
Scale and Allocative Efficiency
Technological *AE)
A A\ 4
Scale Efficiency Technical Efficiency
*SE) *TE)
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2.5.8. Total Factor Productivity

Total Factor Productivity (TFP) is an important concept in the theory of
innovation efficiency, and it explores the source of economic growth. The
theory of economic growth believes that the sources of economic growth are
mainly composed of the increase in production elements and an improvement
in production efficiency, while Total Factor Productivity (TFP) measures the
increase in the level of production efficiency. In the theory of economic growth,
productivity is divided into Partial Factor Productivity (PFP) and Total Factor
Productivity (TFP), according to the contributions different production
elements make to economic growth (Pengfei & Bing, 2004). Partial Factor
Productivity (PFP) refers to the contribution a production element makes to
total productivity. Traditional Western economists often divide the production
elements into two categories: labour (L) and capital (K). Therefore, partial
factor productivity mainly manifests in labour productivity and capital
productivity (Lee & Heshmati, 2008). Total Factor Productivity (TFP) refers to
the productivity growth induced by other production elements apart from
labour and capital elements. That is, productivity growth which cannot be

explained by an increase in capital and labour (Sudit, 2012).

According to Oh and Heshmati (2008), the Malmquist index is presently one of
the main methods used in measuring Total Factor Productivity (TFP), and
includes the parametric analysis method and non-parametric analysis method.

Stochastic frontier analysis (SFA) is a typical parametric analysis method,
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which is generated based on the theoretical basis of the production function.
Parametric analysis methods often need to set some specific functional form, to
get the parameters of the model through the data fitting, and then calculate the
corresponding efficiency value. However, this method is more subjective and
could result in erroneous conclusions if the model is set incorrectly. Therefore,
parametric analysis methods get more and more challenging, so the
nonparametric analysis methods in turn contribute to measure Malmquist Index.
The non-parametric analysis method has become the new method used in

current international Total Factor Productivity (TFP) research.

In general, DEA, which is a non-parametric analysis method is the most
popular method used. Not only can the DEA calculate Malmquist Index
accurately, it can also decompose the Malmquist Index. This can provide a
reliable theoretical support for determining the specific reasons behind the
change in total factor productivity (TFP) of a decision-making unit. The DEA
can decompose the Malmquist Index into technical change index and allocative
change index, and the latter can be further divided into Technical efficiency
change index and scale efficiency index. The DEA method of decomposing the
Malmquist Index is based on the input-output data, which is built into the
decision-making unit within a certain period. As such, it has actually a dynamic
analysis to relative effectiveness of the decision-making unit through using
DEA, while it is a static analysis only selecting the sectional data at one point
(Diaz-Balteiro et al. 2006). This dissertation will discuss Malmquist Index and

its decomposition by DEA in detail later.
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2.6. Summary

This chapter began with an introduction to the high technology industry
and subsequently discussed various definitions and concepts of efficiency with
reference to the high-tech sector, value derived from innovation efficiency, and
methods to measure innovation efficiency in the high-tech sector. Other topics
discussed include technological innovation, two stages of technological
innovation, efficiency of technological innovation, a decomposition of
innovation efficiency, and the various definitions in the literature. Furthermore,
this chapter introduced the classification of innovation efficiency and the
methodology, inputs index, outputs index and conclusion in an empirical study
of innovation efficiency. It is clear from the review that evaluating innovation
efficiency is a complex activity and several important measures must be

considered. The next chapter presents the methodology used for the research.
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Chapter3 METHODOLOGY
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3.1. Introduction

A structured and well-defined methodology is very important in
academic research. The subject of evaluating the innovation efficiency in the
high-tech sector is complex and involves a number of technical concepts and
terms. Data Envelopment Analysis (DEA) is the chosen methodology for this
research. The following sections explain important aspects of DEA and

indicate the manner in which it can be used for the research.

3.2. Efficiency Measurement and an Evaluation Model

The previous chapter discussed in detail, the process of innovation in high-
tech industries, and the different methods available for measurement. The
qualitative nature of innovation means that it becomes difficult to define the
KPIs for measurement. In addition, the complexity of high-tech industry,
creativity of scientific research activities and uncertainty of the output of
scientific research makes it hard to measure innovation efficiency. Several
methods are available to measure innovation and the DEA method is used in
this research. Measuring innovation efficiency with the DEA method means
analysing input-output relation in technical innovation activities from

quantitative perspective. Efficiency is a fundamental and important concept in
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both economics and management. As discussed in section 2.4, efficiency is
often into multiple types, such as scale efficiency, technical efficiency and

resource allocation efficiency.

Stochastic frontier analysis is used for economic modelling and to measure the
efficiency. The efficiency measured by frontier analysis approach is not
absolute efficiency, but technical efficiency. According to different production
function setting ways and relevant parameter setting ways, efficiency
measurement models can be classified into parametric method and
nonparametric methods (Greene, 2010). Figure 3-1 illustrates the different

approaches to measuring efficiency.

Figure 3-1: Approaches to the measurement of efficiency

Stochastic Frontier
Approach

Parametric Free Distribution

Method Method

Thick Frontier
Function Method

Frontier
Analysis
Approach

Data Envelopment
Analysis

Nonparametric

Method

Free Disposal Hull

Source: Greene (2010)
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As seen in Figure 3-1, the Frontier approach has two methods, parametric and
non-parametric. In this research, the non-parametric method, the DEA method
is used. The parametric method involves confirming unknown parameters of
the cost function through statistical methods and then calculating the ratio of
the theoretical minimum cost to the actual cost. According to different
assumptions of the frontier distribution function, the parametric method can be
classified into stochastic frontier, free distribution method and thick frontier

function method (Bauer, 1990).

The nonparametric method does not require an estimation of parameters and
can be classified into data envelopment analysis (DEA) and free disposal hull.
Free disposal hull is a special case of DEA. The emergence and development
of the DEA provides great convenience for measuring the efficiency of
different types. DEA is an effective assessment method developed on the basis
of the comparative efficiency concept by a famous American operational
research expert, Charns et al. (1978). Through the development for 30 years,
DEA method has been relatively mature and become an important technical
means in estimation practice. The DEA method is discussed is used in this

research and discussed in detail in the next sections.

3.3. An Overview of the DEA Method

The DEA method (Charns et al., 1978) introduced the basic thought of
single input and single output project efficiency evaluation in the evaluation of
multi-input and multi-output decision-making unit efficiency. The model uses a

single fractional programming model through allocating certain weights to
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different input and output indexes. Besides, through Charns—Cooper
conversion (2C conversion), fractional programming model is transformed to
linear programming model so that the efficiency of the objects investigated can

be conveniently judged (Cook et al., 2014).

3.3.1. Basic Concepts

In the DEA model, the input and output data is analysed by
constructing a linear programming model. This model helps to gain the
comprehensive efficiency of each decision-making unit (DMU), and confirm
relatively effective DMUs as per the scores. This is used to understand the
cause and degree of non-DEA of other DMUSs, in order to provide management
information for the decision-makers. The DEA method is widely accepted as

the method to measure efficiency (Ramanathan, 2003).

DEA finds use in estimation of production frontiers, for econometric studies,
and the estimate the productive efficiency of decision-making units (DMU).
DEA is considered as useful, since they do not assume any specific function,
but they do not yield an equation for the input and output relation. DEA is used
to create a function for the most efficient producers. It creates a frontier or a
benchmark of the best producers, and helps to compare the performance of
different functions (Tofallis, 2001). DEA functions on the basis that if an
organisation has a certain level of productivity by using certain inputs, then

another organisation of the same size should produce similar outputs. In such a
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situation, the most efficient firm becomes the benchmark and provides the
means to calculate the productivity efficiency inputs and outputs. In instances
when actual producers are not available, then virtual producers are used to

define the benchmarks (Lovell & Schmidt, 1988).

In DEA, the most important component is the DMU. The DMU is a used to
structure marketing and production decision-making in complex market
environments. Important factors that define the DMU are buy class with new
task, straight buy or modified re-buy; product type or materials, plan, and
equipment, and purchase. The DMU is the focus in the DEA method and
represents a group of homogenous multi-input and multi-output unit.
Homogeneity indicates acceptance of three basic features simultaneously: same
objective and task, same external environment, input and output indexes of the

same type (Spekman & Gronhaug, 1986).

For the input and output, the DEA method requires discretionary, dimension
independence, input negativity, output positivity etc. Input and output are a pair
of concepts corresponding to investment and yield. The differences in the two
are that investment and yield aim at a specific productive process, while input
and output are the titles in the system science. The DMU includes entities such
as public sector firms, schools, hospitals; private and non-profit organisations;
private sectors such as enterprises and banks; and even countries. By selecting
the appropriate DMU, the DEA method can be used for longitudinal studies,

that is, observing the values at different time points of a substantive
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organisation as a group of DMUs. These techniques are used to study
industries such as automotive, banking, electrical and electronics
manufacturers, seaports, and even to calculate Olympic rankings (Cooper et al.,

2007).

Axiomatic system DEA is used in multi-input and multi-output situations. It is
hard to express its production possibility set and productive frontiers with
graphs such as production functions. They are usually expounded in the form
of vector quantities (Seiford & Thrall, 1990). Some examples of using DEA
techniques and their calculations using vector analysis are as given below

(Andersen & Petersen, 1993).

For a given DMU, assume there are m types of input and s types of output, X

X ek, , YEE+. Then the

and Y mean input vector and output vector and
production possibility set of multi-input and multi-output situations is

expressed as:

T{(X,Y)‘inputXeEf’,outputYeEj}

X. Y. .
If there are n DMUs, “ /and "/ are assumed to mean the input vector and

output vector of the j™ DMU. Then the combination (X/’Y-/)is a production

possibility.
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The axiomatic system is a significant and fundamental concept in DEA method
and is used to confirm the production possibility set (Allen, 1999). For
different axiomatic systems, the production possibility sets will be different.
Thus, the production frontier will also be different. Naturally, the comparative
efficiency of DMU is diverse. Thus, it is necessary to cognize the axiomatic
system in order to comprehend various DEA models. The axiomatic system
met by the production possibility set T can be generalised as a number of
axioms. These are commonness axiom, convexity axiom, unavailability axiom,
cone axiom, contraction axiom, expansion axiom, and minimum axiom

(Kersten & Vanden, 1995):

(X X)eT oy

Commonness axiom: for any DMU, “*/>%/ =" [j=1,...... , 1. In other words, for

basic activity, (X/’Y-/)of input Xjand output Y) is of course a production mode.

)A(,)A’ el
Convexity axiom: for any(X>Y) €7 any ( ) and any* € [0’1],

a(X,Y)+(17(x)()A(,)A/J

:{am(l_a);},am(l_a)%}er

XY
The convexity axiom is shown for two production modes (X, Y) and L J If

the input is based on the sum of ®times and (1-%) times of X and X , the output
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A

of the sum of @ and =% shows the proportions Y and Y can produce.

Unavailability axiom: This is also called the discretionary axiom. It is possible

to produce with more input and less output. It is expressed with mathematical
. L. . : . )A(, )A/J eT
linguistics as follows: if (X>Y) €T apd X2 X.Y<Y ( :

Cone axiom: for any X-1) €7 and any >0, X-V)=(aX.a¥)eT

The meaning of this axiom is as follows: input %times of X and the output

G times of Y. In economics, it is also called additivity axiom.

Contraction axiom: for any (X-Y)€7 and ac(01] aX.n)=(aX.a¥)eT

n
economics, the contraction axiom is also called the non-incremental return to

scale. In other words, the scale of the production mode (X, Y) can be reduced.

a(X,Y)=(oX,0Y)eT .

Expansion axiom: For any (X:Y)€7 gnd a=1 | In

economics, the expansion axiom is also called the non-diminishing return to

scale. In other words, the scale of the production mode (X, Y) can be increased.

Minimum axiom: The production possibility set T meets the minimum of all
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sets of one in axioms (1), (2) and (3) or (4A), (4B) and (4C). The significance

of the minimum axiom is to confirm the production possibility set, which

meets the assumptions. The production possibility set Ter of C'R model is

jointly formed by the above (1), (2), (3), (4A) and (5), i.e.

=

Xzzlxj)(j,ystij,xj >0,.J :1,.“,,1}
=

T o)

Besides, common production possibility sets generated due to different axiom

T:&‘T

systems in DEA method also include 7,7 and ’s. They correspond to the

BC? model, FG model and ST model respectively.

3.3.2. Fundamentals of DEA

The essence of the DEA method is to judge whether the DMU
investigated is on the production frontier of the production possibility set. In
economics, the production frontier is a kind of generalisation of the production
function to multi-output. Envelope surface in the DEA method is a point set of
the input-output of all effective DMUs. In fact, it is the production frontier of
the production possibility set. If the DMU investigated is in the envelope
surface, the DEA is effective. If not, then the DEA is ineffective (Ramanathan,
2003). Compared with production function method, the DEA method has a

number of advantages, explored below.
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The DEA method can gain the production frontier more easily. The production
frontier in the production function method can be gained through designing a
specific function form. However, in the DEA method, the production frontier is
composed of the envelope surface, which is composed of the points represented
by the input and output data of all effective DMUs. The concept of data
envelopment also originated from this. It is difficult to design a reasonable
function form, which is restricted by the features of the object of study, the
development phase of microeconomic subjects, the external environment etc.
In western economics, economists put forward linear production functions such
as the Cobb-Douglas production function (C-D production function) and the
constant elasticity of substitution production function (CES production
function). The DEA method only needs to apply input and output data
observed in linear programming models. Due to this reason, the DEA method

is considered a nonparametric statistical approach (Li & Reeves, 1999).

The DEA method has wider application scope. The production function
method is applicable to a situation with one kind of or multi-inputs with one
kind of output while the DEA method can investigate the sectors with multi-
outputs. Besides, the production function is only used to investigate technical
efficiency, while DEA method can measure more than the technical efficiency.
The linear programming model can also measure scale efficiency and
management efficiency through simple conversion. Thus, the DEA method can
provide more decision-making information for decision-makers (Avkiran,

2001).
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In practice, the production frontier in the DEA method can be more easily
found, while the production frontier in the production function is just an ideal
state, as the actual productive process is not always conducted under the
optimal production state. Usually, the production function is obtained through
fitting a group of given input element combinations and output. Thus, it is a
production function in the average sense. This means actual output is above or
below it. To solve this problem, the frontier production function is put forward.
Although this method can indeed make all outputs below it, it inevitably needs

to design the specific form of the production function (Asosheh et al. 2010).

The following examples explain the advantages of DEA method. Assume there
are five homogeneous DMUs: A, B, C, D and E. All input two elements (X1,
X2) and output one (Y). The points of input-output combinations of the five
DMUs are drawn in figure 3-2. The broken line formed by A, B, C and D is
their equal-output curve. According to production function theory, it is their
production frontier, that is, envelope surface in the DEA method. Through
comparing the five DMUs, from a technical perspective, A, B, C and D are
effective while E is in the envelope surface. Thus, it falls under technical
inefficiency. The connection line of Point E and the origin intersects with the
production frontier at Point D. The input of Point D is much less than Point E.
This indicates that Point E uses too many resources. In other words, compared
with Point D, Point E is ineffective technically. This is also the origin of
comparative efficiency in DEA. The technical efficiency of Point E can be
measured with OD/OE. Only when OD/OE=1, is Point E effective technically.

The DEA method constructs a linear programming model through the distance
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ratio of the DMU and the corresponding production frontier to evaluate

comparative efficiency of each DMU (Wang et al., 2002).

Figure 3-2: Schematic diagram of DEA fundamentals

X,

v

X

Source: Wang et al. (2002)

The above analysis shows the envelopment in DEA, which is a production
frontier, composed of input-output points of DMUS with the highest
production efficiency. The production frontier is subordinate to the production
possibility set. The production possibility set is confirmed in accordance with
certain axiomatic systems. For different axiomatic systems, the production

frontier is also different. Naturally, comparative efficiency is also different.

3.4. DEA Measurement Model of Technical Efficiency and Scale

Efficiency

A detailed discussion of different efficiencies was given in section 2.5,
and this section describes the method to measure them. Technical efficiency,

scale efficiency and comprehensive efficiency jointly decided by them are
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measured using the C’R model and BC*model. The C’R model assumes the

return to scale is constant, and so measures the comprehensive efficiency of the

DMU. The BC’model adds a convexity assumption: 27‘ —1, and measures

Jj=1
technical efficiency. Based on the two efficiencies, the scale efficiency of

DMU can be calculated using a simple algebraic operation (Banker et al. 1984).

3.4.1. C’R model

The C’R model is used to measure the scale and technical efficiency. Each
DMU processes the input factors to produce the output factors, and meet the
objectives. The C’R model, the DMU with effective DEA is used for the
appropriate scale and for technical management (Li & Xu, 2008). Assume there

are n DMUs and every DMU owns m types input and s types of output.

For DMU, (j € [1,...,n]),
x, = DMU , input quantity for the ™ type of input, y,; 20(1<r<s)

y,; = DMU  input quantity for the i"™ type of input, x; 20(1<i<m)

Since the status of every input index and output index in the DMU is different,

assume v, is the weight of the i input index(l <i<m) and u, is the weight of
the ™ output index (1<r < s) . X 1n addition, Y, mean input vector and output

vector of DMU  respectively; v and u mean weight vector of m types of input
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and s types of output v>0,u >0

T
Xj :(xlj,xzj,...,xmj) ,j=L..,n;

I/j :(yljﬂij"“’ymj)T ,jzl,-.-,n H
V:(vlﬂvzo""vm)T;

u:(ul,uz,...,us)T

With the help of basic thought of the single input and single output project,
efficiency evaluation in the field of science gives certain weights to every

input-output index and determines the efficiency evaluation index number (£, )

of every MDU:

u'yY, zu’y’f
h, :—VTX*’ == j=12,.n
Y levl.xij

The efficiency evaluation index number (4, ) is a measure of the input (VX -

output (#"Y,) ratio under the weight coefficients v and u. For /., appropriate
b j g j

weight coefficients v and u can be selected all the time so that

h; <1(1<j<n)is the constraint condition. Thus, the following fractional

program is obtained:
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Ll =1
S.t. <Lj=1l..n
TX J

u=>0,v=>0

This is the initial form of the C>*R model. As it is a fractional programming
problem, it is hard to calculate it. Through the Charns-Cooper conversion, C2
conversion (Charns et al., 1978), it can be transformed to an equivalent linear

programming problem.

maquYj0
T T .
Q) Xj—u Y/ >0,7=1,..,n
o' X, =1
®w=>0,u=>0

Where, o =tv,u=1tu, tsz
jo

The linear programming problem (P) is that a weight vector can be found by
. DMU . .
comparing the target DMU 79 and other DMUs to make the efficiency of

the DMU, reach the maximum, relative to other DMUs. According to Pareto’s
effectiveness definition, the effectiveness of a DMU can be determined: If it is
completely effective, it cannot improve any input or output when and only

when other DMUs inputs or outputs do not deteriorate. Then, the definition of
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linear programming problem is as follows:

If the optimal solutions v* and u° of the linear programming problem (P) meet

u"’Y,, =1, then the DMU , has a weak DEA effectiveness (C*R );

If the optimal solutions v and #° of linear programming problem (P) meet

u”Y,=1,and v'>0,u° >0, we call DMU ,, DEA effectiveness (C°R).
The dual program of the linear programming problem (P) is

min 0
sty XL, <0X

(o).

3,2,

kj >0,j=1,..,n

According to the dual program (D), within the production possibility set 7, ,
with the output Y, unchanged, X, should be reduced according to the same

proportion 6. If it can be reduced, this shows the production activity of is

DMU , ineffective. If not, then it is effective.

Based on the duality theory of linear programming, the following conclusions
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can be drawn:

The necessary and sufficient condition of the DMU,, being weak DEA

effective (C*R) is that the optimal value of dual program (D)0° =1

The necessary and sufficient condition of the DMU,, being DEA effective

(C?R)is that the optimal value of dual program (D) 0°=1_and that all its

Optlmal Solutlons 7\10 ’ S_O ’ S+0 and 90 meet S_O = S+0 = O 5 Where S_O and S+O
are the optimal solutions of the slack variable and surplus variable respectively,
under the above corresponding constraint conditions. Slack variable and

surplus variable mean input redundancy and output insufficiency respectively.

Linear programming problem (P) and its dual program (D) reduce the input of

DMU ,,under the condition where the output remains unchanged as far as
possible, that is, the effectiveness of the DMU,, is judged from the

perspective of minimum input with output unchanged. Thus, it is also called an
input-oriented C>R model. Accordingly, DEA effectiveness can also be judged
from the perspective of maximum output, with input unchanged. In this way,
an output-oriented C*>R model is obtained. The DEA effectiveness gained from

the two perspectives is equivalent.
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3.4.2. BC’ model

The BC* model is built with the assumption of the variable return to
scale for a DMU (Yuan et al. 2013). The technical efficiency model is
decomposed into pure technical efficiency and scale efficiency. Pure technical
efficiency highlights the production efficiency, set by the managers using a
constant scale. The scale efficiency gives the production efficiency, set by the
scale factors. The technical efficiency provides the comprehensive technical
efficiency for the resource allocation and its utilisation by the DMU. There is
an important assumption to be taken into consideration when judging DMU
effectiveness with the C*R model: the cone axiom. In other words, the DMU
investigated can expand output scale through an increase in input proportion.
As such, the C’R model measures both technical efficiency and scale
efficiency. However, technically one cannot judge whether scale inefficiency or
technical inefficiency leads to non-DEA effectiveness. In addition, the cone
assumption is very harsh and there is a large gap with actual conditions. Banker
et al. (1984) added the convexity assumption on the basis of the production

possibility set 7,  :

Zl ;=1. This adequately solves for mixed technical efficiency and scale
j=1

efficiency. The BC® model is especially used to investigate the technical

efficiency of the DMU appearing under such a background. The production

possibility set of the BC*>model is:
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The input-oriented BC>model and its dual program are:

e
(PI ) (,OTX/- —H.TYj + U, > O,j: L...,n
BC? T
@ X =1
®>0,u>0
min 0
S.t.Z;Xjkj SOX_].O
=
and (D’

BCZ) Zn;ijj ZY_,-o
=

Z;kal,ijO,j:l,...,n
p=

For the BC”model, the same definition applies:

If the optimal solutions ®’, p’ and p of the linear programming problem
(P, .) meet u’Y, —py =1, then the DMU  has a weak DEA effectiveness

(BC?).

If the optimal solutions ®’,n’ and pg of linear programming problem (PBICZ)
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meet 1Y, —py =1, and ®")0, p’)0, we call DMU, DEA effectiveness

(BC?).

Similarly, in accordance with the duality theory of linear programming, similar

conclusions can be drawn:

The necessary and sufficient condition of the DMU,, being weak DEA

effective (BC?) is that the optimal value of dual program (D} . ) 6° =1

The necessary and sufficient condition of DMU ;;being DEA effective (BC?)
is that the optimal value of dual program (D; ) 0° = 1 and that all its optimal

solutions A’ S, S™ and 0° peet S =S5"=0

The C°R model and BC’ model can convey important decision-making

information to decision-makers and have a very specific economic significance.

An analysis of the return to scale can be carried out for the unit investigated:

When ZXO =1, DMU ,, exhibits unchanged return to scale. This means the
=1
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unit investigated should adopt a stable development strategy;

When the Zko (I, DMU ,, exhibits incremental return to scale. This means

J=1

that the input scale can be further expanded;

When Zko {1, DMU exhibits diminishing return to scale. This means the

j=1

input should be reduced and the redundant resources shifted to other fields.

Next, a projection analysis can be conducted for DMU ,, with non-DEA

effectiveness through the optimal solutions:
X,,=0X,-5"= Z;?WX,.
=

, _ +0 _ N
Yo=Y, +S __Z,}UY/
J=

It can be proved that the projection ( XOYOJ of DMU ,, on the production

frontier is DEA effective. The reduced value of the input and the added value

of the output are:
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3.5. DEA measurement Model of Malmquist Index

The Malmquist index was proposed by Swedish economist and statistician
Malmquist in 1953, and was used to analyse consumption change in different
periods (Malmquist, 1953). The index scales consumption bundles up or down,
in a radial fashion to some arbitrarily selected indifference surface. In this
context, Malmquist’s scaling factor turns out to be the input-distance function,
proposed by Shephard (1953). Malmquist quantity indexes for pairs of
consumption bundles can be constructed from ratios of corresponding pairs of

input distance functions.

Caves et al. (1982) constructed a Malmquist productivity index and used it to
analyse production efficiency on the basis of the distance function. However,
since a scientific distance function measurement method was not developed,
their research remained as a theoretical analysis. This method was not widely
applied until 1989 when Fare et al. applied the DEA method to measure the

distance function.

Fare et al. (1998) decomposed the Malmquist productivity index into efficiency
change (EC) and technical change (TC) (including pure technical efficiency
PTC and scale efficiency SC). Their research provided significant guidance for

determining the relationship among the change in DMU productivity, technical
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advance and management level. This decomposition method then became an

important tool to study economic growth and total factor productivity.

3.5.1. The Malmgquist Distance Function

The distance function refers to the function between a production point
and the production frontier (Shephard, 1953). It can be classified into input-
oriented and output-oriented distance functions. The input-oriented distance
function refers to the proportion of compressing input vectors to the production
frontier with a given output. The output-oriented distance function refers to the
largest range of increasing output vectors with a given input. The essence of
the two definitions is the same. This dissertation selects the output-oriented
distance function. The distance function is closely related to the production
possibility set. The production possibility set is the set composed of all possible
production activities under certain technical conditions. There are different
production possibility sets in different periods. As such, there are also different
production frontiers. According to the definition, the distance function may be
expressed in diverse ways. The significance is also different. Take the period t

and t+1 for example.

Under constant returns to scale (CRS), the distance function has four types of

expressions (Banker et al., 2004):

() D' (X’,Yt|C,S)=inf{9:(Xt,Yt/G)GSt} means the distance between the
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production point (X LY t) during t and the current production frontier;

(2) D‘(X’“,Y’+1 C,S):inf{G:(X’”,Y’“/e)eS’} means the production

technology during t, that is, the distance between the production point
(X ’”,Y’“) during t+1 and the production frontier during t, with the data
during t used as the reference set;

(3) D" (X’“,Y’“|C,S)=inf{6:(X’“,Y’“/G)eS’”} means the distance
between the production point (X oy ) during t+1 and the current production

frontier;

(4) D! (Xt,Yt

C,S) = inf{@ : (X’, Y' /6) € S’”} means the production
technology during t+1, that is, the distance between the production point
(X nY [) during t and the production frontier during t+1 with the data during

t+1 as the reference set.

Where X', X', Y' and Y"" mean input and output vectors during t and t+1
respectively; S' and S'"' mean the production possibility sets in respective
periods; and 0 is the largest range of increasing output vectors. For the above
four distance functions, due to different referenced production possibility sets,

the value ranges are also different. (1) and (3) investigate the distance between
current production point and the production frontier. As such, 0(D' (X , Yt) <1,
O(D’”(X “y ”l)él. Regarding (2) and (4), since they do not refer to the

current production possibility set, their distance functions may be greater than
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3.5.2. Malmgquist Index and Its Decomposition

Under the condition of CRS and free disposal of elements ((C, S)), Fare et al.

(1994) defined Malmquist index as follows:

B D (XH—I, Vs C,S)
© o Dp(x.rc.s)

B Dz+1 (Xt+l’Yt+1 C,S)
t+1 Dt+1 (Xt,Yt C,S)

M, in addition, M,  mean the specific values of two production points and

t+1

production frontiers under the technology during t and t+1, and reflect the

changes in the production efficiency during t and t+1. Take a single input (x)
and single output (y) for example see Figure 3-3 (X Y ’) and (X “y ’“)

mean the production points during t and t+1; and S and S mean the

production possibility sets during t and t+1. The four distance functions can be

expressed as:

Dt(XHl’le C,S):g_d; Dt(XZ,Y’ C,S):%
e
Dt+1 (Xt+1,YI+1 C,S):%; DH—!(XI’Yt C,S):%
C
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Figure 3-3: Output based Malmquist Index

Source: Fare et al. (1994)

To avoid randomness in selecting a reference time for production technology,
Fare et al. (1994) took the geometric mean of the two according to Fisher’s

ideal index (1922), as the efficiency evolution indexes during the two periods.

Thus, the Malmquist index is transformed to:

| =

B Dt (XtH’YtH |C,S) Dt+1 (XtH’YtH |C,S)
" (L, ye,s) T (x".v'|C.s)

1

Od Ob 0Od Oc }2

| Ya vo . ba
{Oe Oa Of Oa

In order to look for the cause of change in total factor productivity, Fare et al.
(1998) decomposed this index into two parts: comprehensive Efficiency

Change (EC) index and Technical Change (TC) index, where,

121



Dt+1 (XHI’le C,S) B od Ob
D" (x",Y'|C.S) “0¢ 0a’

EC =

C,S) D’(X’,Y’ C,S) 2
X
C,S) D’“(X’,Y’ C,S)

Dt+l (Xt+l, Yt+!

Dt (Xt+1 YH—l
TC = -

1 1

Od Of Oa Ocl|> |Of Ocl2
= —Xx—x—x— | =| L x—
Oe Od Ob Oa Oe Ob

Then,

C,S) Df(Xf,Yf C,S) 2
X
C,S) D’“(X’,Y’ C,S)

Dt+! (XHI,YHl C,S) D' (XtJrl’YtH
i+ D, (Xt Y; C S) X Dt+1 (Xt+1 Yt+l

1
_0od Ob){O_fX@T

" Of 0a” | 0e” Ob

Coelli et al. (2005) argue that the comprehensive efficiency change index
describes catching-up degree of the production frontier from t to t+1, also
called the “catching-up effect”. It measures whether the DMU further
approaches current production frontier for production. To some extent, it also
reflects the change of the organisational management level of the DMU. When
EC>1, this indicates an improvement in the comprehensive efficiency of the
DMU. Conversely, when EC<I, it shows a decline in efficiency. When EC=1,

this shows that the comprehensive efficiency of the DMU remains unchanged.

Fire et al. (1997) point out that the technical change index describes the shift in

the production frontier of the DMU during the two periods, also called the

122



“frontier shift effect”. It measures whether the technology of DMU advances.
Like the comprehensive efficiency change index, when TC>1, this indicates

an improvement in the comprehensive efficiency of the DMU. Conversely,
when TC<1, it shows a decline in efficiency. When TC=1, this indicates that
the technical efficiency of DMU remains unchanged. In the theory of total
factor productivity, technical progress is divided into two situations: embodied
technical progress and non-embodied technical progress. If technical progress
is in an input factor, it is called embodied technical progress. If it is not in an
embodied technical progress (i.e. unrelated to input factor), it is called non-

embodied technical progress.

As mentioned above, the Malmquist index and its decomposition are analysed
under the condition of CRS. Considering that the actual economic system
operates under the condition of VRS, Fire et al. (1997) further decomposed EC
into pure technical efficiency (PTE) and scale efficiency (SE). In this way, the
Malmquist index can finally be decomposed into comprehensive efficiency
change, pure technical efficiency (PTE) change, scale efficiency (SE) change
and technical change (TC). At this moment, the Malmquist index can be

decomposed into:

C,S) % D! (XHI,YHI V,S) S (Xt’Yt)

D! (XH—I’ Yt+1
X X
C,S) D! (XZ,YZ V,S) St+1 (XHI,YHI)

Dt+l (Xt+1 Yt+l

c.s) D(x.Y
X
C,S) Dr+1 (Xt,Yt

M

tt+l T

Where, D' (X’,Y’

V,S) and Dt+1 (XtH’ Yt+1

V,S ) mean output distance
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functions of DMU under VRS, during t and t+1. In fact, the ratio of the two is

PET. S’(X 'Y ’) and S’“(X “y ”1) mean the scale efficiencies during the

two periods. When the actual production point is (X, Y), the formula is:

D(X,Y

V,S)
D(Xx,Y

S(X.Y)= c.s)

The Malmquist index and the decomposed EC, PTE, SE and TC have common
standards of judgment in terms of the numerical value: when the index is
greater than 1, this means the corresponding efficiency improves; conversely,
the efficiency declines. When the index is equal to 1, this means the efficiency
is not changed. When the index is lower than 1, this means the DMU should be

directed towards efficiency improvement in the future.

3.5.3. DEA Measurement Model of Malmquist Index

According to the definition, the distance function is actually the
comprehensive efficiency of DMU. As such, a study of the distance function
can be transformed to a study of the efficiency function (Chen & Ali, 2004).

The efficiency function also has different definitions due to different reference

times. For example, F' (X LY ’)means the efficiency of the production point
(X Y t) of current DMU at the state of the system technology during t.

Then, D' (X Y ’)=F ! (X LYy ) . Similarly, the other three distance
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D! (Xt+1 Yz+1) Dt+1 (Xt+1 Yt+1)

Dl+1 Xt Yl‘
functions , and ( ’ )

are equivalent to
efficiency functions Ft(X”l,Y”l) , F’“(X”],Y’“) and FHI(X’,Yt)

respectively.

The parametric method and non-parametric method can be used to measure the
Malmquist index. The DEA method adopted in this paper is a typical non-
parametric method. Under the condition of CRS, the above four distance
functions are solved through the following four DEA models. Take the k™

DMU for example:

(HD'(X',Y')=min® (2)D' (X"*",Y"")=min
Sx,<oxt S X0 <ox;
j=l j=1
s.t. ix;x, >y, st ix;“xj > Y,
Jj=1 J=1

7»]20,]':1,...,14 KJ.ZO,j:I,...,n

@)D (XY ) =min0 (4)D"" (X',¥")=min©

DX, <eX" DX, <0x!
j=1 J=1

TRDP IS e s£AY Y, =Y
Jj=1 Jj=1
A, 20,7=1,..,n A, 20,j=1..n

If a constraint condition Zk ; =1is added in Model (1) and Model (3), PET of

j=1
each D