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Abstract 

This thesis aims at studying the issues of economic structure and resource 

allocation in development. Chapter 1 provides an introduction to economic 

development and gives an overview of this thesis. Chapter 2 reviews some 

theories and models about economic structure and structural change and points 

out that resource allocation is a critical factor in changing the economic structure. 

Five characteristics of economic structure and structural change are summarized. 

Essay 1 in Chapter 3 investigates the relationship between competitiveness 

and economic growth. Adopting the Global Competitiveness Index to represent 

competitiveness, we empirically show that there is a two-way causal relationship 

between competitiveness and economic growth. We further identify that the 

relationship between competitiveness and economic growth change in different 

development stages. Specifically, better competitiveness can enhance economic 

growth but not vice versa in developing countries. We therefore relate such a 

difference to the ability to transform resources into competitiveness. This is 

fundamentally a question about resource allocation. Finally, we link structural 

change with economic growth and show that enhancing competitiveness is 

equivalent to improving the capacity to change the economic structure. 

Essay 2 in Chapter 4 studies the impacts of sub-optimal resource allocation 

on economic growth by applying a new model to the case of the effectiveness of 

official development assistance (ODA). This new model analyzes economic 

growth through structural change by the difference between the observed and 

optimal levels of competitiveness. Regarding the positive and negative impacts of 

foreign aid on the receiving country in the literature, we show that the net impact 

of ODA depends on the value of bias caused by inefficient allocation of resources 
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and the adoption of a biased value system. As a result, both positive and 

negative views of ODA in the literature are somewhat correct. In principle, 

ODA does work in the sense of helping needy countries providing they can 

allocate such additional resources efficiently. The cruel truth is that most 

receivers of ODA are unable to transform these resources to productive uses 

and even lower their economic growth. The development aid country 

donors or global institutions may therefore have to review their existing 

policy for granting aid.  

Essay 3 in Chapter 5 introduces a new framework to study two 

important structural issues in China: regional fragmentation and ownership 

distortion. We extend the output-oriented structural efficiency measure to 

include subgroups to evaluate potential gains of improving resource 

allocation within and among subgroups. The new framework is then applied 

to China’s industrial sector. Applying our new method for policymaking, the 

empirical results advocate prioritizing ownership reform over regional 

reform in China. Specifically, by improving resource allocation among 

different ownerships, outputs of the whole industrial sector can be increased 

by 21% of the observed level. In contrast, the potential gains of reallocating 

resources between western and non-western regions are less than 1%. Such 

a conclusion cannot be drawn from other existing models of efficiency 

analysis. 

Finally, Chapter 6 concludes the whole thesis. 

Keywords: Economic structure, Structural change, Resource allocation, 

Economic development, Economic growth, Competitiveness, Efficiency analysis 
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Chapter 1.  

Introduction 

 

Sustainable economic growth has been one of the most important goals in 

economics since the introduction of the field of “Economics” in the 18th century. 

Long-term sustainable and inclusive growth is recognized as the driving force for 

poverty reduction in developing countries, and for convergence with developed 

countries. This is referred to as the process of economic development (Thakur, 

2011). It is important because even a small difference in economic growth rates 

has a considerable effect on the economy over a long period of time. Using 

today’s living standards, all countries in the world should have been classified as 

developing countries before the 18th century and the average economic growth 

rate at that time measured by real GDP per capita was estimated to be only 0.05% 

per annum (Lin, 2012). The Industrial Revolution and the invention of the steam 

engine brought rapid changes to the advanced countries which led to higher 

growth up to the level of 1% per annum in the 19th century. The Second Industrial 

Revolution and the invention of electricity further accelerated the advanced 

countries’ growth rate to the level of 2% in the 20th century (Maddison, 1995). 

Although the economic growth rate in these periods was so impressive, only 

a few western countries could enjoy the benefit of industrialization. This resulted 

in a significant divergence in the income gap between the high-income and low-

income countries (Pritchett, 1997). For example, the ratio of real GDP per capita 

of the US to the most impoverished country was only 8.7 times in the 1870s but 

went up to 45.2 times in the 1990s. One notable puzzle regarding sustainable 

economic growth was that those successes were exceptional cases worldwide 
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(Lin, 2012). By the end of the 20th century, most of the Sub-Saharan 

African, Asian, and Latin American countries remained as middle-income 

or low-income countries under the classification of the United Nations. In 

order to solve this puzzle, different theories and models were introduced to 

promote development. This thesis aims at studying this issue from the 

aspect of economic structure and resource allocation. 

In Chapter 2, we review the theories and models about economic 

structure and structural change and discuss how they are regarded as an 

answer to successful development. We point out that resource allocation is a 

critical factor in changing economic structure.  

In Chapter 3, we investigate the relationship between competitiveness 

and economic growth based on an endogenous growth model with 

competitiveness. After that, we explain that the difference between 

developing and developed countries is the ability to transform resources 

into competitiveness. We then link structural change with economic growth 

and show that enhancing competitiveness is equivalent to improving the 

capacity to change the economic structure. 

In Chapter 4, we study the impacts of sub-optimal resource allocation 

on economic growth by applying a new model to the case of the 

effectiveness of official development assistance (ODA). The new model 

analyzes economic growth through structural change. Regarding the 

positive and negative impacts of foreign aid on the receiving country in the 

literature, we show that the net impact of ODA depends on the value of bias 

caused by inefficient allocation of resources and the adoption of a biased 

value system. Hence the co-existence of both positive and negative effects 
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of ODA is possible in real-world data.  

In Chapter 5, we introduce a new framework to study two important 

structural issues in China: regional fragmentation and ownership distortion. We 

point out that the output-oriented structural efficiency measure provides an 

alternative to the policymaker when optimal prices are not known. The model of 

this measure is extended to subgroups. This extended measure helps us to evaluate 

potential gains of improving resource allocation within subgroups and among 

subgroups. The new framework is then applied to China’s industrial sector to draw 

policy implications. 

Finally, Chapter 6 concludes the whole thesis. 
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Chapter 2.  

Economic Structure as a Key for Successful Development 

 

2.1. Introduction 

Long-term sustainable and inclusive growth is recognized as the driving force for 

poverty reduction in developing countries as well as convergence with the 

developed world. This is referred to as the process of economic development 

(Thakur, 2011). In order to achieve this goal, different theories and models were 

introduced to promote economic growth in developing countries. However, many 

countries that followed those theories and models failed to achieve the target of 

economic development. [1] This disappointing result raises a question in 

development: Why is it that some particular developing countries could develop 

faster than others and succeed in becoming part of the developed world? 

Attempts to answer this question trace back to Smith (1776), who 

introduced the concept of “economic growth.” Later, many factors were 

found to contribute to economic growth. Since the 1940s, researchers have 

further extended the studies to the modeling of those factors and how they 

are related to economic growth (See, for example, the Harrod-Domar model 

by Harrod (1948) and Domar (1946)). In the post-war period, a new sub-

discipline of economics, called development economics, was introduced. 

This sub-discipline emphasizes “favorable structural changes,” which lead 

to economic growth (Kuznets 1966). Although successful development is 

always associated with a “good economic structure,” such an essential 

concept of justifying a “good economic structure” and “favorable structural 

changes” has not been sufficiently researched in terms of both theoretical 
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and empirical studies.  

The concept of economic structure was also studied in strategic 

management literature under the topic of competitiveness. Porter (1990) 

introduced the idea of nation’s competitiveness, as an interrelated system of 

multiple factors that contribute to economic growth. This system captures the 

changes in economic structure. Since resources are limited, improvement in one 

factor can only be achieved by giving up other factors. Under this condition, the 

combinations of different factors and their corresponding trade-offs can be used to 

study the economic structure of a country, such that an increase in competitiveness 

represents a further improvement in economic structure. 

This chapter reviews existing studies on the issues of economic structure 

and resource allocation in development. The concept of economic development 

and its measurement is discussed in Section 2.2. By reviewing economic growth 

studies, the idea of growth factors is introduced in Section 2.3. In Section 2.4, the 

idea of investment process is discussed. It is the process by which growth factors 

are generated. By reviewing development studies, the concept of economic 

structure and structural change is examined in Section 2.5. After that, the concept 

of competitiveness and the trade-off between growth factors are introduced in 

Section 2.6. Some implications for analyzing economic structure are discussed in 

Section 2.7. Section 2.8 concludes. 

 

2.2. The Concept of Economic Development and its Measurement 

It is widely accepted that economic development describes the process by which a 

country improves its average living standard among its people. [2] However, 

living standards can be assessed in many ways. In this case, it is necessary to 
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narrow down the concept to introduce some specific indicators of development. 

[3] One commonly used indicator to represent the level of development is the real 

output. Although it has some shortcomings, such as excluding non-market 

transactions and income distribution, it is still accepted as an indicator of 

development because of availability, comparability, and strong correlation with 

other indicators of living standard. [4] Similarly, economic growth, the growth in 

real output, is commonly used to represent the improvement in living standards. 

The term “economic growth,” however, has various meanings in the 

literature. In the early studies of economic growth, it was referred to an 

increase in total output or total income (see, for example, Smith, 1776; 

Ricardo, 1817). However, in later studies, it was referred to as an increase 

in per capita output or income (see, for example, Solow, 1957; Romer, 

1986). For an increase in average living standards, economic growth has to 

occur in terms of per capita output or income. In other words, output or 

income must grow faster than the population. Although there are some 

minor differences between output and income, they do not matter for the 

present purpose. In this thesis, we adopt real GDP per capita as an indicator 

of economic development and use its change, economic growth, to 

represent the process of economic development. 

 

2.3. Determinants of Economic Growth 

One common way to study economic growth is to adopt the idea of production. 

Production refers to a process in which inputs (such as labor, capital, technology) 

are used to produce output. [5] A common approach to study this process is the 

production function. It models the production process from the supply side of an 
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economy and assumes that the corresponding demand always exists. Economic 

growth is then modeled as the increase in output per capita caused by the change 

in inputs. Note that both studies on inputs and the factors which change the inputs 

exist in the literature. We will review that literature later. In this thesis, we call 

each variable involved in the production process a Production-Environmental 

Factor, which includes Production Factor that is controlled by firms and 

Environmental Factor that is not controlled by firms (controlled by the 

government, for example). Further, a factor which changes production-

environmental factors is called a Growth Factor.  

There are different classifications and aggregation methods of the 

production factors, environmental factors, and growth factors in the literature of 

growth. In general, those factors can be tangible or intangible. Smith (1776) first 

introduced four factors of production which create the wealth of nations: land, 

capital, natural resources, and labor. In Smith’s definition, the factors of 

production are utilized to produce outputs; they are examples of production 

factors that are tangible and controlled by firms. Borrowing this idea, one could 

conclude that economic growth can be generated by an increase in factors of 

production. [6] 

Other than the factors of production, an important group of factors that 

contribute to production is the factors related to technological progress. They 

cover environmental factors controlled by the government, which are outside the 

scope of firms. Ricardo (1817) introduced the Law of Comparative Advantage, 

implying that countries could further create wealth by competing in international 

trade. Ricardo’s idea pointed out another important concept in which economic 

growth not only depends on firm-controlled factors but also other environmental 
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factors. 

Later studies further introduced different factors that contribute to the 

production of output or generation of economic growth. Some of these are 

controlled by firms and some by the government. For example, Marx 

(1867) and Weber (1905) suggested social factors, Schumpeter (1942), 

Sloan (1963) and Drucker (1969) suggested firm factors, Solow (1957) and 

Negroponte (1995) suggested innovation and knowledge factors. (See 

Appendix 2.1 for selected factors that contribute to the production of 

outputs or economic growth).  

As the factors introduced in past studies may contribute to the 

production of outputs or economic growth, it is also worth clarifying the 

difference between them. One could link the growth factors with the growth 

of production-environmental factors. We believe all production-

environmental factors and growth factors exist in pairs. Production-

environmental factors accumulate over time, and they contribute to the level 

of output. These factors together with growth factors are interrelated, since 

the growth factors “change” the production-environmental factors. Note 

that both types of factors have been widely mentioned in the literature.  

For instance, consider that the capital used in production (production 

capital) contributes to the production of outputs. [7] Production capital is a 

production-environmental factor which is tangible and controlled by firms. 

At the same time, the growth in production capital contributes to economic 

growth. So, growth in production capital can be regarded as a growth factor. 

[8] One may observe that for a given the growth rate in production capital 

in each period, the absolute value of the production capital rises over time. 



9 

Another example is the education system as a growth factor, which is 

intangible and not controlled by the firm. The education system contributes to 

economic growth by continuously improving the level of knowledge, an 

environmental factor, which in return increases the real GDP per capita. If the 

level of knowledge remains constant, ceteris paribus, the real GDP per capita 

remains constant. If the education system remains constant, ceteris paribus, the 

real GDP per capita still rises over time. Appendix 2.1 further identifies those 

relationships for each of the selected factors. Summarizing the discussions in this 

and previous two paragraphs, if an environmental factor is maintained at the same 

level, ceteris paribus, the real GDP per capita will remain at the same level and 

there is no economic growth. If a growth factor is maintained at the same level, 

ceteris paribus, the economic growth continues, and the real GDP per capita will 

keep on increasing. 

Separating the growth factors and the production-environmental factors is 

critical in studying development. If our target is to find out the source of economic 

growth, then our concern is the growth factors. Since growth factors continuously 

improve production-environmental factors and lead to economic growth, a 

sufficiently large increase in these production-environmental factors leads to 

higher economic growth and faster development. Based on this idea, we identify 

the intercorrelated growth side and production side of an economy. The 

production side is the level at which production-environmental factors are utilized 

to produce outputs. The growth side is the level at which growth factors are 

utilized to generate economic growth. The two sides are intercorrelated as (1) 

growth factors improve the production-environmental factors, and (2) the growth 

in output per capita is defined as economic growth.  
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Current literature contributed to the studies of development by 

introducing different growth factors that lead to economic growth. They can 

be controlled by firms or not controlled by firms. They also identified the 

production and growth sides of an economy. However, where the growth 

factors actually come from, that is the demand side, has not been well 

discussed. 

 

2.4. The Growth Models and Growth Patterns 

The production approach only considers the production process, that is, the supply 

side of an economy. Starting from the 1940s, studies on economic growth further 

explore the relationship between growth factors and economic growth by 

integrating a model with both supply and demand, that is, including investment 

and saving in the model. These models included an investment process, in which 

savings were transformed into investments and enhanced the capacity in the 

generation of output. A set of long-run equilibrium growth rates could be 

identified in these models. In other words, these models supported the existence of 

development paths. In most of the cases, they adopted a model of production with 

investment process (see, for example, Harrod, 1948; Domar, 1946), which 

involved the production side:  

1. a production process in which output was produced with inputs; and  

2. an investment process in which some of the output was saved, invested and 

modified inputs. [9] 

This kinds of model usually assumed that there were diminishing 

returns to inputs, and there was a constant investment rate in capital and a 

constant depreciation rate of capital. An early model done by Harrod (1948) 
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and Domar (1946) (known as the Harrod-Domar model) assumed a constant 

capital to labor ratio and sufficient availability of labor. By focusing on capital 

accumulation, they first showed that equilibrium growth rates and long-run 

growth patterns exist. This model was later extended by Kaldor (1963) and 

Pasinetti (1962) for endogenous savings rate. However, it has been criticized for 

the assumption of a fixed capital coefficient and the assumption of unlimited 

availability of labor. Under this assumption, there is no convergence towards 

equilibrium in the model as there are no limits on labor.  

In order to eliminate this problem, Solow (1956) and Swan (1956) proposed 

a model that allows for the substitution of capital for labor (known as the Solow-

Swan model). Given exogenous factor endowments and exogenous technological 

progress, on the growth side the growth rate of output and inputs will eventually 

converge to the “steady-state,” a long-run equilibrium of growth rate of output and 

capital which equals the growth rate of labor. Thus, the economic growth rate, 

measured by the growth of per capita outputs, will eventually converge to zero in 

the long run. In other words, economic growth is only caused by an exogenous 

increase in capital to labor ratio or an exogenous increase in technological 

progress. This result implied that economic growth mainly depends on exogenous 

factors. In other words, every country should finally have no economic growth. 

[10] Various extensions of this type of model included, for example, the two-

sector model with consumer goods and capital goods (Uzawa, 1963), Ramsey-

Cass-Koopmans model with endogenous savings (Ramsey, 1928; Cass, 1965; 

Koopmans, 1965), and finite horizons model with two periods (Diamond, 1965). 

These types of models were regarded as exogenous growth models in the 

literature. However, they were criticized by many scholars as the models 
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contradicted the well-known stylized facts that both capital and output tend 

to grow faster than labor over time (Frankel, 1962; Arrow, 1962). They also 

could not explain why only some countries could develop with faster 

growth and why there are different technological levels across countries as 

technological progress is an exogenous factor in the model. 

Dissatisfied with the assumption of exogenous technological progress 

in exogenous growth models, researchers developed the endogenous growth 

theory to include an explanation of technological advancement. This type of 

models usually included some environmental factors other than factors of 

production, such as, human capital which consists of skills and knowledge 

that make workers productive. There are different explanations and theories 

for those factors. For example, Frankel (1962) and Arrow (1962) proposed 

the AK model with human capital and externalities, in which production 

had at least constant returns to scale. Romer (1986) suggested the “scale 

effect,” in which externalities came from the accumulation of physical 

capital. Lucas (1988) and Romer (1990) proposed a model in which 

economic growth was dependent on the level of human capital by 

endogenization of technical progress. Aghion and Howitt (1992) suggested 

the Aghion-Howitt technical progress model in which technical progress 

was reflected in improvements in the quality of existing goods. Unlike 

exogenous growth theory, some growth factors in the theory could be 

supported by investment and lead to endogenous technological progress. 

Thus, the economic growth rate, measured by the growth of per capita 

outputs, would not converge to zero in the long run and sustainable growth 

could happen. Production-environmental factors could be continuously 
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improved by allocating output, and growth factors could be continuously 

supported by allocating economic growth. In other words, long-run growth pattern 

depends on the effectiveness of the investment process. These models are called 

endogenous growth models in the literature. 

By introducing an investment process in which some of the output can be 

invested to improve the production-environmental factors on the production side, 

the growth factors on the growth side are no longer fixed but changeable. On the 

production side, there is a production process in which outputs are produced with 

inputs and also an investment process in which some of the outputs are reinvested 

and become inputs. On the growth side, there is a production process in which 

growth factors lead to economic growth and also an investment process in which 

economic growth generates extra resources that support the growth factors. This 

type of studies suggests that the difference in investment process leads to different 

patterns in growth (such as the cases of exogenous growth and endogenous 

growth) or paths in development. However, this type of models has still been 

criticized due to its assumption of predetermined equilibrium in economic growth 

in the investment process. 

The studies of growth models gave us an idea of the investment process and 

the demand side of the models. Combining the production process and investment 

process, one could identify the equilibrium growth rates and thus the paths in 

development. However, the difference in the investment process, which lead to 

different development results, was an assumption in the models. Thus, the 

question of why there is a difference in the investment process, and hence why 

some countries could grow faster remain unresolved.  
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2.5. Development Economics, Economic Structure, and Structural Change 

While previous studies focused on the relationship between growth factors and 

economic growth, some studies in the post-war period suggested an alternative 

way to study development by introducing the concept of economic structure. They 

are referred to as the field of development economics in the literature. These 

studies emphasized the structural differences between developing and developed 

countries and analyzed the effects of changing economic structure. They treated 

the successful development cases as a benchmark and compared the structural 

differences between the successes and failures. In general, they believed that the 

existence of optimal long-run development path in the growth models and optimal 

economic structure is the answer to why some countries are left behind. [11] 

Using per capita output as a proxy of development, real GDP per capita should be 

possible highest along the optimal path in each period. In other words, they use 

structural differences to explain the difference in the investment process and 

create a link between economic structure, and thus structural change and 

economic growth. 

As structural change is a core concept in development economics 

(Kuznets, 1966), it is necessary to define the term “economic structure” 

before further discussion. It is commonly accepted that economic structure 

refers to the size and proportion of some key sectors of economic activities. 

(See, for example, Rasmussen, 1957, Hewings, et al., 1989, Jackson, 1993, 

Sonis, et al., 2000). Following the previous discussion, economic structure 

can be referred to as a set of all production-environmental factors in an 

economy. The concept of economic structure includes both the size and 

proportion information of different production-environmental factors. 



15 

Different economic structures can be due to differences in size, proportion, or 

both.  

The concept of structural change is slightly different. It is commonly 

accepted that there exists a universal relationship between economic growth and 

structural change (See, for example, Kuznets, 1966, Chenery, 1975, Syrquin, 

1988). According to the development theories (such as the structural-change 

theory (Lewis, 1954, Chenery, 1960)), it is government policy to promote some 

targeted growth factors and changes in the economic structure, which speed up the 

development process of developing countries (see, for example, the conclusions of 

the two-sector surplus model (Lewis, 1954) and the patterns of development 

approach (Chenery, 1960; Chenery and Taylor, 1968)). As economic structure can 

be referred as a set of all production-environmental factors in an economy, it 

follows that structural change, the change in economic structure, can be referred 

to as a set of all growth factors in an economy (See, for example, Sonis and 

Hewings, 1998, Jackson and Dzikowski, 2002, Okuyama, et al., 2006). In this 

thesis, we follow this approach to define economic structure and structural 

change. We called an change towards optimal economic structure an optimal 

structural change. 

 

2.5.1. Debates on Optimal Economic Structure and Optimal Structural 

Change 

Compared to the definitions of economic structure and structural change, 

identifying the optimal economic structure and optimal structural change has less 

consensus in the literature. Some early studies of economic growth suggested that 

market forces are the best way of development. They emphasized capital 
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accumulation, which facilitates economic growth. This implied that the market 

would determine the best economic structure itself by creating the best 

combination of growth factors. For example, Hodgskin (1827) suggested that once 

capital accumulates, the economy will develop, and hence, the level of knowledge 

and skills will increase. Notable scholars who support this view include Smith 

(1776), Ricardo (1817), Malthus (1820), Hodgskin (1827), J.S. Mill (1848), and 

others. This thinking dominated the studies of economic growth and development 

before the two World Wars.  

A minor group of scholars, though agreed on the importance of 

capital accumulation, believed that additional resource allocation on top of 

market forces is needed for development. For example, Marx (1867) 

pointed out the need for developing social organizations to tackle the 

problems of capitalism. Economic structure needs to be changed manually 

to support development. Notable scholars who support this view include 

Marx (1867), Hobson (1902), Luxemburg (1913), Lenin (1917) and others. 

The debate continued until the breakout of the Great Depression, and 

growth was no longer sustained worldwide in the 1920s and 1930s (Meier 

and Seers, 1984). The reconstruction after World War II generated an 

independent sub-discipline of economics, development economics. This 

sub-discipline suggests that development cannot happen without favorable 

structural changes in the economy (Kuznets, 1966) and works could be 

done to foster growth by facilitating favorable changes in economic 

structure. It suggests that a “good” decision in the investment process leads 

to a better combination of growth factors, better structural change, and thus 

higher growth. In other words, failure to have favorable structural changes 
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will reduce growth and that is the reason why some countries are left behind in 

development. These studies suggested that different development levels were the 

results of different decisions in the investment process. The origin of development 

economics traces back to Schumpeter (1934), who suggested that the innovation 

and creativity of entrepreneurs determined economic development. Thus, 

entrepreneurs were suggested to be the key to favorable structural change. 

Early studies of development economics believed that the way for 

successful development is industrialization through government interventions (for 

example, import substitution industrialization) to facilitate structural change. For 

example, learning from the success of Soviet Union states in the post-war period, 

there were theories which believed that market failures are the obstacles to 

favorable structural changes and the key for successful development is 

government interventions (Mehmet, 1999). They concluded that government 

interventions such as import substitution industrialization and centralized planning 

are needed to facilitate a favorable change in economic structure. Many 

developing countries and multilateral development institutions followed these 

policy recommendations at that time, expecting to catch up with developing 

countries (Chang, 2002). 

There were several versions of development approaches in the literature. 

Some studies suggested a balanced approach for development, that is, to improve 

and maintain the same proportion for all growth factors at the same time. In this 

case, the direction of changing the proportion of production-environmental factors 

within the economic structure remains unchanged. For example, Rosenstein-

Rodan (1943) suggested structural transformation by developing all sectors at the 

same time. This is regarded as “The Big Push” strategy in the development 



18 

history. Nurkse (1961) further extended this idea as the “Balanced Growth 

Theory” for structural change, which applied technical knowledge from the 

developed world to develop all sectors in developing countries. This 

approach usually requires a large amount of resources to develop all growth 

factors at the same time. Thus, where the resources came from was another 

important issue within this topic. The majority suggested that financing 

economic growth from external sources is needed. Those sources included 

official development assistance, external borrowing, and foreign investment 

(see, for example, McKinnon, 1964, Eaton, 1989, for the discussion of the 

external sources).  

On the other hand, some studies suggested that an unbalanced 

approach is the best way for development, that is, to emphasize some 

specific growth factors first, and then shift to others later. This may reduce 

the need for resources for development. In this case, the optimal proportion 

of economic structure changes according to the development needs, that is, 

the required growth factors are changing along the development path. For 

example, Lewis (1954) developed a “Two-sector Surplus Model” to explain 

the growth and structural change process by moving resources to “capitalist 

sectors.” Chenery (1960) and Chenery and Taylor (1968) conducted 

empirical analyses to support unbalanced structural change. Hirschman 

(1958) proposed the “Unbalanced Growth Theory” for structural change, in 

which the leading sector could draw resources at the expense of the others 

and obtain an overall positive result. Rostow (1960) further concluded the 

five “Stages of Growth” to point out the bottlenecks of development such as 

modern science, and the development of financial, political and social 
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institutions. There were also some studies on the obstacles for development, for 

example, the “Prebisch-Singer Hypothesis” that primary-product-based 

economies trend to deteriorate (Prebisch, 1950; Singer, 1964). Other obstacles 

included market failures (Myrdal, 1957), social and economic history (Frank, 

1979), and high dependence on foreign investment (Cardoso and Faletto, 1978). 

They suggested that those obstacles or bottlenecks should be strategically targeted 

by the government. 

Some later studies of development economics suggested a different idea of 

“Unbalanced Growth,” and believed that the way for successful development is to 

establish a well-functioning market. Learning from the success of Japan, the Four 

Asian Tigers, and other Asian countries, some theories focused on a well-

functioning market that facilitates a favorable change in economic structure (such 

as export-led growth). The government’s role should be limited to providing a 

stable market environment and supporting a well-functioning market. Thus, 

multilateral development institutions called for economic liberalization, 

privatization, and macro-economic stabilization programs (Steger, 2010). For 

example, North (1990, 2005) related institutions, structural change, and growth 

together, and concluded that institutions and institutional change are necessary for 

development by keeping transaction costs low. Johnson (1982) proposed the 

“Japanese model”, noting that a small, inexpensive but elite bureaucracy with a 

very high level of managerial skill facilitates a well-functioning market and 

structural change. Amsden (2001) and Wade (2004) drew a similar conclusion 

based on the cases of Taiwan and South Korea, in which they have good 

managerial ability to facilitate technology learning for catch-up growth. 

Considering the lessons learned from the debate of development in the past 
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several decades, some development economists concluded that the key to 

success is to maintain an optimal economic structure (see, for example, 

Hausmann et al., 2008; Spence, 2011; Lin, 2012). This is referred as 

structural economics. They believed that optimal economic structure 

depends on both a country’s stages of development and current situation. 

Maintaining an optimal economic structure will keep a country on its 

optimal growth pattern or optimal development path. Thus, a clear 

understanding of the economic structure is required because different stages 

of development may require a different favorable change in economic 

structure to support further economic growth. Based on this idea, Lin 

(2012) proposed a new structural economic framework. Its core idea is 

stated as follows: 

 

“[T]he best way to upgrade a country’s endowment structure is to 

develop its industries at any specific time according to the comparative 

advantages determined by its given endowment structure at that time. The 

economy will be most competitive, the economic surplus will be the largest, 

and the capital accumulation and the upgrading of factor endowment 

structure will be the fastest possible.” 

Justin Yifu Lin (2012), Introduction, New Structural Economics: A 

Framework for Rethinking Development and Policy 

 

According to Lin (2012), the best way to develop is to continue 

upgrading the economic structure and to maintain an optimal economic 

structure. It may require improvement in some specific growth factors 
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under different situations, which could be an accumulation of capital, introduction 

of new technologies, or improving infrastructures that facilitate the economy. 

Every policy decision is important for maintaining an optimal economic structure 

and it is equivalent to having optimal structure change all the time in order to 

maximizes economic growth. In this case, the optimal economic structure and 

optimal structure change for developing countries may not necessarily draw from 

developed countries. Moreover, economic development as a dynamic process 

entails structural changes, therefore, in addition to an effective market mechanism, 

the government should play an active role in facilitating structural changes. By 

doing so, a country would be able to keep up with the long-run optimal 

development path. 

The development studies provide a comprehensive theoretical discussion on 

the relationship between economic structure, structural change, and economic 

growth drawn from the development history. However, the debate on which policy 

is the best for development, such as the debate between balanced growth and 

unbalanced growth, remain unresolved. We believe that this debate can be solved 

by studying the optimal economic structure and how to achieve it, which is the 

optimal structural change. However, the way to incorporate different growth 

factors to model structural change and to identify optimal economic structure is 

still not well researched in the literature. 

 

2.6. Competitiveness and The Diamond Models 

The concept of optimal structural change was not only studied in economic 

literature but also studied in strategic management literature under the topic of 

competitiveness. The studies of competitiveness emphasized the combinations of 
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different growth factors that were viewed as a whole system of competitiveness 

(Ryan, 1990; Thain, 1990). They studied the issue of development by introducing 

the concept of a nation’s competitiveness, which is an interrelated system of 

multiple growth factors that contribute to economic growth in the production 

process. They suggested that nation’s competitiveness is a collection of all growth 

factors in an economy, and competitiveness contributes to economic growth. As 

resources are limited, improving one growth factor in the investment process may 

only be achieved by giving up other growth factors. Thus, studies of 

competitiveness supported the use of cost-benefit analysis to study the 

development process (Siggel, 2005). In this case, the trade-off between different 

factors plays an important role in studying competitiveness. As growth factors are 

an interrelated system, they are viewed as one single factor of competitiveness in 

which a higher level of competitiveness leads to higher economic growth. One 

may use the concept of competitiveness to relate the set of growth factors and 

structural change to economic growth.  

One well-known competitiveness theory is the Diamond Model 

proposed by Porter (1990). The Institute for Strategy and Competitiveness 

of Harvard Business School summarizes the competitiveness system based 

on the Porter Diamond as: 

 

“Many things matter for competitiveness. Successful economic 

development is a process of successive upgrading, in which the business 

environment improves to enable increasingly sophisticated ways of 

competing. This [improving] environment is embodied in four broad areas 

as captured in the diamond model.” 
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The Institute for Strategy and Competitiveness,  

Harvard Business School 

 

This theory suggests that improving the production-environmental factor in 

different areas (the growth factors) in the investment process contribute to 

competitiveness and competitiveness lead to economic growth in the production 

process. In this case, one could use the concept of competitiveness to represent 

favorable structural change. There are different versions of the Diamond Model 

which cover different growth factors in competitiveness literature. For example, 

there are four broad areas of factors in the original model: Factor conditions, 

Demand conditions, Related and supporting industries, Firm strategy, structure 

and rivalry. There are also two additional factors affecting the diamond: 

Government, Chance (See Appendix 2.2 for further information about the 

Diamond Model). Initially, the model treats the first four factors (Factor 

Conditions, Firm Strategy, Structure, and Rivalry, Related and Supporting 

Industries, and Demand Conditions) as endogenous variables, with the last two 

factors (Government and Chance) as exogenous variables. This model suggests 

that competitiveness can be enhanced by improvement in any one of the factors, 

but such improvement requires resources which can only be obtained by giving up 

other factors. Thus, there exists a benefit and cost pair when promoting a growth 

factor. We call it the trade-off between different factors. This trade-off implies that 

the level of competitiveness could be changed by allocating resources. If the 

benefit is higher than the cost, competitiveness increases and results in higher 

economic growth. An optimal allocation will lead to both the highest possible 

competitiveness and highest possible economic growth. However, this model has 
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faced various criticisms as it does not cover many essential growth factors 

and has therefore been extended by other researchers from the perspective 

of sources and scopes of national competitiveness. 

For the sources of national competitiveness, one major criticism of 

the original version of the Diamond Model is that it is mainly designed to 

study national competitiveness of developed countries but cannot 

appropriately apply to developing countries. Moreover, the original 

diamond focuses more on analyzing national competitiveness at the 

industry level and treats the government as an exogenous factor. To solve 

this problem, Cho (1994) first extended the Diamond Model into the Nine 

Factor Model by introducing different human factors, namely Workers, 

Politicians and Bureaucrats, Entrepreneurs, and Professionals, into the 

model (Cho, 1994; Cho and Moon, 2000). The Nine Factor Model divides 

the sources of national competitiveness into two parts; physical factors and 

human factors. The endogenous factors in the original diamond are treated 

as physical factors, while the newly introduced human factors are also used 

to represent the role of government in the original diamond. At the same 

time, chance is kept as an exogenous variable. The Nine Factor Model has 

enriched the theory by introducing the Life Cycle of National 

Competitiveness, where countries in different stages of development have 

different needs for physical and human factors. As the country advances in 

its stage of development, the corresponding needs also advance. One 

example is that a developing country may focus more on endowed 

resources and workers, while a developed country may have more 

requirements for developed institution and professionals. 
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For the scopes of national competitiveness, one major problem of the 

original Diamond Model is that the original diamond focused on the home-base of 

a country, which only emphases domestic factors and ignore international factors 

(Rugman, 1991). To solve this problem, Rugman and D’Cruz (1993) introduced 

the Double Diamond Model by considering these factors in an international 

diamond, which is an international version of the original domestic diamond. By 

considering both the domestic and international diamonds, national 

competitiveness can be supported not only by the domestic factors, but also a 

sound complement of international factors. The Double Diamond Model explains 

why some countries can grow without the support of strong domestic factors. 

Usually, multinational activities play an important role in these countries, such as 

Singapore and Hong Kong, because international factors are the engine of growth. 

These two extensions of the Diamond Model were further incorporated by 

Cho et al. (2008) as a Dual Double Diamond Model which contains both physical 

factors and human factors in both domestic and international diamonds. Although 

the competitiveness theories have many modifications, the mainstream is still 

following the idea of Porter: Economic growth is supported by national 

competitiveness. It consists of different growth factors which should be viewed as 

a system that mutually interact with and reinforce each other. In this thesis, we 

follow the competitiveness concept to study favorable structural change. 

 

2.7. Implications for Economic Structure and Structural Change 

In the previous discussion, we reviewed different studies related to development 

and growth. They provided different angles to understand the concept of economic 

structure, and each one has a unique contribution towards how to model and 
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analyze it. Thus, we summarize their implications to provide a more 

comprehensive framework of economic structure and structural change. 

 

2.7.1. Five Essential Characteristics of Economic Structure and Structural 

Change 

Based on the review of literature in previous subsections, we summarize five 

essential characteristics of economic structure and structural change. 

 

ES1. In the production process, production-environmental factors contribute to 

the level of output per capita; growth factors contribute to the rate of growth of 

output per capita. The set of all production-environmental factors forms the 

economic structure; the set of all growth factors forms the structural change. 

Early growth studies introduced the production process on the production side and 

which production-environment factors are utilized to produce output. 

Alternatively, on the growth side, factors are utilized to generate economic 

growth. At the same time, the development studies provided a comprehensive 

theoretical discussion on the relationship between economic structure, structural 

change, and economic growth drawn from the development history. Combining 

these two idea, economic structure is a set of all production-environmental factors 

and structural change is a set of all growth factors. In this case, whether a factor 

belongs to production-environmental factors or growth factors, it should be 

clearly defined.  

 

ES2. In the investment process, economic structure can be changed. It involves 
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trade-offs between different growth factors. 

The studies of growth models introduced the modeling method of economic 

growth to include an investment process which is able to analyze economic 

growth. On the production side, there is a production process in which output was 

produced with inputs and there is also an investment process by which some of 

the outputs were reinvested and became inputs. On the growth side, there is a 

production process in which growth factors lead to economic growth and there is 

also an investment process in which economic growth generates extra resources 

which support the growth factors. At the same time, the development studies 

suggested structural change is the policy choice that decides the investment 

process; this in turn affects growth factors and thus economic structure. The 

competitiveness studies further pointed out that the changes in economic structure 

involve trade-offs between different growth factors. 

 

ES3. Structural change can be represented by competitiveness and it involves the 

combination of all growth factors in an economy. 

The competitiveness studies emphasized the trade-off between different growth 

factors, that is, the feasibility of economic structure. Competitiveness represents 

the group of growth factors, and it also represents the capacity of economic 

growth. Thus, competitiveness is a function of growth factors. Although it is not 

much mentioned in competitiveness studies, one important implication is that 

every improvement in growth factors has an associated opportunity cost as 

resources are limited. Hence, even if one growth factor may contribute most to 

economic growth, it is not necessarily the best method to improve that growth 

factor if the opportunity cost of doing so is too high.  
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ES4. Different structural changes have different effects on economic growth under 

different development situations. Optimal economic structure will lead to the 

highest possible output per capita under the current situation. 

The development studies focused on structural change, that is, the combination of 

growth factors. One important implication of this is that the optimal economic 

structure may change as a country develops. Thus, a country should change its 

economic structure to fulfill the development needs according to its development 

stage. If a country can maintain an optimal economic structure by achieving 

optimal structural change under the current situation, its economic growth is 

maximized. 

 

ES5. Changes in economic structure are not only a market mechanism but also a 

policy choice by the government. 

The growth studies suggested that not all growth factors are controlled by firms, 

many of them are controlled by the government. Thus, in addition to an effective 

market mechanism, the government can play an active role in facilitating 

structural changes.  

 

ES1 and ES2 describe the core elements of economic structure and 

structural changes. ES1 comes from the growth studies concept where 

different growth factors contribute to economic growth in the production 

process on the growth side. We further incorporate the understanding of 

economic structure in the development studies and competitiveness studies 

in which production-environmental factors constitute the economic 
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structure and growth factors comprise structural change. ES2 comes from growth 

model studies which contends that growth factors can be modified in the 

investment process. It follows that economic structure can be changed. We further 

incorporate the idea of competitiveness in studies which the investment process 

involves trade-offs between different growth factors. 

ES3 describes how economic structure and structural change can be studied. 

It combines the understanding of economic structure, structural change, and 

competitiveness. Structural change can be studied using the framework of 

competitiveness which involves the cost and benefit of improving growth factors. 

ES4 describes the effect of economic structure and structural change. It 

incorporates the understanding of economic structure in the development and 

competitiveness studies whereby an optimal structural change will lead to the 

highest possible economic growth. ES5 describes the mechanism of economic 

structure and structural change. It follows the approach of development studies 

which states that changes in economic structure are not only a market mechanism 

but also a policy choice by the government. In the following studies of economic 

growth and economic structure, all five characteristics should be fulfilled. 

 

2.7.2. A Comprehensive Framework of Economic Structure and Structural 

Change 

Following the five characteristics, we propose a comprehensive framework to 

study the economic structure, structural change and economic growth. Figure 2.1 

illustrates the main features of the proposed framework. The framework 

emphasizes both the cost and the benefit of improving growth factors and the 

trade-off between factors. There is a production process and an investment 
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process. We first emphasize the investment process by which economic growth 

generates extra resources that support different growth factors (upper part of 

Figure 2.1). It is commonly suggested that many growth factors, such as the 

education system, financial system, etc., are public goods that require continued 

public spending to support them (see, for example, Barro, 1990; Barro and Sala, 

1992). That means a growth factor can only be supported at the opportunity cost 

of other growth factors. Thus, a trade-off will always exist between different 

growth factors as resources are limited. This constitutes the investment process. It 

represents the cost of improving growth factors.  

Then we move on to the production process (lower part of Figure 

2.1). The growth factors modify their corresponding production-

environmental factors in the production side of an economy, for example, 

by providing incentives for improving technology (Lipsey, 2009) or by 

incentives for enhancing skills and knowledge (Kingston and Caballero, 

2009). The production-environmental factors then determine the level of 

output. Hence, growth factors contribute to economic growth on the growth 

side. The combination of factors determines the level of competitiveness 

and then economic growth. This comprises the production process. It 

represents the benefit of improving growth factors. 
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Figure 2.1: Conceptual Map of The Proposed Framework 

 

 

Referring to Figure 2.1, the education system is taken as an example of 

growth factors. The education system continuously generates new knowledge 

which improves the knowledge level as the production-environmental factor. The 

knowledge level then determines the level of technological progress of the 

economy. In the education system, for example, the number of schools and 

teachers are public goods which require the support of continuous public 

spending. Thus, economic growth happens by maintaining a level in the education 

system. Similar effects exist in other types of growth factors such as the legal 

system, financial system, telecommunication system, etc. Note that there is a 

trade-off between the education system and other growth factors. If one would 

like to have a higher level of education system, under the resources constraint, 

other growth factors must be sacrificed. Whether allocating more resources to 

improve the education system is favorable to economic development depends on 

the cost and the benefit of doing so. Thus, the framework studies the cost and the 
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benefit of improving growth factors separately. 

The proposed framework holds a similar view as the growth and 

development studies in that the resource allocation to different growth 

factors determines structural change and competitiveness. Thus, a “good” 

policy choice in the investment process is a necessary condition for 

successful development. However, the framework holds a different view 

than the majority of growth and development studies regarding what a 

“good” policy choice is. Previous studies on economic growth mainly 

focused on the benefit of improving a growth factor by assuming a fixed 

cost (see, for example, Marx 1867 and Schumpeter, 1942). Most of them 

concluded that a growth factor with a large favorable effect on economic 

growth should be promoted. The framework suggests that we should also be 

concerned about the cost of improving a growth factor as the cost may vary 

across different countries. Thus, we should promote a growth factor with a 

large favorable net effect, which is the benefit minus the cost of improving a 

growth factor. 

The framework also introduces a method to study economic structure 

using the idea of competitiveness. Competitiveness can be enhanced by 

improvement in any one of the factors, but such improvement requires 

resources which may only be obtained by giving up other factors. Assuming 

increasing opportunity cost and decreasing marginal benefit, economic 

growth is maximized if and only if the level of competitiveness the highest 

is possible, and it is equivalent to an optimal structural change toward the 

optimal economic structure. Combined with the idea of the development 

studies, economic growth can be sustained by maintaining an optimal 
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economic structure. This requires an optimal allocation of resource to growth 

factors which maximizes competitiveness. Thus, even two countries with the same 

conditions and the same predicted long-run growth might have different 

development results if they have different methods of structural change and result 

in different economic structures. In other words, sub-optimal allocation of 

resources will lower economic growth and result in sub-optimal economic 

structures. In the competitiveness framework, this is equivalent to losing 

competitiveness. In this case, the economic structure and structural change can be 

analyzed based on the effectiveness of resource allocation, that is, comparing the 

current level of competitiveness with the optimal level of competitiveness. 

 

2.8. Summary 

Sustainable economic growth has always been one of the most important goals in 

economics. Different theories and models have been introduced to achieve this 

development goal. However, the success rate is disappointing. Summarizing the 

experiences from past development history, development economists have 

proposed a framework which emphasizes the changeable economic structure to 

achieve successful development. Although the concept of the economic structure 

is widely discussed, how to study economic structure and identify optimal 

economic structure is still not well researched. Interestingly, this concept was also 

studied in strategic management literature under the topic of competitiveness. 

In this chapter, we reviewed different studies related to development and 

growth. Early studies of economic growth focus on the growth factors which lead 

to economic growth. Those factors are the components of economic structure. 

Studies of growth models emphasize the relationship between growth factors and 
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economic growth. They introduce the investment process in which growth 

factors are supported by economic growth. Studies of economic 

development focus on the differences in growth factors between developed 

countries and developing countries, and how the developing countries can 

catch up with the developed countries. They point out the effect of 

economic structure and raise the question of structural change. The studies 

of competitiveness concentrate on the relationship between different factors 

of economic growth and how those factors as a system lead to growth. They 

provide a way to model economic structure. Finally, we summarize five 

points which are essential to model and analyze the economic structure and 

introduce a new approach to analyze economic growth through changes in 

economic structure. 

 

 

1 A comprehensive review for those theories, models, and their results can be 

found in Lin (2012, Ch1). 

2 Although economic development is usually applied to developing countries 

with low living standards, it can also be applied to developed countries on how 

they further improve their living standards. 

3 In fact, there are many indictors of development such as the Human 

Development Index (HDI) from the United Nations. 

4 See, for example, O'Sullivan and Sheffrin (2003) for the shortcomings and 

reasons for usage. 

5 Although the use of aggregate production function to study production was 

adopted in the 1940s-1950s (see, for example, Solow, 1957), the idea of 
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production traced back to the 18th century (see, for example, Smith, 1776). 

6 We note that increase in labor has a negative effect on output per capita and 

economic growth. 

7 We distinguish the capital used in production and capital for other uses as they 

have different effects on the economy. Their effects will be discussed in later 

chapters. 

8 We will discuss how it should be measured in later chapters. 

9 Note that part of the output is used as consumption while part of the output is 

used as investment. 

10 This is also why economics was referred as “The Dismal Science” by Carlyle 

(1849) and others in the 19th century. 

11 The word “optimal” refers to a feasible and achievable choice. 
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Chapter 3.  

Essay 1: The Relationship between Competitiveness and 

Economic Growth: Implications for Resources Allocation and 

Economic Structure 

 

3.1. Introduction 

The relationship between growth factors and economic growth is has always been 

a matter of much debate in development economics (Leeson, 2005). It is seen as 

the key to unveil why some developing countries can become rich and catch up 

with the developed world, while others still remain poor. Starting from Smith 

(1776), increasing numbers of growth factors, from tangible to intangible, were 

identified. Many scholars have explored the relationship between different growth 

factors and economic growth, both theoretically and empirically (See, for 

example, Solow, 1957; Romer, 1986, 1990). However, the results for the 

relationship between growth factors and economic growth remain inconclusive. 

In this chapter, we investigate this relationship using the framework 

of competitiveness. When the question comes to a group of growth factors, 

they become even more complicated as a combination of growth factors is 

involved. This is because, for an economy, there may be some growth 

factors that are the cause of economic growth, but other growth factors are 

actually the effect of economic growth. As competitiveness is a combination 

of growth factors and there exists a tradeoff between growth factors; it is 

difficult to conclude the relationship between competitiveness and 

economic growth from the existing literature. Empirically, we try to answer 

the following two questions: (1) Is competitiveness the cause or effect of 



37 

economic growth, or both? (2) Will the role of competitiveness change as a 

country develops? This study is significant because, to our best knowledge, the 

answer to the above two questions in empirical studies with panel dataset has not 

been fully explored in the literature. Our results may contribute to the literature by 

confirming the theoretical frameworks and providing support for the modeling 

methods in studying competitiveness and economic growth.  

We first explore the theoretical relationship between competitiveness and 

economic growth in Section 3.2. Following the discussion in Chapter 2, we 

propose an endogenous growth model with a competitiveness measurement and 

corresponding testing method for the relationship between competitiveness and 

economic growth in Sections 3.3 and 3.4. We show that the exogenous growth 

model and the endogenous growth model are special cases in the proposed model. 

By using the Global Competitiveness Index (GCI) of the World Economic Forum 

as a proxy of competitiveness, we illustrate that different growth factors in the 

GCI can be empirically aggregated under the framework of competitiveness. After 

that, we investigate the empirical relationship between competitiveness and 

economic growth from 2006 to 2015. In Section 3.5, we explore whether the 

relationship found in the full sample is independent of the development stage by 

separating the full sample into two groups, developing countries and developed 

countries. By linking competitiveness with the change in economic structure, we 

further explain the differences in developing and developed countries by the 

ability to transform resources to growth factors in Section 3.6. The result is then 

used for linking structural change with economic growth. Section 3.7 concludes. 

 

3.2. Theoretical Relationship between Competitiveness and Economic 
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Growth 

Based on the discussion of growth factors in Chapter 2, we emphasize the 

interrelationship between the production and investment processes. From our 

point of view, there are two interrelated sides in our economy: the production side 

and the growth side. In the production side of the production process, production-

environmental factors contribute to the production of output. In the growth side, 

on the other hand, growth factors contribute to economic growth. This input-

output relationship can be described by a production function.  

For any given input endowment, the environmental factors include 

factors that contribute to production and transaction of outputs which may 

not be controlled by individual firms. Some examples of such factors are 

the market environment and production technology. They influence the 

effectiveness of transforming factors of production into outputs in the 

economy. Thus, the environmental factors can be treated as parameters of 

the production function.  

Growth factors are the factors that shape and support the 

environmental factors. In general, we can say that growth factors require 

continuous public spending to support (see, for example, Barro, 1990; Barro 

and Sala, 1992). In return, the growth factors shape the environmental 

factors of an economy by, for example, providing incentives for improving 

technology (Lipsey, 2009, pp. 265) or for enhancing skills and knowledge 

(Kingston and Caballero, 2009, pp. 176). As a result, environmental factors 

can improve over time and bring forth higher productivity for the same 

growth factors.  

On the other hand, the continuation of growth factors requires 
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resources in the investment process. Economic growth generates new resources 

that can be used to support more growth factors, more consumption, etc. Whether 

growth factors really increase as a result of economic growth depends on the 

amount of resources devoted to the generation of growth factors. If there is a 

mechanism in an economy to allocate resources to growth factors effectively, then 

growth factors increase as a result of economic growth. If such allocation is 

exogenous, then economic growth will not affect the level of growth factors. 

Such a relationship can be complicated. Taking institutions, a growth factor 

that is widely discussed in the literature as an example, North (1991), Leeson 

(2005), Lipsey (2009) conclude that institutions lead to growth through the 

channel of environmental factors. That means institutions affect economic growth. 

Other studies such as North (2005) and Aoki (2007) provide an opposite view 

which treats institutions as an outcome of the economy. In this case, economic 

growth affects institutions. Many empirical studies have supported the positive 

role of institutions on economic growth, see Knack and Keefer (1995), Djankov et 

al. (2006), Arruñada (2013), Kovač and Spruk (2016), among others. A few 

studies, such as Glaeser et al. (2004), found evidence that institutions and 

economic growth influence each other. Similar discussions were also made for 

other growth factors such as education and knowledge (Solow, 1957), government 

and public spending (Barro, 1990; Barro and Sala, 1992), and others. However, 

the overall relationship between growth factors and economic growth remains 

inconclusive. 

When the question comes to a group of growth factors, it becomes even 

more complicated. This is because, for an economy, there may be some growth 

factors affecting economic growth and, at the same time, some other growth 
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factors which are affected by economic growth. But for another economy 

such a relationship may be completely reversed. We investigate this issue 

using the concept of competitiveness. As competitiveness involves the 

combination of growth factors, it is difficult to conclude their final 

relationship. Thus, there is still a huge research gap in both theoretical and 

empirical studies in clarifying the cause and effect between growth factors 

and economic growth (Chang, 2011). Specifically, there are two problems 

that need to be solved regarding the relationship between competitiveness 

and economic growth: (1) Is competitiveness the cause or effect of 

economic growth, or both? (2) Will the role of competitiveness change as a 

country develops? Thus, we can describe the relationship between 

competitiveness and economic growth as follows. On the one hand, 

economic growth is possible to support higher competitiveness. On the 

other hand, any increase in competitiveness may further bring forth even 

better environmental factors. As a result, productivity further improves, and 

hence further economic growth appears. 

Such questions are critical in identifying both the optimal economic 

structure and optimal structural change for development (Glaeser et al., 

2004), as competitiveness may shape the economy exogenously or 

endogenously (Aoki, 2007). This study is significant because, to our best 

knowledge, the answer to the above two questions in empirical studies with 

panel dataset has not been fully documented in the literature. Our results 

may contribute to the literature by confirming the theoretical frameworks 

and providing support for the modeling methods in studying 

competitiveness and economic growth in the future. 
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3.3. An Endogenous Growth Model with Competitiveness 

Following the discussion of economic structure in Chapter 2, this section provides 

a general growth model incorporating the framework of competitiveness 

mentioned in the previous section. In general, there are four possible 

combinations of the relationships, shown by a 2 x 2 matrix, between 

competitiveness and economic growth as listed in Table 3.1. We will show that 

each case in Table 3.1 is a special case of this general model. 

 

Table 3.1: Possible Relationships Between Competitiveness and Economic 

Growth 

Case 1 

Economic growth  

DOES NOT affect  

Competitiveness 

& 

Competitiveness  

DOES NOT affect  

Economic growth 

Case 2 

Economic growth  

affects  

Competitiveness 

& 

Competitiveness  

DOES NOT affect  

Economic growth 

Case 3 

Economic growth  

DOES NOT affect  

Competitiveness 

& 

Case 4 

Economic growth  

affects  

Competitiveness 

& 
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Competitiveness  

affects  

Economic growth 

Competitiveness  

affects  

Economic growth 

 

Assume that the aggregate level of growth factors uncontrolled by 

firms in time t can be represented by an index 𝑍(𝑡), which reflects the 

“quantity or size” of all growth factors uncontrolled by firms existing in an 

economy. [1] A higher value of 𝑍(𝑡) indicates more growth factors. 

Growth factors influence production indirectly by shaping the 

corresponding environmental factors in time 𝑡, denoted as 𝐸(𝑡) (Menard 

and Shirley, 2005; Berggren et al., 2012). Following the discussions on 

growth factors in the previous sections, maintaining a level of 𝑍(𝑡) will 

cause the existing endowed resources to produce more outputs by 

improving 𝐸(𝑡), which in return improves technological progress (𝐴). In 

other words, given a level of growth factors, the environmental factors may 

grow over time as a function of the growth factors. That is, [2]  

�̇�(𝑡) = 𝐺(𝑍(𝑡)) 𝑤ℎ𝑒𝑟𝑒 𝐺′ ≧ 0.                                       (3.1) 

Let 𝐾(𝑡) and 𝐿(𝑡) be the aggregate capital and total labor force in the economy 

in time 𝑡. They can be used to produce output or generate new growth factors. For 

simplicity, assume that growth factors can be generated by utilizing capital only. 

Let the aggregate output level in time 𝑡 be 𝑌(𝑡). All labor (𝐿) is devoted to the 

production of output (𝑌). Capital can be utilized to produce 𝑌 or to generate 

growth factors (𝑍). Let 𝐾𝑌(𝑡) and 𝐾𝑍(𝑡) be the amount of capital utilized to 

produce output 𝑌(𝑡) and growth factors 𝑍(𝑡), thus 𝐾𝑌(𝑡) + 𝐾𝑍(𝑡) = 𝐾(𝑡). Let 
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𝜃 be a constant fraction of the new capital formation allocated to generate growth 

factors in time 𝑡, where 0 ≦ 𝜃 < 1. It follows that �̇�𝑧(𝑡) = 𝜃�̇�(𝑡) and 

�̇�𝑦(𝑡) = (1 − 𝜃)�̇�(𝑡). We drop the time variable 𝑡 to simplify notations in the 

following discussions. The aggregate production function is, [3] 

𝑌 = 𝐴(𝐸)𝑓(𝐾𝑦, 𝐿)𝑒
𝑐𝑦𝑡 ,                                                       (3.2) 

where 𝑐𝑦 = 0 initially and it captures the arbitrary change of the growth rate of 

output when 𝑐𝑦 ≠ 0. Function 𝐴(𝐸) captures the productivity enhancement 

effect of growth factors though the environmental factors. From the discussion of 

growth factors in the previous section, 𝐴′(𝐸) ≧ 0. Define 𝑓𝐾 ≔ 𝑓 𝐾𝑦⁄ , 𝑓𝐾𝐾 ≔

2𝑓 𝐾𝑦
2⁄ , 𝑓𝐿 ≔ 𝑓 𝐿⁄  and 𝑓𝐿𝐿 ≔ 2𝑓 𝐿2⁄ . Assume that 𝑓(. ) is linearly 

homogeneous, 𝑓𝐾 , 𝑓𝐿 > 0 and 𝑓𝐾𝐾, 𝑓𝐿𝐿 < 0. Further, the Inada conditions are 

satisfied. 

Growth factors can be generated by the following growth factors generating 

function: 

𝑍 = ℎ(𝐾𝑧)𝑒
𝑐𝑍𝑡, ℎ′ ≧ 0,                                                     (3.3) 

where 𝑐𝑍 captures the arbitrary change of 𝑍 as 𝑐𝑦 in (3.2). Combining (3.1) 

and (3.3), the time derivative of the environmental factors is: 

�̇� = 𝐺(ℎ(𝐾𝑧)𝑒
𝑐𝑍𝑡).                                                        (3.4) 

Further assume an exogenous saving rate (𝑠) and all savings are invested to 

produce capital. Depreciation rate of capital is set to zero for simplicity. Further, 

the population growth rate (𝑛) is exogenous, constant and positive. So, when the 

economy is in equilibrium in time t, 



44 

�̇� = 𝑠𝑌, 0 < 𝑠 < 1,                                                           (3.5) 

�̇� = 𝑛𝐿, 𝑛 > 0.                                                                   (3.6) 

Equations (3.2), (3.4) - (3.6) are the fundamental structural equations of the 

model. 

 

3.3.1. The Stationary State 

Based on the model setting in the previous section, one could derive the dynamic 

equations of capital and environmental factors. 

 

The Dynamic Path of Capital 

From (3.5), �̇� = 𝑠𝐿𝑦 where 𝑦 = 𝑌/𝐿. Then,  

𝑔𝐾 =
�̇�

𝐾
=
𝑠𝐿𝑦

𝐾
, 

and 

�̇�𝐾
𝑔𝐾

=
�̇�

𝐿
−
�̇�

𝐾
+
�̇�

𝑦
.                                                (3.7) 

From (3.2), 𝑦 = 𝐴𝑓(𝐾𝑦 𝐿⁄ , 1)𝑒𝑐𝑦𝑡. Then 

�̇�

𝑦
=
�̇�

𝐴
+
1

𝑓
𝑓𝐾 (

𝐾𝑦

𝐿
, 1) (

𝐾𝑦

𝐿

𝐾�̇�

𝐾𝑦
−
𝐾𝑦

𝐿

�̇�

𝐿
) + 𝑐𝑦 

=
𝐸

𝐴

𝑑𝐴

𝑑𝐸

�̇�

𝐸
+
(𝐾𝑦 𝐿⁄ )

𝑓
𝑓𝐾 (

𝐾𝑦

𝐿
, 1) (𝑔𝐾𝑦 − 𝑛) + 𝑐𝑦 

= −𝜀𝑓𝐾𝑛 + 𝜀𝑓𝐾𝑔𝐾𝑦 + 𝜀𝐴𝐸𝑔𝐸 + 𝑐𝑦,                                     (3.8) 

where 𝜀𝐴𝐸 ≔
𝑑𝐴

𝑑𝐸

𝐸

𝐴
 and 𝜀𝑓𝐾 ≔

(𝐾𝑦 𝐿⁄ )

𝑓
𝑓𝐾 (

𝐾𝑦

𝐿
, 1). Since 𝑓(𝐾𝑦, 𝐿) is linearly 
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homogeneous, it is well-known that 𝜀𝑓𝐾 < 1 and 1 − 𝜀𝑓𝐾 > 0. Combining (3.7) 

and (3.8), the growth rate of 𝑔𝐾 is then, 

�̇�𝐾
𝑔𝐾

= 𝑛 − 𝑔𝐾 + (−𝜀𝑓𝐾𝑛 + 𝜀𝑓𝐾𝑔𝐾𝑦 + 𝜀𝐴𝐸𝑔𝐸 + 𝑐𝑦) 

= (𝑐𝑦 + (1 − 𝜀𝑓𝐾)𝑛) + 𝜀𝐴𝐸𝑔𝐸 − 𝑔𝐾 + 𝜀𝑓𝐾(1 − 𝜃)
𝐾(𝑡)

𝐾𝑦(𝑡)
𝑔𝐾.  (3.9) 

Assume initially, 1 − 𝜃 = 𝐾𝑦(𝑡)/𝐾(𝑡). Then, 

�̇�𝐾
𝑔𝐾

= (𝑐𝑦 + (1 − 𝜀𝑓𝐾)𝑛) − (1 − 𝜀𝑓𝐾)𝑔𝐾 + 𝜀𝐴𝐸𝑔𝐸 .                       (3.10) 

 

The Dynamic Path of the Environmental factors 

From (3.4), the growth rate of environmental factors is: 

𝑔𝐸 =
�̇�

𝐸
=
𝑔(𝑍)

𝐸
.                                                         (3.11) 

From (3.3), 𝑔𝑍 = �̇� 𝑍⁄ = (𝐾𝑍 ℎ
′ ℎ⁄ )(�̇�𝑍 𝐾𝑍⁄ ) + 𝑐𝑍. The growth rate of 𝑔𝐸 is, 

𝑔�̇�
𝑔𝐸

=
𝑍

𝑔

𝑑𝑔

𝑑𝑍

�̇�

𝑍
−
�̇�

𝐸
 

=
𝑍

𝑔

𝑑𝑔

𝑑𝑍
(
𝐾𝑍
ℎ

𝑑ℎ

𝑑𝐾𝑍

�̇�𝑍
𝐾𝑍
+ 𝑐𝑍) − 𝑔𝐸 .                                   (3.12) 

Define 𝜀𝑍𝐾 ≔
𝑑ℎ(𝐾𝑧)

𝑑𝐾𝑧

𝐾𝑧

ℎ
 and 𝜀𝐸𝑍 ≔

𝑑𝑔(𝑍)

𝑑𝑍

𝑍

𝑔(𝑍)
. Assume initially that 𝜃 =

𝐾𝑍(𝑡) 𝐾(𝑡)⁄ , we get: 

𝑔�̇�
𝑔𝐸

= 𝜀𝐸𝑍𝑐𝑍 + 𝜀𝐸𝑍𝜀𝑍𝐾𝑔𝐾 − 𝑔𝐸 .                                         (3.13) 

Equations (3.10) and (3.13) are the dynamic equations of the model. 
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In equations (3.10) and (3.13), the growth rates of production capital 

and environmental factors are endogenous. We note that those elasticities in 

equations (3.10) and (3.13) are non-negative by definition. From equation 

(3.10), if 𝑔𝐾 > 𝑐𝑦/(1 − 𝜀𝑓𝐾) + 𝑛 + (𝜀𝐴𝐸/(1 − 𝜀𝑓𝐾)) 𝑔𝐸, we have 

�̇�𝐾 𝑔𝐾⁄ < 0 and 𝑔𝐾 is decreasing. If 𝑔𝐾 < 𝑐𝑦/(1 − 𝜀𝑓𝐾) + 𝑛 +

(𝜀𝐴𝐸/(1 − 𝜀𝑓𝐾)) 𝑔𝐸, we have �̇�𝐾 𝑔𝐾⁄ > 0 and 𝑔𝐾 is increasing. When 

𝑔𝐾 = 𝑐𝑦/(1 − 𝜀𝑓𝐾) + 𝑛 + (𝜀𝐴𝐸/(1 − 𝜀𝑓𝐾))𝑔𝐸, we have �̇�𝐾 𝑔𝐾⁄ = 0 and 

𝑔𝐾 remains unchanged. Similarly, from Equation (3.13), if 𝑔𝐸 > 𝜀𝐸𝑍𝑐𝑍 +

𝜀𝐸𝑍𝜀𝑍𝐾𝑔𝐾, we have 𝑔�̇� 𝑔𝐸⁄ < 0 and 𝑔𝐸 is decreasing. If 𝑔𝐸 < 𝜀𝐸𝑍𝑐𝑍 +

𝜀𝐸𝑍𝜀𝑍𝐾𝑔𝐾, we have 𝑔�̇� 𝑔𝐸⁄ > 0 and 𝑔𝐸 is increasing. 𝑔𝐸 remains 

unchanged when 𝑔𝐸 = 𝜀𝐸𝑍𝑐𝑍 + 𝜀𝐸𝑍𝜀𝑍𝐾𝑔𝐾 as 𝑔�̇� 𝑔𝐸⁄ = 0.  

We then turn to the interpretation of 𝑔𝐸, which is defined as the rate 

of change of the environmental factors. From equation (3.1), 𝑔𝐸 = �̇� 𝐸⁄  

can also be interpreted as the effects of growth factors in relative 

measurement (𝑔(𝑍)/𝐸), or in other words, the current effect of growth 

factors relative to the accumulated effect of growth factors (that is, the 

environmental factors). If the level of growth factors (𝑍) is constant, the 

change of the environmental factors (�̇�) is positive and the level of the 

environmental factors increases over time. Hence the growth rate of the 

environmental factors (𝑔𝐸) is diminishing over time. It follows that if 𝑔𝐸 is 

a constant, then 𝑔𝑍 = �̇� 𝑍⁄ > 0 ⟺ 𝑔𝐸 > 0. Thus, 𝑔𝐸 can be interpreted as 

the effective quantity of aggregated growth factors and that can be regarded 

as the effect of competitiveness. It follows that 𝑔𝑍 can be regarded as the 

alternative measure of competitiveness. In the following discussion, we will 
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refer to 𝑔𝐸 and 𝑔𝑍 as the effect and level of competitiveness. 

Recall Equations (3.10) and (3.13), if a stationary state exists, that is 𝑔�̇� =

𝑔�̇� = 0. Rearranging terms in these two equations,  

−(1 − 𝜀𝑓)𝑔𝐾 + 𝜀𝐴𝐸𝑔𝐸 = −(𝑐𝑦 + 𝑛(1 − 𝜀𝑓𝐾)).                            (3.10′) 

𝜀𝐸𝑍𝜀𝑍𝐾𝑔𝐾 − 𝑔𝐸 = −𝜀𝐸𝑍𝑐𝑍.                                          (3.13′) 

Combining (3.10’) and (3.13’), there is a positive unique solution for 𝑔𝐸 

and 𝑔𝐾 if and only if (1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾 > 0. Assume this condition holds. 

[4] The stationary state growth rates of 𝐾 and 𝐸 in (3.10’) and (3.13’) are: 

𝑔𝐾
∗ =

𝑐𝑦 + 𝑛(1 − 𝜀𝑓𝐾) + 𝜀𝐴𝐸𝜀𝐸𝑍𝑐𝑍

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
.                                          (3.14) 

𝑔𝐸
∗ =

𝜀𝐸𝑍𝑐𝑍(1 − 𝜀𝑓𝐾) + 𝜀𝐸𝑍𝜀𝑍𝐾 (𝑐𝑦 + 𝑛(1 − 𝜀𝑓𝐾))

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
.                         (3.15) 

Further define the output per labor as 𝑦 ≔ 𝑌/𝐿. From (3.2), output per 

labor can be expressed as, 

𝑦 = 𝐴(𝐸)𝑓(𝑘𝑦, 1)𝑒
𝑐𝑦𝑡,                                                  (3.16) 

where 𝑘𝑦 = 𝐾𝑦/𝐿. Assume 1 − 𝜃 = 𝐾𝑦/𝐾, it follows from (3.11) that the 

economic growth rate (𝑔𝑦), represented by the growth rate of output per labor, is: 

𝑔𝑦 = 𝑐𝑦 + 𝜀𝐴𝐸𝑔𝐸 + 𝜀𝑓𝐾(𝑔𝐾 − 𝑛).                                      (3.17) 

In equation (3.17), the growth rate of output per labor depends on the 

arbitrary change (𝑐𝑦), the effect of competitiveness (𝑔𝐸, the effective quantity of 

growth factors) and the growth rate of capital (𝑔𝐾). 
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3.3.2. Different Cases of the General Model 

In this subsection, we consider the impacts of arbitrary changes of the economic 

growth rate and the level of competitiveness, i.e., changes in the parameter 𝑐𝑦 

and 𝑐𝑍. As implied by Hartwig (2010, 2014), if the arbitrary changes of the 

economic growth rate and the level of competitiveness affect each other in a 

model, such a model can be considered under the endogenous growth model 

settings. Thus, the four cases in Table 3.1 can be linked with growth models as 

discussed in Section 2.4. Let 𝑔𝑦
∗  be the growth rate of output per labor at the 

stationary growth rates of capital and environmental factors in equation (3.17). We 

will consider the comparative statics 𝜕𝑔𝑦
∗ 𝜕𝑐𝑍⁄  and 𝜕𝑔𝑍

∗ 𝜕𝑐𝑦⁄ . Differentiate the 

stationary state of (3.17) with respect to 𝑐𝑍, 

𝜕𝑔𝑦
∗

𝜕𝑐𝑍
= 𝜀𝐴𝐸

𝜕𝑔𝐸
∗

𝜕𝑐𝑍
+ 𝜀𝑓𝐾

𝜕𝑔𝐾
∗

𝜕𝑐𝑍
.                                            (3.18) 

From (3.3) and assume 𝜃 = 𝐾𝑍/𝐾, 𝑔𝑍 =
�̇�

𝑍
= 𝜀𝑍𝐾

�̇�𝑍

𝐾𝑍
+ 𝑐𝑍 =

𝜀𝑍𝐾𝑔𝐾 + 𝑐𝑍. When 𝑐𝑦 changes, the change of the equilibrium level of 

competitiveness will be, 

𝜕𝑔𝑍
∗

𝜕𝑐𝑦
= 𝜀𝑍𝐾

𝜕𝑔𝐾
∗

𝜕𝑐𝑦
.                                                       (3.19) 

Using (3.18) and (3.19), the relationship between economic growth 

and competitiveness can be tested. Economic growth is said (not) to affect 

competitiveness if 𝜕𝑔𝑍
∗ 𝜕⁄ 𝑐𝑦 > (=)0. Competitiveness is said (not) to 

affect economic growth if 𝜕𝑔𝑦
∗ 𝜕⁄ 𝑐𝑍 > (=)0. Substitute (3.13), (3.14) into 

(3.18) and substitute (3.14) into (3.19), we get: 
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𝜕𝑔𝑦
∗

𝜕𝑐𝑍
=

𝜀𝐴𝐸𝜀𝐸𝑍

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
.                                           (3.20) 

𝜕𝑔𝑍
∗

𝜕𝑐𝑦
=

𝜀𝑍𝐾

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
.                                            (3.21) 

Recall under constant returns to scale, (1 − 𝜀𝑓𝐾) > 0. Thus, 
𝜕𝑔𝑦

∗

𝜕𝑐𝑍
= 0 if 

and only if 𝜀𝐴𝐸𝜀𝐸𝑍 = 0 (i.e. 𝜀𝐴𝐸 = 0 or 𝜀𝐸𝑍 = 0). Similarly, 
𝜕𝑔𝑍

∗

𝜕𝑐𝑦
= 0 if and 

only if 𝜀𝑍𝐾 = 0. Together with the four cases in Table 3.1 (See Appendix 3.1 for 

further discussion on the results of the four cases), we have the following 

proposition: 

 

Proposition 3.1: Different cases in Table 3.1 are equivalent to different model 

restrictions as follows: 

Case 1    𝜀𝑍𝐾 = 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 = 0 (𝜀𝐴𝐸 = 0 𝑜𝑟 𝜀𝐸𝑍 = 0) 

Case 2    𝜀𝑍𝐾 ≠ 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 = 0 (𝜀𝐴𝐸 = 0 𝑜𝑟 𝜀𝐸𝑍 = 0) 

Case 3    𝜀𝑍𝐾 = 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 ≠ 0 (𝜀𝐴𝐸 ≠ 0 𝑎𝑛𝑑 𝜀𝐸𝑍 ≠ 0) 

Case 4    𝜀𝑍𝐾 ≠ 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 ≠ 0 (𝜀𝐴𝐸 ≠ 0 𝑎𝑛𝑑 𝜀𝐸𝑍 ≠ 0)  

 

Using Proposition 3.1, the four different cases in Table 3.1 can be linked 

with growth models in the literature. For Cases 1, 2, and 3, the level of 

competitiveness is exogenous, it is similar to the case of exogenous growth model 

settings (See, for example, Solow, 1957). For Case 4, the level of competitiveness 

is endogenous, it is similar to the case of endogenous growth model settings (See, 

for example, Romer, 1990). Thus, different growth models are special cases under 

different assumptions. The reality of each case is an empirical issue, which will be 
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studied in the following section. 

 

3.4. Empirical Relationship between Competitiveness and Economic 

Growth 

In the previous section, we discussed different theoretical results for the 

relationship between competitiveness and economic growth: whether 

competitiveness affects economic growth, and/ or economic growth affects 

competitiveness will lead to different conclusions of growth model settings in the 

literature. Testing such relationships is equivalent to estimating the values of 𝜀𝑍𝐾, 

𝜀𝐸𝑍 and 𝜀𝐴𝐸, which is not an easy task. Most of the existing empirical studies on 

such a relationship relied on cross-section econometric studies (Chang, 2011). 

Instead of estimating the structural equations, we test the relationship between 

competitiveness and economic growth in this section using the Granger Causality 

Test. That is, testing whether competitiveness affects economic growth in the 

production process and affected by economic growth in the investment process 

empirically. Recall that one of our objectives is to test the relationships in Table 

3.1. Answering the question “Does competitiveness affect economic growth and 

vice versa?” is equivalent to the results of testing the following two hypotheses: 

 

C.1: Competitiveness affects economic growth. 

C.2: Economic growth affects competitiveness. 

 

Since competitiveness affecting economic growth is widely 

confirmed in the literature, it is expected that C.1 should be supported. 

However, the validity of C.2 has not provided any research conclusion in 
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the literature. 

The Granger Causality Test between two variables in time series data has 

been well-developed since it was introduced by Granger (1969). Starting in the 

2000s, researchers have been testing Granger Causality in panel data, see 

Habibullah and Eng (2006), and Hartwig (2010, 2014), among others. Although 

there are various versions of the Granger Causality Test, researchers still rely on 

the classical Granger model when applying the Granger Causality Test in short 

panel data. Here we adopt the approach proposed by Hartwig (2014), which was 

initiated by Holtz-Eakin et al. (1988). 

The data involves a measurement of competitiveness (𝑔𝐸
∗ or 𝑔𝑍

∗ in 

section 3.2) and the economic growth rate of country 𝑖 at time 𝑡: 𝐶𝑖𝑡 and 𝑔𝑖𝑡, 

𝑖 = 1, … , 𝐼, 𝑡 = 0,1, … , 𝑇. Given that both variables are stationary, measurement 

of competitiveness 𝐶 is said to be failing to Granger cause 𝑔 if the inclusion of 

lagged values of 𝐶 does not significantly reduce the predictive error variance of 

𝑔 on 𝐶. That is, the mean squared error (MSE) of a forecast of 𝑔𝑡+1 based on 

the information set of (𝑔𝑡, 𝑔𝑡−1, … ) is the same as the one which uses both 

(𝑔𝑡, 𝑔𝑡−1, … ) and (𝐶𝑡, 𝐶𝑡−1, … ). In particular (Hamilton, 1994), 

𝑀𝑆𝐸[𝐸(𝑔𝑡+1|𝑔𝑡, 𝑔𝑡−1, … )] = 𝑀𝑆𝐸[𝐸(𝑔𝑡+1|𝑔𝑡, 𝑔𝑡−1, … ; 𝐶𝑡, 𝐶𝑡−1, … )]    (3.22) 

Conversely, 𝐶 Granger causes economic growth 𝑔 if the left-hand side of (3.22) 

is larger. The causality from 𝑔 to 𝐶 can be studied likewise. 

The bivariate vector autoregressive (VAR) model with MA(K) describing 𝐶 

and 𝑔 is: 

[
𝑔𝑖𝑡
𝐶𝑖𝑡
] = [

𝛼1
𝛼2
] +∑[

𝛾11
(𝑘)

𝛾12
(𝑘)

𝛾21
(𝑘)

𝛾22
(𝑘)
] [
𝑔𝑖,𝑡−𝑘
𝐶𝑖,𝑡−𝑘

]

𝑇

𝑘=1

+∑ [
𝜏𝑛
(1)

𝜏𝑛
(2)
] 𝐷𝑛𝑖𝑡

𝑁

𝑛=1

+ [
𝑦𝑖0
𝑦𝑖0
] + [

𝜀𝑖𝑡
(1)

𝜀𝑖𝑡
(2)
] . (3.23) 
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In the above model, all regression coefficients of lagged 𝑔 and 𝐶 are assumed 

to be the same across various time periods and across different countries. All 

countries are classified into 𝑁 different groups to represent their development 

stages. The group-specific effects are captured by 𝜏𝑛
(1)

 and 𝜏𝑛
(2)

. [5] Also, the 

catching-up effect is further controlled by 𝑦𝑖0, the initial output level of country 

𝑖. If country 𝑖 is in group 𝑗, then 𝐷𝑗𝑖𝑡 = 1 for all 𝑡 and 𝐷𝑛𝑖𝑡 = 0 for all 𝑡 in 

which 𝑛 ≠ 𝑗. 𝐶 does not Granger cause 𝑔 if the coefficient matrices Γ𝑘 are 

lower triangular for all 𝑘, where Γ𝑘 = [
γ11
(𝑘)

γ12
(𝑘)

γ21
(𝑘)

γ22
(𝑘)
]. [6] If Γ𝑘 are rejected to be 

lower triangular for some 𝑘, then 𝐶 will be said to Granger cause 𝑔 and 

hypothesis C.1 is supported by empirical data. Similarly, C.2 can be tested. 

 

3.4.1. Data Specifications 

The level of competitiveness (𝐶) is represented by the Global Competitiveness 

Index (GCI), adopted from The Global Competitiveness Report of the World 

Economic Forum. The World Economic Forum defines the GCI as the “set of 

institutions, policies, and factors that determine the level of productivity of a 

country” (Schwab, 2014, pp. 4). The composite index includes different 

measurements on growth factors (called pillars in GCI) such as infrastructure, 

health and education, market efficiency, innovations, etc. (See Appendix 3.2 for 

details of the framework). Kunčič (2014, pp. 141-142) refers to the GCI as one of 

the excellent indicators of institutional proxy. In a broader sense, the GCI should 

be able to reflect the overall level of growth factors in a country. If one believes 

that the GCI has captured most of the growth factors, then it should be a good 

proxy for competitiveness. [7] The economic growth rates (𝑔) are computed from 
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the GDP per capita (constant 2005 US$) in World Development Indicators from 

the World Bank. For the consistency of countries covered and the formula of GCI 

adopted, we choose 2006 to 2015 as the study period. [8] Due to availability of 

data, this study includes 109 countries which comprise over 80% of the countries 

included in the GCI dataset. 

GCI data has already pre-defined five country groups, factor-driven 

economies (S1), efficiency-driven economies (S2), innovation-driven economies 

(S3) and two transitional groups between S1 and S2, S2 and S3. Since transitional 

groups have relatively small samples for conducting group individual tests, we 

combined them with their “higher” groups. Thus, in the following, group S2 

includes countries in transition from S1 to S2 and group S3 includes countries in 

transition from S2 to S3. The descriptive statistics of the variables are listed in 

Table 3.2. 

 

Table 3.2: Descriptive Statistics 

All (n = 1090) Max Min Mean Std 

𝐶 5.80 2.58 4.29 0.66 

𝑔 0.3303 -0.1887 0.0232 0.0404 

S1 (n = 390) Max Min Mean Std 

𝐶 4.90 2.58 3.72 0.41 

𝑔 0.3303 -0.1887 0.0349 0.0416 

S2 (n = 320) Max Min Mean Std 

𝐶 5.23 3.48 4.21 0.28 

𝑔 0.1292 -0.1386 0.0284 0.0364 

S3 (n = 380) Max Min Mean Std 
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𝐶 5.80 3.85 4.96 0.48 

𝑔 0.2564 -0.1515 0.0068 0.0368 

 

3.4.2. Confirmatory Factor Analysis 

In the theoretical discussion in Chapter 2, growth factors can be represented by a 

single competitiveness measurement. Before further analysis, therefore, we test 

for whether this condition holds in the empirical case with the GCI. In order to 

test for whether different growth factors can be appropriately combined into one 

competitiveness measurement empirically as described in the GCI, confirmatory 

factor analysis (CFA), a common approach in the business and social sciences 

disciplines, is adapted to validate for unidimensionality (Byrne, 1998). 

“Unidimension” refers to whether a measurement can be represented by a single 

number line. It is a special form of factor analysis used to test whether measures 

of a factor are consistent with a researcher's understanding of the nature of that 

factor (Kline, 2016). CFA allows us to test whether a relationship between 

observed variables and their underlying latent variables exists. In the CFA, 

observed variables refer to the variables that can be measured directly, and latent 

variables refer to the variables that can only be measured indirectly by 

determining its influence to the responses on measured variables. In other words, 

CFA tests whether a hypothesized model can be used to explain the data. In 

practical terms, that is whether the observed variables can be aggregated to 

represent the latent variables. Let 𝛹 be the vector of observed variables, η be the 

latent variable, a general form of CFA model can be specified as: 

𝛹 = 𝜏 + 𝛬𝜂 + 𝜀                                                            (3.24) 

where 𝛬 is the corresponding factor loading, 𝝉 is the corresponding intercept, 𝜀 
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is the corresponding error with E(𝜀) = 0, Cov(𝜀) = Θε. This is estimated using 

maximum likelihood generated by iteratively minimizing the fit function, which is 

based on the observed variance-covariance matrix, and implied variance-

covariance matrix from the proposed model (Kline, 2016). In this study, the 

growth factors are the observed variables in the model while competitiveness is 

the single latent variable in the model. 

In the CFA, there are mainly two types of indicators, namely absolute fit 

index and relative fit index, used to determine how well the model fits the data. 

They measure the absolute fit and relative fit of a hypothesized model. Absolute 

fit refers to how well the hypothesized model fits the data, that is measuring the 

unexplained residual of the model. Relative fit refers to how well the 

hypothesized model fits the data compared with the baseline model, that is 

comparing the model fitness with a “completely unfit model.” Usually, a 

combination of both indicators is used to justify a model. Examples of commonly 

reported absolute fit index and relative fit index are the Standardized Root Mean 

Square Residual (SRMR) and Comparative Fit Index (CFI) (Kline, 2016). SRMR 

measures the standardized square root of the discrepancy between the sample 

covariance matrix and the model covariance matrix. It ranges from 0 to 1 in which 

a smaller value indicates a better fit. CFI measures the discrepancy between the 

data and the hypothesized model with adjustment of the sample size. It ranges 

from 0 to 1 in which a bigger value indicates a better fit. A widely accepted rule-

of-thumb is CFI > 0.9 and SRMR < 0.08 as a mediocre fit model (Byrne, 1998; 

Hu and Bentler, 1999; Kline, 2016). [9] 

As in the previous discussion, the hypothesized model is that all 12 growth 

factors in the GCI belong to a single aggregated factor, competitiveness. 
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Statistically speaking, the GCI is hypothesized to be a single factor model. 

In this case, each growth factor can be represented as a function of 

competitiveness and a corresponding error term. Usually, the observed 

variables (different growth factors in this case) are assumed to be measured 

by a common measurement method such as Likert-scale questionnaires. But 

in the computation of the GCI, different kinds of measurement were 

adopted in order to capture the characteristics of different growth factors, 

for example, opinions were measured using Likert-scale questionnaires for 

factors like financial market development while economic performances 

were measured using ratios of macro data for factors like health and 

primary education. In addition, some of the growth factors share the same 

data source or even the same questions. Moreover, some growth factors 

were already aggregated from other measurements or indices. Thus, it is 

suspected that there exist correlated measurement errors in some of the 

growth factors in the model. The hypothesized model thus is further 

adjusted to allow for correlated measurement errors, especially for the ratios 

data, in the following estimation. 

The CFA result is shown in Figure 3.1. Overall, the estimated model 

of competitiveness demonstrated mediocre model fitness to the data, with 

CFI = 0.942 and SRMR = 0.047. In Figure 3.1, the arrows on the right 

pointing from competitiveness to different growth factors represent that 

competitiveness comprises the 12 growth factors in the GCI. The number 

on the arrows shows the corresponding factor loadings of each growth 

factor. All of them are positive and less than 1, indicating that the 12 growth 

factors in the GCI are positively correlated with the latent variable of 
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competitiveness. The numbers on the left represent the measurement error in each 

of the growth factors in the model. The curved arrows indicate the measurement 

errors that are allowed to be correlated. The result suggests that the measures in 

the GCI are unidimensional and the growth factors can be empirically combined 

into a single competitiveness measurement using the CGI. 

 

Figure 3.1: The Model of Global Competitiveness Index 

  

 

3.4.3. Estimation Results 

As the growth factors in the GCI can be empirically aggregated, we move on to 

test for causality. In order to test for pairwise Granger Causality between 𝐶 and 

𝑔, it is necessary that the two time series are stationary. Thus, we follow Hartwig 

(2014) steps to test for unit root, the results of panel unit root tests reported in 

Table 3.3. 
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Table 3.3: Test for unit root 

H0: Unit root in level 𝐶 𝑔 

 Stat. Prob. Stat. Prob. 

Levin, Lin & Chu t* -13.08 0.0000 -24.40 0.0000 

Im, Pesaran and Shin W-stat  -2.94 0.0000 -12.66 0.0000 

ADF - Fisher Chi-square 292.28 0.0000 586.90 0.0000 

PP - Fisher Chi-square 284.59 0.0000 624.30 0.0000 

 

As shown in Table 3.3, all tests reject the null hypothesis of non-stationarity for 𝐶 

and 𝑔. Thus 𝐶 and 𝑔 are stationary time series and the estimations of Equation 

(3.23) using 𝐶 and 𝑔 are valid. 

Equation (3.23) is then estimated to test for pairwise Granger 

Causality for all countries, allowing for group-specific effects of the 3 

groups (S1, S2, and S3), from lag 1 to 5. The results are presented in Table 

3.4. 

 

Table 3.4: Pairwise Granger Causality Tests of all countries with group 

specific effects (S1 cross-section=39, S2 cross-section=32, S3 cross-section=38, 

time: 2006-2015) 

𝐶 ↛ 𝑔 𝑔 ↛ 𝐶 Lags Obs. 

9.3728 * 4.6886 * 1 987 

6.8246 * 9.1693 * 2 872 

7.9903 * 6.4458 * 3 763 

2.2806  4.4541 * 4 654 

3.8621 * 9.5909 * 5 545 
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Note: F-Statistic is displayed. * denote significance at the 5% level. 

𝑔: Economic Growth Rate 

𝐶: Competitiveness 

𝐴 ↛ 𝐵: A not Granger cause B 

 

The above results clearly show that the null hypothesis of “𝐶 not Granger Cause 

𝑔” can be rejected at 5% level of significance in four out of the five lag structures. 

This means that the claim of competitiveness causing economic growth is 

supported. On the other hand, the opposite, that competitiveness caused by 

economic growth, is also supported, as the null hypothesis of “𝑔 not Granger 

Cause 𝐶” is rejected at 5% level of significance for all lag structures. Hence both 

hypotheses C.1 and C.2 can be supported. There is a two-way causal relationship 

between competitiveness and economic growth. That is, economic growth affects 

competitiveness, and at the same time, competitiveness affects economic growth. 

This is Case 4 in Table 3.1. This result is consistent with the idea suggested by 

Chang (2011) that the relationship between competitiveness and economic growth 

can operate both ways. The result also supports the use of competitiveness to 

study economic growth. 

 

3.5. Estimations on Developing and Developed Countries 

We move on to the second question of “Does the relationship between 

competitiveness and economic growth change in different development stages?” 

As some countries become rich while others remain poor, we suspect that there 

should be some variance in the relationship between competitiveness and 

economic growth in rich and poor countries. The role of competitiveness may fit 
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into different growth models (i.e. exogenous growth and endogenous growth) for 

different groups of countries. In order words, whether developing and developed 

countries can achieve successful development. 

 

3.5.1. Initial Estimations on the Aggregate Level of Growth Factors 

We note that in the Global Competitiveness Index (GCI), the factor-driven 

economies (group S1) and efficiency-driven economies (group S2) mainly focus 

on traditional production of manufactured goods and services. In contrast, 

implementing new technologies from research and development is emphasized in 

innovation-driven economies (group S3). Thus, all countries in the data set are 

classified into two broad categories: developing countries (S1 and S2) and 

developed countries (S3). As Fagerberg et al. (2007) have suggested that 

developed countries outperform developing countries in terms of economic 

growth, we expect the causality in developing countries should be weaker. We 

then apply equation (3.23) to test for Pairwise Granger Causality for these two 

country groups and see if there are different results. The results are reported in 

Table 3.5: 

 

Table 3.5: Pairwise Granger Causality Tests for Competitiveness and 

Economic Growth 

Developing Countries [10] 

𝐶 ↛ 𝑔 𝑔 ↛ 𝐶 Lags Obs. 

3.9296 * 2.4865  1 639 

3.9669 * 4.0657 * 2 568 

5.4814 * 2.4346  3 497 
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2.4676 * 2.3168  4 426 

4.5314 * 4.3564 * 5 355 

Developed Countries 

𝐶 ↛ 𝑔 𝑔 ↛ 𝐶 Lags Obs. 

9.4327 * 5.5821 * 1 342 

6.4578 * 11.7095 * 2 304 

5.1597 * 8.9136 * 3 266 

2.7487 * 6.0935 * 4 228 

0.9911  8.8381 * 5 190 

Note: F-Statistic is displayed. * denote significance at the 5% level. 

𝑔: Economic Growth Rate 

𝐶: Competitiveness 

𝐴 ↛ 𝐵: A not Granger cause B 

 

In the first panel of Table 3.5, the null hypothesis of “𝑔 not Granger Cause 𝐶” 

cannot be rejected for three out of five lag structures. Thus, there is no strong 

evidence to support hypothesis C.2. On the other hand, the null hypothesis of “𝐶 

not Granger Cause 𝑔” is rejected at the 5% level of significance for all five lag 

structures. Thus, we can conclude that economic growth does not affect 

competitiveness, and competitiveness affects economic growth in developing 

countries. This is Case 3 (for all Cases please refer to Table 3.1). 

In the second panel of Table 3.5, both null hypotheses “𝐶 not Granger 

Cause 𝑔” and “𝑔 not Granger Cause 𝐶” can be rejected at the 5% level of 

significance in at least 4 out of 5 time lag structures in each direction. The two-

way causal relations in the previous section maintained for the developed 
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countries. Hence hypotheses C.1 and C.2 are also supported by the data for 

developed countries. Economic growth affects competitiveness, and 

competitiveness affects economic growth in developed countries. This is 

Case 4. 

The results in Table 3.5 suggest that Hypothesis C.1, Competitiveness 

affects economic growth, is supported for both groups. However, although 

economic growth still affects competitiveness for developed countries, the 

causal relation from economic growth to competitiveness cannot be 

confirmed for developing countries. In order words, the pattern for 

developing countries fits the settings for exogenous growth models, and the 

pattern for developed countries fits in the settings for endogenous growth 

models. This result is consistent with the findings from Fagerberg et al. 

(2007) that the developed countries outperform others. In general, 

sustainable economic growth occurs in developed countries but not in 

developing countries. 

 

3.5.2. Further Estimations on Different Types of Growth Factors 

In order to further investigate the difference between developing and developed 

countries, we further estimate the results for different types of growth factors. The 

GCI is constructed from three sub-indices, namely, “basic requirements,” 

“efficiency enhancers” and “innovation and sophistication factors” which 

represent three different groups of growth factors. “Basic requirements” refers to 

the growth factors that relate to factor endowments, for example, basic education, 

infrastructure, etc. “Efficiency enhancers” refers to the growth factors that relate 

to developing more efficient production processes, for example, higher education 
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and training, efficient good and labor market, etc. “Innovation and sophistication 

factors” refers to the growth factors that relate to innovating and sophisticating 

new ideas. It is well-known from Porter (1990) that the need for growth factors in 

development shifts as the economy develops. That means developing countries 

may focus more on basic requirements while developed countries may focus more 

on efficiency enhancers or innovation and sophistication factors. We therefore 

expect different results could be obtained from different types of growth factors in 

different country groups. Thus, we test for Pairwise Granger Causality for 

different types of growth factors in developing and developed countries. The 

results are reported in Table 3.6: 

 

Table 3.6: Pairwise Granger Causality Tests for Different Types of Growth 

factors 

Developing Countries [11] 

𝐶𝐴 ↛ 𝑔 𝑔 ↛ 𝐶𝐴 Lags Obs. 

3.8018  0.5389  1 639 

3.4884 * 2.6810  2 568 

6.1068 * 1.8835  3 497 

3.4196 * 3.5049 * 4 426 

5.1092 * 5.5012 * 5 355 

𝐶𝐵 ↛ 𝑔 𝑔 ↛ 𝐶𝐵 Lags Obs. 

1.9525  36.9541 * 1 639 

2.2968  27.6713 * 2 568 

3.3635 * 13.5865 * 3 497 

1.1569  9.8461 * 4 426 
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1.5666  7.0209 * 5 355 

𝐶𝐶 ↛ 𝑔 𝑔 ↛ 𝐶𝐶 Lags Obs. 

0.2046  8.8595 * 1 639 

0.6568  4.3568 * 2 568 

0.7568  4.9293 * 3 497 

0.4754  3.3658 * 4 426 

1.1234  0.1748  5 355 

Developed Countries 

𝐶𝐴 ↛ 𝑔 𝑔 ↛ 𝐶𝐴 Lags Obs. 

3.6575  0.0753  1 342 

4.0908 * 8.5807 * 2 304 

6.3519 * 5.1485 * 3 266 

1.1315  2.7317 * 4 228 

0.4209  7.3686 * 5 190 

𝐶𝐵 ↛ 𝑔 𝑔 ↛ 𝐶𝐵 Lags Obs. 

10.2608 * 17.2692 * 1 342 

6.7339 * 14.3167 * 2 304 

6.1057 * 10.9371 * 3 266 

2.6363 * 8.9075 * 4 228 

1.2457  6.6441 * 5 190 

𝐶𝐶 ↛ 𝑔 𝑔 ↛ 𝐶𝐶 Lags Obs. 

8.0459 * 14.2350 * 1 342 

5.6987 * 13.7471 * 2 304 

3.3286 * 9.7822 * 3 266 

3.0509 * 7.0639 * 4 228 
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0.9655  3.1702 * 5 190 

Note: F-Statistic is displayed. * denote significance at the 5% level. 

𝑔: Economic Growth Rate 

𝐶𝐴: Basic Requirements 

𝐶𝐵: Efficiency Enhancers  

𝐶𝐶: Innovation and Sophistication Factors 

𝐴 ↛ 𝐵: A not Granger cause B 

 

The first part of the two panels in Table 3.6 shows the relationship between 

growth factors of basic requirements and economic growth rate both in 

developing countries and developed countries. It shows that the growth factors of 

basic requirements causing economic growth only appears in developing 

countries, while economic growth causing growth factors of basic requirements 

only appears in developed countries. That is Case 2 for developing countries and 

Case 3 for developed countries.  

The second part shows the relationship between growth factors of efficiency 

enhancers and economic growth rate in developing countries and developed 

countries. Although economic growth Granger causing growth factors of 

efficiency enhancers appears in both developing and developed countries, growth 

factors of efficiency enhancers causing economic growth only appears in 

developed countries. This refers to Case 3 for developing countries and Case 4 for 

developed countries.  

The third part shows the relationship between growth factors of innovation 

and sophistication factors and the economic growth rate in developing countries 

and developed countries. Similar to the growth factors of efficiency enhancers, the 
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causality from growth factors of innovation and sophistication factors to 

economic growth only appears in developed countries, whereas the 

causality from economic growth to growth factors of innovation and 

sophistication factors appears in both developing and developed countries.  

These results support Chang’s (2011) idea that (1) in some cases, 

growth factors are caused by economic growth, and (2) the relationship 

between growth factors and economic growth changes when the economy 

develops. The results are also consistent with Glaeser et al. (2004) that 

developing all types of growth factors at the same time may not be the best 

approach for development. 

 

3.6. Assessing the Ability to Transform Resources into Competitiveness 

We believe the previous results of the causality test can be explained by the 

mechanism of resource allocation and economic structure. As discussed in 

Chapter 2, transforming economic growth to competitiveness or different growth 

factors requires a mechanism to allocate resources efficiently and appropriately in 

the investment process. But whether developing countries are able to direct 

additional resources to strengthen their capacity is questionable. This allocation of 

resources is reflected in the economic structure and the ability to change it. For 

example, Wong (2008) examined provinces of China and concluded that 

allocation of resources is also an important factor of growth. Another example is 

the hot debate on economic development’s "curse of natural resources," Daniele 

(2011) concluded that the effect of resources on economic growth strictly depends 

on national institutional characteristics. In some oil-exporting countries, after a 

long-term gain in oil money, their economies cannot use the oil money to build up 
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competitive industries so that economic growth is negatively affected by the oil 

market. We may surmise that they are unable to maintain an optimal economic 

structure. Based on the results in previous sections, we suspect that the impacts of 

economic growth on competitiveness are different for countries under different 

mechanisms of resource allocation. This, in consequence, makes their economic 

structure different. 

 

3.6.1. The Mechanism of Transforming Resources into Competitiveness 

To confirm developing countries’ weak ability to transform resources into growth 

factors and competitiveness, we adopt the new approach we proposed in Chapter 

2 by separating the investment process and production process. [12] The 

mainstream of endogenous growth models suggests that a higher growth rate can 

be achieved by effectively allocating resources into appropriate sectors, i.e., 

physical capital and human capital accumulation or research and development and 

innovation (Lucas, 1988; Grossman and Helpman 1994). Thus, effective resource 

allocation in the investment process is a condition of successful development. 

This idea can be applied to the national competitiveness context. If 

competitiveness leads to economic growth, there should exist an optimal resource 

allocation in the investment process that can optimize the economic structure, 

maximize competitiveness, and thereby maximize economic growth. Given some 

new resources generated from economic growth, there are two different methods 

of resource allocation which can affect the economic structure. In the first, the 

new resource can be allocated to sectors not related to growth factors. This will 

have minimal effect on the economic structure. In the second, such resources can 

be allocated to improve different growth factors and thus competitiveness and 
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growth. Whether this generates higher competitiveness and growth depends 

on the efficiency of allocating such resources and the appropriateness of 

such allocation. 

Hence, behind competitiveness there is an allocation of resources and 

that represents how the economic structure is changed. In terms of 

improving competitiveness, one way is to improve all growth factors 

proportionally. This achieves a certain level of competitiveness without 

changing the current method of resource allocation. Thus, the combination 

and proportion of growth factors would not be affected. We call it keeping 

the current “dimension mix” (the concept of dimension mix will be 

explained in the next sub-section). Alternatively, resources can be allocated 

to a specific area for optimal uses which changes the method of resource 

allocation. The combination and proportion of growth factors would 

therefore be changed as the resource is allocated to some specific area. We 

call it changing the “dimension mix.” If measurements of efficient resource 

allocation of developing and developed countries are significantly different, 

the resource allocation explanation on the different causal relationship 

patterns can be supported. 

 

3.6.2. Decomposition of Competitiveness Index by Data Envelopment 

Analysis 

To study the methods of resource allocation in the investment process, we borrow 

the idea of Li and Tsang (2018), Li and Zhao (2015) and Despotis (2005) to treat 

each growth factor (called pillars in GCI) of the GCI as output. Let 𝑦𝑚 be the 

𝑚th pillar and 𝑤𝑚 the corresponding weight of that pillar in the competitiveness 
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index, 𝑚 = 1,… ,𝑀. Denote the overall competitiveness index by 𝐶. Then 

𝐶 = ∑ 𝑤𝑚𝑦𝑚

𝑀

𝑚=1

                                                      (3.25) 

It is thought that there are tradeoffs among different pillars but the ratio of trade-

off between any two pillars is not constant. In particular, let 𝒚 = (𝑦1, 𝑦2, … , 𝑦𝑀) 

be a vector of pillars of the competitiveness index. The set of all feasible vectors 

of pillars is 𝑆 = {𝒚: 𝒚 is a vector that can be achieved by a country}. Set 𝑆 is 

called the feasibility set of competitiveness (it will be discussed in Chapter 4). 

Although all countries want to attain higher competitiveness, not all of them are 

on the frontier of the feasibility set. For example, in the following diagram, a 

country is observed to be at point 𝑦0 with pillar vector (𝑦1
0, 𝑦2

0). The straight 

line ww′ reflects the weights of pillars. The competitiveness index is at the 

maximum at point 𝑦∗ = (𝑦1
∗, 𝑦2

∗). Thus, pillar weights indicate the “value” of 

each pillar and the competitiveness index is like the revenue of a firm (see Figure 

3.2 for graphical illustration). These weights also represent the relative importance 

of each pillar. 
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Figure 3.2: Competitiveness ‘Frontier’ 

 

 

Previous empirical studies of competitiveness implicitly assume constant tradeoffs 

among pillars. Thus, every point on ww′ is feasible. However, the rate of 

tradeoff is not constant in our new model. Such a nonlinear nature is reflected by 

the curve ZZ′. To maximize competitiveness, the country needs to move from 𝑦0 

to 𝑦∗. 

Two components are identified from 𝑦0 to 𝑦∗. First, we believe that 

the capacity of structural change can be reflected by the combination of the 

growth factors within a competitiveness index of a country. The country can 

choose to keep its observed dimension mix and try to raise its 

competitiveness. Thus, the first component is moving to the frontier from 

𝑦0 to 𝑦′ through proportional expansion of all pillars. Further 

improvement from 𝑦′ to 𝑦∗ requires a change of economic structure. The 

second component is moving from 𝑦′ to 𝑦∗ by changing the dimension 
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mix. 

We measure the above three terms by adopting the framework and 

terminologies of Li and Tsang (2018) and Li and Zhao (2015). To make 

developing and developed countries comparable, we further modify the model by 

introducing a resource constraint input 𝑥. Suppose there are 𝐾 observed 

countries. Let 𝑦𝑚𝑘 be the 𝑚th dimension of the competitiveness index for 

country 𝑘, where 𝑚 = 1,… ,𝑀 and 𝑘 = 1,… , 𝐾. Let the observed 

competitiveness index at𝑦0  be 𝐶0. Then 

𝐶0 = ∑ 𝑤𝑚𝑦𝑚
0

𝑀

𝑚=1

.                                                   (3.26) 

The highest level of competitiveness is 

𝐶∗ = 𝑚𝑎𝑥
𝒚

{∑ 𝑤𝑚𝑦𝑚

𝑀

𝑚=1

: 𝒚 ∈ 𝑆}.                                      (3.27) 

The potential of improving competitiveness is indicated by the following measure 

of overall efficiency of competitiveness: 

𝑂𝐶
0 =

𝐶∗

𝐶0
.                                                              (3.28) 

This is called the efficiency of overall competitiveness. The value (𝑂𝐶
0 − 1) ∗

100% is the percentage of the competitiveness index of 𝑦0 that can be 

increased. In the above diagram, 𝑂𝐶 = 0𝑦
"/0𝑦0. The component of proportional 

expansion of all pillars is measured by 

𝐸𝑝 = 𝑚𝑎𝑥
𝜃
{: 𝜃𝑦0 ∈ 𝑆}.                                       (3.29) 

This is called the efficiency of proportional competitiveness. In the above diagram, 
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𝐸𝑝 = 0𝑦′/0𝑦0. 

Let 𝐶𝑝 = ∑ 𝑤𝑚(𝐸𝑝𝑦𝑚
𝑝)𝑀

𝑚=1  to denote maximum competitiveness 

attainable when the dimension mix is kept constant. The component of 

improving competitiveness through changing the dimension mix is 

measured by the efficiency of dimension mix: 

𝐸𝑑 =
𝐶∗

𝐶𝑝
=
(
𝐶∗

𝐶0
)

(
𝐶𝑝

𝐶0
)
=
𝑂𝐶
𝐸𝑝
                                                   (3.30) 

Thus 𝑂𝐶 = 𝐸𝑑𝐸𝑝. In the above diagram, 𝐸𝑑 = 0𝑦
"/0𝑦′. It is easy to see that all 

𝑂𝐶, 𝐸𝑝, and 𝐸𝑑 are greater than or equal to one. 

Empirically, the above problem can be solved by an output-orientated 

data envelopment analysis model. Using the variable returns to scale (VRS) 

frontier in (3.29), the efficiency of proportional competitiveness for country 

𝑗, is 

𝐸𝑝
𝑘 = 𝑚𝑎𝑥

𝜃,𝑧
𝜃                                                            (3.31) 

subject to 

∑𝑧𝑘𝑦𝑚𝑘

𝐾

𝑘=1

≧ 𝜃𝑦𝑚𝑗     𝑚 = 1,⋯ ,𝑀 

∑𝑧𝑘𝑥𝑘

𝐾

𝑘=1

≦ 𝑥𝑗  

∑𝑧𝑘

𝐾

𝑘=1

= 1 

𝑧𝑘 ≧ 0, 𝑘 = 1,… , 𝐾. 

Similarly, given weight vector 𝑤 and the VRS frontier in (3.27), the 
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corresponding maximum value of the competitiveness index is 

𝐶∗ = 𝑚𝑎𝑥
𝑦,𝑧

∑𝑤𝑚𝑦𝑚

𝑀

𝑚=1

                                                 (3.32) 

subject to 

∑𝑧𝑘𝑦𝑚𝑘

𝐾

𝑘=1

≧ 𝜃𝑦𝑚𝑗 , 𝑚 = 1,⋯ ,𝑀 

∑𝑧𝑘𝑥𝑘

𝐾

𝑘=1

≦ 𝑥𝑗  

∑𝑧𝑘

𝐾

𝑘=1

= 1 

𝑧𝑘 ≧ 0, 𝑘 = 1,… , 𝐾 

where the solution 𝑦∗ is the optimal pillar vector for the weight vector w. Then 

𝑂𝐶, 𝐸𝑝 and 𝐸𝑑 can be found by combining (3.26) - (3.32), accordingly. 

The annual geometric means of the efficiency scores for developing 

countries and developed countries for 2011-2015 are reported in Table 3.7. [13] 

The average efficiency of proportional competitiveness in developing groups 

(around 1.06) is significantly higher than that of developed groups (around 1.02). 

This means developing groups have more possibilities for improvement in 

proportional competitiveness. On the other hand, the average efficiency of the 

dimension mix of the developing group (around 1.15) is also significantly higher 

than that of the developed group (around 1.10). This means the developing group 

also has more potential for improvement in adjusting the dimension mix. These 

results confirm our conjecture that developing countries are weak in directing 

additional resources to enhance competitiveness. 
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Table 3.7: Efficiency Scores for Two Country Groups 

Year 2011 2012 2013 2014 2015 

Efficiency of proportional 

competitiveness (𝐸𝑝) * * * * * 

Developing countries 1.06 1.06 1.05 1.05 1.06 

Developed countries 1.02 1.02 1.02 1.02 1.02 

Efficiency of dimension mix (𝐸𝑑)  * * * * 

Developing countries 1.13 1.14 1.14 1.14 1.17 

Developed countries 1.10 1.10 1.10 1.10 1.10 

Note: Geometric means are shown. * denotes significance difference at the 5% 

level in independent samples T-test. 

 

3.6.3. Linking Economic Structure to Economic Growth 

Finally, we estimate the effect of 𝐸𝑝 and 𝐸𝑑 on economic growth. If the value of 

𝐸𝑝 and 𝐸𝑑 truly reflect the ability of resources allocation, 𝐸𝑝 and 𝐸𝑑 should 

have a negative effect on economic growth. In this case, 𝐸𝑝 and 𝐸𝑑 carry 

information about economic structure and they can be used as a proxy of capacity 

for structural change in which a smaller value of 𝐸𝑝 and 𝐸𝑑 represent a better 

economic structure. That is, we are establishing a link from economic structure to 

economic growth in the production process. The panel regression results for 𝐸𝑝 

and 𝐸𝑑 on economic growth are shown in Table 3.8: 
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Table 3.8: Panel Regression Results for 𝑬𝒑 and 𝑬𝒅 

 Dependent variable: 𝑔 

 Model A Model B 

𝐸𝑝 
-0.1034** 

(0.0499) 

-0.1132** 

(0.0492) 

𝐸𝑑 

-0.1033** 

(0.0425) 

-0.1260*** 

(0.0422) 

𝑌𝑡−1 - 
-7.02E-06*** 

(1.82E-06) 

Constant 
0.2463*** 

(0.0832) 

0.4058*** 

(0.0918) 

Adj R-squared 0.3856 0.4047 

n 545 545 

Note: Includes Cross-section and Period fixed effect. “***”, “**” and “*” indicate 

significance at the 1%, 5% and 10% levels respectively. Numbers in brackets 

represent standard error of the coefficient. 

 

In Table 3.8, Model A estimates the effect of 𝐸𝑝 and 𝐸𝑑 on economic growth. 

Model B further controls for the real GDP per capita in the previous year as a 

comparison. As shown in Table 4.8, all coefficients in both models are significant. 

In particular, the negative sign of the coefficient of 𝐸𝑝 suggests a 1 percentage 

point increase (+0.01) in inefficient proportional competitiveness will result in at 

least a 0.1 percentage point decrease (−0.001) in the economic growth rate. The 

negative sign of the coefficient of 𝐸𝑑 suggests a 1 percentage point increase 

(+0.01) in inefficient dimension mix will result in at least a 0.1 percentage point 
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decrease (−0.001) in the economic growth rate. These results confirm our claim 

that inefficiency in directing additional resources to enhance competitiveness has 

a negative effect on economic growth and such measurements can be used as a 

proxy to measure the capacity for structural change. Combined with the results in 

this chapter, it further supports the application of our new framework in Chapter 

2, by separating the investment process and production process.  

 

3.7. Summary 

In development economics, understanding the relationship between growth factors 

and economic growth is important as it is the key for developing countries to 

catch up with the developed world. However, Chang (2011) pointed out that 

although there is extensive literature on development economics which has 

provided different kinds of explanations and theories about the relationship 

between growth factors and economic growth, there is still a huge research gap in 

both theoretical and empirical studies in this important topic. Using the 

framework of competitiveness where competitiveness represents the aggregate 

level of growth factors, we specifically pointed out two questions: (1) Is 

competitiveness the cause or effect of economic growth, or both? (2) Will the role 

of competitiveness change as a country develops? 

In this chapter, we answered the first question by deriving different 

types of relationships between competitiveness and economic growth and 

their corresponding empirical testing method based on an endogenous 

growth model. We adopted the Global Competitiveness Index to represent 

the level of competitiveness and tested its relationship with economic 

growth empirically. We further validated for the unidimensionality of the 
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GCI and concluded that the growth factors in the GCI can be empirically 

aggregated into a single competitiveness measurement. After that, a two-way 

causal relationship between competitiveness and economic growth was found and 

the result supports the idea suggested by Chang (2011) that the relationship 

between competitiveness and economic growth can be mutually supportive. This 

result supports the use of competitiveness to study economic growth. 

We further investigated whether the relationships between growth factors 

and economic growth depend on the stage of development. Using competitiveness 

to represent the group of growth factors, we found that such relationships depend 

on the stage of development. For developing countries, better competitiveness can 

enhance economic growth but not vice versa. On the other hand, the relationship 

between competitiveness and economic growth works both ways for developed 

countries. This result suggests different model settings should be adopted in 

studying growth factors and competitiveness for countries in different 

development stages.  

Furthermore, our results in Section 3.5 showed that different types of 

growth factors have different effects on economic growth in developing countries 

and developed countries. Our results support Chang’s (2011) idea that (1) in some 

cases, growth factors are caused by economic growth, and (2) the relationship 

between growth factors and economic growth changes when the economy 

develops. The results are also consistent with Glaeser et al. (2004) that developing 

all types of growth factors at the same time may not be the best approach for 

development. Finally, we further explained the difference in developing and 

developed countries by the ability to transform resources to growth factors and 

competitiveness, and further link economic structure with economic growth. 
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These results support the empirical application of our new framework in 

Chapter 2. This can be extended to other competitiveness indices for further 

studies. 

 

 

1 For simplicity, we focus on the environmental factors which are uncontrolled 

by firms. 

2 �̇� = 𝑑𝑥 𝑑𝑡⁄  for any variable 𝑥. 

3 The function 𝐴(. ) is a general function that may depend on many factors. Our 

focus is the growth factors. Ceteris paribus, there is no harm to treat 𝐴(. ) 

depending on the environmental factors which are shaped by growth factors only. 

4 We will discuss for the case in which this condition does not hold later (i.e. 

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾 ≦ 0). 

5 Holtz-Eakin et al. (1988) included country-specific effects in their regression 

equations.  

6 That is, Γ𝑘 is lower triangular if and only if  𝛾12
(1)
= 𝛾12

(2)
= ⋯ = 𝛾12

(𝑇) = 0. 

7 In fact, there are many studies proposing the use of competitiveness to 

represent different growth factors and we believe they are highly related (see, for 

example, Maskell and Malmberg, 1999; Fagerberg et al., 2007; Peneder, 2017).  

8 The values of the GCI in the Global Competitiveness Report 2015 – 2016, for 

example, are treated as data in 2015. We also note that the formula of the GCI has 

been recently changed in 2018. 

9 We note that some recent studies suggest CFI > 0.95 and SRMR < 0.05 for an 

excellent fit model.  
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10 Since two groups are involved, one dummy is included Pairwise Granger 

Causality Tests to capture group specific effects. 

11 Since two groups are involved, one dummy is included Pairwise Granger 

Causality Tests to capture group specific effects. 

12 This approach will be further discussed in Chapter 4. 

13 Different dimension weights are used in different groups following the GCI 

report. Since dimension weights of transitional groups in older years are missing, 

only results for 2011-2015 are computed. 
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Chapter 4.  

Essay 2: The Impacts of Sub-optimal Resource Allocation on 

Economic Growth: The Effectiveness of Official Development 

Assistance 

 

4.1. Introduction 

There are positive and negative impacts of foreign aid on the receiving country in 

the literature. Those who advocate positive effects assume the additional resources 

can be allocated appropriately to enhance the production capacity of the receiving 

country. Opponents of foreign aid say that aid will distort the economy by 

importing inappropriate resources and/ or lowering government efficiency. 

However, the final impacts of foreign aid remain inconclusive. 

Using the framework of economic structure and structural change 

proposed in Chapter 2, this chapter improves upon the current literature by 

incorporating both the positive and negative impacts of a major kind of 

aids, the official development assistance (ODA) in a single model. By 

concentrating on the aspect of resource utilization, we point out the positive 

effect (endowment effect) of ODA which comes from the increase in 

resources. The negative effects of ODA come from two types of 

misallocation of resources: the inefficient mechanism of resource allocation 

of the receiving country (misallocation effect) and the adoption of 

developed countries’ standard (biased effect). As a result of these, the 

recipients of ODA may be moving away from their optimal economic 

structure. These three effects can summarize all factors that influence the 

impacts of ODA, enabling us to focus on the overall effects of ODA. Of 
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course, if one wants to study the impacts of particular factors, one can include 

individual factors. 

To make this framework operational, we propose a new model of economic 

structure that, aims to (1) identify the optimal economic structure, and (2) analyze 

the effect of structural change on economic growth. The model follows the 

framework in Section 2.6 to study economic structure and structural change. In 

the investment process, economic growth generates extra resources that are used 

to support different growth factors. Unlike previous studies that focus on each 

growth factor separately, our new model adopts the competitiveness approach to 

treat growth factors as a system. As resources are limited, there exists a trade-off 

between different growth factors in which competitiveness could be enhanced by 

allocating resources to better use.  

By introducing the growth function and feasibility set, we argue that such 

enhancing competitiveness is equivalent to improving the capacity for structural 

change. This idea provides us with an alternative way to study the economic 

structure. In this case, the combination of growth factors that support the highest 

possible level of competitiveness is derived from optimal structural change which 

leads to optimal economic structure. We then conclude that the structural change 

can be studied by the ratio between the observed level of competitiveness and the 

highest possible level of competitiveness. This ratio can be further used to analyze 

the effect of sub-optimal structural change on economic growth. 

New indicators of resource allocation are developed using the new model to 

capture the two negative effects of ODA. Specifically, by relating the change in 

economic structure of an economy and the dimensions of its competitiveness, we 

adopt Li and Zhao’s (2015) and Li and Tsang’s (2018) data envelopment analysis 
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(DEA) framework for studying competitiveness to determine the optimal 

structural change towards the optimal economic structure. Following from 

this, conversely a misallocation of resources can be reflected by the degree 

of deviation from the optimal structural change, which implies sub-optimal 

economic structure. 

This chapter is organized as follows: Section 4.2 discusses the 

positive and negative effects of ODA. Section 4.3 provides a new model of 

economic structure and structural change based on the growth function and 

feasibility set to represent the production process and investment process as 

discussed in Chapter 2. Section 4.4 introduces the new bias variable based 

on a data envelopment analysis framework on competitiveness. Section 4.5 

discusses the initial results of the new variable. Section 4.6 identifies the 

various impacts of ODA. Section 4.7 concludes. 

 

4.2. The Positive and Negative Effects of Official Development Assistance 

Official development assistance (ODA) is usually defined as: 

 

Flows of official financing administered with the promotion of the 

economic development and welfare of developing countries as the main 

objective, and which are concessional in character with a grant element of 

at least 25 percent (using a fixed 10 percent rate of discount). By 

convention, ODA flows comprise contributions of donor government 

agencies, at all levels, to developing countries and to multilateral 

institutions. (IMF, 2003) 
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In the year 2015, over 150 billion USD of ODA was sent to promote the 

economic development and welfare of developing countries. This accounted for a 

large proportion of each recipient’s national income. Within over 120 ODA 

receiving countries, 27 of them received ODA which is over 10% of their national 

income in 2015. In Tuvalu and Liberia, the ratio even came up to 89.2% and 

62.4%. In view of the huge flow of resources in the form of ODA, it is important 

to ascertain its impacts. 

There are both positive and negative effects from ODA on the receiving 

country in the literature. Those who advocate positive effects assume the 

additional resources can be allocated appropriately to enhance the production 

capacity of the receiving country (See, for example, Gulati, 1975; Levy, 1988; 

McGillivray and Morrissey, 2000; Hatemi-J and Irandoust, 2005; Abidemi et al., 

2011, for different positive effects). Opponents of ODA say the aid will distort the 

economy by importing inappropriate resources and/ or lowering government 

efficiency (See, for example, Griffin and Enos, 1970; Singh, 1985; Boone, 1996; 

Feyzioglu, 1998; Easterly, 1999; Remmer, 2004; Osei at al., 2005; Knack and 

Rahman, 2007; Hudson and Mosley, 2008, for different negative effects). This 

means the additional resources from aid are diverted to sub-optimal places. Some 

researchers found that the final impacts of foreign aid depend on the quality of 

policies (Burnside and Dollar, 2000). Again, good policies allocate new resources 

from foreign aid efficiently whereas misallocation of resources is found in bad 

policies. 

We believe that both positive and negative impacts of ODA occur. The 

positive impact mainly comes from the change of resource endowment (see, for 

example, Creasey et al., 2015). A higher level of ODA injects more resources into 
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a country. This may stimulate economic growth directly by improving the 

growth factors. Thus, the country can have higher capacity to improve its 

economic structure and boost economic growth. For example, studies such 

as Hatemi-J and Irandoust (2005) found support for ODA in promoting the 

economic growth of receiving countries. Abidemi et al. (2011), using the 

data from 1981 to 2008, further show that in the case of Nigeria, GDP per 

capita rose dramatically following the increased inflow of ODA. We call 

this the endowment effect of ODA. 

For the negative impact, we think that it comes from inappropriate 

resource allocation of the receiving country. The additional resources from 

ODA are distributed to the economy through some organizations in the local 

economy. The impact depends on the performance of government 

institutions, laws and regulations, local market structure, etc. When they are 

distributed efficiently, the endowment effect of ODA will show its 

maximum strength. However, it is well-known that in many developing 

countries, markets are far from perfect and maximizing social welfare may 

not be the only objective of government officials. Additional resources may 

not necessarily be allocated to their best uses. This diminishes the 

effectiveness of ODA on promoting economic growth. Further, there may 

be rent-seeking activities for different parties in the government and the 

commercial sectors to fight for the benefits of ODA (Moyo, 2009). This 

detracts from productive resources for the local economy. This is equivalent 

to deviating from optimal economic structure. Studies found that aid 

influences the behavior of the government so that government intervention 

can crowd-out the positive effects of ODA (Oladi and Gilbert, 2015; Osei at 
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al., 2005; Feyzioglu, 1998; Remmer, 2004; Hudson and Mosley, 2008; Singh, 

1985). Moyo (2009) even argued that, by fostering corruption and distorting the 

economy, aid had been the crucial factor holding Africa back. We call this the 

misallocation effect of ODA. 

In addition to the inefficient resource allocation of ODA, it is well known 

that some developing countries follow the development strategy that, to various 

extents, embodies developed countries’ value systems. However, this may not be 

suitable for developing countries, or may even be harmful to their economic 

growth (Chang, 2005; Stiglitz, 2004; Lall, 2001; and Michael, 1997). For 

example, some conditions are imposed along with ODA to promote Western social 

and economic rights in Africa (Tjønneland, 1998); ODA receiving countries are 

importing inappropriate resources and lowering government efficiency (Griffin 

and Enos, 1970; Boone, 1996; Easterly, 1999). The result is negative impact on 

economic growth. We call the negative impacts caused by a biased value system 

the biased effect of ODA. 

Veiderpass (2015) found a mixed picture of the effect of ODA. On the one 

hand, he discovered a significantly weak positive relation of aid on productivity 

improvement in a sample of 89 countries. On the other hand, in 11 countries 

receiving aid comprising more than 20% of gross national income, he discovered 

both significant productivity increase and significant productivity decrease among 

these countries at the same time. 

Let 𝑔 be the economic growth rate of a country, 𝑋 a vector of 

determinants of growth, 𝑅 be an indicator of resource allocation, and ∆ be a 

measure of the bias generated from biased value. A higher value of ∆ means a 

larger bias. Thus we have the following growth function for the production 
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process: 

𝑔 = 𝑓(𝑂𝐷𝐴, ∆, 𝑅, 𝑋).                                                         (4.1) 

From our previous discussions, the endowment effect of ODA on 

economic growth rate has direct positive impacts. Thus 𝜕𝑔 𝜕𝑂𝐷𝐴⁄ > 0. 

When the additional resources of ODA are not allocated efficiently, the 

endowment effect will be weakened. Under the misallocation effect of 

ODA, a higher value of 𝑅 indicates less efficient allocation of resources. 

Under the biased effect of ODA, a higher value of ∆ means a value system 

closer to the developed countries’ system. Both will lower the effectiveness 

of ODA. We expect there is an interaction effect between misallocation 

effect, biased effect and ODA, so that 𝜕(𝜕𝑔/𝜕𝑂𝐷𝐴) 𝜕𝑅 ≦ 0⁄  and 

𝜕(𝜕𝑔/𝜕𝑂𝐷𝐴)/𝜕∆≦ 0. 

 

4.3. Modeling Economic Structure through Competitiveness 

As in the previous discussion, the effect of ODA depends on resource allocation 

and economic structure. Following the framework of economic structure and 

structural change in Chapter 2, we propose a new model of economic structure 

which aims to (1) identify the optimal economic structure, and (2) analyze the 

effect of structural change on economic growth.  

 

4.3.1. Basic setting 

We first start with the production process of an economy. The resource 

endowments of the economy at time 𝑡 are the amounts of aggregate capital and 

the total labor force, denoted as 𝐾(𝑡) and 𝐿(𝑡). Let the aggregate output level be 

𝑌(𝑡). All labor is devoted to the production of output. Let 𝐾𝑌(𝑡) be the amount 
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of capital utilized to produce output. Given inputs devoted to the production of 

output, the actual output level is affected by the level of technology 𝐴(𝑡). The 

production process is modeled by a linearly homogeneous aggregate production 

function: [1] 𝑌 = 𝐴𝑓(𝐾𝑌, 𝐿), 𝑓𝐾 ≔ 𝑓 𝐾𝑦⁄ > 0, 𝑓𝐾𝐾 ≔ 2𝑓 𝐾𝑦
2⁄ < 0, 𝑓𝐿 ≔

𝑓 𝐿⁄ > 0 and 𝑓𝐿𝐿 ≔ 2𝑓 𝐿2⁄ < 0. Further, the Inada conditions are satisfied. 

The level of technology is determined by 𝑁 environmental factors 

uncontrolled by firms which are represented by the vector 𝑬 = (𝐸1, … , 𝐸𝑁) in the 

form of 𝐴 = 𝐴(𝑬). [2] In the following discussions, let 𝑁 = 2. The function 

𝐴(𝑬) is assumed to be a concave function with 𝐴 𝐸𝑖⁄ ≧ 0 for 𝑖 = 1,2. The 

aggregate production function is then, [3] 

𝑌 = 𝐴(𝐸1, 𝐸2)𝑓(𝐾𝑌, 𝐿),                                             (4.2) 

Next, we move on to the investment process. Following the idea of 

competitiveness that each environmental factor 𝐸𝑖 is shaped by a corresponding 

growth factor 𝑍𝑖, we assume that no 𝑍𝑖 are carried forward. In other words, 𝑬 

is the accumulated effect of 𝒁 ≔ (𝑍1, 𝑍2). Each growth factor contributes to the 

change of the corresponding environmental factor in the following way: [4] 

𝐸𝑖̇ = 𝑍𝑖 ,                                                            (4.3) 

Borrowing the idea of Romer (2012) [5], growth factors can be generated 

by the following growth factor generation function: [6] 

𝑍𝑖 ≦ ℎ𝑖(𝐾𝑍𝑖), ℎ𝑖
′ > 0, ℎ𝑖

′′ < 0, 𝑖 = 1,2,                                (4.4) 

where 𝐾𝑍𝑖 is the amount of capital utilized to produce growth factor 𝑍𝑖, 𝑖 = 1,2. 

From Equations (4.3) and (4.4), when the amount of 𝐾𝑧𝑖 is constant over time, 

the value of growth factor 𝑍𝑖 will remain unchanged, but the level of 
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environmental factors will rise. From the above description, it is obvious that, 

𝐾𝑌 + 𝐾𝑍1 + 𝐾𝑍2 = 𝐾.                                                  (4.5) 

On the aggregate demand side, assume an exogenous saving rate (𝑠) 

and all savings are invested to produce capital. The depreciation rate of 

capital is set to zero for simplicity. Further, the population growth rate (𝑛) is 

exogenous, constant and positive. So, 

�̇� = 𝑠𝑌, 0 < 𝑠 < 1,                                                       (4.6) 

�̇� = 𝑛𝐿, 𝑛 > 0.                                                               (4.7) 

A proportion of new capital can be allocated to different uses. Together with (4.5), 

�̇�𝑌 + �̇�𝑍1 + �̇�𝑍2 = �̇�                                                      (4.8) 

where �̇�𝑍1 = 𝜃1�̇�, �̇�𝑍2 = 𝜃2�̇�, �̇�𝑌 = (1 − 𝜃1 − 𝜃2)�̇�, 0 ≦ 𝜃𝑖 ≦ 1, 𝑖 = 1,2, and 

𝜃1 + 𝜃2 < 1. Thus, the model structure from (4.2) to (4.8) is similar to those of 

conventional endogenous growth models (see, for example, Romer, 2012). 

Equation (4.2) belongs to the production process while equations (4.3) to (4.8) 

belong to the investment process. In this model, capital can affect the production 

of output through two channels. First, given the level of technology 𝐴, more 

capital devoted to the production process, i.e., an increase in 𝐾𝑦, can produce 

more output directly. Second, given the number of factors of production, more 

capital can generate a higher value of growth factors through the relation in 

Equation (4.4). This, in turn, will speed up the accumulation of the environmental 

factors in Equation (4.3). Thus, an increase of capital in the generation of growth 

factors can accelerate the production of outputs. It can be shown that between two 

single time points, there exists an optimal allocation of resources to different 
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growth factors, which maximizes the level of output. This is also equivalent to 

maximizing the economic growth rate (output per labor growth) and living 

standard [7].  

 

4.3.2. Production Function and Growth Function 

After identifying the production process and investment process, we use the 

proposed model to analyze each process separately. Any sources of economic 

growth should be explained under a model of the production process, where 

inputs are utilized to produce output. Based on equation (4.2), output per labor in 

the production side is: [8] 

𝑦 = 𝐴(𝐸1, 𝐸2)𝑓(𝑘𝑦, 1),                                                 (4.9) 

where 𝑦 ≔ 𝑌 𝐿⁄  and 𝑘𝑦 = 𝐾𝑦/𝐿. For any variable 𝑥, its time derivative and 

growth rate are denoted by �̇�: = 𝑑𝑥 𝑑𝑡⁄  and 𝑔𝑥: = �̇� 𝑥⁄  respectively. It can be 

derived from Equation (4.9) that the economic growth rate in the growth side is: 

𝑔𝑦 = 𝜀𝐴𝐸1𝑔𝐸1 + 𝜀𝐴𝐸2𝑔𝐸2 + 𝜀𝑦𝑘(𝑔𝐾𝑦 − 𝑛),                                   (4.10) 

where 𝜀𝐴𝐸𝑖 =
𝜕𝐴

𝜕𝐸𝑖

𝐸𝑖

𝐴
> 0, 𝑖 = 1,2, and 𝜀𝑦𝑘 =

𝜕𝑓

𝜕𝑘𝑦

𝑘𝑦

𝑓
> 0. We assume that these 

elasticities are constant. [9] This is the production process on the growth side of 

an economy, known as the Growth Function. It exhibits the characteristic of 

growth studies in which growth factors contribute to economic growth in the 

production process. 

We further focus on the sources of economic growth (𝑔𝑦). Equation (4.10) 

shows that 𝑔𝑦 depends on 𝑔𝐸1, 𝑔𝐸2, and 𝑔𝐾𝑦, and their corresponding 

elasticities. Under our assumptions, the growth function is a linear combination of 



90 

growth factors. If 𝑔𝑦 is constant, then there will be substitutions among 

𝑔𝐸1, 𝑔𝐸2, and 𝑔𝐾𝑦 for a certain growth rate of output. Figure 4.1 

visualizes the relationship between two growth factors (𝑔𝐸1 and 𝑔𝐸2) for 

unchanged values of 𝑔𝑦 and 𝑔𝐾𝑦. 

 

Figure 4.1: The Growth Function 

 

 

Each line in Figure 4.1 is the dynamic version of isoquant in 

production theory. We call it an iso-growth curve along which the output 

level is growing at a constant rate. The economic growth rate is driven by 

different growth factors in the sense that increasing in 𝑔𝐸1 and 𝑔𝐸2 will 

lead to a higher economic growth rate, i.e. 𝑔𝑦 > 𝑔𝑦1 > 𝑔𝑦2. This implies 

that a better change in economic structure will lead to higher economic 

growth. In this case, growth theory can be regarded as a study of the growth 

function since it represents the benefit of improving growth factors. 
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We note that the growth rate of environmental factor 𝑖 (𝑔𝐸𝑖) can be 

expressed in terms of growth factor 𝑖 (𝑍𝑖). Since 𝑍𝑖 is the quantity of growth 

factor 𝑖 and 𝑍𝑖 = 𝐸𝑖̇  in (4.2), 𝑔𝐸𝑖 can be interpreted as the growth factor in 

relative measurement (i.e. 𝑔𝐸𝑖 = 𝑍𝑖/𝐸𝑖), or in other words, the growth factor 

relative to its accumulated effect (the environmental factor). For example, the 

education system is a growth factor (let it be 𝑍𝑒) and the corresponding 

environmental factor is accumulated knowledge (𝐸𝑒). If the same level of 

education system is maintained, 𝑍𝑒 is a constant. When the environmental factor 

𝐸𝑒 increases over time, 𝐸�̇� and 𝑔𝐸𝑒 are positive but 𝑔𝐸𝑒 = 𝑍𝑒/𝐸𝑒 will be 

diminishing. In the following discussions, we refer to 𝑔𝐸𝑖 as the measurement of 

an effective quantity of growth factor 𝑖. 

 

4.3.3. The Feasibility Set 

In Figure 4.1, the growth of output can be increased by increasing 𝑔𝐸1, 𝑔𝐸2, and 

𝑔𝐾𝑦. These values, however, are constrained by resource endowment and resource 

allocation. This situation is the core of the proposed model which represents the 

change in economic structure as mentioned by development and competitiveness 

studies. It represents the cost of improving growth factors. 

Recall that 𝜃𝑖 and then 𝐾𝑍𝑖 decide the creation of growth factors 𝑍𝑖, 𝑖 =

1, 2, and hence the amount of capital allocated to the production of output 𝑦. This 

allocation in return affects the value of 𝑔𝐸1, 𝑔𝐸2, and 𝑔𝐾𝑦. Thus, we may 

analyze how growth factors are modified. This can be modeled as described by 

ES2, which the resources are treated as a set of inputs of the economy, while the 

modified growth factors are treated as a set of outputs of the economy. 

Given the resource endowment and current output level, the total amount of 
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new capital is fixed. The growth factors can be determined as follows: 

From (4.3), (4.4) and (4.8), 

𝑔𝐸𝑖 =
𝐸𝑖̇

𝐸𝑖
=
ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖�̇�)

𝐸𝑖
, 𝑖 = 1,2.                                (4.11) 

From (4.5) and (4.8), 

𝑔𝐾𝑦 =
�̇�𝑌
𝐾𝑌

=
(1 − 𝜃1 − 𝜃2)�̇�

𝐾𝑌
.                                       (4.12) 

Equations (4.8), (4.11), and (4.12) impose constraints on growth rates of the 

environmental factors and the capital devoted to production [10]. Given the 

endowment at time 𝑡, the growth rates of 𝐸1, 𝐸2 and 𝐾𝑌 are restricted, as 

follows: 

𝑆(𝐸1, 𝐸2, 𝐾𝑌, 𝐾𝑍1, 𝐾𝑍2, �̇�) ≔ 

{
  
 

  
 

(𝑔𝐸1, 𝑔𝐸2, 𝑔𝐾𝑦):

𝑔𝐸𝑖 ≦
ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖�̇�)

𝐸𝑖
, 𝑖 = 1,2;

𝑔𝐾𝑦 ≦
(1 − 𝜃1 − 𝜃2)�̇�

𝐾𝑌
;

0 ≦ 𝜃𝑖 < 1, 𝑖 = 1,2; 𝜃1 + 𝜃2 < 1}
  
 

  
 

.                             (4.13) 

Consider the endowment of environmental factors, total capital, and 

labor at time 𝑡 as (𝐸1, 𝐸2, 𝐾, 𝐿) on the production side. That implies a 

value of 𝑌 and then �̇� can be determined. From equation (4.4), 𝑍𝑖 =

ℎ𝑖(𝐾𝑍𝑖). The value of 𝑔𝐸𝑖 may be increased by contributing more 

resources to it at the cost of lower shares to 𝐾𝑌 and 𝐾𝑗, 𝑗 ≠ 𝑖, given the 

constraint �̇� = �̇�𝑌 + �̇�𝑍1 + �̇�𝑍2. As 𝜃1 and 𝜃2 are the choice variables of 

the government, there will be a set of possible modified values for 𝐸1, 𝐸2, 

and 𝐾𝑦, and then a corresponding value of 𝑔𝐸1, 𝑔𝐸2, and 𝑔𝐾𝑦. Thus, the 
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set 𝑆 includes the feasible choices of the growth rates of capital allocated to 

various uses. Note that according to development studies, this allocation process 

cannot be undertaken by a market mechanism alone but also requires the 

participation of the government. The government policy choice in the investment 

process changes the group of growth factors and it involves trade-offs between 

different growth factors. We call 𝑆 the feasibility set of competitiveness.  

 

Proposition 4.1:  The feasibility set in (4.13) is a convex set. 

Proof:  Let (𝑔𝐸1
𝑎 , 𝑔𝐸2

𝑎 , 𝑔𝐾𝑦
𝑎 ) ∈ 𝑆 and (𝑔𝐸1

𝑏 , 𝑔𝐸2
𝑏 , 𝑔𝐾𝑦

𝑏 ) ∈ 𝑆. Then there exist 

𝜃𝑖
𝑎, 𝜃𝑖

𝑏 ∈ [0, 1), 𝑖 = 1,2 such that 𝜃1
𝑗
+ 𝜃2

𝑗
< 1, 𝑗 = 𝑎, 𝑏 and 

𝑔𝐸𝑖
𝑎 ≦

ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖
𝑎�̇�)

𝐸𝑖
, 𝑔𝐸𝑖

𝑏 ≦
ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖

𝑏�̇�)

𝐸𝑖
, 𝑖 = 1,2, 

𝑔𝐾𝑦
𝑎 ≦

(1 − 𝜃1
𝑎 − 𝜃2

𝑎)�̇�

𝐾𝑦
, 𝑔𝐾𝑦

𝑏 ≦
(1 − 𝜃1

𝑏 − 𝜃2
𝑏)�̇�

𝐾𝑦
. 

For 𝑡 ∈ [0,1], define 𝜃𝑖
𝑡 ≔ 𝑡𝜃𝑖

𝑎 + (1 − 𝑡)𝜃𝑖
𝑏 , 𝑖 = 1,2. Then, 

𝑡𝑔𝐾𝑦
𝑎 + (1 − 𝑡)𝑔𝐾𝑦

𝑏 ≦ 𝑡
(1 − 𝜃1

𝑎 − 𝜃2
𝑎)�̇�

𝐾𝑦
+ (1 − 𝑡)

(1 − 𝜃1
𝑏 − 𝜃2

𝑏)�̇�

𝐾𝑦
 

=
(1 − 𝜃1

𝑡 − 𝜃2
𝑡)�̇�

𝐾𝑦
. 

Since ℎ𝑖’s are concave functions, it follows that, 

𝑡𝑔𝐸𝑖
𝑎 + (1 − 𝑡)𝑔𝐸𝑖

𝑏 ≦
𝑡ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖

𝑎�̇�) + (1 − 𝑡)ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖
𝑏�̇�)

𝐸𝑖

≦
ℎ𝑖(𝐾𝑍𝑖 + (𝑡𝜃𝑖

𝑎 + (1 − 𝑡)𝜃𝑖
𝑏)�̇�)

𝐸𝑖
=
ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖

𝑡�̇�)

𝐸𝑖
, 

It is obvious that 𝜃𝑖
𝑡 ∈ [0, 1) 𝜃1

𝑡 + 𝜃2
𝑡 < 1. Thus, (𝑡𝑔𝐸1

𝑎 + (1 − 𝑡)𝑔𝐸1
𝑏 , 𝑡𝑔𝐸2

𝑎 +
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(1 − 𝑡)𝑔𝐸2
𝑏 , 𝑡𝑔𝐾𝑦

𝑎 + (1 − 𝑡)𝑔𝐾𝑦
𝑏 ) ∈ 𝑆 and 𝑆 is a convex set. 

(Q.E.D.) 

 

Figure 4.2 visualizes the feasibility set with two growth factors (𝑔𝐸1 

and 𝑔𝐸2) for given endowment (𝐸1, 𝐸2, 𝐾, 𝐿) and a given value of 𝑔𝐾𝑦. 

Following previous discussions, the country can choose any point within 

the frontier of the feasibility set, however only the highest values of 𝑔𝐸1 

and 𝑔𝐸2 are on the frontier of the curve. 

 

Figure 4.2: The Feasibility Set of Competitiveness 

 

 

As shown in Figure 4.2, the feasibility set of competitiveness 

represents the set of growth factors that a country can achieve. It also 

implies the feasible structural change and thus feasible economic structure 

that a country can achieve. The frontier of the feasibility set shows the 
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existence of trade-offs between different growth factors as discussed in 

competitiveness studies. Hence, the feasibility set provides us the information to 

model the trade-off among growth factors. It represents the cost of improving 

growth factors. 

 

4.3.4. Combining Growth Function and Feasibility Set 

The previous two sub-sections introduce the growth function and the feasibility 

set. The growth function suggests that a country could support a certain level of 

growth given a certain set of growth factors. At the same time, the feasibility set 

suggests that a country could achieve a set of growth factors based on the factor 

endowments. They represent the benefit and the cost of improving the growth 

factors. By comparing the benefit and the cost, optimal structural change can be 

identified. 

Using the growth function and the feasibility set, economic growth can be 

seen as two separate processes; production process and investment process. In the 

investment process, allocating resources to generate more growth factors is not 

only market behavior but also a policy decision. Given the endowment of growth 

factors, market equilibrium is Pareto efficient under perfect competition. This 

means that the economic growth rate in (4.10) is maximized subject to the set of 

feasible growth factors in (4.13). The corresponding maximization problem is: 

𝑚𝑎𝑥
𝑔𝐸1,𝑔𝐸2,𝑔𝐾𝑦,𝜃1,𝜃2

𝜀𝐴𝐸1𝑔𝐸1 + 𝜀𝐴𝐸2𝑔𝐸2 + 𝜀𝑦𝑘(𝑔𝐾𝑦 − 𝑛)                     (4.14) 

subject to: 

𝜙𝑖(𝜃𝑖 , 𝑔𝐸𝑖) ≔
ℎ𝑖(𝐾𝑍𝑖 + 𝜃𝑖�̇�)

𝐸𝑖
− 𝑔𝐸𝑖 ≧ 0, 𝑖 = 1,2 
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𝜙𝑘 (𝜃1, 𝜃2, 𝑔𝐾𝑦) ≔
(1 − 𝜃1 − 𝜃2)�̇�

𝐾𝑌
− 𝑔𝐾𝑦 ≧ 0. 

 

Proposition 4.2:  Suppose (𝑔𝐸1, 𝑔𝐸2, 𝑔𝐾𝑦) ∈ 𝑆 for some (𝑔𝐸1, 𝑔𝐸2, 𝑔𝐾𝑦) > 0 

and some 𝜃𝑖 > 0, 𝑖 = 1,2. The first-order condition is necessary and sufficient for 

a maximum in (4.14). 

Proof:  Since ℎ1 and ℎ2 are concave functions, it is obvious that 𝜙1, 𝜙2 and 

𝜙𝑘 are also concave functions. Thus, the objective function and the left-hand side 

of all constraints are concave functions. It is well-known in the literature of 

nonlinear programming that the first-order condition is necessary and sufficient 

for a maximum. See, for example, Takayama (1985, Theorem 1.D.2, p. 92). 

Assuming interior solution, the constraints in this problem become 

equalities at optimum. The problem can be simplified as: 

𝑚𝑎𝑥
𝜃1,𝜃2

{𝜀𝐴𝐸1
ℎ1(𝐾𝑍1 + 𝜃1�̇�)

𝐸1
+ 𝜀𝐴𝐸2

ℎ2(𝐾𝑍2 + 𝜃2�̇�)

𝐸2
+ 𝜀𝑦𝑘 (

(1 − 𝜃1 − 𝜃2)�̇�

𝐾𝑌
− 𝑛)} 

First-order conditions are: 

𝜀𝐴𝐸1
ℎ1′�̇�

𝐸1
− 𝜀𝑦𝑘

�̇�

𝐾𝑦
= 0 

𝜀𝐴𝐸2
ℎ2′�̇�

𝐸2
− 𝜀𝑦𝑘

�̇�

𝐾𝑦
= 0 

These two equations imply: 

𝜀𝐴𝐸1
𝜀𝐴𝐸2

=
𝐸1 ℎ1′⁄

𝐸2 ℎ2′⁄
  𝑎𝑛𝑑  

𝜀𝐴𝐸𝑖
𝜀𝑦𝑘

=
𝐸𝑖 ℎ𝑖′⁄

𝐾𝑦
, 𝑖 = 1,2. 

This implies that on the frontier of the feasibility set,  
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𝑔𝐸1 =
ℎ1(𝐾𝑍1 + 𝜃1�̇�)

𝐸1
, 𝑔𝐸2 =

ℎ2(𝐾𝑍2 + 𝜃2�̇�)

𝐸2
, 

𝑔𝐾𝑦 =
(1 − 𝜃1 − 𝜃2)�̇�

𝐾𝑦
. 

Total differentiation of these three equations yields, 

𝑑𝑔𝐸𝑖 =
ℎ𝑖′�̇�𝑑𝜃𝑖
𝐸𝑖

, 𝑖 = 1,2, 

𝑑𝑔𝐾𝑦 =
−�̇�(𝑑𝜃1 + 𝑑𝜃2)

𝐾𝑦
. 

The marginal rates of transformation along the feasibility set are, 

𝑑𝑔𝐸2
𝑑𝑔𝐸1

=
𝐸2 ℎ2′⁄

𝐸1 ℎ1′⁄
, 

𝑑𝑔𝐸𝑖
𝑑𝑔𝐾𝑦

=
𝐸𝑖 ℎ𝑖′⁄

𝐾𝑦
, 𝑖 = 1,2. 

It can easily be noted that the equations implied by the first-order conditions 

are tangency conditions that the ratio between any two elasticities is equal to the 

marginal rates of transformation of the corresponding growth factors. 

(Q.E.D.) 

 

The above maximization problem incorporates the ideas from development 

and competitiveness studies in which there is a changeable economic structure 

and there is a trade-off within it. We aim to maximize the economic growth rate in 

the problem which is the part of growth function. At the same time, the trade-off 

between different growth factors is represented by the constraints of the problem, 

which is the part of the feasibility set. This suggests the economic growth can be 
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modeled as follows: 

1. At each point of time, an economy has an initial endowment (𝐸1, 𝐸2, 𝐾, 𝐿). 

2. By allocating resources, the economy can determine its growth factors 

(𝑔𝐸1, 𝑔𝐸2, 𝑔𝐾𝑦). 

3. Economic growth (𝑔𝑦) is then supported by growth factors 

(𝑔𝐸1, 𝑔𝐸2, 𝑔𝐾𝑦). 

We note that from the previous discussion, the market is the basic 

mechanism for effective resource allocation. This means that given the 

decision of the government, the market will tend to maximize economic 

growth. In other words, the production process is assumed to be efficient 

under the market, but it is not necessarily efficient in the investment process 

as it is a policy choice by the government. By combining the growth 

function and the feasibility set, the country should fulfill the following two 

requirements simultaneously in order to maximize its current economic 

growth:  

1. Choose the optimal combination of growth factors in the feasibility set; 

2. Use the optimal combination of growth factors to realize maximum 

economic growth rate in the growth function. 

Solving for the optimal growth factors in (4.14), one can show that: 

1. In the growth function, the rate of substitution between 𝑔𝐾𝑦 and 𝑔𝐸𝑖, 𝑖 =

1,2, for given 𝑔𝑦 and 𝑔𝐸𝑗, 𝑗 = 1,2, 𝑖 ≠ 𝑗, is: 

𝜕𝑔𝐾𝑦

𝜕𝑔𝐸𝑖
= −

𝜀𝐴𝐸𝑖
𝜀𝑦𝑘

. 
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2. In the growth function, the rate of substitution between 𝑔𝐸1 and 𝑔𝐸2, for 

given 𝑔𝑦 and 𝑔𝐾𝑦, is: 

𝜕𝑔𝐸2
𝜕𝑔𝐸1

= −
𝜀𝐴𝐸1
𝜀𝐴𝐸2

. 

3. In the feasibility set, the rate of trade-off between 𝑔𝐾𝑦 and 𝑔𝐸𝑖, 𝑖 = 1,2, for 

given 𝑔𝑦 and 𝑔𝐸𝑗, 𝑗 = 1,2, 𝑖 ≠ 𝑗, is: 

𝜕𝑔𝐾𝑦

𝜕𝑔𝐸𝑖
= −

𝐸𝑖
ℎ𝑖
′𝐾𝑦

. 

4. In the feasibility set, the rate of trade-off between 𝑔𝐸1 and 𝑔𝐸2, for given 

𝑔𝑦 and 𝑔𝐾𝑦, is: 

𝜕𝑔𝐸2
𝜕𝑔𝐸1

= −
ℎ2
′𝐸1
ℎ1
′𝐸2

. 

5. When the growth rate of output in (4.14) is maximized, these rates are equal. 

It implies that at the optimum, the marginal economic growth rate for every 

growth factor should be the same. It also exhibits the characteristic of 

development studies in which an optimal structural change maximizes economic 

growth. These rates provide us information to evaluate any combinations of 

growth factor in the feasibility set. This can also be viewed as theoretical support 

for competitiveness studies: Economic structure can be represented by 

competitiveness which includes the information of different growth factors and 

their corresponding trade-offs. Figure 4.3 illustrates the idea of optimal structural 

change in the model for a two growth factors case, given 𝑔𝐾𝑦.  
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Figure 4.3: Combining Growth Function and Feasibility Set 

 

 

As shown in Figure 4.3, (𝑔𝐸1
∗, 𝑔𝐸2

∗) is the optimal structural change 

that generates the highest possible economic growth. In this case, there 

exists a weight of the growth factors which represents the relative 

importance of each factor. The weighting comes from the growth function 

shown by the iso-growth curve tangent at the frontier of the feasibility set. 

Under this condition, the iso-growth curve gives a weighting that can 

summarize the information between the growth function and the feasibility 

set. In the general case, the elasticities in the growth function can be 

normalized for a set of weights which evaluate the value of growth factor 

combinations in the feasibility set. It implies that growth factors can be 

weighted-averaged into a single measurement as adopted by 

competitiveness indices in empirical studies. For example, Equation 4.10 

can be modified as a formula of competitiveness, such that the level of 
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competitiveness (𝐶) is: 

𝐶 = 𝜀𝐴𝐸1𝑔𝐸1 + 𝜀𝐴𝐸2𝑔𝐸2 + 𝜀𝑦𝑘(𝑔𝐾𝑦 − 𝑛).                              (4.15) 

Thus, one can apply this formula to all other sub-optimal sets of growth 

factors to evaluate the performance of a country. In other words, “how good a 

structural change is” can be measured by comparing the observed growth factors 

and optimal growth factors. In terms of competitiveness, it can be measured by 

comparing the current level of competitiveness and the optimal level of 

competitiveness. Any losses in competitiveness should be the result of sub-

optimal structural change and sub-optimal allocation of resources. Figure 4.4 

illustrates the idea of comparing structural change through competitiveness for a 

two growth factors case, given 𝑔𝐾𝑦. 

 

Figure 4.4: Comparing Structural Change Through Competitiveness 

 

 

As shown in Figure 4.4, there are three different structural changes (A, B, 
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C). By applying the formulae of competitiveness in Equation 4.15, one 

could conclude that structural change A is as good as structural change B, as 

they have the same level of competitiveness. But they are both sub-optimal 

structural changes as they are not achieving the highest possible level of 

competitiveness. This is equivalent to not achieving the best possible 

economic growth. In this illustration, the optimal structural change is 

structural change C. Note that the improvement from A to C and from B to 

C may draw completely different policy implications and we will discuss 

this in the following sections. Hence, structural change can be assessed 

using the concept of competitiveness. 

 

Proposition 4.3:  Structural change can be assessed by comparing the current 

level of competitiveness and the optimal level of competitiveness. 

Proof:  Since competitiveness is an aggregated measurement of growth factors 

based on the growth function, optimal level of economic growth can happen if and 

only if the set of growth factors is optimal, which implies the level of 

competitiveness is also optimal. Similarly, sub-optimal level of economic growth 

can only happen if and only if the set of growth factors is sub-optimal, which 

implies that the level of competitiveness is also sub-optimal. Thus, comparing the 

current level of competitiveness and the optimal level of competitiveness is 

equivalent to comparing the observed growth factors and optimal growth factors. 

(Q.E.D.) 

 

4.4. The Measurement of Inefficient Resource Allocation and Biased-value 



103 

System 

To apply the new model, a weighted average competitiveness index that 

empirically summarizes different growth factors of competitiveness measurement 

can be used. The theory of stages of development (Porter, 1990) suggests that 

economies in different development stages should have different development 

needs. [11] Thus, economies are divided into different groups based on their 

development stages. Each group should have a unique set of weights that reflect 

the value system in that group. Such information can be used to study optimal 

economic structure and optimal structural change. 

Following Li and Tsang (2018), Li and Zhao (2015), and Despotis (2005), 

we treat each dimension of growth factors as an output. Our main focus in this 

chapter is the effect of ODA, thus unlike in Chapter 3 that constrained for 

endowed resources, the model adopted here has no resource constraint. [12] We 

can then compute the efficiency of overall competitiveness (𝑂𝐶), the efficiency of 

proportional competitiveness (𝐸𝑝), and the efficiency of dimension mix (𝐸𝑑) 

accordingly. As discussed in Chapter 3 and Section 4.3, the change in economic 

structure of a country can be reflected by the efficiency of dimension mix and 

efficiency of proportional competitiveness of the competitiveness index. 

Compared to single weight in previous models in the literature (see, for example, 

Li and Zhao, 2015), the weight of each dimension indicates the significance of 

that dimension to the economy. Thus the optimal point is a dynamic point that 

maximizes the value of the competitiveness index determining the optimal 

structural change and thus optimal economic structure in different development 

stages. 

Suppose there are two groups of countries, 𝑖 (developing) and 𝑗 
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(developed). The countries in the same group share the same values of their 

economic structures reflected by the weights of the competitiveness index. 

It is in the country’s best interest to maximize the value of competitiveness 

with respect to the weights of that group. Consider a country in group 𝑖 

with observed dimension vector 𝑦𝑖 and the corresponding weights 𝑤𝑖. 

After maximum proportional expansion, the corresponding dimension 

vector is 𝑦𝑝. Thus the efficiency of proportional competitiveness for this 

country is 𝐸𝑝
𝑖 = 𝑤𝑖 ∙ 𝑦𝑝/𝑤𝑖 ∙ 𝑦𝑖. Let the optimal dimension vector with 

respect to 𝑤𝑖 be 𝑦∗. The value of the competitiveness index, 𝑤𝑖 ∙ 𝑦∗, is at 

a maximum. The efficiency of dimension mix with respect to 𝑤𝑖 is 

𝐸𝑑
𝑖𝑖 =

𝑤𝑖 ∙ 𝑦∗

𝑤𝑖 ∙ 𝑦𝑝
.                                                        (4.16) 

If the observed dimension mix is different from the optimal mix, that 

means the allocation of resources is not efficient. Since each structural 

change implies a certain allocation of resources, the observed structural 

change is not optimal. By measuring the potential of improving 

competitiveness by changing the economic structure (i.e., changing the 

growth factors), the efficiency of dimension mix of country 𝑖 with respect 

to 𝑤𝑖 (𝐸𝑑
𝑖𝑖 = 𝐸𝑑) reflects the degree of inefficient allocation of resources in 

the economy. If the inefficient allocation of resources in the whole economy 

reflects the degree of misallocation of the additional resources from ODA, 

then the efficiency of the dimension mix can be used as an index of the 

misallocation, i.e., we substitute 𝑅 = 𝐸𝑑
𝑖𝑖 in Equation (4.1). 

On the other hand, when a country in group 𝑖, for example, adopts an 

economic structure that maximizes the value of the competitiveness index 
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using the weights of country 𝑗, the dimension mix will deviate from the optimal 

mix. This creates a bias. Suppose the weights faced by another country in group 𝑗 

is 𝑤𝑗. If the efficiency of dimension mix is measured using 𝑤𝑗 instead of 𝑤𝑖, 

then the corresponding efficiency of the dimension mix of country 𝑖 with respect 

to 𝑤𝑗 is 

𝐸𝑑
𝑖𝑗
=
𝑤𝑗 ∙ 𝑦∗∗

𝑤𝑗 ∙ 𝑦𝑝
.                                                        (4.17) 

where 𝑦∗∗ is the optimal dimension vector at the weight vector 𝑤𝑗. We expect 

the policymaker of each country should aim at finding an optimal structural 

change that maximizes the value of the competitiveness index. Thus 𝑦𝑝 should 

be far from 𝑦∗∗. The measure 𝐸𝑑
𝑖𝑗

 captures the deviation from the sub-optimal 

point. A higher value of 𝐸𝑑
𝑖𝑗

 means smaller bias. If the allocation of resources 

from ODA follows sub-optimal weights, then this deviation from the optimal 

point is closely related to the inefficient allocation of the ODA resources. Hence 

𝐸𝑑
𝑖𝑗

 can capture the biased effect. However, such effect size is not directly 

comparable as 𝐸𝑑
𝑖𝑗

 may or may not be related to 𝐸𝑑
𝑖𝑖. Thus, such an effect is 

further normalized as a ratio between 𝐸𝑑
𝑖𝑖 and 𝐸𝑑

𝑖𝑗
 to make it comparable. Let 

∆= 𝐸𝑑
𝑖𝑖 𝐸𝑑

𝑖𝑗
⁄  in Equation (4.1). When a country in group 𝑖 adopts a value system 

closer to that of another group, 𝑦𝑝 is closer to 𝑦∗∗ and hence shows a smaller 

value of 𝐸𝑑
𝑖𝑗

. This indicates a value system closer to sub-optimal and larger bias, 

correspondingly leading to a larger value of ∆. 

 

4.5. Data Specifications and Initial Estimation 

Data come from the World Economic Forum and World Bank (See Table 4.1). We 
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adopt the Global Competitiveness Index (GCI) constructed by the World 

Economic Forum in our study. The study period is 2011 to 2015. Discarding the 

countries without sufficient information, there are 123 countries in this study. 

 

Table 4.1: Data specification and Source 

Data Source 

GDP per capita (constant 2010 US$) 

World Development 

Indicators, World Bank 

GDP (constant 2010 US$),  

Net official development assistance and official 

aid received (constant 2013 US$) 

Net official development assistance and official 

aid received (current US$) 

Global competitiveness index 

The Global Competitiveness 

Report, World Economic 

Forum (Various years) 

 

All dimensions of the competitiveness index are classified into three 

categories: (i) basic requirements; (ii) efficiency enhancers; and (iii) 

innovation and sophistication factors. According to the development stage, 

countries are classified into three major groups: factor-driven economies 

(Stage 1), efficiency-driven economies (Stage 2), and innovation-driven 

economies (Stage 3). The Global Competitiveness Report also includes two 

additional transitional groups from Stage 1 to Stage 2 and from Stage 2 to 

Stage 3. The countries in each stage have different weights from the 

countries in other stages. In general, the four dimensions of basic 
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requirements (Institutions, Infrastructure, Macroeconomic environment, and 

Health and primary education) are keys to factor-driven economies. Similarly, the 

six dimensions of efficiency enhancers (Higher education and training, Goods 

market efficiency, Labour market efficiency, Financial market development, 

Technological readiness, and Market size) are keys to efficiency-driven 

economies. The last two dimensions of innovation and sophistication factors 

(Business sophistication, and Innovation) are keys to innovation-driven 

economies. [13] In this study, the classification is simplified into three groups by 

combining transitional countries to their higher stages. Thus, the factor-driven 

group G1 includes exactly the economies of Stage 1. The efficiency-driven group 

G2 includes economies of Stage 2 and transitional economies from Stage 1 to 

Stage 2. The innovation-driven group G3 includes economies of Stage 3 and 

transitional economies from Stage 2 to Stage 3. The members of Group G3 are 

developed countries. 

Using the GCI and its dimensions of all countries, we can compute the 

efficiency of overall competitiveness (𝑂𝐶) and its components (efficiency of 

proportional competitiveness (𝐸𝑝), and efficiency of dimension mix (𝐸𝑑)) as 

described in Section 4.4, based on a pooled sample of all five years. Table 4.2 

shows the geometric means of these three efficiency scores of competitiveness of 

all individual countries and in each group. The efficiency of overall 

competitiveness (𝑂𝐶) shows a decreasing trend from Group G1 (1.7125) to Group 

G2 (1.4653), then Group G3 (1.2319), which means developed countries are 

closer to the highest level of competitiveness. Its components, the efficiency of 

proportional competitiveness (𝐸𝑝) and the efficiency of dimension mix (𝐸𝑑), 

follows the same pattern that developed countries are more efficient. This is 
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consistent with normal expectations. For all groups, changing dimension 

mix is an effective way to increase competitiveness (For G1, catching-up 

the competitiveness frontier is also essential). This finding suggests that the 

policymaker should pay attention to changing the economic structure in 

order to improve competitiveness.  

 

Table 4.2: The Means of Efficiency of Competitiveness and its Decomposition 

[14] 

Country 

Group 
Obs 𝑂𝐶  𝐸𝑝 𝐸𝑑 

All 123 1.4133 1.1634 1.2088 

G1 27 1.7125 1.3203 1.2968 

G2 40 1.4653 1.1899 1.2320 

G3 56 1.2319 1.0687 1.1498 

All: All Economies in the GCI 

G1: Factor-driven economies 

G2: Efficiency-driven economies (including transitional economies from Stage 1 

to Stage 2) 

G3: Innovation-driven economies (including transitional economies from Stage 2 

to Stage 3) 

𝑂𝐶: overall competitiveness, geometric average (2011 – 2015) 

𝐸𝑝: efficiency of proportional competitiveness, geometric average (2011 – 2015) 

𝐸𝑑: efficiency of dimension mix using individual weights, geometric average 

(2011 – 2015) 
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Recall that each country belongs to a category in the GCI and we use the 

weights of that category to compute 𝑂𝐶 and 𝐸𝑝 for that country in Table 4.2. In 

Table 4.3, the value of 𝐸𝑑 is repeated. It shows the geometric mean of efficiency 

of dimension mix of each economy with respect to the weights of its category. 

This reflects the misallocation effect. To see whether there are biases, we compute 

the efficiency of dimension mix of each country with respect to the weights of 

innovation-driven economies (Stage 3). The geometric mean of each group is 

listed in the column 𝐸𝑑
𝑖3 in Table 4.3. Note that a value of larger than 1 in 𝐸𝑑 or 

𝐸𝑑
𝑖3 means inefficiency and a score closer to one means higher efficiency with 

respect to the chosen weights. When a developing country aims at achieving 

higher competitiveness with respect to the weights in its own group, it should be 

far from the optimal mix of G3. Thus we expect that 𝐸𝑑 ≦ 𝐸𝑑
𝑖3 and ∆≦ 1. This is 

the case for all groups in Table 4.3 except the group of factor-driven countries 

(G1). We therefore conclude that factor-driven countries are biased towards 

innovation-driven economies. 

 

Table 4.3: Misallocation of Resources Using Own Weights and Sub-Optimal 

Weights 

Country 

Group 
Obs 𝐸𝑑 𝐸𝑑

𝑖3 ∆ 𝑂𝐷𝐴 

All 123 1.2088 1.2197 0.9918 0.0228 

G1 27 1.2968 1.2894 1.0069 0.0766 

G2 40 1.2320 1.2619 0.9770 0.0177 

G3 56 1.1498 1.1558 0.9950 0.0006 

All, G1, G2, G3 and 𝐸𝑑: See the definitions in Table 4.2. 
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𝐸𝑑
𝑖3: efficiency of dimension mix using weights of Stage 3, geometric average 

(2011 – 2015) 

∆: 𝐸𝑑/𝐸𝑑
𝑖3 

𝑂𝐷𝐴: ratio of net official development assistance and official aid received to real 

GDP (2011 – 2015) 

 

Group G1 seems more dimension mix efficient if they are treated, 

incorrectly, as innovation-driven economies. In other words, this group has 

a value of 𝐸𝑑
𝑖3 greater than 𝐸𝑑 and the development pattern of G1 seems 

biased towards developed countries. This result reveals that factor-driven 

economies may have allocation bias towards innovation-driven economies. 

We also compute the variable 𝑂𝐷𝐴 as the average ratio of net 

official development assistance and official aid received to GDP of each 

country (constant 2010 US$) over the five years 2011-2015. The average 

𝑂𝐷𝐴 of each category is listed in the last column of Table 3.3. It is found 

that average 𝑂𝐷𝐴 of Group G1 is much higher than those of all other 

groups. Together with the fact that Group G1 is the only group that has a 

value of 𝐸𝑑 > 𝐸𝑑
𝑖3, we may suspect if the biased effect of ODA has a larger 

influence on the effectiveness of ODA on economic growth for factor-

driven countries. 

 

4.6. Impacts of ODA on Economic Growth 

To investigate the impacts of ODA on economic growth, we estimate the 

empirical models of Equation (1). The economic growth rate (𝑔) is the growth rate 

of GDP per capita (constant 2010 US$) of each economy from 2011 to 2015. The 
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variable 𝑂𝐷𝐴 is the average ratio of net official development assistance and 

official aid received to GDP as defined in the previous section. The variable of 

misallocation effect is 𝑅 = 𝐸𝑑 as discussed in Section 4.4. Similarly, the variable 

of biased effect is ∆= 𝐸𝑑 𝐸𝑑
𝑖3⁄ . There are twelve competitiveness dimensions 

(called “pillars” by the World Economic Forum) in the GCI index. These 

dimensions include the set of institutions, policies, and factors that determine the 

level of productivity of a country. As a result, the competitiveness index of a 

country has already summarized all the important factors for the economic growth 

of that country. Thus the vector X in Equation (4.1) is represented by 𝐸𝑝 as a 

control factor for growth. Following the common practice in development 

economics, we add the real GDP per capita (constant 2010 US$) in year 2010 as 

another control variable to the empirical model of Equation (4.1). This variable is 

denoted by 𝑙𝑛(𝑌2010) for the catching up effect. The descriptive statistics of the 

variables for the selected 123 countries are listed in Table 4.4 and the correlation 

matrix of the variables is shown in Table 4.5: 

 

Table 4.4:  Descriptive Statistics of the Regression Variables 

 𝑔 𝑌2010 𝐸𝑝 𝐸𝑑 ∆ 𝑂𝐷𝐴 

Mean 0.0211 15917 1.1634 1.2088 0.9918 0.0228 

Median 0.0201 6682 1.1467 1.2130 0.9941 0.0014 

Maximum 0.0840 103267 1.4733 1.4558 1.0851 0.2209 

Minimum -0.0427 214 1.0000 1.0063 0.8966 -0.0001 

Std. Dev. 0.0216 20168 0.1250 0.0917 0.0258 0.0406 
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Table 4.5: Correlation Matrix of the Variables 

 𝑔 𝑌2010 𝐸𝑝 𝐸𝑑 ∆ 𝑂𝐷𝐴 

𝑔 1      

𝑌2010 -0.3408*** 1     

𝐸𝑝 0.2263** -0.7055*** 1    

𝐸𝑑 -0.0282 -0.6830*** 0.6512*** 1   

∆ -0.1211 0.0894 0.0769 0.0239 1  

𝑂𝐷𝐴 0.0802 -0.4071*** 0.6641*** 0.5372*** 0.0332 1 

Note: “***”, “**” and “*” indicate significance at 1%, 5% and 10% levels 

respectively. 

 

From Table 4.5, it is clear that the level of ODA is related to the level 

of development (𝑌2010, 𝐸𝑝, and 𝐸𝑑) but not the level of biased effect (∆). 

We then move on to estimate the empirical model of Equation (4.1) as 

follows, 

𝑔 = 𝑎1 + 𝑎2𝑙𝑛(𝑌2010) + 𝑎3𝐸𝑝 + 𝑎4𝐸𝑑 + 𝑎5∆ + 𝑎6𝑂𝐷𝐴 

+𝑎7𝑂𝐷𝐴 ∙ 𝐸𝑑 + 𝑎8𝑂𝐷𝐴 ∙ ∆ + 𝑒.                                    (𝑀𝑜𝑑𝑒𝑙 𝐴) 

The endowment effect of ODA is reflected by 𝑎6. Since we believe ODA can 

raise economic growth rate through this effect, we expect that 𝑎6 > 0. The 

misallocation effect and the biased effect of ODA are indicated by the coefficients 

of 𝐸𝑑 and ∆ respectively. They are expected to be negative. Thus 𝑎4 < 0 and 

𝑎5 < 0. Model A allows the effects of 𝑂𝐷𝐴 to be conditioned on the 

misallocation effect (𝐸𝑑) and the biased effect (∆). If the relation between 

economic growth rate and ODA is influenced by 𝐸𝑑 and ∆, then 𝑎7, 𝑎8 < 0. 
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Table 4.6 lists the regression results. For comparison, Model A’ and Model 

A’’ without the misallocation and biased effects or without the ODA are estimated. 

In Model A, all estimated coefficients of terms including ODA are individually 

insignificant. However, they are jointly significant at the 5% level. At the same 

time, in Model A’ ODA is highly significant. Thus ODA should be included in the 

regression model. On the other hand, the misallocation and biased effects are 

significant in Model A’’. Thus these two effects should also be included in the 

regression model. 

 

Table 4.6: Estimation Results of Regression Model 

 Model A Model A’ Model A’’ Model B 

𝑙𝑛(𝑌2010) 
-0.0172*** 

(0.0026) 

-0.0116*** 

(0.0025) 

-0.0148*** 

(0.0024) 

-0.0175*** 

(0.0025) 

𝐸𝑝 
-0.0342 

(0.0254) 

-0.0448 

(0.0286) 

-0.0450* 

(0.0259) 

-0.0343 

(0.0253) 

𝐸𝑑 
-0.1404*** 

(0.0282) 
 

-0.1445*** 

(0.0259) 

-0.1426*** 

(0.0250) 

∆ 
-0.0834 

(0.0791) 
 

-0.1217* 

(0.0628) 
 

𝑂𝐷𝐴 
1.1591 

(1.7555) 

-0.1760*** 

(0.0629) 
 

1.8977* 

(1.0846) 

𝑂𝐷𝐴 ∙ 𝐸𝑑 
-0.1179 

(0.5738) 
   

𝑂𝐷𝐴 ∙ ∆ 
-1.1901 

(1.4446) 
  

-2.1013* 

(1.1009) 
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Constant 
0.4684*** 

(0.1039) 

0.1789*** 

(0.0521) 

0.4981*** 

(0.0868) 

0.3913*** 

(0.0595) 

Adj R-squared 0.3576 0.1814 0.3185 0.3616 

n 123 123 123 123 

Note: “***”, “**” and “*” indicate significance at 1%, 5% and 10% levels 

respectively. Numbers in brackets represent standard error of the coefficient. 

 

Guided by Model A’ and Model A’’ and investigating the estimated 

coefficients in Model A, we obtain the final empirical model:  

𝑔 = 𝑏1 + 𝑏2𝑙𝑛(𝑌2010) + 𝑏3𝐸𝑝 + 𝑏4𝐸𝑑  

+𝑏5𝑂𝐷𝐴 + 𝑏6𝑂𝐷𝐴 ∙ ∆ + 𝑒.                       (𝑀𝑜𝑑𝑒𝑙 𝐵) 

All coefficients in Model B, except 𝑏3, are significant (see Table 4.6). The 

adjusted R-squared increases from 0.3576 to 0.3616. All standard errors are 

smaller. There are therefore improvements in goodness-of-fit and precision of 

estimates. We find that inefficient allocation of resources adversely affects 

economic growth directly. In particular, the negative sign of the coefficient of 𝐸𝑑 

suggests that a 1 percentage point increase in inefficient allocation of resources 

will result in a 0.14% decrease in economic growth rate. Moreover, our model 

reveals that the direct impact of ODA on economic growth is positive (𝑏5 =

1.8977 > 0). If ODA increases by 1 percentage point, economic growth will be 

increased by 1.8977 percentage points. 

Our study contributes to the literature by introducing a new variable, 

∆, which measures the effects of allocation of resources towards a biased 

value system. We show that such bias adversely affects the impacts of ODA 



115 

on economic growth (𝑏6 = −2.1013 < 0). In particular, the negative sign of the 

coefficient suggests that given the same level of ODA, a 1 percentage point 

increase in ratio between 𝐸𝑑 and 𝐸𝑑
𝑖3 (i.e. 𝐸𝑑/𝐸𝑑

𝑖3) will result in a 2.1013% 

decrease in economic growth rate, which may cancel out the positive effect of 

ODA. 

We further calculate the net impact of ODA. This is reflected by 

(1.8977 − 2.1013∆). We note that the minimum and maximum values of ∆ in 

the sample are 0.8966 and 1.0851. Computation of lower and upper bounds of the 

data are as follows: 

 

Table 4.7: Lower and Upper Bounds of the Net Impacts of ODA 

Impact of ODA at the minimum bias in the sample 

= 1.8977 − 2.1013(0.8966) 

= 0.0137 > 0 

Impact of ODA at the maximum bias in the sample 

= 1.8977 − 2.1013(1.0851) 

= −0.3824 < 0 

 

Thus, we reveal that the net impact of ODA can be positive, zero and 

negative. It depends on the size of the biased effects. If ODA increases by 1 

percentage point, economic growth will be affected by 0.0137 to -0.3824 

percentage points. 

Finally, we calculate the net impact of ODA in our sample. There are 71 

ODA receiving countries out of a sample size of 123, of which 27 belong to 

Group G1, 34 belong to Group G2, and 10 belong to Group G3. Based on our 
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analysis, only 1 in Group G2 (Algeria) has a positive net effect. After 

accounting for the size of ODA, most countries have a negative total effect 

of less than 1 percentage point of economic growth. But 20 countries have a 

negative total effect greater than 1 percentage point of economic growth and 

most of them belong to Group G1. The worst case even has a negative total 

effect of 3.618 percentage points of economic growth. Although developing 

countries are usually the main target of ODA, our results show that these 

countries cannot benefit from ODA. It is important that developed countries 

and global institutions should rethink their policy for granting ODA.  

 

4.7. Summary 

In this chapter, we analyze the impacts of ODA from a new angle by pointing out 

that the mechanism of resource allocation influences the effectiveness of ODA on 

economic growth. Three new concepts of resource allocation of ODA are 

introduced. We proposed a new model of economic structure, based on the five 

characteristics of economic structure summarized in Chapter 2.  

This new model adopts the competitiveness approach to analyze the 

economic structure of an economy. We further show that structural change 

can be modeled by the growth function and the feasibility set of 

competitiveness based on the production process and investment process of 

an economy. These represent the benefit and the cost of growth factors. The 

existence of an optimal point in the model implies that the allocation of 

resources plays an important role in development. For limited resources, 

competitiveness may be enhanced by allocating resources to better use in 

some growth factors. We show that such enhancing competitiveness is 
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equivalent to better structural change. This provides us with an alternative way to 

measure the change in economic structure using the idea of competitiveness, by 

comparing the current level of competitiveness and the optimal level of 

competitiveness. 

Adopting this model and data envelopment analysis, we can assess the 

economic structure of a country and find proxies of the two types of inefficient 

allocation of resources. One caveat is that the proxies of the two inefficient 

allocations of resources actually reflect the inefficiency of the whole economy, not 

just that of ODA resources. This study synthesizes both views of ODA in one 

cohesive framework, which allows us to identify both positive and negative 

impacts of ODA in one model. We find support that the net impact of ODA 

depends on the value of bias caused by inefficient allocation of resources and the 

adoption of a biased value system. Hence the co-existence of both positive and 

negative effects of ODA is possible in real-world data. This means that both 

positive and negative views of ODA in the literature are correct in some sense.  

In principle, ODA does work in the sense of helping needy countries if they 

can allocate such additional resources efficiently. This is the question of economic 

structure. The cruel truth is that most receivers of ODA are unable to transform 

such resources to productive uses. Even worse is that ODA actually lowers the 

economic growth of receiving countries. Hence the donating countries or global 

institutions may have to review their existing policy of granting aid. Further 

studies may focus on the effect of different types of aid and grants under different 

allocation of resources and value systems. 
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1 The superscript “𝑡” is skipped to save space. 

2 Our model focuses on the environmental factors uncontrolled by firms. We note 

that the production capital is a production factor controlled by firms.  

3 The function 𝐴(. ) is a general function that may depend on many factors. Our 

focus is the growth factors and the corresponding environmental factors. Ceteris 

paribus, there is no harm to treat 𝐴(. ) as depending on the environmental factors 

which are shaped by growth factors only. 

4 One could write 𝐸𝑖̇ = 𝐺(𝑍𝑖), where 𝐺′ ≧ 0. Here we assume a liner 

relationship for simplicity. 

5 Our model only involves investment of capital for simplicity. We note that the 

original Romer (1990) model involves the investment of labor, but our conclusion 

is not affected. 

6 Inefficiency may happen in this generation process as it is not only a market 

mechanism but also a policy choice (ES5). 

7 Assume the social objective is to maximize economic growth in every given 

period. 

8 For simplicity, assume the two environmental factors are non-rivalry and non-

exclusive. One may use a different assumption, but the conclusion is not affected. 

9 An example of such functions is the Cobb-Douglas function. 

10 Note that in the general case, production capital is also a production-

environmental factor. 

11 For example, a least developed country has less need for innovation of new 

products than a developed country. 

12 An output-oriented DEA model without input is equivalent to an output-

oriented DEA model with a single constant input (Kao et al. 2008; Lovell and 
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Pastor 1999). The information about resource constrain will be introduced in the 

next stage of analysis. 

13 For details of the classification, see Schwab (2015). 

14 Some countries are excluded due to availability of data. For a detailed list of 

the countries, see Appendix 4.1. 
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Chapter 5.  

Essay 3: The Resources Allocation in Development: A Case Study 

in the Chinese Industrial Sector 

 

5.1. Introduction 

Since the 1980s, China’s real GDP has grown on average over 9.5% a year and its 

GDP per capita rose from 156 USD in 1978 to 8,261 USD in 2016. In 2010, China 

became the world’s second-largest economy with a nominal GDP of US$ 5,930 

billion. [1] While the success of the Chinese economic reform brings the country 

into the group of upper-middle-income economies, [2] its economic growth rate 

has been falling in recent years. Many scholars have been alarmed about the 

future challenges faced by the country (Huang, 2016; Lin and Zhang, 2015; 

Pritchett and Summers, 2014; Woo, 2012; Zheng et al., 2009). They have been 

concerned about the policies for maintaining sustainable growth so that China can 

overcome the “middle-income trap” and join the high-income economies in the 

future; this was especially the case after the 2008 financial crisis. Woo (2012, p. 

331) and Huang (2016, p. 29) have proposed developing the competitive market 

and financial sector further to improve economic efficiency. These policies are 

related to the allocation of resources from low productivity uses to high 

productivity investments. 

Currently, there are two related major policies regarding the 

allocation of resources: development of the western region and mixed-

ownership reform. On the one hand, the central government gives “… high 

priority to implementing the strategy for the large-scale development of the 

western region …” (Section 1, Ch. 37, 13th Five-year Plan) and “… 
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accelerate the development of a unified and open market system that … overcome 

regional segmentation …” (Ch. 13, 13th 5-year plan). On the other hand, the 

government also wants to establish a mixed-ownership economy such that “… 

economic entities under diverse forms of ownership develop side by side” 

(Section 3, Ch. 11, 13th 5-year plan). Our main research questions are: Which 

policy direction is most needed? Have there been any changes in efficiency after 

the 2008 financial crisis? If inefficient allocation of resources is caused by either 

regional fragmentation or ownership distortion, then only one policy direction 

needs to be considered. If both cause inefficient resource allocation, then China 

may need to pay attention to both policies.  

As China’s previous success was associated with the industrial sector, this 

chapter adopts the issue of allocation of resources in this sector as a case study. 

The sector has always been important to the Chinese economy. Although its 

importance in China’s GDP has been falling in recent years, the sector’s share in 

China’s GDP has never been below one-third of the country’s GDP since the 

1970s. Furthermore, we note that the Chinese government launched a 4-trillion 

RMB stimulation package for the economy after the 2008 financial crisis, from 

which most of the new resource went to this sector. It will be an excellent sample 

for evaluating the effectiveness of the two policy directions of the Chinese 

government (western development and ownership reform) on improving resource 

allocation in this period. 

This chapter investigates the issue of resource allocation from the supply 

side, i.e., whether the sector can increase its aggregate output by re-allocating 

existing input resources. Such information can be derived from the reallocative 

efficiency measure discussed in Li and Ng (1995) and Li and Cheng (2007). 
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However, the efficiency of reallocating resources among subgroups of 

production units has not previously been studied. This chapter extends the 

frameworks developed by Li and Ng (1995), Färe and Zelenyuk (2003), Li 

and Cheng (2007), Färe and Karagiannis (2014) to study the efficiency of 

reallocating inputs among different ownerships and between different 

regions.  

The rest of the chapter is organized as follows. Section 5.2 reviews 

the literature of allocation of resources within the same industry between 

regions and among ownerships. Section 5.3 introduces a new methodology 

to study the output-oriented allocation of resources. Section 5.4 describes 

the data. Section 5.5 analyzes empirical results. Section 5.6 discusses the 

implications. Section 5.7 concludes. 

 

5.2. Allocation of Resources within the Same Industry Between Regions 

and Among Ownerships 

In 1999, China launched the Western Development Strategy which aims to 

strengthen the link between the western and non-western regions to eradicate 

regional disparity. The western development covers 12 provinces, municipalities, 

and autonomous administrative regions in western China. [3] The main 

components of the strategy include accelerating infrastructure construction, 

deepening reforms and openness, strengthening ecological construction and 

environmental protection, developing technology and education, and accelerating 

personnel training. Some studies suggested that the strategy has successfully 

improved the GDP per capita of western China, for example, the average annual 

growth rate of real GDP per capita was only 6.6% in the 1990s, but it rose to 13.3 
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in the 2000s (Lu and Deng, 2013). However, there are also studies that pointed out 

that this policy was not effective since the western development has only had a 

minor result, or has even been ineffective in eradicating regional disparity (See, 

for example, Wei, 2004; Grewal and Ahmed, 2011). 

This chapter investigates the issue of regional disparity from the angle of 

resource allocation. After the economic reform in 1978, the Chinese market has 

become more competitive. The central government, however, is still influential 

utilizing and in mobilizing resources for specific targets. One example is that the 

government is still the largest shareholder of many listed banks in China and there 

are still many state-owned enterprises.  

For enterprises, the ownership reform that started in 1978 aimed to refine 

the ownership structure to strengthen the allocation of resources among different 

ownerships. Before the 1980s, the market structure in China was controlled via 

the central planning system and there were no private firms; non-state-owned 

enterprises only appeared after the economic reform. As one important component 

of the reform, some state-owned enterprises were changed into private firms. At 

the same time, other local private and foreign firms were introduced to the 

Chinese economy. Although many studies suggested that this policy greatly 

improved firms’ performance (See, for example, Megginson et al., 1994; Song et 

al., 2011), there were also studies which pointed out that the ownership reform 

was not as effective as expected, for example, some state-owned enterprises were 

actually profit-making and efficient before the reform but became inefficient 

afterwards (Hassard et al., 2010). 

Although there are many issues related to the regional fragmentation or 

ownership distortion, this chapter focuses on the allocation of resources of the 
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industrial sector in the period 2005-2014, which covers the 2008 financial 

crisis period. We believe that allocation of resources is affected by regional 

differences and ownership structures. One reason for implementing the 

Western Development Strategy is the existence of regional fragmentation, 

in which the factor market may not be able to direct input flows efficiently. 

A policy measure of the development is the injection of resources into the 

western region which can be carried out by taking some resources out of 

provinces in the non-western region. An analogous situation is reallocating 

inputs among firms from the non-western region to the western region. If 

investment opportunities do exist in the western region, making the 

financial sector more commercialized can help. If the aggregate values of 

the industrial sector could be increased through reallocation of resources 

between regions, then such a move is necessary to enhance the overall 

productivity of this sector. Otherwise, regional differences will not 

disappear in the industrial sector.  

Ownership reform can also be justified in similar ways through 

reallocating resources from one ownership type to another to boost the 

aggregate output of the sector. If firms in a particular ownership have 

privilege in getting resources, inefficiency appears even when every firm is 

technically efficient. Government actions are needed in such a case. 

Three issues arise: 

1. Are resources allocated efficiently between western and non-western 

regions? 

2. Are resources allocated efficiently among different ownerships? 

3. What is the priority for reforming regional distortions and reforming 
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ownership structure? 

To our best knowledge, the methodology which identifies inefficiency in 

allocation of resources within and among different sub-groups (regions/ 

ownerships) at the same time is not yet documented in the literature. This will be 

developed in the following section. 

 

5.3. Production with Input Reallocation and Subgroups 

To answer the three questions at the end of the last section, a framework that takes 

care of centralized resource allocation is needed. Conventional techniques such as 

data envelopment analysis (DEA) emphasize the efficiency and productivity of 

individual firms. However, they must be modified for studying issues related to 

the whole industry. This section explores the method of measuring the potential of 

boosting the aggregate outputs of a sector by re-allocating existing input resources 

among subgroups within the sector. 

 

5.3.1. The Efficiency of a Group of Production Units 

There are some related studies on the efficiency of a group of production units in 

the literature. In general, the studies can be classified into two broad categories 

based on a critical assumption, whether there is reallocation of inputs and outputs 

across production units (that is, whether inputs (or outputs) of each production 

unit remain constant).  

The first type has studied group efficiency from an aggregation point of 

view, focusing on the use of a single efficiency score to represent the efficiency 

(inefficiency) of the whole group. This type of study assumes no reallocation of 

inputs and outputs across production units (that is, inputs or outputs of each 
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production unit remain constant). In this case, the group technology is the 

sum of each production unit, i.e. an output set of 𝛲𝑔(𝒙1, 𝒙2, … , 𝒙𝐾) =

∑ 𝛲𝑘(𝒙𝑘)
𝐾
𝑘=1 . This idea is traced back to Farrell (1957) who introduced a 

concept of group efficiency by suggesting that technical efficiency of a 

group can be obtained by the weighted average of technical efficiency of 

individual firms, but he did not provide details on the meaning of such 

group efficiency. Färe and Zelenyuk (2003) first proved that an industry’s 

revenue efficiency without reallocation is the weighted average of the firms’ 

revenue efficiencies based on the observed revenue share of each firm. This 

method can also be applied to the decomposition component of revenue 

efficiency measurements. Färe and Zelenyuk (2005) further provided a 

weighted geometric version of such aggregation. Notable works on the 

aggregation of efficiency measurements include Färe, et al. (2004, 2008), 

Färe and Karagiannis (2014), and others.  

The second type has studied group efficiency from a group of view, 

focusing on the efficiency of reallocating resources among a group of 

production units. This type of study relaxes the assumption of no 

reallocation of inputs and outputs across production units, thus allowing for 

this to take place across production units in boosting the group 

performance. In this case, the group technology is the sum of each 

production unit, i.e. an output set of 𝛲𝑔(𝑿) = 𝛲𝑔(∑ 𝒙𝑘
𝐾
𝑘=1 ). Li and Ng 

(1995) included the concept of reallocation of inputs and outputs across 

production units in group efficiency by introducing the reallocative 

efficiency measure. Li and Cheng (2007) solved the puzzle that the group 

efficiency is not just an aggregation of individual efficiency as the group 
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can further improve via reallocation of inputs and outputs across production units. 

To calculate this potential improvement, a group weight (price) for inputs or 

outputs is needed but such a weight is usually unavailable in real-world cases. Li 

and Ng (1995), Li and Cheng (2007) suggested the use of shadow price approach 

to estimate a group weight. Nesterenko and Zelenyuk (2007) suggested the use of 

Färe and Zelenyuk (2003) price independent weight. Notable works on group 

efficiency with reallocation include Ylvinger (2000), Karagiannis (2015), and 

others.  

Some recent studies further include the breakdown or merge of production 

units in studying group efficiency. For example, Peyrache (2013), Peyrache 

(2015), Peyrache and Zago (2016) have proposed that group productivity could 

further improve if the production units are allowed to breakdown or merge. 

Cesaroni (2018) concurs and has incorporated this idea into an efficiency 

measurement based on the same premise. [4] 

One may note that the first type only covers individual efficiency 

information while the second type further incorporates group efficiency 

information. We believe group efficiency information is a critical issue as 

development is always a group issue which requires reallocation of resources. In 

this chapter we follow this assumption to allow for reallocation of inputs and 

outputs across production units. This type of group efficiency measurement is 

economically sound in supporting the study on allocation of resources within the 

same industry, between regions and among ownerships, which will be discussed 

in the next subsection. However, the efficiency of reallocating resources among 

subgroups within a group of production units has not been studied before. By 

extending these existing analytical frameworks, we establish a complete picture of 
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enhancing the structural efficiency of a group of firms with subgroups and a 

fixed aggregate endowment of factors of production. 

 

5.3.2. The Revenue-oriented Optimal Allocation of Resources 

Consider a group [5] of 𝐾 firms. Let the input and output vectors be 𝒙 ∈ ℝ+
𝑁 

and 𝒒 ∈ ℝ+
𝑀 respectively. Firm 𝑘 is producing output vector 𝒒𝑘 by using input 

vector 𝒙𝑘, 𝑘 = 1, ⋯ ,𝐾. The production technology of each firm is modeled by 

the production set: ℑ = {(𝒙, 𝒒): 𝒙 can produce 𝒒}. The following conditions are 

assumed to be held by ℑ: (i) Inputs and outputs are strongly disposable, i.e. 

(𝒙′, −𝒒′) ∈ ℑ for (𝒙, 𝒒) ∈ ℑ and (𝒙′, −𝒒′) ≦ (𝒙,−𝒒). (ii) The production set is 

convex. The second assumption implies that the input requirement set 𝐿(𝒒) ≔

{𝒙: (𝒙, 𝒒) ∈ ℑ} and the output possibility set 𝑃(𝒙) ≔ {𝒒: (𝒙, 𝒒) ∈ ℑ} are also 

convex. Denote the total outputs and total inputs of these 𝐾 production units as 

𝑸 ≔ ∑ 𝒒𝑘𝑘  and 𝑿 ≔ ∑ 𝒙𝑘𝑘  respectively. We call 𝑨 ≔ (𝒙1, ⋯ , 𝒙𝐾) an 

allocation of 𝑿 ∈ ℝ+
𝑁 if 𝒙𝑘 ∈ ℝ+

𝑁 for all k and ∑ 𝒙𝑘
𝐾
𝑘=1 = 𝑿. Similarly, we call 

𝑩 ≔ (𝒒1, ⋯ , 𝒒𝐾) a production pattern of 𝑸 ∈ ℝ+
𝑀 if 𝒒𝑘 ∈ ℝ+

𝑀 for all k and 

∑ 𝒒𝑘
𝐾
𝑘=1 = 𝑸. 

Following Li and Ng (1995), if resource reallocation among firms is 

allowed, the group production set [6] for all 𝐾 firms is, 

ℑ𝑔: = {(𝑿,𝑸): 𝑿 = ∑𝒙𝑘

𝐾

𝑘=1

, 𝑸 = ∑𝒒𝑘

𝐾

𝑘=1

, (𝒙𝑘, 𝒒𝑘) ∈ ℑ, 𝑘 = 1,⋯ ,𝐾} . (5.1) 

The group production set contains all total output vectors that can be transformed 

from some total input vectors by these K firms, provided inputs are allocated 

appropriately. The corresponding group output possibility set for total input vector 
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𝑿 is: 𝑃𝑔(𝑿) ≔ {𝑸: (𝑿,𝑸) ∈ ℑg}. [7] 

Suppose it is observed that firm 𝑘 is producing output vector 𝒒𝑘
0 =

(𝑞1𝑘
0 , … , 𝑞𝑀𝑘

0 ) by using input vector 𝒙𝑘
0 = (𝑥1𝑘

0 , … , 𝑥𝑁𝑘
0 ), 𝑘 = 1, ⋯ ,𝐾. Denote 

the total outputs and total inputs of these observed values as 𝑸0 ≔ ∑ 𝒒𝑘
0

𝑘  and 

𝑿0 ≔ ∑ 𝒙𝑘
0

𝑘  respectively. Let 𝑨0 ≔ (𝒙1
0,⋯ , 𝒙𝐾

0 ) and 𝑩0 ≔ (𝒒1
0, ⋯ , 𝒒𝐾

0 ) be the 

observed allocation of 𝑿0 and observed production pattern of 𝑸0. 

In conventional efficiency analysis, each firm has a decision-maker. This 

firm decision-maker considers the production of the firm in his objective function. 

However, in this chapter, we hypothesize that there is a group decision-maker [8] 

who considers the production of all firms in the group to achieve a certain 

objective. This group decision-maker can be a policymaker of the central or local 

government and the group can be the whole economy, a specific industry, etc. In 

this case a firm can be a region within the economy, a company within an 

industry, etc. The group can also be a large corporation with many branches. In 

this case every branch in the corporation can be regarded as a production unit or a 

“firm”. Suppose a price vector 𝒑𝑔 ∈ ℝ+
𝑀 reflects the values of outputs to the 

centralized decision-maker. For a policymaker, these prices are the social values 

of outputs. For the owner of a firm, these prices are the market prices.  

For the given resources of factor inputs 𝑿0, the objective of the group 

decision-maker is to maximize the revenue of total outputs at the price vector 𝒑𝑔. 

This maximum revenue of the group is, [9] 

𝑅𝑔(𝒑𝑔, 𝑿0) ≔ 𝑚𝑎𝑥
𝑸
{𝒑𝑔 ∙ 𝑸: (𝑿0, 𝑸) ∈ ℑ𝑔}.                           (5.2) 

Let 𝑸𝑔∗ ∈ ℝ+
𝑀 be a total output vector such that 𝒑𝑔 ∙ 𝑸𝑔∗ is at the 

maximum for the given total input vector 𝑿0. Then 𝒑𝑔 ∙ 𝑸𝑔∗ = 𝑅𝑔(𝒑𝑔, 𝑿0). If 
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𝒑𝑔𝑸0 < 𝒑𝑔𝑸𝑔∗, then the whole group can be better-off by moving from 

𝑸0 to 𝑸𝑔∗. We define the revenue measure of structural efficiency (Φ𝑔) 

[10] at the price vector 𝑝𝑔 to capture the losses of not producing at 𝑄𝑔∗, 

𝛷𝑔 = 𝛷𝑔(𝑿0, 𝑸0, 𝒑𝑔) ≔ 𝑚𝑎𝑥
𝜙,𝑸

{𝜙: 𝜙(𝒑𝑔 ∙ 𝑸0) ≦ 𝒑𝑔 ∙ 𝑸, (𝑿0, 𝑸) ∈ ℑ𝑔} 

=
𝑅𝑔(𝒑𝑔, 𝑿0)

𝒑𝑔 ∙ 𝑸0
.                                                               (5.3) 

It is obvious that 𝑸𝑔∗ defined above is a solution to this problem and 

it is clear that 𝒑𝑔 ∙ 𝑸0 ≦ 𝒑𝑔 ∙ 𝑸𝑔∗. It follows that Φ ≧ 1. This group is 

revenue structurally efficient if Φ = 1. If Φ > 1, then this industry is 

structurally inefficient, and it is potentially feasible to raise total revenue by 

(Φ − 1) × 100% without adding any new resources. We note that 

achieving the maximum in (5.3) requires an optimal allocation of 𝑿0: 

𝑨∗ ≔ (𝒙1
∗ , ⋯ , 𝒙𝐾

∗ ), and an optimal production pattern of 𝑸∗: 𝑩∗ ≔

(𝒒1
∗ , ⋯ , 𝒒𝐾

∗ ) such that ∑ 𝒙𝑘
∗𝐾

𝑘=1 = 𝑿0 and ∑ 𝒒𝑘
∗𝐾

𝑘=1 = 𝑸𝒈∗. 

Using the price vector 𝒑𝑔 for each production unit, the revenue 

efficiency measure of firm 𝑘 is 𝑟𝑒𝑘 = 𝑟𝑒(𝒙𝑘
0 , 𝒒𝑘

0 , 𝒑𝑔) =

𝑚𝑎𝑥
𝒒
{𝒑𝑔 ∙ 𝒒: (𝒙𝑘

0 , 𝒒) ∈ ℑ} 𝒑𝑔 ∙ 𝒒𝑘
0⁄ . In the efficiency analysis literature, this 

can be decomposed into a technical efficiency measure, 𝑡𝑒𝑘 =

𝑡𝑒(𝒙𝑘
0 , 𝒒𝑘

0) = 𝑚𝑎𝑥
𝜃
{𝜃: (𝒙𝑘

0 , 𝜃𝒒𝑘
0) ∈ ℑ} and an allocative efficiency measure, 

𝑎𝑒𝑘 = 𝑎𝑒(𝒙𝑘
0 , 𝒒𝑘

0 , 𝒑𝑔) = 𝑟𝑒(𝒙𝑘
0 , 𝒒𝑘

0 , 𝒑𝑔)/𝑡𝑒(𝒙𝑘
0 , 𝒒𝑘

0). Let the corresponding 

technically efficient output vector be 𝒒𝑘
𝑡𝑒 = 𝑡𝑒𝑘𝒒𝑘

0  and revenue efficient 

output vector be 𝒒𝑘
𝑟𝑒, respectively. Thus 𝒒𝑘

𝑟𝑒 is both technically and 

allocatively efficient at the price vector 𝒑𝑔. Let the production patterns 

under technical and revenue efficiency be 𝑩𝑡𝑒 ≔ (𝒒1
𝑡𝑒 , ⋯ , 𝒒𝐾

𝑡𝑒) and 
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𝑩𝑟𝑒 ≔ (𝒒1
𝑟𝑒, ⋯ , 𝒒𝐾

𝑟𝑒) respectively. The total output vectors when all firms of the 

group are both technically and revenue efficient are 𝑸𝑡𝑒 ≔ ∑ 𝒒𝑘
𝑡𝑒𝐾

𝑘=1  and 𝑸𝑟𝑒 ≔

∑ 𝒒𝑘
𝑟𝑒𝐾

𝑘=1  respectively. 

Similar to Li and Ng (1995) and Li and Cheng (2007), we measure the 

losses to the whole group by a ratio between two total revenues. The first is the 

aggregate technical efficiency measure (𝐴𝑇𝐸𝑔) that reflects the efficiency losses 

of the whole group due to the technical inefficiency of individual firms, [11] 

𝐴𝑇𝐸𝑔 = 𝐴𝑇𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑔) ≔
∑ 𝒑𝑔 ∙ 𝒒𝑘

𝑡𝑒𝐾
𝑘=1

𝒑𝑔 ∙ 𝑸0
=
𝒑𝑔 ∙ 𝑸𝑡𝑒

𝒑𝑔 ∙ 𝑸0
.                  (5.4) 

The second is the aggregate allocative efficiency measure (𝐴𝐴𝐸𝑔) that reflects the 

efficiency losses of the whole industry due to sub-optimal output mix with respect 

to the price vector 𝒑𝑔 in each firm, 

𝐴𝐴𝐸𝑔 = 𝐴𝐴𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑔) ≔
∑ 𝒑𝑔 ∙ 𝒒𝑘

𝑟𝑒𝐾
𝑘=1

∑ 𝒑𝑔 ∙ 𝒒𝑘
𝑡𝑒𝐾

𝑘=1

=
𝒑𝑔 ∙ 𝑸𝑟𝑒

𝒑𝑔 ∙ 𝑸𝑡𝑒
.                 (5.5) 

When each firm is maximizing revenue with respect to the price vector 𝒑𝑔 at the 

original observed input allocation 𝑨0, the group revenue may not be at maximum. 

If ∑ 𝒑𝑔 ∙ 𝒒𝑘
𝑟𝑒𝐾

𝑘=1 < 𝑅𝑔(𝒑𝑔, 𝑿0), further improvement to achieve the maximum 

group revenue 𝑅𝑔(𝒑𝑔, 𝑿0) must come from reallocating inputs among firms. 

This is measured by the reallocative efficiency measure (𝑅𝐴𝐸𝑔), 

𝑅𝐴𝐸𝑔 = 𝑅𝐴𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑔) ≔
𝑅𝑔(𝒑𝑔, 𝑿0)

∑ 𝒑𝑔 ∙ 𝒒𝑘
𝑟𝑒𝐾

𝑘=1

=
𝑅𝑔(𝒑𝑔, 𝑿0)

𝒑𝑔 ∙ 𝑸𝑟𝑒
.            (5.6) 

Multiplying both sides of (5.6) by 𝒑𝑔 ∙ 𝑸𝑟𝑒 𝒑𝑔 ∙ 𝑸0⁄  and using (5.3) to (5.5), it is 

obvious that, [12] 

𝛷𝑔 = 𝑅𝐴𝐸𝑔 × 𝐴𝐴𝐸𝑔 × 𝐴𝑇𝐸𝑔.                                   (5.7) 
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The revenue structural efficiency can be decomposed into two types of 

components. The first type includes inefficiencies of the group that can be 

eliminated by changing production plans within each firm. The original allocation 

of inputs (𝑨0) remains unchanged. The aggregate allocative efficiency measure 

(𝐴𝐴𝐸𝑔) and the aggregate technical efficiency measure (𝐴𝑇𝐸𝑔) belong to this 

type. The second type includes inefficiencies of the group that can only be 

eliminated by reallocating inputs from some firms to other firms. The reallocative 

efficiency measure is (𝑅𝐴𝐸𝑔). Equation (5.7) is similar to the framework 

introduced by Li and Ng (1995). [13] 

 

5.3.3. Decomposition with Inter-subgroup Efficiency and Intra-subgroup 

Efficiency 

Suppose all firms can be classified into 𝑇 subgroups. In the following discussion, 

we assume all subgroups are facing the same price vector 𝒑𝑔. [14] Let the 

number of elements in the 𝑡th subgroup be 𝑘𝑡. So 𝑘1 + 𝑘2 +⋯+ 𝑘𝑇 = 𝐾. We 

denote the firms as follows: firms 1, 2, … , 𝑘1 are in group 1; firms 𝑘1 + 1, 𝑘1 +

2,… , 𝑘1 + 𝑘2 are in group 2; and so on. Denote the quantity variables of group 𝑡 

as follows: input vector 𝑿𝑡 ≔ ∑ 𝒙𝑗
𝑘𝑡+𝑘𝑡−1
𝑗=1+𝑘𝑡−1

, output vector 𝑸𝑡 ≔ ∑ 𝒒𝑗
𝑘𝑡+𝑘𝑡−1
𝑗=1+𝑘𝑡−1

, 

where 𝑗 = 1,… , 𝑇 and 𝑘0 = 0. Similar to the group production set defined in 

(5.1), if resource reallocation among firms is allowed in subgroup 𝑡, the group 

production set of subgroup 𝑡 is, 

ℑt: =

{
 

 
(𝑿,𝑸):𝑿 = ∑ 𝒙𝑗

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

, 𝑸 = ∑ 𝒒𝑗

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

, (𝒙𝑗 , 𝒒𝑗) ∈ ℑ,

                            𝑗 = 1 + 𝑘𝑡−1, ⋯ , 𝑘𝑡 + 𝑘𝑡−1 }
 

 
.    (5.8) 

We hypothesize that there is a decision-maker in each subgroup. The 
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objective of each subgroup decision-maker is to be consistent with the group 

decision-maker. Let the observed values of inputs and outputs in subgroup 𝑡 be 

𝑿𝑡0 ≔ ∑ 𝒙𝑗0
𝑘𝑡−1+𝑘𝑡
𝑗=1+𝑘𝑡−1

 and 𝑸𝑡0 ≔ ∑ 𝒒𝑗0
𝑘𝑡−1+𝑘𝑡
𝑗=1+𝑘𝑡−1

 respectively. The corresponding 

allocation of 𝑿𝑡0 and production pattern of 𝑸𝑡0 are 𝑨𝑡0 ≔

(𝒙1+𝑘𝑡−10, ⋯ , 𝒙𝑘𝑡−1+𝑘𝑡0) and 𝑩𝑡0 ≔ (𝒒1+𝑘𝑡−10, ⋯ , 𝒒𝑘𝑡−1+𝑘𝑡0) respectively. 

When inputs are reallocatable among production units within subgroup t but fixed 

at 𝑿𝑡0, each subgroup decision-maker 𝑡 aims at achieving the maximum revenue 

of subgroup 𝑡 at the price vector 𝒑𝑔, 

𝑅𝑡(𝒑𝑔, 𝑿𝑡0) ≔ 𝑚𝑎𝑥
𝑸
{𝒑𝑔 ∙ 𝑸: (𝑿𝑡0, 𝑸) ∈ ℑ𝑡}.                           (5.9) 

Let 𝑸𝑡𝜙 ∈ ℝ+
𝑀 be a total output vector of subgroup t such that 𝒑𝑔 ∙ 𝑸𝑡𝜙 is at the 

maximum for the given total input vector 𝑿𝑡0. Then 𝒑𝑔 ∙ 𝑸𝑡𝜙 = 𝑅𝑡(𝒑𝑔, 𝑿𝑡). If 

𝒑𝑔 ∙ 𝑸𝑡0 < 𝒑𝑔 ∙ 𝑸𝑡𝜙, then the observed revenue is smaller than the maximum 

revenue for the total input vector 𝑿𝑡0. Thus, there is inefficiency within subgroup 

𝑡. In the same spirit of computing the revenue structural efficiency measure Φ𝑔 

in (5.3), we define the revenue measure of structural efficiency for subgroup 𝑡 as: 

𝜙𝑡 = 𝜙𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) = 𝑚𝑎𝑥
,𝑄

{: 𝒑𝑔 ∙ 𝑸𝑡0 ≦ 𝒑𝑔 ∙ 𝑸, (𝑿0, 𝑸) ∈ ℑ𝑡} 

=
𝑅𝑡(𝒑𝑔, 𝑿𝑡)

𝒑𝑔 ∙ 𝑸𝑡0
.                                                        (5.10) 

It is obvious that the quantity vector 𝑸𝑡𝜙 defined in (5.9) is a solution in 

(5.10). Subgroup 𝑡 is revenue structurally efficient at the output vector 𝑸𝑡𝜙 for 

all 𝑡. Let the corresponding total output vector of the whole group be 𝑸𝑠∗ =

∑ 𝑸𝑡𝜙𝑇
𝑡=1 . To achieve 𝑸𝑠∗, total inputs in each subgroup are fixed but they can be 

reallocated among firms in this subgroup. To capture the inefficiency of the whole 
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group when reallocation of resources is allowed within each subgroup but 

not among subgroups, we define the intra-subgroup revenue structural 

efficiency measure as: 

𝛷𝑖𝑛𝑡𝑟𝑎 = 𝛷𝑖𝑛𝑡𝑟𝑎(𝑨0, 𝑩0, 𝒑𝑔) =
𝒑𝑔 ∙ 𝑸𝑠∗

𝒑𝑔 ∙ 𝑸0
=
𝒑𝑔 ∙ ∑ 𝑸𝑡𝜙𝑇

𝑡=1

𝒑𝑔 ∙ 𝑸0
.               (5.11) 

Although the revenue of the group is maximized for 𝑸𝑠∗ and 𝑸𝑔∗, 

inputs are fixed within each subgroup for 𝑸𝑠∗ but they can be reallocated 

among subgroups for 𝑸𝑔∗. Thus, 𝒑𝑔 ∙ 𝑸𝑠∗ ≦ 𝒑𝑔 ∙ 𝑸𝑔∗. The difference 

between these two terms comes from reallocating inputs among subgroups. 

Since each group t has already done the best within the group to achieve 

𝑸𝑡𝜙, any improvement from 𝑸𝑠∗ to 𝑸𝑔∗ must be eliminated by re-

allocating resources among subgroups. Thus we define the inter-subgroup 

reallocative efficiency: 

𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟(𝑨0, 𝑩0, 𝒑𝑔) =
𝒑𝑔 ∙ 𝑸𝑔∗

𝒑𝑔 ∙ 𝑸𝑠∗
=
𝑅𝑔(𝒑𝑔, 𝑿0)

𝒑𝑔 ∙ 𝑸𝑠∗
.     (5.12) 

Multiplying both sides of (5.12) by 𝒑𝑔 ∙ 𝑸𝑠∗ 𝒑𝑔 ∙ 𝑸0⁄  and using (5.3) and (5.11), 

we have, 

𝛷𝑔 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) × 𝛷𝑖𝑛𝑡𝑟𝑎(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔).             (5.13) 

Recall that ∑ 𝒑𝑔 ∙ 𝒒𝑘
𝑟𝑒𝐾

𝑘=1  is the revenue of the whole group when all 

individual firms have maximized revenue at 𝒑𝑔 without reallocation 

among firms. Further, 𝒑g𝑸s∗ is the maximum revenue of the group when 

reallocation of inputs within subgroup is available, so the difference 

between 𝒑𝑔𝐐𝑠∗ and ∑ 𝒑𝑔 ∙ 𝒒𝑘
𝑟𝑒𝐾

𝑘=1  must be due to reallocation of inputs 

among firms within subgroups. Thus we define the intra-subgroup 
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reallocative efficiency measure, 

𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎(𝑨0, 𝑩0, 𝒑𝑔) =
𝒑𝑔 ∙ 𝑸𝑠∗

𝒑𝑔 ∙ (∑ 𝒒𝑘
𝑟𝑒

𝑘 )
=
𝒑𝑔 ∙ 𝑸𝑠∗

𝒑𝑔 ∙ 𝑸𝑟𝑒
.       (5.14) 

Then, multiplying both sides of (5.14) by 𝒑𝑔 ∙ 𝑸𝑟𝑒 𝒑𝑔 ∙ 𝑸0⁄  and using (5.4), 

(5.5), and (5.11), we have, 

𝛷𝑖𝑛𝑡𝑟𝑎 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎 × 𝐴𝐴𝐸𝑔 × 𝐴𝑇𝐸𝑔.                             (5.15) 

Combining (5.13) and (5.15), we derive our first decomposition of the revenue 

structural efficiency: 

Decomposition 1: 

𝛷𝑔 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 × 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎 × 𝐴𝐴𝐸𝑔 × 𝐴𝑇𝐸𝑔.                     (5.16) 

The revenue structural efficiency Φ𝑔 measures the degree of the whole group to 

achieve maximum group revenue at the price vector 𝒑𝑔. The efficiency losses are 

due to (i) inefficient allocation of resources among subgroups (inter-subgroup 

reallocative efficiency; 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟); (ii) inefficient allocation of resources within 

subgroups (intra-subgroup reallocative efficiency; 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎); (iii) inefficient 

output mix in each firm (aggregate allocative efficiency; 𝐴𝐴𝐸𝑔); and (iv) 

inefficient production inside each firm (aggregate technical efficiency; 𝐴𝑇𝐸𝑔). 

Decomposition 1 emphasizes the effects of each component on the whole 

group. It does not show the situations in subgroups. Including the structural 

efficiency of each subgroup may provide information from another angle. Similar 

to (5.4) and (5.5), define the aggregate technical efficiency measure and 

aggregate allocative efficiency measure for subgroup 𝑡, 
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𝐴𝑇𝐸𝑡 = 𝐴𝑇𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) ≔
𝒑𝑔 ∙ ∑ 𝒒𝑘

𝑡𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝒑𝑔 ∙ ∑ 𝒒𝑘
0𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

                    (5.17𝑎) 

𝐴𝐴𝐸𝑡 = 𝐴𝐴𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) ≔
𝒑𝑔 ∙ ∑ 𝒒𝑘

𝑟𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝒑𝑔 ∙ ∑ 𝒒𝑘
𝑡𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

.                   (5.17𝑏) 

The reallocative efficiency measure of subgroup 𝑡 can be defined as, 

𝑅𝐴𝐸𝑡 = 𝑅𝐴𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) ≔
𝑅𝑡(𝒑𝑔, 𝑿𝑡)

𝒑𝑔 ∙ ∑ 𝒒𝑘
𝑟𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

.                  (5.18) 

This measure indicates the degree of improvement that can be achieved by 

reallocating resources within subgroup 𝑡. Recall the revenue measure of 

structural efficiency for subgroup 𝑡 at the price 𝒑𝑔 in (5.10), 

𝜙𝑡 = 𝜙𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) =
𝑅𝑡(𝒑𝑔, 𝑿𝑡)

𝒑𝑔 ∙ 𝑸𝑡0
 

=
𝑅𝑡(𝒑𝑔, 𝑿𝑡)

𝒑𝑔 ∙ ∑ 𝒒𝑘
𝑟𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

×
𝒑𝑔 ∙ ∑ 𝒒𝑘

𝑟𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝒑𝑔 ∙ ∑ 𝒒𝑘
𝑡𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

×
𝒑𝑔 ∙ ∑ 𝒒𝑘

𝑡𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝒑𝑔 ∙ ∑ 𝒒𝑘
0𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

. 

= 𝑅𝐴𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) × 𝐴𝐴𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) × 𝐴𝑇𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔).   (5.19) 

By the definitions of the relevant terms, 𝑅𝑡(𝒑𝑔, 𝑿𝑡) ≧ 𝒑𝑔 ∙ ∑ 𝒒𝑘
𝑟𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1
≧ 𝒑𝑔 ∙

∑ 𝒒𝑘
𝑡𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1
≧ 𝒑𝑔 ∙ ∑ 𝒒𝑘

0𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

. It follows that all terms in (5.19) are not less 

than one. 

Using (5.10) and the definition of 𝛷𝑖𝑛𝑡𝑟𝑎 in (5.11), 

𝛷𝑖𝑛𝑡𝑟𝑎 =
𝒑𝑔 ∙ ∑ 𝑸𝑡𝜙𝑇

𝑡=1

𝒑𝑔 ∙ 𝑸0
=∑(

𝒑𝑔 ∙ 𝑸𝑡0

𝒑𝑔 ∙ 𝑸0
×
𝒑𝑔 ∙ 𝑸𝑡𝜙

𝒑𝑔 ∙ 𝑸𝑡0
)

𝑇

𝑡=1

=∑𝑤𝑡𝜙
𝑡

𝑇

𝑡=1

.  (5.20) 

where 𝑤𝑡 = 𝒑
𝑔 ∙ 𝑸𝑡0 𝒑𝑔 ∙ 𝑸0⁄ . Note that ∑ 𝑤𝑡

𝑇
𝑡=1 = 1. Combining (5.13), (5.19) 

and (5.20), the second decomposition is derived: 
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Decomposition 2: 

𝛷𝑔 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 ×∑𝑤𝑡(𝑅𝐴𝐸
𝑡 × 𝐴𝐴𝐸𝑡 × 𝐴𝑇𝐸𝑡)

𝑇

𝑡=1

.              (5.21) 

The efficiency losses of the whole group are due to (i) inefficient allocation of 

resources among subgroups (inter-group reallocative efficiency; 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟); (ii) 

inefficient allocation of resources among firms within subgroups (reallocative 

efficiency; 𝑅𝐴𝐸𝑡); (iii) inefficient output mix in each firm with fixed inputs in 

subgroups (aggregate allocative efficiency; 𝐴𝐴𝐸𝑡); and (iv) inefficient production 

inside each firm with fixed inputs in subgroups (aggregate technical efficiency; 

𝐴𝑇𝐸𝑡). This decomposition helps the investigator to study individual subgroups in 

more detail. Note that the decomposition can be applied multiple times when there 

are subgroups within subgroups. 

Using the definition of 𝛷𝑖𝑛𝑡𝑟𝑎 and the aggregation method for efficiency 

measures in Färe and Zelenyuk (2003, equation 2.8), one may incorporate the 

measurements of Decomposition 2 into Decomposition 1. This provides further 

information on the overall effect of improvements in subgroups on the whole 

group. For instance, consider the technical efficiency of firm 𝑘, where 𝑡𝑒𝑘 =

𝒑𝑔𝒒𝑘
𝑡𝑒/𝒑𝑔𝒒𝑘

0 . Recall the definition of 𝐴𝑇𝐸𝑔, which is the group potential 

improvement if all technical inefficiency of individual firms is eliminated, 

𝐴𝑇𝐸𝑔 =
𝒑𝑔(∑ 𝒒𝑘

𝑡𝑒
𝑘 )

𝒑𝑔𝑸0
=∑(

𝒑𝑔𝒒𝑘
0

𝒑𝑔𝑸0
×
𝒑𝑔𝒒𝑘

𝑡𝑒

𝒑𝑔𝒒𝑘
0 )

𝐾

𝑘=1

. 

And recall the definition of 𝐴𝑇𝐸𝑡, which is the subgroup potential improvement 

if all technical inefficiency of individual firms is eliminated, 
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𝐴𝑇𝐸𝑡 =
𝒑𝑔 ∙ ∑ 𝒒𝑘

𝑡𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝒑𝑔 ∙ ∑ 𝒒𝑘
0𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

= ∑ (
𝒑𝑔𝒒𝑘

0

(𝒑𝑔𝑸𝑡0)
×
𝒑𝑔𝒒𝑘

𝑡𝑒

𝒑𝑔𝒒𝑘
0 ) .

𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1

 

Define 𝑤𝑡
𝑎𝑡𝑒 = (𝒑𝑔 ∑ 𝒒𝑘

0𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

)/(𝒑𝑔𝑸0), and 𝑤𝑘
𝑎𝑡𝑒 = (𝒑𝑔𝒒𝑘

0)/(𝒑𝑔𝐐t0). 

Combining 𝐴𝑇𝐸𝑔 and 𝐴𝑇𝐸𝑡, 

𝐴𝑇𝐸𝑔 =
𝒑𝑔(∑ 𝒒𝑘

𝑡𝑒
𝑘 )

𝒑𝑔𝑸0
=∑(

(𝒑𝑔 ∑ 𝒒𝑘
0𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)

𝒑𝑔𝑸0
×
(𝒑𝑔 ∑ 𝒒𝑘

𝑡𝑒𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

)

(𝒑𝑔∑ 𝒒𝑘
0𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)
)

𝑇

𝑡=1

      

=∑(
(𝒑𝑔 ∑ 𝒒𝑘

0𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

)

𝒑𝑔𝑸0
× ∑ (

𝒑𝑔𝒒𝑘
0

(𝒑𝑔𝑸𝑡0)
×
𝒑𝑔𝒒𝑘

𝑡𝑒

𝒑𝑔𝒒𝑘
0 )

𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1

)

𝑇

𝑡=1

            

=∑𝑤𝑡
𝑎𝑡𝑒𝐴𝑇𝐸𝑡

𝑇

𝑡=1

=∑𝑤𝑡
𝑎𝑡𝑒 ∑ 𝑤𝑘

𝑎𝑡𝑒𝑡𝑒𝑘

𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1

𝑇

𝑡=1

                       (5.22) 

This is a group version of the aggregation on technical efficiency as in Färe and 

Zelenyuk (2003, equation 2.11). Similarly, using the definition of 𝐴𝐴𝐸𝑔 and 

𝐴𝐴𝐸𝑡, define 𝑤𝑡
𝑎𝑎𝑒 = (𝒑𝑔∑ 𝒒𝑘

𝑡𝑒𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

)/(𝒑𝑔(∑ 𝒒𝑘
𝑡𝑒

𝑘 )), and 𝑤𝑘
𝑎𝑎𝑒 =

(𝒑𝑔𝒒𝑘
𝑡𝑒)/(𝒑𝑔𝐐t𝑡𝑒). Then one may express 𝐴𝐴𝐸𝑔 and 𝐴𝐴𝐸𝑡 in terms of 

allocative efficiency of firms, in which 𝑎𝑒𝑘 = (𝒑𝑔𝒒𝑘
𝑟𝑒)/(𝒑𝑔𝒒𝑘

𝑡𝑒), 

𝐴𝐴𝐸𝑔 =
𝒑𝑔(∑ 𝒒𝑘

𝑟𝑒
𝑘 )

𝒑𝑔(∑ 𝒒𝑘
𝑡𝑒

𝑘 )
=∑(

(𝒑𝑔 ∑ 𝒒𝑘
𝑡𝑒𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)

𝒑𝑔(∑ 𝒒𝑘
𝑡𝑒

𝑘 )
×
(𝒑𝑔 ∑ 𝒒𝑘

𝑟𝑒𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

)

(𝒑𝑔 ∑ 𝒒𝑘
𝑡𝑒𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)
)

𝑇

𝑡=1

       

=∑(
(𝒑𝑔 ∑ 𝒒𝑘

𝑡𝑒𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

)

𝒑𝑔(∑ 𝒒𝑘
𝑡𝑒

𝑘 )
× ∑ (

𝒑𝑔𝒒𝑘
𝑡𝑒

(𝒑𝑔𝑸𝑡𝑡𝑒)
×
𝒑𝑔𝒒𝑘

𝑟𝑒

𝒑𝑔𝒒𝑘
𝑡𝑒)

𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1

)

𝑇

𝑡=1

          

=∑𝑤𝑡
𝑎𝑎𝑒𝐴𝐴𝐸𝑡

𝑇

𝑡=1

=∑𝑤𝑡
𝑎𝑎𝑒 ∑ 𝑤𝑘

𝑎𝑎𝑒𝑎𝑒𝑘

𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1

𝑇

𝑡=1

                      (5.23) 

This is a group version of the aggregation on allocative efficiency as in Färe and 
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Zelenyuk (2003, equation 2.18), which is defined as the share of technically 

efficient revenue of a subgroup to the total technically efficient revenue.  

Then we further extend the idea of group aggregation to reallocative 

efficiency. Using the definition of 𝑅𝐴𝐸𝑤𝑖𝑡ℎ𝑖𝑛 and 𝑅𝐴𝐸𝑡, define 𝑤𝑡
𝑟𝑎𝑒 =

(𝒑𝑔∑ 𝒒𝑘
𝑟𝑒𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)/(𝒑𝑔(∑ 𝒒𝑘

𝑟𝑒
𝑘 )), then 

𝑅𝐴𝐸𝑤𝑖𝑡ℎ𝑖𝑛 =
𝒑𝑔𝑸𝑔

𝒑𝑔(∑ 𝒒𝑘
𝑟𝑒

𝑘 )
=∑(

(𝒑𝑔∑ 𝒒𝑘
𝑟𝑒𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)

𝒑𝑔(∑ 𝒒𝑘
𝑟𝑒

𝑘 )
×

𝒑𝑔𝑸𝑔𝑡

(𝒑𝑔 ∑ 𝒒𝑘
𝑟𝑒𝑘1+⋯+𝑘𝑡

𝑘=𝑘𝑡−1+1
)
)

𝑇

𝑡=1

  

=∑𝑤𝑡
𝑟𝑎𝑒𝑅𝐴𝐸𝑡

𝑇

𝑡=1

                                                          (5.24) 

Note that all ∑ 𝑤𝑡
𝑎𝑡𝑒𝑇

𝑡=1 , ∑ 𝑤𝑡
𝑎𝑎𝑒𝑇

𝑡=1 , ∑ 𝑤𝑡
𝑟a𝑒𝑇

𝑡=1 = 1. 𝑤𝑡
𝑎𝑡𝑒 is the observed 

output share of subgroup 𝑡 to the whole group, in which 𝑤𝑡
𝑎𝑡𝑒 = 𝑤𝑡. 𝑤𝑡

𝑎𝑎𝑒 is 

the output share after eliminating 𝐴𝑇𝐸. 𝑤𝑡
𝑟a𝑒 is the output share after eliminating 

𝐴𝑇𝐸 and 𝐴𝐴𝐸. Combining (5.21) - (5.24), 

𝛷𝑔 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 × 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎 × 𝐴𝐴𝐸𝑔 × 𝐴𝑇𝐸𝑔 

= 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 ×∑𝑤𝑡
𝑟𝑎𝑒𝑅𝐴𝐸𝑡

𝑇

𝑡=1

×∑𝑤𝑡
𝑎𝑎𝑒𝐴𝐴𝐸𝑡

𝑇

𝑡=1

×∑𝑤𝑡
𝑎𝑡𝑒𝐴𝑇𝐸𝑡

𝑇

𝑡=1

.  (5.25) 

The interpretation of 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟, 𝑅𝐴𝐸𝑡, 𝐴𝐴𝐸𝑡 and 𝐴𝑇𝐸𝑡 are the same as 

in Decomposition 2. We further introduce the weightings 𝑤𝑡
𝑟a𝑒, 𝑤𝑡

𝑎𝑎𝑒 and 𝑤𝑡
𝑎𝑡𝑒 

which represent the effect size of improvement in subgroup 𝑡 on the whole 

group. Hence, 𝑤𝑡
𝑟a𝑒(𝑅𝐴𝐸𝑡 − 1), 𝑤𝑡

𝑎𝑎𝑒(𝐴𝐴𝐸𝑡 − 1), and 𝑤𝑡
𝑎𝑡𝑒(𝐴𝑇𝐸𝑡 − 1) 

represent the potential to raise the total revenue of the whole group by eliminating 

𝑅𝐴𝐸𝑡, 𝐴𝐴𝐸𝑡, and 𝐴𝑇𝐸𝑡 in subgroup 𝑡. 
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5.3.4. Empirical Computation without Prices 

In the last two subsections, the revenue structural efficiency measure Φ and its 

components depend on 𝒑𝑔. When this price vector is unknown, it is impossible to 

compute the values of these measures. In empirical studies, we propose 

substituting the shadow price vector computed in Li and Ng (1995) and Li and 

Cheng (2007) for 𝒑𝑔 in section 5.3.3. [15] 

The framework of structural efficiency using shadow prices considers 

the maximum proportional expansion of the observed aggregate outputs. 

The output-oriented structural efficiency (𝐻) is, 

𝐻 = 𝐻(𝑿0, 𝑸0) = 𝑚𝑎𝑥
𝜃
{𝜃: (𝑿0, 𝜃𝑸0) ∈ ℑ𝑔}.                      (5.26) 

This is the technical efficiency of the group. Its inefficiency depends on the 

production technology of individual firms as well as market structure as 

mentioned in Farrell (1957). Let 𝑸𝐻 = 𝐻𝑸0. Then 𝑸𝐻 is an output-oriented 

structurally efficient output vector on the frontier of the output possibility set of 

the group technology, 𝑃𝑔(𝑿0) ≔ {𝑸: (𝑿0, 𝑸) ∈ ℑ𝑔}. When the output possibility 

set of each firm in the group is convex and compact with inputs and outputs freely 

disposable, the following proposition is an obvious consequence and we state it 

without proof. 

 

Proposition 5.1: Let ℑ be a convex production set faced by firms 𝑘 = 1,⋯ ,𝐾. 

Define the output possibility set of the group as, 

𝑃𝑔(𝑿):= {𝑸:𝑿 = ∑𝒙𝑘

𝐾

𝑘=1

, 𝑸 = ∑𝒒𝑘

𝐾

𝑘=1

, (𝒙𝑘, 𝒒𝑘) ∈ ℑ, 𝑘 = 1,⋯ ,𝐾} 

1. Then 𝑃𝑔(𝑿) is a convex set for all 𝑿. 
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2. For 𝐐H = 𝐻𝐐0, there exists a nonzero vector 𝒑𝑠 ≧ 0 such that 𝒑𝑠 ∙ 𝑸𝐻 =

𝑅𝑔(𝒑𝑠, 𝑿). 

 

Replacing 𝒑𝑔 by 𝒑𝑠 in the definition of the revenue structural efficiency in 

(5.3) and applying the above proposition, 

𝛷(𝑿0, 𝑸0, 𝒑𝑠) =
𝑅𝑔(𝒑𝑠, 𝑿0)

𝒑𝑠 ∙ 𝑸0
=
𝒑𝑠 ∙ 𝑸𝐻

𝒑𝑠 ∙ 𝑸0
=
𝒑𝑠 ∙ (𝐻𝑸0)

𝒑𝑠 ∙ 𝑸0
= 𝐻(𝑨0, 𝑩0).     (5.27) 

Combing (5.16) and (5.27), and replacing 𝒑𝑔 with 𝒑𝑠, Decomposition 1 

becomes, 

𝐻(𝑿0, 𝑸0) = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟(𝑨0, 𝑩0, 𝒑𝑠)                                                                              

× 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎(𝑨0, 𝑩0, 𝒑𝑠) × 𝐴𝐴𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑠) × 𝐴𝑇𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑠). (5.28) 

Note that the price vector appears on the right-hand side but not on the left-hand 

side. Similarly, Decomposition 2 can be written as, 

𝐻(𝑿0, 𝑸0) = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟(𝑨0, 𝑩0, 𝒑𝑠)                                                          

×∑𝑤𝑡 (
𝑅𝐴𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑠) × 𝐴𝐴𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑠)

× 𝐴𝑇𝐸𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑠)
)

𝑇

𝑡=1

.    (5.29) 

When there is only one output, maximizing revenue is equivalent to 

maximizing the output level. So for any nonnegative price vector 𝒑𝑔, 

𝛷(𝑿0, 𝑸0, 𝒑𝑔) = 𝐻(𝑿0, 𝑸0) and 𝐴𝐴𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑔) = 1. Then, 

𝛷(𝑿0, 𝑸0, 𝒑𝑔) = 𝐻(𝑿0, 𝑸0)                                                                                             

= 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟(𝑨0, 𝑩0, 𝒑𝑔) × 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎(𝑨0, 𝑩0, 𝒑𝑔) × 𝐴𝑇𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑔). (5.30) 

The last issue appears when 𝒑𝑔 reflects social values and 𝒑𝑔 ≠ 𝒑𝑠. By the 
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definition of the revenue function in (5.2), ℜ𝑔(𝒑𝑔, 𝑿0) = 𝒑𝑔 ∙ 𝑸𝑔∗ ≧ 𝒑𝑔 ∙

𝑸𝐻. Dividing both sides by 𝒑𝑔 ∙ 𝑸0, we have 𝛷(𝑿0, 𝑸0, 𝒑𝑔) =
ℜ𝑔(𝒑𝑔,𝑿0)

𝒑𝑔∙𝑸0
≧

𝒑𝑔∙𝑸𝐻

𝒑𝑔∙𝑸0
=

𝒑𝑔∙(𝐻𝑸0)

𝒑𝑔∙𝑸0
= 𝐻(𝑿0, 𝑸0). Hence the output-oriented structural 

efficiency underestimates the inefficiency of the group. One may question 

the applicability of 𝐻(𝑿0, 𝑸0) as a proxy of 𝛷(𝑿0, 𝑸0, 𝒑𝑔) because the 

shadow price vector 𝒑𝑠 is in general different from 𝒑𝑔. However, when 

the value of 𝐻(𝑿0, 𝑸0) is greater than one, there does exist potential for 

improvement. Although the production of 𝑸𝐻 may not give the maximum 

value for given resources 𝑿0, it does improve the social value of producing 

the M outputs. Without the information of the price vector 𝒑𝑔, the resource 

allocation of producing 𝑸𝐻 can be treated as an alternative solution to 

improving total outputs. If the value of 𝛷(𝑿0, 𝑸0, 𝒑𝑔) indicates the 

potential to reach an optimal revenue at the price vector 𝒑𝑔, then the value 

of 𝐻(𝑿0, 𝑸0) can be seen as a lower bound of the potential to reach the 

optimum. Replacing 𝒑𝑔 with 𝒑𝑠 can be seen as providing a second-best 

solution to (5.3).  

 

5.3.5. Empirical Computation using the Average Firm 

Suppose we construct the production set ℑ using the variable returns to scale 

(VRS) empirical production set in DEA. Then, 

ℑ = {
(𝒙, 𝒒):∑𝑧𝑘𝒙𝑘

0

𝐾

𝑘=1

≦ 𝒙,∑𝑧𝑘𝒒𝑘
0

𝐾

𝑘=1

≧ 𝒒,∑𝑧𝑘

𝐾

𝑘=1

= 1, 𝑧𝑘 ≧ 0,

                    𝑘 = 1,⋯ ,𝐾

}.   (5.31) 

The problem for the output-oriented structural efficiency in (5.26) becomes: 
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𝐻(𝑿0, 𝑸0) = 𝑚𝑎𝑥
𝜃,𝒛,𝑨,𝑩

{
 
 
 
 

 
 
 
 𝜃:∑𝑧𝑖𝑗𝒙𝑗

0

𝐾

𝑗=1

≦ 𝒙𝑖 ,∑𝑧𝑖𝑗𝒒𝑗
0

𝐾

𝑗=1

≧ 𝒒𝑖 ,

∑𝑧𝑖𝑗

𝐾

𝑗=1

= 1, 𝑧𝑖𝑗 ≧ 0, 𝑖, 𝑗 = 1,⋯ ,𝐾,

∑𝒙𝑘

𝐾

𝑘=1

= 𝑿0,∑𝒒𝑘

𝐾

𝑘=1

= 𝜃𝑸0

}
 
 
 
 

 
 
 
 

           (5.32) 

This is a large linear programming problem with 𝑁 × 𝐾 input constraints, 

𝑀 ×𝐾 output constraints, and other constraints. It turns out that the actual 

computation is very simple. A crucial property is the following lemma: 

 

Lemma 5.1: (Li and Ng, 1995) If the production set ℑ is convex in (5.1), then 

ℑ𝑔 = 𝐾ℑ.  

 

From this lemma, Li and Ng (1995) derive the following important result. 

 

Proposition 5.2: (Li and Ng, 1995) Given the observed data 𝑨0 ≔ (𝒙1
0,⋯ , 𝒙𝐾

0 ) 

and 𝑩0 ≔ (𝒒1
0, ⋯ , 𝒒𝐾

0 ). Let (�̅�, �̅�) = ∑ (𝒙𝑘
0 , 𝒒𝑘

0)𝐾
𝑘=1 𝐾⁄ . If the production set ℑ 

is convex, then 

𝐻(𝑿0, 𝑸0) = 𝑚𝑎𝑥
𝜃
{𝜃: (�̅�, 𝜃�̅�) ∈ ℑ}.                                     (5.33) 

Thus, the output-oriented structural efficiency of the group is equal to the 

technical efficiency of the hypothetical average firm. Instead of the complicated 

formula in (5.32), the computation of the output-oriented structural efficiency can 

be simplified to, 
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𝐻(𝑿0, 𝑸0) = max
𝜃,𝑞

{
 
 

 
 𝜃:∑𝑧𝑘𝒙𝑘

0

𝐾

𝑘=1

≦ �̅�,∑𝑧𝑘𝒒𝑘
0

𝐾

𝑘=1

≧ 𝜃�̅�,

∑ 𝑧𝑘

𝐾

𝑘=1

= 1, 𝑧𝑘 ≧ 0, 𝑘 = 1,⋯ ,𝐾
}
 
 

 
 

= 𝑡𝑒(�̅�, �̅�).              (5.34) 

 

The same logic applies to revenue structural efficiency. 

 

Proposition 5.3: Given the observed data as in Proposition 5.2 and each firm is 

facing the same production set which is convex, then 

𝛷(𝑿0, 𝑸0, 𝒑𝑔) = 𝑚𝑎𝑥
𝜙,𝒒

{𝜙: 𝜙(𝒑𝑔 ∙ �̅�) ≦ 𝒑𝑔 ∙ 𝒒, (�̅�, 𝒒) ∈ ℑ}.               (5.35) 

Proof: If the production set ℑ is convex, then the group production set is ℑ𝑔 =

𝐾ℑ by Lemma 5.1. Using the definitions of 𝑸0 and 𝑿0, (5.3) becomes, 

𝛷(𝑿0, 𝑸0, 𝒑𝑔) = 𝑚𝑎𝑥
𝜙,𝑸

{𝜙: 𝜙 (𝒑𝑔 ∙ ∑𝒒𝑘
0

𝐾

𝑘=1

) ≦ 𝒑𝑔 ∙ ∑𝒒𝑘

𝐾

𝑘=1

, (𝑿0, 𝑸) ∈ 𝐾ℑ} 

= 𝑚𝑎𝑥
𝜙,𝑸/𝐾

{𝜙:𝜙 (𝒑𝑔 ∙
∑ 𝒒𝑘

0𝐾
𝑘=1

𝐾
) ≦ (𝒑𝑔 ∙

𝑸

𝐾
) , (

∑ 𝒙𝑘
0𝐾

𝑘=1

𝐾
,
𝑸

𝐾
) ∈ ℑ}. 

Let 𝒒 = 𝑸 𝐾⁄  and using the notations of the average firm, we have 

𝛷(𝑿0, 𝑸0, 𝒑𝑔) = 𝑚𝑎𝑥
𝜙,𝒒

{𝜙: 𝜙(𝒑𝑔 ∙ �̅�) ≦ 𝒑𝑔 ∙ 𝒒, (�̅�, 𝒒) ∈ ℑ}. 

(Q.E.D.) 

 

Thus, the revenue structural efficiency of the group is equal to the revenue 

efficiency of the hypothetical average firm. The linear programming problem for 

computating the revenue structural efficiency is, 
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𝛷(𝑿0, 𝑸0, 𝒑𝑔) = 𝑚𝑎𝑥
𝜙,𝒒

{
 
 

 
 𝜙:𝜙(𝒑𝑔 ∙ �̅�) ≦ 𝒑𝑔 ∙ 𝒒,∑𝑧𝑘𝒙𝑘

0

𝐾

𝑘=1

≦ �̅�,

∑𝑧𝑘𝒒𝑘
0

𝐾

𝑘=1

≧ 𝒒,∑𝑧𝑘

𝐾

𝑘=1

= 1, 𝑧𝑘 ≧ 0, 𝑘 = 1,⋯ ,𝐾
}
 
 

 
 

 

= 𝑟𝑒(�̅�, �̅�, 𝒑𝑔).                                                   (5.36) 

Similarly, let 𝒙𝑡 =
1

𝑘𝑡
∑ 𝒙𝑘
𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

 and �̅�𝑡 =
1

𝑘𝑡
∑ 𝒒𝑘
𝑘1+⋯+𝑘𝑡
𝑘=𝑘𝑡−1+1

. The results in 

Propositions 5.2 and 5.3 can be applied to subgroup efficiency measures. For 

example, revenue structural efficiency of subgroup t is 𝜙𝑡 = max
𝜃,𝒒

{𝜃: 𝜃𝒑𝑔 ∙ �̅�𝑡 ≦

𝒑g ∙ 𝒒, (�̅�t, 𝜃𝒒) ∈ ℑ}. Hence, 

𝜙𝑡(𝑨𝑡0, 𝑩𝑡0, 𝒑𝑔) = 𝑚𝑎𝑥
,𝒛,𝒒

{
 
 
 

 
 
 
: 𝒑𝑔 ∙ �̅�𝑡 ≦ 𝒑𝑔 ∙ 𝒒, ∑ 𝑧𝑗𝒙𝑗

0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≦ �̅�𝑡,

∑ 𝑧𝑗𝒒𝑗
0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≧ 𝒒, ∑ 𝑧𝑗

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

= 1,

𝑧𝑗 ≧ 0, 𝑗 = 1 + 𝑘𝑡−1,⋯ , 𝑘𝑡 + 𝑘𝑡−1 }
 
 
 

 
 
 

 

= 𝑟𝑒(�̅�𝑡, �̅�𝑡, 𝒑𝑔).                                                 (5.37) 

The method stated in this chapter is general and includes some existing 

formulations as special cases. For example, Førsund and Hjalmarsson (1979) 

proposed measuring the structural efficiency by the technical efficiency of the 

average firm but they did not provide the exact meaning of this measure. 

Proposition 5.2 by Li and Ng (1995) explicitly pointed out that such a number is 

the maximum proportional expansion of the observed total outputs. Ylvinger 

(2000) tried to assign different weights to the outputs of different firms to measure 

“industry efficiency”. Li and Cheng (2007) proved that such a measure is the 

aggregate technical efficiency 𝐴𝑇𝐸𝑔(𝑨0, 𝑩0, 𝒑𝑔) in (5.4). A recent example is 

the phase I non-radial input-oriented model in Lozano and Villa (2004, p. 150). 
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For a certain vector of weights 𝒘 = (𝑤1, ⋯ , 𝑤𝑀) and a vector of variables 𝜽 =

(𝜃1, ⋯ , 𝜃𝑀), its output-oriented version is: 

𝐿 = 𝑚𝑎𝑥
𝜽,𝒛

{
 
 
 
 

 
 
 
 ∑ 𝑤𝑚𝜃𝑚

𝑀

𝑚=1

:∑∑𝑎𝑖𝑗𝑥𝑛𝑗
0

𝐾

𝑗=1

𝐾

𝑖=1

≦∑𝑥𝑛𝑘
0

𝐾

𝑘=1

 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑛,

∑∑𝑎𝑖𝑗𝑞𝑚𝑗
0

𝐾

𝑗=1

𝐾

𝑖=1

≧ 𝜃𝑚∑𝑞𝑘𝑚
0

𝐾

𝑘=1

 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑚,

∑𝑎𝑖𝑗

𝐾

𝑗=1

= 1, 𝑎𝑖𝑗 ≧ 0, 𝑖, 𝑗 = 1,⋯ ,𝐾
}
 
 
 
 

 
 
 
 

. 

Let 𝑄𝑚 = 𝜃𝑚 ∑ 𝑞𝑚𝑘
0𝐾

𝑘=1  and 𝑤𝑚 ≔ 𝑝𝑚
𝑔 ∑ 𝑞𝑘𝑚

0𝐾
𝑘=1 𝑅0⁄  for all m. Thus, 

∑ 𝑤𝑚𝜃𝑚

𝑀

𝑚=1

= ∑ (
𝑝𝑚
𝑔
𝑄𝑚
0

𝑅0
)
𝑄𝑚

𝑄𝑚
0

𝑀

𝑚=1

=
𝒑𝑔 ∙ 𝑸

𝑅0
. 

Let 𝑧𝑗 ≔ ∑ 𝑎𝑖𝑗
𝐾
𝑖=1  and recall that ∑ 𝑥𝑛𝑘

0𝐾
𝑘=1 = 𝑋𝑛

0. The inequalities for input 

constraints are 

∑𝑥𝑛𝑗
0 ∑𝑎𝑖𝑗

𝐾

𝑖=1

𝐾

𝑗=1

≦∑𝑥𝑛𝑘
0

𝐾

𝑘=1

⟺∑𝑧𝑗𝑥𝑛𝑗
0

𝐾

𝑗=1

≦ 𝑋𝑛 

Further, ∑ 𝑞𝑚𝑘
0𝐾

𝑘=1 = 𝑄𝑚
0 . The inequalities for output constraints are 

∑𝑞𝑚𝑗
0 ∑𝑎𝑖𝑗

𝐾

𝑖=1

𝐾

𝑗=1

≧ 𝜃𝑚∑𝑞𝑘𝑚
0

𝐾

𝑘=1

⟺∑𝑧𝑗𝑞𝑚𝑗
0

𝐾

𝑗=1

≧ 𝑄𝑚 

∑𝑎𝑖𝑗

𝐾

𝑗=1

= 1,∑𝑧𝑗

𝐾

𝑗=1

= 𝐾 

𝑚𝑎𝑥
𝜽,𝒛

{
𝒑𝑔 ∙ 𝑸

𝑅0
:∑𝑧𝑗𝑥𝑛𝑗

0

𝐾

𝑗=1

≦ 𝑋𝑛,∑𝑧𝑗𝑞𝑚𝑗
0

𝐾

𝑗=1

≧ 𝑄𝑚,∑𝑧𝑗

𝐾

𝑗=1

= 𝐾, 𝑧𝑗 ≧ 0} ≧ 𝐿  (5.38) 

On the other hand, using the VRS frontier the problem in (5.2) becomes, 
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𝑅𝑔(𝑝𝑔, 𝑋0)

𝑅0
= 𝑚𝑎𝑥

{
 
 
 
 

 
 
 
 𝑝

𝑔 ∙ 𝑄

𝑅0
:∑𝑧𝑖𝑗𝑥𝑗

0

𝐾

𝑗=1

≦ 𝑥𝑖 ,∑𝑧𝑖𝑗𝑞𝑗
0

𝐾

𝑗=1

≧ 𝑞𝑖,

∑𝑧𝑖𝑗

𝐾

𝑗=1

= 1, 𝑧𝑖𝑗 ≧ 0, 𝑖, 𝑗 = 1,⋯ ,𝐾,

∑𝑥𝑘

𝐾

𝑘=1

=∑𝑥𝑘
0

𝐾

𝑘=1

,∑𝑞𝑘

𝐾

𝑘=1

= 𝑄
}
 
 
 
 

 
 
 
 

    (5.39) 

Let 𝑄𝑘 = 𝜃𝑘 ∑ 𝑞𝑘
0𝐾

𝑘=1  in (5.39). Sum each of the two inequalities over 𝑖 and let 

𝑤𝑚 ≔ 𝑝𝑚
𝑔 ∑ 𝑞𝑘𝑚

0𝐾
𝑘=1 𝑅0⁄ , 

𝑅𝑔(𝑝𝑔, 𝑋0)

𝑅0
≦ 𝑚𝑎𝑥

{
 
 
 
 

 
 
 
 𝑤𝑔 ∙ 𝜃𝑘:∑∑𝑧𝑖𝑗𝑥𝑗

0

𝐾

𝑗=1

𝐾

𝑖=1

≦∑𝑥𝑘
0

𝐾

𝑘=1

,

∑∑𝑧𝑖𝑗𝑞𝑗
0

𝐾

𝑗=1

𝐾

𝑖=1

≧ 𝜃𝑘∑𝑞𝑘
0

𝐾

𝑘=1

,

∑𝑧𝑖𝑗

𝐾

𝑗=1

= 1, 𝑧𝑖𝑗 ≧ 0, 𝑖, 𝑗 = 1,⋯ ,𝐾
}
 
 
 
 

 
 
 
 

= 𝐿.  (5.40) 

Combining (5.38) and (5.40), we get 𝑅𝑔(𝑝𝑔, 𝑋0) 𝑅0⁄ = Φ𝑔 = 𝐿. Thus the 

output-oriented version of the phase I non-radial model in Lozano and Villa 

(2004, p. 150) is shown to be the revenue structural efficiency measure for a 

certain weight vector.  

 

5.3.6. Group Efficiency Measurements with Different Subgroup Price 

In the previous subsections, we discussed the decomposition of group efficiency 

measurements and their corresponding empirical computation methods under a 

single group price. However, one may question the existence of different 

subgroup prices in real-world applications. For instance, consider that a large 

corporation with multiple branches may implement different prices for their 

products in different region. If the objective of the corporation is to maximize 
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total revenue, the existence of different subgroup prices may affect the decision of 

the centralized decision-maker. Similar situations can be found in the case of a 

government that wishes the maximize the value of total outputs. If there exist 

different subgroup prices, the group efficiency measurements and their 

computation is an extension of previous subsections.  

Suppose there are 𝑇 subgroups and the price vector for the 𝑡th 

subgroup is 𝒑𝑡. Assume 𝒑𝑡 is comparable across different subgroups, that 

is, the aggregation of subgroup revenue can reflect the objectives of the 

centralized decision-maker. [16] Consider subgroup 𝑡, given subgroup 

price 𝒑𝑡, the group efficiency measurements for subgroup 𝑡 are similar to 

the group efficiency measurements for the whole group with price 𝒑𝑔 

discussed in Section 5.3.2. Observed revenue and maximum revenue of 

subgroup 𝑡 are, 

𝑅𝑡0(𝒑𝑡, 𝑿𝑡0) = 𝒑𝑡 ∙ 𝑸𝑡0,                                              (5.41) 

𝑅𝑡(𝒑𝑡, 𝑿𝑡0) ≔ 𝑚𝑎𝑥
𝑸𝑡

{𝒑𝑡 ∙ 𝑸𝑡: (𝑿𝑡, 𝑸𝑡) ∈ ℑ𝑡} = 𝒑𝑡 ∙ 𝑸𝑡𝜙.          (5.42) 

It follows that the revenue measure of structural efficiency for subgroup 𝑡 in 

Equation (5.10) can be written as the ratio of (5.41) and (5.42), 

𝜙𝑡 = 𝑚𝑎𝑥
,𝑸𝑡

{: 𝒑𝑡 ∙ 𝑸𝑡0 ≦ 𝒑𝑡 ∙ 𝑸𝑡 , (𝑿𝑡, 𝑸𝑡) ∈ ℑ𝑡} =
𝒑𝑡 ∙ 𝑸𝑡𝜙

𝒑𝑡 ∙ 𝑸𝑡0
.       (5.43) 

Now consider that these 𝑡 subgroups form a whole group, if the 

price vector 𝒑𝑡 is comparable across subgroups, the observed revenue of 

the whole group is the aggregation of observed revenue of all subgroups in 

(5.41), 
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𝑅0(𝒑1, 𝒑2, … , 𝒑𝑡, 𝑿10, 𝑿20, … , 𝑿𝑡0) =∑(𝒑𝑡 ∙ 𝑸𝑡0)

𝑇

𝑡=1

.              (5.44) 

However, the aggregation of maximum revenue of all subgroups in (5.42) is 

not the maximum revenue of the whole group since additional improvement may 

come from resource reallocation across subgroups. Maximum revenue of the 

whole group if this resource reallocation is allowed should be, 

𝑅𝑔(𝒑1, 𝒑2, … , 𝒑𝑡, 𝑿10, 𝑿20, … , 𝑿𝑡0) ≔ 𝑚𝑎𝑥
𝑸1,𝑸2,…,𝑸𝑡

{
  
 

  
 ∑(𝒑𝑡 ∙ 𝑸𝑡)

𝑇

𝑡=1

:

∑𝑿𝑡
𝑇

𝑡=1

=∑𝑿𝑡0
𝑇

𝑡=1

,

(𝑿𝑡, 𝑸𝑡) ∈ ℑ𝑡 }
  
 

  
 

 

=∑(𝒑𝑡 ∙ 𝑸𝑡∗)

𝑇

𝑡=1

.                                         (5.45) 

Then, the revenue measure of structural efficiency for the whole group is the ratio 

of (5.44) and (5.45), 

𝛷𝑔 = 𝑚𝑎𝑥
𝜙,𝑸1,𝑸2,…,𝑸𝑡

{
 
 

 
 𝜙:𝜙∑(𝒑𝑡 ∙ 𝑸𝑡0)

𝑇

𝑡=1

≦∑(𝒑𝑡 ∙ 𝑸𝑡)

𝑇

𝑡=1

,

∑𝑿𝑡
𝑇

𝑡=1

=∑𝑿𝑡0
𝑇

𝑡=1

, (𝑿𝑡, 𝑸𝑡) ∈ ℑ𝑡

}
 
 

 
 

 

=
∑ (𝒑𝑡 ∙ 𝑸𝑡∗)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡0)𝑇
𝑡=1

.                                          (5.46) 

Let (𝒑𝑡 ∙ 𝑸𝑡0 𝒑𝑡 ∙ 𝑸0⁄ ) be 𝑤𝑡. The intra-subgroup revenue structural 

efficiency measure of the whole group is the weighted average of (5.43) for 

different subgroups, 

𝛷𝑖𝑛𝑡𝑟𝑎 =
∑ (𝒑𝑡 ∙ 𝑸𝑡𝜙)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡0)𝑇
𝑡=1

=∑(
𝒑𝑡 ∙ 𝑸𝑡0

𝒑𝑡 ∙ 𝑸0
𝒑𝑡 ∙ 𝑸𝑡𝜙

𝒑𝑡 ∙ 𝑸𝑡0
)

𝑇

𝑡=1

=∑𝑤𝑡𝜙
𝑡

𝑇

𝑡=1

.  (5.47) 
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Using (5.46) and (5.47), the inter-subgroup reallocative efficiency of 

the whole group can be computed as the ratio of maximum revenue of the 

whole group and the aggregation of maximum revenue of all subgroups, 

𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 =
∑ (𝒑𝑡 ∙ 𝑸𝑡∗)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡𝜙)𝑇
𝑡=1

.                                 (5.48) 

The aggregate technical efficiency measure, aggregate allocative 

efficiency measure, and reallocative efficiency measure of subgroup 𝑡 can 

be defined as, 

𝐴𝑇𝐸𝑡 =
𝒑𝑡 ∙ ∑ 𝒒𝑘

𝑡𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝑅𝑡0(𝒑𝑡, 𝑿𝑡0)
=
𝒑𝑡 ∙ 𝑸𝑡𝑡𝑒

𝒑𝑡 ∙ 𝑸𝑡0
,                       (5.49) 

𝐴𝐴𝐸𝑡 =
𝒑𝑡 ∙ ∑ 𝒒𝑘

𝑟𝑒𝑘𝑡+𝑘𝑡−1
𝑘=1+𝑘𝑡−1

𝒑𝑡 ∙ ∑ 𝒒𝑘
𝑡𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

=
𝒑𝑡 ∙ 𝑸𝑡𝑟𝑒

𝒑𝑡 ∙ 𝑸𝑡𝑡𝑒
,                     (5.50) 

𝑅𝐴𝐸𝑡 =
𝑅𝑡(𝒑𝑡, 𝑿𝑡0)

𝒑𝑡 ∙ ∑ 𝒒𝑘
𝑟𝑒𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

=
𝒑𝑡 ∙ 𝑸𝑡𝜙

𝒑𝑡 ∙ 𝑸𝑡𝑟𝑒
.                    (5.51) 

Similarly, the aggregate technical efficiency measure, aggregate 

allocative efficiency measure, and reallocative efficiency measure of the 

whole group are, 

𝐴𝑇𝐸𝑔 =
∑ (𝒑𝑡 ∙ 𝑸𝑡𝑡𝑒)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡0)𝑇
𝑡=1

,                                         (5.52) 

𝐴𝐴𝐸𝑔 =
∑ (𝒑𝑡 ∙ 𝑸𝑡𝑟𝑒)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡𝑡𝑒)𝑇
𝑡=1

,                                        (5.53) 

𝑅𝐴𝐸𝑔 =
∑ (𝒑𝑡 ∙ 𝑸𝑡∗)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡𝑟𝑒)𝑇
𝑡=1

.                                        (5.54) 

Then, the intra-subgroup reallocative efficiency measure of the whole group is, 
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𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎 =
∑ (𝒑𝑡 ∙ 𝑸𝑡𝜙)𝑇
𝑡=1

∑ (𝒑𝑡 ∙ 𝑸𝑡𝑟𝑒)𝑇
𝑡=1

.                               (5.55) 

It follows that Decomposition 1 and Decomposition 2 are the same as in (5.16) 

and (5.21), respectively. 

In empirical computation, suppose we follow equation (5.31) to construct 

the production set ℑ. The corresponding linear programming problem for revenue 

measure of structural efficiency for subgroup 𝑡 in (5.43) will be, 

𝜙𝑡 = 𝑚𝑎𝑥
,𝑧,𝑸𝑡

{
 
 
 
 
 

 
 
 
 
 
: 𝒑𝑡 ∙ 𝑸𝑡0 ≦ 𝒑𝑡 ∙ 𝑸𝑡 , ∑ 𝑧𝑖𝑗𝒙𝑗

0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≦ 𝒙𝑖,

∑ 𝑧𝑖𝑗𝒒𝑗
0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≧ 𝒒𝑖 , ∑ 𝑧𝑖𝑗

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

= 1, 𝑧𝑖𝑗 ≧ 0,

𝑧𝑖𝑗 ≧ 0, 𝑖, 𝑗 = 1 + 𝑘𝑡−1,⋯ , 𝑘𝑡 + 𝑘𝑡−1

∑ 𝒙𝑘

𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

= ∑ 𝒙𝑘
0

𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

, ∑ 𝒒𝑘

𝑘𝑡+𝑘𝑡−1

𝑘=1+𝑘𝑡−1

= 𝑸𝑡

}
 
 
 
 
 

 
 
 
 
 

.       (5.56) 

This large linear programming problem includes 𝑁 × 𝑘𝑡 input constraints, 

𝑀 × 𝑘𝑡 output constraints, and other constraints, which makes it difficult to 

compute. Let (�̅�𝑡0, �̅�𝑡0) = ∑ (𝒙𝑘
0 , 𝒒𝑘

0)𝑘𝑡+𝑘𝑡−1
𝑗=1+𝑘𝑡−1

𝑘𝑡⁄ . Assume each firm is facing the 

same convex production set, then using Lemma 5.1 and Proposition 5.3, Equation 

(5.43) can be simplified in computation using the average firm as, 

𝜙𝑡 = 𝑚𝑎𝑥
𝜃,𝒒𝑡

{𝜃: 𝜃𝒑𝑡 ∙ �̅�𝑡0 ≦ 𝒑𝑡 ∙ 𝒒𝑡, (𝒙𝑡, 𝒒𝑡) ∈ ℑ}.                  (5.57) 

Thus the corresponding linear programming problem for (5.57) will be, 
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𝜙𝑡 = 𝑚𝑎𝑥
,𝑧,𝒒𝑡

{
 
 
 

 
 
 
: 𝒑𝑡 ∙ �̅�𝑡0 ≦ 𝒑𝑡 ∙ 𝒒𝑡, ∑ 𝑧𝑗𝒙𝑗

0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≦ �̅�𝑡,

∑ 𝑧𝑗𝒒𝑗
0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≧ 𝒒𝑡 , ∑ 𝑧𝑗

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

= 1,

𝑧𝑗 ≧ 0, 𝑗 = 1 + 𝑘𝑡−1, ⋯ , 𝑘𝑡 + 𝑘𝑡−1 }
 
 
 

 
 
 

.         (5.58) 

This simplified linear programming problem only requires 𝑁 input constraints 

and 𝑀 output constraints. This is a subgroup version of Equation (5.36). The 

same logic applies to the revenue measure of structural efficiency for the whole 

group. The corresponding linear programming problem for (5.46) is, 

𝛷𝑔 = 𝑚𝑎𝑥
𝜙,𝑧,𝑸1,𝑸2,…,𝑸𝑡

{
 
 
 
 
 
 

 
 
 
 
 
 𝜙:𝜙∑(𝒑𝑡 ∙ 𝑸𝑡0)

𝑇

𝑡=1

≦∑(𝒑𝑡 ∙ 𝑸𝑡)

𝑇

𝑡=1

,

∑𝑧𝑖𝑗𝒙𝑗
0

𝐾

𝑗=1

≦ 𝒙𝑖,∑𝑧𝑖𝑗𝒒𝑗
0

𝐾

𝑗=1

≧ 𝒒𝑖 ,

∑𝑧𝑖𝑗

𝐾

𝑗=1

= 1, 𝑧𝑖𝑗 ≧ 0, 𝑖, 𝑗 = 1,⋯ , 𝐾,

∑𝒙𝑘

𝐾

𝑘=1

=∑𝒙𝑘
0

𝐾

𝑘=1

,∑𝒒𝑘

𝐾

𝑘=1

=∑𝑸𝑡
𝑇

𝑡=1 }
 
 
 
 
 
 

 
 
 
 
 
 

.  (5.59) 

This large linear programming problem includes 𝑁 × 𝐾 input constraints, 

𝑀 ×𝐾 output constraints, and other constraints, which makes it difficult to 

compute. One may simplify it in computation using average firms from different 

subgroups. Suppose each firm is facing the same convex production set, using 

Lemma 5.1, (5.46) can be written as, 

𝛷𝑔 = 𝑚𝑎𝑥
𝜙,
𝑸1

𝑘1
,
𝑸2

𝑘2
,…,
𝑸𝑡

𝑘𝑡

{
 
 

 
 𝜙:𝜙∑(

𝑘𝑡

𝐾
𝒑𝑡 ∙

𝑸𝑡0

𝑘𝑡
)

𝑇

𝑡=1

≦∑(
𝑘𝑡

𝐾
𝒑𝑡 ∙

𝑸𝑡

𝑘𝑡
)

𝑇

𝑡=1

,

∑
𝑘𝑡

𝐾

𝑿𝑡

𝑘𝑡

𝑇

𝑡=1

=∑
𝑘𝑡

𝐾

𝑿𝑡0

𝑘𝑡

𝑇

𝑡=1

, (
𝑿𝑡

𝑘𝑡
,
𝑸𝑡

𝑘𝑡
) ∈ 𝑘𝑡ℑ

}
 
 

 
 

.  (5.60) 
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Let (𝑘𝑡/𝐾) be 𝑤𝑡. Using the definition of the average firm, then (5.60) 

becomes, 

𝛷𝑔 = 𝑚𝑎𝑥
𝜙,𝒒1,𝒒2,…,𝒒𝑡

{
 
 

 
 𝜙:𝜙∑(𝑤𝑡𝒑𝑡 ∙ �̅�𝑡0) ≦∑(𝑤𝑡𝒑𝑡 ∙ 𝒒𝑡)

𝑇

𝑡=1

𝑇

𝑡=1

,

∑𝑤𝑡𝒙𝑡
𝑇

𝑡=1

=∑𝑤𝑡�̅�𝑡0
𝑇

𝑡=1

, (𝒙𝑡, 𝒒𝑡) ∈ ℑ
}
 
 

 
 

.  (5.61) 

The corresponding linear programming problem for (5.61) will be, 

𝛷𝑔 = 𝑚𝑎𝑥
𝜙,𝒒1,𝒒2,…,𝒒𝑡

{
 
 
 
 
 
 

 
 
 
 
 
 𝜙:𝜙∑(𝑤𝑡𝒑𝑡 ∙ �̅�𝑡0) ≦∑(𝑤𝑡𝒑𝑡 ∙ 𝒒𝑡)

𝑇

𝑡=1

𝑇

𝑡=1

,

∑ 𝑧𝑗𝒙𝑗
0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≦ 𝒙𝑡, ∑ 𝑧𝑗𝒒𝑗
0

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

≧ 𝒒𝑡,

∑ 𝑧𝑗

𝑘𝑡+𝑘𝑡−1

𝑗=1+𝑘𝑡−1

= 1, 𝑧𝑗 ≧ 0, 𝑗 = 1 + 𝑘𝑡−1,⋯ , 𝑘𝑡 + 𝑘𝑡−1

∑𝑤𝑡𝒙𝑡
𝑇

𝑡=1

=∑𝑤𝑡�̅�𝑡0
𝑇

𝑡=1 }
 
 
 
 
 
 

 
 
 
 
 
 

.  (5.62) 

This simplified linear programming problem only requires 𝑁 × 𝑇 input 

constraints and 𝑁 × 𝑇 output constraints. It is obvious that compared with the 

original case under one group price 𝒑𝑔 in (5.36), this linear programming 

problem requires the information of the weighted average of 𝑇 average firms in 

computation as there are 𝑇 different prices in the subgroups. 

 

5.4. Application to the Chinese Industrial Sector 

Recall the research question posed earlier: taking the Chinese industrial sector as a 

case study, which policy direction (western development or ownership reform) is 

more important? Our attention is focused on the efficiency between different 

regions and among different ownerships. For regional inequality, is the problem 

due to the performance within groups or among groups? In other words, if the 
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policymaker wants to raise the outputs of the whole industry, should attention be 

paid to particular regions that are problematic or inter-regional issues of the whole 

industry?  

Since we do not know 𝒑𝑔, the shadow price at 𝑸𝐻 is used to replace 

it. Then 𝑸𝑔∗ = 𝑸𝐻. There is only one output in our data. Our attention will 

be the output-oriented structural efficiency measure and its Decompositions 

1 and 2: 

𝐻 = 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 × 𝛷𝑖𝑛𝑡𝑟𝑎 

= 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 × 𝑅𝐴𝐸𝑖𝑛𝑡𝑟𝑎 × 𝐴𝑇𝐸𝑔 

= 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 ×∑𝑤𝑡(𝑅𝐴𝐸
𝑡 × 𝐴𝑇𝐸𝑡)

𝑇

𝑡=1

. 

When reallocation of inputs is not necessary to increase total outputs 

and classification of subgroups is random, we expect that 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 will be 

close to one. When the source of reallocative inefficiency comes from a 

certain characteristic, classifying firms according to that characteristic will 

increase total outputs. By classifying firms in the Chinese industrial sector 

in terms of regions and ownership separately, we will identify the source of 

subgroup inefficiency. 

Distinguishing between intra-group inefficiency and inter-group 

inefficiency is very important in policymaking as they lead to two 

completely different policy implications. For the former one, a high score 

for Φ𝑖𝑛𝑡𝑟𝑎 should be observed. That means improvement should be made 

within groups and implies no reallocating resources between groups is 

needed. For the latter one, a high score for 𝑅𝐴𝐸𝑖𝑛𝑡𝑒𝑟 should be observed. 
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That means improvement should be made between groups by reallocating 

resources between them. Similar analysis can also be carried out for ownership 

reform. 

 

5.4.1. Data Specifications 

The data in this chapter were obtained from the China Industry Economy 

Statistical Yearbook. The variables included are shown in Table 5.1. 

 

Table 5.1: Variables Included in the Study  

Inputs Outputs Other 

Capital (Value of fixed 

assets,  

100 million RMB) 

Labor (Number of 

Employees, 

100 men) 

Output (Industrial 

Output, 

100 million RMB)  

Number (Number of 

firms in each province) 

 

Due to availability of data, this chapter only covers annual provincial data 

for the Chinese industrial sector in three different ownerships (state-owned 

enterprises (SOE), private firms (PRI), and foreign firms (FOR)) from year 2005 

to year 2014. [17] All input and output data are provincial aggregates by 

ownership with number of firms. To construct the firm production frontier, a 

representative firm of a certain ownership type in each province is computed by 

dividing provincial total inputs and outputs of that ownership by the 

corresponding number of firms. With 31 provinces and 3 ownership types, there 
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are 93 representative firms in each year. Data were further classified into 

different subgroups based on the criteria described in the previous section. 

There are a non-western region (NW) and a western region (W), classified 

by regions. In addition, there are state-owned enterprises (SOE), private 

firms (PRI), and foreign firms (FOR), which are classified by ownership. 

Table 5.2 reports the weighted means of these representative firms for 

different subgroups in selected years. 

 

Table 5.2: Summary Statistics (Weighted means of variables for each 

subgroup in selected years) 

Year Variable Full sample By region By ownership 
  

 NW W SOE PRI FOR 
 

Observation 93 57 36 31 31 31 

2005 Output 1.60 1.73 1.39 2.90 0.35 1.54 
 

Capital 1.08 1.00 1.22 2.23 0.11 0.91 
 

Labor 3.92 3.94 3.89 6.97 1.41 3.38 
 

Number 2233 3287 564 886 3994 1819 

2008 Output 3.07 3.32 2.69 6.15 0.56 2.52 
 

Capital 1.90 1.78 2.09 4.44 0.15 1.11 
 

Labor 4.38 4.46 4.25 8.44 1.26 3.44 
 

Number 3710 5486 897 688 7931 2511 

2011 Output 6.04 6.64 5.08 12.00 1.37 4.75 
 

Capital 3.24 3.00 3.61 7.62 0.32 1.77 
 

Labor 5.59 5.81 5.25 10.44 1.71 4.63 
 

Number 2741 3998 750 550 5826 1846 
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2014 Output 6.59 7.20 5.62 12.17 1.72 5.88 
 

Capital 3.94 3.53 4.60 9.06 0.44 2.33 
 

Labor 5.34 5.64 4.87 9.46 1.64 4.93 
 

Number 3094 4483 896 607 6896 1780 

Note: For illustration, let 𝑄i, 𝑖 = 1,, 93, be the output data from the yearbook 

and 𝑛i the corresponding number of firms. The output of the full sample in 2005 

is 1.60 = ∑ 𝑛𝑖𝑄𝑖𝑖 2233⁄  and the output in the western region in 2005 is 1.39 =

∑ 𝑛𝑖𝑄𝑖𝑤𝑒𝑠𝑡𝑒𝑟𝑛 𝑟𝑒𝑔𝑖𝑜𝑛 564⁄ . 

 

From the full sample column in Table 5.2, we can note that the mean of 

representative firms’ inputs and outputs are increasing in the study period, which 

means the firms became larger. By region, firms in the non-western region and the 

western region are similar in terms of inputs. One main difference between the 

two regions is that the firm's output level in the non-western region is higher than 

that of the western region. By ownership, state-owned enterprises and foreign 

firms are larger firms compared to private firms. They are more capital intensive 

in terms of capital-labor ratio, too. On the other hand, there are more private firms 

than state-owned enterprises and foreign firms. Thus, one may suspect that there 

is a need for private firms to expand by acquiring more capital. Table 5.3 reports 

the ratio of total inputs and total outputs for different subgroups to the full sample 

in selected years.  

 

Table 5.3: Ratio of Total Inputs and Total Outputs for Different Subgroups in 

Selected Years 

Year Variable By region By ownership 
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  NW W SOE PRI FOR 

2005 Output 89% 11% 41% 22% 38% 

 Capital 82% 18% 63% 11% 26% 

 Labor 87% 13% 34% 31% 35% 

2008 Output 88% 12% 34% 32% 35% 

 Capital 81% 19% 57% 17% 26% 

 Labor 88% 12% 25% 40% 36% 

2011 Output 87% 13% 32% 36% 32% 

 Capital 79% 21% 56% 20% 23% 

 Labor 86% 14% 25% 40% 35% 

2014 Output 86% 14% 28% 43% 29% 

 Capital 76% 24% 55% 25% 20% 

 Labor 86% 14% 24% 45% 32% 

 

From the data, the percentage of industrial output and inputs in the western region 

in China increases gradually in the studied period. At the same time, the 

percentage of industrial output and inputs for state-owned enterprises decreases, 

while the percentage of industrial output and inputs for private firms increases. 

This pattern supports that the industrial sector receives some effects from the 

western development strategy and ownership reform. 

To sum up, we expect that firms in the non-western region are more 

efficient than those in the western region, and private firms are demanding 

more flow-in of resources.  

 

5.5. Results on Efficiency Scores and Their Decompositions 

The data presented in the previous section only give a brief idea of the situation in 
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the Chinese industrial sector. To examine the effects of western development and 

ownership reform, the methodology presented in Section 5.3 was applied to 

compute the efficiency scores and their decompositions. There are nine years in 

the studied period from 2005 to 2014. They can be classified into three periods: 

the pre-financial crisis period (2005 – 2007), the financial crisis period (2008 – 

2010), and the post-financial crisis period (2011 – 2014). 

Proposition 5.1 was applied to the computation of output-oriented structural 

efficiency. As the calculation involves data of representative firms and the number 

of firms in each subgroup is different, the weighted-averages, not simple averages, 

of outputs and inputs based on the ratio of the corresponding number of firms to 

the total number of firms are used. [18]  

 

5.5.1. Full Sample 

Before we answer the research question of this chapter, we obtain a fuller picture 

by computing the scores of the structural efficiency measure and its components 

for the full sample. Our attention is threefold: (i) Is the industrial sector 

structurally efficient? (ii) Has the structural efficiency of the industrial sector 

improved over time? And (iii) What are the major sources of inefficiency? The 

numbers are reported in Table 5.4. The answers are obvious. 

 

Table 5.4: Efficiency Scores for Chinese Industrial Sector from 2005-2014 

 

2005 2006 2007 2008 2009 2010 2011 2013 2014 

𝐻 2.10 2.06 1.97 1.77 1.93 2.02 1.88 1.62 1.71 

𝑅𝐴𝐸 1.58 1.59 1.55 1.43 1.52 1.50 1.45 1.33 1.32 

𝐴𝑇𝐸 1.32 1.30 1.27 1.24 1.27 1.35 1.30 1.22 1.30 
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Note: 𝐻 = output-oriented structural efficiency; 𝑅𝐴𝐸 = reallocative efficiency; 

𝐴𝑇𝐸 = aggregate technical efficiency. (𝐻 = 𝑅𝐴𝐸 × 𝐴𝑇𝐸) 

 

First, the industrial sector is quite structurally inefficient (𝐻) in each 

year of the study period, with a value of 1.62 or higher. This means that the 

potential gains by improving structural efficiency are not less than 60% of 

the observed outputs. Second, although there are some fluctuations after 

year 2008, [19] we observe on average a slight decrease in the structural 

efficiency score and its components in the later years, meaning there is 

some improvement during the period. Third, the source of structural 

inefficiency comes from both reallocative inefficiency and aggregate 

technical inefficiency. The values of the reallocative efficiency measure 

(𝑅𝐴𝐸) and aggregate technical efficiency measure (𝐴𝑇𝐸) are larger than 

1.32 and 1.22, respectively, which indicate efficiency losses of over 32% 

and 22% of the observed outputs. Initially, the losses from reallocative 

inefficiency are higher than the losses from aggregate technical inefficiency. 

The gap closes during the studied period with the value of aggregate 

technical efficiency (𝐴𝑇𝐸) remaining at about the same level. The 

improvement of structural efficiency of the industry sector comes from 

improvement in factor allocation. However, as the reallocative efficiency 

score is consistently higher, improving the factor market is still a big issue.  

We can therefore conclude in this subsection that: (i) The industrial 

sector was very inefficient in terms of structural efficiency and its 

components during the studied period. (ii) The sector improved over time 

and the change came from better resource allocation. (iii) Losses from 
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misallocation of resources among provinces and ownerships were larger than 

losses from technical inefficiency within provinces and ownerships. 

 

5.5.2. Regional Fragmentation versus Ownership Distortion 

The previous subsection has revealed that the industrial sector is very structurally 

inefficient. The losses from sub-optimal allocation of inputs and inefficient 

production inside firms are both large. Yet the losses from reallocative 

inefficiency are higher. This subsection studies the two policy directions to 

increase the industrial total output through better allocation of inputs. As 

mentioned in the first two sections, regional reform and ownership reform are 

areas which the central government is aware of. Although the policymaker 

considers many tools to implement reforms, affecting resource allocation is 

definitely an important means, especially for a country like China in which the 

central government still has a significant say in allocating resources. 

The data are first divided into two subgroups: non-western (NW) region and 

western (W) region. In this grouping, the issue is: Should the policymaker pay 

attention to allocation of resources inside each region or between regions? This 

would lead to very different policy choices. For example, to strengthen allocation 

of resources between regions, new infrastructure that links up the two regions may 

be crucial. However, such construction projects may not be urgent when the 

policymaker is more concerned about dealing with important matters within each 

region. 

Decomposition 1 is applied to the data. The numbers are presented in the 

first panel of Table 5.5. The two new measures that are related to allocation of 

resources are included. The inter-region reallocative efficiency measure 
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(𝑅𝐴𝐸𝑟𝑒𝑔
𝑖𝑛𝑡𝑒𝑟) captures the potential losses of inefficient allocation of 

resources between regions. A higher value means that reallocating resources 

from one region to another can raise more outputs. This measure is 

consistently close to 1 (ranging from 1.00 to 1.03) during the studied 

period. That is, the gain of moving resources from the non-western region 

to the western region and vice versa is less than 3% of the observed outputs. 

Thus, the choice of regional allocation of resources between the non-

western region and the western region is not a problem for the policymaker. 

The main sources of large structural inefficiency are found inside each 

region.  

 

Table 5.5: Efficiency Scores for Chinese Industrial Sector by Different 

Classifications (Decomposition 1) 

 

2005 2006 2007 2008 2009 2010 2011 2013 2014 

Classifying data by regions 

𝐻 2.10 2.06 1.97 1.77 1.93 2.02 1.88 1.62 1.71 

𝑅𝐴𝐸𝑟𝑒𝑔
𝑖𝑛𝑡𝑒𝑟 1.03 1.03 1.02 1.00 1.00 1.01 1.00 1.00 1.00 

𝑅𝐴𝐸𝑟𝑒𝑔
𝑤𝑖𝑡ℎ𝑖𝑛 1.54 1.54 1.52 1.42 1.52 1.49 1.45 1.33 1.32 

𝐴𝑇𝐸 1.32 1.30 1.27 1.24 1.27 1.35 1.30 1.22 1.30 

Classifying data by ownerships 

𝐻 2.10 2.06 1.97 1.77 1.93 2.02 1.88 1.62 1.71 

𝑅𝐴𝐸𝑜𝑤𝑛
𝑖𝑛𝑡𝑒𝑟 1.48 1.51 1.49 1.39 1.48 1.46 1.39 1.25 1.21 

𝑅𝐴𝐸𝑜𝑤𝑛
𝑤𝑖𝑡ℎ𝑖𝑛 1.07 1.05 1.05 1.03 1.03 1.03 1.04 1.06 1.09 

𝐴𝑇𝐸 1.32 1.30 1.27 1.24 1.27 1.35 1.30 1.22 1.30 
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From Table 5.5, the largest source of structural inefficiency is the losses 

from sub-optimal allocation of resources among firms with subgroups. Such 

losses are captured by another new term introduced in this chapter: the intra-

region reallocative efficiency measure (𝑅𝐴𝐸𝑟𝑒𝑔
𝑖𝑛𝑡𝑟𝑎). The values of 𝑅𝐴𝐸𝑟𝑒𝑔

𝑖𝑛𝑡𝑟𝑎 

(ranging from 1.32 to 1.54) are close to the numbers of 𝑅𝐴𝐸𝑔 in the previous 

subsection. In our earlier analysis, we know that a major source of structural 

inefficiency is sub-optimal allocation of inputs among firms. This subsection 

further bolsters the result that the problem of input allocation exists only within 

each region. Reallocating inputs from firms in one region to firms in another 

region cannot improve structural efficiency. 

The second panel of Table 5.5 presents the efficiency scores for structural 

efficiency and Decomposition 1 by classifying data into subgroups of state-owned 

enterprises (SOE), private firms (PRI), and foreign firms (FOR). The inter-

ownership reallocative efficiency measure (𝑅𝐴𝐸𝑜𝑤𝑛
𝑖𝑛𝑡𝑒𝑟) is at least 1.21. By 

reallocating inputs among ownerships to eliminate inefficiency, the outputs of the 

whole industrial sector can boosted at least 21% without increasing the 

endowment of this sector. In contrast, the values of the intra-ownership 

reallocative efficiency measure (𝑅𝐴𝐸𝑜𝑤𝑛
𝑖𝑛𝑡𝑟𝑎) are less than or equal to 1.09 during 

2005 – 2014. This means that reallocating inputs among firms within each 

ownership does not raise the total output much. The allocation of inputs within 

each subgroup is efficient. 

The policy implications are obvious. If all firms in the industrial sector are 

classified into western and non-western firms, then we can say that regional 

fragmentation of resource flows does not exist. In this case, allocation of inputs 

among firms within each region is the main concern. In other words, regional 
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reforms are not needed from the point of view of reallocating inputs in the 

industrial sector. On the other hand, if all firms are classified by ownership 

types, then the potential to increase total output by reallocating inputs 

among ownerships would be huge. However, the issue of input allocation 

within each ownership is negligible. 

In conclusion, the Chinese industrial sector has low structural 

efficiency. Two possible directions are currently on the agenda of the 

policymaker in China: reforming regional arrangements or reforming 

ownerships. The analysis in this subsection finds that inefficient resource 

allocation among ownerships is a major source of structural inefficiency. 

Reforming ownership is the right direction. 

 

5.5.3. Patterns for Different Regions and Different Ownerships 

To capture the whole picture of the industry, we apply Decomposition 2 to the 

data for different regions and ownership classifications. The efficiency scores for 

the different regions and ownerships are presented in Table 5.6.  

 

Table 5.6: Efficiency Scores and Their Decompositions for China Industrial 

Sector by Different Region and Ownership Classifications (Decomposition 2) 

 

2005 2006 2007 2008 2009 2010 2011 2013 2014 

Classifying data by regions 

Non-western region 

𝜙𝑁𝑊 1.98 1.94 1.84 1.65 1.79 1.86 1.75 1.57 1.65 

𝑅𝐴𝐸𝑁𝑊 1.56 1.55 1.50 1.37 1.46 1.43 1.39 1.33 1.31 

𝐴𝑇𝐸𝑁𝑊 1.27 1.25 1.23 1.20 1.23 1.30 1.26 1.18 1.26 
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Western region 

𝜙𝑊 2.57 2.47 2.70 2.60 2.85 3.03 2.76 1.93 2.08 

𝑅𝐴𝐸𝑊 1.46 1.48 1.67 1.73 1.83 1.79 1.76 1.30 1.33 

𝐴𝑇𝐸𝑊 1.77 1.67 1.61 1.50 1.56 1.69 1.57 1.48 1.57 

Classifying data by ownerships 

State-owned enterprises 

𝜙𝑆𝑂𝐸 1.47 1.40 1.33 1.27 1.33 1.38 1.37 1.42 1.47 

𝑅𝐴𝐸𝑆𝑂𝐸 1.05 1.04 1.03 1.04 1.03 1.03 1.03 1.06 1.04 

𝐴𝑇𝐸𝑆𝑂𝐸 1.39 1.34 1.30 1.22 1.29 1.33 1.32 1.35 1.41 

Private firms 

𝜙𝑃𝑅𝐼 1.22 1.25 1.25 1.25 1.19 1.26 1.29 1.16 1.36 

𝑅𝐴𝐸𝑃𝑅𝐼 1.03 1.05 1.06 1.03 1.02 1.02 1.07 1.04 1.12 

𝐴𝑇𝐸𝑃𝑅𝐼 1.19 1.19 1.18 1.22 1.16 1.24 1.20 1.12 1.21 

Foreign firms 

𝜙𝐹𝑂𝑅 1.48 1.42 1.38 1.30 1.40 1.52 1.43 1.37 1.45 

𝑅𝐴𝐸𝐹𝑂𝑅 1.11 1.06 1.05 1.02 1.03 1.03 1.03 1.10 1.08 

𝐴𝑇𝐸𝐹𝑂𝑅 1.33 1.33 1.31 1.27 1.36 1.48 1.39 1.25 1.34 

Note: 𝐻 = 𝑅𝐴𝐸𝑟𝑒𝑔
𝑖𝑛𝑡𝑒𝑟 × (𝑤𝑁𝑊𝜙

𝑁𝑊 +𝑤𝑊𝜙
𝑊); 𝐻 = 𝑅𝐴𝐸𝑜𝑤𝑛

𝑖𝑛𝑡𝑒𝑟 × (𝑤𝑆𝑂𝐸𝜙
𝑆𝑂𝐸 +

𝑤𝑃𝑅𝐼𝜙
𝑃𝑅𝐼 + 𝑤𝐹𝑂𝑅𝜙

𝐹𝑂𝑅); 𝑤𝑖 is the output share of group 𝑖 (See Appendix 5.2 

for the output shares) 

 

The first panel of Table 5.6 shows the efficiency score for the groups of non-

western (NW) and western (W) regions. The non-western region is structurally 

more efficient than the western region. We can see that value of structural 

efficiency (𝜙𝑡) is 1.57 to 1.98 for the non-western region but 1.93 to 3.03 for the 
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western region. In both regions, the major source of this is reallocative 

inefficiency (𝑅𝐴𝐸𝑡) in most of the years. This means that the potential gains of 

reallocation of resources within both regions are larger than the gains from 

pushing firms to the production frontier. We further note that in the western 

region, the main source of structural inefficiency is aggregate technical 

inefficiency before 2007 and after 2013. From 2008 to 2010, the main source is 

reallocative inefficiency. This means that the role of the factor market to allocate 

resources in the western region is deteriorating during the 2008 crisis period. 

After that, we study the efficiency score for the groups of state-owned 

enterprises (SOE), private firms (PRI), and foreign firms (FOR), the results 

are presented in the second panel of Table 5.6. All ownerships are 

structurally inefficient (𝜙𝑡 > 1), with potential gains from eliminating 

inefficiency at least 16% of outputs. The major source of structural 

inefficiency is aggregate technical inefficiency (𝐴𝑇𝐸𝑡). The potential gains 

from eliminating reallocative inefficiency (𝑅𝐴𝐸𝑡) are less than 11%. Each 

ownership group is relatively close to reallocative efficiency in most of the 

years. Among all ownerships, private firms are the most structurally 

efficient. One important observation is that each ownership group is more 

structurally efficient than the full sample. Moreover, each ownership group 

is relatively reallocatively efficient within its own group. This is in contrast 

with the full sample in which the industrial sector as a whole is highly 

reallocatively inefficient. The only difference between the structural 

efficiency of the whole sample and individual ownership groups is that 

resources are not allowed to move among groups in the latter measures. 

This reconfirms the large potential gains from moving resources among 
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ownership groups in the previous section. 

We then further apply Decomposition 2 using a 2-level method for both 

region and ownership classifications at the same time as a robustness check, e.g. 

Non-western region State-owned enterprises, Western region Private firms, etc. 

The efficiency scores are presented in Appendix 5.1. As the results are consistent 

with previous subsections, we skip the discussions on Appendix 5.1 to save space. 

Based on our findings, we conclude that the productive performance and 

allocation of resources of the industrial sector improved in general after the 

financial tsunami. However, there was still room for improvement in terms of 

inter-ownership reallocative efficiency. This result clearly pointed out the 

importance of further ownership reform. 

 

5.6. Further discussion 

Our results lead to the following policy implications in the Chinese industrial 

sector: 

 

For western development 

We identify that the inter-region reallocation efficiency in the industrial sector is 

close to one, which may be a consequence of a successful balance of resources 

between east and west with regard to the Western Development Strategy. At the 

same time, the percentage of industrial output and inputs in the western region in 

China have increased gradually (Table 5.3). This implies further reallocation of 

resources across regions is not needed. However, as aggregate technical efficiency 

measures in different subgroups (𝐴𝑇𝐸𝑡) are still high, especially for the western 

region (𝐴𝑇𝐸𝑊), probably the main focus of western development should be on 
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improving the technical efficiency of firms in different regions in China. This 

result supports the claim of Woo (2012) that introducing more competitive, free 

market is needed.  

 

For ownership reform 

We identify that private firms are the most structurally efficient among all 

ownership types in the industrial sector, so more private firms are preferred. 

Moreover, we also identify a high value of inter-subgroup reallocative efficiency 

for different ownerships (𝑅𝐴𝐸𝑜𝑤𝑛
𝑖𝑛𝑡𝑒𝑟). This implies reallocation across ownerships 

is needed. Referring to Table 5.3, the gap between state-owned enterprises and 

private firms in industrial output and employees is small while the gap in fixed 

assets is large. This means state-owned enterprises are holding too much capital 

compared with private firms; finding ways to channel capital to private firms is 

needed. This result supports the claim of Huang (2016) that liberalization of the 

financial system is needed. 

 

5.7. Summary 

In this chapter, we point out that the output-oriented structural efficiency measure 

provides an alternative to measuring the revenue structural efficiency for the 

policymaker when optimal prices are not known. The model of this measure is 

extended to subgroups. This helps us to evaluate potential gains of improving 

resource allocation within subgroups and among subgroups. The new framework 

is then applied to the industrial sector of China to study two important issues: 

regional fragmentation and ownership distortion.  

The overall results suggest that although there were some fluctuations 
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after 2008, there was some improvement in the structural efficiency of the sector 

during the study period 2005-2014. Applying our new method, the empirical 

results advocate prioritizing ownership reform in China over regional reform. 

Each ownership subgroup is reallocatively efficient. Thus, reallocating resources 

within each ownership cannot raise total outputs. The high value of the new inter-

ownership reallocative efficiency measure indicates that, by improving resource 

allocation among different ownerships, outputs of the whole industrial sector can 

be increased by 21% of the observed level. In contrast, the potential gains of 

reallocating resources between western and non-western regions were less than 

1%. The case study in this chapter shows that reforming ownership will benefit 

the society more than regional reform from the point of view of raising total 

output. Such a conclusion cannot be drawn from other existing models of 

efficiency analysis. 

 

 

1 IMF World Economic Outlook Databases. 

2 China is classified as an upper-middle-income country by the World Bank. 

https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-

country-and-lending-groups 

3 6 provinces (Gansu, Guizhou, Qinghai, Shaanxi, Sichuan, and Yunnan), 5 

autonomous regions (Guangxi, Inner Mongolia, Ningxia, Tibet, and Xinjiang), 

and 1 municipality (Chongqing). 

4 Cesaroni (2018) did not give a specific name for this measurement and called it 

part of “scale efficiency”. It requires to impose further assumptions on the model 

and that is not our main focus here. 
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5 If this group includes all firms in an industry, one can call it “industry”. 

6 Nesterenko and Zelenyuk (2007) called ℑ𝑔 the “group potential technology”. 

The number of firms is fixed in a group. This is in contrast to the term “industry 

technology” defined by Peyrache (2013) in which the number of firms is variable. 

7 An alternative scenario is 𝛲𝑔(𝒙1, 𝒙2, … , 𝒙𝐾) = ∑ 𝛲𝑘(𝒙𝑘)
𝐾
𝑘=1 , which is the sum 

of the firms’ technologies without reallocation of the inputs among firms in Färe 

and Zelenyuk (2003). 

8 Lozano and Villa (2004) called this a centralized decision maker. 

9 Under the alternative scenario without reallocation in Färe and Zelenyuk 

(2003), the group maximum revenue is 𝑅𝑔(𝒑𝑔, 𝒙1, 𝒙2, … , 𝒙𝐾) = 𝑚𝑎𝑥
𝒒1,𝒒2,…,𝒒𝐾

(𝒑𝑔 ∙

∑ 𝒒𝑘
𝐾
𝑘=1 : (𝒙𝑘, 𝒒𝑘) ∈ ℑ), which is the sum of firms’ maximum revenue. 

10 Nesterenko and Zelenyuk (2007) called this term “group potential revenue 

efficiency”. 

11 Since the technically efficient output vectors 𝒒𝑘
𝑡𝑒 can be derived from 

(𝑨0, 𝑩0) for all k, the production pattern under technical efficiency 𝑩𝑡𝑒 is not 

included as an argument of 𝐴𝑇𝐸. This argument applies to later notations. 

12 Under the alternative scenario without reallocation in Färe and Zelenyuk 

(2003), Equation (5.7) is still valid in which 𝐴𝑇𝐸𝑔 and 𝐴𝐴𝐸𝑔 are the same and 

𝑅𝐴𝐸𝑔 = 1. Note that Φg depends on the aggregate inputs, aggregate outputs and 

output prices only, whereas 𝑅𝐴𝐸𝑔, 𝐴𝐴𝐸𝑔, and 𝐴𝑇𝐸𝑔 are all affected by the 

allocation of inputs and outputs. 

13 Nesterenko and Zelenyuk (2007) introduced another decomposition of the 

revenue structural efficiency in which a component may contain both actions 

within individual firms without input reallocation and actions with input 

allocation. 
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14 One may question the existence of different subgroup prices. We note that this 

will not affect the decomposition of efficiency measurements. An analog 

discussion on the efficiency measurements with different subgroup prices is 

provided in Section 5.3.6. 

15 There are different ways to solve the problem of unknown 𝒑𝑔. If part of the 

price information is known, one may use, for example, Kuosmanen and Post’s 

(2001) method to derive the upper amd lower bounds of efficiency measures 

based on the incomplete price information. Nesterenko and Zelenyuk (2007) 

suggested the use of Färe and Zelenyuk’s (2003) price independent weight. 

16 One example of noncomparable price is the shadow price in Section 5.3.4. The 

aggregation of such normalized shadow subgroup revenue has little meaning in 

relation to the objectives of the centralized decision maker. 

17 Data for 2012 was not available. 

18 Note that for 1 output case: (i) all efficiency measures are price independent, 

and (ii) 𝐴𝐴𝐸 = 1 and it is not shown.  

19 Probably it is related to the global financial crisis in 2008, but this is not our 

main focus here. 



172 

Chapter 6. Conclusion 

 

Long-term sustainable and inclusive growth is recognized as the driving force for 

poverty reduction in developing countries, and convergence with the developed 

world. This is referred to as the process of economic development. Different 

theories and models were introduced to promote development. However, many 

countries that have followed those theories and models have failed to achieve the 

target of economic development. This thesis aims at studying this issue from the 

aspect of economic structure and resource allocation. 

In Chapter 2, we review the theories and models about economic 

structure and structural change and discuss how these two important aspects 

are regarded as an answer to successful development. We point out that 

resource allocation is a critical factor in changing the economic structure. 

By reviewing different types of studies, we summarize five characteristics 

of economic structure and structural change which are essential for the 

study and analysis of economic structure. 

In Chapter 3, we investigate the relationship between competitiveness 

and economic growth. Based on an endogenous growth model with 

competitiveness, we show that different cases of growth models in the 

literature can be linked with different assumptions. We then adopt the 

Global Competitiveness Index to represent competitiveness and empirically 

show that there is a two-way causal relationship between competitiveness 

and economic growth. After that, we further study whether the relationship 

between competitiveness and economic growth changes in different 

development stages. For developing countries, better competitiveness can 
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enhance economic growth but not vice versa. On the other hand, the relationship 

between competitiveness and economic growth is two-way for developed 

countries. Furthermore, different types of factors in competitiveness have different 

effects on economic growth in developing countries and developed countries. 

Hence, we explain the difference in developing and developed countries by the 

ability to transform resources into competitiveness., which is fundamentally a 

question about resource allocation. Finally, we link structural change with 

economic growth and show that enhancing competitiveness is equivalent to 

improving the capacity to change the economic structure. 

In Chapter 4, we study the impacts of sub-optimal resource allocation on 

economic growth by applying a new model to the case of the effectiveness of 

official development assistance (ODA). The new model analyzes economic 

growth through structural change. In the model, we show that structural change 

can be analyzed by the growth function and the feasibility set of competitiveness 

based on the production and investment processes of an economy. Then it can be 

measured by the difference between the observed and optimal levels of 

competitiveness. Regarding the positive and negative impacts of foreign aids on 

the receiving country in the literature, we show that the net impact of ODA 

depends on the value of bias caused by inefficient allocation of resources and the 

adoption of a biased value system. Hence the co-existence of both positive and 

negative effects of ODA is possible in real-world data. Thus, both positive and 

negative views of ODA in the literature are correct in some sense. In principle, 

ODA does work in the sense of helping needy countries if they can allocate such 

additional resources efficiently. The cruel truth is that most receivers of ODA are 

unable to transform such resources to productive uses. Even worse is that ODA 
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lowers the economic growth of receiving countries. Hence the development 

aid country donors or global institutions may have to review their existing 

policy of granting aid.  

In Chapter 5, we introduce a new framework to study two important 

structural issues in China: regional fragmentation and ownership distortion. 

We point out that the output-oriented structural efficiency measure provides 

an alternative to the policymaker when optimal prices are not known. The 

model of this measure is extended to subgroups. This helps us to evaluate 

potential gains of improving resource allocation within subgroups and 

among subgroups. The new framework is then applied to the industrial 

sector of China. Applying our new method for policymaking, the empirical 

results advocate prioritizing ownership reform in China over regional 

reform. Each ownership subgroup is reallocatively efficient. Thus, 

reallocating resources within each ownership cannot raise total outputs. The 

high value of the new inter-ownership reallocative efficiency measure 

indicates that, by improving resource allocation among different 

ownerships, outputs of the whole industrial sector can be increased by 21% 

of the observed level. In contrast, the potential gains of reallocating 

resources between western and non-western regions are less than 1%. 

Hence reforming ownership will benefit the society more than regional 

reform. This conclusion is original and cannot be drawn from other existing 

models of efficiency analysis. 
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Appendix 

Chapter 2 

Appendix 2.1: Selected Factors Contributing to the Produce of Outputs or 

Economic Growth 

Author (Year)/ 

Title of work 

Factor(s) Contribute to/  

Controlled by 

Adam Smith (1776) 

An Inquiry into the Nature and 

Causes of the Wealth of Nations 

Land, capital, 

natural resources 

and labor 

Output/ 

Firms 

David Ricardo (1817) 

Principles of Political Economy and 

Taxation 

Comparative 

advantage and 

international trade 

Output/ 

Government 

Karl Marx (1867) 

Capital: A Critique of Political 

Economy 

Socio-political 

environment 

Growth/ 

Government 

Max Weber (1905) 

Ethic of Protestantism and the Spirit 

of Capitalism 

Values and religious 

beliefs 

Growth/ 

Government 

Joseph Schumpeter (1942) 

Capitalism, Socialism and 

Democracy 

Entrepreneurship 
Growth/ 

Firms 

Alfred Sloan (1963) 

My Years at General Motors 
Management 

Growth/ 

Firms 
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Robert Solow (1957) 

Technical Change and the Aggregate 

Production Function 

Education and 

technological 

innovation 

Growth/ 

Government 

Peter Drucker (1969) 

The Age of Discontinuity 
Administration 

Growth/ 

Firms 

Nicholas Negroponte (1995) 

Being Digital 
Knowledge 

Output/ 

Government 

Source: Summarized from IMD World Competitiveness Yearbook 2014; Authors’ 

interpretation (last column)  

 

Appendix 2.2: The Diamond Model of Competitiveness (Porter, 1990) 

 

The following factors form the competitiveness of a country: 

⚫ Factor conditions refers to endowed resources which are important for 

competitiveness. This includes human, physical, knowledge, and capital 

resources, infrastructure, etc. Resources can be inherited or created.  
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⚫ Demand conditions refers to an assessable market which helps to create a 

competitive advantage. A sophisticated market demand pushes industries to 

innovate faster and to create more advanced technology.  

⚫ Related and supporting industries refers to the support for innovation and 

internationalization of industries. This may be cost-effective inputs, 

stimulating innovation, etc.  

⚫ Firm strategy, structure and rivalry refers to the business context, including 

the strategic management of firms. The presence of competition also puts 

pressure on innovation to be more competitive.  

⚫ Government refers to the interventions that can occur in different levels of 

the economy, which can influence each of the above four determinants of 

competitiveness. This implies government can have an active role in 

facilitating competitiveness creation.  

⚫ Chance events refers to some factors that are not under one’s control. These 

can have a positive or negative effects on competitiveness. 

 

Chapter 3 

Appendix 3.1: Relating 4 Cases with Different Model Restrictions 

The 4 cases in Table 3.1 can be expressed as below: 

 

Scenario 1:  𝜀𝑍𝐾 = 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 = 0 

Equations (3.14) and (3.15) become, 

𝑔𝐾
∗ =

𝑐𝑦

(1 − 𝜀𝑓𝐾)
+ 𝑛  𝑎𝑛𝑑  

𝜕𝑔𝐾
∗

𝜕𝑐𝑍
= 0. 

𝑔𝐸
∗ = 0  𝑎𝑛𝑑  

𝜕𝑔𝐸
∗

𝜕𝑐𝑍
= 0. 
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So, 

𝜕𝑔𝑦
∗

𝜕𝑐𝑍
= 0. 

𝑔𝑍
∗ = 𝑐𝑍 ⟹

𝜕𝑔𝑍
∗

𝜕𝑐𝑦
= 0. 

Therefore, economic growth does not affect competitiveness and competitiveness 

does not affect economic growth. This is Case 1. 

 

Scenario 2:  𝜀𝑍𝐾 ≠ 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 = 0 

Equations (3.14) and (3.15) become, 

𝑔𝐾
∗ =

𝑐𝑦

(1 − 𝜀𝑓𝐾)
+ 𝑛  𝑎𝑛𝑑  

𝜕𝑔𝐾
∗

𝜕𝑐𝑍
= 0. 

𝑔𝐸
∗ = 0  𝑎𝑛𝑑  

𝜕𝑔𝐸
∗

𝜕𝑐𝑍
= 0. 

So, 

𝜕𝑔𝑦
∗

𝜕𝑐𝑍
= 0. 

𝜕𝑔𝑍
∗

𝜕𝑐𝑦
= 𝜀𝑍𝐾

𝜕𝑔𝐾
𝜕𝑐𝑦

=
𝜀𝑍𝐾

1 − 𝜀𝑓𝐾
> 0. 

Therefore, economic growth affects competitiveness and competitiveness does not 

affect economic growth. This is Case 2. 

 

Scenario 3:  𝜀𝑍𝐾 = 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 ≠ 0 

Equations (3.14) and (3.15) become, 
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𝑔𝐾
∗ =

𝑐𝑦 + 𝑛(1 − 𝜀𝑓𝐾) + 𝜀𝐴𝐸𝜀𝐸𝑍𝑐𝑍

(1 − 𝜀𝑓𝐾)
 

𝑔𝐸
∗ = 𝜀𝐸𝑍𝑐𝑍 

Hence, 

𝜕𝑔𝐾
∗

𝜕𝑐𝑍
=
𝜀𝐴𝐸𝜀𝐸𝑍
1 − 𝜀𝑓𝐾

> 0  𝑎𝑛𝑑  
𝜕𝑔𝐸

∗

𝜕𝑐𝑍
= 𝜀𝐸𝑍 

So, 

𝜕𝑔𝑦
∗

𝜕𝑐𝑍
= 𝜀𝐴𝐸𝜀𝐸𝑍 + 𝜀𝑓𝐾

𝜀𝐴𝐸𝜀𝐸𝑍
1 − 𝜀𝑓𝐾

> 0. 

𝜕𝑔𝑍
∗

𝜕𝑐𝑦
= 0. 

Therefore, economic growth does not affect competitiveness and competitiveness 

affects economic growth. This is Case 3. 

 

Scenario 4: 𝜀𝑍𝐾 ≠ 0 and 𝜀𝐴𝐸𝜀𝐸𝑍 ≠ 0 

Based on Equations (3.14) and (3.15), 

𝜕𝑔𝐾
∗

𝜕𝑐𝑍
=

𝜀𝐴𝐸𝜀𝐸𝑍

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
> 0 

𝜕𝑔𝐸
∗

𝜕𝑐𝑍
=

𝜀𝐸𝑍(1 − 𝜀𝑓𝐾)

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
> 0 

So, 

𝜕𝑔𝑦
∗

𝜕𝑐𝑍
= 𝜀𝐴𝐸

𝜕𝑔𝐸
∗

𝜕𝑐𝑍
+ 𝜀𝑓𝐾

𝜕𝑔𝐾
∗

𝜕𝑐𝑍
= (+)(+) + (+)(+) > 0 

𝜕𝑔𝑍
∗

𝜕𝑐𝑦
= 𝜀𝑍𝐾

𝜕𝑔𝐾
𝜕𝑐𝑦

=
𝜀𝑍𝐾

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾
> 0. 
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Therefore, economic growth affects competitiveness and competitiveness affects 

economic growth. This is Case 4. If the positive stationary state does not exist, i.e. 

(1 − 𝜀𝑓𝐾) − 𝜀𝐴𝐸𝜀𝐸𝑍𝜀𝑍𝐾 ≦ 0, it is also the situation of Case 4. 

 

Appendix 3.2: The Global Competitiveness Index Framework (Schwab, 2014, 

p.9) 

Global Competitiveness Index 

Basic requirements sub-index 

Pillar 1. Institutions 

Pillar 2. Infrastructure 

Pillar 3. Macroeconomic environment 

Pillar 4. Health and primary education 

Efficiency enhancers sub-index 

Pillar 5. Higher education and training 

Pillar 6. Goods market efficiency 

Pillar 7. Labour market efficiency 

Pillar 8. Financial market development 

Pillar 9. Technological readiness 

Pillar 10. Market size 

Innovation and sophistication factor sub-index 

Pillar 11. Business sophistication 

Pillar 12. Innovation 
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Chapter 4 

Appendix 4.1: List of the Countries in the Study 

Stage 1 

Bangladesh* Burundi* Cambodia* Cameroon* Chad* 

Côte d'Ivoire* Ethiopia* Gambia, The* Ghana* Haiti* 

India* Kenya* 
Kyrgyz 

Republic* 
Lesotho* Madagascar* 

Malawi* Mali* Mozambique* Nepal* Nicaragua* 

Pakistan* Rwanda* Senegal* Tanzania* Uganda* 

Zambia* Zimbabwe*    

Stage 1 to 2 

Algeria* Azerbaijan* Botswana* Honduras* Kazakhstan* 

Kuwait Moldova* Mongolia* Nigeria* Philippines* 

Saudi Arabia Vietnam*    

Stage 2 

Albania* Armenia* Bolivia* Bulgaria Cape Verde* 

China Colombia* 
Dominican 

Republic* 
Egypt* El Salvador* 
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Georgia* Guatemala* Guyana* Indonesia Jamaica* 

Jordan* 
Macedonia, 

FYR* 
Montenegro* Morocco* Namibia* 

Paraguay* Peru* Serbia* 
South 

Africa* 
Sri Lanka* 

Swaziland* Thailand Ukraine*   

Stage 2 to 3 

Argentina Brazil* Chile* Costa Rica* Croatia 

Hungary Latvia Lebanon* Lithuania Malaysia* 

Mauritius* Mexico* Oman Panama* Poland 

Romania 
Russian 

Federation 
Turkey* Uruguay*  

Stage 3 

Australia Austria Bahrain Belgium Canada 

Cyprus 
Czech 

Republic 
Denmark Estonia Finland 

France Germany Greece 
Hong Kong 

SAR 
Iceland 

Ireland Israel Italy Japan Korea, Rep. 

Luxembourg Malta Netherlands New Zealand Norway 
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Portugal Qatar Singapore 
Slovak 

Republic 
Slovenia 

Spain Switzerland 
Trinidad and 

Tobago 

United Arab 

Emirates 

United 

Kingdom 

United States     

Note: Grouping follows Schwab (2015); “*” denotes ODA receiving countries. 

 

Chapter 5 

Appendix 5.1: Efficiency Scores and Their Decompositions for the China 

Industrial Sector by Different Region-Ownership Classifications 

(Decomposition 2 with 2-levels) 

 

2005 2006 2007 2008 2009 2010 2011 2013 2014 

Non-western region State-owned enterprises 

𝜙𝑁𝑊𝑆𝑂𝐸 1.37 1.31 1.25 1.19 1.24 1.27 1.27 1.30 1.36 

𝑅𝐴𝐸𝑁𝑊𝑆𝑂𝐸 1.06 1.04 1.03 1.03 1.03 1.03 1.03 1.04 1.04 

𝐴𝑇𝐸𝑁𝑊𝑆𝑂𝐸 1.30 1.26 1.22 1.15 1.20 1.23 1.23 1.25 1.30 

Western region State-owned enterprises 

𝜙𝑊𝑆𝑂𝐸 1.89 1.76 1.65 1.58 1.66 1.79 1.72 1.72 1.80 

𝑅𝐴𝐸𝑊𝑆𝑂𝐸 1.05 1.04 1.03 1.05 1.03 1.03 1.04 1.04 1.02 

𝐴𝑇𝐸𝑊𝑆𝑂𝐸 1.81 1.68 1.60 1.50 1.61 1.73 1.65 1.65 1.76 

𝑅𝐴𝐸𝑆𝑂𝐸
𝑖𝑛𝑡𝑒𝑟 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.01 1.00 

Non-western region Private firms 

𝜙𝑁𝑊𝑃𝑅𝐼 1.17 1.21 1.19 1.23 1.15 1.22 1.27 1.14 1.33 

𝑅𝐴𝐸𝑁𝑊𝑃𝑅𝐼 1.02 1.05 1.05 1.03 1.02 1.02 1.07 1.04 1.12 

𝐴𝑇𝐸𝑁𝑊𝑃𝑅𝐼 1.15 1.15 1.14 1.19 1.13 1.19 1.18 1.10 1.19 
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Western region Private firms 

𝜙𝑊𝑃𝑅𝐼 1.63 1.64 1.67 1.45 1.45 1.58 1.43 1.38 1.52 

𝑅𝐴𝐸𝑊𝑃𝑅𝐼 1.02 1.02 1.05 1.01 1.03 1.02 1.03 1.09 1.13 

𝐴𝑇𝐸𝑊𝑃𝑅𝐼 1.60 1.60 1.59 1.44 1.41 1.56 1.39 1.26 1.35 

𝑅𝐴𝐸𝑃𝑅𝐼
𝑖𝑛𝑡𝑒𝑟 1.01 1.00 1.01 1.00 1.00 1.00 1.00 1.00 1.00 

Non-western region Foreign firms 

𝜙𝑁𝑊𝐹𝑂𝑅 1.43 1.40 1.35 1.27 1.37 1.48 1.39 1.30 1.39 

𝑅𝐴𝐸𝑁𝑊𝐹𝑂𝑅 1.09 1.06 1.04 1.01 1.02 1.01 1.02 1.05 1.05 

𝐴𝑇𝐸𝑁𝑊𝐹𝑂𝑅 1.32 1.32 1.30 1.25 1.34 1.46 1.37 1.24 1.33 

Western region Foreign firms 

𝜙𝑊𝐹𝑂𝑅 2.13 1.84 2.18 1.89 1.95 2.37 1.94 1.51 1.51 

𝑅𝐴𝐸𝑊𝐹𝑂𝑅 1.20 1.08 1.25 1.15 1.16 1.27 1.16 1.07 1.04 

𝐴𝑇𝐸𝑊𝐹𝑂𝑅 1.77 1.71 1.74 1.64 1.68 1.87 1.67 1.41 1.45 

𝑅𝐴𝐸𝐹𝑂𝑅
𝑖𝑛𝑡𝑒𝑟 1.02 1.00 1.00 1.00 1.01 1.00 1.00 1.04 1.03 

𝑅𝐴𝐸𝑁𝑊
𝑖𝑛𝑡𝑒𝑟 1.47 1.47 1.44 1.34 1.43 1.40 1.33 1.28 1.22 

𝑅𝐴𝐸𝑊
𝑖𝑛𝑡𝑒𝑟 1.38 1.42 1.57 1.64 1.75 1.69 1.67 1.23 1.26 

Note: For example, 𝜙𝑆𝑂𝐸 = 𝑅𝐴𝐸𝑆𝑂𝐸
𝑖𝑛𝑡𝑒𝑟 × (𝑤𝑁𝑊𝑆𝑂𝐸𝜙

𝑁𝑊𝑆𝑂𝐸 + 𝑤𝑊𝑆𝑂𝐸𝜙
𝑊𝑆𝑂𝐸); 

𝜙𝑁𝑊 = 𝑅𝐴𝐸𝑁𝑊
𝑖𝑛𝑡𝑒𝑟 × (𝑤𝑁𝑊𝑆𝑂𝐸𝜙

𝑁𝑊𝑆𝑂𝐸 + 𝑤𝑁𝑊𝑃𝑅𝐼𝜙
𝑁𝑊𝑃𝑅𝐼 + 𝑤𝑁𝑊𝐹𝑂𝑅𝜙

𝑁𝑊𝐹𝑂𝑅); 

𝑤𝑖 is the output share of group 𝑖 (See Appendix 5.2 for the output shares) 

 

Appendix 5.2: Output Share for Different Subgroups 

 
2005 2006 2007 2008 2009 2010 2011 2013 2014 

𝑤𝑁𝑊 0.8924 0.8896 0.8872 0.8824 0.8778 0.8752 0.8666 0.8629 0.8600 

𝑤𝑊 0.1076 0.1104 0.1128 0.1176 0.1222 0.1248 0.1334 0.1371 0.1400 

𝑤𝑆𝑂𝐸 0.3997 0.3742 0.3533 0.3359 0.3199 0.3175 0.3208 0.2918 0.2808 
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𝑤𝑃𝑅𝐼 0.2235 0.2504 0.2733 0.3159 0.3491 0.3601 0.3631 0.4151 0.4309 

𝑤𝐹𝑂𝑅 0.3768 0.3754 0.3734 0.3483 0.3310 0.3224 0.3161 0.2930 0.2882 

𝑤𝑁𝑊𝑆𝑂𝐸 0.3239 0.2989 0.2802 0.2651 0.2505 0.2494 0.2480 0.2215 0.2116 

𝑤𝑊𝑆𝑂𝐸 0.0758 0.0753 0.0731 0.0708 0.0694 0.0681 0.0728 0.0703 0.0693 

𝑤𝑁𝑊𝑃𝑅𝐼 0.2036 0.2277 0.2471 0.2831 0.3115 0.3185 0.3192 0.3678 0.3804 

𝑤𝑊𝑃𝑅𝐼 0.0199 0.0227 0.0261 0.0328 0.0377 0.0416 0.0439 0.0473 0.0505 

𝑤𝑁𝑊𝐹𝑂𝑅 0.3649 0.3630 0.3598 0.3342 0.3158 0.3074 0.2995 0.2735 0.2680 

𝑤𝑊𝐹𝑂𝑅 0.0119 0.0124 0.0136 0.0141 0.0151 0.0150 0.0167 0.0195 0.0203 

Note: Rounding to 4 decimal places 
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