
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Economic growth and transition : econometric
analysis of Lim's S‑curve hypothesis

Sng, Hui Ying

2007

Sng, H. Y. (2007). Doctoral thesis, Nanyang Technological University, Singapore. Doctoral
thesis, Nanyang Technological University, Singapore.

https://hdl.handle.net/10356/2189

https://doi.org/10.32657/10356/2189

Nanyang Technological University

Downloaded on 22 May 2023 22:02:24 SGT



 

E
C

O
N

O
M

IC
 G

R
O

W
TH

 &
 TR

A
N

S
ITIO

N
: E

C
O

N
O

M
ETR

IC
 

AN
A

LY
S

IS
 O

F LIM
’S

 S
-C

U
R

V
E

 H
Y

P
O

TH
E

S
IS

 
 

 
 
 
 

ECONOMIC GROWTH AND TRANSITION: 
ECONOMETRIC ANALYSIS OF 
LIM’S S-CURVE HYPOTHESIS 

 S
N

G
 H

U
I Y

IN
G

 

 
 
 
 
 
 
 

SNG HUI YING 

SCHOOL OF HUMANITIES AND SOCIAL SCIENCES 2007 2007 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 
 
 

Economic Growth and Transition: 
Econometric Analysis of Lim’s S-Curve Hypothesis 

 
 
 
 
 
 
 
 

Sng Hui Ying 
 
 
 
 
 
 
 
 
 
 
 

School of Humanities and Social Sciences 
 

 

A thesis submitted to the Nanyang Technological University 
in fulfilment of the requirement for the degree of 

Doctor of Philosophy 
 
 

2007 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



ABSTRACT 

Professor Lim Chong Yah’s S-Curve hypothesis is a simple yet highly insightful 

theory. By augmenting the mathematical and econometrical sophistication of the 

hypothesis, this thesis extends the S-Curve hypothesis to provide further insights into 

economic growth and transition. The four core chapters in this thesis are closely 

related yet distinctly different, each dealing with a separate aspect of the S-Curve 

hypothesis.  

Chapter 2 constructs a stochastic growth model that provides the microeconomic 

foundation for the S-Curve hypothesis. The model is based on the technological 

diffusion model by Barro and Sala-I-Martin (1997) with two significant extensions: 

the (productivity) parameter in the model which represents social infrastructure is 

being endogenized and probability of adverse shocks is being incorporated into the 

productivity parameter. The stochastic technological diffusion model is able to 

explain the various transition points outlined in the S-Curve hypothesis. The model is 

also able to explain why some developing economies experience economic take-off 

while others do not. This model highlights the importance of lowering the cost of 

technological absorption in enhancing growth rates of developing countries, and 

lowering the cost of innovation in achieving technological leadership. This model also 

highlights the importance of good governance in economic development and 

identifies negative shocks to governance as the main cause of slow growth of the poor 

developing countries. 

Chapter 3 employs the economic transition parameter and the variance ratio test 

developed by Phillips and Sul (2003; 2005) to test for convergence of the world 
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economy under the framework of the S-Curve hypothesis. The results show that there 

is no evidence of overall convergence of the world economy. In addition, while there 

are evidences of subgroup convergence among the elephant economies, the horse 

economies and the turtle economies outside the African region, there is no sub-group 

convergence among the African turtle economies. While this is insufficient to 

conclude that there would be no ultimate convergence of the world economy, the 

results show that the poorest countries (especially those in the African region) are not 

catching up at all in the last 40-50 years. 

Chapter 4 hypothesizes the accumulation of capital of an economy as it develops 

also follows that of an S-Curve. A newly industrializing economy (NIE) would 

experience rapid accumulation of capital, with the growth of capital outstripping that 

of output, while a maturing economy would face a slow down in capital growth. As a 

result, the incremental capital-output ratio (ICOR) and the average capital-output ratio 

(ACOR) would first increase and then gradually decline as and when a country 

ascends the development ladder. A rapidly developing economy would have high and 

increasing ICOR and ACOR. Cross-countries data from 60 countries provides support 

to the hypothesis of the S-Curve of capital accumulation. In addition, a case study 

using Singapore’s capital stock data from 1960 to 2004 also concurs with the 

hypothesis. The long term causal relationship between Singapore’s investment in 

machinery and equipment and GDP growth is tested and found to be positive and bi-

directional. 

Chapter 5 applies the S-Curve hypothesis to the case studies of Japan and 

Singapore. Using Chow test, it is shown that Japan underwent a structural change in 

1974 while Singapore underwent a structural change in 1997, as both countries began 
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their transformation into an elephant economy. The case study of Japan concludes that 

the S-Curve hypothesis is able to explain the rapid growth of the Japanese economy in 

the 1950s and 1960s, and the eventual slowing down since late 1980s. By comparing 

the macroeconomic indicators of Japan and Singapore, it is deduced that Singapore is 

at the initial phase of a gradual transformation to an elephant economy; the real per 

capita GDP of Singapore is expected to grow at an annual average of 3.5% to 4% in 

the next twenty years and slow down to 1.5% to 2% thereafter. 
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 CHAPTER 1. INTRODUCTION AND OVERVIEW 

1.1. Introduction 

The study of economic growth is broad and immense and its importance is 

indisputable. Barro and Sala-I-Martin (1995) show that small differential in growth 

rates when compounded over long periods of time resulted in dramatically different 

standards of living. Over the centuries, from Adam Smith (1776), David Ricardo 

(1817) and Thomas Malthus (1798), to the recent New Growth Theory by Grossman 

and Helpman (1991) and Aghion and Howitt (1992), economists seek to find answers 

to the questions, “what are the drivers of economic growth?”, “what are the necessary 

factors for economic takeoff?”, and “what explain the differences in income level 

across countries and over time?” 

The focus of this thesis is the extension of the works on development economics 

by Emeritus Professor Lim Chong Yah. In his 40 over years as an academic 

researcher, Lim preserves in his relentless pursuit of answers to the questions “how 

poverty is to be alleviated” and “how affluence is to be achieved?” His decades-long 

efforts crystallized into the Trinity development model, encompassing the EGOIN 

theory, the Triple C theory and the S-Curve hypothesis (Lim, 2004). Professor Lim’s 

Trinity development model seeks to provide utilizable solutions to poverty alleviation 

and economic development. It has the noble objective of providing a general formula 

for development that could be adopted by developing countries. Of the three theories 

within the Trinity development model, this thesis focuses on the mathematical and 

econometrical sophistication of the S-Curve hypothesis, although references will be 

made to the other two theories. 

 1
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The structure of this chapter is as follows. Section 1.2 provides a review of the S-

Curve hypothesis, and relates the S-Curve hypothesis to Lim’s EGOIN theory and 

Triple C theory. The interpretations of the S-Curve are given in Section 1.3. Section 

1.4 provides empirical supports for the S-Curve hypothesis using empirical data and 

empirical conclusions presented by other researchers. The S-Curve hypothesis offers 

interesting insights and policy implications for economic development, and these are 

elaborated in Section 1.5. Section 1.6 provides an evaluation of the S-Curve 

hypothesis. The motivation and structure of the thesis can be found in Section 1.7. 

1.2. Review of the S-Curve Hypothesis 

1.2.1. Brief Description of the S-Curve Hypothesis 

The S-Curve hypothesis, as shown in Figure 1-1, classifies the world economy into 

three broad groups: turtle (low income, slow growth), horse (middle income, rapid 

growth), and elephant (high income, slow growth). The S-Curve is plotted with log 

per capita income on the y-axis and time on the x-axis. The growth rate of the per 

capita income is given by the slope of the S-Curve. Thus, the steeper the slope, the 

higher is the growth rate. According to Lim (2004), the long-term annual growth rate 

averages between 3-4% for an elephant economy, 6-8% for a horse economy, and less 

than 4% for a turtle economy. 

 2
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Figure 1-1: S-Curve of Economic Development 

Turtles move slowly, hiding within their shells. Turtle economies are plagued by 

low savings and investment rates, poor infrastructure, underdeveloped human 

resources and low quality of government. Many of these countries are in the low-level 

equilibrium trap, where high population growth very often wipes out any potential per 

capita income growth. Developing at a crawling pace, the income levels of these turtle 

economies diverge further and further away from the rest of the world. 

Some, definitely not all, of these turtle economies would break away from the 

vicious poverty cycle and metamorphose into rapidly-developing horse economies. 

Horse economies are characterized by high savings rate, high private sector’s 

investment rate (including foreign direct investment), high public sector’s investment 

in physical and human capital, export-oriented industrializing policy, favorable 

investment climate, and stable and pro-development government. The very rapid 

growth rate enjoyed by the horse economies can be attributed to the high rate of 

capital accumulation undertaken by the public and private sectors. It can also be 

explained by the quantum leap transfer of technology, organizational skills and 

production techniques from the developed nations, which was made possible by the 

 3
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relatively low level of development of the horse economies and through trade and 

investment openness1. Galloping at a superlative rate, the income levels of these horse 

economies converge towards those of the developed nations.  

Elephant is a high consumption animal. It is big and it moves slowly. Economic 

success in the affluent countries has lead to a decline in the marginal utility of money 

and an increase in the preference for leisure. People in these countries consume more, 

save less, and have higher marginal propensity to consume leisure. Many of these 

economies are also confronted with the problem of an aging population that has an 

adverse impact on the growth rates of these economies2. In addition, accumulated 

capital stock is immense after many decades of physical development, resulting in 

diminishing marginal returns and relatively lesser investment opportunities for both 

the private and public sectors. Moreover, de-industrialization commonly takes place 

in the elephant economies as manufacturing activities are relocated to the cheaper 

developing economies. All these lead to a lower rate of investment. And these, 

according to the S-Curve hypothesis, slow down economic growth. 

Table 1-1 gives a comparison of the characteristics of the turtle, horse and 

elephant economies. 

 
1 The basis that allows for quantum leap improvement in productive capability is similar to that put forth by Ng 
and Yang (1999), although Ng and Yang have focused on division of labor as the determinant of organizational 
efficiency. According to Ng and Yang, a less developed country as a newcomer in the industrialization process can 
always “obtain free information on the efficient pattern of the division of labor”. The less developed country can 
thus mimic the organization pattern that has been proven to efficient in the developed economies. Hence, instead 
of a gradual evolution of the division of labor, it is possible for a big jump in industrialization to take place. 
2 GDP per capita can be expressed as a multiplicative relationship between average labor productivity and share of 
population employed: Y/POP = Y/N x N/POP, where Y is total output, POP is total population, and N is number of 
employed workers. An aging population thus would imply a decreasing share of population employed and put a 
downward pressure on the per capita GDP growth rate of the country. 

 4
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Table 1-1: Characteristics of Turtle, Horse and Elephant Economies 

 Turtle Horse Elephant 

Income per capita Low and slowly 
growing  

Medium and rapidly 
growing  

High and slowly 
growing 

Savings rate Low High Low 

Investment rate Low High Low 

Openness to trade 
and investment 

Low High High 

Demographic 
profile  

Usually high 
population growth 

Youthful, usually 
controlled population 

growth 

Aging population 

Investment 
climate 

Poor Conducive Diminishing returns 
and rising land and 

labor costs 

Emphasis of 
society 

Meeting basic needs 
and survival 

Priority on economic 
achievements 

High marginal 
propensity of leisure 

Entrepreneurship Poor, profusion of 
market-distorting 

government 
interventions 

Market-oriented and 
entrepreneur-enabling

Market-oriented and 
entrepreneur-enabling

Government Poor in both 
economic and 

political leaderships 

Good leader with 
emphasis on 

economic 
development 

Good leadership with 
emphasis on social 

development 

Human capital Underdeveloped Medium and rapidly 
improving 

High 

Fixed capital 
accumulation 

Poor infrastructures 
and low level of 

private-sector capital 
accumulation 

Rapidly improving 
infrastructures and 
rapid increase in 

private-sector capital 
accumulation 

Infrastructures and 
private-sector capital 
stock well built up 

Natural resources Not well utilized or 
lacking 

Well utilized Well utilized 

1.2.2. S-Curve and EGOIN Theory 

The S-Curve hypothesis is closely associated with the EGOIN Theory, another 

proposition by Lim (1984; 1991; 2004) that postulates that the level of economic 

development of a country is a direct function of its EGOIN. EGOIN stands for the 

five domestic co-determinants of economic development: Entrepreneurship (E), 

 5
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Government (G), Ordinary Labor (O), Investment (I) and Natural Resources (N). 

EGOIN is both the source of growth and the manifestation of growth of an economy. 

The higher is the level of EGOIN, the higher will be the economy on the S-Curve. 

Economies with rapidly improving EGOIN would enjoy rapid growth, and these 

economies belong to the horse category. On the other hand, turtle economies are those 

with low and stagnant level of EGOIN, and the EGOIN levels of elephant economies 

are very high but at the same time growing very slowly. The EGOIN Theory 

distinguishes between rate and level of growth. In order to grow rapidly, economies 

need to steadily improve on their EGOIN. Economies that experience quantum-leap 

improvement in their EGOIN, for example a move from planned economies to 

market-oriented economies (E) or adoption of pro-development investment and trade 

policies (G, E, I), will enjoy a jump in their economic growth rates. 

The EGOIN Theory adopts a man-centred approach, where E, G and O are 

considered as the active agents of growth. EGO is also the social capacity of an 

economy to accumulate and utilise the available physical and natural resources. The 

theory puts human factors on the centre-stage and the aptitude and attitude of the 

government and its accompanying bureaucracy as the most important co-determinant 

of development. Two key features differentiate the EGOIN Theory from many other 

development theories. Firstly, the EGOIN Theory is multi-faceted. And secondly, it 

emphasises on the human determinants of development, in particular the quality of the 

government and its bureaucracy. The multi-causality of the EGOIN and its focus on 

government provide a higher degree of realism to the theory. 

 6
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1.2.3. S-Curve and Triple C Theory 

The Triple C theory, also by Lim (1996; 2004), postulates that economic growth is 

propelled by three engines: the domestic engine, the regional engine and the global 

engine. The domestic engine is powered by the EGOIN of the economy, while the 

regional and global engine is lubricated by trade and investment openness. Trade and 

investment are necessary for an economy to benefit from the inventions and 

technological advancements of other economies. Trade and investment also help to 

enlarge market size and enhance competitiveness. Thus, a (horse) economy that 

embraces open trade and investment policies stands to grow at a much higher rate 

than a (turtle) economy that adopts close trade and investment policies. 

The Triple C theory argues that a well-functioning domestic engine is necessary 

for driving the other two engines (Lim, 2004). If the domestic engine dysfunctions, in 

particular if “G” dysfunctions, the regional and global engines will fail to work too. 

The importance of government and its bureaucracy in harnessing the benefits of 

globalization has also been put forth by other researchers. As Kirkpatrick (1994) and 

Cook and Kirkpatrick (1997) point out, “deriving the potential benefits of 

globalization requires effective economic management and policy formulation on the 

part of national policy-makers. Where administrative, institutional and organizational 

structures are weak, the capacity to ‘manage’ the globalization process is 

undermined”. 

 7
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1.3. Interpretations of the S-Curve 

1.3.1. S-Curve as the Development Path of an Economy 

The S-Curve can be used to portray the development path of an individual economy. 

In this case, variable on the y-axis will be the level of economic development with 

(log) per capita income commonly being used as a proxy. The x-axis variable is time. 

The slope of the S-Curve gives the rate of growth of the per capita income 

( )()()(ln tYtYdttYd = ). 

It is noted that each country has its own unique S-Curve. The S-Curve only 

depicts the general pattern of development. It does not explicate the duration a 

country would remain as a turtle/horse economy. It also does not spell out the per 

capita income level of a matured elephant economy. Figure 1-2 gives an illustration of 

the differing development paths of three different countries. Using Economy 1 as a 

baseline case and supposing all three economies experience take-off at about the same 

period. Economy 2 grows at a faster pace and thus is transformed into an elephant 

economy over a much shorter period of time. On the other hand, Economy 3 only 

manages to achieve a much lower level of per capita income as compared to Economy 

1 when both economies are in their third stage of economic development. According 

to the EGOIN Theory, the growth rate of an economy is determined by the rate of 

improvement of its EGOIN, while the income level of an economy is determined by 

its level of EGOIN. In the case of Economy 2, the rapid improvement in its E, G, O, I 

and N are the explanation behind its rapid transformation. In the case of Economy 3, 

constraints such as geographical location, political state of affairs, lack of natural 

resources and even culture and social norms, factors which are often not within the 

 8
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control of the leaders and the people of the country, could cap the potential income 

level of an economy. 

 

Figure 1-2: Different S-Curves for Different Economies 

It is also noted that the not all time plots of per capita income of economies would 

show an S-Curve. For instance, the time plots of per capita income of turtle 

economies would not show an S-Curve, as these economies have not experienced 

economic take-off. In addition, the data series need to be sufficiently long so as to 

trace the development of an economy from a developing economy to a developed 

economy in order for the time plot to show an S-Curve. Thus, limitation in the 

availability of data could result in the inability to sketch out the S-Curve of economic 

development of a country. 

1.3.2. S-Curve as a Snapshot of the World Economy 

The S-Curve can be used to depict a snapshot of the economic landscape of the world 

economy. In this case, the y-axis variable is the level of economic development while 

the x-axis represents the development stages, i.e. turtle, horse and elephant. Countries 

under study would be placed in ascending order according to their stages of 

development. The slope of the S-Curve is still taken to represent the growth rates of 

 9
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the economies. Although it is not possible to plot the S-Curve in this context using 

empirical data, it is insightful to view the ranking of the economies against the 

framework of the S-Curve. Figure 1-3 shows the ranking of the 17 East Asian 

Economies according to their EGOIN per capita by Lim (2005)3,4.  

 

Source: Lim (2005) 

Figure 1-3: S-Curve for the 17 East Asian Economies 

1.4. Empirical Supports of the S-Curve Hypothesis 

The S-Curve hypothesis is well-supported by empirical data. This section presents 

three separate bodies of evidence of validity of the S-Curve hypothesis. 

 
3 Some researchers may question the wisdom of placing Brunei as an Elephant economy. However, it is noted that 
the S-Curve in  is plotted against EGOIN per capita. Thus, what Brunei lacks in the quality of other 
aspects of EGOI is sufficiently makes up by its abundance in oil and natural gas (N). 

Figure 1-3

4 GDP per capita has often been used as a proxy for EGOIN per capita. However, an important difference between 
the two measures is that while GDP is the output of a country, EGOIN measures the output potential of the 
country. 
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1.4.1.  Evidence 1: Relationship between Long-term Growth Rate and Per Capita 
Income Level 

If the S-Curve hypothesis is correct, a graphical plot of long run GDP per capita 

growth rate against GDP per capita would present itself as an inverted U-shaped 

curve: low growth rates at the two ends of the income spectrum, and high growth rates 

for the middle-income countries. 

Figure 1-4 plots the average annual growth rates of GDP per capita of 115 

countries over a period of forty years from 1961-2000 against their respective GDP 

per capita in 1990. The data are obtained from the Penn World Table 6.1 (Heston, 

Summers and Aten, 2002) 5. The GDP per capita figures are both PPP-adjusted and 

inflation-adjusted. The data series is fitted with a second order polynomial function 

with GDP per capita growth rates (GYPC) as the dependent variable and GDP per 

capita (YPC) as the explanatory variable. The result of the regression and the 

corresponding t-statistics (in parentheses) are given as follows: 

 

3588.0
)036.5()426.6()404.1(

)()10501.1()10523.4(00356.0

2

2106

=

−
⋅⋅−⋅⋅+= −−

R

YPCYPCGYPC
 

The coefficients for YPC and YPC2 are significant and are correctly signed. The 

predicted values show an inverted U-shape in Figure 1-4.  

 

 
5 Data on 168 countries are available from the PWT 6.1. However, only 115 countries have GDP per capita data 
spanning across more than 30 years. These 115 countries are used in the following analysis. 
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Source: Computed from data from PWT 6.1 (Heston et al., 2002) 

Figure 1-4: Average Annual GDP Per Capita Growth Rate from 1961 – 2000 versus 
GDP Per Capita in 1990 (International $6 in 1996 Prices) 

The U-shaped relationship between the GDP per capita growth rate and the GDP 

per capita can also be tested using the correlation coefficient: correlation between the 

two variables should be positive for low to medium per capita income level, and 

negative for high per capita income level. Using International $15,000 as a cut-off 

point, we tested for the correlation between the GDP per capita growth rate and the 

GDP per capita. For countries with per capita income below International $15,000, 

which would include the turtle and the horse economies, the Pearson product moment 

correlation coefficient is 0.59. On the other hand, for countries with per capita income 

above International $15,000, the Pearson product moment correlation coefficient is -

0.09. Thus, the results again support the S-Curve hypothesis. 

 
6 International dollar has the same purchasing power over total U.S. GDP as the U.S. dollar in a given base year 
(1996 in PWT 6.1). 
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1.4.2. Evidence 2: Growth Patterns of Country Groups by Income Levels 

Phillips and Sul (2005) use per capita real income data from the Penn World Table 

from 1960 to 1996 to illustrate the growth patterns of 88 economies by income 

groups. The authors first divide the 88 countries into five sub-groupings on the basis 

of their initial income: poorest, poor, middle, rich and richest. The authors then plot 

the time paths of the subgroup averages over five successive panels in the same graph, 

from the poorest to the richest. Each panel spans the 37-year period between 1960 and 

1996. The resultant graphical plot, as given in Figure 1-5, is an interesting and new 

way of looking at the evidence of convergence and growth. Equally interestingly, the 

graphical plot resembles Lim’s S-Curve of economic development. Relating Figure 

1-5 to Figure 1-1 of the S-Curve hypothesis, the ‘poorest’ and ‘poor’ country groups 

correspond to the ‘turtle economies’, the ‘middle’ and ‘rich’ country groups 

correspond to the ‘horse economies’, and the ‘richest’ country group corresponds to 

the ‘elephant economies’. 

 

Source: Phillips and Sul (2005) 

Figure 1-5: World E

r 
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As described by Phillips and Sul (2005), “While each panel restarts the time 

profile from 1960 onwards, the arrangement of the panels produces an escalator effect 

from the poorest to the richest groups that is surprisingly connected in form. The 

escalator begins with a stair that has a fairly flat shape corresponding to the slow 

growth of the poorest nations and the stairs generally become steeper as the nation 

groups become richer and grow faster”. The total economic growth over a 37 year 

time span for the average of each country group is given by the height of the 

shadowed area in Figure 1-5. With the exception of the ‘richest’ country group, the 

total economic growths of the first four groups correlate positively to the initial 

income levels of the groups. The growth of the ‘richest’ country group is lower than 

that of the ‘rich’ country group, although it is higher than the other three groups. This 

result concurs with the S-Curve hypothesis which says that middle-income countries 

grow more rapidly than low-income and high-income countries. 

Furthermore, it can be seen from Figure 1-5 that the ‘rich’ countries are catching 

up with the ‘richest’ countries, signaling convergence at the upper-tier of the world 

economy. On the other hand, the rest of the world economies are diverging from the 

‘rich’ and ‘richest’ countries in terms of income level. 

1.4.3. Evidence 3: Cross-country Income Distribution 

The S-Curve hypothesis predicts that, over time, the turtle economies would diverge 

further and further away from the rest of the world, while the horse economies would 

catch up with the elephant economies. When view against empirical data on cross-

country income distribution, one would expect the overall spread of per capita income 
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to increase overtime, while the income distribution between the upper-middle and the 

high income economies to narrow over time. 

Durlauf and Quah (1999) develop some stylized facts on the properties of cross-

country distribution of growth characteristics. Using data from the Summers-Heston 

V.6 database for the period 1960 – 1989, the authors show that the overall spread of 

per capita incomes increased over time, “the extremes appear to be diverging away 

from each other – with the poor becoming poorer, and the rich richer”. This stylized 

fact is in line with the S-Curve hypothesis which postulates that the turtle economies 

would diverge further and further away from the rest of the world. 

In addition, Durlauf and Quah (1999) also show that within clusters, there is a fall 

in the spread between the relatively rich countries. According to the authors, the 

income distance between the 85th and 95th percentiles was 0.98 times world per capita 

income in 1960-64; this distance fell to 0.59 in 1985-89. This stylized fact again is in 

line with the S-Curve hypothesis which postulates convergence at the upper-income 

level of the world economy. 

1.5. Insights and Implications of the S-Curve Hypothesis 

The S-Curve hypothesis offers several insights and policy implications for economic 

development. 

1. Income levels of the horse economies would converge towards those of the 

elephant economies, while income levels of the turtle economies would 

diverge away from the rest of the world. Overtime, the income differential 

between the world’s richest countries and the world’s second richest are 
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expected to narrow, although the overall income distribution of the world 

economy would remain wide. 

2. In the long process of world economic development, many of the horse 

economies would eventually graduate to become elephant economies, 

although the growth prospects of some of the horse economies may falter 

and these economies would slip back to become turtle economies. At the 

same time, there would be some turtle economies whose EGOIN have 

undergone significant improvements, and these economies would 

transform into horse economies. 

3. The superlative growth rates of the horse economies can be explained by 

high investment rate and quantum leap in technological transfer (Lim, 

2005). The rapid accumulation of physical capital, from both domestic and 

foreign investment, would directly result in higher GDP and would 

generate higher output growth for the future. At the same time, the 

relatively low level of development of the horse economies enables the 

quantum leap transfer of technology, organizational skills and production 

processes from the developed nations. It is thus important for developing 

countries to adopt open trade and investment policies that encourage 

interactions and exchanges with other countries. 

4. The superlative growth rates of the horse economies would eventually 

slow down as their income levels approach those of the elephant 

economies. This is because the quantum leap benefits enjoyed by the horse 

economies through technological transfer would diminish as their 
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technological levels approach those of the elephant economies. Countries 

such as Japan that used to be a horse economy in those decades after the 

Second War World has seen its growth rate slowed since late 1980s. In 

other words, the slow down of the Japanese economy can be explained by 

the S-Curve hypothesis. Following the same line of argument, Singapore’s 

economy will soon be slowing down to the 2-4% growth rate similar to 

those of the developed nations. There is very little theoretical and 

empirical support that suggests that a very high income economy can 

continue to grow at a superlative rate over prolonged period of time. 

5. The rapid-growing horse economy that is able to catch up with the 

developed nations in a span of a few decades is a fairly recent 

phenomenon. Globalization, world trade, cross-continent investment and 

international capital flow have provided the necessary impetus to spur the 

growth of the poor but open economies. In other words, openness to trade 

and investment are two of the most critical determinants of economic 

development. 

6. Growth determinants are multi-faceted. Apart from investment (I) and 

technological transfer (closely associated with I) that are emphasized by 

the S-Curve hypothesis, the other determinants are E, O, G and N as 

outlined in the EGOIN Theory. Of which, G, the attitude and aptitude of 

the government and its bureaucracy, is the most important determinant. G 

plays the role of an enabler; without G, the accumulation, development 

and full utilization of E, O, I and N will be hampered. However, in contrast 

to the stability of the other 4 co-determinants, G is susceptible to large and 
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sudden fluctuations that could derail the development process of the 

economy. 

7. The level of income of an economy is dependent on the level of its 

EGOIN; the rate of growth of the economy is dependent on the rate of 

improvement of its EGOIN. An economy whose government is adopting 

pro-development policies, steadily opening up its economy to international 

trade and private investment (E), continuously improving its human capital 

(O), rapidly accumulating physical capital stock (I) and/or better utilizing 

its natural resources (N) would enjoy a high rate of economic growth. 

1.6. Evaluation of the S-Curve Hypothesis 

The S-Curve hypothesis, to a large extent, accurately captures a snapshot of the 

current economic landscape. Empirical analysis in Section 1.4.1 shows that the 

world’s economies can be broadly classified into the three categories according to the 

S-Curve hypothesis. 

The S-Curve hypothesis also adequately describes the development experiences of 

many economies that have developed rapidly after the World War II, such as 

Singapore, Japan and China. These countries have experienced an intense phase of 

rapid development over a 30-40 years period in the recent decades. Two important 

factors were present during the rapid growth phase of these countries that greatly 

strengthen their growth intensity: other highly developed nations that these countries 

could emulate, and increased globalization that facilitate knowledge transfer. These 

two factors allow the quantum leap in technological level and the accompanied high 
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income growth to take place. The S-Curve hypothesis, however, is less useful in 

describing the development experiences of the OECD economies. 

It is important to note that the S-Curve hypothesis is not an iron law; it only 

depicts a tendency. For instance, the hypothesis does not imply that all horse 

economies will continue on the “sure path” to further economic development. 

Political instability, turn-about on pro-development policies, and corrupted and 

inefficient bureaucracy could always derail the growth of a horse economy and even 

push it back to a turtle economy. The hypothesis also does not imply that an elephant 

economy would always remain as an elephant economy; if complacency sets in, even 

a developed country could regress to a developing country. 

The S-Curve hypothesis is a useful theory that can be used to explain both 

convergence and divergence, and the formation of convergence club in economic 

development. Lim (1996) has also succinctly described the defining characteristics of 

economies at the various stages of development. One of the contributions of the S-

Curve hypothesis is that it highlighted the necessary drivers of growth that are needed 

for economic development. 

The main weakness of the S-Curve hypothesis is that it lacks quantitative rigor. 

There is a lack of empirical proof of the S-Curve hypothesis and there is a lack of 

empirical analysis on the growth paths of economies at different stages of 

development. In addition, the completeness of the S-Curve hypothesis as a growth 

model is also hindered by its lack of micro-economic foundation. 
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1.7. Motivation and Structure of Thesis 

At the first look, the S-Curve hypothesis appears highly simplistic; in the eyes of a 

causal observer, it may even throw out more questions than the questions it seeks to 

answer. In addition, Lim’s treatment of the S-Curve hypothesis is highly qualitative 

and lacks the quantitative rigor that is expected of modern growth models. Thus, 

despite the S-Curve hypothesis being an easy-to-use and easy-to-apply development 

model that offers valuable insights and practical policy implications, it is not being 

widely used. 

This thesis adopts a methodical and empirical approach in analyzing and applying 

the S-Curve hypothesis. It aims to augment the quantitative aspects of the S-Curve 

hypothesis and improve its quantitative rigor. It uses the S-Curve hypothesis as its 

foundation, and stretches and extends the hypothesis to extract further insights.  

Chapter 2 constructs a stochastic growth model that provides the microeconomic 

foundation for the S-Curve hypothesis. The model is based on the technological 

diffusion model by Barro and Sala-I-Martin (1997) with two significant extensions: 

the (productivity) parameter in the model which represents social infrastructure is 

being endogenized and probability of adverse shocks is being incorporated into the 

productivity parameter. The stochastic technological diffusion model is able to 

explain the various transition points outlined in the S-Curve hypothesis. Technology 

diffusion is modeled as the determinant of conditional convergence, while 

technological progress and economic openness further strengthen the social 

infrastructure of the economies bringing about absolute convergence. The model is 

also able to explain why some developing economies experience economic take-off 

while others do not. This model highlights the importance of lowering the cost of 
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technological absorption in enhancing growth rates of developing countries, and 

lowering the cost of innovation in achieving technological leadership. This model also 

highlights the importance of good governance in economic development and 

identifies negative shocks to governance as the main cause of slow growth of the poor 

developing countries. 

Chapter 3 employs the economic transition parameter developed by Phillips and 

Sul (2003; 2005) to shed light on the empirical properties of the growth path of 

economies at the three stages of development: turtle, horse and elephant. In addition, 

the variance ratio test proposed by Phillips and Sul is also used to test for convergence 

of the world economy under the framework of the S-Curve hypothesis. The results 

show that there is no evidence of overall convergence of the world economy. In 

addition, while there are evidences of subgroup convergence among the elephant 

economies, the horse economies and the turtle economies outside the African region, 

there is no sub-group convergence among the African turtle economies. While this is 

insufficient to deduce that there will be no ultimate convergence of the world 

economy, the results show that the poorest countries, in particular those in the African 

region, are not catching up in the last 40-50 years. 

Chapter 4 hypothesizes the accumulation of capital of an economy as it develops 

also follows that of an S-Curve. A newly industrializing economy (NIE) would 

experience rapid accumulation of capital, with the growth of capital outstripping that 

of output, while a maturing economy would face a slow down in capital growth. As a 

result, the incremental capital-output ratio (ICOR) and the average capital-output ratio 

(ACOR) would first increase then gradually decline as and when a country ascends 

the development ladder. A rapidly developing economy would have high and 
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increasing ICOR and ACOR. This hypothesis also implicitly assumes that capital 

accumulation is strongly associated with output growth. Cross-countries data from 60 

countries provides support to the hypothesis of S-Curve of capital accumulation. In 

addition, a case study using Singapore’s capital stock data from 1960 to 2004 also 

concurs with the hypothesis. The long term causal relationship between Singapore’s 

investment in machinery and equipment and GDP growth is also tested and found to 

be positive and bi-directional. Chapter 5 also revisits the issue of Total Factor 

Productivity (TFP) growth and capital growth, and shows that in the case of 

Singapore, strong growth in physical capital is critical for the high economic growth 

achieved by Singapore. Moreover, as Singapore’s economy matures, contribution 

from physical capital diminishes, while contributions from TFP and human capital 

increase. 

Chapter 5 applies the S-Curve hypothesis to the case studies of Japan and 

Singapore. Using Chow test, it is shown that Japan underwent a structural change in 

1974 while Singapore underwent a structural change in 1997, as both countries began 

their transformation into an elephant economy. The case study of Japan concludes that 

the S-Curve hypothesis is able to explain the rapid growth of the Japanese economy in 

the 1950s and 1960s, and the eventual slowing down since late 1980s. By comparing 

the macroeconomic indicators of Japan and Singapore, it is deduced that Singapore is 

at the initial phase of a gradual transformation to an elephant economy; the real per 

capita GDP of Singapore is expected to grow at an annual average of 3.5% to 4% in 

the next twenty years and slow down to 1.5% to 2% thereafter. 

 22

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



CHAPTER  2. MICROECONOMIC FOUNDATION OF THE S-

CURVE HYPOTHESIS: A STOCHASTIC TECHNOLOGICAL 

DIFFUSION MODEL 

2.1. Introduction 

Barro and Sala-I-Martin (1997) construct a growth model that focuses on 

technological innovations in developed countries and technological diffusion to 

developing countries. In their model, long run world growth is driven by discoveries 

in the advanced countries and technology diffusion takes place through the process of 

the developing countries copying the technological innovations of the developed 

nations. The lesser developed countries catch up with the developed countries since 

copying is cheaper than innovating, which allows the followers to grow at a faster 

rate. The growth rate of the follower countries eventually slows down as the costs of 

imitation increase with the diminishing pool of copiable materials. This gives rise to 

the pattern of conditional convergence, where the developing countries grow faster 

when they are further away from the developed nations. The major contribution of the 

Barro and Sala-I-Martin model stems from its ability to “combine elements of 

endogenous growth with the convergence implications of the neoclassical growth 

model”. What is equally significant is that the model highlights the importance of 

technological innovations in world development and the importance of technological 

transfer in economic growth in the lesser developed countries.  

However, the model is not without its shortcomings. In particular, an important 

parameter in the model which represents government policies and technological level 

is taken to be a constant and is exogenously determined. Barro and Sala-I-Martin term 
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the parameter as the “productivity parameter”. This parameter can also be taken as a 

measurement of the social infrastructure or social capacity of an economy. This 

exogeneity of the productivity parameter results in some difficulties in explaining 

economic transformation within the model. In particular, the model is not able to 

explain the transformation of a lesser-developed economy that used to languish in 

slow growth to a fast-growing Newly Industrializing Economy (NIE). In addition, by 

treating the productivity parameter as a constant, the model ignores the positive 

causation between the productivity parameter and other aspects of development such 

as openness and technological advancement. The constancy of the productivity 

parameter also gives rise to the conclusion that rules out absolute convergence even in 

the long run equilibrium. The model is also not able to explain why some lesser 

developed economies experience economic take-off while others do not. 

This chapter aims to extend the Barro and Sala-I-Martin’s model by endogenizing 

the productivity parameter within the model. The productivity parameter is postulated 

to be an increasing function of economic linkages and technological advances. In 

addition, the improvement of productivity parameter is also postulated to be stochastic 

and influenced by “luck”. These two extensions are both intuitive and are supported 

by empirical studies. Empirical researches by Andersson (2001) and Bregman and 

Marom (1999) show that openness contributes positively to productivity growth. In 

addition, analysis of Easterly et al. (1993) on the importance of “luck” in cross-

country growth performance show that luck is important relative to policies in 

determining the long-run path of output. 

The resultant model is a stochastic growth model is able to explain the “catching 

up” of the NIEs with the advanced economies; the “slowing down” of the maturing 
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NIEs and the slower growth rate of the developed economies; and the “lagging 

behind” of the poor developing economies. The model is also able to generate results 

that illustrate why some developing economies experience economic take-off while 

others do not. Technology diffusion is modeled as the determinant of conditional 

convergence of the NIEs, while technological progress and economic openness 

further strengthen the social infrastructure of the economy. This brings about absolute 

convergence. The model also highlights the importance of good governance in 

economic development and identifies negative shocks to governance as the main 

cause of slow growth of the poor developing countries. 

The structure of this chapter is as follow. Section 2.2 discusses the strengths and 

weaknesses of Barro and Sala-I-Martin’s technological diffusion model in depicting 

general development path. Section 2.3 formulates the productivity parameter, while 

Section 2.4 describes the stochastic technological diffusion model with endogenized 

productivity parameter. Section 2.5 discusses the key results of the model and Section 

2.6 presents the simulation results. Section 2.7 concludes. 

2.2. Barro and Sala-I-Martin’s Technological Diffusion Model 

To facilitate the discussion of the Barro and Sala-I-Martin’s model, as references will 

be made to several variables, the production function used in the model will be briefly 

presented here. The production function of Yi is given by: 

    ∑
=

− ⋅⋅=
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In the model, there are two countries, denoted by the index i = 1, 2. Country 1 is 

the technological leader while country 2 is the follower. Ai is a productivity parameter 
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that represents various aspects of government policy such as taxation, provision of 

public services, and maintenance of property rights and level of technology. Li is labor 

input. Xij is the quantity employed of the jth type of nondurable intermediate good. Ni 

is the number of types of intermediate goods available in country i. α is a constant 

between 0 and 1. The production function specifies diminishing marginal productivity 

of each input, such that 0,0 <∂∂>∂∂ ijiiji XYXY 22 , and constant returns to scale in 

all inputs together. Technological progress takes the form of an expansion of the 

number of varieties of intermediate goods, which is captured by Ni. Similar setups 

have been used in Barro (1995), Romer (1990) and Rivera-Batiz and Romer (1991). 

The intrinsically superior country, in terms of high A, high L and low cost of 

innovation, will be the technological leader; all inventions of new types of 

intermediate goods occur in this country. The intrinsically inferior country will be the 

follower; it imitates the intermediate goods available in the leader country and does 

not invent anything. 

2.2.1. Descriptive Properties of the Model  

According to Lim’s S-Curve hypothesis of economic development (1994; 1996; 

1997), there are three critical transition points along the development path of a nation. 

A growth model that aims to depict the development paths of the world economies 

should be able to generate these three transition points as part of its results. The three 

transition points are: 

1. Transformation of turtle economy to horse economy. The transformation of a 

turtle economy to a horse economy is not an automatic process. Some turtle 

economies manage to move on to the higher growth path, while others are 
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caught in the low-level equilibrium trap. The key factor that initiates the 

transformation is a significant improvement in the social infrastructure, in 

particular, the quality of government and its bureaucracy. 

2. Superlative growth of horse economy. Horse economies grow rapidly, at a 

significantly higher growth rates than the developed economies over long 

period of time. This higher growth rates enable the horse economies to catch 

up with the developed economies in terms of per capita output level.  

3. Transformation of horse economy to elephant economy. Matured economies 

grow slowly. Growth rates of the horse economies gradually slow down to 

approach those of the developed economies as the per capita output levels of 

the horse economies approach those of the developed economies. 

Through the assumptions that copying is cheaper than innovating and that the 

costs of copying increase as the pool of copiable materials diminishes, Barro and 

Sala-I-Martin’s technology diffusion model is able to explain the rapid growth of the 

newly industrializing economies (NIEs) and the slowing down of these economies as 

they mature. In other words, the result exhibits conditional convergence, where the 

developing countries grow faster when they are further away from the developed 

nations. It is also able to explain why advanced economies grow at a slower rate as 

compared to the NIEs, and thus allowing the catching up of the NIEs with the 

advanced economies. In addition, the model allows for the case where a developing 

country grows at a slower pace than the developed country, such that divergence 

actually takes place and the developing country lags behind. In their model, if the 

ratio of the productivity parameters of the two countries (A2/A1) is low, such that the 
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steady state ratio of per-worker outputs (y2/y1)* is small, then the growth rate of the 

developing country ( 22 yy ) can be below the growth rate of the advanced economy 

( 11 yy ) even if y2 is substantially less than y1. In other words, (conditional) 

convergence does not necessarily take place in the model. 

2.2.2. Inadequacy of the Model in Describing Economic Development 

Barro and Sala-I-Martin’s (1997) model is adequate to explain the 2nd and 3rd 

transition points of an economy as listed in Section 2.2.1, except that the model is not 

able to generate a convergence in per capita output level. In the model, growth rate 

equalizes but not the income level at the steady state. A country that was initially a 

follower will be a perpetual follower. 

In addition, while the model is able to allow for the case of a slow-growing low-

income economy, it cannot explain why some developing economies take-off, while 

others are left behind. Furthermore, a developing country that is initially growing 

slower than the developed country will always be a laggard, and there is no 

mechanism for it to be transformed into a fast-growing economy at all. 

These results are at odds with the empirical evidences. Studies by Hsiao and Hsiao 

(2004) and Cunado, Gil-Alana and Perez de Gracia (2004) show that real GDP per 

capita of NIEs (Taiwan and Korea) are converging to that of developed nations (Japan 

and United States). In addition, Hsiao and Hsiao (2004) also show that there are many 

historical examples of catching-up and falling-behind among nations. Similarly, there 

are also many examples of slow-growing turtle economies taking off and transformed 

into fast-growing horse economies.  
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Barro and Sala-I-Martin attempt to overcome these two shortfalls by assuming 

exogenous changes in the productivity parameter A. Thus, a slow-growing developing 

country can be transformed into a fast-growing developing country if there is an 

exogenous improvement in A. Similarly, a follower country can over-take a leader 

country in terms of per worker output level if there is an exogenous improvement in 

A. 

The productivity parameter A in the model, which is taken to represent various 

aspects of government policy such as taxation, provision of public services, and 

maintenance of property rights and level of technology, is assumed to be constant and 

exogenous. These assumptions pose less of a constraint for the developed countries, 

but can be very problematic for the developing counties. The endogeneity of the 

productivity parameter A will be further discussed in the following subsection. 

The third but related shortcoming of the Barro and Sala-I-Martin’s model is that it 

models economic development of the developing countries to depend only on 

technological transfer. The developing countries in the model catch up with the 

developed countries via imitation while the productivity parameter A is assumed to 

remain constant. This assumption disregards the positive impacts of foreign direct 

investment, trade, openness and technological transfer have on A. Thus, growth of the 

developing countries would be more rapid than that predicted by the Barro and Sala-I-

Martin’s model. 
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2.3. Interpretation and Enhancement of the Productivity Parameter 

2.3.1. Productivity Parameter and EGOIN Theory 

The productivity parameter (A) in the Barro and Sala-I-Martin (1997) is taken to 

represent various aspects of government policies and, to a lesser extent, level of 

technology. Technological progress in the model actually takes the form of an 

expansion of the number of varieties of intermediate goods, rather than an 

improvement in A. The use of A in the Barro and Sala-I-Martin’s model is thus quite 

different from that in the usual Solow (1956) growth model. 

Comparing Barro and Sala-I-Martin’s model to Lim’s (1984; 1991; 2004) EGOIN 

Theory, improvement in A is similar to improvement in G in the EGOIN Theory. 

EGOIN stands for Entrepreneurship (E), Government (G), Ordinary Labor (O), 

Investment (I), and Natural Resources (N). According to the EGOIN theory, the level 

of economic development of a country is a direct function of its EGOIN. According to 

the S-Curve hypothesis, the EGOIN of a developing economy has to be substantially 

improved before the economy can experience a take-off. Out of five determinants of 

the development of EGOIN, G is the most important1. G in the EGOIN theory is 

broadly-defined. It includes policy orientation of the government, protection of 

property rights, maintenance of law and order, control of corruption and efficiency 

and effectiveness of its bureaucracy in implementing the policies. In other words, G 

encompasses the social infrastructure of the economy that allows productive activities 

 
1 The importance of good and pro-development government in economic development is also echoed by other 
researchers such as Fukuyama (2004) and Kaufmann (2006). Kaufmann, the Director of Global Governance at the 
World Bank Institutes, was quoted saying that good governance is the “300 percent development dividend”. 
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to take place. In the following discussion, A (and G) are taken to represent social 

infrastructure. 

2.3.2. Endogeneity of Productivity Parameter A 

The improvement in A (or G) and its positive impact on economic development is 

likely to be re-enforcing. For example, government of a developing economy, which 

could be new or incumbent, has a change in policy orientation and adopted pro-

development policies such as openness in trade and foreign investment. Provided that 

the country is politically stable and cost of operation is reasonably low, the country is 

likely to experience an influx of foreign investment, an increase in international trade, 

and an advancement in economic development. The increased interaction with the 

global market is likely to have positive impacts on A (or G) in the medium to long 

term in areas such as judiciary system, property rights protection, organization of the 

bureaucracy, and so on. These improvements in the various aspects of A (or G) will 

further increase the attractiveness of the country as a destination of investment and 

enhance the competitiveness of exports. 

In the context of the Barro and Sala-I-Martin’s model, technological progress is 

modeled as an expansion of the varieties of the intermediate goods. Developing 

economies import technological know-how from the developed nations. Implicit in 

the model is the assumption that there is openness to trade and investment in the 

developing economies. As the developing economies “learn” new technological 

know-how from the developed economies, they also “learn” better ways of organizing 

their bureaucracy, conducting their macro-economic policies and managing their 
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economies. In other words, A cannot be constant as N increase, i.e. A has to be an 

increasing function of N. 

There are two implications of A being an increasing function of N. Firstly, 

absolute convergence between the NIEs and the developed nations is a real 

possibility. The NIEs could catch up with the developed nations not only in terms of 

growth rates, but also in terms of income levels. Secondly, the NIEs have grown at 

superlative rate not only because of technological advancement, but also improvement 

in policies, institutions, and organization structure. Thus, the growth rates of the 

developing countries would be more rapid than those predicted by the Barro and Sala-

I-Martin’s model. 

2.3.3. Role of Chance in the Productivity Parameter 

If A is taken to represent the encompassing role of G, then “chance” will be one of the 

factors that affect improvement in A. Similar view had also been expressed by 

Professor Arthur Lewis. Huang (2005), a former director of the World Bank, 

recounted a conversation with Professor Arthur Lewis where he asked Professor 

Lewis, “why do some developing countries grow faster than others?” Professor Lewis 

answered, “great leader and good policies … however the emergence of a Great Man 

and the emergence of good policies seems to be largely a matter of luck”. The 

comment by Professor Lewis has to be further augmented. Firstly, the “emergence of 

a Great Man” can and should be generalized to the “emergence of a good 

government”. Secondly, a “good government” that facilitates and enables economic 

development is one that is market-oriented and development-oriented. 
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There are many examples that show that luck plays an important role in 

determining the transformation of a turtle economy to a horse economy, such as 

Singapore and China. There are even more examples of developing countries plagued 

by the bad luck of having bad leadership, or good leaders but bad polices. These 

countries either fail to take-off, or if they manage to take-off, say due to abundance of 

natural resources, they are likely to eventually suffer a growth reversal or stagnation. 

The improvement of A is likely to be influenced by chance. This probability of 

improvement is also likely to increase together with economic development. As 

compared to a well-developed elephant economy, a turtle economy with ill-defined 

and poorly-secured property rights, weak legislative framework and inefficient 

bureaucracy is more exposed to abuses by bad leaderships and more likely to 

encounter bad policies or failure to implement good polices. This postulation is 

supported by empirical evidences by Quah (1993) and Acemoglu and Zilibotti (1997). 

Quah (1993) show that the probability of adverse shocks to national incomes 

decreases as the national incomes increase. Acemoglu and Zilibotti (1997) show that 

poor countries exhibit considerably higher variability of output than more developed 

economy, thus giving support to the claim that “the process of development is 

perilous at the early stages”. 

2.3.4. Formulation of the Productivity Parameter 

Let country 1 in the model represents the developed nations. The productivity 

parameter A1 of country 1 is postulated to be an increasing function of technological 

advancement, N1. Furthermore, as the social infrastructure of the country 1 is well-
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developed, we postulate that A1 is not affected by luck. For tractability, we assume A1 

to take on the following functional form: 

 1,0)(,0)(,)( 1111111 <<″>′== ββ NANANNfA  (1) 

where  and are the first and second order differentials of A′
1A ″

1A 1. 

Country 2 in the model represents the developing economy. As discussed in the 

earlier section, it is postulated that the productivity parameter of country 2, A2, is an 

increasing function of technological advancement, N2, and it is influenced by chance. 

Again, for tractability, we assume A2 to take on the following functional form: 

  (2) 1,0)(,0)(,)( 2222222 <<′′>′⋅Θ=⋅Θ= ββ NANANNfA

where Θ is the stochastic component of A2. N2 is an indicator of technological 

advancement of country 2; N2 also serves as a proxy of the level of linkages country 2 

has with the advanced economy. 

If both country 1 and country 2 share the same functional form, the productivity 

parameter of country 2 can be written as:  

 1,)(
1

2
12 <Θ= ββ

N
NAA  (3) 

Θ is the stochastic component of A2 which is influenced by luck. Θ is a random 

variable which can take two values, 0 < ΘL < ΘH = 1. The productivity parameter of 

country 2 is subjected to a random shock every period. In the event of a positive 

shock, Θ = ΘH = 1 and β)( 1212 NNAA = . In the event of a negative shock, Θ = ΘL < 
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1, and β L

H

AA >

)( 1212 NNAA < . For simplicity, it is assumed that all  are the same (=ΘtΘ L) 

and all  are the same (=ΘtΘ H). 

It is further postulated that as the social infrastructure of the economy becomes 

better developed, such that , the likelihood of an occurrence of negative 

shock decreases. This assumption can be understood in two ways. Firstly, an 

advanced economy with its checks and balances in place, is less likely to be hijacked 

by “bandits” (Olson, 1993). Secondly, an economy with its social infrastructure well-

built up is less susceptible to the occasional bad policies implemented by well-

intention government. 

tt 212 +

Let pt be the probability of appearance of good government and/or good policies:  

  (4)  )Pr( H
ttp Θ=Θ≡

Recall from earlier discussion, this probability, pt, is an increasingly function of 

(last period) A2. We further postulate that as the country becomes well-developed, 

such that A2 approaches A1, p approaches 1. This assumption stems from our earlier 

assumption that A1 is not subjected to shock. Thus: 

  (5) 0)('),( 1212 >= −− ttt AgAgp

The expected value of Θ at time t is given by: 

 E(Θt) = θt  = (1 – p t)⋅ΘL + p t⋅ΘH = (1 – p t)⋅ΘL + p t (6) 

E(Θ) approaches 1 as the country becomes well-developed. 
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From equation (3), if the technological level of country 2 catches up with that of 

country 1, such that N2/N1 tends to 1 in distribution, and Θ tends to 1 in probability, 

then using the Slutsky Theorem, A2 tends to A1 in distribution. 

The schematic presentation of the relationship between A2, N2 and p is shown as 

follow: 

 

N2t N2t+1

Thus, in period t, the (realized) values of N2t and pt will jointly determine the 

value of A2t. The value of A2t will in turn influence the values of N2t+1 and pt+1. The 

effect of A2t on N2t+1 will be further illustrated in Section 2.4.5. 

2.4. The Stochastic Technological Diffusion Model 

The basic model used in this section is largely drawn from Barro and Sala-I-Martin 

(1997). In this model, the basic model is extended with further characterization of the 

productivity parameter, A. 

2.4.1. Setup of the Model 

In Barro and Sala-I-Martin’s (1997) model, there are two countries, denoted by i = 1, 

2. The production function in each country is: 

  (7) ∑
=

− ⋅⋅=
iN

j
ijiii XLAY

1

1 )( αα

pt               Θt

A2t

pt+1             Θt+1

A2t+1
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The variables are as defined under Section 2.2. The social infrastructure Ai is 

accessible by all agents in country i, and production of the final goods occurs under 

competitive condition. Other assumptions include balanced trade and constant Li. 

Each unit of consumption (Ci) or each unit of production of intermediate good (Xij) 

require one unit of Yi. The invention of a new variety of product requires a lump-sum 

outlay of ηi of Yi. ηi assumed to be constant, meaning that diminishing returns does 

not apply to invention.  

2.4.2. Innovation in Country 1 

Country 1 is the technological leader initially, such that N1(0) > N2(0), where 0 in the 

parenthesis refers to t = 0. As discussed earlier, Ni measures the number of types of 

intermediate goods available in country i; it serves as an indicator of technological 

advancement of country i;  The leading country is the innovator, and technological 

progress shows up as an expansion of the number of varieties of intermediate goods.  

The production function of country 1 is s follow: 

  (8) ∑
=

− ⋅⋅=
1

1
1

1
111 )(

N

j
jXLAY αα

Inventor of an intermediate good j retains a perpetual monopoly over the use of 

the intermediate good for production in Country 1. The cost of invention is a constant 

η1. The flow of monopoly profit to the inventor is expressed as: 

 )()1( 111 jjj XP ⋅−=π  (9) 

where P1j  is the price of intermediate good j in country 1, and 1 inside the 

parenthesis is the marginal cost of production for the intermediate good. 
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 From equation (8), the marginal product of intermediate good j is given by: 

 1
1

1
11

1

1 )(
1

−− ⋅⋅⋅=∂
∂= ααα j

j
X XLAX

YMP
j

 (10) 

 Equating this marginal product to the price of intermediate good j (P1j) gives the 

demand function for intermediate good j from all producers of final goods in country 

1 in the form: 

 αα −⋅= 1
1

1

1
11 )(

j
j P

ALX  (11) 

Substituting the demand function of intermediate good j into equation (9) and 

maximize profit with respect to P1j yields the monopoly price, which happens to be a 

constant and is the same for all intermediate goods j: 

 11
11 >== αPP j  (12) 

Substituting the monopoly price into the demand function gives the total quantity 

produced of intermediate good j in country 1, which is the same for all intermediate 

goods j but increases over time as A1 improves.  

 αα α −− ⋅⋅== 1
2

1
1

1111 )(ALXX j  (13) 

Substitute expression of P1 from equation (12) and X1 from equation (13) into the 

profit flow equation (9), we get: 

 α
α

αααππ −
+

−⋅⋅−== 1
1

1
1

1111 )()1( ALj  (14) 

Profit is the same for all intermediate goods j but increases over time as A1 

improves. 
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If there is free entry to the R&D business and the equilibrium quantity of R&D is 

nonzero at each point in time, then the present value of profits at time t must equal the 

constant cost of invention, say η1, at each point in time. The present value of profits 

from date t onwards is: 

  (15) 1111 ])(exp[)( ηπ =⋅⋅−= ∫∫
∞

dsdvvrtV
s

tt t

where r1(v) is the rate of return at time v.  

Differentiate both sides of equation (15) with respect to t and solve for r1 to 

obtain: 

 
1

11

1

1
1

])(exp[

η

π

η
π dsdvvr

r t

s

ttt
t

∫ ∫
∞

⋅−⋅
−=  (16) 

Thus, r1 is the ratio of profit flow (π1) to the cost of invention (η1) minus the 

present value of change in profit. The change in profit arises due to the increases in 

the quantity of X1 used in the production function, which in turn is due to the 

improvement in A1 as N1 increases. It was postulated in equation (1) that improvement 

in A1 due to increase in N1 encounters diminishing returns. If we assume level of A1 is 

sufficiently high such that further improvement in A1 as N1 increases is negligible, 

then π1t is almost a constant and the second term in equation (16) approaches zero and 

we have r1 as a constant: 

 
1

1
1 η

π=r  (17)

The total output of country 1 is given by: 

 11
1

2
1

1

11 )( NLAY ⋅⋅= −− α
α

α α  (18) 
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Thus, output per worker in country 1 increases with the productivity parameter, 

A1, and the number of intermediate goods, N1, i.e.: 

 1
1

2
1

1

1
1

1
1 )( NAL

Yy ⋅⋅=≡ −− α
α

α α  (19) 

Consumers in country 1 are of the Ramsey type with infinite horizons. The 

number of consumers remains constant over time. Maximization of utility, subject to 

standard budget constraints, gives the growth rate of consumption as: 

 )).(1( 1
1

1 ρζ −= rC
C  (20) 

where ζ is the coefficient of relative risk aversion and ρ is the rate of time 

preference. Since r1 is taken to be a constant at high level of A1 (or Y1), the growth of 

C1 is also constant. 

In the full equilibrium, N1 and Y1 always grow at the same rate as C1. If γ1 denotes 

this common growth rate, then: 

 )()1()()1(
1

1
11 ρη

π
ζρζγ −⋅=−⋅= r  (21) 

2.4.3. Imitation in Country 2 

Country 2 is the technological laggard initially, such that N1(0) > N2(0). The copying 

and adaptation of one of country 1’s intermediate goods for use in country 2 requires 

a lump sum-outlay, ν2(t). It is assumed that ν2(0) < η2, so imitation is initially more 

attractive than innovation for country 2. Barro and Sala-I-Martin (1997) reason that 

while cost of innovation could be taken as constant (as the number of potential 

inventions is unbounded), cost of imitation is likely to increase as the available pool 
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of copiable materials decreases. Thus, ν2 is assumed to be an increasing function of 

N2/N1, i.e.: 

 0),( 2
1

2
22 >′= vN

Nvv  (22) 

Figure 2-1 is taken from Barro and Sala-I-Martin (1997). It shows the increasing 

cost of imitation as N2/N1 increases. 

 

Source: (Barro and Sala-I-Martin, 1997)  

Figure 2-1: Cost of Technological Change in Country 2 

The production function of country 2 is as follow: 

  (23) ∑
=

− ⋅⋅=
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1
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jXLAY αα

 ⇒ ∑
=

− ⋅⋅Θ=
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2
12 )()(

N

j
jXL

N
NAY ααβ  (24) 

where , . )()Pr( 1−=Θ=Θ≡ t
H

tt Agp 0)(' 1 >−tAg

The expected output of country 2 is: 
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where θ = p + (1 – p)⋅ΘL , and βθ )()(~

1

2
122 N

NAAEA == . 

2.4.3.1. Imitators of Intermediate Goods and Producers of Final Goods 

An agent pays ν2(t) to imitate the jth variety of intermediate good from country 1. 

This agent is assumed to retain a perpetual monopoly right over the use of the 

intermediate good for production in country 2. The expected flow of profit to the 

agent is given by: 

 )(]1)([)( 222 jjj XEPEE ⋅−=π  (26) 

E(P2j)  is the expected price of intermediate good j in country 2, and 1 inside the 

parenthesis is the marginal cost of production for the intermediate good. 

 The expected marginal product of intermediate good j can be obtained by 

differentiating the production function in equation (25) with respect to E(X2j). 

 1
2

1
22

2

2 )]([~
)(

)()(
2

−− ⋅⋅⋅=∂
∂= ααα j

j
X XELAXE

YEMPE
j

 (27) 

 The demand function for intermediate good j from all producers of goods in 

country 2 can then be obtained by equating the expected marginal product to the 

expected price of intermediate good j in country 2: 

 α
αα −
−

= 1
1

2

1
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LAXE  (28) 
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Substituting the demand function of intermediate good j into equation (26) and 

maximize profit with respect to E(P2j) yields the monopoly price, which happens to be 

a constant and is the same for all intermediate goods j and: 

 11)( 22 >== αPPE j  (29) 

Substituting the monopoly price into the demand function equation (28) gives the 

expected total quantity produced of intermediate good j in country 2, which is the 

same for all intermediate goods j but increases over time as 2
~A  improves.  

 ααα −−== 1
2

1
1

2222 )~()()( ALXEXE j  (30) 

Substitute expression of P2 from equation (29), and E(X2) from equation (30) into 

the expected profit flow equation (26), we get: 

 α
α

α ααππ −
+

− ⋅⋅⋅−== 1
1

1
1

2222 )~()1()()( ALEE j  (31) 

Expected profit is the same for all intermediate goods j, but increases over time as 

2
~A increases. The present value of profits from date t onwards is: 

  (32) dsdvvrtV
s

tt t ⋅⋅−= ∫∫
∞

])(exp[)( 222 π

where r2(v) is the rate of return at time v. If there is free entry into the imitation 

business, then V2(t) will be equal to the cost of imitation and: 

 )()(
1

2
22 N

NtV υ=  (33) 

Substitute equation (33) into equation (32) and differentiate both sides of the 

equation with respect to t to solve for r2: 
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Thus, r2 include the ratio of profit flow (π2) to the cost of imitation (υ2), the 

capital-gain term ( 22 υυ ), and the present value of change in profit. It is noted that 

both π2 and υ2 increase as 2
~A  (and N2/N1) increases, 22 υυ is positive, and 

 is positive. The path of rdsdvvr
t tt∫ ∫ ⋅−⋅ ])(exp[ 22π

s∞
2 over the course of economic 

development is not definite. 

The producers of final goods employ L2 workers at wage rate w2 and pay P2 for 

intermediate goods j. Since these producers are competitive, they take w2 and P2 as 

given. Thus w2 is given by the expected marginal product of labor as: 
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2.4.3.2. Representative Consumer 

Consumers in country 2 are of the Ramsey type with infinite horizons. The number of 

consumer is assumed to be constant over time. The household utility function takes 

the form: 
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where ρ > 0 is the rate of time preference and E0 is the expectation operator at t = 

0. In this, 
ζ−
−

1
1)(2 tC ζ−1

t −− ζρ

 

 is the instantaneous utility function of each consumer at a given 

date, and ζ > 0 is the coefficient of relative risk aversion. Consumers earn expected 

rate of return E(r2) on assets and receive the expected wage rate E(w2) on the fixed 

aggregate quantity of labor L2. Total consumers’ assets at time t are equal to the 

market value of the firms, which is given by v2(t)N2(t). Thus, the consumers’ 

aggregate income is w2L2 + r2v2N2. 

Because of the uncertainty, the consumers do not choose deterministic paths for 

consumption. Their choice of consumption at any date depends on all the shocks to A2 

and the effects on other variables up to the date. We use Euler equation to solve for 

the consumers’ optimization behavior under uncertainty2. Consider the consumers in 

period t. Suppose they reduce consumption by a small amount ∆C, investing this 

additional saving for a short period of time ∆t, and then consuming the proceeds at 

time t + ∆t. If the consumers are optimizing, the material impact of this change on 

lifetime utility must be zero. 

Given the utility function, the marginal utility of C(t) is . Thus, the 

reduction of consumption by ∆C has a utility cost of . Since the 

expected instantaneous rate of return is E[(r(t)], C at time t + ∆t can be increased by 

ζρ −− )(tCe t

CtCe ∆)(

2 Subscript “2”, which refers to country 2, is dropped from the following derivation in attempt to simplify the 
presentation. 
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Ce ttrE ∆∆))(( . Let dt
tdCtC )()( = . Since the growth rate of C is 

)(
)]([

tC
tCE , E[C(t + ∆t)] 

can be written as 
t

tCetC
∆⋅

)()(
tCE )]([

. Thus marginal utility of E[C(t + ∆t)] is given by: 

  ςρρ −
∆⋅
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tttt etCettCEe . 

The path of consumption to be utility maximizing must satisfy the following 

equality condition: 

 CeetCeCtCe ttrE
t
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∆⋅

∆+−−− ))(()(
)]([

)( })({)( ςρζρ  

Dividing both sides by : CtCe t ∆−− ζρ )(
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Taking log: 

 0)]([
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=∆+∆−∆− ttrEt
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tCEt ςρ  

Divide by ∆t and rearranging the terms, the expected growth rate of consumption 

in country 2 is: 
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2.4.4. Output of the Economy 

Substituting the quantity of E(X2j) into the production function yields the expected 

total output of country 2 as: 
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Thus, expected output per worker in country 2 increases with the expected 

productivity parameter, 2
~A , and the number of intermediate goods, N2: 
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2.4.5. Growth Rate of N2 

The resources devoted to imitation in country 2 is the savings in each period, which is 

equal to total output (Y2), less consumption (C2), and less quantity of intermediates 

N2X2. The change in N2 denoted as ∆N2t is given by the resources devoted to imitation 

divided by the cost of imitation (v2). Thus,  
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It can be seen from equation (40) that change in N2t is an increasing function of 

A2t. 

At the beginning of each period, the productivity parameter experiences a stroke 

of luck, which can be good or bad. In the event of good luck, Θ = ΘH = 1: 
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In the event of bad luck, Θ = ΘL < 1: 
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Comparing equations (41) and (42) and assuming that kYCYC H
t

H
t

L
t

L
t == 2222 , it 

can be shown that >  for a wide range of values of k and α. H L
tN2∆ tN2∆

The number of intermediate goods in the next period, N2t+1, is given by: 

 ),( 22212 Ω=∆+=+ tttt AfNNN  (43) 

Ω in equation (43) represents all other variables that affect N2t+1. Thus, the luck 

element affects ∆N2 and N2t+1 through its impact on A2t, and N2t+1 then in turn affects 

A2 in the period t+1. In the event of bad luck, as compared to the event of good luck, 

the lower N2 in the next period in turn gives rise to lower A2 in the next period. 
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The growth rate of N2 is given by: 
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In the above equation, N2/N1 has two opposing effect on the growth rate of N2. On 

the one hand, A2 is positively related to N2/N1, and thus growth rate of N2 increases as 

N2/N1 increases through the effect of A2. On the other hand, the cost of imitation υ2 

increases as N2/N1 increases, thus the growth rate of N2 decreases as N2/N1 increases 

through the effect of υ2. It is postulated that at lower level of output (or A2), the effect 

of A2 is larger than the effect of υ2. At higher level of output (or A2), the effect of υ2 is 

larger than the effect of A2. This is in line with the argument of Phillips and Sul 

(2003). They suggest that the adoption of technology is slow during the initial phase 

of development due to lack of infrastructure, which include government policy, 

software and human capital. Figure 2-2 shows the postulated growth path of N2 as a 

function of N2/N1. 

 

Figure 2-2: Postulated Growth Path of N2 as a function of N2/N1

Growth 
Rate of 
N2 

N2/N1

2.4.6. Expected Growth Rate of Y2  

From equations (38) and (39), the expected growth rate of Y2 and y2 are given by: 

 49

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

)(
11

1

)(
1

1

~
~

1
1)()(

1

1

2

2

2

2

2

2

1

1

2

2

2

2

2

2

2

2

2

2

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

t

N
N

N
N

N
N

N
N

N
N

N
N

N
N

A
A

y
yE

Y
YE

−
−

+⋅
−

+=

+−⋅+
−

=

+⋅
−

==

α
β

θ
θ

α

ββ
θ
θ

α

α

 (45) 

The expected growth rate of Y2 is thus a positive function of the growth rate of 

expansion of intermediate goods N2, the growth rate of the expected probability of 

having good luck, and the difference in growth rate of N2 and N1.  

2.4.7. The Steady State 

In the steady state, N2 grows at the same rate as Y2. According the equation (45), this 

is achieved when: 
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This requires 0=tt θθ and tttt NNNN 1122 = . According to the model 

specification, , and thus 1)Pr( =Θ=Θ≡ ttp H 0=tt θθ  when A2 is sufficiently high. 

There are two possible scenarios for tttt NNNN 1122 =  to take place. The first 

possible steady state occurs at the point where 1)( 12 =NN * , such that country 2 

copies all available innovations in country 1. In this case, A2* is also equal to A1. N2, 

Y2, and C2 of country 2 will have the same steady state growth rate as country 1. In 

addition, output per worker and consumption per worker are the same in both 

countries. Since A2* is a constant, profit flow π2 and rate of return r2 will also be a 

constant, such that: 
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The second possible steady state, where tttt NNNN 1122 = , occurs at a point 

where the steady state ratio of N2/N1, *
12 )( NN , is a constant but is less than 1. This 

would occur when the cost of copying increases significantly at higher level of N2/N1, 

such that not all innovations in country 1 are copied by country 2. Since *
12 )( NN  is 

a constant that is less than 1, then A2* will also be a constant that is less than 1, and 

the steady state ratio of output per worker *
12 )( yy will be less than 1. Thus the 

country 2’s per worker output would fall short of country 1’s per worker output even 

in the steady state. However, N2, Y2, and C2 of country 2 will still grow at the same 

steady state growth rate as country 1. Again, as A2* is a constant, 222 υπ=r * is a 

constant. 

The above analysis shows that while growth rates converge at the steady state, per 

capita output level may or may not converge at the steady state depending on the cost 

of imitation. 

2.4.8. Technological Leadership 

In the steady state *
12 )( NN =1, there exists a possibility of a switchover in 

technological leader. Since C1 and C2 grow at the same rate in the long run, if the 

preference parameters are assumed to be the same in both countries, it would imply 

that . From equation (17) and (47), it would imply that: 12 rr =*
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Substituting in the profit functions, we get: 
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Country 2 will not choose to innovate and will continue to imitate if the cost of 

imitation at the steady state is lower than the cost of innovation, i.e. υ2* < η2. 

Conversely, country 2 will choose to innovate and switchover to become the 

technological leader if υ2* > η2. 

From equation (49), country 2 will not innovate if: 
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 (50) 

Country 2 will innovate and country 1 will imitate if: 
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2
2 ηη ⋅<

L
L

 (51) 

In equations (50) and (51), the size of the population L serves as a scale of 

complementary domestic inputs. The cost of innovation together with the scale effect 

determines the technological leadership. 

2.5. Result 

The stochastic technological diffusion model with endogenized productivity 

parameter is able to generate of a range of possible outcomes. Some of the outcomes 

are described as follow. 
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Case 1: Turtle Economy that Never Catch Up 

A turtle economy has low Y2 and low A2. Since  is small, 

the tendency for the economy to experience negative shock is high. If the probability 

of the economy being hit by negative shocks is sufficiently high, the economy is 

likely to experience short periods of positive growth followed by short periods of 

negative growth (or growth reversal). The outcome will be a very slow-growing turtle 

economy that fails to catch-up with the rest of the world.  

)()Pr( 1−=Θ=Θ≡ t
H

tt Agp

Case 2: Turtle Economy that Transforms into a Horse Economy 

A turtle economy that experiences a series of good luck, as represented by , will 

see an improvement in A

HΘ

2. As A2 improves, p also improves. This reduces the 

probability of experience growth reversal, and allows the economy to continue on its 

growth path.  

Case 3: Horse Economy that Catches Up with the Elephant Economy 

A horse economy has medium Y2 and medium A2. As A2 improves, the probability of 

good luck increases, this reduces the tendency of the economy to experience negative 

shock. The increasing A2 also gives rise to an increasing rate of growth of N2, which 

in turn gives rise to an increasing rate of growth of Y2. The horse economy grows 

faster than the elephant economy as the cost of copying is lower than the cost of 

innovation. The growth rate of N2 (and the growth rate of Y2) eventually slows down 

as the cost of imitation increases due to the diminishing pool of copiable materials. In 

the long run, per capita output growth rate converges with that of the elephant 

 53

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



economy. Per capita output level may or may not converge with that of the elephant 

economy depending on the cost of innovations as N2/N1 increases. 

2.6. Simulation 

In this section, a series of simulations was run to illustrate the effect of “luck” on the 

growth path of a developing economy. 

2.6.1. Assumptions 

The following assumptions are used in the simulation: 

i. 
1

1
Y

Y =
1

1
N

N = 2.5%. This is in line with the long term per capita GDP 

growth rate of the developed nations. 

ii. At t = 0, the starting value of Y10 (of a elephant economy) is set at 10,000, 

the starting value of Y20 (of a turtle economy) is set at 8% of Y1. This ratio 

is in line with the observations of the world economy. 

iii. Lj is assumed to be the same for j = 1 and 2. α is assumed to take the value 

of 1/3. β  in β)(
1

2
12 N

AA Θ=
N  is assumed to take the value of 0.5. 

iv. A1 is assumed to take a constant value of 1. The initial value of N10 is 

estimated from the function 101
11

110 )( NLAY o ⋅⋅⋅= −− αα α
21 α

 using the initial 

value of Y10. 
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v. The initial values of N20 and A20 are solved simultaneously from the 

equations 202
11

2020 )( NLAY ⋅⋅⋅= −− αα α
21 α

 and β)(
10

20
1020 N

AA =
N . 

vi. ΘL is assumed to be 0.95, which mean that the output of the economy will 

suffer a drop of 5% when it is hit by a negative shock. 

vii. The probability of having good luck, , is an increasing 

function of A

)Pr( H
ttp Θ=Θ≡

2. To determine if the economy is confronted with good luck 

or bad luck in each period, a random number, Z, which is between 0 and 1, 

is generated for each period: if Z <= A2 ⇒ ΘH , if Z > A2 ⇒ ΘL. Thus, this 

formulation produces the result of decreasing probability of having ΘL as 

A2 increases. To increase the probability of bad luck, a small constant can 

be subtracted from A2; to increase the probability of good luck, a small 

constant can be added to A2. 

2.6.2. Generating the Growth Path of Y2 

From equation (44), the growth path of N2 can be split into a stochastic component, 

f(Θ), and a deterministic component, ′)( 22 NN . Thus we have: 
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 (52)  
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The deterministic growth path of N2 is needed for the simulation and it is 

estimated using the function: )(
1

2

1

1
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N
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N
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N
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+=
′

. As discussed in Section 2.4.5, 

)(
1

2

N
f N is assumed to be initially increasing and eventually decreasing.  

From equation (39), y2 can also be split into a stochastic component and a 

deterministic component:  
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where N2'  represents the deterministic component of N2. 

The deterministic growth path of y2, ′)(
2

2

y
y , is estimated from the function: 
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The stochastic component is computed every period depending on the “luck” of 

the economy. 

2.6.3. Simulation Results 

The above values and assumptions are used in a computer simulation using 

MATLAB. Two scenarios are considered. The first scenario is a country that is 

blessed with good luck, a constant of 0.1 is added to A2 for the generation of 

probability of having good luck. The second scenario is a country plagued by bad 
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luck, a constant of 0.1 is subtracted from A2 for the generation of probability of 

having good luck. The simulation is run for 90 periods. Samples of the results are 

given in Figure 2-3. The y-axis is in log-scale. 

 

Figure 2-3:
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large as the output level (or A2) remains low. The blue line can be taken to represent 

the growth path of a turtle economy that fails to take off. 

2.7. Conclusion 

This chapter extends the Barro and Sala-I-Martin’s (1997) technological diffusion 

model by endogenizing the productivity parameter and incorporating probability of 

adverse shocks into the productivity parameter. The functional form that extends the 

productivity parameter to the technological level (as proxied by N2) encapsulates the 

idea that social infrastructure, trade and investment openness, and technological 

advancement are cumulatively correlated. The following insights and policy 

implications can be drawn from the model. 

1. Developing countries with lower cost of imitation and lower level of 

consumption will enjoy a higher growth rate of technological diffusion (as 

proxied by N2) and higher growth rate of output. Thus, government policies 

that help to lower the cost of technological absorption, such as openness in 

trade and investment policies and equipping the general population with 

relevant skills, and increase the level of savings rate will help spur the growth 

rate of the nation. 

2. Although growth rates of the horse economies would approach those of the 

developed nations in the long run, per capita income levels still may not 

equalized if the cost of imitation is too high. Deliberate government policies in 

lowering the cost of imitation would help increase the long run per capita 

output level of the developing countries. 
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3. Technological leadership among the developed nations is determined by the 

cost of innovation and the size of the workforce. While the size of the 

workforce presents a scale effect that is an advantage to the bigger economies, 

governments’ efforts in lower the cost of innovation also play a significant 

role to promote technological leadership. 

4. Economies at the middle income level (i.e. the horse economies) are less 

susceptible to negative shocks and are able to achieve quantum leap in 

technological advances as a result of technological diffusion. On the other 

hand, economies with low income level (i.e. the turtle economies) are 

constantly challenged by negative shocks and are more likely to encounter 

growth reversal. As a result, income levels of the horse economies could 

converge towards those of the elephant economies, while income levels of the 

turtle economies would diverge away from the rest of the world. This model 

predicts that in the long-run there will be convergence at the upper-income 

levels of the world economy but overall divergence of the world economy. 

5. Negative shock to the productivity parameter has been singled out in the 

simulation exercise as the main cause of slow growth of the poor developing 

countries. Although the model has described the occurrence of negative 

shocks as purely by chance, it does not diminished the importance of good 

social infrastructure (or good governance) in economic development. World 

institutions that are involved in poverty alleviation should focus on reducing 

the “negative shocks” by strengthening the governance in the poor developing 

countries. 
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 CHAPTER 3. TESTING OF GROWTH CONVERGENCE AND 

ECONOMIC TRANSITION UNDER THE FRAMEWORK OF THE S-

CURVE HYPOTHESIS 

3.1. Introduction 

3.1.1. S-Curve Hypothesis’ Predictions on Growth Convergence 

The S-Curve hypothesis (Lim, 1994, 1996, 2004) classifies the world economies into 

three broad groups according to their income levels and growth rates: turtle 

economies with low income levels and low growth rates, horse economies with 

middle income levels and high growth rates and elephant economies with high income 

levels but low growth rates. With economies growing at two different bands of growth 

rates, the S-Curve hypothesis thus suggests the co-existence of the dichotomy 

between convergence and divergence in the world economy. The faster-growing horse 

economies will converge toward the elephant economies at the upper tier of the world 

economy, while the turtle economies will divergence further and further away from 

the rest of the world. 

According to the S-Curve hypothesis, the superlative growth rates of the horse 

economies are due to high investment rate and quantum leap in technological level 

(Lim, 2005). The improving social infrastructure of the horse economies helps attract 

domestic and foreign investments, while the relatively low level of development of 

the horse economies enables the quantum leap transfer of technology, organizational 

skills and production techniques from the developed nations. On the other hand, the 

investment rates in the developed nations are likely to be low due to diminishing 

marginal returns, and the scope of quantum leap transfer of technology among the 

 60

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



developed countries is likely to be very limited. The growth rate of the developed 

countries would then depend mainly on the rate of technological progress of the 

global economy. As a result of the faster pace of growth, the income levels of the 

horse economies will converge to those of the elephant economies. Along the same 

line of argument, the S-Curve hypothesis also implies that no country can continue to 

grow superlatively forever. The phase of rapid growth would eventually come to an 

end when the technological gap between the horse economies and the developed 

countries closes and quantum-leap transfer of technology is no longer possible.  

There is no “automatic” internal mechanism within the S-Curve hypothesis that 

would lift a turtle economy out of the doldrums and onto a path of rapid development. 

The S-Curve hypothesis takes the view that unless there is a significant elevation of 

the EGOIN of a country, in particular G, a turtle economy would not be able to 

transform into a horse economy and would remain poor. In other words, the S-Curve 

hypothesis does not support the view of ultimate convergence, where all poor 

countries will, in a matter of time, eventually become rich.  

The S-Curve hypothesis thus has the following 3 predictions on growth 

convergence: 

(i) Income levels of horse economies to converge to those of the elephant 

economies, and growth rates of horse economies to eventually slow down 

as their income levels approach those of the elephant economies; 

(ii) growth divergence would take place at the bottom end of the world income 

spectrum as not all turtle economies would advance to become horse 

economies;   
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(iii) convergence and divergence would take place simultaneously in the world 

economy, and there will be no ultimate convergence. 

The S-Curve hypothesis, however, does not describe the probable growth paths of 

economies undergoing transition. While a horse economy could converge 

monotonically to the income level of the developed nations, the S-Curve hypothesis 

does not rule out the possibility of transitional divergence but eventual convergence. 

Similarly, a turtle economy could undergo transitional convergence but eventually 

diverge away from the global economy. It would be a fruitful exercise to determine 

empirically the transition paths of the horse and the turtle economies. This would also 

enhance our understanding of the pattern and the speed of convergence of the 

developing countries. 

3.1.2. Econometric Modeling of Growth Convergence by Phillips and Sul 

Based on the empirical supports of long-term growth patterns, Phillips and Sul (2003; 

2005) take the view that the world economy is undergoing transient divergence but 

will achieve ultimate convergence. Although the authors state that they do not expect 

all countries to convergence as empirical distribution of growth and per capita income 

level will always exist, they feel that there can be convergence in the sense of “an 

elimination of divergent behavior (as even the poorest countries begin to catch up) 

and an ultimate narrowing of the differences”. In fact, they make repeated reference to 

the recent theoretical model by Lucas (2002; 2004) that suggests transient divergence 

but ultimate convergence in the global economy.  

The work by Lucas will be briefly discussed here as it was mentioned several 

times in Phillips and Sul’s papers and is believed to have influenced the research of 
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Phillips and Sul. Lucas’ (2002; 2004) theoretical framework attempts to explain the 

stagnant growth rate of per capita income of the world economy before 1800 and the 

accelerating income growth thereafter. Lucas attributes the per capita income growth 

after 1800 to industrial revolution and the associated demographic transition. 

Demographic transition refers to the reduction in population growth rates, after initial 

increase, as per capita incomes continue to increase. Demographic transition took 

place as parents chose to increase the quality rather than the quantity of children as 

returns to human capital increased, and returns to human capital increased as a result 

of industrialization. More notably, these increases in returns to human capital generate 

important stimulating effects. It stimulated parents to opt for smaller family size. In 

addition, it stimulated other families to accumulate human capital. It also stimulated 

people across national border to accumulate human capital. However, as industrial 

revolution did not affect all parts of the world uniformly, income inequality worsens 

sharply since the beginning of industrial revolution. This explains the current growth 

divergence. Nevertheless, Lucas predicts ultimate convergence. He suggests that as 

the newly industrializing economies catch up to the income levels of the wealthiest 

countries, their growth rates of both population and income will slow down to rates 

that are close to those wealthiest countries. “At the same time, countries that have 

been kept out of this process of diffusion by socialist planning or simply by corruption 

and lawlessness will, one after another, join the industrial revolution and become the 

miracle economies of the future.” In his view, the most important factor that will 

accelerate the process of catching up for the backward economies is “dealing on a 

day-to-day basis with more advance economies”, and in particular, trade. 
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Phillips and Sul’s (2003; 2005) objectives are to model economic transitions and 

to test growth convergence econometrically. Specifically, they want to devise an 

econometric testing method that allows for transient divergence but ultimate 

convergence of the world economy. The authors disagree with the assumptions of 

homogeneity in technological progress and homogeneity in the speed of convergence 

over time and across countries that are conveniently but erroneously used in many 

other empirical studies on growth convergence. They argue that the assumption of 

homogeneity in technological progress is only appropriate for countries that are in or 

near steady state. When this assumption is forced upon transitional economies, the test 

could conclude an absence of convergence when in fact it is only transitional 

divergence. In these studies, very often the only source of heterogeneity across 

countries stems from the initial conditions of these countries. As a result, Phillips and 

Sul feel that the hypothesis tests of these studies do not necessarily imply growth 

convergence or divergence. Phillips and Sul argue that permitting for heterogeneity in 

technological progress and heterogeneity in speed of convergence would allow for the 

case of transient divergence but ultimate convergence of the world economy. 

Phillips and Sul (2003; 2005) extend the neoclassical growth models to allow for 

heterogeneity in the growth rate of technological progress across countries and over 

time. Similar to Lim’s (1994; 1996; 2004) S-Curve hypothesis, quantum leap in 

technology transfer is also quoted by Phillips and Sul as the chief explanation of faster 

growth rate. By assuming that different countries utilize technological progress to 

varying extents at different times, various time paths of transitional divergence and 

convergence of these countries can be derived. It is useful to note that Phillips and Sul 

choose to focus on relative economic growth rather than economic growth. Economic 
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growth is measured relatively to the average performance in a subgroup of economies 

or an individual benchmark like that of the US economy. The degree of departure 

from the subgroup average or the benchmark is captured by the transitional 

parameter. When fitted with observable data on per capita real income, the time path 

of the transition parameter of individual economies, which is termed as relative 

transition curve, can reveal the empirical properties of these economies in transition. 

In addition, Phillips and Sul also develop a regression test of the hypothesis of 

convergence that is based on the variance estimate of the transition parameter.  

3.1.3. Synergizing Lim’s S-Curve Hypothesis and Phillips and Sul’s Modeling of 
Economic Transition  

Lim (1996) develops the S-Curve hypothesis to describe the general development 

path of economies; Phillips and Sul (2003; 2005) develop the economic transition 

parameter and the associated variance ratio test to shed light on the growth paths of 

economies and to test for economic convergence. While Lim’s theory is highly 

qualitative, Phillips and Sul’s work is thoroughly quantitative. Although the 

objectives and the approaches of Lim and Phillips and Sul are very different, both 

works are highly complementary. 

There is however one key difference in the theoretical framework of Lim and that 

of Phillips and Sul, although it does not affect the empirical applicability of Phillips 

and Sul’s methodology on the S-Curve hypothesis. Lim takes the view that unless 

there is a significant elevation of the EGOIN of a country, in particular G, a turtle 

economy would not be able to transform into a horse economy and would remain poor. 

Phillips and Sul, on the other hand, take the view that development will occur in a 

matter of time: a “poorest economy” would grow very slowly, but would eventually 
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become a “poor economy”, and then a “middle-income economy”, and then a “rich 

economy”, and finally a “richest economy”; and as it develops, its growth will also 

gain momentum1. In the theoretical framework of Phillips and Sul, there is transitional 

divergence but ultimate convergence, whilst there is no ultimate convergence in the S-

Curve hypothesis. 

In the following sections, Phillips and Sul’s transition parameter and transition 

curve will be employed to shed light on the empirical properties of the growth path of 

economies at different stages of development: turtle, horse and elephant. Phillips and 

Sul’s variance ratio test will also be used to test for economic convergence under the 

framework of the S-Curve hypothesis. 

The outline of this paper is as follows. The economic transition curve and the 

associated variance ratio test of growth convergence developed by Phillips and Sul 

will be reviewed in Section 3.2. The relative transition paths of the turtle, horse and 

elephant economies are plotted and analyzed in Section 3.3 to shed light on the 

empirical properties of the growth path of economies at different stages of 

development. The econometric testing of growth convergence can be found in Section 

3.4. Conclusion is given in the last section. 

3.2. Review of Phillips and Sul’s Methodology 

3.2.1. Modeling Economic Transitions 

Phillips and Sul (2003; 2005) begin with the basic neoclassical growth model. Based 

on the production function with labor augmented technological progress and assuming 

 
1 See Figure 1.5 for a graphical illustration. 
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a Cobb-Douglas technology, the transitional growth path for country i at time period t 

is given as: 

 it
t

iiiit Aeyyyy it log]~log~[log~loglog *
0

* +−+= −β  (1) 

where is per capita real income; iy

 
i

i
i A

yy =~   is real income per effective labor unit; 

 is the state of technology; iA

 *~
iy  is steady state real income per effective labor unit; 

 iβ  is the speed of convergence parameter2; 

Technological progress is assumed to follow a simple exponential path 

, where  is growth rate of technological progress. Phillips and Sul 

allow x

txit
iit eAA 0= itx

it to change over time and across countries. This is a significant improvement 

over the very restrictive assumption of homogeneity of xit used in other empirical 

studies. 

Since , Equation (1) can be rewritten as: txAA itiit += 0loglog
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where t
iiiiit

iteyyAya β−−++= ]~log~[loglog~log *
00

*  

 
2 As usual, the speed of convergence is negatively related to the technology parameter αi in the Cobb-Douglas 
production function, and positively related to the rate of depreciation, the growth rate of population and the growth 
rate of technological progress. 
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Phillips and Sul (2005) theorize that although technology is a public good that is 

widely available. The ability to utilize the common technology differs across 

countries, and thus growth rates of technological progress are heterogeneous across 

countries. Developed countries are the creators of new technology. They are able to 

incorporate the full extent of the present level of technology into their production 

process. Thus, growth rate of technological progress in the developed nations is the 

same as the speed of technological creation. Developing countries are the followers. 

They have to go through the process of learning the earlier technology first and they 

also have to gradually develop the necessary infrastructure to absorb and utilize the 

technology. Thus, the rate of technological progress in the developing countries is 

determined by the speed of technological learning, or technological transfer. The 

speed of technological learning can be faster or slower than the speed of technological 

creation. When an economy is very poor and lacks the necessary infrastructure and 

human capital, the speed of technological learning in the poor economy tends to be 

lower than the speed of technological creation in the rich economy. Divergence is 

therefore likely to occur. As the speed of learning gradually picks up, the speed of 

learning could even outpace the speed of technological creation, and thus enabling the 

poor economy to catch up with its richer counterpart. 

In the econometric model, all economies are assumed to share a common growth 

component, such as technology; although different economies utilize the common 

growth component to varying extents. The common growth component is represented 

by µt. From equation (2), we have: 

 titt
t

itit
it b

txa
y µµ

µ
=

+
= )(log  (3) 
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where bit measures the share of the common component tµ that economy i 

experiences. During the transitional period, bit is a function of the speed of 

convergence βi, the growth rate of technological progress xi, and the initial growth 

component level yi0. Figure 3-1 shows the possible transition paths for three types of 

economies as they approach the common growth path. 

 

Source: Phillips and Sul (2005) 

Figure 3-1: Possible Transition Paths 

Economies 1 and 2 are initially poor countries while economy 3 is a rich economy 

with a higher initial income. Economy 2, representing those newly industrializing and 

fast growing economies such as Singapore and China, has higher β than economy 3. 

This enables economy 2 to catch up with economy 3, i.e.  β-convergence holds in this 

case. Economy 1 has the lowest β. Economy 1 has similar initial endowment as 

economy 2, but this country’s growth diverges initially from economies 2 and 3. This 

is a case of transient divergence but ultimate convergence. 

Suppose  is observable and itylog titit by µ=log  holds, the standardized quantity 

can be obtained by taking ratios to cross-sectional averages: 
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If growth convergences, then 

 bb
N

bb N

i ittitt
== ∑ =∞→∞→ 1

1limandlim  

so that   1lim =
∞→ itNt

h

itNh  is known as the “transition parameter”, and can be regarded as the degree of 

departure from the steady state. Its behavior as t → ∞ reflects convergence of . itb

1

The time path  sketches the relative transition curve of the economy. Figure 

3-2 shows the possible patterns of the relative transition curve, each satisfying the 

growth convergence condition of lim

itNh

=
∞→ itNt

h . Economies 2 and 3, representing the 

newly industrializing economies and the rich developed economies respectively, 

converge monotonically to unity on two different transition paths. Economy 1, on the 

other hand, has the same starting per capita income level as Economy 2 but its relative 

transition path involves an initial phase of divergence from the group, followed by a 

catch up period, and later converges.  
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Source: Phillips and Sul (2005) 

Figure 3-2: Relative Transition Curves 

3.2.2. Testing Convergence using Variance Ratio 

Phillips and Sul then proceed to develop a regression test of the hypothesis of 

convergence that is based on the variance estimate of the transition parameter. For a 

subgroup G of NG economies, variance estimate for  can be calculated from: G
ith

 ∑
=

−==
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i

G
it

G
G

G
t h
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1

22 )1(1σ̂  (5) 

Assuming the sample variance of the relative transition follows a decay model that 

has the parametric form α2~ tHt
AG  in the limit as ∞→t , the logarithm of  can 

be written in the form of a regression model: 

G
tH

  (6) G
t

G
t utAH +−= log2loglog α

The error term, , is shown in Phillips and Sul (2005) to be asymptotically 

equivalent to a zero mean, weakly dependent time series. 

G
tu
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The regression of Equation (6) is then used as a test of the hypothesis of 

convergence. Specifically, when α > 0,  and hence  decreases with t, 

implying convergence in subgroup G. Conversely, when α = 0,  and hence 

 does not converge to zero, thus there is no convergence in the subgroup G. 

G G

G

G

tHlog tH

tHlog

tH

The hypothesis testing is as follow: 

Test  H0: α = 0 

  H1: α > 0

Rejecting H0 provides empirical evidence in favor of convergence among the 

economies in subgroup G and the value of α is a measure of the rate of convergence. 

Phillips and Sul point out that it is difficult and less meaningful to test for growth 

convergence for short time series, as transitions are generally still occurring because 

of temporal heterogeneity in key parameters. However, even in such cases, the fitted 

transition curve may still reveal interesting empirical properties of the individual 

economies in transition. 

3.3. Analysis of Transition Paths 

3.3.1. Data and Categorization of Economies 

The data series used in this paper is real GDP per capita (Laspeyres) from Penn World 

Table 6.1 from 1950 to 2000 (Heston, Summers and Aten, 2002).  This data series is 

both PPP-adjusted and inflation-adjusted with 1996 as the base year. Although data 
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on 168 countries are available from the PWT 6.1, only 115 countries with GDP per 

capita data spanning across more than 30 years are used in the following analysis. 

Categorization of Economies 

These 115 countries are categorized into turtle, horse and elephant economies based 

on their per capita GDP level and long run per capita growth rate. The graphical plot 

of the long run GDP per capita growth rate (1961-2000) against per capita GDP level 

in 1990 is shown in Figure 3-3. The cluster on the leftmost is the turtle economies; 

these countries have low income level and low or even negative growth rate. The 

cluster in the center with significantly higher growth rate is the horse economies. The 

cluster on the rightmost with high income level but growth rate of not more than 4% 

is the elephant economies. There are a handful of economies that could not be neatly 

placed into the three categories. The list of these economies and their abbreviations 

can be found in the Appendix. 

There are 16 horse economies in Figure 3-3: China, Republic of Congo, Cape 

Verde, Romania, Thailand and Botswana are the early horses; in the middle are 

Malaysia, Mauritius, South Korea, Taiwan, Portugal, Cyprus, Barbados and Ireland; 

Singapore and Hong Kong are at the tail-end of the phase of horse economy. Among 

the 16 countries, the Republic of Congo, an economy which reaps its fortune from its 

oil reserve, is most at risk of slipping back to a turtle economy as a result of its 

government budget problems and the ethnic unrest in the country. 

 

 73

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



-4%

-2%

0%

2%

4%

6%

8%

0 5,000 10,000 15,000 20,000 25,000 30,000

Per Capita GDP

Lo
ng

-r
un

 P
er

 C
ap

ita
 R

ea
l G

D
P 

G
ro

w
th

 R
at

e SGP

HKG

TWN

KOR

CYP

BWA

IRL
BRB

THA
ROM

MYS MUS PRT
ESP

ISRGRC

JPN

LUX

USA

CHE

CAN
DNK

SWE

ISL

GER
GBR

NLD FRA

AUS

ITL

NZL

NOR

HUN
TTO
GAB

SYC

CHN
COG

CPV

VEN

ZAFARG

URY

MEX

CRI
NAM
JAM

ZWE

COM

ZAR

CAF

NER
NIC

AGO

TUN
BRA

SYR

PANHTI
PAK

IND

TZA

MDG

GIN

SLV

PHL

IDN

COL
GNB

GNQMWI

MLI

UGA

SLE

ETH

 

Source: Computed from data from PWT 6.1 (Heston et al., 2002) 

Figure 3-3: Average Annual GDP Per Capita Growth Rate from 1961 – 2000 versus 
GDP Per Capita in 1990 (International $ in 1996 Prices) 

There is a total of 17 elephant economies in the rightmost cluster: Luxembourg, 

United States, Switzerland, Canada, Denmark, Iceland, Sweden, Norway, Finland, 

Australia, France, Belgium, Italy, Austria, Netherlands, United Kingdom and 

Germany. All these countries have GDP per capita of more than 18,000 International 

Dollars in 1990 (measured in 1996 prices), and GDP per capita growth rate of less 

than 4% between 1961-2000. Japan, although not included in the cluster as it has an 

average annual growth rate of 4.3%, is rightly an elephant economy. The high annual 

growth rate between 1961-2000 is due to the 6.3% average annual growth rate 

achieved between 1961-1980; its average annual growth rate in the last two decades 

growth rate is 2.3% and its average annual growth rate in the last decade is only 1.1%. 

Japanese economy has slowed down significantly, as it transformed from a horse 

economy to an elephant economy. 
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There are a handful of economies that could not be neatly placed into the three 

categories: Trinidad &Tobago, Gabon, Seychelles, Hungary, Greece, Israel, Spain and 

New Zealand. These 8 countries have relatively low growth rates as compared to their 

counterparts of similar income levels. Some of these countries, such as New Zealand, 

Spain, Israel and Greece could be “Economy 3” as illustrated in Figure 1-2 in Chapter 

1. These countries could be considered as elephant economies, but their per capita 

GDP levels are lower than other elephant economies due to constraints such as 

geographical location, political state of affairs, lack of natural resources and even 

culture and social norms. In the case of New Zealand, the real per capita income may 

be understated by the imperfection of GDP that ignores factors such as clean air and 

good environment. 

The rest of the countries are the turtle economies and they represented more than 

63% of the total number of countries in this sample. This percentage will be higher in 

the global population as many turtle economies are not included in this exercise due to 

insufficient data points. Most of the turtle economies are from Africa and America. In 

Southeast Asia, Indonesia and the Philippines are classified as the turtle economies. 

Fitting the Transition Curve 

Although the value of logyit, where yit is the per capita GDP of country i at time t is 

available directly from PWT6.1, we follow the recommendation of Phillips and Sul to 

remove the business cycle components from the data so as to reveal the long run trend 

component. Phillips and Sul suggested using smoothing methods such as the 

Whittaker-Hodrick-Prescott (WHP) smoothing filter, which has the advantages of 

being flexible, requiring only the input of a smoothing parameter, and does not 
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require prior specification of the nature of the common trend. In addition, the method 

is also suitable when the time series is short.  

The Hodrick-Prescott filter from Eview5 is used to remove the business cycle 

components from logyit of the 115 countries. The smoothing parameter chosen is λ = 

100. Using the trend estimate  from the smoothing filter, the estimates for the 

transition parameter 

itf̂

∑=
=

N

i ititit f
N

fh
1

ˆˆˆ 1  can thus be obtained. 

3.3.2. Relative Transition Curves of the 3 Groups of Economies 

Figure 3-4 plots the time path of the transition parameters (also known as relative 

transition curve) of the three categories of economies from 1960 to 1996. It can be 

seen from Figure 3-4 that although the turtle economies and the horse economies 

started at about the same level in 1960, the fortunes of these two groups of economies 

were very different. While the horse economies were steadily catching up with the 

elephant economies, the turtle economies diverged further and further away from the 

rest of the world. Overall, there is no sign of convergence of the world economy. 

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

1960 1965 1970 1975 1980 1985 1990 1995

R
el

at
iv

e 
Tr

an
si

tio
n 

C
ur

ve
s

Horse

Turtle

Elephant

 

Figure 3-4: Transition Paths of the 3 Groups of Economies 

 76

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.3.3. Relative Transition Curves of the Elephant Economies 

Figure 3-5 plots the relative transition curve of the 18 elephant economies from 1950 

– 2000. It is evident from the diagram that there is a marked reduction in dispersion of 

the relative transition curves over the period. In addition, there is a narrowing in the 

relative transition curves towards unity, indicating a tendency to converge towards the 

end of the period. 
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Figure 3-5: Transition Paths of Elephant Economies 

There are three observations that stand out in Figure 3-5. Firstly, Luxembourg is 

clearly diverging from the rest of the elephant economies since early 1980 on the back 

of its impressive and sustained growth rate. Luxembourg is a small country with a 

population of less than 500,000 people; its ability to sustain high growth rate despite 

having the highest per capita GDP level in the world set itself as an interesting role 

model for Singapore. The success of Luxembourg could be attributed to the following 

factors: close proximity to France, Belgium, and Germany, openness to foreign and 

cross-border workers which accounts for more than 30% of labor force, diversified 

industrial base, and flourishing financial sector. 
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Secondly, although USA appears to converge towards the rest of the elephant 

economies, its transition parameter was consistently higher than the other elephant 

economies (with the exception of Switzerland and Luxembourg). In other words, 

although the growth rates of USA may have converged towards those of other 

elephant economies, its income level in long run equilibrium remains higher than 

those of other elephant economies. Economies of scale could be a possible 

explanation of its sustained higher income level, other possible explanations includes 

openness to foreign workers, higher degree of flexibility in its labor market, high level 

of entrepreneurship, and its attractiveness as a destination of foreign investment. 

Thirdly, Japan, which started at a significantly lower per capita GDP level in 1950, 

had converged very rapidly towards the rest of the elephant economies. The 

performance of the Japanese economy between 1950 and 1970 resembled that of a 

horse economy; it gradually transformed into a full-fledge elephant economy from 

1970s onwards. 

3.3.4. Relative Transition Curves of the Horse Economies 

Figure 3-6 plots the relative transition curve of the 16 horse economies from 1950 – 

2000. As the starting points and the transition paths of the 16 economies vary greatly, 

the plot of the relative transition curves is separated into 4 figures categorized 

according to their geographical region for better visual clarity. The transition 

parameters are computed against the benchmark of the elephant economies. Thus, 

countries with transition parameters approaching “one” are countries whose per capita 

GDP levels are converging towards that of the elephant economies.  
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 (a) Africa (b) Northeast Asia 
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 (c) Southeast Asia (d) Europe and Other 

Figure 3-6: Transition Paths of Horse Economies (against Elephant Economies) 

With the exception of Republic of Congo (COG in (a)) and Romania (ROM in 

(d)), all other horse economies are converging towards the income level of the 

elephant economies. The transition parameters of Singapore, Hong Kong and Ireland 

were “one” or exceeded “one” by 2000. In other words, these three countries’ per 

capita GDP levels are on par with those of the elephant economies. It is also evident 

from Figure 3-6 that the speeds of convergence vary greatly even among the horse 

economies. Thus it may not be meaningful to talk about a “common” rate of 

convergence for the horse economies in general. 
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Republic of Congo and Romania are examples of horse economies that suffered a 

U-turn in their growth path. Among the two, Republic of Congo, an economy which 

reaps its fortune from its oil reserve, is more at risk of slipping back to a turtle 

economy as a result of its government budget problems and the ethnic unrest in the 

country. Romania, on the other hand, experienced a decade of economic instability 

and decline after the Communist regime was overthrown in late 1989, led in part by 

an obsolete industrial base and a lack of structural reform. However, the economic 

outlook of Romania improved significantly since 2000 onwards, and could be back on 

the track of a horse economy.  

3.3.5. Relative Transition Curves of the Turtle Economies 

Figure 3-7 plots the relative transition curve of the 73 horse economies from 1950 – 

2000. Again, in attempt to improve the visual clarity of the diagram, the plot of the 

relative transition curves is separated into 13 graphical plots categorized according to 

their geographical region. The transition parameters are measured against the 

benchmark of the elephant economies. 
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 (a) Central Africa (b) Eastern Africa 
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 (c) Northern Africa (d) Southern Africa 
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Figure 3-7: Transition Paths of Turtle Economies (against Elephant Economies) 
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Figure 3-7 (cont’d): Transition Paths of Turtle Economies 
(against Elephant Economies) 
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Figure 3-7 (cont’d): Transition Paths of Turtle Economies 
(against Elephant Economies) 

In sharp contrast with the upward trending relative transition curves of the horse 

economies, the relative transition curves of the turtle economies are mostly downward 

trending, indicating that they are diverging further and further away from the 

developed economies. Several other countries have flat relative transition curves. All 

these countries can be characterized as “economy 1” in the “Phase A” of development 

as illustrated in Figure 3-2. There are a handful of countries that exhibited the Phase B 

turn-around as illustrated in Figure 3-2; they are Uganda (UGA), Egypt (EGY), Chile 

(CHL) and India (IND). If these countries continue with their growth momentum, 

they could eventually transform into a horse economy. Tunisia (TUN) stands out as 

the only country that is consistently catching up, albeit very slowly, with the 

developed nations. 

3.4. Econometric Testing of Growth Convergence 

The log t regression test based on Equation (6) is conducted with the PWT data set 

with 115 economies. The result is shown in Table 3-1. With the full-group test, α̂ is 
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negative and significant, thus we cannot reject the null hypothesis of no convergence 

among the 115 economies3. 

Table 3-1: Econometric Testing of  Growth Convergence 

Regression:  G
t

G
t utAH +−= log2loglog α

Cases α̂  t ratio 

log t test within panel 

All 115 economies -0.091 -15.52 

   

Sub group log t test for 115 economies 

18 elephant economies 0.460 15.16 

16 horse economies 0.020 2.39 

73 turtle economies -0.044 -7.33 

   

Sub group log t test for 73 turtle economies 

39 African turtle economies -0.017 -2.30 

34 Other turtle economies 0.024 2.34 

   

Source: Penn World Table 6.1 (Heston et al., 2002) 

Note: Sample period is from 1950 to 2000. 

Additional tests are then conducted on the 3 subgroups: elephant, horse and turtle. 

The results as given in Table 3-1 show that the null hypothesis is rejected for the 

elephant economies and horse economies at the 5% level; the results imply subgroup 

convergence. However, the null hypothesis cannot be rejected for the turtle economies, 

and this implies that there is no subgroup convergence even within the turtle 

economies. 

 
3 Phillips and Sul (2005) point out that the log t test may not perform well in terms of the accuracy of its nominal 
size when there are a large number of heterogeneous cross sectional units. Simulation tests show a tendency to 
over-reject the null hypothesis in such situation. 
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We further divide the 73 turtle economies into 39 African turtle economies and 34 

turtle economies from other regions. The results are given in Table 3-1. The results 

show that while there is evidence of subgroup convergence among the turtle 

economies from regions outside Africa, there is no subgroup convergence within the 

turtle economies in the Africa. The consistent under-performance of the African 

countries is well-recorded in the literature and is termed as the “African dummy”. 

Researchers such as Barro (1991), Mauro (1995), Easterly and Levine (1997), and 

Temple and Johnson (1998) have shown that despite controlling for variables such as 

level of investments, government consumption, school enrollment, political stability, 

corruption, red tape, quality of judiciary, ethnic heterogeneity, the African dummy in 

various empirical growth models was found to be significant and negatively 

associated with growth. The Triple C theory, also by Lim (1996; 2005), postulates 

that economic growth is propelled by three engines: the domestic engine, the regional 

engine and the global engine. In the case of Africa, the very weak regional engine 

may have hurt the growth prospect of all the African economies in general. 

3.5. Conclusion 

The following conclusions can be drawn from the relative transition curves and the 

variance ratio econometric tests. 

1. There is no overall convergence of the world economy. While this is 

insufficient to deduce that there is no ultimate convergence of the world 

economy, there is evidence that the poorest countries (especially those in the 

African region) are not catching up with the rest of the world in the last 40-50 

years. 
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2. While convergence exists among the elephant economies, countries such as 

Luxembourg and the United States that have a higher degree of openness to 

foreign workers and foreign capital outperform other developed nations in 

terms of income level and growth rate. 

3. The horse economies are steadily catching up with the elephant economies, 

but their speeds of convergence vary widely. Thus it may not be meaningful to 

talk about a “common” rate of convergence for the horse economies in general. 

4. Republic of Congo and Romania are examples of horse economies that 

suffered a U-turn in their growth path. If the regression continues, these 

countries are at risk of slipping back to become turtle economies. 

5. The turtle economies are diverging from the elephant economies. Only a 

handful of turtle economies, such as Uganda, Egypt, Chile and India, exhibited 

economic turn-around, and these countries are potential future horse 

economies. 

6. There is no sub-group convergence among the African turtle economies. The 

very weak regional engine of Africa may have hurt the growth prospect of 

most of the African economies. 
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3.6. Appendix: List of Economies and their Abbreviations 

 
Elephant Economy 

Australia (AUS) Finland (FIN) Japan (JPN) 
Austria (AUT) France (FRA) Luxembourg (LUX) 
Belgium (BEL) United Kingdom (GBR) Netherlands (NLD) 
Canada (CAN) Germany (GER) Norway (NOR) 
Switzerland (CHE) Iceland (ISL) Sweden (SWE) 
Denmark (DNK) Italy (ITA) United States (USA) 
 

Horse Economy 
Barbados (BRB) Hong Kong (HKG) Portugal (PRT) 
Botswana (BWA) Ireland (IRL) Romania (ROM) 
China (CHN) Korea, Republic of (KOR) Singapore (SGP) 
Congo, Republic of (COG) Mauritius (MUS) Thailand (THA) 
Cape Verde (CPV) Malaysia (MYS) Taiwan (TWN) 
Cyprus (CYP)   
 

Turtle Economy 
Angola (AGO) Equatorial Guinea (GNQ) Nepal (NPL) 
Argentina (ARG) Guatemala (GTM) Pakistan (PAK) 
Burundi (BDI) Guyana (GUY) Panama (PAN) 
Benin (BEN) Honduras (HND) Peru (PER) 
Burkina Faso (BFA) Haiti (HTI) Philippines (PHL) 
Bangladesh (BGD) Indonesia (IDN) Papua New Guinea (PNG) 
Bolivia (BOL) India (IND) Paraguay (PRY) 
Brazil (BRA) Iran (IRN) Rwanda (RWA) 
Central African Republic (CAF) Jamaica (JAM) Senegal (SEN) 
Chile (CHL) Jordan (JOR) Sierra Leone (SLE) 
Cote d`Ivoire (CIV) Kenya (KEN) El Salvador (SLV) 
Cameroon (CMR) Sri Lanka (LKA) Syria (SYR) 
Colombia (COL) Lesotho (LSO) Chad (TCD) 
Comoros (COM) Morocco (MAR) Togo (TGO) 
Costa Rica (CRI) Madagascar (MDG) Tunisia (TUN) 
Dominican Republic (DOM) Mexico (MEX) Turkey (TUR) 
Algeria (DZA) Mali (MLI) Tanzania (TZA) 
Ecuador (ECU) Mozambique (MOZ) Uganda (UGA) 
Egypt (EGY) Mauritania (MRT) Uruguay (URY) 
Ethiopia (ETH) Malawi (MWI) Venezuela (VEN) 
Fiji (FJI) Namibia (NAM) South Africa (ZAF) 
Ghana (GHA) Niger (NER) Congo, Dem. Rep. (ZAR) 
Guinea (GIN) Nigeria (NGA) Zambia (ZMB) 
Gambia, The (GMB) Nicaragua (NIC) Zimbabwe (ZWE) 
Guinea-Bissau (GNB)   
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 CHAPTER 4. HYPOTHESIS OF THE S-CURVE OF CAPITAL 

ACCUMULATION AND ITS IMPLIED CAPITAL-OUTPUT RATIOS 

4.1. Introduction 

According to Lim’s S-Curve hypothesis (1994; 1996; 2004), the development of an 

economy can be divided into three stages: (1) low per capita income and low growth 

rate, (2) middle per capita income and high growth rate, and (3) high per capita 

income and low growth rate. The S-Curve hypothesis attributes the superlative growth 

rates of the Stage 2 economies to two important drivers: rapid accumulation of 

physical capital and quantum-leap improvement in technological capability as a result 

of technological transfer.  

This chapter turns the spotlight onto one of the two drivers behind the superlative 

growth: capital accumulation. How important is capital accumulation in generating 

output growth? Is growth of physical capital the cause or the result of output growth? 

Proponents of capital fundamentalism such as Arthur Lewis and Walt Rostow had 

argued that capital formation is an important determinant of economic growth. In their 

views, increase in savings and increase in investment are critical conditions for 

economic take-off. De Long and Summers (1991; 1992; 1993) show that investment 

in machinery and equipment has a strong association with growth, and the association 

remains strong for the developing countries. They thus advocate a policy bias in favor 

of equipment investment. More recently, an empirical study by Hill and Hill (2005) 

using panel data of 100 countries also finds that investment share of real GDP is 

always significant and explains a substantial proportion of real per capita GDP 

growth. 
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Statistical evidence has shown that capital accumulation is strongly associated 

with output growth; however, association is different from causality. Results from the 

empirical studies on causality are mixed, although studies using panel data often 

produce results that disagree with the theory of capital fundamentalism. On the other 

hand, studies on individual countries show that the causal relationship between 

investment and growth is country-specific and may run in either direction. 

Blomstrom, Lipsey and Zejan (1996) divide the post-WWII period into five-year sub-

periods, and find that per capita GDP growth in a period is more closely related to the 

subsequent ratio of fixed capital formation to GDP than to the current or past ratio. 

Their tests on causality also suggest that growth causes subsequent capital formation 

more than capital formation causes growth. Podrecca and Carmeci (2001) use 

quinquennial panel data on growth and investment shares for the post war period and 

show that the causality between fixed investment and growth runs in both directions, 

but the Granger causality from investment shares to growth rates is surprisingly 

negative. Hatemi-J and Irandoust (2002) study the causality between fixed investment 

and economic growth for several industrialized countries individually using the vector 

autoregression (VAR) model. Their results show that fixed investment and economic 

growth are causally related in the long run for each country: causality in Canada and 

Italy is bidirectional; direction of causality in Germany is from fixed investment to 

economic growth; in France, Sweden, and the UK, causality is running from growth 

to fixed investment. Ghali and Al-Mutawa’s (1999) causality study on each of the G-7 

countries also suggest that the causal relationship between investment and growth 

vary significantly across countries and may run in either direction. 

 89

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



The importance of capital accumulation in determining output growth has also 

been tested using growth-accounting procedure. The results from these studies in 

general show that differences in physical capital accounts for little of the international 

differences in output. King and Levin (1994) and Hall and Jones (1999) separately 

conduct growth-accounting on more than 100 countries, and both studies show that 

international differences in per capita capital explain little of the differences in per 

capita output across countries. However, King and Levine do find a strong and robust 

association between the ratio of investment to GDP and economic growth. In almost 

all the studies using growth-accounting procedure, Solow residual, sometimes also 

termed as technological progress or total factor productivity (TFP), accounts for the 

bulk of cross-country growth differences. Some of the theoretical explanations of the 

Solow residual includes technology, externalities, and adoption of lower cost 

production methods (Easterly and Levine, 2001). Hall and Jones (1999) suggest that 

the differences in the Solow residual can be explained by differences in institutions 

and government policies, which they call “social infrastructure”.  

If Solow residue is viewed as the social infrastructure of a country, the level of 

physical capital stock is expected to be highly correlated with the Solow residue in a 

market economy. If this is the case, then the emphasis on physical capital stock is not 

misplaced. An economy with well-developed social infrastructure is certainly an 

attractive destination for both domestic and foreign investments. At the same time, a 

high level of investment also serves to strengthen the social infrastructure of an 

economy. Social infrastructure and physical capital are also dependent on each other 

to carry out economic development. On its own, social infrastructure is not enough to 

generate growth; it would have to be combined with physical capital and other 
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resources to produce economic development. Similarly, in the absence of adequate 

social infrastructure, an increase in capital stock probably would not result in an 

increase in GDP. This partly explains the ineffectiveness of foreign aids in spurring 

economic development of many developing countries. Thus, capital accumulation is 

still a relevant, though not the only, ingredient of economic development. The other 

critical ingredient is social infrastructure. Both are likely to be closely correlated. 

Singapore experienced very rapid increase in GDP between 1960s and 1990s on 

the back on sharp increases in factor inputs. However, Krugman (1994) and Young 

(1995) dismiss the spectacular rise of Singapore’s GDP by emphasizing that 

Singapore’s TFP growth was negligible and that the high economic growth was only 

driven by resource accumulation. Krugman even predicts that Singapore could face a 

“Soviet-style” growth collapse. This chapter disagrees with Krugman and Young, and 

takes the view that a sharp increase in capital accumulation during the development 

process of a developing country is necessary to fuel current and future economic 

growth. 

This chapter extends Lim’s S-Curve hypothesis and postulates that capital 

accumulation of an economy also follows an S-Curve as the economy develops. Thus, 

an economy at Stage 1 of economic development would have a low level of per capita 

capital stock and a low rate of capital accumulation. Rate of capital accumulation 

would gain momentum as the economy enters Stage 2 of economic development. An 

economy at Stage 3 would enjoy a high level of per capita capital stock but its rate of 

capital accumulation, although is still positive, would gradually decline. Implicitly 

assumed in the hypothesis of S-Curve of capital accumulation is that capital 

 91

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



accumulation is strongly associated with output growth. The hypothesis suggests that 

a newly industrializing economy would experience rapid accumulation of capital, and 

this rate of capital growth would slowly taper off as the economy develops. This sharp 

increase in capital accumulation is necessary to fuel further economic growth. It is 

further postulated that the growth rate of capital stock is likely to outpace that of GDP 

during the early phase of industrialization. As a result of this S-Curve of capital 

accumulation, the incremental capital-output ratio (ICOR) and the average capital-

output ratio (ACOR) of the economy are likely to first increase, and then gradually 

decrease as the economy ascends the development ladder. Some researchers regard an 

increasing level or a high level of ICOR as a sign of capital inefficiency; the S-Curve 

of capital accumulation shows that this is just part and parcel of economic 

development.  

The outline of this chapter is as follows. Section 4.2 puts forth the hypothesis of 

the S-Curve of capital accumulation. Section 4.3 briefly reviews the concepts of 

ICOR and ACOR, and postulates the probable patterns of ICOR and ACOR as an 

economy develops. Section 4.4 uses cross-country data from 60 countries to ascertain 

the relationships between (i) capital level and output level, (ii) capital growth and 

output growth, and (iii) ACOR and output level. Section 4.5 presents a case study of 

Singapore. It shows that the development experience of Singapore concurs with the 

hypothesis of the S-Curve of capital accumulation. The long term causal relationship 

between Singapore’s investment in machinery and equipment and GDP growth is also 

tested and found to be positive and bi-directional. Section 4.6 revisits the issue of TFP 

growth and capital growth, and reasons that in the case of Singapore, strong growth in 

physical capital is critical for the high economic growth achieved by Singapore. 
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Moreover, as Singapore’s economy matures, contribution from physical capital 

diminishes, while contributions from TFP and human capital increase. The conclusion 

is given at the end of this chapter. 

4.2. Hypothesis of the S-Curve of Capital Accumulation 

In a framework similar to that of the S-Curve hypothesis, it is hypothesized that the 

accumulation of physical capital of an economy as it develops also takes the shape of 

an S-Curve. In Stage 1 of the development process, a turtle economy is likely to have 

a low level of per capita capital stock and a slow rate of capital growth. As the turtle 

economy transforms into a horse economy, the accumulation of capital gains 

momentum, and the level of per capita capital stock increases. As the horse economy 

graduates to become an elephant economy, the level of per capita capital stock would 

be high, but the rate of capital accumulation would slow down. The graphical 

representation of the S-Curve of capital accumulation and the S-Curve of output is 

shown in Figure 4-1. 

 

Figure 4-1: S-Curve of Capital Accumulation 
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It is further hypothesized that during the earlier phase of industrialization of a 

horse economy, the growth rate of capital stock would outpace that of output. This is 

illustrated by the steeper slope of the S-Curve of the per capita capital stock during 

the earlier part of Stage II. The difference between these two growth rates is expected 

to narrow as the horse economy matures.  

4.2.1. Stage I: Low Capital Stock, Low Capital Growth 

An underdeveloped turtle economy is likely to have a low level of per capita capital 

stock. This is intuitive as capital investment needs to be financed out of savings from 

income, both of which are lacking in the poor countries. In addition, foreign 

investment is likely to be scarce in the absence of investment-conducive policies. 

Growth rate of per capita capital stock is also expected to be low since governments 

of developing countries often have limited tax-collecting and revenue-generating 

capabilities, and this lack of fund will restrict the governments’ expenditure on 

infrastructural and developmental investment. 

4.2.2. Stage II: Middle Capital Stock, High Capital Growth 

On the other hand, for a turtle economy to metamorphose into a rapidly-

industrializing horse economy, the domestic growth engine of the economy, as driven 

by its entrepreneurs, workers and government, would have undergone colossal 

transformation. An enterprising business community, a better-educated workforce, 

investment-conducive policies, and a lower cost structure as compared to the 

developed nation would serve as a magnet for both foreign and domestic direct 

investment. Two positive cycles of circular cumulative causation would also be set in 

motion. Firstly, the influx of foreign investment would provide increased business 
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opportunities to domestic producers, thereby inducing further domestic investment in 

the economy. Secondly, as the fiscal position of the government improves, the 

government will be able to invest more heavily in the development of physical 

infrastructure and human capital. This could further enhance the attractiveness of the 

country as a destination of direct investment. As the economy gallops on the highway 

of economic development, capital investment by both the private and public sectors 

would increase rapidly. 

4.2.3. Stage III: High Capital Stock, Low Capital Growth 

A highly developed elephant economy that has experienced continued capital 

accumulation over prolonged period will have a high level of per capita capital stock. 

Capital growth rate, however, is likely to slow down. The enormous stock of public 

sector’s infrastructure that was built up over the long development process implies 

that the choices of investment in a developed country are increasingly limited. The 

social need for additional infrastructural investment would be small and the social 

returns on the new investment would be low. As a result, public sector’s investment 

rate is likely to be low. At the same time, due to the high cost of production in the 

developed countries, direct investment, especially that from the manufacturing sector, 

would flow from the expensive developed countries to the cheaper developing 

countries. This tendency is compounded by the fact that the developed economy is 

also saturated with private sector investment, such that diminishing returns set in. 

Investment capital would thus travel to countries that provide higher returns. In fact, 

many industrial towns in the developed countries face the constant threat of their 
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industrial base hollowing out. All these explain the low rate of capital growth in the 

developed country. 

4.3. Capital-output Ratios and Economic Development 

4.3.1. Factors Influencing Level of ICOR 

The incremental capital-output ratio (ICOR) is defined as the amount of additional 

capital stock (∆K) needed to increase national output by one unit (∆Y), or 

YKICOR ∆∆= . Typically, ICOR is around 2–4 for developing countries (Gianaris, 

1970), although it is not unusual to see economies with ICOR lower than 2 or higher 

than 6.  

There are three important factors that influence the levels of ICOR. Firstly, if 

capital is assumed to be homogenous, ICOR is simply determined by the efficiency in 

the utilization of additional capital. Thus the lower the marginal productivity of 

capital, the higher is the level of ICOR, and vice versa. Inefficiency in the utilization 

of capital could stem from many sources, such as inefficiency in the areas of 

organization, administration and production, and inappropriate adoption of capital-

intensive production processes in labor-surplus developing countries. 

Secondly, since capital is heterogeneous in the real world, the composition mix of 

capital stock would affect the level of ICOR of a country. For example, a country that 

is investing heavily in capital-intensive sectors such as transport network, air- and 

seaport, housing and electricity grid would have a much higher national-wide ICOR 

than a country whose investment is skewed towards fixed assets such as machinery 

and transport equipment. Similarly, a country with a large transportation and 
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communication sector is likely to have a higher ICOR than a country that has a large 

manufacturing sector. In this instance, the higher level of ICOR does not imply 

inefficiency in the utilization of additional capital. Moreover, different investment 

types have different service lives and different spin-off effects on the economy. 

Thirdly, the stage of development of a country would also affect the level of 

ICOR and ACOR. A developing country is likely to have surplus labor and thus is 

likely to engage in labor-intensive production processes. This would give rise to low 

ICOR and ACOR. A developed country, on the other hand, is likely to have surplus 

capital and its production processes are likely to be capital-intensive, this would result 

in a higher ICOR and ACOR. During the long transition period as a developing 

economy gradually transforms into a developed economy, there would be increasing 

substitution of capital for labor as a consequence of increasing labor cost. A high and 

rising ICOR during this period is thus part and parcel of the economic development 

process. 

Although it is a combination of factors that influences the level of ICOR, a high 

level of ICOR has often been interpreted as a sign of inefficiency of investment, and 

an increasing ICOR as worsening efficiency in the utilization of additional capital. 

Such interpretations are commonly found in economic dictionaries, newspaper reports 

and even journal articles. For instance, Jun (2003) in his paper on investment and 

investment efficiency of China wrote, “A direct and simple measurement of 

investment efficiency at aggregate level may be carried out by calculating its so-called 

ICOR, which is the reciprocal of the marginal productivity of capital stock”. Jun then 

compared the ICOR of China with those of the “little dragons” and “little tigers” of 
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East Asia and noted that these countries, with the exception of Hong Kong, have 

experienced an upward sloping of ICOR between 1970s and 1990s. He then 

concluded that “China’s ICOR had trended downward since 1979, suggesting a better 

performance than most East Asian NIEs and emerging economies for the similar stage 

of development”.  

This “direct and simple” interpretation of ICOR, however, may be flawed. When 

comparing ICOR of two countries, a lower ICOR could be associated with greater 

efficiency in the use of incremental capital, provided both countries are at similar 

stage of development and have similar investment mix. In the absence of prior 

knowledge of investment composition, a straightforward comparison of ICOR could 

lead to misleading conclusion on capital efficiency. On the other hand, comparing 

sectoral ICOR of the same sector from different countries could be a more fruitful 

exercise, especially if the countries are at similar stage of development. In addition, 

inter-temporal comparison of ICOR and ACOR of a country could throw light on the 

structural transformation of the country. 

4.3.2. Relationship between ICOR and ACOR 

The average capital-output ratio (ACOR) is defined as the total capital stock (K) 

required to produce the total output (Y), or ACOR = K/Y.  It is a measurement of the 

average productivity of the entire capital stock, assuming that the capital stock is fully 

utilized. Underutilization of capital stock, say during a recession, would lead to an 

overstated ACOR. 
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If a linear relationship is assumed between capital and output such that K = αY, an 

assumption used in the Harrod-Domar growth model, then it would imply that ICOR 

equals to ACOR and both ICOR and ACOR are the same constant. 

However, it is evident from empirical studies that ICOR is often not equal to 

ACOR, and they are not constant. As shown in Figure 4-2, a rising ICOR could be 

accompanied by an increasing or decreasing ACOR. If the ICOR is higher than the 

ACOR in absolute value, the ACOR will be increasing; if the ICOR is lower than the 

ACOR in absolute value, the ACOR will be decreasing even if the ICOR is 

increasing. 

Figure 4-2: Relationship between ICOR and ACOR 

Similarly, a declining ICOR could go hand-in-hand with a growing ACOR or a 

falling ACOR. If the ICOR is larger than the ACOR in absolute value, the ACOR will 
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be increasing regardless of a falling ICOR; if the ICOR is smaller than the ACOR in 

absolute value, ACOR will be decreasing. 

ICOR and ACOR are also related to each other through the growth rate of capital 

and the growth rate of output as shown below: 
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Thus, ICOR will be higher than ACOR if the growth rate of capital is higher than 

that of output. This in turn will lead to an increasing ACOR; and vice-versa. 

4.3.3. S-Curve of Capital Accumulation and its Implied ICOR and ACOR1 

A turtle economy is likely to have low levels of ICOR and ACOR as production 

processes are likely to be labor-intensive. This is due to the general lack of supply of 

capital and the excess supply of labor in a turtle economy. 

A horse economy is likely to experience increasing ICOR for three reasons. 

Firstly, a horse economy is expected to undergo a period of rapid increase in capital 

investment as private sector’s investment pours into the economy. ICOR is given by 

the ratio of investment rate to GDP growth rate, or ICOR = (I/Y)/ (∆Y/Y). In the short 

to medium term, as the investment rate expands rapidly while the output growth lags 

 

 

1 This section assumes that economies are generally efficient in utilizing their capital, which is likely to be more 
true for the more developed market economies than otherwise. In this case, the levels of ICOR and ACOR of the 
economies are expected to be influenced by their stages of development and the composition mixes of their capital 
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behind, ICOR will inevitably be pushed up. This is because output to be generated 

from this influx of investment is expected to be reaped over a longer term. Secondly, 

as the excess labor in the economy is exhausted, production process has to become 

increasingly capital-intensive. This again will lead to an increasing ICOR. Thirdly, the 

government would be undertaking large-scale infrastructural projects which have 

higher levels of ICOR. However, physical infrastructure has a much longer longevity 

than other forms of fixed-asset investment such as machinery and equipment, which 

would mean that the benefits (in terms of output generation) of the infrastructural 

projects would extend over a much longer period. If ICOR is higher than ACOR, 

which will be the case when capital growth outpaces GDP growth, then the horse 

economy would have both increasing ICOR and increasing ACOR. As the horse 

economy gradually matures into an elephant economy, the rate of increase of ICOR 

will slow down, and the level of ICOR may even start to decline. 

An elephant economy with its high level of accumulated investment is likely to 

have a low investment rate. At the same time, the elephant economy continues to reap 

the returns of earlier investment, especially those in infrastructure and buildings that 

have very long service lives. Thus, the ICOR of an elephant economy is likely to be 

falling, albeit gradually, as the investment rate falls faster than the GDP growth rate. 

However, as the production processes adopted in an elephant economy is of much 

higher capital intensity, the ICOR of the elephant economy would be higher than that 

of a turtle economy. ACOR is likely to be inching up very gradually for the elephant 

economy, and may eventually stabilize or even decline. 

                                                                                                                                                        

 

stock. If inefficiencies in the utilization of capital are prevalence in the turtle economies, the ICOR and ACOR 
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A probable pattern of the ACOR and the ICOR changing over the development 

process of a country is given in Figure 4-3. 

 

Figure 4-3: S-Curve and Capital-output Ratios 

4.4. International Evidences on Capital and Economic Development 

If the hypothesis of S-Curve of capital accumulation is correct, empirical studies on 

capital and economic development should present the following evidences: 

1. Output level is positively associated with the level of physical capital; the 

higher the level of physical capital, the higher is the level of output. 

2. Output growth is positively associated with the growth of physical capital. 

Capital growth is most rapid for a horse economy; growth rate slows down 

as the horse economy turns into an elephant economy. 

3. A turtle economy is likely to have low levels of ICOR and ACOR. A horse 

economy is likely to have an increasing ICOR and ACOR. The levels of 

                                                                                                                                                        
would then be much higher than those described in this section. 
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ICOR and ACOR of an elephant economy are likely to stabilize and could 

eventually gradually decline. 

4. As both the private and public sectors of a horse economy undertake 

substantial investment, the GDP growth of a horse economy would lag 

behind the growth of its capital stock. On the other hand, the GDP growth 

rate of an elephant economy would be higher than its capital stock growth 

rate, as the elephant economy continues to reap the benefits of earlier 

investments. 

Cross-country data will be used in this sector to provide evidences to the first 

three points. 

4.4.1. Data Source 

There are several databases that provide internationally comparable data on capital 

stock, such as the King and Levine Data Set, the Nehru Dhareshwar Data Set and the 

Penn-World Table (PWT) 5.6. King and Levine (1994) and Nehru and Dhareshwar 

(1993) provide capital stock estimates for about 100 countries from 1950 to late 

1980s. Both set of data were created using the Perpetual Inventory Method (PIM): 

initial capital stocks of countries in 1950 were first estimated, aggregate investment 

data from the subsequent years were then accumulated while assuming a certain 

depreciation rate. Both the King and Levine Data Set and the Nehru Dhareshwar Data 

Set are available from the World Bank’s web site. The third data set, PWT 5.62, 

provides data on “non-residential capital stock per worker” for 63 countries from 
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1965 to 1992 using the PIM. Although the number of countries covered by the PWT 

5.6 is smaller, it has one advantage over the other two data sets: instead of using 

aggregate investment, PWT 5.6 utilized capital stock components, namely machinery 

and equipment, nonresidential and other construction, in its computation of capital 

stock. Residential construction is not included. The capital stock data from PWT 5.6 

is used in the following analysis. 

4.4.2. Capital Level and Output Level 

Using GDP per capita as a proxy for economic development, it is evident from Figure 

4-4 that per capita income level increases as capital stock per worker grows. This is as 

expected, and is in line with the hypothesis of S-Curve of capital accumulation. The 

two variables are highly correlated, with a correlation coefficient of 0.90. 
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Source: Computed using data from PWT 5.6. 

Figure 4-4: Cross-country Comparison of Capital Stock and GDP ('000 
International $ in 1985 Prices), 1990 

                                                                                                                                                        
2 The latest version of the Penn-World Table, PWT 6.1, was released in 2002. However, data on capital stock are 
not yet available. 
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GDP per capita (GDPPC) is then regressed against capital stock per worker 

(KPW). The regression result and the corresponding t-statistics (in parentheses) are as 

follows. Both coefficients are highly significant at 5% significance level and the 

coefficient of determination is 81%. 

GDPPC =  1.44  +  0.310 KPW 
   (2.95)  (15.58) 

R2 = 0.81 

The result suggests that an increase in per worker capital stock of one 

International dollar led to, on average, an increase of about 31 International cents of 

real per capita GDP. 

4.4.3. Capital Growth and Output Growth 

21 countries are categorized according to the 3 growth phases of the S-Curve 

hypothesis. 8 developed nations, 4 newly industrializing economies plus Japan3, and 8 

developing countries are selected to represent the elephant economies, the horse 

economies, and the turtle economies respectively. The elephant economies selected 

are: Canada, Denmark, France, Germany, New Zealand, Sweden, United Kingdom 

and U.S.A. Hong Kong, Japan, South Korea, Taiwan and Thailand are chosen to 

represent the horse economies. The turtle economies are: Kenya, Madagascar, 

Malawi, Peru, the Philippines, Sierra Leone, Venezuela and Zambia. The time paths 

of the averages of log of capital stock per worker of these three groups of countries 

are plotted in Figure 4-5. 

 
3 Although Japan is very much an elephant economy now, it can be considered as a horse economy between 1965 
and late 1980s. 
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Source: Computed using data from PWT 5.6. 

Figure 4-5: Time Paths of Average Log Capital Stock per Worker of Turtle, 
Horse and Elephant Economies, 1965-1990 

Year 

It is evident from Figure 4-5 the fastest growing horse economies were also the 

countries that experienced the most rapid growth in capital stock over the last 35 

years. Capital growth in the horse economies is significantly faster than those of the 

turtle economies (which exhibited no obvious trend) and the elephant economies 

(which increased gradually). Furthermore, it is also evident from the time series that 

capital stock per worker increases as an economy develops, the same evidence that 

was borne out in Section 4.4.2 using cross-sectional data. 

The 3 panels of time series when placed side-by-side gives an indication of the 

time trend of per worker capital stock as an economy progresses from a turtle 

economy to a horse economy and finally to an elephant economy. In other words, 

capital growth is low and erratic and may even turn negative for the turtle economy. 

As the economy is transformed into a horse economy, capital growth is robust and 

rapid, resulting in a rapid growth in output level. The causality between output growth 

and capital growth of course can be bi-directional. As the economy gradually matures 
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into an elephant, capital stock, although still growing, will grow at a slower pace. 

This, in essence, sketches the S-Curve of capital accumulation. 

4.4.4. ACOR and Economic Development 

Empirical evidence has generally shown that ACOR is positively related to per capita 

income and that ACOR tends to increase as countries develop. In an exercise to 

explore the association of ACOR with the level of development, King and Levine 

(1994) regress the ACOR during the 1980s on the ratio of income per capita relative 

to income per capita in the United States for the cross-section of 105 non-oil 

countries. Their regression result suggests that richer countries have higher capital-

output ratios.  

ACOR can be computed by dividing the capital stock of a country by its GDP. 

“Capital Stock per Worker” and “GDP per Worker” from the PWT 5.6 is used to 

compute figures on ACOR. Using GDP per capita as a proxy of economic 

development, ACOR for 60 countries in 1990 is plotted against their respective per 

capita GDP (see Figure 4-6). The correlation coefficient between the two variables is 

moderate at 0.430. However, there is some broad trend that indicates higher level of 

ACOR for countries with higher level of per capita GDP. Almost all the high income 

countries have high levels of ACOR, with the exception of Hong Kong, which was a 

colony until 1997. Many of the medium-income economies, such as Taiwan, Greece, 

South Korea, Spain and Ireland, have high levels of ACOR that are comparable to 

those of the high-income countries. The levels of ACOR of the low-income countries 

span almost evenly over a very wide range; Panama has an ACOR of 1.9, which is 

higher than most of the high-income countries. As mentioned earlier, inefficiencies in 
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the utilization of capital is one of the factors that could result in a high level of 

ACOR, a situation that is expected to be more prevalence in the lesser-developed 

countries. However, we could also see from Figure 4-6 that there is a significant 

potion of low-income countries with very low level of ACOR. 
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Source: Computed using data from PWT 5.6. 

Figure 4-6: Cross-country Comparison of ACOR, 1990 

Figure 4-7 plots the time paths of the averages of ACOR of the three categories of 

countries from 1965 to 1990. The eight elephant economies and the eight turtle 

economies used in Figure 4-5 are also used here. Hong Kong is removed from the 

sample of horse economies as its very low level of ACOR could be considered as an 

outlier. All the three categories of economies experienced an increase in ACOR over 

the 25 years, indicating a general increase in capital-intensity of the global economy. 

Out of the three categories of economies, the increase in ACOR experienced by the 

horse economy is the largest. Furthermore, the level of ACOR of the horse economy 

 108

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



overtook that of the elephant economy in the early 1970s and remained higher than 

the ACOR of the elephant economy since then.  
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Source: Computed using data from PWT 5.6. 

Figure 4-7: Time Paths of Average ACOR of Turtle, Horse and Elephant 
Economies, 1965-1990 

Year 

4.5. Capital Accumulation and Economic Development of Singapore 

4.5.1. Singapore’s S-Curve of Capital Accumulation 

Data on Singapore’s capital stock are constructed from data on Gross Fixed Capital 

Formation (GFCF) at 1995 prices using the Perpetual Inventory Method (PIM). 

Straight-line depreciation is assumed and the assumptions on the longevity of various 

categories of capital stock follow those used by the Singapore’s Department of 

Statistics (DOS) in their computation of the capital stock of Singapore (Department of 

Statistics, 1997; OECD, 2001). Details on the construction of the data series of the 

capital stock of Singapore can be found in Appendix 1. 

Figure 4-8 presents the estimated capital stock of Singapore from 1960 to 2004. 

The general trend in the figure conforms to the hypothesis of the S-Curve of capital 
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accumulation. It is evident from Figure 4-8 that the accumulation of capital got on a 

slow start during the early phase of the Singapore’s economic development (low level 

and low growth of capital). The building up of capital gained momentum around 

1970, signaling Singapore’s entrance into a new phase of rapid industrialization 

(medium level and high growth of capital). The growth of capital stock appears to be 

tapering off in the late 1990s and early 2000s with high level of and low growth of 

capital.  
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Source: Writer’s estimate using raw data from CEIC database. 

Figure 4-8: Singapore’s Per Capita Capital Stock (S$ in 1995 Prices), 1960-2004 

It can also be seen from Figure 4-8 that the intensive pace of capital accumulation 

by the public sector in the 1970s and early 1980s fizzled out since 1986. Between 

1970 and 1986, public sector’s capital stock grew by an average of 12% per annum; 

the average growth rate of capital stock was drastically reduced to 5% since 1987. 

This is consistent with our earlier view that public sector’s investment tends to decline 

as an economy develops. 
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4.5.2. Singapore’s Capital and Economic Development 

As discussed in the earlier sections, the S-Curve of capital accumulation hypothesized 

that output level is positively associated with the level of physical capital stock and 

output growth is positively associated with growth of physical capital stock. 

Furthermore, the GDP growth of a horse economy would lag behind the growth of its 

capital stock, while the GDP growth of an elephant economy would be higher than its 

capital stock growth. These propositions are in line with the development experience 

of Singapore. 

Singapore’s per capita GDP has grown in tandem with the increase in the per 

capita capital stock over the years (see Figure 4-9). In 1960, when Singapore was still 

a turtle economy, per capita GDP and per capita capital stock were both very low at 

only S$4,100 and S$8,100 respectively, measured in 1995 prices. Singapore began its 

metamorphosis into a horse economy from mid-1960s. And since mid-1960s to late-

1990s, Singapore’s per capita capital stock grew rapidly, so did its per capita GDP. 

However, it can be seen from Figure 4-9 that the growth of both the per capita GDP 

and the per capita capital stock appear to be tapering off since 2000. It may indicate 

that Singapore is gradually becoming an elephant economy. 
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Source: Writer’s estimate using raw data from CEIC database. 

Figure 4-9: Singapore’s Log Per Capita GDP and Log Per Capita Capital Stock (S$ 
in 1995 Prices), 1960-2004 

Singapore’s per capita GDP and per capita capital stock are highly correlated, 

with the Spearman’s correlation coefficient at 0.99. However, there may be spurious 

correlation between these two variables as both the variables are also highly 

correlated with time. Thus, the correlation test between the first difference of per 

capita GDP and the first difference of capital stock are run, and they are also found to 

be highly correlated. The Spearman’s correlation coefficient is obtained as 0.62. This 

is equivalent to saying that the changes of GDP and the changes of capital stock are 

highly correlated. 

It can also be seen from Figure 4-9 that the vertical distance between the two 

curves is widening overtime; this indicates a rising ACOR. This is in agreement with 

our earlier proposition that the per capita capital stock of a horse economy would rise 

faster than its per capita GDP.  
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Table 4-1 reaffirms the observation made in Figure 4-9. Since 1970, the growth 

rates of per capita capital stock were consistently higher than that of the GDP. 

Furthermore, the difference between the two sets of growth rates narrowed as the time 

went by. This lends support to the earlier proposition that the increase in GDP will 

catch up with that of the capital stock during the later phase of the rapid development 

stage of an economy, as the economy continues to reap the benefits of earlier 

investments. 

Table 4-1: Average Annual Growth Rates of Singapore’s Per Capita GDP and Per 
Capita Capital Stock (in 1995 Prices) 

 Per Capita GDP Per Capita Capital Stock 

1960 – 1969 6.0% 5.1% 

1970 – 1979 7.1% 10.1% 

1980 – 1989 4.9% 6.7% 

1990 – 1999 4.4% 5.2% 

2000 - 2004 1.3% 2.5% 

1960 – 2004 5.5% 6.4% 

Source: Writer’s estimate using raw data from CEIC database. 

4.5.3. Granger Causality between Singapore’s Capital Accumulation and GDP 
Growth 

Although it has been shown in the preceding subsection that the change in 

Singapore’s per capita capital is highly correlated with the change in Singapore’s per 

capital output, correlation is not the same as causality. It would be interesting to find 

out the direction of causality between Singapore’s capital stock and its GDP level. 

Granger Causality Bivariate VECM Test is used in this sub-section to establish the 

causality between Singapore’s capital accumulation and GDP growth. In the spirit of 

De Long and Summers (1991; 1992; 1993) who suggest that investment in machinery 

and equipment has a strong association with growth, this section aims to determine 
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the casual relationship between Singapore’s fixed investment in machinery and 

equipment and GDP growth. 

The two variables used are “growth in net capital stock in machinery and 

equipment (m)” and “growth in GDP (y)”. Mathematically, mt = ∆Mt = Mt - Mt-1 and yt 

= ∆Yt = Yt - Yt-1, where M is the net capital stock in machinery and equipment and Y is 

GDP. Both variables are measured in constant 1995 prices. The “growth in net capital 

stock in machinery and equipment” is a better measurement of the net changes in the 

total amount of machinery and equipment in a country than the more commonly used 

“gross fixed capital formation in machinery and equipment”, as the former measure 

takes into consideration the amount of investment needed as replacement investment. 

While the Augmented Dickey-Fuller (ADF) test shows that unit root exists in both 

the data series of mt and yt, the first differences of met and yt, ∆mt and ∆yt, are found to 

be stationary. The Johansen cointegration test shows that both ∆mt and ∆yt are 

cointegrated, that is, there exists a long-term equilibrium relationship between 

investment in machinery and equipment and GDP growth. 

A Bivariate Vector Error Correction Model (VECM) is set up to establish the 

causality between investment in machinery and equipment and GDP growth: 

ytjtjitittt Uymmyy +∆+∆+−−+=∆ −−−− ∑∑ βαβαθµ )( 11  

mtjtjitittt Uymmym +∆+∆+−−+=∆ −−−− ∑∑ δγβαφω )( 11  

If ∑αi ≠ 0, then short-run changes in investment in machinery and equipment have 

an impact on GDP growth; if θ ≠ 0, then long-run changes in investment in machinery 
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and equipment cause GDP growth. On the other hand, if ∑δi ≠ 0, then short-run 

changes in GDP growth affect investment in machinery and equipment; if φ  ≠ 0, then 

long-run changes in GDP growth lead to investment in machinery and equipment. 

Block Endogeneity Wald test is used for testing the short-term causal effect, while t-

test is used for testing the long-term causal effect. The appropriate number of lags is 

determined by using the Akaike’s Information Criteria (AIC). A lag of 5 periods is 

found to minimize the value of the AIC. 

The VECM estimates are given as follow:s 

θ                1.936** 

φ  0.904* 

∑αi 5.300* 

∑δi -3.029* 

* denotes significance at 1 percent level, ** at 5 percent level. 

The results of the VECM estimates show that there exists a positive and 

significant bi-directional long term causal relationship between Singapore’s 

investment in machinery and equipment and its GDP growth. While short term causal 

relationship between capital accumulation and GDP growth is also bi-directional, 

granger causality from GDP growth to investment in machinery and equipment is 

surprisingly negative, although the granger causality from investment in machinery 

and equipment to GDP growth is positive. 

4.5.4. Singapore’s Capital-output Ratios 

It was hypothesized in Section 4.3 that a turtle economy is likely to have low levels of 

ICOR and ACOR, a horse economy is likely to have increasing levels of ICOR and 

ACOR, and the levels of ICOR and ACOR of an elephant economy are likely to be 

 115

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



lower than the high recorded by the horse economy but will still be significantly 

higher than those of the turtle economy. 

Figure 4-10 shows the variability of Singapore’s ACOR over the period 1960 to 

2004. Level of ACOR was steadily rising from less than 2.0 in early 1960s to about 

3.0 in early 2000s. There were four prominent upsurges of the ACOR over the last 44 

years, and they coincided with the recessionary years of Singapore: 1964, 1985, 1998 

and 2001 (as marked by circles). During recession, output falls sharply while capital 

stock remains relatively stable, resulting in an underutilization of capital. This leads a 

sudden increase in ACOR, which is not representative. 
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Source: Writer’s estimate using raw data from CEIC database. 

Figure 4-10: Singapore’s Average Capital-output Ratio, 1960-2004 

It can be seen from Figure 4-10 that Singapore’s ACOR expanded rapidly in the 

first twenty years after Singapore attained independence in 1965. This is in-line with 

the hypothesis of the S-Curve of capital accumulation: horse economy would 

experience increasing ACOR (and ICOR) during the early stages of industrialization. 

The steady increase of the ACOR ran out of steam in the late 1980s, and the ACOR 
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was range-bound between 2.5 and 3.1 since 1988 (the level of ACOR in 2004 was 

2.9). In accordance with the proposition given in Figure 4-3, the period since late 

1980s corresponds to the later stages of a horse economy. In other words, Singapore is 

gradually transforming into an elephant economy. 

4.6. Capital Growth and Total Factor Productivity Growth of Singapore 

Under the framework of growth accounting, economic growth is attributable to 

increases in factor inputs and improvements in total factor productivity (TFP). Factor 

inputs commonly included in growth accounting exercises are physical capital, labor 

force and human capital4, while TFP is measured as the residual of the growth 

equation after accounting for the increases in factor inputs. TFP would include both 

technological progress and enhanced efficiency, although the contributions from these 

two factors are not distinguishable from the derived estimates. 

In almost all studies on growth accounting, such as Hall and Jones (1999)and 

King and Levine (1994), TFP is found to account for the bulk of cross-country growth 

differences, while differences in physical capital accounts for little of the international 

differences in output growth. Thus, the long-term growth potential of an economy is 

often viewed to be determined by its ability to achieve and sustain a high level of TFP 

growth.  

Studies on decomposition of Singapore’s economic growth, such as Tsao (1982), 

Young (1992; 1995), Rao and Lee (1995), Koh, Rahman and Tan (2002) and Hsieh 

(2002), have all pointed to the overwhelming importance of capital accumulation in 

 
4 Human capital is usually measured as a function of number of years of schooling. 
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propelling the growth of Singapore, and the smaller degree of contribution made by 

TFP growth. In addition, some of the earlier studies, such as those by Tsao (1982) and 

Young (1992; 1995), concluded that Singapore’s TFP growth rates were negligible. 

The high level of capital growth and the corresponding very low level of TFP growth 

have prompted Krugman (1994) and Young (1995) to cast doubt on the sustainability 

of Singapore’s economic growth; Krugman even predicted that Singapore could face 

a “Soviet-style” growth collapse. 

There are two questions concerning the issue of TPF growth and capital growth. 

Firstly, was Singapore’s TFP growth rates as low as those computed by Tsao (1982) 

and Young (1992; 1995)? And secondly, is high capital growth the boon or the bane 

of sustainable economic growth? 

The first question is a technical one that requires a technical answer. Young 

(1995) estimate that out of the 8.7% average GDP growth rate from 1966 to 1990, the 

growth in TFP averaged only 0.2%. The very low level of TFP growth of Singapore 

obtained by Young stems from his assumptions about the factors shares in the 

production function. Young estimates the output elasticity of capital of Singapore to 

be around 0.5, substantially higher than the 0.35 in a typical economy  (Eggertsson, 

2004). Eggertsson cites the estimates of factor shares computed by Bosworth and 

Collins (2003) and Sarel (1997), and reasons that α = 0.35 is a more appropriate 

figure. Using the assumption of α = 0.35, Eggertsson (2004) shows that Singapore’s 

average TFP growth over the period 1960-2003 was at 1.4%. Eggertsson’s 

decomposition of the economic growth of Singapore is reproduced in Table 4-2.  In 

addition, Eggertsson also shows that Singapore’s TFP growth rates are comparable to, 
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if not higher than, those of the other advanced and emerging economies (see Table 

4-3). Other studies on decomposition of growth of Singapore by Wu and Thia (2002) 

and Hsieh (2002) have also reported a higher level of TFP growth than that reported 

by Young (1992). The reported TFP growth by Wu and Thia for 1990-2000 is 1.6 

percent. Hsieh estimates TFP growth for the East Asian economies using the dual 

approach and finds that Singapore’s TFP growth to be around 1.6 to 1.9 percent 

between 1968 and 1990. 

Table 4-2: Sources of Growth in Singapore, 1960 - 2003 

 1960-70 1970-80 1980-90 1990-03 1960-03 

Output 9.4 8.6 7.2 6.2 7.7 

Physical Capital 5.6 (60%) 4.8 (56%) 3.2 (44%) 2.6 (42%) 4.0 (52%) 

Labor 1.9 (20%) 2.8 (33%) 2.2 (31%) 1.2 (19%) 2.0 (26%) 

Education 0.5 (5%) 0.1 (1%) 0.3 (4%) 0.8 (13%) 0.5 (6%) 

TFP 1.4 (15%) 0.9 (10%) 1.6 (22%) 1.6 (26%) 1.4 (18%) 

Source: Eggertsson (2004) and writer’s own computation. 
Note: Figures in parenthesis refer to percentage contribution to output. 

 

Table 4-3: International Comparison of Sources of Growth, 1960 - 2000 

 Singapore 
 

East Asia Less 
China5 United States Industrial 

Countries6

Output 7.7 6.7 3.4 3.5 

Physical Capital 4.0 (52%) 3.3 (49%) 1.0 (29%) 1.4 (40%) 

Labor 2.0 (26%) 1.8 (27%) 1.1 (32%) 0.8 (23%) 

Education 0.5 (6%) 0.5 (7%) 0.3 (9%) 0.3 (9%) 

TFP 1.4 (18%) 1.0 (15%) 0.9 (26%) 1.0 (29%) 

Source: Eggertsson (2004) and writer’s own computation. 
Note 1: Data on Singapore is for the period 1960 – 2003. 
Note 2: Figures in parenthesis refer to percentage contribution to output. 

 
5 The 7 East Asian countries are Indonesia, Korea, Malaysia, the Philippines, Singapore, Taiwan, and Thailand. 
6 The 23 industrial countries are Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, 
Greece, Iceland, Italy, Japan, Netherlands, New Zealand, Norway, Portugal, Spain, Sweden, Switzerland, United 
Kingdom, and the United States. 
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On the question of whether high capital growth is the boon or the bane of 

sustainable economic growth, the answer is less quantifiable but it is more intuitive. It 

can be seen from Table 4-2 that Singapore’s growth since 1960 has been largely 

driven by capital accumulation; contribution from physical capital accounted for more 

than 50% of Singapore’s output growth from 1960 to 2003. It is indisputable that the 

high rate of capital growth has contributed positively to the high economic growth 

rates and the rapid improvement in the living standards in Singapore. As pointed out 

by Ghesquiere (2006), “… notwithstanding the neo-classical concern about 

diminishing returns …, high fixed capital formation can ensure high growth and rising 

living standards from low initial levels. The transition to the “steady state” when these 

forces become impotent can take several decades”. 

Furthermore, the high rate of capital accumulation has built for Singapore a strong 

physical foundation that serves as a platform for future growth. In other words, 

instead of being a hindrance, the strong growth in capital stock is likely to provide the 

impetus for future gain of TFP. It can be seen from Table 4-2 that the early strong 

contributions of physical capital and labor input have eased over time falling from 

60% in 1960s to 42% during 1990-2003, while TPF growth and contribution of 

human capital have gradually increased. During 1990-2003, TFP and human capital 

jointly accounted for almost 40% of Singapore’s GDP, a level comparable to the 

contribution of physical capital. 

If we were to deduce any lesson from Table 4-2, it would be that strong growth in 

physical capital is usually necessary for high economic growth of an economy during 

the early phase of its industrialization process. As the economy matures, the 
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contribution from physical capital will diminish, and the contributions from TFP and 

human capital are likely to increase. 

4.7. Conclusion 

This chapter extends Lim’s S-Curve hypothesis and postulates that capital 

accumulation of an economy also follows that of an S-Curve as the economy 

develops. An economy at its initial stage of economic development would have a low 

level and a low growth of capital stock; a rapidly industrializing economy would have 

a middle level and a high growth of capital stock; a matured industrialized economy 

would have a high level but a low growth of capital stock. As a result of this S-Curve 

of capital accumulation, the incremental capital-output ratio (ICOR) and the average 

capital-output ratio (ACOR) of the economy are likely to first increase, and then 

gradually decrease as the economy ascends the development ladder. 

Using cross-country data from 60 countries, it is shown that: 

(i) capital stock is highly correlated with output level; 

(ii) turtle economies (economies with low output level and low output 

growth) and elephant economies (economies with high output level 

but low output growth) experienced slower rate of capital 

accumulation, while horse economies (economies with middle 

level of output and high output growth) experienced faster rate of 

capital accumulation; 

(iii) there is some broad trend that indicates that countries with higher 

level of per capita GDP have higher level of ACOR; 
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(iv) all three categories of economies: turtle, horse and elephant, 

experienced an increase in ACOR over the period 1965-1990, 

indicating a general increase in capital-intensity of the global 

economy. Out of the three categories of economies, the increase in 

ACOR experienced by the horse economy is the largest. 

In addition, the case study of Singapore shows that the development experience of 

Singapore concurs with the hypothesis of the S-Curve of capital accumulation. 

Moreover, the long term causal relationship between Singapore’s investment in 

machinery and equipment and GDP growth is found to be positive and bi-directional. 

If the S-Curve hypothesis is correct, the following conclusions can be drawn: 

1. An economy that is undergoing transformation from a turtle economy to a 

horse economy would experience rapid capital growth. As a result, the horse 

economy would have increasing ICOR and ACOR. This is part and parcel of 

the development process and does not necessarily mean that the horse 

economy is inefficient in utilizing its capital. ICOR would start to fall as the 

horse economy becomes an elephant economy. ACOR for the elephant may 

eventually stabilize or even decline. 

2. Capital growth would slow down for a horse economy turning into an elephant 

economy, and would continue to slow down as the elephant economy matures. 

Thus, capital growth of a highly developed country would be lower than that 

of a newly industrializing country, and so would be the rate of GDP growth.  
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3. Capital accumulation remains a critical driver of growth of a developing 

economy. In addition, a high level of accumulated capital is likely to serve as 

the foundation for future gains in TFP. As the economy matures, the 

contribution from physical capital will diminish, while the contributions from 

TFP and human capital are likely to increase. 

4.8. Appendix 1: Constructing Singapore’s Capital Stock Data 

Data on Gross Fixed Capital Formation (GFCF) at 1995 prices are available from 

1960 onwards from the CEIC database. The GFCF data are classified by institutional 

sector: public and private, and are divided into five categories: residential buildings, 

non-residential buildings, other construction and works, transport equipment, and 

machinery and equipment.  

The widely-used Perpetual Inventory Method (PIM) is used to generate an 

estimate of Singapore’s gross capital stock (GCS). The PIM accumulates past 

purchases of each asset type, and removes from the capital stock fixed assets that are 

scrapped upon reaching the end of their respective service lives. A depreciation 

function is applied to the GCS to calculate the depreciation, or the consumption, of 

fixed capital. The net capital stock (NCS) can then be obtained by subtracting 

accumulated capital consumption from the GCS. 

Assumptions used in this paper are as follow7: 

(i) straight-line depreciation; 
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(ii) average service lives of assets ranging from 15 to 80 years (see 

Table 4-4); 

(iii) average service lives do not vary over time, and are identical for all 

kinds of economic activities; and 

(iv) simultaneous retirement of assets at the end of their respective 

service lives. 

Table 4-4: Assumptions of Average Service Life 

Asset Class Average Service Life (Year) 

Residential Buildings 80 

Non-residential Buildings 40 

Other Construction and Works 40 

Transport Equipment8 15 

Machinery and Equipment 15 

Source: OECD (2001)  

 

In order to obtain the initial benchmark estimate of Singapore’s capital stock as at 

1960, the methodology employed by Rao and Lee (1995) is used. It can be seen from 

Figure 4-11 that except 1964 and 1965, which was a year of recession and a year after 

recession respectively, Singapore’s ICOR between 1961 and 1970 was reasonably 

stable. The stability of ICOR could mean that the average ICOR approximates the 

average capital-output ratio (ACOR). From 1961 to 1963, the ICOR recorded was 1.7. 

                                                                                                                                                        
7 The assumptions used in this paper are the same of those used by the Singapore’s Department of Statistics (DOS) 
in their computation of the capital stock of Singapore (Department of Statistics, 1997; OECD, 2001). Capital stock 
data computed by the DOS is not available in the public domain. 
8 The DOS (1997) further classified transport equipment into 3 sub-categories: ships and boats, aircraft, and road 
vehicles. The assumed average service lives used by the DOS are 20 years, 15 years and 10 years respectively. As 
only aggregated figures on the Gross Fixed Capital Formation of transport equipment is available in the public 
domain, the average service life for transport equipment as an aggregate is assumed in this paper to be 15 years. 
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Source: Computed using raw data from CEIC. 

Figure 4-11: Singapore’s ICOR, 1961 – 1981 

2.1 and 1.7, and the average over the 3-year period was 1.86. Thus, 1.86 is taken as an 

approximation of the ACOR of the Singapore’s economy in 1960. 

The ACOR of 1.86 for 1960 is then multiplied by the level of real GDP in 1960 

(measured in 1995 prices). The estimated capital stock derived is S$12,600 million. In 

order to obtain a breakdown of capital stock by asset type, the investment share for 

1960 was used. The capital stock estimates for 1960 are shown in Table 4-5. The 

figures in the parentheses are the percentage shares of total capital stock. 
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Table 4-5: Estimated Gross Capital Stock of Singapore in 1960 (S$ million in 1995 
Prices) 

 Public Private Total 
Residential Buildings 1,654 

(13.1) 
4,013 
(31.9) 

5,667 
(45.1) 

Non- Residential Buildings 646 
(5.1) 

1,052 
(8.4) 

1,698 
(13.5) 

Other Construction and Works 1,681 
(13.4) 

- 1,681 
(13.4) 

Transport Equipment 71 
(0.6) 

927 
(7.4) 

998 
(7.9) 

Machinery and Equipment 335 
(2.7) 

2,197 
(17.5) 

2,532 
(20.1) 

TOTAL 4,387 
(34.9) 

8,189 
(65.1) 

12,576 

Source: Writer’s estimate using raw data from the CEIC database. 

However, as the information on the timing of purchases of assets included in the 

initial benchmark estimates of capital stock is not available, straight-line depreciation 

cannot be used for the 1960’s capital stock estimates. The only depreciation method 

that could be used when information on the timing of investment is not available is 

geometric depreciation. Thus, geometric depreciation is assumed for the initial 

benchmark estimates of capital stock. The Hulten-Wykoff’s (1981) depreciation 

estimates as aggregated by Young (1992) are adopted. The depreciation rates are: 

1.3% for residential buildings, 2.9% for non-residential buildings and other 

construction and works, 18.2% for transport equipment, and 13.8% for machinery and 

equipment. 

Gross capital stock (GCS) for each asset category from 1960 onwards is computed 

using the following formula: 

t
G
t

G
t

G
t RIKK −+= −1  
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where  is the gross capital stock at the end of year t,  is the gross capital 

stock at the end of year t-1, is the gross investment or gross fixed capital formation 

during the year t, and is the retirement during year t. 
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As a linear depreciation function with simultaneous exit is assumed,  the 

depreciation of an asset category in year t is given by: 
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The difference between the net capital stock (NCS) and the GCS is the 

accumulated depreciation. NCS for each asset category at the end of year t ( ) is 

computed using the following formula: 
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Table 4-6 gives the gross capital stock and net capital stock estimates of 

Singapore from 1960 to 2004.  

Capital stock data used in this paper refers to the net capital stock (NCS). Gross 

capital stock (GCS) is the capital stock of a country before depreciation is taken into 

account, while NCS is the capital stock net of depreciation. There are two different 

views on whether NCS or GCS is a better measure of productive capacity of a 

country. According to OECD (1993), GCS is more appropriate for measuring the 

contribution of capital assets to production, while net capital stock is more appropriate 

for measuring the wealth of asset holders. This view implicitly assumes that there is 

no decline in the productive efficiency of fixed assets due to aging, as wear and tear 

are made good through repair and maintenance until the assets reach the end of their 
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service lives. However, if efficiency reduces as the assets age, which is highly likely 

for most assets groups, then NCS would be a better measure, as depreciation could 

serves as a surrogate for the reduced efficiency. 

Table 4-6: Estimated Gross and Net Capital Stock of Singapore 
(S$ million in 1995 Prices), 1960-2004 

As at end 
Dec 

Gross Capital 
Stock 

Net Capital 
Stock 

As at end 
Dec 

Gross Capital 
Stock 

Net Capital 
Stock 

1960 13,304 13,281 1983 174,431 128,392 
1961 14,360 12,960 1984 196,701 144,931 
1962 15,622 13,583 1985 215,330 157,873 
1963 17,183 14,517 1986 230,211 167,286 
1964 19,053 15,756 1987 244,478 175,976 
1965 21,209 17,258 1988 258,818 184,848 
1966 23,383 18,751 1989 275,110 195,676 
1967 25,879 20,520 1990 293,898 207,693 
1968 29,039 22,873 1991 315,698 221,967 
1969 32,967 25,873 1992 340,668 238,577 
1970 38,040 29,842 1993 367,671 257,067 
1971 44,283 34,746 1994 397,224 277,805 
1972 51,435 40,287 1995 429,969 301,738 
1973 58,957 45,892 1996 471,731 333,663 
1974 67,161 51,826 1997 518,405 369,139 
1975 71,569 57,115 1998 562,762 399,837 
1976 79,943 62,911 1999 604,069 426,531 
1977 88,420 68,534 2000 646,563 454,673 
1978 97,726 74,660 2001 690,213 479,821 
1979 108,219 81,617 2002 727,478 498,219 
1980 120,899 90,236 2003 761,121 513,294 
1981 135,735 100,447 2004 795,941 530,591 
1982 153,966 113,444    

 
Source: Writer’s estimate using raw data from CEIC database. 
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4.9. Appendix 2: Difficulties in the Measurement of Incremental Capital-

output Ratio 

ICOR is defined as the amount of additional capital stock (∆K) needed to increase 

national output by one unit (∆Y). Since investment (I) measures the change in capital 

stock, ICOR is given by: 

1−−
=

∆
∆

=
tt

t

YY
I

Y
KICOR . 

ICOR is commonly computed by dividing “gross fixed capital formation” 

(GFCF)” by changes in GDP. While seemingly easy to compute, it is very difficult to 

measure ICOR accurately, as the theoretical or conceptual ICOR can be quite 

different from the measured or actual ICOR, especially in the short term. Theoretical 

ICOR is the units of capital needed to increase output by one unit, while measured 

ICOR is the actual investment in fixed assets divided by the change in the GDP over 

the same period. Some of the factors that distort the level of ICOR includes: the 

cyclical nature of national output, gestation period of projects, and the failure to 

account for depreciation. 

The cyclical nature of economic output poses one of the biggest problems in the 

measurement of ICOR. One of the implicit assumptions for ICOR to be used as a 

measurement of marginal productivity of capital is that the economy is always 

operating at the “potential output” level. However, the actual level of GDP of a 

country is rarely at the level of “potential GDP”. There are a variety of influences on 

GDP that are not attributable to changes in capital stock, examples are fluctuations in 

external demand, changes in fiscal and monetary policies and movements in resource 

prices. More often than not, changes in the level of ICOR are due to the fluctuations 
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of output level, rather than changes in the efficiency of capital utilization. Many 

researchers have resorted to moving average approach, which averages the measured 

ICOR over a 3-year, 5-year, or even 7-year period to reduce the cyclical effect. 

However, if the output fluctuation is large, this method may still be unable to derive a 

truly representative mid-term ICOR. 

The measurement of ICOR also implicitly assumes that that the increase in output 

in a year is due to the investment in the same year. Some researchers choose to lag 

investment by one year, which is to imply that the increase in output in a year is due 

to the investment in the previous year. However, many of the large-scale investment 

projects such as transport infrastructure and public works have long gestation periods 

that span over a few years. Thus, an increase in output this year could be due to an 

investment project that commenced many years ago but has only begun production 

this year. This would result in a higher measured ICOR in the preceding years, and a 

low measured ICOR this year. 

Lastly, the ICOR is usually computed using gross investment, which does not take 

into account the depreciation of capital stock. In countries that are in the process of 

extensively renewing their capital stock, an example would be present-day China 

having to replace large amount of inferior capital stock created during its command-

economy era, the net investment would be much lower than the gross investment. And 

thus, the ICOR would be overstated. 
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 CHAPTER 5. APPLICATION OF THE S-CURVE HYPOTHESIS 

5.1. Introduction 

The miraculous economic development of Japan as it rose from the defeat of War 

World II and the phenomenal transformation of Singapore from a Third World 

development basket case in early 1960s to a showcase state of present days have 

always been of interest to policy makers and academics. In the 1960s and 1970s, 

many developing economies looked up to Japan as role model and attempted to 

emulate economic policies of Japan that they felt were responsible for the economic 

success of Japan. Controversial issues such as industrial targeting, Japan’s Main Bank 

System and Japan’s Iron Triangle have also been extensively debated. In the 1980s 

and 1990s, attentions were shifted to the newly industrializing economies (NIEs), 

which include Singapore, Hong Kong, South Korea and Taiwan. The success story of 

Singapore was of particular interest to the smaller developing countries, as Singapore 

has managed to rapidly ascend the development ladder despite its small size and lack 

of natural resources. The subsequent stagnation of Japan since late 1980s has 

similarly attracted substantial interest from policy makers and academics.  

In this chapter, the framework of the S-Curve hypothesis is applied to the case 

studies of Japan and Singapore to better our understanding of the economic 

transformation of these two countries. The application of the S-Curve hypothesis to 

the case study of Japan concludes that the S-Curve hypothesis is able to explain the 

rapid growth of the Japanese economy in the 1950s and 1960s and the eventual 

slowing down since late 1980s. The case study also highlights an interesting 

observation that the transition process from a horse economy to an elephant economy 
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is fairly long, and could stretch up to 2 decades. By comparing the macroeconomic 

indicators of Japan and Singapore, it is deduced that Singapore is at the initial phase 

of a gradual transformation to an elephant economy. The real per capita GDP of 

Singapore is expected to grow at an average of 3.5% to 4% in the next twenty years 

and slow down to 1.5% to 2% thereafter. 

The structure of this chapter is as follows. Section 5.2 and Sections 5.4  present 

the S-Curve of Singapore’s and Japanese economies, and test for structural changes in 

these two economies using the Chow test. Sections 5.4 and Section 5.5 applies the S-

Curve hypothesis to the case studies of Japan and Singapore. Section 5.6 concludes 

the chapter by discussing how Singapore could extend its growth potential and 

achieve higher growth level. 

5.2. The S-Curve of the Singapore’s Economy 

Figure 5-1 gives the log per capita income of Singapore over the last 45 years. United 

States is included in the diagram for comparison. As explained in Chapter 1, the 

length of data series has to be sufficiently long before the time plot of log per capita 

income of an economy is able to sketch out an S-Curve. This is because the time 

series has to contain two transition points: the economic take-off as the economy 

transforms from a turtle to a horse, and the eventual slow-down as it transforms from 

a horse to an elephant. Due to its very short development history, and the very rapid 

growth experienced during this period, Singapore’s growth path was able to roughly 

sketch out the shape of an S-Curve even through the time series of only 45 years is 

very short. 
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Data: Computed using data from WDI Online (data extracted on 22 Feb 2006) 

Figure 5-1: Log Per Capita Real GDP (in US$) of Singapore and U.S., 1960-2004 

The growth rate of the Singapore’s economy was visibly lower between 1960 and 

1965 than the 3 decades thereafter. This indicates the transformation of the 

Singapore’s economy from a turtle to a horse economy. As the gap between the (log) 

per capita income level of the United States and that of Singapore narrowed, the 

growth momentum of Singapore appears to slow down in the last 10 years or so. In 

2004, Singapore’s per capita GDP was 65% of that of the United States. The 

combination of higher income level and decelerating growth rate indicates that 

Singapore is gradually transforming into an elephant economy. 

In order for a growth path to exhibit an S-Curve, there should be two structural 

changes, one occurring at the transformation from a turtle economy to a horse 

economy, and another occurring at the transformation from a horse economy to an 

elephant economy. The first structural change for Singapore is not tested due to the 

very short time series before 1965. We conduct the Chow test (Gujarati, 2003) for the 

second structural change at the point where the Singapore’s economy began its 
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transformation from a horse to an elephant economy, which occurred around 19971. 

Thus, the period that corresponds to the horse economy is 1965-1996, and the period 

that corresponds to the elephant economy is 1997-2004. 

 Horse economy:  (1) 
32,...,2,1
121

=
++=

t
tY tt µαα

 Elephant economy:  (2) 
8,...,2,1

221

=
++=

t
tY tt µββ

We first estimate tt tY µλλ ++= 21  for the full period from 1965 to 2004. The 

residual sum of squares (RSS), S1, is 0.4754 with df = 38. Equation (1) and Equation 

(2) are then estimated individually, and their respective RSS are S2 = 0.2060 with df = 

30 and S3 = 0.0060 with df = 6. The sum of the two RSS is S4 = 0.2120 with df = 36. 

We then obtain S5 = S1 – S4 = 0.2634. 

In this case, Chow test statistic 
36
2

4

5

S
SF =  follows the F distribution with df = 2, 

36. The computed F = 22.36 exceeds the critical F value at 1% level. Thus we can 

reject significantly the hypothesis that the growth paths of the two periods are the 

same. In other words, there is a structural change in 1997, where the Singapore’s 

economy began its transformation into an elephant economy. 

5.3. The S-Curve of the Japanese Economy 

Figure 5-2 shows the time path of the log per capita GDP of Japan from 1960 to 2004. 

It is evident from the figure that the time path underwent at least one structural change 

around 1974. 

 

 

1 The S-Curve of economic development of an economy could also be fitted with a logistic model. However, due 
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Data: Computed using data from WDI Online (data extracted on 22 Feb 2006).  

Figure 5-2: Log Per Capita Real GDP (in US$) of Japan, 1960 – 2004 

The economic development of Japan has often been divided into two stages: pre-

World War II and post-World War II. The first stage can be dated from the Meji 

Restoration in 1868 up to 1937 when Japan went to war with China. The war 

escalated to become World War II and it eventually ended in 1945 with the surrender 

of Japan and the occupation of Japan by the Allied Powers. Japan only regained its 

sovereignty in 1952. Thus, the second stage of Japan’s economic development, which 

is also the focus of this chapter, refers to the period from 1952 up till the present. In 

accordance with the S-Curve hypothesis and with the structural changes that were 

observed in Figure 5-2, we further divide the second stage of the Japanese economic 

development into 3 phases as 1950s – 1960s (horse economy), 1970s – 1980s (gradual 

transition from horse to elephant economy), and 1990s till the present (elephant 

economy). 

                                                                                                                                                        
to the short data series before the first transition point, logistic model is not suitable for the Singapore’s economy. 
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We conduct the Chow test for the structural change at the point where the 

Japanese economy began its transformation from a horse to an elephant economy. 

Visual inspection indicates that the structural change occurred in 1974. Thus, the 

period that corresponds to the horse economy is 1960-1974, and the period that 

corresponds to the elephant economy is 1975-2004. 

 Horse economy:  (3) 
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121
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t
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 Elephant economy:  (4) 
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tt tY µλλ ++= 21  is first estimated for the full period from 1960 to 2004. The 

residual sum of squares (RSS), S1, is obtained as 0.8428 with df = 43. Equation (3) 

and Equation (4) are then estimated individually, and their respective RSS are S2 = 

0.0238 with df = 13 and S3 = 0.0658 with df = 28. The sum of the two RSS is S4 = 

0.0896 with df = 41. We then obtain S5 = S1 – S4 = 0.7532. 

The Chow test statistic 
41
2

4

5

S
SF =  follows the F distribution with df = 2, 41. The 

computed F = 172.28 exceeds the critical F value at 1% level. Thus the growth paths 

of the two periods are significantly different, and we can conclude that the Japanese 

economy underwent a structural change in 1974. 

5.4. Economic Transformation of Japan from Horse to Elephant Economy 

The Japanese economy provides an interesting case study in illustrating the S-Curve 

hypothesis as it represents a horse economy that has transformed into an elephant 

economy in the last two to three decades.  

 136

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Figure 5-3 shows the time trends of the various economic indicators of Japan as it 

underwent economic transformation. The diagrams throw light on the structural 

changes of the economy as it transformed from a horse economy to an elephant 

economy. Based on information available in Figure 5-3, Table 5-1 provides a 

summary of economic indicators of Japan during its various phases of development. 

Table 5-1: Characteristics of the Japanese Economy in Various Phases of Development 

 
 Horse Horse → Elephant Elephant 

Gross Domestic Savings ↑ ↑ Plateau 

Gross Domestic Savings 
(% GDP) 

↑ 

(34% in 1960) 

↓ 

(32% in 1980) 

↓ 

(28% in 2000) 

Gross Fixed Capital 
Formation 

↑ ↑ Plateau 

Gross Fixed Capital 
Formation (%GDP) 

↑ 

(29% in 1960) 

↓ 

(32% in 1980) 

↓ 

(24% in 2000) 

Manufacturing Value 
Added (% GDP) 

n.a. ↓ 

(28% in 1980) 

↓ 

(22% in 2000) 

Aged (% of Total 
Population) 

↑ 

(6% in 1960) 

↑ 

(9% in 1980) 

↑ 

(17% in 2000) 

Source:  Computed from data from WDI Online (data extracted on 14 Feb 2006). 

Note: ↑ denotes increasing, ↓ denotes decreasing. 
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Source:  Computed from data from WDI Online (data extracted on 14 Feb 2006).  

Figure 5-3: Transformation of the Japanese Economy from Horse Economy to 
Elephant Economy 

Comparing the trends of the economic indicators given in Table 5-1, it can be seen 

that gross domestic savings (GDS) as a percentage of GDP and gross fixed capital 

formation (GFCF) as a percentage of GDP reversed their upward trend as Japan 

transformed from a horse to an elephant economy. Furthermore, GDS in absolute 

value and GFCF in absolute value reached a plateau as Japan became a matured 

elephant economy.  
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5.4.1. Galloping Horse: 1950s – 1960s 

After WWII had ended, Japan was devastated. The industries and the transportation 

networks in most of the large cities were severely damaged. Japan was also plagued 

by a severe shortage of food for several years. However, in the following twenty 

years, Japan miraculously rose from the ruins and defeat of WWII. Using data from 

the Penn World Table 6.1 that was PPP-adjusted, Japan’s per capita GDP grew at a 

superlative average annual rate of 7.7% between 1952 and 1973. The comparative 

growth rate of the US economy over the same period was only 2.4%. At the end of the 

Allied Occupation, Japan was a “less-developed” country, but over the next twenty 

years, Japan was able to become the first “less-developed” country in the postwar era 

to achieve the “developed” status. 

According to the S-Curve hypothesis, rapid capital accumulation and technology 

transfer are the key drivers behind high growth rates of the horse economies. It can be 

seen from Figure 5-3 that Japan’s savings and investment rates were on their upward 

climb and peaked at the end of this period. Furthermore, non-residential capital stock 

per worker grew at an impressive 12.9% per annum2 between 1965 and 1973. At the 

same time, Japan improved its technological capability through technology licensing, 

patent purchases, and imitation and improvement of foreign inventions. Other factors 

such as Japan’s industrious and well-educated workforce, excellent management and 

labor relations, government industrial policies, and conducive political and 

international environment also contributed to the rapid economic development of 

Japan (Lim, 1991). 

 
2 Computed from data from PWT 5.6 (Heston, Summers, Nuxoll and Aten, 1995). 
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5.4.2. Gradual Transformation into an Elephant Economy: 1970s – 1980s 

The Japanese economy slowed down significantly during the 1970s and 1980s with 

the average annual growth rate of its PPP-adjusted per capita GDP decelerated to 

3.4%. However, the growth rate still compare very favorably to the 2.4% growth rate 

experienced by the United States over the same period. 

The slowdown was triggered by the oil crisis in 1973. Higher oil price was 

sometimes cited as the reason behind the slower growth rate of the Japanese economy 

since then. However, Japan adjusted and overcome the higher oil prices via the 

adoption and production of fuel-efficient machineries. The persistent lower growth 

rates in the two decades after the oil crisis can be better explained by the rapidly 

diminishing opportunities of quantum leap in technology transfer. As the Japanese 

level of economic development and technological know-how was fast catching up 

with the other developed nations, Japan can no longer easily borrow and imitate 

technological innovations from other developed countries at relatively low cost. Japan 

has to invest heavily in R&D in order to forge ahead of the pack of developed nations. 

Figure 5-4 shows the catching up of the Japanese economy with the US economy. In 

1955, Japan’s PPP-adjusted per capita GDP was only a quarter of that of the United 

States, this ratio rose steadily to 47% in 1965, 72% in 1975, 75% in 1985 and more 

than 80% in 1995. In terms of ranking of per capita GDP, Japan ranked 5th in 1990, 

only behind Luxembourg, the United States, Switzerland and Canada. It can also be 

seen from Figure 5-4 that as the gap between the per capita income levels of the two 

countries narrowed, so is the gap between their growth rates. Using the terminology 

of the S-Curve hypothesis, Japan was approaching the tail-end of the horse phase of 
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the S-Curve during the 1970s and 1980s. And thus growth rates were slowing down to 

a level that is comparable to those of the developed nations.  
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Source:  Computed from data from PWT 6.1 (Heston, Summers and Aten, 2002).  

Note: Real GDP growth rates refer to the average annual growth rates in the 1950s, 1960s, 1970s, 1980s and 1990s. 

Figure 5-4: Comparison between Japan’s and U.S.’s Real GDP Per Capita (PPP-
adjusted) and Real GDP Per Capita Growth Rates, 1950s – 1990s 

The structure of the Japanese economy was also gradually transforming during 

these period. It can be seen from Figure 5-3 that savings rate and investment rate 

reversed their upward climb from about 1970 and started their descend, although in 

terms of absolute values, gross domestic savings and gross fixed capital formation 

were still increasing. At the same time, the contribution of the manufacturing sector 

was gradually diminishing while the percentage of aged in the population was slowly 

increasing. 

It is interesting to note that the transformation of the Japanese economy from a 

horse economy to an elephant economy was very gradual; it spanned across a period 

of almost twenty years.  
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5.4.3. Matured Elephant: 1990s – Present 

The Japanese per capita GDP further slowed down to 1.1% during the 1990s. This 

slowdown has often been attributed to the signing of the Plaza Accord in 1985 and the 

subsequent busting of the asset price bubble in Japan in the late 1980s. According to 

the Plaza Accord, the then G-5 nations (France, West Germany, Japan, the United 

States and the United Kingdom) agreed to devalue the US dollar in relation to the 

Japanese yen and German Deutsche Mark by intervening in currency markets. The 

exchange rate value of the dollar versus the yen declined by 50% over the two years 

after the agreement took place, and continued to slide after the end of the coordinated 

interventions due to currency speculation. The intended result of the Plaza Accord 

was never achieved as the trade deficit of the United States with Japan was not 

alleviated. McKinnon (2005) argues that the currency depreciation by Japan slowed 

the economic growth of the Japanese economy and eventually caused deflation. 

However, the appreciation of the Japanese Yen cannot fully explain the 

persistently low rates of growth of Japan since 1990, a period that spanned more than 

a decade. Japan adopted the floating exchange rate system in 1973, after 24 years of 

pegging the Japanese Yen to the US Dollar. Since then, the overall trend of the 

exchange rate of the Japanese Yen from 1973 to 2004 was that of a gradual 

appreciation (see Figure 5-5). In other words, the appreciation of the Japanese Yen 

against the US Dollar was not a sudden event in 1985, but has started taking place as 

early as 1973. Furthermore, Lim (1991) notes that “despite the remarkable 

appreciation of the Yen in the 1970s and 1980s, the Japanese export competitiveness 

has not appeared to have declined.” An appreciation of the Japanese Yen, albeit 

coerced, does not necessarily imply that the Japanese Yen is overvalued. The current 
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account of Japan has been uninterruptedly recording surpluses since 1981; post-1985 

current account surpluses remained substantial, averaging 2.7% of GDP between 1986 

and 2004 (see Figure 5-6). In addition, Japan has been steadily accumulating foreign 

reserves, with a quickening of pace post-1985. Its foreign reserves reached US$847 

billion in 2005, which was the highest in the world (see Figure 5-7). All these suggest 

that the appreciation of the Japanese Yen had not hurt the export competitiveness of 

Japan, and thus cannot be the chief reason behind the slow growth rate of Japan. 
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Source:  Computed from data from WDI Online (data extracted on 30 March 2006). 

Note: Exchange rates based on period average. 

Figure 5-5: Exchange Rate of Japanese Yen Against US Dollar, 1960 – 2004 
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Source:  Computed from data from WDI Online (data extracted on 30 March 2006). 

Figure 5-6: Japan’s Current Account Balance (in billion US$), 1977 – 2004 
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Data: Computed from data from WDI Online (data extracted on 16 Feb 2006). 

Figure 5-7: Japan’s Total Foreign Reserve (in billion US$), 1960 – 2004 

The slowing down of the Japanese economy has more to do with the intrinsic 

characteristics of an elephant economy than with its currency appreciation. Against 

the framework of the S-Curve hypothesis, the slowing down of the Japanese 

economy is a totally-expectable outcome. Elephant economies simply do not grow 
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rapidly. There is no theoretical or empirical support that a matured economy can grow 

at a superlative rate.  

As its economy matured, Japan, like many other elephant economies, was facing 

falling savings and investment rates. Figure 5-3 shows that in terms of absolute 

values, Japan’s gross domestic savings and gross fixed capital formation reached a 

plateau in 1990s after several decades of rapid growth, while its savings and 

investment rates continued with the decline that had started since early 1970s. And 

like many other elephant economies, Japan is experiencing de-industrialization and 

aging population. Figure 5-3 shows the steady decline of Japan’s manufacturing value 

added as a percentage of GDP from 28% during the early 1980s to 20% in 2002. The 

high wage cost and land cost in Japan are spurring the relocation of its manufacturing 

activities to cheaper and less developed countries. At the same time, Japan is also 

facing a rapidly aging population which saw the percentage of population ages 65 and 

above increased from less than 6% in 1960 to almost 20% in 2004. As described in 

Chapter 1, all these factors will lead to a substantial slow down in the growth rate of 

the Japanese economy. 

5.5. Is Singapore an Elephant Economy? 

If the application of the S-Curve hypothesis to the Japanese economy could be 

considered a post-mortem analysis which provides a case study for referencing, the 

application of the S-Curve hypothesis to the Singapore’s economy would provide a 

tool to project the future performance of the Singapore’s economy. In particular, it 

would be interesting to ascertain if Singapore has began its transformation into an 
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elephant economy, and how long would it take before Singapore becomes a matured 

elephant economy that is destined to have a low rate of GDP growth. 

The log per capita real GDP of Singapore in Figure 5-1 shows that Singapore’s 

economy started to take off around 1965. That could be taken as the turning point 

when Singapore transformed from a slow-growing turtle economy into a fast-growing 

horse economy. What is less obvious is whether the seemingly tapering off of the 

Singapore’s log per capita real GDP from 2000 onwards signals the gradual 

transformation of Singapore from a horse economy to an elephant economy. And if it 

is so, how long would it take before Singapore fully transforms into an elephant 

economy and thereby entering a long-term phase of slow growth. 

Figure 5-8 shows the time trends of the various economic indicators of Singapore 

in the last four decades. Comparison with the experiences of Japan (see Figure 5-3) 

highlights some interesting similarities and differences. In terms of absolute values, 

Japanese gross domestic savings was steadily increasing up till early 1990s when it 

reached a plateau. However, as a percentage of GDP, Japanese savings rate was on its 

decline since early 1970s and has fallen to almost 25% in 2004. On the other hand, 

although Singapore’s savings rate has halted its unrelenting upward climb since 1985, 

it was able to hold up at a level of more than 40% in the last 15 years or so. Thus, in 

terms of savings rate, Singapore has yet to show signs of transformation into an 

elephant economy. 
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Source:  Computed from data from WDI Online (data extracted on 16 Feb 2006).  Data on real capital stock per capita are 
estimated by writer using raw data from CEIC database (see Chapter 6 for more details).  

Figure 5-8: Transformation of the Singapore’s Economy 

However, data on gross fixed capital formation (GFCF) appears to indicate that 

Singapore has begun its transformation into an elephant economy. The value of GFCF 

reversed its upward trend in 1998 during the Asian Financial Crisis. If this post-1997 

period is taken to correspond to the post-1990 period in Japan, this would indicate that 

Singapore has already become an elephant economy. The picture painted by the 

GFCF as a percentage of GDP also presents similar conclusion. GFCF in terms of 
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percentage of GDP began its downward slide in 1985, with the value halving from 

48% in 1984 to 24% in 2004. In comparison, Japan’s gross fixed capital formation 

was also 24% of GDP in 2003. 

The conflicting conclusions presented by the savings and investment rates of the 

two countries can in part be attributed to the differences in the macroeconomic 

management by the governments of these two countries. Japanese government has 

undertaken large scale pump priming projects in the 1990s in attempts to counter the 

recessionary gap in the country; this in turn drove down domestic savings. Thus, as 

compared to an economy at a similar stage of development but did not undertake as 

much pump priming projects, Japan would have a higher investment rate but a lower 

savings rate.  

In terms of population profile, Singapore too experiences ageing population, with 

the percentage of aged steadily increasing from 2.1% in 1960 to 7.7% in 2004. In 

comparison, the corresponding figure of Japan was 7.1% in 1970, the initial year of 

the gradual transformation of the Japanese economy to an elephant economy. 

The comparison with the economic indicators of Japan suggests that Singapore is 

likely to be in between a galloping horse and a matured elephant. It is at the initial 

phase of gradual transformation to an elephant economy. And using the experience of 

Japan as a guide, real per capita GDP of Singapore is projected to grow at an average 

rate of 3.5% to 4% in the next twenty years. Thereafter, average long term annual 

growth rate is expected to slow down to 1.5% to 2%. 
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5.6. Conclusion: Pushing the Envelope of Growth Potential of Singapore 

Using the experience of Japan as a guide, Singapore is predicted to become a matured 

elephant economy in around 20 years time, growing at an estimated average annual 

growth rate of about 3.6%3. Of course Singapore might not and needs not follow the 

development path of Japan. As explained in Chapter 1, each country has its own 

unique S-Curve, and there would be a range of per capita GDP levels among the 

matured elephant economies. While it is inevitable that Singapore has already 

embarked on the journey of a gradual transformation from a horse economy to an 

elephant economy, Singapore could try to remain on the growth path of 3.5% to 4% 

for a period of more than 20 years, or to grow at a rate that is higher than 3.5% to 4%. 

What can Singapore do to achieve that? 

The S-Curve hypothesis tells us that the high rate of growth enjoyed by the horse 

economies is due to the high rate of fixed capital investment and quantum-leap in 

technological capability due to technology transfer. After accumulating substantial 

level of fixed capital stock, Singapore faces diminishing returns from additional fixed 

capital investment. It is unwise to single-mindedly pursuing a high rate of fixed 

capital investment when the marginal benefits do not match the marginal costs. Going 

forwards, the rate of fixed capital investment is likely to fall further. At the same time, 

as the gap of technological capability in Singapore and that of the other developed 

nations narrows, Singapore can no longer easily reap the quantum-leap in 

technological improvements from technology transfer. Singapore has to increasingly 

rely on indigenous innovation for growth. In this aspect, Singapore government 

 
3 The 3.6% is computed from the per capita GDP growth rate of Japan between 1970 and 1989. It is taken as the 
estimated growth rate of a transiting elephant economy. 
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efforts in grooming our local talents through the A*STAR program4 is a far-sighted 

strategy, and if executed properly to allow for sufficient downward linkages to the 

manufacturing sector, would enable Singapore to grow at a higher rate over a longer 

period of time. 

  

 

 

 
4 A*STAR stands for Agency for Science, Technology and Research. The agency promotes, supports and oversees 
the public sector R&D research activities in Singapore and nurture scientific talents through scholarships. 
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