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Preface

In Japan, we are facing a declining population and an aging society, an unprece-
dented experience for modern humans. The phenomenon of population decline and
aging is found not only in our country but also in other developed nations. Under
these circumstances, we face the challenge regarding whether we can maintain
sustained economic growth. Historical experience indicates that during the period
of rapid economic growth of the 1950s and 1960s, the large younger labor force and
their savings spurred the Japanese economy, and the postwar economic miracle was
realized consequent of these factors. This was referred to as a “demographic
bonus,” and the population factors positively contributed to economic growth.
However, we are apprehensive of the sustainability of future economic growth by
reason of the opposite situation—population decrease and societal aging is a
“demographic onus.”

For sustainability of economic growth, the pivotal factor is technological pro-
gress. Considering the past experience of Japanese economic growth, the most valid
factor is technological progress, which is referred to as total factor productivity
(TFP) in economic terms. As noted above, the declining population is the most
severe problem in Japan, and there is a view that the declining population nega-
tively affects TFP.

There have been numerous prolonged debates regarding the relationship
between population and technological progress. From the old Malthusian model to
the modern endogenous economic growth models, various theories have been
developed in the context of growth theory and the pioneers of economic devel-
opment research, such as the contribution of Kuznets and Simon to the field. We
briefly summarize these discussions and analyze the relationship between popula-
tion and technological progress empirically in recent years in this study.

This study is organized as follows: Chapter 1 reviews the literature regarding the
relationship between population and technological progress and proposes the
problem that an empirical study should examine. Chapter 2 discusses the impor-
tance of technological progress and economic growth, utilizing the growth
accounting method and a simple empirical analysis. In Chap. 3, the study will verify
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the relationship between the two phenomena through an empirical analysis using
Organisation for Economic Cooperation and Development (OECD) data from 1985
to 2012. Utilizing the empirical analysis, the study will confirm that the population
scale and the growth rate positively affect multifactor productivity (MFP).
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Chapter 1
Population Growth and Technological
Progress—From a Historical View

Abstract This chapter focuses on technological progress and its relationship with
population growth. Although we begin with the Malthusian theory, it is important
to note that Malthus did not understand the importance of technological progress in
society at the time. Kremer (Q J Econ 108:681–716, 1993) and other economists
have stressed that it is possible to observe a close relationship between population
growth and production technology, and Boserup (The conditions of agricultural
progress. Aldine Publishing Company, Chicago, 1965) has pointed out that Malthus
ignored the positive consequences of population growth in the long run. We define
technological progress in an economic sense and emphasize that such progress has
become an engine of economic growth for the modern economy. The important
question to be posed is, “Does the size of population affect technological progress?”
The answer is that a large population will generate many ideas that could bring
about rapid technological progress. In addition, technological progress eases the
constraints triggered by population growth by increasing the production of eco-
nomic resources. Furthermore, we discuss the scale effect which means that a larger
population would generate a rapid growth of population by mediating technological
progress. Next, in developed countries, declining fertility rates have been widely
observed and identified as causing population declines in the future. This phe-
nomenon has raised an important point to discuss concerning the relationship
between technological progress and population. Lastly, we conclude that the rela-
tionship between population size and technological progress encompasses com-
plicated mutually exclusive effects. Specifically, technological progress leads to
economic prosperity, which results in reduced fertility and population growth,
while population size has a positive effect on technological progress. In the
appendices of this chapter, we summarize the Kremer’s theoretical model and
provide a simple survey of endogenous growth theory including population
dynamics.

© The Author(s) 2016
H. Kato, An Empirical Analysis of Population and Technological Progress,
Population Studies of Japan, DOI 10.1007/978-4-431-54959-8_1
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1.1 Malthusian Model and Modern Interpretation
of Technological Progress

1.1.1 Malthusian Model

We should begin from the Malthusian theory as an introduction to deploy our story
because without introducing his theory, it is difficult to explain the importance of
technological progress. Thomas Robert Malthus was the first economist (or
demographer) to establish a population theory. His famous book, “An Essay on the
Principle of Population” in 1798, has continued to exert a great influence on
economists and demographers of subsequent generations.

His well-known phrase in “An Essay on the Principle of Population” reads,
“Population, when unchecked, increases in a geometrical ratio. Subsistence
increases only in an arithmetical ratio” (Malthus 1798, p. 4), which suggests that an
increase in population was suppressed in those days. Malthus observed that the
human population had grown exponentially, but the subsistence, in other words
food production, could not keep up with this population growth. From these facts,
he said that population was capable of increasing the geometric progression such as
1, 2, 4, 8, 16, 32, whereas food production (or subsistence) increased only in the
arithmetic progression such as 1, 2, 3, 4, 5, 6. Finally, he concluded that the growth
of human population was constrained by economic resources.

Although we will not cover anymore detailed contents of Malthus’ essay, we
want to emphasize that he did not mention the mitigation of the constrained eco-
nomic resources. Specifically, if food production could grow, not in the arithmetic
progression, but rather in the geometric progression with the population increase,
there would not be a condition to constrain population growth by food production
or economic resources; it is technological progress that allows this condition to be
mitigated. At that time, the functions and effects of technological progress in society
were not understood by economists, including Malthus.

1.1.2 Modern Interpretation of Malthusian Model

We will now focus more on production structure and its relationship with popu-
lation growth according to the Malthusian theory. There are two fundamental
factors: First, land is in fixed supply and yields diminishing returns to labor. Second
is the positive effect of the standard of living (or economic resources) on the
population growth. Malthus said that when the population is small and economic
resources per capita are large, the growth rate of population is high as a result of
“passion” exhibited by both sexes. However, when the population is large and
economic resources per capita are small, the growth rate of population is low
because of “preventive check” (delayed marriage or reduction in birth rate) and
“positive check” (poverty, famine, or war). Because of the lack of technological

2 1 Population Growth and Technological Progress …



progress and fixed supply of land, Malthus stressed that population would fluctuate
around a constant level. We know that technological progress will improve in
production environments, allowing more rapid growth of population in modern
society. In other words, when analyzing population growth, it is important to
consider its relationships with economic resources and technological progress.

From these discussion points concerning the relationship between population
growth and technological progress, Kremer (1993) stressed that it is possible to
observe a close relationship between the growth rate of population and the scale of
population. As will be discussed later in detail, Kremer (1993) proposed the
assumption that population is limited by the available technology such that the
growth rate of population is proportional to the growth rate of technology. If we can
combine these assumptions, we can infer that the growth rate of population is
proportional to the level of population.

In addition, we here discuss Boserup’s (1965) criticism of Malthus. Boserup
mentioned that Malthus ignored the positive consequences of population growth in
the long run. She emphasized that population growth affects agricultural produc-
tivity rather than being affected by it, the latter of which is stressed by Malthus. She
also said that the assumption of diminishing returns to labor did not hold in the long
run and higher population might produce more efficient labor supply.

Although slightly digressing from the main discussion, the ghost of Malthus has
also appeared in today’s society. Neglecting consideration about the benefits from
technological progress might lead to the claim that there is a limit to the growth of
humankind. The typical example is “The Limits to Growth” by the Club of Rome.
Certainly, it is not possible to ignore resource constraints such as the environment
and energy supply, but they are not the fundamental factors that ultimately prevent
the growth of humankind. As for food production problems, we should not forget
that technological innovation has solved them, e.g., Green Evolution in an agri-
cultural production. Recoverable reserves of crude oil and natural gas are increasing
every year. While extreme optimism is not good, ignoring the advances in tech-
nological progress does not convey the correct understanding about growth of
humankind.

1.1.3 Technological Progress in Economics Sense

First, we define technological progress in an economic sense. Production possibility
frontier (PPF) represents a trade-off situation of an economy constrained by fixed
economic resources. Figure 1.1 shows the possible combinations of amounts of two
commodities that economy can produce using constrained economic resources.
The PPF curve shows the maximum amount of production of one commodity for
any given amount of production level of the other, given the current state of
technological levels. That is, PPF is used to define production efficiency. In general,
as more economic resources are allocated to produce one commodity, the cost of an

1.1 Malthusian Model and Modern Interpretation of Technological Progress 3



additional unit of that commodity increases gradually. Thus, we can draw a PPF
curve as being convex from the origin.

As mentioned above, PPF is drawn assuming the current state of technology. In
the long run, technological progress improves an economy’s capacity, and the
economy can produce more commodities at any given level of economic resources.
This phenomenon is described as economic growth. In Fig. 1.1, technological
progress is represented by the right shift of the PPF curve. Note that technological
progress refers to not only narrow engineering meanings but also all phenomena
that increase economic efficiency; consequently, the PPF curve is shifted to the
right.

These elements of technological progress had been missing in Malthus’ popu-
lation theory. However, technological progress has become an engine of economic
growth in modern economy. Let us organize the relationship between technological
progress and population in the next section.

1.2 Population Growth and Level of Population

1.2.1 Scale Effect and Technological Progress

In this section, the first question to be posed is, “Does the size of population affect
technological progress?” Kremer (1993) had scrutinized this question using two
concepts.
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The first key concept is that more population would generate more ideas, and
more ideas would accelerate technological progress. Known as the scale effect,
Kuznets (1960) and Simon (1977, 1981) first proposed it, while subsequent models
of endogenous economic growth theory, such as Romer (1990), Grossman and
Helpman (1991), and Aghion and Howitt (1992), improved upon this concept.

Kuzunets (1960) said that “Population growth, under the assumptions stated,
would produce an absolutely larger number of geniuses, talented men, and gener-
ally gifted contributors to new knowledge–whose native ability would be permitted
to mature to effective levels when they join the labor force” (Kuznets 1960, p. 328).
In addition, Prettner (2013) said that “the population size of a certain country is
crucial for long-run economic performance. Larger countries are able to grow faster
because they have more scientists” (Prettner 2013, p. 812).

The second concept is that technological progress relieves the constraint
imposed in a Malthusian world. That is, technological progress fosters an increase
in economic resources or income, and it eases the constraint of population growth.
In other words, population can grow when economic resources increase owing to
technological progress.

Combining the first and second concepts, a large population would generate
many ideas that could bring about rapid technological progress. In addition, this
technological progress eases the constraint of population growth by increasing the
production of economic resources, namely a larger population shifts the PPF curve
to the right (Fig. 1.1). Briefly, population growth is in proportion to the population
size, and the scale effect means that a larger population would generate a rapid
growth of population by mediating technological progress.

In addition to the above discussion regarding the scale effect, Collins et al.
(2013) has an interesting viewpoint on population growth. Collins et al. (2013)
added an extra element, which they called innovative potential. Innovative potential
produces many ideas that advance the technological frontier. Furthermore, they
asserted that as a larger population generates more mutations that increase the
innovative potential of the population, population growth is in proportion to both
the size and the innovative potential of the population.

In the next section, a simple empirical analysis was performed to confirm the
scale effect.

1.2.2 Population and Population Growth (1): World
Population

We continue to discuss the relationship between population growth and population.
Table 1.1 shows the historical data of population and population growth, which are
listed in Kremer (1993).1 Figure 1.2 plots the growth rate of population against its

1Kremer referred from McEvedy and Jones (1978) and so on.
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Table 1.1 Population
growth: world

Year POP (millions) Growth rate (%)

−1,000,000 0.125 0.00030

−300,000 1 0.00044

−25,000 3.34 0.00310

−10,000 4 0.00450

−5000 5 0.03360

−4000 7 0.06930

−3000 14 0.06570

−2000 27 0.06160

−1000 50 0.13860

−500 100 0.13520

−200 150 0.06230

1 170 0.05990

200 190 0.00000

400 190 0.02560

600 200 0.04770

800 220 0.09310

1000 265 0.18860

1100 320 0.11780

1200 360 0.00000

1300 360 −0.02817

1400 350 0.19420

1500 425 0.24870

1600 545 0.00000

1650 545 0.22530

1700 610 0.33160

1750 720 0.44630

1800 900 0.57540

1850 1200 0.39640

1875 1325 0.81640

1900 1625 0.83060

1920 1813 0.91640

1930 1987 1.07720

1940 2213 1.28320

1950 2516 1.82260

1960 3019 2.01510

1970 3693 1.86460

1980 4450 1.81010

1990 5333 –

Source Kremer (1993)
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level from Table 1.1 and shows that the growth rate of population has increased
over human history. Since these data were made from historical estimation, mea-
surement error was inevitable. However, since we do not have another choice, we
use it to confirm the relationship between them.

Using the data of Table 1.1, we regressed the growth rate of population against
the level of population, and the result is Eq. (1.1). POP represents the level of
population, and the number of observations is 37.

GrowthRate ¼ �0:0021þ 0:0524� POP adj:R2 ¼ 0:914

0:036ð Þ 0:003ð Þ ð1:1Þ

The numbers in parentheses, which are described under the formula, are the
standard deviations. Therefore, we can conclude that the level of population sig-
nificantly affects the growth rate of population. From the regression result, the scale
effect of population cannot be rejected on the basis of historical data.

However, if we carefully observe Fig. 1.1, it can be said that this relationship
would be doubtful when approaching the modern society.2 In short, while this
relationship is satisfied for long-term historical data, another interpretation might
be required for understanding it in modern society. We will revisit this problem
later.

-0.5

0

0.5

1

1.5

2

2.5

0.
00

12
5

0.
01

0.
03

34
0.

04
0.

05
0.

07
0.

14
0.

27 0.
5 1

1.
5

1.
7

1.
9

1.
9 2

2.
2

2.
65 3.
2

3.
6

3.
6

3.
5

4.
25

5.
45

5.
45 6.

1
7.

2 9 12
13

.2
5

16
.2

5
18

.1
3

19
.8

7
22

.1
3

25
.1

6
30

.1
9

36
.9

3
44

.5

%

billion

Fig. 1.2 Population and the growth rate in the world. Source Kremer (1993)

2In the case of regression that excludes the most recent data, the adjusted determinant coefficient
rises from 0.914 to 0.938, and the coefficient of POP changes from 0.0524 to 0.0621.
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1.2.3 Population and Population Growth (2):
Population in Japan

Has scale effect had an impact on the growth rate of population in Japan? Using
historical data shown in Table 1.2, we will verify the relationship discussed above.

The sources for Table 1.2 are the National Institute of Population and Social
Security Research “Population Statistics” and McEvedy and Jones (1978).3

Figure 1.3 shows the growth rate of population against its level from Table 1.2, and
it can be seen that the relationship between them is slightly weaker than that in the
case of world population.

Pursuing the same purpose as that in the above estimation, Eq. (1.2) shows the
regression result of the growth rate of population against the level of population.
The number of observations in this estimation is 29.

GrowthRate ¼ 0:426þ 0:0048 � POP adj:R2 ¼ 0:121

ð0:154Þð0:002Þ ð1:2Þ

From Eq. (1.2), the level of population has a significantly positive effect on the
growth rate of population, and the scale effect also holds in the case of Japanese
historical data. Again, it must be acknowledged that the relationship becomes
questionable as the time horizon approaches modern society, the same as that in the
case of world population.

1.3 Technological Progress and Economic Growth

1.3.1 Doubt About Scale Effect

There are some doubts concerning the scale effect that explains technological
progress. For example, the scale effect implies that increases in income, which have
occurred simultaneously with technological progress, have the possibility of
reducing the incentive for developing new technology. In addition, Jones (1995)
indicated that the prediction of scale effect is inconsistent with actual data. More
concretely, the assumption that the growth rate of productivity is proportional to the
number of scientists and engineers engaged in R&D is not accepted from
time-series data.

Though slightly long, it seems beneficial to quote Jones (1999): “In the first
wave of such models in the recent growth literature…this scale effect shows up in a
particularly troublesome way. The growth rate of the economy is proportional to the

3The original data of National Institute of Population and Social Security Research “Population
Statistics” are from Kito (2000).
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total amount of research undertaken in the economy. An increase in the size of the
population, other things equal, raises the number of researchers and therefore leads
to an increase in the growth rate of per capita income. As pointed out by Jones
(1995), this prediction is strongly at odds with 20th century empirical evidence”
(Jones 1999, p. 140).

Furthermore, although the scale effect could predict that the growth rate of the
population is proportional to the population level from historical data until the
1960s–70s, the explanatory power of prediction has disappeared since the 1970s.
While the population growth in developed countries has stagnated, researchers

Table 1.2 Population
growth: Japan

Year POP (millions) Growth rate (%)

200 0.7 0.4

400 1.5 0.5

589 3.9 0.1

725 4.5 0.3

800 5.5 0.1

1150 6.8 0.1

1600 12.3 0.8

1721 31.3 −0.1

1786 30.1 −0.1

1792 29.9 0.0

1850 30.7 0.6

1860 32.5 0.6

1870 34.4 0.8

1900 43.8 1.2

1920 56.0 1.3

1925 59.7 1.5

1930 64.5 1.4

1935 69.3 0.8

1940 71.9 1.5

1950 83.2 1.4

1955 89.3 0.9

1960 93.4 1.0

1965 98.3 1.3

1970 104.7 1.4

1975 111.9 0.9

1980 117.1 0.7

1985 121.0 0.4

1990 123.6 0.3

1995 125.6 0.2

2000 126.9 –

Source National Institute of Population and Social Security
Research “Population Statistics,” McEvedy and Jones (1978)
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engaged in R&D have increased in developed countries in recent decades.
Moreover, Collins et al. (2013) said “The population growth rate increased with
population size until the global population increased above three billion people in
the mid-twentieth century, but then the positive relationship between population
size and population growth broke down” (Collins et al. 2013, p. 2).

1.3.2 Technological Progress and Income

Following is a discussion about another cause of technological progress and income
growth, which has brought an increase in productivity to R&D. In other words, the
scale effect that yields an increase in the number of scientists and researchers who
engage in R&D through population growth is not the only cause of technological
growth. Because income has been rising with both technological progress and
population growth and research productivity also has been increasing with income
growth, it is difficult to identify the true cause of technological progress. Jones
(1995) indicated that research productivity is dependent on not only population but
also income and the level of technology at the time. Furthermore, Kremer (1993)
claimed that his generalized model, which allows research productivity to depend
on population and the existing level of technology, proves consistent with data if
the total technological change increases with population. Hence, we could not
isolate the scale effect perfectly.

We should consider another problem concerning the relationship between
population density and technological progress. In a country with high population
density, we cannot always observe high income and advanced technological pro-
gress. In earlier decades, countries with high population density such as China and
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India had a high growth rate of population, but income and technological level were
low relative to developed countries. According to cross-sectional analysis, the
relationship between growth of population and technological progress would be
estimated inversely because of low incomes in developing countries.

Furthermore, Young (1993) said that high population density would reduce per
capita income, and if research productivity had a close relationship with income,
population growth would reduce the speed of technological progress. If this
viewpoint were true, the relationship between population and technological pro-
gress would be ambiguous.

A more important point that we should consider further is the duration of time
analyzed. Kremer (1993) and Jones (1995) discussed their viewpoints from a
long-term historical perspective; however, as Izmirlioglu (2008) suggested, if we
focus more on short-term analysis, then total factor productivity (TFP) has a more
important role in economic growth. In addition, although we focused on total
population and its growth, it would also be important to consider its age structure,
which is pointed out by Beaudry and Collard (2003). We will discuss more on these
points in a later chapter.

In the next section, we will consider a new perspective regarding the compli-
cated relationship among population growth, income, and technological progress.

1.4 Demographic Transition and Economic Growth

1.4.1 Declining Fertility and Income

In developed countries, declining fertility rates have been widely observed and
identified as causing population declines in the future. This phenomenon has raised
an important point to discuss concerning the relationship between technological
progress and population. Studies have verified that the decline in the birth rate is
associated with increase in income. We will discuss this in detail later.

Assuming that this inverse relationship is realized in developed countries, and
even if the technological progress might increase income through the size effect,
prosperity in income would cause a negative impact on technological progress by
the declining population. Therefore, in the country or society under declining
population, if this negative effect is sufficiently strong, an inverse relationship
between population and technological progress could be observed. Furthermore,
there is a possibility that technological progress would be stagnated owing to a
decline in population caused by fertility decreases.

According to Galor and Weil (1998), the relationship between technological
progress and an increase in income has the following two processes. First, it loosens
the budget constraint of the household and thus promotes an increase in the
resources required for having children. Second, the increased resources might
increase the quality of children, and fertility declines as a result. Thus, technological
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progress and a rapid rise in income might induce a reduction in the speed of
population growth. The above logic implies an inverse relationship between pop-
ulation growth and technological progress.

In short, developed countries exhibit two opposite effects on the relationship
between population and technological progress; thus, we should identify both
effects and determine which is stronger.4

1.4.2 Demographic Transition

Before discussing the cause of declining fertility and increasing income, we should
briefly review demographic transition. The demographic transition refers to a
common phenomenon from high birth and death rates to low birth and death rates in
a society or country, as indicated by Notestein (1945) and other demographers, who
derived this view on the basis of demographic data over the past 200 years or so.

This theory describes the population change since the advent of modernized
society by utilizing the effects of death and birth rate declines (Fig. 1.4). After the
first stage of high birth and death rates, the death rate had begun to decline due to
the improvement of sanitary conditions or medical technology; then, population
growth had started by high birth rate. To develop the economy and increase the
prosperity of life, the birth rate had begun to decline, and the speed of population
growth rate began to gradually decline. However, the birth rate remained higher
than the death rate, so the population continued to grow. This is referred to as the
third stage in Fig. 1.4. When the birth rate is reduced to approximately the same
level as the death rate, population growth would stop and population would fluc-
tuate around a constant level. The classic demographic transition model explains the
long-term historical population situation above.

Van de Kaa (1987) and others further proposed the idea of the second demo-
graphic transition. This idea described that industrialized countries were facing a
new stage in their demographic history, whereby the birth rate continued to decline
after the third stage of the classic demographic transition model.

Although there are many literatures about the demographic transition and the
second demographic transition, such as Kirk (1996) or Lee (2003), note the con-
tinued decline of the birth rate in developed countries after the third stage in the
classic demographic transition. Next, we will explain population economics that
focuses on the relationship between fertility and economic growth.

4Collins et al. (2013) pointed out that even if population growth rate has been positively associated
with population size, the relationship has been deteriorating at the stage where the total population
of the world has over 30 million people. The era in which the amount of population is over 30
million is after the Second World War and also the period in which large disparity began to occur
among world nations.
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1.4.3 Declining Fertility and Economic Growth

The relationship between declining fertility and economic growth (or development)
is examined mainly in population economics. To study this issue, we turn to three
distinguished economists who are the pioneers in this field: Leibenstein, Easterlin,
and Becker.

Leibenstein (1957) proposed three utilities obtained from children: (1) labor
utility (to utilize children as a labor force), (2) pension utility (to utilize children as
income guarantor after parent’s retirement), and (3) consumption utility (to care
about children and love them). Of these three, labor and pension utilities have been
diminished because of economic development, and only consumption utility
remains in the developed countries. This is the reason for fertility decline following
economic development.

Easterlin (1969) advocated a “relative income hypothesis” as a condition for
married couples with children. The hypothesis explains that the parent’s living
standards and economic conditions experienced in their childhood affects their
decision for having children in the future. In a mature economy, parents might
hesitate to have children according to Easterlin’s hypothesis, and he explained that
this was the cause of declining fertility in developed countries.

Becker (1965) devised a “quality–quantity model” to explain the following facts:
(1) as income per capita increases, fertility declines in developed countries;
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(2) parents with high income have a tendency to have fewer children than those
with low income in developed countries. The quality–quantity model explains that
the demand for the quality of children increases with increases in household
income; however, this demand rises with spending for education of children. By
this logic, parents reduce their demand for the quantity of the children so that the
total expense for children is constant.

By the 1980s, economic growth theory had entered a new era. Until the 1970s,
technological progress and population growth were treated as exogenous factors for
economic growth analysis. However, new growth theory considered them as
endogenous factors and engines for economic growth. Becker and Barro (1988) and
Barro and Becker (1989) constructed a new theory, studying the relationship
between economic growth and population as part of the endogenous growth theory.
With the attempt of understanding endogenous technological progress by Lucas
(1988), economic growth theory has entered a new phase.

In any case, to verify the relationship between population and technological
progress, apart from simple scale effects, it should be necessary to control more
complex situations.

1.5 Remarks

The relationship between population size and technological progress encompasses
complicated mutually exclusive effects. Specifically, technological progress yields
economic prosperity, resulting in reduced fertility and population growth, while
population size has a positive effect on technological progress. In addition, already
mentioned, compared with other countries, the speed of technological progress in
large populated countries such as China and India is not fast. Considering these
factors, it is necessary to limit the range of the target to be analyzed for empirically
clarifying the relationship between population size and technological progress.
Therefore, in a later chapter, we attempt to determine the relationship between
them, limited to developed countries after the 1980s, and treat TFP (details will be
described later) as the proxy variable of the technological level.

As Kremer (1993) indicated, the simple scale effect, which means that large
population scale promotes technological progress and increases population growth
as a result, was applicable until the 1950s. However, it should be necessary to limit
the time range and target countries to analyze the scale effect in the current era. In
addition, as Izmirlioglu (2008) pointed out, since it is difficult to evaluate the role of
TFP over a long-term period, short-term analysis is required. New growth theory
treats technological progress as an endogenous factor, and the viewpoint that
technological progress is an engine of economic growth has not been lost in the
theory; however, the analytical strategy about the relationship between population
and technological progress should be modified slightly.
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Appendix 1: Kremer’s Theoretical Model

Various theoretical interpretations concerning the relationship between population
and technological progress have been argued about since Malthus (1798). In this
appendix, we summarize three such models and show the assumptions for an
analysis on the relationship between population and technological progress induced
from each model.5

(1) Malthusian Model
The Malthusian model conducts a scenario whereby land is in short supply
relative to other production factors from increasing population and decreasing
output per capita to a resulting steady-state level. We can define the production
function as Eq. (1.3) such that Y is output, P is population, and T is amount of
land.

Y ¼ APaT1�a ð1:3Þ

In the case where the amount of land is normalized to unity and y is the constant
output per capita at steady state, we have Eq. (1.4), which shows the relationship
between output per capita and population at the steady state.

�p ¼ �y
A

� � 1
a�1

ð1:4Þ

For the condition α < 1, a direct relationship between population and technology is
obtained from Eq. (1.4). As for this direct relationship, (Kuznets 1960) and Simon
(1977) discussed that as much as the amount of population increased, there were so
many potential innovators, such that technological progress was stimulated.
Eliminating the condition that the output per capita converges to a constant
steady-state level in the Malthusian model, assuming the relationship between pop-

ulation and technological progress _A
A ¼ gP, where g is a parameter, we get Eq. (1.5).

_P
P
¼ 1

1� a

_A
A
¼ g

1� a
P ð1:5Þ

If this is the case and Kuznets (1960) and others’ assumptions are correct, then
we can find a direct relationship between the scale and the growth rate of population
from Eq. (1.5).

Proposition 1 From Eq. (1.5), there is a direct relationship between the scale and
the growth rate of population.

5Referring Kremer (1993), Barro and Sala-i-Martin (2003).
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(2) Population Relationships with Technology and Output
Although the direct relationship between population and technological pro-
gress conducts a direct relationship between population and output, per capita
income is relatively low in the developing countries with large population in
the real world. This fact casts doubt on the direct relationship between pop-
ulation and technological progress. Then, assuming that parameter g is the
function of output per capita, i.e.,

g ¼ kyd; k; d[ 0

we have Eq. (1.6).

_A
A
¼ kydP ¼ kAdPdða�1Þþ 1 ð1:6Þ

From Eq. (1.6), when δ is the less than 1
1�a, the larger population causes the more

rapid growth of technological progress. However, when δ is larger than 1
1�a, the

above conclusion is reversed. Therefore, the relationship between population and
technological progress is dependent on those values of parameters.

On the other hand, the growth rate of technological progress is the function of
the technological level itself; Eq. (1.7) is given by

_A ¼ gPAu ð1:7Þ

When u ¼ 1, the growth rate of technological progress has a direct relationship
with population P. In addition, the relationship between output per capita at a
steady-state level and the scale or the growth rate of population is shown by
Eq. (1.8), which is calculated from Eq. (1.7) using Eq. (1.5).

_P
P
¼ 1

1� a
gP1�ð1�aÞð1�uÞ�yu�1 ð1:8Þ

Proposition 2 When u ¼ 1 in Eq. (1.7), there is a direct relationship between the
scale of population and the growth rate of technological progress.

(3) Relationship between Population Growth and Technology
Kuznets (1960) discussed that more population brought about more intellectual
interactions, and this promoted the specialty and efficiency of the human capital
such that the growth rate of technological progress was increased. Similar to
Kuznets (1960),Aghion andHowitt (1992),Grossman andHelpman (1991), and
others argued that the population increase with an expansion of the economical
scale encouraged outputs of R&D and spurred technological progress as a result.
On the contrary, they also pointed out that the large population situation caused
duplications of technology, which led to inefficiency in its development.
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Barro and Sala-i-Martin (2003), Jones (1995), and others presumed Eq. (1.9),
which is more generalized than Eq. (1.7).

_A ¼ gP/Au ð1:9Þ

Furthermore, defining the growth rate of population as _P
P ¼ n, Eq. (1.10) is

obtained.

_A
A
¼ /n

1� u
ð1:10Þ

From Eq. (1.10), we have @
@t

_A
A

� �
¼ ðu� 1ÞðgP/Au�1Þ2. When u[ 1, then the

growth rate of technological progress would rise rapidly with increasing level of
technology. However, such situations have not been observed in developed nations
through postwar periods, so Barro and Sala-i-Martin (1992) imposed the condition
u� 1. In this case, the growth rate of technological progress has a direct rela-
tionship with that of population.

Proposition 3 From Eq. (1.10), there is a direct relationship between the growth
rate of technological progress and that of population.

Appendix 2: Endogenous Growth and Population
Literature

Demography, which was founded by Malthus (1798), had an estranged relationship
with economics in the long term, as economics had considered population as a
simple exogenous variable. Hence, there was a large gap between the two academic
disciplines for a long time. More concretely, population had been handled as a
given condition, and it was not a subject of analysis in either the optimum growth
model by Ramsey (1928) or the neo-classical growth model by Solow (Solow
1956).

However, the study about fertility by Becker (1965) and the optimum population
growth rate by Samuelson (1976) have since established a new relationship between
demography and economics, and economics has commenced analysis regarding
population dynamics. However, the relationship between economic growth and
population or that between economic growth and technological progress was not
one of interdependence, but rather population and technological progress were
considered as exogenous variables.

These relationships have changed greatly with the emergence of endogenous
economic growth theories by Romer (1986) and Lucas (1988), which treated
technological progress itself as an endogenous variable of economic growth.
Furthermore, Becker and Barro (1988) presented a model wherein fertility and
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economic growth were determined simultaneously. Population and technological
progress, which had been treated as exogenous variables of economic growth, were
to be analyzed as endogenous variables from these studies. Yet, problems remained
concerning the relationship between population and technological progress. In
studies of economic growth to date, it has been rare to analyze the relationship
between them. Thus, studies exploring the relationship between population and
technological progress have continued from the Malthusian era, as shown by the
analysis of this chapter. Indeed, the purpose of this book is exploring this exact
relationship between population and technological progress (Fig. 1.5).
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Chapter 2
Population, Economic Growth, and TFP
in Developed Countries

Abstract In this chapter, we investigate the relationship between population size
and economic growth using growth accounting and empirical studies. We begin
with an explanation of the production function and growth theory. Although eco-
nomic growth can be achieved by increasing the amounts of either labor or capital
in the production function, it can also be realized through increased efficiency or, in
other words, by improving how factors are used together. This improved efficiency,
which contributes to an increase in GDP, is closely related to technological pro-
gress. Since it is generally difficult to estimate technological progress in the
macroeconomy, we need to identify indicators that capture technological progress
for our empirical research. We will demonstrate the significance of total factor
productivity (TFP), which is a proxy variable for technological progress, by using
the results of growth accounting in the OECD countries. The OECD (2013) has
published growth accounting data for selected countries from 1985 to 2010. From
this report, we find that the average economic growth rate was 2.58 %, and the
average contribution ratio of multifactor productivity (MFP) was 45.5 %. In other
words, almost half the economic growth came from the contribution of MFP. After
reviewing the traditional growth theory, we present our empirical results on the
relationship between population growth and economic growth. Our empirical tests
confirm that the relationship between economic growth and population growth is
negative, as proposed in the Solow growth model. However, theoretically, popu-
lation growth should spur technological progress, as discussed in the previous
chapter. We therefore conduct more direct empirical tests on the relationship
between population growth and technological progress in the next chapter.

The previous chapter summarized historical views of the relationship between
population and technological progress and concluded that technological progress
has resulted in rapid economic growth. In this chapter, we investigate the rela-
tionship between population and economic growth using growth accounting and
empirical studies. We begin with an explanation of the production function and
growth theory. Further, we will demonstrate the significance of TFP, which is a
proxy variable for technological progress, utilizing the results of growth accounting
in Organization for Economic Cooperation and Development (OECD) countries.
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Finally, we will review the traditional growth theory and present the empirical
results of the relationship between population and economic growth.

2.1 Economic Growth and Growth Accounting

2.1.1 Economic Growth and Production Factors

Economic growth is defined as the increase in value added to an economy in a year,
in a quarter, or in a certain period. In the System of National Accounts (SNA), the
economic growth rate is measured by the growth rate of gross domestic product
(GDP), which is the key economic indicator for the total economy. From the point
of view estimating GDP, three approaches from the demand side, supply side, and
income are used. The demand-side approach defines GDP as the total expenditure
on final goods and services consumed or invested by economic agents in the
economy. On the other hand, the supply-side approach uses the level of production
by the industries and the government. From a theoretical viewpoint, GDP estima-
tions using the demand-side and supply-side approaches are balanced in an equi-
librium economy.

The economic growth rate is defined as the percentage rate of increase in
GDP, or:

GDP growth rate at the current period = increase of GDP at the current period/GDP
at the last period (%).

Because modern economic activity is often accompanied by a business cycle that
involves short-term changes in expenditures, the supply-side approach is used for
long-term observation of economic growth or to establish a GDP trend. The
supply-side approach generally uses the concept of the production function. The
production function will be explained in greater detail below.

For simplicity, the basic production process will be discussed. In that regard, we
assume that there is only one kind of output produced using different types of
production factors. Since GDP is an indicator of output, we can translate this to the
economy as a whole, and we also assume two factors of production: capital and
labor. Then, the production process can be shown by this simple equation (2.1):

GDP ¼ FðCapital;LaborÞ or Y ¼ FðK; LÞ; ð2:1Þ

where Y is GDP, K is capital, and L is labor.
Though economic growth can be achieved by increasing either the amount of

labor or the capital in the production function, there is a limit to the contribution of
a single factor for an increase in GDP, due to the law of diminishing marginal
productivity. Marginal productivity refers to the additional output gained by adding
one unit of factor of production when other factors are held constant, and it grad-
ually decreases as the amount of that factor increases.
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In reality, it is not ordinary for only one factor to increase when other factors do
not change; we therefore need to analyze economic growth with all factor changes
taken into account. GDP can be increased by increasing the labor and capital inputs
used in production; however, economic growth can also be realized through
increased efficiency, in other words, by improving how factors are used together.
This improving efficiency, which contributes to an increase in GDP, is referred to as
total factor productivity (TFP), also called multifactor productivity (MFP), and is
closely related to technological progress. Thus, we often allow TFP to act as a
proxy variable for technological progress. Because it is difficult to measure effi-
ciency gains or TFP directly from observation data, we estimate TFP as a residual
that is the part of economic growth that cannot be explained through capital
increases or labor increases. Considering TFP, we can write the production function
as follows:

Y ¼ AFðK; LÞ; ð2:2Þ

where A denotes TFP or the level of technology. Note, in economics, “technology”
is used in a broad sense and is not limited to engineering technology. As mentioned
above, technology means general gains in efficiency or productivity, and it is this
that acts as the engine of long-term economic development.

2.1.2 The Cobb–Douglas Production Function and Growth
Accounting

We illustrate the discussion above using the Cobb–Douglas production function.
The Cobb–Douglas production function is formulated as follows:

YðtÞ ¼ AðtÞKðtÞaLðtÞ1�a: ð2:3Þ

All variables are a function of time t. The parameter a is the share of income
received by the owners of capital, and the share of the income received by labor and
the share is 1� a. We can call this parameter a as the share of capital cost, because
it is the share of cost paid to capital in producing GDP.

Taking the logarithm of both sides, we then have

ln YðtÞ ¼ lnAðtÞþ a lnKðtÞþ ð1� aÞ ln LðtÞ;

and differentiating the above equation by time t,

DYðtÞ
YðtÞ ¼ DAðtÞ

AðtÞ þ a
DKðtÞ
KðtÞ þ ð1� aÞDLðtÞ

LðtÞ : ð2:4Þ
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This is the basic equation of growth accounting. In other words, this equation
shows that the GDP growth rate is decomposed to the rate of change of capital and
labor and to the rate of TFP growth, which is computed as residual. The contri-
bution of capital (labor) to GDP growth is the speed of growth of capital (labor)
multiplied by the share of capital (labor) in GDP.

Though the parameter value a is stable and is similar in developed countries
(known as stylized facts in the field of economic growth theory), we can more
accurately calculate the share of capital cost using SNA data or other data sources.
In addition, many researchers or institutes try to calculate growth accounting. Next,
the growth accounting calculation employed by the OECD will be described.

2.2 Growth Accounting in OECD Countries

2.2.1 Data of Technological Progress by OECD

Since it is generally difficult to estimate technological progress in the macroecon-
omy, we need to identify indicators that capture technological progress for our
empirical research. In addition, for the most part, the indicators should be common
across developed countries in order to make a comparison. One indicator is pub-
lished by the OECD as MFP. Briefly, MFP growth represents the unexplained
portion of an increase in GDP growth which cannot be accounted for through
growth in labor or capital input. The OECD (2001) stated that MFP growth is a
proxy indicator of technological progress, and it is the increase in GDP growth that
is not embodied in the amounts of either capital or labor. However, it is interpreted
in a somewhat larger sense. The OECD (2008) said “MFP growth comes from more
efficient use of labor and capital inputs, for example through improvements in the
management of production processes, organizational change or more generally,
innovation” (OECD 2008, p. 24). In addition, resource constraints of MFP data
hamper efforts to precisely measure labor and capital input and this in turn affects
MFP.

The OECD published an online MFP database that can be downloaded from
“Growth in GDP per capita, productivity and ULC.”1 This database contains the
results of measurements of the MFP growth rate for 20 OECD countries, from 1995
to 2012.2 It should be noted that some fiscal years are missing from the data, and
some new countries became OECD members during the period covered by the data;
for these reasons, the data do not represent a balanced panel data set for all
20 countries.

1http://stats.oecd.org/Index.aspx?QueryId=54566.
2The level of MFP is standardized as 100 in 2005. An old database contained MFP growth rates
for 19 OECD countries for the period 1985–2007. In addition, MFP is formulated for the purpose
of international comparison, and OECD statistical data cannot necessarily be considered the
optimal basis for calculating MFP for individual nations.
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With regard to calculating MFP, it is defined as the difference between the rate of
change in output (Q) and the rate of change in input (X). Equation (2.5) provides the
definition as follows:

ln
MFPt
MFPt�1

� �
¼ ln

Qt

Qt�1

� �
� ln

Xt

Xt�1

� �
: ð2:5Þ

Note, output (Q) is the real gross domestic product in the OECD National
Accounts, and input (X) is labor and seven categories of capital stock. The differ-
ence between MFP and standard TFP lies in this use of seven categories of capital
stock.3

Figure 2.1 shows MFP growth, on average, from 1995 to 2012 for 10 major
nations (Australia, Canada, France, Germany, Italy, Japan, Spain, Sweden, the UK,
and the USA). It reveals that Sweden displayed the highest rate of increase in MFP
at 1.2 %, followed by the USA at 1.2 %, almost the same as Sweden, the UK at
1.0 %, and Germany at 0.9 %. In contrast to those countries, Italy had the lowest
rate of MFP increase at −0.1 %, and Spain’s rate of increase was 0.1 %. With
respect to Japan, the MFP growth rate was 0.7 %, on average, from 1995 to 2012.

2.2.2 Growth Accounting in OECD Countries

Technological progress is the most fundamental source of human progress. In
addition, it is also the most important engine of economic growth. In the previous
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Fig. 2.1 Average growth rate of MFP (1995–2012, %). Source OECD database “Growth in GDP
per capita, productivity and ULC”

3See Schreyer (2003) or Wölfl and Hajkova (2007) for more details.
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section, the growth accounting method was explained. Considering TFP (or MFP)
is the proxy variable of technological progress, we will now examine how TFP
contributed to economic growth in developed countries, using growth accounting
by the OECD (2013).

The OECD (2013) has published growth accounting data for selected countries
from 1985 to 2010. In these calculations, the contribution of labor (capital) to GDP
growth is measured as the growth of labor (capital) input, multiplied by the share of
labor (capital) in GDP. Figure 2.2 shows the contribution degree of capital, labor,
and MFP to GDP growth rate.4 Eighteen OECD countries were selected.5

From the figure, we can see the importance of MFP and capital to the GDP
growth rate in almost all of the countries; however, labor input was important for
only a few countries from 1985 to 2010. For example, Japan, Finland, and Germany
experienced negative GDP contributions from labor inputs.

South Korea recorded the highest economic growth in this period among the
18 countries, with an average economic growth rate of 6.10 %. The contribution
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Fig. 2.2 Growth accounting in OECD countries (1985–2010). Data OECD (2013)

4Although, in the original OECD (2013) publication, the contribution of capital to GDP is broken
down into Information and Communication Technologies (ICT) capital and non-ICT capital, we
combined the two kinds of capital for convenience.
5Germany, Italy, Czech Republic, France, Japan, Sweden, Denmark, Finland, New Zealand,
Canada, USA, Austria, Spain, Netherland, United Kingdom, Australia, Ireland, and South Korea.
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ratio of MFP to GDP growth was 62.8 % in Korea; meanwhile, the contribution
ratio of labor input was only 9.8 %. On the contrary, Germany’s economic growth
rate from 1985 to 2010 was the lowest of the 18 countries, with an average growth
rate of only 1.22 %. Interestingly, South Korea’s contribution of MFP to GDP
growth is larger than capital and labor input. The contribution ratio of MFP was
72.6 %, the second-highest value among the 18 countries.

For all countries, we find that the average economic growth rate was 2.58 %, and
the average contribution ratio of MFP was 45.5 %. In other words, almost half of
the economic growth came from the contribution of MFP. Among the 18 countries,
Finland had the highest contribution ratio of MFP, 80.2 %, because its GDP growth
rate was 2.08 % and the growth rate of MFP was 1.67 %. Conversely, the con-
tribution ratio of MFP to GDP growth was low in both Spain and Canada, with
ratios of 13.1 and 14.1 %, respectively.

As for Japan, the average GDP growth rate was 1.91 %, making it the fifth-
lowest country, and the growth rate of labor was −0.32 %. This was because of the
decreased size of the labor force in the mid-1990s. The growth rate of MFP was
1.36 % from 1985 to 2010, and the contribution ratio to GDP growth was 71.0 %,
the third-highest value of the 18 countries.

2.2.3 Some Problems Related to Technological Progress
Indicators

(1) Productivity and TFP
Based on current research, it can be said that the contribution of MFP or
technological progress to economic growth, through the analysis of growth
accounting, is large. However, there are other relevant indicators. Productivity
also means the degree of efficiency of production; therefore, it may also be an
indicator of technological progress.

The term “productivity” is used frequently in the context of economics; how-
ever, it is difficult to define because its significance varies. Generally, productivity
is defined as the ratio of an amount of output or GDP to one unit of input. In
addition, a growth rate of labor productivity is calculated as:

Growth rate of Labor Productivity ¼ Growth Rate of GDP=Labor inputð Þ:

In general, labor productivity is interpreted as single-factor productivity (SFP),
and TFP is defined as the total factor or multifactor productivity. Hence, if labor is
selected as an input production factor, we can then measure labor productivity. If
we choose capital as an input factor, then capital productivity is calculated.
Furthermore, MFP is defined as the productivity of combined input factors, which
are labor, capital, and intermediate inputs (e.g., raw materials, energy). Thus, we
can say that a variety of definitions of productivity are possible, depending on what
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inputs are used as the indices for productivity measurements. Incidentally, labor
productivity is the most representative index.

Note, the definition of productivity will differ depending on what type of output
we choose (e.g., a value-added basis of GDP or a production basis which incor-
porates intermediate goods and services).

Table 2.1 depicts the main productivity measures from the OECD (2001).
The OECD (2001) offered an explanation of the productivity definition. As for
labor productivity, based on value added, it is defined as the quantity index of value
added, divided by the quantity index of labor input. Capital–labor MFP, based on
value added, is defined as the quantity index of value added divided by the quantity
index of combined labor and capital input, and so on. A more detailed definition of
MFP will be explained below.6

(2) Independence between TFP and Labor
From the above discussions, it can be said that TFP or MFP is a proxy index of
technological progress and has an important role in growth accounting. As
such, measuring TFP is an indispensable procedure for the analysis of eco-
nomic growth. On the other hand, both labor and capital are also essential in
establishing growth factors. In this case, how are capital and labor related to
technological progress? Assuming the production function, described as Eq. 1.
1, we presume that technological progress is independent of the labor force
(and capital). Mainly, because TFP is defined as the efficiency gain of pro-
duction in total, technological progress should be interpreted as an exogenous
shock. However, is there actually an independent relationship between labor
(capital) input and TFP in the economy?

Table 2.1 Overview of main productivity measures

Type of
output
measure

Type of input measure

Labor Capital Capital and labor Capital, labor, and
intermediate inputs
(energy, materials,
services)

Gross
output

Labor productivity
(based on gross
output)

Capital productivity
(based on gross
output)

Capital–labor
MFP (based on
gross output)

KLEMS
multifactor
productivity

Value
added

Labor productivity
(based on value
added)

Capital productivity
(based on value
added)

Capital–labor
MFP (based on
value added)

–

Single-factor productivity measures Multifactor productivity (MFP)
measures

Source OECD (2001, p. 13)

6The OECD (2001) said that “conceptually, capital-labor productivity is not, in general, an
accurate measure of technical change…” and MFP “reflects the combined effects of disembodied
technical change, economies of scale, efficiency change, variations in capacity utilization and
measurement errors” (p. 16).
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Examining this point, two possibilities can be considered. Firstly, a
labor-augmenting technological progress exists. Using the production function
form, we can describe this as follows:

Y ¼ FðK;ALÞ:

This labor-augmenting technological progress serves to enhance the efficiency of
labor, and in this case, it is difficult to calculate the pure contribution of techno-
logical progress to GDP growth.

Secondly, there is a fundamental theory that some significant relationship exists
between technological progress and labor input. This is the main theme of this
study. The purpose of this study is to explore the relationship between TFP and
population. If the population size (or labor input) is one of the causes of the speed
of technological progress, then both factors are not independent in the production
function. This study will examine this relationship in detail below.

2.3 Population and Economic Growth

2.3.1 Population and Economic Growth

As described above, technological progress is the most important factor for eco-
nomic growth. However, we cannot directly measure technological progress
through the use of indicators; therefore, TFP is utilized as a proxy variable. An
advantage of using TFP as a proxy variable is that it is easy to decompose its
contribution by growth accounting. Firstly, we will review the Solow growth
model, which is the simplest theory used to describe economic growth.

Assuming the specific production function of homogeneous of degree one as
follows:

Y ¼ FðK; LÞ ) Y ¼ KaL1�a;

then it transforms per capita.

Y
L
¼ K

L

� �a L
L

� �1�a

¼ K
L

� �a

;

where Y is GDP, K is capital stock, and L is labor or population. Also it defines the
capital–labor ratio as k ¼ K

L and per capita GDP as y ¼ Y
L. We can describe the

production function in terms of per capita.

y ¼ ka
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The transition equation of capital stock is as follows:

Kt � Kt�1 ¼ It

I is investment, and in equilibrium in economy, S is defined as saving, as follows:

S ¼ I:

We can rewrite this as follows:

S ¼ sY :

Next, considering the dynamic change of the capital–labor ratio, we can show that

_k
k
¼

_K
K
�

_L
L
;

and assume the labor growth rate is constant n. The next equation is derived as
follows:

_k
k
¼ sY

K
� n ¼ s

Y=L
K=L

� n ¼ s
y
k
� n ! _k ¼ sy� nk

This equation shows the Solow growth model and implicates the relationship
between GDP and labor (or population). In a steady state, by considering the
production function in terms of per capita, it is easy to derive Eq. (2.6). Note, *
means the value in a steady state.

y� ¼ s
n

h i a
1�a ð2:6Þ

Equation (2.6) shows that the level of GDP per capita decreases as the rate of
population growth increases. From this logic, it is concluded that an increased
population generates lower levels of per capita income in a steady state. Figure 2.3
illustrates this conclusion.

2.3.2 The Results of Empirical Studies (1)

The relationship between economic growth and population will now be examined,
based on empirical studies. Firstly, we will explore the relationship between the
population growth rate and the economic growth rate for countries in the long term.

To collect as much data as possible, for both developed and developing
countries, we utilized the “World Bank Open Data.” The selected variables are real
GDP in domestic currencies and population figures from 1960, 1985, and 2010.
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From these data, the average growth rate can be easily calculated. Therefore, we
prepared three different average growth rates, namely from 1960 to 1985, 1985 to
2010, and 1960 to 2010. The data included 91 countries.

Figure 2.4 shows the simple relationship between the population growth rate
and the economic growth rate. The X-axis denotes the population growth rate and
the Y-axis denotes the economic growth rate from 1960 to 2010. The correlation
coefficient of the two variables was −0.207, a weak negative relation was observed,
and we could not obtain strong evidence supporting the conclusion of the Solow
growth model.

The conclusion of the Solow growth model is derived using a per capita variable.
Therefore, a per capita growth rate should be used instead of a macroeconomic

y

k

nk

n'k

k*k'*

y'*

y*

n'>n

Fig. 2.3 The Solow growth
model
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growth rate. Per capita growth rate is calculated using the figure obtained from the
macroeconomic growth rate minus the population growth rate.

Figure 2.5a shows the relationship between the per capita growth rate (measured
at the X-axis) and the population growth rate (measured at the Y-axis) from 1960 to
2010.
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Fig. 2.5 Economic growth per capita and population increase. a 1960–2010, b 1960–1985,
c 1985–2010. Data from The World Bank’s Open Data
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The correlation coefficient of the data in Fig. 2.5a is estimated as −0.359, which
is slightly stronger than the data in Fig. 2.4. Furthermore, we divided the sample
data period into two periods, from 1960 to 1985 and 1985 to 2010, and again
estimated the correlation coefficient between them. Figure 2.5b is the result of the
first half of the period (1960–1985), and a somewhat weaker relationship seems to
exist between the variables during this period than during the period as a whole
(1960–2010). The correlation coefficient is −0.168, which is almost half of the
estimated value in the total period. However, in the latter half of the period
(1985–2010), the correlation coefficient between the two growth rates is stronger
than during the first half. The coefficient is −0.357.

These empirical studies confirm that the relationship between economic growth
and population growth is negative, as proposed in the Solow growth model.
However, the statistical significance of the relationship is somewhat ambiguous
because the estimated correlation coefficients of absolute value are small.

One of the reasons for this weak relationship is that it included countries at
different stages of development. It may be necessary to separate developed and
developing countries. Therefore, in the next section, only developed countries are
analyzed to verify the relationship between population and economic growth.

2.3.3 The Results of Empirical Studies (2)

Before investigating the relationship between population and economic growth, it is
helpful to review the study conducted by Beaudry and Collard (2003). They
attempted to estimate the relationship using three different types of economic
performance, specifically growth in output per adult, growth in output per worker,
and the change in employment per adult. Their data were from the period
1960–1997, encompassing 18 developed countries. They observed that around the
first half of the 1970s the relationship between economic growth and population
growth changed drastically. Beaudry and Collard (2003) set the growth rates in
GDP per capita (or per adult, an adult defined as being between 15 and 64 years of
age) as dependent variables, and these were regressed on the growth rate of pop-
ulation and the initial (log) level of GDP per capita in the initial year, which
represented a convergence hypothesis in economic growth.

Beaudry and Collard (2003) discovered that population or the adult growth rate
exerted only a small and insignificant effect on economic performance over the
period 1960–1974. Additionally, they found strong evidence of convergence, which
is consistent with the standard economic growth theory. On the other hand, the
effect of population growth had a stronger negative effect on economic growth
during the period 1975–1997. By referring to Beaudry and Collard’s (2003) work,
we will investigate an extended period of data for OECD countries.

Using OECD data for 24 countries from 1970 to 2010, we estimated regression
equations to verify the relationship between population and economic growth.
Dependent variables are the economic growth rate per capita, denoted as %Δ(Y/P),
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and per adult (15–64-year-old), denoted as %Δ(Y/A), respectively. As for the
independent variables, we prepared a population growth rate (Pop Gr), an adult
growth rate (Adult Gr), an initial log level of GDP per capita in the initial year
[Initial(Y/P)], and an aging ratio (AGE). Note the aging ratio selected data in the
mid-year of each period. Furthermore, we divided the sample period into two terms,
from 1970 to 1990 and from 1990 to 2010; we therefore prepared three different
sample periods, including the total period.

Table 2.2 shows the results of the above regressions. Panel A is the result of the
full sample period, and estimated parameters of both the population growth rate and
the adult growth rate are negative, but not significant to economic growth. It should

Table 2.2 Population and economic growth in OECD countries

Dep. var. %Δ(Y/P) %Δ(Y/P) %Δ(Y/A) %Δ(Y/A)

Panel A: 1970–2010

Pop Gr −0.355
(0.328)

−0.882
(0.740)

Adult Gr −0.508
(0.251)**

−0.955
(0.592)

Initial (Y/P) −0.015
(0.003)***

−0.012
(0.004)***

−0.014
(0.003)***

−0.012
(0.004)***

Age −0.109
(0.137)

−0.118
(0.141)

R2 0.523 0.538 0.453 0.471

Panel B: 1970–1990

Pop Gr −0.882
(0.326)**

−2.718
(0.694)***

Adult Gr −0.748
(0.270)**

−1.591
(0.629)**

Initial (Y/P) −0.022
(0.004)***

−0.010
(0.006)*

−0.020
(0.005)***

−0.016
(0.005)***

Age −0.507
(0.175)***

−0.282
(0.191)

R2 0.579 0.703 0.486 0.536

Panel C: 1990–2010

Pop Gr 0.221
(0.412)

−0.756
(0.609)

Adult Gr 0.068
(0.300)

−0.537
(0.508)

Initial (Y/P) −0.009
(0.004)*

0.002
(0.007)

−0.005
(0.005)

0.002
(0.006)

Age −0.209
(0.101)*

−0.162
(0.111)

R2 0.171 0.316 0.062 0.152

Data OECD “OECD Data Base”
Calculation by author
* means significant at 10%, ** means significant at 5%, and *** means singnificant at 1%
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be concluded that population growth has not affected economic growth in the past
40 years. For reference, the initial level of GDP per capita strongly affects economic
growth negatively, so it could be referred to as the hypothesis of convergence which
standard economic growth theory described.

From the results of Panel B, in contrast to panels A or C, the population growth
rate had a negative and significant effect on economic growth, and the aging ratio
also negatively affected economic growth. However, in the more recent sample,
Panel C, there was no significant relationship between the dependent and the
independent variables. It is interesting that the results of these regressions are not
consistent with the results of Beaudry and Collard (2003).

After reviewing the traditional growth theory, we present our empirical results
on the relationship between population growth and economic growth. Our empirical
tests confirm that the relationship between economic growth and population growth
is negative, as proposed in the Solow growth model. However, theoretically,
population growth should spur technological progress, as discussed in the previous
chapter. We therefore conduct more direct empirical tests on the relationship
between population growth and technological progress in the next chapter.
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Chapter 3
Theoretical and Empirical Analysis
of Population and Technological Progress

Abstract This chapter confirms the relationship between population growth and
technological progress using theoretical and empirical studies. First, we look at
some theories of technological progress in terms of population scale and growth.
Many economists have asserted that a larger population induces more innovation,
new technology, ideas, and so on. This view implies that the growth rate of tech-
nological progress declines as population decreases in Japan or other developed
countries in the near future. Second, we devise a simple model to analyze the effect
of population scale on technological progress. This model forms the basis of the
empirical study discussed below. As for the implications of this model, the effect of
population scale on technological progress is theoretically ambiguous. Since the
conclusions depend on the assumption of the model, only an empirical study can
confirm the implications of the model. In addition, according to the traditional
Keynesian perspective, population numbers are an important factor in economic
performance. In this view, a reduced population size leads to a decline in economic
growth. This lower economic growth introduces the possibility of reduced invest-
ments in technology. Lastly, we test whether there is a positive relationship between
population and technological progress using OECD panel data from 1985 to 2012
for 20 countries. We use the pooled regression and the random-effect models. From
these empirical results, we derive a positive relationship between population growth
and MFP using panel data analysis, thus supporting our assumption that the rela-
tionship between population growth and technological progress is positive.

Many developed countries are facing a present or future population decrease. Does
this mean that a fall in economic growth is linked to the decreasing speed of
technological progress? This is the main theme of this chapter, and we will offer
conclusions using theoretical and empirical studies.

First, some technological progress theories are considered in terms of population
scale and growth. “Genius hypothesis” or intellectual interaction theories will be
analyzed. A discussion regarding the relationship between technological progress
and population is also included below. In addition, in regard to the demand side, we
also review whether the population scale is important for maintaining the current
consumption market.
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Second, we devise a simple model to analyze the effect of population scale on
technological progress. This model forms the basis of the empirical study discussed
below. As for the implications of this model, the effect of population scale on
technological progress is theoretically ambiguous. Since the conclusions depend on
the assumption of the model, only an empirical study can confirm the implications
of the model.

Lastly, we will show the results of the empirical study to confirm the relationship
between population scale, population growth, aging, and technological progress or
MFP. Using OECD data from 1985 to 2012 for 20 countries, we obtained a positive
relationship between population and MFP by panel data analysis.

3.1 Perspective of Technological Progress and Population
Decreasing

3.1.1 Population Scale and Technological Progress

As discussed in Chap. 1, population increase has affected technological progress.
Kremer (1993) and others said that a larger population would generate more
innovation, new technology, ideas, and so on. Hence, technological progress had
been inspired by them. Furthermore, in economics, technological progress (TFP or
MFP) has been an engine of economic growth. From the point of view of the
production function approach, which is well explained for long-term economic
growth, technological progress is one of the most important factors determining the
economy’s potential. Of course, the labor force, which reflects the total population,
is also an important factor for economic growth; however, as seen in Chap. 2,
technological progress has had a greater impact on economic growth in recent
decades.

However, there is a controversial problem regarding the relationship between
economic growth and fertility or birth rates. Although there was a high fertility level
in the case of developing economies, a total fertility rate (TFR) in excess of 2.0, this
figure has been decreasing in developed economies. In Japan and other developed
countries, decreasing birth rates are the main cause of population reduction and an
aging. From the view of scale effect of population to technological progress, a
decline in the birth rate would have an indirect effect of slowing down technological
progress. On the other hand, developed countries, such as the USA, the UK, or
France, have maintained their TFR around 2.0 and they are not concerned with a
declining population. This mechanism about determination of fertility rates is very
difficult to solve.

Figure 3.1 shows the relationship discussed above. Population increase has a
scale effect on technological progress, and technological progress is the strongest
engine of economic growth. However, the relationship between economic growth
and a population increase through the fertility rate is somewhat ambiguous.
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With an increase in population, and all other things being equal, it follows that
there will be an increase in the number of researchers and innovators. It can
therefore be said that the growth rate of the economy is proportional to the total
amount of research conducted in society. However, Collins et al. (2013) proposed
an interesting view on this point. They wrote that “a complementary driver of
technological progress is evolution of the human potential to innovate. As a larger
population generates more mutations, population growth will increase the rate at
which new traits may emerge. If mutations that increase innovative potential raise
the fitness of the host, these genes will spread in the population, enhance techno-
logical progress and provide an economic basis for further population growth”
(Collins et al. 2013, p. 1). This interesting point of view is broader than an eco-
nomic discussion.

3.1.2 Technological Progress Perspective and Decreasing
Population

In some developed countries, including Japan, if there is a positive relationship
between population and technological progress (or productivity improvement), it is
anticipated that the growth rate of technological progress will decline as population
decreases in the near future. Japan is a country where the scale and speed of
population decrease are at its largest and most rapid, relative to other developed
nations. Therefore, Japan’s declining growth rate of technological progress will be a
serious impediment to sustaining its economic growth.1

Population 

Increase
Technological

Progress

Economic 

Growth

Scale Effect

Engine of 

GrowthFertility?

Fig. 3.1 Population and
technological progress

1According to “Population Projections for Japan (January 2012)” by the National Institute of
Population and Social Security Research, Japan’s average annual population growth rate between
2010 and 2060 will be −0.78 %. In addition, according to “World Population Prospects: The 2012
Revision” by the UN, Germany’s average annual population growth rate between 2010 and 2100
will be −0.42 %, −11 % in Italy, and −0.20 % in Korea.
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Due to the critical nature of Japan’s declining population and technological
progress, discussions began in the mid-1990s, and various studies have been
reported. Those studies will be summarized as follows. The Economic Planning
Agency (1995) found that the relationship between the labor force and techno-
logical progress or productivity could be grouped into three effects. Firstly, there is
the forfeiture effect of scale economy, where the collective power of economic
activity declines because of the decreasing growth rate of the labor force. Secondly,
there is the forfeiture effect of creative power caused by the decreasing labor force
and progressive aging of society. Thirdly, there is the labor-saving effect caused by
rising scarcity of the labor force relative to other production factors; therefore, this
effect promotes technological progress. If the degree of the third effect is larger than
that of the first and second effects, the decreasing labor force promotes techno-
logical progress. However, if the opposite is true, then the decreasing labor force is
the cause of the decline in technological progress. An empirical study conducted by
the Economic Planning Agency (1995) estimated the relationship using
cross-country data. The Agency concluded that the growth rate of productivity
increased by a decrease in the growth rate of the labor force.

Following this study, many similar studies were published. Yashiro (1999)
measured the negative correlation between the growth rate of the labor force and of
TFP using data from 1980 to 1991 covering eight advanced countries. The Ministry
of Labor (2000) showed the negative and significant coefficient of correlation
between the growth rate of the labor force and of TFP using average data from 1975
to 1994 in 10 advanced countries, including Japan. Furthermore, the Cabinet Office
(2003) confirmed the negative relationship by regressing the growth rate of TFP on
the growth rate of employees by pooling data from the OECD’s database covering
the period from 1981 to 2000.

Oguro and Morisita (2008) used a panel data set of G5 countries and empirically
analyzed in detail the relationship between the scale of the population and tech-
nological progress, theoretically and mathematically. However, they found a pos-
itive relationship. Unlike the other studies, it regarded the scale of the population
itself, not the growth rate of the labor force, as an explanation variable.

As for the relationship between population and economic growth, there is
another point of view of demand. It can be said that economic growth in the short
term is dependent on effective demand, such as consumption, investment, or
government expenditure. According to this traditional Keynesian perspective,
population numbers are an important factor in economic performance. In this view,
a reduced population size leads to a decline in economic growth. This lower eco-
nomic growth introduces the possibility of reduced investments in technology.

In addition, there is a relationship between the economy of accumulation, or the
economy of scope, and the scale of population. As population increases, and more
consumers enter the market, the possibility of generating new or niche markets will
increase through the diversity of consumer demand. Similarly, population size
supports economic growth through the development of new markets. Furthermore,
we consider that the development of new or niche markets generates a positive
impact on technological progress.
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3.2 The Theoretical Setting for an Empirical Analysis

To examine the relationship between the scale of population and the growth rate of
TFP, we formalize the hypothesis presented by Kuznets (1960) and others, dis-
cussed above. Here, we introduce the underlying theoretical model for an empirical
analysis.2

L means labor force and a part of which, LA, is engaged in technological
development and another part of which, LY , works in general production. Hence,
we have the following:

L ¼ LA þ LY : ð3:1Þ

Next, pursuant to this hypothesis, the ratio of workers engaged in technological
development to total workers is constant, and its ratio represents cA, and then

cA ¼ LA=L;

and it determines the number of workers who are in general production as

LY ¼ ð1� cAÞL:

We have the simple production function that

Y ¼ ALY ;

where Y is income and A means productivity. The income per capita is described as
follows:

y ¼ Að1� cAÞ: ð3:2Þ

With regard to technological progress, we assume its rate, _A=A, as follows. The
technological progress rate is determined by both input of labor and the “cost” of
technological development. The cost of technological development describes μ, and
then, Eq. (3.3) is established.

_A
A
¼ LbA

l
¼ LbcbA

l
; ð3:3Þ

where β is a constant for representing effectiveness and direction of labor input.
In a case where b[ 0, then as the labor force engaged in technological devel-

opment increases, the rate of technological progress accelerates. However, where
b\0, the opposite situation is true. Furthermore, in the case that the aging will

2This model is in reference to Jones (2005).
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promote in the society and the younger population who have creative ability will
decrease, then μ will rise and the growth rate of technological progress will fall in
relation.

Assuming that cA is constant, the reduced equation for the following empirical
test is,

_A
A
¼ FðL or P; l;XÞ; ð3:4Þ

where P means population, which determines the size of labor, and X means other
factors that affect technological progress.

On the other hand, it can be considered that cA is function of labor, L.

cA ¼ cAðLÞ

A constant cA ratio means that an increase in labor or population is the reason for
an increase in labor engaged in technological development, thereby facilitating
technological progress.

However, can we say that the ratio cA is constant? What would happen if an
increase in labor did not add more workers engaged in technological development?
In other words, if such workers have a certain special innate ability, then there is the
possibility that an increase in the rate of workers engaged in technological devel-
opment would be less than the growth rate of the total labor or population. If this
proposition were correct, we could not exclude the possibility that a population
increase would result in reducing the ratio, cA. In that case, the relationship between
labor or a population increase and technological progress would be negative.

The above inference can be described as follows. Because LA ¼ cAðLÞ � L, then

dLA
dL

¼ c0ALþ cA:

If c0A\0, then

dLA
dL

[ or\0:

Considering LY ¼ L� LA ¼ ð1� cAðLÞÞL, then we get

_A
A
¼ F LA; lð Þ ! @F

@L
¼ @F

@LA

dLA
dL

[ or\0;
@F
@l

\0:

There is a possibility that an increase in labor provides a more labor-intensive
production system, which results in a decline in labor productivity. The decline in
labor productivity might mean that there is a negative relationship between labor
and technological progress. In any case, by regressing the rate of technological
progress on population or labor, we should hypothesize the relationship between
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them from the estimated coefficients. In an empirical study, we should consider
other factors that affect technological progress. For example, the diffusion of
technology and introduction of new technology from other areas or countries would
promote the growth rate of technological progress or productivity. Considering this
diffusion effect, we should employ an explanation variable which proxies this effect
in an empirical analysis. In the following part of this section, we will verify the
above discussions.

3.3 Preparation for Empirical Analysis

3.3.1 Outline of Data

MFP data are published by the OECD as a proxy indicator for technological pro-
gress (a concept introduced in Chap. 2 is used in this empirical analysis as an
objective variable). These data are from “MFP based on Harmonized Price Indices
for ICT Capital Goods, Capital Input, Cost Shares, Total Factor Input” published by
the OECD in 2007. This database includes MFP data for 20 member nations of the
OECD from 1985 to 2012; we can therefore use this as panel data. However, this
database is unbalanced, as it lacks data from some nations.

MFP is defined as the difference between the rate of change of output (Q) and the
rate of change of input (X), as shown in Eq. (3.5).

ln
MFPt
MFPt�1

� �
¼ ln

Qt

Qt�1

� �
� ln

Xt

Xt�1

� �
ð3:5Þ

Output (Q) is measured as GDP at constant prices for the entire economy from
the OECD Annual National Accounts, and input (X) is composed of labor force and
seven kinds of capital stock, weighted by cost share. The difference with ordinary
TFP is that MFP adopts the multikinds of capital stock.

For analyzing MFP, we also use an aging ratio (ratio of population 65 and older
to the total population), obtained from the OECD’s “Labour Force Statistics.” In the
following analysis, the value of the scale of population is transformed into a log-
arithmic value.

Figure 3.2 shows the transition in MFP of seven major countries, such as
Canada, France, Germany, Italy, Japan, the UK, and the USA. As for the average
value of MFP in the sample period, Japan had the highest value (1.26 %, 1985–
2012) of the seven countries, followed by the UK (1.13 %, 1985–2011), the USA
(1.08 %, 1985–2012), and so on. Canada recorded the lowest value (0.38 %, 1985–
2012), and Italy’s value was 0.42 % (1985–2007).
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3.3.2 Estimation by Panel Data Analysis

In the panel data analysis, assumptions concerning the cross section (20 OECD
countries) and time series (1985–2012) are needed. In the international comparison
analysis, it is necessary to consider the heterogeneity of each country, that is, a
cross section. In such a case, there are three estimation methods.

The first is a method of pooling panel data, assuming that heterogeneity does not
exist in the cross section, and this is called the pooling model (common constant
term model). Y is a dependent variable, X is an independent variable, the cross
section is indicated by subscript i and time by subscript t, and u is a disturbance
term. The pooling model is shown by Eq. (3.6).

Yit ¼ aþ bXit þ uit ð3:6Þ

The second method is a fixed-effect model, which absorbs heterogeneity with
dummy variables. For Eq. (3.6) of the pooling model, it was assumed that the
constant term was common in the cross section. However, the heterogeneity in the
cross section is indicated by the dummy variable of each unit in the fixed-effect
model. The fixed-effect model is shown by Eq. (3.7).

Yit ¼ ai þ bXit þ uit ð3:7Þ
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The third method is a random-effect model. It is assumed that the heterogeneity
of the cross section is included in part of the disturbance term as shown by
Eq. (3.8). Because the disturbance term contains a peculiar cross section term,
heteroskedasticity should be assumed in the model. Therefore, the method of
generalized least square (GLS) is used for the estimation.

Yit ¼ aþ bXit þðvi þ uitÞ ð3:8Þ

The model’s application judgment is roughly as follows. Concerning the
selection of the pooling model and the fixed-effect model, it judges it by the F test,
in terms of whether the dummy variable of each country is significant and effective.
Moreover, the Hausman test is used for selecting the fixed-effect model and the
random-effect model. The null hypothesis of the Hausman test is that the
random-effect model is appropriate. This test statistic follows the chi-square dis-
tribution, and the null hypothesis is rejected when the value is large and the
fixed-effect model will be selected.

3.4 Estimation Results

3.4.1 General Case

We will confirm whether there is a positive relationship between population and
technological progress from historical data of OECD countries.

Table 3.1 shows the results of panel regression when the dependent variable is
the growth rate of MFP for 20 OECD member nations. Explanation variables
include the scale of population, aging ratio, indicator for economic openness, and
the population growth rate. Those variables are adopted by the theoretical setting in
Sect. 3.2 and the assumptions in the above discussions. The aging ratio means the
development of technology. As for the indicator for economic openness with other
countries, we adopt a ratio of the total amount of exports and imports to GDP as the
proxy variable. In addition, the financial crisis dummy was set as 1 in 2008 and
2009, and set as 0 in other years.

The estimation methods are the pooling regression model and the random-effect
model.3 MFP was regressed on population by the pooling model in case (A-1) and
by the random-effect model in case (A-2). The estimated parameters for population
in the logarithm were 0.014 and −0.016, respectively. Those are not significant, so
that the above discussion regarding the positive relationship between them was not
supported. In addition, in cases (B-1) and (B-2), those are added as a variable of the
aging ratio. Thus, the estimated parameters for population were 0.043 and 0.051,

3Because the scale of population of the sampled countries varied greatly, it was difficult to absorb
the difference or to measure the cross section effect by dummy variable, so we did not adopt the
fixed-effect model and instead utilized the GLS method.
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respectively; however, those are also insignificant, and the assumption was not
accepted. As for the estimated parameters of aging, these were established as
−0.188 and −0.163, respectively, and were statistically significant. From these
values, we can conclude that aging has a negative effect on MFP.

In regard to the determinant factors of MFP, there is the possibility that it is not
sufficient to control the model because important variables are lacking. We then
added the variable that represents economic openness as an explanatory variable.4

In case (C-1), this was estimated by pooling regression. The parameter value of
population was 0.152, a positive value and statistically significant. In case (C-2),
this was estimated by the random-effect model and the parameter of population was
0.151, also a positive value. However, the t-value of this parameter was small and
was not significant. In cases (C-3) and (C-4), which do not include the financial
crisis dummy, the estimated parameter values of population were positive, 0.141
and 0.230, respectively; however, they were insignificant. In case (C-4), the esti-
mated parameter of aging ratio was −0.233, economic openness was 1.429, and
both were significant.

In cases (D-1) and (D-2), including the growth rate of population as the
explanatory variable, it showed that there was a positive relationship between the
growth rate of population and that of technological progress. The estimated
parameters of the growth rate of population were −72.0 in case (D-1) and −60.4 in
case (D-2). Finally, in cases (D-3) and (D-4), excluding the financial crisis dummy,
the estimated parameters for population were 0.131 and 0.262, respectively, and
both positive and statistically significant at 10 %. In addition, the parameters of the
growth rate of population were −94.1 and −86.5, respectively. From these results,
the above discussion about the positive relationship between population and tech-
nological progress is supported.

3.4.2 Ten Large Countries

We selected 10 large countries of economic scale from 20 OECD member countries
Canada, France, Germany, Italy, Japan, Spain, Sweden, Switzerland, the UK, and
the USA, and analyzed them using the same method as the above section.5

Table 3.2 shows the results. In cases (A-1) and (A-2), the explanatory variable
was the scale of the population only, and the estimated value of the parameter was
not statistically significant, as in Table 3.1. The estimated method of case (A-1) was
the pooling model, and the parameter of the population was 0.089. In case (A-2),
the estimated method was the random-effect model and the parameter of population
was −0.075.

4We considered the ratio of gross investment to GDP, but meaningful results were not obtained.
5Those countries were selected not only by their economic scale, but also by whether there was
lacked value or not.
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In cases (B-1) and (B-2), the aging ratio was added as an explanatory variable,
and the estimated parameters of the population were 0.320 and 0.370, respectively.
The result by the pooling model case in (B-1) was significant; however, the
random-effect case in (B-2) was not significant. Additionally, the parameters of the
aging ratio were −0.212 and −0.187, respectively, and were significant.

In cases (C-1) and (C-2), the variable of economic openness and financial crisis
dummy were added to the model. The estimated parameters of population were
both positive; however, in case (C-2), using the random-effect model, the estimated
parameter was not significant. As for other explanatory variables, the parameters of
aging ratio were negatively significant and those of economic openness were
positively significant, which were consistent with the assumptions. Also, the
financial crisis dummy was also negatively significant.

Cases (C-3) and (C-4) excluded the financial crisis dummy from the model in
cases (C-1) and (C-2). The estimated parameters of population were 0.576 and
0.747, respectively. Both parameters were positive and statistically significant, and
this empirical result is consistent with the above discussion about the relationship
between population and technological progress. In case (C-4), with the
random-effect model, the estimated parameter of the aging ratio was −0.307, which
was negatively significant; however, the parameter for economic openness was
3.405, both positive and significant.

Next, in cases (D-1) to (D-6), the variable of growth rate of the population was
added as an explanatory factor. The estimated parameter of population was 0.370 in
case (D-1) and 0.371 in case (D-2). Both were positively significant and consistent
with the hypothesis. However, in case (D-3), which is by fixed-effect model, the
estimated parameter of population was positive, but not significantly. As for the
estimated parameter of growth rate of population, it was −71.5 in case (D-1) and
−70.9 in case (D-2). Both were negatively significant, which is also consistent with
our assumption. The estimated parameters of aging ratio were −0.263 and −0.263,
respectively, in cases (D-1) and (D-2). Cases (D-4) and (D-5) excluded the financial
crisis dummy from cases (D-1) and (D-2); however, we obtained almost the same
results and confirmed the positive relationship between MFP and population scale
or growth rate of population. Those results are supported by the above discussions.
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Conclusions and Remaining Problems

The purpose of this study was to investigate the relationship between population
and technological progress, both theoretically and empirically. Firstly, in Chap. 1,
we summarized and introduced a variety of views on the relationship between
population and technological progress and considered various possibilities for a
positive relationship, referring to previous studies. However, there are other theo-
retical models related to this field; it is therefore necessary to revisit these in order to
further explore the relationship.

Next, we confirmed that technological progress is the main factor of economic
growth, and calculated the contribution of MFP to the annual economic growth rate
using the growth accounting method in OECD countries. In addition, we considered
the simple empirical results of the relationship between economic growth and
population scales. In Chap. 2, we observed the negative relationship between
economic growth and population growth, which is prospected from the Solow
growth model. However, the statistical significance of the relationship in the
empirical analysis is somewhat ambiguous because the estimated correlation
coefficients of absolute value are small.

In Chap. 3, we considered the effect of population decrease on technological
progress, and formulated a hypothesis to explain it. However, those depend on the
hypothesis, not on empirical or theoretical view. After setting the theoretical model,
we attempted to estimate the relationship between MFP and population. Of course,
it is obvious that technological progress is dependent not only on the scale or
growth of population but also on other factors. We considered the effect of eco-
nomic openness or the aging of society on MFP in the model. In some cases, we
confirmed that the estimated parameter of population is positive and statistically
significant to MFP; therefore, the empirical result in Chap. 3 is almost consistent
with the above hypothesis regarding the relationship between population and
technological progress.

We should note that it is insufficient to analyze the relationship between tech-
nological progress and population in this study. Therefore, in the future, we should
improve the remaining problems that we could consider.
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