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OZET

DURAL-SELCUK, Go6zdem. Ekonomik Biiylime Modeline Demografik Bakis Agcist ile Bir Sistem
Dinamigi Yaklasim: Bir Ekonomik Demografi Modeli Onerisi, Doktora Tezi, Ankara, 2015.

Demografik gecis siirecinin sonlarina dogru, niifusun iissel biiyliimesine dair kaygilar yerini niifus
yaslanmasina birakmistir. Bircok Avrupa iilkesi demografik gecisi deneyimlerken; yas yapilarindaki
degisim beraberinde artan saglik harcamalar1 ve emeklilik 6demeleri olarak ekonomik yiikler
getirmistir. Ayn1  demografik gegisin gelismekte olan {ilkelerde de baslamak {izere oldugu
goriilmektedir. Gegis siirecinin basinda veya sonunda oldugu fark etmeksizin, her iilke Kkendi
toplumsal politikalarin1 degisen ekonomik ve demografik kosullara gére adapte etmelidir. Bu anlamda,
resmi kurumlar {ilkenin ekonomik ve demografik dinamiklerini incelemek ve buna bagli olarak
gelistirilecek politika alternatiflerini degerlendirmek icin profesyonel karar destek araglarina ihtiyag
duymaktadir. Bu calismada politika yapicilarin dogurganlik, egitim, insan sermayesi ve teknoloji
dinamiklerini derinlemesine inceleyebilmeleri igin bir ekonomik demografi modeli gelistirilmektedir.
Onerilen model; ekonomik biiyiime modelini, geleneksel demografi araci olan kusak bilesen ydntemi
ile birlestirmektedir. Boylece model, kullanicisina; 6limliliigiin digsal degisken olmasi varsayimi
altinda, niifusun yas ve cinsiyet yapisini; dogurganlik, egitim, insan sermayesi ve teknoloji igsel

degiskenleri ile olan etkilesimi tizerinden sunmaktadir.

Kavramsal modelin gelistirilmesinin ardindan, model deneysel agidan test edilmesi amaci ile sistem
dinamigi ortamina aktarilmaktadir. Deneysel ¢iktilar gostermektedir ki; ekonomik demografi modeli
tutarlt bir bitiinliik i¢inde ¢alismakta ve giivenilir sonuglar vermektedir. Buna ek olarak, modelin
verifikasyon ve validasyonu igin u¢ kosul testleri ve duyarlilik analizi de yapilmis ve gelistirilen
modelin etkililiginin ve tutarhiliginin, ug¢ kosullarda ve degisen parametre setlerinde dahi korundugu

ortaya koyulmustur.

Anahtar Sozciikler
Ekonomik biiyiime, demografik gegis teorisi, tiimlesik biiyiime teorisi, sistem dinamigi, kusak bilesen

modellemesi
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ABSTRACT

DURAL-SELCUK, Goézdem. A System Dynamics Approach to Economic Growth Model from a
Demographic Perspective: An Economic Demography Model Proposal, Ph. D. Dissertation, Ankara,
2015.

The early concerns about exponential growth of population gave way to population aging towards the
end of demographic transition period. Many European countries have gone through the demographic
transition and the change in their age structure is accompanied by the evolving economic burdens in
terms of high health care expenses and pension payments. The same transition is about to start in
developing countries. Either it is at the beginning or at completion of the transition, each country
should adopt its public policies due to the changing demographic and economic conditions. In that
sense, governmental agencies need professional decision support tools to explore the dynamics of the
economy and demography of a country and evaluate possible policy alternatives accordingly. In this
study, we develop an economic demography model to aid the policy makers to delve into the fertility,
education, human capital and technology dynamics of a population. The proposed model integrates
economic growth model with the conventional demographic tool of cohort component modeling.
Hence, it provides the user with the population age and sex structure in interaction with the
endogenous fertility, education, and human capital and technology variables under the assumption of

exogenous mortality.

After the development of conceptual model, we transfer it into the system dynamics environment and
test the model experimentally. In the light of the experimental outcomes, we can conclude that the
economic demography model works out in coherence and yields reliable results. Furthermore, we
perform extreme condition tests and sensitivity analysis for the sake of verification and validation. As
a consequence, we demonstrate that the model keeps its effectiveness and coherence even under the

extreme conditions and varying parameter settings.

Key Words

Economic growth, demographic transition theory, unified growth theory, system dynamics, cohort
component modelling
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INTRODUCTION

Researchers and practitioners mainly get use of the management science to achieve the goals of
profitability. Although there is a common perception that the management science application area is
mostly profit-seeking institutions, the emergence of the field initiated by British Government in World
War II. In today’s rapid changing world, governments face a new challenge every day. The high
technology and changing economic and demographic conditions introduce new burdens for the
political environment as well as the society itself. In such a conjuncture, public policy makers need
professional decision support systems more than ever and it would be a valuable contribution if the

researchers turn their attention to the governmental issues.

In this thesis, we aim to provide an application oriented theoretical frame which eventually provides a
decision support tool for the public policy makers in the area of family-size decision making. This
work centers on an economic growth model, which presents a unified framework for the historical
development of the economy and demography starting from Malthusian era till the sustained economic
growth (Galor and Weil, 2000). We, hereby, revisit the so-called unified growth model from a
demographic perspective. In particular, we reformulate the economic growth model in a way that it
works out in integration with the conventional demographic tool, i.e. cohort component modeling.
Hence, it yields more detailed demographic and economic insights for the public policy makers. More
specifically, the thesis proposes an economic demography model that explores how people make
family size decision from a systems viewpoint and primarily focuses on the interaction between the
factors of technology, education and human capital together with the demographic determinants of
fertility and mortality. The model assumes endogenous fertility, technology, education, and human
capital levels, whereas the mortality is an exogenous factor. Here, an endogenous variable refers to
one determined within the model, whereas exogenous variable represents a variable given to the

model.

Despite the fact that the technology, education/human capital levels and the population size are the
fundamental macro issues of government policies, they are rather based on an individual level decision
optimization. Each individual decides on the number of children and the education level of the
children together with their own consumption so as to maximize the utility subject to a budget
constraint. This individual level decision problem triggers the causal network of the economic
demography model and provides the macro-level variables of technology, education, human capital
levels and population size. Furthermore, the theoretical framework presented in this thesis is further

verified and validated through a system dynamics simulation model. As a result, this thesis presents a



practical implementation of management science tools of optimization and simulation in the area of

demography and economy.

The prominence of the economic demography model lies in the fact that it aids the users to examine
the relationships among the economic and demographic dynamics in deep. By this means, the users
will be able to observe how a variable influences the economic and/or demographic condition.
Therefore, the user will have insights on the extent of influence regarding an intervention. This
enables the decision makers to evaluate, to some extent, the possible impacts of alternative policies in
advance. As a consequence, the governmental agencies may take precautionary actions towards the

economic and demographic changes and make the governmental resource allocation accordingly.
The organization of the thesis is as follows.

In the 1% chapter, broad information is given regarding the history of humanity and demographic
transition process. 2™ chapter continues with the specific theories that try to explain the process of
demographic transition. 3" chapter introduces the economic growth model that presents a unified
framework to explain the transition process of the entire history of humanity (Galor and Weil, 2000).
In the 4™ chapter, a quantitative implementation of the unified growth model is discussed (Lagerlf,
2006). Chapter 5 mentions the current methodology of prospective demography analysis, whereas
chapter 6 is devoted for the proposal of economic demography model. Chapter 7 is reserved for the
system dynamics implementation of the model proposed in the previous chapter. After model
calibration is presented in chapter 8, model results are discussed in chapter 9. As the last step, the
model assessment and testing is mentioned in chapter 10 and the thesis is ended up with concluding

remarks.



CHAPTER 1: DEMOGRAPHIC TRANSITION

Humanity has experienced tremendous demographic and economic changes throughout the history.
The changing demographic and economic conditions has accompanied diverging ways of living across
time and countries. The people who lived 100.000 years ago are named as hunters and gatherers. They
survived by hunting and there were no means of living settled. Instead, they were moving in a search
for suitable naturel surroundings and towards the source of food. 10.000 years ago, starting from
Neolithic age human beings adopted settled living by the agricultural societies. The agricultural
development triggered the emergence of the cities, states and nations. The nature of agriculture
required huge amount of man power to keep the authority in hand. Those times authority definition
was subject to the man power existence. The foundations of feudal system in dark ages are also laid by
the agricultural societies. The most powerful ones became land lords and constructed their own
community to stake a claim on their lands. Even after the feudal system collapsed, the agricultural
societies continued to have tendency to have large families in order to possess the adequate man
power to keep up with the burden of farm work. In summary, harsh farm work led the people to adopt
a settled living together with a commune. As settled living is largely accepted and the cities are
formed, the life style of human beings changed and they started to look for better living conditions. By
this means, the ground for the industrial revolution was set. The resources was not much scarce at
those times, however the resource utilization was so low that people were facing diminishing returns
on production as a result of the rising population size. Therefore, the conditions forced people to find a
more efficient way of the resource utilization which can only be possible by technological
development. Living in communities reinforced the development and eased the spread of new
technologies. Eventually, the history of humanity witnessed the leading-edge milestone of industrial
revolution. With industrialization, the people downscaled their agricultural efforts and moved to big
industrial cities to rather get into the industrial sector. Hence, urbanization started as an innate
outcome of industrialization. During the industrial revolution, the urbanization ratio increased
approximately five fold in three centuries in Western Europe. It was 6.1% in 1500, while it increased
to 31.1% in 1890 (Maddison, 2001).

Up to now, we summarized the history of humanity in three major stages: hunting/gathering, the
agricultural societies and the industrial societies. Caldwell (2004), classifies the evolution of the
human history into three modes of production in a parallel way: hunting/gathering, settled agriculture

and industrial production. Caldwell claims that each production mode is attributed with a social



system, which we indeed defined as different life styles or different ways of living. Especially after
the industrial revolution, tremendous changes occurred in people’s living. People no more needed to
live in large families. Instead, individualism became a common choice. So, they preferred to have
smaller families, namely, they preferred to have fewer number of children. Thanks to technological
developments, they had better living conditions and a higher level of medical care. Thus, better living
conditions surpassed the epidemics and anti-hygiene conditions, which resulted in dramatically
increasing life expectancies. The world average life expectancy of 26 years in 1800s increased up to
49 years in 1950 (Maddison, 2001). To sum up the primal effects of industrialization on the human
evolution from a demographic perspective we can conclude that the industrialization era is the stage of
declining mortality and fertility rates which eventually breed the changes in the population size.
Meanwhile, the industrialization era is associated with technological development and urbanization.
As it is obviously declared, social systems are the clue of the demographic and economic conditions of
the time. Changing life styles are the reflection of the changing demographic and economic
conditions. They all go hand in hand that no one can examine one separated from another. This fact
brings us to the point that the history of humanity is a promising research field for the demographers
and the economists. Moreover, the one who addresses the issue should definitely take care of the
interaction between the two disciplines of demography and economy.

Aforementioned changes in population and economy is called as “demographic transition theory” and
both the demographers and the economists paid great attention to the transition of the human history
through the development stages and investigated the mechanisms behind the transition, as well as the
outcomes of the transition. Kirk (1996), identifies three authors as “forerunners” of the literature of
this area: Thompson (1929), Landry (1934) and Carr-Saunders (1936). Thompson is the first writer in
the English demographic transition literature. He classifies the countries into three groups according to
their population growth rates. In Group A countries, the mortality level is low and the fertility levels
are declining, resulting in first a stationary than a shrinking population. Group B countries experience
an earlier and faster decline in mortality rates, which is far later followed by a fertility decline. So, a
Group B country first has a growing population, than a stationary and lastly a declining population
with the falling fertility rates. Thompson classifies Group C countries as “Malthusian” (for detailed
explanation of ‘Malthusian’, see section 1.1), where there is no control over either fertility or mortality
rates. On the other hand, Landry makes a similar classification and concentrates his study on the
demographic transition in France, while Carr-Saunder focuses on the demographic transition in
Europe. It wasn’t until 1945 that Notestein made the first definition of “Demographic Transition

Theory” which is accepted to be a classic today. The most crucial differentiation of Notestein among



the other forerunners is the fact that he gives explanations about the reasons of demographic transition.
According to Notestein, with industrialization people moved to cities and the city life made them more
individualistic. Moreover, the new way of living changed their needs for consumption and production
habits. As a result of technological developments, need for skilled people is raised up and the
education gained importance. Also, with declining mortality rates, more people survived to be looked
after and fewer births became preferable. On the other hand, the women got the opportunity to appear
in the work force against household and childbearing obligations. The rise up in female labor force
participation increased the opportunity cost of child bearing for working mothers and this fact caused
the fertility rates to go down. Although the reasoning has been subjected to many questions and has
been revisited many times later on, Notestein’s explanations are well accepted as the formal definition

of the theory of demographic transition.

Caldwell (2004) states that Notestein’s modernization explanation is adequate for Western countries
till 1930s; however, it does not have any explanatory power for the surprising “Baby Boom” after
World War-11. The failure of this theory forced the scientists to propose more explanatory and valid
mechanisms for the demographic transition. Succeeding chapters give broad information about the
mechanisms proposed for the reasoning of demographic transition. Before addressing the demographic
transition theories, we start from defining the milestones in the history of humanity and characterize
the time periods in-between these milestones in terms of the demographic and economic conditions.
In this study, the period classification is discussed in parallel with the literature, especially as it is
mentioned in Galor’s book titled “Unified Growth Theory” (2011). We start by explaining Malthusian
era, then continue with post-Malthusian regime. We end this chapter with discussing the demographic

transition period and also the characteristics of the sustained economic growth.

1.1. MALTHUSIAN ERA

Thomas Malthus first published his study in 1798, in which he discusses how the population growth is
in equilibrium with a slowly growing economy. According to Malthus, the population growth is held
in equilibrium with the positive and preventive checks. He defines the “positive check” with respect
to the increasing mortality levels due to the depressed wages. He claims that when the population
grows faster, it creates a downward pressure on the wages and changes the living condition in a way
that an epidemic, a famine or a war occurs. Other effect of the low wages is on the marriage decision
of individuals. When they earn less, they postpone the marriage or prefer to use contraception to

postpone or lower the child delivery. This postponement action is named as “moral restraint” by



Thomas Malthus and he calls the resulting fertility decline as “preventive check ”. As a consequence
of the positive and preventive checks, the population growth is held in equilibrium accompanied by a
very slow growth rate in economy.

When we examine the Malthusian period in a more theoretical way, we can conclude that the income
per capita growth is restricted by the resources. The technological development is limited and the
resource utilization or productivity cannot be increased. As a result, the growing population lowers the
levels of per capita incomes. This means that any increase in the per capita income creates only a
temporary effect. It rises the fertility up and the growing population, on the other hand, lowers down
the wages back leading the people towards the lower fertility levels once again. Since these ripples
keep up as long as the technological progress is limited, Malthus defines a never ending balancing
loop between the wages and the population size. One more argument of Malthus is about the cross-
country differences in terms of wage levels. According to Malthus, there is a wage convergence all
through the world. Since the main determinant of this is the density of population, the income per
capita across countries does not change, but their population density may differ. Malthus claims that
people would migrate to the places where there are higher wage opportunities and they would also
increase the fertility levels due to the higher wage levels. Both actions would result in an increase in
the population density and lower the income level back. To conclude, in Malthusian period, the
population and the technology are dynamic, whereas the gains in income per capita is just transitory.
When we look at the fact that the long-run growth rate of income per capita is very small, it is obvious
that the income levels of individuals are stagnated. Galor defines the phenomena of unchanged per
capita income within and across countries in Malthusian period as “Malthusian stagnation” or
“Malthusian trap”. His definition of Malthusian stagnation can also be empirically observed by the
average growth rate of world income between the years 1000-1820 that is recorded as 0.05% per year
by Maddison (2001).

To summarize; Malthusian era is characterized with the direct relationship between the resources and
the population. The technological development increases the resource utilization and fertility as a
consequence; nevertheless, increased population outperforms the gains in income per capita and
lowers it down back to the stagnation levels. Thus, the technological improvement in Malthusian era is
so limited that it does not change the living conditions. According to Malthus, the only way to enhance
the living standards is to control fertility. This is the main flaw of the Malthusian theory. Better living
conditions can well be achieved via higher technological development which will yield higher levels

of productivity.



1.2. POST-MALTHUSIAN REGIME

Malthusian era is followed by the period of post-Malthusian regime of which the most appealing
characteristic is the accelerated technological progress, which increased the resource utilization. As a
result, the offsetting effect of population on the resources was weakened and per capita income levels
started to rise up. In other words, technological development supported the economy to escape from
“Malthusian trap”. Technological development and the resource relationship is well explained with
the computer-software package-user metaphor. Suppose that you are a user of a computer and you
install a new software package on your computer, which enhances your usage of the computer. The
physical capital (computer) and the labor (the user) did not change; but the user’s resource utilization
(your usage of computer) has improved thanks to the new technology (new software package) (Weil,
2004).

Additionally, the increasing income per capita levels created a population boom with the high fertility
rates. Although better living conditions lowered the mortality levels, this fact did not deter people
from adopting high fertility. Hence, the direct relationship between the resources and the population is
kept valid also for post-Malthusian regime as in the Malthusian era. The annual income growth rate of
0.05% between the years 1000-1820 increased to 1.21 between the years 1820-1998 (Maddison,
2001). Accordingly, the population growth rate of 0.17% in the former time period raised up to 0.98%
in the latter (Maddison, 2001).

Besides the increasing fertility and income levels, another characteristic of the post-Malthusian regime
is the cross-country differences. Since income per capita is a function of the technology and the
population density, cross-country differences started to appear due to varying technological progress
rates. The differences may be validated by the historical data of GDP per capita levels. Maddison
(2001) records that in year 1000, countries’ GDP per capita levels were in the range of (400-450) in
1990 international dollars, whereas the range enlarged to (418-1,232) in year 1820 and when we came
to the year of 1998, Africa was the region with the lowest GDP per capita of 1,368, where the highest
value was observed in Western offshoots with 26,146. This data shows the remarkable change of

income divergence through the years.

When we look at the timing of post-Malthusian regime, it had started after the industrial revolution,
namely, at the beginning of 19" century in the developed countries, but it was towards the end of the
19™ century and start of the 20™ century in the developing countries. Galor (2011) defines the Post-
Malthusian period as the era of industrialization and urbanization. The 10.6% urbanization ratio in
Western Europe in 1800 went up to 31% in 1890 (Maddison, 2001). Industrialization and



urbanization, on the other hand, resulted in a declining share of agricultural production in the total
output. Changing production trends required different human skills. The human skills requirement in
the production gave way to question the production inputs. Before the industrial revolution, where
technological development rates were low, conventional production inputs were determined as the
land, labor and physical capital. The production output was a function of these three inputs utilized by
a technological development coefficient. Note that the labor here meant the brute force man power.
After the technological development gained momentum by the industrial revolution, skill requirement
provoked the development of “human capital” concept and this improvement changed the
understanding of labor input in the production function. It is no more a sole man power notion which
is a substitute of physical capital, it is a skill source to keep up and complement with the technological
developments instead. This has changed the way of thinking towards human beings. To reinforce their
skills, they are now rather perceived as a prominent investment source. Hence, as a whole, capital
accumulation has shifted from tangible goods to intangible investments. This process of investment
and accumulation of skills refers to “human capital formation” (for detail information, see section
2.3.1). Galor (2011) mentions the massive educational reforms occurred in the second half of the 19"
century as an evidence and summarizes his thoughts of industrialization and human capital formation
as below:

“During the 2™ half of industrialization a major transformation in the production process

had taken place. Industrial demand for human capital significantly increased, triggering

the onset of human capital formation.” (Galor, 2011)
For most of the scientists, including Galor, the human capital formation process is the starting point of
the demographic transition. Introducing the human capital concept, Post-Malthusian Regime, the

period of industrialization and urbanization, has great prominence in human history.

1.3. DEMOGRAPHIC TRANSITION PERIOD AND SUSTAINED ECONOMIC GROWTH

“This global demographic transition has brought momentous changes, reshaping the
economic and demographic life cycles of individuals and restructuring populations.”
(Lee, 2003)

It is hard to divide the whole history of humanity into mutually exclusive time periods in terms of
demographic changes. The transition is rather a continuum starting from Malthusian stagnation. The
demographic transition theory refers to the decline in mortality and fertility levels. It started around

1800s with the declining mortality rates and followed by the fertility rate decline afterwards. Although



the theory refers to declining in both, the timing of changes does not fit exactly but overlaps at a
certain extent. The period of demographic transition is not noted only with the low mortality and
fertility rates but it is also characterized by a resulting decline in the population growth. In modern
economies, fertility rates declined so sharply that the total population growth rate has decelerated
despite the lower mortality rates and the extended life expectancies. In other words, the observed
population growth caused by the lower mortality rates is followed by a sharp decline with the
dramatically falling fertility rates. The world population annual average compound growth rate was
recorded as 0.93 between 1913-50; 1.92 between 1950-73 and lastly 1.66 between 1973-98. The
Western Europe experienced a similar pattern with different rates: 0.42, 0.70 and 0.32 between the
years 1913-50; 1950-73 and 1973-98 respectively. The difference stemmed mainly from varying
timing and pace of demographic transition process across countries. Accordingly, in addition to the
population growth rate, the inter-country differences in take-off from stagnation also revealed a great

divergence in the average income levels.

Other main characteristic of demographic transition period is the rapid developments in technology.
The technological progress started to accelerate in post-Malthusian regime; however, it gathered a
higher momentum in the demographic transition period. As a result of the rapid increase in the
technological development, societies had the opportunity to turn the gains of technological progress
into the growth of income per capita. Accordingly, the living standards went up with respect to the
technological progress. The drop in the population growth rate and the increase in living standards (i.e.
increasing income per capita) together triggered the era of sustained economic growth, in which the
economies experience continuous increases in per capita incomes. Thus, by means of technological
development and demographic transition; countries evolved through growing economies after the
escape from Malthusian stagnation. This period of growth is also referred as the modern economic

growth or simply the modern economies.

High technological progress rate, on the other hand, boosted the human capital requirement
dramatically. Intangible investments to human beings got importance more than ever before. The brute
force labor concept disappeared giving its place to the highly skilled labor. Therefore, along with
varying timing of takeoff from Malthusian stagnation, the inter country differences in the income per
capita levels are also attributed to the different human capital accumulation levels across the countries
(Weil, 2004).

The technological development and the corresponding human capital requirement constitute the major
highlights of the sustained economic growth period. Apart from the rapid technological progress and

the intense human capital requirement, other remarkable characteristic of the era is the effect of the



declining population growth rate on the population structure. After-transition period is classified with
the sustained growth, however, that growth process is questionable if the population structure tends to
change by aging. From this point of view, the demographic transition is not a completed process.
According to Lee (2003), no country in the world has yet completed its transition process. Lee, defines
the last stage of the transition as population aging:

“Dramatic population aging is the inevitable final stage of the global demographic

transition, part or parcel of low fertility and long life. It will bring serious economic and
political challenges.” (Lee, 2003)

Patterns in fertility, mortality and economic growth bring a systematic change in the population age
structure. The population aging is the relative increase of old age people in the total population. The
old age group is defined as the dependent population that is financed by the working-age group.
Literally, ages between 15-64 is determined as the working-age group, while over 64 is determined as
the old age population. Other dependent population is the young group of ages between 0-14. Both the
young and the old age needs to be supported financially and they do not contribute to the production
sector. The indicator that gives clue about the dependent population’s relative size is the dependency

ratios. It is the ratio of the population size that is not in labor force to the population in labor force:

Py_14+P
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where P,_,, refers to the population size of ages between a and b, while P .+ refers to the population

size of ages above c. The dependency ratio is also decomposed of the young and the old. Particularly:
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Lee (2003) explains the changes in the population age structure in three stages. The first stage refers to
the early periods of the transition and associated with the start of the mortality decline. It first declined
in the younger ages causing the young dependency ratio to rise up. Accordingly, the achievement of
educational goals has become a burden due to the unexpected high number of children. In the second
stage, children in the previous stage has grown up and got into the labor force, leading the total
dependency ratio to fall down; however it has pumped up the unemployment. In the last stage, the
effects of the demographic transition and the sustained economic growth are examined. The better

living conditions, lower fertility rates and increased life expectancies result in an increase in the
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proportion of the old age population. Unless the saving and the asset accumulation mechanisms that
encourage people to finance themselves in elderly age is well operated, the modern economies will
suffer from the high burden of elderly in the long run.

Last but not least, the demographic transition process is really a promising field for scientists. It is
quite easy to look for the historical trends and patterns in demographic indicators, nevertheless it is
hard to explain them. On the other hand, understanding the underlying causes would shed light on the
past and aid people to decode the human history. By this means, it would be possible to take course of
past actions and have a clue about what is expected in the future. Consequently, economists and

psychologists give great importance on the explanation of demographic transition.

Psychologists approach the explanation of demographic transition from behavioral perspective and try
to understand the people’s fertility decisions: why they want to have a child or why they don’t. By
means of conducting questionnaires and surveys, they try to gather the psychological value people
attribute to having an additional child (Hoffman and Hoffman, 1973; Jaccord and Davidson, 1972,
1975; Vinokur-Kaplan, 1978; Townes et al, 1980; etc.). Apart from psychological studies, Bongaarts
(1978) deals with the problem from a biological perspective and carries Davis and Blake’s (1956)
intermediate determinants of fertility framework forward. In his study, he proposes that whatever the
reason is whether it is socioeconomic, cultural or environmental; it is actually an indirect determinant
and can only affect fertility decisions via direct determinants like late marriage, contraception and etc.
The psychological and biological perspectives are lack of explaining the demographic transition as a
whole from the viewpoint of population growth and economy interaction. The fertility transition is

handled in isolation and neither economy nor the technological developments are taken into account.

Apart from psychologists, economists develop more comprehensive demographic transition theories.
Some proposes that the fertility decline is a consequence of the rise in income per capita, while other
claims that it is due to the decline in child mortality and one other group focuses mainly on the quality
of child and proposes that the fertility decline stems from the rise in the demand for human capital.
Each approach is supported by several breakthrough studies that explain the demographic transition
from different viewpoints. What economic theories have in common and differentiate from other
disciplines is that they investigate the fertility, population and economic outcomes in a holistic
framework and consider the interactions in between. In particular, these models estimate the fertility,
population growth, as well as the economic growth. Furthermore, some studies also include the effects
of the technological development on fertility and economy. The demographic transition theories

proposed by economist perspective in the literature are explained in detail in the next chapter.
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CHAPTER 2: DEMOGRAPHIC TRANSITION THEORIES

After Notestein’s definition of the demographic transition theory in 1945, a restatement of the theory
is done by Caldwell in 1976. Caldwell comes up with the famous “wealth flows theory”. Caldwell
claims that fertility is an economically rational decision. According to this economic point of view,
there is no means to restrict fertility if you do not expect an economic return. Similarly, if you face an
economic burden due to an additional child, there is no means to have one. This idea means zero
fertility in the extreme case; however, in reality we do not observe zero fertility in any case. Caldwell
explains this dilemma by the social and psychological aspect of the fertility decision. Even though, he
asserts that the economic view of fertility is the dominant one. In his wealth flows theory, Caldwell
defines two types of flow: one from children to parents and one from parents to children. According to
the theory, in traditional societies, where high fertility is observed, it is rational to have many children.
They work in farm work, carry out the family duties, look after old age parents or relatives, take on
housework and etc. Consequently, children are born with economical expectations, so that the net flow
is from children to parents. On the contrary, modern societies experience relatively low fertility levels.
As opposed to traditional societies, parents plan to spend on the children rather than getting an
economic benefit, which means the net flow is from parent to children. Consequently, Caldwell
explains the reason of the demographic transition from high fertility to low fertility with the change in
the magnitude and direction of the intergenerational lifetime wealth flows. In modern societies, which
have mainly got through the demographic transition process, we interpret that the direction of the
wealth flow is from parent to children. Shrinking agricultural production revealed new job
opportunities and changed the employment conditions diminishing the need for extended families.
Furthermore, compulsory mass schooling forces people to invest in their children at a certain extent.
Also, the cultural tendency towards high fertility has disappeared as a consequence of the widespread
city life. These three fundamental changes in the communities invited the reversal of the wealth flow

and namely the demographic transition.

Another seminal study that assumes fertility to be an economic decision is Easterlin’s “relative
cohort size theory” (1966). According to the relative cohort size theory, as the proportion of younger
generation gets higher compared to their parents, they face a distress in the wages and have the desire
to control fertility. Consequently, the next generation is a relatively small cohort in working age and
they have the opportunity to get better employment with higher wages. This new generation has a
tendency for higher fertility rates. The relative cohort size theory is valid for the beginning of the

fertility decline or it can be explanatory for the fluctuating fertility rates in pre-transition periods,
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however, it does not explain the continued fertility decline in the modern economies. Later in 1978,
Easterlin introduced a new concept in his relative cohort size theory: “intergeneration taste effect”.
This new idea tells that the richer generation’s children seek better living conditions in their lifetime.
For example, a luxury product in one generation becomes a necessity in the next one. So the new
generation expects to earn more to fulfill its habits and tastes inherited from its parents. Easterlin call
this phenomena as “intergeneration taste effect”. He adds a third constraint of “subsistence level” in
addition to the production and budget constraints. Easterlin’s subsistence level constraint asserts that
the offspring chooses to restrict fertility and prefer to transfer its resources towards their inherited
habits and tastes even if they have relatively high wages. Hence, if the subsistence level of newly
upcoming generation increases relatively higher than the wages, the fertility continues to decline

rather than fluctuating between the generations.

Caldwell’s “wealth flow theory” and Easterlin’s “relative cohort size theory” are both invaluable
contributions in the economic theory of fertility literature and they provide great insights regarding the
roots of the modern economic growth. Though, the literature involves more comprehensive and
theoretically verifiable studies. After introducing two ground-breaking economic viewpoints in the
demographic transition literature, we continue with these more comprehensive and theoretically
verifiable theories in the field. As it is mentioned earlier, some economists try to explain the transition
with the income-fertility interaction and some associates the low fertility rates with the decline in
mortality, whereas some others base their theory on the human capital formation taking the
technological development in the core of their models. The related literature has evolved from the
income per capita theory through the add-on of the mortality theory or/and the human capital theory.
The theories of demographic transition will be given with an order in parallel to the evolution of the
literature. On the other hand, there exists a huge literature explaining the fertility decline with the
theory of “women empowerment”. This perspective relies basically on the Notestein’s early
definitions that associate the fertility decline with the women’s higher labor force participation rate.
The fertility transition via women empowerment is also referred as the theory of “decline in gender
gap”. According to the theory of “decline in gender gap”; as the roles of the men and women in the
work force converges and the wage gap diminishes between the two sexes, the opportunity cost of
staying at home and looking after a child is getting more expensive for the women. As a result, the
fertility rates go down due to the women’s preference of fewer number of children. However, this
study excludes the theory of decline in gender gap. Instead, we assume that fertility decision is a

family decision of couples or individuals regardless of Sex.
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2.1. INCOME PER CAPITA THEORY

Nobel Prize winner Gary Becker is the one who mainly forms the economic framework of fertility
decision. In his seminal paper “An Economic Analysis of Fertility” (1960), he introduces the concept
of “quality of child” and mentions the “quantity-quality trade off” for the first time. Becker treats
the children as the consumer durables that gets expenditure outlaying taste and utility. The parents do
allocate their budget either on their own consumption or on their children. Becker uses the cost spent
on a child as a measure of that child’s quality. Becker’s “quality of child” definition implies that the
higher expenditure a child gets the more qualified he is. The family-size decision maker, say the
parents, decide on the quantity and the associated quality level of children so as to maximize the utility
gathered from child bearing and own consumption due to a budget constraint allocated to own
consumption and the expenditure on the children. In this setting, Becker assumes that the income per
capita rise has a positive effect on both the quantity and the quality of the children. However, the
quality of child has an offsetting effect on the quantity of children hindering the huge growth rates of
fertility. In particular, Becker proposes that the income elasticity of the quality is higher than the
income elasticity of the quantity. So, the parents have a trade-off between the quantity and the quality
of their children, when they experience a rise in their income levels. This trade-off is also called as
“the substitution effect” in a way that parents can substitute the quantity with the quality. Becker’s
quantity-quality trade off theory is well accepted by the upcoming studies except one single point.
Becker has missed the fact that the income elasticity of quantity of children does not have to be
necessarily positive. The reality showed just the opposite, such that the declining fertility rates are

observed despite the increase in the income per capita levels.

In 1974, Becker and Lewis further discusses the theory of “quantity-quality trade-off” theoretically.
They analyze the interaction between the quantity and quality of children in terms of their shadow
prices. The cost of an additional child, holding their quality constant refers to the shadow price of
children with respect to their number and it gets higher the higher the quality is. In a similar way,
shadow price of children with respect to their quality is defined as the cost of a unit increase in quality,
holding their number constant and it gets higher the greater the number of children is. They summarize
the key issue in the article as:

“An increase in quality is more expensive if there are more children because the increase

has to apply more units; similarly, an increase in quantity is more expensive if the

children are of higher quality, because higher-quality children cost more.” (Becker &
Lewis, 1974).
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In addition to the “quantity-quality trade off” concepts and the rise in per capita income theory, Becker
(1974) and Barro (1974) introduce another key concept: “altruism” and afterwards publish a joint
paper (Becker and Barro, 1988) reformulating the economic theory of fertility from this new
perspective. Dictionary definition of altruism is given as: “willingness to do things that bring
advantage to others, even if it results in disadvantage for yourself” (Cambridge Dictionaries Online).
Becker & Barro (1988) assumes that parents are altruistic towards their children. The altruistic
assumption of parents takes the intergenerational transfers into consideration and links the fertility
decisions of different generations in the same family. In this study, the individual utility function is
replaced with the “dynastic utility function”, which is the combination of utilities of all members in a
family line. In other words, the head of a family line makes the family-size decision according to the
utilities of all his descendants. The combined utility is formed via the “intergenerational degree of
altruism” coefficient which converts the utility of the children into that of parents. The more altruistic
the parents are the more weight they give to their children’s utility. Another novelty of the study is its
classification of the child raising cost. Becker & Barro (1988) states that there are two kinds of cost for
child raising. One is fixed cost which does neither bring return on investment nor generate a
consumption opportunity for children in the next generation. Other one is the bequest left to the child
in terms of human capital. Rather than asset bequest, human capital here refers to the skills or quality
gained by means of the education invested in children. Besides the model’s theoretical suggestions,
the authors also present some preliminary model findings under the assumption of open economy.
According to the analytical results, fertility is a positive function of the real interest rate, degree of
altruism and growth of child-survival probabilities, whereas it is a negative function of the

technological progress rate and the growth rate of social security.

In 1989, Barro & Becker proposes the first neoclassical growth model with the embedded fertility
model based on altruism. The paper presents a growth model with endogenous fertility and the model
is based on the framework introduced in Becker & Barro (1988); ie. assumptions of dynastic utility
function, dynastic budget constraint, altruistic parents, bequest to child in terms of human capital.
Endogenous fertility means that the fertility rates are estimated within the model itself. The model also
takes the interest rate and wage rates as endogenous under the assumption of closed economy. Besides
the fertility model, production system and exogenous technological progress rate are also introduced.
According to the findings of the study the population growth is positively related to the degree of
altruism towards children and the steady-state long-term interest rate, while it is negatively related
with the intergeneration rate of growth in per capita consumption. Moreover, the authors mention that

the technological progress may affect the fertility levels and namely the population growth either
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positively or negatively via increasing income levels. By this means, the Beckerian perspective for the
first time accepts the fact that income elasticity of quantity of child may both be positive or negative.

Becker’s studies, on the other hand, have been subject to much criticism due to the assumption of
treating human beings as consumer goods; that critics, however, do not prevent a huge literature to be
built up on the “economic theory of fertility” framework. The models that are presented in the
succeeding parts have the common assumption of treating children as consumer goods; even though

they differ in terms of the add-on features.

2.2. MORTALITY THEORY

Beckerian perspective lays the foundations of the “economic theory of fertility”. Although the rise in
income per capita theory is criticized and refuted empirically, further studies in the field do not move
away from the concept of “cost of children”. The economic theory of fertility literature together with
the economic growth literature accepts that the children are consumer durables in such a way that they
pose either monetary or time cost to parents and parents get utility out of the investment made on the
children. The principle quest of researchers in this conjuncture is to use appropriate add-ons in the
right setting to present economic growth models with a higher explanatory power. Some group of
them suggests that the decline in mortality levels is the key feature to be combined with the concept of
cost of child. As we go through those studies in the literature, we see that there is a huge amount that
overlaps with the human capital investment notion. Mortality and human capital overlapping studies
are discussed in this chapter, whereas the human capital investment models without mortality (with
one exception, Jones (2001)) are mentioned in the succeeding section. Besides the model implications,
the theoretical background of the human capital formation and its relationship with the economy and

the demographic transition is given in detail in the next section.

We start with the studies that are in favor of mortality decline theory to explain the demographic
transition. One study in the literature conducts counterfactual experiments in order to investigate the
relative effect of the wage rates and the decline in infant and child mortality on the demographic
transition process (Eckstein et al, 1999). Eckstein et al uses the Swedish data during the demographic
transition period and comes up with the conclusion that the most influential factor in the fertility
decline is the decrease in infant and child mortality rates. He also observes a delay in the response of
fertility to the decline in infant and child mortality in parallel with the real characteristics of the

demographic transition in many countries.
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On the other hand, Boldrin & Jones (2002) uses the notion of intergenerational transfer with a slight
difference than that of Becker & Barro (1988) and Barro & Becker (1989). In particular, the authors
assume that the intergenerational transfer is from children to parents only. The size of the transfer and
the fertility choice of parents are taken as endogenous, while the infant mortality levels are the key
exogenous variables. The model is calibrated and tested quantitatively. The results show that the
proposed model setting is successful for the explanation of Malthusian era, revealing high fertility
rates with low survival rates and vice versa. Assuming that the intergenerational transfer is from

children to parents, it is not surprising to get a success in Malthusian era.

Kalemli-Ozcan is another author, who studies the effect of mortality decline in the field of economic
growth literature. She comes up with a stochastic model of mortality, fertility and human capital
investment in 2003. This study examines the relationship between fertility and the human capital
investment under the effects of declining mortality. She introduces the term “precautionary demand”
in fertility literature. She proposes that there will be a precautionary demand for children if the
marginal utility of a surviving child is convex. In particular, when the survival rates of the children are
not known with certainty, the parents add a safety margin on their ideal family-size against the
uncertainty of the survival. So, parents tend to diminish the precautionary demand for children as a
result of the declining mortality rates. Other effect of the mortality decline is on the educational
investment in children. Lower mortality rates encourage parents to put more emphasis on the quality
of their children. However, Kalemli-Ozcan (2003) states that this empirically observed quality-
quantity trade-off is possible if and only if the uncertainty of child survival exists in the family-size

optimization problem.

In 2002, Kalemli-Ozcan questions whether the mortality decline promote the economic growth and
she publishes a model calibration of which theoretical background is actually given in Kalemli-Ozcan
(2003). The model suggested in this study can be characterized with endogenous infant and child
mortality, fertility and education variables. The idea of Kalemli-Ozcan on the positive effect of the
mortality decline on the education investment is criticized by Galor (2005). Galor argues that it is
impossible to evoke the human capital investment with the mortality decline by forcing parents to
spend on non-living children. As a response, Kalemli-Ozcan (2008) extends the theoretical model
presented in Kalemli-Ozcan (2003) by separating the family-size decision and the education decision
of the parents. In the study of year 2003, the parents are deciding on the family-size and education of
children simultaneously. In the study of 2008, she let the parents to decide on the education
investment after they know the number of survived children with certainty. However, the change in

the problem setting does not change the results. In summary, according to the theoretical and the
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empirical studies of Kalemli-Ozcan; the mortality decline lowers the levels of precautionary demand,
i.e. fertility rates, and increases the human capital investment. As a consequence of higher quality
investment, higher growth is observed in the production system. Meanwhile, declining fertility levels
mean either a slow or no population growth, which consequently enhances the impact of the growth of
production on per capita income. As a result, together with the fertility decline, the increase in the

quality investment results eventually in economic growth.

Lagerlof (2003), on the other hand, handles mortality in a different way and examines whether it is
possible to explain the three regimes from Malthusian era through post-Malthusian regime and modern
growth by random mortality shocks. In this study, the growth model presented in Galor and Weil
(2000) (mentioned in the next section and discussed in more detail in the succeeding parts) is tested
including the mortality shocks caused by epidemics. According to Lagerlof (2003), epidemics are
positively related with the population density. That is, it is easier to spread an epidemic in crowd.
Also, epidemics are negatively related with the human capital level, because higher levels of human
capital means higher skills and better medical care. The novelty of the study is that it shows the
demographic transition is inevitable; but the differential timing and the random development path of
the process is under the impact of mortality shocks.

Weisdorf (2004) again tries to construct a model explaining all three regimes based on the model of
Galor & Weil (2000) by adding endogenous child mortality rate that is an inverse function of the
parent’s standard of living. Other differentiation from Galor & Weil (2000) is that it does not estimate
technology over population level but over population growth rate as it is in Jones (1995). Additionally,
Weisdorf assumes that fertility and human capital act independent of mortality on the contrary to
Kalemli-Ozcan (2002) and Lagerléf (2003). In the study of Weisdorf, transition from stagnation to
growth is assumed to be triggered by an exogenous shock to technology and the model reveals a

mortality revolution before the demographic transition begins.

Another scientist of the field, Tamura, presents a paper (Tamura, 2006) complementary to the works
developed by Doepke (2004), Galor and Weil (2000), Galor and Moav (2002), Hansen and Prescott
(2002), Jones (2001), Kalemli-Ozcan (2002, 2003), Lagerldf (2003), Weisdorf (2004) and Tamura
(2002). Note that some of the articles mentioned are explained in the next part. Tamura (2006)
presents an equilibrium model of fertility and the human capital investment with endogenous young
adult mortality rates. The young adult mortality rate is assumed to be a negative function of the human
capital accumulation. As the human capital accumulates, a mortality decline occurs and this decline
enhances the human capital investment. In return, the rising human capital accumulation again

decreases the mortality rates and provokes the economy to go through the industrial revolution and
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transition afterwards. The model is calibrated with the historical data of various rich and poor
countries and the proposal of human capital and mortality relationship is demonstrated empirically. On
the contrary to expectation, the results state that not only the young adult mortality rates are influential
on the decision of the human capital investment but also the infant mortality rates have a negative
effect on the decision of the human capital investment.

On one hand mortality decline is claimed to have an explanatory power for the demographic transition
process, on the other hand there are other studies which address the mortality-fertility interaction and

cannot find any influential evidence. The rest of this section is devoted to the studies of this kind.

Fernandez & Villaverde (2001) constructs a model with endogenous fertility, mortality and education.
He calibrates his model with the data of England. The model includes the production sector with firms
of two Kkinds; one for the consumption goods and one for the investment goods. The dichotomy in the
production sector emphasizes “capital-skill complementarity”. As it is mentioned in the preceding
sections, the skilled labor gained importance against the physical capital with the industrial revolution
and further technological developments. From this perspective, Fernandez & Villaverde claim that the
fall in the relative price of the capital changed the balance of the quantity-quality tradeoff for children
in the framework of “capital-skill complementarity”. That is, it is more efficient to substitute unskilled
labor with relatively cheap physical capital and complement it with skilled labor, which yields an
increasing demand for the skilled people. So, this study proposes that the decline in fertility is
explained by the decrease in the relative price of capital and increase in income per capita. After all,

they conclude that the mortality decline has no effect on the fertility decline.

Another study from Mateos-Planas (2002) examines the effects of three factors; mortality,
technological change and cost of child, in the framework of Barro & Becker (1989). He conducts a
quantitative analysis with the European data and also adds uncertainty over survival. He concludes the
study stating that the most influential factors on the demographic transition are the cost of child and

the technological change concepts, while mortality has a very limited effect.

Likewise, Doepke (2005) examines the effect of the decline in child mortality in the framework of
Barro & Becker (1989). First extension to the base model is done by adding stochastic mortality rates.
In the second extension, he takes the same model in the first extension but with the assumption of
sequential fertility choice. In the second problem setting, parents are able to decide on fertility
conditional on the survival of older children. He examines the effect of the mortality decline in both
problem settings and concluded that the mortality decline has a negative effect on the fertility rates;

nevertheless it is not as much as it is observed in reality. Then, he examines the same effect in a third
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problem setting, where he adds “quantity-quality trade off” to the first extended case. In the third
model, the altruistic parents are able to invest in the education of their children under the assumption
of stochastic survival probabilities. After three examinations, he concludes that the rising wages
increase the role of the human capital investment more in education by depressing fertility rates. As
opposed to the expectations, the mortality decline does not strengthen the fertility decline, rather it
slows down the decline in fertility in the quantity-quality setting of the altruistic parents with uncertain

survival rates.

To summarize, the demographic transition and the economic growth literature mainly tries to explain
the mechanisms behind the past transition periods and the current growth process. There are not only
divergence of explanation but the authors also expose contradiction about the explanatory factors. For
instance, some explains the transition process via mortality, some other shows evidence that there is
no interaction between the mortality and the fertility rates. Meanwhile, the rise in income per capita
theory has already been refuted by the empirical data. The only concepts that are well accepted by all
the authorities are the “quantity-quality tradeoff” and “capital-skill complementarity” which are
generalized in the “theory of human capital”. Next section is devoted to the theory of human capital
and its implication in the economic growth and/or the demographic transition field.

2.3. HUMAN CAPITAL THEORY

After the industrial revolution, the production function that is composed of physical capital and labor
is enriched by the human capital ingredient. It is either added as a third source or it is embedded into
the formula as the production technology which shows the degree of resource utilization. This section
discusses the human capital theory in detail. In the first part, we explain what human capital is, how
the concept is evolved through the literature and how it can be measured or quantified. In the second
part, we mention the role of human capital formation in the literature of the economic growth and

demographic transition via special implications in the literature.

2.3.1. Human Capital Formation

“The skills, knowledge and experience possessed by an individual or population, viewed
in terms of their value or cost to an organization or country.” (Oxford Dictionaries)

“The abilities and skills of any individual, especially those acquired through investment
in education and training that enhance potential income earning.” (Collins Dictionary)
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“Employees, and all of the knowledge, skills, experience, etc. that they have, which
makes them valuable to a company or economy” (Cambridge Dictionary)

Apart from the economic terminology, the “human capital” term entered even into the conventional
dictionaries. It is actually a relatively new term without any history before industrialization. It was not
until 1960 that the first formal definition of human capital was made by Schultz (1960).

In ancient times, what the children of hunter / gatherers need was to survive biologically and the way
of survival was to know what their parents know already. This situation did not change until the
industrial revolution. Before the industrial revolution, the technological progress level was so low that
the production system did not evolved much even in the agricultural societies. The know-how was
again a hereditary knowledge passing from parent to offspring. On the other hand, the emergence of
land lords in the agricultural societies characterized the era with the physical property rights which
were the only source of wealth. Meanwhile, the production function those times was composed of land
and labor with diminishing marginal returns observed due to the fixed land factor. After the industrial
revolution, the technological progress accelerated and the resource utilization went up without any
change in the resources. Despite the fixed land factor, people made use of higher returns due to higher
utilization. Another crucial result of the evolution of the production system from agriculture to
industry is the fact that the feudal system of land lords has collapsed and wealth has started to change
hands. The change in wealth ownership showed that people can get returns and earnings independent
of their physical property rights. This fact revealed the existence of an intangible form of capital
besides the physical capital.

In this contemporary world, the brute force labor is substituted with machines. Thus, the labor factor
in the modern production function is renovated and it is mainly referred to as the skills and
experiences of workers. In this conjuncture, the hereditary transfer of knowledge has become obsolete
and people need to possess a lifetime knowledge accumulation to be able to compete in the market and

get wealth. This lifetime knowledge accumulation notion created the term of “human capital”.

Human capital is defined as an innate property of an individual. It is formed by the accumulation of
lifetime attainments. It not only involves the formal education but also further training and experience
gathered throughout the life. Additionally, the parental education and health care services that a person
receives are also assumed to be accumulated in the human capital property of an individual. As a
result of the accumulation, people receive economic and/or social earnings. OECD report (2001) on

human and social capital defines the human capital as “The knowledge, skills, competencies and


http://dictionary.cambridge.org/dictionary/business-english/employee
http://dictionary.cambridge.org/dictionary/business-english/knowledge
http://dictionary.cambridge.org/dictionary/business-english/valuable
http://dictionary.cambridge.org/dictionary/business-english/economy
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attributes embodied in individuals that facilitate the creation of personal, social and economic well-

being.” This thesis mainly adopts this definition of human capital throughout the document.

According to the OECD report (2001), the learning and acquisition of skills and knowledge take place
from birth to death. It starts within the family, enhances with formal education and training, and
continues with on-job training and daily social life through learning via social networks. Schultz
(1961) summarizes the factors contributing to human capital in five categories: health services, on-job
training, formal education, study programs by adults and finally migration towards job opportunities.
Schultz states that these five factors are the sources of human investment that yield return over a long
period. Similar to the OECD report (2001), Schultz assumes that the human capital is the main
determinant of income. This assumption can also be interpreted in a way that the differential human

capital levels among the individuals are the source of income inequalities.

Besides the lifetime accumulation, another key feature of the human capital is its dynamic nature. That
is, it accumulates and also depreciates against developing technology. The dynamic nature and
lifetime characteristic of human capital is emphasized in the studies of Mincer (1958, 1962) and
Becker (1962). Mincer (1958) studies relationship between income and human capital investment. He
takes the education (i.e. formal schooling) as an indicator of human capital investment. He also
includes on-job training as an investment factor. In this study, Mincer states that the time spent on
schooling diminishes the time left for earning, in other words, people enter the labor force later.
However, people with higher investment levels earn higher wages once they enter into the labor force.
The accumulation of human capital also continues in labor force by on-job training and the workers
also get experienced with years, again having a positive effect on incomes. However, after a certain
age, deterioration of knowledge begins and life-time earnings of workers accordingly reveal an
inverted U-shape distribution. In particular, their income increases with age until a threshold value
where knowledge depreciation becomes dominant over the acquisitions and income levels starts to go
down afterwards. In 1962, Mincer focuses his study particularly on on-job training. In this study cost
of investment and rate of return are compared between the two sources of investment tools: schooling
and on-job training. Mincer again implements the life-cycle approach and assumes the bell-shaped
income distribution across the age. This study also recommends that the lifelong earning should
include the preschool (i.e. learning at home) period together with the post-school, which is on-job
training. In parallel with the age-income pattern argument in Mincer, Becker (1962) mentions age-
income relationship stating that earnings are low during the education investment at younger ages and
high at older ages. The novelty of this study lies in taking the subject from firm’s perspective and

questions whether firms should think of funding the human capital investment in employees. As a
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result, he claims that the return of human capital investment financed by firms do belong to firms
itself, not to individuals. Thus, a firm’s investment in its employees is not a waste of source, on the
contrary the return is totally received by the firm itself. In 1967, Ben-Porath uses the same age-income
pattern and defines an appropriate human capital production function. Afterward, he tries to show how
the properties of the human capital production function determine the optimal investment and the life

cycle earnings theoretically.

As it is stated here, most preliminary studies on human capital define the human capital formation via
schooling and training. Health services and early at home education are also mentioned as well as the
social life learning. However, due to the fact that it is more convenient to quantify education
investment, it dominates the other human capital accumulation factors. For instance, Barro (2001)
examines the effect of human capital on GDP growth and basically quantifies the human capital level
by years of schooling. Barro also investigates the effect of the quality of education investment. He
quantifies the quality by comparable examinations in science, mathematics and reading. The study is
concluded with the positive relationship between the human capital and the GDP growth and it is

stated that the quality of education effects GDP growth more than the quantity of education.

To summarize, human capital is a lifelong accumulation of skills and knowledge which is embodied in
individuals and provides the individual with future earnings. The human capital notion has gained
importance especially after the technological progress has accelerated after the industrial revolution.
The capital-skill complementarity gave way to wealth formation via skills rather than sole physical
properties. In measuring the human capital investment, different attributes can be taken into account;
such as education, at-home learning and the health services received. Nevertheless the most common
and convenient way to measure human capital is made by means of the investment in the formal
schooling. Last but not least, the term of human capital and the return on human capital investment
concepts are used to explain many speculative issues like income inequality and economic growth.
Succeeding section discusses the studies which explain demographic transition and economic growth

via human capital formation.

2.3.2.  Human Capital and Economic Growth

Besides the aforementioned theories of rise in income per capita and decline in mortality, a group of
economists explains the fertility decline and economic growth with the theory of human capital
formation. Some of these studies are mentioned in the mortality theory section, since they examine the

mortality effects with a human capital formation model. Those studies mentioned earlier are not
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restated in this section. This section is reserved for the studies that takes the human capital formation
as the sole source of the transition and the economic growth.

The theory is based on the idea that the technological development increases the resource utilization.
Even if the amount of physical capital do not change, people earn higher wages by the means of higher
resource utilization. From the other perspective, more is produced with less or same resource levels,
which eventually triggers the economic growth. However, higher technology levels require higher
skills. Hence, the altruistic parents who care about the welfare of their offspring in the future get to
think of enhancing the human capital investment in their children. This movement empowers the
quality-quantity tradeoff in such a way that the preferences of parents change towards the fewer
number of higher quality children. As a result, a fertility transition from high to low is observed
together with the economic growth. The best examples for growing economies as a result of the
technology and the human capital investments are the countries so-called Asian tigers: Japan, Taiwan,
South Korea and Singapore. They grew relying on the well-educated labor force that made excellent

use of the modern technologies.

The studies in the literature that handles the human capital formation as the main reason of the
transition has significantly increased in number mostly after 1990s. Although this theory is relatively
recent, its foundations go back to 1960s’ Beckerian economic perspective of fertility with “cost of

child” and “quantity-quality tradeoff” concepts.

Becker et al. (1990) differentiates the Malthusian economies and the modern growth economies.
According to Becker (1990), production in Malthusian economy is based on physical capital, whereas
it requires skilled and qualified labor in modern economies. This study proposes a model with
endogenous fertility and assumes that the rate of return on human capital rises as the human capital
stock accumulates. As a result, the model dictates that after a threshold value of human capital
accumulation countries may switch from Malthusian trap to the modern growth. Notably, there are
two steady states in the model. One is the high fertility, large family case with low stock of human
capital and low returns. The other one is the low fertility, small family case, where there is higher
human capital stock that yields higher returns on human capital investment and increases the
substitution effect of quality instead of quantity. This model also explains the difference between the
poor countries with large families and the rich ones with small families. A similar study about the
heterogeneity of human capital levels among countries belong to Tamura (1996). Human capital
heterogeneity refers to different human capital stocks across countries. According to Tamura (1996),
this difference enhances the human capital growth of poorer countries. In parallel with the previous

study mentioned, Tamura differentiates two economies of the modern growth and Malthusian
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economy with a threshold value of the human capital stock in-between, called the critical human
capital level. This level is the point where parents are indifferent between the growth and decay.
Below the critical human capital level, there are no means to invest in the children; while above this
critical level the altruistic parents prefer to invest in their children for the sake of higher levels of
human capital. Higher levels of human capital stock in the rich countries increase the overall human
capital stock of the world. Tamura assumes that this external effect of the overall human capital level
diminishes the critical level for poorer countries, leading the rate of return on human capital
investment to rise up. As a result of the external effect of general human capital level, poorer countries

are assumed to grow faster.

In the new millennia, Galor and Weil (2000) (G&W) present the break-through study of “Unified
Growth Theory” (UGT) in their seminal paper ‘“Population, Technology and Growth: From
Malthusian Stagnation to the Demographic Transition and beyond”. This article presents an
endogenous model of technology, fertility and human capital. The model is named as “unified”,
because it is shown to be valid for the entire evolution process of the humanity starting from
Malthusian economy through the industrial revolution, demographic transition and the period of
sustained economic growth. Before Galor and Weil’s ground-breaking model, no one claimed the
existence of a comprehensive endogenous growth model that can explain the whole transition process
in a continuum. In UGT, individuals decide on the quantity and quality of children in order to
maximize their utility over own consumption and child rearing subject to a budget constraint. Their
budget constraint is restricted by the wage levels at the upper bound and by a “subsistence level of
consumption” at the lower bound. “Subsistence level of consumption” refers to the minimum amount
of consumption level by which an individual barely survives. Below that threshold value, individuals
cannot think of allocating any resource to child rearing. Once they afford the subsistence level of
consumption, they decide on the allocation of the rest of their budget. The resources reserved for child
rearing is separated by two components. The first part stands for the fixed cost of child rearing, which
depends on the fixed time allocated to a child regardless of the quality of that child. The second part is
the variable cost depending on the level of education attributed to children. Education of a child
defines the human capital level of that individual when he gets in the adulthood. Endogenous
technology is also embedded into the model in such a way that the technological progress rate
influences the quality decision of individuals, while the technological progress rate is a function of the
education level and the population size. Galor and Weil (2000), proves the model theoretically by

steady state equilibrium conditions and demonstrates them via phase diagrams in a pairwise fashion.
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After Galor and Weil’s UGT, there have been further studies suggesting models representative for the
period from Malthusian stagnation to the economic growth (e.g. Jones, 2001; Hansen & Prescott,
2002), so far, they are not as comprehensive as the “Unified Growth Theory”. Jones (2001) introduces
the term of the idea generation and accumulation instead of technology and human capital. On the
other hand, he assumes endogenous mortality as a function of the average level of consumption per
capita relative to the subsistence consumption. Taking endogenous mortality, Jones presents an
invaluable study but his definition of idea accumulation causes some ambiguity in terms of technology
and human capital differentiation. In a similar way, Hansen and Prescott (2002) proposed a model of
transition from land intensive economy to Solow economy where production is defined over two
sources only: capital and labor. They do not mention either endogenous fertility or endogenous
technology. The novelty of these two studies is that they present quantitative analysis with data

calibration and results are shown to fit to the real data.

Tamura (2002), on the other hand, focusses on the production sector and uses endogenous technology
to explain the switch of economy from agriculture to industry. This study suggests that the production
sector goes through a transition as a result of the human capital accumulation, which has implications
over fertility decisions. Two production sectors are modeled separately with two steady states.
Proposed model cannot be solved analytically, but Tamura presents simulation results for per capita

income and production style replicas of the history.

Galor & Moav (2002) extends G&W by assuming that each individual is not identical; but they differ
in terms of their preference of quantity and quality of children. They also assume that this preference
among quantity-quality is hereditary. For instance, if an individual has a tendency towards higher
quality, his child will also have a tendency towards higher quality. By this means, Galor and Moav
divides population into distinct parts according to the different choices between quantity-quality. Their
aim is to examine the relationship between the population composition and the rate of technological
progress as well as the timing of transition. They resemble the change in the population composition in
the Darwinian Theory of evolution and natural selection. In particular, the model states that the
population structure is reshaped due to the survival of specific types of individuals under changing
technological and economic conditions and this will end up with a rise in the proportion of the most

advantageous individual type.

Doepke (2004) states that although the overall pattern of the demographic transition is same, the
timing of the transition shows cross-country differences. Doepke uses a unified growth model to
determine the effects of governmental policies on the cross-country variation in fertility decline. This

study is an extension of various studies in the literature, i.e. Galor and Weil (2000), Jones (2001),
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Hansen and Prescott (2002) and Tamura (2002). The model contains two kinds of individuals; skilled,
unskilled and two sectors of production; agricultural, industrial. The results presented show that the
governmental policies are quite important to understand the cross-country variations during transition,
especially the educational and child labor policies have large effects on the fertility transition. This is
an appealing study, which uses UGT to account for governmental policies and differential timing of

demographic transition.

Besides the quantitative analysis presented by Jones (2001), Hansen and Prescott (2002), Tamura
(2002) and Doepke (2004); Lagerlof also publishes an outstanding quantitative study in 2006.
Lagerlof (2006) takes Galor and Weil’s theoretical unified growth model and redefines the
relationships in a parametric form without violating any assumption of the original model. Afterwards,
the parameterized model is calibrated and simulated. Lagerlof demonstrates the variables, which are
presented in bilateral relationships in G&W, separately across time in terms of time paths. The
simulation results reveal that the time paths of the parameterized model are perfect replicas of the
reality. In addition to theorethical perspective, by this study, G&W is also verified to explain the

demographic and economic transition from an empirical perspective as well.

In all aforementioned models, demographic change and economic growth are assumed to be hand in
hand. It is implicitly assumed that the transition contains changes both in demography and economy at
the same time. A recent study of Liao (2011) explicitly questions the importance of the demographic
change on the growth process. The paper defines three channels for the linkage between the
demographic change and the economic growth. First one is the fertility decline which changes the age
distribution and namely, dependency ratios together with the labor-force participation rate. Second
channel is defined as the mortality decline effecting saving decisions of people and boosting
accumulation of physical capital, because as people have longer lives they need to save more for their
retirement. The last channel that links demographic change and economic growth is the quantity-
quality trade off in fertility which determines the human capital accumulation. Liao proposes a model
with endogenous fertility in which the demographic change effects the economic growth through
changes in the dependency ratio, physical and human capital accumulations. The model is calibrated
with the data of Taiwan and it is claimed that the demographic transition accounts for the one-third of
the output growth in Taiwan. This study is actually a recap of the demographic transition theories. It
proves the theories of fertility decline, mortality decline and human capital formation from a different

perspective by constituting a causality between the demographic transition and the economic growth.

To summarize, although the human capital theory is the last comer in the scene, it’s unarguably the

most dominant and prominent explanatory theory that accounts for the transition from Malthusian
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economy to the modern growth. Appealing property of human capital theory is that its effect on
demographic transition and economic growth is accepted in consensus. There does not exist any single
study that denies or refutes the explanatory power of human capital accumulation for the demographic
transition and the economic growth. The unchanged companion of human capital is technological
development. It is assumed that there is a reciprocal reinforcing relationship between the technological
progress and the human capital accumulation. The technological development boosts the need for
human capital investment and the human capital accumulation also enhances the technological
development, because skilled people use technology more efficiently. Moreover, skilled people
promote the creation of new technologies and they further adopt and spread new technologies in a
faster way. Among the studies in the literature, Galor and Weil’s unified growth theory with
endogenous fertility, technology and human capital accumulation is the most promising one. It is the
most comprehensive model with three key endogenous variables that account for the whole transition
process in a continuum; starting from Malthusian stagnation to post-Malthusian era, through
demographic transition and finally to the sustained economic growth period. Galor and Weil’s ground-
breaking study (2000) pioneered a new stream in economic growth literature: “Unified Growth
Theory”. Although it does not have a long-standing background, taking almost 1500 citations, it is a
valuable contribution and has been widely accepted in the literature. The authors of the article present
an analytical model, while Lagerl6f (2006) demonstrates the same model in an empirical setting. Galor

and Weil’s unified growth theory is explained in detail in the succeeding part.
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CHAPTER 3: PRELIMINARIES

3.1 GALOR & WEIL’S MODEL OF UNIFIED GROWTH THEORY (G&W)

The demographic transition starting from Malthusian era, continuing with post-Malthusian regime and
the sustained economic growth have different characteristics in terms of economy, technology and
fertility levels. The literature on the fertility estimation or the economic growth modelling is mainly
concentrated on the demographic transition and the sustained economic growth. They are quite
successful to explain the dynamics of the modern growth; however, they are unsuccessful to explain
previous periods of the demographic transition process. Non-unified theories fail to reflect the human
history but they are able to replicate a cross section in the timeline. The unified growth theory, on the
other hand, is the most comprehensive endogenous growth model that can replicate the behavioral
structure of the associated components through the whole history regardless of the time section of

interest in a continuum.

In particular, Galor & Weil’s unified growth model generates a dynamical system that accounts for:
Malthusian stagnation, escaping from Malthusian trap and rise in income per capita, emergence of
human capital formation, start of the demographic transition, and finally the era of the sustained
economic growth (Galor, 2011). As it is stated in the previous chapters, in the Malthusian stagnation
period, the technological progress is at low levels, such that the rise in income per capita is always
balanced by the population growth and income levels stick to an equilibrium point. On the contrary, as
the technological progress speeds up, the rise in income levels is at higher rates and that it does not
decline back to the equilibrium levels despite the growing population. The period of higher
technological development, leads the society get out of the Malthusian stagnation and start a new era
of the human capital formation, because further developments in technology force the people to
compete in terms of skills rather than man power. With the skills biased technologies, parents get a
new understanding of child rearing. They now have to think of the quality of the child they own, so a
tradeoff between the quantity and quality of child comes to the scene. This trade off changes parents’
tendency towards quality rather than quantity in high technological development case. That is, parents
prefer fewer children with higher human capital levels in case of the high levels of technological
advancement. Parents’ propensity to have more qualified children results in a remarkable decline in
fertility levels. At the same time, the technological developments enhance human being’s health
conditions and decline the mortality levels as well. The coincidence of the decline of these two
demographic processes is hamed as the era of demographic transition. When we look today, fertility

levels are either declining or staying constant at low levels according to the development level of the
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society. In the developed countries, where the demographic transition has come to an end and a post-
transition period is experienced, fertility levels are stuck to a very low level, so that they make use of a
sustained economic growth by the improvement in technology. However, in sustained economic
growth period, it is even a harder challenge to catch up with the high level of technology, hence the
human capital formation gains a higher prominence for new generations. At this point, we can
conclude that the main triggering effect on the economic growth process is characterized by the role of
the technological development both on income per capita and human being’s preferences over child
quantity and quality. G&W’s unified growth model is the one that proposes an overarching framework

that accounts for the whole story starting from the Malthusian era to the sustained economic growth.

The proposed framework by G&W covers the interaction of the income level per capita, the
technological development and the human capital formation process. The unified growth model links
quantity-quality tradeoff decision to the technological progress. According to the unified growth
model, parents response to the technological development by preferring highly qualified but fewer
numbers of children. The technology-quality relationship in the model is assumed to be reciprocal
such that the parents’ decision of providing higher levels of education to their descendants enhances
the technological progress as well. Generations with higher levels of education adopt advance
technologies more rapidly. On the other hand, technological progress is assumed to have a positive
relationship with the population size. Even the education level is zero, technology would continue to
develop as a natural result of the growing population, because it is assumed that there is more room to
spread a new technology in larger populations. Another factor under the influence of technology is the
production function. The unified growth model represents a traditional production model characterized
by fixed factor of land and changing labor force utilized by endogenous technology level. Meanwhile,
the individuals® budget constraint is bounded below by a subsistence level of consumption, under
which people cannot survive. As long as the technological progress allows income levels to be over
subsistence level of consumption, population grows. In the absence of the technological development,
the income levels per worker would decline back to the subsistence level with the growing adult
population. Sustained technological growth, on the other hand, guarantees output per worker, namely,
income levels to rise continuously. After discussing the model dynamics from a broad perspective, we

continue with explaining the model structure in detail.

The model assumes an overlapping generations economy (OLG). In an OLG economy, the system is
composed of agents from different generations who are in interaction at some period in their lives.
Agents have a finite life but they live long enough to interact at some period. The most basic OLG

system is composed of two generations: young and adult. The decision of adult generation affects the
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young generation. The OLG concept is introduced by Allais (1947) and developed by Samuelson
(1958) and Diamond (1965) afterwards. G&W also assumes a two generation OLG model. Each agent
in the same generation is assumed to be identical but independent. In G&W model, each agent is
referred as an individual and each individual in young generation has a single parent. Individuals have
a life of two periods. In the first period an individual is passive and lives subject to the decisions of his
parents, whereas in the second period he becomes an adult, and hence, is an active decision maker.
More specifically, he decides on how many children to have and how much resource to allocate for
their children’s education, namely the human capital formation. An individual makes his decision so
as to maximize his utility subject to a budget constraint. Utility of an individual is a function of his
consumption and the utility gathered from raising children. Utility gathered over child rearing is a
positive function of the human capital level of the children and it is assumed to be the same for all
children an individual can have. That is, parents do not differentiate their children in terms of devoted

education levels.

The resource allocation proportion among child rearing and individual consumption is estimated over
time allocation of the individual. Such that, individuals are assumed to have a fixed unit of time
endowment, which is either allocated to raising children or consumption. The model assumes that
raising a child requires a fixed cost regardless of the quality of the child. So, it takes a fixed time unit
to raise a child, apart from the additional time required in child’s education to achieve the target
quality level of the child. Besides child expenditure, the agent allocates the resources to own
consumption. The resource allocation is assumed to be the proportion of time endowment and the sum
up of all is one unit. That is, if the individual does not allocate any resource to his child, he can

consume the whole income for his own consumption.

The utility maximization problem mentioned above is modelled as follows:

maximizeu; = (1 —y)Inc; + ¥y In(nsheyq) (3.1)
subject to

¢t = z¢[1 = (T + ery1)ne] (3.2)

¢ =C (3.3)

Ng, €1 20 (3.4)

where

u, = utility of an individual in time t
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¢ = consumption level of individual in time t

¢ = subsistence level of consumption

e;+1 = education level invested in child in time t

n, = number of children born in time t and survived to time t + 1
h:+1 = human capital level invested in child in time t

z; = income level of an individual in time t

y = weight on fertility in utility function

T = fixed time cost of children

Equation 3.1 is the objective function of the optimization problem, where equation 3.2 stands for the
budget constraint. Equation 3.3 refers to the constraint of the subsistence level of consumption, which
restricts the consumption to be at least at the subsistence level. It states that an individual cannot think
of having babies, unless he can afford the subsistence level of consumption. Equation 3.4 is the non-
negativity constraints of number of children and the education level attributed to children.

The resource endowment of an individual is identified by his income level, which is a function of his
human capital level and effective resources per worker. The latter can simply found by dividing the
total effective resource to the total adult population. The total effective resource, on the other hand, is
a function of the technology level and the total land. The technology level is an endogenous variable
calculated within the model, while total land is an exogenous constant. The expression of income of an

individual is given as,
zp = h&x}™¢ (3.5)

AX
where x; = —
L¢

x; = ef fective resources per worker
A; = technology level in time t
X = total land which is exogenous and constant

L; = total adult population in time t
a = labor share

Besides effective resources per worker, the main component of the income level is the human capital
of the individual, of which key determinants are the education level and the technological progress

rate:
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hev1 = h(ers1, Ges1) (3.6)

where g, denotes the technological progress rate from period t to t+1 and it is formulated as the

percentage change between two consecutive periods:

Jt+1 = A—HZ_ 4 3.7)
t
According to the G&W model, human capital level increases with the education level but at a
decreasing rate. On the other side, the technological progress rate makes the information obsolete
(which is called the “erosion effect”) and the human capital level decreases as the technological
progress rate rises, again with a declining marginal effect. Nonetheless, this erosion effect could be
weakened by education. That is, the technological progress level raises the return to investment in
education. This assumption is well explained with a comparison of two societies of agriculture and
high-tech. In the agricultural society, it is adequate to learn what your father knows in order to carry
on the agricultural activities. However, in a high-tech society, children have to get an advanced
education to catch up with the current development. They need a higher level of human capital to

survive in competition.

Optimization model maximizes the utility according to three constraints: the budget constraint (3.2),
the subsistence consumption constraint (3.3) and the non-negativity constraints on education and

number of surviving children (3.4). The utility of an individual is as a convex function of n, and e 4.

The first order conditions with respect to n, give the optimal decision for number of surviving

children as follows:

14 if ze22 (3.8)
ne[t+ el ={1-2¢/2 if z, €(¢,2)
0 if zz<¢

where Z denotes the income level where the subsistence level of consumption is binding. The
formulation of the number of surviving children differs depending on the situation of the constraint of

subsistence level of consumption; whether it is binding or not.

Optimization with respect to n, implies that if the income level is high enough to guarantee that the
consumption is above the subsistence level people spend y amount of time for their children and

dedicate the rest (1 — y) for the labor-force participation. So, Z = ¢/(1 — y) where the subsistence



33

consumption is binding, ¢, = €. If the income level cannot even afford the subsistence consumption,
people do not have any child. If the income level is in between the subsistence level and Z, the number
of surviving children is derived as 1 — ¢/z;. In particular, people spend their income first to afford the
level of subsistence consumption and allocate the rest for child rearing.

Similarly, first order conditions for education level, e;,; implies that:

G(et+1, 9e+1) {> 0lif ey =0
where
G(ers1,gr+1) = (T + ery1)he(eri1, Gev1) — h(€tr1, Ger1) (3.10)

Note that h,(es41, ge+1) refers to the first order derivative of h(eq;1, g¢+1) With respect to education.
The function of G(e;+1, gr+1) defines the education level invested in children as an implicit function
of the technological progress. As long as e;,; is above zero, assumptions about h(e;i1, gr+1)
mentioned above imply that e, is increasing ing;,,. Furthermore, G&W assumes that there is a
positive technological progress rate, below which people do not invest in their children’s education

and e, ;takes the value of zero.

Thus, there exists a threshold value g, such that e, is zero where g, < §:

=0|if Ge+1 < g} (3.11)
e(gt+1) {> 0 if Jes1 > g\

Remember the aforementioned example of two societies. In an agriculture society, it is enough to learn
what your parents know. On the contrary, in a high-tech society, you have to take special education
and invest in yourself to catch up with the know-how development. Hence, after a threshold value of

technological progress rate, people need education investment to survive.

The G&W model also assumes that the technological progress rate is derived by the education level

and the adult population size.
Je+1 = 9g(er, L) (3.12)
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The education level of adults at time t has a positive effect on the technological development. In a
similar way, the adult population size has a positive influence on technology in such a way that in a
large population, it is easier to spread a new technology. Positive effect of population size on the
technological development is named as the “scale effect” by the authors and it is assumed to have an
upper limit. Once maximum threshold value of population size is reached, it has no effect on the
technological development and lim;_,., g(e; L) is finite. It is also assumed that even there is no
investment in education, technological progress rate takes positive values under positive population
size, that is, g(0,L;) > 0.

After presenting the difference equations and formulating the assumptions of the model in
mathematical forms, the model is degraded to the dynamics of three elements: technology, education
and population. This unified growth model actually represents an endogenous growth theory, which
estimates the population size within a dynamical system consisting of interacting components:

education and technology. The formulation summarizing this full dynamical system is given below:

Appr = [1+ g(er, L)]A, (3.13)
9e+1 = g (e, Le) (3.14)
ery1 = @(ey Ly) (3.15)

Ley1 = n(Ae, gesees Le)Le (3.16)

To sum up, technology level is equal to the technology level of previous year enhanced by the
technological progress rate which is a function of education level and adult population size. Education
level invested in children is determined by the technological progress rate, thus, by the education level
and the adult population size accordingly. Population size of the next period is given by the
multiplication of the number of surviving children per person and the previous year’s adult population.
This implicitly assumes that the adult population of previous year totally dies out, and the new born
babies constitute the adult population of the next time period. This simplification is also mentioned in
the beginning of the section that people lives for two periods throughout their life: one is childhood

and the other is adulthood.
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3.2 LAGERLOF’S QUANTITATIVE IMPLEMENTATION OF THE G&W MODEL

After defining and explaining the dynamics of the model, Galor & Weil support their model’s validity
by investigating the equilibrium conditions at steady states and show how it replicates the historical
evolution of population, technology and education output via phase diagrams. Phase diagrams used in
the article show the bilateral relationships between the variables, but they do not individually show the
behavioral trends across time. However, G&W does not provide any numerical evidence.

In 2006, Lagerlof comes with a quantitative exercise of G&W model, showing how successful it is to
estimate time paths in historical development of population and economic growth. This study does not
claim to estimate the variables in nominal values; rather they achieve time path replicas for each
variable in the model; namely, population size, education, income, technology and consumption levels
and per-adult effective resources. Before the simulation, Lagerl6f transferred G&W closed form
formulations into parametric form equations without violating any assumption of the original G&W
model. Lagerlof parameterization provides the user to work with numerical values and get use of
simulation technigues to observe the time paths of model variables separately, which is impossible to

do with original closed form equations.

Parametric forms of functions in G&W model are given below, starting from the equation of human
capital level. G&W defines the human capital formation function by education level and technological
progress rate. In the original model, it is assumed that technological development has an erosion effect
on education that diminishes return to education and results in lower levels of human capital. This

relationship is explained in parametric form as follows:

ecsr +pT 4.1)
€r+1 T PT + Gr+1

hev1 = h(ets1, 9ee1) =

where pe(0,1) and taken as exogenous, and denotes the portion of the fixed time allocated to children
that contributes to the human capital formation function of the child. This assumption is consistent
with the basic idea of the human capital formation theory. It starts from birth and it is a lifetime
accumulation. So, the preschool period spent in the family is also included into the human capital
formation function. It can be interpreted from the formula that the numerator is the effective education
of an individual and it is subject to the erosion effect of the technological progress rate shown in the

denominator.
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Following the relationship between education and technology (3.10) derived by the first order
derivative of the utility function (3.1) with respect to e;,, ;41 IS parameterized as a function of the

technological progress rate as given below:

e(ger1) = max{0,/ger17(1 — p) — pt} (4.2)

Equation (4.2) satisfies the assumptions stated with the equations (3.10) and (3.11). That is, education
is an increasing function of the technological progress rate and there is also a technology level below
which people have no need to invest in the education of their children.

Next, Lagerlof mentions the positive effect of the education and the population size on the
technological development and assumes that the technological progress rate takes the following form:

Je+1 = g(ee, L) = (e + pr)a(Ly) (4.3)

The first component is the effective education having a positive effect on technology, while the second
component of the equation is used for the scale effect of the population size. Recall that the positive
effect of the population size is limited and this notion is named as the “scale effect” by the authors.

Scale effect is assumed to be equal to:
a(L,) = min{6L,, a*} (4.4)

This implies that the population size affects the technological progress linearly until it reaches a

threshold value of L, = a*/6 where a* and 6 are the scale effect parameters.

The equation of education can be rewritten by means of plugging the technological progress rate

equation (4.3) into the education formula (4.2) as:

€ry1 = max{O,\/(et + pr)a(Ly)t(1 —p) — pr} (4.5)

Recall that the income formula of G&W (3.5) has the form of z, = h¥x}~%. Integrating the equation
of the human capital formation function (4.1) in this income formula gives the following parametric

equation:
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7, = €t+1 + pT ]a I:AtX:ll_a (46)
‘ et+1 T PT+ Ge1 Ly

After transferring the closed form formulation into the parameterized difference equations, Lagerlof
calibrates and simulates the system with numerical values and explores the outputs in time path graphs
rather than two-dimensional phase diagrams given in G&W’s study. As a result, Lagerlof catches a
point that G&W did not mention. That is, population growth reveals an oscillatory behavior in
Malthusian epoch and the oscillations die out after a sustainable technological progress rate is reached.
The underlying reason of this behavior is the cyclic behavior in Malthusian era depending on the per
capita income. As the population size grows, per capita income diminishes due to the low
technological development and the population shrinkages in the next cycle. Once the population size
decreases, per capita income increases leading to a rise up in the population size in the next cycle.
This oscillatory behavior keeps up till the technological development is high enough to prevent per
capita income going down with the increasing population. Furthermore, the novelty of the study is that
it tests and proves the validation of the original model. By this means, the most comprehensive
theoretical model of endogenous growth is tested empirically.

Consequently, the success of G&W model on replicating the history is how demonstrated once more
and this creates an enthusiasm to question whether the original G&W model would yield promising
future insights for policy makers. As we examine the model, we find out that simplifications of the
model provide the user with general country level indicators (e.g. overall education and technology
level, total population size) but does not aid the users to get any further detailed information. Even the
parameterized model gives time path replicas; but it does not mention any nominal values of the
variables. On the other hand, time period assumption of the model is also questionable. Working on a
thousand year long period may be reasonable for retrospective studies in which the past is estimated,
nevertheless policy makers need shorter periods as well as the long ones for prospective studies. In
general, the policy makers would aim to make a policy, take actions and see the results to be able to
take corrective actions and redo the planning process. Besides the shorter period lengths they would
probably want to know more about the population structure in addition to the overall indicators.
Neither G&W nor Lagerl6f mentions age and sex distribution of the population. Also, they do not
consider ages beyond 40, because the model assumes that agents live for two periods of 20 years
length each. Another crucial simplification of G&W is the mortality aspect. G&W assumes that the
whole young generation will survive to the next time period, while the whole adult generation will die
out. In the entire document, it is discussed that the economy and demography goes hand in hand.

However, as we examine G&W model, we see that it does not provide the user with detailed
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demographic information due to the simplifications. Succeeding parts will question how to tackle with
those simplifications and extend the G&W model in such a way that it provides more clearly
prospective insights for the policy makers.

Beforehand, prospective demography models that aim to estimate the future will be discussed in the
next part.
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3.3. PROSPECTIVE DEMOGRAPHY ANALYSIS AND CURRENT METHODOLOGY

This section is devoted for the prospective demographic analysis and its methodology evolution in the
literature. The core of the demographic change can be characterized by shifts in the population size
and age/sex composition, which mainly stem from three main demographic processes: fertility,
mortality and migration. After Willekens’ comprehensive review in 1990, a detailed complementary
study about the demographic forecasting methodology is published by Wilson and Rees (2005). As it
is stated in the review articles, demographic forecasting has gone through an evolution towards the
end of the 20th century. Extrapolative forecasting gave way to more explanatory studies and later led
to causal models, which involve exogenous variables to explain the demographic processes.
Extrapolative forecasting methods aim to predict the future with respect to the historical data, e.g.
exponential smoothing, weighted average, etc. This method assumes that the past is the best predictor
of the future world. So, it cannot catch up with the changes in trends, it is rather a convenient method
for stationary data. Evolution towards the explanatory studies tries to handle the drawback of the
extrapolative studies by questioning the possible reasoning behind changes in the trends. Explanatory
studies seek for the answer of how and why the trend changes. They also use past data; but they use
variety of associated data sources to explain a trend of a variable in the future. For example, it is
possible to predict the future sales of a product by looking at the historical data of advertisement
campaigns and customer’s reactions to these campaigns in the past. On the other hand, causal models
carry demographic forecasting one step forward and questions causality rather than correlation like in
the explanatory forecasting. That is, in causal modelling a researcher investigates a hypothesis via
different possible causes, which are also in interaction between themselves and also under the

influence of exogenous parameters.

Likewise, Booth (2006) also reviews demographic forecasting studies between the years 1980 and
2005 and classifies them into three categories similar to the previous classifications: i.e.
Extrapolation, expectation, and theory based structural modeling. In the extrapolative models, the past
is carried forward by various time trend applications, whereas the expectation models rely on expert
judgments. In the theory based structural modeling, the theoretical relationship between exogenous
variables and explanatory factors is the key point to explain the demographic change. The researcher
tries to fit the historical data on a theory and aims to present prospective results relying on this theory.
This theoretical background in structural modelling provides high descriptive power but it carries the

risk of little predictive power as a consequence of model misspecification (Booth, 2006).

Beyond the methodology evolved from extrapolative models to structural models, there is one basic

theory that combines three demographic processes and estimates the population size preserving the
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age and sex structure: Cohort-component modeling (CCM). It is started to be used widely since 1980s
(Booth, 2006) and preferred by the agencies like United Nations, World Bank, and TURKSTAT.
Apart from the models associating the population growth rate with the explanatory factors; the cohort
component model involves three demographic transition processes of births, deaths and migration
(Rowland, 2003). In cohort component models, population is disaggregated into age groups and each
age group is subject to the standard aging process through the years with respect to the corresponding
survival probabilities. That is, the population in a particular age group is carried to the next one with
an age specific survival rate. The “cohort” is the group of people who has born at the same year. So,

newborns of each year constitute a new cohort and each group is, namely, referred as a cohort.

For the first age group, the flow starts with the birth rate. Each age cohort is also subject to migration
and mortality. While migration could both refer to inflow and outflow, deaths only stand for outflows.
By this method, a base population is chosen and rolled through years by being exposed to three main
demographic processes. The rates in the model are taken as deterministic. However, it is also possible
to try different rate combinations and conduct scenario analysis accordingly. Using further methods to

estimate the rates representing these three demographic processes would also be an additional choice.

There exists widely used free software (e.g. DemProj, PADIS-INT) that conduct cohort component
modelling. Those software provide the user with the forecast of the total population size on a yearly
basis with the age brackets starting from 0-1 to 80",

These free CCM software requires the following input data:

e Starting population by age and sex
o Total fertility rate (TFR)

e Age specific fertility rate (ASFR)

e Sex ratio at birth (SRB)

e Life expectancy at birth by sex (LE)
e Model life table

The base population is given with age and sex differentiation. Then the total fertility rate (TFR) and
the age-specific fertility rates (ASFR) are given to calculate the number of newborns. TFR stands for
the number of births per woman in reproductive age, while ASFR defines the contribution of each
reproductive age-group to total births. It is actually the distribution of the births according to the age
groups in reproductive period. By the data given, the number of births is calculated with the following

formula:
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i=7
Births = Z TFR « ASFR; * Py

i=1

(5.1)

where Pg; stands for the female population size in the reproductive age group of i and i refers to the
age groups between 15-49 with 5 years age brackets, e.g. 15-19, 20-24 ... Note that it is also possible
to use age brackets other than 5 years, however 5 year range is the most widely used one in
demography. For the sake of convenience the formulations assume 5 year age brackets throughout the

document.

The newborns are then differentiated by two sexes according to the sex ratio at birth (SRB). It is the
ratio of the male births to hundred female births, e.g. 105 male births to 100 female births. The sex

differentiation of the newborn population is done with the following formulation:

Births 5.2
Birthsn = (5m 5 105) * S° ©?
Births 5.3
Births; = (g5 105) * 100 ©7

where Births,, denotes the number of male births, whereas Births; is for the number of female
births. After the inflow is calculated for the first age-group, aging procedure is repeated for each age-
group for both sexes. The following formula stands for the flow equation of the first age group:

PtO = BiTthSt + MtO - DtO (54)

where

P:y = population size of the first age group in time t
Births, = number of births intime t

M;, = net migration to the first age group in time t

D;o = deaths of first age group intime't
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Births are inflows, while deaths are outflows and the net migration can either be in or outflow. On the
other hand, flow equation of the last age group is given below:

Pe16 = Sit-1)16 + S(t-1)15 + Mt16 — D16 (5.5)

where

P,1¢ = population size of last age group 80* attime t

St-1)16 = survived population of last age group from the previous time period
S(t-1)15 = survived population from the previous age group who are aged to the
last age group in time t

M;1¢ = net migration to the last age group in time t

Di16 = number of deaths of last age group in time t

The size of the last age group’s population is calculated by the summation of the survived population
of the same age group and from the previous age group at the previous year and also the net amount of
migrants, subtracting the number of deaths realized in that time period at the last age group of 80 and
over. Meanwhile, the flow equation of intermediary age groups is displayed by the following

formulation:

Py = Se-1)(i-1) + Mti — Sti — Dy (5.6)

where

P;; = population size of age groupiintimet

S(t-1)(i-1) = survived population from the previous age group who are aged to
the last age group in time t

M;; = net migration to the age group i intime t

Sti = survived population of age group i who are aged to the next age group in
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timet

D;; = number of deaths of age group iintimet

The intermediary age groups receive the survivors of previous age groups as well as the migrants and
outflows the aging survivors to the next age group together with the deaths of the age group in that

time period.

Deaths and survivals of each age group are determined by a predetermined value of life expectancy at
birth and the model life table chosen. These two data sources together provide the user with the

survival rates between the ages. The deaths and survivals are calculated accordingly as below:

Dy = Py x (1 — SRy) (5.7)
Sti = Pti * SRl (58)

where SR; stands for the survival rate of age group i to age group i + 1. An example model life table

showing the survival rate is given in Appendix-1.

It is important to remark that CCM model considers demography in isolation and ignores the
interaction with the economic phenomena. In other words, the demographic transition components;
fertility, mortality and migration are taken as independent. Therefore, collocation of these components
together with other economic indicators in a dynamic fashion is lacking. There is a need for a
refreshment to combine demographic processes with economic aspects. The problem should be
viewed from a broader perspective and the solution should be sought in the interaction of demographic

processes with its economic environment.
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CHAPTER 4: MODEL PROPOSAL

41.  THE G&W MODEL REVISITED FROM A DEMOGRAPHIC PERSPECTIVE: A
MODEL PROPOSAL FOR AN ECONOMIC DEMOGRAPHY MODEL

There is an extensive literature that investigates the demographic and economic dynamics; but Galor
and Weil’s unified growth theory with endogenous fertility, technology and human capital
accumulation is the most appealing and promising one among the others. It is the most comprehensive
model with three key endogenous variables that account for the whole transition process in a
continuum; starting from Malthusian stagnation to post-Malthusian era, through demographic
transition and finally to sustained economic growth period. Galor and Weil’s ground-breaking study
(2000) pioneered a new stream in economic growth literature: “Unified Growth Theory”. Although it
does not have a long-standing background, taking almost 1500 citations, it is a valuable contribution
and has been widely accepted in the literature. However, the simplifications of the model hinder the
user to get use of the detailed demographic indicators. As it is mentioned in the previous chapters,
G&W assumes that an individual has a life of 2 periods with a length of approximately 20 years each
(Lagerlof, 2006). Moreover, according to the G&W model a young individual absolutely survives to
adulthood, while an adult individual dies after 40 years. On the other hand, there is no age and sex
differentiation in the population. Furthermore, the fertility in the model is defined as the number of
births per person. Consequently, no conventional demographic terms such as TFR or ASFR are
mentioned. As a result, it can be concluded that the G&W model does not touch the mortality concept
in a realistic way and it also does not aid the user to comment on the conventional demographic

indicators of fertility and population structure within reasonable time periods.

At this point we reformulated the model presented in Galor & Weil (2000) by combining it with the
conventional CCM. Herewith, we make use of the explanatory power of the unified growth theory
(UGT), and gather the population age and sex structure with reasonably short time brackets by the
means of cohort component modeling (CCM). Additionally, on the contrary to G&W we approach the
mortality concept in a realistic way by taking into account the age-specific survival rates. Meantime,
we will get the estimate values for the education, human capital and technology levels as a result of

the combined model of “economic demography model”.

For simplification purposes the economic demography model assumes that there is no migration. On
the other hand, mortality is taken as exogenous, while fertility is an endogenous variable estimated via
unified growth theory. Similar to the original G&W model, the model structure is built upon OLG

economy. As it is discussed before, in an OLG model, a person has two main stages in his life; one is
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active and the other one is passive. Note that the reproductive period is assumed to start at age 15 and
end at age 49. So, people between the ages 15-49 are called to be the active members of the population
in terms of fertility and child decisions, where the ones below age 15 are to be passive members. In
addition, working age group is classified as the period between the ages 15-64. People who are a
member of working age group are assumed to be actively involved in the labor force participation.
People in age group 65plus are the retired people who are categorized as passive like the ones below
the age of 15.

Age groups in the model is divided into five year periods being consistent with most demographic
models, and each age group in the reproductive period is assumed to be a single decision maker. While
the optimization problem is identical within an age group it differs across different age groups in terms
of age-specific parameters. By decomposing the population into age groups, demographic
reformulation of G&W model also decomposes one single optimization problem into smaller identical

sub problems with different parameter settings.

Each decision maker in the model optimizes his utility subject to a budget constraint. Decision
maker’s utility is a function of own consumption and the quality of the children born and raised up to
15. The quality of a child is measured by his education and namely by the human capital levels. There
is a subsistence level of consumption at which people get to survive and below which they cannot
think of having babies. Above that level of consumption, decision makers allocate their income
between their own consumption and child expenditures. Each age group, that is each decision maker,
has its own parameter set. Accordingly they have different levels of income and subsistence
consumption. It is possible to validate that assumption by observing different consumption needs at
different ages. As a result, each age group in the reproductive age contributes to the total fertility at
different rates. In the same manner, parents of different age groups attribute different levels of

education to their newborns.

In the light of the above discussions, the optimization problem is formulated as follows:

maximize uy; = (1 —y) Incy + ¥ In(ng;hnyg;) (6.1)
subject to

cti = Z[1 — (7; + engdngl (6.2)

Ci = € (6.3)

eng, N =0 (6.4)

where
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u;; = utility of an individual of age group i in time t

¢y = consumption level of an individual of age group i intimet

en;; = education level invested in the child born by age group i in timet

ny; = number of children born per person by age group i intimet

hn;; = human capital level of adults in time t + 15 who were born in time t by
age group i

zy; = income level of an individual of age group i at time t

y = weight on fertility in utility function

T; = fixed time cost of children born by age group i

¢; = subsistence level of consumption of age group i

Since the demographic reformulation decomposes the optimization problem into equivalent sub
problems with different parameter settings without violating any assumption of the original model, the
equilibrium conditions of the original model that are stated in part 3 holds also for the economic
demography model. Similarly, the new model proposal does not violate any single assumption
regarding the relationships among the variables. So, parameterized forms presented by Lagerlof are
also compatible with the new model proposal with an arrangement for age specific definitions in a
setting of five year time brackets. The parameterized forms of the new model’s equations are

presented as below:

Human capital at adolescence of the new born by age group i at time t is:

eng; + pt; (6.5)
eng + pt; + gr+1s

hng; = h(eng, grv1s) =

where

Goors = Ar1s — Ae
g = s T e
t+1 At—

Ji+15 = technological progress rate between years t and t + 15
A; = technology level at time t
p = portion of fixed time cost of children that contributes to human capital

formation,p € (0,1)

The human capital level at adolescence directly depends on the education level attributed at birth and

the technological progress rate over the last 15 years. The education of the children is assumed to
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include also the preschool period spent in the family. Together with the formal education it composes
the total education level attributed to a child. There is an inverse relationship between the human
capital and the technological progress rate, because it is assumed that the technological developments

make the knowledge obsolete and weakens the education’s positive effect on human capital.

Education level attributed at birth to a cohort born by age group i at time t is written as:

eny;(g,) = max{0,/g,7;:(1 — p) — pt;} (6.6)

Accordingly, education level apart from the preschool period of new born is a function of
technological progress rate and the time devoted to the children. As the technology develops at a faster
rate, parents tend to give higher levels of education to their children. Because at higher rates of
technological progress, education will also be obsolete at higher speed and they have to give higher

levels of education in order to reach the desired level of human capital at adolescence.

The technological progress in period t + 1 is equivalent to the technology level of period t increased

by the technological progress rate of g;:
Apyr = Ac(1+ gy) (6.7)

Technological progress rate, on the other hand, is a function of education level and population size:

gt = g(es, Le) = (e + pr)a(Ly) (6.8)

where
e; = total education level of population at time t
T = average fixed time cost of children

a(L;) = scale ef fect component (see section 4, equation 4.4)

Total education level of population at time t, e; is calculated by the weighted average of education
levels of different age groups in working age period, i.e. 15-64. Likewise, average fixed time cost of
children, 7 is again calculated by the weighted average of different age groups in the reproductive age
period, i.e.15-49.
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Each age group makes an independent decision and new born babies of different age groups do not
share the same attributes. Various levels of education is invested at birth and that reveals different
levels of human capital at adolescence. However, the children born in a specific year constitutes a
single cohort, which has to be attributed with common education and human capital levels. Therefore,
the education and human capital levels of the new born cohort are calculated as the weighted averages
of the new born babies’ education level and human capital level attributed by their own parents.
Meanwhile, the education and human capital levels of whole population are calculated as the weighted

average of the working age group’s education and human capital levels (15-64 years).

Technological progress rate has a positive relationship with the education levels and the average time
allocated to children. Moreover, the size of population also enforces the development rate but at a
certain extent. The scale effect component refers to the limit of the effect of population size on the

technological progress rate.

Education level equation is revised by writing technological progress rate equation (6.8) into

education formula (6.6):

eny; = max{0,./(e; + pr)a(L )t (1 — p) — pi} (6.9)
Income formulation of age group i at time ¢ is as follows:

A X1 e (6.10)

z = [he]® [L_t

where h;; is the human capital level of age group i that is calculated by the weighted average of the

human capital levels of the cohort composed of the children born by different age groups.

Lastly, optimal decision rule for number of surviving child is reformulated as:

Y if zy = 7 (6.11)
nlt; +enyl =31 —¢;/zy if zy € (Ci, %)
O lf Zti < Ei

As mentioned earlier, number of child decision is a function of income and subsistence consumption.
Also, it is an outcome of the tradeoff between the child’s quantity and quality as well as the tradeoff

between the utility of having children and utility gathered from the individual’s own consumption.
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After giving the parameterized form of the economic demography model we turn our attention to the
implication of the model. The demography model defines the fertility over TFR and ASFR whereas
UGT defines it rather by the number of children per person born by the specific age group in the
reproductive period. In order to implement the economic demography model, what we need is to
interpret the fertility term of number of children per adult in terms of the demographic indicators of
TFR and ASFR.

If the population size of each reproductive age group is known, the total number of babies born can be

calculated with the equation below:

l=7P . (6.12)
nbt - Z * lt/SxOlS
i=1

where

nb, = total number of births in timet

P;; = population size of age group i intimet

n;; = number of child per person born by age group i in time t

Sxo1s = survival probability of a new born till the age of 15

i = 1refersto the first age group in reproductive age period and i = 7

refers to the last one

The unified growth model assumes that the number of children per person stands for the number of
children surviving till the age of 15. So, an adjustment with respect to survival rates is required in
order to get the exact number of newborns. Meanwhile, the population in the unified growth model is
the so called synthetic population, whose members are assumed to live till the end of their
reproductive age. Therefore, the number of child decision of the individuals is actually a lifetime
decision. By definition, we can calculate the value of TFR for period t by dividing the total number of

children born by the size of the female population in reproductive period. This is written as:

b (6.13)
TFR, =" f/ _
t Yzl Priy

where

Priy = female population of age iintimet
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In a similar fashion, ASFR is estimated by the distribution of births among the age groups:
_ Puny 6.14
ASFRy = "Nt/ (6.14)

Calculated TFR and ASFR measures are “synthetic cohort measures” which use information about
many cohorts in a single year as opposed to “real cohort measures” that uses information about a
single cohort over many years (Rowland, 2003).

Each time TFR and ASFR rate is estimated by the reformulated unified growth model, CCM is run for
one time step with these parameters and the population age & sex structure is revised. Afterwards, the
unified growth model is rerun with the updated population data and creates the new TFR and ASFR
values over the endogenously updated economic and technological indicators. This reciprocal
relationship between these two models is illustrated in Figure 1.

TFR
¢ ASFR

CcM

Unified Growth
Model

Population
age & sex —>
structure

FIGURE 1 Relationship between CCM and the Unified Growth Model

In the economic demography model, TFR and ASFR are estimated by the reformulated unified growth
model and fed into CCM, whereas the unified growth model takes the updated population age and sex
structure and recalculates the TFR and ASFR for the next period. Meantime, the unified growth model
updates the economic, technological and educational indicators. As a result, besides the population age
and sex structure, the model provides indicators that are influential on people’s birth and education
decisions. Correspondingly, we get a deeper insight over the population structure and the way it
behaves as fertility determinants change through the time. Furthermore, we get an understanding on
the education and human capital level of the society, and where the fertility trend goes according to
that indicators together with the technological level as well. This insight will shed light on the way of
public policy makers to manage the fertility decisions and the public expenditure plans especially for

education and technology.
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4.2. SYSTEM DYNAMICS APPROACH TO ECONOMIC DEMOGRAPHY MODEL

In social systems, acquiring insight on the system behavior before the realization is a great challenge.
Analyzing the behavior afterwards is though too late to take an action. So, there should be a way to
facilitate decision makers to experiment the system behavior in advance and take the precautionary
policy actions. Up to this point, we have concentrated on the conceptual model and did not mention
how to conduct an empirical implementation. The pairwise causalities presented in the model can well
be supported by economic and demographic theories in the literature, though, we do not handle the
problem in a piecemeal fashion. We rather want to show that the entire model has an explanatory
power from a holistic perspective. As a result, we are in a quest for finding an appropriate
methodology compatible with the holistic and the dynamic nature of the proposed model. Simulating
the model would deliver a dazzling performance in that sense. It would provide the decision maker to
experiment the system beforehand and get insight about the working principle of the key elements in

the system.

On the other hand, the unified growth model is a good representative of the concepts of feedback and
accumulations such that the evolution of economic environment and initial population occurs as a
consequence of either reinforcing or balancing feedback mechanisms defined via deterministic
difference equations. Hence, the characteristics of the model structure associate actually with the key
properties of system dynamics modeling (explained in detail in section 7.1). Also, relationships
between the variables display causality rather than correlation and this property enhances the
explanatory power of the proposed model. The explanatory feature is a perfect match for system
dynamics methodology in a manner that it answers the question “why” as well as the question “what

if” via causal interactions.

SD methodology is widely used in complex social systems. The first system dynamics model for
population was “World Dynamics” by Jay Forrester (Forrester, 1971), who is the pioneer of the study
area of system dynamics. Those days, the main concern was the scarce resources and the exponential
growth of the population. People worried about the exhausting natural resources and the future of
human being. “World Dynamics” is a system dynamics model that explores the complex interaction
between economy, population and ecology. It is immediately followed by “Limits to Growth”
(Meadows et al., 1972) and “Dynamics of Growth in a Finite World” (Meadows et al., 1974). The
extensions of these studies are published in 1992 and in 2004 afterwards (Meadows et al., 1992,
2004). The main interacting systems for all these successor models of “World Dynamics” listed above

are food, industry, population, non-renewable resources and pollution. Ultimately, the analogy
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between the proposed model and the primary studies in the field also support our choice of
methodology.

Next section is reserved for the key features and the terminology of system dynamics modelling.
Afterwards, the system dynamics representation of the proposed model will be discussed in section
7.2.

4.2.1. System Dynamics Terminology

This section introduces the basic concepts and the tools of system dynamics modelling.

Causal relationships and feedback loops constitute the main building blocks of a system dynamics
model. The methodology uses Causal Loop Diagrams (CLD) to represent these causalities and
feedback loops.

The causality is displayed by arrows between two variables. The direction of the arrow shows the
direction of the effect. Link polarity is also displayed on the arrows. A plus sign (+) on the arrow tells
that there is a positive relationship within the two variables, whereas a minus sign (-) stands for the
negative relationship. There is no limitation on the causality and polarity. That is, a single variable can
effect multiple factors, with different polarities. In the same manner, a single variable can also be

effected by multiple factors. See the examples below (Figure 2-3).

Figure 2 Causality representation-I

Figure 3 Causality representation-11
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Feedback loops are composed of a chain of causal links constructed by at least two variables that
eventually returns to the beginning. Particularly, the change in the first variable ultimately effects
again that variable after the chain of causalities are traced. Feedback loops have a polarity that is
derived according to the any causal relationship incorporated into the loop. Loop polarity is either
reinforcing or balancing. When the feedback is positive the loop is identified as reinforcing and the
causal links accelerate the change in the first variable. Likewise, the loop is identified as balancing if
the feedback is negative dampening the effect of the change of the first variable. Notation for the
feedback loops are R and B or +/- signs written in a circular arrow that is drawn in the same direction

with the loop itself. A basic example is given below (Figure 4).

birth rate @ Population @ death rate
+ +
& v\\/‘ ™

TER Life expectancy

Figure 4 Example for Causal Loop Diagram (population system)

The variables in a system dynamics model stand for stocks, constants or auxiliaries. Stocks represent
the accumulations in the system. They show the states of the variables that increase with inflows and
decrease with outflows. Causal loop diagrams lack in showing the stocks and flows, therefore system
dynamics methodology offers to use stock-flow diagrams. In a stock-flow diagram rectangles
represent the stock variables and the arrows with valve on the top stands for the inflows and outflows.
Clouds denote the sources and sinks of flows. Variables that are not depicted as a rectangle is either a
constant or an auxiliary. Constants are the user-defined parameters and they are not effected by any
causal relationship in the model. On the other hand, auxiliaries stand for the intermediary variables.
They are introduced for the sake of user’s understanding of the model. Auxiliaries are mostly derived

by the mathematical formulations of stocks, flows and constants.

The type of variables in a system dynamics model are exemplified in the below stock-flow diagram of

the small population system represented in Figure 5.
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. Population + o
Birth rate Death rate

Number of births Number of deaths

S AN

TER Life expectancy

Figure 5 Example for Stock-flow Diagram (population system)

The stock variable of the above figure is the population and the flows are the birth and death rates.
Life expectancy and TFR are the constants, whereas the number of births and number of deaths are the
auxiliary variables. The number of births is defined by the function of TFR, and population, whereas
the number of deaths is a function of life expectancy and again population. As it is seen in Figure 5,
the use of feedback loop polarity, either it is reinforcing or balancing, is up to the user. The user does
not strictly have to display the feedback loop polarities. He can prefer to display none or only the most

important ones.

The figures in this section is used for the definition of the terminology. They are not representative of

any of the MODELS discussed in the context of this thesis.

4.2.2. System Dynamics Representation of the Economic Demography Model

The economic demography model is composed of two main sub-models. The first is the cohort
component model that ages the initial population through the years and gives output of the population
age and sex structure for the given birth and death rates. The second sub-model is the unified growth
model that works with CCM in a reciprocal relationship by feeding it with endogenously estimated
birth rates depending on the population age and sex structure resulted from CCM model. The unified
growth model estimates the fertility rates over the population’s education, human capital, and income
levels and as well as the technology progress rate. The whole system is visualized by the causal loop

diagram given in Figure 6:
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Figure 6 CLD of the economic demography model

The population rectangle is showed in bold to differentiate it among the others, because it actually
stands for the CCM sub-model, while the rest of the figure is representative of the unified growth sub-

model.

In the preceding sections, dynamics of the model has been discussed; however, we explain it one more
time following the given causal loop diagram. Education level of the society is fed with the education
investment plan for new born babies. As the education level of society goes up, it reinforces the
technological development. Meanwhile education investment planned for new born babies is a
function of technological progress rate and time allocated to child care. At higher rates of
technological progress, people decide to invest more on their children; because the education level
depreciates more against technology. As the parents spend longer times with their children, they invest
more on their educational development. On the other hand, the higher levels of time allocation and the
higher levels of education investment stimulates the tradeoff between the child quality and quantity

leading the parents tend to have less children with high quality.

Beyond the education investment and time allocation, other determinants of number of child per
person are the subsistence level of consumption, fertility preference and income level. People cannot
think of having babies unless they are over the subsistence level of income. They also maximize their

total utility over child and own consumption subject to their budget constraint which is restricted with
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their income levels. The tradeoff between utility of consumption and child rearing is quantified by the
parameter of fertility preference.

The estimated value of number of child per person constitutes the main input of the CCM sub-model,
i.e. birth rate. Within the CCM sub-model, population size is estimated with the birth rate result of the
unified growth sub-model and it is influential on technological progress rate and income levels. Other
three determinants of income are human capital, technology level and labor share in total production.
Human capital is a state variable that is determined by the new born babies’ educational investment
levels and the time allocated to them, however, there is a negative effect of technological progress rate
in such a way that technological development makes the knowledge obsolete that weakens the positive

effect of education level on human capital.

To sum-up, the economic demography model is composed of two sub-models: CCM and unified
growth sub-model. Accordingly, unified growth sub-model is composed of three state variables; two
of which is taken as age specific: education and human capital, whereas the technology is a country
level indicator updated by five year periods. In a similar way, variables of unified growth sub-model

apart from the labor share in total production and the fertility preference are taken as age-specific.

Further explanations about the causal relationships within the sub-models are given in the following

sections.

4.2.2.1. CCM Sub-Model

An illustration of CCM in a system dynamics fashion is given in Figure 7. In the aforementioned
causal loop diagram of the economic demography model (Figure 6), cohort component model is
represented with a single state variable with one inflow and one outflow. It is actually composed of an
aging-chain with five year age brackets. “Aging-chain” stands for the system dynamics model in
which total stock (total population) is disaggregated into multiple categories (age groups). Each
category graduates (ages / survives) to the next one without any limitation on the flows. That is, it is
possible to observe an increase or decrease in the stock size of a category due to the external inflows

and outflows (migration or death) besides the graduation process.

In particular, surviving population size from a younger age to older one is determined by the
multiplication of the younger age population size and age specific survival rate. At the same time, age
specific survival rate is derived from the model life tables together with the value of life expectancy at
birth. Births are inflows to the first age group, while deaths and aging population are outflows of each

age group except the last one having only deaths as an outflow. Deaths from a specific age group are
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calculated by the population size of that age multiplied by the age-specific death rate, whereas the
aging / surviving population stands for the remaining part of the population of that age group.
Furthermore, births are calculated by the aid of TFR and ASFR values multiplied by the size of female
population in reproductive period. Formulations of the flows of this aging chain has already been
discussed in section 5, however, they are also reviewed here from a system dynamics perspective for
the sake of integrity.
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Figure 7 Stock-flow diagram of CMM sub-model

(SR: survival rate, TFR: Total fertility rate, ASFR: Age-specific fertility rate)
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CCM sub-model actually consists of two aging-chains for both sexes; but one representative aging
chain is displayed here. Succeeding three figures show the working principle of CCM sub-model in
detail. Figure 8 displays the stock-flow diagram of the first age group. TFR value is gathered from the
unified growth model by accounting female population size in reproductive age groups in the CCM
sub-model. Afterwards, birth rate is calculated accordingly together with the ASFR data obtained from
the unified growth sub-model and female population size in CCM. Outflows of the first age group are
survival and death rates determined by user defined life expectancy. Meantime, being a sub-model,

unified growth model is displayed with a diamond.

Female population in
reproductive age

+
) + M / F population of age —
birth rate group 0-4 survival rate 0-4
+ +

death rate 0-4 Life expectancy

TFR

Unified
growth model

Figure 8 Stock-flow diagram of first age group in CCM sub-model

Figure 9 demonstrates the stock-flow diagram of the intermediary age groups starting from 5-9 and
ending with 75-79. Inflows are the survival rates from the previous age group, whereas outflows are
aging to the next age group and deaths. Determinant of death and survival rates is again the user-

defined life expectancy.
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Figure 9 Stock-flow diagram of intermediary age groups in CCM sub-model

Figure 10 represents the stock-flow diagram of the last age group, 80Plus. In this age group no more
aging is observed and the only outflow is death, while the only inflow is survival rates from the

previous age-group 75-79.

M / F population of age

X——
survival rate 75-79 group 80plus
+
death rate 80plus
Life expectency

Figure 10 Stock-flow diagram of last age group in CCM sub-model

To sum up, flow in aging-chain starts with births determined by the reproductive population size in

CCM sub-model and the fertility rate outputs of unified growth sub-model. Flow continues between
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the age groups according to age-specific survival rates which are a function of user-defined life
expectancy. Meanwhile, some of the members leave the population with an age-specific death rate in
each age-group. The same flow is replicated for both sexes.

4.2.2.2. Unified Growth Sub-Model

Unified growth sub-model can be examined in three main modules: education/human capital,
technology and fertility.

4.2.2.2.1 Education/Human Capital Modules

Education and human capital levels are the co-flows of the individuals who are the members of aging
chain in CCM sub-model. Co-flows are the attributes of individuals that travel through the stock and
flow structure of the system (Sterman, 2000). Individuals carry the education level determined by the
parent’s investment decision given at birth as an attribute throughout their lives. Since each age group
in reproductive period is taken as a single decision maker with age specific parameters, any single
cohort born by each age group is assigned a different education level at birth. But as a whole, they
constitute a single new born cohort for a given time frame. On the other hand, since any age group is
required to have a single education level, here we must gather a unified value of education associated
with the cohort. To do so, we opt for taking the weighted average of individual education levels of the
new born cohort. This value forms the education level of the first age group 0-4 and it is re-calculated
in each time step by means of the new comers’ level of education, leading the ex-value flow directly to
the next age-group, 5-9. Education level flows in parallel with the aging population till the age group
80plus. Though, passive age-groups’ education levels are used for representative purposes but not

included in the total education level.

In a similar way, human capital is also a co-flow of aging population, however it starts from the age of
15 and ends at the age of 80plus. Education level attributed to a child at birth is assumed to form the
human capital of that individual after 15 years. The value of the human capital depends also on
technological progress rate, which shows how much of the education investment is depreciated across
technological development. Due to the reason that they are not in work force, human capital levels

above the age of 64 are not included in the total human capital level.

A representative visualization of education and human capital co-flows is given in Figure 11.
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Figure 11 Stock-flow diagram of education/human capital module
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4.2.2.2.2 Technology Module

Technology is the state variable directly influencing income levels. The growth of the technology level
is cumulative and inflow is determined by endogenous technological progress rate. While level of the
state affects income levels only, growing speed is the main determinant of the education and human
capital levels. On the other hand, technological progress rate is estimated over the education level,
time allocation to child care, and population size limited by the scale effect.

Stock-flow diagram of technology module is given in Figure 12.

total education
level

P> technology

A -
technological
progress rate

Figure 12 Stock-flow diagram of technology module

‘Avgthau’ in Figure 12 represents time allocation for child care, where ‘al.’ is used to show the scale

effect of the population size on technological development.

4.2.2.2.3 Fertility Module

Fertility module is the conjunction point of the two sub-models: CCM and unified growth model. It
consists of series of auxiliary variables. First, the number of child per person is calculated for each
reproductive age group. Then they are multiplied by age-specific population sizes to find the total
number of births. Afterwards, total number of births value is divided by survival probability of living
from birth to age 15, because the former value stands only for the children who are assumed to be
alive at age 15. The final value for total number of births is a synthetic measure of the unified growth
sub-model and it is converted to TFR value by dividing it by real female population size in the
reproductive period. At this point, cohort component sub-model is ready to be run with endogenously

estimated fertility levels. Other fertility measure gathered by unified growth sub-model is ASFR.
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Since the fertility indicator is calculated by age, the number of births are also age-specific. So, ASFR

is gathered by taking the proportion of age-specific birth numbers to total births. Stock-flow diagram

of fertility module is displayed in Figure 13.
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Figure 13 Stock-flow diagram of fertility module
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CHAPTER 5: MODEL IMPLEMENTATION

5.1. MODEL CALIBRATION

Model calibration is the step where the necessary input for a simulation run is acquired. Thus, it is the
process of setting the values of parameters and initial state conditions of a model. The calibration of
the economic demography model is done with public data sources. Turkish data is mostly used when it
is available. If the required data cannot be found for Turkey, parameter values are calibrated over the
initial state conditions. In particular, they are derived by rewriting the difference equations with the
determined initial state values. If even the calibration over initial state is not possible, parameter
optimization is performed (explained in section 8.1). As a result, parameter and initial state values do
not belong to the same year. They are not gathered from the same data source as well. Accordingly,
calibrated model is not a representative of a real world country. Thus, the model is not claimed to have
a projective power. Even so, calibration is done to test the conceptual model and behavioral patterns of
key variables. It is questioned whether the model behaves as it is expected on conceptual basis and the
causalities introduced work out when they all come together or the model reveals unexpected results.
Besides testing purposes, the results of the empirical model offer the user a further insight on the
causality among the variables as well as the behavioral patterns, consequently giving a chance of

making preliminary analysis for policy implementation.

Primary data source used in calibration is TURKSTAT (Turkish Statistical Institute) and ABPRS
(Address Based Population Registry System). United Nations data source is used for model life tables.
Beyond the data gathered from official data sources, the ones that cannot be found are determined
either by assumption or by calibration over initial states. For one parameter (t) which we could not
find a reliable data source and cannot derive from the initial state, parameter optimization is

performed.

Table 1 is prepared for the calibration of point parameters. Labor share («) is assumed to take the
value of wage compensation proportion in Turkish GDP of year 2006. Educational part of t; (p) and
scale effect parameter (a*) are derived from initial education level and technological progress rate by
the formulas (6.6) and (6.8) respectively, while the scale effect of population size is assumed to reach
the maximum value of a*. In a similar fashion, weight on fertility in the utility function (y) is derived
over the number of child per person formulation (6.11) given the initial fertility level assumption.
Scale effect parameter () and land (X) have no effect after the calibration, so they are assumed to be

equal to zero as in the original article of Lagerlof (2006).
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Sex ratio at birth (SRB) is assumed to be equal to 105. That is the number of new born babies of male
over hundred female. Life expectancies for the first 8 time steps are given in Table 1 for representative
purposes. As it is seen in the table, life expectancies are not equal to standard values used in the life
tables that are given either in 2.5 year or 5 year increments. Consequently, survival rates are calculated
by linear interpolation technique with respect to Coale-Demeny West Life Table prepared by United

Nations.
Point Description Value Year | Data source
Parameters of
data
a Labor share 0.262 2006 | TURKSTAT
p Educational 0.1946 - Calibration
part of t;
a* Scale effect 0.4617 - Calibration
parameter
Y Weight on 0.6677 - Calibration
fertility on
utility function
6 Scale effect 1 - Assumption
parameter
X Land 1 - Assumption
SRB Sex ratio at 105 - Assumption
birth
Sx Survival rate CD West Life Table - United
Nations
LEf Female life - Assumption
expectancy A P = = R = = R = R =
K IR IR |8 |8 |8 |8 |8
LE,, Male life - Assumption
expectancy I B R e B = = =
N |R IR |R R |R |8 |8

Table 1 Calibration for point parameters
Subsistence level of consumption (¢;) and fixed time cost of children (z;) parameters are defined as

age-specific and the data used in the model is given in the following table. While subsistence level of
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consumption is obtained from 2006 household consumption survey of TURKSTAT and calculated as
the percentage of the age specific average income per capita; there is no available data for fixed time
cost of children. There is indeed “Household time usage survey” conducted by TURKSTAT in 2006
and there is also a report written by EUROSTAT (Statistical Office of the European Communities),
which gathers several time usage surveys of various countries in a common study. Nevertheless, these
two data sources display inconsistency. In TURKSTAT survey there is not an explicit data item for
child care. Time allocation to child care can be guessed by household and home care time allocation
which yields 50% of the total time available beyond sleeping. In EUROSTAT data, there are more
detailed data items about time allocation for exact child care purposes and they yield a result between
20% and 30% on average. As a consequence of the inconsistency between these two data sources and
the lack of age-specific data, we decided to apply parameter optimization for time allocation constant

which will be explained in detail in the following sub-section (section 8.1).

Age-specific | Description Value Year | Data source
parameters of
data
Ci Subsistence 2006 | TURKSTAT
level of 2128|3233
consumption § g g g g § E
by age
T; Fixed time cost - Parameter

of children by optimization

0.250
0.250

0.731
0.343
0.829
0.857
0.780

age

Table 2 Model calibration for age-specific parameters

In addition to model parameters, model should be supplied with the values of initial state conditions,
which are shared in the proceeding table (Table 3). Firstly, education level by age is provided. Age-
group’s education level is derived by combination of three data sources of TURKSTAT. In 2002,
education expenditure per student by education level data is declared. In 2008, we have the data of
education level by age. By combining these two data sources, we gathered the education level by age
in monetary terms. Then we standardize the derived education levels by converting them into the
percentage of GDP per capita of year 2002. Meanwhile, initial technology level is assumed to be equal
to unity, which represents actually the 2006 value of research and development labor force proportion
per ten thousand employees. The initial technological progress rate is calculated by the development

between the years 2005 and 2006. Human capital levels are calculated by the given education levels
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and technology data. Based on the determined human capital levels, income level is derived by the

income formula of the model (6.10). Lastly, simulation is started by the population state of 2008
ABPRS (Address Based Population Registry System).

Year
2
2 of Data source
2 Value by age data
8
[<5) c
T Q
‘5 5 < O S O Y| O < O X O S| O | O
— = A A Y R I N R R R S
© b omomomomomomomom%
£ a
Zo; Initial 2006 | Calibration
. O O O |10 |[© | [~
income by SRR RIE
AN [ |1 AN [N [N |
age B N M N W M
€oi Initial 2002 | TURKSTAT
- AN N[N M | | [0 [© || N
education SERRRRERRERE and
collleleliegllelelele
|eve| byage o o oo o oo oo oo |lo 2008
hoi Initial human - Calibration
- ™M O MO O O N M O [
capital by CeRRBmER B
e I I T e e e [ R
age o oo oo o oo oo
Lynoi Initial male 2008 | ABPRS
: CRXEFEREEERERRERIRIR IS
population SRS R bLERIERRBR S PR N K
N N NS @Y™L » DN~
SRRPERERERBERE BR[|
by age SIS EEMRIERREEE N || &
Lgo; Initial female ABPRS
: SRR SEREIRRLRBEEE IR IS
population g kg E B e BB RIS S SRS B2
AN WG o DR D ELLDESS S
by age REBERPRRPRSRQCQRAREBEE D © |0

Table 3 Initial state conditions

51.1.

Parameter optimization method is well accepted in system dynamics literature in case of data

unavailability. Optimization algorithm minimizes the deviation between the estimate values and the

Parameter Optimization

predetermined target values deciding on the decision variables that are subject to parameter

optimization. In our case, we will conduct parameter optimization for the variable of fixed time

allocated to children by age (z;).The challenge here is to decide on the target variable subject to which
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allocated to children by age (z;).The challenge here is to decide on the target variable subject to which
optimization is done. It should be a variable on which the time allocation parameter has a direct
influence. So, we set ASFR values of 2006 Turkish data as target values of the optimization problem.
In particular, we perform parameter optimization for t; values of seven age groups in reproductive age
period with respect to target ASFR values of 2006 Turkish realizations which are T — ASFR =
{0.0946,0.2837,0.3050,0.193.9,0.0851,0.0331, 0.0047}.

Decision variables are first found by the built-in optimization tool of system dynamics simulation
software, Powersim. Working principle of the tool is based on an evolutionary search algorithm. At
the beginning of optimization, maximum iteration number, offspring and parent numbers are
introduced. As it runs, model generates offspring set from parents in each iteration and finds the new
parents among the best-performing offspring. In the next iteration, the model generates new offspring
parameter set from the pre-determined parents. This procedure continues till either the maximum
iteration number is reached or the target deviation criterion is met. As the maximum iteration number
increases, the model precision is expected to increase as well. Powersim optimization is done with a
time horizon of 20 time steps with 3 parents and 15 offspring in each generation. 300 and 1000

maximum generation numbers are tried. Optimization results are summarized in the Table 4.

Optimized
Age Thau Optimization conditions
group Value

15-19 0.87 max generations 300/ 1000

20-24 0.21 parents 3

25-29 0.32 offspring 15

30-34 0.30

35-39 0.73

40-44 0.62

45-49 0.82 MSE 0.0030
Average 0.5529 MAD 0.0375

Table 4 Parameter optimization (Powersim result)
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No enhancement is observed between the maximum generation number of 300 and 1000. However,
the time elapsed for optimization increased exponentially. So, no further generation number is tried.
On the other hand, Powersim software document do not provide any detail about parent and offspring
generation process. Therefore, we transferred the Powersim model in the programming language
Python and conducted parameter optimization with a random search algorithm. Random search
algorithm generates a random set of 7;values from a set of discrete values created with 0.01 step size
in range, (0.25,0.85) in each iteration, runs the economic demography model and calculates ASFR
with respect to the random t; set. Calculates the average deviation from T — ASFR and records the
value of deviation and random parameter set of 7;. In the next generation it generates a new random
set for t; values and follows the same steps. If the newly calculated deviation is smaller than the
previous one, it modifies the deviation value and t; set with the new ones. Otherwise, it moves to next
iteration without any change in parameter set and deviation value. Same procedure continues till the
maximum iteration number is reached. This procedure can be summarized with the pseudo-code given

below:

current deviation = a big number
result = { }
while (x < max.iteration number):
for each age group:
Generate randomt; € R ={0.25,0.26,0.27, ...,0.85}
Calculate ASFR and deviation
If deviation < current deviation:
current deviation = deviation

result = ASFR

Outputs of the random search algorithm reveal smaller error measures relative to the outputs of the
Powersim optimization tool. Random search is done over one million and three million generations.
Parameter search set is composed of numbers starting from 0.25 up to 0.85 with 0.01 step size, ie.
0.25, 0.26, etc.
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Optimized
Age Thau Optimization conditions
group Value

15-19 0.61 max generation 1000000

20-24 0.25 step size 0.01

25-29 0.25 Range of Thau (0.25,0.85)

30-34 0.39

35-39 0.82

40-44 0.77

45-49 0.78 MSE 0.0022
Average 0.5529 MAD 0.0413

Table 5 Parameter optimization-1 (1 million iteration)

Optimized
Age Thau Optimization conditions
group Value

15-19 0.70 max generation 3000000

20-24 0.25 step size 0.01

25-29 0.25 Range of Thau (0.25,0.85)

30-34 0.30

35-39 0.79

40-44 0.81

45-49 0.74 MSE 0.0020
Average 0.5486 MAD 0.0356

Table 6 Parameter optimization-1 (3 million iteration)

Random search is moved one step further and new ranges for each t; are defined according to output
values of the search with 3 million iterations. Outputs are taken as the mean values and allowable
minimum and maximum values are determined by +0.05; but minimum value of 0.25 is preserved. In
this new setting, precision is increased and parameter set for search is determined with a step size of
0.001, ie. 0.250, 0.251, 0.252, etc. Output results yield even smaller values for error measures. The

result given below Table 7 is the ultimate t; values after parameter optimization.



Optimized
Age Thau Optimization conditions
group Value
max

15-19 0.731 generation 3000000

20-24 0.250 step size 0.001

25-29 0.250 Range (r; £ 0.05)

30-34 0.343

35-39 0.829

40-44 0.857

45-49 0.780 MSE 0.0019
Average 0.5771 MAD 0.0351

Table 7 Parameter optimization-I1

Resulting t; distribution displays a U-shaped pattern with an average around 57%. Magnitude is

72

consistent with the value estimated by TURKSTAT Time Usage Survey conducted in 2006. Shape of

time allocation distribution gathered from optimization also seems reasonable. U-shape distribution
means that at the beginning and at the last years of reproductive age period, people allocates higher
proportion of their time to child care, whereas at the middle ages of reproductive period, they reduce
the proportion allocated to child care. This situation can well be explained by the fact that people are

at the peak levels of their careers between the years of 25 to 35, so, they have to allocate more time to

work rather than child rearing.
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5.2. MODEL RESULTS

Model results are gathered with the parameter set introduced in the preceding section. This part is
devoted to the evaluation of the preliminary results and thus testing the model conceptually. We will
examine whether the simulation run outputs are consistent with the conceptual model expectations.
Time horizon of the trial run is 20 time steps, each of which consists of 5 years, so the total time
horizon elapsed is 100 years.

Starting population is at a level around 72 million and goes up steadily throughout the simulation up to
a level of 140 million.

POPULATION
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Figure 14 Population size across years

In addition to total population size, model results also yield the population distribution by age and sex.
Change in the population structure through years is displayed in the age pyramids in Figure 15. Each
bar in an age pyramid represents the relative population size of each sex at each age group. The bars at
the bottom stand for the first age group, whereas the bars at the top represent the older age groups. As
it is seen in the graphs, the representative population goes into a process of population aging. The
bottom of the pyramid shrinks, while the top of it gets relatively larger. The population age structure
still preserves the pyramid shape but it gets closer to a rectangle. Thus, the proportion of the old age

population is getting larger. Meantime, the population is distributed symmetrically by sex.
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Figure 15 Age pyramids
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TFR value face a slight decline followed by a sharp increase in first 30 years. After a while, it shoots
steady-state and oscillates around the steady-state TFR value of about 2.4. Then, the oscillations get
smaller as the time flows. The decline at the beginning show that parents have propensity to have
higher quality children first; however the technological progress rate changes the trend afterwards and
their weight on quantity gets relatively higher, paying less attention to the education investment.

TFR
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2,520
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2,480
2,460
2,440
0 20 40 60 80 100 120

Figure 16 TFR across years

Figure 17 displays the ASFR rates. Each line in the figure represents the ASFR distribution for a
single time period. According to the graph, ASFR rates reveal a bell-shaped distribution in parallel
with reality, indicating that the motherhood age is mostly around 25-29. People prefer to have fewer
children at younger and at older ages. Even income levels increase with age, they prefer fewer children
with increasing opportunity cost of having child.
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ASFR
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Figure 17 Age-specific fertility rate across years

Up to this point, we mentioned conventional demographic indicators. Henceforward, we turn our
attention on the variables related with the technological development and human capital formation
process. We start with the stock variable, technology. Figure 18 visualizes the exponential growth in
technology level. The graph in Figure 19, on the other hand, tells that the technological progress rate is
observed as non-negative and non-decreasing. A remarkable point is that technology level does not
display any jumps or oscillations, because the unified growth sub-model does not include technology
imports. The only source of technological improvement is the endogenous growth. Meantime, it can
be inferred that the graphs of technological progress rate and TFR are complementary to each other.
Parents do react to the changes in the technological progress rate with the changing tradeoff between
the number of children and quality of children. Strictly speaking, decline in TFR values coincide with
the increase in the technological progress rate. Likewise, the inverse of the oscillations in
technological progress rate is observed in the graph of TFR (Figure 16).
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Figure 18 Technology level across years
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Figure 19 Technological progress rate across years

There are two possible ways that the education and human capital levels get affected from the
technology outcomes: first, education level increases enough resulting in an increase in human capital
levels; second, education level increases in an inadequate way so that knowledge get obsolete against

technology and human capital levels either stay unchanged or even get lower.
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TOTAL EDUCATION
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Figure 20 Total education level across years

As it is displayed in the Figures 20 and 21, boost in education level is not adequate to struggle with
technological progress rate and human capital levels start to decline in consequence.
Then, it hits steady state towards the end of time horizon. Ultimately, it can be concluded that any
attempt to increase education level after steady state is just to struggle with the depreciative power of

technological growth rate.

TOTAL HUMAN CAPITAL
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Figure 21 Total human capital level across years

On the other hand, age distribution of the education and human capital levels reveal an interesting

outcome. Difference between the age groups disappear as the system reaches steady state towards the
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end of horizon. Age-specific education levels reach a steady state at higher levels, whereas human
capital levels meet at a lower level being defeated across technological progress. As a result, ending
population reaches a convergence in terms of education and human capital levels. Early year
difference is actually stem from the initial state structure. In Turkish education data, older ages are less
educated and younger ages are highly invested in terms of education purposes. As time passes, less
educated older ages leave the system by mortality and highly educated young ages create a new

population with an evenly distributed education level.
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Figure 22 Age-specific education level across years
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Figure 23 Age-specific human capital level across years
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Impression of the trends in human capital, technology and population size on income levels is
displayed in Figure 24. Through the simulation, average income level increases almost exponentially
despite the declining human capital levels. Positive effect of increasing technology level surpass the
negative effect of declining human capital level and increasing population size. Also, age-specific
income levels get evenly distributed across age groups in parallel with the trends in age-specific

human capital levels.
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Figure 24 Age-specific income levels across years
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Figure 25 Age-specific education investment level on new-born babies
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When we look at the education investment on new-born babies, the luckiest group is the new-born
children of age group 30-34, who provide their children with the highest opportunity for education.
This is the age where a breakdown is observed at fertility levels (see Figure 25) and a sharp decline
begins. Accordingly, we can conclude that quantity-quality tradeoff changes dramatically in the age
group of 30-34. Furthermore, the education investment levels of each age group increases with passing
years with the same age distribution. Note that each line correspond to the age-specific education
investment for each time step. The lowest blue one is for the first 5 years and the last highest one is for

the last time period of 96-100 years.

After examining the model outcomes, we can conclude that the results display internal consistency in
accordance with the causal relationships introduced in the conceptual model. Any single relationship
introduced in the model can be tested empirically. Moreover, we do not face any behavior anomalies.
On the contrary, the system reaches a steady state after a while. This indicates that the model
outcomes will not display anomalies even in too long periods, yet, small oscillations may be observed
from this point on. Shooting a steady-state and presenting small oscillations in the steady-state is
actually a characteristic property of the quantitative implementation of G&W (Lagerlof, 2006).
Lagerl6f, however, states that oscillations are quite large that the empirical results are shared after
some smoothing is made. In economic demography model, we do not face with such large oscillations.
The results are introduced without any smoothing or further adjustment. As a result, we can conclude
that the newly proposed economic demography model is a well extension of original G&W model. In
addition, by preserving age and sex structure and giving age-specific results within 5 year time steps;

it presents a refreshment in the demography literature integrated with the power of economic insight.
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5.3. MODEL ASSESSMENT AND MODEL TESTING

A system dynamics model can be tested from two perspectives: validation and verification.
Verification refers to the consistency between the conceptual model and the simulation model. It
questions whether the simulation model is constructed in such a way that it perfectly reflects the
conceptual model. On the other hand, validation explores whether the constructed model is an
acceptable representation of the real system. There are two distinguishable model validation
approaches in system dynamics: structural and behavioral. A valid system dynamics model should
ensure that the internal structure of the model is a good representation of the real world. Moreover, it
should also ensure that the model reveals a behavioral validity, that is, the outcomes of the model are
also a reflection of the real world system. To summarize, validation stands for constructing the right
model, while verification stands for doing that in the right way.

The model testing literature in system dynamics mainly focuses on model validity. Forrester and
Senge (1980) defines validation as “the process of establishing confidence in the soundness and
usefulness of a model” and as “the relevance to empirical environment”. After discussing the
concepts of model usefulness, the authors focus on how a modeler can achieve it. The authors
introduce several tests to evaluate the validity of a model in three main categories. The first category is
on examining the model structure, whereas the second and third categories explore the model behavior
and consider policy implementation, respectively. After the study of Forrester and Senge (1980),
several studies are published on model testing and validity, i.e. Barlas (1989, 1990, 1994, and 1996).
Similar to Forrester and Senge (1980), Barlas also differentiated the structural validity and behavioral

validity of the system dynamics models.

After all, Sterman (2000) proposed a synthesis on the literature of model testing in system dynamics.
Sterman (2000) entitles the model testing as “Questions model users should ask but usually don’t”.
The questions mentioned are grouped into four in parallel with the literature. The first group of
questions is named as “Purpose, Suitability and Boundary”. This group questions whether the
boundary of the conceptual model is adequate and include the important relevant factors with respect
to the purpose of the model. Moreover, it looks into the detail of endogenous and exogenous variables
and checks whether the key factors are taken as endogenous. This first group of questions exactly
explores the structural validity of the model. It asks what the purpose is and how the conceptual model

reflects the reality in the scope of the given purpose.

The second group of questions is entitled as “Physical and Decision-making structure”. The second

group deals with the technical aspects of a system dynamics model and mainly focuses on the model
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verification. It examines whether the conceptual model is correctly transferred to the system dynamics
simulation environment. It particularly examines whether the stock-flow structure of the model works
properly without any violation of the law of matter conservation, whether the model reflects the
relevant equilibrium or disequilibrium processes and whether the model accounts for the delays and
distortions.

The third group of the questions is named as “Robustness and Sensitivity to Alternative Assumptions”.
By means of this group of questions, the behavioral validity of the model is analyzed. Robustness is
generally defined as the ability of tolerating perturbations. That is the ability to effectively perform
when the variables or assumptions of the model is altered. Sensitivity, on the other hand, investigates
the effect of changes in independent variables on dependent outcomes. In particular, parameters are
changed systematically and outcomes are observed. A system dynamics model may expose numerical,
behavioral or policy sensitivity. Numerical sensitivity accounts for the numerical changes in the model
outcomes as a result of the changes in model parameters, while the behavioral sensitivity stands for the
changes in behavioral patterns of the outcomes and lastly, the policy sensitivity refers to the political

changes as a result of the parameter alteration.

Sterman (2000) names the last group of questions as ‘“Pragmatics and Politics of Model Use”. This last
group deals with the stage after modelling. It delves into the details about the cost of model run and

model updates, examines the publication and documentation of the model and the model outcomes.

To summarize, Sterman (2000) recommends making the model assessment in four categories. First
category is about the structural validity that examines the suitability and adequacy of the model
boundary and the model content. Second category stands for the verification of the model that
examines whether the system dynamics simulation model built reflects the conceptual model tested in
the first category and whether its model dynamics work properly in the simulation run. The third
model assessment category concentrates on the behavioral validity and analyzes the outcomes under
changing conditions. Last category is about the period after the model run which comprises the
documentation, publication and reproducibility. With respect to the categorization of Sterman (2000),
first model assessment of structural validity is done implicitly throughout the text in the system
dynamics representation part (see section 7.2). The structure of the model is analyzed and visualized
with causal loop and stock-flow diagrams in a detailed way. The boundaries and endogenous and
exogenous factors are discussed. Afterwards, the verification of the model is done through parameter
calibration (see section 8) and base model run (for the results, see section 9). As a result of base model
run, it is showed that the conceptual model presented in section 7.2 is successfully transferred into the

computer environment with the parameters calibrated by the real life values. In the base model run, we
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faced neither a behavior anomaly nor an unexpected behavior and we concluded that the model run
does not reveal any inconsistency with the conceptual model. Meantime, the procedures followed in
the study is documented in a very detailed way. It is quite convenient to run the model on a
conventional PC and anyone interested in the study can reproduce the same results provided with the
documentation of the data and the details of the model structure. Moreover, if a model revision is
required, it would be possible to make incremental changes upon the provided documentation. Hence,
there is no doubt regarding the pragmatics and model use. Up to this point what we have not done is to
analyze the behavioral validity of the model through robustness and sensitivity analysis. By this
means, a detailed sensitivity analysis and extreme condition tests are conducted and they are presented

in the next two sub-sections (section 10.1 and 10.2).

5.3.1. Extreme Condition Tests

In order to test the robustness of the model we first conducted extreme condition test regarding the
technology sub-module. Importing technological know-how is a very common case in developing
countries. In that case, technological development is not endogenous; but an external push in the
technological progress is in action. From this view point, the model is subject to critics in terms of the
endogenous technological development assumptions. If the model does not allow for the technology
import case, which is very common in developing countries, the model would be restricted to
developed countries only. However, if we numerically show that the model also works effectively in
the case of technology import, we may end up with a conclusion that the proposed model has the
property of generalizability. By this means, we built a test scenario in which endogenous technological
development is interrupted every 4 periods and endogenous technological development progress rate
is multiplied by 10 in a fictive way. The aim is to explore whether the key outputs of the model

perform effectively in the case of external manipulations.

The manipulation on technological development is visualized in Figures 26 and 27.
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Figure 26 Technology level across years

As it is seen in the technology level graph, every 4 periods (i.e. 20 years) there is a jump in the
technology level except the first 20 years, because the progress rate is so small and the effect of
manipulation is negligible. Apart from the years in which technology import occurs, increase in the

technological progress rate is observed to be very small relative to the imports (see Figure 10-2).
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Figure 27 Technological progress rate across years

In a robust model, effects of the jumps in the technology level on fertility, population, education and
human capital levels should be observable. Recall that there is a reinforcing effect of technological

progress rate on education levels. Parents prefer quality over quantity in the case of high technological
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development and higher education levels are observed together with lower fertility rates. The outputs
of the test scenario shows the expected outcome displayed in the following figures (Figure 28-29-30).
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Figure 28 TFR across years
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Figure 29 Total education level across years
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Figure 30 Total human capital level across years

As expected, jumps in the technological development are reflected as the sharp declines in total
fertility rate and they result in a piece-wise function of total education level. The behavioral pattern of
TFR observed in the original model run stay the same except the points of jumps and falls at
manipulation years. On the other hand, age-specific education and human capital levels display
changes in behavioral patterns with respect to the manipulations in technological development. In the
base model, age-specific differences in levels of education and human capital disappear after a while
and they got an even distribution across the age groups. However, in the test case of technology
import, the cohorts born at the time of the import have higher levels of education and higher levels of

human capital.
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Figure 31 Age-specific education level across years
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Figure 32 Age-specific human capital level across years

To summarize, the economic demography model reacts effectively in the case of technology import.
There is no unexpected behavior observed in the key outputs of the model. Moreover, the behavior
patterns of the key outputs do not change except for the specific manipulation instants. So, it can be
concluded that the prosed model is quite robust against the external changes in technological
development process. Hence, the economic demography model is said to be generalizable even for the
developing countries as well as the developed countries.
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Besides technology import scenario, we have also tested the model by running it on a very long time
period of 500 years, i.e. 100 time steps of 5 years each. We observed that the model outputs apart from
the increasing levels of population, income and technology, all reached a stable steady-state point
around 100 years (see Figure 33). This fact can be interpreted in a way that the model loses its
effectiveness at long time periods. In order to keep the effectiveness of the model sustainable,
adopting dynamic parameter setting instead of static one would be a solution if and only if the model
outputs are sensitive to parameter changes. By this means, the sensitivity analysis done for behavioral

validity would also be beneficial to explore the usefulness of the idea of dynamic parameter setting.
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5.3.2. Sensitivity Analysis

For the sake of behavioral validity we conducted a univariate sensitivity analysis. Univariate means
that the sensitivity is done separately for each parameter. Varying alternatives of parameter
combinations are not considered. For each parameter that is subject to the analysis, we defined a
minimum and maximum value and observed the model outcomes by systematically changing the
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values of each parameter in between the determined range. Starting from the minimum value, base

model is run for each parameter value that is increased by an increment till the maximum value.

Sensitivity analysis is done for the parameters of labor share (e), weight on fertility in the utility
function (y) and educational part of T (p). Parameter values used in the base model run are taken as
the mean values and minimum and maximum values of the sensitivity ranges are determined around
the mean values by +50% change. The systematic parameter change increment is determined as 0.01.
Moreover, subsistence level of consumption (€) is also subject to the analysis. Since it is an age-
specific parameter, there is not a single range traced in the parameter values; but a unified percentage
range between 0% and 200% is determined for all age-groups. Accordingly, systematic change of age
groups’ subsistence level of consumption is assumed to start from 0% of the value used in the base
model run and continue till the 200% of that value with an increment of 5% in each run. The

sensitivity design is summarized in Table 8 with the detail of specific numerical values.

Parameter | Value in Percent Minimum | Maximum | Change Number of
base model | change value value increment | run cases
a 0.2620 +50% 0.13 0.39 0.01 27
y 0.6708 +50% 0.34 0.99* 0.01 66
o) 0.1946 +50% 0.10 0.29 0.01 20
& 0.3849 (0%-200%) | 0 0.7698 5% 41
Ca 0.4299 (0%-200%) | O 0.8598 5% 41
C3 0.4265 (0%-200%) | O 0.8531 5% 41
Cy 0.4551 (0%-200%) | O 0.9102 5% 41
Cs 0.4582 (0%-200%) | O 0.9163 5% 41
Co 0.5064 (0%-200%) | O 1.0127 5% 41
C7 0.5469 (0%-200%) | O 1.0938 5% 41

Table 8 Design of sensitivity analysis
(*Maximum value is restricted by the maximum allowable value of the parameter.)

The results of the sensitivity analysis is presented in the upcoming sections. Numerical results are
displayed in the succeeding figures (Figure 34-48). The solid black lines in the graphs correspond to
the simulation outcome of the minimum parameter value that is subject to sensitivity analysis, whereas

the solid red lines stand for the simulation outcomes of the maximum parameter value.
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5.3.2.1. Sensitivity Analysis w.r.t Labor Share (ct)

First-hand dependent variable of labor share (a) is the income level (see the equation 6.10).
According to the equation 6.10, human capital and technology levels have positive effects on income
level, whereas the population size has a negative effect. Any increase in the labor share («) reinforces
the positive effect of human capital level, whereas it weakens the positive effect of technology level
and negative effect of population size. Theoretically it is impossible to come up with a conclusion
whether the income level will increase or decrease with increasing level of labor share (a).
Experimental results show that as labor share (a) increases, income levels shift downwards (Figure
34). Note that the simulation outcomes for the minimum value of (a) is showed with the solid black
line, whereas the simulation outcome for the maximum value of («) is displayed by the solid red line.
With diminishing income levels, total fertility rates also decrease with a declining rate till 15™ period
and display no sensitivity afterwards, because income levels increase continuously through the horizon
and after it reaches a threshold value, the equation of number of children per person (6.11) dictates
that the number of children per person is equal to the constant y. This fact means that total fertility rate
is not effected by the income level after a threshold value (Figure 35). In parallel with declining TFR
values, total population size also declines (Figure 36). Both the TFR values and the total population
size are less sensitive to the values below the mean value of (a). Below figures demonstrate the
sensitivity results of average income level, total fertility rate and total population size with respect to
the changes in labor share. Each line in the graphs represent a test run of one alternative parameter
value of labor share. Any parameter apart from this is assumed to be constant at the level that is used
in the base model run. Converging lines denote the diminishing sensitivity, whereas diverging ones

show the increasing sensitivity.
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Figure 36 Sensitivity of total population size w.r.t a

5.3.2.2. Sensitivity Analysis w.r.t Weight on Fertility in the Utility Function (y)

The second parameter that is subject to the sensitivity analysis is weight on fertility in the utility
function (y). It has a direct effect on the decision maker’s utility function which is a positive function
of number of children, human capital level of the children and the consumption of the decision maker
beyond the children (equation 6.1). An increase in weight on fertility in the utility function (y) results
in a reinforcement in the positive effect of number of children and human capital level of children,
while it has a dampening effect on the positive effect of own consumption on the utility function.
Conceptually, rising y level means that utility gathered from children is appreciated more.
Experimental results show that the rising level of y results in higher TFR values as expected (Figure
37). Total fertility rate is sensitive to the parameter change in each period and at each value of y. On
the other hand, when we look at the sensitivity of education, we observe that it is insensitive at the
beginning of the horizon, i.e. between the 1% and 5" period, but it gets affected afterwards (Figure 38).
Till the 13" period education level increases with the increasing level of ¥ and this pattern changes in
the opposite way starting from 13" period. This results can be interpreted as the change in the
quantity-quality tradeoff. After 13" period, they prefer to increase the utility gathered from children in
a cheaper way and they compensate quality with quantity. Reflections of the aggregate effect of the
changes in fertility and education are also visible in human capital and average income levels. While
human capital level is insensitive to the rise in y for the periods between 0-5 and 15-20, it displays a

downward shift in between (Figure 39). Meantime, average income levels go down and flatten with
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increasing y (Figure 40). The change in the quantity-quality tradeoff of parents may be associated with
the fact that the human capital is insensitive to change in y after a certain time frame. Lastly, total
population is also affected with an increasing sensitivity especially towards the end of horizon (Figure
41). The population size diminishes at low levels of y as a result of TFR values below the

replacement level (i.e. 2.1). It keeps the upward trend for the values of y higher than the mean value.
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Figure 37 Sensitivity of TFRw.r.ty
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Figure 38 Sensitivity of education level w.r.t y
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Consequently, it is observed that key outputs are quite sensitive to the changes in the parameter of
weight on fertility in the utility function, y. However, they do not show any behavioral sensitivity

except the total population size and they keep the original behavioral patterns.
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Figure 39 Sensitivity of human capital level w.r.t y
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Figure 41 Sensitivity of total population size w.r.t y

5.3.2.3. Sensitivity Analysis w.r.t Educational Part of T (p)

Another parameter that is subject to sensitivity analysis is the educational part of = (p). This
parameter has a direct relationship with the human capital level, education level and the technological
progress rate. Theoretical framework strictly tells that the human capital level and technological
progress rate are a positive function of p (equations 6.5 and 6.8 respectively), while education level
attributed to the child has an inverse relationship with p (equation 6.6). Experimental results reveal a
high sensitivity for total education level starting at 5" period (Figure 42). Increasing p values results in
a downward shift in education level and also a trend change from upward to downward after the
parameter value of 0.15. Moreover, total education level displays a behavioral pattern change with
respect to the changes in parameter p compared to the base model run. Due to declining education
levels, technological progress rates also decline despite the positive effect of increasing p (Figure 43).
Combined effect of education and technological progress rate on human capital is observed in a way
that human capital level shifts upward with increasing p value (Figure 44). Although the education
level shifts downward, lower technological progress rates dampens the deterioration effect and shifts
the human capital upward. The sensitivity of human capital level is observed to be more sensitive in
periods 0-5 and 15-20.
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Figure 44 Sensitivity of human capital level w.r.t p

As a consequence of the diminishing education levels for increasing values of p, TFR values shift
upward with increasing p (Figure 45). However, this pattern changes after the 13" period where the

graph of the education level flattens.
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Figure 45 Sensitivity of TFR w.r.t p

Last remarkable point in the sensitivity of p is that the average income levels shift downward with
increasing p despite the increasing human capital levels. The equation of income (equation 6.10)

dictates that the income is a positive function of human capital but it is a negative function of total
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population. As the experimental results show, the negative effect of total population surpasses the

positive effect of human capital on income levels (Figure 46).
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Figure 46 Sensitivity of average income level w.r.t p

5.3.2.4. Sensitivity Analysis w.r.t Subsistence Level of Consumption (¢)

Lastly, the model sensitivity is investigated with respect to subsistence level of consumption (¢). The
most notable effect is observed in fertility. According to the equation of number of children per person
(equation 6.11), subsistence level of consumption effects the choice of fertility by determining
whether the consumption constraint is binding or not. Below the mean value of ¢, subsistence level of
consumption has no effect on the TFR value (Figure 47). Above the mean value, on the other hand,
TFR values shift downward with increasing level of & After 12" period the TFR values at different
levels of ¢ converges and fertility loses the sensitivity with respect to ¢. Besides lowering TFR values,
decision makers also lower education level with increasing ¢, because they have to allocate more
resources on satisfying the higher level of subsistence (Figure 48). Nevertheless, after 12" period the
trend changes just in the opposite way. It is not a coincidence that both the convergence of TFR and
the trend change in the education level occur in the same period. This can be explained by the fact that
the average income in the model increases throughout the horizon and it reaches an adequate value to

afford both for higher education and higher fertility levels.
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Figure 47 Sensitivity of TFR w.r.t ¢
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Figure 48 Sensitivity of education level w.r.t ¢

In the light of the sensitivity results, we can conclude that the model dynamics move in coherence
under different parameter settings. The behavioral patterns are either preserved as in the base model
run or can be explained in consistency with the model dynamics. Hence, the model is said to pass the
test of behavioral validity. Furthermore, by means of showing that the model is highly sensitive to
parameter changes, we can conclude that working with dynamic parameter setting would increase the

effectiveness of the model for the long planning periods.
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CONCLUSION

In this thesis, we developed an economic demography model that assumes endogenous fertility,
education, human capital and technology. The model is based on the ground breaking study of Galor
and Weil’s (2000) unified growth model. Unified growth model proposes an economic growth model
that is able to explain the history of humanity starting from Malthusian era till the sustained economic
growth period. However, covering such a long time span, it has certain limitations. In the unified
growth model, individuals are assumed to live for two periods, each of which has a length of
approximately 20 years. It is assumed that each individual in the first age group survives to the next
age group; and each individual in the second age group dies out to the next period. This model ignores
the realistic mortality assumptions of age-specific survivorship and also the life spans longer than 40
years. On the other hand, the model also neglects the population age and sex structure. As it is
mentioned earlier in the document, last stage of the demographic transition is population aging and it
is impossible to make a comment on the population age structure with the unified growth theory. The

economic demography model is developed to tackle those limitations of the unified growth model.

Economic demography model is developed in such a way that it works out in integration with the
conventional demographic tool of cohort component modelling. Thus, it keeps the population age and
sex structure under the assumption of the age-specific survival rates. The individuals are assumed to
decide on the number of children they will have and the education level of the children as well as their
own consumption level so as to maximize their utility subject to a budget constraint. The choices of
individuals triggers the conceptual model dynamics and make up the country level macro indicators of
fertility, education and human capital levels in interaction with the endogenous technology. The
economic development model is further tested experimentally with system dynamics methodology
upon the parametric form of the unified growth model proposed by Lagerlof (2006). The experimental
results and the model assessment demonstrate that our economic demography model works out in

coherence.

Providing a deep insight on the economic and demographic conditions over the short to medium term,
our model proposal presents a professional decision support tool for the public policy makers. On the

other hand, this model also paves the way for future development.

A remarkable critic about the model is about the endogenous technology. The model ignores the
external effects on technology level and the experimental results yield almost a smooth and continuous
development in technology. However, in developing countries it is very common to experience jumps

in technology level by technology import. Also, according to the economic conditions, it is possible to
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observe a technology downscale by factory close downs. In order to catch up with these real life
technology dynamics, any attempt to improve the conceptual model and/or the parameter setting may
be a contribution.

Another criticism may be about the fact that the model reaches a steady state after a while and loses its
effectiveness. The results of the sensitivity analysis reveal that the model is highly parameter sensitive.
Hence implementing a dynamic parameter setting instead of the stationary setting would be a good

solution for the sake of long-term efficacy.

Lastly, the model calibration is done based on various data sources and the data used belongs to
neither a single country nor a single year. Moreover, we performed parameter optimization in the case
that we could not find a reliable data source. So, the population simulated is a representative fictive
population rather than a population of a real world country. As a consequence, the model is said to
have no prospective power; but it rather explores the causal relationships among the variables. In that
sense, it would be a valuable contribution to enhance the data sources and test the prospective power

and the historical replicability of the proposed model as a future work.



104

REFERENCES

Allais, M. (1947) Economie et Intérét. Imprimerie Nationale, Paris.

Barlas, Y. (1989). Multiple tests for validation of system dynamics type of simulation

models. European journal of operational research, 42(1), 59-87.
Barlas, Y. (1990). An autocorrelation function test for output validation.Simulation, 55(1), 7-16.

Barlas, Y. (1994). Model validation in system dynamics. In Proceedings of the 1994 International
System Dynamics Conference (pp. 1-10). Sterling, Scotland.

Barlas, Y. (1996). Formal aspects of model validity and validation in system dynamics. System
dynamics review, 12(3), 183-210.

Barro, R. J. (1974). Are government bonds net wealth? The Journal of Political Economy, 1095-1117.
Barro, R. J. (2001). Human capital and growth. American Economic Review, 12-17.

Barro, R. J., & Becker, G. S. (1989). Fertility choice in a model of economic growth. Econometrica:
journal of the Econometric Society, 481-501.

Becker, G. S. (1960). An economic analysis of fertility. In Demographic and economic change in
developed countries (pp. 209-240). Columbia University Press.

Becker, G. S. (1962). Investment in human capital: A theoretical analysis. The journal of political
economy, 9-49.

Becker, G. S. (1974). A Theory of Social Interactions. Journal of Political Economy, LXXXVII 1063-
93.

Becker, G., & Barro, R. J. (1988). A reformulation of the economic theory of fertility. The Quarterly
Journal of Economics (1988) 103 (1): 1-25.

Becker, G. S., & Lewis, H. G. (1974). Interaction between quantity and quality of children.
In Economics of the family: Marriage, children, and human capital(pp. 81-90). UMI.



105

Becker, G., Murphy, K., & Tamura, R. (1990). Economic growth, human capital and population
growth. Journal of Political Economy, 98(5), S12-S37.

Ben-Porath, Y. (1967). The production of human capital and the life cycle of earnings. The Journal of
Political Economy, 352-365.

Boldrin, M., & Jones, L. E. (2002). Mortality, fertility, and saving in a Malthusian economy. Review
of Economic Dynamics, 5(4), 775-814.

Bongaarts, J. (1978). A framework for analyzing the proximate determinants of fertility. Population

and development review, 105-132.

Booth, H. (2006). Demographic forecasting: 1980 to 2005 in review. International Journal of
Forecasting, 22(3), 547-581.

Caldwell, J. C. (1976). Toward a restatement of demographic transition theory. Population and

development review, 321-366.

Caldwell, J. C. (2004). Demographic theory: A long view. Population and Development
Review, 30(2), 297-316.

Carr-Saunders, A. M. (1936). World population: Past growth and present trends. Cass.

Davidson, A. R., & Jaccard, J. J. (1975). Population psychology: A new look at an old
problem. Journal of Personality and Social Psychology, 31(6), 1073.

Davis, K., & Blake, J. (1956). Social structure and fertility: An analytic framework. Economic
development and cultural change, 211-235.

Diamond, P. A. (1965). National debt in a neoclassical growth model. The American Economic
Review, 1126-1150.

Doepke, M. (2004). Accounting for fertility decline during the transition to growth. Journal of
Economic growth, 9(3), 347-383.

Doepke, M. (2005). Child mortality and fertility decline: Does the Barro-Becker model fit the
facts?. Journal of population Economics, 18(2), 337-366.



106

Easterlin, R. A. (1966). On the relation of economic factors to recent and projected fertility
changes. Demography, 3(1), 131-153.

Easterlin, R. A. (1978). The economics and sociology of fertility: A synthesis. Center for Advanced
Study in the Behavioral Sciences.

Eckstein, Z., Mira, P., & Wolpin, K. 1. (1999). A quantitative analysis of Swedish fertility dynamics:
1751-1990. Review of Economic Dynamics, 2(1), 137-165.

Fernandez-Villaverde, J. (2001). Was Malthus right? Economic growth and population dynamics.

Forrester, J. W. (1971). World dynamics.

Galor, O. (2005). The demographic transition and the emergence of sustained economic

growth. Journal of the European Economic Association, 3(2-3), 494-504.

Galor, O. (2011). Unified growth theory. Princeton University Press.

Galor, O., & Moav, O. (2002). Natural selection and the origin of economic growth. Quarterly
Journal of Economics, 1133-1191.

Galor, O., & WEeil, D. N. (2000). Population, technology, and growth: From Malthusian stagnation to

the demographic transition and beyond. American economic review, 806-828.

Healy, T., & Coté, S. (2001). The Well-Being of Nations: The Role of Human and Social Capital.
Education and Skills. Organisation for Economic Cooperation and Development, 2 rue Andre
Pascal, F-75775 Paris Cedex 16, France.

Hansen, G. D., & Prescott, E. C. (2002). Malthus to Solow. American economic review, 1205-1217.

Hoffman, L. W., & Hoffman, M. L. (1973). The value of children to parents.

Jaccard, J. J., & Davidson, A. R. (1972). Toward an Understanding of Family Planning Behaviors: An
Initial Investigationl. Journal of Applied Social Psychology, 2(3), 228-235.

Jones, C. 1. (1995). R & D-based models of economic growth. Journal of political Economy, 759-784.



107

Jones, C. I. (2001). Was an industrial revolution inevitable? Economic growth over the very long

run. Advances in macroeconomics, 1(2).

Kalemli-Ozcan, S. (2002). Does the mortality decline promote economic growth?. Journal of
Economic Growth, 7(4), 411-439.

Kalemli-Ozcan, S. (2003). A stochastic model of mortality, fertility, and human capital

investment. Journal of Development Economics, 70(1), 103-118.

Kalemli-Ozcan, S. (2008). The uncertain lifetime and the timing of human capital investment. Journal
of Population Economics, 21(3), 557-572.

Kirk, D. (1996). Demographic transition theory. Population studies, 50(3), 361-387.

Lagerlof, N. P. (2003). From Malthus to Modern Growth: Can Epidemics Explain the Three

Regimes?. International Economic Review, 44(2), 755-777.

Lagerlof, N. P. (2006). The Galor—Weil model revisited: A quantitative exercise.Review of Economic
Dynamics, 9(1), 116-142.

Landry, A. (1934). La révolution démographique: études et essais sur les probléemes de la population.
Ined.

Lee, R. (2003). The demographic transition: three centuries of fundamental change. The journal of
economic perspectives, 17(4), 167-190.

Liao, P. J. (2011). Does demographic change matter for growth? European Economic Review, 55(5),
659-677.

Maddison, A. (2001). Development centre studies. The World Economy. A Millennial Perspective.
OECD and www. oecd. Org/dev.

Malthus, T. R. (1966). First essay on population, 1798 (Vol. 14). Macmillan.

Mateos-Planas, X. (2002). The demographic transition in Europe: a neoclassical dynastic

approach. Review of Economic Dynamics, 5(3), 646-680.



108

Meadows, D. H., Meadows, D. L., Randers, J., & Behrens Ill, W. H. (1972). The Limits to. Growth,
29.

Meadows, D. L., Behrens, W. W., Meadows, D. H., Naill, R. F., Randers, J., & Zahn, E.
(1974). Dynamics of growth in a finite world. Cambridge, MA: Wright-Allen Press.

Meadows, D. H., Meadows, D. L., & Randers, J. (1992). Beyond the limits: global collapse or a

sustainable future. Earthscan Publications Ltd.

Meadows, D., Randers, J., & Meadows, D. (2004). Limits to growth: the 30-year update. Chelsea
Green Publishing.

Mincer, J. (1958). Investment in human capital and personal income distribution. The journal of

political economy, 281-302.

Mincer, J. (1962). On-the-job training: Costs, returns, and some implications. The Journal of Political

Economy, 50-79.

Notestein, F. W. (1945). Population: the long view.

Rowland, D. T. (2003). Demographic methods and concepts. OUP Catalogue.

Samuelson, P. A. (1958). An exact consumption-loan model of interest with or without the social

contrivance of money. The journal of political economy, 467-482.

Senge, P. M. (1980). Tests for building confidence in system dynamics models. System dynamics,
TIMS studies in management sciences, 14, 209-228.

Schultz, T. W. (1960). Capital formation by education. The journal of political economy, 571-583.

Schultz, T. W. (1961). Investment in human capital. The American economic review, 1-17.

Sterman, J. D. (2000). Business dynamics: systems thinking and modeling for a complex world (\Vol.
19). Boston: Irwin/McGraw-Hill.

Tamura, R. (1996). From decay to growth: a demographic transition to economic growth. Journal of
conomic Dynamics and Control, 20(6), 1237-1261.



109

Tamura, R. (2002). Human capital and the switch from agriculture to industry. Journal of economic
Dynamics and Control, 27(2), 207-242.

Tamura, R. (2006). Human capital and economic development. Journal of Development
Economics, 79(1), 26-72.

Weil, D. N. (2004). Economic Growth. Prentice Hall.

Thompson,W. S. (1929). Population. American Journal of Sociology, 34, pp. 959-975.

Townes, B. D., Beach, L. R., Campbell, F. L., & Wood, R. L. (1980). Family building: A social
psychological study of fertility decisions. Population and Environment, 3(3-4), 210-220.

Vinokur-Kaplan, D. (1978). To Have—or Not to Have—Another Child: Family Planning Attitudes,
Intentions, and Behaviorl. Journal of Applied Social Psychology, 8(1), 29-46.

Weisdorf, J. L. (2004). From stagnation to growth: Revisiting three historical regimes. Journal of
Population Economics, 17(3), 455-472.

Willekens, F. J. (1990). Demographic forecasting; state-of-the-art and research needs.

Wilson, T., & Rees, P. (2005). Recent developments in population projection methodology: A
review. Population, Space and Place, 11(5), 337-360.



APPENDIX I: Sample Model Life Table

110

(It displays the survival rates for the age groups starting from birth to 85" according to the values of life expectancy at birth between 89 and 100 with 1 year

increments. The original table includes the age groups till 130" and values of life expectancy at birth starting from 20. This table represents a part of the

original one.)

Age specific probabilities of dying by sex, model life table and level of life expectancy

United Nations Population Division, World Population Prospects: The 2010 Revision.
(Type: CD West Sex: Female)

Sum of g(x,n)

age

10
15
20
25
30
35
40
45
50
55

E(0)

89
0.00349042
0.00070051
0.00032155
0.00024603
0.00038925
0.00055580
0.00068056
0.00083993
0.00112598
0.00163307
0.00259339
0.00398063
0.00624587

90
0.00303526
0.00060893
0.00027776
0.00021120
0.00033206
0.00047414
0.00058057
0.00071654
0.00096058
0.00139323
0.00221266
0.00339656
0.00533024

91
0.00262551
0.00052656
0.00023862
0.00018026
0.00028158
0.00040207
0.00049233
0.00060764
0.00081460
0.00118154
0.00187657
0.00288088
0.00452159

92
0.00225833
0.00045278
0.00020380
0.00015292
0.00023727
0.00033880
0.00041486
0.00051203
0.00068644
0.00099567
0.00158144
0.00242798
0.00381120

93
0.00193088
0.00038703
0.00017298
0.00012889
0.00019858
0.00028356
0.00034722
0.00042855
0.00057453
0.00083337
0.00132371
0.00203242
0.00319063

94
0.00164034
0.00032871
0.00014585
0.00010788
0.00016500
0.00023561
0.00028851
0.00035609
0.00047740
0.00069249
0.00109998
0.00168900
0.00265174

95
0.00138396
0.00027728
0.00012209
0.00008962
0.00013604
0.00019426
0.00023787
0.00029359
0.00039361
0.00057096
0.00090697
0.00139271
0.00218673

96
0.00115904
0.00023217
0.00010142
0.00007386
0.00011123
0.00015883
0.00019449
0.00024005
0.00032183
0.00046684
0.00074160
0.00113881
0.00178820

97
0.00096295
0.00019286
0.00008355
0.00006034
0.00009012
0.00012869
0.00015759
0.00019450
0.00026077
0.00037827
0.00060092
0.00092281
0.00144911

98
0.00079315
0.00015883
0.00006821
0.00004884
0.00007231
0.00010326
0.00012644
0.00015606
0.00020923
0.00030352
0.00048218
0.00074049
0.00116286

99
0.00064718
0.00012959
0.00005515
0.00003913
0.00005741
0.00008198
0.00010038
0.00012390
0.00016611
0.00024096
0.00038281
0.00058790
0.00092327

100
0.00052270
0.00010465
0.00004411
0.00003100
0.00004505
0.00006433
0.00007877
0.00009723
0.00013035
0.00018910
0.00030041
0.00046137
0.00072459




APPENDIX | (CONTINUED)

Sumofq(x,n)  E(0)

age 89 % 91 92 93 94 95 9% 97 98 99 100
60 | 0.01004212 0.00857207 0.00727317 0.00613163 0.00513406 0.00426752  0.00351059  0.00287843  0.00233280  0.00187212  0.00148649  0.00116666
65 | 0.01979329 0.01709811 0.01468647 0.01253936 0.01063789 0.00896334  0.00749738  0.00622211 0.00512023 0.00417509  0.00337077  0.00269214
70 | 0.03904623 0.03414993 0.02970882  0.02569978  0.02209885 0.01888146 0.01602269  0.01349752  0.01128102  0.00934856  0.00767596  0.00623969
75 | 0.07610113 0.06744413 0.05947114 0.05216204 0.04549377 0.03944070 0.03397501 0.02906714 0.02468613  0.02080001 0.01737612  0.01438148
80 | 0.14573184 0.13106793 0.11731173 0.10446707 0.09253108 0.08149456 0.07134244  0.06205425 0.05360471  0.04596423  0.03909949  0.03297398
85 | 0.25707285 0.23506696 0.21394905 0.19378126  0.17461613 0.15649630 0.13945437 0.12351303 0.10868525 0.09497464  0.08237588  0.07087519
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