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This paper sheds light on the relationship between economic complexity and
income inequality considering the role of institutions based on data over the period
1996-2020 across 52 developed and developing countries from Europe and Cent-
ral Asia, and the Middle East and North Africa. Our contribution to the existing li-
terature is twofold. First, we analyse the relationship between economic complexity
and income inequality considering the institutional dimension and studying various
components of institutions. Second, we take into account the non-linear form of
relationship between economic complexity and income inequality, as well as hete-
rogeneity of this relationship across groups of countries. We address endogeneity
by employing a fixed effect two stage least squares model with instrumental variab-
les. Our results demonstrate that for the overall sample of countries, an increase
in a country’s economic complexity results in higher level of income inequality.
However, the impact of economic complexity on income inequality is heterogene-
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ous across groups of countries, with a U-inverted relationship in countries of Euro-
pe and Central Asia. Moreover, economic complexity combined with the high level
of institutional quality can reduce income inequality. Therefore, we conclude that
the improvement of all components of institutional structure will facilitate a de-
crease in income disparities. Our analysis shows that better educational level leads
to lower income inequality. Besides, our findings emphasise the need for policy
ensuring more equal gains from economic development and international trade.

Key words: economic complexity; income inequality; institutional quality; economic develop-
ment; instrumental variables (IV) estimation; economic policy.

JEL Classification: E02, 015, 033.

For citation: Davidson N., Magon E., Mariev 0. Macroeconomic Analysis of the Impact of Econo-
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1. Introduction

Nowadays the major challenges to global and national socio-economic development pivot
on achieving sustainable economic growth and reducing income inequality, but inequalities wit-
hin most countries have been significantly deepening and widening [Chancel et al., 2022]. Eco-
nomic growth is still perceived as the fundamental determinant of inequality reduction, as en-
shrined by Kuznets (1955), who suggested that economic growth initially causes increasing ine-
quality, which eventually evens out into lower income inequality. However, questioning the con-
clusions of Kuznets and subsequent works, Piketty (2014) proposed another view on the link
between economic growth and inequality, claiming that when an economy reaches higher income
levels, inequality tends to continue to increase, and the latter paradigm is supported by trends in
income inequality dynamics. In fact, inequalities have increased consistently in advanced eco-
nomies over the last decades [Nolan et al., 2019; Malla, Pathranarakul, 2022]. Such outcomes
also run contrary to the view that advanced economies tend to have a higher economic complexity
(i.e., economic diversification and sophistication of productive capabilities), which can potentially
improve the standard of living for all social strata [Hidalgo, Hausman, 2009].

Therefore, the aim of this paper is to shed light on the relationship between economic
complexity and income inequality considering the role of institutions (i.e., institutional quality
measured as an average of the World Governance Indicators which include Voice and Accounta-
bility, Political Stability and Absence of Violence/Terrorism, Government Effectiveness, Regula-
tory Quality, Rule of Law, Control of Corruption. The Institutional quality variable ranges from
-2 to 2, with 2 indicating strong governance performance.

The issue of rising income inequality is important for several reasons, including that it can
undermine socio-economic gains that form the political and ontological basis for economic growth
at the societal level. Persistently high inequality is related to lower and less durable economic
growth in the long run, as well as to potential food insecurity and political instability [Alesina,
Rodrik, 1994; Lakner, Milanovi¢, 2016]. Evidence suggests that inequality can dampen economic
growth by restraining investments and consumption [Acemoglu et al, 2012; Carvalho, Rezai, 2014;
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Kumbhof et al., 2015]. Countries with high inequality levels are vulnerable to economic, financial
and political instability, and are less resistant to crises [Rajan, 2010; Cingano, 2014; Berg, Ostry,
2017]. Moreover, rising inequality is also fraught with fall in human capital investment and de-
crease in innovative activities [Topuz, 2022].

High inequality is also associated with unbalanced redistribution of economic gains among
individuals, rent-seeking behaviour, and excessive concentration of resources [Mihalyi, Szelényi,
2019]. Therefore, while shifting to a sustainable and inclusive economic growth paradigm [Zhu,
2022], it is essential to analyse factors determining inequality as well as develop policies to han-
dle the increasing rates of income disparities and ensure prosperity of societies. In this frame-
work, the concept of economic complexity, as a novel perspective on socio-economic develop-
ment, gave rise to a burgeoning line of income inequality studies. However, literature on the
link between economic complexity and inequality is currently limited to a dozen works with con-
tradictory results. There are four scenarios documented in the existing literature: a negative rela-
tionship [Hartmann et al., 2017; Lee, Vu, 2019], a positive relationship [Lee, Vu, 2019; Chu,
Hoang, 2020; Sepehrdoust et al.,, 2021]; a non-linear U-inverted relationship [Sbardella et al,
2017; Chu, Hoang, 2020; Zhu et al,, 2020; Morais et al., 2021; Amarante et al,, 2023; Nguyen et
al,, 2023]; and a non-linear U-shaped relationship [Nguyen et al., 2023; Pham et al., 2023].

The relationship between economic complexity and income inequality was found to be
non-homogenous across countries with different income and development levels by many recent
investigations [Lee, Vu, 2019; Chu, Hoang, 2020; Amarante et al., 2023; Nguyen et al., 2023]. Mo-
reover, using interaction terms, authors explored factors that can mediate the impact of eco-
nomic complexity on inequality, among which they cited education, government spending, in-
stitutions, and trade openness [Lee, Vu, 2019; Chu, Hoang, 2020]. Specifically, there is evidence
that government policies and institutions can affect the nature of the economic complexity and
inequality nexus [Chu, Hoang, 2020].

Institutions tend to co-evolve with the sophistication of an economic system [Hidalgo,
Hausmann, 2009; Hartmann et al,, 2017; Vu, 2022], as transformation and improvement of in-
stitutions is essential to ensure the functioning of the economic system in general and the redi-
stribution of income in particular. Gaps in governance, weakness, or a lack of inclusive institu-
tions can exacerbate inequalities while a country experiences economic growth. This is a con-
sequence of the accumulation and use by a few corporations (and even individuals) of new
productive capabilities, diversification, and sophistication of production, growing competitive-
ness, and strengthening of the country’s position in the world market [Acemoglu et al., 2005;
Balland et al.,, 2022].

Overall, theoretical predictions suggest a potentially powerful role for institutions, but in
praxis their instrumentality in the relationship between economic complexity and income ine-
quality has not received commensurate attention. Our work is aimed at filling this gap by consi-
dering the role of institutions in the nexus of economic complexity and income inequality. Our
contribution to the existing literature is twofold. First, we analyse the relationship between eco-
nomic complexity and income inequality considering the institutional dimension and studying
various components of institutions. Second, we address the non-linear form of relationship be-
tween economic complexity and income inequality, as well as heterogeneity of this relationship
across groups of countries. Besides, we account for economic development and human capital
levels, and countries’ participation in international trade. In addition, we address the issue of
endogeneity by employing a fixed effect two stage least squares (2SLS) model with instrumen-
tal variables (IVs).
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This paper is structured as follows. Section 2 reviews previous findings on the relationship
between economic complexity and income inequality. Section 3 describes the empirical model-
ling, economic complexity measurement, econometric methods, and data used in this paper. Sec-
tion 4 presents the results of our analysis and discusses the main findings. Section 5 finalises our
work and provides policy implications.

2. Literature Review

2.1. Economic complexity: theoretical
and empirical background

Economic complexity refers to the diversity and sophistication of a country's productive
capabilities, i.e, all inputs available to the country, such as technologies, unique productive know-
how and ideas that allow an economy to produce a wide range of goods [Hidalgo, Hausman,
2009]. The more inputs a country has, the more diversified and sophisticated its production
structure. Therefore, economic complexity can be conceptualized as a measure of the knowledge
accumulated in a society expressed in the products it makes [Hausmann et al,, 2011]. Moreover,
knowledge, local and non-local, is essential for innovation, which, in turn, creates opportunities
for economic diversification and complexity [Gao, Rai, 2023].

Economic complexity is an accurate predictor of economic growth [Hidalgo, Hausmann,
2009; Chavez et al., 2017; Tacchella et al,, 2018; Bustos, Yildirim, 2022]. The sophistication of
the economy (i.e., increasing economic complexity) was traditionally assumed to be associated
with a commensurate decrease in income inequality, as proclaimed by the pioneering study in
this field by Hartmann et al. (2017). However, there is extensive empirical evidence questioning
the supposed role of economic complexity in improved income distribution and reduced inequa-
lity problems, as mentioned previously. Nevertheless, studies have highlighted several mecha-
nisms through which economic complexity can potentially improve the distribution of income
in a country.

Firstly, complex economic systems are associated with better quality institutions and hig-
her unionization, which tend to reduce income inequality. In fact, appropriate institutions can
prevent increasing inequalities in the individuals’ capabilities and skills, while strong unioniza-
tion provides workers with more bargaining power enabling them to earn higher wages [Hart-
mann, 2014; Le Caous, Huarng, 2020].

Secondly, economic diversification broadens employment opportunities, because a com-
plex economy, due to its specific demands, requires more labour with different skill levels, re-
sulting in lower inequality [Hartmann, 2014].

Finally, individuals living in a complex economy possess an access to a greater diversity
of skills and knowledge, and, more importantly, to a larger pool of social capital (social contacts,
communities, and networks); while social capital is not captured by aggregate measures of hu-
man capital, it is assumed to intrinsically reduce income inequality [Caldarelli et al, 2012; Hart-
mann 2014]. Besides, a complex economy creates incentives for firms to search for new know-
ledge, and, therefore, to look for collaborations, which also enhances social links and provides
more opportunities for employees [Bernal et al., 2022].

Therefore, this theoretical paradigm posits that structural changes in the economy, accom-
panied by sophistication and diversification, are not only able to foster economic growth per se,
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but also facilitate a reduction of inequality. However, recent studies of the link between eco-
nomic complexity and inequality present contradictory or ambiguous results, and there is a need
for more research exploring the relationships between associated variables in various socio-
economic contexts worldwide.

2.2. The link between economic complexity
and income inequality

The exploration of the link between economic complexity and income inequality resulted
in the findings suggesting that increasing economic complexity can lead to lower inequality, as
reported by Hartmann et al. (2017). Their study based on panel regression with country fixed
effects revealed that countries with higher levels of economic complexity have lower levels of
income inequality and tend to be more inclusive. Meanwhile, a country’s productive structure
is affected by the interaction of various factors, from the education level to the institutional qua-
lity, which co-evolve along with the country’s mix of exported goods and the economy’s inclu-
siveness.

However, subsequent research by Lee and Vu (2019) employing dynamic panel data ana-
lysis, namely a system GMM estimator, demonstrated a positive relationship between economic
complexity and inequality that contradicts the results obtained by Hartmann et al. (2017). Lee
and Vu (2019) argued that an increase in economic complexity (i.e., sophistication and diversi-
fication of production and export) is associated with higher income inequality in both the short
and long term. Furthermore, the presence of a positive link was evidenced by more recent re-
search [Chu, Hoang, 2020; Sepehrdoust et al,, 2021].

Several studies point out non-linear relationships between economic complexity and in-
come inequality and underscore several determinants of income inequality along with economic
complexity. Chu and Hoang (2020), exploring a positive link between economic complexity and
inequality, mentioned that this relationship is far more complicated than suggested by the binary
of negative or positive. They observed that economic complexity can facilitate a decrease in ine-
quality in countries endowed with better human capital, higher institutional quality, efficient
public spending, and economic freedom. Conversely, in less favourable environments, it fails to
reduce income inequality.

This controversial effect of economic complexity on income inequality implies the possi-
bility of a non-linear relationship, which can be interpreted in the framework of the Kuznets
(1955) curve hypothesis. This concept implies the adverse effects of structural changes on in-
come distribution in the initial period of economic growth and, after a certain point, the level-
ling of income inequality by public finance investments, including public education, the social
safety net, and health care. Specifically, economic complexity initially can increase income ine-
quality, but once a country reaches a certain level of development or complexity, income ine-
quality starts reducing [Chu, Hoang, 2020]. In line with this framework, current empirical studies
reveal a U-inverted relationship between economic complexity and inequality [Sbardella et al.,
2017; Chu, Hoang, 2020; Zhu et al., 2020; Morais et al,, 2021; Amarante et al., 2023; Nguyen et al,,
2023]. Although the existence of a threshold of economic complexity has been addressed in most
recent studies, the specific characteristics of this threshold have not yet been extensively re-
searched.

However, there is also evidence of a U-shaped relationship between economic complexity
and inequality [Nguyen et al,, 2023; Pham et al,, 2023]. The U-inverted effect of economic com-
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plexity on inequality was discovered in non-high-income countries, whereas in high income co-
untries an opposite effect was revealed (i.e., the latter exhibited a U-shaped curve); the U-shaped
relationship was also reported for most countries in such regions as the Middle East and North
Africa (MENA) and South Asia [Nguyen et al., 2023].

Overall, there is evidence that the economic complexity effect on inequality is not hom-
genous across countries [Sbardella et al,, 2017; Lee, Vu, 2019; Amarante et al.,, 2023], which, in
combination with mixed results, suggests the existence of a non-linear relationship.

Moreover, some studies using interaction terms revealed factors that can moderate the
impact of increased economic complexity. For instance, better education and (ipso facto) deve-
loped human capital have the potential to enhance the negative correlation between economic
complexity and inequality [Lee, Vu, 2019; Chu, Hoang, 2020]; effective government spending
and trade openness have moderating impacts on the effect of economic complexity [Chu, Hoang,
2020].

Thus, we assume that the sophistication of the economic system, along with its positive
effects, can bring the aggravation of inequality. However, these adverse effects could be mediated
by institutional factors. For instance, when national institutions are inclusive, they ensure a fair
distribution across society of wealth and gains from increasing economic complexity and con-
sequent economic growth. Moreover, strong institutions along with factors like human capital
can enhance positive impacts of economic sophistication thus decreasing inequality, and, at the
same time, mitigate negative ones, preventing further exacerbation of income disparities and the
existing socio-economic problems.

2.3. Determinants of income inequality on the regional
and country level

Along with research based on the country-level data, a number of studies consider the
nexus between economic complexity and income inequality on the regional level. For instance,
Sbardella et al. (2017) found that wage inequality increases in US counties with growing eco-
nomic complexity; however, the relation between economic complexity and income inequality
has an inverted U-shaped pattern consistent with the Kuznets hypothesis. Morais et al. (2021)
analysed Brazilian states and also documented the U-inverted shape of this relationship, having
displayed that growing levels of economic complexity first worsen and then improve income
distribution in Brazil, with a more distinct pattern in highly urbanized and developed states.
Hence, a certain level of economic development must be achieved before the regional produc-
tion structure begins to reduce income inequality.

The abovementioned relation between a higher economic complexity and urbanization
level as well as overall regional development was supported by recent research on inequality
in diverse economies, including China [Zhu et al., 2020] and Romania [Le Caous, Huarng, 2020].
In urban areas, a more sophisticated industrial structure provides a wider range of occupational
opportunities and greater resilience to shocks. Besides, in urban areas, workers are more skilled
and have more complex networks, which increases their bargaining power on the labour market
and eventually reduces inequality. At the same time, rural areas suffer from higher income ine-
quality, which is partly explained by inequalities in opportunities for education, training, and
working, less developed infrastructure, and limited social networks.

The results of regional level studies are comparable to those of national-level research
[Chu, Hoang, 2020; Sepehrdoust et al,, 2021]: countries that are generally wealthier and endowed
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with more developed human capital, institutions, and economic freedom may be likely to exhibit
a reduction in inequality when their economies become more complex and diversified, while
countries with the opposite characteristics may not exhibit such trends. Such non-homogenous
and uneven development is difficult to control due to the self-reinforcing nature of complexity
[Balland et al., 2022].

2.4. Summary of economic complexity-income inequality relationships
and research hypotheses

To summarize, during recent years four types of relationships were found in empirical re-
search: positive and negative relationships, «U-inverted», and conversely «U-shaped» non-linear
relationships.

The hypothesis of economic complexity as a negative predictor of income inequality
[Hartmann et al,, 2017] is supported by the difference in the knowledge diversification levels ty-
pical for high- and low-complexity economies. Developing highly sophisticated industries is im-
possible without a proper level of knowledge diversification. This, in turn, leads to a relatively
flat occupational structure, broadly distributed knowledge, and a wide range of demanded skills,
thus decreasing income inequality [Constantine, Khemraj, 2019].

In contrast, low-complexity economies producing simpler and more widespread products
usually depend mainly on low-skilled labour. This happens because a low value-added produc-
tion requires much less advanced technology, competence, or product knowledge [Sepehrdoust et
al, 2021]; as a result, the range of available occupational opportunities is constrained. Conse-
quently, only a limited group of people benefits economically from such a production structure.
This leads to a significant income discrepancy when a small number of individuals receives the
largest portion of generated income, while the most numerous middle- and low- income classes
have low salaries and very few opportunities for moving up the social ladder [Chu, Hoang,
2020].

At the same time, the evidence about the positive link between economic complexity and
income inequality is often explained by technological changes, for instance, by the skills-based
technological change theory [Violante, 2008]. The shift in production technologies required for
an economy to become more complex results in an increasing demand for skilled labour over
unskilled labour; the demand for highly qualified personnel grows further with the emergence
of new technologies, widening the skills and income gap.

Inequality seems to be associated with growth and concentration of economic complexity,
since more complex systems, by their nature, tend to be more unequal. This happens since com-
plex adaptive systems are characterized by the preferential attachment, self-reinforcing feed-
back loops, and other multiplicative processes that lead to increasing inequality [Balland et al,,
2022]. The example of urban areas demonstrates that inequality also rises when some indi-
viduals, corporations, and even locations occupy privileged positions, accumulate benefits from
the growing diversification and sophistication of an economy, and therefore have access to a
more significant share of income redistribution associated with growing economic complexity
[Sbardella et al., 2017; Zhu et al., 2020; Morais et al., 2021]. Others are less fortunate due to
many factors, from being in the «wrong» place to having an unsuitable skill set or level.

In turn, technological gaps, and the monopolization of advanced knowledge by techno-
logical giants [Rikap, Lundvall, 2020; Feldman et al., 2021] can potentially explain why the in-
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creasing complexity of productive capabilities and economic diversification do not reduce ine-
quality [Balland et al., 2022].

Based on the reviewed theoretical and empirical literature on economic complexity and
income inequality, we propose the following hypotheses:

H1: The effect of economic complexity on income inequality is non-linear.

The rationale for this hypothesis is that income inequality behaves differently at various
stages of economic diversification [Sbardella et al,, 2017; Chu, Hoang, 2020; Zhu et al., 2020; Mo-
rais et al,, 2021; Amarante et al,, 2023; Nguyen et al, 2023; Pham et al,, 2023].

H2: Institutional quality has a mediating role in the relationship between economic comple-
xity and income inequality.

The basis for this hypothesis is that well-functioning institutions can strengthen positive
effects of economic complexity and level out its negative consequences [Lee, Vu, 2019; Chu, Hoang,
2020].

3. Methodology and Data
3.1. Measurement of economic complexity

Firstly, the interpretation of the economic complexity index (ECI) is the following. The
intuition behind the concept of economic complexity proposed by Hidalgo and Hausmann (2009)
is that the productive capabilities of each economy can be characterized by the range of produc-
tive knowledge that it possesses and by the number of ways in which individual knowledge can
be combined to produce various goods. In other words, every good produced by a country con-
tains information about the knowledge used for its production. Therefore, by combining data
on all the products created by the economy, we can assess its level of knowledge advancement
and productive capabilities. Hidalgo and Hausmann (2009) emphasize that countries’ produc-
tivity depends on the diversity of non-tradable capabilities, such as institutional and human capi-
tal characteristics, as well as their interactions, that determine economic complexity.

The ECI is calculated using export data that connects countries to the products in which
they have revealed comparative advantages (RCA) [Hidalgo, Hausmann, 2009; Hausmann et al.,
2011; Caldarelli et al., 2012; Kemp-Benedict, 2014; Hartmann et al,, 2017; Lee, Vu, 2019]. Thus,
it goes beyond the idea of production diversity associated with the range of productive knowled-
ge described above. ECI reflects not only the diversity of a country’s economy (the number of
products it produces and exports) but also the ubiquity of products (other countries’ ability to
produce and export a particular type of a product). Hence, complex economies are diverse and
can export products with low ubiquity, meaning knowledge-intensive (sophisticated) products
that only a few diverse countries are able to export [Hartmann et al,, 2017; Balland et al., 2022].

Secondly, the construction of ECI implies the following concepts and stages. Hidalgo and
Hausmann (2009) proposed the Method of Reflections to reveal production capabilities of coun-
tries based on trade data by calculating ECI. The title of the method is due to a symmetric set of
variables for countries and products (two types of nodes in the network) that it generates. This
method brings information about the capabilities available in a country based on knowledge of
the measurable capabilities required for producing a specific product.

This method was further elaborated and applied in numerous papers, including Haus-
mann et al. (2011) and Hartmann et al. (2017). The method involves the concept of revealed com-
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parative advantage (RCA); RCA of a country c in a product p is the share of product p in the ex-
port of country c to the share of product p in world export [Hidalgo, Hausmann, 2009; Hartmann
et al, 2017]. An RCA greater than 1 indicates that a country has a comparative advantage in a
particular product, which means that the export of a product from a country is larger than what
would be expected based on the size of the country's exports and the global market for the product.

The RCA is used to determine elements of a discrete matrix M,,, equal to 1 if country ¢

has a revealed comparative advantage in product p and 0 if it does not, as shown in Eq. 1:

cp =

0 if RCA,, <.

1if RCA,,>1
(1) =

where M, is a matrix in which rows represent different countries and columns represent dif-

ferent products.
A country c is considered to be a significant exporter of a product p in world trade if its
RCA is greater than 1. The matrix M, allows to define the diversity of a country (Eq. 2) and

the ubiquity of a product (Eq. 3), respectively. The number of products exported by a country
with comparative advantage, and the number of countries exporting a product with compara-
tive advantage are described by the following equations:

(2) Diversity =k.o =3, M,,.
(3) Ubiquity =k, o= .M,,.
where k_,and k,, stand for diversity and ubiquity (respectively), measured by summing the

rows and columns of the matrix M, .

Furthermore, to generate a more accurate measure of economic complexity, these indi-
cators are jointly corrected for each other. This adjustment is needed as a country may export a
wide variety of goods because of its economic size, whereby the information on a country’s capa-
bilities contained in the diversity indicator could be biased [Lee, Vu, 2019]. The Method of Re-
flection iteratively calculates the mean value of the previous-level diversity and ubiquity [Hidal-
go, Hausmann, 2009; Kemp-Benedict, 2014; Lee, Vu, 2019].

Therefore, the adjusted matrix connects countries exporting similar products, weighted
by the inverse of the ubiquity of a product, discounting common products, and normalized by
the diversity of a country (Eq. 4):

- 1 M. M.
4 Moy =—ouS PP
4) =g P ko,

Lastly, the ECI is formulated as shown below (Eq. 5):

(5) ECl,=—-\ 1
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where <IZ > represents an average, and std (]Z ) stands for a standard deviation ofa K, - the
eigenvector of Mcc" associated with the second largest eigenvalue [Hausmann et al,, 2011;

Caldarelli et. al., 2012; Kemp-Benedict, 2014; Hartmann et al.,, 2017].

Thus, the Method of Reflections breaks down a country's trade into separate industries
and products, making it possible to analyse the relationships between individual units in the sys-
tem and ultimately draw a conclusion about the overall complexity level of an economy [Kemp-
Benedict, 2014].

The limitations of ECI are the following. First, product classification is quite detailed [Hi-
dalgo, Hausmann, 2009], however, it might not cover all firms’ activities limiting itself by the
main activity specified by a firm. Secondly, not all economic activities are correctly registered,
especially in developing countries, including some of the ECA and MENA countries in our sample.
Third, although RCA index is quite informative, its classical version used by Hidalgo and Haus-
mann (2009), mentioned above, does not include countries’ imports, unlike, for example, Lafay
index, limiting the overall understanding of a country’s role in international trade. Besides, Hi-
dalgo and Hausmann (2009) point out that the method does not capture differences among coun-
tries in capabilities utilized in production, although it is able to capture the correspondence
between variety of capabilities in a country (such as employment categories), and diversity and
ubiquity of products. Finally, Kemp-Benedict (2014) points out that ECI measure suggested by
Hidalgo and Hausmann (2009) provides more information on export basket of a country than
on a country’s diversity of export.

3.2.Data

This work employs data over the period 1996-2020 across 52 developed and developing
countries from Europe and Central Asia (ECA), the Middle East and North Africa (MENA). The
list of countries in the sample is presented in Appendix A. The data on income inequality is ob-
tained from the Standardized World Income Inequality Database (SWIID) [Solt, 2020]. The ECI
is obtained from the Atlas of Economic Complexity, provided by the Growth Lab at Harvard Uni-
versity. We also include in our analysis a set of control variables established in the literature, using
data from the World Development Indicators (WDI) database. Table 1 describes the variables
and data sources.

Most previous studies analysed the relationship between economic complexity and ine-
quality in large samples of countries [Hartman et al., 2017; Sbardella et al., 2017; Lee, Vu, 2019;
Chu, Hoang, 2020; Amarante et al., 2023; Nguyen et al., 2023], but Lee and Wang (2021) focused
on small groups of developed and developing countries. Most researchers emphasize the hetero-
geneity in results for countries with various income and development levels as well as for coun-
tries in different regions [Lee, Vu, 2019; Chu, Hoang, 2020; Amarante et al,, 2023; Nguyen et al,,
2023], but extensive sub-group and regional analyses are lacking. Moreover, recent works have
questioned previous results such as those reported by Hartman et al. (2017), suggesting that
they may be influenced either by the patterns typical for countries with high income levels and
above average economic complexity [Amarante et al., 2023], or by patterns of development in
lower-income countries [Lee, Vu, 2019].
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Variables and data sources

Table 1.

Variable

Description

Source

GINI

The Gini index is a measure of inequality in equivalized
(square root scale) disposable (post-tax, post-transfer)
household income. GINI ranges from approximately 23.0
(more equal income distribution) to 46.0 (more unequal
income distribution)

The Standardized World
Income Inequality Database
(SWIID) by Solt (2020)

ECI

The Economic Complexity Index measures the amount
of productive knowledge belonging to each country. ECI
ranges from approximately -2.0 (low complexity) to 2.0
(high complexity)

The Atlas of Economic
Complexity provided by
the Growth Lab at Harvard
University

GDP pc

Gov

Trade

Schooling

Estimate of Gross Domestic Product per capita using the
WB data on GDP (constant 2015 US$) and population,
total

General government final consumption expenditure
(% of GDP), which includes all government current
expenditures for purchases of services and goods. It
includes most national defence and security expendi-
tures but excludes government military expenditures
(they are part of government capital formation)

Trade (% of GDP) presents the sum of exports and im-
ports of goods and services measured as a share of gross
domestic product

School enrolment, tertiary (% gross) is the ratio of total
enrolment, regardless of age, to the population of the age
group that officially corresponds to the level of education
shown.

Note: tertiary education, whether or not it is an advanced
research qualification, normally requires, as a minimum
condition of admission, the successful completion of educa-
tion at the secondary level

World Development
Indicators (WDI)

Institute

Institutional quality is an average of the World Governance
Indicators which include Voice and Accountability, Politi-
cal Stability and Absence of Violence/Terrorism, Govern-
ment Effectiveness, Regulatory Quality, Rule of Law, Con-
trol of Corruption. The Institutional quality variable
ranges from -2 to 2, with 2 indicating strong governance
performance

The Worldwide
Governance Indicators,
2022
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These contradictory findings lead us to the idea of estimating the inequality effects of eco-
nomic complexity by groups of countries. Therefore, we propose two classifications of countries,
based on (1) their income levels, and (alternatively) (2) based on geography. According to inco-
me level, countries can be subdivided into high, upper-middle, and lower-middle income groups.
Concerning classification based on geography, the first group of countries includes ECA, and the
second group consists of MENA countries.

The descriptive statistics for the main variables are displayed in Table 2. The GDP per
capita, government expenditure, trade and school enrolment rate are transformed into the na-
tural logarithmic form. The Gini coefficient takes values from 22.0 to 47.0, meaning that our sample
contains countries with relatively more equal income distributions, which are mostly located in
Europe; and countries with relatively high levels of inequality, mainly located in MENA and Cent-
ral Asia. The economic complexity values are in the interval ranging from -1.9 to 2.5, which in-
cludes countries with various levels of complexity.

Table 2.
Variable descriptive statistics (N = 1352)

Variable Mean Std. Dev. Min Max
ECI 0.63 0.86 -1.85 2.45
GINI 32.59 5.65 21.90 47.00
InGDPpc 9.24 1.22 5.92 11.38
InSchooling 3.81 0.54 2.08 5.02
Institute 0.36 0.92 -1.66 1.95
InGov 2.87 0.26 2.04 3.50
InTrade 4.42 0.39 2.59 5.53

3.3. Empirical model

Several studies mentioned endogeneity concerns pertaining to the relation between eco-
nomic complexity and inequality [Lee, Vu, 2019; Chu, Hoang, 2020; Amarante et al, 2023; Nguyen
et al,, 2023]. In particular, Lee and Vu (2019) questioned the pioneering influential research in
the field by Hartmann et al. (2017). Lee and Vu (2019) argued that the results on the negative
relationship between economic complexity and inequality may be biased due to the potential en-
dogeneity of ECI, since there is a significant difference in coefficients of economic complexity
under linear pooled OLS and system GMM estimations. Chu and Hoang (2020) also addressed
the potential endogeneity issue by using pooled 2SLS and system-GMM; however, they found no
differences between the estimation results. Similarly, Amarante et al. (2023) incorporated lagged
regressors into the fixed effect estimation to control for endogeneity, but also found no differ-
ence between these results and those obtained from simple fixed effect estimation. Since the en-
dogeneity problem is not sufficiently covered in the existing literature on the ECI - inequality
relationship, with only a few papers employing instrumental variables, there is a need to further
explore this issue [Lee, Vu, 2019; Amarante et al.,, 2023].
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We address the potential endogeneity issue by employing a fixed-effect two stage least
squares (2SLS) model with instrumental variables (IVs), which provides more consistent results
in comparison with simple OLS estimation [Bollen, 1989; Foster, McLanahan, 1996; Maydeu-
Olivares et al., 2020]. Moreover, this allows for comparability of results with previous studies.

At the first stage of 2SLS model we use lagged ECI as IVs and assess the impact of lagged
ECI on current ECI, as we assume that ECI is an endogenous variable. For robustness check we
also assume endogeneity of GDP pc and include lagged GDP pc as Vs in addition to lagged ECL
The results prove to be robust (Appendix B: Table 7).

At the second stage of 2SLS model we assess the impact of economic complexity on in-
come inequality based on the following model (Eq. 6):

GINI,, =B +B,ECI,, + B, InGDP, + 5 In GDP;} + B, In Schooling,, + BsInstitute,, +
+ B¢ InGov;, + B, InTrade, +v; +7v, +¢;,.

(6)
where i stands for a country and t stands for a time period; ECI and Institute are the economic
complexity and institutions indexes; InGDP, InSchooling, InGov, InTrade are the natural loga-
rithms of the GDP per capita, school enrolment (tertiary), government expenditures, and trade,
respectively; v; is an unobserved effect that does not change over time (country fixed effect);

v, - time fixed effect; and ¢, stands for the error term.

To check the validity of the results obtained from the instrumental regression, we use the
Sargan-Hansen J-statistic (since the conventional R-squared is no longer valid in the 2SLS model).
This statistic is used to test whether the instruments are uncorrelated with the error term [Baum,
2003]. The acceptance of the null hypothesis suggests that instruments are generally valid, and
hence the results are reliable. The model was estimated using xtivreg2 command developed for
Stata by Schaffer (2010).

Additionally, to consider a scenario of non-linear relationships between GDP per capita
and income inequality [Kuznets, 1955], as well as that of economic complexity and income inequa-
lity [Sbardella et al., 2017; Chu, Hoang, 2020; Zhu et al., 2020; Morais et al., 2021; Amarante et al.,
2023; Nguyen et al., 2023; Pham et al., 2023], we introduce quadratic terms for GDP per capita
and ECI in the model. Both the baseline model and the models with quadratic terms are esti-
mated using 2SLS with country and time fixed effects.

4. Results

4.1. Economic complexity impacts on inequality:
regional features

Table 3 presents the estimation results of the impact of ECI on income inequality for all
countries in our sample based on 2SLS method with country and time fixed effects. Columns 1
and 5 in Table 3 demonstrate the estimation results of the baseline model. Columns 2-4 and 6-8
provide estimation results of the models with quadratic terms of ECI and institutions that were
added to the baseline model to test for non-linear relationships between variables and the ro-
bustness of the results. Models 1-4 are estimated with country fixed effects, and Models 5-8 are
estimated with country and time fixed effects (FE). Heteroskedasticity-robust standard errors
are applied.
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Table 3.
Estimation results for all countries in the sample
Dependent variable: Gini coefficient
S IR RN A A A e
ECI 1.134™ 1212 1.370™ 1398 1.270™ 1.311™ 1.504™ 1.514™

(0.355) (0.369)  (0.363)  (0.374) (0.369) (0.381) (0.376)  (0.385)

InGDP 4510"  4.775"  3.444 3589 4197 4315" 2796  2.841
(2138) (2.170) (2.218) (2.258) (2.151) (2.176) (2.259)  (2.290)

InGDP2 -0.261" -0.274"  -0203 -0.210 -0.278" -0.281" -0.192  -0.193
(0.125) (0.126) (0.129) (0.131) (0.127) (0.128) (0.134) (0.135)

InSchooling  -0.620"* -0.643™ -0.666™" -0.676™ -0.794™" -0.797" -0.785"" -0.785™
(0.184) (0.187) (0.185) (0.186) (0.206)  (0.207)  (0.204)  (0.205)

Institut -0.540" -0.542 -0.480" -0.482" -0.358 -0.367 -0.330 -0.334
(0.282) (0.284) (0.278)  (0.279)  (0.275) (0.278) (0.274) (0.276)
InGov -0.026 -0.055 0.009 -0.006 -0.168 -0.180 -0.083 -0.088
(0.320) (0.323) (0.321) (0.322) (0.318) (0.321) (0.321) (0.323)
InTrade 0.982™ 0.978™  0.893"™ 0.893" 0.799™ 0.802™ 0.704™ 0.706™
(0.247) (0.248)  (0.251)  (0.252)  (0.259) (0.260) (0.265) (0.266)
ECI2 -0.102 -0.047 -0.060 -0.019
(0.111) (0.115) (0.115) (0.120)
Institut2 -0.622™ -0.608"" -0.651™ -0.646™"
(0.199) (0.202) (0.205) (0.208)
Country FE Yes Yes Yes Yes Yes Yes Yes Yes
Time FE No No No No Yes Yes Yes Yes

Observations 1040 1040 1040 1040 1040 1040 1040 1040

S-H test
(p-value) 0.9041 0.8923 0.7475 0.7382 0.9008 0.8932 0.7249 0.7218
Countries 52 52 52 52 52 52 52 52

Notes: ", ™ and ™" denote a significance level at 10%, 5%, and 1%, respectively; heteroskedasticity-ro-
bust standard errors are in parentheses; IVs: lagged ECI.

The results with country fixed effects and with both country and time fixed effects proved
to be consistent. Moreover, adding quadratic terms also confirmed robustness of the results. For
models in Tables 3-8 the Sargan-Hansen test (S-H test) of overidentifying restrictions demon-
strates that the instruments are valid (uncorrelated with the error term) and that the excluded
instruments are correctly excluded from the estimated equation (p-values are in Tables 3-8).
Besides, Underidentification test (LM statistic) showed that the model is identified (the null hy-
pothesis of underidentification was rejected). Instruments were checked for redundancy, and the
null hypothesis of redundancy was rejected.
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Our findings reveal a positive and statistically significant effect of economic complexity
on income inequality, meaning that an increase in a country’s economic complexity results in a
higher level of income inequality. This is consistent with previous works, which also found that
rising complexity enhances income inequality [Lee, Vu, 2019; Chu, Hoang, 2020; Amarante et al.,
2023]. However, in contrast to previous studies [Sbardella et al.,, 2017; Chu, Hoang, 2020; Zhu
et al,, 2020; Morais et al.,, 2021; Amarante et al,, 2023; Nguyen et al., 2023], we observe that the
quadratic term of economic complexity is insignificant. Hence, we cannot confirm the presence
of a nonlinear relationship in an overall sample of ECA and MENA countries.

Meanwhile, the results demonstrate that higher education significantly contributes to the
reduction of inequality, consistent with previous findings [Lessmann, Seidel, 2017; Chu, Hoang,
2020]. This observation is reinforced by the fact that income inequality is directly related to edu-
cational inequality [Lee et al,, 2018]. Therefore, when higher education becomes more accessible,
and its attainment rate consequently increases, income inequality tends to decrease.

At the same time, we revealed that the overall quality of institutions has a significant role
in reduction of inequality, corroborating recent studies featuring the overall quality of institu-
tions or specific aspect of institutions such as democracy [Hartmann et al,, 2017; Ouechtati, 2022;
Oyekola, 2023]. Thus, development of inclusive institutions can promote equal access to gains
from economic growth thus decreasing income disparities.

An opposite effect is observed for trade. Particularly, specific features of a country’s inter-
national trade may be associated with increasing inequalities, in line with previous research
[Bergh, Nilsson, 2010; Dorn et al,, 2021; Adao et al,, 2022]. This effect also coincides with the am-
biguous theoretical predictions of the neoclassical trade theory on the effect of trade openness
on income inequality for developing and developed countries. Namely, this theory implies that
trade openness has a potential to decrease inequality in developing countries due to narrowing
the income gap between skilled and unskilled labour, and providing the poorest people with lar-
ger gains; simultaneously, it tends to increase inequality in developed countries, by providing
upper middle class with disproportionately more gains [Stolper, Samuelson, 1941].

At the second stage, driven by the fact that previous works reported heterogeneous re-
sults for various groups of countries and different regions [Lee, Vu, 2019; Chu, Hoang, 2020;
Amarante et al,, 2023; Nguyen et al., 2023], we divided our sample of 52 countries into two sub-
samples based on their regional belonging, as described previously (ECA and MENA). The model
estimation by regions is shown in Table 4.

After dividing the sample into subgroups of ECA (Models 1-3 and 7-9) and MENA (Models
4-6 and 10-12) countries, the results with country fixed effects and with both country and ti-
me fixed effects are consistent. Adding quadratic terms also confirmed robustness of the results.
For the ECA group, the sign of ECI remains statistically significant and positive. Moreover, the
coefficient of its quadratic term becomes significantly negative. Hence, we conclude that the U-in-
verted relationship between economic complexity and income inequality is typical for ECA. This
implies that the increased sophistication of the economy and diversification of production ini-
tially lead to rising disparities in the region; however, after reaching a certain level of develop-
ment, ECA countries start to experience a decrease in income inequality, with the further increase
in the complexity of their economies. In contrast, in MENA countries, both the ECI and its square
have no significant impact on income inequality dynamics.
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Table 4.
Estimation results by regions
Dependent variable: Gini coefficient

ECA ECA ECA | MENA | MENA | MENA | ECA ECA ECA | MENA | MENA | MENA

1 2 3 4 5 6 7 8 9 10 11 12

1470 1.998"™ 2174 -0302 -0.678 -0.827 1.688™ 2.096™ 2273 -0.163 -0.413 -0.538
ECI (0.380) (0.509) (0.521) (0.657) (1.104) (1.120) (0.425) (0.568) (0.576) (0.637) (0.965) (1.014)

4593" 6129 5150 16.90™ 17.97" 1520 3.887 5.101° 3.960 16.11™ 1691 13.75"
InGDP  (2.055) (2.209) (2.241) (4566) (5.238) (5.033) (2.485) (2.632) (2.718) (4.815) (5.199) (5.337)

InGDP2 -0.268" -0.344™ -0.293" -1.013" -1.069™" -0.88" -0.274" -0.320" -0.249 -0.929"* -0.966™ -0.751"
(0.119) (0.126) (0.127) (0.258) (0.292) (0.282) (0.146) (0.151) (0.157) (0.276) (0.290) (0.313)

InSchoo- -0.0260 -0.0768 -0.116 -1.237" -1.248" -1.30"* -0272 -0247 -0.231 -1.047** -1.051* -1.08"
ling (0.227) (0.229) (0.230) (0.270) (0.261) (0.259) (0.245) (0.248) (0.247) (0.339) (0.331) (0.321)

Institut -0.737" -0.779* -0.645" 0796 0.755 -0.179 -0491 -0.597° -0.504 0716 0.709 -0.259
(0.311) (0.314) (0.319) (0.534) (0.538) (0.795) (0.315) (0.328) (0.325) (0.585) (0.593) (0.844)

InGov 0962 0886 0976 -1.192* -1.066 -0.958° 0.795° 0.816° 0.993" -1.330"* -1.193" -1.056'
(0.422) (0.422) (0.425) (0.471) (0.558) (0.573) (0.430) (0.448) (0.453) (0.460) (0.598) (0.633)

InTrade 0.852™ 0.793™ 0.739"" -0.169 -0.200 -0353 0474 0505 0.485 -0.441 -0.539 -0.740
(0.281) (0.283) (0.285) (0.383) (0.392) (0.415) (0.331) (0.335) (0.335) (0.570) (0.622) (0.637)

ECI2 -0.450" -0.423" -0.281 -0.325 -0.394" -0.389" -0.185 -0.227
(0.176) (0.176) (0.473) (0.474) (0.205) (0.209) (0.396) (0.408)
Institut2 -0.483" -0.956 -0.511" -0.972
(0.215) (0.585) (0.223) (0.626)
Country
FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Time FE No No No No No No Yes Yes Yes Yes Yes Yes
Observa-
tions 860 860 860 180 180 180 860 860 860 180 180 180
S-H test

(p-value) 0.7043 0.7132 0.7837 0.8714 0.9102 0.9967 0.8916 0.8851 0.9026 0.9531 0.9713 0.9754
Countries 43 43 43 9 9 9 43 43 43 9 9 9

Notes: *, ™ and ™" denote a significance level at 10%, 5%, and 1%, respectively; heteroskedasticity-robust standard
errors are in parentheses; [Vs: lagged ECIL.

The effects of the control variables are consistent with the baseline model (Table 3), ex-
cept for a significantly positive effect of government expenditures in ECA, and, at the same time, a
significantly negative effect of this variable in the MENA countries. In other words, an effective
general government expenditure demonstrates a potential to reduce inequality in MENA, while
in the ECA it is associated with higher inequality. Therefore, for the ECA, we can confirm an exis-
tence of the inverted-U-shaped pattern of relations between economic complexity and inequality,
in line with previous studies [Sbardella et al., 2017; Chu, Hoang, 2020; Zhu et al., 2020; Morais
et al,, 2021; Amarante et al,, 2023; Nguyen et al,, 2023]. At the same time, an absence of any
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significant effect of economic complexity on inequality in the MENA countries does not allow us
to draw final conclusions. Meanwhile, it partly corresponds to the study by Nguyen et al. (2023),
who did not find a U-inverted relationship in MENA and South Asian countries.

These results reiterate that the impact of economic complexity differs across regions of
the world. ECA economies are mainly dominated by developed upper middle- and high-income
countries, wherein increasing economic complexity can potentially reduce inequality after reaching
a certain level of development. Conversely, the nature of this relationship in MENA is not clear
and requires further investigation.

Our results also support the opinion that the results for all countries may be driven by
the patterns established for countries with high income or, instead, with non-high income [Lee, Vu,
2019; Amarante et al,, 2023]. Consequently, all four relationships between economic complexity
and inequality discovered in previous studies are possible, although they may be specific to dif-
ferent groups of countries.

In our case, for the overall sample of countries we found only the dominant patterns of
relation between economic complexity and income inequality, probably affected by the patterns
prevailing in the developed countries. Overall, H1 is partly supported, as the effect of economic
complexity on income inequality turned out to be non-linear, taking a U-inverted shape, in ECA
countries.

We perform the following robustness check. First, we check the robustness of the results
by including the IVs for GDP p.c. for the overall sample, for ECA and MENA countries, and for es-
timation with interaction terms. We provide the estimation results with IVs for GDP p.c. only for
the overall sample (initial estimation results are presented in Table 3) due to the size limit and
format of the paper (Appendix B: Table 7). Second, we check the robustness of the results by ex-
cluding GDP p.c. and GDP p.c. squared from the model (Appendix B: Table 8). The results proved
to be robust.

4.2. Institutional quality mediating effect

Addressing H2, we delved into the study of the role that institutional factors play in redu-
cing inequality. Previous works on the nexus between economic complexity and income inequa-
lity employed an aggregate measure of the institutional quality across countries. This is usually
estimated as the average of the Worldwide Governance Indicators (WGIs), which aim to measure
the quality of governance and institutions in a country across six dimensions: voice and accoun-
tability, political stability and absence of violence, government effectiveness, regulatory quality,
rule of law, and control of corruption [World Bank, 2022].

There are suggestions in the literature that institutions can play the mediating role in the
relationship between economic complexity and income inequality by alleviating an increase in
inequality that arises due to growing complexity, but the indirect impacts of institutions on in-
come inequality have not been studied extensively [Lee, Vu, 2019; Chu, Hoang, 2020]. Seeking
to close this research gap in the literature, we consider the interaction of ECI with the institution-
nal indicator and its components (Table 5) while analysing an impact of economic complexity
on income inequality. This approach enables us to capture an effect of economic complexity con-
ditional on the quality of institutions.

The model in this case has undergone some changes; in our base-line equation (Eq. 6), we
alternately add WGI governance components and their interaction terms with the economic
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complexity index. We also considered the interaction term of an aggregate measure of institu-
tions as in the above models (Tables 3 and 4). The estimation results are displayed in Table 5
and indicate that institutional quality and all its components are vital for decreasing income ine-
quality when economic complexity grows.

For instance, among other institutional indicators, we included in the model the variable
«control of corruption» (Corrupt), which captures the extent to which public power is exercised
for private gains, and state administration is subordinated to the private interests of the elites.
Corruption has a number of consequences, including poor tax administration, tax evasion, redu-
ced spending on education and healthcare, and a decline in the bargaining power of workers
and trade unions. Besides, corruption diminishes the quality of public services and hinders peo-
ple's access to them, leading to a lower standard of living in a country; hence, the control of cor-
ruption is an important leverage for the decrease in inequality. Moreover, corruption was found
to have an adverse impact on a country's development by limiting economic growth through nu-
merous channels, among which are discouraging investments and altering the composition of
public spending.

Table 5.
Estimation results with interaction terms
€3] (2) (3) (4) () (6) (7)
ECI 1.142™ 1.291™ 1117 1.639™ 1.279™ 1.323™ 1173
(0355)  (0.356)  (0.352)  (0.393)  (0.358)  (0.377)  (0.351)
InGDP 4.072* 4973™ 4211* 5.153" 4.669™ 4378 3.796"
(2.098)  (2.097)  (2138)  (2.126)  (2.026)  (2.017)  (2.165)
InGDP2 -0.234" -0.284" -0.245" -0.307" -0.281" -0.269" -0.232"
(0.123)  (0.123)  (0.125)  (0.124)  (0.119)  (0.119)  (0.127)
InSchooling -0.640"" -0.661™" -0.554"" -0.658"™" -0.656™" -0.619™ -0.538"™"
(0178)  (0.180)  (0.178)  (0.182)  (0.181)  (0.180)  (0.179)
InGov 0.0547 -0.0357 -0.0650 -0.282 0.0749 0.126 -0.0382
(0325)  (0.329)  (0.318)  (0.325)  (0.318)  (0.319)  (0.317)
InTrade 0.982"* 0.872" 0.914* 0.948" 1.069™ 1.108™ 0.964""
(0248)  (0.249)  (0.244)  (0.250)  (0.245)  (0.244)  (0.248)
Corrupt -0.503"" -0.229
(0.193)  (0.203)
ECI_Corrupt -0.600"™
(0.148)
Gov_Effect -0.376" 0.0549
(0.199)  (0.211)
ECI_Gov_Effect -0.774™

(0.162)
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Continuation
(1) (2) (3) 4) ) (6) (7
Accountability -0.690™  -0.727""
(0.176) (0.180)
ECI_Accountability 0.203
(0.160)
Polit_Stability 0.0499
(0.118)
ECI_Polit_Stability
Rule_of Law
ECI_Rule_of Law
Reg_Quality
ECI_Reg_Quality
Institut
ECL_Institut
Country FE Yes Yes Yes Yes Yes Yes Yes
Time FE No No No No No No No
Observations 1040 1040 1040 1040 1040 1040 1040
S-H test (p) 0.8914 0.8659 0.8727 0.5913 0.8927 0.8982 0.8335

Countries 52 52 52 52 52 52 52
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Continuation
(8) 9) (10) (11) (12) (13) (14)
ECI 1.223™ 1.165™ 1.317™ 1.176™ 1.245™ 1.134™ 1.260™
(0.350) (0.354) (0.364) (0.353) (0.359) (0.355) (0.356)
InGDP 3.947" 3.930" 4516 3.848" 3.628" 4.510" 4.904"
(2.141) (2.116) (2.134) (2.098) (2.108) (2.138) (2.136)
InGDP2 -0.243" -0.232" -0.262*" -0.238" -0.224" -0.261" -0.282"
(0.125) (0.124) (0.125) (0.123) (0.124) (0.125) (0.124)
InSchooling -0.571~ -0.585" -0.619™ -0.528" -0.535" -0.620™ -0.663™"
(0.180) (0.181) (0.182) (0.179) (0.179) (0.184) (0.185)
InGov -0.0317 0.00337 -0.0363 -0.0718 -0.0774 -0.0260 -0.0947
(0.324) (0.326) (0.333) (0.320) (0.322) (0.320) (0.325)
InTrade 0.992™ 0.975™ 0.953™ 0.947 0.894" 0.982™ 0.934™
(0.248) (0.249) (0.251) (0.249) (0.252) (0.247) (0.248)
Corrupt
ECI_Corrupt
Gov_Effect
ECI_Gov_Effect
Accountability
ECI_Accountability
Polit_Stability 0.164
(0.125)
ECL_Polit_Stability =~ -0.318"
(0.124)
Rule_of Law -0.248 -0.0438
(0.231) (0.246)
ECI_Rule_of Law -0.506™"
(0.176)
Reg_Quality 0.115 0,181
(0.190) (0.195)
ECI_Reg_Quality -0.273"
(0.149)
Institut -0.540" -0.326

(0282)  (0.294)
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Continuation
(8) %) (10) (11 (12) (13) (14)
ECLInstitut -0.519"
(0.181)
Country FE Yes Yes Yes Yes Yes Yes Yes
Time FE No No No No No No No
Observations 1040 1040 1040 1040 1040 1040 1040
S-H test (p) 0.7461 0.8629 0.8095 0.8292 0.8162 0.9041 0.8542
Countries 52 52 52 52 52 52 52

Notes: ", and ™" denote a significance level at 10%, 5%, and 1%, respectively; heteroskedasticity-robust
standard errors are in parentheses; [Vs: lagged ECI; dependent variable: Gini coefficient.

Table 6.
Estimation results with interaction terms:
time fixed effects are added
1 (2) (3) (4) (5) (6) (7
ECI 1.266™" 1.369"* 1.255"* 1.738"* 1.422™ 1.481* 1.366™"
(0.370)  (0.368)  (0.366)  (0.400)  (0.372)  (0.396)  (0.367)
InGDP 3.905* 4.446™ 4,043 4.604* 4.630™ 4.445* 3.334
(2.112)  (2.104)  (2.148)  (2.134)  (2.018)  (2.004)  (2.150)
InGDP2 -0.256" -0.272* -0.268* -0.294* -0.313" -0.311" -0.248*
(0.126)  (0.125)  (0.127)  (0.126)  (0.120)  (0.120)  (0.127)
InSchooling -0.817* -0.746* -0.755* -0.760" -0.888" -0.877"* -0.788"
(0.204)  (0.205)  (0.202)  (0.205)  (0.205)  (0.204)  (0.203)
InGov -0.0808 -0.0973 -0.194 -0.353 -0.0580 -0.0161 -0.139
(0.324)  (0.329)  (0.316)  (0.327)  (0.316)  (0.316)  (0.318)
InTrade 0.807* 0.739* 0.743" 0.806™ 0.877* 0.915"™ 0.749"
(0.258)  (0.258)  (0.255)  (0.261)  (0.256)  (0.254)  (0.261)
Corrupt -0.430™ -0.204
(0.191)  (0.199)
ECI_Corrupt -0.576™
(0.157)
Gov_Effect -0.320" 0.0771
(0.193)  (0.209)
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Continuation
(1) (2) (3) (4) ) (6) (7
ECI_Gov_Effect -0.768"
(0.167)
Accountability -0.701™  -0.742™
(0.182) (0.187)
ECI_Accountability 0.234
(0.169)
Polit_Stability 0.204"
(0.120)
ECI_Polit_Stability
Rule_of Law
ECI_Rule_of Law
Reg_Quality
ECI_Reg_Quality
Institut
ECI_Institut
Country FE Yes Yes Yes Yes Yes Yes Yes
Time FE Yes Yes Yes Yes Yes Yes Yes
Observations 1040 1040 1040 1040 1040 1040 1040
S-H test (p) 0.8905 0.8697 0.8864 0.6259 0.8949 0.9032 0.7962

Countries 52 52 52 52 52 52 52
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Continuation

e | @ | o | an | a» | @ | av

ECI 1.391* 1.302** 1.446"" 1.329* 1.389"* 1.270™ 1.370"*
(0.366)  (0.369)  (0.378)  (0.368)  (0.373)  (0.369)  (0.368)

InGDP 3.341 3.858" 4.223" 3.783" 3.455 4.197" 4.346™
(2129)  (2122)  (2.139)  (2.115)  (2.128)  (2151)  (2.148)

InGDP2 -0.243" -0.262™ -0.273* -0.273* -0.249™ -0.278* -0.275™
(0.126)  (0.126)  (0.127)  (0.126)  (0.126)  (0.127)  (0.127)

InSchooling -0.771™ -0.803" -0.790™ -0.762™ -0.743™ -0.794™ -0.772™
(0.204)  (0.207)  (0.208)  (0.204)  (0.206)  (0.206)  (0.208)

InGov -0.115 -0.148 -0.154 -0.229 -0.212 -0.168 -0.192
(0.325)  (0.320)  (0.329) (0.317)  (0.322)  (0.318)  (0.325)

InTrade 0.785 0.786™" 0.776™ 0.735™ 0.689 0.799* 0.773™

(0.261) (0.260) (0.263) (0.262) (0.266) (0.259) (0.260)
Corrupt
ECI_Corrupt
Gov_Effect
ECI_Gov_Effect
Accountability
ECI_Accountability

Polit_Stability 0.282™
(0.126)
ECI_Polit_Stability —-0.264™
(0.126)
Rule_of Law -0.226  -0.0333
(0.227) (0.240)
ECI_Rule_of_Law -0.515"
(0.179)
Reg_Quality 0.173 0.227
(0.186) (0.191)
ECI_Reg_Quality -0.263"
(0.153)
Institut -0.358 -0.192
(0.275) (0.286)
ECLInstitut -0.512"
(0.190)

Country FE Yes Yes Yes Yes Yes Yes Yes
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Continuation

| ® [ @] co | av [ an | a3 | a9

Time FE Yes Yes Yes Yes Yes Yes Yes
Observations 1040 1040 1040 1040 1040 1040 1040
S-H test (p) 0.7242 0.8768 0.8332 0.8291 0.8203 0.9008 0.8535
Countries 52 52 52 52 52 52 52

Notes: *, ™ and ™ denote a significance level at 10%, 5%, and 1%, respectively; heteroskedasticity-
robust standard errors are in parentheses; IVs: lagged ECI; dependent variable: Gini coefficient

Tables 5 and 6 present results with interaction terms. Table 5 contains results with coun-
try fixed effects and Table 6 - with country and time fixed effects. The results, especially concer-
ning interaction terms of ECI and institutional variables remain consistent confirming robustness
of the model.

The control of corruption in a country demonstrates a significantly negative effect on
inequality (i.e., the higher the control of corruption, the less income inequality there is). As for
its mediating effect, we observe that the sign of its interaction term with ECI is significantly ne-
gative; in other words, the impact of economic complexity on income inequality is conditional on
the control of corruption in a country, with lower corruption and higher economic complexity
leading to lower inequality.

Overall, the moderating variables «control of corruption» (Corrupt), «government effec-
tiveness» (Gov_effect), «political stability» (Polit_Stability), «rule of law» (Rule_of Law) and «regu-
latory quality» (Reg_quality) demonstrate negative and statistically significant coefficients of
the interaction terms with the ECI. In other words, these factors contribute to the reduction of
income inequality in a country by mitigating the adverse effect of economic complexity. Mean-
while, higher values of the indicator «Voice and Accountability» (Accountability) reduce income
inequality, though interaction term turned out to be insignificant.

Finally, the interaction term between aggregate measures of institutions and economic
complexity displays a similar effect, suggesting that the high quality of institutions and gover-
nance in a country can reverse the pattern of economic complexity increasing inequality. Accor-
ding to this observation, a country with effective governance and redistribution systems, low
levels of corruption, and political stability may experience a reduction in income inequality when
its level of complexity increases; conversely, low-quality national institutions can inhibit the ot-
herwise positive effects of increasing economic complexity and exacerbate inequality.

Thus, we can conclude that well-functioning institutions can play a crucial role in shaping
the impact of growing sophistication in the economy, and economic complexity can reduce in-
come inequality if institutions are well-functioning. Institutional factors such as political stability;
effective governance, high quality of public and civil service, sound policy formulation and im-
plementation, private sector regulation and development; rule of law (e.g,, expressed by the qua-
lity of contract enforcement and property rights, effective policing, and independent and com-
petent courts); and control of corruption create favourable conditions for more equal benefits
from growing economic complexity. The improvement of institutional conditions through any
of these channels can facilitate a decrease in income disparities.
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5. Conclusion

This paper provides new insights into understanding the essence of the relationship bet-
ween economic complexity and income inequality. To address heterogeneity across groups of
countries, and identify possible non-linear patterns in this relationship, we analysed the impact
of economic complexity on income inequality in two regions: ECA, and MENA. There is a signifi-
cant gap in levels of inequality and economic complexity between these two regions, and our
analysis accounts for these diverse economic conditions. Our results underscore that the effect
of increasing economic complexity may vary depending on countries’ individual characteristics,
such as the level of economic development, regional affiliation, human capital, and quality of in-
stitutions.

Supporting previous findings, we argue that the overall relationship between economic
complexity and income inequality is positive. In other words, generally increasing economic
complexity leads to higher inequality. As for a non-linear relationship, there is a lack of reliable
evidence to confirm it for a sample of all countries. However, the regional sub-groups analysis
indicates a U-inverted relationship between economic complexity and inequality in ECA coun-
tries, while in MENA countries there are no significant results, partially confirming H1 on the
non-linear relationship between economic complexity and income inequality.

This result implies that economic sophistication and diversification of production initially
increase income disparities in ECA economies, but after reaching a certain level of economic
complexity, these countries start to experience a decrease in income inequality alongside further
increases in economic complexity. Meanwhile, we highlight the importance of considering the
institutional and socio-economic environment in a particular region or country, since the bene-
ficial effects of increasing economic complexity are associated with a more conducive environ-
ment (as explained previously), in line with previous studies.

Our finding that education, as a proxy for human capital, reduces income inequality, re-
flects that an increase in economic complexity is closely related to technological progress and
development of productive knowledge. Therefore, sustainable economic development requires
education and training of personnel that would enable employees to adapt to new knowledge
and technologies and interact in the complex economic system. Thus, government should both
provide equal opportunities for education, and ensure the quality and relevance of education and
training to address the real challenges in the economy. In addition, it is necessary to develop and
support institutions that help enhance the quality of education and its compliance with the stan-
dards as well as challenges of the modern world.

Estimation results also indicate an adverse effect of international trade on income dispari-
ties. On one hand, the economic openness and integration into international trade can contribute
to the formation of competitive markets and attract capital and human resources to industries,
providing jobs for employees with various skill levels, and thus decreasing income inequality.
On the other hand, the gains from international trade can be distributed disproportionately, thus
increasing wage differentiation between groups of workers, as well as enlarging a gap between
employees and individuals in charge of business or involved in policy making. When top mana-
gement, business owners, government officials, or workers from specific industries benefit from
openness relatively more than the other population groups, this can deepen income inequality.

The finding that higher institutional quality decreases income inequality implies that in-
stitutional reforms are needed to create effective checks and balances and thus reduce inequality
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and prevent further distortions in income distribution. However, while carrying out these re-
forms, it is essential to avoid restricting economic freedom and hindering innovations and en-
trepreneurial activity. An increase in economic complexity along with the transformation and
strengthening of a country’s institutions will facilitate a sustainable economic growth beneficial
for all social strata, and imply a fairer distribution of income in society. This type of economic
development will help reduce inequality or at least will not lead to its egregious exacerbation
with increasing economic complexity.

Besides, in line with previous research, our results suggest that the quality of institutions
has a significant mediating role in the relationship between economic complexity and income
inequality, thus confirming H2. Indeed, well-functioning inclusive institutions can strengthen the
positive effects of economic complexity and level-out its negative consequences. Accordingly, we
claim that the relationship between economic complexity and income inequality can be influenced
through policy measures aimed at promoting sound and effective regulations, providing people
with high quality public services, lowering corruption, preventing disproportionately high gains
for some income groups, ensuring law enforcement, maintaining the independence of the judi-
ciary branch of power, and preserving political stability.

We believe that to maximize benefits from the increasing economic complexity accompa-
nied by technological progress and the transition to the knowledge economy, it is vital to priori-
tize the development of institutions as well as implement national systems and programs for
monitoring their quality and improving the most vulnerable areas.

Overall, determining policy implications should concern not only increasing economic
complexity, as if it were a single causal factor for inequality, since the economic complexity indi-
cator is determined by a combination of unknown causes and factors [Hidalgo, 2022]. Instead,
policies should focus on considering the underlying factors and mechanisms that allow society
to benefit from economic complexity. Consequently, further research is required to explore the
relationship between economic complexity and factors that can play a mediating role between it
and inequality, and also to develop rational policies addressing these factors. Besides, differences
across countries and patterns of their development deserve further research to shed new light
on the nexus between economic complexity and inequality for various groups of countries, and to
provide new insights into the impact of economic complexity on income inequality.
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Appendix A
Sampled countries

High GINI |ECIrank Upper middle GINI EClrank | Lower middle| GINI ECI rank
income 2020 2020 income 2020 2020 income 2020 2020
Slovakia 22.3 13 Belarus 24.6 31  Ukraine 27.0 49
Slovenia 24.3 11 Kazakhstan 27.7 81 Kyrgyzstan 32.0 54
Czech Azerbaijan 30.6 121  Algeria 32.4 108
Republic 244 6

Finland 26.0 14 North Macedonia 32.0 58  Uzbekistan 35.9 78
Belgium 26.1 22 Russia 32.8 51 Tunisia 37.9 44
Norway 26.2 37 Serbia 33.4 38 Iran 38.4 85
Sweden 26.7 8  Armenia 36.3 77 Egypt 40.0 69
Denmark 26.9 23 Jordan 37.2 59 Morocco 40.6 80
Netherlands 27.4 28  Albania 37.3 74  Tajikistan 45.3 94
Austria 27.5 7 Georgia 37.5 68

Hungary 28.3 9  Bosniaand

Herzegovina 38.6 36

Ireland 28.6 15  Bulgaria 38.9 39

Croatia 29.5 32 Turkey 39.9 41

Poland 29.7 26

Germany 29.8 3

France 30.0 18

Cyprus 30.1 45

Switzerland  30.9 2

Estonia 30.9 27

Greece 309 50

United

Kingdom 314 10

Spain 32.0 33

Portugal 321 34

Italy 33.7 16

Romania 34.1 19

Israel 34.4 21

Latvia 35.0 35

Lithuania 354 29

Qatar 40.2 71

Saudi

Arabia 46.7 42
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Appendix B
Robustness check
Table 7.
Estimation results for all countries in the sample:
with lagged ECI and lagged GDP p.c. as IVs
Dependent variable: Gini coefficient
(1) (2) (3) (4) (5) (6) (7) (8)
ECI 1.196™ 1.294™ 1.449™ 1.498™ 1.386™" 1.464™ 1.632™ 1.680™

(0.352)  (0.368) (0.361) (0.374) (0.369) (0.386)  (0.379)  (0.392)

InGDP 5.051"  5.420"  4.046°  4.286°  4.628"  4.866™  3.258 3.420
(2187)  (2.225) (2.255) (2301) (2.204) (2.240)  (2.295)  (2.338)

InGDP2 ~ -0.295* -0.313"  -0.240" -0.252° -0.302" -0.311"  -0.217  -0.224
(0.128)  (0.129)  (0.132) (0.134) (0.130)  (0.131)  (0.136)  (0.137)

InSchooling -0.601**  -0.627"* -0.644™" -0.658" -0.787"* -0.790"" -0.765" -0.768""
(0.186)  (0.188) (0.186) (0.187) (0.211)  (0.212)  (0.208)  (0.209)

Institut  -0.569* -0.574" -0.511* -0.516" -0.393  -0413  -0.375  -0.387
(0.284)  (0.286) (0.280)  (0.281)  (0.279)  (0.283)  (0.277)  (0.280)

InGov -0.0470 -0.0852 -0.0168 -0.0394 -0.187  -0.206  -0.100  -0.112
(0.322)  (0.326) (0.322) (0.324) (0.321) (0.326)  (0.325)  (0.329)

InTrade  0.999**  0.997**  0.910™ 0911 0.815™ 0.821™ 0.723"™  0.728"
(0248)  (0.249) (0.252) (0.253) (0.261)  (0.262)  (0.266)  (0.268)

ECI2 -0.123 -0.0699 -0.0926 -0.0542
(0.113) (0.118) (0.120) (0.125)
Institut2 -0.642" -0.623" -0.685""  -0.677""
(0.200) (0.204) (0.207) (0.211)
Country FE Yes Yes Yes Yes Yes Yes Yes Yes
Time FE No No No No Yes Yes Yes Yes
N 1035 1035 1035 1035 1035 1035 1035 1035
S-H test

(p-value) 0.8586 0.8992 0.7939 0.8185 0.3024 0.3446 0.3034 0.3180

Countries 52 52 52 52 52 52 52 52

Notes: *, ™ and ™ denote a significance level at 10%, 5%, and 1%, respectively; heteroskedasticity-
robust standard errors are in parentheses; 1Vs: lagged ECI and lagged GDP p.c.
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Table 8.
Estimation results for all countries in the sample:
GDP per capita and GDP per capita squared are excluded

Dependent variable: Gini coefficient
(1) (2) (3) (4) (5) (6) (7) C)

ECI 1.012  1.045™ 1314™ 1319™ 1173 1221 1483 1503
(0.343) (0.351) (0.351) (0.357) (0.367) (0.376) (0.376) (0.383)

InSchooling  -0.569" -0.568"" -0.656™" -0.655"" -0.740" -0.736"" -0.759"" -0.756""
(0.165)  (0.166) (0.166) (0.166) (0.204)  (0.204)  (0.202)  (0.202)

Institut -0.434* -0.418" -0.424" -0.419" -0.493" -0.469° -0.463" -0.451"
(0.249) (0.247) (0.241) (0.240) (0.243) (0.240) (0.235) (0.233)
InGov 0.0455 0.0230 0.0830 0.0769 0.0601 0.0265 0.105 0.0863
(0.305) (0.309) (0.308) (0.309) (0.314) (0.318) (0.316) (0.319)
InTrade 0.774  0.768™  0.726™  0.725"™  0.657" 0.648™ 0.613* 0.609™
(0.245)  (0.245) (0.246) (0.245) (0.252) (0.252)  (0.255)  (0.255)
ECI2 -0.0561 -0.0148 -0.0814 -0.0430
(0.107) (0.110) (0.112) (0.116)
Institut2 -0.677" -0.674™" -0.739"™ -0.730™"
(0.191) (0.192) (0.196) (0.197)
Country FE Yes Yes Yes Yes Yes Yes Yes Yes
Time FE No No No No Yes Yes Yes Yes
Observations 1040 1040 1040 1040 1040 1040 1040 1040

S-H test (p) 0.9379 0.9369 0.7686 0.7676 0.9070 0.9061 0.7118 0.7093
Countries 52 52 52 52 52 52 52 52

Notes: *, ™ and "™ denote a significance level at 10%, 5%, and 1%, respectively; heteroskedasticity-
robust standard errors are in parentheses; IVs: lagged ECL.
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MakKpo3KOHOMHUYECKUH aHAJIN3 BJIUSIHUS IKOHOMUYECKOM
CJIOKHOCTH Ha HEPAaBEHCTBO J0XO00B:
KakoBa poJib Ka4yecTBa HHCTUTYTOB?

JaBugcoH Hatanbsa bopucoBHal, Maron Ekatepuna AjleKCaHAPOBHA?Z,
Mapues OJier CBATOC/1aBOBUY?3

1 K.3.H,, fo1ieHT Kadeapbl MEXAYHAPOJHON SKOHOMUKU U MEHEPKMEHTA,
WHCTUTYT 5KOHOMHUKH U yIIpaBJeHUs, YpaabCKuil ¢pe/lepalbHbIA YHUBEPCUTET,
19, yi1. Mupa, Ekatepun6ypr, 620002, Poccusi.

E-mail: natalya.davidson@gmail.com

2 CTyZ,eHTKa MarucTpaTypsl, UHCTUTYT 3KOHOMUKH U yIIPaBJIEHUS,
Ypanbckui dpesepanbHbIi YHUBEPCUTET
19, yn. Mupa, Exatepun6ypr, 620002, Poccus.
E-mail: Volkova2016consta@gmail.com

3 K.3.H., 101[eHT, 3aBeAy0IKH Kadeapoil 5KOHOMUKH,
WHCTUTYT 3KOHOMHUKHU U yIpaBJieHUs1, YpaibCKUil peiepajibHbI YHUBEPCUTET,
19, ya. Mupa, Exatepun6ypr, 620002, Poccus.
E-mail: o.s.mariev@urfu.ru

B cTaTbe paccMaTpuBaeTcs B3aMMOCBA3b MEX/AY 3KOHOMUYECKOU CJI0’)KHOCTBIO U Hepa-
BEHCTBOM [I0XO/I0B C Y4€TOM POJIM MHCTUTYTOB Ha OCHOBe JaHHbIX 32 1996-2020 rr. o 52 pas-
BUTBIM U pa3BUBaKOIMMCcA cTpaHaM EBponel u llenTpanbHOM A3uy, a Takke barbxHero Bocroka
u CeBepHo¥ Adpuku. Bkias vcciesoBaHNUs COCTOUT, BO-NIEPBBIX, B TOM, YTO ITPOAHAIM3UPOBa-
HO BJIMSIHHE 3KOHOMMYECKOH CJI0KHOCTH Ha HEpPaBEHCTBO JI0X0/|0B C yYeTOM KauyeCTBa MHCTH-
TYTOB B LeJIOM U OT/|eJIbHBIX aCIeKTOB MHCTUTYLIMOHAJIBHOTO Pa3sBUTHA. Bo-BTOpBIX, y4TeHa
HeJIMHelHas ¢opMa 3aBUCUMOCTH MeXJy IKOHOMHYECKON CJI0XKHOCTbI0 U HEPABEHCTBOM [I0-
XO/IOB, @ TaKXKe pa3HOPOHOCTb JJAHHOM B3aWMOCBSA3HU /ISl pPa3HbIX rpynn cTpaH. [Ipo6iema 3H-
JIOTEHHOCTH pellieHa [TPY NOMOIIH ABYXLIAroBOro MeTo/ja HAMMEHbIIUX KBaipaToB ¢ PUKCUPO-
BaHHBIMHU 3¢ deKTaMu U UHCTPYMEHTA/IbHbIMU [lepeMeHHbIMU. [losydyeHHble pe3yJIbTaThbl CBU-
JleTeIbCTBYIOT O TOM, YTO /IS 0011eH BbIGOPKH CTPaH POCT 3KOHOMHUYECKOH CI0)KHOCTH B CTPaHe
IPUBOAUT K POCTY HEepaBeHCTBA A0X0A0B. BMecTe ¢ TeM BIMsAHNE SKOHOMHYECKOH CJI0KHOCTH
Ha HepaBeHCTBO BapbUPYeTCs IO rpymIaM CTpaH, a g cTpaH EBponsl v LleHTpanbHOU A3umn
3Ta 3aBUCUMOCTb UMeeT ¢popMy NepeBepHyTOH U. [IpM 3TOM B YCI0BUAX Pa3BUTOCTH UHCTUTY-
TOB 3KOHOMHYECKasl CJI0KHOCTb CIIOCOGCTBYET CHIXKEHHUIO HepaBeHCTBa. MOXKHO c/ies1aTh Bbl-
BOJI, O TOM, YTO pPa3BUTHE BCeX aclleKTOB UHCTUTYTOB IIPUBOJAUT K CHIXKEHUIO HepaBeHCTBA [0-
xo/10B. Takke pe3y/IbTaThl UCCIeJ0BAaHUS CBUETENbCTBYIOT O TOM, UYTO CHHXKEHUIO YPOBHS He-
paBeHCTBa CoCcOOCTBYeT pa3BUTHe chepbl 06pa3oBaHus. Kpome Toro, mosy4yeHHble pe3y/IbTaThl
MO3BOJIAIOT CAEIaTh BbIBOJ, O HEOOXOJUMOCTH 3KOHOMHUYECKOHN MOJIMTUKH, CIOCOOCTBYIOIEH
60J1ee paBHOMEpPHOMY paclpe/ieJIEHUIO BbIT0/, OT 3KOHOMHUYECKOT'0 Pa3BUTHS U MeX/YHapOJAHOM
TOPTOBJIH.

Karoueswle c/108a: 53Kx0HOMHYECKasI CI0KHOCTh; HEepaBEeHCTBO A0X0/0B; Ka4€CTBO MHCTH-
TYTOB; 3SKOHOMUYECKO€E PAa3BUTHE; NTHCTPYMEHTAJIbHbIE [IEPEMEHHbIE; SKOHOMUYECKas MOJNTHUKA.
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O pelueHMH AeTepPMUHUPOBAHHOMN U CTOXAaCTUYECKOU 3aa4U

AOMallIHEro X034MCTBA C KOHEYHBIM TOPHU30HTOM
IJIAHUPOBAHUA

IMuabauk H.II.

B cTaTbe Ha npuMepe ONTHMHU3ALMOHHON 33/]Ja4y IOMOX0351MCTBa, KOTOpOe
NPUHUMAaeT pelieHHe 06 06beMax NOTpebJieHUsl U UHBECTUPOBaHUs, I0Ka3aHo,
KaKHe CJI0KHOCTH BO3HUKAIOT B IeTEpPMHUHHUPOBAHHBIX U CTOXaCTUYECKUX MOCTa-
HOBKax Ha KOHEYHOM BpeMeHHOM HHTepBaJie. B 3aziayue 1141 ee pa3peliMMOCTH Ha
KOHEYHOM BpeMeHHOM HHTepBaJle [J06aBJsieTcsl cliellMaJbHOe TepMUHAIbHOE yC-
JIOBHE HA COOGCTBEHHBIH KallHUTaJl areHTa, 06061aollee cTaHAApTHbIe BApUAHTHI
TaKUX yCJIOBUH.

B cTaTbe paccMaTpHBalOTCs JjBe MOCTAaHOBKHU. [lepBast NocTaHOBKA — JieTep-
MUHUPOBAHHBIN C/Iy4ai, NpeAmnoJiararlyi, YTo JOMOX03MCTBY U3BECTHBI TPAEKTO-
PHH BCceX 9K30TeHHBIX [TIepeMeHHbIX HAa BCEM pacCMaTpUBaeMOM BPeMEeHHOM HH-
TepBaJjie. HalileHO aHa/JMTUYeCKOe pellleHUe 3TOM 3a/layM M MOKa3aHo, 4To 3a
CYeT BbIOOpA MapaMeTpa TEPMUHAJBHOIO OrpaHUYEeHHs B 33/ja4e HA KOHEYHOM
BpPeMeHHOM HMHTepBaJle Bcer/ia MOXKHO MOJyYUTh TPAeKTOPHIO NOTpebJieHUs U3
pelieHus aHaJIOTHYHOM 33/1a4H, OCTaBJIEHHOH [/ GECKOHEYHOT0 FOPU30HTA MJIaHU-
poBanust. Eciu »xe BbIGHpaTh K03QOUIIMEHT TEPMUHATIBHOTO YCJIOBHS TaK, YUTO6BI
ONTHMaJIbHAs TPAeKTOpUs NOTpeb/IeHUsT IPOoJo/Kala NpeAblAyliee HCTOPUYe-
CKOe 3Ha4YeHHe, TO IPH ONpe/ieJIeHHOM COYeTaHUM Havya/bHBIX YCJIOBUH 3a/a4a
JIOMOX0351IMCTBa MOXeT ObITh JIN60 pa3pelIMMa TOJBKO [0 ONpe/ie/leHHOT0 TopU-
30HTA IJIAHUPOBAHMUS, JIM60 GBITH BOOOIEe HEpA3penInma.

BTopast nocTaHOBKa - CTOXaCTHYECKUH CJIy4al, KOr/a JOMOX035IHCTBO 3HAET
TOJIBKO 3aKOH pacrpe/ie/IeHHs 9K30TeHHbIX epeMeHHbIX. [los1Hoe aHanTHYecKoe
pellleHHe B 3TOM CJlyyae Npe/iCTaBUTb He yaeTcs, OJHaKO NpeJjiaraeTcs nocjae/o-
BaTeJIbHBIA aITOPUTM, KOTOPBIH MO3BOJISIET MOJIYYUTH IIOIIAroBOE ONMCAHKE pac-
YeTa TAaKoro pelleHus. McciejoBaHre CBOMCTB IOCTPOEHHOM MO/iesv I03BOJIsET
[10Ka3aTh, HACKOJIbKO OTJIMYAETCsI paboTa CO CTOXaCTUYECKMMH ONITHMU3aL[MOH-

IIuibHuK Hukosiai [leTpoBuY - K.3.H., /IolleHT, HaroHabHBIN KCCie/oBaTeIbCKUNA YHUBEPCUTET «BbIc-
Imast IKoJIa 3KOHOMUKMY»; C.H.C., Pusnyeckuit uHCTUTYT UMeHu [1L.H. Jle6enena PAH; c.H.c., HayuHo-uccie-
JloBaTeJIbCKUHM GHHAHCOBBIA MHCTUTYT MuH$uHa Poccuu. E-mail: npilnik@hse.ru

Cratbs noctynuiaa: 17.11.2024 /CtaTtbs npunsTa: 06.02.2025.
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HBIMH 33/]a4aMU /s aHaJIM3a OTKJIOHEHUH OT HEKOTOPOH BblJIeJIEHHONW TPAEKTO-
PHH COCTOSIHUH (c6a/TaHCHPOBAaHHOTO POCTA) B OTBET HA peaM3alMIo JPyTUx Co-
CTOSIHUH (IIOKOB) OT 33/la4M aHA/IN3a KOHKPETHBIX PeaJM30BaBIIMXCS TPAEKTO-
pHii TepeMeHHbIX areHTa.

Kawuesvle c/108a: TepMUHAIbHBIE YCJIOBHS; ONTUMU3ALMOHHAs 33/ja4a JJOMOXO3SIMCTBA; KO-
HEYHbIM FOPU30HT IJIAHWPOBAHUS; YCIO0BHUS ONTHUMAIbHOCTH B popMe JlarpaHxka; c6anaHcHpo-
BaHHBIHN POCT.

Jia nutupoBaHus: [TunbHuk H.IL. O pelieHuu 1eTepMUHHUPOBAaHHOW U CTOXACTUYECKOW 3a/a-
YU JIOMAIIHEro X03sHCTBAa C KOHEYHBIM FOPHU30HTOM IJIAHUPOBAHHUSA. IKOHOMUUECKUT HCYPHA
BII3.2025; 29(1): 42-71.

For citation: Pilnik N.P. On the Solution of a Deterministic and Stochastic Household Problem
with a Finite Planning Horizon. HSE Economic Journal. 2025; 29(1): 42-71. (In Russ.)

1. BBeaeHue

OnurcaHue noBeJieHUs1 3KOHOMUYECKHUX areHTOB B IUHAMHUYECKUX MOJeJAX C IOMOIIbIO
NPUHIMIA ONTHMATbHOCTH SIBJISETCS OJHHUM M3 OCHOBHBIX CIIOCOG0B O6'bSICHEHHS 3aKOHOMED-
HOCTeH U3MEeHeHUs KOJIMYeCTBEHHBIX [TepeMEeHHbIX B COBPEMEHHON 3KOHOMUYECKOW TEOPUHU.
3a/iauy TaKoro THIA UCINOJIb3YIOTCS KaK OTAe/bHble 6J10KU 6oJslee 06IIUX MOoJieslell — Moesielt
3KOHOMHYECKOTO PaBHOBECHS, NIPe/ICTABIAIOIINX COO0M NONYyApHbIA UHCTPYMEHT aHa/Iu3a U
IIPOrHO3UPOBAHHUSI Pa3BUTHSA HAIlMOHAJIBHON 3KOHOMHUKM. Yallle Bcero peub UAET O JUHAMUYe-
CKHUX CTOXaCTHYeCKUX MoJieisIx ob1ero paBHoBecus (DSGE), B KOTOpbIX ONTHMHU3aLMOHHbIE 3a-
Jlay areHToB GpOpMyJIMPYIOTCS B JUCKPETHOM BpeMeHH C 6€CKOHEYHBIM TOPU30HTOM IJIaHH-
pOBaHMUs, a YaCTb IIepeMEHHBIX, KOTOPbIe He SBJAKTCS YIIpaBJeHHeM areHTa, ONUCbIBAIOTCSA
KaK C1y4alHble MPOIECCHI.

Takve onTHMHU3ALUOHHbIE 33/Jla4l KPOMe HeNoCpe/CTBEHHO QYHKIIMOHA/IA, KOTOPbIN
areHT MaKCMMM3MpYeT, HAY1Has OT TeKyllero (B TepMHUHaX MO/leJIM) MOMeHTa BpeMeHH JI0 To-
PH30HTA IJIAaHUPOBAaHU, Kak [IPaBUJIO, BKJIIOYAIOT HA60p OTrpaHUYeHU B BU/le pAaBEHCTB WU
HepaBeHCTB, CBA3bIBAIOIIUX NIepeMeHHbIe MO/ieJIM B OJJMH U TOT Ke UJIM B COCeiHMe MepHUO/ibl
BpeMeHH. OTAe/IBHO ClefyeT CKa3aTb O FPAaHUYHBIX YCJIOBUAX TaKUX AMHAMHUYeCKHX 3aja4. Ha-
YaJIbHbI€ YCJIOBUS BBITJIAAAT BIOJIHE eCTECTBEHHO C 9IKOHOMUYECKON TOYKH 3peHUs: 3Ha4eHHs
NepeMeHHbIX THIIA «3alac» HaCJIeAyHTCs U3 Nepuo/ia, Npe/liecTByoLero Tekyiemy. Koneu-
Hble (WM TepMUHAJIbHbIE) YCI0BUS, KaK IPaBUJIO, ABJSIIOTCA HE0OOXOAMMBIMU C MaTeMaTHye-
CKOM TOYKHU 3peHHUs J/Is1 06eclieyeHHst pa3pellinMOCTH 33/1a4H, HO OKa3bIBAIOTCS CI0XKHee /IS
3KOHOMHYEeCKON HHTepNpeTaluu.

Cnenudrika NCHIOJIb30BaHUS TEPMHUHAIBHBIX YCIOBUM B 3HAYUTEIbHON CTENIEHH 3aBUCUT
OT cI10co6a ONMCAaHUsI BpeMeHHU B MO/IeJIU: IBJSIeTCs JIM pacCMaTpPUBaeMblii HHTEPBaJ KOHeY-
HBIM WJIM 6€CKOHEYHBIM, JUCKPETHBIM HJIM HENPEPbIBHBIM. B cilyyae KOHEYHOro BpeMeEHHOTO
MHOeCTBa (M COOTBETCTBEHHO KOHEYHOI'0 FOPU30HTA MJIaHUPOBaHUs1) TePMHUHAJIbHOE YC/I0BUE
CBOAUTCA K OJJHOMY WJIM HECKOJIbKMM COOTHOLIEHHUAM Ha 3Ha4YeHHUsl NlepeMeHHbIX areHTa B IO-
cJleJHUH MOMEHT BpeMeHHU. B ciiyyae 6eCKOHEYHOr0 BpeMEeHHOT0 MHOXKeCTBa TepMUHAJIbHOE
yCJIOBHE IPUXOAUTCS GOPMYTUPOBATD Yepe3 MpesieibHble COOTHOIIEHHUS.
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3a/1ayu areHToB B JJUCKPETHOM BpPeMEHHU B JIETEPMUHUPOBAHHON MOCTAHOBKE paccMart-
PHUBAIOTCS, KaK IPaBUJIO, HA 6ECKOHEYHOM BpeMeHHOM uHTepBaJse (cM.: [Chang, 1998; Kamihiga-
shi, 2001; Blot, Hayek, 2014]. ['1aBHOe npenMy1ecTBO TaKUX 33/1a4 B BO3MOXXKHOCTH MOJIyYEHHS
MOJTHOT'O aHAJIUTHYECKOT0 pelleHus. /lJist 3Toro yaile BCero UCIoJb3yITCS YCIOBHS ONTHUMAaJb-
HOCTH B popMe JlarpaHka, a TEpMUHAIBHOE YCI0BUE, CGOPMYIUPOBAHHOE KaK OTPAaHUYEHHUS Ha
BO3MOXKHBIH POCT NEpPeMEHHbIX THIA «3anac» Ha 6ECKOHEYHOCTH, MT03BOJISIeT HAUTHU HaYalbHOe
3HaueHHe IIepeEMEHHOM THIA IIOTOK», UCMOJIb3yeMOM B KauecTBe apryMeHTa GpyHKIMOHAJIA areH-
Ta. AHAJIOTUYHBIH GOPMAT TEPMHUHAJIBHBIX YCJIOBUI UCHOJIL3YETCS U [IPH PElIeHUH ONTUMH3a-
IIMOHHBIX 33/1a4 Yepe3 ypaBHeHUe besiMaHa Kak, HanpuMep, B pabotax [Wiszniewska-Matyszkiel,
2011; Da Lio, 2000; Tkachev, Abate, 2012].

3aziaun areHTOB B HENMPEPHIBHOM BPEeMEHH OKa3bIBAIOTCS CJIOXKHEEe M3-32 HEe0OXOIUMO-
CTH KOPPEKTHOTO OMUCAHUS MPOCTPAHCTBA QYHKIMH, B KOTOPOM HIIETCA pelleHue. TeM He Me-
Hee B IETEPMUHHUPOBAHHOM MOCTAHOBKE 3/1eCh TAKXKe UHOT/IA YAIAETCsA HAUTH pellleHUe B aHa-
JINTUYECKOM BU/Ie. 33/]Ja4¥ C KOHEYHBIM FOPU30HTOM IJIAHUPOBAaHUA y100HEee peliaTh Yepes yc-
JIOBHsSI OITUMAJILHOCTH B popMe Jlarpamka, Kak B [AHzApeeB U ap., 2007; Pospelov, 2013]. B aTtom
c/lydae OKa3bIBAETCS BO3MOXKHBIM IOCTABUTh €JUHOE TEPMUHAJIbHOE YCI0BUE Ha JIMHEHHYIO
KOMOHHANWI0 $a30BbIX IIepeMEHHBIX MOJIEH, KO3UIIEHTBI KOTOPOU ONpee/ITIoTCs B MPo-
recce pelleHus. 3a1a4M ¢ 6eCKOHEYHBIM TOPU30HTOM IJIAHUPOBAHUS YA00Hee pelaTh yepes
OpUHIUN MakcuMyMa [loHTpsAruHa. U xoTsa no ¢opMe 3TH YCJIOBUS JOCTATOUHO CXOXKHU C UX
aHaJIoraMH B IMCKPETHOM BPEMEHH, 0/HAKO MPU UX UCMO0JIb30BAHUU BO3HUKAET IIeJIbIi psj| TeX-
HUYECKUX NP06JIeM, TPeOYIOLIHMI aKKypaTHOrO U3YYeHHs M0JIy4aeMbIX YCIOBHH ONTUMA/TbHOCTH,
KaK MoKa3aHo B paboTax [Aseev et al., 2012; Carlsonet et al., 2012; Jlo6aHoB, 1999].

JlobaBJyieHHe B 33/1a4y areHTa CTOXaCTUYEeCKHUX lIepeMEHHBIX CYIECTBEHHO YCJIOXKHSIET ee
HCCIeZIOBAHME U JleJIaeT MPAKTUUYeCKH HEBO3MOXKHBIM MOJIyYEeHHE aHAJTUTUIECKOTO PelleHUS.
[Ipu 3TOM TEPMUHATBLHOE YCJIOBHE OCTAETCS €€ 00513aTeJbHBIM 3JIEMEHTOM, OJ[HAKO Telepb
HY>XKHO YTOUYHSITh, B KAKOM CMBICJIe OHO JIO/DKHO BBITIOIHATBCS (HA KaX/I0H BO3MOXKHOU Tpaek-
TOPHH, B CPEIHEM WJIH, HAIPUMED, C 33/ITAaHHON BepOsITHOCTHI0). CaMa GpopMyJIMpOBKA TEPMHU-
HAJILHOTO YC/IOBHUSI B CTOXaCTUYECKUX 33/1a4aX Ha OECKOHEYHOM BPeMEHHOM rOpHU30HTE OKa3bl-
BaeTCs BeCbMa HETPHBHUAJIBHBIM BOIIPOCOM, KakK Noka3aHo B [Ljungqvist, 2018; Benveniste, 1982;
Brock, 1982].

Bo/IbIIMHCTBO COBpEMEHHBIX JMHAMUYECKUX MOJIeJIEN 001IEero paBHOBECHUS UCIIOJIb3YIOT
MMEHHO CTOXaCTHUYECKYH BEPCHUIO ONTUMHU3ALMOHHBIX 33/1a4. BapyaHThI BKJIHOUaeMbIX B HUX
TepMHUHAJIbHBIX YCIOBUM MOXKHO HalTHU B [Ljungqvist, Sargent, 2018; Candless, 2009; Fernandez-
Villaverde, 2016]. Tem He MeHee BaXKHO OTMETUTbD, YTO B OOJIBIIMHCTBe NpuKaaaHbiXx DSGE-Mo-
JleJied BOITPOC TEPMHUHAJIBHBIX YCI0BUN OT/IEJIbHO HE pPACCMAaTPUBAETCS B MIPEATIOJIOKEHHUH, YTO
WCIOJIb3YeTCs] X CTAaHJAPTHAsi BepCHsl, KOPPEKTHOCTb ITPUMEHEHUs] KOTOPOH He BCerja ode-
BU/IHA. JTO CBA3aHO CO CTAHAAPTHOM NMPAaKTUKOMN HCCIe[0BaHUS He UCXOJHOH, a INHeapu3o-
BaHHOM BOKPYT TPAeKTOPHUH COAJIAHCUPOBAHHOTO POCTA BepCcUU MoJesu. Kak Mbl mokaxeM fia-
Jiee Ha OTHOCUTEJILHO MTPOCTOM MPUMEPE, TAKHE NMEPEX0/ibl MOTYT MOPOXK/ATh CBOU MPOBJIEMBI
Y He BCer/la UX CJIelyeT CYUTATh KOPPEKTHBIMHU.

B 3Toli cTaThe Mbl PACCMOTPUM ONTHMU3ALMOHHYIO 33/1a4y JJOMOX03sHCTBa, KOTOpOe
NPUHUMAET pelileHre 00 06'beMax MOoTpebIeHUsI U MHBECTHPOBAHKS HA KOHEYHOM BPeMEHHOM
HMHTepBaJie, B ABYX NOCTAaHOBKAx. [lepBas mocTaHOBKa — IeTEPMUHUPOBAHHBIN Cy4Yal, pej-
MOJIAaTAOIIMH, YTO JIOMOXO3SIUCTBY U3BECTHBI TPAEKTOPHUH BCEX 3K30TEHHBIX MIEPEMEHHBIX Ha
BCEM pacCMaTpHUBAaEeMOM BpeMEHHOM HHTepBaJie. BTopasi HOCTaHOBKA — CTOXaCTUYECKHUH CITy-



2025 IKOHOMHYECKHH )KYPHAJI BILI9 45

yai, Korjja JoMoX03s1iCTBO 3HAET TOJIbKO 3aKOH pacnpe/iesieHUs1 3K30TeHHbIX TepeMeHHbIX.
JleTepMUHUPOBaHHAs MOCTAHOBKA MO3BOJIMUT MOJYyYUTh aHAJIUTHYECKOE pellleHHe U NoJPOGHO
MIPOaHAJM3UPOBATh CBOMCTBA, KOTOPbIE IPUBHOCUT B MOJENb ClelbHUIeCKOe YCIOBHE TPAHC-
BepCaJIbHOCTH, U3HaYa/IbHO ONKUCAaHHOe B paboTe [[IunbHuK, [Tocniesos, 2007]. Ha mpumMepe crto-
XaCTHUYECKOM NMOCTaHOBKH MO/IeJIU OYAET IOKa3aHO, KaKHe CJIOKHOCTH, CBSI3aHHbIE C UCIIOJIb30-
BaHUEM TEPMUHAJbHBIX YCJOBUN, MOTYT BO3SHHUKATh B 33/[layaX CTOXaCTUYECKOW ONTUMHU3A-
uuu u DSGE-Mopensx.

B cTaTbe paccMaTpuBaeTcsl 33/jlaya TOJIbKO OJJHOT'0 3KOHOMHYECKOT0 areHTa — JJoMOX0-
3sicTBa. B 6osbmnHCTBE coBpeMeHHbIX DSGE-Moziesielt UMeHHO 3TOT 6JIOK (MU OZUH U3 6JI0-
KOB 3TOTO THIIA) OMUCHIBAETCSI HauboJiee NeTaIbHO U IIPEe/ICTaB/ISIET OCHOBHYIO CJIOXKHOCTbD.
B 3ToM miaHe BbIBO/IbI, NOJIyYEHHbIE B CTAThE, OTHOCATCS HE TOJIBKO K TAKUM ONTHUMHU3aLMOH-
HbIM 33/la4aM, HO U MOJieJIsIM PaBHOBECHS B LIEJIOM.

2. leTepMUHHPOBAHHBIN CIydal
2.1. [TocTaHOBKA 3a/la4M A0MOXO03siCcTBa

l'[epef/'l,qu K paCCMOTPEHUIO AETepMHHHPOBaHHOﬁ INIOCTaHOBKH OHTHMHSauHOHHOﬁ 3a-
AaqdHu. PaCCMOTpI/IM AOMOXOBHﬁCTBO, KOTOpO€ MaKCHMMHU3UPYET MO0JIE3HOCTb COOCTBEHHOTO IO-
Tp66JIeHI/Iﬂ Ha IPOTAXEHHWH IT0C/IeJOBATECJIbHOCTH MOMEHTOB BPEMEHU U3 KOHEYHOT O Ha60pa
t=0,..,T-1.

~

-1

(2.1) U(C,)B" — max

..,
I
(=]

3a cueT BbIGopa TpaekTopui notpebienus C,, 06beMa KyMmJIeHHbIX HHBECTUIHOHHBIX TOBA-
poB /,, 0CTaTKOB JIeHEeXHBIX CPeACTB M, , 06'beMa HaKOIJIEHHBIX COepeskeHUui B, U BIoXKeHUH
B KanuTan K, B paMkax HHaHCOBOro 6asaHca

(22) M, ~M,=W,=p{C,—p/I,= B, +(1+1")B,+r p/ K, 1=0,..T -1,

rae W, - 3K30TeHHBIN BXOAAIMHA JIeHEXHbIN MOTOK, KOTOPBIA MOXKHO MHTEPIIPETUPOBATh U KaK
OILIATy TPY/a, U KaK 00'beM MOJIy4aeMbIX AUBU/IEH/OB; ptc R p,l - LIeHbl MOTPE6GUTENBCKUX U
MHBECTULIMOHHBIX TOBAPOB; r,B,rtK - JIOXOTHOCTH HAKOILJIEHHBIX COepeXeHUH U BJIOXKEeHUH B Ka-
nuTtat. OTMETHM, YTO, B OT/IMYHE OT 33/ila4 B HENPEPbIBHOM BpeMeHH, TPU GOpMy/IMPOBKe 3a1a4
B IUCKPETHOM BpPeMEHHU MOTYT UCIOJIb30BaThCs Pa3JnyHble 0603HAYEHUS] UH/IEKCA BpeMEHHU
JIUIs1 3aM1aCOB M IOTOKOB. B HaCTOsI1[el cTaThe UCMOJ/b3YETCS CUCTeMA 0603HAYEHUH, aHAJIOTUYHAS
[McCandless, 2009; Costa, 2018], koTopas mpe/ojaraeT, YTO /IS 3a[laCOB MH/IEKC BpEMEHU
yKa3bIBaeT Ha HavasIo nepuoza. TakuM 06pa3oM, JOMOX03IUCTBO BEIGUPAET IlepeMeHHbIe TUIIa
«motok» C,1, nis MomenTtoB Bpemenu ¢ =0,...,7 —1, a nepemMenHsle Tuna «3anac» M,,B,,K,
AJis1 MOMeHTOB BpeMeHH f =1,...,T, mpuueM 3Hauenust M, B,,K, cUUTAIOTCS U3BECTHBIMH.
OT/ieJIbHO 3aMETHUM, YTO B CIIUCKE HAYaJIbHBIX YCJIOBUH TOJIBKO 3aIachkl, pellieHe 33/ja4y areH-
Ta, KaK Oy/IeT MOKa3aHo Jiajiee, He Oy/IeT 3aBUCETh OT HaYa/IbHbBIX YCJIOBUH MTOTOKOB.
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Hanpumep, M, - o6beM AeHeXHBIX CPeJCTB HA Hadaslo nepuosa f,a M,,, - o6beM
JIEHEXXHBIX CPEJICTB Ha HavyasIo epuojia ¢+ 1, 4To SKBUBaJIEHTHO 06'bEMY JIEHEXHBIX CPE/ICTB
Ha KOHel| nepuoJia . B u3MeHeHue 3TOro 3anaca BHOCST U3MEHEHHUs IOTOKYU epruoja f, Ha-
NpUMep, BXOAALIMH JleHexHbIH noTok W, . B 3Toll Jloruke NoToku nepruoja f, KOTopble U3Me-
PAIOTCA B LleHax 6a30BOro Nepyo/ia, yMHOXAIOTCA Ha Cpe/iHMe UHAEKCHI LieH 3TOro Ke epuoja
KaK, HallpuMep, p,CC[, a MPOLEHTHI 110 3anacaM HAYUCJASIOTCS Ha 3HAaYeHUs] COOTBETCTBYIO-
I[MX 3a[1aCOB Ha HavyaJIo [Iepuoja, T.e. rtBBt .

Cyio)xHee 0GCTOUT CUTYyaLUsl C PAacYeTOM JJOXOJHOCTH KalUTasla rf, MOCKOJIbKY Ha4HC-
JIEHUs! TIPOMCXOJAT He Ha 06'beM KanuTana K, , a Ha CTOMMOCTBb KalMTajla B PeAbIAYIIeM Ile-
puoje p,lflK,, IIOCKOJIbKY UMEHHO 3Ta CyMMa OTpakaeT 00'beM BJIOKEHUH B 3TOT aKTHUB CO
CTOPOHBI JOMOX0351icTBa. [Ip1 3TOM MOCKOJIBKY (2.2) MOXKeT ObITh 3alMCAHO B TOM YHUCJIE LIS
MoMenTa ¢ = 0, TO B 3a/ja4e MOSAB/ISAETCS IPOU3BEAEHUE P’ K, , oTHOCAIIeECS HE K CTapTOBOMY
nepuoay ¢ = 0, a ckopee K peAbIAyLiEMYy EPHO/Y, IPEIIECTBYIOLEMY HHTEPBaJY IJIAHHPO-
BaHMS, 3HAYeHUs NIepeMeHHbIX B KOTOPOM CYMTAIOTCA 3aflaHHbIMU. TakuM o6pasoMm, K, - Ha-
YyasibHOE 3HaYeHHe KaluTajla B paccMaTpUBaeMoi 3aaye, a pfl - HayaJIbHOe 3HaYeHHe IieH,
B KOTOPBIX HOMUHUPOBAH 3TOT KalIUTaJL.

B kadecTBe QyHKILMH [10J1€3HOCTHU OYyZeT ucnosb3oBaThest CRRA-GyHKIMSA B BUZE

B Ctl_a
l-a

(2.3) u(c,)

3aMeTuM, 4TO Jiasiee, eC/IU He yTOUHSAETCSI MHOE, TPEATI0JIaraeTcsl, YTO B UCI0/Ib3yEMbIX
COOTHOIIIEHHUSX ITapaMeTp BpeMeHu ¢ uaMensieTcs ot 0 1o 7 —1, kak B (2.2).

Takke B 33/jaye CTABUTCS JUHAMHU4YeCKOe OrpaHUYeHHe, CBA3bIBalolee MHBECTUI[UU U
HM3MEHEHUE BJIOKEHUH B KalUTaJl

(2.4) K, —-K =1 -8K,

t+1

rae o - HOpMa aMOPTH3allUH KalliTaJia. Hakonern, B 3aady AOMOXOBHﬁCTBa L[063BJIH9TCH or-
paHn4YeHue JIMKBUAHOCTH, ollpeaesidroniee ero Cripoc Ha A€Hbru ajd pa60TbI C APDYTYUMHU aKTH-
BaMH

(2.5) M, ZTBB,+er,171K,, t=1,.,T-1.

HOCKOJIbe 3a/la4a pemaeTrcd Ha KOHEYHOM BpeMEHHOM MHTEpPBaJie, TO JOIIOJIHUTEJ/JIbHO
CTAaBUTCA TEpMHUHAJIbHOE OTPAHUYE€HHE B BUJE

(2.6) My +apB; +af Ky 2y(M, +ag By +as K,).

B Taxoil nocTaHOBKe NpejnosiaraeTcs, YTo JOMOX0349MCTBO pellaeT CBOIO 3a/la4y NPH U3-
c I B _K
BECTHBIX /I/I1 BCEX MOMEHTOB BPeMEHH 3K30T'eHHBIX lepeMeHHbIX W,, p, ", p, .1, .7,
c B K
ec/M nepeMeHHble W,, p, ,r",7,° U3BECTHBI AJis BceX MOMeHTOB BpeMeHu 0 o T —1, To fst
I .
p; B cuay (2.2) fomKHO OBITh 33/laHO KpOMe 3HaYeHHUH /Il BceX MOMeHTOB BpeMeHH 0 s10

1
T —1 eme 1 Ha4a/IbHOE 3HaYeHHe, 0603HAYaeMoe p_, .

, IpU4eM
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3aMeTHM, 4TO HMCIOJIb30BaHUe B (2.2) BMeCTO CJlaraeMoro r,Kp,'_th €ro aHaJora
r,K pt[ K, MoxeT nokasaTbcsl 6oJiee eCTeCTBEHHBIM, OJJHAKO 3TO He Tak. Kpome copepxaTens-
HOTO COOOpaXKEHHUsI, UTO JIOXOJHOCTb PACCYUTHIBAETCS OT 00'beMa BJIOKEHHUH, T.€. CTOUMOCTH
KaluTasa B MpeAblylleM MEePUO/E, 33/JaBAEMOT0 BEJIMYUHOU p,]_lK ,» 06paTHM TaKxe BHUMa-
HHe Ha TO, YTO PH HCII0/Ib30BAaHWH B 3TOM BbIpaXKEHHUH NlepeMeHHON p, BO3HMKaeT npobsieMa
OLIeHKH CTOMMOCTH KallUTaJIa B IIOC/IeJHUHA MOMEHT BpeMeHH K, , HOCKOJIbKY, Kak GyZeT MoKa-
3aHO JlaJiee, 3TA OLIEHKA CBSI3aHa C epeMEHHOHN p;, KOTOpasi OTHOCUTCSI K MOMEHTY BpeMeHHU
MoCJIe pacCMaTpPHUBaeMOro UHTepBaJia. U ecu Jiis leTepMUHHUPOBAaHHOU MOCTAHOBKY 3HaHUE
3TOM IepeMeHHON areHTOM elle MOXKHO IPeAINOJIOKHTb, TO JJIsl pacCMaTpUBaeMoOU Jasee
CTOXAaCTHUYECKON MOCTAHOBKH 3TO MPUBOJUT K SIBHOMY IPOTUBOPEYHIO.

OT/ZieJIbHO OCTAaHOBHMCSI HA TEPMHHAJIBHOM yCJ0BUHU (2.6), 06IIyI0 H/IE€l0 IOCTAHOBKHU
KOTOPOTr0, OCHOBAHHYI0 Ha OMMCAHUM JMHAMUKH [IEPBOr0 UHTErpasia MoJjisi IKCTpeMaJsiel om-
TUMU3AIMOHHOH 33/]ayy, MOXKHO HalTH B pa6oTe [[TunbHUK, [locnienos, 2007]. Tam xke npej-
CTaBJIEHO WCCJIEIOBAHNE CBOWCTB 3TOr0 YCIOBUS B paMKax MoJieJied 06I1ero paBHOBECHS B He-
PepbIBHOM BpeMeHU. ITO YCI0BHE CBSI3bIBAET 3HAUEHHUE 3aMacoB areHTa (B HEMpepbIBHOM I10-
CTaHOBKe — (a30BbIX NepeMeHHbIX) B HaYyaJbHbIH U KOHEYHbIH MOMEHThI BpeMeHHU 4epe3
3a/laHHBIM K03QUIMEHT 7, AONYCTUMble 3HaYeHUs1 KOTOPOro, o6ecrneyrBawliye paspely-
MOCTb UCXOZHOU 3aJja4H, 00CYKAA0TCA B mojpas/ee 2.3.2. B cBow ouepe/ib kK03 PUIIMEHTDI
aﬁ ,af ,af ,a(’f OTIpe/IeJITIOTCA B MPOILiecCe PellleHus 33/1a4d areHTa U He TPe6yIoT 3alaHust Ha
JTare ee MOCTaHOBKU. B paboTte [AHzpeeB U zp., 2007] nmoka3aHo, YTO HAJIUYHE B 337ja4e OJTHOTO
YCJIOBUSI TAKOTO BHUJIA OKa3bIBAETCS JOCTATOYHBIM JUISl CYLIeCTBOBAHHUs pPelleHUsT Ha KOHEeY-
HOM BpEMEHHOM HUHTEepBaJIe.

Taxke OTMETHUM, UTO MOJIyYEHHbIE Jlajiee BbIBO/IbI OTHOCUTEIBLHO CBOWCTB pellIeHHs Ol-
TUMHU33ALUOHHOH 33/1a4M JOMAIIHEr0 X0351MCTBA BEPHBI HE TOJILKO JJIs1 IPe/ICTaBJEHHOTO B
paMKax cooTHolleHUH (2.1)-(2.6) Habope nepeMeHHBbIX. Boo6Ie roBops, 3Ta 3aza4a MOXKET
OBITh CYIeCTBEHHO M3MEHEHA WJIM JIONOJHEHA APYTHMHU NTOTOKAMH M 3amacaMy (HaJIorH, Io-
KasaTeJIM PbIHKA TPY/ia, BaJIIOTHbIE aKTHUBbI WJIM IACCUBBI U TaK Jiasee). B paccMaTpuBaeMoM
c/ly4ae Il HarJisiIHOCTH BhIGPaHbl HaUb0JIee YacTo UCIOJIb3yeMble B MO/ZIEJISIX OOIIEro paBHO-
BecHsl IepeMeHHbIE.

2.2. PenmieHue 3aJjayM JOMOX03AKMCTBa

s ontumasnbHocTH Tpaektopuil C,1,,M,,.B,,K, nocTaTo4HO, 4YTOOLI OHH JOCTABJISLIN
MakcuMyM ¢yHKIUU JlarpaHxa

T-1
ZU(CI)Bt +er (_MH—I +Mr +VV; _ptCCt _prllt _Bt+1 +(1+’/}B)Br +1/}sz‘l—th)+
t=0

(2.7)  +y, (K

t

a K, +1,-0K,)+o, (M, ~"B,~t*p| K, )+
+0( My +af By +af Ky —v(My +al By +a} K, )

MPY BbITIOJIHEHHBIX YCJIOBUSIX JIOTIOTHSIOIIENH HEXKECTKOCTH JJIs1 yYeTa HepaBeHCTB (2.5) u (2.6).
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¢, (M, "B, " p K,)=0,0,20, M, 2"B, +1"p/ \K,, t=1,..T -1,
(2.8)
® (M, +af By +af Ky (M, +al By + af K, )),

(29)  ®20,M;+alB +af K, 2y(M, +a) By +a) K, ).

BripaxkeHue (2.7) gocturaeT MakcuMyma no tpaekropusam C,,M,,K,,I,,B, Toraa n
TOJIBKO TOrJa, KOrZA B KaX/OW TO4YKe 0GpaljalOTCs B HoJb npousBoguele mo C,,/,,
t=0,...,7 -1, npoussogusle no M, K, B,,t=1,..,T -1, a Takxe NpousBoJHble IO
M, ,K,,B; (MoMeHT BpeMeHH T BBIJEe/ISI€TCS OTAENBHO B CHJIY CeliUYHOCTH YCIOBUH OIl-
THUMaJIbHOCTH [IJIs1 KOHI[Aa MHTEPBasia IJIaHupoBaHust). TorJa noJiy4um cjieAyoiie TPYU FPyIibl
YCJIOBUH, OTJIMYAOLIMXCS MOMEHTAMU BPEMEHH, [I/Isi KOTOPBIX OHHM aKTyasbHbL [lepBas rpyr-

na - ycaosust ontuManbHoctu o C,,/,,3anucanubie g ¢t =0,...,.7 -1,

(2.10) U'(C,)B —¢,ps =0,
(211) v, ~&p; =0.

Bropast rpynna - ycioust ontuMansiocru o M, , K, , B, sanucannble gna ¢ =0,...,7 -2,

(2-12) _E.'z + &Hl + P = O’
(2.13) §t+1}/}[flpt[ Vv (1+8)_(Pt+1TKPrI =0,
(2-14) _éz + E.~t+l (1 + rﬁl ) - (PHITB = O

TpeTbs rpynna - yciosus ontTuManbHoctu no M, ,K,, B,

(2.15) &+ @ =0,
(2.16) —y,_ +®ar =0,
(2.17) ~&,  +®al =0.

CooTHoenus (2.2), (2.4), (2.8)-(2.17) o6pa3yroT NOJHYI0 CUCTEMY YCIOBUH LIS OMpe-
JleJIeHMs pelleHus 33/1a41 J0MOX035IMCTBa.

B cuy cBoHcTB QpyHKIIMU 10JIE3HOCTH U(Ct) (beckoHeYHOMY 3HaUE€HUIO TPOU3BOAHOM
B HyJIe U MOJIOKUTEJIbHOCTH IIPU J1II060M KOHEUHOM 3HaYeHUM apryMeHTa) U I0JIOKUTENTbHO-
CTH LieH ptC u3 (2.10) cnepyet, uTo nepeMeHHas &, nosoxutesbHa npu Beex f=0,...,7 —1.
Torpa u3s (2.15) cnegyer, uto

(2.18) ®=£,,>0.
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B cBoto ouepeab us ycnoBusd (2.11) u napel ycaosuit (2.16), (2.17) MoryT 6bITb HaljeHbI
K03 OUIMEeHThl TEPMUHAJIBHOTO OrpaHUYeHus (2.6) nepes nepeMeHHbIMU B NOCJAeAHUI MO-
MEHT BpeMeHU T

(219) ar =1, ar =pr.

[IpescTaBiisieTcsl ecTeCTBEHHBIM aHAJIOTMYHBIM 00pa30oM 33/JjaTh U 3HaUYeHUs Koadduuu-
€HTOB TEPMHUHAJBHOIO OrpaHuYeHus (2.6) nepes nepeMeHHbIMU B Ha4a/IbHbI MOMEHT Bpe-
MEeHH

(2.20) al =1, af =p’.

OTMeTHM, YTO B COOTHOIEHUH (2.20) mosiBisieTcs uHaeKc ¢ = —1, 0603HaYaroIINA, 4TO
WCIIOJIb3YeTCs MOC/Ie/lHee U3BECTHOE 3HAUYEHUE IIeH HHBECTUIMOHHBIX TOBAPOB U3 MPEZbICTO-
pun. Torza B culy yCI0BUS AOMOJHSIOMIEN HEXECTKOCTH (2.9) € y4eTOM CTPOT0 HepaBeHCTBA
(2.18) u 3HaueHu# Ha ko3 duienTsl (2.19) u (2.20) MoxxeM nepenucaTb TEPMUHAIBHOE YCJIO0-
BUe (2.6) B BUJle

(2.21) My + By + pi Ky =y(M,+ By + p'K,).

B cusy HeoTpHLaTeIbHOCTH [JBOMCTBEHHOI epeMeHHOH @, u3 (2.12) cieayert, uto &,

He MOXeT BO3PaCTaThb I10 BpeMEHH, T.€.

(2.22) 0,=&,-¢20.
Torpa corsacHo (2.18) u (2.22) MoXeM YTBepKJaThb, YTO JJisl BCEX MOMEHTOB BpeMeHU

g, >0.

[losTomy A yA06CcTBa Aa/IbHEHIINX Tpeo6pa3soBaHUi BBeJieM NepeMeHHyIo P,, PaB-

HYIO TeMITy [1a/JleHHs JBOHCTBEHHO} IepeMeHHOM K pHHaHCOBOMY GasaHCy &, , B Busie

‘t:z - &t—l
(2.23) P .
P 3

Kpome TOTO, TAKXKe AJid KOMIIAKTHOCTH UCIIOJIb3YEMbIX COOTHOIIEHUH BBeJEeM ITOKa3a-
TeJn I/IH(l)JIHLU/II/I AJId HHBECTHULIMOHHOI'O U HOTp66I/ITEJIbCKOI‘O TOBapa

I _ I C _ C
(2.24) il =P Py o P~ P

1 c
P P
Torpa us (2.12), (2.14) u (2.23) nonyunm

B
h

2.25 = .
(2:25) Pi=1. 7
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B cBoto ouepenb us (2.12), (2.13), (2.11) c yueToM BBeAeHHbIX 0603HaueHUl (2.23) U
(2.24) cnepyer

iS4l —(l+it1)5

1+1f

(2.26) p, =

U3 (2.25) u (2.26) MOXKHO BU/IETh, YTO MEXAY NepeMeHHbIMU r,B, rtK U itl JlOJDKHA Cy-
I1eCTBOBAThb [1OCTOSIHHAS JIMHEHHAsA CBSI3b, B IPOTHUBHOM CJIy4yae 33/iaya JJOMOX03sHMCTBA OKa-
JKETCs Hepa3penuMa. TeXHUYecKH Takasi 0COOEHHOCTD PeLIeH s CBsI3aHa C TEM, YTO Mbl He CTa-
BUM OTPaHHYeHUs Ha epeMeHHble B, u K, , cofiepkaTesIbHO — C TeM, YTO Mbl H3HA4aIBLHO XO-
THM HalTH BHYTpPEeHHee pellleHue, NpeAoJiarailiee 0JHOBPEMEHHYIO OJIOKUTEIBHOCTb 060UX
aKTUBOB. 33/la4y C OrPAaHUYEHUSIMU (TIPUYEM 3TO MOTYT GBITh He TOJIbKO TPeGOBaHMS HEOT-
PHILIATEJBHOCTH, HO U 60Jlee C/I0XKHble OTpaHUYeHHs1) Mpe/CTaBIAI0T cO60H 0CO6BIM HUHTEpEC,
HO B JJaHHOM CJly4yae pacCMaTpUBaThCA He Oy AyT.

ByneM cuuTaThb, YTO NpOLleHTHAs CTaBKa };B CTPOTO HOJIOXKHUTEJ/bHA JJIs1 BCeX MOMeH-
TOB BpeMeHu. Torza us (2.25) ciaegyert, uto p, >0, a nostomy u3 (2.23) u (2.22) nosydaem,
uto @, > 0. CrenoBaTe/NbHO, B CULY YCJIOBUs JOIOJHSIOMEH HeXXeCTKOCTH (2.8) orpaHu4eHHe
(2.5) 6yzeT BBIIIOJIHEHO KaK CTPOT0Oe PaBEHCTRBO.

(2.27) M,="B, +"pl K, t=1,.,T-1.

B pa6oTax [Anzpees u ap., 2007; Pospelov, 2013] s 60s1ee oblero aHasora paccMar-
pHBaeMoH 3aa4M I0KA3aHO, YTO JJIsl ONMCAHHUS pPellleH s 33/1a41 areHTa y106HO BBECTH Iepe-
MEHHY0, IPe/ICTaB/IAIONYI0 CO60M JIMHEHHY0 KOMOHHALIMIO 3aI1acoB, HAXOASALIMXCSA B yIIpaBJie-
HUH areHTa, B BU/ie

(2.28) Q,=M,+B,+pl K,

Kak nokasaHo B paGore [[IuibHuk, [locnesnos, 2007], nepeMenHass (), MOXeT GbITb

HMHTEepIpeTHPOBaHa KaK COOCTBEHHBIH KalnUTa/l areHTa. Bo3aMoxkHa Takke ee MHTepIpeTalys
KaK 06'beM YHCThIX aKTHBOB, HO B CJlydyae pacCMaTpUBaeMOM 33JjJa4d 3TO He TaK HarJsAHO,
MOCKOJIbKY B HEH OTCYTCTBYIOT IIACCUBHI (XOTS B KAUECTBE KPEAUTOB MOXKHO PACCMOTPETD CJIy-

4yai orpunaresbHod B,). Toraa duHaHCOBBIN GanaHC (2.2) € y4€TOM yCIOBHH ONTHMAIbHO-

cTtH (2.25), (2.26) u (2.27) MokeT ObITH 3aMKUCaH B BeCbMa KOMIIAaKTOM BU/Je

(2.29) Q. -Q =pQ,+W - p-C,.

t+1 7

YpaBHeHue (2.29) onuckiBaeT IPUUUHBI U3MEHEHHS COOCTBEHHOTO KallKTala areHTa BO
BpeMeHH. B ciiyyae paccMaTpuBaeMoi 3a/jaud yBeJMueHUe COGCTBEHHOIO KalluTajla POUCXO-
JIUT 3a CYET JOXOAHOCTH P, U BHELIHEro MpUToKa W, , a yMeHbllIeHHe — 33 CYET PacXo/0B Ha
noTtpebJ/ieHne p,c C, . Bblllle MBI y2Ke TOBOPUJIM O TOM, YTO pacCMaTpUBaeMasi 3aa4a MOKeT GbITh
paciuupeHa 3a cyeT A06aBJeHUs APYTUX IepeMeHHbIX. Y 106CTBO 3aMeHbI (2.28), 0CHOBaHHOM
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Ha (2.6) ¥ YCJI0BUSIX ONTUMANbHOCTH (2.19), mo3BoJIsIeT U B 60Jiee OOIUX CAyYasiX MOJYYUTh
cooTHoLIeHHe BUAA (2.29) v ajiee paboTaTh C HUM, a HE C UICXOHbIM HA60POM aKTHBOB U MACCH-

BOB areHTa.
3ameHa (2.28) TakKe 03BOJISIET [TEPENUCATh U TEPMUHAIbHOE ycaoBue (2.21) B BUuJE

(2.30) Q, =Q,y.

TakuM 06pa3oM TepMUHaNIbHOE OrpaHUYeHue (2.6) MOXKET UHTEPIPETUPOBATHCS KaK yC-
JIOBHE HA POCT COGCTBEHHOI0 KallUTa/la areHTa B TeYeHUe IEPUO/A ero IAHUPOBAHUSI.

Ycnosue (2.10) B mpeAnosioxkeHnu o0 BUZe GyHKLIMN M0J1e3HOCTH (2.3) M03BOJISIET MOJTY-
YUTb AUHAMAYECKOE YpaBHEHHE /IS NOTPebIeHHsT

1
1 o

(2.31) C =c, po| P

t=1...T—1
1+

H BbIPAa3UTb TPAEKTOPHUIO l'[OTpe6JIEHI/IH yepe3 nmapaMeTphbl, 3K30reHHbIe U IL[BOIL/'ICTBEHHI)IE Ine-
peMeHHbI€ 3aa9U1 ,Z[OMOXOBHFICTBH KaK

t+1 ¢

S 1+p; |*
(232) C,=Cpe|[[—~&
i:01+lj

OTAe/bHO ClelyeT OCTAaHOBUTbLCS HAa KOHCTAHTe C. Ec/n 6b1 33/1a9a CTaBUJIacCh B He-
MpepbIBHOM BpeMeHHU (Kak, HarmpuMep, B pa6oTe [[TunbHuk, [Tocnesnos, 2007]), To KOHCTaHTA
C cooTBeTCTBOBasIA GBI HavYa/IbHOMY 3HaY€HUI0 YIPaBJIeHUs], KOTOPOE TOXE OIpe/ieJseTcs U3
3a/la4yM areHTa. B ciyvae 3aa4u B JUCKPETHOM BpeMeHH 60Jiee eCTECTBEHHO PACCMATPUBATD
BesnunHy C, B KauecTBe 06'beMa NOTPe6JIeHUs B IEPBOM IIepHo/ie, KOTOPast, KAK MOXKHO BH-
JIeThb U3 (2.32), BbIpakaeTcst Yyepe3 KOHCTAHTY C C/IeIyI0IIUM 06pa3oM:

- 1+ Py |¢

(2.33) C,=Cp*| —=
1+

0O6paTuM BHUMAaHHE, YTO €C/TH U3BECTHA NMPEAbICTOPUS MOBEAEHHUS JOMOX03HCTBa Ha
KaKOM-TO BpEMEHHOM MHTEPBaJIe, NpeJIIeCTBYOIEM PACCMATPHUBAEMOMY B 3aJida4e (HaanMep,
dHaJIM3UpyeTCcd cnyqaﬁ MocjieJ0BaTe/IbHOr0 peleHud 3aa4 aHa/JIOTHYHbIX paCCManHBaeMOﬁ),
TO MOXET ObITb M3BECTHA BeJMYMHA C—l — YPOBEHb l'IOTpeﬁjleHI/IH B MOMEHT [ = —1, HeIlo-
CpPeiICTBEHHO NpeALIeCTBYOLUN onpe/eigeMoMy AOMOX03IMCTBOM B paMKax 3aAa4di. [lepe-
MEeHHad Ct ABJIAETCA YIIpaBJE€HHUEM THUIIA «IIOTOK», IO3TOMY AJid HEE€ 3HA4YEHUE C71 U KOH-
CTaHTa C u3 (2.33) COBEpPIIEHHO He 00653aHbl COBIIaJATh, NIO3TOMY OTOXAECTBJIATH KOHCTAHTY
é C Ha4YaJIbHbIM 3HaQ4YeHHUEM I'IepeMeHHOI‘/Jl B CJiydae 3a/jla4yd B JUCKPETHOM BpEMEHH, BOO6I.Lle
roBOp#, HEBEPHO.
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[yt Toro uto6bbl onpenenutb C, paspemum (2.29) OTHOCUTENBHO HAaYaJIbHOTO 3HaYe-
HUS COGCTBEHHOI0 KanuTaaa

t

13
c
(2.34) Q. :QOH(1+pi)+Z(VVi_pi Cz’) I1 (1+Pj)'
i=0 i=0 j=i+l
Ananoruuno [[Tunbuuk, [locnesnos, 2007] BBeeM /151 y06CTBa mapaMeTp Y B BU/E

(2.35) y=1-v
HHpt

Torpa, nepenucas BeipaxkeHue (2.34) B MoMeHT BpeMenu =7 —1 c yuetom (2.30),
(2.32) u (2.35), nonyuum

0V+2Wﬁ

- )1+
(2:36) C= =0 L
t+1 ¢ 1+p o

PlZB gl‘”[

2.3. UccnepoBaHue pelieHNs JeTepPMUHNPOBAHHOM 3aJa4M AOMOX034AMCTBa

2.3.1. 3adaua c 6ecKOHeYHbIM 20PpU30HMOM NJAAHUPOBAHUSA
Kak npedebHblll caAy4ati 3adaqu domoxo3sticmea

B aTOM pas/iesie Mbl IIOKaKEM HECKOJIBKO CBOMCTB pacCMaTPHUBaeMOM 1eTeEPMUHUPOBaH-
HOM ONMTHMH3AIMOHHOM 3a/1a4YM, MOCTABJEHHON Ha KOHEYHOM BPEMEHHOM MHTEpBaJie, CBsI3aH-
HBIX C UCMT0JIb30BaHHEM TEPMHUHAJIBHOTO YCI0BHUs B BU/E (2.6). Bo-nepBbIX, MOKaXKeM ero Jjoc-
TaTOYHY0 O6IHOCTD, I03BOJISIOLIYIO MOJYYaTh KaK MpeJeIbHbIH c/y4ai rpaHuYHOE YCI0BHe
13 3a/1a4 C 6€CKOHEYHBIM FOPHU30HTOM ILJIAHUPOBAHMS, OIIMCAHHBIX B padoTax [McCandless, 2009;
Chang, 1998; Kamihigashi, 2001; Blot, Hayek, 2014].

Jist aToro 3ameTuM, 4To U3 (2.34) MOXKeT OBITh NOJIyYeHa y06Has ¢popMa 3aIrcH YCIIo-
BUS TPAHCBEPCAJILHOCTH JJIsl 33/]Ja4l Ha 6eCKOHEYHOM BpeMeHHOM ropu3oHTe 1 — 400 . Jljis
3TOro MepenuileM B BUJie

T—

(2:37) (pr[—VVi)lL[ L - TH

i=0 j=ol+p; 1+pl

—_

Ananoruyno [McCandless, 2009] nepeiijem k npeaeny 7 — +00 u noTpe6yeM, YTo6bI
poct €2, 6bL1 OrpaHUYEH B CMbIC/IE

T-1 1

(2.38) lim QTH
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HpI/I 3TOM 3a/ja4a 6y,£LET pa3peiirMa TOJIbKO TOT A4, KOrJa BbIIIOJIHEHO HEPABEHCTBO, CJie-

Jytoiee U3 (2.34) 1 HEOTPULLATENBHOCTH PACXO/0B Ha OTpebJieHue ptCC, ,

!
(2.39) w1l >-Q7,

KOTOpOe 33a/laeT COOTHOLIEHHe MeXAy Hauya/lbHbIM ycJoBHeM Ha (), U TpaekTopueil W, . AHa-
Jior (2.39) B 3ajjaue c 6ECKOHEYHBIM BPEMEHHBIM FOPU30HTOM 1 —> 400 GyZleT UMETh BUJ

—+00 ! 1
(2.40) W >-Q,.
g(; tg 1+p; ’

TakuM 06pa3oM, MOXKHO YTBEPXKAATh, UTO 33/1a4a ¢ 66CKOHEYHBIM MOPU30HTOM IJIaHU-
pOBaHUS SIBJISIETCS NPe/iesIbHbIM C/Iy4yaeM pacCMaTpUBaeMoOU 3aJja4yu C y4eTOM TEPMUHAJIBHOTO
ycsoBusi(2.38). BaxxHO OTMETHUTB, UTO AaXKe B 33/iaye C HECKOJIbKUMM 3alacaMu (B cay4ae 3a/ia-
YU B HENPEPbIBHOM BpeMeHU — (pa30BbIMHU IIEPEMEHHBIMU) [IJIsI CYL[eCTBOBAHUS pelleHHUs], KaK
nokasaHo B [[IunbHUK, [Tocnesnos, 2007], oka3blBaeTcsl AJOCTAaTOYHO OJHOr0 TEPMHUHAIBHOIO
YCJI0BUSI.

2.3.2. Bocnpou38odumocms 8 3adaye ¢ KOHeYHbIM 20pU30HMOM mpaeKkmopuii
u3 3a0avu ¢ 6eCKOHEe4YHbIM 20PU30HIMOM

BTopo#i 0co6eHHOCTbI0 paccMaTPUBAEMOTr'0 TEPMUHA/IBHOTO YCJIOBHUS IBJISETCS BO3MOX-
HOCTb B 33/laye, IOCTaBJIE€HHOW Ha KOHEYHOM BpEMEHHOM MHTepBaJie, BOCIPOU3BOJUTD 4acThb
ONTUMaJIbHOM TPAaeKTOPHH NOTpe6IeHUs U3 33/ja4l ¢ 6ECKOHEYHBIM FOPU30HTOM IJIaHUPOBa-
HUs 3a cYeT BbI6Opa MapaMeTpa TepMUHAIbHOTO YCIOBHSL.

[TokaxkeM, Mpy KaKUX 3HAYEHHSIX TApaMEeTPOB TEPMUHAIBHOTO yc0BUs (2.6) B 3a/ja4e
C KOHEYHBIM rOpHU30HTOM 1 3a cyeT BbIGOpA TapaMeTpa Y MOXKeT ObITh BOCIIPOM3Be/ieHa YacTh
TpaeKTOpHH ynpasieHus C,, HolydyeHHas B 3ajade C GECKOHEUHBIM FOPU30HTOM. /1T 3TOTO
npUpaBHseM cooTHoueHHe (2.36), 3anMcaHHOe i1 KOHEYHOro 3HayeHuss 7 u g T —> +oo
NIPU BBIMOJTHEHUH YCI0BHUS TPAHCBepCaNbHOCTH (2.38). Bbipa3uB napaMeTp Y , MOJYYUM

i=0

. 1 +00 t 1 -1 t 1
2.41 v =A4.+—| 4 wWlil——-D>WwW]l|—|
(24 ! ’ Q, Tg ’gl.;_ P t= t:!:(!:1+pi
rje
. 1-a | 1-a
-1 [ o [ 4o L[ o
— I+p; | @ — 1+p;
(242) A=y B (TS| [ 2pe 1,5
=0 1+ =0 io L+

[IpuyeM BelpaxkeHHe (2.41) MOXXeT NPUHUMATb U OTPULATe/bHbIE 3HAYEHHUS NTPU COOT-
BETCTBYIOIMX 3HaYeHUAX W, .
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OfHAKO HY»KHO YYUTBIBATb, YTO OCOOEHHOCTBIO TEPMHUHAJIBHOIO YCI0BUA (2.6) ABJISA-
IOTCs1 OrpaHUYeHHs] Ha BO3MOXKHbIe 3HaUYeHUs TapaMeTpa Y, IPU KOTOPbIX 33/ja4a JOMOX03s1H-
CTBa B NPUHLHMIE pa3pelinMa. 3aMeTHM, YTO B TOM YHCJIe CTAaBUTCS BOMPOC O BO3MOXKHOCTH
BbIOOpA MapaMeTpa TEPMUHAIBHOTO YCJIOBUS B COOTBETCTBUM C (2.41)-(2.42). Onpenenum, Ka-
KHe ZIOIyCTUMble 3HaYeHHs] MOXKET B IPUHIMIIE TPUHUMATh apaMeTp Y . MUHHUMasbHOE 3Ha-
YyeHHe 7Y, COOTBETCTBYIOLee MAaKCUMAaJIbHOMY 3HAUY€HHIO Y, COTJIAcHO (2.35), MOXET OBbITh IO-
JIy4eHO W3 YCJIOBUS, UTO C=0 (1 TeM caMbIM coryiacHO (2.32) oNnTHMa/bHBIA YPOBEHb MOT-
pe6senust C, =0 ) u 3anucbIBaeTcs B BU/e Napbl 3KBUBAJEHTHBIX yYCJI0OBUH

QO t=0

Qaite
(248 o = [1040)+ -3, T1 (1+p,)

t=0 0 t=0 i=t+1

1T1

(243) Vmin ==
1+ Pz

MuHuUMaJIbHOE 3HaYeHHe ¥, COOTBETCTBYOLll€€ MAKCUMaJ/IbHOMY 3HAY€HUIO 7, MOXeT
OBITh HAW/IEHO U3 YCI0BHs (2.34), HO 3alIMCAaHHOTO HE OT CTAPTOBOI'0 MOMEHTA HOJIb, & OT KO-
HeyHOro MoMeHTa I Tak, 4To6bl lim Q, ynoBierBopsia ycnoBuio (2.38). To ecTh pakTHue-
CKH MBI TEM CaMbIM HaX0J UM MUHHMAIbHOE (BO3MOKHO OTpHLATENBbHOE) 3HaYeHHEe COGCTBEH-
Horo kanutaja (), KOTopoe npu MUHUManbHOM notpebiaenun C, =0 3a ropusontom T
CIIOCOGHO 06€eCTeYnTh BBINOJHEHHE YCI0BUS TpaHcBepcaabHOCcTH (2.38). TakuM 06pazoM Mo-
»KeM 3alucaTh

(245) Yimin = ——Z 11

Q)7 - T“‘P,
1 T-1

(2.46) Vinax =1+ —
QO Hl—i_pz t=T IT

3aMeTHM, YTO €C/IM BXOAAIMH NOTOK W, OTCYyTCTByeT, TO COTJIACHO COOTHOLIEHHAM
(2.43) 1 (2.46) Y MOXET IPUHUMATh 3HaYeHHst B oTpe3Ke [0,1], 4To M03BOJISAET ee MHTEpIIpe-
THPOBATB KaK JJ0JII0 MAKCHMa/IbHO BO3MOKHOTO COGCTBEHHOrO KanuTana {2, (KOTOpyi MOX-
Ho HaiiTy U3 (2.34) npu C, =0 ), UCII0/Ib30BaHHYO AJIS1 HOTpe6IeHHUs.

[TokaxkeMm, 4TO 7* u3 (2.41) Bcersia MoeT GbITb peajl30BaHa. 3aMeTHUM, YTO U3 (2.42)
A; 20.Torpa HepaBeHCTBO Y, < 7* cneayet u3 (2.40), (2.41) u (2.43). Ec/iu 2ke yuecThb, 4TO
u3 (2.42) Tarke cnepyet, uto Ay <1, To u3 (2.41) u (2.46) cienyer, 4To 7* < ¥y - TAKHM 06-
pasoM, B pacCMaTpPUBAaeMOM 3a/1a4e JOMOX035ICTBA C KOHEUHBIM F'OPHU30HTOM ILJIAHUPOBaHUS
T 1npu J0OBIX HAaYaJbHBIX YCIOBUSAX (MIPU KOTOPBIX CYIIECTBYET PELIEHHE, T.€. BbIMOJHEHO
(2.40)) MoxHO MO/OGPATh NapaMeTp Y Tak, YTO TpaeKTopuH notpebienus C, ¥ cOGCTBEHHOr0
kanutana Q, (4to cieayet us (2.34)) coBnafyT C YaCTSAMU TPAEKTOPHH ITHX Ke IIepeMEHHBIX,
HOJIYYeHHBIX B 33/la4e C 6eCKOHEYHBIM FOPU30HTOM [JIAHUPOBAHHUS.
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KpomMme Toro, MoxxHO chopMyIMpOBaTh U 6oJiee CUIbHOE YTBEPXKAEHUE, Clefyloliee
W3 MpejblAyLiero BbIBOJA. PaccMoTpuM Ha6op AUCKPeTHbIX BPEMEHHBIX WHTEpPBAJIOB
[’EOIO],[’Cl,Tl],[’L‘Z,Tz],...,[T”,Tn], rae T, =0 u a4 Bcex [ BepHO, YTO T, < T,,; < T}, T.e. Kax-
JAbIY C/IeAYIOLUN UHTepBal HAYMHAETCS BHYTPU NpeAblayiiero. /loMoX035MCTBO B KXK/IbIK MO-
MEHT T; peulaeT CBOIO 3a/ja4y /ji MHTepBaJa [TnT;] MpY 3aJJaHHOM 3HAY€HHH 3aracoB (MU

COGCTBEHHOTI0 KanuTaJsa QT:‘ ) u ciaenyeT nojy4eHHOMy pelleHHIo BIUIOTb O MOMEHTa T, .
B MmoMeHT Tisl ,E[OMOXO3HI>'ICTBO ¢HKCHPYET 3HA4Y€HHUA CBOHUX 3aIllaCOB (I/IJII/I COOCTBEHHOTO Ka-

i+1>T141 ], mocate wero nocesio-

nuTasa QT[+1 ) ¥ nepepelBaeT CBOIO 3a/a4y /sl UHTepBaja [‘E
BaTeJIbHOCTb JeHCTBUN OBTOPSIETCS.

B Takoil mocTaHOBKE 0Ka3bIBAETCS BO3MOKHBIM N0/100paTh TaKue 3HAYEeHHs TapaMeT-
POB TEPMUHA/BHBIX YCIOBUH ¥,V {,Y55---»Y, AJdA KaXKA0r0 U3 paccMaTpPUBaeMbIX HHTEpPBAJIOB,
yro Ha otpeske [0,7, | Gyzer peanusosana TpaekTopus notpeGaenus C, U COBCTBEHHOTO Ka-
nutaia (2,, cOBMajamLias C pelleHHeM 33/Jja4H JOMOXO03sIUCTBa, U3HAYaIbHO CHOPMYyIHpPO-
BaHHOM Ha OTpe3Ke [0, Tn] c yuetoM (2.41), (2.42). To ecTb XOTs OT/e/IbHbIE YYACTKH TPAEK-
topur C, 6bLIM NOJy4YeHbI B pa3HbIX ONTHMHU3ALMOHHBIX 33/ja4ax, CBA3aHHbBIX MEXAY COGOH
TOJIBKO Yepe3 HavyaJibHble 3HaY€HHUs 3aNacoB, HTOTOBBIM pe3ysbTaT OYZAET YA0BJAETBOPSTD

(2.31) pns Beex £ €[0,7, .
2.3.3. lIpodoaxcumocms npedvidyweti mpaekmopuu nompe6.aeHust

TPETbH 0COGEHHOCTh paCCManHBaeMOﬁ 3ada4U CBA3dHa C BO3MOXHOCTbBIO ITPOJOJIXKEe-
HUA r[pe,quymeﬁ TPAEKTOPpUHU l'IOTpe6J'IEHI/IH. B oTsiinuue ot INNEePEeMEHHBbIX, XapaKTEePHU3YIOIIUX

YPOBEHDb HAKOIIJIEHHbIX 3aIllaCOB Mt 7Bt ’Kt , 3HAYE€HHUA KOTOPbIX HACJIEAYOTCA U3 NIPpEeAbIAYIIIUX

IIepHOJI0B Yepe3 33laHKe HavalbHbIX 3HaueHnit M), B, K, 3HauyeHue noTpe6ieHNs U3 Ipea-

HIECTBYIOLIETO [IJIAHUPYEMOMY HHTEPBAJIy MOMEHTA BpeMeHH B pellleHUH BOOOIIe HE UCIOJIb-
3yeTcs. Bo3HHKaeT ecTecTBEHHBIH BONPOC, HACKOJIBKO OMHMCAHHOE BhIllE CBOHCTBO MPEEMCT-
BEHHOCTH II0 BpEMEHH MOXKET ObITb BOCIPOU3BEZEHO JJIs1 TPOU3BOJIBHOIO CTAPTOBOrO 3HAYe-
HUS NOTpebJIeHHs.

[lycTb B mepuo/e, MpelIecTBYIOLIEM HEPUOY HOJIb, B Pe3yJIbTaTe PelleHUs JJOMOX0-
311CTBOM CBO€eU 3a/1auu HA UHTEpBase [t',T’] , TakoM uyTo ' <0<T’, 6bLI0 MOJy4EeHO 3HAYe-
Hue notpebienust C_, . Torja MoxeT GbITh pellleHa 06paTHast 3aja4a: U3 COOTHoleHus (2.36)
MOXeT ObITh HaH/IeHO 3HaUYeHHe napaMeTpa 7y , o6ecredyrBarollee NpeeMCcTBEHHOCTh TPAeKTO-
puHU noTpe6JIeHHUs B CMBICIIE C= c.,,

1-a
T-1 T-1
—kk

(2.47) _ b C CZ:]BT HH_P, — Wﬁ;
. Y Q, -1P- tizol"'P,"

C
1=0 ico 1+1; 1=0

[IpoBepuM NPOAOKUMOCTB IPOU3BOJIbHOTO 3Hauenus C_, . Jlis aToro corJiacHo (2.43)-
(2.46) nO0XHO OBITH BBITTOJIHEHO ABOHHOE HEPABEHCTBO
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(248) min — Y Ymax

JleBas yactb (2.48) B cuity HeoTpHLatesbHocTH C_| 110 ONKMCAHHOMY BhlILe TOCTPOEHHUIO
BbINOJIHEHA Bcer/a. B cBoto ouepennb, npaBast yacTh (2.48) corsiacHo (2.47) u (2.46) BbINoJIHS-
€TCsl, TOJIbKO eCJIN

I-a
t+1 —

- I+p, | @ = o1
(2:49) C.pf 1ZB 121" <q, 2 W]
=0 =0 1 TP;

i=0 1+li

B cuity (2.49) sHauenrne C_; MOXeT IONACTb B OAHY U3 Tpex rpyni. Ecin

+ZWH

o 1+
(2.50) C, < A
o (52 1+p, e
P-lZB ¢ Hlié
1=0 i=0 L+

TO MOXET 6bITh IIOCTPOEHA TPAEKTOPHS NMOTPebIeH s, pojo/rKaoias 3HadeHne C_, T.e. B
cMbicie (2.33) BbINOJIHSIETCS C= C_, npu so60oM ropusoHTe 7 . 3aMeTHM, YTO NPaBast YacThb
HepaBeHCTBa coBnajaet ¢ (2.36) npu 7 —> +0.

Ecnu xe cooTHoweHue (2.50) He BBINOJHEHO, TO 3TO O3HAayaeT, 4To 3HayeHue C_| He
MOXET OBbITb TPOJI0/HKEHO Ha 6ECKOHEYHOM FOPU30HTE U CYIIeCTBYET HEKOTOPBIH T", npu Ko-
TOpoM (2.49) elie BbIMOJIHsIETCS, a IpU 1 | HapywaeTcs. [[puyeM, ecii BBITIOJIHSETCS He-
PaBEHCTBO

Q +ZW1‘[—

_ 1+
C71> i=0 lst’
a I+p o
Cpa 0
PP 1+i

T0 3T0 03Havaet, uto I =0, T.e. TaKoOi ypOBeHb OTpebIeHUs] He MOXKeT ObITh peaM30BaH
HU Ha O/IHOM ILiare.

TakuM 06pa3oM, Ipu HapylmeHUH cooTHolneHus (2.50) B 3a1aue ¢ 6eCKOHEYHBIM rOPH-
30HTOM IUIAHUPOBAHUS HU NIPU KaKUX YCJIOBHUSIX HE MOXKET BBINOJIHSAThCS COOTHOIIEeHUe (2.31)
JJ11 MoMeHTa BpeMeHH =0, cBA3bIBawllee pelleHye 3agaul C, € 3alaHHBIM 3Ha4eHHEM
C_,, KoTopoe MOTIJIO GbITh YHAC/IEA0BAHO OT pellleHHs] aHaJIOTMYHOH 3aJja41 JOMOXO03SIHCTBa,
HO Ha 60Jiee «paHHEM» UHTEpBAJIE.

[lo pesy/sbTaTaM 3TOro pasjeJia Mbl MOXeM C/ie/1aTh 3aK/I04eHNe, YTO UCI0JIb3yeMoe
TEepMHUHaJIbHOE yCI0BHe (2.6) B IeTEPMUHUPOBAHHON ONTUMHU3ALMOHHON 33/laue He TOJIBKO
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N03BOJISIET PACCMAaTPUBATh KaK YaCTHBIN c/1y4ail HauboJiee 4acTo UCII0/1b3yeMYI0 TOCTAHOBKY
Ha 6eCKOHEYHOM BpeMeHHOM HHTepBaJle, HO I03BOJIET BOCIIPOM3BOAUTD B 33/iaye C KOHEUHBIM
FOPU30HTOM 4acTb OyAyllel TpaeKTOPUH NOTpebJieHUs U3 33/Ja4H ¢ 6eCKOHEYHBbIM [OPU30H-
TOM 3a CYeT BbIGOpa IMapaMeTpa TEPMHUHAJIBHOIO ycaoBus. [IpudeM Takoi BbIGOp MmapaMeTpa
BO3MOKEH BCer/ia B OT/IMUMeE OT BbIGOpaA MapaMeTpa AJ1si IPOL0/DKEHHUS PeJbIAyIel TPaeKTo-
puu notpebsieHust. Jlajeko He Bce Haya/bHble 3HAUYEHUsI TOTpeOIeHHsI MOXKHO peasiM30BaTh
KaK pellleHHe ONITHUMHU3ALMOHHON 33/lauM Ha 6eCKOHEYHOM BpeMeHHOM UHTepBaJe. bosee Toro,
CYILeCTBYIOT TaKue Hada/bHble 3HaYeHHUsI TOTpebeHus], KOTOphIe Heslb3sl peaJIM30BaTh Aaxe
IIpM pellleHUH 3aJ,a44 Ha OJIUH LIar BIepeJ,

3. CroxacTu4yecKkui cay4dau

3.1.IlocTaHOBKA 33aJa4YH AOMOX03siCTBa

Haiijis1 aHaiuTHYecKoe pellleHUe 33/la4M JOMOXO035IMCTBA B JIeTEpPMHUHUPOBAHHOM MOCTa-
HOBKE U HUCCJIE/IOBAB CBOMCTBA ONTUMAa/IbHBIX TPAEKTOPUH B 3aBUCHMOCTH OT BbIGOpaA MapaMeT-
POB BpeMEHHOTI'0 MHOXKeCTBa U TePMUHAJILHOTO yCJI0BUS, Nlepeii/ieM K pacCCMOTPEHHUIO CTOXac-
THYECKOH NIOCTAaHOBKHU. B 11eJ10M, TeXHHKA pellleHUs U OTAeIbHbIE BBIBO/bI OYAYT AOCTATOYHO
CHUJIBHO NIEPEKJIMKATHCS C MPebIAYIUM pa3/ieJioM, OJJHAKO A06aBJIeHUe CIYIYalHbIX BEJTUYUH,
Kak OyJleT MOKa3aHo HUXKe, [IeJIAI0T 33/]a4y J0MOX03sIMCTBA CYIeCTBEHHO 00Jiee CI0XKHOM C
TOYKH 3pEeHUs IOUCKA aHAJIUTUYECKOTO pellleHHUsl.

JlJ1s1 omMcaHusA C/IyYaiHOCTH B OITUMHU3AIMOHHOM 33/jaue OyZIEM CUUTATh, UTO B KA XKAbIN

MOMEHT BPeMEeHHU ¢ CJIy4alHbIM 06pa30M peaU3yeTcst COCTOSIHUE §, W3 MHOXeCTBAa BO3MOX-
HbIX BapuaHToB S . [0C/I€10BaTENLHOCTD PEAIM30BABLIMXCS COCTOSIHUM OT MoMeHTa 0 10 Mo-

t
MeHTa [ 6y,£[eM o603HayaTb Kak § = (SO s S seees Sy ) , d BEpOATHOCTb €€ pea/iM3allii KaK

T, (s’). Toraa MoXHO cuMTaTh aHaJOTHYHO [Ljungqvist, Sargent, 2018; Fernandez-Villaverde

et al,, 2016], 4yTo JOMOXO3IHCTBO MAaKCUMU3UPYET MaTeMaTUYECKOe 0XKUAaHHE M10JIE3HOCTH
COOCTBEHHOTI0 OTPeGIEHHS], KOTOPOEe MOXKET ObITh 3alMCaHO B BH/le

(3.1) TiZU(Ct (s'))n’(s')ﬁ’ —> max,

Y t t—1
3a cyeT BbIGOPA TpaekTopuii notpebaenus C, (s ) OCTaTKOB JIeHEeXHBIX CpejicTB M, (s )

v -1 9] t-1
00'beMa HaKOTIJIEHHBIX C6epe)KEHI/II/I Bt (S ) H BJIOXKEHHWH B KaIllUTaAJl K, (S ) B paMKax (1)1/1-

HaHCOBOTO GasaHca
My () =M, () =W, (s) = py (') (") = i (7)1, (s7) -

Bl 1 () ().

AHasiormyHo AETEPMUHUPOBAHHOMY C/Iy4al0 CTaBUTCA JUHAMHWY€CKOe OrpaHU4YeHue, CBA-
3bIBawOllee MHBECTULIMHU U UBMEHEHHE BJIOXKEHUH B KallUTaJl

(3.2)
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(3-3) K, (s’)—Kt(sH)zI,(s’)—é‘K,(SH),
U TpeboBaHKWEe Ha MUHUMaJIbHbIM 06'beM JIeHEXKHbBIX CPE/ICTB
(34) M, (s’_l) >1"B, (SH ) +1%p!, (s’_l )K, (SH )

Havanbnble ycnosusa aaa M, B, K, canTaroTca U3BECTHBIMH U CTaBUTCS TEPMUHAJILHOE

OrpaHvu4eHUe B BU/Je

(35) M, (ST_1)+aff (ST_I)BT (sr_l) +ay (ST_I)KT (ST_I) 2 y(MO +ay B, +a(1)<K0).

B T-1\ K T-1
O6paTuM BHHMaHHe, YTO K03PPULIMEHTb TEPMHHAIBLHOTO YCIOBUA df (s ),aT (s )

3aBUCAT OT PeaJU30BaBILETOCS COCTOSTHUS, UTO MOXKET I10Ka3aTbCsl HECKOJIbKO CTPaHHBIM. BbI-
1lle B COOTHOIIeHUH (2.19) J/151 AeTepMUHHUPOBAHHOM Bepcry MO 6bIJI0 TOKA3aHOo, YTO 3TH
K03 PUIMEHTHI IPU peLIeHHH 33141 NPUOGPETAIOT CMBICJ I[EH COOTBETCTBYIOLINX 3aMacoB.
BriosiHE ecTeCTBEHHO, YTO B Pa3HBIX COCTOSIHUSX 3TH LieHbl IPUOOPETAIOT pa3Hble 3HAYEHUS
(kak, HampuMep, B OrpaHUYeHuH 3.2)), 2 YCTOHYUBOM 0CTaeTCsl TOJIbKO GYHKIIMOHAIbHASA CBS3b
MeXAy 3ITUMU K03QPUIIMEHTaMHU U 9K30I€HHBIMU IIepeMeHHBIMH 33/1a44. B 3TOM cMbIcsie orpa-
Hu4deHHe (3.5) MOXKHO BOCIPUHHUMATDb He KaK OJJHO OrpaHHY€eHHe, KOTOPOe JIOJI’KHO OBbITh Bbl-
IIOJIHEHO B K&XK/JIOM COCTOSIHUH B NOCJeJHUH MOMEHT BpeMeHH, a KaK ceMelCcTBO OrpaHUYeHHUH,
B KOTOPOM HaHJleTcsl CBOe AJIsl KaXKJ0ro coCTOsIHUSA. [Ipu 3ToM nmpaBas yacThb (3.5) He 3aBUCHT
OT Peasn30BaBILEroCsl COCTOSIHUSA, I03TOMY MOXKHO CYHTATh, UTO 3TO OrPaHUYEHUE MPECTaB-
JisieT co60¥ TpeboBaHHE HA MUHUMAJIbHBIA 00'beM COOGCTBEHHOI'0 KallKTala areHTa Mpy BCexX
peanu3yeMbIX B pa3/IMYHbIX COCTOSIHUSIX MUPa 3HaY€HUH 9K30T€HHBIX IEPEMEHHBIX.

B Takoii nocTaHOBKe Npe/IojaraeTcs, YTo JJOMOX035HCTBO pellaeT CBOIO 3aa4y IpH
U3BECTHBIX JJIl KaXK[Or0 COCTOSIHUS 3K30TeHHBIX NepeMeHHbIX W, (s’ ),ptc (s’ ),pt] (s’ ),
r,B (s’),r,K (s’), HO He 3Hasl, 0 KOHKPETHOM peasM30BaBIIEMCS] COCTOSIHUM, OPUEHTUPYSCh

TOJIBKO Ha €ro BepoATHOCTb.

3.2. PemieHue 3a/1a4y I0MOX03AMCTBA

3.2.1. locmamoy4Hble yca08us onmumaasHoCmu 3ada4qu

Jsis1 petieHus cOpMy/IMPOBAHHOM 3a7a4u jasiee GYAYT UCIO/Ib30BAThCs YCJIOBHS B Gop-
Me JlarpaHxa, aJanTHPOBaHHbIE JIsl 33/1a4 CO CTOXaCTHYECKUMHU NepeMeHHbIMH. JTa TEXHHUKA,
B L[eJIOM, SIBJISIETCSI IOCTATOYHO CTAaHJAAPTHOM U HCIOJb3YeTCs, HAPHMep, NIPU PelieHHH 3a-
JAay areHToB B DSGE-Mozensix (mogpo6Hee oHa onrcaHa B [Ljungqvist, Sargent, 2018]). Tem He
MeHee B 6OJIBIIMHCTBE COBPEMEHHBIX PabOT MPOIMYCKaeTcsl 3Tan paboThl C OTJENbHBIMH TPaeK-
TOPUSMHU COCTOSIHUH MHUPA U BBIMHUCHIBAIOTCS CPa3y YCJIOBHS ONTUMaJbHOCTH B TEPMHHAX Ma-
TeMaTUYECKUX OXUJaHUH. Ho MOCKO/IbKY B HACTOsIIEN CTaThe pacCMaTpUBaeTcs 3ajaya Ha
KOHEYHOM BpeMeHHOM HHTepBaJe o CrielnGHUIeCKUMH TEPMUHAIBHBIMU YCIOBUSMHY, TO JaJiee
Gy/JleT UCIOJIb30BaHO UMEHHO MOJPOGHOE ONKCAaHKe 10 TPAEKTOPUSIM COCTOSTHUH MHUpa.
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Heo6xoiuMble (M B CHJTy BOTHYTOCTH 33/1a4U JOCTATOYHBIE) YCJIOBUS MOTYT OBITh MOJTY-
YyeHbI 3a cyeT Bapuanuu JlarpankvaHa Bujia (2.7), 3anucaHHOro € y4eTOM JIBOHHOTO CyMMHPO-
BaHUA Kak B (3.1) ¥ yueTa BJIUSIHUS pealM30BaBIINXCS COCTOSTHUIA Ha BbINOJHEHHE COOTHOLIEHUH
(3.2), (3.3), (3.4), a Taxke TepMUHAIBHOTO yca0BuA (3.5), no ynpasnenusm C,,M,,K,,1,,B,.3tn

tolts
yCinoBHA AJ1d Ka)KﬂOﬁ nocjie0BaTeJIbHOCTHU COCTOSIHUM St 3aIlIUCBIBAIOTCA B BUJE CIeAYIOLIero

Habopa ypaeHeHuit. [lepsast rpynna - ycosust ontumansHoctd no C,,/,, sanucaHHble s
t=0,..,T-1,

(3.6) U'(Ct(s’))n, (st)ﬁ’ —i,(s’)p,c (s’)zO,

(3.7) W,(s’)—ﬁt (s’)p,[ (s’)zO.

Bropas rpynna - yciosusi ontuManbHoctu o M, ,K,, B, sanucannble gast ¢ =0,...,7—2

(3.8) =€, (s’) + > & (s’+1)+ 0, (st) =0,
St

T (el )l ) w7
+vy, (St)(1+6)_(pt+1 (St)'CKptl (St) _ 0,

(3.10) _it(st)"‘ Cin (s’+l)(1+r£1 (SHI))_(PM(St)TB =0.
|

(3.9)

1+ 1
N N

TpeTbs rpynna - ycious ontumansHoctu no M, ,K,, B,

(3.11) &,y (s )+ @ (s ) =0,
(3.12) —\|IT71(ST71)+®(ST71)C!§ (ST71)=0,
(3.13) =&, (sTfl) + CD(ST*l)a}E’e (sTfl) =0.

CooTtHomenwus (3.2), (3.3), (3.6)-(3.13), a TakKe aHAJIOTH YCJIOBUH AOMOJTHAOMIEN HEXe-
cTkocTH (2.8), (2.9) 06pasyloT MOJIHYIO CUCTEMY YCJIOBHUH JI1 ONpe/ie/IeHUs] pellleHUs 3a/]a4u
JOMOXO035IMCTBA B 3TOH IIOCTAaHOBKE.

AHanornyHo paccyxgeHusm (2.18)-(2.20) moxeM Ha ocHoBanuH (3.11), (3.12) u (3.13)
MOCJIeZJ0BATE/bHO 3aMUCaATh

(3.14) o(s" ") =g, (s")>0,

(3.15) ap (ST_1)= 1, af (ST_I) =pr (ST_I).



60 3KOHOMHYECKHH )KYPHAJI BILI9 Ne 1

U kak cnepctBue us (3.14) u (3.15) noayuyum aHajoruydHoe (2.21) TepMHUHa/IBHOE yC-

o T-1
JIOBHE, KOTOpOE AOJIX)KHO OBbITb BBIINIOJIHEHO AJid BCEX BO3SMOXXHbBIX KOHEYHbIX COCTOAHHUH §

(3.16) M, (ST’1 ) + B, (sTf1 ) +pi (ST’1 )KT (sr’l) = y(MO +B,+ pf]Ko).

3ameTuM, 4yTO cooTHOUIeHHe (3.16) BBINOJIHAETCSA B JIIOOOM CIy4yae, HE3aBUCUMO OT Ipe-
JOBIAYIHAX COCTOSTHUH. [le1o B TOM, 9YTO B MOMeHT T —1 areHT yke 3HaeT 3HaYEHHUs BCEX IK30-
TeHHbIX [lepeMeHHbIX, I03TOMY JJIS1 HETO y>Ke He OCTaeTCsl HeollpeesleHHOCTH, U OH Hampa-
BUT BCe CBOU CBOOO/IHbIE B cMbIce (3.16) cpe/icTBa Ha yBeJIMYeHUE TOTPeOIeHHSI.

AnanoruuHoe (2.23) BeipaKeHHe JJ1s1 IOXOAHOCTH B CIy4ae CTOXaCTHYECKOH 33/1a4u MO-
JKeT OBITh 3alUCAHO JJIS KOXK/I0HM Maphbl OCJIeI0BaTeNbHbBIX COCTOSTHUN

o ]

Torpa c yaetom (3.8), (3.9), (3.7) u (3.17) MoxxHO 3anucaTb

B t
(3.18) p,(s')= ﬂ

1+1%

A cydertom (2.24), (3.8), (3.7),(3.10) u (3.17)

p,(s’): K (St)+i,1(st)—(1+it’ (Sf))5.

1+1*

(3.19)

Takum 06pa3oM, aHasoru4Ho (2.25) u (2.26) us cootHouenu# (3.18) u (3.19) cHoBa JJ1s

B K
paspelIMMOCTH 33/ja4y areHTa TpebyeTcsa CBA3b MeX/ly IepeMeHHbIMHU ¥, , ¥,

./
v W I, , BBINOJI-

HeHHasl OT/IeJIbHO /Il KaX</I0r0 COCTOSTHUSA s .

C y4eToM HCII0/Ib30BaHHOM paHee 3aMeHbI (2.28) Ha OCHOBaHMU COOTHOIIEHUH (3.16),
(3.18) u (3.19) dunaHcoBbI 6anaHC (3.2) MOXKET ObITh 3aNIMCaH KaK YpaBHEHHUE Ha COOCTBEH-
HbI{ KallKuTaJ J0MOX035H1CTBa

(3.20) Q. (s' ) = (1 +p, (s'))Qt (s'_1 ) +W, (s')— by (st)Ct (st ),
a TepMUHAJIbHOE ycaoBHe (3.5) nepenucaHo B BU/je

(3.21) Q, (sT‘l)z Q.

3.2.2. Anzopumm peweHus 3adaqu

Jlasiee onuieM aJirOPUTM TOJIYYEHUs TTOJIHOTO pPelleHHs 3a1a4M JoMoXo3sicTBa. Pac-
cMoTpuM ypaBHeHue (3.20), 3anucaHHoe B nociefHui MmomeHT T —1
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322) Q,(s" = (1 +pr (sTf] ))QT_1 (ST’Q) +Wr, (sTf] ) - P (sTf1 )CT_1 (sTf1 )

U3 (3.22) MoxeT GbITh MOJy4YeHO BbIpaXKeHHe /sl BEJIMYMHBI COOCTBEHHOI'0 KaluTaaa

T-2 T-1
Qr (s ) Yepes cieAiylolliee 3HaueHHe (), (s ) KOTOpoe ¢ yueToM (3.21) 3amucbiBaeTcs

B BH/IE

Q W, -1\ _ C T-1 C T-1
(3.23) QT,l(ST72)= Y8 + Wi (Sl+)pT11?ES1T(j) ) T-1 (S )

o T-
CooTHouenue (3.23) MOXKeET ObITh 3aMUCAHO AJIs PA3HbIX COCTOSIHUN S, IPOU3BOJIb-
T-1 T-1
HYI0 HECOBNA/JAMLyI0 Napy U3 KOTOPBIX /yIsi IpUMepa 0603HauuM Kak §; U s, . Torsa B

MpeAaroJoKeHHH, YTO KaXKA0MY U3 3THX COCTOSTHUH nmpeamecTBoBaJIo OAHO U TO Ke COCTOAHHE

T2
s 13 (3.23), MOXeM 3aMucaThb CBSI3b

(3.24)

T-1) _ (1+pT‘1 (Sf_l))pg‘l (s"T_l T-1
Cr- (Sj )_ (1+pm (s;ffl))l?ﬁl (SJT 1) o (Sk )+
Pra (SZ_I ) ~Pr (SJT'_I) YQ,
3.25 .
( ) + 1+p7-_1 (S,z-_l) pg—l (Sj"—l)
. T-1 T+pr (sfril ) . T-1
' p?—] (S./Fl) e (Sj ) 1+pr, (SkTil) WT?l(Sk )

CootHomenue (3.6) c yaetoMm (3.8) 1 (3.17) MOKeT OBbITh ITePENUCAHO B BUIE
U,(CT—Z (Sinz )) Tr-2 (Sinz)
c -2
Pr— (SzT )
(3.26)
' T-1 T-1
pU (CH (5] ))“Tfl (s,

-y (1 +pra (s )) pia(s]™)

T-1
Sj
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Winu c yyeToMm (2.3) MoxkHO nepenucath (3.26) kak

_ +pr(s7 .
o e8| B e e )
rae
T-1) .T-2\ _ anl(SjT‘_l)
(3.28) m (5] 87 ) = ol

[Tocsie aToro Ha ocHoBe (3.27) c yueToM (3.25) u (3.28) nosryqaeTcss HA6OP COOTHOIIEHUH,

. T-1 T-2

KOTOPBIii [PX 3aAaHHBIX /YISl KQXK/0T0 COCTOSIHUS §;  NPH QUKCUPOBaHHOM § 3HaYeHHUsX
T-1

Pr_ (Sj ), KOTOpbIe ONPeEISIOTCS U3 3K30TeHHbIX epeMeHHbIX corJacHo (3.18) u (3.19),

T-2 . -1
no3BoJisieT npy usBectHoM Cp_, (s ) HalTH Kaxxzaoe nocienymomuye Cr_ (sj ) Kpowme To-
TO, C UCHOJIb30BaHUeEM Tex ke (3.25), (3.27) u (3.28) cooTHomeHHe (3.23) MOXKET ObITh Iepenuca-

T-2 T-2 T-1
HO KaK 3aBUCHUMOCTbHb QT—l (S ) oT CT—Z (S ), 3K30Tr€HHBIX NepeMEeHHbIX WT—l (S ),

p%l (sTfl) 1 yxe onpefiesiuBLIeica coryacHo (3.18) p,_, (sTfl) .

Jlanee ata npoleaypa NOBTOPSIETCS MOC/AeL0BATENBHO IS KKJ0T0 MPeAbIAYILIEro Mo-
MeHTa BpeMeHHU. AHayIoru4Ho (3.22) it MoMeHTa 7 — 2 BBINUCHIBAETCS COOTHOLIEHHE Ha CO6-
CTBEHHBIH KaluTasl

0 (7)o o (7)

(3:29) T-2\_ C (T2 T-2
+WT—2(S ) Proafs )CT—Z(S ),

U3 KOTOPOro aHanoru4Ho (3.23) Belpakaercs 2y, (ST_3) , TO3BOJISIIOIEEe aHAJIOTUYHO (3.24)
3amnucaTh COOTHOLIEHUE, cBsi3biBatolee Cr_, (ST_Z) JUIs1 BCEX BApHAHTOB §' ~ . A COOTHOLIEHME,
aHasiorn4Hoe (3.26), Mo3BOJISIET BBIPA3UTh KaxJoe U3 HUX depe3 C;_, (ST73) . [Ipuuem 6Gunaro-
Jiapsi NOJIyYeHHOMY Ha NpeJblAylLieM 3Tale COOTHOLIEHHIO, KOTOpoe BbipaxkaeT Qi (SH)

T-2
gepes C;_, (S ) , Hocsie npeo6pa3oBanus (3.29) B HeM OCcTaHeTCs TOJIbKO 3HAYeHHe COOCT-

BEHHOI'O KallkMTaJia B l'IOCJ'Ie,ELHI/Iﬁ MOMEHT BpPpEMEHH, 3HaY€HHE KOTOPOTO N3BECTHO U3 (32 1)
Ilocne IMOBTOPEHHA ONMMCAHHBIX BbIIIE I/ITepaLU/Iﬁ A0 MOMEHTA 1 INOJIYy4YHMM COOTHOLIEHHUE

(330) () = (1+po (") J02 + 75 (s") = 2§ (5°) Cu s")-
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B KOTOpOM (2 (so), COTJIaCHO MPOBE/IEHHBIM Ha TPEZBIAYIIHX ITaax Mpeo6pa3oBaHUsIM, BbI-
0 0

paxaetcs yepe3 C, (s ) osyuenHoe u3 (3.30) urorosoe cooTHowmenue A C, (s ) oyaet

BK/IIOYaTh HayaJbHOe 3HaYeHHe COOGCTBEHHOro KamuTasa {),, mapaMeTp Yy W TPaeKTOPHU

1 o) B[ . L0 T-1
W,(S ) )2 (s ) 7, (S ) JJ11 BCeX BO3MOXKHBIX 110CJIe/J0BaTe/IbHOCTelN COCTOAHUM S ...,

1
B utore peuieHreM 3a/jla4y areHTa ABJAeTCA IporpamMmma ,E[eﬁCTBPIﬁ dreéHTa, KOTOopad B
Ka)K,ﬂbIﬁ MOMEHT BpEMEHU ! B 3aBUCUMOCTHU OT TeKyllero COCToOAHUA MUPa U 3HAa4Y€HHA 3alla-

t
coB (11 co6cTBeHHOrO KanuTana 2, ) onpefenseT ypoBeHb notpebienus C, (s ) .

3.3. UccnegoBaHue pelieHNs CTOXaCTUYECKOH 3aa4U JOMOX03iCTBa

3.3.1. KomnakmHas 3anucs yc/108uii onmumaasHocmu

3aMeTHM, YTO YMHOXKUB 3alFICAHHOE JIJIs1 KOKJJ0M KOMOHUHAI[UN COCTOSTHUN COOTHOIIIEHHE
(3.26) Ha COOTBETCTBYIOIIYIO BEPOSTHOCTb M CJIOXKUB BCE IOJIyYeHHbIE COOTHOIIEHHUS], MOXKHO
3aMMcaTh YacTO UCIOJIb3yeEMOEe BhIpaXKeHUe

(3.31) &CC}):[SEt (1+pr+1)U'(Ct+l)'

)2 ch+1

AnHasnoruyHbli npueM s ypaBHeHus (3.20) n03BoJISIET IepenucaTh Yepe3 MaTeMaTH-
YyecKHe 0XKU/IaHUs YpaBHEHHUsI Ha JMHAMHUKY COGCTBEHHOr0 KallyuTaJla areHTa

(3-32) EQ, ,,=Q E, (1 TP ) +E, (VV;+1 - ptc-;—lCH—l )

Eciu k cootHomeHusm (3.31) u (3.32) f06aBUTh TepMUHaA/NbHOE ycaoBue (3.21), cuu-
Tasd, YTO [lepeMeHHas P, U3BeCTHA U3 YCJIOBUH ONTHUMaJIbHOCTH, TO Mbl IOJIyYUM CHCTEMY, I10JI-
HOCTBIO OITMCBIBAIOLIYI0 JUHAMHUKY NIoTpe6ieHUs. OHAKO B TAKOM BH/ie UCC/Ie/l0BaTh ee OKa-
3bIBAETCs KpakHe HeyJ06HO M3-3a Toro, 4To B (3.31) noj MaTeMaTH4YeCKUM OKHUJAHUEM C yie-
ToM (2.3) B 3HaMeHaTeJle CTOUT cTeleHHass GyHKUMs oT nepeMeHHoi C,,, a B (3.32) - su-
HellHas QYHKLUS OT Toil ke nepeMeHHO. [loaTomy B DSGE-Mogensax (cm.: [McCandless, 2009;

Fernandez-Villaverde et al., 2016]), kak npaBuIo, NEPEXOAAT K JUHEHHBIM MPUOGJIMKEHUSIM UC-
XOJIHbIX YpaBHEHHH.

3.3.2. AHas102 mpaekmopuu c6a/1aHCUPOB8AHHO20 pocma
8 3adaye domoxo3salicmea

JluHeapu3auus, KaK MPaBUJIO, MPOBOJAUTCS BOKPYT TaK Ha3blBaeMOM TPAeKTOPHH cHa-
JIAHCUPOBAHHOTO POCTa, NpeAIoJaraolieH, YTo B MOJieJIM OTCYTCTBYIOT IIOKH, 8 BCe areHThI
peLIaT CBOM 33a4H € y4eToM 3Toi nHPopMaLuu. To ecTb B TEpMHUHAX paccCMaTpUBAaeMOH Ha-
MU 33/la4y OTPe6GUTesT MHOXECTBO COCTOSIHUM B KaXK/IbIH MOMEHT BpeMeHHU [ COKpallaeTcs
7,0 ojiHOTO (6y/ileM 0603Ha4YaTh €ro §, ), a caMa 3a/jlaya pelaeTcss MCX0/A U3 NPeAIoJI0XKeHH s 0
TOM, YTO 10C/IE/{0BATEIBHOCTb PEATM30BAHHBIX COCTOSHH 5 | H3BECTHA.
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3aMeTHM, YTO HA BBIOOP COCTOSIHHM, OMUCHIBAIOIIUX COATAHCUPOBAHHBIA POCT, 4acTO
HaKJIaZ[bIBAIOTCS AOMOJTHUTENbHBIE TPpeOboBaHUA. HanpuMep, B ciiydae paccMaTpuBaeMoH 3a/1a-
YU YTBEPXK/JEHHE 00 OTCYTCTBHU IIOKOB MOXKET ObITh 3alIMCAaHO KaK Habop yCJI0BUH Ha MaTe-
MaTUYeCKOe OXKUJJAHHE IK30TeHHBIX IIepeMeHHbIX:

(3.33) w,(5') = EW,(s').
(334) P ()= Eopf (s°). p! (5") = Eop! (s'),
(3.35) K (E’) =E,;* (s’), P (E') =E,;” (s’).

[Ipu 3TOM, ECTECTBEHHO, IPE/II0JIAraeTCs], YTO B KAXK/bIi MOMEHT BPEMEHHU ! CpeJy UC-
XOJIHOTO HaGOpa COCTOSHHUH CyIIeCTBYeT MOC/Iel0BaTebHOCTb COCTOSHHUI 5, Y/I0BATBOPAI0-
mas cooTHoueHusaM (3.33)-(3.35).

ComnocTaBUM pelleHHe JeTepPMUHUPOBAHHOM 3a1a4yy NIPH [10C/1e0BATENbHOCTH peasl-

o —T7-1 - o
30BaHHBIX COCTOAHHH S U pelieHre CTOXaCTUY€CKOU 3aJavH. C y4€TOM COOTHOLIEHUH (32 5)

v (3.27), 3anKcaHHbIX /I TPOU3BOJIbBHO MOMEHTA BPEMEHU f, MOXKEM 3aIHCATh I CTOXacC-
TUYECKOU 33/1a4u

Q

(oofoile) T
o)) )

(3.36) CH(E'_]):B_i HL(S;)N,(S’\EFI) +p’(§t)_pf(s;) €Y

l+p,5")  p(s))

() o). W (5')

Ao )

AHasoruyHoe COOTHOILIEHUE AJIs JeTEPMUHUPOBAHHOM 3a/jauy, cieayouee u3 (2.31),
3alMUChIBAETCS B BUJlE

1
A 1+p,(5)) @
(337) Ca(m)=C(5")p = TPE—;

BrinoJsiHeHHe O/THOT0 U3 COOTHOIeHUH U3 naphl (3.36) u (3.37) coBeplieHHO He 03Ha-
YaeT BBINOJHEHHS BTOPOIO, MOCKOJIBKY (3.36) cofiepXKUT GO0JIbllee YUCJIO0 MPOU3BOJIbHBIX 3HA-
YeHUH IK30T€HHBIX TepeMeHHbIX. TeM He MeHee MOXKHO I0Ka3aTh, UTO CYIECTBYIOT TaKHe KOM-
OWHAIIMY 3THUX IK30T€HHBIX NTepeMeHHbIX, Korjja cooTHolneHus (3.36) u (3.37) oKaxyTcs 3K-
BUBaJIEHTBbL. PacCMOTPUM 4acTHBIN ClIy4da, NpejnoJaralomyum
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(3.38) W,(s;)zw,(i’):o, y=0.

Torpga (3.36) nepenuieTcs: B BUJie COOTHOIIEHHUS

339) C l(—H):C(E,)B% zl+p, (sj)nt (s’ |s’*‘) (1+pt(s}))ptc(5i)

N
= t ¢
s 1+l,(sj)

KoTopoe c yueToM (3.37) no3BoJisieT 3anucaThb

1-a

Y0 N L)) R
(3.40) m _Z, m nt(sﬁls,)

HJIX B TEPMHUHAX MaTEeMaTUIECKOI'0 OXKUJaHUA

1-a 1-a

1+pt(E’) 1+p,(s’)
(341) rraeny M E | —=7=
+1, (s ) 1+1, (s)

To ecTb c6aTAaHCUPOBAHHBIN POCT B paMKax pacCMaTPUBAEMOU MOCTAaHOBKHU MOXKET OBbITh
peasi30BaH B KAUeCTBe pelleH s HCXOAHOM CTOXaCTUYeCKOH 33/lauy areHTa TOJIbKO MpH YCJIo-
BUH, YTO COBMECTHOE paclpefiesieHHe 3K30reHHbIX epeEMEHHBIX YIOBJIETBOPSIET ONpeieeH-
HbIM COOTHOIIEHUSM, YACTHBIM CJIydyaeM KOTOpbIX siBjsieTcs Habop (3.38), (3.41). Bo Bcex oc-
TaJIbHBIX CJTy4yasix OKa3bIBAETCs], YTO IPH NPOU3BOJIBHOM COBMECTHOM pacnpesieeHUU 3K30TeH-
HBIX [IepeMeHHbIX C6a/TaHCHPOBAHHBIA POCT He SIBJISETCS pelleHHeM CTOXaCTUYeCKOH 3a/a4n
areHTa, JONyCKaroLlel peasn3alyio pOBHO TeX e COCTOSIHUH, KOTOpble ONpe/e/IsitoT coanaH-
CUpPOBaHHBIN pocT. TakMM 06pa3oM, KOPPEKTHOCTb JIMHeapHu3aluy, Boo6lle roBops, JO/IKHA
NPOBEPSITHCS AJIS1 KAKJ0H KOHKPETHOH MOJIe/IM U KaXKJ0ro pacnpeziesieHus cay4aiHbIX nepe-
MEHHBIX OT/IeJIbHO.

3.3.3. O6¢cysxncdeHue nodx0008 K aHAAU3y peuleHUs
cmoxacmu4eckoll 3ada4u

[l OLleHKH BO3/IeMCTBHA OT/eJIbHBIX IIOKOB (T.e. pealu3alyil COCTOSIHUA S, , OTJINYal0-

1erocsd oT §,) 06bIYHO NPOBOAUTCA aHANU3 GYHKLUMH UMNYIbCHOTO OTK/IMKA (IRF - mojpo6-

Hee, HanpuMep, B [Fernandez-Villaverde et al,, 2016]), T.e. pacCYUTHIBAIOTCS OTKJIOHEHHUS Tpa-
eKTOpPUH, NOJYYEHHBIX P HEKOTOPOM MPOU3BOJIBHOM HAbOpe COCTOSIHUMN, OT TPAaeKTOPUH
c6aslaHCUPOBAHHOI'O POCTA IPU OJUHAKOBOM HAab6Ope Haya/IbHbIX 3HAYEHHUH U apaMeTpoB. Ec-
JIM TPAeKTOpHsl c6aJJaHCUPOBAHHOI'O POCTA MOKET ObITh pea/ii30BaHa B KaueCTBe ONTHMAaJIb-
HOH TpaeKTOPHH B CTOXAaCTMYECKOH 3ajJjaue, TO 3TOT IIpHeM I03BOJIsieT UTHOPUPOBATb TEPMHU-

HasibHOe yciioBHe (3.21), onpesesiolee HadyalbHbIA ypOBeHb OTpebsieHuss C 10 aHAJOTHU
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¢ (2.33), u fasnee paboTaTh CO CTOXACTUYECKON AUHAMUYECKON CUCTEMOMH, COCTOSALEN U3 CO-
otHommeHu# (3.31) u (3.32). Ecsiu ke TpaekTopusi cOaJaHCHPOBAHHOI'O POCTA HE MOXKET ObITh
peanr30BaHa NOJO6HBIM 06Pa30M, TO BOSHUKHET CHCTEMATHYECKOE PACX0XK/IeHHe, CBSI3aHHOe
C HECOBNAAIOIMUMH HAaYaIbHBIMY 3HAYEHUSIMU 110 OTPEBJIEHUIO C .3amerum MIPU 3TOM, UTO
MPU TAaKOTO PO/ia aHAJIM3e MPE/II0JIaraeTcs, YTO areHT pellaeT CBOI0 33/1a4y B Ha4aJIbHbIA MO-
MEHT BPEMEHHU HOJIb U JIEHCTBYET B COOTBETCTBUH C MOCTPOEHHOM CTpaTeruew st BCeX Mo-
meHToB Bpemenu ¢ =0,...,7 —1.

Bellre npu paccMOTpeHUH AeTepMUHHUPOBAHHOM 33/la4M Mbl OTMeYaJly, YTO ypaBHEHHE
(2.31), onmceiBaroniee AMHAMUKY noTpe6enus, BepHo npu ¢ = 0,...,7 — 1. Ho npu BeiGpaH-
HOM B COOTBeTCTBUH C (2.41) u (2.42) napaMeTpe rpaHUYHOIO YCJAOBUSA Y U B IPe/II0JIOXKEHHUH,
YTO [0 HAYaJIbHOTO MOMEHTA BpeMeHH HOJIb MI0BeJleHUe areHTa OnpeJe/isjioch TaKOH Xke 3a-

Jadei c mapaMeTpaMy, BbIOpaHHBIMU aHAJIOTUYHBIM 00pa3oM, ypaBHeHHe (2.31) MoXKeT ObITh
3anucaHo U i ¢ = 0. To ecTb KMEHHO B 3TOM C/Iy4ae CUCTEMA, COCTOSILIAs U3 YPAaBHEHHsI AJ1s1

notpebsenus (2.31), BeinosiHeHHoro st ¢ = 1,...,7T — 1, ypaBHeHus1 [jis COGCTBEHHOTO Kamu-
tana (2.29), BemosiHeHHoro g ¢ =0,...,7 —1, v BblpakeHUs AJIs1 HA4YaJbHOTO 3HAYEHUS

noTpebsaeHus (2.36), MoxKeT ObITh 3aMeHeHa JMHAMUYECKOW CUCTEeMOM, COCTOsALeN U3 ABYX
ypaBHeHwuit: (2.29) u (2.31), BoinosiHeHHbIx gasi Beex ¢ =0,...,7 —1.

[Toxoxuii MpHeM MOXKeT GbITh UCII0JIb30BaH NpH 3allMCH YPaBHEHUN AJist cOaIaHCHPO-
BaHHOrO pocrta Ha ocHoBe (3.31) u (3.32), rae pacnpoctpanenue cooTHoueHus (3.31) Ha Mo-
MeHT BpeMeHHU f = (0 oCyILeCTBIsIeTCs B IPEATIONI0XKEHUH, YTO KAK MUHUMYM B NPeJbIAYIHT

MOMEHT BpeMeHH TPAaeKTOPUH NepeMeHHbIX TaKKe COOTBETCTBOBAIN COa/laHCUPOBAaHHOMY POC-
Ty. [IpydeM NMOCKOJ/IBbKY /Jisl OCTAJbHBIX COCTOSIHUM 3Ty Napy ypaBHEHUH y106HO NepenucaThb
B TEPMHMHAX OTKJIOHEHUH OT c6a/laHCUPOBAHHOT0 POCTa, TO U Haya/IbHble YCJOBUA y ITOH ANHA-

MUYECKOH CHCTeMbl OKa3bIBAIOTCA U3BECTHBI U PaBHBI HYJIIO, IOCKOJIbKY (2, pUKCHpOBaHa, a

C 3aBHCHT TOJIbKO OT Paclpe/iesIeHUsI 9K30TeHHbIX TEPEMEHHBIX, HO He 3aBUCHT OT KOHKPET-
HOU peanu3anyu. ¥ 3To MOJTHOCTBIO COOTBETCTBYET, HAPUMeEp, CTAHJAPTHOM MPaKTHUKE UCCIIe-
JI0BaHUs COAJIAHCUPOBAHHOTO pocTa U GpYyHKIUHA UMIYJIbCHOTO OTKJIMKA B DSGE-Mofiensx, Kak,
HanpumMep, B [Fernandez-Villaverde et al., 2016], cooTHOIIEHUSI KOTOPBIX MOTYT OBbITh IEPEH-
canbl B Buie VAR-Moeneit.

O/iHaKO MPe/INOJI0KEHHE O TOM, YTO /10 MoMeHTa ¢ = () TpaekTopus noTpe6seHHs CO-

OTBETCTBOBAJIa COAIAHCUPOBAHHOMY POCTY, HE BBITJISI/IUT €CTECTBEHHO, KOr/]a peYb 3aX0JUT
0 MOBTOPHOM peIIeHHUU CBOEH 33/1a4u JOMOX039UCTBOM. Ec/ii moTpebyieHre B peAbIAyIIui
MOMEHT BpeMeHH (Bbllile MbI €ro 0603Havdasnd f = —1) He coBmajaeT co 3HaYeHHEM Ha cHa-

JIAHCHPOBAaHHOM pOCTe (@ BEpPOSITHOCTb 3TOr0 HeHyJleBasi, IpU4yeM B cJIydae 6ECKOHEYHOT'O MHO-
»KecTBa BO3MOXKHBIX COCTOSIHMHM B 3TOT MOMEHT OHa Oy/ieT paBHA eJlMHHUIEe), TO 3allMCbIBATh
st MomeHTa ¢ = 0 cooTHomrenue (2.31) ass c6anaHcupoBaHHOro pocta wiu (3.31) ass cto-

XaCTHYeCcKOH N0CTaHOBKU HeKOppeKTHo. [IpuyeM, kak okasaHo B pasfeie 2.3, 1o460p napa-
MEeTPOB I'PAHUYHOI0 YCJIOBUS MOXKET PeLIUTh 3Ty IP06JeMy TOJIbKO eC/IH BbINOJIHEHO (2.50),
YTO, BOOGIIle TOBOPS], COBEPIIEHHO HEOUYeBU/JHO /1J1s1 IPOU3BOJIbLHOIO pacnpesiesieHus LOKOB,
a TeM 6oJlee B IOCTAHOBKAX, I'/ie LIOKH ONHUCBIBAIOTCA HOPMaJ/IbHBIM pacnpe/ieleHHeM U MOTYT
IPUHUMATb IPOM3BOJIbHbIE 3HAYEHUS OT MHUHYC /10 IVIIOC 6ECKOHEYHOCTH.
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Emie 60Jiee c10XHON CTAaHOBUTCS IP06JieMa CBA3H HayaJbHOTO MOJIeJIbHOIO U NOC/Ie/ -
Hero UCTOPHUYECKOro 3HaUYeHUsI NOTPebJIeHHsI B CUTYALMH, KOT/ja IOMOX0351HCTBO 3aHOBO pellaeT
CBOIO 33/ja4y KaXAbl{ pas, Kor/a NoCTynaeT HoBasg MHGOpMAIs O peaJu3aluy CAydaiHbIX
3K30TeHHBIX BeJIMYMH. M3-3a TOT0 4TO Haya/JbHOE 3HA4YeHHe NOTpebIeHusI He GyieT Y 0BJIe-
TBOPSITb HU YpaBHeHUIO (2.31), Hu ypaBHeHHIO (3.31), MbI [TOJIy4MM, YTO Ha GaKTUIECKOH peasiu-
3alM{ 3TH ypaBHEHUs He OYAYT BbINIOJHEHBI HU /151 OJHON TOUKHU. TakuM o6pa3oM, epexos
OT CUCTEMbI COOTHOLIEeHUH, BkItovarouei (3.31), (3.32) u HayasbHOE YCI0BHE, MOJIy4yaeMoe
COTJIACHO aJITOPUTMY U3 pasjziea 2.2, K JUHAMUYeCKON CUCTeMe, COCTosiIel Tobko U3 (3.31),
pacnpoctpanenHoro Ha MoMeHT ¢ = 0, u (3.32), sABjsieTcst yA06HBIM IPUEMOM /IS aHAJIM3a BO3-

JIeHICTBUS OT/eJIbHBIX IIOKOB Ha OTKJOHEHHe OT C6aJaHCUPOBAaHHOT'O POCTa, HO NOPOXKAAeT
coJiep>kaTeJIbHOe IPOTUBOpeYHe NPY aHa/IM3e KOHKPETHBIX peau3aluii NepeMeHHbIX MOJeJy,
YTO CTAaHOBUTCSI 0COGEHHO Ba)KHO, HAIPUMED, /AJ1s1 PellleHusI 3a/ja4 OLeHKH apaMeTPOB HUJIH
NPOrHO3UPOBAHMUS.

4, 3ak/II04YeHHue

B craTbe Ha npuMepe ONTUMU3ALMOHHOM 33/ja4M JJOMOX03SIUCTBA, KOTOPOE PUHHUMAET
pelieHUe 06 06'beMax MOTPebIeHUsI U UHBECTUPOBAHMS, I0KA3aHO, KAKUe CJI0>)KHOCTHU BO3HU-
KaloT B IETEPMHUHUPOBAHHBIX U CTOXAaCTUYECKUX NIOCTAHOBKAX HA KOHEYHOM BPpEMEHHOM HUHTEp-
Bale. B 33/1aue /1151 ee pa3peliMMOCTH Ha KOHEYHOM BpeMeHHOM HHTepBaJle 00aBIISIETCS Clelu-
aJIbHOE TepMHHA/IbHOE YCJIOBHE HAa COGCTBEHHBIN KalKTa/l areHTa, 060611alolee CTaHJAPTHBIE
BapUaHThI TAKUX YCJIOBUH.

[lepBast mocTaHOBKA - JeTePMUHUPOBAHHbBIN cay4yal, Ipejnoarariiui, 4yTo JoMOX0-
31HCTBY U3BECTHbI TPAEKTOPHH BCEX 3K30T€HHBIX [TepEMEeHHbIX HA BCEM pacCMaTpUBaeMOM Bpe-
MeHHOM HHTepBaJie. HallieHo aHa/IMTUYeCcKoe pellleHue 3TOH 3a/1a4y U 0Ka3aHo, YTO 3a CYET
BbIGOpa MapaMeTpa TEPMHUHAJBHOTO OrpaHHYeHHs B 33/jJade Ha KOHEYHOM BpeMEHHOM HHTEP-
BaJIe BCET/la MOXKHO MOJIYYUTh TPAEKTOPHUIO NOTPebIeHUs U3 pellleHUsI aHaJIOTUYHOU 33/1a4H,
MOCTaBJIEHHOH /I 6ECKOHEYHOT'0 TOPU30HTa IJIaHUPOBaHUsA. Eciiv ke BbIOUPATh K03bdUIIU-
€HT TEPMHUHAJIBHOIO YCJIOBHS TaK, YTOObI ONTHMaJIbHAS TPAEKTOPHS MOTPeOIEHUS MPOJ0JIKA-
Jla UCTOPUYECKYI0 TPAeKTOPHUIO, TO IPU OIpe/ieJIEeHHOM COUYeTaHUY Havya/lbHbIX YCJIOBUH 33/1a4a
JIOMOXO035IMCTBA MOXKET OBITh JIM6O pa3peliMa TOJIbKO JI0 ONpe/ie/IEeHHOTO TOPU30HTA IIaHH-
poBaHus, 160 GbITh BOOGIIE Hepaspelnma.

BTopas mocTaHOBKa — CTOXaCTUYECKHUM CJydail, KOrJja JJOMOXO3SUCTBO 3HAeT TOJbKO
3aKOH pacnpejie/ieHUs1 9K30TeHHbIX NlepeMeHHbIX. [lo/IHOe aHa/IUTUYeCKOe pellleHHe B 3TOM
c/lydae NpeACTaBUTb He yJaeTcs, OJHAKO IpeJJaraeTcs MocjaeJoBaTebHbINA alrOpUTM, KOTO-
pBI¥ JJaeT MoIIaroBoe OMMCaHHe pacyeTa Takoro pemreHus. [lokasaHo, YTO c6a/laHCUPOBaHHBIN
pPOCT B paMKax paccMaTpUBaeMOM OCTAHOBKU MOXKET ObITh peaii30BaH B KAYECTBE pelleHUs
HCXOJJHOM CTOXaCTUYeCKOW 3aJlayy areHTa TOJIbKO NPH YCJIO0BUH, UTO COBMECTHOE paclpeese-
HUe 3K30TeHHbIX NTepeMEeHHbIX Y/I0BJETBOPSIET OMNpe/ieIeHHbIM COOTHOLIeHUsIM. Bo Bcex oc-
TaJIbHBIX Cy4asX OKa3blBaeTCsl, YTO NPU NMPOHU3BOJbLHOM COBMECTHOM paclipe/ieJIeHUH IK30-
TeHHBIX NepeMeHHbIX COAIaHCUPOBAHHBINA POCT MOXET He SIBJISATHCS PelleHUEM CTOXaCTHYe-
CKOH 3a/layy areHTa, YTO [103BOJISIET C/leJIaTh BbIBOJ, YTO KOPPEKTHOCTD JINHEApU3aLuK BOKPYT
COaTaHCUPOBAHHOTO POCTA, BOOGIIE TOBOPS, AOKHA MPOBEPSATHCS AJI1 KOKJOH KOHKPETHOU
MOJIeJIM U KaXK,0T0 pacipe/ie/ieHust Cy4alHbIX epeMeHHbIX OTZEebHO.
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Eme 6osiee c10’)KHON CTaHOBUTCS POGJIeMa CBSI3U HaYaIbHOI'O MOZE/IbHOTO U MOC/Ies-
HEero UCTOPUYECKOro 3Ha4eHUs NOTpebJIeH s B CUTYallUH, KOIa JJOMOX0351HCTBO 3aHOBO pe-
IIAeT CBOIO 33Jja4y KaX/bli pas, Kor/a MoCTynaeT HoBasi MHGOPMaLKs O pealusaluu caydai-
HBIX 3K30r€HHBIX BeJUYHH. [loKka3aHo, YTO nepexos; OT CUCTEMbI YPaBHEHUH, ONMCHIBAIOIUX
pellieHHe 33/Ja41 JJOMOXO03SHCTBa, K IUHAMUYECKOH CUCTEME, SIBJISIeTCs] Y00HBIM IPUEMOM J|JI51
aHaJIM3a BO3JENCTBUS OTJE/bHBIX IIOKOB HA OTKJIOHEHHE OT COaJIaHCUPOBAHHOIO POCTA, HO
HOPOXKJAET CoZleprKaTe/IbHOe IPOTUBOPEYHe IIPY aHa/IM3e KOHKPETHBIX pealu3aliil nepeMeH-
HBIX MOJIEJIH, YTO CTAHOBUTCSI OCOGEHHO BaKHO, HANpUMep, AJis pellleHHs 3a/ja4 OLeHKH Hapa-
METPOB WU IPOTHO3UPOBAHUS.

HUccnenoBaHue CBOWCTB pelieHHH 06eMX ONMTHMHU3alMOHHBIX 33/ja4 [T03BOJISIET OCTABUTh
BOIIPOC O TOM, YTO JIaeT Y4eT CTOXaCTUKHA B SKOHOMHUYECKUX MO/IeJISIX, UCIIOIb3YIOIIUX IPUH-
LIUII ONITHUMAJIBHOCTH, €CJIM UX aHAIUTUYECKOE pellleHHe 0Ka3bIBaeTCsi HEBO3MOXHbBIM,  METO/IbI
MPUOJIMKEHHOT0 aHaIu3a (JIMHeapu3aluu) HaCTOJbKO MOAUPUIIUPYIOT UCXOJHYIO MOZEb, YTO
U3 Hee NPONAJAIOT HesIMHelHble 3 EKTHI, ABJIAIIINECS [VIABHBIM C/Ie/CTBUEM J06aBIeHUS
CJIyJallHBIX BEJIUYHH B MO/JIEJb.
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The article uses the example of an optimization problem of a household that makes a de-
cision on the volumes of consumption and investment to show what difficulties arise in determi-
nistic and stochastic formulations on a finite time interval. In order to make the problem solvable
on a finite time interval, a special terminal condition on the agent's equity capital is added, gene-
ralizing the standard versions of such conditions.

The article considers two settings. The first setting is a deterministic case, assuming that
the household knows the trajectories of all exogenous variables over the entire time interval un-
der consideration. An analytical solution to this problem is found and it is shown that by choosing
the parameter of the terminal constraint in the problem on a finite time interval, it is always
possible to obtain a consumption trajectory from the solution of a similar problem set for an infi-
nite planning horizon. If the coefficient of the terminal condition is chosen so that the optimal
consumption trajectory continues the previous value, then with a certain combination of initial
conditions, the household's problem can either be solvable only up to a certain planning horizon,
or be completely unsolvable.

The second statement is a stochastic case, when the household knows only the distribu-
tion law of exogenous variables. In this case, it is not possible to provide a complete analytical
solution, but a sequential algorithm is proposed that allows one to obtain a step-by-step descrip-
tion of the calculation of such a solution. The study of the properties of the constructed model al-
lows one to show how different the work with stochastic optimization problems for the analy-
sis of deviations from a certain selected trajectory of states (balanced growth) in response to the
implementation of other states (shocks) is from the problem of analyzing specific realized tra-
jectories of the agent's variables.
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A considerable amount of work has shown that a carbon tax combined with
research subsidies may be regarded as effective policy for encouraging the spread
of low-carbon technologies for the benefit of society. This paper exploits the macro-
economic approach of endogenous growth models with technological change in or-
der to make a comparative assessment of the impact of such policy measures on eco-
nomic growth in the US and Japan in the medium and long term. Our estimates
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with the micro and macro data reveal similarities among Japanese and US energy
firms as regards the elasticity of the innovation production function in R&D expen-
diture and the probability of radical innovation. However, according to energy pa-
tent statistics, clean innovation is not as wide-spread in Japan as it is in the US. This
may explain our quantitative findings of the need for a stronger reliance on a car-
bon tax in Japan as opposed to the US.

Key words: endogenous growth; technological change; innovation; carbon tax; energy.
JEL Classification: 011, 013, 047, Q43, Q49.
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1. Introduction

Confronting pollution and mitigating climate change has long been on the agenda in many
developed countries, notably in the Nordic part of the EU and Japan [Gokhale, 2021; Fujii, Managi,
2016; International Energy Agency, 2016]. In particular, Japan might be viewed as a country with
a long history of public and private environmental initiatives in support of eco-innovation which
led to the decrease of carbon emissions from 1990 to 2022 [Green House Inventory Office, 2024].
Since 2003, Japan has been implementing a strategic energy policy, which addresses various
technology issues related to energy efficiency as well as concerns about emissions and the en-
vironment [Ministry of Economy, Trade and Industry, 2014]. In 2012, Japan was among the first
Asian countries to introduce a carbon tax on consumers as a part of the concept of “greening the
Japanese tax system” within the fourth energy plan [Ministry of the Environment, 2017]. The
tax is intended to encourage the use of green technologies by households and firms. Revenues
from the carbon tax and other energy taxes are used to provide subsidies to develop environ-
mentally-friendly (clean) technologies [Ministry of Finance, 2010, 2015; Wakiyama & Zusman,
2016]. However, Japan continues to contribute a third of the world’s carbon emissions, and the
size of the carbon tax is considerably lower than in other developed countries or than the IMF
recommended value [Gokhale, 2021].

The use of a carbon tax as the sole policy instrument causes only the slow propagation
of carbon-neutral technologies [Popp et al,, 2010]. Accordingly, there is a need for other govern-
mental policies (most commonly, in the form of research subsidies) that help offset the cost of
firm’s R&D targeted at eco-innovation. Since the 1990s, several generations of R&D-based endo-
genous growth models have been applied for the analyses of the impact of the carbon tax and
research subsidies in Japan. Firstly, these are models with carbon-emitting (dirty) technology in
the energy sector [Goto & Sawa, 1993; Goto, 1995; Mizunoya & Higano, 2000]. Variations of the
approach include models with many industries [Lee et al., 2012; Takeda & Arimura, 2021; Ma-
tsumura et al., 2024] or with monetary policy [Hamaguchi, 2024]. The models do not explicitly
include both carbon-neutral (clean) and carbon-emitting (dirty) sectors but may use the concept
of energy efficiency (e.g. as in [Goto, 1995]) which should lead to a decrease in energy use and
hence a fall in carbon emissions. Secondly, there are general equilibrium models with clean and
dirty sectors [Lee at al,, 2022; Silva Herran & Fujimori, 2021] but there exists no competition be-
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tween clean and dirty technologies. Finally, there are approaches to studying the effect of car-
bon taxes in Japan through computable equilibrium models with aggregate-level regression ana-
lysis [Ministry of the Environment, 2017].

To the best of our knowledge, the richer, more realistic and more modern model of mo-
nopolistic competition [Klett, Kortum, 2004] as well as the concept of competing carbon-emitting
and carbon-neutral technologies [Acemoglu et al., 2012; Aghion et al.,, 2016] have not yet been
applied to the analysis of Japanese environmental policy. The purpose of this paper is to provide
a quantitative estimate of the effects of carbon emissions and research subsidies on economic
growth in Japan within such a framework.

We employ the Acemoglu et al.’s (2016) model which is unique in the class of the Klette
& Kortum (2004) endogenous growth models with clean and dirty sectors in four aspects: 1) the
potential use of clean or dirty technology for each product of a firm, 2) technological change in the
clean and dirty sectors, where innovation may be radical (breakthrough) or incremental, 3) habit
formation (path dependence) in the firm’s choice of clean or dirty technology, and 4) richness
in the use of microdata, including firm’s financials, the R&D production function and patent data.
Specifically, the elasticity of the R&D production function, quality differences between carbon-
emitting and carbon-neutral technologies, and various parameters on firm dynamics are taken
from real world data on companies and their patents.

The empirical analysis goes beyond the traditional assessment of macroeconomic policy
in the Japanese energy sector, as the methodology of the [Acemoglu et al., 2016] model, which we
use, uniquely allows for technological changes within the clean and dirty sectors. We exploit
large datasets on Japanese manufacturing corporations and national data on their patents in clean
and dirty technologies over the last quarter century to numerically evaluate the size of the clean
and dirty sectors. Next, we follow the endogenous growth model by [Acemoglu et al.,, 2016] and
empirically estimate the scenario with a combination of a carbon tax and research subsidies as
regards the impact of these policy instruments on innovation rates and economic output in the
carbon-emitting and carbon-neutral sectors. The results of our micro analysis with firm-level
and patent-level data reveal many similarities between Japanese and US innovative energy firms
as regards the elasticity of output with respect to R&D inputs, the probability of radical innova-
tion and the number of patents per firm product in the energy sector, the share of R&D expen-
diture in firm sales, and the share of R&D labor in total labor. However, there exists an important
difference between innovative firms in the two countries: in Japan there is a higher labor produc-
tivity with dirty technology in comparison with clean technology (the difference in productivity
is called the technology gap in [Acemoglu et al.,, 2016]). This may explain our quantitative finding
of a stronger reliance on the carbon tax in Japan in comparison with the US and the relatively lon-
ger period of a temporary fall in overall economic output due to the introduction of policy measu-
res in Japan.

The paper builds on several streams of literature dealing with clean and dirty technolo-
gies in Japan®. Microeconomic analyses have studied the impact of the carbon tax (and research

2 Concerning the microeconomic literature in the international context, evidence on the impact of policy
instruments on innovation in the energy sector as well as a meta-review of research focused on carbon
emissions and technological change in the energy sector are given in [Popp et al., 2010]. A few analyses sug-
gest that the choice of environmentally friendly technologies are linked to energy prices and a history of a
firm’s innovative activity [Aghion et al, 2016; Popp, 2006; Popp & Newell, 2012]. As for policy instru-
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subsidies) on production and emissions in Japan, and on energy use and investment in energy ef-
ficiency [Nakata & Lamont, 2001; Wakiyama & Zusman, 2016; Aden & Dirir, 2023]. Another focus
of the microeconomic research is the impact of green innovation and R&D expenditure on firm
growth [Kimura, 2023; Iino et al., 2021; Adebayo & Kirikkaleli, 2021; Hosono et al.,, 2022; Suzuki
& Takemura, 2016]. Consumer willingness to pay for green products and the search for the opti-
mal mix of clean/dirty energy, especially after the 2011 Great East Japan Earthquake are also on
the agenda of microeconomic research in Japan [Komiyama & Fujii, 2017; Nomura &Akai, 2004].
Studies in the microeconomic context show a behavioral response of firms and consumers to
market mechanisms and regulatory actions in the field of energy economics [De Groot et al.,
2001; Tanikawa, 2004].

Concerning the preceding macroeconomic literature, here we list the streams of earlier
studies along the lines of the reviews in Aghion et al. (2016) and Acemoglu et al. (2016), and add
applications of such approaches to research on Japan. Firstly, there are models with the carbon
cycle and the cost of carbon emissions [Nordhause, 2008; Golosov et al,, 2014], as well as models
with technological change in the energy sector [Smulders & de Nooji, 2003; Hassler et al.,, 2012]
that enable researchers to assess the impact of a carbon tax on economic growth. There are simi-
lar models applied to the Japanese economy [Matsumura et al., 2024; Hamaguchi, 2024; Goto &
Salva, 1993]. The second stream of research are models with clean and dirty sectors and techno-
logical change in each sector [Acemoglu et al., 2012; Gans, 2012; Golosov et al,, 2014]. Analyses
of the Japanese economy under such an approach may be found in Lee et al. (2022) and Silva
Herran & Fujimori (2021). Thirdly, there are models allowing for competition between clean and
dirty technologies [Acemoglu et al., 2012; Aghion et al., 2016].

Overall, the findings of macroeconomic analyses show that regulations aimed at reducing
carbon emissions lead to a decline of gross domestic product and/or its growth rate in many co-
untries [Metz et al,, 2007, Table 3.12; Jorgenson & Wilcoxen, 1990]. Using revenues obtained
from carbon taxes for the development of carbon-neutral technologies may mitigate the problem
of a GDP decrease. Reviews of the literature on links between economic growth, carbon emis-
sions and government policies can be found in [Xepapadeas, 2005; Jorgenson et al.,, 1993].

The remainder of the paper is organized as follows. Section 2 outlines the model of Ace-
moglu et al. (2016) which is employed in the empirical part of the paper. Data on Japan is descry-
bed in Section 3. Section 4 proceeds with the quantification of the model parameters for Japan.
The results of the policy analysis for the Japanese economy as well as the robustness of estimates
and the limitations of the approach are given in Section 5. The final section contains a discussion
of the results and overall conclusions of the analysis.

The paper is essentially a replication of Acemoglu et al.’s (2016) article for Japan. As re-
gards the replication of the analysis with the endogenous growth model based on US data for
Japan, we believe that although not focused on the clean or dirty sectors, the work closest to ours
is Kodama & Li (2019), who employ Aghion et al.’s (2019) model with heterogeneous innovation.

ments, a carbon tax combined with research subsidies may be regarded as an optimal policy for minimizing
carbon emissions and/or maximizing social welfare [Fischer & Newell, 2008; Gerlagh & Van der Zwaan, 2006;
Popp, 2006].
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2. The Acemoglu et al.’s (2016) model

2.1. Key insights into the theoretical framework

Overview of the model and research question. The [Acemoglu et al.,, 2016] model be-
longs to the literature on competing clean and dirty sectors in the economy [Acemoglu et al,,
2012; Gans, 2012] but the novelty of the model is the consideration of clean and dirty technology
for each product as well as the path dependence of clean or dirty innovation. The model builds
on the key concepts of endogenous growth models with technological change: the firm offering
the best quality owns the market for the relevant intermediate good (product) [Grossman & Help-
man, 1990; Romer, 1990]; firms innovate to maximize profits by adding new products or improving
the quality of existing products [Klette & Kortum, 2004; Lentz & Mortensen, 2008]. Following the
seminal work by [Akcigit & Kerr, 2010], the innovation in the model is heterogeneous: it may
be radical (breakthrough) or incremental. The model assumes that all innovations are patented
and the economy is closed.

The [Acemoglu et al,, 2016] model is used as a tool to find the optimal values for a combi-
nation of two policy instruments: subsidies for research into carbon-neutral technologies and a
tax on carbon emissions. The model studies the evolution of a non-steady state equilibrium, fo-
cusing on the time profiles of economic variables across optimal policies and the laissez-faire
(null) policy. The variables of primary interest are output by firms using carbon-neutral and car-
bon-emitting technologies, innovative activity by clean and dirty firms, and the overall growth
of the economy. The key features of the [Acemoglu et al.,, 2016] model is summarized in the fol-
lowing.

Market competition between firms with clean and dirty technologies. The model em-
ploys the [Klette & Kortum, 2004] framework of the monopolistic competition of firms who pro-
duce a continuum of intermediate goods in the economy. There are dirty (carbon-emitting) and
clean (carbon-neutral) technologies for each good and a quality ladder as regards the labor pro-
ductivity of clean and dirty technologies. Only firms with the most advanced technology within
the clean and dirty sector may produce each good. There are incumbent firms who aim at su-
staining their monopoly position in the market for each intermediate good and new entrants whose
purpose is to enter the market through quality competition. There is a free entry condition to
the market. Entrants and incumbents have a number of goods and technologies and are engaged in
monopolistic competition.

Profit-maximizing firms invest in R&D expecting a resulting innovation that will boost
the quality (labor productivity) of the technology used in manufacturing the good. There is also
a quality gap (difference in labor productivity) between the two technologies for each good. The
“active” technology (i.e. clean or dirty) used in the market for each good is chosen based on the
marginal cost which depends on taxes and the price of exhaustible resources (employed within
the dirty technology). A firm’s decision on R&D is influenced by the R&D subsidy from the govern-
ment.

Heterogeneous innovation. Similarly to the approach of [Akcigit & Kerr, 2010], there
are two types of innovation in the model. Incremental innovation leads to minor advances in the
current leading-edge technology. So incremental clean innovation improves the current best
clean technology and incremental dirty innovation enhances the best dirty technology. Radical
(breakthrough) innovation causes an advance over the leading-edge technology, regardless of
whether it is clean or dirty.
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The path dependence of innovation. A key feature of the model is the path dependence
of the firm’s choice of each technology - namely, the fact the type of firm’s innovative activity
(i.e. clean or dirty) depends on the firm’s past innovative activity, and that clean innovation, if su-
stained for a while, is self-reinforcing?. There is a stock of knowledge within each technology
(clean or dirty) which a firm can employ for further quality improvements. It is conjectured for
simplicity “that each firm specializes in either clean or dirty technologies” [Acemoglu et al,,
2016, p. 63].

Although this plausible supposition about firm behavior has been already put forward in
the microeconomics literature [Popp, 2006; Popp & Newell, 2012], to the best of our knowledge,
the work by [Acemoglu et al,, 2016] may be regarded as the first macroeconomic model with a
path dependency of clean/dirty innovation?. The introduction of the carbon cycle in the model
stems from the literature with the general equilibrium framework and most closely resembles
the approach in [Golosov et al., 2014].

R&D decision of firms. The application of the [Klette & Kortum, 2004] framework means
that R&D expenditure leads to a Poisson flow rate of new innovation. A subsidy for clean or dirty
technology enhances a firm's investment in the corresponding type of R&D. The R&D decision
of firms is path dependent.

Final good. The producer of the aggregate (final) good uses intermediate goods as inputs.
The producer of the final good is a profit maximizer, so the choice of a clean or dirty intermediate
good is conducted according to their relative quality (labor productivity) and the size of the car-
bon tax on the dirty intermediate good.

Policy instruments and their impact. The government collects carbon taxes, imposes ta-
xes on consumers to balance its budget and provides R&D subsidies to clean/dirty technologies.
The policy instruments are the carbon tax and research subsidies. The research subsidy enhances
R&D investment into technology. The carbon tax affects the choice of technology used by firms
that produce intermediate goods as well as impacting the choice of clean or dirty intermediate
goods by the final good producer. There is also the welfare damage of carbon emissions as they
increase the amount of carbon in the atmosphere.

The welfare effect of dirty technology. The use of dirty technologies leads to carbon
emissions that impact production and social welfare. Specifically, carbon-emissions cause econo-
mic damage, decreasing the productivity of the final good.

2.2. Formal description of the model

This section borrows from pp. 57-71 of Acemoglu et al. (2016) to provide a list of the
key equations of the model which point to the key parameters used in the empirical estimation.
Consumption. The utility function of a representative household is U, = Jwe_prlnC,dt,

0
where C, is consumption at time # and p > 0 is the social discount rate. The household works
in all the firms in the economy, as well as owning them, so the budget constraint becomes

3 We are grateful to the anonymous referee for highlighting path dependency as one of major features
of the model [Acemoglu et al., 2016].

4 Path dependency is a key element of another seminal macroeconomic model which also appeared in
2016 [Aghion et al., 2016].
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w, +w, L' +11, =T > C,, where II, is net profit, w,’ and w, are the wage rates for unskil-

led (with measure one) and skilled (with measure L') labor respectively (skilled labor does
R&D), and 7, is transfers.

Intermediate goods. Each intermediate good y;, can be produced with either dirty or

clean technology, denoted by j € {c,d } . (Below the terms “dirty/clean technology” and “dirty/
clean sector” are often used interchangeably.) The production function of firm f for clean tech-

nology is

(D y;t(f)ZQ;r(f)l:t(f)’

where [/, (f) is labor and g¢;, (f) is labor productivity.
The production function for dirty technology uses not only labor but also an exhaustible
resource e; , :

() i (f)=af (/)LD e ()

where ¢, , = le’t, ve (0,1) , € >0 and the stock of the exhaustible resource is given by

. 1 .
3) R =-]e,di.

The solution of the cost minimization problem by producers within the dirty sector yields

(4) €= [L Y ]Zi‘,lt'
1 -V pe,l

Denote f’e,, as the normalized price of the exhaustible resource:

(5) P == [”—] :

w,'v

Carbon cycle. The atmospheric carbon concentration S, is due to carbon emissions ac-

cumulating in the atmosphere. It negatively affects the aggregate production Y, as follows:
— 1 .
(6) [nY, = —y(S, - S) + J.Olnyi’,dl ,

where § is the preindustrial level of the atmospheric carbon concentration, y is a parameter with

positive values reflecting the negative impact, and y, , is the amount of intermediate good i . The
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amount of atmospheric carbon concentration S,, if # =17 is the date when emission began is
expressed as:

t=T
(7) S, = jo (1-d))K,_dl,
1
where carbon emission K, is proportionate to the total output of dirty sectors ¥, = Io yfftdi :

8) K, =xY/

and (1 - d,) is the share of a unit of carbon, emitted / years ago and left in the atmosphere,

and:
9) d, 2(1_(PP)(1_(P06_(P1)'

with ¢, denoting the fraction of emission permanently remaining in the atmosphere; (1 - P)
being the fraction of the transitory component in the first period; ¢ indicating the rate of de-

cay of the carbon concentration.
Heterogeneous innovation. R&D expenditure targeted at the clean or dirty sectors may
lead to successful innovation. The aggregate innovation rate by entrants and incumbents is

denoted as z/ . The innovation can be of two types: an incremental innovation (which occurs

with probability 1— o) and a breakthrough innovation (with probability o).
An incremental innovation implies an improvement of one step in the quality ladder and
this is modelled as a proportional improvement of quality by A > 1. An incremental innovation

during A¢ causes the creation of a new technology ¢; . », = Ag;,, but a breakthrough innovation

in sector j that is behind sector —; leads to a new technology with qi{HAt = Xq;,j, meaning

that it builds on the more advanced technology level of sector —; . An incremental innovation

in the clean sector implies that labor productivity is g;, = A", where a positive integer n;,

denotes the number of steps that this technology has taken since time ¢ = 0. A similar equation

d
holds for the dirty sector, qft _ S
q°
The relative productivity of the dirty to clean technology is given as t_ct — A" where
i

_.d c
n;=n;,—n

.« 1s the technology gap between the dirty and clean sectors for intermediate

good i attime 7.
The price-adjusted policy gap m, is derived as

1 1+19 ~
(10) m ln( L Pe’,J ,

Y 1+1;

where P, , is the price for exhaustible resource and t/ are taxes.
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Price and quantity of intermediate goods. Using the final good as a numeraire, the de-
mand for the intermediate good can be expressed as:

Y,

t

Di;

(11) Vit =

Let (}ld , and c}f , be defined as the qualities in the dirty (clean) sector, which are ad-

justed by taxes and the price of the exhaustible resource in the case of the dirty (clean) sector
as follows:

(12) Gl =

The profit maximization problem of the producers of intermediate goods in the dirty
(clean) sector yields:

; o w , gl G/
(13) Dl =min{ NM.}’ , W’} and y/, = max{%,q‘—;}yt

Jo s
9 4ip r W

Denote O, = exp ( IIng L di ) as the quality index of tax-adjusted labor productivities, and

K . . —
A, = Hnl(n - mt) "' as an inverse function of equilibrium markups.

Plugging the optimal values of the intermediate goods in the production function of the
final good yields:

(14) w, =0,A,.

R&D production function. Denote u} as the number of intermediate goods in which

firm f has the leading method of production in sector j ; u’f is also considered as the stock of

knowledge which may be used for subsequent innovations. Assume that each firm specializes
in either clean or dirty technologies. The Poisson flow rate of new innovations is

I-n

(15) x)=0(H}) (u]) ",
where u} is the knowledge stock, H ij denotes researchers (labor in the R&D sector), 1 is the

R&D elasticity with respect to researchers, and 0 > 0. Define x’ =X’ /u’ as innovation per

intermediate good. So the flow rate of innovation is X T=u/x’.
The demand for researchers is

J 1/m
(16) W (x’ ):(%] .
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An innovation of incumbents requires F ; researchers per intermediate good and entrants

have to engage F, > F, researchers. The mass of entrants who conduct R&D is denoted E; .
Policy instrument. The policy instrument is a proportional subsidy from the government
to R&D in the clean or dirty sector: the subsidy rate is stj € [0,1] and the government budget

becomes
(17) (1+%)S,=T,.

Here parameter y measures the wastage of the subsidy in the course of R&D research,

and hence the difference D, (distortions) between output and consumption becomes
(18) D, =%S,.
Value function. The value of a given firm is given as

u
J yi— J I J
rVW. —Vﬁ_,. = Z{nni +z (Vﬁ-ji —Vﬁ_/.)+

i=l1
vz l—a+l , |V, . —VI|+
(n;/SO) nf,vu{n/—l} n‘-/

-J J _1J
(19) +]1(. 5 a(Vﬁ/u{_l} Vﬁi,)}+

n! >0

+,|‘max{ujxj(EnV;"/ . —V];)—
¥/ >0 n U{n/ } n

- (1 - sj)ujws [(xj )1/" 07"+ H(xf>0)F’ }}dF, ,

where 7/ = [n{ -7 ] is the vector of intermediate goods for which this firm holds the leading-

edge technology of type j, nlj is the technology gap between technologies jand —j for the
same intermediate good, and i’ ; is 7/ without its i-th element nl/ .

Here Ttii denotes the profits generated from ' intermediate goods.

The technology gap declines by one step to nij = nl’ —1 owing to an incremental inno-
vation (with probability 1— o ) or if technology j was already behind (nl’ < O) . The firm falls

behind by one step to #/ =—1 in the case of a breakthrough innovation (probability o ) and

when technology j was leading (nf > O).
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The form of the value function implies that innovation is path dependent. Indeed, when
the use of clean technology is profitable for certain intermediates, then the average profit for pro-

ducers who use clean technology is I'; =2, 1, T, (m, - n) , where p, , denotes the share

of intermediate goods for which the clean technology is exactly #n steps behind the dirty one at
o0

time ¢. The sequence {Ff }1 o affects incentives through the expected per product value of inno-

vation which (owing to the form of the value function, as is shown in Lemma 1 of [Acemoglu et

al, 2016]) is proportionate to W, , . After clean innovation has been sustained for a certain pe-

riod of time, the share of intermediates with markup larger than or equal to the quality gap
(n < m) goes up, and this increases the probability of a successful clean innovation for a profi-
table intermediate good.

Free entry, labor market clearing conditions and production. The free-entry condition
for technology j is expressed as;

(20) maX{xé,,V[’ Y, - (1 -] )Wf [h(xé,f) i ]} =0,

J
xE’,ZO

and it becomes an equality when E/ >0 .

The labor market-clearing condition for skilled workers includes demand from incum-
bent and entrant firms as follows:

1) L= Z{H(X_, . [h(xé’,)+ FE}E{ + jzﬂ(x__, ) [h(x{,,) + F,,i,,}dz},
j E.t it

where the expression for x}, and x/, as functions of the normalized skilled wage W, is:

o n/(1-n)
no""v/

(22) xtj =1, N
(+:>0) (1 -5/ )w;
The labor market-clearing condition for unskilled workers is:

Y, Mo
wi L (1450 )1 (m, =)

{w(l—v)[%ﬂné (1”;’)”{’(["—%) |

From this condition it follows that the aggregate output may be expressed as the func-
tion of tax-adjusted labor productivities as follows:

(24) Y, =Q,AQ exp [_Y(St = )J

1=

+

(23)
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where

n<m

Ho /¢ Hos
Q = : +|v+(1- - ; .
t Z(1+rf)7u(mt—n) v+ V)LPEJJ n>m,(1+r,d)7u(n—m,)
Then production in the dirty sector is:

Y, 1 1
25 SRS (R o (U s {
(25) A LQm,u(n_m)ZQl

et n>my

where the quality index Qj,t = Jicu qf,di.
The solution of the intertemporal maximization problem of the consumer leads to the
Euler equation:

(26) 8ci=1h—P.
Owing to the Hoteling rule, the price of the exhaustible resource satisfies the equation:
t —
27) Pet _| Ped _ | ['gnmsmsgis 1.,
wi (W 0

The technology gaps evolve according to the following system of equations:
(28) l:ln>1,t = th“'n—l,t + (1 - a)ZtC“'nJrl,t - Zt“'n,t 4
when n >1 and when n <1:

. _ d c d
Wi, =2 Ko, t (1 - OL)Zt Ky, +oz, zun,z —ZMyss

n<0

(29) l:lfl,z = ZtCI’l'O,t + (1 - OC)Z;dPLz,f + azzc zun,t - Ztl"l—l,t >

n>0

. _.c d
p’n<—1,t - Zt “’n+1,t + (1 - (X,)Zl p’n—l,l - Zt”’n,t‘

Here th denotes the aggregate innovation rate by entrant and incumbent firms (see

subsections “Heterogeneous innovation” and “The R&D production function” above).
o0

Dynamic equilibrium path. For any given time path of taxes and subsidies [Ti ,8 ,’ »S fg ‘ } o’
MEL |,

a dynamic equilibrium path is the time path of the following variables:
I pl ol Y Wt R .E/ * d\” SOO
VitsPigs X1, 05X 1o Lis Wi sW € 15 P s 18 L 5\ Uy e’ Qn,t -~ 50y
= 1=0

where yl{t and p,{t maximize profits in (13); xlj,[ and xé,l come from (22); w,' is given by (14);

aggregate output Y, is determined by (24); w' comes from the free-entry condition (20) under
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positive entry and from skilled labor market clearing (21) under the absence of positive entry;

. follow (28)

E/ is set by the skilled labor market clearing (21) under positive entry; {pn,t }ooi

and (29); Q,f , satisfies (20) and (22); the interest rate comes from the Euler equation (26); the
quantity and price of exhaustible resource are given by (4) and (27); R, is set by (3); and S, is
expressed by (7)-(9) with Y,d coming from (25).

2.3. Empirical strategy

The [Acemoglu et al., 2016] model is used as a theoretical tool to find the optimal values
for a combination of two policy instruments: subsidies for research into carbon-neutral technolo-
gies and a tax on carbon emissions. The model studies the evolution of a non-steady state equi-
librium, focusing on the time profiles of economic variables across optimal policies (policies
with optimal values of carbon tax rate and research subsidies) and the laissez-faire (null) policy.
The variables of primary interest are output by firms using carbon-neutral and carbon-emitting
technologies, innovative activity by clean and dirty firms, and the overall growth of the economy.
The model assumes that all innovations are patented.

The model has 18 parameters {p,g,y,w,wo,(pP,K,v,x,Ls,a,n,e,k,E,FE,RO,Q}, and

the distribution of {uo,t} __ that needs to be estimated. The values of the initial level of carbon

o0
n=
concentration S and the parameter for emission damage to production y (both come from equa-

tion (6)), of the three parameters of the carbon cycle {(p,(po,(pp} of Equation (9) - can be set

as exogenous and are not involved in calibrating the other parameters of the model.
The estimation of the model is conducted in several steps. Firstly, there are exogenously
set parameters: the value of the social discount rate p, the parameter K in (8) - the share of

the dirty output that leads to carbon emissions, the parameter v in (1) - the elasticity of the
dirty output in its production function, and the parameter ¥ in (18) - the distortionary effects

of the R&D subsidies.

These values are set as follows: p=0.01, v=10.04, S =581G¢C, and y=53-10°GtC™" -
in accordance with Golosov et al. (2014); ¢, comes from the Intergovernmental Panel on Cli-
mate Change [2007] and equals 20 percent; the parameter K is set to match the World data on
carbon emissions and the amount of dirty output in the US in (8), {(p,(po} are estimated based
on the US data for carbon emissions and the data on carbon concentrations from the Hawaii-
based Mauna Loa observatory, 7, is set at 10 percent.

Secondly, the values of L’ o,and M are computed from microdata on enterprises, their

financials, and R&D activity. Thirdly, the distribution of technology gaps {uo’,} is deter-

n=—ow
mined with the use of the data on patents pertaining to clean or dirty technologies. Fourthly, six
parameters are estimated via the method of moments. These are: 0 in (15) - the elasticity of the
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R&D production function with respect to researches, A of subsection “Heterogeneous innova-
tion” - a proportional improvement of quality due to incremental innovation, F, in subsection
“The R&D production function” and in the value function specified in (19) - the number of re-
searches per intermediate good in incumbent firms, R, in (3) - the stock of the exhaustible re-

source, and { in (2) - the labor productivity of the extraction of the exhaustible resource. Spe-

cifically, theoretical moments for the four variables must be close to their empirical counter-
parts. The four moments to match the model and the data for the energy sector are: per worker
growth rates of the sector (based on (24)-(25)), entry/exit rates of firms (can be computed from
(19)), the share of the R&D expenditure in output (where R&D expenditure is used as a proxy

for R&D labor in (8)). R, and  are then estimated to correspond to the national data for the le-

vel and the rate of the growth of emissions. The remaining variables are estimated from the
model (e.g, the number of researchers in old and new firms).

Finally, the optimal values of the policy instruments are estimated using the calibrated
model. The objective function for the social planner is welfare® at time T which is the sum of the
production and quality increase less distortions and emission damage, where emission damage

combines the amounts of emissions permanently remaining in the atmosphere ST and transi-

; base . . , . _
tory S;™ and Y™ implies baseline economic production:

T —
_ —pt —pT base 8r _ l perm trans P _
W= jolny,e di+e | Inye 4+ 87 gpem y grans P _ g
p p p+o
"~ " “Production less Distortions Growth Potential ~ Emission Damage

The time profiles of the main economic and climate variables are then contrasted bet-
ween the laissez-faire and the optimal policies. The findings using data for the US energy sector
and energy patents from 1975 to 2004 reveal that a non-trivial combination of the two policy
measures is optimal for maximizing social welfare and has the following economic effects: an
increase in innovation and quality (labor productivity) in the carbon-neutral sector; a redirection
of production to the carbon-neutral sector; and long-term economic growth, but a decrease of
growth in the short term. The decrease of growth in the short (and possibly medium) term is
explained by the superiority of the existing dirty technologies, which can be seen from the micro
data on quality in the carbon-neutral and carbon-emitting sectors.

As shown in Section VI of Acemoglu et al. (2016) on the robustness of the results of the
research with respect to the exogenously set values of the aforementioned parameters, the quali-
tative and, to a large extent, quantitative conclusions about the optimal policy mix of the carbon
tax and research subsidies are robust to the choice of the exogenously set parameters as follows:
the social discount rate may be changed from 1 percent as in Golosov et al. (2014) to lower values
such as 0.1 percent or 0.5 percent as in Stern (2007); instead of setting v equal 4 percent as in

5 The explicit formula is inferred from lines 770-784 of the code of infinite_weave.py which supple-
ments the [Acemoglu et al., 2016] paper.
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Golosov et al. (2014), it can be assigned lower values of 0 or 2 percent; the parameter y can be
increased two- or five-fold compared to the value in Golosov et al. (2014); % can be either lo-
wered to 0 (no distortions) or increased to 20 percent. The conclusions are also robust to the
values of parameters o (0.3 or 0.5) and M (0.35 or 0.65).

3. Data on Japan

We use several blocks of data on the Japanese economy for our quantification. Firstly, we
take meteorological data from two sources. National carbon emissions per capita come from the
World Bank, which collects estimates from the Carbon Dioxide Information Analysis Center, En-
vironmental Sciences Division, Oak Ridge National Laboratory (Tennessee, US). We use data from
the Japan Meteorological Agency on atmospheric carbon concentrations, which are measured at
three stations: Ryori (120 km from Sendai on the Pacific coast of Honshu island, in the Tohoku
area), Minamitorishima (an island 1848 km southeast of Tokyo in the North Pacific Ocean) and
Yonagunijima (an island in the East China Sea in the Pacific Ocean, 108 km from Taiwan). The va-
lues of carbon concentration demonstrate similar seasonality and are generally close across the
three stations. However, the history of observations is the longest at the Ryori station.

Secondly, we exploit several databases on Japanese companies. The Nikkei NEEDS data-
base contains the financial and administrative data for 6,500 companies from the late 1960s to
the early 1970s and onwards. Most of the companies are large corporations, and they account
for 50-80 percent of production in their industries. The Nikkei NEEDS data are manually mat-
ched to non-anonymous company data from the Japan National Innovation Survey [2015] and
to Orbis, Bureau van Djik data with NACE/US SIC industrial classifications for firm products (with
an overlap for about 80 percent of Nikkei NEEDS firms).

Thirdly, patent statistics are calculated using the Tokyo Institute of Intellectual Property
Patent Database [2020]. This is a recently created NBER-like database [Goto & Motohashi, 2007],
which contains Japan’s domestic patent applications submitted since 1964.

In the robustness section of this paper, we employ data for Japanese firms from Orbis,
Bureau van Djik (2009-2019) which is linked by Bureau van Djik to the European Patent Office
database on firm-level patent statistics (available till 2019).

Finally, we use aggregate data on R&D labor in various sectors of the Japanese economy
from the Japan Statistical Agency (2023).

4. Quantification for Japan
4.1. Carbon cycle

We fit the exponential (geometric) equation for the carbon cycle [Acemoglu et al, 2016;
Golosov et al,, 2014], as described in (7)-(9), which draws on the approach used by [Archer, 2005]
on the existence of a transitory carbon component in the atmosphere. We use carbon concentra-
tion data from the Ryori meteorological station, the World Bank data on carbon emissions by
Japan, and the value of the share of emissions, permanently remaining in the atmosphere, from
the Intergovernmental Panel on Climate Change [2007]. We fit equation (7) using Japan’s data
for 1986-2008, so that the final time period was comparable to the US estimates and find that
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(i) =0.0202 and (i)0 =0.4173. The values of the rate of decay are close to the parameter estima-

tes for the US economy during a similar time period: 0.0313 as reported in [Acemoglu et al., 2016]
and 0.0228 in [Golosov et al,, 2014]. The share of the transitory component is close to the esti-
mate in [Golosov et al,, 2014], but differs from the value in [Acemoglu et al., 2016]. See Table 1
for a detailed comparison. We discuss the approach in the robustness section of this paper.

Table 1.
Contrasting parameters of the carbon cycle in Japan and the US
Parameter ‘ Definition ‘ us ’ Japan
Acemoglu Golosov
etal, 2016 etal, 2014
) share of emissions permanently remaining
P in atmosphere 0.2 0.2 0.2
[0} rate of decay of carbon concentration 0.0313 0.0228 0.0202
by (1 -4, ) ¢, share of transitory component
in period 0 0.7661 0.3930 0.4173

4.2. Carbon-neutral and carbon-emitting technology

Our definitions of carbon-neutral technologies combine the approaches of the three sour-
ces. Firstly, we exploit the [OECD, 2009] methodology on use of patent classes for environmen-
tally friendly technologies, as described in the patent search strategy for the identification of se-
lected “environmental” technologies, developed as part of the OECD project on “Environmental
Policy and Technological Innovation”. Secondly, we supplement this list of patent classes using
the International Patent Classification (IPC) Green inventory of the World International Property
Organization [WIPO, 2017]. Finally, we add the patent classes for the energy sector from the cor-
responding appendix to [Popp & Newell, 2012]. The groups of patent classes used in our analysis
for the definition of carbon-neutral technologies are summarized in Table 2.

Table 2.
Carbon-neutral technologies, according
to the International Patent Classification
Clean/green technology classes Source

Air, water and waste related technologies OECD/WIPO/Popp and Newell (2012)
Alternative energy production WIPO/Popp and Newell (2012)
Transportation WIPO
Energy conservation WIPO

Agriculture/forestry (e.g. alternative irrigation techniques) WIPO
Nuclear power generation WIPO

Administrative, regulatory or design aspects (e.g. carbon- WIPO
emissions trade)
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4.3. Energy sector

We use the UN International Industrial Classification codes to define energy sector firms
according to the approach of the United Nations Industrial Development Organization [Upad-
hyaya, 2010]. Our analysis also considers the manufacture of motor vehicles and of general-
purpose machinery, following [Acemoglu et al., 2016]. The full list of energy sector NACE Revi-
sion 2 codes is given in Table 3.

Following [Acemoglu et al., 2016] we examine energy patents in estimating the probability
of breakthrough innovation. For this purpose, the paper uses patent classes in the International
Patent Classification® which correspond to groups of energy goods and services in Table 3. These
codes are: B21-B23 (metal working, metallurgy), B60-B64 (vehicles and motor vehicles), C08
(organic macromolecule), C21-C30 (metallurgy, electrolytic processes, crystal growth), F21-F28
(lighting, heating), G21 (nuclear physics and nuclear engineering), H01-H05 (electricity).

Our empirical analysis focuses on the time period after 1989, in order to include the years
after the 1988 revision of the Japan Patent Law. The revision allowed multiple claims and may have
influenced the strength of Japanese patents, especially in their applicability across industrial fields.

Our sample, which is an overlap between the Nikkei NEEDS, the Japan National Innovation
Survey and Orbis database contains 1178-2565 manufacturing firms from 1989 to 2013. There
are 303-589 energy firms each year, according to our definition. The share of energy firms is stable
at 23-25% of all firms.

Energy sector, according to the UN International Industrial Classificatio: able 3.
Industry name NACE Source

Mining of coal and lignite; extraction of peat 05 UNIDO [Upadhyaya, 2010]
Extraction of crude petroleum and natural gas 06 UNIDO [Upadhyaya, 2010]
Mining of uranium and thorium ores 07 UNIDO [Upadhyaya, 2010]
Manufacture of coke, refined petroleum products

and nuclear fuel 19 UNIDO [Upadhyaya, 2010]
Electricity, gas, steam and air conditioning supply 35 UNIDO [Upadhyaya, 2010]
Manufacture of motor vehicles 29 [Acemoglu et al., 2016]
Manufacture of general purpose machinery 28 [Acemoglu et al., 2016]

4.4. Technology gaps

Following [Acemoglu et al.,, 2016], we define a clean firm as a firm, whose share of clean
patents in all its patents exceeds a certain threshold. However, instead of using the [Acemoglu
et al,, 2016] threshold of 25% (which gives 11% of clean firms from the US data), we choose a
lower value of 5% for our sample. The empirical distribution for the share of clean patents differs
between American and Japanese firms. In Japan there is only a negligible number of firms with

6 https://www.wipo.int/classifications/ipc/en/
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over a quarter of clean patents. If we wanted to establish the size of the clean sector as 10-11%
of producers (to make Japan’s economy comparable to the US), it would require an extremely
loose definition, by which just 1% of clean patents would suffice to make a company clean. As a
compromise, we choose a threshold of 5% of clean patents for a firm to be regarded as environ-
mentally friendly. The value is supported by micro evidence on the relative weight of environ-
mentally friendly initiatives in the behavior of Japanese firms, which are attentive to their social
responsibility regarding the environment [Tanikawa, 2004]. The threshold of 5% means that the
share of clean firms in Japan is on average 3% of all firms (varying from 1 to 5% in different
years).

According to the model of [Acemoglu et al., 2016], the technology gap between dirty and
clean technologies for each product is defined as the difference in the number of innovation steps
(see subsection “Heterogenous innovation”). Formally, this is given by n,, = ni‘{ , — 1y, where
d
it
vely. The technology gap is employed in the value function (19) and in the derivation of the
dynamic equilibrium in the model.

Following the empirical strategy in [Acemoglu et al., 2016], we compute the cumulative
number of patents for clean and dirty Japanese incumbent firms at the US SIC3 level (and for ro-
bustness check at the US SIC4 level). Then this innovation flow of patents for clean and dirty tech-
nologies is normalized by the mean patent flow (i.e., the annual number of energy patents per
product by all firms). The resulting distribution of the technology gap is given on Figure 1. As shown
by the distribution, dirty technology is one to four steps ahead for most products, although dirty
technology leads 10 to 120 steps for few products. The shape of the distribution is generally
close to that in the US. However, clean technology is up to 10 steps ahead of dirty technology for a
few products in the US according to [Acemoglu et al., 2016], but we found no similar pattern for
Japan.

n;’. and nf , are innovation steps of dirty and clean technology for product i at time ¢, respecti-

Japan
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Fig. 1. Technology gap between carbon-emitting
and carbon-neutral sectors across products
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4.5. Parameters for the Japanese energy sector

To replicate the analysis in [Acemoglu et al.,, 2016] in estimating moment targets and
other parameters related to technological change in the energy sector, this paper considers ener-
gy firms with high R&D expenditure (we set the threshold of 1 mln. yen, which is a reasonable
country-level analogue to the value of 1 mIn. USD used for the US despite being much lower).

The resulting parameters for the energy sector that are listed in Table 4 may be divided
into several groups. One group is linked to quality changes through innovation. As innovations
are quantified through patents, the quality evaluations are based on patent citations. To compute
the probability of radical innovation [Acemoglu et al., 2016] compares citations for energy patents
within three years after patenting to citations within 10 years. Patents are defined as ‘major en-
trants’ if their citations in the three years exceed the 90th percentile (i.e. a reasonable threshold
value) of the citations for patents as old as 10 years. The share of major entrants, which equals
0.04 for the US energy sector, is regarded as an empirical estimate of the probability of radical
innovation. Our use of the patent data for Japan’s economy with a similar approach produces a
comparable estimate of 0.038.

Another variable on innovation outcomes is mean patent flow, which is defined in [Ace-
moglu et al., 2016] as the annual number of citation-weighted patents per product. While the US
estimate for the energy sector is 43 patents, our calculations give a corresponding value of 40
patents for Japan.

The second group of parameters relates to the R&D production function. The [Acemoglu
et al,, 2016] strategy follows the microeconomic approach to proxy R&D output by patents and
takes R&D expenditure as an input. The regression analysis exploits pooled data with firm-level
clustered standard errors and adds annual dummies to the right-hand side of the equation. The
resulting value for R&D elasticity is 0.5 for the US data: it is the mean estimate across the models
in levels and in the first differences and across the two specifications (the normalization of in-
put and output by product counts or by domestic sales). Our calculations with the data for Japan’s
energy sector give a range of elasticity [0.2, 0.6], so the mean estimate is 0.4. The share of R&D
labor in unskilled labor is 0.055 in the US, as estimated in [Acemoglu et al,, 2016] using micro
data. We infer the value of 0.059 using the data from the Japan Statistical Agency (2023).

The third group of parameters are moment targets - the mean values of the four key variab-
les, which are used in model calibration through a simulated method of moments. The variables
relate to microdata on company history and financials, and are comparable across innovative
energy firms in the US and Japan: the entry rate and exit rate of firms, mean R&D expenditure
per sales, and the growth of sales per worker.

The values of the parameters in Table 4 do not differ appreciably between the innova-
tive energy firms in the US and Japan.

However, the US-Japan differences in the gaps between dirty and clean technologies, which
we reported in section 4.4, are likely to result in a higher reliance on carbon tax rather than on re-
search subsidies in the context of the models of [Acemoglu et al, 2016] and [Golosov et al., 2014].
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Table 4.
Parameters for the energy sector in Japan and the US
[IN) Japan
Patents
Probability of radical innovation 0.04 0.038
Patents per product (citation weighted) 43 40
R&D
Share of R&D labor 0.055 0.059
Elasticity of innovation output in R&D expenses 0.5 0.4
Production (moments for calibration)

Entry rate of firms 0.013 0.017
Exit rate of firms 0.018 0.012
Growth of sales per worker 0.012 0.029
Share of R&D expenditure in sales 0.066 0.056

Note: The US data for the energy sector in 1975-2004 come from [Acemoglu et al.,, 2016]. Japanese esti-
mates for the energy sector (unless otherwise stated) are based on our data for 1989-2012. Regarding
the entry rate of firms, [Acemoglu et al,, 2016] use the labor share of entrants, while we use the number of
firms with the Japanese data. The table reports the share of R&D labor of all specialties in the sector “Elec-
trical machinery and equipment” using the plant-level data on R&D employment from the Japan Statistical
Agency (2023), File 4, columns 1,3,15. (The average share across all industries and plants of all size in
Japan is 0.037, and the shares in the other subsectors of the energy sector, as classified in Table 3 in this
paper are in the range of 0.02 to 0.2).

5. Results

5.1. Carbon tax, research subsidy, innovation rates,
and outputs in the clean and dirty sector

Our computations use Python codes from [Acemoglu et al., 2016]”. While [Acemoglu et al,,
2016] analyze various ways to parametrize the time profiles for policy instruments, we focus

7 The codes are available as supplementary material to the [Acemoglu et al., 2016] paper on the Jour-
nal of Political Economy website: https://www.journals.uchicago.edu/doi/suppl/10.1086/684511. Firstly,
the data are loaded into load_data.py and the parameters for the carbon cycle, energy sector, and R&D
are entered into infinite_weave.py. Then the estimation_weave.py is used to calibrate the remaining six
parameters (described in section 2.3 of this paper in the fourth set of estimated parameters), and the cali-
bration starts from the manually entered initial values for the parameters. Our investigation of the algo-
rithm hints at the fact that the model seems to have a knife-edge solution (see [Posch, 2011; Growiec,
2007; Ellison & Fudenberg, 2003]) and no convergence can be achieved under entering the initial values for
the six parameters that appreciably differ from the equilibrium ones. So in comparing the impact of different
policy measures for the Japanese economy, using the code generate_policy.py, we employ moment tar-
gets obtained from the US data. This may be justified by the fact that parameters for the energy sectors
of Japan and the US are very similar (Table 4). However, we enter the Japan-specific technology gaps in
load_data.py in conducting the estimations with generate_policy.py.
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on the two scenarios, which are most realistic to implement and are often analyzed in the Japa-
nese context [Ministry of the Environment, 2017]. Optimal constant policies imply fixed values
of research subsidies and carbon taxes over the whole period, while optimal three-step policies
allow for step-wise changes in the course of adapting policy instruments.

The results for the Japanese economy as regards carbon taxes and research subsidies are
given in Fig. 2 and can be contrasted to those reported by [Acemoglu et al,, 2016, Fig. 10] for the
US in the case of the three-step policy. The carbon tax is around 0.05 during the first period in
the US, while it is twice as much and is close to 0.1 in Japan. The value of research subsidies is
close to 0.8 in the US during the first period, while it is below 0.8 in Japan. Similarly, there is
higher reliance on carbon taxes and lower reliance on research subsidies in Japan relative to
the US in the second period.

The combination of carbon tax with research subsidies switches innovation in Japan from
the carbon-emitting to the carbon-neutral sector (Fig. 3). Innovation in the carbon-emitting sec-
tor vanishes after 50 years of policy implementation. Similarly, there is a redirection of produc-
tion from the dirty to the clean sector: the output of the dirty sector steadily declines, while pro-
duction in the clean sector gradually increases (Fig. 4-5). The results reveal that the carbon-
neutral sector would disappear in the medium-run under the laissez-faire, i.e. without the opti-
mal policies.

The optimal policy instruments not only sustain the growth of clean production, but lead
to overall economic growth in the long term (Fig. 6). The number of years, during which aggre-
gate output in Japan declines as incentives to use clean technologies are applied, is comparable
to the 20 years estimated by [Golosov et al., 2014] for reaching the laissez-faire level of produc-
tion in the US with the application of similar incentives. However, the period is longer in Japan,
which may be explained by more distortions due to the relatively slower advance of clean tech-
nologies. The environmental effects of policy instruments are similar to those in [Acemoglu et al,,
2016]: decrease of national carbon emissions and a limited contribution by the country to tem-
perature increases.

Japan: Optimal Constant Policies Japan: Optimal 3-step Policies
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Fig. 2. Tax rate and research subsidies under the optimal policies
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Fig. 3. Innovation rates under the laissez-faire and optimal policies
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Fig. 4. Output in the carbon-emitting sector under the laissez-faire and optimal policies
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Fig. 5. Output in the carbon-neutral sector under the laissez-faire and optimal policies
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Fig. 6. Ratio of aggregate output in the economy (clean and dirty)
under optimal policies to output under the laissez-faire

5.2. Robustness of the estimates and limitations of the analysis

Four types of robustness checks may be justified in evaluating the results of the empirical
analysis. Firstly, the question is: how the results within the framework of the [Acemoglu et. al,,
2016] model (applied to the data of a given country) are robust to changes in the values of the
key parameters. The issue was briefly touched upon at the end of Section 2.3 of this paper and
may be expanded here as follows. The results, for instance, as regards the values of the carbon tax
rate and research subsidies and the time profiles of production, are generally robust to a range
of the social discount rate in the utility function of the representative household (see Fig. 6, 10
and 11 in [Acemoglu et al.,, 2016]). More specifically, if there is a minor increase in the size of the
carbon tax rate due to lowering the social discount rate from 1 to 0.5 percent and there is a no-
ticeable rise of the carbon tax rate when the social discount rate goes down from 1 to 0.1 percent.
Arguably, the change of the social discount rate in the opposite direction: from 1 to 2 percent
would lead to a negligible fall in the carbon tax rate.

According to Section VI in [Acemoglu et al., 2016], the results are robust to the values of the
elasticity of dirty output with respect to exhaustible resources in Equation (2): 0, 2 or 4 percent;
to the values of the parameter for the negative impact of the carbon concentration on the overall
economic output in the economy in Equation (6); to the share of research subsidies that are lost,
i.e. the distortions parameter in Equation (17); to the probability of a breakthrough innovation
(0.3, 0.4 or 0.5); and to the elasticity of the R&D production function with respect to labor inputs
in Equation (15).

Secondly, an important issue for the robustness check deals with the comparison of the
findings for the US and Japan under the change of one of the key exogenous parameters across
the two countries. As the national economies of the US and Japan at the end of the 20t century
and at the beginning of the 21st century are very similar as regards institutional infrastructure,
economic incentives and the principles of political economy, a reasonable candidate for such cross-
country differences is social discount rates, which is largely explained by the psychological as-
pects of consumer behavior. Arguably, the social discount rate in Japan is likely to be lower than
in the US, but as is shown in the analysis in Figures 6 and 11 in [Acemoglu et al.,, 2016], the size
of the carbon tax rate does not change during the first 50 years under lowering the social dis-
count rate from 1 to 0.5 percent. Under the lowering of the social discount rate from 1 to 0.1 per-
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cent, the carbon tax rate goes up in the first 50 years. So our conclusion about the higher values
of the carbon tax rate in Japan in comparison to the US would only be strengthened under the
assumption that the social discount rate in Japan is much lower than in the US.

The third question is how the results are robust to alternative ways of computing the tech-
nology gap, i.e. the gap between the labor productivity of dirty and clean technologies. Here we
follow the approach of [Acemoglu et al,, 2016] to consider different ways of computing the tech-
nology gap: based on the US SIC3 codes (as reported in Section 4.4 of this paper) or based on SIC4
codes; using the data for energy patents in the whole economy, only in the energy sector or in the
manufacturing sector. For this purpose, we employ both Nikkei NEEDS data (which overlap with
Japan Innovative Survey) for large innovative Japanese firms from 1989 to 2012 and the data
of Orbis, Bureau van Djik for large and medium-sized Japanese firms from 2009 to 2019. In the
baseline analysis in this paper, we linked the NIKKEI NEEDS firms to their patents using the To-
kyo Institute of Intellectual Property database (2020). Our robustness check employs the Euro-
pean Patent Office data (coming from the Japan Patent Office) and available within the Orbis
database with firm - patent level links till 2019.

Our robustness check hints at the key difference between the technology gap in the manu-
facturing and energy sectors of the US and Japan - generally, there is an absence of products for
which the number of innovation steps in clean technology exceeds the number of innovation
steps in dirty technology. Exceptions are only a handful of products - 50-100 non-energy sector
products in the selected years with a negative technology gap: i.e., the clean technology is ahead
of the dirty. However, the value of the lead of clean technology is only 1 step. Yet, the findings
for the US economy show that the technology gap is negative for over 9 percent of products, and
its absolute values are larger than 1 for 7 percent of products, see Section VL.H in [Acemoglu et al,,
2016] and page A-13 in the online supplement to [Acemoglu et al., 2016]. As regards energy sec-
tor or energy patents, our robustness checks with the 3-digit or 4-digit code products in 1989-
2012 with Nikkei NEEDs firms or for 2009-2019 with Orbis firms (about 1300 patenting firms
and overall about 28,000 firms in the energy sector) shows that the technology gap is always po-
sitive: there are more innovation steps in the dirty sector than in the clean sector for each pro-
duct. The fourth issue concerning the robustness of the estimates is the measurement of the
parameters for the carbon cycle. In this paper, we used the carbon concentration from the Ryori
station owing to it having the longest time series across the three Japanese meteorological sta-
tions. In reality, the curves on carbon concentration based on the data from the three stations are
very similar in years when the data are available for each station, despite the fact that the geo-
graphical proximity to China and other Asian countries varies from 100 to 3,000 kilometers
across the three stations. Arguably, carbon emissions from several countries contribute to car-
bon concentration measured at any of the three Japanese stations. More generally, our empirical
exercise fitting the carbon cycle showed that the shape of the data series for Japan (available in
Fig. 1 on the working paper version of this paper [Besstremyannaya, Dasher, Golovan, 2019])
does not differ from that for the US in [Acemoglu et al, 2016]. Moreover, the inability to exclude
the impact of carbon emissions from several other countries is likely to apply to the measure-
ment of carbon concentration data according to Mauna Loa station in Hawaii®. So our estimations,
that were targeted at the completeness of using the Japanese data (as regards meteorological
figures), may serve as a proof of the robustness of estimating the carbon cycle with data from

8 The fact was noted by the reviewer to our paper.
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different meteorological stations across the world. Moreover, using the estimates of [Acemoglu
et al. 2016] or [Golosov et al., 2014] would not change the quantitative or qualitative results of
our analysis. In fact, borrowing the US parameters for the carbon cycle is an existing approach in
macroeconomic analysis with Japan-based data. For example, model calibration in [Matsumura
etal, 2024] employs the carbon cycle parameters from [Golosov et al., 2014].

Finally, we note the remaining limitations of the analysis. The [Acemoglu et al,, 2016] mo-
del assumes that all innovations are patented. The prevalence of patenting may be considered
comparable across the US and Japan [Cohen et al,, 2002] and hence the assumption is unlikely
to lead to an appreciable overestimation of the technology gap or an underestimation of radical
innovation in Japan. However, the model considers a closed economy, so the approach disregards
technology adoption across countries®. For instance, the spillover effect of clean innovation in
the direction from the US to Japan may cause lower values of the lead between dirty and clean
technologies in Japan than those estimated with patent data. Concerning the external validity of
the analysis, patents may not offer a full representation of clean innovation in developing and
emerging countries (e.g. BRICS countries), where clean innovation may appear in the forms of
frugal innovation [Besstremyannaya and Dasher, 2024]. Therefore the distribution of the techno-
logy gap in emerging countries based on patent data could overestimate the distance between
dirty and clean technologies, and lead to the overestimation of the value of the carbon tax in the
optimal policies.

Thirdly, the model is of a general equilibrium kind but the calibration of the model deals
only with the data for the energy sector and energy patents. This limitation has led to the deve-
lopment of the models in various sectors of the economy which depend on energy to a different
extent. However, the existing models, as noted in the Introduction to the present paper, are not
as rich in employing microeconomic data or using the principles of quality competition. The fourth
limitation of the model concerns the estimate of the elasticity of R&D output with respect to
R&D labor or R&D expenses. According to our companion paper on the heterogeneity of the growth
of Japanese innovative firms [Besstremyannaya, Dasher & Golovan, 2022], the successful use of
R&D expenditure in terms of producing innovation output depends to a large extent on R&D ma-
nagement, which is commonly disregarded in the macroeconomic approach. Moreover, the focus
on only patenting firms (and arguably, high-growth firms as such firms are likely to be more suc-
cessful in innovation) may lead to an overestimation of the elasticity parameter if the analysis is
to be expanded to R&D-investing but non-patenting firms.

6. Discussion and Conclusion

Endogenous growth models with technological change assume that competitive firms con-
duct R&D to raise profits through improving their technology [Klette & Kortum, 2004]. Stemming
from the Schumpeterian concept of creative destruction and the [Arrow & Debreu, 1954] general
equilibrium framework, the models account for the actions of the main economic agents in the
market and the actions of government as a social planner. Not only are the models rich in the
explanations they offer of numerous regularities in company growth [Acemoglu et al., 2013;
Lentz & Mortensen, 2008], but they also make it possible to incorporate various economic ex-
ternalities such as carbon emissions. This paper uses the framework of such a model [Acemo-
glu et al,, 2016] and applies the approach for the analysis of the Japanese economy.

9 The concern was noted by a reviewer of our paper.
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The policies considered in this paper are a combination of carbon taxes and research sub-
sidies. The analysis demonstrates that there is a temporary decline of economic output associa-
ted with the development of carbon-neutral technologies (both in applications to the US and
Japan), and we conjecture that it can be explained by technology costs. For example, empirical
microeconomic analyses show that technology costs negatively affect individual decisions to use
thermal insulation technologies, and the scope of the effect is several times larger than the effect
of energy prices [Hassett & Metcalf, 1995; Jaffe & Stavins, 1995]. Inadequate access to financing
may be an impediment to introducing clean technologies at small firms [Jaffe et al., 2003]. Howe-
ver, financial impediments may be of secondary importance in comparison with alternative in-
vestment choices, capital depreciation and energy prices'®. As regards the overall social welfare
function, judged from a macroeconomic perspective, the costs of clean technologies (borne by the
government through research subsidies) can be offset against economic gains. The gains can be
measured in terms of economic growth or an increase of social welfare thanks to the prevention
of carbon emissions.

Concerning the comparison of the values of the optimal policy instruments in the US and
Japan, this paper finds that the carbon tax rate in Japan should not be below that in the US. Yet,
the current value of the carbon tax rate in Japan (as adopted in 2012) was one of the lowest
across OECD countries and is several times lower than the US carbon tax rate. Moreover, while
the US adopted a policy of increasing its carbon tax rate from 8 to 51 USD per ton of CO2 (which
is within the range of international recommendations of 35 to 70 USD), Japan has kept its carbon
tax rate constant at the 2012 value of about 2.6 USD [Gokhale, 2021]. Another key finding of the
paper is the fact that the length of the period for the decline of aggregate output in Japan owing to
introduction of the carbon tax and research subsidies is longer than that in the US. Both findings
are driven by the relatively low spread of clean technologies in Japan compared to in the US.

Along with the cross-country analysis, the present paper follows [Acemoglu et al., 2016]
to show that the optimal values of both the carbon tax and research subsidies are non-zero for
Japan. In fact, market mechanisms, such as the introduction of carbon taxes or theincrease of energy
prices, can be viewed as an economic incentive for firms and households to employ carbon-neutral
technologies [Jaffe et al.,, 2003; Sanstad et al., 1995]. However, market forces alone cause only the
slow propagation of carbon-neutral technologies and diminish the potential for reducing emis-
sions [Popp et al,, 2010]*. Accordingly, there is a need for research subsidies that stimulate the
diffusion of currently existing green technologies.

10 See the socio-economic analysis for the Dutch firms in [Nijkamp et al., 2001]. The incentives of Japa-
nese firms in their voluntary adoption of environmental technologies are analyzed in similar qualitative
research by [Tanikawa, 2004].

11 In fact, there is a certain “habit-formation” in the decision by a firm regarding technology develop-
ment. For instance, econometric estimates show that R&D can be viewed as a function of a firm’s past
history in terms of its clean/dirty innovation [Aghion et al.,, 2016].
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MHOeCTBO UCCIeA0BaHUN CBU/IETENBCTBYET O TOM, YTO HAJIOT HA BBIGPOCHI yriaepoja
B coyeTaHuu ¢ cybeuausamu Ha HUOKP moryT paccmaTtpuBaThesl Kak adpdekTrBHas ¢popma ro-
CyAapCTBEHHOU NMOJIMTHKHU [i/1s1 IOOLPEHUsT PAaCIPOCTPaHEHHs] HU3KOYTJIEPOJHBIX TEXHOJIOTUH
Ha 6J1aro obuiecTBa. B JaHHOH cTaThe MCNOJIb3YeTCsl MaKpO3IKOHOMUYECKHUH [ToAX0/, MoJesiel
3H/IOTeHHOI'0 POCTa C TEXHOJIOTUYeCKUMH U3MeHEeHUAMH /151 NPOBe/leHUs] OLleHKHU BJIUAHUSA
TaKUX Mep Ha 9KOHOMHUYECKUH POCT B fINOHUHU B CpeIHECPOYHON U J0JTOCPOYHON MepCHeKTH-
Be, U JJIs1 CPAaBHEHHUS HAllMX Pe3yJIbTAaTOB C CYLIeCTBYIOLMMH BbIBOJAMH O [IOJ0OHBIX Mepax
An4g sakoHoMuku CIIA. Hamu onjeHKH € UCIIOJIb30BaHMEM MHUKPO- MU MaKpPOJAHHBIX BBIABJAIOT
CXO/ICTBO MeX/ly SAIMOHCKUMU M aMepUKaHCKUMH IHEPreTHYeCKUMU KOMIIaHUSIMU B OTHOLLIEHUH
3JIACTUMHOCTH QYHKIIMU NMPOU3BO/ICTBA UHHOBALMH 1o pacxoaaM Ha HUOKP u B oTHoeHUU
BEpPOATHOCTH paZiMKaJbHbIX MHHOBaLMMI. OJJHAKO, COrJIaCHO MPOaHaJIM3UPOBAaHHBIM HaMU JlaH-
HBbIM 00 3HepreTHYeCKUX NaTeHTax B SINOHMHM, YUCTble MHHOBALMU He TaK IIMPOKO PacnpocT-
paHeHBI B 3TOH cTpaHe, Kak B CILIA. 3To MoKeT 06'bICHUTh HAIllM KOJIMYECTBEHHBIE BBIBO/IBI O
Heo6X0AMMOCTH 60Jiee CUIbHOM OMOpPBI HA HAJIOT Ha BBIGPOCH! yIiepoza B FMOHUY Mo cpaB-
Henwuto c CIIIA.
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I'n6puaHbIe NOAX0AbI K IPOrHO3MPOBAHMIO peaM30BaHHOU
BoJIaTUWIbHOCTH ETF:
rJiy0oKoe 00y4yeHHue ¥ TeopeMa BOCCTAHOBJIEHUSA

IIaTsaacos /1.A.

B faHHOM cTaTbe McclefyeTcs 3a/jlada MHOTOIIaroBOro NporH03MpoBaHus
peasM30BaHHOM BOJIATW/ILHOCTH. B paboTe BBoauTCs Mogudukanus GyHKLMHU M0-
Tepb BU/JA KBAaHTWIbHBIN JIOT-runepbosindeckuil kocuHyc (quantile log-cosh), Tak-
’Ke B KauecTBe 3K30TeHHbIX (AaKTOPOB UCIOJIb3yeTcsl HHGOpMaLMsl, U3BJIeKaeMas
13 ONIIMOHOB C IOMOIIbIO TEOPEMBI BocCTaHOBJIeHUs [Ross, 2015] B KOHTeKcTe
3a/la4M IPOTrHO3UPOBAHMsI peaM30BaHHOM BOJIATUIBHOCTH TOPIyeMbIX GUPKeBbIX
¢dongyoB (Exchange-Traded Fund, ETF) SPY (SPDR S&P 500 ETF Trust) u QQQ (Inve-
sco QQQ Trust). CTaBsATCS ABe TMNOTE3bI: lepBasi IpeAoJaraeT, 4To quantile log-
cosh B HEHPOHHBIX CETSAX NMOBBICUT TOYHOCTb NPEAUKTHBHON MO/Ie/IM HAa TECTOBOM
Habope JJaHHBIX 10 CPABHEHUIO C TEMH Ke MOJIe/ISIMH, 06y4aeMbIMU Ha JIPyTHX Lie-
JieBbIX QYHKLHMSX. BTOpas runoTtesa 3ak/royaeTcsl B MCI0JIb30BaHUM HHGOpMaIiY,
V3BJIeKaeMOH M3 TeopeMbl BOCCTaHOBJIeHUS. JlaHHas TeopeMa NO3BOJISIET alllIPOK-
CUMUPOBATh UCTUHHYIO IVIOTHOCTb pacnpefieseHus cocrosHuid SPY u QQQ B Tep-
MHHaX MapKOBCKHUX LieTllell U U36aBUTHCS OT NMPEANOCHIIOK PUCK-HEUTpaJIbHOM
Mepbl B QUHAHCOBBIX MoJiesisIX. Torja o BTOPOH TUIIOTE3€e 0KUAAETCS, YTO MO-
JleJib ¢ aKTopaMH, U3BJIeUeHHBIMH C IIOMOLIbI0 TeOPEeMbl BOCCTAHOBJIEHUS, OYAEeT
N0Ka3bIBaTb 60Jiee TOUYHbIe IPOTHO3bl HA TECTOBOH BBIGOPKE 10 CPABHEHHUIO C
KJIacCMYecKol MoJiesiblo reTeporeHHoi aBToperpeccur (Heterogeneous Autore-
gressive Model for Realized Volatility, HAR-RV). /lsis1 npoBepKu runoTes UCIoJib-
3YI0TCS clleyloliye Mojenu MaltnHHoro obydenusi: LSTM, GRU, BiLSTM, BiGRU,
FCNN u N-BEATS. Pe3y/ibTaThl TOKa3bIBaIoOT, YTO MogHuduUKanus quantile log-cosh
NI03BOJISIET YJIY4YIIUTh TOYHOCTb NIpeJicKka3aHUi Mo/ieslell Ha TeCTOBOM Habope JiaH-
HbIX. Takke BKJIIOUEHHE B MOJeJIM IPOrHO3UPOBAHUSI peai30BaHHON BOJIATHJIb-
HOCTH 3K30T€HHbIX GPaKTOPOB U3 TEOPEMBbI BOCCTAHOBJIEHHUS MMO3BOJISIET 3HAYHU-
TeJIbHO PeB30HTH MoJiesib HAR-RV, 0co6eHHO Ha JJ0JITOCPOYHOM FOPHU3O0HTE.

IMaT/1acoB AMUTPHIl AJIeKCAaHIPOBHY — aCOUPaHT KapeApbl HHGOPMALMOHHBIX CUCTEM U MaTeMaTH4e-
CKHX METO/IOB B 9KOHOMUKE, [lepMCKuiil rocyAapcTBeHHbIH HAallMOHAJIBHBINA HCC/Ie[j0BaTebCKUN YHUBEP-
cuteT. E-mail: dmitriypatlasov@gmail.com
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1. BBeaeHue

DoH/I0BBIN PBIHOK fIBJSIETCA OJHUM U3 LIeHTPaJIbHBIX 3J1IeMEHTOB MUPOBOW 9KOHOMUKH,
OKa3bIBasi 3HAYMTEJbHOE BIMsIHUE HAa PUHAHCOBYIO CTAOUJIBHOCTb U 9KOHOMUYECKOEe Pa3BU-
THe CTpaH. B coBpeMeHHOM MUpe, XapaKTepU3yIoLleMcsl BbICOKOU CTeNeHbI0 HeoNpeeeHHO-
CTH, Ipe/iCKa3aHue BOJIAaTUJIBHOCTH PbIHKA CTAHOBUTCS BXKHEMIIIMM acleKTOM JiJIsl areHToB pu-
HaHCOBBIX PbIHKOB. B laHHOM cTaTbe paccMaTpUBaeTcCs 3aadya NPOrHO3UPOBAHUSA BOJIATHUIIb-
Hoctu s ETF SPY u QQQ.

Cnepyet oTMeTUTb, yTO ETF 06/1aa10T ps/IOM YHHUKa/IbHBIX XapaKTePUCTHK, OTJIMYAIOLIUX
HX OT TPAJMIIMOHHBIX aKTHUBOB, TAKUX KaK aKI[UU WK ¢blodepchl. OcHoBHBIE oco6eHHOCTH ETF,
BJIMAIOIINE HA BOJATU/IBHOCTD!

- ETF TopryroTcs Kak akI[uy, HO UX CTOUMOCTb IIPUBSI3aHA K CTOMMOCTH 6a30BbIX aKTUBOB
yepe3 MEXaHW3M CO3/JaHMs U rorauleHus naes (creation and redemption). 3To CHMKaeT OTKJIOHE-
Hue teHbl ETF oT cipaBei/inBol CTOMMOCTH, HO MOXKET IPUBOAUTD K MOBBIIIEHHON KPaTKOCPOY-
HOM BOJIATUJIbHOCTH B IIEpPHUO/bl PbIHOYHOTO CTPECCa;

- sukBuAHOCTb ETF onpezensieTcss He TOJIBKO 06'b€MOM TOPIOB, HO U JIMKBU/IHOCTBIO 6a-
30BbIX aKTHBOB. B c/lyyae peskux pbIHOYHbIX JABWKEHUH TOBbIILIEHHAs TOProBasi akTUBHOCTb MO-
JKeT YCUJIUTb BoaTUIbHOCTb ETF;

- Tpelfiepbl U MapKeT-MelKepbl akTUBHO Hcnosb3yloT ETF, 4To fenaeT mx nopasep:xeH-
HbIMU MOMEHTaJIbHbIM CKauKaM BOJIATUJIbHOCTH.

Hawn6oJsiee pacnpocTpaHeHHBIMH NOAX0JAaMH K MO/I€JTMPOBAHUIO BOJIATHIBHOCTH B XX B.
CYUTAIOTCS MOJIE/IM Ha 6a3e YCJIIOBHOM reTepoCKeJaCTUYHOCTH [iJ1si HeHabJII0/jJaeMOH BOJIaTU/Ib-
HOCTH PHUHAHCOBBIX aKTUBOB, a TAKXKE MOJIe/Ib CTOXaCTUYEeCKOH BOJIATUJIBHOCTH [iJ/Is1 T0/ipasyMe-
BaeMOM BOJIATHJIBHOCTH ONIHMOHOB. OJTHAKO 3TH MOJE/HN CHUJIBHO 3aBUCAT OT ClienubUKaLuu
6a30BOro npoliecca BOJATUIBHOCTH U TPeOYIOT >KeCTKMX OrPaHWYeHHI Ha OlleHHBaeMble Napa-
MeTphl. B To BpeMs cuUTa0Ch, YTO BOJIATHJIBHOCTh HeHabJ ItojaeMa. B fanbHeHmux paboTax
BHHUMaHHe HUCC/IeJOBaHUH 10 U3MePEHHIO BOJIATUIBHOCTH NEePEeK/II0YUIOCh Ha JaHHble BBICOKOH
yacToThl. BiepBble MepToH [Merton, 1980] nokasaj, 4To BOJATU/IBHOCTb MOXET ObITh OIpefe-
JIeHa KaK CyMMa KBa/ipaTOB JI0XOAHOCTEH Ha YPOBHE BBICOKOW 4acCTOThL. ABTOPHI paboT [An-
dersen, Bollerslev, Diebold, Ebens, 2001], a Takxe [Andersen, Bollerslev, Diebold, Labys, 2003]
yKasaJly, YTO CyMMHpPOBaHHe KBaJpaTOB BHYTPUAHEBHBIX JJOXOJHOCTEH JjaeT Hab/I0jaeMy1o Me-
Py ZAHEBHOM BOJIATUJIbHOCTH, Ha3BaHHYI0 peasn3oBaHHOU aucnepcuel (Realized Variance, RV).
Torja Mo>KHO CKa3aTh, YTO BOJIATUIBHOCTD, 32 UCK/II0YEHHEM OIIHMO0K U3MePEHHsI U CKauKOB,
CTaHOBUTCS «HABJII0JaeMOi».
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RV usmepsieT BHYTPUJHEBHYIO BOJATHIBHOCTD, I/le YaCTOTA BhIGOPKH MOXKET 6bITh J1a-
JKe Ha YpOBHE THUKOB. [Io Mepe yMeHbIlleHUsI HHTEePBaJIOB RV npubmkaeTcss K HempepbiBHOM
BOJIATUJILHOCTH. AHJiepceH U BosutepcieB [Andersen, Bollerslev, 1998] onpegensior RV cie-
JIYIOIINM 06pa3oM:

(1) RV,y=>, r |,

. mt++
Jj=l,...m m

rae m — KOJIM4YeCTBO MHTEPBAJIOB, 4 HEIPEPbIBHO HAKOIIJIEHHbIE JOXOAHOCTHU ONpeAe/JId0TCA
PaBE€HCTBOM

(2) Vot = Dim = Proam> VM =123,....n,

rge p, U p,_, —aorapupMsbl ieH PUHAHCOBLIX aKTHBOB.

RV MoxeT 6bITh MpHMeHEHA K [leHaM, CJIeIyI0INM BUHEPOBCKOMY MpoIieccy. MaTema-
THYecKoe oNpe/ie/leHHe BUHEPOBCKOTo npolecca W, ciexyouiee:

1. W, =0 cBeposiTHOCTbIO 1.

2. VV, — nponecc C HE3aBUCUMbIMH IMPpUPALLEHUAMH.

2
3. W, -W,~N(0,0,_,),VO< 5 <t <+o0.

4. TpaexTopuu WV, HenpepbIBHBI C BEPOATHOCTBIO 1.

B KOHTeKcTe PUHAHCOBBLIX PHIHKOB, €CJIM P, CJleJyeT BUHEPOBCKOMY IPOLECCY, 3TO 03-

Ha4aeT, YTO U3BMEHEHHUA JIOFapI/Iq)Ma EeHbl MOTYT OBITH ONMCAHEI B BHUE
(3) dp, =W, dt+c,dW, teZ,

rge o, — MrHOBEHHasl BOJIATHJIbHOCTD IIponecca WK CTaHAapTHOE OTKJIOHEHHME, CTPOTO I10-

1
2 .
JIOXKUTEJIbHAsA U CyMMUpyeMasi C KBaJ[paToM QYHKIIMS J'Gsds < |; U, - apeidosas cocTas-
0

nstioast; dW, - nuddepeHnnan BUHEPOBCKOTo IPoLiecca.
Jlajiee pacCMOTPUM HeNpepbiBHO HAYHUCIEHHYIO JOXOAHOCTh MeXAY f — A W [, IpU 3TOM
O0<h<t:

t t

(4) B=p,—ps= [nds+ [odW,.

t—h t—h

KBagpaTuunas gucnepcus (Quadratic Variance, QV) foxoiHOCTH - ecTeCTBEHHAs Mepa
M3MEHYHUBOCTU JHPY3MOHHOTO IpoLecca MapTUHIa/la, COTJIACHO TEOPEME O CTOXACTUYECKOM
WHTErPUPOBAHUHY, OTIPEe/ISIETCS PABEHCTBOM

t
(5) P =0V, = [olds,

i~h
rae OV, - KkBaApaTUiHast JUCIEPCHs.
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PaBeHcTBO (5) moka3bIBaeT, UYTO MHHOBALMU Apeiida He BAUAIOT Ha aucnepcuio auddy-
3MOHHOTO0 Ipolecca AOXOAHOCTeH. B 3TOM KOHTeKCTe KBaJ[paTUYHAs JUCTEPCUs] MOJHOCTBIO
onpe/ie/i1eTCs UHHOBALUSMH JIOKQJIbHOTO MapTHHIaJIa, OHA COBNAJaeT C UHTETPUPOBAHHOM
aucnepcueit (Integrated Variance, [V), Torza HakonsieHHast BOJIATH/IBHOCTD JJOXOAHOCTH OIpe-
JleJIsIeTCsl paBEHCTBOM

t
©) v, = [clds=0V,
t—h

rae [V, - uHTerpupoBaHHast JUCIEPCHs.

AsTopbl pabot [Andersen, Bollerslev, Diebold, Labys, 2001; Barndorff-Nielsen, Shephard,
2002] u3 cBOMCTB KBaJpaTUYHOHN AUCIIEPCHH OTMEYAIOT, YTO IPU OTCYTCTBUU HEIQDEKTUBHO-
CTH MHUKPOCTPYKTYPBI Ha pblHKe QV 10X04HOCTEN MOXKET BhIpaXKeHa:

) P = plimi[ps/ =Py ]2,

n—w =]

Il KaxKI0H I0CJIe/i0BaTeIbHOCTH pa3buenus 0 =s, <s, <...<s, ={ 1pu |sj =S8 >0,

KOT/JIa YUCJIO pa3OUeHu 1 —> O .
PaBeHCTBO (2) MOXXHO IPe/ACTaBUThb B BU/JIE:

n

(8) DN

m=1

Torpa peanu3oBaHHast AUCHEPCUS CXOJUTCS 110 BEPOSTHOCTU K KBaZpaTHUYHOMN Aucnep-
CUM U K HHTETPUPOBAaHHON AMCNepCUH AHA § pu 1 —> o0 . [lycTh peasnM3oBaHHas JUCIEPCUS
oynert

9) RV, =312,
m=1

OTcrofia CieiyeT, 4To
(10) RV,—”)[r,rl —[r,r]t_h =QV,,
(11) RV,—£>1V,.

PeanuszoBaHHast BOJIAaTUJIBHOCTD — 3TO MOC/EA0BaTebHAsA OLleHKa YCJIOBHOW BOJIATUJIb-
HOCTH, TaKagd, YTO

(12) RV,—L25v;,,

2 .
T/ V,;, — YCJOBHAs JUCNEPCHs] JOXOJHOCTEN Ha HHTepBase [t — h,t], KOTOpasi MOXeT ObIThb

OlleHeHa, HanpuMep, ceMelcTBOM MoJeeit GARCH.
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J3To moApasyMeBaeT, YTO OXKUJAeMasi pealM30BaHHAs BOJIATHIBHOCTD SIBJISIETCA MOCIe-
JlOBaTeJIbHOW OLIEHKOW 03KM/JaeMOH YCJIOBHOM BOJIATU/IbHOCTH:

(13) E[RVt |Qt—h:|_p—)E|:vr2,h |Qt,h]’

rae Qlfh — AOCTyIIHOE I/IH(bOpMaI_lI/IOHHOG MHOX€eCTBO, JOCTYITHO€ Ha MOMEHT BpEMEHHU t—h.

Ecsiu mpouecc JoX0AHOCTH onpefiesieH GyHKLMeH, cyMMUpyeMoi ¢ kBagpatoMu W, =0,

TO pea/In30BaHHadA BOJIATHJIbHOCTb ABJIAETCA HECMELHEHHOﬁ OueHKOﬁ y'CJ'IOBHOI;'I AUCIIEPCHUH 0~
XOAHOCTH:

(14) E[RVI |Qt—h:|: E[QVt |Qt,h:|: Var[’?,h |Qt,h:|‘

JTOT 3KBUBAJIEHT 06'beJUHSET PeaJM30BaHHYI0 BOJIATU/IBHOCTD U YCJIOBHYIO AHUCIED-
curo u3 mogener GARCH.

U3 cyuiecTByOIMX CTUIN30BaHHBIX PAKTOB BOJIATHIBHOCTH OTMEYAEeTCs, 4TO, KaK Impa-
BMJIO, BKJIIOUEHHE 3K30I'€HHBIX MPU3HAKOB B MO/IeJIM NPOrHO3UPOBAHUS BOJATHUIBHOCTH He
CIOCOGHO CYILIECTBEHHO MOBBICUTh TOYHOCTh (HanpuMep: [Engle, 1982; Christoffersen, Diebold,
2000; Andersen, Bollerslev, Diebold, 2003; Welch, Goyal, 2008; Bollerslev, Tauchen, Zhou, 2009;
Hansen, Lunde, 2005]).

ABTOp HacTosIIIEr0 UCC/IEZIOBAHUS BUJUT KJIIOUEBYIO [IEHHOCTb B KOHTEKCTE 3aJja4u Ipo-
FHO3WPOBAHMUS BOJATUJIBHOCTH B MHGOPMAIMK, U3BJEKAEMOU U3 NPUMEHEHUS TEOPEMbI BOC-
craHoBJieHus (the recovery theorem) [Ross, 2015] kK ppIHOYHBIM JJAHHBIM OMI[MOHOB, IPeo6pa-
30BaHUM 3THX Pe3yJIbTAaTOB B BUJL BpEMEHHBIX PAJIOB U UCNO0/1b30BaHUH B KauecTBe IPU3HAKOB
B MO/leJIM IPOTHO3MPOBaHUs peaJu30BaHHOMN BOJIATHU/ILHOCTH aKTHUBOB.

TeopeMa BocCTaHOBJIEHHsI IO3BOJISAET IPOU3BECTH NTEPEX0/], OT PUCK-HEUTPaAIbHON Mepbl
K UCTUHHOH ($u3udeckoit) Mepe. [loMUMO cMeHBI BEpPOSITHOCTHOM MepBI, TeEOpeMa BOCCTAaHOB-
JIeHHs I03BOJISIeT NOJIYYUTh IVIOTHOCTD pacnpe/iesieHrst 6a30BOro aKTHBA OMIIMOHA B UCTUHHOM
Mepe. CieflyeT OTMETUTh, YTO, HECMOTPSI Ha AUCKYCCUU Cpeid aBTOPOB TEOPEeTUYECKUX UCCIle-
JI0BaHUH O IPUMeHEeHNH TeOpeMbl BOCCTAaHOBJIEHUS [J1s1 TOBbILIEHUS TOYHOCTH IPOTHO30B pas-
JINYHBIX PUHAHCOBBIX NIOKa3aTesel, a TaKKe yy4llleH s TOProBbIX CTpaTerui U ynpaBJeHHUs
pHCKaMy, SMIIMPUYECKHe paboTbl CBUAETEIbCTBYIOT O TOM, YTO JiaXKe IIPY YaCTUYHOM BBINOJIHE-
HUU YCJIOBUW MPUMEHUMOCTH Pe3yJIbTaThl IPOrHO3HBIX MOAeJel yayqmaTcs. 06 3ToM roBo-
pAT, HanpuMep, uccaenoBanus [Audrino, Huitema, Ludwig, 2021; Gagnon, Power, Toupin, 2022].
Cpefiy TeopeTHYeCKUX paboT, KPUTUKYIOIIHUX TEOPEMY BOCCTAHOBJIEHHS], MOXKHO OTMETHUTb MC-
cnenoBanus [Amir, 2019; Borovicka, Hansen, Scheinkman, 2016].

Taxke B HacTosiLIeM HCC/Ie0BaHUU BBOAUTCA MoAudukanusa GyHKLKU oTepb quantile
log-cosh. Mogudukanus 3akiroyaeTcss B KOppeKTUpoBKe wTpada GyHKuuu noreps. [Ipesara-
eTCsl yBeJIMYMBATD IITPad 3a JIOXKHbIE TPOTHO3bI MOJIe/IU Ha JaHHBIX BhIlle 0,75-ro KBAaHTUJIS.
Tak kak Mepa BOJIATU/IbHOCTHU SIBJISIETCS [I0Ka3aTeJleM, KOTOPBIM OTpaXaeT COCTOsIHHE HecTa-
OGUIBLHOCTY PUHAHCOBOTO PbIHKA, TO OIIMOKHK MO/Jie/iM B HauboJjiee BBICOKUX 3HaUYe€HUSAX BoJIa-
TUJIBHOCTHU MOTYT ObITb KPUTHUECKUMH C NIPAKTHYECKOH TOYKHU 3peHHUs1. Torzia nosBJsIOTCS OC-
HOBaHUA JIJIA1 y/Iy4llleHHsI KayecTBa IPOrHO30B MOJe/IH B 06/1aCTH 60/IbIINX 3HAYeHUH.
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2. laHHbIE

J1s1 pacueToB PpaKTOPOB U3 TEOPEMBI BOCCTAHOBJIEHHS UCTIOIb3YIOTCS JJAHHBIE O HABJIIO-
JlaeMoH noJijpasyMeBaeMoU BOJIATU/IbHOCTH KOJLJI-ONIMOHOB, CTpalKax U CPOKax /0 MoraiieHus
Ha aBa ETF-uncrpymenra: SPY - Hau6osee siukBugHbii ETF, oTcaexxuBaronuit uagekc S&P 500,
SIBJISIETCS] pelpe3eHTaTUBHBIM JJIsl upokoro ¢oHgoBoro peiHka CIIA; QQQ - dokycupyeTtcs Ha
TexHoJsiorndeckoM cektope (NASDAQ-100), uTo fiesiaeT ero 6osiee UYyBCTBUTEAbHBIM K U3MeEHe-
HUSM BOJIaTUJIBHOCTH B IIEPUO/Ibl TEXHOJOTHUYECKHUX My3bIpell M KpU3HUCOoB. /laHHble NoJIy4de-
HBbI U3 Ienovyek onmuoHoB (SPX Option Chains). CiienyeT oTMeTHTh, 4TO S&P 500 siBs1sieTCsI Hau-
JIy4dlied annpokcuManuei Ha JiBrkeHHe Bcero ¢onzmoBoro peiHka CIIA, a NASDAQ 100 nmpwu-
GJIKEHUEM Ha JIBMXKEHHs TEXHOJIOTMYECKHMX KOMINAaHUU. McxosiHble JaHHble SIBASIOTCS QYHK-
[[Mel, KOTopasi I03BOJISIET OLIEHUBAThb YPOBEHD N0/ pa3yMeBaeMON BOJATUIbLHOCTH J1Jisl JTHOO60U
naphl CTpaliK U CPOK [0 MOTallleHUs], YTO MpeJCTaBJsAeT U3 ce6s1 MOBEPXHOCTh Mo pa3yMe-
BaeMo# BosaTuibHOCTH (implied volatility surface). [locraBuuk ganHbIx: optionsDX, URL:
https://www.optionsdx.com/. PacueT no MeTo/j0JI0THH HCCIE€JOBAaHHUS IPOU3BOJUTCS Ha KaX-
Abli ToproBbii AeHb ¢ 01.01.2010 r. mo 31.12.2023 r. as1s1 SPY 1 ¢ 01.01.2012 r. mo 31.12.2023 r.
A1 QQQ.

B kauecTBe 6e3prcKkoBOM cTaBKU pbhIHKa CIIA ucnosb3yeTcs JoXoJHOCTb o 10-1eTHUM
kasHavyelckuM obsuranusam CIIA. Tukep uHctpyMeHTa: «*TNX», nocTaBIUK HHPOpMaLuu:
Yahoo Finance.

Torza, Ha nepBOM 3Tarne GblJIM NOATOTOBJIEHBI JAHHBIE 110 IIeI0YKaM ONLMOHOB Ha HHCT-
pyMeHnTbl SPY 1 QQQ, a fasee onpefesieHbl MAaTPHULbl IOBEPXHOCTU MOJpa3yMeBaeMoOM BoJia-
THUJIBHOCTH JJIs1 000UX MHCTPYMEHTOB Ha KOHEIl KOXK/J0H TOProBou ceccuu. Kaxk b1 3/ieMeHT
MaTpHULbI — 3TO HAGJ/II0AaeMbI Ha CPOYHOM PBIHKE KOJLJI-OMNIIMOH, 6a30BbIMU aKTUBAMHU KOTO-
pbix siBJsstoTcs SPY 1 QQQ co cBoMMHU 3HaUeHUsIMU CTpaiika U cpoka Jo noraueHus. CpenHee
KOJIMYEeCTBO KOJIJI-ONIIMOHOB /1J15 BOCTIPOM3Be/leH!s TI0OBEPXHOCTH [10/ipa3yMeBaeMoi BOJIATHIIb-
HocTH coctaBuio 351 pna uncrpymenTa SPY u 322 ans uncrpymenta QQQ. [Tocsie dero K uc-
XOZHBIM JJaHHBIM 110 ONIIMOHAM ObLJIM IPUMEHEeHbI Bce UTEPALUH, OTIpe/ie/IeHHble B TeopeMe
BOCCTaHOBJIEHHA.

Jl1s1 pacyeTa pealM30BaHHOW BOJIATHU/IBHOCTH NPUMEHSIIOTCS] UICTOPUYECKHEe KOTHPOBKHU
TopryeMbix 6upxeBbix GoHnoB SPY 1 QQQ. YacTtoTa Hab/t0ZieHUH paBHA OAHOMY JHIO. /laHHbIE
10 KOTHpPOBKaM noJy4eHs! ¢ Yahoo Finance.

3. MeToabl
3.1. IlocTa”HoBKa 3aa4YM

B craTbe paccMaTpurBaeTcst npo6JieMa NPOrHO3UPOBAHKUs peai30BaHHON BOJIATHU/IbHO-
CTU TOpryeMbix 6upkeBbix GpoH0B SPY u QQQ Ha ocHOBe mokasaTeJsieil U3 TeopeMbl BOCCTa-
HoBJieHus Pocca. Peasii3oBaHHas1 BOJIaTU/IBHOCTD IPe/CTaBJseT COO0M U3MePEeHHYI0 BOJATHIIb-
HOCTb Ha OCHOBe GaKTHUYEeCKHUX IleH 3aKpbITHSA AJ1d aKLUH, GblouepcoB, MHJEKCOB U T.A. [Corsi,
2008]).

Lesb paGoTbl COCTOUT B TOM, YTOOBI pa3paboTaTb apXUTEKTYPY U OOYYUTh MOJie/b Ma-
IIMHHOTO 00y4YeHHs], KOTopas HauJIy4lIMM 06pa3oM crioco6Ha IPOrHO3UpOBaTh peau30BaH-
HYI0 BOJIATHJ/IBHOCTb Ha HECKOJIbKO 1LIaroB BIepes, Ha 6a3e npeAnocbuiok MoAean HAR-RV, dak-
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TOPOB, U3BJIEYEHHBIX N10CJ/Ie OLeHKH TeOpeMbl BOCCTAHOBJIEHHS U OLLEHKU MOJIeJId C TOMOLIbI0
HEHpPOHHBIX CETEM.

B HAR-Mozenu 6yayinast peajii30BaHHAs BOJATUIBLHOCTD sIBJsieTcs GpyHKIMeH 3anas-
JbIBalollel JHEBHOM, HeJleJIbHOM U MECIYHOU peasIn30BaHHOM BOJIATUIBHOCTH:

(15) RV, , =’ +B‘RV +B RV +B"RV" +€',,,

rae d - AHeBHad 4acToTa; W - HeJeJibHasA yacToTa (5 TOproBbuIxX AHel); m - MecA4Has yac-
ToTa (21 TOProBuld JieHb); K - Iar NporHO3MPOBaHUsA, JHU (MOZAESH 6YAYT OLlEHUBATbCA

nas k €[5,10,15,20] .

CDopmlea AJId pacdeTa pea)’[HBOBaHHOﬁ BOJIAaTUJIBHOCTH:

2

1 S

16 RV = |—) | In| =
(16) f n; S

rge RV, - peanusoBaHHas BOJATHIBHOCTb; /I — KOJIMUECTBO HAOJI0JeHUH (AHAaNa30H CKOJIb-

3suero okHa); S, - nexa SPY uwim QQQ.

OTHOCHTEJIBHO NPOCTast CTPYKTYpPa U BO3MOXKHOCTh OLIEHUTDb MO/IeJIb C IOMOIIBI0 METO-
Jla HanMeHbIIUX KBaZpaTtoB (MHK) croco6cTBOBa/M IIMPOKOMY MCHOJIB30BAaHHUIO 3TOU CIEIH-
¢dukanuu. Kopcu [Corsi, 2008] nokasaJ, 4To 3Ta Mo/ie/ib reHEPUPYeT 6oJiee TOYHbIE IPOTHO3bI
Ha TecToBOU BrIGOpKe (out-of-sample) o cpaBHEHUIO ¢ MOJEISIMU KPAaTKOCPOUHOM NaMSITH.

B paMkKax cTaTby CTaBUTCS 33/la4a BKJIIOYEHUS B NepeyeHb 5K30T€HHbBIX NlepeMeHHbIX
Mogiesi HAR-RV fjonoiHUTEIBHBIX TApaMeTPOB, KOTOPbIE CITIOCOGHBI YCUIUTb TOYHOCTh MOZe-
JIM Ha TeCTOBOU BbIOOpKe. HazoBeM Takyro MoJiesb THOPUAHOM ¥ IPUCBOUM PACLIMPEHHE 0
a66peBuatypsl HARx-RV. Criucok ncciiefyeMbIx 3aBUCUMBIX IEPEMEHHBIX U IPU3HAKOB IPUBE-
JeHbI B TaoJ1. 1.

Ta6auna 1.

OnpejeJieHNe lepeMeHHBIX, HCNI0JIb3yeMbIX B MO/l e/ISIX IPOrHO3MPOBaHUA

pea/iM30BaHHOM BOJIATUJIBHOCTU HHCTPYMeHTOB SPY u QQQ

0O603HayeHue HasBaHnue OnucaHue
nepeMeHHOU

3aBUCHMBIE [TlepeMeHHble (3H/J0reHHbIe GAKTOPbI)

RV, RV, s Peasin3oBaHHasi BOJIaATUJIBHOCTb Peanu3zoBaHHasi BOJIaTU/IbHOCTD, pacCuu-
+ + o
RV RV Ha 5, 10, 15, 20 nHel Bepen, TaHHas Ha AaHHbIX SPY 1 QQQ:

+152 747 1420 YacToTa faHHBIX — 1 1eHb;

Jlviana3oH cKkoJib3s11ero okHa - 21 JleHb
Perpeccopn! (3k30reHHbIe GAKTOPHI)

d. w. PeasinzoBaHHasi BOJIAaTUJIbHOCTh -

RVS, RV,

RV
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OkoHyaHue Ta61. 1.
0OGo3HaueHUe HasBanue Onucanue
nepeMeHHOU
VoW BoccTaHoB/ieHHast oXKujaeMast Anmnpoxcumanus cpeiHero U3 UCTUHHOTO
o JIOXOJJHOCTh pacnpezeneHUs BepoATHOCTeN (PU3NIecKoi
MephI 10 TeopeMe BOCCTAHOBJIEHHS] )
W, Wy, s BoccTaHoB/IeHHas oXKujaeMast Anmnpoxcumanys CTaHJapTHOI'O OTKJIOHEHHUS
' ' BOJIATU/IBHOCTb M3 UCTUHHOTO paclpe/ie/leHUsl BepOsITHOCTeH
(dusuyeckoit MephbI 0 TEOPEME BOCCTAHOB-
JIeHHs])
Vs, Ws, s BoccTaHOBJIEHHBIH 3KCLECC Annpokcumanus 3KcLecca U3 HCTUHHOTO
s [l o o
pacrpesiesieHUst BeposiTHOCTeH (pusnyeckort
MepBbI 110 TEOpEMe BOCCTAHOBJIEHHS)
VW, s BoccraHOB/IeHHast aCHMMeTpHUsl  ANIPOKCUMAaNUs aCUHMMETPUU U3 UCTUHHOTO
’ ’ pacnpejiesieHus BeposiTHocTel (pusmuveckoi
MepBbI 110 TEOpeMe BOCCTAHOBJIEHHS)
Vs, 5Ws, s CKJIOHHOCTbB K PHUCKY Pa3Hu1a BOCCTAaHOBJIEHHOH 0XKH/1aeMoii BoJia-
’ | (npefmouyTeHue pUCKa) TUJIBHOCTH U PUCK-HEUTpabHOU (B pUCK-
HelTpasbHOU Mepe)
W, W, s OxuzaeMasi BepOSITHOCTb IaZle-  BeposATHOCTB, cooTBeTCcTBYIOIAs 20-MPOLEHT-

HUS UHCTpyMeHTa Ha 20% B cJie-
JyIoleM Mecsilie

HOMY CHHXeHHI0 6a30BOr0 aKTHBA U3 3MITHU-
pHYecKod GYHKLIMHU NJIOTHOCTH pacnpejesie-
HUA (M3 TeoOpeMbl BOCCTAaHOBJIEHHUS)

Toraa mozesns HARx-RV npumet Buj (a5 Kaxkzgoro k ):

(7)

RV, , =o' +B'RVI +B "RV +B"RV" +
TV Vi tYaWo, TY3Ws, T YaWa, TYsWs, T Y6We, T

d
+OW 5+ 0.y, s +03Ws, 5 +0,W,, 5 +05Ws, s +0aWe, 5+,

B panbHeiiieM onieHka Mmogesu HARx-RV 6yaeT npoussesneHna npu nomouy MHK c kop-
pekuueit Hetou - Yacra [KocTbipka, Masiaxos, 2021], a Takke aJIrOpUTMaMHU IJIy60KOro 06yyeHHs.

CiefyeT 3aMeTUTh, YTO BbIOOpKaA pasjeseHa Ha obyyaouyto (¢ 01.01.2010 r. (zus SPY)
c01.01.2012 r. (a11 QQQ) mo 31.12.2018 r.), BanuganuonHyo (c 01.01.2019 r. no 31.06.2020 r.)
u TectoByto (c 01.07.2020 r. mo 31.12.2023 r.).

Jlanee ¢opMasbHO onuileM INPOLEecC U3BJeYeHHs U3 JaHHBIX [0 ONI[MOHaM HHQOpMa-
LJMY, T0JIy4aeMoM noc/ie IpMMeHeHUsl TeOpeMbl BOCCTAHOBJIEHHUS.

TeopeMa BocCTaHOBJIEHHUsI IPeJJOCTABJISIET METO/, JI/I51 U3BJIedeHUs HCTUHHBIX BEPOSITHO-
cTell U g/ipa LeHoo6pa3oBaHus (pricing kernel) 13 Ha6J1t0/JaeMbIX PBIHOYHBIX JAHHBIX 110 OI-
LJMOHaM, IPH YCI0BUH, YTO U3BECTHBI Nlepex0o/iHble BePOATHOCTH B PUCK-HENTpalbHON Mepe.
OcHoBHas Uziest TeopeMbl 3aK/II04AETCA B CleyI0leM:
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1) puck-HelTpasbHasA MJIOTHOCTb pacnpe/eseHns T W MCTHHHAs IIOTHOCT pacmpe-
JlesieHnst f CBSI3aHbI Yepe3 OTHOIIEHUE MAPKUHAIbHBIX 10JIE3HOCTEH MOTPe6IEHMUS;

2) pUCK-HeHTpaJbHble BEPOSITHOCTH HCNOJIB3YIOTCS JJ1s1 leHooO6pa3oBaHus GpUHAHCO-
BbIX UHCTPYMEHTOB B MO/ZE/IM OTCYTCTBUS apOUTpaxKa;

3) UCTUHHBIE BEPOSITHOCTH OTPAXKAIOT peajibHOe pacnpe/ie/ieHre BepOSITHOCTEN HCXO-
JIOB B OyZIYIIEM C yUETOM CYO'bEeKTUBHBIX IPEATIOYTEHUM HHBECTOPOB.

* o
HyCTb T (91.,9‘].) — PUCK-HEUTpPaAJIbHAad BEPOATHOCTDb Iepexo/a U3 COCTOAHUA ei B CO-

CTOdAHHUE Oj, a f(@l.,ej) — UCTUHHAA BEPOATHOCTb 3TOTI0 nepexoja. Torpa atu BEPOATHOCTH

CBsI3aHBbI CJeayomuM oopasom [Ross, 2015]:

U'(c(0,
(18) n*(ei,ej):e’w”%f(epﬂ,),

rae r(e,.) - 6e3puckoBas craBka; U (c()) - Map)KMHaJIbHAsl M0JIE3HOCTh NMOTPEOJIEHUS;

c(@) - noTpe6JieHue B COCTOSIHUU O .

Jl1g moJlydeHus ICTUHHOW U PUCK-HEUTPa/IbHOM IJIOTHOCTEX pacnpeje/eHUs UCI0JIb-
3yeTcs C/e/lyrolast mpoleaypa:

1) onpenesieHre PUCK-HEUTPAJbHOUN MJIOTHOCTHU: IMJIOTHOCTb ONPeEISIeTCs Yepe3 Phl-
HOYHbBIE [IeHbI ONIUOHOB, KCII0JIb3Ysl MO/JIeJb [IleH000pa30BaHusA oNiHMoHOB bJaka - llloyJi3a, a
TaKXXe MpoLeAypy U3BJIedeHus 1ieH Ippoy — [ebpe;

2) BOCCTaHOBJIEHHE UCTUHHOU MJIOTHOCTH: UCTUHHASA IJIOTHOCTb BOCCTAHABJIMBAETCS U3
T C MCIOJIb30BaHMEM OTHOLIEHHUS! Map)KUHAJIbHBIX N10JIE3HOCTEN U 6E3PUCKOBOM CTaBKH, KaKk
YKa3aHO B YpaBHEHHWH BbIle. MaTeMaTUYECKH 3TO peau3yeTcs Yepe3 CIeKTPaJbHOe PasJioke-
HUe MaTpPHIbI IEPEXOAHBIX BEPOSTHOCTEH B PUCK-HEUTPATLHON MepE;

3) nepexo/iHble BEPOSTHOCTH ¥ MAapKOBCKHUE LIEMU: BOCCTAHOBJIEHHE BEPOSITHOCTEN Iie-
PEX0/I0B PbIHKA U3 OJIHOT'0 COCTOSIHUS B IPYTO€ OCYIECTBJSIETCS C UCI0JIb30BAaHUEM MAPKOB-
CKHMX LIeTeH.

U3 nosiydyaeMoil MapKOBCKOH 1€y MOXKHO M3BJIeYb IJIOTHOCTb paclpe/ie/ieHusl pbIHKa
Ha KaXK/JIbIi TOPTOBBIH ZieHb, U3 KOTOPOU B CBOIO OYepeib CYUTAIOTCS MOMEHTHI pacrpeseie-
Husl. BoJsiee noZipo6GHO 0 MOJIHOM NpoleAype IPUMEHEHHUS U I0KA3aTeJbCTBE CYLeCTBOBAHUSA
TeopeMbl BOCCTAHOBJIEHHSI MOXKHO Y3HaTh B paboTe CtuBeHa Pocca [Ross, 2015], a Takxke B pa-
6ortax [Bakshi, Chabi-Yo, Gao, 2018; Carr, Yu, 2012; Jackwerth, Menner, 2020]. [Ipu moaTBepXx-
JIEHUH TUIIOTE3bI O TOM, YTO NPOrHO3HAsi MO/iesIb 6YAeT 06/1a/1aTh J0CTaTOYHBIM YPOBHEM 0606-
IIEHHOCTU ¥ CIIOCOOHA OO'BSACHATh IUHAMUKY PEaJM30BaHHOW BOJIATUJILHOCTH, MTpe/nojara-
€TCs1 MPOBEPKAa 3TOM MOJENN Ha YCTOMYUBOCTh (p06acTHOCTBD). [l/isi mpoBepKH po6AcTHOCTH
Oy/ZileT Mpou3BeleHO CpaBHeHHUe ¢ 6a30Bou Mozebio HAR-RV ¢ moMombio Tecta /lubosbaa —
MapuaHo.

JJ1s1 TOCTHKeHU s TIOCTaBJIEHHOH LieJI Mpe/IIoJIaraeTcs pelieHue CaeyINX 3aay:

- 3arpy3Ka, npeio6paboTKa UCXOIHbIX IaHHBIX;

- 0TOOp ¥ 06yYeHHe Mo/iesiel MalIMHHOT'0 06y4YeHUSs;

- OIleHKAa KauyecTBa 0OYYEeHHbIX MO/iejIell Ha TeCTOBOW BbIGOPKE MPU MOMOIIU CIeIYIOLUIUX
MeTpuK KayecTBa: MSE, MAE, R?, MAPE, QLIKE (Quasi-Likelihood), Tect JJu6o./b1a - MapuaHo.
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3.2. MoaudunupoBaHHasa QyHKIMA NOTEPD
KBaHTHJIbHBIH JIOT-TUIIEP60/INYeCKHUA KOCHUHYC

B kaudecTBe ajsieMeHTa NpeABapUTENBHOr0 aHa/IM3a JAHHBIX IOCMOTPUM Ha pPeXHUMBbI
HHU3KOW» U «BBICOKOM» BOJIATUJILHOCTH 110 060MM MHCTPYMEHTAM C IIOMOILbI0 MO/Ie/IN CKPBI-
ThIX MAPKOBCKHUX IpoueccoB (HMM).

Ha puc. 1, 2 npeacraBuM pasjiesieHHe peXXxUMOB pealu30BaHHOM BoaTU/IbHOCTH SPY U
QQQ Ha obyyaroueil BelbopKe. B paMkax npe/BapUTe/IbHOTO aHa/IN3a He OyZieM paccMaTpu-
BaTh pea/iM30BaHHYI0 BOJIATU/JIBHOCTb Ha BaJUJAIMOHHOM U TeCTOBOX BbIGOpPKAX, YTOOL! He
ObLJIO AlPUOPHOr0 HpejCTaBJeHUs O JAMHAMHUKe U paclpejie/leHUM peaJu30BaHHOM BoJia-
TUJIBHOCTU B JJaHHbBIE [TIepUO/Ibl BpEMEHHU.

—— Peanu308aHHas BONATUNLHOCTb SPY Haxoxaerue 8 pexume 1
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Puc. 1. HHM-Moziesb peaii30BaHHON BOJIATU/ILHOCTH SPY ¢ BepOATHOCTAMU NEPEXO/I0B MEXKAY pEXKUMaMHU
Ha o6yJatolei BoiGopke (01.01.2010r.-31.12.20181.)

—— PeanuioRaHHAs RONATUNKHOCTH QOQ Haxoxnenue s pexume 1 |
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Puc. 2. HHM-Mopenb peasin3oBaHHOM BOJIAaTU/IBHOCTH QQQ € BEpOATHOCTAMH Nepexo/i0B MeX/y pexxuMaMu
Ha o6yyaroniei Bei6opke (01.01.2012r.-31.12.2018r.)
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HecmoTps Ha To, yTo Moziessb HMM He 6yieT HemocpeACTBEHHO UCIOJ/Ib30BaThCS B 3a/a-
Yye MPOTHO3UPOBaHUSsI, OHA UTPAET BAXKHYIO POJIb B 06111el MocTaHOBKe 33a4u. PaccMoTpeHue
HMM B KOHTEKCTE MPOrHO3UPOBAHMS PEATM30BAaHHOM BOJIATU/ILHOCTH SIBJISIETCS] OCHOBAaHHUEM
JU1s1 OpMHUPOBaHUS KOHTEKCTA JJ1sl IpYTUX MoJesiell. Tenepsb J[OMyCcTHMO CKa3aTk, YTO CMEHse-
MOCTb peXXHMa BOJIATHJIbBHOCTH CONIPOBOXK/IAETCSI €€ PE3KUM CKaYKOM (IMPBDKKOM), KOT/|a 3Ha-
yeHHs RV nepexosaT B juana3oH BbICOKMX KBaHTUJIel. OTclola BOSHMKaeT HE00X0MMOCTh
pa3paboTKU MeTo/ja, KOTOPBIM Obl alanTHPOBaJICs NoJ 60/ee TOUHOe 06y4eHHe MOJie/IM Ha
JIAHHBIX BBICOKHX KBaHTUJIeH. [l1s pelleHUs TaKoH Npo6J/ieMbl B HACTOsIIEM UCCIeJOBAHUHU
BBOAUTCS MoguduKauus 1eeBoid GYHKIUU HEUPOHHBIX CeTel JIOT-TUnep6onyecKoro Kocu-
Hyca (log-cosh). Mogudukauuio 6yZieM HasblBaTb KBAHTUJ/IbHBIN JIOr-TUNEPOOJIHIECKUN KOCH-
Hyc (quantile log-cosh).

®yHknus notepb log-cosh siByisieTCs 0JHUM M3 pacnpoCTpaHEHHBIX BBIGOPOB /11 33124
perpeccuy, o0c06eHHO B KOHTEKCTE BPEMEHHBIX PSIJIOB U JAHHBIX C CUJIBHBIMU QUIYKTYaLUSIMHU.
Ee mpenMyniecTBa MOXXKHO 0G'bSICHUTD CJIEAYIOLUM 00pa3oM.

1. Po6acTtHocTh: log-cosh npeasiaraetT po6acTHBIN MOAXO/ K OLlEHKe OUIMOKH, TaK KaK
JIy41lle yYUThIBAeT GOJIbIIME OLTMOKHU 110 CPABHEHUIO C KBaIpPAaTHYHON QyHKIMeN noTepb MSE
Y cpefHel abcosroTHOM omnbkoil MAE. CriefiyeT Takke OTMETUTD, UTO QYHKLHMSA TOTEPD log-cosh
XOPOLIO aJANTUPYeTCs] K 0COGEHHOCTSIM JJaHHBIX, TAK KaK OHA I103BOJISIET MOJIE/IH OLleHUBATh
Kak 6oJIbIlIME, TaK U MaJleHbKHeE OLIMOKHU C OJMHAKOBLIM BecoM [Barron, 2019]. B amnupude-
CKHUX TecTax MoJiesib ¢ log-cosh leMoHCTpUpyeT 3HaYHTENbHOE YJIydllleHHne TOYHOCTH MPOTrHo-
3upoBaHus no cpaBHeHUI0 ¢ MSE u MAE, oco6eHHO B yC/I0BUSIX BBICOKOW BOJIATUJIbHOCTU
[Barron, 2019].

2. COBMeCTUMOCTb C ONITUMHU3aLIUOHHBIMU MeToZaMHU: log-cosh B kauecTBe GYHKIUU 1O-
Tepb XOpOLIO paboTaeT C Pa3/IUYHbIMU ONTUMHU3ALUOHHBIMU aJIrOPUTMaMHU, KOTOpble IpuMe-
HSIOTCS IPU 06yYeHUH HEHPOHHBIX CETeM.

3. BoamoxHOCTH AJ11 MOAMPUKALIMU: BBeJleHHe Tpada 3a olMOKY B BepXHEM KBapTH-
Jie JaHHbIX (75-1 KBaHTWJIb) MTO3BOJISIET 60Jiee TOYHO MPOTHO3UPOBATh 3KCTPEMaJ/IbHble 3Ha-
YeHUsI BOJIATUJIBHOCTH, YTO KPUTUYECKU BAXKHO /JIsl YIIPaBJIEHUS] pUCKaMHU.

Jasee npejcTaBUM NpejJiaraeMyro MoauduUKanuio. JlonosHeHue 3aKI04aeTcs B J06aB-
JieHud wtpada A mpu pacyere oMKO60K HA AaHHBIX 6OJIbIINX 3HAYEHUH, 8 UMEHHO BBIILIE 1]-T0
kBaHTuUJs. Torja HoBasi jiocc-GyHKIus quantile log-cosh mpumeT Buz:

19) ((RV.RV)= Zln[cosh(Rz,ﬁ)-(l gy b (RV, - qn))},
i=1
rae ( (R V,EI\/ ) - dynkuus noreps (quantile log-cosh); g, - 3HaueHue 1)-T0 KBAHTUIIS OT BbI-
GOPKH UCTUHHBIX 3HAYEHUI 3aBUCUMOU NlepeMeHHOM Ha 06y4aroleM Habope JaHHbIX; | (RVi>gq) ~

MH/IMKaTOPHast QYHKLMsl, KOTOPasi IPUHKMaeT 3HavdeHue 1, korga RV, 6osbwe g, v 0 B nHOM

ciydae; A — MHOXKHUTeJb Tpada K GYHKIMY NOTEPD BbIILE 1|-T0 KBAHTHJISL
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3.3. OnucaHue UCXOAHBIX JaHHbIX
[IpencTaBuM B TabJ1. 2 OMCATebHbIE CTATUCTUKH UCXOIHBIX JJAHHBIX.
Ta6suna 2.
OnucaresibHble CTATUCTUKU BPEMEHHBIX PSIA0B NPU3HAKOB
Ha o6y4Jaloiei BbIGOpKe
@akrtop | Cpexnnee |CtanzapTHoe| MUHHUMYyM Meauana | MakcumyMm |AcuMMeTpus| IJKcuecc
OTKJIOHEHHE
Onucarte/ibHbIE CTATUCTUKU 06yvaroiei Bbi6opku SPY (2010-01-04-2018-12-31)
v, -0,00 0,01 -0,15 -0,00 0,10 -0,51 20,23
W, 0,08 0,04 0,03 0,07 0,31 1,77 3,63
W, -0,67 1,24 -2,60 -0,98 4,73 1,15 1,10
v, -0,51 0,41 -1,82 -0,46 0,86 -0,41 -0,04
W 0,03 0,03 0,01 0,02 0,22 2,11 5,58
W 0,03 0,05 0,00 0,01 0,31 2,64 7,87
RV 0,01 0,00 0,00 0,01 0,03 1,64 3,68
OnucaTe/ibHbIE CTATUCTUKHU oOy4atoeid Bei6opku QQQ (2012-01-03-2018-12-31)
v, -0,01 0,06 -0,60 0,00 0,15 -5,14 32,14
v, 0,16 0,12 0,04 0,13 2,04 524 49,86
(TR -1,44 0,83 -2,90 -1,52 2,21 0,86 0,90
W, -0,20 0,34 -1,44 -0,19 0,87 0,11 1,17
W 0,11 0,12 0,01 0,08 1,94 5,35 52,49
W 0,11 0,21 0,00 0,07 2,19 6,32 47,66
RV 0,01 0,00 0,00 0,01 0,02 1,46 2,31

Jlasiee mpoBezieM TeCTbl HA KOMHTETPaLUI0 MeX/y IpU3HaKaMU MojieJlell U peasu30BaH-
HOH BOJIATHUJIBHOCTBIO Ha 5, 10, 15 u 20 gHel Bnepe/. [/ 3TOr0 OIeHUM CTaTUCTHKH JHIJIA —
I'peitnmpxepa (EG-Tect) u Moxancena [Dwyer, 2015].

Tect 3Hrsa - 'peliHpKepa NpoBepseT HaJIMYMe KOMHTETPALMOHHBIX CBAA3eH MeX/y Bpe-
MEeHHbIMU PsIIaMU Ha JBYX3TanHOU ocHoBe. HysieBast runoTesa TecTa: OCTaTKH HeCTalMoOHap-
Hbl. Ecsiv HyJsleBasi runoTesa oTBepraeTcs,, 3Ha4UT, OCTATKU CTAllUOHAPHbIL, YTO CBU/IETENLCTBY-
eT 0 HaJIMUMH KOUHTEerpalyuu.
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Tect MoxaHceHa - 6oJiee MOL[HBIA MeTOJ, KOTOPbIH 103BOJIA€T BhIABAATL HAJIUUHE
KOUHTETPALMH MEX/y HECKOJIbKUMU BpeMEHHbIMU psiiaMu. OH OCHOBaH Ha MOJEJIM BEKTOP-
HoH aBTOperpeccuu (VAR), npeo6pa3oBaHHON B MOZie/Ib BEKTOPHOM KOpPEKIIMK OO0k, Hy-
JIeBasl TUIIOTe3a TecTa MoXaHCceHa: KOJMYeCTBO KOMHTErPALMOHHBIX BEKTOPOB MeHbIIe HJIH
paBHO 33/JaHHOMY 3Ha4YeHUR. [Ipe/icTaBUM pe3yJIbTAThI JJAHHBIX TECTOB B TA0JI. 3.

Ta6suna 3.

TecTbl Ha KOMHTErPaIUIo AJIs1 pea/IM30BaHHON BOJIATUJIBHOCTH SPY
1 QQQ (kputnueckoe 3HaueHUue Tecta MoxaHceHa (5%) paBHo 15,49)

daxkTop SPY QQQ
p-value TecTta CTaTHCTHKA TeCTa p-value TecTta CTaTHCTHKA TeCTa
JHrua - I'peliHpxepa MoxaHcena JHrua - ['pelimxepa HoxaHceHna
LlesieBast nepemenHas - RV, ¢
v, 0,01 524,64 0,31 446,56
v, 0,00 164,95 0,34 277,58
s 0,00 378,89 0,32 113,56
v, 0,02 506,77 0,33 141,93
s 0,00 167,58 0,20 265,07
Y 0,00 276,29 0,21 423,18
RV, 0,00 1055,52 0,00 544,07
RV, 0,00 551,55 0,00 277,71
RV,_,, 0,00 59,52 0,01 44,81
lleseBas nepemenHas - RV,

v, 0,00 508,80 0,20 442,60
v, 0,00 169,18 0,14 274,35
Vs 0,00 375,82 0,10 115,02
v, 0,01 506,25 0,21 141,42
Y 0,00 167,74 0,26 262,04
Y 0,00 274,92 0,16 421,06
RV, 0,00 556,14 0,00 280,86
RV, 0,00 356,06 0,00 192,51
RV,_,, 0,00 41,36 0,01 38,65
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OxkoHyaHMe TabJ. 3.

daxkTop SPY QQQ
p-value Tecra CTaTHCTHKA TeCTa p-value Tecta CTaTHCTHKA TECTa
JHrua - I'peitHaxepa HoxaHceHa JHria - petHkepa HoxaHceHa
LleneBast nepeMenHas - RV, s
Y, 0,01 509,81 0,14 443,72
v, 0,00 171,52 0,11 276,15
Y5 0,00 367,21 0,07 126,75
v, 0,02 502,83 0,13 144,05
Ys 0,00 165,29 0,14 264,18
Y 0,00 263,05 0,13 421,15
RV, 0,00 365,98 0,00 187,01
RV, 0,00 0,00 0,00 118,84
RV, 0,00 0,00 0,01 38,28
LleneBast nepemennas - RV,

Y, 0,01 495,96 0,01 447,94
v, 0,00 188,56 0,01 279,46
Yy 0,00 368,20 0,01 138,67
Y, 0,01 506,00 0,02 148,74
Ys 0,00 177,07 0,01 268,13
Yy 0,00 271,15 0,01 421,27
RV, 0,00 245,00 0,00 128,90
RV, 0,00 71,36 0,00 50,88
RV, 0,00 43,61 0,00 44,73

TecThbl Ha KOWHTEerpanuio nokKa3biBarwT, YTO AJIA SPY CylieCTBY€eT 3Ha4YUTeJ/JIbHAA KOUH-
Terpagusa Mexxay npu3HakaMH U pea]lPBOBaHHOﬁ BOJIaTHJIbHOCTBIO HA BCEX TOPU30OHTAX IIpor-
HO34a, YTO YKa3bIBA€T HA HaJIM4HUE YCTOfIqHBbIX AO0JITOCPOYHBIX B3aMMOCBsI3€eM. ,Zl.)'[ﬂ QQQ KO-
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HHTEerpanusa npodaBJideTCd MeHee BbIPAXKEHHO I10 pe3yJjibTaTaM TeCTa JHrIJa - FpeﬁH,mKepa, HO
CTaTUCTHUKHU TecTa MoxaHceHa NOATBEPXKAAOT HAJIMYKME KOUHTEIrpallMOHHbIX CBSI3eH Ha BceX
FOPHU30HTAax /Jid BCEX NI€PEMEHHDbIX.

3.4. Moaenu oneHKHu

3.4.1. PekyppenmHsulie HeiipoHHble cemu LSTM u GRU

B psane uccinenosanuii, Hanpumep [Rodikov, Antulov-Fantulin, 2022], 6110 OKa3aHo,
yT0 LSTM 1 GRU MOryT y/y4dIIMNTh NPOTHO3bI peau30BaHHOM BOJAaTU/IbHOCTH 10 CPAaBHEHUIO
¢ kinaccnyeckuMu MozensiMu GARCH n HAR-RV, ocob6eHHO [Jis1 KpaTKOCPOYHBIX IPOrHO30B.
TeMm He MeHee B GOJIBIIMHCTBE PabOT 10O MPOrHO3UPOBAHUIO pPeayM30BAHHON BOJIATUJILHOCTU
OTMEYaeTcs], YTO MOJIeIM MAalIMHHOTO 06y4eHUs He BCer/la 3HAUUTEIbHO IPEBOCXOAAT 3KOHO-
MeTpHUYeCKUE, B TOM YUCJIE JUHENHbIe MOZe/U JJ1s1 IPOrHO3UPOBAHUS peaJiu30BaHHOM BoJIa-
TUJIBHOCTH, 0CO6EHHO B C/Iydae 60oJiee J0Ir0CPOYHBIX MPOrHO30B. B paboTe [Branco et al.,, 2024]
TOBOPUTCS O TOM, YTO JIMHEHHbIE MO/IeJIM Ha 6a3e reTeporeHHOW aBTOPErPECCHH YacTO OKa3bl-
BalOTCsA 60Jiee KOHKYPEHTOCIOCOOHBIMH, 0COGEHHO /ISl IPOTHO30B HA MECIYHbBIX U He/leJIbHbIX
HMHTepBaJIaxX [0 CPAaBHEHUIO C aJITOPUTMAaMHU IJIyOGOKOTro 06ydyeHus. OZJHAKO B KPATKOCPOYHBIX
nporHosax (Ha oauH Jienb) Mmojenu LSTM u GRU MoryT nokasaTh Jiy4lie pe3yabTaThl.

Takxxe BOXXHO OTMETUTD, YTO IKOHOMETPUUECKHe MOJie/IM UMEeIOT 3HauYUTeJbHOe Mpe-
HMMYIeCcTBO B UHTepnpetupyeMocTu. Hampumep, Mmogenn HAR-RV u GARCH no3BosisitoT noHu-
MaTb 3G EKThI KaX/A0r0 U3 JIaroB UK KOMIIOHEHTOB BOJIATHJIBHOCTH.

B paMKax HacTos1Iero Ucciaef0BaHus G6y/1eT MPOU3Be/IEHO CPaBHEHHE TOYHOCTH MPOTHO-
3MpPOBAHUA peaIM30BAaHHOW BOJIATUJIBHOCTH Ha npuMepe Mozeneit LSTM, GRU, BiLSTM u BiGRU
c iuHeltHOM MoJienbio HAR-RV ¢ koppekuueit Heiou - Yacra.

[Jasiee onuieM HEKOTOpble MaTeMaTUUYeCKHe CBOMCTBA MoJiesiel TJ1y60KOro 06yyeHUsl.
Ha puc. 3 npeactaBuM peKyppeHTHbIN MoayJb LSTM.

Y1 Yt Yi+1

LSTM cell ! T
Cia C

-_— Ct—l,ht—l e Ct+1,ht+1 —_—

X1 X Xt+1

Puc. 3. PekyppeHTHbIH Moay/ib LSTM
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BrruucsieHusa Ha KaXKI0M BpeMeHHOM 1are BHyTpu LSTM-ceTu as14 ofHOTr0 prMepa no-
C/le[l0BaTe/IbHbIX JAHHBIX:

fo=c(W,[h_.x]+b,),
i, =c(W[h_.x,]+b,),
(20) C = tanh(WC [ht_l,x,]erC),
C=f-C_+i-C,
o(W,[h_.x,]+b,),

rae f,,i,,0, - BenTHaM LSTM 1151 3a6bIBaHMS, BXO/JA M BBIX0J]a COOTBeTCTBeHHO; C, — HOBas
KaH/iMJaTcKas siueiika namaTy; C, - o6HOB/IeHHas A4eliKa NaMATH; /1, — CKPBITOe COCTOSIHUE;

o,tanh - GyHKUMM aKTUBALMK CUTMOK/IA ¥ TUIIEPGOINYECKUH TaHTeHC, COOTBETCTBEHHO; b —
CMellleHre MOJIeJIH.
[IpencraBum ob1uee onvcanne GRU-cetu. OgHy siueiiky GRU-Mozy st oTo6pa3uM Ha puc. 4.

ht,1

Puc. 4. PekyppeHTHbIH Moay/ib GRU

Bbluncienuss Ha Ka>XJOM BpEMEHHOM llare BHyTpH GRU-ceTu AJIs1 BXOAHBIX IMocjiejoBa-
TeJIbHOCTEH, npeacTaB/J€eHHbIX B BU e TEH30PHbIX l'[pe,Z[CTaBJIeHI/Iﬁ

Z = G(I/Vz [ht—lvxt])’

21
(21) 7, :cj(VV}[h,qaxt])’

rfe z, — BeKTOp OGHOBJIEHHS; 7, — BeKTOp c6poca; W, ,W, — MaTpHLbI BecoB s BEKTOPOB
0GHOBJIEHHS U CO6POCa, COOTBETCTBEHHO, KOTOPbIE MOGUPAKOTCS B IPOLIECCE 0OYYEHHUS CETH U
NPHUMEHSIOTCS K KOM6MHALMU IPeJbIAYIIEro CKPbITOrO COCTOSIHUSA /1,_; M TEKYILEero BXOJHO-

ro BeKTOpa X, :
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h, = tanh(W[r, - h,_,x,]),

(22) ~
h, =(1—z)-hH +z,h,

rie A, - KaHJUJAT Ha HOBOE CKPLITOE COCTOsIHUE; /i, — HOBOE CKPbITOe cocTosiHue; W - mar-

pHLa BeCOB AJIs BIYMC/IEHUS KAHAWAATA HA HOBOE CKPBITOE COCTOSIHUE /1, , TaK)XKe 0GydyaeMast
B Ipoliecce 00y4YeHUsI CEeTH.

3.4.2. baoyHasa apxumexkmypa N-BEATS

Mogenb Neural Basis Expansion Analysis for Time Series Forecasting (N-BEATS) 6b11a
BIIepBbIe NpeaJiokeHa B ctaTtbe [Oreshkin, Carpov, Chapados, Bengio, 2019]. PacuiupeHnHas ap-
xuTekTypa noj, HasBaHueM N-BEATSx (N-BEATS with Exogenous Variables) npezcraBisiet co-
6011 ycoBepllleHCTBOBaHHY0 Bepcuio Mojeau N-BEATS, crienipaibHO pa3paboTaHHYy!o /IS aHa-
JIM3a BpeMEHHBIX PSAJIOB C YYETOM 3K30TE€HHBIX IIepeMeHHbIX. Moziesib cocTouT 13 Habopa 6J10-
KOB, KXl M3 KOTOPBIX 00y4YaeTCs BbIJIEeJSATh Cleljudpruieckie 0CO6eHHOCTH BPeMEHHOT0
psaa. B N-BEATSx 3Tu 6/10KM MOTYT 06pabaThIBaTh KaK HEMOCPEACTBEHHO BpEMEeHHbIEe PAJIbI,
TaK U 3K30TeHHble [lepeMeHHble, YTO 3HAYUTEJIbHO YBEeJIUYUBAET 'MOKOCTb U TOYHOCTb MOJIE/H.

B pa6oTe [Souto, Moradi, 2024] uccnenyetcs npumeHeHue mozenau N-BEATSx s npo-
THO3MPOBaHHS peaM30BaHHOM BOJIATU/IBHOCTH. ITO NlepBast paboTa, KOTopasi UCIO/b3YeT JaH-
HYI0 apXUTEKTypy AJI1 IPOTHO3UPOBAaHUSA BOJIATU/IBHOCTH, U B UCCJIe,0BAHUH CTaBUJIACh LieJIb
BBIJIEJIUTH ITperuMylecTBa apxuTeKkTypbl N-BEATSx nepes LIMpoKo UCIOIB3yeMbIMUA MOZEISIMU
LSTM, TCN, HAR, GARCH u GJR-GARCH. Ilo pe3ynbTaTam aBTOpoB, N-BEATSx B cpeiHEeM moka-
3bIBaeT Ha 13% 6oJiee ToOuHble IPOrHO3bl HA TECTOBOW BbIOGOPKE /ISl CPeJHECPOYHBIX IIPOTHO-
30B U Ha 8% J1ydlie J1s1 JOJITOCPOYHBIX IPOTHO30B 10 CpaBHEHH!IO ¢ ApyruMu MozeassMu (TCN,
GARCH u 1.1.). OgHako Mozenb N-BEATSx He nokasasia 60Jiee TOUHBIX IPOTHO30B peaiM30BaH-
HOH BOJIaATWJIBHOCTH, YeM LSTM-ceTb. CTOUT OTMETUTB, YTO MO/eJIb OKa3asachk Ha 43-60% 60-
Jlee yCTOMYMBA K U3MEeHEeHUsIM NTapaMeTpoB (BKJII0Yasi CJIy4alHOCTb, CBA3aHHYIO C Ha4YaJIbHOH
VMHUIMaIN3al1el NapaMeTpPOB CeTH) B KPATKOCPOYHBIX, CPeTHECPOYHBIX U J0JITOCPOYHBIX ITPOT-
Ho3ax. B pamkax TecToB Ha po6acTHocTb N-BEATSx nokasasia 3HauMTe/IbHOE NPEUMYILECTBO
M0 YCTOMYMBOCTH K U3MEHEHHUIO [TapaMeTPOB M0 CPaBHEHUIO C APYTUMU HEHPOHHBIMH CETSIMHU.
ITO NpPeuMyI1eCTBO, 10 MHEHUIO aBTOPOB, CBSA3aHO C apXUTEKTYPOI Mo/ie/d, KOTopasi 03BOJIsI-
eT eil 3¢ PeKTUBHO UCI0JIb30BATh 60JIbLIOE KOJIMYECTBO NapaMeTPOB U U36eraTh nepeodyye-
Hus 6J1arojapsi MHOrOCJIOMHOM CTpyKType. UHTepecHo, Kak OTMevaloT aBTOPbI, YTO /I pa3BU-
BalOILMXCS pbIHKOB, Takux kak IBOVESPA n S&P BSE SENSEX, npeumyiectso N-BEATSx He Tak
O4YEeBHU/HO, KaK JIJIs1 Pa3BUTHIX pbIHKOB (Hanpumep, S&P 500, NASDAQ).

3.4.3. lod6op cunepnapamempos

[lepes mocTpoeHreM Mozesiell HEOGX0AMMO 0TOGPATh HAWJIYYILYI0 KOMOHUHALUIO THIIED-
napaMeTpoB. [To60p koMOGUHALMK 6y/ieM IPOU3BOAUTH IPH IOMOILM MeXaHU3Ma [OHUCKa 10
ceTKe ¢ MakcuMu3anueil Metpuky MSE Ha BasinilaniioHHOH BBIGOPKE.

B Ta6J1. 4 0TO6pa3uM NepedeHb UCMOJIb3YEeMbIX KOMOUHALUN I'UIleprapaMeTpPOB B Hel-
POHHBIX CETSIX.
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Tao6smna 4.
Hepeqeﬂb 3HaYeHUuH runeprnapaMeTpos,
HMCII0J1Ib30BAHHBIX JIAA IOUCKA IO CETKe
['unepnapameTtp LSTM, GRU, BiLSTM, FNN N-BEATSx
BiGRU
[Ipeo6paboTka MPU3HAKOB MinMaxScaler; StandardScaler; Yeo-Johnson transformation
KosnuectBo:
CJIOEB 2;3;4 ‘ -
HellpoHOB 16; 32; 64; 128; 256 ‘ 16; 32; 64; 128; 256; 512
JponayT 0,0;0,1; 0,2; 0,3 ‘ -
PexkyppeHTHBIH ApomnayT 0,0;0,1;0,2; 0,3 ‘ -
Pasmep 6aTua 32; 64; 128; 256
OyHKIMS aKTUBALUU Tanh, Soft sign; Sigmoid‘ ReLU; Leaky ReLU; Linear; Tanh; SeLU
CKopoCTb 00y4YeHUs 0,001; 0,0003; 0,0001
KoJsinuecTBo 6/10k0B - 2;3;4

B npe/icTaB/ieHHOM NepeyHe TUNepnapaMeTpPoB He YKa3aHO KOJIMYECTBO 310X 00yYeHHUst
HeHpOHHBIX ceTel. O/{HA 3110Xa 0603HAYAET, YTO HEUPOHHASI CETh MPOIILJIA 110 BCel 00y4aroiei
BBIOOPKE, JIMOO CJIeBa HANPABO, JIMO0 CIIpaBa HaseBo, JIM60 B 00e CTOPOHBI B ciiy4ae Bidirectio-
nal apxuTekTyp. MexaHU3M paHHEH OCTaHOBKH ITpeKpallaeT o0yyeHue, Korja OTc/aeXUBaeMas
omM6Ka Ha BaJMJALMOHHON BEIGOPKE pacTeT # pa3 MoApsj. YCTaHOBUM 71 paBHoe 5. [[pyrumu
CJIOBaMHU, eCJIM OTCJIeXKMBaeMasi OlIM6Ka pacTeT 5 anox moAps/i, To 06y4eHre MPeKPaTUTCs.
B naHHOM ciy4dae 6yzeT oTcaexuBaThcs MeTpuka RMSE.

[Tocsie mpoBeAeHUs MPOLEAYPHI MIOKCKA 110 CETKE C MTOMOLIBI0 KPOCC-BaJIUaLlUH ObLIN
OTOOpAaHbI HAWJIYYLIHEe KOMOHWHALMY TMIIepapaMeTPOB HEHPOHHBIX CETeH JIJIl HHCTPYMEHTOB
SPY u QQQ. JlanHbIe KOMOGHUHAIIMHK 00ECIIeYMBAKT HAaUMeHbIllee 3HadYeHre MSE Ha BanuaaIoH-
HoOH BbIGopKe. OnpeiesiuM 0To6paHHble KOMOUHALUH (Tab1. 5, 6).

Ta6una 5.
Hcnosib3yeMble runepnapaMeTpbl B HEHPOHHBIX CETAX
JAJIS1 IPOTHO3HUPOBAHUA pea/IM30BaHHOM BOJIATHJIBHOCTH SPY
['unepnapameTp LSTM ‘ GRU ‘ BiLSTM ‘ BiGRU ‘ FNN ‘ N-BEATSx

[Ipeo6paboTKa MPU3HAKOB MinMaxScaler
KosnuuecTBo:

CJIOeB 2 2;3;4 -

HellpoHOB 64 32 16 128
AlpomayT 0,0 _
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OkoHYaHMe TabJI. 5.

['unepnapameTp LSTM GRU BiLSTM BiGRU FNN N-BEATSx
PekyppeHTHBIH jponayT 0,0 0,1 0,2 - -
Pasmep 6aTya 64
OyHKIMS aKTUBALUU Tanh ReLU
CKOpOCTb 00y4YeHHUs 0,0003 0,001
A (rumepnapametp quantile log-cosh) 5
M (runepnapametp quantile log-cosh) 0,75
KosnuecTBo 6J10K0B - 2
OnTrMHU3aTop Adam

Ta6una 6.

HcnoJsib3yeMble runepnapaMeTpbl B HEHPOHHBIX CETAX
JJIsl IPOTHO3MPOBAaHMS PeaIM30BaHHOM BolaTHJILHOCTH QQQ

['unepnapameTtp LSTM ‘ GRU ‘ BiLSTM | BiGRU ‘ FNN | N-BEATSx

[Ipepo6paboTKa NpU3HAKOB MinMaxScaler
Kosnyectso:

CJIOEB 2 | 2;3; 4 -

HelpoHOB 32 128
JponayT 0,0 -
PekyppeHTHBIH jponayT 0,1 0,0 -
Pasmep 6aTua 64
OyHKIMS aKTUBALUU Tanh Linear
CKopoCTb 06y4YeHuUsl 0,0003 0,001
A (runepmapametp quantile log-cosh) 10
M (runepnapameTtp quantile log-cosh) 0,75
KosnyecTBO 6/10K0B - 4
OnTuMusaTop Adam
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4, PEBYJIbTaTbl HCC/IeJOBAaHUA U 06cy>i<,qe}me

4.1. OneHKa KayecTBa MoJeJieil MPOrHO3MPOBaHMSA
peasin30BaHHOM BOJIaTU/IbHOCTH

Jasee nepeiiieM K pe3yibTaTaM 00y4eHHUsI OIIMCAHHBIX MOJiesiel Ha peio6paboTaHHbIX
BpeMeHHbIX psifiax (TabJ. 7, 8).

Tao6smna 7.
MeTpuKHM KayeCcTBa MOoJeJieid IPOrHo3upoBaHUs
peasiu30BaHHO# BOJIaTU/IbHOCTH SPY Ha TeCcTOBOI BbIGOPKeE
Mopenb LlesieBast nepeMeHHast
RVr+5 RVHIO RVH]S RVHZO

R2,% |MAPE, %| QLIKE | R2,% |MAPE, %| QLIKE | R2%,% |MAPE, %| QLIKE | R%,% [MAPE, %| QLIKE
LSTM 88 9 0,17 78 14 0,32 66 18 0,47 30 67 0,20
GRU 86 12 0,20 77 15 0,34 66 18 0,48 22 67 0,22
BIiLSTM 85 13 0,22 77 15 0,34 62 17 0,49 22 65 0,22
BiGRU 68 19 0,42 64 21 0,52 60 20 0,65 23 96 0,23
FNN 40 28 0,91 23 44 1,76 28 28 1,07 12 129 0,32
N-BEATSx 37 25 0,26 36 28 1,03 27 35 1,19 12 290 0,62
HARx-RV 88 10 0,17 77 15 0,33 66 18 0,47 22 67 0,22
HAR-RV 87 11 0,20 72 16 0,41 57 20 0,59 23 80 0,23

Ta6smna 8.
MeTpHKH KayecTBa Mo/ejieil NPOrHO3MPOBaHUSA
peasiu30BaHHOH BoaTWIbHOCTH QQQ Ha TeCcTOBOM BbIGOPKE
Mogenn LleneBas nepeMeHHast
RV1+5 RV/+IU RVH]S RV/+ZU

R2,% |MAPE, %| QLIKE | R2,% |MAPE, %| QLIKE | R2,% |MAPE,%| QLIKE | R2,% [MAPE,%| QLIKE
LSTM 88 9 0,14 77 13 0,29 65 17 0,45 46 20 0,68
GRU 88 10 0,17 71 14 0,36 51 18 0,68 33 21 0,79
BIiLSTM 89 09 0,14 78 13 0,29 64 16 0,47 42 21 0,72
BiGRU 78 13 0,24 71 18 0,44 54 22 0,60 44 23 0,95
FNN 73 16 0,64 58 20 0,80 28 26 1,13 24 26 1,26
N-BEATSx 69 15 0,40 22 25 1,13 21 31 1,13 20 24 1,03
HARX-RV 89 10 0,16 78 16 0,32 68 18 0,44 53 21 0,61
HAR-RV 88 09 0,15 71 14 0,35 52 18 0,57 26 22 0,87
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Pe3ysibTaThl pacyeTa cTaTUCTHK U p-value Tecta [Ju6osbaa — MapuaHo npejcTabiie-

HbI B Ta6J1. 9.

Pe3ysibTaThl TecTa lu60b4a - MapuaHo

Taoéauna 9.

Ha TOYHOCTb NPOTrHO30B pea/JiM30BaHHOM BolaTuibHOCTU SPY 1 QQQ

Mopenb SPY QQQ
CTaTHCTHKA p- IpUHUMaeMast CTaTHCTHKA p- NpUHUMaeMast
Jlu6oabaa - | value rumnoTesa Ju6oabaa - | value rumnoTesa
Mapuano Mapuano

lleneBas nepemMeHHas - RV,
LSTM 1,39 0,17 HO 0,25 0,80 HO
GRU -1,31 0,19 HO -0,82 0,41 HO
BiLSTM -1,97 0,05 HO 0,70 0,48 HO
BiGRU -4,42 0,00 H1 -2,85 0,00 H1
FNN -6,61 0,00 H1 -4,06 0,00 H1
N-BEATSx -6,95 0,00 H1 -4,20 0,00 H1
HARx-RV 0,70 0,49 HO -0,16 0,88 HO
HAR-RV - - - - - -

lleneBas nepeMenHas - RV,
LSTM 2,47 0,01 H1 2,33 0,02 H1
GRU 1,20 0,23 HO 0,13 0,90 HO
BiLSTM 2,36 0,02 H1 1,82 0,07 HO
BiGRU -1,87 0,06 HO -0,99 0,32 HO
FNN -5,79 0,00 H1 -2,50 0,01 H1
N-BEATSx -6,17 0,00 H1 -5,22 0,00 H1
HARx-RV 1,98 0,05 HO 0,59 0,56 HO
HAR-RV - - - - - -

LleneBas nepeMenHas - RV, s
LSTM 3,18 0,00 H1 2,52 0,01 H1
GRU 2,72 0,01 H1 -1,00 0,32 HO
BiLSTM 2,73 0,01 H1 2,69 0,01 H1
BiGRU 0,23 0,82 HO -0,55 0,58 HO
FNN -3,64 0,00 H1 -3,20 0,00 H1
N-BEATSx -7,98 0,00 H1 -3,08 0,00 H1
HARx-RV 2,84 0,00 H1 1,79 0,07 HO

HAR-RV
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OxkoHyaHMe TabJ1. 9.

Mogenb SPY QQQ
CTAaTHUCTHKA p- NMpUHUMaeMasa CTaTUCTHKaA p- NpUHUMaeMasa
Aubospna- | value runoTesa Jubonbna- | value rUnoTesa
Mapuano Mapwuano
lleneBas nepemenHas - RV, ,,

LSTM 2,92 0,00 H1 34 0,00 H1
GRU 2,63 0,01 H1 2,34 0,02 H1
BiLSTM 3,09 0,00 H1 3,29 0,00 H1
BiGRU -0,89 0,37 HO 0,77 0,44 HO
FNN -2,36 0,02 H1 -0,97 0,33 HO
N-BEATSx -31 0,00 H1 -1,86 0,06 HO
HARx-RV 2,73 0,01 H1 3,01 0,00 H1
HAR-RV - - - - - -

[lo pe3ysibTaTaM OlleHOK HauboJsiee 3PpPeKTUBHOU MOZEIbIO U3 UCCIeYEeMBbIX JJIS1 TPOT-
HO3WPOBAHUS peajnu30BaHHOMN BoaTUIbHOCTU SPY u QQQ npusHaeM LSTM-ceTb, BKIIIOYato-
HIyI0 B ce0s1 3K30TeHHble GAKTOPHI U3 TeOpeMbl BOCCTaHOBJIEHHS U 00YYEeHHYI0 Ha QYHKIUU
notepb quantile log-cosh. [loaTomMy nanee npoBesieM JJOKa3aTeJbHbIHA 3KCIIEPUMEHT 3P PEKTHB-
HocTH quantile log-cosh Ha npumepe LSTM-ceTu.

4.2. Ouenka a¢pPpexTuBHOCTH quantile log-cosh B kauecTBe PyHKIIMU IOTEPH

Ha npuMepe HelpoHHOM ceTu LSTM

OnpefenuM METOUKY CpaBHeHUs Tpou3BoauTebHOCTH LSTM-ceTd ¢ pa3nuyHbIMU QyHK-
UAMH noTepb. CpaBHEHHUE € APYTrUMHU Nony/asspHbIMU GyHKuusAMU notepb (MSE, MAE, log-cosh
1 Huber) 6yeT nporu3BOAUTLCS 110 CPeJHUM KBAaHTU/IbHBIM olnb6KaM (quantile error, QE):

(23)

QEHk(q):q-max(RVHk —@,0)+(1—q)-max(RVHk —@, ),

rge kK - ropusoHT nporsosupoBanus: 5, 10, 15, 20 gael; g - xBauTtwis (0,0,1, ..., 1).

CpesnHee 3HaueHMe KBAaHTUJIbHOW on6KuU (mean quantile error, MQE):

(24)

MQEt+k = %ZQEZ+1€ (Q)v

rae N - KoJM4ecTBO KBaHTHUJIEH.

O6paTtuM BHHUMaHHe Ha TOT ¢akT, yTo MQE,,, saBasgercs MeTpukoil MAE, koTopas

6bL1a pasJjioKeHa 110 pa3JiIMdYHbIM KBAHTHUJIAM UCXOAHBIX JAHHBIX.
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Cy1iecTBeHHOM MOTHBALel BBeJileHHs] HOBOM QYHKIUHU 0TePh, 2 UMEHHO KBAaHTUJIBHO-
ro JIOT-TUIepO0oIMYECKOT0 KOCHHYCA, ObLJIO TO, UTO MPOLECC BOJATUIBHOCTH UMeeT CKJIOHHOCTD
K Pe3KUM CKayKaM, KOTOphle IPU pa3JIoKeHUH psijia MoNaAaloT B AUANa30H BbICOKUX KBaHTH-
Jsieid. [loatomy metpuku MQE,,, GyAyT nocuyuTaHbl AJ1s1 BCeH TECTOBOH BEIGOPKHU U OTAE/IBHO

JUIS1 TAHHBIX, HAXO/[SAIUXCS BhIIEe 75-T0 KBAHTHJISA, YTOOBI OLIEHUTh, HACKOJIBKO MOJUUKALUSA
BHJa quantile log-cosh nossvsiia Ha KauecTBO NPOTHO30B MO/IE/IM B IMKOBBIX 3HAaY€HHUAX BOJIa-
TUJIBHOCTH.

Jlanee nepeijieM K CpaBHEHHIO MOJyYE€HHBIX Pe3yJIbTaTOB OLleHKH IPOU3BOAUTE/IBHO-
ctu LSTM-ceTu ¢ passinyHbIMU QYHKIMSIMU NTOTEPD JJIS 33/1a4M MPOTHO3UPOBAHUS pealn3o-
BaHHOU BostaTuibHOCTH SPY 11 QQQ (Ta6.. 10, 11).

Ta6smnalo.
CpesHue 3HaYeHUA KBAHTU/IbHBIX OIIMOOK AJI1 pa3/JINYHbIX METPUK
U TOPM30HTOB NPOTrHO3UPOBAaHMS pea/IM30BaHHOM BOJIATU/ILHOCTU HHCTpyMeHTa SPY

LSTM MQE, s | MQE,, | MOE,; MOQE, ,,, Cpepree
C pa3HbIMU QYHKIUAMU MOE, , x10?
notepb (/) Ik

KanTtnau c 0 1o 1

{ - KBaHTUJIbHBIH JIOT-
runepooJMIecKuii Kocu-

nyc (A=10,¢=0,75) 0,1108 0,1423 0,1796 0,2157 0,1621

{ - sor-runep6oSTHYecKui
KOCHUHYC 0,1009 0,1508 0,1759 0,2211 0,1622

¢ - Huber (8 = 1)

0,1000 0,1522 0,1765 0,2194 0,1620
¢ - Huber (3=0,5) 0,0978 0,1396 0,1762 0,2180 0,1579
/ - MSE 0,0992 0,1419 0,1782 0,2174 0,1592
¢ - MAE 0,0988 0,1435 0,2070 0,3064 0,1889

KBantuiu c 0,75 mo 1

{ - KBaHTHJIbHBIH JIOT-
runep6oMyecKui Kocu-

nyc (A=10,¢=0,75) 0,2438 0,2724 0,3563 0,4241 0,3241

{ - sor-runep6oSTuYecKui
KOCHHYC 0,1393 0,2088 0,3186 0,4725 0,2848

¢/ - Huber (6: 1)

0,1602 0,2009 0,3310 0,3900 0,2705
¢ - Huber (5=0,5) 0,1948 0,2488 0,3214 0,4330 0,2995
¢ - MSE 0,1490 0,2833 0,3482 0,3864 0,2917

¢ -MAE 0,1558 0,2957 0,4540 0,6658 0,3928
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Ta6saunmall.

CpejHue 3HaYeHHsA KBAHTHUJILHBIX OIIMGOK JJIS1 pa3/IMYHbIX METPUK
¥ FTOPM30HTOB IPOrHO3UPOBaHMS PeaIM30BaHHOM BOJIaTU/ILHOCTH HHCTPyMeHTa QQQ

LSTM MQEt+5 MQE1+10 MQE1+15 MQEt+20 CpeAHee
C pa3HbIMH QYHKIMAMHU MOE,, x10?
notepb (/) .
KBantuau c 0 o 1
g - KBaHTHIIbeIﬁ Jior-
runep6oMyecKui Kocu-
nyc (A =5,¢=0,75) 0,1332 0,1939 0,2415 0,2898 0,2146
{ - nor-runep6oTUYEeCcKUi
KOCHHYC 0,1333 0,1863 0,2400 0,2946 0,2136
¢ ~Huber (3=1) 0,1311 0,1915 0,2380 0,3016 0,2155
¢ - Huber (5=0,5) 0,1353 0,1908 0,2445 0,3025 0,2183
¢ - MSE 0,1295 0,1881 0,2386 0,3068 0,2158
{ - MAE 0,1487 0,1960 0,2555 0,3494 0,2374
KanTuau ¢ 0,75 mo 1
E - KBaHTI/IJIbeIﬁ JIor-
runep6oMyecKui Kocu-
nyc (A=5,¢=0,75) 0,1914 0,2939 0,4274 0,5608 0,3684
{ - sor-runep6oSUYEecKui
KOCHHYC 0,1983 0,3354 0,4558 0,6138 0,4008
¢ - Huber (8=1) 0,1885 0,3238 0,4599 0,6673 0,4099
¢ - Huber (3=0,5) 0,1903 0,3103 0,4896 0,6537 0,4110
¢ - MSE 0,1964 0,3558 0,4697 0,6813 0,4258
{ - MAE 0,2119 0,4073 0,5701 0,8039 0,4983

PestoMupyst BblllIeCKa3aHHOE, MOXXHO FTOBOPUTb O HEKOTOPOU COCTOSITE/IbHOCTH HUCIIOJIb-
30BaHusA QyHKIMHU OTeph BuJa quantile log-cosh npu pa6ote Ha BpeMeHHBIX psiiax pean3o-
BaHHOH BosIaTWJIbHOCTH. Ha kBaHTHJIAX Bblle 0,75 TeCTOBOW BbIGOPKH pealM30BaHHOH BoJia-
TUIbHOCTH MHCTpyMeHTa QQQ LSTM-ceTh ¢ siocc-dyHKIMENH KBaHTHUIBHbIH JIOT-rUnepbonye-
CKHH KOCUHYC ITPO/JIEMOHCTPHPOBaJa HauMeHblilee abCOJIIOTHOE 3HaYeHUe OTKJIOHEHUH OT UC-
XOZHBIX JAHHBIX MTPU peaM3aluy Npor1o3os Ha 5, 10, 15 u 20 gHel Bnepe. PyHKIMs MOTEphb
quantile log-cosh nokasbiBaeT noTeHI{HA /JIs YIydIlIeHUs] KayecTBa IMPOrHO30B B MUKOBBIX 3Ha-
YEHUSIX BOJIATUJIBHOCTH, OZJHAKO TpeGyeT JIONOJHUTEIbHON MPOBEPKHU Ha APYrux Habopax JaH-

HBbIX.
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5. 3axk/nloueHue

Takum 06pa3om, B JaHHOH paboTe Gbljla pacCMOTpPeHa Npo6JieMa IPOrHO3UPOBAHUS pea-
JiM30BaHHOH BoJiaTubHOCTU ETF Ha ocHOBe 3K30TreHHBbIX PaKTOPOB, U3BJIEKAEMbIX U3 TEOPEMbI
BOCCTaHOBJIEHMS], A TaKXKe MpeJIoxKeHa MoAubuKanus GyHKIMK noTepb quantile log-cosh as
yJIy4llleHHs Ka4yecTBa IPOrHO30B B IEPHO/bl BBICOKOU BOJIATU/IbHOCTH.

OcHOBHbIE BbIBO/IbI HCCIE/I0BAHUS.

1. Cmenuduyeckue coiictBa ETF npenonpenensitor MeTo bl nporuo3vuposanus. ETF, B
OTJINYUE OT OT/IeJIbHBIX aKI[UH, 06/1a/Ial0T YHUKAIbHBIMU XapaKTEPUCTUKAMH, TAKUMU KaK Me-
XaHMU3M apOUTPaXKa, BbICOKAs JINKBU/HOCTb U BJIHUSHHE MapKeT-MeHKepOB, YTO /IeJIaeT UX BO-
JIATUWIBHOCTb OTJIMYHOHN OT TPAJUIMOHHBIX aKTUBOB. JTH 0CO6EHHOCTH 060CHOBBIBAIOT MPH-
MeHeHHe CJI0KHBIX MeTO/I0B IPOTHO3UPOBAaHUS, BK/IIOYas HelpoceTeBble MO/JIeJIM U YYeT Ol-
IUOHHOU MHOpMaUH.

2. Wcriosib30BaHue GaKTOPOB, U3BJIEKAEMBIX U3 TEOPEMbI BOCCTAHOBJIEHHS], 3HAYUTEBHO
MOBBILIAET TOYHOCTb IPOrHO30B. TeopeMa BOCCTaHOBJIEHHS IO3BOJISIET PEKOHCTPYUPOBATh IJIOT-
HOCTb pacrpezeseHuss 6a30BOro akTUBa B UCTUHHOUM Mepe, YTO JJaeT JIOTOJHUTE/bHbIE HH-
¢dbopMaTHBHBIE IPU3HAKH JJIs1 IPOTHO3UPOBAHUS BOJATHIBHOCTH. JKCIIEPUMEHTHI TOKA3aJIH,
YTO BKJIIOUEHHE 3TUX HaKTOpoB B Mojiesin HAR-RV u HelipoceTeBble apXUTEKTYPHI TO3BOJISIET
JIOCTHUYb CyILleCTBEHHOT0 IPUPOCTa TOYHOCTH.

3. MoaudunupoBaHHas GyHKIMs noTepb quantile log-cosh yny4imaeT nporuossl B nepuo-
Jibl BBICOKOH BOJIATHJIbHOCTH. BBeJleHre mTpada 3a omnb6KH B BEpXHUX KBAHTHJISIX pacipe-
JleJIeHUs1 BOJIATUJIBHOCTH N03BOJISIET 60JIee TOUHO MOJIETMPOBATh SKCTPEMaJIbHbIE PIHOYHbIE
nBxkenus. TectupoBanue Ha ETF SPY u QQQ nokasaso, 4To Moziesiy, 06y4eHHbIE C UCI0JIb30Ba-
HueM quantile log-cosh, npeBocxoasaT ananoru ¢ MSE, MAE u cranaptHbiM log-cosh, oco6eHHO
Ha rOpyu30HTax Nporio3upoBanus 10-20 gHew.

4. LSTM-ceTb c quantile log-cosh u s3x30reHHBIMU daKTOpaMH U3 TEOPEMBI BOCCTAHOBJIE-
HUS OKasaJsach Haub6oJiee 3¢pdexkTuBHON. B cpaBHeHuu ¢ HAR-RV, cranzapTHBIMU peKyppeHT-
HbiMU ceTsiMH (GRU, BiLSTM) u ki1accuyeckuMy MeTOZaMHy IPOrHO3UpPOBaHus, Mosiesb LSTM
C Ipe/Io’KeHHOH MouduKanuel GyHKIUY NOoTePh U paKTOPHBIM aHAJIU30M Ha 6a3e TeopeMbl
BOCCTAHOBJIEHHS MPOJAEMOHCTPHUPOBAJa HAUBBICIIYI0O TOYHOCTb IPOTHO30B HA TECTOBOU BbI-
6opkKe.

JocrynHocTh AaHHbIX. Kos B Python v gaHHbIe, Kcioib3yeMble Ui aHA/IN3a, TPeAoC-
TaBJISTIOTCS 110 3aIPOCY.
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This article examines the task of multi-step forecasting of realized volatility. The paper
introduces a modification of the loss function of the form quantile log-hyperbolic cosine (quan-
tile log-cosh), and information extracted from options using the recovery theorem [Ross, 2015]
is also used as exogenous factors in the context of predicting the realized volatility of exchange-
Traded funds (ETF) SPY (SPDR S&P 500 ETF Trust) u QQQ (Invesco QQQ Trust). Two hypothe-
ses are put forward: the first one assumes that the quantile log-cosh in neural networks will in-
crease the accuracy of the predictive model on the test dataset compared to the same models
trained on other target functions. The second hypothesis is to use information extracted from
the recovery theorem. This theorem makes it possible to approximate the true distribution den-
sity of SPY and QQQ states in terms of Markov chains and get rid of the assumptions of a risk-
neutral measure in financial models. Then, according to the second hypothesis, it is expected that
the model with the factors extracted using the recovery theorem will show more accurate pre-
dictions on the test sample compared to the classical heterogeneous autoregression (HAR-RV)
model. The following machine learning models are used to test hypotheses: LSTM, GRU, BiLSTM,
BiGRU, FCNN and N-BEATS. The results show that the modification of the quantile log-cosh
makes it possible to improve the accuracy of model predictions on the test dataset. Also, the in-
clusion of exogenous factors from the recovery theorem in the forecasting models of realized
volatility makes it possible to significantly outperform the HAR-RV model, especially over the
long-term horizon.
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This study investigates changes in the expenditure on out-of-home food and
alcohol during the COVID-19 pandemic. Our research specifically explores inter-
group variations among households, taking into account the dissimilarity of Rus-
sian regions in light of the degree of quarantine restrictions enforced. To test the
research hypotheses, we use microdata from the Household Budget Survey con-
ducted by the Federal State Statistics Service. To compare the expenditures on out-
of-home food and alcohol in regions with soft, medium, and hard restrictive measu-
res, we employ t-test for comparing means and the Kolmogorov - Smirnov test for
comparing distributions. The Tobit model is applied to compare different social
groups' household spending habits. The joint analysis of out-of-home food and al-
cohol expenditure enables the separation of involuntary savings from coping stra-
tegies using models for censored data, thereby facilitating an in-depth assessment
of household well-being in the face of shocks. Our findings show a reduction in
out-of-home food expenditure across all social groups and all levels of quarantine
restrictions. The share of alcohol expenditure decreased in almost all social groups
in regions with soft measures but significantly increased in those with medium and
hard restrictions.
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1. Introduction

Households are the economic agents most sensitive to external shocks. Numerous studies
have estimated the effect of crises on households' living standards, inequality, and aggregate con-
sumption [Alonso, Rodriguez, Rojo, 2015; Blundell et al., 2022]. The natural response to eco-
nomic uncertainty and political crises is a decline in aggregate consumption, which has been the
subject of numerous papers [Gautier, Ulgazi, Vertier, 2020; Grigoryev et al, 2021]. Concurrently,
household responses may vary across categories of expenditures and their socio-economic cha-
racteristics.

[Barigozzi et al., 2012] note that the distribution of household expenditure is stable over
time but varies across expenditure categories. In this study, we investigate the impact of the
COVID-19 pandemic on two of the most elastic categories of household expenditure?: out-of-home
food and alcohol. The study of these expenditure categories is of particular interest in the con-
text of the COVID-19 pandemic for several reasons. First, before the pandemic crisis, the shares
of these expenditure categories in the structure of household consumption were relatively equal,
whereas during the pandemic, the dynamics of expenditure on these categories changed sig-
nificantly. Figure 1 displays the proportion (in %) of out-of-home food and alcohol spending in
overall household expenditures. Changes in the spending patterns on out-of-home food and alco-
hol expenditures, precipitated by quarantine restrictions, appear to serve as an indicator of social
well-being and long-term shifts in lifestyle patterns, rather than an indicator of household wel-
fare. The observed changes in out-of-home food expenditure may be indicative of shifts in daily
practices, such as transitioning to remote work arrangements, modifying dietary habits, or avoi-
ding public places. The increase in alcohol expenditures, on the other hand, may be a consequence
of heightened stress levels and maladaptation. Despite their relatively modest contribution to
the overall consumption structure, these changes offer insight into the mechanisms by which
households adapt to extreme conditions. Second, in the context of the impact of the COVID-19
pandemic on alcohol consumption, two opposing trends can be observed: an increase in alcohol
consumption due to stress and a decrease in alcohol consumption due to freeing up time for
sport (see Section 2.2). This study is of particular significance in the context of Russia, where
the proportion of heavy drinkers is high. In 2020, the prevalence of heavy drinking in Russia
was 20% of the total number of people who consume alcohol [Antonov, 2024]. Third, the na-
ture of the pandemic had a direct impact on out-of-home food expenditures due to the imposi-
tion of restrictions on movement. In this context, the response of households to such restrictions

2 Federal State Statistics Service methodology defines the household consumption structure as com-
prising five groups of expenditures: food at home, food outside the home, alcohol, non-food items, and
services. It should be noted that statistics on smaller expenditure groups, such as tobacco, are not kept.



134 HSE Economic Journal No 1

is particularly worthy of examination, as compliance with the restrictions was predetermined by
attitudes towards the pandemic [Sobol, Blachnio, Przepiorka, 2020]. Furthermore, it is crucial
to examine the evolution of consumption patterns across diverse household groups. The estima-
tion of the effects on different social groups has the potential to improve crisis planning and
strengthen regional support measures (both financial and psychological), especially in household
groups where alcohol expenditure increases Fourthly, despite its modest share in the structure
of household consumption, expenditures on out-of-home food and alcohol have a decisive role in
catering and trade. In February 20203, approximately 20 per cent of all small and medium-sized
enterprises (SMEs) were engaged in retail and restaurant activities. Consequently, even minor re-
ductions in household expenditure on the categories under study have the potential to adversely
affect the revenues and employment of small firms, thereby hindering economic development
and the recovery after COVID-19.
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Note: Graph compiled from household level data from a sample household survey conducted by [Federal State Statistics
Service, 2022].

Fig 1. Percentage of consumer spending on food outside the home and alcohol

We observe similar dynamics in the share of consumer spending on out-of-home food and
alcohol, which fluctuate between 1.2% and 1.6% and follow seasonal patterns. The dynamics di-
verge during the COVID-19 pandemic's acute phase when the share of expenditure on eating out
dramatically drops in the second quarter of 2020 compared to the first quarter of 2020 due to re-
strictive measures. Conversely, the share of expenditure on alcohol slightly declines from 1.40%
in the first quarter of 2020, to 1.37% in the second quarter of 2020. This finding contradicts
previous empirical research which suggests a rise in alcohol consumption during COVID-19 lock-
downs [Jacob et al,, 2021; Schmits, Glowacz, 2022].

The motivation for this paper is fourfold. First, the reaction to external shocks varies ac-
ross diverse social and demographic groups [Abebe, Charlebois, Music, 2022]. During the pande-
mic, this may be attributed to households' diverse adaptability levels: younger households appear

3 Unified register of small and medium-sized enterprises. (https://rmsp.nalog.ru/statistics.html)
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to be more receptive towards delivery services and online buying as compared to their older
counterparts. According to [Abebe, Charlebois, Music, 2022], an increase in educational attain-
ment results in a greater willingness by households to use delivery services. Low-income house-
holds tend to consume their meals at home, while wealthy households often indulge in dining
out. To address the varied responses of households to external shocks, we categorise them into
groups based on their income, education level, and number of children.

Second, the delineation of social groups is unclear in the literature, creating ambiguity in
identifying wealthy or impoverished households, high- or low-educated households, and those
with few or many children. Nevertheless, household typification is a crucial element in accurately
assessing the impact of external shocks on a specific group of households [Rausch, Metcalf, Reilly,
2011]. The present paper categorizes various studies and methodologies used to define house-
hold groups. Our approach to dividing households within Russian regions is modified on the ba-
sis of these frameworks (see Section 4).

Third, the COVID-19 pandemic distinguishes itself from the global financial crisis and local
economic crisis of 2014 (sanction crisis) in its impact on crisis-affected regions and the economy
[Kolomak, 2020]. Therefore, quantifying the impact of these crises using dummy variables re-
quires improvement.

Fourth, one of the defining characteristics of the COVID-19 pandemic is the implementa-
tion of varying degrees of quarantine regulations. The impact of quarantine measures on house-
hold consumption has been found to vary depending on the severity of the quarantine measures
[Chen, Li, Li, 2024; Yukseltan et al., 2022]. Similarly, [Baker et al., 2020] indicate that the greatest
decline in consumer spending was observed among households with children and low-income
groups. The frequency of the emergence of new viruses* and the evolution of existing ones also
provide further motivation to explore the potential consequences of quarantine restrictions. Gi-
ven the potential for the re-imposition of quarantine restrictions, we conduct a detailed examina-
tion of the response of households to the quarantine measures introduced during the COVD-19
pandemic. To analyse the impact of COVID-19, we utilise a measure of the strictness of quaran-
tine restrictions, which distinguishes between regions with soft, medium, and hard restrictions.
A distinctive feature of this paper is the examination of quarantine restrictions over time. Our
methodology considers changes in pandemic policies across regions over time, as regions may
shift between levels of restrictions. Therefore, the purpose of the study is to examine the impact
of the COVID-19 pandemic on share of expenditures on out-of-home food and alcohol across
different social groups of households in Russian regions.

This paper addresses gaps in the current literature as follows. First, it distinguishes various
types of regions according to the level of quarantine restrictions imposed, categorising them as
soft, medium, or hard. We adopt a dynamic methodology to classify each region under the speci-
fied quarantine levels. Second, we consider inter-group differentiation of households by identi-
fying social groups based on income level, education level, and the number of children in the
household. This paper differs from previous studies in that it employs a number of modifications
of existing approaches to categorise households, taking into account the specifics of the Russian
households. Third, we compare changes in the shares of expenditure on out-of-home food and
alcohol, which have been the focus of a small body of literature.

4 To illustrate, in the autumn of 2024, the World Health Organisation (WHO) declared a lethal outbreak
of the Marburg virus in Rwanda. (https://www.who.int/emergencies/disease-outbreak-news/item/2024-
DON537)
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The paper is organised as follows: Section 2 analyses the literature on the impact of the
pandemic on out-of-home food and alcohol expenditures. This section is also devoted to theo-
retical background and hypotheses. Section 3 describes the data and the empirical estimation
framework. Section 4 is devoted to describing the approach used to divide Russian households
according to education, income, and number of children, which are described and justified. This
section also outlines the household profile contingent on the group. Section 5 provides empiri-
cal results on the impact of the COVID-19 pandemic on out-of-home food and alcohol for different
household groups. Finally, Section 6 provides the hypothesis testing results and the conclusions
of the study.

2. Literature Review
2.1. The impact of COVID-19 on household expenditures

There is extensive literature exploring the effects of the pandemic on household expen-
ditures on out-of-home food worldwide. According to [Grigoryev et al., 2021], consumer services,
which encompass cafés and restaurants, were most affected by the extensive quarantine restric-
tions implemented globally. [Chen, Qian, Wen, 2021] show that quarantine restrictions signifi-
cantly changed the consumption basket of Chinese households. For instance, expenditure on res-
taurants decreased by 64-72% in 2020 compared to 2019, resulting in an overall consumption
decline of 14-69% depending on the city. Similarly, [Gautier, Ulgazi, Vertier, 2020] reporta 70-
90% decrease during the acute phase of pandemic, compared to the previous year in expenditure
on transport and out-of-home food in France. An important limitation of these studies is the con-
centration on national-level analyses. These papers consider households as a homogenous unit,
whereas their composition is highly heterogeneous. A limited number of studies have examined
intergroup disparities in response to the pandemic. For instance, research conducted in the United
States suggests that there has been a decline in out-of-home food expenditure, ranging from 19.5%
to 33.7%, depending on the household group [Dhakal, Acharya, Wang, 2022]. In this context, the
present study addresses the literature gap by evaluating how the COVID-19 pandemic affected
expenditures on out-of-home food and alcohol in Russia for different household types.

There is a large body of medical research related to alcohol consumption during the
COVID-19 pandemic [Jacob et al., 2021; Marano et al.; 2022; Schmits, Glowacz, 2022]. According
to the literature, two contrasting views have emerged about the effect of the pandemic regarding
alcohol consumption. The first view suggests that individuals employ alcohol as a coping mecha-
nism during these challenging times [Avery et al., 2020; Rahman et al., 2020]. The authors note
that continuously staying at home and sudden changes in habits led to heightened stress levels,
resulting in increased alcohol consumption. As demonstrated by [Anderson et al., 2022], a con-
siderable escalation in alcohol expenditure was observed during periods of pub closures, notably
among the most deprived households. In this context, it can be anticipated that a reduction in the
stringency of quarantine restrictions may result in a decline in both alcohol consumption and al-
cohol expenditure. A contrasting viewpoint suggests that increased time for sports and physi-
cal activity at home has led to a reduction in alcohol consumption [Ammar et al., 2020; PiSot et al.,
2020]. The authors document that individuals who exercise periodically commenced the activity
due to the increased free time resulting from the elimination of commuting to work. As posited
by [Acharya, Dhakal, 2022] the repercussions of the pandemic have been shown to vary across
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different socioeconomic demographics. The research utilised data pertaining to American house-
holds and showed that low-income households exhibited a decrease in expenditure on alcohol,
whilst high-income households demonstrated an increase in this category. The ambiguity inhe-
rent in these empirical findings serves as an impetus for the employment of theoretical models
and the formulation of our hypotheses.

2.2. Theoretical background and hypotheses statement

The theoretical framework of this study is predicated on several fundamental theories and
concepts, including the theory of the allocation of time [Becker, 1965], mental accounting [Thaler,
1985], human capital theory [Becker, 2009], and stress and coping [Lazarus, 1984]. The consu-
mer choice theory [Becker, 1965; Thaler, 1985], sheds light on the response of the most elastic
categories of goods and services in response to external shocks. [Becker, 1965] underscores the
significance of incorporating the time spent on consumption (indirect cost) in addition to the pri-
ce (direct cost). Consequently, the decline in out-of-home food expenditure can be explained in
terms of increased opportunity costs, as during lockdowns, additional time was required to visit a
public establishment. In this context, the consumption behaviour of household groups with re-
duced mobility (e.g. families with children) is of particular interest. [Thaler, 1985] concept of
mental accounting involves the categorisation of consumer expenditure into specific groups (“food”,
“entertainment”, etc.). In such circumstances, households may opt to reduce expenditure catego-
ries they deem less pressing, particularly in the face of external shocks. In essence, the theory
propounded by [Thaler, 1985], posits that households subjected to the pandemic may choose to
spend less on “luxury” categories, such as out-of-home food and alcohol, from their consumption.

It is evident that quarantine restrictions engender considerable stress due to the disrup-
tion of routines, the curtailing of social interactions, and the limitation of personal autonomy. In
response to such challenges, [Lazarus, 1984] delineated two coping strategies: emotion-focused,
which entails the assessment of emotional responses, and problem-focused, which involves the
identification of stressors. Given the ineffectiveness of an individual’s influence on the trajec-
tory of the pandemic, it is plausible that individuals have resorted to alcohol consumption as a
coping mechanism. The use of alcohol as a coping mechanism in response to uncertainty has
been demonstrated to reduce anxiety [Avery et al, 2020; Rahman et al,, 2020]. However, em-
pirical evidence suggests heterogeneity in the response of households to stress, with variations
observed across different income groups [Acharya, Dhakal, 2022; Anderson et al.,, 2022].

The theory of human capital [Becker, 2009] underscores the pivotal function of education
in shaping consumer spending patterns. The fundamental premise of this theory posits that edu-
cation enhances rational decision-making by fostering heightened awareness of the long-term
implications of consumption decisions. This notion finds particular relevance in the context of
alcohol, given its inherent addictive nature. Empirical evidence indicates that households with
higher levels of education exhibit a reduced propensity for alcohol consumption, attributable to
heightened awareness of its adverse health implications [Cutler, Lleras-Muney, 2010; Yen, Jensen,
1996]. In light of the empirical and theoretical background, the present study aims to test the
following hypotheses.

Hypothesis 1: In regions with severe and medium quarantine restrictions, the decrease in the
share of expenditure on out-of-home food is higher among households with children compared to
households without children.
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Hypothesis 2: The increase in the share of expenditure on alcohol in regions influenced by
strict and medium quarantine restrictions is inherent only to low-income groups of households.

Hypothesis 3. Regardless of the severity of quarantine restrictions, households with higher
levels of education have a lower share of alcohol expenditure compared to less educated households.

3. Data and Empirical Setup

3.1. Data

To examine changes in consumer spending on out-of-home food and alcohol during the
pandemic, we use data from the household budget survey (HBS) conducted by [Federal State
Statistics Service, 2022]. The data include social and financial data on households, including the
income level, educational attainment, and the number of children. The dataset comprises 576,200
observations recorded from Q1 2019 to Q4 2021, cleaned from statistical outliers®. The number
of households surveyed is subject to change annually and within the year. As a replacement for
a dropped-out household, a new one is introduced with the same identification number. Basically,
this is a cross-sectional sample with rotating households, the frequency of measurement is one
quarter. Hence, it is unfeasible to classify households utilising singular identification codes, and
neither is it possible to ascertain the overall number of households partaking in the survey, seg-
regated by quarter®.

A distinctive attribute of HBS is the integration of in-person interviews and diary (and log-
books) monitoring by households. Information pertaining to a range of social characteristics
(e.g., household size, place of residence, housing area) is obtained through both methods. Data
on household income and expenditure is collected via the diary (and logbooks) records. Expendi-
ture on specific categories (e.g., out-of-home food’, alcohol) is documented in the designated sec-
tions of the household diary. It is important to note that food purchased by delivery from catering
establishments is not included in the expenditure on out-of-home food. Cash income received,
financial assets, and savings are also entered into the household diary. Household diaries are
kept for a quarter and a household survey is conducted at the end of the quarterly cycle. After
completing one cycle, a household can either drop out of the survey or remain in the survey. Thus,
variable generation occurs both through the survey and through diary entries. Table 1 provides
a detailed description of the variables used in the survey analysis.

The Federal State Statistics Service methodology delineates five groups of expenditures
within the consumption pattern: food at home, out-of-home food, alcohol, non-food items, and
services. This paper focuses on food outside the home and alcohol for several reasons. First, de-
spite the evident distinction between these expenditure categories (alcohol is an addictive good,
while eating out can be regarded as a luxury item), studying them reveals the heterogeneity of
household responses to external shocks. Consequently, fluctuations in alcohol expenditure may
signify the utilisation of coping mechanisms in response to stress, while changes in out-of-home
food expenditure may denote a pragmatic reallocation of resources. The joint analysis of these

5 Specifically, households with per capita household income below 1,000 rubles and above 400,000
rubles.

6 According to Rosstat, between 48,000 and 49,000 households are surveyed annually.

7 Only expenses in restaurants, cafes, canteens are included in this category.
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two expenditure categories enables the distinction between the effects of enforced savings and
the employment of coping strategies, thereby providing a comprehensive assessment of the eco-
nomic and social well-being of households. Second, the response of all categories of household
expenditures has been studied [Voytenkov, Demidova, 2023], indicating the need for separate
analyses of expenditures on out-of-home food and alcohol with the application of improved metho-
dological tools. Third, given the large number of zero values in the expenditures on out-of-home
food and alcohol, an approach involving the use of a model that takes into account censored
data is applied. Consequently, in contrast to the other expenditure categories (food at home, non-
food items, services), a methodological rationale exists for the combination of expenditure on
out-of-home food and alcohol.

Table 1.
Variables description
Variable ‘ Description Unit of measurement/interpretation
Dependent variables
Food out of home Out-of-home food expenditure in total %
consumer spending
Alcohol Alcoholic beverages expenditures in total %
consumer spending
Independent variables
City (X1) Type of locality 0 -rural, 1 - urban
Children 4-16 (Xz)  Number of children aged 4 to 16 Persons
Children under 3 (X3) Number of children under 3 Persons
Income (X4) Real income per household member, ad- Ruble
justed to 2016 prices and fixed set of con-
sumer goods and services as a percentage
of the national average cost®
Assets (Xs) Growth of financial assets as a percentage %
of income
Savings (Xe) Savings as a percentage of income %
Average age (X7) Average age of household members Years
Education level Maximal value of education level Scores:
(edur) of household members 1 - no basic general education

2 - basic general education

3 - secondary general education

4 - secondary vocational education
5 - higher vocational education

Housing area (Xs) Housing area per household member Square metres

8 Real incomes are calculated as nominal incomes deflated by chained consumer price indices (CPI)
for the period 2016-2021. Regional differences in the cost of living are then adjusted by calculating the
ratio to the cost of a fixed set of consumer goods and services as a percentage of the national average cost.
This indicator is calculated for each Russian region. Data on CPI and the cost of the basket are obtained
from the Statistical publications titled "Regions of Russia" issued by the Russian Federal State Statistics
Service (Rosstat).
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Continuation
Variable Description ‘Unit of measurement/interpretation
Variables, capturing the impact of COVID-19 crisis
Dummy 2020 Dummy variable for the 2020 year 1 - values for the 2020
0 - otherwise
Isolation hard Dummy variable reflecting the introduction 1 - strict quarantine restrictions
of severe restrictive measures are introduced
0 - otherwise
Isolation hard Dummy variable reflecting the introduction 1 - soft quarantine restrictions

of soft restrictive measures are introduced
0 - otherwise

Note: Econometric modelling uses household income per capita in 2016 prices, in rubles. All variables
denoted as independent are included in the regression models.

To control for household heterogeneity during the COVID-19 pandemic, we use a broad
set of social and financial household characteristics. For example, as [Janssen et al,, 2021] indi-
cate, differences in consumption were also associated with socio-demographic factors, including
income level and household composition. Similarly, [Xiong et al., 2021] documents the impor-
tance of family composition, as well as the age of household members, in determining consumption
patterns. To illustrate, families with children have particular requirements for non-food items
(toys, clothing, educational materials). Similarly, the level of education is identified as a predic-
tor of consumer spending in the literature, as evidenced by [Maniriho et al,, 2021; Soberon-Fer-
rer, Dardis, 1991; Varlamova, Larionova, 2015; Yen, Jensen, 1996]. In the context of consumption,
education appears to serve as a proxy variable for preferences that are not directly observable.
For instance, individuals with a higher level of education may exercise greater caution in their
selection of goods and may also endeavour to gain insight into other cultures, which is also re-
flected in their consumption patterns. Furthermore, the social connections of those with higher
levels of education may also be reflected in expenditure on alcohol (based on recommendations
from social circles) and dining out (spending time in cafés and restaurants). In examining the fi-
nancial characteristics of the household, we consider income, and savings characteristics. Income
is widely regarded as the most significant predictor of consumer expenditure [Edelstein, Kilian,
2009]. [Verter, Osakwe, 2014] highlight the pivotal role of savings characteristics in shaping house-
hold consumption patterns.

To examine the effects of the pandemic, we apply a range of dummy variables, ensuring
a comprehensive coverage of its impact. The St. Petersburg Policy Foundation's methodology is
employed to distinguish among regions with varying degrees of quarantine restrictions [Peters-
burg Policy Foundation St., 2020]. This methodology for assessing the stringency of quarantine
restrictions has been employed in a number of studies [Lukashina, 2020; Seliverstov et al,
2021; Voytenkov, Demidova, 2023]. As the most severe levels of quarantine measures, restric-
tions were imposed on visiting tourist attractions, prohibiting the operation of entertainment
establishments at night, and restricting mass events. In terms of vaccination, it was mandatory
for some categories of citizens. In regions with medium restrictions, vaccination was not man-
datory. However, some measures were in place at the level of regions with severe restrictions.
These included restrictions on the operation of catering establishments at night, as well as on
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groups of the population for whom self-isolation was mandatory, and a prohibition on mass events.
In regions with soft quarantine restrictions, there were no mandatory vaccination requirements,
restrictions on movement, or the operation of public catering enterprises.

We adopt a flexible system for determining regional quarantine restrictions, in which re-
gions could shift from one category to another over time. Our approach involves adjusting re-
strictions in response to the decisions made by regional authorities. Monthly evaluations of each
region's level of quarantine measures were conducted by the Petersburg Policy Foundation iden-
tifying three groups of regions: those with soft, medium, and hard restrictions. To quantify these
levels of restrictions, we assigned numerical values: soft quarantine measures are denoted by 1,
medium by 2, and hard by 3. We then used a simple average to aggregate the data at the regional
level and quarterly dynamics. We obtained balanced panel data consisting of 510 observations
across 83 Russian regions for the period from Q1 2020 to Q2 2021. Figure 2 presents the per-
centage of regions that have implemented the respective quarantine restrictions.
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Fig 2. Percentage of regions imposed different quarantine restrictions

As demonstrated in Fig. 2, the data indicates the dynamism of quarantine restrictions in
Russia. It is evident that quarantine measures fluctuated throughout 2020, moving from a high
proportion of regions with soft quarantine measures (approximately 41% in Q1 2020) to a pre-
dominance of medium quarantine measures (65-67% in Q2 and Q4 2020). This phenomenon
can be attributed to the emergence of new strains of the virus, which led to a transition in the na-
ture of restrictions imposed by regions. By the second quarter of 2021, the majority of quarantine
restrictions had been relaxed, with soft restrictions being implemented in nearly all regions. The
data accounts for quarantine restrictions in 2020, while vaccination-related restrictions (intro-
duced in late 2021) are not considered in this paper.

The restrictions on alcohol purchase in Russia warrant particular attention. At the outset
of the pandemic (Q1 2020), only a few Russian regions (Khakassia, Bashkiria, Yakutia, and Kare-
lia) announced a ban on alcohol purchases at specific times (typically before 15:00 or 18:00 local
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time). This indicates that there is no correlation between the severity of quarantine measures and
institutional restrictions on alcohol purchase. In contrast, there were significant institutional con-
straints on eating out. For example, at the beginning of the pandemic, most businesses operated
takeaways, and as the Russian vaccine developed, a QR code was required to enter a restaurant.

3.2. Empirical setup

To test hypotheses 1-3 we employ the Tobit model with robust standard errors, t-test
(to compare the average expenditure on alcohol and out-of-home food), and the Kolmogorov -
Smirnov test (to compare the distributions of expenditures). We use Tobit models to analyse
censored data. In essence, a considerable proportion of households exhibit a dependent vari-
able value of zero, while the remainder displays positive values. The fundamental Tobit
model [Tobin, 1958] takes the form (Equations 1-3):

1) Y =xP+e,, i=12,..N,
2) Y, =Y, if Y, >0,
3) Y, =0if ¥, <0,

where €, ~ NID (O,Gz) and independent of x; . Since out-of-home food and alcohol expendi-
tures cannot be negative, the constraint on the dependent variable can be rewritten in general
terms as follows (Equations 4-5):

4) Y, =Y if Y >0,

l l

(5) Y,=0if Y =0.

To model the impact of COVID-19 on out-of-home food and alcohol expenditures, we em-
ploy the Engel function. Specifically, the Engel curve corresponds to the connection between house-
hold income and out-of-home food and alcohol expenditure. [Leser, 1963] suggests the incorpo-
ration of income as the main predictor of household expenditure. Several empirical studies de-
monstrate the influence of household socioeconomic features on household consumption trends
[Edelstein, Kilian, 2009; Varlamova, Larionova, 2015]. Given this evidence, we extend the basic mo-
del by including household social characteristics (e.g., age, number of children, education level)
and household financial characteristics (e.g., income). The theoretical work of [Blundell, Chen,
Kristensen, 2007] highlights the significance of incorporation of demographic characteristics in
Engel curve estimates. Similarly, [Hausman, Newey, Powell, 1995] indicates that one of the most
effective forms of the Engel curve is the form with an income on the right-hand-side and the con-
trol of household socio-economic characteristics. The Lesser model specification differs from a
number of microeconomic models, including the Almost Ideal Demand System and its modifica-
tions, in that it does not require the inclusion of prices for related goods and services. Given the
peculiarity of the Rosstat sample and the impossibility of extracting the price vector (due to the
unavailability of individual purchase prices), we apply this specification (Equation 6):
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where j=1,2 corresponds to the expenditures on out-of-home food and alcohol respectively
(dependent variables), i =1,..., N is the number of households, » =1,...,83 is the number of the re-
gion. X, — X are explanatory variables, which are explicitly stated in Table 1, edu, (k =2,...,5)

is the set of dummy variables indicating the maximal level of education in household (baseline
category is no basic general education, which was excluded from models). We denote dummy

variables for quarters as ¢,(f =2,...,4), the base category is determined as the first quarter.

Regional dummy variables (regional fixed effects) are denoted as d,(r = 2,...,83), the base cate-

gory is Altay region. In order to avoid the potential issues posed by the dummy trap, the dummy
for the first quarter and dummy for Altay region were excluded from the model. To capture the

impact of the COVID-19 pandemic we use d ;. which indicates soft measures, d,,,,; corre-
sponds to hard measures. Thus, as a base category, medium quarantine measures are chosen,
due to the fact that this is the largest group of restrictions.

The Tobit model estimation procedure employed in this analysis adheres to established
methodologies outlined in the econometric literature (see Chapter 19 from [Greene, 2012]). Mo-
dels (4)-(6) were estimated using the STATA 14 statistical software, incorporating robust stan-
dard error estimators (Huber-White/sandwich estimator) to mitigate potential heteroskedasti-
city. Notably, the conventional White estimator assumes independence across all observations - a
premise that may be excessively restrictive for datasets aggregated at the regional level, where
intra-regional dependencies could plausibly exist. To address this concern, we further implemen-
ted clustered standard errors, which relax the assumption of independence within regions while
maintaining independence between regions. The empirical results exhibited robustness across
both estimation frameworks: key coefficients retained their statistical significance, with no sub-
stantive deviations observed.

4. Typification and Profiles of Russian Households

To conduct an intergroup analysis of Russian households, three factors are identified as
the basis for the division®: household income level, education level, and the number of children.
The selection of criteria for household typology is founded upon their theoretical (see Section 2.2
for further details) and empirical relevance in our context. Consequently, income level is a pivotal
determinant of expenditure, as outlined in the Leser model, and directly influences the financial
capacity of households. The level of education has been found to be related to health awareness

9 It would appear reasonable to divide households by employment sector. However, this is not fea-
sible, as the Rosstat questionnaires do not provide information on the employment sector of individu-
als, nor do they indicate who is the head of the household.
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and the rationality of consumer choice [Becker, 2009], and the number of children has been found
to affect expenditure patterns due to specific needs and the reduced mobility of households.

To categorise households by income we use the results of the study by [Nartikoev, Pere-
setsky, 2021]. In contrast to classical approaches that use the exogenous income categorization
of households, Nartikoev and Peresetsky adopt an endogenous approach, which utilises log-nor-
mal distributions to identify household groups for the eight federal districts of Russia. This ap-
proach takes into account the substantial income disparity among households in Russia by seg-
menting into federal districts [Murashov, Ratnikova, 2017; Potapenko, Shirov, 2021]. Nartikoyev
and Peresetsky's approach assumes the identification of three groups of households, whereas the
current study identifies four. The upper group has been divided by income according to the me-
dian level of the upper group. The bottom 50% are categorised as "Medium high" and the top
50% as "High". The rationale for singling out the "Medium high" group is that the Household
Budget Survey tends to focus on low-income groups of households. Consequently, the allocation
of this group represents an attempt to identify the "middle class" of Russian society.

In contrast to income, there is no empirical evidence suggesting significant variation in the
education level, and the number of children among Russian regions. Therefore, we do not consi-
der specific regional factors for household typification. To categorise households by education
level, we follow the Federal State Statistics Service classification. The first group ("Low") com-
prises households with basic general education. The second group ("Middle") includes house-
holds with general secondary education or secondary vocational education. The third group
("High") consists of households with tertiary education. The estimate for the educational attain-
ment level of a household is the calculated average of the educational attainment levels of each
member within the household, excluding children's levels of education from the calculation®.

To categorise households based on the number of children, the commonly used criteria con-
sist of childless, small (one or two children), and large families. However, there is no definition
for identifying large families in Russia; instead, regional by-laws usually establish a threshold
of three. The proposed criteria for household categorisation are presented in Table 2.

Table 2.
Criteria for classification of households
by income, educational attainment, number of children
Variable Household group Description
Income Low Interval boundaries are calculated based on

the study of Nartikoev and Peresetsky (2021),
income differences by territorial districts are

Medium low

Medium high taken into account

High
Educational Low Households with prevalent general education
attainment : .

Middle Households with prevalent secondary and

secondary vocational education

High Households with prevalent higher education

10 The incorporation of the education level of children tends to result in a biased estimation of the ave-
rage - consequently, the mean educational level in households with a high number of children, is substan-
tially understated.
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Continuation

Variable

Household group

Description

Number of children

No children

1 to 2 children

3 or more children

Households without children

Households with 1 or 2 children

Households with many children (more than 3

children)

The primary household characteristics are determined by the ratio of spending on out-of-
home food, alcohol, the number of children, average household age, income, and educational level.
Together, these attributes outline the household's profile. Table 3 illustrates the detailed attributes

of each household group.
Table 3.
Profile of households by group
Variable Household Out-of- | Alcohol, | Children Children Age, Income
group home % 4-16 under 3 years |(per household
food, % (per 1000) | (per 1000) member),
rubles
Income Low 1.14 1.211 78.088 744.30 38.92 10642.79
Medium low 0.994 1.387 168.715 13.439 52.44 27159.713
Medium high 1.177 1.372 20.648 1.680 57.41 62240.426
High 1.57 1.588 6.021 0.441 55.30 85190.06
Educatio- Low 0.48 1.116 322.030 31.506 54.39 20628.52
nal attain- .
ment Middle 0.84 1.312 348.438 32.032 48.85 21032.94
High 1.66 1.358 499.606 55.292 42.71 22204.49
Number No children 0.880 1.333 0.000 0.000 56.08 29313.106
of children
1 to 2 children 1.688 1.264  1238.790 112.136 26.77 10831.545
Over 3 children 1.182 0.792  2818.909 433.716 19.63 4510.503

Notes: For all variables average values are represented. The average values for the entire sample from
2019 to 2021 are presented herein. Incomes are presented per household member in 2016 prices, in rub-
les. The number of children is presented per 1,000 households.

Table 3 demonstrates several interesting patterns. First, there is an upsurge in the propor-
tion of spending on alcohol and eating out when moving from the low-income to the high-income
group. Similarly, household spending on these categories increases alongside their educational
levels. Second, the per capita household income across education groups shows little variation,
from 20,600 rubles at the "Low" education level to 22,200 rubles at the "High" education level.
Third, the highest number of children is found in groups with low income or high education.
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This section examines the typification characteristics of Russian households and delinea-
tes the attributes of each household group. Against this background, we expect households from
different groups to react differently to the COVID-19 pandemic. Section 5 presents the Kolmo-
gorov — Smirnov test and t-test results, along with Tobit model estimates for each household

group.
5. Empirical Results

This section is composed of two parts, which are the statistical and econometric analy-
ses. The statistical analysis uses t-test and Kolmogorov - Smirnov test to reveal the quantitative
changes in out-of-home food and alcohol expenditures depending on the level of quarantine mea-
sures in the region. Tobit models enable us to estimate the impact of the crisis depending on indi-
vidual household characteristics. Both the statistical and regression analyses investigate changes
within each household group based on income, education level, and the number of children. Tab-
le 4 gives the results of the Kolmogorov-Smirnov test and t-test.

Table 4.
Kolmogorov - Smirnov test and t-test for out-of-home food
and alcohol expenditure
Income Educational attainment Number of children
Low Medium | Medium High Low Middle High No 1to2 Over 3
low high children children children

Expenditure on food outside the home.
Comparison of regions with strict quarantine measures and other regions

t-test -0379" -0.163""  -0.245"" -0134" -0.116" -0242"" -0354™ -0.199""  -0.445"  -0.514™
(0.0234)  (0.0289)  (0.0425) (0.0633) (0.0310) (0.0213) (0.0322) (0.0188)  (0.0356) (0.0888)

K-S
test 0.000 0.000 0.000 0.000 0.030 0.000 0.000 0.000 0.000 0.000

Expenditure on food outside the home.
Comparison of regions with medium quarantine measures and other regions (excluding severe measures)

t-test -0.403"" -0.308™"  -0.299"" -0.418™ -0.161"" -0.283" -0.559"" -0.295""  -0.548™  -0.254""
(0.0155)  (0.0202)  (0.0297) (0.0426) (0.0214) (0.0145) (0.0216) (0.0127)  (0.0243)  (0.0651)

K-S

test 0.000 0.000 0.000 0000  0.000  0.000  0.000 0.000 0.000 0.000

Expenditure on food outside the home.
Comparison of regions with soft quarantine measures and other regions (excluding severe and medium measures)

t-test -0.221"" -0.260""  -0.197"" -0.259"" -0.110"" -0.180™" -0.343™ -0.181"  -0.363™ 0.111
(0.0189)  (0.0250)  (0.0380) (0.0523) (0.0257) (0.0179) (0.0266) (0.0158)  (0.0298)  (0.0722)

K-S
test 0.000 0.000 0.001 0.000 0.003 0.000 0.000 0.000 0.000 0.095

Expenditure on alcohol.
Comparison of regions with strict quarantine measures and other regions

ttest 0011  0.055" 0.024 0.126™ -0.026 0018 0.105™  0.044" 0.059" -0.080
(0.0155)  (0.0216)  (0.0323) (0.0384) (0.0298) (0.0169) (0.0179) (0.0142)  (0.0193) (0.0498)

K-S
test 0.459 0.022 0.844 0.006 0.233 0.496 0.000 0.036 0.051 0.568
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Continuation
Income Educational attainment Number of children
Low Medium | Medium High Low Middle High No 1to2 Over 3
low high children children children

Expenditure on alcohol.
Comparison of regions with medium quarantine measures and other regions (excluding severe measures)

t-test  0.077"  0.049™ -0.006  0.033 0.057™ 0.037™ 0.066™  0.032"" 0.092" 0.164™
(0.0101)  (0.0150)  (0.0222) (0.0258) (0.0207) (0.0114) (0.0119) (0.0095)  (0.0130)  (0.0363)

K-S

test 0.000 0.016 0048 0057 0028 0001  0.000 0.000 0.000 0.000

Expenditure on alcohol.
Comparison of regions with soft quarantine measures and other regions (excluding severe and medium measures)

t-test  -0.005  -0.034° -0.030 -0.057 -0.019 -0.032" -0.013 -0.028" 0.002 -0.092"
(0.0117)  (0.0176)  (0.0267) (0.0306) (0.0237) (0.0134) (0.0139) (0.0112)  (0.0151)  (0.0380)

K-S

test 0.802 0.027 0679 0784 0931 0213 0358 0.135 0.195 0.379

ok

Note: standard errors are given in parentheses (), ™ - 1% significance level, * - 5% significance level, * - 10% signifi-
cance level for t-test. For the Kolmogorov - Smirnov test, p-values are presented.

We observe a reduction in the proportion of out-of-home food, irrespective of the imposed
restrictions and household characteristics. Areas under medium quarantine measures exhibit the
most significant decline in spending. Conversely, regions with soft restrictions show the smallest
decrease and, in some instances, no statistically significant impact on expenditure distribution.

Intergroup analysis indicates a significant decline in the proportion of spending on out-
of-home food among low, medium-low-income groups, and highly educated households. In the
hard quarantine regions, families with 3 or more children significantly reduced the share of their
expenditure on out-of-home food compared to households with fewer children. In contrast, house-
holds with 3 or more children exhibit the smallest decline in the percentage of their expendi-
ture on restaurants in regions with medium quarantine measures.

The proportion of spending on alcohol rose in areas with hard and medium quarantine
measures, while it fell (or remained unchanged) in areas with soft quarantine measures, suggest-
ing that the severity of restrictive measures reduced alcohol expenditure. The intergroup analy-
sis reveals that quarantine restrictions did not affect the alcohol spending habits of those with
medium-high incomes. On the other hand, in regions with hard quarantine restrictions, a consi-
derable increase in the share of alcohol expenditures is observed among high income, highly
educated households, and those with up to 3 children. In areas with medium quarantine restric-
tions, there is an observable rise in alcohol spending, particularly among low-income and low-e-
ducated households, and those with 3 or more children. The rationale for this is increased stress
level due to the severity of restrictions, which is in line with findings of [Avery et al., 2020; Lee,
2020; Rahman et al., 2020]. In regions with soft quarantine restrictions, we find the largest de-
creases in the share of alcohol expenditure among middle-income, middle-educated households,
and households without children. Table 5 shows the Tobit model estimations for out-of-home
food and alcohol expenditures across household income groups.
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Table 5.
Econometric modelling for income differentiation
Dependent variable: Dependent variable:
the share of out-of-home food the share of alcohol
Low |Medium|Medium| High Whole Low | Medium | Medium | High Whole
low high sample low high sample
Children 4-16 0439  0.150 -1.558" 1.371" 0.422™ 0.036™ -0.877"" -2.156" -0.463" -0.461""
(0.051) (0.113) (0.340) (0.766) (0.045) (0.018) (0.039) (0.120) (0.236) (0.015)
Children -2.543" -3.918"™ -6.129"-11.714™ -3.036™ -0.142™ -0.856"" -2.475™ -2.877"" -0.705"
under 3 (0.113) (0.308) (1.004) (3.040) (0.109) (0.037) (0.106) (0.353) (1.066) (0.036)
Age -0.205" -0.284" -0.336™ -0.291" -0.271" -0.015" -0.043"* -0.089"" -0.057"" -0.042""
(0.003) (0.004) (0.008) (0.006) (0.002) (0.001) (0.001) (0.002) (0.002) (0.001)
Log ofincome 3.304™ 4.119™ 1.566™ 8.802™ 4.057" 1.328™ 0.351™ -0.430" 2.115" 0.870™
(0.087) (0.223) (0.562) (0.306) (0.053) (0.028) (0.068) (0.174) (0.086) (0.015)
Education level:
basic general 5241 0.261 -0.497 -2.119 -0.161 0.332 0351 -0.290 1.692™ 0.872™
education (4.471) (1.873) (2.039) (1.898) (0.984) (1.051) (0.348) (0.359) (0.444) (0.201)
Education level:
secondary ge- 6.827 0.853  0.540 -3.355" 0.753 0.427 1.001™ -0.069 1.307™ 1.225™
neral education (4.463) (1.830) (1.974) (1.838) (0.966) (1.048) (0.336) (0.341) (0.426) (0.196)
Education level:
secondaryvoca- 7.986" 3.170° 1.865 -2.074 2.334" 0.467 1.461™ 0.543 1.507™ 1.547™
tional education (4.462) (1.819) (1.956) (1.813) (0.961) (1.048) (0.333) (0.333) (0.419) (0.194)
Education level:
higher voca-  10.024™ 6.227™ 5.918™ 1.073 5.017™ 0.361 1.568™ 0.893"* 1.072™ 1.552™
tional education (4.462) (1.820) (1.959) (1.815) (0.962) (1.047) (0.333) (0.336) (0.420) (0.194)
Isolation hard -1.152"" -1.229™" -1.800"" -0.884"" -1.264"™ -0.018 -0.087 -0.044 0.076  -0.027
(0.135) (0.186) (0.361) (0.325) (0.102) (0.040) (0.055) (0.105) (0.096) (0.030)
Isolation soft 0.570™  0.108 0.549™ 0.494™ 0.464™ -0.047 -0.140" -0.022 -0.093 -0.066™
(0.093) (0.149) (0.273) (0.244) (0.074) (0.029) (0.044) (0.081) (0.075) (0.023)
Dummy 2020 -2.539"" -2.202"" -2.261™" -2.498™ -2.454™ 0.126™ 0.112"™ 0.087 0.132" 0.114™
(0.073) (0.110) (0.204) (0.181) (0.057) (0.022) (0.033) (0.061) (0.055) (0.017)
Constant -39.192"*-43.254"" -14.929" -96.381"* -42.113"* -12.205™" -2.291" 8.697"" -22.437"™ -7.986™
(4.552) (2.873) (6.282) (4.071) (1.124) (1.088) (0.746) (1.872) (1.104) (0.252)
Sigma 10401 11.409™ 12.657** 13.708"" 11.475"™ 4.264™ 4.916™ 5.634™ 5.489™ 4.789™"
constant (0.052) (0.096) (0.217) (0.185) (0.052) (0.018) (0.026) (0.049) (0.040) (0.014)
Observation 269914 164927 70087 70132 575060 269915 164928 70087 70132 575062

Note: ™ indicates 1% significance level, * indicates 5% significance level, * indicates 10% significance level. Robust stan-
dard errors are given in parentheses (). Each model incorporates dummy variables for quarters, with the base category
assigned as the first quarter, and dummy variables for Russian regions, with the base category designated as the Altay
region. [ test the model specification with clustered standard errors at the regional level, which yield the same significance
levels for the variables. The estimated coefficients cannot be interpreted as marginal effects, but marginal effects in case
of the Tobit model have the same sign and significance. The set of estimated coefficients (control variables) also includes
(but not stated in the table) type of locality, average age of household members, savings in household income, changes



2025 HSE Economic Journal 149

in financial assets in household income, housing area. Additionally, the model was tested with the inclusion of a self-iso-
lation index from Yandex (higher index = higher restrictions) in place of the conventional restrictions. This variable enables
the monitoring of actual compliance with quarantine measures, as it accounts for the actual number of individuals pre-
sent in public spaces. The modelling results indicate that the obtained estimates are robust to the proxy variable used
for quarantine restrictions.

We assessed the effects of the pandemic by incorporating dummy variables reflecting the
extent of quarantine restrictions. The baseline category corresponds to periods when a given re-
gion implemented medium restrictions. The coefficients (Isolation hard, Isolation soft) capture
how changes in restriction levels within the same region affect expenditures on out-of-home food
and alcohol. The findings suggest a decline in the proportion of out-of-home food expenditures
when restrictions are tightened from medium to severe within the region. However, the extent
of the reduction varies between income groups, with the richest households (group "High") de-
monstrating a less pronounced reduction in out-of-home food expenditures compared to less
affluent households. Conversely, when constraints in the region are relaxed from medium to soft,
households increase the share of out-of-home expenditure, suggesting a rebound in consumption.

Expenditure on out-of-home food increases with income in all income groups. Notably,
the most affluent households (group "High") demonstrate the highest growth in the proportion
of expenditure on out-of-home food as income increases, while the group "Medium high" exhibits
the lowest growth in the dependent variable. This phenomenon could be attributed to the fact
that low and middle-low-income households receive social assistance and have a low base effect,
enabling them to allocate their expenses towards eating out. Conversely, medium-high-income
households do not benefit from such support programmes as found by [Mareeva, 2020], thus
making it challenging to reallocate their income for out-of-home food expenditure. These results
contradict studies for the US and the UK, which indicate a significant reduction in out-of-home
food expenditure in the most affluent households [Hacioglu-Hoke, Kédnzig, Surico, 2021; Leone et
al., 2020].

In the context of consumption, an individual's education level is a significant determinant
of unobserved preferences. Similar to the effect of the income variable, it was found that the pro-
portion of out-of-home food expenditure is elevated in households whose members have attai-
ned a higher vocational education level in comparison to households whose members have not
attained basic education, in the "Low", "Medium low" and "Medium high" income groups. The ef-
fect is most pronounced among the low-income group (group "Low"), indicating the significance
of higher education in shaping preferences and interests in learning about other cultures (e.g.
through world cuisines). Conversely, as the income level ascends from the poorest to the wealt-
hiest groups, the effect's magnitude and statistical significance diminish.

Statistically significant differences were not identified when strengthening quarantine
measures from medium to severe within a region in terms of the share of alcohol expenditures.
A decrease in the share of alcohol expenditures was found in regions with soft quarantine measu-
res compared to regions with medium quarantine restrictions among the "Medium low" group.
Given the absence of statistically significant effects in other household groups, it can be posited
that alcohol habits remain relatively consistent regardless of the level of quarantine measures
imposed.

As households move from poorer to richer groups, our findings demonstrate that the im-
pact of income growth on the proportion of alcohol expenditure follows a U-shaped pattern. The-
refore, the Low group households, being the poorest, spend more on alcohol as income increases
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than the Medium low and Medium high group households, but less than the High group house-
holds. A corresponding impact is noted by [Pu et al., 2008], where poor households spend most
of their expenditure on tobacco and alcohol.

The overall impact of education level is inconsistent. The findings reveal a statistically in-
significant impact of educational attainment in the 'Low' group. However, as the economic status
of the households increases, a positive difference in the share of alcohol expenditure is observed
between households with no basic general education and the rest of the households. We can as-
sert that an increase in income favours a rise in alcohol expenditure. This demonstrates the sig-
nificant role that education plays in influencing consumer preferences. As educational oppor-
tunities expand, low-income groups are not likely to change their expenditure on alcohol. A con-
trasting effect is evident among the most affluent group of households (group "High"), where
heightened levels of education augment the proportion of alcohol expenditure. This phenome-
non may be attributed to the notion that enhanced educational attainment fosters the establish-
ment of social interactions, thereby contributing to an increase in the share of alcohol expendi-
ture. Modelling results for selected expenditure groups according to household education groups
are presented in Table 6.

Table 6.
Econometric modelling for education differentiation
Dependent variable: Dependent variable:
the share of out-of-home food the share of alcohol
Low Middle High Whole Low Middle High Whole
sample sample

Children4-16  0.310° 0376  0.577*  0.422* -0.754™ -0.498 -0.280"° -0.461"
(0.162)  (0.071)  (0.063)  (0.045)  (0.054)  (0.023)  (0.021)  (0.015)

Children -3.509"  -3.667" -2.390" -3.036™ -0.849" -0.661" -0.562"* -0.705"
under 3 (0.444)  (0.192)  (0.138)  (0.109)  (0.132)  (0.059)  (0.046)  (0.036)
Age -0360™  -0.293" -0.235"™ -0271™ -0.066™ -0.044"  -0.030""  -0.042"

(0.009)  (0.004)  (0.003)  (0.002)  (0.002)  (0.001)  (0.001)  (0.001)

Logofincome  4.612"  3.883™ 4217 4057  0.900™  0943™  0830"  0.870™
(0.227)  (0.088)  (0.070)  (0.053)  (0.050)  (0.022)  (0.021)  (0.015)

Education le-

vel: basic ge- -0.821 -0.161 0.596™ 0.872™
neral education  (1.173) - - (0.984) (0.233) - - (0.201)
Education le-

vel: secondary

general edu- -0.152 -4.283 0.753 0.945™ -0.552 1.225™
cation (1.153) - (4.048) (0.966) (0.229) - (1.676) (0.196)
Education

level: secon-

dary vocation- 2.011" -6.179 2.334" 1.491™ 1.567 1.547
nal education (1.177) - (6.075) (0.961) (0.237) - (2.016) (0.194)

Education le-

vel: higher vo-

cational edu- 8.257™* 2.544™ -1.058 5.017" 2.014™ 0.090™ 3.802™ 1.552™
cation (1.334) (0.111) (2.554) (0.962) (0.328) (0.035) (1.126) (0.194)
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Continuation
Dependent variable: Dependent variable:
the share of out-of-home food the share of alcohol
Low Middle High Whole Low Middle High Whole
sample sample
I[solation hard -1.858"" -1.406™ -1.103"" -1.264™ -0.063 -0.042 -0.003 -0.027
(0.397) (0.164) (0.138) (0.102) (0.102) (0.045) (0.042) (0.030)
Isolation soft -0.281 0.445™* 0.570™ 0.464" 0.047  -0.088"" -0.072"  -0.066™
(0.296) (0.119) (0.100) (0.074) (0.077) (0.034) (0.032) (0.023)
Dummy 2020 -2.178™  -2.303™  -2.627""  -2.454™ 0.102" 0.081™ 0.152™ 0.114™

(0.228)  (0.090)  (0.077)  (0.057)  (0.059)  (0.026)  (0.024)  (0.017)

Constant —44.675™ -37.388"" -38.840" -42.113™ -7.449™ -6.808™ -10.680" -7.986™
(2730)  (0.899)  (2.666)  (L.124)  (0.587)  (0.227)  (1.148)  (0.252)

Sigma constan’ 13.387""  11.743"™ 11.019"" 11.475™  5858™  4.924™" 4311  4.789™
(0.285)  (0.088)  (0.061)  (0.052)  (0.050)  (0.020)  (0.018)  (0.014)

Observation 84809 269259 220992 575060 84809 269261 220992 575062

Note: ™ indicates 1% significance level, ** indicates 5% significance level, * indicates 10% significance level. Robust stan-
dard errors are given in parentheses (). Each model specification incorporates dummy variables for quarters, with the
base category assigned as the first quarter, and dummy variables for Russian regions, with the base category designated
as the Altay region. [ test the model specification with clustered standard errors at the regional level, which yield the
same significance levels for the variables. The estimated coefficients cannot be interpreted as marginal effects, but mar-
ginal effects in case of the Tobit model have the same sign and significance. The set of estimated coefficients (control
variables) also includes (but not stated in the table) type of locality, average age of household members, savings in
household income, changes in financial assets in household income, housing area. Additionally, the model was tested
with the inclusion of a self-isolation index from Yandex (higher index = higher restrictions) in place of the conventional
restrictions. This variable enables the monitoring of actual compliance with quarantine measures, as it accounts for the
actual number of individuals present in public spaces. The modelling results indicate that the obtained estimates are
robust to the proxy variable used for quarantine restrictions.

As with the income-based household classification, a decrease in the share of expenditure
on out-of-home food is observed with the tightening of restrictions from the average and strict
level within the region. The degree of decrease in the share of food expenditures is lower among
the most educated households (group 'High'") compared to the other groups. An increase in the
share of expenditure on food outside the home is seen when restrictions within the region are
loosened from medium to soft in groups with medium and high levels of education. This can be
explained by the fact that within the region, where restrictions on cafes and restaurants were
relaxed, the likelihood of repeated severe restrictions was much lower. Furthermore, the absence
of lockdowns meant that household purchasing power remained stable.

As income increases, the impact on expenditures on out-of-home food is positive for all
groups of households. Households belonging to the "Low" education group exhibit a more sub-
stantial increase in out-of-home food expenditure. This phenomenon can be attributed to the
propensity of this demographic to allocate a significant portion of their expenditure on dining
out at cafes and restaurants. Furthermore, the low base effect contributes to this finding, as
household expenditure profiles reveal that the "Low" education group allocates the smallest pro-
portion of their budget to out-of-home food.
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Households with higher vocational education level appear to have a higher out-of-home
food expenditures compared to households with no basic education in the "Low" and " Middle "
groups. At the same time, we find no statistical differences in the share of expenditure on out-
of-home food between households with no education and those with higher vocational education
level. These findings suggest a shift in consumer preferences during the pandemic, as well as a
heightened awareness of the health risks associated with dining in cafes and restaurants during
the acute phase of the pandemic.

The influence of hard quarantine measures on the proportion of spending on alcohol in
all groups is statistically insignificant. In the context of the relaxation of quarantine restrictions
within a region, a decline in the proportion of alcohol expenditure is observed among house-
holds with a middle or high level of education. Conversely, households with a low level of educa-
tion exhibited no change in the proportion of alcohol expenditure following the relaxation of
quarantine restrictions within the region. This implies that despite the leniency of restrictions,
particular demographic groups chose to not to change their alcohol spending, contrary to the
typical consumption pattern where more relaxed quarantine regulations tend to lead to a reduc-
tion in alcohol expenses, as indicated by the t-test findings.

The share of alcohol expenditure is positively affected by household income, irrespective
of the household group. Our examination of the impact of income on household groups' expen-
diture highlights differences that imply contrasting consumption behaviour between education
and income groups [Padel, Foster, 2005].

A positive difference is observed between households with higher vocational education
levels and those with no basic education in all household groups. This indicates a higher share
of alcohol expenditure as education level increases, regardless of household group. These results
contradict with [Monden et al., 2003], who document that household members with low educa-
tion heighten health hazards associated with excessive alcohol consumption, while those with
high education mitigate such risks. The extant evidence indicates a rejection of Hypothesis 3,
which posits a decrease in the proportion of alcohol expenditure with increasing educational at-
tainment. In the context of the pandemic, alcohol has been employed as a coping mechanism by
households, irrespective of their educational level (and consequently their awareness of the harms
of alcohol), a phenomenon that is consistent with the findings of [Lazarus, 1984]. Table 7 shows
the estimates for expenditure on alcohol and out-of-home food, corresponding to the number of
children in the household.

In the context of studying the consumption structure of households, the division of families
with children is of particular interest for the following reasons. Firstly, the composition of families
with children differs from that of families without children, indicating potential shifts in the con-
sumption structure. Secondly, children require goods and services (children's food, toys, educa-
tional services) that are not necessary for adults, contributing to consumer spending. Thirdly,
children can influence their parents through the emotional channel of purchases, which can also
cause changes in consumer spending.

In the event of a shift in quarantine restrictions from medium to severe measures within
the region, a decline in the proportion of expenditure on out-of-home food is observed across all
household demographics. Conversely, a transition towards milder quarantine restrictions within
the region is associated with an increase in the share of out-of-home food expenditure among hou-
seholds without children and with one to two children. In families with three or more children,
the proportion of expenditure on out-of-home food remains consistent as quarantine restrictions
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are relaxed. This phenomenon is consistent with Hypothesis 1, which suggests that large families
may face significant mobility constraints, especially during the COVID-19 pandemic.

Table 7.
Econometric modelling for number of children differentiation
Dependent variable: Dependent variable:
the share of out-of-home food the share of alcohol
No 1to2 Over 3 Whole No 1to2 Over 3 Whole
children children children sample children children children sample
Children 4-16 - 2.489™ 0.506™" 0.422" - 0.511" -0.141  -0.461™
(0.090) (0.025) (0.045) (0.030) (0.093) (0.015)
Children - 0.843™ 0.274™  -3.036™ - 0.571 -0.077  -0.705™
under 3 (0.143) (0.048) (0.109) (0.047) (0.119) (0.036)
Age -0.337" 0.101™ 0.173** -0.271"  -0.054™ 0.034™ 0.047  -0.042"
(0.003) (0.006) (0.004) (0.002) (0.001) (0.002) (0.012) (0.001)
Log 4778 4.066™ 3.231™ 4.057™ 0.825™ 1.085™ 1.424™ 0.870™
of income (0.073) (0.085) (0.009) (0.053) (0.018) (0.026) (0.100) (0.015)
Education
level: basic
general -1.657 5941 33.617™ -0.161 0.788™ 2.155" -1.737 0.872™
education (1.116) (5.132) (0.060) (0.984) (0.217) (0.972) (1.432) (0.201)
Education
level: secon-
dary general -0.948 6.842  35.104™ 0.753 1.125™ 2.451" -2.127 1.225™
education (1.081) (5.124) (0.058) (0.966) (0.210) (0.966) (1.416) (0.196)
Education
level: secon-
dary voca-
tional educa- 0.993 7.470  35.649™ 2.334" 1.499™ 2.555™ -2.056 1.547
tion (1.073) (5.122) (0.063) (0.961) (0.208) (0.965) (1.411) (0.194)
Education
level: higher
vocational 4.498™ 8.924" 36.975™ 5.017 1.500™ 2.506™ -2.472" 1.552™
education (1.074) (5.121) (0.067) (0.962) (0.208) (0.965) (1.412) (0.194)
Isolation hard -1.319" -1.176™  -2.038™ -1.264™ -0.012 -0.058 -0.204 -0.027
(0.151) (0.136) (0.065) (0.102) (0.039) (0.045) (0.159) (0.030)
Isolation soft 0.395™ 0.495™ -0.078 0.464™  -0.079™ -0.058" -0.018 -0.066™
(0.110) (0.100) (0.058) (0.074) (0.030) (0.033) (0.119) (0.023)
Dummy -2.440™  -2.473™ -1.824™  -2.454™ 0.102™ 0.142™ 0.153" 0.114™
2020 (0.084) (0.076) (0.059) (0.057) (0.023) (0.026) (0.093) (0.017)
Constant -49.357"* -55.730™ -75.293™ -42.113" -7.082" -13.648™ -10.001"" -7.986™
(1.362) (5.213) (0.080) (1.124) (0.288) (1.011) (1.840) (0.252)
Sigma 12.931™ 9.626™ 8337  11.475™ 5.220™ 3.799™ 3.766™ 4.789™
constant (0.080) (0.061) (0.034) (0.052) (0.018) (0.018) (0.067) (0.014)
Observation 406509 154214 14337 575060 406510 154215 14337 575062
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Note: ™" indicates 1% significance level, ™ indicates 5% significance level, " indicates 10% significance level. Robust stan-
dard errors are given in parentheses (). Each model specification incorporates dummy variables for quarters, with the
base category assigned as the first quarter, and dummy variables for Russian regions, with the base category designated
as the Altay region. I test the model specification with clustered standard errors at the regional level, which yield the
same significance levels for the variables. The estimated coefficients cannot be interpreted as marginal effects, but mar-
ginal effects in case of the Tobit model have the same sign and significance. The set of estimated coefficients (control vari-
ables) also includes (but not stated in the table) type of locality, average age of household members, savings in house-
hold income, changes in financial assets in household income, housing area. Additionally, the model was tested with the
inclusion of a self-Isolationlation index from Yandex (higher index = higher restrictions) in place of the conventional
restrictions. This variable enables the monitoring of actual compliance with quarantine measures, as it accounts for the
actual number of individuals present in public spaces. The modelling results indicate that the obtained estimates are
robust to the proxy variable used for quarantine restrictions.

The impact of income growth on the share of expenditure on out-of-home food is generally
positive but diminishes in absolute terms with an increase in the number of children in a house-
hold. Therefore, households without children increase their expenditure on out-of-home food
significantly, in contrast with households that have children. This suggests that households wit-
hout children have greater autonomy in allocating their expenditure, as well as a heightened in-
terest in the consumption of out-of-home food. A positive difference is observed between house-
holds with higher vocational education levels and those with no basic education in all household
groups. This finding suggests that as the level of education increases, there is a concomitant increa-
se in the share of expenditure on food outside the home, irrespective of the household group.

The influence of hard quarantine measures on the proportion of spending on alcohol in
all groups is statistically insignificant. The relaxation of quarantine restrictions within a region
has been demonstrated to result in a decline in the proportion of alcohol expenditure among
households with no children and up to two children. In contrast, the proportion of alcohol expen-
diture among households with three or more children remains unaltered following the relaxa-
tion of quarantine restrictions, thereby supporting Hypothesis 1. Our findings reveal that the ef-
fect of income is positive overall and that it increases with the number of children in the family.
This may appear counterintuitive, as we are examining the proportion of expenditure allocated
towards alcohol, rather than overall expenditures. Therefore, it is possible that adult children I-
ving within the household may contribute towards this proportion.

We find that the share of alcohol expenditure is higher in households with higher vocatio-
nal education level compared to households with no basic education in households without chil-
dren and up to 3 children. Conversely, in large families, the correlation is inverse; that is, the pro-
portion of alcohol expenditure declines with increasing educational attainment. This may be attrib-
uted to the fact that as household members attain higher levels of education, they become more
aware of their role in their children's lives, thereby setting a positive example. Furthermore, given
the labour-intensive nature of raising and educating children, educated parents may have limited
time to consume alcohol. Summarising our findings, we can draw the following conclusions on con-
sumer behaviour regarding alcohol and out-of-home food for different groups of households.

1) Inthe instance of enhanced quarantine restrictions within a region the proportion of
expenditure on out-of-home food is observed to decline. Conversely, the relaxation of quarantine
restrictions within a region is associated with an increase in the share of expenditure on out-of-
home food. A similar relationship has been observed between the relaxation of quarantine measu-
res and a decrease in the share of expenditure on alcohol, a key component in ensuring public
health.
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2) Income typification. Affluent Russian households faced fewer difficulties than high-in-
come groups in other countries. The consumption behaviour of households from developed co-
untries varies from those in Russia.

3) Education Level typification. Contrary to expectations and theory, as educational at-
tainment rises, households increase the proportion of their expenditure on alcohol, irrespective
of the severity of restrictions. The study shows that there are variations in the effects of socio-
economic characteristics, indicating differences in consumption behaviour between education
and income groups.

4) Number of children typification. Households without children have more autonomy in
deciding their consumption habits, resulting in a more substantial increase in the portion of out-
of-home food expenditure as income grows.

6. Conclusion

This paper examines the impact of the COVID-19 pandemic on out-of-home food and al-
cohol expenditures in Russian regions. To test the hypotheses, we use microdata from the house-
hold budget survey conducted by the Federal State Statistics Service. To obtain targeted recom-
mendations, households are categorised according to income, education level, and the number of
children. Furthermore, we consider varying degrees of quarantine measures, encompassing areas
with soft, medium, and hard quarantine restrictions.

The first hypothesis is confirmed, as evidenced by the decrease in the share of out-of-
home food expenditure among households with children in regions subject to severe and moderate
quarantine measures. On average, the results indicate that households with children experience a
decline in the share of out-of-home food expenditure that is twice as strong as that observed
among households without children. The second hypothesis is partially confirmed, as high-inco-
me households in regions with strict quarantine measures increased the share of expenditure
on alcohol, as indicated by the results of t-test. Overall, the results indicate a propensity to in-
crease alcohol expenditure, specifically among low-income households. Contrary to Hypothesis 3,
the t-test results indicate that in regions with both strict and medium quarantine measures, high-
educated households increase the share of alcohol expenditure under quarantine. Furthermore,
regression analyses demonstrate that as educational attainment rises, households, in defiance
of expectations, augment their alcohol expenditure, irrespective of the severity of restrictions.

We discovered a curious effect in which the share of expenditure on out-of-home food
decreases regardless of the social group and the severity of quarantine restrictions. Notably, the
decline is substantially less pronounced in areas with soft quarantine restrictions, as supported
by both statistical tests and the results of the regression analysis. In a similar fashion, the propor-
tion of alcohol expenditures decreased across almost all social strata when the quarantine re-
strictions in the region were relaxed, whereas in regions with hard and medium quarantine
measures, the share of alcohol expenditure increased significantly, implying a negative effect of
quarantine restrictions on the health of household members.

We highlight the following limitations of the study. First, we acknowledge that attitudes
towards the pandemic significantly impact the decision to visit a restaurant and consume alco-
hol during quarantines. However, due to the limited availability of Federal State Statistics Ser-
vice data on households' intentions to comply with the quarantine, we were unable to include this
aspect in our analysis. Second, the breakdown of alcohol expenditure facilitates specific recom-
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mendations for regulating alcohol consumption at the state level. At the household level, the Fede-
ral State Statistics Service does not provide detailed data on different types of alcohol expendi-
ture. Third, the Federal State Statistics Service does not provide data on the form and place of
employment of household members. Consequently, some effects of the pandemic on the struc-
ture of household consumption may not be fully captured. Fourth, a potential discrepancy exists
between formal indicators of the severity of quarantine measures and their actual implementa-
tion in Russian regions. The available data fails to consider the degree of compliance with re-
strictions by the population, differences in enforcement between regions, or the dynamics of
household adaptation.
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CTakep-uccaefoBaTesb B HayuHo-y4e6HOM 1abopaTOpUK NPOCTPAHCTBEHHO-
3KOHOMETPHUYECKOT0 MOJIeJIMPOBAaHUs COLlMAJIbHO-IKOHOMUYECKHX ITpoLieccoB B Poccuu
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B naHHOM HCC/ej0BaHUM U3y4alOTCs U3MEHEeHUs B pacxo/iax Ha NUTAHHUE U aJIKOT0JIb
BHe ZijoMa Bo BpeMs naHzemuu COVID-19. UccieioBaHMe NOCBALLEHO U3YYEHHUI0 MEXTPYIIIIOBBIX
pas/IMyuil MexAy JoMOX039MCTBAMHU C y4eTOM Pa3IN4Mil POCCUNCKUX PETHOHOB MO CTEeNeHU
Co6JII0/IeHUs] KApaHTHUHHBIX OrpaHuYeHuH. /1l NpoBepKU rUIOTE3 UCCIeJOBAHUS MBI UCIIOJIb-
3yeM MUKpOJJaHHble 00C/1e/J0BaHHs 610/ KeTOB AOMALIHHX X035HCTB, IpoBoguMoro desepaib-
HOM CJIy»K60M rocyJapCTBEHHOW CTaTUCTHKH. [lJisl CpaBHEHUsI PACX0/i0B Ha IUTaHHUE U aJIKOT0JIb
BHE /IOMa B PETrHOHAX C MATKUMH, CPEJHUMH U KECTKUMH OIPaHUYUTEITbHBIMU MepaMH Mbl UC-
N0JIb3yeM t-TecCT JJIsl CpaBHEHHUs cpeJHUX U TecT KosmoropoBa — CMUpHOBA /iJisl CPaBHEHUS
pacrnipesiesieHuid. Moziesib To6UTa puMeHsieTcsl [/1s1 CpPaBHEHMs IPUBbIYEK JJOMOX03SIUCTB pas-
HBIX COLIMAJIbHBIX Tpym. COBMeCTHBIH aHA/IM3 BHEJIOMAIIHUX PAacXxo/l0B Ha e/ly U aJKOroJib I0-
3BOJISIET OTJE/IUTh HEIPOU3BOJIbHBIE COEpPEKEHNS] OT CTpaTerui peo/ioJIeHHs], UCII0JIb3Ys MO-
JleJI 1711 eH3YPUPOBAHHBIX JAHHBIX, UYTO CIIOCOOCTBYET YIJIyOJIeHHOH OlleHKe 6J1arococTos-
HUS JJOMOXO3SIUCTB B YCJI0BUSX NOTpsiceHUH. [losrydeHHbIe pe3ybTaThl CBU/IETEIBCTBYIOT O
COKpallleHUH pacxo/l0B Ha MPOAYKThI MUTAaHUsI BHE l0Ma BO BCeX COLMaJIbHBIX IPyNnax v npu
BCeX YPOBHAX KapaHTHUHHbIX OrpaHW4YeHuUH. [loJil pacxo/j0B Ha aJIKOI'0Jlb CHU3WJIACh [TOYTH BO
BCeX COLMA/bHBIX IPyNNax B perMoHax ¢ MACKMMHU MepaMH, HO 3HaYUTeJbHO YBeJU4UIach B
peruoHax co CpefJHUMH U KeCTKUMHU OrPaHUYeHHUSAMH.

Karuessle cnoea: [oMalinve X039MCTBa; MEXIPYNIIOBOX aHA/IU3; pacXojbl Ha MUTA-
HUe BHe [J0Ma; pacxobl Ha ajkoroJib; COVID-19; xecTKOCTb KapaHTUHHBIX Mep.
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shed as an area of financial policy to stop excessive risk-taking in the financial sec-
tor and reduce its consequences to the real economy in response to the lessons
learned from the global financial crisis. Controlling credit risk also requires a go-
vernment-run fiscal sector, one of which is controlling corruption. Corruption sig-
nificantly affects credit risk. This study aims to examine the effectiveness of macro-
prudential policy instruments and the role of institutional instruments in controlling
commercial bank credit risk in the Asia Pacific region from 2012 to 2023. This study
uses the generalized method of moments (GMM) as an analytical tool. The results
show that loan-to-value and corruption significantly affect credit risk in Asia Pacific.

Key words: capital adequacy ratio; capital conservation buffer; corruption; loan to value; cre-
dit risk, GMM.
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Introduction

The active use of prudential tools to manage credit allocations and volumes was rendered
obsolete in the 1990s as financial liberalization became the prevailing regulatory trend. Then, in
2008, the world financial crisis struck financially developed nations hard, revealing the limita-
tions of the prudential framework that was in place at the time for managing systemic risk. This
caused the balance to shift and the active use of prudential tools - known as macroprudential po-
licies in the vernacular - to smooth the credit cycle and prevent significant crises. Examples of
these tools include reserve requirements, loan-to-value ratios, taxes on lending, and capital re-
quirements. Macroeconomists were compelled to examine the relationship between financial
frictions and economic cycles after the global financial crisis revealed the risky relationships bet-
ween micro- and macro-stability [Cordella, Pienknagura, 2020]. The most important lessons from
this crisis are the necessity of strengthening the macroprudential approach to supervision and re-
gulation, which can recognize vulnerabilities across the system and take appropriate action to
ensure financial stability, and the significance of minimizing systemic financial risks.

In order to reduce systemic or system-wide financial risk and, consequently, the likelihood
of disruptions in the delivery of essential financial services, which may have detrimental effects
on the actual economy, macroprudential policy primarily employs prudential mechanisms. Ebra-
himi Kahou and Lehar (2017) state that preserving systemic financial stability and lowering sys-
temic risk are the two primary goals of macroprudential monitoring and regulation. The possi-
bility of a single firm's failure causing the entire financial system to implode is known as systemic
risk. According to Calmeés and Théoret (2014), it is the outcome of financial institutions' under-
capitalization in an increasingly interconnected market. It's critical to comprehend and measure
this systemic risk to ensure our financial institutions have enough capital to survive another fi-
nancial crisis. Time dimension and cross-sectional dimension are the two categories of systemic
risks that macroprudential policy addresses, according to Spelta et al. (2018). The financial sys-
tem's overall risk and how it changes over time are covered under the temporal dimension.



162 HSE Economic Journal No 1

The global financial crisis triggered a debate regarding the pros and cons of using macro-
prudential policy as a prudential control tool that includes capital reserves or requirements to
address systemic risk, financial credit cycles, and macroeconomic stabilization objectives. Nonet-
heless, macroprudential policies that limit loan-to-value ratios, debt-to-income ratios, credit
growth restrictions, balance sheet restrictions, and capital and reserve requirements are of
significant concern in reducing systemic risk in financial markets. The macroprudential policy
framework has been laid out in the Bank of International Settlements (BIS) since the early 2000s
and has been implemented extensively in emerging markets while developed countries have just
begun to adopt it [Cerutti, Claessens, Laeven, 2015; Freixas, Laeven, Peydro, 2015; Rojas, Vegh,
Vuletin, 2020], but the related models and implementation performance are still ambiguous be-
cause the policy has several goals at the beginning of this policy so that the implementation of
the policy does not attract much attention in policymaking or academia [Thiemann, Aldegwy, Ib-
rocevic, 2018]. This ambitious policy program has been reduced to a much more scaled-back
incremental approach during implementation. While focusing on increasing the system’s resilien-
ce, implemented measures largely refrain from intervening in the build-up of financial risks
during the upswing of the cycle. Looking at the measures introduced internationally, few, if any,
bear a clear anti-cyclical character that could constrain credit in the upswing.

The macroprudential policy focuses on establishing a protective banking framework to
create conditions for resilience and financial sector actors while suppressing the procyclical be-
havior of banks [Benigno, Chen, Otrok, Rebucci, Young, 2013; Buncic, Melecky, 2013; Claessens,
Ghosh, Mihet, 2013; Freixas, Perez-Reyna, 2021]. Still, on the other hand, the policy shift towards
macroprudential creates a consequence of regulatory change that can also translate into a de-
crease in credit supply and erosion of economic activity, with unintended consequences such
as greater unemployment and decreased investment [Meuleman, Vander, 2020].

Cerutti et al. (2016) have researched using macroprudential policies through 12 macro-
prudential instruments to control credit growth. It is concluded that the implementation of
macroprudential policies in developing countries and developed countries has differences; in
developing countries, macroprudential policies related to foreign exchange are used more inten-
sively, while in developed countries, macroprudential policies in the form of borrower-based po-
licies are more widely used. The implementation of borrower-based policies is based on financial
openness in developed countries, so fluctuations in credit growth will directly impact pro-perty
price growth. The failure of monetary policy to create stability has led to an orientation toward
financial stability. The shift towards macroprudential is one of the main consequences of the
global financial crisis [Baker, Widmaier, 2015; Galati, Moessner, 2013]. With the policy shift to-
wards macroprudential, central banks worldwide started implementing preventive measures to
protect against systemic financial risks and utilizing non-conventional tools to ensure financial
stability, where financial stability has become a key economic policy objective within the G-20 to
promote international financial stability [Baker, 2013].

The literature study on the relationship between macroprudential policy and credit risk
conducted by Behncke (2023) revealed that through macroprudential policy, banks limit lending
and ultimately reduce banking risk directly. The spillover effect from other countries suggests
that the lending limits should be carefully designed and closely monitored. The provision of capi-
tal reserves through capital buffers increases the probability of bank survival during a banking
crisis [Berger, Bouwman, 2013]. In addition, the Countercyclical Capital Buffer (CCyB) policy
launched can contribute to the banking system'’s resilience but does not prevent the credit boom
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and asset price collapse. According to Altunbas et al. (2018), macroprudential policies significantly
affect bank risk evaluated by Z-score, especially for small, heavily funded, and undercapitalized
banks. Non-performing loans (NPLs) measure credit risk in other studies [Chaibi, Ftiti, 2015].
Hence, macroprudential policies are created to support traditional macroeconomic instruments
and micro-prudential regulation of financial institutions, according to academics and practitioners.
By reducing the negative effects of financial volatility and mitigating excessive procrastination,
such policies seek to contain (accumulated) risks to systemic stability, reducing the costs to the
economy of disrupted financial services that support the operation of financial markets [Gaganis,
Lozano-Vivas, Papadimitri, 2019].

Behncke (2023) carried out a research study of the effects of macroprudential measures,
such as the loan-to-value (LTV) and countercyclical capital buffer (CCyB) policies, on bank len-ding
and credit risk in Switzerland. Although the sectoral CCyB and the LTV ceiling have the same
overall goal of protecting the mortgage market from the accumulation of systemic hazards, they
do so through different mechanisms. Although it does not explicitly limit any mortgage charac-
teristics, the LTV ceiling, and CCyB are extra capital requirements on all ongoing mortgage loans
and aim to target the LTV distribution of new loans. The CCyB requires banks to increase their
capital, based on the risk-weighted assets (RWA) associated with residential mortgages.

Wang & Sun (2013) the case of China and conclude that while reserve requirements and
housing-related policies can help mitigate procyclicality, They are insufficient to lower systemic
risks. This suggests that more carefully targeted policies may be able to contain macro-financial
vulnerabilities. The study by Altunbas et al. (2018) assesses the impact of macroprudential tools
on bank risk indicators across a broad range of nations. The findings indicate that these tools,
particularly those intended to improve banks’ resilience, have a noteworthy influence on bank
risk. According to other studies that also use bank-level data; applying macroprudential rules may
have unintended consequences known as leakage effects [Aiyar, Calomiris, Wieladek, 2014].

Jiménez et al. (2017) investigated the impact of countercyclical provisions on credit growth
in Spain and the real effects that followed. They discovered that while these provisions effectively
reduced the effects of a credit crunch (because of the accumulation of capital buffers), they were
less effective in containing the credit boom that preceded the crisis. Along the same lines, Mustafa
and Mirza (2022) find evidence to support the idea that marginal reserve requirements and provi-
sions have increased bank resilience through increases in solvency and liquidity buffers, while
Lopez et al. (2018) find that countercyclical provisions in Colombia effectively helped reduce the
amplitude of credit cycles. Furthermore, the latter offers proof of how the abovementioned regu-
lations reduced ex-post bank credit risk by utilizing loan-level data.

Zhang and Zoli (2014) analyzed 46 countries, 13 of which were Asian, between 2000 and
2013, concluding that housing-related policies, particularly debt-to-income (DTI) and loan-to-
value (LTV) caps, were effective in limiting the growth of credit in Asian countries, while this limi-
ting effect was relatively low for other countries. Kuttner and Shim (2016) concluded that tighte-
ning the DTI cap resulted in a 4-7% reduction in housing loans in the subsequent year. Fendoglu
(2017) demonstrated that borrower-based instruments and required reserves are useful in mode-
rating credit cycles.

Studies on Turkey have also revealed the empirical results in the literature on the det-
rimental and noteworthy effects of macroprudential policy on credit development. According
to Kara et al. (2013), the asymmetric interest rate corridor is one macroprudential tool that can
be used to manage credit growth by influencing credit spreads. Similarly, Bulut (2015) showed
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that the interest rate corridor’s uncertainty about the quantity of funds and fund expenses con-
straining impacted loans. Bumin, Tagkin and Dilvin Tagkin (2015) discovered a statistically sig-
nificant negative correlation between consumer loans and the macroprudential policies imple-
mented by BRSA. According to Ilhan et al. (2021), consumer loans were restrained by the BRSA’s
regulations about general requirements and maturity limitations. According to Alper et al.
(2018), lending practices impact credit growth due to the reserve requirement policy.

However, further research into macroprudential regulation is needed to fully understand
its implementation strategy and effectiveness. The efficiency of macroprudential policy and its
underlying components in attaining the ultimate purpose of regulation, which is to improve fi-
nancial stability by reducing bank systemic risk and procyclicality, has yet to provide consistent
outcomes. The implementation and effectiveness of macroprudential policies have previously
been studied in several articles [Altunbas et al,, 2018; Apergis, 2017; Cerutti et al., 2016; Gaganis
etal,, 2019].

However, the advantages and disadvantages of macroprudential capital control remain
primarily theoretical. Microprudential regulations continue to control commercial banks' capital
requirements. While most scholars and regulators now agree that micro-prudential capital re-
gulation alone is insufficient to prevent large-scale bank failures, the effects of preserving this re-
gime in the face of systemic risk have not been well investigated. The majority of research on the
effectiveness of microprudential capital regulation, which was conducted before the financial
crisis, focuses on individual banks rather than the banking industry as a whole [McKeever, 2023].
By evaluating the risk that each financial institution faces as well as the amount of risk derived
from each bank institution's performance outcomes, microprudential policy may be understood.
The implementation of supervision or microprudential policies can mitigate the risk of financial
instability by impeding the creation of a financial institution risk that may lead to the failure or
bankruptcy of other financial enterprises [Fajriani, Sudarmawan, 2022].

This study uses microprudential policy, namely the capital adequacy ratio (CAR). Capital
adequacy is defined as having enough capital to absorb losses and successfully avert banking
business failures. Implementing regulations to guarantee that these institutions have adequate
capital to assure the survival of a secure and efficient financial system that can withstand any
predicted challenges ultimately protects banks, their clients, the government, and economy. The
purpose of capital adequacy requirements is to safeguard depositors and other creditors from
loss in the event of liquidation and to create a buffer against losses not covered by current bank
revenues [Okon, 2022]. The quantity of capital that can successfully carry out the primary capital
function of preventing bank collapse by absorbing losses was considered appropriate capital from
a functional standpoint. The riskier the asset composition, the more capital is needed to maintain a
certain degree of soundness and, consequently, the larger the capital adequacy needed to main-
tain solvency, as capital serves as a buffer against which to charge off losses. The capital adequacy
ratio indicates that the bank has risky loans, and the bank should raise capital to keep up with the
loans as these risk assets increase [Zulkhibri, 2018].

The Asia Pacific region’s economic outlook remains strong, and the region continues to
be the most dynamic region in the global economy, accompanied by a range of possible risks such
as tightening global financial conditions, a shift towards protectionist policies, and increased
geopolitical tensions. Given these uncertainties, macroeconomic policies must be conservative
and aimed at building cushions and enhancing resilience. Policymakers also need to continue to
push for structural reforms to address medium- and long-term challenges, such as population
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aging and declining productivity, and to ensure that Asia can reap the full benefits of increased
digitalization in the global economy.

Banking NPLs in the Asia-Pacific Region tend to increase, which is indicated by the in-
crease in NPLs in the region. In 2018, the average NPL increased by 0.30%. Indonesia, Vietnam,
and Thailand have the highest NPLs in Asia-Pacific [Dahl et al.,, 2019]. Unlike in other countries,
the banking system in the Asia Pacific Region has been primarily deregulated and privatized by
implementing Basel Accord Il rules in the form of tightening capital to reduce credit risk [Andrle
et al,, 2017; Casimano, Hakura, 2011]. Capital cushioning and liquidity buffers significantly cont-
ributed to recovering and maintaining banking activities from risks after the financial crisis.

In contrast to previous studies [Bruno, Shim, Shin, 2017; Cantu, Gambarcota, Shim, 2020;
Kim, Mehrota, 2019], this paper extends existing research by analyzing the effectiveness of
macroprudential policies in controlling commercial banking credit risk in Asia Pacific countries
after the 2008 crisis from 2012 to 2023. Other researchers have not used the capital conservation
buffer (CCoB) instrument as a critical determinant in influencing bank credit risk. CCoB and the
countercyclical capital buffer in Basel Accord III are essential indicators in the regulation of ban-
king capital buffers. In addition, no similar research covers countries in the Asia-Pacific Region,
where most previous researchers only conducted research within the scope of a particular count-
ry. The benefits gained from a broader research coverage can test whether macroprudential
policies projected by CCoB variables can consistently control credit risk in the Asia-Pacific region.

This research also adds an institutional control variable, namely corruption, to credit risk
in a country. The influence of corruption on banks’ credit risk, particularly in developing nations
where banks face significant non-performing loan (NPL) loads and pervasive corruption, it is
higher levels of corruption in the targeted nations result in a higher number of bad loans rather
than a decrease in loan defaults in the economies with higher lending rates and quicker growth
rates. Because of these nations’ existing bureaucratic structures, the public sector’s hegemonic
status, and the lack of transparency, corruption will likely impact the financial sector. Chen, Jeon,
Wang, and Wu (2015) looked into how corruption affected banks’ propensity for taking risks and
discovered a continuous pattern linking higher levels of corruption to higher bank risk-taking.
Additionally, this study demonstrated that monetary policy exacerbates the issue of credit risk
and that the indirect effects of corruption also affect banks’ risk. It also showed how corrupttion
impedes economic growth in developing nations by misallocating loanable funds and has a grea-
ter effect on banks’ propensity for taking risks as corruption worsens.

This study is divided into the following sections. A review of the literature and the for-
mulation of hypotheses are presented in Section 2. The data and the study’s empirical approach
are described in Section 3. Section 4 summarizes the study’s key findings and outcomes. Section 5
gives the study’s conclusion.

Literature Review

This paper relates to several sections of the literature. Macroprudential policies empha-
size prudential principles to assist central banks in limiting the presence of systemic risks that
would weaken the performance of the financial system and impact the economic system in a co-
untry [Dumici¢, 2017; Lombardi, Siklos, 2016]. Various macroprudential instruments help add-
ress procyclicality and daily exposures, and the macroprudential policy is one of the measures
established by a central bank that the central bank uses to help banks manage credit risk. Since
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the 2000s, macroprudential policies have been implicitly implemented. The purpose of macro-
prudential policy is to lower expenses arising from interruptions in financial services, including
credit, insurance, and other payment services. According to the central bank, controlling sys-
temic risk is the primary goal of macroprudential policy to maintain the financial system'’s sta-
bility as a whole. The Global Financial Crisis (GFC) of 2007-2008 highlighted the need for
macroprudential intervention. Systemic risk is dangerous, and the Global Financial Crisis (GFC)
of 2007-2008 is a stark reminder of this in a nation’s financial system’s stability.

Three pillars support the macroprudential policy framework: financial system stability,
balanced and high-quality intermediaries, and economic and financial inclusion. Banking, eco-
nomics, and Sharia finance are the three pillars of economic and financial inclusion. These three
dimensions focus on the many tools the central bank uses, which apply to conventional and
Sharia banks. The initial pillar centers on promoting equitable and superior intermediation in pro-
spective industries. This pillar contains instruments related to credit, like the capital conservation
buffer, which aims to cover losses on risky investments, Loan-to-Value (LTV) for property credit/
financing, down payments for motor vehicles, and the Capital Conservation Buffer (CCoB), which
is calculated as the weighted average of the buffers in effect in the jurisdictions to which banks
have a credit exposure.

The capital conservation buffer, or CCB, ensures that banks accumulate capital reserves
outside of stressful periods, which they can use to absorb losses during those times. The require-
ment is predicated on straightforward capital conservation guidelines meant to prevent mini-
mum capital requirements from being broken. The bank must maintain a minimum Common
Equity Tier I (CET1) of 5.5% (8% including CCB) and a minimum Capital to Risk-Weighted As-
sets Ratio (CRAR) of 9% (11.5% including Capital Conservation Buffer (CCB)). Basel III standards
were gradually adopted beginning April 1, 2013. The concept of CCB was first presented in the
International Basel Il standards. The idea gained prominence after the 2008 financial crisis when
big banks saw their capital rapidly depleting due to systemic stress. The Capital Conservation
Buffer aims to protect against losses on high-risk investments. The purpose of the countercycli-
cal capital buffer, which must be met, is to shield banks that only deal with the joint sector from
potential equity losses. Banks that fail to maintain the countercyclical capital buffer that the capi-
tal conservation buffer requirement mandates will be subject to capital payment limits when divi-
dends and share buybacks increase rapidly, thereby depleting the buffer and bonuses.

In addition to the statutory minimum capital requirement of 9%, banks must maintain a
capital conservation buffer of 2.5%, made up of Common Equity Tier 1 capital. If the capital level
drops below the designated level, banks should not distribute capital - that is, pay dividends or
incentives in any manner. But, if losses eat away at their capital conservation buffer, they can
still operate normally. As a result, the restrictions only apply to dividend distribution and have
nothing to do with how banks operate. Banks should maintain capital buffers above the statutory
minimum in good times or outside of stressful periods, which they can use to absorb losses du-
ring stressful times. Only in cases of systemic stress on the bank may CCB be withdrawn. Only
when the bank has a clear plan to restore capital through internal capital accruals and by lowe-
ring the discretionary earnings distribution will drawdowns from the CCB be permitted.

A version of Basel II, known as Basel Il], incorporates prudential measures to prevent a
banking crisis. Similar to Basel II, Basel III is composed of three main pillars: (1) strengthening
banks’ capacity to withstand shocks brought on by financial and economic forces, regardless of
where they originate; (2) enhancing bank governance and risk management; and (3) boosting
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transparency and disclosure of banking data. The first pillar is the capital adequacy ratio, or CAR,
which better represents and can foresee the numerous risks banks face. Credit risk, operational
risk, market risk, and capital sufficiency can all be undermined by various threats. Risk manage-
ment must become ingrained in the culture of the banking industry. Two primary elements might
impact a bank’s capital adequacy ratio (CAR): the quantity of capital it possesses and the quan-
tity of risk-weighted assets (RWA) it owns. This is so because the weighted capital asset ratio
(RWA) is the foundation for the capital ratio computation. Maintaining capital adequacy helps
keep outside parties satisfied with the company’s performance and ability to absorb losses. Anisa
and Suryandari (2021) assert that a company’s increased CAR level can draw in investors, thus
impacting demand and driving up prices, ultimately increasing the company’s worth.

Perhaps the most popular metric for evaluating credit risk and financial leverage is the
loan-to-value (LTV) ratio, computed as the loan amount as a percentage of the transaction price
of the collateralized property. Credit risk rises as the LTV ratio increases since the borrower’s
newly acquired property is a security for the loan. Practical credit risk assessment and control
heavily depend on the LTV ratio to accurately reflect genuine financial leverage because of the
narrow margin that separates the transaction price from the total amount of debt. In particular,
the premise that the transaction price is an objective indicator of a property’s collateral value is
necessary for the validity of the LTV ratio as a credit risk indicator.

This study uses several macroprudential policy instruments, including CAR, CCoB, and
LTV, adopted from other research [Bruno et al,, 2017; Cantu et al., 2020; Wijayanti et al., 2020].
Banks must maintain CAR as the minimum capital requirement to cover possible losses due to
banking activities. CCoB serves as a capital cushion for banks by supporting the risk of banking
assets. CCoB is an additional layer of capital policy used when losses occur. The level of the
CCoB ratio applied is Tier 1-based and is constantly recalculated for each capital distribution calcu-
lation. CCoB helps banks continue running their businesses when capital constraints and limita-
tions occur. As a macroprudential policy, LTV controls the growth of property loans and the various
risks that may arise.

The existence of credit risk disrupts the smooth operation of banks, especially on the liqui-
dity side, which is the primary source of banking as an intermediary institution for creditors
and debtors. NPL can be used to measure credit risk that can affect the country’s banking system
[Alshebami et al., 2020]. A high NPL value indicates that the bank is in an unhealthy condition.
The level of NPLs owned by banks is caused by internal factors, namely the management system,
and external factors, namely the decline in economic performance, so customers find it challen-
ging to fulfill their installment obligations. Weak credit procedures, high markup spreads, poor
lending principles, and a lack of supervision from policymakers can cause high NPL rates.

Nakatami (2020) investigated the impact of macroprudential policy using the LTV instru-
ment on the banking crisis, especially credit risk, in 2008. The author concluded that macro-
prudential policy effectively reduced the banking crisis stemming from credit growth and LTV.
A significant statistical coefficient value indicates this. However, LTV policy is not effective if the
country does not have an inflation target and a capital control framework. Mauleman et al. (2020)
analyzed the interaction between macroprudential policy and systemic banking risk and showed
that macroprudential policy affects banking systemic risk conditions, especially bank credit and
property sales.

Quint and Rabanal (2014) found that implementing macroprudential policies helped banks
perform better and reduce losses through countercyclical spread loans. Cantu et al. (2020) ana-
lyzed the effectiveness of macroprudential policies in the Asia-Pacific region and found that they
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play an active role in dampening credit growth in the household sector. Implementing macro-
prudential policies in the Asia-Pacific region based on bank size and liquidity conditions can re-
duce credit growth. Vatansever and Hepsen (2013) examined the determinants of bank NPLs
in Turkey. With profit-based banking activities, encouraging the availability of capital to be used
for business expansion encourages more unusual cyclical behavior, which allows banking losses
to be more significant in periods of economic depreciation. Furthermore, Dadashova et al. (2018)
researched the application of CCoB to macroeconomic conditions in the banking sector in Ukrai-
ne. They concluded that the policy could increase banking resilience, especially in financial con-
ditions facing global uncertainty.

Hallissey et al. (2014) researched macroprudential instruments and credit risk and found
that limiting property lending through loan-to-value (LTV) can reduce the risk of default. Banks
will be encouraged to tighten or reduce LTV provisions by considering the risk of loss on default,
which will ultimately dampen the mortgage demand cycle and build resilience in the banking
sector and households. CCoB affects bank risk-taking in Canada, as Guidara et al. (2013) found
still the compatibility of micro and macroprudential «through-the-cycle» approaches to capital
adequacy may explain why Canada performed better during the 2008 global financial crisis. LTV
can slow down credit growth but cannot improve procyclicality in Indonesia, but CCoB and RR
can [Dana, 2018]. However, LTV has a significant and long-lasting impact on household debt and
actual house values in Korea [Jung, Kim, Yang, 2017].

Zhang et al. (2018) have conducted research using the assessment results of individual
macroprudential tools and group macroprudential tools, namely CCoB, RR, and LTV, to deter-
mine whether bank risk-taking behavior will be reduced by strengthening macroprudential su-
pervision. In addition, the reserve requirement has the most enormous impact, followed by LTV
and CCoB. Macroprudential policy is usually implemented according to the credit cycle; we spe-
cifically consider the credit cycle’s function in the transmission mechanism of macroprudential
policy [Bruno et al, 2017]. The credit boom increased the benefits of macroprudential policy on
bank risk-taking, proving that macroprudential policy was implemented in China at the right time.
To support the sustainability of the banking system, the central bank should further enhance the
evaluation and supervision of macroprudential measures and implement appropriate mecha-
nisms for different purposes and times, especially during the credit boom period. In addition,
this study found that the Chinese commercial banking system is run with modest NPLs, indica-
ting that most Chinese commercial banks have a low-risk appetite.

Our study also alludes to the growing literature on the effectiveness of the capital ade-
quacy ratio as a capital requirement for non-performing loans. The literature shows that micropru-
dential regulation does not significantly affect credit risk using NPL. Mustafa and Mirza (2022) and
Barus and Erick (2016) state that CAR does not affect non-performing loans.

H1. The Capital Adequacy Ratio does not affect credit risk.

CCoB serves as a capital buffer for banks in supporting the risk of banking assets, and
literature shows that a Capital Conservation Buffer continuously increasing bank capital buffer
will not continuously reduce bank risk-taking [Neef et al., 2023].

H2. Capital conservation buffer does not affect credit risk.

Loan-to-value (LTV) is the ratio between the value of loans/financing granted by tra-
ditional and Islamic commercial banks and the value of the collateral in the form of property at
the time of granting the loan/financing, based on the results of real estate valuation. Bian et al.
(2018), Sasikirono et al. (2019), Behncke (2023), and Kim and Oh (2021) concluded that Loan-
To-Value (LTV) affects Non-Performing Loans.
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H3. Loan-to-value affects credit risk.

The impact of corruption on banks’ credit risk, especially in less developed nations where
banks are grappling with large non-performing loans (NPLs) and widespread corruption. Corrup-
tion has a significant effect on credit risk [Agarwal et al., 2020; Bahoo et al., 2019; Djalilov, Piesse,
2019; Houston, Jiang, Lin, Ma, 2014; Liu, Li, Guo, 2020; Son et al,, 2020; Toader et al., 2017; Weil],
2011].

H4. Corruption affects credit risk.

The central bank uses interest rate increases as one tool to manage inflation. Excessive
interest rates will limit demand, which will lower inflation. Low interest rates promote inflation
and economic expansion. Interest rates have no impact on the likelihood of problematic financing,
which suggests that raising interest rates is not the best way to increase lending.

H5. Interest rate does not affect credit risk.

Methodology
Data

This study uses cross-sectional data from 11 central bank countries in the Asia Pacific
and nine time-series data from 2015 to 2023. The year selection is adjusted to the availability
of macroprudential data at each bank. Meanwhile, the data collected is annual secondary data
obtained from World Bank data, financial statements and reports from the Central Bank, and
macroprudential regulations.

Variable Measurement

The prudential macroprudential policy stipulates various provisions regarding bank capi-
tal and liquidity, which can be used as buffers to absorb losses. This study uses CAR as a micro-
prudential tool indicator to control banking minimum capital requirements. CCoB as macro-
prudential policy indicators based on the provisions set by the Basel Committee on Banking Su-
pervision, where capital provisions are standardized for banks to determine how much liquid
capital to maintain from their assets [Imani, Pracoyo, 2018; Junos et al, 2021]. LTV has been es-
tablished as a macroprudential policy instrument based on lending. The LTV policy was the regu-
lator’s response to the 2008 crisis, caused by the explosion of property prices in America that
brought down the entire economy and banking activities. LTV, as a credit policy, is mainly aimed
at property loans. Loan to value in each country varies depending on the condition of public inte-
rest in property loans [Bian et al., 2018; Morgan et al., 2015; Sasikirono et al., 2019]. This study
uses NPL as a measurement indicator or proxy for credit risk based on the risk-based bank rating
method, which describes the value of credit failures caused by the inability of debtors to fulfill
payment obligations following predetermined conditions. Therefore, a high NPL level indicates
a considerable risk value and poor banking conditions [Imani, Pracoyo, 2018]. This study also
looks at institutional variables, such as corruption, which is gauged by the Corruption Percep-
tion Index (CPI), which shows that the public disapproves of the government’s efforts to combat
corruption and vice versa. This study also included macroeconomic indicators as the control
variable, which is the interest rate. Interest rates on loans to the finance and credit sectors fluc-
tuate in response to the goals and requirements of monetary policy. The risk the relevant bank
assumes increases with the loan amount extended. A bank's capacity to insure against the risk
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of debtor credit failure can be determined using its non-performing loan (NPL) ratio. The degree
of credit risk increases with the NPL level. One barrier to banks extending credit is the amount of
non-performing loans (NPLs) [Rahmaningtyas, 2022].

Empirical model

The popularity of the time series model and the development of panel data methods have
led to the idea of creating a panel data model by using the dependent variable's lag as a regressor
in the regression. By introducing the dependent variable's lag as a regressor into the regression,
the results will be biased and inconsistent when calculated using static panel data due to endoge-
neity issues, either the Random Effect Model (REM) or Fixed Effect Model (FEM) methodology.
The Generalized Method of Moments (GMM), often known as the Method of Moments methodo-
logy, can be used to tackle this problem.

The System Generalized Method of Moments (SYSGMM) update by Blundell and Bond in
1998 and the First Differences Generalized Method of Moments (FDGMM) by Arellano and Bond
are the two estimate techniques that are frequently employed in the GMM method. An effect from
the previous year is shown as the explanatory variable in this dynamic panel model. Arellano
and Bond developed the FDGMM technique in 1991; this model adds a lag for the dependent
variable. When applying this method over a brief or small period of years, consistent estimators
will be produced in cases where the number of persons is unlimited. Unlimited number of people
during a short or limited period of years. The estimator that is employed may be more biased if
there is a connection between the delays or if there are only a few periods. There's a chance the
estimator was more biased. One can identify data bias by contrasting the PLS model with the co-
efficients of the lag variables, models FEM and FDGMM.

This study used the generalized method of moment (GMM) as a data analysis method
and the Eview 9 software by Robert Hall. The First Difference Generalized Method of Moment
(GMM) is a general technique for estimating parameters in statistical models. GMM is frequently
applied to data with little distributional information. A time series that is tagged with forward
values by one or more time steps. Using lag 1 in the GMM approach can result in estimators that
are consistent. The research model for the influence of macroprudential policy on NPLs can be
written as follows:

NPL,, = B,CAR, , +B,LTV,, +B,CCoB,, +P,Corr+BsLIR +.

NPLs are used as a proxy for measuring credit risk. CAR is used as a microprudential tool.
LTV and CCoB are macroprudential policy instruments that maintain banking liquidity conditions
and absorb possible risks. This study included the macroeconomic indicator of lending interest
rate as the control variable. This study also included institutional variables, namely corruption.
GMM is an estimator tool for the dynamic panel research model that includes the condition of
the moment, where the moment condition is an expected value of the model parameter. GMM
finds the parameters get as close as possible to the weighted sample moment condition [Kim,
2020].
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Results and Discussions

Base result

Unit root test for time series data to detect unit root components and random walk trends
in time series data. This study uses Levin, Lin, and Chut, and Im, Pesaran, and Shin’s W-stat met-
hods to analyze the unit root condition of the data. The stationarity condition of the data is com-
pared with the error degree of 5% (= 0.05).

Suppose the probability value of the variable is above the 5% error degree. Then, the re-
lated variable has a unit root, or the data is not stationary. Conversely, if the probability result
of the variable is below the 5% error degree, then there is no unit root in the related variable, or
the data is stationary. In the first testing stage, all variables are tested at level 1. If one variable
is not stationary, the data is tested again in the first or second condition until all variables are sta-
tionary. Table 1 describes the unit root test results using Levin, Lin, Chut, Im, Pesaran, and PP
Fisher.

Table 1.
Unit root-level test results
Variable Level
Probability Levin, Lin, Probability PP-Fisher Expl
and Chut Chi-Square
NPL 0.0000 0.0001 Stationary
CAR 0.0002 0.0000 Stationary
CCoB 0.0000 0.0000 Stationary
LTV 0.1269 0.4881 Non-stationary
Corruption 0.0001 0.0168 Stationary
LIR 0.1721 0.1507 Non-stationary

Based on the results of Table 1, the Capital Conservation Buffer (CCoB) and Lending In-
terest Rate (LIR) were in a non-stationary condition at the level of the research variable. The
research was continued by testing the unit root test at different levels. Table 2 describes the unit
root test results through the first different levels.

In Table 3, it can be seen that all research variables are stationary with a probability of
0.00. At a significance level of 5%, all variables have passed the unit root problem. The Pedroni
test (Pedroni Residual) Cointegration Test is used in this study’s panel data cointegration testing,
which employs a residual technique. Comparing values is one method of determining whether
or not cointegrated data is present in this study. Critical values for the Pedroni test probability
are 1%, 5%, and 10%. The data is cointegrated if the Pedroni test probability exceeds the critical
threshold. Table 3 describes the cointegration test results.
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Table 2.
Unit root 1st different test result
Variable Level
Probability Levin, Lin, Probability PP-Fisher Expl
and Chut Chi-Square

NPL 0.0000 0.0000 Stationary

CAR 0.0000 0.0000 Stationary

CCoB 0.0000 0.0000 Stationary

LTV 0.0117 0.0307 Stationary

Corruption 0.0000 0.0008 Stationary

LIR 0.0000 0.0000 Stationary
Table 3.

Cointegration test result

Method Statistics Probability

Alternative Hypothesis (Ha): Common AR Coefsion (within- dimension)
Panel PP-Statistic -12.3382 0.0000
-3.01908 0.0013
(Ha): Individual AR Coefsion (between dimensions)

Group PP-Statistic -7.63521 0.0000

It is known that all indicators of the cointegration evaluation criteria are above the sig-
nificance level of 5% and 10% based on the table of Pedroni test findings above. This issue
demonstrates that the research variables are cointegrated, i.e,, there are long-term linkages bet-
ween the variables that would imply equality and balance. According to research by Saeed Ass
Khan and Abbas (2016), data is considered cointegrated when it can be used to conclude. The data
is deemed cointegrated if the majority of results (more than 50% of the criteria) from the Pedroni
test criteria are significant (less than the critical value). After all the conditions of the research
variables were stationary, the generalized method of moment analysis was carried out to see the
effect and effectiveness of macroprudential policy in controlling credit risk.

GMM estimator result and discussion

This study used the GMM analysis method to analyze the effect and effectiveness of ca-
pital and credit-based prudential policy instruments in controlling the NPL level in the Asia-
Pacific Region. Table 4 presents the GMM test results.
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Table 4.
GMM test results
Variable Coefficient Std. Error t-Statistic Prob.
NPL(-1) 0.493936 0.06417 7.697298 0.0000
LTV 0.047493 0.025537 1.859741 0.0661"
LIR 0.383542 0.360181 1.06486 0.2897
CAR 1.040706 1.046395 0.994563 0.3225
coc 8.27E-05 3.28E-05 2.523687 0.0133*
CCoB 3.305189 2.382051 1.387539 0.1686

Note: *- significant in 10%; ™ - significant in 5%.

LTV is a macroprudential policy launched in response to the 2008 crisis, aiming to control
credit, especially property loans. Based on the results of LTV testing, the value of the NPL variable
has a positive and significant influence. The increase in LTV will increase the condition of Non-
Performing Loans. The borrower’s property acquisition acts as collateral for the loan. Thus, as
the LTV ratio rises, so does the credit risk. The likelihood of negative equity - when the property’s
value falls below the amount owed on the mortgage - increases with a greater LTV ratio. Defaults
thus become more probable. Corruption has a positive and significant influence on the value of
the NPL variable. The increase in corruption will increase the condition of Non-Performing Loans.
The impact of corruption on banks' credit risk, especially in less developed nations where banks
are grappling with large non-performing loans (NPLs) and widespread corruption throughout
society.

The Arellano Bond test (AB test) and the Sargan test are further tests that must be per-
formed to test the model specifications after the generalized technique of the moment test. The
Arellano Bond Test, often known as the AB Test, is used to assess the consistency of the estimated
findings before employing the Arellano-Bond statistic to test for autocorrelation. This test's AR(2)
probability value must be greater than the 5% (0.05) significance level. To find the number of
instrument variables that are more than the number of estimated parameters, the Sargan test is
used (overidentifying constraints condition). The significance value of 5% (0.05) must be exceeded
by the probability value (J-Statistic).

Table 5.
Arellano-Bond test results
Test order m-Statistic Rho SE(rho) Prob.
AR(1) -0.88574 -13.9165 15.71182 0.3758
AR(2) -0.01287 -0.67837 52.70533 0.9897

Based on the results in Table 5 above, the AR(2) probability value is above 5% (0.05)
significance, which is 0.9897, indicating that the estimation results are consistent.
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Table 6.
Sargan test results
Mean dependent var 0.010137 S.D. dependent var 0.665711
S.E. of regression 0.8135 Sum squared resid 61.54582
J-statistic 4.398645 Instrument rank 11
Prob(J-statistic) 0.493558

Based on the results in Table 6 above, the probability (J-statistic) value is above 5% (0.05)
significance, which is 0.493558, indicating that the instrument is valid.

Discussion

A greater LTV ratio indicates that, in the event of failure, the collateralized property is
less likely to sell for enough money at a foreclosure auction to pay off the outstanding loan total,
past-due payments, and other foreclosure-related expenses paid by the lender. Loss as a result
of default will thus be larger. Real estate is considered more «collateralizable» than most other
asset types, and real estate ownership is frequently accompanied by relatively high LTV ratios
[Bian et al., 2018; Ranisavljevi¢, Hadzi¢, 2016].

The application of LTV has a stronger interest in property loans and affects the risk of ban-
king property loans. LTV policies in each country will differ depending on each property’s risks.
When tightening the LTV, the bank will provide a lower property valuation so that the debtor
provides higher installments and down payments on the property to meet the required criteria.
Indirectly, this determination will improve credit quality and suppress NPLs [Kinghan et al., 2022;
Sasikirono et al.,, 2019]. For countries with high interest in property loans, tightening loans to
value will be effective when balanced with high economic activity to suppress banking NPLs. The
results of this study were in line with the credit default theory, which explains that banks need
control tools to understand risk and manage risk levels.

The greatest level accessible in the market at the time of origination significantly impacts
the evolution of originating LTV. Recent initial LTV levels have decreased considerably, primarily
due to a change from values above 90% to those between 80% and 90%. The comparatively
higher percentage of first-time purchasers after 2010 may help to explain this since many mort-
gage holders suffered negative equity after that year, raising the cost of changing homes. Al-
though there is no universal agreement on what defines an LTV that is «too high» at the time of
loan origination (in actuality, this will depend on the specific borrower’s circumstances) [Hallis-
sey et al, 2014], the tightening of LTV will increase the level of risk faced by banks because pro-
perty values will decrease. In this condition, the level of banking losses is even more significant,
especially in property assets that are the bank’s collateral. The results of this study contradicted
the research of Yao and Lu (2019), which concluded that there was a negative relationship be-
tween LTV and NPL. Table 6 indicates that the magnitude of the previous year’s NPL had a
positive and significant influence, indicating a lack of proper banking policies or regulations ad-
dressing the previous period’s NPLs.

Given that corruption contributes to social and economic issues, social scientists have
found corruption to be a significant concern. The government enacts regulations to combat cor-
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ruption, but creating and enforcing these rules has an accounting cost. Results from such an effort
must be positive in the form of socioeconomic progress. Huang (2016) finds that corruption
significantly influences Asia-Pacific’s economic development. Studies on corruption and econo-
mic development have changed over time, with the most recent research focusing on how cor-
ruption affects financial development. Economic development is significantly influenced by finan-
cial development. Bolarinwa and Soetan (2019) report conflicting results about the effect of
corruption on bank profitability in developing nations; however, they affirm that corruption be-
nefits wealthy nations.

Tabish and Jha (2012) examine the connection between fair punishment, standard ope-
rating procedures, and corruption-free indicators. The study concludes that corruption decrea-
sed as a result of just punishment. One of the important factors contributing to decreased cor-
ruption in a community is justice without discretion. Maintaining one’s distance from corruption
requires adhering to ethical principles. According to Hassan et al. (2021), the public investment
sectors of infrastructure and capital-intensive projects are more corrupt than the health and edu-
cation sectors. Rent-seeking is more prevalent in the defense and infrastructure sectors than in
the health and education sectors. To analyze the misallocation of NPL and the connection bet-
ween these institutions’ administrative structures and corruption, it is crucial to examine the or-
ganization of financial institutions, particularly the banking industry. After examining the stability
of Islamic banks, Bougatef (2015) finds a significant correlation between NPL and corruption.
The economy's financial sector ensures that financial resources are allocated effectively within
the financial system and that financial institutions meet the needs of both domestic and interna-
tional investors. The degree of confidence that foreign investors have has disastrous effects, par-
ticularly for developing economies where non-performing loans would become a significant source
of gambling. The number of non-performing loans can increase or decrease depending on seve-
ral factors, including information sharing, the bank's ownership structure, corruption, and mac-
roeconomic and bank-specific variables. Among these, corruption is a key element affecting the
non-performing loans. Corruption is a significant factor in rising non-performing loans in emer-
ging nations.

Based on this research, it is evident that managing credit risk in a nation involves the
banking industry and the collaboration of the government’s fiscal sector. The study is signifi-
cantly impacted by two variables: loan to value and corruption. As a macroprudential policy, loan-
to-value is commonly used to evaluate credit risk and financial leverage. It is computed by dividing
the loan amount by the collateralized property’s transaction price. The borrower’s recently pur-
chased home serves as the security for the loan. Thus, as the LTV ratio rises, so does the credit
risk. Given the narrow buffer that exists between the transaction price and the total loan amount,
the loan-to-value ratio (LTV) is a crucial instrument for appropriately assessing and managing
credit risk. The makeup of the administration largely determines the level of bad debts and corrup-
tion. Corruption leads to a rise in bank lending, even though potential profits are lower in indus-
trialized and developing nations. Banks operating in severely corrupt situations utilize income-
smoothing tactics to control their positive returns. These findings call for more research on the
connection between credit risk and insider trading in the banking sector.

Conclusion

Macroprudential policy instruments effectively manage credit risk in banks in the Asia
Pacific Region. Based on the study results, it can be concluded that the loan-to-value instruments
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positively and significantly impact non-performing loans. Increasing the level of loan-to-value
will increase public interest in owning property loans, and it will also simultaneously increase
risk. The increase in loan value will reduce property prices and increase demand for property.
The uncontrolled growth of property loans will cause the bubble price of houses to explode and
increase the risk of default. Corruption instruments positively and significantly impact non-per-
forming loans. Increasing corruption problems in a country will increase credit risk. High levels
of corruption will reduce public trust in institutions. On the other hand, the government must
also maintain the condition of corruption problems in each country because the existence of cor-
ruption will hinder economic growth. For the banking industry, which is based on trust in ban-
king consumers, corruption problems will affect banks' trust levels.

This study recommends a need for proactive prudential policy, considering that currently,
almost all countries face the COVID-19 pandemic. This pandemic has reduced banking perfor-
mance, and the risk factors faced are getting bigger, not only on the credit side but also on ban-
king liquidity conditions. In addition, the use of macroprudential policy can accelerate the trans-
mission process in the monetary sector. Banks, especially the central bank that carries out two
policies, namely prudential and monetary, need to align the objectives of the two policies in fa-
cing economic uncertainty in the era of the COVID-19 pandemic. An increase in the precaution-
ary principle is also needed to deal with various speculations due to procyclical action.

The implementation of macroprudential policy is not only aimed at absorbing losses ex-
perienced by banks but also aimed as a form of banking defense and determining the health con-
dition of banks. Banking performance based on trust needs healthy banking conditions regarding
capital, liquidity, operations, and internals. The capital adequacy ratio, as an indicator of banking
capital, is intended as a capital reserve to cover and absorb losses. On the other hand, this deter-
mination maintains banking liquidity conditions by forcing banks not to use all capital for busi-
ness expansion. Still, it can also be used to finance sound risk management.

The loan-to-value policy will work based on economic conditions and banking liquidity.
In tightening LTV, banks give lower property valuations and apply higher installments. With this
policy, the down payment on the property will be higher, and the debtor can only fulfill it. This
condition will differ from credit easing, reducing property prices, and attracting public interest
in housing credit loans. With the aim of money circulation, it is expected to be stable in its original
condition. Stable money circulation conditions in all sectors will be positive and run as expected
by regulators. Based on the above explanation, the emergence of macroprudential policy has po-
sitively influenced the global banking system. Moreover, it can be seen that macroprudential poli-
cy has become very effective in absorbing losses. It is also coupled with other policy alignments
to absorb and reduce sources of risk.

This research allows the government, politicians, and bank regulators to use this study to
help them create pertinent regulations. Bank regulators should provide an effective system for
monitoring loan activity to lower credit risk and boost public confidence in banking. Additionally,
the reason for the increase in banking performance can be the stability of the financial banking
system. By doing this, prudential policy - particularly Basel III - will be established, enabling
banks to sustain liquidity conditions despite fluctuations in the overall economy. Government
officials must also confront the corruption problem and create anti-corruption measures to win
over investors. Banks will be able to draw in more deposits in this way, which will eventually
help the banking sector grow. One policy conclusion of funding risk is that macroprudential poli-
cy should be under control, and all financial authorities should work together to enhance their
effective lending for client deposits to provide stable conditions.
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MupoBo#i PUHAHCOBBIN KPU3UC BbI3BaJ JUCKYCCHUIO O MJIOCAX U MUHYCAX UCII0Jb30BAHUSA
MaKpOINpy/leH[MaIbHON MOJUTHUKHU B KaueCTBe MHCTPYMeHTa NMPyZAeHIMaJIbHOI0 KOHTPOJIA, KO-
TOpPBIH BKJIIOYAeT pe3epBbl KauTajla WM TPeGOBaHUSA ISl yCTPAHEHHUSl CUCTEMHOTI0 PUCKA,
($YHAHCOBBIX KPEUTHBIX LIUKJIOB U LieJIed MaKPO3KOHOMHUYECKOH cTabuin3anuu. Makponpy-
JleHLlHa/bHasl NOJIMTUKA B HACTOsIIee BpeMs IIPOYHO yTBepUIach B KauecTBe 06sacTh du-
HAHCOBOH MOJIMTUKHY, IPU3BAaHHOW OCTAaHOBUTD NPUHSITHE Ype3MepHbIX PUCKOB B GHHAHCOBOM
CeKTOpe U YMeHbIIUTb UX N0C/Ae/CTBHUS /AJis pea/lbHOM 3KOHOMUKHU B OTBET HA YPOKH, U3BJIe-
YeHHbIe U3 MUPOBOro GUHAHCOBOTO KpU3HUca. Llesblo Hccief0BaHusA ABAsETCA IpoBepKa 3¢-
$EKTUBHOCTH MHCTPYMEHTOB MaKpOIPY/IeHIIMAIBbHOM MTOJUTHKH B KOHTPOJIe 0611ero 6aHKOB-
CKOI'0 KpeJUTHOI0 pHUcKa B A3naTcKo-THUX00KeaHCKOM pervoHe B nepuof ¢ 2012 nmo 2019 roga.
B kayecTBe MHCTPYMeHTa aHa/M3a B UCC/IeA0BAaHUHU HCI0/Ib30BaJICA 00001 eHHbII MeTo, MO-
MeHTa (GMM). AHa/IM3 MOKa3aJl, YTO UHCTPYMEHThI MaKPOIPYAeHIIMAIbHON NOJUTHKY 3 dek-
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THUBHO YNPaBJAKT KPEAUTHBIM PUCKOM B 6aHKaxX A3UaTCKO-THUX00KeaHCKOro peruoHa. Ilo pe-
3yJIbTaTaM HCCJI€LO0BaHUA MOXKHO CAeJIaTb BbIBOJ, YTO HHCTPYMEHThI <<K03(1)(11)I/II.[I/I9HT A0CTa-
TOYHOCTH KalluTaJia» U «Ccyz[a K CTOUMOCTH» IIOJIOXKUTEJIbHO U CYyILI€eCTBEHHO BJIHUAIOT HA He-
06CJ'Iy)KI/IBaeMI)Ie KpeAuThbl, KaK MHANBUAYAJIbHO, TAK U B rJ106aJbHOM MacluTabe.

Krwouesvle ci08a: k03dpPunreHT J0CTATOUHOCTH KanuTala; 6ydep KOHCepBalUX Kallu-
TaJjla; KOPPyNuus; CTOUMOCTb KpeAuTa; KpeAUTHbIN pruck; GMM.
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