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Abstract. The article is devoted to the methodology of nonparametric modelling of the dynamics of
countries' efficiency indicators considering global technological progress. The research is based on the DEA
method with two inputs. The proposed models are constructed in the "labour intensity — capital intensity"
coordinate system. In the course of their development, countries sequentially cross the world technology
frontiers of different orders, from less efficient to more efficient.

Elementary strategies of the country on the plane of intensities of production factors are as follows:
1) movement in the former direction, regardless of the state of more efficient countries; 2) movement
towards the more efficient country, approaching which requires either minimal changes in the previous
development vector or minimal changes in the current proportion between production factors.

To reflect global trends, theoretical lines are constructed, which are international tracks of technological
progress. Each such track is a convex shell of the states of countries and, unlike the world technological
frontier, has a positive slope. If global development factors prevail over internal ones, countries will be
divided into groups, each following its own technological track. A less developed country will choose a more
advanced country as a model within a particular group. A country located on the last (most efficient)
segment of its international technological track will move towards a specific virtual state.

Depending on the nature of the global technological trend, international tracks of technological progress can
lead to the convergence of production factor proportions of countries from different groups or to their
divergence. In the first case, all international tracks will end at the point of highest efficiency £2(0,0). In the
case of divergence of technological proportions, tracks that bypass this point are possible, bringing countries
closer to the infinite productivity of one production factor at a finite level of productivity of another one.

Keywords: data envelopment analysis, efficiency of national economies, technological progress, world
(global) technological frontier, factors of production, technological proportions.

1. INTRODUCTION

1.1. Problem Definition

Human civilization is entering a new technological era characterized by the emergence of an
increasing number of new economic sectors and the radical transformation of existing ones. In
many cases, the complexity of cutting-edge technologies necessitates cooperation among multiple
countries. A prominent example of this is the Artemis program, led by NASA, with the goal of
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returning humans to the Moon. This program involves European countries (including Ukraine),
Japan, Canada, Australia, and the UAE. However, the absence of China among the program
participants raises concerns about it evolving into a new "moon race,” reminiscent of the one that
took place in the 1960s between the United States and the Soviet Union. Technological competition
has long been underway in fields such as nuclear energy, computer technology, and genetic
engineering.

It is evident that participation in such projects is only feasible for developed countries with highly
efficient economies. Other countries risk becoming outsiders and must rely on importing cutting-
edge technology and high-tech products from more advanced nations. The theoretical representation
of these processes has led to the development of numerous models of technological progress
designed for comparative analysis of national economies. The quintessence of these studies has
been the concept of the World (or Global) Technology Frontier — a theoretical line formed by
countries with the best combinations of efficiency indicators. This article complements this concept
by analysing possible directions of movement for leaders and outsiders on the plane of
technological efficiency indicators.

1.2. Analysis of Recent Research and Publications

1.2.1. Parametric Approach to Technological Progress Modelling

Traditionally, the foundational method of econometric modelling involves seeking correlations
among specific economic indices. Agan (2022) employs this approach in her work, examining
changes in 72 countries based on the Technological Achievement Index (TAIl). The results
presented by the author show an increase in the number of countries that could become leaders in
the TAI ranking. Amavilah & Andrés (2023) dedicate their study to understanding the extent to
which empirical rules of technological progress align with the evolution of developing countries.

In other versions of the parametric approach, more specialized methods are applied. For instance,
Mohamed et al. (2022) utilize the Error Correction Model (ECM) and Granger causality test. Their
findings indicate a direct dependence of a developing country's economic growth stability on
indicators of technological innovation. Ault & Spicer (2022) employ a series of qualitative
comparative analysis of fuzzy sets (fs/fQCA) to determine the influence of formal institutional
conditions on informal entrepreneurship.

A number of recent works are focused on the differentiation of countries based on their levels of
development and efficiency. Sichera & Pizzuto (2019) introduced a toolkit for clustering economic
groups into convergence clubs using the Phillips-Sul regression test. Wang (2020), based on World
Bank data for 217 countries from 2000 to 2019, demonstrates that technological progress can
reduce income disparities among countries. Analysing data from 183 countries, Skare & Riberio
Soriano (2021) find that globalization positively impacts the transfer and implementation of digital
technologies. Their study utilized data on globalization indices, digital technology adoption, global
competitiveness, and aggregate factor productivity across 183 countries.

1.2.2. Comparative Analysis of National Economic Efficiency Using the DEA Method

The non-parametric method of Data Envelopment Analysis (DEA) has been gaining popularity
recently. An overview of the history and current trends in the application of DEA methods is
provided in the works of Narayanan et al. (2022) and Panwar et al. (2022). Since the late 20th
century, this method has been used at the macro level to compare different countries' national
economies.

In the study by Lafuente et al. (2022), a specialized version of the input-oriented DEA model with a
single constant input, referred to as the "benefit of the doubt™ (BOD) approach, is employed. The
authors use the Global Entrepreneurship Index (GEI) proposed in their previous work. They present
the results of their research in coordinate systems such as "BOD-GEI — GDP per capita” and "BOD-
GEI — venture capital investment (% of GDP)". Lafuente et al. (2020) analyze two types of
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entrepreneurship based on Kirzner and Schumpeter. They construct a Global Technology Frontier
in the "Capital-to-labour ratio — GDP-to-labour ratio™ coordinate system.

Kriiger (2020) analyzed the dynamics of the global technological frontier using the Malmquist
Index. Mastromarco & Simar (2021) found no significant influence of human capital on its shifts.

A study of 75 countries conducted by Carracedo & Puertas (2022) using the intertemporal DEA
method revealed no direct relationship between innovation efficiency and expenditures on
innovation.

It is worth noting that DEA models can be complemented by parametric methods. For example,
Braun et al. (2021) demonstrated that the optimal strategy for firms and countries depends on their
distance from the World Technology Frontier. The authors identified parametric dependencies
between the innovation strategy index and other indicators characterizing national economies, such
as total factor productivity, human capital, expenditure in R&D (% of GDP), patents, income, and
physical capital (per capita).

Mitropoulos & Mitropoulos (2023, 2022) examined the efficiency of national entrepreneurship
systems using a stochastic DEA model, meta-frontier methods, and convergence clubs. Based on
data from 30 countries from 2013 to 2018, they concluded that countries oriented towards
efficiency are technological leaders in entrepreneurship, while countries oriented towards
innovation are followers.

1.3. Formulation of Objectives for the Article
The parametric approach discussed above continues the tradition initiated by the classical Solow
model of economic growth. Production functions typically contain technological progress
multipliers. In the case of the Cobb-Douglas function, this is a single indicator, total factor
productivity (TFP), and in the case of the CES function, there are two, corresponding to the two
production factors. These multipliers can be seen as functions of other macroeconomic indicators
that consider institutional features of countries and their interaction in the global market. Each of
these indicators can be transformed into more detailed arguments. The production function obtained
in this manner becomes a tool for comparative analysis of national economies and the basis for
forecasting their economic development.
The increasing complexity of such econometric models and the lack of necessary statistical data
have led to the emergence of an alternative nonparametric approach. As indicated by the review of
relevant contemporary literature, the concept of the World Technology Frontier is well-suited for
the comparative analysis of national economic efficiency. It can be used to determine the reasons
for certain countries lagging global technological leaders. The World Technology Frontier is not
constant; it can shift in positive and negative directions in specific segments. These shifts can be
analyzed and predicted using parametric methods.
However, supplementing DEA models with parametric methods reduces their inherent advantages,
namely mathematical simplicity, and the requirement for a small number of statistical indicators.
Considering this, the proposed research aims to maintain the critical advantages of the classical
DEA method while constructing models that have the potential to forecast the movement of national
economies on the plane of technological efficiency indicators. It is understood that purely
nonparametric models can only determine the directions of countries' movements, not their specific
indicators for future periods.
In the proposed research, the following questions are posed and addressed:
e What are the possible strategies for a country's movement on the plane of production factor
productivity indicators?
e How can these movements be described by functions of labour and capital productivity
indicators?
e What form should the DEA analogues of these functions take?
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2. MATERIALS AND METHODS

2.1. DEA Model of the Hierarchical System of World Technology Frontiers

The foundation of this research is based on the DEA method with two inputs. Due to the specificity
of this method, the authors extensively employ its geometric interpretation. In line with the
objectives of our study, a known coordinate system of specific production factor quantities "
L/Y—-K/Y" was selected, where Y represents the national production volume of a country measured
by a particular statistical indicator. In contrast, L and K represent the quantities of its production
factors (labour and capital). The authors' methodology for determining these quantities based on
official statistical data for a single year is outlined in the work by Zagoruiko & Petkova (2022).

L/Y and K /Y are inverse labour and capital productivity indicators, denoted as Y /L and Y /K. In the
chosen coordinate system, the technological state of each country is represented as a point, and the
World Technology Frontier (WTF) is represented as the left lower part of the convex envelope of
these states.

According to the authors, the entire set of countries under investigation can be divided into groups
based on their generalized efficiency. Countries with the best combinations of technological
efficiency indicators will be positioned on the world frontier of the first order, which is the lower
left part of the envelope encompassing all countries. Frontiers of higher orders (with worse
combinations of specific production factor quantities) will represent sequential envelopes of the
remaining countries. The constructed world frontiers in this manner have a negative slope and do
not intersect. Thus, they can be considered as isoquants of the efficiency function of the world (or
regional) economy.

In their previous work, the authors presented the geometric interpretation of the hierarchical system
model of world technology frontiers (Zagoruiko & Petkova, 2021). According to this model, the
coordinate axes of the " L/Y—K /Y " system are interpreted as the world frontier of the zeroth order,
a virtual unattainable limit that countries can only approach. The extreme boundary positions on
each world frontier are occupied by leader countries, which are superior in one of the efficiency
indicators in their group. In the case where one country is a leader in both indicators, its world
frontier will be analogous to the Leontief production function and will consist of vertical and
horizontal rays. Outsider countries will occupy the extreme positions on the final frontier.

2.2. Initial Idea and Research Stages

Traditionally, it is believed that less developed countries should aim for a virtual state formed by
the intersection of a radial ray and the first (and only) world technology frontier. This research
introduces an alternative approach.

The study is structured as follows:

First, the elementary strategies of a country seeking to improve its technological efficiency are
examined. These strategies are based on the supposition that a country on a more distant world
frontier orients itself toward a specific advanced country, considering the limitations imposed by its
current position or the trends in its previous development. Countries on the first order's world
frontier have no example to follow and will move directly toward the finite point of technological
progress £2(0,0).

Next, the impact of global trends on the direction of national technological progress is posed and
theoretically resolved. Formally, these trends can be described analytically using power or
exponential functions. According to the authors, these functions are suitable for interpreting as limit
trajectories toward which absolute development tracks will tend. Discrete analogues of the proposed
technological progress functions are international technological progress tracks (ITTs) constructed
using the DEA method. These tracks are convex envelopes of states of countries. Unlike the world
technology frontier, they have a positive slope.

If global development factors prevail over internal ones, countries will be divided into groups, each
moving along its own technological track. Within a particular group, a less advanced country will
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choose a more advanced country as a model, not necessarily from the “neighbourhood" of the world
frontier. A country located on the last (most efficient) segment of its international technological
track will move towards a specific virtual state.

Depending on the nature of the global technological trend, international technological progress
tracks can lead to the convergence of factor proportions in countries from different groups or to
their divergence. In the first case, all international tracks will end at the highest efficiency point,
£X(0,0). In the case of divergence in technological proportions, tracks that bypass this point,
bringing countries closer to infinite productivity of one production factor at a finite level of
productivity of another, become possible.

2.3. Terminology and Notation
For convenience, let us introduce the following concepts and notations:

k=K/Y l=LJY 1), (2
k =k/l=K/L k=dk/dl 3), 4
l=1l/k=1L/K [=dl/dk (5), (6)

where k, | — specific quantities of labour and capital; k, k — average and marginal capital-to-labour

ratios; [ , i— average and marginal labour-to-capital ratios.

We will refer to the function k = k(1) as the capital intensity function of technological progress and
the function [ = (k) as the labour intensity function. The factor of production, the specific amount
of which is an argument of such a function, will be considered independent. Note that the
independence of a factor in a particular function does not inherently make it a determinant of
changes in the dependent factor (although it may turn out to be).

Through normalization, the quantities in both functions become dimensionless:

kD: k/kP = fi (1/1°%) (7
[(k): /109 = £ (ke /kP%) 8)

where kP4, [P%s _ certain base quantities of specific capital and labour. The increments dk and dl
will be called absolute factor savings, and the quantities dk /k?%S and dl/1°%° — normalized savings.
The process in which the rate of capital savings exceeds the rate of labour savings can logically be
characterized as capital-saving technological progress, the opposite process as labour-saving
progress, and the process in which the rates of factor savings are equal as neutral progress:

¥: dink/dlnl>1 < dk/dl>k/l (9)
L£: dinl/dink >1 <  di/dk > l/k (10)
W dinl = dink (11)

3. THEORETICAL RESULTS AND DISCUSSION

3.1. National Strategies for Technological Progress
Countries can approach the zero technological frontier in various ways. In this process, both
productivity indicators should improve. This requirement can logically be referred to as a condition
for technological progress:

k> ki > k>0, > > 08>0 (12), (13)
where f is the number of the country's world technology frontier, denoted as X
For country A, which is a leader in one or both efficiency indicators, the technological progress
condition corresponds to tracks located in the sector bounded by the following rays: the lower vertical
ray L/Y =11 and the left horizontal ray K/Y = k. Since the virtual country Q serves as the
benchmark for country A, the shortest track to approach it is a ray of constant factor proportions. As

for the rest of the countries, each of them can move, disregarding the experience of other countries or
following the direction towards one of the more efficient "neighbours™ on the coordinate plane.
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For a specific country X, the most straightforward development strategy is to follow the same
direction as in the previous period. In the case of discrete time, the marginal capital intensity of
labour (capital-to-labour marginal ratio) and the marginal labour intensity of capital (labour-to-
capital marginal ratio) will have the following form:

kX = AkX/A1X X = AIX/AkX (14), (15)

Depending on whether these increments are calculated for the next or previous period, we will
obtain different marginal quantities:

l:‘ﬁtt = (ki — kD / U — 1) lﬁu = 1/kffu (16), (17)
kz))(as = (kg(_ kgil)/(lg(_ lg(—l) l;)\/as = 1/k{9Yas (18)1 (19)

where fut, pas are the future and past marginal quantities. The consistent direction of development
for country X will be expressed in the equality of future marginal quantities to past ones:

k)g{it = ké(as lf)';t = l.g(as (20), (21)
However, country X can change its development vector towards a more efficient country. In this

case, it is advisable to orient towards country A, the approach to which will require the slightest
change in the direction of past development:

(R K =k
min n :

i [\ O
kX> kM, X>1M, kX >k, >

where M - the numbers of countries that satisfy the technological progress condition of country X.
An alternative to the strategy of minimal change in the development direction is the strategy of
minimal change in current technological proportions. According to this strategy, country X will
orient itself toward country A, approaching which will require the most minor change in the
capital-to-labour average ratio (or the labour-to-capital average ratio).

oo

where N —numbers of countries that satisfy the condition of technological progress for country X
The geometric interpretation of both technological development strategies is presented in Fig. 1.

(22)

min

N=1,.n (23)
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Figure 1. Comparison of country's technological development strategies.
k=K/Y,l=L/Y — capital-to-GDP ratio, labor-to-GDP ratio; £2— finite point of technological
progress; 22X, Q2A, Q2N — rays of current technological proportions; VX — vector of past

development of country X; WTF; , — world technology frontiers.
Source: The model is developed by I. O. Zagoruiko
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On the left side of this figure, the strategy of minimal change in the direction of development is
depicted. Country X changes its development vector and begins to move towards country M, even
though country A is more efficient and has the same technological proportions as it.

The strategy of minimal change in technological proportions is illustrated on the right side of this
figure. Country X changes its development vector and starts moving towards country N, even
though country A is more efficient and located on its line of past development.

3.2. Global Technological Progress Trends

However, it is possible that the development of each individual country is significantly influenced
by specific global trends, which can be described by corresponding mathematical functions in
which the specific volume of one factor of production depends on the specific volume of another:
k = k(D)) or L = (k). In this case, the coordinate plane will be "filled" with technological progress
functions that have a similar form but differ in their parameters.

The discrete analogues of these functions will be international technological tracks (ITT). Country
X will orient itself towards the country that is next on the same technological progress track. These
tracks contain parts of sequential convex hulls of the set of countries, and their extreme boundary
segments are determined by additional suppositions. The first international track contains a part of
the convex hull of the entire set of countries. The second track contains a part of the hull of the
remaining countries and so on.

All tracks of the same type are open polygonal chains with a positive slope and concave or convex
relative to a certain baseline technological proportion. The baseline proportions are chosen as the
ratio of production factor factors of the world leader (or leaders) in terms of productivity or the world
outsider. If all countries are located on one side of the baseline, it transforms into a separate
technological progress track. If the initial segments of international tracks are parallel to this baseline,
technological progress will increasingly deviate countries from the baseline proportion between
production factors. If the final segments of international tracks intersect one of the coordinate axes,
the productivity of that production factor will reach a maximum with infinite productivity of the other.
The functions of technological progress can be represented as partial solutions to certain differential
equations:

k(D:  (dk/kPe): (d1/1°%) = fi (1/1°%%) (24)
I(k):  (dL/1P%5): (dk/kP®S) = f,(k/kP%S) (25)

where kP4 [P3S are certain base quantities of specific capital and labour volumes. The left-hand
sides of these equations are relative normalized factor savings, and the right-hand sides are
functions of the normalized specific volume of the independent factor.

The form of technological progress functions will be determined based on the following suppositions:
The first supposition is that, for any parameters of these functions, technological progress should
culminate at the world zeroth-order boundary:

k(1): l = lmi”' = k=0 (26)

1(k): k=k™M" = [=0 (27)
The second supposition is that a reduction in the specific volume of the independent factor of
production increases the relative normalized savings of the dependent factor:

ddk dl

KO (e ) (28)
ddl dk

1(k): a(lbas:kbas)<o (29)

The role of this supposition is that a reduction in the independent factor simplifies the savings of the
dependent factor but complicates its own savings. The geometric interpretation of both suppositions
is presented in Fig. 2.
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Figure 2. Suppositions about technological progress functions.
k =K/Y,l = L/Y — capital and labour intensity of gross domestic product;
k(l), L(k)- functions of capital intensity and labour intensity of technological progress;
B — points of basic intensity levels; 0B*, 0B rays of basic technological proportions;

%, L — capital-saving and labour-saving technological progress.
Source: The model is developed by I. O. Zagoruiko

The left half of this figure depicts the function of the capital intensity of technological progress,
while the right half shows the function of labour intensity. The marginal technological proportions
are lower than the average ones, and the averages do not exceed the basic ones.

k(D: dk/dl < k/l < k2% /12%s (30)
1(k): dl/dk < I/k < 1095 [kPas (31)

So, the function of capital intensity is entirely labour-saving, and the function of labour intensity is
entirely capital-saving.

Let us consider elementary power and exponential functions that correspond to the two initial
suppositions.

3.3. Unbounded power functions of technological progress

Power-type functions will correspond to a differential equation in which the ratio of normalized factor

savings is inversely proportional to the normalized volume of the independent factor increased by one:
de dl K dl  dk A

kbas * [bas l 1-K [bas * [bas 1-1 (32), (33)

(e + 1) (%Jf 1)

where , A are dimensionless positive parameters not exceeding one: 0 <k <1, 0 < A < 1. These

parameters determine the slope of the tangent line at the origin:

k(D): 1=0 = dk/dl = k- kPas/bas (34)
I(k): k=0 = dl/dk =A-[bas/|bas (35)
Partial solutions to this type of differential equation are unbounded power functions:
£ oL 1K L= (X 1A (36), (37)
kbas t1= [bas + [bas t1= kbas + '

As we can see, these equations are symmetric and can be transformed into each other. Thanks to
this property, they can form a unified set with a common base state, which includes both capital-
intensity functions k(l), describing labour-saving technological progress, and labor-intensity
functions [(k), describing capital-saving progress. The geometric interpretation of this property is
presented in Fig. 3.
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Figure 3. Unbounded power functions of technological progress.
k =K/Y,l = L/Y — capital and labour intensity of gross domestic product;
k(l), I(k)- functions of capital intensity and labour intensity of technological progress;
B — point of the basic technological state; 0B — ray of the basic proportion between production

factors; V', &, £, neutral, capital-saving, and labour-saving technological progress.
Source: The model is developed by I. O. Zagoruiko

In this figure, functions describing two different types of technological progress are depicted: above
the ray of the basic technological proportion are labour-intensity functions describing capital-saving
technological progress, and below this ray are capital-intensity functions describing labour-saving
progress. The higher the exponent of the function, the closer it is to the ray of the basic
technological proportion. A linear function of technological progress coincides with the ray of the
basic proportion between production factors and represents neutral technological progress.

3.4. International Tracks of Technological Proportion Convergence

A discrete analogue of unbounded power functions is the international tracks of technological
proportion convergence (ITT “°™¥— convergence tracks). The ray of the basic proportion passes through
the point of the ideal technological state — 7(1’""”, kmi”), coordinates of which represent a combination
of the lowest existing levels of resource intensity. If this combination is virtual, the basic ray "splits" the
set of countries into two parts. Countries located to the left (above) of the basic technological proportion
ray follow capital-saving tracks — analogues of labour intensity functions [(k). Countries located to the
right (below) of the basic technological proportion ray follow labour-saving tracks — analogues of
capital intensity functions k(). The initial tracks for both factors are closest to the basic proportion ray.
During technological progress, countries' technological proportions converge toward the basic one.
Suppose one country is a leader in both productivity indicators in the world economy. In that case, its
state is ideal and moves toward the point £2(0,0), keeping the ratios of its production factors unchanged.
In such a country, technological progress is neutral. In the case where the leader's technological
proportion is extreme, only one type of factor-saving track remains in the world economy.

A graphical representation of international tracks of technological proportion convergence is
presented in Fig. 4.

In the left part of this figure, the world technology frontier of the first order is formed by two
countries, so the ideal technological state is virtual. The ray of the basic technological proportion
passing through this point can be considered a virtual zero convergence track. In the case presented
in the figure, the initial convergence tracks pass through the points of efficiency leaders and
extreme technological proportions.
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Figure 4. International Tracks of Technological Proportion Convergence.
k=K/Y,l = L/Y — capital and labour intensity of gross domestic product;

PITTCOM | RITTComv_ labour-saving and capital-saving tracks of technological proportion
convergence; #ITT§°™ — zero convergence track and neutral technological progress;
0 —finite point of technological progress; B — point of the basic technological state;
2B — ray of the basic proportion between production factors; WTF;— world technology frontier

of the first order.
Source: The model is developed by I. O. Zagoruiko

In the right part of this figure, the world technology frontier of the first order is formed by one
country, so its technological state is ideal. The country moves along a track of neutral technological
progress. In this case, the world leader has the highest average capital-to-labour ratio, so all other
countries move along labour-saving tracks. Additionally, the first labour-saving track passes
through the point of the country with the lowest average capital-to-labour ratio.

In both cases, technological progress becomes neutral for countries located on the final segments of
international tracks.

3.5. Exponential Functions with Slant Asymptotes

Alternative scenarios of global technological progress can be represented using indicator functions
with slant asymptotes.

Like unrestricted power functions, these indicator functions can have a common base state and
differ only in dimensionless parameters. Thanks to this property, they can also form a unified set,
including both capital intensity functions k(l)and labour intensity functions [(k).

Functions of the indicator type will correspond to a differential equation in which the ratio of
normalized factor economies is equal to the inverse exponent of the normalized specific volume of
the independent factor, increased by one:

dk dl l

k(l) kbas : [bas = K/exp (lbas) +1 (38)
di  dk k

l(k) m:m =)l/exp (W)-l-l (39)

Partial solutions to these differential equations consist of two types of indicator functions with slant
asymptotes.
The following equations describe the functions of the first type:

! k
k (l): kbas = lbas
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l k k
U(k): T = Tpas + A [1 - exp( kbas)] (41)
and functions of the second type are described by the following equations:
k l l
k”(l): kbas = [bas — K- exp (_ lbas) (42)
l k k
lu (k): lbas kbas —4- exp ( kbas) (43)

Where , A are dimensionless positive parameters: k > 0, 4 = 0.
Both types of functions have slanted asymptotes. The slope angle of these asymptotes is equal to the
slope angle of the basic technological proportion ray:

dk dl
l—w = o= (44)

kbas lbas
The difference lies in the fact that each function of the first type has its own asymptote, shifted
parallel to the basic ray by an amount proportional to the dimensionless parameter. This allows all
of them to reach their origin. Moving along such a function, the economy increasingly deviates
from the basic proportion between production factors.
On the other hand, all functions of the second type share a common asymptote - the ray of the basic
technological proportion. Moving along such a function, the economy also deviates from the basic
proportion between production factors. However, its technological progress ends on the axis of the
independent factor.
The geometric interpretation of both types of power functions is presented in Fig. 5.
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Figure 5. Power Functions of Technological Progress with Slant Asymptotes.
k =K/Y,l = L/Y — capital and labour intensity of gross domestic product; k() — functions
of capital intensity of technological progress; B — the point of the basic technological state;
0B — the ray of the basic proportionality between production factors; N, %, £ — neutral, capital-
saving, and labor-saving technological progress; U F¥— the tangent ray to the function k, (1) at the

point of its intersection with the capital intensity axis.
Source: The model is developed by I. O. Zagoruiko
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In the left part of this figure, functions of the capital intensity of technological progress describing
labour-saving technological progress are depicted. Their slanting asymptotes are parallel to the ray
of the basic technological proportionality. Each function's asymptote intersects the dependent
factor's axis at a level proportional to its basic value. The graphs of the functions themselves reach
the origin.

In the right part of this figure, functions of capital intensity of technological progress are also
shown. However, for these functions, the ray of the basic technological proportionality serves as a
common asymptote, and they describe capital-saving technological progress. The graph of each
function intersects the axis of the dependent factor at a negative level proportional to its basic value.
For a zero dimensionless parameter, both types of functions coincide with the ray of the basic
proportionality between production factors.

3.6. International Tracks of Technological Proportion Divergence

The discrete analogue of power functions with slanting asymptotes of the first type is
international tracks of technological proportion divergence leading to a state of infinite
productivity of both production factors ITT™ — tracks to infinite productivity). The second type's
discrete analogue of power functions is international tracks of technological proportion
divergence leading to a state of finite productivity of the independent production factor ITT/"—
tracks to finite productivity).

Since, in both cases, technological progress increasingly deviates countries from the ray of basic
technological proportionality, the point of "horrible" state H (I™%*, k™%*) is chosen as the basic
state, with coordinates being a combination of the highest existing levels of resource intensity.
Considering that the original continuous functions were located on one side of the basic ray, in the
discrete model, it must be accurate and reflect an extreme technological proportion. This is possible
only if the basic state is real, that is, the point of the world outsider — the country with the worst
productivity indicators for both production factors. Therefore, a condition for applying both models
of divergent tracks is the existence of a single-world outsider characterized by an extreme ratio of
its production factors.

The initial sections of both types of divergent tracks are parallel to the ray of basic technological
proportionality. However, in the case of ITT™/ the first constructed track is the furthest from the
basic ray, while in the case of ITT/™, it is the closest to it.

If the tracks of ITT™ are located to the left (above) of the basic ray, they will be discrete analogues
of capital intensity functions k(1) and reflect labour-saving progress. In contrast, they will be
discrete analogues of labour intensity functions [(k) and reflect capital-saving progress in the
opposite case.

In the case of ITT/™, the relationship between the original functions and the types of factor-saving
progress will be opposite. If the tracks of ITT/™ run to the left (above) of the basic ray, they will
be discrete analogues of labour intensity functions I(k)and reflect labour-saving progress. If,
however, the tracks of ITT/™ run below (to the right) of the basic ray, they will be discrete analogs
of capital intensity functions k(l)and reflect capital-saving progress.

The graphical representation of international tracks of technological proportion divergence is
presented in Fig. 6.

Please note that the text contains specialized economic and mathematical terminology that may
require additional context for a comprehensive understanding.

In both cases presented in this figure, one absolute leader and one absolute outsider in the world
economy are heading towards the state of highest efficiency through neutral technological progress.
(Although these progress tracks for the outsider are identical, for the sake of convenience, we will
denote them according to the other tracks in the model). It should be noted that the track of neutral
progress does not provide the outsider with a faster development in physical time compared to other
countries.
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Figure 6. International Tracks of Technological Proportion Divergence.
k =K/Y,l = L/Y — capital and labour intensity of gross domestic product;

RITT™ | £ITT/ " capital-saving tracks to infinite productivity of both production factors
and finite labour productivity; #2ITT — tracks of neutral technological progress; £2 — finite point
of technological progress; O — infinitely distant virtual countries from which technological progress

tracks begin; U, F — ultimate and finite points of RAITTT™ tracks; Z — virtual state of the leader on

the ZITT/ ™ track, corresponding to its current labour intensity and zero capital intensity;
B — the basic country with the worst technological state; £2B — the ray of basic proportionality

between production factors; WTF; — world technology frontiers of the first order.
Source: The model is developed by I. O. Zagoruiko

In the left part of the figure, capital-saving tracks RITTS leading to the state of infinite
productivity of both factors of production are depicted. The world outsider has the lowest level of
average labour-capital ratio. The leader in terms of productivity indicators is located on the final
segment of the second capital-saving track, which makes technological progress neutral for them.
The same applies to the country with the maximum average labour-capital ratio. It is located
on the final segment of the first capital-saving track, so technological progress also becomes neutral
for them.

In the right part of the figure, capital-saving tracks RITTS mleading to a state of finite labour
productivity are depicted. The world outsider has the highest level of average labour capital
intensity. The leader in terms of productivity indicators is located on the final segment of the first
capital-saving track. Thus, their final state has the lowest level of labour intensity. The country with
the lowest level of labour capital intensity is on the final segment of the second capital-saving track.
Thus, its final state has a higher labour intensity than the world leader.
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Determining the directions of the final segments of tracks with finite labour productivity
(in this case, for labour-saving tracks RITT™ and ITT/™ is a separate issue that needs to be
addressed in a general context.

Unlike the tracks ITT™, which converge to a single point, the tracks ITT/™ "bypass" the state of
infinite productivity of production factors €2(0,0). Their final segments initially intersect the axis
of the independent factor and then virtually extend to the point of intersection with the axis of the
dependent factor. The first (finite) point of intersection determines the highest level of independent

factor productivity under conditions of infinite productivity of the dependent factor — Tj" (l]f n 0) or

7-"}(0, k]f i"), respectively. The second (ultimate) point of intersection is in the negative region and
defines the virtual level of dependent factor productivity under conditions of infinite productivity of
the independent factor — (0, k}***) or Uj (1}, 0).

If the country A; (™™, k/™™), which is a leader on its track, increases productivity only for the
dependent factor, it will move towards a virtual state — Z/(*", 0) or 2} (0, k]"'™).

Based on these concepts, let's determine the direction of the final segment of the track of limited
independent factor productivity. To do this, we will make the following suppositions.

First, let us assume that the last point U;of the track ITiji”must be such that the movement of each
country X; in its direction allows for the maximum increase in the productivity of the independent
factor. This supposition is equivalent to minimizing the angle of this direction with respect to the
axis of the independent factor:
k(D: (k¥ = k") /1¥ - min X=1,...x (45)
L(k): (L¥ = 1) /k* > min X=1,...x (46)

where X'is the country number on the track ITijm, starting from the leader (X = 1); y is the total
number of countries on this track.

Secondly, let us assume that during the direct movement towards point U;, no outsider (X = 2) can
surpass the level of independent factor productivity already achieved by the leader:

k(D): F/(1-k¥/kf) =10 X=2,...x (47)
1(k): K- ) =k xX=2,..x (48)

Together, these two suppositions ensure the convexity of the international technological track. On
the other hand, such a DEA method for constructing the final segment of the limited productivity
track is the only one that does not require more information than what is already available on the
technological plane.

The made suppositions form a programming problem, the solution of which transforms the
provided inequalities into equations and allows determining the intersection point of the
international technological track with the axis of the dependent factor:

ul;‘(oz K1) kll*lt K/ -1) > (49)

t . t 2 1 2 1

wu(r,0): Ut =1/(kP K —1)  kE > K (50)
X =1, the left-hand side of the above inequalities determines the lower bound of the reduction in

the specific amount of the independent factor. Substituting the coordinates of the last point U;into
them will yield the desired quantity:

fin 1 ljz

el (i)
12

K = kl/l1+—-<—’1— >l (52)
kj
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As we can see, the intersection point of the track ITY}.f "with the axis of the independent factor is
determined by the technological states of the leader A; and the following country in line. The closer
these countries are in terms of the independent factor's productivity, the lower the last point U; is
located in the negative region, and the greater the angle of inclination of the last segment of this
track will be, thus the smaller the distance between the virtual points F;and Z;. In other words, the
similarity in the productivity of the independent factor between these countries can be considered an
indication of their proximity to the limit of their productivity. In the same direction, an increase in
the specific volume of the dependent factor operates in the second country. Its high value negatively
affects the possibility of reducing the specific amount of the independent factor.

In the right part of Figure 6, the world leader in terms of productivity is the only real country on

the first capital-saving track %ITTlﬂn. Far beyond it is the virtual country O¥. The segment on
which it is located is parallel to the base technological proportion. Therefore, the ray U¥Z¥can
also be considered parallel to this ray. This determines the point U¥, and the ray drawn from it to

the state of the world leader is the point FX, thus the virtual minimum level of labour intensity on
this track.

4. CONCLUSIONS AND RECOMMENDATIONS

In accordance with the objectives set in this study, the following results have been obtained:

1. Elementary strategies for a country's movement on the "labour-output — capital-output” plane
"L/Y—K/Y" have been identified: 1) movement in the former direction, regardless of the positions
of more efficient countries; 2) movement in the direction of a more efficient country, where
approaching it requires either minimal changes in the previous development vector or minimal
changes in the current proportion between production factors.

2. Three types of functions that can reflect global trends in changes in the productivity indicators of
production factors have been proposed: 1) an unbounded power function that terminates at the
origin — the point of infinite productivity of both production factors; 2) two exponential functions
with oblique asymptotes, one of which "bypasses™ the origin.

3. DEA analogues of these types of technological progress functions have been determined. The
discrete analogue of a set of unbounded power functions differing in the exponent is the
international tracks of convergence of technological proportions to the base level defined by the
conditions of leader countries. The discrete analogue of a set of exponential functions that reach the
origin is the international tracks of divergence of technological proportions leading to a state of
infinite productivity of both production factors. The discrete analogue of a set of exponential
functions that "bypass" the origin is the international tracks of technological proportions divergence
leading to infinite productivity of only one production factor.

All proposed models require only the statistical data necessary to determine the specific volumes of
two production factors. They can potentially forecast the movement of national economies on the
"L/Y-K/Y" indicators plane. However, due to their purely non-parametric nature, the proposed
models can only determine the directions of countries’ movement, but not their indicators for
specific future periods.

Acknowledgements
The authors would like to express their sincere gratitude to editorial and publishing department for
technical assistance, which significantly expedited the preparation and publication of this research.

Conflict of Interest statement
The authors declare no conflict of interest.

117



Cepist: ExoHoMiuHI HayKkn Bunyck 69

References

1. Agan, B. (2022). Technological achievement of the world: An update and analysis of countries,
continents and periods. ZIzmir Journal of Economics, 37(1), 250-268. doi: 10.24988/
ije.1005608.

2. Amavilah, V.H., & Andrés, A.R. (2023). Technological knowledge progress: Were famous
laws almost correct in developing and emerging economies? PLoS ONE 18(5). doi: 10.1371/
journal.pone.0283107.

3. Ault, J.K., & Spicer, A. (2022). The formal institutional context of informal entrepreneurship:
A cross-national, configurational-based perspective. Research Policy, 51(9). doi: 10.1016/
J.respol.2020.104160.

4. Braun, M., Bustos, S., & Céspedes, L.F. (2021). Innovation Strategy and Economic
Development. Center for Global Development, Working Paper, 590. Retrieved from
https://www.cgdev.org/publication/innovation-strategy-and-economic-development

5. Carracedo, P., & Puertas, R. (2022). Country efficiency study based on science & technology
indicators: DEA approach. International Journal of Innovation and Technology Management,
19(01). doi: 10.1142/S0219877021400058.

6. Kriiger, J.J. (2020). Long-run productivity trends: A global update with a global index. Review
of Development Economics, 24(4), 1393-1412. doi: 10.1111/rode.12699.

7. Lafuente, E., Acs, Z.J., & Szerb, L. (2022). A composite indicator analysis for optimizing
entrepreneurial ecosystems. Research Policy, 51(9). doi: 10.1016/j.respol.2021.104379.

8. Lafuente, E., Acs, Z.J., Sanders, M., & Szerb L. (2020). The global technology frontier:
productivity growth and the relevance of Kirznerian and Schumpeterian entrepreneurship.
Small Business Economics, 55(1), 153-178. doi: 10.1007/s11187-019-00140-1.

9. Mastromarco, C., & Simar, L. (2021). Latent heterogeneity to evaluate the effect of human
capital on world technology frontier. Journal of Productivity Analysis, 55(2), 71-89.
doi: 10.1007/s11123-021-00597-x.

10. Mitropoulos, P., & Mitropoulos, A. (2022). Productivity growth and technology gaps of the
national systems of entrepreneurship: Is there a convergence pattern between efficiency-driven
and innovation-driven countries? International Journal of Innovation and Technology
Management, 19(05), 1-16. doi: 10.1142/S021987702241005X.

11. Mitropoulos, P., & Mitropoulos, A. (2023). Evaluating efficiency and technology gaps of the
national systems of entrepreneurship using stochastic DEA and club convergence. Operational
Research, 23(1), 1-28. doi: 10.1007/s12351-023-00746-0.

12. Mohamed, M.M.A., Liu, P., & Nie, G. (2022). Causality between technological innovation and
economic growth: Evidence from the economies of developing countries. Sustainability, 14(6).
doi: 10.3390/su14063586.

13. Narayanan, E; Binti Ismail, WR, & Bin Mustafa, Z. (2022). A data-envelopment analysis-based
systematic review of the literature on innovation performance. Heliyon, 8(12). doi: 10.1016/
j.heliyon.2022.e11925.

14. Panwar, A., Olfati, M., Pant, M., & Snasel, V. (2022). A review on the 40 years of existence of
data envelopment analysis models: Historic development and current trends. Archives of
Computational Methods in Engineering, 29, 5397-5426. doi: 10.1007/s11831-022-09770-3.

15. Sichera, R., & Pizzuto, P. (2019). Convergence clubs: A package for performing the Phillips
and Sul’s club convergence clustering procedure. The R Journal, 11(2), 142-151.
doi: 10.32614/RJ-2019-021.

16. Skare, M., & Riberio Soriano, D. (2021). How globalization is changing digital technology
adoption: An international perspective. Journal of Innovation & Knowledge, 6(4), 222-233.
doi: 10.1016/j.jik.2021.04.001.

17. Wang, X. (2020). Empirical research on technological progress and income gap. In ICBIM: The
4th International Conference on Business and Information Management (pp. 54-58).
doi: 10.1145/3418653.3418669.

118



Cepist: ExonHomiuHi Hayku Bunyck 69

18. Zagoruiko, I., & Petkova, L. (2022). Model of world technological and economic efficiency
frontiers. Journal of International Studies, 15(2), 174-198. doi: 10.14254/2071-8330.2022/15-
2/12.

19. Zagoruiko, 1.0., & Petkova, L.O. (2021). Concept of the world technological frontier:
Methodology, problems and interpretations. Zbirnyk naukovyh prats (Proceedings of Scientific
Works) Cherkaskogo derzhavnogo technologichnogo universitetu. Seria: ekonomichni nauky,
61, 5-21. [in Ukrainian]. doi: 10.24025/2306-4420.61.2021.234527.

MI’KHAPOIHE 3MAT'AHHSA 3A TEXHOJIOTTYHY E®OEKTUBHICTb:
METOJOJIOTTA HEHAPAMETPUYHOI'O MOJAEJIFOBAHHSA

IBan OunekciiioBu4 3aropyiko
KaHJIUJAaT eKOHOMIUYHUX HayK, JIOLEHT,
JOIIEHT Kadeapu Mi>KHAPOTHOI EKOHOMIKH Ta Oi3HeCy
Uepkacbkuil 1ep:KkaBHUN TEXHOJIOTTYHUN YHIBEPCUTET
18006, 6-p [lleBuenka, 460, YUepkacu, Ykpaina
https://orcid.org/0000-0003-2819-0793
e-mail: zagoruikovanmacro@gmail.com
Jlecss OmensiniBHa IleTkoBa
JIOKTOp CKOHOMIYHHX HayK, rpodecop,
3aBigyBay kadeapu MXKHAPOAHOT EKOHOMIKH Ta Oi3Hecy
UYepkacbKuil 1epyKaBHUM TEXHOJIOTIYHUN YHIBEPCUTET
18006, 6-p LlleBuenka, 460, Uepkacu, Ykpaina
https://orcid.org/0000-0003-4519-3726
e-mail: |_petkova@ukr.net

Anortanisi. CTaTTIO MPUCBSIYCHO PO3POOJICHHIO METOJ0JIOTIT HermapaMEeTPUYHOTO MOJICIIOBAHHS JUHAMIKU
MMOKa3HUKIB €(heKTUBHOCTI KpaiH, 3Ba)Kal0OYl Ha CBITOBUW TEXHOJOTIYHHI TIpoTpec. B OCHOBY MOCIHIKEHHS
noxmaneHo merox DEA 3 nBoma Bxomamu. [lporoHoBaHi Mozeni moOyaoBaHI B CHCTEMI KOOpJIMHAT
«IPalEeMICTKICTh — KaIiTaIOMICTKICTh». B Tpolieci cBOro po3BUTKY KpaiHH IOCIIJIOBHO TEpPETHHAIOTH
CBITOBI TEXHOJIOTIYHI pyOeXi PI3HUX TOPSIKIB — BiJi MEHII €(pEeKTHBHOTO JI0 BCe OLIbII €PEeKTUBHOTO.
EnementapHuMu crpateriiMu KpaiHM Ha IDIONIMHI IHTEHCHBHOCTEH (hakTopiB BUpOOHHITBA €: 1) pyx
Y KOJIMITHBOMY HAIpPSMKY, HE3BOKAIOUH Ha CTaH OiLIbll e()eKTUBHUX KpaiH; 2) pyX y HAmpsIMKY Ti€i OinbIn
epeKTHBHOI KpaiHW, HaONVKEHHs N0 sKoi BHMarae abo MiHIMaIbHOI 3MIiHM IONEPETHHOTO BEKTOPa
PO3BUTKY, 00 MiHIMAIIbHOI 3MiHH MTOTOYHOI Mponopiii Mix (akTopamu BUpOOHUNTBA. [jis BimoOpakeHHs
ro0abHUX TEHJCHIIH OyAyIThCS TEOPETHUYHI JIiHIT — MDKHApOJHI NUISXH TEXHOJOTIYHOTO MpOrpecy.
KoxHuii Takuil NUIIX € ONMYKJIOK OOOJIOHKOI CTaHIB KpaiH 1, HA BiMIHY BiJ{ CBITOBOIO TEXHOJIOTIYHOTO
pyOexy, Mae nonaTHUN Haxwil. SIKIIo rino0anbHi YMHHUKH PO3BUTKY IME€PEBAKATUMYTb HaJl BHYTPILIHIMHU,
KpalHM MOJAUIATHCS Ha TPYNH, KOXKHA 3 SIKUX OyZe pyXaTHCsl BIACHUM TEXHOJIOTIYHUM HUIIXOM. B Mexax
OKpeMOi TrpynH OiuTbIl BifcTala KpaiHa oOMpaTHMe 3a 3pa30K Oulbll TepenoBy KpaiHy. Kpaina, mo
po3TalmoBaHa Ha OCTaHHIN (HalOUTBII eDeKTHBHI) AUISHII CBOTO MDKHAPOJIHOTO TEXHOJOTIYHOTO IMUISXY,
PYXaTUMETHCS B HAIPSIMKY [IEBHOTO BipTYalIbHOTO CTaHY.

3aJie)KHO BiJI XapakTepy TIJI00abHOI TEXHOJIOTIYHOI TEHACHIT MDKHAPOJHI [UISIXH TEXHOJOTIYHOIO
MIPOTrpecy MOXKYTh BECTH IO KOHBEPreHIIiT Mponopiii GpakTopiB BUPOOHMIITBA KpaiH 3 PI3HUX IPym abo 10 ixX
nuBepreHuii. B mepmomy Bumaaky yci MDKHapoAHI HUISIXM 3aBEPLIYBATHMYTbCS B TOYIl HaWBHUIIOI
e(eKTUBHOCTI. Y BHIIAAKY JMBEPreHIlil TEXHOJOTIYHUX IMPOIMOPIH MOXIIMBI IIISXH, 10 OMHHAIOTH I[FO
TOYKY, HaOMMKaro4u KpaiHW A0 HECKIHYEHHOi NPOJYKTHBHOCTI OJHOTO (akTopa BHPOOHHMIITBA 3a
CKIHUEHHOT'O PiBHSI IPOAYKTHUBHOCTI 1HILIOTO.

KarouoBi cioBa: aHami3 OXOIUICHHS JaHUX, €PEKTUBHICTh HAIIOHAILHUX €KOHOMIK, TEXHIYHHI TpOTpec,
CBITOBUH (TTI00aNBHHUN) TEXHOJIOTTUHMMA PyOiXk, (haKTOpH BUPOOHUIITBA, TEXHOJIOTIYHI TIPOIIOPIIII.
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