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Purpose. To analyze the relationship between induced innovations, economic growth and technological unem-
ployment in the theory of D. Ricardo, as well as to adapt the mathematical model of L. Pasinetti to test the eco-
nomic effects of replacing human labor with machines.

Methodology. The research methodology is based on a combination of system analysis and economic and math-
ematical modeling. Specific economic research methods are used: frontier analysis (to model the dynamics of the
evolution of capital, employment and other indicators of economic conditions under the influence of changes in
other factors); equilibrium analysis (to find the states of stationary equilibrium of the economic system); graphical
analysis (for data processing and visual demonstration of the research results).

Findings. The main components of D. Ricardo’s economic growth model are analyzed. Using the adapted math-
ematical model of L. Pasinetti, the pessimistic and optimistic scenarios of economic growth with regard to techno-
logical progress are tested. It is proved that D. Ricardo’s system is holistic, logically complete and subject to mathe-
matical formalization. It is demonstrated that under certain conditions, the Ricardian model allows for the simulta-
neous introduction of innovations and the absence of a reduction in gross product in the short term.

Originality. The methodological approaches to studying the relationship between innovation and technological
progress, on the one hand, and employment and technological unemployment, on the other hand, have been further
developed. An integral part of this relationship is economic growth, the dynamics of which determines the nature of
the impact of innovations on the welfare of the population. The analysis of the Ricardian model has shown that with
the gradual introduction of machines and their sufficiently high efficiency, the new steady state equilibrium is charac-
terized by higher values of accumulated capital, employment and gross product than the previous one.

Practical value. The article proposes a modified mathematical model by L. Pasinetti, which forms a Ricardian
methodological framework for analyzing the socio-economic effects of induced innovations. The obtained results can
be adapted and applied to analyze modern aspects of technological unemployment, in particular, for further study of

the phenomenon of artificial intelligence and digitalization of the economy.
Keywords: economic growth, innovation, technological progress, technological unemployment

Introduction. The problem of replacing human labor
with technical innovations remains one of the most con-
troversial issues in economic science. On the one hand,
the deepening robotization of production, global digita-
lization, and the widespread use of artificial intelligence
technologies create risks of technological unemploy-
ment. On the other hand, new technologies, while elim-
inating some professions, create employment opportu-
nities in other areas.

The problem of technological unemployment has a
long history. For example, in the 79" century, large-
scale conflicts between workers and entrepreneurs often
occurred, even resulting in the destruction of equip-
ment. Probably, the social reality observed by D. Ricar-
do, one of the founders of the classical school of politi-
cal economy, convinced him that replacing human labor
with machines was detrimental to the interests of the
working class. And then he supplemented his funda-
mental work “On the Principles of Political Economy and
Taxation” (hereinafter, “Principles”) with a discussion
section on machines, outlining his pessimistic vision of
the problem.

However, the historical analysis does not provide a
clear answer to the question of how innovations promote
or threaten employment. In our opinion, it is impossible
to study this issue without examining the relationship
between innovation and economic growth, and between
economic growth and employment. After all, in the
short term, innovations can lead to the loss of certain
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sectors of the economy and related jobs [1]. However, in
the long run, technological progress helps to increase
productivity, increase the size of the economy, expand
demand, and thus create new jobs.

Literature review. Modern researchers maintain a
traditionally high interest in various aspects of D. Ri-
cardo’s work. One of the basic mathematical models of
the Ricardian system was developed by L. Pasinetti. It
was guided by many other authors who proposed alter-
native or modified models: H. Brems, H. Barkai, P. Sam-
uelson, A. Montezano [2], G. Freni and N. Salvadori
[3], D. Tavani [4], and others.

The innovative component of Ricardian economics
immediately became the subject of heated debate. This
was due to its counterintuitiveness, as well as a certain
departure from the recognition of market laissez-faire.
N. Kaldor, G. Stigler, and other economists declared
that some of the assumptions made by D. Ricardo about
innovation were wrong, using the postulate of Pareto-
optimal perfect competition. K. Wicksell, relying on the
doctrine of neoclassical economics, argued that as a re-
sult of innovations, gross product would grow and jobs
would be saved. On the other hand, P. Samuelson
praised the idea that net income could increase in com-
bination with a fall in gross income as a result of the use
of machines. J. Hicks also admitted that the introduc-
tion of innovations could lead to a temporary reduction
in final output. Some components of this discussion are
highlighted in the works by: S. Hollander (points out the
internal contradiction of Ricardo’s views on technologi-
cal unemployment, analyzes different interpretations of
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his chapter “On Machinery” among economists) [5];
H. Barkai (emphasizes the analytical difficulty associat-
ed with the lack of a clearly formulated theory of de-
mand that Ricardo faced and which he could not fully
overcome); T. Humphrey (comparing and contrasting
the views of D. Ricardo and K. Wicksell on the impact
of technological progress on employment); J. Mokyr
(argues that every technological wave is a cause for con-
cern, but historically, technological progress has always
led to economic growth and job creation) [6];
M. Ramirez (critical analysis of the views of D. Ricardo
and K. Marx on the impact of machines on labor pro-
ductivity, organization of production and employment
prospects) [7].

A current scientific trend involves attempts to assess
the phenomenon of digitalization, robotization, and ar-
tificial intelligence (AI) through the prism of their con-
nection with technological unemployment. Among the
well-known scientists studying this issue are D. Acemo-
glu (analysis of the risks associated with the introduc-
tion of Al technologies: excessive automation of labor,
deepening inequality, lower wages, lack of productivity
growth) [8], S. Johnson (comparing the impact of
mechanization during early industrialization with the
possible consequences of the introduction of Al in the
modern labor market) [9], P. Aghion (understanding
the potential of Al as a driver of economic growth in the
context of the historical development of automation)
[10], D. West (analysis of economic shocks associated
with the deepening of robotization and the introduction
of Al technologies) [11], J. Sachs (identifying the condi-
tions under which robotization leads to a decrease in the
welfare of society) [12], C. Frey and M. Osborne (quan-
tifying the potential impact of computerization on the
labor market and identifying the professions that are
most susceptible to automation) [13], K. Prokopowicz
(study of employees’ concerns about the possibility of
losing their jobs due to robotization and readiness for
advanced training to prevent technological unemploy-
ment) [14], M. Morikawa (showing that flexible and
adaptive skills of employees with higher education are
complementary to Al technologies) [15], V. Yedynak
(substantiated methodological principles for the practi-
cal implementation of employee development in the
digital economy) [16].

Unsolved aspects of the problem. It seems that there
is a certain contradiction in the key theses of D. Ricardo
regarding technological progress. He started a theoreti-
cal discussion that continues to this day. Our contribu-
tion to this debate is an attempt to abstract from the so-
cial parameters of the problem of technological unem-
ployment and to use formal mathematical methods to
test the integrity of the Ricardian model of economic
growth with innovation.

The purpose of the article is to analyze the relation-
ship between induced innovations, economic growth
and technological unemployment in the theory of D. Ri-
cardo, and to adapt L. Pasinetti’s mathematical model
to test the economic effects of replacing human labor
with machines.

Methods. In the course of the study, various meth-
ods of scientific cognition were used. In particular, the
method of system analysis was used to identify the char-
acteristic features of the Ricardian theory of economic

growth and to study the relationship between its various
components. To assess the impact of innovations on the
dynamics of economic growth and employment indica-
tors, the author uses economic and mathematical mod-
eling tools. Specific economic research methods were
also applied, such as marginal analysis (to find the mar-
ginal values that allow determining the change in a phe-
nomenon or process under the influence of a change in
a certain factor); equilibrium analysis (to find the states
of stationary equilibrium); graphical analysis (to process
data and further illustrate it for greater clarity).

Results. In the “Principles”, Ricardo primarily sub-
stantiated the theory of income distribution; we learn
about his views on economic growth in passing from the
analysis of capital accumulation, the structure of the
distribution of total income between land rent, profit
and wages, as well as a pessimistic view of the role of
technological progress in economic development.

Using tables with arithmetic calculations, Ricardo
tried to model the economic system and show the cause-
and-effect relationships between its various elements.
Although Ricardo’s arithmetic is far from the analytical
capacity of modern mathematical methods, it allows us
to come closer to understanding the Ricardian system
with a minimal risk of misinterpreting his basic ideas.

Ricardo’s system of views on economic growth was
formed on the basis of the theory of labor value, the
theory of income distribution, the classical theory of
rent, the principle of population by T. Malthus, and the
doctrine of the wage fund. It is necessary to provide a
brief description of each of these concepts. In the intro-
duction to the “Principles” D. Ricardo explicitly stated
that the main goal of political economy is to study the
laws of income distribution, and for this purpose it is
necessary to develop a holistic theory of value or a theo-
ry of relative prices [17]. The labor theory of value is
based on the fact that the cost of production is measured
by the amount of labor involved, and, accordingly, the
main reason for the change in the relative value of goods
is an increase or decrease in the amount of labor re-
quired for their production. D. Ricardo recognized the
difference between use and exchange value, which was
described by A. Smith, and believed that the use value of
a commodity (“value in use’) is only a prerequisite for
exchange. He understood that the value of some scarce
goods (rare paintings, coins, books) depends more on
the desire to own them. But the vast majority of goods
are reproducible, and their production requires a certain
amount of labor, which determines the ultimate value of
these goods.

In this regard, the problem arose of finding a con-
stant measure of value, or a commodity whose produc-
tion would always require the same amount of labor. In
modern terms, there are two properties that characterize
a commodity as a constant measure of value: a) zero
relative price elasticity with respect to technical condi-
tions of production, i.e. zero substitutability in produc-
tion; b) zero relative price elasticity with respect to
changes in wages or profits. In search of the basic stan-
dard (numéraire) by which the price is calculated, Ri-
cardo explored various options, but did not find a per-
fect one, since the production of any product was sub-
ject to technological changes, and therefore required
different amounts of labor over time. In the end, Ricar-
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do hypothesized that gold was the best “approximation
to the truth” and could at least partially serve as an “im-
perfect” measure of value [18].

The next component of Ricardo’s system is the the-
ory of distribution. This concept reveals the mechanism
of distribution of total social income among the three
classes involved in the reproduction process. Landlords
provide land for use and receive rent, employees form
the supply of labor and receive wages, and entrepreneurs
invest capital and expect profit. Total output depends
solely on technological conditions, but its distribution
among classes is determined by the interaction of a set of
technical, economic, and demographic factors. Accord-
ing to the theory, there is a “natural” level of factor pric-
es, as well as temporary and insignificant deviations
from this level (real market prices). The equality of real
and natural prices for production factors is a condition
for stationary market equilibrium.

Rent was considered as the difference between the
average and marginal product of land use: “...rent is al-
ways the difference between the produce obtained by the
employment of two equal amounts of capital and labor”
[17]. D. Ricardo recognized that with the intensive use
of land (its cultivation, accompanied by an increase in
capital investment), rent increases, and at the same time
there is a decrease in the marginal productivity of pro-
duction factors. If there were a surplus of land and it did
not differ in its properties and quality, there would be no
need to pay for its use at all. However, the historical cir-
cumstances that developed during the Napoleonic Wars
and the continental blockade of Great Britain convinced
D. Ricardo that land was a fixed supply. In the classical
theory, we are talking exclusively about agrarian rent,
since it is assumed that land has no alternatives for use.
Ricardo (like his close friend T. Malthus), studying the
problem of income distribution between rent, wages and
profits, deliberately ignored the industrial sector, as-
suming that the rent in fabrication is insignificant and
therefore can be neglected.

An important component of the economic growth
process in Ricardo’s theory is Malthus’s principle of
population, which holds that, if unchecked, population
grows geometrically while subsistence increases only ar-
ithmetically, so the former ultimately outpaces the latter
[19]. Obviously, the difference in growth rates establish-
es a discrepancy between the potential growth of the
population and its food supply. Therefore, according to
T. Malthus, population can remain commensurate with
the means of subsistence only under the continual ac-
tion of a strong law of necessity that checks the other-
wise greater tendency of population to expand [19]. But,
in addition to insufficient food supply, T. Malthus iden-
tified other constraints, which he divided into “positive
checks” (diseases, increased mortality) and “preventive
checks” (moral restraint, lower birth rates). T. Malthus
convincingly argued that mortality from certain diseases
strongly depends on the ratio between population size
and the availability of resources for subsistence. There-
fore, disease is not a cause of depopulation, but a posi-
tive reaction to overpopulation. Thus, the size of the
population depends directly on the ability to produce
the necessary amount of means to maintain the labor
force and is regulated by a set of positive or preventive
checks.

From an analytical point of view, the theory of popu-
lation is closely related to the classical doctrine of the
wage fund and the theory of capital. The accumulated
capital of an entrepreneur allows him to hire labor and is
essentially a wage fund for the maintenance of the work-
ing population. This fund consists of advance payments
to employees (the amount of corn needed to feed their
families), which the entrepreneur, as the organizer of
the production process, expects to earn a profit in the
future. Profit is the difference between the product pro-
duced and the rent and wage fund, i.e. it is formed on a
residual basis. It is believed that capital is mobile and
moves to any sector of the economy with a higher rate of
return; this mechanism ensures that the economy has
the same level of profitability.

The existence of the wage fund at the same time jus-
tifies the need for savings and capital accumulation by
entrepreneurs, explains the long-term tendency to the
minimum wage and the natural rate of return, and is a
major factor in population growth. Ricardo’s concept of
the natural wage is analogous to A. Smith’s concept of
the subsistence minimum: the natural price of labor is
the remuneration needed for workers, on average, to
subsist and maintain their numbers without increase or
decline [17]. If the market price of labor is higher than
the natural wage, the population grows up to a certain
limit; vice versa, the lack of resources to sustain life is
the main reason for population decline.

The peculiarity of the Ricardian system is its dyna-
mism and casualness (according to P. Samuelson’s clas-
sification). Such systems are characterized by a causal
dependence on the economic parameters of the initial
state, do not take into account non-economic factors
(for example, the impact of weather conditions on the
formation of business cycles), and their behavior can be
predicted by economic analysis. The specific calendar
date does not matter — only the time that has passed
since the information about the initial state of the sys-
tem was relevant is important. According to W. Baumol,
economic dynamics is the study of economic phenom-
ena in the context of previous and subsequent events,
and therefore it is not the nature of the object under
study that is important, but rather the perspective from
which it is studied. From this perspective, D. Ricardo
analyzed the dynamics of economic development,
which evolves from a more desirable, “progressive” state
to a less desirable, stationary one. This was believed to
be the contour of all economic history, although the fi-
nal achievement of the steady state, in which investment
stops due to low profitability and wages reach their natu-
ral level, could be extended indefinitely by the flow of
inventions and discoveries.

The dynamics of the evolution of the economic sys-
tem of D. Ricardo can be described by the following
chain of cause and effect relationships. The progressive
state is characterized by a high level of capital accumula-
tion, which allows hiring more workers, maintaining the
real wage level above the natural level, and thus increas-
ing the total output. High real incomes of workers lead
to population growth, but only up to a certain level,
since the assumption of a fixed supply of fertile land
leads to a decrease in the marginal productivity of addi-
tional labor and necessarily leads to the use of lower
quality land. As the population grows, the costs of pro-
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duction increase, the share of rent in the total product
increases, and profits decrease accordingly. If the rate of
profit approaches the natural rate, entrepreneurs lose
incentives to accumulate capital, and in this case, profits
are only enough to support simple reproduction. The
system reaches its steady state, and the process of eco-
nomic growth stops.

It is worth noting that the above evolution is a certain
synthesis of the views of the representatives of the classi-
cal school, which lays down its general methodological
framework. The peculiarities of the process of economic
growth according to D. Ricardo should be demonstrated
by means of a mathematical construction of his system.
As a basis, we will take the two-sector model of L. Pasi-
netti, which, in our opinion, interprets the ideas set
forth in the “Principles” in the most accurate and sys-
tematic way. For a more precise focus on the problem of
technological progress, we use specific components of
the models of P. Samuelson, H. Brems, H. Barkai, and
A. Montezano.

The basic construction of the model contains the
following assumptions. The economy produces two
types of goods — corn and gold. Only working capital is
invested, which consists exclusively of the payroll and is
returned in a year. The standard of value is gold, whose
production technology always remains unchanged and
requires the same amount of labor. The monetary unit is
the amount of gold produced by one worker per year.
The supply of land is fixed, its fertility and intensive ex-
ploitation capabilities are known. Thus, corn produc-
tion can be specified as a function

Y.=f(L.), o))

where Y, is the physical amount of corn produced per
year; L. is the number of employees involved in corn
production.

It is assumed that even without the use of labor, a
certain minimum amount of corn can be grown
(f(0) > 0). At the initial stage of development, when la-
bor is exploited on the most fertile land, each worker
must produce more than is necessary for his or her
maintenance. Therefore, the natural level of wages is
measured by the physical volume of corn w < f'(0). We
also recall that there is a decreasing marginal productiv-
ity of labor f"'(L,) <0.

We take into account the condition of concavity of
the production function in the agricultural sector

Y, =AL, ()

where A is a given technological level; B is a parameter
necessary to ensure the condition of decreasing mar-
ginal productivity (0 < < 1).

The production function for gold is very simple

Y,=¢gL,, 3)

where Y, is the physical amount of gold produced per
year; L, is the number of employees involved in gold
production; g is the physical amount of gold that one
employee can produce per year.

Both production functions, as we can see, contain
only one independent variable — labor. The question
arises, what about capital? The fact is that labor and
capital are not treated as separate variables in Ricardo’s

theory of production. In fact, he combined them into
one variable — the “dose of capital and labor” — the
composition of which is considered to be unchanged
with respect to the scale of production and a particular
industry.

The population is employed in one of two sectors of
the economy and moves freely between them if there is a
difference in real wages between them

L=L+L, @)

where L is the total number of employees.
The amount of corn needed to maintain the labor
force is

W=wlL, 5)

where W is the total wage bill (in physical terms); w is
the real wage (amount of corn per employee).

Entrepreneurs invest exclusively in working capital,
which is used to hire labor

K=W, (6)

where K is the physical amount of capital (corn).

Rent in the sense of D. Ricardo is the net income of
the owners of more fertile land in relation to the product
of the marginal plot of infertile land. Therefore, total
rent is the sum of the net incomes of all landlords, which
can be represented mathematically as follows

Lﬂ
R=fO)+[[ f' - (L) ]dy=F(L)-Lf(L), (7)
0
where R is the annual rent in physical terms (corn); f{0)
is the volume of corn grown without labor.
According to the theory of income distribution,
profit is formed on a residual basis and is the difference
between the total product and rent and wages

Pe=Y.—R—Lw, ®)

where P, is the total annual profit in agriculture, in
physical terms (corn surplus).

Since the monetary unit is defined, we can equate
the amount of labor to the value of the annual product
after deducting rents

Lc:chc_pcR; (9)
L,=p,Y, (10)

g’
where p, is corn price; p, is gold price.
Alternatively, using equations (1, 3, 9), prices can be
represented as follows

— Lc — 1 . 11
SRR RETAY v
Pe=1/8. (12)

Equation (11) captures Ricardo’s idea of gold as an
unchanging standard of value — provided that the pro-
duction technology remains unchanged, the price of
gold remains constant.

The profit equation for the industrial sector takes
into account the fact that employees are paid in corn
rather than gold (since it is assumed that only landlords
generate demand for gold and other luxury goods)

nggng);_chLga (13)
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where P, is the total annual profit in the industry (in
physical volumes of gold).

The total profit of the two sectors in monetary terms
is as follows

n=p X+ pYy=pR—pW=(Lc+ L)(1 - wp,).(14)

The rate of return is

r=——. 15

r.K >

Ricardo D. assumes that all revenues are spent:

workers consume the corn included in the wage fund;

entrepreneurs accumulate capital (working capital in

the form of corn); landlords spend rents on luxury goods

(gold). In order to ensure that the market is completely

cleared, it is necessary to add an equation that demon-
strates the consumption behavior of landlords

peYy=pcR. (16)

For the system to be deterministic, it is necessary to
set the initial amount of invested capital, as well as the
natural levels of wages and rates of return

K=K>0, w=w>0; r=7>0.

In order to demonstrate the evolution of the econo-
my to its natural state, let us assume that the economy is
at a progressive stage of development, i.e., characterized
by a high level of capital sufficient to launch the mecha-
nism of economic growth. Let us model the dynamic
path of the system based on the numerical values given
in Table 1.

Modeling the initial period, we get a progressive
state of the economy, in which W <w, 7 <r. According
to D. Ricardo, this is an unstable and temporary state of
the system, which leads to population growth and capi-
tal accumulation. The dynamics of economic growth
depends on the rate of capital accumulation. The pecu-
liarity of Ricardo’s law of capital evolution is that all
profits earned by entrepreneurs in the previous period
are invested in the working capital of the next period

K _= . (17)
dt  p,

The growth of working capital creates additional de-
mand for labor, the evolution of which can be described
by the following differential equations

dL 1

" -1
gzg(l_f@c)f (LC)J Boo (o)
dK  dK (f'(L,))> W

, -1
dﬁzﬁ(l_ (L)) J B0 o
dK dKk\  f(L)f"(L)
Table 1

Initial data for modeling the process of economic
growth according to D. Ricardo

K| L | L, | ¢ | 4 B W F

100 70 30 5 10 0.7 0.7 | 0.15

The other indicators of economic conditions depend
on the amount of capital and labor, and in each specific
period of time are determined by the system of equations
(1-16).

Ricardo D. assumed that the population adjusts to
changes in real wages almost instantaneously. This un-
realistic polar assumption means that if w>w, the pop-
ulation grows in the next period to a value that equalizes
the real and natural wage levels. Conversely, if w<W,
then the inexorable laws of the market reduce the popu-
lation very quickly. Smith’s forecast was much more op-
timistic in this regard. Unlike D. Ricardo, A. Smith pre-
dicted that real wages would be higher than the subsis-
tence level throughout the entire period of transitional
“progressive” growth. It is only in the state of final equi-
librium, when growth stops, that a “gloomy” period of
receiving the minimum income necessary for survival
begins. The system of equations (17—20) mitigates Ri-
cardo’s assumptions, so in the model we describe, the
evolution of economic indicators is not a one-step jump,
but a convergent sequence with a unique limit (Fig. 1).
That is, for any initial values of K, L,

tim[ K(r), L), R@).w(0).r().Y (1),....] =
—>0
=[K", L' ,R"W,;,Y",..].

Fig. 2 models the development of an economic sys-
tem in the process of simultaneous capital accumulation
and population growth. Initially, there is a shortage of
both resources, and therefore the rate of profit and the
level of real wages are higher than their natural values.
But in the long run, the system still tends to stabilize. At
the same time, the system is resilient — if it is disturbed,
it quickly returns to equilibrium.

Fig. 3 visualizes how income is distributed between
rent, wages and profits in a growing economy. Fig. 4
shows the distribution of income when the system is in
equilibrium and economic growth is suspended. It can
be seen that the long-term equilibrium is established at
the level of the minimum rate of return, the natural
wage, and the zero level of marginal land rent (but its
maximum size).

The assumption of a scarcity of fertile land is very
important because if it is removed, the RN curve looks
like a horizontal line parallel to WS, leading to continu-
ous exponential growth of the economy.

800
700

500
K(t)
300
200
100

0 200 400 600 800 1000

L(t)

Fig. 1. Dynamics of population growth L(f) and capital
K(1),%w=0.8, 7=0.2
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Fig. 2. Dynamics of the rate of return r(t) and the level of
real wages w(t) under the “natural” values 7 =0.15,
w=0.7
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Fig. 3. Income distribution in the “progressive” stage of
economic development
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Fig. 4. Income distribution in a long-run stationary equi-
librium

Analyzing Ricardo’s views on technological prog-
ress, it is necessary to identify the type of innovation he
considered. In our opinion, in Ricardo’s system, we are
talking about a special case of innovations, which
J. Hicks later called “induced innovations”. The main
idea of the concept is that the relative prices of produc-
tion factors affect the type of technical progress; in par-
ticular, the growth of real wages encourages entrepre-
neurs to use less of the factor that has become relatively
more expensive — labor, and more of the factor that has
become relatively cheaper — machinery [20]. Thus,
there is a connection between the classical theory and
modern economic science, which considers innovation
as an endogenous factor of economic growth.

In assessing the effects of innovation, we will analyze
two different Ricardians — the “pessimistic” and the
“optimistic” Ricardo. Ricardo initially held that adopt-
ing labor-saving machinery would generally benefit all
classes — including workers — by raising productivity

and lowering prices, with the main drawback confined
to short-run adjustment costs as capital and labor shift
across employments. [17]. Additional evidence of the
fact that D. Ricardo took for granted the positive impact
of technical progress on the interests of workers is his
“An Essay on the Influence of a Low Price of Corn on the
Profits of Stock” (1815): “...the effects of improved ma-
chinery, which it is now no longer questioned, has a de-
cided tendency to raise the real wages of labor” [21].

In the third edition of the “Principles” (1821), ex-
panded with the chapter “On Machinery”, Ricardo re-
vised his position: while his conclusions for landlords
and capitalists remained, he now held that substituting
machinery for human labor could often harm workers’
interests [17]. In a letter to J. R. McCulloch, he added
that if machines could perform all work, demand for la-
bor would vanish and only those able to buy or hire ma-
chines would be able to consume [21]. Ricardo’s logic is
as follows: although new machines make production
cheaper by reducing the price of the final product (which
is equally beneficial to all classes), as a result of their in-
troduction, some workers will lose their jobs or receive
lower real wages, and this will lead to a reduction in
overall demand.

The solution to this contradiction, in our opinion,
lies in the fact that D. Ricardo actually considered two
scenarios of economic development depending on the
scale of innovation. In both cases, the invention and
beneficial use of technology always leads to an increase
in the net product (the sum of rents and profits). How-
ever, in the first (pessimistic) scenario, such implemen-
tation “may, and often must, diminish both the quantity of
the gross product and its value” [17], and this happens
when “improved machinery is suddenly discovered, and
extensively used” [17]. A decrease in gross product (the
sum of total wages, rents and profits) means that the
wage fund is decreasing, and thus, part of the population
is further deprived of the means to ensure its existence.

In the second (optimistic) scenario, machinery is in-
troduced gradually so that gross output and its value at
least do not decline; Ricardo notes that such discoveries
are incremental and chiefly guide the employment of
newly saved and accumulated capital rather than divert-
ing capital from its current uses [17]. According to Ri-
cardo’s logic, with the growth of capital and population,
the price of food will increase as a result of the increased
complexity of its production. Accordingly, wages will
also increase, and this motivates entrepreneurs to use
machines. Machines, which are in constant competition
with labor, will be used only when the price of labor
rises [17]. Thus, gradual labor-saving innovations, which
are implemented at the expense of the saved capital and
which is not used in the formation of the wage fund, save
on production costs and reduce the price level, thus im-
proving the situation of all classes.

Let us check both scenarios (optimistic and pessi-
mistic) analytically by including the process of substitu-
tion of human labor by machines in the basic model of
L. Pasinetti. Let us assume that the economy is in a state
of long-term equilibrium, with the main indicators
characterized by the values shown in Table 2.

Suppose that a machine is invented that is used in
the agricultural sector and whose productivity is equal to
that of one worker. Since we continue to assume that

204 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N2 5



Table 2

Input data for modeling economic dynamics
using machines

K L g A B w r
1,260 | 1,575 5 5 0.7 0.8 0.2

only working capital is used, the new machine has a life-
time of exactly one period. In the next period, the entre-
preneur orders the same number of machines as in the
previous period. According to Ricardo’s logic, in order
for an entrepreneur to be motivated to introduce such a
machine, it must cost less than the cost of keeping one
worker

m=w(l-¢), O<e<w,

where m is the cost of one machine expressed in terms of
corn; ¢ is the difference between the price of the ma-
chine and the price of labor (in percent).

To introduce an innovation, an entrepreneur’s work-
ing capital must be allocated to payroll and machine pur-
chases. Since the ability to retain employees depends on
the size of the payroll, the introduction of one machine
necessarily leads to the dismissal of one employee. The
economy falls out of its long-run equilibrium: real wages
fall below the natural wage, profit margins rise, and corn
prices fall. Regardless of the scale of the introduction of
machines, the economy produces the same physical
quantity of corn and gold as in the previous period.

Dramatic changes occur in the next period. The ab-
sence of livelihoods immediately leads to a decrease in
population by the number of workers who have been re-
placed by machines (as assumed). Further, the dynam-
ics of population growth or decline is determined by the
following pattern

%:dw—m, 0<o<l,

1

where o is a parameter that determines the speed of la-
bor supply response to the difference between the real
wage and the subsistence minimum.

The introduction of the ¢ parameter is to mitigate
the unrealistic assumption of instantaneous changes in
population size as a result of insufficient food and other
subsistence. Similarly, the o parameter works in the op-
posite direction — the population cannot grow instanta-
neously (at least, people need some time to be born).

In Ricardo’s analysis, technical progress is not re-
lated to the improvement of technical conditions of pro-
duction, which changes the values of the relevant pa-
rameters of the production function, but to the problem
of capital accumulation. Accordingly, the dynamics of
economic growth should depend on the value of ¢ (as it
shows the capital savings on the replacement of a unit of
labor by a machine), as well as on the scale of innova-
tion. For example, in Fig. 5 we see that a 10 % substitu-
tion of labor by improved machines initially leads to a
decrease in population and an increase in the capital
stock, followed by dampened fluctuations in the dynam-
ics of both production factors (where the depth of fluc-
tuations is determined by ©).

Depending on the value of the parameter €, we ob-
tain convergent sequences with different limits for all in-

dicators of economic conditions. The main observation
is that despite the initial growth of the capital stock and
the decline in population, in the long run everything de-
pends on the dynamics of capital accumulation, which is
determined by the parameter ¢. If the efficiency of inno-
vation is sufficiently high (¢ = 0.25), the economy will
grow despite the initial decline in population. Moreover,
there is a minimum value of ¢, at which the population
will exceed the initial equilibrium level in the long run.

Now let us model a situation in which “machines
were invented suddenly and used on a large scale”, as-
suming a 50 % simultaneous replacement of human la-
bor by machines (Fig. 6).

If the efficiency of the innovation is sufficiently high
(e =0.25), we get a result similar to the previous one: in
the long run, the economy reaches a balanced state. Al-
though, when ¢ = 0.05, the sequence becomes divergent
and the economy eventually disappears! Thus, with
large-scale substitution of human labor by machines,
there is a maximum value of €, below which the popula-
tion and capital stock tend to zero in the long run.

Let us test the thesis about the simultaneous increase
in net income and decrease in gross income as a result of
the replacement of labor with machines. Fig. 7 shows
the effects of a 50 % simultaneous substitution of labor
by machines in the agricultural sector under the condi-

——, £=0.05 =K =025 — =005 ===l =025
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t

Fig. 5. Evolution of capital and labor under gradual in-
troduction of innovations (machines replace 10 % of
human labor in the agricultural sector)
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Fig. 6. Evolution of capital and labor under conditions of
widespread innovation (machines replace 50 % of
human labor in the agricultural sector)
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Fig. 7. The effect of 50 % replacement of human labor by
machines in the agricultural sector, € =0.4, 5 =0.8

tions € = 0.4 (we deliberately choose a high level of in-
novation efficiency) and 6 = 0.8.

Immediately after the introduction of innovations,
we observe a decrease in population and gross income
(the reason is common — a reduction in the wage bill),
while net income increases (due to the growth of profits
in both sectors of the economy). Therefore, in the short
term, the assumption of D. Ricardo — J. Hicks — P. Sam-
uelson is confirmed, and we always get a “pessimistic”
scenario of falling incomes of workers and a decline in
population. But in the long run, we observe an increase
in gross product and population growth, which is in line
with the conclusions of K. Wicksell — N. Kaldor —
G. Stigler. The reason for this growth is the increase in
the capital stock as a result of induced innovations.

Conclusions. The system of D. Ricardo, subject to
strict assumptions underlying it, turns out to be holistic,
consistent, deterministic and subject to mathematical
formalization. The process of economic growth is de-
scribed by a system of differential equations and is a
transition from a “progressive” stage of economic devel-
opment to a state of stationary equilibrium. In the con-
ditions of long-term equilibrium, a minimum un-
changed rate of profit is established, sufficient to support
simple reproduction, as well as the “natural” wage nec-
essary to ensure the livelihood of the population.

The version of L. Pasinetti’s mathematical model
adapted for the purposes of this study allows us to test
the controversial theses of D. Ricardo concerning the
negative effects of the introduction of induced innova-
tions. We are talking about the problem of substitution
of human labor by machines and technological unem-
ployment. In the search for contradictions, some re-
searchers do not take into account the fact that D. Ri-
cardo actually considered two scenarios of economic
development depending on the scale of innovation —
(conditionally) pessimistic and optimistic. In accor-
dance with the verbal presentation of Ricardo’s theory,
we have modeled the dynamics of the economic system
development with regard to the induced labor-saving in-
novations. The model analysis showed that the replace-
ment of human labor by machines inevitably leads to a
decrease in the population in the short term. However, it
also launches a new cycle of economic development
(progressive stage), which may have different long-term
consequences depending on the scale of innovation and

the efficiency of innovation. With the gradual introduc-
tion of machines and their sufficiently high efficiency,
the new steady state equilibrium is characterized by
higher values of accumulated capital, population and
gross product than in the previous one.

Two questions remain unanswered: does the Ricard-
ian model allow for simultaneous innovation and no de-
cline in gross product in the short term? Is it possible to
avoid the pessimistic prospect that the population will
decline as a result of labor being replaced by machines?
The answer to both questions is yes, but only under cer-
tain conditions.

First, it is necessary to set a limit on the reduction of
the total wage bill — the introduction of innovations
should be financed by additional savings of entrepre-
neurs. But the problem is that additional savings are pos-
sible only if the economy is in a growth stage. In a state of
steady state equilibrium, the only available reserve for
financing innovations is a reduction in the wage bill.

Secondly, the modeling results showed that the
speed and scale of the use of new machines should not
exceed a certain critical value, above which the dynam-
ics of economic growth will be downward. Under cer-
tain radical conditions, technological progress pushes
the system out of the state of stationary equilibrium so
strongly that it no longer returns to it, and then instead
of convergence, a process of divergence is observed.

Third, there is a close link between the efficiency of
innovation ¢ > 0 and the process of capital accumula-
tion. The efficiency of innovations must be above a cer-
tain threshold value, beyond which capital will not de-
cline in the long run. Only if all these conditions are met
will economic development be realized according to
Ricardo’s “optimistic” scenario.

In conclusion, it is important to note that this study
is purely analytical and theoretical, it confirms the in-
tegrity and logical completeness of D. Ricardo’s system
and is an attempt to resolve the contradictions associat-
ed with the issue of replacing human labor with technol-
ogy. Testing the theory for compliance with real eco-
nomic life using empirical data is the subject of a sepa-
rate study. Historical experience shows that since the
beginning of the Industrial Revolution, the number of
jobs has grown as fast as the level of technology. How-
ever, this has not been the case in the agricultural sec-
tor — the share of the population working “on the land”
continues to decline. The current context of the discus-
sion is the problem of replacing human labor with artifi-
cial intelligence technologies.
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MeTta. AHati3 3B’S13Ky MiX iHIyKOBaHUMU iHHOBA-
LisSIMA, €KOHOMIUHUM 3pPOCTAHHSIM 1 TEXHOJOTIYHUM
6e3poditTam y Teopii J. Pikapno, a Takox amanTailis
mateMatuyHoi mopeni JI. TlaziHerti nmisg mepeBipku
€KOHOMiUHUX e(eKTiB Bill 3aMillleHHsI JTIOACHKOI Tpailli
aBTOMATU30BAaHMMU 3aCO0aAMMU.

Metoauka. MeToanka QOCIiIXKEHHSI 0a3yeThbCsl Ha
MOENHAHHI CUCTEMHOTO aHajli3y Ta €eKOHOMiKO-MaTe-
MaTHYHOTO MOIETIOBaHHSI. BMKOPHUCTOBYIOTHCS KOH-
KpPETHO-€KOHOMIUHI METOAU IOCHiIXKEHHS: TpaHUY-
HUI aHaji3 (IS MOIeNIOBaHHSI IUHAMIiKU €BOJIIOLIT
KaIitany, 3aiHATOCTI I iHIIUX MTOKAa3HUKIB €KOHOMIU-
HOI KOH IOHKTYPHU Mill BIUIMBOM 3MiHM iHIIUX (haKTO-
piB); aHaJIi3 piBHOBArU (1151 3HAXOIXKEHHS CTaHiB CTa-
LIiOHApHOI PiBHOBArM eKOHOMIYHOI cUCTeMM); Tpacdiu-
HUI aHai3 (111 00pOOKU JaHUX i HAOUHOI IEMOHCTpa-
1Ii1 pe3yJabTaTiB JOCTiIKEHHS).

Pe3ymbratn. CucreMaTn30BaHi OCHOBHi CKJIaIOBi
MoJeJli eKoHoMiuHoro 3poctanHs /. Pikapmo. 3a mo-
IOMOTO10 aanToBaHoi MaTeMaTuyHoi MoaeJi JI. T1asi-
HETTi 3po0JieHa mepeBipKa MEeCUMICTUYHOrO i ONTU-
MICTUYHOTO CLEHApilB eKOHOMIYHOIO 3pOCTaHHS
3 ypaxyBaHHSIM TeXHi4HOro rporpecy. loBeneHo, 1o
cuctema JI. Pikap/o € 1ilicHO10, JIOTIYHO 3aBepIIEHOI0
Ta miajsirae MatreMaTu4Hi dopmanizauii. [TponemMoH-
CTPOBaHO, 1110, 32 IEBHUX YMOB, piKapAiaHChKa MOJIe/Ib
JIOITyCKa€e OHOYAaCHE BIPOBAMIKEHHSI iHHOBALLil i Bil-
CYTHIiCTb CKOPOUEHHSI BaJIOBOI'O MPOIYKTY ¥ KOPOTKO-
CTPOKOBIlT TIepCIIEKTUBI.

HaykoBa HoBm3na. HaOynu monasibllioro po3BUTKY
METOAMYHI ITiIXOAM 10 BUBUEHHS 3B’ I3Ky MixXK iHHOBAIi-
SIMU M TEXHIYHUM IPOTrPecoM, 3 OIHIi€l CTOPOHH, i 3a-
MHSTICTIO Ta TEXHOJIOTIYHUM Oe3pO0ITTIM, 3 iHIIIOI CTO-
poHu. Hesin’eMHa ckiiamoBa Takoro 3B’sI3Ky — €KOHO-
MiuHe 3pOCTaHHSI, BiJl AMHAMIKU SIKOTO 3aJIeXKUTh XapaK-
Tep BIUIMBY iHHOBAILliii Ha JOOPOOYT HaceJeHHs. AHaIi3
pikapaiaHChKO1 MOeJTi MoKa3aB, 1O MPU MOCTYITOBOMY
BMPOBAIKEHHI TEXHIYHUX 3aC00iB BUPOOHUIITBA i iX 10-
CTaTHbO BMCOKiil e€(heKTUBHOCTI HOBMII CTalliOHApHUIA
CTaH PiBHOBaru XapakTepU3yEThCS BUILIMMU 3HAYEHHSI-
MM TIOKa3HUKIiB HAKOMWYEHOTrO KaITliTajay, 3aiHSITOCTI
1 BAJIOBOT'O MPOAYKTY, HOPIiBHSIHO 3 TTONEPEAHIM.

IIpakTHyHa 3HAYMMIiCTh. Y pOOOTI 3aIpoOIOHOBaHA
moaudikoBaHa MmarematuyHa mopneib JI. IlaziHeTTi,
1o (opMye pikapIiaHChbKy METOIOJIOTIUHY paMKYy I
aHaJji3y coliaJibHO-eKOHOMIYHUX e(eKTiB BiJ yrpoBa-
JCKEHHS iHTyKOBaHUX iHHOBaL . OTprMaHi pe3yJibra-
TU MOXYTb OyTU aIanTOBaHi i 3aCTOCOBaHI 7151 aHATi3y
CyyaCHHUX AacIeKTiB TEXHOJIOTIYHOro 0e3po0iTTs, 30-
Kpema, IS TIOJaJIbIIoro BUBYEHHS TTPOLIECY PO3BUTKY
IITYYHOTO iHTENEeKTY Ta LM(pOoBi3alii EKOHOMIKM.

KimouoBi cioBa: exonomiune 3pocmamnHs, iHHO8auil,
mexHiuHUI npoepec, mexHoN02iuHe 6e3pobimms
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