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ANALYSIS OF ECONOMIC AND MATHEMATICAL MODELS
OF INFORMATION AND COMMUNICATION
TECHNOLOGY (ICT) EFFECT ON THE PRODUCTION OUTPUT:
DOES THE SOLOW PARADOX EXIST?

Introduction. The development of information and communication technology (ICT) and digitalization of the society,
which have been spreading around the world as a result of swiftly growing smart industry (Industry 4.0) are usually associ-
ated with an increase in production output and labor productivity and a reduction in manufacture and customization costs.

Problem Statement. According to the Solow Paradox ( 1987), investments in computer equipment and technology are
not accounted in economic statistics on increasing labor productivity as a result of computerization, which undermines the
conception of favorable impact of electronics on production output and labor productivity.

Purpose. To develop requirements for improving the economic and mathematical models for measuring the ICT impact
on production output, based on the analysis of the advantages and shortcomings of the existing models of the computer
technology and software effect on production output and the peculiarities of ICT development.

Materials and Methods. The historical method for analyzing the development of models of ICT impact on production
output, the comparative analysis of existing economic and mathematical models to determine the approaches to the selec-
tion of factors influencing the performance indicators, and the analysis of arrays of the initial statistic data.

Results. Analyzed models and the course of their development have shown a favorable impact of ICT on production
output and labor productivity. The Solow Paradox is explained by the fact that the share of computer equipment and technol-
ogy in corporate fixed assets in the late 1980s — the early 1990s was insignificant, as well as by the lack of reliable statistics
at that time and an imperfect methodology for its analysis. With the development of statistics as science and with the spread
of computer equipment and technology, the Solow Paradox has been rejected in new models of ICT impact on production
output.

Conclusions. A set of models that take into consideration the institutional features of the national economic develop-
ment, the life cycle stages, and the degree of implementation of digital technologies shall be used in order to clarify the ICT
impact on production output and labor productivity. The models of ICT impact on production output need to be further
elaborated for taking into consideration the specifics of development of cutting-edge information technologies.

Keywords: information and communication technology (ICT), digitalization, the Solow Paradox, modelling, and production.

At present, the world is undergoing significant | work of the Fourth Industrial Revolution, also
transformations associated with the transition to | known as "smart industry." This transition is
a new technological process within the frame- | based on the cyber-physics systems, information
and communication tech-nologies (ICT), and the
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large-scale penetration of electronic digital (un-
like analog) equipment in all spheres of public life
is called "digitalization".

Digitalization of economy is widely believed to
contribute to the improvement of social welfare
through a gain in labor productivity, which cont-
radicts the so-called Solow paradox, according to
which ICT and electronic devices have no favor-
able effect on production output and/or produc-
tivity of labor [3].

In economic science, calculations and models
are tools to eliminate doubts. However, the phe-
nomenon of economy digitization is so new that
the world has been still debating its definition
and concepts used (ICT, ICT infrastructure, etc.).
This is confirmed by regular conferences and re-
search of leading world organizations (for examp-
le, the Organization for Economic Cooperation
and Development (OECD) [4], the International
Monetary Fund [5]).

In order to specify the research object, within
the framework of this research, in the broad sense,
digital economy is defined as a combination of
types of economic and social activities carried
out on a global scale in close cooperation, on the
basis of advanced ICT and cyber-physics systems
with widespread use products of the ICT sector
and ICT infrastructure [6], and in the narrow
sense, as a synonym of the ICT sector |7, 6].

Despite the problem with the nomenclature, the-
reare economic and mathematical models through
which attempts have been made to determine the
ICT impact on production. The analysis of some
of these models, the identification and compari-
son of their advantages and disadvantages, are the
framework for developing the economic mathe-
matical models for determining the impact of ICT
and elec-tronic devices on production output.

HISTORY OF SIMULATING THE EFFECT
OF SCIENTIFIC AND TECHNOLOGICAL PROGRESS
ON ECONOMIC DEVELOPMENT

The issue of determining the ICT impact on
economic development is not new. ICT can be
considered one of the manifestations of scientific

and technological progress (STP, and Robert So-
low was the first who attempted to accurately es-
timate its effect on productivity [8]. In 1956, he
proposed to multiply the Cobb-Douglas produc-
tion function by a technological variable that is
increasing scale factor A(t) [8, 85], assuming that
it varies according to the exponential law.

According to Solow, separate changes in tech-
nology and engineering do not have any signifi-
cant effect on production, and therefore are ig-
nored by scientists. The STP impact on economy
is gradual and smooth, which means that STP has
a neutral effect on the production function.

These modifications of the Cobb-Douglas pro-
duction function are developed within the frame-
work of the neoclassical economic theory that
deals with full employment economics, and even
if one of the production factors changes, an equi-
librium condition is established over time [8, 91].

In 1957, R. Solow made an attempt to quantify
the STP impact on economic development [9].
As a basis, he took the Cobb-Douglas production
function with his modification that takes into
consideration the technological change factor.
As well, the research was based on the neoclassi-
cal theory, but, unlike in previous one [8], the re-
searcher widely used econometrics tools to de-
termine the coefficients of the production func-
tion and to directly estimate the STP impact on
labor productivity.

In this research, the calculations were made for
the U.S. economy in the period of 1909—1949.
Statistical data (output per unit of labor (man-
hour), capital per unit of labor, share of capital
in the total cost of property) and calculations we-
re limited to private sector economic activities,
except for agriculture, which enabled avoiding
the estimation of the share of production of the
government sector and making the initial statis-
tical data more homogeneous. That is, in research
[9], Solow estimated the changes in labor pro-
ductivity in the private sector of the U.S. econo-
my under the influence of STP.

Solow emphasized that the statistical data he
used to build his model were approximate and,
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some-times, there were no available data at all.
Therefore, he corrected and changed the avail-
able statistics for his needs, which, as he himself
noted, was definitely wrong [9, 314].

The researcher concluded that STP had a cer-
tain positive impact on the growth of production,
in partic-ular, on average, in 40 years (1909—
1949), the technological progress contributed
to 1.5% annual growth of labor productivity in
the private sector of the U.S. economy. However,
the global crises (World Wars, etc.) caused rever-
se trends. In general, proceeding from all above-
mentioned considerations, Solow made a conc-
lusion on the neutral effect of STP on produc-
tion output.

Solow’s research [8, 9] became the first impor-
tant step towards determining the STP impact
on produc-tion, but from the standpoint of mo-
dern economic science and statistics, they have
several shortcomings that should be taken into
account in modern economic and mathematical
models.

So, Solow noted that he used approximate sta-
tistical information that he arbitrarily adjusted
for his needs and did not take into account wear
and depreciation at all because of the lack of app-
ropriate methods for estimating the amount of
depreciation at that time. At present, the met-
hods for collection, and formation of statistical
information and its accuracy have improved sig-
nificantly.

In the Solow models, inflation was neglected,
and statistical information for the model was gi-
ven in actual prices, which affected the accuracy
of the simulation results, since the inflation fac-
tor effect was accumulated during the simulation
period.

Solow chose to simulate a long period of 40 years,
which, from the statistics standpoint, would result
in a better agreement between the simulation re-
sults and the reality, as compared with a shorter
period. However, the development of real econo-
mies differs from mathematical and statistical sys-
tems. Thus, during the analyzed period, the Uni-
ted States experienced the effects of several force
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majeure circum-stances that affected the emp-
loyment rate, the ability of private sector to in-
vest in capital, and the total production output of
the private sector. To eliminate statistical errors
in simulation, it is more appropriate to choose pe-
riods with a relatively stable economic situation.

Solow’s model is based on the assumption that
STP develops in a gradual way, but, as it is known
from historical experience, this assumption is
wrong: as a rule, STP can develop rapidly .

Since the model deals with economy as a whole,
partly these sharp changes are eliminated due to
the simultaneous existence of many technologi-
cal curves in all sectors of economy. However, as
Solow noted in [9], in 1943—1949, there was re-
ported a sharp increase in production output (in
comparison with that in the rest of the period un-
der review), which he explained by inadequate
statistical data or excessive use of capital during
the Second World War. However, this can be in-
terpreted as a sign of transition of the entire eco-
nomy to a new technological curve.

In 1987, the development of information tech-
nology and electronic equipment (analog, digital,
digital, with analogue elements) caused a new
wave of attempts to simulate the effect of STP,
in particular, electronics and software products,
on production output. Again, all of them were
initiated by R. Solow.

In his review of Manufacturing Matters: Myth
of the Post-Industrial Economy by S.S. Cohen and
J. Zysman [10] Solow reasonably criticized the
authors for suggesting a hypothesis and taking it
as evidence without any proof. One of the as-
sumptions on which this hypothesis was based
was that the de-velopment and implementation
of computer equipment and programs stimulates
growing productivity. However, for unknown
reasons, in the U.S., this was not the case. So, in
the authors’ opinion, the problem of insufficient

I'R. N. Foster described gradual technological development
as motion along a technological S curve, while rapid swift
development was defined by him as technological jump
and transition to a new S curve [11, 78—79]. Hereinafter,
Foster’s terms for technological development are used.
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growth in productivity was caused by some ot-
her factors rather than by electronic equipment
and software.

Solow denied this as he said, “You can see the
computer age everywhere but in the producti-
vity statistics” [3, 6]. Being decontextualized, this
statement was called the Solow productivity pa-
radox and caused numerous research publications
whose authors, with the help of economic and mat-
hematic models, tried to prove or to refute So-
low’s opinion and to estimate the effect of modern
ICT and electronic equipment on economies in
terms of various aspects of its development (in-
crease in GDP, value added, labor productivity, etc.).
Below, the author analyzes some selected works.

ANALYSIS OF MODERN ECONOMIC
AND MATHEMATIC MODELS OF ICT IMPACT
ON PRODUCTION OUTPUT

It should be noted that in addition to the eco-
nomic and mathematic models whose authors
tried to test, to refute or to confirm the Solow
paradox, there are researches that explain, on the
standpoint of logic, why statistics on labor pro-
ductivity do not show a gain in productivity as a
result of investments in ICT sector.

J. Triplett has conducted a thorough research
of this issue and explained how the neglected fac-
tors af-fect the results of the economic and math-
ematic models developed by other authors and
thereby extend the life of the Solow paradox (the
Jorgenson-Stiroh model (1994—1995), P. McCa-
rthy (1995), etc.) [12]:

1. You don’t see computers “everywhere,” in a
meaningful economic sense. In 1998—1999 (when
the research was published), computers and in-
formation processing equipment were a relatively
small share of GDP and of the capital stock. For
example, in 1993, their share in the U.S. corpo-
rate capital stock amounted to 14%. Therefore,
when creating the economic and mathematic mo-
dels, it was neglected, which made obtaining cor-
rect results impossible [12, 311—313].

2. You only think you see computers everywhere.
At least, in 2000, government hedonic price inde-

xes for computers fall “too fast,” according to this
position, and therefore measured real computer
output growth is also “too fast” [12, 315—318].

3. You may not see computers everywhere, but in
the industrial sectors where you most see them, out-
put is poorly measured. Examples are finance and
insurance, which are heavy users of information
technology and where even the concept of output
is poorly specified [12, 318—321].

4. Whether or not you see computers everywhere,
some of what they do is not counted in U.S. Depart-
ment of Labor economic statistics [12, c. 321—322].
Many innovations in electronics and software
aim at making their use simpler and more conve-
nient. However, such "user friendly" innovations
require greater power of electronic devices on
which they are implemented: larger amount of
RAM, more operations per unit of time. These
characteristics are not shown, at least, in the eco-
nomic statistics related to labor productivity. Al-
so, where does one count the value of increased
convenience and better user interface in econom-
ic statistics, how do these innovations help to in-
crease labor productivity, and how much time
and effort does the employee need to master the
proper skills?

In addition, due globalization and ICT expan-
sion, corporations have many opportunities to
transfer manufacturing facilities and part of fi-
nancial transactions to other countries for redu-
cing the tax liabili-ties. In this case, the cost of
innovation in ICT sector and the results obtained
through such innovations may be accounted in
statistical data of other countries where manu-
facturing facilities are located or fi-nancial opera-
tions are carried out, not in the country of the
head office that manages the manufacture and
controls the costs. National statistical services
and models for estimating the ICT impact on the
economic development of an individual country
do not take into account such a way of doing bu-
siness by corporations, which also affects the si-
mulation results.

5. You don’t see computers in the productivity
statistics yet, but wait a bit and you will [12, 310].

ISSN 2409-9066. Sci. innov., 2019, 15(4)



Analysis of Economic and Mathematical Models of Information and Communication Technology (ICT) Effect

The idea that the productivity implications of a
new technology are only visible with a long lag.
However, as soon as the S curve begins to ascend,
the economic results of new technology become
more visible, which can be accounted in the sta-
tistics.

In addition, since the emergence of a new phe-
nomenon (e.g., ICT), within a certain period (that
differs from case to case), there is some uncer-
tainty in methodology for collecting and analy-
zing statistical data, as well as in the terminology
that describes it. It is extremely difficult to simu-
late phenomena for which there are so many un-
certainties. At present, in the field of ICT, the si-
tuation with terminology and statistics has been,
at least, partially resolved, and modern economic
and mathematic models for measuring the effect
of ICT and electronics on productivity are ex-
pected to more adequately reflect the reality.

6. There is no paradox: some economists are coun-
ting innovations and new products on an arithme-
tic scale when they should count on a logarithmic
scale. The arithmetic method makes it possible to
count "new things". Therefore, while comparing
the past with the present, some researchers have
impression that previously there were produced
more new things at a lower cost, which confirms
paradox of Solow. However, it is more appropriate
to judge the pace of technological changes using
the logarithmic method. In this case, the situa-
tion turns upside down [12, 326—328].

These considerations have been taken into
account in new models proposed by other resear-
chers.

One of the most well-known (based on the ci-
tation statistics) among economic and mathe-
matic models for measuring the ICT impact on
economic development is the econometric model
proposed by D. Jorgenson and K. Stiroh [13, 14].

It is based on the Cobb-Douglas production
function as modified by Solow. The Jorgenson-
Stiroh modification was to disaggregate the pro-
duction function components and to take its
logarithms. In particular, yield Y is introduced
by them as the total of investments (investment
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yield) in a particular year I, accumulated capital
K, labor input Lt, and consumption (yield of con-
sumer goods) C, [13, 6]. The production function
has the following form:

W, Aln, + W, AlnC, = v, AlnK, +
+%,,AlnL, + AlnA, (1)

where A, is variable related to the effect of ICT on
production output (technological factor); W, is
average share of investments per nominal yield;
W, is average share of consumption per nominal
yield; v,/ is average share of capital per nominal
yield; and V,  is average share of labor input per
nominal yield;W_L[JrW_CI TV TV = symbol A
denotes the first derivative.

D. Jorgenson and K. Stiroh tried to measure
the effect of labor input, capital, and information
devices and technologies on the U.S. economic
growth. The estimates were done for the period of
1973—1998 for the whole economy of the coun-
try. The costs of computer and telecommunica-
tion hardware and software were included in the
capital component. The statistical data were pre-
sented in a comparative manner (1996 is the re-
ference year) [13, 8].

Having transformed (1) and defined that H, is

Y
labor input for period ¢, y, = ﬁ is total yield (the

. 15 .
total of investments and consumption) per labor
—t
H’
genson and K. Stiroh obtain the following equa-
tion for average labor productivity:

Alny, =V Alnk +V, (AInL, — AlnH)) + AlnA,. (2)

Theresearchers determined that,in 1973—1995,
computers, software, and telecommunication equip-
ment contributed an average of 0.34% annually
to economic growth, in 1996—1998, their share
made up 0.99%; from 1990 to 1999, the average
labor productivity in the U.S. was growing, with
increase in both value and capital contributing
0.49 percentage points to this growth, while the
use of ICT in manufacturing industries having a
share of 0.63 percentage points [13, 19].

input, and k, = —, is capital per labor input, D. Jor-
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As compared with the previous researches cri-
ticized by J. Triplett [12, 312], in the model under
review, D. Jorgenson and K. Stiroh added soft-
ware and communication equipment to the cost
of capital and updated statistical data, most of
which they did not have before (1994—1995).
Consequently, the results were more optimistic
than in the previous model, with the contribution
of computer technology to the gain in production
for 1990—1996 estimated at 0.12% annually [13].

In 2003, D. Jorgenson, K. Stiroh, and M. Ho re-
vised their model, expanded their calculations to
some OECD countries (Australia, Canada, Fin-
land, France, Germany, Italy, Japan, United King-
dom, and USA), and developed forecasts of the
economic development of these countries through
the introduc-tion of ICT. In the revised model, the
capital embraced computer, telecommunication
equipment, and software [14, 6], with the dual na-
ture of ICT and electronics taken into consider-
ation (for the ICT sec-tor, they are products and
part of its fixed assets, while for the rest of the
economy they are component of capital) [14, 5].

Using this model, the researchers predicted
that, from 2003 to 2013, production in the OECD
countries would increase by an average of 2.78%
annually, with 1.78% of this growth credited to the
ICT sector and investment in ICT equipment and
software in other sectors of the economy [ 14, 15].

Despite the improvements, as compared with
the model of 1994—1995, the revised Jorgenson-
Stiroh model still have some shortcomings:

1. The authors analyzed a long period of time
(1973—1998), including the periods of economic
instabil-ity (for example, the two waves of the
energy crisis). Such force majeure circumstances
could affect the simulation results: the error could
accumulate, which could affect the accuracy of
the model.

2. The Jorgenson-Stiroh model does not take
into account the technological curves, as a result
of which the real (rather than the book) value of
the ICT sector products and fixed assets related
to software and electronic equipment and ac-
counted on balance sheets of corporations may be

significantly underesti-mated. The model inc-
ludes the price indices for ICT products, but only
for new products, with those for already used
ones neglected.

For the ICT sector and its products, consider-
ation of technological S curves is crucially im-
portant. So, according to the Moore law and es-
timates based on it, in 1970—2000, processors
underwent, at least, 14 significant technological
changes (performance, miniaturization and, ac-
cordingly, the manufacturing technology) [15, 22].
It can be assumed that, in this period, other com-
ponents of digital equipment and software as well
were subject of significant changes that affected
their cost and the relative value of their older
counterparts.

In the case of simulating the ICT impact on eco-
nomy or industries, the neglect of lag between
the time of investment in ICT and the time when
the investment starts to return (that is, the lower
part of the technological curve), which is often
considered a disadvantage of model (for example,
in [16]), is deemed a particular case of the broa-
der problem related to ignoring the technologi-
cal curves. It is ad-visable to include such a time
lag into models of individual corporations or in-
dustries, where the time of investment and return
can be relatively accurately fixed and studied. In
the economy as a whole, at the same time, there
are many technological curves; different corpora-
tions and even industries are “located” in diffe-
rent parts of technological curves or even in dif-
ferent technological curves. Therefore, this time
lag is indistinct, and its limits are not accurately
definable. In this case, it is more appropriate to
focus on the frequency and speed of radical tech-
nological changes that are massive transition of
corporations and entire industries to a new tech-
nological curve.

Proceeding from the above, that that some aut-
hors ([16, 17]) describe as taking the time lag
into account while measuring the ICT impact on
production should be interpreted as accounting
such a massive transition from one technological
curve to another in the statistical data.
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Russian researcher V.V. Platonov pointed out
another feature of the Jorgenson-Stiroh model
[16]. He noted that the econometric studies of
panel data by D. Jorgenson and K. Stiroh brought
even more par-adoxical results than the Solow
productivity paradox: they showed that ICT had
a positive effect on economic growth and pro-
ductivity, but adversely affected the overall per-
formance of production factors (i.e., capital and
labor) for the United States. This contradiction
is explained by imperfection of the methodolo-
gy for quantitative studies, which existed at the
time, in particular, by the use of unsteady time
series [16, 31].

With the development of econometric met-
hodology, this contradiction can be overcome.
M. O'Mahony and M. Vecchi have carried out a
similar study for measuring the ICT impact on
the overall productivi-ty of the factors of produc-
tion [17]. Their research is based on the existing
modifications to the Solow model, in particular,
on the Jorgenson-Stiroh model. For the purpose
of simulation, 31 economic activi-ties in the Uni-
ted States and 24 economic activities in the Uni-
ted Kingdom, agriculture excluded in both cases,
within the period 1976—2000 were chosen.

The O'Mahony-Vecchi model takes into ac-
count the fact that corporations from different
industries in-vest in different types of ICT and,
therefore, the share of ICT in the structure of
their capital differs as well.

In the O'Mahony-Vecchi model, yield (deno-
ted as Y in the models of Solow and other resear-
chers) is defined in terms of value added, since at
the time of the model development there was no
reliable sta-tistic data on the gross output in the
United Kingdom. The authors classified capital
into ICT-capital (computers, software, and com-
munication equipment) and non-ICT capital (the
rest of the capital). Un-like the previous models,
M. O'Mahony and M. Vecchi attempted to take
into account the depreciation of fixed assets and
faster aging of ICT capital as compared with the
non-ICT capital. The latter was done with the
use of ICT price indexing models.
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The authors of the model state that for analy-
zing a rather long period of time (25 years) and
different types of industries (55) it is inappro-
priate to use the least-squares method as other
authors did (in particular, in the models from
[9, 13, and 14]), because this method works well
if all variables are station-ary and corporations
are homogeneous, which was not the case in rea-
lity). M. O'Mahony and M. Vecchi have sugges-
ted using a method that takes into account the
heterogeneity of time series with pre-test of data
for time invariance and cointegration [17, 4].

These researchers have shown that when using
the conventional methods for calculations based
on the collected data, one can obtain simulation
results that are identical to those of J. Jorgenson
and K. Stiroh: in the United States and the Uni-
ted Kingdom, in 1976—2000, the average cont-
ribution of in-vestments in ICT to the value ad-
ded growth was 2.28% annually, whereas that to
the total productivity of the factors of produc-
tion accounted for 1.22% [17, 8]. However, using
a more sophisticated calcula-tion method, it has
been found that if the total increase in value ad-
ded is assumed 100%, then in the United States
and United Kingdom, in 1976—2000, there was
a gain of 40% (not 20% as defined in the previous
models) due to investments in ICT [17, 19]. In
the period under review, for the two countries
the marginal return on investment in the ICT
capital totaled 22%, while that in the other capi-
tal made up only 12% [17, 20]. Moreover, in the
United States, where corporations started to in-
vest in ICT earlier and on a larger scale as com-
pared with the United Kingdom, the marginal
return on investment in ICT capital reached
51%, while in the United Kingdom it accounted
for 20% [17, 21].

M. O'Mahony and M. Vecchi note that the re-
sults of their calculations may seem too optimis-
tic because they select few corporations and in-
dustries. However, a significant advantage of their
research [17] is that they have proved in a realis-
tic manner that incorrect research method may
adversely affect the final results. The researchers
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also point out that the paradoxical results ob-
tained by J. Jorgenson and K. Stiroh are explai-
ned by the neglect of time lag between invest-
ment in [CT and the point when the investment
starts to return, which is accounted in statisti-
cal data. Although, as noted above, if the object
of simulation is not an individual corporation or
industry, the statistical data show the transition
to a new technological curve and a technological
gap rather than a time lag between the invest-
ment and the start of return on it. This means, the
statistical data may reflect changes in the very
nature of innovation (for example, massive tran-
sition from analog devices to hybrid or digital
ones, generally named "computers"). Such nuan-
ces of technological changes require more atten-
tion when developing models, because they can
also affect their reliability.

At the same time, as noted by V. Platonov [ 16,
32], the O'Mahony-M. Vecchi approach has the
following limitation:

1) it cannot explain causal relationships (that
is, one cannot find out which of the reported
phenomena is the cause, and which is the con-
sequence);

2) within its framework, it is impossible to
analyze the channels and mechanisms of ICT im-
pact on productivity;

3) being based on the neoclassical theory, it
does enable to analyze innovative development.

The last disadvantage is connected with the
fact that the authors do not realize the impor-
tance of technological S curves and, therefore, do
not take into account the particular features of
technological development in their model.

Despite the fact that M. O'Mahony and M. Vecc-
hi has proved the inexpediency of using the old
statistical analysis methodology, the Jorgenson-
Stiroh model and the calculation method used
by them has been still practiced because of the
complexity of calculations based on the O'Ma-
hony-Vecchi method or because of the research
works by D. Jorgenson and K. Stiroh have been
better accessible to the public. For example, the
same approach to simulating the ICT impact on

production output as exemplified by Germany
has been used by Ukrainian researchers A. Ma-
dykh and O. Okhten [18].

In addition to the models for identifying and
measuring the ICT impact on the economy, eco-
nomic development, and labor productivity at
the national or group level, there are models that
address similar problems at the microlevel. An
example of such a model is the econometric mo-
del of E. Brynjolfsson and L. Hitt [19], where,
within the framework of the neoclassical theory,
the effect of computerization on production out-
put and labor productivity is determined based
on information about the activities of 527 large
U.S. corporations in 1987—1994.

These authors proceeded from the modified
Jorgenson-Stiroh model (|13, 14], in which they
explicitly separated the ICT and the non-ICT
capital 2, and also noted that the results depend
on industry to which the corporation belongs.

In general, the Brynjolfsson-Hitt model has
the following form:

Q=A(,j,t) Kk Lk CP, 3)

where Q is added value of corporation; K is cost of
conventional (non-ICT) capital; Cis cost of ICT
capital; L is labor; ¢ is time variable, t = 1987,1994;
iis number of the corporation analyzed, i = 1,527,
7 is industry (type of economic activity) to which
the corporation i belongs; A is variable showing
the time dynamics of the difference in value ad-
ded amounts among the corporations, which is not
related to changes in the use of input resources
(labor, ICT capital and non-ICT capital); B are
parameter of non-ICT capital elasticity (B,), la-
bor (B,), and ICT capital (B).

While making the analysis, the authors con-
verted the actual values into their levels by ta-
king logarithms (3). To simplify the presenta-
tion, the variables in logarithmic form were deno-

2 Unlike in the Jorganson-Stiroh and O’Mahony-Vecchi
models, in this model, the ICT and non-ICT capitals are
separate variables in the function with different power
indexes instead of being a part of one variable (capital as a
whole) with a common power coefficient.
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ted by small symbols?, with indexes denoting the
corporation (i), time (¢), and industry (j) neglec-
ted, except for the cases when it was required for
clear understanding:

q=a(ij.0) BkB,I e )

In the Brynjolfsson-Hitt model, the data are
presented in a comparable view and adjusted for
price in-dices. The error due to the inaccuracy of
statistical data is allowed for, although the aut-
hors believe that the statistical information is
correct.

Having compared the changes in «a, ¢, [ with
time, E. Brynjolfsson and L. Hitt made the fol-
lowing conclusions:

1) ) the ICT capital strongly correlates with
growth in labor productivity; as time interval in-
creases (from 1 year to 7 years), the correlation
gets stronger, which can be explained by the adap-
tation of corporation’s organizational structure
to new technologies;

2) the industry to which the corporation be-
longs and the period during which the ICT capi-
tal is used affect the contribution of computeri-
zation to increasing labor productivity;

3) for any industry, the use of computers leads
to an increase in labor productivity;

4) at the level of corporations, investments in
ICT capital for the period under review (7 years,
1987—1994) led to a 0.25—0.5% increase in the
value added;

5) outdated fixed assets, difference in existing
technological infrastructures, and approach to in-
vestment in ICT used by a particular corporation
may affect the desire of its management to invest
in new ICT capital or the ability to quickly intro-
duce this capital into operation at a particular
corporation.

E. Brynjolfsson and L. Hitt emphasize that
their calculations of the effect of ICT capital on
labor productivity describe the situation only in
the private sector, including rent seeking, and do
not cover spillovers of labor productivity. So,

31L.e., log K is denoted by Brynjolfsson and Hitt as k.
ISSN 2409-9066. Sci. innov., 2019, 15(4)

based on these calculations, it is impossible to de-
termine whether the effect of ICT capital on the
whole economy is greater or less than that on the
private sector.

Since the model of E. Brynjolfsson and L. Hitt
is based on the principle and methodology of the
Jorgenson-Stiroh model, it has the same prob-
lems, although in addition to the least-squares
method, the authors use the correlation-regres-
sion analysis. Despite the fact that E. Brynjolfs-
son and L. Hitt present the statistical data in a
comparable form and adjust them by price indices,
they do not consider such factors as deterioration
of fixed assets and technological cycles [19].

One more group of economic and mathemati-
cal models aims at measuring the scale and iden-
tifying trends of the digital economy rather on
determining the effect of digitalization on natio-
nal economy or activities of individual corpora-
tions. In particular, such a model is proposed by
Caixin Media Company 1.td. (Beijing) [20]. The
purpose of its development is to estimate the ef-
fect of digital economy on GDP, to compare the
scale of digital economy in different countries,
and to make recommendations on the directions
for its further development [20, 2—3]. At the
same time, in the given model, the term "digital
economy" is used in its narrow sense and means
the ICT sector.

The Caixin model presented in [20] is a varia-
tion of the Cobb-Douglas production function in
the linear form. The function uses proportions
and shares of the input parameters (labor, capital,
technological innovation) to obtain a certain in-
dex that, according to the authors of the model,
characterizes the development of the digital eco-
nomy of China. The model has the following form:

InDigitalEconomy =o.- L+ - C+
t(l—a—p)-T] (5)

where InDigitalEconomy is index that describes
the development of the digital economy; L is la-
bor; Cis capital; TTis technology innovation; o, B
are coefficients that characterize the shares of the
input parameters in the resulting index.
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The input parameters of the Caixin model ha-
ve a complex structure, as the capital factor con-
sists of "proportion of venture capital in the digi-
tal sector”, "proportion of auction”, "proportion
of firm’s registered capital,” and "proportion of
newly registered capital in the digital sector"; the
technology innova-tion factor includes "the share
of researchers in the digital sector”, "the share of
new inventions and patents in the digital sector”,
and "patent conversion rate in the digital sector”,
respectively. The coefficients of the input para-
meter shares in the resulting index have been cal-
culated by Caixin (the method has not been dis-
closed). They are equal to 40% for the labor fac-
tor, 40% for the capital factor, and 30% for the
technology innovation factor.

As noted by A. G. Herrero and J. Xu, nearly all
of Caixin’s omeasurements on the inputs are col-
lected through big data analysis and collaboration
with an anonymous online recruitment platform.

As a result of all calculations it has been de-
termined that, in China, from January 2016 to
April 2017, the growth of the digital economy
reached 176%.

Although most of the results from the above
indices are promising in terms of measuring Chi-
na's digital economy, A.G. Herrero and J. Xu point
out that comparing the development of China's
digital economy with other countries is impossi-
ble because of different lists of economic activi-
ties: the industries that Caixin refers to the ICT
sector are different from those used, for example,
by the OECD. In addition, Caixin does not intro-
duce a detailed methodology for collecting and
processing statistical information and for calcu-
lating the input parameter coefficients in the re-
sultingindex (o, By (5)). Also, it is not mentioned
whether the model takes into consideration such
factors as depreciation of fixed assets, inflation ef-
fect on monetary indices, changes in prices for
digital products as a result of the transition from
one technological curve to another, and data pe-
riod. In view of this, it is difficult to make conclu-
sions on the reliability of this proposed model.

Also, as noted by J. Triplett [12, 326—328] and
R. Solow [9, 318], the accuracy of results based

on the Cobb-Douglas function modification in
the linear form leaves much to be desired.

Thus, to summarize abovesaid concerning the
economic and mathematical models of the ICT
impact on production output it can be stated as
follows:

1. The fact that researchers started these simu-
lations shows that the scientific community, ma-
nufacturers of products (providers of services),
and government bodies have realized the impor-
tance of ICT for economic development.

2. The models for measuring the ICT impact
on production output are mainly based on the
Cobb-Douglas production function as modified
by R. Solow.

3. With the help of the models it has been found
that computer equipment and technology have a
favor-able impact on production output. The So-
low paradox is explained by a small share of com-
puter equipment and technologies in fixed assets
of corporations, the lack of reliable statistical in-
formation on the conversion of computer innova-
tions and their use by economic entities, and by
the imperfect methodology for analyzing statis-
tical data at the time of occurrence of this para-
dox. As statistical science develops and the pre-
sence of computers and ICT in economy grows,
the new models have denied the Solow paradox,
even though most authors of such models still use
outdated methods for analyzing statistical data.
Currently, the actual task is not only to deter-
mine, based on the models, whether computers
and ICT have an impact on production output,
but also to measure this effect as compared with
investments in ICT in various countries and to
identify favorable conditions for the further de-
velopment of ICT in specific country.

4. The main disadvantage of the majority of the
analyzed models is the neglect of computer and
ICT depreciation and technological cycles, which
affects the reliability of the results. This disad-
vantage should be eliminated when creating new
models.

5. Almost all of the analyzed models aim at
measuring the ICT impact on output within a
single country. However, there are many factors
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that influence the development of the ICT sector
in a particular country and the introduction of
digital products into the activities of economic
entities, such as institu-tional development, spe-
cific features of economic development, existing
infrastructure, etc. [1]. Therefore, it is advisable
to simulate the ICT impact on economic develop-
ment in comparison with other countries, taking
into account the peculiarities of their develop-
ment, which may require building several models
in order to solve individual parts of the general
problem and to find more correct solutions.

Proceeding from the advantages and disadvan-
tages of the models analyzed above, it is under-
stood that while developing economic and mat-
hematical models of the ICT impact on econo-
mic development, it is necessary to take into ac-
count several nuances.

Firstly, it is necessary to specify the task to be
solved with the help of economic and mathema-
tical models (ICT impact on GDP, on performan-
ce of individual corporations, etc.).

Secondly, since the digital economy and ICT
are new phenomena, there are significant differ-
ences in terminology throughout the world, on
the one hand. On the other hand, the problem of
measuring their impact on the economy and its
components is complicated by the following fac-
tors: 1) the imperfection and incompleteness of
statistical data; 2) the simultaneous existence of
many technological S curves in different indust-
ries and rapid transitions from one curve to an-
other within the economy of one country, etc.
Therefore, the retrospective analysis of the digi-
tal economy and/or ICT impact on the country’s
economy is not feasible at the moment. In order
to measure the ICT impact on production out-

put and to study how the digital economy and
ICT influence the interrelated development of di-
gital technologies it would be advisable to choose
a short period of time for the simulation (for
example, 3—5 years, during which, according to
the Moore law and analysis of changes in the ICT
sector over the recent 10—20 years, no sharp and
massive transitions to the next technological
curve in the world have been reported) and to
compare the results with different countries ha-
ving different levels of development and integ-
ration of ICT in their economies.

Thirdly, proceeding from the number of tasks
and factors that need to be taken into account, it
is expe-dient in the future to simulate the ICT
impact on production based on several models,
rather than on one equation. Using a set of mo-
dels enables to determine the factors on which
the development of ICT depends; to divide coun-
tries into groups depending on the availability of
such factors; to parametrize the S curve for each
group of countries and, based on this, to deter-
mine the effect on production and productivity
in each group of countries.

Overlaying S curves that describe the ICT
impact on production output of countries from
different groups enables to roughly determine
whether these countries from different groups
are in different sec-tions of the same S curve, or
they are on different curves. The first means that
there is a technical gap between countries from
different groups, but it is not significant and can
be eliminated. The second can be a sign of a large
technological underachievement as compared
with the leaders and serious problems of eco-
nomic development in the countries from a par-
ticular group.
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AHAJII3 EKOHOMIKO-MATEMATUYHNX MOJIEJIEN .
BIINBY IHOOPMAIIIMHO-KOMYHIKAIIIMHNX TEXHOJIOTTI
HA PE3VJIBTATU BUPOBHUIITBA: UM ICHY € ITAPAZJOKC COJIOY?

Beryn. Possurtok indopmartitino-komynikamiitanx Texuosoriii (IKT) i mudposisarttist cycmisbeTBa, M0 PO3TOBCIO/IKYETh-
cs1y CBITI uepe3 NPUCKOPeHUil po3BUTOK cMapT-ipomucaoBocti (IHaycrpii 4.0), 3a3Buuail OB’ I3y10Th 3 TiABUIIEHHSIM 00-
cATiB BUPOOHMIITBA Ta MPOLYKTHBHOCTI MPalli, SMEHIIIEHHSIM BiZIHOCHUX BUTPAT Ha OAMHUITIO TIPOAYKIII Ta il KacToMizaIlie.

IIpo6Gaemaruka. Bixnosinuo 1o napagokey Comoy (1987 p.), inBecTuiil y KOMII'IOT€pHY TEXHIKY Ta TEXHOJIOTII He 3Ha-
XOJATH BiZIOOPaKEHHS B €KOHOMIUHII CTaTUCTHUIN PO TiABUIIEHHS TIPOAYKTUBHOCTI Mpalli BHACAIZOK KOMIT'OTepisalii BU-
POGHWUIITB, TIIO MiIPUBAE YSIBACHHSI PO TTO3UTUBHUIT BIIUB eJEKTPOHIKH Ha BUPOOHUIITBO Ta POLYKTUBHICTH TIPAIIi.

Mera. Po3poOuTi BUMOTH TIOA0 yYAOCKOHANEHHS €KOHOMIKO-MaTeMaTUUHIX Mozeeii Busnadenns sy IKT na su-
POGHUIITBO Ha OCHOBI aHAJII3Y TepeBar Ta HeJIOTiKiB HasIBHUX MOJIeJIel BIUIMBY KOMITIOTEPHOI TEXHIKH Ta MPOTPaMHOTO 3a-
GesIeueHHs Ha Pe3yJIbraTu BUPOOHUIITBA 3 ypaxyBaHHsIM ocobmBocTeil possutky IKT.
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Marepiamy if Metoau. IcTopuynmii MeTos Uit aHasi3y po3BuTKy Mozeseil BBy IKT Ha BUPOGHUIITBO, HOPIBHATBHUIT
aHaJIi3 HaABHUX eKOHOMIKO-MaTeMaTHYHUX MOJIEJIEH 010 BUSHAYEHHS ITAXOAIB 110 BiAO0pY (haKTOPiB BILIMBY Ha PE3YJILTY-
104l IIOKA3HUKH, aHaTiTHYHA 00pOOKa MaCHBIB BUXIAHOI cTaTUCTIYHOI iH(bOpMALil.

Pesyabraru. [IpoanasizoBani Mojiesti y CBOEMY PO3BUTKY CBifuaTh 1po nourusnuii Brumis IKT na BupoGHUIITBO Ta 11po-
JNYKTUBHiCTD T1pati. Bunuknenus napanokcy CoJioy MOSICHIOETLCS TUM, 1110 B OCHOBHUX (DOH/IAX HIITPUEMCTB YacTKa KOM-
MI0TEPHOI TEXHIKU Ta TEXHOJIOTIH Oys1a HesnauHoio Hampukinti 1980-x — moyatky 1990-x pp., a TakoK BifICYyTHICTIO Ha TOH
4ac JI0CTOBIPHOI CTaTUCTUYHOI iH(OPMAILiT Ta HEJIOCKOHAIICTIO METOOJIOTI] aHasi3y. 3 PO3BUTKOM CTATUCTUYHOI HAYKH Ta
MOIMUPEHHIM KOMITTOTEPHOT TEXHIKM Ta TEXHOJIOTIT B HOBUX Mojeaax BBy IKT wa pesysnsrat BUPOOHUIITBA MaPaoKC
CoJoy 6yJI0 CIPOCTOBAHO.

Bucuosku. /Iyt yrounenns BBy IKT Ha BUPOGHUIITBO Ta MPOAYKTUBHICTD MpAIli CJIii BAKOPUCTOBYBATH KOMILIEKC
MojieJield, SIKi BpaxOBYBaTUMYTh IHCTUTYI#iHI 0COGIMBOCTI PO3BUTKY EKOHOMIKHM KpaiHu, eTaru il JKUTTEBOTO UKy Ta CTY-
[iHb BIPOBA/KEHHs B HIll 1M POBUX TexHiKkK Ta TexHooriit. Mogeni srmBy IKT Ha pesyabratu BUpoOHUIITBA HOTPEOYIOTH
TTO/IAJIBITIOTO PO3BUTKY, 30KpeMa 1 3 ypaxyBaHHSIM 3aKOHOMiPHOCTeH PO3BUTKY CyJYacHUX iH(DOPMAIIITHIX TEXHOJIOTIT.

Kniouoesi croea: indopmariiino-KoMyHiKaliiii TexHoI0rii, 1rdposisatis, napamgokc Cosioy, MoIeI0BaHH, BAPOOHUIITBO.
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AHAJIN3 9KOHOMUKO-MATEMATUYECKNX MO/IEJIEN
BJIAHUA THOOPMAIIMOHHO-KOMMYHUKAIITMOHHBIX TEXHOJIOTUI
HA PE3YJIETATBI IIPOU3BOJACTBA: CYIHECTBYET JIM ITAPAJOKC COJIOY?

Bgenenne. Pazpurrie unbopmMaimoHHo-koMMyHUKaIMOHHbIX Texuooruu (MKT) u nudposusainus obiiecTsa, pacipo-
CTPAHSIONINECST B MUPE BCJIE/ICTBUE YCKOPEHHOTO PAa3BUTUsT cMapT-tipoMbiiieHHocTH (MHayctpun 4.0), 00bIYHO CBSI3BIBAIOT
C NOBbIIIEHHEM 00BEMOB MPOU3BO/CTBA M [IPOU3BOAUTEILHOCTH TPY/A, YMEHbIICHUEM Y/CIbHBIX U3IEPKEK HA CAUHUILY
MTPOLYKIIMHU U ee KaCTOMU3AIIUEN.

IIpo6Gaematura. Corsacao napagokcy Cosoy (1987 1.), MHBECTUIINU B KOMIIBIOTEPHYIO TEXHUKY U TEXHOJIOIMU HE OT-
pPa)kalTCA B 9KOHOMUYECKOH CTATUCTUKE O TOBBIIICHUU MPOU3BOAUTEIBHOCTH TPY/A BCJEACTBUE KOMIIBIOTEPHU3AIUN
[IPOM3BOJICTB, UTO MOJPHIBACT ITPE/CTABICHNIE O TOJTOKUTEIBHOM BIMSHUYN 3JIEKTPOHUKU HA TPOU3BOICTBO U IIPOU3BO/IM-
TeJIbHOCTD TPY/a.

Iexnpb. Paszpaborars TpebOBaHUS 10 COBEPUIEHCTBOBAHIIO 9KOHOMUKO-MAaTEMATHYECKUX MOJIEJIEN OIIPe/lesIeHUsT BIIHSI-
nus KT Ha 1pou3Bo/CTBO HAa OCHOBE aHAJHM3a IPEUMYIIECTB U HEIOCTATKOB N3BECTHBIX MOJIeJIeH BANSHIS KOMIIBIOTEP-
HOM TEXHUKK W IPOrPAMMHOTO 06eciedeHrs Ha pe3yJIbraThl IPOU3BOACTBA U yueTa ocobeHnocreii passutus KT

Marepuaisr u Metozbl. VicTopruecknii MeTos st anann3a pazsutus mojeneli sausuug KT na npousBoacTso, cpas-
HUTETbHBIN aHAIN3 CYIECTBYIONIX YKOHOMIKO-MATEMATIHIECKIX MOJIEJIEN TI0 OITPEIENIEHIIO TTOAX0/0B K 0TO0pY (hakTOpoB
BJIMSIHUS HA PE3YJIETUPYIOIIUE TIOKA3ATe !, AHAIUTIYECKast 00paboTKa MACCHBOB UCXOHON CTATUCTHYECKOI MH(pOpMAI[HH.

PesyabraTel. [IpoanannsupoBaHHbIe MOJIEN B CBOEM Pa3BUTHH CBUAETEIBCTBYIOT O MOIOKUTeabHOM BinstHun KT Ha
[IPOU3BOJICTBO U IIPOU3BOAUTENLHOCTD Tpy/a. [lapamoke Cosoy oObsICHSIETCSI TEM, YTO B OCHOBHBIX (DOH/IAX TIPEAPUSITUI
JIOJIST KOMITBIOTEPHOI TEXHUKU M TEXHOJOTUH Oblia HezHaunTeabHoit B korie 1980-x — mavane 1990-x T, a Takke oTCyT-
CTBUEM B TO BPEMSI JIOCTOBEPHOI CTaTUCTUYECKOH MH(DOPMAINN 1 HECOBEPIIEHCTBOM METO/10J10THH aHasu3a. C pasBuTieM
CTaTUCTUYECKON HAYKM 1 PACHPOCTPaHEHHEM KOMIIBIOTEPHON TEXHUKHU ¥ TEXHOJOTMH B HOBBIX Mozessax Biausuug KT na
PE3YIILTAaTH TPON3BOACTBA Mapasoke Cosioy ObIII OTIPOBEPTHYT.

BoiBoapl. /L5 yrounenus Biausgnus KT Ha mponsBoicTBO 1 IPOU3BOUTENLHOCTD TPY/IA CJIEAYET UCI0JIb30BaTh KOMII-
JIEKC MOJIEJIEHl, YUUTBIBAIONIIX HHCTUTYIIMOHAIbHBIE OCOGEHHOCTH Pa3BUTHSI HKOHOMUKHU CTPAHBI, TATIBI €€ KIM3HEHHOTO
[MKJIa U CTENICHb BHE/IPEHUS B Hell 1IM(POBBIX TEXHUKK 1 TexHoJoruit. Mogean sangans KT Ha pesysbraTsl IpoUsBo/I-
cTBa TPEOYIOT JAMBHEHIIETO PA3BUTHSI, B YACTHOCTH U € YYETOM 3aKOHOMEPHOCTEH PA3BUTHSI COBPEMEHHBIX MH(MOPMAIHOH-
HBIX TeXHOJIOTHI.

Knwouesvie crosa: I/IH(I)OpMaHI/IOHHO-KOMMyHI/IKaL[I/IOHHbIe TEXHOJIOI'nH, HI/I(I)pOBI/ISaHI/IH, TTapa/Z1oKkc CO]on, MO/1€JIPO-
BaHue, IpOU3BOACTBO.
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