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Abstract. One of the problems of studying economic cycles, namely long-term ones, is the choice of an adequate
method that allows identifying and explaining the nature of the economic cycle according to available statistical data,
which subsequently becomes the basis for predicting future economic dynamics. In addition, questions remain open not
only concerning the establishment of the duration of Kondratieff cycles, but also the very fact of their existence. For this
purpose, the study investigated time series of annual GDP per capita growth rates for such countries as England, France,
and the Netherlands for 1820-2015. In this paper, the cross-spectral analysis approach was developed as a modelling tool
for identifying long waves, the use of which, in contrast to classical Fourier spectral analysis, allows investigating the
periodicity of two interrelated time series simultaneously in the frequency and time domains. As a result of the analysis,
coherence and phase shift graphs were constructed for the investigated time series, which became the basis for identifying
and determining the duration of economic cycles of different periods. According to the obtained results, it was found that
all selected time series have a high coherence value (within the range of 0.8-0.9) in the frequency domain corresponding
to K-waves with the period of 38-55 years (in the frequency range 0.025-0.015). At the same time, a slight phase shift was
obtained for the frequency range corresponding to long cycles, which is an empirical confirmation of the synchronisation
of the investigated time series. These facts are an additional argument for empirical confirmation of the existence of long
waves. The practical significance of this study is that the identification of multi-period cycles using the proposed approach
allows developing and implementing adequate counter-cyclical measures to timely regulate economic development at
both the macro- and meso-levels
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Introduction

Due to increased globalisation at the present stage of devel-
opment of the world economy, negative trends have con-
siderably worsened, as evidenced by the growing number
and intensity of both regional and global financial and eco-
nomic crises. One of the reasons for the emergence of crisis
phenomena is the cyclical development of the economy,
which manifests itself in periodic changes in the phases of
upswing and downswing. The increase in instability and
crisis phenomena leads to growing in researchers’ interest
in theoretical justification and empirical analysis of the
problem of the origin of cyclical and crisis phenomena.

Economic cycles lasting 7-11 years, expressed in
rapid ascents and crises that suddenly engulf society, have
become an integral part of progressive development.
However, against the background of these cyclical fluctua-
tions, cycles of a different duration, namely long cycles
of 40-60 years, were also less clearly, but very noticeably
visible. Analysis of long economic cycles helps understand
the long-term dynamics of the global economy, allows
making forecasts, and it is also the basis for understanding
past crises and current global economic instability. There-
fore, the study of the features of cyclical economic develop-
ment by using statistical approaches is one of the essential
components of developing effective counter-cyclical measu-
res to regulate economic development at both the regional
and macro levels. Thus, the problem of theoretical justifi-
cation, diagnostics, and identification of economic cycles,
in particular using economic and mathematical models
and tools, is still relevant today. At the same time, one of
the problems of studying economic cycles, especially long-
term ones, is the choice of an adequate method that allows
identifying and explaining the nature of the economic cycle
according to available statistical data, which subsequently
becomes the basis for predicting future economic dynamics.
Another problem is the lack of statistical representative time
series data of the required length, which complicates the
analysis and reliable estimation.

Analysis and modelling of economic cycles, spe-
cifically their identification and detection of multi-period
fluctuations by analysing time series of GDP, price indices
or other indicators, is predominantly based on the use of sta-
tistical methods, in particular spectral analysis. Therewith,
the focus of researchers’ attention is primarily on short-term
business cycles (1-2 years) and medium-term Juglar cycles
(7-11 years) [1; 2]. However, as for long cycles (with a
periodicity of 40-60 years), the concept of which was pro-
posed by Kondratieff [3] and developed by Schumpeter [4],
the use of classical spectral analysis does not guarantee
(with sufficient reliability, probability, validity) to confirm
the existence of long waves and to carry out their perio-
disation [5-7], which requires the use of other, more powerful
methods and research tools [8].

To ensure the regulation of the economic state of
countries and timely response to the onset of crisis phe-
nomena and prevent their consequences, there is a need
to use an adequate forecasting approaches and methods to
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identify the nature of cyclical occurrence and assess the
dynamics of wave processes, namely for the medium and
long term. Therefore, the purpose of this study is to diagnose
and identify long waves in the economy by analysing time
series of annual GDP per capita growth rates for 1820-2015
for three countries (England, France, the Netherlands)
using the cross-spectral analysis methodology, which is a
generalisation of the classical Fourier spectral analysis for
the case of two time series.

Literature Review

Many studies cover the analysis of modern theoretical
concepts of the emergence of long waves (K-waves) in eco-
nomics and the main provisions of Kondratieff theory and
alternative concepts of long waves [9; 10]. The main con-
clusion of the authors of these studies is that despite the
wide variety of proposed theories, none of them allows
tully explaining the causes of cyclical behaviour yet, deter-
mining the factors and time of onset of global economic
crises and recessions, ways to overcome them, etc. [11; 12].
Economic cycles (namely long- and medium-term) are a mul-
tidimensional phenomenon that requires further compre-
hensive, systematic analysis of the processes that generate
long- and medium-term fluctuations, concurrently consider-
ing macroeconomic, investment, innovation, technological,
social, and political aspects.

The study [8] provides the results of spectral analy-
sis of the time series of GDP per capita to determine the
duration of Juglar, Kuznets, and Kondratieft cycles, iden-
tify and explain the nature of the economic cycle based on
available statistical data. As for long economic cycles, the
results of the spectral analysis performed in this study do
not allow unambiguously identifying them, their corre-
sponding harmonics have considerably smaller amplitudes
than for medium-term cycles [8].

The study [13] considers the issues of research and
modelling of Kondratieff long waves. A compact mathe-
matical model of cyclical dynamics is constructed, describ-
ing the trajectory of GDP depending on the dynamics of
investment, consumer demand and profit, and it is also
concluded that the model, apart from a qualitative analysis
of the impact of long waves on long-term growth, allows
jointly describing long-term cyclical fluctuations imposed
on the trend component, estimate the duration of cycles, etc.

To identify Kondratieft cycles, the authors of [14] used
the cross-spectral analysis technique of economic growth
for the USA, Germany, England, and France. As a statis-
tical basis for the study, the researchers used annualdata on
GDP per capita and data on patent activity for 1883-2010.
The obtained results indicate the existence of long waves
in the selected countries with a frequency of 32-64 years,
which is too wide a range that the most researchers do not
agree with.

To identify long cycles more reliably, the authors
of [15] conducted a spectral analysis of the dynamics of
world GDP (for 1870-2007) using an improved method
for statistical estimation of selected waves. This analysis
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allowed assessing the statistical significance of K-waves
in the dynamics of global GDP and demonstrated their
presence at an acceptable level.

On the other hand, the results of studies [4; 6; 7]
indicate that the use of both spectral analysis [6; 7] and
ARIMA time series models [4] does not allow stating the
existence of long waves in the rates of world economic
growth with statistically significant reliability (England’s
GDP for 1830-2006). Therefore, the problem of identifying
long waves in the economy requires further study.

Materials and Methods

Mathematical tools for cross-spectral analysis were used to
identify long waves [16]. Unlike spectral analysis, the use of
cross-spectral analysis allows investigating the periodicity
of two interrelated time series simultaneously.

The first variable is represented as independent, and
the other is dependent. Based on the cross-periodogram
(its real and imaginary parts), one can calculate the values
of coherence (correlation of time series in the frequency

domain) and phase spectrum (synchronisation of time
series). If the time series under study are synchronised and
have peaks at low frequencies, then this is an additional
argument for the presence of long waves.

Cross-spectral analysis allows investigating the pres-
ence of substantial harmonics in time series and estimate
the tightness of the relationship between these series based
on the determination of coherence and phase for pairs
of the original series. Cross-spectral analysis constitutes a
generalisation of spectral analysis for the two-dimen-
sional case and comes down to the calculation of two
spectral functions: the mutual and quadrature spectra [17].

On a complex plane, the eponymous components
are directed along the same axis, and heteronymous
components are directed along mutually perpendicular
axes [17], the function of p(wj) is called the co-spectrum.
In the graph, the co-spectrum or co-spectral density is the
real part of the cross-periodogram that determines the cor-
relation measure and is in the same phase of the frequency
components of the two time series.

p(w;) = 20/4T[Cyy (0) + Cy (0)] + 1/2nz A [Cy (k) + Cy (K)] cOS ) k (1)

where A, is the calculated moving value; C and C are
covariance functions, the values of which depend on the
choice of estimates.

The function g(w) is called the quadrature spec-
trum. A quadrature spectrum is the imaginary part of the

k=1

cross-periodogram that determines the correlation mea-
sure and is not in the same phase of the frequency com-
ponents of the two time series. The phase shift is 7/2
radians.

(@) = 1/2nZ[ny(k) + Cye(O)] sinw; k; w; =mj/m; j=01,..,m )

k=1

One of the essential features of the common charac-
teristics of two time series is the concept of mutual power
spectrum or cross-spectrum. The basis of the cross-spec-
trum is complex numbers divided into real and imaginary
parts, which are described by the interaction (consistency,
interdependence, etc.) at different frequencies of two sta-
tionary time series. To estimate the cross-spectrum, a peri-
odogram or cross-periodogram is constructed — a graph
of the dependence of the spectrum amplitude on the fre-
quency or period. Low oscillation frequencies determine
smooth series. “White noise” is defined by a uniform spread
of deviations over all frequencies. Theoretically, “white noise”
refers to time series, the levels of which have zero mean,
constant variance, and zero autocorrelation.

Methods similar to conventional spectrum estima-
tion methods are used to estimate the mutual spectrum [18].
The power spectrum is the modulus of the mutual spectrum,
and the argument is the phase or phase spectrum. The phase
spectrum is a measure or degree to which each frequency
component of one series is ahead or behind another. If there
is a correlation within the frequency range, then estimating
the phase in the power spectrum is also informative.

Writing two discrete sequences of real numbers in
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the following form
xk=x(tk), tk=Atk, k=0,1,...,N_1, (3)
Vi =y(t), te =A4t, k=01,...,N—-1, (4

allows writing the function of a mutual periodogram or
a cross-periodogram of series x, and y, as follows:

1
ny(w) = mx(w)y(m) (5)
where:
N-1
X((u) — Z Xk e—iZn:(utk (6)
k=0
Yiw) = Dizo Vi €2t (7)

To obtain estimates of cross-density and quadrature
density, smoothing of the sample mutual periodogram is
used to remove high-frequency and seasonal fluctuations
from them, for instance, using the Parzen window. In the
Parzen window [19], for each frequency, the weights for
the weighted moving average of the periodogram values
are calculated as follows:

QO
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wj =1-6(j/p)* +6(/p)° (for j = 0top/2) (8)

w; =2(1—j/p)® (for j=p/2+1top) (9)
w_; = w; (for j # 0) (10)
or the Bartlett window [20]:
w; =1—=(j/p) (for j = 0top) (11)
w_; = w; (for j # 0) (12)

In the previous study [8], the authors used the
Hamming window to smooth the periodogram.

The square root of the sum of the squares of the val-
ues of the co-spectral density and the quadrature spectrum
is called the cross-amplitude.

Aw;) = [P*(@) +q*(w)) (13)

The cross-amplitude is defined as a measure of the
covariance between the corresponding frequency com-
ponents of two series. The cross-spectrum presented in

Figure 1 determines the presence or absence of harmonic
components in the time series under study.
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Figure 1. Cross-spectrum GDP of England and the Netherlands for 1820-2015

Source: developed by the author based on [21]

The coherence function C(w}.) for two time series
is calculated as the ratio of the power spectrum, i.e., the
modulus of the mutual spectrum, to the square root of the
product of the individual spectra of both series f (w) and
fy (a)j), respectively:

! fr(wpfy(w))

It describes the correlation between two series in
the frequency range w,, that is, it determines the strength
of the interrelation between the series. The values of the
coherence function, as well as the correlation coefficient,
vary in the range from 0 to 1.

The phase shift is an analogue of the cross-correla-
tion coeflicient upon estimating the relationship between
harmonic components, factoring in their time shift, and
has the following form:

f(w) = arctg[q(w)/p(w)]

(14)

(15)

Results and Discussion

For cross-spectral analysis, time series of annual GDP
per capita in constant prices in 2009 for 1829-2015 were
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selected for such countries as England, France, and the
Netherlands (186 observations) according to the informa-
tion of the Madison research project [22]. The software
implementation of cross-spectral analysis was performed
using the Statistica-10.0 software.

To ensure stationarity, all time series were conver-
ted to growth rates (year-on-year). Furthermore, the series
was smoothed out by a moving average of the 5" order,
which allows avoiding high-frequency noise - in the case
of this study, to level out short-term business cycles.

As a rule, during spectral analysis, the focus is on
the analysis of periodogram graphs and spectrograms [16].
The results of studies involving spectral analysis [4; 6; 7]
do not allow drawing an unambiguous conclusion about
the presence of long waves.

Notably, in contrast to spectral analysis, when con-
ducting cross-spectral analysis (in the case of a scientific
study of two time series), it is advisable to construct cohe-
rence and phase spectrum diagrams to investigate the
interaction indicators of processes in different frequency
domains (Figs. 2-4). In these graphs, the frequency of
vibrations is plotted along the abscissa axis.
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Figure 2. Coherence diagram (a) and the time series phases (b) of GDP growth rates
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At the same time, the left part of the diagrams is in
the focus of our attention, as it corresponds to the low-fre-
quency range of the spectrum (correspondingly longer peri-
ods). According to scientific results of the studies [8; 14; 15],
Kondratieff long waves (38-55 years” period) correspond
to the frequency range 0.025-0.015. Chart analysis (Fig. 2(a),
3(a), 4(a)) indicates the presence of high coherence be-
tween all the time series: 0.92 (England-France); 0.83 (En-
gland-Netherlands); 0.88 (France-Netherlands) in the fre-
quency range corresponding to long waves.

Furthermore, the analysis of coherence diagrams
allows reliably identifying shorter cycles: Kuznets swing
(frequency range 0.055-0.035) and Juglar cycle (frequency
range 0.125-0.075) for all investigated series pairs. Thus, on
all graphs (Fig. 4-6(a)) there are a clear peaks at the 0.04
frequency for a period of approximately 25 years, which
corresponds to the upper limit of the Kuznets swing, which
is associated with a massive innovation of basic technol-
ogies [2; 10].

As for the Juglar cycles (8-12 years), it is possible to
trace peaks in the coherence values for all series at frequencies
corresponding to the extreme limits: for 8 and 12 years,
respectively (Figs. 2(a), 3(a), 4(a)). Most researchers ex-
plain these cycles by fluctuations in the volume of invest-
ment in fixed assets [2; 10]. At the same time, for a period
of 12 years, the peaks in coherence are lower in amplitude
than for 8 years for such series pairs as England-France
and England-Netherlands.

Since coherence describes the degree of interdepen-
dence (or synchronisation) of time series in the frequency
domain, its high value (0.8-0.9) suggests that there are similar
dynamic properties in the GDP series of the selectedcoun-
tries over long periods corresponding to the Kondratieff cyc-
les, as well as the shorter Kuznets swing and Juglar cycles.
Therewith, a slight phase shift can be observed for the fre-
quency range corresponding to the long cycles (0.025-0.015)
(Fig. 2(b), 3(b), 4(b)), which is an empirical confirmation
of the synchronisation of the time series of GDP per capita
in the most industrialised countries, which are the main
generators of long waves in the economy [23].

As for the shorter cycles, there is a clear synchroni-
sation for the France-Netherlands time series (Fig. 4(b)). As
for other pairs of the series, such phase synchronisation is
no longer observed here: it is present as a leading one (Fig.
3(b)), and delayed, lagging dynamics (Fig. 2(b)) at frequen-
cies 0.05-0.1. However, considerable jumps and phase shift
sign changes are observed for the frequency 0.1 (a period

of approximately 10 years). This interesting fact requires
further meaningful analysis.

Notably, the scientific results are quite consistent
with the study [15]. To perform cross-spectral analysis,
the authors of this paper selected two time series for each
country (GDP and patent activity series) and analysed
their consistency, in contrast to the selected approach,
which investigated the synchronisation of time series for
different countries in this study.

Conclusions

The cross-spectral analysis of the time series of GDP per
capita allows identifying different-period economic cycles
more reliably, especially the Kondratieff waves. According
to the obtained results, all selected time series have a high
coherence value in the frequency domain corresponding
to K-waves. At the same time, the authors observed a slight
phase shift in the frequency range corresponding to the
long cycles, which is an empirical confirmation of the syn-
chronisation of the investigated series. Therefore, these
aspects constitute additional arguments for empirical con-
firmation of the existence of long waves. Furthermore, the
analysis of coherence diagrams allows reliably identifying
shorter cycles: Kuznets and Juglar for all pairs of series
under studies.

Thus, cross-spectral analysis complements the results
of studies obtained using spectral analysis approach and
allows evaluating and identifying economic cycles of dif-
ferent periods in a more flexible manner. Based on the con-
ducted research, it can be concluded that cross-spectral
analysis is one of the promising methods for estimating
wave economic dynamics, which allows determining both
low-frequency and high-frequency fluctuations due to the
localisation of data in frequency-time space, as well as
evaluating correlations of long-wave amplitudes.

In summary, the main problem of investigating
long waves is the lack of sufficient observations for reliable
identification: reliable statistical data have been available
since the end of the 18" and beginning of the 19" centuries,
which complicates the performance of an objective analy-
sis. For more reliable periodisation of K-waves, the authors
of this paper believe that it is necessary to use a broader
statistical base of the study, which should cover a larger
number of countries (admittedly, those for which there are
statistical observations of the required length) and a larger
number of economic indicators (price indices, industrial
production indices, patent activity, etc.).
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Kpoc-cneKTpanbHUiA aHani3 AOBroCTPOKOBUX €KOHOMIYHUX LIMKNIB

Bacunb rxoprxoBuy [epbeHues, AHApi AHaToniioBny OBYapeHKo,
Haranis BonogunmupieHa [JayeHko, AHApi Bonogumuposuy lpabapes

KwiBcbkuii HalioHa/lbHUI eKOHOMIYHWIA YHIBepcuTeT iMeHi Baguma eTbmaHa
03057, npocn. lNepemorn, 54/1, M. Kuis, YkpaiHa

AHoTauifa. Opniero 3 Hpo6neM TOCTIPKEHHA €KOHOMIYHMX LVKJIIB, 30KpeMa JOBIOCTPOKOBUX, € BMGip aJeKBaTHOTO
METOJY, 3a JOIIOMOTOI0 AKOTO MOYK/IMBO BUABUTY Ta IIOACHUTH TPUPOY €KOHOMIYHOTO LIMK/TY 3a HaSBHUMMY CTaTUCTUIHVIMU
JAHUMIU, 1O B IIOIa/IbLIOMY € OCHOBOIO IS 3IiJiICHEHHS IIPOTHO3Y Maﬁ6yTHbo'1' €KOHOMIYHOI IMHAMIKI, OKPiM IJbOTO
BiIKPUTUMM JIMIIAIOTHCA IIATAHHA He TUIDKM IOJO BU3HAYeHHA TpuBanocTi umkiais Konppar'esa, ane i camoro dakry
IXHBOTO iCHYBaHHA. 3 LIi€I0 METOI B po0OTi Oy/I0 IMPOBENEHO HOCIIPKEHHA YaCOBUX PAJIB TEMIIiB IIPUPOCTY Pi4HOrO
BBII na gynry HaceleHHA IS TaKUX KpaiH, Ak: Auris, @pannis ra fomnanpia (Higepranmm) 3a nepiop 3 1820 o 2015 pp.
Y pobori Ak MomenbHuUl iHCTpyMeHTapiit imeHTHdikanii FOBIMX XBWIb 0y/lI0 BUKOPUCTAHO MaTeMaTHYHUII amapat
KpOC-CIeKTPaJbHOTO aHajIi3y, 3aCTOCYBaHHA AKOTO, Ha BiIMIiHY BiJi KJIACMYHOTO CIIEKTpabHOro aHanizy dyp’e, nae
3MOTy JOCHIIUTY HepiOAMYHICTb ABOX B3a€MO3B’A3aHNX YaCOBUX PAMIB OJHOYACHO B YAaCTOTHIN Ta 4acoBill o6macri.
Bracrnifok mpoBefieHOro aHamizy 6yno no6ymoBaHo rpadiky KOrepeHTHOCTI Ta ¢$a3oBOro 3CyBY [IA HOCIIKYBaHNX
YacOBMX DSI/IiB, 1[0 € OCHOBOIO ISl ifeHTm(iKaril Ta BU3HAYE€HHs TPUBATOCTI €KOHOMIYHVX L[UK/IB Pi3HUX IepiofiB.
3rigHO 3 ofepKaHMMU pe3ynbrataMy OyI0 3’sCOBaHO, IO yCi JOCIPKYBaHI YacoBi pAAY MalOThb BUCOKEe 3HAUCHHA
KorepeHTHOCTi (B Mexax 0,8-0,9) y 4acrorHiit obmacTi, mo Bignosinae K-xBuraM nepiony 38-55 pokiB (B miamasoi
vactoT 0,025-0,015). BogHOYAaC /I 9aCTOTHOTO Aialla3oHYy, 1O BiAIIOBia€ HOBIMUM LIUK/IAM, Oy/I0 Ofiep>KaHO He3HAUHUIA
(da3oBmit 3CyB, IO € eMIIPMYHMM HiATBEPIKEHHAM CUHXpoHisauii mocmimxyBauux psapis. i ¢axtn € momaTkoBuM
apryMeHTOM I[[OJI0 eMIIipMYHOrO HifTBepPI>KeHH iCHYBaHHA JOBIMX XBWIb. [IpakTiyHa 3HAUYIiCTb poOOTH IOJIATA€E B
TOMY, 1[0 ineHTU}iKaLid pisHOIEePIOAMYHNX IVIK/IIB 3 BUKOPUCTAHHAM 3aIIPOIIOHOBAHOTO MiIXORY Jja€ 3MOTy CBOEYACHO
PO3pOOIATH Ta 3alIpOBA/KYBATy aJleKBAaTHI aHTUIMK/IIYHI 3aX0aM IIOJO PeryI0BaHHA eKOHOMIYHOIO PO3BUTKY SK Ha
MaKpO-, TaK i Ha Me30piBHi

KntouyoBi cnoBa: ko-criexTp, foBri xBuni Konppar’esa, 4acTOTHUI [jiana3oH, KOrepeHTHICTb, (pa3oBuit 3cyB

Scientific Bulletin of Mukachevo State University. Series "Economics’, 8(4), 53-59 @



