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Abstract

The modern global debt market features historically low average interest rates, convergence of
yields on bonds with different maturities, an increase of yield curve inversion emergence frequency
and a large-scale trend to automate financial decision making. The researchers’ attention in these
fields is mainly focused on designing models that describe the state of the debt market as whole
or its individual instruments in particular, as well as on risk management methods. At the same
time, the specialized literature offers very few works concerning the topic of computer algorithms
for bond portfolio selection based on traditional or advanced investment strategies. The aim of the
present research is to create a modification of the existing algorithm of riding the yield curve strategy
application, employing, first, average bond yield over the holding period instead of traditional bond
yield to maturity; second, a developed algorithm for calculating the market spread on bonds; and,
third, alternative risk evaluation indicators (compensation coefficients), which allow us to measure
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objectively price risk, liquidity risk, transaction costs risk and a general risk. The modification
and the development of the algorithm for calculating the market spread were carried out using the
direct measurement of the result technique, which entails application of the strategy to the data on
bond issues received through the Moscow Exchange API. The selection of financial instruments
was conducted in all sectors of the Russian debt market: public bonds, sub-federal and municipal
bonds, corporate bonds. The modified algorithm enabled us to get extra yield for each selected bond
issue, thereby proving the high effectiveness of the technique compared to the traditional strategy.
Software implementation of the algorithm can be integrated into any robotized or semi-robotized

stock exchange trading application.

Key words: modified riding the yield curve strategy; robotizing bond portfolio selection; algorithm for
calculating the market spread on bonds; compensation coefficients; bond price risk; bond liquidity risk;
bond transaction costs risk; general bond risk; investment software applications.
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Introduction

he development of financial technol-

ogies and financial markets in recent

decades has led to the fact that today
almost all decisions on purchase or sale of
financial instruments are carried out through
specialized electronic applications. Their soft-
ware architecture is largely determined by
the financial tasks that a market actor sets for
himself. Speculative strategies such as scalp-
ing, intraday or swing trading are implemented
today mainly by creating trading robots for
high-frequency trading. Human participation
in making a decision to buy or sell a particular
financial instrument, in this case, although it
may be present, is usually minimized.

Following the investment strategies today
involves engaging three types of software:

¢ fully robotized applications that exclude
human participation (the first type);

¢ semi-robotized complexes, when the pro-
gram forms investment options, and a per-

son decides on the acceptance of one or
another option (the second type);

+ non-robotized systems in which all financial
analysis and decision making is a matter of
investor’s responsibility (the third type).

All three types of investment applications
have been actively developing in recent years.
The first type of software can be classified as
robo-advisors that have been gaining popular-
ity after the financial crisis of 2008. They use
artificial neural networks and graph models
of decision making. Algorithms of their work
[1—4], based on the classical principles of port-
folio selection by H. Markowitz, W. Sharpe
and J. Tobin, showed high effectiveness in a
growing market during the period from Feb-
ruary 2009 to February 2020. A “Black Swan”
in the form of a collapse of stock indices in
March 2020 led to the case when many Fin-
Tech providers had to switch the work of their
robo-advisors to manual control mode. This
once again indicated the limitations of artifi-
cial intelligence system applicability for mak-
ing financial decisions.



Semi-robotized investment applications can
include trading systems in which an inves-
tor makes transactions based on data received
from an integrated screener working with such
instruments as stocks, mutual funds, ETFs,
bonds, etc. The “intelligence” of such screen-
ers usually comes down to calculating the main
economic indicators of a financial instrument
or an issuing organization and filtering them
according to a given criterion.

Non-robotized applications comprise most
of the trading terminals provided by stock bro-
kers and banks to their clients for making trans-
actions in the financial market.

All of the above trends are to be taken into
account, first of all, by such institutional
investors as mutual funds, as well as more con-
servative market actors — commercial banks,
public and private pension funds, insurance
companies and some private investors who
face the task of creating low-risk portfolios.
The majority of investments in such portfo-
lios are usually government and corporate
bonds. One of the possible universal strate-
gies for selecting financial instruments in the
debt market is the riding the yield curve strat-
egy (RYCS).

Modern Russian academic literature lacks
works analyzing active investment strategies
in the bond market; moreover, the modifica-
tions of such strategies are practically absent
as well. The most common approach to bond
investing is the “buy and hold” strategy, which
can be traced in the papers by N.F. Korobov
and A.A. Beloglazov [5], A.A. Ponomarev
[6], N.V. Popova [7], PA. Lashevsky
[8], I.A. Darushin [9], A.N. Zadorozh-
naya [10], V.V. Nazarova and I.P. Levi-
chev [11], I.A. Freidina [12], M.V. Fomina,
Yu.V. Lakhno and A.P. Pyshnograya [13] and
other authors.

Some researchers study the shape of the
bond yield curve, but they do not consider its
application to RYCS (for example, a similar
approach is a characteristic of the papers by

A.Y. Mikhailov [14], A.N. Burenin [15], S.V.
Beshenov and V.A. Lapshin [16]).

RYCS is practically not considered in the
specialized Russian financial and economic
literature, and in foreign literature its most
complete description is presented in the fun-
damental works by FEJ. Fabozzi [17—19]. A
detailed consideration of this strategy with an
analysis of its practical use also can be found
in the papers by V. Galvani and S. Landon
[20], D. Bieri and L. Chincarini [21], R. Cox
and J. Felton [22], Z. Wei, W. Xianhua and W.
Guofu [23].

An effectiveness estimation of RYCS under
the conditions of low interest rates is pre-
sented in a study by the International Mon-
etary Fund [24].

Computer models of bond portfolio selec-
tion and evaluation are also presented rather
sparsely in the works of Russian and foreign
researchers. Russian papers on this topic can
be found in [25, 26].

The choice of RYCS as an object of roboti-
zation is due to a combination of two factors.
On the one hand, under the conditions of
low interest rates and the inverted yield curve
shape, this strategy (with sufficient credit
quality of bond issuers) has a certain “resist-
ance” to the risks associated with the debt
market, primarily to the interest rate growth
risk; the probability of its realization today is
objectively quite high (especially when apply-
ing the strategy on a short section of the yield
curve). On the other hand, RYCS belongs to
the group of well-formalized investing strat-
egies, which allows us to form unambigu-
ous algorithms for robo-trading. In addition,
RYCS is available not only to institutional,
but also to private investors, whose distinctive
feature is the insignificant volume of the port-
folio, a priori assuming a limited level of its
diversification.

The initial condition determining the possi-
bility of using this strategy is the presence of a



positive difference between the yield of bonds
with a longer maturity and the yield of bonds
with a shorter maturity (in fact, we are talk-
ing about the presence of a “classic” upward
slope of the bond yield curve). As an addi-
tional condition for its application, it is neces-
sary to note a sufficient level of market liquid-
ity of the bond issue and an appropriate level
of transaction costs.

Currently, in the context of a global decline
in the average level of interest rates, bond
yields with different maturities are “converg-
ing” (minimizing the difference in bond yields
on different sections of the curve), and the fre-
quency of the bond yield curve inversion is sig-
nificantly increasing. These trends lead to the
need to transform the approach to consider-
ing strategy: its use in the classical interpreta-
tion makes investors accept increased inter-
est rate risk, liquidity risk and transaction cost
risk, while the resulting yield generally does not
compensate for the accepted risks.

The purpose of this study is to design a mod-
ification of the traditional RYCS, taking into
account the interest rate curve shape, as well
as the development of an automated algorithm
for calculating the market spread in the Russian
debt market which allows investors to evaluate
the liquidity risk. The algorithms thus obtained
can be engaged by exchange trading software of
the first and second types.

1. Methods

The modification of RYCS and the develop-
ment of an automated algorithm for calculat-
ing the market spread is supposed to be car-
ried out using the method of the result direct
measurement. This method involves the appli-
cation of a modified RYCS to real data (based
on information received from the Russian
exchange bond market at a specific time — a
“market snapshot” for a specific date) and does
not involve the design of predictive, descrip-
tive or simulation models for the Russian bond

market as a whole or of its individual sectors in
particular.

This method is based on the following
assumptions:

1) the costs of investors in the purchase and
sale of bonds include two types of commis-
sions — the exchange commission and the
broker’s commission, charged as a percent-
age of the amount of actually completed
transactions, while other types of costs are
not considered;

2) bonds are selected for the investment port-
folio during one trading session;

3) the closing prices of the corresponding
trading session are considered as settle-
ment prices for the purchase and / or sale
of bonds, regardless of the volume of trans-
actions performed, while in the absence of
real transactions during the trading session,
the bond issue is deemed not to have a suf-
ficient level of liquidity and is not selected
to the bond portfolio;

4) when calculating the yield indicators for
bond issues, the accumulated coupon
income at the time of the relevant transac-
tion is taken into account;

5) the credit quality of bond issuers is assumed
to be unchanged throughout the analyzed
period (this study doesn’t separately assess
or analyze it).

Considering modification of RYCS is based
on following points:

1) the average yield of bonds over the invest-
ment period instead of the traditional yield
of bonds to maturity;

2) the designed author’s algorithm for calcu-
lating the market spread on bonds;

3) alternative risk assessment indicators (com-
pensation coefficients) that make possible
an objective assessment of price risk, liquid-
ity risk and transaction cost risk, as well as
overall risk.



The quantitative indicators proposed within
the modified strategy are universal for the debt
market and can be applied to any coupon and
discount bonds. The generalizing nature of
the indicators used is due to the chosen tech-
nique of their design: when calculating them,
fixed parameters of bond issues are used, as a
rule, determined at the moment of issue of the
latter, data on market transactions with bonds
and their market quotations, as well as infor-
mation on the time bonds are held (investment
period).

When using RYCS within the traditional
approach, it is assumed that the classical for-
mula is applied to calculate the yield of bonds
to maturity:
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where Y, — bond yield to maturity;
P, — sale price or redemption price of bonds;
P,—bond purchase price;

f,, — the number of days remaining until the
bonds are redeemed.

It should be emphasized that for the classical
version of the strategy, strict inequality is man-
datory:
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where Y, — is the yield to maturity of bonds
with a long maturity;

Y., — yield to maturity of bonds with a shorter
maturity.

In addition, another strict inequality must
also be observed:

Y, >Y
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where Y, — expected return on investment.

Within the consideration modification, it
is proposed to focus on an alternative indi-

cator — the yield for the period of holding
the bond, which is due to the availability of
an objective opportunity for investors to sell
bonds without waiting for their redemption.
The calculation of this indicator can be done
according to the following formula:

n k
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where ¥, — yield for the period of holding the
bond;

C, — is accumulated coupon yield at the time
of bond sale;

C; — is the coupon yield paid by the issuer
for the corresponding coupon period (subject
to availability of such payments for the hold-
ing period);

n — is total number of coupon periods for
bonds;

C,— is accumulated coupon yield at the time
of bond purchase;

7;. — transaction costs;
k — total number of transaction cost types;

t,,— number of days the bond is held.

Unlike the traditional technique, the yield
indicator for the period of holding the bond
should be calculated regularly, for exam-
ple, at the end of each trading session, and
not only at the time of bond purchase. This
approach initially implies a higher level of
investor trading activity compared to the tra-
ditional one.

To assess the effectiveness of the modified
RYCS, it is advisable to use the average yield
indicator for the investment period, taking into
account both the periods of bond holding and
the periods of no positions in bonds:
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where ¥ — average yield over the investment
period;

XH/ — vyield for the /-period of bond hold-
ing (the period of availability of positions on
bonds);
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m — number of bond holding periods;

Y,H, — vyield for the period of no positions in
bonds (for example, due to the placement of
funds on the money market);

f, — duration of the period with no positions
in bonds;

v — number of periods with no positions in
bonds.

Conceptually, it is important to note that
for a modified RYCS, the ratio between bond
yields of different durations takes the form:

Yy Yy (©)
Thus, the proposed modified strategy is effec-
tive even when the bond yield curve is flat.

In turn, to evaluate the price risk, it is sug-
gested to use the change in the bond market
price with an increase in interest rates by 1%:

A, =|P

SY+I%
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where A, is the change in the bond market price
with an increase in interest rates by 1%;

P, —thebond market price with an increase

in interest rates by 1%.

The value P is calculated according to
formula (4) by éelecting such a numerical
value of this indicator, at which the value of
the bond yield will increase by exactly 1%
(Y,,..,, ). This makes it possible to obtain accu-
rate results (in absolute terms), which is the

main advantage of this indicator compared,
for example, with classical or modified dura-
tion, which is less accurate. In general, it
assumes an approximate calculation of the
coupon rate; it does not take into account the
daily accrual of accumulated coupon income;
does not consider the payment of the latter at
the end of the coupon period or pay back by
the buyer at the time of bond sale. Duration
also assumes complete symmetry of changes
in bond prices both in terms of growth and in
terms of declining interest rates (the last prob-
lem can be solved to a certain extent by using
the convexity index of bonds; however, when
liquidity is limited, this indicator has limited
representativeness).

As a risk indicator that reckons the accrual
of current bond yield, we proposed to use the
author’s price risk compensation coefficient,
determined by the formula:

Kep =—~ (8)

where K, is price risk compensation coeffi-
cient;
C, — the value of the coupon charged daily.

Thus, the value of the price risk compensa-
tion coefficient can be interpreted as the num-
ber of days for which the value of the coupon
charged on bonds fully compensates for the
estimated drop in the bond price (from their
current market prices) with an increase in the
interest rate average level by 1%.

Another indicator that makes it possible to
assess the risk taken by investors in the debt
market is the liquidity risk compensation coef-
ficient calculated by the formula:

S5
CD

whereK , is liquidity risk compensation coef-
ficient;

S — average value of the market spread for a
bond issue.

K, == )



We propose to interpret the value of the
liquidity risk compensation coefficient as the
number of days for which the value of the cou-
pon charged on bonds fully compensates for
the average market spread on bonds.

The average value of the market spread (in
absolute or relative terms) for a certain period
of time objectively reflects the level of liquid-
ity of bonds and is more representative com-
pared to the traditionally used spread at a
specific time (usually at the time of open-
ing a position in bonds). The fact is that the
average value of the market spread considers
every change in bond market quotations (both
purchase and sale quotations) during market
trading; that is, it reflects the average actually
observed difference between them. The abso-
lute advantage of this indicator is the possi-
bility of its systematic calculation, especially
if the average spread is calculated over a suf-
ficiently long time interval (for example, a
month).

The traditionally used market spread calcu-
lated at a specific time has two serious draw-
backs: firstly, it cannot always be determined
(in particular, in the complete absence of quo-
tations for the purchase or sale of bonds), and
secondly, the market spread value at a specific
time can deviate significantly from its average
values in any direction.

In addition, the classical version of calculat-
ing the market spread in absolute terms usually
does not reckon the volume of the best bid and
ask bond orders, i.e. the spread is “mechani-
cally” calculated as the difference between the
best ask price and the best bid price according
to the following formula:

S, =B;—B,, (10)
where §, — market spread on a bond issue at a
specific time;

B, — the best ask price on a bond issue at a
specific time;

B, — the best bid price on a bond issue at a
specific time.

This technique has gained widespread use
because, in practice, the correct calculation
of the average market spread “manually” is an
extremely difficult and time-consuming task.
Its solution involves regular depth of market
(order book) monitoring for each bond issue,
fixing the changes occurring in it and calcu-
lating the market spread for each bond issue
at a specific time. When forming a diversified
bond portfolio, this task is objectively impos-
sible without the use of automated algorithms.

In this study, an algorithm for calculating
the market spread on bond issues was designed
and programmed in Lua in integration with
the QUIK trading terminal (“Quickly Updat-
able Information Kit”) and assumes the fol-
lowing steps:

1) the selection of bond issues in user mode
(at this stage, the investor can choose an
arbitrary list of bond issues whose issuers
satisfy him in terms of credit quality; other
criteria for the formation of this list can be
set arbitrarily);

2) setting up the period for fixing market quo-
tations of selected bond issues (by default,
the full duration of the main trading session
is set, if necessary, it can be changed arbi-
trarily);

3) setting up conditions for fixing market
quotations of selected bonds (default fix-
ing is executed only if there are simultane-
ous market quotations for the buy and sell;
other possible conditions of fixing: if there
are market quotations for the buy, if there
are market quotations for the sell, perma-
nent fixing);

4) recording the market quotations to the
information system (carried out in a spe-
cialized register in the database);

5) setting of the period for calculating the
market spread (by default it is 20 trading
days; if necessary, it can be set arbitrarily);



6) calculation of the average market spread on
the bond for the chosen period, carried out
according to the formula:

Ys,
S§=r (11)
21
1=

1

where w — the number of price stability peri-
ods of bond market quotations (during this
period, the value of the market spread remains
unchanged);

Sy, — the market spread value during the
I-period of price stability of bond market quo-
tations;

f, — duration of the price stability period of
bond market quotations (calculated with an
accuracy of 1 second);

7) the output of calculated values of the average
market spread to the report (the report form
is configurable in user mode).

The use of the single transaction criterion
in combination with the developed algorithm
allows for a much more accurate assessment
of the bond liquidity risk characteristic when
using RYCS.

From the automation point of view, the main
advantage of the proposed algorithm for fixing
and calculation of the market spread on bonds
is the regular receipt of objective information
about the average actual (actually observed)
market spread value on circulating bonds and,
if necessary, collecting an array of spread his-
torical data, which allows us much more
accurately to characterize the liquidity level
of bonds considered as potential investment
instruments.

An additional indicator that reflects the level
of risk taken by investors is the transaction cost
compensation coefficient K :

k

%

K. =+—.
CcT CD

(12)

The economic interpretation of this indi-
cator is largely similar to the previous ones: it
shows the number of days for which the value
of the coupon charged on the bonds fully com-
pensates for the amount of transaction costs
incurred by the investor when making transac-
tions on the bond market.

Based on the above indicators, you can cal-
culate the overall compensation factor K,

KCG = KCP + KCL + KCT' (13)

This indicator allows us to get an idea of over
what period (number of days) the value of the
coupon charged on bonds fully compensates
for the price and liquidity risk, as well as the
amount of transaction costs. In general, the
higher the value of all the above compensa-
tion ratios, the higher the level of risk taken by
investors, and vice versa.

Obviously, within modified RYCS, maximi-
zation of the average yield over the investment
period and minimization of the overall com-
pensation coefficient are optimal.

2. Results

The method of the result direct measurement
in relation to the modified RYCS was carried
out in the Russian exchange bond market as of
June 30, 2020 (the date of opening bond posi-
tions).

The bond portfolio was formed with bor-
rowed funds attracted at a rate of 7.00% per
annum for 90 days, while there is a possibility,
if necessary, to prolong the loan (the prolonga-
tion is carried out on identical terms in terms of
cost and terms of attraction).

Bond issues with maturity dates within 13 to
27 December 2020 are considered as invest-
ment objects. Bond issues are selected in all
segments of the Russian bond market: govern-
ment bonds, sub-federal and municipal bonds,
corporate bonds (the list of bonds traded in the



Russian stock market and having the required
maturity is given in Zable 1).

The formed list of bond issues contains one
issue of government bonds and 15 issues of
corporate bonds (in the segment of sub-federal
and municipal bonds during this period, bond
issues were not redeemed).

The next consistently applied criterion
for reducing the list of potential investment

BUSINESS INFORMATICS Vol. 15 No 4 — 2021

objects is the criterion of liquidity, in par-
ticular, one that assumes the completion of at
least one transaction during the trading ses-
sion, in which the bond portfolio is formed
(data on transactions made on June 30, 2020
in the domestic exchange market are pre-
sented in Table 2; bold font there marks those
bond issues which have no transactions during
the trading session).

Table 1.

Bond issues circulating in the Russian stock market
with maturity dates within 13 to 27 December 2020,
placed no later than 30 June 2020!

Maturity date Nominal value

o | seomant of bond e otthebond st | ol st
1| Government bonds GS0-36002-PPS 16.12.2020 15.00000
2 Ofir-KO-P02 14.12.2020 0.10000
T DOM.RF-20-0b 15.12.2020 5.00000
T Sberbank-001-41R-bso 15.12.2020 3.00000
T FPK Garant-Invest-001R-03 16.12.2020 1.00000
T Agronova-L-1-0b 17.12.2020 5.00000
T RSG-Finans-4-bob 17.12.2020 2.00000
T SoftLain Treid-001R-01 17.12.2020 3.00000
T Corporate bonds Bank VTB-B-1-48 18.12.2020 10.00000
T UOMZ PO-2-bob 18.12.2020 1.50000
1—1 Passazhirsky port-1-obn 22.12.2020 0.00009
T Bank VTB-B-1-48 23.12.2020 5.00000
T Magnit-003R-03 24.12.2020 10.00000
T ChTPZ-001R-01-bob 24.12.2020 5.00000
T Sberbank-001-179R-bso 25.12.2020 3.00000
T GPB-25-bob 26.12.2020 5.00000

! Bond Screener ‘RusBonds’. FinMarket Information Agency

(https://www.rusbonds.ru/srch_simple.asp)
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Table 2.

The number of transactions concluded on the selected
bond issues on June 30, 2020 on the Moscow Exchange
(in the ‘T + Market Transactions’ trading mode)?

Name Transaction Transaction Number
of bond issue volume, volume, of transactions,
RUR units units
1 GS0-36002-PPS 0 0 0
2 | Ofir-K0-P02 0 0 0
3 | DOM.RF-20-ob 0 0 0
4 Sherbank-001-41R-bso 0 0 0
5 | FPK Garant-Invest-001R-03 63526.60 63 10
6 Agronova-L-1-ob 0 0 0
7 | RSG-Finans-4-bob 1438103.50 1439 50
8 SoftLain Treid-001R-01 683453.75 1336 35
9 Bank VTB-B-1-48 9276796.40 9229 27
10 UOMZ PO-2-bab 143036.00 141 5
11 Passazhirsky port-1-obn 0 0 0
12 | Bank VTB-B-1-48 0 0 0
13 | Magnit-003R-03 177337.70 174 13
14 | ChTPZ-001R-01-bob 122784.00 120 2
15 | Sberbank-001-179R-bso 4090890.60 4221 23
16 | GPB-25-bob 1773540.40 1747 10

The liquidity criterion used made it possible | sion of 0.01% of the transaction amount (See
to reduce the number of bond issues from 16 | the calculation results in 7able 3).
to 9, while the latter were used to calculate the
yield for the expected holding period (subject Thus, .7 out (,)f 9 selected bonds (t.hGy are
to bond holding until maturity), based on the marked in bold in 7able 3) are not advisable to
average broker’s commission of 0.01% of the | use within the modified RYCS: their estimated

transaction amount and the exchange commis- | Yield for the expected holding period, taking

2 Moscow Exchange MICEX-RTS (https://www.moex.com/ru/market-
data/bulletins/#/date=2020-06-30)
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Table 3.

Estimated yield over the expected holding period
of the selected bonds (assuming bond holding until maturity)

Name of bond issue

The yield for the expected holding period, % per annum

1 FPK Garant-Invest-001R-03 9.90
2 RSG-Finans-4-bab 10.94
3 SoftLain Treid-001R-01 6.07
4 Bank VTB-B-1-48 4.47
5 UOMZ P0-2-boh 6.1
6 Magnit-003R-03 3.69
7 ChTPZ-001R-01-bob 512
8 Sherbank-001-179R-bhso 6.65
9 GPB-25-bhoh 443

Table 4.

Estimated compensation coefficient values for selected bonds

K., . days ‘ K., days

#/ item Name of bond issue K., days K, days
1 FPK Garant-Invest-001R-03 135 271 1.2 418
2 RSG-Finans-4-bob 14.7 10.6 1.3 26.6

into account the accumulated coupon yield
and the transaction costs amount, is less than
7.00% per annum.

For two bond issues with a yield exceeding
the cost of raising borrowed funds, compensa-
tion ratios (for the case of selling bond issues)
were determined as of June 30, 2020.

The calculation of compensation coeffi-
cients is performed using classical mathemati-
cal and computer modeling methods: determi-
nation of the market bond price volatility with
an increase in interest rates by 1% (using itera-

tive methods of value selection), as well as cal-
culation and verification of the significance of
the bond market spread average value for bond
issues based on small samples, followed by ver-
ification by the Bartlett criterion (See the cal-
culation results in Table 4).

For both bond issues, the overall compensa-
tion coefficient is less than the expected invest-
ment period, so the selected bond issues can
be included in the bond portfolio as part of
a modified RYCS. The relative share of each
bond issue is determined in inverse proportion
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to the overall compensation coefficient values,
i.e. the share of the bond issue FPK Garant-
Invest-001R-03 will be 38.9%, and the share of
the issue RSG-Finance-4-bob — 61.1%.

Performance evaluation of the implemented
investment strategy was carried out as of Sep-
tember 18, 2020.

The specified date was the date of the bond
portfolio review and the adoption of a key
investment decision to close the existing bond
positions or to continue investment (the calcu-
lations are presented in Table 5).

The modified strategy made it possible to
obtain additional yield on each of the selected
bonds, and taking into account the share of
bond issues, the average yield growth was
1.45%. Considering the expected yield of
7.00%, the difference in the return on invest-
ment is very significant: the increase in prof-
itability amounted to 20.71% of the expected
return.

It should be noted that in the future, the com-
plete robotization of the sequence of actions
described above when forming a bond invest-
ment portfolio will allow institutional and pri-
vate investors to solve effectively a number of
interrelated tasks with minimal time, in par-
ticular, the task of selecting potential invest-

ment instruments, the task of structuring an
investment portfolio, as well as the task of
choosing the optimal moment to open and
close positions in bonds.

Conclusion

Based on the study outcomes, the following
conclusions can be drawn:

1) the modified riding the yield curve strat-
egy applied to short-term bonds can be used
both in the conditions of the classical inter-
est rate curve shape and in the case of a flat
interest rate curve;

2) the proposed yield indicator for the holding
period, which takes into account the accu-
mulation and coupon yield payment as well
as the transaction costs that are individual
for each investor, is a more accurate and
objective indicator compared to the tradi-
tional indicator of bond yield to maturity;

3) the joint use of the single transaction crite-
rion in combination with the algorithm for
calculating the average market spread allows
investors to more correctly evaluate the level
of market liquidity of bonds and more accu-
rately calculate the liquidity risk compensa-
tion coefficient;

Table 5.

Comparative profitability analysis of selected bond issues?

Yield for the exp(ected Yield for the expected

holding period (sub- holding period
Name : : : Error.
: ject to bond holding (subject to sale ’

of bond issue until maturity), % per | on September 18, 2020), %o per annum

annum % per annum
1 FPK Garant-Invest-001R-03 9.90 10.77 +0.86
2 RSG-Finans-4-bob 10.94 12.75 +1.82

3 Moscow Exchange MICEX-RTS (https://www.moex.com/ru/marketdata,/

bulletins/# /date=2020-09-18)
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4)

10.

11.

12.

13.

14.

the proposed compensation coefficients
(price risk compensation coefficient, liquid-
ity risk compensation coefficient, trans-
action cost compensation coefficient and
general compensation coefficient) make it
possible not only to comprehensively char-
acterize the level of risk inherent in bonds
according to the selected criteria, but also
allow us to structure the bond portfolio (for

example, in inverse proportion to total com-
pensation coefficients).

The algorithms designed in this research for
the bond portfolio selection and their software
applications can be embedded in robotized and
semi-robotized trading terminals and invest-
ment applications for use by institutional and
private investors. m
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Abstract

In business informatics, one of the research subjects is the analysis of data on processes in applied
subject areas; here problems of qualitative analysis arise. Such problems arise, for example, in the
qualitative study of log files of business processes, in the analysis and prediction of time series and
other processes of a different nature. Quite often, to represent information about the processes under
study, the methods of qualitative analysis use symbolic coding, which makes it possible to remove
unnecessary detailing of numerical descriptions. The relevance of this study is due to the fact that
when working with the raw data, researchers often face the presence of noise and distortions of
the data, which significantly complicates the solution of the problems of qualitative analysis. When
working with symbolic representations of the processes under study, which quite often have a periodic
nature, we observe noise of deletion, insertion and replacement of symbols, which complicate the
solution of the problem of revealing and analyzing the periodicity. This article deals with the problem
of recovering periodic symbolic sequences obtained by coding from samples of continuous periodic
functions and distorted by noise of insertion, replacement and deletion of symbols. Trigonometric
functions are considered as a specific example of synthetic time series data. To encode trigonometric
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functions, alphabets of various cardinalities are used. The article presents an experimental study of the
dependence of the quality characteristics of the method of period and a periodically repeating fragment
recovery, previously proposed by the authors and improved in this study. For alphabets of different
cardinalities at fixed sampling intervals, the fraction of sequences with a satisfactorily reconstructed
period and the relative error in determining the period are given. The quality of reconstruction of
a periodically repeating fragment is estimated by the edit distance from the reconstructed periodic
sequence to the original sequence distorted by noise.

Key words: symbolic sequence; cardinality of an alphabet; periodic sequence; sequence with noise; noise of

insertion; noise of deletion; noise of change.
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Introduction

ne of the subjects of scientific research

in business informatics is the analy-

sis of data on processes recorded in
applied subject areas [1]. The variety of emerg-
ing data analysis problems includes the tasks
of qualitative analysis. They arise, for exam-
ple, during a qualitative study of the log files
of business processes [1] and are associated, for
example, with determining the correspondence
of the log file to the process model [2]. One of
the ways to present information about the pro-
cesses being studied in scientific research is to
represent them in the form of time series. At
the same time, a significant proportion of the
tasks of qualitative analysis relates precisely to
research in the field of time series, and is asso-
ciated both with the analysis of their periodic-
ity and, in general, with the problems of their
complex analysis and forecasting [3—8]. Simi-
lar qualitative problems arise in the analysis of
other processes of a different nature, repre-
sented by time series, for example, in environ-
mental monitoring and forecasting environ-
mental changes [9].

The observed values of the process under
study, which are elements of the time series,

are quite often exposed to random distortions
caused by external factors. “The values com-
pared to the elements of the resulting series
also contain measurement errors and, in the
general case, are subject to random external
influences. Further, such measurement errors
and the results of external influences are inter-
preted as noise” [10].

Let us point out some publications from the
field of business informatics and management
in which one way or another the influence of
noise on the results of forecasting time series
is discussed and/or neutralized. The authors
in [11—13] note that when creating models
and predicting the production and consump-
tion of electricity, noise in the raw data affects
the predictive power of models and the qual-
ity of forecasts. Stochastic forecasting of risks
in business [14], including the risk of operating
profit for firms, relies heavily on the assump-
tion of incomplete and noisy data. The authors
of [15] point out that when studying the behav-
ior of bank clients by the method of clustering
time series, errors and range of the raw data
are taken into account. In [16], when assessing
the efficiency of forecasting passenger air traf-
fic flows using multiple error indicators, in par-
ticular, it was shown that the noise in the raw



data affects the forecasting quality. The authors
in [17] try to improve the quality of tourism
demand forecasting using deep learning meth-
ods in conjunction with image processing of
time series visualization, and thereby reduce
the influence of errors in the raw data on the
forecasting results.

Among other subject areas, we note, for
example, microelectronics, where image blur-
ring caused by noise strongly affects the quality
of prediction [18] and observations of the bio-
sphere. In [19], the authors note that biometric
data (in a broad sense, a kind of data observa-
tions of the biosphere) often have observation
gaps, outliers and breaks. For one more subject
area — remote sensing of the Earth from space,
we quote from [20]: “The use of time series of
satellite data for monitoring the earth’s surface
is associated with the problem of taking into
account all sorts of interfering factors leading
to partial loss or distortion of information on
the dynamics of spectral-reflective character-
istics of objects of observation. Such factors
include mist and cloudiness, which are opaque
in the visible and near-infrared range, shadows
from it, as well as measurement errors.”

In order to solve the problems of qualita-
tive analysis, time series data are subjected to
symbolic coding, which allows us to remove
unnecessary detailing of numerical descrip-
tions [21—23]. In this case, the description of
the elements of the time series or steps of the
business process is encoded with a word over
a finite alphabet, which is the object of further
research. Moreover, such coding is relevant for
the qualitative analysis of big data. This is due
to the fact that the high accuracy of numeri-
cal representations of time series elements
leads not only to unjustifiably large amounts
of information, but also laborious calculations
that do not improve the quality of the results
obtained [22, 23].

Obviously, when studying time series, work-
ing with noisy data causes significant difficul-

ties. This leads to the formulation of the prob-
lem of noise elimination. For noise reduction
in numerical time series data, various smooth-
ing methods are used, such as moving average,
exponential smoothing, etc. [10]. However,
these methods are not applicable when dealing
with noisy symbolic sequences.

In the aspect of symbolic coding, the arising
errors, interpreted as noise, lead to the fact that
insertion, deletion and replacement of sym-
bols occur in symbolic sequences. Therefore,
for example, errors associated with the adjust-
ment of measuring instruments, inaccuracies
in manual data entry and accidental mistakes
or deliberate distortion of the values of individ-
ual indicators, lead to replacement noise [19].
Registration errors are a source of deletion and
insertion noise, and these noises can also occur
during data preparation. We also note that the
methods for detecting periodicity used for
numerical sequences are not applicable when
working with symbolic representations [24].

The relevance of this study is due to the
fact that noise reduces the efficiency of time
series analysis. In this regard, the article dis-
cusses the problem of recovering periodic sym-
bolic sequences obtained by coding from sam-
ples of periodic functions and distorted by
noise of insertion, replacement and deletion
of symbols. Trigonometric functions are con-
sidered as a specific example of synthetic time
series data. To encode trigonometric functions,
alphabets of various cardinalities with different
granularity of sampling intervals by model time
are used.

The article presents an experimental study
of the quality characteristics of the method of
period and a periodically repeating fragment
recovery, previously proposed by the authors in
[25] and improved in this study. For alphabets
of different cardinalities at fixed sampling inter-
vals according to the model time, the fraction
of sequences with a satisfactorily reconstructed
value of the period and the relative error in



determining the period are given. The qual-
ity of reconstruction of a periodically repeat-
ing fragment is measured by the edit distance
from the reconstructed periodic sequence to
the original sequence distorted by noise.

1. Terminology
and notation

Further, we will use the notation introduced
by us in article [25], which describes a method
for recovering a periodic symbolic sequence.

Let2"bethe alphabet of cardinalityo = |Z| >2,
We will call a word of length # the symbolic
sequence ¢° = s, S,, ..., S, over a finite alpha-
bet 2.7, where s is an arbitrary symbol of 2.7,
and a subword or a fragment of the word ¢’
is any sequence of symbols s, s, , 8 .S

10 P
1<k<1l<n.

It

We consider periodic symbolic sequences
with period p. To avoid ambiguity in under-
standing, we will call the period p the length
of a repeating subword (fragment), and call a
part of a periodic sequence of length p a peri-
odically repeating fragment. Unless otherwise
stated, a periodically repeating fragment is a
fragment of length p that begins with the first
symbol of the periodic word.

Let ¢°(m, p) be a periodic word containing
m > 8 repeating fragments of length p;
G°(m, p) — a word over the same alphabet as
q°(m, p), but with introduced noise; g°(m, p) —
a periodic word obtained by analysing ¢°(m, p)
using the algorithm from [25] with the improve-
ments proposed in this article.

Note that the word ¢°(m, p) has the same
length as ¢“(m, p) and serves as an approxima-
tion of the periodic word ¢°(m, p) .

2. Statement
of the problem

Let there be some continuous-time peri-
odic process g(#) from time ¢, to time 7, + nA¢

during which the value g(z), i = 1, n, is
measured at regular intervals Ar. Partition-
ing the range of measured values of g(¢)
into o equal half-segments and encoding
the values of g(#) with symbols of alpha-
bet 2°, we get the symbolic sequence
q9° =5, s,, ..., s, over this alphabet. Note that
some symbols of alphabet 2. may not be pre-
sent in the resulting symbolic sequence. We
will assume that the period p of the observed
function gis a multiple of the length of inter-
val rAr between successive measurements,
i. e. p = rAt, where r is an integer, due to
which, when encoding the periodic function
g(f) on a segment of m periods, a periodic
symbolic sequence is obtained, also contain-
ing m periods, while n = mp = mr At.

Now let us introduce random distortions
into the measured values of the function
g(1). We will consider the noises of insertion,
replacement, and deletion. Insertion of a new
value corresponds to some failure in meas-
urements, when an extraordinary measure-
ment occurred between the scheduled meas-
urements; deletion means the loss of a value
when entering or transferring results of meas-
urements; and replacement is considered an
incorrect measurement or deliberate distor-
tion of the data.

After introducing all the distortions, we get a
noisy sequence, which we encode in the same
alphabet 2.” and consider the problem of reco-
vering a periodic symbolic sequence from a
given noisy sequence.

In this article, we consider the symbolic
sequences obtained by encoding values of a
continuous periodic function (in particular,
sin(?)) in points with step Af on a segment with
alength of at least eight full periods (m>8) when
they are distorted by different types of noise.

When coding a continuous function, an
essential role is played by the choice of the
cardinality of the alphabet. We encode each
function under consideration with symbols of



alphabets of cardinality from 10 to 60 with a
step of 10. Despite the fact that when encod-
ing by partitioning the range of values of the
encoded function into equal half-segments,
some symbols of the alphabet may not occur
in an undistorted periodic symbolic sequence.
Such symbols can be observed in the sequence
obtained by encoding the distorted sequence of
measured values of the function.

Statement of the problem: to study the influ-
ence of the cardinality of the alphabet, the type
of function and the noise level on the qual-
ity of reconstruction of the periodic symbolic
sequence obtained by coding the values of the
periodic function under conditions of its dis-
tortion by the noise of insertion, replacement
and deletion of values.

3. Continuous periodic
function encoding

Consider function sin(#) on the segment
[0 — 167], which contains 8 full periods of func-
tion sin(#). To construct a numerical sequence
with period p, we partition the interval [0 — 167]

. 2
into 8p equal half-segments of length A7 = 7

and evaluate the value of function sin(z) in
the middle of each half-segment, getting a
sequence of 8p real numbers y , y,, ..., Ve

For the purpose of symbolic coding of the
values obtained in the alphabet of cardi-
nality o, we partition the range of sine val-
ues — segment [—1, 1] into o consecutive
half-segments [, [,, ..., [ of equal length;
in this case, the number of half-segments
is equal to the cardinality of the alphabet.
We assign the semi-segments /, [, ..., [ to
the symbols of the alphabet 2.°. Each num-
ber in the sequence y, y,, ..., Vs is encoded
by the symbol corresponding to the half-
segment Ij, in which this number falls.
As a result, we get the symbolic sequence
q°(m, p). Note that some symbols of alphabet

2" may not appear in this sequence.

4. Method for determining
the period from a periodic
sequence with noise

To understand the proposed improvements
to the method for constructing a periodically
repeating fragment, we present a brief descrip-
tion of the method for determining the period
[25, 26].

The method assumes counting the num-
ber of all subwords of length k£ = 10 in a noisy
sequence ¢’= s,, S,, ..., 5,. Subwords of length
10 in ¢° are taken with a shift by one symbol,
i. e. the subwords s, s,, ..., 8, 5,, 85, ..., S, €tC,
are considered. Those subwords that have met
at least 3 times compose the set R. Each sub-
word from R is associated with a list of position
numbers of symbols of the sequence g7, starting
from which this subword is included in §°. So,
in the sequence “abcabcdabcdeabcabcdabede”
the subword “abcabcdabc” is included starting

from position numbers 1 and 13.

Further, for each subword of length k£ = 10,
the differences between the numbers of con-
secutive occurrences are calculated, after
which the set Q is constructed from such dif-
ferences. Each element of this set is compared
the number of times when such a difference
in the numbers of consecutive occurrences of
the first symbols of subwords of length 10 was
observed. For example, in a word “abcabcdab-
cdeabcabcdabcede” the difference r=13—-1=12
is observed 3 times (for the words “abcabcd-
abc”, “bcabcdabed”, “cabcdabede”). Due to
the introduced noise, the differences not always
equal the period or its multiples, but most of
the differences take values close to the period
or its multiple. In this regard, for each value of
the difference, it is calculated how many times
a difference close to it has occurred in Q. In our
experiments, the proximity was defined as fall-
ing within the interval £20%. The analysis of
the obtained differences allows one to obtain
an estimate of the period for an unknown
strictly periodic sequence [25].



5. Improved method
for constructing a periodically
repeating fragment

The solution that the algorithm from [25]
delivers in terms of constructing a period-
ically repeating fragment is the subword
f7=s,s,, ,5; of the analyzed word ¢°(m, p),
minimizing (on the set of obtained variants of
fragments) the edit distance from the symbolic
sequence of length | §°(m, p) | constructed from
this fragment to the sequence g “(m, p).

The construction of an approximating peri-
odically repeating fragment f ?in [25] is car-
ried out by splitting the distorted sequence into
successive subwords of length p (the last sub-
word of length less than p was not taken into
account) and choosing such one from them, in
which the edit distance to one of the remaining
subwords is minimal. If there are several such
subwords, the first subword with the minimum
edit distance to another subword is selected.

The method proposed by us and described
below attempts to improve the f ? fragment in
order to obtain a smaller value of the edit dis-
tance between the distorted and approximating
periodic sequences. The proposed improve-
ment is achieved by using information about
the previously determined frequencies of sub-
words of length £ = 10 observed in g °(m, p).

_First, based on the fragment 7, the word
f7 is built, containing the fragment /¢, writ-
ten four times in a row. Then each subword of
the fragmen f,” of length k=10 ((s, 5,, ..., 5,
8, 85, ..., 8, €tc. ) is checked for occurrence in
the word ¢°(m, p) at least 3 times, i.e. to belong
to the set R. The first of the checked subwords
@) = S, 8,5 s S, DeloOnging to the set R,
becomes a start subword, the improved peri-
odic fragment will begin with it. If no such sub-
word was found, the periodic fragment remains

unimproved.

After the subword o, is found, the subwords w
from f, are sequentially scanned with a shift

by one character,i.e.w =5, s s

> Yr+ht9?

t+h> Ctth+12 0t

h=2,3, ..., membership check is performed
of these subwords to the set R. If the subword
belongs to R, then the corresponding subword
of the word f,” remains unchanged, otherwise
we start counting consecutive subwords (with a
shift by one character) not included in R.

Since the length of w is 10, until there are
10 consecytive subwords not included in R,
the word f,” remains unchanged. If, after less
than 10 consecutive w not included in R, the
next w turned out to be included in R, then the
counter of consecutive subwords not included
in R is reset to zero. If in R there are no 10
consecutive subwords w but the eleventh w is
included in R, then the search for a subword w?
in Rbegins, such that the first m symbols of w?
coincide with the last m symbols of o~ — the
last of the considered subwords in R, 3<m<9.
The values of m are taken from 9 to 3, i. e. first
we try to find w®, in which the first 9 symbols
coincide with the last 9 symbols w-, if such o*
is found, then in f,” replace the symbol fol-
lowing the last by the subword symbol w-, to
the last symbol w?.

If for m = 9 the subword w* is not found, we
continue with m =8, and so onup to m = 3. Let
o® be found for some m from 3 to 9, then inf,”
we replace the symbol following the last symbol
of the subword w- by the (m + 1)-st symbol w?.
If no w® was found for any m from 3 to 9, then
the fragment f ? remains unimproved.

At some point, either 2p consecutive sub-
words w will be scanned and the fragment o,
will never be encountered, or the next w sub-
word will match ;. In the first case, as an
improved fragment 77 we take the first P sym-
bols of f, starting from the first symbol o (i.e.
from f;” cut out w, and the following symbols
in f4 , p symbols in total). In the second case,
£ consists of symbols of f4 , starting from the
first occurrence of w; to the second w,, while
checking the possibility that at the end of the
periodic fragment due to insertion or deletion
noise, one symbol is lost or added.



The check is done as follows. If after the next
o included in Rin f; there were 9 consecutive
subwords not included in R, after which a word
from R was found and this word coincided with
o,, then perhaps there was a noise of deletion.
To check, in the set R, we look for w¥, in which
the first m symbols coincide with the last m
symbols of w. If such a word w* is found and its
symbols starting from m + 2 coincide with the
first symbols @, then at the end of f “ we add
the (m + 1)-st symbol of w”.

In addition, if after the next w that is included
in R, in f;” there were 9 consecutive subwords
not included in R, after which a word from R
was found and this word coincided with o, it
is possible that there was a noise of insertion,
and we try to eliminate it like that. If the first
symbol w, matches the last symbol w, then we
do not include in f,” the last symbol before the
second occurrence of w, in f .

In order to obtain a more accurate value of a
period simultaneously with the search for the
improved fragment z °, 2p, consecutive sub-
words o of the word f,”, are searched, until on
the next step among the w we meet the word w,.
Then as the improved fragment we regard the
subword of the improved f,’, starting from the
first occurrence of @, to the second one, if the
period is at least 3. If changes in f,” during the
improvement process did not yield another o,
then after the end of the improvement pro-
cess, we perform another scan of 2p consecu-
tive subwords w of the word f,” starting from the
first occurrence of @, and if there is a second
occurrence of o, then the improved fragment
is the subword of the improved f,, starting
from the first occurrence of w to the second. If
the second occurrence of @, is not found, then
p consecutive symbols of improved f,”, starting
from the first occurrence of w, are taken as the
improved fragment.

If it is possible to improve a periodic frag-
ment, its cyclic shifts are considered, and the
final fragment is taken as the shift, which has

the minimum edit distance to the beginning
of the noisy sequence, i.e. its first p° symbols,
where p’ is the length of the improved periodic
fragment.

If, as a result of improving a fragment, a sub-
word of length more than three is obtained, and
the edit distance from the periodic sequence
constructed by repeating the improved frag-
ment to the noisy one is less than in the case
f ? before improvement, we use improved f 7 as
an approximation of the periodically repeating
fragment, otherwise original.

6. Evaluation of the quality
of the period recovery

The estimation of the accuracy of determin-
ing the period and the quality of reconstruction
of a periodic fragment will be carried out sep-
arately. Let the period of the sequence before
introducing distortions be p, and our algorithm
determined that the period is p =17((7" ) Then
the precision ¢ of determining the period is
defined as

5=M. (1)
p

For a periodic sequence obtained by encod-
ing a periodic function on eight periods, we get
a series of 100 random noisy sequences. For
each of them we determine the period and find
the value 6, then we calculate the average value
¢ and the median of the sample over 100 noisy
sequences.

The quality of reconstruction of a peri-
odic fragment will be estimated by evaluat-
ing the ratio of the edit distance d (c?‘f q°(m, p))
between the reconstructed and original peri-
odic symbolic sequences, to the length of the
original periodic sequence [27]. Let’s denote
this ratio 8((7(: q”):

¢(7747)= —d(“i;(m’p)).

(2



With this approach, a good estimate will be
given by the case when the period obtained by
the algorithm is two to three times larger than
the initial one, but at the same time the peri-
odic fragment is close to the original, repeated
the required number of times.

In addition, the original and reconstructed
sequences were compared with the noisy one;
in this case, the first #» symbols were taken from
each periodic sequence for comparison, where
n is the length of the noisy sequence.

7. Computational
experiment scheme

In a computational experiment, a study was
carried out of the method proposed in [25, 26]
and improved in this article on the following
functions:

# sin (#)on the segment [0 — 167];

o[r-slt
8

+1j sin(77) on the segment [0 — 64];

. [1—16lL
16

[0 — 128];

+ lj sin(zt) on the segment

. ‘7 —1+16 lé sin () on the segment

[0 — 128], where |...|] stands for the integer
part of the number.

Thus, for all functions, the segment of argu-
ment values containing eight full periods was
considered. The functions were encoded in the
alphabets >.” of cardinality 6 from 10 to 60 with
a step of 10. The range of function values was
partitioned into § intervals, with each interval
1/. begng encoded by the symbol S; of the alpha-
bet 2.°.

The values of the period p were chosen equal
to 20, 30 and 50, while one period of the func-
tion was partitioned into p equal half-segments.
Then for each half-segment Az, the value of the
function in the middle of the half-segment was

evaluated, and this value was used to determine
the half-segment Ij to which this value belongs,
after which the symbol S encoding the half-
segment Ij, was written to the i-th position
of the coding word. Thus, periodic symbolic
sequences were obtained in alphabets of cardi-
nality from 10 to 60.

Based on the periodic sequences thus con-
structed, random noisy sequences were obtained,
100 sequences for each purely periodic one. The
noise was introduced in accordance with our
earlier proposed probabilistic noise model for
periodic symbolic sequences [28].

In the first series of experiments, noise was
introduced with a total level of 5%, with the
levels of insertion, replacement, and deletion
noise taking values from 1 to 5% with a step of
1%, so that the sum of the noise levels is 5%.
In the second series, noise was introduced
uniformly distributed among the types, i. e.
the level of insertion, replacement and dele-
tion noise was the same in a separate experi-
ment, taking values from 1 to 4% in 1% incre-
ments.

8. Results
and discussion

The results of experimental studies for all
four functions are shown in Figures I—4 and
in Tables I and 2. In Figures 1—4, we show the
numerical sequences of the values of func-
tions on two periods containing 50 samples per
period, with the coding alphabet cardinality
of 20. In the figures, the numbers of the sam-
ples are plotted along the horizontal axis, and
the numbers of the half-segments of the cod-
ing corresponding to the symbols of alphabet of
cardinality 20 are shown along the vertical axis.

For all functions, as an example, one vari-
ant of noise injection is shown from the various
variants investigated. Namely, a variant with
a total noise level of 5%, consisting of a dele-
tion noise of 2% and an insertion noise of 3%.
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In all the figures, the black dots correspond to
the original periodic sequence obtained from
the specified function, the gray dots are the
noisy sequence of function values in samples,
and the white ones with an outline are the peri-
odic sequence restored by the algorithm under
study. The dotted line shows the sequence of
points by count.

total noise 5%, deletion noise 2%,
insertion noise 3%, 50 samples per period,
coding alphabet cardinality 20 symbols

The results of the study on evaluating the
accuracy ¢ of determining the period showed
that for all functions the results obtained do not
differ much from each other, i. e. the method
under investigation is weakly sensitive to the
form of a periodic function (at least for these
four functions). Therefore, we present the
results for only one function.
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Table 1.
Fraction of symbolic sequences with a recovered period,
not more than 2% different from the original,

’

ol 1) sin(7t)

the function is (t -8

Noise level, % Alphabet cardinality
EI I EIERENENER

0 0 5 25 26 33 24 26 31

0 1 4 25 16 22 26 24 26
0 2 3 98 97 94 95 96 93
0 3 2 99 100 98 99 9 100
0 4 1 100 98 100 100 100 100
0 5 0 100 100 100 100 100 100
1 0 4 94 93 94 90 9 96
1 1 3 100 99 9% 100 97 97
1 2 2 99 100 9 100 98 97
1 3 1 9 97 97 97 98 9
1 4 0 94 9% 97 96 97 95
2 0 3 9 9% 99 99 9% 97
2 1 2 98 97 99 100 9 98
2 2 1 99 100 99 97 100 97
2 3 0 97 98 97 98 98 98
3 0 2 100 100 98 97 9 100
3 1 1 98 97 98 96 98 98
3 2 85 94 91 91 87 90
4 0 1 88 85 88 83 90 88
4 1 0 22 34 28 26 35 31

5 0 0 8 9 7 7 17 12

For better clarity, we give in Table 1 not the | which differs by no more than 2% from the ini-
average value daveraged over 100 experimentsby | tial period.
introducing random noise with a given level, Theresultsofstudiesonthe qualityofrecon-
but the fraction of sequences (out of 100 noisy | struction of a periodically repeating frag-
ones) with a reconstructed period, the value of | mentbythe improved algorithm are shownin
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Table 2.

Influence of the noise level and cardinality
of the alphabet on the median z(77 ¢°)-100%

Median of values &(g7 ¢°)-100% of different functions

Total Alphabet
noise % | cardinality
[r—lélé +1jsin(;rt) ‘771+16li sin ()

10 0 0 0 0
20 0 0 0 0

3% 30 0 0 0 0
40 0 0 0 0
50 0 0 0 0
10 2 2 2 2
20 2 2 2 2

6% 30 2 2 2 2
40 2 2 2 2
50 2 2 2 2
10 4 4 4 4
20 6 4 4 4

9% 30 4 4 4 4
40 4 4 5 4
50 4 4 5 4
10 7 6 8 6
20 8 6 8 6

12% 30 6 6 6 6
40 8 8 6 8
50 8 8 7 6

Table 2. The values of the median &(7% ¢")
are given for all four functions under study
with a noise of uniform structures. In this
case, the same noise level of each type
(insertion, deletion, replacement) was ran-
domly introduced into each of the 100 ini-

tial sequences. This level varied from 1 to
4% with a step of 1%. The experiments were
carried out for all cardinalities of the alpha-
bet — 10, 20, 30, 40 and 50 and all values of
the period. Table 2 shows the results for a
period value of p = 50.
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Based on the experimental data obtained,
the improved method for reconstructing the
period and periodically repeating fragment
shows generally satisfactory results. The data
in Tables 1 and 2 show that the method has
weak sensitivity in terms of the cardinality of
the coding alphabet and in the form of the
function, both in determining the period and
in recovering a periodically repeating frag-
ment.

When determining the period (see Table 1),
the method is susceptible to the difference
between the levels of insertion and deletion
noise, since it is this difference that affects the
distances between repeated subwords of length
10 in a noisy sequence. Note that the pres-
ence of only 5% replacement noise leads to
the best experimentally observed result. When
determining a periodically repeating fragment
with a noise of uniform structure, neither the
form of the function, nor the cardinality of the
alphabet has a noticeable effect on the results.
The only influencing factor in this case is the
overall noise level.

Conclusion

The use of models of symbolic cycles with
noise makes it possible to solve problems of
probabilistic forecasting of symbolic noisy
sequences and allows you to develop effective
methods for forecasting, reconstruction and
approximation of data in the form of symbolic
codes based on fragmentary, incomplete and
distorted information.

This article proposes an improved method for
solvingthe problem of recovering a periodic sym-
bolic sequence based on the original sequence
obtained by introducing insertion, deletion and
replacement noise into an unknown periodic
sequence. The method is based on the study of
frequency occurrence and distances between
coinciding subwords of fixed length. Symbolic
sequences in alphabets of different cardinality
encoding noisy periodic functions are consid-

ered as synthetic data. In addition to describ-
ing the improved method for finding a periodi-
cally repeating fragment, the article contains the
results of an experimental study of the depend-
ence of the quality characteristics of the method
for restoring the period and periodically repeat-
ing fragment on the cardinality of the coding
alphabet and noise levels of various types. The
study was carried out for noisy symbolic codes
of periodic functions, which are models of noisy
(quasiperiodic) time series. This kind of input
data often occurs in the problems of analysis and
forecasting of time series in business informatics
and management.

A computational experiment has shown
that the quality of the method depends not
only on the general noise level, but also on
the ratio of the noise level. The proposed
method has weak sensitivity in terms of the
cardinality of the coding alphabet and in the
form of a periodic function, both in deter-
mining the period and in recovering a peri-
odically repeating fragment. A study for
noise with a uniform structure showed that
the only factor affecting quality is the noise
level, while neither the type of function, nor
the cardinality of the alphabet has a notice-
able effect on the results.

The results obtained in the article make it
possible to give recommendations on the pos-
sible application of the method when solv-
ing problems of analyzing symbolic codes of
noisy periodic continuous functions in alpha-
bets of small cardinality, with a noise level not
exceeding 10—12%. Such problems arise in
the analysis of both dynamic processes and
time series in business informatics and man-
agement, and in the analysis of business pro-
cesses in conditions of incomplete and frag-
mentary information. m
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Abstract

Under conditions of intense competition, the creation of new products and their promotion to
the market requires marketing support. The central element of marketing innovation management
is marketing positioning. In contrast to the methodological aspect, there is almost no procedural
component of positioning in scientific works and publications. Moreover, due attention is not paid
to the issues of market segmentation and the allocation of the competitive advantage of such high-
tech products as civil aircraft. This determines the relevance of the task of developing a procedure for
marketing positioning within the framework of managing the product offer of the aircraft industry
enterprises. From the standpoint of a systematic approach, the necessity of studying the adjacent air
transportation market is reasonable, as well as the analysis of the correlation of its segmentation with
the allocation of target segments of the aircraft market. When conducting a competitive analysis, we
propose to consider the market position not only of certain types of civil aircraft, but also of aircraft
families. Modeling marketing management shows the role of positioning in the processes of creating,
manufacturing and operating aircraft. A distinctive feature of the procedure is the proposed stage
of evaluating the effectiveness of the selected product position implementation, which allows us to
analyze the feasibility of marketing decisions throughout the product life cycle. Special attention is
paid to the issues of information support. The research results presented here reflect the specifics
of the marketing activities of aviation industry enterprises and contribute to the development of the
conceptual foundations of industrial marketing.
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Introduction

he task of marketing positioning of
I goods is fundamental in managing the
product range of a company. Forma-
tion of the marketing complex as a system of
measures aimed at creation and promotion of
competitive and commercially effective goods is
based on determining and fixing in the minds of
potential consumers of the target segment how
the goods differ from the goods in competitive
product offerings, i.e. competent marketing
positioning of brand, individual model or prod-
uct offering of the company as a whole. This
problem is also relevant for aviation and indus-
trial enterprises which produce such high-tech
products as civil aircraft and promote them on
the world market of aviation equipment.

There are many publications on passenger
aviation and commerce, as well as many books
on marketing touching on certain issues of
positioning theory and practice. Some authori-
tative publications extensively cover the topic
of marketing and economics in the aviation
industry [1—3], but only partially address the
problem of marketing positioning. In other sci-
entific publications [4—6], there are the issues
of development of the marketing management
system, which allows us to study the market and
make marketing decisions that increase com-
petitiveness and market promotion of inno-
vative high-tech products. The issues of the
procedural component of the process of deter-
mining the position of the goods on the mar-
ket are not given proper attention. Basically the
procedural analysis is limited to the enlarged
consideration of stages, such as a choice of
ways of positioning, allocation of a system of
positioning criteria, fixing the position of the
goods among comparable competitive goods
by means of marketing tools. It can be diffi-
cult to use theoretical developments in prac-
tice due to the impersonal nature of the object
of positioning. Examples illustrating the proce-
dural aspect of positioning most often refer to
B2C goods and do not reveal the peculiarities

of the goods and the product market. There are
fewer examples which characterize the process
of marketing management in industrial mar-
kets. But it is the specifics of these markets that
determine the complexity of the choice of com-
petitive advantage, which should not be virtual,
which is acceptable for consumer markets,
where consumer preferences are often prede-
termined by the emotional impact of advertis-
ing, but are quite concrete. Industrial consum-
ers must be able to verify the claimed position
of the product against the possibilities of its
effective operation. The process of accepting
the product position by market actors requires
appropriate procedures for detailed competi-
tive analysis, and they should reflect the spe-
cifics of the product life cycle. As Hooley [7]
noted, market positioning is, above all, a stage
in the development of the marketing strategy of
the company as a whole.

The question of information support and for-
mation of databases for positioning of indus-
trial goods is also timely.

The aim of this research is to model the pro-
cedure of marketing positioning for such high-
tech, science-intensive products as civil avia-
tion equipment. The article presents the results
of the study of the above-mentioned issues spe-
cifically for the market of civil aircraft.

If in most examples of market positioning
the implementation of marketing manage-
ment is based on the method of deduction, this
article illustrates how the classical conceptual
approach to determining the position of goods
in the market by induction expands the possi-
bilities of industry marketing.

1. Methods of digital
marketing positioning

In the formation of the positioning proce-
dure, solving the following tasks is supposed,
aimed at a deeper and more detailed under-
standing of the possibilities of marketing man-
agement in high-tech industries:



+ defining principles of allocation of position-
ing stages;

+ substantiation of the logical basis for struc-
turing the process of positioning;

¢ formation of a system of requirements for
the information necessary to implement the
processes of research and decision-making
at each stage, as well as critical analysis of
information sources on the state of the mar-
ket to form databases.

The fundamental principle of allocating
the stages of the positioning procedure is the
implementation of comprehensive and system-
atic approaches, which in solving the prob-
lem set involves a comprehensive analysis of
factors reflecting the specifics of the product
and its operation by the consumer (airlines)
in a dynamically changing environment. In
this regard, the procedure should consist of a
greater number of stages aimed at solving the
problems faced by the manufacturer of civil
aircraft than we find in the positioning of con-
sumer goods. Accordingly, more detailed elab-
oration of individual issues is also required
when comparing the positioning of goods from
the point of view of their operation.

Each stage must represent a finished action
and be aimed at obtaining a result which can
be evaluated quantitatively using formal indi-
cators or qualitatively on the basis of individual
or collective expertise.

When considering the issue of logical struc-
turing of the decision-making process by the
aircraft manufacturer on the declared position
of its product, the analysis of a large number
of variants of the problem solution with chang-
ing factors is assumed. All of this will allow us
to evaluate the effectiveness of positioning with
different combinations of segmentation cri-
teria, attributes of building perception maps,
etc. Thus, the procedure should be iterative.
All stages should be interconnected logically so
that each subsequent stage required solving the
problems of the previous stage.

At the same time, the procedure must be
interactive, which implies that there are stages
of automated calculation, obtaining and pro-
cessing of information and stages of human
decision-making. This requirement is due to the
need to consider a large number of options for
combining attributes for different markets when
building perception maps, as well as to choose
the best method of positioning out of the avail-
able alternatives. Because of the long life cycle
of such a product as civil passenger aircraft, we
have to deal with the possibility of further repo-
sitioning, which also involves a large amount of
analytical work.

In a view of the above, the procedure for posi-
tioning civil passenger aircraft can be shown as
follows (Figure 1).

When considering the issue of information
support of the positioning procedure, the fun-
damental condition is compliance with the
information requirements:

+ it must be from reliable sources;
# it must be available to market participants.

Table Ipresents an information map of data-
bases required to implement the process of dig-
ital modeling of marketing positioning as a part
of the management of civil aircraft creation
and development.

2. Results of industry research

We consider in detail the implementation of
the procedure of positioning aircraft manu-
facturers’ products on the example of modern
civil passenger aircraft.

2.1. Study
of the external environment

The primary task is the study of the external
environment of the aircraft-industrial enter-
prise and consumer segmentation, which cor-
responds to the stage 1, in which the research
of economic, political, socio-demographic,



_____________________________________________

1. Environmental research
and market segmentation

Segmentation
of aircraft consumers
(airlines)

Segmentation
of consumers of air
transport services
(passengers)

Research

2. Competitive analysis

for each individual for aircraft families

aircraft type

3. Positioning

Selection of criteria
and methods of positioning

Construction of perception maps
for different combinations of criteria

oy

4. Digital modeling of marketing
management product development
at all stages of the life cycle

Simulation of product creation
and production

Modeling consumer behavior

Formation of the marketing complex
to secure the position

Modelling

Simulation of operation at all stages
of the life cycle

5. Evaluation of economic efficiency
of implementation of the chosen position

____________________________________________

6. Making the decision on approval
or changing positioning

Fig. 1. Enlarged scheme of the marketing
positioning procedure within the framework
of modeling product creation

environmental and other factors affecting the
ability to promote and sell products, as well
as market analysis from the perspective of the
marketing environment, followed by consumer
segmentation. At this stage it is possible to dis-
tinguish two directions which are intercon-
nected with each other.

The process of market research of aviation
equipment is one of the key processes, the
main purpose of which is the analysis of mar-
ket conditions and forecast of long-term trends
of supply and demand for aviation equipment
for a period of up to 30 years, which is condi-
tioned by the long life cycle of the product. At
the same time, it is necessary to simulate the
main prospective changes in the composition
of the aircraft fleet both in the whole world and
for individual regions, countries and airlines.
The forecast should reflect the flight-technical,
economic and operational characteristics of all
types and classes of aircraft.

To solve this problem, one should create a
database of the world aircraft fleet, which con-
tains comprehensive information on passenger
aircraft: model, type and manufacturer of air-
craft, date of manufacture, status and history
of operation, including the resource indicators
of the airframe and power plant, maintenance
history, owner and operator of the aircraft, con-
figuration with basic flight and technical char-
acteristics, estimated cost, etc. Additionally, a
database of commercial aircraft orders, includ-
ing information on realized, concluded and
probable (option) contracts, is required. The
study uses sorting, sampling, classification,
decomposition and extrapolation methods.

Consideration of the related market of air
transportation is the second important direc-
tion of the study of the external environment.
The main task is also the analysis of mar-
ket conditions and forecasts of development
trends, analysis of development of airlines-
operators of aircraft, as well as the study of the
typology and behavior of end users — passen-
gers. In the course of the study, it is necessary
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Table 1.

Database information map

Type and method
of information collection

Stage/substage

Source of information

External environment Statistical data

World Bank, United Nations, Central Intelligence Agency, Eurostat,

research Expert evaluation Federal State Statistics Service (Russia), etc.

Segmentation Statistical data Federal Air Transport Agency, International Civil Aviation Organization
of consumers Interview/survey (ICAQ), International Air Transport Association (IATA), Statistical
(airlines) Expert evaluation and analytical organizations (Cirium, CAPA, Airfinance, etc.)
Segmentation Statistical data

of end users Interview/survey ICAO, IATA, airlines, airports

(passengers) Expert evaluation

Competitive Statistical data Documentation of aircraft manufacturers, aviation authorities,
analysis certification organizations, analytical agencies, etc.

Positioning Calculated analytical data Database on market research results

Expert evaluation

Calculated analytical data

Marketing modeling Expert evaluation

Database on market research results

Assessment of
economic efficiency

Calculated analytical data
Expert evaluation

Database on market research results

Making a decision
to approve or change
the position

Calculated analytical data
Expert evaluation

Database on market research results

to use statistical databases containing data on
the volume of air transportation in different
perspectives, namely by routes, flights, capac-
ity and passenger flows. Information will also
be required on flights between airports with
classification by aircraft type, operator, class
of flights themselves, as well as financial indi-
cators allowing for profitability and cost anal-
ysis in their performance. Such an extensive
analysis serves as a basis for forecasting traffic
volume trends with a detailed classification by
class and type of aircraft, by operator and by
geographical distribution.

Studies of secondary markets, such as rail-
roads, automobile and other types of passen-
ger transportation, are also conducted in addi-
tion. High-speed rail transport is becoming a
significant competitor to air transportation,
and on certain routes it has become equal to air

transportation in terms of availability, speed,
travel time and volume. As a rule, high-speed
railroads are created on Russian routes with
very high regular passenger traffic and can-
not occupy the entire share of the local mar-
ket. Typical examples are rail transportation in
Europe, Japan, China, as well as in Russia on
the Moscow — St.Petersburg route and other
new destinations.

End user research is aimed at identifying the
factors that determine trends in air travel and
involves analysis of demographic and socio-
economic components at the level of a detailed
study of the population of countries and regions
of the world in the framework of the consumer
behavior concept. At the same time, the issues
of studying the lifestyle and economic situ-
ation of the population as preconditions for
the change in effective demand for air trans-
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portation are relevant. It is also necessary to
take into account the geographical features of
regions and individual cities, the level of devel-
opment of industry and tourism.

As a result of the study, it becomes possible to
calculate and forecast the index of population
mobility up to individual settlements, as well as
to identify the correlation of the studied indi-
cators and their impact on the projected vol-
ume of transportation with detail down to indi-
vidual routes. The solution of the above tasks
requires a large volume of statistical data on
many quantitative and qualitative indicators.
Correlation and regression analysis is appro-
priate to identify the relation between the fac-
tors and assess the degree of interdependence
of the criteria selected for analysis, while the
expert assessment is appropriate to determine
the weighting parameters of the impact of input
data on the final indicators.

In the study of the external environment, con-
sideration of the global political situation is very
important. Despite the overall globalization of
developed countries, which are the main and in
many segments the only producers of aviation
equipment, one can observe not only exam-
ples of political and economic sanctions against
developing countries and third world countries
(such as the ban on the supply of Western air-
craft to Iran and Cuba), but also an open strug-
gle between developed countries, using various
political, customs and economic barriers in the
aviation equipment and air transportation mar-
ket. The most attractive and capacious United
States market, where conflicts between regional
aircraft producers (Embraer, Bombardier) [8,
9] and long-haul aircraft producers (Airbus,
Boeing) [10, 11] periodically escalate, is a vivid
example of competition with political and eco-
nomic methods in the segment of regional and
long-haul passenger aircraft. The study requires
not only factual data on existing constraints or
barriers, but also expert analysis and forecast-
ing of developments in the field of politics and
economics.

2.2. Consumer segmentation

One part of the study of the external environ-
ment is customer segmentation. When consid-
ering civilian passenger aircraft as a B2B com-
modity, it is necessary to segment not only
customers (i.e. airlines), but also the segmenta-
tion of end consumers - passengers, as the mar-
ket for aircraft equipment and the market for
passenger air transportation are closely linked.
Airline market trends are directly reflected in
aircraft market trends.

Segmentation of the markets of aviation
equipment and air transportation involves the
following tasks:

¢ formation of a database structure on the
characteristics of airlines and passengers;

¢ collection of necessary information and fill-
ing the database;

¢ analysis of the characteristics and needs of
potential buyers;

¢ selection of criteria for segmentation of con-
sumers of the market of aviation equipment
and air transportation market;

¢ implementation of market segmentation,
taking into account the correlation between
the markets of aircraft equipment and air
transportation;

¢ clarification of boundaries of market seg-
ments of aircraft equipment, taking into
account the related market of air transpor-
tation;

# selection of target segments of both markets.

Due to the fact that the product in question is
high-tech and technically complex and belongs
to the B2B market, it has a huge number of
consumer characteristics analyzed by the cus-
tomer in product selection, as well as consid-
ered by the manufacturer in segmentation and
positioning. As Guzhva [12] noted, research
objects related to B2B products require a
deeper analytical approach in market research,



competitive analysis and customer segmenta-
tion. As a part of the segmentation, one should
create a multidimensional matrix, where each
criterion under consideration forms a dimen-
sion consisting of a sequence of values. Figure 2
shows the conceptual model of the forma-
tion of two-dimensional segmentation matri-
ces reflecting the relation between segments of
the airline and aviation market. Each matrix
has a multidimensional structure (N=1, ..., i;
M=1, ..., ii) with a large array of data (N, M ).
In practice, the formation of this matrix when
selecting target segments is associated with the
processing of a huge amount of information.

As a result of data processing, the target seg-
ments and groups of segments in multidimen-
sional matrices should be identified, the corre-
lation between segments of different matrices

should be determined (Figure 2) and a charac-
terization of each multidimensional segment
should be given.

2.3. Competitive analysis

Competitive analysis, an enlarged concep-
tual model of which is presented in Figure 3,
includes the study of functional, generic and
subject competitors, which corresponds to
stage 2 of the marketing positioning proce-
dure. The analysis includes the study of con-
sumer characteristics of services of functional
and generic competitors, as they are necessary
for further comparison (transportation param-
eters, price, etc.). When analyzing the subject
competitors (similar passenger airplanes), the
study of not only consumer but also techni-

Segmentation of customers (airlines) according to the criterion N, N,,...., N,
Criterion N,. Ranges D, D,, ..., D,
D, D, D,
§=§ DD, : Segment 1,1 Segment 2,1 Segment /,1 "':
= DD, : Segment 1,2 Segment 2,2 Segment /2 :
sg8 ! !
§ 5 é_ oD, : Segment 1, ji : Segment 2,jj Segment j jj :
1 1 |
Segmentation of end users (passangers) according :
to the criterion M, M,, ..., M, 1
: : Criterion M,. Ranges £, E,, ..., E, :
v £ Vg £, !
- EE, Segment 1,1 * Segment 2,1 Segment g,1 <4
E.N H": EE, Segment 1,2 Segment 2,2 Segment g,2
= £ =
Sl EE,, Segment 1,q9 Segment2,qq Segment g,q9

Fig. 2. Correlation of customers’ segmentation of aviation equipment (airlines)
and consumers of air transportation (passengers)



cal parameters is carried out for a more com-
plete characterization of competitive products
and forecast of their development. At the same
time, not only airplanes, but their families are
analyzed, with different types and modifica-
tions of airplanes of one type grouped into a
family. The unification has higher consumer
characteristics and allows coverage of a larger
market segment. The topic of aircraft families
is discussed in detail by Kalugina [13].

In the course of competitive analysis, a data-
base of product characteristics is formed, their
interrelation is determined, derived indicators
are calculated as a ratio of initial indicators
and parameter indicators which require more
complex calculations (economic and opera-
tional characteristics) are singled out. Accord-
ing to the results of the analysis, the compet-
itive options are compared with the designed
aircraft by the entire set of parameters.

2.4. Positioning
an aircraft family

The marketing positioning of a new aircraft
or family of aircraft corresponds to stage 3 of
the enlarged positioning procedure. Based on

the results of environmental research and seg-
mentation, using the characteristics of com-
petitive products and the results of compara-
tive analysis of aircraft and their families and
taking into account the forecast of develop-
ment for the coming 20—40 years, the choice of
positioning criteria is made. The information
model of the process of marketing positioning
of airplanes is reflected in Figure 4.

Positioning criteria can be any consumer char-
acteristics of the products that best reflect the
competitive advantages of the aircraft from
the point of view of consumers. The selected
criteria are then combined into pairs to build
perception maps. The perception map or po-
sitioning map is a graph that visually shows the
positions of certain brands in terms of the most
important product characteristics for the con-
sumer. The map is built using two defining pa-
rameters as X and Y-axes. The most common
parameters for comparing products and build-
ing the brand perception map are the follow-
ing: quality, price, safety, reliability and func-
tional characteristics. The main advantage of
the brand position visualization method with
perception maps is that it is very easy to con-
struct and interpret.

1. Functional competitors:

passenger rail transportation
high-speed rail transportation

"~ Study
of consumer

characteristics

2. Species competition:
other types of air vehicles (helicopters)

Y

3. Subject competitors:

aircraft of the same class

other aircraft classes (narrow-body, wide-body, regional aircraft)

\ 4

Study of technical
characteristics

\/

\ /

Aircraft families of this and other classes

Study of consumer
characteristics

\ 4

Fig. 3. Conceptual model of competitive analysis
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Comparative analysis of aircraft
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Consumer segmentation
results
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Fig. 4. Information model of aircraft marketing positioning

It is important to note that for perception
maps even indicators in which products are
inferior to competitors can be selected, in case:

¢ choice is due to the high correlation of the
indicators of the selected pair;

¢ position of the product on the perception
map is above the “line” of the market trend;

¢ position of the product is insignificantly
inferior to “recognized” competitors in the
market which are already a success;

¢ positioning on the perception map allows
one to occupy a larger area than competitors
when comparing aircraft families, which is
one of the positioning objectives.

2.5. Examples
of perception maps

Figure 5 shows a conditional example of
a perception map to illustrate the marketing
positioning of commercial aircraft according
to the criteria of range (criterion 1) and pas-
senger capacity of the aircraft (criterion 2).

The perception map identifies the positions
of 15 aircraft, grouped by manufacturer and the
families to which they belong. There are four
manufacturers (A, B, C, D) with their fami-
lies of aircraft (1, 2, 3, 4, 5). The map shows a
trend line, characterizing the average trend of

dependence of criterion 2 on criterion 1 calcu-
lated on the basis of analysis of the characteris-
tics of the aircraft on the market, and a corridor
of deviation from the trend line of —10% and
+10%. The advantages and disadvantages of
aircraft positioning are not considered for each
aircraft separately by criterion 1 and 2, but by
its location within the family and the manufac-
turer’s product offering as a whole, as well as
depending on the positions of competitors.

Positioning families, as opposed to posi-
tioning individual aircraft, enhances the abil-
ity to meet demand in more market segments,
thereby improving the company’s commercial
performance.

Manufacturer A offers Family 1 and Family
2, thereby covering multiple market segments.
Although Family 1 is inferior to its competi-
tors, it is nevertheless in the trend of the mar-
ket. Family 2 is noticeably above the trend line,
which strengthens the position of Producer A.

Manufacturer B offers one Family 3, con-
sisting of four aircraft. So, the family occupies
more market segments than its competitors.

Manufacturer C offers one Family 4, which
does not occupy as many market segments as
Family 3, but outperforms it in criteria 1 and 2.

Manufacturer D offers Family 5 consisting of
only two aircraft. This family is below the trend
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line, but it targets its market segments, outper-
forming its competitors on criterion 1.

In terms of market coverage of segments cov-
ered, Manufacturer A leads the overall prod-
uct offering. Manufacturer B leads in terms of
the number of covered segments within a single
product family.

Figure 6 shows a real-world example of a per-
ception map for the modern wide-body twin-
engine segment excluding discontinued air-
craft (Boeing 767, Airbus A330ceo (200/300)
and those in the design phase (for example,
CR929). Boeing 777, which are being replaced
by the Boeing 777x, are also not considered.

As we can see on the perception map, A330-
900, A350-900/1000 and 787-9 are in trend.
They are the most in-demand at the moment
in the selected segment, with the largest num-
ber of orders placed on them. 787-8/10 air-

craft are less in demand, but increase the mar-
ket coverage within the family. The situation
is similar with A330-800 aircraft. Demand for
them is low, but they expand the family’s ability
to capture the market. The 777x family (777-
8/9) aircraft are more spacious and noticeably
different in other characteristics, so they are
not generally considered direct competitors to
the above aircraft. However, on the perception
map, the increased capacity can be presented
as an advantage.

2.6. Digital simulation
of product development

Figure 7 schematically shows stage 4, which
involves multivariate marketing modeling of
the creation and development of the product,
taking into account the selected position based
on the data obtained in the first and second



Maximum passenger capcity, people

PERCEPTION MAP

450
400
350
Y - -
300 Trend +10%
Trend
2
%0 Trend —10% ™1
787-8
Flight, km
200 T T T T T T T
10 000 11000 12 000 13000 14000 15000 16 000 17 000

Fig. 6. Example of a perception map for Airbus and Boging aircraft

stages. The final result of the stage is a business
plan of the project to create a new product,
which takes into account the following:

¢ ales plan made taking into account the mod-
eling of consumer behavior in the projected
long-term conditions within the formed
marketing positioning of the product. It is
necessary to take into account the differ-
ent types of business models of airlines, as
described in the work by Cook [14];

¢ results of modeling the creation and pro-
duction of the product based on market
requirements that provide a competitive
advantage;

¢ results of modeling the operation of the
product at all stages of the life cycle based
on the evaluation of the economics of air-
lines — target potential consumers of the

product. As Riordan [15] noted, the dura-
tion of the life cycle of the aircraft as a prod-
uct is an important feature that determines
the specifics of organizational processes.
The results obtained are taken into account
when modeling consumer behavior.

Stage 5 in continuation of stage 4 involves
assessing the cost-effectiveness of implement-
ing the chosen position of the new aircraft as
a part of business planning. To this end, a base
of business plan options necessary for further
decision-making is formed.

Stage 6 involves a decision to approve or
modify the position. In the second case, a
return to stage 3 is required, and, if necessary,
to stage 1 or 2 for additional research on the
external environment, customer segmenta-
tion and competitive analysis.
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3. Discussion
of marketing positioning

Marketing positioning of passenger commer-
cial aircraft by the criteria pair “flight range —
passenger capacity” that was described in pre-
vious paragraph illustrates the possibilities of
demand management in a fiercely competi-
tive environment. In this case, even not good
enough positions of the product, presented
on the map of perception, can be used by the
manufacturer as an advantage, for example, in
the development of pricing policy, providing a
better price-quality ratio. The issue of pricing
is considered in detail by Kalugina [16].

It is important to note that during the con-
struction of perception maps one should not
always strive to achieve the maximum indica-
tors according to the chosen positioning cri-
teria. It is necessary to meet the needs of the
chosen target segment. In aviation, there are
many examples of targeting a narrow mar-
ket segment. For example, when segment-
ing customers by geography, as Czinkota [17]
discovered, E-Jets, Canadair Regional Jet,
Mitsubishi Regional Jet on the United States
market and ARJ21 and SSJ-100 on national
markets were successfully positioned. In line
with the type of business model, the 737 and

A320 families are positioned for low-cost air-
lines, while 747 and A330 wide-body jets are
positioned for charter airlines. As Clark [18]
wrote, the A380 is intended for use by airlines
in the Middle East and Asia to serve flights
between these regions on lines with very high
traffic. The 747-400D is intended for short-
haul flights on high-traffic lines in the Japa-
nese market. It should be noted that other
methods of positioning Airbus and Boeing
aircraft are used in parallel with this method.
The method of positioning based on building
of perception maps with criteria which reflect
specific requests of target segments to the air-
craft is also used by airlines on the related
market of air transportation as mentioned by
Malaval [19].

Conclusion

This article deals with the issues of modeling
marketing positioning in the process of creating
and producing such high-tech, science-inten-
sive products as civil aircraft. The emphasis is
placed on the procedural component, which
is less represented in theoretical developments
and scientific works. At the same time, the pro-
cedure of marketing positioning is reflected in
the framework of modeling the innovative pro-



cess of creating aviation equipment and its
operation at all stages of the life cycle, which
characterizes the novelty of the very statement
of the management problem.

In developing the procedure according to the
formulated principles, six main stages aimed at
market research and positioning of the product
offer of the aviation industry enterprise were
identified.

In connection with the specifics of civil air-
craft as a commodity, it was proposed to study
not only the market of aircraft, but also the
related market of air transportation, which
depends on the condition and development of
the demand for aircraft. In the allocation of tar-
get segments, it is proposed to analyze the cor-
relation segmentation of these markets, which
is not typical of the markets B2C, but necessary
for most industrial markets.

The peculiarity of the procedure is also the
proposal of the stage of assessment of the effec-
tiveness of implementing positioning of a new
product within the framework of business plan-
ning.

The question of information support of posi-
tioning, including the definition of categories
of data necessary for decision-making, infor-
mation sources, as well as methods of collec-
tion and processing of information, is aimed at
the possibility of implementing the proposed
procedure in a particular environment.

The significance of the results of the research
is determined by the development of the con-
cept of marketing positioning. Within the lim-
its of the classical methodical approach to defi-
nition of a position of the goods, the procedure
offered here reflects the specificity of the mar-
ket of civil planes and expands possibilities of
branch marketing. m
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Abstract

This article deals with probabilistic and statistical modeling of managerial decision-making in the
economy based on sample data for the previous periods of time. For better definition, the study is limited
to Markowitz’s models in the problem of finding an effective portfolio of the field in the third information
situation. The third information situation is a widespread decision-making situation and is characterized
by the fact that the decision-maker sets, according to his opinion, are a linear order relation on the
components of an unknown probabilistic distribution of the states of the economic environment. Often,
from the point of view of the decision-maker, the components of an unknown probability distribution
of the states of the economic environment must satisfy a partially reinforced linear order relation. As a
result, the use of traditional statistical estimates turns out to be impossible, while the following question
arises, which is practically not studied in the scientific literature. In this case, what formulas should be
used to find statistical estimates and, above all, estimates of unknown probabilities of the state of the
economic environment? As an estimate of an unknown probability distribution, we proposed to use the
Fishburne sequence that satisfies all available constraints, while corresponding to the opinion of the
decision maker and the linear order relation given by him. Fishburne sequences are a generalization of
the well-known Fishburne formulas. It is fundamentally important that any Fishburne sequence satisfies
a simple linear order relation, and under certain conditions, a partially strengthened linear order relation.
Particular attention is paid to the entropic properties of generalized Fishburne progressions, which
represent the most important class of Fishburne sequences, as well as the use of generalized Fishburne
progressions to take into account the opinion of the decision maker. Such a scheme for estimating an
unknown probability distribution has been developed, which makes it possible to achieve the correctness
of probabilistic and statistical modeling, as well as appropriate consideration of the opinion of the
decision-maker, uncertainty and risk.
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Introduction

played by the statistical game [1], which

is a game of two participants: a decision-
maker (DM) who consciously chooses his
behavior, and “nature” (the economic envi-
ronment in the case of economic modeling),
which randomly turns out to be in its possible
states.

I n game theory modeling, a special role is

In the case of economic modeling, it is often
necessary to establish what type of order rela-
tion is performed on a set of states of the eco-
nomic environment which is characteristic of
the third information situation (IS) [1, p. 13].

Modeling of the economy requires tak-
ing into account a number of specific features
inherent in the economy, primarily uncertainty
and economic risk (for example, [2]). Failure
to take into account these features entails man-
agement inefficiency. The appropriateness and
correctness of modeling is largely determined
by the degree of consideration of uncertainty,
economic risk and the opinion of the DM
about the specifics of the decision-making sit-
uation.

Methods and models of probability theory
and mathematical statistics are widely used
in economic modeling. A classic example of
probabilistic-statistical modeling of the econ-
omy is the portfolio theory, which began with
the works of Harry Markowitz [3, 4].

According to Markowitz’s approach, the rate
of return (profitability) of an arbitrary asset /
portfolio is characterized by a correspond-
ing random variable (RV), the values of which
are determined by the conditions in which the

economic environment may be (in fact, the
stock market). For the sake of certainty and
convenience, we will assume that the set of
possible states of the economic environment
is finite. In this case, the probability distribu-
tion of the states of the economic environment
q= (ql; .3 q, ) is a vector whose components are
non-negative numbers satisfying the normal-
ization property, while the RV characteriz-
ing the rate of return of the selected asset is a
discrete RV (DRYV). In practice, the available
sample data are used as possible values of these
DRY, namely the previously observed values
of the corresponding profit margins, while it
is customary to use traditional point estimates
as estimates of the numerical characteristics of
these DRY, the values of which are calculated

based on the use of a uniform law, i.e. a vector

q =(q):.1q,), where ¢ =..=q, :%,

estimates of the probability distribution.

as it

Suppose that the distribution q=(q1; ...;qn)
satisfies a linear relation of order (LRO) of
one type or another. The main types of LRO
were studied by Peter Fishburn [5—7], (and
also reviewed, for example, in [1, pp. 77—80].
Fishburne formulas and their generalizations,
called Fishburne sequences in the article, are
used to estimate the corresponding distribu-
tions. For example, in [8] the author proposed
the use of Fishburne sequences to bring gener-
alized models of the optimal portfolio search
problem to the classical (traditional) Markow-
itz model.

The purpose of this study is to develop a
scheme for constructing such an estimate of
the probability distribution which makes it
possible to achieve the correctness of probabil-



istic and statistical modeling, as well as to best
take into account the opinion of the DM about
the type of LRO, to which the elements of the
set of states of the economic environment obey,
including for cases where the use of traditional
point estimates is impossible because the most
characteristic estimate of the probability distri-
bution should differ from the uniform law.

The main objectives of the study are to
develop:

¢ concepts of suitable modeling of manage-
rial decision-making in the economy based
on sample data, in particular, portfolio deci-
sion-making in the field of the third IP;

¢ a method for estimating the probability dis-
tribution based on the use of Fishburne
sequences, primarily generalized Fishburne
progressions;

¢ schemes for constructing such an estimate
of the probability distribution that best takes
into account the opinion of the DM.

1. Formulation
of the research task

We introduce the following designations: r—
the value of the i-th rate of return of the asset
in conditions when the economic environment
was in j-thstate, i =1, k, j =1, n; x, — the share of
the asset in the portfolio,i =1, k; X = (x5 5%) —
portfolio (more precisely its structure); R —
DRY, characterizing the rate of i/ return of the

k
asset,i =1, k; R, = Y R, -x,— DRV, characteri-
i=1
zing the rate of return of the portfolio X;
q = (¢q; ...; g) — probability distribution of
the states of the economic environment;

m, = M(Ri ) = i”u -q;,, m_= M(R ) — mathe-
j=1

matical expectations of the corresponding

DRV; 6>=D(R,)=>r}-q,-m], c>= D(R ) —
j=1
variance of the corresponding DRY,

n
¢y =cov(R;: R,)= > r, r,-q,—m,-m,— covariance
j=1

J= _ _
between the specified DRV, i=1k,/=1, k.

If the exact true values r, ..., r, , of the cor-
responding DRV R, are known and the first IC
takes place when the probabilities (g,; ...; g,) of
states are known, then the values of the numer-
ical characteristics m,, a?, ¢, can be found by
the above formulas, and the numerical charac

k
teristics m_and o} DRV R, = ZR,- -X; of the
i=1

x portfolio are functions of fractions x , ..., x, .
The classical Markowitz model (the model of
the problem of finding an effective portfolio in
the field of the first IS) can be presented in the

following form:

k
m, =>.m,-x, —> max: (D
i=1 X
Kk
03 =D, D€y X, X, —> min, (2)
=1 =1 X
k
X =1, 3)
i=1
x,20,i=1Lk 4)

An effective portfolio (in the Markow-
itz model) is usually called a portfolio whose
structure is a Pareto optimal solution to the

problem (1)—(4).

The main task of the DM (investor) is to find
the structure of the optimal portfolio, i.e. the
structure of such an effective portfolio, which,
according to the DM, has all the desired prop-
erties, first of all, the best combination of the
values of its numerical characteristics.

Let us now assume the possible values r, ...,
r,, of an arbitrary DRV R are known, and the
probabilities ¢, ..., g, are not known, then the
numerical characteristics m,, o?, ¢, are prob-
ability functions ¢, ..., g, and the numerical

k
characteristics m_and o] DRV R_ = ZR,. -x, of

i=1
the x portfolio are probability functions g,
..., ¢,and fractions x,, ..., x,. This assumption
corresponds to the approach used in practice
when using available sample data, i.e. when the
values r, ..., r, are used as the observed val-



ues of the i-th rate of return of the asset, while
unknown values of numerical characteristics
m, o7, ¢ asa rule, evaluate them with tradi-
tional point estimates, i.e. the values of the
numerical characteristics of the sample

accordingly. We emphasize, now = this is
the value of the i rate of return of the asset
observed in the period (moment) of time, and
to calculate the values r,, 0] >, ¢}, a uniform law

was used as an estimate of the probability dis-
tribution.

The use of traditional point estimates may
contradict the opinion of the DM about the
significance (in formativeness) of various
points in time. The opinion of the DM about
the significance of various moments of time
must necessarily be reflected in the general-
ized Markowitz model: in this case, the system
of constraints of the task of finding an effective
portfolio may contain such constraints for pos-
sible values ¢, ..., g, components of the proba-
bility distribution that the uniform law does not
satisfy.

The generalized Markowitz model of the
problem of finding an effective portfolio in the
field of the third OF the simple gallop can be
written in the following form [8]:

H(q):—qu'lnqj%m(?x, 5)

J=1

m :Zm,-x,emfx, (6)
k  k
ol :ZZcil-xi-x, — min, (7)

Zk:x,. =1, (8)

x,>0,i=1k, 9)

q,<q, <..=%q, (10)
g =1, (11)
Jj=1

4,20,j=1n (12)

The ratios (10) reflect the essence of a sim-
ple LRO and the opinion of the DM that the
situation that developed in a later period has
greater significance i.e. has a more significant
impact on the present and future than the sit-
uation that developed in an earlier period of
time. Many researchers express this opin-
ion, which certainly corresponds to the reali-
ties of the economy. So, V.K. Semenychev and
E.V. Semenychev note that “when forecasting
in conditions of rapidly changing socio-eco-
nomic phenomena, the information of later
time periods is more important, more signifi-
cant than the information of earlier periods”
[9, p. 60]. We emphasize that in the case of
portfolio decisions in the field of the third IP,
with the fairness of a simple LRO, it is possible
to use traditional point estimates, since a uni-
form law satisfies a simple LRO.

The generalized Markovitz model of the
problem of finding an effective portfolio in the
field of the third IC, with the validity of a par-
tially enhanced LRO, can be written in the fol-
lowing form [8]:

H(q)=-)q, Ing, —> max, (13)
j=1
k
m, =Y m,-x; - max, (14)
i—1 X
k k
o2 =YY ¢,-x,;-x, —>min, (15)
i=1 1=1 X
k
x =1, (16)
i=1
x,20,i=1k, (17)



q,24,,
q;24,+4,, (18)
q,24,+4,+..+q,_,,
2.4, =1 (19)
j=1
q,20,j=1,n. (20)

The ratios (18) reflect the essence of the
partially enhanced LRO and the opinion of
the DM that socio-economic conditions are
changing extremely rapidly, while the sam-
ple data under consideration are time series
characterized by a high rate of change. The
DM is obliged to adhere to such an opinion
in cases when there is either a pre-crisis (cri-
sis) situation, or a sharp growth of the econ-
omy (of the relevant sector of the economy),
etc. [10]. If the DM believes that the probabil-
ity distribution satisfies the partially enhanced
LRO, then this means that, in the opinion of
the DM, the significance of the current time
period is not less than the total significance
of all previous time periods. In this case, it is
impossible to use traditional point estimates,
because the uniform law does not satisfy the
partially enhanced LRO.

This indicates the relevance and necessity
of developing such a method of construct-
ing an estimate of the probability distribu-
tion that best takes into account the opinion
of the DM about the type of order ratio on
a set of states of the economic environment,
which is in fact his opinion about the type of
LRO that the probability distribution should
satisfy.

It can be argued that the above situations of
portfolio decision-making are characterized
by a statistical game: with tasks (1)—(4), (5)—
(12), (13)—(20) a statistical game is connected,
givenby amatrixR=R, = (rl.,.), where r, isthe
corresponding value of the i rate of return of

the asset. Note that portfolio decision-making
is possible by solving the corresponding game
[11]: when certain requirements are met, the
solution of the antagonistic game given by the
matrix R=R, = (rij) allows you to find an
effective case X = (x’;; o x’;( ), while its struc-
ture does not depend on the probability distri-
bution.

2. Basic notion
and definitions

Here are the definitions of LRO of the main
types [1, p. 78]:

1) a simple LRO is an order relation given
by inequalities of the form ¢, 2¢, >...2¢, or
qg,<£q,<..£q,;

2) a partially enhanced LRO is an order
relation given by inequalities of the form
q9,24;,+..+q, j=l,n-10T g, 2q,+..+q,

j=2,m

3) an enhanced LRO is an order relation
given by inequalities of the form
Gttty g =g, t..+ Do) T a1 >
j=Ln-2,a()e{l;2;..;n—1—j}, or

Dy Tt <q; < Da(iyr T 4eaiyy Tt 0

j=3,n,a(j)ef{l;2; ..;j— 2}, where a(j) —
given natural numbers taking values from the
specified sets.

The Fishburne sequence (FS) will be called
the sequence (q,; g,; ...; ¢; ...) the elements of
which are equal

jJ

a.
—.,¥ J,

9T

i

21

where the sequence (a; a,; ...; a; ...) generat-
ing this FS is a given monotonic sequence of
non-negative numbers, the sum of which is a
positive number [12, p. 132]. Further, for con-
venience, we will limit ourselves to the consid-
eration of finite FS (¢,; g,; ...; q,).



Externally, formula (21) coincides with the
so-called third Fishburne formula. The third
Fishburne formula is used to estimate the
probability distribution when it must satisfy
an enhanced LRO. In this case, the formulas
for calculating probability estimates contain a
parameter, while using formula (21) allows us
to find a value of this parameter for which the
values of probability estimates satisfy both the
enhanced LRO and condition (3). Obviously,
the set of all FS is significantly wider than the
set of all sequences satisfying the enhanced
LRO and condition (3).

In the author’s publications (for example, [8,
10, 12—16]), the following properties of FS and
their special cases are investigated:

1) Fishburne arithmetic progression, given by the
first Fishburne formula:
2-(n—j+1)

':—, .:13 ;
9 n-(n+1) / 7

(22)

2) Fishburne geometric progression, given by the
second Fishburne formula:

2 n—j

2" -1’

q/_ = J = 1, n; (23)

3) Fishburne’s increasing arithmetic progression:
2-j

qj:n-(n+1) (24)

,Jj=Ln

4) the increasing geometric progression of Fish-
burne:

2/

= 25
. (25)

qj j=1,}’l;

5) generalized Fishburne arithmetic progression:

1 (n-1)-x .
N TRIRE
2 n(n=2-i+1)- _
_ n-(n-2-j+ )x,jzl,n; 26)
2-n

for which its difference x satisfies the inequality
2

|X|Sm;

6) generalized Fishburne geometric progression:

_ x-1 e
x" -1 1-x"
for which its denominator is x satisfies the

inequality x > 0.

Often, the use of formula (24) or (25), for
example, when the index values represent
time points, is preferable to the use of formula
(22) or (23), respectively. Formulas (22)—(25)
are used in a wide variety of studies, as evi-
denced by numerous publications (for exam-
ple, [17—35]).

=1_x_ R

J=Ln  (27)

J

Uniform law, e.g. vector q"=(g;:.:q; ),
1

where g =..=q. = is a special case of the

generalized arithme‘gc Fishburne progression
(for the difference x = 0), and the general-
ized Fishburne geometric progression (for the
denominator x = 1).

3. Estimation of probability
distribution based on the use
of Fishburne sequences

Thus, generalized Markowitz models of the
problem of finding an effective portfolio can be
brought to the classical Markowitz model by
using FS. The problem is how to make a cor-
rect estimate of the probability distribution.
The proposed scheme for constructing a cor-
rect estimate of the probability distribution is
based on the properties of FS, primarily on the
properties of generalized Fishburne progres-
sions.

The correctness of using formulas (26), (27)
depends on the answers to such questions. 1.
When does the generalized Fishburne pro-
gression satisfy a simple LRO? 2. When does
the generalized Fishburne progression satisfy
a partially enhanced LRO? 3. When does the
generalized Fishburne progression satisfy the
Gibbs—Jaynes principle?

Recall that the Gibbs—Jaynes principle
considers the vector to be the most charac-



teristic estimate of an unknown distribution
q’ = (ql* s g ) maximizing the entropy value

H(q) :_/Z::‘ q,-Ing, when all constraints are
met, e.g. constraints (3), (4) and, possibly,
one or more constraints that, in the opin-
ion of the DM, the probability distribution
should satisfy. The entropy approach signifi-
cantly enriches the tools of analysis and mod-
eling of economic risk. Obviously, if only the
constraints (3), (4) are met, then the maximum
value of entropy H(q*) =lnn= meH(q) is

achieved for a uniform law, e.g. for a vector
* * * * * 1

q :(‘11;'--;%)’ q =---=‘1n=;-

In particular, on the set of all generalized Fish-

burne progressions, the maximum value of
entropy is also achieved for a uniform law.

where

Note that an arbitrary FS, and hence an arbi-
trary generalized Fishburne progression, satis-
fies the corresponding simple LRO.

If generalized arithmetic Fishburne pro-
gressions almost always do not satisfy partially
enhanced LRO, then generalized geomet-
ric Fishburne progressions, depending on the
value of their denominator, in some cases sat-
isfy, and in other cases do not satisfy partially
enhanced LRO.

Consequently, the above questions have triv-
ial answers on the set of all generalized Fish-
burne arithmetic progressions. However, on
the set of all generalized Fishburne geometric
progressions, the answers to these two ques-
tions are not so obvious. The theorems con-
taining these answers are given and proved in
the monograph of A.V. Sigal, E.S. Remesnik
[12, pp. 119—127]. The essence of these the-
orems is as follows: an arbitrary generalized
geometric Fishburne progression (q; g,; -..; q,)
satisfies the corresponding partially amplified
LRO if and only if the value of its denomina-
tor belongs to the set x € (0; an] U [ﬂn; +oo),

wherea — the root of the equation x”—2-x+ 1=0

owned by a, € (0,5; 1], g, =L
time x* =, (x” = f8,) — the only value of the
denominator x progressions (27), maximizing
the value of entropy H(q) for all non-increas-
ing (non-decreasing, respectively) generalized
geometric Fishburne progressions.

, at the same

One of the natural methods of solving prob-
lems (5)—(12) and (13)—(20) is their reduction
to problem (1)—(4) by using the most character-
istic estimate of the probability distribution, i.e.
by using the vector q = (¢q,; ...; ¢,), maximizing
the entropy value on the set of all FS satisfying
the LRO of the corresponding type. Practically
without loss of generality, instead of the set of all
FS, we can limit ourselves to considering only
generalized Fishburne progressions, the most
important and very broad special case of FS.

The vector maximizing the entropy value
on the set of all FS (and, consequently, on
the set of all generalized Fishburne progres-
sions), by definition always satisfying a simple
LRO, is a uniform distribution, i.e. the vector

. |
4= (g - q,), e 4 =--=4, =—. Therefore,

in the case of problem (5)—(12), the use of tradi-
tional point estimates is advisable, both from the
standpoint of mathematical statistics and from
the standpoint of the suitability of modeling.

And a vector maximizing the entropy value
on the set of all non-decreasing generalized
Fishburne geometric progressions (¢, ¢,; ...; q,),
satisfying a partially enhanced LRO is the pro-
gression (27), whose denominator is equal to

1
x =/, where B, = a, the root of the

equationx"—2-x+ 1 =”O belongstoa €(0,5; 1].

The estimation of an unknown probability
distribution and the use of this estimate can be
carried out according to the following five-step
scheme.

Step 1. Choosing the type of LRO, which,
according to the DM, the distribution should
satisty (¢, ¢,; ...; g,) probabilities.



Step 2. Choosing the sequence (a;; ay; ...; a,)
non-negative numbers, which, according to
the DM, it is advisable to use as a sequence
generating FS with the desired properties. This
sequence (a,; a,; ...; a,) must satisfy the LRO
of the selected type, while it can be a sequence
whose elements form, for example, a certain
progression of natural numbers (including a
constant ¢, = a, = ... = a = 1, strictly mono-
tone arithmetic or strictly monotone geometric
progression), Fibonacci numbers or Mersenne
numbers.

Step 3. Construction of the FS, which,
according to the DM, it is advisable to use as
an estimate of the probability distribution, i.e.
calculation by formula (21) of the values of the
FS components (¢,; ¢,; ...; q,), generated by the
selected sequence (a; a,; ...; a,).

Step 4. Applying the constructed FS as an
estimate of the probability distribution, and,
in particular, calculating the values of the esti-
mates of the corresponding numerical charac-
teristics according to formulas for calculating
these numerical characteristics of the DRY,
in which the values of the corresponding ele-
ments of the constructed FS are used instead of
the probability values.

Step 5. Choosing the optimal solution, i.e.
choosing to implement such a solution that has
the best combination of the calculated values of
the estimates of the numerical characteristics
under consideration.

Conclusion

Fishburne formulas for calculating point
estimates of probability distributions are well
known and widely used in theoretical and prac-
tical research. For a correct assessment of the
probability distribution of the states of the eco-
nomic environment, it is advisable to use Fish-
burne sequences (FS) generalizing Fishburne
formulas: as an estimate of the probability dis-
tribution, it is advisable to use an FS that has

all the desired properties and, in particular, sat-
isfies the type of linear order relation (LRO),
which, according to the decision maker (DM),
the probability distribution should satisfy. The
most important types of LRO are simple LRO
and partially reinforced LRO.

The DM can evaluate the probability distri-
bution and use this estimate according to the
following scheme, first given in the article.

1. Choosing the type of LRO that the prob-
ability distribution should satisfy.

2. The choice of a sequence that is appropri-
ate to use as a sequence generating FS.

3. Construction of the FS, which is advisable
to use as an estimate of the probability dis-
tribution.

4. Application of the constructed FS as an
estimate of the probability distribution.

5. Choosing the optimal solution, i.e. the
choice for the implementation of such a
solution that has the best combination of
the calculated values of the estimates of
the numerical characteristics under con-
sideration.

The proposed scheme makes it possible to
achieve correctness in probabilistic and sta-
tistical modeling, as well as to best take into
account the opinion of the DM about the type
of LRO to which the elements of a variety of
states of the economic environment are sub-
ject, including for cases where the use of tra-
ditional point estimates is impossible because
the most characteristic estimate of the prob-
ability distribution should differ from the uni-
form law.

The properties of the FS completely coin-
cide with the properties of the sequence gen-
erating it (with the exception of the normaliza-
tion condition, which the sequence generating
the FS does not have to satisfy). When choos-
ing an FS that has all the desired properties,
we can limit ourselves to considering the set of



generalized Fishburne progressions, which are
FS that are arithmetic or geometric progres-
sions. In the case of a simple LRO, we can limit
ourselves to considering generalized arithme-
tic Fishburne progressions, and in the case of
a partially enhanced LRO, generalized geo-
metric Fishburne progressions. Finally, if the
DM adheres to the Gibbs—Jaynes principle,
then either the uniform law (with the validity
of a simple LRO) or the generalized geometric
Fishburne progression maximizing the entropy
value (with the validity of the corresponding
partially enhanced LRO) should be used as an
estimate of the unknown probability distribu-
tion.

The cases when FS should be used that satisfy
partially enhanced LRO include cases when
the sample data under consideration are time
series characterized by a high rate of change.
The DM is obliged to adhere to such an opin-
ion in cases where, for example, there is either
a pre-crisis (crisis) situation, or a sharp growth
of the economy (of the relevant sector of the
economy).

In cases where, according to the DM, the
probability distribution must satisfy a partially
enhanced LRO, it is impossible to use tradi-
tional point estimates, because the uniform law
used to calculate the values of traditional point
estimates does not satisfy a partially enhanced
LRO. It can be said that in these cases there is
a contradiction between the traditional proba-
bilistic and statistical tools and the peculiari-
ties of the decision-making situation, and the
correctness and appropriateness of modeling
require using a strictly monotonic sequence
as an estimate of the probability distribution,
i.e. a FS satisfying the corresponding partially
enhanced LRO, for example, the generalized
geometric Fishburne progression maximizing
the entropy value (ifthe corresponding partially
enhanced LRO is fair). Although the desired
statistical properties of point estimates are lost
(unbiased, etc.), the use of a strictly monoto-
nous FS (instead of a uniform law) allows us
to achieve the desired levels of correctness and
appropriateness of modeling, as well as the best
consideration of the opinion of the DM. m
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Introduction

lobalization is the most important fac-

tor of social progress. It is determined

by the strengthening of economic,
social and political interactions of countries
and peoples, regardless of national borders [1].
According to some data [2], globalization is capa-
ble of raising world GDP per capita by almost a
third. The integration of trade and investment
flows, the convergence of markets and the devel-
opment of multinational corporations character-
ize economic globalization. Social globalization
is expressed in the development of communica-
tion technologies, international cultural cent-
ers and personal contacts. Political globalization
manifests itself in the activities of organizations
that, in accordance with the principles of inter-
national law, make it possible to unite the forces
of the countries of the world in the fight against
global problems. The positive effects of globaliza-
tion include the optimization of production due
to the cross-country division of labor and access
to innovation [3], the diversification of financial
risks with the attraction of foreign investment [4],
the increase in the level of human capital devel-
opment due to the development of information
technology and the international education sys-
tem [5]. Researchers usually identify the main
problem of globalization as an increase in income
inequality [6]. Among the negative effects, there
are also risks to economic security [7], violation
of human rights [8] and loss of ethnic identity [9].

To measure globalization, index systems
reflecting its structure are used [10]. The most
popular of them is the system of the KOF-index
of globalization from the Swiss Economic Insti-
tute!. The appearance in 2018 of the latest edi-
tion of the methodology of its calculation with a
radical expansion of the structure and informa-

tion base significantly expanded the possibilities
of studying the problems of globalization [11].
In addition to the integral indicator, the system
of this index contains sub-indices of economic,
social and political globalization, which in turn
are divided into separate components. The eco-
nomic sub-index includes sub-indices of trade
and financial globalization, and the social sub-
index includes personal, informational, and
cultural globalization. Each of these indicators
is further divided into de facto and de jure cat-
egories. The indicators de facto measure the
actual flows between countries (for example, the
amount of imports), while de jure — their insti-
tutional capabilities (for example, import taxes).
Each indicator is formed according to world
official statistics since 1970, published with a
delay of two years, measured on a 100-point
scale. A total of 42 variables are used. The prin-
cipal component method is used for calculation,
as well as the panel normalization method?.

Most of the works on the study of globaliza-
tion are devoted to analysis of its impact on the
well-being of the population. The most inter-
esting of them are the works [12—18], which use
econometric tools for data analysis. However,
it should be noted that these studies are limited
by lack of results from studying the structure
of the globalization process itself, the relation-
ship between its individual components. This
reorganization of the KOF-index of globaliza-
tion in 2018 marks noticeable progress in the
development of the statistical methodology for
measuring globalization and expands the pos-
sibilities of its systematic analysis. Taking into
account this reorganization, the authors set a
goal to analyze the links between institutional
and actual levels of globalization. Two main
tasks were put forward. The first is to investigate
the trends of dynamic relationships between de

I KOF (Konjunkturforschungsstelle) Globalisation Index: https://www.kof.ethz.ch/en/
forecasts—and—indicators/indicators/kof—globalisation—index.html

2 The structure of the KOF index indicating the weights of individual indicators is given

in the Appendix (7able A1)



jure and de facto sub-indices. And the second
is to study the degree of influence of the insti-
tutional component and the effectiveness of its
application to form the actual component of
globalization for the countries of the world.

1. Methods
1.1. Data

Globalization was measured by the KOF-
sub-indices — the de facto and de jure globali-
zation index. All indicators were considered in
the period from 1970 to 20183. Figures 1—4 show
graphs of the analyzed time series averaged by
countries of the world for the Globalization
KOF-index (gl) and its components: economic
(ec), social (soc) and political (pol) globaliza-
tion; trade (tr) and financial (fin) globalization;
personal (per), information (inf) and cultural
(cul) globalization. The corresponding sub-
indices are de facto and de jure denoted with the
addition of the symbols _df, _dj.

Figure 1 shows that the acceleration of glo-
balization in the world began in 1994. At the
same time, if previously the sub-index was de
facto superior to de jure, now the de jure sub-
index prevails. There is a noticeable divergence
of trends. De jure, in general, is growing faster.
Figure 2 shows that this is due to the social and
political index de jure.

At the same time, Figure 2 shows that the de
facto political sub-index remains noticeably
smaller. Among economic sub-indices, on the
contrary, the de facto sub-index is superior. The
connection of the components of economic
globalization is noticeable. It can be seen how
the de facto sub-index follows the de jure sub-
index. The connection of the sub-indices of
social globalization is also visible, but not so
noticeable. The connection between the com-
ponents of political globalization is even less
noticeable.

65 1

Fig. 1. Sub-indices of the de facto
and de jure KOF-index of globalization
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Fig. 2. De facto and de jure sub-indices
of the components of the globalization KOF-index

The de facto predominance in the economic
index is due to the relatively strong growth of the
corresponding component of financial globali-
zation. As part of the trade globalization index,
in recent years, the values of the de facto and de
jure sub-indices have been converging.

Figure 4 shows that the prevalence of the de
jure sub-index in the indicator of social globali-
zation is achieved at the expense of all compo-
nents. However, a strong acceleration is noticea-
ble for the dynamics of the de facto information
globalization index in recent years. At the same
time, the relationship of this index with the de
jure index is visible. The cultural component of
globalization is characterized by a relatively low
value of the de facto sub-index.

3 https://kof.ethz.ch/en/forecasts-and-indicators/indicators/kof-globalisation-index.html
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Fig. 3. De facto and de jure sub-indices
of the components of the economic sub-index
of the KOF-index of globalization
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Fig. 4. Sub-indices of de facto
and de jure components of the social sub-index
of the KOF-index of globalization

Figure 5 shows the values of the de jure
(abscissa axis) and de facto (ordinate axis) sub-
indices of the KOF-index of globalization at the
time of 2018 for 196 countries of the world. It
can be seen from the figure that the sub-indices
are strongly correlated. The sample value of the
paired coefficient of correlation was 0.87.

Additionally, when analyzing the spatial sam-
ple at the time of 2018, the income index was
used, obtained on the basis of the logarithm of

gross national income (GNI) per capita at pur-
chasing power parity (PPP) in 2017 prices in US
dollars* and measured on a 100-point scale. The
indicator was calculated as the ratio of the loga-
rithm of the GNI growth index to the logarithm
of its maximum value’. The minimum value of
GNI was assumed to be equal to $100, as the
minimum fixed in official statistics. The maxi-
mum value was set at $75,000 in accordance
with the phenomenon of the immutability of the
level of well-being for countries with a higher
level of GNI [19]. The Appendix contains a list
of countries used in the analysis for which the
index values are available. Figure 5shows its val-
ues for these countries at the time of 2018. The
figure shows that the spread of values is quite
large and amounts to almost 70%, which indi-
cates a high differentiation of well-being in the
countries of the world.

1.2. Procedures

The methodology for the study of dynamic
relationships was based on the idea of cointegra-
tion analysis of random processes using the Vec-
tor Error Correction Model (VECM) [20]. Nine
models of the relationship between the de facto
and de jure sub-indices were constructed for the
KOF-index of globalization and its components.
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Fig. 5. De jure and de facto sub-indices
of globalization 2018 for the countries of the world

* https://data.worldbank.org/indicator/NY.GNP.PCAP.PP.KD?view=chart

5 Income index=In(GNI/GNI __)/In(GNI _/GNI
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Fig. 6. Income index in the countries of the world, 2018

The general form of the model:

P
AX: =K +aﬂ,Xt—l+zI}Xt—j+ l]t’
j=1

r=12,...,T.
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L =1yl k=2,
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where the components of the vector X are the
processes analyzed in the work; the vector u,
contains deterministic components for each
of these processes: a trend and a constant; » —
cointegration rank; U — errors vector.

For each time series, tests were applied for the
presence of a single root of the characteristic
equation of the corresponding processin accord-
ance with the algorithm of the Dolado proce-
dure [21]. ADF (Augmented Dickey—Fuller)
and KPSS (Kwiatkowski—Schmidt—Shin) tests
[20] were used. The Johansen approach [22]
was used to evaluate the parameters of the coin-
tegration ratio and the error correction model.
The optimal specification of the models was
selected based on the Bayesian Information
Criterion (BIC) and the model’s compliance
with its assumptions. The remnants of the mod-

els were tested for the absence of autocorrela-
tion and compliance with the normal distribu-
tion law (multidimensional analogues of the
Breush—Godfrey and Jarque—Bera LM test).
Durnik—Hansen orthogonalization [23] was
used for the remnants of the VEC model.

The characteristics of long-term dynamic
relationships for cointegrated processes were
determined using testing of variables for weak
exogeneity relative to the parameters of the error
correction model. For this purpose, the statisti-
cal significance of the estimates of the compo-
nents of the correction matrix a was analyzed,
since the insignificance of the estimate o, means
that when the processes deviate from long-term
equilibrium, the corresponding i-th variable is
not corrected. To draw conclusions about strict
exogeneity, the Toda—Yamamoto approach [24]
was used with the choice of the number of lags
in the test model according to the BIC criterion.
The degree of impact of the analyzed processes
on each individual process was measured using
the decomposition of the variance of its predic-
tion error, in which the selected process occu-
pied the last position in the recursive order of
causality by Wold (Wold-causality) [25]. As an
impact measure for each individual process, the
corresponding proportion of the estimate of the
variance of the forecast error, the maximum for
10 years, was considered.

To analyze the degree of influence of the insti-
tutional factors of globalization on the actual
globalization, regression models were used, esti-
mated from the prolog data of the de facto and
de jure sub-indices for 2018, averaged across
the countries of the world. Taking into account
the heteroscedasticity of the errors of the usual
regression

E[Y|X, ]=Xp(i=12,....n)

quantile regression [26] was used for quantiles
corresponding to probabilities 0.25, 0.5 and
0.75:

q, [Yi|Xi:|:X[ﬂf’ P{K Sqf} =T.



To analyze the heterogeneity of the influence
of the factors of the formation of actual finan-
cial globalization in the world, the Stochastic
Frontier Model (SFM) [27] was evaluated:

Y, =X,p+V,-U, .U, ~iidN"(0,0;),
U, >0,cov[U,, X, ]=0,cov[U,V;]=0.

Additionally, the logarithm of the income
index was taken into account as a regressor. To
justify the use of the model, the remnants of
the usual regression were tested for the statisti-
cal significance of the asymmetry coefficient;
its sign was checked. The hypothesis about the
ineffective influence of factors H, :o, =0 was
also tested. The evaluation of the distribution of
the efficiency indicator (Ef) of the factors under
consideration for the countries of the world was
interpreted:

1- « — M | O
Eﬁz[ (o ﬂ,/a)]exp(_ﬂ*i+%afj’

1- O(—p, / 0v)
—8£,0, o, ——
/u*l_ 12 “,O-*: u V’O_: O_j+o_v2,
o o

1 x 2
d(x)= p J.exp[—x?de.

The efficiency distribution was compared
with the ranking of the de facto index.

2. Results

2.1. Analysis of dynamic
relationships between de jure
and de facto sub-indices

Based on the results of testing processes for
stationarity (7able 1), with a probability of 0.95,
it can be argued that all the series under consid-
eration are realizations of random processes that
are stationary in the first differences.

Table 2 shows the results of testing the de facto
and de jure sub-indices for cointegration. The
table shows that the hypothesis of the absence of
cointegration is rejected at the significance level

of 0.05 for most sub-indices with the definition
of one cointegration ratio for them. The pres-
ence of a long-term relationship is not evident
for the global index and sub-indices of cultural
and political globalization.

The results of quality control of the evalu-
ated VEC models showed their sufficiently high
validity and allowed them to be used for analysis
and interpretation. In particular, the hypothesis
of the absence of autocorrelation of residues up
to and including the 3-rd order was not rejected
at the significance level of 0.05 for all models.
Table 3 shows the results of testing cointegrated
sub-indices for weak exogeneity. Statistically
insignificant at the level of 0.05 estimates for the
short-term ratio for the de jure sub-indices of
financial and information globalization indicate
a weak exogeneity of these values relative to the
parameters of VEC models.

Tables 4 and 5 present the results of an analy-
sis of the short-term relationship between the de
facto and de jure sub-indices. Table 4shows that
such a relationship, as well as a long-term one,
is practically not manifested for the political
and cultural sub-indeices. The economic sub-
index is characterized by the influence of the
de jure sub-index on the de facto. This is espe-
cially noticeable for the financial sub-index. For
trade globalization, the de facto influence on de
jure prevails a little. For the sub-index of social
globalization, there is a relatively weak mutual
influence of the de facto and de jure sub-indices.
However, for the indices of personal and infor-
mation globalization, the priority influence of
de jure on de facto is noticeable.

The data in Table 5 confirm the fact that
there is no short-term connection between the
de facto and de jure sub-indices for political
and cultural globalization. For both economic
and social globalization, the defining role of
the de jure sub-index is manifested. For finan-
cial and information globalization, this indica-
tor is a highly exogenous variable relative to the
parameters of the VEC model.



Table 1.
Results of the analysis
of processes for stationarity
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Table 2.
Results of the analysis
of processes for cointegration®

_— Test Trace Max-eigenvalue

1 | gl_df 0.99 0.21 0.00 0.34 gl 0.54 0.76 0.76 0.43
2 | gl_dj 0.42 0.16 0.03 017 ec 0.04 0.07 0.11 0.07
3 | ec_df 0.58 0.08 0.00 017 soc 0.02 0.22 0.02 0.22
4 | ec_dj 0.99 013 0.00 0.20 pol 0.44 0.98 0.36 0.98
5 | soc_df | 0.52 0.22 0.06 0.40 tr 0.06 0.71 0.04 0.71
6 | soc_dj | 0.36 0.21 0.25 0.40 fin 0.01 0.92 0.01 0.92
7 | pol_af | 0.62 0.21 0.00 0.25 in 0.03 0.62 0.02 0.62
8 | pol_dj | 046 012 0.01 0.09 per 0.06 0.69 0.03 0.69
9 | tr_df 0.32 0.09 0.00 0.16 cul 0.13 0.44 0.14 0.44
10| trdi 019 019 015 029 " MacKinnon-Haug-Michelis P-values with
11 | fi_df 0.99 0.06 0.00 0.09 minimum BIC value
12 .fl_dJ 0999 | 0149 | 0.000 | 0.214 Tuble 3.
13| indf | 053 | 022 0.06 0.44 Results of the analysis
14 | in_dj 0.10 0.20 0.22 0.34 of sub-indices for weak exogeneity”
15 | per_df | 0.42 0.19 0.01 017 ] ]

- ‘ ec ‘ soc ‘ tr ‘ fin ‘ inf ‘ per
16 | per_dj | 0.03 0.21 0.32 0.30
17 | cul df | 062 019 0.00 0.27 df —292 | -2.04 |-298 |-4.22 |-3.94 | 237
18 | cul_dj | 0.09 0.08 0.00 0.11 dj -2.05 (-390 |280 |-157 |1.01 |-4.83

Notes: * The value of T-statistics for estimating the coefficient

1. For all series it is indicated: Y is the initial series, dY is the
first difference.

2. For the ADF test, one-sided MacKinnon P-values are given.

3. For the KPSS test, test statistics are compared with critical
values at the significance level of 0.05: 0.146 — for the initial
series (taking into account the trend) and 0.463 — for the first
difference (taking into account the constant).

2.2. Analysis of the degree
and heterogeneity of the influence
of institutional factors
on the actual globalization

Further, using the example of the financial
globalization sub-index, the results of the analy-
sis of the degree of influence of the de jure index
on the de facto for the 2018 globalization KOF-

at the remainder of the cointegration ratio in the ECM
(error correction model) for the de facto (df)
and de jure (dj) sub~indices is given.

index with the involvement of the income index
are demonstrated. Taking into account the omis-
sions in the data, 145 observations were used in
the models. The data was used in logarithms.
There was no multicollinearity problem, since
the correlation coefficient between the regres-
sors turned out to be statistically insignificant
and equal to 0.03. Table 6 shows some results of
estimating the usual regression model, quan-
tile regression with quantiles corresponding to
probabilities 0.25, 0.5, 0.75, and the stochastic
frontier model.
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Table 4.

Estimates of the decomposition
of the variance of the forecast error in VAR/VEC models, %"

Endogenous ‘ d(gl) ‘ ec ‘ soc ‘ d(pol) ‘ tr ‘ fin ‘ 1] ‘ per ‘ d(cu)
df 1498 | 55.81 27.76 215 2418 | 5450 | 44.00 | 62.01 10.23
dj 424 1512 | 29.76 2.58 29.87 6.83 15.75 | 27.85 3.85

* The maximum value for a 10-year period is given. For each of the de facto (df) and de jure (dj) sub-indices, in accordance
with the Cholesky Ordering, the proportion of variation due to a change in the alternative variable va and he is shown.

Table 5.

Results of the analysis of processes for causality by Granger”

Endogenous ‘ gl ‘ ec ‘ soc ‘ pol ‘ tr ‘ fin ‘ inf ‘ per ‘ cul
af 0.00 0.01 0.00 0.45 0.00 0.03 0.00 0.01 0.99
dj 0.00 0.45 0.44 0.50 0.00 0.87 0.95 0.06 0.61

* The P-value of % —statistics is given to test the hypothesis that each of the de facto and de jure sub-indices is not a Granger

reason for an alternative de jure and de facto sub-index.

The use of quantile regression was due to the
high heteroscedasticity of the remnants of the
usual regression — the P-value of the x’-statis-
tics of the Breusch—Pagan test was equal to
0.000. This is also noticeable in Figure 5. It can
be seen that there are countries with a low de
jure and high de facto sub-index, but with a
high de jure, high de facto is determined almost
unambiguously.

Table 6 shows that all models describe the
direct statistically significant impact of insti-
tutional factors, together with the indicator
of the state of health, on the actual globaliza-
tion in the financial sector. According to esti-
mates of conventional regression, the de facto
index value changes by almost a third of a per-
cent on average when the de jure index changes
by 1 percent. A comparison of the estimates for
the dj indicator and their graphic illustration in
Figure 7 shows that for countries with a higher
level of globalization, this influence is weaker
than for countries with a low level.

The application of the stochastic frontier
model was facilitated by a statistically signifi-
cant (at the level of 0.001), rather high modulo
negative value of the residual asymmetry coef-
ficient (—0.788). The relatively low BIC value
compared to its value for conventional regres-
sion also supports the use of this model. The
hypothesis of the absence of inefficiency of
factors was rejected at the significance level of
0.05. Figures § and 9 show the results of calcu-
lating the effectiveness of the factors of the for-
mation of actual globalization in the financial
sphere for 145 countries.

3. Discussion

The results of the calculations showed that
there is both a long-term and a short-term
dynamic relationship between the processes of
globalization in the institutional sphere and its
actual manifestation. And although it does not
manifest itself at the global level, for the general
index of globalization — perhaps due to its com-
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Results of evaluation of regression models”

Table 6.

Normal Quantile regression Stochastic
regression 0.25 05 0.75 frontier model
dj 0.29*** 0.5 0.27** 0.16** 0.15™
gni 0.44** 0.61%* 0.39*** 0.41%* 0.37***
const 110" —0.62 1.03** 1.94*** 2.2
Prob F/y? 0.00 0.00 0.00 0.00 0.00
R2/Pseudo R? 0.38 0.28 0.24 0.23 -
BIC 35.58 - - - 27.48
* The statistical significance of coefficient estimates at the level of 0.01 is marked ***, 0.05 —**, 0.1 = *.
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Fig. 7. Initial and model values
of the logarithm of the de facto financial globalization
index for quantile regression, excluding the income index

posite structure — for most of its components it
is clearly traceable. The special role of institu-
tional factors for the process of globalization has
manifested itself for the financial sphere and the
sphere of information technology. It turned out
that their formation in these areas occurs rela-
tively independently, without significant reli-
ance on the results of de facto globalization in
them, and they are the determining basis for
actual internationalization.

The analysis of dynamic relations between de
jure and de facto factors revealed the ambigu-
ity of mutual influence for individual compo-
nents of the globalization process. If economic
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globalization is characterized by a noticeable
influence of institutional factors on de facto
globalization, then for social globalization this
apparent orientation is replaced by their mutual
influence. For the process of political globali-
zation, the connection between de jure and de
facto factors has not been found, both in the
long term and in the short term.

The analysis of the spatial sample according
to the data of the financial globalization KOF-
index at the time of 2018 indicated that in coun-
tries with a lower manifestation of actual glo-
balization, the role of institutional factors in
shaping the level of globalization is higher than
in more globalized countries. Perhaps this indi-
cates a tendency to equalize the level of financial
globalization in the countries of the world.

According to the results of calculating the
effectiveness of the factors of the formation of
actual globalization in the financial sphere,
Figure § shows a high heterogeneity of coun-
tries in this indicator: the spread of values occurs
from 0.285 to 0.964. Almost 10% (8.28%) of
countries have low efficiency up to 50%. These
include countries such as Iran, Bangladesh,
Ethiopia. Figure 7 shows that these are coun-
tries with a low level of actual financial globali-
zation — noticeably lower than the first quan-
tile of the logarithm of this indicator (3.937).
A third of the countries (30.34%) have aver-
age efficiency (50—75%), for example, Tur-
key, Russia, Brazil. These are mainly countries
with an average level of actual financial globali-
zation that does not exceed its median (4.199).
More than 60% (61.38%) of countries have
high efficiency. Note that among the countries
with high efficiency there are representatives
from all groups according to the de facto index
level. A complete list of countries with the valu-

es of efficiency and the logarithm of the cor-
responding globalization index is given in the
Appendix (Table A2).

Conclusion

The application of the methodology of coin-
tegration analysis to the 2020 data of the glo-
balization KOF-index system made it possi-
ble to determine the dynamic relationships
between the actual and institutional com-
ponents of globalization. It is shown that the
institutional factors of globalization are the
determining basis for the actual internationali-
zation of the financial sphere and the sphere of
information technology.

Modeling of the relationship between the de
facto and de jure sub-indices of globalization
revealed a significant heterogeneity of influ-
ence for the countries of the world. Using the
example of financial globalization, the differ-
ence in the degree of influence of the institu-
tional component on actual globalization is
shown, in particular, its predominant impor-
tance for less globalized countries with a level
of financial globalization less than the first
quartile.

The application of the stochastic frontier
model to the data of financial globalization
made it possible to analyze the degree of effec-
tiveness of the impact of institutional measures
together with the overall level of well-being on
the actual globalization in the financial sphere.
It is shown that the level of efficiency varies in
the range from 28 to 96 percent. Almost 10%
of countries have low efficiency of up to 50%.
One third of the countries has average effi-
ciency (50—75%). Thus, the share of countries
with high efficiency over 75% is about 60%. m
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Appendix
Table Al.
Structure of the KOF index of globalization
Index | Weight | Index | Weight
1. Economic globalization 33.3
1.1. Trade globalization 50.0
De facto 500 De jure 500
Trade in goods 388 Import barriers 68
Trade in services 447 Average tariff level 256
Variety of trading partners 165 Taxes on trade L M4
. Trade agreements 232
1.2. Financial globalization 50.0
De facto 500 De jure 500
Foreign direct investment .27 Barriers to investment e 33
Portfolio investments 165 . Capital account openness 385
International debt . 276 Investment agreements 282
inematonl esenes 2 B
International income payments A _
2. Social globalization 33.3
2.1. Personal globalization
De facto 50.0 De jure
Phone traffic 20.8 Access to telephone communication
Money transfers 219 © Freedom of visits :
International tourism 210 Number of airports
Migration 72 e
International education 19.1
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2.2. Information globalization _________ 333
De facto 50.0 De jure - 50
Internet Usage 372 Accesstotelevision 368
Export of high technologies 345 Internet access _________ 426 ____________
International patents 283 Freedom of the press 206
2.3. Cultural globalization 33.3
D facto 500 De jure 50.0
Trade in cultural goods 28.1 Gender equality 24.7
Exchange of services 246 Humancapital 44
International trademarks 97 Civil liberties 33.9
Number of McDonalds 216 :
Number of IKEA stores 160
3. Political globalization
De facto 50.0 De jure
Embassies in the country 36.5 Membership in organizations
Participation in UN missions .......... 2.7 International agreements
Public organizations . 378 . Variety of partners

Table A2.
The effectiveness of the formation of financial globalization
in the countries of the world and the logarithm
of the corresponding de facto globalization sub-index”

(1] | country | ef | In_d (1] | country | ef | In_d
1 Iran. Islamic Republic 0.28 3.030 17 China 0.56 3.835
2 Comoros 0.33 3.075 18 Turkey 0.58 3.896
3 Bangladesh 0.33 3.147 19 Dominican Republic 0.58 3.930
4 Ethiopia 0.42 3271 20 Bolivia 0.59 3.839
5 Kenya 043 3479 21 Cameroon 0.59 3.722
6 Pakistan 0.44 3.437 22 Gabon 0.59 3.866
7 Haiti 0.44 3.461 23 Rwanda 0.59 3.754
8 Chad 0.45 3.284 24 Korea. Rep 0.59 4.020
9 Nepal 0.45 3.363 25 Romania 0.61 4.033
10 Algeria 0.46 3532 26 Ecuador 0.61 3.896
1 Iraq 0.47 3.573 27 Indonesia 0.62 3.943
12 India 0.5 3.624 28 | Tanzania 0.63 3.738
13 Guatemala 0.51 3.744 29 Botswana 0.64 4.027
14 Myanmar 0.54 3.600 30 Eqgypt. Arab Republic 0.65 3.971
15 Sri Lanka 0.56 3.783 31 Bhutan 0.65 3.806
16 Paraguay 0.56 3.866 32 Morocco 0.65 3.933
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No | country ef In_d (1] | country ef In_d

33 Nigeria 0.65 3.924 73 United States 0.79 431
34 Brazil 0.65 3.938 74 New Zealand 0.79 4.330
35 Benin 0.65 3.806 75 Chile 0.79 4.310
36 Burundi 0.66 3.559 76 Greece 0.8 4.303
37 Philippines 0.66 4.003 I Madagascar 08 3.937
38 Mexico 0.67 4104 78 Serbia 0.8 4.261

39 Argentina 0.68 4108 79 Armenia 0.81 4.256
40 Peru 0.68 4.089 80 Jordan 0.81 4.250
4 Sudan 0.69 3.999 81 Czech Republic 0.81 4.381
42 El Salvador 0.69 4.031 82 Slovenia 0.81 4.333
43 Mali 0.69 3.807 83 Nicaragua 0.81 4.205
44 Uganda 0.69 3.926 84 Italy 0.82 4.360
45 Russian Federation 0.7 4139 85 Niger 0.82 3.971
46 Belarus 0.71 4.090 86 Vietnam 0.82 4.205
47 Maldives 0.71 4124 87 Malaysia 0.82 4336
48 Poland 0.72 4199 88 United Arab Emirates 0.83 4.432
49 Costa Rica 0.72 4179 89 Solomon Islands 0.83 3.984
50 Dijibouti 0.72 4.061 90 South Africa 0.83 4.220
51 Gambia 0.72 3.976 91 Moldova 0.84 4.224
52 Israel 0.72 4237 92 Estonia 0.84 4.416
53 Saudi Arabia 0.73 4.206 93 Panama 0.84 4.400
54 Zimbabwe 0.73 3.948 94 Latvia 0.84 4.397
55 Albania 0.74 4152 95 Honduras 0.84 4.164
56 Uruguay 0.74 4216 96 Germany 0.85 4446
57 Oman 0.74 4211 97 Spain 0.85 4.429
58 Bulgaria 0.74 4.200 98 Hungary 0.85 4.411

59 Guinea 0.75 3.934 9 Canada 0.86 4.450
60 Cote d'lvoire 0.75 4.035 100 | Equatorial Guinea 0.86 4.253
61 Bosnia and Herzegovina 0.76 4102 101 Namibia 0.86 4248
62 North Macedonia 0.76 4198 102 | Liberia 0.86 4.089
63 Ghana 0.76 4.027 103 | Congo 0.86 415

64 Lithuania 0.77 4.282 104 | Eswatini 0.87 4232
65 Sierra Leone 0.77 3.87 105 | Austria 0.87 4.479
66 Kyrayz Republic 0.77 4.095 106 Portugal 0.87 4.456
67 Croatia 0.77 4.255 107 | Vanuatu 0.87 4199
68 Colombia 0.78 4189 108 | France 0.87 4.483
69 Tunisia 0.78 4130 109 | Finland 0.87 4.491
70 Congo. Dem. Republic 0.78 3.859 110 Denmark 0.87 4499
7 Mauritania 0.79 4.027 M Cabo Verde 0.88 4315
72 Japan 0.79 4343 112 Sweden 0.88 4508
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' [i] | country | ef | In_d No | country | ef | In_d
113 | Norway 0.88 4.506 130 | Montenegro 0.91 3.274
114 | Bahrain 0.89 4507 131 Mongolia 091 4.493
115 | Belgium 0.89 4533 132 | Cambodia 0.91 3.274
116 | Jamaica 0.89 4.369 133 | Lebanon 0.91 4.493
117 | United Kingdom 0.89 4533 134 | Guinea-Bissau 0.91 3.274
118 | Kazakhstan 0.89 4.369 135 | Angola 0.92 4.493
119 | Senegal 0.89 4.493 136 | Cyprus 0.92 3.274
120 | Georgia 0.89 3.274 137 | Malta 0.92 4.493
121 Switzerland 0.9 4.493 138 | Bahamas 0.92 3.274
122 | Burkina Faso 0.9 3.274 139 | Ukraine 0.93 4.493
123 | Brunei Darussalam 0.9 4.493 140 | Lesotho 0.94 3.274
124 | Belize 0.9 3.274 141 Mauritius 0.94 4.493
125 Luxembourg 09 4493 142 Marshall Islands 0.95 3.274
126 Netherlands 0.9 3.274 143 | Togo 0.96 4493
127 Kiribati 0.9 4493 144 Mozambique 0.96 3.274
128 |  Kuwait 0.91 3.274 145 | Timor-Leste 0.96 4.493
129 | Ireland 0.91 4.493

"The quartiles of the de facto index are marked in bold
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Abstract

The creation of network enterprises based on the digital technologies of the Industrie 4.0 (the 4th
Industrial Revolution, i4.0) opens broad opportunities for increasing production flexibility, customer
focusand continuousinnovation in products and services provided. At the same time, new opportunities
necessitate the development of new methods and technologies for designing innovative processes in
the context of digital i4.0 platforms, all of which highlights the relevance of the presented research
topic. This work aims to define technologies for designing innovative processes to create products
and services using i4.0 systems which are based on multi-agent interaction of asset administration
shells (AAS), displaying digital twins of product components, and the use of ontological and cognitive
methods for forming and justifying design decisions. The work presented here uses the Domain-
Driven Design approach, an architectural framework for building i4.0 systems, methods of ontological
engineering, quality function deployment (QFD), analysis of the types and consequences of potential
inconsistencies (FMEA) and processing of fuzzy sets. The paper proposes principles for identifying
bounded contexts of the domain under the design activities for the stages of the life cycle and products’
subsystems (components). For bounded contexts of the domain, it is envisaged to create AAS of i4.0
systems, with the help of which the innovative process is supported and the multi-agent interaction of its
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participants is carried out. As cognitive tools for making design decisions, we proposed to use services
for assessing the importance of the determined quality characteristics of products and minimizing
deviations of the proposed solutions from the formed functional and non-functional requirements.
The methods of ontological engineering and data modelling allow us to dynamically develop an
innovative project and support various versions of the project in the design process. Application of
the proposed technology for designing innovative processes to create products and services at network
enterprises using i4.0 systems will improve the quality of design decisions, increase the dynamism and

continuous design of innovative projects.

Key words: innovative process; digital twin; domain-driven design; bounded context; value-added chain;
ontology; multi-agent interaction; i4.0 system; i4.0 platform; asset administration shell (AAS).
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Introduction

he innovative process for creat-

ing products and services in a net-

work enterprise is an iterative pro-
cess of designing a value-added chain in which
the conceptual study of the product design is
accompanied by the selection of project partici-
pants and agreeing with them the conditions for
performing work at the implementation stage.
The architecture of a knowledge-based system
(KBS) that supports the innovative process for
creating products and services was proposed
by the authors in [1]. Its distinctive feature is
the use of digital threads [2, 3] and digital twins
[4—6] technologies for reflecting the design
process in the system of product models and
related processes, multi-agent technology for
organizing the interaction of participants in the
value-added chain [7—9] and the ontological
approach [10—12] for automating the search
for relevant information sources and organ-
izing information exchange between software
agents. For further development of technology
to design innovative processes that create prod-
ucts and services, it is necessary to justify the
choice of a software platform for multi-agent

implementation of a knowledge-based system
and determine the design technology in more
detail, considering the selected software imple-
mentation environment.

The methodological foundations of the con-
ceptual design of such complex innovative pro-
cesses of product and service design are laid
down in the Domain-Driven Design approach
[13, 14], which allows one to structure the sub-
ject area, considering its objective structure
and subjective component that determines the
organization of design teams working efficiently.
In this regard, this article develops the applica-
tion of the Domain-Driven Design approach
to identifying bounded contexts of the innova-
tive process under the stages of the life cycle and
with the value-added chain for decomposing the
process into separate components and establish-
ing various types of interfaces between them fol-
lowing the needs of multi-agent interaction of
the innovative process participants.

The multi-agent implementation of a knowl-
edge-based system to support the innova-
tive process for creating products and services
is aimed at ensuring the stability of the entire
structure and the autonomy and interoperabil-



ity of its components, distributed in a comput-
ing system, and operating on a single software
platform. Since the proposed KBS implements
the technology of digital threads and digital
twins [1], the article discusses the use of the 4th
generation industry software platform (the i4.0
platform) [15] and asset administration shells
(AAS) [16, 17] to represent the bounded con-
texts of software agents corresponding to indi-
vidual components of the value-added chain.
At the same time, the composition of func-
tional and platform (infrastructure) services
necessary for the implementation of the inno-
vative process to create products and services in
a networked distributed environment is deter-
mined.

To develop mechanisms for supporting plan-
ning processes and organizing a value-added
chain which is implemented through the inter-
action of software agents (AAS), the article
proposes to use the ontological approach [11,
12] and cognitive approach [18, 19]. They both
provide algorithms formalization for choosing
business partners and coordination of condi-
tions of interaction based on semantic search
methods and fuzzy assessment of requirements
correspondence and their fulfilment possi-
bilities. The co-use of ontological and cogni-
tive approaches will allow us to build effec-
tive value-added chains aimed at promising
and executable product design implementa-
tion. The mechanisms of multi-agent interac-
tion of business partners based on digital twins’
technology on the i4.0 platform will reduce the
time and increase the flexibility of designing
innovative processes.

1. The domain-driven design
approach for the structuring
of innovative processes domain design

During the design of innovative processes to
create products and services, there are prob-
lems of rational definition of the boundaries of
project tasks, decision-making during the for-

mation of project groups, organization of inter-
action between project groups. As a methodol-
ogy for designing innovative processes to create
products and services, it is proposed to use the
domain-driven design approach that is best
focused on solving cognitive problems in pro-
ject teams that arise during the coordination and
justification of project solutions [13, 14].

The domain-driven design approach to inno-
vative design aims at conducting an effective
decomposition of the design process according
to the subject and contextual (cognitive) princi-
ples and allows one to develop a common lan-
guage of interaction in project groups of diverse
specialists. From our point of view, this language
and corresponding design solution concepts can
be reflected in computer-supported models in
the form of ontologies.

At its core, the domain-driven design
approach is designed for the development of
a special type of innovative product (software)
and the use of flexible iterative software devel-
opment technologies in which each iteration
involves the creation of a working version of
the software. Considering that modern pro-
duction of conventional products is becoming
digital (that is, products, on the one hand, are
saturated with embedded software, and on the
other hand, are supported by remote computer
models — digital twins) then the principles of
domain-driven design can be fully extended to
traditional products and services with a cas-
cade (sequential) development model.

The decomposition and modelling of the
subject area for the innovative processes design
are considered from two points of view: from
the side of individual subsystems, the so-called
subdomains, and from the point of view of
solving individual tasks, the so-called bounded
contexts, for the joint solution of which project
groups are created.

From the point of view of the allocation of
subsystems (subdomains) and following mod-
elling, the functional principle of highlighting



the functions that the product should perform is
usually applied; cross-functional areas of inte-
gration can be distinguished in addition. Often,
the functional subsystems development results
in the corresponding physical parts of the prod-
uct development. For example, for a car design,
the chassis, fuel system, electrical equipment,
security system and other car subsystems are
allocated as subdomains, which can be divided
into components corresponding to individual
nodes or parts. In Figure 1, subsystems and com-
ponents (subdomains) are shown with rounded
rectangles, and the arrows reflect the decompo-
sition order of the subject area.

Bounded contexts are associated with spe-
cific tasks to be solved and have clearly defined
boundaries. Specialists, primarily of two
types, are involved in solving innovative tasks
in a bounded context: developers and domain
experts. Depending on the task complexity,
developers and experts of different profiles can
be involved in the innovative process.

In the innovative processes of product crea-
tion, it is advisable to allocate bounded con-
texts according to the life cycle stages: concept
formation, product requirements formation,
structural design, value-added chain design,
prototype production and testing, industrial
production and maintenance, disposal. At the
same time, if the same group is engaged in sev-
eral works throughout the life cycle, these works
can be combined into one bounded context.
For example, the work on the concept (product
quality characteristics) formation and require-
ments formation, structural design and value-
added chain design can be combined in the
same bounded context, provided that the same
specialists work together on the listed tasks. In
Figure 1, individual works are shown as ovals,
and their associations into bounded contexts
are shown as rectangles. At the same time, the
implementation of bounded contexts may dif-
fer significantly from each other depending on
the functional subsystems or even the compo-
nents of the product.

( Product “Car” )

L

—~

{ Subsystem “Undercarriage” J ( Subsystem “Fuel” )

( Subsystem “Electrical” J ( Subsystem “Safety” J

Subsystem

“Node 1"
—

Subsystem
“Node N”

Subsystem
“Node M”

Subsystem

“Node X"

Formation

of requirements

Concept formation

Bounded context “Designing the innovative process for creating a product”

Structural
design

Value-added
chain design

Fig. 1. Example of interaction between subsystems and bounded contexts



Within one bounded context, the partici-
pants in the product creation process work on
an equal basis, forming sets of properties and
rules (procedures) of behavior. At the same
time, standard ontologies, reference books,
and any other external information resources
can be used within one bounded context. In
the process of joint work, a common language
of interaction is formed, formalized in the form
of an iteratively developed ontology. In the
course of work, mathematical and simulation
models can be developed to justify the adop-
tion of optimal (or rational) design decisions.

Bounded contexts of the innovative pro-
cess for creating a product can be set both
for the entire product and its components
(for a detailed study). In the bounded con-
text of product design, the value-added chain
is being worked out, causing the need to select
the product components contractors. In this
case, interfaces between bounded contexts for
the entire product and its components should
be organized, as a rule, in the “requirement —
execution” paradigm.

Interfaces between bounded contexts can be
implemented in various ways [14]:

+ Partnership. In this case, groups of process
performers working on related subject sub-
domains actively exchange the results of joint
work. Group members work on common
parts of the ontology and should exchange
both the parts of the ontology being devel-
oped and the project results.

¢ Shared kernel. This method of interac-
tion can be considered as a special case of
partnership organization. In this case, a
common bounded context is organized for
several groups that have access to it with dif-
ferent modes of resource sharing and results
adjustment.

¢ Customer — supplier development. This
method can be considered as a way of inter-
action along the value-added chain when a
higher-level product group representing the

customer forms specifications of require-
ments for the contractor of the order (sup-
plier). The supplier must cognitively and
economically evaluate the received require-
ments and, following the requirements,
must give consent to the execution and ful-
fil them accordingly. In this case, it is possi-
ble to interact with external suppliers (man-
ufacturers) in the mode of sending messages
and deferred decision-making. To coordi-
nate requirements between customers and
suppliers, it is also necessary to coordinate
interacting fragments of ontologies.

¢ Conformist. This method of interaction is a
specific case of the customer-supplier inter-
face. In this case, the contractor is in a sub-
ordinate position and fulfils the customer’s
requirements without agreeing with the lat-
ter on the possibilities of fulfilling the order.
This way of establishing the interface is char-
acteristic of the internal relations of the com-
pany’s divisions when a superior structure is
well aware of the capabilities of subordinate
structures, and subordinate structures fully
own the ontology or are directly involved in
its development.

¢ Anticorruption layer. This method of inter-
action is also a specific case of the cus-
tomer-supplier interface. But in this case,
direct access to the supplier’s data for crite-
rion selection is prohibited. Getting answers
to the queries of interest is possible only
through sending messages, usually in offline
mode. Thus, the subordinate level of the
organization protects itself from possible
customer access to confidential informa-
tion. In this case, requirements adjustment
through ontology is the most difficult and
requires the translation of the shared knowl-
edge representation often.

+ Open host service. In this case, a protocol is
used that provides access to a bounded con-
text through a set of services that are expanded
and refined as the project develops.



+ Published language. This method is a spe-
cific case of the “service with an open pro-
tocol” method. The use of a public language
involves the use of a common project ontol-
ogy. In some cases, it is possible to translate
concepts in both directions of interaction.

¢ Separate ways. The unrelated use of
bounded contexts may be due to compet-
ing product and service development. In
this case, decisions are made as the project
is completed.

+ Big ball of mud. This is the interaction of a
new product with an already existing part of
the product which can be performed without
complying with the requirements of subject-
oriented design.

From the point of view of creating some
material product, the structural model of
bounded context is transformed into the pro-
gram code of a digital twin. At the same time,
the digital twin will correspond to one bounded
context, reflecting either the entire product or
its specific component and represent an auton-
omous software agent in a multi-agent system
based on knowledge to solve the problems of
designing the innovative process for creating
products and providing services. At the same
time, the presence of several subsystems (sub-
domains) in the product makes it possible to
specialize the development of software mod-
ules for the corresponding subdomains and the
need to obtain integrated solutions at the level
of the entire product.

2. Software implementation
of a knowledge-based
multi-agent system for designing
innovative processes using
the asset administration shell

The knowledge-based system proposed in
[1] for designing innovative processes to cre-
ate products and services can be implemented
in the architecture of the 4th generation indus-
try system (the i4.0 system) [20—22], which

includes a set of interacting i4.0 components —
Asset Administration Shells (AAS), which are
accessed by i4.0 applications of innovative pro-
cesses participants. AAS is a software imple-
mentation of the concept of digital twins of
created products or parts thercof, as well as
related resources: machine tools, production
lines, supply chains, actors executing produc-
tion processes, information assets and organ-
izational and management assets. From the
point of view of the domain-driven design
approach, AAS of products and their compo-
nents within the design of innovative processes
for creating products and services will consti-
tute the semantic core of KMS, and AAS of the
remaining resources will be auxiliary entities.

AAS services are categorized into application
component services and infrastructure services
of the AAS platform. Figure 2 shows the struc-
ture of an asset administration shell for prod-
ucts (product components) interacting with
the i4.0 platform.

An asset administration shell of a digital twin
reflects data about a specific physical entity —
any resource and includes a set of services that
implement functional modules for solving
design problems.

Asset data determine the state of this entity
at various stages of the life cycle. It can be
planned, actual, predicted, simulated, etc.
Data can be categorized into sub-models, such
as identification, technical, operational and
documentation sub-models:

¢ identification data, which must be immu-
table throughout the entire life cycle of the
project;

¢ technical data — quantitative and qualita-
tive characteristics that meet the business
requirements for the product to perform the
functions of the product;

+ functional data — requirements for the func-
tional subsystems of the product in case of a
complex structure;



¢ project documented data that reflects the
characteristics of the implementation of
the functional requirements in terms of the
technologies used and process executors;

¢ operational data that reflects the performance
of products at the operational stage or the
results of simulation and mathematical mod-
elling at the design and development stages.

AAS application component services corre-
spond to functional modules of applications.
In the case of a bounded context associated
with the design of innovative processes to cre-
ate products and services, services of applica-
tion components call application modules for
the formation of quality characteristics, prod-
uct requirements, design of structures and

Asset administration shell (AAS)

value-added chains, as well as a planning mod-
ule that coordinates the execution of all func-
tional modules [1].

Infrastructure services of the i4.0-platform
are auxiliary. They ensure the functioning of
the AAS itself and the interaction between
AAS, and from this point of view, they are a
platform and standardized. Infrastructure ser-
vices refer to the i4.0 platform. The i4.0 system
is developing on the i4.0 platform basis.

First of all, infrastructure services include
AAS management services, which perform the
functions of creating AAS components, regis-
tering and creating service registries, searching
and presenting services, searching and present-
ing AAS data and submodels.

Module for the quality {I I .
characteristics formation !

Structure design {I

. module

Requirements {I :
formation module

1 Value-added chain
design module

14.0 platform
Ontology management {I
module
SOA control {I
module

AAS control module {I

EEEE o

AAS access
control module

=1

A

Asset modelling {I

modules

AAS communication
management module

=1

Fig. 2. Structure of the asset administration shell for products (product components)

interacting with the i4.0-platform




A set of standardized asset modelling ser-
vices enables the generation and use of asset
data using modelling tools. Standard model-
ling tools are used that implement:

¢ Quality Function Deployment (QFD) meth-
ods to prioritize business and functional
requirements implementation;

¢ Failure Mode and Effects Analysis (FMEA)
methods for analyzing the types and conse-
quences of potential non-conformities;

methods of processing fuzzy sets;
simulation methods;

statistical modelling methods;

* & o o

machine learning and neural network mod-
elling, etc.

Thus, on the i4.0 platform, you can imple-
ment the general functionality of various
types of modelling (asset modelling modules)
required to build a value-added chain - sim-
ulation mechanisms, QFD and FMEA algo-
rithms, and other mathematical and statisti-
cal modelling algorithms. At the same time,
any AAS participating in various stages of the
value-added chain can call these services to
implement the corresponding functionality
(Figure 2), substituting the necessary input
data for modelling from its submodels and
obtaining required results.

Infrastructure services of the i4.0 plat-
form are used to control access of applica-
tion components services to data and mod-
els in specific AAS. Infrastructure services
set access restrictions for various application
components, access ontologies, determine
the context for sharing application compo-
nents, check (classify) the compliance of
calls to application components services.
In Figure 2, the infrastructure platform ser-
vices implement the functions of ontology
management, service-oriented architecture,
interoperability with other AAS and access
control to AAS.

AAS can provide service interfaces for soft-
ware applications to access their data and
invoke commands or run models. Service
interfaces (for example, implemented in
RESTful API) provide communication and
interoperability between AAS and applica-
tions.

Typically, modern industrial products have a
complex structure. In this case, for the entire
product and its specific parts, separate 4.0
components (AAS) are created, which are
connected by service interfaces (Figure 3).
Both external subcontractors and internal
executors can act as launch actors for func-
tional applications and corresponding i4.0
components.

These i4.0 components exchange infor-
mation with each other using three modes of
interaction:

# passive mode — file exchange;

¢ reactive mode — by organizing data exchange
and calling services through API;

¢ proactive mode (peer-to-peer), when digital
twins automatically jointly carry out some
production processes.

Since the article deals only with the ini-
tial stages of creating products and services
associated with concept formation and
value-added chain design, then either pas-
sive or reactive interaction modes are con-
sidered as modes of interaction, involv-
ing the active participation of people in the
design process. From the point of view of the
multi-agent implementation of the interac-
tion process of i4.0 components belonging
to external participants in the value-added
chain, the reactive interaction mode cor-
responds to various modes of sending mes-
sages and subscribing to information, as
well as service interaction (see the section
“The domain-driven design approach for
the structuring of designing innovative pro-
cesses domain™).
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Fig. 3. An example of a layered AAS system (based on [21])

3. Technology for designing
innovative processes
to create products using ontological
and cognitive approaches
in the i4.0 system

The scheme of interaction between par-
ticipants of a network enterprise in the i4.0
system which implements the functions of a
knowledge-based system to support innova-
tive processes of products creation is shown
in Figure 4. Based on the reference model of
the domain ontology, project ontologies are
formed both for the entire project and its com-
ponents. As noted in the first section, ontol-
ogies are formed iteratively and are used to

solve search problems in knowledge bases and
exchange knowledge between separate AAS.
Standardized services of QFD [23], FMEA
[24], fuzzy set processing [25] are used in
functional modules of AAS, realizing cogni-
tive decision-making mechanisms. Let’s con-
sider the technology for designing innovative
processes to create products in the i4.0 system
in detail.

The core of AAS is a planning module that
implements interface services for interact-
ing with participants of an innovative process
of product creation and provides coordina-
tion of functional services. In particular, the
module supports the decision-making process
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for the choice of product design and value-
added chain alternatives based on a combina-
tion of QFD and fuzzy logic methods. Within
the QFD method, when describing each value
(quality) characteristic (business require-
ment), a priority (weight) is established in an
expert way, where the most important char-
acteristic with the greatest consumer interest
has the maximum weight. The further proce-
dure involves the collection of requirements
and an assessment of their impact on value
(quality) characteristics, and the selection of
the most important requirements. The sub-
sequent assessment of structural elements in
terms of their impact on the implementation of
requirements is associated with the choice of a
product design alternative that better meets the
selected requirements. The assessment of risks
associated with suppliers and(or) contractors
takes into account the generated design alter-
natives. As a result, the choice of the optimal

value-added chain alternative is carried out,
in which requirements and associated risks are
determined for all participants, and access to
the data of AAS models (distributed reposi-
tory) is organized. A detailed description of
the methodology for using the QFD method is
presented in the article [26].

The formation of product design alternatives
isinitiated in the AAS and goes through a series
of iterations [1, 26], within which calls to the
services implemented by the AAS modules are
made.

The product value for the consumer is
determined through the value (quality) char-
acteristics (or business requirements), which
are described in the project ontology using
the services of the quality characteristics
formation module, as well as a set of func-
tional and non-functional requirements, the
criteria base for assessing the implementation



of requirements, which are described using
the services of the requirements formation
module.

An integrated expression of the cognitive
understanding of the market situation for the
specific product type finds its representation
in the SWOT analysis methodology, which
reveals the advantages and disadvantages of the
specific product type manufacturing in gener-
alized form, as well as the opportunities and
threats of the market implementation of the
project [27].

The formation of product quality character-
istics is a poorly formalized task of analyzing
the external and internal factors of the specific
market for products and services. Specialists of
various profiles take part in this process: mar-
keters, researchers of new technologies and
materials, designers and technologists in the
area of similar product types. Solving the prob-
lem of selecting the most significant properties
of a designed product can use the methods of
Big Data analysis of markets of products, tech-
nologies and materials, predictive forecasting
of development trends, analysis of resource
constraints and risks of mastering new types of
products and technologies.

Product classification, standard (manda-
tory and optional) value characteristics, prod-
uct parameters and some logical rules pre-
sented in the reference ontology are used to
describe an innovative product (a new class of
products) in the project ontology. The prod-
uct inherits some value characteristics of the
category to which it belongs and/or has some
unique characteristics not typical for this
product category.

With the help of existing services, expected
and attractive characteristics are evaluated
additionally and classified in the project ontol-
ogy (according to Kano [28]). Furthermore,
the presence of indifferent, contradictory and
repellent characteristics is minimized. In this
case, the highest priority (weight) according to

QFD will have the mandatory (expected) and
attractive characteristics, and the contradic-
tory or repellent characteristics — the least. In
the course of the project, some of the optional
characteristics, the implementation of which
leads to significant project costs, as well as
repellent and contradictory characteristics that
reduce the value of the product for the con-
sumer, can be excluded from the set.

Information about the value (quality) prod-
uct characteristics can be refined during the
project and is used in the requirements for-
mation module, where for each of the identi-
fied value (quality) characteristics, at least one
requirement is determined, the implementa-
tion of which provides the corresponding char-
acteristic. Functional requirements should be
distributed across subsystems (subdomains of
the subject area).

Typical requirements inherent in specific
product categories and specified by stand-
ards (for example, technical specifications and
GOSTs) are transferred to the project ontology
from the reference ontology, and the original
requirements and project constraints derived
from these requirements (or independent of
them) are introduced.

To identify mandatory requirements, the
degree of connection of each requirement with
the implementation of a quality characteristic
is assessed. As a result of using the fuzzification
function, the confidence coefficient for assess-
ing such a relationship is reduced to the scale
[0, 1]. The total importance for the implemen-
tation of the entire set of quality characteristics
is calculated for each requirement using the
formula [29]:

f/ =2.9,(C;P)), (1)
-

where fj — fuzzy assessment of the importance
of the j-th requirement for the implementation
of quality characteristics (business require-
ments) of an innovative product;



Cﬁ — level of connectivity of the j-th require-
ment and the f~th characteristic on the scale [0,

1,3,9];

Pf — preset priority of the f~th characteristic
on the scale [1, NJ;

¢, — fuzzification function on the scale [0, 1]:
the more the importance of the j-th require-
ment for the implementation of the f~th char-
acteristic, the closer to 1;

Z — operation of additive summation of
fuzzy numbers.

To determine the final set of groups of
mandatory and optional requirements which
must ensure the presence of all manda-
tory and expected characteristics, the speci-
fied threshold values of the assessment Tj are
used. Expected and optional requirements
that are below the threshold are not consid-
ered further.

The requirements are detailed down to the
level of specific functions and structural ele-
ments. They are described in the project ontol-
ogy within the structure design module.

A condition for including a structural ele-
ment in a product design alternative (bill of
materials, BOM) is to ensure the ability to per-
form some product functions or to implement
mandatory interface requirements. The prod-
uct breakdown structure (PBS) can also be
inherited from the reference product ontology.
Thus, each design element and function of a
product is directly or indirectly related to one
or more requirements which define the prod-
uct design alternative.

Ranking (comparing) different product
design alternativesis possible by using QFD ser-
vices to assess the impact of structural elements
on meeting the requirements. In this case, the
estimates of the importance of requirements
obtained according to the above formula are
considered when calculating the specific struc-
tural element estimates.

BOM specification is a poorly formalized,
iterative and innovative task. In the course of
this task, the BOM is defined in such a way as to
ensure, on the one hand, full compliance with
existing requirements (a design alternative must
always include at least one element for each
mandatory requirement) and, on the other
hand, an appropriate level of costs. A threshold
value can be set and used to select optional ele-
ments and/or elements with high costs.

The determining factor is the possibility of
purchasing the selected types of structural ele-
ments and/or their production. To assess a pos-
sibility, the generated design variant is passed to
the planning module, which calls the services
implemented by the value-added chain design
module. The market analysis, the choosing
of the innovative process alternatives and the
selection of its participants are carried out with
the help of these services.

The absence from suppliers of a product
design structural elements related to manda-
tory requirements can lead to one of the fol-
lowing organizational scenarios triggered by
the planning module:

¢ searching for contractors who could provide
the manufacturing of the missing structural
element using the specified technologies,
tools and design constraints;

¢ selection according to the rank of another
product design alternative, which does not
contain the missing elements;

+ revision of the product concept to clarify the
characteristics and requirements to elimi-
nate the missing structural element;

¢ termination of work due to the lack of the
possibility of revising the concept of the
product.

To identify businesses that are capable of
custom-made missing structural elements, it
is necessary to form a value-added chain alter-
native that includes manufacturing, design,
assembly, processing, setting up, maintenance



and delivery of products. The set and connec-
tions of activities are contained in the project
ontology, where possible tools and technolo-
gies can also be determined, as well as compli-
ance with the specified design constraints and
established requirements.

Assessment of the total impact of all activ-
ities in the value-added chain on ensuring
quality characteristics and meeting require-
ments allows one to select participants in the
process, taking into account their competen-
cies (ability to perform certain types of work,
possession of tools and technologies). The for-
mula for calculating the deviations of require-
ments from the capabilities of the enterprise,
based on fuzzy logic, is considered below
while determining the possibility of perform-
ing some types of work on their own or out-
sourcing them [29]:

Vi = ;6/' (T;uj _Riuj)’ (2)
where I;f,, — fuzzy assessment of the competi-
tiveness of the u-th product component on the
market supplied (produced) by the i-th con-
tractor;

Tfu/ — a given level of the j-th requirement for

the implementation of the u-th component by
the i-th contractor;

R, — level of implementation of the j-th

requirement for the u-th component by the
i-th contractor;

0, — fuzzification function (0, 1) on the scale,
the smaller the deviation, the higher the com-
petitiveness;

> - operation of additive summation of fuzzy

numbers.

The level of implementation of the j-th
requirement for the u#-th component by the
i-th contractor is determined in the process of
the requirement adjustment with the contrac-
tor by interpreting the data received from the
contractor (on a natural or fuzzy scale [0, 1]).

Accordingly, the choice of the i-th contrac-
tor (supplier or manufacturer) is carried out
according to the maximum assessment of the
competitiveness of the u-th supplied (pro-
duced) component in the market:

%

V, =maxV, K,

u u
1

o

3)

where Vu — maximum assessment of the com-
petitiveness of the u-th supplied (produced)
component;

V,-u — fuzzy assessment of the competitiveness
of the u-th product component on the market
supplied (produced) by the i-th contractor;

K ., — risk ratio related with delivery of the
u-th component by the i-th contractor.

The risk ratio is calculated as a multiplica-
tive product of fuzzy numbers corresponding
to specific risk types, which are determined on
a fuzzy scale [0, 1]:

I%iu = H Kiuk )
k

where K . — risk ratio related with delivery of
the u-th component by the i-th contractor;

C)

K., — risk ratio for the k-th type of risk related
with delivery of the u-th component by the i-th
contractor;

H — fuzzy multiplication operation.

During the search for contractors, platform
services for ensuring the interaction of AAS
are used. By means of them, requests are sent
to the contractors. In particular, the specifi-
cation of the structural elements set in which
the initiating organization is interested, the
description of the corresponding tools and
technologies, the structural element require-
ments and the design constraints are sent.
Through an existing or created AAS, the con-
tractor uses calculation models and the infor-
mation provided in the enterprise databases to
assess the production possibilities. For this,
similar services are called, which are imple-



mented at the structural element level by the
module for the formation of quality charac-
teristics, the requirements formation module,
the structure design module.

If the enterprise does not fully meet the
specified conditions, then the appropriate
response is sent through the platform services.
Otherwise, the results of the calculation mod-
els and the structural element characteristics
that can be developed are sent. The absence
of positive responses to the mailing from the
contractors is the basis for switching to other
process alternatives according to the previ-
ously determined rank.

The selected process alternative with a
list of activities and participants, a detailed
description of the product and structural ele-
ments are saved by platform services in the
submodel of the project documentary data of
AAS. They are used at the production stage
to coordinate work (direct communication
between the process participants services), as
well as during the maintenance of the prod-
uct and during the development of new types
of products.

Conclusion

As a result of the research into the technol-
ogy for designing innovative processes to create
products of a network enterprise using the i4.0
knowledge-based system, the following con-
clusions can be drawn:

It is advisable to decompose the subject area
of designing innovative processes for creating
products and services based on the Domain-
driven design approach, which provides, on the
one hand, an objective reflection of the struc-
ture of products and services and value-added
chains, and on the other hand, the formation
of project teams capable of effectively interact-
ing within the assigned tasks.

The knowledge-based system for designing
innovative processes to create products and

services can be based on Plattform Industrie
4.0 (i4.0 platform), which provides a multi-
agent implementation of the design process in
a distributed network architecture using digi-
tal twins and digital threads technologies.

Domain-driven design allows us to highlight
the bounded contexts of creating products and
services by stages of the life cycle, and for the
design phase - the sequence of activities of con-
cept formation, functional and non-functional
requirements formation, product design and
value-added chain design. Accordingly, the
structure of an i4.0 system based on domain-
driven design decomposition will include sets
of interacting Asset Administration Shells
(AAS) that implement bounded contexts for
design.

The feature of the proposed technology
for designing innovative processes to create
products and services is its iterative nature.
During the process, AAS are dynamically
created for digital twins of products and their
components, forming and evaluating alter-
natives of value-added chains for the best
fulfilment of functional and non-functional
requirements.

The use of standardized ontological services
of the i4.0 platform provides dynamic creation
of ontologies from reference models and their
actualization as an innovative project of creat-
ing products and services develops.

Standardized methods of the i4.0 platform
in terms of information exchange between
AAS allow for active interaction between par-
ticipants in the innovative process, aimed at
well-grounded and coordinated design alter-
natives.

The functional modules of AAS are based on
standardized services that implement cogni-
tive methods: QFD to determine priorities of
business requirements and functional require-
ment implementation; FMEA to risk assess-
ment; a method for processing fuzzy sets to
obtain multi-criteria assessments of the advis-



ability of making specific design decisions.
The application of these methods allows for
multi-criteria optimization of the innovative
design process.

Characterizing the proposed technology for
designing innovative processes to create prod-
ucts and services, we note its novelty in terms
of the proposed methods for implementing
multi-agent interaction between participants
in the innovative process within the dynamic
construction of an i4.0 system and the use of
ontological and cognitive methods for devel-

oping design solutions. In the future, there are
plans to continue research into the application
of the developed methods and mechanisms of
i4.0 systems for the implementation of subse-
quent stages of the life cycle of creating prod-
ucts and services. m
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