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Abstract

The increasing flow of available market information, the development of methods of machine
learning, artificial intelligence and the limited capabilities of traditional methods of real estate valuation
are leading to a significant increase of researchers’ interest in real estate valuation by applying methods
based on decision trees. At the same time, the distribution of real estate prices is well approximated
by a lognormal distribution. Therefore, traditional methods overestimate the predicted values in the
region below the average of the available data set and underestimate the predicted values in the region
above the average. This article shows the reasons for these features and proposes an adaptive random
forest algorithm which corrects the results of the basic algorithm prediction by revising the bias of
these predicted values. The results were tested on the real estate offer prices in St. Petersburg.
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Introduction

he number of publications devoted

to non-traditional methods of real

estate valuation, focused on large
samples of data, and, in particular, methods of
machine learning, has significantly increased
recently.

The interest of researchers in this topic is
understandable: the changed information
environment and the wide choice of spe-
cialized application packages allow us to
consider what was not previously available
from evaluation methods; see for example
[1—6]. The method of hedonic pricing, lin-
ear regression models, logarithmic or par-
tial-logarithmic dependence are considered
in [7—10]. Data mining techniques, such as
neural networks [11—15] and Support Vector
Machines [16] are proposed, the results of
such methods as decision trees, naive Bayes-
ian classifier and ensemble algorithm Ada-
Boost are compared [17]. This paper dis-
cusses the prediction biases that arise from
the application of decision tree based meth-
ods in real estate valuation and proposes an
algorithm to correct for these biases. Inter-
est in this group of methods is confirmed by
[18—21]. Researchers are turning to machine
learning methods, in particular decision tree
based methods, under conditions where there
is an extensive set of input data and there are
no a priori assumptions about the form of
the function F(-), describing the dependence
V= F(x, x,, ..., x) between the output or
dependent variable V, which is usually the
price, and predictors x,, x,, ..., x,, which are
the price-forming factors.

The advantage of decision tree based meth-
odsisthatknowledge ofthetype offunction F{(')
is not required. However, this does not mean
that the specific properties of real estate
price distributions do not affect the results of
such algorithms. The method of construct-
ing a single decision tree consists in suc-

cessive decomposition of the entire predic-
tor domain into subsets of smaller size. Each
element of such a subset is assigned a value
of the arithmetic average of the values of the
dependent variable on such a subset. This is
an iterative procedure, known as recursive
decomposition:

1. At each step, the datasets are divided into
subsets.

2. Each of the subsets obtained on the previ-
ous step is, in turn, divided. In general, there
will be a decomposition of the space of inde-
pendent variables (predictors) x, x,, ..., X into
some number (for example, m) of non-inter-
secting domains R, R, ..., R .

3. Outcome variable V values predicted
as the same value for all observations in the
domain Rj, j=1,2, ..., m. This value is equal
to the average of all responses that fall into Rj.
At each step, dividing provides a minimum of
root mean square deviations of RSS (residual
sum of squares):

RSS=3" 3 V=V,

J

where I?R_ is the response average value of the
training observations from the set Rj

From the computational point of view,
it is not feasible to consider all combina-
tions of decompositions to the greatest pos-
sible depth. Therefore, the basic principle
of “greedy” algorithms is used: the optimal
division (in terms of RSS minimum) is deter-
mined only at the current step. The depth of
decomposition can be as large as the volume
of data allows. Possible rules for stopping: by
the number of steps, by the number of ele-
ments in subsets (tree sheets), by reaching a
pre-determined improvement in the result at
the next step.

The model of interest is division with result-
ingsets R, R,, ..., R_containing a “sufficiently
large number of elements” and the response
values standard deviation being not too large



from its average value within the predeter-
mined accuracy in each set.

1. Methodology

In the problems of real estate valuation, the
application of the decision tree method gen-
erates additional opportunity. It allows you to
split a set of objects into subsets with less vari-
ance, with more homogeneous objects within
each of them. They can be studied separately.
It should be noted that decision tree based
algorithms can operate with both real and fac-
tor predictors.

Thus, the advantages of using decision trees
are:

1. Clear model interpretation.

2. Such an algorithm reflects people’s deci-
sion-making process.

3. For one decision tree there is a visual
graphical representation.

4. Decision trees easily operate with factor
and rank variables.

The disadvantage of such algorithms is low
prediction accuracy; dispersion within each
decomposition set is not small enough — on
leaves). This drawback can be eliminated by
applying ensemble decision tree based meth-
ods, e.g. random forest, gradient or stochas-
tic boosting. Such algorithms do not produce
interpretable results, but they allow you to
analyze the importance of predictors in pre-
dicting the response and allow you to operate
with factor variables. This paper considers the
random forest method.

Decision tree based algorithms should be
applied for real estate evaluation taking into
account the peculiarities of the target varia-
ble V, since there are reasons to assume that it
is a lognormally random variable. Apparently,
Aichinson and Brown [22] first pointed out
this fact, and later this observation was con-
firmed in research such as [4]. Research [23,

24] gives a theoretical substantiation of the
reasons for this kind of distribution appear-
ance.

A random variable V'is called log-normally
distributed with parameters x and o, if the
random variable In(¥) is normally distributed
with the same parameters. In this case math

+02/2

ematical expectation E(V)=eﬂ ,

Median(V)=e”, and mode Mode(V)=e" d
The fraction of empirical distribution val-
ues to the left of E(V) (less than the math-
ematical expectation) can be estimated as

l+ (I)(g),
2 2

where ®(-) is a Laplace function. The fraction
of such values depends on the standard devia-
tion and increases with its growth.

median

Thus, if we consider the hypothesis that
the results of decision tree based algorithms
prediction are also log-normally distrib-
uted, and moreover, form a joint lognormal
distribution with the observed values in the
sense of a two-dimensional normal distri-
bution of logarithms, then it becomes clear
that decision tree based methods are bet-
ter applied not to the prices of real estate
objects, but to their logarithms. Since
at each step the standard deviations of
RSS from the mean values in the subsets
R, R, ..., R , are minimized, within which
the principle of lognormal distribution of
the dependent variable V, can be preserved,
then in case of ensemble algorithms based
on decision trees the prediction of results on
the test set will be quite accurate only in the
domain of values close to the average val-
ues of the responses. In the area of values
below the average, the predictions of such
algorithms will be overestimated, above the
average — underestimated, increasing as we
approach the boundaries of empirical distri-
butions. An appropriate diagram showing the
relationship between the true and predicted



values will, with acceptable prediction accu-
racy, show scattering clouds extending along
some straight line, somewhat displaced rel-
ative to the bisector of the first coordinate
angle by rotating around a point, with the
coordinates of the average response value
and the average prediction value. In this case
most of the results will be overestimated,
because in a lognormal distribution most of
the possible values are to the left of the aver-
age (less than the average). In this case, for
In(¥), which has a normal distribution, the
areas of over- and under-prediction will be
about the same by the number of elements.
In the described approach, the prediction
results remain displaced relative to the true
values. This is observed, for example, in [20].

In this paper, we propose to apply an adap-
tive method based on the correction of the
prediction results of the ensemble algorithm
random forest. Adaptation consists of the
following procedure. The set of initial data is
divided into three parts: training, validation
and test. The training procedure (selection of
parameters) of the random forest algorithm
is performed on the first set. Next, we ana-
lyze the dependence of the predicted val-
ues for the validation set on their true val-
ues. The prediction is corrected by rotating
the scattering cloud in coordinates (response
value is a prediction) by some angle, which
removes the displacement from the bisector
of the first coordinate angle and recalculates
the predicted values. At the third step, the
quality of the predictions of the random for-
est algorithm, taking into account the cor-
rection, is checked on the test set.

It should be noted that in any case the esti-
mate of market value will be determined not
as the most likely price, but as the average
price (if the algorithm was applied to the
original prices) or the geometric mean price
(if the algorithm was applied to the loga-
rithms of prices).

2. Applying the technique
to real market data

Approbation of the procedure we have
described was carried out on the following
example. Consider the prices for second-
ary residential real estate in the mass-mar-
ket sector in St. Petersburg in February 2017
taken from an open source (the advertising
publication Real Estate Bulletin No. 1765,
February 2017, not indexed in scientomet-
ric databases), the total number of records
in the dataset after removing incorrect ads
was 4294. The random forest method will be
used for the predictive model. The depend-
ent (target) variable is the price per square
meter of secondary residential real estate in
the mass-market sector in St. Petersburg in
February 2017 or its logarithm. The predic-
tors are:

¢ the number of rooms in the apartment — a
quantitative variable

¢ administrative area of the location — a fac-
tor variable

¢ floor — a factor variable

+ number of floors in the house — a factor vari-
able

¢ living space — a quantitative variable

¢ total area — a quantitative variable

+ subway accessibility — a binary variable

+ house type — a factor variable

¢ number of bathrooms, their type — a factor
variable.

The calculations were carried out in the open
source software R. First of all, let us pay atten-
tion to the asymmetric distribution of prices
(Fig. 1).

The verification of the null hypothesis
about following the empirical distribution of
prices for one m?logarithmically normal dis-
tribution is associated with certain difficul-
ties. The sample size is 4294. As was rightly
noted in [25], most of the common and fre-
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Fig. 1. Prices distribution (left) and their logarithms (right)
of secondary residential real estate in St. Petersburg in February 2017.

quently used criteria do not work for sam-
ples of the order of even one thousand obser-
vations, since their statistics significantly
depend on the sample size. Therefore, the
question arises of finding, in addition to
the visual correspondence shown in Fig. 1,
additional arguments in favor of a particu-
lar type of distribution. In this context, we
note the work [26], in which it is proposed to
study the relations between the coefficient of
asymmetry and the kurtosis of the observed
sample in order to advance the null hypoth-
esis about a particular type of distribution. In
this paper, the method proposed in [27] was
used to test the corresponding hypotheses.
The obtained p-value values provide grounds
to assume that the observed sample follows a
logarithmically normal law; therefore there
are grounds to solve the predictive problem
in logarithms.

Let us consider sequentially what predic-
tions are obtained by one decision tree, by the
random forest algorithm, and then carry out a
procedure for correcting the resulting predic-
tion. For this purpose a training set consisting
of 2000 records is formed from the initial sam-
ple (volume 4294 records) by random selec-
tion, as well as a validation set consisting of
1000 records, and the remaining 1294 records

form a test set where the model quality is eval-
uated.

Trained on a random sample of 2000 records,
the tree model gives a price prediction diagram
(decision tree cut to 11 terminal nodes), shown
in the Fig. 2.

prices predicted by a single decision tree

bisector of the first
coordinate angle \

300

250

200

150

100

50

T T T T T T T
0 50 100 150 200 250 300

prices from the initial test set

Fig. 2. Prediction diagram on the test set
by a single decision tree.



Such decomposition in the evaluation tasks
is not meaningless, because it allows us to
form groups with a different set of pricing fac-
tors in which a group-specific average value
and the standard deviation of the observed
values from the group average are expected.
Predictors that had a significant influence on
the formation of the tree were:

¢ administrative district;

¢ building type;

¢ number of floors in the building;

¢ the number and type of bathrooms;
¢ total area;

¢ living area;

¢ metro accessibility;

¢ floor.

The quality of the predictions shown in
Fig. 2 is unsatisfactory — too large ranges of

the prices predicted
by the “random forest” algorithm

250 4
bisector of the first
coordinate angle \
200 4
150
100
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the values of prices
from the initial test set

Fig. 3. Diagram of predictions
on the test set by the “random forest” algorithm.

values are predicted to have the same price.
(The ideal would be the predictions in Fig. 2
near the bisector of the first coordinate
angle). An effective way to deal with the same
predictions is the random forest algorithm.
This algirothm builds a large number of
trees and averages the results for each object.
Figure 3 shows the result of the random forest
algorithm for predicting the price per square
meter of secondary residential real estate for
the test set. Each tree in the algorithm was
built based on 4 predictors, the total number
of trees — 200.

A similar figure, with a characteristic dis-
placement of the predictions, can be seen in
the article [20] on algorithms based on deci-
sion trees when analyzing the real estate mar-
ket in Ankara. In Fig. 3 we can see the scat-
ter of the predictions, characteristic of the
joint lognormal distribution, that increases
with rising price, and the fact that most of the
predictions (above the bisector) appear to be
overestimated, which is to be expected, given
the asymmetric distribution of prices in the
original set. Also note that the predictions
thus obtained are predictions of average val-
ues (mathematical expectations in subsets),
and not the market value as the most likely
price. The estimate of market value is, in fact,
somewhat lower.

Let’s apply the adaptive random forest
method to the logarithms of prices.

Figure 4shows the result of the random forest
algorithm for predicting the logarithm of the
price per square meter of secondary residential
property (the number of trees — 200, a random
selection of 4 predictors on each tree, a train-
ing random sample of 2000 records).

Figure 4 shows that the areas of over- and
under-prediction are approximately the same,
but the axis of the scattering cloud has a char-
acteristic trend that does not coincide with
the bisector of the first coordinate angle. Note
that the predictions obtained by potentiating



the prices predicted
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Fig. 4. Diagram of predictions
on the test set by the “random forest” algorithm.

the results are predictions of the median val-
ues (geometric averages in the subsets R, R,,
..., R,)), and not the market value as the most
likely price. The estimate of market value in
this case is somewhat lower.

The results of the predictions of the random
forest algorithm can be corrected by simple
transformations of the results. Using the lin-
ear regression method, we determine the linear
trend of the scattering cloud shown in Fig. 4.
The result is shown in the Fig. 5.

In this example, the trend line equation is
In(V)=0.40791-1n (V) +2.71920, (1)
where In(V) is the observed value of the loga-
rithm of the price;

ln(V) is the predicted value of the logarithm of
the price.

The statistical characteristics of the obtained
trend line: p-value of Student’s test for model

coefficients and Fisher’s criterion for the cre-
ated model is machine zero. The standard error
is 0.086, i.e., the parameter spread with prob-
ability 0.99 is in the interval ~ +/—26%. The
relatively low value of R*> = 0.5053 does not
spoil the situation, because there is no strictly
linear relationship between 1n(17) and In(¥) in
this case, our expectations are related to the
multivariate normal distribution of lln(V) and
In(V), for which the linear trend coincides
with the major axis of the ellipse of scattering
(see more about multidimensional logarith-
mic normal distribution [27]). Equation (1)
corresponds to the line shown in bold black in
Fig. 5. For the scattering cloud shown in
Fig. 5, the value of the standard deviation of
the observed values from the predicted values
is 0.168. It remains for us to correct the predic-
tions shown in Figs. 3, 4, and 5. For this pur-
pose, all values are centered (horizontal and
vertical averages are subtracted). The scatter-
plot is rotated counterclockwise in the new

logarithms of prices predicted
by the “random forest” algorithm

6.0 4
bisector of the first
coordinate angle \
554
50
45 4
40 scattering cloud
linear trend line
354

T T T T
0 50 100 150 200 250

the values of logarithms of prices
from the initial test set

Fig. 5. Diagram of predictions
on the test set by the “random forest” algorithm.



corrected predictions
of the centered logarithms of prices
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Fig. 6. Corrected predictions on the test set
by the “random forest” algorithm.

coordinate system and the angle is the differ-
ence between the line given by equation (1)
(Fig. 5, bold black) and the bisector of the
first coordinate angle. Such angle @ is equal to

%—arctg(0.4079l). The result of the rotation is
shown in Fig. 6.

For the scattering cloud shown in Fig. 6, the
value of the standard deviation of the observed
values from the predicted values is 0.118. Thus,
the correction performed gives a better predic-
tion quality.

Now we have two vectors of values: a vec-
tor of predictions of centered price logarithms
on the test set (we denote it by) and a vector
of corrected predictions of centered price loga-
rithms (we denote it by y").

In Fig. 7, the horizontal axis shows the val-
ues of the components of the vector y°, the
vertical shows the values of the vector com-
ponents y*.

The set shown in Fig. 7 has a linear trend of
the following form y* = a - y*, which is easily
determined by using the library function Im of
the statistical package R. In this example we get
y" = 1.388. Now we firstly apply sequentially
the random forest model already obtained on
the training sample and then the prediction
correction obtained on the validation set to the
test set (1294 records).

Figure 8 shows predictions of centered price
logarithms on the verifying set (the random
forest model obtained on the training set was
applied).

Figure 9 shows corrected predictions of cen-
tered price logarithms on the verifying set
(using the random forest model obtained on
the training set and the correction obtained on
the test set).

Here are the necessary formulas and sequence
of operations:

corrected predictions
of centered logarithms of prices
10

0.5

0.0 H

-05 4

T T T T
410 05 00 05 10
predictions of centered logarithms
of prices on the test set

Fig. 7. Correlation of predicted
and corrected values.



predicted values
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logarithms of prices

Fig. 8. The correlation between
the observed values of centered logarithms
of prices and their predicted values
by the random forest algorithm.
predicted and corrected values
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observed values of centered
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Fig. 9. The correlation of observed values
of centered logarithms of prices and their
predicted values by the random forest algorithm
and corrected by the formula
obtained on the test set.

1. Let ln(—V) =(In("),n(V,),In(V;), ..., n(V)))
are observed values of the loga-
rithms of prices with the average a,
In(V) =(In(¥,),In(V,), In(¥,), ..., In(V,)) are pre-
dicted values on the training set (test, verifying,
m — can take different values) values of price
logarithms with the average . Then

v, =In()-B,x =In(V;)-a and

X; P cosp sing
( +]=(X,,y,.)-( . J
y —sing cos@

where rotation angle

o= %— arctg(0.40791)

(under the arctangent sign is the tangent of
the inclination angle of the linear trend of
the scattering cloud). See Figs. 4, 5, 6.

2. We compare the predicted and corrected
values of the centered logarithms on the vali-
dation sample (Fig. 7), determine the angular
coefficient a of the trend y* = a- "

3. The predicted and corrected value of y* on
the test sample is compared with the observed
values of centered logarithms of prices x°
(Figs. 8, 9). For the dataset under study, the
most significant predictors (when assessing
relative importance using the method of
features permutation) were the city district, the
type of building, the number of floors in the
house and the total floor area of the premises.
The least important were: the floor location of
the premises, the proximity of the subway, the
number of rooms.

Conclusion

1. Algorithms based on decision trees pre-
dict average values if applied for prices)
and average values if applied for logarithms
of prices), rather than the most likely val-
ues. The market value estimate predicted by



them is somewhat higher than the market
value estimate by the most probable value.

2. Due to the lognormal distributions of
prices in the original datasets, the predictions
constructed using methods based on decision
trees require correction. The procedure pro-
posed in this paper allows for such a correc-
tion using double cross-validation when a val-
idation subset of the initial data set is selected
on which the adaptation of the algorithm is
carried out. Then the results are evaluated on

the test dataset. The approbation conducted
showed the effectiveness of the proposed
approach.m
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Abstract

This article presents an approach to simulation of the rates of road traffic accidents involving
unmanned ground vehicles within a multi-agent intelligent transportation system for the ‘smart city.” A
new simulation model of an intelligent transport system has been developed which makes it possible to
significantly reduce the number of potential road traffic accidents (TAs) and implements the concept
of socially-centered management of the urban economy. The software implementation of such a
large-scale agent-based model was carried out using the FLAME GPU framework, which allows us
to effectively parallelize the agents’ behaviour logic and consider their individual decision-making
systems when modelling the spacial dynamics of an ensemble of unmanned ground vehicles (UGVs)
interacting with other road users: the usual manned ground vehicles (MGVs), unexpected obstacles
(e.g., pedestrians, etc.). Various scenarios of such agents’ behaviour in an intelligent transportation
system are studied, including the occurrence of an accident under certain conditions (e.g., under the
high speed and traffic intensity of UGVs, etc.) and various configurations of the digital road network
(DRN). We determine the parameter values that provide for the individual decision-making system
of UGVs remaining stable with respect to the characteristics of the external environment (including in
extreme situations), ensuring the safety of other road users on the scale of the ‘smart city.’
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Introduction

owadays, the transition to socially-

centered management of the urban

economy within the development of
the ‘smart city’ [1] is being updated as a com-
plex urban ecosystem that combines a number
of interrelated subsystems. Among them, one
can highlight intelligent transportation sys-
tems as the most important factor providing a
safe and comfortable state of the urban popu-
lation. The importance of rational manage-
ment for the ‘smart city’ system is due to the
need to transform the urban environment in a
direction that ensures a fundamental improve-
ment in road traffic safety. Thus, for instance,
the present level of traffic congestion in the
Moscow agglomeration, according to various
expert estimates, is from 60 to 70% and con-
tinues to grow annually (due to an increase in
the number of personal vehicles, deficiencies
in the characteristics of existing road networks
and other factors). The degeneration of the
road situation leads to many negative conse-
quences: the occurrence of road traffic acci-
dents (TAs), an increase in the time and cost
of delivering marketable products, faster wear
of the road surface, environmental degrada-
tion and other negative social consequences.
Therefore, it is necessary to develop an intel-
ligent information-analytical system for urban
economy management which provides the
possibility of introducing ground unmanned
vehicles (UGVs)!' and related transportation
infrastructure. A clear advantage of the UGV
is the ability to organize effective ‘car sharing,’

! https://www.m24.ru/news/proisshestviya/27042021/163077

i.e. the shared use of unmanned vehicles by
many people. The number of required UGVs
in such shared use may be relatively small,
and the level of security under certain condi-
tions is quite high. In the future, this will make
it possible to significantly reduce the number
of vehicles on roads and improve the quality of
the urban environment. At the same time, we
know that accidents regularly occur in Moscow
and other large metropolitan areas, including
those involving UGVs. Such situations are a
significant barrier to the wide dissemination
and introduction of UGVs in the urban envi-
ronment, since, in addition to the high cost of
damage from road accidents, there are risks to
life and health for all road users.

Previously, in [2—4], the existence of scenar-
ios for accident-free movement of the UGVs
ensemble interacting with manned ground
vehicles (MGVs) has been shown for various
configurations of the digital road networks and
other environment characteristics. In particu-
lar, in the work [2] general conditions lead-
ing to occurrence of such accidents (mainly
vehicle manoeuvres in dense traffic condi-
tions) have been determined with the use of the
developed agent-based model [5, 6]. Thus, the
‘turbulence’ and ‘crowding’ effects arise with
an increase in the density of UGVs and MGVs,
when some drivers seek to increase their per-
sonal space through frequent lane changes,
overtaking and braking. As a rule, this leads
to an even greater slowdown in traffic, creat-
ing difficulties for other road users, their ‘push-
ing out’ from their original route, errors dur-



ing forced manoeuvres and the occurrence of
an accident [7—9]. At the same time, of great-
est interest are the particular conditions for
the occurrence of accidents involving vari-
ous agents: UGVs, MGVs, MGVs with anom-
alous behavior, pedestrians, cyclists, etc., as
well as the possibility of developing an individ-
ual decision-making system for UGVs that is
as stable regarding the environment character-
istics. Such the system can be based on mod-
eling and solving emerging problem situations
[10, 11], using fuzzy rules in manoeuvres [2]
and a phenomenological approach to control
of the radius of an agent-UGV’s personal space
in manoeuvres and unexpected appearance of
pedestrian-obstacles [4]. Moreover, it can use
optimal routing for UGVs that allows them to
avoid possible undesirable interactions with
other road users [12—16].

Note that previously the phenomenological
approach was proposed for modeling crowd
behavior [17], considering the influence of the
‘crowd effect’ and other environmental char-
acteristics (in particular, its configuration). A
multi-agent system for control of UGVs has
been developed based on this approach [5, 6].
For this purpose, the large-scale agent-based
simulation framework FLAME GPU was
used? [5, 18, 19]; it makes it possible to effi-
ciently parallelize the logic of agents’ behavior
and consider their individual decision-making
systems when modeling the spacial dynamics
of an ensemble of interacting vehicles. On the
other hand, the phenomenological approach is
based on Dirk Helbing’s studies [20, 21], which
deal with models of humans and pedestrians’
behavior under the influence of social forces.

Within the concept of the ‘smart city’ devel-
opment, control systems for unmanned railway
vehicles [22, 23] are also of great interest: they
can be used to form optimal routs for freight wag-
ons (controlled by unmanned locomotives) for a

2 https://flamegpu.com/

given set of freight wagons and a list of requests
for a cargo transportation. Also, a promising area
of research is the use of fuzzy [4, 5] and hierar-
chical clustering [24] methods to identify prob-
lem areas of the urban road network [25] (e.g.,
traffic jams, accident locations, etc.).

This paper proposes an approach to modeling
the rates of accidents and improving road safety
within the scale of the ‘smart city’ by combin-
ing computational and expert decision-mak-
ing methods. A similar approach is also used
in strategic management systems [26, 27], and
its advantage is the ability to evaluate and gen-
eralize trade-offs by experts, obtained, in par-
ticular, as a result of optimization experiments
with the simulation model so developed. Such
an expert assessment allows you to consider the
off-model features of an intelligent transporta-
tion system, in particular, financial and tech-
nological restrictions that affect the possibility
of reconfiguring street road networks, as well as
legal requirements that can be applied to tasks
of the ‘smart city.’

The purpose of this article is to develop a new
socially-centered approach to urban manage-
ment based on modeling the dynamics of traf-
fic accidents involving unmanned vehicles
within a multi-agent intelligent transporta-
tion system of the ‘smart city’ and implemen-
tation on the FLAME GPU framework, as well
as determining the conditions under which the
UGV’s individual decision-making system
keeps up resilience to risk factors to ensure the
safety of other road users. An information-ana-
Iytical system for the rational management of
the urban economy can be developed based on
the proposed model. Furthermore, some rec-
ommendations are formulated to increase the
transformation of the urban environment (in
particular, the transport infrastructure), which
is one of the important areas of research in the
field of business informatics.



1. Description of the model

Previously, an agent-based simulation model
of the UGVs’ behavior in an interaction with
MGVs and other agents of the intelligent trans-
portation system was developed [2, 3]. This
model uses a system of finite-difference equa-
tions with a variable structure to implement
various scenarios for vehicle communications
with each other (V2V), with pedestrians (V2P),
with the environment (V2I), etc. (Fig. 1). Such
an approach allows you to consider multiple
scenarios of UGVs interaction with other par-
ticipants of the digital road network (DRN),
for instance, MGVs, pedestrians, stationary
obstacles, etc., which differ significantly in
their velocities and sizes, and which directly
affect the decision speed of UGVs.

V2V — interaction of the ‘vehicle-vehicle’ type

At the same time, digital road networks such
as ‘roundabouts” [2] and the ‘Manhattan grid’
[3] with a limited set of possible configurations
were considered. In this paper, we propose to
significantly complicate the geometry of digi-
tal road networks, bringing it closer to the scale
of the ‘smart city,” as well as to develop an indi-
vidual UGV’s decision-making system that is
as stable as possible regarding risk factors, such
as the unexpected appearance of static obsta-
cles, pedestrians, cyclists, etc. (Fig. 2).

Such stability is ensured by braking through
increasing the radius of the vehicle’s personal
space (with a subsequent gradual decrease to
a normal level) when obstacle objects appear
that have different linear speeds, if the path
length from the vehicle to the object is suffi-
cient for braking (Fig. 2a), or manoeuvering
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V2D — interaction of the ‘vehicle-device’ type (i.e. a moving object)

V2P — interaction of the ‘vehicle-pedestrian’ type

V2H - interaction of the ‘vehicle-home’ type (i.e. a stationary object)
V2G - interaction of the ‘vehicle-grid’ type (i.e. a charging station)
V21 — interaction of the ‘vehicle-infrastructure’ type (i.e. a smart traffic light)

Fig. 1. lllustration of the interaction of a vehicle (V)
with various agents of an intelligent transportation system.



Normal behaviour of UGV

UGV braking through increase in the radius of its
personal space that sets the length of braking path
if the safe distance is presence

Emergency behaviour of UGV

UGV manenvering (avoiding emerging obstacles)
in combination with emergency braking if the safe
distance is absense

Fig. 2. lllustration of the process of interaction between the vehicle
and other agents of the intelligent transportation system:
a) if the safe distance between the vehicle and obstacle is maintained;
b) if the path length is insufficient for emergency braking.

SO as to bypass emerging obstacles within its
lane in combination with emergency braking
(Fig. 2b) in the case when the distance between
the vehicle and the obstacle that has arisen
does not allow avoiding a collision through
braking.

If a stationary obstacle (e.g., a road works
sign) suddenly appears in front of a vehicle
moving at an average speed of 60 km/h, then
the decision speed is quite high to avoid an
accident by minimally increasing the radius
of the vehicle’s personal space up to the level
d, (approximately 20 m in a dry, 30 m in wet
and 60 m in icy road surfaces, respectively)
if a pedestrian suddenly appears (at an aver-
age speed v, = 4—7 km/h), then in order to
avoid an accident with the UGYV, it is neces-
sary to increase the radius of personal space to
the level d, (approximately 30 m in dry pave-

ment, 50 m in wet and 70 m in icy), and finally,
if a fast moving cyclist unexpectedly appears (at
an average speed v, = 10—15 km/h), then the
radius of the personal space of the UGV should
be increased to the level d,(approximately 40 m
in dry pavement, 60 m in wet and 80 m in icy).
The increase in the radius of the UGV’s per-
sonal space is caused by decrease in the reac-
tion speed in appearance of a moving obstacle
and increase in the UGV’s time spent to cor-
rectly recognize the corresponding event.

At the same time, various configurations
(schemes) of the street road network are pos-
sible [25], among which the radial-circular one
should be singled out as an example (Fig. 3). It
should be noted that there are possible config-
urations of the street road network, for exam-
ple, extended radial-ring, rectangular, rectan-
gular-diagonal, rectangular-ring, etc.
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Fig. 3. A simple radial-ring scheme
of the street road network.

The arrows in Fig. 3 show the directions of
traffic flows. In such a scheme, each vehi-
cle entering the DRN and staying in decision
zones (i.e. at intersections) has two alterna-
tive routes of movement (e.g., left-to-right or a
detour) that ensure the implementation of out-
going traffic.

Next, an abstract description of the devel-
oped model of UGVs’ behavior, the spacial
dynamics of which correspond to the config-
uration of a simple radial-ring scheme of the
street road network is given (Fig. 3).

Here,

¢ T'={t,1t, .., |T|} is the set of time moments
(by minutes),|T| is the total number of time

moments; ¢ € T, o € T are the initial and
final time moments;

oI ={i, i, .. iw} is the set of indices for
unmanned ground vehicles (UGVs), where
7] is the total number of UGVs;

¢ B={1,2,...,|B|} is the set of indices of obsta-
cle types:b = 1 is an agent-MGV, b =2 is a
stationary obstacle (e.g., sign of road works,
pit, etc.), b = 3 is a pedestrian, b =4 is a
cyclist, etc.), which may suddenly appear

on the road, where |B| is the total number of
types of possible obstacles;

¢ J = dps s leb\}’ b € B is the set of indi-
ces of agent-obstacles belong to the b-type,
where |/, | is the total number of agent-obsta-
cles;

s U={u,u, .. ”\u|} is the set of indices of
the DRN’s characteristics that significantly
affect the dynamics and manoeuverability of
the agent-UGVs, in particular, the state of
the road surface, the illumination level, etc.,
where |U] is the total number of the DRN’s
characteristics.

Then, the density of the vehicilar flow
around some i*-agent-UGV (i e I ) at moment
t.,(t_,eT)isequal to

l1] LA
p; () = Zm,, () + Zzﬁ”,;b (t), (D
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Here, {d.(t._), ci:jb(tk_l)} is the Euclid-
ean distance between the i”-agent-UGV
(i e I) and each other i"-agent-UGV (i e I),
as well as between the i”-agent-UGV and
J/'-agent-obstacle (b e B, j, € J,) at the moment
t_, (¢_,€T), respectively, and the Ris the fixed
viewing radius chosen to estimate the density
of vehicles.

The radius length of the agent-UGV’s per-
sonal space depends on the density of the sur-
rounding space, as well as on the distance to
the agent-obstacle.

The radius of the i#-agent-UGV’s personal
space at moment 7,_, (¢, € T) equals



i p () =Tand d, (1, ) >1,,,

QU =

Jp

()i pi(t ) =1and d,(t, ) <1,
7 . —

—ln’ if 1<p.(#,_)<p

(p; (tk—l))

and 5’,;-,, () > L

A

h

(p; (tk—1))n (3)
if 1<p; (1) <p and d,(t,) < I,,,

F(t)= min| d; (t,_,),

Ay, if p<pi(t, ) <p and d, (1) >1,,
min(cilh(rk,l), r;), if p<p.(t,.)<p
and d, (1,) < 1,

07 if 5 < p,’(tk—l)7

fe[,beB,jber,ueU

Here, # is the initial value of the radius of the
agent’s personal space corresponding to the
normal state of the density of the surrounding
space (i.e. in absence of panic); 0 << 1issome
coefficient with the fixed value (n=0.2); 2 >> 7,
is the value of the radius of the agent’s personal
space corresponding to the state of high density
of the surrounding space; {p, p}are the thresh-
old values of the densities of the surrounding
space; [, , b € B is the minimum required dis-
tance from the UGV to the j/”s-obstacles for
safe braking, taking into account the state of
the road surface and illumination level u e U.

The agent-UGYV motion velocity depends on
the radius of its personal space and presence of
obstacles.

The line speed of the i”-agent-UGV when
driving in the linear section of the street road
network at moment 7, (¢,_, € T) is equal to

AV, if ;}*(tk—l) e[f], ;2]a
V() =MV (), i () <1, (4)
0, if #(t,_,)=0,

iel, beB,jel,uecl.

Here, v, is the base velocity of UGV given
through the log-normal distribution in a fixed
range; 0 < y < 1 is the coefficient of extreme
braking (v = 0.01); A is the coefficient that
determines the ratio of the scales of real and vir-
tual simulation time (considering the real and
virtual velocities of the vehicular movement).

The angular velocity of the i"-agent-UGV
(i € I) when driving in the roundabout sec-
tion of the street road network at moment
t_,(t_,eT)isequal to

V-t )

V(t )= PR ®)

Here, 07;0 (#,_,) is the Euclidean distance from
the i"-agent-UGV (i € I') to the center of the
circular motion area (see Fig. 2a) at moment
t (@ eT).

The directional angle required for the angu-
lar motion of the i*-agent-UGV (i e I ) located
in a circular motion at moment ¢_, (f,_ € T)

equals

()= .
a-(t_)= arctanw— AV (t,,). (6)
X-(t_)— X,

Here, {X.(#,_,), J: (#,_,)} are coordinates of the
i"-agent-UGV (i e I ) at moment ¢_, (f,_ € T);
{X,,J,} are coordinates of the center of the
roundabout area.

The offset angle of the i-agent-UGV (i e ])
to bypass the nearest j-agent-obstacles (j, € J,,
be B) at moment¢,_ (7, €T)equals

(7)

s
-3 (te) = Z+

3 . . T
Vit — vt ) + (’;’b(tk—l) + rf(tk—l)) sy

+|arctan 2
(1) = Flt )+ (70 ) +F () cos

Here, {x, (¢_), ,(t_D}, 7, (¢_)), are coor-
dinates and radius of the personal space of



the j”-obstacle (j, €
i@ _eT).

The angle specified the direction of move-
ment of the i”-agent-UGV (i e I') towards the
nearest neighbour (for overtaking) at moment
t_,(t_,€T)equals

k—1

J,, b € B) at moment

yjb (tkq) =) (tk71)
x;, () —x(f,) '

y;,(t.,) =|arctan (8)

The rebound angle of the i”-agent-UGV
(iel) from the nearest J/'-agent-obstacles
(J,€J,) at moment ¢,_, (¢,  €T)equals

V5, () =y (5. )

Here,

¢5.() € {1, 2, 3, 4} is the UGV state:
5.(t,) = 1 is the accident state, 5.(7,) = 2 is
the initial state of the UGV at the entrance
to the DRN that is saved when driving on the
road linear section, §; (#,) = 3 is the state of the
UGV movement in the roundabout area of
the DRN at moment 7, (#, € T), 5.(t,)= 4 — the
state of the UGV exit from the DRN using a
straight section of the road;

e c(t) € {1, 2, 3, 4} is the UGV type:
¢; (f,) = 1is the movement from left-to-right,
¢: (t,) = 2 is the movement from right-to-left,
¢ (f,) = 3 is the movement from bottom-to-
top, ¢ (¢,) = 4 is the movement from top-to-
bottom given at the initial moment (¢, € 7).

Then, the direction of movement ofthe UGV
inthe DRN at the moment of time ¢, (¢,_ T)
can be calculated like this:

L if ¢.(1) €{l,3} and §5.(,_) #1,
=1 if ¢(1)) €{2,4}and s:(7,_) #1, (10)
0, if §.(z,_) =0.

w,f (tk—l) =

In view of the foregoing, for the considered
radial-ring scheme of the digital road net-
work, the space dynamics of the i”-agent-UGV
(i e I ) at moment ¢, (¢, € T') is given by the fol-
lowing system of the finite difference equations
with the variable structure:

Xt )+ w:(t,_ )M (7)), if Lis true

%, (1) + 78, cos (£, (7)) +

¢
cosy (t ), if 1 is true,
RN -

iy

Xt )+

SY} (t - )9
’//y(kl) n

if II1 is true,

)20 + d~f0 (tk—l ) cos (7“7; (tk—l) + &7 (tkfl )) ’
if IVis true,

5 AV (1) +
X-(t,_)+cos| _ . +
a.(f,_)+ @ )
c b
os¥: (%))
d (1)
if Vis true,
an
x Ccos 1
(. )+ d,,b(kl) V5, T
if VI is true,

X (t,_,), if VI is true,

y;(t,.,), if Lis true,
A |)+\7~(tk)sin(ir6)7. (t )+

smy (tk 1), if I1 is true,

(k )
-t )+ (k Ssin, ()
ifIIIistrue,

j}o + (?,,0 (tk—l ) Sil’l (7\,17; (tk—l) + &’[ (tk—l ))’
if IVis true,

AV
X (tk1)+sin[ ) )J+

d; (%) id),;»b (te

b

¢, .
+ siny. (#,_,)
dij_'b (tk_l) "’

if Vis true, (12)
x !
(f )+ d,;bu Ssin, )
if V1 is true,
P )+ W (1 AT (1),
if VII is true,



iel be B,jed,
where

L s (t_) € {2, 4 and ¢(1)€e{l, 2} and
d,jb (t0) > ;:;(tk—l)-i-rjb () for all (jb € Jb)’
that corresponds to the conditions for the
UGY movement of the in the linear section
ofthe DRN in the direction of left-to-right
or right-to-left (when entering or leaving
the DRN) and absence of obstacles, i.e.
when the distance between this UGV and
other agents exceeds the sum of the lengths
of the radiuses of their personal spaces;

IL. 5,(¢_)€{2,4}and d, AUSIEAUSIEZ/AUSY
for the nearest (j, € J ,) and y (tk )= 0 that
corresponds to the COIldlthl’lS of the UGV
movement in the linear section of the DRN
(in any direction) and presence (appear-
ance) of an obstacle located ahead of the
given UGV (i.e., occupying the same lane
at a critically close distance), which causes
manoeuvering in the form of overtaking or
bypassing this obstacle;

HLs (z,_)e{2,4} andd (. 1)<r(tk D+ ()
for the nearest (j, € J) and y (tk > 0 that
corresponds to the condltlons for the vehic-
ular movement on the linear section of the
CPC (in any direction) and presence of
an obstacle that is not ahead of this vehi-
cle (i.e., located behind or on the side at
a critically close distance), which causes
manoeuvering in the form of increasing the
distance relative to this obstacle ( i.e. accel-
erating, braking or avoiding a collision);

IV.s(1,_)=3andd, (t, ) <F(t,_)+7, (1) for
all (j, € J,), that corresponds to the condi-
tions for the UGV movement in the circu-
lar motion area of the DRN and absence of
obstacles;

Vs (1) =3 and d, (1, ) <E(t )47, (0, )
for the nearest (j, € J) and y (tk D> 0 that
corresponds to the condltlons for the vehi-
cle movement in the circular motion area
of the DRN and presence (appearance) of
an obstacle located in front of this vehicle,
which causes manoeuvering in the form of
overtaking or bypassing this obstacle;

s,(t_)=3 andd (tk 1)<r(tk D+ (. ;) for
the nearest (j, eJ ) andy (tk )>0, that cor-
responds to the condltlons for the vehicu-
lar movement in the circular motion area of
the DRN and presence of an obstacle that is
not in front of this vehicle, which necessi-
tates manoeuvering in the form of increas-
ing the distance relative to this obstacle;

VILs (¢, )e{2,4}andc; (7)) €{3,4} and d;jb ) >
>E(t, )+ 1, (1) forall (j, € J))itions for the
UGV movement in the linear section of the
DRN in the direction of bottom-up or top-
down (when entering or leaving the DRN)
and no obstacles.

Next, the software implementation of the
proposed model (11)—(12) using FLAME
GPU will be presented.

2. Software implementation

The software implementation of the traf-
fic model of interacting UGVs with other road
users allows us to study the rate of road acci-
dents under various configurations of the digi-
tal road network (DRN) (Fig. 4).

The choice of the best street road network
configuration should be based on a combi-
nation of computational and expert deci-
sion-making methods. The use of the simula-
tion model we developed makes it possible to
form a set of trade-offs for the implementation
of the intelligent transportation system of the
‘smart city’ and its modes of operation. At the
same time, genetic optimization algorithms [2,
3], scenario analysis methods [4, 5], etc., can
be used to improve the values of the objective
functions of the system: the total output traf-
fic and the number of potential accidents. Fur-
ther, based on the methods of expert assess-
ment [26, 27], practical reccommendations can
be obtained on the transformation of the con-
figuration of the DRN and using UGVs with
characteristics that provide the required safety
level of the ‘smart city.’
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Fig. 4. DRN configurations: a) simple radial-annular, b) extended radial-circular,
¢) rectangular, d) rectangular-diagonal, e) rectangular-circular, f) rectangular-diagonal-circular.

The software implementation of such a
model was made using the FLAME GPU
framework (https://flamegpu.com/) that pro-
vides efficient parallelization of the behavior
logic of interacting agents and their individual
decision-making systems.

Table I provides a description of the func-
tions developed in C++ using the FLAME
GPU.

Table 1 contains mainly two types of func-
tions: FLAMEGPU_STEP_FUNCTION
and FLAMEGPU AGENT_FUNCTION.
Functions of the first type are executed at
each moment of simulation time at the level of
the central processing unit (CPU), and func-
tions of the second type are executed in par-
allel computing mode using graphics process-
ing units (GPUs). Thus, the logic of each agent

behavior is parallelized (including control if the
velocity, manoeuvering, etc.). As a result, the
simulation model we developed makes it pos-
sible to investigate the behavior of an ensemble
of UGVs, MGVs, and other agents in the scale
of the ‘smart city’ (i.e., to simulate traffic that
includes tens and hundreds of thousands of
interacting road users). The visualization of the
spacial dynamics of agents is carried out using
the OpenGL that is a special application pro-
gramming interface (API) providing the ability
to draw multiple objects, both stationary and
mobile (Fig. 5).

As a result, it is possible to visualize the spa-
cial distribution of agents in the DRN and
assess the composition and state of road users
(UGVs, MGVs, vehicles in the accident state,
etc.), which significantly simplifies the valida-
tion process for the model developed.



Basic computational procedures and functions

Function name

FLAMEGPU_INIT_FUNCTION

of the traffic simulation model

Appointment

Model initialization. Formation of the configuration
of the DRN in accordance with the specified value

Input

messages

BUSINESS INFORMATICS Vol. 16 No. 4 —2022

Table 1.

Output
messages

(init_function) of the control parameter of the model. Generation No No
of the initial population of agents (UGVs and MGVs).
Generation of new agents (UGVs and MGVs) and
FLAMEGPU_STEP_FUNCTION their arriving to the DRN with a given intensity.
. : No No
(basic output) Formation of agents-obstacles (for example,
pedestrians) in the road sections of the DRN.
Implementation of the hierarchical clustering algo—
rithm to identify problem areas of the DRN to UGVs
(FaLAe'\rftiGg;gSJEga—t;U')\lCﬂON can bypass the emerging traffic jams. Saving data on No No
gents_data_upaating the spacial location of agents and their characteristics
for the further visualization using the OpenGL.
Assessment of the traffic density around the
agent-vehicle, changing the radius of the agent’s
FLAMEGPU_AGENT_FUNCTION personal space and its speed when.mteractmg wm)
) - other agents (e.g., reducing the radius of the agent's
(density_estimation, A . . . : Agent
i . personal space in high-density traffic and increasing No
flamegpu::MessageSpatial2D, . . o Data
flamegpu-MessageNone) it when therg are obstacles). Computing the direction
" angle and distance to the nearest agent for the purpose
of the further manoeuvering (overtaking or braking).
Monitoring emergency situations (accidents).
FLAMEGPU_AGENT_FUNCTION | Calculation of the resulting characteristics of the
(update_agent_state, model (e.g., the total number of accidents, output No Agent
flamegpu::MessageNone, traffic). Transfer of data about the agent-vehicle Data
flamegpu::MessageSpatial2D) to other road users.
FLAMEGPU_AGENT_FUNCTION Spacial movement of t'he agentin the DRN in
accordance with the given rules of individual
(agent_move, decisi i o N N
flamegpu::MessageNone ecision-making, .. entry (olr lEXIt) into 0 0
N . (or outside) the DRN at the rectilinear movement,
flamegpu::MessageNone) )
roundabout, manogeuvering, etc.
Visualization of the DRN and spacial dynamics
void display() of agents using the OpenGL at each moment No No

of simulation time.
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Unmanned vehicle

Manned vehicle

Personal spaceof
an agent-vehicle

Fig. 5. Spacial dynamics of agents in a simple radial-annular DRN:
a) low-intensity traffic, b) medium-intensive traffic, ¢) high-intensity traffic.

3. Results
of numerical experiments

Table 2 presents the resulting characteristics
of the simulation model: the total output traf-
fic (TOT) and number of vehicles in the acci-
dent state (VAS), calculated for the final time
point (60 min.) under various scenarios and
in absence of extreme situations, i.e. in con-
ditions of sufficient visibility, with a dry road
surface, absence of unexpected obstacles in the
form of pedestrians, etc.:

¢ Scenario 1. Low-intensity and low-speed
movement of UGVs. The vase velocity of
UGVsand MGVs equals to 45—65 km/h, the
intensity of vehicles arrival to the DRN is 1
vehicle every 10 sec.

¢ Scenario 2. Medium-intensive and medium-
speed movement of UGVs. The vase velocity of
UGVsand MGVs equals to 65—90 km/h, the
intensity of vehicles arrival in the DRN is 5
vehicles every 10 sec.

Table 2.

Outbound traffic and number of potential accidents in absence of emergencies

Scenario 1

Scenario 2 Scenario 3

DRN configurations TOT VAS TOT VAS TOT VAS
(traffic) | (accidents) | (traffic) | (accidents) | (traffic) | (accidents)

Simple radial-annular 706 0 905 2 2810 6
Expanded radial-annular 851 0 1321 2 3100 6
Rectangular 1010 0 1532 2 3520 8
Rectangular-diagonal 1205 0 1720 2 3610 8
Rectangular-ring 1305 0 1850 2 3750 10
Rectangular-diagonal-ring 1530 0 2120 2 111 12
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¢ Scenario 3. High-intensity and high-speed
movement of UGVs. The base speed of UGVs
and MGVs: 100—120 km/h, intensity of
vehicle arrival to the DRN is 10 vehicles
every 10 sec.

Table 3 presents the resulting characteris-
tics of the simulation model in the presence
of extreme conditions (i.e., in conditions of
insufficient visibility, wet road surface, unex-
pected appearance of pedestrians, cyclists and
other obstacles on the roadway, etc.).

Figure 6 shows the rate of traffic accidents
(cumulatively) for the Scenario 3 (Table 3), i.e.
in high-intensity and high-speed movement of
UG Vs in extreme situations. At the same time,
Fig. 6 shows the quantitative characteristics of
traffic congestion caused by the effects of the
‘turbulence’ and ‘crash’ that described in [6,
17], earlier.

As shown in Fig. 6, the rate of road acci-
dents (i.e. the number of vehicles in the acci-
dent state) is associated with an increase in the
number and average density of traffic conges-
tion. Thus, the growth in the total number and
scale of traffic jams in the DRN under condi-
tions of high-intensity and high-speed traffic is

the most important factor causing accidents,
including those involving the UGV, which
periodically have collisions with unexpected
obstacles. A similar phenomenon is explained
by attempts to manoeuvre (e.g., extreme brak-
ing, overtaking, etc.) from the side of vehi-
cles, which, in conditions of traffic congestion,
often leads to accidents. However, as follows
from 7able 3, a reduction in the velocity limit
(up to 45—65 km/h) and the density of vehicles
arriving at the DRN (up to 0.1 vehicles per sec-
ond) ensures the high level of road safety even
in extreme situations.

Conclusion

The article presents an approach to simu-
lation of the road traffic accident rates with
the participation of unmanned ground vehi-
cles within a multi-agent intelligent transpor-
tation system of the ‘smart city’ (Fig. 1). We
suggest a model of the UG Vs ensemble move-
ment in the digital road network (DRN) with
the implementation on the example of a sim-
ple radial-ring scheme of the street road net-
work (Fig. 3). Such a model, using a system of
finite-difference equations with variable struc-
ture (11)—(12), makes it possible to study the

Table 3.

Outbound traffic and number of potential accidents in extreme situations

Scenario 1

Scenario 2 Scenario 3

VLRI R TOT VAS TOT VAS TOT VAS
(traffic) | (accidents) | (traffic) | (accidents) | (traffic) (accidents)

Simple radial-annular 655 2 870 2 2800 12
Expanded radial-annular 760 2 1210 4 3100 14
Rectangular 980 0 1310 6 3462 14
Rectangular-diagonal 1110 0 1622 8 3423 16
Rectangular-ring 1210 2 1780 8 3554 18
Rectangular-diagonal-ring 1400 2 2100 10 3780 20
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with the appearance of traffic jams and an increase in their average density and depends on the DRN’s geometry.



spacial dynamics of agent-UGVs interaction
with various obstacles as MGVs, unexpectedly
emerging pedestrians, etc. for various configu-
rations of the DRN (Fig. 4). At the same time,
each agent-UGYV has an individual decision-
making system for manoeuvering aimed at pre-
venting emergency situations, in particular, by
changing the radius of the personal space of the
agent-UGYV, reducing speed, bypassing unex-
pected obstacles, etc. (Fig. 2). The proposed
simulation model was implemented using the
large-scale agent-based simulation framework
FLAME GPU, which made it possible to study
the behavior of the UG Vs ensemble interaction
with other agents, including under high traffic

conditions (Fig. 5). The numerical results (Fig.
6, Tables 2—3) so obtained confirm the pos-
sibility of achieving the required level of road
safety even in extreme situations.

Further research will be aimed at solving the
problems of optimal routing of UGVs within
the DRN to minimize the impact of traffic
congestion and forced manoeuvering on the
accident rates. m
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Introduction

eal estate, bank deposits, currency, as
R\Dzvell as securities (mainly stocks and
onds) are traditionally among the
most popular investment tools used by non-
professional investors to save and accumulate
their capital. However, real estate prices in
Russia have risen significantly over the past few
years. As a result, the “entry threshold” to this
market has increased, on the one hand, and the
profitability of investments in real estate has
decreased, on the other hand. At the same time,
bank deposit rates systematically declined.
Despite the fact that there was a trend towards
an increase in the average deposit rates in 2021,
the average amounted to 6.1% per annum dur-
ing 2021 [1], which was significantly lower than
the average annual inflation rate of 8.38%, for
the same time period [2].

As a result, there has been an outflow of Rus-
sian funds from bank deposits to the stock
market over the past few years. Thus, accord-
ing to experts of the Russian National Rating
Agency, the net outflow of funds held by Rus-
sians in banks amounted to 1.5 trillion rubles
for the period from January 01, 2021 to Janu-
ary 11, 2021 [3].

At the same time, according to the Moscow
Exchange, as of July 6, 2021, the number of
individuals with brokerage accounts was about
13 million people, and the total inflow of funds
from individuals into various financial mar-
ket instruments amounted to 1.1 trillion rubles
over 12 months [4].

However, investments in financial markets
are traditionally among the most complicated
activities [5]. The main reason is the high vol-
atility of prices for financial assets due to the
simultaneous impact of a very large number of
both objective and subjective factors on them.
It is high volatility that has caused a sharp
increase in the use of algorithmic trading in
exchange assets trading [6—9] because a person
often does not physically have time to respond

to rapid changes in stock quotes. The share
of transactions made by trading robots on the
Moscow Exchange has long exceeded 50% of
the total number of transactions [10].

Trading robots are computer programs that
make transactions for the purchase / sale of
securities according to embedded algorithms.
In turn, any algorithm implements a trading
system (trading method), which is a set of rules
for opening and closing positions. Obviously, it
is the trading system that determines the effi-
ciency of the trading robot.

The range of approaches to creating trading
systems is quite wide:

+ undamental analysis [11];

¢ technical analysis [12];

¢ statistical analysis [13, 14];

¢ text mining [15];

+ fractal analysis [16, 17];

¢ machine learning with neural networks
[18, 19];

+ computer analysis [6—9].

It should be noted that trading systems based
on technical and computer analysis are most
widely used in algorithmic trading. Among
such trading systems, we can identify:

¢ trend systems — based on trend indicators
(for example, moving averages) and designed
to apply on strong stable trends;

¢ countertrend systems — based on the differ-
ent oscillators (for example, RSI, %R, sto-
chastics etc.) and designed to apply in peri-
ods of price consolidation (no trend (flat));

¢ breakdown systems — systems based on the
idea of breaking through key support/resis-
tance levels formed in conditions of price
consolidation;

¢ combined systems — various combinations
of the previous systems.

The development and use of automated
trading systems are only possible for pro-
fessional market participants and these are



rather complicated processes [20—23]. For
this reason, companies have entered the
financial market in recent years that develop
and sell computer programs for algorithmic
trading. Big investment and brokerage com-
panies also do not stand aside. For example,
the FINAM investment holding constantly
presents the results of a dozen different
investment strategies on its portal [24]. The
company offers its clients to join to them to
save their labor costs for developing invest-
ment decisions. However, all of these prod-
ucts are, in fact, “black boxes” because the
developers do not disclose the trading strate-
gies that underlie them.

Almost all trading systems that work on one
or another indicator of technical or computer
analysis have one common problem — the
problem of stability, or robustness. The robust-
ness of a trading system is usually understood
as the ability of an algorithm to maintain prof-
itability for a sufficiently long time, regard-
less of the type of changes in market prices
[21]. The volatility of modern financial mar-
kets leads to the need for constant reconfigu-
ration (optimization) of the parameters of the
algorithms underlying trading systems. At the
same time, the more parameters the used trad-
ing method contains, the faster the optimiza-
tion will be required. At the same time, if we
take as an axiom the random nature of pricing
in financial markets, then we cannot create a
stable trading system with optimized parame-
ters on a random price sequence. That is why
any “black box” sooner or later begins to bring
losses to its owners.

The consumers of these software products,
as a rule, are that part of inexperienced inves-
tors who naively believe that they will be able to
increase their fortune quickly and easily with
the help of these “black boxes.”

Another segment of investors uses in their
practice more conservative strategies such as
“buy and hold.” The “buy and hold” trading

system is a simple system without any param-
eters, and it is matched to the market perfectly.
The profitability of the strategy will always
exactly match the profitability of the financial
asset: there will be large volatility of profitabil-
ity, with strong price fluctuations; the volatility
of profitability will be low with low price fluc-
tuations.

High volatility is a distinctive feature of
modern financial markets. Therefore, such
strategies can lead to significant losses or to
the “freezing” of investments for long periods
of time. Typical examples of such situations
are the price dynamics for the GAZPROM
shares and for VIB Bank shares shown in
Figs. 1, 2.

The graphs presented show that investors
who bought GAZPROM shares in 2007—2008
were able to return their investments only after
fourteen years, and investors who bought VTB
Bank shares at the same time were unable to
sell their shares with a profit during the review
time.

The purpose of this work is to develop and
test a conservative trading strategy based on
popular trend indicators which can be used by
non-professional investors when working on
the stock exchange.

1. A brief overview
of trend strategies

Any trend strategy is based on trend indi-
cators [23, 25, 26]. The main purpose of this
group of indicators is to determine the pres-
ence of an up-trend or a downtrend in the
price dynamics for a financial asset. The disad-
vantages of trend indicators include the delay
of the buy/sell signals relative to price changes
generated by them. In addition, trend indica-
tors work well on strong, well-defined trends,
but these have been quite rare in recent years.
Nevertheless, it was shown in [27] that the time
for prices to stay in a particular trend is from
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Fig. 1. Price dynamics for GAZPROM shares for the period from 2007 to 2021.
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Fig. 2. Price dynamics for VTB shares for the period from 2007 to 2021.

25% to 30% even in the modern highly volatile
Russian stock market. Therefore, the popular-
ity of trend strategies is still quite high.

At the present time, a quite large number
of trend strategies have been developed. Most

trend strategies are based on the use of moving
averages (MA). There are several types of this
trend indicator, but the most popular are the
simple moving average (SMA) and the expo-
nential moving average (EMA).



The main parameter of the moving average is
the averaging period n. Moving averages with
a small value of #n are usually called short-term
MA. Moving averages with a large value of n are
usually called long-term MA. When choosing
an EMA order, you need to understand that the
smaller this order, the more sensitive the EMA
to price changes and the faster it reveals new
trends. But, on the other hand, a short EMA
changes its direction more often and, accord-
ingly, it gives false signals more often. A slow
EMA gives false signals less often, but it also
reacts more slowly to a trend change.

Another way of choosing the order of the
EMA is to link it to the cyclical nature of the
market. When we identify the duration of the
cycle, the order of the EMA should be equal to
half of the dominant market cycle. For exam-
ple, if a 26-day cycle is identified, then a 13-day
EMA should be used to analyze such a market.
However, the problem with this approach is
that the cycles very often change their periodic-
ity and even disappear altogether sometimes.

Therefore, investors often use a simple rule
for choosing an EMA order: the longer the
trend they are trying to find, the larger the
EMA order should be. Most often # values are
used in the range from 10 to 20 in real trading.
Fibonacci numbers are used as the EMA order
quite often.

The first trading systems using moving aver-
ages used the following rules:

¢ buy when the MA rises and the price closes
above MA;

¢ sell when the price closes below MA.

Another version of the simplest trend trading
system is as follows:

¢ buy when the short-term moving average
crosses above the long-term moving average;

¢ sell when the short-term moving average
crosses the long-term moving average down-
wards.

In [28] the trading method based on the inter-
section of two moving averages is proposed.
Such an approach is used as a reference tech-
nique of this kind quite often. The technique
uses a 9-day moving average as the short-term
moving average, and an 18-day moving aver-
age is used as the long-term moving average.
Many traders use other values for the averaging
order to improve trading results with this strat-
egy [19].

However, such approaches give relatively
good results in markets with a pronounced
trend component only. A lag of the moving
averages leads to false signals and losses when
the prices enter in a range.

One way to increase this kind of trending
systems efficiency in markets with an implicit
trend component is to use different kinds of fil-
ters. Filters are some rules that reject some trad-
ing system signals. Examples of the simplest fil-
ters: the price must close on the other side of
the EMA several times (usually twice), or the
price must break through the MA by a certain
percentage. However, any filters are a “dou-
ble-edged sword”: by reducing losses, they also
reduce profits. In addition, filters detract from
the main advantage of the moving average — its
ability to catch the trend at an early stage.

An intersection of three moving averages with
different orders (for example, 4-, 9- and 18-day
MA) is often used as a filter [23]. Trading sig-
nals come at those moments when all three
MAs turn in the same direction. It is clear that
this approach will miss a significant part of the
trend, so it only makes sense to use it in mar-
kets with very strong trends.

In [29] the author’s Triple Choice trading
system is described, which is a combination of
trend indicators and oscillators. In the system,
EMA is used to identify trends, and oscillators
are used to generate trading signals.

In [19] the TEMA (Triple Exponentially
Moving Average) indicator is considered as a
possible indicator for building trend trading



systems instead of classical moving averages.
This indicator is an advanced version of expo-
nential smoothing.

Moving Average Convergence Divergence
(MACD) is another way to improve a trend
indicator that consists of three MAs [23, 25].
The MACD indicator consists of two lines:
solid (MACD line) and dotted (signal line).
MACD line is the difference between two MAs
of different orders. It reacts to price changes
faster. The signal line is the moving average
of the MACD line. It reacts to price changes
more slowly.

By crossing the MACD line and the signal
line we can decide on a change in the trend.
Such a system generates many fewer false sig-
nals than a system using a single moving aver-
age.

The rules for opening/closing positions
using this indicator are as follows

¢ buy when the fast MACD line rises above the
signal line;

¢ sell when the fast MACD line falls below the
signal line.

The MACD indicator is included in most
programs for technical analysis and trading ter-
minals. The algorithm for its calculation is as
follows:

1. Calculation of the 12-day EMA.
2. Calculation of the 26-day EMA.

3. Calculation of the difference between the
12-day and 26-day EMA and plotting it on
the chart as a solid line (fast MACD line).

4. Calculation of the 9-day EMA fast line and
plotting it on the chart as a dotted line (slow
or signal line).

Some users of the MACD indicator try to
optimize it by using other values (not 12, 26
and 9) for the order of the moving averages
used to calculate the indicator. In particular,
the combination (5, 34 and 7) is popular.

Some investors try to align the MACD indi-
cator to market cycles. However, many ana-
lysts question the idea that financial markets
are cyclical. If we still consider cycles, then it is
believed that the order of the first EMA should
be one quarter of the dominant cycle, and the
order of the second EMA should be half of it.
The third EMA is a smoothing tool, so it is not
necessary to correlate it with a cycle.

Some investors adjust the MACD indicator
until it produces the desired (but not necessar-
ily correct) result for them.

Quite often, in real trading, not the stand-
ard MACD indicator is used, but the MACD
histogram. This indicator has historically been
considered as one of the best indicators in the
arsenal of investors. It represents the difference
between the MACD line and the signal line.

A graphical representation of both variants of
the MACD indicator is shown in the Fig. 3.

The MACD histogram generates two types of
trading signals. The first is the direction of the
slope of the histogram. The second is the diver-
gence between the MACD histogram and the
price chart. The second signal does not appear
on the charts very often, but it is considered as
a very strong signal [25].

The rules for opening/closing positions using
MACD histogram are as follows:

¢ buy when the MACD histogram goes from
negative to positive;

¢ sell when the MACD histogram goes from
positive to negative;

+ sell when price makes a new high and there is
a lower high on the MACD histogram (bear-
ish divergence);

¢ buy when price makes a new low and there is
a higher low on the MACD histogram (bull-
ish divergence).

The indicator of directional movement ADX
is often used to identify the presence of a trend
[23]. This indicator is also included in most



Fig. 3. Graphical representation of the MACD indicator and the MACD histogram.

technical analysis software. The calculation of
the indicator is rather complicated. It is based
on a methodology for assessing not only the
direction of the trend, but also its strength.

2. Multi-trend trade method

A strategy that generates trade signals based
on the presence of various duration trends in
price dynamics is proposed in this article.

There are three models to describe the price
dynamics of a financial asset: an uptrend (the
price is growing), a downtrend (the price is
falling) and a neutral trend (flat — there is no
directional movement in the price). Depend-
ing on the time interval, short-, medium- and
long-term trends are distinguished.

Under the proposed approach, the position
size can vary from 0% (no investment, free cash
ratio is 100%, all trends are down) to 100% (all
free cash is invested, all trends are up).

In general, the formula for calculation of the
position size y is as follows:

y=alﬂ1+a2ﬂ2+a3ﬁ3, (1)

where a. — coefficients for the presence of long-,
medium- and short-term trends, respectively;

B, — weight coefficients of the influence of
long-, medium- and short-term trends, respec-
tively.

The following condition is satisfied for the
weight coefficients:

3

> Bi=1
i=1
The o, coefficients take the following values:
in the case of an up-trend &, = 1, in the case of
a downtrend o, = 0 and in the case of no trend
(flat) a, = 0.5.

Position size calculation example. Suppose
that at the current moment of time the fol-
lowing situation has developed for the traded



financial asset: no long-term trend («, = 0.5),
no medium-term trend (a, = 0.5), the short-
term trend is downtrend (a, = 0), and the fol-
lowing values are used for weight coefficients of
the influence of trends:

¢ long-term trend, 8, = 0.5;
¢ medium-term trend, g, = 0.3;
¢ short-term trend, 8, = 0.2.
Then the position size is:
y=0.5-0.5+03-0.5+0.2-0.0=0.4.

i.e., the size of the current position should be
equal to 40% and free cash should be equal to
60%. If, for example, the position size is 70%,
then it is necessary to sell 30% of the position at
the current market price in order to adjust the
position size to the required value (40%).

The presence of trends was determined by the
slope of the corresponding exponential moving
average. The advantage of exponential averag-
ing over simple or weighted averaging is that in
exponential averaging each of the prices of the
analyzed time interval is given its own “weight.”
Moreover, the greatest weight is assigned to the

Price/EMA, rubles

last price (as the most significant), and the least
weight is assigned to the first one.

To calculate the exponential moving average
of the n-th order at the i-th time moment, the
following iterative formula was used [25]:

EMA (i, n) = kP, + (1 — k) EMA (i — 1, n), (2)

where k=2 / (n+ 1) — smoothing factor;

P, — the price of a financial asset at the i-th
time moment.

As an initial approximation for the iterative
formula (2), we can take a simple moving aver-
age over a similar averaging period #.

An example of EMASs of various orders, cal-
culated using formula (2), is shown in Fig. 4
From the chart it can be seen that EMAs
smooth out price fluctuations. At the same
time, the greater the order of EMA (the value
of n), the more smoothly its graph changes.

To identify the presence of the trend, the
method of determining the slope of the expo-
nential moving average of the corresponding
order was used. For example, to determine the
presence of a trend in an interval of 21 days,
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Fig. 4. An example of EMAs of various orders.



a 21-day exponential moving average is cal-
culated. If the slope of the calculated moving
average is positive, then it is concluded that
there is an up-trend on the interval of 21 days
and, therefore, the corresponding coefficient
a. = 1. If the slope of the exponential moving
average is negative, then we have a downtrend
(the corresponding coefficient a. = 0). If the
exponential average is a horizontal line (slope
= 0), then this means that there is no trend in
the price dynamics in the time interval of 21
days (the corresponding coefficient a, = 0.5).

The presence of a slope was determined by
four consecutive EMA values at different points
in time:
¢ if EMA > EMA , > EMA , > EMA, , —

slope is positive (a, = 1);

¢ if EMA < EMA , < EMA _, < EMA, , —
slope is negative (a, = 0);

¢ for any other ratio of EMA values, it was
considered that there is no slope (a, = 0.5).

The following values for the order of averag-
ing n and weight coefficients of the influence of
trends (5, coefficients in formula (1)) were used
in this work:

¢ short-term trend: n =8, = 0.2;
¢ medium-term trend: n =21, = 0.3;
¢ long-term trend: n =55, f=0.5.

Thus, the maximum weight (0.5) was given to
the long-term trend.

As a result, the position is managed in the
following way. At each new time moment (new
week, new day, new hour, etc.), new values of
three EMAs of the corresponding orders are
calculated using formula (2). After that, the
parameters of short-, medium- and long-term
trends (e, coefficients in formula (1)) are deter-
mined and a new position size « is calculated
using formula (1). Ifthe value of a hasincreased,
then the required amount of the traded asset is
bought. If the value of o has decreased, then the
required amount of the traded asset is sold.

3. Data source

The portal of the financial holding “FINAM”
was used as a source of data on prices for finan-
cial assets [24]. This resource allows you to get
a history of quotes of all financial assets traded
on the Moscow Exchange for an arbitrary
period. The data can be saved both in a text file
(file with the .txt extension) and in a csv file (a
file with the .csv extension).

4. Technologies

The functional programming language R
[30, 31] used to implement all the necessary
calculations and to visualize the results. In
recent years, this language has become one of
the most popular tools for data processing and
visualization in the field of Big Data and Data
Science.

The basic tools of the R language as well as
the capabilities of the dplyr, lubridate, and
ggplot2 libraries were used for data processing
and data visualization.

5. Results

Below are the results of testing the proposed
trading system for the shares of four Russian
companies from various sectors of the economy
traded on the Moscow Exchange: Sberbank
(SBER ticket), Novolipetsk Iron and Steel
Company (NLMK ticker), Akron (AKRN
ticker) and Yandex (YNDF ticker). The testing
period was one year from December 15, 2020
to December 15, 2021. One day was used as the
time frame.

In Figs. 5—8&, the left charts show the price
dynamics of the corresponding asset, and the
right charts show the change in the return on
investment in this asset (profit or loss) if you
were to use the strategy considered above.

The figures presented clearly show the effect
of the proposed trading system. It lies in the
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fact that the profit chart is not an exact copy
of the price chart (as opposed to the use case
of “buy and hold” strategy). The difference
between the charts is due to the fact both the
opening and closing of a position is not carried
out immediately in full, but in parts as each of
the three trends forms.

One consequence ofthis approach isto obtain
lower losses in the case of generating false sig-
nals. For example, if the system reacted to a
false signal with 20% of the funds, then when
the position is closed with a loss, this loss will
be five times less than in a case when all 100%
of the funds were involved in this unsuccessful
transaction.

But, on the other hand, the same reason (for-
mation of a position in parts) can also lead to a
shortfall in profit at the initial stage of opening
a position.

However, the main advantage of the pro-
posed approach compared to the “buy and
hold” strategy lies in the complete closing of
the position with a big price drop, which leads
to limiting losses. This effect is especially pro-
nounced for the shares of Sberbank and Yan-
dex (Figs. 5, §). The charts clearly show that at
the end of 2021, all positions were closed (hor-
izontal lines on the right profit charts). As a

result, it was possible to avoid significant losses
in the event of a subsequent strong decline in
prices for these assets.

To quantify the quality of the proposed sys-
tem, Table I presents summary results on the
return on investment in selected assets, which
could be obtained by using this strategy in real
exchange trading.

Table 1.
The summary test results

Share Strategy Strategy “Buy
ticket profit, % and hold” profit, %

SBER 17.61 2.85

NLMK 553 —4.04

AKRN 91.24 108.30

YNDF —4.67 -10.66

For comparison, Table I shows the return on
investment in the same assets that would have
been obtained using the “buy and hold” strat-
egy. Based on the data in the table, we can con-
clude that in most cases (with the exception
Akron stock) the use of the proposed strategy
allows you to get significantly better results in
terms of profitability compared to the conserv-
ative strategy.



It can be seen the strategy gives good results
in areas with pronounced trends. Such a result
is quite expected because the strategy is based
on trend indicators. The higher the volatility of
an asset is, the worse the results obtained are.

It should be noted that the purpose of this
work was to develop a relatively simple trading
strategy that can be considered as an alterna-
tive to the conservative “buy and hold” strat-
egy and not to oppose the proposed strategy to
other existing strategies. As noted at the begin-
ning of the article, currently there are a very
large number of different strategies. However,
firstly, not all developers disclose the details of
their strategies, and secondly, it is necessary to
test different strategies on the same data sets to
make a correct comparative analysis.

Such an analysis is beyond the scope of this
work. Nevertheless, as an example, the results
of the proposed strategy were compared with
the results obtained in [19] using one of the
most popular strategies described in paragraph
1. This strategy is based on the intersection of
two moving averages of different orders. In par-
ticulary, 9-day and 20-day EMAs were used in
[19]. The stock quotes of the American com-
pany AJG for the period from November 12,

2012 to November 10, 2021 were used as the
data set. The profitability of the conserva-
tive “buy and hold” strategy was 125%. The
profitability of the strategy for two EMAs was
82.99%. The profitability of the proposed strat-
egy amounted to 134.63%.

Conclusion

An original trading strategy for working on
financial markets is proposed. The strategy is
based on trend indicators. A distinctive fea-
ture of the strategy is the combination of the
trading method (rules for opening/closing a
position) and the position size control system
in one approach.

The results of testing the strategy on histori-
cal data showed that such strategies can bring
investors returns that exceed those of conserv-
ative strategies even in today’s highly volatile
markets. Such strategies can also be considered
as an alternative to both high-frequency robots
and bank deposits for long time trading.

The strategy can be easily integrated into
an automated trading system for short time
trading. m
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Abstract

The digital transformation of enterprises and organizations in modern conditions is carried out
through the development and implementation of new business models based on various digital
technologies which are collectively accumulated as part of digital business platforms. Insufficient
development of methods and means of choosing adequate business models for the functioning of
network enterprises at the present time, depending on the competitive strategy used, production
technologies, digital maturity, and security policy, determines the relevance of this study. The aim
of the work is to develop a method to justify the rational choice of the type of business model of
digital transformation of a network enterprise under the conditions of multi-criteria evaluation of
various factors of obtaining network effects, digital maturity and ensuring economic and information
security. To achieve the goal, methodological approaches are used as approaches to solve the problem:
to formalize the business model based on the St. Gallen framework, to classify business models of the
working group on business models Industry 4.0 to build a knowledge-based system using fuzzy sets
of production rules. A method is proposed for classifying the types of business models of a network
enterprise depending on the competitive strategy applied, the stage of the life cycle of products and


https://bijournal.hse.ru/en/2022--4%20Vol.16/803949964.html
https://orcid.org/0000-0002-2983-8232
https://orcid.org/0000-0002-5001-4326
https://orcid.org/0000-0002-8021-2665
https://orcid.org/0000-0002-0051-0655

services provided, the type of production and the method of using digital business platforms. In
accordance with the classification of the working group on business models of Industry 4.0, network
effects are determined for the main roles of participants in network interaction for each type of business
model. A conceptual multi-criteria model for choosing the type of business model has been developed,
implemented in the form of sets of production rules of a knowledge-based system which include an
assessment of network effects, digital maturity, commercial risks and information security risks.
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Introduction

ne feature of economic develop-

ment in modern conditions is the

creation of business ecosystems
based on the use of digital platforms within
which there is a radical transformation of
business models and business processes of
enterprises and organizations. Such transfor-
mations are called digital transformation of
enterprises; it involves “qualitative changes
in the business models of economic activity,
and significant socio-economic effects from
their implementation” [1].

According to the Strategy of the Minis-
try of Industry and Trade of Russia, “Digi-
tal transformation of industry is a priority
for the development of the domestic econ-
omy, providing high adaptability in the for-
mation of business models and the operation
of production processes through the integra-
tion of end-to-end digital technologies” [2].
In [3] it is argued that “Digital transformation
represents a sharp reduction in transaction
costs due to platforms as a result of the emer-
gence of new business models. Combining the
capabilities of technology and the traditional
scope of the organization leads to the emer-

gence of new products and processes with
fundamentally different qualities.” Work [4]
emphasizes the role of digital transformation
in the transition to digital business “based on
a comprehensive transformation of the com-
pany’s activities, its business processes, com-
petencies and business models, the fullest use
of digital technology capabilities in order to
increase competitiveness, create and build
value in the digital economy.” As the Work-
ing Group on “Digital Business Models in
Industry 4.0” (BMWK) defines Industry 4.0:
“Business models are the foundation of entre-
preneurial success. They embody the corpo-
rate mission and corporate strategy, and are
the basis for investment decisions and organi-
zational management” [5].

In [6] it is argued that innovations in busi-
ness models bring a more tangible effect com-
pared to innovations separately in products,
processes and technologies. In this regard, a
business model is not just a scheme of mon-
etization of the company’s income, but the
entire set of business processes, technologies
and personnel organization which determines
the scheme of interrelated material, informa-
tion and financial flows from the perspective
of the overall strategy of digital transforma-



tion, taking into account technological and
resource constraints. Therefore, the rational
choice of the type of business model is a deter-
minant condition for the success of the digi-
tal transformation of enterprises. The purpose
of this paper is to develop a method to jus-
tify the rational choice of the type of business
model for digital transformation of a network
enterprise under the conditions of multi-cri-
teria evaluation of various factors of network
effects, digital maturity and economic and
information security.

Aspects of creating business models based
on multilateral digital platforms are discussed
in articles [7—9]. A key conclusion of the anal-
ysis of existing business models is that digital
services depend on the organization of value
networks in which all participants in network
interactions receive economic effects (net-
work effects). Methods and models for creat-
ing network businesses using digital platforms
are developed in [10—12]. Application of vari-
ous business models has a significant impact
on the change of organizational schemes of
interaction of the enterprises participating in
joint activity, in the creation of network enter-
prises [13].

One of the main conditions for the success-
ful selection and application of a business
model is its alignment with the defining strat-
egy of digital transformation. Digital transfor-
mation strategy can be considered both in the
classical sense of competitive strategy imple-
mentation: broad differentiation, cost lead-
ership, optimal costs, focused strategies (seg-
mentation) [14], and in the narrow sense as
a way (direction) of applying digital technol-
ogies to implement business models and cre-
ate new competitive business potential. In
the first case, the choice of business model is
determined by the competitive strategy; in the
second case, the type of business model, on
the contrary, determines the methods of digi-
talization of all related processes [15—17].

The study of its application at different
stages of the life cycle of products and ser-
vices plays an important role in the choice
of a business model of interaction of enter-
prises in the ecosystem [18]. Consideration
of features of the type of production: sin-
gle, serial, mass production is also important
when choosing the type of business model for
creating network enterprises [19].

Given the above-mentioned features of
business model application related to the
analysis of competitive strategy, life cycle of
products and services, as well as type of pro-
duction, it is advisable to develop a classifi-
cation of business models which would allow
the preliminary choice of a business model
for application. A more in-depth analysis of
the application of various business models
involves a study of the economic potential of
enterprises to assess the possibility of digital
transformation according to the chosen busi-
ness model.

Economic analysis of the potential of the
network enterprise is reduced to an assess-
ment of the possible network effects [12, 20,
21] which can be obtained as a result of cre-
ating a network enterprise and assessment
of the resources used, reflecting, on the one
hand, its digital maturity in terms of knowl-
edge of modern digitalization technologies,
and on the other hand, aimed at prevent-
ing violations of economic and information
security.

Works [7, 22, 23] are devoted to measur-
ing the digital maturity of an organization
for digital transformation. The key issue is
the selection of indicators for measuring dig-
ital maturity. The most important indica-
tors of digital maturity include: the level of
digital culture and personnel competencies,
the quality of organization of processes and
products, access to data, and the organiza-
tion of an information infrastructure [3].



On the other hand, the assessment of digi-
tal maturity should be conducted in conjunc-
tion with an analysis of the risks of default in
the implementation of commercial transac-
tions, the risks of selecting strategic partners
and suppliers of components and materi-
als, the risks of marketing errors in assessing
internal market prospects, the risks of a long
time to bring a new product to market [2],
as well as information security risks [24—26].

To implement an appropriate choice of
business model of the network enterprise,
this article proposes the development of a
method that, on the one hand, allows the
best way to realize the strategic objectives of
the digital transformation of the enterprise
and provides high network effects, and on
the other hand, makes it possible to assess
the readiness of the enterprise to implement
this or another type of business model, given
the sufficiency of the economic potential of
the enterprise.

From this point of view, the paper proposes
a classification of the types of business mod-
els on the basis of compliance of the business
model with the competitive strategy, stage of
the life cycle, type of production and method
of application of digital business platforms
based on classifications [5, 6], and a multi-
criteria model of business model type selec-
tion for its implementation in terms of
obtaining network effects, sufficiency of dig-
ital maturity and minimizing commercial
risks and information security risks using a
knowledge-based system [27, 28]. The need
for knowledge-based systems (expert sys-
tems) is due to the qualitative nature of the
evaluation factors of the network effects, the
level of digital maturity, commercial risks and
information security risks, creating the need
to formalize the selection process of the net-
work enterprise business model based on the
knowledge base of fuzzy rules and the appli-
cation of the logical inference mechanism.

1. Classification
of business model types

Modern concepts of the definition of busi-
ness models combine the external side of the
application, aimed at the implementation
of value chains and monetization of finan-
cial flows, and the internal side, aimed at the
organization of all interrelated business pro-
cesses [9].

To the greatest extent, this concept of busi-
ness model is reflected in the interpretation of
Osterwalder [29]. In this model, on the one
hand, material flows and on the other hand,
financial flows are reflected. In the material
flow, the output of the business model deter-
mines the receipt of value by the final con-
sumer through various channels of distribu-
tion of products and services, and the input,
respectively, the receipt of necessary material
resources through various sources for the pro-
duction of the required value.

The financial flow reflects in the oppo-
site direction of the value chain the cash
flows associated with the receipt and use of
income to pay for the resources invested. And
the financial flow may not always be directly
related to the material flow of value creation,
for example, as a consequence of the income
from related advertising; nevertheless, one
way or another, both flows are tied to a com-
mon model of value creation. Osterwalder’s
model in many respects reflects the classical
scheme of business organization, in which the
producing company is in the center, and sup-
pliers and subcontractors are considered as
business partners, on the one hand, and con-
sumers and users, on the other hand.

In digital business, the network business
model affects the functioning of enterprises
along the entire value chain. Therefore, the
efficiency of a network enterprise is deter-
mined not only by the efficiency of the par-
ent enterprise, but also by the efficiency of all
interrelated participants, which is called net-



work effects. If the network effects for the par-
ticipants of the network enterprise will not be
obtained, such business model is doomed to
failure: the interacting enterprises will not be
interested to form a common structure within
the unified business concept.

For reflection of network interaction of the
enterprises within the limits of the uniform
business model, there is the widely applied
St. Gallen model [30, 31] in which for each
participant of network interaction (for each
role in a value chain) the independent model
by means of four dimensions is defined: Who
(Customer), What (Value proposition, value
offer, product or service), How (How —
Value Chain, Internal value chain as set of
interconnected activities), and Value (Reve-
nue mechanism, Cost structure and income
mechanisms applied, etc.). A unified business
concept is considered taking into account
the network effects for all interacting partici-
pants of the value chain. If at least one of par-
ticipants of interaction does not receive the
effect, the business model ceases to be viable.
Due to the possibility of the best reflection of
network interactions and effects in the future,
we will use the model of St. Gallen.

The Working Group on “Digital Business
Models in Industry 4.0” is currently devel-
oping the use of the St. Gallen framework to
formalize digital business models. In the dig-
ital business models of Industry 4.0, the key
digital technology on which the new business
organization is based is the use of digital plat-
forms, and other technologies are based on
the use of the Internet of Things, big data and
artificial intelligence technology.

The use of the Internet of Things technol-
ogy makes it possible to implement feedback
from technological equipment and manufac-
tured products into the loop of operational
production management, which, on the one
hand, makes it possible to implement a real-
time management process and, on the other

hand, to accumulate large amounts of data
for analysis and improvement of all intercon-
nected production and business processes. In
this case, a new service business model of con-
sumer-producer relations is formed instead of
traditional commodity trading.

The use of digital platforms opens up oppor-
tunities to integrate network enterprise par-
ticipants in common business processes, and
intelligent technologies together with the
Internet of Things technology allow to us to
create multi-agent systems, in many cases
automating the interaction of value chain par-
ticipants with minimal staff participation.

In accordance with the above, the BMWK
project identifies four types of Industry 4.0 busi-
ness models based on different ways of applying
digital business platforms [5] (Table 1).

These types of models reflect a service
approach to the organization of customer
needs and ultimately implement mediated
relationships between consumers and pro-
ducers through digital platforms that take on
intermediary functions (marketplace, digital
data platform). However, the variety of busi-
ness models based on digital platforms is much
broader [32, 33]. Therefore, the types of busi-
ness models of the Industry 4.0 reviewed can be
considered as technological frameworks (type
models) for the construction of more complex
models [34, 35] in which the types of business
models examined can be combined.

One of the most successful works on the pres-
entation of more complex archetypes of busi-
ness models is [6] which differentiates business
models according to their purpose: the inte-
gration of participants in the value chain, cus-
tomer service products and services, consulting
based on data.

In a broader context, the use of digital plat-
forms makes it possible to manage more com-
plex end-to-end value chains through inte-
gration business models that emphasize a
special role for one of the enterprises, called



Table 1.

Business models of Industry 4.0

and consumers

Name
of the type Technological
No. | of business z?fhzs;ﬂz? principles Network effects of the business model
model used
Industry 4.0
1. | lloT platform | Collection of Industrial Internet | Platform operator/provider:
provider product use data | of Things, The revenue model is directly proportional to the number of
throughout the Data collection | connected IloT hardware units and the amount of data being
product lifecycle, | and analysis, transmitted and analyzed in the value chain.
an on-demand Machine
data service, Learning Usar: o ' '
getting a data Outsourcing activities that are not part of its core business.
analysis service Service Provider:
to improve the Optimize resource utilization with multiple orders from the platform
product. p : . . P p ’
reducing equipment downtime.
2. | Value Leasing Industrial Internet | Technologies Provider of solutions for lloT:
adding afinished of Things, Expanding the value proposition by organizing interactions between
services product or Data collection value chain participants, providing a platform for application
in operation | equipment and analysis, development needed to integrate lloT equipment.
Machine
Learning User: — . .
o User can outsource activities that are not part of their core business.
Multi-Agent
Technologies Service Provider:
Optimize product usage by analyzing data from the lloT platform and,
as a result, improve the user experience as a result of new insights.
Produce:r
Based on the data received from the service provider on the use of
the product by the user, optimizes the product and its processes.
Technical service network:
Reduces transaction costs in the value chain due to direct product
delivery from the manufacturer bypassing the owner-service provider
IloT Equipment Integrator:
Expanding the value proposition to include installation,
development and integration of lloT applications and technologies
3. | Marketplace | The platform Data collection The platform (Marketplace) Provider:
(Brokerage that conditions the | and analysis, The revenue model is directly proportional to the number
Platform) connection Multi-agent of connected Buyers and Product Suppliers and the balance
between Technologies of sufficient supply and demand on the trading floor.
suppliers

Component Buyer:

Fast delivery and minimizing the risk of default by selecting reliable
suppliers and being able to replace them quickly in case

of unforeseen circumstances.

Product supplier:
Increased ordering, reduced transaction costs in the value chain.




Name

of the type Technological
No. | of business E?fhzs:]i':ﬁ principles Network effects of the business model
model used
Industry 4.0
4. | Datatrustee | Collection Collection and Trusted data storage:
of relevant analysis of secure | Expanding the value proposition by providing and engaging

data to optimize
products or use
additional data for
research

and

data, Artificial
Intelligence
and machine
learning

anonymous data from manufacturers on a digital platform.

Data producer:
Generating revenue from submitted data on a secure, neutral
platform.

development

Producer accessing data:
Gaining access to an integrated base of primary and aggregated
data, in a secure and standardized way.

System integrator:
Gaining revenue from supporting integrated data protection
technologies.

Supplier of smart RFID devices
Revenue model is directly proportional to the number of connected
pieces of equipment and the volume of data transmitted and analyzed.

the Integrator. In this type of business model,
there are no intermediaries where a manu-
facturing company entrusts the marketing of
its products to a trading company and does
not get into the heart of the trading process.
The Integrator business model type assumes
that the “vendor” is embedded in the over-
all value chain, for example through its own
or integrated online stores. Meanwhile, cus-
tomers and other participants are embedded
in the value chain by actively participating in
the innovative development of products and
all related processes. Production becomes
decentralized to different markets with a focus
on customer types.

The subtypes of integration business models
are:

¢ The business model of crowd sourced inno-
vation which is characterized by the union
of all stakeholders of joint activities in the

development of new products. In this case,
there is a close integration of efforts of many
participants of the joint project: customers,
marketers, designers, technologists, sup-
pliers, logisticians, distributors in product
development, taking into account the sub-
sequent implementation of the entire value
chain.

The “Production as a Service” business
model. In this model, the customer becomes
the key figure in determining the design of
the products, the components of the manu-
factured products and the technologies used.
The production processes must be individu-
alized with respect to the customer, i.e. a sin-
gle production is realized.

The business model “Mass customization”
involves adapting customer-selected variants
of product types to their needs. In this case,
serial production is carried out in accor-
dance with consumer categories.



From the point of view of representation of
service business models (Servitization), mod-
els of continuous customer service during the
whole period of operation (Life-long partner-
ships), organization of services related to the
end product, which is leased to the customer
(Product as a service), and services based on
the provision and analysis of end-use data,
when the relevant process is outsourced to the
service provider (Manufacturer) are consid-
ered (Result as a service).

Data-driven consulting business models
(Expertise as a service) are based on trusted
data access models related to analytics on dig-
ital data platforms that are collected through
the Internet of Things and include the follow-
ing subtypes:
¢ Fulfillment of requests for analytics of

accumulated large amounts of data.

¢ Product-related consulting that comple-
ments product sales with advice and con-
sultancy based on the company’s own expe-
rience with products in other companies.

¢ Consulting related to the process of imple-
menting related enterprise digital transfor-
mation processes.

The diversity of business models of net-
work enterprises poses the problem of their
choice depending on the corporate strategy
of the company, product lifecycle and type of
production (mass, serial, single). The clas-
sification model of business model types is
presented in 7able 2, which establishes the
relationship between business model type and
corporate strategy, product lifecycle stage,
production type and Industry 4.0 business
model type, reflecting the way digital business
platforms are applied.

Competitive strategies determine the nature
of the use of business models [35—37]. For
example, strategies of broad product differ-
entiation or market segmentation by vari-
ous consumer categories are associated with
the need to continuously update the prod-

uct range, bring new types of goods and ser-
vices to market, customize existing types and
perform cyclical work on design and techni-
cal preparation of production. In this regard,
the development and renewal of product types
requires business models of integration and
trusted data access which more closely con-
nect all stakeholders of joint activities.

Thus, the initial stage of the lifecycle on the
formation or development of requirements
determines the application of the crowdsourc-
ing model based on big data analysis, and at
the stage of design and technical preparation
of production — the model of production as
a service or the model of mass customization
of production, depending on the type of pro-
duction.

A competitive cost-saving strategy focuses
on improving the efficiency of operational
processes. Therefore, various digital service
business models will be most appropriate for
these purposes. In this case, the application
of the “Product as a Service” business model
type will be more typical for single produc-
tion, and the “Process as a Service” business
model will be more typical for batch produc-
tion.

Finally, the implementation of the mar-
ket segmentation strategy is largely driven by
consulting models and corresponding Indus-
try 4.0 business models for data trustee.

As a result of the analysis of applying busi-
ness model possibilities according to the clas-
sification table, it may turn out that some com-
bination of corporate strategy, life cycle stage
and production type may correspond to several
alternative or complementary business models.
In this case, it is necessary to conduct a more
detailed analysis which will prove the neces-
sity and possibility of applying a particular type
of digital business model, taking into account
the multi-criteria evaluation of various factors
of obtaining network effects, digital maturity,
economic and information security.
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2. Multi-criteria model
for selecting the type
of business model

Any management decision is usually consid-
ered from the position of assessment of neces-
sity and possibility of its implementation. The
need for realization of the decision is usually
justified by the set of competitive advantages
that result from its implementation, and the
possibility is conditioned by an analysis of the
sufficiency of various resources for implemen-
tation. For the business model of the network
enterprise, these competitive advantages corre-
spond to a set of network effects obtained by
the participants of the value chain based on the
digital platform. The assessment of the feasi-
bility of implementation, on the other hand,
is determined by the sufficiency of potential in
the form of an assessment of digital maturity
and risks of adverse effects related to the viola-
tion of economic and information security.

The variety of qualitative and uncertain fac-
tors in the feasibility of different types of busi-
ness models leads to the construction of a
multi-criteria model for selecting the type of
business model and its implementation using
a knowledge-based system that includes a
knowledge base of production rules and a fuzzy
inference mechanism to evaluate and convolu-
tion of expertise [27, 28].

The use of the mathematical instrument of
fuzzy logic in comparison with the simpler
methods of expert assessments used in scoring
models facilitates the qualitative assessment
of the factors with the help of linguistic vari-
ables which translate quantitative values of the
evaluated indicators into fuzzy values on for-
malizable interval scales [38—41]. Thus, with
the help of linguistic variables, it is possible to
reflect the experts’ experience in evaluating the
factors in the knowledge base of fuzzy produc-
tion rules. In addition, the system of fuzzy rules
is used to display multilevel models of evalu-
ation in which the assessment of intermediate

factors is carried out with the help of appropri-
ate subsets of rules.

A multi-criteria model for selecting the type
of business model for the subsequent construc-
tion of a knowledge-based system in the form
of an “AND — OR?” graph is presented in Fig-
ure 1. It is assumed that this model evaluates
one type of business model which receives
a satisfactory or unsatisfactory value for use
with some coefficient of confidence on a scale
of [0, 1]. Satisfactory use of the type of busi-
ness model is recognized when it exceeds some
threshold value, for example, 0.8. If there are
several applicants for the choice of business
model type, the type with the highest confi-
dence coefficient is selected.

The multi-criteria model uses the following
designations of factors — fuzzy variables with
values “satisfactory” or “unsatisfactory,” for
which the confidence coefficient is set on a
scale of [0, 1]:

BM — choice of a business model;

NE — the network effect of the value chain
(network enterprise);

NE,— the network effect of the first enterprise
participating in the value chain (the first par-
ticipant);

NE, — network effect of the k-th enterprise par-
ticipating in the value chain (k-th participant);

D — digital maturity;
DC — digital culture level,
PC — personnel competence level,;

BP — quality of organization of business pro-
cesses;

Prod — product quality;

Data — data availability;

Infra — 1T infrastructure organization;
R — risks;

ES — commercial risks;



Trans — the risk of default in commercial trans-
actions;

Sup — the risk of choosing strategic partners
and suppliers of components and materials;

Mark — the risk of marketing mistakes in
assessing internal market prospects;

Dead — the risk of a long time to bring a new
product to market;

1S — information security risks;
Secr — the risk of violation of trade secrets;
Pers — the risk of personal data breach

Own — violations of data ownership rights.

Consider the mapping of the business model
type selection model as a set of knowledge-
based system production rules in more detail.

At the top level of the model, the Produc-
tive Rule of Conjunction of Network Effects
(NE), Digital Maturity (D) and Risk (R) fac-
tors determines a satisfactory or unsatisfactory
assessment of the target variable “Choice of a
Business Model” (BM):

NFEand Dand — R— BM, (1)
where — — implication sign, — — the sign of
negation.

This production rule in its expanded form has
the form:

IF NE = “satisfactory” and D =
“satisfactory” and —R = “satisfactory”
THEN BM = “satisfactory”.

()

Each factor represents a term with a value of
“satisfactory” or “unsatisfactory”. If at least
one of the factors takes an unsatisfactory score,
then the type of business model receives an
unsatisfactory score. In this sense, the condi-
tion that all factors must be satisfied in order
for the production rule to work must be satis-
fied. Otherwise, the target variable receives an
unsatisfactory value.

In this case, the factor associated with the
assessment of network effects reflects the
resulting competitive advantages of the value
chain formed, and factors of assessment of dig-
ital maturity and commercial risks and risks of
information security reflect the possibility of its
implementation.

Similarly, product conjunction rules are
defined for network effects (NVE), risks (R),
commercial risks (£S) and information secu-

rity (1S).

Thus, the rule of estimation of network
effects is formed from the conjunction of esti-
mates of network effects from the participation
of all stakeholders (enterprises) in the value
chain (network enterprise) for the type of busi-
ness model under consideration:

NE| and NE, and ... NE — NE. 3)

The composition of participants in the value
chain of each type of business model will differ
depending on the nature of the network enter-
prise, so k — the number of chain participants
(enterprises participating in the network enter-
prise) has a variable value.

The composition of the components deter-
mining the network effect of each type depends
on the role played by the value chain participant
in the business model (see Table I). For exam-
ple, a product supplier gets a network effect by
increasing the number of orders and reducing
transaction costs in the value chain. The num-
ber of components of the network effect can be
different for each participant. In general, the
network effect estimates for the i-th participant
is calculated as the conjunction of the results
of checking the terms of the j-th effect com-
ponents:

NE, = A, NE, ;. “4)

The assessment of risks in the product rule
(1) is interpreted in terms of their logical nega-
tion by ensuring the economic and information



Fig. 1. Multi-criteria model of business model type selection
(the arc crossing the subordinate factors to the superior factor denotes conjunction of factors;
non-crossing arcs of subordinate factors denote disjunction).

security of the digital platform, and, accord-
ingly, the risks are associated with the possibil-
ity of security violations. Thus, the assessment
(R) depends on the conjunction of factors asso-
ciated with commercial risks leading to a vio-
lation of economic security (ES) and informa-
tion security (/5).

ESand IS— R. 5)

Accordingly, commercial risks (£S) are
determined by the conjunction of estimates of
the risk of default in commercial transactions
(Trans), the risk of choosing strategic partners
and suppliers of components and materials
(Sup), the risk of marketing mistakes in assess-
ing the internal market perspective (Mark),
and the risk of a long time to bring a new prod-
uct to market (Dead):

Trans and Sup and Mark and Dead — ES. (6)

The composition of commercial risks is
defined in the Strategy of digital transforma-
tion of manufacturing industries [2].

Similarly, the risk of information security
breach (/S) depends on the conjunction of the
risks of violation of trade secrets (Secr), per-
sonal data (Pers), and data ownership rights
(Own):

Secrand Pers and Own — IS. (7

The most significant risks associated with
cybersecurity in the Internet environment are
highlighted as risks of information security vio-
lation.

Each of the above risk factors must be associ-
ated with a certain digital platform service, the
work of which should be aimed at eliminating
the risk factor. In this regard, to assess the risk
for one or another factor (FactR) when select-
ing the type of business model, it is necessary



to obtain an expert assessment of the quality
(reliability) of the service (Serv) used to elimi-
nate the risk factor, which receives a fuzzy con-
fidence coefficient on a scale [0, 1] and corre-
lates with the assessment of the risk factor:

Serv, — FactR_, 8)

where FactR € {Trans, Sup, Mark, Dead, Secr,
Pers, Own}.

An expanded representation of a production
rule looks like this:

IF Serv,= “satisfactory” THEN @ <FactR,
“satisfactory”, F, (FactR)>, 9

where @ — fuzzy value addition operator;

F — an membership function that calculates
the confidence coefficient for a variable on the
[0, 1] scale.

The nature of the membership function is
determined by the type of variable FactR , in
the simplest case some number in the interval
[0, 1].

The digital maturity factors used to assess the
type of business model Facth , unlike the risk
factors, have an additive reinforcing nature.
Therefore, their impact on the overall assess-
ment of digital maturity D is considered using
product rules separately:

FactM, — D, (10)

where Facthe {DC, PC, BP, Prod, Data, Infra}.

An expanded representation of a production
rule looks like this:

1F Fact]llj = “satisfactory” THEN @ <D,
“satisfactory”l*; (D)>, (1)

where ® — fuzzy value addition operator;

Fj — a membership function that calculates
the confidence coefficient for a variable on

the scale [0, 1]. The nature of the membership
function is determined by the type of variable
Facth , in the simplest case some number in
the interval [0, 1].

In this case, each Facth production rule
forms some fuzzy confidence coefficient esti-
mate of the D (Digital Maturity) variable indi-
vidually on the [0, 1] scale and reflects the
value of the sufficiency sign.

The rules for evaluating each factor sepa-
rately can be expanded into an independent
knowledge base of rules interpreting linguis-
tic variables, resulting in a fuzzy assessment of
the confidence factor on the scale [0, 1]. Then
the additive evaluation of the confidence
coefficient of the maturity factor is carried out
by the algorithm of fuzzy addition with recur-
sion:

For i from 1 to 6:

1. CA(D,) = CF(Fact)),
2. CRD) = CR(D, ) + CF(FactM)) —

-~ CHD,_ )" CF(Facth), (12)
where CFK(Variable) — the confidence coeffi-
cient extraction function for the value of the
fuzzy variable.

In the business model maturity assessment
algorithm, you need to set an acceptable con-
fidence threshold value, such as 0.8, at which
the Digital Maturity variable gets a satisfactory
value.

In the assessment of other factors — fuzzy
variables of a multi-criteria model of business
model type evaluation connected conjunctively
can also get fuzzy values. To combine the fuzzy
numbers for these factors, a multiplicative rule
is used, such as choosing the minimum confi-
dence coefficient:

CF(Left part of rule) =
= min{CHNE)), CK(NE)), ..., CK(NE,)}. (13)



When combining the confidence coeffi-
cients of the left and right parts of product
rules (implications), either the minimum
confidence coefficient is chosen or the fuzzy
multiplication of the left and right confidence
coefficients is performed.

In order to accept a positive assessment of
the final choice of the type of business model
one can also set a threshold level of confi-
dence coefficient, for example, 0.8.

The implementation of a multi-criteria
model for assessing the choice of the type
of business model under conditions of fuzzy
interpretation of qualitative factors using the
tools of knowledge-based product system,
together with the implementation of a prelim-
inary classification of model types according
to certain characteristics, will formalize the
decision-making process to justify an effec-
tive strategy for the digital transformation of
enterprises.

Conclusion

Analysis of approaches to the applica-
tion of business models of network enter-
prises showed their diversity, determining the
need to develop methods and tools to justify a
rational choice of the type of business model in
accordance with the strategy of digital trans-
formation of the enterprise and the expected
network effects, digital maturity, commercial
risks and information security risks.

For representation of the components of a
business model, one applies the framework
St. Gallen which allows us to map processes
of reception of network effects for all partici-
pants of the network enterprise. For the types
of business models identified by the Indus-
try 4.0 Business Model Working Group, the

sources of network effects for the differ-
ent roles of enterprises in the value chain are
identified.

This paper proposes a method for substan-
tiating the rational choice of the type of busi-
ness model of a network enterprise based on
a preliminary classification of business model
types according to the characteristics of com-
pliance with the competitive strategy of the
enterprise, the stage of the life cycle of prod-
ucts and services, the type of production, the
business model used Industry 4.0, and the
subsequent multi-criteria assessment of the
applicability of business model, taking into
account the assessment of the resulting net-
work effects, digital maturity, commercial
risks and information security risks. As a tool
to implement the multi-criteria model of busi-
ness model type selection presented, it is pro-
posed to use a knowledge-based system with
a set of production rules implementing fuzzy
inference on qualitative factors (variables).

The novelty of the proposed method for jus-
tifying a rational choice of the type of busi-
ness model of network enterprise lies in the
improvement of classification and develop-
ment of a multi-criteria model of choice of
the type of business models for the network
enterprise, implemented with the help of a
knowledge-based system with a fuzzy infer-
ence mechanism. The practical significance
of the results obtained is determined by the
possibility of applying the developed method
in the implementation of modern digital plat-
forms in the real practice of economic activi-
ties of network enterprises. In future research,
it is necessary to continue refinement of the
methods of formalization of qualitative assess-
ment of diverse factors of applying business
models for network enterprises. m
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Abstract

This paper deals with the problem of quantitative description and improvement of the quality
of the service provided by taxi aggregator companies working on the Russian market. This problem
seems to be insufficiently addressed in open research publications due to its high specificity, though
some research aiming at searching the quality metrics have been conducted for some companies
worldwide. The goal of the current research is mathematical formalization of a rating system assessing
the driver service quality that allows one to design a parametrically tunable model. The proposed
mathematical model of the rating system is described by means of a state graph where the transition
from a vertex to another happens when the explicitly written conditions are satisfied. We show that the
rating evaluation for a driver remaining in the active can be carried out by means of linear filtration
performed as digital signal processing of the time series consisting of the scores which are given to the
driver by their passengers. The type and waveform of the filter impulse response is suggested. The A/B-
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test conducted for the group of drivers working with a taxi aggregator proved the fact that the integral

metric of service quality is sensitive to changes in the parameters of the proposed rating system; this

eventually led to a decrease in the rate of taxi rides accompanied with a negative client experience. The

rating system model developed can be utilized to increase the quality of the service provided by the taxi

aggregator by means of more effective differentiation of the drivers, while the subsequent optimization

of the rating system parameters can serve as a tool for achieving indicators supporting the strategic

goals of the company.
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Introduction

he service industry of a modern meg-

alopolis exists and evolves in an envi-

ronment of robust competition for
customers. Companies have to carefully mon-
itor the sentiment and customer preferences
of active and potential client groups, react to
changes quickly, constantly monitor the qual-
ity of services provided, search for growth
directions and seek to increase consumer value
of their products. The automobile passenger
market or, to put it simply, passenger taxi mar-
ket is quite large, diverse by client segments
and has its own history. Since the beginning of
the 2000s, the advancing taxi aggregator com-
panies inexorably push aside and gradually
supersede classic taxi companies with a taxi
depot and phone operator. Undoubtedly, the
cause of this phenomenon is the advancement
of digital technology resulting in universal
availability of mobile Internet in cities. His-
torically, the first taxi aggregator in Russia was
Uber, which entered the market in 2009; then
Yandex.Taxi and Gett-taxi appeared in 2011.
Over the course of the following ten years,
the Russian taxi aggregator market has been
continuously expanding; new companies have
appeared, including regional and local ones.

Broadly speaking, a taxi aggregator is a plat-
form that provides services by arranging taxi
rides based on a two-way mobile application
connecting passenger demand with driver sup-
ply [1], in other words, an aggregator company
provides communication between passengers
and drivers.

A typical aggregator company should seek to
maintain the positive value of its brand among
customers and to improve the quality of services
provided, thus facilitating an increase in brand
loyalty and retention of customers for as long as
possible. The specific aspect of the taxi aggre-
gator business is the fact that it is important for
a company to maintain loyalty of both passen-
gers and drivers at the same time so as to accom-
modate the interests of both groups. Drivers
are one of the key profit-generating resources
in the business model of taxi aggregators. Due
to increasing demand of core customers, the
companies study and test various methods to
attract qualified drivers (i.e. those who provide
good quality service to passengers) and to sub-
sequently retain them in the company. A rat-
ing system (RS) is one of the methods used to
evaluate quality and promote the company’s
attractiveness for drivers. For most taxi aggrega-
tors, RS is the main method of quality control



over drivers’ service to customers. The score in
such RS directly affects the driver’s income and
ability to continue working with the platform in
general, so it becomes the key factor for most
of the drivers. In study [2], it is noted that taxi
aggregators use a rating system as a tool to moti-
vate drivers to maintain the quality service level
standardized by companies. Note that the scores
are given not by the company’s own experts, but
by its clients (passengers).

Considering the importance of the rating
system for formation of driver and passen-
ger loyalty, attraction, retention and motiva-
tion of drivers, we may set the task to develop
a driver RS from the perspective of most par-
ties concerned. The drivers would like to get
a transparent and comprehensible RS, which
would be sensitive to factors that depend on
the drivers’ own efforts. The passengers would
like to get an illustrative RS to be able to
pre-evaluate the quality of drivers offered to
them. An aggregator would like to get an RS
that increases driver motivation by rewarding
their actions aimed at service improvement or
by punishing them for their breach of safety
and quality rules. Also, RS should be able to
provide the aggregator with interpretable and
quantifiable feedback signals from passengers
which may be used, after processing, for prep-
aration and implementation of changes in the
aggregator’s terms of service.

The RS that would be almost ideal for all
parties concerned should meet the following
requirements:

¢ it should influence the driver as a motivating
factor: rewards and punishments;

¢ it should provide a scalar value, which is cal-
culated on a comprehensible basis with sub-
stantive rationale;

¢ it should feature functions of parameteriza-
tion and configuration;

¢ it should provide a special starting period
allowing drivers to adapt to the system;

¢ it should provide for comprehensible feed-
back to the platform in order to make fur-
ther modifications;

¢ it should be sensitive to changes in the driv-
er’s behavior: if a driver changes his or her
behavior pattern, the RS should detect such
a change within a short period of time.

RS improvements may potentially improve
the quality of service provided by the aggre-
gator as well as the effectiveness of driver
differentiation, and also promote formation
of a comfortable working environment for
drivers.

The purpose of RS development as part of
the current task is to improve the effective-
ness of driver differentiation by quality of ser-
vices provided during rides, and, as a result,
to improve the quality of service and customer
satisfaction.

It is important to note that the problem of
developing an RS for taxi aggregators receive
little attention in scientific literature. This
is due to the quite narrow focus of such a
research subject. Thus, studies [3, 4] address
selection of indicators for sensitive qualita-
tive evaluation of passenger preferences in
taxi service quality evaluation. In study [5],
a selection of metrics is proposed for evalua-
tion of service quality based on entropy, and
study [6] contains a discussion of the influ-
ence of the service quality indicators used
on passenger behavior. Particular attention
should be given to analysis of regional pas-
senger markets in a megalopolis in the Mid-
dle East [7].

The main source of information for this
study is the research [8] done by one of the
coauthors of this study which provides a com-
prehensive analysis of the problem of RS
development for the benefit one of the taxi
aggregators in Russian market. The infor-
mational background provided by the above-
mentioned research was used in this study in
depersonalized form.



1. Taxi aggregator
service quality

Since one of the strategic goals of most com-
panies conducting business in a highly com-
petitive environment is to increase its market
share, each aggregator company is interested
in looking for effective ways to attract and
retain new drivers and passengers, i.e. to
uphold their satisfaction and loyalty. At least
once a year, a typical aggregator company
conducts comprehensive research of brand
loyalty through online interviews of clients.

To measure brand loyalty, one of the most
simple and common methods is used, the
Net Promoter Score (NPS). NPS determines
a loyalty index: the intention of users to rec-
ommend the platform, readiness to convey
their personal experience of interaction with
the company to new clients. Respondents are
asked to evaluate their readiness to recom-
mend the platform to other people on a score
from 0 to 10 (where 0 means “not ready to
recommend,” and 10 means “ready to recom-
mend”). After that, respondents are separated
into three categories: 1) promoters (score
9—10); 2) neutrals (score 7—8); 3) and detrac-
tors (score 0—6). Then the NPS index is cal-
culated according to a formula (1):

NPS=P —P, (1)

where Pp is the percentage of promoters in the
total number of respondents;

P _is the percentage of detractors in the total
number of respondents.

NPS values are distributed in the [-100%,
100%] range, and the higher the NPS value is,
the more loyal the audience is and the more
ready it is to recommend the platform.

The success of this metric is defined by its
simplicity (users are asked only one question
and offered an intuitive evaluation scale) and
correlation with long-term growth of the com-

pany [9], which allows one to set measurable
KPIs for increasing brand loyalty.

The designated metric for measurements of
customer satisfaction is the Customer Satisfac-
tion Index (CSI). This index defines the degree
to which the platform meets the requirements
and expectations of the market and the degree
of customers’ satisfaction from interaction with
the company. The calculation takes account
of certain company-defined attributes such
as: the company’s goodwill, customer value,
expectations, perceived quality, which affect
the consumer satisfaction and, as a result, con-
sumer loyalty to the company. Each attribute
has its weight, i.e. importance among all attrib-
utes according to respondent’s opinion, and a
rating, which are both given by respondents on
a 1 to 5 scale. The calculation algorithm can be
described with the following formula:

100% &
K %

CSI =

w,-p, (2)

1

where Kis the number of analyzed attributes;
W is attribute weight;
P is attribute rating.

CST values are distributed in [0%, 100%]
range; the higher CS/ value is, the more satis-
fied the customers are by interaction with the
company.

For comprehensive research of custom-
ers’ loyalty to a brand, NPS and CST values
are considered in conjunction. There are two
types of NPS and CSI: by market and by own
base. NPS and CST7 by market are calculated
based on data received from all customers who
were interviewed via a pre-selected Internet
platform, and then the company’s position
among competitors is identified. NPSand CS/
by own base are calculated based on responses
of customers of a particular service, and such
values demonstrate the change of the com-
pany’s attractiveness among the most active
audience.



Survey among own base of drivers has shown
that the CS7/index of market leaders, i.e. com-
panies working under such brands as Yandex.
Taxi, Uber, City-Mobil, showed almost no
change during the six months from Decem-
ber 2020 to June 2021 and remained within
40—50% range, as shown in Fig. 1. The lat-
ter six months of 2021 have shown a cer-
tain decline of Uber and City-Mobil indices
as compared to Yandex.Taxi as the leading
aggregator.

%

Figure 2 compares the dynamics of NPS
by own base for drivers of City-Mobil, Uber,
Yandex.Taxi for the period from December
2020 to December 2021. On the diagram, it
can be observed that the NPS index of Yandex
and Uber is much higher than City-Mobil,
which is indicative of a low satisfaction of
City-Mobil drivers from interaction with the
aggregator. City-Mobil drivers point out the
following downsides: low fares (and therefore
low income), problems with supervision and
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Fig. 1. Dynamics of passenger CSI by own base
for City-Mobil, Uber, Yandex.Taxi (December 2020 — December 2021).
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Fig. 2. Dynamics of NPS by own base for drivers
of City-Mobil, Uber and Yandex.Taxi (December 2020 — December 2021). Source: City-Mobil.



low number of orders in general (compared to
Yandex.Taxi and Uber).

The above-mentioned indices are designed
to evaluate the perceived quality of platforms
based on one-time passenger surveys carried
out by taxi aggregators. Apparently, the for-
mula of service quality evaluation for a com-
pany should be defined in a more strict way
and calculated on dynamically obtained data,
to which the company would have access at any
time.

After each ride, a passenger is invited to rate
the ride in the aggregator’s client mobile app
on a scale from 1 to 5 stars. Customers can put
a rating immediately after the ride, or they can
get back to it after a while. The passenger may
also select tags from the list provided or write
his or her own comment to substantiate the rat-
ing. Depending on the rating given, the offered
tags are changed: examples of tags for different
ratings are shown in Fig. 4.

The quality of service over time by days or
by weeks may be evaluated by a Bad Trips Rate
(BTR) value, which is calculated using the for-
mula:

BTR=P,,, (3)

where P, is the percentage of bad rides from
the total number of rides.

Bad rides include all rides, where: 1) the pas-
senger has put a rating of 1—3 (such scores are
perceived as a signal of unsatisfactory platform
use experience); 2) the passenger has contacted
customer support with a problem from “Qual-
ity Standard Violations” and/or “Safety Stand-
ards Violations.” Categories “Quality Standard
Violations” and “Safety Standards Violations”
include all problems related to drivers’ behav-
ior and skills (rudeness, smoking in the vehicle,
aggression, traffic violation, illness, inadvert-
ence, etc.), vehicle condition (dirtiness inside
the vehicle, bad smell, technical issues, etc.)
or order procedures (monetary cheating of the

client, no ride given, failure to pay change in
cash, etc.)

Unfortunately, this metric should not be
used as a quality indicator for a certain driver,
because additional research has shown that
it depends strongly on the driver’s number of
rides: the more rides, the lower BTR value.

In order to evaluate quality of a certain driver
without reference to the number of rides, one
more special metric can be used: CAD (Con-
version after Driver), which is customer conver-
sion to another ride after a ride with a certain
driver. CAD is calculated according to the for-
mula:

CAD = %4.100%, (4)
N

d
where ns, is the number of passengers who took
another ride within less than 60 days after a ride
with driver d

N, is the number of passengers who took a ride
with driver d.

The results of analysis of this metric can be
used to categorize drivers into two groups with
maximum difference in their influence on pas-
senger loyalty.

The first group consists of drivers with high
conversion rate CAD € [80%, 100%]. Such driv-
ers take orders with high rates, work fewer
hours per day on average (6 or less), are highly
discriminative in ride selection. But the main
thing is that they do rides of higher quality.
Also, such drivers work longer with the aggre-
gator.

The second group consists of drivers with low
conversion rate: CAD € [0%, 20%]. Such driv-
ers have lower income, work more hours per
day on average (seven or more), are less dis-
criminative in ride selection, but do rides of
lower quality according to feedback and ratings
given by passengers. Such drivers remain with
the aggregator for a shorter period of time.



Driver rating can be called the quality indi-
cator of service provided by the driver with
regard to satisfaction of passengers from the
services provided. That’s why for a passen-
ger, driver rating is a signal of how well a cer-
tain driver can satisfy a ride request in terms
of safety and comfort. When making an order,
passengers pay attention to the rating and
would likely reject the ride with a driver who
has a low rating (according to their value judg-
ment).

Research of drivers’ attitudes towards rat-
ings [8] has shown that around 60% of driv-
ers check their rating on a daily basis, since
they realize its importance for successful
work. They intend to maintain a high rating
by keeping the vehicle clean both inside and
outside, keeping smells in the normal range,
by politeness and proper conduct, careful
driving and passenger care. Research has also
shown that drivers are often unable to find
out why they got a bad rating, so they treat
the idea of a rating system negatively and
think that some passengers use it to humiliate
and discriminate against drivers. As a result,
a drop in their rating spoils their mood and
doesn’t motivate them to improve their qual-
ity of service.

2. Rating system model

Currently, all major companies in the Rus-
sian taxi aggregator market have their own
driver rating system which makes calculations
based on classical approaches of time series
analysis.

Time series is a collection of observations
generated sequentially over time [10]. Thus,
ratings of a certain driver d obtained from pas-
sengers are a random value which forms a dis-
crete random time series that can be denoted
as: {r,[t]}, where r, {1, 2, 3, 4, 5}. The time
series {r,[f]} can be treated as an implementa-
tion of a certain random process quantified by

the driver’s ratings r,[7] generated by a hidden
probabilistic mechanism. In this study, we do
not make assumptions on the nature of the pro-
cess under consideration, in particular regard-
ing its stationary or a more complex non-sta-
tionary behavior [11, 12].

Let us define the axis of discrete running time
t, integer values of which will mean sequence
numbers of rides done by drivers. Let us denote
the rating of driver d at the moment of time ¢
as R [7]. Value R [7] is formed on the basis of
processing a time series of r,[7] ratings with
account taken of the following variables:
S [¢] means the driver’s state in RS;

Am,[t] means the number of the drivers’
amnesties at the moment of time #;

TH is the threshold value R, [7], at which the
driver is allowed to work with the platform;

TA,[t] is the moment of the driver’s latest
amnesty since the decrease of his/her rating
below the threshold value;

MA means the maximum number of amnesties
for a driver;

NA means the duration of adaptation and
recovery period;

RN means a novice’s rating during the adapta-
tion period;

RA means the driver’s rating immediately after
amnesty, which is valid during the recovery
period.

2.1. Monitoring of driver state
within the platform

The variable describing the driver state moni-
tored by RS assumes values from a finite alpha-
bet {N, A, B, C}:

N (newbie) — the driver works with the platform
and has a newbie status;

A (active) — the driver works with the platform
in rating calculation mode;



B (blocked) — the driver is blocked: this state
appears when R [¢] < TH on a certain step;

C (correction) — the driver works with the plat-
form in a recovery period, i.e. within a certain
period after amnesty.

Figure 3 demonstrates a finite state machine
graph implementing the driver’s transition
between the states. The square brackets con-
tain the conditions for transition to another
state. If neither of the transition conditions
is met, the driver’s state remains the same:
S[t]1=S8,[t—1].

{N, A, C} forms a subset of states, in which the
driver is allowed to do rides, and time 7increases
by one with every ride. States in this subset dif-
ferentiate by rating calculation method and time
duration measured by the number of rides dur-
ing which the driver can remain in every state.
The driver may potentially stay in active state A4
for an infinite period of time, unless and until
an exit condition is triggered due to a low rating.
At the start of work of each unique driver d, the
system performs initialization: Am [f] = 0, TA,
[¢] = 0. The accepting state of the graph is state
B, in which the driver loses the ability to do rides
if the number of amnesties received by him/
her has not exceeded the maximum number
of amnesties MA set in the system. If the num-

[t > NA

[> TA,[1] + NA]

ber of amnesties received by the driver does not
exceed MA, then the driver may leave this state
if he makes an amnesty request. REQA denotes
a Boolean variable assuming ‘true’ value when
a driver makes such a request. After that, the
driver usually has to undergo additional train-
ing provided by the aggregator in order to get
the amnesty officially, and only after that he/she
would be able to work with the platform again.
However, the process of such training will not be
reviewed in this study, and the state graph actu-
ally demonstrates this event as continuation of
the driver’s work in state C after the amnesty.

2.2. Linear rating
calculation model

Linear digital filtration is a simple but effec-
tive way to process the time series of ratings
given by passengers to a driver. Such a pro-
cedure allows for effective smoothing of a
sequence of ratings by generating an average
value. This provides an opportunity to reduce
the influence of random situational factors on
the overall driver rating.

The formula for calculation of the current
value of rating R [7] depends on the driver’s
state S [7], as shown in (5):

[R,[1] < TH]

[REQA & (Am,[f] < MA))]
{TA 1] =1, Am_[1] = Am [1] + 1}

Fig. 3. Driver state graph in the rating system.
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S winlr, [ -,

n=—0

(Sd[t] =A)V(Sd[t] =B);
RN, NS,[t]=N;
RA’ Sd[t] = C;

R,[1]= (5)

where w[n] are the ratios of a weighing func-
tion, which, taken together, comprise an
impulse response function (/RF) of an equiv-
alent linear time-invariant (L77) filter [13]
that converts the input digital signal 7 [7] into
output signal R [7] by linear digital convolu-
tion.

The choice of IRF w[n] completely defines
the LTI filter’s behavior, and in certain sit-
uations, in case of quite general qualitative
description of the desired conversion, it hap-
pens to be possible to set requirements for /RF.
Since, in order to form the driver rating R, [7]
in active state (A4) based on observation over
his/her ratings r,[f] for a certain preceding
period of time, the LTI filter responsible for
such formation must perform a smoothing
conversion. In this case, the following require-
ments apply to its /RF.

Firstly, the applied LT7T filter must be a causal
system [14], i.e. at n < 0: w|n] = 0, which is

due to the impossibility of knowing the values
of the input signal in future moments of time
when calculating the output value in the cur-
rent moment of time.

Secondly, /RF readings must be non-nega-
tive: vn: w|n] =0, which is due to the semantic
content of overall rating as a result of accumu-
lation of a time series of rating values.

The third requirement for the filter’s /RF is
the condition of its norming;:

iw[n] =1,

n=—o

(6)

which allows one to receive values of rating
R[] within the range of rating values ., [¢].

The simplest selection of /RF for calculation
and semantic interpretation is an /RF imple-
menting a smoothing filter of a simple moving
average, SMA, calculated based on the last W
readings of the input signal:

1
—0<n<W-1
win) = SMA, [m =W " .

0,n>W.

(7)

Table 1shows driver rating calculation meth-
ods used by major taxi aggregators present in
the Russian market as of January 2022.

Table 1.

Rating calculation by major aggregators
in the Russian market in January 2022

e Smoothening  Averaging Threshold Adaptation
method window width W value TH period NA
Yandex.Taxi [16] Weighted moving average 150 44 50
Uber [17] Simple moving average 500 46 100
Gett [18] Simple moving average 150 46 50
City-Mobil [19] Simple moving average 200 46 30
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3. Example of a driver’s
rating evaluation

As an example, let us consider the following
parameters of a rating system: we use a simple
moving average window (7) with parameter
W = 200, threshold value TH = 4.6, adapta-
tion period duration NA = 30 and maximum
number of amnesties MA = 3. Figure 4 shows
the rating time series of a driver from the group
with high conversion rate. It can be noted that
such a driver’s rating has never decreased to
less than the threshold value marked by the
dashed line on the diagram. The initial section
of continuous rating 4.9 is due to the adapta-
tion period. In addition, the diagram shows
the value of the estimated rating which can be
obtained by using the first line of formula (5)
without regard to the driver’s actual state in the
system.

Figure 5 shows the rating time series of a
driver from the group with a low conversion
rate. It can be noted that such a driver’s actual

Rating, R, [7]

5.0

49

48

47

46

rating has never decreased below the thresh-
old value marked by the dashed line on the
diagram, immediately upon expiration of the
adaptation period. After an amnesty, the recov-
ery period has started, during which the driv-
er’s rating was set equal to RA=4.7.

4. Estimation of rating
system effectiveness

A/B test carried out in February 2022 [15]
provided an opportunity to check whether or
not the theoretical evaluation of the effect of
implementing the new rating system is con-
firmed by actual changes of service quality
metrics.

The A/B test was carried out on a group of
drivers who had done at least 250 rides in City-
Mobil for the period from November 2021 to
January 2022 in St. Petersburg [8]. The test
was carried out during five weeks, since in that
period drivers were getting enough ratings for
calculation of overall rating in various ways. In

0 50 100

| | | Trip number, ¢

150 200 250 300

Actual rating

Estimated rating

Fig. 4. Variation of rating of a driver with high conversion rate.
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Fig. 5. Variation of rating of a driver with low conversion rate.

that period, a sufficient quantity of observa-
tions was accumulated for evaluation of statis-
tical significance.

For test group A, the rating was calculated
with the use of an RS having the following
parameters: W= 100, T= 4.6, A= 2. For test
group B, the rating was calculated with the use
of preselected parameters: W= 200, T = 4.6,
A = 3. The main metric that was checked for
variation was the driver’s BTR. Such a choice
is due to the fact that the drivers selected for
testing had almost an equal number of rides.
The hypothesis for the A/B test was formu-
lated as follows: the BTR value in a test group
would undergo statistically significant reduc-
tion, because the rating would become more
sensitive due to the reduction of moving aver-
age window width, and drivers would monitor
the quality of service provided better, while the
main parameters of drivers, such as a driver’s
number of rides per day, percentage of accepted
orders from the total number of orders, do not
change.

The selected drivers were randomly split into
groups A and B in 50/50 percentage. Five weeks
later, the results were analyzed. The metric in
test group A turned out to be 23.52% less than
in test group B, while the main parameters
showed almost no change. The values obtained
for the main metric for the groups are shown
in Fig. 6.

BTR %
25 _

20 -

15—

10_ .................

mean(BTR_A) mean(BTR_B)

Fig. 6. Comparison of average BTR values
of two groups of drivers.




Nevertheless, it is also important to check
the statistical significance of the observed
variation in order to make sure that it was not
caused by a mere accident. It was required
to check null hypothesis H about equality of
average distributions { BTR} ,and {BTR} , i.e.
H: mean(BTR,) = mean(BTR,). In this case,
a parametric test was used for hypothesis
check — Student’s t-test. As a result, the esti-
mated value p = 0.034 attests to the fact that
the null hypothesis is rejected when choos-
ing typical significance level a = 0.05, since
p<a.

Therefore, variations in the metric by groups
may be deemed statistically significant, while
mean(BTR,) > mean(BTR,). This allows us to
conclude that the approach reviewed in this
study provides an opportunity to build a rating
system in which variation of parameters can
have a statistically significant influence on the
quality of service provided by the taxi aggre-
gator.

Conclusion

The rating system model proposed in this
study is built upon the driver state graph, which
implements the driver’s transition between
states upon fulfillment of expressly defined
conditions. The method of driver rating cal-
culation depends on the driver’s current state.
It was shown that for the basic active state of
the driver, the task can be formalized as a task
to determine a digital filter described by its
impulse response function. The basis of digi-
tal filtering of a time series of ratings is formed
by a smoothing procedure intended to form a
value which would integrally reflect the quality

of service provided by the driver within a cer-
tain period of time. This provides an oppor-
tunity to reduce the influence of random and
situational factors on the overall driver rating.
The advantage of the resulting rating system
model is that its adaptation can be achieved by
using a limited set of parameters that define its
operation: the form and duration of impulse
response function of a digital filter, threshold
value of rating, permitted number of amnes-
ties, duration of periods of driver’s adaptation
and recovery after amnesty.

The results of effectiveness analysis of the
proposed rating system performed on actual
data through an A/B-test on a group of driv-
ers have shown that the new rating system
would allow a company to improve service
quality indicators by at least 5% due to selec-
tion of other parameters of the rating system.
This may potentially improve such an indica-
tor as lasting value of a company due to the
attraction of new drivers and passengers. It
is important to note that development of a
mathematically formalizable model of a rat-
ing system is an important step that opens
up opportunities for further research in this
direction, and specifically for optimization
of rating system parameters in order to obtain
quality indicators ensuring the achievement
of strategic business goals of a taxi aggrega-
tor company. m
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Abstract

In the period 2020—2022 the Russian economy has been facing the new, unprecedented challenges
of coronavirus and sanctions. In order to analyze the current state of affairs, we are offering an
econometric study of Russia’s macroeconomic production function for 1990—2022 and an estimation
of the marginal rate of technical substitution under internal and external restrictions associated with
the spread of the Wuhan coronavirus (SARS-CoV-2) and the conduct of Russia’s special military
operation in Ukraine, accompanied by increased sanctions pressure on the Russian economy. We have
obtained several significant results. In the years 1991—1996 the marginal rate of technical substitution
was increasing, and in 1997—2020 it was decreasing except for 2008—2009 and 2015. In the context
of the Wuhan coronavirus pandemic, the main reasons for the Russian economy’s decline in 2020
and growth in 2021 were, first of all, fluctuations in the world crude oil price, and not the Wuhan
coronavirus pandemic as such. We did not find any evidence that the decline in the world crude oil price
in 2020 was caused by a decrease in demand from China, since Russian oil exports to China increased.
Contrary to many negative forecasts, the results of our forecasting of Russia’s GDP for 2022 show
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that under sharply increased sanctions pressure, with the world price of Urals oil at $60 per barrel, the
average growth rate will be 0%, while at $70 it will be 4%, and at $80 it will be 7%. Under the reduced
demand for Russian gas and the shutdown of the Nord Stream 1 gas pipeline, the forecast volumes of
gross natural gas production by Gazprom (excluding Gazprom Neft) in the Tyumen Region for 2022,
based on the exponential production function studied by econometric methods, range from 364 to
392 billion cubic meters. Using the example of Great Britain, where in 2021 the average actual export
prices for Russian oil and gas were the lowest compared to other Western European countries, we
discuss the economic inexpediency of setting marginal prices for Russian energy products by Western

consumers.
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Introduction

n econometric study of the mac-

roeconomic production function

is one of the most important com-
ponents of economic analysis and forecast-
ing the dynamics of the development of any
country’s national economy, including Rus-
sia, especially in the unprecedented socio-
economic realities of 2020—2022, i.e. under
internal and external restrictions associated
with the Wuhan coronavirus (SARS-CoV-2)
pandemic and the conduct of Russia’s spe-
cial military operations in Ukraine, accom-
panied by increased sanctions pressure on
the Russian economy from many of Russia’s
Western and overseas neighbors. A number of
studies by Russian and foreign scientists are
devoted to the study and the analysis of eco-
nomic and mathematical models of produc-
tion functions (for example, [1—6]). In our
publications [7—9], we have studied the pro-
duction function of the Russian economy in
regard to the world price of Brent crude oil for
1990—2019. It is commonly known that 2019
was marked by the appearance, and 2020 was
marked by the active spread of the Wuhan

coronavirus, later named SARS-CoV-2 by
virologists [9]. The socio-economic crisis
which appeared during the pandemic did
not bypass Russia. After some restoration of
the world economy in 2021, the socio-eco-
nomic crisis began to flare up again from the
end of February 2022. That was mainly due
to the sharply increased external economic
and foreign policy pressure on the Rus-
sian national economy from the majority of
Western countries, which disagreed with the
launch of Russia’s special military operation
in Ukraine on February 24, 2022. Thus, it
seems relevant to offer an econometric study
of the macroeconomic production function
of Russia for the period 1990—2021, cover-
ing the first two years of the pandemic, and
to predict Russia’s GDP for the first year of
reinforced sanctions (2022).

1. Production function
and statistics

For 1990—-2021, we are offering an econo-
metric study of the macroeconomic produc-
tion function in regard to the world price of
Brent crude oil [7—9]



Y =AnZ, )YV,"YeSO' (1)
by the least squares method based on the statis-
tical data of 7able 1,

where Y is Russian GDP in constant 1990
prices for year ¢,

Z is average annual value of Russian economy
fixed assets in constant 1990 prices for year #;

n,is the average annual rate of use of produc-
tion capacities in Russian industry for year #;

V. is the average annual number of people
employed in the national economy for year #;

O, is the world price of Brent crude oil in 2010
US real dollars for year .

Statistical data is presented in 7able 1. Meth-
odological features of the processing of time
series of initial data for the purpose of their
comparability are given below.

Average annual value of fixed assets. The cal-
culation of the average annual value of fixed
assets for 2020—2021 in constant prices was
carried out according to the same methodol-
ogy as in our previous works [7—9] (Table 2).
Note that the value of the average annual price
index in capital construction (now for invest-
ment products), which we calculated for 2020
using the Rosstat methodology (1.055), differs
slightly from the value presented by Rosstat
itself (1.057) due to the possible clarification of
statistical data.

Average annual number of people employed in
the national economy. Due to the 2016 change
of the methodology for calculating the aver-
age annual number of people employed in the
national economy by Rosstat, in order to pro-
ceed to an accurate comparison with the data
for previous years, we calculate the values for
2017—-2021 based on Rosstat’s average annual
growth rates for these years.

Average annual rate of use of production
capacities in Russian industry. We also note that
in 2020—2021 there was a significant multidi-

rectional dynamic of the average annual rate
of use of production capacities according to
the Russian Economic Barometer (REB), the
data of which we have been using since 1992
[10, p. 11], and according to Rosstat. Thus,
according to the Russian Economic Barome-
ter, the average annual rate of use of produc-
tion capacities increased from 79% in 2020 to
84% in 2021, which is the highest since 1992
[13]. At the same time, the average rate of use
of production capacities of industrial enter-
prises (OKVED C + D + E) n,, decreased
from 62% in 2020 to 59% in 2021. To calculate
it based on Rosstat data, we used the formula
N Lo +Np Ly +0g 2y,

gy = ?
ZCI + ZDf + ZE{

where n, n, , n, are arithmetic averages of
the average monthly rate of use of production
capacities for 12 months in year ¢ according to
OKVED C, D and E, respectively;

Z.,,Z,,Z, arethe average annual availabil-
ity of fixed assets at constant prices in year ¢

according to OKVED C, D and E, respectively.

This difference in the dynamics of the indi-
cator may be explained by the fact that manu-
facturing enterprises predominate in the sam-
ple of the Russian Economic Barometer [14],
and in the Rosstat sample fixed assets of extrac-
tive industries have the largest weight (38%),
and extractive industries account for the larg-
est decrease in the level of use of the average
annual production capacity: from 64% in 2020
to 59% in 2021 (7able 3). At the same time,
we do not know whether the Rosstat sample
includes oil and gas companies, since Ross-
tat does not publish data on their production
capacities. Thus, in our econometric study of
function (1) for 1990—2021 we consider two
values of the average annual rates of use of
production capacities in 2021: the first is 84%
according to the Russian Economic Barome-
ter, and the second is the value equal to 75%
which is obtained by multiplying the value of
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Table 1.
Statistical data for 1990—-2022

Year (z) ’07,$/bb’ n,% ’ Z , million rubles V., thousands of people Y, billion rubles

1990 28.65 100 1871649 75325 644
1991 24.50 100 1957288 73848 612
1992 23.14 73 2009054 72071 523
1993 19.72 74 2030396 70852 478
1994 18.91 61 2014984 68484 47
1995 18.57 60 1995229 66441 400
1996 22.90 54 1983823 65950 386
1997 2222 54 1967098 64639 391
1998 15.48 55 1953216 63642 371
1999 22.10 62 1953747 63963 3%
2000 35.54 66 1962932 64517 434
2001 31.89 69 1976006 64980 456
2002 32.99 70 1993845 65574 477
2003 36.24 73 2015564 65979 512
2004 45.05 74 2040209 66407 549
2005 62.07 76 2074736 66792 584
2006 72.72 78 2119496 67174 632
2007 76.18 80 2169707 68019 686
2008 94.95 77 2229842 68474 722
2009 64.13 65 2292706 67463 665
2010 79.64 72 2350079 67577 695
2011 99.97 78 2416816 67727 725
2012 101.61 79 2499424 67968 750
2013 99.21 78 2581327 67901 760
2014 91.59 77 2644159 67813 765
2015 53.65 75 2673133 68389 744
2016 46.98 77 2696319 68430 742
2017 55.91 79 2730170 68127 753
2018 70.01 78 2762511 68016 7
2019 64.37 79 2853595 67388 781
2020 273 79 2976450 65953 757
2021 70.04 84/75 3081807 67155 793
2022 (forecast) | 60/70/80 * 85/76 3205079 66845 See Table 6

Sources: for 1990-2019 see [9], for 2020-2021 see Tables 2, 3 [10, p. 111, [11, pp. 49, 260], [12] Rosstat website (https://rosstat.gov.ru/labour_force).
* For 2022 the price forecast of Urals crude ol is presented in nominal US dollars (i.e. excluding the depreciation of t he US dollar) instead of Brent il price.

85



BUSINESS INFORMATICS Vol. 16 No. 4 — 2022

Table 2.
Average annual value of fixed assets of the Russian economy
in constant 1990 prices for 2020—2021
(for a full range of enterprises and organizations)
Year ‘ 2020 ‘ 2021

Availability at the beginning of the reporting year 344 257 518 372 337 039
At full book value | Commissioning of new fixed assets 18 505 278 22 863 184
in actual prices,
million rubles” Liquidated fixed assets 1275 458 1515663

Availability at the end of the reporting year 361 804 806 397 315 582
Producer price index for capital construction, year as a multiple of the preceding year ? 1.055 1.051
Index of actual revaluation of fixed assets,year as a multiple of the preceding year ® 0.984 1.029

Availability at the beginning of the reporting year 2928 336 3024 564
Atiull book value | missioning of new fixed assets 165 949 194 993
in comparable

rices - .
gi 1990, million Liquidated fixed assets 69 720 80 507
-d inated

s oo | Availabiliy at the end of the reporting year 3024564 | 3139049

Average annual value 2976 450 3081807

Source: "EMISS database (https://fedstat.ru/), 2 Authors’ calculations according to Rosstat methodology,

% The authors’ calculations according to the methodology [7-9].

the indicator for 2020 according to the Russian
Economic Barometer (79%) by the growth rate
of the indicator for 2021 according to Rosstat
(59%/62% = 0.952) (see Table 3).

2. Results of the econometric
study: econometric
and economic analysis

The results of the econometric study of
function (1) are presented in 7able 4 and in
Figs. 1, 2.

1. For the time period 1990—2020, which
includes the first year of the coronavirus pan-

demic, the OLS estimates of the coeffi-
cients of the production function (1) remain
almost unchanged compared to 1990—2019:
the coefficient of neutral technical progress
A slightly increases from 0.00058 to 0.00059,
the elasticity of GDP with respect to fixed
assets y remains at the level of 0.80, and the
coefficient at the world price of Brent oil
0 remains equal to 0.003. In 1990—2020, all
arguments of the production function remain
statistically significant according to Student’s
t-test (Figs. 1, 2). Compared to 1990—2019, the
values of r-statistics of the coefficient of neu-
tral technical progress and elasticity of GDP
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Table 3.

Recalculation

REB’s 1,
2020 64 61 60 | 43390182 | 40706473 | 30820307 | 62.14 - 79
2021 59 60 59 47718229 | 45125113 | 33547120 | 59.19 | 0.95247798 75
2022 58 61 62 n/a n/a n/a 60.00 | 1.013725079 76

(9 month) ' ‘
Sources: EMISS database (https://fedstat.ru/), Rosstat website (https://rosstat.gov.ru/leading_indicators), [10, p. 11].
Note: We calculate the rate of use of production capacities for 9 months of 2022 based on fixed assets for 2021.
Table 4.

Time period, years

Results of an econometric study of production
function (1) for 1990—2021

Coefficients and (in brackets) z-statistics

0.00058 0.80 0.003
1990-2019 (~41) (13) 7) 0.96 1.24
0.00059 0.80 0.003
1990-2020 (~47) (15) 7) 0.96 1.24
At the average annual rate of use of production capacities z,,,, = 84%
0.00067 0.75 0.003
1990-2021 (~47) (14) 7) 0.96 118
At the average annual rate of use of production capacities z,,,, = 75%
0.00060 0.79 0.003
1990-2021 (~49) (15) 7) 0.96 1.22

Sources: for 1990-2019 see [9], for the remaining years we have made calculations based on the data in Table 1.

Note. Econometric study results for the time intervals from 1990 up to 2000-2018 see [9], Figs. 1, 2.
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Fig. 1. Coefficients A and y of function (1) for 1990-2021.
Source: [9] and Table 4.

with respect to fixed assets increases, and the
value of #-statistics of the coefficient of the
world price of Brent oil remains unchanged.
The values of the coefficient of determination
(R*=0.96) and Durbin-Watson test (DW= 1.24)
remain at the same level.

2. For the time period 1990—2021, which
includes the first and the second coronavi-
rus pandemic years, we offer two options for
an econometric study of the parameters of the
production function (1). That is due to signifi-
cant differences in the directions of dynamics
of the average annual rate of use of production
capacities in the Russian industry for 2020—
2021 published by the Russian Economic
Barometer and Rosstat.

2.1. At the average annual rate of use of pro-
duction capacities of 84% in 2021, published
by the Russian Economic Barometer, for

1990—2021 the coefficient of neutral techni-
cal progress goes up to 0.00067, the elasticity
of GDP with respect to fixed assets decreases
to 0.75 and the coefficient at the world price of
Brent crude oil remains unchanged at the level
of 0.003 (Figs. 1, 2). The coefficient of deter-
mination remains at the level of the previous
year (R?=0.96), while the value of the Durbin-
Watson statistics declines (DW = 1.18).

2.2. At the average annual rate of use of pro-
duction capacities of 75% in 2021, which we
calculated by multiplying the 2020 REB’s rate
by the Rosstat’s rate of decline in the level of
average annual rate of use of production capac-
ities, there is a slight change in two parame-
ters of the production function compared to
2020. Thus, the coefficient of neutral techni-
cal progress rises from 0.00059 to 0.00060, the
elasticity of GDP with respect to fixed assets
falls from 0.80 to 0.79, and the coefficient at
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the world price of Brent oil does not change
and remained at the level of 0.003 (Figs. 1, 2).
The coefficient of determination also remains
unchanged (R?> = 0.96), while the value of the
Durbin-Watson statistics slightly decreases
(DW =1.22).

Thus, during 1990—2021, at the two con-
sidered values of the rate of use of production
capacities of Russian industrial enterprises, the
degree of dependence of Russia’s GDP on the
world crude oil price remains unchanged. The
rate of 75% has almost no effect on the con-
tribution of labor and capital to the expanded
reproduction of GDP and the innovation-
driven activity of the economy. However, at the
rate of 84%, the innovation-driven activity of
the national economy accelerates, the contri-
bution of capital to the expanded reproduction
of the Russian economy falls, and the con-
tribution of labor, on the contrary, increases,

i.e. there is a certain substitution of capital for
labor. In this regard, it seems to us relevant to
assess the marginal rate of technical substitu-
tion of factors in the Russian economy.

3. Marginal rate
of technical substitution
for 1990-2020

Let us calculate the marginal rate of techni-
cal substitution of labor for capital according to
the formula [15]

mrRS = Yo
-y nz,

(2

for 1990—2020 on the basis of the statisti-
cal data from 7able 1 and the OLS estimate of
elasticity of GDP with respect to fixed assets
of function (1) for 1990—2020. The calculation
results are presented in Table 5 and Fig. 3.
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Table 5.
Marginal rate of technical substitution
of factors in 1990-2020

Years _— 2, MTRS
1—y 4 1
1990 4 248 0.161
1991 4 26.5 0.151
1992 4 20.3 0.197
1993 4 21.2 0.189
1994 4 17.9 0.223
1995 4 18.0 0.222
1996 4 16.2 0.246
1997 4 16.4 0.243
1998 4 16.9 0.237
1999 4 18.9 0.211
2000 4 201 0.199
2001 4 21.0 0.191
2002 4 213 0.188
2003 4 22.3 0179
2004 4 22.7 0176
2005 4 236 0.169
2006 4 246 0.163
2007 4 25.5 0.157
2008 4 25.1 0.160
2009 4 22.1 0.181
2010 4 25.0 0.160
2011 4 27.8 0.144
2012 4 29.1 0.138
2013 4 29.7 0.135
2014 4 30.0 0.133
2015 4 29.3 0.136
2016 4 30.3 0.132
2017 4 31.7 0.126
2018 4 317 0.126
2019 4 33.5 0.120
2020 4 35.7 0.112

Source: the authors’ calculations based on formula (2) and data from Tables 1, 4.
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As is known, in a market economy under a
constant volume of output and caeferis pari-
bus, the marginal rate of technical substitution
of production factors tends to decrease. And
although we are considering the marginal rate
under a changing volume of GDP, we can draw
the following conclusions. In 1991—1996, there
is an increasing trend in this indicator, which,
in our opinion, is associated with the structural
transformation of the Russian economy under
the transition from a centrally-planned to a
market economy, accompanied by a large-scale
denationalization of property. For 1997—2020
in general, there is a downward trend, with the
exception of 2008—2009 and 2015. In 2008—
2009, the Russian national economy, like the
entire world economy, experienced the finan-
cial and economic crisis, and the growth of the
marginal rate of technical substitution was the
result of the adaptation of the Russian econ-
omy to its consequences. Since 2014, after the
reunification of Crimea with Russia, the Rus-
sian economy has been subjected to significant
external economic pressure from most of West-
ern countries, and therefore some increase in
the marginal rate of technical substitution in
2015 illustrates the adaptation of the Russian
economy to the new sanctions, and this adapta-
tion turned out to be quite successful. It should
be noted that in 2020, during the Wuhan coro-
navirus pandemic, the marginal rate continued
to decrease, which indirectly indicates that the
Russian economy was more easily able to adapt
to the coronavirus than to the 2014 sanctions,
although both were accompanied by economic
recession.

4. Ex-post forecasts
of Russian GDP for 2020—-2021:
causes for the decline in 2020
and growth in 2021

As we noted earlier, a distinctive feature of
the macroeconomic production function (1)
in 2001—-2019 is not only the closeness of the
ex-post forecast GDP values to the actual ones,
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Fig. 3. Estimation of the marginal rate of technical substitution in Russia based on function (1) in 1990-2020.
Source: Table 5.

but also the coincidence of the dynamics of the
ex-post forecast output with the dynamics of
the actual one [7—9]. Such proximity and the
same direction of dynamics are also observed
in 2020—2021 (7able 6, Fig. 4).

Indeed, ex-post forecasts for all training sam-
ples show a decrease in Russia’s GDP in 2020
and its growth in 2021, and at a rate of use of
production capacities of 84% the ex-post fore-
cast GDP grows faster than at a 75% (Table 6).
Thus, it becomes clear why the average errors
of the ex-post forecast for the test samples until
2021 at the 84% rate exceed the average errors
at the 75% rate. The average errors for the test
samples up to 2020 are in the range from 0.5%
to 6.6%. Against the backdrop of constancy of
OLS estimates of the macroeconomic produc-
tion function (1) in 1990—2020, the main rea-
son for the decline in GDP for 2020 was the fall
in world oil prices from $64.37/bbl. in 2019 to
$42.73/bbl in 2020. Thus, we cannot say that

the Wuhan coronavirus spread was the main
reason for the economic downturn in Russia.
At the same time, the quarantine and isolation
restrictions imposed by the central and regional
authorities from late March to early June 2020
had a noticeable negative impact on the activi-
ties of public catering establishments, trade in
non-food products, services and some types
of transport [16, p. 252, 260; 17]. The great-
est damage was inflicted on small and medium-
sized enterprises in the above mentioned as well
as in other sectors of the national economy.

There is a widely held view that COVID-19,
which emerged in late 2019 in Wuhan, China,
and the strict quarantine and isolation restric-
tions imposed by the PRC authorities, led to
a decrease in demand for oil and petroleum
products from China, which greatly contrib-
uted to a decrease in the world price of oil and
a global recession [18]. However, the following
fact testifies against this point of view. Accord-
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ing to the Russian Federal Customs Service!,
exports of Russian crude oil to China increased
from 70.6 million tons in 2019 to 75.3 mil-
lion tons in 2020 (in 2021, exports amounted
to 71.0 million tons), and Russian natural gas
exports increased from 0.3 billion m? in 2019
to 3.5 billion m? in 2020 and to 8 billion m? in
2021. Thus, in 2020 there was an increase in
Chinese demand for oil and gas from Russia,
despite strict quarantine in China. That does
not support the idea that the Wuhan coronavi-
rus is one of the main reasons for the fall in the
world oil price through a decrease in Chinese
demand for it. Our point of view is also con-
firmed by the results of an econometric study
[19], which did not reveal a direct impact of

the Wuhan coronavirus spread on the world
market and the price of oil; it revealed only
an inverse relationship between the frequency
of the pandemic’s mention in Internet search
engines and the world oil price.

Returning to the forecast strength of Rus-
sia’s macroeconomic production function (1),
it should be noted that the increase in ex-post
forecast GDP in 2021 was mainly due to an
increase in the world oil price from $42.73/
bbl. in 2020 to $70.04/bbl in 2021. In addition,
growth was facilitated by an increase in the
average annual number of employees from 66
million people in 2020 to 66.9 million people
in 2021. Ex-post forecast GDP growth in the
first version of the forecast was strengthened by

! See the website of the Federal Customs Service of the Russian Federation

(http://stat.customs.gov.ru/analysis).
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an increase in the average annual rate of use of
production capacities from 79% in 2020 to 84 %
in 2021, and in the second version of the fore-
cast, GDP growth was somewhat weakened by
a decrease in this rate to 75% in 2021 (Fig. 4).
The average ex-post forecast errors of function
(1) for 2021 vary from 1.4% to 6.5% (at a rate of
use of production capacities of 75%) and from
3.4% to 12.9% (at a rate of use of production
capacities of 84%).

Thus, according to the results of the econo-
metric study of function (1) and ex-post fore-
casting based on it, the main reasons for the
decline of Russian GDP in 2020 and growth in
2021 were fluctuations in the world oil price.

At the same time, since the end of Febru-
ary 2022, the Russian economy has been sub-
jected to multiply increased sanctions pressure
due to the disagreement of the governments of
a number of European and American coun-
tries with the Russia’s special military opera-
tion in Ukraine which started on February 24,
2022. This sanctions pressure was further exac-
erbated by explosions organized by interna-
tional terrorists at vital Russian and interna-
tional transport infrastructure facilities, which
partially disabled the Crimean Bridge and
completely deactivated Gazprom’s main pipe-
line gas transportation facilities, Nord Stream
1, and one of the two lines of Ready-to-oper-
ate Nord Stream 2 (in accordance with the ter-
minology adopted by the company, hereinaf-
ter PJSC Gazprom means the parent company
and Gazprom means the group that includes the
parent company and its subsidiaries).

The current difficult conditions require from
the Russian economy as well as from the Rus-
sian government and Russian businesspersons
new solutions to successfully and effectively
overcome the negative consequences of foreign
economic, political and financial restrictions
imposed and newly introduced from abroad.
Among them we can point out the increase in
the well-being of the population and the main-

tenance of positive rates of economic growth.
Meanwhile, according to Rosstat estimates,
Russia’s GDP in the first half of 2022 decreased
by 0.4% compared to the same period in 2021
[20, p. 6]. It seems to us extremely important
and relevant to give a forecast of Russia’s GDP
for 2022 based on the macroeconomic produc-
tion function (1) that we have studied.

5. Econometric forecasting
of Russian GDP for 2022

For the purposes of forecasting Russia’s GDP
for 2022, we chose the values of the factors of
the macroeconomic production function (1) as
follows (7Table I).

1. Average annual value of fixed assets. We
assume that the average annual value of fixed
assets in 1990 constant prices is growing at
the same average annual rate as in 2020 and
2021. For these years, the average annual rate
was 4%. Then the forecasting average annual
value of fixed assets of the Russian economy (in
constant 1990 prices) for 2022 will be equal to
3205 079 million rubles (7able I).

2. Average annual rate of use of production
capacities in the Russian industry. For 2022 the
rate of use of production capacities of Russian
industrial enterprises was calculated, as for
2021, in two versions. In the first option, we use
REB’s data — the average value for 7 months
of 2022, equal to 85% [10, p. 11]. In the sec-
ond option, we calculate the average rate value
according to the level growth rate according to
Rosstat, which is the ratio of the average rate
value for 9 months of 2022 to the average rate
value for 12 months of 2021 (7ables I and 2).

3. Average annual number of people employed.
The forecast rate of change in the average
annual number of people employed in the
Russian economy in 2022 was calculated as
the ratio of the average number of labor force
aged 15 years and older in the 1% half of 2022
(74 795.356 thousand people) to the same



indicator for 2021 (75 142.615 thousand peo-
ple). This rate is equal to 0.995. Thus, the fore-
cast average annual number of employees for
2022 will be equal to 66.845 thousand people
(Table 1). In turn, the average labor force for
the 1st half of the year is calculated on the basis
of Rosstat data? as the arithmetic mean of the
labor force for the 1% and 2™ quarters of the
corresponding year (Q1 2021 — 75 034.1 thou-
sand people, Q2 2021 — 75 251.2 thousand
people, Q1 2022 — 74 698.4 thousand people,
Q2 2022 — 74 892.4 thousand people). The
expected decline in the number of people
employed in the economy for 2022 is to some
extent due to the outflow of some insignificant
part of the labor force from Russia to abroad in
March and October 2022.

4. World crude oil price. Instead of the world
price of Brent oil in 2010 US dollars, we con-
sider the world price of Urals oil (excluding the
depreciation of the US dollar). That is due to
the significant discrepancy (discount) formed
in 2022 between the quotations of these two oil
types. We will consider three scenarios for the
world price of Urals oil: $60, $70, and $80 per
barrel (7able I). The first scenario is consist-
ent with the irresistible desire of US Treasury
Secretary Dr. Janet Yellen to purchase Russian
oil by all over the world at any price less than
$60 per barrel [21]. The third scenario corre-
sponds to the forecasts for 2022 of the Ministry
of Finance of Russia [22, p. 36]. And the sec-
ond scenario is the average of the other two.

So, function (1) gives the following fore-
casts of Russia’s GDP for 2022 with errors
range from 1.5% to 7% (Table 6, Fig. 5). At a
world price of Urals crude oil of $60 per bar-
rel and at a rate of use of production capacities
of 76% and 85%, GDP growth rates will range
from —1% to 2%. At a world crude oil price of
$70 per barrel and the rate of use of production
capacities of 76% and 85%, the growth rate of

2See Rosstat website (https://rosstat.gov.ru/labour_force).

GDP will range from 3% to 4%, and at a price
of $80 per barrel and the rate of use of produc-
tion capacities of 76% and 85%, the growth
rate will range from 6% to 8%.

In other words, at both rates of use of produc-
tion capacities and at a price of $60 per barrel,
the average growth rate of Russian GDP will
be equal to 0%, at $70 per barrel there will be
a natural growth of the economy with an aver-
age rate of 4%, and at $80 per barrel, the aver-
age economic growth rate will be equal to 7%
(Table 6).

Thus, at world prices for Urals oil rang-
ing from $60 to $80 per barrel, the macroeco-
nomic function of Russia (1) does not predict
any significant economic downturn, contrary
to the negative forecasts of some of our foreign
colleagues, in particular, English ones, expect-
ing a fall in Russia’s GDP of at least 6% [23].
Our forecasts are consistent with the point of
view of Academician S. Yu. Glazyev, who,
speaking at the Moscow Academic Economic
Forum on May 16, 2022, expressed the follow-
ing idea: “Now Western forecasting centers
are imposing a suicidal trajectory on us. Some
say — minus 10% of GDP, others already say —
minus 20% of GDP. This bacchanalia of neg-
ative forecasts should not program us for fail-
ure” [24, 25].

6. Discussion and forecasting
of natural gas production
by PJSC Gazprom
in the Tyumen region for 2022

It should be noted that we consider the rate
of use of production capacity only in industry,
since data is not collected for other sectors of
the Russian economy, including air transport,
trade of imported goods and the banking sys-
tem, which were affected to some extent by
sanctions. In addition, the rate of use of pro-
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duction capacity, which we are considering for
2022, may not take into account the capacities
of oil and gas producing enterprises, includ-
ing PISC Gazprom subsidiaries reporting to
Rosstat on the annual forms 1-TEK (oil) and
2-TEK (gas). When in the first half of 2022 the
volume of production of Russian oil increased
by 3.3% (according to Rosstat [26, p. 21])
and the volume of its export rose by 10—12%
(according to various estimates [27, slide 3])
compared to the same period previous year, the
volume of natural gas production decreased
by 6.6% (according to Rosstat [26, p. 21]) and
the volume of its export to non-CIS coun-
tries fell by 31% (according to Gazprom [28])
compared to the same period previous year. In
this regard, the real rate of use of production
capacities in 2022 may be lower than the value
considered by us, and, therefore, the growth
rates forecast of Russia’s GDP may be some-
what lower. Indeed, as a result of the refusal of
many European consumers to purchase Rus-
sian gas in 2022, caused by the disagreement

of the governments of their countries with the
conduct of Russia’s special military operation
in Ukraine, their unwillingness to buy gas from
PJSC Gazprom for Russian rubles, as well as
the disabling of two strings Nord Stream 1 and
one line of Nord Stream 2, the volumes of gas
produced by PJSC Gazprom have significantly
decreased. Obviously, the main reduction in gas
production will occur in the Tyumen region,
where, as of January 1, 2022, PISC Gazprom
produced more than 90% of its gas. According
to the forecasts [29] made on the basis of the
production function of the form [30]:

_ A B+yGioss, 12
I =e'D/]

3)

where [ is gross natural gas production for
year t;

@ is the average annual value of fixed assets in
constant 1990 prices for year #;

Gy ., 18 cumulative natural gas production

since 1963 up to year 7 — 1;



and according to the statistical reports of
Gazprom 3, in 2022 natural gas production by
Gazprom (excluding Gazprom Neft) in the
Tyumen region will be range from 364 to 392
billion m?* (Fig. 6, 7).

We give these forecasts for 2022 on the
basis of training samples for 1985—1991 and
1985—1993, since in the test time intervals of
1992—2021 and 1994—2021 function (3) has
the smallest average ex-post forecast errors
among all training samples (Figs. &, 9).

It should be noted that in [32], on the basis of
an econometric study of function (3), the sus-
tainability of the goals of the strategic develop-
ment of the Gazprom gas production complex
in the Tyumen region since 1985 was substan-
tiated. This stability is due to stability of the
parameters of function (3) over time, as well as
the proximity and similarity of the directions of
the dynamics of the actual and ex-post forecast
gas production (Fig. 6). The negative dynamics
of ex-post forecast production observed since
2015 and fluctuations in actual production rel-
ative to its curve (Fig. 6) indicate a forced stra-
tegic reduction in gas production by Gazprom
due to several causes: (1) the uncertainty of
export supplies to Europe, which increased
sharply after the reunification of Crimea with
Russia, (2) lack of delays in the commission-
ing of export pipeline capacities, (3) a refusal
to buy Russian gas by some European con-
sumers against the backdrop of Russia’s spe-
cial military operation in Ukraine, and, finally,
(4) the disabling of Nord Stream 1 as a result
of explosions organized by international ter-
rorist groups that benefit from the destruc-
tion of long-term cooperation in the gas sector
between Russia and Europe. It should be noted
that all these negative actions of unfair compe-

tition are aimed at weakening one of the most
efficient global oil and gas companies — Rus-
sian Gazprom, which, as empirically proven in
[33, 34], since 1993 in the field of gas produc-
tion has been a highly efficient energy com-
pany characterized by growing coefficient of
neutral technical progress, declining unit cost
of gas production at new fields and minimal
production costs, the marginal and average
values of which coincide and do not depend
on the volumes of gas produced. We empha-
size that, unlike the Russian Gazprom, we are
not aware of similar econometric studies on
other domestic and foreign oil and gas compa-
nies that would justify the increasing trend of
their innovation-driven development and their
being at the point of minimum cost for a quar-
ter of a century.

At the same time, despite all these temporary
difficulties, Russian Gazprom has been, is and
will be a reliable supplier of natural gas, able to
meet the demand for it from both Russian and
foreign consumers in a timely manner.

In this regard, it is impossible to ignore the
fact that in 2021—2022 a significant part of
Western and overseas consumers of Russian oil
and gas are striving to agree on a “price cap”
(maximum price) for these energy resources or
to completely abandon them. For many centu-
ries, these Russia’s foreign partners have been
trying to buy Russian raw materials as cheaply
as possible, and in return to sell small volumes
of manufactured products at the highest pos-
sible prices. Here, the most illustrative exam-
ple is the United Kingdom, whose principles
of economic policy towards Russia were quite
accurately disclosed by Dr. Adam Smith back
in the 18th century. Smith wrote: “To Rus-
sia, for example, we send fine linen and other

3 Statistics for 1985—2008 and the methodology for recalculating fixed assets into comparable prices are given in [30,
31]. For 2021, fixed assets were taken into account in accordance with RAS of Gazprom Dobycha Nadym LLC and
Gazprom Dobycha Yamburg LLC (receipt of own fixed assets and the difference between leased fixed assets at the end
and at the beginning of the year, taking into account their actual revaluation by PJSC Gazprom and its subsidiaries),
as well as the commissioning of new fixed assets of PJSC Severneftegazprom. Fixed assets of LLC Gazprom Dobycha
Urengoy and LLC Gazprom Dobycha Noyabrsk were not taken into account due to the lack of statistical information.
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Fig. 6. Forecast for 2022, ex-post forecast for 1992—2021 and actual gross

natural gas production by Gazprom (without Gazprom Neft) in the Tyumen region according to function (3)

studied in 1985—1991, billion cubic meters.
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manufactured goods, and for a small quan-
tity of these receive, in return, great quanti-
ties of unmanufactured goods. This kind of
trade is very advantageous, because goods in an
unmanufactured and rude state afford employ-
ment and maintenance to a great number of
persons” [35, p. 247].

The economic and trade policy of England
remains the same today. Thus, according to the
Federal Customs Service of Russia*, in 2021
Russia exported 12.3 million tons of goods to
the United Kingdom in the amount of $22.3 bil-
lion at an average actual export price of 1.810
dollars per ton, and imported from it 0.5 mil-
lion tons of goods worth $4.7 billion at an aver-
age actual import price of $9.393 per ton. The
bulk of Russian exports were pearls and precious
metals ($17.3 billion), fuel and energy minerals
and ores ($3.7 billion), and most (at least three-
quarters) of imports from the UK amounted to
finished goods (at least $3.5 billion).

We should note that Russia sells oil and gas
to the United Kingdom at a significant dis-
count, i.e. much cheaper than to other Western
European countries. Thus, calculations based
on the data of the Russian Federal Customs
Service show that in 2021 the average export
price of Russian natural gas in gaseous state
supplied to the United Kingdom ($131.56 per
thousand cubic meters) was approximately at
the same level of the average price of gas sup-
plied by Russia to the allied Belarus ($131.78
per cubic meters) (Fig. 10). In 2020, the aver-
age price of Russian gas for the British, which
amounted to $105.96 per thousand cubic
meters, was even lower than for the Belaru-
sians ($130.73 per thousand cubic meters). In
2021, Belgium was in second place in terms of
the cheapness of Russian natural gas: the aver-
age export price for it was $143 per thousand
cubic meters. Moreover, according to the Rus-
sian Federal Customs Service, in 2021, the

average export prices for Russian liquefied nat-
ural gas and crude oil to the United Kingdom
amounted to $185 and $457 per ton, respec-
tively, which are lower than the average export
prices of these energy resources sold by Russia
to Belgium ($197 and $547 per ton), to France
($198 and $477 per ton), to the Netherlands
($236 and $463 per ton) and to Germany (oil —
$483 per ton), which are geographically closer
to Russia (Fig. 10).

Against this background, the desire of the
British government to refuse to import cheap
Russian energy resources or to buy them even
more cheaper does not look economically justi-
fied. The recent seizure of Russian assets in the
UK is even more unjustified. In early Novem-
ber 2022, the British government seized Rus-
sian assets worth £18 billion [23], comparable
in size to the volume of all Russian exports to
the UK in 2021 ($22.3 billion). Thus, Russia,
having a positive trade balance with the UK
and a number of other states and leaving the
income from its net exports in these countries
instead of investing in the growth of its own
national economy, incurs significant losses over
the years [36], which, as we may see, increased
manifold in 2022 after the arrest of Russian for-
eign exchange reserves and other assets in many
European countries and the United States.

Under these new conditions, Russia has the
opportunity to revise its economic policy, to
lower its centuries-old export dependence on
raw materials and to transit to a new techni-
cal order [25] taking into account the active use
of its significant production and rich scientific
potential.

Conclusion

In this paper, we offered an econometric
study of Russia’s macroeconomic production
function (1) in the unprecedented socio-eco-

4 See the website of the Federal Customs Service of the Russian Federation (http://stat.customs.gov.ru/analysis).



USD dollars per unit of good

400

300

100

GB BE CH

Great Britain Belgium Switzerland

Natural gas in gaseous state

Germany

[ Liquefied natural gas

= . Country
NL AT FR
Netherlands Austria France

Crude oil and crude oil products

Fig. 10. Average export prices for Russian energy resources
for Western European countries in 2021, USD per ton
(natural gas in gaseous state — USD per thousand cubic meters)

Source: calculations based on data from the Federal Customs Service of Russia (http://stat.customs.gov.ru/analysis).

nomic realities 2020—2022, i.e. under inter-
nal and external restrictions associated with
the Wuhan coronavirus (SARS-CoV-2) pan-
demic and the conduct of Russia’s special
military operation in Ukraine, accompanied
by increased sanctions on the Russian econ-
omy from many Western countries. We also
estimated the marginal rate of technical sub-
stitution for 1990—2020. The results of our
econometric study, ex-post forecasting for
2020—2021 and forecasting for 2022 show the
following:

1. In 1991—1996 there was an increase in the
marginal rate of technical substitution, and in
1997—2020 we observed its decrease except for
2008—2009 and 2015. Its growth in the early
1990s we explain by the structural transforma-
tion of the Russian economy in the context of

the transition from centrally-planned to mar-
ket economy, accompanied by a large-scale
denationalization of property. Increase in
the marginal rate of technical substitution in
2008—2009 was a consequence of the reaction
of the Russian economy to the global finan-
cial and economic crisis, and in 2015 it was a
consequence of the adaptation of the national
economy to external sanctions pressure that
began after the reunification of Crimea with
Russia.

2. During the Wuhan coronavirus pandemic,
the main reasons for the Russian economy’s
decline in 2020 and growth in 2021 were fluctu-
ations in the world oil price: its decline in 2020
and increase in 2021. Our analysis refutes the
widespread view that one of the main reasons
for the decline in the world oil price in 2020



was the reduction in Chinese demand for it, as
the export of crude oil from Russia to China
increased in 2020 compared to 2019.

3. Contrary to many negative forecasts, the
results of our forecast of Russia’s GDP for
2022 based on the macroeconomic produc-
tion function (1) show that under a sharply
increased sanctions pressure, at the world price
of Urals crude oil at $60 per barrel, the aver-
age growth rate will be 0%, at $70 per barrel,
natural economic growth will be observed at
an average rate of 4%, and at $80 per barrel,
the average economic growth rate will be equal
to 7%. The average forecast errors range from
1.5% to 7%.

4. Under reduced demand for Russian gas
and the shutdown of the Nord Stream 1 gas
pipeline, the forecast volumes of gross natu-
ral gas production by Gazprom (excluding
Gazprom Neft) in the Tyumen Region for 2022
based on the exponential production function
studied by econometric methods (3) range
from 364 to 392 billion cubic meters. Average
forecast errors do not exceed 5%.

5. Using the example of Great Britain, where
in 2021 the average actual export prices for
Russian oil and gas were the lowest compared
to other Western European countries, we dis-

cuss the economic inexpediency of setting
marginal prices for Russian energy products by
Western consumers.

6. Under the current new conditions, Russia
has the opportunity to revise its economic pol-
icy, reduce its centuries-old export dependence
on raw materials and transit to a new techno-
logical order using Russia’s significant produc-
tion and rich scientific potential.

The results of our study may be used by rele-
vant ministries and departments, large compa-
nies and other interested organizations for eco-
nomic analysis and forecasting of the national
economic and sectoral dynamics, as well as for
developing the foundations of Russia’s new
economic policy under the new unprecedented
coronavirus and sanctions conditions. m
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Dear colleagues,

HSE University is pleased to announce a call for proposals
to take part in the 24" International Academic Conference
on Economic and Social Development (hereinafter the
“24" Yasin Conference” or the “Conference”).

The Conference will be held jointly with Russian corporations,
as well as research and consulting institutions.

The key events of the 24" Yasin Conference
will be taking place
in Moscow from April 4 to 14, 2023.

At the 24" Yasin Conference, reports on new research results will be presented and discussed. These
reports will be selected through reviews of proposals (the requirements can be found below). Furthermore,
the Conference’s programme traditionally features expert discussions of the most pressing economic, social,
internal and external issues, involving state officials and leading Russian and foreign experts, as well as
honorary reports by distinguished academics from all over the world and various associated events.

The Conference’s events will be held in Russian or English. Certain discussions will be bilingual
and will feature simultaneous translation services.

With a view to involve participants from Russia’s various regions and all over the world,
as well as bearing in mind that certain epidemiological restrictions still may be in effect,
the 24" Yasin Conference will be held in a hybrid format.
Most sections and other events will be held face-to-face, but there is an option
for some speakers and other participants to join streaming sessions online.

For the 24" Yasin Conference, as was in previous years, a call will be announced for proposals
to support participation in the Conference of young academics from Russia’s regions.
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The sections of the 24" Yasin Conference will be focused on the following areas:

¢ Arctic Studies; ¢ Law in the Digital Age;

¢ Public Administration, Local Self-government & Healthcare;
and NGOs;
# Regional and Urban Development;
¢ Demography and Job Markets;

. . ¢ Smart City;
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¢ Macroeconomics and Macroeconomic Policy; ¢ Social Policy;
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We Kkindly invite you to join the Conference as a listener.

To submit your application as a listener, please,
register at the HSE University’s Conference system until March 31, 2023:
http://conference.hse.ru

Conference fees.

Listeners have to pay conference fee to attend the events of the XXIV Yasin (April)
International Academic Conference on Economic and Social Development.

The amount of fee is RUB 2,000 (by March 1, 2023) or RUB 2,500 (after March 1, 2023).

The detailed information about the Conference is available at the official web-site: https://conf.hse.ru/



