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Abstract

Gross domestic product is one of the most important indicators of the national accounts system.
It characterizes the final result of productive activity of domestic economic units and measures the
value of goods and services produced by these units in the country for a certain period of time for
final use. The paper considers an algorithm for constructing a linear stationary model in terms of the
state space for describing behaviour and predicting labour productivity state depending on the capital-
labour ratio and labour costs, instead of describing the object given by the three-factor non-linear
Cobb-Douglas model. In addition to a general construction of a dynamic model the algorithm in-
cludes the description of the procedures in the form of recursive formulae allowing calculation of
variance magnitudes for the dynamic noise, the measuring system noise and the initial state of the
investigated object behaviour on the basis of statistical time series data related to labour productivity.
An example shows that the proposed model provides more efficient prediction estimates of labour
productivity values compared with the prediction estimates calculated using a three-factor non-linear
regression model. The numerical calculations of the accuracy of prediction estimates were made using
an absolute percentage error and the Teil formula for both the three-factor Cobb-Douglas model and
the model in the form of the state space. The calculations showed more accurate prediction estimates
and more adequate filtering estimates for the model in terms of the state space.

Keywords: Cobb-Douglas model, three-factor model, dynamic model, state space, noise vari-
ance, Kalman filter, absolute percentage error, Teil formula

INTRODUCTION

In macroeconomic interpretation the gross domestic product (GDP) is one of
the most significant indicators in the system of national accounts, it characterizes
the final result of the productive activity of economic units-residents and measures
the cost of goods and services produced in the country for a certain period of time
by these units for the final use. The level of economic development of a country
and general welfare of the nation depend on GDP.

" Received 22 February 2018.
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However, a more qualitative and accurate measure showing the material pros-
perity of the citizens of any country compared to GDP is the GDP calculated per
capita. Therefore, the study of GDP volume and dynamics using mathematical
models is an important subject of statistical analysis.

However, a more qualitative and accurate measure showing the material pros-
perity of the citizens of any country compared to GDP is the GDP calculated per
capita. Therefore, the study of GDP volume and dynamics using mathematical
models is an important subject of statistical analysis.

For this purpose it is necessary to solve at least two problems: the first is to
determine the

dependence of the GDP on the most significant factors to get a high enough
adequacy with statistical data; the second is to construct efficient GDP prediction
estimates which would allow predicting economic development of the country for
the years to come.

For this purpose it is necessary to solve at least two problems: the first is to
determine the dependence of the GDP on the most significant factors to get a high
enough adequacy with statistical data; the second is to construct efficient GDP pre-
diction estimates which would allow predicting economic development of the
country for the years to come.

To solve the first problem, the significant factors are: the amount of capital
assets in production and the number of employees engaged in the production. So
for US manufacturing industry of 30-s the economists Ch. Cobb and P. Douglas
constructed the two-factor nonlinear regression dependence for the industrial pro-
duction yield [1]:

Y=A4-K% [7*, (1)

where Y is the industrial production yield in terms of cost; L is the number of
employees engaged in production; K is the amount of capital assets used in pro-
duction; A4, o are the model parameters determined by statistical data.

In this case, the scale parameter A characterizes the model's degree of uncer-
tainty from the point of view of completeness of the factors affecting an yield vari-
able. It is noted in [1] that the alue of this parameter is close to 1, that suggests that
the capital-labor ratio and the number of employees factor sufficiently accurately
determine the production yield.

At the same time, the author of [1] for the purpose of decreasing the degree of
uncertainty of the model (1) proposed to include in the model the new factor - the
labour cost of the workers engaged in the economy. Using such factor in the model
is indeed very important owing to the fact that salaries are the main incentive for
employees to work. As a result, the author of [1] proposed a new formula in the
form of a three-factor nonlinear regression dependency:

o p
Lo(ST(S)
L L L

where S is the new factor characterizing the labor cost of workers engaged in the

economy; A" is the new scale factor; o is the elasticity coefficient for the capital-
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labor; B is the elasticity coefficient for the workers labor cost function. Other vari-

ables of expression (2) are explained above.

The author of [1] noted that formulae (1) and (2) do not always adequately re-
flect the true dependence of labor productivity on the capital-labor ratio and the
workers’ labour cost. For example, in the field of education other approaches and
formulae based on other factors should be used. In this paper, we would like to
mention two more drawbacks in models (1) and (2): first, these models are based
on statistical data that are random, and the GDP calculations can be distorted; sec-
ondly, it is not possible to use these formulae for calculating the industrial produc-
tion yield prediction estimates because of the regression formulae nonlinearity and
the need for accurate calculations of predicted values for other factors included in
the formulae (1) and (2).

To solve the second problem, concerning calculation of the labour productivi-
ty prediction estimate, we propose in this paper to use linear stationary models in
terms of state space (SS). Therefore, the authors describe an algorithm for con-
structing the dynamic models in terms of SS on the basis of statistical data taking
into account stochastic nature of all factors presented in the three-factor nonlinear
regression model for calculation of the prediction estimates and the most reliable
filtered estimates for the labour productivity.

It is practically not possible to make absolutely accurate prediction estimates
for TS values. Therefore, an important task is to study the accuracy characteristics
of prediction and filtered estimates for various types of models. The reliability of
the chosen model to predict future TS values is assessed by periodic comparison of
actual and predicted values, and by possibility of adjusting the prediction estimates
for TS. The selected model type should provide the most accurate prediction esti-
mate, as only in this case, the prediction estimate would be useful. Criteria for
evaluating the accuracy of predicted TS values on the basis of different model
types have to consider the predicted values scatter. The predicted values scatter is
determined by the difference between the actual observed values and prediction
estimates values calculated on the basis of the considered models.

Degrees of reliability and quality of TS values prediction estimates are calcu-
lated using different indicators. One of such quality indicators is the absolute per-
centage error (APE):

X — X

APE = 100 %, 3)

X

where x; is the real actual TS value; X is the predicted TS value.

Error coefficient for the predicted estimates values as compared with the actu-
al TS values can also be calculated using Teil formula [2]:

1

{li(xk—fck)z}z
L=—"t1k - (4)

1
n N n o
n k=1 n k=l
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The closer the Teil coefficient is to zero, the closer are the corresponding values in
the predicted and actual TS. The calculated coefficient L proved to work for both
the statistical and qualitative retrospective predictions.

1. FORMULATION OF THE PROBLEM

It is well known from scientific literature the two-factor regression relation-

: .. Y : . K .
ship between the labour productivity — and the capital-labour ratio — [3]. This de-
L L

pendence is known as Cobb-Douglas equation. The model takes into account two
most important economic factors - capital assets and labour. However, the main
motivation to work is the possibility to gain income in the form of remuneration of
labour. Thus, the three-factor Cobb-Douglas model is considered in [1] and takes
into account person and society motivation through the remuneration of labour fac-
tor. The author of paper [1] uses the following derivatives of the abovementioned

. Y ... K . L
economic factors: — — the labour productivity; — — the capital-labour ratio with
L L

the elasticity coefficient 0 < oo <1 and for the three-factor model one more factor is

S . . . .
added — — the amount of remuneration with the elasticity coefficient 0 <f <1.
L

As a result new nonlinear regression dependence of productivity on the capital-
labor ratio and remuneration amount was derived in [1].

In practice, all annual values of the factor variables may be conveniently pre-
sented in the form of TS values. For example, paper [1] provides for annual statis-
tical data on Y, L, K, S taken from [4]. Using these data, the author of paper [1]

calculated the unknown scale factor 4", the capital-labor ratio elasticity coefficient
o, the remuneration of labour elasticity coefficient . The following values were

obtained: A" =0.9911, & =0.5196, B =0.5303.
Using the equation (2) and statistical TS data on capital-labour ratio, on re-
muneration of labour, and the calculated values of the coefficients 4™, o, B it is

possible to calculate the labour productivity prediction estimate. However, the reli-
ability of such prediction estimate is low owing to several reasons: first, the statis-
tical uncertainty of Y, L, K, S data is not taken into account; second, the known

Y . . . . .
values for — TS variance are not used; third, there is no in the equation (2) the
L

variable representing the labour productivity change rate which could have been a
basic element enabling prediction estimate calculation for the investigated object.

Therefore, for calculation of the most reliable labour productivity prediction
estimates the authors propose using a linear stationary model in terms of state
space (SS).
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2. ETHOD FOR CONSTRUCTING LINEAR STATIONARY
MODEL IN TERMS OF SS

Let us consider a linear stationary model in terms of SS as:

W0y =a-x(t) +b-u(t)+c-2(t) +d +w(t), x(t) =7, )

V(te) = X)), e €t ty], k=12,...,N, (6)
where {x(t)zfm:%, u(r)=k(r)=%), z(r>=s(r>=%, reliy]i:
) = ) =)y Y ma(), k=12, N} F is the ex-

L(¢ k+1)
pected mean of the initial state. To clarify the economic nature of the variables in
the model (5), (6) we are going to consider below all other variables after some
transformation of the three-factor model (2).

2.1. TRANSFORMATION OF THE THREE-FACTOR MODEL
INTO THE MODEL IN TERMS OF SS

Let use new notations for the variables in equation (2)

Y K S,
{—l:ﬁ’ _l:kl’ —l=Sl, l:1,2,,N}
L; L;

1 ]

Then the equation (2) can be rewritten as:
fi=A (k)" (s5;)P, i=1,2,...,N. (7)
Let us take a logarithm of both sides of (7). We obtain the following equation:
log(f;) =log(A4™)+alog(k;)+Blog(s;), i=1,2,...,N. (8)

Let us introduce additional notations: ff; =log(f;); a=1log(4"); kk; =log(k;);
ss; =log(s;), izl,_N.
Using the last notations the expression (8) is written as:

jﬁ:a"‘a'kki"'ﬁ'ssi’ i=1,2,...,N. )

The relation (9) is written in a purely deterministic form without considering the
random nature of TS statistical data {ff;, i=1,2,...,N}, {kk;,i=L2,...,N},
{ss;, i=L2,...,N}.

In order to take into account the random nature of the labour productivity TS
behaviour we will use the stationary model in terms of SS that takes into account
the object dynamics noise in additive form, assuming that they are white and
Gaussian, the initial conditions obey Gaussian law and that the observation noise is
also white and Gaussian.
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First, we introduce the notion of TS data change rate for the values of labour
productivity. Let us denote the average change rate of the output values of measur-
A _Ax
At At
in the range from ¢ to ¢t +Af, where Af=f(t;+Af)—f(¢;). Using
{At=t;,1—t;=1, i=1, N—1} and assuming that {x(k;)=f(k;), i=1LN} we
can write the model in terms of SS taking into account stochastic effects on TS data
in (5), (6):

x(t) =

ing system observing behaviour of the investigated object as pgp, ~

x(ti11)—x(8;)

liv1 — 4

=a-x()+a-u@)+B-z@)+d +w(t), x({)=x, (10)

and considering that Az =1 the equation (10) takes the form
x(tig)—x(t)=a-x(@)+o-u@)+B-z(@)+d +w(t), x(4)=x,

x(tiy)=(+a)-x(@t;)+b-u(t;)+c-z(t;) +d + W), x(t) =X,
or
x(tip)=ay-x(t)+b-u(t)+c-z(t;)+d +wt;),  x(4) =X, (11)

V(i) =x(ti) +v(tiy), t €t ty], i=12,...,N, (12)

where ¢; is the discrete point in time; x(¢;) is the discrete value of the investigated
object state characterizing the labour productivity; x(#) =X; is the initial object's
state corresponding to the labour productivity expected mean at the start time point
#; and assuming to follow Gaussian law with unknown variance P(t))=F; w(t;)
is the white Gaussian sequence with zero mean and unknown variance Q ;

fu(t;),i= I,_N} is the first input sequence of discrete values characterizing the capi-

tal-labour ratio with the elasticity coefficient 0<a <1; {z(t;), I,_N} is the second
input sequence of discrete values characterizing the remuneration of labour with
the elasticity coefficient 0<B<1; {¥(t;)=/(),i =1,_N} is the sequence of dis-
crete values of the measuring system output; {V(¢;), i =1,_N} is the white Gaussian
sequence with zero mean and unknown variance R; a,a,,d are the unknown
coefficients in the dynamics model (11); N is the sampling size.

Given that all statistical TS data {ff;, i=L2,...,N}, {kk;,i=1,2,...,N},
{ss;, i=L2,..., N} are random in nature we can include the aggregate random-
ness in the additive term of the object's dynamic noise {wW(#;), i=L2,...,N-1},

while all unaccounted factors of the model (11) we can include in the free additive
term d.

Thus, the function (2) is converted to the linear model in terms of SS, for
which it is proposed to use the following algorithm for recursive calculation of all
variances [5] necessary for solving equations according to the Kalman filter
scheme [6], and calculation of the coefficients gy, a, 3, d in the model (11) using

the least squares method (LSM).
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2.2. CALCULATION OF NOISE VARIANCE ESTIMATES
FOR DYNAMICS OF OBJECT AND MEASURING SYSTEM

In order to solve the problem of estimating the state and predicting the main
indicator of the dynamic system, the Kalman filter scheme is used for which the
model's parameters estimates as well as characteristics of the noise of the dynamics
and the measuring system should be known. Therefore, in this Section, for building
one-dimensional stochastic linear stationary model in terms of SS, we will consider
the recursive algorithm for estimating the variances of noise of the object dynamics
and the measuring system on the basis of discrete observations data of the given
sampling size.

We will represent the model of the investigated object in the continuous-
discrete form (5), (6). Note that the simplified differential equation, without con-
sidering the two input effects on the state of the investigated object in the ratio (5)
and given the loose requirements to the accuracy of the model on a given time in-
terval, corresponds to the following averaged differential equation:

x(t)=a-x(1), (13)
with the initial condition
x(n)=x, teln,lyl. (14)
The differential equation (13) can be approximated by the difference scheme
X)) =0 X (1) - (15)

In general, when the equation (13) on the interval is of a vector type and A —
is the matrix of (nxn) size, then (13) can be written in the form:

X(t)=A-X(1).

The condition for building a stable difference equation depends on stability of
the matrix A and can be found in [7].

Let the investigated object model on the given time interval [#;,7y] be repre-
sented by the model in terms of SS as:

X(tq1) = W Xt )+ Wty ) (16)
X(tl)z)_Cl, (17)
V(1) =X(tg) + Wk y), k=0,N-1, (18)

where for the stability reason we assumed that p=0.97; x(#;) — is the true value

of the investigated object state, w(#;)— is the white Gaussian sequence with zero
mean and unknown variance E[(w(tk)z]zca/(tN l[ty)=0; ¥(t) — are the
measuring system discrete output values; v(#;) — is the random sequence with the

unknown mean E[(W(#;)]=¢g and the unknown variance FE [(v(lk ))2]=
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—o? (ty |ty)=R; X(#;) — is the initial state with the expected mean X; and the
unknown variance H .

For estimation of the mean value we form the sequence of pseudo-
measurements in the following way:

v(it) P = y(t) - y(tyy), k=2,3,..N . (19)

The variables' superscripts mean the number of measurements used for the
particular variable formation. Let us suppose that g has constant value. It means

that the following equation can be written:
v(t)? = g+ (1), (20)

Then the estimate for g , assuming its constancy, is determined as follows

. . 1 . _
Gt 10 = Gt | )+ abs(v(t)? =t 14e))s k=2N, Q1)
N(k+1)

with the initial condition g(t; |#;)=0. Finally, g = q(ty |ty).
One can consider the expression for discrepancy (term by P. Eickhoff [8]) of a
simplified three-point filter in the form:

1 1
(1)@ = y(1) T W)~ yt), k=34, (22)

The mean value of the discrepancies: E[v(tk )(2)] =q, E[v(tk )(3)]= %q .

It was shown in [5, 9] that E[(v(tk)@) —%qj(v(tk)(z) — q)} =%va. Then the se-

quence for measurement of the variance G%V is determined in the following way:
()™ = 2[v(tk)(3> —%a}(tk | zk>j(v<rk)(2) ~3(t|1)), k=34, N, (23)

and the estimate for the constant variance Gw2 can be calculated by the formula

. . 1 . —
St | 1) = 6ty [ 1) + ;( Y™ =S5t 1 to)) s k=3,N, (24)

with the initial condition &2 (1, |7,)=0. Finally, O~ o2 (ty |1y).
It was shown in [5, 9] that E[(v(tk)(z) - q)z] =202 + va =2R+ Q. Thus, the

sequence:

2
) =2 (0@ =t )] 8 )|, k=238 @9)
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can be considered as the variance measurements sequence for which

o2 (ty |ty)=R, in this case the estimate, under the accepted assumption on its
constancy, is calculated by the recursive formula:

. n 2 . —
c%mww:o%%Awho+;w4wa”—c%%4whﬂy k=2,N, (26)

with the initial condition &2 (t;14)=0. Finally, R~ o’ nlty)-

There is left to obtain the estimates for the initial state noise P(f]) . As the es-
timate for the initial state noise variance we can take the estimate for the object's

. . . . 2

dynamics noise variance, i. e. P(t;)=P(t;|t))=6,,(t; 1) = 0.

The discrepancies coefficients of the second terms in relationships (21), (24),
(26) sometimes require some correction depending on the absolute values of dis-
crete observations.

The efficiency of the algorithm described above will be checked on the test
example using a Kalman filter algorithm for the simplified model of the form (16)—

(18). In this case the prediction estimates for one step X(#;,; |#;) can be calculated
according to the following Kalman filter formulae:

Mpqp 1) =1 Xty [ ), (27)
Xt [4)=y1), (28)
Mgy | ter1) = Xt gqy 1 85) + K (i) V(1) = X(tgiq 121)) (29)

while the filter amplification coefficient, the variances for prediction and filtered
estimates are calculated with the formulae:

Pt 1)

K(tgy1) = % ) (30)
Pt 115+ 67 (Mt [ 151)
P(tgyr | 6) =1 - Pty | 6) + 65t st (31
Pl 1) =631 1), (32)
Pty 1) = A=Kt ) Py 12) k=0, N -1. (33)

Thus, the algorithm for estimating the noise variances of the dynamics and
measuring system with subsequent application of the Kalman filtering involves the
following steps:

1) formation of the simplified filter discrepancies sequences v(tk)(z) and

v(tk)(3) according to the expressions (19) and (22);

2) estimation of the mean value of the increase of the measurements sequence
terms by ¢ according to (21);
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3) construction of the centered discrepancies values products according to the
formula (23);

4) estimation of the model's dynamics variance G%‘, according to the expres-
sion (24);

5) construction of the measuring system’s noise variance discrepancies se-
quences according to the formula (25);

6) estimation of the measuring system's noise variance o2 based on (26);

7) estimation of the initial state noise variance by the equation (32);

8) construction of the considered entities in the form of the filtered estimates
using the relations (27)—(33).

2.3. EXAMPLE 1. TESTING THE ALGORITHM ON TEST DATA

Let us consider the model (16)-(18). Let there be a sequence of random varia-
bles {W(#;), k=1,...,51} with the zero mean and the variance Q =0.1 and the

parameter 1 =0.9. Let there be also the sequence v(f;) with the constant mean
q =0.2 and the variance R=0.3. Assuming X(#]) =3 and using the generated ran-
dom sequences w(#; ), v(t;) together with the formulae (16), (18) we obtain the

sequence {y(f;), k=1,...,51}. To the obtained sequence {y(t;), k=1,...,51}
we apply estimation algorithms for: the measuring system's noise expected mean,
the object's state and the measuring system's noise variances, in addition we calcu-
late the coefficient [I using the least-squares method (LSM). The following esti-

mates were obtained after the calculations: ¢ #0.17, 0 =0.11, R~ 0.33, 1 ~0.89.

The results of modeling the measuring system output, the prediction and fil-
tered estimates, with and without considering the systematic error of the measuring
system output, are represented on fig. 1 and fig. 2, correspondingly. It can be seen
from the graphs that the proposed algorithm allows estimating the constant mathe-
matical mean for the measuring system's output sequence and to monitor the state
in the form of the filtered estimates.

3 —
------ cucTeMaTH4ecKas omunoka, g
55k = BBIXOJ] H3MEPHUTEIBHOU CHCTEMBI, J
’ R\ =*='OLICHKH IIpeJACKa3aHuu, Xp
5 h ===0oueHKH QUIbTpamii, X
1.5F
1 -
0.5
0 J
0 55

Fig. 1. The results of modeling the measuring system output, prediction and filtered
estimates taking into account a systematic error of the measuring system output
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3.5
------ cucTteMaTHyeckas omnoka, ¢
3F = BBIXO/{ H3MEPUTEIBHONW CUCTEMBI, }
=*='0OII€HKH NpeACKa3aHuu, XpP
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Fig. 2. The results of modeling the measuring system output, prediction and filtered
estimates taking into account a systematic error of the measuring system output

Thus, in this section the recursive algorithm using the Kalman filter equations
for calculation of the object's dynamics and the measuring system's noise variances
is considered for the one-dimensional case. The algorithm allows calculating the
variances in a recursive form based on the measuring system output data without
any consideration of particular model parameters. The algorithm has been checked
on the test data. In the case of a multidimensional system equations for each di-
mension should be considered separately.

2.4. ALGORITHM FOR CONSTRUCTING A STATIONARY MODEL
IN TERMS OF SS

The algorithm for constructing the model in terms of SS consists of the fol-
lowing steps:

1. Let us choose one significant factor, then with respect to the factor's state
space variable we consider TS sequences of two input and one output data varia-

bles {ff(t;),u(t;)=kk;,z(t;)=sst;),i=1, N} and {y(t;)=f(t;),i=1, N}, corre-
spondingly.

2. Now, assuming that the investigated process state change depends on the
time variable 7, the investigated object's dynamics change rate x(¢;) can be ex-

pressed as the finite-difference relation (11) taking into account initial conditions,
two input factors and additive interference affecting the object's behaviour. Adding
to consideration the measuring system equation (12) the model in terms of SS can
be written in the form of (11) and (12).

The equations (11), (12) represent the investigated object's model in terms of

SS, the model still having unknown coefficients a;, o, 3, d and the unknown vari-
ances of the dynamics noise Q , the measuring system noise R and the initial state
noise P(#;)=F . We have only two inputs, one output data and the sampling size.

3. Using the algorithm described in 3.2 it is possible using only the measuring
system output sequences and the given sampling size to obtain estimates for the

investigated object dynamics error variance Q=0 , the measuring system error

variance R = R and the initial state error variance P(t;)= 131 .
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4. Assuming that {x(¢;) = y(¢;), i=1,N}, considering known data on the two
input sequences and one output sequence, and using the LSM [3] it is possible to
obtain estimates for the dynamics model coefficients (a,a,[3,d) of the equa-
tion (11).

5. The solution to the problem of estimating the investigated object state on
the basis of the Kalman filter equations [5, 6] for the model (11), (12) makes it pos-

sible to obtain the prediction estimates X(#;,; |#;) and the most reliable filtered es-
timates X(f;, |#;,1) concerning the state variable {x(¢;,1), t; €[f,ty], i =1,_N}.

Let us test the described algorithm using the data from ref. [1].

Example 2

Let the process at some interval [#],7y] be described by the non-linear Cobb-
Douglas [1] model of the type f =4 k% -sP where f 1is the output signal, k, s
are two input signals. It is required to compare accuracy characteristics of the pre-
diction estimates obtained by the non-linear regression model (2) and the linear
stochastic model in terms of SS (11), (12).

Solution. For the considered example the estimates for the model (2) coeffi-
cients were obtained with LSM for the TS data

@), k), s(t;) telt,ty], i =1,_N} . The initial observations data are brought
together in Table 1.

Table 1
Macroeconomic indicators Year
2000 2001 2002 2003 2004
Nominal GDP, bln., a.u. (Y;) 7305.6 | 8943.6 | 10817.4 | 13243.2 | 17048.1

Labour force engaged in economy (L; ) | 64.5 65.0 65.6 66.0 66.4

Fixed assets cost (K; ) 16.605 | 20241 24431 30329 32541

Average monthly salary, a.u. (S;) 22234 | 22404 4360.3 5498.5 6739.5

Table 1 (continued)

Macroeconomic indicators Year
2005 2006 2007 2008 2009
Nominal GDP, bln., a.u. (Y;) 216254 | 26880.5 331114 | 41668.0 39064
Labour force engaged in econo- 66.8 672 68.0 68.5 68.7
my (L;) . . . . .
Fixed assets cost (K;) 38368 43823 54246 64553 66489.6
Average monthly salary, a.u. (S;) | 8554.9 10633.9 13593.4 | 17290.1 | 20748.1

They were obtained in [1] using the LSM and the data from [4] the coeffi-
cients of the three-factor Cobb-Douglas formula (2): 4" =0.9911; a=0.5196;
B =0.5303. In this case, firstly, the coefficients values are consistent with TS data

concerning the GDP, the labour force engaged in economy and the fixed assets cost
but the TS data concerning the average monthly salary form the Table 1 are not
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consistent with the calculated values of the coefficients. Therefore, the data that
correspond to the calculated values of the coefficients were reconstructed by solv-
ing the inverse problem, putting it in more details, by recalculating the TS data on
the average monthly salary using the calculated coefficients and the TS data on the
GDP, the labour force engaged in economy and the fixed assets cost. The calculat-
ed TS data for the average monthly salary are represented in Table 1. Secondly, in
[1] the author notes that the data in the table are of stochastic nature and the coeffi-
cients estimates are also approximate owing to their stochastic nature.

The three-factor Cobb-Douglas formula reflects relatively roughly the de-
pendence of the labour productivity on the capital-labor ratio, the amount of labor
force engaged in economy and the labour cost. And using formula (2) for the GDP
(or the labour productivity) prediction leads to a rough estimate. That is why we
suggest using the linear stationary models in terms of SS for calculation of predic-
tion estimates. The model constructed in terms of SS and application of the Kalman
filter scheme allow calculating more accurate prediction estimates for the labor
productivity and corrected and more reliable filtered estimates for the labour
productivity. It should be noted that all variables included in the model (11), (12)
are interconnected and application of the Kalman equations for prediction estimates
allows correcting the estimates and obtaining filtered estimates as more reliable
estimates compared with the prediction estimates for labour productivity calculated
using the non-linear regression model.

But in order to use the Kalman filter equations we have to know the dynamic
model (11) parameters, the dynamic model variance estimate (Q), the measuring

system model variance estimate (R), and the initial state variance ( P(#;) ). Using
the recursive formulae (24), (26), (32) from the paragraph 3.2 one can calculate
estimates for the investigated object's dynamics error variance Q , for the measur-
ing system error variance R and for the initial state error variance P(#;)=F .

It should be noted that it is possible to use various model types in terms of SS.
For instance, the following types can be considered:

x(t+)=a;-x(@)+b-u@)+c-z(t)+w(t), x()=Xx, (34)
or the model of the type
x(t+D)=ay-x()+b-u@)+c-z(t)+d +w(t), x(1)=Xx. (35

The linear stationary model in terms of SS (34) reflects the dynamics behavior
depending on two input signals, although the ivestigated object's dynamics behav-
ior is also affected by other factors too. Therefore, in our opinion, the model in
terms of SS (35) more adequately describes the behaviour of the investigated ob-
ject. More adequate contribution of two input factors TS values on the GDP value
is reflected in the values of the weight coefficients ay,b,c,d .

For instance, the values of the unknown coefficients in the model (34) are:
a; =0.3251; b=0.6419; ¢=-0.0525. As one can see, there is no proportionality

between the contributions of input factors to the investigated object's state dynam-
ics change that is also reflected in the values of weight coefficients which are very
different b and c.
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The calculated using LSM values of the unknown coefficients in the mod-
el (35) are:a; =0.5021; »=0.3692; ¢=0.0186; d =0.408. In model (35) the first
input signal makes significant contribution, the weight coefficient is b, the second
input signal has lesser contribution, the weight coefficient is ¢, and contribution of
the other unaccounted factors is of the order of the free parameter d = 0.408.. The

calculated values of the variances for the model (11), (12) in terms of SS concern-
ing the logarithms of TS data for the labour productivity, the capital-labour ratio

and the labour remuneration are: Q =0.0078, R=0.042878, P(#;)=0.0078. The
logarithms of actual TS data for the labour productivity ( ff;), the capital-labour

ratio (kk;), the labour remuneration (ss;) are represented in Table 2, where the
values are for the RF Crimean region for years 2000-2014.

Table 2
C Year
Macroeconomic indicators 1 2 3 2 5
Labour productivity ( ff;) 47297 4.9243 5.1053 5.1379 5.2010
Capital-labour ratio ( kk; ) 5.4518 5.6752 5.7946 5.9642 6.1015
Average monthly salary, a.u. (ss;) | 3.5940 3.7421 | 3.8795 | 4.0285 | 4.6998

Table 2 (continued)
C Year
Macroeconomic indicators 5 7 3 9 10
Labour productivity ( £;) 5.3180 54001 | 5.5848 | 5.7095 | 5.7720
Capital-labour ratio ( kk; ) 6.1740 6.3056 | 6.4891 6.5977 | 6.7267
Average monthly salary, a.u. (ss;) | 4.9465 5.1316 | 5.4285 | 5.6220 | 5.6491

Table 2 (continued)
Macroeconomic indicators Year
11 12 13 14 15
Labour productivity ( ff;) 5.9211 6.0120 | 6.1504 | 62145 | 6.2959
Capital-labour ratio ( kk; ) 6.8334 6.9402 | 7.0749 | 7.1936 | 7.2354
Average monthly salary, a.u. (ss;) 5.7479 5.7613 5.8874 6.0272 6.0223

Now, basing on the TS data for the all three factors and the sampling size
N =15 let us generate the "real" data for three future years according to the fol-
lowing algorithm. For the all three TS we calculate pseudo-differences (i.e. gener-
ating pseudo-numbers similar to pseudo-random numbers as an algorithm generat-
ing the sequence of numbers which are almost independent of each other and obey
a given distribution law) using the formulae:

P_jr@) =G+~ ()
P _kk(i) = kk(i +1) — kk(i);

P _ss(i)=ss(i+1)—ss(i), i=1,2,3,..., N-1.
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Then for the obtained sequences of pseudo-differences we calculate the
means: mf =0.1119; mk =0.1274; ms =0.1734.

Then for i=1, 2, 3 using the heuristic formulae:
@) =ff(N—-4+i)+1.2mf +0.01-randn(1,1);

kk(i)=kk(N —4+i)+1.2mk +0.01- randn(1,1);
ss(i)=ss(N —4+i)+1.2ms+0.01-randn(1,1);

we generate three future values for each of the three factors ff, kk, ss.

Now everything is prepared for calculating the prediction estimates and fil-
tered estimates using the Kalman filter equations and the model (11), (12).

The calculated predictions estimates and analyses of their quality for the
three-factor non-linear regression model and the model in terms of SS are repre-
sented in Tables 3 and 4.

At first, we consider the accuracy of the labour productivity estimates based
on the non-linear Cobb-Douglas model, then the same consideration for the esti-
mates based on the linear stationary model in terms of SS. According to the model
(2) the following estimates were obtained for the three future years. The estimates
quality is measured by the absolute percentage error for the real and the calculated
values (see Table 3).

Table 3
redictions Prediction for 3 years
Element . . )
Indicators No. 15 ((Y(15)) i-th year (i+1)-th year (i+2)-th year
Real data 38723 33911 38101 42 352
Predicted data 38723 67 835 76711 89 064
Discrepancy 0 —33 924 —38610 —46 712
APE 0% ~ 101 % ~ 101.335 % ~ 110.295 %

Following the model (2) and using the real and predicted values the graphs of
the estimates for the three future years are given in Fig. 3.

Yp - npegckasam
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Fig. 3. Graphs based on the calculated values according to the three-factor Cobb-Douglas
model:

1) {Y(i), i =1,2,3} are the real observed data; 2) {Yp (i), i=1,2,3} are the predicted estimates for

the initial conditions Y (15) = Yp (15) =38723
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Let now consider the quality of the prediction estimates and filtered estimates
calculated, using the model in terms of SS for the 15 years long TS data, for three
future years. The estimates quality is measured by the absolute percentage error for

the real and the calculated values. All data are presented in Table 4.

Table 4
Predictions 5 e Prediction for 3 years
Indicators value for the i-th year (i+1)-th year | (i+2)-th year
15-th year

Real data y(z,) 38723 33911 38 101 42352
Predicted data x(z,,, | 7,) 38723 56 997 56 288 61271
Discrepancy based on the esti-
mate X(41 |4;) 0 ~23 086 ~18 187 -18919
APE 0 ~068.078% | =47.734% | =~44.671%
Filtered estimate x(z;,1 |#;41) 38723 46 071 47 987 52 650
Discrepancy based on the esti-
mate £(1,, |1;,1) 0 -12 160 —9886 -10298
APE 0% ~33.859% | =25.047% | =24315%

Following the model (8), (9) and using the model in terms of SS the graphs of
the estimates for the three future years are pictured on the fig. 4 for:

1) {Y(i), i=1,2,3} the real observed data, {Y, » (1), i=1,2,3} the predicted estimates
and {Y r (@), i=1,2,3} the filtered estimates.

Yp -npernckazaHHBIC
6 3HAYCHI

Yf -dunprpanmoHHbIC

Y - peanbHbIE
3HAYCHIL

Fig. 4. Graphs based on the calculated values according to the model in terms of SS:
1) {Y(i), i =1,2,3} are the real observed data; 2) {Y,(i),i=1,2,3} are the predicted estimates;
3) {Yr(), i=1,2,3} are the filtered estimates for the initial conditions xp(15) =xf(15) =Y (15) =38 723

We found that the TS predictions for the labour productivity obtained using
the model in terms of SS are more accurate than the predictions obtained using the
three-factor non-linear regression Cobb-Douglas model. The APEs for the three-
factor Cobb-Douglas model are in the range from 101% to 110%, whereas the
APEs for the model in terms of SS go down from 68% to 44%. The quality of the
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filtered estimates as the most reliable estimate is even better, the APEs go from
33 % to 24.3 %.

The qualities of the predicted estimates were also measured using the Teil
formula (4). The predicted estimates error coefficient calculated using the Cobb-

Douglas formula (2) and the real TS data is £; =0.3438.

The predicted estimates error coefficient calculated by the Teil formula (4) for
the estimates obtained using the Kalman filter equations and the real data is

L, =0.2091, and the predicted estimates error coefficient calculated by the Teil
formula (4) for the estimates obtained using the model in terms of SS, the Kalman
filter equations and the real TS data is L3 =0.1241.

As one can see analyzing the estimates quality using the absolute percentage
error and the Teil formula, the model in terms of SS provides more accurate predic-
tion estimates and more reliable filtered estimates.

CONCLUSION

Economic science is the main tool for objective economic decision making
and the quality of the decisions highly depends on the science level. There is no
direct applicability of economic models in economic practice, the reasons for that
were for the first time systematically described in [10]. At the same time despite
the "impracticalness" of such models they strongly influence the economic way of
thinking and the choice of an economic policy of an enterprise or a country.

The proposed linear stationary model in terms of SS allows calculating the in-
dustrial production yield dynamics behaviour in terms of cost as the one of the sig-
nificant key economic factors, the yield being dependent on the capital-labour ra-
tio, amount of the labour force engaged in the production and the labour costs. The
model has the minimal degree of uncertainty, similar to the three-factor industrial
Cobb-Douglas model, concerning unaccounted factors and high adequacy concern-
ing the statistical data used. The model takes into account the stochastic nature of
TS statistical data and the effect of each factor on the dynamics of the industrial
production yield in terms of cost.

Thus, the model in terms of SS can be more efficient than the three-factor
Cobb-Douglas model for predicting the goods and services production dynamics in
regional and branch levels.
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BasioBoii BHYyTpeHHUI NPOAYKT — OJIMH U3 BaXKHEWIIMX IOKa3aTejeil CUCTeMbl HalMo-
HaJIbHBIX CYETOB, KOTOPBIA XapaKTepH3yeT KOHEUHbIH pe3ysbTaT MPOU3BOAUTENBHOI AesTeNb-
HOCTH PKOHOMHYECKUX EIHHUIL-PE3UICHTOB U M3MEPSET CTOMMOCTh TOBApOB M yCIYT, IIPOU3-
BE/ICHHBIX 3THMH €JMHUIAMH BHYTPH CTPaHBI 32 OIIPE/ICIICHHBII IePUO BPEMEHHU ISl KOHEeU-
HOTO HCHOJBb30BaHMs. B craree paccmarpuBaeTcs alropuTM MOCTPOSHMS JIMHEHHOW CTaluo-
HapHOW Mozenu B (popMe IPOCTPAHCTBA COCTOSTHUI [UIST ONIMCAHUS TOBEACHHUS H IIPEACKa3aHuUs
COCTOSTHUSI ITPOU3BOJIUTEIBHOCTH TPY/Ia B 3aBUCUMOCTH OT (hakTOPOB ()OHITOBOOPYIKEHHOCTH U
BEJINYMHBI OIUIATHl TPyAa pabOTHUKOB B3aMEH OIMCAHMIO OOBEKTa, KOTOpas 3a7aHa B BHIE
Tpex(dakTopHOH HenHHeHHO# perpeccuonHoi Mozaenu Ko66a—/lyrnaca. B anroputme, kpome
00IIero MOCTPOSHHST TMHAMUIECKOI CTOXacTHYECKONH MOJIEIH, COAEPIKUTCS ONMICAHNe IpOLie-
Iyp B BHIE PEKypPEHTHBIX (OPMYJI, MO3BOJSIOINX PACCUUTATh BEIMUMHBI JUCIEPCUH IIyMOB
JUHAMUKH, IIyMOB M3MEPHUTEIBHON CHCTEMBI M HAYaJIbHOTO COCTOSHUS MOBEJICHUS UCCIETye-
MOro OOBEKTa Ha OCHOBE BPEMEHHBIX PsJIOB BBIXOJA CTATHCTHYECKHX JAHHBIX MPOU3BOAH-
TeNpHOCTH Tpyaa. Ha nmpumepe nmokasaHo, 4To MOCTPOCHHAs ANHAMHUYECKast MOZIENb JaeT Ooree
3¢ }eKTHBHBIE OIEHKH IMpPEICKa3aHMs BEJNYNH MPOU3BOAUTEILHOCTH TPyZAa MO CPaBHEHHUIO C
OLICHKaMH MPEACKa3aHusl, pACCUUTAHHBIMH Ha OCHOBE TpeXx(aKTOPHOW HEMHMHEHHO# perpeccu-
oHHOIT Mozenu. [IpuBeneH YHUCIICHHBII pacdeT KauecTBa TOYHOCTH OICHOK NPEeACKa3aHui, Mmo-
Jy4eHHBIX ¢ momolnsio TpexdakropHoii Gopmynsl Ko66a—/yrnaca u monenn B ¢popme mpo-
CTpaHCTBA COCTOSIHUI Ha OCHOBE aOCOJIOTHOU MPOIEHTHOH omuOku 1 ¢opmynsl Teiina. Pac-
YeTHbIC JaHHbIe yKa3bIBAalOT Ha 0oJiee TOYHBIC OIEHKH IpelcKa3aHusi U 0ojiee TOCTOBEpHbIC
OLIEHKU (PUIIBTPALINH B MOJIB3y MOAENHU B (hOPME MPOCTPAHCTBA COCTOSTHUM.

KnioueBnie cioBa: monens Ko66a—/lyrmaca, TpexdakropHas MoAeib, AUHAMHIECKAs
MOJIeJIb, IPOCTPAHCTBO COCTOSIHUH, Aucnepcun urymoB, ¢unsTp Kammana, aGcomoTHast mpo-
LIeHTHas omuoOKa, Gpopmyina Teitna
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VYemex nporpaMMHOTO NMPOAYKTa 3aBUCUT OT TOTO, HACKOJNBKO OH, KAK MHCTPYMEHT peIICHHS
Pa3IMYHBIX 33724, COOTBETCTBYET MOTPEOHOCTSAM KOHEUHBIX Mosb3oBaTeneil. iMeHHO mosToMy uH-
JKeHepHs TpeOoBaHMII Kak Ipornece, B paMKax KOTOPOTO IMPOUCXOAUT U3BJICUEHHE, aHAN3, CIICIABH-
Kalysl ¥ BaJMIalus TPpeOOBaHUIA, UIpaeT KIIOYEBYIO POJIb B Pa3paboTKe MPOrpaMMHBIX MPOIYKTOB.
Tpenmamu wcCIEOBaHUN MOCIEAHUX JIET B OOJACTH COBEPIICHCTBOBAHMS IIpoIecCca HHKEHEPHH
TpeOOBaHUI SBIAIOTCS METOIBI paboOThl C TPEeOOBAaHMSAMM Kak C (haKTaMH M3 MOJEIH IPEeIMETHOU
00JIacTH MPUIIOKEHHS, a TAKKe pa3paboTKa Mojeneil MpeAcTaBIeHNs 3HAHUM 0 Mpoleccax crenudu-
Karuu TpeOOoBaHUi, 0 THIax TpeOOBaHMI M KpUTepusx KadecTBa TpeboBaumit. Hanbonee momxoms-
et popMoii mpeAcTaBiIeHHsT TaKUX 3HAHWUH SBJISAIOTCS OHTOJOIWH. B NaHHO cTaThe paccMaTpuBa-
IOTCSI KIIFOUEBBIE OCOOEHHOCTH OHTOJIOTHYECKOTO IIOX0Ja K HIKeHepuu TpeboBanmil. [Ipnm stom
BHHMaHHE C(OKYCHPOBAHO HAa BO3MOKHOCTSAX HPEJCTABIICHUS 3HAHUI O MpeIMETHOH o0iacTH mpo-
TPaMMHOTO MIPOAYKTa B (hOPME OHTOJIOTUH, U OCOOEHHO HA HCCIIEIOBAHNIX, HAIIPABICHHBIX HA aBTO-
MaTHU3aLHio0 JaHHOTO Ipouecca. AKTyaJbHOCTh Pa3pabOTKU IIOIXOJ0B K aBTOMAaTU3aLNH ITOCTPOCHUS
OHTOJIOTHH 13 TEKCTOB, COJIEPIKAIINX TpeOOBaHMs, 00yCIOBINBACTCS H3MEHINBOCTHIO TPEOOBAHHH CO
CTOPOHBI CTEHKXOJIEPOB M HEOOXOUMOCTEIO OBICTPOTO COIOCTAaBIICHUS TEKCTOB TpeOOBaHHH ¢ Iie-
JIbIO BBISIBIICHUSI KOHIIENITOB NMPEAMETHOI 00JIaCTH MPOrpaMMHOTO NMPOLYKTa U aHAIH3a COOTHOIIECHUS
KOHIIETITOB Mexay cob6oil. OcHOBHOM 3amadeil HacTosmiel paboTHl SBISETCS H3ydeHHE BO3MOXKHO-
CTel aBTOMATH4eCKOW 0OpabOTKH TEKCTa Ha PYCCKOM SI3BbIKE IJIS IIOCTPOSHMS OHTOJOTrM TpeboBa-
HUH. PaccMaTpuBaloTCsi HHCTPYMEHTHI aBTOMaTHUECKOH 00pabOTKH TEKCTa Ha PYCCKOM SI3BIKE, TAKHE
kak OTAII-3, ABBYY Compreno, Texterra, Tomuta-nnapcepa, RML (nmpoekt AOT). Ha mpumepe
JUHTBHCTHYECKUX MHCTpyMeHTOB RML n DTAII-3 ananu3upyrorcs pe3yiabpTaThl 00pabOTKH TEKCTOB
TpeOoBaHMIl HAa €CTECTBEHHOM PYCCKOM SI3BIKE.

: Cmamuws nonyuena 04 okmsabpsa 2018 a.
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KarodeBble cioBa: mporpaMMHasi HHKSHEpHs, HH)KEHepuUsl TpeOOBaHMI, OHTOJIOTHS, aBTOMa-
TH4eckast 00paboTka TeKcTa, moib3oBarensekas ucropus, DTAII-3, RML, AOT

BBEJIEHUE

B pesyibraTe cTpeMHUTEIBHOTO Pa3BUTHSI HOBBIX TEXHOJIOTHH, a TaKXkKe yKe-
CTOYCHHUS TpeOOBaHUI CO CTOPOHBI 3aKa3duKka pa3paboTKa IMporpaMMHOTo obecrre-
yeHus (I10) 11t TpOU3BOJICTBEHHBIX U HEMPOU3BOACTBECHHBIX OpraHU3aLuil CTaHO-
BUTCA Bce Oornee u Oosiee coXHOM 3amadeil. UToOBI OcTaBaThCsl KOHKYPEHTOCIIO-
cobnbiMu, U T-pazpaboTunku JOMKHBI YMETh CO3/1aBaTh Kak MOXKHO Ooiee CIOXK-
Hoe 1O 3a menbiee Bpems. Paspabotka cnoxnoro I10 momkHa yIooBIEeTBOPSTH
OOJBIIIOMY YHCITY MOKEJIAaHUH U TPeOOBaHMH Pa3IMYHBIX CTOPOH, YAaCTO KOH(IHK-
TYIOIIHX JPYT C IPYTOM.

Kiraccnuecknii xu3HeHHBIH 1K [1O BKIIOYaeT Takue dTambl, Kak cOoOp U
aHanu3 TpeOOBaHMH, MPOEKTUPOBAHUE, KOAUPOBAHHE M OTJIAJKa, TECTUPOBAHUE,
JKCIUTyaTalusi U COIpoBoxaeHHe. Pa3paboTka TpeOoBaHMi, U3BECTHAS KaK HMHXKeE-
Hepusi TpeOOBaHUM, sBIsieTCS (QyHAaMEHTOM Bcero mpouecca paspabotku I10,
ompeneNsisi B KOHEYHOM cueTe ero ycrex. [lon uHxeHnepueil TpeboBaHUi MOHUMa-
eTcsl TPOIIECC U3BIICUCHHS, OLCHKH, CIICU(PUKAINN, KOHCONUAAUN U U3MECHEHHUS
nenel, (yHKIMOHaNa, CBOUCTB U OIpaHMYCHHUH, KOTOPBIM JIOJDKHO 00NanaTh pas-
pabareiBaemoe I10 [1]. IIporecc mHkeHEepUH TPeOOBAHUA MOYKET OBITH YCIOBHO
pa3OuT Ha YeThIpe Tama: U3BJICUEHHE, aHAIN3, ClelnUKAlKI U BaIUAALUs Tpe-
OoBaHUH.

3aka3uuKy U KOHEYHBIC MOJIb30BATEIH OOBIYHO HE 3HAIOT, YTO cOoOOU mpen-
CTaBISIOT TpeOOBaHUs, M HE YMEIOT MX (hopMyIaupoBaTh. B GonbmMHCTBE ciyyaes
OHM HMEIOT JIMIIb HEKOTOPBIH 00pa3 Toro, Kak JAOJDKHO BHINIAAETh [10 u kakue
LEJIM OHU MOTYT JOCTUTHYTBH C €ro MOMOIUIbI0. JTa WH(pOpMAIHs MOoIb30BaTeNeit
OUYCHb BAXKHA B MH)XEHEpUHU TpeOOBaHUH, OAHAKO €€ SBHO HexocTtaToyHo. Ha Ha-
YaJbHOM JTalle pa3pabOTKU MH)XXEHEpPhl TPeOOBAHUI AOJIKHBI IOHSITh HaMEPEHHS
(menm) 3aKa34MKOB M KOHEYHBIX MOJIb30BaTelel, B pe3yibTaTe 4ero uaeHTuduu-
poBaTh TpeOoBaHuUs, KOTOpBIE oOecleyaT BHIIOJHEHUE IeNieil. DTo mepBoHaYallb-
HOE M3BJIeUueHHE TPeOOBaHMIA M MX aHaJM3 Ha3bIBACTCS «paHHEW MHXKeHepuel Tpe-
OoBaHuU», OKa3bIBaIOIICH OOJIBIIOE BIMSHUE Ha MOCIeayromui nporece. «Ilo3m-
HSISl MHOKEHepHsl TpeOOBaHUI», K KOTOPOW OTHOCATCS CHiCHU(UKAIAS W BaJTU AL
TpeOOBaHMA, CTpagaeT OT OMMOOK, JOMYIEHHbBIX IIPH PaHHEH HH)KEHEPUH.

PesynpTar u3BnedeHus U aHanu3a TPeOOBAaHMH K MPOrPaMMHOMY IIPOAYKTY
3ammckiBaeTcs B ¢opme crnenudukanuu tpedoanus. CormacHo ISO/IEC/IEEE
29148:2011, cnenuduranust TpeOOBaHWN K MPOrpaMMHOMY HPOAYKTYy (software
requirements specification) — 3To CTpyKTypupOBaHHBIH Habop TpeOoBaHui (PyHK-
UM, POU3BOJUTEIBHOCTh, OTPAHHYCHUSI IPOCKTUPOBaHHUA U aTpuOyThl) K [10 u
ero BHemHUM uHTepdeiicam [2]. Crenudukanus TpeOOBaHUN SBIIETCS OCHOBOM
11t paszpabotku 110 1 moaroToBkH K TecTupoBaHuio. B padotax [3, 4] CIOXHOCTD
paboTEl ¢ TpeOOBAaHUAMHU Ha3BaHA B KAUECTBE OCHOBHOI MPHUYMHBI IIPOBaja MPOEK-
TOB 1O pa3paboTke mporpaMMHOro obecreueHus. [1o MHEHUIO aBTOPOB 3THX pa-
00T, HETOCTATOYHO XOPOILIO BBHIMOJHEHHAas cnennuKkanus TpeOoBaHUN HE T03BO-
nsiet cozaath 110, cooTBeTCTBYOIIEE MOTPEOHOCTAM 3aKa3UHKA.

CornacHo nyonukanuu [S], Bamumamus TpeOGOBaHUI — 3TO MPOIECC, MPU KO-
TopoM: 1) MHOXECTBO TpeOOBaHMH SIBISETCS KOPPEKTHHIM, MOJIHBIM U KOHCH-
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CTEHTHBIM; 2) MOXHO CO37aTh MOJEINb, KOTOPOH YIOBIETBOPSET MHOXKECTBO Tpe-
OoBaHwMii; 3) UMeeTCsT BO3MOXKHOCTH ITPOBEPKH TOTO, 4TO paspadoranHoe 10 ymo-
BJIETBOPSIET MHOKECTBY TPEOOBaHUH.

Yacro BcTpevaeTcs CUTyanus, KOTra HHXeHep He MOXET HISHTHU(PHUIINPOBATH
JOCTaTOYHOE KOJIMYECTBO TpeOOBaHMHU I TOTO, YTOOBI pa3padaTbiBaeMBId MPO-
TPaMMHBINA MPOIYKT YAOBIETBOPSI BCEM MOXeNaHUSAM 3aKka3urka. OOBIYHO B 3TOM
Clly4ae HEeZOCTaTOYHO M COMYTCTBYIOIIeH HHpopMau (IpUOPUTETHI TPeOOBaHUH,
PUCKH, 3aTpPaThl, TECT-KEHUCHI), CITOCOOCTBYIOMIEH MOBBIMICHUIO KadecTBa TpeOOoBa-
auii. KpoMe Toro, TpeGOBaHMS 9acTO HE CBSA3AHBI IPYT ¢ ApyroM. Bee 31O Bemer k
OTCYTCTBHIO KOHCHCTEHTHOCTH TPeOOBaHHI, a IMEHHO K MPOTHBOPEUUSIM H M30bI-
TOYHOCTH.

B HacTos11€€ BpeMs XOpOIIO U3BECTHO [6], YTO OTCYTCTBYIOIINE, HETIOJIHBIE U
NPOTUBOPEUNBBIC TPEOOBAHHS MMPUBOJAAT K OIIMOKAM B IIPOSKTUPOBAHUH, peain3a-
1uu 1 TectupoBaHud 11O U B KOHEYHOM cueTe K HECOOTBETCTBYIOLIEMY KadeCTBY
npoaykra. IIpeBbimeHne 3ariaHupPOBAaHHOTO OIOKETa, CPBIB CPOKOB peaTU3aIlii
MOTYT Ja’ke MPUBECTH K TOMY, YTO MPOEKT OyIeT mpepBaH. 3aKa3uyMKHd MOTYT OT-
Ka3aTbCAd OT TaKOW CHCTEMBI, a KOHEUYHBIE IOJI30BATENId Pa30uyapoBaHbl B HEWl.
B pab6ore [7], comepxarieii 0030p MyOIUKaIUi, UCCIEAYIONINX IPUYUHBI IPOBajia
npoeKToB 1o co3nanuto 10, memaeTcst BEIBOA, YTO «IISITh U3 BOCBMH BO3MOKHBIX
NOPUYHH MpoBasia 0a3UpyIOTCs HA TpeOOBaHHUAX». TakuM 00pa3oM, COBEPILIEHCTBO-
BaHUE METOJIOB pabOTHI ¢ TPEOOBAHUAMH MOXKET CYIIECTBEHHBIM 00pa3oM yiyd-
IIATh Ka4eCTBO U 0€30MacHOCTh KOHEYHOTOo MpoaykTa 110, yMEeHbIIUTh pUCK TIpe-
BBIIIEHUS] CPOKOB ¥ 3aIJIAHMPOBAHHOTO OIOJKETAa, W, YTO Ba)KHEE BCETO, YMEHbB-
AT WIX AK€ UCKIIOYUTH PUCK MPOBAJIa TIPOCKTA.

3anava U3BJIEUCHUS U aHAJK3a TPEOOBAHHUN CXOJIHA C YPE3BBIYAIHO CIOXKHOU
3ajaueil M3BICUEHHs 3HAHUM M3 SKCIEPTOB MpPU CO3JAaHHU HHTEIUICKTYaJIbHBIX
9KCIEPTHBIX CUCTEM Kak IO CBOEH MCKIIOUMTEIbHOW BaXKHOCTH JIJISl JAJIbHEHIIEro
mporiecca, Tak u 1o cBoer cyTu. IlosToMy 11 ee perneHus npeacTaBiseTcs 1ele-
c0o00pa3Ho# pa3paboTKa CPEICTB aBTOMATH3UPOBAHHOTO M3BJICUEHUS (HOPMAITA30-
BaHHBIX TPeOOBaHWI M3 TEKCTOB TPEOOBaHUI HA €CTECTBEHHOM SI3BIKE HA OCHOBE
METOJIOJIOTHH WCKYCCTBEHHOTO HHTEIIEKTa. Pe3ynpTaTtoM MpuMeHEHHs TaKuX Me-
TOJIOB MOXKET CTaTh (hOpMalIbHOE TpeCTaBIeHHEe TPeOOBaHUIN B KaKOW-THOO MO-
JeNy TIPEICTaBIICHUS 3HAaHUH, MOJI00HOE TPEACTABICHHIO JIEMEHTOB 3HAHUH (aK-
cuoM) B 0a3ax 3HAHUU HMHTEUIEKTYyaJIbHBIX CHCTEeM. [lociemyromas BaauIaIus
TpeOOBaHMIA B 3TOM Cllydyae MOXKeT 0a3MpOBaThCS HA MCIONb30BAHUN METOJIOB JIO-
TUYECKOTO BBIBOZA IUISI IIPOBEPKH MOIHOTHI M HEMPOTHBOPEYHBOCTH CHCTEMBI aK-
CHOM, OTPaKaMUX (GOpMaTLHOE OMHCAHNE TPEOOBAHUH.

AKTyanpHOI MOJETBbIO TPEICTABICHHSI CIOXKHBIX 3HAHUW B CHCTEMaX HCKYC-
CTBEHHOT'O MHTEJUIEKTA SIBJISIFOTCS OHTOJNOTHH. OHTOIOTUHU UCTIONIB3YIOTCA B MHXKE-
HEpUM 3HAHWH Yalle BCEero AJIS BBINONHEHHS KOHLENTYaJIbHOTO MOJACIMPOBAHUS
MpPEeIMETHON 007acTH, Te OHM HHTEPHPETHUPYIOTCS KaK «sBHAs CHelu(pUKAIUI
KoHIlenTyanu3anuu» [8]. Takum o0pa3omM, OHTOIOTHS €CcTh (hOpMaIbHOE OMHUCAHUE
00BEKTOB M MX CBOMCTB, OTHOIIICHH, a TaKKe OTPAaHWICHUH M IPABWII, YIPaBIIsi-
IOIMX OTHOIIEHUSMH. OHTOJIOTHH COZIEpKaT SBHO OIpeNeJeHHbIE W OJMHAKOBO
MOHUMaeMble KOHIENTHl U OTPaHUYEHUS, MPEJCTABICHHBIE B MAITHHOYUTAEMOM
¢dopmare.

Wnxenepust TpeOOBaHMI PEANONaracT SBHOE ONMCAHNE 3HAHUI TPeaMEeTHON
00JIacTH, pacrpeieNieHHbIX 110 Pa3IM4HbIM cepaM, TaKUM KaK OIBIT, (PyHKIHO-
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HAJIBHOCTH, HEYHKIIMOHALHBIE TPeOOBaHUs, CTeHKXoAeps! U T. . Heodxoanmo
CKOHLICHTPHPOBATh 3TH pa3HOOOpa3HbIe 3HAHMS B €AMHOM peno3utopuu. OHTONIO-
THH OKa3bIBarOTCs 3()()EKTUBHON MOJENBIO MPENCTaBICHUS, OpPraHU3allld U pac-
CYXJICHHH O CIIOKHBIX 3HAHUSX, KAKHUMHU SIBIISTIOTCS CHIeHU(UKAIIMY TPeOOBaHUH.

OnxHUM M3 TEPBBIX MPOEKTOB, MOKA3aBIIUX, HACKOJIBKO 3()(EKTHBHBI MOTYT
OBITH OHTOJIOTHH B 00JIaCTH WHXXCHEPHUH TPEeOOBAHUH, CTAIH UCCIICIOBAHUS TI0 CO-
3maani0 Meromonorud OntoREM (Ontology-driven Requirements Engineering
Methodology), koTopast Obla arpoOupoBaHa B KOMITaHUU Airbus amst pa3paboTku
TpeOOBaHM K AKCILTyaTalMOHHOW MPHUTOAHOCTH BO3AYIIHBIX cyZoB [9]. JlaHHbBIE
Pa3paboTKH CTUMYJIMPOBAJM LENIBbIH Psii UCCIEIOBAHUH 110 HCIONB30BaHUIO OHTO-
JIOTHYECKOTO TIOAX0/Ja K MH)KEHEPHH TPeOOBaHUH B 1IETIOM U MH)KEHEPHH TpeOoBa-
HUIl K IPOTPaMMHBIM MPOAYKTaM B yacTHOCTH. Tak, B pabote [10] nmokassiBaercs,
YTO OHTOJIOTHH MOTYT MPUMEHATHCS IS TIPEICTABICHUS 3HAHUHA O CTPYKType J0-
KYMEHTOB ¢ TpeOOBaHUSAMH, O THUTIAX TPEOOBAHWH M O MPEAMETHOW OOJIACTH TIPO-
rpaMmHoro npoaykra. B uccnenosanuu [11] npeanaraercs npumensts OWL-on-
TOJIOTMH Uil TPAacCHUPOBKH TPEOOBaHWI MOCPENCTBOM YETHIPEX THIIOB CBS3CH:
Refines, Requires, Conflicts, and Contains. DTu CBsI3U MO3BOJISAIOT CTPOUTH IPaBU-
Ja AN pacCyXJIEHHsl O TPacCHPYyEeMOCTH, COTJIACOBAHHOCTH M TIOJIHOTE TpeboBa-
Huil. B mguccepramuu [12] mpeanaraercst moaxol K aBTOMAaTU3alMK MpoIlecca Ba-
MU 1 U3MepeHus 3HaHnui o TpeboBanmsax kK 110. B craresax [13, 14] npemra-
raeTcs TOIX0J, OCHOBAHHBIM Ha (hpEHMOBOM OHTOJIOTHH, KOTOpask OIMHMCHIBACT MO-
JIeNTb THIIOB TpeOOBaHM A MpoekToB pazpaboTku [10. B pamkax oHTONMOTHH 32-
JaHbl THUIBl OTHOILEHWH, KOTOphIE MOTYT OBITh HCIIONB30BAaHBI IUIS TPOBEPKH
CBOWCTB HENPOTHBOPEUMBOCTH U TpaccupyemocTd. B pabote [15] mpemnaraercs
NPUMEHEHUE OHTOJIOTO-OPUEHTUPOBAHHOTO IOAX0Ja K MOJJICPKKE IMpoliecca WH-
JKeHepuu TpeboBaHuil B Scrum.

TpennoM mcciegoBaHUI MOCIEAHNUX JIET B 00IaCTH COBEPIICHCTBOBAHUS HH-
CTPYMEHTApHs WHXXEHEPHUH TPeOOBaHUH SBIISICTCS pa3paboTKa METOIOB PabOTHI C
TpeOOBaHUSIMH KakK C (akTaMH W3 MOJENU TMPEAMETHOW 007acTH TPUIIOKEHUS.
[on ¢akToM MOHMUMAETCS «IMIMPUUECKOE 3HAHHUE 00 OOBEKTax, MX CBOHCTBAX M
CUTyauusx, 3aMKCHPOBaHHOE B BBICKa3zbiBaHuM» [16, c. 208]. IlpencraBnenue
3HAHWU O MPEIMETHOW 00JIACTH MPOTPAMMHOTO MPOJIYKTa B BUIE OHTOJOTHH I03-
BOJISIET BBITIOJIHATH AaBTOMATHYECKUI TIOUCK TIPOTUBOPEUUI B MOAETH TpeOOBaHUIA.
ITocne mocTpoeHUsT OHTOJIOTHH, OTPaXKaIoMmel Bce MHOXKECTBO TpeboBaHUi Ha Oy-
JIyIIUH TpOrpaMMHBINA MPOAYKT CO CTOPOHBI Pa3IUYHBIX CTEUKXOJIEPOB, IPOBEPKA
KayecTBa CHCTEMBI TpeOOBaHMU (KadecTBa CHEIM(PHUKAINI) MOXET MPOBOIUTHCS
Ha OCHOBE MPUMEHEHUS JIOTHUECKOTO BBIBOJA K C(POPMUPOBAHHOW CHCTEME aKCH-
OM HaJ KOHLIENTAMH OHTOJIOTHH, 3alTMCAHHBIX Ha SI3bIKE MATEMaTUYECKOH JIOTHKH.
OpHAaKO caMO OCTPOCHUE OHTOJIOTHH, BKIFOYAIOIIEe, TOMUMO OOIIMX TPeOOBaHMIA
K TMPOrPaMMHOMY TPOAYKTY, CHenu(pUUEcKre TPEeOOBaHUS, SBISIONNECS Pe3yiib-
TaTOM MOJCITMPOBAHUS ONPEACICHHON MPeIMETHOW 00JIacTH, ISl KOTOPOU co3/aa-
eTCsl TIPOAYKT, SBJISAETCS Ype3BBIYANHO CIOKHOW 3amadeil. JlaHHas 3amaya 1o
CIIO)KHOCTH COTIOCTaBHMa C 3ajlauell M3BJICUEHHUS 3HAHWH W3 DKCIEPTOB IMPH IIO-
CTPOCHUH KCIEPTHBIX CUCTEM, AJISl PELICHUs] KOTOPOW B HACTOSIIEE BpeMsl aKTHUB-
HO Pa3BHUBAIOTCS] METOABI MAIIMHHOTO O0Y4EHUS.

O6bruHO TpeboBanus k [10 GukcHpyIOTCS B BUIE TEKCTOBOTO ONMCAHMUS, JIH-
00 Ha eCTeCTBEHHOM s3BIKE, JTMOO Ha 00Jiee OTPaHUYCHHOM S3BIKE, TPEIoJiararo-
IIEM HCIIOIb30BaHNE 00Jiee CTPOTOTO MOPSAIKA CIOB U JIEKCUKH KOHTPOIHPYEMOTO
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sI3bIKa, HAallpUMeEp, B BUJE MOIb30BaTENbCKON nctopuu. IlocTpoenue u akTyanusa-
sl OHTOJIOTUU mpeameTHol obnactu [1O ¢ yyeToM HMOCTOSHHON M3MEHYMBOCTH
OusHec-TpeOOBaHUM U TpeOOBaHUH MONIB30BaTENCH SBIACTCS KpaiiHe TPyIOeMKOM
paboToi, B 3TOW CBA3M aKTHUBHO HCCIIEAYETCS 3aJadya aBTOMAaTHUYECKOTO MOCTpOe-
Hus oHTOJOoTHHM [17, 18].

B nmamHOil paboTe paccMaTpHBAIOTCS OCHOBHBIE CHCTEMBI aBTOMATHUYECKOU
00pabOTKM TEKCTa Ha PyCCKOM SI3BIKE M aHAM3UPYIOTCS WX BO3MOYKHOCTH IS TI0-
CTpoeHHs OHTOJOrHH TpeOoBaHwmii. B pa3gene 1 mpoBoauTcst 0030p cUCTEM aBTO-
MaTH4YeCcKoil 0OpabOTKM TeKCTa M BBIACIAIOTCS MOIXOMASIINE CHCTEMBI, KOTOPHIC
MOTEHIIHAIEHO MOTYT OBITH HCIIOJIb30BaHBI [l IOCTPOEHUs OHTOJOTMH. B pasne-
Jie 2 TPUBOIATCSA PE3yJIbTaThl 00paOOTKU TEKCTOB TPEOOBAHMWH HA €CTECTBCHHOM
pycckoMm si3bike cucteMoil RML u maercst untepnperauust pe3yiasTaToB. B pasne-
7e 3 MBI HCCIIeAyeM BO3MOXKHOCTH 00paboTku crenudukanun TpeboBaHuil cucre-
Moit OTAII-3. B 3akimtoueHne aBTOPHI JAETAI0T BRIBOABI O BO3MOXKHOCTSIX aBTOMa-
TU3UPOBAHHOTO TIOCTPOCHUS OHTOJIOTUH TPeOOBaHWH C HCIIOIB30BAHHEM CHCTEM
aBTOMAaTHYEeCKOH 00pabOTKH TEKCTA.

1. OB30P CUCTEM ABTOMATHUYECKOW OBPABOTKH
TEKCTA HA PYCCKOM A3bIKE

ABTOMAaTHYECKOE MOCTPOCHHE OHTOJIOTMH M3 TEKCTOB TpeOOBaHMN Ha ecTe-
CTBEHHBIX fA3BIKAX MPEATOJIaracT W3BJeUCHHE KOHLENTOB (KJIacCOB) OHTOJOIHH, a
TaK)Ke OTHOUICHWH HaJ KOHIleNTaMu. [I[puMeHHUTETbHO K TEPMUHOJIOTHH KOMITBIO-
TEPHOW JIMHIBUCTUKU OTHOIIEHMS HaJl KOHIENITaMH OHTOJIOTUU MOTYT OBITh OTHE-
CEHbI K CEMaHTHYECKUM OTHOLICHUSM. OTHOIICHUS] HaJ KOHLENTaMU MOTYT OBITH
MOJTy4eHbl B PE3yJbTaTE€ CEMAHTUYECKOI'O aHaJM3a TEKCTa, KOTOPOMY IMpelie-
CTBYIOT rpad)eMaTHUECKUil, MOP(POIOTHUECKUI 1 CHHTaKCHUecKkuid aHamus [19].

CemaHTHKa KaK pa3fie] JTMHIBUCTUKY 3aHUMAETCS U3yUCHUEM 3HA4YEHUS S3bl-
KOBBIX eAWHUIL. CMBICI €IWHHUIBI PYCCKOTO SI3bIKAa 3aBUCHUT OT €€ COOTHOLICHUS C
OCTaJIbHBIMHU €IMHUIIAMU SI3bIKa, OT €€ JIEKCHYECKON M CHHTAKCHUYECKOW coderae-
MOCTH ¢ HUMH. Tak, cioBa «rpamm», «KHJIOTpaMM», «TOHHAY SBISIOTCS CIOBAMHU
OJTHOTO JIEKCHYECKOI'0 YPOBHS — €IMHHIIBI U3MEPEHHS, HO PA3JIUYHBI 10 YUCIOBO-
My 3HaueHH0. OIHON M3 NPUOPHUTETHHIX MPOOJIEM B MPOLIECCe aBTOMATUYECKOH
00pabOTKH TEKCTa SABJISIETCS MpobieMa pa3pelieHus JIEKCHIEeCKOW HEeOIHO3HAYHO-
cTH. B cinyuyae HempaBUIBHOTO OMpEAENeHHs] CMBICI MOKET OBITh MOJHOCTBIO HC-
KaxeH. PaccMoTrpuM Hambonee pacnpOCTpaHEHHBIE CUCTEMBl CEMaHTHYECKOTO
aHaJln3a PyCcCKOTo S3BIKA.

Mmnozoueneeoii nunzeucmuyeckuit npoyeccop ITAII-3

OTAII-3 (akpoHMM OT «OJEKTPOTEXHUUYECKUH aBTOMAaTHUECKUN Tepe-
BOII-3») — 3TO cHCTeMa, pa3padOTaHHAas HAyYHBIMH COTpYIHHKaMu HHcTHTyTa
npobieMm mepemnadn wHGopManuu uM. A.A. XapkeBuda. llenp mporpaMmsr — 3TO
aHalIu3 U CUHTE3 TeKCTOB Mo Mozaenu «CMmbici—TexkcT», cozganHoi U.A. Menpuy-
kKoM npu akTuBHOM yuacTuu A.K. XKonkosckoro u F0.Jl. Anpecsna. K nosenenuro
sKkcnepuMeHTanbHo cucteMbl DTAIl mpuBeny MHOTOJETHHE WCCICAOBAHUS IO
pykoBoactBoM akamemuka PAH 10./1. Anpecsiaa [20]. B 1974 roxy Obutn co3maHb
cucreMbl MammHHOTO TepeBoma OTAII-1 (¢ dpanmysckoro Ha pycckwil) U
OTAII-2 (c anrnuiickoro Ha pycckuii) [21]. CaeayomuM MOTUroHOM ISl HCIIBI-
TaHus noyioxkeHud Momenu «Cmeici—Texkc» ctama cuctema DTAII-3, koTopas
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paspabarteiBaetcs ¢ 1980-x romoB 1Mo Hacrosmee Bpems. [IpaBuia u ciioBapu s
aHanu3a U cuHTe3a TeKcToB B cucteMe DTAII-3 ObuTM 4acTHYHO MOATOTOBIICHEI
N.A. Menbuykom. C ucnonb3zoBanuem cucteMbl DTAII-3 k HacTodmmeMy BpeMe-
HU pa3paboTaHbl CUCTEMa MAITUHHOTO NIEPEBOa, MOIYJIb YHUBEPCATBLHOTO CeTe-
Boro s3pika UNL (Universal Networking Language), KOMIBIOTepHBIH y4eOHHUK
JIEKCHKHU ¥ B TIOJyaBTOMAaTUYECKOM PEKHUME pa3MedeH KOPITYC PYCCKHX TEKCTOB
CunTarPyc [22].

B cucreme DOTAII-3 ucnonp3oBaHo 78 BHIOB CHHTAKCHYECKHX OTHOIIE-
Huii [23]. Hambonee WMHTEPECHBIMU ISl PACCMOTPEHHS SIBIITIOTCS JICKCHYICCKUE
(hyHKIIMM, KOTOpBIC PEIIAIOT 3aJlayd pa3pelieHUs CHHTAKCHYECKOW OMOHKMUM,
pasperieHus JeKCUIeCKOd HEOJHO3HAYHOCTH, MIUOMaTHIecKoro nepesoaa. [Ipu-
Mep CHHTaKCHYECKOW OMOHHMHUHN — «KOHTPOJb MPAaBUTENBCTBaY. 1lepBbIil cMbICTO-
BOIl BapHaHT — MPaBUTEIECTBO KOHTPOIUPYET KOTO-TO, BTOPOH — MPaBUTEIBCTBO
KoHTposupyeTcs. [Ipoiiecc pa3pelieHrs CHHTaKCUIeCKOH OMOHUMUH 3aKTFOUaeTCs
B OTPECICHUH POJIH CJIOBA KOHTPOJIbY (OCYIIECTBIISATh MU OBITh I1OJI, HAXOAUTh-
cs mox, moaBeprarbes). B mpemmokennu «llpesnaeHT ocymiecTBIsIET KOHTPOIb
MIPAaBUTEIHCTBA» KOHTPOJIUPYETCS MPaBUTEIbCTBO. [IpuBeaem mpumep ais BTOPO-
ro 3HaueHus: «[Ipe3ueHT HaXoAUTCs O] KOHTPOJIEM MPaBUTENLCTBAY. CHcreMa
OTAII-3 cmocoOHa Takke pemuTh MPoOIeMy JEKCHYECKOW HEOIHO3HAYHOCTH.
B Takux ciaydasx CMBICH TJIarojia ONpenessieTCs CYIIECTBHTEIbHBIM, C KOTOPBIM
riaroj oopasyer cioBocoderanue. KoppekTHoe 3HaUeHrEe ONpeAeNsieTcs B cirydae,
KOTJIa IJ1arojl ymoTpeOieH B KOHTEKCTE CYIIECTBUTEILHOTO, HAIPUMED: «JIEPIKATh
CIIOBO», «JIepKaTh Mapm», «Iep>KaTh 3k3aMeH». O3HAKOMHUTHCS C JIEMOHCTPAIIOH-
HOH Bepcuel MuHTBHCTHYECKOTO Tporieccopa DTAII-3 moxkeT r000i skenaromuii
Ha odunransHOM caiite Jlaboparopun kommbroTepHoi nmuHrBuctuku UITITIU PAH
(http://proling.iitp.ru/ru/etap3)

Texnonozun ABBYY Compreno

ABBYY Compreno — 3To cucTeMa aHajiu3a U MOHUMaHUs TEKCTOB Ha ecTe-
CTBEHHOM SI3BIKE, paboTa KOTOPOW OCHOBaHA Ha MOJIENH MIpPEeAMETHOI o0jacTu B
(hopMe OHTOJIOTHH, MTPABHIIAX U3BJICUCHHUS HHGOPMAIIMKM M CTATUCTHUKE COYETACMO-
CTH, KOTOpasi Obuia coOpaHa pa3pa0OTYMKaMH Ha KOPITyCcax MapajUIebHBIX TEK-
ctoB. Pabotel Hax 3Toi cucremoii BemyTcst Oonee 20 nmet. B oTnmume ot Apyrux
nojo0ubIx TexHosnoruii, ABBYY Compreno BBINOJHSET IMOJHBIH CEMaHTHUKO-
CUHTAKCHYCCKUN aHaIM3 TEKCTa, MU3BJICKACT CYLTHOCTH, COOBITUS U CBSI3U MEXKIY
HUMU.

Anamu3 Tekcra cuctemMa ABBYY Compreno BBIIOTHSET B YETBIPE dTara:
JIEKCUKO-MOP(OJIOTUYCCKUNA aHAIN3, CUHTAKCHMUSCKHM aHalH3, CEMaHTUYCCKHM
aHaNIU3 U MparMaTuyecKuil ypoBeHb aHanu3a. Ha mepBoM 3Tare MCXOAHBINA TEKCT
pasbuBaeTcs Ha ab3albl, MpeAsIO’KeHUs U cioBa. [lamee IS CIIOB ONMPEAENSIOTCS
JIeKCeMbl U MopdoJIoTHUeCKHe Mpu3Haku. Ha BTOpoM 3Tare mpoBOIUTCS TOJTHBIN
CUHTaKCHUecKui aHanmmu3. Ha TpeThem 3Tame pabOThl CHCTEMBI OCYIIECTBISCTCS
CEMaHTUYECKUN aHaU3: ONMPEIEISIOTCS 3HAUCHUS CIOB, CTPOUTCS] CEMAaHTUUYECKUI
rpad mpeIoKEHNS Ha OCHOBE JAHHBIX O CHHTAKCHYECKOM paszbope. Crieayrommii
9TaIn 3aKJII0YaeTcsl B IparMaTUYecKoM ypoBHE aHanu3a. Ha 3Tom »Tame TekcT aHa-
JU3UPYETCsl Yepe3 MparMaTHUYEeCKUU CJIOW, MPUMEHSIOTCS OHTOJIOTMH U IpaBUia
JUTS M3BJI€UEHHUS] HY)KHBIX O00BEKTOB. MITOTOBBIN pe3ynbTaT — 3TO YHUBEpPCAIbHOE
npeacTaBlicHue WH(OPMAIUH, KOTOPOE IMO3BOJISIET CTPYKTYPHPOBATh KOHTCHT B
HY>KHOM BH/JIE C TOYKHU 3PEHUS MOJIb30BATENS TEXHOJIOTHU.
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OcHoBHBIM AocTouHCTBOM TexHosoruu ABBYY Compreno sBiusercs ompe-
JIEJIEHEe CMBICTIa MHOTO3HAYHBIX CIIOB C TIOMOIIBIO pa3pemieHus: mpooIeMbl OMO-
HAMUU. AHaTU3UPYsl TEKCT, IPOrpaMMa OIpeAeiseT OMOHUMBI M HAXOJHUT KOP-
PEKTHOE 3Ha4Y€HUE, MOJYUYEHHOE B PEe3yNbTaTe aHajlu3a KOHTEKCTa. JlaHHOe CcBOMi-
CTBO TIO3BOJIAET CYIIECTBEHHO IMOBBIIIATE COOTBETCTBHUE PE3YJIbTATOB IIOMCKOBOIO
3arpoca, a TAkKe TOYHOCTh BBISIBJICHUSI KOHKPETHBIX 00BEKTOB B TEKCTAX.

ABBYY Compreno ucnonb3yercst Asl aHalau3a CIOKHBIX JTUHIBUCTHYECKUX
cBs3eit Mexy cioBamu. OmpesieneHre MogOOHBIX CBS3CH UTpacT BAXKHYIO POJIbL B
MOMCKOBBIX M aHAJIMTHYECKHUX 3aJadyax aHajiu3a Tekcra. braronmapsi ceMaHTHKO-
cuHTakcndeckoMy aHanmsy cuctema ABBYY Compreno cmocoOHa y4ecTh MHO-
JKECTBO OCOOCHHOCTEW €CTECTBEHHOTO SI3bIKA, KOTOPBIE OOBIYHO CO3MAIOT IMPETIST-
CTBUSA U1 KAUECTBEHHOI'O aBTOMATHYECKOrO OMPEEICHHS] OTHOLICHUN B TEKCTaX.
K mpeumyriectBaM 1aHHOW TEXHOJOTHU OTHOCSATCS TOYHBIM aHaNN3, OBICTPHINA 3a-
MyCK MPOEKTa U KavyeCcTBEHHas pabora ¢ mHpopMaIMei Ha PYCCKOM si3bike [24].
Cucrema BBITyCKaeTCs 1O KOMMEpPUYEeCKOW JINIeH3nel, JeMOHCTpAIlMOHHAs Bep-
CH MPEIOCTABIIAETCS TOJIBKO IO HMEHHOMY 3aIPOCy OT COTPYIHUKOB KOMIIAHUU.

Texnonozua Texterra

Texterra — 3TO TEXHOJOTUSI MHOTOSI3BIYHOTO HHTEUIEKTYaJbHOTO aHaiau3a
TEKCTa Ha OCHOBE METOAO0B 00pabOTKHM TEeKCTa, KOTOPbIE WCIONB3YIOT 3HAHMS, W3-
BJIEKacMble M3 KOHTEHTa mojb3oBaTeneil. Texuomorust Texterra obecneuuBaet
OBICTpOE MacImITadupyeMoe pemIeHHe IS WHTEIUIEKTYalbHOTO aHalln3a TEeKCTa.
Texnomorusi Texterra MO3BONSET BHIIOJIHATH MAIIUHHYIO OOpabOTKY €CTeCTBEH-
HBIX SI3BIKOB TI0 MOJEJIU aHHOTHUPOBAHUS TEKCTOB, KOTOpas aHaJOrM4yHa MOJEIH,
ucmnonb3yemoi B Apache UIMA [25].

Paspabotka Texnonorun Texterra Obuta Hayata B 2007 rogy MHCTUTYTOM CH-
cTeMHOro nporpammupoBanus uMm. B.II. MIBaHHHKOBa COBMECTHO € KOMIIaHUEH
Hewlett Packard. B 2010-2013 rogax pa3Buthe TexHOJIOTHH Texterra MpoxoIuio
B paMKax COTpYJAHMYECTBA C KOMIIaHUEH Samsung, nanbHelee pa3Butue Texterra
CBsI3aHO CcO crapToBaBmmM B 2012 romy mcciemoBaTeIbcKuM TpoekToM Talisman
(Tracking And Learning Insights form Social Media ANalysis), HanpaBIeHHBIM Ha
CO3/IaHNE TEXHOJIOTHH, CITOCOOHON OTCIIEIUTHh W BBIACTUTHh (PUKTHBHBIC aKKayHTHI
B COLIMAJIBHBIX ceTsx [26, 27] .

Texnonorus Texterra nmpegHa3HadeHa JUId MOJTyYeHHs 3HAHUN Ha OCHOBE HC-
TOYHUKOB, HAXOASIUXCS B OTKPBITOM JOCTyIlE, TaKuX Kak «Buxunenus», «Buxu-
JaHHele» U «MenuaBukm». B kadecTBe perraembIX 3aad ¢ HCIONb30BaHUEM JaH-
HOM TEXHOJIOTUHU MPUBOIATCS CIEIYIOIINE: aHAJIU3 OT3bIBOB IOJB30BATENCH COLM-
AIBHBIX MEJIMA C LENbI0 MOHUTOPUHTA PENyTalliy JIIOIeH, OpraHu3aliii 1 TOBapoB,
CEMAHTHUYECKUM MOHUCK JAOKYMEHTOB M aBTOMATHUYECKOE IOCTPOEHHUE IMpPEIMETHO-
criermpuIHBIX 0a3 3HaHUi. B ocHOBe TexHomoruu Texterra jgekaT METOBI N3BIIEYEC-
HUS TAaHHBIX ¥ METObI KOMIIBIOTEPHOI TUHTBUCTUKU. Ha BepXxHEM ypoBHE TEXHOJIO-
run Texterra HAXOOUTCSI YETBHIPE MOMYJIA: MOAYJb JUHTBUCTUUECKOTO aHAIN3a, MO-
IyJb 0a3bl 3HAHHWHA, MOAYJb U3BJI€UEHUS MH(POPMAIIMM U MOIYJb aHAJTN3a dMOIIHO-
HaJbHON oKpacku. TexHosorus Texterra mpuMeHsieTcs AJs pelIeHus 3a1ad ceMaH-
THUYECKOTO TIOMCKA M MOCTpOeHus 0a3 3HaHWil. B cucTeme peann3oBaHbl BOZMOKHO-
CTH Pacro3HaBaHHsI MMCHOBAaHHBIX CYIIHOCTEH, MPUBSI3KU K MOHITHAM Oa3bl 3HAHUI
(hparMeHTaMH TEKCTOB, ONPEACISIONINX CEMAHTHKY, U N3BJICUCHUSI OCHOBHBIX TTOHS-
il U3 Tekcta. O3HAKOMHUTBCS C BO3MOXKHOCTSAIMH TeXHOJNOTHH Texterra MOKHO Ha
caifre MHctuTyTa cucteMHoro nporpammupoBanus um. B.II. MiBamnukoBa PAH
(https://texterra.ispras.ru/)
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Tomuma-napcep

TomuTa-mmapcep — 3TO aHATM3aTOP TEKCTa HA €CTECTBEHHOM S3BIKE, KOTOPBIN
TO3BOJISIET M3BIIEKATh M3 TeKCTa (haKThl (CTPYKTYpHpPOBaHHBIE AaHHBIE). TommuTa-
napcep ucnonb3yeTr anroput™ GLR-mapcunra. I'pammatuku Tomuta-napcepa pa-
ooratoT ¢ nemoukamu. llemouka — 3T0 ogHO mpenoxenue. V3 memnoyku BhIEIS-
IOTCSI OALENIOYKH, KOTOPBIE, B CBOIO 0Yepe/ib, HHTEPIIPETUPYIOTCS B pa3OUTHIE IO
noJisiM pakThl. OCHOBHBIC KOMIIOHEHTHI Tapcepa [28]:

® Ta3eTTHp — CJIOBaph KIOYEBBIX CIIOB, MCIOJIB3yEeMBIH B MPOIIECCE aHaIM3a
KOHTEKCTHO-CBOOOTHBIMU TPaMMAaTHKaAMU;

® IpaMMaTHKa — MHOXKECTBO TpPaBUJ, 3allUCAHHBIX HA S3bIKE KOHTCKCTHO-
CBOOOJIHBIX TpaMMAaTHK, OIPENEISIOMINX CHHTAaKCHUECKYIO0 CTPYKTYpY BBIIelsie-
MBIX M3 TEKCTa [ETI0YEeK;

® MHOXXECTBO ONHCAHUN THIIOB (haKTOB, MOPOKIAAEMEIX B pe3yibTare OTOO-
paXXeHHsI CUHTAKCHYECKOW CTPYKTYpBl BO MHOXECTBO JIMHEMHO OpraHM30BaHHBIX
(axToB.

Tomuta-mapcep pacmpocTpansercs 6ecriaTHO, HO 0€3 TpaBMI TpaMMaTHKH.
B xavecTBe Bxona /I M3BJICUEHHS TaHHBIX U3 (Ppa3bl HA €CTECTBEHHOM SA3BIKE HC-
MOJIB3YETCS TEKCTOBBIA (aitn B komupoBke «HOumkom» (UTF-8). PesymbraTer m3-
BJIeUeHUs (PAKTOB MOXKHO MONYYHTh B popmare XML, uTo ymo0HO AJs UX Tocie-
Iyrorei o0paboTKH.

Ilakem nunzeucmuueckux uncmpymenmoe RML

RML (akpornM 0T «pabodee MECTO JIMHTBHCTa») — 3TO MaKeT JIWHTBHCTHYE-
CKHUX WHCTPYMEHTOB JUIA aHallM3a TEKCTa Ha aHTJIMICKOM, PYCCKOM U HEMEIKOM
si3pIKax. B HacTodIee BpeMs MakeT JUHIBUCTHUYECKUX HHCTpyMeHTOB RML peanu-
3yeTcs KOJUIEKTUBOM aBTOPOB moj pykoBoactBoM A.B. Cokupko. Ilaker auHTBU-
ctuueckux uHCTpyMeHTOB RML ¢ 2010 roma mocrymen mon mwmen3ueit GNU
Public Licence [29]. Pa3paborka mpoekTa Obula HayaTa B KOMIAHUM «J{HainH»
(r. MockBa) B koHie 1990-x romoB. TeopeTudeckne NMPHUHIMAIBI aHAIH3a TEKCTa
B cucreMe «J/lpamuHr» OBUIM OCHOBaHBI HAa MHOTOJETHHX HCCIEIOBAHUIX
H.H. JleontseBoii. B 1998 romy H.H. JleonTheBa, momy4uB OpensiosK€HUE O CO-
TPYJHUYECTBE OT MPE3UCHTAa KOMIIAHUH, COOpana KOMaHIy s pa3pabOTKU CH-
CTEMBI KOMMEPUECKOI'0 PYCCKO-aHTIUNCKOTO MAIMHHOTO TepeBona «Jluamuury.
B cucreme «JluanvHry 0OCHOBOTIONATAIOIINM CEMAaHTUICCKUM MOHSATHEM CTaJo TI0-
HATHE «CEMAHTUYECKOE OTHOIICHHE». [0 ceMaHTHYEeCKMM OTHOIIICHHEM aBTOPHI
CUCTEMBI «J|MajduHr» MOHMMAaIH HEKYI0 YHHUBEPCAIBHYIO CBS3b, YCMaTPHUBAEMYIO
HOCUTENEeM s3blka B TekcTe. (CeMaHTHYeCKOe OTHOIICHWE 3alliChIBaeTCS Kak
R(A,B), rme R — Ha3BaHWe oTHOIIEHUS, A — 3aBUCUMBIN WwieH, B — ynpaBnsromuit
4jieH ceMaHTHyeckoro otHoeHus [30]. Hanpumep, oTHomenue uist ¢passl «Kap-
tuHa [llumkunay Oyner umets BuA agmop (Lluwkun, kapmuna).

[Ipoekr no pazpaboTke cuctembl «JluamuHr» npocymecTBoBan 10 2001 roxa
U OBUI 3aKpBIT Kak HepeHTaOenbHBIN. [locie 3akpeiTHs TpoekTa «JluamuHr»
A.B. Coxupko BMecTe ¢ eTUHOMBIIUIEHHUKAMHU MPOJOJDKAI padOTy Haa JTUHTBH-
CTHYECKUMU TIporieccopamu cuctembl «Jluamuary [31]. C 3TOro MOMEHT MPOEKT
pasBuBaincs Haj HazBaHueM AOT (akpoHHM OT «aBTOMaTHUecKas o0pabOTKa Tek-
cta»). AOT BrirodaeT Takue KOMIOHEHTHI, KaK TpadeMaTndecKuii, MopQoaornye-
CKH, CHHTAaKCHICCKUH M CEMaHTHYECKHUIl aHaIm3aTophbl. Pycckuii Mopdomormyae-
CKUU CJIOBaphb MPOEKTa, KAK 1 MHOTHUE COBPEMEHHBIC MOP(OIOrHYECKUE CIIOBAPH,
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OasupyeTcs Ha rpaMMatudeckoM cioBape A.A. 3anm3Hska. Mopdomormueckuit
CJIOBaph pycckoro s3bika npoekra AOT B HacTodmiee BpeMs, IOMHUMO CaMoro Ipo-
€KTa, MCII0JIb3YeTCsl KaKk OCHOBA CIIOBapel B APYTUX JMHTBUCTHUECKUX MPOEKTaX,
HalpuMep, B IPOEKTE M0 CO3AAHUIO Pa3MEYEHHOTro Kopiyca TekcTtoB OpenCorpora.
Hamnenii xopmyc moctymeH mox gurensueir CC-BY-SA [32]. B mpoekre
OpenCorpora cmoBaps AOT ObUT amanTHPOBAH /IS 3a7a9 KOHTPOJIA KadyecTBa pas3-
METKH KOpIIyca: Ipou3BeJeHa YHIU(PUKALUI PELIeTOK NapaJurM U YMEHbBIIEHO KO-
JINYECTBO JIEMM-OMOHKUMOB [33].

Taxum 006pazom, B 3TOM paszziesie Mbl PACCMOTPENHU Psii HHCTPYMEHTOB aBTO-
MaTH9IecKoi 00paboTkH TekcTa Ha pycckoM si3bike: DTAII-3, ABBYY Compreno,
Texterra, Tomuta-nmapcep, RML. Jlns ganpHeiimero uccieaoBaHus ObUIH BEIOPaHbI
OTAII-3 1 RML. Bei6op nepBoro o0ycioBiieH TeM, YTO 3TO UHCTPYMEHT, KOTO-
pHBIii OBUT HCHOIB30BaH AJS pa3MeTKH pycckux TekctoB CunTarPyc. JlanHBIN KOp-
yC MOCJ€e MPOBEPKHU JIIOABMH CTaJl UCIOIB30BaThCsl HHCTPYMEHTaMH aBTOMaTHue-
CKOW 00pabOTKHM TEKCTa, YbHM alTOPUTMbI OCHOBAHBI HAa MAIIMHHOM OOYYEHUH.
Br160op BTOpOTO, B CBOIO O4YEpeb, 00YCIOBIEH TEM, YTO AAHHBIN MAKET MOJHOCTHIO
HaxXoOUTCsS B CBOOOJHOM JOCTyIE M €ro MopGOJIOTHYECKUH CIOBaph PYCCKOro
A3bIKa OBUI HCIIONIB30BaH KaK OCHOBAa MOP(OJOrMYECKOH pa3METKU TEKCTOBOTO
kopmyca OpenCorpora.

2. UCCJIEJJOBAHUE BO3MOKHOCTEM RML
JIJIsI U3BJIEYEHUSI CEMAHTUYECKUX OTHOIIEHUM
OHTOJIOT'MM TPEBOBAHUM

Jns unmoctpanuu Bo3aMokHOCTe cuctemMbl RML paccMoTpuM mpuMeEpPHI
pa3bopa IOBYX NpemiokKeHHH, comepkammx Tpeboanus. [lepBoe mpemmosxkeHue
3aIHUCaHoO C YYeTOM PEKOMEHIANNH, YTO TEKCT JOKYMEHTOB C TPeOOBaHHUSIMH JIOJ-
JKEH COCTOSITh M3 KOPOTKUX U SCHBIX MpenjioxeHuii. Bropoe TpeboBanue chopmy-
JUPOBAaHO C MPUMEHEHHEM XOPOIIO 3apeKOMEHIOBaBIICH ce0sl B THOKUX METOJ0-
JIOTHSX Pa3pabOTKH TEXHUKH MOJIB30BATEILCKUX UCTOPHIA.

TpebdoBanue 1. [lo 3anpocy pykosodcmea oucnemuep O0NNCEH OMNPABUNMb
omuem 0 COCMOAHUU CUCTEMDL.

TpedoBanue 2. Kax undicenep, s Xouy gudems 200 NOCMPOUKU KAAHCOOU KO-
MenvbHol, 4moobl NIAHUPOEAMb PEMOHMHbIE PADOMYL.

Jiist 00paboTKH THX MPEATOKEHUI OBLIIN MCIOIB30BaHbl CHHTAKCUYECKUE U
ceMaHTHUYecKHe aHaau3aTtopsl cucreMbl RML. Ha puc. 1 1 2 mokazaHsl pe3yJbTaThl
aHaJM3a MOBEPXHOCTHOTO CHUHTaKcuca aist Tpeboganust 1, a Ha puc. 3 u 4 — s
Tpebosanus 2.

W3 puc. 1-4 BumgHo, uto mius Tpebosanus 1, chopMyIUpOBaHHOTO B GopMme
MIPOCTOTO TMPEUIOKEeHN, OblIa OmpeseNieHa oHa Kiay3a (3JeMeHTapHOoe MpeIo-
JKEHHE, BEPUIMHONH KOTOPOTO SBISETCSA TIArol JIMOO WK 3JEMEHT, 3aMEHSIOIINI
ero). [lns mpennoxenust Tpebosanue 2, KOTOpOe MPEACTABISET COOON CIOXKHO-
NOJYMHEHHOE MPEUIOKEHHE, ONPEIeNIeHO OBE KiIay3bl. THI BEepIIMHBI KIay3bl IS
npeanoxenus: Tpedosanue 1 obo3nayen tumom «KP IMPUJI» (kpatkas ¢opma
npuiaratenbHoro). s mpennoxkenus Ipebosanue 2 BeplIHA TIABHOW KIIAy3bl
umeer tan «I'JI JIMYH» (munas ¢opma Tiaroja), BEpIIMHA MOAKIAY3Bl —
«H®» (meonpenencHras popMa Tiiaroja).



36 T.B. ABJIEEHKO, M.III. MYPTA3HUHA u op.

Kp_npun
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remﬂ Wr r‘E:l.! aon MeHWT Mr

Mo 3anpocy pyKoBoACTBa gucnetyep OOMKEH OTNpaBuUTb OTYET O COCTOAHMWM CUCTEeMbl

Puc. 1. Pe3ynpraThl aHanu3a NOBEPXHOCTHOIO CHHTAKCHCA MPEIJIOKEHUS B BUJIE
CUCTEMBI COCTABIISIONINX, ITOyYeHHEIC Ha caiiTe aot.ru (Tpebosanue 1)

Fig. 1. Results of the shallow parsing of the sentence in the form of a system
of components obtained on the site aot.ru (Requirement 1)

- «sent>
- <synvars>
<clause type="KP_MPWUN"=Mo 3anpocy pyKCBOACTBA AWCNETUYEP AONMKEH OTNPABHTL OTUET O
COCTOAHMM CHCTEMDbI .{g’ClBUSE}

<group type="TEHWT_WI">3anpocy pyKoBoAcTBa</group:
<group type="MNr":=Mo 2anpocy pyKoBOACTBa</group:
<group type="NMPAM_QOMN">0TNpaB1Tb 0TYeT</group:
<group type="TEHWUT_MI">COCTOAHMM CUCTEMBI</groups>
<group type="MNI">0 COCTOAHHWW CHCTEMbI</group:>

</synvar>

<rel grmchld="no,cp,pa,en," lemmchld="P¥KOBOACTBO" grmprnt="Ho,Mp,AT,eA," lemmprnt="3ANPOC"
gramrel="no,Mp,aT,ea," name="TEHUT_WI"> 3anpocy -> pykosogcrea </rel>

<rel grmchld="no,mp,aT,eq," lemmchld="3ANPOC" grmprnt="" lemmprnt="M0" gramrel="aT," name="MNr":>»
Mo -> 3anpocy </rel>

<rel grmchld="Ho,mp,BH,en," lemmchld="OTYET" grmprnt="gcT,ne,cB," lemmprnt="OTNPABHUTL"
gramrel="gcT,ne,cs," name="MPAM_ON"> oTnpasuTb > oTueT </rel>

<rel grmchld="Hoxp,pa,en," lemmchld="CUCTEMA" grmprnt="Ho,cp,np,ea," lemmprnt="COCTOAHWE"
gramrel="no,cp,np,epn,” name="TEHWUT_WUI"> cocroAaHnn -> cucTemnl </rel>

<rel grmchld="Ho,cp,np,en," lemmchld="COCTOAHME" grmprnt="" lemmprnt="0" gramrel="np,"
name="Mr":= o -> cocroAanumn </rel>

<rel grmchld="oa,mp,uM,en," lemmchld="ANCNETYEP" grmprnt="Kay4,Ho,0f,Mp,eq,"
lemmprnt="AQOJIXEH" gramrel="" name="MOAN"> gomxeH -> gucneruep </rel=

</sent=

Puc. 2. Cuarakcudeckuii pa3dop npemnoxenus (Ipebosanue 1), BRIMOTHEHHBIN
cucremoir RML

Fig. 2. The syntactic analysis of the sentence (Requirement 1) made by the
RML system

n_Nw4H

npun_cywy npun_cyw

Kak WHXEeHep , A Xouy BUAETb rod MOCTPOMKM KaXAOW KOTENbHOM |, uToGbI nnaHWpoBaTe PEMOHTHbIE pa&m'bl

Puc. 3. Pe3ynpraTsl aHalH3a MOBEPXHOCTHOTO CHHTAKCHCA B BUIE CHCTEMBI
COCTaBIIAONINX, TIOTyYeHHBIE Ha caiiTe aot.ru (Tpebosanue 2)

Fig. 3. Results of the shallow parsing of the sentence in the form of a system
of components obtained on the site aot.ru (Requirement 2)

Pe3ynpTaThl CHHTaKCHYECKOTo pa3dopa MepemaroTcsi CEeMaHTHUECKOMY aHajIH-
3aTOpy, KOTOPBIA CTPOUT CEMaHTHUYECKYIO CTPYKTYPY Ka)XIIOTO MOJAHHOTO HA BXOX
npetokeHns. CeMaHTHYecKasi CTpyKTypa COCTOUT M3 CEMaHTHYECKUX Y3JIOB U Ce-
MaHTHYECKUX OTHOLIeHWH. [1og ceMaHTHYEeCKUM Y3JIOM MOHUMAETCs «OOBEKT TEK-
CTOBOW CEMaHTHKH, Y KOTOPOTO 3allOJHEHBI BCE BaJCHTHOCTH, KaK JKCIUIMIUTHO
BBIp2)KEHHBIC B TEKCTE, TAK M UMIUIHLIUTHBIE — T€, KOTOPBIE MOIYYAOTCsl U3 IKCTpa-
JIMHTBUCTUYECKUX UCTOUHHUKOBY [31]. [Ipu aHanm3e i Kaxxaoi «KecTKOW TPpyIITbh»
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WIM OJJMHOYHOIO CJIOBA CO3JIAETCS y3el ¢ MOP(OJOTHYSCKHMHU XapaKTEPUCTHKAMHU.
IIpemmorn cranoBsiTcsi aTpuOyTaMu y3JI0B, KOTOPHIMU OHHU ympaBisud. Jlanee aHa-
JTU3UPYIOTCS BBIJCIICHHBIE CHHTaKCHYecKue oTHomeHus. [lompoOHo ¢ mpormemypoit
aHaM3a MOYKHO 03HAKOMHUThCS Ha opuIHanbHOM caite poekta AOT Ha cTpanmIie

«IlepBrunbIit cemanTuaeckuii anamsy (http://www.aot.ru/docs/seman.html).

- «<sent>

<

- <Synvars

<clause type="MH®">, uToObl NNaHWpoBaTh peMoOHTHbIEe paboTbl .</clause>
<group type="NMPWUJI_CYI]">peMOHTHbie paboTbl</group>
<group type="MPAM_A0N">nnaHWpoBaTb peMOHTHbIe paboTbi</group=

</synvars

- <Synvars
<clause type="TN_NMAWYH" > Kak MHKEHEP , A XOuY BUAETb roj NocrpoiKn Kamaon KOTENbBHOA ,
uTo6bl NNaHWPOBaTh PEMOHTHbIE paboTol .</clausex

<group type="TEHWT_MI">roa nocTpoiku</group:=
<group type="MPAM_10N">BUAETb rofl NOCTPORKK < /group
<group type="MEP_ITIAT_MH®">xouy BWAEeTb rof NOCTPOAKKM</group>
<group type="NMPUJI_CYI]">kam ok KoTenbHo# </group=>

</synvar>

<rel grmchld="kau,Ho,8H,MH," lemmchld="PEMOHTHbIA" grmprnt="Ho,%p,8H,MH,"
lemmprnt="PABOTA" gramrel="BH,MH," name="TIPUJI_CYL"> pabGoTbl -> peMOHTHbIe </re|>

<rel grmchld="Ho,xp,BH,MH," lemmchld="PABOTA" grmprnt="pcrT,ne,Hc," lemmprnt="TIIAHUPOBATBL"
gramrel="peT, ne,Hc," name="MPAM_/10N"> nnaHnpoBaTb -> pabotbl </rel>

zrel grmchld="no,04a,5p,np,T8,aT,pa,en," lemmchld="KAMXALIA" grmprnt="Ho,xp,np,Te,a1,pa,en,"
lemmprnt="KOTENLHARA" gramrel="wp,np,78,47,pA,ea," name="MPUJI_C¥IL"> koTenbHOW ->
Kawpgon =/rel=

<rel grmchld="gcr,ne,He," lemmchld="BUAETB" grmprnt="gcT,ne,nc, 1n,Hcr,en,” lemmprnt="XOTETh"
gramrel="geT,ne,Hc, 1n,HeT,en," name="TIEP_ITAI_WMH®"> xouy -> BUAeTb </rel>

<rel grmchld="no,xp,pa,ea,"” lemmchld="MOCTPOMWKA" grmprnt="Ho,Mp,BH,ea," lemmprnt="TOAQ"
gramrel="Ho,Mp,BH,en," name="TEHUT_MWUI"> rop -> noctpoikun </rel=

<rel grmchld="no,mp,BH,en," lemmchld="TOA" grmprnt="gcT,ne,Hc," lemmprnt="BUOETb"
gramrel="pecT, ne,Hc," name="NMPAM_J10N"> BUAaeTh -> rop </rel>

<rel grmchld="1n,um,en," lemmchld="A" grmprnt="gcT,ne,Hc, 1n,HcT,eq,” lemmprnt="XOTETb"
gramrel="" name="NOAN"> xouy -> a </rel>

<rel grmchld="per,neHe," lemmchld="MAAHUPOBATL" grmprnt="pcT,Ne,Hc, 10, HeT, en,"
lemmprnt="XOTETB" gramrel="" name="NMOAKJ/IAY3A"> xouy -> nnaHuposaTtb </rel>

[sent=

Puc. 4. Cuarakcudeckuii pa3dop npemnoxenus (Ipebosanue 2), BRIMOTHEHHBIN

Pe3ympraTel paboThl CEMaHTHUYECKOTO aHaIN3aTopa IS MPEeIIoKeHUH 1pe-

cucremond RML

Fig. 4. The syntactic analysis of the sentence (Requirement 2) made by the
RML system

boseanue 1 u Tpebosanue 2 ipencTaBlIeHbI HA pHUC. 5 U 6.

Hodes:
Node 0 Oo 3AOPOCY: SANOPCC C @ Ho,Mp,OT,en, —-» C o Ho,Mp, OT, 250,
Node 1 F¥YRKOBOOCTBA: FYKCEBOOCIBC C m Ho,cp,pH,.en, -» C o Ho,cp,pd,en,
Node 2 JMCOETUEP: IOUCIETYEF C & om, Mp, MM, em, -> C N OI,MD, WM, &I,
Node 3 JOJMKEH: NOJIXEH KP_NPMI ka4, Ho, 0L, HCT,Mp,en, -> KP_IPHI ®ad, Ho, 06, HCT, Mp, €1,
Node 4 OTOPABHTL: CTHOPABWTEL MHEMHWIWE gmer,ne,cs, —-»> HHEMHMIME @mer,ne,cE,
Node 5 OTUET: COTYET C m ®o,Mp,EH,en, -> C n Ho,Mp,BH,eq,
Node 6 o COCTOAHIM: COCTCHHME C @ =o,cp,op,.en, -»> C @ =o,cp,n0p,en,
Node 7 CHCTEMBE: CHCTEMAR C n Ho,=p,pHO.,en, —-> C o Ho,=p,pHO,en0,
Relations:
SUE (OMCOETYEPR, OOMXEH) = nmomm (2, 3)
CONTEN (OTIPABWTL, JNONEEH) = n_mon (4, 3)
CBJ (OTUET, OTOPABMTL) = m_mom (5, 4)
THEME (COCTOAHIM, OTUET) = = _mon (&, 5)
ACT (CHCTEMH, COCTCAHMH) = x_mon (7, §)
LOK (SRNPCCY, IOOMEEH) = X' (0, 3)
AGENT (FYKOBOOCTBA, SANPOCY) = x_mon (1, 0)
SUE (OMCOETUEE, OTHOEABWUTR) = (2, 4)
Anx Relations:
SUE (OMCOETUEE, OTHOEAEWNTE) = (2, 4)
Puc. 5. Cemantudeckue oTHOIECHUS B ipemoxernu (Tpebosanue 1), BHISIBICHHBIC

Fig. 5. Semantic relations in a sentence (Requirement 1) detected by the RML system

cucremorr RML
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Nodes:
Nods
Nods

0 KAK: KAK H cr sonp, -> H cr BOnp,
1 JHEEHEP: VHXEHEP C & om,Hp,wr,en, -> C o onm,Mp,wmi, exn,
Node 2 A: A MC 1nm,ym,en, -> MC 1n;,m,en,
Node 3 X0Wy¥: XCTETb I’ ncT,ne,Hc,ln,Hcr,en, -> I' nocr,ne,kc, ln, HCT,en,
Node 4 BHEETbh: BHIETH MH$MHWIME nctT,ne,Hc, -> FMHEMHWIVMB &cr,ne,Hc,
Node 5 I'OA: I'C0 C & Ho,MD,EBH,en, —-> C I Ho,Mp,BH,en,
Node 6 NOCTPOJMEKN: NCCTPCHKA C 2 Ho,=p,pd,en, -> C & HO,=p,DO,ed,
Node 7 KARNON: KAXOHN MC-T T Ho,on,=p,np,Ts,AT,pn,en, -> MC-II T Ho,=p,0p, TS,AT,DHA, eI,
Node 8 KOTENEHOM: KOTENRHAA C n wo,=p,np,Ts,or,pm,en, -> C 5 Ho,=p,pHA,en,
Node 9 UTOBBI: UTCEH CCH3 sr -> COD3 sr
Node 10 TNAHMPOBATE: TJIAHMBOBATE WHSHHWTHE nor,ne,sc, -> WHSWHUTHE nct,ne, sc,
Node 11 PEMOHTHHE: PEMOHTHHI T =xau,Ho,EH,mm, -> 1 kaw, =50, BH,MH,
Node 12 PABOTH: PABCTA C 51 =o,=p,sH,MH, —> C 5 HO,=p, B, M=,
Relations:

SUB (#, XOUY) — momn (2, 3)
CONTEN (BMAETb, XOUY) = x_mon (4, 3)
BELNG (NOCTPGHKM, KOTEJNBHOM) = x_mon (6, &)

PROPERT (KAXHOMN, KOTEMBHOM) = MPWT_CYN (7, 8)
METHOD (KRK, XOU¥) = X! (0, 3)

CONTEN (TCH, BMOETB) = m_mon (5, 4)
OBJ (PASOTH, MNAHMPOBATH) = m_mon (12, 10)
PURP (PEMOHTHHE, PASOTH) = NBWT_CVIE (11, 12)
SUB (#, BMOETE) = (2, 4)

Anx Relations:

SUB (#, BMOETE) = (2, 4)

Puc. 6. CemanTudeckne OTHOIICHHsI B TpeasioskeHun (Tpebosanue 2),
BBISIBJIEHHbIE cicTeMoii RML

Fig. 6. Semantic relations in the sentence (Requirement 2)
detected by the RML system

U3 nanHBIX Ha puc. 6 BUIHO, YTO JUISl YaCTH y3JIOB CEMAaHTUYECKUE OTHOIIIE-
HUsLT He BblAemsoTcs. Hampumep, He ompeneneHO OTHOIIGHHE i y3ia
«MHXEHEPy. Ilo pe3ynbpraramM TpOBEIECHHBIX Pa300pPOB IMPEMIOKCHHA MOYKHO
OTMETHUTh, YTO YEM CJIOXKHEE CTPYKTYypa MPEAJIOKEHUS U 4eM OOJIbIIe B MPEIo-
JKCHUU 3HAKOB MYHKTYaI[UW, TEM MEHBIIC BBIIBISETCS CEMAHTHUYSCKHX OTHOIIIE-
Hull. PaccMoTpuM pe3ynbTaThl, MONYYCHHBIC sl TPEOOBaHUS, BHIPAKEHHOTO
NPETIOKECHAEM C HECKOJIEKUMU OJTHOPOTHBIMY YJICHAMH.

Tpedosanue 3. Uugopmayus o komenvHol 6x0UAEm UOCHMUPDUKAMOP KO-
menvHou (ID), 200 nocmpotiku, cpednuti pacxoo yeis, cCpeoHuli pacxoo 31eKmpo-
9Hepeuu, CpeOHUll pacxoo XOJL00HOU 800bl, MeMNepamypy nooauu 2opsayell 800bl.

B npemnoxenun Tpebosaniue 3 BBHIICICHO BCETO YETHIPE CEMAHTHUSCKHUX OT-
HomeHwus (puc. 7).

Nodes:
Node 0 MHEOPMAITMS: VMEH$CFMAIMA C n Ho,=p,ims,em, -> C 2 Ho,=p,ims, ea,
Node 1 o KOTENbHON: KOTENBHAA C & Ho,=p,np,ex, -> C J1 Ho,=p,0p,exd,
Node 2 BKIEMAET: BRIDUATH T xcr,ne,Hc,3i,scT,en, -> T xcr,ne,Hc, 37, ECT, ex,
Node 3 MIEETHEMKATOP: WIEHTHENKATOP C 7 Ho,Mp,BH,em, —-> C 1 HO,Mp,BH,eXn,
Node 4 KOTENBHOM: KOTEMSHAA C 2 Ho,%p,pA,em, -> C & Ho,=p,bn,ed,
Node 5 ID: ID C n mo,sE,np,TS,5,AT,DA,M, —-> C & HO,SE,0p, T8, B, AT, DA, MM,
Node 6 TON: TCHO C & Ho,Mp,=H,3,ed, -> C 1 HO,Mp,BH,MM, &1,
Node 7 HOCTPOIKH: IOCTPOMKA C n Ho,=p,pa,ex, —-> C X Ho,=p, DR, eX,
Node 8 CPENHWI: CPEIHWMH I =o,o0x:,Mp,5H,1m,ex, —> I Ho,OX,Mp, BH, MM, €X,

Node 9 PACXOJ: PACXON C n Ho,Mp,sH,u,en, -> C 1 HO,Mp,B5H, WM, eI,
Node 10 YTIf: YTONB C & Ho,Mp,px,en, -> C 7 HO,Mp,pA, ed,
Node 11 CPEJNHMIT: CPEOHWA M mo,o0m,Mp,BH,¥M,em, -> I Ho,ON,Mp, BH,MM,em,
Node 12 PACXON: PACXON C & Ho,mp,sH,ms,en, -> C J1 HO,Mp, SH, MM, eI,
Node 13 SJEKTPOSHEPTWM: SIEKTPOSHEPFTHA C & Ho,=p,pH,ed, -> C I Ho,=p,po, exn,
Node 14 CPEJNHWH: CPENHMA I Ho,o0m,Mp,5H,1mq,ex, —> I Ho,OX,Mp, BH, MM, €X,
Node 15 PACXON: PACXCO C 7 Ho,Mp,EH,MM, &0, -> C 5 HO,Mp,EBH, MM, &1,
Node 16 XONONHOM: XONMCOHHI T xau,Ha,omn,=p,n0p,TE,OT,pd,en, -> [ kau,Ho,o0fd,=p,np, TS, AT,pH, &0,
Node 17 BONB: SCI C a1 Ho,Mp,Bx,im4, 1, -> C X HO,MD,BH,MM, 14,
Node 18 TEMIEPATYPY: TEMOEPATYPA C 11 o, =p,BH,en, -> C & HO,=p,BH,en,
Node 19 NOJAUM: NOJAYA C & Ho,=p,pa,ex, -> C 7 HO,=p,PH, eX,
Node 20 MUA: TOPAUEN: TOPAUMI I xaw,cpass,Ho,on,=p,pd,ex, -> [ Kaw, CpasH, Ho, OR, ®p, DO, €X,
Node 21 BONH: SCOA C n #o,%p,pa,ed, -> C 1 Ho,%p,DA, ed,

Relations:
PROFERT (CPEIHMII, PACKCI)
PROPERT (CPELHM, PACXOH) = NPWI_CVI (11, 12)
PROPERT (CPELHM, PACXON) = OPWI_CVI (14, 15)
PROPERT (MUA: TOPSUEHl, BOOH) = HPMI CYI (20, 21)

TEMI_CYI (8, 9)

Puc. 7. CemanTudeckuie OTHOIIEHUs B Ipeioskennu (Tpebosanue 3),
BBISIBJIEHHbIE cicTeMoii RML

Fig. 7. Semantic relations in the sentence (Requirement 3)
detected by the RML system
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Takum 00pa3zoM, MOXKHO 3aKITFOYUTH, YTO IS IIeNIel U3BIICUCHUS CEMaHTHYe-
CKMX OTHOIICHHWH IS OHTOJOTHH TPeOOBAHHMM paccMaTpHBACMBIA MPOTPAMMHBIN
I/IHCTp}IMeHTapI/Iﬁ moAXOoAUT JIMIIb YaCTUYHO, TaK KaK OH MOXKET IIPOMyCKaTh 3HA-
yumble moHATHS. [Ipu mcnonp3oBannn cuctreMbl RML motpebyercss moOaBisTh
JIOTIOJTHUTENIbHBIE TIpaBUiIa O0paOOTKH TOKEHOB, YTOOBI HE MOTEPSITh 3HAYMMEIE
MOHATHUS ¥ OTHOIICHUS, a TAaKXe JOMOJHUTEIIbHBIC TIpaBUia 00pabOTKU pe3yJibTa-
TOB CHHTaKCUYECKOTO aHaM3a, YTOOBI BBIIBUTH OTHOIICHUS «IPOMYIICHHBIX)»
3HAYUMBIX TTOHSATHIA.

3. HCCJIEJOBAHHME BO3MOKHOCTEM CUCTEMBbBI DTAII-3
JJISI U3BJIEYEHUSI CEMAHTUYECKHUX OTHOLIEHUM
OHTOJIOTMU TPEBOBAHUM

Pacemorpum Bo3mokHOCTH cucteMbl DTAII-3 mpu pazbope mpemmokeHui
Tpebosanue 1 v Tpebosanue 2, KOTOPbIC IPUBECHBI Ha pUC. 8 1 9.

<W LINK="o6cT" LEMMA="MO" ID="1" FEAT="PR" DOM="5">Mo</W>

<W LINK="npegn" LEMMA="3AMNPOC" ID="2" FEAT="S E[l1 MY AT HEOA" DOM="1">3anpocy</W:>

<W LINK="KBazMareHT"' LEMMA="PYKOBOJICTBO" ID="3" FEAT="S E[l CPEA PO HEOQ" DOM="2">pyKkoBoACTBa </ W >
<W LINK="npepuk" LEMMA="[JACMNETYEP" ID="4" FEAT="S EJ] MY>X UM OJ1" DOM="5"> gucneruep</W:>

<W LEMMA="AOMAMEH" ID="5" FEAT="A KP E[l MY)K" DOM="_root">go/mKeH</W>

<W LINK="1-woMmnn" LEMMA="OTNPABJNIATL" ID="6" FEAT="V COB UH®" DOM="5">o0TnpaBuTb</\W >

<W LINK="1-koMnn" LEMMA="OTYET" ID="7" FEAT="S E[l MY BUH HEO[]" DOM="6">0Tuer</W>

<W LINK="1-woMmnn" LEMMA="0" ID="8" FEA R" DOM="7">0</W>

<W LINK="npepgn" LEMMA="COCTOAHME" ID="9" FEAT="S E[l CPEA NP HEOA" DOM="8">COCTOAHUM </ W >

<W LINK="kBa3marent" LEMMA="CUCTEMA" ID="10" FEAT="S E[l }XEH POJ] HEO/1" DOM="9">cncrembi < /W >

<LF LFVAL="1" LFFUNC="_ADV2-UN" LFARG="2"/>

</S
Puc. 8. Pa3bop cuHTakcuueckoit cTpykTypsl npeioxenus (Tpebosanue 1),
BBINIOSTHEHHBIN cuctemont DTAII-3
Fig. 8. Analysis of the syntactic structure of the sentence (Requirement I)
made by the ETAP-3 system
- <S>
<W LINK="cpaBHMT" LEMMA="KAK" ID="1" FEAT="CONJ" DOM="3">Kak</W>
<W LINK="cpaBH-cO2H" LEMMA="WHXXEHEP" ID="2" FEAT="S E[l MY} UM O[1"' DOM="1">HHeHep</W>
’
<W LINK="npeauk" LEMMA="A" ID="3" FEAT="S E[l M¥XX MM O1" DOM="4">A</W=
<W LEMMA="XOTETb" ID="4" FEAT="V HECOB U3 bAB HENPOLU EA 1-N1" DOM="_root"=xouy< /W=
<W LINK="1-koMnn" LEMMA="BMAETb" ID="5" FEAT="V HECOB MH®" DOM="4">BuaeTb</ >
<W LINK="1-koMnn" LEMMA="TOA" ID="6" FEAT="S EQl M¥XX BUH HEOA" DOM="5">roa</W=>
<W LINK="kBazmareHT" LEMMA="TIOCTPOMKA" ID="7" FEAT="S E/Jl XXEH POl HEOJl" DOM="6">NOCTpOHKK /W=
<W LINK="onpen" LEMMA="KAM/AbIN" ID="8" FEAT="A E[l XEH PO[1" DOM="9">Kkamaom </ >
<W LINK="1-koMmnn" LEMMA="KOTEJIbHAA" ID="9" FEAT="S EQl Y{EH PO HEOA" DOM="7"=>KOTENbHOM </ W >
r
<W LINK="06cT" LEMMA="YTOBbI" ID="10" FEAT="CONJ" DOM="5">uT06bI</W >
<W LINK="uH¢-corozH" LEMMA="TINIAHWUPOBATbL" ID="11" FEAT="V HECOB MH®" DOM="10">nNnaHMpoBaTb</W>
<W LINK="onpen" LEMMA="PEMOHTHbIW" ID="12" FEAT="A MH BMH HEO4" DOM="13">peMOHTHbI& < /W >
<W LINK="1-koMnn" LEMMA="PABOTA" ID="13" FEAT="S MH XEH BMH HEOA" DOM="11">paboTbl</W>
/s

Puc. 9. Pazbop cuHTakcn4eckol cTpyKTypslI npeioxxenus (Ipebosanue 2),
BBINOJIHEHHBIH cuctemoit OTAII-3

Fig. 9. Analysis of the syntactic structure of the sentence (Requirement 2)
made by the ETAP-3 system

B pesynprare, kotopsiii Bo3Bpammaer cuctema JDTAII-3, coxpaHsercs mopsi-
ok cnoB B npennoxkenun. Cuctema DTAII-3 cTpout nepeBO 3aBUCUMOCTEH, y3-
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JIaMH KOTOPOTO SIBJITFOTCS CJIOBa MPEUIOKEHNUS, a BETBIMH — UMEHA CHHTaKCHU4Ye-
CKMX OTHomeHuH. brarogaps Hamu4mio GONBIIOrO YHCIA THIIOB CHHTAKCHYECKHX
OTHOIICHUH TPEIOKEHUE JTFOO0H CIOKHOCTU MOKET OBITh MPEICTABICHO B BHUIC
JlepeBa 3aBUCHUMOCTEH, HEKOTOpble W3 HHUX BCTPEYAIOTCA JOCTATOYHO PENKO.
B dactHOCTH, B TpoaHaIM3UPOBAaHHOM (parMeHTe cruenupuKanuu TPeOOBAHMMA
OBLIO BEISBIICHO 23 THIA CHHTAKCHMYECKHX OTHONICHHMH. TakuM oOpa3zom, MOKHO
3aKJIFOUUTh, YTO JIJIS LIEJICH WU3BJICUYCHUS CEMaHTUYCCKUX OTHOIICHHN JJISi OHTOJO-
ruu TpeOOBaHMI Pe3ybTaThl 00PabOTKM TEKCTa MPUMEHUMBI TIPU pa3paboTKe CH-
CTeMBI TPaBWJI KOHBEPTAIMM TOKEHOB W CHHTAaKCHYECKUX OTHOIIEHUH B KIIACCHI U
CBOICTBa OHTOJIOTHH.

Takum 00pa3oM, MOKHO 3aKIIIOYUTh, YTO B KaYeCTBE BXOAHBIX NAHHBIX IS
MOCTPOEHHUSI OHTOJOTHH MO TEKCTaM TpeOOBaHWI Oollee MOAXOIAT Pe3yNbTaThl,
noiryueHHsble ¢ momMonisio cucrembl DTAII-3. PesynbraTr ee BKIIO4aeT ceMaHTHUe-
CKHE POJM B CHHTAaKCUYECKHUX OTHOIICHUSIX, OH 00JIee OUCBHJICH U MPEJCKa3yeM, a
3TO O0NETYHT 3a7a9y pa3paboTku Habopa MPOTyKIIMOHHBIX TIPABIII IS 00paboTKH
pe3ybTaToB padoTHI Mapcepa, 0COOEHHO €CIIM B IpaBUiaX 00pabOTKH Pe3yJIbTaToB
TpeOOBaHMI YYUTHIBATh (DUKCUPOBAHHYIO CTPYKTYpy TpeOOBaHUs (Hampumep, B
BUJIE TIOJH30BATEIBCKOW HCTOpUM). Takod MOIX0J, BO3MOXHO, MO3BOJUT TOIY-
YUTH PE3yJIBTATHI IOCTATOYHO BHICOKOTO KadecTBa.

3AK/IIOYEHUE

B nmannO# paboTre ObUIM MCCIIeAOBaHBI BOZMOKHOCTA aBTOMaTHYECKOH 00pa-
OOTKHM TEKCTa Ha PYCCKOM S3bIKE IJIA IIeed WHKeHepuu TpeOoBaHWi. MeTomsl,
Jie)Kalue B OCHOBE WHCTPYMEHTOB aBTOMATHYECKOH OOpPa0OTKH TEKCTa, MENSTCS
Ha JIBE TPYIIbI: OCHOBaHHBIC HA MPaBWIaX M OCHOBaHHBIE HA MAalIMHHOM 0Oyue-
HuM. PaboTa WHCTPYMEHTOB MEPBOH TpyNIbl OCHOBHIBAETCS Ha KOHTEKCTHO-
CcBOOO/IHOM TpaMMaTHKe U PACHIMPSIOLINX €€ TEOPUAX C IeNIbI0 OMUCATh TaKHhe SB-
JIEHUs, KaK JJIIUICHUC (HaMEpEeHHBIM MpPOIMYyCK CJIOB) WM pa3pbIBHbIE MMEHHBIE
rpynnsl. [logxonel, OCHOBaHHBIE Ha TpaBWIIaxX, MPEAIONIAraloT CO3/IaHue Habopa
MpaBUJI, OTPAXKAIOLIUX BCE BO3MOYKHBIC IPAMMAaTUYECKHE 3aBUCUMOCTH. B pamkax
JAHHON paboThl OBUIM JETaJbHO U3YyUEHBI JBa OCHOBHBIX IPEJCTABUTENS JTUHTBU-
CTUYECKOr0 aHallW3aTopa, UCIONb3YIONINX Ui aHadu3a MpaBujia rpaMMaTHIECKO-
ro pa3bopa. Ha mpakTuke mpeaycMOTpeTh BCe CUTyallly He MPEACTaBISAETCS BO3-
MOJKHBIM, TO3TOMY BO3MOJKHBI CUTYalllH, KOTJa JTMHTBUCTUYECKHI Mapcep nepBoit
TpYONBl JUIsI HEKOTOPBIX CJIOB MPEUIOKEHUsI HE BBIJACT HUKOTO pe3ysibTaTra, 4To
MBI U TIPOHAOIFOIaJIH IIPY aHAIHM3€E TEKCTOB TpeboBaHMit B cucteme RML.

WNucTpyMeHTBI BTOpOW Tpynmbl 00ydaloTCs Ha pPa3MEdeHHOM KOPITyCe TeK-
CTOB, TIOTOMY HE TPeOYIOT PYYHOTO HalMCaHWs MpaBWUJ TpaMMaTHKH. Ha ocHo-
B€ JIAHHBIX O BBISIBIIEHHBIX 3aKOHOMEPHOCTSAX B OOydYaroliel BBHIOOPKE TaKue WH-
CTpYMEHTHl 00pabaThIBafOT HOBBIE TEKCTH. Kopmyc MOXXeT MOATOTaBIUBATHCS
BPYYHYIO WM TMOJyaBTOMAaTHYECKH, KaK 3TO OBUIO CIeNaHO C KOPITycoM
CunTarPyc npu nomomu cuctemslr OTAII-3. PasmeTka TekcToBOro Koprmyca aaxe
B IOJyaBTOMAaTHYECKOM pexXHuMe TpeOyeT 3HAYMUTENBHBIX TPYyI03aTpaT, MOITOMY
MCTOPHYECKHU MEPBBIMU MOSIBIIINCH MTOJIXO0/bI, OCHOBaHHBIE Ha IpaBmiiax. B HacTo-
siee BpeMs yske TpojiesiaHa OrpoMHasl padoTa 1Mo CO3AaHUI0 pa3MEUeHHBIX KOpITy-
coB. [lo3ToMy MHCTpYMEHTHI, OCHOBaHHbIE Ha MAIIMHHOM OOYYE€HWH, HAYMHAIOT
BBIXOJUTHL Ha TepBbIi rad. K uuciy Hambomee 3(hPeKTUBHBIX MapcepoB BTOPOM
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TPYIIBI OTHOCUTCS YHUBEPCAIBHBIN S3BIKOHE3aBUCUMBIH HHCTPYMEHT JIJIsl pabOThI
¢ JepeBbsaMU 3aBucHMOocTell MaltParser. Momens pycckoro s3bika mist MaltParser
oOydeHa Ha kopnyce CunTarPyc, KOTOpBIiA, B CBOIO O4epe/ib, ObLI MOATOTOBJICH C
ucnonb3oBanueM cucrembl DTAII-3. B cBs3u ¢ BBIIIENEPEUUCICHHBIM U JIETKO-
CThIO TIpUMeHeHHus camoro MaltParser oH Tak)ke MOKET OBITh HCIIONB30BaH IS
MOJIyYEHHS HCXOHBIX TAHHBIX JUIS TOCTPOSHUS OHTOJIOTHY TPEOOBaHU.
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Abstract

The success of a software product depends on how well it meets the needs of end users as
a tool for solving various problems. That is why requirements engineering, as a process in
which the elicitation, analysis, specification and validation of the requirements take place, plays
a key role in the development of software products. The trend of recent studies in the field of
improving the process of requirements engineering is the development of methods for working
with the requirements as with facts from the application domain model and the development of
models for the representation of knowledge about requirements specification processes, re-
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quirements types, requirements quality criteria. The most suitable form of such complex
knowledge representation is ontology. The present article discusses the key features of the on-
tological approach to the requirements engineering. Basic attention is focused on the possibili-
ties of representing knowledge about the application domain of a software product in the form
of ontology and, in particular, on automating this process. The relevance of developing the ap-
proaches to automatization of building the ontologies from natural text requirements is deter-
mined by the variability of the requirements from the stakeholders’ part and the need for a
quick comparison of the texts of requirements in order to identify concepts of the application
domain and to analyze the relationships between the concepts. The main objective of this paper
is to study the possibilities of automatic Russian text processing to build the requirements on-
tologies. We consider tools for automatic Russian text processing, such as ETAP-3, ABBYY
Compreno, Texterra, Tomita-parser, RML (the AOT project). Using an example of the linguis-
tic tools RML and STAGE-3, the results of processing the text of requirements in natural Rus-
sian have been analyzed.

Keywords: software engineering, requirements engineering, ontology, text processing,
user story, ETAP-3, RML, AOT
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Abstract

Today, the automation of technological and business processes of an enterprise is one of the
key trends in the development of information and communication technologies. As part of the devel-
opment of management methodology and organization of services in this area, Helpdesk and Ser-
viceDesk user support systems are becoming increasingly popular. However, most existing solutions
do not consider the vulnerabilities of the TCP/IP protocol stack as well as the imperfection of soft-
ware and operating systems, which often complicates the activities of information technology de-
partments by loading them with routine work. This article presents the development of an automated
system of network and system administration of Windows and Linux family operating systems, which
includes the Helpdesk and ServiceDesk solutions functionality. The signature method of the system
operation with the identification of the correlation of events is reviewed. An original approach to
creating a knowledge base of the system is described. The solution was implemented using a platform
for automated deployment and management of applications in a virtualization environment, which
provides an additional level of reliability and fault tolerance. An algorithm for checking third-party
software solutions for suspicious malicious activity is proposed, providing a qualitative analysis of the
object being investigated: whether functions undeclared by the developer are present, whether any
information is being sent to third parties, etc. A comprehensive approach to the management of the
enterprise network infrastructure is presented. In order to ensure information security of network
communications, encapsulated secure virtual communication channels were used. To ensure the con-
fidentiality of data on the client side, the AES-256 encryption algorithm was used. The proposed ap-
proaches are recommended for corporate computer networks which include ten or more hosts operat-
ing on the basis of the TCP / IP protocol stack and Windows / Linux family operating systems.

Keywords: technical support, customer requests processing automation, system of user support
and request accounting, system and network administration, Helpdesk, ServiceDesk, ITIL, ITSM
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INTRODUCTION

Automation of technological and business processes of an enterprise is one
of the key trends in the development of information and communication tech-
nologies. Government agencies and commercial establishments design and im-
plement corporate computer networks based on the TCP/IP protocol stack and
Ethernet data link layer technology. The system and network administration of
an organization’s information infrastructure is not only a creative engineering
task, but also an important tool for optimizing an enterprise’s business process-
es. Accordingly, it significantly influences the economic performance of the
company, as well as the level of its competitiveness in the market. In the early
1990s, a scientific community developed a unified approach to the management
of information technology as a service, which should have an appropriate quali-
ty and ensure a consistently high level of user satisfaction. This methodology
was described in the IT Infrastructure Library. In May 2007, its third edition
was introduced, describing a new format of the services’ lifecycle. Based on
this library, a method of managing and organizing information technology ser-
vices ITSM (IT Service Management) was developed, the key element of which
was the user support systems: Helpdesk and ServiceDesk. The task of the first
system was the accounting and management of user requests [1-3]. Originally,
technical requests of a company's employees were being processed by the in-
formation technology department. Systems like ServiceDesk were a logical ex-
tension of the Helpdesk systems, expanding their functions of managing inci-
dents and service requests in all areas of the company’s activities [4]. In these
systems, the functionality of providing feedback to users via various communi-
cation channels is implemented: e-mail, chat rooms, messengers, social net-
works, etc. This enabled forming a service-oriented service, which is a single
point of interaction between the service provider and the user [5-7].

Under this topic, a lot of research and development work is carried out by
Russian and foreign scientists, among them are Zabotina N.N., Zolnikova S.N., So-
kolov N.E., TipikinYu.A., Odintsov [.V., Makhnovsky A. and many others [8-19].

It is worth noting that most of the proposed algorithms and methods allow
improving the quality of customer service and profitability of economic activity.
However, these solutions do not consider the vulnerabilities of the TCP / IP proto-
col stack and software imperfections, including operating systems. Business inter-
ests lower the priority of high-quality technical implementation, which often com-
plicates the activities of information technology departments, loading them with
routine work.

Information security issues are an integral part of the task of automating tech-
nological and business processes of an enterprise. Potential damage caused by the
breach of confidentiality of commercial data may cause irreparable economic harm
to the company.

1. PROBLEM STATEMENT

The aim of the work was to develop and study an automated system of net-
work and system administration of the Windows and Linux family operating sys-
tems, including the functionality of the Helpdesk and ServiceDesk solutions.
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An algorithm for checking third-party software solutions for suspicious mali-
cious activity needed to be developed and included in the system. In this context
particular importance was given to the potential absence of antiviral agents on the
client side. It was necessary to ensure both the security of network communications
and the confidentiality of data on the client side

2. DESIGN AND IMPLEMENTATION OF THE SYSTEM

The development and software implementation of the proposed network and
system administration system of the Windows and Linux family operating sys-
tems was carried out in two versions. The first version was presented as an inde-
pendent end product commissioned by a commercial holding. The second version
was designed and implemented as a module of the system of intellectual and
adaptive management of an enterprise’s network infrastructure developed by the
author.

This article presents the material of the second project implementation. At the
design stage, the following functions of the developed system were embedded:

e receiving and processing requests through various communication channels
(e-mail, online chat rooms, messengers, social networks, etc.), primary communi-
cation with customers or employees of the company;

e semantic analysis of the query text, an attempt to automatically solve the
problem or provide a suitable article from the knowledge base;

o evaluation of the request, delegation to the most appropriate specialist in
the absence of the possibility of applying the solution in automatic mode;

e accounting and tracking of requests and incidents;

¢ informing customers/employees about the status of requests and the pro-
gress of their execution;

e monitoring the level of service in accordance with the SLA agreement
(Service Level Agreement);

e management of the lifecycle of incidents and requests, including their clo-
sure and verification;

e alerting, informing and coordinating employees and customers;

e providing tools of a flexible project maintenance methodology;

e processing and analysis of logs of the operating system and installed soft-
ware in the enterprise corporate computer network;

e providing tools to verify third-party software solutions for suspicious mali-
cious activity in corporate computer network;

e automatic identification and solution of local technical problems;

e monitoring network infrastructure of the enterprise;

e monitoring employee activity on personal computers;

¢ and many others.

The proposed original solutions in the field of system and network administra-
tion are worth considering in more detail. At first sight, processing and analyzing
the logs of the operating system and the installed software is a rather trivial task.
However, a simple example of the remote work of the user of the host A on the
host B for one hour using the Remote Desktop Protocol (RDP) should be given. In
the event log of the Windows operating system EVTX (XML Event Log) there
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may appear more than 60 entries of entry/exit events with identical id instead of the
expected two.

Another interesting example is the work with the volume shadow copy ser-
vice, which can be accessed by various applications and services, including over
the network. If this service fails, the number of events per minute can exceed 500
units, cyclically referring to each other. To compile an objective picture of what
happened, it is necessary to collect additional information from the system, parse,
process and analyze it. In order to meet such objectives, an enhanced signature ap-
proach with the identification of event correlation was integrated with the system.
The initial knowledge base was compiled in a virtualization environment based on
the ESXi hypervisor, which had more than 10 copies of each of the popular Win-
dows and Linux family operating systems being deployed. Next, the tools of test-
ing, passive and active analysis of operating systems and applications were used.
For local testing, additional scripts which caused failures and malfunctions were
written to check the reliability and fault tolerance of the software. During one hun-
dred iterations of each individual network/local disturbance, the client-server mod-
el tracked the events being recorded and identified the correlation. Thus, the initial
knowledge base was being compiled.

Importantly, each iteration was carried out towards the reference image of the
operating system, a return to which was driven through snapshots system. Adding
new entries to the general knowledge base of the corporate solution is being carried
out only on the basis of similar results from 50% of clients with the number of
hosts with identical software from 10 units.

This approach allowed us to perform automatic identification and solution of
local technical problems. The situation with the problem of the receipt of the
TCP/IP protocol stack settings by the host can serve as a simple example. The sys-
tem identifies the failure of the DHCP-client service, tracks its dependencies on
other services and finds the one being stopped. After that the system launches them
in the correct order and restoring the full functioning of the service.

To implement the verification of third-party software solutions for suspicious
malicious activity, an original algorithm was developed, shown in Figure 1.

This algorithm provides the technician and/or technically competent user with
a qualitative analysis of the object being investigated: whether functions unde-
clared by the developer are present, whether any information is being sent to third
parties, etc. However, it is important to note that the algorithm does not replace a
full-fledged audit of the program code (including that being carried out through
disassembly). It is also not possible to detect in a closed source code a tool for hid-
den data collection or information management (backdoor), if it was in passive
(“sleeping”) mode.

Monitoring of the enterprise network infrastructure is being carried out using
network management protocols and a decentralized knowledge base of participants
in the interaction of the corporate computer network. This includes control of the
versions of the installed software and the hardware solutions used on each device.
This functionality is fully implemented by the system of intellectual adaptive man-
agement of the enterprise network infrastructure, developed by the author. As not-
ed previously, the network and system administration system of the Windows and
Linux family operating systems is its integral part. The components of the client
part of the system are illustrated in Figure 2.
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Fig. 1. An algorithm for checking third-party software solutions for suspicious malicious
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administration of Windows
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systems

Fig. 2. The components of the client part of the system

The decision to use different components in the same client software imple-
mentation was made taking into account two factors. The first is the necessity of
ensuring the comprehensive intelligent adaptive management of the enterprise net-
work infrastructure. The second is the willingness to optimize the use of the com-
putational power pool, since most components have overlapping functionality and
access to the same resources. It is firstly referred to the operating system and appli-
cation logs, however, in some cases, to the access to equipment. Thus, the system
of intellectual control and management of access to information resources of a per-
sonal computer controls the connected data storage devices and used data transmis-
sion networks. The purpose of these actions is to prevent illegal copying of infor-
mation. At the same time, an automated network and system administration system
monitors the operation of hardware resources in order to provide reliable and fault-
tolerant functioning of the host.

During the work, the architecture of the server part of the system was de-
signed and implemented, as shown in Figure 3.

The software solution was created using the platform for applications auto-
mated deployment and management in a virtualization environment. This ensures a
high level of reliability and fault tolerance of the system.
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Fig. 3. The architecture of the server part of the system

The software implementation of the server part was performed using Python,
Flask, C ++, Bash, Docker, Ansible on the basis of AlpineLinux OS. The client
module for Windows family operating systems was written in the C# programming
language using native controls from the Windows Forms .NET library. For the
Linux family, Python and the Qt framework were used. Encapsulated virtual secure
communication channels (VPN, Virtual Private Network) helped to ensure the pro-
tection of data transmission over the network. Depending on the project build, the
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following technologies were used: Gate VPN, GoVPN, Tinc, Wire Guard, Free-
LAN, Open VPN, IPsec and others. Secure local data storage was provided by the
symmetric block encryption algorithm AES-256 (Advanced Encryption Standard).

Both during the development and afterwards, manual and automated testing of
the developed software product (client and server parts, as well as their interaction)
was performed.

The developed solution significantly extends the existing systems such as
Helpdesk and ServiceDesk. The integration of the first version of the system at the
customer’s enterprise (with a number of hosts of more than 500 units) allowed to
optimize the work of the information technology department and to reduce the time
costs for system and network administration of the existing infrastructure of the
company by 70%.The general knowledge base of the system is not updated in en-
terprises with fewer than ten hosts, which may be mentioned as a disadvantage of
the proposed approach. Adding new entries to the general knowledge base of the
corporate solution is carried out only on the basis of similar results from 50% of
clients with the number of hosts with identical software from 10 units. The de-
scribed development has been registered as an object of intellectual property [20].

CONCLUSION

In this paper the design and implementation of an automated network and sys-
tem administration system for Windows and Linux family operating systems,
which includes the Helpdesk and ServiceDesk solutions functionality, is presented.
The signature method of the operation of the system with the identification of the
correlation of events is reviewed. An original approach to creating a knowledge
base of the system is described. The solution was implemented using a platform for
automated deployment and management of applications in a virtualization envi-
ronment, which provides an additional level of reliability and fault tolerance. An
algorithm for checking third-party software solutions for suspicious malicious ac-
tivity is proposed, providing a qualitative analysis of the object being investigated:
respective of whether functions undeclared by the developer are present or whether
any information is being sent to third parties, etc. A comprehensive approach to the
management of an enterprise network infrastructure is also reviewed. In order to
ensure information security of network communications, encapsulated secure vir-
tual communication channels were used, while the AES-256 encryption algorithm
was used to ensure data privacy on the client side.

The proposed approaches are recommended for use in enterprise network in-
frastructure management systems with a number of hosts from ten units operating
on the basis of the TCP/IP protocol stack and the Windows/Linux family operating
systems.
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Ha ceropnsmamii 1eHb aBTOMATH3AIMS TEXHOJIOTHUSCKUX M OM3HEC-TIPOLECCOB Npe-
NPUATHUS SABJISAETCS OZHUM M3 KIIIOUEBBIX TPEHIOB Pa3BUTUS MH(OPMALMOHHO-KOMMYHHMKaA-
[UOHHBIX TEXHOJIOTHH. B paMKkax pa3BHTHS METOIOJIOTHUH YIPABICHUS U OPTraHU3AINH yCIyT
B JaHHOU cdepe Bce GOJIBLIYIO MOMYISIPHOCTh IMPHOOPETAIOT CUCTEMBI HOAIEPKKH MOJIB30-
Bareneid Helpdesk u ServiceDesk. OnHako GONBIIMHCTBO CYNIECTBYIOMINX PEHICHUN HE yUH-
TBIBAIOT YSI3BUMOCTH cTeka npoTokoioB TCP/IP u HecoBepIIeHCTBO MPOrpaMMHOTO obectie-
YEeHUs, B TOM YHCJI€ U ONEPAIIMOHHBIX CHCTEM, UTO 3a4acTyl0 yCIOXHAET AEATEIbHOCTh OT-
n1estoB MH(GOPMAMOHHBIX TEXHOJNIOTHH. B maHHON craThe mpeacraBiieHa pa3paboTKa aBTOMa-
TU3UPOBAHHON CHUCTEMBI CETEBOTO M CHCTEMHOTO aAMHHHCTPUPOBAHMS OMNEPALUOHHBIX CHU-
creM cemeiictBa Windows u Linux, Bximowatomeii ¢ynxnuonan Helpdesk n ServiceDesk
pewennii. Ha 00630p BbIHECEH CHTHATYPHBIH MeTO[ €€ (PyHKLIHOHUPOBAHUS C HACHTH(DUKA-
nueil koppemauuu coObiThid. OnucaH OPUTHHANBHBIM MOIXOA COCTaBJICHHS 0a3bl 3HAHUN
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cucTeMbl. PerieHne BBIMOTHEHO ¢ MCIOIb30BaHHEM IIAT(HOPMBI aBTOMATH3ALUU Pa3BEPTHI-
BaHUS W YNPaBICHUS NPWIOKCHUSIMH B Cpelie BUPTyalU3allld, YTO MPETOCTABISET JOMOII-
HUTEJBHBIH YPOBEHb HAJEKHOCTH U OTKAa30yCTOWYHMBOCTH. [IpelioskeH alropuT™ IMpOBEPKH
MIPOTPAMMHBIX PEIICHUH CTOPOHHHMX Pa3pabOTUMKOB Ha MPEIMET IOJO3PUTEINBHON Bpemo-
HOCHOW aKTMBHOCTH, HPEZOCTaBISIONIMN KAaueCTBEHHBIN aHAJM3 HCCIEIYyeMOro o0beKTa:
MIPUCYTCTBYIOT JIN HE3aAEKIapUPOBAaHHbBIE Pa3pabOTINKOM (YHKIIHH, OTCHUIAETCS JIH KaKas-
TO MH(OPMALUA TPETHUM JIMIAM | T. A. [IpeacTaBieH KOMIUIEKCHBIH ITOIXOA K YIIPaBICHUIO
ceTeBoil uHMpacTpykTypoit npennpusitus. s odecnedeHus: nHGpOpMaMOHHON Ge30macHo-
CTH CETEeBBIX KOMMYHHUKAIM{ HCIIOIb30BAINCH MHKAICYJINPOBAHHBIC 3alUIICHHBIC BHPTY-
anbHBIE KaHaJbI CBA3H. {1 oOecrnedeHus! KOHPHUISHIINATPHOCTY aHHBIX Ha CTOPOHE KIIHEH-
Ta ObUT 3azelicTBOBaH anroputMm mudposanus AES-256. IlpeanoskeHHbIE MOAXOIBI PEKO-
MEHJIYIOTCSl K IPUMEHEHHIO B KOPIOPATHUBHBIX BBIYMCIUTEIBHBIX CETSIX C KOJHUYECTBOM XO-
CTOB OT JIECATU €IUHUI, (YHKIMOHHPYIOUINX Ha OCHOBE cTeka mpotokonoB TCP/IP, u ome-
pairoHHBIX cucTemax cemeiictea Windows/Linux.
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KJIMEHTOB, CHCTEMBI MOAJICP)KKU HOJIb30BATENCH U ydeTa 3asBOK, CHCTEMHOE U CETEBOE a/IMHU-
nuctpuposanue, Helpdesk, ServiceDesk, ITIL, ITSM
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Abstract

The paper is devoted to the problem of processing the airborne electromagnetic (AEM) data
with a view to developing recommendations on parameterization of a geological medium for carry-
ing out the geometric 3D-inversion of airborne data. The study is performed with the use of finite
element 3D-modeling of transient EM fields induced by the helicopter AEM system in complex
media followed by the 3D-inversion of airborne synthesized data. The geoelectrical models chosen
for investigation are taken as typical of this class of airborne EM surveys: the rugged topography
and the conductive inhomogeneous top layer, which overlaps the low-resistive layer containing
target conductive bodies. It is shown that, if the variations of the top layer thickness do not exceed
30...35 m in performing 3D-inversion, as a minimum, at its first stage, the top layer can be recov-
ered as equivalent with constant (but recovered) thickness, i.e. when the top layer is parameterized
in the inverse problem, in the vector of the unknowns we can include only lateral borders of
3D-inhomogeneities, their conductivity, and layer thickness described by one parameter. It is also
shown that, if, in the medium under study, the variations of the top layer thickness are more signif-
icant, its bottom border should be recovered in more detail, because otherwise the target objects
located in the second layer with the responses of about 15...20 % of the measured signals can be
missed, while, in the case of recovering the top layer parameters more accurately, these target ob-
jects can be discovered quite confidently.

Keywords: airborne electromagnetic survey, numerical 3D-modeling, geometric 3D-inver-
sion, electromagnetic field, sounding in time domain, topography, equivalent solutions, inverse prob-
lems
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INTRODUCTION

Nowadays, the airborne electrical survey is widely used for geophysical in-
vestigations of large remote areas with the purpose of finding the solid mineral de-
posits and ground waters, performing engineering surveys, etc. The sounding is
carried out with the use of airborne electromagnetic systems in which, as a rule, the
electromagnetic field source and receiver are moved using the helicopter, and elec-
tromagnetic responses are studied in time domain after turning-off the current in
the source [1, 2, 6]. The important place in implementing these technologies is tak-
en by data processing, the quality of which, in fact, determines the effectiveness of
airborne electromagnetic investigation as a whole.

However, the practice of airborne electromagnetic survey is that the investi-
gated media, besides target objects (as a rule, local conductive bodies of small siz-
es, including Kimberlite pipes, subvertical objects, which are typical of ore depos-
its, etc.), contain the geological objects-noises in the top layers overlapping the
layers with target objects. These media are also characterized by elevations in the
Earth surface relief and depths of subhorizontal borders between the layers of a
geological medium. The response of target objects in the measured signal is mixed
with the response of objects-noises. This has led to meaninglessness of applications
of widely used local 1D-inversions and to skipping target objects and/or finding
erroneous ones.

In that regard, many scientific works in this direction are related with improv-
ing the numerical methods and corresponding software implementing 3-D inver-
sion of airborne electromagnetic data [5, 6, 10, 11, 14, 18, 19], which are based on
highly accurate multidimensional numerical modeling and solving multidimen-
sional inverse problems (3D-inversions).

The most common approaches to performing 3D-inversions are the approach-
es based on dividing the investigated volume into small cells in which the values of
conductivity are determined (for example, [5, 6, 10, 18, 19]). However, the worka-
bility of these approaches is, as a rule, suggested with the use of synthetic data ob-
tained for quite simple geoelectrical 3D-models that cannot guarantee the obtaining
of acceptable results in practice when the geoelectrical structure of the investigated
medium is more complex. Moreover, these approaches require a very fine tuning
and highly depend on the user qualification that complicates the processing of big
arrays of practical data.

Therefore, nowadays the alternative approach to 3D-inversions a geometric
3D-inversion (it is named also as “parametric” [7, 8] or “block inversion” [3, 16])
is developed. This approach is based on joint recovery of the shape of structural
parts of the geoelectrical model and their physical properties [9, 11, 12].

One of the main questions in developing the geometric 3D-inversion algo-
rithm is parameterization of the unknown geoelectrical model of a geological me-
dium. On the one hand, the number of unknown parameters should be quite suffi-
cient for representing the shape of all structural geoelectrical model parts, which
give a significant response in the measured signal, but on the other hand, it is im-
portant to minimize the number of these parameters with a purpose, firstly, to re-
duce the computational costs, and secondly, to reduce the number of equivalent
solutions and provide more stable convergence of solving the nonlinear inverse
problem.
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In this paper, using the geometric 3D-inversion [9, 11, 12] algorithm, we pre-
sented the results of investigation concerning possible equivalent solutions in pro-
cessing the data of airborne electrical survey. These results make it possible to
formulate recommendations to constructing the initial models (parameterization) of
a geological medium for performing the geometric 3D-inversions.

1. PROBLEM DEFINITION

A common cause of finding the equivalent solutions of inverse electrical sur-
vey problems is the fact that the change of conductivity and corresponding change
of the thickness of the geoelectrical model structural parts (the subhorizontal bor-
ders of geological layers and 3D-inhomogeneities included in them) give close re-
sponses in the measured signal.

Note that in ground and marine technologies of electrical survey, which are
applied in oil and gas prospecting, the subhorizontal borders of a geological medi-
um are quite often defined using the seismic data.

However, as a rule, seismic prospecting is not included into the series of
works relating to airborne electrical survey, therefore, the subhorizontal borders of
a geological medium are unknown as well as the conductivity distribution and lat-
eral borders of 3D-inhomogeneities. At the same time, the geological media in
which the airborne electrical survey is carried out can be considered as three-
layered media (that follows from their responses in measured signals). In these sit-
uations, the top layer is conductive and contains lateral 3D-inhomogeneities,
which are, in fact, the preventing factors (the so-called geological objects-noises).
The second layer is, as a rule, quite homogeneous, low-conductive and contains
target objects. The third layer can also be inhomogeneous, but it has a depth such
that the signals registered in the receivers are influenced either by overall layer
conductivity or sufficiently big geoelectrical inhomogeneities in this layer.

Therefore, in spite of the fact that the target is the second layer, it is almost
impossible to recover its structure (i.e. location, shape, and conductivity of target
objects) without recovering the structure of the top layer (true or even its equiva-
lent). In this relation, the following question appears: is it sufficient (for determin-
ing the responses of target objects in the measured signals) to conduct a search for
the lateral distribution of conductivity in the top layer of constant (equivalent)
thickness, thereby significant reducing the number of unknown parameters (and,
correspondingly, run time of 3D-inversion), or is it necessary to search simultane-
ously for the conductivity distribution in the top layer and its thickness changing on
the area.

We perform these studies in the following way. Using the 3D-modeling of
airborne electrical survey, we obtain “experimental” (synthetic) data for a typical
(to a sufficiently wide class of the airborne electrical survey problems) geoelectri-
cal model the top layer of which has a varied thickness. Then, using the geometric
3D-inversion of these “experimental” data, we search for an equivalent (in the
sense of response in the measured signal) model of conductivity distribution in the
top layer with a constant depth. Obtaining the equivalent model as a result of the
inversion allows us to recommend the use only lateral borders of 3D-inhomo-
geneities, their conductivity, and layer thickness described by a single parameter
for parameterization of the top layer in the inversion of the practical data.
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2. MATHEMATICAL MODELS
2.1. FORWARD PROBLEM SOLUTION

In order to calculate the electromagnetic field induced and received by the in-
duction loops of the airborne system in time domain, we use the vector finite ele-
ment method with edge basis functions on 3D-hexahedral non-conforming meshes
with “hanging” nodes [4, 5, 17, 20, 22, 23]. The description of the electromagnetic

field requires the use of the vector-potential A , which relates with the electrical

. A . -

field and magnetic induction by the ratios E=—-— and B=V x A. In its turn, the
ot

functions A, E, and B appear as A=A? +As, E=E” +E*, and B=B” +B*,

respectively, where the functions A?, E?, and B? describe the field in a homo-

geneous non-conductive medium and can be calculated either analytically or nu-
merically by means of solution of the corresponding axisymmetrical problem (for

example, [13]). The function E? is fully determined by changing the current in the
, OAP
transmitter and calculated as ——.
ot
The electromagnetic field in three dimensional computational domain € can
be found from the solution of vector differential equation
xS
LV xVxAS +0o A
Ho ot

=coE?, (1)

where the vector-potential A’ relates with the three dimensional components of
OA’

ot
B* =V xA®. On the remote boundaries dQ of three dimensional computational

electric and magnetic fields E' and B’ by the ratios E°=-— and

domain €, the zero tangential components of A’ are set:

ASxi| =0 2
xn\m , )

where 1 is the vector normal to the boundary 0Q .
The equivalent variational formulation for Eq. (1) has a form:

J-L(VxA%)(Vx)dQ+[o 2 Gaa—[of” - Fan, G)
QMo o ot Q

where \if(x, ¥,z) is a test vector function.

AS

Time discretization of is performed with the use of three-point implicit

ot
scheme [20, 22].
Finite element approximation of variational Eq. (3) is performed on the hexahe-
dral non-conforming meshes. The algorithm of these meshes generation, the methods
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of calculating the local matrices as well as the algorithm of constructing the conform-
ing basis on the non-conforming meshes are presented in papers [17, 22].

The reduction of computational costs with keeping the accuracy of numerical
solutions is achieved due to grouping the sub-problems each of which corresponds
to one position of the source in space and one time instance, and using the direct
solvers (for example, PARDISO [15]) of the finite element system of linear alge-
braic equations (SLAE).

The groups of sub-problems are formed such that the SLAE matrix, which is
obtained as a result of space and time discretization, is the same for all sub-
problems. This allows us to perform the matrix factorization only once for all sub-
problems of a group, and in order to obtain the solution of each sub-problem, the
solution of two SLAE with triangle matrices needs to be carried out. For grouping
in space, the finite element mesh is generated such that to provide the required so-
lution accuracy for all source positions in a group (see, for example, the papers [5,
10, 17, 20]).

2.2. INVERSE PROBLEM SOLUTION

The inverse problem solution is based on the use of the geometric 3-D inver-
sion [9, 11, 12, 14, 21].

Taking into account the specifics of the airborne survey, we use the geoelec-
trical model parameterization where it is represented by a set of subhorizontal lay-
ers each of which is divided into the block rows elongated essentially along the
flight lines. For example, if we assume that the flight lines are oriented (mainly)
along the x-coordinate, that unknown parameters can be x-coordinates of borders
of blocks, y -coordinates of the block rows as well as values of conductivity inside
each block.

The components of the vector of parameters, which describe the geoelectrical
model, are found by minimizing the following functional

K L ) M —
(D(x(b) = z Z(milsgil (b)) + Z Ay (bm _bm) — min, (4)
i=11=1 m=l1 m

where K is the number of transmitter-receiver positions, L is the number of time
channels, d¢;;(b) is the difference of theoretical €; and measured &; values of
signals in the i-th receiver at the /-th time channel, M is the number of unknown

parameters, b,, is the value of the m-th parameter at previous iteration.

m

The values of the weight functions ®;; are chosen equal to 1/&; . If &; is
lower than some tolerable limit €; defined by the level of a measurement error for
each specific airborne system, then the value of the weight function is taken equal
to 1/€; . The regularization parameters o, are chosen adaptively during the in-
verse problem solution. The regularization component with parameters o,, pro-

vides the search for the parameter within tolerable limits of values thereby keeping
the geometry of the structural part of the geological model and providing physical
values of their conductivity.
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Representing the values dg;; (b) as two summands of Taylor series in the vi-

cinity of the parameter values b at the previous iteration, we obtain

. M ,
8€;;(b)~8€;(b)+ Y. 90&y) Ab,,, (5)
m=1 by |y_p
where Ab,, =b,, —b,, . In order to calculate the derivatives oeir) , we solve the
ob,,
following vector differential equation:
1 _ X Slm -
— VxVx AW 4" =(c"™ -o)E, (6)

Mo

for the increment 0b,, of each component of the vector of parameters.
In Eq. (6), the field E is the result of the forward problem solution described
in Section 2.1 for values of parameters b,, =b,, obtained at the previous iteration

and defining the current distribution o(x,y,z). The value of the function

" (x,y,z) differ from the values of the function o(x,,z) only in the places
where the conductivity is changed due to the increment of the parameter b,, in

0b,, . The variational formulation and finite element approximation for Eq. (6) are
constructed as well as for Eq. (1).

Using the values A" (x,y,z,t), we define the values of the derivatives of er-
0(3e;) _ e 5(V X As|m) k

ob ob

r

L Ge. as —

m

rors of signals in receivers , Where ,

ot ob

2
Ab,, D +
b=b

o 2
+ . a,,(Ab, )" — min. (7)
Ab,

m=1 m

m m
is the receiver moment).

Substituting ratio (5) in (4), we obtain

~ K L _ M ‘
q)a(b):ZZ{wi{ésﬂ(b)Jr 0(3€;7)

i=11=1 m=1 0b,,

The minimization of (7) results in SLAE in the form

(G+Q)Ab=f, (8)

where the components of the matrix G and right hand side vector f are calculated
with the use of the ratios

Z z 2 8(5811) 6(6811) Z Z 118 i (b) 8(8811)

i=ll=l ~ 0b,  0Oby i=1l=1 ob,,

ps=1.M. (9
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In SLAE (8), the matrix o 1is a diagonal matrix with elements o,, on the

main diagonal. The algorithm of the adaptive choice of coefficients a,, at each
iteration of the nonlinear inversion is presented in [9].

2.3. PRINCIPALS OF PARALLEL IMPLEMENTATION

We propose the parallel implementation of the inverse problem solution using
the multicore PC connected by the local net (further, we call these PCs as computa-
tional nodes).

As mentioned above, all positions of the airborne system are divided into
groups which contain up to 100 positions depending on the distance between the
adjacent positions on the flight lines and the distance between them. The calcula-
tion for each group is carried out on a computational node.

In order to allocate the problems to a computational node, we have developed
a control program, which sends data to computational nodes, controls the obtaining
of results and the connection with the corresponding computational node. If any
computational node is disconnected for a long time, or the numerical procedure is
aborted due to any reason (for example, turning-off the PC or starting some other
task requiring high computational resources), the control program restarts the cal-
culation for the corresponding group on the other computational node. Thus, the
developed control program provides fault tolerance of the system for parallelizing
the inverse problem solution.

At each computational node simultaneously with the forward problem solution
for the geoelectrical model, which is obtained at the current iteration of nonlinear
inversion, the fields of the impact of geoelectrical model parameters are calculated
for the next iteration of nonlinear inversion because their calculation requires the
values of the electric field density in the volume of the recovered medium. The cal-
culation of the fields of the impact of geoelectrical model parameters is carried out
with parallelization on the cores of the corresponding computational node.

The developed approaches to the solution of forward and inverse problems in
combination with the control program enable us to use heterogeneous computa-
tional systems consisting of the independent standard PCs which are easily re-
placed even during the inversion fulfillment.

3. NUMERICAL EXPERIMENTS

In order to perform the numerical experiments, we use three geoelectrical
models. The first two models represent the layered medium with the topography in
which the elevations reach 60 m for the lateral displacement of 600m. In these
models the layer thickness varies from 49 m to 12 m, and, in the third model, this
thickness varies from 64 m to 3 m. The first geoelectrical model does not contain
lateral 3D-inhomogeneities, and the second and third models include two quite
large parts with 3D-inhomogeneities of low resistivity.

Using the numerical schemes of 3D-modeling, which are described in sec-
tion 2.1, for these three geoelectrical models, the airborne electrical survey data
have been synthesized along 10 flight lines (profiles). The total number of airborne
system positions on all flight lines is 1311. Further, we call these data “practical”.
For each airborne system position, the data are synthesized at 23 time channels in
the time range of 1 pus to 1 ms.
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Fig. 1 shows the sections of the geoelectrical model 1 along four flight lines
(flight lines are shown by light points and denoted as P1...P10). We can see the
changes of the top layer thickness both along and across the flight lines.

For the data, which are synthesized for model 1, the 3D-inversion is per-
formed. The unknown parameters are the top layer thickness in the condition that it
is constant and the corresponding conductivity distribution, which suggests the
equivalence of inhomogeneous layer of the constant thickness and true homogene-
ous layer with varying thickness. In the top layer of the initial (for 3D-inversion)
model, the block structure containing 7x7 blocks (7 rows with 7 blocks in each
row) is set. The vector of unknown parameters includes the x-coordinates of the
blocks (the x-coordinates of the adjacent blocks are set by a single parameter), y-
coordinates of the block rows (y-coordinates of the adjacent rows are also set by a
single parameter), the conductivities inside each block, and layer thickness.
The total number of parameters, which are used for recovering the geoelectrical
model, is 117.

Fig. 1. The section of the geoelectrical model 1 along flight lines P10 (a), P8 (), P6 (c),
and P4 (d)

During the 3D-inversion six iterations were performed, after that the value of
the residual functional

KL X
@ (b) =2 > (w;de;(b))", (10)

i=11=1
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became equal to 0.0198, and the values of the parameters did not significantly
change (for the initial model, the residual functional is equal to 0.191). Fig. 2
shows the geoelectrical model obtained after the sixth iteration. The comparison of
Figs. 1 and 2 shows that, in general, the obtained value of layer resistivity is about
50 Om: most of the blocks, which are deformed as a result of 3D-inversion, have
the resistivity in the range of 45 to 65 Qm which corresponds to the layer resistivi-
ty in the “true” model. As expected, the most distortion of the conductivity is seen
for the blocks which are located in the vicinities of the maximal thickening and
thinning of the layer in the “true” model. In these places of the equivalent model,
which is obtained as a result of 3D-inversion with the constant thickness of the lay-
er (this thickness has been obtained equal to 32.34 m), the values of the block resis-
tivity reach 30 and 150 Qm, respectively.

Fig. 2. The geoelectrical model obtained
after the sixth iteration of 3D-inversion

The degree of the equivalence of the geoelectrical model with the constant
layer thickness, which is obtained as a result of 3D-inversion, and the “true” model
can be estimated using the curves of signals along the flight lines at different time
channels. Figs. 3a-c show these curves obtained for the recovered model (further,
we call the corresponding curves theoretical) and for the “true” model (“practical”
data) at five characteristic time channels. Besides, in these figures, light solid lines
show the curves which are calculated for the model with the constant thickness of
the top curved (according to the relief) layer equal to 32.34 m (i.e. with the thick-
ness taken from the recovered model) and with the top layer resistivity taken from
the “true” model.

As is seen from the results shown in Fig. 3, the deviations of the “practical”
and theoretical data do not exceed 5 per cent while the deviations of signals, which
are calculated for the models with varied and constant thickness of the curved top
layer, are significant. This is say to that, for processing practical airborne electrical
survey data, these models are equivalent.

Fig. 4 shows the sections of the geoelectrical model 2 the top layer of which
(unlike model 1) includes 3D-inhomogeneities with lowered resistivity. The recov-
ered model is shown in Fig. 4. As is seen from the results, the deformed blocks of
the recovered model, which are displaced to subdomains corresponding to 3D-in-
homogeneities locations in the “true” model 2, have lower (relative to the layer)
resistivity. However, the resistivity of the blocks, which are positioned in the zone
of the layer thickening in the “true” model, has been obtained lower than in the



68 N. KONDRATYEV, D. KISELEV et al.

“true” model (the group of inhomogeneities located on the left part near flight
line P4). The resistivity of the blocks, which are positioned in the zone of the layer
thinning, has been obtained somewhat high (the group of inhomogeneities located
on the right part near flight line P4). During the 3D-inversion nine iterations were
performed, after that the value of the residual functional (10) became equal to
0.0347 (for the initial model, this value is equal to 0.221), and the parameters of the
model at last two iterations did not change significantly. The thickness of the
equivalent top layer has been obtained equal to 31.76 m.
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Fig. 3. The theoretical data (dark solid lines) for the model obtained at the sixth itera-
tion, the “practical” data (black points), and the data calculated for the model with the
constant thickness of the top curved (according to relief) layer equal to 32.34 m and
with the top layer resistivity taken from the “true” model (light solid lines). The data
are shown at five time channels along flight lines P4, P6, and P8 (Figs. a, b, c, respec-
tively). The deviations of theoretical data (the recovered model) and “practical” data
(the “true” model) at five time channels along flight lines P4, P6, and P8 (Figs. d, e, f,
respectively)

Fig. 6 shows the curves, which are obtained for the recovered and “true”
models, and their deviations. It can be noted, that, in this case, the deviations in-
creases, especially at early times (the time channel # = 0.087 ms) and reach 7...8 %.
Nevertheless, for processing the practical airborne data, these models can be rec-
ognized as equivalent as well as in the case of model 1.



A study of equivalence of influences of varying thickness and conductivity in 3D-processing... 69

'm p, Om
= 2 g :
SR =
c d
Fig. 4. The sections of the geoelectrical model 2 along flight lines P10 (a), P8 (b),
P6 (¢), and P4 (d)

Fig. 5. The geoelectrical model obtained after the ninth
iteration of 3D-inversion

Fig. 7 shows the sections of the geoelectrical model 3 the top layer of which
(as well as in model 2) contains lateral 3D-inhomogeneities with lower resistivity,
but in this model, the changes of the top layer thickness reach about 60 m, the re-
covered model is shown in Fig. 8. Fig. 9 shows the curves, which are obtained for
the recovered and “true” models, and their deviations.



70 N. KONDRATYEV, D. KISELEV et al.

_ ’\ |

lT)thlms l 0.124ms ||| | 11‘!“!24 ms

..

I'D]')Sms

E my

W | _—
W 328 ms 1 e =0-328 ms
o t0S83ms || T 0583ms 120583 ms
- — | W [ P N, o Nt Pvreve]
wo v s W X (m) ’ I ) X (m) e e e wa X (m)
a b c

5}‘ . ‘,ﬁx

e
-

2“_{‘%&‘
A‘P”
@ ‘-‘F
:‘é{f ;
e
e I~
A, é\,
!
1‘- __,i
i

v . A R
Bty LR Lt
A ? VT o r
LU - ] - 54t e LR R
'r:.'-J o f 0583 ms ; VO e ossams LY B et
Y 7 1=0.328ms v *“ 7 120328 ms il 1=0.328ma
¥ 120195 ms ¥ 1-0.195ms £ o
g 7 1=0.124ms E o 1=0.124ms E ki
o (=0.087ms M 1=0.087ms e
400, 600, w00, X(m) 1200, 00 3600 1800, X(m) 3200 400, 500, 3800, X(m)
d e f

Fig. 6. The theoretical data (dark solid lines) for the model obtained at the ninth iter-
ation, the “practical” data (black points), and the data calculated for the model with
the constant thickness of the top curved (according to the relief) layer equal to 31.76
m and with inhomogeneities taken from the “true” model 2 (light solid lines). The
data are shown at five time channels along flight lines P4, P6, and P8 (Figs. a, b, c,
respectively). The deviations of theoretical data (the recovered model) and “practi-
cal” data (the “true” model) at five time channels along flight lines P4, P6, and P8
(Figs. d, e, f, respectively)

During the 3D-inversion eight iterations were performed, after that the value
of the residual functional (10) became equal to 0.0466 (for the initial model, this
value is equal to 0.354), and the parameters of the model at last two iterations did
not change significantly. The thickness of the top layer was obtained equal
to 45.33 m.

As is seen from the results, the deviations of the curves, which are obtained
for the recovered and “true” models, reach 10...12 per cent, and the recovered
model cannot be admitted as equivalent because, in this case, we can skip the target
objects, which are located in the second layer and have the responses about
15...20 per cent in the measured signals, while these objects can be reliably dis-
covered if the top layer is recovered more accurately.
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Fig. 7. The sections of the geoelectrical model 3 along flight lines P10 (a), P8 (b),
P6 (¢), and P4 (d)

Fig. 8. The geoelectrical model obtained after the eight
iteration of the 3D-inversion
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Fig. 9. The theoretical data (dark solid lines) for the model obtained at the eighth itera-
tion, the “practical” data (black points), and the data calculated for the model with the
constant thickness of the top curved (according to relief) layer equal to 45.33 m and
with inhomogeneities taken from the “true” model 3 (light solid lines). The data are
shown at five time channels along flight lines P4, P6, and P8 (Figs. a, b, ¢, respective-
ly). The deviations of theoretical data (the recovered model) and “practical” data (the
“true” model) at five time channels along flight lines P4, P6, and P8 (Figs. d, e, f,
respectively)

CONCLUSIONS

On the basis of the 3D-modeling results, we can make conclusions about the
parameterization of geoelectrical models for performing 3D-inversion of the air-
borne data in the conditions typical of the airborne electrical survey: in geological
media with the topography and conductive laterally inhomogeneous top layer

(which is, actually, the noise factor) overlapping the low conductive layer with tar-
get conductive bodies.
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In the case, if the changes of the top layer thickness do not exceed 30...35 m,
at least at the first stage of 3D-inversion, it can be found as equivalent with a con-
stant (but recovered) thickness almost without losing the quality of detecting the
target objects. Thus, for parameterization of the top layer, the vector of unknown
parameters can include only the lateral borders of 3D-inhomogeneities, their con-
ductivities, and layer thickness represented by a single parameter.

If the changes of the top layer thickness are more significant in the investigat-
ed area, the shape of the bottom border of this layer should be determined during
the 3D-inversion. In this case, it can be parameterized with the use of increments of
the z-coordinates of some control points of the spline representing this border
thereby more reliably discovering the target objects in the second layer.
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Pabora mocssimeHa npoGiieMe 00pa0OTKM JAHHBIX a’PO3JIEKTPOPa3BEIOYHBIX padoT ¢
LETBI0 Pa3pabOTKH PEKOMEHJANH K TapaMeTPH3aI[IH Te€0JIOTHIECKON CPebl AT BHIIOIHECHHS
reoMmerprueckux 3D-nHBepcuid a’spomaHHbIX. MccinenoBaHusl IPOBOISATCS C MCHOJNB30BaHHEM
KOHEYHORJIEMEHTHOro 3D-MoIennpoBaHusl HECTAMOHAPHBIX AJIEKTPOMAarHUTHEIX ITOJIEH, BO3-
Oy’>KIaeMbIX PACIIOJI0KEHHOI Ha BEPTOJIETE YCTAHOBKOMW, B CIIOKHBIX CPelax, C MOCIeAYIOIIeH
3D-uHBepcuel CHHTE3UPOBAHHBIX a’POJAHHBIX. | eodIeKTpuueckne MOJENH, BHIOpaHHBIE IS
HCCIIENOBAHUH, OBLIN B3STHI XapaKTEPHBIMHU JUIS PACCMOTPEHHOTO KIIACcCa a’podIEeKTPOpasBe-
JIOYHBIX paboT B cpenax ¢ pesibeoM M MPOBOMSIIUM, HEOJHOPOJHBIM IO MPOBOAUMOCTH U
TOJIIVHE BEPXHUM CJIOEM, SIBIISIOIIIMCS, M0 CYTH, MEIIAOMNM (paKTOpOM, H PacIIOI0KEHHBIM
MO HUM CJIa0OMPOBOJISIIMM CIIOEM C LIEJIEBBIMU MPOBOISAMIMME Tedamu. [lokazaHo, uTo eciu
M3MEHEHUs TOJLIMHBL BepXHero cios He npesbimaroT 30...35 M, npu mposeneHun 3D-uH-
BEpCHH, KaK MUHMMYM Ha €€ MEepPBOM JTale, BEPXHUH CI0H MOXEeT MOAOHPAThCs KaK YKBHBA-
JICHTHBIH C IOCTOSIHHOHM (HO MOAOHpaeMoii) TONIUHOW, T. €. IPH NapaMeTpH3aliid BEpXHEro
CJIOA B BEKTOP MCKOMBIX TapaMeTPOB IIPY PEIICHNH 00paTHOH 3a/{adl MOXKHO BKJIFOUATh TOJIb-
KO JIaTepabHble TpaHUIbl 3D-HeoTHOPOIHOCTEH, X MPOBOIUMOCTH U TOJIIUHY CJIOS, OIHCHI-
BaeMyI0 OJHHM ITapaMeTpoM. Taxske IOKa3aHO, YTO eCJIM Ha M3ydaeMoil INIOMaay U3MEHEHHS
TOJILIMHBI BEPXHETO CJOsI SIBISIIOTCA OoJiee CYIIECTBEHHBIMHU, €T0 HU)KHIOIO T'PAHUILy CIeAyeT
ornpenensiTh 0osee AETaIbHO, IOCKOJIBKY B IPOTUBHOM CIIydyae BIIOJIHE MOTYT OBITh HpOITyIe-
HBl B CIEIYIOIEM IIEJIEBOM CIIO€ MOMCKOBBIE OOBEKTHI ¢ OTKIMKaMH mopsaka 15...20 % ot
CYMMapHBIX CHUTHAJIOB, KOTOpbIE NpU OOJiee TOYHOM BOCCTAHOBJICHHM BEPXHEIO CIIOS MOTYT
OBITH JIOCTATOYHO YBEPEHHO BBISBIICHEL.

KiroueBble ci10Ba: a3po3sieKTpopasBelka, dncieHHoe 3D-MozxenupoBaHue, reoMeTpu-
yeckue 3D-uHBepCcHH, SIEKTPOMAarHUTHOE 110J1€, 30HANPOBAHHE BO BPEMEHHOH 00JacTu, peb-
e, SKBUBAJICHTHBIE PEIICHHsI, 0OpaTHBIC 3aJaul
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KoMOMHUPOBaHHBIH BEKTOPHBIA MeTOJ KOHEYHbIX
U TPAHUYHBIX JIEMEHTOB VISl 3a1a4M
PACpPOCTPAHEHUSA 3JIEKTPOMATHUTHOIO MOJISI

C yU4eTOM BHXPEBBIX TOKOB

C.A. CHBAK®, I.M. CTYIIAKOB’, H.C. KOHJIPATBEBA®

630073, P®, 2. Hosocubupck, np. Kapra Mapxkca, 20, Hosocubupckuii cocyoapcmeen-
HbLIL MeXHUYeCKull yHueepcument

 siwakserg@yandex.ru  istupakov@gmail.com € kondratyeva.ns@gmail.com

Ienbo naHHOM paboOTEHI SIBISIETCS MCCIESIOBAaHUE IPUMEHUMOCTH KOMOMHUPOBAHHUS BEKTOPHO-
ro MeTo/a KOHEUHBIX 31eMeHTOB (MKD) 1 BEKTOpHOTO MeToma TpaHWYHBIX 31eMeHToB (MI'D) mis
MOZEINPOBAHHUS IJIEKTPOMAarHUTHOTO IOJISL TIPH yueTe HaJM4Usl TOKOB cMerueHus1. Jis aToro mpowus-
BOJIUTCSI CPABHEHHE IOJIYYCHHOH COBMECTHOM BapHallMOHHOH ITOCTAHOBKH C aHAJIUTUYECKHM pellie-
HHUEM Ha MOJCIILHON 3a/1aue. J[eMOHCTPHPYETCsl CXOAUMOCTD YHCIICHHOTO PENIeHHs K TOUHBIM 3Hade-
HMSM QHATUTHYECKOTO PELICHUS B 3a/laHHBIX Toukax. OINHcaH METO]| OJTy4YeHHs] COBMECTHOMH BapHa-
IIMOHHON MOCTAHOBKH OTHOCHTENIHHO HANPSDKEHHOCTH 3JIEKTpHUUecKoro mois. JlaHHsli criocod mpen-
noJyiaraeT pa3bMeHne pacyeTHOH o0JIacTH Ha Y4acTKM, KOTOPbIE MOAEIUPYIOTCS IPU IOMOIIH U060
MKD, mubo MI'D. Kpome Toro, npu GopMyIHpOBaHHN ypaBHEHHH KOMOMHHPOBAHHOTO METOAA MPO-
W3BEJICH YYeT HENpPEepBIBHOCTH KacaTeJbHBIX COCTABILIONIMX BEKTOpPAa HANPSIKEHHOCTH dJIEKTpHYe-
CKOTO I10JI B CWJIBHON (hOpMe M HENPEPBIBHOCTU KACATEJILHBIX COCTABIIIOIINX BEKTOPA HANPSDKEH-
HOCTHM MarHUTHOTO TI0JIst B citaboit hopme. KomOHHMpOBaHNe yKa3aHHBIX MOJXOIOB CIICIYET IIPOH3-
BOJIUTb, YTOOBI M30€KaTh AMCKPETU3ALMU 00beMa B 00JacTH OKpy»Karomeil cpensl. B ciyuae yuera
TOKOB CMEIIEHHS UCIIONIb3yETCS MOAEINPOBAHNE BEKTOPHBIMI KOHEUHBIMHU 3JIEMEHTAMH M PEIIacTCs,
COOTBETCTBEHHO, BUXPEBOE YPaBHEHHE C ONepaTopoM rot rot. B naHHO# padoTe nmpHBOAMTCS IpUMEp
TaKOro KOMOWHHPOBaHHs C MCMONB30BaHHEM omnepatopa CrexioBa—IlyaHkape U MOJNy4eHO ypaBHe-
HHE B ci1aboi opMme Juisi KOMOMHUPOBAHHOTO MeTo/a. [10yb3ysCh OIX0A0M, ONMCAHHBIM B JJAHHOM
CTaThe, BO3MOXHO B JaJIbHEHIIEM OCYIIECTBIATh YUCICHHOE MOJEIMPOBaHHE OECPOBOAHOMN mepe-
JIa4M >JIEKTPOMarHUTHOW SHEPTUH OT HCTOYHUKOB C HEJIMHEHHBIMY [TapaMeTpaMH MaTepPHAJIOB.

KnarodeBble c1oBa: METOJ KOHEUHBIX 3JIEMEHTOB, METOJ TPAaHMYHBIX 3JEMEHTOB, BUXPEBbHIE
TOKH, CKaJIPHBIN IIOTEHIMAJ, BUXPEBOE ypaBHEHHUE, BapHAI[IOHHAs IOCTaHOBKA, popmyia CTpaTro-
Ha—Yy, oneparop CrexnoBa—Ilyankape
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BBEJIEHUE

B nanHOI1 cTaThe paccMaTpuBaeTcsa BONPOC MOACTUPOBAHUS AJIEKTPOMArHUT-
HOT'O TIOJISL C YYETOM BUXPEBBIX TOKOB KOMOMHHPOBAaHHEM METOJIa KOHEUHBIX 3Jie-
MeHTOB (MKD) ¢ Meromom rpaHndHbIX dieMeHToB (MID). IlpuBomuTcs cpaBHe-
HUE KOMOMHMPOBAHHOTO METOJIa C METOJOM KOHEUHBIX 3JIEMEHTOB Ha MOJIENbHOI
3ajaye, A1 KOTOPOH U3BECTHO aHATTUTHUUECKOE PELICHHE.

Bextopasrit MI'D npumennmM i o0nacteii, B KOTOPBIX MapameTpbl Cpeibl
SBISIFOTCS. KYCOYHO-ITIOCTOSTHHBIMU (DYHKLUSIMH, OJHAKO TNpeuMmymectsom MID
SIBIISIETCS. BO3MOXHOCTb MOJICIIMPOBAHUS MOTEHIHUAIBHO HEOTPaHMUEHHBIX oO0Jia-
CTeH U MEHbIIEEe YHMCIO0 HEU3BECTHHIX MO cpaBHeHUI0 ¢ MK3. Bekropueiiit MKO
HI03BOJIIET MOAEINPOBATh MOA00IACTH, B KOTOPBIX 3HAYEHUS 1apaMETPOB SIBIISIOT-
cs QpyHKIHMSIMHU TOUYeK 3THX mojobOnactedl. Bo3MOXHOCTE KOMOMHHUPOBaHHS ITHUX
JBYX IOIXO/0B MO3BOJISIET UCTIONB30BATh IPEUMYILECTBA O00OMX ATHX METOAOB.

Panee xoMOMHMpOBaHHE KOHEYHBIX M TPAHUYHBIX JIEMEHTOB NPOBOIMIOCH
croco0amu, onmucaHHbIME B [4] u [6]. CX0XHil MOAXO0 UCIIONB3YETCsl U B TAHHOU
paboTte, OHAKO WMEET MECTO CYLICCTBEHHOE OTIMYHE: Uil JaHHOTO METOoJa He
TpeOyeTcs U3MEeHEeHHe MOTeHIMala Ha TpaHuLe MeXIy HOoA00IacTsIMH, B OTIMYHE
OT METOa, H3JIOKEHHOTO B [4].

1. IOCTAHOBKA 3AJIAYM

[Tycts Q — 3T0 OAHOCBs3HA 00JACTh B €BKIMAOBOM MPOCTPAHCTBE & , BO3-
MO>KHO, HeorpaHudeHHas. U3 cucteMsbl ypaBHeHn MakcBemia B padorax [1], [3]
u [8] OBIIO BBIBEIEHO YpaBHEHUE JUIS IEPHOAMYECKOTO 110 BPEMEHH T0JIA:

rot——rot £(¥) + (100 (%) - %6 (¥)) (%) =~1oF (%) npn eQc R, (1)

k()

rae £ — 3T0 KOMIIJIEKCHO3HAYHBII BEKTOpP HAIPSXKEHHOCTH; [ — KOMIUIEKCHO-
3HAYHBIM BEKTOpP TOKAa BO3OYXKICHUS;, 0 — IMKIMYECKass 4acTOTa; G — MPOBOJU-
MOCTb; |l — MarHUTHas MPOHUIAEMOCTb; € — IUIEKTPHUECKAs NPOHUIAEMOCTbD;
I — maumas enuanna. B ypaBaenun (1) Bce mapameTpsl SIBISIFOTCS QYHKIUSIMA X,
kpome . [Tocnenuit nmapameTp sBISETCS KOHCTAHTOI.

[TapameTps!l cpenpl MOTYT HE SIBIATHCS HENpepbIBHBIMU (yHKumsamu. Ilycts

N o

obnacts pasdura Ha mogobnacti {€ ", rae N — 510 umcno mopobmacreit. ITycts,

KpOMe TOro, apa noao0iacTeil ¢ HoMepamH i ¥ j UMeeT 00IIyI0 KyCOYHO-TIaIKyTO
TpaHUITy Fij’ MpH TIepexojie 4epe3 KOTOpYyr (YHKIUU MapamMeTpoB Cpenbl, a

HWMCHHO |l, G U €, UCTIBITBIBAIOT CKa4YOK.
I[J'IH TOr'0 YTOOBI OMpPEACINTb YCIIOBUS HA I'paHUIIC Flj’ BBCIACM IIOHATHA

omneparopoB cinena Jupuxie y% u ciena Heitmana ’Y(]\Zf:

BB, 05

y%f(}) =;Eg}iingeagrotf(;)xﬁ. 3)
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Onpenenum, KpoOMe TOTO, CIIET KPYUEHUs R% [7]:

ROE(x)=_ lim _ E(r)xn. 4)

reQ,r—xeoQ)

Ecnu apryMeHTsl QyHKIMNA HapaMETpOB CPElbl JEKAT B MOJ00JACTH C HH-
JICKCOM i, TO COOTBETCTBYIOIME 3HAUCHUS MTAPAMETPOB YKA3hIBAIOTCS C MHICKCOM
(nampumep, L;, ©; U €;). B atnx o6o3nHayeHusx yciosus Ha I’ jj OIPEHENSIOTCS

ciemyronum obpazom [1-3]:

— Q— -
o B o, =10 B ©)
1 Qlﬁ - __ 1 Qj—' -
u; (})'Y Elx xerij M (;C) N E(x) xerij (6)

3HaK MHHYC B MpaBoil 4acTu (6) O3HA4YaeT MPOTHBOIIOJIOKHOCTH HAIPABICHUS
BHEIITHUX HOpMaliei Ha oOueit rpanune I’ j COOTBETCTBYIOIIMX CMEKHBIX 11000~

JacTei.
3ameruM, 4To TpH perreHnu 3axaun MKD pemenne ypasuenus (1) mpemmo-
naraercst uckatb B mnpocrpanctse H (rot,Q). Cornacuo [15] 310 mpocTpaHcTBO

OHpeﬂeHHeTCfI CJ'IC,I[YIOH_IPIM 06p330M:
H (rot,Q) = {F : “TV”R3 dQ <o, | HrotF“R3 dQ < oo} . (7)
Q Q

O6o3HaunM 00pasbl ciiefa KpydeHus U ciena Jupuxiie COOTBETCTBEHHO
H”*l/2 (divl—i,l“l-) u Hll/z (rotri,l“l-), KaK 3TO cenaHo B pabote [1], mpuuem

OTOOpaKEeHUS
R : H (rot,. ) > Hj '* (divr,.T;), (8)
y% :H (rot, ;) > H"? (rotl—i ,F,-) )
ABJIAIOTCS  CIOpbeKuusMd. HopMmbl B mpocrpaHcTBax — H, ”_1/ 2 (dini ,Fi) u

H Il/ 2 (rotri ,l"l-) OTIpEIICIICHBI, HarpuMep, B padote [1].

2. OIEPATOP CTEKJIOBA-ITYAHKAPE: 3AJTAYU
BUXPEBBIX TOKOB

[lycTh s HEKOTOPOH OJHOCBSA3HON MOA00IACTH Qi BCE IapameTpbl Cpebl ABISIOTCA

KoHCTaHTamu. OnpezenuM BOJIHOBoE yucio K; mo dopmysie

2
ki =02, + loo; | (10)
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rae [ — ato MHnMas exuHua. Ilycts B mogobnactu €); ypaBHenwue (1) siBisercs

onHOpoaHEIM. O003HAYNM T'paHMIly yKazaHHOW obmactu I';, Torma cormacuo [1],

[7] u [8] pemienue ypaBHeHus (1) MOXeET OBITH NPEJCTABICHO B BUJC MHTETPANIb-
HOTO pasznoxenus o Gopmyne Crparrona—y (11):

E(7)=rot | G (37)R¥E()ds+ | Go (33 IE()ds+.
;GFI- ;er.

+Vy | Gy, (x.7)E(y)nds xeQ. (11)

i€ y — TO CBA3aHHAs MEepEeMEHHAs MHTErPUPOBaHus, a MudpepeHIMaIbHbIH ome-

partop rot BEIYKCIISIETCS [0 IEPEMEHHOM X. BEKTOp 72 — 9TO BHENIHAS OTHOCHTENb-
Ho Q; Hopmans k I'; B TOouKe y. OyHKIMS le, BeIpakaercs B Buze (12):

~Hilr—p]
Gy (7p) =

47[”;—_5, (12)

T/Ie HOpMa MIOHNUMAETCS B CMBICIIE €BKITHIOBOTO IMPOCTPAHCTBA B R3.

J1st moyyeHusl 3HaYCHUSI HAPSDKEHHOCTHU DJIEKTPUYECKOTO TIOJIs Ha TPaHUIe
00JacTH M B TOYKaX, OMU3KUX K ATOW TpaHUIlE, HEOOXOIUMO BBIYHCIATH HECOO-
cTBeHHBIE HHTErpasbl U3 (11) ¢ yd4eToM 0COOEHHOCTH B MOIBIHTETPAIEHOM BhIpa-
JKeHUH. MeTopl, TO3BOJISIFOINE 3TO OCYIIECTBUTh, ONMUCAHBI B padorax [5], [11],
[12]u [13].

Juts mape1 pyHKIAN ]7()7), g( y) onpenenuM CKalsIpHOe pousBenenne Ha [

mo popMmyie

(f.g). =]/ gdr. (13)
r

[Ipumenenuem cnena Heiimana (3) k Beipaxkenuto (11) u ucronb3oBaHuem He-
TPUBHATIHHBIX TPEOOpa30BaHMM, OMHUCAHHBIX B [1], MOXHO cBsi3aTh cien Jupuxie
(5) u cnen Heiimana B ciaboit opme:

(5, [YDE)E) =(VEE)

i

L EeHT"? (rotr,, Q). (14)

1

r

B mocnenHeM BeIpaxkeHUH S k; #BmAercs onepatopom Creknosa—Ilyankape.

3. KOMBUHHUPOBAHHBIA METO/]

KomOuHMpOBaHHBI METOJ 3aK/II0YaeTCsl B TOM, YTO BCS pacyeTHas oOiaacTb
JeNTUTCsl Ha MO00JIACTH, B K&KAOH M3 KOTOPBIX 3a1ada pemraercs moo MKD, nu-

60 MI'D. O6o3HaYNM Qj obmacTh, B KOoTOpoH 3amava pemaercs MKD, a depes

Q; — MI'D. Ilycts 9TH 007aCTH SBISIOTCS CMEKHBIMHU 110 KyCOYHO-TJIAIKOM I10-

BepxHocTH ;.
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3armmmem ypasHenue (1) mius MKD mogo6nactu B ciaboii popme aist momxo0-
nactn €2, cnenys [4] u [6]:

1 - — - — - — 1 Q= —
I —rot £ -roty +iowcE - wdQ =—i® I F-\VdQ+<—yNJ E, \V> , (15
oM Q- p 00
i Vi "
e ﬁ € H(rot,Qj) .
Ha obmwem yuactke rpanuusl I';; BHEIIHHE HOPMaIH CMEXHBIX 0061acTel

HampasJIeHbI B Pa3HbIe CTOPOHBI, TO3TOMY CBs3b (6) B crnaboii opme nmeeT BUI
1 0=/~\ = I Q=i Q-
<—v§é’ E(x), a> =—<—vaE(x), vy w> : (16)
H Ty H Ty

Teneps, BeIpakas yeByto 4acThb (16) uepes (14) u mpaByro yacts yepes (15),
MOy IUM

— — - - Q; — -
I lrotE-rot\|/+z'o)csE '\VdQ+<Sk_ [yg’ E], v ‘V> =—i® f F-ydQ,
oK ’ r; Q.
J J 17)
Qj— Qj— Q- -1/2
Yo v #0, vpy =0, v,/ weH["*(rotr,,Q).
Ty Q\Iy
Jl1st ocTaBIIMXCSl YYaCTKOB T'PaHUL] YPABHEHUS COXPAHAIOT CBOM BU:
o7l 2 Q7 3 12 z
(5[] 8), ~(@E.8) . Benn(our. ). § -0
i i ij
1 1 © (18)
j —rotE-rot\u+imGE-\udQ=—imj F-\udQ+<—yN/E, \u> ,
o; F Q; H o
Q. —
vp vl =0. (19)

i

VYpasuenus (17)—(19) no3Bossror koMOMHMPOBaTh ypaBHeHus MKD u MI'D
nonto0acTel, mpu 3ToM ypaBHeHue (17) mo3BomseT ydecTh ycioBue (6) B cnaboit

(])( }[ MCE.

BETCTBYIOIIMX JUCKPETHBIX MOINPOCTPAHCTB mpocTpaHcTB  H (rot, Qj) u

Hll/z (rotri, Ql-):

- - - - Py P4 1/2
E:Zaiwl” \ViEH(rOt: QJ)’ YDEZZBiE.'l" aiEHJ_ (I‘Otr, g) (20)
i i
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U3 cropwextuBHOCTH (9) ClieAyeT, 4TO HA YacTH OOIIEH TpaHuUIlbI Fij MOYKHO

Q. — -
BBIOpaTh Y,/ W =&, , B COOTBETCTBYIONINE KOI(P(HUIMEHTHI PA3IOKEHUS HpH-
paBHUBAIOTCS, Oy =[3,,, TEM CaMbIM YIOBJIETBOPSETCS yCIOBHE (5) B CHIBHON
dhopme.

4. CPABHEHUE C AHAJIMTUYECKUM PELIEHUEM
HA MOJEJILHOI 3AIAUE

[Ipu mporpaMMHO¥ peann3anuy AAHHOTO KOMOWHHUPOBAHHOTO MOIXOZa HC-
MOJIb30BAJICS HETOJIHBIA BEKTOPHBINA 0a3uC, OMMCAHHBIN, Hanpumep, B padore [6].
ITocTpoeHne 3TOro BEKTOPHOTO 0a3uca OCYIIECTBISAETCS Ha TETpadapax M Tpe-
YTOJIBHUKAX COOTBETCTBEHHO it MKD m MI'D wacreii. HecMoTps Ha oTiimune B
Pa3sMepHOCTIX 00beKTOB (TpeyroibHuK aas MI'D u terpasrap mist MKD), mis ko-
TOPBIX CTPOUTCS 0A3UC, COOTBETCTBYIONINE (DYHKIMM TEM HE MEHEE MOTYT OBITh
3aIrCcaHbl €AMHOOOPA3HBIM CIIOCOOOM:

W (%) = Lig ) (x)grad L ) = Lj( ) (%) grad Ly ) 1)

B dopmyne (18) Homep p 0a3ucHON (HYyHKIUH \y paBEH HOMEPY COOTBETCTBY-
0IIero pedpa, ¢ KOTOPhIM (PYHKIHSI MOXET ObITh acconpupoBana. Homepa i u j —

3TO HOMEpa BEPIIMH COOTBETCTBYIOLIEro pedpa, GyHKuuH L; — 3TO Tak Has3bIBae-

Mble L-KOOpPOMHATBHI, KOTOpBIE 3aJaloTCs Ha DJJIeMEHTe, HMEIoIeM pedpo p.
OTH QYHKIHUW JTUHEWHBI ¥ MIMEIOT CBOWCTBO PaBHATHCS €IMHUIIE B BEPIIMHE C HO-
MEpOM i M HyJIIO BO BCEX OCTaIbHBIX BEpIIMHAX dJeMeHTa. BpiOop ameMeHTa ams
NOCTpOeHus Oa3nca 3aBUCHUT OT TOTO, B KaKO# 3JIeMEHT Ioraja Touka x. B ciyuae,
€CIJIM ATOT IIEMEHT TeTpadp, GYHKIMH L 3aBUCAT OT TpeX MapaMeTpoB, a B CIIydae
TPEYTOJIbHUKA — OT IBYX. MOXHO II0Ka3aTh, MOJB3YSICh OmNpeneieHuneM (2), 4To
BUJI OTUX (QYHKIMH 171 TPEYyTrOoJIbHUKA HE MEHSETCS.

Pacuernass obmactb Al TECTUPOBaHMS NPEACTABISET COOOH LMIMHApHYE-
CKHMI CEKTOp WM pa3JeisieTCs Ha 1Be MmoAo0acT: 00JacTh UCTOYHHUKA TOKa M 00-
JacTh OKpY’Karoleil cpenbl. B o0macTu MCTOYHUKA 3a7aeTcsl BEKTOP CTOPOHHETO
TOKa, Z-KOMIIOHEHTa KOTOpPOro paBHa eauHuue. [logpazouenue obnactu Ha momo0-
JIACTH pacyeTa Mpou3BoauTcs mpu nomouu napamerpoB » = 0.01 m u R = 0.5 m;

HEPaBEHCTBO x>+ y2 <r?

P <x?+ y2 <R* _ obmacts CPEIBl, X U ¥y — 3TO KOOPAWHATHI TOUYEK Ha IIIOCKO-

OorpeaeIsaCT 00J1aCTh MCTOYHMKA TOKa, HEPABCHCTBO

cta OXY. BricoTa mummmHmprdeckoro cekropa H mocrosaaa u paBHa 0.001. Koopmu-
HaTa z B 3TUX MOJ00IACTIX MEHsieTcs B pejeiiec oT —H/2 no H/2. Benuuuna yrina 1m-
JIMHJIPUYECKOTO CEKTOpa paBHa 11/6. CXxeMaTHYECKUI TIpUMep JIeJIeHHs Ha MO1001acTH
MOKa3aH Ha pHC. 1: 4acTh, COOTBETCTBYIOIIAs CETKE MPOBOJHUKA, BBIJIETICHA YEPHBIM
KOHTYPOM, OCTaJTbHAsI 4aCTh CETKH COOTBETCTBYET O0JIACTH BO3/TyXa.

Ha rpanune obnactu o ocu OZ 3a1aHbl nepsbie OJHOPOIHBIC KPaeBbIe YCIIO-

= 2 2 2

Bust Buga RE (x) =0 Tak ke, KaK U Ha yJIaJICHWH, T. €. Ha rpaHuie X~ + y~ =R".
[To 6bokaM IMWIMHAPHUYECKON OOJIACTH 3aJIaHbl BTOPbIC OJHOPOIHBIE KpaeBbIe yCio-

o=
BUA BHU/a 'YNE =0 , 06€CHGIII/IBaIOIIII/Ie paanajJibHyH0O CUMMETPUYIHOCTD PCHICHU.
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Puc. 1. Tlpumep pa30oucHus Ha 1M01001aCTH

Fig. 1. Example of partition into subdomains

W3BecTHO aHanmMTHYECKOE pEIIeHUE sl JaHHOW 3a/Ja4l B 00JIACTH OKpYXKa-
I0IIEeN cpeJibl:

E,(x,y)=Jo (—Ik\/xz +? )c1 +7, (—Ik\/xz +y? )Cz : (22)

rae ynxuuu Jo u Y, —3to pynkuuu beccens nepBoro u BTOporo pojaa COOTBET-
cTBeHHO. B nanHoM TectoBoM mpumepe kodpduimentsr C; u C, paBHBI COOTBET-

ctBeHHO 2.58148e-11 u —9.81551e-11, a £k — 3TO BOJHOBOE YHCIIO, KOTOPOE B
Hamiem cityuae paBHo 20.95851.

3HavueHns Kod()(PHUIMEHTOB MOMYYEHBI CIASAYIOMNM 00pa3oM: B TOJ00JIACTH
HNCTOYHUKA PCIICHUC ITPEACTABUMO B BUAC

E,(x,y)=J, (—Ik\/xz +y° )CO +i2, (23)
k

npuueM ¢yskiws beccens Y, He yuacTByer B OpMUPOBAHHN PEIICHHS, TIOCKOJIb-

Ky OeckoHedHO pacteT B Touke x = 0, y = 0. Mcnons3ys paBeHCTBO HYJIIO MEPBBIX
KpaeBBIX YCJIOBHUH Ha yAaJ€eHUH U COOTHOIIEHus (5) u (6), uMeeM cUCTeMy JIMHEH-
HbIX ypaBHeHUi oTHOcuTenbHO Cpy, Cp u Cy:

1

k—2+Co.]o(—krl)=C1J0(—k7"[)+C2YO(—k7"I), (24)
Co "o (=krl)=CJ "o (—krl) + CyY 'y (=krl), (25)
0= CyJy(—krl) + CyYy(—hrT), (26)

kortopas u onpenenser 3Hauenuss C; u C, . Koapouumenr C, B BeipaxkeHnu (23)
paBeH 3.02251e-09.

YKa3aHHBIA TUIHHAPUICCKUN CEKTOP MPHUOIMKACTCS CETKOW W3 TeTpad.-
PATBHBIX DIEMEHTOB JJISl TeX MOA00IacTel, A KOTOPBIX pacueT MPOHM3BOIMTCS
MKD, u ceTkol u3 TpeyroJbHUKOB, AJIs1 KOTOPBIX Mpou3BoAuTcs pacuetr MI'D. Ila-
paMeTpsl pa3OueHusi ceTku ciepyromme: N, — 4uciIo pa3OMeHMi yriia CeKTopa,

N, — gmcno moxppa3OMeHMi 00JaCTH C MCTOYHMKOM TOKA BJIOJH PaJHalIbHBIX
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HampaBieHuid, Np — 4ncio noapasOHeHui 00JacTH Cpeibl BAOIb pagualbHBIX

HarpaBJICHUH.

Ha puc. 2 n3o0paxkeH nmpuMep TakoW CETKH Ha I'paHHLE LHIMHIPUYIECKOTO
cekropa. Pacuer MI'D nmpousBoauTCs NMpH UCHOIB30BAHUU TOJIBKO CETKH, 3a/aH-
HOH Ha NOBEPXHOCTH.

Puc. 2. Tlpumep ceTKH IMIUHIAPUYECKOTO CEKTOPA
Fig. 2. An example of a cylindrical sector grid

Ha puc. 3 uzobpakens rpaduKku aMIDIUTYABI Z-KOMIIOHEHTBI BEKTOpa HATIPS-
keHHOCTH E (¢ pasMepHOCTBIO [B/M]), moydeHHONW pasTuIHBIMH METOIAMH pac-
4yeTa, B 3aBUCIMOCTU OT PACCTOSIHUSI OT TOUYEK, PACIIOIOKEHHBIX Ha LEHTPaIbHOM
MpSIMON IIMIIMHAPUYECKOTO CEKTOpa, 10 Hadama koopauHar. ['padux «MKD u
MIO» ummocTpupyeTr padoTy KOMOMHHUPOBAHHOTO MeTona (B 3TOM cilydae 00-
JacTh OKPYXamWed cpeasl MNpeAcTaBieHa IMOBEPXHOCTHOW CETKOH), Tpaduk
«MKD» wmmmoctpupyeT paboTy TOJBKO METOJa KOHCYHBIX 3JIEMEHTOB (B 3TOM
cilydae o0beMHasi CeTKa HMCIOJb3yeTcs sl Bcex monobnacteid). Kpome Toro, Ha
TOM JK€ PHCYHKE TIPeCTaBlIeH rpaduK aHATUTHYeCcKoro pemenus. Ha puc. 4 n300-
paKECH aHAJOTWYHBIA TpaduK, mapaMeTpsl pa3OHUEHUs CETKH PacueTHOH o0iacTh
KOTOPOTO YBEJIMYEHBI B JIBA pasa.

E, B/m

7 —_—

— A

PaccTosiHMe A0 LeHTPaNbHOMN OCU LMAMHAPA, M

t\
\ r

e KD MK3 n Ml AHannTUYeCcKoe peleHne

Puc. 3. I'paduk pemeHnii 3aaqu, MOTYyUSHHBIX Pa3IHIHBIMU METOJIAMH pacyera,
¢ mapameTpamu ceTku obmact: Ny= 12, N,,;=12, N, =12

Fig. 3. Graph of problem solutions obtained by various methods of calculation
with the parameters of the area grid: N,= 12, N,,,= 12, N, =12
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E,B/m

N
o

i
Z

W

|

P

ppa _S—

7
\‘L) =

PaccrosaHue ao u,eH'rpaanoﬁ OoCU uMnAnHapa, m

e \| KD

MK3 n Ml AHanuTU4eckoe peleHne

Puc. 4. I'paduk peiennii 3a1auu, NOITYUYSHHBIX PA3IMYHBIMUA METOJAMH pacyera,
¢ mapamerpamu cetku obnactu: N,= 24, N,,=24, N, =24

Fig. 4. Graph of problem solutions obtained by various methods of calculation
with the parameters of the area grid: N,= 24, N,,,=24, N, =24

Brraucimm 115 rpadukoB cpeHee OTKIIOHEeHHE d 110 hopMyIie

1 N

=3

Nizl

E7 —éf

1 1 4

z
rae Ei — 3HAYCHUC Z-KOMITOHCHTBI BEKTOPA aHAJIUTUYCCKOI'O PCHICHUS YPABHCHUA

(1), momy4eHHOTO B i-ii TOYKE HA MPSIMOW; eiz — Z-KOMIIOHEHTa BEKTOpa PEUIEHNUS,
MOJYYEHHOT'O0 OJHUM U3 JIByX YHCJICHHBIX METOJIOB,
N — KOIMYECTBO TOYEK Ha MPSMOH.

CpenHue OTKIIOHEHHUS OT aHAJTUTHYECKOTO PEIICHUs IS MoIpa30ueHuH, npu-
BEJICHHBIX Ha pHC. 3 U 4, IPEJCTaBICHBI B TAOJIHIIC.

B TOM K& TOUKE;

OTKJI0HEHHS OT aHAJTUTHYECKOro pemenus (B/m)

Deviations from the analytical solution (V/m)

Tun nonpasouenus MKD KomOunupoBaHue Mero/a
Ne=12, Nypyy=12, Ny, =12 3.85E-12 4.16E-12
Ny=24, Nyoyy=24, Ny =24 1.86E-12 1.56E-12

3AKJIIOYEHHUE

[IpencraBineHHbIl KOMOMHUPOBAHHBIN MOIAXO MOKAa3aJl CXOIWMOCTh Ha MO-
JenbHOU 3amaue. [t TeCTUpOBaHUS TAaHHOM MOCTAaHOBKH UCIIOIB30BAJICS TIOTHBIM
(hopmat xpaneHus: matpuilsl oneparopa CreknoBa—Ilyankape. UToObl yMEHBIINTH
noTpeOJeHne MaMsITH, BRI3BAHHOE HAIMYHEM IUIOTHBIX MaTpHI], CIETyeT BOCIOIb-
30BaThCA TCXHOJIOTUAMM, ITO3BOJIAIOIINMHA O6CCHC‘II/ITB 60.1166 SKOHOMHBIN pacxon
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3TOro pecypca. B 4acTHOCTH, TAKUMH TEXHOJOTHSMH SIBJISIOTCS MCIOJIb30BaHUE
0yrouHOTO BeEiiBIETHOTO MpeodpazoBaHus [9] u MpUMEHEHHUE OBICTPHIX MYJIBTHIIO-
neii [10, 14].
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Abstract

This work is devoted to the application of the Finite Element Method (FEM) coupled
with the Boundary Element Method (BEM) for the purpose of electromagnetic field simulation
using an eddy current model. Therefore the combined derived variational problem is numerical-
ly compared with the analytical solution in this paper. The paper also shows the convergence of
the numerical solution to the corresponding analytical values for the specific points of the com-
putational domain. The method of deriving a coupled problem is described relative to the elec-
tric field strength. The essence of this method is partitioning of the computational domain into
parts and each part must be simulated by either FEM or BEM techniques. In addition, the con-
tinuity of tangential vector field components of electric field strength in a strong form and
magnetic field strength in a weak form is also taken into account by formulating the equations
of the coupled approach. The coupled approach may be beneficial when one does not construct
a volume mesh for the environment domain. In the case of eddy currents being involved in the
computation, the vector FEM elements must be used and an eddy current equation with the rot-
rot operator must be solved. This paper presents an example of such coupling y using the
Steklof-Poincare operator for which a weak form of the corresponding equation is derived to
obtain the coupled method. Using the presented approach one may simulate, for instance, a
wireless transmission of electro-magnetic energy with sources having non-linear properties.

Keywords: the Finite Element Method, the Boundary Element Method, the Eddy Cur-
rent Model, scalar potentials, vector potentials, the Eddy Current Equation, variational formula-
tion, the Stratton-Chu decomposition, the Steklof-Poincare operator
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apPXUTEKTYPbI MPOrPAMMHOI0 MPOAYKTA JJIsl AHAJIU3A
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B craTtbe paccmarpuBaeTcs 3Tan NPOSKTHPOBAHMS, pa3padaThiBAEMOro aBTOpaMH, IIPOrpaMM-
HOTO KOMIIIEKCA, PEaTn3yIOMIeT0 MPONIEeCcChl KIacTepU3alui M KiIacCH(UKanuy JaHHBIX Ha OCHOBE
HCKYCCTBEHHBIX HEHPOHHEIX CeTel C MpeABapUTENbHBIM COKPAICHHEM Pa3MEpPHOCTH (peXyLHpoBa-
HHEM) TPOCTPAaHCTBA MPU3HAKOB. DTOT 3Tall SBIAETCS OAHMM M3 BaXKHEHIIUX NpU pa3paboTKe Mpo-
IrpaMMHOTO IpoxyKTa. [IpakTHIecKy Bce COBpeMEHHBIE IPOrPaMMHBIE KOMITIEKCH! XapaKTepU3yI0TCs
GoNBIIMM pa3HOOOpa3HeM B3aHMOJEHCTBYIOIINX MPOTrpPaMMHBIX MOMYJEH, 4YTO, B CBOIO OYEpeb,
YBEIMYMBACT CIOKHOCT Ha 3Talle NPOSKTUPOBAaHMS COBPEMEHHBIX mporpamMM. Ha atom srame paspa-
OOTYMKH NPOrPaMMHBIX IPOAYKTOB MCIIONIB3YIOT pasiIMyHbIe METObl. B cTaThe paccMOTpeH H3BecT-
HBII c110c00 MOIETUPOBAHUSA CHCTEM MAaTeMAaTHYECKUM ammapaToMm ceteid [leTpu, KoTopsIil momydnt
IIMPOKOE NMPUMEHEHHUE B CaMbIX Pa3HbIX NMpeaMeTHbBIX obnactsx. [loctpoena cets Ilerpu st mpoek-
TUPYEMOTr0 IPOTrPaMMHOT0 KOMIUIEKCA, colepkarias 48 BepIIvH.

IMposenen anamu3 nocrpoeHHoi cetu Ilerpu. OH maeT mpeACTaBICHNE O MOBEACHUH IIPOCKTHU-
pyeMoro nporpaMMHOro Komiuiekca. Takke KadeCTBEHHBIN aHAlIU3 CETH CIOCOOCTBYET BHECEHMIO
HM3MEHCHUI B apXUTEKTypy NPOrpaMMHOT0 KOMILIEKCa Ha JTaIe IIPOSKTUPOBAHHSI.

Amnamu3 cetu npousBoawics B nporpammuoii cpene CPNTools Bepcun 4.0.1. lannast cpena
o0nazjaeT aBTOMaTU3UPOBAHHBIME CPEACTBAMH AHAIM3a U TEHEPHPYET OTUETHI O TYMHKOBBIX COCTOS-
HHSIX CHCTEMBI, MEPTBBIX Iiepexosax. AHalu3, NPOBOJUMBII B JTOil cpene, 0 CBOEH CyTH pelaer
OJIHY UX OCHOBHBIX 3aj/iau Teopun cereit IleTpu — 3aaqy 10CTHKUMOCTH.

Pe3ynbratom aHanM3a SBIAIOTCS OLEHKA JOCTIDKMMBIX MAapKHPOBOK M BBIIBICHHE MEPTBBIX H
TYIHUKOBBIX COCTOSIHUM, MPUBOAAIINX K MPEKPAIIEHHIO pabOTHI CHCTEMBI, 3alIUKINBAHUIO U BBISBIIE-
HUIO CIIEHapHEB, HE y4JacTBYIONMX B padore cucreMbl. OIHUM U3 KIIOUEBBIX PE3yJIbTaTOB aHAIH3a
CTaJIO0 IepeBO NOCTIXUMOCTH. Kak mokasan aHanus, B CIIPOEKTUPOBAHHON CETH OTCYTCTBYIOT MEpT-
BBIE MIEPEXOABI, YTO CHUTHATH3UPYET O KOPPEKTHO CIHPOSKTHPOBAHHOW apXUTEKType MPOrpPaMMHOTO
HPOIYKTA.

KaroueBble c1oBa: MonenupoBanue, cets [leTpn, aHanu3 qaHHbBIX, KIacCH(pUKanus, KiacTep-
HBII aHAJIN3, HEWPOHHAS CeTh, PeIYKIHs NaHHBIX, (GaKTOPHBIA aHau3, pazpadorka [10

: Cmamus nonyuena 06 aszycma 2018 .
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BBEJIEHUE

[Ipy npoexTUPOBaHUH ANTOPUTMOB M CO3JaHHUU MPOTPAMMHBIX CUCTEM HEO0-
XOJIUM MX aHAJIHU3 C LEJIbI0 MPOBEPKH HEMPOTHBOPEUMUBOCTU M TOCTHKEHHS ONTH-
MaJIbHOCTH (DYHKIMOHMPOBaHUs. HacTo 1yt 3TOH eIy MCHOoIb3YyEeTCs anmnapar ce-
teit [leTpu, KOTOpBIE MONYYWIN [UPOKOE IPUMEHEHHUE B CAMBIX PA3HBIX MPEAMET-
HBIX 00JacTsAX: MOJIEIUPOBAHUIO anmaparoMm cetei [leTpu MoxkeT OBITH MOIBEpT-
HyTa HOYTH J1t00asi CHCTEMa, JITOPUTM HJIH TIpoLecc. DTO CTalI0 BO3MOXKHBIM Oia-
rojaps UHTEHCUBHOMY Pa3BUTHIO ceTelt [leTpu pa3auyuHbIX MOIU(PUKALIIHIMA.

AHanu3 mpOeKTUPYEMOro MPOrpPaMMHOr0 MPOAYKTa COCTOUT B OLIEHKE J0-
CTHKUMBIX MapKHPOBOK M BBIABIEHMH MEPTBBIX U TYNHKOBBIX COCTOSHUH, IPUBO-
JSIIUX K IPEKPaLIeHUuI0 pabOThl CUCTEMBI, 3allMKINBAHUIO M BBISBICHUIO CICHA-
pHUEB, HE YYAaCTBYIOIIMX B paboTe CHCTEMBI, UTO CIIOCOOCTBYET BHECEHHUIO U3MEHE-
HUH B IPOLIECC MPOEKTUPOBAHHS.

B cratee mokasaH mpouecc MOCTpoeHus ceTh lleTpu ImpoeKTHpyeMOoro mpo-
rPaMMHOTO TPOAYKTA JJIsl KJIACTepU3allii U KJIACCHU(DHUKAIMK JTaHHBIX C TIPeBapH-
TENBHBIM COKPALIEHUEM pa3MEpPHOCTH (peqyLHpOBaHUEM) MPOCTPAHCTBA MpPHU3HA-
KOB U €€ aHaJIN3.

1. CETb IETPU

B caMOM 06H_I€M cnyqae CECThHO HeTpI/I HA3bIBACTCA COBOKyHHOCTL MHOXCECTB
C={P, T, 1,0},

rae P — KOHEYHOE MHOXKECTBO, 3JICMEHTHI KOTOPOT'O HAa3bIBAOTCS MO3UIUAMU; T —
KOHEYHOE MHOXECTBO, JIEMEHTHI KOTOPOTO Ha3bIBAIOTCSA IepexoaaMu; [ — MHOXe-
cTBO BXOAHBIX ¢yHKmMHA, [:7T — P; O — MHOXECTBO BBIXOJHBIX (YHKIHWH,
O:T—>P.

Jiia MozenupoBaHus CeTH HEOOXOAMMO UMETh MapKUpPOBKY ceTH L. Mapku-

POBKa | OMpEAeNsieTcs Kak n-Bektop W= (y, Wo,..., ), Tae n=|P| u xaxnoe
u, €N, i=1,...,n. Bekrop | ompezaenseT LA KaxaAoi mosunuu p; cetu llerpu

KOJIMYECTBO METOK B ATOM mo3uuuu [1].

MapkupoBanHast ceTb [lerpu MoxeT ObITh 3amucana B Buge: M =(C, p) wiu
M=, T,1, O, n.

Cetp IleTtpu MomenupyeTcs OCPEACTBOM 3amycka mepexonoB. llepexon 3a-
MycKaeTcsl yJalleHueM METOK U3 €r0 BXOIHBIX MO3HWIHNK M 00pa30BaHHWEM HOBBIX
METOK, TIOMEIIaeMbIX B €r0 BBIXOJIHBIC TTO3UIKH. ClleZloBaTENbHO, IPH MOJEINPO-
BaHUH CETH MapKHUPOBKA CETH OyAeT U3MEHATHCS.

[lepexom MOXeT 3amyCKaThCsl TOJIBLKO B TOM Ciyd4ae, €Clii OH paspenieH. [le-
pexon ¢; €T B mapknposannoii cetn Ilerpu C=(P, T, I, O) ¢ MaprupoBkoii

paspellieH, ecinu ajs Bcex p; € P

w(py) 2 # (py, 1(1,).
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[lepexon 3amyckaercsi ynaleHHEM BCEX Pa3pellalOIUX METOK M3 €ro BXOI-
HBIX MO3ULUHI U MOCIEeIYIOMIM OMEIIEHUEM B KaXIyI0 U3 €ro BBIXOIHBIX I103H-
Uil 0 OJTHOM MeTKe ISt Kaykaou ayru [1].

[Ipoctoe mpeacraBieHne cUCTEMBbI ceThio IleTpu OCHOBaHO Ha ABYX OCHOBO-
HOJIAraroIUX MOHATHAX: COOBITHAX U ycnoBusAX. COObITHS — 3TO AEHCTBUSA, UMEIO-
1€ MECTO B CHUCTeME. YCJOBHE €CTh MpenuKaT JH0O0 JOrMYEecKOe OMHCAHHE CO-
cTosiHUA cucteMsbl. B cetn [leTpu ycnoBust MOAETHUPYIOTCS MO3UIUSIMHU, COOBITUS —
nepexonamy. Bo3HUKHOBEHHE COOBITHS PaBHOCHIIBHO 3aIlyCKy COOTBETCTBYIOLIETO
nepexona [2].

s MoaenupoBaHus Mpolecca WM CUCTEMBI anmapaToM ceteld [letpu HeoO-
XOAMMO ONPENENIUTh €€ BEPIINHBI — IIO3ULUH U IEPEXOIBI.

2. OIIMCAHHUE ITPOEKTUPYEMOI'O IPOI'PAMMHOI'O
INPOAYKTA

Cerp Ilerpu Oyner oToOpakaTh apXHTEKTypy pa3pabOTaHHOTO aBTOpaMU
MPOrpaMMHOT0 KOMIDIeKca [3], KOTOpBIM peann3yeT aHaJM3 NaHHBIX MyTEeM WC-
M0JIb30BaHUS Pa3IMYHBIX HEUPOHHBIX CETEH.

Jnsi aHanmu3a JAaHHBIX B MPOrPAMMHOM KOMILJIEKCE HCIOJIB3YIOTCS TakKue
HEHUPOHHBIE CETH, KAK MHOTOCIOWHBIN MepcenTpoH, clioil u kapta KoxoHeHna, cetb
BEKTOPHOTO KBAHTOBAHUS, CETh pacIio3HaBaHMs [4].

OpnHako, Kak y>K€ TOBOPHJIOCH paHee, MOIACPKUBACTCS MPOLecC PeAyKIIUU
JTAHHBIX, KOTOPBIA pealn30BaH MOCPEICTBOM HCIIONB30BaHUs (haKTOPHOTO aHaJH-
3a [5, 6] u mpUMEHEHMS aBTOKOIUPOBITUKA (HEUPOHHOM CETH, CITOCOOHOM 00ydJaThCst
0e3 yuuTens, Mpy MOMOIIH MET0/1a 00paTHOTO PacIpOCTPAHECHHUS OTUOKH) [7].

PestoMupyst BBHIIIEIEPEUUCICHHOE, MOXXHO BBIICIUTH CJIEAYIOLIUE 3aJaud,
KOTOpPBIE IPOTPaMMHBI KOMIUIEKC JTOJKEH 00eCeunBaTh:

1) BBIOOD U 3arpy3ka Qaiiia ¢ TaHHBIMU JJIsl aHAITN3a;

2) mpoBeJeHNE PEAYKIMH JaHHBIX (ONIIMOHATBHO);

3) BBIOOp THITA HEHPOHHOH CETH U IMapaMeTpoB O0yUEHUs IS Hee;

4) oOyueHne BEIOpAaHHOM CETH Ha 3arpyKCHHBIX JTaHHBIX;

5) co3nanue TeCTHUPYIOIIeH BEIOOPKH U3 3arpy KEHHBIX JTaHHBIX;

6) IpoBe/IeHNE aHaJK3a JAaHHBIX [IPH MMOMOIIH 00y4YEeHHOW CETH C TeCTHUPYIO-
et BEIOOPKOIA;

7) oToOpaskeHHE PEe3yIbTATOB aHAIN3A;

8) popmupoBaHKe OTYETHBIX JOKYMeHTOB B (hopmaTax MAT u XLS.

Hcxonst w3 BeINIEIEpEYNCICHHBIX YCIOBUIA OBLITH OIPE/IeIeHbl BEPIIIHMHEI CETH
[leTpu u cBSI3M MEXIY HUMH.

I'padmueckn mo3unmo TPUHATO 0003HAYATH OBAJIOM, IEPEXOJ — MPSMO-
yronpHuKOM. Ha puc. 1 mpencrasnena cers lleTpu nmis mpoeKTHPYEMOTO IPoO-
rpaMMmHoOro Komiuiekca. OHa comepxut 48 BepmuH. B Ha9albHOM COCTOSIHUH CETH
JUIIH OJHA TO3UIUA ceTh «BEIOOpP B TIIABHOM MEHIO IMPOTPAMMBD» COIEPIKHUT
METKY.

IIponiecc MoaenupoBaHusa CUCTEMBI anmapatoM ceteit [leTpu Taxxe BKiIrOYa-
€T OJIMH Ba)KHBIM ATall — AHAJIU3 CIPOEKTUPOBAHHON ceTH. Ba)XHOCTH JaHHOTO 3Ta-
Ma 3aKJII0YaeTCsl B BBIABICHUU TYNMHUKOBBIX COCTOSIHHM, MEPTBBIX MEPEXOJ0B WU
3al[MKJIMBAHUU B XOJI€ MOJICIUPOBaHUA ceTH [8].
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Puc. 1. Cets [lerpu amst mpoeKTUPYEMOTo IIPOrpaMMHOT0 KOMILIEeKca (4acTb 1)

Fig. 1. The Petri net for the designed software complex (part 1)
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Puc. 2. Cers [lerpu st IpoEKTUPYEMOro IIPOrPaMMHOT0 KOMILIEKCa (4acTb 2)

Fig. 2. The Petri net for the designed software complex (part 2)

3. AHAJIU3 CIIPOEKTUPOBAHHOM CETH IETPH

Anamu3 cetu lletpm maeT mpencTaBiICHHE O TMOBEICHHUU IMPOCKTUPYEMOTO
MIPOrPaMMHOTO KOMILICKCA.

Anamms cetn nponsBoamiics B mporpammuoit cperne CPNTools Bepcun 4.0.1 [9].
Hannas cpema o0iagaeT aBTOMAaTH3MPOBAHHBIMH CPEICTBAMH aHAIN3a U TCHEPHU-
PYET OTYETHI O TYIMHKOBBIX COCTOSIHUSAX CUCTEMBI U MEPTBBIX Mepexonax. AHalu3,
MIPOBOJIMMBIN B ATOH Cpelie, IO CBOEH CyTH peliaeT OJHy MX OCHOBHBIX 3a/1a4 TeO-
puu cereit [leTpu — 3aga4y JOCTHKUMOCTH.

dopmanbHO 331a4a JOCTHKHMOCTH COCTOMT B CIeAyroneM: Ui cetu [letpu
C HayaJdbHOW MapKUPOBKOH |l ¥ 3aJaHHONM MapKUPOBKOH |l YCTaHOBUTbH CHpa-

BeuIMBOCTh BKIoueHHss We R(C, Wg). UHbIMEH croBaMu, TpeOyeTcst BHISCHUTS,

CYLIECTBYET JI JIOITyCTUMas MOCIe0BaTeNIbHOCTh CpadaThIBaHUM MEPEX0A0B, Ie-
peBoasmas ceth [leTpu U3 HauanbHON MapKUPOBKH B 3afaHHy0 [10].

B ornnyme 0T MHOTMX Apyrux NPOrpaMMHBIX MIPOAYKTOB, PEATU3YIOIIUX JIO-
TUKYy MaTeMaThdecKkoro ammapata ceTteil lletpm n oGecrnieuyuBaroONIMX IONH30BA-
TeNbCKUi uHTepdelic s paboThl C HUMH, B TNPHUBEACHHOW BEPCHH CPEIBI
CPNTools monmep:xuBaeTcsi aBTOMAaTU3UPOBAHHOE MOCTPOCHUE NIEPEBHEB TOCTH-
xxumoct [11].
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B cpene CPNTools Obima mocTpoeHa ceTh, WACHTUYHAs NPHUBEIACHHOW Ha
puc. 1, 1 mpoBeacH ee aHanu3. PUCYHOK 2 0TOOpa)kaeT MOTyYEeHHOE B PE3yIIbTATE
aHanm3a JepeBO JOCTHKUMOCTH.

V3ne1 gepeBa B cpene CPNTools oToOpaxaroTcst B BUe puc. 3.

Puc. 3. OTobpaxenue y3ma gepesa B cpege CPN Tools
Fig. 3. A tree node in the CPN Tools software environment

Ha pucynke N — uucioBoil HOMep y3na aepeBa, IN — 4uCiIO BXOIHBIX IyT
(BetBeit), OUT — 4nCIO BBIXOHBIX JIYT.

[TocTpoenne aepeBa JOCTHKUMOCTH HAYMHAETCS C TIEPBOTO (KOPHEBOT0) y3I1a
nepeBa (Ha puc. 4 y3en aepeBa MMeeT YHcioBoi HoMmep «1»). MOXXHO 3aMEeTHUTh,
YTO YHCJIO Y3JIOB JIepeBa 3aMETHO MEHbIIe BepuinH rpada (puc. 1 u 2). [Ipuunnoit
3TOMY IOCITY>KWJIH aKTUBAIllUU TaKHX TEPEXO0B, KaK «HACTPOUTH IMapaMeTphl aB-
TOKOJIMPOBIINKA», «HACTPOUTH HapaMeTpbl OOydeHHUS CEeTH», «HACTPOUTHh Mapa-
MeTphI ()aKTOPHOTO aHau3a». B pe3ynbpTare akTHBAIMK MPUBEACHHBIX MIEPEXO0I0B
MIPOUCXOUI IIEPEHOC METOK M3 BXOJHOM MO3UINH B HECKOJIBKO BBIXOTHBIX ITO3H-
ruii. OTHAKO Ha JIepeBe JOCTIKUMOCTH MOTOOHOE YBEIHMUYEHHE METOK B TIO3HIINSIX
0TOOpakaeTcss OJHUM Y3JIOM.

5 10 14 16
1:1 1:1 1:1 1:1

Puc. 4. JlepeBo JOCTUKUMOCTHU CETH IPOEKTUPYEMOTO IIPOIPAMMHOI0 KOMILIEKCA

Fig. 4. The reachability graph for the designed software complex
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Kak mokaszan aHanus, B CIPOCKTHPOBAHHON CETH OTCYTCTBYIOT MEPTBBIC Tic-
PEXOJIbl, YTO CUTHAIM3UPYET O KOPPEKTHO CIPOCKTUPOBAHHOW apXHUTEKType Mpo-
rpaMMHOTO Tpoaykra [12].

3AK/IIOYEHUE

B nannoii pabote onrcaHa BO3MOXHOCTb MCIHOJIB30BAHUS MAaTeMaTH4YE€CKOTO
anmapara cereil Ilerpu Ha cTaguyu NPOEKTUPOBAHUS IPOTrPAMMHOIO IPOIYKTa, YTO
MO3BOJISIET BBIABUTH HETOYHOCTH B MPOEKTHPOBAHUM aPXUTEKTYPHI MPOrPaMMHBIX
nponykToB. ONMHCaHHBIH B CTaThe MPOTPAMMHBIA KOMIUIEKC OBLI pealn30BaH B
cpene MATLAB cornacHo cnpoektupoBaHHOU apxutektype [3]. Ilocne Boimonne-
HUS TIPOTPaMMHOM peayu3aluy ObUT MPOBEACH pAJ HMCCIeNOBaHHA MO aHATU3y
naHHbIX [13—15] ¢ ucnonbp3oBaHNEM JaHHOTO MIPOTrPAMMHOIO MPOIYKTA.
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Abstract

This paper considers the design stage of the software development process to carry out
cluster analysis and classification based on artificial neural networks with a preliminary reduc-
tion of attribute space dimension also based on artificial neural networks and additionally on
factor analysis. The design stage is one of the most important software development stages.
Most modern software systems contain a great variety of cooperating program modules which
in its turn increases the complexity of the design process. At this stage software developers use
various methods. This article describes a well-known method of system modeling based on the
Petri net which has been widely used in various subject areas. A Petri net with 48 vertexes was
created for the developed software complex.

The realized Petri net is analyzed. The analysis provides insights into the behavior of the
developed program.

The Petri net analysis was performed in the CPN Tools software environment (ver-
sion 4.0.1). This environment has automated analysis tools and generates reports on deadlock
states and deadlock state transitions. The analysis conducted in this environment, inherently
solves one of the main problems of the Petri nets theory, namely the reachability problem.

High-quality analysis contributes to the adjustments in the software architecture at the
design stage.

The analysis results are the estimation of reachable markings, identification of deadlock
states that lead to a system’s shutdown, looping and detection of scripts that are not participating
in the system. One of the key results is the reachability graph. The analysis has shown that there
are no deadlock transitions, which means that the software architecture as been designed correctly.

Keywords: modeling, Petri nets, data analysis, classification, cluster analysis, neural
network, data reduction, factor analysis, software development
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MopenupoBanue pe:KUMOB padoThl

CHCTEM JIEKTPOCHAOKEHUs C YCTAHOBKAMH
pacnpe/esieHHON reHepanuyu U MOLIHOM
ACHHXPOHHOM Harpy:ncoizi*

10.H. BYJIATOB', A.B. KPIOKOB>**, HTYEH BAH XYAH>*

'665709, P®, 2. Bpamck, yn. Makapenxo, 40, Bpamcxuii 2ocydapcmeennbiii yHugepci-
mem

2664074, P®, 2. Hpkymek, ya. Yepuwvuuesckozo, 15, Hpkymexuil 20cyoapemeentolii Y-
sepcumem nymeti cooOweHs

3664074, P®, 2. Hprymck, ya. Jlepmonmosa, 83, MpKymckuii HayuoHanbHslii ucciedosa-
MeNbCKULL MEXHUYEeCKUIL YHUBEPCUMem

* bulatovyura@yandex.ru  ° and_kryukov@mail.ru € huanco.k7a@gmail.com

B coBpemMeHHOI 3HEpPreTuke IUPOKO MCIONb3YIOTCS YCTAHOBKU paclpeieseHHON I'eHepaluu
(PT"), Haxonsmuecs: B HEIOCPEACTBEHHOM OIM30CTH K IOTPEOUTENI0. DTH YCTAaHOBKH MOTYT paboTaTh
B M30JIMPOBAaHHOM (OCTPOBHOM) PEXKHMME Ha BBIJICIICHHYIO HArpy3Ky U IapaJUICNbHO C 3JIEKTPOIHEepre-
tuaeckor cuctemoit (92C). [ HagexHOTo (PYHKIMOHUPOBAHUS ycTaHOBOK Pl TpeOyeTcs pemuTh
PSLI TEXHOJIOTHYECKUX 3214, B YHCIIO KOTOPBIX BXOJUT 3a/laya ONTHMAJIBHOTO YIIPABJICHUS YCTaHOB-
kamu PI' mpu nepexone B OCTPOBHOM pEeXHMM U MOIKIIOUYEHUHM PE3EPBHBIX JU3ENb-T€HEPA-TOPHBIX
ycranoBok ([II'Y). Ota 3agada MoxkeT OBITH pellieHa ¢ UCIIOIb30BAHHEM COBPEMEHHBIX MHTEIUICKTY-
aJIbHBIX TEXHOJIOTUI ynpaBieHus. B cTaTbe MPUBOAUTCS OMHCAHUE MOJEIH CHCTEMBI NEKTPOCHA0-
xenus (COC) ¢ MOIIHOI aCHHXPOHHON Harpy3Koi, a Takke TypOoreneparopaoi ycranoskoit (TI'Y)
n JAI'Y. IlpencraBneHsl pe3ysbTaThl MOJEIMPOBAHUS MPOIECCOB MEPEX0/ia B OCTPOBHOU PEXUM C
nonkiroueHneM pesepBHbIX JAI'Y mpu mcde3HoBeHHH CBs3u ¢ nuratomeir 99C. MozaenupoBaHue
BeInoNHsUI0CH B cperie MATLAB c ucnons3oBannem nakeroB Simulink u SimPowerSystems.

Ha ocHoBe pe3ynbTaToB MOAENHPOBAHUS C(HOPMYIHPOBAHBI CIEAYIONINE BBIBOIBL IIPU ITIEpe-
XOJie B OCTPOBHOH PEXUM MOTYT BO3HHKATh IIPOBAJIBI HANPSDKCHUS M CHIDKEHUE JacToTsl. [Ipu mox-
KIIIOUeHUH U cuHXpoHu3ammu JI'Y HampsbkeHHe M yacToTa cTabmiausupyrorcs. llpuMeHeHue mpo-
THOCTHYECKHUX aJITOPUTMOB B PETYJISITOpPax TypOoreHepaTopa MO3BOJISIET 3HAUYUTEIILHO CHU3UTD HHEP-
IIHOHHOCTb 00BEKTa, YMEHBIINTh NEPEPETyINPOBaHNE U KONeOAaTETbHOCTh HAMPSKEHNUS U YacTOTHI
npu oTkitoYeHUH nutaromeit 93C. [Ipu moakmoYeHnN BRICOKOBOJBTHRIX ABurarteneii k TI'Y, pabo-
Tarouieil B OCTPOBHOM PEXHMMe, UCIIOIb30BaHHE aBTONPOTHOCTHYECKOTO PEryJIsITOpa YacTOThI 103BO-
JSIET CYIIECTBEHHO yIyqIINTh AeMII(epHBIE CBOMCTBA M CHU3UTh HHEPIUOHHOCTh 00BEKTa, IIPH 3TOM
ITyCK 2JIeKTPOABUTATENEH IPpOon3BOANTCS O0jIee IUIaBHO.

KnrodeBbie c1oBa: cHCTEMbI >IEKTPOCHAOKEHUS, YCTAaHOBKHM pacIpe/elIieHHO reHeparuy,
ACHHXPOHHAsl Harpy3ka, MPOTHOCTHYECKUH PEeryJsiTop, aBTOMaTHYECKHUH PETYISTOp BO30YKIEHHS,
aBTOMATUYECKHI PETYJIATOP YaCTOTHI BPAILCHUSL.

" Cmamvs nonyuena 27 uions 2018 e.
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BBEJAEHUE U IIOCTAHOBKA 3AJIAYN

B nacrosee Bpems HaOIr0#aeTCs MUPOKOE UCIOIb30BAaHHE YCTAHOBOK pac-
npenenénnor reHepanun (PI'), HaXomsmUXcs B HEMOCPEACTBEHHOW OJIM30CTH OT
notpedutenet [1-6]. YcranoBku PI' mo3BOMSAIOT pasrpy3uTh OCHOBHYIO CETh, IO-
BBICUTh HAJIe)KHOCTh JJIEKTPOCHAOKEHHsST M yIYYIIUTh KAadeCTBO 3JCKTPOIHEP-
ruu [7-11]. Oco0yro akTyaJIbHOCTh 3ajada BHEAPEHUS COBPEMEHHBIX yCTAaHOBOK
PI" mpuobperaet npu MoaepHU3aluK cucteM dekrpocHabxkenus (CIC), ynaneH-
HBIX OT CETEBOW MH(PPACTPYKTYPHI.

JocraToyHo mMpokoe pacnpocTtpaHeHue B aedcTByoomux COC mnomyuwnu
Typ0O ¥ MU3eNNb-TeHEPATOPHBIE YCTAHOBKY Pa3INIHON MOIHOCTH. OHU MOTYT pabo-
TaTh B OCTPOBHOM PEXMME Ha BBHIJCJICHHYIO Harpy3Ky M MapajuleNbHO C AJIEKTPO-
sHepreTrueckoit cuctemoii (D9C). IIpu skcrmyaranmuu ycraHoBok PIT B octpoBHOM
peXUMe HEOOXOOUMO YUYHUTHIBaTh OIPAaHMYEHHUS 10 MaKCHUMAJIbHOMY 3HAYEHHIO
Harpy3ky, oOyCJIOBJIEHHBIE paclojiaraeMbIMH MoIIHOCTAMU PI', a Taxxke cyie-
CTBEHHOE BIMSHHE HA 9TH YCTaHOBKM Habpoca uiu cOpoca aKTUBHOM MOIIHOCTH.

[NapanmnensHas padota PI' 1 D3C mo3BonseT CTaOMIN3UPOBaTh HANPSKEHUS U
4acToTy NMpH U3MEHEHHUAX Harpy3ku. OnHako mapanensHas padora ycraHoBok PI' ¢
NPOMBIIIJICHHON CEThIO MPUBOIUT U K HETaTUBHBIM MOCIICACTBHUSM, 3aKITIOYAIOIINM-
Csl B YBEIMYECHHH TOKOB KOPOTKOT'O 3aMBIKaHMS, YCIOKHEHUH PECHHOMN 3alIUThl U
aBTOMATUKH | T. 1. g Hamesxxaoro GyHKImonnpoBanus yctanoBok PI' 8 COC tpe-
OyeTcs peluTh psii TEXHOIOTHYECKUX 33/a4, B YUCIIO KOTOPHIX BXOIHUT 3ajada Ofl-
TUMaJbHOTO ympaBieHus ycraHoBkamu PI' mpu mepexone B OCTPOBHOH peXuM H
TTONKITIOUCHUH PE3CPBHBIX JH3EIb-TeHEPaTOPHBIX ycraHoBOK (I'Y). Drta 3amaua
MOXKET OBITh pellleHa C MCITOIB30BAHNEM COBPEMEHHBIX HMHTEIICKTYaTbHBIX TEXHO-
noruit ynpasienus [12-21].

B cratee mpuBogutcs omucanue mogenu COC ¢ MOMIHONW acMHXPOHHOU
Harpy3koi u ycranoBkamu PI” Ha ocHOBe TypOoreHeparopHoit ycranoBku (TT'Y) u
ALY, a Takke mpeAcTaBlIeHbl Pe3yIbTaThl MOJACTUPOBAHUS MPOLECCOB Mepexoaa
TI'Y B OCTpOBHOH peKUM IpH OTKIIOUEHUU CBsA3ell ¢ nurtawmeid 93C u BBOJE B
paboty JAI'Y. MonenupoBaHHe OCYIIECTBISAIOCH ¢ yuyeToM Hamuuwsa y TI'Y corna-
COBaHHO HACTPOCHHBIX aBTOMAaTHUYECKUX PEryysaTopoB Bo30yxnenus (APB) u ua-
ctoTsl BpauieHusi (APUB) [5, 15, 16], ucnonb3ylomux NporHOCTUYECKUE allTOPUT-
MBI yTipaBieHus [22-25].

1. OIMCAHUE KOMIIBIOTEPHOM MOJIEJIA C3C
C YCTAHOBKAMMU PI'

MogenupoBaHue BBIOIHAIOCH IPUMEHUTENBHO K CHCTEME DIIEKTPOCHAOXKe-
HUS KPYHHOIO MPOMBIIUICEHHOTO NPENNpUsITHs, CTPYKTYypHas CXeMma KOTOpOH
MpeJicTaBlieHa Ha puc. 1.

B cocras COC Bxoasr aea tpanchopmartopa 110/10 kB, obGecnieunBaromiux
nutanue cexknuil mmH 10 kB raBHOW moOHW3UTENILHOU moacTaHiyuu. OCHOBHBIMUA
MOTPEOUTENSIMA  DIIEKTPOIHEPTHH  SIBISIOTCS ACHHXPOHHBIE 3JEKTPOJBHUTATEIH
(A1) nanpsixenneM 10 kB u 0,4 kB. Dnextpuueckas ceTb MpeInpUATHS Xapak-
TepU3yeTcsl OONBIION pa3BeTBICHHOCTHIO, M MMUTAHUE TPYI HU3KOBOJIBTHBIX ADJ]
OCYIIECTBJISETCA 10 BO3AYIIHBIM M KaOenbHbIM JUHUSAM 10 kB ¢ moHmkeHuem
Hanpspkerns 1o 0,4 kB ¢ momompio TpanchopmaropoB. Ha npeanpusatun uMeroT-
ca TI'Y u AU'Y ¢ MomHoCTAMH, YKa3aHHBIMH Ha puc. 1. [Ipu paspabotke Mozenu
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COC Obuta yuyTeHa HSKBHBAJICHTHAS CTaTHYECKas aKTUBHO-WHIYKTUBHAs Harpyska
Ha HanpsbkeHuax 10 kB n 0,4 kB (§;, S5).

Ty
2500 kBt

ary
504 xBt

Puc. 1. Cxema uccnemyemoit COC

Fig. 1. A diagram of the investigated PSS

Monens uccnexyemoit COC Bemonissiacs B cpeae MATLAB ¢ ucnonb3oa-
HHEM IAKETOB MMHUTAlMOHHOTO MojenupoBanus Simulink u SimPowerSystems.
ITapoBas TypOouna TI'Y mMomenumpoBaniachk nepeaaTodHoN QyHKITHEH

1
0,2s+1

Jns reneparopa TI'Y wucmonbs3oBanach MOJEIb CHUHXPOHHOM MalllMHBI C
nemrdepHoir 0OMOTKOM, BXOAsmas B coctaB makera SimPowerSystems. Cucrema
BO30YKIIEHUST MOJCIIHPOBAIACH AIEPUOTUUSCKAM 3BEHOM IIEPBOTO TIOPSIAKA C KO-
¢ punmeHTOM kf, MMOCTOSTHHON BpPEMEHU Tf 1 OJIOKOM OTpaHUYCHHS HAIpPsKE-

Hus. Kpome Toro, B MoJeny y4uThIBaCs yCUIUTENb ¢ KoddHULUEeHTOM £, U mO-
CTOAHHOM Bpemenu T,. 1IpuHMMAaNUCHL CIEAYIOIUE YHUCIOBBIE 3HAUECHHS TaPAMET-
pos: k, =1; T,=0,001; kr =1; Ty =0,025.

Jltst crabmin3ariuy HalpsDKEHUST Ha BEIBoAax reHepartopa TI'Y m gemmdupo-
BaHMS KOJIEOaHWH poTOpa, a TakXkKe I PEryJMpOBaHHs YacTOTHI MPUMEHSITUCH
CHCTEMBI aBTOMAaTHYECKOTO peryanpoBaHus Bo30yxaenus (APB) u wactots Bpa-
menns (APUB). [Ipu MoxenupoBaHuy McHoiab30BaMCh 1Ba Buga APUB: kmaccu-
YeCKHH, NPEICTaBIIIOMUNA Cco00H MPONOPIIMOHATEHO-HHTETPATBHO-TH(hEpeH-
muanbHbiid ([TWJ) perynsTop, a Takke aBTONPOrHOCTUYECKUH, TOAPOOHOE Omuca-
HUE KOTOPOTO TpecTaBieHo B padore [25]. CTpyKTypHBIE CXeMBI M OITMCaHHE MO-
nenet APB u APUB npuseneno B pabdotax [5, 15]. Hacrpoiika APB 1 APUB BEI-
Oupanack UCXO U3 B3aUMHOTO BIMSIHES PEryJisaTopoB [15, 16].

[Ipu mMopenupoBanuu /[AI'Y yuuTHIBaIMCH CIEIYIOIINE 3JIEMEHTHI: ABUraTellb
BHYTPEHHETO CTOpaHUs, PEryJIsTOPHI, CHCTeMa BO30YKACHNS U CHHXPOHHEIHN TeHe-
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parop. MexaHuueckasi MOITHOCTh JU3EILHOTO JIBUTATENS MOXET OBITh ONpeesicHa
mo popMmyie

P =T

mec

rJie ® — YrJIoBas 4acToTa BpalleHHs poTopa, 0.€.; T, — KPyTALIMiA MOMEHT JBHIa-

TeIs, 0.€.
CTpyKTypHas cxema MOJIEIH TH3EIBHOTO JBHTATEIS C PEryJIsTOPOM CKOPO-
CTH, IOCTPOEHHOH ¢ Hcmonb30BanueM 0okoB Simulink, npeacrasnena Ha puc. 2.

Perynsarop ckopocti

025 +1 ’ >

0,00025% +0,01s +1

L OrpannunTens P,
0,255 +1 1 1

e ——— [ —»%—» — H-( )
0,009s +1 0,0384s +1 s D%( X

—0,024s
Mopens npuBoaa e r

Puc. 2. Cxema Mozenu TU3ENBHOTO JBUTATENS C PETYISTOPOM CKOPOCTH:

wref — 3aJaHHOE 3HaYE€HHE CKOPOCTHU BPAIIEHHS POTOPA, 0.€.; W — TeKyIlee 3HAUCHHEe CKOPOCTH
BpALLCHUS POTOPA, O.€.

Fig. 2. A diagram of a diesel engine model with speed control:

wref is a set point value of the rotor speed, o.e .; w is the current value of the rotor speed, o.e.

Perynsarop ckopocTu OeHCTBYET Ha CHUTHAN €€ OTKJIOHEHHS M IpeJHa3HaYeH
JUIsl OJ/IEPKaHUS 3aJaHHOTO PEeKUMa JU3EIbHOro Aurarensd. biok ymnpasieHus
CKOPOCTBIO MOJICTTHPOBAJICS C MOMOIIBI0 MEPEeAaTOYHON (YHKIWMU OIEpeKEeHUs-
3ana3aeiBanus wnu [TUI-perynstopa [26]. Cuctema ynpaBieHUsS ¢ IOMOLIBIO aK-
TyaTOPHOTO INPHBOAA DPEryJIMpOBana IOoJady TOIUIMBA B IMJIMHIPHI JBUTATeNs.
Mopens NmpuBOJa, peanu3ylomas 3aJepKKy NMpH M3MEHEHHWH T0Jadd TOIUIMBA, a
TaKKe CHM)KEHUE MJIM YBEJIMYEHUE BPAIIAIoONIEro MOMEHTa B 3aBUCHMOCTH OT 3Ha-
Ka M3MEHEHHS KOJMYECTBA I10JIaBA€MOT0 B LIWJIMHAPHI TOIJIMBA, MPEACTABIIIACH
CIICIYIONIAMU TIEPENaTOYHBIMU QyHKIHUAMH [26]:

0,255 +1 1 1
70,0095 +10,0384s+1 s

JlBuraTens MOJIETUPOBAJICS 3BEHOM C 3ara3IbIBAHUEM o ~0-024s (puc. 2). Me-
XaHWYECKask MOIIHOCTh JIBUTATENs orpaHnymBaiack ot 0 no 1,1 o.e. ¢ momoruiso
omoka «Orpannuntensy. B xadectBe cuctemsl Bo3Oyxkaenus 'Y B monenu wc-
MOJIB30BaJICA CTaHAApTHRIA 010K MATLAB mist cucteMsl BO30YKISHUS C PETyIIs-
TOPOM B BHUJEC BO30YAUTENS MOCTOSHHOTO TOKa 0€3 (yHKIMM HachimeHus [27].
Cunxponssle reneparopsl 'Y mpencraBieHbl B MOIENH CTaHAAPTHBIMU OJIOKaMU
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CHHXPOHHOW MAIWHEI ¢ 1eMI(pepHOil 0OMOTKOM. [IIst MOIeTMpOBaHHs aCHHXPOH-
HBIX JBHTaTENeH, TpaHC(HOPMATOPOB M JMHUH HIIEKTPONEpenadl HCIIOJIb30BAINChH
onoku nakera SimPowerSystems.

2. PE3VJIbTATHI MOJAEJIUPOBAHUS PEXKUMOB PABOTbBI
CAC C YCTAHOBKAMMH PT' 1 MOIIIHOM ACUHXPOHHOM
HAI'PY3KOM

[Tpu MozenrpoBaHUH paccMaTPUBAIIKMCh ClIEAYIOIINE pekuMbl pabotsl COC:

— oTKJIIo4eHue cBsi3el ¢ nutaromet 99C npu BkimroueHHod TT'Y;

— OCTpOBHOW pexkuM padotel TI'Y ¢ moakIrOYeHHEM ITOMOJTHUTEIHHOU
Harpys3KH, 3allyCKOM JIByX BBICOKOBOJIBTHBIX JIBUTaTesel u reneparopa JAI'Y.

[Muranue Bcex Harpy3ok COC OCYIIECTBISIOCH OT MPOMBIIUIEHHON CETH U
paboratomeit TT'Y. B ncxomuom pexmme 3arpys3ka reaeparopa TI'Y cocrasmisiia
75 % (puc. 3, a). Koaddunuentsr kananos cradunusaiuu APB u APUB typ0Oore-
HepaTopa ONpeeIsUIUCh METOJIOM COTJIaCOBAaHHOM HACTpouku [5, 15]. PesyabpTaTsl
MoxaenupoBaaus pabotsl TI'Y ¢ kimaccmdeckuM u apTomporHoctumdeckuMm APUYB
MIPU OTKJIIOYEHNH MMUTaHUS MPOMBIIIEHHON ceTH Ha ctopoHe 110 kB mpencrasie-
HBI Ha pHC. 3 B BUJE OCHMLIOIPAaMM MEXaHHYECKONH MOIIHOCTH Ha Basly TYpOUHBI 1
OTKJIOHEHHSI CKOPOCTH BpallleHUs] pOTOpa TypOOoTreHeparopa.

Pe3ympraTer MomenupoBaHus Tpu OTKIoueHHH muraromeid 99C or COC
MO3BOJIMJIM C/€NaTh BBIBOJ O TOM, YTO HCHOJb30BAaHHME aBTOIPOIHOCTHUYECKOTO
APYB ynyumaer gemmdeprsie cBoiicTBa perynaropa TI'Y u cHmkaer HHEpIUOH-
HOCTHh 00BeKTa (puc. 3). DT0 cmocoOCTByeT OoJiee OBICTPOMY M TUTABHOMY YIIpaB-
JICHUIO MOIIHOCTBIO TYpPOUHBI MO CPaBHEHUIO C HCIOJIB30BAaHHEM KIIACCHYECKOTO
APYB.

MonmocTe TYpDHHEL 0.2

OTrIOHEHHE CKOPOCTH poTopa, Ye

Ny I r 1
0.86} T AT 001 /\T&mmoﬁ APYE
| 0 ."f =
084 ¢
| D0.017
0.E2r
|
A0.02r ll' ABRTOMpOTHOC THY SCEIG
087 ABTONPOrHOC THY e CKI | APyB
I | APYR A0.03¢ '
ot ff ° "
LT f |
o | - 0.04
0. 76 1
Bpems, ¢ 0.05 Bpems c
23 0% 27 22 30 23 02 27T 2% 29 30
a 0

Puc. 3. Usmenenne momHocTr TypouHsl TI'Y (@) 1 OTKIIOHEHHE CKOPOCTH BpaIeHUS
potopa (6)

Fig. 3. The change in the TGS turbine power (a) and the deviation of the rotation
speed of the rotor ()
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[Tpu padote TI'Y B OCTpOBHOM pEXUME MOJETHPOBAIIOCH TIOAKIFOUSHUE JIOTION-
HUTEJbHON HAarpy3Ky, YTO NPUBOIMIO K Ieperpyske TypOoreHepaTopa U CHIKEHHIO
yacToThl (puc. 4, a). Jns BelpaBHMBaHMUA 4acTOTHI uepe3 0,5 ¢ 3amyckanace [AI'Y, u
METOZIOM CaMOCHHXPOHH3ALIMU €€ TeHepaTop NOAKIIOYANICS Ha NapaielbHyIo padoTy
¢ Typborenepatopom. Ilpn MonenmmpoBanmu 3arpy3ka reHeparopa 'Y B ycTaHOBHB-
meMmcst pexxume cocraBuia 47 %. Pe3ynpTaThl MOJETHPOBAHMS JAHHOTO Mpolecca
MPE/ICTaBJIEHbI HA PUC. 4 U 5 B BUJE OCHMIIJIOIPaMM OTKJIOHEHHSI YaCTOThI BpPAILEHUS
poTopa u HanpskeHus reaeparopa TT'Y.

Onc.‘;uoHE}me CEOpOCTH poTopa, v OTrOHEHHE CHOPOCTH poTopa, Yo
005 T ] 7 Tumoeoii APYB

0 0.0
.05 ¥ ApTomporHOCTHY eCKI 0
0.1F 1 0.04 ABTOTIPOTHo-
CTHH eCEI
Tumoeofi APYUB
0.15} L 008 APHIB
2
0. 0.12
025p Bpemac Bpemsa c
20 25 0 3 40 18 19 20 21 22 23 24 25
a o

Puc. 4. Iamenenue 4actoThl BpalleHus potopa reneparopa TI'Y npu noaxtoueHun
JIOTIOJTHUTETFHOM Harpy3KH:

a — 6e3 3ammycka AI'Y; 6 — ¢ 3amyckom JAI'Y

Fig. 4. The change in the rotor rotation frequency of the TGS generator when
connecting an additional load:

a — without starting DGS; b — with starting DGS

Hanpsxemme, B
10500 TrmoEoit 10600
APYB

Hanpsoxemne, B
Tymoeoit APYUB

10000 10200

AETONpOTHO-

9EOO

b

9500 CTHHeCKHi ArTonporao-
APYB 9400 CTHYECKH
APYB
9000
2000
Bpemsa c Bpeua c
8500 8600
19 20 21 22 23 24 19 20 21 2 13 M 25
a 4]

Puc. 5. OcuniiorpaMmbl IeHCTBYIOMINX 3HAUSHUH (Da3HBIX HAMIPSIKSHUI
re”eparopa TT'Y:

a — 6e3 3amycka AI'Y; 6 — ¢ 3amyckom JAI'Y

Fig. 5. Oscillograms of effective values of phase voltages of the TGS generator:
a — without starting DGS; b — with starting DGS
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Pe3ynbTaThl KOMOBIOTEPHOIO MOJECIMPOBAHUS MOKA3ald, YTO IPU MOJKIIIO-
YEeHUH JOMOJHUTENbHOW Harpys3ku K TI'Y, pabotaromieil B OCTPOBHOM peXHUME,
BO3ZHHKAJ TPOBAJT HAIpPsDKEHHUS M 4acToThl B ceTtd 10 xB. Ilpu monmkimodeHnn u
cunaxponuzanuu [I'Y ¢ TypOoreHepaTopoM CTaOWIM3HPOBAIUCH HANPSKEHHE U
4acToTa, a TaKKe MapaMeTpsl, XapakTepusytoume pexxuM padotsl COC; npu 3ToM
MPUMEHEHUE MPOTHOCTUYECKUX AITOPUTMOB IO3BOJIMIO 3HAUYUTEIBHO CHHU3UTh
WHEPIMOHHOCTh O0BEKTa PETyJIUPOBaHUs, YMEHBIIHUTH MPOBAJBI, MEpeperyInpo-
BaHUE U KOJIEOATENbHOCTh HANPSKEHNUS U 4aCTOTHI.

B pesynbraTe MoaenupoBaHUs 3allyCKa IBYX BBICOKOBOJIBTHBIX BUTaTENs B
OCTPOBHOM PEKUME BBISIBIIEHO, YTO UCIIONb30BAaHUE aBTONporHoctuyeckoro APYB
MO3BOJIMJIO YCKOPHUTH PEAKILIMIO PEryJIsITOpa U YMEHBIINUTh BPEMS PETyIUPOBaHUS
CKOPOCTH BpaIleHus poTopa 10 cpaBHeHHIO ¢ kiaccnueckum APUB. Ha puc. 6
MPEACTABICHbl OCIWIIOrPaMMBbl ACUCTBYIOIIMX 3HAUEHUNA HANpPSDKEHHUS M TOKa
CTaTopa OJHOTO M3 JABHUTraTeNell MpH IMycKe, a Ha puc. 7 MPUBEACHBI YIIPaBIAIONINE
curHasiel APUB, moarBepsxaaromntie chopMyIHpOBAHHEIC BBIBOIBI.

Hanpszsemie, kB Tox A

400
380 T
300
28071
20071
150
100
50
0
36 38 40 42 44 46 48 36 38 40 42 44 46 48 5”0
a 0

Bpema c

[ T 5 B L = |

Puc. 6. OcummiorpaMMbl JEHCTBYIOIINX 3HAUEHUH HANIPSDKCHUS () U TOKa
cTaropa (6) dJIeKTpoABHraTess, moaKrouaemMoro Kk TI'Y

Fig. 6. Oscillograms of effective values of voltage («) and stator current (b)
of an electric motor connected to the TGS

YVrpaepmmounti cirean APHB, oe.

T Puc. 7. OctmyurorpaMMbl YIIPaBIISIONIETO CUT-
Hana APYB npu nonkmouenun xk TI'Y aByx
BBICOKOBOJIbTHBIX aCHHXPOHHBIX JIBUTaTeJNeH:

1 — ¢ ucnionp3oBanueM tunoBoro APUB; 2 — ¢ wuc-
[10JIb30BaHKEM aBTONporsocruueckoro APYB

Fig. 7. Oscillograms of the ASC control signal
when two high-voltage asynchronous motors
are connected to the TGS:

1 is using a typical ASC; 2 is using an auto-
predictive ASC

[Ipu mopkarOYEHWH BBICOKOBOJBTHBIX aBuratencit k TI'Y, paboratomei B
OCTPOBHOM pPEXHMMe€, UCIOJIb30BaHUE aBTONporHoctuueckoro APUYB gano Bo3-
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MOXHOCTb CYIIECTBCHHO YIYUIIMTh JAeMII(EPHbIE CBOWCTBA PEryJATOPa U CHH-
3UTh WHEPLUHUOHHOCTh 00BeKkTa. [lyck BBICOKOBOIBTHHIX ADJl mpou3BoUiICsS
0oJlee IIAaBHO.

CropocTs BpAIIEHHA POTOpa IT'is 0.€. CropocTe pOTOPA NEMTATENA, 0.6,

1.03f
Lao2r
1.02

1.0l Lou

1

0.99 0997
.98 0981
0.97 =} ]
0.97 Bpemsa c
iF 40 45 o33 o0 63 TO 45 S0 35 &0 N 0
a o6

Puc. 8. OcummmorpaMmsl I3MEHEHHUsI cKopocTH Bpamienus poropa TI'Y (a) u ckopoctu
potopa neuratens (6) npu noakiaroueHud K TI'Y 1ByX BBICOKOBOJIBTHBIX ACHHXPOHHBIX
JBUTATEINEN:

1 — ¢ ucnonp3oBanreM tunoBoro APUB; 2 — ¢ ucnonp3oBaHreM aBronporuocriudeckoro APYB

Fig. 8. Oscillograms of changes in the rotation speed of the of the TGS rotor (a) and the
speed of the engine rotor (») when two high-voltage asynchronous motors are connected
to the TGS:

1 is using a typical ASC; 2 is using an auto-predictive ASC

OcuumiorpaMMbl U3MEHEHHUsI CKOpocTel BpameHus poropoB TI'Y u nBu-
raTess, NOATBEPKAaloIINe JaHHbIE BBIBOJIbI, IPEICTABIECHBI HA puUC. 8.

3AKIIOYEHHUE

Pe3ynpTaTel KOMIOBIOTEPHOTO MOJEIMPOBAHUSA MO3BOJISIOT CHENATh CIEHYIO-
1€ BBIBOJBI.

1. Ucmonp3oBanme corimacoBaHHON HAacCTpoiku APB 1 aBTOIpPOTrHOCTHIECKOTO
APYB Typboreneparopa yiydmaeT 1eMIQepHble CBOMCTBA PETyIISTOPOB, CHUKAET
MHEPLMOHHOCTh 00BEKTa PETYJIMPOBaHUs, [eNasi yIpaBlIeHne YacTOTOW W Hamps-
JKeHHeM OoJiee OBICTPHIM M TUIABHBIM MPHU OTKII0YeHNH nuTatomeit D9C.

2. IIpu nepeBoae B ocTpoBHOM pexkuM paboTsl TT'Y u mogximroueHuu 101oI-
HUTEIBPHOW Harpy3kd BO3HUKAaeT TMpoBajl HampsbkeHus M dactotel B COC.
[Ipu BrmoueHun u cuHxpoHuzauuu JAI'Y cTaOumm3upyroTcs HanpspkeHUe U 4acTo-
Ta, a TAKXKE IMapaMeTPhl, XapaKTepusyromne pexxuM padoter COC.

3. [IpuMeHeHne MPOrHOCTHYECKUX ANTOPUTMOB peryinupoBaHus B APB u
APYB TypOoreneparopa, padoTaroLEero B OCTPOBHOM PEKHME, ITO3BOJISIET 3HAYH-
TEJIbHO CHU3UTh MHEPLUUOHHOCTh O0BEKTA, YMEHBIINTh NI€PEPEryIMPOBAHUE U KO-
ne0aTeIbHOCTh HAIIPSKEHUS M YaCTOTHI.
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4. Ilpu moAKITIOYEHNH BBICOKOBOJIBTHBIX nBurareneid k TI'Y, pabortaromeii B
OCTPOBHOM pEXHMeE, HUCIIOIb30BaHUE aBTomporHoctuyeckoro APYB mo3Bossier
CYIIECTBCHHO YJYYIIUTh JAeMII()ePHbIC CBOMCTBA U CHU3UTh WHEPLIUOHHOCTH 00b-
ekra. [Ipy 5TOM MycK BBICOKOBOJIBTHBIX DJIEKTPOABHUTATENIEH MMPOU3BOIUTCS Ooliee
IIJIABHO.
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Abstract

Distributed generation (DG) plants located in close proximity to consumers are widely
used in modern power industry. These plants can operate in an isolated (island) mode for a
dedicated load and in parallel with the electric power system (EPS). For reliable operation of
the DG plants, it is necessary to solve a number of technological problems, including the
problem of optimal control of the DG plants when switching to the island mode and connect-
ing backup diesel generator plants (DiesGP). This problem can be solved using modern intel-
ligent control technologies. The article describes a model of a power supply system (PSS)
with a powerful asynchronous load as well as a turbo-generator plant (TGP) and a DiesGP.
The results of modeling the transition to an island mode with the connection of backup
DiesGP are presented when the communication with the supplying EPS is interrupted. The
simulation was performed in the MATLAB environment using Simulink and SimPowerSys-
tems packages.

Based on the simulation results, the following conclusions are formulated: during the
transition to the island mode, voltage dips and a decrease in frequency may occur. When con-

" Received 27 July 2018,
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necting and synchronizing the diesel generator plant, the voltage and frequency stabilize. The
use of prognostic algorithms in the regulators of the turbo-generator can significantly reduce
the inertia of the object, reduce the overshoot and fluctuations in voltage and frequency when
the supply EPS is disconnected. When high-voltage motors are connected to a TGP operating in
the island mode, the use of an automatic prognostic controller can significantly improve the
damping properties and reduce the inertia of the object; at the same time start-up of electric mo-
tors is performed more smoothly.

Keywords: power supply system, distributed generation plants, asynchronous load,
prognostic controller, automatic field controller, automatic speed controller
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B Poccun mpenMyIecTBeHHOE pacHpOCTPaHEHNE MMEIOT IEHTPAIN30BAHHBIC CUCTEMBI TEll-
JIOCHA0XXEHHS, TIPH STOM LIEHTPAIBHBII HCTOYHUK TEIUTOTHI B Buae TOLI, kak npaBuiio, HpOEKTUPO-
BaJICS. Ha MAaKCUMAaJbHYIO TEIUIOBYIO HAarpy3Ky C HNEpPCIEKTUBOM ee nanbHeimero pocra. Taxoit
TOJIXOJT MO3BOJISLT O00ECIEUNTh 3aMETHYI0 SKOHOMHIO TOIUIMBA 32 CUYET KOMOMHHUPOBAHHOHN BBIpa-
OGOTKH 3JIEKTPOHEPTHU U TemIoThl. CerofHs y TEMIOIeHTpaneil yalie Bcero HeT He TOJIBKO IMep-
CIIEKTUBHOH TEIJIOBOM HArpy3KH, HO MOTEpsSHA 3HAYUTENbHAs JOJIS IPOU3BOJICTBEHHOTO MOTpebu-
TeJIsl, 4TO BEJIET K CHIDKEHHUIO UX d(QdeKkTuBHOCTH. BMecTe ¢ TeM B mociieiHee BpeMst aKTUBHO pa3-
BUBAIOTCS TaK Ha3bIBa€MBIE pACIpeieNICHHbIE (MECTHBIC, JIOKANbHBIE, JCIEHTPAIN30BaHHbBIC) CH-
CTEeMbI. DTO CBS3aHO C XEIaHHEM COOCTBEHHHMKOB 000COOMTHCS OT MOHOIIOJIBHO HMOCTaBJIsIEMON
temnoTsl oT TOLl. Yka3aHHbBIe CHCTEMBI pa3BHBAIOTCS CTUXUKHO. LleHTpanu3oBaHHbIE U pacnpere-
JICHHBIC CHCTEMBI COCYIIECTBYIOT BHE CTPOTUX KOJIMYECTBEHHBIX OI[CHOK UX PAllMOHAIBHOTO COYe-
TaHHs. DTO MPHUBOIUT K M30BITKY YCTaHOBJICHHBIX MOIIHOCTEH, HeAPPEKTUBHOI 3arpy3ke obopy-
JIOBaHUS, BEIXOJy Ha HEPAaCUETHBIE PEKUMBI PaOOTHI, PACXOXKACHHUIO OANaHCOB YHEPTUH U MOIIHO-
CTH, IIOBBIIICEHHOMY pPacxojy TOILIMBA, APYTMM mpobiemaM. Bo Bcex citydasix B KOHEUHOM HTOTeE
cTpagaet notpeburens. TemnodukannoHHbIE YHEPTOOIOKH IEKTPOCTAHIUN U cHOpMUPOBAHHBIE
U3 HHUX U PaclpeleseHHBIX MCTOYHHMKOB TEIUIOTHI CHCTEMBI SIBIISIOTCS CIIOKHBIMH OOBEKTaMHU.
Wx m3ydyeHne HEBO3MOXKHO 0€3 MPUMEHEHUS] MAaTeMaTHIeCKOTO MOAEINPOBAHUSA. 3aJaudl ONTUMH-
3alUH MOJOOHBIX CHCTEM OTHOCSTCSI K Kilaccy Hamboiee clOXHBIX. Llenbio HacTosmeil padoTst
SBJIACTCSA NOBBILICHUE 3(PGEKTUBHOCTH PabOTHI LIEHTPAIN30BAHHBIX MCTOYHUKOB TEILIOTHI, pabo-
TAIOIUX B PAacHpeAeIeHHBIX CUCTEMax IIPH 30HUPOBAHNH TEMIIEPATYyPHOTO rpadyKa, a TaxkKe Ipo-
BEpKa YCTONUMBOCTH MOJNYUYEHHBIX pelleHui. Pasnenenue rpadmka Ha 30HBI IpeAsaraeTcs Io
MIPUHIMITY PETYIHPOBAHUS OTIIyCKa TETIIOTHI.

KorodeBble cjioBa: dKcepreTHueckuii METol, 30HUPOBaHHE TEMIIEPaTypHOro rpadyka, ONTH-
MH3aIUs TapaMeTpoB, YCTOWYMBOCTh, KOMOWHHPOBAHHOE TEIUIOCHAOXKEHHE, TeIUIO(UKALUS, MOJE-
JMpOBaHUE

: Cmamus noayuena 08 cenmsops 2018 e.
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BBEJIEHUE

KoMOMHHUpOBaHHBIN CITOCOO POU3BOJICTBA ANEKTPUIESCKON U TEIIOBOW SHEP-
THM COXPAHSET CBOU IPEHMYIIECTBA IEPeN Pa3leibHbIM, OOSCIeUHBas Cylle-
CTBEHHYIO DKOHOMHIO TOIDIMBa. Ha Kaxmom KujorpamMme mapa B CEKyHHIYy, KOTO-
phii otiyckaercst ot TOL] Ha TeriocHaOXeHHEe, SKOHOMUTCST OKOJIO 33 KHIIOTpaM-
MOB YCJIOBHOTO TOTIIMBA B Yac MO CpaBHEHHUIO ¢ KotenbHOi [1]. TOLI, kpome Tep-
MOJAMHAMHYCCKUX ¥ SHEPTCTHUSCKUX MPEHMYIIECTB, 00JIaaeT TaKXKe HaIEHKHOCT-
HBIMH TIPEUMYIIECTBAMH TIepell IPYTHMH CIIOCO0aMH DHEProcHaOXeHHs, TaK Kak
UMEIOT BCE BUBI PE3CPBUPOBAHUS: CTPYKTYPHOE, HArPy304HOE, (PyHKIIMOHATIBHOE,
BPEMEHHOE W CHUCTEMHOE.

BwmecTe ¢ TeM coBpeMeHHas SYHEPreTHKa Pa3BUBACTCS IO MYTH NEIEHTPAIIH-
3amuy, KOorja OONbIIOoe KOJMYECTBO TeHEPUPYIONUX HCTOYHHKOB — KaK MPaBUIIO,
MaJION MOIITHOCTHU — YCTaHABIIMBAIOT HEMTOCPEACTBEHHO Y MOTpeduTes (Miau BOJIH-
3u). Takuwe Majple YCTAaHOBKA MOTYT T€HEPUPOBATH KaK JJICKTPUUYCCKYIO, TaK U
TEIIOBYIO DHEPTHI0, a UX yYCTAHOBJICHHAS MOITHOCTD JIGKUT B AWAa30oHE OT Je-
CATKOB KHIIOBATT JO JECATKOB MeraBaTT. UacTo Takue yCTaHOBKH COBMEIIAIOT
MPUHIUI KOTCHEpAllMH, T. €. OTIYCKAIT MOTPEOUTENI0 JBa BUAA HPOAYKIUU —
TEIJIOTY U 3JIEKTPOIHEPTHIO.

B >Tux ycinoBHsIX TpaaWIHOHHEIE TEIUIOIIEHTPAITH TEPSIOT CBOCTO MOTpeOnTe-
JI51, @ UX 9KOHOMHYHOCTh CHMYKAETCS U3-32 CHIDKEHHSI BHIPAOOTKH AJIEKTPOIHEPTHU
Ha TeruIoBoM moTpediienuu. Jpyrumu crnoBamu, TOI[ HaumHaeT TepsATh CBOE OC-
HOBHOC MPEUMYIIIECTBO — KOMOMHUPOBAHHYIO BHIPAOOTKY TEIIOBOM M AJICKTPHYC-
cKoit aHeprun. s MpeofoIeHns 3TUX CIIOKHOCTEH MpeIoKeHbB KOMOMHUPOBaH-
HBIC CUCTEMBI TEIIOCHAOXKEHUS [2], Kor/ia B 00IIeM cliydae UMEETCs JBa HCTOYHU-
Ka TEHEPUPYIOMIMX TEIUIOTY. YKa3aHHBIE HCTOYHUKH TPUHATO HA3BIBATh IICH-
TPAIBHBIM ¥ yAaJICHHBIM. POJIb TIEHTPaIbHOTO NCTOYHHUKA BHITIOHSAET TPATUITHOH-
Has TOLI, a B kauecTBe yJaJIEeHHOTO HCTOYHUKA (3TOT UCTOYHHK ynaneH oT TOLl u
HAXOJWUTCS B HEMOCPEJCTBCHHON OJIM30CTH OT MOTPEOUTENS) MOXKET BBICTYIATh
neuratenb BHyTpenHero cropanus ([IBC), rasorypOunnas ycranoBka (I'TVY),
BHYTPHKBapTaIbHbIe MUHU-TOC, KOTeNbHBIC, TEIUIOBBIE HACOCH M NIPYTHE yCTa-
HOBKH. Bompocsl mpuMeHeHus MOT00HBIX KOMOWHUPOBAHHBIX CUCTEM TEILUIOCHAO0-
>KEHUs JJOCTaTOYHO IIMPOKO OCBEIEHHI B evatu [1, 3—19].

1. IPUHOMUIIBI 30HUPOBAHUSA TEMIIEPATYPHOI'O
I'PAOUKA

[pennaraercs obecneuynuTh 30HUPOBAHHUE TEILIOBOTO Tpaduika ¢ 0JHOBPEMEH-
HBIM OTKa30M OT TPaJAULMOHHOTO PErYJIMPOBAaHMS OTILyCKa TEIUIOTHI OT LEHTPaJIb-
Horo ucrounuka (TOLl). B sToM ciydae craHmapTHBIN TeMIiepaTypHbI rpaduk
150/70 °C umMeeT TpH SPKO BBIpaKEHHBIE 30HBI (MIEPHOJBI), KOTOPHIE XapaKTepH-
3YIOT pa3Hble CIIoco0b! peryiaupoBanus (puc. 1).

[Tepuox I oTBewaeT 3a pexum ropsuero termtocHadxenus (I'BC) m Hagano
OTONHUTENBHOTO CE30HAa M XapaKTEPHU3YeTCs KOJIMYECTBEHHBIM CIOCOOOM peryiu-
poBanus. Ilpu sToM cmocobe yBenWyeHHE KOJIMYECTBA OTIYCKaeMOW TEIUIOBOH
SHEpruu obecreynBaeTcs yBeTUYEeHHEM pacxoja NMpH HEH3MEHHOHM TemmepaType
npsiMoii ceteBoit Boabl (7). Ilepuon Il HaunHaeTCst B TOYKe MaKCHMAIILHOM TeTl-

mopUKaMOHHOW Harpy3ku (Touka M, puc. 1), obecrmednBaeT OTONMHUTEIBHYIO
HArpy3Ky U XapaKTepU3yeTcsi KaYeCTBEHHBIM PEryJIMPOBAHUEM, P KOTOPOM YBe-
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JIMYCHUEC KOJIUYCCTBA OTHyCKaeMOfI TCIIJIO-

Thl 00ECIIEUNBAETCS YBEINUYEHUEM TeMIIe- 5 C tre, ©
paTypsl 3a CUeT YBEJIMUCHUS JABICHUS B fos C
perymupyeMoM otdope TypOuHbBL. OmgHO- 160 Lot

BPEMEHHO ¢ HadajioM nepuona III Becryma- 140-|  3ombi perympoanns

eT B pabOTy TUKOBBIN BOJOTPEHHBIN KOTEI
(IIBK) B cranmapTHBIX cXeMax TeEIUIO- 120
cHabxenus TOL-TIBK-MT-II (3gech 100 1
MT — maructpanbHas Terniocets; I — mo-

Tpeburens TemioTel). Koaddunuent ten- 807
JTO(UKAIMY CTAHOBUTCS MEHBIIE SIUHUIIBI 60
(oo <D). 40
Iepuon II ABnAETCS TEPEXOTHBIM OT 2 _Pomai  3ona oTomeHNs
KOJIMYECTBEHHOI'O PETYINPOBAHUS K Kade- FBC{
0 Tt

CTBEHHOMY, HO OJTHOBPEMEHHO 3TOT TMEPH-
on xapakrtepm3yer pabory TOIIl (reH-
TPaJbHOTO HWCTOYHHKA) B Haubojee 3¢- .

Puc. 1. 30HUpOBaHHBIA OTOMUTEILHO-

(heKTUBHOM peXHMe, TaK KaK OTOIUTEINb- GbIToBOM  ToMmmepaTypHBIii  rpaduK
Hasl Harpyska yxe HOAKIIOUCHA, a K03~ 50,70 °C:

(uiueHT TeroQUKaIlud PaBeH EIMHULIC

+10 1, C

tues focs tys — TEMIIEPATYpa MPSIMOM, 00OpaT-
(UvTSLI =1). B aTom cmeicie 30Hy Il rpa-  yoii cereroii Bonbr 1 HapyskHOro Bo3AyXa

9] COOTBETCTBCHHO
¢uka (puc. 1) MOxxXHO cuuTaTh 0a30BOIA. TBCTCTBEHT

Jnst perynupoBaHus OTIYCKa TEIUIOTBL B Fig. [. The zoned heating and house-
3TOH 30HE MIpeIaraeTcs NpUMEHsTh Kade-  hold temperature chart 150/70 °C:
CTBEHHO-KONHIECTBEHHBIH cnoch, KOTAA ', . are direct, reverse network and
3aJICMCTBOBAaHBI M PACXOMl CETECBOU BOJIBL, U outdoor air temperatures, respectively
TeMIepaTypa OTOOPHOTO mapa.

l'onoBas Temopukannontas Harpyska Qroyp, HONYYCHHAs KaK MHTErPalb-

Hasg XapaKTepHCTHKA C Y4ETOM BPEMEHH T CTOSHHS TEMIEPATYpPhl fy,, A yCIo-

BUI 30HMPOBAHUS TEMIIEPAaTypHOTO Tpaduka NIMEeT TPU XapaKTepHble 30HBL. [lep-
Basi 30Ha 00yCJIOBJIEHA KOJTMYECTBEHHBIM PETyJIMPOBAaHNEM OTITYCKa TEILIOTHI, BTO-
pas 30Ha — KaueCTBEHHO-KOJIMUYECTBEHHBIM (CMEIIAaHHBIM) PETyJIHMpPOBaHUEM, Tpe-
Thsl — KAYECTBCHHBIM.

[IpencraBnias KOMOMHHPOBAHHYIO CHCTEMY OTITyCKa TEIUIOTHI KaK E€AMHYIO
TEXHOJIOTHUYECKYIO IIeTlb, COAEPIKAIIYI0 LEHTPATbHBIH HCTOYHHUK TeroThl (TOLL),
MarucTpanbHbIi Termonposo (MT), yaaneHHbI UCTOYHHK TEIUIOTHI (HarpuMep, B
BHJIe razomnopirHeBoit yctaHoBku (I'TIY) ¢ koreHepamueit) 1 MOTpeOUTEINSI, MOKHO
3amicaTh pacxo/] TOIUIMBA B TAKON CUCTEME, KI/C:

By =Broy + Briy; (1)

rae Bropq, Briry — Pacxox TOILIMBA TEILIOLCHTPAIbIO M ra3olOpIIHEBOIl ycTa-

HOBKOI COOTBETCTBEHHO.
3anaua HaWBBITOHEHIIIETO codeTanus Beex ee AneMeHToB (TOL-MT-TTIY-I),
BKJIIOYAsl MapaMeTpbl TEPMOJUHAMUYECKUX LUKIOB 3aJ1eHCTBOBAHHBIX SHEPIeTU-
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YCCKUX YCTAHOBOK, MOXKCT OBITH NpEACTAaBJICHA KaK MHUHUMH3AlHUA CYyMMApHOI'O
pacxoaa TOIinBa:

By — min. ()

DTOT HOKa3aTellb MOMKET SBIAThCA KPUTEPUEM ONTHUMH3AIMU NapaMeTpoB
(Po> 10> tuns> tus Px» Oo1y) 2HeproGmokos TOL|, paboraromux B KOMOMHH-

pOBaHHOfI CHCTEME TEILJIOCHAOKEHUS IIpyU UCII0JIL30BAHUHN U3BECTHOT'O OAXOJAA.

2. OITUMAJIBHBIE ITAPAMETPBI SHEPI"'OBJIOKOB
B YCJIOBUSIX 30HUPOBAHUS TEMIIEPATYPHOI'O
I'PA®UKA

3amady ONTHMHU3ALMHU TapaMeTpoB 3Heproomoko TOLl B yciaoBHAX pasyk-
PYIIHEHUS ¥ 30HHPOBAHUS TEMIEPATYypHOrO rpadka TEIUIOBBIX HArPy30K MOXHO
chopMyITHUpOBaTh CIEAYIOMUM 00pa3oM: MHHHMH3AIMS pacxoja TOIUIMBA B CH-
CTeMe TEIUIOCHA0KEeHHUS.

Haxosxnenue pemenus 1Jis 1eneBoi (GyHKLIUH, yIOBIETBOPSIONIEe KPUTEPHIO
MOWCKa, OOECIeUMBACT HAWIYYIIHE COYETaHWs ONTHMHU3HPYEMBIX MapaMeTpOB.
@DaxTOopsl BHYTPEHHHUX CBA3€W W BHEIIHEW cpeapl OOYCIOBIMBAIOT OTpaHHYEHUS
MOJIEIMPOBAHHUA, KOTOPHIE BBIpaKal0TCAd B BHJIE PAaBEHCTB W HEPABEHCTB U OTpa-
JKAIOT, C OJHON CTOPOHBI, TEXHUYECKYIO IOCTUKUMOCTb, C IPYTOi — YCTOWIHBOCTH
ONTUMAJTBHBIX PEIICHUH B N3MEHSIONIUXCS yCIOBHAX.

OrpaHnueHUsIMH BBICTYIAIOT TEXHUYECKH AOCTHTaeMble 3HAUYEHHS MapaMer-
POB B YCIIOBUSX pEabHOW 3KCILTyaTallid SHEProOJIOKOB, C OJHON CTOPOHBI, U
OTpaHMYCHUS] HAa MPUMEHSAEMble MaTeMaTHUUeCKue METo/bl — ¢ apyroil. Ha puc. 2
MIpUBEIEHB ONTUMHU3UPOBAHHBIE MTapaMeTPbl OCTPOro Mapa U mpommeperpesa 1- u
[T-sneprodaokos TOLl nmpu 30HUpOBaHMK TemmepaTypHoro rpaduka. U3 puc. 1
BUJHO, YTO MPHU pa3pabOTKe CHelHnaabHbIX (ONMTUMAIBHBIX) YHEPTOOIOKOB IS pa-
00THI B coctaBe TOL] ¢ 30HUpOBaHHEM TEMIIEPAaTyPHOTO TpaduKa JaBICHHE OCTPO-
ro napa (HauanbHOe nasienue) s T- u [1T-3HeprobiokoB Oe3 mpommeperpesa
JIOJDKHO HpuHHMaTbcs Ha ypoBHe 12 MIlla, a ¢ mpommeperpeBom — 24 Mna,
HadaJlbHas Temmeparypa (octporo mapa) Ha ypoBHe 510 °C. Takue mapameTpsl
00ycCJIOBJIEHBI B TIEPBYIO OYepelb CHH)KEHHEM JIaBlicHHs B T-oTOOpe B TedeHHE
BCEro OTONUTENBHOIrO nepuoja. IIpu 3ToM MOHMKEHHOE MO CPAaBHEHHUIO CO CTaH-
nmapTHeIM gasiieHne (12 MIIa) B codeTannu ¢ MEHBIIMM IaBicHHEM B T-otOope
o0ecrieunBajo MpUEMIIEMbI Terulonepenaa Ha TypOMHY NpU OJHOBPEMEHHOM
yBenUUYeHHuH mnpomnycka napa B [{H/I, uTo B uTOre npakTH4ecku HE U3MEHSET OT-
MycKa AJIEKTPOSHEPTUH W TOBBIMAET KOA((UIMEHT TOTOBHOCTH SHEPrOOJIOKOB.
Bwmecre ¢ Tem mpHu yBenMUEHUHN MOIIHOCTH SHEProOJIOKOB 0€3 MpoMIieperpena 3a
CYEeT MOBBIIICHNS Ha4aJIbHON TeMIIepaTyphl Iapa Mo CPaBHEHHUIO CO CTaHAAPTHBIMU
3HAYEHMSMH PACTEeT TEIUIONEepenal, YTO YMEHbBIIAET Pacxo/ rapa Ha TypOuHy, ma-
POIIPOM3BOANTEIHHOCTh KOTJIA W CHIDKAET PacXo TOILTUBA HA KOTEN IMPH MPOUHX
PaBHBIX YCIOBHUSX.
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Puc. 2. OntumansHble napamerpsl (o, fy, ;) TEIUIO(QUKAIIMOHHBIX
9HEProOJIOKOB B Pa3HBIX 30HAX TEMIIEpaTypHOro rpaduka:
Po — AaBJIEHUE OCTpOro mapa (IuHMA [); ¢ — TeMIepaTypa OCTpOro mapa (Jm-
Hud 2); t,,, — TeMneparypa nuratenabHoi Bogsl (muaus 3); 1, 11, 11T — 30HBI KO-
JIMYECTBEHHOTO, CMEIIAHHOTO U KAUYeCTBEHHOTO peryiupoBanus; N, — eJIMHAY-
Hasl DJIEKTPUYECKAsT MOIHOCTh TEIUIO(GUKAIMOHHBIX YHEPrOOIOKOB; £, . — TEM-
nepaTypa npsIMOil CETEBOU BOJIBI, £, . — TEMIIEpaTypa 0OpaTHO# CeTEBOW BOJIBI,
t,.» — TEMIIEpATypa HAPY>KHOTO BO3IyXa

Fig. 2. Optimal parameters (py, %, f..) of cogeneration power units in
different zones of the temperature graph:
po is direct steam pressure (line 7); t is the temperature of the live steam
(line 2); £, is the feed water temperature (line 3); I, II, III are zones of quanti-
tative, mixed and qualitative regulation; Ne is the unit electrical power of the
cogeneration power units; 74,1s the temperature of direct network water; 7,
is the return network water temperature; ¢, ,_ is the outdoor temperature

OnTtuManbHBIE HSHEProOJIOKH C TPOMIIEPETPEBOM HMEIOT CTaHAapTHOE
HavaJbHOE JaBlicHHE mapa Ha ypoBHe 24 MIla npu HavaJdbHBIX TEMIIEpaTypax ma-
pa 510 °C. Takas Temneparypa mnapa odecrneuyuBacT npruemieMbie K03 UITHESHTH
TOTOBHOCTH HEPrOOJIOKOB, YBEITMUEHHE TEIUIONIEPENAIOB M0 CPaBHEHUIO C TPAJIH-
[UOHHBIM CIIOCOOOM pacyeTa NpH YMEHBIICHHH PacXo0B Mapa Ha TypOuHy. Bme-
CT€ C TeM IapaMeTpbl OJOKOB ¢ MPOMIEperpeBoM 00yCIIOBIEHBI TakKe Ooiee BbI-
COKHM II0 CPaBHEHHIO C TPaJUIIMOHHBIMU OJOKaMU AaBlieHHEM W Ooiiee HU3KOM
TeMITepaTypoi mpomIeperpesa mapa (puc. 2), Ipu 3ToM OJIOKH 0e3 ITpoMITeperpeBa
UMEIOT 0oJiee HU3KKE MapaMeTphl AaBJICHUS U TEMIIEPaTyphl M0 CPABHEHUIO C Tpa-
JTUITMOHHBIM METOOM pacdeTa, YTO BelIeT K YMEHbBIIECHHUIO 3aTPATHON COCTABIISIO-
e B BUJE KAIMTAIOBIOXEHHWHA MPH MPOEKTUPOBAHUH OJOKa MPH COXPaHEHUH
HOMHUHAJIbHBIX YHEPreTHUECKUX XapaKTEPUCTUK U Ka4ecTBa OTITYCKaeMOU MPOayK-
uud. B utore ontumanbHbie 3Heprodi1oku B cocrase TOLl ¢ 30HMpOBaHHEM TeMIle-
paTtypHOro rpaduka UMEIT 0oyiee BBICOKYIO JKCEPTreTHYECKYI0 3(P(PEKTUBHOCTS.
OtMmerum, uto [1T-3neprobioku B coctaBe TIOLl ¢ 30HUpOBaHHEM TEMIIEPATypPHOTO
rpaguka skceprerudecku 6omnee 3pdexkTuBHBI, ueM T-3HEprodIoKN 6e3 mpommepe-
rpeBa. OTo 00yCIOBICHO 0oJiee BEICOKON TEIUIOAKCEPTeTHYECKOW MPON3BOINUTENb-
HOCThIO [1T-3HEpro6I0KOB 1O cpaBHEHMIO ¢ T-3HEeprodokamu 3a cuet [1-otbopa u
MEHBUINM BIMSHUEM PEXXHMa C TOHWKEHHBIM JaBiieHreM T-oToopa.
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BaxHBIM mapameTpoM, ONpPEACISIONINM CXeMY pereHepanu, sSBISIeTCsS TeM-
nepatypa HUTaTeldbHONH BoAbl. ONTHMaibHAs TEMIIEpaTypa MHUTATeNbHOH BOMBI
(puc. 3) Ans ONTHUMAJIBHOTO HEPro0JIOKa C MPOMIIEPETPEBOM NpPUHHMAETCS Ha
yposae 270 °C, 4ro Bbllle TpaAULUOHHON 7, Ha 30...50 °C. s obecnieueHus

TaKoW TeMIepaTypsl NMUTATENbHOW BOABI TpeOyercsi ycraHoBka derbipex [1BJ]
BMECTO TpeX, a HapoBasi TypOHMHA JOJKHA UMETh elle OJUH 0TOOP BBICOKOTO JaB-
JICHHUSL.

B(pa, fu, fua), %o Bip, i, fua), Yo 8, £, fua), %o
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Puc. 3. OtkinoHeHus: & mapameTpoB py, fy, ty, OT HOMHHAJb-

HOTO 3HAYCHHS MPHU ONTUMHU3AIMH B YCIOBHSX 30HHPOBAHUSI

TEMIEPaTYpHOTrO TpauKka B 3aBHCUMOCTH OT CIMHUIHON

MOIITHOCTH TEIUIO(PHUKAIIMOHHBIX YHEProOiokoB (N, — enquHIY-

Hasl JJIEKTPUYECKass MOLIHOCTh TEIUIO()UKAIIMOHHBIX JHEPro-
0JIOKOB)

Fig. 3. Deviations & of the parameters py, f, t from the

nominal value during optimization in the conditions of zoning

of the temperature graph depending on the unit capacity of the

cogeneration units (&, is the unit electrical power of the heat
generating units)

BaxHo oT™MeTHTB, 4TO Ui OJ0KOB 0€3 mpoMIeperpeBa onTuManbHas TeMIle-
paTypa muTatenbHON BOIBI (pHC. 3) HIDKE CTaHAApPTHHIX 3HaueHwi Ha 15...30 °C.
Tak, 11 3TUX 3HEProOI0KOB 1eJIecO00pa3HO MPUHUMATh CXEMY PEreHepaTHBHOTO
nogorpeBa 0e3 1B/l nnmu ¢ oguum [1BJI. Ilpu 3TOM yMeHbIIaeTcs KOIUYECTBO
0CTpOro napa Ha TypOUHY Ha 5...15 % 1 COOTBETCTBEHHO CHIIKACTCS MMPOU3BOIU-
TETBHOCTH KOTJOB. JlJist 3THX TypOuH ) Ha 30...40 °C HMUXE CTaHIAPTHOTO 3HAYE-
HUs. B uTore koaduIMeHT TOTOBHOCTH BHIIIE, YeM MPU CTAHAAPTHHIX IapaMeT-
pax, 4To yMeHbIIaeT Ko3ppHUIUEHT pe3epBa B 3HeprocucreMe npu Beoge TIL] ¢
30HMPOBAaHUEM TeMIlepaTypHOro rpaduka ¢ Takumu TypOuHamu Ha 6...14 % mo
cpaBHEHUIO ¢ TpaguioHHBIMU TOLI. [IoHATHO, 4TO MPH TaKMX MapaMeTpax 3Kcep-
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rerrnueckuii KI1J[ maporenepupyromielr vactu OyAeT MeHbIIe, 9YeM TIPpHU CTaHIapT-
HBIX napamerpax. OfHaKO yMEHbIIATCA M KallUTaJIOBIOXKEHHUS B KOTEN B CPEeHEM
Ha 10 %, a o6mmii sxcepreruaeckuit KI1/] 6moka OyaeT pacru.

3. YCTOMUYUBOCTH ONITUMAJIbHBIX PEHIEHUAN
JJISA 30HbI KOJIMYECTBEHHOI'O PEI'YJIMPOBAHUA
TEMIIEPATYPHOI'O T PAOHUKA

OreHKa yCTOMYMBOCTH ONTUMAIBHBIX MTAPAMETPOB SHEPTOOIOKOB C TEXHOJIO-
rueil TOI] ¢ 30HHPOBAHUEM TEMIIEPATYPHOTO Ipaduka MPOBEACHA MO BHEIIHHM
(IO OTHOWICHHIO K HCCIEAYEMOMY JHEProOJIOKY) MapameTpaM M IOKa3aTeisiM B
YCIIOBUSIX Pa3yIUIOTHEHUsS rpa(MKOB HArpy30K JJIs IEPBOM 30HBI TEMIIEPATYPHOTO
rpaduka MyTeM M3MEHEHHs JJCKTPHUSCKON HArpy3kd. B kauecTBe OOBEKTOB HC-
CIeNOBaHUS ONpEeNeeHBI dHeprodmokn Ha 6aze typowmn T-50, T-110, T-120,
T-175, T-180, T-250, T-265, I1T-30, I1T-50, I1T-65, [1T-80 u I1T-135.

Hcxonnple maHHBIC IS pacueTa MOKas3areleidl YCTOWYMBOCTH TPUBEICHBI B
Tabn. 1, HAarpy3Ka rops4ero BOJOCHAOKEHHS COCTaBisieT 15 % OT HOMHHAIBHOMN
Harpys3KH, IPOU3BOJCTBEHHbIE OTOOPHI Mapa Harpy>KeHbI MOTHOCTHIO.

Hcxoanble 1aHHbIE AJI5 pacuera yCTOﬁ‘lHBOCTH

Baseline for calculating stability

I cepus II cepus III cepus
TypGun N = 0,85N 0u N =0,7Nyon N =0,55N0u
O,MBr | N,MBr | O, MBr N, MBt 0, MBt N, MBt
T-50 42,5 50 35 50 27,5 50
T-110 93,5 110 77 110 60,5 110
T-120 102 120 84 120 66 120
T-175 148,75 175 122,5 175 96,25 175
T-180 153 180 126 180 99 180
T-250 212,5 250 175 250 137,5 250
T-265 225,25 265 185,5 265 145,75 265
I1T-30 25,5 30 21 30 16,5 30
I1T-50 42,5 50 35 50 27,5 50
I1T-65 55,25 65 45,5 65 35,75 65
I1T-80 68 80 56 80 44 80
IT 135 114,75 135 94,5 135 74,25 135

Ha puc. 4 noxa3aHo u3MeHEHHE ONTHMAIBHBIX I1apaMeTPOB IHEProOIOKOB C
texHosorueit TOL| ¢ 3oHMpoBanmeM TemmeparypHoro rpaduxa (pg, fo, tg.

Orory) B 3aBUCHMOCTH OT 3JICKTPUYECKOH Harpysku. IIpu sTom onrnmainbHbie
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HaBJICHUA po 1 HPAKTHYCCKHM BCEX PACCMOTPCHHBIX Typ6I/IH yCTOfI‘{I/IBI:I BO

BCEM AMANa30HE MOLIHOCTH TypOMH M NMPHUHHUMAIOT 3HAYCHHS AJISl HHEProOIIOKOB
0e3 mpommeperpeBa okoio 12 Mlla, mis 3HEproOIOKOB ¢ TPOMIIEPETPEBOM — Ha
YPOBHE CTaHAapTHbIX. VI3MeHeHni koddduuuenta Terodukamu st oy HT

3HEeproOIOKOB He HabmoaeTes (puc. 4).
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Puc. 4. I3MeHeHne ONTUMAJIBHBIX [TapaMETPOB TEIUIO(pHKALI-

OHHBIX PHEProOJIOKOB B 3aBUCHMOCTH OT 3JIEKTPUYECKOW Ha-

Tpy3KkH (pa3yKpyHmHEHHE 3JEKTPUIECKOro rpaduka HarpysKH)
IUIS 30HBI 1 TemIepatypHoro rpaduka

Fig. 4. Changes in the optimal parameters of cogeneration units
depending on the electrical load (disaggregation of the electri-
cal load graph) for zone 1 of the temperature graph

Temneparypa ocTporo mapa fy Ui OTAEIbHBIX THIOB T-3HEpPro6I0KOB UMe-

€T He3HAYNTENbHBIC OTKJIOHECHHS, He mpeBbimaromue 15 °C, oqHako CTOUT OTMe-
TUTH 4TO Ju1g TypOuHb! T-180 Ha HOMUHANBHOMN Harpy3Kke OTKJIIOHEHHE COCTABIISET
25 °C. Temneparypa octporo mapa ajist sHeproomokos [1T-30, IIT-50, I1T-80 c
YBEIUYEHUEM MOIIHOCTH CHIPKAE€TCS OTHOCUTENBHO CTAHAAPTHBIX NapaMEeTPOB Ha
40 °C, mna IIT-65 — na 25 °C. UHTepecHO OTMETUTH IMOBEAECHHE DHEpProdiioKa
IIT-135: mpu yBenW4YeHHH Harpy3Kd MOXHO BUJETh HE3HAUUTEIbHOE CHIKEHUE
TeMIlepaTypsl ocTporo napa Ha 5 °C, 3atem uMmeet Mecto pocT Ha 15 °C.
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YaeneHBIE pacxoipl TOIUMBA b, b, kr.y.1/xBr1-4 skceprum
Kak BUJHO W3 puc. 5, misa IIT-sHepro-
OJIOKOB M3MEHSIOTCS MaJlo MPHU Tepexo-
T50

ne Ha texHonoruo TOL] ¢ 3oHUpoBaHU- 0 6—\/
, N T120, 175

0,77

eM TeMIepaTypHoro rpaduxa. boiee T100
toro, nepeBoa [1T-3Hepro0I0KOB CTaH- T180, 250, 265
JApTHBIX [apaMETPOB Ha IOHWXKEHHOE (4 _Q
JaBJICHHE OCTPOTo Mapa MPUBOIUT AAXKeE N T30
K HEKOTOPOMY YBEIHYEHHIO b. DTO BBI- L IIT50, 80
3BaHO CHM)KCHHEM YJACIBHOTO pacxoia ) M IIT135
TOIUTMBA Ha OTITyCKaeMmoe Teruiohuka- TIT65
HMOHHOEe Temio. Bmecte ¢ Tem s ‘ ' ‘

T-3HeproOI0KOB ONTHUMH3ALUS B 30HE
KOJIMYECTBCHHOTO PEryJUpPOBAHUS JaeT N, /N,

OmyTHMBEH dpdexr. IonatHo, uTO Puc. 5. YnenbHbli pacxoa YCJIOBHOIO
YACTBHBIH PACXOJl YCIOBHOIO TOIUMBA  161iypa (b) Ha MPOM3BEACHHYIO SHEPTO-
TEM MCHBLIIE, YeM BBIIC OTHOCUTEIBHAL  GrokoM SKCEPIUIO NPH PasyKpyIHEHHH
MOIIHOCTE  dHeproOmoka: mis  T-50  rpaguka snexrpuueckoii HArpysKH B 30-
YAEJIBHBIA PAacXoJ YCIOBHOIO TOIUIMBA  He | TemmeparypHOro rpaduka (konuue-
cocraBiser 0,05 xr y./kBT - 1 3kcep- CTBEHHOE PEryIHPOBaHHE)

rmu; mig T-100, T-120 m T-175 -
0,1 kry.7/kBr - ; ana T-180, T-250 u fuel () for the exergy produced by the
T-265 - 0,01 kry.1/ KPT "1 1pu YBEIH-  yower units when the electrical load dia-
YCHHHM OTHOCHTEJIBHON MOIIHOCTH BHEP-  gram is disaggregated in the zone I of the
ro6soka ¢ 0,55 mo 1. temperature graph (quantitative regulation)

Fig. 5. Specific consumption of reference

3AK/IIOYEHUE

1. [TomydeHs! ONTUMAaNbHBIE TApaMETPhl TETUIOPUKAIIMOHHBIX YHEPTOOIOKOB
B PA3JIMYHBIX 30HAX TEMIIEPATYPHOTO TpaduKa.

2. [lokazaHo, 4TO MpH 30HHPOBAHHH TEMIIEPATYpPHOTO rpaduKka Ijs 30HBI
CMEIIaHHOTO ¥ Ka4YeCTBEHHOTO PETYIUPOBaHUS ONTHMAIbHEIE TapaMeTPhl YHEPro-
0JIOKOB COOTBETCTBYIOT CTaHIAPTHHIM 3Ha4YeHHUSIM Ha ypoBHe 12 Mlla, 510 °C ms
6s1oxoB 0e3 mpomneperpesa u 24 Mlla, 510 °C — st GI0KOB C TPOMIIEPETPEBOM.

3. [TokazaHa yCTOMYMBOCTH ONTUMAJIBHBIX PEIICHUM ISl 30HBI KOJIMYECTBEH-
HOTO PETyJHpPOBAHHUS TEMIIEPATypHOTO Tpaduka Tpu pa3yKpymHeHHH rpaduka
aJeKTpudeckoi Harpy3ku. [lokazano, uro TypOouns! Trma 1T B 3TUX ycnoBusax 6o-
Jjee yYCTOHUMBBEI Ojarofapsi MOCTOSHHOW 3arpy3ke IMPOM3BOJACTBEHHOTO oTOOpa
napa.
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Abstract

In Russia combined heat and power plants (CHPP) are widely used. At the same time,
the central heat source in the form of CHPP, as a rule, was designed for a maximum heat load
with the view of its further increase. Such an approach provided significant fuel saving due to
the combined generation of electricity and heat. Today, not only do heating plants lack a con-
tinuous heat load, but also a significant share of industrial consumers is lost, which leads to an
increase in their efficiency. At the same time, recently, the so-called distributed (local, decen-
tralized) systems have actively been developed. This is due to the desire of owners to isolate
from the monopoly-supplied heat from CHPPs. These systems develop spontaneously. Central-
ized and distributed systems coexist outside the strict quantitative estimates of their rational
combination. This leads to a surplus of resources, inefficient loading of equipment, access to
off-design operating modes, divergence of energy and power balances, increased fuel consump-
tion, and other problems. In all cases, it is the consumer who ultimately suffers. The study of
heat and power units is impossible without the use of mathematical modeling. The task of op-
timization of such systems is among the most complex problems. The purpose of this work is to
increase the efficiency of centralized heat sources operating in distributed systems with zoning
the temperature chart, as well as checking the stability of solutions. The division of the sched-
ule into zones is proposed according to the principle of regulation of heat supply.

Keywords: exergy approach, zoning of temperature chart, optimization parameters, sta-
bility, combined heat and power supply, heating, modelling
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i=0

Mexay TekcToM u (GOpMyIIaMH, a TaKXKe MEKAY (popMyTaMu OCTaBISIOTCS MyCThIE CTPO-
ku pazmepoM 4. @opmyinel He cxumath. Hymeparuro ¢opmyn momeniats crpasa kersiem 10.
Hanpuwmep:

Dy =D.D+ NN. (1)

Hywmepanus ctpaHuI] OCyIIECTBIsAETCS cieayromuM oopa3oM: Beraska / Homepa ctpanwuil...;
YCTaHOBUTH MOJIOKEHUE «BBEPXY CTPAaHHULIBD), BHIPABHUBAHUE — «CHApPYXXu», 0€3 HyMepaluu
NIEPBOM CTPaHHUIIBL.
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KonoHTUTY Bl ycTaHABIMBAIOTCS BBEPXY (C OTCTYIIOM OT BEPXHETO Kpasi CTpaHUIbl 3 cM). UTo-
OBl KOJIOHTUTYJIbI Ha ‘IeTHOﬁ, HEYCTHOH U HepBOﬁ CTpaHUllaX OTINYAJIMCh, HY>KHO YCTaHOBUTD!:
®aiin / [TapameTps! cTpanunis! / PasMeTka; ycTaHOBUTE pa3Hble YeTHbIE H HeUeTHbIe U MepBas
OTJIMYAETCS.

KosonTutynel Ha 4eTHbIX cTpaHunax. Bunx / KomoHTUTYIbI; HaOWparoTCs KYypCUBHBIM MPO-
MUCHBIM mIpu$TOM Keriem 8. daMmims aBTOpa ¢ MHUIMAIaMHU BIEPEAH y MPaBOro Kpas 0e3
orcTyna. Ecim aBTOpOB HECKOJIBKO, TO YKa3bIBAIOTCS TOJBKO JBA TIEPBBIX, ANIEE «H IP.).

KosoHTHTY Bl HAa HEUETHBIX CTpaHMIaX. Ha3BaHUS CTaThH — ¢ MPOMMUCHON OYKBBI KYpCUB-
HbeIM TIpUdTOM KernieMm 8. Homepa crpanuil — kernem 10.

[epexn criuckoM ImTEpaTypsl MPOITyCcKaeTes mycTas cTpoka pazMepom 20. 3aromoBok «Cru-
COK JIUTEepaTypb» — KerjieM 8 MPOMUCHBIM MONYXUPHBIM mpudrom ¢ orctynom 1,8 cm. [ocie
CIIMCKA NTUTEpaTyphl — myctas crpoka pazmepom 10. TlopsaxoBeii HOMEp — ¢ KpacHOM CTPOKH
kermem 8 ¢ wHTepBaioM 1,1. daMWIMM W WHUNMANE — KErJeM 8 MONY>KUPHBIM CTPOYHBIM
mpuTOM, Ha3BaHUE CTAaThbU (KHUTH) — CBETJIBIM TeM ke Impudtom. Odopmuenue 6ubianorpa-
¢uueckoro crucka — mo ['OCT P.7.0.5-2008. bubmuorpaduueckas ccpuika. Ob1ue TpeboBaHus
W TipaBwIa coctaBieHus. — M.: Cranmaptungpopm, 2008. — 19 c.

ITocne crnucka nmuTepaTypbl HAET MycTask cTpoka pasmepoM 24. Jlanee NpuUBOAATCS KpaTKue
cBezieHHs 00 aBTOpax KeryieM § ¢ HHTepBaioM 1,1 U ¢ 0TCTynoM OT JeBoro kpas 1 cM. @amunus,
HMSsI, OTYECTBO — C KPACHOH CTPOKHU KypcuBoM. [Tocnenyromuii TekeT (yueHasl CTeleHb, YYeHOE
3BaHUE, WICHCTBO B aKaJAEMISIX U T. 1.; OCHOBHOE HAIIPaBJICHUC HAYIHBIX HCCIICIOBAHUIT; KOJIH-
YeCTBO MMEIONIMXCS MyOIMKamuid, B TOM Yuclie MOHOTpaduil, yueOHbIX mocoOwmii, e-mail, pado-
quii TenedoH) — npsiMeIM mpudgTom. HHdopmanus npeaocTapisieTcss HA PycCKOM M aHTJIMTi-
CKOM SI3bIKAX.

[Hanee naetcs nepeBoj Ha aHIIIMUCKUN A3bIK ()aMHITUHM, UMEHH, OTYECTBA aBTOpa U HAa3BaHUS
CTaThH, a TakXkKe pedepara u KIIFOUYEBBIX CIOB (00s3aTEeIHHO).

Hcnpasienns, BHOCUMBIC aBTOPOM, ITPH AOPAOOTKE CTATHH BBHIAENSITH )KEITHIM IIBETOM.

TpedoBanus k opopmiienuro PUHI]

B onucanuu cratbu MomKHA OBITH yKa3aHa clenyronas HHdopManus.

1. Homepa cTpaHMIl, Ha KOTOPBIX pa3MelleHa CTaThst B COOPHUKE.

2. Koxmer: YK u / wiu BBK, u / wmu DOI, u / wim apyrux kinaccu(UKalMOHHBIX WHIICKCOB
WM CUCTEM PETUCTPALIUH.

3. Ha3Banue crarbu.

4. damunusi, ©Ms1, OTIECTBO aBTOPOB.

5. Mecto pa®oThl Ka)XIOTO aBTOpPa B HMCHUTEIHHOM IMafexe. YKa3aTh JOIDKHOCTH aBTOpa
10 OCHOBHOMY MECTY PaOOTHI.

6. KonraktHass mHpOpManus (IMOYTOBBIA ampec MecTa paboThl, HOMep TenedoHa, aapec
AIIEKTPOHHOW MTOYTHI — 00SI3aTEIEHO).

7. Annoranus (He meHee 320 u He Oonee 640 3HaKOB).

8. KittoueBbie crmoBa: KaK0€ CIOBO WIIM CIOBOCOYETAHUE OTHEISIETCS OT APYroro 3arsiToi
(10-20 cnoB).

9. ITyHKTHI 3—8 HA AaHTTIUHCKOM SI3BIKE.

10. Crucok nureparypsl.

O6pasen ohopMieHUs IpUBEICH Ha caidte http://vestnik.infoterra.ru/index.php
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