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DYNAMIC MODELS OF SYSTEMIC RISK AND CONTAGION

Kh. El Bitar!, Yu. Kabanov?, and R. Mokbel?

Abstract: Modern financial systems are complicated networks of interconnected financial institutions and default
of any of them may have serious consequences for others. The recent crises have shown that complexity and
interconnectedness are the major factors of systemic risk, which became the subject of intensive studies usually
concentrated on static models. The authors develop a dynamic model based on the so-called structural approach,
where defaults are triggered by the exit of some stochastic process from a domain. In the case considered, this
is a process defined by the evolution of bank’s portfolios values. At the exit time, a bank defaults and a cascade
of defaults starts. The authors believe that the distribution of the exit time and the subsequent losses may serve
as indicators allowing regulators to monitor the state of the system and take corrective actions in order to avoid
contagion in a financial system. The authors model the development of a financial system as a random graph using
the preferable attachment algorithm and provide results of numerical experiments on simulated data.
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1 Introduction

In interbank market, systemic risk is a risk arising from
a complexity of financial network and threatening the
entire system by a potential financial crisis, resulting in
high economical and social costs. Controlling financial
stability and assessing systemic risk is a major concern
of central banks and financial regulators. The rapid
growth of financial innovation and integration as well as
a complicated network of claims and obligations linking
the balance sheets of banks raise the challenge of the sys-
temic risk analysis. This kind of risk is highly dynamic,
slowly building up during periods of stability and rapidly
rising during crises and spreading through the network.
On the other hand, the interconnections of banks have
a positive side since they enhance liquidity and increase
the risk sharing among the financial institutions.

One of the aim of theoretical studies is to provide
regulators comprehensive indicators allowing to monitor
the risk of contagion, understood as a cascade of de-
faults that may lead to a serious consequences and even
to the collapse of the whole economy. To the moment,
there is a substantial progress in understanding various
phenomena causing the contagion on the basis of mod-
eling using random graphs. Network models became the
mainstream of current researches in the field (see the
recent book by Hurd [1] and the references wherein).
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Recent crisis revealed that the systemic risk might
take various forms. One of them is an interbank con-
tagion process when, due to the interconnectedness of
banks through interbank loans, the default of one bank
leads to losses and subsequent chain of defaults of other
banks. This kind of risk is usually combined with a risk
related to a correlation between banks’ portfolios which
consists in the phenomena that a common shock, due
to common asset holdings, affects many banks at once.

De Bandt er al. provided a categorization of sys-
temic risks, distinguishing between those understood in
a broad and in a narrow sense [2]: contagion effects
pose a systemic risk in the narrow sense while in the
broad sense, it is a common shock that affects many
nodes and once. A similar idea is developed by Gai
and Kapadia [3], who model two channels of contagion
in financial system that can trigger further rounds of
defaults: contagion due to the direct interbank claims
and obligations and contagion due to common shocks
on the asset side of the balance sheet, especially when
the market for key financial system assets is illiquid.

Deposits also could affect the financial system sta-
bility: a large sudden withdrawal of funds by depositors
in panic could lead to a collapse of the system. How-
ever, in the present paper, this is not considered as one
of the major sources of system risk. in fact, its im-
pact can be minimized and controlled by the central
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Dynamic models of systemic risk and contagion

bank intervention imposing an appropriate withdrawal
limit.

A large part of the literature has focused on the
analysis of the contagion effect due to the interbank
market while only few authors studied the impact of
the correlated defaults which is of great importance,
the magnitude of correlation between the banks balance
sheets, the amount of external investments, and the
appropriate assessment of the risk embedded in these
external assets. Acharya and Yorulmazer proved that
banks are motivated to increase the correlation between
their investments amplifying by such actions the risk of
a common shock [4]. In their analysis, Elsinger et al.
combine the two major sources of systemic risk and find
that the correlation in investments is far more important
than financial linkages [5, 6].

One can also consider a subordinate source of risk
due to the fire sale of external assets of defaulting banks
which will lead to other banks default because of the
price depreciation. This is why some banks have an
interest to bailout other peers in order to minimize the
default cost of the system and to prevent fire sale and the
writing down of their own external assets.

While the interbank risk is concerned, Gai and Ka-
padia show that the risk of systemic crises is reduced
with increasing connectivity while at the same time,
the amplitude of the systemic crises is increasing [7].
Higher connectivity simply creates more channels of
contact through which default could spread, increasing
the potential or probability for contagion. However, in
the financial system setup, greater connectivity allows
counterparties risk sharing as exposures are distributed
over a wider set of banks, especially in periods of stability.
In times of crisis, however, the same interconnections
can amplify shocks that spread through the system.

Allen and Gale demonstrated that the spread of con-
tagion depends on the network structure of the financial
system and strongly interconnected banking systems are
less affected by the systemic risk [8]. They also pointed
out that the assumption that the agents have com-
plete information on their environment is not realistic.
Acharya and Bisin compared over-the-counter (OTC)
and centralized clearing markets in a general equilib-
rium model [9]. They showed that the intransparency
of OTC markets is ex-ante inefficient and will lead to
underpricing of counterparty risk.

The counterparty risk makes it clear that the network
structure of financial system plays an important role
when assessing systemic risk.

Empirical analyses of the interbank network struc-
ture exist for a number of countries. It shows that the
interbank network has a scale free topology. This means
that there are a few large banks with many intercon-
nections and many small banks with a few connections.
In contrast, other authors argue that the intransparency

of real data makes the random network more valid to
capture the hidden links. More formally, the termi-
nology “scale free network” means that at least, when
the number of nodes increases to infinity, the number k
of connections (“in” or “out”) attributed to each node
decaysas k=7, vy > 1.

Georg proposed a dynamic model of cascading bank-
ing defaults [10]: at each stage of the cascade, each bank
collects all his exposures, pays all his liabilities, adjust
the price of its external assets, and, when remains sol-
vent, it optimizes a portfolio of risky and risk-free assets
and initiates other interconnections within the banking
system.

On the other hand, Gai and Kapadia highlighted
that in normal times, developed country banks are ro-
bust and minor variations in their default probabilities
do not affect lending decisions on the interbank mar-
ket [7]. But in crises, as illustrated by the sudden failures
of Lehman Brothers, contagion may spread rapidly with
banks having little time to alter their behavior before
they are affected. Thus, the almost static behavior of the
system during crisis is best captured by the static model
as also applied in the present paper.

It seems that the majority of existing literature deals
with “homogeneous” models, like Erdos—Renyi mod-
el where the network graph is generated by a matrix
whose nondiagonal entries are identically distributed in-
dependent Bernoulli random variables (see [3]), or even
models where all nodes have the same number of con-
nections [11]. Though such models are convenient for
theoretical studies, they look to be too far from the reality
and in the present paper, the behavior of the systemic risk
indicator is investigated using networks with a structure
obtained by a preference attachment algorithm leading
to a scale free network.

Under the Basel II accord, improving the quality
of default models is the key risk-management priority.
Many researchers have studied the loss or impact of the
systemic risk once a crisis or shock is in place. However,
there is a need to predict and prevent the defaults of
banks before it happens. To the date, the major part
of research papers concentrates on studies of static or
stationary models. In this note, the authors suggest an
approach influenced by the structural model of default-
able securities (see [12]). Namely, it is supposed that
the cascade of default is triggered in a natural way when
the value of a portfolio process of some bank falls below
a certain level. Financial market reacts negatively to
such an event. Prices of the external assets drop down
and contagion propagates not only to interconnected
banks but also via correlation. Assuming that the matrix
of exposures as well as the vector of the investments into
external assets is known, the regulators, having a mod-
el for the dynamic of the “reference portfolio,” can
compute, with moving time horizons, two “alert indi-
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cators:” the probability that the default happens during
the planning period and the total losses incurred when
the default happens. The total losses are the aggregation
of the losses due to the external asset price depreciation
(correlation) and the losses due to the interbank linkages
(contagion). To simplify the calculation, it is assumed
that there is a single external risky asset common to all
banks in the system and the difference is only in the
size of portfolios. A model where each bank has its own
portfolio structure can be treated in a similar way. The
present approach is rather flexible and can be combined
with existing methods of reconstructing of the exposure
matrix.

Thus, the main novelty of this approach, in contrast
to the majority of existing studies concentrated on static
or stationary models, is in developing a dynamic model
of financial system before the crisis in combination with
a static contagion model for the crisis. The model is
described by a graph whose nodes are banks (or other fi-
nancial institutions). The directed graph structure arises
from the matrix of liabilities/exposures. Each bank is
characterized by a stylized balance sheet. On the asset
side, there are exposures (due to the interbank lending)
and liquid assets, risky (stocks) and nonrisky (cash). The
liability side is composed by the received interbank loans
and the net worth, the quantity, equating both sides of the
balance sheet. The dynamic is introduced via random
fluctuations of the value of the risky asset. Decreasing
of its price means that the net worth is decreasing. The
authors suppose that the risky asset is unique for all
banks. One may think of this asset as a “benchmark (or
reference) portfolio.” Taking into account that banks
try to mimic behavior of each other (“herding effect”),
we believe that this assumption may suit to our highly
stylized model but for practical applications, it can be
relaxed. Of course, there is a need to introduce dynamics
in other parts of the balance sheet but we prefer avoid
this in the paper.

The paper contains some numerical experiments.
Unfortunately, the liability matrix of a financial sys-
tem is not publicly available (with rare exceptions). By
this reason, the applicability of the model was tested
on simulated data. In numerical experiments, a con-
struction of the scale-free network is used with the
help of a preferential attachment algorithm (see [13]).
The present authors populate the model by balance
sheets and compute the alert indicators. The car-
ried out experiments show that the alert indicators
can be used as a tool to support regulator’s deci-
sion to increase the stability of the financial system
by withdrawal of the license of the bank having low
reliability.

The structure of the article is as follows. In Section 2,
the general network approach to contagion is described.
Section 3 gives the model description and the definition

of the alert indicators. Section 4 is devoted to simulation
results.

2 Network Approach

2.1 General principles

The basic ideas are very simple and can be described as
follows. The set G = {1, ..., N} stands for the banking
system involving N financial institutions described by an
N x N matrix L = (L) with nonnegative entries van-
ishing on the diagonal (L* = 0) and a vector C' € RV
with nonnegative components.

The entry L% represents the liability of the ith bank
to the jth bank, i.e., the debts of i to j or, in other
words, the total amount of credit provided by j to .
By the reciprocity, for the ith bank, the value L7* is its
exposure to the bank j. By this reason, in the literature,
the model is described quite often by the matrix of the
liabilities X = (X%¥), X = L’ where’ is used to denote
the transpose. Let B = I{;:;-0y. The matrix B (whose
entries are zeros and units) defines the directed graph
structure on the set of NV points in a usual way (as is done
in the theory of Markov chains): there is a flesh ¢ — j if
B% > 0, showing that the ith bank is indebted to the jth
bank (attention: in some papers, the direction of fleshes
can be opposite). With this observation, one can use the
standard terminology of the network theory and identify
banks with the nodes of the (weighted) oriented graph.

The component C* of the vector C represents the
proper capital reserve the ith bank; it is so/vent if the net
worth

NW? ::ZLJ‘LZL"HC"EO.

JjEG JjEG

If the above solvency condition does not hold, the bank
defaults.

It is important to note that the definitions “expo-
sure,” “liability,” and “default” appeal to a common
sense rather having a precise meaning. Their under-
standing varies from paper to paper. In practice, the
balance sheet of a bank has a much more compli-
cated structure. For example, the exposure may in-
clude overnight credits as well as long term loans, the
debts are of different seniority, and so on. The “stan-
dard” highly stylized balance sheet, i.e., the equality
Assets = Liabilities presented as a table, containing the
interbank exposures (loans) and external assets (that can
be split in liquid and illiquid, risky and nonrisky) on the
assets sides while on the liability side, there are interbank
borrowings, deposits, and, to equate the both side, the
net worth (called also capital reserve, or equity) — in the
case that the bank is solvent.

4 INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2
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2.2 Defaults

In the literature, the typical descriptions of the con-
tagion process and defaults “in cascade” can be found
(e.g., in [1]). Here, they are presented in a succinct
way as follows. Let us denote by I, (¢) (respectively, by
Iin(7)) the set of banks to which the bank ¢ has a liability
(respectively, an exposure). That is, I, (¢) is the set of
nodes terminal for the fleshes (arcs) outgoing from the
node i while Iy, (7) is the set of nodes with fleshes ending
at this node. Let us denote by noyt (7) and niy, () the car-
dinality of the corresponding sets, i.e., the numbers of
outgoing and ingoing fleshes. Clearly, nout (i) = 3 BY
and n;, (1) = Zj B,

The default of the bank 7 triggers the following pro-
cedure. The bank is excluded from the network. Debts
are collected from debtors at liquidation. Creditors loose
a fraction 1 — R of their exposures to i, where the pa-
rameter R is referred to as recovery rate. Formally, one
can think that the matrix L is replaced by the matrix L
obtained by replacing the elements of the ith row and
ith column by zeros. The transformed vector of capital
reserves C' has the components C? = C7 + RLY — L%,
j # i, C" = 0. Put Dy(i) := {i} and skip further the
argument 7 here and in further definitions (depending
also on R). For some j (different from ¢), the solvency

condition
S o Y L4 di>o,
keG\Dg keG\Dg

which can be written also as

SLM N LR 40— (1-R)LY >0,

kEG kEG
may fail. Let us denote by Dy := D1 (i) the set of such
indices, corresponding to the first-order defaults in the
cascade of the defaults triggered by the default of 7. In
the same way, the contagion is propagated further, to the
set of banks Do = D»(7) which is a subset of indices j
outside of the union D(l, of Dy and D; and such that the
solvency condition becomes negative:

NIV P4/ (1-R) Y LY <o0.
keG keaG kED}

Continue in the same way, for the set Dg, put
Dyt .= Dp U D, 41 where D, is the set of indices j
in the complement of Dy such that

N
M- F+-(1-R) Y LF<o0.
keG JjeG keDy

The process stops if D,, 1 = 0. One can consider the
value

Li)=0-R)> > > L*

n=03j€Dy,+1 kED

as the total losses incurred by the cascade of defaults
triggered by the default of the 7th bank.

It is not difficult to extend the above definitions to
obtain expressions for losses triggered by simultaneous
defaults of a group of banks.

2.3 Practical aspects and difficulties

On the first sight, the above formulae are of great help
for the researchers in financial systemic risk providing
them N functions of the recovery rate which allows
to classify banks according to their systemic impor-
tance. The described procedure can be also used to
find the most vulnerable banks, sensitive to defaults of
others. However, the practical implementation is not
so straightforward. Indeed, in the majority of cases,
the exposure matrix X (having one million entries for
asystem with N = 1000) is not publicly available though
a certain subset of its entries may be known. Usually,
only the sums of elements along each line and each
column can be extracted from the balance sheets. If
only this information is available, one cannot recover
the matrix L in a unique way: one needs to solve the
system of 2N equations

Y Li=dly Y LY=b, 1<ij<N, (D)

JjEG JjEG

with N2 — N unknown L% > 0,7 # 7, and all L* = 0.

Obviously, system (1) has the nonnegative solution
a7 = a’b'/ 37, b (note that 3, b* = 3 a’). But this
is not the needed solution since not all z** = 0. In the
literature (see, for example, [14]), it is recommended
to take as the matrix X the solution of the entropy
minimization problem:

L
Zln — — min,

x7*

ij

under constraints (1), L¥ > 0 and L* = 0 for all 4, j.

This approach is criticized since it leads to a matrix
generating a complete graph and the overestimation of
stability of financial system. On the other hand, in some
cases, a part of the matrix L is known, e. g., the absence
of connections between some nodes can be a plausible
hypothesis. The entropy minimization method can be
easily adapted to such cases leading to a rather realistic
recovery of the exposure matrix.

2.4 Probabilistic modeling

Due to the lack of the information on the real structure
of the financial system, there is an interest to generate

INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2 5
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numerically models which have, at least, basic features
of such models.

Apparently, the liability matrix L and the reserve
vector R are random and evolve as stochastic processes.
Due to the high dimensionality of the problem, their
modeling is extremely complicated and simplifying as-
sumptions are unavoidable. The majority of available
studies consider static models or stationary models and
start modeling with the description of the incidence
matrix B.

The simplest model is based on the hypothesis that
the nondiagonal elements of the incidence matrix B are
independent identically distributed Bernoulli random
variables (see, e.g., [15] where low-parameter models
are suggested to evaluate the impact of various fac-
tors on the financial stability). In addition to N and
p = P(B% = 1), there are three more parameters: the
total value of assets A, the value of external assets C,
and the net worth as the percentage of the total value of
assets . These parameters are used to generate the bal-
ance sheets. In our notations, the interbank exposures
and liabilities for the ith bank are defined as follows:

; Nin () i Nout (1)
i = (A—C) L b =(A-0)
|B| |B|
where |B| := 3. BY. The value of external assets of

the bank are defined by the formula:
Ci = (bZ - ai) I{ai<bi}

1 o
+N C—Z(bJ—aJ)I{aj<bj}
J

Ifthe second term is positive, then all banks in the system
are solvent. Since o/ and b’ are random, one should
have a sufficiently high ratio C//A (in [15], it was always
taken greater than 0.3). The quantity v(a’ — b + C?)
models the net worth while (1 — 7)(a® — b* + C?) stands
for the consumer deposits.

3 Dynamic Models
and Alert Indicators

3.1 Structural model

The aim of the model is to provide regulators two func-
tions on the current state of the system which can be
used to calculate the alert indicators. The first one is
the probability that the system will suffer a cascade of
defaults before a specified time horizon. The second
indicator is the total losses incurred by the cascade of
defaults, if it happens.

Suppose that at time zero, the regulators dispose the
liability matrix L or its transpose the exposure matrix

X = L’ (in reality, this information is public only in
rare countries, like Brasil, but can be available to central
banks) and the vector of capital reserves C' which is de-
composed into nonrisky reserve ¢ (say, Treasury bonds)
and investments y into a single risky asset which can be
interpreted as a market index, or a market portfolio. In
the present very stylized model, all these values are fixed
up to the time horizon T'. Of course, in reality, the banks
trade and portfolios are composed in many assets. Nev-
ertheless, quite often banks mimic the behavior of each
other and one may guess that a typical portfolio value
has the same evolution as a certain reference portfolio.
Let us describe its dynamics by a geometric Brownian

motion:
ds
?::udtwdwt, ()
that is,
St _ SoeaWt-l—(;t—az/Q)t ]

At time zero, all banks are supposed to be solvent.

The default cascade will be triggered at the instant
when one of the solvency conditions is violated.

The solvency condition for the ith bank has the form:

Vi + y(i)soeaWﬁ(u—aQ/?)t >0.

Here,
Vii=b} — aj + ¢}

b= Z L{i ; al = Z Lij .

JjEG JEG
Hypothesis: V; = V forall t € [0, T].

The above assumption allows one to provide the reg-
ulators some easily calculated indicators of the system
stability. Without any doubts, in the present oversimpli-
fied form, they can be criticized. For example, assume
that the interbank operations to a large extend are bal-
anced by liquid assets. In favor of this are evidences
that interbank lending is not the main activity of banks.
Let us also assume a rigidity of the investment portfo-
lio. Again, econometric studies confirm that banks have
a tendency to follow similar behavior. The benchmark
portfolio process may have various dynamics and vari-
ous theoretical and statistical models can be used for its
description.

where

Put _
1 i
A= —1In V
o y'So
with a convention that \* := —oo, if V? < 0. Let i be

the index corresponding to the largest of values of \’.
One may assume, with very minor loss of generality, that
all finite values of A" are different (the coincidence is not

6 INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2
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expected in the present context) and that A% is finite
(otherwise, there will be no defaults).
Let us introduce the stopping time

Ti=inf{t>0: w, + Bt < A0}

where = p/o —o/2. If 7 < T, the system will have
a default and it happens with the node %¢; the price of
the market portfolio at this date will be Spe?°. The
distribution of 7 is the well-known inverse Gaussian
distribution (see, e. g., [16]) and one has that

P(r < T) = 3(hy(T)) + 22 ®(hy(T))

where ® is the standard Gaussian distribution function;

Mo — BT Ao 4 BT
h/ T e = .
= VT

The default of the bank i generates a cascade of the
defaults. It seems reasonable to suppose that the market
reacts to such an event and the risky asset may loss a cer-
tain percentage of its value. With this assumption the

set D1 = D1 (ip) of the first-order defaults of the banks
correspond to the indices j such that

hg (T) :

S OILH =N DF 4 ay! Soet” — (1-R)LP <0,
keG jea

D} (i) := Do U Dy, etc. The parameter o €]0, 1] rep-
resents the default impact on the price of the reference
portfolio.

The second alert indicator is the amount of total
losses:

N
L(io):=(1-R)Y Y Y L*
n=03j€Dy+1 kED

In the considered setting, it can be augmented, e. g., by
the losses of nondefaulted banks due to a depreciation
of their portfolios:

Lig) :=(1—a) > 'S’

JEG\DY

3.2 Discussion

The model introduced above has an advantage of its
simplicity. It combines structural approach to default-
able securities with ideas of modern theory of financial

networks. The alert indicators have a simple and com-
prehensive meaning. They can be easily computed at the
monitoring dates ¢,, (when the new balance sheets are
communicated) for the moving time horizons ¢,, + T'.
This allows regulator to see dangerous trends in the evo-
lution of the system. It is worth noting that the model
combines two channels of contagions: via the network
as well as via the correlation due to common source of
randomness.

Surely, the model is highly stylized. How serious are
the weak points and how the model can be improved?

It is assumed that the investment in the single risky
asset are static though in reality, there is an intensive trad-
ing. For a fixed input, there is only the bank triggering
the default is uniquely determined.

To our mind, these objections should be examined
carefully. Due to extreme complexity of financial sys-
tems (recall that they may contain hundreds of banks)
and complexity of individual balance sheets, for more
sophisticated models, one can have an accumulation
of various factors: misspecification errors, calibration
errors, data aggregation errors, etc. That is why, sim-
plifying hypotheses seems to be inevitable. It seems
that one can accept that banks investment portfolios are
close to the most performant one.

Of course, the predetermined bank triggering of the
default cascade is not intuitive. However, as it is known
from the literature, the matrix L is rarely known and
should be reconstructed from the aggregated exposure
of the banks. It is not difficult to implement a random
reconstruction procedure; for each realized reconstruc-
tion, one can compute conditional alert indicators and
take the average.

4 Numerical Experiments

4.1 Network construction

Here, the numerical simulations are presented to offer
further insight into the role of the external assets in
contributing to a systemic risk in the financial system
and to show an impact of parameters range to financial
stability. Table 1 summarizes the baseline simulations
parameters. The system comprises /N banks. Asin [17],
the banking system is considered as a network of nodes

Table 1 Summary of the parameters considered in the network construction of the model

Parameter Description Value  Range of variation
n Number of banks in the initial random graph 10 fixed
N Total number of banks in the network 250 fixed
m Maximum number of connections in the random network 5 fixed
m/ Maximum number of connections in the scale free network 3 fixed
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where each node represents a bank (or any other finan-
cial institution) and each link represents a directional
lending relationship between two nodes (two banks). We
believe that network reflects its “genetic” structure. The
development of the system starts from relatively small
kernel composed from a few banks. A newly created bank
establishes relationships preferably with more “impor-
tant” nodes of the network, namely, those that already
have more connections than others. Also, usually, well
connecting bank has better chances not to be eliminated
from the system (“too connected to fail”).

As an example, let us make a look on the develop-
ment of the banking system in Russia. In the USSR, the
number of banks were about a dozen. The first commer-
cial bank was registered in August 1988 (Cooperative
bank “Patent,” Leningrad). Already to the end of 1989,
the country had 43 commercial banks. Afterwards, the
number of banks in Russia evolved (approximately) as
follows: 1991 — 1400; 1994 — 2300; 1997 — 2000;
2003 — 1300; and 2011 — 1000.

In 2016, the total number was less than 700. To
compare: in 2014, the USA had more than 6800 banks.

Of course, the evolution of the banking system is
a rather complicated process but statistically, it leads to
a network having common features with other types of
networks like Internet connections. In particular, in-
terbank networks have a scale-free topology with a few
large banks having many interconnections and many
small banks with a few connections. By this reason,
we generate our simulating financial system using the
methodology introduced in [13]. We are based on the
idea that a larger and more connected bank is usually
more trusted and, as a consequence, other system banks
tend to deal with it rather than with the less connected
one.

8.0

75

7.0

6.5

6.0

55

5.0 | | | | |
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Figure 1 Illustration of a financial network generated by the
algorithm and limited to 40 banks for clarity of the figure

The algorithm starts with creating the initial network
(the “seed”) with a small amount of nodes n. The
connections between them are taken randomly, and the
maximal number of connections (“in” and “out”) is
limited by m as well as the total number M of connec-
tions (in the present experiments, n = 10, m = 5, and
M = 20). When drawing the network, we allow for the
possibility that two banks can be linked to each other via
both lending and borrowing links but at most one in the
same direction is possible between the 2 banks (Fig. 1).

Remark. In general, we expect that the structure of the
initial network has a relatively small impact on the re-
sulting network which may be in dozens or even hundred
times larger than the “seed.” So, the initial network
involving a few nodes can be created in various way,
e. g., as Erdos—Rényi network with the matrix B = (b%/)
where entries b7, i # j, form a set of independent
identically distributed Bernoulli random variables with
P =1) =p.

To generate a scale free network, assuming that a seed
network of n banks is randomly generated as mentioned
above, let us proceed recursively. At each step, add
m’ < m new nodes choosing each time a partner 7 be-
tween the existing nodes and selecting according to the
Connection Probability P (i) defined as follows:

B total number of connections of 4
~ total number of connections of the network

P(i)

where i is the existing node in the network. The nodes
will be added each time until a network size limit equal
to N is reached. As shown in Fig. 2, the distribution of
a number of nodes in the considered model is in a con-
formity with that one can expect from a typical scale-free
network topology where a few nodes have a high number
of connections while the majority of nodes have a small

o

I I I I I I I I I
0 10 20 30 40 50 60 70 80 90 100
Number of banks

Figure 2 Representation of the scale-free topology
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Table 2 Summary of the system benchmark parameters

Parameter Description Value Range of variation
A Value of the total assets of the network 10,000,000,000 fixed
15 Proportion of external assets from the total assets of a bank 0.5 fixed
So Initial price of risky asset 10,000 fixed
T Time horizon 40 fixed

Table 3 Summary of the balance sheet parameters
Parameter Description Value  Range of variation
Percentage of price degradation following the panic
a . . - 1 Otol
in the market during the crisis
R Recovery rate 0.5 Oto1
0 Percentage of riskless asset from total external asset 0.4 Oto1
o Volatility of the risky asset price 0.4 Oto1
m Drift of the risky asset price 0.2 Oto1

number of connections. In particular, on the realization
ofthe algorithm depicted on the scatterplot, only 6 banks
from 250 have each at least 25 connections while 185
have at most 5 connections.

For any realization of the random graph, we pop-
ulate the individual banks’ balance sheets in a manner
consistent with bank level and aggregate balance sheet
identities (Table 3).

Amongst assets, let us distinguish external assets
(investors’ borrowing), denoted by C?, and interbank
assets (other banks borrowing), denoted by a’. Thus,
for the bank 4, the asset part of the balance sheet can be
decomposed as

Total assets = C* + a’, i=1,...,N.
Moreover, the external assets can be of two types: risky 7
and riskless (cash) [?, so that C* = r? + [*. Introducing
the parameter 6 as a proportion of cash holdings, the
volume of the risky assets is 7 = (1 — 6)C?. The lia-
bilities of each bank are composed of the net worth of
a bank, denoted by NW*, and the interbank borrowing,
denoted by b. Hence, for the bank 7, one has:

Total liabilities = NW* + b* | i=1,...,N.
An example of a bank balance sheet as generated by the
simulator is also shown in Fig. 3.

The balance sheets have been constructed for indi-
vidual banks in a sequence of steps. The entry parameter
is the total value of all assets in the system denoted by A
and the parameter § which defines the proportion of
the external asset C' representing the total loans made
to ultimate investors and thus relating to the total size

Net worth
Risky external assets
Riskless assets
Interbank
liabilities
Interbank exposures
Liabilities Assets

Figure 3 Representation of the balance sheet

of the flow of funds from savers to investors through
the banking system. That is, 5 = C/A. The aggregate
assets of the whole banking industry can be written as
A = C+IwhereI = (1— [3)A represents the aggregate
volume of interbank exposures, i.e., I := Y, ; L.
Dividing the total interbank assets by the total num-
ber of nodes in the network, one arrives at the level
of each bank. So, weights of all links are equal banks
borrow and lend by equal portions w = I/|B|. Though
this looks not very realistic, such a hypothesis is accepted
to reduce the number of parameters. Hence, using w
and the structure of the network, one can calculate for
each bank the volume of its liabilities a* = n;,(i)w and
exposures b’ = nqu(i)w. For any bank to be able to
operate, the value of its external assets is required to be
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not less f[han its net interbank borrowing, that is, one has:
C" > b" — a*. Let us fulfill this constraint by applying
the following two-step algorithm.

First, for each bank, fill up the bank external assets
part of the balance sheet in such a way that its external
assets plus interbank lending will equalize its interbank
borrowing. That is, provide first the bank i the volume
C?" = (b; — a;)~ where C' is the fraction of the total
volume C' reserved for the external assets. At the second
stage, what is left in aggregated external assets is equally
distributed among all banks. Note that the total of ex-
ternal assets is equal to C'. Hence, in the second step,
distribute C = C - fV: , O equally among all N banks.
Hence, one has C? = C + C'/N. The constraint can be-
come difficult to meet if the percentage of external asset
is too low. Since the distribution of links is stochastic,
some banks may be assigned interbank borrowing much
larger than interbank lending. When the total amount
of external assets is low, there may be not enough assets
to go round to close all balance sheet gaps opened up
in this way. To avoid this difficulty, make sure that the
total volume of external assets is at least 30% of the total
volume of all assets.

Although the model is applied to fully heterogeneous
banks, for the purpose of illustration and simplicity, let
us consider one common risky asset for all banks (full
correlation among the banks). Further studies can be
conducted for portfolios composed of many different
risky assets. Furthermore, let us choose the risky asset
evolving according to value of a reference portfolio whose
dynamics follows a geometric Brownian motion (2).

Since S; = Sy at time ¢ = 0, one can define v’ as the
amount of the risky assets in the portfolio of each bank
with y* = r?/S;.

Hence, the asset side of the bank balance sheet
is completed as well as interbank borrowing b on the
liability side. The determination of the remaining com-
ponent, the net worth (equity) NW on the liability side,
is relatively straightforward. The net worth is set as
NW = a + C — b. This completes the construction of
the banking system and of each constituent bank balance
sheet.

Now, let us calculate the probability of the first de-
fault. Then, let us specify which bank will first default to
check the price of the risky asset at the time of default .S,
where 7 is the time of the first default (1st stopping time).
This generates a loss in the asset price from Sy to S,
on each bank i which will suffer a loss of y*(Sp — S,).
The sum of these losses is equal to Zf\; 1Y (So — S7)
and is denoted as Corr_loss (correlation loss). In what
follows, it is assumed that the first default will affect
the neighborhood and will trigger a cascade of default
due to the loss transmission through the interbank con-
nections. The sum of the total losses generated by the

cascade of default is denoted as Con_loss and is equal to

(1-R) Zf:;o > iep, .1 2uep,- Having the probability
as well as

Network total loss = Correlation loss + Contagion loss,
one can calculate
Probable loss Indicator = P - Total loss .

In what follows, the parameters will be varied in the
experiments.

4.2 Experiment 1: The influence
of the external assets volume
and its riskless proportion
on the probability and losses

Given the balance sheet above we want to compute the
probability of default when the proportion of the risky
asset varies. For the sake of more profit and wealth,
banks have the choice to invest in either risky assets or
riskless assets. It is known that the revenue in risky assets
can be much larger than the riskless ones. Thus, banks
have more tendency to invest there while keeping an
eye on the risks and their liabilities towards other banks
making sure they can settle when needed. Therefore,
let us check the probability of the first default that can
trigger a cascade of defaults in the system based on the
percentage of the risky assets. Regulators may impose
a minimum threshold on the level of riskless assets (6)
held by banks as well as define a certain proportion
that a bank can invest in external assets. That is why,
both parameters will be considered in this experience
to check how both of them can affect the vulnerability
of the system and what is the optimal requirement on
the riskless assets thresholds for each volume of external
investments.

As for the following figures, this experiment illus-
trates that with an increase of the riskless assets level,
the probability of the first default decreases to become
zero after a certain threshold of 6. Also, note that this
threshold is smaller with an increasing volume of assets /3
(Fig. 4).

For example, for 3 = 0.55, the probability of default
is always less than 0.5 decreasing with # and becomes
null after # = 0.6. If the system is engaged with high
level of external investments G > 0.75, the probability of
default is very low with a very low rate of riskless assets
0@ = 0.55. This means that the system is rather stable
even if the level of risky assets is high. On the other hand,
for a high level of external assets investments as shown
in Fig. 5, the probability of the first default remains low
even with high level of risky assets.

In the following experiments, 8 = 0.5 will be fixed
as it is assumed that banks have the same probability to
invest in external and internal assets.
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4.3 Experiment 2: The influence
of the volatility and drift
of the risky asset price

Now, let us study how the volatility and drift of the asset
price can also affect the probability taking into consid-
eration also the level of the risky assets in banks balance
sheet. The volatility reflects the risk of changing the
portfolio price due to external and internal factors.
Assuming that the portfolio of risky asset price has
a volatility that varies from 0.1 to 1, one can conclude
that for the volatility less than 0.25, the probability of
default is low for any 6 level. When volatility increases
above 0.25, the probability of default increases with 6
decreasing and volatility increasing. The pattern of every
plot is changing with 6: having the plot concave for
high 6 and convex for low 6 shows that the behavior of
the volatility influences more the probability of default
since for higher 6, the increase in probability is faster
than the lower one. So, summarizing, the volatility
should be limited to a certain extent in order to save the
network from a high probable default; otherwise, a high

INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2

impact will be affecting the asset price which, in its turn,
will trigger a higher indicator of default.

Moreover, we also evaluate the effect of the asset
price drift on the probability considering at the same
time the level of the risky assets in banks’ balance sheet.
We conclude that a portfolio price with high drift or high
average of return will, for sure, lead to a more stable
financial system. The optimal portfolio would be with
high drift and low volatility.

Figure 6a shows for each level 6 the variation of the
probability relatively to the drift. In particular, one can
see that for 8 = 0.5, the level of drift required to assure
a probability less than 0.2 is also 0.5 but if § = 0.6, one
can see that in this case, the required level of drift is 0.05.

Figure 65 highlights the relation between the volatil-
ity and the drift affecting the probability of default. It
is normal that the probability of default increases with
increasing volatility and decreases with increasing drift.
But from Fig. 6a, one can also see that when volatil-
ity is very high, the influence of the increasing drift is
reduced.
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4.4 Experiment 3: The impact of recovery
rate and the level of the riskless asset
in the banks’ balance sheet on the losses

In the present model, the system loss is another parame-
ter that influences the indicator as probability of the first
default can be low; however, when it happens, the loss
in the system can be huge. Therefore, we analyze the
behavior of the network when recovery rate is changing
knowing that recovery rate is one of the main influencer
of the losses due to the default cascade. Figure 7 shows
that the total loss in the system decreases when recovery
rate is increasing due to the fact that defaulted banks
need to settle their due payment. One can clearly observe
that there is a linear relation between the recovery rate
and the contagion losses.

4.5 Experiment 4: The impact
of the fire sale on the losses

Also, let us consider a subordinate source of risk due to
the fire sale of external assets of defaulting banks which

14107
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Figure 7 Contagion losses

will lead to other banks default because of the price de-
preciation. In bad times, in order to compensate certain
losses, distressed banks tend to sell assets in a depressed
price, a situation called asset “fire sale.” Because of the
correlation between the banks’ balance sheets having
common assets, the decrease in the asset price affects
all banks holding these assets and, as a consequence,
a cascade of losses created by others banks, too. In
this experiment, we want to compute what will be the
losses resulting from the “fire sale” mechanism that will
respectively add to the total loss of the system (Fig. 8).
It is expected that the fire sales loss will increase with
the drop rate of the price but it is worth to note that the
increase is very sharp and fast.

4.6 Experiment 5: Removing the weakest
bank to make the system more resilient

The financial system is a number of financial institu-
tions, in the present paper considered as banks. Every
bank has its investment strategy, priorities, relationship,
and connections as a consequence different influence,
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Figure 8 Fire sale losses
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system loss

power, and risk level in the financial system. Banks
balance sheets are populated on the quarterly basis and
can be available to regulators at any time. Thus, it is
possible to understand the risk level of each bank to be
defaulted. Since banks default can generate a default
cascade, it is worth to verify if it is better to exclude the
risky bank from the financial network. It is important
to determine the weakest bank that can default anytime
either due to a market price drop or liquidity shortage.

In this experiment, we create a scale-free network
of 250 nodes using the same methodology as above and
determine the bank 7, having the highest probability
to default or, in other words, the weakest bank to de-
fault. Also, we calculate, on the basis of the above, the
probable loss Indicator of this network. In some cases,
we may have more than one bank defaulting simultane-
ously.

Once the bank is identified, let us check if removing
the bank from the network is healthier for the financial
system. Of course, such an action has important con-
sequences to the owner, employees as well as debtors
and creditors in this bank. The modification on the
balance sheet of this bank and all banks connected and
in relation to this bank will be described as follows:

— removed bank pays all its liabilities to all its cred-
itors and, as a consequence, updates its creditors’
balance sheets a; by adding the amount of money
bank ¢ has landed from bank j to the riskless assets;

removed bank collects all its exposures from all its
debtors and, as a consequence, updates its debtors
balance sheets b; by removing the amount of money
bank ¢ has credited to bank j. Bank j is supposed
to pay to bank 7 from their external assets (riskless
assets and risky assets; so, either bank j has to pay
from its liquid reserve or sell some external assets to
pay its due).
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We conduct this experiment and compute the prob-
ability, total loss, and indicator having the vulnerable
bank (banks) in the system and after removing it (them)
from the network.

Figure 9 confirms that when removing the risky bank,
the probability of default will decrease. This means that
the system becomes more resilient to default.

Now, let us check the total losses that may occur in
the system due to a default in the above two mentioned
cases and note that, contrary to the probability, the total
losses will be higher in the case where it has been decided
to remove the vulnerable banks. The reason could be
that the external assets prices that have decreased to S,
causing the first default in the first round has to decrease
more to trigger the default after removing the set of
banks that could defaulted on S.-. In this case, though
the probability is lower, the increase in the total losses
from before to after removing the banks is due to the
fact that the risky assets price should drop more and,
accordingly, the correlation losses increase. On the other
hand, since the shock on the net worth of every bank
becomes higher, we expect that the contagion losses are
larger now. Having both correlations and contagion
losses higher, this will lead to a high total loss as shown
in Fig. 9. It is worthy to note that for small recovery rate,
the increase of the total loss after removing the weak
banks is even higher.

5 Concluding Remarks

In this paper, a financial network model of interbank in-
teractions has been developed which incorporates a dy-
namical behavior of banks portfolios and combines it
with cascade defaults. It is assumed that the portfolios
contain, together with riskless asset, a unique risky asset,
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Abstract: Long-term correlation is a key feature of traffic flows and has a deep impact on network performance.
Indeed, the arrival rate can persist on relatively high values for a considerable amount of time, provoking long
busy periods and possibly bursts of lost packets. The authors focus on Gaussian processes, well-recognized and
flexible traffic models, and consider the probability that the normalized cumulative workload grows at least as the
length 7" of the considered interval. As T" increases, such event becomes rare and ad-hoc techniques should be used
to estimate its probability. To this aim, the authors present a variant of the well-known conditional Monte-Carlo
(MC) method, in which the target probability is expressed as a function of the corresponding bridge process. In
more detail, they derive the analytical expression of the estimator, verify its effectiveness through simulations (for
different sets of parameters), and investigate the effects of the discretization step.
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1 Introduction

Key features of traffic patterns in modern computer net-
works are the high level of statistical multiplexing and,
at the same time, strong correlations over several time-
scales [1]. In this framework Gaussian processes have
emerged as well-recognized and flexible models able to
describe the traffic dynamics of a wide class of net-
works [2, 3]. Indeed, they permit to capture, in a simple
and parsimonious way, the properties of self-similarity
and long-range dependence, which have a deep impact
on network dimensioning and QoS (Quality of Service)
issues [4]. In a nutshell, self-similarity means that the
distribution of the process remains unchanged under
suitable scaling of time and space, while long-range
dependence (also known as Joseph effect) [5] implies
a slow decay of the autocorrelation function.

Network performance are, in general, deeply in-
fluenced by packet losses and many works have been
devoted to the estimation of the overflow probability in
presence of long-range dependent traffic (see, for in-
stance, [3] and references therein). However, not only
the loss rate is relevant, but also the way in which loss-
es are distributed over time. Indeed, bursts of losses
can significantly degrade the QoE (Quality of Experi-
ence) in case of real-time multimedia applications and
also affect the throughput of elastic applications, since
TCP congestion control [6] poorly reacts in presence
of multiple losses during the same congestion window,
which often lead to the expire of timeouts (instead of

the AIMD (Additive Increase Multiplicative Decrease)
behavior that happens when losses are detected via triple
duplicate acknowledgements). Such bursts of losses are
often determined by high-activity periods that last for
relative long intervals of time, a typical consequence of
the above-mentioned Joseph effect.

Moreover, the properties of long-memory and self-
similarity make difficult the theoretical analysis even for
simple queuing systems and, as a consequence, simula-
tion is often the only available tool to investigate network
performance.

Simulation permits to study the performance of com-
plex systems with an arbitrary level of detail, but the
traditional approach, known in the literature as crude
MC, becomes highly inefficient when the event of inter-
est gets rarer and rarer. Indeed, given a required level of
accuracy (typically expressed in terms of relative error),
the length of the simulation is inversely proportional to
the target probability, which can assume (for instance,
in the case of high-quality video flows) values of the
order of 10~ [7]. Moreover, every estimate may be
related to the simulation of complex networks and so
includes the generation of a huge amount (of the order
of millions or more, depending on the time horizon and
the complexity of the system) of random numbers, with
additional concerns related not only to the length of
the simulation, but also to the goodness of the random
generator itself.

Variance reduction techniques aim at achieving the
desired accuracy with a lower number of samples [8],
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but require some additional information about the be-
havior of the system, typically provided (although in
an asymptotic and eventually approximate form) by the
Large Deviation Theory (LDT) [9]. Among them,
Importance Sampling (IS) is probably the most popular
approach [10] due to its links with LDT!, providing a sol-
id theoretical background for its applicability. However,
under an improper choice of the change of measure
(the optimal choice is known just for simple queuing
systems), the variance may even grow infinitely [11].

In this paper, based on its predecessors [12, 13], the
focus is on an alternative approach, known as Condi-
tional MC, in which the target probability is expressed
as a conditional expectation. Although conditional MC
always leads to variance reduction, it is often impossible,
or at least very difficult, to find a suitable conditioning
quantity. However, in case of Gaussian processes, the
target probability can be easily expressed as a function
of the corresponding bridge process, as originally pro-
posed in [14] under the name of Bridge Monte Carlo
(BMCQ), for the estimation of the overflow probability.
As mentioned above, in this work, the authors investigate
the applicability of BMC to the tail distribution of the
duration of high activity periods, which indeed become
rare events when the duration of the considered interval
goes to infinity. In comparison with the preliminary
work [12], the experimental results have been widely ex-
tended: indeed, the authors investigated the asymptotic
properties of the estimator, compared its performance
with a basic version of IS, and analyzed the effect of the
discretization step on the estimated probability.

The rest of the paper is organized as follows. In
Section 2, the authors formally define the problem ad-
dressed in this work and recall the few available asymp-
totic results. Then, Section 3 addresses the general
issues related to rare event simulation, including the
basic definitions about simulation efficiency and a short
description of (single-twist) IS, the most widely used
variance reduction technique that will be considered
later for performance comparison. The use of the bridge
process is investigated in Section 4, while its perfor-
mance is analyzed in Section 5, taking into account
the effect of different parameters (such as the length
of the activity period, the conditioning point, and the
discretization step). Finally, Section 6 ends the paper
with some final remarks.

2 High Activity Periods
for Gaussian Processes

In traffic modeling, Gaussian processes have emerged
as a flexible and powerful tool, able to take into account

the long memory properties of real traffic, while keeping
a relatively simple and elegant description.

In this work, a centered Gaussian process with sta-
tionary increments {X,, ¢t € R, } is considered. Let us
denote by v; := VarX; the variance of X;; then, the
covariance function has the following expression:

Iy = ('Ut +vs — 'U\tfs\) .

1
2
It is interesting to estimate the following probability:

m(T):=PNMteT: Xy >t) (1)

where T = (0,7] € R;. Such probability is closely
related to the duration of busy periods and plays an im-
portant role in the study of QoS indexes since it takes into
account bursts of losses (for more details, see [15, 16]).

It is worth mentioning that the present approach
only requires that v, is an increasing function. Such
condition is quite general and holds, for instance, for
the following processes, well-known in the literature and
widely-used in traffic modeling:

(1) fractional Brownian Motion (FBM), one of the
most studied self-similar long-range dependent
Gaussian processes, originally proposed in the traf-
fic modeling framework by Norros [2]. It has been
shown in [17] that FBM arises as the scaled limit
process when the cumulative workload isa superpo-
sition of on-off sources with mutually independent
heavy-tailed on and/or off periods. In this case,

Ut:t2Ha HG(Oal)v

and in the teletraffic framework, usually, H

€ (1/2,1), corresponding to processes with long-

range dependence;

(2) sum of independent FBMs:
U = Z t2H7’ .

The use of this model is also motivated by the fun-
damental result in [17] in case of heterogeneous
on-off sources; and

(3) integrated Ornstein—Uhlenbeck process (I0U):
v =t+e -1

is the Gaussian counterpart of the well-known
Anick—Mitra—Sondi fluid model [18], and its rel-
evance in the framework of teletraffic is also dis-
cussed in [19].

'On one side, several proofs in LDT are based on IS arguments and, on the other side, efficient changes of measure are often related to

sample-path LDT results
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Note that the analytical expression of the target
probability is not known in explicit form for a gener-
al Gaussian input (including the considered examples).
Indeed, there are only a few asymptotic results available,
based on LDT. For instance, in the case of FBM input,

) 1

1 X
= lim —logP (Vte(o,l]: \/—i >t)
n

n—oo N

=~ inf A(f):=—v @)

where
PB={feR: f(r)>r Vre(0,1]};

A denotes the rate function; and R is the reproducing
kernel Hilbert space (RKHS) associated with the distri-
bution of FBM (for more details, see [20]). Moreover, it
is known [15] that the constant v € [1/2, ¢% /2], where

cg:=|H(2H—-1)(2—-2H)

1 —1/2
co(n- Lo o))

and B is the Beta function. Note that the upper bound
for this constant is close to 1/2 in case when H > 1/2
(Fig. 1). A further characterization of the most likely
path in the set 4 has been found in [21], and since
an explicit expression for v is not available, numer-
ical methods to calculate v have been proposed. The
above-mentioned asymptotic result has been generalized
in [22] to the case of Gaussian processes with regularly
varying at infinity variance, which includes the sum of
independent FBMs and IOU as well.

Due to the lack of exact analytical results, simulation
is the only available tool for estimating the target prob-
ability (1). On the other hand, when T" — oo, the event

0.510

T

0.508

0.506

T

0.504

Upper bound

0.502

T

0.500 1 1 1 1
0.5 0.6 0.7 0.8 0.9 1.0

H
Figure 1 Upper bound for v

{Vt € T: X, > t} becomes rare and, hence, standard
MC requires an unacceptable large number of generated
sample paths. Indeed, the key contribution of this work
is the application of a variant of the conditional MC
method for variance reduction.

3  Preliminaries on Rare Event
Simulation

Let X be a random process. Consider estimating the
probability

7(T):=P(X € Ap) =EI (X € Ap)

for some Borel set A7 of the paths of the process X
where I denotes the indicator function and 7 is the
so-called parameter of rarity: 77 — 0 as T" — oo. To
estimate 7 by standard MC simulation, one should gen-
erate N replications X ... X(V) of the process X.
In the following, there will be considered the estimators
of the form

N
#n(T) = % > Er (x™) 3)
n=1

for a measurable function Frp. If Fp(X) = I(X € Ap),
one has the crude MC estimator. The relative error (RE)
of the estimate 7 (7') is defined as

v/ Var[mn (T)]

RE (7(T)) := W )

and for the crude estimate, it behaves as

1

RE (7(T)) ~ NCar

as(T)— 0.

Therefore, the RE of the standard MC estimation is
unbounded when the event becomes rare. That is why
for the rare event simulation, it is crucially important to
define modified estimators in order to reduce variance
(and, as a result, RE).

Let us consider the number of sample paths required
to obtain some given maximal RE:

Nr =inf{N € N: RE (7(T)) < REpax}
and let us introduce the concept of relative efficiency
_ logE [Fr(X)?]
" logE [Fr(X)]

An estimate (3) is said to be asymptotically opti-
mal [23, 24] with respect to the parameter T if

1
lim sup T log N =0,

T—o0
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i.e., if the corresponding RE increases slower than any
exponential function. The latter condition is equiva-
lent to

T—o0

Remark that the limit above is always less or equal 2 since
E[Fr(X)? > (E[Fr(X)])2. The proof of asymptotic
optimality usually relies on LDT, namely, on Varadhan’s
lemma [23].

Let us briefly describe the method of simulation
by conditioning, known in the literature as conditional
MC [8]. Denote

Z=1(X € Ar)

and assume that one has an auxiliary random variable
(r.v.) Y correlated with Z such that E[Z]Y] is available
in explicit form. Let Y1) ... Y (V) be the sample of Y;
then, the corresponding unbiased estimator of E[Z|Y] is
defined as

1 N
An(l) =+ D E [Z|Y(”)} .
n=1

Note that the variance of this estimator is always less
than the variance of the standard MC one since

VarZ = E[Var[Z]Y]] + Var [E[Z]Y]] . 4)

Another popular method for variance reduction is
IS. The basic idea of IS is the change of the probability
measure, so that the target rare event becomes more
likely to occur [10]:

m(T) =EI(X € Ay) = /1 (z € A7) dP(x)

e

dP(z) =E[I[(X € Ap)L(X))

where L := dP(x)/dP(z) is the likelihood ratio and E
means expectation associated with the probability mea-
sure IP. Hence, the IS estimator is defined as

(1) = %i[ (x € Ar) L (x0)

where (XMW, ..., X)) are independent and
identically-distributed replications generated according
to P.

It is well known that the optimal change of measure
(zero-variance) requires the knowledge of the proba-
bility of interest and, therefore, cannot be practically
adopted.

A class of IS estimators (known in the literature
as single-twist estimators) can be constructed by shift-
ing the process X with a deterministic path n; (P is

the law of {X; + 7:}) in order to make the rare event
more likely to occur. In the finite-dimensional case,
when X is a centered Gaussian random vector with
nondegenerate covariance matrix I', it is easy to show
(see, for example, [25]) that the likelihood ratio is giv-
en by

1
L(z) = exp {77’1"139 + 577’1"177} .

4 Bridge Monte-Carlo Estimator

The BMC is a special case of the conditional MC
method, particularly suitable for the estimation of the
rare event probabilities in a queueing system with Gaus-
sian input.

Originally proposed by some of the authors
in [14,26,27], BMC is based on the idea of expressing
the overflow probability as the expectation of a function
of the Bridge Y := {Y;} of the Gaussian input pro-
cess X, i.e., the process obtained by conditioning X
to reach a certain level at some prefixed (deterministic)
time instant 7:

Yi =X — e X

where 1), is expressed via the covariance function as

—

t, T

Py =

—

3

T7

Since the variance of the input is an increasing function
of ¢ in all models considered, it is easy to see that vy > 0
for all ¢ € T'. Moreover, note that for any ¢t € T, Y; is
independent of X - since

Ft,T
FT,T

E [XT}/t] - FT,t - FT,T =0

and (X, Y;) has bivariate normal distribution.
The target probability can be expressed in the fol-
lowing form:

7(T)=P(MeT: X;>t)
]P’<Vt€’IF: X7>ﬁ)
(o

:IP’(XTzsupt_Yt) :IP’(XTZY)

teT t
where v
_ t—
Y :=sup L.
teT Pt

Observe that random variable Y is independent
of X ;. Forthe sake of simplicity, let us prove this property
inthe case T = {1,...,T} which is enough for simula-
tion needs. Indeed, the random vector (X, Y7,...,Yr)
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has multivariate normal distribution and, moreover, as it
was shown above, X, isindependent of Y;,7i =1,..., T}
hence, X isindependent of the vector (Y7, ..., Y7) (due
to the properties of the multivariate normal distribution,
see [28] for more details) and, as a consequence, of any
function of its components.

Having in mind that X; =4 /Tt N(0, 1), the con-
sidered probability can be rewritten as follows:

A(T) =P (X, >7) = / P(X, > wP (¥ € du)

R
FT,T

where independence between Y and X, is used and ®
denotes the tail distribution of standard normal variable,
that is,

=E

1 oo
O(z) = Wor /e_yz/Qdy .

Hence, given a sample {Y(R), n=1,...,N}ofY,
the estimator of 7(7") is defined as follows:

~BMC 1< v
ey (Um)

Note that

o <ﬂ}f_> —E[I(X, > V)7 ;

therefore, the BMC approach is actually a special
case of the conditional MC method. By (4), VarZ
> Var[E[Z|Y]]; so, one can expect that the BMC esti-
mator implies variance reduction (with regard to crude
MC simulation) in the estimation of the target probabil-

ity w(T).

5 Simulation Results

In this section, through simulation results, the accuracy
of the BMC estimator and the dependence of its perfor-
mance on different parameters will be pointed out. For
sake of brevity, only the results for FBM input consid-
ering N = 10000 replications (unless otherwise stated)
will be presented.

Figure 2 shows the dependence of the target prob-
ability on the interval duration 7" in case of H = 0.8,
a typical value of the Hurst parameter for traffic data.
The probability 7(7) exhibits an exponential decay in
agreement with the known LDT asymptotic results (see
formula (2)). To better understand the practical appli-
cability of such limits, in Fig. 3, the ratio between BMC
estimates and (2) is reported for different values of 7.

In order to verify the goodness of the present estima-
tor, the dependence of the RE on the parameters 7" has
been considered. Figure 4 highlights that the RE grows
slowly and for probabilities of the order of 1011, it is
still less than 18%, as can be easily verified by comparing
the values in Figs. 2 and 4.

The goodness of the present method is also con-
firmed by the table, where BMC is compared to single
twist (with a constant linear drift chosen by minimizing
the variance of the estimator) IS in terms of RE: for all

<
N

Probability (log scale)
)

10-11
! ! ! !
2000 4000 6000 8000 10000
T
Figure 2 Dependence of 7 on parameter 7'
1.30
2
2
g
> 1.20F
<
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| | | |
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Figure 3 Comparison with LDT asymptotic results
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On the efficiency of Bridge Monte-Carlo estimator

Relative errors for BMC and IS

T BMC IS
200 0.0691 0.1483
400 0.0779 0.1850
600 0.0941 0.1755
800 0.0894 0.1772
1000 0.1039 0.2275
1200 0.1044 0.2084
1400 0.1101 0.1980
1600 0.1104 0.2462
1800 0.1150 0.2182
2000 0.1177 0.2696

the considered values of 7', BMC reduces the RE by
a factor around 2.

To better understand the asymptotic properties of
the estimator (at least heuristically), in Figs. 5 and 6, the
behavior of N7 and Rr is shown: the required number
of sample paths (for a fixed value of the RE) grows very
slowly (at least in logarithmic scale) and the relative
efficiency is above 1.9 for 7" > 20000 (and gets closer
to 2 for higher values of 7).

In all previous simulation sets, the conditioning
point 7 in the BMC algorithm has been assumed equal
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to the duration of the interval. The correctness of such
choice is confirmed for 7" = 3000 by Fig. 7 in which
an absolute minimum of the RE can be identified in
a neighborhood of 7T'.

Finally, in Fig. 8, the effect of the discretization
step (simulations always involve finite-size vectors and
not continuous-time processes!) on the estimated prob-
ability is highlighted. In more detail, 7" = 100 with
discretisation step A (in the previous simulations, 7 = 1)
has been considered. This means that each FBM sam-
ple path consists of 7'/h points: apart some oscillations
of the estimated value (the confidence intervals should
also be taken into account!), as expected, the target
probability decreases when sampling is more dense.

6 Concluding Remarks

In this paper, the estimation of the busy period dura-
tion in Gaussian queues was considered with focus on
the upper tail of the distribution. To address the issues
related to the simulation of such rare events, the authors
considered a special case of conditional MC estimator
based on bridge processes. In more detail, the BMC
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approach exploits the Gaussian nature of the input pro-
cess (independence is equivalent to uncorrelatedness)
and relies on the properties of bridges to write down the
target probability as the conditional one.

To study the properties of the proposed estimator,
several simulation experiments have been carried out fo-
cusing on FBM sample paths, although the methods are
applicable to any Gaussian process with increasing vari-
ance. In the experimental analysis, different values of
the relevant parameters (duration of the interval, choice
of the conditioning point, and discretization step) have
been considered and the asymptotic properties of the
estimator (in terms of relative efficiency and duration
of the simulation for a given precision of the estimates)
have been investigated. Finally, it is worth mentioning
that the relative error is halved with respect to single twist
IS, highlighting the efficiency of BMC over well-known
rare event simulation techniques.
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MAKCUMMUZALNA CPEJHEIO CTALHMOHAPHOI'O JOXOIA
CUCTEMbI MACCOBOI'O OBCIITY X XUBAHUA TUTIA M /G /1*

4. M. Aranapos!

AnHoTtamusa: PaccmaTpuBaeTcs 3amaya ONTUMM3ALIMKU IOPOTOBOTO 3HAUYECHUS UTMHBI ouyepenu cuctembel M /G/1
B CMBICIE MaKCUMMU3AIUU TIPEIeTbHOTO JOXO0a, IOIydaeMoro CUCTeMOI B eqWHUILy BpeMeHU. [loxom ompe-
NeJIsIeTCsl TIIaTOM, TToJTy9aeMoil 3a 00CTy>KMBaHME 3asiBOK, 3aTpaTaMi Ha TEXHUYECKOe O0CITyKIBaHUe TTprdopa
U mTpadaMu 3a 3aJepXKKY 3asIBOK B 04epean, 3a OTKa3 3asiBKe B 00CIYXXUBaHUM, 3a TTpocToit cucteMbl. Chop-
MYJIMPOBAHBI TOCTATOUHBIE YCJIOBUS CYIIECTBOBAHUSI KOHEYHOTO MOPOTOBOTO 3HAYSHMS TSl cucteMbl M /G /1,
JTIOKa3aHbI YTBEPKACHMS O HCOOXOIUMBIX Y TOCTATOYHBIX YCIIOBUSIX OIITUMAIBHOCTH ITOPOTOBOTO 3HAUCHMS U O CY-
LIECTBOBAaHUM KOHEYHOTO ONTHMAIbHOro mopora. IlpenioxkeH alropuT™ pacueTa ONTHMAJIbHOIO MOPOrOBOr0O
3HAYCHMS M COOTBETCTBYIOIIETO 3HAYCHUS MAaKCUMAaJIbHOTO Joxoaa. [1puBeIeHbI pe3ybTaThl BEIUMCIUTETbHBIX
9KCIEPUMEHTOB, WUTIOCTPUPYIOLIUE PabOTy IPEAI0KEHHOTO aIfOPUTMA.

KiroueBbie cioBa: cricteMa MacCoOBOTO OOCITy:KMBaHUsI; TOPOTOBOE yIPaBJICHUE; ONITUMU3ALIUST

DOI: 10.14357/19922264170203

1 Bsenenwue

B nmanHoOli paboTe MpoBOAMTCS AajibHellnee uc-
cJieloBaHUEe MPOOJeMbl ONTUMATbHOIO YIPaBICHUS
ouepenpio cuctemMbl M /G/1, chopMyIupoBaHHOM
B pabote [1] B Buae 3a1aunM MaKCUMU3ALMU MTPEACIb-
Horo moxoma cucteMblM /G/1 B emWHUILy BpeMeHU
Ha MHOXeCTBE TOpPOTOBBIX cTpareruii. Jloxom, Kak
u B pabote [1], ompenensieTcs maaToil, mojiydyaeMom
3a 00CITy>KMBaHUE 3as1BOK, 3aTpaTaMU HAa TEXHUYECKOE
obcayxkuBaHue mpubopa M mTpadamMu 3a 3aIepPKKY
3a51BOK B OY€peNU, 32 OTKA3 3asiBKEe B OOCIYXKUBAHUU,
3a MPOCTOI CUCTEMbI. AHAJIOTMYHAasl TOCTAaHOBKA 3a/a-
4y st omHoKaHabHbIX CMO tuna M /G/1u G/M /1
paccMOTpeHa aBTOPOM JTaHHOW CTaTbU TakKXKe B pabo-
tax [2, 3]. W3 apyrux paboT OTeYeCTBEHHBIX aBTO-
pOB OJM3KHM TI0 TIOCTAaHOBKE 3agayu paboTwl [4, 5],
B KOTOPBIX JaHHAas 3aaa4a chopMyIupoBaHa B TEPMU-
Hax TeOpWM YIpaBJIsieMbIX liereidi MapkoBa JUIsl CUC-
TeMbI MaccoBoro oociyxuBanus (CMO) tura M /G/1
u CBSMAP/M /n/rvnipenaraeTcss YUCICHHBIN METO
ee penieHusl.

B pa6Gote [1] mojydeHbl OLleHKA CHU3Y JJISI ONTU-
MaJIbHOTO TTOPOTOBOTO 3HAYEHUST M aJITOPUTM €€ BbI-
YUCJIEHUSI METOAOM IOCAeI0BATEbHOTO MpUOJIMKe-
HUsI. B KayecTBe OLIEHKM TIpeJiaraercsi pelieHue
BCITOMOTATEJIbHOM ONTUMMU3ALIMOHHON 3aga4u, chop-
MyJMPOBAHHON KakK 3afaya Moucka MOpOoroBOro 3Ha-
YeHUsl JIMHBI odepenr (ONMTUMAaJIbHON CTpaTeruu
yhpaBiieHus: ouepenpio) cucrembl M/G/1, makcu-
MU3UPYIOLIETO MpPeneabHbIA JOXOJ CUCTEMBbI, YCPe.-

HEHHBIM MO YUCIY OOCIY>XEHHBIX 3asiBOK. B pabo-
Te [1] cdhhopmynupoBaHbl HEOOXOAMMBIE U JOCTATOY-
HbIE YCJOBUSI ONTUMAIbHOCTU MOPOTrOBOrO 3HAYEHUS
IIJIST BCTIOMOTATEIbHOM 3aJa9M M IPEUIOKEH aJTOPUTM
rapaHTUPOBAHHOTIO ITOMCKA PEIICHMS ITPY YCIIOBUH BBI-
MOJHEHUSI JOCTAaTOUHBIX YCJI0BUM. B maHHOI pabo-
Te€ aHaJOTMYHbIE Pe3yJIbTaThbl MOJYYEeHbI JJISI 3aJauyu
MaKCUMM3ALUHU IIpeaeTbHOro qoxona cuctemel M /G/1
B €IMHMILY BpEMEHU U J0KAa3aHO, UTO IJIsl TOM CUCTe-
MBI TOCTATOYHBIC YCIIOBUSI CYIIIECTBOBAHUS ONITUMAJIhb-
HOTO TIOpora BBITIOJHSIOTCS Beerma. IlpemmoxeH aj-
TOPUTM TOCJIE0BATEIbHOTO MPUOJIMKEHUSI, KOTOPbI
JIJIS1 TApaHTUPOBAHHOTO MOMCKA ONMTUMAIbHOIO MOPO-
ra TpedyeT oObeMa BBIYMCIEHUN MOpsiaKa JBOMYHOTO
Jioraprdma 3HaYCHUsI 3TOTO TTOpora.

2 IlocraHoBKka 3amauu

PaccmarpuBaercs CMO tuna M /G/1 ¢ HakonuTe-
JeM 0eCKOHEUYHO e€MKOCTU M OJHUM IMpPUuOOpoM 00-
CIY>)KUBaHUsI, HA KOTOPYIO MOCTYIMAET MyaCCOHOBCKUI
MOTOK 3a51BOK C MHTEHCUBHOCTBIO A > 0, a Bpemsi 00-
CIYXKUBaHUS KaxXIOW 3asiBKM pacIpenesieHo Mo IMpo-
u3BoNbHOMY 3akoHYy H (t). [NoctymuBiias 3asiBKa m10-
MyCKaeTcsl B HAKOMUTENb CUCTEMBbI (3aHUMaeET JIoboe
CBOOOIHOE MECTO B HAKOITUTEJIE), €CJTU B MOMEHT €€ MO-
CTYIUJICHUST YUCIIO 3aHSIThIX MECT B HAKOTIUTEJIE MEHb-
we k, rne kK > 0 — HEKOoTOpoe 3alaHHOE 3HauYeHUe
(TpuBUaNBbHBIN ciyvyait k = 0 He paccMaTpuBaeTcs),
a B MPOTUBHOM CJIyyae OHa OTKJIOHSIeTCS (HE IOIyc-

*Pabora BbIMONHEHA ITPU YaCTHYHOI hrHaHCcoBO# momaepkke PODU (mpoekr 15-07-03406).
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A. M. Aeanapos

Kaetcsl B cucteMmy). B panbHeiilemM obo3HauyeHue k
OymeM Ha3bIBaTh ITIOPOTOM, a €T0 3HaYEHKE ITOPOTOBBIM
3HayeHWeM. Ecnm 3asiBKa momyleHa B HAKOIMUTENb,
OHa 3aHUMaeT JIlo0oe CBOOOAHOE MECTO B HAKOMUTENE
1 oOcyXkuBaeTcs Ha Mpudope B MOPSAKE MOCTYILIe-
HUs. 3asiBKa MOKMUIAEeT CUCTEMY TOJILKO MPU 3aBepliie-
HUM 00CTYXKMBaHUSI, OCBOOOAUB OHOBPEMEHHO TPHU-
0Op M HaKOIUTEeJb, a Ha OCBOOOJAUBILMICS TIPUOOP
IOCTyMaeT odepemHas 3asiBKa M3 HaKOmuTeNds (ecnu
TakoBas ecTh). Cucrtema moyiydyaeT J0XOH, KOTOPBIi
OIpeessieTcs CAeAYIOINMU COCTaBSIONIUMU:

Cov > 0 — nnaTa, rojydyaeMasl CUCTEMOI, €CJIu Mo-
CTYMNUBLLIAS 3as1BKa 00CTy>)KeHa CUCTEMOM, Tae v —
BpeMsI 3aHATUS PUOOpa 3asiBKOIA;

C7 > 0 — BenuuuHa 1Tpada, ecayd MOCTYMUBILIAS
3a51BKa OTKJIOHEHA;

Cs > 0 — BeauuuHa mTpada 3a eIMHUIY BPEMEHU
OXUAAHUS 3asiBKU B 0Yepear K mpuoopy;

C3 > 0 — BenuuuHa mrTpada 3a eAUHUILLY BpeMEeHU
npocTost pudopa;

Cy > 0 — 3aTpaThl CUCTEMBI B €IMHUILY BpEMEHU Ha
TEXHUYECKOE OOCTYyKMBAHUE CUCTEMBI.

Bynem cuurtath, 4TO IUIaTy 3a OOCTYKMBaHUE CHUC-
TeMa ToJIyJyaeT B MOMEHT 3aBepIIeHUs OOCTY>KMBaHUS
KaxKJIOM 3asTBKY B 3aBUCHMOCTH OT JUTMHBI 3asIBKU (IJTH -
TEJIbHOCTHU 3aHSITHUs ITprodopa).

OTMeTM, 4YTO IIpOLiecC OOCTYXXMBAaHUS 3asiBOK
B JaHHOI CUCTeMe OIMCHIBaeTCs Ienblo MapKoBa, Te
Mepexoabl LS OIPEIeITIOTCS MOMEHTAMM OKOHYA-
HUSI OOCITY>KUBAHUST U COCTOSTHUE CUCTEMBI €CTh YMCJIO
3asIBOK, OCTAIOIIMXCS B HEll B MOMEHT yXoia C IpH-
Oopa 0o0CHIyKeHHOI 3asiBKM (CM., Hampumep, [6, 7]).
OTMeTHM TaKKe, YTO MPH ITOpore k yKasaHHas IeIb
MapkoBa MMeeT OOWH IOJIOKUTEIbHBIN BO3BPATHBIN
Kjacc cocrossHuit ¢ = 0,...,k — 1.

BBenem obo3HaueHuUsI:

wf, 0 <i <k —1,— craudoHapHoe pacripeieieHue
BEPOSITHOCTEN LIENU MpU rnopore k (ﬂf — BEpOsT-
HOCTB TOTO, UTO IIETTb HAXOAUTCS B COCTOSIHUU 17);

g¥ — 3HaueHMe CyMMAapHOTO IpPEebHOTO J0XO/a,
YCPETHEHHOTO TI0 YMCITY OOCTYKEHHBIX 3asBOK;

q,f“ — CpeOHUI 10X0j, MOJy4aeMblii CUCTEMOM B CO-
CTOSIHUU ¢ TIpH TTopore k, i > 0;

v = f0°° t dH (t) — cpemHee BpeMsT TIpeOBIBAHUS CUC-
TEMbI B COCTOSIHUM ¢, 0 < T < 00;

p = \U — BXOJIHas Harpyska.

3HavyeHue NMpeieTbHOro 10X01a, YCPEAHEHHOTO 10
yuciry 00CTy>KEHHBIX 3as1BOK, IIpU nopore k paBHo [1]:

k—1
9" => wiaf. (1)
i=0

CpenHee 3HaYeHUE MPEAETIbHOTO J0XOIa CUCTEMbI
B €IMHUILY BpeMEHU IIpu Ttopore & cocTtasisier [1]:

QF=x(1-07)g", )

rae 9’,2 — BEPOSATHOCTH TOTO, YTO ITOCTYITMBIIIAS 3asiBKa
He Oy/IeT IOIyIleHa B CUCTEMY.

CraBuTCS 3a7a4a: HATU ONTUMAaJIbHOE TOPOTOBOE
3HaueHue k* > 0, Takoe uTo

maxQF = QF . (3)

k>0

Huxe Bcrogy Oyaem cuuratb, uro k0 > 0 n k* >
> (0 — onTuUMaJIbHbIE MOPOTrOBbIE 3HAYEHUS B Cliydyae
dyukuuii (1) u (2) COOTBETCTBEHHO.

3 Merona pelneHUs

IIpuBOAMMBII HUXXE METOA pPEelIeHUs] MOAPOOHO
onucaH B pabote [ 1] mpuMeHUTENBHO K 3aJaue MaKCu-
Mu3aluu GYHKUUK ¢F. I8 HarIsSAHOCTH U3JIOKEHUS
MpUBEIEeM KpaTKO OCHOBHbIE (hOPMYJIbI U YTBEPXKIe-
HUS U3 YKa3aHHOM paboThl, HA KOTOPbIe HUXE B TEKCTE
CIeTaHbl CChUIKU.

J1s1 cTallMOHApHOTO pacrpeneeHus] BepOSITHO-
CTeil COCTOSIHMI CHUCTeMBI TPU ITOpore k IOJIydeHBI
pekyppeHTHbIe (popmyibl (cM. (4) u (6) B [1]):

mh=mgR;, j=0,...,k—1, 4)
rae
k—1 -1
i=0
3nech
1—
Ro=1; Ri= T7“07
0
] i
Rij1=—|Ri—ri— ZRjTi—jJrl ;
T0 =
i=1,....k—2,
e

e M dH(v)mpul > 0.

T ow)
i _/ Il
0

Jns BeIMUMHBI CPEHEro 10X0da CUCTEMBbI, TOJy-
yaeMmoro 3a BpeMmsl NpeOdbiBaHUs B COCTOSIHUM 0 < ¢ <
< k — 1, BepHa dopmyna (cMm. (10) B [1]):
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@ =Cov— C4 Z (m—k+i)rm —
m=k—i+1
O 1k—i+1 0
- |3 Z(m—l)mrm—i—(lﬂ—i) Z My, —
m=2 m=k—1+2
1 ‘ _ -
—5 (k=i (k—i+1) Z_ o | —
m=k—1i+2
—Co(i— 1) —Cyv, 1<i<k—1;
C3+C.
G=0-—"—: ©

Jannas dopmyna u dbopmyna, npuBeaeHHas s gF
B [1], oTauMyaroTCcs TOJBKO CjlaraéMbIMU C MapameT-
poM Cp. DTO gBIsIETCS CAEACTBUEM TOTO, YTO B pac-
cmatpuBaeMmoit CMO 1iata 3a oOCIy>KMBaHUE 3asiB-
KU TIPOU3BOAMUTCS TTOCTIC 3aBepIICHUs OOCTYKMBaHUS
U B pazmepe Cv.

CripaBeUIMBEI CJIEAYIOIINE 3KBUBaJIEHTHBIE (Dop-
myibl (eM. (16) B [1]):

1 k—1 %) o
Rk:— E Rj E 7“1'+RQE T ;
T
0 \j=1  i=k—j+41 i=k
1 k—1 [e'e)
k+1 k1 1
A DL A DR R Z“
0 \j=1 i=k—j+1

(6)

C yuyeToM M3MEHEHUIT, BHECEHHBIX B hopMmyy (5),
paBeHcTBO (13) U3 padoTsl [ 1] mpuHUMaeT BU;

k+1 k—1 o

Sria 3 -

m:k—j+1

S S g D

1—7r
k+1

m=k—j+1
1 — 7'f'kJrl k CQ >
T 7o | Ch g Tm = g m—k)rm| —
Tk m=k m=k

—q o (D)

Hanee, ucronab3oBaB obo3HaueHus (17) u (20) uz
pab6ortsl [1], paBeHcTBO (7) mpuBeaeM K Bumy (cMm. (18)

B [1]):

gF — gttt = W}lerl [g B G(k)] ' ®)
3nech

_ e
G(k) = C'()1J—C'1(p—1)—C’41)—T [roF (k) — 1+ kp] ,

rae
k—1 o
PR = (SR Y ==+
j=1  m=k—j+1
0 k—1 oo
FRo S (m— kit D / SRS n+
m=k j=1  i=k—j+1
+ Ro Z i =
i=k
k—1 oo
- T = (k= f)rm +
j=1 m=k—j+1
oo k—1 00
+ 7rk+1z (m—k+1)ry, / 7rf+1 Z Tm +
m=k j=1 m=k—j+1
+ W§+1 Z T'm
m=k

B [1] nokazaHsI cienyroiiye yTBepKaeH sl .
Jlemma 1 [1]. Cnpaseoauewt pasencmea

o0

qf—H = q;? +Cy Z Tm —
m=k—j+1

C o0 o0

- =2 Zmrmf(kfjJrl) Zrm, 9
m=k—j+1 m=k—j+1 )
j=1,...k—1,
g% —af = Qf“ —qf;

k41 _ k+1

T —(1 T )7Tj,j—0 Jk—1.

Teopema 1 [1]. [Tycms F(k) — F(k + 1) <A, 0< A<
< 00,0 < T < o0, k>0. Toeda npu a100bix 3HAYEHUSIX
napamempos 0 < C; < 00,1 =0,...,4,0 < C5 < o0
cywecmeyem cmayuonapuas cmpameeus 0 < k° < oo.
Ipu smom ecau g* > G(1), mo k°® = 1, a ecau Cy = 0
ugt < G(1), mok® = oo.

Cuencrsue 1 [1]. Ilyctbs F'(k) ynoBaeTBOpsIET YCIOBUIO

TeopeMbl 1. CTpaTerI/IsI k° ynosieTBopsieT ycioBUIO
max gk = g* ’ Toraa M TOIBKO Toraa, koraa k° ynosie-
>0

TBOPACT OAHOMY U3 TPEX YCJ'[OBI/II/IZ
(1) GA)<g' k' =1;
(2) g(1) > g", k® = min{k : G(k) < ¢g*};
(3) ¢*" 1 < g*, gF" > gF 1 < K0 < 0.
JlokaxkeM HIXe, YTO aHaJIOTMYHbIe YTBEPKACHUS

CMpaBeJIUBBI U IS 3azLa‘m (3). U3 (5), ucnosb3oBan

fet1 Z )
cooTHoLIeHNE ¢, = ¢ — CoU, HaxomMM:

gt =qi = Ca(k—1)p =

2005—01()\5—7“1—14-7“04—7“1)—
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C.
—72[7“24—()\5—7“1—27“2)—(1—7“()—7“1—7“2)]—
—045—02(16—1)5:

C
= Coﬁfcl (p -1+ T0)+72 (]. - 7"0)7046702]176.

k+1 k

3aMeHUB B NPpaBo¥i YacTn paBeHcTsa (7) mp, "~ U )

j = 0,...,k, Ha ux BoIpaxeHus B (6) u (4) u g

Ha IMOJIY4YC€HHOC BLIIIC IJI HETO BBIPAXKCHUEC, ITOJTYUUM

rocJie Mpeodpa3oBaHMUIA:

g —gFtt =it gF —
1_ 7Tk+1 k—1 o] 00
pheal POL DR DI
J=1 m=k—j+1 m=k
k+1 Z i Z (k= j+ Dlrm +

m=k—j+1

+7r0+1 Z m—k)r -
oo
=Y (m—=Drp— g
m=1
Z k+1 Z

m=k—j+1

+7r0+12m k)r —

= WZJFl{gk — Chiro +

k Jj+ 1)]¢m +

C
772(/)*1*"7"0)* |:Coﬁcl(p].+7"o)+

+%(1—7‘0)—C45—02k’5:|}:

=t gF — Cou+ Cilp — 1) + C4T +

G 1 k S k 1
N T Zﬂj Z [ — (k= 5+ Dlrm
k j=1 m=k—j+1
+76 Y (= k) | + (k= 1)p
m=k
O0603HaYUUM
k %)

- 1 .
= m=k—j+1

Tt Z (m— k)rm> =
m=Fk

k+1

k—1 o0
Z?T;-H_l Z [m — (k= j)]rm +
j=1 m=k—j+1

00 k—1 0o
+w0+12m k:—i—lrm/ 77;”1 Z r; +

7j=1 i=k—j+1

—1—770“z:7“Z
+ Z(mf

m=1

m — 10 =1oF (k) +p—1.

Torna, Kak BUIHO M3 IMOCJIEIHEr0 COOTHOLIEHMS
mns pasHoctu g% — gF Tl Bripaxenne ma G (k) B (8),
ecnm 3aMeHuTh F(k) Ha ero BipaxeHne uepes F(k),
NpUMET BULL:

Cs

Gk) = Co—Cr(p—1)~Cam—=2 [F(k) + (k - 1),)} .

OGpaTuM BHMMaHHMe Ha To, uTo F (k) — cpenHee
YUCJI0 3asIBOK, OTKJIOHEHHBIX 32 BPeMsT OOCITy>KMBaHUSI
OIHOI 3as1BKU (Ha OJJHOM Il1are COOTBETCTBYIOLLIEH 11e-
mu MapkoBa) Tipu ctpaTeruu k + 1 B cTallmOHapHOM
pexume paboThl CUCTEMBI, €CJIM YMCIIO TTOCTYITHBIIINX
3as1BOK HE MEHBIIIE, YeM YKMCIIO CBOOOIHBIX MECT B Ha-
KOTIUTEJIE.

3aMeTuM, 4TO MpuBeneHHOe B [1] mOKa3aTeabCcTBO
Teopembl | U ciaenctBusl | MOJHOCTBIO OCHOBBIBAETCS
Ha CyLIECTBOBAaHMU U (GYHKUMU g¥ cOOTHOIIEHMs
g* — g"t = ag[g® — G(k)], e 0 < o, < 1 mipm k >
> 0, G(k) ne Bo3pacraer o k > 0. To, uto G(k) —
HeBo3pacratomas 1o k > 0 ¢hyHKIus, caeayeT u3 He-
paBeHCTBA (YCIIOBUS TCOPEMEI 1):

F(k)—F(k+1)<p, 0<p<oo, k>0.
3ameruM Takxe, uto G(k) siBiasieTcsl HEBO3pacTa-
fouieit dbynkuueit mo k > 0 u npu yciaoBuu (cm. (21)

B[1])

F(k)—F(k+1)<p, 0<p<oo, k>0, (10)
u Teopema | ocraercst CripaBeIIMBOI, €I HEPaBEH-
cTBO st F'(k) B yCIOBMM TeOpeMbl 3aMEHUTh Ha Hepa-
BeHCTBO (10).

Tak Kak B MOMEHT II€pexojia CUCTEMBI B JII000OE
COCTOSIHME B HAKOITUTEJIE BCETIa €CTh XOTS Obl OJHO
CBOOOIHOE MECTO, UITMTEJIBHOCTh MHTEpBaja BpeMe-
HM C MOMEHTA 3aIlOJHEHUsI HAKOIIUTENS 10 MOMEHTA
repexo/ia B IPyroe COCTOSTHUE BCeTia MeHbIIIe v (IT1-
TeJIbHOCTH HaXOXKIEHHSI B COCTOSTHUM) U, CJIEIOBATENb-
HO, CTIpaBeIBO HepaBeHCTBo |F (k) — F(k + 1) < p.
Orcrona cienyeT
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Cy 7~ _
G(k)=Glk+1) = === [F(k) Pkt 1)} +Cov >
> —% F(k) — F(k + 1)‘—1—025 > —% p+Co1 =0,

T. €. B paMKax paccMaTpuBaeMoii 3anauu Bcerna G (k) —
yobiBatomas mo k > 0 pyHKIuUS.
[Tonoxum

fF=Q" =\1-6;)g",

rae 0¥ — BepOSATHOCTB TOTO, UTO MOCTYNUBILAS 3asIB-
Ka Oymer jgomyiieHa B cuctemy (cm. (2)), 0F = 1 —
—1/(nk + p) [8]. Wcnonbsosa (9) 1 npuBeaeHHOE
BblIIIE paBeHcTBO gF — gF+t = it (g% — G(K)], naxo-

JOUM:
P =1 -08) " - (1-0i)) o"

=A[(0p71 - 08) " + (1= 0;17) (¢ — ")) =

1 1
= g* +
(& 77)

1
k+1 kin :|
ﬂ§+1+p(g ())

1]

+ 7

=A lﬂ';ﬁ“ (9" — G(k)) —

k+1+p
k__k+1
_ 7T07Tk+ g*
(m§ + p) (st + p)
ﬂ_k—i-l

k+1+p I 7T§+p B

k+1
M kP _
k+1+p{ o+ p G(k)]
_ pmp [ A AG(k)} B
B P T P
= [fF =G|, ap
rie oy, = prp /(w5 + p); G(k) = G(k) 2.

Tak xak dyukuus G(k) youisaer rmo k > 0, To G/(k)
Takke yosiBaeT 1o k > 0. Kpome toro, 0 < o < 1,
k > 0. Kak Buaum, (I)yHKuml f* = Q" obnanaer Bce-
MU cBOiCTBaMM (YHKLNY ¢gF MCTIONB30BAHHBIMY MIPU
Jl0Ka3aTeJbCTBE TeOpeMBbI 1.

CrnenoBatesibHO, M3 J10Ka3aTelbCTBA TeOpeMbl |
C YYETOM TOTO, YTO é(k) — cTporo yobiBaronas GyHkK-
uust o k > 0, cieayeT cipaBesIuBOCTh CJIEMYIOIIErO
YTBEPXKICHUSI.

Vr1Bepxkaenue 1. Tlpu m00bIX 3HAYEHUSIX TMapaMeT-
poB 0 < (C; < o0, i = 0,...,4, 0 < Cy <
CYIIEeCTBYET ONTUMAJIbHEIN mopor 0 < k* < oo, k* =
= min{k > 0: G(k) < Q"} Ilpn stom ecin Q* 2
>G(), ok =1,aecm Cy = 0u Q' < G(1), T

k* = oo.

Cl'[paBCI[J'II/IBO TAaKXKE CJICAYIOUICC YTBCPXKIACHUEC.

YrBepxkaenue 2. [ToporoBoe 3HaueHue k* ymoBIEeTBO-
PSIET YCIOBHIO Mmax Q" = Q% Ttorma u TonbKO TOINA,
>0

Korja k* ynoBJIeTBOPSIET OJHOMY M3 TPEX YCIOBUIA:
(1) G(1) < QL E =1
() G(1) > Q' k* =min{k > 0: Q(k) < Q*};

B) Q1< QF,QN 1T <QF,1 < k* < oo.
JlokazaTenbcTBO. HeobxogumMocTh yKazaHHBIX
YCJIOBUIA cJieayeT U3 yTBepXIeHus 1, a ux JocTaTtoyd-
HocTh crienyer u3 (11) u u3 Toro, uro G(k) — yObIBa-
romas dyskuums: ang Beex k > 0, G(k) > QF torma
U TosbKo Torma, koraa QF < QFt!, m ecim k' > 0,
G(k') < Q¥ , 1o G(k) < Q" nnsa Beex k > K.

Hanee npusenem ¢dhopmyiy, yaIoOHYIO AJisi pacyue-
Ta PYHKLUN F(k) 1 aJITOPUTM IOKUCKA ONTUMAJIBLHOIO
noporogoro 3HaueHus1. [Ipeo6pasyem F(k):

Z - _j+1)]rm+

m=k—

. 1 k—1
Fk) = =5 [ 2o
Tk j=1

+7T0+1Zm k)r =

m=k
k—1 00
k+1 .
d_mtt X = (k=) -
j=1 m=k—j+1
k—1 00
B
j=1 m=k—j+1
DN DN
T m — T — T,
0 m:k[ m — To
k+1
k+1
7rk+1 (m—T1)ry,
_ m=2 +
k+1
T
1—ﬁk+1 k—2 o
T Zﬂ > lm= (k= lrm +
m=k—j
Jr7T0 Z = Dlrm | =
m=k—1
177Tk+1 k—1 0
el PP rmﬂoZrm
7j=1 m=k—j+1

Hcmonw3oBas (6) 1 (9), mepenuineM mocieaHee pa-
BEHCTBO B BUJIE:
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&/
A
= °f .
X 1 1
g L
= O Lo
2 1 1
jes) 1 1
2 I I
s 4 b
= 1 1
Q 1 1
o 1 1
= 1 1
2F L
R\ [k
oL 1 \E E/ 1 1 1 1 1 1
2 3 4 5 6 7 8 9 10 11

3HaueHue Topora

Puc. 1 3asucumoctn dyukuuii Q (1), g* (2) u G(k)

(G(k)) (3) oT mOpOroBOro 3HAYECHUST

i 7rk+1 00
(k) = ﬂ_llz;i (m —1)rm +
k m=2
Lom ™ o Ry - o o
T — — =
7T,I§+1 ol 7T]]§+1 1 —77’;“
k+1 k+1

Tk—1 Th—1 =

= k+1(p+7“071)+k—+1F(k71)77“0:
Tk Tk
Ry 1 —

= ]]; ! [F(k—1)4a] -7y, a=p+ro—1,

k

k>1, FO)=1—r.

ITpumeHuB nociieaHIO0 GopMyJly camy K cede, rmo-
JTyIUM:

. _ Ry — lp
F(k)fa:F(k):R—ZF(O)JraZR—;—
1=0
k—1
R;\ Ro Ro+ -+ Rp—1
T0<1+;R—k>Rk i

(12)

E+1
>

[Ipemtaraercst HanboJIee MTPOCTO AITOPUTM, OCHO-
BaHHBII Ha YCIIOBUHU 2 YTBEPXKACHUS 2.
1. Honoxurs k = 1.
2. Boruucnuts G(k) u QF.

3. Ecu Cy = 0 m QF < G(E), To momoxuts k* = oo
U MepenTu K 1. 8.

4. Eciu BimonHsercst HepaseHcTBo G (k) < QF, To
nepenTu K 1. 7.

. VBenmmuuTh k Ha eqUHULLY.
. Beraucaurs é(k), Q" v nepeiiti K 1. 4.
. Iomoxwuts k* = k.

0 3 O W

. Koner anroputma.

[} w

O =)

T
>rOe
AN~

9}
(=]
T

[IpenenbHblii 1O0X0A
k. e
o »
T T

W
T

i
/

2 3 4 5 6 7 & 9 10 11
3HaueHue 1opora

Puc. 2 3asucumoctu dbynkumit QF (1), ¢* (2), G(k) (3)
n G(k) (4) oT MOpOroBoro 3HAYESHUST

Kak BuauM, npeaioxXeHHbIi alfOPUTM TapaHTUPY-
€T MOKMCK ONTUMAJIbHOTO IIOPOTrOBOrO 3HAYEHUSI U IIPU
3TOM YHCIIO BBIYMCIeHMIT byHKumiA QF u G (k) He mpe-
BBIIIIAET 3HAYEHUST ONTUMabHOTO ropora. I[lpu pac-
yeTe Ha OuepeJHOM LIare ajJropuTMa 3HaueHmit QF+!
uG (k + 1) ucnionb3yrorcest pekyppeHTtHast hopmyna (4),
dopmymsr (12) u (11).

3aMeTUM, 4YTO [JIs1 ITIOMCKa ONTHMAaJbHOIO I10pora
MOXHO MPUMEHUTH METOJl OMHAPHOTO TMOMCKa, KOTO-
phlii TOTpedyeT mopsiaka log k™ BeraucaeHUN GyHKIUA
Q¥ uG(k +1).

4 Ilpumep

B kxavecTBe mpumepa paccmorpena CMO M /H,, /1
¢ (yHKIIMel pacnpeaeaeHusl BpeMeHU 00CTyKBaHUS
H,(t) =Y, fi(1 — e *"). Ha puc. | u 2 mpomutio-
CTPUPOBAHbBI 3aBUCUMOCTHU TPEAETbHOTO MaKCHUMallb-
Horo noxoga CMO, ycpemHEeHHOTO 1O YMCITy O0CIy-
XKEeHHBIX 3asBOK (¢*), 1 TpeeabHOro MaKCUMaIbHOTO
noxoga CMO B equnuily Bpemen (Q*) ot noporosoro
3HAYEHMs, a TAKKE B3aMMO3aBUCUMOCTDb (PyHKIMIA QF
(¢®) m G(k) (G(k)) mpu Cy = 20, C; = 10, Cy = 0,5,
Cs =001, Cy =001, n=2upu =1 Ipaduku
puc. 1 TOCTPOEHBI MPY 3HAYCHUSIX TTAPAMETPOB A = 2,
f1=03, fo=0Tup, =1, apuc.2 —mpu A = 1,
f1=20,2, fo =0,8u pue = 2. [Ipu 3TOM B cyyae puc. |
ro =1/3up =2, Bciy4ae puc. 2 ro = 0,633 u p = 0,6.

5 3axkioyeHue

JlaHHas1 paboTa SIB/ISIETCSI HEIIOCPEACTBEHHBIM PO-
JNOKeHUEM paboThl [1], U TTIOBTOpHOE MCCIIEN0BaHUE
9TOM 3a/1a4X MO3BOJIUJIO MOJYYUTh CAEAYIOIIME HOBBIE
pe3yJIbTaThI:
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— JokazaHo, uto npu Cs > (0 cyllIecTByeT OINTH-
MaJIbHOE ITOPOTOBOE 3HaYeHUE k < 00, TapaHTUPY-
IOIIEe MAKCUMAJIbHBIM IIPEACAbHBIN JOXOM CUCTE-
Mbl M /G/1 B equHUILy BpEMEHH;

— chopmyapoBaHbl YCIIOBUS, TIPU KOTOPBIX OITH-
MaJIbHbI TTOPOT paBeH OECKOHEUHOCTH;

— JIOKa3aHO YTBEPXIEHUE O HEOOXOAUMBIX M H0-
CTAaTOYHBIX YCJIOBUSIX ONTUMAJIbHOCTH ITOPOTOBOTO
3HAYEHUS;

— TIPEJIOXEH aJITOPUTM pacyeTa ONTUMAJIbHOTO IO~
pOroBOro 3HayeHUsl U 3HAYeHUST MaKCUMAaJIbHOIO
Joxoja.

OTMeTUM, 4YTO, B OTJMYME OT IMOCTAHOBKM 3aja-
YMh, paccMOTpeHHou B [1], B maHHO# pabore IuiaTy
3a OOCIy:XMBaHHE 3assBKM CHCTEMa ITOJIyJaeT B MO-
MEHT 3aBeplIeHUsT OOCTy>KMBaHUSI U BEJIMUMHA TLJIaThl
MpPsIMO MIPOIOPLIMOHATbHA BpEMEHU 3aHATUS TTpUbdopa
3asBKOi. OTMETUM TakKxXe, 4TO eciu KoHcTaHTy Cj
3aMEHUTh Ha JIIOOYIO TTOJOXUTEIbHYIO (YHKIIUIO OT
BPEMEHU OOCITy>KMBaHUS 3aIBKI C KOHEYHBIM CPETHUM
3HaYEHUEM, TO BCE ITPUBEICHHBIC BHIIIE YTBEPXKICHUS
OCTaHyTCS B CUJIE.

Pesynbratel paboThl MOTYT OBITH MCIOJb30BaHbI
MPU UCCTENOBaHUU U pa3padoTKe 3G GHEKTUBHBIX MO-
POTOBBIX CTpaTeruii yIpaBJIeHMS B CUCTEMaX C odepe-
TISIMU.
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KITACCUOPUKALMA 11O HETTPEPBIBHBIM HABJIIOAEHWUAM
C MVJIBTUITUIMKATUBHBIMU LHIYMAMMU 11: AJITOPUTM
YUCJIEHHOW PEAJIU3ALIMU OLIEHKM*

A. B. Bopucos!

AnHoTamug: /laHHas paboTa SIBJISIETCSI BTOPOI YacThIO cTaThh « Kaccudukaiys o HenmpepbIBHBIM HAOIIOICHUSIM
¢ MYJIBTUTUIMKATUBHBIMU IIyMaMH I: (hopMyItsl GaileCOBCKOI OLIECHKW», OIyOJIMKOBaHHOM B XKypHaye «Hbop-
MaThKa 1 e€ mpuMeHeHus», 2017, Tom 11, Beinyck 1. MccnenoBaHust MOCBSIIEHbBI PEILIEHUIO 3a1a4y OLIEHUBAHUS
CJIy4aifHOTO BEKTOpa ¢ KOHEYHBIM MHOXKECTBOM COCTOSTHMI 10 HEMPEPhIBHBIM 3alTYMJICHHBIM HaOIIOICHUSIM.
OCcOOGEHHOCTBIO MOJENH SIBJISIETCS TO, YTO MHTEHCUBHOCTD IIIyMOB B HAOJIOACHUSX 3aBUCUT OT OLICHUBAEMOTO
BEKTOpPa, YTO HE IMO3BOJISICT IMPUMEHSTh KJIACCUYECKHUE PEe3yIbTaThl ONTUMAIBHON HETMHEHHON (UIBTpALIMN.
B miepBoit yactu ctaThM MCKOMasT OLICHKA ITOJTydeHa KaK B IBHOI MHTETpaJIbHOI (hopMe, TaK U B BUAE PEIICHUS
HEKOTOPOI CTOXacTHUECKOM T hepeHIIMATBHOI CUCTEMBI CO CKAUKOOOpa3HBIMU ITPOLIECCAMU B IIPABOM YaCTH.
Bo BTOpOIii YacTu MpeacTaBieH aJrOpUTM MPUOIMKEHHOTO BHIYMCICHUSI OLIEHKHM U XapaKTePUCTUKU €ro TOY-
HOCTU. MOAENBHBIM TpUMEpP WITIOCTPUPYET KAaueCcTBO TMpeajiaracéMoil OLIEHKHM Y COOTBETCTBYIOIICH YMCICHHOU

MPOLIEAYPHI.

KioueBble ciioBa: onTruMaibHast (pHHLTpaL[I/IH; I/IJICHTI/I(l)I/IL[I/IpyeMOCTI); PEKYPPEHTHAsA CXEMa,; NMopsaaJO0K TOUHOCTH,

JUCKPETU3ALMA 110 BDEMCHU

DOI: 10.14357/19922264170204

1 Bsenenwue

CraTbd sIBIIIeTCS OKOHUaHueM [1] u umeer cieny-
IOILYIO CTPYKTYPY.

Paznen 2 comepXUT MOCTAaHOBKY MCCJIEAyeMOil 3a-
nayu kinaccudukalu, a TakKe KpaTkoe M3JI0XKEeHUe
TEOPETUYECKUX PE3YJIBTATOB, MIPENCTABICHHBIX B IIEp-
BOIi 4acTu padOoThI.

B pasn. 3 npeniaraercs aaroputM OpUOJIMXKEHHO-
IO BBIYMCJIEHUS OLIEHKU U XapaKTEPUCTUKUA TOYHOCTHU
COOTBETCTBYIOIIUX anmnpokcumanuii. Pasnen 4 comep-
KUT MOJEJbHBIA MPUMEDP, WUIIOCTPUPYIOLIUNA CBOW-
CTBa MpeajiaraeMoil OLEHKM KaacCuUKalluu U ajaro-
pUTMa €€ BBIYUCIICHUS.

OO0cy>keHe pe3yIbTaTOB U 3aKJIIOYUTEJIbHBIE KOM-
MEHTapuu MPeACTaBIeHbI B pa3l. 5.

2 TlocTaHoBKa 3a/1a4¥ U CBOIKA
UMEIOIINXCS Pe3yIbTaTOB

PaCCManI/IBaCTCH cieaymomaga cucremMa Haboae-
HUS:

rae

dXt:0, )(()Z)(7

N
dY, =Y el Xify(n)dt +

n=1

+ Z e;tht(n) th 5 Y() = O7

n=1

)]

X; — HeHaOJI01aeMO€E COCTOSIHME CHUCTEMbI: Ha-
yajbHOE ycJaoBMe X TPUHMMAET 3HAYCHUS W3
mHoxectBa SV £ {e1,...,ex} eIMHUYHBIX BEK-
TOPOB eBKJIMI0Ba NpocTpaHcTBa RY ¢ BeposTHO-
cramu {pn },_1 > P £ col (p1,...,PN);

Y; — M -MepHBbIii poliecc HaOJI0IeHUIA;

W, € RM — ne3aBucuMBIil OT X BEKTOPHBIi
CTaHOAPTHBIA BUHEPOBCKUI MPOLIECC, XapaKTEepU-
3YIOIIMI OLIMOKY HAOIIOACHUIA;

fe(n) = SN x [0,+00) — RM*1 (n = 1,N) —
Habop HecayYalHBIX BEKTOP-GOYHKUIMHI, XapakTe-
PU3YIOLINIA «IIJIaH HAOTIOACHUIA»,

*Pabora BbImonHeHa rpu huHaHcoBoi nogaepxke PODU (npoektst 16-07-00677 u 15-37-20611-mom1-a_Ben).
"Mucturyt npo6iem nudopmariku DenepanrbHOro UCCIeI0BaTeILCKOro HeHTpa « IHbopMaTuKa u yrpasieHue» PoccHiicKoil akageMun

HayK, aborisov@frccsc.ru
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— gi(n) : SN x[0,+00) — RMXM (n =1 N) — Ha-
0Op paBHOMEPHO HEBBIPOXKAEHHBIX HECIYYalHbIX
MaTPUYHO3HAYHBIX (DYHKIIUI, XapaKTepU3YIOIINi
YCJIOBHYIO MHTEHCUBHOCTb LITYMOB B HAOJIIOIEHUSIX
B 3aBUCUMOCTH OT 3HAYEHUS COCTOSTHUS X.

®ynxunu { fi(n)}n n {g¢(n)}, HEMpepbIBHBI CrIpaBa
U UMEIOT KOHEYHbIE MPe/Ie/ibl CIeBa.

Yepes )V; = o{Y, : s € [0,t]} obo3HayeH ecTe-
CTBEHHBI MOTOK o-aJiredp, MOpoXaAeHHbI HaOI0ae-
HUSIMU Y 10 MOMEHTA ¢ BKJIIOYMTEJIbHO.

3adaua 6aitecosckoii Kaaccugurkayuu éekmopa X
no HaOAO0eHusM Y, noAyHeHHbIM HA_Ompeske épeMeHu
[0, T), 3axaouaemes 6 naxoxncoenuu X1 = E {X|Vr}.

W3zBecTHO [2], uT0 MOTOK {); }1>0 HE SBISIETCS He-
MPepbIBHBIM CMpaBa, T.e€. ﬂys # Y, 4TO He To-

s>t
3BOJIIET HEMMOCPEACTBEHHO MPUMEHSTh 3((GEKTUBHBIN

anmnapaT CTOXaCTUYeCKOro aHanusa [3] mis peuieHust
MOCTaBJICHHON 3a/lauyl OLIEHUBAaHUS, a TpeOyeT HeKO-
TOpoli ee MoAU(UKALIUH.

3adaua nokaavhoeo ceraxcusanus éexkmopa X no
Habatodenusm Y 3axaouaemcs 6 naxoxcoenuu X =

£ E{X|Vrs}.
O0603HaUYUM

Giln) 2 (gl (n), Gulm) £ [ g.(w)g] (n)ds.

Jlemma 1 [1] onpeneisier pelieHue 3agaun 0aiieCoBCKOM
KJaccuuKalmu:

Rp(n) = —r(W) @)

> ., Xr(0)
rie X7(n) — HEHOPMHUDOBAHHAS YCIOBHASI BEPOSIT-

HOCTb COOBITHS {w : X (w) = €, } OTHOCUTENBHO YVr:

T

paesp | [ (170G wav. -

0
% 1£s I 1y ds} } e )

YY) =Gi(n), te
0 B IPOTUBHOM CJlyyae.

XT(TL) =

[07 T);

3nech ||z]|4 £ 2T Az u |A] £ det A.
Jlnst onpenesieHusl JIOKaJAbHO CIVIAXKEHHOM OLIEHKU
OTIpeNIe/TNM HeclTyJaifHbie MOMEHTHI u (¢, n) (£ # n):

o [Inf{t = 0: Gi(l) #Gi(n)};
u(l,n) = {—i—oo, eclm Gtzf) = Gtzn) vVt =0

MHOXCCTBa = E(n) £ {u(l,n)}e.04n, n = 1, N, u MHO-
xkectBo 2 2 {u(l,n)}(on): rn-

Ha6monennst {Y: }4>0 SBASIOTCS KBafpaTUYHO WH-
TerpupyeMbIM CyOMapTUHTAJIOM C );-IpeacKa3zyeMoit
KBaJIpaTUYECCKOU XapaKTEPpUCTUKOM

YV,Y) =YY" — /YdYT /dYYT

tN
/Z ds.
Onzl

CiyyaifHple MOMEHTBI BPEMEHH

o [mf{t>0: Gi(n) # (V.Y )i} 5
&) = {+oo, ecmn Gy(n) = (Y, Y), o ¢ > 0,

MCTIONB3YIOT E(n) B KAUeCTBE MHOXECTBA BO3MOXKHbBIX
3HAUEHUI W ONPEAesSIIOT CIEeAYIOLIMe CKauKoobpas-
HbIE ); 4 -COIIACOBAHHBIE MIPOLIECCHI:

ecmu t < &(n);

s )L
Ii(n) = {0, > §(n)

Teopema 1 [1] ompezesisieT JIOKAIbHO CIIAXEHHYIO
oteHKy X; = T;(n) X; KaK peleHue CTOXacTHIeCKOi
nuddepeHINaNbHON CUCTEMBI ¢ HAOMIOACHUSIMU Y
¥ CKauyKOoOOpa3HBIMU TMpolieccaMu Z;(n) B TIpaBOW
yactu (n = 1, N):

ecau t

+3 X+ (n) — -11, 4

rae Z; — OOHOBJISIOIIUI ITPOLIECC:
t
Ay, YY)\ M2
7, 2 /(%) dy, — Z el X+ fu(n)ds) .
0

n=1
3  AJTropuTM BBIYMCIIEHUST OLIEHOK
KJIacCU(pUKaLIUU 1 €TO TOYHOCTh

Ha niepBbiii B3r15111, U151 YMCIIEHHOTO PEIICHUSI CUC-
TeMbl (4) IPUMEHUMBbI U3BECTHBIE aIrOPUTMBI [4]. On-
HaKoO B MPABYIO YaCTb CUCTEMBI BXOIST )y -COMIIACO-
BaHHble npouecesl d(Y,Y),/dt u {Zy(n)}, 1. OHu
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Knaccudukaiiys mo HernpepblBHBIM HaOTIOJEHUSIM C MYJIBTUILIMKATUBHBIMUY 1IyMaMu 11: airoput™ 4ynMciieHHOM peanu3auun

HEIOCTYITHBI MTPSIMOMY HAOJIIOJCHUIO, U TSI UX BBIUMC-
JieHusl TpeOylTCsl HEeTpUBUAJIbHbBIC MpeoOpa3OBaHUS
HaOIIOAEHUIA, TIO CJIOKHOCTU 3KBUBAJIEHTHBIE pellie-
HHWIO UCXOJHOM 331a4r OLICHUBAHMUSI.

B nmaHHO# paboTe npenjaraeTcsl AUCKPETU30BaTh
HeMNpepbIBHbIA TPOLECC U CTPOUTh ONTHUMAJIbHBIE
OLIEHKU YyX€ IO JUCKPETU30BAaHHBIM HAOJIOACHUSIM.
Takoii moaxoa 6;1M30K IO CMBICITY K YMCJIEHHBIM METO-
naM, MpemaioXeHHbIM B [5]. BBegeM B paccMoTpeHue
MOCeI0BATEbHOCTh BJIOXEHHBIX JBOMYHBIX pa3oue-
Huii otpeska [0, 7], TOPOKIEHHBIX MHOXECTBAMH TO-
yek TX, K € N:

T

TR &8} ot T Ekhi, hix £ oK

COOTBETCTBYIOLIME HAOOpbl AUCKPETU30BAaHHBIX Ha-
OJIIOIEHUIA:

K
Th—1

U ceMeiCTBO BIOXeHHbBIX o-anredp { VX xen: YK £
2 5{AYK, k = 1,2K}. Tak kak mpouecc Y; sBiser-
¢ cerapabenbHbIM, To VX T Ypr mpu K — oo 1 1o
teopeme Jlesu [6]

XKL E{X|YX) - E{X|Vr} = Xp P-mH.

Torma xommowents XX (n) 2 P{X =e¢, Y5}

BekTopa X X onpenensiorcs dopmynamu:

v K
)?K(n) = }}vfi(f) ©)
> xR
=1
"
XE(n) 2 p,exp _EZ {ln‘Gf(n” P +
k=1
+[|avE - hKF,f((n)H?Gg(n))’l} » ©
rae

7151 ynipollieHUS BBIKJIAAOK OyeM TOMOTHUTEIbHO
CUMTaTh, YTO CYLIECTBYET TaKoe liejoe yuciao K*, 4To
E\{+co} C TX nnaseex K > K*. ®opmyisl (5) u (6)
MOTYT OBITh PEAIN30BAHBI C TOMOIIIBIO CIEAYIONICH pe-
KYPPEHTHOI cxeMbl (n = 1, N):

Aé((n) =DPn;

7E(n) = 325 (n) |Gr(n)|? x
k k—1

1
< exp {= G VAV~ i FE ) Py} )

~K %TKkK(n) K K
%K(n):Ni, Ti eT™.

T K
Z:e:1 Frk (©)

Teopema 1. Habop eexmpos {3/},crr aersem-
ca  annpoxcumayueii ouenku X, Ha cemke T

(Xt ~l teTK ) Annpoxcumayus obecneuusaem

mouHocme nopsdka 1/2, m. e.

\/E {||ag< - )?t||2} -0 (h}f) Vil e TE. (8)

Jloxa3zaTelbCTBO TeopeMbl | MpUBEIEHO B MpU-
JIOXKCHUH.

Mopsimok ammpokcuManuu 1/2 siBisieTcst 0OBIY-
HBIM JUISI TPAIULIMOHHBIX CXeM YMCJICHHOTO pelIeHUs
CTOXaCTUYECKMX TU(P(PepeHIINATbHBIX CUCTEM C BUHE-
POBCKUMU U TTyaCCOHOBCKMMM TIPOLIECCAMU B TIPABOMA
gacTy [4]. OmHAKO «IOKAJbHBIN TOPSIOK TOYHOCTH»
anmpoKcUMaLuu 7 (n) KOMIoHeHTsl X;(n) cpasy no-
cJle MOMeHTa cKadka Z;(n) abCoMOTHO APYTON.

Teopema 2. [Tycmb mHoxicecmeo =(n) 603MONCHBIX 3HAUE-
Huti momenma &(n) u 3navenue gpemennoeo aaea Hyi > 0
V0064emeopsaom cAe0yUUM YCAOBUIM:

(a) max{u: u € =(n)} < +o0;

(6) E(n) CTK", {t + Hibrezny € TX a3 nexomo-
poeo K* € N;

(B) Hepasencmeo

t+Hg

min
teE(n)
t

G o]
[1“|Gs(e)| Tt (G (OGS ))] ds > C,

eblnoaxaemcs 015 Hekomopolil koncmaumol Cq > 0.

~K f
Toeda annpokcumayus Ze (n)+ Hc OUCHKU Xe(n)+ 1), ume-
em 5KCNOHEeHUUANbHYI0 MOYHOCTb, M. .

—~ 2
(B (38 )~ Reyvane ()

1/2 c

ons Hekomopoeo Cy > 0.
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Ecau donoanumenvuo

i Gl (GS(E)G‘l(n))} >0y

min
(5,8): tEE(n), [ |G()| 5
s€(t,t+Hx)

ons Hekomopoeo Cs > 0, mo
~K S 2
(E { ("s(n>+HK (n) = Xe(n)+Hr (n)) x

1/2
CsHy
XI{s<n><+oo}(w)}) < Cyexp (_ E ) .

2h i

JlokazaTenabCTBO
KEHUU. N N

Tak Kak oueHku { X; }r>o0 v { X, }+>0 pasnmuyarorcs
He 6ojiee YeM Ha MHOXECTBE = MOTEHUUATIbHBIX MO-
MEHTOB CKAauKOB, 4YMCiIeHHas cxeMa (7) MOXeT ObITh
UCIIOJIb30BaHa TAKXe W /Uil BBIYMCIEHUS JIOKAIbHO
CIyIaXeHHOi1 olleHkU X T. JIeiicTBUTENIBHO, BBULY TEO-
peMbl 2, anmpoKCUMallluu OLEHOK Kitaccudukanuu (7)
MOTYT OBITh JIETKO TTpeoOpa3oBaHbl B allIPOKCUMAIIUU
OLIEHOK CIVIaXKUBAHUSI ¢ PUKCUPOBAHHBIM JIATOM ITyTEM
OYEBUIHOIO TTEPEOTPEICICHUS:

TeopeMbl 2 JaHO B TIPUJIO-

X;:K - %KK'FH K’
rne Hx — BenuuuHa Jjara. [lpouemypa JiokaabHO-
ro criaaxKvMBaHUsl TMO3BOJUT 3HAYUTEJIbHO YBEJIMYUTH
TOYHOCTD aNIPOKCUMAIIMM B TOYKAX pa3pbiBa pelie-
HUS TIPY MAaJIbIX aOCOIOTHBIX 3HAUYECHUSIX BPEMEHHOTO
nara Hg. Ecau BbIIIOJHEHBI YCI0BUSI BTOPOM 4acTu
TEOpEeMBI 2, TO Jiar clieayeT BbIOMpaTh U3 YCIOBUS:

4 YucieHHBIN IpuMep

JlaHHbBIM YMCIEHHbII TIpUMED SIBJSIETCS a0CTPaKT-
HBIM, OTHAKO OH MJUTIOCTPUPYET CBOMCTBA ITPEIIOXKEH -
HOI1 OLIEHKH 1 aJITOPUTMA €€ alllPOKCUMAIINH.

PaccmaTpuBaetcs cuctema HaOmtogeHus (1) co cie-
ayiomumu napametpamu: N = 4; M = 1; T = 1;
b= C01(1/4a 1/47 1/4a 1/4)5

fe(1) = 1-Tpo.1/0y(t) + 1Ty y0.3/4)() 5
fe(2) =2 -To,1/0)(t) +2 - Iy 2.3/4) (1) 5
ft(3) = 3 - Xjo,1/4)(t) + 3 - Tj1/2,3/4) (1) ;

t

)

)

)

)+ 411 5/4(t);
Tio,3/4)(t) + 1,1 -Tjg/4,1 /(1) ;
)

)

(
(
(
Tjo,1/4)(
( (
Tjo,3/4)(t) + 1,2 Xj3/41/2)(t) ;
Tjo,3/4)(t) + 1,3 - Lj3/4,1/2)(t);

1,5
gt(4)
w3 R &)
B -
1
L1l gd1)
079 1 1 1 1
0,0 0,2 0,4 0,6 0.8 1,0

t

Puc. 1 UnrencusHocTr niymMoB g¢(n) (n = 1,4)

9:(4) = 1,0 - Tjo 19y (t) + (¢ = 1/4) T ja,1/2)(t) +
+ 1,0 T y2,3/4)(t) + 1,4 Xp3/411(2) -

Ipacduku {g, } npuBeneHsl Ha puc. 1.

Touku pa3pbIBHOCTU MOTOKA o-ajaredp ); o0pasyoT
MHOXecTBO = = {1/4,1/2,3/4}. Cucrema Habmone-
HUSI TAKOBA, YTO KOMIOHeHTa X (4) MOXET ObITh TOUHO
BOCCTAHOBJIEHA 110 V(1 /4)4, B TO BPEMs KaK BECb BEK-
TOp X MOXET OBbITh TOYHO BOCCTAHOBJIEH MO V(3/4) 4
Ipu aTOM B MOMeHT ¢ = 1/4 mst KoMnoHeHTHl X (4)
BBITIOJTHSIETCSI TIEPBOE YCJIOBUE UACHTUDUIIUPYEMOCTH
TEOpeMbl 2, & B MOMEHT ¢ = 3/4 J1Jisl OCTaBIIUXCSI KOM-
ITOHEHT — BTOPOE YCIIOBHE MICHTU(MDUIIMPYSMOCTH.

Eme omHoli M3 Lieyieil TaHHOTO IpUMepa SIBIIIeT-
Cs CpaBHEHUE TOYHOCTH (PUIIBTpALIMU TIPW HAJTUIUK
AU TUBHBIX U MYJBTUIIIMKATUBHBIX IITYMOB.

Hakonel, B mpumepe KOMIOHEeHThI cHoca {f,}
3HAYUTEJLHO OTIMYAIOTCS Apyr oT apyra (mo 400%),
B TO BpeMsT KaK KOMITOHEHTHI nuddysun {g,, } Bapbu-
pyIOTCS 3HaUMTEIbHO MeHbIIe (1o 40%).

Pesynbratel mpuMepa IEMOHCTPUPYIOT, UTO Jaxke
MaJtble pa3Inuns THTEHCUBHOCTE IITYMOB B HAOJTIO/Ie -
HUSIX 00eCneynBaloT ObICTPOE U TOUYHOE BOCCTAHOBJIE-
Hue BeKkTopa X.

AnnpokcuMaluuu %K OBUIM BBIYMCIIEHBI C TIIO-
Mol anropuTtMa (7) mpu pa3HBIX 3HAYEHUSX Iara
nuckpetusauuu hx = 275 (K = 10, 12, 14, 16).
PesynbraTel OlleHMBaHUS TIpeACTaBICHBI Ha puc. 2.
B sToM skcnepumeHTe X = e1. Ipaduku nemoH-
CTPUPYIOT CXOIUMOCTb %t — Xt npu K — +oo.

TOYHOCTDb OIICHOK (DMIBTpALIM M WX YHMCIICHHOU
peanu3aliiy MpecTaBIeHbl Ha puc. 3.

Ha neM mpuBeneHsI rpaduKy cpeaHeKBaapaTHie-
ckux orkinoHenuit (CKO) 718 ommbok oueHuBaHus
KOMTIOHEHT X (1), BBIMCIICHHBIX TIPH IIIare TUCKPETH-
sauun hx = 2719, 3navenns CKO paccunTteiBatoTcs
¢ momotpio Merona MoHte Kapio myreM ocpemHe-
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0,0 ! ! 2
0,2 0,3 0.4

Puc. 2 Ouenxu #{ (n), Boruncnennsie mpu hx = 2~ 5: 1 —

0,5

0,4
0,3
<o

0,2

0,1

0,0

0,0 0.8

0,2

1,0

Puc. 3 CpennexsaapaTuyeckue OTKJIOHEHHUS G4 (n) OLIU-
60K OlleHOK X¢(n): [ —n=1;2—2;3—3;4—n =4

Husg 1000 tpaekTopuii. [paduku 3aBucumoctu CKO ot
BPEMEHU MOATBEPKAAIOT MPEACTaBICHHbIE TEOPETHYE-
ckue pesyibratel. Mcnemnyemasi cucreMa HabIOAEHUS

WHOOPMATUKA U EE MTPUMEHEHMS Ttom 11 BBIMyck 2 2017

0,5 0,6

K=10;2—12;3—14;,4— K =16

CKOHCTPYyMPOBaHa TAKUM 00pa3oM, 4TO Ha MHTEPBaIax
Bpemenu (0,1/4) u (1/2,3/4) NHTEHCUBHOCTH IIIYMOB
B HalOJIONEHMSX OJMHAKOBBI, a Pa3IMyalOTCsl TOJbKO
KO3((UILIMEHTH CHOca. OTO KJIACCUMYECKUI cirydait
HaOJIONEHUI C aIIUTUBHBIMU LIyMaMU.

N3 rpadukoB MOXHO 3aKJIIOUUTb, YTO B JAHHOM
MIpUMepe Ha MUHTEepPBalaX alIUTUBHBIX LIYMOB TOYHOCTb
OLIEHMBAHU C POCTOM BPEMEHU HaOJIIOEHUS MEHSET-
Cs1 HE3HAYMTENIBHO: He 0oJsiee yueM Ha 10% 3a mHTEpBa
HaOoneHust iMHOM 1/4. B To ke BpeMsi mocjie Mo-
MeHTa t = 1/4 komnoHeHTa X (4) uaeHTuduLmrpyercst
TOYHO IO HAOJIOAEHUSIM, MOJTYYEHHbIM Ha UHTEpBa-
Jie BpeMeHM JuinHoit meHee 0,12. OctaBiivecs: KOM-
MMOHEHThl TOYHO UAEHTU(MULMPYIOTCS OCIE MOMEHTA
t = 3/4 3aBpems He 6onee 0,06. [IpuunHOI TAKOI TOYU-
HOCTU OLIEHUBAHUS SIBJISIETCS] HAJIMUUE MYJIBTUTLIMKA-
TUBHBIX LIIyMOB U BBITIOJIHEHUE YCIOBU UIEHTU(DULIN-
pyemoct. KommoHeHTbl X He UACHTU(DULUPYIOTCS
TOYHO B MOMeHTHI 1/4 1 3/4 u3-3a TOroO, YTO B MPU-
MeEpE UCIOJb3YIOTCS alllIPOKCUMALIMU OLEHOK, a HE UX
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TOuYHBIe 3HaueHUs. [Ipu 3TOM BpeMs TOYHOW WACH-
TubUKaM KOMIOHeHThl X (4) Gosblie, YeM Bpemst
WISHTUDUKALIMY OCTATBHBIX KOMIIOHEHT. DTO CBSI3aHO
C TeM, YTO B ciyyae uaeHTHduKauum X (4) BBITOTHS-
IOTCSI MSITKWE YCJIOBUSI UASHTU(MUITMPYEMOCTH, OIpe-
JIeJIEHHBIE TIEPBOI YaCThIO TEOPEMBI 2, a TSI OCTATIBHBIX
KOMITOHEHT — 0oJiee orpaHUYUTEbHbIE, HO «3(hheK-
TUBHBIC» ISl MACHTU(UKAIIUM YCIOBUS BTOPOI YacTH
TEOPEMBI.

OpHoil M3 1eneil paccMaTpuBaeMoro Ipumepa
SIBJISUTACH TIPOBEPKa IMOPsIIKA TOYHOCTU 1/2 ducieH-
Ho¥i anmpokcumManmni (7). Cornacto ciencrsuio 1 [1],
X" = X P-n. u. ansa moboro ¢t > 3/4. B kauectse
BPEeMEHHOTO Jlara 6bu1a BbiOpaHa BenmunHa H = 277,
IlosToMy m1s1 MccaenoBaHus MOpPsiiKa TOYHOCTU ObLIT
BBIOpaH MOMEHT BpeMeHu t* = 3/4 + 1/27. Cpen-
HekBaJpaTuueckas owmnoka annpokcumauuu (CKOA)
Af(n) £ E {3 (n) — X(n))?} xoMIIOHEHT BeKTOpa
BbIUMCIsLUIach MeTogoM MoHTte Kapio myrem ocpen-
Henus nydyka 1000 tpaekropuii. CorymacHo Teopeme |
AK(n) < Cyhi nnsa mexoroporo Cy > 0 u 1106010
K > K*. Tak xak hx = 27K 10 log, AK(n) <
< logy, Cy — K. PucyHok 4 neMOHCTpUpYeT 3aBU-
cumocth logy, AKX or K (K = 7,20) mis Beex KoM
IIOHEHT BeKTOpa. Ipadumky 3aBUCMMOCTEH SIBIISTIOTCS
BOTHYTBIMH, YTO COOTBETCTBYET YTBEPXKICHUIO TEOPE-
MBI 1, ¥ IEMOHCTPHUPYIOT KOHCEPBATUBHEIN XapaKTep
OLIeHKHU (8): MOopsIIoK anmpoKCUMAaLUM, MOJy4YeHHbII
B PACCMOTPEHHOM TMpKUMepe, Bbllie yeMm 1/2.

)
S
T

[—1 —-2—3 —4]

-100 ! ! ! | ! ! |
6 8 10 12 14 16 18 20

K

Puc. 4 3asucumocts CKOA AKX or K: [ —n=1;2—2;
3—3%d—n—4

5 3axkirroueHue

Bropas yacTh cTaThu MocBsiiieHa pa3padboTKe yunc-
JICHHOTO aJITOPUTMA, PEATM3YIOIIETO PellicHUE 3a1adu
bailecoBcKoit Ki1accu(UKaALIUH.

[Ipennaraercs oTKa3aTbCs OT HEMOCPEACTBEHHOM
YUCJAEHHON amnmpoKCUMAIlUU peLIeHUs CTOXacTUuye-

cKoil nuddepeHINaTbHON CUCTEMBI, ONpeaesIoei
HMCKOMYIO OIIEHKY KJIacCU(DUKAIINU, B TTOJI3Y MOCTPO-
eHusl 0ailecOBCKOM OLIEHKM IO JUCKPETUM30BAHHBIM
HaOmoneHusM. Ilomumo dopmys, oIpeneasommnx
YUCJAEHHYIO CXeMY amnrpoKCUMAallUM MCKOMOW OLeH-
KM, B paboTe TakxKe McceaoBaHa TOUHOCTb 3TOM arl-
npokcumauuu. IlpeanoxxeHHbI YMCIeHHBIH TTpUMep
WUTIOCTPUPYET CBOMCTBA OLIEHKM M KAayeCTBO €€ all-
NPOKCUMALIUIA.

ITonyyeHHbIe B 00eMX 4YacTsIX padOThbl TEOPETU-
yecKue pe3ysbraThl U CXeMbl YMCJIEHHOHN ammpOKCH-
MallMd MOTYT paccMaTpUBaTbCsl KaK 4acTh aJlrOpUT-
MHYECKOTO OOEeCIeUYeHUsT CUCTeM MHMOPMATUKU TIpU
pelleHny 3a1a4 BEPOSITHOCTHO-CTATUCTUYECKOTO DKC-
Mpecc-MOACJIUPOBAHUS Y OLIEHMBAHMS 110 BbICOKOYAC-
TOTHBIM JaHHBIM.

[TpunoxeHue

JJokazaTenbcTBO TeopeMbl 1. Jloka3zaTreabCTBO TEOPEMBbI
onupaercst Ha popmyJibl (2), (3), (5) u (6). 3ameTM, YTO Ha
npoMexyTke BpemeHu (0,&(n)) mpomsBomHas d(Y,Y)./dt
CyIIECTBYET IMOUYTH BCloay o Mepe Jlebera u Takxke MmoyTu
BCIOJLy BEPHO PABEHCTBO

dY,Y): _
S = Gun).

BBenem cienytoiue o603HaYeHUS:
T

Y(n) & / 0[G4 (m)] + tr (G ()G ()] ds;

0
T
) £ = [ |G 2 s = 1T ()63 () v
0

3acdukcupyem n € {1, ..., N} 1 TOCTPOUM MHOXECTBA

Sr2{l: 1<LL<N: G(f)=(Y,Y), t €[0,T]};

Sr&{1,...,N}\Sr.
O4eBUAHO, YTO ST # &, TaK KaK TapaHTUPOBAHHO . € St.
W3 onpeneneHusi ciydaifHOro MoMeHTa &(n) ClemayeT, 4To
{w: &n) > T} = {w: X() = eq, ¢ € Sr}. Tpu 510M
M3 J0Ka3aTesIbcTBa JeMMBI 1 [1] cemyeT, 4To Ha MHOXECTBE
fw: X(w) =eq g €57} () —Y(q) =0V L€ Sr
np(j) —¥(q) >0V j € Sr.

[anee 6e3 orpaHM4YeHMsT OOLLIHOCTY JIJIs1 YITPOLLEHUS BbI-
KJIaZoK OyIeM CUMTaTh, YTO

P{w: &n)<T}>0.

OueHuM CBEPXY cpem—mﬁ KBaapar OLIMOKU allrmpoxKcnumMalumm

IﬂméEﬂfﬂmfme}
IHOESY E{(;?K(n) —)A((n))2I{X:eq}(w)} n

qEST

+ Y E {()?K(n) 7)?(@)21{)(:6],}@)},

je€ST
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CHayana 15 PUKCUPOBAHHOTO ¢ € ST PACCMOTPUM HA MHO-
xecTBe {w : X (w) = ey} cayuaitnyio Bemaunny | X (n) —
— X (n)|T{x=e,}(w), yAUTBIBAs, YTO HA STOM MHOXKECTBE

X(n) - pnen(n)
n(e) "
2ies, P

ZZEST X(e) B

Torma BepHa ClleayIoIast LeMmoYKa HePaBEeHCTB:

X(n) =

XEm)— X n)’ T(x_e) (W) =

Xm) 1‘ _

Il
><>

(M) x=cy} (W)

=

X(n)

ZZGST
Zj,le K<m>f<<n>

= R xep @) [ |2 <X~—<”> X(0) -

><>

(M) x=cy} (W)

() _ o™ ()

Jr

Zen(f) n(a)—¢* (a)

teSy

= I{X eq}

4 Z e—((w(j)—w(Q))/(%K))+n(j)—n(Q)+¢K(J')—¢K(Q) <
j€ST

R ORI ()

+

Z en(lf) n(q)— ™ (q)

teSy

S Iix—ey(w

+ e~ (W@)/(2hK)) Z 1) =n(@)+65 () =6" (a)

j€ST

raec

G5 ()] L
G (GG () | ds > 0.

T
min / {ln
JjesSt
0

TornaV q € St

E{(XK( ) = X)) Lixme @)} <

E{Tix_c,)(w 2(n(l)—n(Q)—¢K(Q)) «

o (e¢ () _ ¢>K<q>) }JrNe—u(q)/hK o

Zg; {I{X_

)e2<n<]’>—n<q>+¢’<(j)—¢’<<q>>} .

Ipu ycnoBun X (w) = ey BEIUYUHBI {fbK(Z)}e:L_N nume-
0T TayCCOBCKOE paclpelesieHIe. MOXHO TOKa3arh,
aro B ciaydae, korma E {(¢™(¢))*} = O(hk), ouenka
E {(¢"(£) — ¢"(m))*} = O(h%) BepHa wist OOBIX £, m €
€ {1,...,N} u mo6oii 3apucumocti ¢=(£) u ¢ (m).
[Ipu 5TOM ciyyaiiHble BETMIUHB {64(”(2)’"(‘1)’¢K(Q)) Yeesy
- {62<n<j>fn<q>+¢>K(j)fth(q))}ngT VIMEIOT JIOTHOPMATBHOE
pacrpeieJieHie ¢ OTPaHUYCHHBIMU 10 ¢ U j MaTeMaThuye-
CKUMU OXumaHussMU. OJHOBPEMEHHO C 3TMM (DYHKIIHSI
e~ (#)/PK) crpemurest K 0 mpu hx — 0 GbicTpee OGO
creneHU hx. Vcrosb3ys Bce BbIllIeCKa3aHHOE, a TAaKXKe He-
paBeHcTBO Kolmn—ByHSKOBCKOTO, MOXHO TIOCTPOUTH Clie-
IYIOLIYIO LIETTOYKY HEPaBEHCTB:

E {(X*(n) = X(0)Lix=e (@)} <

<Ny \/E (L x—e,) (@)eAO=1@=6" @)} Crghsc +

LeST
1 Ne~Ww@/hr) o
xS E {I{X:%}(w)62<n<j)—n<q)+¢K<j>—¢K<q>>} <
J€ST

< an hx (9)

IUISI HEKOTOPBIX TIOJIOXUTETbHBIX KOHCTAHT Crg U Qrgq, UTO
M I0Ka3bIBaeT UCTUHHOCTD OLICHKU (8). R

Jlaee  paccMOTpMM  BENMYMHY | X (n)
- )A((n)|I{X:8q} (w) Ha MHOXecTBe {w : X(w) = eq} WA
HEKOTOPOro (hPMKCUPOBAHHOTO ¢ € St. U3 (2) u (3) crenyer,
uto X (n)I{x—c,}(w) = 0 P-T. H., HO3TOMY

‘)?K(n) - )?(n)‘ T(x—e) (W) =

pn)?K(n) Pn
= I{X:eq}(w)N—w < I{X:eq}(w)p— X
Ze:1p"X (é) a
o~ () =0(@)/Chi)tn(m) —n(@ +65 (M =6" (@) (10
npudeM u3 Jemmbl 1 [1] cnemyet, uto ¢(n) — ¥ (q) > 0 Ha

MHOxecTBe {w : X (w) = eq}. Boruucisist Marematiyeckue
0XXUIaHUs KBaIpaToB JeBOii 1 mpaBoii yacteli (10) 1 ucmosib-
3ys TY Xe apryMEeHTallll0, MOXHO BUJETh, YTO OlleHKa (9)
CTIpaBe/TNBa TAKKe 1 T BeeX ¢ € St. TakuM o6pas3om,

N
K n) < ZanhK7
qg=1
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YTO JIOKa3bIBa€T UCTUHHOCTD olieHKU (8). Teopema 1 goka-
3aHa.

JokazaTenbcTBO TeopeMbl 2. Bocrnoab3yemcst npu-
eMaMu J10Ka3aTebCTBa TeopeMbl 1. IIpexne Bcero,
Xe(n)+Hg (n) = 0 P-T. H., a Takxke

~K
He(ny+ i (M Ieny<ry (W) =

= > Fwyrme (M x—cy (W) =

q:g#n

= > Lxeep(W) (%ﬁq,n)(n) exp{7M+

2
q:g#n hi

+ g (n) + Gl (n)}) lﬁ;%ﬁq,n) (£) exp {7% n

e (0) + 05, (/z)} ,

rae

u(q,n)+Hg

Y, () 2 [|Gs(n)]| + tr (G<(9)G5 H(n))] ds;
u(g,n)

u(q,n)+Hg

nirge (0) 2 S, —

u(q,n)

- 1T G W, )

a {o% x (O)},—T% — Habop Takux cIydaiHBIX TOCIEN0BA-
tensHocteit, uto E { (g7, (0))*} = O(hk).

Torna B cuiy ycinoBust (B) TeopeMbl BEpHO Clenyrolee
HEpPaBEeHCTBO:

~K

He(n)+ i (M emy<Ty (W) <
—C1/(2hi) Za(q.m) (n)
<Iix—e, 3 (w)e Z e -
q:q#n %“(‘1»") q

+ (bgk (n) — TNHg (q) -

exp {nHK (n) +

Pt (Q)} :

Hanee

E {(anHHK (n) = Xemy+ax (n))21{§(n)<T}(w)} <

ge_cl/hK(N_ 1) %

X ZE{I{X%}(M) (M) eXp{Q(TIHK(n)JF

q:q#n Zu(g,n)\d
+ 0l () = i, (@) = 0 (@) | } (1

MaremaTuueckue oOXumaHusi B TpaBoil yactu (11) orpa-
HuyeHbl o K € N HeKOTOpol MOJIOXUTEIbHOU KOH-
CTAHTOM (), TIOBTOMY TIEpBOC YTBEPKICHUE TEOPEMBI
HerocpeAcTBeHHO cieayer u3 (11), eciu 0003HAYUTH
C> = /(N —1)Q. Bropoe yTBep:KIeHHE TEOPEMbI J0Ka-
3bIBACTCS a0COJIOTHO aHAJIOTMYHO IMyTeM 3aMEHBI KOHCTaH-
Tl C1 Ha Cs H.
Teopema 2 nokazaHa.
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Abstract: This is the second part of the paper “Classification by continuous-time observations in multiplicative
noise I: Formulae for Bayesian estimate” published in “Informatics and Applications,” 2017, 11(1). Investigations
are aimed at estimation of a finite-state random vector given continuous-time noised observations. The key feature
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is that the observation noise intensity is a function of the estimated vector, which makes useless the known results in
the optimal filtering. In the first part of the paper, the required estimate is obtained both in the explicit integral form
and as a solution to a stochastic differential system with some jump processes in the right-hand side. The second
part contains a numerical algorithm of the estimate approximate calculation together with its accuracy analysis. An
example illustrating the performance of the proposed estimate is also presented.

Keywords: optimal filtering; identifiability; recursive scheme; approximation order; time discretization

DOI: 10.14357/19922264170204

Acknowledgments

The work was supported in part by the Russian Foundation for Basic Research (projects Nos. 15-37-20611 and
16-07-00677).

References 3. Liptser, R. Sh., and A. N. Shiryayev. 1989. Theory of mar-

tingales. New York, NY: Springer. 8§12 p.

. Borisov, A.V. 2017. Klassifikatsiya po nepreryvnym 4. Platen, E., and N. Bruti-Liberati. 2010. Numerical solution
nablyudeniyam s mul’tiplikativnymi shumami I: Formuly of stochastic differential equations with jumps in finance. New
Bayesovskoy otsenki [ Classification by continuous-time ob- York, NY: Springer. 868 p.
servations in multiplicative noise I: Formulae for Bayesian 5. Platen, E., and R. Rendek. 2010. Quasi-exact approxima-
estimate] // Informatika i ee Primeneniya — Inform. Appl. tion of hidden Markov chain filters. Commun. Stoch. Anal.
11(1):11-19. 4(1):129—142.

. Stoyanov, J. 1987. Counterexamples in probability. New York, 6. Liptser, R. Sh., and A. N. Shiryayev. 2001. Statistics of ran-

NY: John Wiley. 313 p.

dom processes: 1. General theory. Berlin: Springer. 427 p.

Received December 19, 2016

Contributor

Borisov Andrey V. (b. 1965) — Doctor of Science in physics and mathematics, principal scientist, Institute of
Informatics Problems, Federal Research Center “Computer Science and Control” of the Russian Academy of
Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation; aborisov@frccsc.ru

INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2 41



NHPOPMATUKA U EE NMPUMEHEHWA, 2017. T. 11. Buin. 2. C. 42 49

NHOOPMHWUPOBAHHOCTD YHACTHUKOB U CYIHECTBOBAHUWE
PABHOBECHA B ITO3ULITMOHHbBIX MHOI'OIHATOBbBIX UTPAX
MHOI'MX JINL]

H. C. Bacuiben!

AHHOTamus: B MO3MIIMOHHBIX UTpax U3Yy4aloTCs TMHAMUYECKUE MOMIETN MPUHSTUS PEIICHUI B YCIOBUSIX KOH-
(b1MKTa MTHTEPECOB YYaCTHUKOB 1 TTPU MH(POPMUPOBAHHOCTH O TEKYIIEH MO3ULIMU UTPhl. Kaxkabliit UTPOK MOXET
0Ka3bIBaTh HEKOTOPOE JOITYCTUMOE YITPABIISIONIee BO3ASHCTBIE Ha OOIIYIO UTSI BCEX TUHAMUYIECKYIO CHCTEMY.
BoiOupaeMasi UITPOKOM cTpaTerusl yrnpabieHUs] — 3TO (GYHKIIMs, OmNpenejeHHas Ha (a3oBOM ITPOCTPaHCTBE
cucteMbl. OTclexkuBasi TPAaeKTOPHUIO JBUXKEHUSI, BCe CTOPOHBI KOHMJIMKTa MUMEIOT HESIBHOE IpencTaBIcHUE
0 CTpaTeTusIX mapTHepoB. [IpUHIINIT pallMOHAJIEHOTO TTOBEICHMS BCEX NTPOKOB COCTOUT B CTPEMJICHUM JTOCTHYD
cutyauuu paBHoBecus1 Hamra. JlokasaHo, 4TO K HEMYy MOXHO NPUMTU B pe3yabTaTe KOJJICKTMBHBIX YCUIUI
10 BBIOOPY COBMECTHOTO MPOTPAMMHOIO YIIPaBJICHUS CUCTEMOM. YCTOWMYMBOCTH pEIeHUsI OOecrieurBaeTCs
yIpO30¥ HaKa3aHUsl, TIPUMEHSIEMOTO K UTPOKY, He BBITIOTHSIIONIETO 3Ty IMporpaMMy. KoHTpoJb 3a cobmoneHn-
€M COTJIaCOBAaHHOM TPAaeKTOPUM ABMKEHUSI M HEKOTOPasl TOMOJHUTEIbHAs MH(MOPMAIIUs ITO3BOJISIIOT UTPOKAM
UACHTU(DUIIMPOBaTh HapymuTeas. Ero HakazaHue pealmsyeTcs ¢ 3ala3IblBaHUEM, CBSI3aHHBIM C HEOOXOIM-
MOCTBIO OOHapyXeHWsI «BUHOBHUKa». TeopeMma CyIIeCTBOBaHMS pPaBHOBeCHs TPUMEHEHa K WCCIIeIOBaHUIO
5KOHOMUKO-MaTeMaTUYECKO MOACIH.

KmoueBbie ciioBa: nuHamuyeckas cucteMa; auddepeHInalbHas Urpa; MO3ULMOHHAs MHOTOLIAroBas Mrpa;
MMpOorpaMMHOE YIIpaBJICHNUE; TTO3UIIMOHHAS CTPaTerusl; KOHTPCTPATETHS; CTpaTerust HaKa3aHUs; TapaHTUPYIOIIAS

cTpaTerus; cutyauus paBHoBecust Houa; apdexruBHocTs no I1apero

DOI: 10.14357/19922264170205

1 Bsenenue

3HayeHre THOOPMUPOBAHHOCTHU UTPOKOB JIJIsI IIPH -
HSTHS pallMOHATIBHBIX PEIIEHU OBLIO BBISIBIICHO B MC-
cnenoaHusix FO.b. Iepmeiiepa, H.H. Mouceesa
u ux yuenukoB (B.A. Topenuka, A.®. KoHoHeHKO,
H. C. Kykymikuna, B. B. ®énoposa u ap.) [1-3]. Ak-
CHOMAaTHU3allMsl TIOHSATHSI CTpaTeruu (DOpMaTnu3yeT JTH-
HAMUKY TIPUHSATHUS PEIICHU B CTaTMYECKMX MTIpax,
MOJIETTUPYIONIYI0 pedIeKCUI0 WUTPOKOB MpH OOMeHe
uHdopmanueit [4]. B nuddepeHraIbHBIX 1 MHOTO-
IIArOBBIX UTpax M00aBJSIETCST APYTOM TUIT TMHAMUKU.
Mrpoku npruHUMaIOT pellieHus1, yIipaBJisis U Habroaast
3a TpaeKTopueil IBUXEHUS cUcTeMbl. B Kaxmoii Te-
KYIIEH MO3UIIMU Pa3bITPhIBAeTCs «JIOKaJbHAs» CTaTH-
YyecKasi Urpa, YYJaCTHUKU KOTOPOIl TTOTydaroT HesSIBHOE
3HAHWE O CTpaTeTusIX MapTHEpOB B (opMme M3MeHe-
HUs MO3UIUi Urpsl. CTpaTeruy UTPOKOB SIBIISTIOTCS
BO3IEMCTBUSIMHU Ha YIIPABISIEMYIO CUCTEMY, pacIIpee-
JICHHBIMM TI0 e¢ (ha30BOMY ITPOCTPAHCTBY.

Hauasno usydyenuto nuddepeHImaaIbHbIX UTP TTOJIO-
KWW 3aJ1auM mpecienoBaHus—yoeranus [5]. B tpynax
JI. C. TToHTpsiITMHA M €ro YYEeHUWKOB 3Ta TEOpUS pas-
BMBaJIach B paMKax IIPOrpaMMHOIO YIpaBieHus [6,
7]. TlosuimoHHBIE cTpaTeruu (ympaBieHHS B hopMme

CUHTE3a) MOTpeOOBaIM 000OIINTD TTOHSTUE TBUKEHUS
IMHAMUIECKOW CHCTEMBbI, KOTOpOE, BOOOIIE TOBOPSI,
cocrapisieT aHcaMOJib TpaekTopuii [8]. B kitacce mpo-
M3BOJIbHBIX MO3UIIMOHHBIX CTpaTeTHii OBIJIO YCTaHOB-
JIEHO CYIIIeCTBOBaHUeE ce10BOi ToukH [8]. [To3ummoH-
Hble 1uddepeHantbHble UTPHI pa3BUBAIMCH B TPYAaxX
H. H. Kpacosckoro, A. . Cybooruna [8], B.A. To-
penmuka, A. ®@. Kononenko, 0. E. Yucrtsakosa [9—13],
B. 1. XKykosckoro [14], JI. A. TlerpocsiHa [15] u apy-
rux aBTopoB. [Ipm 3TOM paccMaTpUBaIMCh UTPHI KaK
aHTaroHUCTUYecKue [5—8], TaKk ¥ ¢ HEIMPOTUBOIIOIOXK-
HBIMU WHTepecaMu UrpokoB [2,9—15]. PaBHoBecue
Hb1ira siBisieTcst OMHUM W3 TIPUHLIMITOB PalliOHATBHO-
ro roseaeHust Urpokos [1]. CyiiecTBoBaHUE CUTyallU U
paBHOBecHS B T hepeHIINATBHBIX UTPaX YCTaHOBJIE-
Ho B paborax [10, 11].

PasBuTie ceTeBBIX TEXHOJIOTHIA M KOMITBIOTEPHOI
TEXHUKM CTUMYJIMPYET MCCIeI0BaHUE MOJAEICH KO-
JIEKTUBHOI'O TOBEICHUsI, B KOTOPBIX BCE YYaCTHUKU
WUTPBI 3aMHTEPECOBAHBI B PAallMOHAIBHOM pa3pelleHUN
KOH(JIMKTa WHTEpPecoB. [IpuHATHE pellleHUi CyIe-
CTBEHHO YCJIOXHSIETCS B TTO3UILIMOHHOU UTpE C N, n >
> 2, y4aCTHMKaMU, KOTOpBIE YIIPABJISAIOT ABMKEHUEM
JIUHAMHWYECKON CHUCTEMBI, ONMUCHIBaeMOil auddepeH-
IIMAJIbHBIMY WJIM Pa3HOCTHBIMU ypaBHeHUsMU. Mrpo-
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I/IHq)OpMI/IDOBaHHOCTb YYaCTHUMKOB U CYHICCTBOBAHUEC PABHOBECHUA B ITIO3ULIMOHHBIX MHOT'OIIATOBBIX UT'PAX MHOTUX JIMI]

KU TIpeC/IeIyI0T, BOOOIIIe TOBOPsI, HECOBMAIAIOIINeE 11e-
JIM, CTPEMSICH TI0 BO3MOXXHOCTH ONITUMU3UPOBATh CBOU
(GYHKIIMM BBIMTPHIIIA. BrIOMpaeMble UTPOKAMM CTpa-
TEeTUU OIPEACIISIIOT TPACKTOPUIO CHUCTEMBI, a BMECTE
C Helo U pe3ysibTaT UIphbl. Bcesikas Tekyliasi mo3uIust
urpsl (t,x;) MPEIIoNaraeTcss U3BECTHOM BCEM HUTPO-
kaM. [loaToMy cTpaTerusiMu sIBJISIIOTCSI OTOOPaKEHMS
@ : {(t,x)} — U ba30Boro mpocTpaHCTBa CUCTEMbI
(COBOKYMHOCTU MO3ULIMK UIPbI (f,2)) B HEKOTOPOE
MHOXeCTBO U, KOTOpOe OrpaHMYMBAET YIIPaBJISIONINe
BO3MOKHOCTH UTPOKOB.

IMoncranoBka B auddepeHLIMaTbHOe ypaBHEHUE
MMPOU3BOJILHOTO YIIpaBiIeHMUSI B (popMe CHUHTE3a U =
= u(t,z) co3maer MpobJIeMy, CBSI3aHHYIO C CYIIECTBO-
BaHWEM W ¢IMHCTBEHHOCTBIO pellleHus 3amaun Korm.
HecnyyaitHo, 4To B paHHMX MCCIIEIOBAHUSIX MO dU(d-
depeHIImaTbHBIM UTPaM KJIACChl TOMYCTUMBIX CTpaTe-
Ui UTPOKOB OTPaHUYMBAIUCH, HATIPUMED, TJIaIKUMU
OTOOPaXEHUSIMU Uy : « — u(t, x) WIN Take Iporpam-
MHBIMH YTIpaBIeHUSIMU 4 : ¢ — w(t). st mpuioxe-
HUI TPEIITOYTUTENIbHEN COXpPaHUTh €AMHCTBEHHOCTh
TPaeKTOPMU IBIDKEHUS CHCTEMBbI M HE OTpaHMYMBATH
UI'POKOB B BbIOOpe cBoUX cTpareruii. Iloatomy nanee
paccMaTpUBaIOTCSI UTPOBbIE MHOTOIIATOBBIE TTO3MIIH -
OHHBbIE 3a/1aUM, B KOTOPBIX, B OTJIMYKE OT pador [9, 15],
He (PUKCUpyeTCs TOPSIIOK XOIOB UTPOKOB. DTOT KJlacc
3a7a4 SBIISIETCS TUCKPETHBIM aHalloroM IuddepeH-
LIUATBHBIX UTP, HYXIAIOUIAMCS B CaMOCTOSITCJIbHOM
uccienoBaHuu. B 3Toil paboTe MCIONIb30BaH MOAXO
10. B. Iepmeiiepa n A. @. KoHOHEHKO, TTIPUMEHSIEMBIIA
JUTSt Torcka paBHoBecuit Hoatia B iuddepeHumnanbHbIx
urpax aByx juil [11,13]. PaBHOBecue obGecrieuynBa-
ercs yrposoi HakazaHus [2,9—13]. B urpax MHOTHMX
JIMIL pealn3alis 3TOro ITOAXOoda OIMpaeTCs Ha HC-
MOJTb30BaHME Pa3pellalolero npaBuia, KOTOpoe CIy-
JKUT OOHApYXEHUIO TTapTHepa 10 UTpe, Hapylialomiero
«IIPUHUMAEMOe» BCEMU COIJIAllIeHWEe O COBMECTHOM
MMPOrpaMMHOM YIIpaBJIeHMU cucteMoii. [IpemmoxeH-
HOE B CTaThe MPABWJIO OITMPACTCS HAa COOp «MUHUMAJIb-
HOI1» TOTIOJIHUTETbHOM MH(POPMAIIUH O XOJE UTPHI.

2 MHoromiarosas mo3uilIMOHHAd
urpa

2.1 IlocTtaHOBKa UTPOBOM 3a1a4n

[TycTs B UTpoBoOii orepaliu MPUHUMAIOT yJacTue
urpok ¢ = 1,2,...,n. OHU BbIOMPAIOT CTpaTEruu
@' = ui(z) = u(t, z), KOTOPBIE HA TIPOMEXYTKE BPEME-
Hu T = {tg,to +1,...,T — 1} onpesensiior ABUKEHUE
NVHAMWYECKOM CUCTEMBI,

~1 ~2

Tep1 =g (L, ), 4= (u , 1 ,...,ﬂ”), teT, (1)

CTapTylollell W3 HavYalbHOW TO3MLUHN (to,Ty,) €
€ N x R™. Ilo3duuMoHHbIE CTpaTeruu WUIPOKOB —
310 OTOOpaXeHus ' : T x R™ — U', mpuHuUMaloline
3HaYeHUs B 3aaHHbIX MHOXecTBax U' = U'(t, x). Ta-
KUe YIIpaBJIsIiole BO3IeHCTBYSI UTPOKOB Ha3bIBAIOTCST
JOMyCTUMBIMU.  MHTEpec KaXmoro ydyacTHUKA WTPhI
COCTOUT B MaKCUMU3AIMU TI0 BO3MOXHOCTH CBOETO
Kputepus 3pHeKTUBHOCTU

w' = fi(xr), i=1,2,...,n. (2)

DyHkiyyM BeIMTpHIIIA (2), 3aBUCIIINE OT TEPMU-
HaJIbHOTO COCTOSIHUSI cucTeMbl (1) zp, OTBeyalrollero
MOMEHTY BpeMeHU 1', He OrpaHUYMBAIOT OOIIHOCTH
3amaud. [ mmaTexeil uTpokKoB (2) BBeIEM JOIION-
HUTENbHOE 0003HaYeHne w' = F'({), B IBHOM BHIE
OTpakaroIlee 3aBUCUMOCTh PE3yJbTaTOB UTPHI OT BbI-
Oupaembix ctpateruii. Eciau aHamusupyeTcs cemeii-
ctBo urp (1), (2), B KOTOPOM MPOU3BOJBHO BapbUpPy-
eTCsT HaYaJIbHasK To3uus (¢, ), To st Kpurepus (2),
f=(f ..., f"), npumensercs Gonee MOAPOOHasT 3a-
much w' = Ff (@), i = 1,2,...,n. Ilpu 3ToM BIOMB
TpaexTopuu cuctemsl (1) Y, (1) = F{\y .., ().

CornacHo (1), (2) BEIUTPBIII JIFOOOTO UTPOKA OTIpe-
nessieTcs He TOJIbKO ero JeHCTBUsIMU 4'. BwiOGop ma-
pamMeTpoB @', j # 49, KOHTPOJIMPYETCH OCTAIbHBIMU
yyacTHUKaMu Urpbl. [loaTOMy HU OIMH W3 UTPOKOB
HE UMEeEeT BO3MOXHOCTH TOYHO TTPOTHO3UPOBATh BEJIM-
YUHY ITOJTy9aeMOTO BBIMTPHIIIA U BEIHYKICH BEIOMpPaTh
CBOIO CTPATETHIO B YCIOBUSX «Xa0Ca» OyIyIINX PE3YIb-
TaToOB WTpbl. [lpMMeHsieMble MO3UIIMOHHBIE CTpaTe-
My %' MOTYT 3aBUCETh OT HEKOTOPOM JIOIOIHUTEb-
Hoil uHbopMaluu I, KOTOpoii pacrnojiaraloT UTPOKH,
u torna crpateruu ' = ul(z; I) [2,4]. KoanuumoHHoe
MMOBEICHNE UTPOKOB HE paccMaTPUBaeTCs.

Bcskast cutyaiyst urpbl @ onpeaessieT HEKOTOPbI
pesyabtaT (2). Hauboabluuii MHTEepec MpeacTasisieT
€000 HaXOXIeHWe CUTYallMil, OTBEYAIONIMX TTPUHIIM -
naMm omntuMayibHoro noseaeHus [2]. HMcciaegyem Bo-
MIPOC HAXOXICHMS CUTyalnsl paBHoBecus: Hoamma, pe-
aJM3YIONIEero MPUHINI YCTOMUMBOCTU. HamomHmM,
YTO paBHOBECHasl CUTyalusl . obJlagaeT CleayolnuM
CBOMCTBOM:

(Vi) (va') F* (a*

a') < F' (") . (3)

Bpecy @ |@t = (a*t,....@"h Al @ttt e,
Jlanmee moka3aHO, YTO YYAaCTHUKHU TO3UIIMOHHBIX UTD
BITIOJIHE MOTYT PaCCUMUTHIBATh Ha BEIOOP 3 (PEKTUBHBIX
no [lapero paBHOBecHii, OTBeYAlOIIUX W MPUHLIUITY
BBITOAHOCTH [2,4].

2.2 OcHOBHBIE ONpeIeICHUSI U TOITYLLIEeHM S

HwukTo 13 UTPOKOB «HE COracuTCs» MOJTYYUTh BbI-
WUTPBILI, MEHBIIUI TOrO, KOTOPBIA OH MOXET caM cebe
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rapantupoBatb. WMrpy (1), (2) ecrecTBeHHO paccMmart-
puBaTh B paMKax CEMENCTBa 3aa4 YIpaBIeHUSsI CUCTe-
Moit (1), OTIMYAIONINXCS JIMIIb HAYaIbHOM MO3UIMei
(t,z). Ecnau cyuiecTByeT CUTyallusi paBHOBECHSI, TO
B HEl TJ1aTek UTPOKOB HE MOTYT OBITh MEHbIIIE HaM-
JIyYIIUX TApAHTUPOBAHHBIX PE3YJIbTaTOB [2, 4], paBHbIX

F'(q). 4)

L'(t,r) = max min
ateUt ul €U, j#i

Benvuuna L = (L%,i = 1,2,...,n)3aBUCUT OT KJIACCOB
JOMYCTUMBIX CTpaTeruit urpokos U*, KoTopsle 3aduK-
CHPOBAHBI B TIOCTAHOBKE 3a1a4M M TTIO3TOMY OITYIIIECHBI
B 0003HaueHusx. bymem cumTarh, 4TO BCE OrpaHuU-
ypBaolme MHoxectsa U, i = 1,2, ..., n, KOHEUYHBI.
Torma B ompeneneHuun (4) U BO BCeX MOCIEAYIOLIMX
SKCTPEMAJIBHBIX 3aJadyaX MaKCUMYMBI M1 MUHUMYMBI
JocTuraroTcst. [losTomy, Hampumep, UTPOKUA UMEIOT
eapanmupyrowjue CTpaTeruy ', 1ocTaBIsIolme MaK-
CUMYyMBI B 3agavax (4), i = 1,2,...,n. Bcex urpokon
00benuHSIeT 00lIee CTpeMIeHne — JOCTUYb MHOXe-
cBa Xp(L) = {xr : f(xr) > L} # 0 [4]. Bonee
TOrO, 11eJ1eCO00pa3HO MOMacTh B Ty €ro 4acTb Pr, aJie-
MEHTBI KOTOPOil 27 € Pr ABsitoTcs 3G(OEKTUBHBIMU
pelieHusiMu cratudeckoit urpsl I'r = (f, Xr). Ha-
MOMHUM [2], 4TO BeKTOphl x7 € Pr, oTBeyarolliue
npuHuumy sddexktuBHocTy [1apeto, obnagaoT cBoOii-
CTBOM

= (Jar (xr € Xr) A (f(21) > f(27)) A
A (f(zr) # f(z7))) -

B mosunmonnoii urpe (1)—(3) Bcskas curyamus *
a(ddeKkTuBHA, eciau yrpaBjieHUe u* 3aJaeT TpaeKTo-
puto zf, W Kotopoit x%. € Pp. llenecoobpa3Ho
JIaJbHEIIIee CysKeHHe IIeJIEBOr0 TEPMUHATBLHOTO MHO-
xecTBa Pr BILUIOTh 10 noamHoxecTBa X1 (M) N Pr, rie
Bektop M = M (t,x) umeer koopauHatel M (T, x) =

= L(T,z) £ f(z)

M'(t,r) = min max F'(@), i=1,2,...,n. (5)
wieli j#iatel?

Hanomuum, uro M > L [4]. Pemenue 3amaum (5)
W (i) = u(t,x54), j # i, HA3BIBAETCSA cmpameauell
Haxazanus i-ro urpoka [2]. Tlpm mucroaHeHMU Ha-
Ka3aHWs ero ONTUMalbHasl CTparerus 4 1ocTaBiseT
MakcuMyM B (5). Ins cpaBHEHUS: TapaHTUpPYOLIAs
cTpaTterusl Urpoka obecreunBaeT emy pesyisraT w'’,
KOTOPBIN TIpK ABVXKEHUU cucTeMbl (1) pacrnomaraercs
B IWaITa30He 3HAYCHU (CM. JIeMMBI | 1 2)

Lit -1,z 1) < Li(t,x) <w'' =
=F{,, (@, @) < M'(t —1,m_1) < M'(t,x¢).

3aduxkcupyem
ynpasnenue u; = (u;,us,..

MPOU3BOJIBHOE  MPOTrpaMMHOE
.,Uy) M paccCMOTPUM

MHOXECTBO Tosuumii Di(u), to+1 < 7 < T — 1,
i=1,2,...,n, IOCTUXKNMBIX cucTeMoii (1) B MOMEHT T
¢ MOMOILBIO yIpaBiaeHuil BuIa u = (ulul), ut € U’,
T.C.

=7
ug

: t<rT—1,j#iVt<T—2;
ul(tvx): ; —7_ 7]#1 —7- I

u, t=717-—1.

VYnpasnenue cucteMoii (1) mMponucxXoauT Ha TPOMEKYT-

Ke top <t <7 — 1. BBenem BenmuuHs (i = 1,2,...,n):
M w) = max Mt z);
(@) (t,z)€Di() (t,2)
_ =1 (6)
D@ = |J Dim).
T=to+1

W13 Hux coctaBuM BEKTOD

M (@) = (' (@), 3 @),.... M"(@) .
ITyctb MHOXecTBO A C T X R™. PaccMOTpUM ABU-
XKeHune t — T, cucteMsl (1), v = w, JIT KOTOPOTO
(t,7:) € A, t = tg,..., T — 2. JomyctuM, 4To 110001
i-il UTPOK BMECTO W' B MOMEHT BPEMEHU ¢ HAYMHA-
€T KCIT0JIb30BaTh MPOU3BOJIbHYIO JOMYCTUMYIO TTO3U-
LMOHHYIO cTpateruio @', Eciu y OCTaJIbHBIX UTPOKOB

~ J
MMeeTCsl TaKast KOHTpCTpaTerys u (i) = (u (i), # i),

MpuMeHsieMasi ¢ MOMeHTa t + 1, uTo TpaekTopusi &

cucremsl (1), @ = a(z’),ﬁi , He TTOKMIAeT MHOXe-

ctBa A, 1e. (1,%,) € A, 7 =t+1,...,T —1, 10
OyIeM TOBOPUTb O cmaduabHOCMU IBUXEHUS t — Ty
cucteMbl (1) oTHocuTeabHO MHOXecTBAa A C T' X R™.
BBeneHHoe ompezeacHUe SIBISIETCSI JUCKPETHBIM aHa-
JIOrOM IOHSITUSI CTAOMJIBHOIO MOCTa, MCIOJIb3yeMOTO
B nuddepeHInaNIbHBIX UTpax [§].

[peanonoxum, 9T0 UTPOKU TIPUHSLIN COTJIAIIeHIE
MPUMEHSITh TIPOrpaMMHOE YIIpaBJlIeHue u*, KOTOpOMY
oTBeuaeT ABuxkeHue cucrtembl X *. IlepBoe OTKIOHE-
Hue || xx — 2} ||# 0 cucremst (1) ot Tpaekropun X*
CTAHOBUTCSI M3BECTHBIM BCEM UTPOKAM U CIIY>KUT CUT-
HAaJIOM HapylleHus B MOMEHT BpeMeHHU ¢ — 1 TOCTUTHY-
TOI JOTOBOPEHHOCTH. Paspewarouwum npaguiom Hazo-
BEM TaKyIO «IIPOLEAYPY», KOTOPasl MIO3BOJISIET JTHOOOMY
YYACTHUKY KOHMIUKTA MACHTU(ULIMPOBATh UTPOKA-
HapyLIUTeNss. DTO IMPaBUIO OOJDKHO OMUpPaThCs Ha
HCIOJIb30BaHUE KAKUX-JIMOO TOMOJHUTEIbHBIX CBEIC-
HUI [ 0 X0je UTPhI: UHGOPMAIIUHU O TEKYIIEH TTO3UIUN
urpsl (¢, ), BOOOIIE TOBOPS, HemocTatouHo. [loTpe-
OyeM BBITIOJIHEHUSI CIICAYIOIINX JOMYIIIeHUI.

I1. Tlyctb cyiecTByeT M3BECTHOE BCEM WUTPOKaM
Takoe MporpaMMHOE yIrpaBieHue u(t) = u; cuc-

temoii (1), uro =% € Xp (M (u*)).
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2. YV urpokoB MmeeTcsl paspeliamoliee MmpaBuio,
MMpUMEHSIEMOe K YIIPaBICHUIO 1™,

A3. Cutyauus uj._, — paBHoBecue Hoauma B urpe
Lro1=(fog,U),U=U'"xU%x---xU".
PaccMoTpuM npou3sBobHOE MPOrpaMMHOE yIpaB-

JIEHUE U Y CBSI3aHHOE C HUM MOJAMHOXeCTBO (ha30BOro
MPOCTpaHCTBa cUcTeMbl (1) Buma

S (@) = U{(t,x) : Mi(t,z) < Mi(ﬂ)} .

i

Jlemma 1. B npeononoxcenuu 12, npumensemom K T,
8caKoe dsudceHue t — Ty duHamuyeckoil cucmemst (1)
CMaoduAbHO OMHOCUMEAbHO MHOMCcecmaa nozuyui S(u).

JNoka3zaTenbcTBO. BO-MepBbIX, B COOTBETCTBUU
c (6) «tpy6Ka» | J, D*(uw) C S(u). Bo-BTOpbIX, COrIacHO

MPeAIoIoXeH! o J12, B KauecTBE KOHTPCTPATErNU a(i)
Ha CTpaTeruio i-ro Urpoka i € U’ MOXHO B3SITh CTpa-
Teruio HakasaHus 4% (i) = (u™ (t,x;4), j #14) € [[ U7
J#i

(cM. (5)). ITokaxem, yTo OHA OOECITEUMBACT CTAOWIIb-
HOCTb IBVIKEHUS ¢t — Ty OTHOCUTEIHHO S.

IpriMeHeHNE HaKa3aHUS HAYMHAETCS B TOM IIO-
suuuu urpsl (t, ;) € Di(W), IIs KOTOPOWl BriepBbie
Ty # Ty. IlycTb Ty 1 — clemylollee COCTOSTHUE CHUC-
tembl (1), otBevaroiee ynpasnenuio @', 4" (i). Torma
B cuiy (2), (5) u (6)

M (t+1,%41) < max F/; (@', a%(i)) <

alel?,
T>t+1
< max F-(@',a% (i) 2 Mi(t, &) < M (7).
atevt,
T>t

HepaBeHCTBO MOXHO MTPOAOJIKUTH Jajiee 11 BCEX MO-
MEHTOB BpemeHU t + 2,...,T — 1 U NOAYYUTHb LIEIb
COOTHOIIEHU:

MYT —1,G7-1) <+ < M"(t+1,7411) <
< Mi(t, &) < M (q).

DTO J10Ka3bIBALT, UYTO JBUXKEHUE CUCTEMBbI t — F MPO-
XOIUT [0 MHOXECTBY S(T).

Jemma 2. M*(t, %) = M'(t + 1,T¢11) 60046 mpaexmo-
puu cucmenmot (1), i = (@, 7%(i)).

JlokazbIiBaeMOe PaBEHCTBO SIBJISIETCS CIICACTBUEM
onpeneneHus (5) crpateruu u. Eciau paBHOBecue Cy-
LECTBYET, TO Pe3y/IbTaT Urpbl w* = f(z4) > M (tg, zo).
IIpennonoxenue I3 HeoOXoauMO Isi paBHOBECHS
1 OOYCJIOBJIEHO <«KpaeBbIM» 3((HEKTOM, CBI3aHHBIM
C KOHEYHOCTBIO Tporiecca ynpasBiaeHust cuctemoit (1),
a MUMeHHo: mnpeanociaeaHeit nosuuuu (I' — 1,z%_,)
JUHaMU4YecKoil urposoii 3agauu (1), (2) oTBeyaeT cTa-
Thyeckas urpa ['r_1, B KOTOpOil HUKOMY M3 UTPOKOB

He ynaeTcsl TOBJUSATbL Ha BbIOOp MapTHEpOB. Yrposa
HaKa3aHUs He IeUCTBYET, TaK KaK O HapyILeHUHU Corjia-
LIEHUS ©* CTAHOBUTCS M3BECTHO B MOMEHT BpeMEHU
t = T, Korga Urpa yxe 3aKOHYMJIACh U YK€ HUYEro
HeJIb3s1 UBMEHUTh.

IIpennonoxenue I3 CTaHOBUTCS U3IUILIHUM, €C-
JI CJIEAYIOIIMM 00pa3oM U3MEHUTD KJIACChl CTPATET Uit
WUIPOKOB, a UMEHHO: B urpe I'7_ 1 Bce mapTHEPhl MOIYT
MPUMEHITh CMellaHHbIe cTpateruu [2]. OT KpaeBoro
addekrra MOXKHO N30aBUTHCS, U3MEHUB MPaBUJIa UTPHI,
cumTast, 9To pakT ul | # wkl | CTAHOBUTCS MITHOBEH-
HO U3BECTHBIM BCEM UTPOKAM.

2.3 CyuiectBoBaHue paBHoBecus Hoaina

B cootBercTBUM C mpenmojoxeHuem J1 pac-
CMOTPUM Tpaektopuio auxeHust X* = {(t,a}),t =
= to,...,T} cucremnl (1) mpu wu(t,z) = uj.
Yepes j(I) 0603HaYMM UTPOKA-HAPYIITUTEIS TPOTPAM-
MBI U}, UICHTUGDUIMPYEMOTO BCEMU UTPOKAMU i # j

coriacHo J13.

Teopema 1. Ilycmo svinoausromes donywernus J1—13.
Toeda 6 nO3UUUOHHOI Uepe MHORUX AUY CYU,eCTNEYem pas-
Hosecue Hawa, pagroe

. . ur =¥
W= (e D) =4 )
’ ap (i), = #af,
t € {to,..., T —2},dnn6cexi=1,2,...,n.
JloxkazaTtenbcTBO. [lo yCcioBUIO TeOpeMbl COOT-

HoueHusi (7) OmpenessitoT MOIMYCTUMYIO CUTYalWIo
urpbl. CoracHo jemMe 1 TpaekTopust X* cTabuiib-
Ha OTHOCWTENIbHO MHOXecTBa S(u*). [lpumepxuBa-
SICh IIPOTPAMMHOTO YIIPABJIEHUS Uy , UTPOKU TIOJTy4atoT
BBIUTPBIIIM, paBHble w* = fi(z%), i = 1,2,...,n.
IIyctb Tenepb KTO-TO U3 HUX U3MEHUJ CBOIO CTpaTe-
TUI0 ¥ BMECTO 4™/ ¢ MOMEHTA BpeMeHHU £, t € {to, ...
., T — 2}, HavaJl IPUMEHSITh IPYTyIO TOITYCTUMYIO
crpareruio @/ # @*/. 3Hast nosuumio (t + 1,7¢41) € S,
BCE TapTHEPHI ¢ # j 3TO OOHAPYXXMBAIOT U COTJIACHO
npeanoioxeHnio 3 uaeHTUhUIMPYIOT HAPYIIUTENS
j = j(I). B cooTBeTcTBUU C OINpeNeIeHUEM CTpaTe-
ruit @* (cM. (7)) ¢ MomeHTa t + 1 UTPOKM i # j npu-
MEHSIIOT KOHTPCTPATeruto @™ (5). OLEHUM BBIUTPBILI
j-Tro urpokKa B 3Toi1 cutyaruu. CorjiacHO mpearnooxe-
Huto J11 u mocyienHeMy HepaBEeHCTBY 13 10Ka3aTeIbCTBa
JIeMMBbI 1, TPUMEHEHHOMY K T = ™, TIoJTlydaeM:

W = fI(&r) < MY(T = 1,771) <
< MUt 3) < Mi(u*) < fi(ah) = w

OcTasioch MpoaHaIM3uPOBaTh CIydali, KOT/Ia OTXO
OT MPOrPaMMHOTIO YIPaBIeHUsI u* COCTOUTCS B MPe-
nocjaeaHuii MoMeHT BpeMeHu 1" — 1. Torma pa3bIrpbl-
BaeTcs urpa I'p_1, KoTOopas Mo mpeamnonoxeHuto J13
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nMmeeT paBHoBecre Hoia, coBmamatolee ¢ BHLIOOpOM
yrpasineHus @ . U snech @’/ < * no onpeneneHuio
paBHoBecus (3). MTak, nokazaHo BBITTOJIHEHUE Hepa-
BeHCTB (3) mpu Beex j = 1,2,...,n B cutyauun (7).
CrieioBateibHO, OHa paBHOBecHa o Harry.

I[IpumeHuMm TeopeMy 1 K crieayrolieil 3KoHOMUYe-
CKOM MOJIeJIY, MapaMeTpbl KOTOPOM, CUMTAEM, YIOBJIE-
TBOPSIIOT YCIOBUIO:

1
exp(C — 1) +exp(n(C —U)) < 5t expg ,

Uur=U. (8
IIpumep 1. Moneb cCBOGOIHOTO ChIPHEBOTO phIHKA. MMe-
I0TCSl 1OOBbIBalOIIMEe KOMITAaHUM ¢ = 1,2,...,n, KOTO-
pbie B MOMeHThI BpemMeHu t = 0,1, ..., 7T — 1 MOTYyT BbI-

XOIUTh Ha PBIHOK C MPEIJIOKEHUEM ChIpbsi. OO0BEeMbI
npojax ' OrpaHUYEHbl KOJMYECTBOM I0OBIBAEMBIX
pecypcoB U?, U? > 1. Peanuszaumus chIpbs IPOUCXO-
JIAT 10 LieHe ¢(u), 3aBUCSIIEH OT MPEJIOKEeHMsI TOBapa
u = Y ,u’ B MOMEHT ToproB. Kaxuast KommaHust
3aMHTEPECOBAHA B MAKCUMU3ALMU CBOCH CyMMAapHOU
MPUOBLIN.

[Myctb ! — npubbUIL KOMIaHuu i = 1,2,...,n,
U3BJIeUeHHasl K MOMEHTY BpemeHu t = 0,1,...,7 — 1.
Torma 3Tv BeTMYMHBI M3MEHSIIOTCSI COTJIACHO Pa3HOCT-
HBIM YpaBHEHUSIM:

ah = a)+eluul, ah=0, t=01,....,7—1.

Kaxmas KOMIaHus CTPEMUTCSI MAKCUMU3MPOBATh 00-
myto npubblib fi(i) = xl. DTO UIpOK, BbHIOMpA-
IOIMIA CBOM JOIYCTMMbIE IO3ULIMOHHBIE CTPATErMU
@t = ui(x,I), 0 < ui < U, e v = (af,...,2").
ITycTh 3aBUCMMOCTb 1IEHBI TOBapa OT IPEMIOXKEHMS
paBHa

) OSUS’UO7

e(u) = exp (—n + vg) ,

u > .

O0beM MpemoKeHus u < vy XapaKTepusyeT cOasaH-
CUPOBAHHOCTb CIIpOCAa W MPEVIOKEHUSI Ha PBIHKE,
o0ecIieunBaolIy0 CTAOUIbLHYIO LIEHY ChIPbsl, paBHYIO
enuHuie. byrem cuntath, uto KOHcTaHTa C' = vg/N
yIOBJIeTBOPsieT HepaBeHCTBY 1/2 < C' < 1.

PaBHoBecue Hoaia moctpoum, ucxoas u3 pe3ysib-
TaTOB UTPOKOB, PAaBHBIX

(T —1)+exp(—n+ ) ,

JMOCTUKMMBIX Ha TPACKTOPUM CUCTEMBI, YITPABIISIEMOI
rporpaMMoii Buna (i = 1,2,...,n):
Vo
L=, t=01,.,7-2;
ui' =< n
1, t=T-1.

B m060it MmomeHT Bpemenu t = 1,2,...,7 — 1 Bco-
KU UTPOK MOXKET CAMOCTOSITENTbHO OOHAPYXUTh (akT
HapylleHUs obulero rnjiaHa aeicrsuil. Eciu xy # 7,
TO yKa3aHHOE cOObITHE Cayunsoch pu 7 = ¢t — 1. 3a
9TO CJIeAyeT HaKa3aTh HapymuTens j. HauuHas ¢ Mo-
MEHTa BPEMEHM 7 = ¢ YYaCTHMKM UTPHI i # j OymyT
HCTOJIb30BaTh CBOU MO3UIIMOHHBIE CTPATETUM HaKa3a-
Hust, uMerotnne Bun vl (z; j) = U, x # x*. Tocnen-
HUE ONWHAKOBHI IJIST BCEX j # i, MO3TOMY Jaxke He
HYXXHO UIeHTUDULMPOBATh HapyluTeas! B cratuue-
ckoil urpe I'r_; umeercs paBHoBecue Hoiia, paBHoe
wp_q = 1.

BrolinonHeHbl Bce yciaoBus TeopeMbl 2.1, Tak 4To
paBHOBecHe U* B TO3ULMOHHBIX CTPATETUsIX UMEET
Bua (7). CrpaBeIIMBOCTh CKa3aHHOTO OOYCJIOBJICHA
NENCTBEHHOCTBIO HAKa3aHMs, YMEHBIIAIOIIETO «Oro-
BOPEHHBIil» BBIMTPBILI UTPOKA 7). DTO MPOUCXOIUT
MpU COOTHOLIEHUN (8) MexXay mapaMeTpaMu MOAEIIU.
CpaBHMM HaiileHHOE MMO3MLMOHHOE pPEeLIeHUe UIPo-
BOIi 3a1a4K C IPOrPaMMHBIM paBHoBecueM (V i)uy’ =
= 1, naoumm pe3yasrar urpbl o = T exp(—n + vp).
Beuny cripaBemBoct HepaseHeTB (V i)z < 3,
cutyauus uP He apdekTrBHa 1o [1apeto.

3 Paspemnaroniee rmpaBuiio

Mpennonoxenve 12 usnuiiae (I = () mas urpbl
JIBYX JIIL W JIJISI UTP CIIELIMAJIbHOTO BMJA, B KOTOPBIX
cucrteMma (1) pacriamaercst Ha MOJCUCTEMBbI:

xi-{-l :gi(taxt;ﬂi)a
’6'21,2,...,’[7,, tzto,t0+1,...,T—1.

KaxmoMy UrpoKy 10CTaTOYHO OOHAPYXMUTh BHITTOJTHE-
HU€ HEPABEHCTBA 7] # x,” U IPUCTYIUTh K HAKa3aHUIO
7-TO UTpoOKa.

B obiiem cinyyae mpuaercsl yBeIUYUTb UHGMOPMU-
POBaHHOCTH UTPOKOB. Llesecoobpa3Ho pacmpuTh ha-
30BO€ ITPOCTPAHCTBO M BMECTO MCXOTHOTO MHOTOIIIAT0-
Boro ypaBHeHUs (1) TIepeiiTH K yIIpaBIisieMOoii cucTeMe,
ITOCTPOEHHOM C TOMOLIBIO TPOrPAMMBI U;

thiJrl :g(tazltivuﬂai) )
i=1,2,...,n, t=to,to+1,...,T—1. (9)

B monyyeHHOI Monenu Bce AEUCTBUSI UTPOKOB
MOJHOCTBIO KOHTpoaupytoTcsi. OHU BbIOMPAIOT CBOU
NOMYCTUMBIE CTPATEIMU B KJlacce OTOOpaKeHMit i’ :
(t,z) — u'(t,2), Tak uto I = {(t,2)} # 0. Hapy-
wutenb j = j(I) cornamenus u; UAeHTUGUIMPYETCS
C TIOMOILIBIO yCioBUs ;7 # z]. Ec/in Bce UTPOKM NpH-
JEP>KUBAIOTCS BBIOOPA u;, TO TPAEKTOPUU JABUXKECHUS
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Beex cucreM (9),7=1,2,...,n, u (1) copnanaior. I1pu
HapYIIEHUW TIPOTPAMMBI 1’ IBUXEHUE TOJTBKO OIHON
u3 noacucteM (9) coBnamaer ¢ ABUKEHUEM MUCXOTHOMN
CHCTEMBL.

IIpumep 2. Tlo3MUMOHHBIE MIPHI C BJAMATEbHBIMU
urpokamu. [1yCTh B UTPE UMEETCH 71 UTPOKOB, KaXKIbIiA
M3 KOTOpBIX k = 1,2,...,m1 OKa3bIBaeT BIMSAHKME Ha
rpyriy urpokoB L(k), HEMOCPeNCTBEHHO BO3JCHCTBYsI
Ha yIpaBJIsieMble CCTEMBI BUJIA:

l =l I ~l ~k
mtJrl =g (t7xtauau ) )

le L(k), t=to,to+1,....,T—1. (10)

VY kaxpgoro urpoka k = 1,2, ..., n, UMeeTcs CBOU 00b-
eKT yIpaBJICHUS

)

=k ~ o~
forl:g (t,xt,u,v),
rae
i=(uk=12...,n); 0= (a1 € Lk)),

¢ cocrosuusavu = = ((zF, k = 1,2,...,n1),(a",1 €
€ L(k))), 3aBUCSALIMMU OT yITPABJISIOINX BO3IEHCTBU I
«ITOMUMHEHHBIX» UTPOKOB | € L(k).

B wurpoBoit 3amaue (10), (11) ¢ mIareXHBIMU
(YHKLIMSIMUA UTPOKOB (2) ¥ ¢ MPUHILIUIIOM OITUMAaJlb-
HOCTU (3) BBIAEIEHO 11 UepapXuUueckux CTpykTyp [1].
JUis peanv3alluy CUTyallUM PaBHOBECUS U3 Teope-
MbI 1 MOXXHO BOCIOJIb30BaThCs CAEAYIOIIUM pa3pelia-
IOILM TIPABUJIOM, TTPEATNOIATAIONIMM HAJIMYUE Y UTPO-
KOB JIMIIb 4acMu4H020 3HaHUSI MO3ULIMI UTphl. Tak,
KaXIbIii BIUATENbHBINA UTpoOK &k = 1,2,...,n1 O0J-
>KEH UMETh MTH(POPMALIMIO O TEKYIIUX COCTOSTHUSIX CUC-
TeM (11) Bcex BIUSATEIbHBIX MAapTHEPOB U cucteM (10)
BCEX <«IOJUMHEHHbIX» emy urpokoB [ € L(k). Bce
urpoku | € L(k) HOMKHBI 3HATH TEKYIIUE COCTOSIHUSI
(z%, (z!,1 € L(k))) cBOeii MepapXxuyecKoil MoACKCTe-
Mbl. PaBHOBecue (7) moamepxkuBaeTcs UIEHTUDUKA-
yei HapymuTess j () IporpaMMBI u; COTJIACHO TIpa-

BUJTY:
(o) = b Guk) Gul € L) o £ 07!, b i
€T =
Tk, (3uk) @al € L(R)) 2l # 27!, ok £ a7,

[Tpu HEOOXOAMMOCTH KasKIIbIi BIUSITEIbHBIN UTPOK
k =1,2,...,n1 HaKa3bIBaeT OJHOTO M3 MOIUMHEHHBIX
I € L(k) nubo0 yyacTByeT B HaKa3aHUM OJIHOTO U3 BIIU-
SITeJIbHBIX YUaCTHUKOB KOHDukTa k' = j(24), k' # k.
Kaxnpiit nogunHeHHbId urpok ! € L(k) yrpoxaer Ha-
Ka3aHUeM JIMIIb UTPoKaM U3 k- nepapXu4ecKoil momi-
CHUCTEMBI.

IIpumep 3. Ilo3unmoHHbIE UTPBI C PA3TUIUMBIMH BO3-
JIeiiCTBUSIMH HTPOKOB HA yNPaBJIsieMylo cuctemy. B ycio-
BUSX TeopeMbl | 3ameHUM pomnymieHue 12 cieny-
IOIIUM TIpearnojoxeHueM. s J00bIX 3HAYEHMI
ub e UF(t o)\ {ui*}, k=i,4,t €T,

g (tay, uf|u’) £ g (tay, ufluw!), i#j.  (12)

I1ycTh OOVH M3 UTPOKOB B MOMEHT BpPEMEHHU ¢ He
BBIINIOJIHSIET Nporpammy u;. Torma cucrema (1) Moxer
ObITh MepeBeieHa JUIb B OAHY U3 MO3ULUA (t,x) €
€ U, Dj(u*). CornacHo (12),

Dj(u*)ND] (u*) =0, i#;.

BTO Mo3BoJsIET BBECTU oOTOOpaxeHue I = I,
{0,1,...,n} — {0,1,...,n}, 3anatoiiee nuHbopmaiu-
OHHOE MHOXECTBO UTPOKA B 3aBUCUMOCTH OT TEKYIIIEH
MO3ULIMHU, B KOTOPOI MpedbiBaeT cucteMa (1), 1 oT 3Ha-
yeHus k 3Toi DYHKIMU, TOJYYEHHOTO B MPeabIIyIei
TTO3UIINH:

Ity 2o (k) =03
0, x=ua7;
Lo(k) =<k, z#a, k#0;
j, w#al, k=0, (t,x) € D] (u*),

t>tg.

Hapymurens cornammeHus u; BbIIEISETCS HEHYIIe-
BbIM HOMepoM I; (k). HyzneBoe e 3HaueHMe ITOM
(yHKIIMK OTBevyaeT Clydalo, KOrja BCe COOMI0IaroT
JIOTOBOPEHHOCTb, MPUMEHSISI TIPOrpaMMHOE yIpaBJie-
Hue u;. Wtak, B popmyne pasHoBecust (7) j(I) = Iy 5.

4 3akiIroyeHue

Ilo cpaBHeHuio ¢ nuddepeHIUATbHBIMU UTPAMU
MHOTOLIAroBble TMHAMUYECKHUE 3aa41 TOITYCKaIoT 00-
Jiee TMPOCTOE HUCCIEeIOBAHUE U UYMCIEHHOE pELIeHUE.
B teopeme 1 060cHOBaHO CyllIeCTBOBaHUE CUTyallUU
paBHOBecus Hoala B MO3MLIMOHHON Urpe, B KOTOPOM
yrpo3a Haka3aHUsl peau3yeTcsl Mpu HeoOXOAUMOCTU
C HEKOTOPBIM 3amna3abiBaHueM. [IpuBeaeHbl MpUuMephbl
paspelamimx NpaBui NACHTU(hWKAIIIY HAPYITATEIS
COBMECTHOI'O MPOTPAaMMHOT0O MoBeAeHUs. BblaeneHbl
creluralbHbIE KJIACCHI UTP, B KOTOPBIX ATO MPABUJIO HE
npeanonaraeT coopa JOMOJHUTENbHONU MHOOPMAIIUKU
0 XOJIE UTPHI.
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PARTICIPANTS’ INFORMATION AWARENESS AND EXISTENCE
OF EQUILIBRIUM IN POSITIONAL ITERATION GAMES
OF MANY PLAYERS
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Abstract:

In positional games, dynamical decision-making models are studied for the situation when there is

a conflict of interests and participants know the current position of the game. Each player is able to control the
dynamical system partially. The control strategy chosen by a player is a function defined on the system’s phase
space. Players check the system’s movement and obtain an implicit idea about strategies applied by their partners.
The principle of players’ rational behavior consists in trying to achieve the situation of Nash equilibrium. It is
proved that an equilibrium can be reached as a result of collective efforts to choose the system’s general program
control. Stability of the solution is reached by using the threat of punishment to those who refuse to fulfill the
program. Positions control and some additional information give players the possibility to identify the guilty player.
Then, after a delay, he/she is punished by all other players. The theorem of existence of an equilibrium is applied to
economic and mathematical model.
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strategy; punishment strategy; guaranty strategy; Nash equilibrium situation; Pareto effectiveness
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MOAEJINPOBAHUE OTHOWIEHUA CUTHAJI/UHTEP®EPEHLI A
B MOBUJIBHOW CETU CO CJIYYAMHBIM BJIYXIAHUEM
B3AUMOJAENCTBYIOUIUX YCTPOUCTB*

10. B. Iniinamaka®, 10. H. Opnos?, 1. A. Momuanos?, A. K. Camyiinos?

AnHotamus: llenplo MccienoBaHUs SIBASETCS aHAIM3 OTHOIIEHUs curHai/uHTepdepeHuus (SIR, signal-to-
interference ratio) npu NpsIMOM B3aUMOJEHCTBUU YCTPOIMCTB B MOOUJIBHBIX CETSX S-T0 MokoJieHus (5G) ¢ yueTtoM
TIepeMeleHusT TpUeMoTIepeIaloInX YCTPONCTB B 30He obcmykuBaHus. Bemwmunna SIR Ha mpueMHMKe acco-
LUMPOBAHHOM ITapbl MCCIEAYETCS KaK M3MEHSIOIIMICS BO BPEMEHHU CIIYYaHBIA MPOLIECC, a MaTteMaThudecKas
MOJIeNTb IBVKEHUS 3aaHa KWHETUIeCKM ypaBHEHUEM C yIeTOM CKOPOCTH TIepeMeIleHHs YCTPOMCTB, X TPo-
CTPAaHCTBEHHOH IJIOTHOCTH W MaKCHUMAaJTbHO IOITYCTMMOTO paandyca B3aUMONEHCTBUS. 3amada YMCISHHOTO
aHajM3a peliaeTcss METOJOM MMMTALMOHHOrO MojaeaupoBaHusi. B kadecTBe ¢yHKUMOHada BeauuuHbl SIR
uccienyeTcsl TIOTHOCTh pacmpenesieHus: ciydaiiHoil BesnuuHbl (CB) miauTtenbHOCTH Nepuona Haauyus (OT-
cyTcTBUsI) cBsi3M. [loka3zaHo, YTO BEpOSTHOCTH OOpBIBA CBSI3M JIOTAapU(MMUIECKU PacTeT ¢ YBETMYEHUEM KakK

CKOPOCTH TIepeMEIIEHMS B3aUMOICHCTBYIOIIMX YCTPOMCTB, TaK M UX YMCJIa B 3aIaHHOI 30HE 00CTYKMBaHMUSI.

KimoueBnbie ciioBa:

OecrpoBOJHAsI CETh, OTHOIIEHWE CUTHA/MHTep(EepeHIIrs; B3aUMOICHCTBUE YCTPOMCTB;

CTOXacTUYECKasi T€OMETPUSI; MOJENb IBUMKEHMS; KMHETUYECKOEe YypaBHEHME; IToKasareab 3(h(eKTUBHOCTH;
BEPOSITHOCTb OOPBIBA CBS3U; JUTUTEIBHOCTD ITEPUOIa HAJTUIMSI CBSI3U

DOI: 10.14357/19922264170206

1 Bsenenue

Metozapl aHanu3a SIR Kak K1toueBoro rmokasaredis,
XapaKTePU3YIOIIEro KauyecTBO MPEeIOCTaBICHUS YCIIyT
B OecripoBonHoii cetu [1, 2], pa3pabarbiBanuch Ha-
yuHas npumepHo ¢ 2005 . XoTs GOJBIIMHCTBO HUC-
clenoBartesieil UCIOMb3YyIOT Il aHaIu3a 3TOW Xapak-
TEPUCTUKU METOAbl UMUTALIMOHHOTO MOJICIMPOBAHUS,
M3BECTHBI TAKXKE TOYHBIE [3—6] 1 mpuOIMKeHHbIE [7—
9] ananutuueckue MeTonbl pacyeta SIR, ncmomb3yro-
LIMEe amnmapar CTOXaCTUYECKO reoMeTpur U MpenHa-
3HAYEHHbIE TS aHAJIM3a XapaKTePUCTUK CETHU B CIydae
HeMoABUXKHbIX aboHeHToB [10, 11]. ABTOpam He M3-
BECTHBI ITyOJIMKALIMU, Tae TpoBoauTcs aHamu3 SIR,
MEHSIOIIETOCS BO BpEeMEHHU, 2 UMEHHO B 3THUX ITPEAIIO-
JIOXKEHMSIX CIeIyeT UCCIeI0BaTh MHTeP(MEPEHIINIO TIPU
aHaM3e nokasateyeit apHeKTUBHOCTU OECITPOBOIHBIX
cerell ¢ mepemelarouumucs aboHeHtamu. IlepBbie
IIaTW B 3TOM HampaBJIeHUU TIPEANTPUHSITHI B [12].

B mannoii cratbe oTHomeHune SIR Ha mpueMHU-
K€ aCCOIMMPOBAHHON IMapbl MCCIEAyeTCsl KaK CIy-
YaHBIA TPOLECC, COCTOSIHUE KOTOPOTO 3aBUCUT OT
CKOPOCTHU IBUXKEHUS TTPUEMOIIepeaaloluX YCTPOCTB,
TUTOTHOCTH pa3MelleHUsl MepeaaTiukoB B 30HE 00-
CIYXKUBaHUS U PACCTOSIHUSI B aCCOLIMMPOBAHHOI TIa-

pe mpueMHUK—TIiepenatyuk. s ciaydass OZHOPOI-
HBIX aOOHEHTOB, TEPEMEIIAIOIINXCS Ha TUIOCKOCTH,
MOJYYeHBbl paclpeneieHus: JUIMTEJbHOCTU Tepuoaa
HaJM4Us U TIepuoia OTCYTCTBUS CBSI3U MEXIY YCTPOIi-
cTBaMM mapbl. B uccieayemoii Monenu 3agaHO KUHEe-
THYECKOEe ypaBHEHHE OTHOCHUTEJIBHO IIJIOTHOCTH pac-
npeneneHus CIydauHbIX IIpUpalleHUA KOOPAUHAT JJIsI
OMUCaHUSI NBUXEHUS aOOHEHTA, MJIOTHOCTh aOOHEH-
TOB, a TAKXKE€ MAaKCUMaJIbHBII TOMYCTUMbBIH paanyc B3a-
UMOAEHCTBUS ISl TIPSIMBIX coenrHeHuid. Ha ocHoBe
MOCTPOEHHOI B pa3. 2 MOAEIN MPSIMBIX COeINMHEHUI
B pa3n. 3 pa3paboTaH METOI pacdyeTa OTHOIIIEHUS CUT-
Hasl/uHTepdepeHIrs, a B pa3d. 4 ompeaeaeHbl IToKa-
3aTen 3pdekTuBHOCTH Monaeau. C HUCIOJIb30BaHU-
eM TpaekTopuil SIR Bo BpeMeHU B pa3d. 5 YUCIEHHO
HCCIIeI0BaHbI TUIOTHOCTU PaCIIPeaeICHUS TTUTETbHO-
cTell Tleproaa HaJTMIKs 1 TTIeproaa OTCYTCTBUS CBSI3U.

2 CucreMHasg MOJIENIb

PaccmarpuBaercst cueHapuif, rie B OrpaHUYEH-
HON 30He OoOCiyXuBaHUsl V', MpencTaBisiolleil co-
0010 06sacTb B M -MepHOM MPOCTPAHCTBE, Mepeme-
IAI0TCS HOCUTENIN UACHTUYHBIX TPUEMOTIepeIatolnX
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MonenvupoBaHKe OTHOILIEHUST CUTHAI/MHTep(EepeHIIs] B MOOMJIBHOM CETH CO CIydyaliHBIM OJIy>KIaHUEM YCTPOMCTB

ycrpoiicTB. Takoii clieHapuii MPUTONeH, Halpumep,
IUIST OMUCAHUSI XaOTUYHOTO TIEPEMEILECHUST 3pUTeseit
Ha TOPOJICKOM TUIOIIAaU, HA CTaJAMOHE BO BPeMsl Mac-
COBBIX MeponpusaTtuii (M = 2) wuaud it ONucaHus
JBUKEHUS TTOKyTaTe/ieii B MHOTOYPOBHEBOM TOPTOBOM
ueHrpe (M = 3). [asg ucciaenoBaHusi MUHTepdepeH-
MY Ha TPUEMHUKE IPOU3BOJBLHON acCOLMUPOBaH-
HOM Mapbl B3aMMOIEHCTBYIOIIMX YCTPOMCTB, CO3IaBa-
eMOl iepeaTynKaMu IPYTrux rnap, paccMorpeHo N map
YCTPOMCTB, B3aUMOIEHCTBYIOIIMUX Hamnpsmyio (D2D,
device-to-device) Ha OCHOBE OIHOW W3 YyBCTBUTEJb-
HBIX K uHTepdepeHuuu (interference-limited) TexHo-
noruii, Hanipumep LTE, Release 13 unu Wi-Fi Direct
Connect [13, 14]. TlepemenieHue TmepeaaTYNKOB CO-
yeTaeT IleJieroaraioliee MmocTynaTeJbHOe NBUKEeHUE
U XaoTHUYecKoe OJyXXTaHue W OMpenessieTcs] KUWHETH-
yeckuM ypaBHeHueM Tuna Dokkepa—Ilranka ¢ 3a-
JIaHHOI CKOPOCTBIO CHOCA u M KO3 PULIMEHTOM AUd-
¢y3un «. AccouMUpPOBaHHBIN MPUEMHUK JBUXKETCS
BMECTE C TepelaTuYMKoM BHYTPU OKPY>KHOCTU MaK-
CUMAJIBHO JIOITYCTMMOTO pajunyca B3auMOJIEWCTBUS d
C IEHTPOM B TOYKE PACIOJIOXEHUS IepenaTInKa.
MonHOCTh cHUTHajla Ha TPUEMHMKE OIpeneisieTcst
U3 CTaHAAPTHOW MOJeNU PaclpOCTPAHEHUSI CUTHAIA
¢(r) = Ar~7, tme r — paccTosiHue B mape MpUeMHUK—
nepenatink; A — KOHCTaHTa, YYMTHIBAlOIAs M3JTy-
YaeMyI0 MOIITHOCTh U KO3 MUIIMEHTHI YCUIICHUS TIPU -
€MHOI U Tepenaronieil aHTeHHbI; 7 — KOdhGUIUEHT
pacrpocTpaHeHuUs CUTHAaJa.

st otieHKW MHTEphEepeHIIMU Ha TTPUEMHKUKE HC-
nosb3yetcst SIR, BeruucsgeMoe 1o gopmyJie:

_Hr) M

¢(dn)

TIe 79 — PACCTOSTHUE MEXIY MIPUEMHUKOM M TIepeaaT-
YUKOM B MCCIIEAYeMOil T1ape; d,, — PacCTOSTHUE MEXITy
MPUEMHUKOM U3 UCCIIeyeMOM Mapbl U MepeIaTuinKoM
U3 n-i nHTepGEepUpyIoLIEeii Mapshl.

Taxxe 3aman mopor SIR*, onpenensiommii MUHU-
MasibHoe 3HaueHue SIR, HeoOxoauMoe st moaaepkKa-
Hust coenquHeHus. Ilpu nageHun SIR Ha nmpuemHuKe
HIXe nmoporoBoro 3HaueHuss SIR* ¢Bsi3b B mape mpe-
pbiBaeTcsa 10 MoMmeHTa, Korga SIR BHOBBL IpeBBICUT
naHHbBIN Topor. Takum oOpa3om, 3agauyeil ucciaeaona-
HUs SIBIISICTCSI HAXOXICHME TIJIOTHOCTEH pacIipeneie-
HUS JJIMTEIBLHOCTE MepUoA0B HAIMYUS U OTCYTCTBUS
CBSI3U.

SIR =

n=1

3 Merton pacuyeTa OTHOIIECHUS
CUTHaJI/MHTepGhepeHLIMS

MopennpoBaHUe TPAeKTOPUIA IIPOBOTUTCS TS CITY-
yasi HeCTallMOHApHOTO OJIy>KJIaHUSI Ha 3aJ1aBacMOM

BpeMeHHOM Topu3oHTe ¢ € [1,7] B TUCKPETHOM Bpe-
MEHM C €UHUYHBIM I1arOM TI0 BPEMEHHU, CIelysl pe-
syapTaTaM [15—17]. Ha kaxpgom mare k = 1,2,...,T
IUTST K&KAOTO YCTPOMCTBA TeHEpUpPYyeTCsl TpupalieHue
KOOpIMHAT B COOTBETCTBMU C PEIIEHUEM YpPaBHEHMS
®oxkkepa—ITnanka, KOTopoe ISl ciTydasi MOJIeIMpPOBa-
HUs ofHOMepHOro oayxnanus (M = 1) umeer BUL;

of (z,t) 0 a(t) 0 f(z,t)
=0. (2
3nech f(x,t) — IJIOTHOCTb pacHpeeieHus] Mpupa-

LIEHWIT KOOPIWHAT 2 TIOJIOKEHUS YCTPOIACTB B MOMEHT
BpPEMEHMU ¢, a [TapaMeTPbl ypaBHEHKS — CKOPOCTb CHOCA
u(z,t) M HecTallMOHAPHBII B OOLIEM Cilyyae HEOTPHU-
uaresnbHblil KoadduuueHt auddysuu at) — B naH-
HOi1 paboTe GBI TOCTPOEHBI IO MOAEIISIM TUITUYHBIX
HECTAllMOHAPHBIX TPOLIECCOB, OIMUCHIBAIOIINX M3ME-
HEHUS MOJIOXKEHUM CydaitHO 0Ty Ia0IIUX OOBEKTOB,
obcyxnaeMbix B [17]. g mosryueHHOTO aHcaMObJ1s1 Tpa-
eKTOPHIi pacCTOSTHUE 75 (k) MEXIY TOUKAMU i C KOOp-
nunatamu R'(k) u j ¢ koopauHatamu R’ (k), KoTopble
HaXOISITCS Ha Pa3HBIX TPAEKTOPHUSIX B HEKOTOPOI 00-
nact V' B M -MepHOM TIPOCTPAHCTBE B OMWH M TOT XK€
MOMEHT BpeMEHHU ¢ = k, BBIYUCIISTIOTCS 10 (DOPMYJIE:

(k)= (RiL (k) — R, (k)" .

m=1

BBenem (yHKIIMIO OT pacCTOSIHUSI MEXIY ABYMSI
TOYKAaMM ¢;; = @(ri;), COOTBETCTBYIOLIYIO ONpene-
JICHHOM BBIIIE€ CTAaHAAPTHOM MOIEINW PpacHpOCTpaHe-
Hust curHania ¢(r) = Ar~7. JLjist npou3BOJIbHOM Mapbl
ToYeK, HampuMmep ¢ = 1 u j = 2, dyHnkuuronan (1) SIR
OT paccTostHUs 712(k) BO BBENEHHBIX 00O3HAYECHUSIX
B MOMEHT BpeMeHU t = k ompenaelisieTcst (hOpMynoit:

$ra(k)
Dy 0k

C TOUKM 3peHUST aHAIM3a YCTOMUYMBOCTU COSIMHE-
HUsI OCHOBHOU 3a/maueii sIBJISIeTCS] BBIUMCICHUE CYMMBI
MOII[HOCTe! CUTHaJIOB B 3HameHartese GopmyJbl (3),
MOCKOJIbKY MOIIIHOCTb CUTHaJla B YUCIUTEJIE OrpaHu-
YMBAETCs MAKCUMAaJIbHO TOMYCTUMBIM PaJuyCOM B3au-
MoaeicTBus d.

W3znoxum najee o011 cClieHapW il YU CIEHHOTO MO-
neavpoBaHus BeanunHbl SIR Ha omHOM 13 N B3anuMo-
JNEHCTBYIOIIMX B obsacTu V' yCTpOMCTB, HallpuMep Ha
NPUEMHHUKE, PACIIOJIOKEHHOM B TOUKE ¢ = 1.

Cymma B 3HaMeHatesie ¢opmysbl (3) 32 BbIUETOM
BEJIMYUHBI (12 TIPEACTABISIET COOOM YMHOXEHHOE Ha

S (7‘12 (k?), N) = (3)
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N —1 cpenHee 1o aHcaMOJ110 3HaYeHUE (DYHKIIUU CBSI3U
C MePBOI TOUKOM, ONPEIeIsIeMOe KaK

U (r12(k /¢ [riz(k) —r'|) f (', k) dr'’,

rne f(r', k) ecTh IUIOTHOCTD pacripeneieHust N Todek
B 00slacTu V' B MOMEHT BpeMeHU ¢ = k B COOTBETCTBUU
C pellieHreM KMHETUYECKOro ypaBHEHUs (2).
Monoxum (k) = ri2(k) 1 paccCMOTPUM BCE OCTaIb-
HbIE TOYKU B CUCTEME OTCUETA, CBSI3aHHOUW CO BTOPOM
Toukoi. Torma ¢pyHkuroHasn (3) mpuMeT BU/;
o(r(k))
S(k;u, ) = =
(N =1U(r(k), k) = ¢(r(k))
1
_ o), (1Y
U(r(k), k) N

OrmeTnM, uto 3aBucumMoctb GyHkimu U (r(t), t) or
BPEMEHM IBOSIKAsI: BO-TIEPBBIX, 9Ta 3aBUCMOCTb HesIB-
HO ONPENEIISIeTCS TEM, UTO MOJT0KEHHE TOUEK IToJTyye-
HO reHepalmeil UX U3 pacrpeieseHus], TOCTPOSHHOTO
KaK pellieHne KUHETUYECKOTO ypaBHEHUsI (2) B MOMEHT
BpeMeHU ¢ = k; BO-BTODBIX, 3Ta 3aBUCUMOCTb OTpeie-
JISIETCSI M CAMOIA ITTOTHOCTBIO (DyHKLMM pacTipeIesieHUsT
f(r,t). Yuursiast 310, GyaeM Uisi KPaTKOCTU MUCATh
nanee

S(k) =

UEUmw:/¢WfﬂMU%NW- @)
1%

3aMeTUM Terepb, YTO BbIOpAHHBIE BhIIIE TOYKHU |
U 2, CBSI3b MEXIY KOTOPbIMU U3Yy4YaeTCsl C MOMOUIBIO
dyHkumoHana (4), IBUXYTCS MO TOMY K€ CTaTUCTH-
YECKOMY 3aKOHY, YTO W MPOYUE TOUYKU CUCTEMBI, T. €.
B KaXIbli MOMEHT BPEMEHM OHHU CIy4yaliHO ITepeMe-
1IAI0TCS B MPOCTPAHCTBE B COOTBETCTBUM C TE€M, Ka-
Kasi KOHKPETHasi BBIOOPOYHAsi TPAEKTOPUS peaanu3oBa-
Ha [JIS1 MOJCJUPOBAHUS ABVKEHUSI KaXAOU U3 HUX.
ITockonbKy BbIOpaHHAs Mapa TOYeK MPOU3BOJIbHA, TO
KaueCcTBO CBSI3U MEXY ABYMSI TOUKAMU OTPEAEISIETCS
CPeIHUM TI0 aHcaMOJIi0 3HaYeHueM ¢(t) dyHKIMoHa-
na S(r(t),t):

-
= D0t f(rt)dr. (5)
v

BeiBeneM ypaBHEHME 3BOJIIOIIMU CPEHETO 3HaYe-
Hus ¢ynknmonana SIR, T.e. Bemuuunsl (5). U3 (4)
HMeeM:

o(r) afrt)

U 5 dr —

CuuTasi, 4TO Ha rpaHule odsacTu QYHKLMS pac-
npeaeeHust o0pallaeTcs B HOJIb, IS IIPOU3BOIHOM
OU /Ot nonydaeM mociie MOACTAHOBKHM MPOM3BOIHOMN
df /Ot w3 ypaBHeHwUsI (2), MHTETPUPOBAHUSI 110 YACTSAM
U 3aMeHbl BOBHUKAIONIEH MOC/Ie 3TOT0 JIeUCTBUS TTPO-
u3BomHOM byHKIMY ¢(|r — 7'|) TI0 ' Ha TIPOM3BOIAHYIO
T10 7 CJIEYIONIEee BhIPaKEHUE:

ou  « .
EfaAU*dIVJ,

rae

J

/¢OT*WDUWC0f@C0dW

v

Hanee nepBoe ciaraemoe B (6) ¢ MCITOJb30BAHU-
eM (2) mpeodpa3yeTcs K BUY:

o(r) Of(r,t)
Ulr.t) ot dr

-fie

rae A obo3HaueH oneparop Jlamnaca. ITocine naTerpm-
POBaHUsI MO YACTSIM IOJTydaeM:

_V/f(uv-i—%A) (%) dr.

B pesynbrarte ypaBHeHue (6) IpMHUMAET BUI!

- f(fe32) ()

_2 (% AU—i—divJ)) Fr,t)dr.

d1v (uf) dr—l—%/ o) Afdr,
v

¢ 9f ,
U ot

U

DTO ypaBHEHME CJIOKHBIM HEJIMHEHHBIM 00pazoM
3aBUCUT OT (YHKLMHW pacripeiiefleHuss TOoueK, T.e.
OT TUIOTHOCTM aHCaMOJs WX BBIOOPOYHBIX TpaeK-
TOpUil.

CrenoBaTebHO, aKTyaJIbHOM 3a1a4eii JaabHeRILnX
VICCTIEIOBAaHUI SIBIISIETCS] YMCIEHHOE MOJIETUPOBAaHUE
CTaTUCTUK, CBSA3aHHBIX C pacHpeneleHueM BeINYr-
Hbl S(r(t),t) 3aBucumoctu SIR OT paccrosiHUs 10
TOYKM 2, W BeJWYMHBI ¢(t), KOTOpasi MpencTaBisieT
coboii cpenHee 3HaueHue dyHKunoHana S(r(t),t) mo
aHCaMOJTIO TPAaeKTOPHIA.
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4 Tlokazartenu 3¢p(HEKTUBHOCTHU

Jng ompeneneHus Tokasartesieil adekTuBHOCTH
nmepegavyd JaHHBIX B KaHaJle MEXIy B3aMMOICHCTBY-
IOIIIMMU YCTPOUCTBAMU aCCOLMUPOBAHHOM Maphl B 30-
He O0OC/Iy>)KMBaHMUSI Ha pucC. | MpuUBEAEHBbI MPUMEPHI
yucaeHHoro moaeaupoBaHust SIR mist HekoTopoil ma-
PbI YCTPOMCTB MO ONMMCAHHOM METOIUKE.

751 OlLleHKN BEPOSITHOCTU OOpbIBA CBSI3U MEXIY
B3aUMOIECUCTBYIOIIMMU YCTPOUCTBAMU CJIEAYET Y4M-
TBIBAaTh KOJIM4eCTBO BbIOpocoB SIR Hike mopora SIR*
Ha JJIUTEIbHOM MHTepBajie HabmwoaeHus. Kpome Be-
POSITHOCTU OOpbIBa CBSI3U UHTEPECHBIMU [IJISI aHaIM3a
HUCCIIEIYeMOU CUCTEMBI SIBJISIIOTCS XapakTepucTuku CB
7, — AJNTENbHOCTH Nepuoaa orcyrcreusa u CB TlJr —
ITATETbHOCTH TIePUOIa HATMYMS CBSI3U MEXKIY YCTPOIA-
CTBaMM, KOTOPBIE ITOKa3aHbl HA pUc. 1 BMecTe ¢ HeoO-
XOIMMBIMU JUJISI UX OTIPENIeIeHUsI MOMEHTaMu ¢, U tl+
nepeceyeHus: rpacdukoM BeauuuHbl SIR moporosoro
3HaueHus1 oTHoueHust SIR*. B mepByto ouepenb MHTe-
pec NpPEeACTaBIsET TUIOTHOCTD pacnpenenenus CB 7
u Tl+ B IIPEATIONIOKEHUH 00 MX HE3aBUCUMOCTH B COBO-
KYITHOCTHU ¥ OJMHAKOBOM PaCIIPEICICHUH.

B xauecTBe npuMepoB MOIYT OBbITh PAaCCMOTPEHbI
JIBa TUIIA MPWIOKEHUH, MCTIOJb3YIOIINX MPSIMBIE CO-
eIMHEeHUS MPU MPeI0CTaBIEHUN YCIYT — MPUIIOKEHUS
B peaJIbHOM BpeMEHMU U MPUJIOXKEHUSI C KAIIIMPOBAaHUEM
JaHHbIX. K MpUIoXeHUsIM B peaJlbHOM BpeMEHU OTHO-
CSITCSI, HAIIPUMED, HaOMParOIIUe TOIYJIIPHOCTh UTPO-

TaKUX MPWIOKEHUN KPUTUYHA BO3MOXKHOCTH HeEIpe-
PBIBHOTO MOIAePKAaHUS COSTUMHEHUS B aCCOIIMUPOBaH-
HOI1 mape, MO3TOMY KJTIOUEBBIM ITOKa3aTeIeM KauecTBa
MPEIOCTABICHUS YCIIYTHU SIBIISIETCS BEPOSTHOCTD TOTO,
yto SIR ynageT HuxKe 3agaHHoro nopora SIR* Ha onpe-
JIEJICHHOM OTpe3Ke BpeMeHU (BEpOSITHOCTb BbIOpoca
BeauuuHbl SIR BHU3). B 3TOM ciydae coeauHeHue
B TaKOW aCCOLIMMPOBAHHOM T1ape MPePhIBAETCS U TJIa-
HUPOBIIMKOM 0a30Boii ctaHuuu cetu LTE unu KoH-
TpoJupytounM y3iaom D2D coequHeHus s iepegadu
JAHHBIX B Mape MPpUEeMHUK—IepeaaTunK J0JIKHA ObITh
BbIOpaHa HOBasl paguoydactora. Takum oOpa3oMm, IJis
MIPWIOXKEHWH B pealbHOM BpeMEHU JINTETbHOCTh MH-
TepBaJjia 10 IPePhIBAaHMS COSTMHEHMS COBIAIACT C 1IN -
TeJILHOCTBIO MEPMOAA HATMYMS CBA3M T, 10 MepBOro
00pbIBa CBA3U B MOMEHT £ .

B oTnnyue ot npuiioXeHuit B pealbHOM BpEMEHH,
IIJIST KAIIUPYEMBIX TTPUJIOXKEHU, K KOTOPBIM B IIEPBYIO
odepeab OTHOCUTCS Tiepeaada BUICO, OOPBIB CBSI3U HE
BCeTIa MPUBOAMT K IIpephIBaHUIO coenuHeHMWsI. Ec-
JIM Ka4eCTBO COENMHEHUsI B aCCOLMMPOBAHHOM Tape
MO3BOJISIET TIepeIaBaTh TaHHbIE HA CKOPOCTH, TPEBbI-
IIaIIei TpeOyeMylo CKOPOCTb BOCIIPOM3BEICHUS, TO
IIpY KPaTKOBPEMEHHOM OTCYTCTBUM CBSI3U Oydepusa-
1M1 00eCTIeYuT HEeMPEPhIBHOE BOCIIPOU3BEICHUE BU-
neo. Takum oOpa3oM, s KIUIUPYEMbIX MPUTOXKEHUN
nageHre SIR Huke 3agaHHOro rnopora, MPUBOJIsIIEe
K OOpBIBY CBSI3U, HE SIBJISICTCSI KpUTUIHBIM JUIST TIPENO-
cTaBlieHUs yciayru. LISl Takux TIPWJIOXKEHU Baxk-

BBIC IIPUJIOKECHUA M TOJIOCOBBIC IPUJIOXKCHMA. ﬂ,JISI HbI JJIUTEJIbHOCTU IIEPUOIOB HaAJIMYUA U OTCYTCTBUA
0,06
—
-——-2
0,05

0,04
[
£ 0,03
0,02

0,01

| |

0,00
__ .+
0=(;

R S L L L L L L |
51+ 101 151 176 + 226 251 276, 326 351 376 401 426 451 476
1 2 b 303 4 4

Bpewmst, Homep mrara

Puc. 1 dparment BpeMeHHBIX psimoB SIR I pasindHoii TIoTHOCTH yeTpoiicts: [ — N = 100; 2 — N = 10
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CBSI3M, TMOCKOJIBKY HOBasl paauoyacToTa i ToIep-
JKAHMSI COeIMHEHUsI B IMape MpUEeMHUK—IIepeIaTInK
JOJDKHA ObITh HA3HAY€Ha, TOJIBKO €CJIM BPeMEHHOE
OTCYTCTBUE CBSI3U HE MOXKET ObITb KOMITIEHCHUPOBAaHO
MexaHu3MoM Oydepuzauuu. s KaupyeMbIX TPUIIo-
KEHUU [UTUTEIbHOCTh MHTEPBaIa BPEMEHU H0 IIPephI-
BaHUS COCAUHEHUS OINPENC/ISICTCSI MOMEHTOM OOphIBa
CBS3N tp (., L(r*) > 1, COOTBETCTBYIOLIMII UHTEP-

BaJl 7; ., OTCYTCTBHSI CBA3M MOC/IE KOTOPOTO TPEBbI-
CUT IOPOT 7% — 3aJIepKKY, KOTOpasi MOXET ObITh Crjia-
JKeHa ¢ TIOMOIIbI0 MexaHu3Ma Oydepusanuu. B aTtom
cllyyae JJIUTeIbHOCTh MHTEpPBala BpEMEHU 10 Mpepbl-
BaHUsI COEIMHEHMST paBHA tZ(T*) + 7* 1 onpenesieTcs

o L(t*
dopmyrnoir -7

-

(7,7 + min(r;,7%)), tne L(7*) =
= inf TL(r*) ZT*}.

TakuM 006pa3zoM, OCHOBHBIMU METPUKaMU, OIpe-
NEJISTIOIIMMU KauecTBO (hyHKIIMOHUPOBAHUS KAIIUPY-
€MBbIX IPUITOXKEHU, SBIISTIOTCS XapakTepuctuku CB Tl+
(7, ) ANUTENBHOCTH MNepuoja Hanuuus (OTCYTCTBUS)
CBSI3W MEXIY B3aMMOIEUCTBYIOIIMMU YCTPOWCTBA-
mu. O6osHaunm Fo+(z) = P{nt <z} (F,-(2) =
= Pl <aP)n frs(2) = FL. (2) (o (2) = F/_(2))
yHK1IMM ¥ TTIOTHOCTH pactipenenenust 3Tux CB coot-
BETCTBEHHO.

3anavy YMCIEHHOTO aHaIu3a B CIEeIYIOIIEM pasjie-
JIe CTaThy Oy/IeM periaTh U3JI0KEHHBIM BBIIIIE METOIOM
C UCTIOJIb30BAHUEM UMUTAIIMOHHOIO MOJIETMPOBAHUS.
AHaIM3 BEPOSITHOCTHBIX XapaKTepUCTUK OyIeM Tpo-
BOJAWTH B 3aBUCUMOCTU OT CPEHEIl CKOPOCTH JBUXKE-
HUs YCTpoiicTB v = [, u(x,t) f(x,t) dx, mpeanonaras
IUISl TIPOCTOTHI 3TY CKOPOCTh TMOCTOSTHHOM, a Takxke
B 3aBUCUMOCTH OT yucia N map npueMoriepeaaronnx
YCTPOWCTB.

5 YwuciaeHHBIN aHATIU3

B kauecTBe mpuMepa YMCICHHOTO aHalu3a pac-
CMaTpuBaeTCsl CLEHApUii TepeMelieHrusT HOCUTelei
YCTPOMCTB BHYTPU TOPTOBOTO LIEHTPA (CM. TaOIUILY).

Ipapuku mIOTHOCTEN pacrpeaeaeHus IJUTeNb-
HOCTH NepUOI0B HAIMYHUS f,+ (2) 1 OTCYTCTBUS [, - ()
CBSI3U MEXJYy YCTPOMCTBAMU B 3aBUCUMOCTHU OT Cpe/[l-
Hel CKOPOCTHU v MEepeABUXKEHUS YCTPOMCTB U uncia N
nap B3aMMOJAEHCTBYIOIIMX YCTPOMCTB MpUBEAEHbI Ha
puc.2u 3.

Pucynku 2,a v 3,a WUIIOCTPUPYIOT MJIOTHOCTb
fr+(z) pacmpemeneHus] UTMTETBHOCTU TIepUONA Ha-
JINYUS CBA3W IIpu ypoBHe mopora SIR® = 0,01 wig
pa3IMYHbIX 3HAYEHUI CpeIHEel CKOPOCTU M YKCJIA T1ap
yerpoiicTB. CreayeT OTMETUTD, YTO KaueCTBEHHOE T10-
BeleHue rpauka MIOTHOCTU OCTAeTCsl HEM3MEHHbBIM
JUIST pa3JIMYHbIX 3HAYEHMIT CKOPOCTE M KOJMYecTBa
nap. Kpome Toro, CTaTUCTMKA CBUAETEJIbCTBYET O Xa-
pPaKTEepHBIX IS 110KA3aTeJIbHOIO paclpeaeeHUs -
TEJIbHOCTSIX TIEPUOI0B HAJTUYMSI CBSI3U.

AHaJIOTMYHO MepUOoIaM HAJTUYMSI CBSI3U, TJIOTHOCTD
fr—(x) pacnpeneneHusi nepuoma OTCYTCTBUSI CBSI3U
(cM. puc. 2,6 u 3,0) uMeeT SIpKO BbIpak€HHbIN TO-
KazaTeJbHbINA XapakTep. OTU HAOJIOAEHUST XOPOILIO
COIJIACYIOTCSI C TEOPETUUYECKMMU pe3ybTaTaMM, Mpe-
cTaBJeHHBIMU B [18], TOe IOKa3aHO, YTO BBLIOPOCHI
TPAeKTOPUM CTALIMOHAPHOTO HOPMAJILHOTO CIIy4YalHO-
ro Mpolecca NMEIOT MoKa3aTeIbHbIN XapaKTep.

IIpencraBaeHHbIE Pe3yabTaThl YUCIEHHOTO aHATU-
3a MJIOTHOCTEH pacnpeneaeHus JNIMTeTbHOCTU TIEpUo-
JIOB HAJIMUMSI U OTCYTCTBUS CBSI3U MO3BOJISIIOT ClIEIaTh
BaXKHbI€ MPAKTUYECKUE BbIBOJbI OTHOCUTEILHO Kaye-
CcTBa 00CTY>KMBaHUSI IPSIMbIX COEAMHEHUI B ceTsIX Oec-
MPOBOAHOM CBSI3U. M3BECTHO, YTO MOKA3aTeJIbHOE pac-
npeaesieHue XapaKTepu3yeTcss OTCYTCTBUEM IaMSITHU.
Takum 00pa3oM, €CIM MOKHO YTBEPXKIATh O 1OCTaTOU-
HO OojblioM 3HaueHMM SIR B MOMEHT ycTaHOBIIe-
HUS MPSIMOTO COEIMHEHMSI, TO clejJaTb 0OOCHOBAaH-
HbIA KOJMYECTBEHHBIN BBIBOJ O MPOAOJKUTEIbHOCTU
rnepuoaa HaJau4dusl yCTOMUYMBOM CBSI3U HE MpeacTaBsi-
€TCSl BO3MOXHBIM BCJIEACTBUE XapaKTepa IJIOTHOCTU
pacnpenenaeHus Nepruoia HaTUIKUS YCTOMUYMBOM CBSI3U.
AHaJIOTMYHbIE BBIBOJbI MOXHO CleJIaTh U O MEPUOJe
OTCYTCTBUSI CBsI3U. HakoHell, HE0OOXOAUMO OTMETUTD,
YTO YKa3aHHOE TMOBEICHUE XapaKTepHO I BbIOpaH-

[TapameTpsl cucTeMHOI MOIEI

ITapamerp 3HayeHue
Oo6nactb obcnyxuBaHus B (M = 2)-MepHOM IPOCTPaHCTBE, V' 50 x 50 KB. M
Yucno nap «rpueMHUK—TIepeaaTdnuk», N 10, 30, 50, 100
CpemHsisi CKOpOCTb CHOCa, v 1,3,5,10,40 m/c
IMapamerp nuddysun, « 2
KoHcTaHnTa pacripoctpaHeHusi, A 1
KoaddbunmeHt pacnpoctpaHeHus, 3
MaxkcumalibHOE pacCTOSIHME OT IIPUEMHMKA JI0 TiepeIaTiyiKa B aCCOLIMUPOBAHHOM nape, d SMm
PaccrostHue oT IpueMHUKa 10 TiepeaaTInKa B aCCOIMMPOBAHHOM Tape, 7o 0<ro<d
Juddy3ust npueMHUKA B aCCOLIMUPOBAHHOM Mape 1 m/c
Yposenb orcyrcTBus cBs3u, SIR® 0,01
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Puc. 2 TlnorHocTs pacnpeneneHus [JUIMTEIbHOCTY IIEPUOAA HATUYKs (a) M OTCYTCTBUS (6) CBA3M IIPU PA3IMIHBIX CKOPOCTSIX U

(N=10):1—v=1;2—3;3—5;4—10; 5 —v =40

0,30

Bpewmsi/ ¢
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0,30

0,25+

Bpewmsi / ¢
(0)

Puc. 3 TlnotHoCTb pacnpeneneHus UINTENLHOCTU TEPUOAa Hanu4us (a) U OTCyTCTBUA (6) CBA3M IS PA3IMYHOTO YKCIa
nap N (v=>5wm/c): I — N =10; 2—30;3—50; 4 — N =100

HOM MOJEIY IBUXKEHUS U MOXKET OTJIMYATbCS ISl IpY-
TUX MOJIEJIE, YTO SBISIETCS IMPEAMETOM JAJIbHEUIINX
WUCCJIETOBAHUN.

6 3axkioueHue

B npencrasiaeHHol padoTe mocTpoeHa MOJEIb ISt
aHajaM3a XapaKTepUCTUK OEeCNpPOBOAHBIX COEAUMHEHUN
C TEXHOJIOTHEH MPSIMOro B3aMMOJECHCTBUS YCTPOUCTB,
KOTOpas SIBJISIETCS HEOThEMJIEMOM YaCThbIO CETEN CBSI-
3u 5G.

C ucriojib3oBaHUEM armnapaTa KHHeTUYECKHUX YpaB-
HEHWI OBUKEHUS TI0JIyYeHbl XapaKTEepUCTUKU, OMpe-
JIEJISIOLIME KaueCTBO 00CTYKMBAHUSI TSI TPUTOXKEHU I
B peaJlbHOM BPEMEHU M KAILIMPYEMbIX MPUIIOXKEHUM.
B yacTtHOCTH, MCceaoBaHbI MJIOTHOCTU paclipeiesie-
HUS JJIMTEJIbHOCTU MEPUOIOB HATUYMSI U OTCYTCTBUS
CBSI3M KaK (DYHKIIMU OT CKOPOCTHU TepeMelleHusT abo-
HEHTOB M YMcJia ap B3aMMOAEHCTBYIOIINX YCTPOMCTB.

Pesynbrarhl 4MCI€HHOTO aHaJU3a, MpPeacTaBIeH-
HbIe B paboTe, MOKAa3bIBAIOT, UTO BEPOSITHOCTh OOphIBA
CBSI3M DKCMOHEHIIMAJIbHO YMEHbILIAeTCsl TTPU yBeIruve-
HUM KaK 4YMciia nap B3aMMOJIEUCTBYIOLIMX YCTPOMCTB,
TaK M CKOPOCTHU MepeMellieHUuss aOOHeHTOB. BakHbIM
pe3yabTaToOM ISl JJIMTEIbHOCTU TEPUOIOB HaIWYUSs
U OTCYTCTBUS CBSI3M SIBJISIETCS MOKA3aTeJIbHbINA Xapak-
TEP UX pacCIpeaeICHUM.

I1poBeaeHHbI YMCIEHHbI aHAIN3 TO3BOJISIET CAe-
JIaTh BBIBOJ O TOM, YTO ITOMASPKKA IIPIIIOKECHUI B pe-
aJIbHOM BpeMeHH B ceTsix D2D Bo3MOoKHAa TOTBKO B TEX
00s1acTsIX, TOe CPeiHsIs CKOPOCTh YCTPOWCTB HE Tpe-
BBIIIAET HECKOJIbKUX METPOB B CEKYHIY, HaIrpumep
BHYTPU 3/[aHU, B MELIEXOMHBIX 30HAX HA OTKPBITOMU
MmecTHocTU. Kpome Toro, rpu nNpuHSTUU peleHus 00
YCTaHOBJICHUM HOBOTO IPSIMOTO COCIMHEHMS TOJDKHO
YUUTBIBATHCS KOJMYECTBO YK€ YCTAHOBJICHHBIX COSU -
HeHuil. BbiOop ontumanbHOro 3HaueHuss N 1js1 He-
koToporo nopora SIR* moxeT ObITh clieJlaH Ha OCHOBE
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MPeUIOKEHHON B CTaThbe METOA0JOTUU. 151 KoIupy-
€MbIX NPUJIOXEHUI IIPU JAIbHEUIINX UCCICAOBAHU-
SIX MHTEpPBAJ BPEMEHHU 10 MPEPbIBAHUSI COCIMHEHMUS
MOXET ObITh MPEACTaBICH KaK cCyMMa ClIydalHbIX Be-
JIMYMH, TII€ YUCJIO CJIAraeMbIX UMEET TEOMETPUUECKOE
pacripesiesieHue.

B nanpHeiilieM MHTEPECHO MPOBECTH KauyeCTBEH-
HBbIA 1 KOJIMYECTBEHHBIM aHAJIM3 BEPOSITHOCTHO-BpPE-
MEHHBIX XapaKTePUCTUK IE€PUOIOB HAIMYUSI U OT-
CYTCTBUSI CBSI3U MPU Pas3IUUHBIX TUMAX CIy4aliHOro
onyxnaHust aboHeHTOB. OTHeNbHBIM HampaBlieHUEM
MOXET TaKXe CTaTh pACIIMPEHUE CLIEHAPHUS Ha cilydyai
Hanuyusl 6a30BbIX cTaHuMil. Kpome Toro, koMmeH-
Tapuil MO NAJbHEMIIMM HMCCJIECIOBAHUSIM COIECPKUTCS
B 3aKJIIOYEHUM pa3fl. 3 CTaTbU.

B 3akioueHue apropsl 6sarogapst npod. K. E. Ca-
MyiiJIoBa 32 00CYXIeHUE TTOCTAHOBKY 3a1a4r UCCIIEN0-
BaHUM.
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MHOTOMEPHBIM PEOEPEHCHbBIY PETOH

BBICOKOMU IJIOTHOCTHU
M. I1. Kpusenko'

AHHOTAIMS:

PaccmatpuBatoTcsi mpUHLMIIBI TOCTPOEHUS MHOTOMEPHBIX pedepeHcHbIX pernoHoB (MRR —

multivariate reference region). IlpennoxeH OpUrMHaJIBHBIA METOJ MOCTPOCHUS PErMOHa HAa OCHOBE olJsiacTeit
C BBICOKOI MJIOTHOCTBIO TOYEK M aNMPOKCUMAIIMU PacIpeaesieHUs] JaHHBIX C MOMOIIbI0O CMECH HOPMAaJbHbIX
pacnpeaeneHui. st oLleHKY mopora UTs IJIOTHOCTH PAacTIpeIeIeHNsI UCTIONb3YeTcs OyTcTpern-mMeTo. B kauectse
SKCIEPUMEHTAa PAaCCMOTPEHA 3a7aya MOCTPOEHUS U UCIIOJIb30BAHUST STAJIOHHOW 00JIaCTH IJIs1 TPOTHO3MPOBAHUS
TUIa MOYeBOTO KaMHs. OOpaboTKa peabHBbIX JaHHBIX MPOAEMOHCTPUpPOBaIa MPEUMYIIECTBA MpeaIaraeMbiX

pELIEeHUIA.

KioueBbie clioBa: MHOTOMEPHBbIN pepepeHCHBI perMOH; 00J1aCTh BEICOKOM INIOTHOCTH; OYTCTPEIT-METOI; CMECh

MHOTI'OMEPHBIX HOPpMaJIbHbIX pacnpenene]—mﬁ

DOI: 10.14357/19922264170207

1 Bsenenue

MHoroMepHbIii pedepeHCHBI PeruoH ObLT Mmpe-
JIOXKEH B JIUTEpaType Mo KIMHUYECKON XMMUU B HavaJIe
1970-x IT. KaK ajgbTepHaTUBa OMHOMEPHBIM pedepeHC-
HbIM MHTepBajaMm [1]. Tam uznaraauch npeuMylliecTsa
MpeyiaraéMblX MHOXECTBEHHbBIX TECTOB, XOTb U UME-
IOIIUX YIPOILEHHbIA BUA, HO CHUXXAIOIIUX (M0 OTHO-
LIEHUI0 K OJHOMEPHBIM BapuUaHTaM) YMCIIO JIOXHBIX
MOJ0XUTENbHBIX pe3ysbraToB. [losBienue MRR oka-
3aJI0Ch 0COOCHHO TTPUBJICKATEILHBIM JIJISI MHTEPIIpeTa-
LIMM PE3YJIbTaTOB HAOOPOB MEIULIMHCKUX TECTOB. Tem
He MeHee BO3HMKAJIU TPYIHOCTU B MTOCTPOEHUU U UC-
MOJIb30BaHUU MPOLEAYP MHOTOMEPHOTO aHa/In3a (CM.,
HarmpuMep, [2]), cBI3aHHBIE, B YaCTHOCTH, C OBICTPHIM
YBEJIMICHUEM YMCJIa TapaMeTpOB, KOTOPHIE ITODKHBI
ObITh OLIeHeHbl. HeMHorue 1adbopatopru UCI0b30Ba-
a1 MRR B cBoeil mpakTuke, MpuyeM B dKCIEPUMEH-
TaJIbHOM peXUMe, 1, KaK CJAEACTBUE, Ha CETOAHSIITHUI
JI€Hb UMEETCSl OTHOCUTEJIbHO Majioe KOJIMYECTBO COOT-
BETCTBYIOILINX ITyOJUKAIINIA.

2  MHoroMepHbIii peepeHCHBII
pPETMOH Ha OCHOBE PAaCCTOSTHUS
MaxanoHob6uca

OnHOMEpHBIN pedepeHCHBII MHTEPBaJI, MOJIy4YeH-
HBI{ CTATUCTUYECKUM TIYTEM, MCIOJb3YeT LIeHTpalb-
HyI0 YacTh 3HAUEHUWI aHAIM3UPYeMOTO IMOKa3aTes,
OOBIYHO COOTBETCTBYIONIYIO 95% HEKOTOPOI TOMyJIsi-

IIMA — COBOKYITHOCTH OCOOEI OITpeAesIeHHOTO BHUIa
(HampuMmep, 310pOBOI YacTU HAceJeHUs OINpenesieH-
HOTO MoJia U3 HEKOTOPOro Auana3oHa Bo3pactoB). Of-
HOMepHbIe pedepeHCHbIe UHTEPBaIbl MPUMEHSINCH
B TEYCHME MHOTHX JIET B KQUeCTBE CTAHIAPTHOTO MPH-
eMa WMHTepIIpeTalluy JabopaTOpHBIX HaHHBIX. OHU
JIETKO (DOPMUPYIOTCSI, XpaHSITCSI, U3BICKAIOTCS U TIe-
penaroTcs B JJaOOpaTOPHBIX UH(POPMALIMOHHBIX CUCTE-
Max, TPOCThI B TOHUMaHU U, XOPOIIO BOCIIPUHUMAIOTCS
MEIUITMHCKUM COOOIIECTBOM B XOJI¢ JUTUTEIbHOTO MC-
MMOJb30BaHMs. TeM He MeHee OmHOMEpHBIe pedepeHc-
HBbIEe MHTEPBAJIbI MPU KJIacCU(DUKALIMU TaHHBIX MOTYT
JaTh 00JIBIIOE YUCIIO IOXKHO aHOMAJIbHBIX PE3YJIbTaTOB.
DTOT JajieKo He eAMHCTBEHHBIN HEIOCTaTOK ofHOMaK-
TOPHOTO pehepeHCHOI0 UHTEPBaa MOXET ObITh MOJI-
HOCTbIO WJIM YaCTUYHO YCTpaHeH ¢ moMoibio MRR.

[IpocreiiimM 1 BechbMa pacIpOCTPaHEHHBIM CIIO-
cobom moctpoeHusi MRR sBasieTcs: mcriojib3oBaHue
MPSIMOTO MPOU3BEACHUS OTAETbHBIX pehepEHCHBIX MH-
TEePBAJIOB B MPEAMNOJOXEHUM, YTO OHU CTATUCTUYECKU
He3aBucUMBIL. [1ycTh (1—«) — BeposSITHOCTB MOTIaaHUST
B MRR, a pyp — BeposTHOCTh NOIagaHus B peepeHc-
HBII MHTEpBaJl Ml JIIOOOro U3 d IPU3HAKOB, TOrAa
po = /1 — . C pocTOM pa3sMepHOCTH d 3HAYEHUS Do
OBICTPO MpUOAMXKAIOTCS K 1, UTO (haKTUYECKHU JIMIIAeT
cmbicia npumeHenue MRR.

Kak u B omHOMEpHOM ciyyae, OTIpPaBHON TOYKOMN
st moctpoeHust MRR MoxeTt ctaTh HopManabHOE pac-
npeaeneHue. Mneuw 1meHTpaaIbHOTO pacToOXKeHUS pe-
(depeHCHOTO pernoHa 1 3aJaHHOI BEPOSITHOCTH ITOTIa-
JlaHUS1 B HErO TIPUBOAST 151 d-MEepHOTO HOPMaJIbHOTO

"Mucturyt npo6iem nndopmariky DenepanrbHOro UCCIeI0BaTeILCKOro HeHTpa « IHbopMaTuKa u yrpasieHue» PoccHiiCKoil akageMun
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pacnpeacjaceHud, MMECIOLICTro IMIOTHOCTL paclnpeacic-
HUA

oy, 1, X) =

(- 'S 'y —p

— (2m) 22| 2 exp | - = ,

rae BenmamnHa (y — 1) TX ™1 (y — ;1) ecTh KBampaT Tak Ha-
3bIBAEMOI0 PacCTOsIHUSI MaxajiaHobuca Mexay y U fi,
K UCTIOJIb30BAHIIO MHOTOMEPHOTO 3JUTUTICOMIA
Tew-1
(—p) X" (y—n

(2m) 2|2 exp | — > =

= const
WJIM, YTO TO XK€ camMoe,

(y—w)'=" y — p) = const.

Ero Ha3bIBaIOT 3JIIUIICOUIOM PABHOM MJIOTHOCTU pac-
npeaeneHus (WA IIPOCTO JUIUIICOMIOM PaBHOM Bepo-
STHOCTH).

Ecnmu 3amatbest BepositHOcThIO (1 — ) Tomama-
HUsI B SJUTUTICOWJ PABHOM BEPOSITHOCTU BHIA (y —
— w)TY"1(y — p) = p, To mapameTp p ynOBIETBOPSET
ypasHeHuio Pr {x% < p} =1— .

Hcnonb3oBaHue auiuncouga B kauectse MRR 0y-
JIET OIpaBIaHO TOJBKO TOTNIa, KOTJAa MCXOMHOE pac-
MpesesieHue JMaHHBIX €CTh MHOTOMEPHOE HOpMallb-
Hoe. [loaTOoMy CTaHOBATCS aKTyaJIbHBIMU KPUTEPUU
MOITOHKM, a TaKXKe MCITOJIb30BaHUE TIPOLIEAYp HOpMa-
JIM3alMKA  paclpeeieHus] JaHHBIX B MHOTOMEPHOM
cayqae. Ecim ¢ MOMOIIBIO TECTOB BBISIBISIETCS, UTO
pacripenesieHue He SIBJISIETCST HOpMaJIbHBIM, TO MexX-
JIyHapojHas denepalus KIMHAYECKOW XUMWU M Jia-
0OpaTOpPHOI MEAUILIMHBI PEeKOMEHIYET, corjacHo |[3],
HCIIOIB30BaTh NBYXCTYIIEHUATYIO IIPOLIEAYPY HOpMa-
mm3anuu.  CraemyeT oOpaTWUTh BHMMaHWE, YTO MHO-
TOIIIarOBOCTH 3I€Ch OTHOCUTCS He K MHOTOMEPHOCTH,
a KacaeTcs JIMIIb TOKOOPJIMHATHOTO Mpeodpa3oBaHMsI
pacripenesieHusI JaHHbIX K HOpMaJbHOMY.

I1epBrbie xe monbiTku npumMeHeHUss MRR Ha ocHo-
Be paccTostHUs MaxanmoHooOuca ((hakKTHIecKH 3TO O3Ha-
YJaeT MPUHITHE MOACIN HOPMAIBHOTO pacIipeae/IeHUS
pedepeHCHBIX 3HAYSHWIA) BBISIBUIM PSIi HEIOCTATKOB
(6onee moapoObHO cMOTpH B [4, pasn. 6.2]):

— TPOSIBJICHUE «IIPOKJISITUI» PAa3MEPHOCTH IIPU Me-
XaHWYECKOM YBEJIMYEHUU d, B OCOOEHHOCTU €C-
JIM UTHOpUPYETCS 3Tan aHajlu3a cocTaBa MpU3Ha-
koB [1, 5, 6];

— M3-32 HEOOJBLIMX OOBEMOB 00y4Yaroulell BBIOODP-
KA HEBBICOKAsl YCTOMYMBOCTH IMPH IMPUMEHEHUH,
BUYACTHOCTU YYBCTBUTEIBHOCTD K YBEIMUYEHUIO HE-
TOYHOCTE M3MEPEHUI Tocjie TOro, Kak peruoH
ObLT ycTaHOBJIEH [5,7].

— TIPEIITOJIOXKEeHNE O HOPMaJIbHOM pacrpeesieHun
U TIOMBITKUA <«ITOANPABUTE» JIEUCTBUTEIBHOCTD
C TOMOIIBIO TTPeo0pa30BaHUll peaJbHBIX TaHHBIX
IUIST X HOPMaJIM3allMy TIPU YBEIMICHUM pa3Mep-
HOCTH JAHHBIX CTaHOBITCS Bce OoJyiee IMAaTKU-
M [5];

— IpeacTaBJIeHUEe M MHTEpIIpeTalusi BBIBOIOB Ha
ocHoBe MRR TpynHO MOHMMaeMbl HE TOJIBKO IS
CMEeLMaarMCTOB B MpeAMETHOI obactu [§].

3 MHoromepHbIii peepeHCHBIN
PETUOH BBICOKOW TNIOTHOCTH

3aMeTuM, 4TO B Cjydyae HOPMAaJIbHOTO pacrpe-
nejaeHusT pedepeHCHBIX 3HAYeHWI IS TOYEK BHYT-
PY TIOCTPOESHHOTO 2JUIATICOMAA 3HAYCHUS TUIOTHOCTHU
pacripefiesieHus OOJbIlle, YeM Ha IpaHWIle, a BHE —
MeHbIlIe. DTO 3aMeUYaHue MO3BOJISIET MPEAIOXKUTD IPY-
roit moaxon K mocrpoeHnio MRR.

Onpeaenenne. Eciv MIoTHOCTD pacripeneacHus pede-
PEHCHBIX 3HaueHu# ecTh f(y), To MRR ecTh obacTh
Ay = {y € R f(y) = t} Wwist HEKOTOPOTO MOPOrOBOTO
3HAYEeHU .

J1J1s1 HOpPMAJIBHOTO PACIPEIesIEHHUST 3TO YKE YIIOMSI-
HYTbII 2JUIMIICOU, paBHOI BeposiTHOCTU. Eciiu 3agaer-
CsT BEpOSITHOCTB (1 — «v) Tottamanmst B A;, To MOporosoe
3HayeHue ¢ eCTh PelleHne ypaBHeHusl [ At (u)du =
= 1 — «, IOJIyYnTh KOTOPOE aHATUTUYECKU B CIIydae
MTPOM3BOJILHOW TUIOTHOCTH PACIIpENeeHUsT BPSII JIN
BO3MOXHO. 3/1€Ch IIPUCYTCTBYIOT ABE MPOOIEMBI: BbI-
YUCJIEHWe MHOTOMEPHOI0 MHTErpaja M 3aBUCUMOCTb
00J1aCTH MHTETPUPOBAHUST OT HEM3BECTHOTO 3HAYCHUSI.
JIis pellieHusT UX TpeaiaraeTcst MpUBJIeYb METOI MO-
JeTUPOBAHMSI.

CreHepupyeM BbIOOPKY U3 f(y), KOTOpYIO 0603Ha-
yuM Kak Y/ = {y{, . ,y,fn}. Hnstouenku [, f(u)du
KCITOJIb3yeM OTHOIICHUE:

ot <a]_[{otr (o) = )

m m

e <]
m

Fm(t) ;

rae F, (t) — smnupuyeckas pyHKIMsE pacripeiesieHust
clyyaitHo# BenuuuHbl f(y), T.€. CaydalHOU BeIuvu-
HBI, SIBJISIIOILEICS PE3yJIBTaTOM IPeodpa3oBaHusI C IO~
Mouiblo GyHKIMKM f(-) CIydailHOW BEJMYMHbBI, UMe-
IO TUIOTHOCTB pactipeneneHust f(u).

Takum oOpa3oM, uUCKOMas OlleHKa t* Jo/KHa
YIOBJIETBOPSITH YPaBHEHUIO Fy, (t*) = ov M MOXET OBITh
MoJTy4eHa KaK HermapaMeTpuyeckasi OLleHKa KBaHTHJISI
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ropsiKa o u3 pactipenesienus F, (+). Ecu 0603HaunTh
fi= f(yf), TO t* €CTb f(r), 1€

ma,
Ima+1],

mao — LEeJOe ;
ma — He 1eJoe .

3aMeTHM, 4TO JJISI TAKO OLIEHKM MOXHO YKaszaTb J10-
BEpUTEbHBIN MHTEPBAI.

Hnst moctpoeHusi MRR HeoGxoauMo 3HaTh pac-
npeneneHrne maHHbIX. [lpw peanm3anmny IpUHIIMAIIA
TOUYEK BbICOKOM MJIOTHOCTU B MIEPBYIO OUepeb CAEAYyeT
00paTUThCSl K TapaMeTpUYeCKUM MOAENSIM, B 4acT-
HOCTHM K CMECHU HOPMaJbHbIX pacrnpenejeHuil, nme-
OIIIe# TUIOTHOCTD PacIpeeICHMS

k
Fu)=>"pie (5, %) -
j=1

Ecim f(u) — oneHka cmecu, TO t* CTPOUTCS Clemy-
IOLIUM 00pa3oM:

— TeHepHUpyeTcsl BHIGOpPKa {y{ e yg;} us f(u)
U I KaXIOTo €€ i-TO 3JIeMEHTa MOJICUMThIBA-
eTrcs 3HaueHue [ (ny );

— B KayecTBe t* OepeTcsl HermapameTpuyeckasl OleH-
Ka KBaHTUJIS ITOpsiiKa « (B cllydae HEOOXOAUMOCTHU
TOTIOJTHUTEbHO HAaXOOUTCS HelapaMeTpudyecKas
OlLIEHKa JOBEPUTEILHOrO MHTEpBaia IJs t*, 4To
MOXET XapaKTepM30BaTb MPaBUJIbHOCTb BbIOpaH-
HOTo 00beMa JIJisi TeHEPUPYEMO BEIOOPKM).

Myctb nst f(u) umeercst Ay, a Takxke MOJydeHa
f (u) n coorBerctByrommiit MRR Bunma A;. KauectBo
anmpoKcUMaluu A, ¢ TIOMOIIbI0 A; MOXHO OLEHUTH
C ITOMOLLIBIO BEPOSITHOCTU COBIAJECHUS ITUX 00JIacTe,

T.C.
/ flu)du.
}

{ugAcyu{ugA,

P.= / fu)du+
{uc A, yu{ucA,}
HJ'[H OLIEHKUN PC MOXHO MCITIOJIb30BaTh BEJIMYUHY

b il e {{ e ajull e}

c — +
m

N Hyflyfe{{yzf%At}U{yf%/lt}}H

m

HUcnonbzoBanue MRR BBICOKOI TIOTHOCTU JIsI
JNIMAarHOCTUPOBAHUS CBOAWTCS K pean3alliy TaK Ha-
3bIBAEMOT0 CIa00T0 KPUTEPHUs 3HAUMMOCTM UIST Ha-
OJII0JIEHHOTO 3HAaUEHUS x: HyJIeBasl TMITOTe3a 3aKoua-
eTcst B TOM, 4TO = € A, CTaTUCTUKA KPUTEPHUS €CTh

f(z) u perieHUe 0 MPUHAAIEKHOCTH KPUTUIECKOIA 00-
Jlact A; MpUHUMAETCS IPU GOJIBUIMX 3HAYSHUSIX f ().

JJist MEIMIIMHCKOM MPAaKTUKK BaxkHA BO3MOXKHOCTh
UCTIOB30BaHMST pehepeHCHOro peruoHa Mpu WHTEP-
MpeTaluy pe3yabTaToB 00CIeI0BaHNSI HEKOTOPOTO Ma-
LIMEHTa C BEKTOPOM MPU3HAKOB x. B Mogo6HbIX cityya-
SIX CJIOKUMBILIEWCSI TIPAKTUKOM TSI CJIAa0BbIX KPUTEPUEB
3HAYMMOCTH SIBJISIETCSI MCITOIb30BAaHUE KPUTUUECKOTO
YPOBHS i, (00JIee pacrpOCTpaHEHHBIM B MEIUIMHE
SIBJISIETCST YIIOTpeOJieHe TePMUHA P-3HAUCHUE) (vep =

= Pr {f(y) < f(:c)}, rne y — cllydaiiHasi BeJWYMHA,

VIMeIoIask TUIOTHOCTB pacripenenerust f(u), a f(z) —
3HaYeHNMe TUIOTHOCTH pacripeaeseHust f(u) B TOUKe .
DTa XapaKTepucTUKa JaeT MpeICcTaBlIeHue O TOM, Ha-
CKOJIbKO CHJIBHO JaHHOe HaOJIoJeHHOe 3HaueHWe =
MTPOTUBOPEUNT TMITOTe3e (MM MOAKPETLISIET ee) O MPHU-
HamiexHoctu gfaHHbIX MRR. T1pu BeIOpaHHOM Xe 3a-
paHee YpOBHE 3HAYMMOCTH C TIOMOLIBIO (vey CPa3y ke
MOXHO ITPUHSITh KOHKPETHOE PeLICHHE.

4  DKCOepUMEHTHI

Jlnst neMmoHcTpaluu Bo3moxkHocteit MRR ucnosns-
30BaJIMCh JaHHBIE 110 TIPOTHO3Y XMMUYECKOTO COCTaBa
MOYEBBIX KaMHEN MO MeTabOJIMYECKUM TMOKa3aTesiM
MOYM M CHIBOPOTKHM KPOBH, a TaKXKe aHTPOIOJIOTHYE-
CKMM XapaKTepHCTUKaM TamnueHToB [9]. B kauectBe
MCXOMHOM KitaccuUKauy KaMHei paccMaTpyBajiach
cienyroliasi: 4YUCTO OKcaJlaTHbIE (Hgajiee 0003HAUYEHBI
kak O), uucto yparHeie (U), uucto dochartusie (P),
CMecCh TOJIbKO OKcaylaTHbhIX W ypaTHbix (OU), cMech
TOJIBKO OKcalaTHBIX U ¢ocdaTtHbix (OP), cMech Tob-
Ko ypaTHBIX U ochaTHbIx (UP), Bce octanpHble. aH-
Has Kjlaccudukaius oblia moctpoeHa B [10] Ha ocHO-
BE JTOMUHUPYIOIIMX YaCTOT BCTPEYAEMOCTH OCHOBHBIX
KOMIIOHEHTOB. B KadecTBe pedepeHCHBIX 3HAYeHUI
paccMaTpUBaJIMCh HAOOPbI METAOOIMUECKUX U aHTPO-
MTOJIOTUYECKUX TToKa3artesieit (X Bcero 0110 14), cooT-
BETCTBYIOIINX OIPEeNeICHHOMY KJIacCy KaMHEH.

Hus xaxxgoro u3 ocHoBHbBIX KJiaccoB O, U, P, OU,
OP u UP nepen noctpoennem MRR mnipoBoauiacs ce-
JICKIIUS TIPU3HAKOB U IMIPUHUMAJIOCh TO 3HAYCHUE pa3-
MEPHOCTH MPU3HAKOBOTO MPOCTPAHCTBA d M COOTBET-
CTBYIOIIIMIT HAOOpP TOKa3aTesieil, KOTOpbie MO3BOJISLIN
MPOTHO3UPOBATh COCTAB KaMHeii 63 MoTepu KayecTBa
(MeTomuka ommcaHa B [9] u TIprBeia K 3HaAUCHUIO d =
= 9). B xauecTBe MomenM TaHHBIX B IIEPBYIO OYepeIb
paccMarpuBazach CMECh MHOTOMEPHBIX HOPMaJIbHBIX
pacripenieieHuid U3 TISITU 3JIEeMEHTOB (Iog0bop 4ucia
2JIEMEHTOB CMECH MPOBOAWJICS ¢ ToMolibio AIC —
Akaike information criterion), A1s1 COOTBETCTBYIOLLIE-
ro permoHa ObUIO TpUHATO obo3HaueHne MRR(S).
JIns cpaBHEHMST TaKXKe MCITOJIb30BajIach MOJEIb HOP-
MaJIbHOTO paclipelieieHusI, KOTOPOii COOTBETCTBOBAJ
MRR(1). TlonyyeHHbIE pe3yabTaTbl MPUBOASTCS Yac-
TUYHO B Tabsule, rae N — o0beM KiacCupUIIMpyeMbIX
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KauecTtBo kinaccudukauuu ¢ momoiibio MRR

Tan | [ (- o), MRR(3) MRR(1)
KamHsl % 1-a),% |6,% | (1-a),%|06,%
9 100 71 90 24
85 96 78 89 36
o |8 75 91 85 77 44
65 76 88 74 50
9 100 75 91 24
85 99 85 80 35
U |76 75 82 89 74 48
65 71 91 68 56
95 100 66 87 25
85 94 78 86 33
P8 75 86 82 82 41
65 77 87 75 47

JAHHBIX, & — OLICHKA IS v (3 — OL[EHKA MOLIHOCTH
KpUTEpHs IIPU OIPENeICHUN TUIIa KaMHsI Ha OCHOBA-
Huu MRR.

OpmHolt 13 0a30BBIX XapaKTEPUCTUK SIBIISICTCS Be-
positHocTh mnonanaHusi B MRR (1 — a) u ee oreH-
Ka (1 — &). CpaBHEeHME COOTBETCTBYIOILIMX CTOJIOLIOB
¢ yueToM 3HaueHuil N 1 OpUEHTUPOBOYHBIX 3HAYCHU I
pasbpoca (cTaHAapTHBIE OTKJIOHEHMST HA OCHOBE OMHO-
MMaJIbHOTO PaCIpeNe/ieHNsI) He MO3BOJUIO BBISIBUTH
SIBHBIX OTKJIOHeHui. HeobOxomumo, mpaBma, oTMe-
TUTb, YTO BO BCEX MPOAHATU3UPOBAHHBIX CIIyJastX JJIsI
MRR(5) okazanoch, yto 1 — & > 1 — a.

Hasnauenne MRR, 3akiiouaronieecsi B CxKaToM
MpeacTaBIeHn peepeHCHbIX 3HAYeHUi, B MHOTO-
MEpHOM cJlydyae MpaKTU4Yecku He TposiBisieTcs. s
3aganusg MRR(5) HeoOxoaMmo ykaszaTh Cieaylole
BEJIMUUHBL: 1 — a, Ty D1y oy D1y 1y 201y - - -5 fhks Dkos
o011ee KOJIMYECTBO KOTOPBIX paBHO [2+ (k — 1) + k(d+
+d(d + 1)/2)] u, B yacTHOCTH, B paccMaTPUBAEMbBIX
skcnepuMenTax — 276. Jas MRR(1) ato 3HayeHue
MeHblIe 1 paBHO 56. ITpu 3TOM [Tt 00pabaThIBaEMO
oOyuaroleil BBIDOOPKU B 3aBUCMMOCTU OT KJjlacca KaM-
Heit peub uzer o nopsaka 10?2 BexTopax JaHHBIX (CM.
cToJI0EL cOo 3HaUeHUsIMU N ), UTO TPUOJUZUTENTBHO J1a-
eT 103 cKalsApHbIX BEJIMYLH.

Hpyroe HazHaueHue MRR cocTout B ero ucnoJib-
30BaHUM ISl AUArHOCTUPOBaHUS (Kji1acCUUKAIIUN).
B aT0i1 cBSI31 B TIepBYIO 04Yepeab MTPOBOAMIICS CPaBHU-
TenbHbIN aHam3 MRR(1) (bakTuyecku 310 03HAYAET,
YTO TIOCTPOCHNE PETHOHA OCYIIECTBISETCS HAa OCHO-
Be paccrosiHus MaxanaHoouca) 1 MRR(5) (Moaenb
CMeCH HOPMAaJIbHBIX paclipelesieHuii U TIpeIoXKeH-
HBII B TaHHOU pabOTe METON OLIEHWBAaHMS ITapaMeT-
poB peruona). Iloka3zaTeseM MH(GOPMATUBHOCTU Me-
TOma TTOCTPOCHNSI MHOTOMEPHOTO PEeTrMOHAa BHICTYITajia
MOIITHOCTh COOTBETCTBYIOIIETO CIa00TO KPUTEPUsI 3HA-
YUMOCTH, @ UMEHHO: BEpOSITHOCTh He nmonactb B MRR
MpU YCJIIOBUU, UTO NAHHBIE OEpyTCs M3 MOTIOJTHEHMS
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K KJaccy, 1 Kotoporo nocrpoeHa MRR. CpaBHeHue
COOTBETCTBYIOIIMX CTOJIOIIOB TOBOPUT O SIBHOM IIpe-
MMYIIECTBE ABYX MPEITOKEHHBIX MOMEHTOB: YCJIOXKHE-
HUE MOJIEJIM JIAHHBIX ITyTeM Iepexoja OT HOPMaJIbHOTO
pacripenesieHust K CMecy HOpMaJIbHBIX pacripeie/IeHUi
U TIOCTPOSHWE PErMOHa BHICOKOM TIJIOTHOCTH.
Hcronp3oBaHne KPUTUYECKOTO YPOBHS MOXKHO
MIPOAEMOHCTPUPOBATh C ITOMOIIBIO 3aBUCUMOCTH Pe-
3yJIbTaTOB CPaBHEHMSI ABYX KJIACCOB OT TOTO, KaKOU
KJIacc B3Th 3a OCHOBY. BBemem i1 BO3MOXHBIX
3HAYeHWI p-BEIMYUHBI TpU WHTepBana: (—oo,1%),
[1%,5%), [5%, 100%) ¢ cOOTBETCTBYIOIIEH WHTEPIIPE-
Taluei moJjioxkeHus: HabIoAeHHOro Habopa rmokasare-
JIel 1U1sl MaleHTa OTHOCUTEIbHO IocTpoeHHoro MRR:
yBepeHHOEe HeToTNajaHue, HeyBepeHHOe IolagaHue,
yBepeHHoe nornagaHue. Eciu MRR noctpouts mis
OKCaJIJaTHBIX KaMHEM, TO pe3ysIbTaThl JUIsl aHaIu3a ma-
LIMEHTOB ¢ (hochaTHBIMU KAMHSIMM JAaayT CJIETYIONINI
BEKTOP OTHOCUTEIBHBIX YACTOT ITOIaJaHUs p-BETUINH
B yKazaHHble uHTepBaibl: (60%, 18%,22%). Ecnu xe
MRR ctpoutsb ajig dpocdaTHbIX KaMHEH, TO MTOTYYUM
(71%, 5%, 24%). Takum obpas3om, IUIsT KiIaccu(puUKa-
LIMY YKa3aHHBIX KaMHEW TTPY TPUOJIM3UTEIbHO OMHA-
KOBBIX yacToTax romnamanuss B MRR (22% wnu 24%)
YBEPEHHBIN OTKa3 OT pe(hepeHCHOTO PErMOHA IIPOMCXO0-
JIAT 4allle, eCJIM MPUHSTH 3a 6a30BbIii MRR pervon mis
docharHbix kKamHe#. [TocTpoeHue mKabl, NOI00HOI
pPacCMOTPEHHOI, SIBJISIETCS] TIPePOTaTUBOM CIIeIUaIV -
CTOB B IIpeIMETHOI 00JIacTU, B AAaHHOI paboTe oHa
HCITOJIH30BaJIaCh TOJBKO JUTSI MJLTIOCTPALIUH.

5 3axkioyeHue

Ha Hacrosmumii MOMEHT MMeeTCs] OTHOCHUTEILHO
Majio rpumepoB npumeHeHuss MRR B kimHuueckoit
npakTuKe. ToMy eCcTh HeCKOJIBKO MTpUIMH. MaTteMaTu-
yeckoe obecrieyeHue, HeoOXOAMMOe ISl MOJydeHUs
u npumeHeHus MRR, He oTBeyaeT BO3MOXKHOCTSIM
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High-density multivariate reference region

OOJIBLIIMHCTBA KJIMHUYECKMX Jlabopatopuit. Jlabopa-
TOPUHU CJIa00 OCHAIIIEHBI TPOTPAMMHBIMU CPEACTBAMM
IJIST peau3allii JOCTaTOYHO CJIOKHOTO MaTeMaThude-
CKOTO armapaTta MHOTOMEPHOTO aHaju3a, a eIle Baxk-
Hee, YTO OTCYTCTBYIOT METOAWKU, WHCTPYKUIMU IO
KUCIIOJIb30BAaHUIO COOTBETCTBYIOIIUX CPeacTB. Jluiib
HEMHOTHE KJIMHUYECKUE MPUMEHEHUS AEeMOHCTPUPY-
10T npeuMyliectBa MRR, X0Ts1 cBuaeTe/IbCTB Heyaau-
HBIX ITOMTBITOK OOJIBIIIE.

HecMoTpss Ha CIIOXHOCTHM BHEIPEHUS MHOTIO-
MEpHOro aHaiau3a pedepeHCHbIX 3HAYeHUU, MOXK-
HO chopMyIupoBaTh HEKOTOPbIE PEKOMEHAALUU IO
uccienoBanuio u pazpadborke MRR. Bo-nepBbix, (-
dextrBHas pa3dmepHOcTb B MRR gomkHa OBITH Kak
MOXHO MEHblIIe, YTOObI MU30€XKaTh 3aTEHEHWS AUAarHO-
CTUYECKU TMOJIe3HON HMHMOpMalUM TecTaMH, CO3/a-
oMK yM. Huskas pa3MepHOCTb Takke J0JIKHA
YMEHBIIUTh HEOIAroNnpUsiTHbIE MOCIEACTBUS YBEeIUYE-
HUsI HETOYHOCTH PE3YJIBTaTOB B CBSI3W C POCTOM YHCIa
aHAJIM3UPYEeMbIX TTOKa3aTeneil. Bo-BTopsIx, IMmokasa-
Tenn (TecThl), BKIoYeHHBIe B MRR, mOmKHBI OBITH
(hU3MOTOTMYECKU PEeBAHTHBIMU UCCIEAYEMOMY KpPY-
Ty PacCTpPOMCTB, UYTOOBI MaKCUMM3MPOBATh WHGbOP-
Maiuio, mnoiaydyeHHyro oT MRR. B-tpeTbux, 4ToOBI
yaecTb 3(P(PEKThI TOITOCPOYHON Ta0OpaTOPHONM W3-
MEHYMBOCTHU, TaHHBIC, UCITOIb3YeMBbIC IS TIOTyYSHUST
MRR, 101KHBI OBITH COOpaHbl ¥ TPOAHATU3UPOBAHbI
B TE€UEHHUE JOCTATOYHO OOJIBIIIOTO MEPHOoia BpeMEeH!U (0T
HECKOJIbKMX HeJleJb 10 HECKOJbKUX MecsleB). B-uet-
BEePTHIX, MPEICTaBJICHUE PE3YJbTaTOB J1aOOPaTOPHBIX
HCCIIEIOBAaHUM CIeIyeT OCYIIECTBIATh B rpadhmIecKoM
BUJE, YTOOBI MOMOYb BpadaMm Jydine moHsAtTh MRR.
PaznuuHble MOAXOABI K YMEHBIIEHUIO Pa3MEPHOCTHU
TMIOMOTYT BBITIOJIHUTB 3TO TpeOOBaHUE.

HeoOxonuma panbHelinasi pa3paboTka MOSICHU-
TEJIbHBIX MHCTPYMEHTOB, CITOCOOHBIX BOCIIPUHSTD pe-
3yabrathl aHanu3a MRR. [Ipu 3ToM 10OMOJTHUTEIBHO
HeoOxoauMa UH@opMalus 0 TOM, KaKue UMEHHO TeC-
Thl SBJSIOTCS BaKHEWUIIUMU (PaKTOpaMu HapylleHUs

HopMbl. Hamo mpu3sHaTh, 4TO COOTBETCTBYIOLIUI Ma-
TeMaTUYEeCKUil anmapar ele MpeacTouT pa3padoTaTh.
Petrennie mepeyncieHHBIX BOMIPOCOB UTPAET BAXKHYIO
poJib ISl 00ecTieyeHUsT TTIOCTOSTHHOTO KIMHUYECKOTO
npumeHeHuss MRR.
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[MPUMEHEHUE KBASUCITYYAMHOTIO MMOAXOOA
1 AHCAMBJIEBBIX BBIUMCJIIEHWU M 1151 ONTPEAEJIEHUSA
OINTUMAJIbHBIX HABOPOB 3HAYEHUW I [TAPAMETPOB

KIMMATUYECKOW MOJEJIN*

B. I1. [TapxomeHKO*

AHHOTAIMS:

B YCJIOBUAX HEONPECACTICHHOCTU 3HAUYEeHUI OOJIBIIOro yucia nmapamMeTpoB FI/IZ[pOI[I/IHaMI/I‘{CCKOﬁ

TpeXMEpHOU INOOATBbHON KJIMMaTUYeCKON MOMAEIM peaar30BaHa Mpolieaypa UX OJHOBPEMEHHOM OLICHKU ISt
OJIM30CTU PE3yIBTaTOB MOACIUPOBAHUS K JaHHBIM HaOoAcHU. Moaeab BKIoYaeT 0JJOKM aTMOChephl, TEPMO-
XaJTMHHOUW KPYITHOMACIITaOHO! IUPKYJISIIIUY OKeaHa U MOPCKOTO Jibaa. B KBa3ucydaitHOM ITOIXO/e 10 METOIY
JIATUHCKOTO TUIEpKy0Oa reHepupyetcst aHcamoj1b u3 200 pacyeToB IyTeM paBHOMEPHOTO ITOJIHOTO ITOKPBLITUS TUa-
Ma3oHa M3MEHEHMS Kaxnoro u3 12 mapameTpoB Mozaeau. [lapameTphl onmpeaessioT nepeMelimBaHue 1 MepeHoc
B aTMocdepe, oKeaHe U MOPCKOM JIblly, HO UX KOMOMHAIIUM BbIOUpatoTcs ciydailHbiM obpa3oM. MccienoBaHue
KOJIMYECTBEHHOM Mephl OIIMOKM MOJEIN TMO3BOJUIO PEIIUTh OOPATHYIO 3aJavy OLIEHKHU IMapaMeTpOB MOeIn

U TIPSIMYIO 3a/1a4y MPOTHO3HBIX PACYETOB 10 MOJICIIH.

KiioueBbie clioBa: TI00aTbHAs KITMMAaTHIECKasi MOJIEITb; OIIEHKA MapaMeTPOB; METOJI JIATUHCKOTO TUTIepKy0da

DOL: 10.14357/19922264170208
1 BBenenue

Knumarudeckure Moaenu MMEIOT psii HACTpauBa-
€MBbIX [TApaMETPOB, 3HAUEHU I KOTOPbIX HE BCET/1a OIpe-
NEJISII0TCSl M3 TEOPUM WIM JAHHBIX HAOMIOACHUIA TpU
MCCIeIOBAaHUM COOTBETCTBYIOIIMX TpoleccoB [1]. Jla-
Xe XapakTep (pU3UYeCKUX MPOLECCOB MOXET ObITh He-
SICEH W 3aBUCEThb OT MPOCTPAHCTBEHHOTO pa3pelIeHUsI
MOJIeJIN, a MapaMeTpU3alliy MOACETOYHBIX MPOLIECCOB
MPEACTABIISIOT COO0M caMble pa3IuIHbIe (DM3NMUECKUE
SBJICHUST (BUXpU M MEJKOMACIITAaOHBIC IBVKCHMSI,
WHEPLUMOHHbIE TPaBUTALMOHHBIE BOJHBI, TPUIUBBI
U T.1.). B Takux ciayyasix 3HaYeHUS MMapaMeTpoB MO-
TYT OBITh OMpeJe/IeHbl MyTeM BbIOOpa ONTUMAIbHOTO
aHcaMOJIs1 MOZICJIbHBIX PE3YJBTATOB JJ1s1 COOTBETCTBUS
MaHHBIM HaOJOMeHW. DTO, €CTECTBEHHO, BJEYET 3a
Cc0o00#i MOMCK ONTUMAJbHBIX KBAa3UCTALIMOHAPHBIX pe-
LIEHUA B MHOTOMEPHOM TMPOCTPAHCTBE BCEX MapaMeT-
poB Monenu. KMcnonb3oBaHMe CTaHOAPTHOTO MeToda
MonTte Kapio morpedyeT 1ecITKOB UM COTEH ThICSY
WHTETPpUPOBAHUI MOIENMU 10 JNOCTUXEHUS KBa3ucCTa-
LIMOHAPHBIX COCTOSTHUN.

g mMoneneid ¢ BbICOKMM WM YMEPEHHbIM pas-
pelLlIeHUEM BBIYMCIUTEbHbIE 3aTpaThl JaXe OIHOTO
TaKOro pacyeTa MOTYT OKa3aThCsl HEMOMEPHO BBICO-
kumu [2, 3]. Bmecto aToro Gojblive MOJEIU, Kak
MPaBUJI0, HACTPOECHBI Ha MOCIEN0BATEIbHOCTh pacye-

TOB JUIs MIOAPOOHOrO MCCAEI0BAHUS BIUSHKUS OTHOTO
napameTrpa. OqHAaKO B3aMMO3aBUCUMOCTb ITapaMeTPOB
IOYTH HaBEPHSIKA O3HAYAET, YTO JaXKe MOPSIIOK, B KO-
TOPOM TaKMe UCCIIeI0BAHUS ITPOBOISITCS, TOBIUSIET HA
KOHEYHBII pe3yJbTaT W, CIeaoBaTebHO, Ha MOJEb-
HbI€ TIPOrHO3BI.

BorunciurensHo 2 @GeKTUBHBIE MOAECIU UMEIOT
3HAYUTEIbHBIN TOTEHIIMAJ JUTS BEITTOTHEHUS OOJIBIIO-
ro 4Mcja pacyeToB 3a pa3yMHOE BpPEMS U ITO3BOJISIOT
HCCIIeN0BaTh OOMbIINE JUATIa30HbI B TIPOCTPAHCTBE UX
napaMeTpoB. Eciiu mapaMeTpbl UMEIOT IBHYIO (pr3Mue-
CKYIO MHTEPIIPETALINIO WY OJIM3KIE aHAJIOTY B MOJIEITN
¢ 0oJiee BEICOKMM IPOCTPAHCTBEHHBIM pa3pellleHIEM,
TO pe3yJIbTaThl MOTYT UMETh U OoJiee 0blliee 3HaYEHMUE.
BoruncnurenbHo 3deKTUBHBIE MOAEIN TaKXKe I0JIe3-
HBbI JUISI TIOHMMAaHUS TOJTOCPOYHOM €CTECTBEHHOM U3-
MEHYMBOCTU KJIMMaTa, B 3TOM CJIydae ONTUMAaJIbHBIN
bajlaHC CJIOXKHOCTH OJIOKOB MOJIEIIM MOXKET 3aBUCETh OT
BPEMEHHBIX MacCIITa00B, MHTEPECYIOIIMX MCCIIeI0Ba-
TeJs.

B craTthe paccMaTpuBaeTCs MOJEIb OKeaHa ¢ Mpo-
M3BOJIBHBIM pefibepoM THA B TJTOOAIBHOI ITOCTaHOB-
K€ B reocTpo(PUIECKOM TPUOTMKEHNHU ¢ (PPUKIIMOH-
HBIM YWICHOM M C PaCIIMPEHMEM 3a CUeT JO0aBICHUS
9HEPro- v BaarodayiaHcoBOi Mojie v aTMochephl U -
HaMUYeCKO ¥ TepMOAMHAMUYIECKON MOJEIN MOPCKO-
ro japaa [4]. B naHHOI peanuzaiuu yBeJIUUeHO TOpU-

*Paborta BeimosHeHa nipu noaaepxkke POOU (nmpoektsr 16-01-0466, 17-01-00693, 17-07-00035).
' Berumcnurenphblit neHTp uM. A. A. JloponHulsiHa ®eaepalbHOT0 UCCIenoBaTeIbckoro entpa «Mudopmatuka u yrpasieHue» Poc-
CHUICKOM aKajeM1 HayK; MOCKOBCKUIA TOCYIapCTBEHHBIN TeXHUYeCKuil yHuBepcuteT uM. H. D. Baymana, parhom@ccas.ru
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B. I1. Ilapxomenko

30HTaJIbHOE pa3pelIeHre MOJEIN 10 72 X 72 pacyer-
HBIX slyeeK [5]; TeM He MeHee, y4YUThIBasl JOCTaTOY-
HO TIPOCTOE TIpeACTaBICHUE TIPOIIECCOB B aTMocdepe,
B pe3yJibTaTe COBMECTHAsI MOZEJIb UMEET BbICOKYIO Bbl-
YUCIUTEBbHYIO 9(PHEKTUBHOCTD.

2 Omumcanue Moaeiu

IIpencraBnena rinobanbHas MOAEIb KJIUMaTa, KO-
TOpast BKITIOYAET TTOJTHOCTBIO TPEXMEPHYIO, C TPEHUEM
reocTpouUecKyo MoJieb OKeaHa, o0afatolasi Bbl-
CcoKO 9 (hHeKTUBHOCTHIO MHTETPUPOBAHUS 1O CPABHE-
HUIO CO 3HAUUTEJIbHO 00Jiee PECYPCOEMKUMMU KJTMMAaTH -
YECKUMM MOJEJISIMU C TPEXMEPHBIMU TTPUMUTUBHBIMU
ypaBHEHUSIMHU OKeaHa. Moiesb BKITIOYaeT TAKKe TMHA -
MHYECKYI0 ¥ TEPMOIMHAMUYIECCKYIO MOMETb MOPCKOTO
JIbJA W DHEPro- M BJIarobajaHCOBYIO MOIEIb aTMO-
chepsbl.

CucreMa ypaBHEHUII MOIEIM OKeaHa paccMaTpu-
BaeTCs B reoCTPOPUIECKOM MPUOIMKEHUN ¢ PPUKITH-
OHHBIM WICHOM B YPaBHEHUSIX UMITYJIbCa 110 TOPU30H-
Tanu [4, 5]. 3HaueHUs TeMMepaTypbl U COJIEHOCTU
YIOBJIETBOPSIIOT aABEKIIMOHHO-TN(PDY3MOHHBIM ypaB-
HEHUSIM, YTO TIO3BOJISIET OMUCATh TEPMOXATUHHYIO
LUMPKYJIILUMIO okeaHa. [TpubinxeHHbIM 00pa3oM yuur-
TBHIBAIOTCSI TaKXKe KOHBEKTUBHBIC IPOIECCHl. Takum
00pa3oM, cHUCTeMa OCHOBHBIX YpaBHEHUi, 3amucaH-
HBIX JIJISI HANIITHOCTU B JIOKAJTBHBIX IEKAPTOBBIX KO-
opnuHatax (z,y,z), TOe T,y — TOPU3OHTAIbHBIE KO-
OPIMHATHI M z — BBICOTA, HaIIpaBJICHHAs BBEPX, UMEET
CIEAYIOLIIA BU:

YpaBHCHUA UMITYJIbCA 11O TOPU3OHTAIN

1 ap 1 a(kwa)
- Np=—-—+- "7
v+ Au > Oz + P
1 1 9(k,
lu+v=—= 9 1 0(kery) ;
pOy p 0z
— ypaBHEHUE Hepa3pbIBHOCTU
ou Ov Ow
— + =+ =0;
dr Oy dy
— ypaBHEHWE TUAPOCTATUKHU
% _
82 - pga

ypaBHEHUE COCTOSIHUSI MOPCKOI BOJIbI
p=p(S,T);

ypaBHeHUe TepeHoca U nuddy3umn tpaccepoB X
(TeMmepaTyphl M COJIEHOCTH )

X
LIS o e (k%_z) +C

dt 0z

B KOTOPBIX U, U U w — TOPU3OHTAIbHBIE U BEPTUKATb-
Hasi KOMITOHEHTbI BEKTOpPa CKOPOCTU COOTBETCTBEHHO;
A — TIepeMEHHbIA B MPOCTPAHCTBE MapameTp, yBe-
JIMYMBAIOIIMICS K OEperoBbIM I'paHUIIAM U 3KBaTOpPY
U OTpeesonnii BIusiHue GpUKIIMOHHOTO ujieHa; 1,
S p — TeMneparypa, COJIeHOCTb U JaBJIEHUE COOTBET-
CTBEHHO; T; U T, — KOMIIOHEHTbI HANPSXKEHUS TPEHUS
BETpa; p — IJIOTHOCTH BOIKI; [ — mapameTp Kopuomm-
ca; g — yCKOpeHHue CBOOOTHOTO maneHus; ky u k, —
K03 duLIMeHTHl TypOyeHTHOI nuddy3un Tpaccepos
MO0 TOPU30HTAIU U BEPTUKAIU COOTBETCTBEHHO; C' —
UCTOYHUKMU.

YKazaHHasI cucTeMa YpaBHEHUI pelraercs B ce-
PUYECKON CHUCTeME KOOpAMHAT s Bcero MupoBoro
OKeaHa C peajibHOM anImpoKCUMUPOBAHHON TJIyOMHOM.
Ha rpaHuniax MaTepuKoOB MPUHUMAIOTCS PaBHBIMU HY-
JII0 HOpMaJIbHbIE COCTaBJISIIOIIME MTOTOKOB TeIljia U Co-
neit. OKeaH ToABepraeTcs BO3ICCTBUIO HATIPSKEHUST
TpeHus BeTpa Ha noBepxHocTu. Ilotoku T'u Sy nHa
M0JIaraloTCsl paBHbIMU HYJIIO, & HA TOBEPXHOCTH OIlpe-
JENSI0TCS B3aUMOIECTBHEM ¢ aTMOChepoid.

B TepmonHaMuyeckoit Moies I MOPCKOTO JIbIa 11 -
HaMUYeCKUe ypaBHEHMUS PEeIatoTCs ISl CIIJIOYEHHOCTH
Jiba W U1l CpeaHel TOMMHBI Jbaa. PocT u TasiHue
Jibla B MOJAEJIM 3aBUCAT TOJABKO OT PA3HOCTU MEXIY
MOTOKOM Teruia U3 aTMocdepbl B MOPCKOMA Jieq U To-
TOKa Terula M30 Jibda B OkeaH. [ Temieparypbl
MOBEPXHOCTH JIbJa PEUIAETCSI TMarHOCTUYECKOE YpaB-
HEHME.

Jl1s1 onuycaHusl TPOLIECCOB, MPOTEKAIOIIMX B aT-
Mocdepe, UCIIOIb3YyeTCs SHEePro- U BiIarodasaHcoBas
Mofenb. B Momenu penraeTcsi BepTUKAIbHO MPOWH-
TerpupPOBaHHOE YpaBHEHUE [UISl TeMIepaTypbl, OIpe-
Jensolee 0dagaHc MPUXOISILEro U YXOISIIero paaua-
IIMOHHBIX TIOTOKOB, SIBHBIX (TypOYJICHTHBIX) OOMEHOB
MOTOKAMU TeIlIa C TOACTUIIAI0IIEN TOBEPXHOCTHIO, BbI-
CBOOOXIEHUST CKPBITOTO TEIJia U3-3a 0CaaAKOB U MPOC-
TOU OHOCJIOMHON MapaMeTpU3aluy TOPU30HTAIbHBIX
MpolieccoB nepeHoca. ICTOUHUKY B ypaBHEHUU Tepe-
Hoca Uil YAEAbHOM BJIAXKHOCTU OMPENEJISIIOTCSl Oocall-
KaMM, UCIlapeHueM U cyOJuMalreit ¢ moacTuialei
MOBEPXHOCTH.

Bce 6510ku Mozienv CBSI3aHbI MEXTY COO0I 0OMEHOM
UMITYJIbCOM, TEIJIOM U Bharoii. Mcmosb3yercs peasib-
Hasl KOH(UTypaIysi MaTePUKOB M pacIIpeaeieHre ToIy-
6uH MupoBoro okeaHa [5]. YpaBHeHUs B chepruecKoit
CUCTEME KOOPIMHAT PelIaloTCs YMCIEHHBIM KOHEYHO-
Pa3HOCTHBIM MeTO0M. 1o ropu3oHTaIU MPUMEHSIETCS
paBHOMEpPHas IO IOJITOTe U CUHYCY IITMPOTHI pacueTHasI
ceTKa pa3MepHOCThIO 72 X 72. [lyOuHa okeaHa Mmpe.-
CTaBJISICTCSI B BUIIE BOCBMUYPOBHEBOI JIoraprdmumye-
CKOIf IIKaJbl 10 MakcuMaiabHOro 3HaueHus 5000 m.
HauvanbHoe coCTOsIHME CHUCTEMbl XapaKTepu3yeTcs
MOCTOSTHHBIMU TeMIlepaTypaMu OKeaHa, aTMocdepsl
U HYJIEBBIMU CKOPOCTSIMU TEUYEeHUI okeaHa. HucieH-
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[TpumMeHeHre KBa3uCIydyaitHOTO MOAX0Aa U aHCaMOJIEBBIX BEIUMCICHMI TSI ONIpeIeIeHUsT ONITUMAIbHBIX HA0OPOB 3HAYCHU I

HbIE 9KCIIEPUMEHTBI ITOKA3bIBAIOT, UYTO MOJEb BBIXO-
JIUT HA paBHOBecue 3a nepuon okoio 2000 net [5].

3 TlocraHOBKa 3a/1a4U OIIEHKU
mapaMeTpOB 1 pe3yabTaThbl

B npennaraemoM KBa3uciaydyaiiHOM MOAXOJE IeHe-
pUpyeTcsl aHCcaMOJIb PacuyeToOB IyTEM PaBHOMEPHOTO
ITOJTHOTO TTOKPBITHUSI AMAIla30Ha M3MEHEHUS KaXKIOTo
WHAWBHUIYAJTEHOTO TTapaMeTpa MOJIEIN, KOTOPBIE TTepe-
YHCIICHBI Jajiee, HO KOMOMHAIIMK ITapaMeTPOB BRIOMpa-
JOTCSI CITy9aifHBIM 00pa3oM. DTO COOTBETCTBYET PABHO-
MEpHOMY Pa30HMeHUI0 BEPOSITHOCTHOTO ITPOCTPAaHCTBA
3HAYCHUI IMapaMeTpOB IIPU PaBHOMEPHOM pacIIpese-
JIEHUM TIJIOTHOCTU BEpOSITHOCTU. Takum oOpasom,
npu M pacdyetax u N IMapaMeTpax KaXKIbIil apaMeTp
npuHUMaeT M 3HaYeHMI, paBHOMEPHO (WUIM IIO JIO-
rapr(MHUIECKOMY 3aKOHY) TTOKPBIBAIOIIMX BeCh Aua-
MMa30H €r0 M3MEHEHMUS, HO TIOPSIIOK, B KOTOPOM BHI-
OMpaloTCs 3TU 3HAYCHUSI, OIPEACINISICTCS CAyIaiiHbIM
obpa3oM. DTO COOTBETCTBYET IMOHSATUIO TaK Ha3bIBa-
€MOT0 «IATMHCKOTO TUIIEPKYyDa» B CTATUCTUKE U TIjIa-
HUPOBaHUM BKCrMepuMeHTa [6]. Bwibopku u3 na-
TUHCKUX TUIIEPKYOOB Hayajayd aKTWUBHO IPUMEHSITHCS
Iocjie yOAyHBIX pEIIeHW B 00JIacTH ITAaHMPOBa-
HUs 3KCIIEPUMEHTa, TIe WX MCIIOJIb30BaHUE IT03BO-
JIIET YMEHBIIIUTL B3aMMHYIO 3aBUCUMOCTH (DAKTOPOB
0e3 yBeJIMUeHUsI Ynciia SKCIepuMeHToB [6]. Kaxmbii
pacyeT IpeacTaBiseT co00il OTaeIbHOE MHTETPUPOBA-
Hue Mmoaenar Ha 2000 eT OT OJHOPOIHOTO COCTOSTHUS
KJIMMaTUYECKON CHUCTEMBI C HYJIEBBHIMU CKOPOCTSIMU
TEUCHHNI OO YCTAHOBUBIIETOCSI COCTOSTHUS IIPH CTaH-
TAPTHBIX YCIIOBUSX, COOTBETCTBYIOIINX COBPEMEHHOMY
KiauMary [5].

Kak mokaspiBaloT pacueTbl, OKOHYaTeIbHOE KBa-
3UCTAlIMOHAPHOE COCTOSTHME MOXKET OBITh HE €IUH-
CTBEHHBIM JJIs1 JaHHOTro Habopa nmapameTpoB. pyrue
KBa3UCTaIlMOHAPHBIC COCTOSIHUS MOTYT OBITH TTOJTyde-
HBI C WCIOJTb30BAaHUEM Pa3JIMYHBIX HAYaJIbHBIX YCIIO-
BUIi, B YaCTHOCTH Pa3IMYHBIX HAYaJIbHBIX TeMIIEpaTyp
okeaHa. OmHako B HacTosllel paboTe Mpexae BCero
U3y4yaeTcsl BIUSHUE M3MEHEHUS MapamMeTpOB MOMIEIU
1 TI03TOMY (PUKCHUPYETCST HaYaIbHAsI TEMIIEpaTypa OKe-
aHaHa 20 °C. Takas mocTaHOBKAa MPUBOIUT K OBICTPOMY
KOHBEKTMBHOMY MEXaHM3My HayaJjia MpOLEeCcCOB ycTa-
HOBJICHUS B OKEaHe.

Jlnst 00paboOTKM pPe3yabTaTOB TaKOro OOJIbIIOTO
KOJIMYECTBA UYMCIICHHBIX 3KCIEPUMEHTOB HEOOXOmM-
MO ONpeAeauTb 00bEKTUBHYIO MEpY OLLIMOKU MOJEIIH.
J7st 9TOro WCIOJb3yeTCsl B3BELIEHHAsl CPeqHEKBa-
paTuveckasi oimMOKa Ha MHOXECTBE BCeX IMHAMU-
YECKUX TEePEeMEHHBIX B OKeaHe M aTMmocdepe o
CPaBHEHMIO C MHTEPIIOJMPOBAHHBIMM JTaHHBIMU Ha-
OMIONeHMII, a UMEHHO: TeMIIepaTypbl M BIAXXKHOCTU
Bo3ayxa Ha noBepxHocTu (1000 M0), B cpeaHeM 3a Te-
puon ¢ 1948 no 2002 rr., u TeMnepaTypbl U COJIEHOCTU
okeaHa [7].

B tabimiie iepeunciaeHbl 12 OCHOBHBIX TapaMeTPOB
Mozenu (TIepBbli CTOJIOEI]) U MPUHUMAEeMbIe auana-
30HBI UX BO3MOXKHOTO M3MEHEHUs (BTOPOIl U TPETUiA
croa6ubl) [8]. Ecau M3aMeHsITh KaXIblii U3 9TUX Ta-
pPaMeTpOB B OTIAEIbHOCTU, TO OyAeT M3yuyeHa TOJbKO
OYeHb OrpaHUYCHHAs 00JIACTh IPOCTPAHCTBA ITapaMeT-
poB. IToaTomy nmomyckaeM, 4ToObI Bce 12 TmapamMeTpoB
M3MEHSUINCh Cpa3y B yKa3aHHBIX IMala3oHax, KOTO-
pble npuBeAeHbl B Tabauue. I[lpenenbHble 3HaAYSHUS
BBIOMPAIOTCS TAKMM O0pa3oM, YTOOBI ITOKPBIBAThH MJIU
MPEeBbIIIATH AMANAa30H Pa3yMHOTO BbIOOpa COOTBETCT-
BYIOIIIMX 3HAYECHUN 111 TAKOW MOIEIIN.

Z[l/laHa30H U3MCHCHUA NMapaMETPOB MOACIN KarMaTa J1JIsd aHcaMOJIeBbIX OKCIICPUMCHTOB

| IMapameTp MoIeIH | Munumym | Makcnmym | TIpuemiieMblil 1uanason
OkeaH
1. | TopusontanbHas qubdysus, M2/c 300 10* 4200—8500
2. | Beprukanbhas nuddysus, m?/c 2.107° 2.-107* 3-107°-1,9-107*
3. KoadhduuueHT TpeHust, cyt - 1/5 2 0,6—1,90
4. BerpoBoe Bo3neiicTBrue 1 3 1,14-2,58
AtMmocdepa
5. | Nuddysus temna, m2/c 10° 107 4.35-10°-9 - 10°
6. VYrinoBoit KoadbuieHT, paz 0,5 2 0,7—1,45
7. KoadhpuuneHT HakJIoHa 0 0,25 0,023—0,230
8. | duddysus Braxuoctu, M2/c 5-10° 5-10° 1-10°-3-10°
9. KoadduimeHTt anpexkimu Teria 0 1 0,050—-0,815
10. KoadpuumeHT anBeKIIUuu BIaXKHOCTH 0 1 0,255-0,850
11. IToTok MexXIy oKeaHaMu, Sy 0 0,64 0-0,75
Mopckoii nen
12. | Inddysns mopckorompma, M2 /c | 300 10* 300-9320
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Bcero no moaenu ob110 mpoBeaeHo M = 200 pacue-
TOB. J1J1 onpenesieHusT OIIMOKN MOJEITBHBIX pe3yIbTa-
TOB HUCITOJIb3YeTCsI B3BEIIEHHAsI CpeaHEKBaIpaTUIHAsI
omrrbKa, BeIYMC/IsIeMast o Habopy BCeX TMHAMUYECKUX
MepeMeHHbBIX UIS aTMoc(ephl U OKeaHa IPU CpaBHE-
HUM C JAHHBIMU HAOJIIONEHUIA:

i=1

rae X; u D; — COOTBETCTBEHHO MOJE/IbHbIE Pe3yib-
TaThl W JaHHBIC HAOMIONCHUN IJIST 3TUX MepeMEHHBIX
(TemmepaTypa M BIaXHOCTb aTMOC(epbl, TeMrepary-
pa u cojieHOCTh okeaHa). CyMMUpOBaHUE BEAETCS O
BCEM TOYKaM TPEXMEPHOW CETKH M IO BCEM YKa3aH-
HBIM mepeMeHHBIM (n = 30008). BemuumHbl w; =
= 1/(no%) — BecoBble MHOXMUTENH, 3aBUCSIINE OT
COOTBETCTBYIOLIIEH epeMeHHO X;, HO He 3aBUCSILINE
OT TOYKU CETKU; 0x — CpelAHeKBaJpaTUyHas olnoKa
JAHHBIX HAOMIOAeHU. BrlunciseTcs Takke albTepHa-
TUBHAs OIIMOKA € 4 — TI0 TOI e (hopMyJsie, HO TOJBKO
IIJIST paCYETHBIX TOYEK U TTePEMEHHBIX aTMOC(hEPHI.
Hapuc. 1 u 2 npuseaens! 12 rpadukoB co 3HaUEHU -
SIMM BBIYMCJICHHBIX OIIMMOOK B 3aBUCUMOCTH OT HCCIIe-
IyeMBbIX TTapaMeTpoB. Ha atux pucyHkax cumBomamu [
OTMEUYEHbI 3HAYEH M TapaMeTPOB C olIMOKaMu € > 0,6;
2—4 COOTBETCTBYIOT MEHBIIMM 3HAYEHUSM OLIMOKMU.

Cpenu nocjieaHuX CUMBOJIaMU 2 OTMeYeHbl 3HAaUeHUs
mapaMeTpoB ¢ ommodkoit €4 > 0,1; 3 (Bcero 4 mTy-
KM) OTMEUeHHBI 3HaueHMsI ¢ < 0,6 m €4 < 0,1 ogHO-
BPEMEHHO, MPU 3TOM MCCIEI0BAHUE KIMMATUUYECKUX
pacripeJie/IeHUi MOKa3bIBAET, YTO JTOCTUTHYTO COCTO-
SIHA€ KJIMMaTU4YeCKO CUCTEMbI, HE COOTBETCTBYIOIIICE
COBPEMEHHOMY. DTU pe3yJIbTaThl UCKITIOUAIOTCS U3 pac-
cmotpeHmsi. Hakonelr, cumBonamu 4 (Bcero 7 IITYK)
OTMEYEHBI IIpUEeMIIEMbIE Pe3YJIBTaThI pacueToB (¢ < 0,6
ney = 0,1) ¢ MUHIMATBHBIMU OIIUOKAMHY, OMTUCHIBA-
IOILIIME COBPEMEHHBIN KJIMMAT.

Takum  00pa3oM,  pe3yabraThl  IMOKAa3bIBAIOT,
41O CcHOPMYIMPOBAHHBIM KPUTEPUSIM YIOBIETBOPSI-
10T 7 HabOpOB 3HaUYeHMIi 12 mapameTpoB. [paHUYHBIE
3HaYeHus1 omnbok € = 0,6 u €4 = 0,1 COOTBETCTBYIOT
olmrOKaM NaHHbIX HaOmoneHuit. [lo sToit mpuuuHe
HET OCHOBAHWIA B pacyeTax MpearioyecTb TOJIbKO OINH
Habop 3HayeHuil mapameTpoB. [lpennaraercs BecTu
aHcaMOJieBble pacueThl MO MOACIU cpa3y C 7 OITHU-
MaJIbHBIMI HabopaMu IapaMeTpoB M B KadeCTBE pe-
3yJIBTaTOB pacCCMaTPUBATh CPETHUE ITO0 AaHCAMOJTIO 1 OT-
KJIOHEeHMSI OT HUX. B cooTBeTcTBUY ¢ TabauLeit u puc. 1
1 2 B HaOOphI MapaMeTPOB BXOMST 3HAUCHUST ITapaMeT-
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B. I1. Ilapxomenko

PaKTEePUCTUK KIIMMaTa, TPaIMeHTOB, reorpauaecKmx
KOOPIMHAT ¥ HEKOTOPbIX APYIMX IMPUYMH 3HAYECHUSI
apaMeTPOB MOI'YT MEHSIThCSI BO BpEMEHU U IIPOCTPaH-
CTBE.

B cmiy 3a/loKeHHBIX B ITOCTAHOBKY OTpaHMYe-
HUM MOIENIN M CJIOKHOCTU OIMMCHIBAEMBIX ITPOIIECCOB
9TH 3aBUCUMOCTM Heum3BecTHHI. OmHaAKO IIpeiiara-
eMasi TIporienypa IIpoBeIeHUs aHCAaMOJIEBbIX PACYeTOB
B HEKOTOPOI CTENEHM YYMTBIBACT 3T 3aBUCUMOCTH
¥ TI03BOJISIET YTOYHWUTH PE3YJIBTaThl, ITOCKOJIBKY HacT

gldst: SST1 min= -1,90 max = 31,74

JMana3oH U3MEHEHMST KIMMaTUYECKUX XapaKTepUCTUK
B paMKax aHcaMOJIsI.
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Jlanee puBeaCHBI PE3yIBTaThl PACUETOB IO MOJIE-
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Puc. 4 CpennexpanpaTu4HOE OTKIOHEHUE TEMIIEPATYPHI IOBEPXHOCTH OKEaHa B IHBAPE, BHIUMCIEHHOE 10 HA00py 7 pacyeToB

C MUHUMAJIbHOM OIINOKOIT
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HaOIoIeHUiT; 2 — MaKCUMYM B aHcaMOJie pacueToB; 3 — MUHUMYM B aHcaMOJie pacueToB

METPOB, 00ecneYnBalOIIMX MUHUMAJIbHYIO OILIMOKY 11O
CpPaBHEHMWIO C JaHHBIMU HaOIfoneHniA. PacueTsl BeayT-
¢S B IOCTAHOBKE, OIMMCAHHOM BBIIIIE, IO YCTAHOBUBIIIC-
ToCsl COCTOSTHUSI, COOTBETCTBYIOIIIETO COBPEMEHHOMY
knumarty (puc. 3). CpaBHeHUEe ¢ JaHHBIMU HaOJIoIe-
HUI TTOKa3bIBaeT Xopollee coBmaneHue (puc. 4 u 5).
CpenHeKBaIpaTUIHOE OTKIIOHEHUE TeMIIepaTyphl I0-
BEPXHOCTM OKeaHa, BBIYMCJIEHHOE 10 Habopy 7 pacue-
TOB C MUHUMAaJIbHOM OIIMOKOM, MPaKTUYECKU BO BCE
obnactu He mipeBbIiaeT 0,5—1,0 °C (cM. puc. 4).
PacueTHbIiT pa3dpoc KIMMaTHIECKNX OTKJIMKOB Ha
robanbHoe ToTeruieHre mpu 100-JIeTHEM TPOrHO3e
(m1s1 mpU3eMHOM TeMIlepaTypbl BO3ayxa pa3dopoc 0Ko-
g0 0,3 °C, cM. puc. 6) gBISIETCS CYIIECTBEHHBIM,
VUHUTBIBAsI, YTO OH IIPEICTaBIsIeT CO0O0il IHMara3oH
MpeacKa3aHWii, BOSHUKAIOIINI TOJBKO C MU3MECHEHUEM
mapaMeTpOB ITepeMEeIIMBAaHMUsI M TPAHCTIOPTA B MOMICIIH.
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Puc. 6 M3meHeHue cpenHell I106aIbHOM TeMIIEPATYpEI aT-
Mocdepsl g 7 pacyeToB ¢ MUHMMAJIbHOM OLIMOKON Tpu
MPOTHO3UPYEeMOM yBesMueHuu KoHieHTpauuu CO2 ¢ 2010
1m0 2100 T

5 3axiiioueHue

ITocpencTBom aHanM3a CiiydyailHbIM 00pa30M CreHe-
pupoBaHHBIX pacyeToB Ha 2000 jeT pacCMOTPEHBI He-
OIpeeSIEHHOCTH, CBA3aHHbIE C 12 mapameTpaMu Mo-
JIEJIU, ONpeAeISIIOIUMU TTepeMEIIUBAHUE U TEPEHOC
B aTMoc(depe, oKeaHe 1 MOPCKOM Jibay. MccnenoBanue
KOJIMYECTBEHHOW MEpbI OIIMOKK MOJEJU IO3BOJINIIO
peLIUTb 00PATHYIO 33[1a4y OLIEHKH MapaMeTPOB MOJIEJIU
U TPSIMYI0 3aJayy MPOTHO3HBIX PACUETOB IO MOJe-
au. Pe3ynbraThl NMpeACTaBisSIOT cOOOU MOMBITKY Ha-
CTPOMKM TPEXMEPHON KIMMATUYECKOM MOMAEIU KECT-
KO OIpPENEICHHOM MHPOLEAypoii, HO B KOTOPOH, TEM
HE MEHee, paccMaTpUBAETCsl COOTBETCTBYIOLIEE IMPO-
CTPAHCTBO KBa3UCIy4YailHOro U3MEHEHUS MapaMeTpoB
MoAeau. DTOT MoAxoA obecreurMBaeT COOTBETCTBUE
pe3yJIbTaTOB MOJAEIMPOBAHUS NaHHBIM HAOJIONECHUI,
XOT$1 MOJIEJIbHbIE BXOIHbIE MTapaMeTPbl UCXOJHO TOYHO
HE U3BECTHBI 1 MOTYT MEHSIThCS B IIMPOKUX Tpeaeaax.
HeonpeneneHHOCTh MpeAcKa3aHUii MOJEIW MPeoo-
JIeBaeTCs AByMSI pa3IMYHbIMU CITOCOOAMU: BO-TIEPBBIX,
paccMOTPEHUEM MHOXKECTBA TPOTHO30B MO MOAMHOXKE-
CTBY IPUMEPHO OJIMHAKOBO MPaBIONOI00HBIX MOIEIEH
MU, BO-BTOPBIX, JOCTATOYHO CTATUCTUYECKH OOOCHO-
BaHHON MpOLIEAYPO B3BELIMBAHUS BCEX PE3YJIbTaTOB
B COOTBETCTBUMU CO CpeaHel omnbkoit. MeHblee 3Ha-
YeHUE OUIMOKH, BEPOSITHO, O3HAYAET JIyulllee KayeCTBO
MOJEJIMPOBAHUS, U TIOITOMY, €CJIU MOJIEIb B IMHAMUKE
HaJeXHa, MpUEMJIEMbIE IIPOTHO3bl HAXOASTCS B Mpe/ie-
JlaX HEOMPEIEJEHHOCTU TTOPsIIKa OLIUOKU.
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MOAUDUKALINA OYHKIIMOHAJIA KAUECTBA

B 3AJJAYAX HEJTMHEMHOUW PETPECCUU

151 YYETA TETEPOCKEJACTUYHBIX TIOTPELLIHOCTEN
U3MEPIEMbBIX JAHHBIX

I K. Pynoii!

AnHoTtamus: PaccmaTpuBaeTcs 3aaua BOCCTaHOBJICHMST HEIMHEIHOM perpecCUOHHON 3aBUCUMOCTH 1O TaHHBIM,
VIMEIOIINM ITOTPELTHOCTH OIpeeIeHUs KaK 3aBUCUMBIX, TaK M HE3aBUCUMBIX TTIEPEMEHHBIX, TIPU 3TOM pacrpese-
JIGHUSI TIOTPEIIHOCTEN pa3HbIX U3MEPEHUI MOTYT UMETh pa3Hylo aucnepcuro. [lpennaraercs MoaudumpoBaH-
HBII (PYHKIIMOHAJ KauecTBa, YIMTHIBAIOIINI TTOTPEIIIHOCTU OIpeeIeHUs He3aBUCUMBIX IIEPEMEHHBIX U Pa3HBIC
pacripeieJicHUs TTOTPEITHOCTEl B pa3HBIX TOUKaX. [IpUBOASTCS pe3ysIbTaThl YMCICHHOTO MOACIUPOBAHMS Ha
JIAHHBIX, TOJYYEHHBIX B XOJe¢ IKCIEPUMEHTa IO M3MEPEHMIO 3aBUCMMOCTU MOIIHOCTH Jlazepa OT Ipo3pad-
HOCTHU pe3oHarTopa. PaccmaTpuBaeTcsl CXOOAMMOCTh BEKTOpa MapaMeTpoB, MUHUMM3UPYIOIIETO TpeaiaracMblii
(pyHKILIMOHAJI KayecTBa, K ONTUMAJIbHOMY JUISI KJIACCMYECKOTo (DYHKIIMOHANIA CPeTHEKBaIpaTUUYHOMN OIIMOKH.
CpaBHMBAETCSI CXOAMMOCTD MTapaMeTPOB, ONTUMAJIBHBIX TS TIPEIIaraéMoro 1 KiacCu4eckoro (yHKIMOHAIOB,
K HEKOTOPBIM «MCTMHHBIM» TTapamMeTpaM MOJICIHA Ha JaHHBIX, CTCHEPUPOBAHHBIX COTIACHO 3TUM «MCTHHHBIM»
ImapaMeTpaM M 3allyMJICHHBIM COTJIACHO TIPEATIOJIOXEHMSIM O MOTPEITHOCTSIX U3MEPEHUI, B 3aBUCUMOCTH OT
MapaMeTPOB 3TUX MOTPEITHOCTEI.

KiroueBbie ciioBa: reTepocKeqacTUYHBIC OITMOKY; OIITMOKKM U3MEPEHMS He3aBUCUMBIX TIEPEMEHHBIX; CUMBOJIbHAS

perpeccust; HelTMHEWHas! perpeccust
DOI: 10.14357/19922264170209

1 Bsenenue

B psine mpunoxxenuii (cM., Haripumep, [ 1,2]) Bo3HU-
KaeT 3a/1aua HaXOXKIeHUST ONTUMAJIbHBIX KO3 pUIeH-
TOB W HEKOTOPOI PErpecCUOHHOMI MoAenu f, 3aAaHHOMI
B BUJE aHAJIUTUYECKON (POpPMYJIbI, IO HAOOpY IKCIIe-
PUMEHTAIbHBIX TaHHBIX. [ 3TOro B MpEeaIionoxke-
HUU O HOPMAJbHOM DPACIpele/IeHUN PEerpecCUOHHBIX
ocTaTkoB cTpouTest GyHKumoHan y_.(y; — f(zi, w))?,
MpenCcTaBIsIOIINI CYMMY KBaipaTOB OTKJIOHEHU I 9KC-
MEePUMEHTAJIbHBIX TOUEK ¥; OT 3HAYEHUSI perpecCUOH-
HOIl KpuBOW f(z,w) B TOUKE ;, K HAXOMUTCS BEKTOD
mapaMeTpPoOB w, €r0 MUHUMU3UPYIOLIHIA.

OnHako JaHHBIA (PYHKIMOHA KOPPEKTEH TOJIHKO
DI TOYHO M3MEPEHHBIX HE3aBUCHUMBIX IEPEMEHHBIX
Y TOMOCKEAACTUYHBIX OLIMOOK M3MEpEeHUs 3aBUCUMOI
MEepeMEHHOM: B YaCTHOCTH, IS JIMHEHMHBIX MOJesei
COOTBETCTBYIOLIASI OLIEHKA MapaMeTpOB SIBJISETCS He-
CMEIIEHHOM, COCTOATEIbHOI 1 Hanbosee 3 PeKTUB-
HOW TOJIBKO IPY BBIMOJHEHNUU 3TUX YCJIOBUIA. B ciiyuae
HEJMHENHBIX MoJe/ieil BbIBOJ (hyHKIIMOHAAA CpeaHe-
KBaJpaTUYHOM OIIMOKM COTJIACHO METOy HauOOoJIblIe-
ro MpaBaonoa00UsT TakKKe OMUpPAeTCsl Ha 3TU TMPEaIo-
JoxeHus (C 000011eHreM B BUE B3BEILIEHHOTO METO1a
HanMeHbIIMX KBagpaTtoB (MHK) B ciaydae pa3HBIX
CTaHJAPTHBIX OTKJIOHEHUI 3aBUCUMOI TTepeMEHHOI).

WHbpIMU clTOBaMM, TIpeATIoNiaracTcsl CYIIeCTBOBaHME
JIMIIb OIIMOOK M3MEPEHUs 3aBHCUMON TTepEeMEHHOM,
pacrpezieieHre KOTOPBIX IIPUHUMAETCST OMMHAKOBBIM.

Ha npakTuke, kak mpaBuio, 3TO MPEANOJIOXEHUE
He BBIMOJHSETCS, OCOOEHHO MPU U3MEPEHUsIX B IO-
CTAaTOYHO IIMPOKUX Auana3oHax. Hampumep, B 3anaue
HaXOXIEHUSI 3aBUCUMOCTU Ko3a(dulimeHTa mnpeaom-
JIEHWST 1 TIPO3PAYHOTO TOJIMMEpa OT JTMHBI BOJTHBI A
MOTPENTHOCTY U3MEPEHUST KaxXaA0ro (hU3n4eckoro mna-
paMmeTpa B pa3HBIX TOYKaX, BOOOILE TOBODPS, pas3iny-
Hol [2]. Tak, ecnu 1u1st UBMEPEHUs! IJTUMHBI BOJTHBI A KC-
noJib3yercs AudpakiMOHHas peuieTKa, TO MOCTOSTHHOM
SIBJISIETCSI OTHOCUTEJbHASI TTOTPEIIHOCTD OTpeeIeHUs
JUIMHBI BOJIHBL 0y, /\; & const U, CIeA0BATEIbHO, T10-
TPEUTHOCTh OIpPENEIeHUsT [UIMHBI BOJIHBI 3aBUCUT OT
camoli JyIMHBI BoJIHBIL. [Togo6Has cutyauus puKcupo-
BaHHOU OTHOCUTEJIbHOU (a He abCOIOTHOI) OIUOKU
SIBJISIETCSI THTTMYHOM /1151 (PU3MUECKUX IKCTIEPUMEHTOB.

Takum oO6pa3oM, BOZHMKAET 3agaya MOMCKa OITU-
MaJIbHBIX KO3((UILIMEHTOB perpecCUOHHON (POPMYJIBI
C YYETOM Pa3INYAIOIINXCST IIOTPEITHOCTEN U3MEPEHMUST
B Pa3HBIX 9KCIIEPUMEHTAIbHBIX TOUYKaxX. JlJIss HEKOTO-
PBIX YaCTHBIX CITyJaeB 2Ta 3aaya pelieHa.

Tak, geTanbHbI 0030p METOJOB pelleHUs] ITOM 3a-
Jaud B cydyae JUHEWHOU perpeccuy mpuBeneH B [3].

"Mockosckuit pusnko-Texumdecknit nuctutyt, 0xd34df00d@gmail.com
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B yacTHOCTH, 111 TUHENHBIX MOfeNel paccMaTpuBa-
ercs gaxe OoJiee oOI1Ias 3a1a4a, Koraa pacrpeaejieHue
OIIMOOK HE SIBJISICTCSI TOYHO M3BeCTHBIM. OmHaKo, 1O
KpaitHeit Mepe IS psiia MeTOJ0B, alipruopHast MHMOp-
Malus BCe paBHO HeoOxoauMa, Kak TO: 3HayeHue
OTHOIIIEHUSI CTAaHIAPTHBIX OTKJIOHEHWI 3aBUCHMOM
U HE3aBUCUMOI MepeMEHHBIX B ciiydyae perpeccuu e-
MUHTa [4] 1m0 HanmMuMe WHCTPYMEHTAJIbHBIX Tepe-
MEHHBIX TIPU MCIIOJIB30BAHUU OTHOMMEHHOTO METO-
na [5]. OrMeTum, 4YTO NOMOJHUTEIbHAS anpuopHas
uHdopMaLus HeobXoauMa T 00ecriedeHUsT BOZMOXK-
HOCTU OJJHO3HAYHOTO OIpeie/IeHUsI MapaMeTPOB MOJIe-
JIM, THAY€e MOJICJIb CTAHOBUTCS HEMACHTU(DUIIPYESMOIA.
[Ipu aTOM ycioBre nAEHTUHDUIIMPYEMOCTH MOJEU TSI
cJlyyasi MHOTOMEPHOM JIMHEHOM perpeccuu B 001IeM
BUJIE JO CHX IIOp HEU3BECTHO [6].

0030p METOIOB PEIICHNS AHAJIOTUIHOM 3a1a4uM TSI
cllyJasi HeJIMHelHo perpeccuu npuseneH B [7]. Tak,
HaTpuMep, METOJ MHCTPYMEHTAJbHBIX MepeMEHHBIX
0o0o01IaeTcs Ha ciayyail HeJIMHEeMHbIX Mofenei, mpu
9TOM OIIATh K& TpeOyeTcsl Haau4yre TOMOTHUTEIbHBIX
HaOJIIoIaeMBIX TIePEMEHHBIX, TTPOTTOPIIMOHAIBHBIX Pe-
Tpeccopy € TOYHOCTBIO OO HEKOTOPOU aqAWTUBHON
OIIMOKMU. 3aMETUM, YTO YCJIOBMSI WACHTU(MUIUPY-
€MOCTU MOJEJIU MPU STOM HEU3BECTHBI.

B psine paboTr u3yuyaloTcs KOHKPETHbIE HETUHENH-
HbIE€ PErpecCUOHHBbIE MOJAEIU, U COOTBETCTBYIOLIUE
OLIMOKY M3MEPEHUI MPEANoaraloTcsi 9KCIepTHO 3a-
naHHeIMM. Hampumep, B [8] paccMmaTtpuBaeTcs Mo-
nenb bacca, onmuchiBaiolas ITMHaAMUKY IIpoliecca pac-
MPOCTPAHEHUST HOBBIX MOTPEOUTETLCKUX TPOIYKTOB,
JUIST KOTOPOW BBOAUTCSI MPEANOJOXEHNE O HepaBHOU
TOYHOCTU M3MEPEHUI B pa3HbIX 3KCIIEPUMEHTATBHBIX
TOYKAX, YTO OMMUCHIBACTCS Pa3HBIMU BECOBBIMU KO3(h-
¢uIMeHTaM1 TIPU COOTBETCTBYIOIINX PErPeCCUOHHBIX
ocratkax. [Ipm sToM BecoBble KOA(DPUIMEHTHI MMe-
0T TOCTATOYHO OOILIUI BUA U BBOASTCS TPOU3BOJBHO
B BUJIE OKCIIEPTHO YKa3aHHBIX 3HAYCHUIA.

Hpyrum nipumepom ssisietcs [9], roe paccMatpu-
BaeTcs 3aJa4a OLEeHKU KO3(h(GULIMEHTOB TpexnapaMeT-
puyeckoro pacrnpezaejseHus BeiiOysia mo HETOYHO U3-
MEpPEeHHBIM JaHHBIM. JIJIST 3TOTO MCITOIb3YeTCSI METO
JIATEHTHBIX TIEPEMEHHBIX: K HEe3aBHUCHUMBIM IIEpeMEH-
HBIM t; HOOaBISIOTCS «CBOOOAHBIE» TEepeMeHHBIE §;,
MPEIOCTABISIONINE CTENEeHb CBOOObI B MPOCTPAHCT-
BE HE3aBUCHUMBIX TIEPEMEHHBIX, U MUHUMU3UPYETCS
(yHKIIMOHAI BUJA

T(O{, ﬁa ;s 6) =

= wi[f(ti+ 80, 8,m) —yil” + > pid,
=0 =0

rae «, 5 U n — mapaMeTpbl pacipeesieHus, a w; U p;
SIBJISIIOTCSI HEKOTOPBIMU 3KCIIEPTHO 3allaHHBIMU Be-

caMU, COOTBETCTBYIOLIMMU OTHOCUTEIbHON TOYHOCTU
1-TO U3MEPEHUS aHAJIOTUYHO [8].

B Hactostieit pabore paccmorpeHa OoJjiee oOliiast
cUTyalusi, B KOTOpPOM HE€ TOJIBKO 3aBHUCHMBIE, HO
U He3aBUCHUMBbIE MEePEeMEHHbIe OMPENEssIOTCS HEeTOY-
HO U Kaxasi epeMeHHasi UMeeT CBOIO MOrPELIHOCTh
U3MEepeHus, 3alaHHY10 sKcnepTHo. Mccienyercs ciy-
Yaii HeJIMHEMHOM PErpeCCUMOHHOM 3aBUCUMOCTH, B OT-
Jmyure, HanmpuMmep, ot [10], Toe n3ydaercs TMHeHas
monenb. [lpennaraercss MoauduUIIMPOBaHHbINA (YHK-
LIMOHAJT KayeCTBa, YYUTHIBAIOIIUI MOTPEUIHOCTA KaK
3aBUCUMBIX, TAK U HE3aBUCUMBbIX [IEPEMEHHBIX B BUJIE,
JIOCTATOYHOM JUUISI OOJIBITMHCTBA MPAKTUIECKMX TIPH-
JoxeHuit. BecoBble KO3 (UIIMEHTHI MPU Perpeccu-
OHHBIX OCTaTKaX B HACTOSIIEH pabOTe BBIBOMSTCS U3
0a30BBIX MPEANOJOXEHUN 0 pacrpeaeeHUN Morpen-
HOCTEl M3MEepeHUs] U O TMOBEACHUM PErpecCUOHHON
MOJEJIM B OKPECTHOCTU KaXKIOM 3KCIIEPUMEHTAIBbHOMU
TOYKH. B 9acTHOCTH, OKa3bIBACTCS, UTO BECOBBIC KOA(D-
(UIMEHTHI 3aBUCSIT HE TOJIBKO OT CAMOM TTOTPEIITHOCTH
U3MEpPEeHUIl B TaHHOW TOYKE, HO U OT MPOU3BOIHBIX
PerpecCUOHHON MOJEIU B OKPECTHOCTU 3TON TOUYKMU.

IIpennoxeHHbI GyHKIMOHAT HauOoJiee OJM30K
K onrcaHHomy B [11]. OpHako, KpoMe TOro, B Ha-
CTOSIIIIeH paboTe MpeuTaraeTcss BEpOSITHOCTHASI MHTEP-
npetanus GyHKIMOHAA s ciydyasi HOpMaJIbHO pac-
MpeaeIeHHbIX OIIIMOOK.

B pasn. 2 Hacrosieil paboTsl hopMaIbHO MOCTaB-
JIGHa 3aJavya HaXOXACHUsI ONTUMAaIbHBIX ITapaMeTpPOB
PErpecCMOHHONM MOJEIM C YYETOM TeTepOCKEeTaCTHY-
HBIX TIOTPEITHOCTEH OIpenesicHUs KaK 3aBUCUMBIX,
TaK W HE3aBUCHUMBIX IMepeMeHHbIX. B pasnm. 3 BbI-
BOJUTCS TpeajaraeMblii (hyHKIMOHAI KayecTBa. 3a-
TeM, B pa3d. 4, OMUCHIBAETCS METOH MCITOJIb30BaHUS
WMEIOIINXCST aJITOPUTMOB ONTHUMU3AIIUM, TIPUMEHSI-
eMbIX B MOJA00HBIX 3a1auax (KakK, HallpuMep, aJlfOPpUTM
Jleenbepra—Mapksapara [12]), mass MUHUMU3ALUU
npenjgaraeMoro pyHkuuoHana. B pas3a. 5 nmpuBoasTcs
pe3yJIbTaThl BEIUYMCIUTEIBHOTO SKCIIEPUMEHTA, COCTO-
SIIIAE U3 TPEX YaCTel: BO-TIEPBBIX, IIPUBOIITCS PE3yIb-
TaThl aHaJIM3a SKCIICPMMEHTAIbHBIX JTaHHBIX IO W3-
MEpPEHUIO TTapaMeTPOB YCWIMBAIOIICH CpeIbl Ta30BOTO
Jlazepa; 3aTeM CPaBHUBAETCS CXOAMMOCTb ONTUMAaIb-
HBIX TTapaMeTPOB MJIs1 TIPEAJIOXKEHHOro (hyHKIIMOHaIa
KaJyecTBa K mapameTpamM, MUHUMU3UPYIOIINM KJIacCH-
yecKMi (yHKIIMOHAN CPeIHEKBAIPATUIHONM OIIMOKH,
B 3aBUCUMOCTH OT TTapaMeTPOB pacpeaeIeHUs OIIM-
00K; KpoMe TOro, (hUKCUpyeTcsl HEKOTOPbIA BEKTOP Ma-
paMeTpOB MOJEIU, TPUHUMAEMbIA «UCTUHHBIM», CO-
[JIACHO KOTOPOMY F€HEPUPYETCsT HAOOP 3alllyMIEHHBIX
o0yuarolmx BbIOOPOK, IJIsI KOTOPbIX aHAIU3UPYETCS
CXOIMMOCTD TTapaMeTPOB, ONTHUMAIBHBIX JUISI KJIACCH-
YECKOro U JUIsl mpejyiaraeMoro (byHKIIMOHAJIOB Kaye-
CTBa, K «MCTUHHBIM» B 3aBUCUMOCTHU OT ITapaMeTpOB
myma. [TokazaHo, 4TO B MOJAB/SIIONIEM OOJIBILIMHCTBE
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I. 1. Pydoii

PacCMOTPEHHBIX CJIy4aeB TPeIOXEeHHBIN (DYHKIIMO-
HaJl JaeT JIy4liue mpuOIKeHUsI.

2 IlocraHoBKa 3ama4u
Hana obyuatoias Beioopka D:
D={x;,yitlie{l,....0}, x; e Ry, eR. (1)

Jnsa kaxaol 3aBUCUMOI MEPEMEHHOMN 1; U3BECTHO
CTaHIAPTHOE OTKJIOHEHNE OLUMOKY €€ U3MEPEHUS Ty, ,
a IIJI1 COOTBETCTBYIOIIETO BEKTOpPA HE3aBUCUMBIX I€-
PEMEHHBIX X; AaHAJIOTUYHO U3BECTHBI CTAHAAPTHBIE OT-
KJIOHEHMsI €T0 KOMIOHEHT 0, |j € {1,...,m}. Ilpu
9TOM JIOMYCKAeTCs, YTO OJIU3KUE TOUKU MOTYT UMETh
CKOJIb YTOAHO pa3jinyHble olnoku. Kpome Toro, pas-
JIMYHbIE OLIMOKM U3MEPEHUST HE3aBUCUMBI.

Jlnst ynobcTBa BBEJIeM BEKTOpP OLIMOOK M3MEpeHUM
3aBUCUMBIX IIEPEMEHHBIX Oy, :

oy ={0y,,....,04,} .

AHaAJIOTUYHO BBEJEM MaTPUILy OLIMOOK U3MEPEHU I
HE3aBUCUMBbIX IEPEMEHHBIX 0y, -

Se = o, i€ {1,....0}, j€{1,...,m}.

OTMeTHM, 4TO 3Ta MaTpulla He sIBJISIeTCSl KoBapHa-
IIMOHHOM MaTpuIleil OMMOOK KaxI0ro KOHKPETHOTO
00beKkTa M3 olyyvarollell BbIOOPKU, MO3TOMY HEJb3s
YTBEPKIAaTh, UTO OHA SIBJISIETCS] TMArOHaIbHOM (1, 60-
Jiee TOro, KBaapaTHOI).

ITycth BBIOpaHa HEKOTOpAasi perpecCUOHHAsI MOJEb
y = f(x,w), MapaMeTpru30BaHHasI BEKTOPOM w. Tpeby-
eTCsI TOCTPOUTD (PYHKIIMOHAT OLIMOKH S (w) BekTOpa
rapameTpoB w MOJeU f, yYIUTHIBAIOIINI OIIMOKY 13-
MEpEHUH oy U X

S(w) =S (w,0,,%,,D), )

M, KpOME TOTO, HATH BEKTOp IapaMeTPOB w, MUHM-
MU3UpYIONii pyHKIMOHAT (2):

& = argmin S(w).
w

3 MoanduupoBaHHBIN
(byHKILIMOHAJT KauyecTBa

Bocnonb3yemcst ciaeayroluM KayeCTBEHHBIM CO-
oOpaxkeHueM: ueM OoJIbliie MOrPEeIIHOCTh O peAeIeHUS
MMepeMEeHHBIX (3aBUCUMBIX MM He3aBUCUMBIX) TSI He-
KOTOPOU 3KCNEPUMEHTAIbHOM TOYKU, TEM B MEHbIIEH
CTEIEHU COOTBETCTBYIOIIMI PErPeCCUOHHBIN OCTaTOK
JIOJDKEH YYMUTBIBATHCS TTPU ONTUMM3ALIMU MTapaMeTpOB

Vi
(xi,yi)
Li[f]()?,(o)
fX,0
Vi —fx;,0)
f(xiaw)

xx

Puc. 1 Pasmuunble criocoObl ONpeneeHns pacCTOSAHUS OT
TOUYKHM JIO MPSIMOIA: p — MCTUHHOE PACCTOSITHUE KaK MUHU-
MyM PacCTOSIHMsSI OT TOYKH (Z;,Y;) 0O KaKOW-TMOO TOUYKH
Ha 1npsiMoit; y; — f(2i,w) — paccTosiHUe B KJIACCHMYECKOM
(byHKIMOHAIE CPeIHEKBANPATUIHON OIIMOKN B ITPEAITOIO-
KEHUM 00 OTCYTCTBMM OLIMOOK W3MEPEHUS] HE3aBUCUMOM
[IEPEMEHHOM T}, p — IMPEIIAraeMO€e PACCTOSIHIE

Monenu. Kpome Toro, ¢ ¢pu3M4ecKOW TOYKU 3peHUS
CKJIQ[IbIBATh MOXHO TOJIbKO BEJMYMHBI, UMEIOIINE
OJIMHAKOBYIO Pa3MePHOCTh, JINOO0 Oe3pa3MepHbIe BETH-
YMHBI, TO3TOMY HEOOXOIMMa COOTBETCTBYIOIIAS HOP-
MUPOBKA HEBS30K IO KaXKIOi U3 TepeEMEHHBIX.

J1tst yIIPOIIEHUST U3IIOKEHUST PACCMOTPUM CITydait
ofHOI He3aBUcHUMOU mepemeHHoi: =z € R. C yue-
TOM TIPUBEACHHBIX BBIIIE COOOpaXKEHMII BBEIEM Clie-
Jyfoliee OTpenesieHre pacCTOsSTHUS p(x,7) OT TOYKH
(24,y;) no HekoTopoit Touku (z, f(z,w)) Ha KPUBOIi,
OIUCHIBAEMOIi PErPecCUOHHOM Mozienblo y = f(x, w):

ﬁQ(l‘, ’L) _ (m’to-Q .17) T (yl £2x7w)) ) (3)

HenocpencrBeHHOE TOYHOE OMpeie/IEeHe PacCTOsI -
HMS OT SKCHEPUMEHTAIbHON TOYKM IO PErPECCUOHHOMN
KPUBOU MPENCTABIISIETCS OTACAbHON CIOXHOM BbIYMC-
JINTEJIbHOU 3amaveil onTuMuzanuu (periaemMoi, Ha-
MpUMep, UTEPALIMIOHHO), MO3TOMY MpeUIaraeTcsl pac-
CMaTpUBaTh PACCTOSTHUE OT TOUKH HE 10 CaMOU KPUBOIA,
a 10 JMHEApU30BAaHHOM KPUBOU B OKPECTHOCTU 3TOU
Touku. Ha puc. 1 nmokasaHbl pa3janMyHble BapUaHThI
onpee/ieHUsI paCCTOSTHUS, PU 3TOM B WJLTIOCTPATUB-
HBIX LEJSIX Pa3MEPHOCTU U MOTPELIHOCTU OIpenese-
HUS U y TIPUHSTHI ONMHAKOBBIMU.

Wrak, nuHeapusyeM f(z,w) B OKPECTHOCTU TOY-
Kku (24, f(z;,w)), 0003HAUMB OTIEPATOP JIMHEAPU3ALIUU
B OKPECTHOCTU 3TOU TOUKM IL;:

= [z w) + (& —zi) 5=
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Paccrosinue (3) BbIpaxkaeTcsl AJisl JIMHeapU30BaHHOM
¢GyHKLIMK (4) ceayromnuM 00pa3oM:

~ 01/92) (1,) (@ = 2)”

Uyq,

MUHUMU3KPYSI 3TO BBIPAXEHUE IO X
& = argmin p*(,1) ,
xT

HaXOIMM PACCTOSTHUE OT TOUKU (Z;, y;) U3 00yJatomIen
BLIOOPKU JI0 IMHEAPU30BAHHOM B €€ OKPECTHOCTH PE-
IPECCUOHHON 3aBUCUMOCTH f INPU JAHHOM BEKTODE
[1apaMeTpoB w:

P(fw,i) = p* (&,i
(yi — f(zi,w))?
+ (0f /0) (zi,

OtMeTuM, 4TO pelreHue (5) KOppeKTUpyeTcs: mpu
MOCJIeN0BATEIbHOM U3MEHEHUU JIMHEApU3alluu B CBSI-
3 C U3MEHEHUEM BEKTOpa MapaMeTPOB w COTJIACHO
BBIOPAHHOMY UTEPALIMOHHOMY METOIY PELICHUS 3TOU
3a1a4H.

AHQJIOTMYHO MOXHO TIOJYYUTh BbIpaXeHue sl
paccTosIHUS B clydae, Korna OObeKThl B OOyYarolleid
BBIOOPKE TIPEJICTABICHBI 11 HE3aBUCUMbBIMU TIEPEMEH-

HBIMHU (x € R™):
(yi — f(xi,w))?

p2 (fv w, Z) - ™m .
oy + D (0F)02))(xi, w)) ol

Takum obpazom, npeajaraeMblit GyHKLIMOHAT, MU~
HUMU3UPYIOLINI CyMMY BBEIECHHBIX corytacHo (3) pac-
CTOSTHUM ¢ YIETOM MX JJUHEApU3aIuu, IJIsI JOCTaTOUHO
[JIAAKUX QYHKIUNA BBIISAUT CIIEAYIOIIMM 00pa3oM:

4
(yz- — f(xi,w))?
;a 2 Z ((Df 0 ) (xi,w

OTMeTuM clieayloliee:

—.

2
Wi,

- (6)

w))’os,

— dyHkunMoHan (6) COOTBETCTBYET KJIACCHUYECKOM
CyMME KBaJIpaTOB PErPECCUOHHBIX OCTAaTKOB MPU
YCJIOBUM HOPMUPOBKM KBaJpaTa KaXIOTo OCTaT-
Ka Ha CyMMy KBaJpaTOB ITOTPELIHOCTU OIpene-
JIEHUS 3aBUCUMOM BEJIMYUHEI 0y, U TIPOM3BENCHUS
YACTHOW MPOU3BOAHON PErpeCCUOHHON MOEIH 10
-1 KOMITOHEHTE BEKTOPA HE3aBUCUMBbIX BEJIMYMH
Ha MOTPEIIHOCTD ONPEAEIIEHUS COOTBETCTBYIOIIEN
KOMITOHEHTBI 0, ;

— IIpY MIPOYMX PABHBIX YCIOBUSX B BBIPAKCHUU JUTS
paccTosiHus (5) U, COOTBETCTBEHHO, B DYHKIIMOHA-
Jjie (6) ¢ OONBIINM BECOM YYMUTHIBAIOTCSI T€ TOUKU,

B KOTOPBIX IPOU3BOJIHAS PETPECCUMOHHON Moje-
m Of /Dz; IO COOTBETCTBYIOLLEH KOMIIOHEHTE X
0O0JIblIIe, UYTO COOTBETCTBYET COOOpPAXKEHUSIM 3/Ipa-
BOIO CMbICJIA: YeM MEHbII€ HAKJIOH PErpecCUuOH-
HOIl 3aBUCUMOCTU B OKPECTHOCTU AAHHOU TOY-
KU, TeM MEHbIIIE€ BIUSIHUE HETOYHOTO U3MEPEHUS
COOTBETCTBYIOLIEW HE3AaBUCUMOW MEPEMEHHON Ha
3HAYEHUE PETPECCMOHHOM 3aBUCUMOCTU B 3TOU
TOYKE;

— eCJIM BCEe HEe3aBUCUMBIE TIepeMEHHBbIE MU3MepEeHbI
TOYHO, T.€. Vi,j : 0y, = 0, TO NPEATOKEHHbIH
(GYHKILIMOHAJ TIEPEXOIUT B PACCMOTPEHHBIN B [§].
Ecnu xe, KpoMme TOro, BCe 3aBUCHUMBIC TIEPEMEH-
HbIe UMEIOT OfHY U Ty Xe€ IMOIPEeIIHOCTb 0y, TO
TIPENJIOKEHHBIN (DYHKITMOHAT TIEPEXOIUT B W3-
BECTHYIO CyMMY KBaJI[paTOB PETPeCCUOHHBIX OCTaT-
KOB C TOYHOCTBIO OO HEKOTOPOTO MHOXKUTEIS
(a uMeHHO 1/0,,), He BIMSIOLIETO Ha TTOJOXEHUS
MMUHUMYMOB (DYHKIIMOHAA CPEAHEKBAAPATUYHON
OLIMOKM.

CreyeT OTMETUTH BO3MOXKHOCTH BEPOSITHOCTHOIA
WHTEpNpeTalMi TPEAIOKEHHOTO BBIPAXKEHUST IS
paccrosiHus (3). s ciaydast omHOW He3aBUCUMOI Te-
PEMEHHOW TIPEAIOIOXNAM, YTO BEPOSTHOCTh COOTBET-
CTBUSI HEKOTOPO#i TOUKM (Z;, f(Z;,w)) HA pErPecCUOH-
HOI1 KpuBO# y = f(x, w) NaHHO# 9KCIIEPUMEHTAbHOI
TOYKE (;,Yy;) OMMMCHIBACTCS IBYMEPHBIM HOPMAaTbHBIM
pacrnpeieJIeHUeM C LIEHTPOM B 3TO# 3KCIIEpUMEHTATb-
HOIi TOuKe (;,Yy;) N TNaroHaJbHOI KOBapHallMOHHOI
MaTpulen
Ui% 0

0 o,
(T. €. OLIMOKM M3MEPEHUsI KaxkI0il KOOpAWHATHI He3a-

BUCHMBI):

Y =

) i 1
P (@0, f(#,0)) ~ N ((wi1) 50) = m :
~ T
X ex —1 e P
P172 |l — FGow)|| = ||y — ‘T“

Maxkcumuzaiiusg gorapudma npaBaonoaoous ¢ aHajao-
ru4yHoOi (4) MMHeapu3alyeil MO3BOJSET MOIYYUTh Te
ke BoIpaxkeHus (3) u (6). bosee mogpobHoOe paccMoT-
peHre Takoro TMOMAXO/a W CIEeNCTBUII M3 HEro CTaHeT
npeaMeToM AajibHeilieit padoThl.

4 Metona oNTUMU3ALUN
MPEeAI0XKEHHOTo (PyHKIIMOHAaIa

s yuciieHHOM onTuMu3auny (yHKimoHana (6)
MPEACTaBUM €T0 B BUIE CYMMBI KBaIpaTOB perpeccu-
OHHBIX OCTaTKOB TYyTeM CJIEAYIOIIETO Iepeobo3Have-
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Hug nepeMeHHbIX. BMecto BeiOOpKU (1) paccMoTpuMm
BBIOOPKY

D={x;,g}ie{l,....0}, X, cR™' g eR,

rme §; = 0, a X; = {X;,y;} — UCXOTHBIA BEKTOP X;
C JOMOJHUTEIbHO IMPUIIMCAHHBIM K HEMY 3HAu€HM-
eM y;. Kpome toro, npumem

f(fcz,w) _ mf(xivw)fyi .
o S s,

Torna Munumu3aius GyHKiMoHaa (6) BO3MOXHA 13-
BECTHBIMU METOIAMM ONTHMM3AIIUM, TaK KaK IIPSIMOM
MMOJACTAHOBKOM MOXKHO YOeaInThCs, YTO (6) B 3TOM CIIy-
yae SKBUBAJICHTCH

S(w) :ij (gff(iz-,w))Q.

=1

s Takum 06pa3oM Impeodpa3oBaHHOTO (PYHKIINO-
Haja B KayecTBe 0a30BOro ajropuTMa ONTUMM3ALUU
MOXeT OBITh MCIIOJIb30BaH JIOOOM METOA pelIeHus
3a7a4M O HAUMMEHBIIMX KBajapaTax, Kak, Hampumep,
METOJ, rPaAeHTHOTrO cCIycKa Wi aJiropuTtM JleBeHoep-
ra—Mapxksapara [13]. B aToMm citydae mpu COOTBETCTBY-
IOLIMX YCAOBUSIX TJIAJKOCTU YACTHBIX TMPOU3BOIHBIX
¢GyHKIUKU f (YTO MPaKTUUYECKM BCEraa BBIMOJHSIETCS
B peaibHbIX (PU3UUECKUX TPUITOXKEHUSIX) COXPAHSIIOTCS
BCE CBOMCTBA UCXOIHOTO aJIrOPUTMa.

OTMeTHM, YTO IpenjIoKeHHas uaesl BBEACHUS Be-
COBBIX KO3(DUIIMEHTOB, OTBEUAIOLINX pa3HbIM U3Me-
PEHUSIM U 3aBUCSIIIUX OT TOYHOCTU 3TUX U3MEPEHUA,
BOOOILIE TOBOPSI, TPUMEHUMA U JJIs TIPOYMUX METOA0B
pelleHus 3aa4M BOCCTAHOBJIEHUS PEFPECCUU, OTJIUY-
HBIX OT CHUMBOJIbHOII perpeccuu. IlogpoOHoe pac-
CMOTPEHME STUX METOJIOB B COBOKYITHOCTH C TIpeJiara-
€MbIM TTOAXOJIOM BBIXOIMT 3a paMKHW CTaTbMU, OJHAKO
yKaxeM, 4TO TTpU HEBO3MOXKHOCTH BbIMTOJIHUTD aHAJIU -
THYeckoe nuddepeHImpoBanue GyHKIuK f Tpemia-
raeTcs UCIOJAb30BaTh CACAYIOIINI UTEPATUBHBIM aJIr0-
PUTM, MpeIHA3HAYEHHBIN 151 UCIIOJAb30BAHUS C YXe
MMEIOLIUMUCS peaiu3allusiMA COOTBETCTBYIOIIUX Me-
TOAOB onTuMu3auuu. [lpeanonaraercs, 4To peaiu3a-
LU «<TIPUHUMAET Ha BXOJI» MAaCCUB 3HAUYCHU ¥;, PYHK-
LIMIO BEIYMCICHUS 3HAUYCHUS [ B TOUKaX X; C BEKTOPOM
napaMeTpoB w.

AJITOPUTM BBIJISIAUT CAEAYIOLIMM 00pa3oM.

1. BriOupaercst HeKOTOpoe HauajlbHOE MPUOIMKEeHUE
BEKTOpa IMapaMeTPOB w.

2. lnst Kaxnoi napsl (x;, y;) U3 o0yvarolieil BbIoop-
KU1 YUCJICHHO WM aHAJTUTUYECKU PACCUUTHIBACTCS
3HAYeHWE YaCTHOU TIPOM3BOAHON Of/Ox B TOU-
Ke (X;,w).

3. Kaxnoe 3HaueHMe 3aBUCHMOI MEpEeMEHHOU y;
u 3HaueHue GyHKUMM f(X;,w) HOPMUDPYETCS Ha
COOTBETCTBYIOLIYIO BEJIMYUHY

m 8f 2
2 4 2
o, + jE:I (&’cj (xl,w)) Ox, -

4. BbIMONHSETCS UTEPALUs KJIACCUYECKOTO aTOpUT-
Ma ONTUMU3AIMUU JUISI TaAKUM 00pa3oM Moaudu-
LIMPOBAaHHBIX 3HAYeHU PYHKIUK [ ¥ 3aBUCUMBIX
TIePEMEHHBIX ¥;, MTOJTy4asi HOBOE 3HAY€HUE BEKTO-
paw.

5. Ecnm kputepuii ocTaHOBA HE JOCTUTHYT, aJITOPUTM
MIPOIOJIKACT BBIMIOJHEHHUE C T1. 2.

OTMeTHUM clieayioniee:

— KpUTEpHUEM OCTaHOBA MOTYT CJIYXHUTb OOBIYHBIC
KPUTEPUU, TaKHWe KaK MOCTMKEHHE HEKOTOPOTO
qyciia UTepaluii, IIOPoOr HOPMBI U3MEHEHUS BEK-
TOpa W U T.11.;

— ecJIM U3BECTHO, UTO POU3BOIHAst O f /Ox sABJIsIeTCS
JOCTAaTOYHO TJTaJIKOM B OKPECTHOCTH (X;,w) | i €
€ {1,...,/},Hamare 4 anropuT™Ma MpeACTaBIIsIeT-
Csl Pa3yMHBIM BBIMTOJIHUTb CPa3y HECKOJbKO UTE-
paumii KJIacCCUYEeCKOro ajJropurMa BO U30exkaHMe
MOTEHLMAIBLHO PECYPCOEMKOTO NEpecyeTa IMpous3-
BOJHbBIX U IEPEHOPMUPOBKU 3HAUCHUH y; U f.

S5 BBIYMCIUTENbHBIA SKCIIEPUMEHT

B BBIYMCIUTETLHOM 3KCIIEPUMEHTE paccMaTprBa-
[OTCSI TaHHBIe, MMOJYYCHHBIE B XOOC¢ M3MEPEHUSI 3aBU-
CHMOCTHY MHTEHCUBHOCTH M3TyYeHUs [ 1a3epa OT Ipo-
3pavyHOCTH eTo pe3oHaropa. M3ydarcs jlazep BBICOKOTO
nmasneHust (=~ 3 atM He, ~ 60 Topp Ne, ~ 20 Topp
Ar) Ha 3p—3s mepexomax HeoHa (OCHOBHOM mepexon —
585 HM), BO30yKIaeMbIii 2JIEKTPOHHBIM My4KoM [ 14].

IIyctp HacwIammas Mepexol WHTCHCUBHOCTD
usnydyeHuss — I, HabaogaeMass UHTEHCUBHOCTb —
I;. B Takom ciyyae st 6e3pa3MepHOil BEJIMYMHBI
y = I;/I; ¢ y9eTOM OIHOPOIHOTO YINUPEHUS JU-
HUU YCUJICHUS TIPY BHICOKOM JABJICHUM Ta3a M XOPO-
11eii OJHOPOAHOCTU BO30YXKIeHUsI, obecrieuyrnBaeMoit
3JIEKTPOHHBIM ITyYKOM, MOKHO TTOJTyYUTh HEJTMHEIHOE
ypaBHeHue [15]:

1 VR L
OéoL - EIHRO = goLil B \/FO y
i (14 ¥ = VE)/(1+ VRy)
1 +y(2v/Ro)/(1 — Ro)

TIe cvg — pacripeieJIeHHbIe TTOTepH (HaImpruMep, Ha pac-
CesiHUe CBeTa); gg — KOO UILIMEeHT ycuieHus ca1adoro

(D
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curHana; Ry — KoabbUIUEHT OTPaXKeHUs BBIXOJHOTO
3epkana jasepa. OMHOPOAHOCTh HAKAYKU O3HAYAET,
4TO gy U (yy OAVMHAKOBBI IO BCEMY 00BEMY C XOpOIIEei
TOYHOCTBIO.

3HaueHue Ry SIBISIETCS HE3aBUCUMOU TepeMeH-
HOI, U3MEHSIEMOI1 9KCTIEpUMEHTAaTOPaMu, U B TaHHOM
paszesie Takxke 0003HayaeTcsl © CO00Pa3HO OCTAIbHOMN
4acTu padoThl.

Jlist mocTaTouHO O0JIBIINX Ry, OJIM3KUX K €IUHULIES
(dbaktnuecku mig Ry > 0,6...0,7), MOXHO ympoc-
TUTh (7), 3aMeHuB 2v/Rg ~ 1 + Ry 1 OIy4UB XOPOLIO
M3BECTHOE BhIpaxkeHwue [15]:

1—- Ry 9o
TR <ao /D) R, 1> - ®)

I1ie 7 — HOPMUPOBOYHBIN KOIDODOUIIUEHT.

B paccmaTtprBaemMoM (hU3MYECKOM 3KCIIEPUMEHTE
JIJTMHA aKTUBHOM cpenbl L — 150 ¢cM, TOYHOCTH Ompe-
NIeJICHWST MOIIIHOCTH Jia3epa iy MMEeT OTHOCHUTEJIbHYIO
MOTPELIHOCTb B 2%, TOUHOCTD OMpeNeIeHUsl Po3pad-
HOCTH Ry uMeeT abCOIOTHYIO ITOTPEITHOCTh M COCTaB-
astet 0,01 mpu Ry > 0,6 1 0,02 mpu Ry < 0,6.

B xome usmepeHuil nosmydeHbl 3HaueHus: y(Ry),
npuBeaeHHbIe B Ta0I. 1.

y(Ro) =

Ta6muma 1 Dxcrnepu-
MEHTaJIbHbIC 3HAYCHUSI

y(Ro)

Ro Yy
0,48 3,25
0,56 10,2
0,65 16,5
0,73 20,5
0,80 22,5
0,87 23,2
0,94 18,2

Takum obpa3oM, pelaercs 3agaya MUHUMU3ALUU
¢yHkuMoHana (6) rpu

w = (w1, wa,w3) = (7,0, 90) ;

f(wi) =Y (RO;’%OZO;QO) 5

oy, = 0,02y;;
~ o001 [z >06; 9)
10,02 |2 <06,

5.1 OnTumanbHbIe mapaMeTpbl MOJIEIN

Kpome mpennoxeHHoro B Hacrtoslleil pabore
dyHkuMoHaa (6) paCCMOTPEH TaKXKe U KIaCCUYECKUIA
(yHKIIMOHAN CpeHEeKBaAPATUYHON OLINOKU:

S = Z(yl - f(acz-,w))2 .

1

14
(10)

3

TaﬁJmua 2 OnTuMajbHbIC 3HAYCHMS nmapamMeTpoB MOIEIU

L0
[Tapametpsi w w° LO%'
Wi
g0 2,93-107% | 2,92-103 0,31%
ag 2,07-107% | 2,22-107* 6,59%
v 98,6 101,5 2,9%
S (6) 0,542 0,645 16%
S (10) 0,328 0,183 80%
25
20
15
~
10

0 ! ! ! ! !
0,5 0,6 0,7 0,8 0,9

Ry

Puc. 2 Tpaduxu (8), COOTBETCTBYIOLIME TAPAMETPAM, MUHM-
MusupyomuM (6) u (10):  — sKneprMeHTaIbHbIE TaHHbIE;
2—w% 3 —w

B T1abn. 2 mpuBeneHbI 3HAYEHUS ITapaMeTpPOB w
n w® dynkumu (8), muHumusupyrowue (6) u (10) co-
OTBETCTBEHHO, a TAKXe OTHOCHUTEJIbHbIE PA3HOCTU WX
koMmTioHeHT. Kpome Toro, mpuBeneHbl 3HaueHUST PyHK-
uuroHaoB (6) u (10) ast 060uX BEKTOPOB MapaMeTPOB.

OTHenbHO OTMETUM, YTO CPaBHMBATh HEITOCPEI-
CTBEHHbIE 3HaUYeHUsT PyHKIIMOHAJOB (6) 1 (10) He Me-
eT cMbIcia. BMmecTo 3TOro HeoOXOAMMO CpaBHUBATH
pa3IMIHbIE MOJIEH TI0 KaXKIOMY U3 3TUX (DyHKIIMOHA-
JIOB B OTHEJIBHOCTH. Tak, pe3yJbTaThl, IPUBEICHHBIC
B Ta0JI. 2, TOKA3bIBAIOT BIIOJIHE €CTECTBEHHBIN Pe3yIb-
TaT: KAXIblil U3 IBYX BEKTOPOB MapaMeTpoB (w u wP)
SIBJISIETCSI ONTUMAJIBHBIM JIUIIb JUTsI TOTO (hYHKIIMOHA-
J1a, KOTOPbIii OH MUHUMU3UPYET.

Ipapuku perpeccrnoHHoit moxenu (8), COOTBET-
CTByIOIINE W U w°, IpUBEIeHBI HA pUC. 2.

5.2 CxoguMoCTh ONITUMAIBHBIX ITapaMeTPOB
K KJIACCUYECKUM

YucaeHHO rcclienoBaHa 3aBUCUMOCTh CXOIMMOCTHU
apaMeTpoB w K IapameTpaM w’, moay4aeMblM MUHU-
Mu3anueit pyakinoHanos (6) u (10) cOOTBETCTBEHHO,
OT MOrPELTHOCTH 0y U3MEPEHHS 3aBUCHMOI TIepeMeH-
HOM y.
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Cienyer oXuaaTh, 9TO IPU YBEJIWYSHUU TTOTPEII-
HOCTHM M3MEPEHUsI BEJIMUYMHBI y TIpU (PUKCUPOBAHHOMN

MOTPEIIHOCTH U3MepeHus1 Ry ONTUMAbHbII BEKTOP w
0 tak xak Tem Gojee He-

OyneT MpubIMXaThCs K w

3HAUUTEJIEH BKJIad OLIMOKU N3MEPCHUA HE3aBUCUMOM

TMEPEMEHHOI.
PaccmaTpuBatorcst aBa ciiydasl.

1. TlorpemrHoCThb i-ro U3MepeHMsl ¥; 3aJaeTcsl Kak
oy, = 0,02ky;, T. €. IOIrPEIHOCTb 3aBUCUT OT 3HA-

YEeHUsI CAMOTO ¥;.

2. TlorpemHocTh i-ro U3MEpeHus y; 3aJaeTcsl Kak
0y; = 0,02kYmax, T. €. MOTPEIIHOCTL OT 3HAYEHUA
KOHKPETHOTO ¥; HE 3aBUCUT. 3aMETUM, UTO BBIOOD
KOHKPETHOTO 3HAUEHWS Yy, OMPEesIoero mo-
TPELIHOCTb, SIBJISIETCS B TaHHOM CJlydyae JOCTaTou-

B ciyyae (hmMKCHpPOBaHHO# MOrPEeLIHOCTH 0y, 3HA-
YeHUS w NeiiCTBUTENIBbHO cTpeMsTes K w’ uis pasyM-
HBIX 3HaYeHWil k, a B cllydae TeTepOCKEeTACTUUHBIX
OIIMOOK TaKO# 3aBUCHMMOCTU He HaOJIIOJAETCsI, XOTS
3HAYEHUS w W OKA3bIBAIOTCH JOCTATOUHO OJIM3KHU K wP.
ITo MHeHMIO aBTOpa, TaAKOE MMOBEICHNE BEKTOPA OITH -
MaJTBHBIX TTApaMETPOB SBJISIETCS BITOJHE OXKMUIAEMBIM
W IEMOHCTPUPYET HECOCTOSATENHHOCTh KJIIACCUYECKOTO
(¢yHKIIMOHA/Ia KayecTBa B clydae HEOAMHAKOBO pac-

IpEaCICHHBIX OLIMOOK.

5.3 CxoaMMocCThb IapaMeTpoB K UCTUHHBIM

YucaeHHo ucclieoBaHa 3aBUCUMOCTh CXOIMMOCTH
napaMerTpoB w = argminS U w® = argmin S K He-
KOTOPOMY «MCTMHHOMY» 3HaYeHUIO BEKTOPA MapaMeT-

HO IPOU3BOJIbHBIM U COOTBETCTBYET YMHOXEHUIO  poB (w OT YMcJa ToyekK ¢ B oOydalolleil BHIOOPKE U OT

BCEX MOTPEIIHOCTEl Ha HEKOTOPYIO KOHCTAHTY
(4TO HUBEIMPYETCS COOTBETCTBYIOIIMM H3MEHE-

HUeM BbIOOpa Auarna3oHa k).

B nepBoM ciyyae olmMOKU M3MepeHUsl y pacripe-

MOTPELIHOCTU OMNPEIEIEHUS] HE3aBUCUMOM MEPEMEH-
HOH.
J17151 5TOr0 BEKTOP MapaMeTPOB w, MOJYYEHHbBII MU-
HUMU3alMen odyyalolieil BbBIOOpKM U3 Tabj. 1, mpu-
HUMaeTcs 3a HEKOTOPBIN «MCTUHHBI» BEKTOp Iapa-
METPOB W U Ha KaxXIoW j-i UTepalii reHepupyeTcs

NIeJICHBl HEONMMHAKOBO; CJIEI0BATEIbHO, TIPUMEHEHNIE
crangaptHoro MHK He o6ocHoBaHO. B TO ke Bpemst
BO BTOPOM CJIy4yae OITMOKY ITpUHAIIeKaT OMHOMY U TO-
My K€ pacripelie/IeHUIO U, KpOMe TOTo, He3aBUCUMBI,
noatoMy B 1aHHoM ciayyae MHK-oueHka npuMeHnma
(C TOYHOCTBIO 7O OIIMOKM M3MEPEHUs] He3aBUCUMOI
epeMeHHOI).

Hns oboux ciiydyaeB MOAPOOHO paccMaTpuBaiach
obyacth k € [1;100], 3HaueHUe k M3MEHSIIOCH C IIa-
rom 0,01. OT™MeTHM, 4TO yKe IIpH k ~ 25 XapaKTepHas
MTOTPEITHOCTb M3MEPEHUsI BEJIMUMHBI i COIIOCTaBHUMA
C caMoli BEJIMUMHOM y, a pu k > 50 MpeBbIILIAECT €€e.

Pesynbratel npuBeneHsl Ha puc. 3. Ha rpadukax
0TOOpaXkeHbl KOMIIOHEHTHI BEKTOpa w, HOPMUPOBAH-

HBIE Ha COOTBETCTBYIOIIIME 3HAYCHUA wo, B 3aBUCH-

MOCTHU OT 3Ha4yeHus k.

obyuarowas Beioopka D; (¢, k):

Dj(t, k) =
= {(xl +€;‘Cay(m’ia‘:’) + é-’;lj)} | fzx NN(kaUﬂCi)a
& ~N(0,0y,), i€{1,..., 0},

rae y(z,w) 3amaHo cooTHoLleHUeM (8), a o, U 0y,
OIIPENEIISTIOTCS COOTHOIIEHUSIMMU (9).

WHbIMU cioBaMM, TeHepupyeTcsl oOyJarolasi Bbi-
00pKa COrjacHO NUCKOMOI MOJIEJIN C U3BECTHBIM U (DUK-
CHpPOBAaHHBIM BEKTOPOM TapaMeTpOB, KOTOpas 3aTeM
3alIyMJISIETCSI HOPMAJIBHO pacTpeneIeHHbIMU ClTy4daii-
HbIMM BeJindyuHamu. [lpu 2TOM cTaHmapTHOE OTKIIO-
HEeHUe IIlymMa JUIS 3aBUCHMON BEJIMYMHBI COBITaJaeT

100z 2 T D T T T T T T T T 1,00= —
/./,"' ,/'/ /"“
./. " ./ O"
o= 095k o5 0954
S 095K — T, —
] : -2 3 g -——-2
; -3 ; -3
0,90} -- 0,901 ; -1
0’85i Il Il Il Il 0’85i Il Il Il Il
0 20 40 60 80 100 0 20 40 60 80 100
k k
@]

(a)
Puc. 3 3aBucumocts ontumanbHbIX MapameTpoB oT k € [1; 100]: (@) oy, = 0,02ky;; (0) oy, = 0,02kymax; I — Kiaccuueckoe
3Ha4YeHue; 2 — go; 3 — o 4 — 7y
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C 3KCIIEPTHO TPEIJIOKEHHOM ITOTPEIIHOCThIO M3Me-
PEHUN I peaJibHOTO 3KCIEPUMEHTa, a CTaHJAPTHOE
OTKJIOHEHHWE HE3aBUCHMMOM BEJIWYMHBI OTJIMYAETCS OT
3KCIIEPTHO NPEIIOXKEHHOU NOTPEIIHOCTH IJISI 3TOM Be-

JIMYUHBI B k pas.

IMocne renepauuu Bei6opku D;(¢, k) no Heil Ha-
XOmATCSl 3HayeHus] w; = argminS(D;) u wo =
= argmin S(D;), uto nosropsiercst N pa3, u V ¢ pac—
CMaTpUBAIOTCSI 3HAYCHUST:

0,00010
0,00009
0,00008
0,00007

“©0,00006
0,00005
0,00004
0,00003
0,00002

0 1000 2000 3000 4000 5000
1

0,00018
0,00016
0,00014
0,00012
“0,00010 -
0,00008

0,00006
0,00004
0,00002

25

20

15

10

5
0

"

—2

0

1000

2000

1

3000

4000

5000

-

—2

I
1000

I
2000

I
3000
1

I
4000

5000

N

= D (i — @)
TN
N
0 ~
50 — 2y (Wi~ 0
w; = N .

0603HaUNM, KPOME TOTO, dw = {dw1, dws, dws }.
Takum oOpa3om, Mpu BapbMpOBaHUU k U U3yye-
HUM ToBelieHUST dw 1 dw® uccemyercss BIUSHUE

! !
2000 4000

I
0 1000

|
3000 5000
1
(a)
wf
0,015
(o
0,010 “
0,005
|
0,000 !
0 1000 2000 3000 4000 5000
1
(0)
—1
12 —2
10
8
[Ze)
6
4
2
O
1000 2000 3000 4000 5000
()

Puc. 4 Cxonumocts mapaMerpos go (@), ao (0) 1~y (6) K MCTUHHBIM ipy k = 0,2 (JieBblii cTo16ew) 1 0,65 (1paBblii cTonbel):
1—w%2—w
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MOTPEITHOCTH OIpee/IeHUs] HEe3aBUCUMOM TIepeMeH-
HOIl Ha pasHOCTb MEXIy w M ONTUMAaJIbHBIMU TIa-
pameTpaMu w U w° cormacHo (6) u (10) coorserct-
BEHHO.

Tak Kak TpW YMEHBIIEHUW k MOHOTOHHO YMEHb-
IIAeTCsl TOTPELTHOCTh ONpeae/IeHUs] He3aBUCUMOM
MepeMEeHHOI, €CTeCTBEHHO OXWIaTh, YTO pa3jInyne
Mexay w 1 w® Oyner ymeHblaThesl. OMHAKO BbIUMC-
JINTEJIBHBIA SKCTICPUMEHT IEMOHCTPUPYET, YTO 3TO HE
Tax.

B nposenenHom skcnepumente N = 1000, ¢ €
€ {10;...;5000}, k € {0,2;0,25;...;1}.

Pesynbrathl nipeacraBieHbl Ha puc. 4 u 5.

Pesynbsratel Ha puc. 4 (eBbIit cTONIOCI]) XapaKTep-
HbI [UIsl Bcex 3HayeHuid k € [0,2;0,6]. OmHako mpu
k > 0,65 moBeJaeHMEe ONTUMAJILHBIX TAPaMETPOB PE3KO
MeHsietcs. Tak, Ha puc. 4 (mpaBblii cTosbel) mpu-
BeleHbl rpadukm cxomumoctu mid k = 0,65. Bun-
HO, YTO ITOBEIIEHNE IMapaMeTPOB, ONTUMHU3UPOBAHHBIX
COITACHO KJIACCUYECKOMY (PYHKIIMOHAIy KadecTBa S,
SIBJISIETCS CYILIECTBEHHO 0OJiee XaOTUYECKUM, YTO MO-
JKET TOBOPUTH O MEHBIIIeH ycToitunBocTH [16] Momenu,
ONTUMU3UPOBAHHOI COTIacCHO S.

Bosee Toro, mwist 01IeHOK ITapaMeTpoOB gg M oy COOT-
BETCTBYIOIIIee IMPUOIKEHNE Ha HECKOIBKO TTOPSITKOB
Xyke, 4eM MOMydeHHOe MUHUMU3ALNEH S, BILIOTb 10
TOTO, YTO KPUBBIE, COOTBETCTBYIOIIME MUHUMU3UPY-
oM S rmapaMeTpaM, TMPaKTUYECKU He BUIHBI Ha
rpadukax (cM. puc. 4, a u 4, 6, IpaBbIil CTOJOEIT), TIO-
CKOJIBKY B BBIOpaHHOM MacllTabe OHM TpaKTUYeCKHU
COBMAmarT ¢ ochblo abcumcc. C Ipyroii CTOPOHBI, BaXkK-
HO OTMETHUTh, YTO OILIEHKA MapaMeTpa -y, MoJydeHHast
MMHUMM3ALKEN S, SIBISIETCSI HECKOJIbKO JIyUIle st
k = 0,65 (m1s1 k£ = 0,7 rpaduK BBITJIIIUT aHAJIOTHUY-
HO), HO MMHUMU3AIINS S maer Bce JIydlLUVe U JIy9LINE
MIPUOJIKEHUS ¢ pOCTOM k (CM. puc. 5).

OTMeTuM clieayloliee:

— IpPaKTHYECKHU BO BCeX clydasix (KpoMme OLIEHKH -y
st k = 0,8) ImpemToKeHHBI B HACTOSIIEH pa-
oore (pyHKuMoOHAN (6) maer jydllnee MPUOJIMKeE-
HUE, B TOM YWCJIEe IPU Pa3yMHO MajoM oOBbeMe
obOyyatonieii Boibopkr. Kpome Toro, B mopaB-
JIsTIoIeM OOJIBIIMHCTBE CJIy4aeB IMPeaoYTUTEIb-
HOCTb IPEUIOXKEHHOTO (hYHKIIMOHAIA COXPAHSIET-
¢ M Ui OOJIBLIETO YMC/Ia 3KCIEPUMEHTAIbHbBIX
TOYEK;

— g Manbix k < 0,6 omiMOKa OLleHKU MapaMeTpoB
Mpu MOMOIIM Kjiaccuyeckoro ¢pyHkiumoHana (10)
UMeeT SIPKO BBIPaAKEHHBII MUHUMYM B OKPECT-
Hoctu 60—100 st cvg v 1 400 ws1 gg SKCIIEPU-
MEHTAJIBHBIX TOYECK (CM. puUC. 4, JEBBII CTOJOEII).
JanbHeliee yBeJryeHUuEe oOydvarolleil BhIOOPKU
BEJICT K yXYAIIEHUIO TTPUOIVIKEHUSI, TIOJTy9aeMOro
MuHumuzanuei (10);

—_
—_
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Puc. 5 Cxommmocts mapamerpa v ipu k = 0,8 (@), 0,9 (6)
u1,0 (6): 1 —w®; 2 —w

— JIUISI HEKOTOPBIX k OIIMOKA MPUOIMIKEHNS , TTOJTyda-
€MOTr0 MUHUMU3ALNEH MPeUIOKEHHOTO (hYHKIIN-
oHana (6), UMeeT SIBHYIO TOPU3OHTAJILHYIO aCUM-
nroty (cMm. puc. 4, a, 4,6 u 4, ¢ (1eBblil cTONOELL)).

IIpyuunrHBl MOAOOHOIrO MOBEACHUS ONTUMAJbHBIX
napaMeTpoB SBIISIOTCS MPEAMETOM MAJTbHEUIINX MC-
CcJeIOBaHUA.
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Monmudukanus GyHKIIMOHaIAa KauecTBa B 3a1a4aX HEJIMHEMHOW perpeccuu IUIsl yueTa reTepoCKeIacTUYHBIX TTOTPEITHOCTEM

6 3axkioueHue

[MpemtoxxeH MoOmMMUIMPOBAHHBIN (DYHKIIMOHAT
CPEIHEKBAAPATUYHON OLIMOKM JUIsl 3324 PErpeccuu,
MPUMEHUMBII B clydae HaJUYMsl OIIMOOK U3MEpeHUst
HE3aBUCHUMBIX MEPEMEHHBIX U PA3IUUHBIX pacrpene-
JIEHUI, K KOTOPBIM MPpUHAIIeKaT OIIMOKH, B pa3HbIX
TouKax oOyudarouieid BbiOOpkU. IlpenyiokeHa Bepo-
SITHOCTHASI MHTEPIIPETaIns 3TOro (yHKIMOHANA IS
cllydyasi HOpMaJIbHOTO pacrnpeie/ieHrsl OlIMOOK M3Me-
peHust.

[ToxazaHa cxOmMMOCTb MPEIIOKEHHOTo (QYHKIIU-
OHaJa K Kjaccuueckomy (hpyHKIIMOHANY CpelHEeKBalI-
PaTUYHOWM OIIMOKHU [Jisd caydyasi TOMOCKENACTUYHOCTH
MOIrpPelIHOCTe 3aBUCUMOI TIepeMEeHHOM U IpeHeope-
SKMMO MaJIOil TIOrpelIHOCTU U3MEePEHUST HE3aBUCUMBbIX
nepeMeHHBIX.

HccnenoBaHo moBeneHWe ONTUMAJIbHOIO BEKTOpa
mapaMeTpoB IS TIpeaaraeMoro (byHKIIMOHaIa B 3a-
BUCUMOCTH OT MapaMeTpoB pachnpenejeHruil ommnbok
HE3aBUCHUMBIX TIEPEMEHHBIX, B TOM YUCJIE B CPABHEHUU
C BEKTOPOM MapaMeTpoB, MUHUMU3UPYIOIIUM KJIaCCU-
YyecKuil GyHKIIMOHA KauecTBna.

IIpencrapnsercss pasyMHbIM MCHOJIb30BaThb Mpe-
JIOXKEHHBI B HaCTOsIIE padore (YHKIMOHAT TIpU
ONTUMM3ALIMK [TapaMeTPOB PErpPecCUOHHBIX MOjeei
M aHAJIM3e UX YCTOMUYMBOCTU K MTOTPEITHOCTIM KakK 3a-
BUCHMBIX, TaK M HE3aBUCUMBIX ITePEMEHHEBIX |2, 16].
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Abstract: The paper considers the problem of finding the optimal parameters of a nonlinear regression model
accounting for errors in both dependent and independent variables. The errors of different measurements are
assumed to belong to different probability distributions with different variances. A modified mean squared error-
based loss function is derived and analyzed for this case. In the computational experiment, the measurements
of the laser’s radiation power as a nonlinear function of the resonator’s transparency are used to compare the
parameters vectors minimizing the presented loss function and the classical mean squared error. The convergence
of the parameters minimizing the presented loss function to the optimal parameters for the classical loss function
is studied. In addition, some values of the parameters are considered to be “true” ones and are used to generate
synthetic data using the physical model and Gaussian noise, which is then used to study the convergence of the
parameters minimizing the presented and the classical loss function, respectively, as the function of the noise

parameters.
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[MEPCOHAJIBHAA OTKPBITAA CEMAHTUYECKAA LHNUPPOBAA
BUBJIIMOTEKA LibMeta. KOHCTPYUPOBAHUE KOHTEHTA.
MHTEI'PALIUA C UCTOYHUKAMMUA LOD*

O. M. AraeBa', B. A. Cepebpsaxkos?

Annoramusa: Pa3BuTHe ceMaHTUYECKUX TEXHOJIOTH BbIBEJIO LM(MPOBbIE OMOJIMOTEKU HA YPOBEHb, HA KOTOPOM
Ha IMEePBbIi IUIaH BBICTYIIIA HEOOXOAMMOCTh OCMBICJIEHHOTO IPEACTABIeHUSI KOHTEHTA LIM(POBHIX OUOIMOTEK.
OIHOBPEMEHHO BO3HMKAET HEOOXOAMMOCTh OTPaHWYCHUS €T0 B TEPMMHAX HEKOTOPOM IMPEIMETHOI OO0JIACTH.
B pabote paccmarpuBaeTcss KOHCTPYMpPOBaHME KOHTEHTA OMOIMOTEKM JIsSi HEKOTOPOI IIPeAMETHOI 00JacTu
B paMKax pa3paboTtaHHoii cuctembl LibMeta. [TepcoHaabHast OTKpbITasi ceMaHTU4ecKas 1udpoBast Oudinoreka
LibMeta ¢ cucreMoil momuepkkyu pabOThl MoJib30oBaTeell ¢ U(pPOBLIMU pecypcaMu OUOJIMOTEK U UX KOJI-
JIEKIUSIMU JIJI1 HEKOTOPOii MPeaAMETHOM 00JIacTU, OrpaHMYEHHON TEPMUHOIOTMYECKU C ITIOMOILBIO Te3aypyca,
MpeaocTapisieT QYHKIMOHAIbHOCTh KOHCTPYUPOBAHUSI KOHTEHTa OUOIMOTEKHM COIJIACHO OMpEAEIeHHBIM Tpe-
0OBaHUAM M TpeOYeT BCETrO JIMIIb MPOU3BECTH HaYATbHYIO HACTPOMKY CUCTEMBI TTO KOHKPETHYIO MPEAMETHYIO
001aCTh, OrpaHUYEHHYIO TEPMUHOJIIOTMYECKH C IIOMOILBIO Te3aypyca. B KauecTBe mpumepa mpeaMeTHOM 00IacTi
B paboOTe UCIOIb3YeTCsl Y3KOCIIELIMAIN3POBaHHBIN Te3aypyc 0ObIKHOBEHHbBIX AU hepeHIINATbHBIX YPaBHEHU I

(OOY).
KiroueBnie ciioBa:
B LOD
DOI: 10.14357/19922264170210

1 Bsenenue

B3priBHOE pa3BUTHE TEXHOJOTUI B TIOCICAHUE [IC-
CSTUJICTHUS TIOBJIUSIIO Ha BCE ACIIEKTHI ACSTEIbHOCTU
yenoBeka. HakornieHHble B OMOJIMOTEKaX JaHHbIE CTa-
JIV Yepe3 CeTh JOCTYITHBI IIMPOKOMY KPYTY MOJIb30BaTe-
Jieil, ynoBieTBOpsis UH(GOPMAIIMOHHBIE MOTPEOHOCTU
KOTOPBIX, pa3pabOTYMKU pACIIUPSIN (DYHKIIMOHATb-
HOCTb IM(POBLIX OMOINOTEK.

PazBuTue ceMaHTMYECKUX TEXHOJOTUI BBIBEJIO
udpoBsle OMOIMOTEKN HAa HOBBIM YpOBEHB, Ha KO-
TOPOM Ha TIEPBBIM IUIAH BBICTYIIMJIA HEOOXOIMMOCTH
OCMBICJIEHHOT'O TpeACTaBIeHUsI KOHTEHTAa LIU(PPOBBIX
oubanoTek. B perieHuM 3TUX 3aJa4 KIOYEBYIO POJIb
CTaJIu UTpaTh OHTOJIOTUH [ 1], MO3BOJISISI TIPEACTABISITh
KOHIIETNITYaJIbHbIE MOME/IN ISl OTIMCAHUS CaMOT0 KOH-
TeHTa 3TUX OUOJIMOTEK, OCHOBBIBAsICh HA paHee pa3pa-
GoTaHHbIX opMarTax ornmcaHusi, Takux kKak MARC?.
Takue OHTOJIOrMY MOTYYWIU Ha3BaHUe Oudarorpadu-
YECKUX, IOIOJTHSSI CEMaHTUKOM 3T (popmatel. PDak-
TUYECKU B OMOIMOTrpaduuecKrux OHTONIOTUSAX (DUKCH-
PYIOTCS KJTIOUEBBIC IIOHSTHSI 00bEKTOB, COCTABIISIIOIINX
HaITOJTHEHHe OMOIMOTEKH, ¥ CBSI3M MEXKITYy HUMU. DTUX

CECMaHTHUYECCKUE 6I/I6J'II/IOTCKI/I; MOJEC/Ib JAaHHBIX; OHTOJIOTUW; MCTOYHUKU TAHHBIX; ITOMUCK

MOHSITUI 10CTATOYHO JJI51 OTTMCAHUST OOBIYHOM KJ1acCU-
YeCKO# u(poBoil OMOIMOTEKM IS JTI000 IMpeaMeT-
HOI 00JlacTH, B KOTOPOU TpeacTaBieHa MH(GopMaIus
O Pa3JIMYHbIX TEYATHbIX M3AAHUAX U, BO3MOXHO, UX
2JIEKTpOHHbIE Bepcuu. Ho pasBuThe ceMaHTUUYECKUX
oubanoTeK [2] crmocoOCTBYeT pacIIMpPEeHUI0 MOJIENH,
onpeaessoeil HamoaHeHe OMOIUOTEKH, B KOTOPOt
Tenepb MOTYT COIEPXKATbCSl CaMble PA3IUYHbIE TUITbI
00BEKTOB.

ODHOBpPEMEHHO C paclIMpeHueM Monean Ouo-
JIMOTEYHOTO HAIOJHEHUSI BOZHUKAET HEOOXOIMMOCTh
OrpaHUYEHMST ero B paMKax HEKOTOpPOW MpeaMeTHOI
obmactu. s 2TOro BBOAMTCST HAOOpP TEPMUHOB,
MCHOJAb3YEMbBIX [IJISI ONMCAHUS 3TOM IpeIMeTHOU 00-
JlacTu. Yaie Bcero aTu TepMUHbI OPTAaHU30BaHbI B BUJIE
HEKOTOpPOil TAKCOHOMUM C TIOAAEPKKOM pa3zHOOOpas3-
HBIX CBsI3el Mexkay HUMU. B nanbHeiiiem Oynem Ha3bl-
BaTh HAaMOJIHEeHNEe OUOJUOTEeKU C TAKOM TEPMUHOJIOTH-
YeCcKOi MoaAepKKOil HEKOTOPOU MpeaMETHO 001acTu
KOHTEHTOM CEMaHTUUYECKOM IU(PPOBOIl OMOINOTEKH,
WJIM TIPOCTO KOHTEHTOM.

Jna  TemaTWyecKoil KiaacCUGbUMKAIIUM PECypCOB
OMOJIIMOTEKM WCITOJB3YIOTCSI pas3IMUHble Kiaaccudu-

*Pabora BeIToTHeHa 1Tpy hrHaHcoBoU nomaepxkke PODOU (tipoekt 14-07-00058 A).
I BrrancimrensHerit nentp uM. A. A. JlopoauuisiHa DeepansHOTO MccIenoBaTeabeKoro HenTpa «Mubopmatika u yrpasieHue» Poc-

CHMIICKOI akajieMMU HayK, oli@ultimeta.ru

2 BpYnCTUTEbHBIN HeHTp UM. A. A. JloponHuiisiHa DenepaibHOro HccaenoBaTenbekoro nentpa «MudopMatika u yrpasieHue» Poc-

cUiicKOll akaneMmnu Hayk, serebr@ultimeta.ru
3http:/ /www.loc.gov/marc/unimarctomarc21.html.
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KaTopbl, KOTOpBIE OTJIMYAIOTCS APYT OT Ipyra OXBa-
TOM TPEAMETHBIX 00JIacTeli M CTENEeHbIO TpaHYJIsIp-
HOCTU TIpM Kjaccudukauuu 3TUX obnacreir. i
9TUX IIeJIe MOXET MCIIOIb30BaThCsl OMWH W3 IIHUPO-
KO pacIIpoCTpaHEHHBIX KJIacCH(UKATOPOB, TAKUX KaK
VIK! (yHuBepcaabHas AecITUUHAS KiaccuduKaLms),
BBK? (6u6anoTeuHo-61OIMOrpaduueckast KiaccH-
¢duxanus), TPHTU? (rocymapcTBeHHbBI pyopUKaTOp
HAyIHO-TEXHUYECKOM MHGpoOpMalnu). BDTU KIacCH-
pUKaTOPBI OXBATHIBAIOT MOUYTH BCE 00JIACTH HAyYHOTO
3HAHUS U TIepedYeHb MOHITUI, XapaKTePHBIX TSI 3THX
obnacteit. OOBIYHO 3TU MOHSTUS HOCST JOBOJBHO 00-
MU XapakKTep W HE OTpaXaloT BCEro pa3HOOOpa3us
HamnpaBJeHUN B KaX10M OTAEIbHOI 00J1aCTH HAyYHOTO
3HaHUS.

Crienimaan3upoBaHHBIC IO KOHKPETHBIM 00J1aCTIM
OMOJIMOTEKHM UCIIOJIB3YIOT OOBIYHO CBOM KiaccudUKa-
TOPHI JUTS CUCTEMAaTH3allii CBOMX pecypcoB. Takoii
nojaxoJ obecrieunBaeT 0ojiee NeTalbHbI aHAJIU3 CO-
JIep>KaHUS TOKYMEHTOB M COOTHOIIEHWE CMBICIIOBBIX
MMOHSATHI B IOKYMEHTE C OIpeIeJICHHBIM HaIllpaBie-
HUEM CIlelMau3upoBaHHON obsactu 3HaHus. K Ta-
KM KJIacCu(pUKaTopaM MOXKHO, HaIlpUMep, OTHECTH
MSC* (Mathematics Subject Classification), koTopblii
HCITIONB3YeTCS IS KacCU(UKAIIUK pa3aeaoB MaTeMa-
TUKH.

CeMaHTHYeCKME OMOIMOTEKHU MPEIOCTaBIISIIOT CBO-
MM I10JIb30BaTeIsIM OOJIBbILION apceHall BO3MOXHOCTEeM
JIJIST YIOBJIETBOPEHUST MX MH(MOPMALIMOHHBIX TTOTPeO-
HocTel [2]. DTo pa3zHOOOpa3HbIe CpeacTBa ITOMCKa:
aTpUOYTHBIN MOWUCK, MOJHOTEKCTOBBIN TTOKUCK, TTOMCK
10 KOJUIEKIIMSIM Ha OCHOBE TeMaTHUECKUX KJTacCHpU-
KaToOpPOB, TTIOMCK IO pa3HOOOpPa3HBIM THITAM PECypCOB,
BKJIIOUEHHBIX B OMOaMOTeKy. [lJisl moib3oBaTesein ce-
MaHTUYECKNX OMOIMOTEK, SIBJISIOLINXCS aKTUBHBIMM
MOTPEOUTEIIMI MH(GOPMALIMK, BO MHOTMX COBPEMEH-
HBIX PEIICHUSIX MPEIOCTABISETCS BO3MOXKHOCTH CO-
311aTh COOCTBEHHYIO KOJUICKIIHIO.

Bo3HMKaeT HEOOXOOUMOCTh IaTh ITOJIh30BATEIISIM
crnennUIINpoOBaTh CBOM TPEAITOYTEHUS, pa3BHBas
BO3MOXHOCTb OIIPEIEICHNUSI COOCTBEHHBIX TEPMUHOB
B paMKaxX HEKOTOPOT'O HaIlpaBJICHMSI HAyYHOTO 3HAHMS,
YTOYHSISI M OYepuMBasi Kpyr CBOMX MHTEPECOB, MO3BO-
JISIST OPTaHU30BBIBATh TPYIIITHI TTOJIB30BATENIECi CO CXOMI-
HBIMU WHTEpPECAMU JUIST BOBMOKHOCTH OTCJICKIBAHMST
Bceit MH(OPMAIIVH 110 OIIpeAeSIEHHBIM HaIllpaBJICHUSIM.

Illupokoe mpUMEHEHNHE OHTOJOTHI ITO3BOJISICT
WHTETPUPOBATh JAaHHBIC OMOJMOTEK C HAHHBIMHA W3
Pa3IMYHBIX UCTOYHUKOB, OCHOBBIBAsICh Ha MX CEMaH-
TUKe [3]. DTN UCTOYHUKHU He 00s13aTeIbHO CaMU SIBJISI-
10TCS1 OMOIMOTEKAaMU. MHOXECTBO TaKMX UCTOYHUKOB

Thttp://nlib.sakha.ru/Cataloque/udk/index.shtml.
2http://roslavl.library67.ru/files /382 /bbk.pdf.

nonakoueHo K odsaky LOD (Linked Open Data) [4].
OcnoBHag uaest LOD 3akiodaeTcst B pellieHUM 3a1a4
WHTETpalluy JaHHBIX, IPEACTaBICHHBIX B CETH, IIJIST Ue-
ro TIpeJyIaraeTcs mpeACcTaBUTh MHGOpMaLHIo B popMa-
JIN30BaHHOM BUJIE C TOMOILIbIO OHTOJIOTUA, UTO AeIaeT
ee JIOCTYIHOM U1 MallMHHOU 00paboTku. B aTux mc-
TOYHMKAX JAHHBIX ITPOBSI3aHbI CAMBIC PA3TMYHbBIC TUITHI
PeCypcoB, KOTOPBIE IIPENCTABIISIOT MHTEPEC MIJIST TTOJIb-
30BaTesieil OMOIMOTEK C TOUKM 3peHusl oOoralleHus
JAHHBIX KaK CTPYKTYPHO, TaK M1 CEMaHTHYECKU.

Ha ocHoBe Moaenu TMOHSTUI, OMUCAHHON
B Npenblaylux padotax [5], a Takke uaeir Semantic
Web 1 LOD 65n11a pazpaboTaHa nepcoHaibHast OTKPbI-
Tas ceMaHTMYeckas um@ponas o6ubamoreka LibMeta
C CUCTEMO TToIIep>KKU pabOTHI TTOJIb30BaTeei ¢ -
POBBIMU pecypcamMu OMOTMOTEK U UX KOJIIEKITUSIMU JTsT
HEKOTOPOIi MpeAMEeTHOI 001aCTH, OTPaHUYEHHON Tep-
MMHOJIOTMYECKH C TIOMOIIIBIO Te3aypyca [3, 6].

2 LibMeta — oCcHOBHBIE UeU

I1pu peanuzauum LibMeta aBTOpbl PyKOBOACTBO-
BaJIMCh HAOOPOM OCHOBHBIX 3a7ay, KOTOpbIe AOJIKHA
pelath pazpadbaTbiBacMasl CUCTEMa:

(1) 6ubnauoreka IOODKHA TIOJIEPKMBATh BO3MOXK-
HOCTb MCIMOJIb30BaHUSI MEAUNHBIX OOBEKTOB WU
CCBUIKM Ha HUX TPU OMMCAHUU CBOUX OOBEKTOB,
BKJTIOUAsI TEKCT, ayIr0-, BUACOMhaIBI MU JTI00YIO
UX KOMOMHAIMO. DTO TpeOOBaHME OTpaXkaeTcs
B Ha3BaHUM CJIOBOM «LIM(PpoBasi»;

(2) TUMNBI UCTOJNB3YEMBIX PECYPCOB U CBSI3U MEXIY
HUMMU JOJIKHBI OBITh OMMCAHBI CPEACTBAMU CHC-
TEMbl B paMKax OINpEeIeJeHHBIX B TPEIbIIyIIei
paboTe MOHSTUI, COCTABIISIONINX CEMAaHTUUECKOE
OIucaHMe pecypcoB KOHTeHTa oubauoreku. [1pu
oToM corjacHo npuHuunam LOD mnpu omuca-
HUU PEeCypcoB MOJIEPKUBACTCS UCIOJIb30BAHUE
KJIAaCCOB U CBOWCTB paHee MCIMOJIb3yeMbIX OHTO-
JIOTHiT B coobuecTBe, nomaepxkuBatomem LOD.
DTta noanepxKa BbIpaxaercs JIMOO B HEMOCpPe-
CTBEHHOM MCIIOJIb30BaHUM TOTOBBIX OHTOJIOTUI
MPU OMUCAHUU PECYPCOB U CBSI3€i MEXIy HUMHU,
100 BO3MOXHOCTBIO CCBHIJIOK Ha WX 3JIEMEHTHI,
WCTIONB3YSI CBSI3M HA YPOBHE OTIMCAHMS PECYPCOB.
D10 TpeboBaHUE OTPAKAETCS B HA3BAHUU CIIOBOM
«CEeMaHTUYecKas»;

(3) dubsmnoTreka AOMXKHA CIYKUTh UHTErPALlMOHHBIM
Y3JI0M, TIPEIOCTaBIISASI BO3MOXHOCTD CBSI3bIBAHUS
CBOMX MAHHBIX C JaHHBIMU U3 Pa3HbIX UCTOYHM-
KOB, KOTOpbIe BKJII0YeHbI B 00J1ak0 LOD. /lomkHa

3 http://www?2.viniti.ru/index.php?option=com_content&view=article&id=39:rubrikator-nti.

“http://www.ams.org/msc/pdfs/classifications2010.pdf.
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TakxXe 00ecreuynBaThCsl BO3MOXHOCTb U3BJIeKaTh
JIaHHbIE 3TOK OUOJIMOTEKM B MAIIMHOYUTAEMOM
dopMate. DTo TpeboBaHME OTpakaeTcsl B Ha3Ba-
HUU CJIOBOM «OTKPBITas»;

(4) monp3oBaTen OMOIMOTEKN JTOKHBI UMETh BO3-
MOKHOCTb OPTaHU30BEIBATH CBOM KOJIJICKIIUH ITO
MHTEPECYIOIIEMY WX HaydyHOMY HaIllpaBJICHMIO,
nI00aBIsis HOBbIE TEPMUHBI B IPEAMETHBIA Te-
3aypyc, YTOUHSISI TAKMUM 00pa3oM 00J1acTh CBOUX
nHTepecoB. [1omp30BaTe N TOJKHBI TAKXKE UMETh
BO3MOXKHOCTb OCYILECTBIISITh TOMCK HE TOJIBKO
cpeny 00ObEKTOB B paMKaxX CUCTEMBI, HO U IO MC-
TOYHHMKAM JaHHBIX 0€3 HEOOXOIMMOCTH UCITOJb-
30BaHUS CIIEHIMATIM3UPOBAHHOTO SI3bIKA IS T10-
HMCKOBBIX 3aIIPOCOB. DTO TpeOOBaHME OTpaXKaeTCs
B Ha3BaHMU CJIOBOM «IT€PCOHAIbHAS».

OcCHOBHbIE TPEOOBAHUS, TPEABSBISIEMbIE TPU TOM
K KOHTEHTY CHUCTEMbl, — YHUBEPCAJbHOCTb, CTPYK-
TYpPUPOBAHHOCTb, adalTUPYEeMOCTb — He€ IPOTHUBO-
peJaTr 3TUM CBOMCTBAM M 0O0ECTICUMBAIOT ITOMIEPXKKY
HaCTpamBaeMOT0 XpaHWIHUIIA METadaHHbIX UIST 00beK-
TOB M paclIUpsieMblii Ha00p MH(MOPMALIMOHHBIX pe-
CypCOB. YHMBEPCaJIbHOCTb OOECreunBaeT ONMUCcaHUe
TUIIOB €€ PECYPCOB U OOBEKTOB HE3aBUCHUMO OT Mpe.l-
METHOI o0yiacTu 1M 00JIaCTU MHTEPEeCOB IOJIb30BaTe-
seit. CTpyKTypUpOBaHHOCTh OTMMCAHUS 00ecIieurnBaeT
MMOIIEPXKKY CBSI3CU MEXIy pasIUYHBIMU TUIIAMH Pe-
CYypCOB KaK BHYTPU CUCTEMBbI, TaK U BHE €€, UCXOs U3
onpenenenuit LOD. ApanTupyeMocTbh ONMUCaHUsI pe-
CypcoB oOecreyrMBaeT BO3MOXKHOCTb JOOABJIEHUS HO-
BBIX CBOMCTB U CBSI3€i B IIpoOLIeCcCEe Pa3BUTHS CUCTEMBI
1 obecrieunBaeT HACTPOUKY IOJIb30BATEILCKIUX MHTEP-
elicoB MoJ 3TU U3MEHEHUSI.

®daktnueckn LibMeta mpenocTtaBisieT (PyHKIMO-
HaJIbHOCTh KOHCTPYMPOBAHUSI KOHTEHTa OMOJMOTEKU
COIJITACHO TUM TPeOOBaHUSIM, U Ha HAYaJIbHOM 3Tare
MPU YCTAHOBKE CUCTEMbI TPEOYETCsl BCEro JHUILb MPO-
U3BECTU HACTPOWKY CUCTEMbI MOJ KOHKPETHYIO Mpe-
METHYIO 00JIaCTh, OTIMCaB €¢ PeCypChl M TAKCOHOMMMU,
KOTOpHIE OYIyT O4epIMBATh TEMATUICCKH ITPEAMETHYIO
00J1aCTh €e pecypcoB U TaKUM 00pa30M COCTaBJISITh €€
Te3aypyc.

3 LibMeta — niepBblii mpuMep
KOHCTPYUPOBAHUS

PaccmoTtpuM mpocToit mpumMep peanuzauuud 6ub-
mmoteku LibMeta, ocHOBaHHO# Ha JaHHBIX ITyOJIMKa-
LM U3 271eKTpOHHOM 6ubaMoreku «HayuHoe Hacienue
Poccum» [7]. OCHOBHBIX THIIOB PEeCypCOB, KOTOpPBIE

Thttp://dbpedia.org.
Zhttps: / /www.w3.0rg/2001 /sw/wiki/OWL.

onpeaeaeHbl 11 9TUX JaHHBIX, BCETro NiBa: Iepco-
HBI 1 TTyommKanuu. [l TeMaThudeckoi Kiaccupuka-
LMY 3TUX ITyOJIMKAIIMI NCTIONb3YeTCsl KiIacCu(uKaTop
I'PHTH, u kaxnas nyoaukauusi cHabkeHa HOMEPOM
VK.

ABTOpBI HE CTAaBWJIM CBOEH LIEJIBbIO CO3IAHNE YMEHb-
meHHoit konuu «HayyHoro Hacnenusi». OcHOBHast
1eJb, TipecieayemMasi B KOHTEKCTe MpeajiaraéMoi cuc-
TeMbI, — 3TO CBSI3bIBAHUE BTUX JAHHBIX C JAHHBIMU,
onyosmkoBaHHBIMY B LOD, 1 nx my6auKanust 1ist BO3-
MOKHOCTH JOCTYIAa K HUM APYrUX cucteM. B KayecTse
MCTOYHMKA JAHHBIX JUISI CBSI3bIBAHUS B 3TOM ITpUMeEpe
ucnofb3yercst DBpedia!, ciysxamas ssapom LOD.

Wrtak, ocHOBHas 1Ledb TpPU KOHCTPYMPOBAHUU
OIMUCAaHMSI KOHTEHTA 3aKJII0YaeTCsl B TOM, UTOOBI Mpe/i-
CTaBJIEHHOE OINMCaHKe M0 BO3BMOXHOCTU MaKCUMAaJIbHO
00JIeryango peaan3alvio MPOIEAyphl TTOMCKa JaHHBIX
B y3max LOD. XKeprtBoit 3TOi umenm CTaHOBUTCH,
BO3MOXHO, HEKOTOpasi YIPOIIEHHOCTb CTPYKTYPBI
KOHTEHTa, B OTJIMUYKE OT BHIPA3UTEJIbHOCTU, MIPEACTaB-
nsieMoil cpenctBaMu si3bika OWL?, kak 6yaeT moka-
3aHO HIDKE, HO IPU 3TOM MOJydaeM THOKOCTh IIpU
MOCTPOEHUN WMHTErPALIMOHHOIO Y3Jia ISl Pa3JIUYHbIX
THUIIOB PECYPCOB, ONMMCAHME KOTOPBIX MOXKHO PacCIII-
PSTH B IIpoliecce XU3HeIeSITeTbHOCTU CUCTEMBI.

DakTUYeCKN IOHSTHS epCoHbL U NYOAUKAUUU TIPS -
CTaBJISIIOT CO0OI 3K3EeMILISIPbl Kjacca UHGOpMayuoH-
Hblli pecypc, OTIPENIEICHHOTO KaK 6a30Bast eMMHUIIA KOH-
TeHTa CEMaHTUUYeCKOI OMOnoTeKku. Tak Kak KaxkKablii
pecypc ob1agaeT HabopoM aTpuOyTOB, AJIST KaXKI0ro U3
3TUX 9K3EMIUISIPOB 3aJaeTCsl COOCTBEHHbII HaOOp U3
MHOXEeCTBa aTpUOYTOB, IPEABAPUTEIHBHO OMMCAHHBIX
B cucteMe. MHOXecTBO aTpuOyTOB Juisl MHGMOPMALIU-
OHHBIX PECYPCOB COCTOMT M3 CJICIYIOIINX JIEMEHTOB:
Ha36aHue Ha A3blKe OPUSUHAAAQ, HA3BAHUE HA PYCCKOM,
Gdamunus, ums, omuecmeo, 3neKMpPOHHbLI adpec, dama
PpodicOenus, anHomauus, udenmugpukamop, asmop, des-
MeabHOCHb, MUn NYOAUKAUUU, MeCmo podcoeHus, OUuo-
epaghus, onucanue, OONOAHUMENbHOE 3a2Aa8uUe, A3bIK.

KoHKpeTHBIE TIEPCOHBI — 3TO OOBEKTHI, IIPEeI-
CTaBJISIIONINE BK3eMIUISIPBl Kjlacca UH@DOPMAUUOHHBLI
0b6seKm, OHU OMpPEIeIsSIoTcS MH(POPMAIIMOHHBEIM pe-
CYypPCOM nepcoHa M TIPEACTABIISIIOTCS 3HAYCHUSIMU aTPH -
OyTOB COOTBETCTBYIOLIEro pecypca. [loMrumo cBOMCTB,
3aJaHHBIX aTpUOyTaMu, TIPeICTaBICHHBIMU B Habope
aTpubyTOB CBOEro MH(MOPMAIIMOHHOTO pecypca, Kax-
JIbIi1 00BEKT 00J1aaeT TAKKE CBOMCTBAMM, OOIIIMM JIJISI
BCceX MH(MOPMAIIMOHHBIX OOBEKTOB, TAKUMU KaK meeu,
onucanue, dama co30anus, dama usMeHeHus, éradenel,
YVHUKAAbHbBLIL UOeHMUDUKaAmop.

Ha puc. 1 npuBeaeHa ympolleHHas1 cxema, CKOH-
CTPYMpOBaHHAs JUISI 3TUX TUIIOB pecypcoB. Ha cxe-
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Puc. 1 Koncrpynposanue nHGOPMAILIMOHHBIX PECYPCOB

M€ TPOMJUTIOCTPUPOBAHBI CBSI3U MEXIY IK3eMILIsIpa-
MU MH(MOPMALIMOHHBIX PECYPCOB nepcoHa N nyoauka-
Yusi i KOHKPETHBIMU 9K3eMITIsSIpaMU Kjiacca MHbopma-
LIMOHHOTO O0BEKTa (Ha3BaHUsI OOBEKTOB 00sekm-nl,
o0sexm-n2, obsexm-n6l momuepkHyThl). IIpedukch
«HO», «HUP», «K», «T», «TT», «Ha», «a», OTACISIEMbIC
JIBOETOYMEM, YKa3bIBAIOT Ha MPUHAIEKHOCTh 9K3EM-
IJIsSIpa COOTBETCTBEHHO K KJIacCaM UHPDOPMAUUOHHBLI
00seKm, UHMOPMAUUOHHDII pecypc, KOAMeKYUs, maKco-
HOMUSL, MAKCOH, HAO0p ampudymog, ampuoym.

st reMaTyecKoil KilaccuuKau 00beKTOB ITy-
OJIMKALIMK UCTIONb3YeTCsl KOJIJIEKIIUSI, OCHOBaHHAsT Ha
knaccucdpukarope TPHTHU.

88

Cepble CTpelIKH, MCXOMSIINEe M3 3SK3EMILISIPOB
aTpuOyTOB, YKa3bIBalOT Ha 00J1aCTh BO3MOXKHbBIX 3HaU€e-
Huii 11 HUX. O0JacThlo 3HAYEHUIA OCTAIbHBIX aTPU-
OYyTOB SBJISIIOTCSI MIPOCTbIE TUIBI JaHHBIX. Ha cxeme
3HaYeHUs1 aTpUOYyTOB MpeACTaBIeHbI C TOMOIIbIO 00b-
€KTOB BCITOMOTATEJIbHOTO KJIacca 3HaueHue ampuoyma
¢ nipeuKcoM «3a». OOBEKTHI ITOTO KJiacca coaepKaT
JUJIS1 TIPOCTBIX TUIIOB aTpUOYTOB UX 3HAUYEHUST (HAIpU-
Mep, 3HAUEHUSI TEKCTOBBIX aTpUOYTOB ghamunus, ums,
Ha36aHue TIPEACTABICHBI HA CXeME B KaBBIUKAX).

Hnsa oObeKTHOro aTpubyTa aeémop €ro 3Haye-
HUE CONEPKUT CChUJIKY Ha COOTBETCTBYIOLIMIA 3K3EM-
ISP UH(MOPMAIMOHHOTO 00BEKTa C TUIIOM TEPCOHA,
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IlepcoHanibHas OTKpBITAsi ceMaHTUYecKas Ludponas oudamnoreka LibMeta. KoHncrpynpoBaHue KOHTeHTa

<1lbm:title>Person</lbm:title>
<1bm: label>Nepcona</1bm: label>

v <1bm:properties>
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:

</1lbm:properties>

</1bm:InformationResource>

<1bm:title>Publication</lbm:title>
<1bm: label>My6auxkauna</1bm: label>

¥ <lbm:properties>
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1lbm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
<1lbm:property rdf:
<1bm:property rdf:
<1lbm:property rdf:
<1bm:property rdf:
<1bm:property rdf:
</lbm:properties>

resource="http://libmeta

</1bm: InformationResource>
</rdf:RDF>

v<rdf:ROF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-nsa” xmlns:lbms=
v <1bm: InformationResource rdf:about="http://libmeta.ru/resource/person”>

<1lbm:description>Pecypc cooTseTcTeywuwMi nepcoHam</lbm:description>

resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta,
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.

<lbm:dateCreated>18-85-2016 23:11</1bm:dateCreated>
<1bm:dateUpdated>1@-85-2016 23:11</lbm:dateUpdated>

v <1bm: InformationResource rdf:about="http://libmeta.ru/resource/publication">

<lbm:description>Pecypc cooTseTcTeylmmi nySnukaunam</lbm:description>

resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
.ru/attribute#originalTitle"/>
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.
resource="http://libmeta.

<lbm:dateCreated>1€-85-2016 23:11</lbm:dateCreated>
<lbm:dateUpdated>1@-85-2016 23:11</lbm:dateUpdated>

"http://libmeta.ru/">

ru/attributefactivity"/>
ru/attribute#bio”/>
ru/attribute#dateOfBirth"/>
ru/attribute#dateOfDeath”/>
ru/attributeg#first”/>
ru/attributefikeywords"/>
ru/attribute#last"/>
ru/attribute#middle"/>
ru/attribute#place0f8irth"/>
ru/attribute#seeAlso”/>
ru/attributegemail”/>

ru/attributeaboutTitle"/>
ru/attribute#annt"/>
ru/attribute#auth”/>
ru/attribute#desc"/>
ru/attribute#full"/>
ru/attribute#issueDate"/>
ru/attribute#issuellonth”/>
ru/attributefkeywords"/>
ru/attribute#lang"/>
ru/attribute#msc”/>
ru/attribute#media”/>

ru/attributegricpubtype”/>
ru/attribute#pubtype"/>
ru/attribute#russianTitle"/>
ru/attribute#seeAlso”/>
ru/attribute#storage"/>
ru/attributesudc"/>

Puc. 2 Onucanue pecypcos B popmare RDF/XML

YTO OTOOpaXK€HO Ha CXeMe IMYHKTUPHOU CTPEJIKOIt.
TakcoHOMUYECKUE aTPUOYThI MuUn U 5A3blK B KA4eCTBE
001aCTU 3HAYEHHMI yKa3bIBalOT HA COOTBETCTBYIOLIUE
TAKCOHOMUU mun nyoaukayuu U s3vlk, TPEACTaBIS-
o1Ime co0oit TMHEeHbIe CJI0BapU, 2JIEMEHThI KOTOPbIX
(TaKCOHBI) UCMOJIB3YIOTCS B KaUYeCTBEe 3HAYEHUI aTpu-
OyTOB.

Hns Kaxgoro aTpuOyTa ykaszaH €ro BUI: onuca-
MenbHbLil, UOeHMUDUKAUUOHHBLI VTV NOUCKO08bLIH. ATPH-
OyT MOXET OTHOCHUTBbCI K HECKOJbKWMM BUIAM OIHO-
BpeMeHHO. [lonckoBbie aTprUOyThl UCIIOAB3YIOTCS IS
JUHAMMYECKO TeHepauuu (Gopmbl Moucka Mo o0b-
eKTaM OMpeeJIeHHOro TuMa pecypcoB. OnucatebHbIe
aTpUOYTHI NCITOIB3YIOTCS IS TeHEepaItiy (hOPMBI ITPEe/I-
cTaBiieHUsT WH(OpMaIUM 00 O00BEKTe IS IOJb30Ba-
TeJs.

HabGop 3HaueHuit naeHTU(OUKAIMOHHBIX aTpUOy-
TOB HEOOXOIMM, KaK MTOHSITHO U3 Ha3BaHUsI, IJ1s1 UJEH-
TU(dUKaunm oobekTa. B Habope aTpudyTOB 1151 Iy0JIn -
Kaluit aTpudyT agmop TOMEUYeH KaK MHOMCeCHEEeHHbIL.

DTOT aTpUOYT MOXKET UMETh ITPU OMMCAHUU UH(POpPMa-
LIMOHHBIX O0BEKTOB, COOTBETCTBYIOLIMX IO TUITY pe-
cypca nybaukayusm, HECKOJIIBKO 3HAYeHUI, YTO OTpa-
JKEHO B Ka4eCTBE IMpUMepa Ha CXeMe.

OmmcaHue CTPYKTypbl KOHTEHTa B TEpPMUHAX
LibMeta B dopmatre RDF/XML! npencrasieHo Ha
puc. 2. 3agaHue CTPYKTYPbl MOXET OCYIUECTBISIThCS
C MOMOIIIbIO MOJB30BAaTENbCKUX UHTEP(ENHCOB cCUCTE-
MBI W1 ¢ momotibio 3arpy3ku RDF/XML ¢ ormucanm-
€M CTPYKTYPBI KOHTCHTA B COOTBETCTBYIOIIEM pa3eiie
CHCTEMBI TI0JIb30BaTe/IeM, HaleJeHHBIM COOTBETCTBY-
IOLIMM YPOBHEM TIpaB.

OCHOBHBI€ TTOHSATUS JJ151 OTIMCAHUSI KOHTeHTa O10-
JIMOTEKM TIpeACTaBlieHbl B padote [5]. dDakruuecku
HMCXOMHAas OHTOJIOrMs KoHTeHTa LibMeta cogepXuT He-
00XOIMMBbIE MOHSITUSI, OTHOLIEHUS U aKCUOMBI. [lpu
ONMCaHUM KOHKPETHOM MpeIMeTHOM 00J1aCTU B 3TY OH-
TOJIOTUIO TO0ABJSIOTCS OTAEJIbHBIE SK3eMILISIPbI OIpe-
JIeJIeHHBIX B Hell TOHSITUI, KOTOpbI€ W COCTaBJISIIOT
KOHTEHT CO3/1aBaeMoil OMOIMOTEKH.

Thttp: //www.w3.org/RDF/; http:/ /www.w3.org/XML/; http://www.w3.org/ TR/rdf-syntax-grammar.
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<lbm:description/>
<lbm:dateCreated>16-05-2016 22:84</1lbm:dateCreated>
<lbm:dateUpdated>16-85-2016 22:04</1lbm:dateUpdated>
v <1lbm:properties>
v<1bm:property>
<lbm:type rdf:resource="http://libmeta.ru/attribute#annt"/>
v<1lbm:value>

Wc H cucTeme yp #, onuci " ceasb

w<rdf:RDF xmlns:rdf="http://wiw.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:lbm="http://libmeta.ru/">
v <1bm: InformationObject rdf:about="http://libmeta.ru/io/Publication#ric#42@25889">
<lbm:type rdf:resource="http://libmeta.ru/resource/publication"/>

B pafoTe NpeanaraeTCA METORONOTMA BbINMCAEHHA BTOPHIX NPOW3BOAHBIX $YHKUMK MPH YCNOBMM C dy
, CTaBATCA B COOTBETCTBME ABE C
PEWEHHA KOTOPEIX MCMONB3YNTCA ANA HAXOKASHUA FECCHEHA QYHKUMM, MPUYEM, OCHOBHBIE MATPUUBl 3THX ABYX BCMOMOTATENLHHX CUCTEM ABARKTCA
CONPAKEHHSMM ADYF APYrY. 3TOT NOAXCA WCMONB3YETCA MPU BLINUCNEHMM BTOPLX MPOWSBOAHBIX CNOXHOM YHKUMW B MHOTOWArOBbX MPOLECCax,

A CBA3M €€ MepeMeHHbiX.
CHCTEMB VP ",

nofy4aemsix B pesynsTaTe AMCKPETHOW

dop BTOpBIX bX .
</1lbm:value>
</1bm:property>
w<1bm:property>
<lbm:type rdf:resource="http://libmeta.ru/attributefauth”/>
<lbm:value>EsTywenko Wpuit Maspunosuu</lbm:value>
</1bm:property>
v <1bm:property>
<lbm:type rdf:resource="http://libmeta.ru/attribute#auth"/>
<1lbm:value>3y6os Bnagumup HsanosBuu4</lbm:value>
</1bm:property>
v<1bm:property>
<lbm:type rdf:resource="http://libmeta.ru/attribute#auth"/>
<lbm:value>3acyxuHa Enena CemenosHa</lbm:value>
</lbm:property>
v<1lbm:property>
<lbm:type rdf:resource="http://libmeta.ru/attribute#desc"/>
<1lbm:value>519.653:519.658</1bm:value>
</1bm:property>
v <1lbm:property>

<1bm:value>2004</1bm:value>
</1bm:property>
v <1lbm:property>

<1lbm:value>4</lbm:value>
</lbm:property>

WMaLMK 337 onTl

0 YNpaBneHus. BBOAATCR $OPMYNbl ANA BLIMUCNEHWA MECCHAHA LENeson

OYHKUMM B Takux 33fayax, nony4aeMsix B pesynbTaTe AMCKPETHON anmpoKc an onT 0y
MOANGHLMPOBAHHOK Cxeme 3inepa W MeTogoM Pynre-KyTTa. MPUBOARTCA NpHMMEpsl YHCNEHHOrO PEWEHWS TaKWUX 3afady MeToacMm HeloToHa € nomowbl

<lbm:type rdf:resource="http://libmeta.ru/attribute#issueDate"/>

<lbm:type rdf:resource="http://libmeta.ru/attribute#issueMonth"/>

no cxeme Jiinepa,

Puc. 3 Nndopmaumonnsiii oobekt B popmare RDF/XML

Ha puc. 3 mpuBeneH mnpuMmep IIpeAcTaBICHUS
9K3eMILIsIpa MHGOPMAIIMOHHOTO 00BbeKTa IO 3aJaH-
HOMY Habopy aTpuOyTOB M3 COOTBETCTBYIOLLIETO €My
9K3eMILISIpa UH(POPMALIMOHHOTO pecypca.

4 LibMeta — BTOpOIi mpuMep
KOHCTPYMPOBAHUS

PaccmoTpum mipumMep, Korma B Ka4eCcTBE TEPMUHOB
MPEIMETHOM 00JIACTH MCITOIb3YeTCST Y3KOCTICIIMAIM -
3upoBaHHbI Te3aypyc OIY [8]. OcobeHHOCTHh 3TO-
ro Te3aypyca 3akjIo4yaeTcsi B TOM, YTO OH COIEPXXUT
HE TOJIbKO CaMU TIOHSITUSI Y TePMMHBI, HO U CCBUIKHA
Ha IMyOJUKAIMU, B KOTOPHIX BBOMISITCS/OIPENCIISTIOTCS
9TH MOHATHS, MX MaTeMaTUJecKasl 3alrch. BT BBe-
JIeH HOBbIIi MHGOPMALIMOHHBINA pecypc aumepamypa
ISl ONMcaHusl MyOJaMKalMi, CTaBLIMX OCHOBOW ITO-
CTPOEHUS 3TOTO Te3aypyca. B cooTBeTcTBHE emy ObLT
MOCTaBJIeH TOT e Ha0op aTpuOyTOB, UYTO U B IIPEAbIIY-
meM mpuMepe. Ha puc. 4 mpencraBieHbl TOHSITHUS
Te3aypyca, CBsI3aHHbIE MepapXuuecku, U ISl Kax-
JIOTO TIOHSATHUSI OTOOPaXKAalOTCSl €ro TOpU30OHTAJbHbIE
CBSI3U.

C moMoIIIbIO 3TOTO Te3aypyca ObLT pa3MedeH Habop
IMyOJUKAIIMIA CO CXOXeil TeMaTukKoi. CX0XeCcTh TeMa-
TUKHU myonukamuu Te3aypycy OIY ompenensiiach 1o
ee KJIIOUEeBbIM CJIOBaM, COOTBETCTBYIOIIMM TEPMUHAM
Te3aypyca.

Ha puc. 5 nmpencraBiieH mpuMep CBSI3U MOHSTUS U3
OL1Y u HaiineHHbIX TyoauKauuii. B kauecTBe cBsizaH-
HBIX O0OBEKTOB MOTYT BBICTYIIaTh HE TOJBKO NYOAUKA-
yuu, HO U, HAIIPUMep, TIEPCOHBI, B ONTUCAHUY ACSITEITb-
HOCTH KOTOPBIX MOTYT BCTpPeYaThCsl COOTBETCTBYIOLIINE
noHsgtuto u3 OJ1Y xioueBbie coBa.

B kauectBe Momenu MHGOPMALMOHHBIX PECYypCOB
OBLJIO UCITOJb30BAHO TO XK€ OMUCAHUE NepcoHbl U NyO-
AuUKayuy, 9TO W B TIpenplaylieM mnpumepe. B atom
cllyyae OAWH M TOT ke Habop aTpuOyTOB MCIOJIb30-
BaJIcsl KaK JUIST ONUCAHUS pecypca .aumepamypa, Tak
W IS ONUCaHUST pecypca nybauxkayus. DTO TO3BO-
JINJIO OTAEJbHO HACTPOUTH IpaBa JOCTYMa ISl BCeX
00BEKTOB Aumepamypbl, 3alpeTUB UX MOIUMUKAIIUIO
WIK yOAJCHWE TIOJIb30BATe/ISIM, HE SBIISIOIIMMCS
penakTopaMM TpeaMeTHO# obmactu. Camu 1my0Jm-
Kaluu usBiaedyeHbl U3 EguHoro HaydyHoro mH@opma-
uuoHHoro mnpoctpaHctBa (EHWMII) PAH — 310
WHTErpupoBaHHOE WH(MOPMALIMOHHOE MPOCTPAHCTBO
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& asHaa ] lMpocMoTp cnucka NOHATUA

MpocmoTp cBszel Tesaypyca

cM. maxxe > DE0D37

O6bikHOBeHHble AuddepeHunanbHble YpaBHeHUA
- | Meton pewexua Skobu O[1Y nepBoro nopaaka

H. M. MoHTepa MeTon pewenua Hkobu OJ1Y nepeoro nopanka

cm. makke > DEOO3T
_ & FEroposa meTo,
cM. maixe > DEQO37

eweHuna Hkobu O/1Y nepeoro nopaaka

- | Touka NnoKoA aBTOHOMHOW CUCTEMbI BTOPOro NOpAaKa

oM. makxe > DE0081 DE0136 DE0128
- | 10MKa NOKOA CUCTEMbI

accoy. > RDE0135 RDEO171

accoy. > RDE0135 RDEQ171

X [IMHENHbIX OAHOPOAHbIX
oM. marke > DE0137 DE0142 DEO174 DE0081 DE0103 DE0O77 DE0128 DE0136

ABHEHWI C NOCTOAHHLIMW KO3 UlUeHTaMmu

HeyCcToRYMBLIA BLIDOXAEHHLIW Y3en (Touka NoKoA)

cM. makxe > DE0137 DEO142 DEO174 DE0081 DE0103 DEQQ77 DE0128 DE0136

HeyCcToRUMBLINA AUKPUTUYECKUIA y3en (TOUka NOKoA)

Puc. 4 Tesaypyc O/1Y

£ MasHas

MpocMoTp cBSA3aHHbIX 06bEeKTOB

Ha3saHue
Kon DZ0069
Tesaypyc

CaA3aHHble 00bEKTbI

ObparHaa 3agada Ana uHTerpo-audd
(Mybnukauwma)

Kowwu 3apnaya OJlY nepBoro nopsfka, He pa3pelleHHOro oTHOCUTeNbHO NPOM3BOAHON

Kowm 3anada O[1Y nepBOro nopAaka, He pa3pelieHHOr0 OTHOCUTENLHO NPOU3BOAHOM

O6bikHOBeHHble [luddepeHumansHele YpasHeHUa

O 3anave Kowm B Teopuu koadduumeHTHbIx 0OpaTHbix 3a4ay Ana ynpyrux Ten (Mybnukauua)

Puc. 5 Nudopmanmonnbie 06beKTh 1 TepMUHBI OJ1Y

pacrpeeIeHHBIX 1 JIOKAJTbHbBIX TU(POBBIX (2JIEKTPOH-
HBIX) pecypcoB opranusauuii PAH u xoMmriuiekc npo-
TPaMMHO-TEXHUYECKUX CPEACTB, OOECreunBaroIInX
WCTIONB30BAaHUE ITUX PECYPCOB U TMOTHODYHKIIMO-
HaJIbHOE yIpaBjieHue umu [9].

Jng u3BneyeHus MHOOPMALIMKU O ITyOJIMKALIMSIX
1 aBTOpax McTob3oBacs npotokor OAI-PMH!. lan-
Hble ObLIM mpenctasieHsl B (opmare Dublin Core?.
Yactb nyosnvKanuii obi1a pasmevyeHa KJIo4eBbIMU CJIO-

Uhttps: //www.openarchives.org/pmh.
Zhttp:/ /dublincore.org.

BaMU, OMHAKO TEPMUHBI HE pa3lesieHbl MEXIY COOOM
U TIPOCTO TIEPEUNCIISUTMCH Yepe3 3aIsATyI0 B OTHOM T10-
ne. KitoueBble ciioBa nybOauKauuy ObLIM Tpeodpa-
30BaHbl B HA0OP KIIFOUYEBBIX CIOB COOTBETCTBYIOIIETO
MH(MOPMALIMOHHOTO 00BEKTa MJIST KaXKION M3BJICUYCH-
Hoil nyonukaumu uz EHUII.

B xonnexuuio myonukauuit tezaypyca OJY noba-

BJISLUIMCh T€ O0BEKThI, B HA0Ope KIUEBbIX CJIOB KOTO-
pbIX HaxoawIuch TepMuHbL O1Y.
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Pa3melieHve mybaukaluu B Ty WUJIA UHYIO BETBb
KOJUIEKIIMM MOXKET OCYIIECTBIISITh KaK caM TOJb30-
BaTelb, TAK U COOTBETCTBYIOIINI MOMIYJIb aBTOMAaTHUe-
CKO#1 pa3MeTK1 MH(MOPMAIIMOHHBIX 00BEKTOB MO Te3ay-
pycy, B KOTOPOM 3a/1al0TCsI TPOCTbIE MIPaBUia pa3METKU
B paMKax OIMMCaHUsl Tezaypyca.

5 LibMeta — BzaumMonencTamue
c ucrounukamu LOD

OcHoBHag npodJjieMa MPUIOXKeHNH, pa3pabaThiBa-
eMBIX ST pabOThl ¢ JAaHHBIMU U3 MCTOYHUKOB, WH-
terpupoBaHHbIX B LOD, cocTouT B TOM, 4TO JaHHbIE
B 9TUX MCTOYHMKAX OUEHb CJIa00 MPOBSI3aHbI C JaH-
HBIMU IPYTUX UCTOYHUKOB. BOJIBIIMHCTBO MMEIOIINX-
Cs CBSI3eM PacIiOIOKeHBI Ha YPOBHE CaMUX MAHHBIX,
IIPY 3TOM Ha YPOBHE CXEM TaKWe CBSI3M MPAKTUUECKU
OTCYTCTBYIOT. JIjis1 peuieHust 3Toil MpoOyeMbl Ipef-
JlaraloTcsl pasHble IOAXOMbI, KOTOpble OCHOBaHbLI Ha
MeToJax cpaBHeHMs1 oHTojioruii [1,4]. Hexkoropsie
W3 HUX UCTOJB3YIOT I CpaBHEHUSI OHTOJIOTUI MaH-
HBIC, TOCTYITHBIC B CETH. B 4acTHOCTH, MCITOIB3YeTCS
Wikipedia 1 ee nepapxudeckuii pyopukarop’.

B ommume ot apyrux padoT, MOCTPOEHUE HUepap-
XUI KJIaCCOB MPU TPAHCISILIUU PECYPCOB HA UCTOYHUK
JAHHBIX B JAHHOW CUTyallMU He TpeACTaBIsieT MHTepe-
ca, IMMO3TOMY IIJIST TIPOCTABJICHUSI CBSI3Ci MCITOIB3YEeTCS
CB$13b, KOTOPAs YKa3bIBaEeT, YTO ABA Pa3HbBIX KJIacca Mo-
2ym MMeTb ONMHAKOBBIX IMpEACTaBUTENICHH. DTa CBSI3b
MOXKET yKa3bIBaTbh Ha KJ1acC B UCTOUHMKE NaHHbIX LOD,
KOTOPBIN SIBASIETCSI MCTOYHUKOM AOTMOJHUTEIBHOMN
uHoOpMaLUU O pecypce-cyobeKTe, WIM Ha IKBUBA-
JICHTHBIMA €My KJIaCC, BO3MOXHO, C Pa3HOM CTENEHbIO
JeTaau3alli omrcaHust 00beKToB. DaKTUIeCKH TIpeI-
rnoJiaraeTcsl, YTO OHTOJIOTHSI UCTOUHUKA JTaHHBIX 4dc-
MUYHO COBMECTUMA CO CTPYKTYPOU pecypcoB OMUCHI-
BaeMoil OMOJIMOTEKU. DTO O3HAYAET, YTO XOTsI Obl OAUH
pecypc ee OHTOJIOTUY MOXKET OBITh TPAHCIMPOBAH B HE-
KOTOPBII KJIaCC B OHTOJIOTUM NCTOYHUKA TaHHBIX. Tpe-
OyeTcsl IUITh MUHUMAIbHOE YACTUIHOE COOTBETCTBUE
pecypcy LibMeta. DTo o3HauaeT, 4YTo [JIs1 OJHO3HAY-
HOU uaeHTUDUKALNU SK3EMILUISIPOB COOTBETCTBYIOLIE-
r'o KJIacca M3 UCTOYHMKA JaHHBIX OTOOPaXKaThCS MOJIK-
HbI KAK MUHUMYM UJIEHTU(PULMPYIONINE aTPUOYTHI.

B cBs13u ¢ rubkocThio cxembl LibMeta npearosara-
€TCsI BO3MOXHBIM CIIEHapUii CO3TaHUS TOMOTHUTEIb-
HBIX THIIOB PECYPCOB UIST TTOAKITIOUAEMBIX MCTOYHU-
KOB, MH(OPMALMIO U3 KOTOPBIX MOXXHO MCIOJIb30BaTh
KaK 3HAaYeHUsS HEKOTOPHIX aTPUOYTOB OCHOBHBIX peE-
CypCOB.

Jnst TpaHCcasiuMU aTpuOyTOB pecypca B CBOMCTBa
BBIOpAaHHOI'O Kjacca MCTOYHMKA HAHHBIX OydeT ucC-

Thttps://en.wikipedia.org/wiki/Special:Categories.

MOJIb30BaThCsl CBSI3b, KOTOPAs YKa3bIBAeT, UTO 3HAUe-
HUs aTpuOyTa U CBOMCTBA IMOJTHOCTHIO MJIM YaCTUYHO
COBMANalOT B paMKax YCTaHOBJICHHOTO COOTBETCTBUSI
Ha ypoBHE pecypca OMOJIMOTEKU U Kjiacca OHTOJIOTUU.
[pu coBmageHnn 3HaYSHU BCe OYEBUIHO, MpobeMa
BO3HMKAET IIPU pa3HOM NeTaJIM3aliN JaHHBIX, KOTIa
BO3MOXHO OTOOpakeHUe 3HAUYeHUs CBOICTBa KJlacca
B HECKOJIbKO aTpuOyTOB U HA00OpOT. B cBsi3u ¢ rub-
KOCTBIO MOJIEJTM JAaHHBIX MOXET OBITh IIPUHSTO pellie-
HUE O pacCUIMPEHUU CXeMbl pecypca. B apyrowm ciydae
MOJIb30BaTe/Ib MOXET HUCMOJb30BaTh HAOOpP BCIIOMO-
raTeJIbHBIX (DYHKIWIA, HAIpUMep I PacIIeTICHUS
WIN CIUSIHUA JaHHBIX. [IpocToit mpuMmep Takoro poma
npeodpa3oBaHMii CBA3aH ¢ TpaHc(opMmalueit UMeHU
nmepcoHbsl. B mepBoMm ciydyae, Korma MMsI IEPCOHBI
OIMMCBLIBACTCSI OOHWM 3HAUYCHWEM B MCTOYHMKE ITaH-
HBIX, a TPAHCIHUPYETCS B TPU OTHCIBHBIX aTpuOyTa,
HCIIONIb3yeTcs (pyHKIMs pacierieHus (PHO — @, U,
0). Bo BTOpoM ciiyyae 3Ha4YeHUST OTHEIbHBIX CBOMCTB
peodpasyoTcs B 3HAUCHUST OMHOTO aTpudyTa (D, U,
0 — ®HO), oTobpaxkeHNe CBOWCTB Kjlacca MPOU3BO-
JIUTCST B OMMH aTpUOYT M TOTAA JaHHbIe OyayT CKJie-
MBaThCs KaK OJHO 3HaUYEHME 3TOTO aTpudyTa MMEHHO
B TOM TIOpPSIAKE, B KOTOPOM OHM OBLIN TEPEUMCIICHBI
IIPY ONTMCAHWY TPAHCIISILINU.

Jlst mpeoObpa3oBaHusI JAHHBIX B COOTBETCTBYIOLLIME
TUITBI 3HAYCHUI, KOTOPBIC YKa3aHbI MPU OIMHUCAHWU
aTpuOyTa, UCIOJIb30BaHbI BCTPOCHHBIC (DYHKIINU TIpe-
00pa3oBaHusI, KOTOPBIC HET HYK/Ibl HACTPAUBAaTh ITOJTh-
3oBaTet0. B ciaywyae eciu Takoe mnpeoOpazoBaHME
3aKaHYMBACTCSl HEyTAaYHO, TO MH(bOpPMAILUs 00 3TOM
OymeT coxpaHeHa B COOTBETCTBYIOIIEM aIMUHUCTpa-
TUBHOM aTpuOyTe OOBEKTa IS BO3MOXKXHOCTHU Jallb-
Helel 00paboTKU U UCTIPABIEHUS OLIMOOK.

ITonck 3>KBUBAJICHTHBIX KJIACCOB B MCTOYHUWKAX
JTAHHBIX TTOJIb30BaTE b MOXET BBITTOJTHUTD:

(1) BpyuHYyIO, BBIOMpAst U3 CITMCKA JTOCTYITHBIX KJlac-
COB B YKa3aHHOM MCTOYHMKE TaHHBIX;

(2) momyaBTOMATUYECKU, MWCIIONB3YS HMEIOIIUECs
OINMCAHUSA CBA3EH C IPYIMMU KJIacCaMW BHELI-
HUX OHTOJIOTMI, 3apaHee OINpPENeICHHBIMU TPU
OIMMCAHUU CTPYKTYPHI PECYPCOB;

(3) aBTOMATUYECKHU.

B mepBbIX AByX ciydasix ToJb30BaTelb Ha Mep-
BOM IIIare MpPeaBapUTEIbHO YKa3bIBaeT, C KaKUM TH-
TIOM PECypCOB OH IIpeAronaraeT padboTaTh, IMPUBSI3bI-
Basi TOT UM MHOI UCTOYHMK AaHHBbIX. Ha BTOpoM 11are
OH OIpeIeNsieT COOTBETCTBUE aTPUOYTOB U CBOWCTB.
B TperbeM BapuaHTe OH MOJy4yaeT BO3MOXHOCTb IO-
JIyYUTH OOIIYIO OLIEHKY COOTBETCTBUSI CXEMBI PECYPCOB
OMOIMOTEKN HEKOTOPOI OHTOJIOTMU M HAa OCHOBE 3TOM
OLICHKU IIPUHUMATD PEIlIeHUE O TPAHCIISIIIUY PECypCOB
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Ha TOT WJIM WHOM UCTOYHUK JaHHBIX, UCITOJIb3YIOIINI
3TY OHTOJIOTHIO.

Hazosem npoekiiuio noHsaTus o6udanoreku IR Ha
noHsATHe C' MCTOYHMKA TaHHBIX U3 LOD donycmumoi,
€CJTM BO3MOXHO YCTAaHOBUTD MEXIy HUMU XOTSI OBl Of-
HO oTHOIeHUe U3 { R1, Ra, R3, R4}:

— R;(C,IR) o3Hauaet, uto mnoHstue C BKIIOYAET
B cebs IR;

— R2(C,IR) os3Hauaet, uyto noHstue IR BkiIOUaeT
B cebsa C;

— R3(C,IR) o3Hauvaert, yTo noHsTUe IR cBsI3aHO OT-
HOIIEHNEM 9KBUBATCHTHOCTH ¢ C';

— R4(C,IR) o3Hauaert, yTo noHsTue IR cBsI3aHO OT-
HOIIEHUEM YaCTUYHOM 3KBUBaseHTHOCTH ¢ C.

Bce 3Tu 4yeThIpe OTHOIIIEHUS TOBOPSIT O TOM, UTO
noHaTus IR u C MoryT uMeTh OIMHAKOBBIX MPEICTaBU-
teneit. 1o cemaHTuke R; cooTBeTcTBYeT skos:broader
(Hanmpumep, IR = Yenosex, C' = Cmydenm); R cOOT-
BeTcTBYeT skos:narrower (Hampumep, IR = Cmydenm,
C = Yenosek); R3 cooTBeTcTBYET skos:exactMatch (Ha-
npumep, IR = Cmydenm, C = Cmydenm); R4 cOOTBET-
ctByeT skos:closeMatch (Hanmpumep, IR = Cmydenm,
C' = Yuawuiics).

Orob6paxenue IR Ha C' 603moxcHO, eCny TpaHC-
nauus Habopa atpubytoB IR Ha cBoiicTBa kinacca C
BBITIOJIHEHA XOTsI OBl UTSI MICHTUMDUIIMPYIOIINX aTPH-
OyTOB, T.e€. JI000H UACHTUDULIMPYIOLIUI aTpUOyT U3
ai,...,ay, TpUHAAJIEXKalux Habopy atpudytoB IR,
rae k < m, n — 4UCJIO aTpuOYTOB COOTBETCTBYIOLIE-
ro Habopa, TpaHCJIMpPYeTCsl XOTs Obl Ha OJHO CBOI-
CTBO Cq, ..., Cy KTacca C'.

TpaHcisaumst aTpuOyTa Ha CBOMCTBO MCTOYHUKA
t(ai,¢j) TSI MCKOMBIX WIM CBSI3bIBAEMBIX OOBEKTOB
MOXET OBbITh:

— npamoil, Koraa aTpuOyT oToOpaxkaeTcsl Ha CBOM-
ctBo: t1 = {t(ais,¢j) :© a; = ¢}, T.e. 3HAUCHUS
JIOJKHBI OBbITh 9KBUBAJICHTHBI;

— HenoAHoll, Korjga aTpuOyT oToOpakaeTcsl Ha CBOM-
CTBO JIMLIb YACTUYHO: to = {t(a;, ¢;) @ a; C ¢j},
T.€. 3HaUeHNUEe aTpuOyTa BKIIIOUAETCsl B 3HAYCHUE
CBOICTBA,;

— U30bIMOuHOIL, KOTJIa aTpUOYT IIIMPe CBOMCTBA: t3 =
= {t(ai,c;) : a; D ¢j}, T.e. 3HauUeHUe aTpuodyTa
colepXKUT Goubliie MHGOpMAIMU, YeM 3HaYeHUe
CBOMCTBaA.

W3 onpeneneHus MpOEKLMU HEKOTOPOTO ITOHSI-
tust IR v TpaHcasiimuy ero aTpudyTOB, 3a1al01IUX OTOO-
paxkeHMe TTOHSITHSI Ha HEKOTOPHBI HA0Op JaHHBIX MC-
TOYHMKA, CJIEIYET, UYTO 3TO OTOOpaXKeHNE CIOPBbEKTUBHO
1 HEUH'BEKTUBHO JJ1s1 HAOOPOB €ro aTpudyTOB.

IIpy ucnoiab30BaHUM TpaAHCASILUMU ST TTOMCKa
CBSI3aHHBIX OOBEKTOB B CJydae MOAHOLU TPaHCISIUUU

UIEHTUDULIMPYIOLIEro aTpubyTa BCEe OTrpaHUYUBAET-
Cs1 BBIOOPOM COOTBETCTBYIOIIIETO CBOMCTBA M 3HAYCHMUS
MOTYT CpaBHUBAThCs. B ciydae nenoanoit u uzdvimou-
HOUl TPAHCISIIUY UACHTU(MUIMPYIOIETO aTpudyTa SIB-
HOTO CpaBHEHUs 3HAUYEHUII HemocTaTouHo. B ymobom
cJlyyae BO3MOXKHO MCITOJIb30BaHUe (DYHKIIMI Mpeno0-
paboTKM TaHHBIX: TIpeobpa3oBaHKne (POPMATOB, U3BJIE-
YEHME TMOJACTPOK U T. 1I.

B o0iiem Bujae u3zBjaeyeHUe OOBEKTOB U3 MCTOY-
HUKa JUISI COXpaHEHMSI B Ka4yeCTBE MH(MOPMAIIMOHHBIX
00BEKTOB OMOIMOTEKHU 3a1aeTcs GyHKIMen

2N ft)=
={o € IR|R;(IR,C) : YV a;3 f(t(aivcj))} )

rae pyHKImMS [ 3aBUCUT OT TUIIA TPAHCIISIIIUU aTpUOy-
TOB:

true, a; =¢j;
t1) =
f( ) false, a; 7é Cjs
true, a; Cc¢j;
f(t2) = Y
false, a; Z ¢;;
true, c¢; C a;;
f(ts) = Lo
false, ¢; Z a;.

7151 TOro YTOOBI BBIMOJHATH MOUCKOBBIE 3aMIPOCHI
0 UCTOYHMKAM JIaHHbIX, HEOOXOAMMO, YTOOBI OTOOpa-
JKeHHUE MOHSATHI OMOJIMOTEKU Ha ITOHSTHUSI MICTOYHUKA
OBLIO U 803MONCHBIM, I DONYCIMUMbIM.

Ecnu oHo Bo3MoxHO, To wist Ry (C,IR) 310 03Ha-
YaeT, YTO Bce XapakTepHble Npu3Haku IR HacrieayroT-
cs C', mpu 3ToM Habop npusHakoB C' mupe Habopa IR,
Tak Kak IR gBisieTcs 6oJiee 00bEMITIOIIMM TTOHSTUEM
", CIIeA0OBaTeNIbHO, Kiacc C' Bceraa BKIIOYAeT MpU3Ha-
KW, KOTOpPBIE SIBIISIIOTCS MACHTUGDUIUPYIOIIUMHU JIJIsT
6onee mupokoro noHsaTus IR. Eciu oHO BO3MOX-
Ho mwist Ro(C,IR), 3TO 0O3HAYaeT, 4TO BCe MPU3HAKU
knacca C' Hacnenyorcsd IR, mpu 3TOM Habop mpu-
3HakoB IR MoxeT ObITH IIMpe Habopa kinacca C, Tak
Kak IR saBisiercst 6oJiee y3KuM noHsitueM. HabGop naeH-
TUDULMPYIOLIMX MTPU3HAKOB Kj1acca C', HEOOXOIUMBbIX
JUTSI UIEHTU(UKALIMY OObEKTOB B MICTOYHUKE JTAaHHBIX,
BKJIIOUaeTcsl B Habop mpusHakoB IR, 4yTo mocrarou-
HO ISl UICHTU(UKAIMU SKBUBAICHTHBIX OOBEKTOB
B ucrouHuke. Eciu Habop HEOOXOAMMBIX MUIAEHTHU-
dunupyromux npusHakos IR mupe, To 3T0 03HayaeT,
YTO B KOHTEKCTE MCTOYHMKA DTOT HAOOp M3OBITOUYECH
U MOXHO €ro IepeonpeneauTh (Cy3uTh) ISl MOCTPO-
€HUs IOITyCTUMOM TpaHCaauu. Ecam oHO BO3MOXHO
st R3(C,IR), 3T0 03HaYaeT, 4TO BCe XapaKTepHbIE
MPU3HAKU COBMAAIOT, B TOM YMCJIe U MACHTU(DUIIUPY-
fomue. Eciu TpaHcas1us BO3MOXHA, TO JUISl TOHSTUH,
cBsizaHHBIX oTHOLEeHeM R4 (C, IR), 9T0 03HauaeT, 4To
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XOT$1 OBl MACHTU(UIUPYIOIINE XapaKTePUCTUKN Y HUX
COBITANAIOT.

Hcxons n3 ckazaHHOTO, JJI5T JTIOOBIX TTOHSATHI, CBSI-
3aHHBIX OIHUM M3 OTUX OTHOIIEHWII, BO3MOXHO I10-
CTPOEHUE AOMYCTUMOM TPAHCISILIMA 1 MOXKHO CTPOUTh
ITOMCKOBBIE 3aITPOCHI, PE3YJIBTATOM KOTOPBIX SIBJISTIOTCSI
MHTEPIIPETUPYEMbIE B TEPMUHAX PECYPCOB OMOIMOTEKHI
OOBEKTHI.

Ecnu ke oToOpaxkeHue HeAOMYCTUMO, TO, 3HAUMT,
JUTST BCEX YEThIPEX BapUAHTOB HapyllaeTcsl OTOOpaxke-
HUE WICHTUPUIIMPYIOMINX aTPUOYTOB, T. €. HEBO3MOXK-
HO M3BJICYb MHTEPIIPETUPYEMbIC TaHHBIC (ITPUMEp: 10-
CTaHEeM BceX IepCOH 10 MMeHM JIeB, HO He CMOXeM
MOHAATh, KTO W3 HUX ToJCTOH, eciu He oToOpasum
uaeHTUGUUIUpPYIONIe aTpUOYThI, KOTOPBIE OMpeaese-
HBI B OMOmoTeKke, HanpuMep, kak @, U, O, [1P).

Ecnu orobpaxkeHue HEBO3MOXKHO, HO JIOMYCTUMO,
T. €. HEKOTOpPbIi HAOOp aTpUOYTOB MOXHO OTOOPA3UTh
Ha HEKOTOpBIC CBOWCTBA, TO, TaK KaK OIWH Habop
aTpruOyTOB MOXET COOTBETCTBOBATh HECKOJIBKUM I10-
HSITUSIM/TUTIAM PECYPCOB B OMOJIMOTEKE, HEBO3ZMOXHO
OyaeT naeHTUGUIUPOBATh TUIT pecypca U3BJIEKAeMOro
00beKTa (HammpuMep, €CIM MMEIOTCS TIOHSATUST Myorc-
yuna n XKenwuna, Habop aTpuOYTOB KOTOPHIX OJMHA-
KOB, TO, U3BJIEKasl TIEPCOHY C UMeHeM «/lxcoiic Kapoa
Oymc» ¢ natoit poxaeHus «16.06.1938», Heb3s1 omnpe-
JeJIUTh €€ MPUHAUIEKHOCTh K MOHATUI0). [loaTomy
MPY MOCTPOESHUU OTOOpakeHUsI HAO MOCIeI0BaTE b-
HO MPOXOAUTH 3TAIl MOCTPOCHMST BO3MOXKHBIX ITPOEK-
LI PECYpPCOB, a 3aTE€M ATaIl IIOCTPOCHUSI TOITYCTUMBIX
TpaHCASIUUI aTpUOYTOB 3TUX PECYPCOB.

ABTOpbl HE MPETEHAYIOT Ha WICAIbHYI0O MOAENb
0TOOpaXkeHUs B 11000 UCTOYHUK, HO, TTO KpaliHeil Me-
pe, UMes aTanTUBHYIO MOJIEJIb TAHHBIX, BCETIa MOXKHO
BBIMTOJTHUTD HACTPOMKY TaKUM 00pa3oM, UTOObI UMETH
BO3MOXHOCTb M3BJI€Ub WHTEPECYIOLIUE JaHHbIE IS
OIpeIEeJIEHHOTO Kpyra 3a/1ay.

BBens ¢yHKIMIO MHTEpIIpeTaunu I,, KoTopas 1o
MOCTPOEHHBIM OTOOpaXkeHUsIM T; Isi UCTOYHUKOB
naHHbiX D; u uHdopmanuroHHoro pecypca IR cormo-
CTaBJISIET UHPOPMAUUOHHBIM 00BeKMAM, COOTBETCTBY-
FOIIIUM 3TOMY PECYPCY, OOBEKThI HCTOYHUKOB JTaHHBIX,
MOXKHO ITOCTPOUTH MHOXKECTBO CBSI3€i 3TUX OOBEKTOB.
OyHk1Ms I, Ha3bIBaeTCS MONEBIO CBSI3aHHBIX TaHHBIX
MCTOYHMKOB NaHHBIX U LibMeta.

Ecnu He ymaercst mocTpouTh (PYHKITMIO MHTEPIIpe-
TallMM HEKOTOPOTO0 MCTOYHMKA JJIs1 XOTSI Obl OJHOTO
pecypca, To Haao Jubo paciupsTh mMoaesb LibMeta,
JIM0O UCTOYHUK OTOpAChIBAETCSl KaK UCTOYHMK C JIaH-
HBIMU, HE MHTEPIIPETUPYEMBIMI B TaHHOW OMOIMOTE-
ke. Takum oOpa3zomM, MOXHO BBISIBUTb CKPBIThIE CBSI3U
MeXJy MCTOYHMKAMU JaHHBIX KaK Ha YPOBHE CXEM,
TaK W Ha YpOBHE AAHHBIX 4Yepe3 pecypchl OMOIMO-
TeKU.

6 LibMeta — mpumep
KUCIOJIb30BAHUS BHEIIITHUX
OHTOJIOTUI TIPU ONUCAHUU
pECYpPCOB M MOAKITIOYEHUU
K UICTOYHUKAM

CylecTBYIOT JBa MyTU HACTPOWKU CUCTEMBI TOI
KOHKPETHbIE MOHATUS MpeaMeTHoi obaactu: (1) Boc-
ITOJIb30BaThCsT POPMaMU CO3MAHUS U PeIaKTUPOBAHUS
pecypcoB, 9TO YIOOHO, KOTJa 9K3eMIUISIPOB PEeCypCoOB
Maio; (2) BOCITOJIb30BaThCSI UMEIOIIMMUCS OHTOJIOTH -
SIMU, ONIACHIBAIOLIUMU MTOHSITHS TTPEIMETHOMN 00J1aCTHU.
Ecnu B mepBoM ciiydyae Bce TOCTATOYHO TPUBHUAJIBHO,
TO Ha BTOPOM CJIy4yae CJelyeT OCTAHOBUThCS MOAPOO-
HEH.

B cucreme mpemycMoTpeHa moacHcTeMa 3arpy3Ku
OHTOJIOTMH, TIPEICTABJICHHON Ha SI3bIKE OMMCAHUS OH-
Tosioruit OWL, 11 aBTOMaTU4YECKOTO CO3IaHMS DK3EM-
TUIIpoB MHGMOPMaLIMOHHBIX pecypcoB. [lpu 3arpyske
OHTOJIOTMU MOXHO YKa3aTh, KAKH€ KJI1aCChl OHTOJIOTUU
U3BJIEKAIOTCS U3 HEE, TPU 3TOM OHU CTAHOBSITCSI 9K3eM-
TUISIpaMU Kjtacca uxgopmayuonubii pecype B LibMeta,
a UX CBOIMCTBa IpeoOpa3yloTcss B DK3EMILISIPBI aTpH-
OyTOB M BKJIIOUAIOTCS B OJAWH HAOOp aTpuOyTOB ISt
KOHKpeTHoro pecypca. EctectBeHHO, LibMeta He moj-
JNEPXKUBAET BCIO CEMAHTUKY OTHOIIEHUN U OorpaHuye-
HUI1, HaKJIagbIBaeMbIX Ha CBOMCTBA M Kjacchl B OWL,
HO OTOOpakaeT OCHOBHBIC CBOMCTBA M OTpaHUYCHMUS
Ha CBOIO CXeMY. DTOrO JOCTATOYHO UISI BHITTOJTHECHUS
3a/la4 MHTErpaluu U MyOauKalMu JTaHHBIX B oOyake
LOD. Tak, B Habope naHHBIX, MojydyeHHOM M3 «Ha-
y4YHOro Hacjeaus Poccun» ¢ IOMOILBIO TOACUCTEMBI
xapBectuHTa 1o npotokony OAI-PMH, Bcst ucxogHas
nHGOPMAIIKS O TOM, TTIe HAXOTUTCS UCXOTHBII OOBEKT
CO BCEM CBOMM OIKcaHueM, coxpaHsiercs. C TOMOLIbIO
LibMeta BBITTOJIHSIETCS TOJBKO MPOBSI3bIBAHUE TaHHBIX
¢ naHHbiMU U3 LOD u nosb3oBatessiMm npeaocTaBisieT-
Csl BOBMOXKHOCTb OPTaHM30BBIBaTh MX B COOCTBCHHBIC
KOJUISKILIMH, BO3MOKHO, MOITOIHSSI ONMCAHMS JaHHBIX
Ha CBO€ YCMOTpEeHUE, 100aBIsisl HOBbIE TeTW WIK OIpe-
nensisg 0ojiee TOYHO TeMaTUYECKYyl0 HampaBJIeHHOCTb,
HUCTIONb3Ysl B KauyecTBe 0a30BbIX pacUIMPSIEMBIX TO-
Hatuit anemeHThl U3 'PHTU. Ilepeunucnum npasuia
0TOOpakeHMsT BHEIIHEH OHTOJIOTUM B ONMCAaHNUE KOH-
TeHTa OMOJIMOTEKHU:

— KJIACChl OHTOJIOTMM CTAHOBSITCSI DK3EMIUISIpPAMU
KJ1acca UHhopmayuoHHblil pecypc;

— CBOMCTBa KJlacCa OHTOJIOTMU CTAHOBSITCSI 9K3EM-
MJIsipaMu KJjiacca ampuoyms

— BCE CBOIiCTBa, OTHOCSIIMECS K OAHOMY KJjaccy,
IPYIITUPYIOTCS B HAOOPbI ampudymos;
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IlepcoHanibHas OTKpBITAsi ceMaHTUYecKas Ludponas oudamnoreka LibMeta. KoHncrpynpoBaHue KOHTeHTa

— JIJI1 TIPOCTBIX CBOMCTB B KauecTBe 00JACTW 3Ha-
yeHUI aTpuOyTa yKa3blBaeTCsl COOTBETCTBYIOLIUI
I (CTPOKa, 1aTa M T. 11.);

— II0 YMOJYAHWIO BCE aTPUOYTHI OTHOCSTCS K BH-
Iy OnUCamenbHblil I NOUCK08bLI, COOTBETCTBYIOIINEC
HACTPOKM MOKHO U3MEHMTH B TaTbHEMIIIEM Uyepe3
UHTEePdEChl CUCTEMBI;

— JIJIS1 CJIOXHBIX CBOMCTB, 00JIaCThIO 3HAYEHU I KOTO-
PBIX SIBJISIFOTCS BK3eMILISIpbl HEKOTOPOTo KJlacca,
BbIOMpPAETCsl COOTBETCTBYIOLLIMIA peCypC; €ClIU pe-
Cypc He OBUI 3aTpyKeH B CUCTEMY, TO JaJbHEHIIe
peIIeHUS IPUHUMAET ITOJIb30BaTe b, OTBEYAIOIINI
3a CO3aHNe CTPYKTYPbl KOHTEHTa OMOJIMOTEKH;

— BCE ONHO3HAYHBIC CBOMCTBA CTAHOBSTCS OIHO-
3HAYHBIMU aTPUOYTaMHM, IJIT aTPUOYTOB MHOTO-
3HAYHBIX CBOMCTB CTABUTCSI ITOMETKA O BO3MOX-
HOCTH MTOIKJIFOUCHUS HECKOJIbKUX 3HAUCHMUIA;

— HepapxXWUYecKHe CBSI3W MEXIy KiaccaMHM He CO-
XpaHSIIOTCSI B SIBHOM BHJE, HO IS PECYPCOB CO-
3/1aeTCs aTpUOYT C COOTBETCTBYIOIIMM Ha3HAHUEM
«Bblilecmoaull 00seKm» W <«HUNICeCMOAUUL 006-
eKm», KOTOPBIM TO3BOJISIET YCTaHABIMBATL I10-
MOOHBIC CBSI3M Ha YpOBHE OOBEKTOB (IIpaKTHUYE-
CKM MJIEHTUYHBI ITO CMBICIY CBSI3SIM M3 OHTOJIOTMH
SKOS! skos:broader, skos:narrower).

MHBepCcUBHOCTD, TPAH3UTUBHOCTh U CUMMETPUY-
HOCTh CBOMCTB HE OTOOPAXKAIOTCS SIBHO B ONMMCAHUN
pecypcoB LibMeta, HO mig Kaxkaoro MHGOpMalMOH-
HOro o0beKTa MOXHO BCErma MoJydYUThb CIUCOK CChI-
JIAIOUIMXCS HA HEro 00beKTOB U MHGMOPMALIUIO O TOM,
IMOCPEICTBOM KaKoro aTpubyta 370 aeiaercs. PakTu-
YECKU OHTOJIOTUYECKOE OIMMCAHME KJIACCOB CBOIUTCS
K Ha0OPY 1OUCKOBbIX U ONUCAMENbHbIX ATPUOYTOB BbI-
JeJIEHUEM CpeIu HUX udeHmuduuyupyroujux, NCTonab3y-
eMbIX, HalIpUMep, B 3ala4ax BbISBICHUS TyOJIUKATOB.

BaxxHO 0OTMETUTB, UTO BCe UAEHTUDUKATOPHI KJlac-
COB U CBOMCTB OHTOJIOTMM COXPAHSIIOTCSI B OMMCAaHUN
COOTBETCTBYIOIIMX 3K3EMILISIPOB PECYPCOB U aTpUOy-
TOB C TIOMOIIBIO MCIIOJb30BAaHUSI CBSI3U, OIIPEIEIIs-
IOIIed UX 9KBUBAJIEHTHOCTb. DTO MO3BOJISIET B Jajlb-
HelIeM Mpy HacTpoiKe OTOOpakeHMsl pecypca Ha
HeKOoTOpbIil ncTouHUK B LOD, KOTOpbIii B CBOE cxeme
HCIIONIB3YeT 3TU KJIACCHl U CBOMCTBA, BBHIMIOJHSTH 3TY
MPOLIEAYPY MOYTU TIOJIHOCTBIO aBTOMaTu4ecKu. Ilpu
KOHCTPYUPOBAHUU CTPYKTYPbl KOHTEHTA Yepe3 UHTEP-
delichl TakKe UMeeTCsl BO3MOXHOCTbD JUISl KaXKA0Tro pe-
cypca W ero arpubyra ykazaTb COOTBETCTBYIOIIME UM
URI? 13 06IIeNCITONb3YeMbIX OHTOJIOTHIA.

PaccmMoTpyM B KadecTBe IIpMMepa OHTOJIOTHUU,
KOTOpBIE IITMPOKO PACIPOCTPAHEHBI IS OITMCAHUS

Thttps:/ /www.w3.org/2004 /02 /skos.

2https:/ /tools.ietf.org/html /rfc3986.

3http:/ /projects.kmi.open.ac.uk/akt/ref-onto.
“http:/ /xmlns.com /foaf /spec.

OCHOBHBIX THUIIOB PECYPCOB pacCMaTPUBAEMbIX MOHSI-
Tt nepcona n nybaukayus B coodiiectse LOD, u ore-
HUM UX OMUCAHUSI HA COOTBETCTBUE UMEIOLIMMCS B Ha-
JIMYMU METaJIaHHbIM.  Yaille BCero 3T OHTOJIOTUM
cofepKaT JeCATKU KIacCOB U CBOMCTB U SIBJISIIOTCS U3-
OBITOYHBIMU [IJISI ONTMCAHUST HYXKHBIX OOBbEKTOB, BbIJE-
JISiSI TOIMHOXECTBO HEOOXOIUMBIX KJIaCCOB U CBOWCTB,
UCTIONB3YS UIsI OTOOpaKeHUsI JIUIIb MaIyl0 YacThb UX
CBOWCTB, HEOOXOAMMBIX ISl TIOAKITIOUEHUST K UCTOY-
HUKaM JIaHHbBIX, KOTOPbIE OHU OXBAThIBAIOT.

AKT

Ontonorusi  AKT Reference Ontology, wuau
kpatko AKT?® (moctymHa mno ampecy http://swl.
slis.indiana.edu/repository/owl /aktportal.owl), pa3pa-
0oTaHa B LieJsIX YHUGDUKALUU TOCTyIa K Oubnauorpa-
duueckoit uHGopmanuu B 2003 . Y1 XOTS MpOEKT ObLT
3aKkpbIT, JaHHble AKT Ha cerogHsIHUIA MOMEHT TIpe/i-
craBjieHbl 0osee yeM B 200 MCTOYHMKAX, TAKMX KaK
DBLP, Citeseer, CORDIS, NSF, EPSRC, ACM, IEEE
" IIp.

OObennHSeT HECKOJIBKO OHTOJIOTHIA; M3 HUX MHTE-
pec TpeAcTaBIisieT oCHOBHasi oHToJiorus Portal Ontol-
0gy, KOTopasl COIEPXKUT ITOHSTUS TSI OTIMCAHUSI HepCOH
u nybaukayuii. JlJaHHBIC pa3HOPOIHBI M OITUPAIOTCS Ha
OYEHb y3KME MOAMHOXECTBA 3TOW OHTOJOTUU. MHO-
rve TMoJjisi, UMeIolecss B 9TOM OOratoil OHTOJIOTHH,
OCTaIOTCSI He3aITOTHEHHBIMU TTPY OTTMCAHUN PEeaTbHBIX
TTaHHBIX.

Dublin Core

Hctopuuecku Dublin Core mnpeactaBisieT coboit
Ha0Op TMOHSITHUI, MCIOJb3YeMbIX IUISI OTIMCAHUS pa3-
HOOOpa3HbIX TUIIOB PECYpPCOB, U3 KOTOPBIX 15 sIBIISI-
I0TCSI 00s13aTeIbHBIMU JUIsT onrcaHust. [lpakTruyecku
MOXHO OIMUCaTh METaIaHHbIE O NEPCOHAX W nybOAuKa-
Yusix U3 pacCMaTpPUBAEMOTO TIpUMepa B TEPMUHAX STUX
noHgtuit. DiemeHtsl Dublin Core 4acTo MOBTOPHO
HCIIONB3YIOTCSI, JTOTIONHSIIOTCS M KOHKPETU3UPYIOTCS
B Apyrux oHTOjiOrUsiX. OXBaThIBAET OTPOMHOE YUCIIO
MCTOYHMKOB, BKJItouasi DBpedia.

FOAF

Onronorust FOAF* (Friend-of-a-Friend) yxe siBns-
eTcs MPAaKTUYECKU CTaHIAPTOM IS OITMCAHMS JIIOICH
W X OTHOIICHUI C IpYTUMU pecypcamu. Mcrionb3yeTcst
B pa3HOOOPAa3HBIX KOHTEKCTAX M MOKET MCIIOJIb30BATh-
CsI IJIST OTTMCAHUS B JTIOOBIX CIIEHAPUSIX C yYaCTHEM Tep-
coH. YacTo Taxcke BKITIOYACTCSI M KOHKPETU3UPYETCS
B IPYI'UX OHTOJIOTUSIX.
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BIBO

Onronorus BIBO! (Bibliographic Ontology) npes-
Ha3HaveHa IS onucaHusi oubauorpacduyeckux AaH-
HBIX, BKJIIOYAET B ce€0s1 IIOHATUS U3 IPYTUX OHTOJIOTHHA,
takux kKak Dublin Core u FOAF, pacmmpsis ¥ KOH-
KPETU3UPYS X TTOHSITHUS, KOTOPBIE UCITOIb3YIOTCS IIPU
onucaHuu ee kiaccoB. CoaepkuT 38 BUTOB JOKYMEH-
TOB, BKJIIOYAET TIOHSITHSI, HEOOXOIUMBIE JIJIST OITMCAHUS
nepcor U nybauxkayuii. MoxXHO MpeacTaBUTh OMUCAaHUE
COOCTBEHHBIX PECYPCOB B TEPMUHAX 3TOM OHTOJIOTHUH,
OrpaHUYMBIIKCH JIUIIIh YACTBIO €€ TePMUHOB. OXBaThI-
BaeT TaK¥e MCTOYHUKHM, KaK bpuraHcKas HallmoHaJb-
Has 6u6motexka?, DBpedia u T. 1.

DBpedia

Onronorus Dbpedia, paspaboTaHHas B paMKax
npoekra Dbpedia, comepXuT OOJBIIOE YMCIO KJlac-
COB ISl OTTMCAHMSI CaMbIX Pa3HOOOPa3HBIX OOBEKTOB,
BKJIIOYAsl TOHATUS nybaukauyus U nepcona. OHa Tak-
JKe BKJTIOYAET B ceOsl TTOHSITUS W3 APYTUX OHTOJIOTHIA,
KOTOpPbI€ MCIIOJb3YIOTCSI MPU OMMCAHUU €€ KJIaCCOB.
DBpedia sBnsgercst neHTpanbHbIM y31oM LOD u cBs-
3bIBACT MH(MOOPMAIINIO M3 CaMbIX Pa3HbIX UCTOYHUKOB,
KOTOpBIE CChIJTAIOTCS Ha Hee.

Tabnuia 1 moka3biBaeT oToOpaxkeHre uHhoOpMalu-
OHHOTO pecypca «ITybnukanms» B TepMUHBI UICTOYHM -
KOB JaHHBIX, CXeMa JaHHBIX KOTOPBIX OIUpaeTcs Ha
repevrcieHHbIe OHTONOrMU. ECiu 11st yKa3aHHbIX OH-
TOJIOTUI1 HET COOTBETCTBYIOIIIETO Kjlacca, TO Ha3BaHUeE
KJlacca He yKasbIBaeTcsl. DTO BCEro JIMIIb O3HAYaeT,

YTO 2JIEMEHTHI 3TO OHTOJIOTUU MOTYT UCTIOJIb30BATh-
cs B APYTrOil OHTOJIOTWMH, IJI€ OHU KOHKPETUZUPYIOTCS
B paMKax MCIIOJIb3yeMOoro kiacca. Eciiu He yka3biBaeT-
Cs1 CBOMCTBO, 3HAYUT, B TEPMUHAX 9TOM OHTOJIOTUU HET
TaKOro CBOICTBA WM OJIM3KOI0 eMy 1Mo cMbiciy. B ciy-
yae ¢ BIBO onvH U3 nepeyncieHHbIX KJIaCCOB OMpe/e-
sset Tun nmyoaukanuu. [Touck myoaukanuuit B DBpedia
MPEACTABISIETCS OECCMBICIIEHHBIM B PACCMATPUBAEMBbIX
npuMepax, Mmo3TomMy B Taba. 1 mHbopmaLusg U3 3Toi
OHTOJIOTMU HE BKJIIOYaIach

B tabn. 2 npencraBiaeHO oTobOpaxkeHue MHpOpMa-
LIMOHHOTO pecypca «[lepcoHa» B TEPMUHBI UCTOUYHM-
KOB JTAHHBIX, CXeMa JAHHBIX KOTOPBIX OMUpPAETCsS Ha
nepevyrcieHHble oHToNoruu. Hampumep, ais nepcoH
13 DBpedia npeacraBiaeHbl 2J1eMEHTHI U3 COOCTBEHHO-
ro TpocTpaHcTBa MMeH, HO DBpedia Takske BKiTroyaeT
1 FOAF-oHTONI0OT1I0, MO3TOMY MOXHO ObLIO OTOOpa-
3UTh 3HaUeHU U Ha mpocTpaHcTBO UMeH FOAF B pam-
Kax UCTOYHMKA JaHHbIX DBpedia.

DTa uHbopMalusg o0 OoToOpakeHUU aTpudyTOB
LibMeta Ha cBOIiCTBa OPYrMX OHTOJIOTMI TakxKe MO-
JKEeT OBbITh BKJIFOUEHA B OMMCAHME KaxKIoro aTrpudyra
C TIOMOIIIBIO MCITOJIb30BaHMSI COOTBETCTBYIOIICI CBSI-
3U. OTa UHGOPMALIUS TTO3BOJIUT OBICTPO MOAKIIOYATh-
¢ K HY)XKHBIM MCTOYHMKAM JaHHBIX U (DOPMHUPOBATh
ONMCcaHusT 0ObEKTOB B TEPMUHAX HYKHON OHTOJIOTHU.
B paccmaTpuBaeMom npuMepe ObLIM MOAKIIOUEHbI ABa
MCTOYHMKA JaHHBIX — 3T0 Dbpedia n maHHbIE O TIep-
coHax u3 cucrembl MathNet?, BbITpy>KeHHBIE TIPeBa-
pUTENBHO B OTAeAbHOE XpaHuauille B Buae RDF-tpoek
B (popmate Dublin Core.

Taomuua 1 Dnements! onucanus pecypea «[lybaukanus»

Libmeta AKT Dublin Core FOAF BIBO
Knacc
Kiracc Knacc Koace Bibo:Article,
Akt:Publication-Reference Dc:bibliographicresource bibo:academicarticle,
bibo:Proceedings
Hassanue akt:has-title dc:title foaftitle dc:title
AHHOTALMS akt:has-abstract dc:description bibo:abstract
HAonommTenbroe bibo:shortTitle
3arjiaBue
Tun akt:article-of-journal dc:type
S3BIK dc:contributor dc:contributor
ABTOp akt:has-author dc:language dc:language
Hcxomnas akt:has-web-address dc:source foaf:homepage foaf:homepage
CcTpaHUIIa
Onucanue akt:addresses-generic-area-of-interest bibo:shortDescription

Thttp://bibliontology.com.
Zhttp:/ /www.bl.uk.
3http:/ /www.mathnet.ru.
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Ta6muna 2 DiemeHTsl onucanus pecypea «[lepcona»

LibMeta AKT Dublin Core FOAF BIBO DBpedia
Koace Kiracc Kiacc Koace
Kitacc ) Foaf:agent, Foaf:agent, A
Dc:agent Dbo:person
foaf:person foafiperson
akt:full-name foaf.name,
Ddammus . ’ dc:title foaf:lastname, foaf:family_name | dbo:birthName
akt:family-name .
foaf:family_name
akt:full-name, . foaf:name, . .
Nma o dc:title . foafigiven_.name | dbo:birthName
akt:given-name foaf:given_name
OrtuecTBO akt:full-name dc:title foa.f:name, dbo:birthName
foaf:surname
Jlata poxaeHust dc:date foaf:birthData dbo:birthDate
Mecrto poxieHust dbo:birthPlace
Buorpadus dc:description dbo:abstract
JlesaTenbHOCTD dc:description dbo:occupation

7 LibMeta — poJib moJib30BaTeneii
B CUCTEME

HecomHeHHO, caMBIMHU TJIaBHBIMU A€ CTBYOIIUMM
JIMLIaMU B JT10001 OUOJMOTEKEe SIBISIOTCS €€ TMOJb30-
Batenu, u LibMeta He uckmouenue. Ilonb3oBaTenu
LibMeta nenstcs Ha HECKOJIBKO KaTerOpHil B COOTBET-
CTBUU CO CBOMMU POJISIMU:

(1) agMUHMCTpATOPHI KOHTEHTA OUOJIMOTEKN
(2) pemakTopsbl MpeaAMeTHOI 001aCTH;

(3) agMMHMCTPATOPHI UCTOYHUKOB TaHHBIX;
(4) penaktopbl HHGOPMALIMOHHBIX OOBEKTOB;
(5) mpocTblie MoJIb30BaTEeIH.

AIMUHMCTpATOPhl KOHTEHTAa OMOIMOTEKM OTBeUa-
0T 3a co3maHue MHMOPMAIIMOHHBIX PECYpPCOB, aTpH-
OyTOB M MX HAOOPOB U MOJYYAlOT NOCTYI KO BCei
(YHKILIMOHATBLHOCTU CUCTEMBI. PenakTop mpeameTHoi
0o0JlacT MMeeT MpPaBO Ha peJaKTUPOBaHUE Te3aypy-
ca U OIpede/ieHne OCHOBHBIX KOJUICKIIM CHCTEMBI.
AIMUHMCTpPATOPHl MCTOYHMKOB JAHHBIX OTBEYAIOT 3a
UX TIOAKJIIOUEHME 1 HACTPOMKY oToOpaxkeHusi. Pegak-
TOp MHMOPMALIMOHHBIX OOBEKTOB MOXET CO3[1aBaTh,
peaakTUpOBaTh U yIAJSITh J1000i MHGOPMALIMOHHBII
00beKT. B oTianume oT Bcex oCTajlbHbIX POJeid, st
pemakropa WHGOPMAIIMOHHBIX OOBEKTOB POJIb OIpe-
JeJISIeT JOCTYN K KOHKPETHBIM (DYHKIIMSIM TIOICHUCTE-
MbI pabOThI ¢ 00beKTaMU (peJaKTUPOBAHUE, CO3IaHNE,
W yaajieHWe), a He TMPOCTO AOCTYIN K (PYHKUMOHAb-
HOCTU JUISl COINPOBOXIEHUSI OTIEJbHBIX OOBEKTOB.
3aperncTpupoBaHHBIC MTPOCTHIC TOJH30BATEIN MOTYT
OIMMCHIBATh CBOIO 00JIaCTh MHTEPECOB Ha OCHOBE TEP-
MUHOB Te3aypyca IpeaMeTHOI 00JacTh, ouepuuBast
TeM CaMbIM MHTEPECYIOIIMi uX Kpyr MHGOpMaLM-
OHHBIX OOBEKTOB. DTHU MOJb30BATEIN TaKXKe MOTYT

n00aBJISITh B Te3aypyc YTOUHSIIOILIME 00JIACTh MX MH-
TEPeCOB TEPMHUHBI, KOTOPbIE HE OTOOpaXKaIOTCS ISt
OCTaJIbHBIX TOJIb30BaTeieil, 100aBIsITh COOCTBEHHbIE
00BEKTHI B CBOIO KOJIJIEKLIMIO B paMKax CBoeil 00J1acTu
MHTEPECOB, COXPaHSITh CBOM pe3yJbTaThl MOUCKA IO
WCTOYHMKAM NaHHBIX. 3agaHKMe O0JacTH MHTEPECOB
MTOJIb30BATelIsl MMO3BOJISIET TPYNITMPOBATh IOJIH30BATE-
JIell O CXOAHBIMU MHTEPECAMU, CTPOUTDH CBSI3U MEXK-
Ny HUMU, aHAJIM3UPYS KPYT UCTIOIb3YeMbIX TEPMUHOB,
JN00aBJIEeHHBIX 0OBEKTOB, U JaBaTh peKOMEHAALUNU Ha
OCHOBe 3Tux cBsizeil. Takum oOpa3om, MOXHO OT-
CJICXKMBATh U BBIACIISITH B3AUMOCBSI3U MEXIY pPa3HBIMU
objacTaMu uHTepecoB. IlOHSITHO, YTO OAWMH U TOT
K€ TOJIb30BaTe/lb MOXET 00J1afaTh HECKOIbKUMU PO-
JISIMU U BBICTYIaTh, HAIPUMED, B KAYECTBE pelakTopa
MMPeIMETHOM 00JIACTH U AAMUHUCTPATOPa NCTOYHUKOB
naHHbIX. Ho mipu aTOM 1100011 M0IB30BaTE b CUCTEMbI
HE3aBUCHUMO OT POJIM TOJIy4aeT MOCTYI K (DYHKIIMSIM
MOKCKa U HAaBUTALIUU MO O0BEKTaM CUCTEMBI.

Ha puc. 6 oTroOpazkeHbI pOJI ITOJIb30BaTe e U B BU -
JIe YeTBIPEXYTOJIbHUKOB OUePYMBAETCS MX 00JIaCTh BJIM-
STHUS JUTSI pPACCMOTPEHHOTO BBIIIE TTPUMepa CKOHCTPY-
MPOBAHHOIO KOHTEHTA.

8 3akiouyeHue

PaspabaTbeiBast Moaenb MH(MOPMAIIMOHHON CHUCTe-
Mbl LibMeta, aBTOpbI XOTeNIu MOJYy4YUTh TMOKYIO CUC-
TeMy WHTErpaluy pa3juyHbIX TUTIOB PECYPCOB C BO3-
MOXHOCTbIO MHTErpallii C BHEIIHUMU CHUCTEeMaMU.
OmHUM 13 OTPENEISTIONINX YCIOBUM ObLIO OTCYTCTBHUE
TpeOOBaHUsl CHELUMATbHON MOATOTOBKU Yy IPOCTHIX
noJsib3oBaTeneit cucrembl. OCHOBHbIE UIEU TMPU pa3-
paboTKe CUCTEMBI OBLIU MTO3aMMCTBOBAHBI U3 KOHIIEM -
LM afanTUBHBIX MOJeJell JaHHBIX, pa3paboTaHHOI
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Mopcucrema Moacucrema Moacucrema onncaHmA MNoacucrema Mopcncrema ynpasneHuna
MoAennpoBaHua paboTbl c 06beKkTamMu npeameTHol obnactu noAKAYeHNA nonb3osaTenamu
pecypcos WNCTOYHUKOB AaHHbIX
| AsTOpbI | IPep,aKTmpOBaHMeI Tesaypyc O4Y Dbpedia | CobcTBeHHble TepMUHbI OY |
|I'Iy6nw<au,mw| I CospaHune I Konnekuma no 04y MathNet TepmuHbl O4Y Obnacme
UHmMepecos
YpaneHue PeaakTtop
o06beKToB Pe3synbTaTbl noncka
N0 UCTOYHMKaM
r—-—=—=—========"=7 T-"—-"-"=-"="="===="=7 b E rr———=—=—=—= 1
I | | CobcTBeHHbIe
ApmuHuctpatop . | 06beKTbI
| 1
| 1
(e ] |
: PepakTop PepakTop Monb3osatesns !
I npeameTHowM MCTOYHUKOB cucTembl :
| obnactn [laHHbIX I

Puc. 6 ITonbsosartenn

B 1990-x rr. [10, 11]. DTa Moaenb HaHHBIX MOAXOAUT
IIJIST OTIPENEICHHOTO Kpyra 3a1ad, ISl PeIIeHUsT KOTO-
PBIX HY>XXKHO pa3pabaThIBaTh JOBOJBHO CJIIOXKHBIC YaCT-
Hbele Momenu. K TakuMm 3amayamM OTHOCHUTCS CTaBIIas
KJIaCCUYECKOU 3a/laua MHTErpaluy JaHHbBIX U3 UCTOY-
HUKOB C pa3HbIMU MoneassMU. BHeceHue uaMeHeHUI
B MHTETPAIIMOHHYIO MOJE/Ib Yallle BCETO BBITIOJHSICT-
cs Ha TIPOrpaMMHOM YpPOBHE, TpeOys 3HAUMTEIbHBIX
YCHIIMIT OT pa3pabOTUYMKOB IJISI BHEIPCHMSI M3MEHE-
Huii. [lpuMeHeHUe aganTUBHOW MOJENU TO3BOJISIET
MOHU3UTD CJOXHOCTh KaK caMOit MOJIEIN TaHHBIX, TaK
U pa3pabaTbiBaéMbIX Ha UX OCHOBE CUCTEM, B KOTOPBIX
MTOMYTHO pelllaeTcs 3aava CO3MaHUs TUHAMHUYECKUX
(amanTUBHBIX) TTOJIE30BATEIbCKUX MHTEP(EICOB.

ITpuMmeHeHMe 3TOIl MOJEIM MaHHBIX JeIaeT BO3-
MOXHOW JMHAMUUYECKYI0 TpaHcpopMaluio U WH-
TepIIpETalMI0 MONEIN JaHHBIX B TPUJIOXEHUM, pe-
lIaloleM 3agayy MWHTerpalydu JaHHBIX, TO3BOJSS
HacTpauBaTh UCIOJIb3yeMbI€ PELLIEHUS IO OTIpeAe/IeH -
HYI0 IpeaMeTHy obOsiacTb. B Takux 3amayax 4dacrto
MEHSIOTCSI TpeOOBaHUS K MOJIEIU JaHHBIX, MEHSIET-
CsI IeTaIM3allisl CXeMBI, AeTalu3Upysl U1, HAa000POT,
0000111as ee onucaHue. Peanuzaiys npuioXXeHUn st
KOHEUHBIX MOJIb30BaTes el oA 3TU TpeOOBaHMS 3aHU-
MaeT OoJjibllie BpeMeHM, uyeM XoTejaoch Obl. [louck
pellleHnit 11T TaKOTO poja 3ajad Ha 0ojiee BHICOKOM
YpPOBHE aOCTpaKIIMK ITPUBEJ K IMTOSIBJICHUIO KOHLIETILIMNA
aJanTUBHOM MOJEIN JAHHBIX, B KOTOPOW AeKIapupy-
€TCsI JIMIIb CTUJTb MOJCTMPOBAHUST JAHHBIX TSI TIPUJIO-
KeHuit. [lonyyaembie Moaesu 6oJiee abCTpaKTHBI, CO-
CTOSIT U3 MEHBIIIETO YK CIa IOHSITHI ¢ OoJiee TPOCThIMU
CBSI3SIMM Y He TIPUBSI3aHbBI K ONpeIeIeHHBIM TTpeaMeT-
HbIM oOnactsM. [loBeneHuecKrie MOMEHThI OTpeaeisi-
I0TCSI OTepallusIMU CO3[aTh, COXPAHUTD U T. 1., POJISIMU

Thttp:/ /viaf.org.

MOJTb30BaTe/IsI, KOTOPbIe OTPAXalOT YCJIOBUS JTOCTYIIA
K 3TuM omepanusM. [lonbp3oBaTenbcKuit MHTEpdELic
MPEACTaBISCTCS aJallTUBHBIM B COOTBETCTBUU C MO-
NIeJTIbIO JAaHHBIX U UCTIONIB3YeT JUISI CBOETO BOCITPOM3Be-
JICHWS/TIOCTPOCHUS 3apaHee OIpeaeIeHHbIC TTaTTePHEI
YPOBHSI NpeACTaBICHUS. B pesynbrare mpruMeHEHUS
9TOM MOJIENIH, KOTJla MEHSIETCS ee CTPYKTypa, CUCTeMa
HEeMeUIEHHO TOACTPanBaeTCs MO 3TU U3MEHEHUS.

B crarbe ObL1 mpuBeneH NMpuMep KOHCTPYMpPOBa-
HHUSl KOHTEHTA CEMaHTUYECKO OMOJIMOTEKM AJIs1 aBTO-
POB U UX MyOIMKauuil B pamkax ouonnoreku LibMeta
Ha OCHOBE IaHHBIX U3 CUCTeMBbl «HayuHoe Haciemme
Poccun». Ha umeroiiemcst Habope n1aHHbIX, ITPeACcTaB-
sneHHoM npuMepHo 7000 myoIMKanusaMU U UX aBTOpa-
Mu (oxkoo 1300 mepcoH), OBLIO MPOBEACHO TECTOBOE
uccaenoBanue. M3 1300 aBTopoB oka3anach MpeacTaB-
neHa B DBPedia mpuMepHO TpeTh, U OKOJIO MOJIOBUHBI
U3 HUX 6bUTH TipeacTasaeHbl B VIAF! (Virtual Interna-
tional Authority File). YacTb ccbiiok Ha ganHble VIAF
ObuTa TIoTyyeHa 13 Habopa maHHbeix DBPedia, mpyras
YacTh OblJIa HEMOCPENCTBEHHO U3BJeYeHa U3 CaMOro
VIAF, noakitoyeHHOro Kak UICTOUHUK JAHHBIX.

Bo BTOpOM IpuMepe, CKOHCTPYUPOBAHHOM JIJIST T~
zaypyca OY u3 10 000 nyoaukauuii 6azst EHUII, 6b1-
J10 3arpyxeHo 100 moaxomsmux mo TeMaTukKe. 3arpy-
JKEHHBIE MyOJUKAIMKU OBLIA pa3MedYeHBbl KITIOUEBBHIMU
CJIOBaMM Te3aypyca, BCEro ObLUIO MoyydyeHo 789 ae-
MEHTOB Pa3METKH.

IIpoBecTn cBS3BIBaHME C JAHHBIMU W3 WCTOYHU-
KOB, oxBaueHHbIX oHTosorusiMu AKT, okazaioch He-
BO3MOXHBIM HM3-3a CHeIUGUKN JaHHBIX, HO 3TU MC-
TOYHMKM OBLIM TOAKIIOUeHB K LibMeta B KauyecTBe
TECTOBBIX JUISI UCTIOJIb30BAaHUS MX B KAUECTBE MCTOUHU -
KOB JIJIsI TOVCKa. B cTaThio He BOIIJIN 3a1a4y ITOMCKa ITO
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CeMaHTUYECKNM TeraM WIIM HabopaM KITIOUEBBIX CJIOB
HE TOJIBKO 10 CTPOTro 3aJaHHBIM IIpaBUJIaM OTOOpake-
HUsI pECypCcoB, a TakxKe ITOMCK ITo (hopMyIaM B MaTe-
MaTudecKuX JaHHbIX. [lpearonaraercss OCBETUTH 3TO
HaIpaBJicHHE pabOT B paMKaX ITPEII0XKEHHOM CUCTEMBI
B JaJIbHEMIIIMX paboTax.
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Abstract:

Semantic technologies development has brought digital libraries to the level where a meaningful

representation of the content of digital libraries came to the forefront. At the same time, it is necessary to limit it in
terms of a certain subject area. The paper describes the libraries content construction with a thesaurus supporting
the domain terminology within the developed system LibMeta. The personal semantic open digital library LibMeta
provides the functionality of the construction of the library content in accordance with the specific requirements.
LibMeta supports users working with resources of digital libraries and their collections in a certain subject area.
One needs just to make the initial setup of the system for a specific subject area. For the description of a subject
area, the system uses its limited terminology collected in a thesaurus. The domain used as an example is a highly

specialized thesaurus of ordinary differential equations.

Keywords: semantic library; data model; ontology; data sources; search in LOD

DOI: 10.14357/19922264170210

Acknowledgments

The work was supported by the Russian Foundation for Basic Research (project 14-07-00058 A).

INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2 929



0. M. Ataeva and V. A. Serebryakov

References

1.

Gruber, T.R. 1993. A translation approach to portable
ontologies. Knowl. Acquis. 5(2):199—220.

. Kruk, S. R., and B. McDaniel, eds. 2009. Semantic digital

libraries. Berlin—Heidelberg: Springer-Verlag. 245 p.

. Antopolsky, A.B., A.A. Kalenkova, N.E. Kalenoy,

V.A. Serebryakov, and A. Sotnikov. 2012. Printsipy
razrabotki integrirovannoy sistemy dlya nauchnykh bib-
liotek, arkhivov i muzeev [Principles for the development
of an integrated system for academic libraries, archives
and museums]. Informatsionnye resursy Rossii [Informa-
tion Resources of Russia] 1:2—6.

. Bizer, C., T. Heath, and T. Berners-Lee. 2009. Linked

data — the story so far. Int. J. Semant. Web Inf. Syst.
5(3):1-2.

. Serebryakov, V.A., and O. M. Ataeva. 2015. Osnovnye

ponyatiya dlya postroeniya formal’noy modeli semanti-
cheskikh bibliotek i opisaniya protsessov integratsii v ney
[ The basic concepts for building a formal model of seman-
tic libraries and description of the integration processes in
it]. Programmnye produkty i sistemy [ Software and Systems]
4:180—187.

Serebryakov, V.A., and O.M. Ataeva. 2014. Person-
al’naya tsifrovaya biblioteka LibMeta kak sreda integratsii
svyazannykh otkrytykh dannykh [Personal digital library
LibMeta as an integration environment of linked data].
RCDL Proceedings. 66—71.

Contributors

10.

Kalyonov, N. E., G.I. Savin, and A. N. Sotnikov. 2009.
Elektronnaya biblioteka “Nauchnoe nasledie Rossii”
[Electronic library “The scientific heritage of Russia”].
Informacionnye resursy Rossii [Information Resources of
Russia] 2:19-20.

Moiseev, E. 1., A. A. Muromskij, and N. P. Tuchkova. 2005.
Tezaurus informatsionno-poiskovyy po predmetnoy oblasti
“obyknovennye differentsial’nye uravneniya” |Information
search thesaurus of subject area “ordinary differential
equations”]. Moscow: MAKS Press. 116 p.

Bezdushnyj, A. N., A. A. Bezdushnyj, V. A. Serebryakov,
and V. L. Filippov. 2006. Integratsiya metadannykh Edinogo
Nauchnogo Informatsionnogo Prostranstva RAN [The in-
tegration of metadata for common scientific information
space of RAS]. — Moscow: Computing Centre of the
Russian Academy of Sciences. 238 p.

Yoder, J. W., E. Balaguer, and R. Johnson. 2000. Architec-
ture and design of adaptive object-model. Adaptive Object
Model. Available at: http://www.adaptiveobjectmodel.
com/OOPSLA2001/AOMIntriguingTechPaper.pdf (ac-
cessed April 17, 2017).

. Welick, L., J. W. Yode, and R. Wirfs-Broc. 2009. Adaptive

object-model builder. Adaptive Object Model. Available
at: http://joeyoder.com/PDFs/04welicki.pdf (accessed
April 17, 2017).

Received December 1, 2016

Ataeva Olga M. (b. 1978) — junior scientist, A. A. Dorodnicyn Computing Center, Federal Research Center
“Computer Science and Control” of the Russian Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian
Federation; oli@ultimeta.ru

Serebryakov Vladimir A. (b. 1946) — Doctor of Science in physics and mathematics, professor, Head of Department,
A. A. Dorodnicyn Computing Center, Federal Research Center “Computer Science and Control” of the Russian
Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation; serebr@ultimeta.ru

100

INFORMATIKA I EE PRIMENENIYA — INFORMATICS AND APPLICATIONS 2017 volume 11 issue 2



NHPOPMATUKA U EE MPUMEHEHUA, 2017. T. 11. Buin. 2. C. 101 111

MOIANPULNPOBAHHBIE SJUVTUIICOUIATBHBIE
YCJIOBHO-OINTUMAJIbHBIE ®UJIBTPLI 111 HEJWHEWHBIX
CTOXACTHUYECKHUX CUCTEM HA MHOI'OOBPA3HUAX*

W. H. Cuaunusie', B. . Cununsin?, 3. P. Kopenanos?®

Annoramus: [IpencraBieHa Teopusi aHAIUTUIECKOTO CHHTe3a MO KPUTEPWIO MUHUMYyMa CpelHel KBaapaTu-
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1 Bsenenue

B [1, 2] npencraBinena teopusi YOD Ha 6aze Me-
TOJIOB HOpMaJibHOM armpokcumanuu (MHA), cratu-
ctuueckoit nuHeapuzanuu (MCJI) u opTOroHaJIbHBIX
paznoxennit (MOP) nig MCtC ¢ BUHEpOBCKUMU 1Ty~
MaMW B YpaBHEHUSIX HaOJIOACHUS WM BUHEPOBCKUMU
M ITyaCCOHOBCKUMU IITyMaMU B yPaBHEHUSIX COCTOSTHUSI.
B ocHOBY Teopun YO® ObIIM TTONOKEHBI TOYHEBIC HE-
JIMHEHBIE YPaBHEHMS UTSI alTOCTEPUOPHOTO OTHOMEP-
HOTO pacIipefe/IeHus.

B [3] paccMoTpeHo pa3Butue [1, 2] Ha ciy4ait, Ko-
rga arnocTepuoOpHOE OTHOMEPHOE pachpeneieHre
oMok GUIbTpaMKU AOMYCKAET 3JUIUIICOUTATBHYIO
anmnpokcuManmio [4]. TlomydeHbl TOYHBIE (UILTpa-
IIMOHHBIC YpaBHEHUSI, a TAKKe ypaBHEHHUS TOYHOCTHU
U 9yBCTBUTEJIbHOCTH Ha ocHOBe MOP, maHBI 271eMEeHTHI
3JUITMTICOMIATLHOTO aHaIN3a pacIipee/IeH i, BbIBEIe-
Hbl ypaBHeHUss DYO®D 1o MeTomaM 3JUIMIICOUIATb-
Hoil ammpokcumaru (MBDA) U 3IUIICONIaTbHON
nuHeapusauuu (MDJI). B [5, 6] paspaboraHa Teopust
aHajmuTuyeckoro cuHteza MOYOM Ha ocHOBe TpHU-
onuxkeHHoro pemeHus no MOA (MBJI) dunbrpanu-
OHHOTO ypaBHEHUSI UIsl HCHOPMUPOBAHHOI ariocTepy-
OPHOI1 XapaKTepUCTUIECKOUN (DYHKIINH.

*Pabora BeimonHeHa rpu nomaaepxke PODU (mpoekt 15-07-02244).

Paccmorpum o6061eHue [4, 6] Ha ciydait DYOD.
B ocHOBY paccMOTPEHHMST TTOJIOKUM COOTBETCTBYIOIINE
ypaBHEHUS JIsI HCHOPMUPOBAHHBIX aIllOCTEPHUOPHBIX
pacnpeneneHun.

2 TouyHble (pUIBTpaLIMOHHBIE
YpPaBHEHMUS JIJISI alIOCTEPUOPHOTO
pacrpeneseHus

Cnenys [5—7], Oymem paccMmaTpuBaTb 3agauyy
(GUIBTpAaIK COCTOSTHUSI CUCTEM, MOJIEISIMU KOTOPBIX
MOTYT CIYXXUTh CTOXacTU4yeckue nuddepeHimagbHble
ypaBHeHUsI, TToHUMaeMble B cMbiciae Mrto. Ilpu atom
croxacTuyeckue nuddepeHunaibHble YypaBHEHUS MO-
JIEJT U3y4aeMOUM CHCTEMBI MOTYT UMETh HEM3BECTHEIC
rmapaMeTpbl 1, Kak MpaBUJIO, BCerma comepxkaT Iapa-
METpPBI, M3BECTHBIE C OTPaHMYCHHOI TOYHOCTHIO. [1o-
9TOMY BO3HHUKAET 3a1ada HEIPEePHIBHOTO OIICHUBAHUS
HEU3BECTHBIX ITapaMeTPOB CUCTEMBbI (TOUYHEE, € MO-
JeJIN) TI0 pe3yabraTaM HeINpPepPBhIBHBIX HAaOJIONCHUIA.
IIpenronoxumM, 9TO MpaBble YACTU YpaBHEHUI 3aBU-
CSIT OT KOHEYHOTO MHOXECTBa HEM3BECTHBIX ITapaMeT-
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pOB, KOTOpBIE OyIeM paccMaTpuBaTh KaK KOMIIOHEH-
ThI BeKTOpa TapameTpoB 6. OIHUM M3 BO3MOXHBIX
TTOJXOMIOB B TAKMX CITy4asX SBJISICTCS CICTYIOIINI TIPH-
eM: HEW3BECTHBIN BEKTOPHBI mapaMeTp 6 CUMTaloT
CTOXaCTUYECKUM MpolieccoM © = O, KOTOPBI omnpe-
nensiercst uddepeHIaTbHbIM ypaBHeHHEM O, = 0,
1 BKJTFOUAIOT KOMITOHEHTBI 3TOT'0 BEKTOPHOTO ITpoliecca
B BEKTOP COCTOSTHUSI CUCTEMBI («PaCIIMPSIIOT» BEKTOP
COCTOSTHUSI ITyTeM BKJTIOUEHUST B HETO HEM3BECTHBIX T1a-
paMeTpoOB B KavyeCTBE JIOMOJIHUTEIbHBIX KOMIIOHEHT).
Takum oOpa3oMm, 3agavya HEMpPepbIBHOTO OLIEHUBAHUS
HEM3BECTHBIX MMapaMETPOB MOAEIU CUCTEMbl CBOIUT-
¢S K 3a/1aye HeMpepbIBHOTO OLICHUBAHUSI COCTOSTHUS
CHCTEMBI C PaCIIMPEHHBIM BEKTOPOM cocTossHMs. OT
HEU3BECTHBIX ITapaMeTPOB MOTYT 3aBUCETb M ypaBHE-
HUST HAOMIOAeHUS. DTH TTapaMeTphI CJIeTyeT BKITIOUUTh
BBeKTOp © M, CJIeOBaTeJILHO, B PACIIMPEHHBII BEKTOP
COCTOSTHUS.

Hrak, mycTh BEKTOPHBIN CTOXaCTUYECKUIA ITPOIIECC
(CrID) [X;r YtT} T OIPEIENISIETCSI CUCTEMOM BEKTOP-
HBIX CTOXaCTMYECKMX MMM hepeHITNaTbHBIX YpaBHEHUM
Wro [1-3]:

dX; = ¢ (X, Y;,0,t)dt + ' (X4, Y;,0,t) dWp +

+/w" (X1, Y7, 0,t,0) PO(dt, dv),
Rq

X(to) = Xo; (1)
dY; = o1 (X4, Y:, ©, 1) dt + 94 (X4, Yz, ©,1) dWo +

+/wi’(Xt,Yt,G,t,v)PO(dt,dv),
RLI

Y(te) =Ye. (2)

3nech V; = Y (t) — ny,-MepHblii Habmonaemslii CtI1,
Y; € AY (AY — rnamkoe MHOroob6pasue HabJoe-
Huit); X; = X (t) — ny-MepHblit HeHabmoxaembrit CtI1
(BexTop coctostHus), X; € A% (A% — rIamkoe MHO-
roobpasue cocrosinuit); Wo = Wy(t) — ny,-MepHbIi
uHeposckuit CrlIl (n,, > n,) UHTEHCUBHOCTH 1y =
=19(0,t); PY(A,A) = P(A, A) —up(A, A), P(A, A)
TIPEICTaBIsIeT COOO ISt TI0O6OTO MHOXKeCTBa A mpoc-
Toii myaccoHoBckmit CtI1, a up(A, A) — ero marema-
TUYECKOE OXUITaHUE, TIPUIEM

up(A,A)=MP(AA) = /VP(T, A)dr;
A

vp(A, A) — UHTEHCUBHOCTb COOTBETCTBYIOILIETO ITyac-
COHOBCKOTO TOTOKa COObITUi, A = (t1,t3]; uHTe-
IPUPOBAaHKUE TI0 v PACIPOCTPAHSIETCS Ha BCE IIPO-
CTpaHCTBO RY ¢ BBIKOJIOTHIM HA4yaJoOM KOOPIWHAT,;
© — BEKTOD CIIyYaiiHBIX [TApaMETPOB PA3MEPHOCTH Ne
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Y = (P(Xt,}/;,@,t), Y1 = wl(Xta}/tv@vt)’ 1/)/ =
= (X, Y:,0,t) u ¢y = (X, Y:,0,t) — us-
BeCTHbIE (PYHKUMU, oToOpaxamume R x R™ X R
COOTBETCTBEHHO B R"=, R"™v, R"="w y R"v"w; o)’ =
=Y"(X, Y, 0, t,0) uy (X4, Ys, O, t,v) — U3BeCTHBIE
dyHkuMK, orodpaxatrouue R™ x R™ x R? B R"*
u R". Tpebyercs Haiiti ouenky X; CtIl X, B Kax-
IIBIA MOMEHT BPEMEHU ¢ TI0 pe3yIbraTaM HaOIIooeHUS
CrI1Y (1) no MomenTa t, Y = {Y () : to < 7 < t}.
IIpenmnonoxuM, 9To BLINOJTHEHHI ycsioBus [1-3]:

— ypaBHEHUE COCTOSTHUSI umeeT Bun (1);

— ypaBHeHMe HabmoaeHus (2), BO-NEPBbIX, HE CO-
JEPKUT TMyaccoHOBCKoOro Iyma (¢ = 0), a Bo-
BTOPBIX, KO3(DPUIIMEHT NpU BUHEPOBCKOM IIIy-
Me 1] B ypaBHEHUSIX HAOJIOACHMS HE 3aBUCUT OT

coctosmms (1) (X, Vi, 0, 1) = (1, ©,1)).

B sTOoM ciyyae ypaBHeHUSsI 3adauyd HeJIUMHEHHO
GunbTpalliv UMEIOT CJISAYIOIIUI BUI:

dXt = (Xtvmvevt) dt + u)l (Xtvmvevt) dWO +

Jr/d)” (Xt,Yt,@,t,v)PO(dt,dv),
Rg
X (to) = Xo; (3)

dY; = @1 (X4, Yy, 0,1) dt + 1 (Y, 0,1) dWy
Y (to) =Yo. (4)

[IpeanoaoxumM, 4TO BBIITOJHEHBI YCIOBUS CYILE-
ctBoBaHMsl U enuHcTBeHHOocTH CtIl, ompenensiemo-
ro (3) u (4) mpu COOTBETCTBYIOLIMX HAYaJbHbBIX YCJIO-
BUSIX [7—9].

Kax uzBectHo [5,9], mia moo6eix CtIl X; n Y;
ONTHMAaJIbHAS OLEHKA X', MUHMUMU3UPYIOLIAS Cpeii-
HUI KBagpaT OLIMOKM B KaXXIblii MOMEHT BpeMEHU t,
MpeCTaBIsieT Cco0Oil  armocTeprMopHOe MaTeMaThde-
ckoe oxunanne Crll X;: X; = M [X¢ | Y], Yrobwr
HaiTU 3TO YCJIOBHOE MaTeMaTU4YecKOoe OXHUAaHUE,
HEoOXOAMMO 3HaTh pr = pi(x) U g = g+(\) — amocre-
PUOPHYIO OZHOMEPHYIO IUIOTHOCTh M XapaKTePUCTH-
yeckyto ¢pyHkuuio pacrpeaenaeHus CtIl X;. CoorBeT-
CTBYIOIIVIE TOUHBIEC YPAaBHEHMS TUHEITHOM (DUITBTpaIIi
npuBeneHbI B [3].

BBenem HeHOpMUpPOBaHHbIE OIHOMEPHBIE AIlOCTe-
PUOpHBIE TUIOTHOCTh Py (2, ©) U XapaKTepPUCTUIECKYIO
dbyHkuuo g:(\, ©) cornacHo hopmynam:

Pe(r,0) = pe(z,0);
G0, 0) = MR [ X | = pugi(1,©).
Torna, obo6ias [5] Ha ciayvait ypaBHeHu# (3) u (4),

MOJYYUM CJIEAYIOLee TOYHOE YPaBHEHHUE C.K. OINTU-
MaJIbHOU HeTMHENHOI (pubTpaliuu:
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agu(0,©) = MR { [iATe (X,Y:,©,1) -
1
5 (V™) (X, 0,0+

Jr/ [ez’/\Tw”(X,Yt,G,t,v) 1
7
— ATy (X,Y,, 0,1, v)} vp(O,1, dv)] eMTX} dt +
+ ML o (X v, 0,07 +
LirT (w'yow'T) (X,Y},@,t)}eMTX} X
-1
< (Vo) (¥0.1) . (5)

Eciu, caenys [8], dynkuusa ¢” B (3) momyckaer
[peACTaBIeHNE

1/)” = WW(@a U) ;
rne P°(A, A) = P°((0,t],dv), To ypasHenus (3) u (4)

OPUMYT CICAYIOIIIA BU:

Xt = @(Xta}/h@fﬁ) + W (Xt7Y;fa @,t) V(@,t),

X (to) = Xo; (6)
}.ft =@ (Xt’}/t’ G’t) + 1/)1 (mv@vt) Vb(@,t),

Y (t) = Yo. (7)

3nech Vo(0,t) = Wo(0,1); V(O,t) = W(O,1),

W(©,t) = Wy(O,t) + /w(@,v)PO((O,t],dv),
R§

rie vp(©,t,v)dv = [0u(O,t,v)/0t]dv — wuHTeH-
CUBHOCTb IyaCCOHOBCKOTO MOTOKAa CKAYKOB, PaBHBIX
w(©,t). Tlpu atom jorapudmudecKre MPOU3BOAHbIC
OT OMHOMEPHBIX XapaKTEPUCTUUECKUX (DYHKIIMIA OTIpE-
JEJISIIOTCS. U3BECTHBIMU (hOPMYJTaMU:

1
X" (p:6,1) = =5 pT10(6, 1),
; 1
X" (pi©,1) = =5 p7(0,1)p" +
+/ [eipT‘”(@"") -1- ipTw(@,U)} vp(©,t,v)dv.
R3

B TakoM ciyyae MHTerpajbHbIii WieH B (5) J0oMmycKaeT
CJIEYIONIYIO 3aTUCh:

N = / |:ei)\Tw//(XuYt,@,t)w(@,U) _q1_
R

— XY (X1,Y:,0,8)w(0,0) |[vp(©,t,v) dv. (8)
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OueBunHO, uto 15 rayccopckoit MCtC v = 0. To-
I71a MPUXOAUM K U3BECTHBIM yTBepxkaeHusMm [5, 8, 10].

Teopema 1. Ilycms oas neeayccoeckoii. MCmC (3),
(4) ebinoanensr ycaogus cyuyecmeo8anuss U eOUHCmEeH-
Hocmu. Toeda ypasHeHue c.K. ONMUMANbHOU HEAUHEIHOU
Guabmpayuu 04 HeHOPMUPOBAHHOL Xapakmepucmuue-
ckotl hynkyuu G: (A, ©) umeem 6uo (5).

Teopema 2. [lycmov das eayccosckoii MCmC (6), (7)
BbINOAHEHbl  YCA0BUSL  CYUECMBOBAHUS. U  e0UHCMBEH-
Hocmu. Toeda ypasHeHue c.K. ONMUMANbHOU HeAUHEUHOU
Guabmpayuu 041 HEHOPMUPOBAHHOU Xapakmepucmuue-
ckoll hynxyuu umeem 6uo (5) npu ycaosuu (8).

Kak u3BecTHO [5], HEOOXOAUMOCTb 0OOPAOOTKHU pe-
3yJIbTaTOB HAOJIOACHUI B peaJibHOM Maciltabe Bpe-
MEHU HEMOCPEICTBEHHO B Ipollecce dKCIEepUMEeHTa
MpuBeja K TIOSIBICHUIO Dsiia MPUOIVKEHHBIX Me-
TOJOB ONTUMAIIbHOW HEJWHEWHON (UIbTpaunu, Ha-
3bIBAEMBIX OOBIYHO METOJAMM YCIIOBHO-OIITUMATbHOM
dunprpaiuu. B aToM ciaydae misi IpuOIMXKEHHOTO pe-
LIEHUs] ypaBHEHUS ISl allOCTEPUOPHOI OTHOMEPHOM
XapaKTepucTuieckoi GyHKIuu gi1(A, ©) BekTopa X
MOXKHO HCTIOJIb30BaTh METOMIBI aHATUTUYECKOTO MOJIE-
JIMPOBAaHUSI, OCHOBAaHHBIC Ha TTapaMeTpU3alliy OTHO-
MepHBIX pacnpeneneHuii Ctll, ompeaensiemMoro croxa-
cTUYeCKUM IuddepeHIIuaTbHbIM YpaBHEHUEM. OTU
METOAbl MO3BOJSIIOT M3YYUTh CTOXacTUYECKUEe Au(-
(hepeHIIMaNbHBIE YpaBHEHUS Ui MMAapaMeTpoOB aro-
CTEpMOPHOTO pacrpeneneHus. IIpocTedimm TakuMm
merogoM siBisiercsi MHA anocrepuopHoro pacmpe-
neneHusi.  VICKII0UMTENbHO BaXKHOE MPaKTUYECKOe
3HAYEHUE UMEIOT KBa3UJIUHENHbIe QUABTPHI, MOJTyYya-
eMble C TTOMOUIBI0O METOIOB IKBUBAJIEHTHOI JTUHEAPU-
zauu [5]. Dmumrncounanbabie YO®D, ocHOBaHHBIE Ha
MMPUOKEHHOM PEIIeHUM YpaBHEHUU IS HOPMUPO-
BaHHBIX allOCTEPUOPHBIX PacpeneeHUl, pacCMOTpe-
HBI B [3], a JUIT HECHOPMHUPOBAHHBIX — B [6].

Hapsiny ¢ meromamu cybonTtumanbHON (bUIBTpa-
MY IIAPOKOE MPUMEHEHWE HAIIM METOIbI, Cpeml-
cTBa M MH(MOPMALIMOHHBIE TEXHOJIOTUM, OCHOBAaHHbBIE
Ha npuHiumax YO® B. C. [1yrauésa [5].

3 YpaBHeHUs cyOONTUMAbHOM
(punpTpanun

Cnenys [6], anmmpokcuMupyeM HEHOPMUPOBAHHYIO
aroCcTepHOPHYIO TUIOTHOCTh BEPOSITHOCTH (POPMYIIO

pie() = py (u) = w(u)

N
B+ Y ey (U)] )
v=1

Nmeem

cv = M (g, (U2)] = [0 (UNGZ* V)] o (10)

npu4yemM
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u:<foX;r)C’t(IC*Xt);

UtZ(XE_XE>Ct(X _Xt)§

oT A 0
U)\ == (E Xt) Ct (E Xt> .

Kak usBectHO [3, 6], I TOro 4ToOBI COCTaBUTH
croxacTuueckue nuddepeHmaibHble YpaBHEHUS IS
KO3((UILIMEHTOB ¢,, Hag0 HAWTM CTOXaCTUYECKUIt
nuddepenuunan Mro npousseneHust g, (u)g: (), umes
B BUIY, YTO u 3aBUCHT OT X; = my /e M UTO Myt
U 4 OTIPENESISIIOTCSI CTOXaCTUYECKUMU OrhepeHIIm -
aTbHBIMU ypaBHEeHUsIMM. [lOTOM cliemyeT 3aMeHWTh
repeMeHHbIe 2 1 u oniepaTopamul 9/ (iOA) u Uy, BBITION-
HUTH 1 GEepeHIMPOBAHNUE U TTOCJE 3TOTO TTOJIO0XUTh
A=0.

[MoBTOpsist [6], cHayala TOAYYUM ypaBHEHUS
It my Uy ¢ GyHKUOUER ¢p, ompenensieMoit dop-
MyJI0i

¢1 = MR, [¢1] 5
C y4eTOM 0003HAYEHU It

T T T
oo = YroY 5 o1 = Yroy ;5 02 = Y1y

MX MOXHO TIPECTaBUTh B BUIE:
dm; = [Mtfo (Yt,Xta@at) +

dt+

+2N2cyfy (Yt,f(t,@,t) ficho (Yt,f(t,@,t) +

v=1

N
+> ah (YiXn0.t) | dYis (D)
v=1
dpy = [utbo (Yt,Xtat) +
N
+Zcubu (vata@at) dY;v (12)
v=1
rae
f():f() (Y;7Xta7@7t) :M’LAUT [90] 5 (13)
fu - fu (Y;vatm@vt) = MlAugu [90] 3
ho = ho (Yt,Xta@at) =
= MY, {al (Y:,0,t) + X1 (X,Y3,0, t)T} x
X 02 (mv@vt)71 5
. (14)
hy = h, (X/t;Xh@fﬁ) =
- Mgff;[ o1 (X,Y,,0,1) + X (X,Yt,@,tﬂ x
x o3 (Y1,0,8) 71
104

bo (thXt’@ t)
=MZo [ (X500 a (15,0075 |\
b, =b, (Yt,Xt,@ t)

= MR [p1 (X, V3,0, )] 02 (Y1,0,8) "

Hanee 3amuineM ypaBHeHus (11) u ypaBHeHue
IUISI OMHOMEPHOM HEHOPMMPOBAHHOM XapaKTEePUCTU-
YECKOU (DyHKIIUM B BUIIE:

dmy = fdt +hdYy; dp, =bdYs;

dj, = Adt + BdY;.

31ech 0003HAUYEHO:

N N
fz,utf0+zcufu§ h:Mth0+ZCuhu§

v=1 v=1
N

b= ,utb() + chbl’;

v=1

A= M%*{ZATSD (Xa}/;a @at) -

1
— 5T (w’yow’T) (X,Y;,0,) A

y / [eiATw”(X,Yt,e,m -

Rg

— i Ty (X, Y;,0,t,0) ] vp(t, dv)ei”\TX} ;
B - M%a‘ |:801 (vavevt)T
+ Z>‘T (1/1/1/01//1T) (Xa }/ta @ﬂ t):| X

ixT ™!
x N X (nguow’l) (X,Y,0,1) .
HudbdepeHlnaabHble YpaBHEHUS LISl KOdbhuUIm-

eHtoB MOP B (9) u (10) B cumy [6] uMmeroT crieayromnmit
BU/I:

dey, = MR, ¢, (u) (QSDTCt (X - Xt) +tr [CtUO]) +
+ 2¢) (u) (XT — XtT) CrooCy (X - Xt) +
+ [ o @ = ayt) 24, 0) (X7 - XF) €] x
R
x vp(t, dv) — ¢ (u) (XT
r [(h n th) alTCt}
Ht

~XT) o (n+ Xib) % +

+ ¢, (u) + 24, (u) x
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tr Kh + th) oTC, (X - Xt) (XT - Xf)ct}

X dt +
Mt
1 . Cx—1
+ % (CX_l + QXCX) tr |:Cthi| + X
tr [Crhooh'] —2X [ Cyhoob™ + X' C X boob”
X 5 dt+
Hy

+ MZ. { [ax ()t +
+ g, (u) (XT - XtT) Ctﬁ} 051} dY;. (16)

[TpumeM B nonosiHeHME K 0003HaYeHMSIM (13)—(15)
cJenylonue:

Y0 = Yx0 (Yt,X},@,t) =
= MY, {q'x(u) (2¢ (X,v,,0,0" ¢, (X - Xt> +
+tr[Cioo (X,Y,0,1)]) +
+2¢//(u) (XT - XE) Croo (X,Yy,0,1) G (X - Xt) T

+/ [‘Ix (@) — gy (u) — 2¢,(v) (XT 7)2?) y

Ry
x Cyp'” (X,Yt,@,t,u)} up(t,dv)} :
Vv = Vv (Yt,f(t,(a,t) —
= Ma {q;(u) (20 (X ¥, 00" C (X - %) +
+tr [Cyoo (X, Vi, @,t)]) T
+2g)(u) (X" — X7 CuoolX, ¥:,0,0) (X — %) +

+/ [QX (@) — gy (u) — Qq;(u) (XT B X?) y

Rg
< G (X, 0,1,0) v(t. o) |
fo = £x0 (Vi X1, 0,1) =
- M{q;m) o0 (X.%:,0.0)" -
— 01 (X, ¥:,0,0) (XT - XT)| +
P (X.%7,0.07 6 (x - %) (x7 - 7).
Exw = Exw (Yt,f(t,@,t) -

= MX@"{q;(u) [01 (X,v;,0,0)" —

— 01 (X, Y4, 0,1) (XTthT)} n

+2¢/ (w)o1 (X, V3, 0,0)T Cy (X - Xt) (XT - X;f) };

Tx0 = T1x0 (K,Xu@J) =
Mg fay (e (6,150,044, 0) (X7 - X7) »
x Cyoy (X, Y, @,t)}@ (Y;,0,6)" "
T = Nyw (}/t;Xh@ﬂf) =
=z L) (X, ¥0 007+ 0) (X7 = X7)
x Cyoy (X, Yy, @,t)}@ (V:,0,6)7".

Torma MoxeM rnepenucarh ypaBHeHus (16) B Buse:
dCX = § HtYx0 (}/t; Xtv 0, t) +

N
+ Z CvYxv (KaXtv @,t) +

v=1

. lut (ho (Yt,X},@,t) + X;bo (K,X’t,@,t)) +
+ zN:cl, (h/]/ (}/t;Xh@vt) + Xiby (Yt’Xt’@’t)) x

v=1
X {5x0 (Yt,Xt,@,t) +

N CuExv (}/h Xtv 67 t)
2

v=1

Ce| +

Mt

1 .
+ 5 (1 + 20y tr [Cth] +

+ C)2<71 tr Ct (hO (KaXta@at) +

n

N Cuhu (Y%;Xtvt)

+y —————~2 | x
> —

v=1

N T
X 02 (Y%; @at) (hO (Y;vata @at) +

N T
N Cuhu (}/t;Xtv@vt)
" Z Ht -

v=1
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—2XTC, | ho (Yt,f(t,@,t) n

¢ (Yt,Xt,@ t)

g9 (Y;, @,t) X

5

N T
N Cubu (Y;7Xta @, t)

. T
X b() (Y},Xt,@,t) +; 1 +
+X;rctXt bO (mvxtaGat) +

N b, (Y, X,0,t
+§:cf—£l—i——;z o3 (Y3, 0, 1)
v=1 ‘LLt
. T
~ N bu (}fthtaGat)
x| bo (Yt,Xt,G,t) +> e . di+
t

v=1

+{uﬂko(myﬁh@¢)4féqmy,bep&,ex)}dm

v=1
(x=1,...,N). (17)
VYpasuenus (11), (12), (17) u cooTHOIIEHNE X, =

= My / {4y IPY HAYAJIBHBIX YCJTOBUSX
m (to) = M [Xo | Yol 5 p(to) = 1; (18)
CX(tO):CXO (X:L B N)a

e co (x =1, ..., N) — kKoo duLmneHTs pasioxe-
Hust (9) YCIIOBHOM IJIOTHOCTH BEPOSITHOCTU Dy, () =
= po(z | Yp) BekTOpa Xy OTHOCUTETBHO Yy, OTIpeeis-
1T MBCOD.

[Tocne pemenust ypaBHeHwuii (12) u (17) c.k. onTu-
MaJibHasl OLIEHKA BEKTOpa COCTOSIHWSI M KOBapualu-
OHHasl Marpuiua omunoku ¢uiasrpaiuu B MOCOD
OIpPEAeISIOTCS MO CAEAYIOIIUM MPUOIUKEHHBIM (hop-
MyJiam:

Xi=—;

T
o [ (r-22) (r-20)]
ot ot

N T

Cv iy qw my T my
Ay f;v[(x__)(x __)]. 2
;Nt a Ht Mt 20)

IMopssmok MOCOD ocobeHHO TTpu OOJIBIION pa3-
MEPHOCTH 7. BEKTOpA COCTOSTHUSI CHCTEMbI 3HAYNTEIb-
HO Hke nopsinka apyrux YO®. Tak, ipu ydyere B pas-
JnoxeHuu (12) MOMEHTOB J0 AECATOro MOpsiaKa, yxe
mpun >3, N =5umeeM n + N + 1 < n(n + 3)/2.

19)

106

Mpu n > 3, N = 5 MOYOD umeer Oosiee HUBKUI
nopsaok, yem ¢uiabTpel MHA, 000011eHHbBII (DUIBTP
Kanmana—bprocu, GUIBTpBI BTOPOTO TTOPSIIKA U Tayc-
COBCKUI (DUIIBTP.

Takum 00pa3oM, B OCHOBE aJirOpUTMa MOIU(ULIN -
POBAHHOM AJUIMIICOUAAIBHOM YCIOBHO-OITUMAILHOU
HEJMHENHON (PUJIBTpallMy JexaT cAeAyloliue yTBep-
SKIEHUS.

Teopema 3. B ycrosusx meopemot 1, ecau MIYOD cywe-
cmeyem, mo oH onpedeasemcs ypaeuenusmu (11), (12)
u (17) npu ycaosusx (18)—(20).

Teopema 4. B ycrosusx meopemot 2, ecau MIYOD cyuje-
cmeyem, mo oH Onpedeasemcs YpasHeHUaAMU meopemol 3
npu ycaogusx (8).

Crenys [6] mis npubIMXEHHOro aHanu3a QUIbT-
PALIMOHHBIX YPaBHEHWI W YIUTHIBAsI CIIyYafHOCTb T1a-
pamMeTpoB O, IpuaeM K CACAYIOIIUM YpaBHEHUSIM [IJIs1
(YHKIIMI 9yBCTBUTEIIBHOCTH TIEPBOTO Topsiaka [3]:

dVOX, = VOAX: dt + VOBX: qY;,
VOBX: (ty) = 0;
= VO ARsa dt 4 VO BRsa Yy,
VO Rsy(to) = 0;
dV®ec, = VO A% dt + VOB dY;,
VOe.(to) =0.

dVOR,
! 2D

3nech npoiieaypa B3sITUSI TPOU3BOAHBIX OCYIIECTBIISI-
eTCSl 1O BCEM BXOMIIMM TEPEeMEHHBIM, a KO-
9¢bGULIMEHTH YyBCTBUTEIBHOCTU BBIYMCISIOTCS TPU
© = m®. Ilpu 3ToM NpeanonaraerTcs MaaocTh AUC-
MepCuii IO CPABHEHUIO C UX MAaTEMaTUIECKUMU OXU-
naHusmu. O4eBUIHO, 4TO Mpu AuddepeHurnpoBaHUN
no © (V® = 9/00) nopsnok ypaBHeHMII Bo3pacTaeT
MPOMOPLIMOHATIBHO YMCTY MPOU3BOAHBIX. AHAIOTUY-
HO COCTaBJISIIOTCSI YPaBHEHMUSI ISl JIEMEHTOB MaTPUIL
BTOPBIX (DYHKIIMI YYBCTBUTEIBHOCTH.

Hnsa ouenku kayectBa MOCOD, cienys [6], npu
raycCoBCKUX © ¢ MaTeMaTHueckum oxuganuem m®
¥ KOBapMallMOHHOM MaTpulieil K © BBeneM ycIoBHYIO
(byHKLIMIO TTOTEPD, JOMYCKAIOLIYIO KBAAPATUUHYIO arl-
MPOKCUMAIIHIO:

'n/e
m®) + Z pi (m®
ii=1

WAt

1,j=1

°yeje?, (22)

a TaK>KE€ IoKasaTeJib €

e—ellt, (23)
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r7ie BBeAEHO 0003HaYEHUE:

e2 = M2 [p(©)7] — p (m®)”

24

3nech

M4 [p(@)z] =p (m®)2 +p (m@)T K®) (m@) +
20 (m®) e [ () K+ {ox [ () KO +
+2tr [p” (m®) K@]2 ,

pu 3ToM GyHKUMK p’ 1 p’ 110 U3BECTHBIM (hOpMYIIaM
OIpEEIITIOTCST Ha OCHOBE IIEPBBIX M BTOPBIX (DYHK-
LA 9YBCTBUTENBHOCTH. TakKMM o0pa3oM, B OCHOBE
orieHKHU KauectBa MOCOD, B ycrmoBusix TeopeM 3 u 4,
nexat ypaBHeHUs (21)—(24) nipu cyiiecTBOBaHUU CO-
OTBETCTBYIOIINX ITPOU3BOIHBIX B ITPABBIX YACTSIX YPaB-
HeHuii (21) (Teopema 5).

MznoxeHHble BBIIIE MeTOAbl cuHTe3a MBOCOD
JAI0T TPUHUIWITAAJIBHYI0 BO3MOXHOCTH ITOJYYUTH
GuabTp, OIU3KUI K ONTUMAIBHOMY IO OLIEHKE C JII0-
0Ol CTEeMeHbI0 TOYHOCTH. YeM BBIIIe MaKCUMAJIbHbBIM
MOPSIIOK YUUTHIBAEMBIX MOMEHTOB, KO3 GULIMEHT DA,
TeM BBIIIIE OyIeT TOUHOCTh MPUOIMKEHUS K ONTUMAITb-
HO# oleHkKe. OmHaKO YMCIO ypaBHEHMI, OIpeje-
JISTIONIMX TTapaMeTphbl arloCTEPUOPHOTO OJTHOMEPHOTO
SJUTMTICOMIATTLHOTO pacIipelieieHusi, ObICTPO pacTeT
C YBEJIMYEHHUEM UKCJIa YIUTHIBAEMBIX TTApaMETPOB.

4 OCHOBHBbIE KJIACCHI
MOIN(PUIIUPOBAHHBIX
SJUTATICONTATBLHBIX
YCJIOBHO-ONTUMAaJIbHBIX
(punbrpoB

4.1. PaccmoTpuM 3amady ycJIOBHO-ONTUMAJIbHOM
unbTpanuu, Korma TpedyeTcss HAWTH ONTUMAaIbHYIO
OLIeHKY X, TIporiecca X; B MOMEHT ¢ > t( [0 pe3yJIbTa-
TaM HaOJIIOAEHUS ATOTO Ipoliecca 10 MOMeHTa t (T. e.
Ha WHTepBaje [tg,t)) B Kjacce MOMYCTUMBIX OLEHOK,
onpeneaseMbIx (GoOpMYyJIoit X, = AU, u croxactuue-
cKnM quddepeHIInaIbHBIM YpaBHEHHEM BUIA

dU; =
+ (€ (Ve Ko t) + ] dt + Bin (Vi K t) dve (25

MPY 3aJaHHBIX BEKTOPHON M MATPUIHOM CTPYKTYPHBIX
GyHKIMSIX £ M 1) ¥ IIPU BCEX BO3MOXKHBIX (DYHKITHSX
BPEeMEHU v, B M ¢ (iy ¥ By — MATPUIIBL; s — BEKTOD).
B kauecTBe KpUTEpUs ONTUMATBHOCTH ITIPUMEM KPUTE-
PUil MUHIMYMa C.K. OLIMOKY OLeHKH X;. Kak u3Bect-
HO [5], caMbIM CJIOXHBIM BOIPOCOM B MpPaKTUUECKUX

WHOOPMATUKA U EE TPUMEHEHUMS Ttom 11 BBIMyck 2 2017

MPUMEHEHUSIX TEOPUU YCIIOBHO-ONTUMATbHON (PUITBT-
palmu SIBJISICTCST BOIIPOC O BBIOOpE Kilacca JOMYCTH-
MBIX (PUIBTPOB, OMPEIEIsIeMOro 3adaHUeM CTPYKTYp-
HBIX QyHKIMI £ 1 7 B ypaBHeHUH (25). B npunumie,
X MOXHO 3a[1aTh MPOU3BOJIbHO. [1pu XKeJTaHUU MOXHO
BBIOpATh & U 7) TaK, YTOOBI KJIACC AOMYCTUMBIX (DUJIBTPOB
cozepskajl MPOU3BOJILHO 3amaHHbIl YO®D. B atoMm ciy-
yae TaKoi (MIBTP OymeT MPaKTUYEeCKU BCerna TOYHee
3aJaHHOTO YCJIOBHO-ONTUMaJIbHOTO. B TO Xe Bpems,
BBIOpaB B KAU€CTBE KOMITOHEHT BEKTOPHON (DYHKIINU &
U 2JIEMEHTOB MaTPUYHON (DYHKIIUU 7) KOHEUHBIN OTpe-
30K HEKOTOPOro 6a3uca B COOTBETCTBYIOILIEM THJIbOEP-
TOBOM MPOCTPAHCTBE L3, MOXHO MOJYYUTh MPUOIIU-
JKEHHE C JII00O0M CTENeHbI0 TOYHOCTU K HEM3BECTHBIM
ONTUMAaNTbHBIM (PyHKIIUAM & U 7. [lo-BuauMomy, 3TO
HauboJiee pallMOHaJbHbIN CII0c00 BbIOOpa (yHKIUM &,
7), OCHOBAHHBII Ha YpaBHEHUSIX TEOPUU YCIOBHO-OII-
TUMaabHOU dunsrpaunu (cMm. pasm. 3). Ilpu 3Ttom
HOBBIE BO3MOXKXHOCTH OTKpPBLIBalOT ypaBHeHUs YOO,
MMOJyYeHHBIE M3 YpaBHEHUS IS HEHOPMUPOBAHHOMU
arnocTepUOPHOI XapaKTePUCTUUECKON (DyHKIIUMU.

4.2. lna npumeHeHust ypaBHeHuit MOCOD, 110-
JIyYeHHBIX 13 HEHOPMUPOBAHHBIX YPaBHEHU JIJIST arlo-
CTEPMOPHOTO pacIipeie/ieHsI, HeOOXOIUMO U3MEHUTh
ITOCTAHOBKY 3a/ay yCJIOBHO-ONTUMAaIbHONU (DUIbTpa-
uuu [5] Tak, 4TOOBI MCMOJB30BATh yPaBHEHUE IJIsI
MHOXWTEJIS [44.

C 3TOil 11e/1bI0 BOCTIOJIBb3YeMCSl ISl OMpeaeaeHUs
KJacca 1ormycTuMbix MOYOD (25) ypaBHEHUSIMU:

dpy = pex (thxt,t) dYy; (26)
. AX
Xt = i )
1243
rae X(Yt,f(t,t) — HeKOoTOpas 3ajaHHasg MaTpU4YHas

GyHKIUS; p; — MaTpHUIa-CTpoKa KO3(POUIIMEHTOB,
3aBUCSIIMX OT ¢ ¥ TIOJUIEKAIINX ONITUMU3AIIMU HapsITy
¢ KoadbhbuueHTaMu oy, B¢ U y; B ypaBHEHUU (DUIBT-
pa (25).

OcHOBBIBasICh Ha pe3yJibTaTax pasl. 3, MOXHO BbI-
JIeJINTH JIBa Kjlacca JoImycTUMbIX MOYOD.

4.3. Ilepsslii KJacc. DTOT BaXHbII KJIacC JOMYCTU-
MbIX MOYOD MOXHO MOJNYIUTh, MOJOXUB U; = my,
A = I,, v onpenenus byHkuuu &, n 1 x B (25) u (26),
PYKOBOICTBYsICh ypaBHeHUsIMH (11) 1 (12). DT0 maer
CJICMYTOIIME BRIPAXKEHUS IUTST CTPYKTYPHBIX (DYHKITUIA:

e=¢(vi %) =
X T X T
= pefo | Yo, =50t fo| Ve, =50t
Mt Mt
. ™ T
X
e fy | Ve St ;
Mt
107
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77:77<Yt7Xt,t) =

X T X' T
= | peho <Yt,—t,t> hy (m—%)
Mt Ht

X:X(YhXht) =

X T b T
= m(yt,—t,t) by (Yt 2)
Mt Ht

T

X *
by | Ve, =t :
i

pu 3ToM nopsimok MO YO, ornpeneasseMoro ypaBHe-
Husmu (25) u (26), Oyzner paBeH n + 1.

4.4. Bropoii knacc. JIna momydeHust 6ojiee IIMpo-
KOTO KJj1acca nonyctumbix MOYO® nepenuiiieM ypaB-
HeHue (17) B Buze:

N
dcx = {Fxo (K;Xtvt) + ZCUFXU (KaXtat) +
v=1
N

+ Z C/\CVF)(AU (Y;;Xtvt) +

A,v=1

N
+ cy—1 Z exco By, (Y},Xt,t) dt +
A, v=1

+ {umxo (Yuj(ut) +

N
+ 3 enw (Vi Xist) } avi. (@7)
v=1

3;[er BBCICHLI CJICAYIOLINE 0003HaYEHUS:
FXO (E; Xtv t) = Ht7Yx0 (E; Xta t) +
+ petr [(ho (Yt,Xut) +

+ X.bo (YtXtt)) Ex0 (YtXtt)] ;

FXV (K;Xtat) = Tx0 (Kaxtat) +

Ftr [(h,, (Yt,X’t,t) +

+ thl/ (Y;7Xtat)) EXO (}/taXht) +

+ (h()(Yt,Xt,t) + X,bo (YtXtt)) Ew (m,Xt,t)}+

1
+ % 6X—1,u {tI‘ |:buKt +
+ Ciho (thxt,t) oo (Y2, )ho Y, X, t }
T
) +
T
}+

X5Xl,tr {Cth}

— 2XTCyhy (Yt,X’t,t) s (Y3, 1) bo (Yt,Xt,

JrXtTCttho (Yt,Xtvt) o2 (Y, t) bo Yt,Xta

Foay = itr [ct (h,\ (Yt,Xt,t) n
+ Xiby (Y},Xt,t))gxy (YtXtt” n % 5X_1,Ai x
N N T
x {tr {ctho (Yt,Xt,t) o (i, 1) hy (Yt,Xt,t) ] .
~ XTCiho (Yt,f(t,t) o5 (i, ) by (Yt,f(t,t)T n
thy (Yo X t) o2 (V) by (Vi K1)+
“ R " " T
+ XTC X by (Yt,Xt,t) o2 (Yi,1) by (Yt,Xt,t) };

1 1 ~
Fiy = o u_f {tl" [Cth/\ (YhXt;t) +

N T
+ oo (Yo t) by (Yt,Xt,t) ]
—2XTCha (Vi Xiot) 02 (Vi ) by (Yt,Xt,t)T +
+ XTC, X, by (Yt,Xt,t) s (Ye, 1) by (Yt,X’t,t)T} .

B3siB 32 OCHOBY JIJIsT TIOCTPOEHMST KJlacca TOMYCTH-
MbIXx MOYO® ypasuenus (11), (12) u (27), ciemyer
[IPUHSITH 32 KOMITOHEHTBI BEKTOPa X; BCe KOMITOHEH-
THI BEKTOpa 1 U KO3GMUIIUEHTHI ¢y, . .. , ¢y, TAK UTO
X, = [mfer - en] T IMTopsIOK Bcex MOMYCTUMBIX
GUIBLTPOB ITpU 3TOM paBeH n + N + 1.

4.5. 1151 HaxoxaeHUsT KO3(pDULIMEHTOB vy, B¢ U 74
ypaBHeHUS MOYOD (25) He0OX0AMMO 3HATh COBMECT-
HOE OJHOMEPHOE pacmpe/e/ieHre CIydaiiHbIX ITpoIiec-
coB X; u X;. DT0 pacrpeneicHne HAXOLUTCS Iy-
TeM pelIeHMS 3a1a41 aHAJIN3a CUCTEMbI, OITMCHIBAEMOI
CTOXaCTUYECKUMU nuddepeHINaTbHBIMUA YPaBHEHUSI-
mu (25) u (26). Kak Bcerma B TeOpUU YCIOBHO-OII-
THUMaJIbHOU (DWIIBTPALIK, BCE CJIOXKHBIC BBIYMCIICHMS,
HEeoOXOIMMBIEe UTSI HAXOXICHUST ONTUMAJIBHBIX KO3(]-
unmenToB ypaBHeHUss MOYOD (25) wnu (26), ocHO-
BaHBI TOJIPKO Ha alIPUOPHBIX JaHHBIX U TIO3TOMY MOTYT
OBITH BBITIOJTHEHBI 3apaHee B Mpollecce MPOeKTHPOBa-
Hust MOYO®. [lpu 3TOM MOXeT OBITh ompezaeeHa
W TOYHOCTh (PMIIBTPAIMM IS KaKIOro IOITYCTHUMO-
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ro MBYO®. Cam ke mpolecc (WIBTpallii CBOTUT-
cd K perieHro AudGepeHINaIbHOTO YpaBHEHMS, UTO
JIaeT BO3MOXHOCTh IPOM3BOANTEL (DUIIBTPAIIMIO B pe-
aJTbHOM BPEMEHU.

Takum o6pazoM, MPUXOIUM K CIEIYIOLIEMY Pe3YJib-
Tary.
Teopema 6. B ycarosusix meopemot 1 ypasnenus MI3YOD
euda (25), (26) 6ydym coeénadams ¢ ypagHeHUAMU
M3COD (cm. paso. 3), ecau cmpyKkmypHvie QyHKUUU
YO®D gvibpame u3z onucanuvix eviue kaaccos. Ilpu smom
kauecmeo MBYOD ouenusaemcs coenacHo meopeme 5.

S5 KBasuinHelHbIe
MOAU(PULIMPOBAHHEIE
SJJIMIICOMIATbHBIE
YCJIOBHO-ONTUMAJIbHbIE (DUIIBTPbI

[Moctpoum kBazwimuHeitHbIE MODYO®D Ha ocHOBE
MOBJT mis MCtC (1), (2) mpu ¢’ = ¢'(0,t), " =
= /(0,1,0), ¥} = ¥4(©,8) w Y = ¥} (©,1,0) (re.
C aJJIUTUBHBIMM BUHEPOBCKUMU U ITyaCCOHOBCKUMU
mymaMu). YpaBHeHus1 DCOD mpoile mosryyarorcs,
€CJIM HeJTMHEeHbIe (DYHKIIUY ¢ U (01 HA OCHOBE 3JUIUTI-
COUJIAJILHOTO paCIpe/ieieHUs] C M3BECTHBIM ¢, 3ame-
HUTh HA CTATUCTUYECKU JTMHEAPU30BAHHBIEC:

Y= SO(Xt7Y;57®7t) ~
~ gy + ke (Xe—mi) + k)7 (Y —mi) 5 (28)
Y1 = $1 (Xt7Y;5) @,t) ~
~ Plo R (Xe —mg) + kgt (Yo —mi) . (29)
a 3aTeM HCITOJIb30BaTh YpaBHEHUS JTUHEHHON (DUILT-
paumu [5]. Bxomsmue B (28), (29) xoaddunimeHTH

¢ MBJI 3aBUCSIT OT MaTeMaTUYECKUX OXKUAAHUIA, AUC-
MEPCUN U KOBapUaluii:

I B L I I S e
= ] mi= ] s =i ]

OHU onpeneIsoTCs U3 ypaBHEHMIA:

Zy=A*Z,+ AL+ BV, V =W ;
m; = A*mj + Aj, thO:mg;
Ki = B*K{ + KZ(B)T + B{v™ (BY)', Ki, = K;.

31ech BBEACHbI CJIeayrommue 0003HaYeHUSI:

e[ o=l e[

_ 1.
a=k)\?;

kPP by — kPP b — o2 — k2P PPy -
b=k, 5 by = k75 bo =@y — k37 my — k7 tmy

2p .
alzkiz“”,

__ D 2 x 20, Y .
ap = @y — ky¥m; _ky my;
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YdWo + [ " PO(dt,dv) = dW ;
Rg

WL AWy + [ 0 PO(dt, dv) =y dW (30)
R{
rne v — untencuBHOCTH CTI1 C HE3aBUCHMBIMM NIPH -

pallleHUsSIMU, COCTOSIIET0 U3 BUHEPOBCKOM M ITyacco-
HoBckoii yacteii (30). Torma ypaBHEHUS KBa3WIMHE-
Horo DYO® OyayT nMeThb BUJI:

X}:aYtJralX}JraoJr

+ 0 [Zt — (bYt + b0 X, + bo)] . (3D
31ech
B = (R + 4Ty (Vo) (32)
rae
Rt = alRt —+ Rta’lI‘ -+ 'lz)l/w’(/;T —
— (RabT + 90"V GT) (" F) T x
x (biRy + 1V PT) . (33)

Teopema 7. Ilycmos MCmC (1), (2) codepxucum mons-
KO addumugHvle 8UHEPOBCKUEe U NYACCOHOBCKUE WLYMbl
u donyckaem 3aMeHy CMAMUCMUYECKU AUHeapu308an-
Hoii, a mampuya o1 = V10"V T ne eviponcoena. Toeda
8 ocHoge aneopumma Keasunureiinoeo MIYOD nexcam
ypasuenus (31)—(33) npu coomeemcmayrouux Havarb-
HbIX YCA0BUSX.

6 3axiouyeHue

Pazpaborana Teopusi aHAJIUTUYECKOTO CUHTE3a
MBYOD mis HenmmHeHHBIX AUdbepeHITnaTbHBIX Tayc-
coBckux u HerayccoBckux MCTC (3), (4) u (6), (7)
Ha ocHoBe MDA n MBIJI. Axroputmbel DYO® moino-
JKEHBI B OCHOBY pa3padaThIBAeMOTO MOMIYJISI SKCIIEPH-
MEHTAJIbHOTO TIPOTpaMMHOTO obecriedyeHust StS-Filter
(version 2017).

PesynbraThsl momyckaoT 0000IeHIe Ha CTydaii T1ic-
KPEeTHBIX U HellpephIBHO-IUCKpeTHBIX MCTC, a Takke
aBTOKOppeaupoBaHHBIX MCTC.

TeopeTnueckuit U MpakKTUYECKU MHTEpEC IIpel-
cragisieT Teopusi MOCOD® u MBYOD miia MCtC (1)
u (2).
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OAHOKAHAJIbBHAA CUCTEMA ObCIIYXMNBAHWA
C3ABUCHUMBIMU MHTEPBAJIAMW BPEMEHMH
MEXAY NOCTYIVIEHUSAAMU TPEBOBAHU I

B.T. Ymaxkos!, H.T. Ymakos?

Annoramus: V3ydeHa omHOKaHaJIbHAsi CUCTEMa MacCOBOTO OOCITYy:KMBaHUsI ¢ OECKOHEYHBIM YMCIIOM MECT ISt
OXMIaHUS U IIPOU3BOJIBHBIM pacIipene/ieHeM BpeMeH! 00CIy>KuBaHusl. BXoasIuil MOTOK TpeOOBaHMIA SIBIISIET-
¢ ITyaCCOHOBCKMM ITOTOKOM CO CIYJ9aifHOM MHTEHCUBHOCTBIO. TeKyllee 3HaYeHE MHTEHCUBHOCTU BHIOMPACTCS
M3 KOHEYHOTO MHOXECTBA C 3aJaHHBIMU BEPOSTHOCTSIMU B MOMEHT Hauajla OTCUeTa BPEMEHU JI0 CJICIYIOIIErO
rnocTyruieHus: TpedboBanust. IlocaenoBaTeibHbIe MHTEHCMBHOCTH 00pa3yioT Lielb MapKoBa crieliMajabHOro BUAA.
YacTHBIMU CITydassMU TaKMX TOTOKOB SIBJISIIOTCS TUITEPIKCITOHEHIIMAIbHBIC IIOTOKU W TIOTOKW, BO3HUKAOIINE
MIPU UCCIICIOBAaHUN 6alieCOBCKUX MOJIETICH CHCTEM 0OCTY:KMBAaHUS C IUCKPETHBIM alIpHOPHBIM pacIipeIeICHUEM.
PaccMaTprBaeMble TOTOKH XOPOIIO OIIMCBIBAIOT pA0OTY CCTEM MaCCOBOI0 OOCITYKMBaHUS, DYHKIIMOHUPYIOIIMX
B CJTy4aifHOM cpejiec ¢ KOHEUHBIM MHOXECTBOM Pa3JIMUHBIX COCTOSTHII M MAPKOBCKOM 3aBUCUMOCTBIO MEXKIY HU-
Mu. KpomMe Toro, TakuMu IMOTOKaAMH MOXHO JOCTATOYHO TOYHO allIIPOKCHUMUPOBATh peallbHbIC ITOTOKHU B CETSIX
repenayy gaHHbIX. MiccenoBaHo moBeAeHUE JIMHBI OYePea B HECTAlIMOHAPHOM PEKUME.

Kiouesbie ciioBa: HyaCCOHOBCKI/Iﬁ IIOTOK; cnyqaﬁHa;{ MHTCHCHUBHOCTD, FI/I]'[epI)KCHOHCHL[I/IaJ'[LHHﬁ IIOTOK; LICIIb

MapkoBa; OqHOKaHaJIbHAs CUCTEMA; IJIMHA OYEPEIN

DOI: 10.14357/19922264170212

1 Bsenenue

CraTtuctTuyecknii aHanu3 Tpaduka B pas3IUUHBIX
TEJIEKOMMYHUKAITMOHHBIX CETSIX TOKA3bIBAET SIPKO BbI-
PaXEHHYIO 3aBUCMMOCTbh MHTEPBAJIOB BPEMEHU MEXIY
MOCTYTUIEHUSIMU NMaKEeTOB JaHHbIX. B mocienHue roasl
MOSIBUJIOCh MHOTO paboT, B KOTOPBIX MPU MTOCTPOESHUU
MaTeMaTUYeCKMX MOJIEIeil YUMTHIBAETCS 3TO SIBICHUE.
[Mpu MonmenupoBaHumM mpoiiecca nepeaauu nHbopma-
LIMMA BaXXHO KOHLIEHTPUPOBATBhCS Ha TEX XapaKTepu-
cTUKax TpaduKa, KOTOpble MOTYT ObITh 3((MEKTUBHO
OLIEHEHBI U3 peabHbIX TaHHBIX U MOAAAIOTCS (pr3nye-
ckoii nHTepnpetaun. C 3TOI TOYKMU 3pEHUS IEPCITeK-
TUBHBIMU SIBJISTIOTCSI MOJIENIM, B KOTOPBIX T€ WJIU UHbIE
rapaMeTpbl BXOSIINX MTOTOKOB MPEATIONaraloTcs CIy-
YaHBIMU BEJIMYMHAMU, CBSI3aHHBIMU PErpecCUOHHOMN
3aBUCUMOCTBIO HEOOBIIOTO MOPSIIKA.

B paborax [1—6] comepxarcst pa3iddyHbIE MOCTa-
HOBKM 3a/lay B 3TOM HampaBJIeHUU U MpUBeIeHA 00-
mupHas ouodauvorpacdus. [Motoku, paccMaTpuBaemblie
B HACTOSIIIEH CTaThe, TAKXKE OTHOCSTCS K TOTOKAM C pe-
TPECCUOHHOI 3aBUCUMOCTBIO NTapaMeTPOB, B KaUeCTBE

KOTOPBIX BBICTYNAIOT MHTEHCUBHOCTU. Kpome Toro,
paccMaTpuBaeMblii KJ1acC MTOTOKOB XOPOILIO OMUCHIBAET
paboTy cucTeM OOCTYXKMBaHUS, (QYHKIMOHUPYIOIINX
B cllyyaiiHoil cpene. MHOXKECTBO COCTOSIHUI Cpebl
KOHEUYHO, Y TOCJeI0BaTeNbHbIE COCTOSIHUSI CBSI3aHBI
MapKOBCKOW 3aBUCUMOCTBIO.

2  Bxopgimii mOTOK

B uzyuyaemolii cucteMe oOCIyXMBaHUS BXOISILLIUIA
MOTOK MMeET CJIEAYIOLIYIO CTPYKTYpy. MHTepBan Bpe-
MEHH JI0 TIOCTYIIJIEH!s] TIepBOTO TPeGOBaHMS 2, U WH-
TepBaibl MEXIy MOCTYIIEHUAMU (n — 1)-ro u n-ro
TpeGOBaHMIl z, UMEIOT IOKA3aTeJbHOE pacIipeneie-
HHUe cO ClydailHbIM mapametpoMm o™, n = 1,2, ...
3Hauenune (™ BBIOMpAETCs] HEMOCPEICTBEHHO MeEpes
HAyaIoM TIPOMEXYTKA z,, npudem P (a1 = a;) = ¢j,
ai £ aj, i #joc;>0,j=1,... N, Y ¢ =1
na™ = aa™ Y4+ (1-a)b™ rred™ n=1,2,..., —
MOCJIeI0BATETbHOCTD HE3aBUCUMBIX 1 HE3aBUCSIIIIUX OT
nocienoBateabHocT o™, n = 1,2,..., OOMHAKOBO

*Pabora BbImosHeHa rpy huHaHcoBoi nmomaepkke PODU (npoekr 15-07-02354).
l®axynsreT BHIUMCIUTENLHON MaTEMaTUKK M KubGepHETUKM MOCKOBCKOTO TOCYAapcTBeHHOro yHuBepcuteTa uM. M. B. JlomoHoCOBa;
Wucrutyt nipobiiem nHdopmarrku DeepabHOTO MccienoBaTesbeckoro mneHTpa «MHubopMaTrka u yripasieHue» Poccuiickoit akageMun

Hayk, vgushakov@mail.ru

2HHCTUTYT NpoGIeM TEXHONOTMN MUKPO3JIEKTPOHUKM 1 0COBOUMCTBIX MaTepuanos Poccuiickoil akanemMun Hayk; HOpBEXCKMit HaydHO-

TEeXHOJIOrnYecKuit yuusepcuret, TpoHxeitM, ushakov@math.ntnu.no
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OnHoKaHaIbHas CUCTeEMa OOCITy>KMBaHUS ¢ 3aBUCMMBIMU MHTEPBaJIaMU BPEMEHU MEXIY TTOCTYTUICHUSIMM TpeOOBaHUIA

pacIipee/IeHHbIX CIY4aifHbIX BEJMYMH, pacrpeiese-
HUe KOTOpbIX Takoe xe, Kak y all), a a He 3aBuCHT
1
ora™ub™ n=12...,a=1<" p;
0,1—p.
Jlerko BUIETH, 4YTO

zn<t

Zc] 1—e ") ;

P(Zn <11,2p41 < t2) =

N N
—p) ch (1—e ™) Z cr (1—e ™) +
j=1 k=1
N
+pY e (l—e ™M) (1—e ™) n=1,2,...
k=1

BuactHocTH, ipu p = 0 BXOASIINIA TOTOK OYIET TMIIep-
aKcIoHeHIManbHbIM. [Ipu p = 1 nonyyaercs cucrema,
B KOTOPOW B HAYAJIbHBII MOMEHT BPEMEHU CIyYaliHO
BBIOMpAeTCsl 3HAYeHNE MHTEHCUBHOCTU U3 MHOXECTBa
{ai,...,an} CBEPOATHOCTSAMHU C1, . . ., CN U B IATIbHEN-
1eM cucreMa (PyHKIIMOHUPYET KaK CUCTeMa C Iyacco-
HOBCKHM BXOJSIIIMM TTOTOKOM C BBIOpAaHHOI MHTEH-
CHBHOCTBIO. B craTbhe 3TOT cirydyail paccMaTpuBaThCs
He OyJeT.

W3BecTHO, 4TO Mg moObiX 4 > 0 U o > p cy-
LIECTBYET TUIEPIKCIIOHEHIIMAIBbHBII MOTOK BTOPOTO
nopsinka (N = 2), y KOTOpOro MaTeMaTuIeckoe OXH-
JaHWe W JWCIIEPCHUs WHTEPBAJIOB MEXIYy IOCTYILIE-
HUAMM TpeGOBaHMI paBHBI 1 U 2. KosdduuueHt
KOPPEJISIIIMU IByX COCEHUX UHTEPBAJIOB [IJIsl paccMaT-
pUBaeMbIX B CTaThe MOTOKOB Mpu N = 2 COCTaBIsIET

(p/2) (1 — (p/ 0)2) . Takum 06pa3om, NOSIBISIETCS BO3-
MOXHOCTb HE TOJIbKO TTOJIOTHATh IePBbIE 1Ba MOMEHTA
WHTEPBAJIIOB MEXJIy TOCTYIUIEHUSI peabHOTO 1OTOKa,
HO U y4€CTb MX 3aBUCHMOCTb.

3 O06o03HaYeHUS U OTIpeacIeHUS

Mycts B(x) m b(x) — cOOTBETCTBEHHO (GYHKLMS
pacrperneseHns: ¥ TIOTHOCTb PacTIpe/ieNieHus BpeMeH
obcaykuBaHus TpedoBaHmii. O003HAYMM

o0
/e h(x
0

BBenem crienyromne ciydaifHbIEe TIPOLIECCHI:

b(x)

U(x)zm-

L(t) — uncio TpebOBaHUI B CCTEME B MOMEHT Bpe-
MEHMU t;

j(t) — mportiecc ¢ cocTosTHUSAMU 1, . . ., N Takoil, 4To
j(t) = j, ecii B MOMEHT BpeMEHU ¢ MHTCHCHB-
HOCTb BXOJISILIIETO MTOTOKA €CTh @}

WHOOPMATUKA U EE MPUMEHEHUMS Ttom 11 BBIMyck 2 2017

x(t) — BpeMsi, MpoIIIe/lIee ¢ Hadaaa 00CTy>KUBaHUST
TpeOoBaHMsI, HAXOMASIIErocs Ha Ipudope, 10 MO-
MeHTa ¢, ecim L(t) > 0,u z(t) = 0, ecmu L(t) = 0.

TpexmepHsblii cirydaitasiii mponecc (L(t), x(t), j(t))
SIBJISICTCS] ONHOPOIHBIM MAapKOBCKUM TpouieccoM. [1o-
JIOKUM

Pj(n,z,t) =
0
= L P(Lt) =n, j(t) =, v(t) =1, 2(t) <),
n>0, >0,
00 (o]
pj(z,x, ) Zzn/e*“P (n,x,t)dt
n=1 0
Poj(t) =P(L(t) =0, j(t) = j);
(o]
pOj(S) = /eistpoj(t) dt, j = ]., .. .,N.
0
CrpaBeJIUBbI CIEAYIOLINE IEMMBI.
Jlemmal. Vpasuenue
N cia;
1—-p)z — 29— (1)
=022 =
umeem N Henpepvienvix 6 ooaacmu |z| < 1 pewenui

p1(2); -, un(2), npunenm:

(a) moavko o0Ha u3 amux QyHKYUIl obpauiaemcs 8 Hy1b
68 mouke z = 1;

(6) 045 6cex j = 1,...,N npu |z| < 1 cnpasedaugo
Hepasencmea Re(pj(2)) < 0;

(8) dymcuun (=) # (=) npu'i # j.

He orpanuunBasi o01IHOCTU, OyIeM CUMTaTh, YTO
u1(1) = 0. O6o3HaUUM
1,
0,

N, ypasnenue

i:ja

[T(2) = 1i(2))5 655 = it

i#k

a(z) =

Jlemma 2. Ilpu kaxncoom k, k=1, ...,

2= B (s — ml2))

umeem 6 oonacmu Res > 0 eduHcmeenHoe peulenue z =
= zi(s) makxoe, umo |z (s)| < 1.

[Tonoxum
1 () = e (21(9)) -
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4 PacnipeneneHue JJIUHBI o4epeaun

[Ipsimbie ypaBHeHUsT KoaMoropoBa JJjis1 pacripeje-
nenus nipouecca (L(t), x(t), j(t)) mpu « > 0 uMeror
BUIL:

OP;(n,x,t) n OPj(n,x,t)
ot Ox B
—(a; +n(@)Pj(n, 2, 1) + (1 = bn,1)x

X <paij(n Lx,t)+

N
+(1=p)e; Yy arPe(n— 1z, t)) , ()
=1

a KpaeBble yCIoBUsI TpU & = 0 1 ypaBHeHus wist Py, (1):

o0
Pj(n,0,t) = /Pj(n + 1z, t)n(z) de + 6,1 X
0

N
X (p a;Po;(t) + (1 —p)e; Z akP()k(t)> 3 (3)
k=1

Py, (t) :7ajpoj(t)+/Pj(17x7t)n(x) dr. (4)

ot

HauanbHble ycoBus rnpu t = 0 UMEIOT BUJI:
Pj(n,z,0)=0, n>0, Py,;(0)=¢;, j=1,...,N.

Ilepexonss B (2)—(4) X mpousBOASIIUM (DYHKIUSIM
" TipeoOpazoBaHusM Jlamiaca, moixyyaem:

Opj(z,2,8)
ox o
—(s+a; —pajz+n(x))pj(z,2,5) +
N
+(1=p)ejz Y arpr(z,2,8); (5)
k=1

[o )

pi(2,0,s) = 271 /pj(z,x, s)n(x)dx + ¢; —
0
— (s +a;)po;(s) +

N
+z (P a;po;(s) + (1= p)e; Y ak}?%(S)) :
k=1

j=1,...,N. (6)
Oo61ee pelreHue cucteMbl AU GepeHINaTbHBIX ypaB-
HeHUM (5) uMeeT BUA:

pj(z,2,8) = (1= B(x))ej x

y Z 7(k) (z,5)

e G—m@e (7
+ a] 1 - pZ) I ( )

rae dynxuun %) (z,s) onpenensioTcs U3 KpaeBbiX
yeaouit. [Toacrasnsist (7) B (6), mosaydaem:

N
1- (s —

Z /Lk( )) 'y(k)(z,s)

= pr(z —|—aJ (1—p2)

= fi(z,8), ()
e

Fi(z,8) = 1= (s +aj — a;pz)) cj 'po;(s) +

—p)2 Y arpor(s)
k=1

Pemiass cucTeMy ypaBHEHMii
7 *) (2, s), Haxomum:

(8) oTHOCHUTENBHO

(1—27"8(s = me(2))) 7P (2, 8) = o' (2) %
N

folzs H

7j=1

+ ai(1 — pz)) /
v#l

o(2) + a3 (1 = p2)) (5 (2) +
10— p2) (ar — a) (ua(2) +
. k=1,...,N.

+ a;(1 - pz))

Tak kaK f1(z),..., N (2) SIBASIIOTCSL PELICHUSIMU

ypaBHeHus (1),

N
[T+ a;(—p2)) -

j=1
N
—(1-p)z Zcmz [T(u+a;(1=p2)) = [T (1= (2))
=1 VES) v=1
Moncrassist crona i = —a;(1 — pz), momydaeM:
N
1, () + it —p2))
= =(1-p)zqay.

I1,.(0 - ) —a)

CrenoBaTesbHO,

(1 =278 (s — m(2)) 1) (z,8) = 0 M (2) (1) %

cafi(z, s)
px(2) +ar(1 —pz)’

k=1,...,N. (9)
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Single server queueing system with dependent interarrival times

B cuny nemmebl 2 neBas yacthb (9) obpaiuaercs B 0 npu HI/ITepaTypa

z = 2(F)(s). 3naunr,

N (%)
S aa fi(z ()(3)) =0, k=1,...,N.
l:llu +a11*p2 ())

Orcrona, yuutbiBast (1) u onpenenenue fi(z, s), nomy-
YaeM CHCTEMY JIMHEMHBIX YPaBHEHU I TSI HAXOXKIECHUS
byHKkuMii po;(s), j =1,...,N:

N
Y s 1
= pi(s) + ai(1 - pz*)(s))
~ (s + (1= pz () pauls)) +
N
+Zal,pol,(s)f0, kE=1,...,N.
v=1
Takum o00pa3oMm, Bce GYHKIMHU, OIPeAesIonIne

pj(z, @, 8) U po;(s), j =1,..., N, HalineHBbI.
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CHUJIBHAA COCTOATEJIBHOCTDb OUEHKHA
CPEAHEKBAIPATUYHON MOIPEIIHOCTHU
[TPU PELIHEHWNU OBPATHbBIX CTATUCTUYECKWX 3AIAY*

O. B. IllectakoB®

Annoramma: HenuHeliHble MeTOIbl 00PaOOTKM CUTHAJIOB M M300pakeHUI C MOMOIIBIO MPOLEAyp MOPOTOBOM
00padoTKM KO3 GUILIMEHTOB BEMBJIET-pa3I0XKeHWN CTaJIX TIOIYJIIPHBIM aItriapaToM JJIs 3a1a4 MoJaBJIeHUs IITyMa
u Komripeccuu. OObSICHSIETCS 9TO TEM, UTO BEBJIET-aHAINU3 ITO3BOJIIET ropasao 0ojiee 3 GEeKTUBHO UCCIEI0BaTh
HeCTallMOHAPHBIC CUTHAJIBI, YeM TpaauMOHHBIN Pyphe-aHaiu3, 61arogapst BO3MOXKHOCTH JIydllleil aganTaiyuu
K (GYHKIMSIM, UMEIOIIMM Ha pa3HBIX y9acTKaxX Pa3IndHYIO CTEIIeHb PEryJIspHOCTA. AHAJIM3 TTOTPEITHOCTEM STUX
METOMIOB TMPEACTaBIsICT CO00I BaXKHYIO MPAKTUYECKYIO 3a1ady, TMTOCKOJbKY IMO3BOJISIET OLIEHUTh KauyecTBO KakK
caMUX METOJIOB, TaK M MCIIOJb3YeMOro o0OpyaoBaHUsI. B HEKOTOPBIX MPUIIOKEHUSIX JaHHbIE HAOJIOMAI0TCS
HE HalpsMylo, a Mocje MPUMEHEHUs HEKOTOPOTo JIMHEHHOro mpeodpa3oBaHusl. 3anadya oOpalieHus TaKoro
npeodpa3oBaHusl, KaK MpaBUI0, HEKOPPEKTHO TTOCTAaBIEHA, YTO MPUBOAUT K POCTY AUCIIEpcUU IymMa. B pa-
00Te UCCIEeAYIOTCS aCUMITTOTUYECKHE CBOMCTBA OLIEHKU CPEIHEKBAAPATUUHOI MOTPELIHOCTU MPU oOpallleHun
JIMHEMHBIX OTHOPOIHBIX OTIEPATOPOB METOAMU BEUBJIET-BEHTIET-pa3IOKEHUsSI U TTOPOroBoii odpadoTku. [lpu
JIOBOJIBHO CJTa0bIX OrpaHUYEHUSIX TOKA3bIBACTCS CUIbHASI COCTOSITEILHOCTD TOI OIIEHKU.

KioueBbie ciioBa: BelBJIETHI; ITOpOroBasi 00pabOTKa; HeCMellleHHasl OLIEHKa pUcKa; KOPPeJIMPOBAHHBIN 1TYM;

aCUMITOTUYECKAs. HOPMAJIbHOCTD
DOI: 10.14357/19922264170213

1 BBenenue

Mertonbl BeliBeT-aHAIU3a IIIMPOKO MPUMEHSIOTCS
npy aHajau3e U 00paboTKe 3allyMJIEHHBIX JaHHBIX. Bo
MHOTHX CTaTUCTUUYECKHUX 3aa9aX 3TU TaHHbBIC N3MepsI-
JOTCSI HE HampsIMYI0, a TIOCJIe HEKOTOPOTO Ipeodpas3o-
BaHUs. B Takux ciryyasix mocTpoeHUe BeUBIET-OLEHOK
OCYILIECTBJISIETCS C TOMOIIIbIO BEBIIET-BEUTIeT-pasiio-
JKEHUSI U TIPOLEaypbl MSITKOM MOPOroBoil 00paboTKU.
ITopor 0OBIYHO 3aBUCUT OT YPOBHSI Pa30oXeHUsI, U ero
MOXHO BbIOMPATh Pa3IMYHbIMU CIIOCOOAMU, UCXO/IST U3
MOCTaHOBKM 3a[1a4U U LieJieit 00padboTku. Hanuuue nry-
Ma Heu30eXKHO MPUBOJUT K MorpeirHocTsIM. CBoicTBa
OLIEHKM TaKUX MOrPelIHOCTeN (prUckKa) B MOJEIU C He-
3aBUCUMBIM LTYMOM ITOAPOOHO UCCIEI0BATNCEH B [ 1—6].
Mogenb ¢ KOppeIMpOBaHHBIM IITYMOM HMCCJICIOBAIACh
B [7—9]. [1oka3zaHo, 4YTO MpU OMpPeAeIeHHbIX YCIOBUSIX
OLIEHKA PUCKa SIBJISIETCS COCTOSITEIbHOM U ACUMITTOTH -
Yyecku HopMajibHOU. B maHHoOl paboTe noka3biBaeTcs
CHJIBHASI COCTOSITEIbHOCTD OIICHKM PHCKA.

2  Mopeap TaHHBIX
U1 BEMBJIET-BEUTJICT-PA3JIOKECHUE

B nmanHoii pabote paccMaTpuBaeTcs Ciemylolasi
MOJIeJIb JaHHBIX:

Y, =(Kf)i+e, i=1,...,27, (1)

rae K — HeKOTOpbIi TMHEHHBIN onepaTop; f — hyHK-
11sI, KOTOPYIO HEOOXOMMMO OLICHUTH (ITpeIioaraeT-
cs, 4TO f MPUHAUICKUT 00JacTH ompenenacHus K);
{€;, © € Z} — cralMOHApHBI TrayCCOBCKUII MPO-
11ecc ¢ KOBapuallMOHHOM TOCJIeOBATEIbHOCTBIO 7', =
= cov(e;, €;4k) (TIpEAIIONaTaeTcs, 9To €; UMEIOT HyJle-
BOE CpeIHee M eIMHUYHYIO TUCTIEPCHIO).

B nanHoii paboTte paccMaTpuBaeTCs MOJAEIb 10JT0-
CPOYHOI 3aBUCUMOCTU 7, ~ Ak~ *, 0 < a <1, A > 0.
Kak nokazano B pa6ote [10], cayyail KpaTKOCPOYHOM
3aBUCUMOCTH, T. €. KOTJ1a Zf§ |ri| < oo, oKBUBaIEH-
TEH MOJICJIN C HE3aBUCHMBIM IITYMOM.

Bo MHOrMX ciyJasix HeIb3sl OLIEHUTh (DYHKIIMIO [,
MMPOCTO TNPWUMEHWB K JTAaHHBIM OOpaTHBINA oIlepa-
Top K !, MOCKOJNBKY TaKoii onepartop 160 He cylle-
CTBYeT, TN0O0 He SABJIsIeTC orpaHuYeHHBIM. CTaTUCTH-
YeCKUe 3aa4l TAKOTO pO/ia Ha3bIBAIOTCSI HEKOPPEKTHO
ITOCTaBJICHHBIMH.

Jnsa peleHUs Takoro poga 3agady B padote [11]
MpeIIoKeH METOJ TaK Ha3bIBAeMOTO BEHBJIET-BEWT-
JIET-pasioKeHUsI, KOTOPBI XOPOIIO 3apeKOMEHI0Ba
ce0s1 mpu oOpalleHUU JTMHEMHBIX OMHOPOIHBIX OIepa-
TOPOB, T. €. TAKUX OIIepaTOpOB K , IS KOTOPHIX BBITIOJ-
HEHO

*Pabora BBITIOIHEHA TP YacTHYHOI hrHaHcoBol momep:kke PODU (mpoekr 15-07-02652).
MockoBckumit rocynapcTBeHHBI yHUBepcuTeT M. M. B. JloMoHOCOBa, Kadeapa MaTeMaTUIeCKO CTATUCTUKI (haKy/TETeTa BEIUMCITH-
TEJIbHOI MaTeMaTUKKU U KuOepHeTuku; MHCTUTYT mpobiem uHbopMmatukin PenepaqbHOrO McCiaeaoBaTeabckoro eHTpa «MHubopmarrnka

u yripaBiieHre» Poccuiickoit akagemMuu Hayk, oshestakov@cs.msu.su
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0. B. Illlecmakos

K [f (a(z —20))] = a (K [)[a(x - x0)]

1St 1ioboro zo 1 abdoro a > 0. Ilapamerp [ Ha-
3bIBAETCSI TTOKa3aTejeM OIMHOPOAHOCTH. [IpmMepamu
JIMHEWHBIX OTHOPOAHBIX ONEPATOPOB CIIyKaT OrepaTop
MHTErprupoBaHuUsl, MpeodpaszoBaHue AGesl U orepaTo-
pbl Pucca.

BeiiBner-pasnoxenue Gynkuun f € L%(R) npen-
CTaBJIsIET COOOI psif

= (Ftin) i, )

j.keZ

e ;i (t) = 27/2(27t — k), a )(t) — HeKoTOpas Ma-
TepUHCKasl BeliBieT-hyHKIMs (ceMeiicTBO {j }jkez
00pasyeT opToHOpMKpPOBaHHbIi 6asuc B L%(R)). UH-
Jnekce j B (2) Ha3pIBaeTcsl MaciuTaboMm, a UHAEKC k —
CIBUTOM.

B nmmckpeTHOiIl TocTaHOBKE 3amayr (PyHKIIUS 3a-
JaHa B OTCYeTax Ha KOHEeYHOM oTpe3ke.  Jluc-
KpeTHOE BelBJIET-TTpeoOpa3oBaHKe TMPEACTaBIsIET CO-
0oli yMHOXeHUEe BeKTopa 3HaueHuil dyHkuuu f Ha
oproroHanbHytlo Matpuity W, ompeznensieMyio BeWB-
ner-¢gyHkuuein . Ilpu 3ToM B CUIIly OpPTOTOHAJb-
HOCTW MaTpUIIbI TUCKPETHBIE BelBIeT-KO3(hPUIIneH-
TBHI CBSI3aHBI C HETIPEPBHIBHBIMU CJICAYIOIIMM 00pa3oM:
Wik = 2"/2<f, Yjk), TOE 27 — 4ucyo orcyeToB (PyHK-
muu f [12]. Bcromy manee mpemronaraercs, 4TO MC-
MOJIB3YIOTCSI BeiiBeThl Meiiepa [12], mpeoOpa3oBaHue
Dypre KOTOpBIX 00amaeT HEOOXOIMMBIM KOJUYe-
CTBOM HETIPEPBIBHBIX ITPON3BOIHBIX.

[MockonbKy Habmomaercs He hyHKUMA f, a K f, Ko-
23 GUITIEHTHI pa3IoXeHUs B (2) BEIYMCIUTD HATIPSIMYTO
Henb3s. WMpaest MmeTroga BeiiBlIeT-BeUIIeT-pa3IOKeHUsI
3aKJII0YAETCS B TOM, YTOOBI BBIPA3UTh KOIMHOULIMEHTHI
paznoxeHus B (2) yepe3 K f. Ecinu oneparop K on-
HOPOJIEH, TO CYIIECTBYET ITOC/IEA0BATEIbHOCTD (DYHK-
umit &, Takas, uro (K f, &) = (f,¥;r). Hopmupo-
BaHHble GYHKIMM 1, = 2777, monyunan HazBaHue
«BelraeTsl». CBOMMU CBOMCTBAMM OHM OYEHB ITOXO-
KW Ha BEWBJIETHI (€CIM COOTBETCTBYIOIINE BEWBIICTHI
VIOBJIETBOPSIIOT ~ OTIPEACAEHHBIM  YCJIOBUSIM  TJIaj-
Koctu [11]), 3a UCKIIIOYEHUEM CBOIMCTBA OPTOTrOHAJIb-
Hocth. Takum obOpa3oM, psa (2) MOXHO IepernucaTh
B BUIIE

F=" 2K u) g,

j.keZ

KOTOpOe M TMpeAcTaBseT coOoii BeliBieT-BelrieT-
pasioXeHue.

IIpy npuMeHeHUM AUCKPETHOIO aHajora 3TOro
pasznoxeHus K moaeau (1) mo aHaJoruu ¢ AUCKpeTHbIM
BeUBJET-MpeoOdpa3oBaHUEM TTOJIydyaeTcs Cleayronas
MOJIEJIb TUCKPETHBIX BENUTIeT-KoapduieHToB [7]:

118

Xjn :Mj’kJer(pa)/zgjk’
j=0,...,J—1; k=0,...,27 — 1,

ey = 272K f,& 1) €50 = [ &0 dBr,aBp(t) —
npolecc ApoOHOTro OPOYHOBCKOro IBUXeHUSI ¢ H =
=1— /2. Jucnepcun ko3 duueHToB X j;; He 3aBU-
caT oT k v paBHbI [10]

o2 = (VD (1-0)923i

rae C' — TIOJOXWTEIbHAsI KOHCTaHTA, 3aBUCSIIAs OT
mapamMeTpoB A, a u 3.

3 OueHKa cpeTHEKBaAPpATUIHOM
MOrPEIIHOCTU

Jlist TioaBiieHUsI IlyMa B METOJIe BEiBJIeT-BEuT-
JIET-pasIoKeHUsI UCITOIb3YeTCs TTPOLieypa TOPOTOBOIM
00paboTKN KO3 HUILIMEHTOB, CMBICT KOTOPOi1 3aKITIO-
yaeTcd B yAaJleHUU JOCTATOYHO MaJIeHbKUX KO3 du-
IIMEHTOB, KOTOPbIC CUMTAIOTCS ITyMOM. B maHHO
paboTe paccMaTpUBaeTCs TaK Ha3biBaeMasl MsITKast 110-
poroBas oopadotka. K kaxmomy koapduumreHTy npu-
menstercst dynkums pr(z) = sgn(x) (|z| —T),, Te.
KO03(UILIMEHTHI, KOTOPBIE TT0 MOIY/IIO MEHBIIIE ITOpPO-
ra T, oOHYJISIIOTCS, a A0OCOJIIOTHBIE BEJIUUYMHBI OCTaJIb-
HBIX KO3 HUIIMEHTOB YMEHBIIIAIOTCS Ha BEIMYNHY T10-
pora.

CpenHekBagpaTUUHasl TMOTPEITHOCTh (WJIM PUCK)
MSITKOU MTOPOroBOil 0OpabOTKU OMpenesieTcsl Cleay-
IOLIUMM 00pa3oMm:

J—127-1

Ry(f) =Y > Elu — pr(Xu))* .

7=0 k=0

B [13] 6bulo mpemioXeHO HUCMOJAb30BaTh MOPOT
T; = 0;V2In2/ 1 nokazaHo, 4TO TPHU TaKOM IOPO-
re cpeaHeKBaapaTUyHasl olrbKa 0,11M3Ka K MUHUMAaJIb-
HOI1 [12]. DTOT mopor NMoay4yui Ha3BaHUE «YHUBEPCATb-
HBIl». B nanbHeiileM OyieT UCIONIb30BaThCsl UMEHHO
TaKOW BU/[I TTOpoTa.

Boruucnute Ry (f) B SBHOM BUjie HEJb3sl, TaK Kak
B BBIPAXXEHUU TPUCYTCTBYIOT HEU3BECTHbIE «UUCTHIC»
KO(pPUUUEHTHI fi;,. ONHAKO €ro MOXHO OLEHUTb
C TIOMOIIBIO CJIEAYIONIEH BETUYNHBI:

J—127-1

Ri(f)= > F[X3.T], (3)

=0 k=0

e Flz,T] = (x — o)1 (x| < T?) + (0?2 + T?)1(|z| >
> T?). B pabore [1] 6buI0 mMoKaszaHo, uto R;(f)

SIBJISIETCST HECMEIEHHOI olleHKo Ry (f).
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CusbHast COCTOSITEIbHOCTD OLIEHKH CPeTHEKBAIPATUIHOM IMOTPEITHOCTU TIPU PEIICHUM OOPAaTHBIX CTATUCTUYCCKUX 3a1a4

4 CunbHasl COCTOSITEIbHOCTD
OLIEHKU CpeIHEKBaIpPaTUYHOM
MOTPEIITHOCTH

B pab6ore [7] mokaszaHo, 4to (3) mpu ompenecH-
HbBIX YCJIOBMSIX IJIAAKOCTM Ha (DYHKLMIO [ SIBJISIET-
¢ aCUMITOTUYECKM HOPMAJBHOM M COCTOSITEIbHOU
orieHkoi R ;(f). Oka3pIBaeTCsI, UTO 3Ta OLIEHKA STBJISI-
€TCsl TaKXKe CUJIbHO COCTOSITE/IbHOM Jaxke Mpu Oosee
CJ1a0bIX OrPAaHUYCHUSIX.

st moKaszaTeIbCTBa 3TOTO YTBEPXKIEHUS TTOTPeOy-
erca cheayroias jemMa bocka [14], B koTopoil oue-
HUBAETCSl BEPOSITHOCTh OTKJIOHEHUSI CYMMbI OIpaHM-
YEHHBIX CJ1a003aBUCUMBIX CIyYailiHbIX BEJMYUH OT €e
MaTeMaTU4YeCKOTO OXUIAHUS.

Jlemma. [lyems {X;, i € Z} — nocaedosamenvrocms
cayuaiinvix eeaunun makux, umo EX; = Ou | X;| < bn.e.
ons 6écex i € Z, ede b > 0 — Hekomopaa KoHcmanma.
Toeoa dns arboeo q € [1,n/2] u awboeo e > 0

P > ne <4eXp{——2q}—|—
Pl 8b
1/2
+22<1+4—b) qa<[ﬁ]>, (4)
€ 2q

20e a(k) — Koappuyuenm o-nepemewueanus nocaedo-
eamenvrocmu {X;, i € Z}.

JokaxeM Ternepb CUTbHYIO COCTOSITEIbHOCTD OLIEH-
ku (3).

Teopema. IIycmo f € L?*(R) 3adana na xoneurom
ompeske, a K — auHeliHblil 00HOPOOHDBLIL onepamop ¢ no-
kazamenem 3 > 0. Toeda umeem mecmo cxooumocms

R;(f) — Rs(f)

T — 0 n.6.npu J — &)

npu aobom A > 1/2+ 256 cayuae a+ 23 >
A>1—aecaywae o+ 20 < 1/2.

1/2 u aro6om

HdokazatenbcTBO. Ilycth 0 < p < 1 HekoTOpoe
4mnCII0, KOTopoe OyneT BeiOpaHo nosaHee. [IpeacraBum

ancntens (5) B suge Ry (f) — Ry(f) = Ry + R, e
N [pJ]-127-1
Ry = (F [X3% T] - EF [X3.T]) ;
7=0 k=0
N J—1 29-1
Ry = ( [lem } ]EF[XW D
j=[pJ] k=0

PaccMmoTtpuM Rs. 11t Tpon3BOJIBHOTO § > () MMeeM:

py=P (‘Rz‘ > 52“)

—1 —

P Z jk‘7

k=0

VA
o

—EF [ka,T}) >

~
i
=
S

>5J72M ) L (6)

W3 Buma dyuakuuu Flz,T] crnemyeT, dTO —0]2- <

< FX3,,Ty] < o7 + T7. B paGote [10] mokasaHo, 4To
B CUJIy CBOICTB BeliBeToB Meiiepa mpu KaxIoM j clia-
raeMble B CyMMe IO/l BEPOSITHOCTHIO B (6) YIOBJIETBO-
PSTIOT CBOMCTBY p-TiepeMeNIMBaHusI ¢ KOA(DGHUITUEHTOM
p(k) < Ck~ rme C > 0 — HeKOTOpast KOHCTaHTa,
a M MOXHO caejaTh JOCTaTOYHO OOJIBLIMM, BhIOpaB
COOTBETCTBYIOIIUI BeliBaeT Meliepa.

W3sBectHO [15], yTo MJ1st KOA(DULIMEHTOB -Tiepe-
MEIIWBAHUS U p-TiepeMellIMBaHUsI CIIpaBeIJIMBO Hepa-
BeHcTBO 4a(k) < p(k). Tlpumensisi HepaBeHCTBO (4)
cq=2% (0 < 1) nnsa xaxmoro j B cymMe (6) 1 BbIOK-
past M 10CTaTOYHO OOJBIIMM, TTOJIy4aeM:

ps < crd X
X max {exp {702J—322()\—1+a)J+(9—2a—4B)j}}+
[pI]<i<T -1

+o5. (7)

31ech ¢ ¥ ¢o — HEKOTOPBIE MOJOXUTEIbHbIE KOHCTAH-
Thl, a 07 YObIBaeT 1o .J 6uicTpee, uem 2~ MoPJ rhe My —
HEKOTOPOE TMOJIOXKUTETbHOE YUCII0, 3aBUCsIIee OT M.
Ecu o+ 28 > 1/2, 0 0 —2a — 45 < 0,
u npu j = J mpaBag vactb (7) He IPEBOCXOIUT
c1J exp [—cpJ 3222404571 - Tockonbky 0 < 1
MOXHO BBbIOpaTh IIPOU3BOJIBHO, ISl TOTO YTOOBI BbI-
MOJIHSJIOCh HEPaBEHCTBO 2\ — 2 + 6 — 43 > 0, no-
CTaTouHO motpeboBath A > 1/2 + 23. Ecmu xe
a+ 23 < 1/2, To MOXHO BbIOpaTh f < 1 Tak, 4ToO
0 — 2a — 45 > 0, u mpaBas 4acTh (7) HEe MPEBOCXOIUT
c1J exp [—cpJ 32214 ] CrenoBaresnbHo, 4TOObI
BBITMOJTHSJIOCh HEPABEHCTBO A — 1 + ¢ > (), TOCTATOYHO
noTtpedoBaTh A > 1 — «. [Ipu TakoM BeIOOpE A

00
ZPJ < 0,
J=1

u B cuty Jemmbl bopensi—Kanrenmu mist mob6oro 6 >
> 0 cobbITHE {‘Rz‘ > 52N } OCYILIECTBIISIETCS JIMILIb

KOHeuHoe uucio pas. CienosatebHo, ka2 > — 0
mB.

B R; npu kaxnom ¢ukcupoBaHHoM j (0 <
< j < [pJ] — 1) uucno craraeMbix paBHO 27,
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a KaXIOe CjlaraeMoe He IIPEBOCXOAMT IO MOMIYIIIO
BJ2/(1=2)2i(2f+a=1) 'rne B > () — HeKOTOpasi KOH-
§1‘ < By J27/(—atp(28+a))
rae By — HekoTopas MoJoXuTeabHass KoHcTaHTa. Ec-
m 20+« >1/2,Tonpu A > 1/2 + 23 Bcerna MOXKHO
BbIOpathTakoe 0 < p < 1,uto A\ — (1 —a+p(26+a)) >
> 0, u, crenoBatenbho, 7,2~ — 0 m.B. Ecmu xe
a+20 < 1/2,Toipu A > 1 — « Bceraa MOKHO BBIOPATh
Takoe 0 < p < 1,uto A — (1 — a+p(26 + a)) > 0,
W, cenoBatenbHo, 12~ — 0 m.s. Teopema moKa-
3aHa.
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STRONG CONSISTENCY OF THE MEAN SQUARE RISK ESTIMATE
IN THE INVERSE STATISTICAL PROBLEMS
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Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation

Abstract: Nonlinear methods of digital signal processing based on thresholding of wavelet coefficients became a
popular tool for solving the problems of signal de-noising and compression. This is explained by the fact that
the wavelet methods allow much more effective analysis of nonstationary signals than traditional Fourier analysis,
thanks to the better adaptation to the functions with varying degrees of regularity. Wavelet thresholding risk analysis
is an important practical task, because it allows determining the quality of techniques themselves and the equipment
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Strong consistency of the mean square risk estimate in the inverse statistical problems

which is being used.

In some applications, the data are observed not directly but after applying a linear

transformation. The problem of inverting this transformation is usually set incorrectly, leading to an increase in
the noise variance. In this paper, the asymptotic properties of the mean square error (MSE) estimate are studied
when inverting linear homogeneous operators by means of wavelet vaguelette decomposition and thresholding. The
strong consistency of this estimate has been proved under mild conditions.

Keywords: wavelets; thresholding; MSE risk estimate; correlated noise; asymptotic normality
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YHUBEPCAJIbHAA ITOPOI'OBAA ObPABOTKA
B MOAEJAX C HETAYCCOBbBIM LTYMOM

O. B. IllectakoB®

AnHoramua: B 3amavax HemapaMeTpUUYeCKOIrO OLEHMBAHUSI CUMTHAja OOBIYHO MPEIIojaraeTcsi, 4to (GyHKIKs
CUTHaJIa TIPUHAJIEKUT HEKOTOPOMY CrieliaabHOMY Kiiaccy. Hampumep, oHa MOXeT ObITh KyCOUHO-HEMPEPhIB-
HOW WM KycOUHO-IubdepeHIMPYeMOil 1 UMeTh KOMITAaKTHBIN HOCUTEIb. DTU TIPEATIONOXEHNST, KaK TPaBUJIO,
MO3BOJISIIOT 3KOHOMHO TIPEICTaBUTh (DYHKIIMIO CUTHAJA B HEKOTOPOM CIIeLIMaIbHO MTOI00paHHOM 6a3uce TaKuM
00pa3oM, YTO TOJIE3HBIII CUTHAJI OKa3bIBACTCSI COCPENOTOYEHHBIM B OTHOCUTEJBHO HEOOJBIIIOM KOJIUYECTBE
GOJBIINX TI0 aOCOMIOTHOMY 3HAYeHUIO KO3GhMUIIMEHTOB pa3yIoKeHUs. 3aTeM OCYIIECTBISIETCS TTOPOTOBast
00paboTKa C LIeJIbI0 yaaJdeHUsT ITYMOBBIX K03(duimeHToB. OOBIYHO pacnpelnejecHue IIymMa IpearnoiaracTcs
rayCCOBBIM. DTa MOJE/Ib XOPOIIO N3y4YeHa B IMTepaType, 1 ISl pa3HbIX KIacCOB (DYHKIIMM CUTHATOB BHIYMCIICHBI
ONTUMAaJIbHbIE MapaMeTpbl MOPOroBoil 00paboTku. B maHHOI pabore paccMaTpuBaeTcs 3alaya MOCTPOEHUS
OLIEHKM (YHKIIMM CUTHAJAa 1O HAOMIOACHMSIM, COACpKAIlUM aJIMTUBHBIN IIIyM, pacrnpencsieHue KOTOPOro
MPUHAIJIEKUT JOCTATOYHO IIIMPOKOMY KJ1accy. BRIYMCISIIOTCSI 3HAaUeHU ST yHUBEPCAIBHBIX TApaMeTPOB IOPOTOBOI

06pa6OTKI/I, IIPU KOTOPLBIX CpeZ[HCKBaZ[paTI/I‘IHBH‘;I PUCK 0OJIM30K K MUHUMAaJILHOMY.

KmoueBbie ciioBa: moporosasi 00pab0TKa; HErayCCOBBIN IIyM; CpeIHEKBaAPATUYHbBIN PUCK

DOI: 10.14357/19922264170214

1 BBenenue

CoBpeMeHHBIe METO/IBI ITOCTPOCHUST OLIEHOK (DYHK-
IIMY CUTHAJIA MO 3alllyMJICHHBIM HAOJIOICHUSIM JacTO
OCHOBaHBI Ha pa3JIOXKCHUHM 3TO (yHKIMU 10 Oa-
3UCY, 00eCIeUNBAIOIIEMY «3KOHOMHOE» IIPeICTaBIIc-
HUE JaHHBIX, T. €. KOO UIIMEHTHI TAKOTO Pa3JI0KEHUST
YOBIBAIOT JOCTATOYHO OBICTPO (IMpUMepaMU MOAOOHBIX
0a3MCOB MOTYT CIYXWUTb pa3WyHbIC KJIACChl BEiBIIC-
TOB). 3areM IPOMCXOIUT OOHYJIEeHWE YacTh KO3(P-
(UIIMEHTOB, KOTOPBIE MO MPEATNOJOKEHUIO comepxkaT
B OCHOBHOM I1IyM. B mpeamnojoxeHuu o rayCCoOBCKOM
pacrnpeneieHuy IiiymMa 3TU METOJbl XOpolIo pa3pabdo-
TaHbl [1—3]. B maHHOI1 paboTte paccMaTpuBaeTCsl MO-
IIeJTb C AIUTUBHBIM IITYMOM, KOTOPBI HE00sI3aTEIbHO
MMeeT rayCcCOBO pacIpeaeeHue, U BbIUUCSIOTCS YHU-
BepcaJibHbIe MapaMeTpbl TMaroHaJbHBIX METOIOB I10-
JIABJICHUS IIIyMa, TIPA KOTOPBIX CPeIHEKBAAPATHIHBIN
PUCK OJIM30K K MUHAMAJIBHOMY.

2  Mopneap TaHHBIX 1 METOIBI
MOJABJICHUS LIIyMa

HpCILHOJ'IO)KI/IM, 4YTO JaHHBLIC UMCIOT BUI:

Xi:fi+zia izla"'aN7

rme f; — «4UCTBI» CUTHAI, a z; — «IITyMOBBIE» KO3(]-
(bULIMEHTBI, OTHOCUTEJILHO KOTOPBIX MPEANOJIaracTcs,
YTO OHM HE3aBUCHUMbI U MMEIOT pacipeaeeHue C CUM-
MeTpUYHOI IuddepeHIIMPYeMOii TUIOTHOCTBIO ().

Taxxe mpenronoxum, uto sup |h/'(z)| < A ¢ Heko-
zeR
TOpOit KoHCTaHTO# A > 0 1 9TO

h(z) =< z@e=07"

mpur — oo, a €R,0>0,8>0.
JNucriepcuio z; 0003HaYMM uepes o2. Kiacc pacnpesne-
JICHUI TaKOTo BUAA TOCTATOYHO IMMPOK. Pacmpenerne-
HUSI U3 3TOrO Kjlacca MOTYT UMETh Kak OoJee Jerkue,
Tak 1 0oJiee TSKeJble XBOCThI, YEM rayCCOBO pacmipe/e-
JIeHUE.

I1pu nocTpoeHnr OLIEHKU CUrHaia OyaeM paccMar-
pUBaTh TOJIHKO AMATOHAIBHBIC METOMBI, T. €. KOTIa JIJIsT
MOJIy4eHUS OLIEHKH ﬂ- ko3¢ duIIMeHTa f; NCIIONIB3YeTCs
TOJBKO BeuuuHa X;. Onpeneaum cpeaHeKBaapaTAy-
HbIA PUCK OLIEHKU:

N

R =S E(fi-5) (1)

i=1

PaccMoTpuM MeToa OCTPOEHUS OLIEHKU , KOTOPBIH 3a-
KJII04aeTcsl B TOM, YTO KaxIblii KOahGUIUEHT J1u00
OOHyJIsIeTCs, TMOO OCTAETCS] HEU3MEHHBIM:

fi:pé(Xi):éiXiv (5i€{0,1},i=1,...,N.

MockoBckumit rocynapcTBeHHBI yHUBepcuTeT M. M. B. JloMoHOCOBa, Kadeapa MaTeMaTUIeCKO CTATUCTUKI (haKy/TETeTa BEIUKCITH-
TEJIbHOI MaTeMaTUKKU U KubepHeTuku; MHcTUTyT mpobiaem uHbopmatukn PenepalbHOrO MCCaeaoBaTebckoro eHTpa «MHubopmarnka

u yripaBieHue» Poccuiickoit akagemuu Hayk, oshestakov@cs.msu.su
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YHuBepcasibHasi TOpOroBasi 00paboTKa B MOJEJISIX C HErayCCOBBIM LITYMOM

ITpenroaoXum, 9TO N3BECTHHI «HMIeaTbHbIC» TTapaMeT-
PHI §;, KOTOPbIe MUHUMU3UPYIOT prcK (1). ITockombKy
cnaraembie B (1) paBubl f?, ecnmu §; = 0, u o2, ec-
M d; = 1, MUHUMaJIbHBII cpeIHeKBaApaTUUHBIN PUCK
paBeH

N
Rygin(f) =) _min (f7,07) , (2)
i=1

a «uieaTbHbIe» TapaMeTpsl paBHbl 0; = 1(|f;| > o). Ha
MPaKTUKE BEIYUCIUTD 3T apaMeTPhl HETb3sI U HEBO3-
MOXKHO TTOCTPOUTH OIIEHKY, PMCK KOTOpOU paBeH (2).
OpHako B pabote [1] mokasaHo, 4TO MPU MCIOJIH30-
BaHUM MpPOLIEAYPbl MOPOroBOi 00pabOTKU B MOJIEIU
C TayCCOBBIM MOXHO O0€CHeuYuTh MOPSAOK CpemHe-
KBaJpaTUYHOTO PUCKa, KOTOPbIA OJU30K K (2) ¢ TOU-
HOCTBIO 10 JTOTapu(MUIECKOTO MHOXUTEJIS.

IToporosast 00paboTKa SIBASIETCSI OMHUM U3 CaMbIX
MTOMYJISIPHBIX METOMOB MoAaBieHUS 1ymMa. Ee cMbica
3aKJI04aeTcsl B OOHyJIeHUU KO3 (GULMEHTOB, YbU a0-
COJIIOTHbIC 3HAYCHMsI HE TMPEBBIIAIOT 3aaHHOTO T10-
pora. OueHka f; BBIYUCIISIETCS ¢ TTOMOILIBIO TOPOTOBOIA
dbyHkuuu pr(x) ¢ moporom 7. Haubonee momyssip-
HBIMHU SIBJISTIOTCS (DYHKIIUS XKECTKOI MOPOTOBO 00pa-
060TKU p(Th)(x) = 2 - 1(Jz| > T') 1 MATKOI TOPOTOBOIA
06paboTKu pgf)(x) = sign(x) (|| — T)4+. CpenHexsaj-
PaTUYHBIN PUCK TOPOrOBOI 00PaBOTKM 0603HAYNM Ye-
pe3 Rr(f).

3 YHuBepcaJbHBII OPOT

OnHOI 13 OCHOBHBIX MPOOJIEM MPU TOPOTrOBOIT 00-
paboTKe sIBjsIETCSl cTpaTerusl Bbibopa mopora. B pa-
Oorte [ 1] mpeaioxkeH Tak Ha3blBaeMblii YHUBEpPCaIbHbII
TTOPOT TSI MOJCNIM C TAyCCOBCKMM IIIYMOM. DTOT T10-
pOT SIBJISIETCSI B HEKOTOPOM CMBICTIE MaKCUMAaJIbHBIM
Cpelu «pa3yMHbBIX» ITOPOTOB, U CPeAHEKBAIPATUYHbBIA
PUCK TIPW TaKOM ITopore 01130k K (2). bosee Tounbie
3HAYEHUST TIOpora I Pas3IudHbIX (QYHKIIWA ITOTeph
MIPY JOTIOJIHUTEIBHBIX YCJIOBUSIX Ha TJIAIKOCTh (DYHK-
LIMU CUTHAaJIa TMoJlydeHbl B paborax [3—6]. B maHHol
paboTe mpeaaraeTcsl aHaJlor yHUBEPCaJIbHOrO opora
JUTST OTIpeNieJIeHHOU Bhlle 60see o0LIeil MOAeaU 1ymMma
M TIOKa3bIBACTCSI, YTO OH 00JamaeT MPaKTMYEeCKM Ta-
KHAMU X€ CBOMCTBAMM, KaK B MOMEIU C TayCCOBCKUM
LIIYMOM.

Hycrs Ty = (67! In N)l/ﬁ. Mo aHanoruu c rayc-
COBCKOW MOJIEJIbIO IIIyMa Ha30BEM 9TOT MOPOT YHUBEP-
CaJIbHBIM.

Teopema 1. Cywecmgeyem makas koncmanma C > 0, 3a-
sucsauas moavko om h(x), umo Hauunas ¢ Hekomopozo N
npu Jcecmioii nopoeosoil obpabomke

Rz, ( f) < C(ln NY@P) <a2 + Ruin ( f)) G
rme 6(«, B) = max(2/53,(3+ a — 5)/0).

HNoxazaTteabcTBO. PaccMoTpum E(pgf;)(Xi)—fiF.
Mycts |f;| > Ty . Torna

(h) P2
E(or, (Xi) = fi) =0°—
—E(X = fi)* 1(1X:] < To) + PEL(1X:] < Tv) <
<o®+ fPEL(|X;| < Tv) .
B cuiy KOHEYHOCTM BTOPOTO MOMEHTa ILIOT-
HOCTH h(r) CYIIECTBYET Takasi MOJNOXUTEIbHAS KOH-
cranta C"), sapucsmas ot h(x), yto fPE1(|X;| <

< T) < CMT? npu mo6om T > 0. CremopatebHo,
CyILECTBYET Takast KoHcTaHTa C > 0, 4TO

(h) 2
E (PTU (Xi) — fi) <
2
<o+ C(’”T,% < (UN + 02) (lnN)Q/B.
Mycts Teneps | f;| < Ty. Torna

E (o) (X) ~ 1) <E(X— AP LK > To)+ 2.
0O603HaYUM

g(fi) =E(X;— fi)"1(Xs| > Ty) .
[Mockombky ¢(f;) cuMMeTpryHa OTHOCHUTENTBHO 0

u |h/ ()| orpannyeHa,

g(fz) < 9(0) + % <;gg|g”(f)|> f12

B cuuty ornpenesieHust h(x) CyliecTByeT Takast KOHCTAH-
Ta Cy > 0, uTO

g(O) < CQTg+a_ﬂ€_9T5 )

CremoBaTeIbHO, CYIIECTBYET TaKasi KoHcTaHTa Co > 0,
4TO

) 2 o2(In N)(B+a—08)/8
e (o) (%) - 1,) §02< () +72).

N

Takum oO6pa3om, HauMHasl ¢ HeKOToporo N
E(p" (x * <
Pry (Xi) = fi) <
o2
< C(InN)o(@H) (W + min(f2, 02)> :

riae C' 3aBUCUT TOJTBKO OT h(x). CyMMUpYS T1O ¢, TTONTy-
yaem (3). Teopema gokazaHa.
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0. B. Illlecmakos

Teopema 2. Cywecmeyem makas koncmarnma C > 0, 3a-
sucsuas moavko om h(x), umo nauunas ¢ Hekomopoeo N
npu Ms2Koll nopoeoeoli obpabomke

Ry, (f) < NP @D (02 4 By (F)) . @)
2de 6(a, f) = max(2/6,(3+ a —30)/0).

Jloka3aTeabCTBO 3TOW TEOPEMblI AHAJIOTUYHO J10-
KazaTeJbCcTBY TeopeMbl 1. OCHOBHOE OTIMYME 3a-
KJII0YaeTcsl B TOM, 4YTO IIPU MSITKOW MOPOroBOil 00-
paboTKe B CHITy orpesieieHus h(x) BBITOTHEHO

g(0) =E(X; —Ty)*1(X; > Ty) +
FE(X +T0)?1(X; < —Ty) < CoT3He30e—0T5

¢ HeKoTopoii KoHcTaHToit Cy > 0.

Takum obpaszom, oreHKHU (3) u (4) TEMOHCTPUPY-
0T, YTO B pacCMaTPUBAaeMOIl MOAEN YHUBEPCATbHBIN
IOpPOT 00eCIIeYnBaeT MOPSIOK CPeIHEKBAIPATUIHOTO
pucKa, KOTOPbIi OTJIMYAETCsI OT MMHUMAaJIbHOI'O JIUILb
HaJIM4ueM JIOrapu(GMUIeCKOro MHOKUTEISI B CTEIIEHU,
3aBUCSILEH OT XapaKTePUCTUK paCIIpeieIeHus 1IyMa.

YcTaHOBUM TeTieph ellle OHO CBOMCTBO mopora 1y,
KOTOpPOE MTOKAa3bIBAEeT, YTO, KaK 1 B CJTydae rayCCOBCKOTO
IIyMa, YHUBEPCAIBHBIN ITOPOT SIBIIIETCS B HEKOTOPOM
CMBICJIE MAKCUMAJIbHBIM CPeIX Pa3yMHBIX [IOPOTOB.

Teopema 3. [lycmo cayuailnvle eeauduHsvl z;, i =
=1,..., N, He3agucumbl u UMerOM NAOMHOCMb pacnpe-
Oeaenus h(x), y0061emeopsousyo nepevucieHHbIM ebiule
yeaosusm. Toeda

T < | < T .
P (TU < 12‘?5\/|le —TU) —1lopu N — co. (5)
3nech
_— (lnN—i—v’lnlnN)lm
-\ e ’

20e 7' — npoussonvHoe uucno, yoosiemeopsouee ' <

<BrA+a—p);

InN +~"Inln N
Tt = 9
Ty mpul+oa—p3<0,

1/
) npul+a—p0>0;

2de v — npouzsonvHoe uucno, yoosiemeopsiouee " >
> 071+ a—0).

Hoxka3zaTeabcTBO. YTBepxaeHue (5) sBisercs
MPOCTBIM CJIEACTBHMEM OoJiee OOLIMX YTBEPXKIEHUN
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O pacIpe/ieSIEHUSIX SKCTPEMYMOB CIIy4allHBIX TOCIIE-
nosatenbHocTeil. Jlerko Bunets, uro NH (T, ) — oo
u NH(T;F) — 0 mpu N — oo, rae H(z) — dyHkums
pacrpe/iesieHusi, COOTBETCTBYIOIAsI [UIOTHOCTU h(x).
CrenoBatenibHO, B culy Teopemsl 1.5.1 u3 [7] npu N —
— 0

P ( max |z;| < TJ) —0;
1<i<N

P(max |zl|§TJ) —1,

1<i<N

T. e. BeIosiHeHO (5). Teopema moka3zaHa.

YTBepxkaeHue TeopeMbl 3 O3HAyaeT, YTO MaKCH-
MaJIbHasl aMIUTUTYyAa IIyMa C BEPOSITHOCTbIO, CTpe-
MSIIENUCS K eAWHMIE, HaxXOAUTCS B HEKOTOpPOW
okpectHocTH Tyy. CremoBaTeabHO, IIPU ITOCTATOYHO
0oJibiioM N HET CMbIC/a BbIOMpPATh MOPOT, IPEBOCXO-
asuid Ty .
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UNIVERSAL THRESHOLDING IN THE MODELS
WITH NON-GAUSSIAN NOISE

0. V. Shestakov!?

!Department of Mathematical Statistics, Faculty of Computational Mathematics and Cybernetics, M.V. Lo-

monosov Moscow State University, 1-52 Leninskiye Gory, GSP-1, Moscow 119991, Russian Federation

2Institute of Informatics Problems, Federal Research Center “Computer Science and Control” of the Russian

Academy of Sciences, 44-2 Vavilov Str., Moscow 119333, Russian Federation
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assumptions, as a rule, make it possible to economically represent a signal function in a specially selected basis in
such a way that the useful signal is concentrated in a relatively small number of large expansion coefficients. Then,
threshold processing removes noisy coefficients. Typically, the noise distribution is assumed to be Gaussian. This
model has been well studied in the literature and optimal thresholding parameters have been calculated for different
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Ob ABTOPAX

AranapoB SIBep Mup3aGekosny (p. 1952) — xanHmu-
AT TEXHUYECKUX HayK, NOLEHT, BELYLLIMI HayYHbIA
coTpynHuk MHCcTUTYTA 1TpobsieM nHbopmatuku Dene-
paJbHOTO MCCIIeAoBaTeIbCKOro eHTpa «MHpopmaTu-
Ka U ynpanJjieHue» Poccuiickoil akageMumn HayK

Araesa Ompra MypatoBHa (p. 1978) — wmnammmii
Hay4YHBII COTPYIHUK BBIYMCIUTETHHOTO LIEHTPA WM.
A.A. HopomuuiibiHa PemepalbHOrO HCCIeAOBaTEIb-
ckoro 1eHtpa «MHbopmatrika u ynpasieHue» Poc-
CUMCKON aKaJeMUn HayK

Bopucos Annpeii Biagumuposuu (p. 1965) — mokrop
(pu3MKo-MaTeMaTUUECKUX HayK, TJIaBHBI HayYHbBIN
cotpynHuk MHcTuTyTa mipobiiem nHdopmaTuku Pe-
JEpaIbHOTO UccienoBaTenbckoro neHtpa «Mudbopma-
THUKa U yrpaBieHue» Poccuiickoit akaneMun Hayk

Bacuises Huxkonaii CemenoBmu (p. 1952) — mokTop
¢du3uKo-MaTeMaTUYeCKUX HayK, rpodeccop MockoB-
CKOT'0 TOCYIapCTBEHHOTO TEXHUUECKOTO YHUBEPCUTETA
uM. H. D. baymana

laiinamaka I0ma BacwiseBna (p. 1971) — xangumar
GU3MKO-MaTeMaTUYeCKMX HayK, 1o1eHT Poccuiickoro
YHUBepcUTeTa APYXKObl HAPOAOB, CTApLUIMiA HAyYHbIN
cotpynHuk MHctutyTa mpobsiiem nndopmatuku Dene-
paJIbHOTO MCCIIeIoBaTeIbCKOro HeHTpa «MHpopmaTu-
Ka U yrpapieHue» Poccuiickoii akageMum HayK

Ka6anos IOpnii Muxaiinosuu (p. 1948) — mpodeccop
Jlabopatopun MaTtemaTKu YHuBepcutera ®OpaHii-
Konre, . besancon, ®@paHuusi; Benyluii HayIHbIN
cotpynHuk MHctuTyTa mpobsem mHbopmatuku De-
JIepaTbHOTO MCCIIeI0BaTEILCKOTO IIeHTpa « M HbDOopMa-
TUKa W yrpasieHue» Poccuiickoil akameMuu Hayk;
npernoaaBare/ib HallmoHaabHOTO MCCIen0BaTeIbCKOTo
yHuBepcuteta «MON»

Kopenanos Dayapa Pynonabdosny (p. 1966) — kaHau-
JaT TEXHUYECKUX HayK, 3aBeAytoluii otaeaom MHcTu-
TyTa 1poobiem nHbopmaruku PenepaqbHOro UCCIeN0-
BaTesabcKkoro 1eHtpa «MHdbopMaTtuka U ynpaieHue»
Poccuiickoit akaneMuu HayK

Kpuenko Muxaun Ilerposmu (p. 1946) — mokTop
TeXHUYECKUX HayK, mpodeccop, Beaylluil HaydHbIA
cotpynHuk MHctutyTa mpoosiem nndopmatuku Dene-
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PpaJIbHOTO KCClenoBaTebcKoro eHTpa «MupopmaTu-
Ka U yrpaniieHue» Poccuiickoii akanieMuu HayK

Jlykamenko Oger BukropoBuu (p. 1986) — kanmumat
(hm3MKo-MaTeMaTUUECKUX HayK, HAyYHbI COTPYIHUK
MHcTuTyTa NMpUKIAgHBIX MaTeMaTUYEeCKUX HUCCIeno-
BaHuii Kapenbckoro HaydyHoro ieHtpa Poccuiickoit
aKkaJieMUM HayK; rperonaBareib [1eTpo3aBoacKoro ro-
CyIapCTBEHHOTO YHUBEPCUTETA

Moko6ear Puta (p. 1981) — acniupanT JlabopaTtopuu
MaremaTuku YHuBepcutera ®@panui-Konre, . bezan-
coH, @paHuus

MomyanoB [Imutpuii Anekcanaposud (p. 1978) — xan-
IUIaT TEXHUYECKUX Hayk, JOLEHT Poccuiickoro yHu-
BepcUTeTa APYKObI HAPOJIOB

Mopo3os Esceii Buktoposmd (p. 1947) — nokrop dhusu-
KO-MaTeMaTUYeCKUX Hayk, Mmpodeccop, Beayliuii Ha-
YUHBII COTPYTHUK MHCTUTYTA TPUKIIATHBIX MATEMATH -
YyecKux rccienoBaHuit Kapeabckoro HayqYHoOro 1eHTpa
Poccniickoit akamemum Hayk; mpodeccop Ilerposa-
BOJICKOTO TOCYIapCTBEHHOT'O YHUBEPCUTETA

Opuos IOpuii Hukosnaesuu (p. 1963) — mokrop bu-
3UKO-MaTeMaTUYECKUX HayK, mpodeccop, PyKOBOAM-
Tenb cektopa MHCTUTYTAa MPUKIATHON MaTeMaTUKU
um. M. B. Kenpgpiiia Poccuiickoil akageMuu Hayk

ITarano Mukeae (p. 1968) — mokrop Hayk (PhD) mo
3JIEKTPOHUKE, JOLeHT YHuBepcureTa I. [1uza, Mtanus

ITapxomenko Banepwmii IlasmoBuu (p. 1951) — kaH-
nuaatr GUu3MKo-MaTeMaTUYeCKUX HayK, 3aBEemyIOlIUil
cekTopoM BrruuciurenbHoro eHTpa uM. A. A. lopoa-
HunbiHa DegepaabHOTO MCCISI0BATEILCKOTO IIEHTPA
«MHbopmaTuka u ynpasieHue» Poccuiickoii akajie-
MWU HayK

Pynoii I'eopruii Uropesuny (p. 1991) — acnupant Moc-
KOBCKOTO (DM3UKO-TEXHUYECKOTO MHCTUTYTA

CamyiinioB Auapeit Koncrantunosuy (p. 1988) — kanau-
naT (pu3MKo-MaTeMaTU4ecKnx Hayk, JoieHT Poccuii-
CKOTO YHUBEpPCHUTETA APYKOBI HAPOIOB

Cepeopskos Baagumup AnekceeBnd (p. 1946) — mok-
TOp (hU3MKO-MaTeMaTUUECKHUX Hayk, mpodeccop, 3a-
BEAYIOLIMI OTAEIOM BBIYMCIUTEBHOTO LEHTPA WM.

WHOOPMATUKA U EE MPUMEHEHMS Ttom 11 BBIMyck 2 2017



Ob ABTOPAX

A.A. HoponuunbiHa DenepaibHOTO MCCIEI0BATEb-
ckoro neHrtpa «MHbopmaTuka u yrpaBieHue» Poc-
CUICKOM aKaAeMNU1 HayK

Cununpin Braguvup Uropesuu (p. 1968) — mokTop
(huzuKo-MaTeMaTUUECKUX HayK, TOLEHT, 3aBEeAYIONINI
otnenom MHcturyra mipobnem mHpopmatuku Dene-
paJibHOTO MCcienoBaTeabcKoro neHrpa « Mudopmatu-
Ka U ynpanJjieHue» Poccuiickoil akageMumn HayK

Cunnnpia Urops Hukoaaesnd (p. 1940) — mokrop Tex-
HUYECKUX HayK, mpodeccop, 3aciayKeHHbBIN aesaTeNlb
Hayku P®, rnaBHBIN HaydHBI COTPYIHUK MHCTUTY-
Ta npobsieM mHbopmatnku DenepaabHOTO MCCIIENO-
BaTenbCcKoro meHtpa «MHbopMaTnka 1 ympaBieHUE»
Poccuiickoit akaneMuu HayK

Ymakos Baamumup I'eoprueBuu (p. 1952) — mokrtop
(dU3MKO-MaTeMaTUYeCKNX HayK, Tpodeccop Kadeapbl
MaTeMaTU4YEeCKON CTaTUCTHKM (haKyJIbTeTa BbIYMCIIM-
TEJTbHOW MaTeMaTUKU U KUOepHEeTUKU MOCKOBCKOTO
rocynapcTBeHHoOro yHuBepcuteta um. M. B. Jlomo-
HOCOBA; CTaplLIMii HaydyHbIA COTpyAHUK WMHcTuTyTa
npobsem uHpopMatuku PDenepaabHOTO MCCIEIOBA-

TeJIbCKOTo lieHTpa «MH(popMaTMka M ynpaBieHUE»
Poccuiickoit akaneMuu HayK

VYmakoB Hukoaaii I'eoprueBmy (p. 1954) — noxrop
(bm3MKO-MaTeMaTUUECKUX HayK, BEIyIIW HaydyHBIN
coTpynHuk MHCTUTYTA TIPOOJIEM TEXHOIOTUU MUKPO-
3JEKTPOHUKU U 0CO00 YUCTHIX MaTepuaioB Poccuii-
ckoil akagemun Hayk (YepHorosioBka); mpodeccop
Hopsexckoro HaydHO-TEXHOJIOTUYECKOTO YHUBEPCH-
teta (T. TpoHXelMm)

Illecrakos Oser Biaagumuposuy (p. 1976) — mokrop
PU3UKO-MaTeMaTUISCKUX, TOUEHT Kadeapbl MaTeMa-
THYECKOM CTAaTUCTUKU (haKyIbTeTa BBIYUCIUTEIBHOMN
MaTeMaTUuKU U KubepHeTUKU MOCKOBCKOIo rocyaap-
CTBeHHOro yHuBepcutera um. M. B. JloMoHOCOBa;
CTapIINii HayYHBI COTpyoTHMK MHCTHTyTa TIpobiieM
nHpopMmaTukn PenepabHOTO HMCCIEAOBATEIBCKOTO
neHtpa «MHpopmaTrka u ynpasieHue» Poccuiickoit
aKaJgeMUM HayK

Dab-butap Xamun (p. 1981) — acniupant Jlabopatopuu
MmaTeMaTtuku YHuBepcuteta @panin-Konre, . bezan-
coH, ®pannus
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IIpaBuia moAroTOBKH PyKONMCeid A1l MyOJJMKAIIMH B JKYpHAJIe
«ndopmaTuka 1 eé npuMeHeHus»

KypHain «MHpopMaTrKa 1 e€ IpuMeHeHUsI» TTyOJINKYeT TeopeThuIecKue, 0030pHbIe U JUCKYCCUOHHBIE CTaThU,

ITOCBSIIIICHHBIC HAYIYHBIM MCCIICIOBAHUSIM 1 pa3paboTKaM B 001aCT MHMDOPMATUKY U €€ TIPUIOXKESHUA.

)KypHan n3gacTCAd Ha pyCCKOM A3LIKE. Ilo cricnaJlbHOMY PCIICHUIO PEAKOJJICTMN OTACJIbHBIE CTaTbU MOT'YT

rneyaTaTbCd Ha aHTJIMCKOM S3bIKE.
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Temartuka >KypHajia OXBaTbIBACT CJACAYIOIINE HAIPaBICHUS:

TEOPETUIECKNE OCHOBBI MH(POPMATUKN;

MaTeMaTU4YeCKHe METOJIbI UCCIIEOBAHMST CIIOXKHBIX CUCTEM U TTPOIIECCOB;
nHGOPMAIIMOHHBIE CUCTEMBI M CETH;

MH(POPMALIMOHHBIE TEXHOJIOTUH;

apXUTEKTypa M IMPOrpaMMHOE 00eCIIeueHIEe BEIYMCIUTEIBHBIX KOMILIEKCOB 1 CETEA.

. B XypHane meyatarTcs CTaThbH, COAEPXKaIlie pe3yIbTraThl, paHee He OIMyOJIMKOBAaHHBIC M HE TIpeIHa3HAYCH-

HbIC K OL[HOBpCMCHHOﬁ ]'IY6J'II/IKaHI/II/I B APpYTUX U3JaHUAX.

[Myb6ukanus npegocTaBIeHHON aBTOpOM (aMU) PYKOITMCH He I0JIKHA HapyIaTh IOJI0KeHU T1aB 69, 70 pa3-
nena VII yactu IV IpaxaaHckoro konekca, KOTOpble ONPEAessioT MpaBa Ha Pe3ybTaThl MHTEJIEKTYIbHON
JIeSITeIbHOCTU M CPeICTBa MHAMBUIyaIM3allMK, B TOM YUCJIe aBTOPCKUE MpaBa, B PD.

OTBETCTBEHHOCTb 32 HApYLIEHUE aBTOPCKUX ITpaB, B CIyvae MpeabsBAeHUs MPETeH3UI K pelaKiuu XypHaia,
HECYT aBTOPHI CTaTEeM.

Hampapnsst pyKomuch B pedakIIdio, aBTOPHI COXPaHSIOT CBOM IIpaBa Ha HAaHHYIO PYKOITMCU U TIPU 3TOM
TepeaaroT YIPEIUTEISIM U PEAKOJUIETUN XKypHajla HEUCKITIOUMTEJIbHBIC TTpaBa Ha M3AaHKUE CTaThU Ha PYCCKOM
sI3bIKE (MJTU Ha SI3bIKE CTaThU, €CJIU OH OTJIMYEH OT PYCCKOI0) 1 Ha MepeBo/l €€ Ha aHIVIMICKUM S3bIK, a TaKXKe
Ha ee pacripoctpaHeHue B Poccuu u 3a pydexxom. Kaxabiii aBTOp 10KEH MPeICTaBUTh B PeIaKIMI0 TTOATN -
CaHHBII C ero CTOPOHbI «JIMIIEH3UOHHBII TOrOBOP O Mepenaye HEMCKIIOUUTETbHbBIX ITPaB Ha UCITOIb30BaHUE
MPOM3BECHUsI», TEKCT KOTOPOTO pa3MelleH 1o aapecy http://www.ipiran.ru/publications/licence.doc. Dtot
JIOTOBOP MOXET ObITh TIPEACTaBIeH B OyMaxKHOM (B 2-X 9K3.) WU B 2JIEKTPOHHOM BUE (OTCKaHUpPOBAaHHAS
KOIUSI 3aMIOJIHEHHOTO U MOANMKUCAHHOTO JOKYMEHTA).

Penxonnerus BIIpaBE€ 3aIIPOCUTL Y aBTOPOB 3KCIIEPTHOC 3aKIIOUYCHUE O BO3MOXHOCTH rly6m/n<aum/1 npea-
CTaBJICHHOW CTaThU B OTKpBITOﬁ rneyaru.

. KcraTpe npunaratoTtcs naHHble aBTopa (aBTOpoB) (cM. 1. §). [Tpu HaTMYMK HECKOJBbKUX aBTOPOB YKa3bIBACTCS

aMmmst aBTOpa, OTBETCTBEHHOTO 3a TEPEITUCKY C PEIaKITNCH.

. Pemakimms xypHaja oCyIIecTBIISICT SKCIIEPTU3Y IIPUCIAHHBIX CTaTeil B COOTBETCTBUHM C IIPUHSITON B XKypHaJIe

MPOLIEAYPOIi PELIEH3UPOBAHUSI.
BosBpalieHue pyKonucy Ha 10pabOTKY He O3HAYAET e€ IMPUHSITUS K IeUaTu.
JopaboTaHHbBII BApUAHT C OTBETOM Ha 3aMeUaHUsl PeLIeH3eHTa HeOOXOAMMO MPUCIATh B PEAAKIIUIO.

. Perienue PEAKOJIIETUN O HY6I[I/IK8.HI/II/I CTaTbU WU €€ OTKJIOHEHUU COOOIIIAeTCs aBTOpaM.

Penxonnerus MoxeT Takxe HarpaBuUTb aBTOpaM TEKCT PCLICH3MM Ha UX CTATblO. I[I/ICKYCCI/IH 10 IMoBOAY
OTKJIOHEHHBIX CTaTE HE BEIETCA.

. PemakTypa cTaTeil BRICBIIaeTCS aBTOpaM IS TPOCMOTpa. 3aMedaHUsI K PeIaKType TOKHBI OBITh TTPUCIaHbI

aBToOpaMu B KpaTqaﬁmne CPOKHM.

. Pyxkonuce npenocrasisiercst B a1ekTpoHHOM Bre B opmarax MS WORD (.doc nmnu .docx) mim BTEX (.tex),

TOTTOTHUTEIbHO — B popmate .pdf, Ha TucKeTe, Ja3epHOM AMCKE WIIM 2JIEKTPOHHOM mouToii. [Ipegocrasie-
HUe OyMakHOI pyKOMKUCHU Heo0s13aTeIbHO.

. IIpu nonroroske pykornucu B MS Word pekoMeHayeTCsT UCITOJIb30BaTh CJIEAYIONIe HACTPOMKH.

ITapameTpsl cTpaHullbl: popMaT — A4; opreHTalMs — KHUXKHAas; 11051 (CM): BHYTpU — 2,5, cHapyxu — 1,5,
CBEpXY — 2, CHU3Y — 2, OT Kpasl 0 HUXKHEro KOJOHTUTyaa — 1,3.

OcHOBHOI TeKCT: cTub — «OO0bIYHbIN», pUdT — Times New Roman, paszmep — 14 myHKTOB, a03alHbI
otctyn — 0,5 cm, 1,5 uHTepBaa, BBIpaBHUBaHUE — IO LIMPUHE.
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PexomeHnayeMblii 00beM PYKOMIMCU — HE CBbILIE 15 cTpaHull yKazaHHoro ¢dbopmara. [Ipu mpeBbllieHUN
yKa3aHHOIro o0beMa peJKOJIIerusl BIIpaBe MOTpeOdoBaTh OT aBTOpPa COKpallleHUsI 00beMa PYKOITUCH.
CoxkpallleHus1 CI0B, TOMUMO CTAaHOAPTHBIX, HE JomyckaioTcs. JlomyckaeTcsi MUHUMAaIbHOE KOJIUYECTBO
ab0OpeBuaryp.
Bce cTpaHuUIlbl pyKOTMCU HYMEPYIOTCS.
Llla6monsl mpuMmepoB odopMIeHUS TpenctaBieHbl B MuTepHere:  http://www.ipiran.ru/journal/
template.doc

8. CraTbst [OXKHA COIEPXKATh CIEAYIONLYI0 UH(MDOPMALIUIO HA PYCCKOM U AH2AUICKOM A3bIKAX:

— Ha3BaHME CTaTbH;

— @®.1.0. aBTOpOB, Ha AHITMIICKOM MOXKHO TOJIBLKO UM 1 (paMUIINIO;

— MecTo paboTHl, C yKa3aHHWEeM TTOYTOBOTO afipeca OpraHM3alliK U 2JIEKTPOHHOTO aapeca KaxkIoTo aBTopa;

— cBeleHMsI 00 aBTOpax, B COOTBETCTBUM ¢ OpMATOM, 0Opa3Lbl KOTOPOTO MPEACTABICHB! HA CTPAHULIAX:
http://www.ipiran.ru/journal /issues/2013.07_01_rus/authors.asp u
http://www.ipiran.ru/journal/issues/2013.07_01_eng/authors.asp;

— aHHoTauus (He MeHee 100 cJIOB Ha KaXXa0M U3 sI3bIKOB). AHHOTallUsl — 3TO KpaTKoe pe3tome pado-
ThI, KOTOPOE MOXET ITyOJIMKOBATLCSI OTACNbHO. OHa SIBISIETCSI OCHOBHBIM MCTOYHUKOM MHGbOpPMAaIUU
B MH(MOPMALMOHHbBIX CUCTEMAaX U 0a3ax JaHHbIX. AHIIMIACKAsl aHHOTALMsI JOJKHA ObITh OPUTMHAIBHOIA,
MOXET He ObITh JOCJIOBHBIM IIEPEBOIOM PYCCKOTO TEKCTa U AOJKHA OBITh HAIlMCAHA XOPOIIMM aHIJIMii-
CKHM SI3bIKOM. B aHHOTamm He JOJDKHO OBITh CCBIJIOK Ha JIUTEpaTypy U, IO BO3MOXHOCTH, (POPMYIT;

— KITIOYEBBIE CJTIOBA — KEJIATCIbHO M3 IMPUHATHIX B MUPOBOI HAYyYHO-TEXHUYECKOM JIUTepaType TeMaThuie-
ckux Te3aypycoB. [IpeanoxeHus: He MOIYT ObITh KJIIOUEBBIMU CJIOBAMU;

— UCTOYHUKU (PMHAHCHUPOBAHUSI pabOThI (CCHUIKM Ha TPAHThI, IPOESKTHI, MMOAAEPKMBAIOLIE OPraHU3aLUT
U T.IL.).

9. TpeboBaHUS K CITUCKAM JIUTEPATYPHI.
CchUIKM Ha JINTEPATypy B TEKCTE CTaTbU HYMEPYIOTCs (B KBaApaTHBIX CKOOKAX) M PaCItoaraloTcsl B KaXKIoM
M3 CITUCKOB JIUTEPATYPhI B MOPSIAKE MEPBBIX YITOMUHAHMIA.
CHnucKM TUTepaTypbl IPEeACTaBISIOTCS B IBYX BapyUaHTaX:

(1) Cnmcoxk JmTepatypsl K pyCCKOSI3bIYHO# yacTh. Pycckue 1 aHTMiickre paboThl — Ha SI3bIKE U B asipaBUTE
OpUTUHAJA;

(2) References. Pycckue paboThl M pabOThI Ha APYTUX SI3bIKAX — BJIATUHCKOM TpaHCIUTEPALIUU C IEPEBOIOM
Ha aHTJIMICKUI SI3bIK; aHTJIMACKKE PabOThI U paOOTHI HA IPYTUX SI3bIKaX — Ha sI3bIKe OpUTMHAaA.

Heobxoaumo st cocrabieHust criucka “References” monb3oBathesi pa3MelieHHO# Ha caiite http://www.
translit.net/ru/bgn/ GecriaTHOM MPOrpaMMOii TPAHCIUTEPALIMY PYCCKOTO TEKCTA B IATUHULLY.

Crmcok utepartypsbl “References” mpuBOAUTCS MOJHOCTBIO OTACIBLHBIM OJIOKOM, TTOBTOPSIST BCe MO3UILINU
M3 CIIMCKa JUTEepaTypbl K PYCCKOS3bIYHOM YacTHW, HE3aBUCUMMO OT TOTO, MMEIOTCS WM HET B HEM WHO-
CTpaHHbIe UCTOYHUKU. Eciiu B cricke auTepatypbl K pyCCKOSI3bIYHOI YaCTU €CTh CChIJIKM HA MHOCTPaHHbIE
MMyOJUKauu, HaOpaHHbBIC IATUHUIICH, OHM ITOJTHOCTBIO TIOBTOPSIIOTCS B crincke “References”.

Huxe mpuBeneHbI MTpUMEPHI CCHUIOK Ha pa3IMYHbIe BUIBI TyoauKauuii B crimcke “References”.

OnucaHue CTaThby U3 XKypHaJa:

Zagurenko, A.G., V.A. Korotovskikh, A.A. Kolesnikov, A.V. Timonov, and D.V. Kardymon. 2008. Tekhniko-
ekonomicheskaya optimizatsiya dizayna gidrorazryva plasta [Technical and economic optimization of the design of
hydraulic fracturing]. Neftyanoe hozyaystvo |Oil Industry] 11:54—57.

Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electrochemical micromachining. Rus. J. Electrochem.
44(8):926—930. doi:10.1134,/S1023193508080077.

OnucaHue CTATHU U3 3JIEKTPOHHOIO JKYPHAJIA:

Swaminathan, V., E. Lepkoswka-White, and B.P. Rao. 1999. Browsers or buyers in cyberspace? An investigation of
electronic factors influencing electronic exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5 /issue2/
(accessed April 28, 2011).

OnucaHue CTAThU U3 MPOIOJIKAIONIEr0cs U3aanus (COOPHUKA TPYIAOB):

Astakhov, M. V., and T.V. Tagantsev. 2006. Eksperimental’noe issledovanie prochnosti soedineniy “stal’—kompozit”
[ Experimental study of the strength of joints “steel—composite”]. Trudy MGTU “Matematicheskoe modelirovanie slozhnykh
tekhnicheskikh sistem” | Bauman MSTU “Mathematical Modeling of Complex Technical Systems” Proceedings]. 593:125—130.
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Onucanne MaTepuaioB KoHdepeHnuii:

Usmanov, T. S., A. A. Gusmanov, I. Z. Mullagalin, R. Ju. Muhametshina, A. N. Chervyakova, and A. V. Sveshnikov. 2007.
Osobennosti proektirovaniya razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [Features of the design of field
development with the use of hydraulic fracturing|. Trudy 6-go Mezhdunarodnogo Simpoziuma “Novye resursosberegayushchie
tekhnologii nedropol’zovaniya i povysheniya neftegazootdachi” [6th Symposium (International) “New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact” Proceedings]. Moscow. 267—272.

Onucanue KHUTH (MOHOTpaduu, COOPHUKH):

Lindorf, L.S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogeneratorov s neposredstvennym okhlazhdeniem
|Operation of turbine generators with direct cooling]. Moscow: Energy Publs. 352 p.

Latyshev, V. N. 2009. Tribologiya rezaniya. Kn. I: Friktsionnye protsessy pri rezanii metallov | Tribology of cutting. Vol. I:
Frictional processes in metal cutting]. Ivanovo: Ivanovskii State Univ. 108 p.

Onucanue NepeBoAHON KHUTH (B CITMCKE JTUTePaTyphl K PYCCKOS3BIMHON YacT HeoOxomuMo ykasatk: / [lep. ¢ aHTn. —
TToCJIe Ha3BaHMsI KHUTH, a B KOHIIE CCBITKM YKa3aTh OPUTUHAJI KHUTHU B KPYTJIBIX CKOOKaX):

1. B pyccKosI3bIYHOM YacTu:
Tumowenxo C. I1., Hue /. X., Yusep V. Konebanus B unxxeHepHom aene / [lep. ¢ anrin. — M.: MammHocTpoeHue,
1985. 472 c. (Timoshenko S. P., Young D. H., Weaver W. Vibration problems in engineering. — 4th ed. — N.Y.: Wiley,
1974. 521 p.)

2. B aHmIos3bI19HOM YacTH:
Timoshenko, S. P., D. H. Young, and W. Weaver. 1974. Vibration problems in engineering. 4th ed. N.Y.: Wiley. 521 p.

Omicanne HeOoNMyOJIMKOBAHHOTO JOKYMEHTA:

Latypov, A.R., M. M. Khasanov, and V. A. Baikov. 2004. Geology and production (NGT GiD). Certificate on official
registration of the computer program No. 2004611198. (In Russian, unpubl.)

Omicanue MHTEPHET-pecypea:

Pravila tsitirovaniya istochnikov [Rules for the citing of sources]. Available at: http://www.scribd.com/doc/1034528/
(accessed February 7, 2011).

Onucanue AUCCEPTALMU WITH aBTope(bepaTa AUCCepTaAlMu:

Semenoy, V. 1. 2003. Matematicheskoe modelirovanie plazmy v sisteme kompaktnyy tor [Mathematical modeling of the
plasma in the compact torus]. D.Sc. Diss. Moscow. 272 p.

Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informatsionnogo monitoringa [Technology of
development of semantic dictionary of information monitoring system|. PhD Thesis. Moscow: IPI RAN. 23 p.
Omucanue 'OCTa:

GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda i kolichestva zhidkostey i gazov
s pomoshch’yu standartnykh suzhayushchikh ustroystv [Method of measurement. Measurement of flow rate and volume of
liquids and gases by means of orifice devices|. Moscow: Standardinform Publs. 10 p.

Omnucanue naTeHTa:

Bolshakov, M. V., A.V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob orientirovaniya po krenu letatel’nogo
apparata s opticheskoy golovkoy samonavedeniya [The way to orient on the roll of aircraft with optical homing head].
Patent RF No. 2280590.

IIpucnanHble B pegakiiMio MaTepuralibl aBTOpaM He BO3BpaIlalOTCSl.

ITpu oTnipaBke (aitaoB Mo 3JeKTPOHHOI MOUTe MPOCUM MPUAECPXKUBATHCS CASAYIONIMX MTPaBUII:

— YyKa3bIBaTh B MmoJie subject (TemMa) Ha3BaHME XKypHajia U (haMUIMIO aBTOpa;
— uCnoJsb30BaTh attach (MpucoeauHeHUe);
— B COCTaB 2JICKTPOHHOM BEpPCUY CTAThbU JOJKHBI BXOIUTE: (paiijl, comepKalinii TeKCT CTaTbu, U (haiti(sl),
coaepxkaluii(e) MLTIoCTpalu.
KypHan «MHbopmaTiKa 1 e€ MpuMeHeHUs» IBISIETCS HEKOMMepUYecKUM n3gaHueMm. [liara 3a myGamMKanuio
HE B3UMAaeTCsI, TOHOPap aBTOPaM HE BBITUTAUMBACTCSI.
Anpec penakuuu xxypuaia «ngopmMaTuka u e€ npumMeHeHUsI»:
Mocksa 119333, yin. BaBunosa, 1. 44, kopm. 2, UL 1Y PAH
Ten.: +7(499) 135-86-92 dakc: +7 (495) 930-45-05
e-mail: rust@ipiran.ru (Ceitpynb-MymokoB Pycrem banpueuy)
http://www.ipiran.ru/journal /issues/
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Requirements for manuscripts submitted to Journal
“Informatics and Applications”

Journal “Informatics and Applications” (Inform. Appl.) publishes theoretical, review, and discussion articles on the research
and development in the field of informatics and its applications.
The journal is published in Russian. By a special decision of the editorial board, some articles can be published in English.
The topics covered include the following areas:

— theoretical fundamentals of informatics;

— mathematical methods for studying complex systems and processes;
— information systems and networks;

— information technologies; and

— architecture and software of computational complexes and networks.

1. The Journal publishes original articles which have not been published before and are not intended for simultaneous
publication in other editions. An article submitted to the Journal must not violate the Copyright law. Sending the manuscript
to the Editorial Board, the authors retain all rights of the owners of the manuscript and transfer the nonexclusive rights to
publish the article in Russian (or the language of the article, if not Russian) and its distribution in Russia and abroad to the
Founders and the Editorial Board. Authors should submit a letter to the Editorial Board in the following form:

Agreement on the transfer of rights to publish:

“We, the undersigned authors of the manuscript “. . . ”, pass to the Founder and the Editorial Board of the Journal “Informatics
and Applications” the nonexclusive right to publish the manuscript of the article in Russian (or in English) in both print and
electronic versions of the Journal. We affirm that this publication does not violate the Copyright of other persons or organizations.
Author(s) signature(s): (name(s), address(es), date).

This agreement should be submitted in paper form or in the form of a scanned copy (signed by the authors).

2. A submitted article should be attached with the data on the author(s) (see item 8). If there are several authors, the contact
person should be indicated who is responsible for correspondence with the Editorial Board and other authors about revisions
and final approval of the proofs.

3. The Editorial Board of the Journal examines the article according to the established reviewing procedure. If the authors
receive their article for correction after reviewing, it does not mean that the article is approved for publication. The corrected
article should be sent to the Editorial Board for the subsequent review and approval.

4. The decision on the article publication or its rejection is communicated to the authors. The Editorial Board may also send
the reviews on the submitted articles to the authors. Any discussion upon the rejected articles is not possible.

5. The edited articles will be sent to the authors for proofread. The comments of the authors to the edited text of the article
should be sent to the Editorial Board as soon as possible.

6. The manuscript of the article should be presented electronically in the MS WORD (.doc or .docx) or ETEX (.tex) formats,
and additionally in the .pdf format. All documents may be sent by e-mail or provided on a CD or diskette. A hard copy
submission is not necessary.

7. The recommended typesetting instructions for manuscript.

Pages parameters: format A4, portrait orientation, document margins (cm): left — 2.5, right — 1.5, above — 2.0, below —
2.0, footer 1.3.
Text: font —Times New Roman, font size — 14, paragraph indent — 0.5, line spacing — 1.5, justified alignment.
The recommended manuscript size: not more than 15 pages of the specified format. If the specified size exceeded, the
editorial board is entitled to require the author to reduce the manuscript.
Use only standard abbreviations. Avoid abbreviations in the title and abstract. The full term for which an abbreviation stands
should precede its first use in the text unless it is a standard unit of measurement.
All pages of the manuscript should be numbered.
The templates for the manuscript typesetting are presented on site: http://www.ipiran.ru/journal/template.doc.
8. The articles should enclose data both in Russian and English:
— title;
— author’s name and surname;
— affiliation — organization, its address with ZIP code, city, country, and official e-mail address;
— data on authors according to the format: (see site)
http://www.ipiran.ru/journal /issues/2013_.07_01/authors.asp and
http://www.ipiran.ru/journal /issues /2013_07_01_eng/authors.asp;
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9.

10.
11.

12.
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— abstract (not less than 100 words) both in Russian and in English. Abstract is a short summary of the article that can be
published separately. The abstract is the main source of information on the article and it could be included in leading
information systems and data bases. The abstract in English has to be an original text and should not be an exact
translation of the Russian one. Good English is required. In abstracts, avoid references and formulae;

— indexing is performed on the basis of keywords. The use of keywords from the internationally accepted thematic
Thesauri is recommended.

Important! Keywords must not be sentences;

— Acknowledgments.

References. Russian references have to be presented both in English translation and Latin transliteration (refer
http://www.translit.net/ru/bgn/).
Please take into account the following examples of Russian references appearance:
Article in journal:
Zhang, Z., and D. Zhu. 2008. Experimental research on the localized electrochemical micromachining. Rus. J. Electrochem.
44(8):926—930. doi:10.1134/5S1023193508080077.
Journal article in electronic format:
Swaminathan, V., E. Lepkoswka-White, and B. P. Rao. 1999. Browsers or buyers in cyberspace? An investigation of
electronic factors influencing electronic exchange. JCMC 5(2). Available at: http://www.ascusc.org/jcmc/vol5 /issue2/
(accessed April 28, 2011).
Article from the continuing publication (collection of works, proceedings):
Astakhov, M. V., and T.V. Tagantsev. 2006. Eksperimental’noe issledovanie prochnosti soedineniy “stal’—kompozit”
[Experimental study of the strength of joints “steel—composite”]. Trudy MGTU “Matematicheskoe modelirovanie slozhnykh
tekhnicheskikh sistem” | Bauman MSTU “Mathematical Modeling of Complex Technical Systems” Proceedings]. 593:125—130.
Conference proceedings:
Usmanov, T. S., A. A. Gusmanov, 1. Z. Mullagalin, R. Ju. Muhametshina, A. N. Chervyakova, and A. V. Sveshnikov. 2007.
Osobennosti proektirovaniya razrabotki mestorozhdeniy s primeneniem gidrorazryva plasta [ Features of the design of field
development with the use of hydraulic fracturing]. Trudy 6-go Mezhdunarodnogo Simpoziuma “Novye resursosberegayushchie
tekhnologii nedropol’zovaniya i povysheniya neftegazootdachi” |6th Symposium (International) “New Energy Saving Subsoil
Technologies and the Increasing of the Oil and Gas Impact” Proceedings]. Moscow. 267—272.
Books and other monographs:
Lindorf, L.S., and L. G. Mamikoniants, eds. 1972. Ekspluatatsiya turbogeneratorov s neposredstvennym okhlazhdeniem
|Operation of turbine generators with direct cooling]. Moscow: Energy Publs. 352 p.
Dissertation and Thesis:
Kozhunova, O. S. 2009. Tekhnologiya razrabotki semanticheskogo slovarya informatsionnogo monitoringa [Technology of
development of semantic dictionary of information monitoring system|. PhD Thesis. Moscow: IPI RAN. 23 p.
State standards and patents:
GOST 8.586.5-2005. 2007. Metodika vypolneniya izmereniy. Izmerenie raskhoda i kolichestva zhidkostey i gazov
s pomoshch’yu standartnykh suzhayushchikh ustroystv [ Method of measurement. Measurement of flow rate and volume of
liquids and gases by means of orifice devices|. M.: Standardinform Publs. 10 p.
Bolshakov, M. V., A.V. Kulakov, A. N. Lavrenov, and M. V. Palkin. 2006. Sposob orientirovaniya po krenu letatel’nogo
apparata s opticheskoy golovkoy samonavedeniya [ The way to orient on the roll of aircraft with optical homing head]. Patent
RF No. 2280590.
References in Latin transcription are presented in the original language.
References in the text are numbered according to the order of their first appearance; the number is placed in square brackets.
All items from the reference list should be cited.
Manuscripts and additional materials are not returned to Authors by the Editorial Board.
Submissions of files by e-mail must include:

— the journal title and author’s name in the “Subject” field;

— an article and additional materials have to be attached using the “attach” function;

— an electronic version of the article should contain the file with the text and a separate file with figures.
“Informatics and Applications” journal is not a profit publication. There are no charges for the authors as well as there are
no royalties.

Editorial Board address:
FRC CSC RAS, 44, block 2, Vavilov Str., Moscow 119333, Russia
Ph.: +7(499) 13586 92, Fax: +7(495)9304505
e-mail: rust@ipiran.ru (to Prof. Rustem Seyful-Mulyukov)
http://www.ipiran.ru/english /journal.asp
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