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TEXT CLASSIFICATION STREAM-BASED R-MEASURE APPROACH
USING FREQUENCY OF SUBSTRING REPETITION

The publication is prepared within the framework of the scientific project No. 14-14-70010 supported
by the Russian Humanitarian Scientific Fund. This work is performed under the state order No. 1.511.2014/K
of the Ministry of Education and Science of the Russian Federation.

Stream-based approach of R-measure using frequency of substring repetition in text classification is offered.
Comparative quality analysis of classificators based on the truncated R-measure using frequencies of test text substring
repetition and without one is performed on a text set of Russian fiction of the 19™ century and the 90™ of 20™ century.
An accuracy of text classification is estimated by Van Rijsbergen’s effectiveness measure known as F-measure. The fact
that in case of genre mixing free into author’s text classes accounting frequency of test text substring repetition in
supertexts increases the classification accuracy is confirmed.

Keywords: stream-based classification approach; R-measure; frequency of substring repetition; classification accuracy;
F-measure.

Issues of automatic text classification arise in the creation and updating of search systems, scientific re-
search linked with recognition style features of fiction or published texts, author text matching etc. The formal
description of the text classification issue is described, as example, in [1]. As mentioned in [1] all text classifi-
cation approaches can be divided on two groups: feature-based and stream-based. Feature-based approaches do
not deal with text directly, but these use text-value representation as an array of feature values. It is necessary
to determine a sufficient feature set by which the classificatory calibrated before using any feature-based ap-
proach of text classification. In case of feature set selection is poor; the classification result becomes extremely
unsatisfactory. Stream-based approaches unlike feature-based do not require selection of any features for text
classification and deal with text directly. Text X is considered as a sequence (stream) x; x; ... x, of n elements
from an alphabet 4.

Among the stream-based approaches are two main groups described in [1—4]. The first group is based on
substring repetition counting (R-, C- and other measures). The second group uses data compression (for exam-
ple, the off-the-shelf algorithm using PPM (Prediction by Partial Matching) compression method).

Khmelev [5] did a comparison of the methods based on substring repetition counting with the methods
based on data compression. The comparison was held on the news articles (journalistic articles) in which an
author style is involved much and a genre specifics influence is decreased. To estimate an accuracy of text clas-
sification better the additional comparison should be done on different types of texts, particularly, on fictions.

We offer a modification of R-measure which can use frequencies of substring repetition. This article de-
scribes the comparative quality analysis of the classification approaches based on the truncated R-measure and
its modification in case of Russian fiction texts of different ages.

1. Stream-based approaches and truncated R-measure

Approaches proposed by Khmelev and Teahan in [6] are based on both of the above groups, but there is
the approach which can be especially highlighted. This approach named R-measure (from repetition) counts all
substrings of a test text that are present in a class supertext. The supertext is formed by concatenating all texts
of the particular class. So R-measure has the following equation:
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where X is a test text; S — a supertext of current class; #n — length of the test text; k — length of pattern substring used
in string search and c(x X, | S ) — indicator function, indicating presence of a substring into the supertext:
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As the volumes of fiction, texts are so huge R-measure calculation should be done quickly. In that case,
the suffix arrays [1, 3, 4] are used in the R-measure calculation to search a substring quickly in the huge text.

The indicator function based on suffix array approach can be implemented in an algorithm using dichot-
omous search in the suffix array. So the indicator function should return 1 value if a pattern substring is
matched with a suffix in the array at first time (other matching is not used here), or return 0 value, if no match-
ing with the suffixes.

Also note that R-measure equation (1), in fact, has the number of used substrings in the denominator.
This number is used to normalize the value of the proximity between the texts so that it should be in the interval
[0,1], where 1 value means that a class supertext contains full test text (the maximum similarity of a test text
with a class supertext), and 0 value means no matching between the test text and the supertext.

In the first place, the main disadvantage of R-measure is the fact that the substrings with length in 1 or 3
symbols and the substring with length over 200 symbols are absolutely unsuitable, because these substrings
cannot be used to recognize specific characteristics for each class. The second disadvantage of R-measure is the
issue that the length n of test fiction texts is around 150 thousand symbols on average so R-measure calculation
under that condition of test text length requires a lot of computing resources and time on the typical personal
computers in the classification using real data. Even if using the best on-time performance algorithms of sub-
string search and data structures, R-measure calculation requires about 6 days for each class at the length of test
text around 200 thousand symbols. A lot of time required in the R-measure classification is completely unsuita-
ble in the real world. To solve these issues the modification of R-measure, named truncated R-measure, which
uses only particular substring lengths from the full range of available substrings has been proposed.

Truncated R-measure similarity described in [1] counts all repetitions of substrings of test text length # in
the supertext. These substrings have lengths from £, to k; unlike classical R-measure equation (1) where & =1,
kz =n.

RX|S)=r(X|S)/N, 3)
where X is a test text; S — a supertext of particular class; N —a number of used substrings. The function to calcu-

late a measure of similarity is described as follows:
ky n-k

V(X|S)=ZZC(X;---x;+k|S)~ “4)

k=k; i=0

Normalizing of the measure is based on the number of used substrings N, which is calculated by follow-
ing equation:

N=(2n+1)—(k +k,))(k, -k +1)/2. 5)

The issue of the k; and k, parameters selection used in truncated R-measure calculation has been solved
by natural language features. The minimum length %, is equal to 10 symbols because shorter substrings can
match with many words in Russian language, which are common for all authors so authors specifics cannot be
pick out. The maximum length 4 is equal to 45 symbols that allows to process several words from the test text.
Using the greater length of substrings seems not useful as different authors cannot repeat such long phrases
many times or it could be unlikely. So a time calculation of the truncated R-measure is decreased compared
with the classical R-measure because of the reduction of substrings amount. For example, the time to calculate
the truncated R-measure on a test text which length is equal to 150 thousand symbols for each class is reduced
to the acceptable level about one or two minutes.



2. Modification of R-measure using frequencies of substring repetition

Previous comparison of approaches based on R-measure and PPMD (PPMd — Prediction by Partial
Matching (dynamic) data compression algorithm without loss) compression described in [7, 8] shows that the
accuracy of classification by R-measure is less than accuracy by the PPMD approach in some case. These cases
are explained by the fact that R-measure approach does not use frequencies of substring repetition unlike the
PPMD compression approach. To estimate feasible performance of using frequencies in classification the ap-
proach based on R-measure modification that can use frequencies of substring repetition is offered. This
R-measure modification is named RF-measure (repetition frequency). The RF-measure detailed description and
its comparison with R-measure are described in this article.

RF-measure is based on the same arrangement of truncation used in equations (3) and (4):

RFEX|S)=1f(X|S)/ N, (6)
FX18)= 35 (5,501 S). g

In that case, indicator function c(x,. Xy | S ) used in R-measure equation (3) is removed and the func-

tion, which determines the degree of similarity of substring frequencies between a test text and a supertext, is
used in the similarity measure:

rfe(x; .. X, ), X, X, €8,

Vf(x,-”‘ka S):{ 0,x..x, &8. (8)

i+k

During the selection of similarity measure, it was decided to use the relative frequencies of substring rep-
etition of the test text and the supertext in the measure calculation. The main condition of the measure selection
is that calculated value should satisfy the normalization principles. It means that the similarity measure value
should be in the interval [0,1], where 1 value means that compared frequencies are the same. This condition can
be satisfied easily if similarity measure is based on the ratio of the minimal frequency to maximum one. Ac-
cordingly, the similarity measure using the ratio of frequencies of substrings repetition of test texts and super-
texts is following:

min(fy (% %), S (X X)) .
max(fy (X; ... X, ) fs (XX, )

Thus, any difference in the relative frequencies results in a reduction of the similarity measure, whereby
a test text belonging to the class is reduced too.
The relative frequencies of substrings repetition for test text X and supertext S is as follows:

CCx (% X1y) CCs (X Xy )
X...X. )= and X ...X,,, )= ,
fX( i 1+k) NX fS( i 1+k) NS

where a function cc(x S X ) unlike the indicator function (2) returns the amount of pattern substring match-

rfe(x;..x,,, )=

e Kivk
ing in the test text and supertext (relevant marks X and S is in the subscripts), and N is the lengths of texts X and
S respectively.

The function cc(xl. B ) can be implemented in an algorithm using the dichotomous substring search

in a suffix array. This algorithm after the completion of substring search process and the first success of full
pattern matching selects next suffixes in series that satisfy the pattern matches and counts the total number of
that matches. To decrease time of counting matches the special array containing the lengths of a common prefix
of the next suffix for each particular suffix can be used. In the algorithm the procedure of full matching sub-
string pattern and suffix can be skipped in case a length of the next suffix prefix less than a length of the sub-
string pattern. Using the common prefix array calculation time of counting all substring matches for substring
lengths more than 10 symbols could be decreased about 5-10%.

3. Accuracy analysis of classification

In this article the analysis of classification accuracy of R-measure and RF-measure have been done for
two text samples. The first text sample consists of 126 prose fiction texts of nine authors of the 19" century rep-
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resenting the classes. This text sample is described in [9, 10]. More than 90 texts have been used as a training
sample to build corresponding supertexts. The second text sample used in [8] work is the prose fiction texts of
the 90™ of 20" century. This text sample contains 138 texts by 21 authors. The volume of the supertexts is the
same for each class necessarily and text lengths of test samples are equal to 100 thousand symbols.

To test the classification accuracy software module that allows classify a text by R-measure and RF-
measure has been designed and implemented. The issue of parameters k; and &, selection has been solved by
natural language features as described above.

Classification accuracy for each class is estimated by Van Rijsbergen’s measure [1, 11] known as F-
measure. F-measure is harmonic mean of precision p (the number of correct positive results divided by the
number of all positive results) and recall » (the number of correct positive results divided by the number of pos-
itive results that should have been returned):

F=21*P
r+p

In general, the rating of the classification accuracy is calculated as an arithmetical mean of F-measures of
all classes, named F-macro, or as F-measure is calculated on average of precisions and recalls of all classes,
named F-micro.

4. Results

As for the first text sample represented by 9 classes the result characteristics have been calculated for
truncated R-measure and RF-measure, shown in table 1.

Table 1
Precision, recall and F-measure for authors of the 19™ century
Author Precision Recall F-measure

R-measure RF-measure R-measure RF-measure R-measure RF-measure
Chehov 0,60 0,56 0,75 0,75 0,67 0,64
Dostoevskii 1,00 0,56 0,42 0,42 0,59 0,48
Gogol 0,92 1,00 1,00 1,00 0,96 1,00
Goncharov 0,67 0,63 1,00 1,00 0,80 0,77
Kuprin 1,00 0,50 0,50 0,42 0,67 0,45
Leskov 0,71 1,00 0,83 0,75 0,77 0,86
Saltikov-Shedrin 0,40 0,40 0,17 0,17 0,24 0,24
Tolstoi 1,00 1,00 0,92 0,92 0,96 0,96
Turgeniev 0,57 0,71 1,00 1,00 0,73 0,83

For clarity, the total ratings of classification accuracy on the first text sample are shown in table 2.

Table 2
Values of F-macro and F-micro for each approach

Approach F-measure (macro) F-measure (micro)
R-measure 0,71 0,75
RF-measure 0,69 0,71

For the first text sample the F-measure of the classificator based on R-measure is 2-4% better than the
F-measure of the classificator based on RF-measure. Further research has illustrated the fact that stylistic char-
acteristics of the test texts and supertexts of some classes are different visibly. In case using RF-measure that
difference between texts can significantly affects the numerical value of similarity measure and results of text
classification.

To minimize the effect of the above issue, depending on the quality of training and test samples, it has
been decided to make these samples randomly from all texts of the class. The process of sample generation
must be satisfy two conditions — test texts should not be included in the training sample, which is used to build
a supertext, and vice versa, and the volumes of all supertext should be the same for each class. After repeated
classifying all values of F-measure calculated for each class on the randomly generated samples are average for



each class. Average values of the class F-measure for the truncated R-measure u RF-measure, and total
F-macro of the classificators are presented in table 3.

Table 3
Average F-measure for authors of the 19" century on randomly generated samples
F-measure
Author R-measure RF-measure

Chehov 0,95 0,90
Dostoevskii 0,41 0,57
Gogol 0,88 0,92
Goncharov 0,91 0,89
Kuprin 0,89 0,69
Leskov 0,89 0,90
Saltikov-Shedrin 0,61 0,73
Tolstoi 0,94 0,94
Turgeniev 0,73 0,85
Total F-mesuare (macro) 0,80 0,82

As illustrated by results in table 3 total (average for the classes) the F-measure value of RF-measure is
higher than the F-measure value of R-measure. Note that only two classes have F-measure results using
RF-measure worse than results using R-measure on 2—5%. It means using RF-measure improves the classifica-
tion accuracy in general. This fact also can be confirmed by the classification results on the second text sample.
The text sample is specific because it contains modern text of little-known authors, texts are in most cases rep-
resented by one genre and the used set of words is not wide as for prose authors of the 19" century.

As for the second text sample based on 21 classes the results for truncated R-measure and RF-measure
are shown in table 4.

Table 4
Precision, recall and F-measure for authors of the 20™ century
Precision Recall F-measure
Author
R-measure RF-measure R-measure RF-measure R-measure RF-measure
Agafonov 0,88 0,88 1,00 1,00 0,93 0,93
Aristov 1,00 1,00 1,00 1,00 1,00 1,00
Azarov 0,96 1,00 1,00 1,00 0,98 1,00
Baganov 0,79 0,84 1,00 1,00 0,88 0,91
Belkin 1,00 1,00 1,00 1,00 1,00 1,00
BelobrovPopov 1,00 1,00 1,00 1,00 1,00 1,00
Belomlinskaya 1,00 1,00 1,00 0,80 1,00 0,89
Belov 1,00 1,00 0,78 0,78 0,88 0,88
Bonch 1,00 1,00 0,27 0,27 0,43 0,43
Bronin 1,00 1,00 1,00 1,00 1,00 1,00
Burmistrov 0,50 0,50 1,00 1,00 0,67 0,67
Galkin 1,00 1,00 0,29 0,29 0,45 0,45
Gergenreder 1,00 1,00 1,00 1,00 1,00 1,00
Glushkin 1,00 1,00 1,00 1,00 1,00 1,00
Svetlana 1,00 1,00 1,00 1,00 1,00 1,00
Velboi 0,10 0,26 0,20 0,90 0,13 0,40
Vershovskii 1,00 1,00 0,19 0,19 0,32 0,32
Veter 0,57 0,80 1,00 1,00 0,73 0,89
Vitkovskii 1,00 1,00 0,33 0,33 0,50 0,50
Voronov 1,00 1,00 1,00 1,00 1,00 1,00
Vulf 1,00 1,00 1,00 1,00 1,00 1,00

For clarity, the total ratings of classification accuracy on the second text sample are shown in table 5.



Values of F-macro and F-micro for each approach

Table 5

Approach F-measure (macro) F-measure (micro)
R-measure 0,80 0,85
RF-measure 0,82 0,88

The classificator based on RF-measure is a little better than one based on R-measure on the text sample.
And only one class has the F-measure value of RF-measure less than one of R-measure.

Moreover, note the fact that there are classes, classification accuracy which is extremely low. Additional
researches show that this aspect occurs because the similarity measure between the supertext of that classes and
the supetext of another classes is more than 20%. The aspect is illustrated in figure 1.

Identify author’s stylistic features of such text requires using additional instruments. It can be an analyz-
er, which takes class specific substrings from the text, or a filter, which excludes substrings that are absolutely
common for the classes (for example, it can be a common phrase or idioms of Russian language or a series of
function words without semantic). These instruments can become a dynamic dictionary, which can be extended
by adding new texts in the class supertext. Moreover, the proposal instruments are heuristic tools based on the
language features and its performance is questionable in general if a stream contains other entities instead of
text characters (stream codes of the human genome for example).
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Fig. 1. Similarity measure of Bonch and Velboi supetexts by other classes
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As for the second text sample, note that RF-measure has a better classification accuracy for that class
types allowing highlight the stylistic features of author style well. So the accuracy of the classification based on
RF-measure is better on text samples, class supetext of which can be very similar. In that case, the precisions of

two classes have increased more than 50%.



Conclusions

Classification accuracy of both classificators on considered text data is more than 70%. Furthermore, the
approach proposed in this article has a prospect of further improving. Individual features of the constructed
training and test samples can explain the issue that RF-measure has the low values or it is less than R-measure
for some classes. The impact of this issue can be decreased by frequentative classifications on the training and
test text samples created randomly from all texts of the class. In the future, we see an opportunity to improve a
classification accuracy of RF-measure by:

1) using a threshold filtering;

2) modification of counting relative frequencies of a supertext;

3) modification of the function using ratio of the minimum of relative frequencies to the maximum to the
weighted average.

The first aspect is connected with the issue that natural language texts have some substrings that do not
contains the semantic content (author’s thoughts or natural logic), but the number of this substring repetition
can reach 200 or 300 repetitions in the supertext. It affects relative frequencies vastly so these substrings, in the
simplest case, can be skipped.

The second aspect occurs when a class supertext contains many different texts, so a length of the super-
text is many times greater than a length of the test text. The current approach uses the relative frequency calcu-
lation as a ratio of the number of pattern substring repetitions to length of the supertext. So relative frequency
of the supertext is less than the relative frequency of the test text if the numbers of repetitions are the same.
Moreover, as for natural languages, if the supertext consists of different texts then the relative frequency of the
supertext cannot recognize clearly author style used in particular text included in the supertext. Therefore, it
requires finding a function which calculates a relative frequency of the supertext removing the effects of abso-
lute value of the supertext length.

The third aspect is based on the above issue that the difference between relative frequencies of the super-
text and test text results in little value of the frequencies ratio. This means that, in practice, calculated value of
the ratio is less than 1 if there is a little absolute difference between the relative frequencies. The little differ-
ence of frequencies is a normal in fiction texts. Therefore, a function, which returns values around 1 in little
difference of relative frequencies, should be found.

The most interesting to improve the RF-measure is using an additional markup of the text in classifica-
tion. It allows creating a better similarity measure which can use more text features for each substring. This
aspect is useful not only for the fiction text classification. In general, many streams (streams of characters,
codes, markup entities) can be used in the similarity measure calculation. Also note that the calculation can be
done in case of availability of additional information or if it is not.
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[Ipemnaraercss MOTOKOBBIN METOA KIaCCU(HUKAIIMU TEKCTOB Ha OCHOBE R-MEpHI C HMCIOIb30BAHUEM YacTOT IOBTOPEHHS IOJCTPOK.
Ha matepunaine TekcToB pycckoi xymoxecTBeHHON npo3sl XIX B. #1 90-x rr. XX B. IPOBOIUTCSI CPAaBHUTEIIBHBIN aHAIN3 KadecTBa pado-
THI JITOPUTMOB PACHO3HABAHMS aBTOPCKUX KIIACCOB KIACCH(UKATOPAMH, MOCTPOSHHBIMU Ha OCHOBE YCEUEHHOH R-MEpHI KaK C UCHONb-
30BaHUEM, TaK M 0€3 HCIIOIb30BAHMS YacTOT MOBTOPEHUS HOACTPOK HCIBITyeMOro Tekcra. KadecTBo kiaccH(pMKaniy OIEHHBACTCS
n3BecTHOH F-Mmepoit Ban Pus6eprena. [loka3ano, 9To B OTCYTCTBHE >KaHPOBOTO CMEIICHHSI TEKCTOB BHYTPH aBTOPCKUX KJIACCOB y4ET
JaCTOT HOBTOPEHUSI MOICTPOK UCCIEAYEMOr0 TEKCTa B TEKCTOBBIX CYIEPKIIAcCaX MPUBOAUT K MOBHIMICHUIO KaUeCTBA KITACCU(DHUKAIIANL.

VYceuénnast R-mMepa O1M30CTH TEKCTOB YUHTHIBAECT BCE BO3MOXHBIE IIOBTOPEHHS BCEX MOACTPOK IUIMH OT k| 10 k, (1711 HEyCeUEHHOM
R-meps1 ky =1, k; = n) HCTIBITyeMOT0 TEKCTa JUIMHBI 71 B CYIIEPTEKCTE:

ky
R(X|8)=r(X|S)/N, r(X|S)= ch(X |S), Nz(2(n+1)—(k1 +k2))(k2 -k, +1)/2,
k=k,
a Lx_;,..x,C
o (X18)=Y e(x X, 1S), (X sy, |S)= {0” xr:k:l xr; (Z?’

i=k i
rzie X — HCTIBITYEeMBIH TEKCT, S — cynepTeKcT (00beIMHEHHBII TEKCT) HCCIIeyeMoro kiacca, N — 9HCIIO TOICTPOK.
B pabote mpemnaraercst MeTO HOTOKOBOH KJIacCHU(HUKAIMH, OCHOBAHHBINH Ha MOAU(UKAIIMN R-MEpHI ¢ yIETOM YacTOT ITOBTOPEHHH

MoACTPOK. J1a Mepa (00o3HauNM e€ Kak RF-Mepa) HCIOIb3yeT TOT K€ MEXaHU3M yCeIEHHOCTH:
ky n—k

RE(X|S)=1f (X |S)/N, rf (X]8)=. > 1f (x,x,,, |S),

k=ky i=0

\S) _ {rfc(ximxnk)s XXy €8, min(fy (% X, S5 (X X))
+k -

i (x,...x,

rfe(x,..x,,, ) = .
0,x..x,,¢8, P, %) max( fy (X, - X ) S5 (% - X,00))

OTHOCHTEINIPHBIE YaCTOTHI MTOBTOPSHHUS MOACTPOK UIST HCCIEYeMOTo TeKCTa X M CyHepTeKCTa S BBIUUCISIOTCS CIEAYIOIIM 00pa-
30M:

CCy (X0 X;0) cc (X, X;.,)
[y x,, )= —mEEES g £, ) = T
Ny Ny

rae yskums cc(x,...x,,, ), B OTIM4ME OT (yHKUMH-MHAMKATOpa c(X,...X,, |S), BO3BpAIIACT KONMYECTBO COBIAJICHUII TOICTPOKH

TIOMICKA B HCCIIEAYEMOM TEKCTE WM CynepTeKcTe (0003HaUeHHBIE COOTBETCTBYIOIMME HHIeKcaMH X U S), a Ny 1 Ny — KOITHIECTBO CUM-
BOJIOB B TeKCTax X U S COOTBETCTBEHHO.

KavecTtBo Kimaccudukammy mo KakoMy KJIAcCy OIEHHMBAIOCH IO TEKCTaM KOHTPOJBbHOHN BbIOOpkM F-mepoii Ban Pusbeprena —
CpeIHNM TapMOHHYIECKHM MEXy ITOTHOTOH 7 (IoJel TEeKCTOB, MPUMHCEIBAEMBIX KJIACCY U3 BCEX TEKCTOB TOr0 KIIacca) M TOYHOCTHIO P
(momeit TEKCTOB, MPABIIIHHO IPHUITICHIBAEMBIX 3TOMY KIIACCy U3 BCEX TEKCTOB, MPHUITUCHIBAEMBIX ATOMY KIIACCY).

O6a knaccudukaTopa Ha pacCMaTPUBAEMbIX HAHHBIX (TEKCTaX PYCCKOH XymoXKecTBeHHOM mureparypbl XIX u XX BB.) maror kade-
cTBO Kaccupukanun 6onee 70%, IpHIEM B YCIOBHSAX OTCYTCTBHS >KAaHPOBOTO CMEIICHMSI TEKCTOB BHYTPH aBTOPCKHX KJIACCOB YUET
YaCTOT MOBTOPEHHMS MOJICTPOK MCCIIEyeMOro TEKCTa B CYIEPTEKCTaX MPUBOIHT K HOBBILICHUIO Ka4eCTBa KiacCU(UKaLH.
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CPABHEHME MII- U MM-OLIEHOK JJUIMTEJIBHOCTHU HEITPO/VIEBAIOHIEI'OCA
MEPTBOI'O BPEMEHHU B MAP-ITIOTOKE COBBITHI

Wzygaercss MAP-nioToK coObITHH, (QYHKIIMOHUPYIOIINHA B YCIOBHSX HENPOMIEBAIOIIETOCS MEPTBOrO BPEMEHH, KOTAa
JUTNTETBHOCTH MEPTBOTO BPEMEHHU — HeM3BecTHAs! (prkcupoBaHHas BenudnHa. [IpoBoanTCs cCpaBHEHNE KadeCTBa OLICHOK
HETIPOJUIEBAIOIIET OCSl MEPTBOTO BPEMEHH, TTOIyJaeMBbIX (110 HAOIIOACHUSIM 32 MOMEHTAMH HACTYIUIEHHS cOOBITHIH MAP-
MIOTOKa) METOIOM MaKCHMaIbHOro npasaononobust (MII-orerka) u merogom MmomenToB (MM-omeHka).

KioueBble coBa: MAP-1I0TOK; HenpoIeBaromeecst MepTBOe BPEMs; METOA MaKCHMAIBHOTO IPaBIONOA00HS; OI[CHKa
MaKCUMAJIBHOTO IIPaBAONOA00MS; METOX MOMEHTOB; OI[EHKA METOId MOMEHTOB.

[upoko npruMeHsieMOl MaTeMaTHYECKOW MOJEbIO peabHBIX (PU3NUECKUX MPOLECCOB SABIAIOTCS CIydaii-
HBIE TOTOKU COOBITHIH. M3yuaemblit MAP-oTOK COOBITHI OTHOCHUTCA K KJIACCy ABAXKIIBI CTOXaCTHYECKUX MIOTOKOB
U SIBIISIETCSl OMHOM M3 aJeKBAaTHBIX MAaTEMAaTUYECKUX MOJIETEH MOTOKOB 3JeMEHTapHbBIX YacTHll (POTOHOB, dJeK-
TPOHOB H T.1.), THYOPMAIIIOHHBIX [TOTOKOB COOBITHH, ()YHKIMOHUPYIOIMX B LU(PPOBBIX CETSIX WHTErPaIbHOIO
00cyXvBaHus1, HH(OPMAIIOHHO-TEIEKOMMYHHUKAITMOHHBIX CHCTEMAax, CIIyTHUKOBBIX CETSAX CBS3U U T.[. 3alaud
MO OLIEHKE COCTOSHUI M MapaMeTpOB CIyYalHBIX IOTOKOB COOBITHI BO3HMKAIOT B ONTHYECKHUX M Ja3€PHBIX CH-
cremMax, (GYHKIMOHUPYIOUIMX B PEXHME cueTa (OTOHOB, HAIPUMEp, MPHU JIA3EPHOM 30HIWPOBAHUH BBICOTHBIX
cioeB atMoc(epsl, B ONTUYECKUX CHCTEMax OOHApY>KEHHUs, pacliO3HABAHUS U CONMPOBOXKIACHHS, Pa0OTAIOMINX de-
pe3 atMocdepy Ha TpenebHO OONbIINE PACCTOSIHUS, a TAKOKE B ONTHYECKUX CUCTEMAaX 3arOPH30HTHON CBS3H.

B HacTosmeit pabore npoBoAKTCS AaibHEIIee HCcCIeqOBaHUE TOTOKOB (pu3nueckux coOOBITHH, QPyHKIIH-
OHUPYIOIIHX B YCIOBHAX HEMPOIEBAIOIIErOCs MEPTBOTO BpeMeHH, HauaToe B paborax [1-9].

[Tapamerpsl TOTOKOB COOBITHH, PYHKIIHOHUPYIOMIMX B PEATbHOM BPEMEHH, HEM3BECTHBI YaCTHIHO, JTU00
MOJTHOCTHIO, JTUOO MPEACTAaBIAIOT CO00M (QYHKIHMIO BpeMeHH. B momoOHBIX cuTyamnusx HauOosee parnuoHaIb-
HBIM SIBJISIETCSI IPUMEHEHHE aaliTUBHBIX CUCTEM, KOTOpBIE B Iporecce GyHKIMOHUPOBAHHUS OLICHUBAIOT HEU3-
BECTHBIC MApaMeTPHl JTUOO0 COCTOSHUS IOTOKOB COOBITHI M M3MEHSIOT JUCUUIUIMHBI 00CITYKUBAaHHUS B COOTBET-
CTBHH C MONY4YeHHBIMHU orieHkamu [10]. BemeacTBue 3Toro BO3HUKAIOT 3a1auu: 1) OLIEHKH COCTOSHUI MOTOKa
(3amava (uIBTpaMM MHTEHCHUBHOCTU MOTOKA) O HAOMIONEHHAM 32 MOMEHTAMHU HacTyIUIeHHs coObrTuii [11—
14]; 2) oueHkH mapaMeTpoB MOTOKA 110 HAOIIOJCHUSIM 38 MOMEHTaMHU HACTYIUICHHsI coOBITHIA [15-24].

OnHUM H3 UCKaXKaIoMKX (HaKTOPOB NP OLIEHKE COCTOSHUN M MapaMeTpoB MOTOKa COOBITHH ((HOTOHOB,
3JIEKTPOHOB M T.[.) BBICTYIIAET MEPTBOE BPEMs PETUCTPUPYIOLINX MPUOOPOB [25], KOTOpOe MopoKAaeTcs 3ape-
THCTPUPOBAHHBIM COOBITHEM ((OTOHOM, BIIEKTPOHOM U T.1.). Jpyrue ke coOBITHS, HACTYIHUBILUE B TEUCHUE
nepruoJa MEpTBOro BpeMeHH, HEAOCTYITHBI HaOMIOACHHIO (TepsatoTcsl). MOKHO CUMTATh, YTO STOT MEPUOJ MPO-
JOJDKAETCsl HEKOTopoe (hUKCHpoBaHHOE BpeMs (HempoasieBaromeecss MepTBoe BpeMs). Takum o0pazom, s3¢ ekt
MEpPTBOI'0 BPEMEHH BJIEUET 3a COOOM MOTEPH COOBITHI MOTOKA (YACTUYHO TepsieTcsl MHPOpPMaLHs O MOTOKE CO-
ObITHIT), YTO B UTOr€ OTPULATEIBHO CKa3bIBACTCS HA OLIEHMBAHMU KaK COCTOSIHHHU, TaK M MapaMeTpoB MOTOKa
[2-9]. Ans Toro uyToOBI OLEHUTHh MOTEPH COOBITHH MOTOKA, BOZHUKAIOIINE M3-32a d(dexTa MEpTBOrO BpEMEHH,
HEOOXOJMMO OIIEHUTh 3HAYEHUE €r0 ATUTEIbHOCTH.

[Ipu omeHke mapaMeTpoB MOTOKAa COOBITUH OOBIYHO MCIONB3YETCsl METOX MOMEHTOB [3—8, 16-18, 21—
23], kak OoJyiee MPOCTON B aHATMTUYECKOM HCIIONHEHHUH PEXe UCIONB3YEeTCs METOJl MaKCHMAIBHOTO MPaBJo-
nonmobus [9, 24, 26-28]. [locneaHee CBA3aHO ¢ BOZHUKAOIIUMU TPU UCTIOIB30BAHUH YTOr0 METO/Ia aHATUTHYC-
CKHUMH TPYIHOCTSMHU.

B Hacrosmel cratbe MPOM3BOOUTCS YMCIEHHOE CPaBHEHHE OLIEHOK 3HAYCHUH IUIUTETLHOCTH MEPTBOTO
BpeMeHr B MAP-notoke coObITHI, TIOMy4EHHBIX METOAOM MaKCHMalbHOTro mpasaononodus (MII-ouenka) u
MeTo10M MOMEHTOB (MM-olLieHKa).
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1. MaTtemaTu4ueckas moaeab MAP-moToka coObITHIT

PaccmatpuBaercs MAP-1oTOK ¢ HHTEHCHBHOCTBIO, MPEACTABISIONICH CO00M KyCOYHO-TIOCTOSHHBINA CITy-
YyaiiHbIi nporiecc A(f) ¢ IBYMs cocTOSIHHSIME: A(f) = Ay mu00 M) = A, (A > A,). JmuTensHOCTh TPEOBIBAHUS
mporecca A(f) B i-M COCTOSIHUU €CTh CIlydaifHas BEIMYWHA C IKCIIOHCHIIMATbHOW (PYHKIMEH pacrpeneneHus

At .
F. =1-e""",i=1,2. B MOMEHT OKOHYAHHUsI i-T'0 COCTOSHMS IIpoLecca A(f) BO3MOKHBI CIAECIYIOIINE CUTYaLHH,

KaXkK/1asi U3 KOTOPBIX MPOTEKaeT MTHOBEHHO: 1) mporecc A(f) mepexoauT U3 i-ro COCTOSIHHS B i-€ M HACTYyMaeT
COOBITHE MTOTOKA B i-OM COCTOSIHUHM; COBMECTHAsI BEPOSTHOCTh 3TOH cutyaumuu P(A, — X, ,1)= P (X, |X,), i=1,

2; 2) mporiecc A(f) MEPEeXOUT U3 i-TO COCTOSIHHS B j-€ U HACTYIACT COOBITHE MTOTOKA; COBMECTHAS BEPOSTHOCTh
oroit cutyamuu ectb P(A; = A1) =P (h;[X;),i, j = 1, 2; i # j; 3) npouecc A(f) mepexomutr u3
[-TO COCTOSHHUSI B j-€¢, W COOBITHEC MOTOKA HE HACTYMAET, COBMECTHAS BEPOATHOCTh 3TOM CUTYyallUM €CTh
P > 4;,0) = By [Xy), 1,j=1.2;i#j. Tlpuotom B (A [A)+ R M)+ B ) =1, 1,j=1,2;i#].
bnounas Marpuna HHOUHUTE3UMAITLHBIX XapaKTEPUCTHK mporiecca A(f) PU TOM MPUMET BHT

pol M MBGI[MAGIN ARG ]
Ay Py(My [Ay) =y M A(A[Ay) Ay B(Ay |Ry)

OnemeHTaM# MaTpuubl D) SBISIOTCS HHTEHCUBHOCTH MEPEXOI0B Iporecca A(f) U3 COCTOSIHUS B COCTOSI-
HUE C HacTyIuieHHeM coObITHs. HeanaroHansHbie 351eMeHThl MaTpuLpl Dy — MHTEHCMBHOCTH TIEPEXO0B U3 CO-
CTOSTHUSI B COCTOSIHME 0€3 HACTYIICHUs COObITHsI. J[MaroHanbHbBIE 3JIEMEHTHI MaTpHIlbl Dy HHTEHCHBHOCTH BbI-
xoza npouecca AM(f) U3 CBOMX COCTOSIHUM, B3AThIE C IPOTUBOIMOJIOKHBIM 3HAKOM. B cenaHHBIX mpennonoxeHu-
sIX M(f) — CKPBITBIA MapKOBCKHI MpOLIECC.

3ameTnm, 4TO B onpeaeneHn MAP-otoka coObITHI B SIBHOM BHIE HE OTOBapHBACTCS, B KAKOM COCTOSHUU
mporiecca A(f) HacTymaer coObITHE TIOTOKA MPH Tiepexoie mporiecca A(f) u3 i-ro cocTosHus B j-¢ (ij = 1, 2; i #)).
JlaHHOE O00CTOSTENBCTBO TIPW TMOCIEMYIONMX AHATUTHYECKHX BBIKIAIKaX SBISIETCS HECYIECTBEHHBIM, TaK KaK
HACTYIUTEHHE COOBITHS ¥ TIEPEXOJT TIPOIIecca U3 i-T'0 COCTOSIHUA B j-¢ (i, j = 1, 2; i #J) MPOMCXONIT MITHOBEHHO.

[locne xaxmoro 3aperucTpUpOBaHHOIO B MOMEHT BPEMEHH f; COOBITHSI HAcTyNaer BpeMs (UKCHPOBaH-
HOU JuynTenbHOCTH 1 (MEpPTBOE BpeMsl), B TEUEHHE KOTOPOro Apyrue coobITHa ucxomHoro MAP-noToka Heno-
crynHbl HaOmoaeHuno. [lo oOkoHYaHUM MEpTBOrO BpEMEHH MEpBOE HACTYIMUBIIEE COOBITHE CHOBA CO3JaeT Ie-
PHOA MEPTBOTO BpEMEHH JUIMTeNbHOCTH 7 M T.4. BapuaHT BO3HUKAIOIIEH CUTyalluy pUBENEH Ha puc. 1, rae t,
tp,... — MOMEHTBI HACTYIICHHUS COOBITHI B HAOJIIOIAaeMOM IOTOKE; / M 2 — COCTOSHUS CIy4allHOrO mpolecca
M?); TpUXOBKOH 0003HAYEHBI [UTUTEIEHOCTH MEPTBOTO BPEMEHHU; YEPHBIMHU KPY>KKaMu 0003HAYEHBI COOBITHUS
MAP-noToka, HeoCTYIHbIE HAOMIOACHHIO.

—_—
L ) p— — = — ~
iﬂ o Pl(klp\'l) JE < oD <
= |2
o i S & P.(A0) s A
. Lo — Y
2 " . '
P © ' Ilpomecc Mt) - ; . t
OO O—0 O oO—0 >
5 . ' : : t
P ' MAP-nmotok cobbITHIT :
T R T T ot

C)-(EMEI CO3,I[E[HI/IH.HEHpO,E[HBBaI—OHIEFOCH MEpPTBOTO BPEMEHHU

t, T t, T t, r b T t
HaGmrogaeMblil TIOTOK COOBITHI

Puc. 1. ®opmupoBanue HaOMIOIAEMOT0 IOTOKA COOBITHI
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[Ipouecc A(f) sBIAETCS NPUHUMIHAILHO HEHAOMIOHaeMbIM (CKPBITBI MapKOBCKHI MPOLECC), a HalIo-
JAEMBIMH SIBJIIOTCSI TOJIbKO BPEMEHHBIE MOMEHTBI HACTYIUICHHUS COOBITHH #, fp,... HAOMIOAAEMOro IMOTOKA.
PaccmarpuBaercsi ycTaHOBHBILHMIICA (CTalMOHAPHBII) peXKUM (PYHKIMOHUPOBAHUS HAOIIOAaEMOro MOTOKa CO-
OBITHH, TOITOMY MEPEXOAHBIMHU MPOLIECCaMH Ha MHTepBajie HaOmoaeHus (¢, t), TIe fy — HayaJlo HaOJII0CHUH,
¢ — OKOHUaHUe HaOmoaeHuil, npenedperaeM. HeoOxoqmumMo B MOMEHT OKOHYaHUs HAOIOACHH (B MOMEHT Bpe-

MCHH f) OCyHICCTBUTb MCTOJAOM MAaKCUMAJIbHOI'O HpaB).IOHO)_IO6I/I$I n METOAOM MOMCHTOB OLICHKY T 3HadeHUH
JJIATCIIBHOCTU MEPTBOI'O BPCMCHU U TPOU3BECTH CPABHCHUEC KAaUCCTBA IMOJYUYCHHBIX OLICHOK.

2. OneHka JJIHTEJIbLHOCTH MEPTBOIo BPpEMEHU METOIOM MAKCUMAJIBHOI'O HpﬁBI[OIIOI[OﬁI/IH

O6o3HauuM 1 = ) — & (kK = 1,2,...) 3HaUCHUE JUIMTEIBHOCTH k-TO MHTEpPBATa MEXIY COCETHUMHU
coOpITUsIME Habmogaemoro notoka (1, > 0). Tak Kak paccMaTpuUBaeTcs CTallMOHAPHBIA PEKUM, TO IIOT-
HOCTHb BEPOSITHOCTEH 3HAYEHUW JIMTEIBHOCTU k-To mHTepBana pr(t;) = pr(t) (t = 0) mns moboro k (uH-
nekc T Tog4epKUBAaEeT, YTO IJIOTHOCTh BEPOSITHOCTEH 3aBHCUT OT AJUTEIHLHOCTH MEPTBOI'O BPEMEHH).
3nmeck U nanee cutyanus, koraa T = 0, 03HayaeT goonpeaeneHue n3ydaeMblX QyHKIUI B TPAHUYHON TOUKE.
B cuny cka3zaHHOro MOMEHT BpEMEHH f; 06€3 MOTepu OOIIHOCTH MOKHO IMOJIOKHUTH PaBHBIM HYJIO HJIU, YTO
TO € caMO€, MOMEHT HacTyIJIeHUs1 coObITUs Habmogaemoro notoka ectb T = 0. Torna [1] mioTHOCTH Be-
POSITHOCTH IIPUMET BH]L

0,0<1t<T,
T)= 1 1
pT( ) Z z, - f(T) g2 _ Z, z -
1 B, +B, Z, % B, +B,

ST =M+ 2 [1= B | 2]~ [1- B R, |M)]}W};—f;’°2e*ﬁl*ﬁz",
F(T)=1-F,(\ | 2,)E (%, |7\'1)_Pe_(ﬁ]+ﬁ2)r;
Blzkl[l_EO\ql}\'l)] > B2=7\-2[1—P1(7\.2|7\.2)] 5 (N
A=FR+PB, B =R |7)+ R [A)EB A [Ry), B =R, [A)+ B0, [ M)EM, L),
P B [AM)BQ, [Ay) = B [M)B R, |7¥1);
1_P()O\'l |7\'2)P0(7\'2 |7\'1)

f(T) e 12T,

zZ,—Z

1
Z, :E[kl + A, :|:\/(7u1 —A,)° + 40P (A, | AP, (A, |7\.2)i|, 0<z <z,

B (1) dyaxaus F(7)>0 ans mobeix 7 (0 < T <1).

I[lyctb 11 =t — t, T =3 — by, .., T = by — 1 — MIOCIIEOBATEIILHOCTh U3MEPEHHBIX (B pe3yibTaTe HaOII0-
JICHWsSI 32 TTIOTOKOM B TeueHue nHTepBana Haomoaeaus (0,¢)) 3HaUYSHH JUIMTETLHOCTH WHTEPBAJIOB MEXIY CO-
CEIIHUMM COOBITHSMH MOTOKA. YIOPSIOYHM BEIHUHHBI T ... T¢ 10 BO3PACTAHHIO: Toin = T < 12 < ... < 1.
B cuny mpennockutok HaOIto1aeMblil TTIOTOK 001a1aeT MAPKOBCKHM CBOMCTBOM, €CJIH €T'0 3BOJIOIHIO PaccMaT-
puBaTH HaUYMHAsl C MOMEHTA HACTYIUIEHUS COOBITHS (C MOMeHTa #;, k= 1,2,...). Torma ¢pyHKIMsS MpaBaOMOAO-
oust, ¢ yuerom (1) [29], 3anmimnercs B Buje

Ly RO 12, RO D) B0 12T [20,.,79) = 0,0 <5, < T

k
M "0y _ @)
LGB0 A, BB 4 )T 1t =T T 2r (), 1 2 T
Jj=1
[lockonpky mocTaBiIeHHAs 3ajada 3aKJIIOYaercs B MOCTPOSHHU OLEHKH [ 3HA4YeHHs JTUTEIbHOCTH
MEPTBOrO0 BPEMEHU (B MPEINOI0KEHHH, YTO OCTalbHbIE HapaMeTpsl HMOToKa A, Pi(A:[A;), Pi(A[A)), Po(A(A)),
i,j = 1,2, i #j, U3BECTHBI), TO COINIACHO METOly MAaKCUMAJILHOTO MPaBAOION00HS €€ Pealn3anns eCTh pelieHue
ONTHUMM3ALNOHHOHN 3a/1a4H:
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L1 |0,.7) = Hp )= [T {ZZ f(T)} =
J=l 2y — 4 By +B,

)

T >0,

min > “min

z 1 (e
-——|z - f(T)eZZ(T T)}:>maX,OSTS’E
;-1 B +B, r
rae f(T), Bi, Ba, 21, 2 onpenenensl B (1).
3nauenue 7, pu KOTOPOM (2) TOCTUraeT CBOErO INI00ATbHOr0 MAaKCUMyMa, ecTh 1,; — OLICHKAa MaKCH-

MaJIBHOI'O HpaB[LOHO}IO6I/I${ SHAYCHUA AJTUTCIBHOCTU MEPTBOI'0O BPDCMCHU.
CTpOFO AHAJIUTUYCCKOC PCIICHUC OHTHMHBaHHOHHOﬁ 3aJa4yn (2) MNPUBOAUT K CICAYIOLICMY PC3YJIbTATY:

Ipu J00BIX 3HaUeHUAX napamerpoB MAP-noroka coObituil ouenka 7y, = T,

3. Ouemca AJIMTEJIBbHOCTH MEPTBOI'0O BPEMEHHU METOA0OM MOMECHTOB

B [1] nokazano, uro MAP-noTok coObITu#i, QyHKIHOHHUPYIOIIMH B YCIOBHUSX HEMPOIIEBAIOLIETOCS
MEpPTBOT'O BPEMEHHU, B OOIIEM CITy4ae SBIISICTCS KOPPEIUPOBAHHBIM. TOJBKO B YACTHBIX CIIyYasX MOTOK CTAHO-
BHUTCS PEKYPPEHTHEIM.

[ycte (#, tir1), (fi+1, t+2) — ABA CMSKHBIX WHTEpBajia B HAOJFOJaEMOM MOTOKE C COOTBETCTBYIOIUMHU
3HAUCHUSAMHY JITUTCTBHOCTEH: Tf = a1 — Iy, The1 = Lo — li+1; UX PACTIONOKCHHUE Ha BPEMEHHOM OCH, B CHITY CTa-
IIMOHAPHOCTH IMOTOKA, MPOU3BOJIBHO. Torja MOXHO TOJIOXHTh kK = 1 M pacCMOTPETh COCEIHHE WHTEPBAIIBI
(t1, 1), (t2, t3) C COOTBETCTBYIOIIUMH 3HAYCHUSMU JUTHTEILHOCTEH: T) = 6, — 1, T, = 3 — t; T1 > 0, 1, > 0. [Ipu
3TOoM T; = (0 COOTBETCTBYET MOMEHTY #; HACTYILICHUS COOBITHS HAOIIOIaeMOro MoToka; T, = 0 COOTBETCTBYET
MOMEHTY f, HACTYIUICHHS CIEAYIOMIEro COOBITUS HaOMogaeMoro moroka. COOTBETCTBYIOIAS COBMECTHAS
IJIOTHOCTH BEPOSITHOCTH TIPH 3TOM €CTh pr(Ty, T2), T1=> 0, 7> 0 [1]:

pr(1,7,)=0,0<1, <T, 0<7, <T’; PT(TpTz)ZPT(Tl)PT(Tz)+e_(B1+B2)TCT x

X(Zle_zl(Tl_T) _Zze_zz('fl_r))(Zle_zl('fz_r) _Zze_zz('fz_r))’,tl > ]”,tz > T;

i Zz)él . [1 - Bt ) By haf ) [ [ = By O] 2 1= By )

BLRG[A) + ROW ARG [2) |- Bo [ R [2) + R(Aa[20) B O[]
{1 B (M| M) B (| 2) - [P(K |A)B (| 1y) = B A B(Ly| A, ):I —(B,+B7)T}
x{zlzz—[2zlzz—([31+[3 )(K +x :Ie—(B1+B2)T+
22, = (B +B) (M B (1) + 1R 00y 1)) [ 2078,

)

215,225,182, P, Pr (1), pr(T2) W1 T=71; U T=1, onpexeneusl B (1).
Teopernueckast KoBapuaIus 3HAYCHUH T| U T, 3aNUIIETCS B BUJIE

2
cov(ty,T5) = [ [ 1T pr (1), Tp)dTdr, — |:erT (T)dT} . “4)
TT T

Ioncrasmnss (1),(3) B (4), HaxoauM SIBHBIN BH] TEOPETHUECKON KOBapHAaLIUH:

2
cov(t,1,) = (—22 ! J e PP (5)

212y

rae Cronpenenena B (3).
I[Tycts 3a Bpems HaOmroneHuss MAP-moToka coObITHI B TEUEHHH BPEMEHHOI'0 HHTEpBana (fy ,f) peann3o-

BaJIOCh 71 UHTEPBAIIOB (f) ,li+1) ITUTENBHOCTU Ty, kK =1,n. BBenem craTucTuky:
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o 1 n-1 1 & 2
cov(t,,T,) Z—ZTka+1 - —ZTk , (6)
n—145 N =1
rae cov(t,,T,) SBIAETCS OLEHKOH Teopermueckoid koBapuanuu (5). Torma coriacHo METOny MOMEHTOB [29]
ypaBHEHHE MOMEHTOB, YUUTHIBAIOIIEe KOPPEIUPOBAaHHOCTE M AP-110TOKa COOBITHI, 3aMTUIIICTCS B BUJIC

2
(iJ ¢ WHIC; = cov(r, ). )

z,z,
Iozcrasisis B (7) Beipaxenne Cr u3 (3), BBOIS HOBYI0 nepemennyio x = e P P27y nponenbisas npu
3TOM Heo0XOoauMbIe peodpa3oBaHus, HaxoauM (7) B Buze
a +bx*+ex+d = 0,
a=h{ziz; =By + PP Ay [ M) + A2 ARy [R2)]},
b=—{cov(t,,T,)p” +h[2z,2, = (B, + BNy +2,)]},
c=[ziz2h + 2]90/0;@1’“52)] ,d =—Cov(t),T,)

h=plzz,(, +B)T BB 12,)+ B0y | 2B 0k | 1))~

BBy [ M)+ By [ A ) B Oy [A)] 3 M1 =By (A [A)] =R, [1= B (0 [2)]5-

Pemenve ypaBHenus (8) ompenenut Tpu KOpHS X; , i = 1, 2, 3, KOTOpbIE, B CBOIO OYepeib, AT TPU
OLICHKU JUIUTEIHHOCTH MEPTBOTO BPEMEHH

®)

A

; 1
T =— In(x,), i=1,2,3.
EE TR

ANropuT™ OIpeAencHUs CAMHCTBEHHON OLIEHKU 1)y, CIEIYIOIINN:

1) i onpeneneHHOro Habopa MapaMeTpoB A, Ay, Pi(A;| N), Pi(A| ), Po(M| Ay, i,j=1,2;i#j, T, n — ko-
JITYECTBO HAONIOAEMBIX COOBITHM, OCYIIECTBIIICTCS IMUTAIIMOHHOE MOJICTUPOBAHIE HAOIIO]AeMOT0 ITOTOKA;

2) pe3ynbTaToM pabOThl UMUTAIIMOHHON MOJIEIH SIBJISIETCS OIlEHKA TEOpEeTHUYeCKOl KoBapuanuu (6);

3) pewaercs ypaBHeHHe (8), T.€. HAXOAATCS KOPHU X1, X2, X3}

4) eciu Bce KOPHU KOMIUIEKCHBIE, TO Ty, = Tpoin s
5.1) ecnu MONMOXKUTENHHBINA BEIIECTBEHHBINM KOPEHb OJIUH — X|, TOTIA!

).

a) eciau fMM(I)S 0, To fMM =1 0) ecnu fMM(1)> 0, To: 6.1) ecnu fMM(I)S Toin s TO Ty =fMM(1 ;

min
) po_ )
0.2)ecnut Ty > Tiins TO Ty = Tinin s

Ao p (2
5.2) ecnnm TONOKUTENBbHBIX BELIECTBEHHBIX KOPHS JBa — X, X2 (7, MM( )< T, MM( )), Torma: a) ecmm

A

TMM(I)S]:MM(Z)SO, TO fMMZT
2)

0) ecmu fMM(1)£0<fMM(2), Tto: 6.1) ecmm fMM(Z)ST
)

min > min > TO
. ro (2 o ro M @2
; 0.2) ecniu Ty, 0 Typy =7 B) ectt 0<Tyus < Ty

>1 , To: B.1) eciu

s A _

TMM - TMM min > min >
O p @ o . roo (M ro (@ roo_—7 (M.

Toin < Dve <Tos s TO Typy =Toins B2) ecmt Ty <10 <oy > T0 T, =Ty, ; B.3) ecau

M (2) r r (.

Tve " <Thnr™ = Tonin > T0 Typy = Topas ™5

5.3) ecli MONOKHTENBHBIX BEIIECTBEHHBIX KOPHS TPH — X1, X, , X3 (T M <7 MM(Z) <T M ), Torpa:
6) ecmu Ty <Typ? <0< Ty, TO: 6.1) ecm

). ToO:

a)ecmu Ty, < Ty, P <Typ® <0, 10 Tpppy =1

min >

Tonr® < T > TO Topyr = Tops 3 6.2) ecomm Ty, > 1,0, 10 Ty = 7,005 B) ecim Ty, P <0< T, < T
)

: B.2) ecmit Ty <t <Toms > 10 Topy = T 5 B.3) ecmu

>, TO TMM = Tmin »
M <

B.1) ecnnt 1., < Typs'” < Ty

Tons> <o <toin> 0 Topg =Tope® s D ecmu 0< Ty, <70y, P < Ty, 100 T.1) ecmm 1, < Ty

r.2) ecmn Ty, <t <Tomd® <Tone® s 10 Thppy =Tops™ s 1.3) ecmm

A

min >
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A

A R )
Tye =Ty -
B pesynbrare paboThl anroputMa HaxoAuTcs eauHcTBeHHass MM-ouenka 7, 3HaY€HUs JUIUTEIbHOCTU

MEpPTBOI'O BPEMEHU.
4. Yucnennoe cpapHenne MII- u MM-oneHok

Js monydeHus YMCICHHBIX pe3yIbTaToB pa3padboran anroput™ BerancieHust MII- u MM-onenok. [Ipo-
rpaMMa pacdera peaju3oBaHa Ha si3bike mporpammupoBanus Borland C++, Builder 6. IlepBbiii sTam pacyera
IperonaraeT UMHTallMOHHOE MOJIENUPOBaHKe (IIPU 3aJaHHBIX HapaMmeTpax Ai, Ay, Pi(A| A;), Pi(Ad X)), Po(Ad D)),
i,j=1,2;i#]j, T, n) HaOmoaaeMoro moToka coobITuid. Onrcanue aaropuTMa UMUTALHOHHOTO MOJICIMPOBAHHUS
3[ech HE MPUBOJUTCS, TAK KaK HUKAKUX MPHHIUIHAIBHBIX TPYAHOCTEH OH HE COAepKUT. PesynbraTom paboTsl
WMHUTAUMOHHON MOIeNu sBiseTca HaOOp 3HAYEHWH JTUTEIBHOCTH BPEMEHHBIX HHTEPBAJIOB Ti, To,..., Ty
(n =2,3,...). Ha BTopom sTamne pacuera Beruncusatorcs MII- u MM-onenku: 1) Ha ocHOBE MOIY4eHHON Ha Tep-

BOM 3Tane BBIOOPKH Ty, To,..., T, (n = 2,3,...) Haxogutca MIl-onenka 7, =mint, (k =1,n); 2) Bbluucusercs

3Ha4YCHUE OLCHKHU TeOopeThuecKoi koBapuauuu (6); 3) pemaercs ypaBHeHue (8) M HaXOOUTCS €IUHCTBEHHAS
S . . 2 - - 2

MM-ouenka 7, ; 4) soraucistorest Benuuusbl ATy, =Ty, — 1), ATy =Ty —T)7, toe T — uctuHHOE

3Ha4YCHUE JJTUTEIBHOCTH MEPTBOTO BPEMEHH, 3aJaHHOE Ha MEPBOM 3Talle pacyera.

Jns cpaBHEHHS METOAOB IO KayecTBY IOJIyYaEMbIX OLCHOK MPOBEIECH CTATHCTHUECKHH 3KCIIEPUMEHT,
COCTOAIINHI U3 CIIENYIOMUX 3TanoB: 1) A1 3a1aHHOro Habopa MapaMeTpoB A, Ay, Pi(A] A;), Pi(Ai| A), Po(Mi| A),
i,j=1,2;i#j, T, n ocymecTBIsIeTCs] MOACIUPOBAHUE HAOIIOAAEMOr0 MOTOKa (OTACHBHBIN j-Ii HKCIIEPUMEHT

j=12,...,N); 2)BBUUCISIIOTCS 3HAYCHHUSI OICHOK fMM(j), fMH(j) v 3HaueHus AT MM(j) s AfMH(j);

3) ocymecTBisiercst moBTopenue N (j = I,_N) pa3 maroB 1-2.

S SN
Pe3ynbraToM paboThl NIPUBEAECHHOTO BBILIE AITOPUTMA SIBISIIOTCS ABE BBIOOpKU: (AT, MM( ) AT MM( ))
F AR () ; LS A7
u (ATy; 5., AT)y;; '), HA OCHOBE KOTOPBIX BBIUMCIIAIOTCA BBIOOPOYHBIE Bapuauuu V,; ZWZAT wr ¥
i=

5 LY A )
VMM =—2 AT MM -
N j=1
CpaBHuBas 3Ha4YCHUS BHIOOPOYHBIX BapHUAIlMid, ONMPEIENACTCs, Kakas U3 MOJTYYCHHBIX OLCHOK JTydIlie:

ecnu Vy > Vi » To MM-onenka styame, ecnu Vyp <V, , 10 mydie MII-onenka.

PeBy.]'H:TaTLI CTaTUCTUYCCKOI'O SKCIICPUMCHTA IMMPUBCACHBI B Tabm. 1-8. B nepBoﬁ CTPOKC YKa3aHO KOJIU-
YE€CTBO Ha6J'IIO,Z[aeMI:IX COOBITHII MOTOKA 7 (I[J'II/ITGJ'IBHOCTB HUMHUTAITMOHHOI'O MOZLCJ’IHpOBaHI/IH). Bo BTOpOI>’I n

TpeTbell cTpokax TaONUIl U1l KaXI0ro 7 MIPUBEIEHbl COOTBETCTBYIOLIME YUCIEHHBIE 3HaUeHus Vy,; u V.
B uerBepToil cTpoke TaOmuUIl Ul Ka)JIOro # MPUBEAEHBI YMCIEHHbIE 3HAUYeHus pasHoctd V., —V,,; . Uuc-
JICHHBIE PE3YJbTAThI I BeeX Tabmuly monydeHsl s N = 100.

Tabnuma 1

Pe3ysbTaThl CTATHCTHYECKOTO KcIepuMenTa (A =1, 2, = 0,9, P1(A4] X1) = 0,3, P1(32| &) = 0,3, Po(A2| 1)) = 0,4, P1 (25| 21) = 0,4,
P 22) = 0,3, Py(M4] 22) = 0,3, T = 2,75)

n 10 20 30 40 50
Vo 0,1517824 0,0326041 0,0075076 0,0018225 0,0002025
Vi 0,0349281 0,0056169 0,0011664 0,0010816 0,0001296

Vi =V —0,1168543 ~0,0269872 ~0,0063412 ~0,0007409 ~0,0000729
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P1(01] 32) = 0,3, Py(h| 22) = 03, T = 0,4)

Tabnuma 2
Pe3ysbTaThl CTATHCTUYECKOTO KCIepuMeHTa (A= 5, 2, = 1, P1(A4| A1) = 0,3, P1 (22| A1) = 0,3, Po(X;| A1) = 0,4, Py (A2 1) = 0,4,

10 20 30 40 50
0,0827554 0,0134249 0,0073008 0,0053361 0,0015154
0,0382048 0,0051302 0,0048444 0,0034151 0,0006989

—0,0445506 —0,0082947 —0,0024564 —0,001921 —0,0008165

Tabnuma 3
Pe3ysibTaThl CTATHCTUYECKOTO KCIepuMeHTa (A= 2, 2, = 1,9, P1(A4| A1) = 0,5, P1 (22| A1) = 0,4, Po(X;| X1) = 0,1, Py (A, 1) = 0,3,
Pi(h] 22) = 0,3, Py(My| k) = 0,4, T=1)

10 20 30 40 50
0,1444804 0,0172391 0,0044775 0,0038770 0,0030555
0,0335241 0,0128594 0,0041494 0,0019210 0,0016461

—0,1109563 —0,0043797 —0,0003281 —-0,0019560 —-0,0014094

P1(A1] 32) = 0,3, Py(h| 22) = 0,1, T = 3)

Tabnuia 4
Pe3ysbTaThl cTATHCTHUYECKOTO KcHepuMenTa (A= 0,5, 2, = 0,1, P1(A{| A1) = 0,7, Py (%] X1) = 0,2, Po(X;| Xy) = 0,1, P1(Az] A2) = 0,6,

10 20 30 40 50
0,9629230 0,5469985 0,2391044 0,1526460 0,0983072
0,0915849 0,0651088 0,0299428 0,0154135 0,0028359

—0,8713381 —0,4818898 —-0,2091616 -0,1372325 —0,0954714

Tabnuma 5
Pe3ysbTaThl cTATHCTHYECKOTO dKcHepuMenTa (A= 1, 2, = 0,9, Py (A4] A1) = 0,3, P1(32| &) = 0,3, Po(A2| Ay) = 0,4, P1 (25| 22) = 0,4,

Pi(M| 22) = 0,3, Py(M| ) = 0,3, T = 2,75)

200 300 600 800 1000
0,0004096 0,0001347 0,0000441 0,0000074 0,0000003
0,0001505 0,0002692 0,0002601 0,0001849 0,0000838

—0,0002591 0,0001345 0,0002160 0,0001775 0,0000835

Tabnuma 6
Pe3ysibTaThl CTATHCTUHYECKOTO KCIepuMeHTa (A= 5, 2, = 1, P1(A4| A1) = 0,3, P1 (22| A1) = 0,3, Po(X;| Xy) = 0,4, Py (A 1) = 0,4,
Pl(;"1| ;VZ) = 0’3’ PO(;"I| ;"2) = 0939 T= 094)

200 400 600 800 1000
0,0001340 0,0000291 0,0000152 0,0000050 0,0000071
0,0001391 0,0002228 0,0004602 0,0002382 0,0002200
0,0000051 0,0001937 0,000445 0,0002335 0,0002129

Tabonuma 7
Pe3ysbTaThl CTATHCTUYECKOTO KCIepuMeHTa (A= 2, 1, = 1,9, P1(A4| &) = 0,5, P1 (22| A1) = 0,4, Po(X;| X1) = 0,1, Py (A, 1) = 0,3,
Pi(h] 22) = 0,3, Py(My| k) = 0,4, T=1)

200 400 600 800 1000
0,0001600 0,0000548 0,0000100 0,0000076 0,0000021
0,0010568 0,0006839 0,0000605 0,0000392 0,0000201
0,0008968 0,0006292 0,0000505 0,0000316 0,0000180
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Tabnuma 8
Pe3ysbTaThl cTaTHCTHUYECKOTO0 dKcHepuMenTa (A= 0,5, 2, = 0,1, P1(A| A1) = 0,7, Py (%] X1) = 0,2, Po(X;| Xy) = 0,1, P1(Az] A2) = 0,6,
P 22) = 0,3, Po(M4] 22) = 0,1, T=3)

n 200 400 600 800 1000
I;Mn 0,0084623 0,0013386 0,0008519 0,0004733 0,0000847
I}MM 0,0021580 0,0015700 0,0019321 0,0013225 0,0014161
I}MM - I}MH —0,0063043 0,0002314 0,0010802 0,0008492 0,0013314

AHain3 NpUBEIEHHBIX YHCICHHBIX PE3yJIbTaTOB MOKAa3bIBAET, YTO Npu MajioMm Bpemenu (n = 10, 20, 30,
40, 50) nabmronenus 3a norokoMm MM-onenka Jsryurie MII-onenku (tadmn. 1-4), uto BoaHe 00BSICHUMO, TaK KakK

IIpu MaJIOM BPEMCHU Ha6HIO,Z[CHI/I$I OIICHKa TMH MOXKET OBITh J0CTAaTO4YHO CHJIBHO CMCH.ICHHOﬁ OTHOCHUTECIIBHO 7.

[Ipu Gonbmiom BpeMeHu HabmroneHus 3a motokoM MII-onenka nydme MM-onenku (tadin. 4—8), 4To sBIseTCS

CCTCCTBCHHBIM, TaK KaK IpHU 0OIBIIOM BpCMCHHU Ha6HIO,Z[CHI/I$I CMCHOICHUE OLICHKHU TMH OTHOCUTECIBHO T

YMCHBIIACTCA.

3akjIoueHne

PCBYHLTaTLI MPOBCACHHOI'O MCCJICAOBAHUA OLICHOK AJIUTCIBHOCTU MCPTBOI'O0 BPCMCHU T, , HOJIYYCHHBIX
METOAOM MOMECHTOB M METOAOM MaKCHMAaJIbHOI'O HpaBZ[OHOZ[06I/I$I, YKa3bIBalOT HAa TO, YTO IMPHU MAJIOM BPEMCHU
Ha6HIOI[eHI/I$I JIydlIyro OOCHKY Aac€T METOA MOMCHTOB, ITPpHU JOCTATOYHO OOJIBIIIOM BpEMCHU Ha6HIOI[eHI/I$I JIy4d-
Iy OOCHKY OAaCT MCTOA MaKCUMAJIbHOI'O HpaB}_IOHO):[06I/I$I. FpaHHuy MMPUMCHCHUA TOM MIIM MHOM OLCHKHU IIpHU
3aJaHHBIX MMapaMeTpax MOXHO ONPCACIIUTD TOJIBKO IMYTEM UMUTALIMOHHOI'O MOJACIIMPOBAHM.
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Gortzev Alexandr M., Solovev Alexandr A. (Tomsk State University, Russian Federation).

Comparison ML- and MM- estimates fixed duration of the dead time MAP-flow of events

Keywords: MAP-flow fixed dead time; the method of maximum likelihood; maximum likelihood estimation; method of moments; the
evaluation method of moments.

DOI: 10.17223/19988605/33/2

The Markovian arrival process (MAP-flow) with the intensity representing a piecewise-constant random process A(f) with two states
is considered: A(f) =, or M) =X, (A >Ay). The dwell time of the process A(f) in the i-th state is random variable with exponential dis-
tribution function F; =1— e , i =1, 2. At the moment of termination of the i-th state of the process A(7) the following situations are
possible, each of which proceeds instantly: 1) process A(?) transits from the i-th state to the i-th state, and an event of flow in the i-th
state occurs; the joint probability of this situation is P(A; = X;,1) = P(A; | A;) i=1, 2; 2) process M(?) transits from the i-th state
to the j-th state, and an event of the flow occurs; the joint probability of the situation is P(A; —> Xj 1) =P (Xj X)), 0 j=1,2;i#j;
3) process A(f) transits from the i-th state to the j-th state, and no event of the flow occurs; the joint probability of the situation is
P = 1;,0) = By [h), i j=12;i#). Thus, Bk [A)+ B M)+ By () =1, ij=1,2;i#)

M ME O [ M) (M B [A) - A Ry Ry
Ay By (i [22) Ay A A [A) Ay B(Ry [Ry)

The elements of the matrix D, are intensities of transitions from state with occurrence of an event. Non-diagonal elements of the matrix
Dy are the intensities of transitions from state to state, but no event occurs. Diagonal elements of the matrix D, are the intensities of the
exit of the process A(f) from the states taken with the opposite sign. Under these assumptions, A() is the hidden Markov process.

A comparison of the estimates of fixed dead time obtained (observations obtained as a result of a simulation model of the flow of
events MAP) by the method of maximum likelihood and the method of moments.

=[[Do 1Dy}
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UHBAPUAHTHOCTHh CTAIIMOHAPHOI'O PACHPEJIEJEHUSA CETEN
MACCOBOTI'O OBCJIY KUBAHUA C MHOTI'OPEXKUMHBIMU CTPATETUSAMU
N OTPULHATEJIbBHBIMHA 3ASIBKAMMU

PaccmarpuBaeTcs OTKpBITast CETh MAaCCOBOTO OOCTYKHBAHHS C MHOIOPEKUMHBIMH CTPAaTETHsIMH, MOJOXHUTEIBHBIMHU 1
OTPHIIATEIIFHBIME 3asBKAMU HECKOJBKUX TUIIOB. Bpemst o0ciTyXKuBaHMs 3agBOK MMEET MOKa3aTeIbHOE paclpeielicHue,
KOJIMIECTBO PabOTHI 1O MEePEeKIIOUCHIIO PeXXUMa IPHOopa B y3i1e — MPOU3BOIBHOE paclpe/elIeHie. Y CTaHaBINBACTCS
HMHBAPHAHTHOCTh CTAlMOHAPHOTO PACHPENCIICHHSI BEPOSTHOCTEH COCTOSHHH CETH OTHOCHTENHHO ()YHKIMOHATBHOMN
(hOpMBI pactpesieNICHN BEITIMYUH padoT, TPEOYIOIUXCSI Ha MEPeKII0UCHHE PEXKUMOB PaObOTHI IPHOOPOB.

KiloueBble cjI0Ba: CceTb MacCOBOrO OOCTYKHBAHHS;, WHBAPHAHTHOCTb, MHOTOPEXKHUMHOE OOCITYXHBAHHE,
orpunarensHeie 3asBku; LCFS PR.

CeTtn MaccoBOro 0OCITY>KUBaHHS MCIIONB3YIOTCS B KAUECTBE aJICKBATHBIX MOJICIICH MPOU3BOJCTBEHHBIX U
TPaHCIIOPTHO-JIOTMCTUYECKUX CETEH, CEeTel CBS3M W IMepeladyul NTaHHBIX, HH()OPMAIMOHHBIX U KOMITBIOTEPHBIX
ceTel.

CeTtH TKEKCOHOBCKOTO THTIA C OTPHUIIATEIILHBIMU 3asBKaMH (Tak Ha3blBaeMble «G-CeTH») ObLIM BIIEPBBIC
paccmotpensl J. ['enen6e B [1, 2]. B HUX Hapsay ¢ OOBIMHBIMH, «ITOJIOKUTEIHHBIMIY 3asBKAMH B CETh ITOCTYIIA-
10T «OTPHUIATEIBHBIC) 3asSBKH, KOTOPBIC HE TPEOYIOT 0OCITYXMBAaHUS U BEAYT Ce0sl KaK CUTHANBI (OTpHUIIaTEIbHAS
3asiBKa YMEHBIIIAE€T KOJUYECTBO MOMOKUTEIBHBIX 3a5BOK B y3JI€ Ha OJJHY U HE OKa3bIBae€T HUKAKOTO BIMSHUS Ha
y3ell, €CITH B HEM HET IMOJIOKUTENBHBIX 3as8BOK). O. ['eneH0e ycTaHOBWMIL, UTO JUIS TAKHX CETeH CTallMOHAPHOE pac-
MpeJIeNiCHnEe TaKkxke uMeeT (hopMy MPOU3BEACHUS, a YpaBHEHHE Tpaduka (HEMMHEHHOE) NMEET SAMHCTBEHHOE T10-
JIOXKUTENbHOE pemieHne. [locie 3Toro MHOTMMH aBTOpPaMH PacCMAaTPHBAIKCH Pa3lIM4HbIe 00001IeHusT G-ceTei.
B uwactHOoCTH, B [3—5] HcCenoOBamUCh CETH C MHOTOPEKUMHBIMHU CTPATETHSAMU, OTPULIATCIBHBIMU 3asBKAMU U
MH(POPMAIMOHHBIMU CUTHAJIAMH. B 3THX paboTax moiarajioch, 4To JJIUTEIBHOCTH OOCITY:KUBAHHS 3asiBOK M BpE-
MeHa MpeObIBaHMs IPUOOPOB B PEKUMAaxX MMEIOT MOKa3aTeNbHbIe pacupeneneHus. OMHAKO B CETEBBIX MOJEIAX,
OIMCBIBAIOIIHNX pealTbHBIE OOBEKTH B AKOHOMHUKE, (DMHAHCAX, TEXHUKE W T.II., YKa3aHHBIC PAacIpeCiICHUs Yallle
BCEro OTJIMYAKOTCS OT MOKAa3aTellbHOro. Tak, Hampumep, JII00bIe TEXHUYESCKUE CPENICTBA B CHITY €CTECTBEHHOTO
M3HOCA WM HAPYIICHUS YCIOBHHA YKCILTyaTallid MOTYT ITOJTHOCTBEO MPEKpaIiaTh QyHKIIMOHUPOBAHUE, TPEOOBATH
peMOHTa (3aMEHBI) HIIM MPOAOIDKATH pa0dOTaTh C MEHBIICH MPOU3BOMUTENBLHOCTBIO. [103TOMY OOJNBIIYIO BaK-
HOCTb UTS TPAKTHUYECKUX MPHIOKECHUN TPEACTABISICT U3YUCHHE CETe MacCOBOTO OOCITY)KHWBaHHS C MHOTOpeE-
KUMHBIMU CTPATETUSMH, B KOTOPHIX O0OCTYXHBAIOIFEC MPHUOOPHI B y3JIlaX MOTYT paboTaTh B HECKOJIBKHX PEXH-
MaX, COOTBETCTBYIOIINX Pa3IMYHON MTPOH3BOAUTEIEHOCTH. [107J00HBIC CeTH MO3BOJNSIOT MOJCITUPOBATH CUTYa-
UK, KOTJa 0OCTYKUBAIOIME TPUOOPHI YACTUYHO HAJE&KHBI, YTO OCOOCHHO aKTYyalbHO JUIS PEalbHBIX CETEH, B
KOTOPBIX JIFOOBIC TEXHUYECKHE CPEACTBA B CIITY (PU3NYECKOT0 M3HOCA, HAPYIICHUS YCIOBHM SKCIUTyaTalluy U T.1.
MOTYT BBIXOAUTH U3 CTPOS TIOJHOCTHIO WM YaCTUYHO, pa00Tasi IPU 3TOM C Pa3IMYHON MPOU3BOAUTEIHLHOCTHIO.
CrangapTHBIN CITy4alHBIA MPOLECC, OMUCHIBAIOUIMA TaKUE CETH, HE SBJISICTCS MapKOBCKHUM, YTO 3aTPYAHAET UX
KCCIIEIOBAHNE U HAXOXKJCHUE CTAlIMOHAPHOTO PACTIPEACICHHUSL.

B [6] Obuta mccnenoBaHa cerb, B KOTOPOH HEKOTOPBIC Y3JIbl JOCTYITHBI JUIS OTPHUIIATEIBHBIX 3asBOK U
JUTATETEHOCTA OOCTYXKUBaHUS UMEIOT TOKa3aTeIbHOS PaCIpeNecHue, a OCTABIIUECS Y3JIbI HEOCTYITHBI IS
OTPHIIATEIBHBIX 3aSBOK W JUTUTEIBHOCTH OOCITYXUBaHUS UMECIOT MPOU3BOIBHYIO (DYHKIHIO pacripeneincHus..
brina mokazana MHBApHMAHTHOCTH CTAlIMOHAPHOIO paclpeAefieHUs BEPOSTHOCTEH COCTOSHUI yKa3aHHOW CETH
M0 OTHOIICHWIO K (PYHKIHSIM pPacnpeAcTeHus JTUTSTbHOCTEH 00CITYKMBaHUS 3asBOK B y3JIaX, HEJOCTYITHBIX
JUTSI OTPUIIATENbHBIX 3a5BOK.
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B [7] paccmaTpuBaiachk ceTb ¢ MHOTOPESKUMHBIM OOCITY)KHBaHHEM M OTPHLIATEILHBIMH 3asBKAMH OJHOT'O
TUMA, KOrAa 00CTyKUBAaHHE NMEN0 BPEMEHHYIO HHTEPIPETaluIo (T.e. CKOPOCTh oOcmyxuBanus pasaa 1). bouia
yCTaHOBJICHA UHBAPHAHTHOCTH CTAIIMOHAPHOTO paclpenelieHusi OTHOCUTENIbHO (QYHKIMK paclipeaeseHus Belu-
YUH PadoT, TPEOYIOMMXCS U NEPEKIIOYCHUsT PSKUMOB (DYHKIMOHUPOBaHHUS MPUOOPOB B y3Nax Npu (pHKCH-
POBAaHHBIX MATEMAaTUYECKUX OXKHUIAHUAX.

B nanHO# craThe pe3ynbTaT, MONYyUEHHBIH B [7], paclpocTpaHeH Ha ciydail, Korja B ceTb C MHOTrOpe-
UMHBIM 00CITY’)KHBaHHEM ITOCTYNAIOT MOJIOKUTENBHBIC H OTPULIATEIBHBIC 3aIBKH Pa3JINUYHBIX THUIIOB.

1. Onucanue ceTn

PaCCManI/IBaeTCH OTKpbITad CCTb MaCCOBOI'O 06CJ'Iy>KI/IBaHI/I$I, cocroduias u3 N OZ[HOJ'II/IHef/’IHBIX Y3JI0B, B
KOTOPYIO NOCTYIIAarOT ABa HC3aBUCUMBIX HpOCTefIH.IHX IMOTOKA IMOJIOKUTCIIbHBIX U OTPULATCIBHBIX 3a5BOK C MH-

TCHCHUBHOCTAMHU 7\.+ U A~ COOTBETCTBEHHO. Kamnaﬂ 3asjBKa BXOJHOI'O ITOTOKa ITOJIOKUTCIIBHBIX 3a4BOK HE3aBH-

CHMO OT JApYTUX 3asBOK Halpapisercs B [-i y3el U CTaHOBUTCS 3asBKOM Tuma u, u =1,M , c BEpOATHOCTbIO
N M
Poiu (ZZ Pouwy =1)- Kaxnas 3asBKa BXOIHOrO MOTOKA OTPHIATETLHBIX 3asBOK HE3ABHCHMO OT JAPYTHX
I=1 u=1
N M
3asBOK HATIPABISIETCS B /- y3€I U CTAHOBUTCS 3asBKOM TUIIA U C BEPOSTHOCTBIO Po ) (ZZ Doy =1). O1-
I=1 u=1
puLaTeNbHas 3asBKa THIA ¥, IOCTyHAIONas B y3el CEeTH, 00CIykuBaHus He TpeOyer. OHa yMEHbIIAET YHCIO
3adBOK TUIIA ¥ B 3TOM y3JI€ Ha €IMHUILY, €CIM B OUYEPEIH AAHHOIO y3/1a €CTh 3asABKU TUIA i, U HE OKa3bIBAET
HUKAKOTr0 BJIIMAHUSA HA COCTOSHUE y3J1a B IPOTUBHOM CIIydae.

ITocie 06CJ'Iy>KI/IBaHI/I$I B [-M Y3JI€ MOJOKUTCIIbHAA 3adBKa TUIIA ¢ HE3aBUCUMO OT APYTHUX 3adBOK MI'HO-

BCHHO C BCPOATHOCTBHIO p(Jrl,u)(k,v) HampaBJISACTCA B k-1 y3€JI KaK IMOJIOKUTCIIbHAA 3asBKa TUIla v, C BCPOATHO-

CTBIO p(l,u)(k,v) HampaBJIACTCA B k-1 y3€II KaK OTpHULaTC/IbHad 3asiBKa TUIla v, 4 C BEPOATHOCTHIO p(l,u)O IIOKHaa-

N M JE—
€T CeTh (Zz(pé,u)(k,v) + Pawin) T P =L LE=1LNsu,v=1,M).

k=1 v=1

3asiBKH B y37ax oOcmyxwuBarorcs cornacHo aucuuminae LCFS PR (3asBka, mocrynatomias B /-ii y3en,
BBITECHSET 3asBKYy C pUOOpa W HaUYMHAET OOCIYKHBATHCS, & BHITECHECHHAS 3asiBKA CTAHOBHUTCS IIEPBOH B Ode-
penu Ha oOcmykuBaHue). TakuMm o0pa3oM, MOCTYMAIOIIME B Y3€J 3agBKH UMEIOT aOCOMIOTHBIN MPHOPUTET.
Bpemst oOcnyxuBaHHA 3asBKU THIA U, HAXOMAIIEicS B /-M y3Iie, UMeeT MoKa3aTeIbHOe pacipeesieHue C mna-

paMerpoM L, .

B xaxxaoM u3 N y3710B HaXOIMTCS €AWHCTBEHHBIN MPHOOp, KOTOPBIA MOKET paboTaTh B 7; + 1 pekumax
0,1,...,r,l=LN.

CocrosiHue ceTd B MOMEHT BPEMEHH f XapakTepuszyercs BeKTopoM x(¢) = (x, (¢), x, (¢),..., x (¢)), rae co-
CTOsHME [-r0 y31a B  MOMEHT BpeMEHM ¢ OHHUChIBaeTcs  BeKTopoM X, (¢)=(X,(?), j,(¢)) =
=(x,(0), X, (8)-e5 X, 1y (D), J1(£)); Xy (¢) — THMI 3aABKM, CTOSIIEH TOCIEAHENR B OYEPENHM Ha OOCITY)KHBAHHUE B
[-M y371€ B MOMEHT BPEMEHH f; X, (f) — THII 3asBKH, CTOSIICH NpeaIocieJHell B odepe Ha 00CTy)KUBaHHE B
[-M y311€ B MOMEHT BPEMEHU { U T.JL.; X; ;) ({) — THII 3asBKH, CTOALIEH NEPBOM B 0MEPEIM HA OONY)KUBAHHUE B

[-M y371€ B MOMEHT BPEMEHU f; X, ) (f) — TUI 3asBKHU, HAXOMAUIEHCS HA OOTY)KUBAHUU B [-M y3]I€ B MOMEHT

BpeMeHH f; j,(f) — pexum, B KOTOpOM paboTaer /-if y3en B MoMeHT BpemeHH f. [Ipouecc x(¢) oOmamaer mpo-
CTPAaHCTBOM COCTOSIHUI
X=X, xX,x.xX,,

rae X, ={(0,7,), (X5 7)) (X115 X055 J1)s (X5 X155 X35 J) )senes Xy = LM k=12,...5 j, =0,1,}.
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B kadectBe 0OCHOBHOI'0 peskuMa paboThl 00CITyKHUBaroLIero npudopa nonaraercst pexxum padotsl 0. Ile-
PEKIIIOYEHNE POMCXOIUT TOJIBKO Ha COCEAHNE PEeKUMBL. Bo Bpems mepexiroueHust npudopa ¢ OIHOTO pexXuMa
Ha JAPYrod 4Mcio 3aBOK B y3JI€ HE MEHSAETCSL.

KonuuectBo paboThl, HEOOX0ANMOE AJIS MEPEKIIIOYeHus Tprudopa /-ro y3iia 13 OCHOBHOI'O peXuMa pado-

TBI B P&XKHUM 1, SIBISIETCS CITy4aifHOW BEIMYUHOM C MPOM3BONBHOW (yHKImeH pacrnpenenenus D,(0,u) u ma-
TematnueckuM oxkuganuem 1, (0) . [Ipu 3Tom ecau B MOMEHT BpeMeHH ¢ B y3ie Haxomutcsi n(/) 3asBok (co-
crosiaue y3na (X;, j;) ), TO ykazaHHasi paboTa BBIIOIHSETCS CO CKOPOCThio V, (X;,0).

Hns cocrosinuii x;, y KOTopeix 1< j, <7, —1, xonuuecTBO paboThl, HEOOXOAUMOE TSI U3MEHEHHS pe-
KUMa j,, TaKKe SIBISIETCS CIy4aifHON BEMTMYMHOW C NMPOW3BONBHOM (yHKIMel pacrpenenenust @, (j,,u) u
MaTeMaTHYECKUM OoxuzanueM 1, (Jj,).

Ecnu B MOMEHT BpeMeHU ¢ cocTosiHue y3na (X, j,) , TO BBIIOJTHEHUE paboThl MPOUCXOAUT CO CKOPOCTHIO

v, (x;) .
v, (x;)+ ¢, (x;), Ipx 3TOM C BEpOSITHOCThIO ————————— TIpHOOp /-T0 y371a nepexoauT B pexxuM j, +1,ac
v (x)+9,(x))
¢, (x) .
BEPOSITHOCTBI0 —————————— TIPHOOp /-T0 y3/1a IepexoIuT B pexxum j, —1.
v, (x)+9,(x,)

AHaJIOTHYHO KOJIMYECTBO paboThl, HEOOXOAMMOE ISl BBIXO/Aa IprOopa /-ro y3na U3 pexuma paboTsl 7; B
r, —1, umeer mpou3BoNbHYIO GyHKUUIO pactpeneieHus D, (r,,u) u maremaruueckoe oxuganue 1, (7). [pu
3TOM €CJIM B MOMEHT BPEMEHH ! COCTOsIHHE y31a (X, j,), TO yKazaHHas padoTa BBIIOJIHAETCS CO CKOPOCTHIO

0, (x;,7).
MaremaTuyeckue OXUAAHHS BCEX BBIMICTICPEUNUCICHHBIX CIy4ailHBIX BEIMYUH KOHEYHBI, T.C.

n,(j,) <+, j, =0, r, I=L—N~
Jyis cokparieHus BRIKIaI0K BBOJISTCS OIEPaTOPBI:
T (x)=T, (xlla-"axl,n(l)) =(x11a-~-axl,n(1)au)>
T (x)=T" (lew-axz,n(l)) = (xll""ﬂxl,n(l)—l)a
(;r,u)(x) zT(;r,u)(xl""ﬂxN) = (X, Xy), THE X =X Mpu k=1, X, = (T, (X)), /),
Ty () =T, (X Xy ) = (X} 50y Xy ), THE X =X mpu kL, X, = (T (X)), ;)
RN =R () ey xy) = (R Xy ), THE X, =x, mpuk#1, X, = (X, j, +1),

RI'(x) =R/ (x) e Xy ) = (Rpsen Xy ), THE X, =X, mpu k%1, X, = (%,,/, - ).

[lonaraercs, yro Bce BeMUYUHBI L, , V,(X;), ¢,(x;) crporo Oombuie 0, a MaTprna (p&u)(k,v)), u,v=1,M,

Lk= O,_N , HETPUBOMIMA.

O06o03HaUYNM qcpe3 Otzrl,u) CpCAHIOK0 MHTCHCHUBHOCTD INOCTYIIJICHUS IMOJOXUTCIBHBIX 3dasBOK TUIIA U B

[-i y3€i1, a 4epe3 OL(I,M) — CPpCAHIOI0 MHTCHCUBHOCTD MOCTYIJICHUA OTPULATCIIbHBIX 3a4BOK THIIA U B [-i Yy3¢€i1,

u=1,M.

PaccMOTpUM CHCTEMY HETMHEHHBIX OTHOCHTEIBHO OL(),) M O.(,, YPABHEHHIi:

N
O (M
+ + o+ (k) (k) +
Oy =M Poay + Z—p(k,vw,u)’ (1)

k) My T Ok

.
Oyt

_ o My

Oy = Poguy + Z E— T RO (2)

ey My T %y

L k=1L, Nu,v=1,M.
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Cuctema ypaBuenuii (1)—(2) umeer pemienne

+ + + R - - _
(oc(m,oc(z,u),...,oc(N,u),oc(l,u),oc(z,u),...,ocw,u) ), u=1,M.
[Tonmaraercs, 9TO OHO CYIIECTBYET, TPUUEM oc(ﬁ,u) >0,/=1,N.
Hepes ;) (f) 0bo3Ha4aETCs KOAMIECTBO PAOOTHI, KOTOPOE OCTAIOCh BBITOIHHUTD C MOMEHTA ¢ JUTA Tie-
PEKIIIOYEHUS PeKUMa O0CITyKUBAHHSI Ha COCENHUI pexXuM B [-M y37e, eclii 00CIyXuBaromuii npudop padora-
er B perame j,, () = (W, 0 (O .0 O Ui 5, 0 (0)-

B cminy BeIeckazaHHOTO

dy, . ()
% = _(vl (xl )I(j/¢'7) + i (‘xl )I(j/¢0) )

B obmem cmydae mpomecc x(f) He sBISETCS MapKOBCKUM, IO3TOMY paccMaTpHUBaeTcs KyCOYHO-
JTUHEHHBIA MapKOBCKuil mponecc (f) = (x(t),\y(t)), MOJTY4YeHHBIN 100aBlieHHeM K X(f) HempepbIBHOMH KOMIIO-
HEHTBI (1) .

Ilon P= {P(x)} MOHUMAETCs CTAllMOHAPHOE pacnpeesieHHe BEpOsTHOCTEH cocTosiHUK Tpouecca x(7) ,
P(x)=lim Plx(r) = x}.

OyHKIUU

F(x,z)=F(x, 2y 22 ), 0 N, )=

= }i_golp{x(t) =5y, (<20, (<2, 559y, (<2, |

HA3bIBAIOTCS CTAIMOHAPHBIMU (DYHKIUAMH PACHPEICICHUS BEPOITHOCTEH COCTOSHUN KYCOYHO-THHEHHOTO
MapKoBckoro nporecca (%) .

2. MapkoBckmii caygai

[TycTh UTHTEILHOCTH TIPEOBIBAHKS B PSKMMaX UMEIOT MOKa3aTelbHOE pacipeielicHue, T.e. JUisl [-ro y3ia
CD,(x,,E)zl—eXp{— v, (x5 ) +0,(x,, j, ))07}, (¥ >0). Torma x(¢) — OAHOPOIHBIA MapKOBCKHM IpOIECC C
HEMPEPBIBHBIM ~ BpeMeHeM W He Ooiee uYeM CY4€THBIM  (DA30BBIM  MPOCTPAHCTBOM  COCTOSIHHI
X=X, xX,x.xXy,rne X, ={(0,7,), (x;1,7,)s (X;1,X15,J;)s Xy, =L M, k=12,...; j, =0,r,}.

B [8] ycTanoBn€HO, 4TO MPH BBITOJTHEHUH YCIOBHH

v, (55 7y = DO (T (%), J) = v, (T (%), j, —=Do,(X,, j,) 3)
N | ny ot iy (%, k—1)
(x) Vi\X,
9. - = < oo, “4)
;{ 11:1[ 13 M) T %) lk} (Pl(x“k)

n

N M
qg. =\ +A +ZZH(L“) +Z[V1(3_Czajz)+(Pz()_Czajz)]
=1

=1 u=1
nponecc x(¢) sproguueH. Ilpu 3ToM puHaIBHOE CTalMOHAPHOE pacHpeneieHNe UMEEeT MYIbTUIUINKaTUBHYIO
(bOpMy, B KOTOpOﬁ MHOXUTCIIN XapaKTCPUSYIOT OTACIBbHBIC Y3JIbI

P(x)=p(x)) Py (x) .. X py(xy),
rac

n(l) ol iy (5 k- 1)
- . (1,x5,) MASE - .
p(x,7,)= , — p,(0,0), (x;,/,)e X;, Q)
g Hm) T %) 1}3 9,(%, k)

a (ocf,!u),oc(',!u) ), [=1,N, — nonoxurenpHoe penieHne ypaBHeHuit rpapuka (1)—(2).
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3. OcHOBHOI1 pe3yJbTaT

[IycTp Temepp KoIM4YeCTBO PabOTH, HEOOXOAMMOE AJIs MEpeKIIoueHHs peKuMa mpudopa /-ro y3na Ha
OJIMH U3 COCCAHUX PEKHMOB, MMEET MPOM3BOJIBHYIO (QYHKIHIO pacnpenencHuss D,(j,,u), KOraa COCTOSHHE
[-ro y3na ectb (X, j,). Torna uMeer MecTo Cleaylomas Teopema.

Teopema. Ecnu Brinonnaens! ycioBus (3)—(4), To npouecc ((f) 3proamveH, mpyd 3TOM CTallMOHAPHBIC
(GyHKUMU pacrpeneseHus: BEpOATHOCTENW COCTOSHIMN F'(x,z) ompenenstoTcs no GopMmynaMm

214

F(x,z)= sz(xz)m () I q)l(jlaa))daa xeX, (6)

rac
n(l)

N
. %1, nGo) v
pi(x, )= —
19:1[ Rty T i, ) MCO) H o, 0 k

) p; (0,0), ()

n(l) + N J

p10.0) =nO) 1- ] [ | ST

; ®)
-1 M) T %0y N\Gi=0k=1 (pl(ol’k)
a (ocf,!u),oc(',!u) ), [=1,N, — NONOKHUTEIbHOE pewenne ypaBHeHuit Tpaduka (1)—(2).
Joxazamenscmeo. Ilycts Beimonuensl ycnosus (3)—(4), T.e. B cinydae, koraa x(¢) — MapKOBCKHI Mpo-
ecc, CyIIECTBYET CTAlMOHAPHOE SProgNUecKoe pacmnpeneneHue x(¢),, Toraa, no-BUANMOMY, H B 00IIEM CiIy-
Yae MpH BBIMOTHEHUH ycioBui (3)—(4) cyliecTByeT cranuoHapHOe 3proamdeckoe pacnpeaenceHue (f), Tak
kak C(¢t) momywaercs u3 x(¢) moOaBiieHHMEM HETPEPBHIBHBIX KOMIOHEHT. CTporoe A0Ka3aTeabCTBO 3TOro (hakra
MOXeET OBITh IPOBEICHO, €CIH Y4ecTh, uTo npouecc ((¢) sBugercs pereHepupyrommM. OyHKIMOHUPOBaHNE
CEeTH CXEeMaTHYHO MOKHO MPEACTABUTH KaK YepeIoBaHKe MEPUOI0B, KOTAa CETh HaXOAUTCS B cOCTOIHUU «0» (B
Ka)X/IOM y3JIe CETH HET 3asBOK, MPHOOp paboTaeT B HYJIEBOM PEXHUME), U IEPHOJO0B 3aHATOCTH CETH (B IPOTUB-
HOM citydae). Jlajee JOKa3aTenbCTBO CBOAMTCS K MPUMEHEHUIO MpeAenbHOW TeopeMbl CMHTa Uil pereHepu-
pytomux nporueccoB [9. C. 41], mpu 3TOM y4YUTBIBACTCS, YTO CpeAHEE BpeMs OOCITYKUBAHHS 3aSBKH PaBHO
cpenHeMy BpeMEHU OOCTyXHBaHHUS 3asBKA B MAPKOBCKOM CITydae.
O6osuaunm 8, (x;, j,) = v, (X)L .,y + 9, (X)L 20> 1(1)>0, j, =0,r,, [=LN.

Hns F(x,z) cnpaBeniuBa cieqyronas CUCTeMa pa3HOCTHO-AU P depeHInalIbHBIX ypaBHEHUI:

[7»* +k+§:§:u,uJF(x,z)= )
1=1 u=1

u _ .| OF(x,z OF (x,z N U N
:ZSI(xl’]l) ( )_ (x,2) +ZZHlup(l,u)oF(T(l,u)(x)»Z)+

=1 0z, 0z, 1=1 u=l1

—_
<

21,5, =0

+}\‘+Zp0(lx,”(,))F(T (x),2) + A ZZPO(lu)F( G (X),2) +

I=1 u=l1

N N M
+Z Z Z wp(Jrs,u)(l,x,’”(,))F(T(:,u)(]—'17(x))ﬂz)+

=1 s=1,s#l u=1
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N M M
+Zzzulup(il,u)(l,v)F(T(7,u) (T(;r,v) ()C)), Z) +

1= =1

R . OF (R{"™ (x),2)
+ZV1(XIJI _l)q)z(leZz,j, {l— +
Z 1=0

I=1 0z,

—_

u=1

<

N
+Z‘P1(?_Czaj1 + 1)q)1(j1v21,j,

=1

OF (R (x),
(R (x),2) xeX.
aZl,j,Jrl 2 =0

JInst MaHHBIX ypaBHEHWIA MPEANMOIaraercs, 4To eciii apryMeHT GyHkiuuu F(x,z) He MpUHAISKUT da-
30BOMY IPOCTPAHCTBY, T.€. eclu x ¢ X, T0 F(x,z)=0.

[onmydenHas cuctema pa30HBaeTCs Ha ypaBHEHHS JIOKAIBHOrO GajlaHca CISAyOLIM 00pa3oMm:
N M
W+7f+22um F(x,z)= (10)
=1 u=1

N M
= Zulup(l,u)oF(TJ,u)(x)»Z)+

1=l u=1

+}\‘+Zp0(lx,”(,)) (I (x),2) + A~ ZZPO(}M)F( G (%), 2) +

=1 u=1

N N M
+Z Z Z mp(Jrs,u)(l,x,’”(,))F(T(:,u)(]—117(x))ﬂz)+

/= REIRTES]

—_
“
L

M
D Pt oy F T T (0)),2) +

u=1

M M
Zzusup(ix,u)(l,v)F(T(;r,u) (T(;r,v) (X)), Z) +

Mz

+

~
Il
—_

-
M=

=1 s=l,s#l u=1 v=1
N M M
+Zzzulup(lu)(z WF (T zu)(T(;r,v)(x)),Z)’
=1 u=1 v=
oF (x,z oF(x,z
9,(x, 7)) *2) _ (x,2) = (11)
oz, oz, L

=v, (X, J; — 1)q)1(j1v21,j, {

02y,

OF (R} (x),z)J .
Z 1=0

_ . OF (R (x),2)
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OyHKIMK pacrpeneneHus BeposTHocTel F(x,z), onpenenéuupie hopmynamu (6)—(8), sBISIOTCS peliie-
Husmu ypaBHenuit (10)—(11), a cnemoBatenbHO, U ypaBHEeHUH (9).

HeiicTButensHo, noactaBuM (6) B (10), mpuBeném momgoOHbIe claraeMble W, YIUTHIBAass ypaBHEHUS Tpa-
¢uxka (1)—(2), momyunm Toxxkaectso. [loacrasmsist (6) B (11) u yuntsiBas (3), TakKe MOTYIUM TOXKIECTBO.

Teopema nokaszaHa.

U3 Teopemsl ¢ yuérom paBeHcTBa P(x) = F(x,+0) uMeeM:

CneacrBue. Ecnu BemonHsoTC cooTHOMIEHUS (3)~(4), To mporecc x(f) IproaudeH, a ero CTallioHapHOE
pacmpeneneHme {P(x) xeX } HE 3aBUCUT OT (DYHKIIMOHAILHOTO BU/IA pacnpenencaus O ( J.u ) Y IMECT BUJT

P(x)=p;(x))py(x;) %X py (Xy),
rae p,;(x;) ompeaemnstorcs o ¢popmynam (7)—(8).
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3akjIoueHne

B nacrosmeid pabore ycTaHOBIIEHBI YCIOBHSI HE3aBUCHMOCTH CTAlIHOHAPHOTO pacIpeieieH s BEpOsTHO-
CTEH COCTOSHHM OTKPBITHIX ceTell ¢ MHOIOPEKUMHBIMU CTPATErHAMU 00CITYKHUBaHHA, MOJIOKUTEIBHBIMU U OT-
pHULIATETFHBIME 3asBKAMH Pa3HBIX THIIOB OT BHJIA 3aKOHOB pacIpeAcieHus] BENUYUH padoT, TpeOyromuxces 1s
MEPEKTIOYCHHS PEKUMOB (DYHKIIMOHMPOBAaHUS MPHUOOPOB B y371aX, KOraa TUCHUIUTMHOW OOCITYXKHUBaHUS SBIIS-
ercss LCFS PR (aGcomoTHBIN MPHOPUTET MOCTYMAIOIIEro TpeOoBaHus ¢ 1ooOcmykuBanueMm). [Ipu sTom ycra-
HOBJICHO, YTO CTAIllMOHAPHOE PACIpeie]IeHuEe CETH UMeeT (JOpPMY ITPON3BEACHUSL.
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Invariance of the stationary distribution of queuing networks with multimode strategies and negative demands.
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The open queueing network with two independent simplest incoming flows of positive and negative demands with A" and A~ cor-
responding intensities is considered in article.
Every demand of incoming flow of positive demands goes to /-unit independently of other demands and becomes the u-type de-

[E— N M
mand, u =1,M, with pg( 1.4y Probability ( Z Z pg( ) = 1). Every demand of incoming flow of negative demands goes to /-unit inde-
=1 u=1

N M
pendently of other demands and becomes the u-type demand with py, , probability (ZZ Pouuy = 1). Negative u-type demand,
1=l u=1
entering in /-unit, does not require the service. It reduces the number of u-type demands in this unit by one if the queue of the unit has u-
type demands, and has no effect on the state of the unit otherwise.
After serving in /-unit u-type positive demand goes to k-unit instantly and independently of other demands as v-type positive de-

mand with P(+1,u)( 1.y probability and as v-type negative demand with p; . , probability, and with p,, ,, probability this u-type posi-

N M _ _
tive demand goes away from the network (ZZ (p&,u)(k,v) + Paanikny) T Paayo =LLE=1LNu,v=1,M).
k=1 v=I
The single line units can work in some strategies. Every strategy responds to different degree of serviceability. The dispatching rule

of demands by device of [-unit is LCFS PR (/ = I,_N) .
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The network condition at moment ¢ is characterized by vector x(¢) = (x,(¢), x,(¢), ..., X, (¢)) , where condition of /-unit at moment ¢
is vector x, (1) = (X, (9), J, () = (x,, (@), X5 ()5 X,y (D), J; (), X1 (2) is the type of demand, which stands on the final position in
[-unit at moment ¢, X;,(¢) is the type of demand, which stands on the penultimate position in /-unit at moment ¢, x Ln(1)-1 (¢) is the

type of demand, which stands on the first position in /-unit at moment 7, x, , (?) is the type of demand, which is servicing by device in

[-unit at moment ¢, n(/) is total amount of demands in /-unit, j,(¢) is the number of device strategy in /-unit at moment¢, / =1, N .

Servicing time of u-type demand, located in /-unit at moment ¢, has the exponential distribution with p;, parameter.

The basic device strategy is strategy 0. Switching occurs only on the neighboring strategies. During switching the device from one
strategy to another one the number of demands in the unit does not change.

For x; conditions, where 0 < j, <r,, the quantity of work, which is necessary for switching of device work strategy j,, is random

variable with arbitrary distribution function @, (j,,%) and expectation value 1; (j;).

The piecewise-linear Markovian process {(f) = (x(t), \y(t)) is considered. This process is obtained by addition to x(¢) continuous

component (f) = (\VLJ.1 0OV (t),...,qlN)jN([)(t)), where y, ,(7) is quantity of work, which lefts to execute from moment

for switching of device work strategy to neighboring strategy in /-unit, if device works with j; strategy.
Suppose that P = {P(x)} is stationary distribution of state probabilities of x(f) process; F(x,z) are stationary distribution func-
tions of state probabilities of piecewise-linear Markovian process C(%) :

F(x,2)=F(x,2,;,2, s 2y ; ) =

= }i_golp{x(t) =0, (<200, (<2, 550y, (<2, |

It was proved that stationary distribution of network state probabilities is invariant in relation to functional form of distributions of
work’s quantities, which are necessary for switching of device work strategies.
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H.A. UrnarbeB

BBIYMCJIEHUE OBOBIIIEHHBIX OHEHOK
N UEPAPXNYECKASA I'PYIIIIMPOBKA ITPU3HAKOB

PaccmarpuBaercs mponecc (OpMHPOBAHUST HOBOTO MPU3HAKOBOTO INPOCTPAHCTBA, PAa3MEPHOCTH KOTOPOrO MEHBIIE
ucxonHoro. IIpemmaraercs mocienoBaTeIbHBINH OTOOP HETIEPECEKAIOMINXCS TIOJMHOXKECTB PAa3HOTHUITHBIX IPH3HAKOB B
OIMHCAaHUM OOBEKTOB M HEIMHEWHOEe OTOOpaXEeHHS HMX Ha 4YUCIOBYI0 och. Ilpm orbope wucHomp3yeTcss MpaBHIIO
HepapXUueckoil TPYNIUPOBKM ISl IOMAPHOrO OOBEAMHEHMs IPHU3HAKOB. PeleHwe NpHHMMAETCS MO 3HAYCHUSIM
CTETICH! Pa3MBITOCTH PE3YIbTaTOB OTOOPaKEHHUsI OOBEKTOB KJIACCOB Ha YHCIIOBOI OCH.

KiioueBble cj10Ba: 0000IEHHBIE OIIEHKH; HEPApXUIECKast IPYHNIHUPOBKA; JIOTHIESCKIE 3aKOHOMEPHOCTH; OTCTYIL.

O06001mEHHBIE OLIEHKH — 3TO arperupoBaHHbIe (KOMOMHHUPOBAHHbIE) TIOKA3aTeNu, KoTopbie B [1] ucmons-
30BJINCH AJIS1 OTOOPaKEHUSI OTHOIIEHUH MeXIy 00beKTaMHU JBYX KJIaCCOB B Pa3HOTHUITHOM NMPHU3HAKOBOM IIPO-
CTpaHCTBE Ha YHCJIOBYIO OChb. BBIJIO pa3paboTaHo ABa METOJa BHIYMCIICHUS OLICHOK: CTOXAaCTHUYECKUN U JIeTep-
MUHHCTHYecKUd. KpuTtepuem i BIOOpa mapaMeTpoB ajiropuTMa CTOXaCTHYECKOIo METOAA CIYKUIIa MaKCH-
MaJsibHasi pa3HOCTh (OTCTYI) MEXAY JTMHEHHBIMU MPOEKUIUSIMH JBYX OOBEKTOB M3 pa3HBIX KiaccoB. V3 MuHH-
MaJIbHOTO 3HAYCHHUs Ha YHCIOBOM OCH OJHOTO Kjlacca BBIYUTAIOCH MaKCHMAaJIbHOE 3HAYEHHE IPYroro Kiacca.
OnHuM 13 MpUMEHEHUH MeTo/1a ObLTO 0TOOpaKeHUE OMMcaHui (BU3yann3anus) 00beKTOB [2] Ha IIOCKOCTb.

B anroputme neTepMHUHUCTHYECKOTO METOAA MPUMEHSUIOCH pa30reHue Ha MHTEPBaJIbl JOMUHUPOBAHUS
3HaYCHUH KOJMYECTBEHHBIX MPU3HAKOB OOBEKTOB OJHOTO M3 JIBYX KiaccoB. Ilpu BbruucieHnn o0OOIEHHOM
OLIGHKH OOBEKTa HMCIOJIb30BAINCH 3HAYECHUS (PYHKIMI NMPUHAIICKHOCTH K MHTEpBajiaM JTOMHUHHPOBAHUS IS
KOJTMYECTBEHHBIX MPU3HAKOB M YaCTOTHI BCTPEYAEMOCTH Tpalaliuii A7l HOMUHAJIBHBIX PU3HAKOB.

[lepexon K OAHOTUIHBIM MIKajJaM U3MEPEHHH M MOATAITHOE COKpAIllEeHHE Pa3MEpHOCTH MPU3HAKOBOTO
MPOCTPAHCTBA MOCPEICTBOM BBIYMCICHHUST OOOOIIEHHBIX OLIEHOK 00bekToB omucaH B [3]. Ha mepBom artame
00001EéHHas olleHKa 00bEeKTa 110 HOMHHAJIBHBIM IPU3HAKaM WHTEPIPETUPOBAIACH KaK 3HaYEHUE HOBOro (J1a-
TEHTHOI'0) KOJMYECTBEHHOr 0 pru3Haka. Ha BTopoM sTare BeIYHMCICHUE OLEHKH MPOU3BOIMIOCH IO PACHIHPEH-
HOMY MHOKECTBY KOJIMUECTBEHHBIX PHU3HAKOB.

PesynbraTel BRIUUCIUTENHLHOTO SKcriepuMenTa B [3] mo BeiOopke nanHbix GERMAN wu3 [4] nmoka3zanu,
410 00001aronas ciocOOHOCTh PEMIAIONINX MPaBHJI Ha OCHOBE 00OOLIEHHBIX OILIEHOK BBIIIE, YEM Y U3BECTHOTO
meroqa LDA [5].

[ToTrpeOHOCTH BO BBEJEHUM JATEHTHBIX MPHU3HAKOB BO3HMKAET MPHU IMOUCKE CHPSMIISIOLIETO MPOCTPaH-
CTBa, B KOTOPOM OOBEKTHI M3 Pa3HBIX KJIACCOB OBbLIM OBl JIMHEWHO pa3lenuMbl. B MeToae OmopHBIX BEKTOPOB
SVM [6] HenuHeHHOCTh pa3aensioniell MOBEpXHOCTH JOCTHTACTCS 33 CUET MCMOIb30BAHUS SAACPHBIX QYHKLUH,
MOWCK apaMeTPOB AUCKPUMUHAHTHBIX (PYHKIHMHA MPOU3BOAUTCS MYTEM MaKCHMU3ALUHN OTCTYIa MEXAY 00beK-
TaMH JBYX KJIACCOB B HOBOM (CIIPSIMJISIIOIIEM ) IPU3HAKOBOM IIPOCTPAHCTBE.

B nanHOM wMcciienoBaHMu TMpesiaraeTcs MPaBHIIO AJsl arJIOMEPaTHBHOW HEPapXUUECKOW TpYNIHUPOBKU
Pa3HOTHIHBIX IPU3HAKOB C LENbI0 HEMMHEHHOTO 0TOOpaXXeHUsI MX 3HAYCHUH B OMMCAaHUU OOBEKTOB Ha YMCIIO-
BYIO OCb. Pe3ynbTaThl HEMMHEIHOTO OTOOpaskeHHsI pacCMaTPUBAIOTCA KaK 3HaYeHUs1 0000MIEHHBIX OLEHOK (HO-
BBIX MIPHU3HAKOB) B OMHUCAaHUH OOBEKTOB. [Ipe/ioskeHbl KPUTEPUH, HA OCHOBE KOTOPBIX OMNPEAECNSAIOTCS YUCIIO
0000IIEHHBIX OLEHOK (HENepeceKaroIXCsl TPYIIN), KOJTHYECTBO UCXOIHBIX IPU3HAKOB, BXOAIINX B TPYIILY, H
HX COCTaB.

Pemaromue npasuiia mo 3Ha4e€HUAM Ka)KJOr0 HOBOTO MPHU3HAKa B OMHMCAHHK OOBEKTOB 00pa3yloT COBO-
KyITHOCTh 0a30BBIX aJITOPUTMOB. Ba30BBIi aNropuTM MOXKET pacCMaTPHUBATHCS KAK CAMOCTOSATENBHBIN Kilaccu-
¢ukaTop 1100 UCTIONB30BATHCS B KOMIIO3UIIMHU C JPYTUMH AJITOPUTMAaMH.
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Brruncnenre 0000MIEHHBIX OLEHOK C MOMOMIBIO HepapXHUUecKOH arjJoMepaTHBHOW IPYNITUPOBKH Lieiie-
CO00pa3HO MO HECKONBKUM MPUYHHAM:

— 00001IEHHBIC OLIEHKH 00pa3yloT HOBOE NMPHU3HAKOBOE MPOCTPAHCTBO, pa3Mepbl KOTOPOrO MEHBIIIE HC-
XOZIHOTO;

— pemraercst mpoOeMa UCTIOJIb30BaHMsl allTOPUTMOB KJIacCU(UKAINY, Pealnn3alusi KOTOphIX Obuia Hedd-
(exTrBHA H3-32 OONBIION Pa3MEPHOCTH MPU3HAKOBOTO MPOCTPAHCTBA MO0 BO3MOXKHA IPH OJHOM THIIE ILIKAT
M3MEpEHH;

— B MpoLIecce TPYNIUPOBKU MPOUCXOIUT TOCIEA0BaTEIbHBIN 0TOOp MH(POPMATUBHBIX HAOOPOB MPHU3HA-
KOB;

— HeNMHEetHOe 0TOOpa)keHHe ONMUCaHUK 00BEKTOB HA YMCIIOBYIO OCh IO ONpEAEseMbIM KOMOWHAIUAM
MPU3HAKOB SIBISIETCA CPEICTBOM OOHAPYKEHUSI YyCTOWUHMBBIX JIOTHYECKUX 3aKOHOMEPHOCTEH (HOBBIX 3HAHUN) B
XpaHWINIAX JaHHBIX.

1. O0o0meHHbIe OlleHKH 00beKTOB Ha 0a3e HepapXu4ecKol IPyNNHMPOBKH NPU3HAKOB

PaccmaTtpuBaercss MHOKECTBO M3 1 JIOITYCTUMBIX OOBEKTOB, Pa30MTOE Ha 2 HEMEPECEKAIOIIUXCS MOJI-
MHOKecTBa (kmacca). [Ipencrasutenu kinaccoB K, K, 3amaHbl yepe3 BBIOOPKY (ToaMHOXkecTBO 1) 0OBEKTOB
Ey={S,...,5.}, Ey = K1UK,. OOBbEKTbI BBIOOPKH OIHCHIBAIOTCS C IOMOINBIO # Pa3HOTUITHBIX TPU3HAKOB
X(n) = (x1,...,x,), MHOKECTBO JOITYCTUMBIX 3HAYCHUU & M3 KOTOPBIX M3MEPSIOTCS B MHTEPBAIBHBIX IIKAJIAX,
n — & — B HOMUHAJIEHOM.

Ha E, 3amano mpaBuito mociienoBaTebHOTrO pa3orueHus Habopa X(n) Ha HenepeceKaromecs MOAMHOXKe-
ctBa Xi(ky),..., Xo(kr), T> 1, ki+... 4k, < n. Tpebyercst mis kaxaoro X;(k;) onpenenuts anroput™ A; (pacrno3Ha-
IOLIMI oTlepaTop B TEPMHUHOJIOTHH alredpandeckoro noaxoaa K pacrnosnasanus oopazos H0.U. XKypasnésa [7])
JUTS OTOOpaXKeHMs 3HAYCHUN PU3HAKOB U3 X{(k;) B onmucaHnu o0bekTa S JEE),J= 1,...,m, B 3HaueHue (0000-

HIEHHYIO OLIEHKY) Ha YHCIOBOI OCH.

0O0603HaYMM MHOXECTBO HOMEPOB KOJINYECTBEHHBIX M HOMHUHAJIBHBIX MPU3HAKOB COOTBETCTBEHHO Kak /
u J. IIponecc mocneqoBaTeNsHOrO BEIYMCICHNS 3HAUCHUH 0000IIEHHBIX OIIEHOK (HOBBIX IMPU3HAKOB) pean3y-
ercsd aJTOPUTMOM HEpapXUUecKOM arJioMepaTMBHOM TPYIIHPOBKU IO OMUCBIBAEMOMY HUXe MpaBuiy. [lns
UAEHTH(HUKALNY PU3HAKOB B ONMUCAHUU O0BEKTOB Ha p-M mare 0 < p < n mepapXu4ecKoi IpynIupoBKH Oy-

}iE(IUJ) :

B mporecce rpynmupoBku U popmupoBaHHs 00OOIIEHHBIX OIEHOK COCTaB 3JIEMEHTOB M MOIIHOCTh
MHOXKecTB I 1 J, |I| +|J] < n OynyT nu3meHsarcs. B 3aBHCHMOCTH OT IIKaJI U3MEPEHH TPU3HAKOB, 00hCAHHICMBIX
B TPYIIIBI, UCIIOIB3YIOTCS PA3IMYHBIC CIIOCOOBI BBRIYUCIICHUS MX IMApaMETPOB Il OTOOpaKEHUS Ha YUCIOBYIO
och. JI71s1 KOTMYECTBEHHBIX PU3HAKOB 3TO MPOU3BOUTCS CICIYIOIIUM 00pa3oM.

JEM HCIIOJIB30BAaTh {le

YHopsAI04EHHOE MHOKECTBO 3HAYEHUI Npu3Haka X!, j € [, p >0, 00beKTOB U3 £\ pa3/iciiM Ha J1Ba HHTEP-
Bana [¢,c? 1,(cy ,¢5 ], KasK/plil U3 KOTOPBIX PaCCMATPUBACTCS KaK Ipajalis HOMIHAIBHOrO mpu3Haka. Kpure-

puid [UIsl ONpe/IeNeHuUs IPAHHIIBI ¢; OCHOBBIBACTCS HA MPOBEPKE TMIIOTE3bI (YTBEPHKICHHS) O TOM, UTO KaX<Ibli U3
JIBYX WHTEPBAJIOB COJICPKUT 3HAUCHHSI KOTMICCTBEHHOTO PU3HAKa OOBEKTOB TOJIEKO OJTHOTO Kiacca.
[Iycts u,.l,u,.2 — KOJMYECTBO 3HAUCHUM MPU3HAKA x]‘.’ , jel, xnacca K, i = 1,2, COOTBETCTBEHHO B UHTEP-

Banax [¢,cd 1,(cf,cy 1; |Ki| > 1, v — nopsiakoBEIil HOMEp 3JIeMEHTa YIIOPSJOYCHHOIT 110 BO3PACTaHHIO [OCIIe-

NOBATEILHOCTH 7. ,..., 7, ,..., 7, 3HaueHUM x? wu3 E, omnperessromyil IpaHuLbl UHTEPBAIOB KaK c? =r s
22 g iy, J 1 )
= P =

¢ v

r; . Kputepuii

d d
U; (IK3—i| - ”3—i)

. —l)+ui2(ui2 —l) Z

2
i=1 d=11i

L7

P
=1 —  max (1)

P <o IP <olP
&)

Sk (K [-1) 2K o <cf <o
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T03BOJISAET OLIEHUBATh 3HAYEHHUE FPAHMIIBI MEX Ty UHTepBanamu [ ¢!, c¥ ], (c2 ,c3 ]. BelpaskeHue B 1€BBIX CKOO-
kax (1) mpencrapisier BHyTPUKIACCOBOE CXOJICTBO, B MPABBIX — MEXKIIACCOBOE Pa3IMyHeE.

P <wP < p P —
OkctpemyM kputepus (1) ucmonb3yercs B KadecTBe Beca w f (0 =w; <1) npusHaka x IR [Ipn w;

3HAYCHUS IPU3HAKA X7 Y 00BEKTOB U3 KIAcCOB K 1 K> HE [EPECEKAIOTCS MKy COOOM.

[Ipu BKIIIOUYEHHH B IPYIITy HOMHHAIBHOTO MPU3HAKA C LEIbI0 BBIYUCIEHUS 0000MIEHHON OLIEHKH 00beK-
TOB TpeOyercs ONpeenuTh 3HaUeHUE ero Beca M BKIIaJI0B KayKI0H U3 Tpajalyi.

OGO3HAYMM Y€epe3 T YMCIIO Tpafalmii mpusHaka x” , r €J,p=0, g/, —Komauectso 3Hauenuii /- (1< ¢ <)

roo

rpajialiuy 7-ro IpuU3HaKa B OITUCaHUK O0BEKTOB Kiacca Ky, [, — 9MCIo rpafaruii #-ro npusHaka B Ky, d=1,2.
Paznuuue o r-my npusHaky Mexay kiaaccamu K u K, onpenensiercsi Kak BeIMYruHa

zglrng

A, =1- 2)
KT
CreneHb OMHOPOAHOCTH (Mepa BHYTPHKIJIACCOBOTO CXOACTBA) f3, 3HAUCHUH TIpajaluii 7-ro MpU3HaKa 1o
knaccam K, K, Berumcisiercs no gopmymnam
(1K, -1, +1)(| K, -1, ), m>2,

dr =

K| (1K, -1).m<2;
e (g -1)+g, (g 1)
=)= ,D_+D, >0, 3
B” Dlr + D2r v ol ( )
0, D, +D,, =0.
C nomompto (2), (3) Bec HOMMHAJIBHOTO TpU3HaKa ¢ ¥ &J omnpenensercst Kak
v, = A B

OueBHIHO, YTO MHOXKECTBO YHCEIl, HACHTH(PUIIMPYIOIINX T Ipajaliiii HOMUHAILHOTO MPU3HAKA, BCEr/a
MOYHO B3aUMHO OJTHO3HAYHO OTOOPa3UTh B MHOXKECTBO {1,...,7m}. C yuéToM Takoro oToOpaXkeHus AJsi 00beKTa
S=(a,...,a,) BKIag npusHaka a;=j, i EJ , j E{l1,...,n} B 0000IEHHYIO OLICHKY OMPECISICTCS BETHYMHON

1 2
a; a;

Ikl 1K)

w ()=

rae OL Otl.z]. — KOJIMYECTBO 3HAUCHMI ]—ﬁ rpaganvn I-TO IMpu3HaKa COOTBCTCTBCHHO B KJjIaCCax Kl n Kz, V; — BE€C

i

i-ro IIpU3HAaKa.

P P P P
3naueHne 000OWIEHHON OUeHKH bf; oObekTa S, = {am }uE(IUJ)’ S, €E,, mo mape x/,x7, 0 <p <n,

i,je(lwJ),i€ j, BRUACIACTCS KaK

b (ar)+w,ag) i e J,

w (@) +tw (af =) /(e = )ied,jelt, e{-11},

by =my (eowf (af =2 ) / (e =l )+ et (al — e ) / (e =) )+ )
+(1—n”)tﬁw§ (ar‘:ag fcé"p)/(cé"p fcf"p),

i,jel .t e{-11}n, €[0]],

sbijotisty

rae w/,w/, w/ — Beca IPU3HAKOB, ONMPENCIIeMbIC 11O (1) COOTBETCTBEHHO 110 MHOXECTBY 3HAYCHHIT IIPU3HA-

e
KOB x” x W UX NPOU3BEACHUSA X; xp 3HAYCHMS 1,11, e{ }, M; €[0,1] BBIOMpArOTCS MO SKCTpEMyMy (PyHK-

7%

OrOoHa1a
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mint, st
o=t Do max )

maxb? —minb? .t {-Lln 0]
S.eE, "V Ssek Y

3nauenue (5) HHTEPIPETHPYETCS KaK OTCTYI MeXay oObekTaMu KiaccoB K u K.

O603HaunM yepe3 {z;;’ } P > (), kxBaJpaTHYIO MaTpUILy pasMepa (n — p)*x(n — p), 3HaAUCHHE dJICMEHTA
Y i, jello.

» .
Z;] KOTOPOH ONpPEEINSeTes KaK
0,i=j,
Zf.’ =
ij p . .
: sHayeHnto (1) mo o .0 #J,

(6)

gepes Gy, > 0, — IOAMHOXKECTBO HOMEPOB NpU3HAKOB U3 X(n). Ilomarosas peanusanus anropuTMa UTEpaTUB-
HOU TPYNIHUPOBKH OyIET TaKOM:
l-imar:n=1,G,=9,p=0, A =0;

2-1i mar: BeaucnuTh 3HaYeHUS 2IIEMEHTOB MATPHIIBI {z;;’

}i,je(lu.l) o (6);

3-i mar: Beraucoute An = max/)z" Brigenuts Q= {(S,t),S,t eluJ|zl =kn and s< t}. Onpene-

u,ve([u. w

JUTH napy {i,j},i <j, KaK
(=
i/} = {s,t}.(s,t)eQ and ¢(p,s,r)> max )(p(p,u,v);

(u,v)eQ\(S,t

4-it mar: Ecnu G, = 9, to Gy, = {i,j}, Margin = ¢(p,i,j), untu 8;

5-#t mar: Ecmu G, N{ij} = @, To uaru 7;

6-i1 mar: Eciu An > Ac umu An > Ae u Margin < ¢(p,i,j), To G, = Gy U {ij}, Margin = ¢(p,i,j), untu 8;
7-umar:n=n+1, G,= 9. Unru 4;

8-i1 war: p = p+1, IUJ=(IUJ)\max(i,j), I = IU min(i,j), k = min(i,j), Ac = An. 3aMEeHUTH 3HAUYEHHS [TPU3HA-

KOB B OIIMCaHHUU O0BEKTa §, = {a”’l 1,...,m Ha

ru }ue(]u.l) s I'=

P

alue(IuJ)\k,
b=k
9-it mar: OnpenenuTs 3HaUCHNE
P uell{k},vel,

uy 2

! spadennio (1) 1o {ar”v}il,u=k,vel.

Ecmu n— p>1, To uatu 3;

10-#1 mar: Konerr.

Uepes KOHEYHOE YHCII0 PEKYPCUBHBIX 00PAIEHHH K OTIMCAHHOMY BHIIIIE aITOPUTMY BCE UCXOHBIC TIPH-
3HAKU CBOJATCS K OJIHOW HETMHEWHOU oreHke. [lo mpakThueckuMm cOOOpa)KEHUSIM OrpaHUYeHHE Ha YHCIIO
00O0OMIEHHBIX OIEHOK JJIsi KOHKPETHBIX BBIOOPOK JaHHBIX MOXKET OMPENENATHCS IO Pe3yabTaTaM BBIYHCITH-

TEJIFHOIO DKCIIEPUMEHTA JIM00 UCXO/s U3 AOTIOTHUTEIBHBIX KPpUTEPHEB BBIOOpA.
. P m
Paccmorpum mpumep kinaccudukaropa Ha 6aze 0000mEHHBIX oneHok (4). Ilycts {ai,. }i:v p<n,rel —

MHOKECTBO 3HAYCHU 000OMIEHHOI OIeHKH (TIpH3HAaKa), BRIYUCICHHON 110 (4), u 1o kputeputo (1) 3Tu 3Hade-
HUS pa30UTHI HA UHTEPBAJIBI [C1,C2],(Ca,¢3]. 18 pemaroiero npasuia Hy>KHO BEIOpaTh OPOT, PaBHBIN

c, t+
Wozsza (7)

rae z — Onmxaiiiee K ¢; 3HaUCHWE U3 MHTEpBaia (C2,c3]. AHaIM3 pe3yiabTaTOB MCHONb30BaHUs mopora (7) B
JUCKPUMHHAHTHBIX (PYHKIHSIX PUBOAUTCA B [3].

3. BeruncauTe bHbIH JKCIePUMEHT

B kagecTBe MaTepuana ajs SKCIIepIMEHTa ObLIa B3siTa BRIOOPKA JaHHBIX U3 [8], onuMchIBaromas 4emtocTu
30 cobak (kmacc K;) u 12 BonkoB (kinacc K5) Mo caeayomuM 6 KOTHYEeCTBEHHBIM IIPHU3HAKAM:
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x1 — (CBL) ocHOBHas myvHa;

x,— (LUJ) myivHa BepxHEW YeltoCTH;

x3 — (WID) mmpuna BepxHel 4entocTu;

x4 — (LUC) nnuHa BepxHEro KapHUBOPA;

xs— (LFM) anuna mepBoro BepXHero Mossipa;

X¢— (WFM) mupuHa nepBoro BEpXHEro Mossipa.

[opsinok cuHTe3a 3HaYeHUH 00OOIIEHHBIX OLIEHOK (JJATEHTHBIX MPU3HAKOB) W3 KOMOWHALMHA TPHU3HAKOB
o kputepuio (1) u OTCTYoOB MeXIy 00beKTaMH KJIAcCOB 110 (5) nmpuBenéH B Ta0m. 1.

Tabnuma 1
Iopsinok cuHTE3a 000OIEHHBIX OIIEHOK 00bEKTOB

Kom0unanusi npu3HaKkoB 3Hauenune kputepus (1) OTeTyn Mexkay Kiaaccamu (5)
X1, x4 1,0000 0,0403
X1, X4y X5 1,0000 0,1060
X1, X4, X5, X3 1,0000 0,1233
X1, X4y X5, X3, X2 1,0000 0,1674
X1, X4, X5, X3, X2, Xg 1,0000 0,1778

AHanuTHuecKuid BUJ pelIaromero mpaBuia 1o 3HaYeHusAM 0000IEHHON OLIEHKH, TMONYyYEHHOW MPU CHH-
Te3e NMPU3HAKOB X U X4 (Ta0M. 1) ¢ yuérom (7), Oyner BBITTISIIET TaK:

d(x) = 0,4(—0,0037(x,—221)-0,09538(x,—22,5))+0,0001 (x;xs—5130)+0,01971.

Cyns mo pesynbratam T1abn. 1, Bce KOMOMHAIIMK UCXOJHBIX NMPU3HAKOB MONAAAI0T B OAHY IpYIIy, MO-
napHoe OoObeAWHEHWE MPU3HAKOB B KOMOHMHAIIUIO YAOBJIETBOPSET TAKOMY CBOKMCTBY, KAaK MOHOTOHHOCTH IO
3HAaYCHUSIM OTCTYIa MeXAy o0beKTaMH KiaccoB. Teopermueckoe 0O0OCHOBAHME BBHIMTOIHEHUS MOHOTOHHOCTH
MpHU CHHTE3¢ KOMOWHALMI MPU3HAKOB Ha MPOU3BOJIBFHOM IBYXKJIACCOBOW OOyuaromiell BbIOOpKE TpeOyer oT-
JeTIbHOTO paccMOTpeHusl. BO3MOXKHBIM BapHaHTOM pelleHHs MpoOieMbl MOHOTOHHOCTH SIBJIIETCS OOHapy»Ke-
HUE U UCKITIOUYEHHE U3 BEIOOPKH LTYMOBBIX OOBEKTOB.

Jn1st ieMOHCTpalyy TOTro, YTO pa3IMyHbIC MPU3HAKH B COCTaBe 000OMIEHHBIX OLIEHOK (4) KOMIIEHCHPYIOT
HEIOCTaTKH OpYyr Apyra, Bocmoib3yemcs Tabn. 2 [1]. Tabmuma comepKuT 3HauYCHHs TPAHUL MHTEPBAJIOB

[cf,c;],(c;,c;] 1 SKcTpeMyMbl kputepus (1) ans npusHakoB {x;}, i = 1,...,0.

Tabnuma 2
PesyabTaThl onTHMH3anMH 110 kKpuTepHio (1)

Ipusnak cf c; c; w;
X 129,000 221,000 255,000 0,378
X 64,000 114,000 126,000 0,389
X3 52,000 76,000 95,000 0,288
X4 16,700 22,500 26,500 0,897
X5 11,200 14,700 16,800 0,625
X6 13,000 18,300 27,000 0,800

CornacHo [1] TOYHOCTb KTaCCU(PHUKAIMN TTO TUHEHHBIM JUCKPUMHUHAHTHBIM (DYHKIUAM (JUCKPUMUHAHTA
dwurriepa B TOM YHUCIIE) HANIPSIMYIO 3aBUCUT OT MCIIOJIb30BAHUS MPU3HAKOB X4 U Xg, UMCIOIIMX HAUOONBIIIHE 3HA-
4yeHus: BecoB (Tabin. 2), paBHbIX coorBercTBeHHO 0,897 m 0,800. /lokazaHo, YTO KOPPEKTHOE pa3AciceHue Ju-
HEHHBIX MPOCKIIUH 00BEKTOB 00YUCHUS HA KJIACCHI ¢ SIUHUYHBIM 3HaueHHEeM KpuTepus (1) BO3MOXKHO JIMIIIb Ha
Habopax {xi, X2, X3, X4, X5, X¢} ¥ {X1, X2, X4, X5, X¢}. Hammyummii pe3yasTaT (cM. TabJ. 1) B CMBICIIE pa3aenuMo-
ctu 1o (1) u orcTyna Mexay kiaccamu (5) mo pa3avyHBIM MapaM UCXOMHBIX MPHU3HAKOB OBbLT JOCTUTHYT MPH
WCTIOTb30BAHUH HEJTMHEHHOr0 OTOOpaXKeHHS 3HAUCHUH U3 {X|, X4} B OMHCAHHUH OOBEKTOB HA YUCIIOBYIO OCh.

C nomorpio kputepus (1) mpeobpaszyeM KOTHUECTBEHHBIC MPU3HAKK B HOMUHANbHBIC. Kaxkmoi rpana-
MU HOMHHAJILHOTO MPU3HAKa MTOCTABUM B COOTBETCTBUE OJIH M3 HEMEPECEKAIONIMXCS MHTEPBAJIOB, MOTyUCH-
HbIi 110 (1). B Tabs1. 3 npuBeneHsl pe3ynbTaThl TPYIIUPOBKH TS CAydasi, KOrJa BCe MPU3HAKH HOMHHAIBHBIC,
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B Ta0JI. 4 IPEACTaBIICHO JBa TIOAMHOXKECTBA: {X|, X,} — KOMIMYECTBEHHBIX U {X3, X4, X5, X¢} — HOMUHAIGHBIX ITPH-
3HAKOB.

Tabnuia 3
'pynnupoBKa Mo HOMHHAJbHBIM MPH3HAKAM

Ne rpynnsi CocTtaB rpynmnsl 3HaueHne kputepus (1)
1 X2, X4, X5, Xg 0,8965
2 X1X3 0,3781

Tabnuma 4
'pynnupoBKa no pa3HOTHINHBIM MPU3HAKAM

Ne rpynnsi CocTtaB rpynmnsl 3Hauenne kputepus (1)
1 X1, X2, X4, X5 I,OOOO
2 x3,X6 0,2884

Amnanus pesynpratoB U3 Tabm 1, 2 u 3 mo kputeputo (1) mokassiBaeT, 4TO HMpeodpa3zoBaHue 3HAUCHUN
MPU3HAKOB M3 KOJMYECTBEHHBIX (CHJIBHBIX) IIKAJT U3MEPEHUH B 3HAUCHHUS HOMUHAIIBHOH (C1a00¥) IKaIbl IpH-
BOISIT K CHH)KEHHIO TOYHOCTHU PEIIAIOLINX MpaBuil ¢ oporom (7) Ha 6a3e 000OMIEHHBIX OLICHOK.

Jnst mpoBepKu MpoIeaypoii Kpocc-Baauaauy 00600mameil cnocoOHOCTH PEAOMIUX MPaBUII C IIOPO-
roM (7) Ha Oa3e HEeMWHEWHBIX 000OIIEHHBIX OLEHOK C MAaKCUMAaJIbHBIM OTCTYIIOM MEXIY KJIACCAMU HMCIOJIb30-
BaJIOCh pa3zeiieHHe BHIOOPKH Ha 00y4eHHE W KOHTPOJIb B cOOTHOwIeHHH 9:1. Pe3ynbTaThl mpoBepku ciemyro-
nwe: To9HOCTh Ha o0ydenuun — 100%, Ha koHTpOIE — 98%.

3akjIoueHne

[Iporecc BBMUMCIEHUS 00OOIIEHHBIX OIEHOK CBOIUTCH K (DOPMHUPOBAaHHIO HOBOTO IPH3HAKOBOI'O IPO-
CTPaHCTBa JJIsl OMKCAHUS JOMYCTHUMBIX OOBEKTOB B 3a/layaX pacrio3HaBaHUs oOpa3oB. lIpakruueckoe mpume-
HEHHE 3TUX OLEHOK MO3BOJISIET:

— HaXOIUTh YCTONYMBBIE JTOTUYECKME 3aKOHOMEPHOCTH B 0a3ax (XpaHWIWIAX) JaHHBIX, He mpuleras K
repedopy BCEBO3MOKHBIX BAPUAHTOB;

— WCIIONb30BATh WX JUIS Pealn3allii TUCKPUMHUHAHTHBIX (DYHKIIUH, PEMIaroNuX CIIMCKOB, PEIIAOIIX
JIEPEBBEB, AITOPUTMOB BHIYUCIICHUS OLICHOK.

TeopeTnyeckuil U MPaKTUYECKUM MHTEPEC MPEACTABISECT OLECHKA T'PAHULl JOMYCTHUMBIX 3HAYECHUN Ja-
TEHTHBIX NMPU3HAKOB HA OCHOBE 000O0IIEHHBIX OIEHOK.
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We consider the set acceptable objects in T, broken into two disjoint subsets (classes). Representatives of the classes K, K, are

given by the sample objects Ey ={Si,...,S,.}, £y = K; UK, . Objects of the sample are described by n heterogeneous features

X(n) = (x1,...,x,) the set of acceptable values of & which measurements are on the interval scale and n - & are on the nominal.
Given the rule is a sequence of partitions set X(n) into disjoint subsets X,(k)),...,Xu(k.), ©=1, ki+...+k=<n at E,. Required for each

Xi(k;) algorithm to determine A4; nonlinear display feature values Xi(k;) of the object in the description.S ;€ E,, j=1,...,m, a value

(generalized estimation) on the real axis.
For the identification generalized estimates (new features) in object descriptions on p-th step 0<p<wn hierarchical clustering is used

{xip }I.E( suy) » Where Land J, respectively, the set of indices of nominal and quantitative features. Making a decision to merge pairs of
features is based on the interval analysis of the results of non-linear displaying them on the real axis and the margin between classes.

The ordered set feature values of objects in EO is divided into two intervals [¢;” , ¢5” 1,( 5’ , ¢4 1. The criterion for determining the

borders C'Z/p based on hypothesis testing (assertion) that each of the two intervals contains the values of a quantitative feature of only
one class objects.

Let ul.l,ul.2 — the number of characteristic values xf ,J €I class K;, i = 1,2 respectively, in the intervals [ci/p R C'Z/p 1( C'Z/p ,C'3/p 1,
|Ki| > 1, v — the ordinal number of the element ordered ascending sequence of xf values of Ey, determining interval limits as

v. ,...,V. ,....,r. . Criterion
/R ’Jmceo

ZZ:M}(M} —1)+M,-2(M,-2 —1) ZZ:ZZ:“fQKH _“3d—i)
- =1 il — max Q)
el

1K [K)
allows to assess the meaning borders between interval [ci/p s C'Z/p 15( C'Z/p s C'3/p ]. The extremum of the criterion (1) is used as a weight Wf

Ki‘_l)

(0< Wf <1) of feature x;’ and for a decision by the rule of hierarchical clustering.

If Vx, €X(n)\ U X, (k) UXd (k)| < n nonlinear mapping on the real axis of objects Ey on X;(k;) U{x,} value (1)
d=1 d=1

less than or equal to the analogical value (with a less margin between classes) on X;(k;) U{x, } that is formed new group for the syn-

thesis of the generalized estimation.

Calculation of generalized estimates using hierarchical clustering advisable for several reasons:

— generalized estimates form a new feature space whose dimensions are smaller than the original;

— solves the problem of the use of classification algorithms, the implementation of which was inefficient due to the large dimension
of feature space, is possible at any single type measurement scales;

— in the process of clustering occurs consistent selection of informative feature sets;

— nonlinear mapping object description to real axis defined by a combination of features is a means of detection stable patterns of
logic (new knowledge) in data warehouses.
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G.A. Medvedev

THE NELSON-SIEGEL-SVENSSON YIELDS.
PROBABILITY PROPERTIES AND ESTIMATION

Probabilty properties of the yield interest rates that are generated by model of Nelson — Siegel and Nelson — Siegel —
Svensson are considered. The paper is directly related to [1]. It is shown that the model of Nelson — Siegel does not
differ from the traditional two-factor model of affine yield, the volatility of which does not depend on the market state
variables. Accordingly, the model of Nelson — Siegel — Svensson — from a four-factor model. These models generate
the interest rates of yield to maturity and the forward yield with a normal distribution, for which the expectations and
covariance matrices are found. To estimate the values of the rates of yield to maturity in the current time it is offered a
recurrent procedure based on the use of the Kalman filter.

Keywords: term structure; yield curve; affine models; Nelson-Siegel-Svensson yield model; Kalman filter.

The Nelson — Sigel (NS) yield models belong to the affine family of models. The affine models are the
factor models where some variables, for example a components of the state vector x, are considered as factors.
In affine models of the term structure of interest rates it is assumed that the yield to maturity y(t, x) on a zero
coupon bond with price P(, x) is defined by relation
~InP(t,x) _ x B(t)- A1)

T
where T — term to maturity and 4(t), B(t) are the functions of term structure. Usually as components of the

(T, x) =

state vector x some market indexes are taken and then functions of term structure A(t) and B(t) are determined
so to avoid an arbitrage opportunities. In their yield model C. Nelson and A. Sigel [2] do conversely: they set
vector B(t) and then determine vector x so to fit the yield y(t, x) to the market observations. Vector B(t) that set
by Nelson and Sigel is

1-e 7"

Bo=| ! 1)
€ e
Y

with parameter y > 0. A(t) = — t L(t) where L(t) is known as a /evel factor. Vector x has components S; and C;:
S; — a slope factor and C, — a curvature factor. Factors L, S and C are named too latent factors.

Thus in the NS yield models the yield curve y(t) = y(t | L, S, C) and the forward curve f{t) = f(t | L, S, C)
are determined by following relations

_ L1t _ YT
y()= L)+ S12¢ " 4 c{l ¢ —eyt} @)
YT YT

S = L®) + S exp (= v7) + Gyt exp (= 77).
L. Svensson [3] offered to extend the NS model in order to increase the flexibility and improve the fit

models to empirical data. He introduced the additional latent factor but with parameter & # y, 8 > 0. Then vec-
tors B(t) and x will have four components:
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Note that in Svensson’s proposal G, = 0 (more exactly: G, is absent) and vectors B(t) and x have only
three components. However as it is shown [1] in this case the no-arbitrage conditions are not fulfilled. There-
fore we will assume that G, can be not zero.

So that in the Nelson — Sigel — Svensson (NSS) model the yield curve y(t) = y(t | L, S, C, G, H) and the
forward curve f(t) = fit | L, S, C, G, H) are determined by following relations

_o T &t st
y=Lm+s e ol |y lee T g lee T,
1T YT ot ot

f()=(tL(t))' + S, exp (—y1) + C, vt exp (— y1) + G, exp (-071) + H, Ot exp (—Or1).

1. Probability properties

It was shown [1] that the yield model is the no-arbitrage Nelson — Sigel (NS) model or the no-arbitrage
Nelson — Sigel — Svensson (NSS) model only when the vector of a state variables of financial market X(¢) = (X,
X, ..., X,)" follows to homogeneous for time Markov process generated by the stochastic differential equation
with linear function of drift p(x) over x, and the volatility matrix o(x) not depended on x.

Under these conditions this equation can be written down in a form

dX () =[-KX () + KOldt + W (¢), X(tp) = Xo, 4)
where K — (nxn)-matrix, 0 — n-vector, ¢ — (nxm)-matrix and W (¢) = {W (¢); t > t,} — m-dimensional Wiener
process with components, which are independent scalar Wiener processes. As well as any differential equation
(10) should be supplied by the entry condition fixing a vector X(¢) at some initial time ¢#,. It is possible to show
[4] that the equation (4) can be solved analytically in the following form

t t
X(1)=O(tg, 1) Xo + j 0\ (t,5)K0ds + j 0 (4, 5)0dW (s) |, (5)

ty ty
where 0O(¢y,7) — (nxn) fundamental matrix of solutions, satisfying to the initial condition ©(¢,,#,) =/ and to the

homogeneous matrix differential equation

d O(ty,t) =—KO(ty,t)dt, (6)
which can be considered as n the vector differential equations. Note that to solve this equation with respect
0O(¢y,t) in an explicit form also it is possible. As the equation (4) is the equation with constant coefficients the

fundamental matrix of solutions ©(zy,¢) will depend not on two arguments, but only from one: ©(¢,t) =
=0(t—t,). To stop receiving cumbersome expressions, we present the solution of equations (4)—(6) for NS

model, when 7 = m = 2. In this case matrix K is determined for NS model by the formula

Y =Y
K= 7
(0 Y J @
and the solution of the equation (6) has a form:

—v(t—t) _ —y(t—ty) y(t—ty)  _ _ y(t—t)
O—19)=| Y(t—ty)e 0 r—tg)=| € Y(t—tg)e '
0 67Y(1710) 0 eY(tho)

Therefore expression (5) takes the form
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Here &(f) — a two-dimensional normally distributed random vector process with the components having

zero mean and covariance matrix
Q-t)=E[XO-EXODXO-EXODT=EEOEWD ']

Generally the matrix Q(¢ — fy) is calculated easy, but its elements [ (t — #)]x are quite cumbersome.
Therefore we present here only their analytical expressions for the simplified case where the off-diagonal ele-
ments of the volatility matrix o are zero (G, = 0,1 = 0, oy — matrix elements c).

1= g 211 o 2110)
[t — 1)1 =4—y(2<s121 +0%,) —sz(t —t0)(1+7(t —t9))o 3,
~2y(t—t,) =2y(t-ty)
l—e o) _2v(t—ty)e 0
[Q(t —to)]12 =[Qt ~1p)]2) = Z; 0) 63,5 ©
)
[Q(t—19)] = TR 627 -

Expression (8) is composed of three terms: the first defines the time-decreasing dependence on the initial
state X, the second approaches over time to a steady mean 0, and the third term is random process &(f) with
zero mean and tending eventually to its limiting form covariance matrix Q(¢ — fy). Limiting matrix (¢ — %))
when ¢ — t, — oo looks as follows:

Qo) = L(chlzl + 20122 +2011021 +206120, + c%l + 6%2 2611021 +201209, + 6%1 + G%zJ '
4y 2611651 +201362, + 031 + 63, 2031 +63,)

Note that from properties of matrixes Q (¢ — #,) follows that components of a vector of state X(¢) — the
correlated random processes. This correlation between vector components for some fixed time ¢. However, the
serial correlation of the state vectors for different time points ¢ and ¢ + s is important too.

Qtt+s)=E[XEO-EXO)Xt+s)—E[X({t+9)])"]=
=E[E(1)E(t+5)]=Cov(X(0), X (1+5)).

As well as in the previous case, we present this matrix only in the case a diagonal volatility matrix c. Be-
sides, we will put that #, = 0.

—ys

[Q(, 1+ )1 = —— (1= 2V )20 +(1+78)53,) — 2yte 2V (1+(t +5))05,) »

4y
—Ys

[Q(t: i+ S)]12 = ¢ (1 - 672Yt - zyte72w)6%2 s

4y

e’ 2yt 2yt 2
[Qt,t+5)]p1 = 4y (A—e )1 +2ys)—2yte " ")o3,,

efys
[Qt,t+5)]pn =
2y

(1-e )03, .

In a stationary case, i.e. at ¢, — — oo, covariance matrix Cov (X(¢), X(¢ + s)) does not depend from ¢ and
looks like

-vs 2 2 2
Cov(X(1), X(t + 5)) = <— | 2O +(1+Y~2‘)022 °% |,
4y (1+ys)o5, 205,

Note that

2
Cov (X5 (£), X (t +5)) = %ﬂs .
Y

40



Therefore the correlation function of components X (f) depends only on one parameter v, i.e.
CoV[ X5 (1), X5 (1 +5)]
Var{ X5 (1)]

So if this correlation function can be estimated, then it is possible to estimate and parameter 7.

— e*’YS .

Because processes X(¢) and £(¢) have normal distribution the knowledge of mathematical expectations
and covariance matrixes gives their comprehensive probabilistic description.

For NSS model # = m = 4 and in this case vector B(t) has the form (3) and matrix K is determined by the
formula

y -y 0 O
0

k=% v o0
0 0 & -6
0 0 0 &

The matrixes O —1ty) , Q(t—ty), Q (¢, t + s) will be four-dimensional too. The four-dimensional process

X(t) = (X, X5, X3, Xa)" will be normal and will have the similar properties as such process of NS model.
However the explicit expressions for this case will be considerable more bulky and here not cited.
It is shown [1] that in no-arbitrage affine models between the state variables of financial market X{(¢) and
latent factors of NS model {S,, C,} there are an accordance
4
= 01X (D) + 02 X () = (0, Cr=y Xo(0), L, =— 20
=Tt
So that the factor of level L, in the explicit form does not depend on current time, and depends only on
term to maturity and is not random. A vector ¢ = (¢; ,)" is defined by following general limiting property
T —
lim y(’[’ r) = lim M

0 0 T

(10)

:de):}/"

which is fulfiled uniformly over x. Therefore lim ——= A = L(0) =0, and B'(0) = ¢. r is the short-term (riskless)

=0 T
interest rate. From this and from the expression (1) it is follows that ¢ = B'(0) = (1 0), i.e. ¢; =1, ¢, = 0.

The slope and curvature factors {S,, C,} are accurately the state variables {.X; (¢), X5 (¢)}. Hence all proba-
bility properties of state variables {X; (¢), X2(¢)} are properties of latent factors {S, C,} also.

Thus for NS model the factor L(t) is determinate and vector of factors {S, C;} are the normally distribut-
ed two-dimensional random variable with the vector of mathematical expectation 6 = (0, 6,)" and the covari-
ance matrix (¢ — #y) with elements that are computed by formulae (9). From this it follows that yield rate y(t)
and the forward rate f{t) have mathematical expectations and variances

Ely(t, ©)]=L(r) + leTB(r), E[f(t,7)] = d[tL(7)] o7 d[B(1)] .
T dt dr

(T - To) 21

VAR[Y(T, 1)] = — B(®)" QT - T)B(x), VAR[F(T, )] = d['z(ﬂ]

d[B (T)]
dr
These expectations and variances can be computed in explicit form both for NS model and NSS model.
Only for NS model the vectors and the matrixes are two-dimensional and for NSS model these vectors and ma-
trixes are four-dimensional. Because of bulkiness these expressions here not cited.

2. Estimation

If to enter designations S, S;— 01, 5, = C, — 0, then representation (8) can be written down as well in

more compact kind:

St S +Y(t S)C —y(t-s) _ _—Y(t-s) 1 y(r-s) §s
el 7 fE s

N
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From representations (8) and (9) follows that if the pair {S,, C,} is known for s < ¢ then the least squares
estimator of pair {5, C,} is expression

‘§t s ()] Loyt=9)1Ss T 1—e 7 - vt - S)ei(hv)y O . (11)
ét 0 1 Cs 0 1—e (Y 0,

This estimate is unbiased, and the error covariance matrix is X(z — s) = E[{(t, 5) (¢, 5)"].
According to equalities (2) the yield yns (7, #) at the point time ¢ is determined by expression

_, T P 4
yK0=LA0+Sf c +a(le —ew}z
YT

YT
S,
=L(1) + (bi(1) ba(1)) % (Ct ] =L (1) + B(1) g(1). (12)
t
_e I YT
Here it is designated b(t) = B _1-e , by(7) = By _l-e —e ", and also considered that the
T YT T YT

factor L(t), as mentioned previously, is independent on current time ¢. Functions b,(t), b2(t) form a row vector
b(t) = (by(1), b3(7)), depending only on the T and does not depend on ¢. Other vector, a vector-column of factors
g(t) = (S, C)", depends only from ¢ and does not depend from t.

Let quotes zero-coupon bonds are produced for » maturity terms t;, i = 1, 2..., n, for business dates ¢,
t=1, 2..., N. Assume also that the quotes y, (1;) may contain some random errors g;. Then the structure of the
sample can be described by the following relations

v)=L(@)+b(t)g®+eni=1,2..,nt=1,2..,N. (13)

Let's form by means these equalities a n-vector Y, from the quotations received in date ¢. Its structure will
be represented by means of n-vector £, (nx2)-matrix B composed from vectors-row b(t;) of functions of term
structure and a n-vector of errors &,.

_e Tt _,TT
l-e ™ lI-e ™ _e*V'Cl L(Tl)
1T 1T L(t
B=| .. . , L= (2),V5Ek@ﬁ.
1 _ e*’Y‘C” 1 _ e*’Y‘C” ~ e—’y‘c”
TTn Y L)
So that
Y=C+Bg(H)+¢,t=1,2...,N. (14)

From the resulting equation it is possible to estimate a vector g(f) of factors as follows. We multiply
equation (14) by the matrix ®'. In this case a multiplier at g (f) becomes square (2x2)-matrix @' ®, non-singular
at n > 3. Then we find an inverse matrix (8" ®) ' and multiply on it at the left the modified equality (14) then
the structure of a vector of factors g(#) is easily found in form

g(t)=(8"8) '8 (Y,- £)- (B'B) 'B'e,.

If random errors g, are independent for various indexes i and ¢, the vector of errors g, has a diagonal co-
variance matrix Var [g,] = Diag [c§i| i=1, 2..., n] and a zero mathematical expectation. Therefore the least
squares (LS) estimate of a vector of factors

gO=(8'® '8 (Y, - L) (15)
is unbiased and has a covariance matrix
(B'®) 'B'Y,Var [g] V' B(B'3B) .

If &;, — normally distributed vector then this estimate will be also maximum likelihood (ML) estimate. Note

1-e"*
YT
(10), for determination L(t) need the only function A(t) with the opposite sign. Equality for function 4(t) actually

l-e

YT
B b2 (T) =
YT

that matrix @ is known, as its rows are b (t) with elements b, (t) = —e ", As follows from

is not the equation [1] when functions B, (t) and B, (1) are known and determined by expressions (1). If to take the
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elementary case when a volatility matrix ¢ in the equation (9) is constant and diagonal, matrix K is set in the form
of (7), and risk market prices A — constants then the derivative of function 4 (t) will be such [1]

G N5 773 W S SP bl A

dt dt
_o 1T
+ ('Ye 2— Gz?\.z)(l ¢ —‘Ceyt] -
Y
2 2

2 T 2 T
_6_1(1 e ]_2(_1 € _Tevr]. (16)

2 Y 2 Y

Thus, matrix @ in the ratio (15) for an estimation of a vector of factors g(¢) can be specified analytically,

however integration of expression (16) leads to bulky expression.
Note that in representation (12) L, (t) = L(t) on the one hand does not depend on ¢, and on other — is de-
termined analytically. Therefore this representation can be rewritten as

WO-L@=5"" ¢ (1_”1 —ew] = (> (1), by () x (SJ
T 4 C,

Let %,(t) =y,(t) — L (1). Then the vector equation of observations (14) will be transformed to a form
Y,=B g(t)+e, t=1,2..,N. (17)

The relations obtained allow us to construct the optimal mean-squares procedure of estimation the varia-
bles {S;, C;}, i.e. sequentially over time to estimate the yield curves in the form (12). This can be done by using
a Kalman filter. Suppose that the yield to maturity (13) is listed over regular intervals A, so that at each time
point £ = kA, k=0, 1, 2..., is declared » returns {y, (1), i=1, 2..., n}.

Without stopping on the details of the output of the Kalman filter [5], we present the structure that
adapted to our problem.

F =eYA(1 YAJ.
0 1

Let
Then the estimate (11) can be written down in a form

(S’] =F(€’A] + (I—F)[i],
C, C,_a C

where I — the identity matrix, and a minus in the top index means that the estimation is determined under the
information which are available till the previous moment ¢ — A inclusive. A covariance matrix P,~ of this esti-
mation satisfies to a relation

P =FP_,F" +%.

Here availability of a minus in the top index P,” means the same, as in previous, and absence of such in-
dex in P,_ , means that the covariance matrix was determined under the information which are available till the
moment, specified in the bottom index inclusive. X — a covariance matrix E [§ (t, t = A) £ (¢, t— A)'].

Suppose further that the vector equation of observations has the form (17)

Let's enter into matrix consideration

K, =P, 8" (BP, 8" +V) ', P,=(I—-K,B) P,".

Matrix K, determines the optimum compromise of contributions in an estimation of variables {S,, C;}: by
observation Y, arrived at the time point ¢ and by estimates of these variables under the information, which are
available till the time point # — A inclusive. The covariance matrix P, is necessary for realization of the follow-
ing iteration of algorithm at the point of time ¢ + A. Note that as matrixes F, X, H, V, £ do not change with time
and assumed to be known prior to the beginning of procedure of estimation, then sequence of matrixes P,”, X ,,
P, can be calculated in advance prior to the beginning of recurrent procedure of estimation. The final estimate
of variables {S,, C,} at time ¢ is calculated by the formula

43



A

5 Lk T-kd S| =k F -k, Y| =
Ct C[ t

> >

=K,(Y,— L)+ - K,B) F[S:’AJ+(I—F)(§H .
Cia C
This formula allows recurrently during the receiving of observations Y, compute the best mean-square
estimate of factors {S, C,}. Unfortunately, for realization of such procedure it is necessary to know all model
parameters, i.e. ¥, 01, 0, Ay, Ay, {0y}, or to implement procedure of their estimation, which is a separate
problem. An initial vector of estimations of factors {S;, Cy} can be obtained using (15) on the initial

observation Yj:

(é‘;} = (8"'®) 'B" (Y, L).

Conclusion

The description of the Nelson — Siegel (NS) yield models and the Nelson — Siegel — Svensson (NSS)
yield models as a traditional multi-dimensional affine yield models is presented. NS model it turns out the two-
factor model, in the case of NSS model — the four-factor. This description differs from the representations of F.
Diebold and G. Rudebusch [6] so that the dimension of the models is reduced by one, which simplifies the
calculations. It was found that the Nelson — Siegel latent variables coincide with the state variables of the
traditional models. The explicit representation of the probability distribution and the first two moments of these
«latent variables» are obtained. It is computed the expectations and covariance matrices of interest rates of the
yield to maturity and forward rates. It is formulated the procedure of latent variables recursion estimation based
on the Kalman filter.
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Meogeoes I'ennaouii A. (benopycckuii rocyapcTBeHHBIN yHIBEpcUTeT, Pecyonka bemapycs)

JoxonHoctn Hesibcona — Cureinst — CBeHccoHa. BeposiTHOCTHBIE CBOICTBA U OLleHMBaHHe.

KiioueBble ciioBa: BpeMeHHas! CTPYKTypa; KpHBas NOXOAHOCTH; adHUHHBIE MOzenu; Mopaens noxoxHoctd Hemscona — Curemst —
Caenccona; ¢puistp Kanmana.

DOI: 10.17223/19988605/33/5

PaccMoTpeHBI BEpOSATHOCTHBIE CBOMCTBA IIPOLICHTHOH CTaBKU JOXOIHOCTH, HopoxkaaeMoi moaesiMu Henbcona — Curens (NS)
n Henscona — Curenst — Cenccona (NSS). Onmmcanne moneneit noxonnocreit Henbcona — Curens u Henscona — Curenst — CBeHCCcOHA
MIPEICTABICHO KAK M3JIOXKEHHE TPAJUIOHHBIX MHOIOMEpHBIX adduHHBIX Mozeneil noxoxHoctu. [lokasano, uro moxmens Hemscona —
Curens NMpakTHYeCKH HE OTJIMYAETCS OT TPAAMIMOHHONW IBYX(axkTopHOH Mopmenu adGUHHOW JOXOTHOCTH C BOJATWIIBHOCTBIO, HE
3aBUCAIICH OT MEPEMEHHBIX COCTOSHHS PBIHKA, COOTBETCTBCHHO, Mozaenb Henbcona — Curenst — CBEeHCCOHA — OT 4eTHIpeX(aKTOPHOI
Takoii Mozenu. Takoe OmMcaHWE OTJIMYAeTCA OT W3BECTHBIX mpencraBicHuit @. /Iubomma u . PageOyma Tem, 9TO pa3sMepHOCTH
MIPE/ICTAaBICHHBIX B CTaThE MOJCICH YMEHBIIACTCS Ha SAUHUILY, YTO MPUBOAUT K YIIPOIICHHUIO BBIYUCICHUN. BEISCHEHO, 4TO CKpBITHIE
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TICPEMCHHBIC Henscona — Curenss MOTHOCTBIO COoBIaar0T C NCPEMCHHBIMH COCTOSHUA TpaﬂHHHOHHOﬁ MOJCIIN. Otn MOICIN
TIOPOXKOAT MPOLECHTHBIC CTAaBKU JOXOOHOCTH OO IIOralllCHUA U (I)OpBapﬂHOﬁ JOXOTHOCTH C HOPMAJIBHBIM PACOPCACICHUCM, UIA
KOTOpOro HaWJICHBl MAaTeMaTHYeCKUE OXUIAHUS U KOBapualMOHHBIC MaTpUIbl B SIBHOM BHJIC. Z[Hf[ OLICHUBAaHUA 3HAYCHUI CTaBOK

JIOXOIHOCTH JI0 MOTAIICHUs B TEKYIIEM BpEeMEHH c(hOpMYIMpoOBaHa pEeKyppeHTHAs MPOIeypa, OCHOBAHHAS HA MPUMEHEHHUU (QIUTBTPa
Kanmamna.

REFERENCES

1. Medvedev G.A. (2015) On the Nelson-Siegel-Svensson no-arbitrage yield curve models. Vestnik Tomskogo gosudarstvennogo
universiteta. Upravlenie, vychislitel'naya tekhnika i informatika — Tomsk State University Journal of Control and Computer Science.
3(32). pp. 44-55. (In Russian) DOI: 10.17223/19988605/32/5

2. Nelson, C.R. & Siegel, A.F. (1987) Parsimonious modelling of yield curves. Journal of Business. 60. pp. 473—489.

3. Svensson, L. (1995) Estimating forward interest rates with the extended Nelson-Siegel method. Quarterly Review. Sveriges Riksbank,
3. pp. 13-26. DOI: 10.3386/w4871

4. Kloeden, E. & Platen, E. (1992) Numerical solution of stochastic differential equations. Berlin: Springer-Verlag.

5. Welch, G. & Bishop, G. (2006) An Introduction to the Kalman Filter. UNC-Chapel Hill: TR 95-041.

6. Diebold, F. & Rudebusch, G. (2013) Yield Curve Modeling and Forecasting. Princeton: Princeton University Press.

45



BECTHHUK TOMCKOTI'O T'OCYAAPCTBEHHOI'O YHUBEPCUTETA

2015 VYnpasnenue, BHIYHCINTENbHAS TEXHUKA U HH)OpMATHKa Ne 4 (33)

NH®OPMATHUKA U ITPOI'PAMMUWPOBAHUE
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B.C. Oaaabko

NPOTPAMMHBIIA KOMILIEKC JJIS1 OEHKA YPOBHS 3AIIIUIIEHHOCTH
CHUCTEM DJIEKTPOHHO KOMMEPIIUH

PaccmarpuBarorcs 3aada OIEHKHM YPOBHS 3alWIIEHHOCTH HH(GOPMAIMM U PECypcoB B CHUCTEMAaxX JIICKTPOHHOMH
KOMMEPIIMHY; OCHOBHBIE MOAEIH M PECYpChl CHUCTEM JJICKTPOHHOH KOMMeEpIMH. BbIneneHs! THHOBBIE Yrpo3bl U
MEXaHM3MBI 3alIUTHl B CUCTEMax 3JIEKTPOHHOW komMmepruu. IIpemioxken moaxon K OmEHKE YpOBHS 3AIMUIIEHHOCTH B
CHCTeMax »JJIeKTpoHHOH KkoMmmeprmu Bupa B2B u B2E. PaspaGoran mporpaMMHBI KOMIDIEKC, PEasIU3YIOLIHI
IpeAIokeHHbIH nozxxof. IIpoBeeHs! SKCIIepIMEHTATIBHBIC HCCIIEA0BAHIS.

Ki1i04eBble cJ10Ba: 2IEKTPOHHBINA 3aMECTUTEIh; PHUCK; IUIATEXKHAsI CHCTEMA; Yrpo3a.

B Hacrosmee Bpems onHol M3 HanOosee aKTHBHO Pa3BHUBAIOLIMXCA OTpaciell 5KOHOMUKH M HH(popMa-
LIMOHHBIX TEXHOJOTHH sSBIIAETCS 31eKTpoHHAst kommepuud. [lo nanHeiM Synovate Comcon, B HaCTOAIIMHA MO-
MeHT 58% monbk3oBaTeneil PyHera npuleratoT Kk yciayram 3JIeKTPOHHON KoMMepIHH. [Ipu 3TOM ¢ KaKIbIM To-
JIOM YBEJIMYMBACTCS YHCIO WHIMICHTOB, CBS3aHHBIX C XHUILEHUEM JACHEKHBIX CPEACTB U HapylIeHHneM HHOop-
MaIMOHHOM 0€30MaCHOCTH B CHCTeMax 3JeKTpoHHOH komMepiuu (CIK); mo nanubM [1], ymep6 oT momoOHBIX
WHIMJICHTOB KojebyieTcs B quanazone ot 250 Teicsa 1o 60 muH py0. CnenoBaTenbHO, aKTyalbHBIM HaIlpaBiie-
HUEM SIBJISIOTCS MCCIIEAOBAaHNs, CBA3aHHBIE C aHAMN30M 3amuiieHHocTd COK oT yrpo3 pazandHoi npupoas! 1
cuHTe30M Hanbosee 3(pPpeKTUBHON CHCTEMBI 3aIUTHI.

1. IIpo6yeMbI 6€30MaCHOCTH CHCTeMBbI 3JIEKTPOHHOH KOMMepPIHHA

B cootBercTBum ¢ [2] a5eKTpoHHas KOMMeEPIUS — 3T0 pOpMa KOMMEPUYECKOH AeITEIbHOCTH, OCYIIECTB-
JsieMasi MOTHOCTBIO WJIM YaCTUYHO B BUPTYaJIbHOM Cpefe, MPH KOTOpol MH(OpMallMOHHbIE HITH TPaH3aKIHMOH-
HBbIC B3aMMOJCUCTBHS MPOUCXOAUT Ha OCHOBE MPHUMEHEHUS! WH(POPMAaLHOHHO-KOMMYHHKAIIMOHHBIX TEXHOJO-
ruil. AHaIM3 UCTOYHHUKOB [2, 3] TOKa3bkIBaeT, YTO HauboJIee BOCTPEOOBaHA SJICKTPOHHAS KOMMEPIHS B CICTY-
IOLINX OTpacisix:

— BBICOKOTEXHOJIOTUYHOE NTPOU3BOJICTBO;

— (hMHAHCOBBIH CEpBUC;

— PO3HMYHAs TOPTOBJISA;

— TeIEKOMMYyHHKaIWH;

— ONTOBAas TOPrOBIISA;

— roCyJJapCTBEHHBIE YCIYTH U 3aKyTKH;

— TpPaHCIIOPT.

B cBs3u ¢ aTim B COK obpabaThiBaeTcsi 1 XpaHUTBCS OOJBIIOE KOJINYECTBO JAaHHBIX PAa3TUYHON KaTero-
pUU: TUIATEKHbIE JaHHBIC, dJIEKTPOHHBIE AEHBIH, TaHHBIC O TPAaH3aKIUAX, a TAKXKE MEePCOHAIBHbBIE U UIEHTU-
(uKalMOHHbBIE aHHBIE TTOJIb30BaTenell. B 3aBucuMocTr oT cmocoba GyHKIHOHUPOBAHMS U 00JIACTH UCTIONIB30-
Banus COK peanusyrorcs ¢ mOMOIIBIO CAECAYIOMUX MOAENIEH, MPeACTaBICHHBIX B BUAE cxeMbl Ha puc. 1. Ilpu
3TOM HambOonee pacnpoctpanénubiMu sBistorcss COK Buga B2B u B2E, Ha momio KoTopeix, mo naHHBIM [4],
npuxoautcs 35 u 48% coorBercTBeHHO. MiMenHO 3TH Buasl COK 1 OynyT paccMaTpuBaThCsl aBTOPOM B TaHHOM
pabore.
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B cBsi3u ¢ pacnipenenénnoi apxutektypoir COK, HannumeMm MOAKIIOYEHHS K TJIOOATBHBIM CETSM THIIA
WHTepHeT, KpyriocyTOYHOM TOCTYITHOCTHIO CEPBUCOB M IAHHBIX, @ TAK)KE OONBIIOr0 KOJMYECTBA MOJIb30BaTe-
JIeW-KIMEHTOB B MpOILEcCce CBOEro (PyHKIMOHMPOBAHUS CUCTEMa MOABEPraercs psALy yrpo3 M JecTPYKTHBHBIX
BO3/IEHCTBUI KaK CIIy4ailHOTO XapakTepa, TaK 1 HHUIUAPOBAHHBIX 3JI0YMBIIITICHHUKOM.

OcHoBHBIMY HcTOYHMKaMU yrpo3 COK saBnstores:

1) HenpeaHaMepEHHbIE YIPO3bl, BEI3BAHHBIE CTUXUUHBIMU OCJCTBUAMHU M TEXHOTEHHBIMU KaTacTpoda-
MU CIy4aifHOTO XapakTepa, B X0[e KOTOPBIX MOXKET OBITh HapylleHa HeMpephIBHOCTH OusHec-nmpoueccoB COK,
JOCTYTTHOCTh JJAHHBIX U CEPBUCOB, LIEIIOCTHOCTD JJAHHBIX;

2) ommOKM monp30Bateneil u oocmyxuBatomero nepconaita CIK;

3) mpeaHaMepeHHbIE NEHCTBUS 3I0YMBIIUICHHUKA, HallpaBJICHHBIC HA HapyLIICHHE TaKUX COCTaBIISIO-
KX HH()OPMAIMOHHON OE30IaCHOCTH, KaK JOCTYIMHOCTbD, LEMTOCTHOCTh U KOH(PHISHINAIEHOCTh HH(OpMAaLnH,
nupkynupyromei B COK.

Mogenu CIK

3NeKTpoHHbIe
TOProBbIe NAOWAAKM
(ayKumMOHBI)

Mpeanpuatne —
MpeanpuaTtue (B2B)

3NeKTpOHHbIe

TOProBbIe CKAagbl
Mpeanpuatve — Beb-BUTpMHBI
locypapcrso (B2G)
NpeanpuaTne — n I'Ipeg,npwﬂmsz—c WHTepHeT-marasmHbl
JKoHOoMMKKa (B2E) otpebutent (B2C)
NoTpeburens — ToproBble MHTEpPHET-
MoTpebutens (C2C) CUCTEMBI
Motpebutens —

Npeanpuatue (C2B)

Puc. 1. Knaccudukarms Monene 31eKTpOHHOH KOMMEPINI

CornacHo AaHHBIM [5, 6] HAaUOOMBILYI0 ONACHOCTh HPECTaBIsIeT COO0H Kiacc yrpo3, CBSI3aHHBIX C AeH-
CTBUSIMH 3JI0yMBIIIIJICHHUKOB, ITOCKOJIBKY MMEHHO 3TOT KJIacc HeceT HanOombIre (PMHAHCOBBIC M PEeNyTalliOH-
HbIe puckd. [Ipyu 3TOM TIIaBHBEIM OOBEKTOM BO3ACHCTBHI 37M0yMbliuicHHHKa B COK sBISIOTCS (hMHAHCOBBIC
CpPEICTBa, UX DJICKTPOHHBIC 3aMECTUTEIH, TJIATeKHBIC JaHHBIC U WH(GOpMAIUs 0 TpaH3aKIuaX. [1o oTHOMmEH IO
K JaHHBIM 00BEKTaM 3JIOYMBITIUICHHUK TIPECIICAYET CICAYIOIHE [ICIIH:

— TOJTy4eHHUE IOCTyNa K (PMHAHCOBBIM CPEJCTBAM M PEKBU3UTAM JIJIS MOCIEAYIONIET0 UCIOIb30BaAHUS;

— TOXWIIeHNEe (P)MHAHCOBBIX CPEICTB M AJIIEKTPOHHBIX 3aMECTUTEICH;

— BHe/IpeHue (aIbIINBBIX (PUHAHCOBBIX CPEICTB;

— HapyleHue AocTynmHocTH cepBrcoB COK 1 HenmpephIBHOCTH OM3HEC-TIPOLIECCOB;

— HECAaHKIIMOHUPOBAHHBIN TOCTYI K HIICHTH(DUKAIIMOHHBIM JaHHBIM Moib30oBaTenci COK;

— MOIICHHUYECTBO, (DUIIINHT;

— HECAHKITMOHUPOBaHHAS MOJIU(PUKAIUS TIATSKHBIX TaHHBIX, PEKBU3UTOB U UACHTU(UKAIIMOHHBIX JIaH-
HEBIX.

s > dexTuBHOro0 NpoTHBOACHCTBHA OONMBIIOMY YMCcTy Yrpo3 6esomacHoctn COK u obecrieuenust 0e30-
MAaCHOCTH BCEX YYaCTHUKOB 3JICKTPOHHBIX IJIATEKEH JOMKHBI MPUMEHSATHCA PA3IUYHbIC CPEICTBA U METOBI
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3alllUTHI, IpaBUjIa MPUMEHEHUS U COCTaB KOTOPBIX OMUCHIBAIOTCA B CTAHAAPTAX M PEKOMEHAALMIX PEryIupy-
IOIIMX OPTaHOB. AHANU3 JUTEPATYPHBIX UCTOYHUKOB [7—11] moka3bIBaeT, YTO B KAUECTBE OCHOBHBIX PEryJu-
PYIOIIUX OpraHOB B 00JacTy Oe3omacHOCTH maTexHbIx cucteM U COK B Poccutickoit denepanuu BEICTYHAIOT
b P®, ®CTIK Poccun n ®CE Poccun, kotopsie, B coorBercTBur ¢ O3 Ne 161-D3, 0Opas3ytoT Tpu ypoBHS
peryaupoBaHus (puc. 2).

DCTIK Poccum
M P& Ne584 KonTpone v Haasop ®CE Poccuu
- ©3 Ne161 03, cr. 27, 4. 2
379-1 Paspabotka, KOHTpOnb K Eo i
dHK FOCCHUK
382 -T1 - HaA3op ®3 Ne161 ©3, cr. 27, 4. 3
2831-Y
Mpasuna C3K Paspa6oTka 1 KOHTponb Oneparopsi
(nnaTexHan cobnropgeHua NNaTemHONA CUCTEMbI
chcTema) - ©3 No161 ©3, oT. 5,4. 5

YPOBHW PEIYJIMPOBAHWA

Puc. 2. YpoHu perynupoBanus 6e3omacHocT B COK (001aCTh MIaTEXKHBIX CHCTEM)

B cootBercTBUM ¢ TpeOoBanusiME perynsaTopoB B COK MOMKHBI TPUMEHSTHCS OpraHU3aI[MOHHBIC U TEX-
HUYECKHE MEpHI 110 3amuTe nHpopMaluu. JJaHHbIe MEpHI 10 3aIUTe HHPOPMAIIHH, C YIETOM HCIIOE30BAHUS B
CDOK cereit 001Iero noap30BaHus, TOHKHBI MPETYCMAaTPUBAThL TPUMEHEHNE KPUNTOTpadUIeCKUX CPEICTB 3a-
IIUTH UHPOPMAIINH, CPESICTB MEKCETEBOI'0 SKPAHUPOBAHUS, aHTUBUPYCHON 3aIllUThI, O0HAPYKEHUS BTOPIXKE-
HMI U aHaIn3a 3aIUIICHHOCTH.

[Tpu 3TOM CcpecTBa aHamM3a 3aMUIIIEHHOCTH aKTyallbHO MPUMEHSTh Ha PA3IMYHBIX dTarnax *)U3HESHHOTO
nukia COK:

— Ha 3Tanax MpoeKTUPOBAaHUS U pa3paboTku cuctembl 3ammuThl COK s BeiOopa Hanbonee paruoHab-
HOTO 1 3()(h)EeKTUBHOTO COCTaBa CPEACTB 3allUTHI,

— Ha dTare CONPOBOXKICHHS C IENBI0 PETYIIPHOrO0 MOHUTOPHHTA U aynuTa OezomacHoctr COK u mpo-
BEPKHU COOTBETCTBHUS CUCTEMBI 3aIUThHI YCTAHOBICHHBIM PETryJIATOpaMU TPEOOBaHUSM.

Takum o0pasom, i uccienoBanus ypoBHs 3ammieHHocTr COK 1 BrIOOpa Hamboee paruoHaIbHOrO
coctaBa cpencTB 3ammuThl nHpopMarwu B COK, MO3BONSIOIMINX CHU3UTH PUCKUA OT MOTCHIHATBHBIX yrpo3 B
mpejenax JOMyCTUMOro, aKTyallbHO pa3paboTaTh mpolenypy orneHku 3amuineHHocT COK u aBTomMaTH3upo-
BaTh €€ C TIOMOIIBIO MTPOrPAMMHOT0 KOMILIEKCA.

2. IIpouenypa ouenku 3amumessocTu CIOK

AHanu3 IuTepaTypHBIX HCTOUYHHMKOB [5, 12, 13] mokaspiBaeT, YTO 3aIMILIEHHOCTb CHUCTEMBI M PHUCK
HapyIIeHus: H(OOPMAIMOHHOM 0€30IMacHOCTH — JBa MOHATHSI, TECHO CBA3aHHBIX MEXIy co00l. B wacTHOCTH, B
pabote [12] puck ornpenensercs Kak BEpOSATHBIN yIiep0, KOTOPBIH 3aBUCUT OT 3aIUIIICHHOCTH CHCTEMBI. Takum
00pa3oM, pUCK — 3TO SKOHOMHYECKHI 3KBHUBAJICHT 3aIMIICHHOCTH CHCTEMBI OT peaM3allii BO3MOXKHBIX
yrpo3. CrenoBaTtenbHo, pu TpoBeneHnu oreHku 3amuineHHocT COK menecoodpa3Ho B kauecTBe 0a30BOr0
MOKa3aTellsl UCTONB30BaTh BETMYMHY OOIIETO PUCKa OT peanu3aiuu akryarbHeX st COK yrpos Ge3omacHo-
CTH. A TIOCKOJBbKY aHajW3 PUCKOB CBSI3aH C ONTUMHU3AIMOHHON 3a/lavuel, 3aKTF0Ualonelics B IOUCKe OaraHca
MEXK]Ty BIOXKEHHSIMH B CHCTEMY 3alllUThl HH(OpMAaIMK U BO3MOXKHBIM YIIEpOOM, TO TIPU OIEHKE 3allUIICHHO-
CTH H BBIPA0OTKE KOPPEKTUPYIOIIUX PEKOMEH AN OyIeT pemaThes 3aa9a oucka Hanbolee parioHaIbHOrO
COCTaBa CPENCTB 3allUThI, TPUMEHEHUE KOTOPOTO Ha MPAKTUKE MO3BOJUT HE TOJNBKO CHU3UTH OOINUH YpOBEHB
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pHCKa, HO M MOBBICUTH 3ammieHHocTs COK. B nanHo# pabote Oyner ncnoib30BaThcs Ka4eCTBEHHBIH MOIX0 K
OLICHKE 3aIIHUILEHHOCTH, B COOTBETCTBHHU C KOTOPBIM 3amuineHHocTs COK OyzaeT oneHuBaThCs IKAION pa3ouToi
Ha TpH ypoBHA: L = {Hu3Kkuii, cpennuii, Beicokuii}. [IpaBuna ompeneneHusi NpUHAIISKHOCTH 3aIUIICHHOCTH
COK k ogHOMY U3 Tpex ypoBHeH omucanbl aBTOpoM B pabote [14]. Takum oOpaszom, mpoueaypa OLEHKH Kade-
CTBEHHOT0 ypoBH 3amuieHHocTH COK onumceiBaeTcs B BUJIE CIEAYIOLIEN TOCIEN0BATENBHOCTH 11T OB!

— cocrasiieane Mozenu COK ¢ ykazaHHeM OOBEKTOB 3aIUThI, HCIIOIB3yEMBIX CPEACTB 3alIUTHI M TONb-
3oBarenei COK;

— COCTaBJICHHE MOJIENH YTPO3 U OLIEHKA PHCKOB;

— ouenka 3amuierHoctd COK Ha ocHOBe HaHHBIX 00 MCIOJIB3YyEMBIX CPEACTBAX 3aIlUThl U PUCKaX OT
peanu3anny akTyaabHBIX YTPO3;

— (hopmMHpOBaHUE OTYETA O pe3ybTaTax OLEHKHU 3aIIMIIEHHOCTH M BbIa4a PEKOMEHAAUNN IO PEeKOH(H-
rypauuu cuctemsl 3amuTthl COK B ciydae He00X0AUMOCTH.

Ha puc. 3 B norauu IDEFO mpencraBnena pazpaboTaHHas (pyHKIHOHAJIbHAsE MOAETH OLICHKH 3allly-
menHoctu COK.
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PUCKA 1 PUCKW MO OueHka ypoBHs
KEMOAOW yrpose 3alueHHOCTK
C3K
YpoBeHs Cnucok peroMeHaaLni no
3AWMLLEHHOCTH dopMupoBaHWe | NOBEILIEHWIO 3aLMERHOCTI
COK oTyeTa u BelAava
CpeqcTRa 3alUuThI pexomernaumn CooTBETCTBME YPOBHS
3ALMLLEHHOCTH
TpeboBaHnam
AyauTtop
WHEPOPMaELWOHHORA
Ge3onacHocTH

Puc. 3. OynkiponansHas KOHTEKCTHAs AuarpaMMa oreHku 3amuienHoct COK B noranuu IDEFO

BxoaHbIMHM TaHHBIMH SIBIISIOTCS:

— BUJ U TEXHUKO-IKCILTyaTallMOHHBIC XapakTepucTuku COK;

— nH(popMarmoHHbIe pecypchl, akTuBbl COK U TIIaTeXHBIC JaHHEIC,

— UCTOIb3yEMBbIE CPEACTBA U MEXAHU3MBI 3aILUTHI;

— cnucok yrpo3 ansa COK;

— CIIMCOK 3JI0YMBIIICHHUKOB;

— TpeOOBaHMS K JIOMMYCTUMOMY YPOBHIO pUCKa U YpoBHIO 3amuiieHHocTH COK.

BoIxomHbIMU TaHHBEIMH SBIISIIOTCS:

— OLICHEHHBIN ypoBeHb 3amuiieHHoctu COK;

— COOTBETCTBHE I HECOOTBETCTBHE OIEHEHHOTO ypoBHs 3ammuiieHHoctd COK TpeboBanusMm Oe3omac-
HOCTH;

— CIIMCOK PEKOMEHAAINH 0 MOBKIIIeHUIO 3amuieHHocT COK.
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3. [IporpaMMHBIii KOMILIEKC OLleHKH YPOBHA 3amuieHHoctn COK

Jnst aBTOMaTH3allK OMMCAHHBIX BBIIIE (QYHKIUH OBUT pa3paboTaH MpOrpaMMHBIN KOMILIEKC, apXUTEK-
Typa KOTOpOro mpeacTaBiieHa Ha puc. 4. B apxurexType cxoxkue GyHKIUH ObLIH OOBEOMHEHBI B OTIEIbHBIC
MOJYJIH C LIENbIo o0ecreueHus ux 6omuee 3pPEeKTUBHOrO BHITOTHEHHS.

Monb3oBaTenbckMin HTepdec

Moayne cbopa Moaynk Moayne Moaynb oLeHKu Moayne

OaHHBIX 0 C3K BEbIBopa BbiBopa yrpos LIRS OETH dopMHUpOBaHUA
W OLEHKM CpencTe W OLEHKM . ué&l( PEKOMEHTALMW K

obbekTtoe CIK sawuTel CIK puckoe C3K oT4eTa

Puc. 4. ApxutekTypa mporpaMMHOro KOMIDIEKCa OIeHKH 3ammimeHHoctH COK

Mognynb coopa nanabix 00 COK npennazHauen s cOopa HHQOpMAIMK O TEXHUKO-IKCILTyaTallHOHHBIX
xapakrepuctukax COK, ee akTuBax n 00beKkTaxX, KOTOpBIE MOAJTSKAT 3aIIMTe; BBOJA TpeOOBaHUN K 3allMIICH-
Hoctt COK m ypoBHIO momyctumoro pucka. MH(opmaiys BBOOUTCS OTBETCTBEHHBIM 3a MH(POPMAILOHHYIO
6ezonacHocth B COK numom.

Mopnynb BEIOOpa CpeACTB 3aIlIMTHI MpeaHa3HAueH ISl BBIOOpA M3 CIIUCKA BO3MOXKHBIX CPEICTB U MeXa-
HU3MOB 3aIUThI, KOTOPbIE HCTIONB3YIOTCs B nccinenyemoit COK mis obecnieuenrs 6e30macHOCTH.

Mogyns BbIOOpa yrpo3 u oneHkud puckoB COK mpenHaszHaueH Al COCTaBIECHUS MOJIEIU YTpoO3 AJIS
COK, ycTaHOBKH JUI KQXKJIOH YIpO3bl BEPOSTHOCTH peau3alliy 1 MOTEHIUAIBHOTO yiiepba U pacuera prcka
M0 Ka)<I0H yrpo3e U oOLIero pucka.

Monynb OLEHKHN 3allIUIIEHHOCTH MpenHa3HaueH JUIsl OLIEHKH ypoBHS 3ammmeHHoctd COK.

Mogynb ¢opMupoBaHHs peKOMEHIANI U oT4eTa 00ecrednBaeT B3aNMOICHCTBUE MEKAY IPYTUMH MO-
IyJISIMH M Ha OCHOBaHHMHU JaHHBIX 00 ypoBHe 3amuiieHHocTH COK BblpabaThiBaeT KOMILJIEKC MEpPONPHITHH —
PEKOMEH Jaluii 10 3aIIMUTE OT KaXXA0H U3 aKTyaJbHBIX YTPO3, ONPEAENSET COOTBETCTBUE MEKIY PACCUNTAHHBIM
YPOBHEM 3alUIIEHHOCTH ¥ AOIMYCTUMBIM U BBIHOCHUT PEIIEHUE O 3alMIIEHHOCTH MM HezamumérHocTn COK.
N ecnmu COK nMeeT HU3KYIO 3alMIIEHHOCTb, TO BBIBOAUT CIIMCOK PEKOMEHIYEMBIX CPEACTB M MEXaHHU3MOB
3am|Thl. OTYET O pe3yabTaTe OLIEHKH BBIBOAUTCS Ha DKpaH, a TAKkKe MOXKET ObITh coxpaHeH B opmaTte .docx.

s -
o OueHka zawmnweHHocT C3K [‘: =l iz_]

o

MaHens ynpaeneHuA

mj

KapakTeprcmakn CIK |3|'IC | CfbeKkThl SaWMTHI | Cpenctea 33LIJ.Ir1TbI|

CoxpaHwTs Moaens 3MC ana aHanuza

Buge CIK
WMHTepHeTarasmH BriBpate Tan CIK
CoxpaHnTs MOENE YTPOS 1 OLEHUTE
3NEKTPOHHEIA AYKLMOH pHCKIA

3nc

OUEHNTL 3EMILEHHOCTE

Cozparme CIK

BBBJJ.MTE Hazeanue CIK BriBecT oTueT 1 peroMeHaawAn

| Cosgam |

CoxpaHuTe 0TYeT B dain
DonycTiMeIi prck YpoBeHE SALUMILEHHOCTA

| B 1

HASKIA )

2] [ Oruer [ OueHKa 3aLLMILEHHOCTH [ Mogens yrpm[

e

BLICOKMIA

Puc. 5. [lonp3oBaTenbekuii HHTEPdEIC MPOrpaMMHOro KoMIniekca oneHkH anmneHHocTr COK (3xpaHHas Komms)
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[Nonmp3oBaTenbckuii nHTEphEHc UMeeT rpaUUecKuil BU U TpEAHAa3HAUCH JUIS BBOJA JaHHBIX, BBIBONA
pe3yabTaTOB U OpraHU3aIlUK B3aUMOJICHCTBHSI TONB30BaTeNsl ¢ mporpammoii. CocTout u3 OJI0Ka yIpaBIICHUS
MPOrpaMMHBIM KOMIUTIEKCOM (pHc. 5, obmacts /) M 4eThIpéx (yHKUMOHANBHBIX BKIAIOK (puc. 5, obnacts 2),
peanu3yronmX OCHOBHEIC 3a1aun oleHkH 3amuieHHoctd COK: cocraBnenue monenu COK, cocraBnenue mo-
nenu yrpo3 mns uccinenyemord COK, onenku 3amuiieHHocTd COK u BeIBoga oTuera 0 pe3yibTaTax OICHKU
3alIMILIEHHOCTH Ha DKpaH.

PaspabotanHbIil IPOrpaMMHBIN KOMIUIEKC MPEIHA3HAYCH JJIS CHENUAIMCTa 10 MH(GOPMAIMOHHONW 0e30-
MACHOCTH /WM JIPYTOr0 OTBETCTBEHHOrO 3a 3amuTy nHpopmaruu B COK mura. MoxkeT UCnoab30BaThC B
KauecTBE BCIIOMOTATEIILHOI'O CPENICTBA MPU MPOBEACHUH BHYTPEHHETO ayauTa WH()OPMAIMOHHOW 0e30MmacHo-
ctu COK.

4. JKcnepuMeHTAIbHbIE UCCJIeI0BAHUS

OKCHEpUMEHThI HaIpaBJICHBl HA MCCIEAOBAHHE PE3YJIbTATOB OICHKU 3aIUIICHHOCTH U BO3MOXKHOCTHU
WCIIONb30BaHUS, TPEITIOKEHHBIX MOJICIBI0 PEKOMEHAAIMIA /ISl MOBBIIICHUS OOIIEro YpOBHS 3allUIICHHOCTH
COK u cHWKeHUs pUCKOB. B pamkax JaHHBIX SKCIEPUMEHTOB OBLIO MPOBEIACHO MCCISIOBAHUE 3aIUIIICHHO-
ctu 10 tectoBbiXx COK, pe3ynbpTaThl KOTOPBIX MPEACTABICHBI B BUJE THCTOTpaMMBbI Ha puc. 6.

8 B8

7
6
5
e
4V
,'/
3 7
s
2
1
0

KonuuyecBTo TectoBbIX CIK

YpoBeHb
3aLLULLEHHOCTU
C3K
COOTBECTBYET

YpoBeHb
3aLLULLEHHOCTU
C3K He
COOTBECTBYET

PekomeHaauum
NoBbICUIU
YPOBEHb
3aLLULLEHHOCTU
C3K po
Tpebyemoro

PekomeHaauum
NOBbICUIU
YPOBEHb
3aLLULLEHHOCTU
C3K Ho
HEe0CTaTo4HO

PekomeHaauum
He MoBbICUNN
YPOBEHb
3aLLULLEHHOCTU
C3K

|IHMCJ'IO TecToBbIX COK 3 7 5 1 1

Puc. 6. Pactipenenenune pe3ynbpTaToB oneHKH 3amuineHHocTH i 10 TecroBeix COK paznmyHoro Buza.

AHanu3 TONXy4YeHHBIX PE3yNbTaTOB IMO3BOJISET CHAENATh BBIBOM, UTO B 86% ciydasx peKOMEHJIAlUH,
MPEAI0XKCHHBIE TPOrPaMMHBIM KOMILIEKCOM B XOJI€ OIICHKH, MO3BOJISIIOT MOBBICUTh YPOBEHB 3aIUICHHOCTH
COK, npu 31oM B 71% 3TOro MOBBIIICHUS JOCTATOYHO JUIS JOCTHXKCHHS TPeOyeMO# 3alMIEHHOCTH. TakuM
00pa3oM, MOXKHO CHIENaTh BBIBOJ O BO3MOXKHOCTU NMPUMEHECHUS PEKOMEHIAIMI MOJCTH JJIs MOBBIIICHUS 00-
ureit 3amuiennoctTd COK paznudHoro Bua.

3akjIoueHne

Bruta paspaborana mporenypa ornenku 3amuinenHoctd COK. B Hotanuu IDEF0 onucansl ¢pyHKImu u
ATallbl MPOoLEeayphl oleHkH 3amuiieHHoctTn COK, BbiieneHbl BXOJHBIE U BHIXOJHBIC JaHHbIC. ONMUCcaHbl apXu-
TEKTypa ¥ TOJIb30BATEILCKAN MHTEP(EHC MTPOrpaMMHOI0 KOMILIEKCA, aBTOMATH3UPYIOIIETO MPEAI0KESHHYIO
nporeaypy. Pa3paboTaHHbIN TpOrpaMMHEIN KOMIUIEKC MOXKET MPUMEHSITECS B y4eOHOM Ipoliecce Ha jrabopa-
TOPHOM TPAKTUKyME JJIsi 00y4eHUS CTYJCHTOB HAIPaBICHUS «MH(GOPMAIMOHHAs OE30MaCHOCThY U HA TIPAKTH-
KE MpH MPOSKTUPOBAHUU CHCTEM SJICKTPOHHON KOMMEPIIMH M B TIporiecce (yHKIIMOHUPOBAHUS JUISI KOHTPOIIS
HaJ[ COCTOSIHHEM UX O€30IMacHOCTH.
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This article deals with the problem of information security in data processing system of e-commerce. The author highlights the
scope and the main models of e-commerce. Models type B2E and B2B are selected for the study of security. The main objects that are
processed in the system of e-commerce are the payment information, finance, electronic substituents, transaction data, personal data,
user’s identification and authentication data.

The main causes of violations of data security and business continuity in the systems of electronic commerce are analyzed. These
are the threat of unintentional and intentional. Unintentional threats include natural disasters and man-made disasters, user errors and
software failures. Intentional threats relate to the actions of an insider or an external attacker or group of attackers. The main objects
of the impact of the attacker's e-commerce systems are electronic substituents financial resources and personal data. Regulatory re-
quirements to protect payment data and e-commerce systems from the threats of a different nature are allocated. It is concluded that
in addition to the use of information security tools necessary to carry out regular monitoring of the security of e-commerce and data
processed by it.

It is proposed to consider security as a measure of the quality associated with the value of the residual risk by using means of infor-
mation protection. Security of e-commerce is divided into three levels and describes the scale of L = {low, medium, high}. It is designed
and described how the qualitative assessment of the level of security of e-commerce. Its main steps are:

— drafting a model of e-commerce with an indication of the objects of protection, protection systems and users;

— drafting threat models and risk assessment;
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— assessment of the security of e-commerce on the basis of data on the means used to protect and risks of the actual threats;

— forming a report on the evaluation of security and making recommendations on the reconfiguration of the system of protection in
case of need.

Functional assessment model of security is composed. The modular architecture of software for the evaluation of the level of protec-
tion has been developed and described. The main function modules include:

— performance data collection of e-commerce and the input requirements of security and the level of acceptable risk;

— selection module remedies designed to select from a list of possible means and mechanisms of protection that are used in the sys-
tem to ensure safety;

— selection module threat and risk assessment system for e-commerce for drawing up the threat model, the settings for each threat
and probability of potential damage and the calculation of risk for each threat, and the overall risk;

— module security assessment is designed to evaluate the quality level of system security;

— generation unit and the recommendations of the report.

The graphical user interface is presented. The experimental results of test models of e-commerce systems are described. The author
concluded that performance of software and applications as a tool for the assessment of the current security systems, e-commerce and
make recommendations for its increase.
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MOHUTOPHUHI' COIMAJIBHO-9KOHOMMWYECKOI'O PAZBUTUA
MYHUIUIAJIBHBIX OBPA3OBAHUM B KOHTEKCTE JKU3HEHHOTI'O IIUKJIA
IHEPEPABOTKHN NTH®OPMALIUN

Paboma evinonnena npu uacmuynotl ghurancosoll noodepoicke POOU
(npoexm PODHU 12-06-33012-MOJI_A_BE]] 2012 «Memodonozusn KOMNIEKCHOU OYeHKU COYUATbHO-IKOHOMUYECKO20 PA3GUINUS
MeppumopuanbHuix 0opasoeaHull u IghpexmueHocmu 20cy0apcmeento20 YnpasieHusy).

B craree mpemnmoXKeHBI pPa3NMYHBIE YPOBHH MOAENEH MOHHUTOPHHTA COIHMAIBHO-3KOHOMHUYECKOTO Pa3BHUTHS
MYHHIUITAIBHEIX 00pa30BaHMI HA OCHOBE (hOPMATBHOTO MPEACTABICHHS KU3HCHHOTO UKJIA 00pabOTKH HH(OPMAIUHL
Paccmotpen mHCTpyMeHT ompeneneHust TpeboBaHui, obecrmeunBaomux 3(hexTuBHOE (HYHKIMOHUPOBAHUE CHCTEMBI
HMH()OPMAIIOHHO-aHATTUTHIECKOTO  CONPOBOXKACHUS  YNPABICHWS B OpraHax BiIacTH. lIpennmokeHa IBeTHas
(packpamreHHast) BpeMeHHash ceTh lleTpw, onmChHIBarOmas JUHAMHYECKYI0 MOJEIb MOHHTOPHHTA COIHAIBHO-
SKOHOMHYECKOTO Pa3BUTHUSI MyHHIUIIAIEHBIX 00pa30BaHMil. YKa3aHBl OCHOBHBEIE 00IaCTH MPUMEHEHUs pa3paboTaHHBIX
MoJeIe.

KiioueBble cJI0Ba: MOHHTOPUHT COIHAIBHO-3KOHOMHYECKOTO PA3BUTHUS, CTPYKTYpPHO-(QYHKIMOHAIBHAS MOJEIIb;
JMHAMHAYecKas Mojielns; cetu [lerpn.

Pa3Butue coBpeMeHHOro 00IIECTBa XapaKTEepU3yeTcsl MOBBIIIEHHBIMI TPEOOBAaHUSIMU K HCIIOJIB30BAHHIO
aKTyaJbHOW WMH(OpMAIMHM B YNPaBICHUU COLHAIbHO-SKOHOMUYECKHMH MpoleccaMu. BakHbIM (akTopoM B
TAKOM YIpPaBIICHUU SIBJISAETCSA NMPOBEACHUE TITYOOKOr0 aHalu3a IeSITEIbHOCTH OPraHOB rOCyJapCTBEHHOW Bia-
CTH ¥ MECTHOT'O CaMOYIIpaBJIeHHs, 0€3 KOTOPOro CIIOKHO MPEACTaBUTH HE TOJIBKO MOCTPOCHUE MOTHOLEHHOM
MOJIENIN Pa3BUTHS TEPPUTOPUH, HO U NIPOBEICHHUE OLIEHKH AEATEIBHOCTU BIACTHBIX CTPYKTYp. B kauectBe un-
CTPYMEHTA, C MOMOIIbI0 KOTOPOI'0 BO3MOXKHO NPOBOIUTH MH(OPMAIMOHHO-aHAMTUYECKYIO MOATOTOBKY H
MPHUHATHE PELICHUH 0 IHPOKOMY KPYT'y BOIPOCOB B 001aCTH MyOIUYHOIO yIpaBieHHsl, 1iei1ecoobpa3Ho pac-
CMaTpUBaTh CHCTEMY MOHUTOPHHTA.

W3navanbHO MOHUTOPUHT TOSBUIICS U CTaJI pa3BUBAThCS B €CTECTBEHHBIX HayKax (HampuMep, THAPOJIO-
THYECKUH, METEOPOIIOTHIECKUH, painoIornIeckuii 1 T.1.). BrocieacTBUM OH cTan MPUMEHATHCS B TEXHUYE-
CKUX (TPOMBIIUICHHBI MOHUTOPHUHT, MOHUTOPUHT Ka4ecTBa MPOAYKLIMH H T.II.) U COLUMAIBHBIX (IleJaroruka,
MICUXOJIOTUS U T.IL.) OTpacisx 3HaHWKA. HeoOXoamMo OTMETHTH, YTO 34ECh, KaK MPaBUIIO, CYIIECTBYET YeTKas
METO/IOJIOTHYECKasi OCHOBA MOHUTOPWHTA, pa3padoTaHbl MHCTPYMEHTHI U3MepeHus, c¢opMUpOBaHa OpraHu3a-
LIMOHHAA CTPYKTypa peajan3aliy, a TAaKKe 3aKpellyieH Ha 3aKOHOAATENbHOM YpOBHE €ro craTyc. MOHUTOPHHT B
cdepe MyOTMYHOTO YIPaBICHUS MOXKHO NMPEICTABUTh KaK CYLIECTBYIOUIYIO Ha MOCTOSHHOH OCHOBE CHCTEMY
HabmoeHus, cOopa, aHaIM3a ¥ MPOrHO3UPOBAHUS COLUATBHO-I)KOHOMHYECKUX TOKa3aTeNe pa3BUTHUS TEPPHU-
topun. Ero 1ens — npegocraBieHre opraHaM BIacTH aKTyajlbHOH HHGOpMAIK O CUTyallud B pa3iIMYHbIX cde-
pax XKU3HENEATEIbHOCTH.

VYnpaBieHueckasi CyIIHOCTh MOHHUTOPUHTA PAacKpBIBAeTCs depe3 ero (YHKIHIO OOCTy:KUBaHUS TpolLec-
COB TIOATOTOBKH M MIPUHATHUS PELICHUH, YTO CBSI3aHO C TEM, YTO TOJIBKO MPH HAIMYNU HE0OXO0IUMOH HH(pOopMa-
WY, OTBeYaroulell TpeOOBaHUSIM JOCTOBEPHOCTH, MOTHOTHI M CBOEBPEMEHHOCTH, d((EKTHBHO MOKHO OCY-
LIECTBIIATh IUIAHUPOBAHUE, OPTaHU3ALUIO UCIIONHEHUS, KOHTPOJIb U PEryIHpPOBAaHUE aIMHUHHUCTPATHBHBIX U
OusHec-mporeccoB. HecMoTps Ha MMPOKOE pacHpoCTpaHEeHHE TEPMUHOB «COLHMATBHO-9KOHOMUYECKUH MOHH-
TOPHUHT» U «MOHHUTOPHHT COLMAJIbHO-IKOHOMHUYECKOTO Pa3BUTH» KaK HA HOPMaTHBHOM ypPOBHE, TaK U B Hayd-
HOU JTUTEepaType, PaCKPHITHIO UX CYIIHOCTH MOCBAIICHO HEMHOTO padoT. [lpakTHuecku mpenonpeacieHo, 4ro
yKa3aHHbIE TEPMHUHBI MPEICTABISIIOTCS OOLIETIPHHATHIMUA M OHO3HAYHO JIeTePMHUHUPOBaHHBIMU. OHAKO MPH
JIeTabHOM PAaCCMOTPEHHH OKAa3bIBACTCSI, YTO alpUOPHAs SICHOCTh OTCYTCTBYET. TakuM 00pa3oM, BHISBICHHOE
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MNPOTHUBOPCUUC ABJIACTCA OCHOBAHHUCM [UIA (l)OpMI/IpOBaHI/ISI MoACIn CHUCTEMbl MOHHMTOPUHIA COLIMAJIBHO-
9KOHOMHYCCKOI'O pa3BUTUA TeppI/ITopI/If/’I, paCCMOTpeHHOfI Ha IpUMEPC MECTHBIX C006H_ICCTB.

1. ®yHKIHOHAIbHAA MO/IeJIb MOHMTOPHHTA CONMAJbHO-3KOHOMHYECKOr0 Pa3BUTHS
MYHHMIHNIAJBHBIX 00pa30BaHNH

Heoanosnaunas npupona mo OTHOLIEHHUIO K pa3HBIM cepaM, paBHO KaK U CIOKHUBIIEECS MHOT000pas3ue
B MOHMMAaHWU MOHUTOPHHIA, IpelonpeeNsier Ha MepBOHavYalbHOM dTare pa3paboTKu MpoOIeMBbl HCCIeaoBa-
HUSI HEOOXOANMOCTb (POPMUPOBAHMS YHHBEPCAIbHOM (MHBApUAHTHON K YaCTH MPWIOKEHUS) TPAKTOBKH pac-
CMaTpHUBAaEMOIl KaTeropuu: MOHUTOPHHT — CIEHUAIBHBIM 00pa3oM ChOpPMUPOBAHHBIM MHCTPYMEHT HMH(OpMa-
LIUOHHOTO 00ECTIeYeHHs YIIPaBICHUYECKON AeITeNbHOCTH Il KOHTPOJIS, OLCHKH, aHAIN3a U MPOrHO3UPOBAHUS
pa3BuTHA O00BEKTa yIpaBieHHs Ha OCHOBE HENMPEPHIBHOIO MPOLIECCa, COCTOALIEI0 U3 MPOUENyp KU3HEHHOTO
nuKiIa nepepadorku uHpopmanmu (cOop, 0O6paboTka, XpaHeHHe, 0TOOpaKEHNE U PaclpOCTPaHEHHe), KaKaast
13 KOTOPBIX, B CBOIO OYEpPE/Ib, PEaiu3yeTCsl Yepe3 CBOMCTBEHHbBIE i MeTouUecKre mpueMsl [1].

MOHHUTOPUHT KaK UHCTPYMEHT YIpPAaBICHUS PEATH3YETCS TONBKO B OMPENETICHHOW YNOPSIOYEHHOCTH H
B3aMMOCBs3H. VX BHYTpeHHEE COAEp)aHHE MOXHO PAaCKPBITh, HCIIONB3Ys (PopMalbHYIO MOJENb JEKOMIIO3U-
WU COLUATBHO-DKOHOMUYECKHX CHCTEM: COTJIacHO [2] mpeAcTaBisieTcs BO3MOXKHBIM CIeNaTh CISAYIOIIIE CO-
MOCTABJICHUS:

— MPOLIECC IEeSITENbHOCTH — MOHHUTOPHUHTOBBIC IPOLIEIYPHI;

— IpeAMET AeSTEeIbHOCTH — UCXOIHAas HH(pOpMaLus, mojydaeMasi i3 HCTOYHUKOB;

— CpeAcCTBa JEATENbHOCTH — METOAWYECKHH MHCTPYMEHTApHH peasin3allii MOHMTOPHHTOBBIX MPOLEYD;
OpraHU3alMOHHBINA PEriIaMeHT; IPOrPaMMHO-TEXHUYECKHE CPEICTBA;

— CyOBEKTBI ACATENFHOCTH — HOCHTEIN MOHUTOPHUHTOBBIX (DYHKLIWH;

— KOHEYHBIA MPOAYKT — pe3yabTaThl MOHUTOPUHTA.

MOHHUTOPUHTOBBIE TIPOLIEAYPHI BHITEKAIOT U3 MOJEIH KU3HEHHOTO HUKIa 00paboTKH MH(OPMAIUH, YTO
MO3BOJIIET BECTU peub 0 (YHKIMOHAIBHOW CHCTEME MOHUTOpUHTA. B KauecTBe rpaduueckoro nmpeacTaBieHus
JEKOMITO3UIIH PacCMaTpUBaEMOro mpolecca HCrnoiab3yercss Mmerogonorus moaenuposanusi IDEFO (puc. 1), B
UCOJIOTHH KOTOPOH JMarpaMMbl SIBJIAIOTCS TIaBHBIM KOMIIOHEHTOM MOJIENIN M COCTOAT M3 OJI0KOB — 0TOOpa-
XKeHUH (YHKUIUI CUCTEMBI U AYT — OTOOpa)kKeHUI MOTOKOB MH(pOpManuy WM 00beKTOB. MeCcTo coeqMHEHUS
IyT ¥ OJIOKOB OIpeZeNsieT THII AyTH: YIPaBIAIOUINe JaHHBIE BXOIIT B OJIOK CBEpXY; OOBEKTHl WM WHpOpMa-
s, TIOABEpraeMble BO3ACHCTBUIO — BXOJIBI, OTOOPAXKAIOTCS C JICBOM CTOPOHBI 0JIOKA; MEXaHU3MbI — UCIIONHU-
TeNb WIM HEOOXOJUMBIH TS BO3ACHCTBHSI HHCTPYMEHTAPHHA — MPEACTABIISIOTCS AYTOi, BXOSIIECH B OJOK CHU-
3y, BBIXO/IBI — PE3yAbTAaT BO3ACHCTBHUS Ha BXOAALINE MOTOKH — HAXOAATCS C MPaBoi CTOPOHBI Oyoka. Kakabrit
13 OJI0KOB, N300paKEHHBIX Ha PUC. 1, B CBOIO OYepeIb, TAKKE MOKHO JEKOMIO3UPOBATh.

DNeMeHTHI MPEeICTaBIEHHON MO MOTYT OBITh OXapaKTEPU30BaHbI CIACAYIOMIUM 00pa3oM:

1. TIpeoOpazyemoe B «pe3yibTaThl MOHUTOPUHTa» (KOHEUHBIA MPOAYKT) B BHJAE PACUCTHBIX BEIUYMH
«uHpOPMALMOHHOE TOoNe» (IPEeAMET AEATeIbHOCTH) 00pa3yeT MaccuB JaHHBIX, 0OECTIEYHBAIOIINX MPEACTaB-
neHue 00 o0bekTe N3ydeHus] U U3MEHEHHNH B HeM. JleTepMUHUPOBaHHBIN MepedeHb ToKaszaTeneil popMupyercs
C y4eroM I1elneil ynmpaBieHus, KpuTepueB X 3PQPEKTUBHOCTH M HCIIOIB3YEMBIX METOJUK KOHTPOJIS, OLCHKH,
aHaJn3a ¥ IPOrHo3a MOHUTOPHUPYEMOTo 00beKTa (B YaCTHOCTH, COLIMAIbHO-9KOHOMUYECKOTO Pa3BUTHS).

2. OpraHu3alOHHBIA periiaMeHT, YIOpsAAOYMBAIOUIMK XO[ TMpolecca, MPU3BaH PacHpenelnTh HOpMa-
TUBHO MTOJTHOMOYHSA (IIpaBa, 00SI3aHHOCTH M OTBETCTBEHHOCTH) MEKAY YUYaCTHUKaMH MOHHUTOPHHIOBBIX MPOIIe-
Iyp, @ TaKXKe 3aKPElUTh MEXaHU3MBbI B3aUMOJICHCTBUS MKy HUMH.

3. Meroanueckuii MHCTpyYMEHTapUi, IPEICTaBISIOMNI MpaBuiIa npeoOpa3oBaHusl MacCHBa AaHHBIX, CO-
JEPIKUT OMKMCaHNe KOHKPETHBIX Croco00B cOopa, 00paboTKu, XpaHEHHs U OTOOpaskeHUs HHPOPMAITUH.

4. TlporpaMMHO-TEXHHYECKHE CPEACTBA OCYLIECTBISAIOT peaju3alyio MOoJJepKUBaromed (QyHKUUU H
MO3BOJIIIOT TOBBICUTH 3(PeKkTHBHOCTD (PyHKIMOHMPOBaHUS Bceil cucteMbl. bonee Toro, mmpokoe HCHoNb30-
BaHHE COBPEMEHHBIX WH(POPMALMOHHBIX TEXHONOTHH JeNaeT MOHHUTOPHUHT, B TOM YHCIIE M COLHAJIBHO-
SKOHOMUYECKUH, KaYEeCTBEHHO MHBIM, BBIBOJSI €r0 Ha MHYIO CTYIIEHb B PAa3BUTHH, YTO O0YCIOBIEHO pacIIupe-
HUEM CEPBHCHBIX MOTEHLUAIOB PeANN3alii KaXI0ro dTana. Tak, CyIecTBEHHO MOTYT OBITh YBEITHYEHBI 00b-
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CMbI XpaHI/IMOﬁ n nepepa6aTLIBaeM0171 I/IH(I)OpMaLII/II/I, 00JIeryeHEI pacycCThl HOKaBaTeﬂeﬁ, a TaKXKC CYHICCTBCHHO
pacmipeHbl NPC3CHTAIMOHHBIC BO3MOXXHOCTH.

5. Hocuremsamu MOHUTOPUHI'OBBIX (bYHKLII/Iﬁ BBICTYIIAIOT PA3JIMYHBIC OpraHnu3alnu, CTPYKTYPHBIC IIOA-
pas3acicHusd, a TAKXKEC OTACIILHBIC COTPYAHUKU.

NudopmanmonHoe C1 OpraHu3anvOHHBIA perjaMeHT
mosne A
I Y\ Meromuueckunii ) ) )
HHCTpyMeHTapuii C2
‘ CoOpaHnHast
Cobpare |uH(bOpManUL
P py O6paboTanHas
MHPOPMAIIHIO —\
N { nHpOopManus Busyanu3zu-
A A O6pa60TaT}, poBaHHasA
>l HdopManmo § § vmdopvamn
A2 OTtobpa3urs J
T 1 rHopManio ApXuBHpOBaHHAs
x 1 uHbOpManus
T 1 OGecnednTh J PesynbTatsl
> XpaHeHue l MOHUTOPHUHTA
o »| nHbOpManIH 01
A PacnpocTpanuts I
) nHpopMaIIo
A4
) ) J j
M1 Hocurenu MOHUTOPHHIOBBIX M2 IIporpaMMHO-TEXHHUECKHE
ynKit cpescTBa

Puc. 1. Yposens A-0 «[IpoBecTr MOHUTOPHHT COMMAIBHO-3KOHOMUYECKOTO Pa3BUTHS
MYHHITUITATBHEIX 00pa30BaHUID

HecMotps Ha o0mryto mpo3payHOCTh TAaKOTO MPENCTAaBICHHUS, BOIPOC BHYTPEHHETO COEpKaHUsI 0003Ha-
YEHHBIX KOMIIOHEHTOB HE SIBJISICTCS CTOJIb OUEBUAHBIM. J[aHHBIN Te3UC SABISIETCS] OCHOBAaHHEM AJIsl (OPMHUPOBa-
HUsSI TIepeYHs] HOPMATUBHBIX TPEOOBaHMI K OpraHU3allud CUCTeMbl MOHMTOpuHra. Ilycte S= {s;}, Z= {z;} —
MHOXECTBa MOHHUTOPHUHTOBBIX MPOLIEAYP U 00ECIIEUNBAIONINX YACTEH CHCTEMbl MOHUTOPHHIA COOTBETCTBEHHO.
[TosnemenTHO CcOOTHOCS S W Z, mONy4aercsl MPOU3BEACHNE PACCMAaTPUBAEMBIX MHOXKECTB CHCTEMBI MOHHUTO-
punra. B To e camoe BpeMmsi He AJIsl BceX KOMOMHAIMM uX 1enecoodpasno popmynuposats. Hanpumep, npu
OpraHU3alMyd METEOPOJIOTHUECKOr0 MOHUTOPHHIA KpaiHe Ba)KHBIMHU SIBISIOTCA TpeOOBaHHS K MPOrpaMMHO-
TEXHUYECKHM CpEACTBaM Ha 3Tare cOopa HCXOOHBIX NaHHBIX, B TO BpeMs KaK IPU OpraHU3aldl CHCTEMbI MO-
HUTOPUHTA COLUATBHO-DKOHOMUYECKOT'0 Pa3BUTHsI TEPPUTOPHUIT ATH OrpaHUYCHUS HE SIBJISIOTCS CTONIb BayKHBI-
MHU. COOTBETCTBEHHO, NPEACTABIACTCS BO3MOXHBIM COPMYIHPOBATH CIEAYIOMINE IPUMEPBl CHHTE3a Tpebo-
BaHui [3]:

— §3z; — TpeOOBaHHUA K BO3MOXKHOCTAM MPOTrPaMMHOr0 0OecTiedeHusl 0 BU3Yyalln3alli pe3yabTaToB MOHH-
TOPHHTa;

— $»Z, — TpeOOBaHUA K aJCKBaTHOCTH NPUMEHSEMBIX METOAWK OLEHKH, aHalM3a W MPOTHO3a COLHAJIEHO-
HSKOHOMHUYECKOTO Pa3BUTHUS;

— §1Z3 — UHCTPYKLUH 110 TEXHOJIOTHH B3aMMOJCHCTBHUS HOCUTENEH MOHUTOPHHIOBBIX (DYHKIMH (3aKa3YHKOB,
C OIHOM CTOPOHBI, PETUCTPATOPOB, HHTEPBLIOEPOB H T.II. — C IPYroi, HocuTeleil HHPpOpMau — C TpeThel) Ha
sTane coopa HHPOPMAIUH;

— $»Z4 — KBaTM(PHUKALNOHHBIC U MPOQecCHOHAIBHBIE TPEOOBaHMSI K COTPYIHUKAM, OCYLIECTBIISIOINM OLICH-
Ky, aHaJIM3 ¥ IPOTHO3 COLUAIBHO-3KOHOMHYECKOT'O Pa3BHTHSL.
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2. lnuHaMHu4ecKasi MoieJIb MOHUTOPHHTA COHATBHO-)KOHOMHUYECKOT0 PA3BUTHS
MYHHUIHNIIAJBHBIX 00pa30BaHNH

[Ipemnoxkennas B pasznene 1 cTpyKTypHO-(QYHKIIMOHAIEHAS MOJICNb OMUCBIBAET ATAIbl cOopa, 00padoTKu
Y XpaHECHUs MH(OPMAIWY, HE YUUTHIBAs MPH 3TOM IUHAMHUKY TIporiecca. Vcronb30BaHHE MaTEeMaTHYECKOTO
anmapata cereil I[lerpu mo3BoisieT MepeldTH K TUHAMHYSCKOMY MOJISTUPOBAHUIO MOHHTOPWHTA COIMABLHO-
SKOHOMHYECKOTO Pa3BUTH MYHHIIMITATBHBIX 00pPa30BaHUN M ONTHUMH3AIMH JCATSIBHOCTH COOTBETCTBYIOIINX
cityx0, 9T0 000CHOBBIBAETCSI CIEAYIOIUMH (akTopamu [4]:

— cetu [leTpu MO3BOMNSIOT peann30BaTh YCIOBUS BBIOOpA, OCHOBaHHBIC HA Jormdeckux omeparnusax AND u
OR;

— ¢ momomipio cerell [lerpu BO3MOXXHO MOJEIHMPOBATh HE TOJNBKO CTPYKTYPHYIO YacTh Ipolecca, HO H
oToOpaXkaTh TUHAMHKY BBITIOTHEHUS OCHOBHBIX €ro ()YHKITMI TOCPEICTBOM IepeMeNieHUs (PUIleKk U3 OJHON
MTO3UINH CETH B IPYTHE TIO3HIINH;

— CTPYKTypa Tpoliecca IpeACTaBIseTCsS B HATJISTHOM TpaUueCKOM BHJIE C TOMOIIBIO TPpadoB.

Knaccudeckas ctpykrypa cereit [lerpu onpenensiercs Mo3UIUsME, MepPeXoaMi, BXOJIHOW U BBIXOIHOM
¢$yHKUMEH 1 POpPMaTBHO OMUCHIBACTCS CIENYIOINM o0pa3oM [5]:

C=F,, T, 1 0), (1)
rne P = {p\, p», ..., pn} — KOHEUHOE MHOXKECTBO O3uIMH, n > 0; T = {t,, t,, ..., t,,} — KOHEYHOE MHOXKECTBO TIEPEXO0-
noB, m > 0; I T — P — BxoaHast QyHKIWMs, ONpenessiomnias 0To0paKeHie U3 MEPEX0I0B B KOMIUIEKTHI TTO3UIIHIA;
O: T — P*— BbIxoaHast DYHKIIMSA, OMPEAEIISIONas 0TOOpaKEHHE U3 MIEPEXO0I0B B KOMIUICKTHI TIO3HIIHIA.

MHOXeCTBO O3UIIUKA U MHOXKECTBO MEPEX0J0B HE nepecekaroTcs: P N 7= (), MOIIHOCTh MHOXeCTBa P
€CTh YUCIIO /1, 3 MOIIHOCTh MHOXeCTBa 1’ ecTh uncio m. [Ipon3BonbHBIH 37eMeHT P 0003HAYaeTCsl CUMBOJIOM P,
raei = 1,..., n, a IpOU3BOJIBHBIN 37EMEHT 1 — CUMBOIOM f;, raej = 1,..., m.

[MockonpKy mpoliecC MOHMTOPWHTA TPEAIONAracT HaJIMYue Pa3IUYHBIX BPEMCEHHBIX XapaKTEPHCTHUK,
Han0OoJiee BaXHBIMU M3 KOTOPBIX SBISIOTCS BpeMs Ha cOop, 00paboTka, mpeaocTaBiicHre (pacipocTpaHeHHE)
nH(opMaIum, B TAHHOM CITydae Menecoo0pa3Ho MPUMEHEHHE arapara IIBETHBIX (PacKpallleHHbIX) BpEMEHHBIX
cereii [lerpu (Coloured Timed Petri net — CTPN). Ucnons3oBanue Takoro pacmupenus B cetsix [lerpu mo3so-
nsier OoJee aJeKBATHO OMHCHIBATH PEATbHBIC MPOIECCHl 0 CpaBHEHHIO ¢ 0ObuHbIME ceTssmu [lerpu. [pume-
HEHHE IBETHBIX (PacKpaIlleHHBIX) BPEMEHHBIX ceTeil [leTpu MO3BONSET MCCIENOBATh TEXHOJIOTHIO MOHHUTO-
pUHTA JJO MOMEHTA €ro IPAKTHUECKON peaTn3aliiu.

[Ipu paccmoTpeHuu mBeTHOW (packpaiieHHO#) cetu [leTpn HEOOXOIUMO YYHTHIBATH MHOT'OMEPHOCTH
¢ynkmit [u O, T.e. [ = (Il, B ..., IL), O= (01, o ..., OL), rne L=1|D|, D= {d,, d,, ..., t,} — MHOXECTBO IIBETOB
(momerok). Ha mHOkecTBe P 3amaercs GyHKusS W(P) Kak COBOKYITHOCTH IIEIBIX HEOTPUIATEIBHBIX YHCE,
OIPENENSIONINX KOJIMYECTBO IBETHHIX (uilek (MapkepoB) B nmozunusax. CrnenoBatenbHo, CTPN, B oTiimume ot
(1), onpenensiercs cienyroNIeH MecTePKOH:

C={PT1LO,un),
TJie T — OJVH M3 BApPUAHTOB 3aJ]aHKS BPEMEHHBIX MTapaMETPOB DJIEMEHTOB MHOXKecTBa 7; |L — pa3MeTka (MapKu-
POBKa) CETH.

[Tpu 3TOM BpeMeHHBIC TaPAMETPHI 3aJAF0TCS CICAYIONUM 00pa3oM:

— MPOJOKUTEIIEHOCTD BBITIOTHEHHS KaXKJI0T'0 3a/IaHMsI MOHUTOPHHTA U BpeMsl HauaJia BBITIOJHEHUS TIep-
BOTO 33/IaHHS;

— MPOJOKUTEIEHOCTD BBHITIONHEHUS KaXJIOTO 3aJlaHUS M BPEMsI OKOHUYAHUS BBITOTHEHHS TOCIEIHEr0
3aJlaHus;

— MPOJOKUTEIIEHOCTD BBITTONHEHUS KaX/I0T0 3aJaHMs M BpeMsl Hadyalla 1 OKOHYAHVS BBITOTHEHUS KaX-
JIOTO U3 HUX.

Bpemennbie mapamerpsl 311ech OyieM 3a7aBaTh [UIMTEIBHOCTHIO HCITOTHEHHUS 3a/I1aHUs, BpEMEHEM Havalia
Y 3aBEpIICHHSI €T0 UCTIONHEHUS. B 00IeM citydae MoAenupoBaHue MpoIiecca MOHUTOPHHATA MPENIOaraeT us-
MEHEHHE CIISIYIOIIUX UCXOAHBIX YCIIOBUH (B TepmuHax cetu [lerpm) [3, 6]:

— nepuoauyeckoe u3meHenne cocrossaust CTPN myrem u3MeHeHnss MapKUPOBKHU (DHILIEK;

— M3MCHEHUE TOJI30BaTEIIEM BPEMEHHBIX XapaKTEPUCTHK JIMOO PECYpCHBIX TapaMETPOB.
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Jnst ©3MEHEHHSI COCTOSHUS CETH IyTeM MapKHUPOBKHU (DUIIEK HEOOXOAUMO HCIIOIb30BATh AJITOPUTM Map-
KAPOBKHU (pa3meTku) cereil [lerpu, mpu 3TOM HavanbHAs MapKHUPOBKA |y COOTBETCTBYET HaYaJIbLHOMY COCTOSI-
HUIo ceTH. [lepexox ceTu cumTaercs pazpeuieHHbIM (MPOM30HUIET HEKOTOPOE COOBITHE), & COOTBETCTBYIOIIEE
3aJaHre — aKTUBHBIM, €CJIU BCE €r0 YCIOBHUS COOMIOACHBI (MMEIOTCS BCe HEOOXOANMBIC (PHILIKH ).

VYcnoBus cpabaTbiBaHUs TepexoAa MOTYT OBITh 3aJaHbl CICAYIONIMM OOpa3oM: B BBIXOAHBIX MO3WIUSIX
nepexoza (UIIKH MOSBIISIOTCS Cpasy MOCHE TOro, Kak OyAeT OTMEUEHO BBIOJTHEHHE JII000H 13 paboT, BXOIs-
IIMX B COOTBETCTBYIOIIMH NAaHHOMY IE€PEXOAY dTal AEATENbHOCTH, BMECTE C TeM OTMETKa 00 HMCIOIHEHUH
OCTaJIbHBIX PabOT IAaHHOTO dTana OCYLIECTBISIECTCS B TEUEHHE HEKOTOPOr0 BPEMEHH, OTBEIEHHOTO ISl JAHHOT'O
sTamna. JTO HEOOXOAMMO AJS M30EraHus TYNHUKOBBIX CUTYAllHil MO BpeMeHH cpalOaThIBaHHUS IUIA CICTYIOLIMX
napajieNbHBIX MEepexofoB. B cinydyae WcTeueHHus perjaMeHTHOTO BPEMEHH BBITIONHEHUS dTana W HaIH4Hs B
HEM HEBBIMOJHEHHBIX paloT (3aJaHKe HE MCIIOJHEHO B CPOK) MOJB30BATENb CETH MMEET BO3MOKHOCTD CaMO-
CTOSITEIBHO MPUHATH PEIICHKE O AalbHeHINX AeicTBUsIX. OKOHUaHHE 3Tana MOpoKIaeT HOBYIO MAPKHPOBKY W
MO3ULIUHN U ONPEACIsieT YCIOBHUS aKTUBU3AINH CIEAYIOIINX MEePEX00B.

I'paduueckoe npencrasnenue cereii [leTpu sBiseTcs BaXXHBIM aclIeKTOM Uil 00ecTiedeH s HarTIAHOCTH
BoctipuaTus ceru llerpu u mpoBeneHns Ka4eCTBEHHOT'O aHajn3a MOAEIHPYEMBIX IpoleccoB. B obmem moHu-
MaHHH CTPYKTypa MpocToi cetu [leTpr cOCTOUT U3 ABYX THIIOB Y3JIOB:

— cumBon O (Kpyr) npeacTaBisieT MO3ULIHIO;

— CHMBOII | (mnanHka) ABJSETCS MEPEXOA0M U OMpeEneIsIeT HEKOTOPOe MPUMUTHBHOE COOBITHE, ONTUCHIBA-
€MOE B CETU.

CoennHeHrE MO3ULUA U TIEPEXOIOB OOEcIIeYnBaETCsA IMyTeM NpecTaBiIcHHs OpHEHTUPOBaHHBIX AyT. Jyra,
HalpaBJIeHHas OT MO3UIMU p; K NEPEXOAY ¢, ONpelessieT MO3ULUI0, KOTopas sBIIeTcsl BXoIoM mepexoza. Jyra,
HalpaBJIeHHas OT Iepexoa ¢ K MO3ULIUH p;, ONIpeeNseT NO3ULMI0, KOTopas SIBIeTC BhIX0AOM 13 nepexoza. [Ipu
9TOM YCJIOBUS, T.€. JOTHYECKHE COCTOSIHUS crucTeMbl, puHuMaronwe 3Hadennst MICTUHA wmm JIOXKbD, monenupy-
I0TCS TO3UIIMSIMU, & COOBITHS MM JICHCTBHSA, IPOUCXOISIIIE B CHCTEME, MOACTHPYIOTCS MEPEXOIaMHu.

Bemonnenne Hexkoroporo ycnous (3aauenne UCTUHA) npencrasisiercss GUILKON B MO3UIMH, KOTOpast
COOTBETCTBYET AaHHOMY YCJIOBHIO, IPH 3TOM 3aIlyCK Iepexoa yIauseT pasperiaonme GUIIKA, ONpeaesio-
1IKMe BBHIMOMHEHUE TaK OMpPEACTICHHBIX MPEAycIoBUH, U 00pa3yloT HOBBIE (PHUILKH, KOTOPHIE OMPEHESIOT BBI-
MOJHEHHUE MOCTyCnoBUi. Cienyer OTMETHTD, 4To B ceTsxX [leTpr HenpuMHUTHBHBIE COOBITHS TPENCTaBIISIOTCS
y)Ke He B BUJIC IUIAHOK, a B BHJIE MIPSIMOYTOJILHUKOB, YTO TIO3BOJISIET YIIPOCTUTh HEKOTOpPHIE BUABI ceTei [lerpu.

Ecnu HeoOxomumo obecriednTs nepexon oT (YHKIHOHATBHOM K JUHAMHUYECKOHW MOJAETH, TO MPH Iepe-
X0zie OT auarpaMmel, npencrasieHHoi B Hotanuu IDEFO, k cern Iletpu QpyHKIMOHANBHBIN OJIOK AMArpaMMbl
3amensiercst pparmentom ceru Iletpu, uMuTHpYIOMMM paboTy 3Toro 610ka. [Ipu 3ToM MO3ULKAMHU CeTu cTa-
HOBSATCSI BO3MOXKHBIE ITOTOKH WH(OPMALMU UM O0BEKTHI CUCTEMBI, MOJBEpracMble BO3ICHCTBHUIO, YIPABISIO-
1ye AaHHbIe, MEXaHU3MbI (MCIIOIHUTENb WM HEOOXOJUMBIM MHCTPYMEHTApHi), a TaKKe pe3yJabTaT BO3ACH-
CTBHA Ha BXOZSIINE TTOTOKH.

OCHOBBIBAsICh Ha TPEIVIOKEHHBIX BBIIIE OMpPEACTICHUAX W MOpsAKe TpaHchopMauuu (yHKIHOHAIBHON
MoJenu B ceTb [lerpu, MOXHO MpeIoKUTh LBETHYIO (pacKpallleHHYI0) BpeMeHHYIo ceThb [leTpu, onmchiBaro-
LIYI0 TUHAMAYECKYIO MOJIENb BEICHUSI MOHUTOPUHTA (pHC. 2).

[Ipeanoxennsie B GyHKIMOHAIBHOH Mozenu (puc. 1) B3aMMOCBSI3M DJIEMEHTOB paccMaTpUBacMON CETH
[lerpu MOXHO MPEACTABUTH CIETYIOUIUM 00pa3oM:

—t; — coOparb uHpopmanwmio: /() = {pi, p2, p3} — BXoAHAs GYHKIHS, TAC p; — HHPOPMAIIMOHHOE TIOIE;
P2 — HOCUTENH MOHMTOPHHTOBBIX (YHKIUI; p; — mporpaMMHO-TexHU4eckue cpenctsa; O(t)= {pa, p2, p3} —
BBIXOJHAsI QYHKUUS, TAC ps— cOOpaHHAs HHPOPMALIHSL.

— t, — obpaboraTs nHpopmanuio: /(1) = {ps, p2, p3}, Ot1)= {ps, p2, p3}, TA€ ps — oOpaboTanHass HHPOP-
Mals;

— t; — oroOpa3uth uHGOpManuto: I(t;) = {ps, p2, p3}, Ot3) = {ps, P2, P3}, TIE Ps — BU3yATU3UPOBAHHAS
uHpopMaLus;

— 14 — obecnieunTh XpaHeHHe MHPOPMaMK — JaHHBIA Mepexo]l cpaboTaeT B ciydyae HaIW4Ms (UIIEK B
OIHOH M3 O3ULUI: pa, Ps WIH Ps, @ TAKKE TIPU HAUTNYINN (QUIIEK B MOULUAX P, U p3: L(ts) = {pa, ps, Ps, P2, P3}»
O(ty) = {p7, p2, P3}, TAC p7 — ApXUBUPOBaHHAS HH(OPMAITHUS;
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— ts — pacnpocTpanuTh uHbopMmaruio: I(t;) = {ps, p7, p3}, O(ts) = {ps, P2, p3}, TAE ps — pe3yabTaT MOHU-
TOPUHTA,

h 4+ Tu

Ps

\

A
I
T

A 4

:

Y

Tk

Puc. 2. I[BeTHast (packpameHHast) BpeMeHHast ceTb [leTpu, onuckiBaromast Iporecc MOHUTOPHHTA
COIMATEHO-?)KOHOMHUYECKOT0 Pa3BUTHS MyHHIUITIAIBHBIX 00pa30BaHMUIHA

[IpeoOpa3oBaB (GyHKIMOHAIBHYIO MOAENb (pUC. 1), MOMTyYyMM LBETHYIO (pacKpalleHHYI0) BPEMEHHYIO
CeTh CO CBOOOAHBIM BBIOOPOM — MO3HULIMS P4 CETH MOXKET MMETh PA3INYHYIO CMBICIIOBYIO Harpy3Kky (B 3aBHCH-
MOCTH OT I[BETa METKH), YTO ITO3BOJISIET UCIIONB30BATh €€ AJIs 3aIycKa pa3HbIX MEPexX0/I0B:
— €CITU P4 ONUCHIBACT MH(POPMALHIO, KOTOPYIO HEOOXOIMMO MOIBEPTHYTh JONONTHUTENBHON 00padoTKe, TO
nH(OPMAIUS TOCTYIUT Ha BXOJ TIEPEX0Aa f;
— €CIIU p4 COIEPKHUT WHPOPMALIUIO, U1 KOTOPOH HEOOXOOMMO 00ECHeunTh COXpPaHHOCTH (0e3 mpenBapu-
TenpHON 00paboTKH), TO Takas HHGOpPMAIKs IOCTYIIUT Ha BXOJ Hepexoa ty.
PaznuunHble XapaKTepUCTUKU MOTYT OBITh TaKkKe 3a1aHbl IS IO3ULIUH Ps:
— €CIIU ps ONHCHIBaeT 00paboTaHHYyI0 WHPOPMALIUIO, KOTOPYIO HEOOXOANMO BHU3YyalM3UPOBaTh, TO HHQOP-
Manys NOCTYIHT Ha BXOJ Iepexoa f3;
— €CIIU ps COIEPXHUT WHPOPMALIUIO, [UII KOTOPOH HEOOXOOMMO 00ECIeunTh COXPaHHOCTh (0e3 BU3yanH3a-
LUH), TO Takas HHYOPMAaLXs IOCTYNIUT Ha BXOJ IEPExXo/a t4.
OmpeneneHHyI0 CMBICIOBYIO HAarpy3Ky HeCeT W BpeMEHHas COCTaBisiomas ceTu T, Hampumep, Bpems
cpabaThIBaHUS TIEPEXOAa 3 3aBUCHT OT MPOAOIKUTEILHOCTH BBHIIOJTHEHHUS MEPONIPUATHI 10 cOOpy U 00paboT-
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Ke HHpOpPMaLUH — TIepexooB #11 ;. COOTBETCTBEHHO, IIEPEXOJ 5 CpabOTaET TOIBKO MOCIEe BRITOTHEHUS 3a1a4
Ha MpebIAYIINX Mepexonax u MosBICHHs (PUIIEeK B IO3ULUSX P71, P2 H P3.

AHaJOrMYHO MOXHO IIPOBECTH AWHAMHUYECKOE MOJECIMPOBAHHE BCEX BBIACIEHHBIX B pasziene 1 aramos
MOHHUTOPUHTA COLHAIbHO-SKOHOMUYECKOTO Pa3BUTHA MYHHIMIIANBHOTO oOpa3oBaHUs. DaKTUYECKH TaKue
LBETHBIC (pacKpallleHHbIe) BpeMeHHbIe ceTH llerpu OyayT SBIATHCA AEKOMITO3UIMSIMUA COOTBETCTBYIOLIMX IIe-
pexonoB 6a30BOif ceTH.

[loBenenue Monmenu MOXKeT OBITh MPOAaHATM3UPOBAHO TOCPEACTBOM KOMITBIOTEPHOI'O MOJAEIMPOBAHUSI.
Hcnonp3oBaHue CyIECTBYIOMIMX B HACTOSIIEE BPEMsI IIPOIPAMMHBIX CPEICTB, UMUTHPYIOMIKUX paboTy LBETHOMH
BpeMeHHo# ceru [lerpu (nampumep, Design / CPN [7]), no3BossieT, MaHUMYAUPYsl BPEMEHHBIMH XapaKTepHu-
CTHKaMHU CeTU M M3MEHSISI YUCIIO U IBET (DUIIEK B TO3ULHAX, MOACTHPOBATH PAa3IHUHBIC CUTyalluH, BOSHUKAIO-
LIME B MPOIlEcCe BEACHHUSI MOHUTOPUHTA. Tak, HapuMep, MOSIBJIAETCA BO3MOKHOCTh PYKOBOJUTENIO OpraHu3a-
LMY, OTBEYAIOLIEMY 32 BEACHNE MOHUTOPUHIA, HCIOIB3YIOMIEMY JaHHYIO TUHAMHYECKYIO MOJEIb, pacipese-
JIUTh YEJIOBEUECKHE M BPEMEHHBIE PECYPCHI JUIsSl BBHIIOJHEHMsSI TOCTABIECHHOM 3a/1aul B 3aBUCUMOCTH OT KOJHU-
YecTBa COOMpAEMBIX JaHHBIX, HEOOXOIMMOIO BpeMEHH Ha UX 00pabOTKy M BHIA HOCHUTEIEeH MOHUTOPHHIOBBIX

byHKUHMI.
3akiroueHue

[Ipeanaraempie MOJENy SBJISIOTCS 0a30BBIMU IPU pa3paboTKe WH(OPMALMOHHBIX TEXHOJIOTUH MOHHTO-
pPHHTra COIMATbHO-)KOHOMHUYECKOT0 Pa3BUTHS MYHUIUINAIbHBIX 00pa30BaHMI M MCHONB3YIOTCSA MPU MOCTPOE-
HUU 00X MOJENeH NeITeIbHOCTH OPraHOB rOCYJapCTBEHHON BIIACTH U MECTHOTO CaMOYIIPaBJICHHS.

Hcnone3oBanne MaTeMaTHUecKOro ammapata ceted Ilerpm (BcmoMoraTenbHOrO WHCTPYMEHTApus UIs
CIIEUAINCTOB 110 MOHUTOPUHTY) 00JIerdyaeT MOHUTOPUHT. DMYJISIHS HpencTaBIeHHON Ha puc. 2 ceru lletpu
MU pa3pelieHNH KOHKPETHBIX MPOOJIEMHBIX CUTYallui ¢ BKIIOUEHHEM B €€ COCTaB AOMONHUTEIbHBIX MO3UIUN
U NIEPEXO0/I0B MO3BOJISAET ONPEAEATh, HAIPUMEp, COCTAaB, KOIMMUYECTBO U 3arpy3Ky UCIOIHUTENEW MOHUTOPHHTA.
Hcnone3oBaHue pe3yabTaToB MOACIMPOBAHUS MTOBBIIIACT CTENIEHh 0OOCHOBAaHHOCTH NPUHATHS PELIEHUH PYKO-
BOJAWUTENEM ITPU MOHUTOPHHTE.
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Monitoring in state and municipal government can be represented as a system of observation, data collection, analysis and forecast-
ing of socio-economic indicators of development of the territory. The main objective of such monitoring is to provide the authorities of
relevant information on the situation in the various spheres of life. Monitoring as a management tool is realized only in a certain order
and relationship. Their internal contents can be opened using a formal model of decomposition of socio-economic systems in which
there are the following elements: the process of activity, scope of activities, the final product, means the activities of stakeholders.

Monitoring procedures are derived from the model of the life cycle of information processing. In fact, here is a question of a func-
tional monitoring system. As a graphic representation of the process of decomposition is used IDEF0O-model.

Monitoring Indicators are a set of basic (object of activity) and calculated values (final product), providing an idea of the socio-
economic system and the changes in it. A specific list is formed with the objectives of the control criteria of their effectiveness and the
techniques used for monitoring, assessment, analysis and forecast of the monitored object (the socio-economic development).

The structural-functional model gives an idea of the organization of monitoring, data collection, processing and storage of infor-
mation, not taking into account the dynamics of the process. Using the mathematical apparatus of Petri nets allows us to go to the dy-
namic modeling of monitoring of socio-economic development of the municipalities and the optimization of the compliance of corre-
sponding services related to monitoring. The offered color timed Petri net describes dynamic model of monitoring of social and econom-
ic development of municipalities.

Use of currently available software that simulates colored timed Petri net (e.g., Design / CPN) allows, manipulating the time com-
ponents of the network and changing the quantity and color of chips in positions, to simulate various situations that arise in the process
of monitoring. For example, the head of the organization responsible for conducting the monitoring, use this dynamic model to allocate
human and time resources for re-perform this task, depending on the amount of information collected, the time required to process it and
the type of media monitoring functions.

The proposed article multidimensional model can be taken as a basis in the formulation of the problem and the development of in-
formation technology for monitoring of socio-economic development of municipal entities and may be used to construct more general
models of public authorities and local government.
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COKPAIIIEHUE PAHT A KOHBIOHKIIUU, ITPEJCTABJIAIOIIENA KOPEHD
JIOTHYECKOI'O YPABHEHUA

Paboma evinonnena npu ghunancogoii noooepaicke Poccutickoeo nayunozo ghonoa (npoexm Ne 14-19-00218).

Ipemnaraercss MeTOx MOMCKA KOPHS JIOTHYECKOTO YPaBHEHUSI ITO BO3MOXXHOCTH MEHBIIEro panra. Ilonck xopHS ocy-
IIECTBIIIETCS C TIOMOIIBIO Oepesa pasnodicerus. CHOpMyIHPOBAHBI IPaBIiIA BEIOOPA IEPEMEHHOH Pa3I0XKEHHs, CIIOCO0-
CTBYIOIIE COKPAIICHHUIO PaHra KOPHS JIOrHYecKoro ypaBHEHHS. C(hOpMyITpOBaHBI JOCTATOYHBIE YCIOBHUS CYIECTBO-
BaHMS KOPHS JJOTHYECKOTO YPaBHEHHSI.

Ki1i0ueBble cj10Ba: JOrHueckoe ypaBHEHHE; JEPEBO PA3IOKEHUS; TPOMIHBIC BEKTOPEL.

Jlornueckue ypaBHEHHS MCTONB3YIOTCS B Pa3IMYHBIX MpUIOKEHHUAX [1]. OHM MMPOKO NMPUMEHSIOTCS B
JNEKTPOTEXHUKE, KOMOMHATOPHKE, JTOTUKE BHICKAa3bIBAHNH, LIEJIOYMCICHHOM IIPOrpaMMUpPOBaHuy U Ap. [IpuHs-
TO MPEACTaBIATh KOPHH TaKUX ypaBHEHUI KOHBIOHKUMSAMH. TpeOoBaHUs K Ka4eCTBY KOPHS B OOILEM ciydae
3aBHCAT OT KOHTEKcTa 3ajaud. Hampumep, MOCTpOEHHE TECTOBBIX HAOOPOB AJsl HEHCIIPABHOCTH CBOIOHUTCS K
PEIIEHUI0 COOTBETCTBYIOLIETO JIOTHYECKOI'O0 YPAaBHEHHUS C MPEICTABICHUEM pEIICHUS B BUAEC KOHBIOHKIUU.
[IpoBepstromuii TecT I Kilacca HEUCIPABHOCTEH 3a1a€TCsl COBOKYITHOCTBIO TAKMX KOHBIOHKINH. UeM MeHbIe
paHru KOHBIOHKLUH, TeM OOJIbIIe BO3SMOXKHOCTEH AJIS1 COKPALCHUS IJIMHBI TPOBEPSIONIEro Tecta [2].

B mannoli pabote npeanaraercs Moaudukanus anroputMa 3aKpeBCKoro [3] morucka ogHOTO KOpHSI JIO-
THYECKOro ypaBHeHHs. Llenpio Moanukauy SBisieTcs IOCTPOSHNE KOHBIOHKIIMY 10 BO3MOXKHOCTH MEHBILIETO
panra. B obmieM citydae moMcK KOpPHsI CBOAUTCS K COKpameHHOMY 00xoay nepeBa. C LENbi0 COKpaIIeHHOro
00xo1a Ha Ka)X/I0M IIare BEIOMpaercs mepeMeHHas pa3jioKeHHs, ClIocOOCTBYIOMIAsl YCKOPEHUIO TIOMCKa KOPHS
ypaBHeHus. B pabote [3] mpemnararorcsi nmpaBuia BEIOOpa MEPEMEHHONH Pa3loKeHHs, TPUYEM NpPEANOYTEHUE
OT/aeTcs OJHOPOAHBIM IEPEMEHHBIM, KOTOPBIE CIIOCOOCTBYIOT OBICTPOMY IOHMCKY, HO HE COKPAILEHUIO paHTa.
B npeanaraemoil MonuduKanuyu BeIOMpaeTcs Takas epeMeHHasi B OUeperHON BepIIMHE JIepeBa pas3ioKeHus,
KOTOpasi criocOOCTBYET COKPAILEHHIO paHTa KOHBIOHKIMH. BBIOOp MepeMeHHOM OCyIecTBISIEeTCS Cpeau KOHb-
IOHKLIWH MUHUMAaJIbHOTO pPaHTa, COMOCTaBIISIEMBIX BEpIIMHE, TPHUEM BBHIOUpAeTCcS He 00s13aTeIbHO OAHOPOIHAS
nepeMeHHasl.

1. ITocTanoBKAa 3aga4uu

Paccmorpum IHO® D =K, V, ..., V K|, 3aBUCALIYI0 OT MHOXECTBa MEpeMeHHbIX X = {xi, ..., X,}. [Ipen-
cTaBuM D B BHJIE TPOMYHOU MATpUIlbl M (MHOKECTBOM TPOMYHBIX BEKTOPOB), COITOCTABUB KAXKIOH KOHBIOHK-
1M TPOWYHBIA BEKTOpP. KOMIIOHEHTHI TPOMYHOTO BEKTOpa MPUHUMAIOT 3HaveHus u3 MHoxectBa {0, 1, X}.
31ech CHMBOJ X O3HaYaeT HEONpEIeCHHYIO KOMIIOHEHTY, KOTOpas MOXKeT MpUHUMATh 3HadeHue au6o 0, mbo 1.
3naueHus {0, 1} mepeMeHHON TPOMYHOTO BEKTOpa OYJeM Ha3bIBATH ONPEOeieHHbIMU, 3HAUCHHE X OyIeM Ha3bI-
BaTh HeonpedeneHubiM. TPONUHBIH BEKTOpP, B KOTOPOM ONpeelicHHbIE KOMIIOHEHTHI TPUHUMAIOT TOJIBKO 3HA-
yeHrue 1, OyaeM HasbIBaTh MOJIOJNCUMENIbHO OOHOPOOHLIM G6EKMOPOM W OMPUYAMENbHO OOHOPOOHbIM, €CITH
omnpezne’aéHHbIe KOMIIOHEHTHl TPUHUMAIOT TOJIBKO 3HaueHue 0. BekTopsl, comepikamiye cpean onpeneieHHbIX
KOMITOHEHT Kak 0, Tak 1 1, OyaeM Ha3bIBaTh HEOOHOPOOHLIMU.

62



OnHOPOAHBIM CTONOLIOM, COOTBETCTBYIOIIMM IEPEMEHHOH X;, B MaTpHLE TPOUYHBIX BEKTOpoB M Oynem
Ha3bIBaTh cTojilel, cocTosmuii 1o u3 3HadeHuit {0, X}, mbo {1, X}. Marpuy M Gynem Ha3bIBaTh COBMe-
CTUMOH, ecli B HEeW Bce CTOJIOLBI OXHOPOIHBI. MaxcumanbHo onpedeieHHviM CTOIONOM OylaeM Ha3bIBaTh
cronben, COCTOSIIUI 13 MAKCHUMAJIBHOT'O YHCIIa ONpeelICHHBIX KOMITIOHEHT. B KauecTBe mpuMepa paccMOTpHM
JH®D D = X1V X4V X3X3X4X5V X1X4X5X VX1 X3X4X5Xe , MATPUIIA M B DTOM cilydae OyJeT UMETh CIEAYIOIIHA
BUJ. 371€ch CTONOIBI, COOTBETCTBYIOLINE IEPEMEHHBIM X1, X2, X3, ABIISIOTCS 00HOPOOHBIMU, & CTONOEI, COOTBET-
CTBYIOILIMI IEPEMEHHOM X4, SABISIETCS MAKCUMANLHO onpedenentvim. OUEeBHIIHO, YTO HEKOTOPast KOHBIOHKIUS 7;
MIPEACTaBIAET KOpeHb ypaBHeHHUA D = (0, eclin OHa OpPTOrOHaJbHA KakKIOW KOHBIOHKIIHMH, MPENCTaBIIEMON
CTpOKOH MaTpuLpl M. PaHT KOHBIOHKIIMK 0003HAYUM Fang;.

[Tpu ananu3ze maTpuubl M OyaeM NpUAEpKUBATHCS CIEAYIOMINX TTPABHIL.

IpaBuno 1. Ecnu B TponmuHoi Matpurie M mpHCYTCTBYET TPOMUYHBIM BEKTOP, B KOTOPOM OMperenecHa
BCEro oJHa KOMIIOHEHTa, TO COOTBETCTBYIOIIAsA €l TIEpeMEHHAs B KOHBIOHKIUU #; COAEPKUTCS C MPOTHUBOIIO-
JIOKHBIM 3HAKOM MHBEpPCHUU. B 3Toil cutyaunn u3 maTpuubl M MOryT OBITH YAaJeHBI BCE TPOMYHBIC BEKTOPHI,
OpPTOTOHAJIBHBIE TPOMYHOMY BEKTOpY, MPEICTABISIONIEMY KOHBIOHKIHIO 7;. Y OCTaBIIMXCS TPOMUYHBIX BEKTO-
POB COOTBETCTBYIOILIAS KOMIIOHEHTa MOXKET OBITh 3aMeHeHa 3HaueHuem X. Hampumep, B paccmarpuBaeMoM
npumMepe (Tabm. 1) aBa TPOMYHBIX BEKTOpa Beca 1, TOraa B KOHBIOHKIHMHU 7; MOT'YT IIPHCYTCTBOBAThH JBE Iepe-
MEHHBIE C POTUBOMNOI0KHBIM 3HAKOM HHBEPCHH, T.€. X3, Xy4.

Tabnuma 1
X1 | X2 | X3 | X4 | X5 | X6
K | x |1 |x [x |x |X
K | x | x |x [0 |x |X
M= |K; |x |1 [0 |1 ]|1]Xx
K, |O |x |x |[1T]0]|O0
Ks |0 |x |0 |1 |0 |1

[ocne ynpomenust Matpunia M Oyaer UMeTh BUJ, IPEICTaBICHHBINA B Ta0I. 2.

Tabnuma 2

M=|K, |0 |x [ X|x |0]O
Ks |0 |x |0 |x [0 |1

Ecnu B pe3ynpTare ynpouieHus: B OCTaBLICHCS MaTpuIe OyAET MOMydeH BEKTOpP, COCTOSINUI TOIBKO U3
3HAa4EeHUH X, TO PaCCMAaTPUBAEMOE YPAaBHEHUE He UMEET PEULeHUS.

IpaBuno 2. Ecin B MaTpuile NPUCYTCTBYET OJHOPOIHBIM TONTHOCTBIO ONpPENENEHHBIII MOHOTOHHBIN
cronber, TO COOTBETCTBYIOLIasl NepeMeHHas BKIIOYAeTCcd B pelIeHHE KOHBIOHKIUIO 7; C MPOTHUBOIOIOKHBIM
3HaKOM HMHBEPCUH. TPOMYHBIN BEKTOp, MPENCTABISIOMNN KOHBIOHKIHMIO, OyeT OpTOroHaJIEeH BCEM BEKTOpaM
MaTpuLbl M, cIe10BaTENbHO, SIBISIETCS KOPHEM.

Hanpumep, B matpune M (tab:. 2), moIy4eHHON MOCIe YIPOLICHHUS, IEPEMEHHOM X; COOTBETCTBYET OJ-
HOPOZHBIN cTONOEI, CIIEN0BATENBHO, 3Ty NEPEMEHHYIO MOKHO BKIIOUUTD B 7}, TOTAA 7; = X1 X2 X4.

OtH npaBuia OyayT MCMOIB30BATHCS MPU OTHICKAaHUM KOpHA ypaBHeHust D = 0, rue D — npou3BoibHas
JAHO.

2. [lonck KopHA JorH4YecKoro ypasHenus D =0
Paccmorpum 001myro mporenypy IOCTPOEHHS iepeBa pa3ioKeHHsi OTHOCUTENIFHO HEKOTOPOH MepeMeH-
HOM X; TponuHOW MaTpuubl M [4]. 13 BepIInHBI epeBa, OTMEUEHHONW NEPEMEHHOMN X;, UICXOAT TPU AYTH, TOMe-

YCHHBIC 3HAYCHUSAIMHU {O,I,X}. Kamnoﬁ AYyre COMoCTaBJIACTCA COOTBCTCTBYIOHICC IMOAMHOKCCTBO TPOUYHBIX
BCKTOPOB, IMOJYYCHHOC MYTCM p336I/IeHI/I$I HCXOJHOI'0 MHOXKECCTBa M oTHOCUTEIBHO HepeMeHHOfI X; Ha TpU
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MOAMHOXKECTBA, 0003HAUMM HX ciemyiommM obpasom: M (x; = 1), M°(x; = 0), M*(x; =X) 1o 3HaueHHAM
{0,1,x}(puc. 1).

X11.. X1 X Xpi41. . X1a

X T Xt X X X1 Xin

0 1 .
/ \ X1 X111 X X131 Xy
Xi1e. X0 X1 Xis X1 X X X

Xt X1 0 Xigr1.. X X X 1 X X

Xt X110 Xipn.. X Xa. X1l X1 X

Puc. 1. JlepeBo pa3noxeHus 1Mo MEPEMEHHOH X;

Cpenu muoxkects M'(x; =1), M°(x; =0) BbIGHpaETCS MHOXECTBO GOMBIIEH MOIIHOCTH, ¥ EPEMEHHAS X;
BKITIOYAETCSl B KOHBIOHKIHIO 7; CO 3HAKOM MHBEPCHHU, 00ECIIEUMBAIOLINM OPTOrOHAILHOCTh BCEM DJIEMEHTaM
BBIOPaHHOT'O MHOXKECTBa. Bo BTOpOM M3 paccMaTpHUBaeMBIX MHOXKECTB MEPEMEHHON X; IPHCBANBACTCs 3HAYC-
HHE X, U TIOJIyYeHHOE B PE3yJIbTaTe MHOKECTBO TPOUUHBIX BEKTOPOB oObemuusiercs ¢ M (x; = X). HoBoe MHO-
XKeCTBO M COMOCTABISETCS CO CIENYIOUIMM IIaroM pasiokeHus. [Ipu 3ToM aepeBo KOppeKTupyercs, Tak 4To
W3 BEPILIMHBI, TOMEUEHHOH X;, UCXOIT JBE YT, OfHA M3 KOTOPHIX MMOMEYeHa ONpEeAETICHHBIM 3HAYEHHEM, a
npyrasi 3HaueHneM X. Eciu Ha ouepeHOM mIare pa3ioyKeHHs! BBISICHICTCS, YTO KOHBIOHKIMS 7; HE MOXET OBITh
JOCTPOEHA /10 KOPHS YpaBHEHHS, T.€. B MHO)KECTBE, COIIOCTABIISIEMOM JAyre, OTMEUEHHON IepeMEeHHON X, pu-
CYTCTBYET BEKTOp M3 OJIHUX HEOIPEIEICHHBIX KOMIIOHEHT, TO BO3BpallaeMcsl B ONMKaiIyio BepIIMHY AepeBa
pasIoKeHus, IS KOTopoii 06a MHOXKecTBa M'(x; =1), M’ (x; =0) He mycTsL.

2.1. Jlocmamounbie ycnogus cyuecmeo6anus KOpHa 102UYECKO20 YPAGHEeHUA

Benem crnenyromme o003HaueHUS:

M' — IOIMHOECTBO TOJIOKHTETHLHO OHOPOAHBIX BEKTOPOB;

M~ — mOAMHOXECTBO OTPHULIATENBHO OJHOPOAHBIX BEKTOPOB;

M’ — IOIMHOXECTBO HEOAHOPOIHEIX BEKTOPOB.

YrBepxaenne 1. Ecau muoxectBo M = M, 1o KOpPEHb YpaBHEHUS CYLIECTBYET.

Jokazamenscmeo. 11ycTb MHOXKECTBO M COCTOUT TOJIBKO U3 HEOAHOPOAHBIX TPOMUYHBIX BEKTOPOB. 3Ha-
YEeHUs OIpPENEIEHHBIX KOMIIOHEHT B HEOJHOPOJHOM TPOMYHOM BekTope mpuHumarT 0 u 1, ciemoBaTensHO,
Haiiercsi TAKOW TPOWYHBIM BEKTOP, NPEACTABIAIOUINNA KOPEHb YpaBHEHHUS, KOTOPBI OyJeT OpTOroHANIEH BCEM
BeKTOpaM u3 M nmubo TOIBKO 10 KOMIOHEHTaM 1, 6o ToiabpKo 1o KoMnoHeHTaM (. YTBepKIeHHE J0Ka3aHo.

Paccmorpum mMHOXecTBO M (Tabn. 3), Bektop 1X11XX, opTOroHanbHBIH BCEM TPOMYHBIM BEKTOpaM II0

orpeneneHHoMy 3HadeHuto 0, a TponyHbIH BekTop XOX0XX OpTOroHajIeH BCEM TPOMYHBIM BEKTOpPaM IO 3HAYeE-
Huro 1.

Tabnuma 3
X1 | X2 | X3 | X4 | X5 | X
K, |0 |1 |x [x |0 |X
M=K |1 |1 |x [0 |x |X
K |x |10 |1 ]1]Xx
K,|0 |x |x |[1]|]0]|O0

Yreepxkaenue 2. Eciu MEO)ecTBO M = M* U M~ mi6o M = M* U M™, To KopeHb ypaBHEHUs CyIle-
CTBYET.

Jokazamenscmeo. Paccmorpum citydaid, korna M = M* U M ™, T.e. Hapsiay ¢ HEOTHOPOIHBIMH BEKTOpa-
MU NPHUCYTCTBYIOT OIHOPOAHO OTPHIATEIbHBIE BEKTOPHI, CIEAOBATENBHO, B KaXKJIOM BEKTOpE MPUCYTCTBYIOT
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OIlpeNieNIeHHbIE KOMIIOHEHTHI cO 3HadeHueM 0, Torga HaWaeTcs TakoW TPOMYHBIM BEKTOp, MPENCTaBISIOIIMNA
KOpEHb ypaBHEHHS, KOTOpPBI OyJaeT OpTOroHajeH BceM BEKTopaMm M3 M Mo KOMIOHEHTaM co 3HaueHueM 0.
B ciywae M = M* U M™ Haiiziercst Takol TPOMYHBINA BEKTOD, NMPECTABIISIONINNA KOPEHb YPABHEHUs, KOTOPBIi
OyzeT opToroHaJIeH BCceM BeKTopaM u3 M 1o KOMIIOHEHTaM CcO 3HaueHueM 1. Y TBepikaeHue T0Ka3aHo.

Hanpumep, Bo muOkecTBe M (Tabm. 4) BekTop 1X1XX opTOroHasieH BCeM TPOMYHBIM BEKTOPaM IO Ompe-
JeNIEHHBIM KOMIIOHEHTaM co 3HaueHueM 0.

Tabnuma 4
X1 | X2 | X3 | X4 | X5 | X
K, |0 [x [x |x |0 |Xx
M=K, |0 |0 |x [0 |Xx |X
K |x [1[0]|1]1]Xx
K0 [x [x |1]0]0

B MHOecTBE TPOMYHBIX BEKTOPOB M BBITIOIHHUM YTIPOILIEHU 110 IpaBuiaM 1, 2.

[Mycte M**=M* UM~

VrBepxkaenue 3. Eciiu MuoxkecTBO M nipencrasisiercs B Buge M = M* U M* U M~ u M** coBmecTiMmO,
TO KOPEHb YpaBHEHUS CYIIECTBYET.

Jokazamenscmeo. Tlycts mOAMHOKECTBO M COBMECTHMO, TOT/Ia HaiiIeM IEpEceyeHHe MEXTy STHMH
TPOMYHBIMHU BEKTOpaMH. Pe3ynbTaToM mepeceueHusl ABISETCS HeooHopoouvill Bektop V. Ilomyunm BexTop V*
IIyTeM HHBEPTHPOBAHMS BCEX 3HAUCHMI BEKTOpa V, TakuM oOpa3oM, V* opTOroHameH BceM BekTopam u3 M .
Tax kak M COCTOMT U3 HEOJHOPOIHBIX BEKTOPOB, TO HailJIeTCs BEKTOP V**, COBMECTHMEIN ¢ BeKTOpOM V*, op-
TOrOHANBHBIA BCeM dIeMeHTaM U3 M . YTBepKIeHHE JOKA3aHO.

Hanpumep, B MHOKecTBe M (Tabi. 5) BeIOETHMM MHOXKECTBO M**, KOTOpOE COCTOUT U3 ABYX TPOUYHBIX
BeKTOpOB, 11XxXXX u XXxX000. PesynpraTom mx mnepecedenus Oyzmer Bektop V = 11x000, moixydum BeKTOp

J*=00x111. Ilo yrBepkneHuro 3 Haiinercs BEKTOp, COBMECTUMBIN C V'* 1 OpTOrOHAJIbHBIA BCEM BEKTOPaM U3
M*. B namem ciygae V** = xXOxX1x.

Tabnuma 5
X1 | X2 | X3 | X4 | X5 | X6
K |1 |1 |x |[x |X]|Xx
K, |[x |x |x [0]|0]|O
M=| Ky |x |10 |1 ]1 X
K, |0 |x |x |[1]0]|O0
Ks O |x |01 |0 |1

Hanpumep, nomyuennsiii Bektop V** moriomaer BekTop V*, Toraa pe3yabTUPYIOMUN BEeKTOp R = V**,
OH COZICP’KUT MEHbIIee KOIMYECTBO KOMIIOHEHT U OPTOTOHAJIEH BCEM 3JIeMeHTaM MaTpHubl M (Tabdi. 5).

2.2. Boibop nepemenoit paznorcenusn

[Ipeanaratorcs cieayromume npaBuiia BEIOOpa MepeMEHHON pa3ioKeHHS.

PaccMoTpuM MHOXECTBO BEKTOPOB, IpeAcTaBiIsieMoe MaTtpuneil M. McknrounM U3 MaTpHIBI BCE MOTJI0-
IIaeMbIE BEKTOPBI, Aajiee YIOPAJOYNM BEKTOPHI IO BO3PACTAHUIO X PaHTOB. Beinenum rpynmy BEKTOpPOB, CO-
JEpKallyr0 TPOMUHBIE BEKTOPBL MUHUMAILHO20 PaH2d.

B 370ii rpymnie BbIEIAEM MHOKECTBO MOHOTOHHBIX BEKTOpoB M (M ™) 1 cpeny MOCIeHUX BEKTOPOB
BBITIOJIHSIEM MTOMCK MaKCHMaJIbHO ONpENeIEHHBIX CTOIOO0B, CPeAN BEIOPaHHBIX CTOJIOIOB MPEANIOYTEHHE OTa-
ercs TOMY, KOTOPBIIl UMEeT MaKCUMaJIbHOE YHCIIO ONPEAEICHHBIX KOMIIOHEHT B MHOXKecTBe M. ConocTaBisie-
Masi 3TOMY CTOJIOIY IepeMeHHast BEIOMpaercsl B KauecTBE IEPEMEHHON pas3iioKeHHsL.

B ciydae oTcyTCTBHS OIHOPOIHBIX BEKTOPOB B TPYIIE MPEANOYTEHHE OTIAAETCSl CTONOILY, KOTOPBI
MMeeT MaKCUMaJIbHOE YUCIIO ONPEAETIEHHBIX KOMIIOHEHT B MHOXKeCTBE M. Eciu cymiecTByeT HECKONBKO HEOA-
HOPOZHBIX CTOJIOLIOB ¢ MAKCHUMaJIbHBIM YHCJIOM ONPEACIEHHBIX KOMIIOHEHT, TO AJISl KaXKJIOr0 CTOJIONA MOICUU-
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THIBAE€M YHCIIO €OAMHUYHBIX U HYJIEBBIX KOMIOHEHT. [Ipeanourenue ornaem cToily ¢ MaKCHMaJIbHBIM YHCIOM
6o 3navenuit 0, mbo 3HavyeHunit 1. nave BeiOMpaem 11000 cTonder ¢ MaKCHMaIbHBIM YUCIIOM OIpeesicH-
HBIX KOMIIOHEeHT. CornocrapisieMasi eMy IepeMeHHast BBIOMpaeTCs B KauecTBE MEPEMEHHON Pa3JIoKEHHS.
Paccmorpum npumep (tadn. 6). 3neck K, Ks, K3, K4 00pa3yroT moAMHOKECTBO TPOMUHBIX BEKTOPOB MHU-
HUMAaJIbHOTO PaHTa, B KOTOPOM NPUCYTCTBYIOT OJHOPOJHO OTPUIIATENbHBIE TPOUYHBIE BEKTOPHI K|, K.

Tabnuna 6

X1 | X2 | X3 | X4 | X5 | X6

K| x|x|x|x[0]|0
K|x|x|x|0|x|0
K|l1|x|0|x|x]|x
K| x| x| x|1]0]x
M= |Ks | 1|x|1]0|x]|x
K| 111 x|0]x]|x
K, | x| 1]0|x]0]x
K| 1|1 x|x]0]|x
K| x|1]|1|x|x]|O0

Ilo YTBCPKACHUIO 2 KOPCHb YpaBHCHHSA CYIICCTBYCT. B xauectBe HepeMeHHOf’I Pa3I0KCHHUA BLI6I/IpaeM
MakKCUMaJIbHO ONPCACICHHYIO KOMIIOHCHTY M3 MHOXCECTBA OAHOPOAHO OTPUHATCIBHBIX BCKTOPOB, 4 UMCHHO
KOMIIOHCHTY, OTMCUCHHYIO HepeMeHHOf’I X6 U3 BCPIIIMHBI, IIOMCUCHHOMU Xe, UCXOOAT ABC AYyTrd: OJHA Ayra, 1mo-
MCYCHHAas 3HAYCHHEM 0, BTOpas Ayra, IOMCYCHHAasA 3HAUYCHUEM X. HJ’IH MHOXCECTBA, COMMOCTABIIACMOro Ayre co
3HAYCHUEM X, PA3JIOKCHHUC ITPOAOJIKACTCS, KaK IIOKa3aHO Ha (pI/IC 2) KOpeHB YpaBHCHUSA HaﬁHeH, €CJIM Ha
O4YCPCOHOM IIare pas3jIoKCHUSI MHOXECTBO, COITOCTABILIEMOC AYTre CO 3HAYCHUCM X, OKA3bIBACTCS IIYCTBIM. ITo-
CTPOCHHAS KOHBIOHKIUA MPEACTABIACT KOPCHb YPAaBHCHHA. I[J'IH paccMaTpruBacMoro npumepa r = )_(1X5X6.

0 1x0xxX
xxxx00 XxXxx10x
xxx0x0 1x10xx 1
x11xx0 11x0xXx /
x10x0x 1x0xXX
11xx0x 1x10xx

11x0xx
11xx0x

Puc. 2. JlepeBo pa3noxeHus 1Mo MEPEMEHHOH X;

Paccmotpum MHOXECTBO M, ipeacTaBiieHHOE B Ta0l. 7 U 8, IUIsl KOTOPOTO KOPHS HE cymiecTByeT. Jlepe-
BO Pa3JI0XKEHUS MPECTaBICHO Ha puUC 3.

Tabauia 7 Tabnuia 8

X1 | X2 | X3 | X4 | X5 X¢ X1 X2 X3 X4 X5 | Xg
K |1 | x|x|x|x]|0 Kge | O] x| x| x |01
K, |1 | x| 1]|x]|1]X Ky | O] x| x| 01|00
K| 1| x| x|x]0]1 Kol O | 1 X | 1 0|0
K| 1|0 | x|x |1 1 K| 0|1 X | 1 110
Ks | 1|1]0 x| x]|1 K, | 0| x |1 x | 0|0
Ko | OO | x| x]|1]x K3/ 0|0 [0 x|0}|O0
K, |0 |1 |x|x]|x]1
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) \ **w*l*
x1xxx1x0xx1x *\Q*

> xxxx01—" ; /0 X *
1 % 0xXx11
xx%01x xxxx0x @ X0 X XXX
x1x11x s X 1~ XX 1T XX xX
x0xx1x 1/ /
xxxx0x
XX 1TXXX
. / XXXXx1x by
x00xxx J o T X xxxx @ / 1
XX1TXXX— / L N / XXX XXX
X0 XX X X X xx0xx o X X1TXxxXxX
@ xxx1xXx / Her xoprst
0 X XX x x0x XXXXXX Bosspar B BepimHy x;
/ Her xoptist
xx0xxx XXXXXX 0 X BosBpar B BepIIHHY X
Her koprst /
xx x 0xx XXXXXX
Her xopHst.
Bosspar B Bepimmmy x;

Puc. 3. JlepeBo pa3noxxeHHUs MHOXKECTBA M B ClTydae OTCYTCTBUS KOPHS
3. DKcnepuMeHTAIbHBIE Pe3yJIbTaThI

[Ipeanoxennas MoauUKaLKs MPOrpaMMHO peali30BaHa M HCIBbITAHA Ha CIyYailHO Cr'eHEepHUpPOBaHHBIX
puMepax, MOy4YeHHBIX C MOMOILBIO MporpaMMsl [5]. I'eHeprpoBanucy MpUMeps! pa3HOW pa3MEpPHOCTH U Pa3-
HOW pa3peKEHHOCTH IO HEONpeAeIEHHBIM KOMIIOHEHTaM. Pe3ynbTaThl CpaBHUBAINCh C alTOPUTMOM 3aKpeB-
ckoro. Kak mokazanu skcrepuMeHTa bHble pe3ynbTaThl (cM. Tabn. 9, 10), npemnoxxeHHas Moau(UKALUs CO-
Kpallaer paHT KOHBIOHKIIH.

Tabnuma 9 Tabauma 10
Ne i t Yodc rZ rDR Ne i t Y%dc rZ rDR
1 100 500 15 39 37 8 350 2000 25 150 148
2 100 500 25 22 19 9 350 3000 30 120 116
3 100 1000 50 37 34 10 350 3000 35 220 213
4 200 1000 60 40 37 11 400 3000 45 223 219
5 200 1300 70 57 51 12 400 3000 65 131 126
6 300 1500 75 35 30 13 500 3000 70 157 150
7 300 1500 85 92 63 14 500 3000 85 194 186

3aech i — AJIMHA BEKTOpa, ¥ — YUCIIO BEKTOPOB MaTpuilsl M, Y%dc — NpOLIeHT HeONpeeIeHHBIX KOMIIO-
HEHT, ¥Z — paHr KOPHs, TOIYyYEHHOTO C MOMOIIBIO aITOpUTMa 3aKpeBCKOro, rDR — paHT KOpHS, MOIY4EHHOIO ¢
MIOMOILBIO MPEATIOKEHHOTO alITOPUTMA.

3akjIoueHne

B pa60Te MMpeaIOKCHA MOZ[I/I(l)I/IKaLII/IH aJropurMa 3aerBCKOF0 MOouCKa OAHOI0 KOpPHA JIOTHYCCKOIro
YpaBHCHUA. ]_IGHI:IO MOZ[I/I(l)I/IKaLII/II/I SABJIACTCS MOCTPOCHUC KOPHA IO BO3MOXHOCTU MCHBIICI'O paHTaA. KOpeHB
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YpaBHCHUSA CTPOUTCA C IIOMOIIBIO JACPCBA PA3JIOKCHUA. Hpe):[nomeHH 9BPHUCTHUKHA BLI60pa HepeMeHHOfI pasjo-
JKCHUSA, OPUCHTHUPOBAHHBIC Ha COKpAIICHHNC paHr'a KOHBIOHKIHWU, npe):[CTaannomeﬁ KOpPCHb YpaBHCHUA. 3(1)—
(l)eKTI/IBHOCTI: HpeZ[J'IO)KeHHOfI MOI[I/I(l)I/IKaLII/II/I MOATBCPIKAACTCA SKCIICPUMCHTAJIBHO. C(bOpMy.TIHpOBaHBI JocTa-
TOYHBIC YCIIOBUA CYIICCTBOBAHUA KOPHSA YpaBHCHUSA D=0.
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In this paper the modification of Zakrevskij algorithm of finding a root of logical equation has been suggested. A root of logic equa-
tion D = 0 is representing by product 7;. The purpose of this modification is to find a product that has possibly smaller rank. As a rule
finding the root of logic equation is reduced to tree traversal. Here, we deal with D = 0, where D is SoP (Sum of Products), that is repre-
sented as a set of ternary vectors. The ternary vector is a partially specified bit vector, i.e. elements (variables x;) of it can contain values
{1,0, x}. The values ‘1’ and ‘0’ are determined values. The value X is don’t care symbol. Note this set as M.

The root of the equation is formed with the decomposition tree, by variables x;. In general, from the vertex of the tree marked by var-
iable x;, run three branches labeled with the values {0,1,x}. Each branch is associated with a corresponding subset of ternary vectors
obtained by dividing a set M with respect to variable x; into three subsets M'(x; =1), M°(x; = 0), M*(x; = X). The variable x; from the
set with maximum power is included into to product »; with the opposite sign of inversion. The decomposition tree is changed so that
from the vertex labeled x;, run two branches, one of which is labeled with a determined value, but another is labeled with value x. If the
next step of decomposition fails that is the product ; cannot be derived as the root of the equation, then we return to the closest vertex
of decomposition tree for which both sets M'(x; =1), M°(x; =0) is not empty. The root of the equation is found when the set corre-
sponding to branch labeled X is empty.

In this paper variable selection heuristics have been proposed. The experimental results confirm advantages of this approach. The
sufficient conditions for the existence of the root of logic equation D = 0 have been formulated.
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JA.B. E¢panos

AHAJIN3 CITIOCOBOB ITIOCTPOEHUA KOAOB C CYMMHWPOBAHUEM
C VJIYUYIIEHHBIMU XAPAKTEPUCTUKAMMUM OBHAPY X XEHUA
CUMMETPUYHBIX OIINBOK B THO®OPMAIINOHHBIX BEKTOPAX

[IpennoskeHO HECKONBKO CIIOCOOOB TOCTPOEHHS MOAU(DUIMPOBAHHBIX KOMOB C CYMMHPOBAHHEM, OOIaalomux
VAYYIIEHHBIMH XapaKTEePUCTHKAMH OOHApyKeHHS OMHOOK B HWH(MOPMAIMOHHBIX BEKTOpAaX B CPAaBHEHHH C
Kaccndecknmu Komamu beprepa. Ilokazano, 9To HOBBIE KOABI C CYMMHPOBAaHHEM OOHApYKMBAIOT NPUMEPHO BABOE
Oormpie ommOOK, 4eM KIaccudeckne Komsl beprepa. YcraHoBieHO ycimoBue, IpH KOTOPOM MOAMGHUINPOBAHHBIE KOMBI
Beprepa mMeror Takoe e KOTMIECTBO KOHTPONBHBIX Pa3psAmoB, Kak M Komsl beprepa. OCBEIICHB! CXeMOTEXHIIECKHE
0COOEHHOCTH CHHTE3a T€HEePaTOPOB KOHTPOIBHBIX Pa3psiIOB MOAU(HIIMPOBAHHBIX KOJOB C CyMMHUPOBAHHIEM.
KiloueBble cjIoBa: TeXHHWYECKas [AWMArHOCTHKA; CHUCTeMa (YHKIMOHAIBHOTO KOHTpois; Kox  beprepa;
MOANGHUIUPOBAHHBIN KO ¢ CYMMHUPOBAaHNEM; HH()OPMAILIMOHHBII BEKTOpP; HeOOHApYKIBaeMasl OIMINOKA; CHMMETPHIHAs
ommoOKa; CBOMCTBA OOHAPYKECHUS OMUOOK.

[TpuHIMIBI TOMEXOYCTOHYMBOIO KOJUPOBAHUS HCIIONB3YIOTCS MPH Tepenaye HHPOPMAUA U MPH CHH-
Te3€ HAJCKHBIX cucTeM ynpasiaeHus [1-7]. Yacto s 3TUX Lelell TPUMEHSIOT KOJbl ¢ CYMMHUpPOBaHUEM [8—
10]. IIpocToTa UX MOCTpoeHUs (IaHHBIE KOABI SABJSIFOTCS CHCTEMAaTHYECKHMH, T.€. 3HAUCHHUS Pa3pslIoB KOH-
TPOJILHOT'O BEKTOPA BBIYHMCIISIFOTCS TI0 3apaHee YCTaHOBJICHHBIM MIPaBHIIaM CYMMHUPOBaHUS pa3psiioB HH(opMma-
LUOHHOTO BEKTOpa) OIpeaessieT UX YacToe MPUIOKEHNE B 3aJadaX TEXHUYECKOW AWArHOCTUKHU MPH ammapar-
HOM U IPOrpaMMHOM KOHTPOJIE TEXHHUYECKOro cocTostHus [11-15].

Ha puc. 1 npuBenena crpykrypa cucteMbl (yHKIMOHAIBHOTO KOHTPOJISI, OPraHU30BaHHAsI 10 KOAaM C
cymMmmHupoBaHueM. bnok F(x) sBisiercss KOHTPOIUPYEMBIM JIOTMYECKUM YCTPOMCTBOM M HMMEET M BBIXOJOB
fifa ... fu, COOTBETCTBYIOIINX BBIXOIHOMY pabodeMy BeKTOpY <fi f> ... f»=> (MH(OPMALMOHHOMY BEKTOPY IJTUHBI
m). s opraHM3aliyl KOHTPOJIS TEXHHUYECKOI'O COCTOSHHS B CHCTEMY BHOCHTCS H30BITOUHOCTB: OJNOK F(x)
cHaOKaeTcsl CIelHaJIN3upOBaHHBIM KOHTPOJIBHBIM O00OpPYIOBaHHEM B COCTAaBE OJIOKAa KOHTPOJIILHOW JIOTHKH
G(x) u camonposepsiemoro Tecrepa (7SC). brok koHTponbHOI noruku G(x) UMeeT k BBIXOAOB U BBIYHCISCT
3HA4YCHUS] CUCTEMBI KOHTPONBHBIX QYHKUUH <gi g, ... g (hOopMUPYET KOHTPOIBHBIM BEKTOp IJIUHBI k), a ca-
MOITPOBEPSIEMBII TecTep MpoBepsieT (aKT COOTBETCTBUS 3HAUCHUN pa3psroB WHPOPMAOHHOTO W KOHTPOJIb-
HOT'O BEKTOPOB, KOTOPOE YCTaHABIMBACTCS HA 3Talle MPOCKTUPOBAHMsI CHCTEMbI (DYHKIMOHAIBHOTO KOHTPOJIS.
[Ipyn Hamuumym HewclpaBHOCTEH B JI000M M3 OJOKOB cHCTEMBI ()YHKIMOHAJILHOTO KOHTPOJS Ha €€ KOHTPOJIb-
HBIX BBIXOJax (opmupyercs Henapadasnpiii curaan <00> wmm <11> [9].

Ot BBIOpaHHOTO HA 3Tare MPOCKTUPOBAHUS CHCTEMBI (DYHKIHMOHAIBHOTO KOHTPOJS KOJa ¢ CyMMHPOBa-
HHUEM 3aBHUCST TaKHE BAXKHBIE XapaKTEPHUCTUKN CaMOM CHCTEMBI, KaK ammapaTypHas U30bITOYHOCTh U CBOWCTBA
obHapyxeHusi ommOok B 6yioke F(x). OHHU, B CBOIO Oo4epenb, HAPSAMYIO BIHUSIIOT HA HEProNOTpeOIeHHE CH-
cTeMbl u ObicTpoaeticTBue [16].

W3BecTHO OOMNBIIOE KOMMYECTBO MPaBHJ MOCTPOCHHS KOJOB, KOTOPHIE MOXXHO CBECTH B JHArpaMmy,
MPHUBEACHHYIO Ha puc. 2. Mexay paspsanaMu HH()OPMAOHHOTO BEKTOPa MOXKET OBITh YCTAaHOBJICHO HEPaBHO-
MpaBHe, YTO JeNAeTcs MPHUIHCHIBAHUEM WM pa3WYHBIX MOCIEA0BaTeIbHOCTEH BECOBHIX K03(uLnEeHTOB
(W1, Wa, ..., Wy, THOO K€ BCe MHPOPMALIMOHHBIE pa3paasl MOryT ObITh paBHONpaBHbIME [17, 18]. Ilpu moctpo-
€HUHU KOAOB aHAIN3UPYETCsl BeC HHPOPMALMOHHOTO BEKTOpa W, Al HETO MOXKET OMpeneNsThCcsd HauMEeHbLIHH
HEOTPULATENbHBIH BRIYET 110 3apaHee YCTAHOBICHHOMY MOJYIIO M, a MOTYT TakKe MPOBOIUTHCS HEKOTOPHIE
Momudukamnuu [19-24].
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b Konumponwroe obopydosanue

Puc. 1. CrpykTypa cucTeMsl (h)yHKIIOHATEHOTO KOHTPOJIS

Koppt ¢ cymMmupoBaHHeM

Enuuuunnix BspemeHHBIX
HHGOPMAHOHHBIX Pa3psIIOB HH)OPMAITHOHHBIX Pa3pPsIOB
Mopaynbabie MoaudunupopaHHbie

Puc. 2. Knaccuukaryst Koo ¢ CyMMHUpPOBaHUEM

HaHHaH pa60Ta IOCBAIICHA M3JI0XXCHUIO HECKOJIbKNX CII0cO000B MMOCTPOCHU A MOI[I/I(l)I/ILII/IPOBaHHI)IX KOIOB C
CYMMUPOBAHUCM, IO3BOJIAIOIUX YIYYIIUTh BO3MOXHOCTU 06Hapy>KCHI/I$I OIIMOOK KIACCHYECKUMU KogamMu C
CYMMHUPOBAHUCM. HpI/I 9TOM COXPAaHAIOTCA BCC OCHOBHLIC 0COOEHHOCTH KJTACCHYECKHX KOJ0OB C CYMMUPOBAHHECM.

1. 3agaya mocTpoeHNs KO/Aa ¢ CyMMHPOBAHHMEM € YJIy4YIIeHHBIMH XapaKTePHCTHKAMH
oOHapysKeHHs OIIMOOK B HH(OPMALMOHHBIX BEKTOPaX

Krnaccuaeckuit kon ¢ cyMmMupoBaHueM, Uiam ko beprepa [17], conepuT B pa3psaax KOHTPOIBHOIO BEK-
TOpa IBOMYHBIN IKBUBAJICHT KOIMYECTBA CAMHUYHBIX Pa3psAa0B HHPOPMAIIMOHHOTO BeKTopa (Beca » nHpopMa-
LHUOHHOTO BekTopa). Mcxoms W3 3TOro, KOMUYECTBO pas3psoB KOHTPOJIBHOTO BeKTopa koxa beprepa

kz(log2 (m+l)—‘, rae m — JIuHa WHPOPMAITMOHHOTO BEKTOpa, a 3alHch (—l 0003HaYaeT LEeNoe CBEpPXY OT

BBIUUCIIIEMOT0 3HAYCHUSI.
O6o03naunm kox beprepa kax S(m,k)-xox.
Kaxxnomy nH(pOpMaIHOHHOMY BEKTOPY C BECOM 7 COOTBETCTBYIOT KOHTPOJIBHBIE BEKTOPHI C OJMHAKOBBI-

MU 3HAYCHUAMU PA3PAI0B. HOCKOHBKy BCCTO CYHICCTBYCT Cr};z I/IHq)OpMaLII/IOHHBIX BCKTOPOB C BECOM 7, UX pac-

MpeAeieHrne MeKIy KOHTPOIBHBIMU BEKTOPAMH C PAa3IMUYHBIMU 3HAYCHUSIMH Pa3psAoB KpailHe HepaBHOMEPHO
(c yBenmuueHneM 3HAYEHUSI M OHO CTPEMHTCS K HOpMalbHOMY pacnpenenenuo). Hanpumep, B Tabn. 1 npuse-
JIeHbI Bce HH(opMalMoHHbIEe BEeKTOpHI S(5,3)-Ko1a, pacipeaeneHHble MeX1y KOHTPOIbHBIMH BEKTOPaMHU.

Ot Toro, Kaxk pacnpenenacHbl HHPOPMAMOHHBIE BEKTOPbI MEXAY KOHTPOIBbHBIMUA BEKTOPaMH, 3aBHCAT
CBOMCTBa OOHapykeHHs OmHO0OK KomoM. JIrobas ommOka B MH(POpMALMOHHOM BEKTOpE, MEPEBOMAIIAs €ro B
WH(POPMALIMOHHBII BEKTOP C TEM K€ KOHTPOJBHBIM BEKTOPOM, KOJIOM OOHapyxeHa He Oyxaer. S(m,k)-komamu
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He obHapyxuBaercs 100% pa3sHOHaNpaBIEHHBIX OMMOOK Y€THOH KPaTHOCTHIO B HH()OPMAIIMOHHBIX BEKTOPaX,
KOTOpBIC MPOUCXOIAT MPHU OAMHAKOBOM KoyndecTBe McKakeHMH 0 u 1 (Tak Has3pIBaeMble CHUMMETPUYHBIE
ommOku [25]). B [26] mpennoxkena dopMmyna pacuera KonddecTBa HEOOHAPYKUBAEMBIX OIIMOOK B MH(OpMa-
LMOHHBIX BEKTOpax KoaoB beprepa:

d

mm)[ "5 d
d=2 d

r=

2

Tabnuma 1
Pacnpenesienue nHPOPMAIMOHHBIX BEKTOPOB S(5,3)-K01a MeKIy KOHTPOJIbLHBIMH BEKTOPaMU

Bec
0 | 1 | 2 | 3 | 4 | 5 | 6 | 7
KonTponsHbIif BeKTOp
000 001 010 011 100 101 110 111
00000 00001 00011 00111 01111 11111
00010 00101 01011 10111
00100 00110 01101 11011
01000 01001 01110 11101
10000 01010 10011 11110
01100 10101
10001 10110
10010 11001
10100 11010
11000 11100

Hannas ¢opMyia mo3BOJSET MOACYUTATH 00Iee KOITUYECTBO HEOOHAPYKMBAeMbIX OmHO0K st S(m,k)-
KOJIa TI0 KaXKJ0i yeTHOW KpaTtHOCTH d. B [27] aTa popMyna mpuBeneHa K BULY

N, =G, =2" 2

Ucnonw3ys popmyny (2) mis S(5,3)-kona, momydaem

N =C =2 =5 -2 =20 35,
5151

OcHOBHOI 0COOEHHOCTBIO S(771,k)-KOI0B, ONpEAesIonell UX IMHPOKOe MPUMEHEHHE MPH MOCTPOCHUHN
HAJKHBIX CHCTEM aBTOMATHKH, SBJISIETCS] CTOMPOLIEHTHOE 00HApY)KEHHE MOHOTOHHBIX OIIMOOK B HH(opMaIu-
OHHBIX BEKTOpax (IpU TaKUX OmHMOKax McKaxaroTcs 6o Toibko 0, 1o Tonpko 1). C ucnons3oBaHueM JaH-
HOTO CBOiicTBa B [8, 28, 29] pa3paboTaHbl METOJBI CHHTE3a CHCTEM (PYHKIIMOHAILHOTO KOHTPOJIS CO CTOIMpPO-
LEHTHBIM O0HApY)KEHHEM OJMHOYHBIX HEUCIIPABHOCTEH B KOHTPOIUPYEMBIX CXEMaXx.

Crenyer, onHako, OTMETUTB, 4TO S(m,k)-Koapl HedP(HEKTHBHO HCIIOIB3YIOT CBOM KOHTPOJILHBIEC pa3psi-
IbI: KOHTPOJIbHBIE BEKTOPHI ¢ OJMM3KUM K 0 M 7 3HaUYE€HHEM Beca COOTBETCTBYIOT MAJIOMYy KOJIUYECTBY UH(OP-
MalMOHHBIX BEKTOPOB, a 3HAYHT, JAIOT Majoe KOIWYECTBO HEOOHAPYKMBAEMBIX OIIMOOK; HEKOTOPHIE KOH-
TPOJIbHBIC BEKTOPHI, B 3aBUCHMOCTH OT 3HAUCHHUS M, MOT'YT HEe (JOPMHUPOBATHCS, a 3HAUHT, U HE UCTIONB30BaThCS
(tabn. 1). B [30] npuBoautcs criocod moctpoeHus koga beprepa ¢ ynmydiieHHBIME XapaKTepHCTHKaMH OOHa-
pyXeHusi oMOOK B HH(POPMAIIOHHBIX BEKTOPax, HO OH MPHUBOIUT K TOSBICHUIO HEKOTOPOTO KOJIMYECTBA MO-
HOTOHHBIX HEOOHAPYKMBAEMBIX OIIMOOK, 8 3HAUYNT, HAKIaAbIBACT OrPaHUYCHHSI HAa TIPIMEHEHUE TaHHBIX KOJIOB
P TOCTPOEHUH HAJISKHBIX CUCTEM aBTOMAaTuKH [31, 32].

WndopmanimoHHble BEKTOPHI, MEHSIS MPaBHiia IOCTPOSHHS KOAA, MOXKHO IepepacipeeiuTh MEXIy KOH-
TPOJILHBIMH BEKTOPAaMH TakK, YTOOBI COXPaHsTUCh BCE OCHOBHBIE CBOMCTBA KIACCHYECKUX KOJOB C CYMMHPOBa-
HueM. Hanmpumep, HEKOTOpbIM HH(POPMAIIMOHHBIM BEKTOpaM U3 IPYII, COOTBETCTBYIOIINX KOHTPOJIBHBIM BEK-
TOpaM cO 3HaYCHHEM Beca, OJM3KUM K 71/2, MOKHO TIOCTaBUTh B COOTBETCTBHE HEHCIIOIb3yeMble KOHTPOIbHBIC
BeKTOpHI (cM. Tabn. 2). KonmudecTBo HeoOHApYKMBAEMBIX OIIMOOK YMEHBIIUTCS, a CBOMCTBA CTOMPOLIEHTHOTO
o0Hapy)XKeHUs MOHOTOHHBIX OIIMOOK coxpanstcs. Hampumep, S(5,3)-komom He obHapyxuBaercst 240 ommbok
B MH(OPMALMOHHBIX BEKTOPaxX, a KOJAOM, KOTOPOMY COOTBeTcTBYeT Tabin. 2, — 180 ommbok, uro B 1,33 pasza
Menblie. [Ipu 3ToM Bce HeoOHapy:KUBaeMble OMMOKN OYAYT ABISATHCS CUMMETPHYHBIMH.
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Tabnuma?2
[epepacnpenesienne HHPOPMALMOHHBIX BEKTOPOB S(5,3)-K01a MeKITY KOHTPOJIBLHBIMU BEKTOpPaMU

Bec
0 1 | 2 | 3 | 4 5 6 7
KonTponsHsIif BeKTOp

000 001 010 011 100 101 110 111
00000 00001 00011 00111 01111 11111 01100 10101
00010 00101 01011 10111 10001 10110
00100 00110 01101 11011 10010 11001
01000 01001 01110 11101 10100 11010
10000 01010 10011 11110 11000 11100

2. Crioco0b1 Mo M KAMHA KOJOB ¢ CYMMHPOBaHHEM

dopMann30BaHHbBIC MPaBUIIA TOCTPOCHUS KOJOB C CYMMHUPOBAHUEM C YIYUIICHHBIMUA XapaKTEpUCTUKA-
MU OOHAPYXEHUS CUMMETPUYHBIX OMMOOK B HMH()OPMAIMOHHBIX BEKTOpaX JaHbl B HECKOIBKUX padoTax,
Hanpumep [27, 33, 34]. Kaxnaplii U3 onucaHHBIX CIIOCOOOB OCHOBAaH Ha «CJBHTE» YaCTH HH(OPMAIMOHHBIX
BEKTOPOB B TPYIIIEI, COOTBETCTBYIOIINE KOHTPOJIBHBIM BEKTOPaM, OOJBIIEro Beca, YeM MCTUHHBIN Bec HH(OP-
MaIlMOHHBIX BEKTOPOB.

B [27] omuckiBaeTcs mporeaypa mojcdera MOoAH(HUIMPOBAaHHOTO Beca W WH(GOPMAIMOHHOTO BEKTOpa
CIIEIYIONIMM 00pa3oM (aBTOp MaHHOW PabOTHI Ha3bIBAET AAHHBIN «CIBHUTOBBIN» KOJ KOMOWMHUPOBAHHBIM KOJOM
Beprepa).

Auaroputm 1. [TomyyeHre KOHTPOIEHOTO BEKTOPa KOMOMHHPOBAHHOTO Kojla beprepa.

1. ITogcuuTeiBaeTcst Bec m—1 WHPOPMAIMOHHOTO pa3psaa (MHPOPMAIIMOHHOTO BEKTOpa 3a UCKITIOYCHH-
€M OIHOTO MH(OPMAIIOHHOTO pa3psia — BeKTopa <fi f ... fr.1>).

2. Borumcnsercs QyHKIMS ~mapureta 1O BCEM  paspsAigaM  MH(QOPMAIMOHHOTO  BEKTOpa!
a=f0f,D.Df .

3. Crapiuemy paspsiny KOHTPOJIBHOTO BEKTOPA <g; £ ... > COOTBETCTBYET 3HaUeHUE (DYHKIMH MapuTeTa
(L, @ OCTAaBIIMMCS MIIJILINM pa3psiiaM — 3HadeHue Beca m—1 HHPpOpMaMOHHOTO pa3psija.

O6o03HaunM Ko, TMoylydaeMblid 1o anroputmy 1, xak KS(m,k)-xox. Jns nH(OPMAaLMOHHBIX BEKTOPOB
JUTUHBL M = 5 TIpEMeHeHue airoputMa 1 naer pacrpeneneHrne HHGOOPMAMOHHBIX BEKTOPOB MEXKIy KOHTPOIb-
HBIMH BEKTOpaMH, OKa3aHHoe B TabI. 3.

OO1mee KOMMYECTBO HEOOHAPYKUBaeMbIX OoIMO0K B KS(m,k)-koqax B 1Ba pasza OOJbIIIe, YEM B COOTBET-
crBytomux S(m—1,k*)-xonax (k*=k unu k—1), u ero MOXHO onpenenuTs 1o Gopmyse [27]:

N, =200 -2" 3)
s npusenennoro B Tadn. 3 KS(6,3)-xkona dopmymna (3) naer Takoil pe3ysbTar:
N,=2C,-2°=2C/ -2° =2-%—32=108.

[Momyuenusiit pesynbtaT mis S*(m,k)-kona B 2,037 paza menblie, yem s S(m,k)-koza.

Tabnuma3l
Pacnpenesienue nHPOPMAIMOHHBIX BEKTOPOB KOMOUHHPOBAHHOI 0
KS(6,3)-kona Mexk1y KOHTPOJbHBIMH BEKTOPAMH
Bec
o [t ] 2 [ 3 [ 4 [s5]e6 ] 7] 8 ] 9 [ [ 11 | 12 [13[]14]15

KonTponbsHsIif BeKTOp

0000 | 0001 | 0010 | 0011 | 0100 | 0101 | 0110 | 0111 | 1000 | 1001 | 1010 | 1011 | 1100 | 1101 | 1110 | 1111
00000 | 10001 | 00011 | 10111 | O1111 10000 | 00001 | 10011 | 00111 | 11111
10010 | 00101 | 11011 00010 | 10101 | 01011
10100 | 00110 | 11101 00100 | 10110 | 01101
11000 | 01001 | 11110 01000 | 11001 | 01110
01010 11010
01100 11100
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WndopmanmonHsie BEKTOPHI KIacCHYeCKOro kofa beprepa Obutu nepepacnpeneieHbl MeXay KOHTPOIb-
HBIMH BEKTOpPaMH, YTO Aaj0 HOBBIA KoA. DaKTUYEeCKH MOJIOBMHA MH()OPMALMOHHBIX BEKTOPOB C (hyHKUUEH
naputera o=f,@f, D..Df , paBHOU |, MOMEHAIN CBOM MeCTa — OHU OKA3aJIHUCh COABUHYTHIMH Ha 8 KOH-

TPOJIBHBIX TPYIII «BIIPaBO», & OCTABILASCS MOJOBMHA WH(POPMAIIMOHHBIX BEKTOPOB COXPaHWJIa CBOW MO3UIINN
(cMm. Tabm. 3). IIpu 3TOM moGaBMIICS OAWH KOHTPOJBHBIA pa3psijl, a XapakTep pachpeneieHusi OblI COXpaHEeH:
WH(OPMALIMOHHBIE BEKTOPHI HEPABHOMEPHO paCHpeneeHbl MEKAY KOHTPOJIbHBIMU BEKTOPaMH, KOHTPOJIbHBIE
paspsabl UCTIONB3yIoTCs Hed((EKTHBHO, YacTh M3 KOHTPOJIBHBIX BEKTOPOB HUKOraa He Qopmupyercs. s
noacyera Ko UIMEHTa 0. MOKHO BBIOMPATh pa3iUyHbIe COUETaHHUs MH()OPMAILIMOHHBIX Pa3psiioB BMECTE C
TEM pa3psaoM, Al KOTOPOro He mpuMeHsiercs npaBwio 1 anroputMma 1. OTO 1acT BO3MOXHOCTh MOTYYEHUS
HOBOTO MHOXKECTBA KOJIOB C CYMMHPOBAaHUEM C Pa3IMYHBIMHU PACHpeneICHIUSIMA HEOOHAPYKUBAEMBIX OIIHOOK
0 KpaTHOCTSAM U BuaaM. [Ipu 3ToM ocHOBHBIE CBOMCTBA KOIOB beprepa MOryT u He COXpaHHUTHCSL.

[IpaBuia mocTpoeHusi, BHIOPAaHHOTO B KaYECTBE OCHOBBI CUCTEMBI ()YHKLIMOHAIBHOIO KOHTPOJISL KOZA C
CYMMHPOBaHHEM, OMPEACISIOT U crocod mocTpoeHus Tectepa. Tectep B CTPYKType, MIPUBEICHHON Ha pHc. 1,
COCTOMT M3 reHepaTopa (Kolepa WiH IU(paTopa) KOHTPOIBHBIX Pa3psiioB, BEIXOIbI KOTOPOTO COCAUHSIOTCA C
BXoAaMu Kommaparopa. [locnenHuil ocyiiecTBisieT cpaBHEHHE OJHOMMEHHBIX KOHTPOJIBHBIX (PYHKIUI BBIYHC-
JeHHbIMU OniokaMu reHepaTopa U G(x). KommapaTop nmeer craHgapTHYIO CTPYKTYPY M CTPOMTCS Ha OCHOBE
KacKaJHOTO coemuHeHust k—1 momynst cpaBHeHus napadasapix curHanoB [35]. Ctpykrypa ke TeHeparopa
OIpeeNsieTcsl IPaBIIAMH MTOCTPOEHUS KOJa ¢ CYMMHUPOBaHHEM.

Hns cunte3a reHepatopa KS(m,k)-xkoma TpeOyercs HCIONb30BaHHE CUETYMKA E€AWHUL m—1 paspsga u
¢dbopmupoBanue QpyHkuu napurera. Ha puc. 3 u3obpaskensl cxemsl reaeparopos S(5,3)-koaa u KS(6,3)-kona.
Muaqmmii pa3psia cuerunka equHun m—1 paspsaa ssiserca GpyHkuueit napurera [9, 10], a 3Ha4UT, AOCTATOYHO
HCIOJIb30BaTh OIMH CyMMAaTop MO MOAYJIO 2 i (POPMHUPOBAHUS CTApILEro KOHTPOJIBHOro paspsaa. OOmas
CTpyKTypa reneparopoB KS(m,k)-koqoB qana Ha puc. 4.

Amnanus nokaseiBaer, uto KS(m,k)-Ko1 coxpaHseT CBOWCTBA 0OHAPYKEHUs OIIMOOK, eciin Ko3(duureHt
0. paBeH EAMHCTBEHHOMY HEKOHTPOJUPYEMOMY HMH(pOpPMaLMOHHOMY pa3psay (cM. puc. 5). Jto ciemyer u3
CBOMCTBA (DYHKIMH CIIOKEHHUS MO MOIYJIO 2 — OHA NMPHUHUMAET PaBHOE KOJMYECTBO CIUHUYHBIX M HYJIEBBIX

3Ha4eHuii Ha Bcex 2" BXOIHBIX HabOpax.

CBoiicTBa KOJla HUKAK HE MEHSIOTCS, @ CJIOKHOCTh TEXHUYECKON peaTn3aluyl TeHepaTopa yMEHbIIAeTCs.
3TO MO3BOJISIET MPEVIOKHUTH APYTOM alTOPUTM MTOCTPOEHHSI MOAU(PUIIMPOBAHHOTO KOJIA C CyMMHPOBAHHEM.

Aaroputm 2. [lonyuerne KOHTpOIBHOTO BeKTOpa MoauduiiupoBanHoro koaa beprepa.

1. IlopcunTeiBaercs Bec m—1 mHGOpPMAaMOHHOTO paspsaaa (MHGOPMALMOHHOTO BEKTOpA 3a UCKIIOYCHH-
€M OIHOT0 MH(OPMAITOHHOTO pa3psaa — BeKTopa <fi f ... fr.1>).

2. Crapiemy pa3psity KOHTPOJIBHOTO BEKTOpa <gj &> ... £&> COOTBETCTBYET 3HaYECHHE HEKOHTPOIHPYEMOrO HH-
(hopMAaIOHHOT 0 pa3psiaa, a OCTABILMMCS MIIAIILIAM pa3psiaaM — 3HadeHre Beca 71— nH(pOopMaLIoHHOro pa3psiaa.

Kon, nomyuennsiii mo anroputmy 2, 0603HauuM kak MS(m,k)-kox.

B Tabn. 4 nmaercs pacmpeneneHue MHPOPMAIIMOHHBIX BEKTOPOB MEKIY KOHTPOJIBHBIMHA BEKTOpPaMU
MS(5,4)-kona, ipu 3toMm o = fs. MaPopManmonnsie BekTopsl KS(m,k)-Koma pacmpeneneHbl WHAdYe, 4eM Y
MS(m,k)-xona, onnako oOmuii xapakrep coxpaneH. I'enepatop MS(5,4)-koma n300pakeH Ha puc. 6, ero MOXHO
CPaBHHUTD C TeHEpaTOpPaMH, IPUBEJCHHBIMU Ha PHC. 3.

Herpynno 3ameruts, 4To TOT K€ pe3yibTaT Aal0T U JIPyrue aJrOPUTMBl «COBUTa» MH()OPMAIIMOHHBIX
BEKTOpOB, HampuMep omnrcandbie B [21]. OHn n3oMopdHBI TeM mpaBuiaM, KOTOpbie onucadsl B [27]. Hampu-
Mep, nporenypa nocrpoenus MS(m,k)-kona MoxeT ObITh ONTUCAHA CIAETYIOLUM 00Pa30M.

Auaroputm 3. [TocTpoeHue B3BEIIEHHOT0 KOJia C CyMMHPOBAHHEM.

1. MadopmainoHHOMY BEKTOPY CTAaBUTCSI B COOTBETCTBHE BEKTOP BECOBBIX KoadpdumumenTos [1, 1, ..., 1, 0].

2. llogcunteiBaercst Bec W nH(OPMALIMOHHOTO BEKTOPA.

3. Yucno W mpeacraBisercss B ABOMYHOM BHJE U 3AMHCHIBACTCS B MIAAIINME Pa3psibl KOHTPOIHHOTO
BEKTOPA.

4. B crapmmii pa3psia KOHTPOJIBHOIO BEKTOpA 3alMChIBAETCs 3HAUCHUE Pa3psia, Al KOTOporo Bec Wy, = 0.

OTOT Ke pe3yabTaT JaeT B3BEIIMBaHUE OAHOT0 HH(POpMAIMOHHOro paspsiaa. Koasl ¢ cymmupoBanuem ¢
OJTHUM B3BEIICHHBIM HH()OPMAIIMOHHEBIM Pa3psIoM JIETAILHO ONKcaHkl B [36, 37].
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Tabnunma4
Pacnpenesienue nHpOpMAIMOHHBIX BeKTOPOB MS(5,4)-K01a MeKTy KOHTPOJILHBIMH BEKTOPaMHU
Bec
o | 1 | 2 [ 3] 4 ]s]e 7] 8 | 9 [w]u ] 12 ]3]]Il
KonTponbHblil BEKTOp
0000 | 0001 | 0010 | 0011 | 0100 | 0101 | 0110 | 0111 | 1000 | 1001 1010 | 1011 1100 | 1101 | 1110 | 1111
00000 | 00001 | 00011 | 00111 | O1111 10000 | 10001 | 10011 | 10111 | 11111
00010 | 00101 | 01011 10010 | 10101 | 11011
00100 | 00110 | 01101 10100 | 10110 | 11101
01000 | 01001 | 01110 11000 | 11001 | 11110
01010 11010
01100 11100
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&4 &3 &2 &
Puc. 6. I'enepatop MS(5,4)-xona

Amnanuzupys anroput™m moaudukanuu konos beprepa, npusenennsiid B [30], MOXHO MpeyIOKUTH aHA-
JIOTMYHBIN MPUBEACHHBIM BBILIE CIIOCOO IOCTPOEHUS KO/Ia C CyMMHPOBAHHEM.

Adaropurtm 4. [Toctpoerne moauduupoBanHoro koaa beprepa.

1. Bec nH(pOpMaLImOHHOr0 BEKTOpa MOACYUTHIBAETCA 10 MOAYIIO koaa beprepa: M = 2l toes (m+1)]

2. Beruncnusiercst 3HaYeHHE TONPaBOYHOr0 KO3QPHUIHEHTa ¢, paBHOE 3HAYEHHIO OJHOI'0 MIPOM3BOIBHOIO
WH(OPMALIMOHHOTO paspsiza.

3. Onpepnensiercss MoAU(PHUINPOBaHHBINA Bec MHPOPMALMOHHOTO BekTopa: W = r+oM.

4. Yucno W npeacrapisercs B JIBOMUHOM BH/JIE U 3aIIUCBIBAETCS B pa3psiibl KOHTPOJIBHOTO BEKTOPA.

OO11ee KOMMYECTBO HEOOHAPY)KUBAEMBIX OIIMOOK JIsi KOJOB, MMOCTPOEHHUE KOTOPBIX BEIETCA IO alro-
putMam 2—4, TakKe MOXKET ObITh onpezeneHo mo Gopmyie (3).

Craenyer 3aMeTuTh, YTO NPUBEAEHHBIC CIIOCOOBI MOCTPOCHHS MOAM(UIMPOBAHHBIX KOAOB beprepa
yAy4IIaloT CBOMCTBAa OOHApy:KeHHs OMMOOK B MH(QOPMAIMOHHBIX BEKTOPAaX KOIOM, OJHAKO B OOJIBIIMHCTBE
ClIydaeB MPUBOIAT K YBEIWYEHHUIO KOJUYECTBA KOHTPOJBHBIX Pa3ps/IOB HAa €AWHMILY IO CPABHEHHIO C KOJOM
beprepa.

YrBep:xnenue 1. MonudunmpoBanuslii kog beprepa Oyner Bcerna oonapyxusatb 100% 100bIX BUIOB
omMO0K B MH(OPMAIMOHHBIX BEKTOpaxX, KpOME HEKOTOPOH JIOMM CUMMETPUYHBIX OMIMOOK, KOTOpas, OJHAKO,
OyzeT MeHblIIe, 4eM y KozoB beprepa, u mpu 3ToM OyAeT UMETh TaKoe K€ KOJMYECTBO KOHTPOJIBHBIX pa3psaoB
MIpH BBIOJIHEHNH CIEAYIOUIETO YCIOBUS:

m=2 (te{l,2..}). 4)

DopMynIHpOBKa yTBEPkKAECHUS 1 cieqyer HeNoCpeACTBEHHO 13 airoputMoB 1—4. Tonbko B ogHOM City-

qae, KOrja coxpaHsercs ycioBue (4), He motpedyeTcs npu MoauduKkamy Koaa 100aBIeHHs €Ile 0JHOTO KOH-

TpOJBHOTO paspsizia. B camom nene, B Tabnuyanoit opme 3amanns Koga ¢ CyMMUpPOBaHHEM (Tabu. 4) 3amomHs-
F0TCSI TOJIBKO m+1 KOHTPOJIbHBIE TPYIIIBL, IPHU 3TOM O0ILIEE UX KOIMYECTBO PABHO

2flog2(m+1)'| :2(10g2(2’+1)-| :2t+1’ (5)

rae t =log, m.
[MoncraBum B (5) 3HaYeHue ¢
2t+1 — 210g2m+1 — 2.210g2m =2Wl. (6)
U3 BeipakeHust (6), TaKUM 00pa3oM, CIIEAYET, YTO KOJIMYECTBO KOHTPOJIBHBIX TPYII MPH BBIIOJIHEHUN
ycioBus (4) Oyzaer paBHbIM 2m. V3HayallbHO 3amoiaHeHsl m+1 rpynnsl. B KOHTpOJIbHOM rpymme, COOTBETCTBY-
IolIell MaKkCUMaJbHOMY Becy MH(OPMAIMOHHOIO BEKTOpA, B IPYIIIE C HOMEPOM 71 OyIeT NpUCYTCTBOBATbH
TOJILKO OAWH WH(popMaunoHHBIH BekTop. [lpm mMommdukanuu mno oOOMy W3 NPENIOKEHHBIX alrOPUTMOB
CABMTaercsl BIpaBo Mo Tabnuue 3agaHus koaa (cM. Tali. 4) poBHO MOMOBHHA MH(OPMALMOHHBIX BEKTOPOB,
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BKJIIOYAs M JIAHHBIN BEKTOP, 3aIIOJIHSAS TEM CaMbIM OCTaBIuytocs m—1 rpymy. JloGaBieHust HOBOI'O KOHTPOJIb-
HOT'O paspsizia He TpeOyeTcsl.

OTuM 00BSICHSAETCS yTBEpKAeHHE 1.

Omnpenenum, BO CKOJIBKO pa3 yMEHbIIAETCS KOIUYECTBO CHMMETPUYHBIX HEOOHAPYKUBAEMBIX OIINOOK Y
Moau(HUIMPOBAaHHBIX KOAOB beprepa ¢ yBennueHneM 1JIMHBI HH()OPMAIMOHHOTO BEKTOpA!

Clln _2/71
8 = /2nm1 m " (7)
2C'2m—2 - 2
[Tepeitnem k mpeneny:
2m)!
) (2m)! .

lim 9 = lim — = lim mlml
m—>o m—w )C" L m—»o ) (2m — 2)'

" (1) (m—1)

m m

m

(2m)2m+%
_ 2m

\/E _om (2 )Zer% ﬁ

_2”1 m+5
e m+% e m+E m
: Te m . Te m .
= lim = lim =
m—o \/2_ om-2 ) ) 2m— 2+l m— ) ) 2n172+%
). e ( m—2) Y 2.( m-2) o
1 2
1+— 1 m—l+= 1
2re ™ (m=1)"""2 \2ne™ ™ (m—1)"""2 _1)y""2
(m 1) (m-1) (m—1)
1
2m+—
m)™ 1
- 2m+5
Wl et (2m)
2 m ,,Hl“,”% 2m+% 2m+%72mfl
BRT BRT m BET _
- }llil;lc 2m— 2+l _’}ll_r’l;lo 2m—. 2+7 _’}ll_r’l;lo 2,,172+l 2n172+172m+271 -
5 (2m-2) | 5 (2m-2) 22" 2 (m-1)"

2 [( —l)m Hljz (m l)m 1+1+m 1+%

. 22m+E m% . 2m+17172m+27 \/7 F (8)

= lim - =lim2 2 ———=2Ilim 2lim,[1-—=2.

m—o 2m-24— L moe m—e m—e m
22" 2 (m-1) 2 \/—_1

Takxum 00pa3om, cpaBeIUBO CIEAYIOIIEE MOJIOKEHHE.

Yr1Bep:kaenue 2. OTHOIMIEHHE KOIMYECTBA HEOOHAPYKUBAEMbIX CHUMMETPUYHBIX OIIMOOK B Kilaccude-
CKHX U MOIM(UIMPOBAaHHBIX KoJax beprepa ¢ yBennueHrneM JUIMHBI HTHPOPMAIIMOHHOTO BEKTOPa yMEHbILAETCS
U B TIpefene Mpy m — oo CTPEMHUTCS K 2.

Takxum obpazoM, MoguduuupoBaHHbIe Koubl beprepa npumepHo B 1Ba pas3a s dexTruBHEE O0HAPYKHUBA-
10T OIIMOKH, YeM Kilaccuueckue Koasl beprepa.

AHanmzupys cXeMOTEXHUYECKHE OCOOEHHOCTH KOHTPOJIBHOTO 000pyI0BaHUs CHCTEM (DYHKLIMOHAIBHOTO
KOHTPOJIS, 3aMETHM, YTO T'eHepaTopbl MoAu(HuIUpoBaHHBIX KOIOB beprepa sBisrorcs Gosee MpoCTHIMHU, YeM
reHepaTopsl kiaccuueckux S(m,k)-komoB. Ho B cucreme ¢pyHKIIMOHAIEHOTO KOHTPOJIS BO BCEX CIIydasix, KpoMe
ciy4ast (4), 670K KOHTPONBHOM JIorHKH (F(X) OyAeT peann30BBIBATH €I OIHY KOHTPOIBbHYIO (PYHKIHIO, 3 KOM-
napaTopy, COOTBETCTBEHHO, MOTpedyeTcs Ha OIUH MOIYJb CpaBHEHHUs mapadasHbIX CUTHANOB OOJbIIe, YeM
KOMITapaTopy Kiaccuueckoro koga beprepa.

B tabn. 6 mpuBOAATCS pe3yabTAaThl 3KCIEPUMEHTANBHBIX HCCICIOBAHUM MOAM(UIMPOBAHHBIX KOAOB
Beprepa B cpaBHeHHMH ¢ KJacCHUeCKHMMH KopaMu beprepa B cucremax (pyHKIIMOHAIBHOTO KOHTPOJS Ha pse
KOHTPOJIbHBIX KOMOWHAIIMOHHBIX cXeM u3 Habopa LGSynth'89 [38]. B skcniepuMenTe oLleHHBaIach CIOKHOCTh
TEXHUYECKON peann3alyy cucTeM (QYHKIIMOHAIBHOIO KOHTPOJIS, OPTaHU30BAHHBIX MO KOJIAM C CYMMHUPOBaHH-
eM (Tabmn. 5). [lokaszarenem CIOXKHOCTH TEXHHYECKOH pealn3aluy sBISIETCS IUIOLIAlb, 3aHHMaeMasi yCTpoOii-
CTBOM Ha Kpucrtasie. [y aHamm3a AaHHOTO mokasaTelns Obuia BbhIOpaHa OMOMMOTeKa (PYHKIMOHAIBHBIX BIie-
MmenToB stdcell2 2.genlib. Kontponsasie komOuHanmonnsie cxembl B LGSynth'89 npencrasnens: B Bune daii-
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JIOB CITUCOYHON (POPMEBI 3aJJaHUsI CTPYKTYPHI JIOTUYECKOT'0 YCTPOHcTBa — net-nucta. C UCIOMb30BaHUEM CIICITH-
aIBHO Pa3pabdOTaHHOTO MPOrpaMMHOT0 00eCIieueHUsT OBLITH TOTYYCHBI #ef-IUCTHI BCEX OJOKOB CUCTEMBI (DYHK-
LHUOHATBHOIO KOHTPOJIS, a 3aTEM C MPUMEHEHUEM U3BeCTHOro uHTepnperatopa SIS [39] monyueHsl 3HaueHUs
TJIOMIA/IeH B YCIOBHBIX eIWHUIAX. B mocieaneii rpade tabi. 5 mpencraBieHO 3HaYEHUE BETHYUHBL { — OTHO-
IIEHNE TUTOIAeH CUCTeM (PYHKIIMOHAIEHOTO KOHTPOJISI, OPraHU30BaHHBIX MO KIACCHUYECKUM U MOJTUPUITPO-
BaHHEIM KofiaM beprepa. AHanu3 qaHHOTO KO3((HUIMEHTA TOKA3BIBALT, YTO UCIOIb30BAHUE MOIU(PUITUPOBAH-
HBEIX KOI0B beprepa a3ppekTrBHO 1O MOKa3aTenro CIOKHOCTH TEXHHUYECKOW peau3alui B TOM CIydae, eCiiu
BBITIONHSAETCS. TIOYYEHHOE BbITIE ycioBHe (4). DTOT pe3ynbTaT ObUT 0KUAAEM, OAHAKO HE CIeayeT 3a0hIBaTh,
YTO XapaKTePUCTUKHA OOHApY>KEHHUS OIMMOOK B CHCTeMaX ()yHKIIMOHAIILHOTO KOHTPOJIS, OPraHW30BAaHHKIX I10
Momu(pUIIMPOBaHHBIM KoiaM beprepa, ymydIlieHbl, a yBeHudeHHE CI0XKHOCTH €CTh «IIeHa» 33 STO CBOWCTBO.

Tabnuia 5
CJ105KHOCTH TEXHUYECKOU pean3aluu cucteM GyHKIUOHAIHHOTO0 KOHTPOJIS

KonTposbhas Yucio ILnomans cucreMbl GyHKIHOHAIBHOIO KOHTPOJISA
KOMOMHAIIMOHHAS CXeMa BBbIX0/10B S(m,k)-xon MS(m,k)-xon 4
cm42a 10 8928 10712 0,833
f51m 8 13112 10152 1,292
pml 13 16144 20880 0,773
x2 7 4096 4856 0,843
z4ml 4 4192 2976 1,409

OOmuit HeMOCTaTOK BCEX MPHUBEACHHBIX aJlTOPUTMOB 3aKJII0YAETCs B TOM, YTO HE JTaeT BO3MOKHOCTH T10-
CTpoeHHs Kofa, 3(P(EeKTUBHO HCIOIBb3YIOUIEr0 CBOM KOHTPOJIbHbIC paspsibl. [loBbimenue 3¢QexkTuBHOCTH
BO3MOJKHO 3a CUET MPUMEHEHNS MOAYJIEN NPEACTaBICHHS BECa, MEHBIINX, YeM MOAyJb kofa beprepa. Hanpu-
Mep, B Tabin. 6 gaercs pacnpeaencHue HMHQPOPMALMOHHBIX BEKTOPOB MEXAY KOHTPOIBbHBIMU BEKTOpaMHU
MS(m,k)-xona, y KOTOporo [uig TMoOjAcYeTa Beca HH(GOPMALKMOHHOIO BEKTOpPa HCIOIB3YeTCS MOMAYJIb
M = 2lletm Dk [IpumeHenne Moy JaeT yMEHbIIEHHE KOINYECTBA KOHTPOJIBHBIX pa3psaoB. Ho mpu sTom
MOSBIISIETCS] HEKOTOPOE KOJIMYECTBO MOHOTOHHBIX OIIMOOK, BCe OHU MMEIOT KpaTHOCTb d = M (BEKTOpHI, AO-
MyCKAIOIIe MOHOTOHHBIE OMMOKH, B Ta0J. 6 BbIAEIEHBI cepbiM (POHOM). DTO CBOMCTBO MOXKHO HCIOIB30BAThH
P TIOCTPOEHUH HAJISKHBIX YCTPOICTB aBTOMATHKHU M BEIYACIUTENBHON TEXHUKH [32].

Tabnuma 6
Pacnpenesienue nHpopMaoHHBIX BeKTOPoB MS(5,3)-K01a MeK1y KOHTPOJIBHBIMH BEKTOpPaMHU

Bec
0 | 1 | 2 | 3 | 4 | 5 | 6 | 7
KonTponsHsIif BeKTOp

000 001 010 011 100 101 110 111
00000 00001 00011 00111 10111 10000 10001 10011
01111 00010 00101 01011 11011 11111 10010 10101
00100 00110 01101 11101 10100 10110
01000 01001 01110 11110 11000 11001
01010 11010
01100 11100

3akJ/0ueHue

B crarpe mpuBomsTcs criocoOsl MomuduKaly koaa beprepa, mo3BoSIIONIME TOCTPOUTh MOTUPUIU-
POBaHHBIA KOJ C CyMMHUpPOBaHWEM, OONaNaroIIUii OCHOBHBIM CBOMCTBOM Koja beprepa — crmmocoOHOCTHIO
HUISHTH(UIIMPOBATH BCE MOHOTOHHBIE OmMOKH. MoauduimpoBanHbeie Koabl beprepa oOHapyXUBaOT, KpoMe
TOT0, HEKOTOPOE KOJMYECTBO CUMMETPHUYHBIX OMMUOOK (Koapl beprepa He 0OHapYKMBAIOT CTOMPOIICHTHBIX
CUMMETPUYHBIX OmHMO0K [25, 32, 40]). DTO CBOMCTBO MOXHO HCIONIB30BATh IS YMEHBIIICHHUSI H30BITOUHOCTH
cucTeM (YHKIIMOHAIEHOTO KOHTPOJIS TP IPUMEHEHUN W3BECTHBIX aJTOPUTMOB MOAU(DUKAIIUN KOHTPOIUPY-
eMbIX cxeM |8, 28, 29].
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[IpeanoxeHHble aaropuTMbl HOCTPOEHHSI MOAU(PHULIMPOBAHHBIX KOIOB C CyMMHPOBAHHUEM, B OTJIMYHE OT
ONMCAaHHBIX B [27], marotr Gosee mpocTbie CTPYKTYPHl T€HEpaTOPOB KOJOB ¢ CYMMHPOBAHHEM M B HEKOTOPBIX
city4asix 0osiee MpOCThIe CTPYKTYPHI CUCTEM (YHKIMOHAIBHOIO KOHTPOJISL. Y CTAHOBJIEHO, YTO MaKCHUMAaJIbHBIH
s¢ ekt npu oOHApYKEHHH OMMOOK B MH()OPMALIMOHHBIX BEKTOPaxX KOIOB MPH MHUHUMAJIBHBIX amlapaTypHbBIX

3aTpartax JOCTUTACTCA IJIA KOAOB C JJIMHAMU HH(bOpMaHHOHHBIX BEKTOPOB m = 2 (f € {1, 2,}) .

Crout OTMCTUTD, YTO OIMMUCAHHBIC KOAbI C CYMMUPOBAHHUEM HC SABJIAIOTCA OINTUMAJIBHBIMH B CMBICJIC UC-
MOJIb30BAHU KOHTPOJIBHBIX Pa3psaa0B, a 3HAYUT, IIpaBUjia TIOCTPOCHUA KOAOB MOT'YT OBITH «YyCOBCPIICHCTBOBA-
HbD», HAIpUMEpP, MOI'yT OBITh HCITONIL30BAHEI CBOICTBA pCaJIbHBIX CXEM, Ha BBIXOJAAaX KOTOPBIX (bOpMI/II)YIOTCH

HC BCC 2m HH(bOpMaHHOHHBIX BCKTOPOB, U KOJ MOXCT (bOpMI/IpOBaTBCH I HCKOTOPOIrO MHOXKECTBA I/IH(1)0p—
MallMOHHBIX BEKTOPOB.
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The principles of noise-resistant coding are widely used for transmitting the information and synthesis of reliable management sys-
tems. Quite often, the sum codes are used for the purposes specified. Sum codes are systematic codes that allow to detect some error rate
in data vectors. Sum codes have simple rules of formation and relatively low redundancy that determines the priority in its selection, in
comparison with error correction codes.

Thus, using of the sum codes in systems of technical diagnostics results in a small hardware redundancy for providing the error de-
tection characteristics.

Classic sum codes or Berger codes do not detect 100% of multidirectional errors with even multiplicity containing {0 — 1, 1 — 0}
distortion groups (100% of so-called symmetric errors). However, Berger codes detect 100% of monotonous distortions in data vectors
that is used to transfer the information and to build the discrete devices with a 100% detection of single faults.

Analysis of the characteristics of Berger codes shows, that they often use the check bits inefficiently. For example, all possible

check vectors are formed for Berger code only in special cases when data vector length is m =2' —1 (t € { 1,2,...}). In all other cases,

a number of check vectors does not used at all. There is a problem of providing the modified Berger code which has all the characteris-
tics of the classic Berger code. The article presents the algorithms for formation of modified Berger codes which detect almost twice as
many symmetrical errors in data vectors, as classic Berger codes. The article also covers the conditions under which there is no need to
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increase the number of check bits in the code. It also highlights the schematics particularities of synthesis of generators (encoders) of

n

—_

Nel

ew codes. The experiment with making use of a set of test cases LGSynth'89 confirmed theoretical results.
Note that the modified Berger code is promising in solving the problems of technical diagnostics.
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In this paper we show that it is possible to derive a sequential circuit either from a transition table or from a State
Transition Graph (STG), so that the sequential circuit has the short test detecting all multiple stuck-at faults at gate poles
of the circuit, and delay of each circuit path is detectable
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Under development of nanometer technologies it is not enough to test single stuck-at faults at gate poles
of logical circuits. We need to test multiple stuck-at faults at gate poles along with delay faults of circuits. A
path delay fault (PDF) model is often used at delay testing. In accordance with the conditions of fault manifes-
tation, PDFs are divided into robust testable faults and non-robust testable faults [1, 2]. The PDF is robust test-
able on condition that the fault manifestation on a test pair does not depend on delays of other circuit paths. The
PDF is non-robust testable if the fault manifestation is possible only when all other paths of a circuit are fault-
free. Note that the robust testable PDF may be located and measured.

It is known that even for a simple circuit it is impossible to enumerate its multiple stuck-at faults, and on-
ly 20% of PDFs are robust testable. That is why it is very important to provide testability of logical circuits
both for multiple stuck-at faults and delays during the circuit design.

Application of these synthesis methods to a combinational part of a sequential circuit may generate rather
long paths in the obtained circuit. We suggest [4] a new method of the fully delay testable combinational part de-
sign that is oriented to cutting down the lengths of circuit paths in contrast to the lengths in the circuits obtained
by the method suggested in [3]. In this method [4] the circuit behavior is represented with a composition of
ROBDDs and monotonous products extracted from a state transition graph (STG). The experimental results have
shown that the circuit paths in the resulted combinational parts [4] are cut from two to twenty times. Unfortunate-
ly, for these circuits we cannot find rather a short test detecting all multiple stuck-at faults at their gate poles.

For a high performance circuit it is desirable to detect multiple stuck-at faults together with PDFs. In pa-
per [5] it is shown that if we apply the multilevel logic minimization method, based on algebraic division, to the
system of irredundant sum of products (SoPs) describing the circuit behavior, we get a circuit testable for mul-
tiple stuck-at faults. We mean that a test detecting single faults of the literals of the system of irredundant SoPs
detects all multiple stuck-at faults at gate poles of the resulted circuit.

In this paper we suggest the design method that allows deriving the sequential circuit that is both fully
delay testable and multiple stuck-at fault testable.

The circuit behavior is represented either with a transition table or with the STG in which symbols of in-
put and output alphabets have already encoded. For the STG we need to use additional inputs to provide above
mentioned testability properties.

In Section 1 the approach to a sequential circuit design is suggested. In Section 2 the testability proper-
ties of the resulted circuit are investigated, and some means of cutting a test length are noted.

1. Sequential circuit design

Let the discrete device behavior be represented either with the transition table or the STG. We suggest
the method of deriving the sequential circuit that implements the behavior and has the above mentioned testa-
bility properties. An example of the STG description is given in table 1.
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Note that for encoding states we may use any unordered code. A code is unordered if any two code
words are not comparable. Two code words a, § are not comparable if o £  and B % a. For example, the code
words 01010, 101111 are not comparable. We suggest encoding symbols of a state alphabet with unordered
code words, in partly, code words of (m, n) code. Here n is a length of a code word and m is a number of its
lvalue components. To cut the length of code words we may choose value m being approximately equal to
[1/2]. An example of the STG description after encoding states is given in table 2. Here we use (1, #) code).

Table 1 Table 2
An example of the STG description The STG description after encoding states
X1X2 X3 N N Y1)2)3)4)s X1 X2 X3 2122232 11,12’7.3,7-4, Y1)2)3)4)s
0-- 1 1 00010 0-- 1000 1000 00010
-0- 1 1 00010 -0- 1000 1000 00010
11- 1 2 10010 11- 1000 0100 10010
--0 2 2 00110 --0 0100 0100 00110
--1 2 3 10110 --1 0100 0010 10110
10- 3 3 01000 10- 0010 0010 01000
0-- 3 4 11000 0-- 0010 0001 11000
-1- 3 4 11000 -1- 0010 0001 11000
--0 4 4 01001 --0 0001 0001 01001
--1 4 1 11001 --1 0001 1000 11001

We consider each line of table 2 as pair (u;, /;) of vectors. The first ternary vector (cube) u; of the pair is
represented with two first columns of Table 2, and has the length n + p (in the considered example the length is
3 +4 =7). Here n is the number of circuit’s inputs and p is the number of state variables (loops). The second
Boolean vector 4; represented with two last columns of table 2 is a characteristic of the first vector. In this char-
acteristic 1 values point to the functions taking 1 value on the first vector (cube), but 0 values point to the func-
tions taking 0 value on the first vector (cube). Note that table 2 represents the system of incompletely specified
Boolean functions that are divided into transition functions and output functions. Take into consideration that in

Table 2 each incompletely specified function f; of the system is represented with the cubes of on-set M } and

the cubes of off-set M JO( .

Give some definitions.

Call (w}, h)) as a system cube of an incompletely specified Boolean functions system, where characteristic
h; means that its 1 value component points to the function that take 1 value on the cube w;; here we don’t pay
attention on 0 values of this characteristic.

System cube (wj, i) is essential if w; "M } #@and w, "M JO( # @ for each function f; taking 1 value in

characteristic 4;.

A system cube (w;, ;) covers a system cube (u;, &;) if h; = h;, and w; covers u;.

We differ cubes represented by ternary vectors without characteristics from system cubes supplied with
characteristics.

Note that two cubes are orthogonal each other if there is at least one component that has 1 value in one
cube and 0 value in another cube. For example, the cubes 010--01, 010--11 are orthogonal by the sixth compo-
nent.

Two cubes are opposite two orthogonal each other if there are two components: in one of these compo-
nents the cubes have 10 values, but in another component they have 01 values. For example, the cubes 0--101,
1-0001 are opposite two orthogonal by the first and the forth components.

In a set of unordered code words any two words are opposite two orthogonal.

Note that the cubes in table 2 corresponding to the different states are opposite two orthogonal; the cubes
corresponding to the same state and having the different characteristics are surely orthogonal, but may be not
opposite two orthogonal. To provide monotonous implementation of the system of incompletely specified
Boolean functions represented by table 2, we need to support opposite two orthogonality of cubes correspond-
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ing to the same state and having different characteristics. It demands adding inputs for the sequential circuit. It
is desirable to cut the number of additional inputs as much as possible.

1.1. Injecting additional inputs

We suggest the algorithm of finding the minimal number of additional input variables to provide monot-
onous implementation of the system of incompletely specified Boolean functions, represented by the STG in
which the states are encoded with unordered code words (here (m, n) code words).

For that we have to derive a direct graph G from a section of table 2. We include all system cubes corre-
sponding to the same state in the section. The graph vertexes correspond to the cubes of the section of table 2,
represented by the first column. Two vertexes are connected with edge if the corresponding cubes u;, u; are or-
thogonal but not opposite two orthogonal. The edge is directed from the vertex having 0-value in the cube u;
component to the vertex having 1 value in the same component of the cube u;. If there is a cube, that is opposite
two orthogonal any cube of table 2, then its corresponding vertex is absent in the graph G.

Two edges are compatible if the end of one edge is not the beginning of another one. A set of edges is
compatible if any pair of its edges is compatible. A set of edges is maximal compatible if it is not contained in
any compatible set of edges.

Algorithm of finding the minimal number of additional inputs.

1. Find for the graph G all compatible sets deriving sets of capacities 1, 2,..., g.

2. Form maximal compatible sets: Si, S,..., S;. Note that all sets of the capacity ¢ are among maximal
compatible ones.

3. Derive the Boolean matrix. Its lines correspond to the maximal compatible sets and its columns corre-
spond to edges of the graph. Element #j of this matrix is equal to 1 if the maximal set corresponding to the line
contains the edge corresponding to the column j otherwise the element is equal to 0.

4. Find the shortest coverage of the columns by the lines.

The capacity of this coverage is the minimal number of additional input variables for cubes of the section.

Note that the intersections of some sets of the coverage may be not empty.

We execute injecting the input variables to the cubes of the section considered in the following way.

5. Let us consider set S; from the shortest coverage Si,..., S, taking into account only the edges that are
absent in the sets Si,..., S;.i. Inject the additional variable x; and correlate 1 value of this variable to the cubes
of vertexes, the edges of which belonging to S; run from the vertexes and 0 values to the cubes of vertexes the
edges of which belonging to S; come to the vertexes. The rest cubes of the section get don’t care value of the
variable x;.

6. Execute step 5 till all sets from the shortest coverage will be examined.

7. Fulfill steps 1-6 for each sections of table 2. Therefore all cubes of the same sections with different
characteristics will be opposite two orthogonal.

The shortest coverage of maximal length among all sections is the minimal number of additional inputs
of the sequential circuit that we derive.

[lustrate the above-mentioned algorithm for table 2. Here we have very simple graphs.

For the cubes corresponding to the state 1000 we have the graph Gy (Fig. 1b) and the vectors (fig. 1,
a). The edges (1, 3) and (2, 3) form one compatible set: it is needed one additional input variable x, (fig. 1, ¢).
For the cubes corresponding to the state 0100 we have the graph Gy (fig. 2, b) and the vectors (fig. 2, a). The
edge (1, 2) forms one compatible set: it is needed one additional input variable x4 (fig. 2, ¢).

X X X3 1 0 0 1 X X X5 XX, X X,
Hn o 0 - ) —
2) - 0 = Guoo 2) - 0 - 1 1) - - 0 @———P@ 1) - — 0 1
2 — — 1 Goroo 2 — _ 1
11 - 3 1 1 - 0 ) ) 0
a b c . . .
Fig. 1. Example for state 1000 in table 2 Fig. 2. Example for state 0100 in table 2
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For the cubes corresponding to the state 0010 we have the graph Gy (fig. 3, b) and the vectors (fig. 3, a).
The edges form two compatible sets {(2, 1)} and {(1, 3)}: it is needed two additional input variables x4 and xs (fig.
3, ¢). For the cubes corresponding to the state 0001 we have the graph Gy (fig. 4, b) and the vectors (fig. 4, a).
The edge (1, 2) forms one compatible set: it is needed one additional input variable x4 (fig. 4, c).

1) );1 );2 5 S XXy X3 X Xy X3 Xy
- 1 1P 0 - 0 1
» 0 ) o . L D -0 ®o® D - - 0
P ) - - 1 Goonr 2) - - 1 0
3 - 1 - 3) - 1 - - 0 ) )
a b c a b c

Fig. 3. Example for state 0010 in table 2 Fig. 4. Example for state 0001in table 2

The system of incompletely specified Boolean functions with additional input variables is represented in
table 3. Change 0-values in the first and second columns of Table 3 for don’t care executing merged system
cubes and get table 4. It is known that table 4 is the implementation of the system of the incompletely specified
Boolean functions represented with table 3.

Table 4
The STG description with additional variables

Table 3
The STG description with additional input variables

X1 X2 X3 X4 X5 21222324 7-1,7-2’7-3,7-4, Y1)2)3)4)s X1 X2 X3 X4 X5 2122232 7-1,7-2’7-3,7-4, Y1)2)V3)4)s
0--1- 1000 1000 00010 ---1- 1--- 1000 00010
-0-1- 1000 1000 00010 11--- 1--- 0100 10010
11-0- 1000 0100 10010 ---1- -1-- 0100 00110
--01- 0100 0100 00110 --1-- -1-- 0010 10110
--10- 0100 0010 10110 1---1 --1- 0010 01000
10-01 0010 0010 01000 ---1- --1- 0001 11000
0--1- 0010 0001 11000 -1--- --1- 0001 11000
-1--0 0010 0001 11000 ---1- ---1 0001 01001
--01- 0001 0001 01001 --1-- ---1 1000 11001
--10- 0001 1000 11001

Thus we get the implementation of system F(xi,..., x,:,) (n(p) — the number of input (state) variables) of
incompletely specified Boolean functions by a set of the essential cubes of this system. These cubes are repre-
sented by the lines of table 4. The completely specified Boolean functions of Table 4 are monotonous.

Table 5
The experimental results

Circuits n m s P S P $2 oy 0, %,
BBTAS 2 2 6 24 3 120 4 2 4 90
BEECOUNT 3 4 7 51 3 152 5 3 3 106
DK27 1 2 7 14 3 56 5 1 2 42
DK512 1 3 15 30 4 150 6 1 2 90
LION 2 1 4 15 2 40 4 2 3 28
LION9 2 1 9 25 4 150 5 2 3 89
MODULO12 1 1 12 24 4 120 6 1 2 72
S8 4 1 5 20 3 140 4 0 4 60
TRAINI11 2 1 11 25 4 150 6 2 3 83

The table 5 represents the experimental results oriented to finding the minimal number of additional in-
puts for benchmark circuits and simplification of circuit implementation at the expense of using monotonous
functions. Here # is the number of primary inputs, m — primary outputs, s — number of states, p — number of
products, s; and s, — number of bits for encoding internal states by the shortest Boolean vectors (s1) and (m, n)-
code words(s,), 6; and &, — number of additional inputs estimated by suggested algorithm (8;) and by adding
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(m, n)-code words (depending on input variables) to provide opposite two orthogonality for the proper input
cubes of the same section (9,), X; — sum of cube (product) ranks of implementation of STG description (system
of completely specified Boolean function) after encoding states by the shortest Boolean vectors and without
additional inputs, ¥, — sum of cube ranks of implementation of STG description suggested above in this paper.

We may use simplification method for this system of monotonous functions proposed by us in [6]. A
simplification procedure is based on extension of the essential cubes of system F(xi,..., x,:,) With maximal
characteristics. Note that as a result of implementing system F(xi,..., X,,) of incompletely specified Boolean
functions we get system of monotonous functions F*.

1.2. Deriving circuit C

After getting the monotonous system F* we suggest using the multilevel logic minimization method
based on algebraic division followed covering obtained sum of products (SoPs) with gates [7]. In this case, we
must previously transform each SoP of F* into algebraic SoP in which a mergence of products is executed.
Thus we get system F* of monotonous SoPs. Applying the method [7] to this system we get circuit C that
keeps system F*. This means that when moving from the certain i-th circuit output to its inputs substituting the
proper gate functions instead of internal circuit variables and eliminating brackets we obtain the corresponding

monotonous SoP fi* from system F*. Note that during substituting functions and eliminating brackets any

simplifications are forbidden.

We may also use the special two-level synthesis method, suggested by us before [8]: it also keeps the
system F*,

Two-level synthesis methods are based on choosing a set of product factors and SoPs factors. A product
factor of system F™* is derived from the certain product of system F* by the elimination of some literals from
the product. After getting a set of product factors, each system F* product is covered by the certain factors from
this set.

They say that the certain factors cover product K if multiplication of these factors gives rise to all literals
in product K. If at least one literal appears two or more times under multiplication then such covering is called
redundant otherwise the covering is called irredundant.

A SoP factor of system F* is derived from the certain SoP of system F* by elimination of some products
from the system SoP. After getting a set of SoPs factors, each SoP of system F* is covered by the certain SoP
factors from this set.

They say that the certain factors cover the SoP f* of system F* if a disjunction of these factors gives rise
to all products that are present in the SoP f*. If the product appears two or more times under disjunction then
such covering is called redundant otherwise the covering is called irredundant.

Note that a set of product factors and a set of SoP factors are chosen in such a way that each product and
each SoP of system F* has to be covered. As a result of covering, we get combinational circuit C.

We restrict our consideration of two-level synthesis methods in which only irredundant covering prod-
ucts and SoPs of system F* are acceptable. Call such methods as two-level synthesis methods based on irre-
dundant covering. These methods differ from each other by choosing factors and ways of covering,

Thus using either the multilevel logic minimization method or the two level synthesis method based on
irredundant covering we get circuit C keeping system F* of monotonous functions.

2. Testability properties of circuit C

2.1. Testability for multiple stuck-at faults at gate poles of circuit C

Consider single faults of literals of monotonous SoP fi* from F*. Changing the certain literal in the cer-

tain product of a SoP for the constant 1 (0) call b(a)-fault. If several literals are fault, call it multiple fault of
SoP. It is known [9] that all multiple faults of irredundant SoP consisting of prime implicants are detected with
a test for single faults of literals of this SoP. This test is union of test patterns for each a-fault and test patterns
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for each b-fault. Any £ from F* is irredundant SoP as it consists of monotonous products, and there are no

product mergences.

It is also known that each a(b)-fault in irredundant SoP is detectable [10]. Test pattern a of the monoto-
nous SoP for a-fault of product K is obtained by changing all don’t care components of ternary vector corre-
sponding to K for 0 values. Test pattern  for b-fault of product K and its literal x; is obtained by changing the
component corresponding to the fault literal x; for 0 value in vector a (in test pattern for a-fault).

For example, we have monotonous SoP for state variable zj : x,z; v X,25 vV X424

Consider product K = x4z5 and literal x4, then test pattern o for a-fault is Boolean vector 00010010.
Test pattern B for b-fault is Boolean vector 00000010.

Note that any multiple stuck-at fault at gate poles of the sub-circuit implementing monotonous SoP fi* is
equivalent to the multiple fault of this SoP literals [5]. Consequently test for single faults of monotonous SoP

fi* detects any multiple stuck-at fault at gate poles of the corresponding subcircuit from C. The length of this

test is not more than sum of ranks of monotonous SoP fi* products and the number of this SoP products. Thus

in order to derive test detecting any multiple stuck-at faults at gate poles of circuit C we may merge tests for
single faults of literals of all monotonous SoPs of system F*. Try to cut a length of a test detecting any multiple
stuck-at fault at gate poles of circuit C.

For that we form SoP fincluding into it all products corresponding to the ternary vectors of Table 4 rep-
resented by the first and the second columns. Consider certain product K from SoP fand certain literal x;. Find

test pattern for a(b)-fault in above mentioned way. Let product K coincides with product K* of SoP /", and
literal x; coincides with literal x: from K*.

Theorem 1. A test pattern for a(b)-fault of literal x; from K is the test pattern for a(b)-fault for literal x:
of product K*,
Proof. 1t follows from the condition: a set of the products of SoP fi* is subset of the products of SoP f.

The theorem is proved.

Corollary 1. Test T for single a(b)-faults of SoP f'is the test for the same faults of system F* and, conse-
quently, the test for multiple stuck-at faults at gate poles of circuit C.

Corollary 2. The length of test 7' is not more than the sum of ranks of SoP f'products and the number of
these products.

For the system of Table 4 the length of test 7 is not more than 29.

Note that the 7" length may be essentially cut as test patterns for b-faults of different products of SoP f
may coincide [11].

2.2. Full path delay testability of circuit C

We say that circuit is fully delay testable if the delay of each path may be located and measured.

Consider monotonous SoP fi* of system F* corresponding to the one output sub-circuit of C. The sub-
circuit path a beginning on circuit input x; and ending on its output originates literal x; in the corresponding
equivalent normal form (ENF) of the sub-circuit. If we exclude from ENF the sequences of numbers of gates
representing the sub-circuit paths we get monotonous SoP f; of system F*. Consider one product K* from
SoP f* and literal x; corresponding to literal X of the ENF. In [12] it is suggested to consider delay fault of
path o as a temporary fault of the corresponding literal x; of the ENF, and the conditions of detecting robust

PDF are formulated with using properties of ENF products. When finding test pair for falling (rising) transition
of the path, it is suggested [12] to use test pattern for the corresponding b,(a,)-fault. This test pattern is vector v,
of the test pair.
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Note that a, fault means that each appearance of literal x; in ENF products is changed for constant 0

and b, fault means that each appearance of literal x; in ENF products is changed for constant 1.
Take into consideration that literal x: corresponding to literal x; in the ENF may appear in several

products of monotonous SoP ;" .

As SoP ;" is monotonous and its products have no repeated variables, then for any literal of any product
there exists the test pattern both for changing the literal by constant 0 and constant 1.

Consider product K* from fi* and its literal x: . Derive vector y from the ternary vector representing
product K* by changing all don't care components for 0.

Theorem 2. Vector v is the test pattern for the a,-fault.

Proof. Vector vy turns all products of SoP fi* into 0 except product K* that is it turns fault free SoP into
1. When a,-fault appears, fault SoP takes 0 value on vector y. The theorem is proved.

Derive vector 8 from vector y changing its 1 value component x: for 0 value component.

Theorem 3. Vector d is the test pattern for the b,-fault.

Proof. Vector § turns all products of fault free SoP £, into 0. As literal x; disappears in product K* of

fault SOP f;", then the fault SoP takes 1 value on vector 8. The theorem is proved.

The test pattern for the a,-fault is vector v, of the test pair for rising transition of path a. The test pattern
for the b,-fault is vector v, of the test pair for the falling transition of path a.

Let u be minimal cube covering vectors v, .

Theorem 4. (3 v) is the test pair for rising transition of the robust PDF.

Proof. According to Theorem 2, vector v is vector v, for g, fault. Vector v, must have opposite value [12]

on variable x;. This condition is executed. Cube u must be orthogonal [12] all products of SoP fi* except ones
that contain literal x; corresponding to path o. In this case, u is orthogonal all products of SoP f;* except

product K*. Note that the products of SoP fi* have no repeated variables. This means that all conditions for

robust testable manifestation for rising transition of path « is executed. The theorem is proved.

Theorem 5. (y §) is the test pair for falling transition of the robust PDF.

The proof is similar to that of Theorem 4.

Corollary. The sequence (6 y 8)( (y o y)) detects the robust testable PDFs for rising and falling transition
of path a.

Thus we Have shown that each PDF of any sub-circuit of circuit C is robust testable. Note that test pairs

consist of test patterns for a,(b,)-faults of SoP f;".

Take into consideration that The fully delay and multiple stuck-at fault testability is provided, firstly, by
using a description of the sequential circuit behavior with the system of monotonous functions. Secondly, we
apply either the multilevel logic minimization method based on algebraic division or the two level synthesis
method based on irredundant covering. Note that the conventional two-level synthesis method based on choos-
ing product and SoP factors does not guarantee the fully delay testability property because of masking a,(b,)-
faults.

Using a system of monotonous functions we increase the number of loops and the number of inputs of
the sequential circuit but decrease ranks of SoP products.

Conclusion
We have shown that it is possible to derive the sequential circuit from a description of the FSM behavior
either by the transition table or by the STG, so that the resulted circuit has short test detecting all multiple

stuck-at faults at gate poles of the circuit, and a delay of each circuit path is detectable, i.e. robust testable. For
that we need to use unordered code words for symbols of the state alphabet for the STG and symbols of input
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and state alphabets for the transition table. It is necessary to add additional inputs when using the STG. As a
result we get system of monotonous functions. Then applying either the multilevel logic minimization method
based on algebraic division or the two-level synthesis method based on irredundant covering to the system, we
derive combinational part C, fully testable for multiple stuck-at faults and path delay faults. The method of add-
ing the minimal number of input variables for the STG description is suggested. This approach to the FSM de-
sign is connected with increasing of the numbers of inputs and loops of the resulted sequential circuit and de-
creasing its structural implementation.
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MOHOTOHHBIE (DYHKIIUH.
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Ipu pa3BuTHN HAHOTEXHOJIOTHI B JIEKTPOHUKE HEJOCTATOYHO TECTHPOBATH OJMHOYHBIE KOHCTAHTHBIE HEUCIPABHOCTH Ha MOJIIOCAX
JJIEMEHTOB JIOTHYEeCKHX cxeM. HeoOXoaumo TecTHpoBaTh KpaTHbIE KOHCTAHTHBIC HEHCIPABHOCTH Ha MOJIOCAX 3JIEMEHTOB HApSAy C
HEHCTIPABHOCTSIMH 3ajieprkeK cxeMbl. OTHON U3 9acTO HCHONB3YEeMBIX MOJIENeH IS TECTUPOBAHMS BPEMEHH 3a€PKKH SBISIETCS MOJEITh
HeucnpaBHocTeH 3axepxek myreit cxemsl (H3II). B coorBeTcTBHM CO crioco6om mposiBinenus HeucnpasHocTeir H3IT pasznenensr Ha po-
0acTHO TecTHpyeMble HEHCIPAaBHOCTH M HepoOacTHO Tectupyemble HemcnpaBHocTH. H3II pobGacTHO TecTHpyeMsl, eciu MposBICHHUE
HEHCIPABHOCTY HA TECTOBOM Mape He 3aBUCHUT OT 33/IepakKeK Ha Apyrux myTsx cxeMsl. H3I1 HepoGacTHO TecTHpyeMEl, €CIH IPOSIBICHNE
HEHCTIPABHOCTY BO3MOXKHO, TOJIBKO KOTIa BCE APYrHe IMyTH CXEMBI NCIIPaBHEL

W3BecTHO, 9TO Haxke ISl MPOCTBIX CXEM CIOKHO TEePEUIHCIINTE BCEe KPaTHBIE KOHCTAHTHBIE HEHCIIpaBHOCTH, 1 Toabko 20% H3II sB-
JISFOTCSL POOACTHO TECTHPYEMBIMH. VIMEHHO 1MOATOMY OY€Hb Ba)KHO 0OECHEUHTH TECTOMPUTOTHOCTD JIOTHIECKIX CXEM U JUIST KPaTHBIX
KOHCTAHTHBIX HEUCIIPABHOCTEH, 1 JUIS HEHCIPABHOCTEH 3aieprKeK ITyTeil Ha HTare IPOSKTUPOBAHUS CXEMBL.
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B nanHoii paboTe MBI IpeTaraeM MeToj] CHHTEe3a, KOTOPBIH MO3BOJISCT MOTYYaTh IOCIEA0BATEILHOCTHYIO CXEMY, KOTOpast SIBIISIET-
sl MOTHOCTEIO Tecronpuroguoi u ayst H3I1, i 11t KpaTHBIX KOHCTAaHTHBIX HEHCIPABHOCTEH.

bbu10 noka3aHo, 4TO A 33JaHHOTO ONMCAHMA [TOBEJICHHUS aBTOMAaTa BO3MOXKHO IOJIy4UTh [IOCIEI0BATEIIBHOCTHYIO CXEMY TaK, YTO
PEe3yIBTHUPYIOMAs CXeMa UMEEeT JAOCTaTOYHO KOPOTKHIl TeCT, OOHAPYKUBAIOIIMHA BCE KPAaTHbIE KOHCTAHTHBIE HEHCIIPABHOCTH HA ITONIO-
cax 21eMeHTOB cxeMsl, 1 H3I1 st kaskmoro myTu cXeMsl 0OHApY>KUMEL, T.€. SIBIISIOTCS POOACTHO TECTHPYEMBIMIL

C HoMOIIBIO CHIENMaIbHOTO KOANPOBAHMS (HEYIOPSJOYEHHBIMI KOJOBBIMH CIIOBAaMH) BHYTPEHHHX COCTOSTHHII aBTOMaTa U BBEJIe-
HHUEM JIOTIOTHUTENBHBIX BXOZOB IIOCTPOUM CHCTEMY MOHOTOHHBIX (DYHKITHH, SBIISIOIIYIOCS] OZHON M3 peann3aliyii, OIHCHIBAIONINX I10-
BeZleHHe aBToMara. [loka3zaHo, 4To MpUMEHEHHe METOAa MIHUMHU3ALIK MHOTOYPOBHEBBIX JJOTHMUECKUX CXeM, OCHOBAaHHOIO Ha anrebpa-
HMYECKOM JETICHHUH, MIIH METO/a ABYXYPOBHEBOIO CHHTE3a, OCHOBAHHOI'O Ha 0€3bI30BITOYHOM MOKPHITUH CHCTEMBI, TO3BOMSET CHHTE3H-
pOBaTh KOMOMHAIIOHHYIO YacTh CXEMBI, KOTOpAs SIBIISIETCS TECTONPUTOMHOM JUIs 3aJaHHOTO Kilacca HeHcIpaBHOcTe. B pabore Taxxe
IIPEUIOKEH METOJ IIOMCKAa MUHUMAIILHOT'O YHUCNIA JONOIHUTENIBHBIX BXOAHBIX IEPEMCHHBIX.
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