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OPTIMIZING RADIATION PATTERN OF BROADSIDE ARRAY ANTENNA 
BY AMPLITUDE-POSITION PERTURBATIONS USING A GENETIC    

ALGORITHM

Chao-Hsing Hsu, Kang K. Yen, Tadeusz Babij

Â ñòàòüå îïèñàíà ðåàëèçàöèÿ àíòåííû ñ àìïëèòóäíî-ïîçè-
öèîííûì âîçáóæäåíèåì. Ãåíåòè÷åñêèé àëãîðèòì èñïîëüçóåò-
ñÿ äëÿ îïòèìèçàöèè ïàòòåðíà èçëó÷åíèÿ àíòåííû.

This paper presents the implementation of the broadside
antenna by using adaptive array antenna. Even though this kind
of broadside antenna is little bit costly compared with the con-
ventional ones, its performance can be improved because it is
possible to null the interfering signals and maximize the main
lobe towards the array normal at the same time. Thus the opti-
mal radiation pattern can be obtained. In many applications, it
is required to have the maximum radiation of an array directed
toward the array normal. An optimal radiation pattern design
for a broadside array antenna is not only to derive the maximum
power radiation at the array normal direction but also to sup-
press interference by placing a null at the direction of the inter-
fering sources. The Signal Interference Ratio (SIN) can be
maximized. Genetic algorithms are used for the search of the
optimal radiation pattern by amplitude-position perturbations.
Details on the structure of the system, radiation pattern formu-
lation, the application of the genetic algorithm and simulation
results are given.

1 INTRODUCTION

Conventional broadside antennas can form a main lobe
always towards the array normal. Their structures are sim-
ple, but they are not able to compress the interferences. As
the development of the modern communications, higher and
higher communication quality is required by users for differ-
ent kinds of antennas. In order to improve the performance
of the broadside antenna, implementing the function of the
broadside antennas with adaptive antenna array is a possible
approach.

A broadside array antenna must keep maximum radiation
toward array normal. In the previous papers [1-6], adaptive
pattern nulling technique has been studied in the optimal
radiation pattern search. Adaptive pattern nulling technique
means minimizing the power of the interfering signal coming
from any direction by putting a null in its direction. In this
paper, the optimal radiation pattern of broadside array will
not only be able to suppress interferences by placing nulls
but also be able to derive the maximum power radiation in
the array normal direction. A deduced formula of the radia-
tion pattern of broadside array antennas is suitable for the

optimal solution search. The formula can always keep maxi-
mum radiation of a broadside array antenna toward array
normal. At the same time, it can cancel all the interferences
from the interfering sources. A perturbation method consists
of small perturbations with the element parameters. The
technique features are amplitude and position perturbations.
As known, compared with gradient-based search methods,
genetic algorithms can derive a global search by mutation
technique and avoid being trapped in local optima. A search
procedure based on the genetic algorithm is used to obtain
the required perturbations for the designed optimal radiation
patterns.

This paper first presents the structure of the adaptive
antenna, which will be used as a broadside antenna. The
idea is trying to simplify the structure as much as possible so
as not to increase the cost much. Second, the formulation of
the radiation pattern is deduced based on the characteristics
of the broadside antenna. Third, the application of the
genetic algorithms to the optimal radiation pattern design of
the broadside antenna is explained. Last, the simulation
results are given.

2 DEDUCING RADIATION PATTERN FORMULA 
FOR SEARCHING OPTIMAL SOLUTION 

For an adaptive linear array of  equispaced sensor ele-

ments as Figure 1, an interfering signal with wavelength 
impinges on any two adjacent element n and element 

by a distance  from the direction  with respect to array
normal as shown in Figure 2. To reach any two adjacent ele-
ments, there is a time delay  as follows [7-8]: 

, (1)

 is the propagation speed of radio wave.  corresponds to
a phase shift of .

. (2)

2N

λ
n 1+

d θ

τ

τ d θsin
v

---------------=

v τ
ψ

ψ 2π
λ

------d θsin kd θsin= =
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Figure 1 - Diagram of an adaptive linear array designed 
by amplitude-only perturbations using a genetic algo-

rithm

Figure 2 - The incident signal reaching any two adjacent 
elements

The array factor of adaptive linear array for far field
using phase perturbations is given by

, (3)

where  - amplitude weight at element .

If the reference point is at the physical center of the
array, the array factor becomes

, (4)

where  - number of elements,  - incident angle of inter-

fering signal or desired signal.
If amplitude weights are in even symmetry, the equation

(4) can be simplified to

. (5)

In order to increase the performance of adaptive array,
the antenna position perturbations in even symmetry are
added. The array factor becomes as

,(6)

where  is the position weight at element .

The equation (6) can always keep maximum radiation
toward array normal however the weights change. In addi-
tion, it is suitable for optimal solution searching.

3 GENETIC ALGORITHM APPROACH FOR OPTI-
MIZING RADIATION PATTERN

With fitness function given by the square of  in

equation (6), a genetic algorithm is used to adjust the posi-
tion weights based on the power of the array in the interfer-
ing direction [9-10]. The goals are to minimize the total
output power of the interfering signal. During the process of
genetic iteration, the weight vector kept for the next step
iteration should make the output power of the interfering
signal to be decreased monotonically. Owing to a broadside

array, the main lobe is always toward 0  with respect to
array normal using equation (6), the radiation pattern could

not only make the main lobe is always toward 0  or 180
but also minimize the total output power of the interfering
signal at same time. Obviously, this technique can maximize
the signal to interference ratio (SIR) for an broadside array
antenna. The flow chart is shown in Figure 3. Steps of
genetic algorithm are as follows:

Step 1. Initialization: A set of chromosomes is randomly
generated. A chromosome (weight vector) is composed of
genes (weights). For this problem, the genes are  and

. So, The initial step is generating a collection of ran-

dom matrix vectors , ,

. The number of genes is .  is the
number of chromosomes or population size. Define a vector
and variable to which the gradually optimized chromosome
and its fitness are saved separately. Their initial values are
the first chromosome of the generated chromosome set and
its fitness.

Step 2. Evaluation: For every chromosome, two objective
functions are calculated for evaluating its fitness. One is the
output power of the desired signal; the other is the output
power of the interfering signal. Check every chromosome's
fitness step by step. Compared with the present best fitness,
if one chromosome can not only give the higher output
power of the desired signal but also the lower output power
of the interfering signal, renew the value of the defined vec-
tor and variable with this chromosome and its fitness. Oth-
erwise, keep their values unchanged.

receiver

genetic
algorithm

ÿ

θ

ch
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m
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incident source

αNα2α1α1α2αN

d d d
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Step 3. Selection: A random number generator is used to
generate random numbers whose values are between 0 and 1.
If the value of random number is smaller than , this chro-

mosome survives; otherwise, it dose not survive. The best
fitness of the population always survives.

Step 4. Crossover: Pairs of parents are selected from these
survivors. Single point crossover is selected to produce the
next generation. The weight string from the beginning of
chromosome to the crossover point is copied from one parent
and the rest is copied from the second parent. 

Step 5. Mutation: The basic mutation operator randomly
generates a number as the crossover position and then
changes the value of this gene randomly.

Step 6. Termination: Steps 2-5 are repeated till the prede-
fined number of generations has been reached. 

The best set of weights (amplitude and position weights)
can be generated after Termination.

The flow chart of genetic algorithms is as follows:

Figure 3 - Flow chart of genetic algorithm

4 SIMULATION RESULTS

For this problem, the necessary variables of genetic algo-
rithm are defined as follows: population size  equals to 20;

the selected survival rate  equals to 0,5; the probability of

crossover is 0,5; the proportion of mutated genes is 0,5.
In this problem, assumed a linear antenna array is com-

posed of 20 isotropic elements. So,  equals 10.

. The distance  of two adjacent elements is

half of . The optimal radiation pattern technique features
are by position perturbations. The fitness function is given

by the square of  in equation (6). Both amplitude

weights and position weights are in even symmetry. The

value of  is set between 0,1 and 1. The value of  is set

between -0,24 and 0,24.

Case and Result: With respect to array normal, the inter-

fering signal directions are from 40  and -20  respectively,

and main lobe is toward 0 . The genetic algorithm is going
to stop after 10000 iterations. The results are as showed in
Table 1 and Figure 5. The optimal radiation pattern is
derived. The SIN=125dB so that the interfering noise can be
completely ignored.

The relative power pattern  is getting convergent as Fig-
ure 4. It can be seen that SIR reaches to 100dB only in the
45th generation. So, the efficiency of genetic algorithm
approach is very high and the interference can be completely
ignored in real time signal processing.

Figure 4 - Relative power pattern getting convergent 
using iteration
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Table 1 The weight for the optimal radiation pattern

Main lobe toward 

Nulling direction in from  and 

 

 

° °
°

0°

40° 20°–

α1 0 572,= d1∆ 0 158,=

α2 0 965,= d2∆ 0 077,=

α3 0 506,= d3∆ 0– 161,=

α4 0 949,= d4∆ 0– 005,=

α5 0 761,= d5∆ 0– 078,=

α6 0 986,= d6∆ 0– 168,=

α7 0 678,= d7∆ 0– 240,=

α8 0 922,= d8∆ 0– 197,=

α9 0 830,= d9∆ 0– 024,=

α10 0 166,= d10∆ 0 132,=



6

ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 1, 2003

Figure 5 - Adaptive radiation pattern of broadside array 

antenna for main lobe toward  and interfering source 

at  and 

The interfering signal directions are from 40  and -20

(i.e. 340 ) respectively, and the maximum radiation toward

0 . The radiation patterns are mapped from 90  to 270  as
showed in Figure 6 in dB scale and in Figure 7 in decimal
scale.

5 CONCLUSIONS

The optimal radiation pattern design of broadside array
antenna based on amplitude-position perturbations using a
genetic algorithm is proposed and achieved. For a broadside
array, the desired signal direction is always at 0  with
respect to array normal. In the paper, first, the output
power formula based on amplitude and position for broad-
side array antenna composed by adaptive antenna array is
deduced. In order to be able to adopt genetic algorithm to
search the optimal radiation pattern, the formula is reformed
through assuming amplitude and position weights are in
even symmetry. Genetic algorithms are applied to find the
optimal radiation pattern of the proposed adaptive antenna.
As the optimal radiation pattern means that the power of
desired signal should be highest and the power of interfering
signals should be lowest as much as possible at the same
time. In this paper, the optimal radiation pattern of broad-
side array was obtained. The convergence curves of genetic
algorithm iteration show that it is effective for this problem.
The approach of genetic algorithm in an adaptive linear
array places nulls in the directions of interference and forms
maximum main lobe in the direction of array normal to the
far-field radiation pattern. The adaptive radiation pattern of
broadside array antenna has been derived in this paper.

Figure 6 - The whole radiation pattern of adaptive 
broadside array antenna in dB scale

Figure 7 - The whole radiation pattern of adaptive 
broadside array antenna in decimal scale
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ÐÀÄÈÎÔÈÇÈ×ÅÑÊÈÉ ÏÎÄÕÎÄ Ê ÈÇÌÅÐÅÍÈÞ ÑÊÎÐÎÑÒÈ 
ÃÀÇÎÂÛÄÅËÅÍÈß Â ÑÂÈÍÖÎÂÎ-ÊÈÑËÎÒÍÛÕ       

ÀÊÊÓÌÓËßÒÎÐÍÛÕ ÁÀÒÀÐÅßÕ

Â.À.Äçåíçåðñêèé, Ñ.Â.Ïëàêñèí, È.È.Ñîêîëîâñêèé 

Çàïðîïîíîâàíèé ðàä³îô³çè÷íèé ìåòîä êîíòðîëþ ãàçîâèä³-
ëåííÿ â ñâèíöåâî-êèñëîòíèõ àêóìóëÿòîðàõ, çàñíîâàíèé íà
çì³í³ ðîçïîä³ëó åëåêòðè÷íîãî ïîëÿ â õâèëåâîäí³é åëåêòðî-
äèíàì³÷í³é ñèñòåì³, ùî ì³ñòèòü ñòàá³ë³çîâàíèé íàï³âïðîâ³ä-
íèêîâèé ãàííîâñüêèé ãåíåðàòîð. ²íôîðìàö³ÿ ïðî øâèäê³ñòü
ãàçîâèä³ëåííÿ äîçâîëÿº îö³íèòè ì³ðó ñàìîðîçðÿäó ³ ñòóï³íü
çàðÿäæåííîñò³ àêóìóëÿòîðíî¿ áàòàðå¿, îïòèì³çóâàòè ðåæèì
çàðÿäó àêóìóëÿòîðíî¿ áàòàðå¿.

Ïðåäëîæåí ðàäèîôèçè÷åñêèé ìåòîä êîíòðîëÿ ãàçîâûäåëå-
íèÿ â ñâèíöîâî-êèñëîòíûõ àêêóìóëÿòîðàõ, îñíîâàííûé íà
èçìåíåíèè ðàñïðåäåëåíèÿ ýëåêòðè÷åñêîãî ïîëÿ â âîëíîâîäíîé
ýëåêòðîäèíàìè÷åñêîé ñèñòåìå, ñîäåðæàùåé ñòàáèëèçèðîâàí-
íûé ïîëóïðîâîäíèêîâûé ãàííîâñêèé ãåíåðàòîð. Èíôîðìàöèÿ î
ñêîðîñòè ãàçîâûäåëåíèÿ ïîçâîëÿåò îöåíèòü ìåðó ñàìîðàçðÿäà
è ñòåïåíü çàðÿæåííîñòè àêêóìóëÿòîðíîé áàòàðåè, îïòèìè-
çèðîâàòü ðåæèì çàðÿäà àêêóìóëÿòîðíîé áàòàðåè.

The radiophysical method of control of gassing in the lead-
acid accumulators, based on the change of distribution of the
electric field in the waveguide electrodynamic system contain-
ing the stabilized semiconductor Gann-generator, is offered.
Information about the gassing rate allows to estimate the mea-
sure of self-discharge and degree of charge of accumulator bat-
tery, to optimize the mode of charge of accumulator battery.

ÂÂÅÄÅÍÈÅ

Îäíîé èç ïðè÷èí ñíèæåíèÿ ðåñóðñíûõ õàðàêòåðèñòèê
ñâèíöîâî-êèñëîòíûõ àêêóìóëÿòîðíûõ áàòàðåé (ñòàðòåð-
íûõ, ñòàöèîíàðíûõ, òÿãîâûõ) ÿâëÿåòñÿ ÷ðåçìåðíûé ðàç-
ðÿä è íåêîíòðîëèðóåìîå âðåìÿ íàõîæäåíèÿ èõ â ðàçðÿ-
æåííîì ñîñòîÿíèè. ×ðåçìåðíûé ðàçðÿä ïðè ýòîì ìîæåò
áûòü ñâÿçàí êàê ñ óñëîâèÿìè ýêñïëóàòàöèè áàòàðåé, òàê è
ñ ñàìîðàçðÿäîì. Ñàìîðàçðÿä áàòàðåé ïðîÿâëÿåòñÿ ïðè
õðàíåíèè èõ íà ñêëàäå èëè ïðè äëèòåëüíûõ ïåðåðûâàõ â
èõ ýêñïëóàòàöèè. Ïîä ñàìîðàçðÿäîì ïîäðàçóìåâàþò ïîòå-
ðþ åìêîñòè àêêóìóëÿòîðíîé áàòàðåè ñ ðàçîìêíóòîé
öåïüþ, è ïðîèñõîäèòü îí ìîæåò çà ñ÷åò òîêîâ óòå÷êè ïî
ïîâåðõíîñòè áàòàðåè, ñìî÷åííîé ýëåêòðîëèòîì, ìåæäó
âûâîäàìè òîêîâåäóùèõ ìîñòèêîâ, çà ñ÷åò òîêîâ óòå÷êè
ñèñòåìû ýëåêòðîïèòàíèÿ òðàíñïîðòíîãî ñðåäñòâà, à òàêæå
çà ñ÷åò îïðåäåëåííûõ ôèçèêî-õèìè÷åñêèõ ìåõàíèçìîâ â
àêêóìóëÿòîðå, âêëþ÷àþùèõ àíîäíóþ ðåàêöèþ èîíèçàöèè
ìåòàëëà è êàòîäíûé âîññòàíîâèòåëüíûé ïðîöåññ. C òî÷êè

çðåíèÿ òåðìîäèíàìèêè ïðè÷èíà ñàìîðàçðÿäà (è êîððîçèè
ìåòàëëà òîêîîòâîäà) îáóñëîâëåíà òåðìîäèíàìè÷åñêîé
íåóñòîé÷èâîñòüþ ìåòàëëè÷åñêîãî ñâèíöà è äèîêñèäà ñâèí-
öà ïðè ðàáîòå èõ â êà÷åñòâå ýëåêòðîäîâ àêêóìóëÿòîðà.

-ýëåêòðîä ðàñïîëàãàåòñÿ â çîíå òåðìîäèíàìè÷åñêîé

íåóñòîé÷èâîñòè âîäû äèàãðàììû Ïóðáå ( B) è

âçàèìîäåéñòâóåò ñ âîäîé ñ âûäåëåíèåì êèñëîðîäà. -
ýëåêòðîä òàêæå ðàñïîëîæåí â çîíå òåðìîäèíàìè÷åñêîé

íåóñòîé÷èâîñòè âîäû ( B) è äîëæåí âçàèìîäåé-
ñòâîâàòü ñ âîäîé ñ âûäåëåíèåì âîäîðîäà. È â ýòîì ñìûñëå
ñàìîðàçðÿä ñâèíöîâî-êèñëîòíûõ àêêóìóëÿòîðîâ è ñîïðÿ-
æåííîå ñ ýòèì ãàçîâûäåëåíèå ÿâëÿåòñÿ íåèçáåæíûì.
Êîíòðîëü ñêîðîñòè ãàçîâûäåëåíèÿ ÿâëÿåòñÿ ïîýòîìó
âàæíîé ïðîöåäóðîé, òàê êàê ïîçâîëÿåò ïðîãíîçèðîâàòü
ìåðó ñàìîðàçðÿäà è ñòåïåíü çàðÿæåííîñòè àêêóìóëÿ-
òîðíîé áàòàðåè áåç êîíòðîëüíûõ èçìåðåíèé.

Êðîìå òîãî, â ðåàëüíûõ óñëîâèÿõ ó âñåõ ìåòàëëîâ,
ÿâëÿþùèõñÿ äîáàâêàìè èëè âñòðå÷àþùèõñÿ â êà÷åñòâå
ïðèìåñåé â ñûðüå àêêóìóëÿòîðíûõ ýëåêòðîäîâ, çíà÷åíèå
âîäîðîäíîãî ïåðåíàïðÿæåíèÿ íèæå, ÷åì íà ÷èñòîì ñâèíöå.
Ñíèæåíèå ýíåðãåòè÷åñêîãî áàðüåðà ïðîöåññà

  ïîâûøàåò ñêîðîñòü ðåàêöèé 

, òî åñòü ñêîðîñòü âûäåëåíèÿ âîäîðîäà

ïðÿìî ñâÿçàíà ñ êîððîçèåé. Ïîýòîìó ðàçðàáîòêà íàäåæ-
íîãî ìåòîäà êîíòðîëÿ òåìïà ãàçîâûäåëåíèÿ áóäåò ñïî-
ñîáñòâîâàòü âûÿâëåíèþ äîáàâîê, ïîâûøàþùèõ êîððîçèþ,
è îáëåã÷èò ïîèñê èíûõ äîáàâîê, ñíèæàþùèõ êîððîçèþ.

1 ÌÎÒÈÂÀÖÈß ÐÀÇÐÀÁÎÒÊÈ ÈÇÌÅÐÈÒÅËß 
ÑÊÎÐÎÑÒÈ ÃÀÇÎÂÛÄÅËÅÍÈß

Èìååòñÿ åùå îäèí ìîòèâ äëÿ ïðîâåäåíèÿ èññëåäîâàíèé
ïî îáåñïå÷åíèþ íàäåæíûõ èçìåðåíèé ñêîðîñòè ãàçîâûäå-
ëåíèÿ. Êàê óêàçûâàëîñü âûøå, ñàìîðàçðÿä è êîððîçèÿ
îòðèöàòåëüíîãî ýëåêòðîäà ñâÿçàíû ñ âçàèìîäåéñòâèåì
ðàñòâîðåííîãî â ýëåêòðîëèòå êèñëîðîäà ñî ñâèíöîì:

.

PbO2

E0 +1 629,=

Pb

E0 0 356,–=

2H+ 2e H2→+ Pb 2e– +

S+ O4
2– PbSO4→

Pb 1
2
---O2 H2SO4 PbSO4 H2O+→+ +
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Ýòîò ïðîöåññ ïî ìåðå îáðàçîâàíèÿ ñëîÿ ñóëüôàòà
ñâèíöà çàìåäëÿåòñÿ è åãî ðîëü â íåãåðìåòèçèðîâàííûõ
àêêóìóëÿòîðàõ íå ñòîëü ñóùåñòâåííà. Ñàìîðàçðÿä
ïîëîæèòåëüíûõ ýëåêòðîäîâ îáóñëîâëåí ñàìîïðîèçâîëü-
íûì âîññòàíîâëåíèåì äèîêñèäà ñâèíöà â ñîîòâåòñòâèè ñ
ðåàêöèåé:

.

Ýòîò ïðîöåññ, êàê è ïðîöåññ ñàìîðàñòâîðåíèÿ ñâèíöà

, ÿâëÿåòñÿ ñóììàðíîé ðåàê-

öèåé äâóõ ñîïðÿæåííûõ ïðîöåññîâ: êàòîäíîãî âîññòàíîâ-

ëåíèÿ äèîêñèäà ñâèíöà: 

 è àíîäíîãî îêèñëåíèÿ âîäû:

 Ïðè÷åì, ñêîðîñòü ïðîöåññà

ñàìîïðîèçâîëüíîãî âîññòàíîâëåíèÿ äèîêñèäà ñâèíöà
çàâèñèò îò íàëè÷èÿ ïðèìåñåé, ñíèæàþùèõ ïîòåíöèàë
âûäåëåíèÿ êèñëîðîäà, îò êîíöåíòðàöèè , îò

òåìïåðàòóðû è äðóãèõ ôàêòîðîâ. Êîððîçèÿ ðåøåòêè
ñâèíöîâî-ñóðüìÿíèñòîãî ïîëîæèòåëüíîãî ýëåêòðîäà, êàê è
ñàìîðàçðÿä, îáóñëîâëåíà îêèñëåíèåì ñóðüìû, äåéñòâèåì

êîðîòêîçàìêíóòûõ ìèêðîãàëüâàíîýëåìåíòîâ 

, âçàèìîäåéñòâèåì  êàê ñèëüíîãî îêèñëèòåëÿ

ñ âåùåñòâàìè, ñïîñîáíûìè âîññòàíàâëèâàòüñÿ, íàïðèìåð,
ïî ðåàêöèè:

.

Íåîáõîäèìîñòü íàäåæíûõ è áûñòðûõ èçìåðåíèé
ñêîðîñòè ãàçîâûäåëåíèÿ ñóùåñòâóåò è â òåõíîëîãè÷åñêèõ
îïåðàöèÿõ ïî óñêîðåííîìó çàðÿäó àêêóìóëÿòîðíûõ áà-
òàðåé êàê íà ñòàäèè èõ ñåðèéíîãî ïðîèçâîäñòâà, òàê è ïðè
ýêñïëóàòàöèè (ïîäçàðÿäå).

Êàê èçâåñòíî, çàðÿäíûé òîê ïðèâîäèò ê âîçíèêíîâåíèþ
õèìè÷åñêîé ðåàêöèè, èçìåíÿþùåé õèìè÷åñêèé ñîñòàâ
ìàòåðèàëà ïëàñòèíû è ýëåêòðîëèòà. Ñêîðîñòü ýòîé
ðåàêöèè çàâèñèò îò âåëè÷èíû çàðÿäíîãî òîêà - ÷åì âûøå
òîê, òåì áûñòðåå ïðîòåêàåò ðåàêöèÿ. Áåçîòíîñèòåëüíî ê
óñëîâèÿì ïðîâåäåíèÿ çàðÿäíîãî ïðîöåññà (ðåæèì çàäàí-
íîãî òîêà, ðåæèì çàäàííîãî íàïðÿæåíèÿ, èìïóëüñíûé, â
òîì ÷èñëå çíàêîïåðåìåííûé ðåæèì è ïð.), â êîíå÷íîì
ñ÷åòå, èìåííî çàðÿä, ñâÿçàííûé ñ ýòèì òîêîì, çàïàñàåòñÿ â
àêêóìóëÿòîðå äëÿ ïîñëåäóþùåãî èñïîëüçîâàíèÿ. Â ïðî-
öåññå çàðÿäà àêêóìóëÿòîðíàÿ áàòàðåÿ íàêàïëèâàåò âñå
áîëüøèé çàðÿä è, â êîíöå êîíöîâ, íàñòóïàåò íàñûùåíèå,
òî åñòü õèìè÷åñêàÿ ðåàêöèÿ ñòàáèëèçèðóåòñÿ (èëè óðàâíî-
âåøèâàåòñÿ) è äàëüíåéøåå íàêîïëåíèå çàðÿäà ïðåêðà-
ùàåòñÿ. Ïðè ýòîì áîëüøèíñòâî ñóëüôàòíûõ èîíîâ,
êîòîðûå áûëè ïîãëîùåíû èç ðàñòâîðà ñåðíîé êèñëîòû
ñâèíöîâûìè ïëàñòèíàìè âî âðåìÿ öèêëà ðàçðÿäà àêêóìó-
ëÿòîðíîé áàòàðåè, âîçâðàùàåòñÿ èç ïëàñòèí â ðàñòâîð.
Ïðè ýòîì ïëàñòèíû ïðèîáðåòàþò ìåòàëëè÷åñêèå ñâîéñòâà
è íà÷èíàþò âåñòè ñåáÿ êàê ýëåêòðîäû, ïîìåùåííûå â
âîäíûé ðàñòâîð, òî åñòü ïðåêðàñíóþ ñðåäó äëÿ ýëåêòðî-
ëèçà. Çàðÿäíûé òîê â äàëüíåéøåì ïðè ïðîäîëæåíèè
çàðÿäà íà÷èíàåò ðàçëàãàòü âîäó â ýëåêòðîëèòå íà âîäîðîä

è êèñëîðîä ("êèïåíèå" áàòàðåè) ñ èíòåíñèâíûì ãàçî-
âûäåëåíèåì. Ñòàòèñòèêà ïîêàçûâàåò, ÷òî ãàçîâûäåëåíèå
íà÷èíàåòñÿ, êîãäà â áàòàðåå çàïàñåíî îêîëî 70-88% ïîë-
íîãî çàðÿäà. Åñëè áàòàðåþ çàðÿæàòü è äàëüøå ñ ïðåæíåé
ñêîðîñòüþ, ãàçîâûäåëåíèå ìîæåò ïðèâåñòè ê ïîâðåæäåíèþ
áàòàðåè. Íåîáõîäèìî èëè ïîëíîñòüþ ïðåêðàòèòü ïîäà÷ó
òîêà â àêêóìóëÿòîðíóþ áàòàðåþ, èëè èçìåíèòü ðåæèì
çàðÿäà ("äîçàðÿäêà"). Ñóùåñòâóåò, â ÷àñòíîñòè, òî÷êà
çðåíèÿ, ÷òî íå ñëåäóåò äîâîäèòü áàòàðåþ äî ïîëíîãî
çàðÿäà [1], òàê êàê â ðåàëüíûõ óñëîâèÿõ, íàïðèìåð, ïðè
èñïîëüçîâàíèè áàòàðåé â êà÷åñòâå ñòàðòåðíûõ â
òðàíñïîðòíûõ ñðåäñòâàõ, äàæå íåáîëüøèå îòêëîíåíèÿ â
äèíàìè÷åñêîì ïðîöåññå çàðÿä-ðàçðÿä ìîãóò ïðèâåñòè ê
èçáûòî÷íîìó ãàçîâûäåëåíèþ. Ýòî îïàñíî, òàê êàê
ïðèâîäèò ê ïðåæäåâðåìåííîìó èçíîñó àêêóìóëÿòîðíîé
áàòàðåè è ê íåðàöèîíàëüíîìó ðàñõîäîâàíèþ çàðÿäíîãî
òîêà íà ýëåêòðîëèç.

2 ÎÏÒÈÌÀËÜÍÎÅ ÇÍÀ×ÅÍÈÅ 
ÏÎÄÄÅÐÆÈÂÀÞÙÅÃÎ ÒÎÊÀ

Èç àíàëèçà âûøåïðèâåäåííûõ ïðîöåññîâ â [2] ïðåäëî-
æåí ïîäõîä, íàïðàâëåííûé íà ñíèæåíèå ñàìîðàçðÿäà,
êîððîçèè è ãàçîâûäåëåíèÿ. Ñóòü ýòîãî ïîäõîäà çàêëþ-

÷àåòñÿ â ñëåäóþùåì. Óñòîé÷èâîå ñóùåñòâîâàíèå  è

 áûëî áû âîçìîæíûì, åñëè áû ïîòåíöèàë -

ýëåêòðîäà ïðåâûøàë çíà÷åíèå +1,629Â, à ïîòåíöèàë -
ýëåêòðîäà áûë áîëåå -0,356Â. Ýòî ìîæíî ðåàëèçîâàòü,
åñëè íà àêêóìóëÿòîð ïîäàòü íàïðÿæåíèå òàêîé âåëè÷èíû,
÷òîáû ïðîòåêàþùèé òîê áûë íàïðàâëåí íàâñòðå÷ó òîêó
ñàìîðàçðÿäà è ïî àáñîëþòíîé âåëè÷èíå áûë ðàâåí òîêó
ñàìîðàçðÿäà. Ïî ñóùåñòâó ýòî áóäåò òîê, ïîääåðæè-
âàþùèé îïòèìàëüíûé ðåæèì àêêóìóëÿòîðà: ýòèì áóäåò
îáåñïå÷åíà êàòîäíàÿ çàùèòà îòðèöàòåëüíîãî ýëåêòðîäà è
àíîäíàÿ çàùèòà ïîëîæèòåëüíîãî ýëåêòðîäà, ñíèæåíî äî
ìèíèìóìà ãàçîâûäåëåíèå. Âàæíûì ìîìåíòîì ïðè ýòîì
ÿâëÿåòñÿ îöåíêà îïòèìàëüíîãî çíà÷åíèÿ óêàçàííîãî
ïîääåðæèâàþùåãî òîêà. Î÷åâèäíî, ÷òî ýòî îïòèìàëüíîå
çíà÷åíèå ñîîòâåòñòâóåò ìèíèìàëüíîìó (ïî ñóùåñòâó -
íóëåâîìó) ãàçîâûäåëåíèþ. Ïðåâûøåíèå ýòîãî îïòè-
ìàëüíîãî çíà÷åíèÿ ïîääåðæèâàþùåãî òîêà ïðèâîäèò âíîâü
ê ðîñòó ãàçîâûäåëåíèÿ èç-çà ðàçëîæåíèÿ âîäû. Òàêèì
îáðàçîì, èçìåðåíèÿ ñêîðîñòè ãàçîâûäåëåíèÿ ìîãóò äàòü
äîñòàòî÷íî íàäåæíûå çíà÷åíèÿ òîêà ïîääåðæàíèÿ äëÿ
êîíêðåòíîãî òèïà àêêóìóëÿòîðíîé áàòàðåè, à äèíàìè-
÷åñêèé êîíòðîëü óêàçàííîé ñêîðîñòè ãàçîâûäåëåíèÿ -
îáåñïå÷èòü íåîáõîäèìûå âàðèàöèè çíà÷åíèé ïîääåðæè-
âàþùåãî òîêà ñ ó÷åòîì ìåðû èçíîñà àêêóìóëÿòîðíîé
áàòàðåè, òåìïåðàòóðû îêðóæàþùåé ñðåäû è ïîòåíöèàëü-
íîãî ðåñóðñà.

3 ÎÁÎÑÍÎÂÀÍÈÅ ÂÛÁÎÐÀ ÄÀÒ×ÈÊÀ 
ÊÎÍÒÐÎËß ÒÅÌÏÀ ÃÀÇÎÂÛÄÅËÅÍÈß

Ìîæíî çíà÷èòåëüíî óìåíüøèòü ðàçðóøèòåëüíûå
ïîñëåäñòâèÿ âûäåëåíèÿ ãàçà, ñíèçèâ çàðÿäíûé òîê ïðè
ïîÿâëåíèè ïðèçíàêîâ ãàçîâûäåëåíèÿ. Äëÿ ýòîãî òàêæå
íåîáõîäèì âûñîêî÷óâñòâèòåëüíûé äàò÷èê ñêîðîñòè ãàçî-
âûäåëåíèÿ, êîòîðûé ïîçâîëÿë áû ðåãóëèðîâàòü ïîäà÷ó
çàðÿäíîãî òîêà â àêêóìóëÿòîðíóþ áàòàðåþ.

PbO2 H2SO4 PbSO4
1
2
---O2 H2O+ +→+

Pb H2SO4 PbSO4 H2+→+

PbO2 2e H2SO4 2H+ →+ + +

PbS→ O4 2H2O+

H2O 2e 1 2⁄ O2 2H++→–

H2SO4

Pb H2SO4 ⁄⁄

PbO2 PbO2

PbO2 H2 PbSO4 2H2O+→+

PbO2
Pb PbO2

Pb
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Ïîïûòêè èñïîëüçîâàíèÿ äàò÷èêîâ ðàñõîäà ãàçà äëÿ
îáåñïå÷åíèÿ îïòèìàëüíîãî ðåæèìà çàðÿäà àêêóìóëÿòîðîâ
ðàíåå ïðåäïðèíèìàëèñü [1, 3-5], ãäå â êà÷åñòâå óêàçàííûõ
äàò÷èêîâ èñïîëüçîâàëàñü êîìáèíàöèÿ ðåîìåòð-äàò÷èê
äàâëåíèÿ. Èñïîëüçîâàíèå òàêèõ äàò÷èêîâ ðàñõîäà ãàçà íå
ïîçâîëÿåò îïåðàòèâíî èíôîðìèðîâàòü ðåãóëÿòîð çàðÿä-
íîãî óñòðîéñòâà î íåîáõîäèìûõ èçìåíåíèÿõ ðåæèìà
çàðÿäà, à ïðîöåäóðà âûðàáîòêè èíôîðìàöèîííîãî ñèãíàëà
äëÿ óïðàâëåíèÿ ðåæèìîì çàðÿäà äîñòàòî÷íî ñëîæíà.
Íåîáõîäèì äàò÷èê, êîòîðûé íåïîñðåäñòâåííî ïðåîáðà-
çîâûâàë áû èçìåíåíèÿ ñêîðîñòè ãàçîâûäåëåíèÿ â
èçìåíåíèÿ ýëåêòðè÷åñêîãî ñèãíàëà, áûë áû áåçûíåðöèîí-
íûì, à ýêñïëóàòàöèÿ åãî, êàê è âåñü ïðîöåññ çàðÿäà, áûëà
áû áåçîïàñíîé è îáåñïå÷èâàëà áû âîçìîæíîñòü ïîëíîé
àâòîìàòèçàöèè ïðîöåññà çàðÿäà.

Òàêèìè âîçìîæíîñòÿìè îáëàäàþò äàò÷èêè, ïîñòðîåííûå
íà ðàäèîôèçè÷åñêèõ ïðèíöèïàõ, â êîòîðûõ èíôîðìàöèîí-
íûé ñèãíàë ìîæåò áûòü âûðàáîòàí çà ñ÷åò èçìåíåíèÿ
ïàðàìåòðîâ ýëåêòðîäèíàìè÷åñêîé ñèñòåìû ïðè âíåñåíèè â
ïîñëåäíþþ èìïåäàíñíîé ñðåäû, îáúåì è ñêîðîñòü
ïîñòóïëåíèÿ êîòîðîé â ýëåêòðîäèíàìè÷åñêóþ ñèñòåìó
ïðîïîðöèîíàëüíû ñêîðîñòè ãàçîâûäåëåíèÿ â ïðîöåññå
çàðÿäà àêêóìóëÿòîðà, àíàëîãè÷íî ðàçðàáîòàííîìó ðàíåå
ñïîñîáó èçìåðåíèÿ ãèäðîôèëüíîñòè ñåïàðàòîðîâ äëÿ
õèìè÷åñêèõ èñòî÷íèêîâ òîêà [6].

4 ÓÑÒÐÎÉÑÒÂÎ ÄËß ÎÏÐÅÄÅËÅÍÈß 
ÐÀÑÕÎÄÀ ÃÀÇÀ

Ñóòü ðàçðàáîòàííîãî ñïîñîáà îïðåäåëåíèÿ ðàñõîäà ãàçà
è óñòðîéñòâà äëÿ åãî îñóùåñòâëåíèÿ â òåõíîëîãèÿõ çàðÿäà
è ïîäçàðÿäà àêêóìóëÿòîðîâ, ïðåèìóùåñòâåííî ñâèíöîâûõ,
íèêåëü-êàäìèåâûõ è íèêåëü-æåëåçíûõ, âèäíà èç ðèñ. 1,
ãäå 1 - àêêóìóëÿòîð ñ òîêîâûìè êëåììàìè 2 è ãàçîîòâî-
äÿùèì êàíàëîì 3. Ê ãàçîîòâîäÿùåìó êàíàëó ïîäêëþ÷åíà
ãàçîîòâîäÿùàÿ òðóáêà 4, ñâîáîäíûé êîíåö êîòîðîé âõîäèò
â êîíè÷åñêóþ ÷àñòü áþðåòêè 5, çàïîëíåííîé íàñûùåííîé
êèñëîðîäîì æèäêîé èìïåäàíñíîé ñðåäîé (â ïðîñòåéøåì
ñëó÷àå âîäîé).

Ðèñóíîê 1 - Ôóíêöèîíàëüíàÿ ñõåìà óñòðîéñòâà äëÿ 
êîíòðîëÿ çàðÿäà àêêóìóëÿòîðà

Óñòðîéñòâî ñîäåðæèò òàêæå ñâåðõâûñîêî÷àñòîòíûé
(ÑÂ×) èñòî÷íèê ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ ñ
åìêîñòíûì èíäèêàòîðîì ÑÂ× ïîëÿ, ñîñòîÿùèé èç îòðåçêà
çàêîðî÷åííîãî ñ äâóõ ñòîðîí ïðÿìîóãîëüíîãî âîëíîâîäà 6
ñ ðàçìåùåííûìè â íåì ïîëóïðîâîäíèêîâûì ãåíåðàòîðíûì
äèîäîì 7 (ïðåèìóùåñòâåííî äèîäîì Ãàííà), äèñêîâûì
ðåçîíàòîðîì 8, èíäóêòèâíîé äèàôðàãìîé 9, íàñòðîå÷íûì
øòûðåì 10, åìêîñòíûì çîíäîì 11 ñ ýëåìåíòàìè ãàëüâà-
íè÷åñêîé ñâÿçè (øàéáîâûå ðåçèñòîðû) è ýëåìåíòàìè
ýêðàíèðîâêè çîíäà îò âíåøíèõ ïîëåé (ïîãëîùàþùèå
âòóëêè èç ïðåññîâàííîãî ïîðîøêîâîãî æåëåçà) - íà
ðèñóíêå îáâåäåíî êðóæêîì. Íàñòðîå÷íûé øòûðü 10
ñíàáæåí ðåçüáîé è èçãîòîâëåí èç ïîãëîùàþùåãî ÑÂ×
èçëó÷åíèå ìàòåðèàëà, ïðåèìóùåñòâåííî èç ìàãíèòîäè-
ýëåêòðè÷åñêîé ìàññû. Ïåðâûé êîðîòêîçàìûêàòåëü,
ïðèìûêàþùèé ê äèñêîâîìó ðåçîíàòîðó 8, ñíàáæåí ÑÂ×
ïîãëîùàþùåé âñòàâêîé 12 òàêæå èç ìàãíèòîäèýëåêòðè-
÷åñêîé ìàññû, à âòîðîé êîðîòêîçàìûêàòåëü 13 âûïîëíåí
ïîäâèæíûì ñ âîçìîæíîñòüþ ôèêñàöèè åãî â âûáðàííîì
ïîëîæåíèè. Ïîëóïðîâîäíèêîâûé äèîä çàïèòûâàåòñÿ îò
èñòî÷íèêà ïîñòîÿííîãî ñòàáèëèçèðîâàííîãî òîêà (íà
÷åðòåæå íå ïîêàçàí) ÷åðåç ââîä 14 è ôèëüòð íèæíèõ
÷àñòîò 15, ïðåäîòâðàùàþùèé ïîïàäàíèå ÑÂ× ìîùíîñòè â
áëîê ïèòàíèÿ. Ñ åìêîñòíûì çîíäîì 11 ñâÿçàí äåòåêòîðíûé
äèîä 16, ïîäêëþ÷åííûé ê óñòðîéñòâó ñðàâíåíèÿ 17 è ÷åðåç
êîíòðîëëåð 18 ê çàðÿäíîìó óñòðîéñòâó 19. Ê çàðÿäíîìó
óñòðîéñòâó ÷åðåç êëåììû 2 ïîäêëþ÷åí àêêóìóëÿòîð 1.
Áþðåòêà 5 ñ ãàçîîòâîäÿùåé òðóáêîé 4 çàêðåïëÿåòñÿ íà
øòàòèâå 20 ñ âîçìîæíîñòüþ èçìåíåíèÿ âûñîòû óñòàíîâêè.
Ê íèæíåé ÷àñòè áþðåòêè ïîäêëþ÷åíà òðóáêà 21 ñ
êîëüöåâûì òîðöåâûì îòâåðñòèåì, âõîäÿùàÿ â èíäóêòèâ-
íóþ äèàôðàãìó 9, ïðåäñòàâëÿþùóþ ñîáîé äâå ïëàñòèíû
22, 23, ðàñïîëîæåííûå íà óçêèõ ñòåíêàõ ïðÿìîóãîëüíîãî
âîëíîâîäà, ðèñ.2.

Ðèñóíîê 2 - Âçàèìíîå ðàçìåùåíèå èíäóêòèâíîé 
äèàôðàãìû è ãàçîîòâîäÿùåé òðóáêè â ñå÷åíèè 

ïðÿìîóãîëüíîãî âîëíîâîäà

Â çàçîðå ìåæäó óêàçàííûìè ïëàñòèíàìè ðàçìåùåíà
òðóáêà 21. Åìêîñòíîé çîíä 11 ñâÿçàí ñ âîëíîâîäîì 6 â
îáùåì ñëó÷àå ÷åðåç ùåëåâîå îòâåðñòèå â âåðõíåé øèðîêîé
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ñòåíêå îòðåçêà âîëíîâîäà ñ âîçìîæíîñòüþ ïåðåìåùåíèÿ

âäîëü âîëíîâîäà è ðàñïîëîæåí íà ðàññòîÿíèè , ãäå

 - äëèíà âîëíû ãåíåðèðóåìûõ ÑÂ× êîëåáàíèé, îò

êîðîòêîçàìûêàòåëÿ 13, òî åñòü â ìàêñèìóìå ("ïó÷íîñòè")
íàïðÿæåííîñòè ïîëÿ. Ïðè ñâÿçè çîíäà ñ âîëíîâîäîì ÷åðåç
êðóãëîå îòâåðñòèå, íàõîäÿùååñÿ â ôèêñèðîâàííîì
ïîëîæåíèè íà ïëîñêîñòè øèðîêîé ñòåíêè âîëíîâîäà,
íåîáõîäèìîå ðàññòîÿíèå ìåæäó çîíäîì è êîðîòêîçàìûêà-
òåëåì 13 óñòàíàâëèâàåòñÿ ðåãóëèðîâêîé ïîëîæåíèÿ
ïîäâèæíîãî êîðîòêîçàìûêàòåëÿ. Ïðè ïðàêòè÷åñêîì
èñïîëüçîâàíèè óêàçàííûå ðàññòîÿíèÿ îïðåäåëÿþòñÿ ïî
ìàêñèìàëüíûì ïîêàçàíèÿì òîêà äåòåêòîðà 16 â ïîëîæå-
íèè, êîãäà æèäêàÿ èìïåäàíñíàÿ ñðåäà â òðóáêå 21 íå
âûøå ïëîñêîñòè íèæíåé øèðîêîé ñòåíêè îòðåçêà
ïðÿìîóãîëüíîãî âîëíîâîäà 6. Â îòñóòñòâèå çàðÿäà àêêóìó-
ëÿòîðà óêàçàííûé óðîâåíü óñòàíàâëèâàåòñÿ ñîîòâåòñòâóþ-
ùèì âûáîðîì âûñîòû áþðåòêè 5 íà øòàòèâå 20.
Óñòðîéñòâî ñðàâíåíèÿ 17 ïðè ýòîì ðåãóëèðóåòñÿ òàêèì
îáðàçîì, ÷òîáû ñèãíàë íà åãî âûõîäå îòñóòñòâîâàë.

5 ÏÐÎÖÅÄÓÐÀ ÈÇÌÅÐÅÍÈÉ

Êîíòðîëëåð 18, âêëþ÷àþùèé ìèêðîïðîöåññîð è
òàéìåðû, îòðåãóëèðîâàí òàêèì îáðàçîì, ÷òî â
ïåðâîíà÷àëüíûé ìîìåíò îò çàðÿäíîãî óñòðîéñòâà,
âêëþ÷àþùåãî ðåãóëÿòîð òîêà è ðåãóëÿòîð íàïðÿæåíèÿ,
çàðÿäêà àêêóìóëÿòîðà íà÷èíàåòñÿ áîëüøèì òîêîì áåç
êàêîãî-ëèáî îãðàíè÷åíèÿ ïî íàïðÿæåíèþ. Ïðè ýòîì
îòíîøåíèå äëèòåëüíîñòè çàðÿäíîãî èìïóëüñà  ê äëè-

òåëüíîñòè ðàçðÿäíîãî (äåïîëÿðèçóþùåãî) èìïóëüñà 

äîëæíî áûòü â ïðåäåëàõ 80-120, îòíîøåíèå ñîîòâåòñòâóþ-
ùèõ àìïëèòóä òîêîâ - â ïðåäåëàõ 0,18-0,25, îòíîøåíèå
ïàóçû   ê äëèòåëüíîñòè ðàçðÿäíîãî èìïóëüñà - 4-5 (ðèñ.3),
ïðè÷åì àìïëèòóäà çàðÿäíîãî èìïóëüñà ñîîòâåòñòâóåò
çíà÷åíèþ, ïðè êîòîðîì àêêóìóëÿòîð äîëæåí áûòü
çàðÿæåí çà 2,5 ÷àñà.

Ðèñóíîê 3 - Âðåìåííîå ïðåäñòàâëåíèå çàðÿäíîãî è 
ðàçðÿäíîãî èìïóëüñîâ, ðàçäåëåííûõ ïåðèîäîì 

ñòàáèëèçàöèè

Îñóùåñòâëÿþò çàðÿäíî-ðàçðÿäíûé öèêë äî ïîÿâëåíèÿ
ãàçîâûäåëåíèÿ. Ïðè ýòîì ïðîäóöèðóåìûé âñëåäñòâèå
ôèçèêî-õèìè÷åñêèõ ðåàêöèé ãàç ïîñòóïàåò ÷åðåç
ãàçîîòâîäÿùóþ òðóáêó 4 â áþðåòêó 5 è âûòàëêèâàåò
ñîîòâåòñòâóþùåå êîëè÷åñòâî æèäêîé èìïåäàíñíîé ñðåäû â
òðóáêó 21, è æèäêîñòü îêàçûâàåòñÿ â ïëîñêîñòè

äèàôðàãìû 9, ÿâëÿþùåéñÿ îäíîâðåìåííî ýëåìåíòîì ñâÿçè
ñîáñòâåííî ÑÂ× ãåíåðàòîðà, îáðàçîâàííîãî äèîäîì Ãàííà
7, äèñêîâûì ðåçîíàòîðîì 8, îòðåçêîì âîëíîâîäà ëåâåå
ïëîñêîñòè óñòàíîâêè äèñêîâîãî ðåçîíàòîðà ñ îòðåçêîì
âîëíîâîäà, ñîäåðæàùèì íàñòðîå÷íûé øòûðü 10, åìêîñò-
íîé çîíä 11 è êîðîòêîçàìûêàòåëü 13, è ÷àñòüþ ÑÂ×
íàãðóçêè (âòîðàÿ ÷àñòü ÑÂ× íàãðóçêè ïðåäñòàâëåíà
ïîãëîùàþùåé âñòàâêîé 12). Òàê êàê äî ïîñòóïëåíèÿ
èìïåäàíñíîé ñðåäû â ïðîñòðàíñòâå "èíäóêòèâíàÿ
äèàôðàãìà - êîðîòêîçàìûêàòåëü 13" îáðàçóåòñÿ ñòîÿ÷àÿ

âîëíà íà ÷àñòîòå , ÷òî ñîîòâåòñòâóåò ðàñïðåäåëåíèþ

íàïðÿæåííîñòè ïîëÿ, ïðåäñòàâëåííîìó ñïëîøíîé ëèíèåé
íà ðèñ. 4, òî ïðè ïîñòóïëåíèè æèäêîé èìïåäàíñíîé ñðåäû
â êîëåáàòåëüíóþ ñèñòåìó èç-çà èçìåíåíèÿ ÷àñòîòû
ãåíåðàöèè âñëåäñòâèå ýôôåêòà "çàòÿãèâàíèÿ ÷àñòîòû" [7]

äî çíà÷åíèÿ , ïðîñòðàíñòâåííîå ðàñïîëîæåíèå ìèíèìó-

ìîâ è ìàêñèìóìîâ ïîëÿ èçìåíèòñÿ (ìèíèìóì ïîëÿ

ñìåñòèòñÿ íà âåëè÷èíó , íàïðÿæåííîñòü ïîëÿ 

èçìåíèòñÿ íà âåëè÷èíó , ðèñ. 4), òàê ÷òî òîê äåòåêòîðà
16, ïîñòóïàþùèé â óñòðîéñòâî ñðàâíåíèÿ 17, èçìåíÿåòñÿ
(ïðåðûâèñòàÿ êðèâàÿ íà ðèñ. 4). Ïðè ýòîì èçìåíåíèÿ òîêà
äåòåêòîðà çàâèñÿò îò îáúåìà âûäåëÿþùåãîñÿ ãàçà. Ïðè÷åì,
â çàâèñèìîñòè îò ïðèìåíÿåìîãî òèïà óñòðîéñòâà ñðàâíåíèÿ
âîçíèêàåò íåîáõîäèìîñòü èçìåíåíèÿ (íàïðèìåð, óìåíüøå-
íèÿ) êîýôôèöèåíòà ñòîÿ÷åé âîëíû â ïðîñòðàíñòâå
"èíäóêòèâíàÿ äèàôðàãìà - êîðîòêîçàìûêàòåëü 13". Ýòî
îñóùåñòâëÿåòñÿ çà ñ÷åò ââåäåíèÿ â ïîëîñòü îòðåçêà
âîëíîâîäà íàñòðîå÷íîãî øòûðÿ 10, îáëàäàþùåãî
ïîãëîùàþùèìè ñâîéñòâàìè â ÑÂ×-äèàïàçîíå.

Ðèñóíîê 4 - Èçìåíåíèå íàïðÿæåííîñòè ýëåêòðè÷åñêîãî 
ÑÂ× ïîëÿ íà ó÷àñòêå "èíäóêòèâíàÿ äèàôðàãìà - 

âòîðîé êîðîòêîçàìûêàòåëü"

6 ÓÏÐÀÂËÅÍÈÅ ÈÇÌÅÍÅÍÈÅÌ ÐÅÆÈÌÀ 
ÇÀÐßÄÊÈ

Òîê äåòåêòîðà, èçìåíèâøèéñÿ ïî âåëè÷èíå âñëåäñòâèå
ïåðåðàñïðåäåëåíèÿ ÑÂ×-ïîëÿ ïîä çîíäîì (ñì. ðèñ. 4),
ïîñòóïàåò â óñòðîéñòâî ñðàâíåíèÿ 17 (ïîñëåäíåå ìîæåò
áûòü âûïîëíåíî â âèäå ýëåêòðîìàãíèòíîãî ðåëå, äèôôå-
ðåíöèàëüíîãî óñèëèòåëÿ èëè èçìåðèòåëüíîãî ìîñòà), ñ
êîòîðîãî èíôîðìàöèîííûé ñèãíàë ïîñòóïàåò â êîíòðîëëåð
18, âêëþ÷àþùèé òàéìåðû è ìèêðîïðîöåññîð, êîòîðûé
âûäàåò êîìàíäû çàðÿäíîìó óñòðîéñòâó íà èçìåíåíèå
ðåæèìà çàðÿäà ñ òåì, ÷òîáû ëèáî èñêëþ÷èòü ãàçîâûäå-
ëåíèå, ëèáî ñâåñòè åãî ê ìèíèìóìó. Èçìåíåíèå ðåæèìà
çàðÿäà ìîæåò ñîñòîÿòü â èçìåíåíèè àìïëèòóäû çàðÿäíîãî
òîêà èëè â èçìåíåíèè ñîîòíîøåíèÿ äëèòåëüíîñòåé

λB 4⁄
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çàðÿäíîãî è ðàçðÿäíîãî èìïóëüñîâ. Ïåðâûé ðåæèì
ïðåäïîëàãàåò, ÷òî âåëè÷èíà òîêà çàðÿäíîãî èìïóëüñà
ñîñòàâëÿåò 10-12% îò çàðÿäíîãî òîêà â ïðåäøåñòâóþùèé
ïåðèîä çàðÿäêè. Âî âòîðîì âàðèàíòå ñîîòíîøåíèå
äëèòåëüíîñòåé çàðÿäíîãî è ðàçðÿäíîãî òîêà ñíèæàåòñÿ äî
10 è â òàêîì ðåæèìå ïðîäîëæàåòñÿ çàðÿä äî î÷åðåäíîãî
ãàçîâûäåëåíèÿ. Ïåðâûé öèêë ãàçîâûäåëåíèÿ â ñâèíöîâûõ
àêêóìóëÿòîðàõ ïðîèñõîäèò ïðè çàðÿæåííîñòè àêêóìó-
ëÿòîðà äî 80%, âòîðîé öèêë - ïðè 88-90%. Ïîñëå âòîðîãî
öèêëà ãàçîâûäåëåíèÿ çàðÿäíûé òîê óñòàíàâëèâàþò âåëè-
÷èíîé 4-5% îò ïåðâîíà÷àëüíîãî çíà÷åíèÿ, ðàçðÿäíûé
èìïóëüñ èñêëþ÷àþò, è çàðÿä â òàêîì ðåæèìå äëÿ
ñâèíöîâûõ àêêóìóëÿòîðîâ îñóùåñòâëÿþò â òå÷åíèå âðå-
ìåíè, ñîñòàâëÿþùåãî 0,4-0,45 èíòåðâàëà âðåìåíè îò
íà÷àëà çàðÿäêè äî ïîÿâëåíèÿ ïåðâîãî öèêëà ãàçî-
âûäåëåíèÿ èëè 0,2-0,21 èíòåðâàëà âðåìåíè äî ïîÿâëåíèÿ
âòîðîãî öèêëà ãàçîâûäåëåíèÿ ñ ìîìåíòà íà÷àëà çàðÿäà.

Âûáîð êîíñòðóêöèè êîëåáàòåëüíîé ñèñòåìû â âèäå
äèñêîâîãî ðåçîíàòîðà, óñòàíîâëåííîãî â îòðåçêå ïðÿìî-

óãîëüíîãî âîëíîâîäà íà ðàññòîÿíèè  îò ïåðâîãî

êîðîòêîçàìûêàòåëÿ, è âûáîð ýëåìåíòà ñâÿçè â âèäå
èíäóêòèâíîé äèàôðàãìû îïðåäåëÿþòñÿ òåì, ÷òî â ýòîì
ñëó÷àå èíäóêòèâíûé ðåàêòàíñ äèàôðàãìû ñîïðÿãàåòñÿ ñ
åìêîñòíûì ðåàêòàíñîì ãåíåðàòîðíîãî äèîäà Ãàííà,
áëàãîäàðÿ ÷åìó îáåñïå÷èâàåòñÿ êîãåðåíòíîå ìîíîõðî-
ìàòè÷åñêîå èçëó÷åíèå ñ ÷àñòîòîé, áëèçêîé ê ðàñ÷åòíîìó
çíà÷åíèþ ðåçîíàíñíîé ÷àñòîòû äèñêîâîãî ðåçîíàòîðà. Ïðè
ýòîì ãîäîãðàô òî÷åê ñòàöèîíàðíîãî ðåæèìà íà
êîìïëåêñíîé ïëîñêîñòè èìïåäàíñîâ äèîäà è íàãðóçêè
ïðåäñòàâëÿåò ñîáîé îêðóæíîñòü, ñîâïàäàþùóþ ñ îêðóæ-
íîñòüþ ïîñòîÿííîãî êîýôôèöèåíòà ïîëåçíîãî äåéñòâèÿ
ãåíåðàòîðà â çíà÷èòåëüíîì äèàïàçîíå èçìåíåíèé ÷àñòîòû,
âûçâàííûõ ýôôåêòîì "çàòÿãèâàíèÿ ÷àñòîòû" áåç
èçìåíåíèé ãåíåðèðóåìîé ìîùíîñòè. Ýòî îáåñïå÷èâàåò
âûñîêóþ íàäåæíîñòü ôóíêöèîíèðîâàíèÿ óñòðîéñòâà â
øèðîêîì äèàïàçîíå èíòåíñèâíîñòåé ãàçîâûäåëåíèÿ, òàê
êàê èçìåíåíèÿ ýëåêòðè÷åñêîãî ïîëÿ ïîä çîíäîì, ÿâëÿþ-
ùèåñÿ èíôîðìàöèîííûìè, âûçâàíû òîëüêî èçìåíåíèÿìè
÷àñòîòû ãåíåðàöèè è ìîùíîñòè, ïîñòóïàþùåé â èíäè-
êàòîðíóþ ÷àñòü îòðåçêà âîëíîâîäà, à íå èçìåíåíèÿìè
ãåíåðèðóåìîé ìîùíîñòè äèîäà Ãàííà.

ÇÀÊËÞ×ÅÍÈÅ

Ðàçðàáîòàííûé ìåòîä êîíòðîëÿ ãàçîâûäåëåíèÿ
àäðåñîâàí ïðîáëåìå îïòèìàëüíîãî çàðÿäà è ïîäçàðÿäà
íåãåðìåòè÷íûõ àêêóìóëÿòîðîâ è àêêóìóëÿòîðíûõ
áàòàðåé. Óñêîðåííûé ìåòîä çàðÿäà àêêóìóëÿòîðîâ âàæåí
â ðÿäå ïðèìåíåíèé: ïðè çàðÿäêå àêêóìóëÿòîðîâ â ñîëíå÷-
íûõ ýíåðãåòè÷åñêèõ óñòàíîâêàõ, ãäå íåîáõîäèì çàðÿä â
ïåðèîä ìàêñèìàëüíîé îñâåùåííîñòè ôîòîïðåîáðàçîâàòå-
ëåé, â ñåðèéíîì ïðîèçâîäñòâå, ïðè çàðÿäå àêêóìóëÿòîðîâ
â ýëåêòðîìîáèëÿõ, à òàêæå ïðè õðàíåíèè àêêóìóëÿòîðíûõ
áàòàðåé íà ñêëàäå. Èñïîëüçîâàíèå çíàêîïåðåìåííîãî
çàðÿäíîãî èìïóëüñíîãî òîêà èçâåñòíî [íàïðèìåð, 8-15],
îäíàêî â óêàçàííûõ èñòî÷íèêàõ ñîîòíîøåíèÿ äëèòåëü-
íîñòåé è àìïëèòóä çàðÿäíîãî è ðàçðÿäíîãî èìïóëüñîâ
ðàçëè÷àþòñÿ áîëüøå, ÷åì íà ïîðÿäîê è îáóñëîâëåíî ýòî
ðàçëè÷íûìè êðèòåðèÿìè â îöåíêå òðåáóåìûõ ïàðàìåòðîâ

çàðÿäíîãî òîêà èëè îòñóòñòâèåì êàêèõ-ëèáî àïðèîðíûõ
êðèòåðèåâ. Ïîñëåäíåå âûçâàíî òåì, ÷òî â ñèëó ñëîæíîñòåé
è íåïîëíîãî çíàíèÿ âñåõ ôèçèêî-õèìè÷åñêèõ ïðîöåññîâ â
àêêóìóëÿòîðàõ ïðàêòè÷åñêè âñåõ ñèñòåì, òåõíîëîãèè
èçãîòîâëåíèÿ àêêóìóëÿòîðîâ íà ðàçëè÷íûõ ïðåäïðèÿòèÿõ
íåèçáåæíî ðàçëè÷àþòñÿ è ìîãóò íå âîñïðîèçâîäèòüñÿ äàæå
â ïðåäåëàõ îäíîãî ïðîìûøëåííîãî ïðåäïðèÿòèÿ, íàïðè-
ìåð, ïðè ñìåíå ñûðüÿ èëè ïðè çàìåíå òåõíîëîãè÷åñêîãî
îáîðóäîâàíèÿ. Ïîýòîìó íåîáõîäèì òàêîé ïîäõîä â îöåíêå
îïòèìàëüíîé ïðîöåäóðû çàðÿäà è ïîäçàðÿäà àêêóìóëÿ-
òîðíûõ áàòàðåé, êîòîðûé áûë áû ìàêñèìàëüíî àäàïòè-
ðîâàí ê êîíêðåòíîìó àêêóìóëÿòîðó èëè àêêóìóëÿòîðíîé
áàòàðåå, äîñòèãàëàñü áû ýêâèëèçàöèÿ èõ çàðÿæåííîñòè.
Òàêèì ïîäõîäîì è ÿâëÿåòñÿ èñïîëüçîâàíèå èíôîðìàöèè î
ñêîðîñòè ãàçîâûäåëåíèÿ ïðè çàðÿäå àêêóìóëÿòîðîâ. Ýòî
ïîçâîëÿåò îñóùåñòâèòü àêòèâíîå ðåãóëèðîâàíèå ïðîöåññà
çàðÿäà ïî ðåàêöèè àêêóìóëÿòîðà íà çàðÿäíûé òîê, à
áëàãîäàðÿ èñïîëüçîâàíèþ ðàäèîâîëíîâîãî äàò÷èêà ïîëó-
÷èòü ìàêñèìàëüíûé îáúåì èíôîðìàöèè î ïðîöåññå - íå
òîëüêî î íàëè÷èè ãàçîâûäåëåíèÿ, íî è î äèíàìèêå
óâåëè÷åíèÿ-ñíèæåíèÿ îáúåìà ãàçîâûäåëåíèÿ, ÷òî ïîçâî-
ëÿåò ãèáêî ðåàãèðîâàòü íà èçìåíåíèå ïðîöåññà çàðÿäêè.
Ïðè ýòîì äîñòèãàåòñÿ âàæíåéøàÿ öåëü â îñóùåñòâëåíèè
çàðÿäà - àêêóìóëÿòîð äîâîäèòñÿ äî ñîñòîÿíèÿ ïîëíîãî
çàðÿäà çà ìèíèìàëüíîå âðåìÿ ïðè ìèíèìàëüíîì ãàçî-
âûäåëåíèè, êîòîðîå èñïîëüçóåòñÿ êàê ïàðàìåòð äëÿ äîñòè-
æåíèÿ âûñîêîé ñêîðîñòè çàðÿäêè, òàê êàê óäàåòñÿ
ïðàêòè÷åñêè ìãíîâåííî èçìåíèòü ðåæèì çàðÿäà â ñàìîì
íà÷àëå ïðîöåññà ãàçîâûäåëåíèÿ. Ïðè ýòîì â íàèáîëüøåé
ñòåïåíè ìîãóò áûòü ðåàëèçîâàíû ïðåèìóùåñòâà èìïóëüñ-
íîãî çíàêîïåðåìåííîãî çàðÿäà: â àêêóìóëÿòîðíîé áàòàðåå
çàïàñàåòñÿ ìàêñèìàëüíîå êîëè÷åñòâî çàðÿäà â êðàò÷àéøåå
âðåìÿ, ïðè ýòîì âåðîÿòíîñòü ïåðåçàðÿäêè è ïîð÷è
àêêóìóëÿòîðà èñêëþ÷àåòñÿ; ïåðèîäè÷åñêîå èçìåíåíèå
íàïðàâëåíèÿ òîêà ïðè çàðÿäå àêêóìóëÿòîðíîé áàòàðåè
ïîçâîëÿåò óïðàâëÿòü âîññòàíîâèòåëüíûìè ðåàêöèÿìè è
ñòðóêòóðíûìè èçìåíåíèÿìè àêòèâíîé ìàññû ïëàñòèí, ÷òî
äàåò âîçìîæíîñòü óâåëè÷èòü ïîâåðõíîñòü ñîïðèêîñíîâåíèÿ
ýëåêòðîëèòà ñ àêòèâíîé ìàññîé ýëåêòðîäîâ, òåì ñàìûì
îáëåã÷àÿ óñëîâèÿ äèôôóçèè è âûðàâíèâàíèÿ êîíöåíòðà-
öèè ýëåêòðîëèòà â ïðèýëåêòðîäíîì ñëîå, ÷òî ÿâëÿåòñÿ
ïðèíöèïèàëüíûì îáñòîÿòåëüñòâîì äëÿ ïîâûøåíèÿ ðàçðÿä-
íîé åìêîñòè àêêóìóëÿòîðîâ.

Ðàçðàáîòàííûé ìåòîä êîíòðîëÿ ãàçîâûäåëåíèÿ àïðîáè-
ðîâàí ïðè ðåàëèçàöèè óñêîðåííîé çàðÿäêè ñâèíöîâî-
êèñëîòíûõ ñòàðòåðíûõ àêêóìóëÿòîðíûõ áàòàðåé ñåðèè
6ÑÒ-55 è 6ÑÒ-60 ñ òîêîîòâîäàìè òðåõ òèïîâ: À - îáà òîêî-
îòâîäà èç ñâèíöîâî-êàëüöèåâîãî ñïëàâà; Á - îáà òîêîîòâî-
äà èç ñâèíöîâî-ñóðüìÿíèñòîãî ñïëàâà; Â - ïîëîæèòåëüíûé
òîêîîòâîä èç ñâèíöîâî-ñóðüìÿíèñòîãî ñïëàâà (ñîäåðæàíèå
ñóðüìû 18%), îòðèöàòåëüíûé òîêîòâîä èç ñâèíöîâî-êàëü-
öèåâîãî ñïëàâà. Ïðè ýòîì, ïîñêîëüêó ãàçîâûäåëåíèå ïðÿ-
ìî ñâÿçàíî ñ ðàñõîäîì âîäû ýëåêòðîëèòà (ïðîöåññ äèññî-
öèàöèè), òî ìèíèìèçàöèÿ ðàñõîäà âîäû ÿâëÿåòñÿ îïðåäå-
ëÿþùèì ôàêòîðîì â äîñòèæåíèè îïòèìèçàöèè çàðÿäêè
áàòàðåè. Òàê, ïðè çàðÿäêå àêêóìóëÿòîðíûõ áàòàðåé ñ
òîêîîòâîäàìè òèïà À óäàåòñÿ ñíèçèòü ðàñõîä âîäû äî
óðîâíÿ 1,7ã/À÷ (ïðîòèâ 2,2ã/À÷ ïðè ñòàíäàðòíîé
çàðÿäêå), áàòàðåé ñ òîêîîòâîäàìè òèïà Á äî 3,8ã/À÷
(ïðîòèâ 6,2ã/À÷ ïðè ñòàíäàðòíîé çàðÿäêå), è áàòàðåé ñ

λB 2⁄
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òîêîòâîäàìè òèïà Â äî 2,45ã/À÷ (ïðîòèâ 3,5ã/À÷ ïðè
ñòàíäàðòíîé çàðÿäêå). Ñîîòâåòñòâåííî ñíèæàåòñÿ íåïðî-
èçâîäèòåëüíûé ðàñõîä çàðÿäíîãî òîêà íà äèññîöèàöèþ
âîäû.

Ðàçðàáîòàííûé ìåòîä êîíòðîëÿ ãàçîâûäåëåíèÿ â
àêêóìóëÿòîðàõ ïðè èõ çàðÿäå êàê èíñòðóìåíò â
îáåñïå÷åíèè îïòèìèçàöèè çàðÿäà ìîæåò îêàçàòüñÿ ýôôåê-
òèâíåå è íåñîìíåííî òåõíîëîãè÷åñêè ïðîùå ïî ñðàâíåíèþ
ñ ìåòîäèêàìè, êîòîðûå èñïîëüçóþò äëÿ ýòèõ öåëåé
ñ÷åò÷èêè ýíåðãèè, èçìåðèòåëè íàïðÿæåíèÿ íà êëåììàõ
àêêóìóëÿòîðíûõ áàòàðåé, èçìåðèòåëè òåìïåðàòóðû è
ïëîòíîñòè ýëåêòðîëèòà, èçìåðèòåëè óðîâíÿ ýëåêòðîëèòà â
àêêóìóëÿòîðå. Ðàäèîôèçè÷åñêèé ìåòîä êîíòðîëÿ ãàçî-
âûäåëåíèÿ ìîæåò áûòü îñîáåííî ïîëåçåí ïðè ñïåöèàëüíûõ
èññëåäîâàíèÿõ, êîãäà àêêóìóëÿòîðíûå áàòàðåè íåîáõî-
äèìî ðàçìåùàòü â êàìåðàõ ñ ïîâûøåííîé èëè ïîíèæåííîé
òåìïåðàòóðîé, ïîñêîëüêó êîíòðîëü ãàçîâûäåëåíèÿ ìîæåò
ïðîâîäèòüñÿ äèñòàíöèîííî.
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À.À.Ìèñþðà, Â.Ì.Îíóôðèåíêî

Íàâåäåíî ðåçóëüòàòè äîñë³äæåííÿ ïðÿìîêóòíîãî ìåòàëå-
âîãî õâèëåâîäó ç ôðàêòàëüíèìè øèðîêèìè ñò³íêàìè. Äëÿ
çíàõîäæåííÿ âëàñíèõ ôóíêö³é òà ÷èñåë åëåêòðîìàãí³òíèõ
õâèëü, ùî ðîçïîâñþäæóþòüñÿ ó ðîçãëÿíóò³é ñòðóêòóð³,
çàñòîñîâàíèé àïàðàò äðîáîâîãî ³íòåãðî-äèôåðåíö³þâàííÿ.
Âèçíà÷åíî çàëåæí³ñòü çíà÷åíü âëàñíèõ õâèëüîâèõ ÷èñåë â³ä
âåëè÷èíè ñêåéëèíãîâîãî ïîêàçíèêà, ùî õàðàêòåðèçóº ñòóï³íü
ôðàêòàëüíîñò³ ñò³íîê õâèëåâîäó. Ïîêàçàíî çá³æí³ñòü ðå-
çóëüòàò³â ðîçðàõóíêó ç êëàñè÷íèìè, ùî â³äïîâ³äàþòü ³äåàëü-
í³é ïðîâ³äíîñò³ ìåòàëåâèõ ñò³íîê õâèëåâîäó.

Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ïðÿìîóãîëüíîãî
ìåòàëëè÷åñêîãî âîëíîâîäà ñ ôðàêòàëüíûìè øèðîêèìè ñòåí-
êàìè. Äëÿ íàõîæäåíèÿ ñîáñòâåííûõ ôóíêöèé è ÷èñåë
ýëåêòðîìàãíèòíûõ âîëí, ðàñïðîñòðàíÿþùèõñÿ â òàêîé
ñòðóêòóðå, ïðèìåíåí àïïàðàò äðîáíîãî èíòåãðî-äèôôåðåíöè-
ðîâàíèÿ. Îïðåäåëåíà çàâèñèìîñòü çíà÷åíèé ñîáñòâåííûõ

âîëíîâûõ ÷èñåë îò âåëè÷èíû ñêåéëèíãîâîãî ïîêàçàòåëÿ,
õàðàêòåðèçóþùåãî ñòåïåíü ôðàêòàëüíîñòè ñòåíîê â âîëíî-
âîäå. Ïîêàçàíî ñîâïàäåíèå ðåçóëüòàòîâ ðàñ÷åòà ñ êëàññè÷åñ-
êèìè, ñîîòâåòñòâóþùèìè èäåàëüíîé ïðîâîäèìîñòè ìåòàë-
ëè÷åñêèõ ñòåíîê âîëíîâîäîâ.

The results of research of rectangular metallic waveguide
with fractional wide walls are presented in this paper. The own
functions and numbers of electromagnetic waves, which propa-
gate in this structure, have been determined using the apparatus
of fractional integro-differential calculus. The dependence of
own wave numbers on values of scaling index, which is charac-
terizes the degree of fractionation of the walls in waveguide,
has been defined. The coincidences of calculation results with
classic, which are corresponding to ideal conduction of metallic
waveguides walls, have been showed.
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ÂÂÅÄÅÍÈÅ

Äëÿ íàïðàâëÿþùèõ ñèñòåì ñ èäåàëüíûìè ïðîâîäÿùèìè
ïîâåðõíîñòÿìè àëãîðèòì ðåøåíèÿ êðàåâûõ çàäà÷ âåñüìà
ïðîñò è èçëîæåí âî ìíîãèõ èñòî÷íèêàõ (ñì., íàïðèìåð,
[1-2]). Îäíàêî íà ïðàêòèêå ýôôåêòèâíîå èññëåäîâàíèå
áîëüøèíñòâà ÑÂ× óñòðîéñòâ ñ ïîìîùüþ òðàäèöèîííîãî
ìàòåìàòè÷åñêîãî àïïàðàòà çàòðóäíèòåëüíî, ÷òî îáóñëîâ-
ëåíî íàëè÷èåì ãåîìåòðè÷åñêèõ ôðàêòàëüíûõ ñèíãóëÿð-
íîñòåé íà èõ ïîâåðõíîñòÿõ. Â ñâÿçè ñ ýòèì âåñüìà
àêòóàëüíî ïðèìåíåíèå ñïåöèàëüíûõ ìàòåìàòè÷åñêèõ
ìåòîäîâ, ñðåäè êîòîðûõ íàèáîëåå ýôôåêòèâíûìè ÿâëÿþò-
ñÿ ïðèåìû ôðàêòàëüíîãî àíàëèçà, â îñíîâå êîòîðûõ
çàäåéñòâîâàí àïïàðàò äðîáíîãî èíòåãðî-äèôôåðåíöèàëü-
íîãî èñ÷èñëåíèÿ [3].

Â ôóíäàìåíòàëüíîé ìåæäèñöèïëèíàðíîé êíèãå Á. Ìàí-
äåëüáðîòà [4] ðàçâèâàåòñÿ ïîíÿòèÿ ôðàêòàëîâ è àíàëè-
çèðóåòñÿ îãðîìíîå ÷èñëî ïðèìåðîâ èõ ïðèðîäíûõ è
ìàòåìàòè÷åñêèõ ïðèìåíåíèé. Äðóãèå êíèãè, ïîñâÿùåííûå
ôðàêòàëàì, âêëþ÷àþò ðàññìîòðåíèå ãåîìåòðè÷åñêèõ àñ-
ïåêòîâ òðàêòîâêè ôðàêòàëüíîé ïðèðîäû ëèíèé è ïîâåðõ-
íîñòåé [5]; ïðåêðàñíî èëëþñòðèðîâàííûé îáçîð êîìïëåêñ-
íîé äèíàìèêè ïðèâåäåí â [6]; ôèçè÷åñêèå ïðèìåíåíèÿ - â
[7]; îñîáåííîñòè ââåäåíèÿ ôðàêòàëüíûõ êîíòóðîâ è
ïîâåðõíîñòåé â ãðàíè÷íûå óñëîâèÿ çàäà÷ òåîðèè ïîëÿ è
ýëåêòðîäèíàìèêè - â [8-10]; ìàòåìàòè÷åñêîå îáîñíîâàíèå
ïðèìåíåíèÿ èíòåãðî-äèôôåðåíöèàëîâ äëÿ îïèñàíèÿ ôðàê-
òàëüíûõ ñòðóêòóð - [11]. ×èñëî ïóáëèêàöèé ïî äàííîé
òåìàòèêå íåïðåðûâíî ðàñòåò, íî â òî æå âðåìÿ íåò ðàáîò
ïî èñïîëüçîâàíèþ òåîðèè ôðàêòàëîâ ïðè èññëåäîâàíèè
íàïðàâëÿþùèõ ñèñòåì ñâåðõâûñîêî÷àñòîòíîé òåõíèêè.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Â äàëüíåéøåì ðàññìîòðåíèè ôðàêòàëîì áóäåì íàçûâàòü
ñòðóêòóðó, ñîñòîÿùóþ èç ÷àñòåé, êîòîðûå â êàêîì-òî
ñìûñëå ïîäîáíû öåëîìó. Ýòî ïîíÿòèå áàçèðóåòñÿ íà
ïåðå÷íå åãî ãåîìåòðè÷åñêèõ ñâîéñòâ, à èìåííî: ôðàêòàë
èìååò òîíêóþ ñòðóêòóðó (ò.å. èìååò äåòàëè ìàëûõ
ðàçìåðîâ); ÿâëÿåòñÿ ñâåðõ íåðåãóëÿðíûì, ÷òîáû áûòü
îïèñàííûì â ðàìêàõ òðàäèöèîííîé ãåîìåòðè÷åñêîé
òåðìèíîëîãèè â ìåñòíîì ìàñøòàáå è ãëîáàëüíî; îïðåäåëå-
ííàÿ íåêîòîðûì îáðàçîì ôðàêòàëüíàÿ ðàçìåðíîñòü
áîëüøå åãî òîïîëîãè÷åñêîé ðàçìåðíîñòè; â áîëüøèíñòâå
ñëó÷àåâ òåîðèè ïîëÿ îïðåäåëÿåòñÿ äîñòàòî÷íî ïðîñòûì,
âîçìîæíî ðåêóðñèâíûì, ñïîñîáîì [3].

Ïîíÿòèÿ ôðàêòàëüíîé ðàçìåðíîñòè  è ôðàêòàëüíîé

ìåðû  áàçèðóþòñÿ íà îïðåäåëåíèè Õàóñäîðôà-Áåçèêî-
âè÷à, öåíòðàëüíîå ìåñòî â êîòîðîì çàíèìàåò ïîíÿòèå
ðàññòîÿíèÿ ìåæäó òî÷êàìè â ïðîñòðàíñòâå. Äëÿ îïðåäå-
ëåíèÿ ðàçìåðíîñòè ôðàêòàëüíîãî îáúåêòà íåîáõîäèìî
ïîêðûòü åãî ïðîñòûìè êîìïàêòàìè (ïðÿìîëèíåéíûìè
îòðåçêàìè, êâàäðàòàìè, ïðÿìîóãîëüíèêàìè, êðóãàìè,
ýëëèïñàìè è ò.ä.) è èçìåðèòü ðàññòîÿíèå ìåæäó íèìè. Òàê
ïðè èçìåðåíèè ñ ïîìîùüþ ïîêðûòèÿ êóáàìè, âåëè÷èíà
õàóñäîðôîâîé ðàçìåðíîñòè îïèñûâàåòñÿ âûðàæåíèåì

, (1)

ãäå  - ñòîðîíà êóáà ïîêðûòèÿ;

 - êîëè÷åñòâî êóáîâ, â êîòîðûå ïîïàäàåò õîòÿ áû
îäíà òî÷êà ôðàêòàëüíîãî ìíîæåñòâà.

Âåëè÷èíó  ñðàâíèâàþò ñ ïîêàçàòåëåì  äðîáíîãî

èíòåãðî-äèôôåðåíöèàëà, êîòîðûé áóäåò ââåäåí ïðè
ðåøåíèè ñëåäóþùåé çàäà÷è. Ðàññìîòðèì ïðÿìîóãîëüíûé
âîëíîâîä, ó êîòîðîãî øèðîêèå ñòåíêè ôðàêòàëüíûå, ò.å.
íåëèíåéíûå, øåðîõîâàòûå.

Ïîñòàâèâ öåëüþ èññëåäîâàòü  è  - âîëíû â òàêîì
âîëíîâîäå, ìû äîëæíû ðåøèòü ïåðâóþ è âòîðóþ êðàåâûå
çàäà÷è Ãåëüìãîëüöà. Ðàññìîòðèì âíà÷àëå àëãîðèòì èõ
ðåøåíèÿ äëÿ èäåàëèçèðîâàííîãî ïðÿìîóãîëüíîãî âîëíî-
âîäà, à çàòåì ïðèìåíèòåëüíî ê íàøåìó ñëó÷àþ.

2 ÎÏÐÅÄÅËÅÍÈÅ ÈÍÒÅÃÐÎ-ÄÈÔÔÅÐÅÍ-
ÖÈÀËÜÍÛÕ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÏÎËß

Äëÿ èññëåäîâàíèÿ âîëí, ðàñïðîñòðàíÿþùèõñÿ â
èäåàëèçèðîâàííîì ïðÿìîóãîëüíîì âîëíîâîäå, íåîáõîäèìî

ðåøèòü ïåðâóþ (äëÿ -âîëí) è âòîðóþ (äëÿ -âîëí)
êðàåâûå çàäà÷è Ãåëüìãîëüöà [1].

Îäíîðîäíîå óðàâíåíèå Ãåëüìãîëüöà îòíîñèòåëüíî -

õàðàêòåðèñòèê êîìïîíåíòû  ïîëÿ [8] â

äåêàðòîâûõ êîîðäèíàòàõ èìååò âèä:

, (2)

ãäå  - âîëíîâîå ÷èñëî.

Ðåøåíèå (2) áóäåì èñêàòü â ôîðìå 

, èñïîëüçóÿ ìåòîä ðàçäåëåíèÿ ïåðå-

ìåííûõ, ò.å. ïðèâîäÿ óðàâíåíèå ñ ÷àñòíûìè ïðîèçâîä-
íûìè ê îáûêíîâåííûì äèôôåðåíöèàëüíûì óðàâíåíèÿì. Â
èòîãå ïîëó÷àåì:

,

,

, (3)

ãäå  - íåèçâåñòíûå àìïëèòóäíûå ìíîæè-

òåëè, îïðåäåëÿåìûå ñ ïîìîùüþ ãðàíè÷íûõ óñëîâèé;

 - íåêîòîðûå êîíñòàíòû, ïîä÷èíåííûå ðàâåíñòâó

.

Â äâóìåðíîì ñëó÷àå, êîãäà ðåøåíèå íå çàâèñèò îò , ñ
ó÷åòîì ãðàíè÷íûõ óñëîâèé ïåðâîé êðàåâîé çàäà÷è
îïðåäåëÿåì

, (4)

ãäå  - ïîñòîÿííàÿ èëè àìïëèòóäíûé êîýôôèöèåíò;  -

ðàçìåð øèðîêîé ñòåíêè âîëíîâîäà;  - ðàçìåð óçêîé

ñòåíêè âîëíîâîäà; .

D
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1 r⁄( )ln

--------------------
r 0→
lim=

r

N r( )

DH α

E H

E H

α
uα x y z, ,( )

∂2uα

∂x2
------------ ∂2uα

∂y2
------------ ∂2uα

∂z2
------------ k2uα+ + + 0=

k 2π
λ

------=

uα x y z, ,( ) =

X= x( ) Y y( ) Z z( )⋅ ⋅

X A kx x⋅ B kx x⋅sin+cos=

Y C ky y⋅ D ky y⋅sin+cos=

Z E kz z F kz z⋅sin+⋅cos=

A B C D E F, , , , ,

kx ky kz, ,

kx
2 ky

2 kz
2+ + k2=

z

Ez
mnα x y,( ) E0

mπx
a

----------- nπy
b

---------sin⋅sin=

E0 a

b

m 1 2 … n, , , 1 2 …, ,= =



14

ÐÀÄ²ÎÅËÅÊÒÐÎÍ²ÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 1, 2003

Ýòî ñîáñòâåííûå ôóíêöèè ïåðâîé êðàåâîé çàäà÷è,

êîòîðûì ïðè  ñîîòâåòñòâóþò ñîáñòâåííûå ÷èñëà

. Òàêèì îáðàçîì, êàæ-

äàÿ èç ôóíêöèé  õàðàêòåðèçóåò ðàñïðåäåëåíèå â

ïîïåðå÷íîì ñå÷åíèè âîëíîâîäà ïðîäîëüíîé êîìïîíåíòû

âåêòîðà  òîé èëè èíîé ñâîáîäíîé âîëíû òèïà .

Äëÿ âòîðîé êðàåâîé çàäà÷è â ïðÿìîóãîëüíîé îáëàñòè,
èñïîëüçóÿ ãðàíè÷íûå óñëîâèÿ

 è ,

íàõîäèì ñëåäóþùèå -õàðàêòåðèñòèêè ñîáñòâåííûõ
ôóíêöèé ýòîé çàäà÷è

. (5)

Ïðè  èì îòâå÷àþò ïðåæíèå ñîáñòâåííûå ÷èñëà

. Òàêèì îáðàçîì, êàæ-

äàÿ èç ôóíêöèé  õàðàêòåðèçóåò ðàñïðåäåëåíèå â

ïîïåðå÷íîì ñå÷åíèè âîëíîâîäà ïðîäîëüíîé êîìïîíåíòû

âåêòîðà  ñâîáîäíîãî ïîëÿ òèïà .

Äëÿ âîñïðîèçâåäåíèÿ èç -õàðàêòåðèñòèê ñîáñòâåí-
íûõ ôóíêöèé â ñëó÷àå ïðÿìîóãîëüíîãî âîëíîâîäà ñ
ôðàêòàëüíûìè ñâîéñòâàìè ïîâåðõíîñòåé èñïîëüçóåì
àïïàðàò äðîáíîãî èíòåãðî-äèôôåðåíöèðîâàíèÿ. Ñëåäîâà-

òåëüíî, íàõîäèì íå ñàìè ñîáñòâåííûå ôóíêöèè , à

èõ èíòåãðàëû äðîáíîãî ïîðÿäêà  (ïðè )   

èëè äðîáíûå ïðîèçâîäíûå (ïðè ) :

 ïðè , (6)

 ïðè . (7)

Ñîãëàñíî [12] ðåçóëüòàòû èíòåãðî-äèôôåðåíöèðîâàíèÿ
(6) è (7) ìîæíî çàïèñàòü â âèäå ðÿäîâ èëè
ãèïåðãåîìåòðè÷åñêèõ ôóíêöèé

(8)

(9)

ãäå  - âûðîæäåííàÿ ãèïåðãåî-

ìåòðè÷åñêàÿ ôóíêöèÿ Êóììåðà: 

 - ñèìâîë Ïîõãàììåðà;

 - ïàðàìåòð ãèïåðãåîìåòðè÷åñêîãî ðÿäà;

 - ïåðåìåííàÿ.

3 ×ÈÑËÅÍÍÛÅ ÐÅÇÓËÜÒÀÒÛ

Èñïîëüçóÿ ãðàíè÷íûå óñëîâèÿ äëÿ (8), (9), îïðåäåëèì

ñîáñòâåííûå ÷èñëà , ñîîòâåòñòâóþùèå âûøåîïèñàí-

íûì ñîáñòâåííûì ôóíêöèÿì  è -âîëí,
ðàñïðîñòðàíÿþùèõñÿ â òàêîé ñòðóêòóðå. Ðåçóëüòàòû
÷èñëåííûõ ðàñ÷åòîâ ñîáñòâåííûõ ÷èñåë è ñîáñòâåííûõ
ôóíêöèé ýëåêòðè÷åñêèõ è ìàãíèòíûõ âîëí â çàâèñèìîñòè
îò ðàçëè÷íûõ çíà÷åíèé ñêåéëèíãîâîãî ïîêàçàòåëÿ 
ïðåäñòàâëåíû íà ðèñ. 1-5.

1 - âîëíà -òèïà; 2 - âîëíà -òèïà

Ðèñóíîê 1 - Çàâèñèìîñòü íîðìèðîâàííîãî âîëíîâîãî 

÷èñëà  îò äðîáíîãî ïîðÿäêà  â ñëó÷àå øèðîêèõ 
ôðàêòàëüíûõ ñòåíîê

Ðèñóíîê 2 - Ðàñïðåäåëåíèå êîìïîíåíòû  ïîëÿ 

-òèïà ïðè ðàçëè÷íûõ ïîëîæèòåëüíûõ çíà÷åíèÿõ 
äðîáíîãî ïîðÿäêà 
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Ðèñóíîê 3 - Ðàñïðåäåëåíèå êîìïîíåíòû  ïîëÿ 

-òèïà ïðè ðàçëè÷íûõ îòðèöàòåëüíûõ çíà÷åíèÿõ 
äðîáíîãî ïîðÿäêà 

Ðèñóíîê 4 - Ðàñïðåäåëåíèå êîìïîíåíòû  ïîëÿ 

-òèïà ïðè ðàçëè÷íûõ ïîëîæèòåëüíûõ çíà÷åíèÿõ 
äðîáíîãî ïîðÿäêà 

Ðèñóíîê 5 - Ðàñïðåäåëåíèå êîìïîíåíòû  ïîëÿ 

-òèïà ïðè ðàçëè÷íûõ îòðèöàòåëüíûõ çíà÷åíèÿõ 
äðîáíîãî ïîðÿäêà 

Àíàëèçèðóÿ ãðàôèêè, ïðåäñòàâëåííûå íà ðèñ.1, ìîæíî

êîíñòàòèðîâàòü, ÷òî äëÿ âîëíû -òèïà (êðèâàÿ 1) ñ

óâåëè÷åíèåì ïîðÿäêà  îò -2 äî 1 è äëÿ âîëíû -òèïà

(êðèâàÿ 2) ñ óâåëè÷åíèåì ïîðÿäêà  îò -1 äî 2 çíà÷åíèå

ñîáñòâåííîãî âîëíîâîãî ÷èñëà  âîçðàñòàåò îò 0 äî ,

â ñëó÷àå  çíà÷åíèå âîëíîâîãî ÷èñëà ñîîòâåòñòâóåò

åãî çíà÷åíèþ äëÿ èäåàëèçèðîâàííîãî âîëíîâîäà  è 
ñîîòâåòñòâåííî.

Òàê êàê âîëíîâîå ÷èñëî ÿâëÿåòñÿ ïàðàìåòðîì,
îïðåäåëÿþùèì äëèíó âîëíû, ðàñïðîñòðàíÿþùåéñÿ â

âîëíîâîäå, ñëåäîâàòåëüíî, ïðè åãî óìåíüøåíèè 
ôàêòè÷åñêè óâåëè÷èâàþòñÿ ðàçìåðû íàïðàâëÿþùåé ñèñ-
òåìû, è ïðåäîñòàâëÿåòñÿ âîçìîæíîñòü ðàñïðîñòðàíåíèþ
âûñøèõ òèïîâ âîëí. È, íàîáîðîò, ïðè åãî óâåëè÷åíèè

 âîëíîâåäóùàÿ ñèñòåìà ôóíêöèîíàëüíî ñóæàåòñÿ,
÷òî îãðàíè÷èâàåò ðàñïðîñòðàíåíèå äàæå îñíîâíîãî òèïà
âîëíû, êàê âèäíî èç ðèñ. 2-5.

ÂÛÂÎÄÛ

Ïðèìåíåíèåì àïïàðàòà èíòåãðî-äèôôåðåíöèàëüíîãî
èñ÷èñëåíèÿ îïðåäåëåíû ñîáñòâåííûå âîëíîâûå ÷èñëà è
ôóíêöèè ýëåêòðîìàãíèòíûõ âîëí, ðàñïðîñòðàíÿþùèõñÿ â
ïðÿìîóãîëüíîì âîëíîâîäå ñ øèðîêèìè ôðàêòàëüíûìè
ñòåíêàìè. Ïîêàçàíà çàâèñèìîñòü ñîáñòâåííûõ âîëíîâûõ
÷èñåë îò âåëè÷èíû ñêåéëèíãîâîãî ïîêàçàòåëÿ, õàðàêòåðè-
çóþùåãî ñòåïåíü ôðàêòàëüíîñòè ñòåíîê. Óñòàíîâëåíî, ÷òî
áëàãîäàðÿ òàêîìó ñòðîåíèþ ïîâåðõíîñòåé âîëíîâîäà
âîçìîæíî óïðàâëåíèå ðàñïðîñòðàíåíèåì òåõ èëè èíûõ
òèïîâ âîëí, ÷òî î÷åíü àêòóàëüíî ïðè ïðîåêòèðîâàíèè ÑÂ×
ôèëüòðîâ. Ïðåäëîæåííûé ìàòåìàòè÷åñêèé àïïàðàò
ïîçâîëÿåò îïèñàòü âîëíîâåäóùóþ ñòðóêòóðó ïðîèçâîëü-
íîãî ñå÷åíèÿ. Ðàññìàòðèâàåìûé ïîäõîä ïîçâîëÿåò
îïðåäåëèòü òàêîé âàæíûé äëÿ òåõíè÷åñêèõ ïðèëîæåíèé
ïàðàìåòð, êàê çàòóõàíèå è åãî çàâèñèìîñòü îò ôðàêòàëü-
íûõ ñâîéñòâ ñòåíîê âîëíîâîäà. Ðåçóëüòàòû íàñòîÿùåé
ðàáîòû ìîãóò èñïîëüçîâàòüñÿ äëÿ ðåøåíèÿ àêòóàëüíûõ
çàäà÷ îá óïðàâëåíèè ýëåêòðîìàãíèòíûì ïîëåì â âîëíî-
âåäóùèõ ñèñòåìàõ çà ñ÷åò âàðüèðîâàíèÿ ñêåéëèíãîâîãî
ïîêàçàòåëÿ, õàðàêòåðèçóþùåãî ñòåïåíü ôðàêòàëüíîñòè
ïîâåðõíîñòåé.
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Â.È.Ïñàðåâ, Ë.À.Ïàðõîìåíêî, À.Ô.Êóëèêîâ

Íàâåäåíî îïèñ ìåòîäó äèñïåðñ³éíî-êîìï'þòåðíîãî àíàë³çó
òîíêèõ îñòð³âêîâèõ ïë³âîê ç ³ëþñòðàö³ºþ éîãî çàñòîñóâàííÿ.
Çà éîãî äîïîìîãîþ ìîæå áóòè âñòàíîâëåíèé ìîæëèâèé
êîðåëÿö³éíèé çâ'ÿçîê ì³æ îçíàêàìè çì³í åêñïåðèìåíòàëüíèõ
ã³ñòîãðàì ³ âíóòð³øíüî-ñèñòåìíèìè ïðîöåñàìè, ùî âèêëè-
êàþòü òðàíñôîðìàö³þ ðàñïîä³ë³â îñòð³âê³â çà ðîçì³ðàìè â
ïðîöåñ³ ñòðóêòóðíîãî îãðóáëåíèÿ ïë³âîê.

Ïðèâåäåíî îïèñàíèå äèñïåðñèîííî-êîìïüþòåðíîãî àíàëèçà
òîíêèõ îñòðîâêîâûõ ïëåíîê ñ èëëþñòðàöèåé ïðèìåíÿåìîãî
ìåòîäà. Ñ åãî ïîìîùüþ ìîæåò áûòü óñòàíîâëåíà âîçìîæíàÿ
êîððåëÿöèîííàÿ ñâÿçü ìåæäó ïðèçíàêàìè èçìåíåíèÿ ñî
âðåìåíåì ýêñïåðèìåíòàëüíûõ ãèñòîãðàìì è âíóòðèñèñòåì-
íûìè ïðîöåññàìè, âûçûâàþùèìè òðàíñôîðìàöèþ ðàñïðåäå-
ëåíèé îñòðîâêîâ ïî ðàçìåðàì â ïðîöåññå ñòðóêòóðíîãî
îãðóáëåíèÿ ïëåíîê.

A description is given of the dispersion-computer analysis
carried out on thin island films and the illustration of the tech-
nique used. A possible correlative relation among the time
change signs of the experimental histograms and the intrasystem
processes, which result in transformation of microislands size
distribution in the process of their coarsening in thin films, can
be established with the help of the technique.

Ñîâðåìåííûé ýòàï ðàçâèòèÿ ìèêðîýëåêòðîíèêè õàðàê-
òåðèçóåòñÿ øèðîêèì ïðèìåíåíèåì ðàçíîãî òèïà ïëå-
íî÷íûõ èíòåãðàëüíûõ ìèêðîñõåì ñ îáåñïå÷åíèåì ìèêðî-
ìèíèàòþðèçàöèè ðàäèîýëåêòðîííîé àïïàðàòóðû è ñîâ-
ìåñòíîãî èçãîòîâëåíèÿ ñðàçó ìíîãèõ ýëåìåíòîâ
(ñîïðîòèâëåíèÿ, êîíäåíñàòîðû, èíäóêòèâíîñòè, òîêîïîä-
âîäÿùèå äîðîæêè è ò. ï.). Êà÷åñòâî è íàäåæíîñòü
ðàáîòîñïîñîáíîãî ñîñòîÿíèÿ ìèêðîñõåì, â ïðîöåññå èõ
ôóíêöèîíèðîâàíèÿ, â îñîáåííîñòè, ïîä âëèÿíèåì âîç-
äåéñòâèÿ êàêèõ-ëèáî âíåøíèõ ôàêòîðîâ, ñóùåñòâåííî
çàâèñÿò îò ñòðóêòóðíîé ñòàáèëüíîñòè ïëåíî÷íîãî ìàòå-
ðèàëà, äîñòîâåðíàÿ èíôîðìàöèÿ î êîòîðîé äîëæíà áûòü
çàðàíåå ïîëó÷åíà ìåòîäàìè ôèçèêî-õèìè÷åñêîãî àíàëèçà.
Â íàó÷íîé ëèòåðàòóðå ýòîìó âîïðîñó, ôàêòè÷åñêè, íå
óäåëÿëîñü äîëæíîãî âíèìàíèÿ. Ðàññìîòðèì â ýòîé ñâÿçè
ìåòàëëè÷åñêèå ïëåíêè îñòðîâêîâîãî òèïà, ïîäâåðæåííûå
îãðóáëåíèþ èç-çà îñòâàëüäîâñêîé êîàãóëÿöèè ìèêðî-
îñòðîâêîâ, îñëîæíåííîé ðÿäîì ñîïóòñòâóþùèõ ïðîöåññîâ.

Ôîðìèðîâàíèå îñòðîâêîâîé ïëåíêè íà ïîäëîæêå
õàðàêòåðèçóåòñÿ îáðàçîâàíèåì è ðîñòîì îñòðîâêîâ, à
ñâîáîäíàÿ ïîâåðõíîñòü ìåæäó íèìè ïîêðûâàåòñÿ ñëîåì
àäàòîìîâ (àäñîðáèðîâàííûõ àòîìîâ) ñ ðàçíîé ãóñòîòîé â
çàâèñèìîñòè îò åå ìèêðîðåëüåôà. Ñòåïåíü âûæèâàåìîñòè

îñòðîâêîâ (íàïðèìåð, çîëîòà, ïëàòèíû, ìåäè è äð.) â
òàêîé äèñïåðñíîé ñèñòåìå ñóùåñòâåííî çàâèñèò îò èõ
ðàçìåðà, îãðàíêè è ñòðóêòóðíîãî ñîñòîÿíèÿ. Ïåðåõîä
ïëåíêè â áîëåå ñòàáèëüíîå ñîñòîÿíèå ïðîèñõîäèò ïóòåì
óêðóïíåíèÿ îñòðîâêîâ è ñîïðîâîæäàåòñÿ çíà÷èòåëüíûì
óìåíüøåíèåì ñâîáîäíîé ïîâåðõíîñòíîé ýíåðãèè.

Ïåðåðàñïðåäåëåíèå âåùåñòâà îñòðîâêîâ ïðè íàãðåâàíèè
ïëåíêè îïðåäåëÿåòñÿ âåëè÷èíîé èõ êðèòè÷åñêîãî ðàäèóñà

. Ìèêðî÷àñòèöû-îñòðîâêè äîêðèòè÷åñêîãî ðàçìåðà

 ïîñòåïåííî ðàñïëûâàþòñÿ ïî ïîâåðõíîñòè ïîäëîæ-

êè, à ðàñòè áóäóò òîëüêî òå èç íèõ, ðàçìåð êîòîðûõ áîëü-
øå êðèòè÷åñêîãî . Òàêîé ïðîöåññ ñîïðîâîæäàåòñÿ

óìåíüøåíèåì èõ îáùåãî ÷èñëà, ñòåïåíè ïåðåñûùåíèÿ
àäàòàìàìè ïîâåðõíîñòè ïîäëîæêè, à çíà÷èò, è ðîñòîì
ñðåäíåãî , êðèòè÷åñêîãî , ìîäàëüíîãî , íàèáîëü-

øåãî  ðàçìåðîâ è ðàçìàõà ðàñïðåäåëåíèÿ . Àíà-

ëèòè÷åñêè ýòî óñëîâèå âûðàæàåòñÿ óðàâíåíèåì äâèæåíèÿ,
à èìåííî çàâèñèìîñòüþ ñêîðîñòè ðîñòà - ðàñòâîðåíèÿ
ìèêðî÷àñòèö îò èõ ðàçìåðà.

Â ñëó÷àå äèñïåðñíîé ñèñòåìû îñòðîâêîâ, èìåþùèõ
ôîðìó ñôåðè÷åñêîãî ñåãìåíòà, ïðåäëîæåíà ìàòåìàòè÷åñ-
êàÿ ìîäåëü óðàâíåíèÿ äâèæåíèÿ [1, 2]

  , (1)

ãäå  - ïðîñòðàíñòâåííûé ðàçìåð îñòðîâêîâ (  - èõ êðè-

òè÷åñêèé ðàäèóñ);  - êîýôôèöèåíò ïîâåðõíîñòíîé äèô-

ôóçèè àäàòîìîâ;  - óäåëüíûé îáúåì âåùåñòâà ïëåíêè;
- ñêîðîñòü ïðèñîåäèíåíèÿ àäàòîìîâ ê ïîâåðõíîñòè

îñòðîâêîâ;  - ïîñòîÿííàÿ âåëè÷èíà [1, 2]. Îòäåëüíûå
÷àñòíûå ðåøåíèÿ, ïîëó÷åííûå íà îñíîâå óðàâíåíèÿ (1),
ñîîòâåòñòâóþò óñòàíîâèâøåéñÿ ñòàäèè îñòâàëüäîâñêîé
êîàãóëÿöèè îñòðîâêîâ.

Â íàñòîÿùåì ñîîáùåíèè, â ñâåòå èçëîæåííûõ â ðàáîòàõ
[1,2] ïðåäñòàâëåíèé, ïðîèçâåäåíî îáîáùåíèå ðåøåíèÿ
çàäà÷è è ïðåäëîæåíû àíàëèòè÷åñêèå ðàçðàáîòêè, ïðåäíàç-
íà÷åííûå äëÿ ñèñòåìíîãî àíàëèçà ìèêðîñòðóêòóðû
îñòðîâêîâûõ ïëåíîê è îïûòíîé ïðîâåðêè ïîëó÷åííûõ
ðåøåíèé. Ñ èõ ïîìîùüþ ìîæåò áûòü óñòàíîâëåíà
âîçìîæíàÿ êîððåëÿöèîííàÿ ñâÿçü ìåæäó ïðèçíàêàìè
èçìåíåíèÿ ñî âðåìåíåì ýêñïåðèìåíòàëüíûõ ãèñòîãðàìì è
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âíóòðèñèñòåìíûìè ïðîöåññàìè, âûçûâàþùèìè òðàíñôîð-
ìàöèþ ðàñïðåäåëåíèÿ îñòðîâêîâ ïî ðàçìåðàì â ïðîöåññå
ñòðóêòóðíîãî îãðóáëåíèÿ ïëåíêè.

1 ÎÁÙÈÅ ÒÅÎÐÅÒÈ×ÅÑÊÈÅ ÏÎËÎÆÅÍÈß

Äâóìåðíàÿ çàäà÷à îá ýâîëþöèè ïîâåðõíîñòíîé ñèñòåìû
îñòðîâêîâ, èìåþùèõ ôîðìó ñôåðè÷åñêîãî ñåãìåíòà,
ñâîäèòñÿ ê ðåøåíèþ â òðåõìåðíîé ïîñòàíîâêå [3]. Òåì
ñàìûì îñóùåñòâëÿåòñÿ åå îñèììåòðèðîâàíèå ïóòåì ââîäà
ýêâèâàëåíòíîãî ïîâåðõíîñòíîé ñèñòåìå òðåõìåðíîãî
ðàñïðåäåëåíèÿ ìèêðîîñòðîâêîâ ïî èõ ýôôåêòèâíûì
ïðîñòðàíñòâåííûì ðàçìåðàì. Ââåäåì áåçðàçìåðíóþ ïåðå-

ìåííóþ  è ïðåîáðàçóåì óðàâíåíèå (1), ñ ó÷åòîì

çàâèñèìîñòè ñêîðîñòè  îò ðàçìåðà îñòðîâêà [3].
Ïîëó÷èì äâà âàðèàíòà óðàâíåíèÿ äâèæåíèÿ. Ïåðâûé
ñîîòâåòñòâóåò äèôôóçèîííîìó ìåõàíèçìó ïåðåíîñà âå-
ùåñòâà â ñèñòåìå è èìååò âèä

  , (2)

ãäå  - ïðèâåäåííàÿ ñêîðîñòü èçìåíåíèÿ

 ñî âðåìåíåì ; ; .

Âòîðîé îïðåäåëÿåòñÿ âåëè÷èíîé  - ñêîðîñòüþ ïðîíèê-
íîâåíèÿ àäàòîìîâ ÷åðåç ìåæôàçîâóþ ãðàíèöó è ñîîòâåòñò-
âóåò ðåàêöèîííî-êîíòðîëèðóåìîìó ìåõàíèçìó, îïèñûâàå-
ìîìó óðàâíåíèåì

, (3)

ãäå ; ; .

Âûðàæåíèå äëÿ ïðîèçâîäñòâà ôóíêöèé ðàñïðåäåëåíèÿ
ìèêðî÷àñòèö ïî èõ îòíîñèòåëüíûì ðàçìåðàì ïðè çàäàííîì

 èìååò ñëåäóþùèé âèä [3, 4]

, (4)

ãäå  - ôóíêöèÿ ïëîòíîñòè ðàñïðåäåëåíèÿ

ìèêðî÷àñòèö ïî ðàçìåðàì â ìîìåíò âðåìåíè ; -

ïðèâåäåííàÿ ñêîðîñòü äâèæåíèÿ   â àíñàìáëå ðàçìåðîâ

îñòðîâêîâ.
Ïîñòîÿííàÿ èíòåãðèðîâàíèÿ îïðåäåëÿåòñÿ èç çàêîíà

ñîõðàíåíèÿ ìàññû âåùåñòâà îñòðîâêîâîé ïëåíêè, çàïèñàí-
íîãî â òàêîì âèäå

, (5)

ãäå  - ïåðåñûùåíèå àäàòîìîâ íà ïîäëîæêå;

,  - êðàåâîé óãîë

( ,  - ýôôåêòèâíûé ðàäèóñ îñòðîâêà íà ïîâåðõ-

íîñòè ïîäëîæêè);  - ïëîòíîñòü âåùåñòâà ïëåíêè.

Ïðè çàäàííîì  âûðàæåíèå (4) ïðîèçâîäèò ìíî-
æåñòâî óíèìîäàëüíûõ ôóíêöèé ðàñïðåäåëåíèÿ ïðè
óñëîâèè [4]

, (6)

ãäå  - âåðõíÿÿ ãðàíèöà îòíîñèòåëüíûõ ðàçìåðîâ

îñòðîâêîâ. Èõ îòíîñèòåëüíûé ìîäàëüíûé ðàçìåð ìîæíî
îïðåäåëèòü èç ñîîòíîøåíèÿ [4]

. (7)

Êàæäîå èç ðàñïðåäåëåíèé ìíîæåñòâà (4) îáëàäàåò
ñîáñòâåííûìè ìîìåíòàìè îòíîñèòåëüíî  è ñîîòíî-
øåíèåì ìåæäó íèìè. Ïîñëåäíåå ìîæíî ïîëó÷èòü, ðåøèâ
óðàâíåíèå [5]

  

,(8)

ãäå   è  - öåëî÷èñëåííûå èëè

äðîáíûå ïîëîæèòåëüíûå ÷èñëà. Â ýòîé ñâÿçè, ïðè çàäàí-
íûõ   èç óðàâíåíèé (2) è (3), ñ ïîìîùüþ (8) ìîæíî ïîëó-
÷èòü ñîîòíîøåíèå ìåæäó ñìåøàííûìè ìîìåíòàìè â òàêîì
âèäå

, (9)

ãäå ;

;

.

Â òåðìèíàõ ìîìåíòîâ çàïèñàíû:
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;

.

Ñîîòíîøåíèå (9) îáëàäàåò ìíîæåñòâîì ïðèçíàêîâ,
êîòîðûå ìîãóò áûòü ïîëîæåíû â îñíîâó èäåíòèôèêàöèè
òåîðåòè÷åñêèõ ðàñïðåäåëåíèé ñ ýêñïåðèìåíòàëüíûìè.

Íàïðèìåð, ïðè  è  èìååò ìåñòî ðàâåíñòâî

; ïðè  è  ñïðàâåäëèâî

, ãäå  äëÿ óðàâíåíèÿ

äâèæåíèÿ (2) è  - óðàâíåíèÿ (3). Åñëè

ýêñïåðèìåíòàëüíîå ðàñïðåäåëåíèå óäîâëåòâîðÿåò ñîîòíî-
øåíèþ (9) è âûòåêàþùèì èç íåãî ïðèçíàêàì, òî îíî
ñîâìåñòèìî ñ îäíèì èç òåîðåòè÷åñêèõ ðàñïðåäåëåíèé
ìíîæåñòâà (4), ïîäëåæàùèì îòûñêàíèþ ïóòåì îïðåäå-
ëåíèÿ ïàðàìåòðîâ  è .

2 ÄÈÔÔÓÇÈÎÍÍÎÅ ÑÒÐÓÊÒÓÐÍÎÅ 
ÎÃÐÓÁËÅÍÈÅ ÏËÅÍÊÈ

Çàìåíîé èç óðàâíåíèÿ äâèæåíèÿ (2) çíà÷åíèÿ   â
âûðàæåíèè (4) ïîëó÷èì

(10)

ãäå .

Ðåøåíèå ïðåäóñìàòðèâàåò îïðåäåëåíèå , ,  ïðè

çíà÷åíèÿõ  è , âîñïîëüçîâàâøèñü ñîîò-
íîøåíèÿìè (6) è (7). Ñîîòâåòñòâóþùèå óðàâíåíèÿ èìåþò
ñëåäóþùèé âèä [6]

, (11)

, (12)

. (13)

Äëÿ êîíêðåòíûõ çíà÷åíèé ïàðàìåòðîâ  è , ïóòåì

èíòåãðèðîâàíèÿ (10), ìîæíî ïîëó÷èòü òåîðåòè÷åñêóþ

ôóíêöèþ ïëîòíîñòè ðàñïðåäåëåíèÿ. Íàïðèìåð, ïðè 

è  àíàëèòè÷åñêîå âûðàæåíèå äëÿ ìíîæåñòâà
ôóíêöèé ðàñïðåäåëåíèÿ èìååò ñëåäóþùèé âèä

,(14)

ãäå ; ;

; ;

.

Ïðè  èìååì ; ; ;

; ; . Ýòî ðàñïðåäåëåíèå ×àêðà-

âåðòè [1], õàðàêòåðèçóåìîå êîýôôèöèåíòîì àñèììåòðèè

 ( , ãäå  - öåíòðàëüíûé ìî-

ìåíò òðåòüåãî ïîðÿäêà,  - äèñïåðñèÿ ðàñïðåäåëåíèÿ).
Îòðèöàòåëüíàÿ àñèììåòðèÿ õàðàêòåðíà è äëÿ äðóãèõ

ðàñïðåäåëåíèé, ñîîòâåòñòâóþùèõ äèôôóçèîííîìó ìåõà-
íèçìó óêðóïíåíèÿ îñòðîâêîâ. Â ýòîì ñëó÷àå ìàêñèìóìû
êðèâûõ ïëîòíîñòè ðàñïðåäåëåíèÿ ñìåùåíû â ñòîðîíó
áîëåå êðóïíûõ ðàçìåðîâ îñòðîâêîâ. Òàêàÿ äèñïåðñíàÿ
ñèñòåìà äîëæíà õàðàêòåðèçîâàòüñÿ ìàëîé óñòîé÷èâîñòüþ ê
ñîõðàíåíèþ âûñîêîé ñòåïåíè äèñïåðñíîñòè îñòðîâêîâ. Ó
ïëåíîê ýòîãî òèïà äîëæíà ñóùåñòâîâàòü òåíäåíöèÿ ê
ïåðåõîäó îò äèñêðåòíîãî ñòðóêòóðíîãî ñòðîåíèÿ (îñòðîâ-
êîâîãî) ê ñïëîøíîìó ñòðîåíèþ. Ïðè ñîõðàíåíèè äèñêðåò-
íîñòè ïëåíêà äîëæíà îòëè÷àòüñÿ çíà÷èòåëüíûì êîíòðàñ-
òîì â ðàçìåðàõ îñòðîâêîâ.

3 ÐÅÀÊÖÈÎÍÍÎÅ ÑÒÐÓÊÒÓÐÍÎÅ 
ÎÃÐÓÁËÅÍÈÅ ÏËÅÍÊÈ

Ïîñëå ïîäñòàíîâêè (2) â âûðàæåíèå (4), ïîëó÷èì

  . (15)

Ïðè çàäàííûõ  è  è âûïîëíåíèè óñëîâèÿ (6)

ìîæíî îïðåäåëèòü çíà÷åíèÿ  è  èç óðàâíåíèé

, (16)

. (17)

Êàæäîé ïàðå ýòèõ âåëè÷èí ñîîòâåòñòâóåò ðåøåíèå
óðàâíåíèÿ (15) - óíèìîäàëüíàÿ ôóíêöèÿ ïëîòíîñòè ðàñ-
ïðåäåëåíèÿ îñòðîâêîâ ïî èõ îòíîñèòåëüíûì ðàçìåðàì.
Ðàñïðåäåëåíèÿ äîñòèãàþò ìàêñèìóìà ïðè çíà÷åíèÿõ ,

êîòîðûå ìîæíî îïðåäåëèòü èç óðàâíåíèÿ

(18)

Êîýôôèöèåíò àñèììåòðèè, ïðîèçâîäèìûõ âûðàæåíèåì

Mn 1 m 1–,+ Mnm'u ug u–( ) 1– ud

0

ug

�=

Mn γ u( ) m 1–,– Mnm' ug u–( ) 1– γ u( )[ ] 1– ud

0

ug

�=

n 3= m 0≠
3 L3 m Lm= n 3= m 0=

M2 γ u( )– M3 γ u( )–= γ u( ) γ1 u( )=

γ u( ) γ2 u( )=

α ε

ϕ u( )
3υkγ1 u( )

υku4 vkεu2 α– u– 1+ +
----------------------------------------------------------

3υk

γ1 u( )

υku4 vkεu2 α– u– 1+ +
---------------------------------------------------------- ud�–exp×

×

,

=

γ1 u( ) u3 ε u1 α–⋅+=

ug vk um

0 α 1≤ ≤ 0 ε 1≤ ≤

3ug
3 α+ 4ug

2 α+– 1 α–( )εug ε 2 α–( )–+ 0=

vk ug 1–( ) ε ug
2 α++( ) 1– ug

α 2–=

um αε 3um
1 α++( ) ε 1 α–( )+ 4vkum

2 α– ε um
2 α++( )=

α ε

α 0=
0 ε 1≤ ≤

ϕ u( )
cγ u( ) ug u–( ) a– b

ug u–
--------------–� �

� �exp

u2 2ugu ε 3ug
2+ + +( )c d

∆1
------arctg

u ug+

∆1
---------------� �
� �exp

-------------------------------------------------------------------------------------------------------------------=

a
5ε2 39εug

2 114ug
4+ +

ε 6ug
2+( )2

-----------------------------------------------------= b
3ug ε ug

2+( )

ε 6ug
2+

-----------------------------=

c 0 5 7 a–( ),= d
ug 6ug

4 15εug
2– 6ε2–( )

ε 6ug
2+( )2

---------------------------------------------------------=

∆1 ε 2ug
2+( )1 2/=

α ε 0= = ug
4
3
---= a 19

6
------= b 2

3
---=

c 23
12
------= d 2

9
---= ∆1

4
3
--- 2=

Sk 1 311,–= Sk µ3 σ3⁄= µ3
σ

ϕ u( )
3υkγ2 u( )

υkε1u4 vku2 α– u– 1+ +
-------------------------------------------------------------

3υk

γ2 u( )

υkε1u4 vku2 α– u– 1+ +
------------------------------------------------------------- ud�–exp×

×=

α ε1
ug vk

3ε1ug
3 α+ 4ε1ug

2 α+ 1 α–( )ug 2– α+ +– 0=

vk 3ug 4–( ) 2 α+( ) 1– ug
α 2–=

um

um α 3ε1um
1 α+ 2ε1um

2 α+–+( ) 1 α =–+

4vkum
2 α– 1 ε1um

2 α++( )2.=
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(15) ðàñïðåäåëåíèé, ïðèíèìàåò ïîëîæèòåëüíûå, íóëåâûå
è îòðèöàòåëüíûå çíà÷åíèÿ, õàðàêòåðíûå è äëÿ ïðèðîäíîé
ôîðìû ðàñïðåäåëåíèé îñòðîâêîâ ïî ðàçìåðàì.

Ðàññìîòðèì, íàïðèìåð, ðåøåíèå ïðè  è .

Èç óðàâíåíèé (16) è (17) ñëåäóåò:  è .

Ïðîèçâåäåì çàìåíó ïåðåìåííûõ: , òî

 è . Ðåøàÿ (15),

ïîëó÷èì

, (19)

ãäå .

Â ýòîì ñëó÷àå çàìåíà ïåðåìåííûõ îçíà÷àåò çàìåíó
ïðèçíàêà, ïî êîòîðîìó îñóùåñòâëÿåòñÿ ðàñïðåäåëåíèå
îñòðîâêîâ. Ñëåäîâàòåëüíî, ñîîòíîøåíèå ìåæäó ìîìåíòàìè
ðàñïðåäåëåíèÿ (9) òàêæå ïðåîáðàçóåòñÿ ê âèäó

(20)

ãäå ; äðóãèå

ìîìåíòû òàêæå çàâèñÿò îò .

Çàìåòèì, â ïðåäåëàõ êàæäîãî ðàçìåðíîãî èíòåðâàëà
îñòðîâêè ìîãóò ñî÷åòàòüñÿ ïî êàêîìó-ëèáî äðóãîìó

ïðèçíàêó ïðè  èíà÷å, ÷åì ïðè  èëè æå

ïðè ëþáîì äðóãîì , ãäå 

Ñîîòâåòñòâåííî èçìåíÿåòñÿ è àíàëèòè÷åñêèé âèä ôóíêöèè

ïëîòíîñòè ðàñïðåäåëåíèÿ. Íàïðèìåð, ïðè  è

 èìååì: ; ; ;

, òîãäà

.

Îäíàêî ñîîòíîøåíèå ìåæäó ìîìåíòàìè (20) ñîõðà-
íÿåòñÿ è äëÿ ýòîé ôóíêöèè ðàñïðåäåëåíèÿ.

Èíôîðìàöèþ î ïðèðîäå è îñîáåííîñòÿõ ïðîòåêàíèÿ
âíóòðèñèñòåìíûõ ïðîöåññîâ ìîæíî ïîëó÷èòü ïóòåì
èäåíòèôèêàöèè òåîðåòè÷åñêèõ ðàñïðåäåëåíèé - ðåøåíèé
óðàâíåíèÿ (4) ñ îáðàçîì - ýêñïåðèìåíòàëüíûìè ãèñòîãðà-
ììàìè ñ ïîñëåäóþùèì âûÿâëåíèåì èõ ñõîäñòâà è
ðàçëè÷èÿ. Ìåòîäèêà ïîäîáíîãî àíàëèçà îïèñàíà â ðàáîòå
[3]. Âîñïîëüçóåìñÿ åþ ïðè àíàëèçå ýêñïåðèìåíòàëüíûõ

ðàñïðåäåëåíèé ïëàòèíîâûõ îñòðîâêîâ íà 

ïîäëîæêå ïî èõ ýôôåêòèâíûì ðàäèóñàì [7].

α 1 2⁄= ε1 0=

ug 3= vk 0 3849,=

x u1 2/=

M'nm xn 1+ xg x–( )mϕ x( )= γ2 x( ) x=

ϕ x( ) cx xg x–( ) 22 3/– x
1
2
---xg+� �

� � 5 3/– 4xg

xg x–
-------------–� �

� �exp=

xg ug
1 2/ 1 7321,= =

6 n–( )vkMnm n Mn 3 m,– Mn 1 m,––( )
m vkMn 1 m 1–,+ Mn m 1–,– Mn 2 m 1–,–+( ),–

–=

Mnm xn 1+ xg x–( )mϕ x( ) xd

0

xg

� M'nm xd

0

xg

�= =

x

α 1 2⁄= α 2 4⁄=

α n
2n
------= n 1 2 3 …, , ,=

α 3 6⁄=

ε 0= xg ug
6 1 2009,= = vk 0 3849,= x u1 6/=

γ x( ) x3=

ϕ x( ) cx3 xg
3 x3–( ) 22 3/– x3 1

2
---xg

3+� �
� � 5 3/– 4xg

3

xg
3 x3–

-----------------–
� �
� �
� �

exp=

γ Al2O3–

Òàáëèöà 1 - Êîëè÷åñòâåííûå õàðàêòåðèñòèêè ãèñòîãðàìì îñòðîâêîâîé ïëåíêè Pt íà -Al2O3 - ïîäëîæêå 

ïîñëå íàãðåâàíèÿ ïðè 700  íà âîçäóõå [7]

1 ÷àñ 16 ÷àñîâ

, ìì , ìì-2 , ìì-3 , ìì , ìì-2  , ìì-3

0 0 0 0 0 0

2,14 2,68 2,002 1,69 1,70 0,011

5,00 15,12 3,253 3,93 6,50 1,610

7,86 31,36 17,714 6,17 11,15 5,465

10,72 13,44 7,651 8,41 10,35 4,874

13,58 0,84 0,390 10,65 9,00 4,731

16,44 0,28 0,136 12,89 4,50 2,134

19,30 0 0 15,13 2,70 1,455

17,37 0,45 0,243

19,61 0 0

ìì-2; ìì; 

ìì-3; ìì; 

ìì; ìì; 

ìì; ; ; 

; ; ; 

; ; 

; %

ìì-2; ìì; 

ìì-3; ìì; 

ìì; ìì; 

ìì; ; ; 

; ; ; 

; ; 

 %

γ
°C

r 106⋅ ns10
7–⋅ Nr10 12–⋅ r 106⋅ ns10

7–⋅ Nr10 12–⋅

n0 69 72, 107⋅= rs 7 18 10 6–⋅,=

N 31 15 1012⋅,= r 8 0 10 6–⋅,=

rm 6 78 10 6–⋅,= rk 9 26 10 6–⋅,=

rg 22 3 10 6–⋅,= ug 2 408,= α 0 50,=

ε 1 02 10 2–⋅,= vk 0 345,= Sk 0 457,–=

ex 1 115,= M3 γ2 u( )– 0 7957,=

M3 uγ2 u( )– 0 8225,= g 26 25,=

n0 46 35 107⋅,= rs 8 34 10 6–⋅,=

N 20 51 1012⋅,= r 9 05 10 6–⋅,=

rm 7 13 10 6–⋅,= rk 11 03, 10 6–⋅=

rg 26 6 10 6–⋅,= ug 2 4124,= α 0 60,=

ε 1 36, 10 2–⋅= vk 0 363,= Sk 0 422,=

ex 0 452,–= M3 γ2 u( )– 0 7412,=

M3 uγ2 u( )– 0 7604,= g 18 69,=
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Â òàáëèöå 1 ïðèâåäåíû äàííûå ÷àñòîòíîé çàñåëåííîñòè
ðàçìåðíûõ èíòåðâàëîâ îñòðîâêàìè íà åäèíèöå ïëîùàäè
ïîâåðõíîñòè ïîäëîæêè, à òàêæå ñîîòâåòñòâóþùåå

ýêâèâàëåíòíîå ÷èñëî ìèêðî÷àñòèö â åäèíèöå îáúåìà .

Ïåðåõîä îò  ê ýêâèâàëåíòíîìó ðàñïðåäåëåíèþ

 ïðîèçâîäèëñÿ ñ ïîìîùüþ ôîðìóëû (7), ïðèâå-

äåííîé â ðàáîòå [8]. Â ðåçóëüòàòå êîìïüþòåðíûõ ðàñ÷åòîâ

íàðÿäó ñî ñðåäíèì , ìîäàëüíûì  è íàèáîëüøèì 

ðàçìåðàìè ìèêðî÷àñòèö (â ýêâèâàëåíòíîì îáúåìå) îïðå-
äåëåíû ÷èñëåííûå çíà÷åíèÿ êðèòè÷åñêîãî ðàäèóñà 

îñòðîâêîâ.
Â ïðîöåññå íàãðåâàíèÿ ïëåíêè ïðîèñõîäèò óêðóïíåíèå

îñòðîâêîâ, óìåíüøàåòñÿ èõ ÷èñëî íà åäèíèöó ïëîùàäè

ïîäëîæêè  è óâåëè÷èâàåòñÿ èõ ñðåäíèé ðàäèóñ .

Àíàëîãè÷íûå èçìåíåíèÿ èìåþò ìåñòî è äëÿ õàðàêòåðèñòèê
ñèñòåìû ýêâèâàëåíòíûõ ìèêðî÷àñòèö. Õàðàêòåðèçóþùàÿ
åå ôóíêöèÿ ïëîòíîñòè ðàñïðåäåëåíèÿ ñî âðåìåíåì èçìå-

íÿåò ñâîþ àñèììåòðèþ ñ îòðèöàòåëüíîé  íà

ïîëîæèòåëüíóþ  è ôîðìó êðèâîé âîçëå òî÷êè

ìàêñèìóìà (ñì. çíà÷åíèå ýêñöåññà (ex)). Âñå ýòî ñâÿçàíî ñ
íàêîïëåíèåì â ñèñòåìå áîëüøîãî êîëè÷åñòâà îñòðîâêîâ

äîêðèòè÷åñêîãî ðàçìåðà  â ðåçóëüòàòå çíà÷èòåëü-

íîãî ñìåùåíèÿ  ê áîëåå êðóïíûì ðàçìåðàì è óâåëè÷å-

íèÿ ïàðàìåòðà . Âûäåðæêà ïëåíêè â òå÷åíèå 16 ÷àñîâ

ïðè 700 C ïðèâåëà ê óìåíüøåíèþ äîëè ðàñòóùèõ

îñòðîâêîâ . Ýòîò ôàêò çàôèêñèðîâàí òàêæå è â ðàáîòå

[7]. Îí äîëæåí ïðèâîäèòü ê óâåëè÷åíèþ ñòåïåíè
çàñåëåííîñòè äîêðèòè÷åñêèõ ðàçìåðíûõ èíòåðâàëîâ. Ìå-

òîäèêà îïðåäåëåíèÿ  è  è îöåíêà äîñòîâåðíîñòè èõ

÷èñëåííûõ çíà÷åíèé îïèñàíà â ðàáîòå [3].
Îáîçíà÷åíèÿ:  - ÷èñëî îñòðîâêîâ ðàäèóñà  íà åäè-

íèöå ïîâåðõíîñòè ïîäëîæêè;  - ÷èñëî ýêâèâàëåíòíûõ

ìèêðî÷àñòèö â åäèíèöå îáúåìà;  - îáùåå ÷èñëî îñòðîâ-

êîâ íà åäèíèöå ïëîùàäè ïîäëîæêè;  - èõ ñðåäíèé

ðàäèóñ;  - îáùåå ÷èñëî ýêâèâàëåíòíûõ ìèêðî÷àñòèö â

åäèíèöå îáúåìà;  - èõ ñðåäíèé ðàäèóñ. Î äðóãèõ îáîçíà-

÷åíèÿõ ñì. â òåêñòå.
Ðàññìîòðåííûé ìåõàíèçì óêðóïíåíèÿ ìèêðî÷àñòèö íå

èñêëþ÷àåò âîçìîæíîñòè ñóùåñòâîâàíèÿ îñòðîâêîâûõ
ñèñòåì ñî ñòàáèëüíîé ñòðóêòóðîé ([9]). Â ýòîì ñëó÷àå
ôóíêöèÿ ðàñïðåäåëåíèÿ äîëæíà ñòðåìèòüñÿ ê ðàâíî-
âåñíîé, õàðàêòåðèçóþùåé íîíâàðèàíòíîå óñòîé÷èâîå
ñîñòîÿíèå. Òàêèå ïëåíêè ïîäâîäèìóþ ýíåðãèþ ñïîñîáíû
ïåðåâîäèòü â èçëó÷åíèå (ïóòåì õîëîäíîé ýìèññèè

ýëåêòðîíîâ èëè æå âûñâå÷èâàíèåì).

ÂÛÂÎÄÛ

Ïðåäëîæåí ìåòîä ñèñòåìíîãî àíàëèçà ýâîëþöèè
îñòðîâêîâûõ ïëåíîê çà ñ÷åò èõ ñòðóêòóðíîãî îãðóáëåíèÿ -
îñòâàëüäîâñêîé êîàãóëÿöèè ìèêðî÷àñòèö-îñòðîâêîâ,
îñëîæíåííîé ðàçíîãî ðîäà ñîïóòñòâóþùèìè ïðîöåññàìè.
Äëÿ ýòîé öåëè ïîëó÷åíû òåîðåòè÷åñêèå ðåøåíèÿ -
ôóíêöèè ïëîòíîñòè ðàñïðåäåëåíèÿ îñòðîâêîâ ïî ðàçìåðàì
ñ ïîëîæèòåëüíîé, íóëåâîé è îòðèöàòåëüíîé âíåøíåé
àñèììåòðèåé è ñîîòíîøåíèÿ ìåæäó èõ ìîìåíòàìè äëÿ
ðàçíûõ ìåõàíèçìîâ ñòðóêòóðíîãî îãðóáëåíèÿ ïëåíîê. Ñ
èõ ïîìîùüþ ìîæåò áûòü óñòàíîâëåíà âîçìîæíàÿ
êîððåëÿöèîííàÿ ñâÿçü ìåæäó ïðèçíàêàìè ýêñïåðèìåí-
òàëüíûõ ðàñïðåäåëåíèé-ãèñòîãðàìì (ñî âðåìåíåì òåðìè-
÷åñêîé îáðàáîòêè ïëåíêè èëè æå ïðîäîëæèòåëüíîñòè åå
ðàáîòû, ïîä âëèÿíèåì äåéñòâèÿ âíåøíèõ ôàêòîðîâ:
äàâëåíèÿ, âèáðàöèè, ðàäèàöèîííîãî âîçäåéñòâèÿ è äð.) è
âíóòðèïëåíî÷íûìè ïðîöåññàìè, âûçûâàþùèìè òðàíñôîð-
ìàöèþ ðàñïðåäåëåíèÿ îñòðîâêîâ ïî ðàçìåðàì.

Äîñòîâåðíîñòü ðåçóëüòàòîâ òàêîãî ñèñòåìíîãî àíàëèçà
îöåíèâàåòñÿ ñ ïîìîùüþ ñîîòíîøåíèÿ ìåæäó ìîìåíòàìè
ôóíêöèè ðàñïðåäåëåíèÿ îñòðîâêîâ ïî ðàçìåðàì. Ïðîâåäå-
íèå àíàëèçà è èñïîëüçîâàíèå ïðåäëàãàåìûõ ðàñ÷åòîâ â
ïðàêòèêå ïëåíî÷íîãî ìàòåðèàëîâåäåíèÿ âîçìîæíû ïðè
íàëè÷èè ÝÂÌ è ñîîòâåòñòâóþùèõ ïðîãðàììíûõ ðàçðà-
áîòîê.
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ÑÈÑÒÅÌÀ ÌÎÄÅËÈÐÎÂÀÍÈß ÔÐÀÊÒÀËÎÏÎÄÎÁÍÛÕ 
ÐÀÑÑÅÈÂÀÞÙÈÕ ÑÒÐÓÊÒÓÐ

Ñ.Í.Ðîìàíåíêî, Ë.Ì.Êàðïóêîâ, Ð.Ä.Ïóëîâ

Â ðîáîò³ íàâåäåíî ðåçóëüòàòè ìîäåëþâàííÿ ðîçñ³þâàþ÷èõ
êîíñòðóêö³é, ÿê³ ñòâîðåí³ íà îñíîâ³ ôðàêòàëîïîä³áíèõ
ñòðóêòóð. Ðîçðàõóíêè âèêîíóâàëèñü çà äîïîìîãîþ àâòîìàòè-
çîâàíî¿ ñèñòåìè, ÿêà äîçâîëÿº ³íòåðàêòèâíî çì³íþâàòè
ãåîìåòð³þ ñòðóêòóðè, âèâ÷àòè ðîçïîä³ë ñòðóì³â ³ àíàë³çó-
âàòè ä³àãðàìó ñïðÿìîâàíîñò³ â ð³çíèõ ñèñòåìàõ êîîðäèíàò.
Ïðîâåäåíî ïîð³âíÿííÿ ðåçóëüòàò³â ìîäåëþâàííÿ ç äàíèìè
åêñïåðèìåíòàëüíèõ âèì³ðþâàíü. Ïîêàçàíî, ùî âëàñòèâîñò³
ôðàê òàë³â ìîæóòü áóòè âèêîðèñòàí³ ïðè ì³í³àòþðèçàö³¿
àíòåí.

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ
ðàññåèâàþùèõ êîíñòðóêöèé, ïîñòðîåííûõ íà îñíîâå ôðàêòà-
ëîïîäîáíûõ ñòðóêòóð. Ðàñ÷åòû âûïîëíÿëèñü ñ ïîìîùüþ
àâòîìàòèçèðîâàííîé ñèñòåìû, êîòîðàÿ ïîçâîëÿåò èíòåðàê-
òèâíî èçìåíÿòü ãåîìåòðèþ ñòðóêòóðû, èçó÷àòü ðàñïðåäåëå-
íèå òîêîâ è àíàëèçèðîâàòü äèàãðàììó íàïðàâëåííîñòè â
ðàçëè÷íûõ èñïîëüçóåìûõ ñèñòåìàõ êîîðäèíàò. Ïðîâåäåíî
ñðàâíåíèå ðåçóëüòàòîâ ìîäåëèðîâàíèÿ ñ äàííûìè ýêñïåðèìåí-
òàëüíûõ èçìåðåíèé. Ïîêàçàíî, ÷òî ñâîéñòâà ôðàêòàëîâ
ìîãóò áûòü èñïîëüçîâàíû äëÿ ìèíèàòþðèçàöèè àíòåíí.

 In the work the results of modeling of scattering construc-
tions based on the fractal-like structures are presented. The cal-
culations were accomplished with the help of the CAD system,
which allows interactive changing of structure geometry and
analyzing of current distribution and antenna diagram in differ-
ent coordinate systems. The results of modeling are compared
with experimental measurements. It was shown that properties
of fractals may be used for miniaturization of antennas.

ÂÂÅÄÅÍÈÅ

Òåîðèÿ ôðàêòàëîâ â ïîñëåäíåå âðåìÿ íàõîäèò øèðîêîå
ïðèìåíåíèå ïðè îïèñàíèè ðàçëè÷íûõ ôèçè÷åñêèõ ÿâëåíèé
â ïðèðîäå, íàïðèìåð, òóðáóëåíòíîñòè, îáëàêîâ è çîí
äîæäåé, ðàçðóøåíèÿ ãîðíûõ ïîðîä, âûñîòû è ôîðìû
ìîðñêèõ âîëí, ïðîáîÿ â äèýëåêòðèêå, ðàçìåðíîñòè
ëàíäøàôòîâ è ïàðàìåòðîâ îêðóæàþùåé ñðåäû, ñòðóêòóð
íåôòåãàçîâûõ ìåñòîðîæäåíèé, àêóñòè÷åñêèõ ÿâëåíèé,
ñâîéñòâ øàðîâîé ìîëíèè è ðàçðÿäà ìîëíèé â àòìîñôåðå,
áèîëîãè÷åñêèõ è èíôîðìàöèîííûõ ïðîöåññîâ è ò.ä. [1-3].
Ðÿä ðàáîò (ñì., íàïðèìåð, [4, 5]) ïîñâÿùåíû èçó÷åíèþ
ôðàêòàëüíûõ ñâîéñòâ ðàññåèâàþùèõ ïîâåðõíîñòåé â
ñòðîãîé ýëåêòðîäèíàìè÷åñêîé ïîñòàíîâêå.

Ðåãóëÿðíûå ôðàêòàëüíûå ìîäåëè îáû÷íî ñòðîÿò íà
îñíîâå ðàçëè÷íûõ ìàòåìàòè÷åñêèõ àëãîðèòìîâ ñ èñïîëü-
çîâàíèåì, êàê ïðàâèëî, èòåðàòèâíûõ ïðîöåäóð ãåíåðàöèè
ñàìîïîäîáíûõ ôîðì ïðè ïîñëåäîâàòåëüíîì èçìåëü÷åíèè
ìàñøòàáà.

Â êà÷åñòâå ïðèìåðà íà ðèñ. 1 ïîêàçàíû òðè ïîñëå-
äîâàòåëüíûõ ýòàïà èòåðàòèâíîãî ïîñòðîåíèÿ øèðîêî
èçâåñòíûõ: à) ôðàêòàëüíîé êðèâîé Ìèíêîâñêîãî, á)
ôðàêòàëüíîé êðèâîé ôîí Êîõ è â) òðåóãîëüíèêà
Ñåðïèíñêîãî.

Íà -ì ýòàïå ïîñòðîåíèÿ äëèíà êðèâîé Ìèíêîâñêîãî
âû÷èñëÿåòñÿ ïî ôîðìóëå

, (1)

ãäå  - âûñîòà ïðÿìîóãîëüíîãî âûñòóïà íà ïåðâîì
øàãå ïîñòðîåíèÿ.

Ðèñóíîê 1 - Ïðèìåðû ïîñòðîåíèÿ ôðàêòàëîâ

Äëÿ êðèâîé ôîí Êîõ àíàëîãè÷íàÿ ôîðìóëà èìååò âèä

, (2)

ãäå  - äëèíà ïåðâîíà÷àëüíîãî (îáðàçóþùåãî) ïðÿìîëè-

íåéíîãî îòðåçêà.
Â ñëó÷àå òðåóãîëüíèêà Ñåðïèíñêîãî ñóììà äëèí

ïåðèìåòðîâ âñåõ âõîäÿùèõ â ñòðóêòóðó íà -ì øàãå
òðåóãîëüíèêîâ âû÷èñëÿåòñÿ ïî ôîðìóëå

. (3)

Ïðè ýòîì äëèíà ïåðèìåòðà íà÷àëüíîãî òðåóãîëüíèêà
ðàâíà 1.

Èç ïðèâåäåííûõ ïðèìåðîâ âèäíî, ÷òî ïðè
íåîãðàíè÷åííîì óâåëè÷åíèè ÷èñëà øàãîâ n äëèíû
ïåðèìåòðîâ â ôîðìóëàõ (1), (2) è (3) òàêæå íåîãðà-
íè÷åííî ðàñòóò ïî ñòåïåííîìó çàêîíó. Ïðè ïðåäåëüíîì
ïåðåõîäå ïîëó÷àþòñÿ ñàìîïîäîáíûå ôðàêòàëüíûå êðèâûå,
êîòîðûå îáëàäàþò ñâîéñòâîì ëîêàëüíîé ìàñøòàáíîé
èíâàðèàíòíîñòè èëè ñêåéëèíãîì. Õàðàêòåðíîé îñîáåí-
íîñòüþ ýòèõ êðèâûõ ÿâëÿåòñÿ ðàçðûâíîñòü â êàæäîé òî÷êå
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è, êàê ñëåäñòâèå, íåäèôôåðåíöèðóåìîñòü. Êðîìå òîãî, â
îòëè÷èå îò ãëàäêèõ êðèâûõ, ôðàêòàëüíûå êðèâûå èìåþò
íåöåëûå çíà÷åíèÿ ðàçìåðíîñòåé. Â ÷àñòíîñòè, äëÿ

ïðèâåäåííûõ íà ðèñ.1 êðèâûõ ðàçìåðíîñòè  èìåþò

ñëåäóþùèå çíà÷åíèÿ [1]: à)  ïðè

, á) , â) .

Ïðèâåäåííûå ðèñóíêè ïîêàçûâàþò òàêæå îäíî èç
íàèáîëåå èíòåðåñíûõ ãåîìåòðè÷åñêèõ ñâîéñòâ ôðàêòàëîâ -
ñâîéñòâî ôðàêòàëüíîé ëèíèè ïëîòíî çàïîëíÿòü îáëàñòü
ìàëûõ ðàçìåðîâ. Ïðè ýòîì äëèíà ëèíèè, êàê óæå
îòìå÷àëîñü, ìîæåò áûòü î÷åíü áîëüøîé (â ïðåäåëå -
áåñêîíå÷íî áîëüøîé). Ïîýòîìó ïðè ðàçðàáîòêå
ôðàêòàëîïîäîáíûõ àíòåíí ñóùåñòâåííîå âëèÿíèå íà
ðàçìåðû è õàðàêòåðèñòèêè èçëó÷åíèÿ àíòåííû áóäåò
îêàçûâàòü ñòåïåíü óïàêîâêè ôðàêòàëüíîé êðèâîé è åå
ýëåêòðè÷åñêàÿ äëèíà.

Ïðè ïðàêòè÷åñêîé ðåàëèçàöèè ôðàêòàëîâ (â âèäå
ëèíèé, ïîâåðõíîñòåé èëè îáúåìîâ) íåâîçìîæíî ñîçäàòü
áåñêîíå÷íî ãëóáîêóþ ñàìîïîäîáíóþ ñòðóêòóðó, êàêîé
ÿâëÿåòñÿ ðåãóëÿðíûé ôðàêòàë. Ïîýòîìó â ïðîöåññå
èòåðàòèâíîãî ïîñòðîåíèÿ ôðàêòàëà îáû÷íî îãðàíè÷èâàþò
÷èñëî øàãîâ n ñàìîïîäîáíîãî ïðåîáðàçîâàíèÿ èñõîäÿ èç
ìàñøòàáà ãëóáèíû àíàëèçà îáúåêòà è ñ ó÷åòîì
òåõíîëîãè÷åñêèõ è äðóãèõ ôèçèêî-ìåõàíè÷åñêèõ îãðà-
íè÷åíèé. Ïîëó÷àþùàÿñÿ â ðåçóëüòàòå òàêîãî îãðàíè÷åíèÿ
ñòðóêòóðà íàçûâàåòñÿ ïðåäôðàêòàëîì, òîïîëîãè÷åñêèå
ñâîéñòâà êîòîðîãî â ðàìêàõ èñïîëüçóåìîãî ìàñøòàáà ìàëî
îòëè÷àþòñÿ îò ñâîéñòâ èñòèííîãî ôðàêòàëà.

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû êîìïüþòåð-
íîãî ìîäåëèðîâàíèÿ íåêîòîðûõ ôðàêòàëîïîäîáíûõ ðàñ-
ñåèâàþùèõ ñòðóêòóð, ïðåäñòàâëÿþùèõ èíòåðåñ äëÿ ðàçðà-
áîòêè ìàëîãàáàðèòíûõ àíòåíí ñî ñïåöèôè÷åñêèìè õàðàê-
òåðèñòèêàìè. Íåîáõîäèìî îòìåòèòü, ÷òî âûñîêàÿ
ñëîæíîñòü ãåîìåòðèè òàêèõ ñòðóêòóð ïðåäúÿâëÿåò ïîâû-
øåííûå òðåáîâàíèÿ ê ýôôåêòèâíîñòè ìàòåìàòè÷åñêîãî
àïïàðàòà àëãîðèòìîâ è ïðîöåäóð àâòîìàòèçèðîâàííîãî
ìîäåëèðîâàíèÿ.

Â íàñòîÿùåé ðàáîòå ìîäåëèðîâàíèå èçëó÷àþùèõ ôðàê-
òàëîïîäîáíûõ ñòðóêòóð ïðîèçâîäèòñÿ íà îñíîâå èíòåã-
ðàëüíîãî óðàâíåíèÿ Ïîêëèíãòîíà, ðåøåíèå êîòîðîãî
îñóùåñòâëÿåòñÿ ìåòîäîì ìîìåíòîâ ñ àïïðîêñèìàöèåé
òîêîâ êóñî÷íî-ïîñòîÿííûìè ôóíêöèÿìè. Ñ ýòîé öåëüþ
ðàçðàáîòàíà ñèñòåìà àâòîìàòèçèðîâàííîãî ìîäåëèðîâàíèÿ,
îñíîâàííàÿ íà ïðåäñòàâëåíèè èçëó÷àþùåé ïîâåðõíîñòè
ðåøåò÷àòîé ìîäåëüþ. Òàêàÿ ìîäåëü îòëè÷àåòñÿ óíèâåð-
ñàëüíîñòüþ è ïðîñòîòîé îïèñàíèÿ ãåîìåòðèè ýëåìåíòîâ
ôðàêòàëîïîäîáíûõ àíòåíí.

ÎÑÍÎÂÍÀß ×ÀÑÒÜ

Óðàâíåíèå Ïîêëèíãòîíà, èñïîëüçóåìîå â ñèñòåìå äëÿ
ðàñ÷åòà ðàñïðåäåëåíèÿ òîêîâ â ñåãìåíòàõ ðåøåò÷àòîé
ìîäåëè, èìååò âèä [7]:

, (4)

ãäå  - äëèíà ïðîâîäíèêà,  - ôóíêöèÿ Ãðèíà

ñâîáîäíîãî ïðîñòðàíñòâà,  - ïàäàþùåå èëè íàâåäåííîå

ïîëå,  - òî÷êà íàáëþäåíèÿ,  - òî÷êà èñòî÷íèêà.
Ðàñ÷åò íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ îò òîêîâ â

ïðîâîëî÷íûõ ñåãìåíòàõ ðåøåò÷àòîé ìîäåëè ïðîèçâîäèòñÿ
â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò ïî ñîîòíîøåíèÿì:

,(5)

. (6)

Çäåñü ,  -

êîîðäèíàòû òî÷êè íàáëþäåíèÿ,  - êîîðäèíàòû

èñòî÷íèêà,  - âîëíîâîå ÷èñëî,  - àìïëèòóäà òîêà

â ñåãìåíòå,  - ïðîåêöèÿ  íà ïëîñêîñòü .
Â êà÷åñòâå èñòî÷íèêîâ âîçáóæäåíèÿ èñïîëüçóþòñÿ

äåëüòà èñòî÷íèê ñòîðîííåãî íàïðÿæåíèÿ, ëèíåéíûé
äèïîëü ñ çàäàííûì òîêîì è ïëîñêèé êîëüöåâîé ìàãíèòíûé
òîê [8].

Èíòåãðàë (5) âû÷èñëÿåòñÿ ñ èñïîëüçîâàíèåì êâàäðàòóð
Ðîìáåðãà ñ àâòîìàòè÷åñêèì âûáîðîì øàãà èíòåãðèðîâàíèÿ
[9]. Ýòî îáåñïå÷èâàåò õîðîøóþ òî÷íîñòü âî âñåì äèàïà-
çîíå èçìåíåíèÿ ðàññòîÿíèé.

Ñèñòåìà èìååò äðóæåñòâåííûé èíòåðôåéñ, øèðîêèé
íàáîð ñåðâèñíûõ ôóíêöèé, ïîçâîëÿåò ñòðîèòü äèàãðàììû
íàïðàâëåííîñòè (ÄÍ) â ðàçëè÷íûõ ñèñòåìàõ êîîðäèíàò,
âû÷èñëÿòü âõîäíîé èìïåäàíñ àíòåííû, à òàêæå ðàññ÷è-
òûâàòü ðàñïðåäåëåíèå òîêîâ â ñåãìåíòàõ ðåøåò÷àòîé
ìîäåëè, êîòîðîå ìîæåò áûòü ïðåäñòàâëåíî â òàáëè÷íîé
èëè ãðàôè÷åñêîé ôîðìå. 

Òåñòèðîâàíèå ñèñòåìû îñóùåñòâëÿëàñü ïóòåì ðàñ÷åòà
ÄÍ èçâåñòíûõ àíòåíí è ñðàâíåíèÿ ñ äàííûìè ýêñïåðè-
ìåíòà. Â êà÷åñòâå òåñòîâîé áûëà ïðîàíàëèçèðîâàíà 15-òè
ýëåìåíòíàÿ àíòåííà, ñîñòîÿùàÿ èç âèáðàòîðà, ðåôëåêòîðà
è 13 íàïðàâëÿþùèõ ýëåìåíòîâ. Ðàçìåðû ýëåìåíòîâ
àíòåííû: âèáðàòîð - 0,47 , ðåôëåêòîð - 0,5 , íàïðàâ-

ëÿþùèå ýëåìåíòû - 0,408 . Ðàññòîÿíèå ìåæäó âèáðà-

òîðîì è ðåôëåêòîðîì - 0,25 , ìåæäó íàïðàâëÿþùèìè

ýëåìåíòàìè - 0,34 . Ðàáî÷àÿ ÷àñòîòà - 300 ÌÃö.
Íà ðèñ. 2 ïîêàçàíà ãåîìåòðèÿ àíòåííû è åå ÄÍ â

ðàçëè÷íûõ ñèñòåìàõ êîîðäèíàò.
Ðåçóëüòàòû ðàñ÷åòà äèàãðàììû ïî àçèìóòó è ïî óãëó

ìåñòà ñ ãðàôè÷åñêîé òî÷íîñòüþ ñîâïàäàþò ñ äàííûìè
ðàáîòû [7].
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ÐÀÑÑÅÈÂÀÞÙÈÕ ÑÒÐÓÊÒÓÐ

 Ðèñóíîê 2 - ÄÍ 15-òè ýëåìåíòíîé àíòåííû â 
ðàçëè÷íûõ ñèñòåìàõ êîîðäèíàò

Ñ ïîìîùüþ ñèñòåìû ìîäåëèðîâàíèÿ ïðîâåäåíû
èññëåäîâàíèÿ ðàìî÷íîé àíòåííû ñ äëèíîé  ïðè
èñïîëüçîâàíèè ïðåîáðàçîâàíèÿ ïî êðèâîé Ìèíêîâñêîãî.
Íà ðèñ. 3 ïîêàçàíà ãåîìåòðèÿ ðàìî÷íûõ àíòåíí, à íà ðèñ.
4 è 5 ïðåäñòàâëåíû ðåçóëüòàòû èõ àíàëèçà â âèäå ÄÍ â
ðàçëè÷íûõ ñèñòåìàõ êîîðäèíàò.

Ðèñóíîê 3 - Ãåîìåòðèÿ ðàìî÷íûõ àíòåíí

Ðèñóíîê 4 - ÄÍ ðàìî÷íîé àíòåííû äëÿ ãîðèçîíòàëüíîé 
è âåðòèêàëüíîé ïîëÿðèçàöèé

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñîâïàäàþò ñ ýêñïåðèìåí-
òàëüíûìè äàííûìè èç [6].

Íà ðèñ. 6 ïîêàçàíà ãåîìåòðèÿ âèáðàòîðà äëèíîé  è
òðåóãîëüíîé ðàìî÷íîé àíòåííû ïîñëå òðåòüåãî øàãà
ïðåîáðàçîâàíèÿ ïî êðèâîé ôîí Êîõ. Ðåçóëüòàòû
ìîäåëèðîâàíèÿ ýòèõ àíòåíí ïðåäñòàâëåíû íà ðèñ. 7 è 8
ñîîòâåòñòâåííî.

Ðèñóíîê 6 - Ãåîìåòðèÿ àíòåíí

Ðèñóíîê 7 - ÄÍ  âèáðàòîðà íà òðåòüåì øàãå 
òðàíñôîðìàöèè ïî êðèâîé ôîí Êîõ 

Â âåðõíåé ÷àñòè ðèñ. 7 ïðèâåäåíû îáúåìíûå ÄÍ, à â
íèæíåé ÷àñòè - ÄÍ â ïîëÿðíûõ êîîðäèíàòàõ. Ñëåâà
ïîêàçàíû äèàãðàììû äëÿ ãîðèçîíòàëüíîé ïîëÿðèçàöèè, à
ñïðàâà - äëÿ âåðòèêàëüíîé.

Íà ðèñ. 8 ïðåäñòàâëåíû àíàëîãè÷íûå ðåçóëüòàòû äëÿ
ðàìî÷íîé àíòåííû.

 Ðèñóíîê 8 - Òðåòèé øàã òðàíñôîðìàöèè ðàìî÷íîé 
àíòåííû ïî êðèâîé ôîí Êîõ
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Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ âèáðàòîðà è
ðàìî÷íîé àíòåííû ïîêàçûâàþò, ÷òî ñ óâåëè÷åíèåì íîìåðà
èòåðàöèè ïðåîáðàçîâàíèÿ ôðàêòàëüíîé êðèâîé óìåíü-
øàåòñÿ ðåçîíàíñíàÿ ÷àñòîòà àíòåííû ïðè íåèçìåííîé
ôîðìå ÄÍ.

Äàííûå ìîäåëèðîâàíèÿ ïðåäñòàâëåííûõ ñòðóêòóð
ñâåäåíû â òàáëèöó, â êîòîðîé  ñîîòâåòñòâóåò ðåçîíàíñ-
íîé äëèíå âîëíû àíòåííû, à ïåðèìåòð ðàâåí ïîëíîé äëèíå
ôðàêòàëüíîé êðèâîé íà äàííîì øàãå òðàíñôîðìàöèè.

Èç ðåçóëüòàòîâ ìîäåëèðîâàíèÿ òàêæå ñëåäóåò, ÷òî ïî
ìåðå âîçðàñòàíèÿ ñòåïåíè èçðåçàííîñòè ñòðóêòóðû
óìåíüøàþòñÿ àìïëèòóäû ðåàêòèâíûõ òîêîâ â ëèíåéíûõ
ñåãìåíòàõ, ñîñòàâëÿþùèõ ôðàêòàëüíóþ êðèâóþ. 

ÇÀÊËÞ×ÅÍÈÅ

Ðàçðàáîòàíà ñèñòåìà àâòîìàòèçèðîâàííîãî ìîäåëèðîâà-
íèÿ ôðàêòàëîïîäîáíûõ àíòåíí, îòëè÷àþùàÿñÿ óíèâåð-
ñàëüíîñòüþ, ïðîñòîòîé îñâîåíèÿ è óäîáñòâîì â ýêñïëóà-
òàöèè. Ñèñòåìà èìååò äðóæåñòâåííûé èíòåðôåéñ, øèðî-
êèé íàáîð ñåðâèñíûõ ôóíêöèé êàê äëÿ ïîñòðîåíèÿ

ãåîìåòðèè àíòåííû, òàê è äëÿ àíàëèçà ðåçóëüòàòîâ
ðàñ÷åòà.

Ïðîâåäåíî èññëåäîâàíèå ðàìî÷íîé è âèáðàòîðíîé
àíòåíí íà îñíîâå ôðàêòàëüíûõ êðèâûõ Ìèíêîâñêîãî è
ôîí Êîõ. Îòìå÷åíî óìåíüøåíèå ðåçîíàíñíûõ ÷àñòîò
àíòåíí ñ óâåëè÷åíèåì ñòåïåíè òðàíñôîðìàöèè êðèâîé ïðè
ñîõðàíåíèè ôîðìû ÄÍ.

Äàëüíåéøåå èçó÷åíèå ñâîéñòâ ôðàêòàëüíûõ èçëó÷àþ-
ùèõ ñòðóêòóð ñ ïîìîùüþ ðàçðàáîòàííîé àâòîìàòèçè-
ðîâàííîé ñèñòåìû ïðåäïîëàãàåò äåòàëüíîå èññëåäîâàíèå
ðàñïðåäåëåíèé òîêîâ è ðåçîíàíñíûõ õàðàêòåðèñòèê òàêèõ
îáúåêòîâ.

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Falconer K. J., The Geometry of Fractal Sets. Cambridge Uni-
versity Press, Cambridge, 1985. - 287 p.

2. Ìàíäåëüáðîò Á. Ôðàêòàëû â ôèçèêå / Ïåð. ñ àíãë. ïîä ðåä.
Ñèíàÿ ß.Ã. è Õàëàòíèêîâà È.Ì. - Ì.: Ìèð, - 1988. - 544ñ.

3. Ôåäåð Å. Ôðàêòàëû. - Ì.: Ìèð, 1991. - 478ñ.
4. Engheta N. On Fractional Calculus and Fractional Multipoles

in Electromagnetism, IEEE Trans. On Antenna and Prop., vol.
44, No.4. - 1996. - pp. 554-566.

5. Îíóôð³ºíêî Â.Ì. Âçàºìîä³ÿ ïëîñêî¿ åëåêòðîìàãí³òíî¿ õâèë³
ç ìåòàë³çîâàíîþ ôðàêòàëüíîþ ïîâåðõíåþ // Ðàäèîôèçèêà
è ýëåêòðîíèêà. - Õàðüêîâ: Èí-ò ðàäèîôèçèêè è ýëåêòðîíèêè
ÍÀÍ Óêðàèíû. - Ò4, ¹2. - 1999. - Ñ.19-22.

6. Gianvittorio John P., Yahya Rahmat-Samii, Fractal Antennas:
A Novel Antenna Miniaturization Technique and Applications,
IEEE Antennas and Propagat., vol. 44, No.1, February, 2002.
- pp. 20-36.

7. Computer techniques for electromagnetics. Edited by R.
Mitra. Oxford, New York, Toronto, Sydney, Braunschweig: Per-
gamon press, 1973. - 488 p.

8. Tsai L., A numerical solution for the near and far fields of an
annular ring of magnetic current, IEEE Trans. Antennas Propa-
gat., vol. AP-20, May, 1972. - pp. 569-576.

9. Ôîðñàéò Äæ., Ìàëüêîëüì Ì., Ìîóëåð Ê., Ìàøèííûå
ìåòîäû ìàòåìàòè÷åñêèõ âû÷èñëåíèé. - Ì.: Ìèð, 1980. -
280 ñ.

ÓÄÊ 681.32:007

ÝËÅÊÒÐÎÑÒÈÌÓËßÒÎÐ ÃËÀÇÍÛÕ ÌÛØÖ ÝÊÑÏÎÍÅÍÖÈÀËÜÍÛÌÈ 
ÌÎÄÓËÈÐÎÂÀÍÍÛÌÈ ÈÌÏÓËÜÑÀÌÈ

Å.ß.Øâåö, Ë.Ë.Âåðåâêèí, Î.Í.Ïîïðàâêà, À.Ï.Ïîñóíüêî

Ðîçãëÿäàþòüñÿ ïèòàííÿ ðîçðîáêè ³ âèêîðèñòàííÿ
ì³í³àòþðíèõ ³ìïóëüñíèõ ýëåêòðîñòèìóëÿòîð³â î÷íèõ ì'ÿç³â
äëÿ îôòàëüìîëîã³¿. Ðîçðîáëåíî ïðèëàä, ùî ÿâëÿº ñîáîþ ãåíå-
ðàòîð ³ìïóëüñ³â ³ç íåñó÷îþ ñåðåäíüîþ ÷àñòîòîþ 5000 Ãö,
ôðîíòè ÿêèõ çì³íþþòüñÿ ïî åêñïîíåíö³àëüíîìó çàêîí³.
Ïåð³îä ïîâòîðåííÿ ³ìïóëüñ³â ðåãóëþºòüñÿ â ìåæàõ â³ä 5 äî
100 Ãö. Ïðèëàä âèãîòîâëåíèé çà òåõíîëîã³ºþ ã³áðèäíèõ
ì³êðîçá³ðîê, ùî äîçâîëèëî çíà÷íî çìåíøèòè éîãî ãàáàðèòí³
ðîçì³ðè ³ çðó÷í³ñòü äëÿ âèêîðèñòàííÿ â îôòàëüìîëîã³¿.

Ðàññìàòðèâàþòñÿ âîïðîñû ðàçðàáîòêè è èñïîëüçîâàíèÿ
ìèíèàòþðíûõ èìïóëüñíûõ ýëåêòðîñòèìóëÿòîðîâ ãëàçíûõ
ìûøö äëÿ îôòàëüìîëîãèè. Ðàçðàáîòàí ïðèáîð, êîòîðûé
ïðåäñòàâëÿåò ñîáîé ãåíåðàòîð èìïóëüñîâ ñ íåñóùåé ñðåäíåé
÷àñòîòîé 5000 Ãö, ôðîíòû êîòîðûõ èçìåíÿþòñÿ ïî ýêñïî-
íåíöèàëüíîìó çàêîíó. Ïåðèîä ïîâòîðåíèÿ èìïóëüñîâ ðåãó-

ëèðóåòñÿ â ïðåäåëàõ îò 5 äî 100 Ãö. Ïðèáîð èçãîòîâëåí ïî
òåõíîëîãèè ãèáðèäíûõ ìèêðîñáîðîê, ÷òî ïîçâîëèëî çíà÷è-
òåëüíî óìåíüøèòü åãî ãàáàðèòíûå ðàçìåðû è óäîáñòâî äëÿ
èñïîëüçîâàíèÿ â îôòàëüìîëîãèè.

The questions of development and use of tiny pulse electro
stimulators of eye muscles for ophthalmology are considered.
There is a device developed, which represents the generator of
pulses with bearing average frequency 5000 Hz, the fronts of
which change by exponential rule. The period of recurrence of
pulses is adjusted in limits from 5 up to 100 Hz. The device is
made us-ing technology of hybrid micro assembly, that has
allowed to reduce its overall dimensions and convenience to use
in ophthalmology.
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ÂÂÅÄÅÍÈÅ

Êîñîãëàçèå íå òîëüêî êîñìåòè÷åñêèé äåôåêò, íî è
òÿæåëûé ôóíêöèîíàëüíûé íåäîñòàòîê, âûðàæàþùèéñÿ â
îòñóòñòâèè áèíîêóëÿðíîãî çðåíèÿ è ñíèæåíèè öåíòðàëü-
íîãî çðåíèÿ êîñÿùåãî ãëàçà. Íåïîëíîöåííîñòü çðèòåëüíûõ
âîñïðèÿòèé âëèÿåò òàêæå íà ôèçè÷åñêîå è óìñòâåííîå
ðàçâèòèå ðåáåíêà, ÷òî îãðàíè÷èâàåò âûáîð ïðîôåññèè.
Ïðåäóïðåæäåíèå è óñòðàíåíèÿ êîñîãëàçèÿ ñ îäíîâðåìåí-
íûì âîññòàíîâëåíèåì óòðà÷åííûõ ôóíêöèé - âàæíàÿ
çàäà÷à íàó÷íîé è ïðàêòè÷åñêîé îôòàëüìîëîãèè [1].

Äëÿ ëå÷åíèÿ êîñîãëàçèÿ áåç îïåðàòèâíûõ âìåøàòåëüñòâ
ïðèìåíÿþòñÿ ñïåöèàëüíûå îïòè÷åñêèå óñòðîéñòâà è ýëåêò-
ðîííûå ñòèìóëèðóþùèå àïïàðàòû. Èñïîëüçîâàíèå ýëåêò-
ðè÷åñêèõ èìïóëüñîâ äëÿ ñòèìóëÿöèè ðàáîòû ãëàçî-
äâèãàòåëüíûõ ìûøö ïîçâîëÿåò âîññòàíîâèòü îñëàáëåííûå
ñîêðàòèòåëüíûå ôóíêöèè ìûøö è ïîëó÷èòü ïîëîæè-
òåëüíûé òåðàïåâòè÷åñêèé ýôôåêò.

Ïîä âëèÿíèåì ðàçäðàæåíèÿ èìïóëüñíûì òîêîì âîëíà
âîçáóæäåíèÿ ðàñïðîñòðàíÿåòñÿ ïî ìûøå÷íûì âîëîêíàì,
ïðîèñõîäèò ïàññèâíîå ñîêðàùåíèå ìûøö, íàáëþäàåòñÿ
ïîñòåïåí-íîå âîññòàíîâëåíèå îñëàáëåííîé ñîêðàòèòåëüíîé
ôóíêöèè ãëàçîäâèãàòåëüíîé ñèñòåìû. Îäíîâðåìåííî
ïîÿâëÿåòñÿ ïðèñóùåå îäíîíàïðàâëåííîìó òîêó ñîñóäî-
ðàñøèðÿþùåå äåéñòâèå è óëó÷øåíèå êðîâîñíàáæåíèÿ
ìûøå÷íîé òêàíè, àêòèâèçàöèÿ îáìåííûõ îêèñëèòåëüíî-
âîññòàíîâèòåëüíûõ ïðîöåññîâ. Ïðîèñõîäèò âîññòàíîâ-
ëåíèå òðîôèêè è ÷óâñòâèòåëüíîñòè íåðâíî-ìûøå÷íûõ
ñòðóêòóð [2]. 

Â îôòàëüìîëîãèè äëÿ ýëåêòðîñòèìóëÿöèè ïðèìåíÿþò
èìïóëüñíûå òîêè ðàçëè÷íîé ôîðìû: ïðÿìîóãîëüíîé,
ñèíóñîèäàëüíîé, ýêñïîíåíöèàëüíîé è äð. Â çàâèñèìîñòè
îò õàðàêòå-ðà è ñòåïåíè ïîðàæåíèÿ íåðâíî-ìûøå÷íîãî
àïïàðàòà ãëàçà îïðåäåëÿåòñÿ âûáîð òîãî èëè èíîãî âèäà
èìïóëüñíîãî òîêà. Ïðè âûáîðå ôîðìû ýëåêòðè÷åñêèõ
èìïóëüñîâ ó÷èòûâàþò àäàïòàöèþ ìûøöû èëè íåðâà ê
èìïóëüñíîìó ðàçäðàæåíèþ. ×åì íèæå ñïîñîáíîñòü
ìûøöû ê àêêîìîäàöèè, òåì áîëåå ôèçèîëîãè÷íûìè äëÿ
íåå áóäóò èìïóëüñû, êîòîðûå ìåäëåííî íàðàñòàþò è
ñðàâíèòåëüíî áûñòðî ñïàäàþò. Â êà÷åñòâå òàêèõ
èìïóëüñîâ ïðèìåíÿþòñÿ èìïóëüñû ñ ýêñïîíåíöèàëüíûìè
ôðîíòàìè [3].

Ïîðîã ðàçäðàæåíèÿ òàêèìè èìïóëüñàìè çíà÷èòåëüíî
íèæå, ÷åì äëÿ ïðÿìîóãîëüíûõ èìïóëüñîâ, à èõ äåéñòâèå
ìåíåå áîëåçíåííî è íå âûçûâàåò èñòîùåíèå ìûøöû. Ïðè
ýëåêòðî-ñòèìóëÿöèè èìïóëüñíûå ïîñûëêè ÷åðåäóþòñÿ ñ
ïàóçàìè, òàê êàê äëèòåëüíîå ñîêðàùåíèå âåäåò ê
íàðóøåíèþ ïèòàíèÿ ìûøöû, åå èñòîùåíèþ è óñèëåíèþ
àòðîôèè. ×àñòîòà ìîäóëÿöèé è äëèòåëüíîñòü èìïóëüñîâ,
êàê è âèä òîêà, îïðåäåëÿþòñÿ ôóíêöèîíàëüíûì ñîñòîÿ-
íèåì íåðâíî-ìûøå÷íîãî àïïàðàòà. ×åì ãëóáæå íàðóøåíèå
èííåðâàöèè, òåì ìåíüøå âûáèðàåìàÿ ÷àñòîòà ìîäóëÿöèé è
áîëåå äëèòåëüíûå èìïóëüñû.

Â íàñòîÿùåå âðåìÿ äëÿ ýëåêòðîñòèìóëÿöèè ïðèìå-
íÿþòñÿ ïðèáîðû òèïà "Àìïëè-ïóëüñ", "Òîíóñ" è äð. Ïðè
äîñòàòî÷íî øèðîêîì íàáîðå ôîðìèðóåìûõ èìè ñèãíàëîâ

ìîäóëèðîâàííûå èìïóëüñû ñ âûñîêî÷àñòîòíîé íåñóùåé è
ïëàâíî èçìåíÿþùèìèñÿ ôðîíòàìè îòñóòñòâóþò. Êðîìå
òîãî, îíè èìåþò äîñòàòî÷íî áîëüøèå ãàáàðèòû, ÷òî íå
âñåãäà óäîáíî â îôòàëüìîëîãèè.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà
ìàëîãàáàðèòíîãî óñòðîéñòâà äëÿ ýëåêòðîñòèìóëÿöèè
ãëàçíûõ ìûøö ñïåöèàëüíûìè èìïóëüñíûìè òîêàìè.

ÌÅÒÎÄÛ ÐÅØÅÍÈß

Äëÿ ðåøåíèÿ ïîñòàâëåííîé çàäà÷è áûë ðàçðàáîòàí
ïðèáîð, ñòðóêòóðíàÿ ñõåìà êîòîðîãî ïðèâåäåíà íà ðèñ.1.
Îí ïðåäñòàâëÿåò ñîáîé ãåíåðàòîð èìïóëüñîâ ñ íåñóùåé
ñðåäíåé ÷àñòîòîé 5000 Ãö, ôðîíòû êîòîðûõ èçìåíÿþòñÿ ïî
ýêñïîíåíöèàëüíîìó çàêîíó. Ïåðèîä ïîâòîðåíèÿ èì-
ïóëüñîâ ðåãóëèðóåòñÿ â ïðåäåëàõ îò 5 äî 100 Ãö. Ïðèáîð
èçãîòîâëåí ïî òåõíîëîãèè ãèáðèäíûõ ìèêðîñáîðîê, ÷òî
ïîçâîëèëî çíà÷èòåëüíî óìåíüøèòü ãàáàðèòíûå ðàçìåðû ïî
ñðàâíåíèþ ñ àíàëîãàìè ("Àìïëèïóëüñ", "Òîíóñ").

Ãåíåðàòîð âûðàáàòûâàåò ñèíóñîèäàëüíîå íàïðÿæåíèå ñ
÷àñòîòîé 5 êÃö, ñòàáèëüíîé àìïëèòóäû, êîòîðîå ïîñòóïàåò
íà îäèí èç âõîäîâ ñìåñèòåëÿ. Íà âòîðîé âõîä ñìåñèòåëÿ
ïîäà-åòñÿ íàïðÿæåíèå ýêñïîíåíöèàëüíîé ôîðìû ñ
ãåíåðàòîðà, ÷àñòîòà êîòîðîãî èçìåíÿåòñÿ â ïðåäåëàõ îò 5
äî 100 Ãö.

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà ýëåêòðîñòèìóëÿòîðà

Íà âûõîäå ñìåñèòåëÿ ôîðìèðóåòñÿ âûñîêî÷àñòîòíûé
ñèãíàë 5 êÃö ñ íèçêî÷àñòîòíîé îãèáàþùåé, êîòîðàÿ
ïîâòîðÿò ýêñïîíåíöèàëüíóþ ôîðìó ñèãíàëà ñ ãåíåðàòîðà
5...100 Ãö. Ñôîðìèðîâàííûé ñèãíàë ïîñòóïàåò íà êëþ÷.
Íà óïðàâëÿþùèé âõîä êëþ÷à ïîäêëþ÷åí ôîðìèðîâàòåëü
ñêâàæíîñòè "èìïóëüñ-ïàóçà". Íà âûõîäå êëþ÷à ôîðìè-
ðóþòñÿ ïà÷êè èìïóëüñîâ ñî ñêâàæíîñòüþ "1:1", "1:2",
"1:3", êîòîðûå ïîñòóïàþò íà âõîä óñèëèòåëÿ è óñèëè-
âàþòñÿ äî íåîáõîäèìîãî óðîâíÿ (ðèñ. 2).
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Ðèñóíîê 2 - Âûõîäíîå íàïðÿæåíèå, âûðàáàòûâàåìîå 
ýëåêòðîñòèìóëÿòîðîì

Â îòëè÷èå îò íèçêî÷àñòîòíûõ òîêîâ, âûçûâàþùèõ
ñèëüíîå ðàçäðàæåíèå (îùóùåíèå ææåíèÿ ïîä ýëåêòðîäîì)
è ïîýòîìó ïëîõî ïåðåíîñèìîå áîëüíûìè, îñîáåííî ñ
âåãåòàòèâíî-ñîñóäèñòûìè íàðóøåíèÿìè, òîê âûñîêîé
÷àñòîòû íå âñòðå÷àåò çíà÷èòåëüíîãî ñîïðîòèâëåíèÿ ñî
ñòîðîíû ýïèäåðìèñà êîæè, ñâîáîäíî ïðîíèêàåò â ãëóáèíó
òêàíåé, íå âûçûâàåò çàìåòíîãî ðàçäðàæåíèÿ êîæíûõ
ðåöåïòîðîâ. Îí õîðîøî ïåðåíîñèòñÿ áîëüíûìè, îêàçûâàåò
âîçáóæäàþùåå äåéñòâèå íà ãëóáîêî ðàñïîëîæåííûå òêàíè.

Ýêñïîíåíöèàëüíàÿ ôîðìà èìïóëüñà çàíèìàåò
ïðîìåæóòî÷íîå ïîëîæåíèå ïî ýôôåêòèâíîñòè ìåæäó
ïðÿìîóãîëüíîé è ñèíóñîèäàëüíîé ôîðìîé. Òîêè, èçìå-
íÿþùèåñÿ ïî ýêñïîíåíöèàëüíîìó çàêîíó, äåéñòâóþò áîëåå
ïëàâíî, ÷åì ïðÿìîóãîëüíûå, íî â òî æå âðåìÿ îáëàäàþò
áîëüøèì ñòèìóëèðóþùèì äåéñòâèåì, ÷åì ñèíóñîèäàëü-
íûå. Â ýëåêòðîñòèìóëÿòîðå "Àìïëèïóëüñ" ñèíóñîèäàëü-
íûå íèçêî÷àñòîòíûå èìïóëüñû ìîäóëèðóþòñÿ ñèíó-
ñîèäàëüíûìè òîêàìè áîëåå âûñîêîé ÷àñòîòû. Òàêàÿ
ìîäóëÿöèÿ ñíèæàåò ðàçäðàæàþùèé ïîáî÷íûé ýôôåêò.
Ñóùåñòâóþò ïðèáîðû, ãåíåðèðóþùèå ýêñïîíåíöèàëüíûå
òîêè áåç âûñîêî÷àñòîòíîé ìîäóëÿöèè. Òàêèå òîêè èìåþò
õîðîøåå ìèîñòèìóëèðóþùåå äåéñòâèå, íî ïëîõî ïåðå-
íîñÿòñÿ äåòüìè.

ÂÛÂÎÄÛ

Ðàçðàáîòàííûé ïðèáîð ïîçâîëÿåò ïðèìåíèòü èìïóëüñû
ñ íàðàñòàþùèìè è ñïàäàþùèìè ôðîíòàìè ýêñïîíåí-
öèàëüíîé ôîðìû ñ ðåãóëèðóåìîé ÷àñòîòîé çàïîëíåíèÿ äëÿ
ìèîñòèìóëÿöèè. Ïðèìåíåíèå òåõíîëîãèè ãèáðèäíûõ
ìèêðîñáîðîê ïîçâîëèëî ñóùåñòâåííî ñíèçèòü ãàáàðèòû è
âåñ ïðèáîðà, îáåñïå÷èâ óäîáñòâî ïðè èñïîëüçîâàíèè â
îôòàëüìîëîãèè. Äëÿ ðàñøèðåíèÿ ôóíêöèîíàëüíûõ âîç-
ìîæíîñòåé ïðèáîðà íåîáõîäèìî ââåñòè ðåãóëèðîâàíèå
ïàðàìåòðîâ ìîäóëèðóþùåãî ñèãíàëà è âûïîëíèòü
äàëüíåéøåå óìåíüøåíèå ãàáàðèòîâ äëÿ ñåðèéíîãî
ïðîèçâîäñòâà.
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Îïèñûâàþòñÿ îñíîâíûå ìàòåìàòè÷åñêèå èäåè, ëåæàùèå â
îñíîâå âû÷èñëåíèé, îñóùåñòâëÿþùèõ èíòåðâàëüíóþ ëîêàëè-
çàöèþ èñêîìîãî îáúåêòà.

The fundamental mathematical ideas are described which
realize the localizing computing of the desired objects.

1 INTRODUCTION

A problem of the exactness is a very important one by
itself since a success in its solution defines a power of the
computer as the scientific tool. Further, only the well-veri-
fied (in this sense) computer allows to judge on the ade-
quacy of the selected mathematical model to the tech-
nological problem to be solved.

In the tradition of scientific computation, it is not
thought about consequences of the truncation errors. And
remainder terms are simply neglected.

Meanwhile, it is well known, that numerous forms of
errors are inherent to the traditional approach of the compu-
tation. They are quite uncontrolled. After the numerical
experiment, the long and complicated investigation must be
done to verify its results. Presently, this problem does not
have a satisfactory solution.

It is enough to refer to the fine book of Babushka, Vita-
cek, and Prager [1], where non-complicated examples show
an unfitness of the computer execution of algorithms.

It is seldom the case that the initial data are known with
absolute exactness and the computation is quite integer-val-
ued, the errors are absent. In such case, the computer is able
to give the exact answer to the question about the object x
"to what is value x equal?".

In the practice of science and engineering, more often the
computer is not able to give an answer to this question since
the exact value of the quantity to be found has no expres-
sion in machine numbers. For example, it is impossible to
express an infinitely long binary fraction with machine num-
bers. Therefore the irrational numbers and the most part of
the rational ones have no such expressions too.

In this typical situation the traditional computational
methods give an answer to another question: "to what is a
value x approximately equal?". But then they contribute the
answer to one more question: "How much precise is a result
which has been found by the computer?".

But it is very hard to get the answer. Thus, a quality of
the traditional computing is doubtful.

A computer is not capable to address a thing about which
it has no information.

I would like to talk about a new promising technology in
computing experiments, namely localizing or enclosing com-
putations. It finds the answer to the question, which is for-

mulated in the form "In what enclosure does x contain?".
This enclosure may be named as localizer of x. The beginning
of the localizing computation is connected with the name of
the american mathematician Ramon E. Moore [2]. His main
predecessors were:

- Vladimir M. Bradis [3] (USSR),
- Rosalind C. Young [4] (Great Britain),
- Mieczyslaw Warmus [5] (Poland),
- Teruo Sunaga [6] (Japan),
- Leonid V. Kantorovitch [7] (USSR).
The first russian book after Bradis is written by Yuri I.

Shokin [8].
The program of reconstruction the educational course of

the Computational Methods at the Faculty of the applied
mathematics-control processes of the Saint Petersburg State
University on localizing base was pioneered by recently died
(2000) professor Vladimir I. Zubov. He was the chairman of
the Methodical Commission of that faculty, the correspond-
ing member of the Russian Academy of Sciences. I was set to
do this in 1993. Now the reconstruction is close to the finish-
ing [9].

In 1998 Vyacheslav B. Orlov jointed to this work. As
part of reconstruction program we published 12 issues of lec-
ture notes [9.1-9.12]. We prepared the subjects of the home
checking works specific for the each student and developed
their program support. We gained the greatest amount of
experience.

Here we concern the theoretical foundation of localizing
computing. Some fundamental mathematical ideas compose
this foundation. And I would like to present their review.

2 IDEA OF AN INTERVAL ENCLOSING

The first one is the idea of localizing or enclosing itself. It
represents the reality that some fuzziness, uncertainty, non-
stability are inherent to numerical characteristics of real
phenomena, processes, events, constructions.

Let us consider phenomena of the technical world.
Any composite technical device consist of its components.

Therefore a mass production of technical devices is impossi-
ble without the corresponding mass production of the com-
ponents. Each component must satisfy different standards of
precision. Othewise it will be impossible to gather a device
from them. Thus, a modern manufacture is impossible with-
out standartization.

The end of 1920-ties - beginning of 1930-ties, saw the
organized mass production of the components of radio engi-
neering devices and among them resistors. On the body of a
resistor it is pointed out the nominal value of the resistance
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(presented in Ohms , kiloOhms (k ) and so on) and the

tolerance in percents. For instance the information (10 k ,
± 10%) means that the true value of the resistance lyes

between 9 and 11 k .
This meant a rejection of exact number representation of

the electrical characteristics and a transition to the enclosing
representation, or the interval representation.

It may be a measure of the resistance by a voltmeter. An
uncertainty will decrease, but will not be vanish due to an
usual inaccuracy of a measuring. Moreover, a natural non-
stability will remain (partly, due to temperature changes).
And it will not bring success by reducing the enclosure for
the resistance beyond a certain point.

Equally the capacity of a condenser and a characteristic
of other electrical dipoles are represented now by their nom-
inal values and a tolerances.

In mathematical computations presence of the errors may
be explained with unboundness of a set of the mathematical
objects and with restriction of a machine resourses for their
representataion. Here idea of localizing has sense, too. It
was advanced by Bradis in 1927 in the form of method of
bounds [3].

This idea in some form is as following: a closed interval
serves as the enclosure for all sets which it contains.

3 USEFULLNESS OF THE ENCLOSING FOR 
THE MATHEMATICAL COMPUTATIONS

Let us show an usefulness of the interval enclosing by
means of another clear example.

Example 1. Let it be necessary to compute points of the
curve (some trajectory) for several given values of an
abscissa. The traditional computation gives some points
without any guarantee of nearness to the desired curve (see
Fig. 1). It remains unknown, where this curve lies. But an
enclosing computation gives the vertical intervals - enclo-
sures for the ordinates of desired points (see Fig. 2). They
play the role of the notches, through which the desired
curve passes necessarily.

Hence a more narrow localizer is a more accurace one.

Figure 1

Figure 2
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DESIGN OF AN ADAPTIVE FUZZY LOGIC CONTROLLER FOR NONLINEAR 
DYNAMIC SYSTEM

Ho Dac Loc

Â ýòîé ñòàòüå ðàçðàáîòàí àäàïòèâíûé íå÷åòêèé
êîíòðîëëåð äëÿ îáîáùåííîé âûñîêîïîðÿäêîâîé íåëèíåéíîé
êîíòèíóàëüíîé ñèñòåìû. Ñèíòåçèðîâàííûé êîíòðîëëåð îáåñ-
ïå÷èâàåò: 1) ãëîáàëüíóþ ñòàáèëüíîñòü öèêëè÷åñêè çàìêíó-
òîé ñèñòåìû; 2) àñèìïòîòè÷åñêóþ ñõîäèìîñòü ê íóëþ îøèá-
êè ñëåæåíèÿ. Íå÷åòêèé êîíòðîëëåð ñèíòåçèðóåòñÿ íà îñíîâå
êîëëåêöèè ïðàâèë "Åñëè-òî". Ïàðàìåòðû ÷ëåíñêèõ   ôóíêöèé
õàðàêòåðèçóþò ëèíãâèñòè÷åñêèå âûðàæåíèÿ, èçìåðÿþùèåñÿ â
ñîîòâåòñòâèè ñ íåñêîëüêèìè àäàïòèâíûìè çàêîíàìè ñ öåëüþ
óïðàâëåíèÿ ñëåæåíèåì çà óñòàíîâêîé ïî îðèåíòèðîâî÷íîé
òðàåêòîðèè.

In this paper, an adaptive fuzzy controller is designed for a
general higher-order nonlinear continuous system. The synthe-
sized controller ensures that 1) the close-loop system is globally
stable and 2) the tracking error converges to zero asymptoti-
cally. The fuzzy controller is synthesized from a collection of IF-
THEN rules. The parameters of the membership functions char-
acterizing the linguistic terms change according to some adap-
tive law for the purpose of controlling a plant to track a
reference trajectory.

1 INTRODUCTION

In recent years the adaptive control of nonlinear systems
has attracted a lot of attention. Control methodology called
feedback linearization has been proved sound and successful
in some problems. The central concept of this approach is to
transform the nonlinear system dynamic into an equivalent
linear systems, so that conventional linear control tech-
niques can be applied [1, 2]. A key assumption in these stud-
ies is that the system nonlinearities are known a priori, or
can be linearizable parameterization. This presents a limita-
tion of the theory because the real system, or more precisely
the model of a system, may always contain with a nonlinear
uncertain elements. Therefore, the design of a robust adap-
tive controller that deals with a nonlinear system with
uncertainties is an important subject. So far, to deal with
uncertain nonlinear systems, many adaptive control
approaches have been proposed. Adaptive control approaches
are applied to the systems with parameterized uncertainties,
several results can be found in [3-6]. The above discussion
makes apparent that adaptive control research has thus far
been directed towards the systems with parametric uncer-
tainties, for the totally unknown nonlinear systems cannot
be discussed. The need to deal with uncreasingly complex
systems, to accomplish in creasingly demanding design
requirements and the need to obtain these requirements with
less precise advanced knowledge of the plant and its envi-
ronment, inspired many works that came mostly from the
area of fuzzy logic control.

Recently, the integration of fuzzy logic techniques and
conventional control approaches has been an active research

focus. It is claimed that this union will lead to new control
algorithms that exploit the advantages of both paradigms.
The property of uniformly approximating any nonlinear sys-
tems over compact input-space with fuzzy systems [7] lays
the foundation for this integration and provides a bridge to
convert a set of human heuristic rules into a mathematical
description. Wang [8] suggested the utilization of conven-
tional adaptive systems to the fuzzy system framework, and
presented an in-depth and thorough analysis of adaptive
fuzzy logic control based on the general error dynamics of
adaptive system. The most important challenge to this
approach is to solve the Lyapunov equation and find the
positive definite matrix. Passino et. al. [9] developed a fuzzy
model reference learning control by introducing a reference
model for defining the desired process characteristics where
a fuzzy inverse model has to be specified by the control engi-
neer in advance. Also, many other excellent works on intro-
ducing the concept of fuzzy logic into the conventional
control techniques and vice versa have been developed in the
past years [10, 11-14], to name but a few.

However, most practical applications of fuzzy logic con-
trol have been limited to relatively simple problems, due to
a lack of formal synthesis techniques which guaranties the
very basic requirements of global stability and acceptable
performances [15, 16]. The design of the globally stable
fuzzy control systems was an open problem until recent
efforts presented in [16]. Based on fuzzy logic systems which
are capable of approximating, with arbitrary, any real con-
tinuous function on a compact set, a globally stable adaptive
controller is first synthesized from a collect of IF-THEN
rules. The fuzzy systems used to approximate an optimal
controller, is adjusted by an adaptive law based on a Lyapu-
nov function synthesis approach. However, this adaptive
fuzzy control system is limited to the linearizable SISO non-
linear systems with control gain being constant. On the
other hand, it cannot eliminate the effect of the modeling
errors and of disturbances on the error output of the system.
By introducing sliding mode control techniques, [15]
designed a fuzzy controller for the same system as [16]. But
the uses of the sliding mode, which is a discontinuous con-
trol, generally creates various problems, such as the chatter-
ing phenomena and possible excitation of high-frequency
unmodeled dynamics.

In this paper, we will develop a robust adaptive control
scheme for a class of unknown nonlinear systems. The basic
architecture of our adaptive fuzzy controller is a standard
fuzzy logic controller (FLC) [17] used in most fuzzy control
systems, plus an adaptive law used for adjusting the parame-
ters of FLC.
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2 DESCRIPTION OF FUZZY LOGIC SYSTEMS

The basic configuration of the fuzzy logic system is shown
in Fig.1. The fuzzy logic system performs a mapping from

 to . Let  where ,

. The fuzzy rule base consists of a collection
of fuzzy IF-THEN rules

(1)

where ,  are the input and

output of fuzzy logic systems, respectively,  are the

fuzzy sets defined on  and , respectively. The fuzzy

inference engine performs a mapping from fuzzy sets in  to

fuzzy sets in , based upon the fuzzy IF-THEN rules in the

fuzzy rule base and the compositional rule of inference. The

fuzzifier maps a crisp point  into a fuzzy

set in . The deffuzifier maps a fuzzy set in  to a crisp

point in . 
The fuzzy logic systems of Fig.1 comprise a very rich class

of static systems mapping from  to , because

many different choices are available within each block, and
in addition, many combinations of these choices can result in
a useful subclass of fuzzy logic systems. One subclass of
fuzzy logic systems is used here as building blocks of our
adaptive fuzzy controller, and is described by the following
important result.

Lemma 1. The fuzzy logic systems with center-average
defuzzifier, product inference and singleton fuzzifier are in
the following form

, (2)

where  is the point at which  achieves its maximum

value, and we assume that .

Eq.(2) can be written as

, (3)

where  is a parameter vector, and

 is regressive vector,  is

defined fuzzy basic function (FBF) []

. (4)

Figure 1 - Basic configuration of a fuzzy logic system

There are two main reasons for using the fuzzy logic sys-
tem (3) as basic building blocks of adaptive fuzzy controller.
First, it was proved that the fuzzy logic system in the form
of (3) are universal approximates, i.e., for any given real

continuous function  on the compact set , there exits a

fuzzy logic system in form of (9) such that it can uniformly

approximate  over  to arbitrary accuracy. Therefore, the

fuzzy logic system (3) are qualified as building blocks of
adaptive fuzzy controllers for nonlinear systems. Second, the
fuzzy logic system (3) are constructed from the fuzzy IF-
THEN rules of (1), therefore, linguistic information from
human experts can be directly incorporated into the control-
lers.

3 BASIC IDEAS OF CONSTRUCTING STABLE 
ADAPTIVE FUZZY CONTROLLERS

In this section, we first setup the control objectives, and
then show how to develop an adaptive fuzzy logic controller

to achieve these control objectives. Consider the th-oder

nonlinear systems of the form

(5)

where  is the state vector, ;

 are unknown functions,  and  are the

input and output of system, respectively.

Control objectives: Determine a feedback control  based

on fuzzy logic system (3) and an adaptive law for adjusting

the parameter vector  such that the following conditions

are met:

a)  where  is the

output tracking signal;

b) the cost function  is mini-

mized,  is a differentiable function of state variables

and .
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We now show the basic ideas of how to construct a direct
adaptive fuzzy controller to achieve these control objectives.

To begin, let  and

. To ensure the control objective b), we

have

. (6)

Using (5) we have:

, (7)

where  is the optimal control. Solving Eq.(6), using (7),

we have

. (8)

If the functions ,  and  are known, the

control (8) ensures the control objective a). We can show it
using the follow equation:

(9)

From (9) we can see that:  or

 - the main control objective.

Since ,  and  are unknown, the opti-

mal control  of (8) cannot be implemented. Our purpose is
to design a fuzzy logic system to approximate this optimal
control.

Eq. (5) can be written as:

(10)

Substituting (8) and approximated control signal by

fuzzy logic system  into (10), we have:

(11)

Next, we develop an adaptive law to adjust the parame-

ters of vector , which provides that the close-loop system

is generally stable. Define the Lyapunov function in the
form

, (12)

where ,  is positive constant. Using (11) we

have a derivative of Lyapunov function as:

(13)

If we choose the adaptive law:

, (14)

then (13) becomes , which guaranties that the
close-loop adaptive system is generally stable.

The overall scheme of the developed adaptive fuzzy con-
trol system is shown in Fig.2. Now, we make some few
remarks.

Remark 1. The developed, in this paper, adaptive fuzzy
control system using the error vector as input signal for the
controller is suitable in situations, where the state vector is
not measured variables.

Remark 2. The simple adaptive law makes easy to imple-
ment the adaptive fuzzy control. The quality of the control

system depends on form and parameters of function .
Remark 3. In using the adaptive law (14), the choice of

the constant  is important. At present, there has been no

theoretical guidance about the choice of ; trial-and-error

seems to be only practical option.

Figure 2 - The overall scheme of adaptive fuzzy control 
system

4 SIMULATION

In this section, we apply the direct adaptive fuzzy con-
troller in the last section to control an unstable nonlinear
dynamic systems.

Example1. In this example, we use our direct adaptive
fuzzy controller to regulate the plant:
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û

x·1 f1 x( )=

x·2 f2 x( )=

…………
x·n fn x( ) u û û.–+ +=
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(15)

If without control, the system is chaotic. Here the objec-
tive is to use the developed adaptive fuzzy logic controller to
let system output track the desired sin input and square
input, respectively. Moreover, a random disturbance with 0
mean and 1 variance is added to verify the performance of
the control system. Fig.3 and Fig.4 are the simulation
results, which indicate that the tracking performance is very
good even in the presence of random disturbance.

Figure 3 - Control results with AFLC ( )

Figure 4 - Control results with AFLC ( )

Example 2. In this example, we apply the adaptive fuzzy
controller to control the following nonlinear dynamic sys-
tem:

(16)

The step respond of close-loop control system is shown in
Fig.5, in which we can see the adaptive fuzzy controller
could regulate the plant and the close-loop system is stable.

the adaptive fuzzy controller could regulate the plant and
the close-loop system is stable.

Figure 5 - The step respond of the control system

The step respond of the control system in situation, where

 has different values, is shown in Fig.6. From this we can

see that the quality of the transient process depends on .

Figure 6 - The step respond

5 CONCLUSION

In this paper, we developed an adaptive fuzzy logic con-
troller which: 1) does not require an accurate mathematical
model of plant under control, 2) uses the error vector as
controller's input, therefore it does not require all that com-
ponents of state vector to be measurable, and 3) guarantees
the global stability of close-loop system. The simulation
results show that the adaptive fuzzy controller could suc-
cessful control the unknown nonlinear dynamic system.
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ÓÄÊ 004.93

HYBRID LEARNING ALGORITHM FOR NEURAL NETWORKS

Jamil Ahmad

Ðàññìîòðåí ãèáðèäíûé àëãîðèòì äëÿ îáó÷åíèÿ íåéðîñåòè,
êîòîðûé àäàïòèðóåò âåñà äâàæäû íà îäíîé èòåðàöèè. Ýòîò
íîâûé àëãîðèòì ïðåäñòàâëÿåò ñîáîé êîìáèíàöèþ àëãîðèòìà
îáó÷åíèÿ ìàøèíû, ïðåäëîæåííûé Ãàáîðîì â 1960-õ ãîäàõ è
ìåòîäà íàèìåíüøèõ êâàäðàòîâ. Ýòîò ãèáðèäíûé àëãîðèòì
èñïîëüçóåò äâà ðàçíûõ óðàâíåíèÿ, îñíîâàííûõ íà
ìèíèìèçàöèè ñðåäíåêâàäðàòè÷åñêîé îøèáêè äëÿ îïòèìèçàöèè
âåñîâ. Àëãîðèòì ïîêàçàë ëó÷øèå ñïîñîáíîñòè, ÷åì ìåòîä
íàèìåíüøèõ êâàäðàòîâ è ìåòîä îáðàòíîãî ðàñïðîñòðàíåíèÿ
îøèáêè îòíîñèòåëüíî çàäà÷è ðàñïðîñòðàíåíèÿ îáðàçîâ.

This paper presents a hybrid algorithm for the learning mech-
anism of the neural network model which adjusts weights twice
in any single iteration. This new algorithm is a combination of a
machine learning algorithm proposed by Gabor in 1960s and
LMS algorithm. This hybrid algorithm uses two different equa-
tions based on mean square errors to optimize weights. The algo-
rithm showed better performance when compared with Least
Mean Square (LMS) and Back Propagation (BP) learning algo-
rithms using pattern recognition problem.

1 INTRODUCTION

In recent years, ANN models have made great leaps in
solving complex problems such as prediction, classification,
speech analysis, image analysis, and pattern recognition [1-
5]. A number of sophisticated learning models have been
developed to solve variety of problems. In spite the remarka-
ble achievement by ANN model in some application areas,
there is still space for improvement. Mostly, these models
are suffered from problems of slow convergence and its
structure definition. This paper presents a hybrid approach
by combining two algorithms into a single learning model.
This hybrid algorithm is mainly derived from the Gabor the-
ory of Communication and Machine Learning, [6-7] which is
modified by merging it with LMS based learning algorithm.
Further information about the algorithm can be found in
[8]. The algorithm is compared with standard BP [9] and
LMS [10], with the pattern recognition problem. Various
parameters such as initialization of weights, learning rate,

and learning curve are also investigated with the help of
experimental study.

2 THE LEARNING PARADIGM

The general structure of the proposed hybrid learning
algorithm is shown in Figure no. 1, which shows working
mechanism of the algorithm. It can be noted that the algo-
rithm adjusts weight in two stages. Both stages are carried
out in each training run simultaneously, i.e., the adjustment
of the weights takes place twice in single iteration. In the
first stage, the algorithm calculates three errors associated
with each weight and uses them to modify the associated
weight (only one weight). Subsequently, the algorithm uses
mean square errors to adjust all the weights which is consid-
ered as a second stage of the model. The flowchart for the
proposed system is also shown in Figure no. 2.

 

Figure 1 - General structure of the proposed Hybrid 
learning algorithm
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Figure 2 - Working flow of the proposed Hybrid learning algorithm

3 EXPERIMENTAL STUDY

The above two-stages model is analyzed through experi-
mental study using a computer simulation package devel-
oped for this purpose. During the experiments a number of
parameters such as, initial weights setting, learning con-
stant, etc. are investigated thoroughly. The following para-
graphs explain these parameters with more details and
simulation results.

3.1 The Initial Weights values of the Algorithm

Most of the network models use random initial values for
the weights to calculate their first approximated computed
output. It is clear from the current literature that no specific
rule exists to calculate the initial weight values; so in most
cases these values are fixed after a number of experiments
which are carried out with different random initial weight
values. A number of experiments are carried out to find suit-
able initial weight boundaries for the proposed hybrid learn-
ing algorithm. Figures no. 3(a) and 3(b) show the learning
curves for initial weights values, (< 1.0) and (>1.0), respec-
tively. These graphs indicate that the initial weights' values
less than 1.0 shows better performance.

     à)                             b)

Figures 3 - Initial weight values for the proposed Hybrid 
learning Algorithm. The weight values are randomly 

selected less than 1.0 and greater than 1.0.

3.2 Learning rate of the Algorithm

The concept of learning rate is discussed intensively in
the current literature, which controls stability and speed of
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convergence. Generally, a small value is preferable, i.e.,
between 0.1 and 1.0 (in some cases even 2.0 is acceptable)
[11]. High learning rates cause divergence from the required
target output, as in the case of LMS learning algorithm,
especially when the learning rate is greater than 2.

The learning rate of the hybrid learning algorithm should
be very small, i.e. between 0.00005 - 0.0001. Several experi-

ments are carried out to set the learning rate for this algo-
rithm and the results are graphically shown in Figures 4(a)
to 4(f) for 0.0001, 0.00009, 0.00005, 0.00001, 0.000009, and
0.02, respectively. It is found that the proposed hybrid
learning algorithm has a precise range of values for the
learning rate. Further, learning rates of values 0.02 or more
create problems during the convergence.

a)                                                       b)

c)                                                       d)

e)                                                       f)

Figures 4 - Effect of learning constant with different values on the training performance of the proposed Hybrid 
learning algorithm
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4 AN EXAMPLE OF PATTERN RECOGNITION

The proposed model is analyzed with the help of an exam-
ple of pattern recognition. The input and target output are
provided, as shown below in Figure no. 5. The learning
curves for the proposed hybrid, LMS and BP learning algo-
rithms are discussed in the following section.

Figure 5 - Input and target patterns

4.1 The Learning Curves

The criteria for the adjustment of the weight have been
an object of the neural network literature for some time, but
practically there is only one choice, the criteria of mean
squares, as used by Widrow-Hoff, Gabor, Kolmogorov and
Wiener for their models. The proposed model also uses MSE
for its weights optimization. One can observe the speed, per-
formance and adaptation of the neural network learning
algorithms from the reduction of associated MSEs. The
MSEs for the example pattern as shown above are presented
for the hybrid, LMS and BP learning algorithms in Figure
nos. 6(a), 6(b) and 6(c), respectively. These graphs indicate
better performance for the hybrid learning algorithm than
the other two algorithms. The comparison with the LMS and
BP learning algorithms shows that the hybrid learning algo-
rithm is more powerful and its optimization techniques are
faster than the LMS and BP learning algorithm because it
reaches quickly to the minimum level of the error, i.e.,
shown in Figure no. 6(a).

5 CONCLUSION

This paper presented a novel hybrid learning algorithm
for neural networks. All important and necessary parameters
of the algorithm are tested for the proposed model to show
its capability for the implementation of complex problem.
The proposed model is also implemented for the pattern rec-
ognition problem and compared with standard BP and LMS
learning algorithms. The new proposed hybrid learning algo-
rithm has shown better training performance, minimum error
and better recognition rates. The overall minimum training
time and smooth error reduction have found to be prominent
features of the newly developed learning algorithm. Imple-
mentation of the proposed model for complex pattern recog-
nition such as hand written digits and speech are amongst
the major tasks for future study.

a) The proposed Hybrid Learning Algorithm

b) LMS Learning Algorithm

c) BP Learning Algorithm

Figure 6 - Learning Curves of Hybrid, LMS and BP 
Learning Algorithms

Input Pattern Target Patterm

= 0
= 1
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THE INTELLIGENT CIRCUIT THAT IS OPERATED BY TRANSMISSION   
OF IMPULSE AS SYMBOL OF ACTIVITY

Karasawa S.

ßêùî âïëèâ íà äàò÷èêàõ ïðåäñòàâëåíèé ïiäìíîæèíîþ
iìïóëüñiâ, à äi¿ âèêîíóþ÷èõ ïðèñòðî¿â ïðåäñòàâëåíi iíøîþ
ïiäìíîæèíîþ iìïóëüñiâ, òîäi ðàáî÷à ïàì'ÿòü ôîðìóºòüñÿ
÷åðåç äiþ îäíî÷àñíî øëÿõîì ïîºäíàííÿ òî÷îê, äå iñíóþòü
iìïóëüñè. Iíòåëåêòóàëüíà ïîâåäiíêà, ùî îïèñàííà ó ëîãi÷íié
ïðîãðàìi, ìîæå áóòè äîñòèãíóòà çà äîïîìîãîþ ëàíöþãà, ùî
ïåðåäàº iìïóëüñ ÿê äiþ.

Åñëè âîçäåéñòâèÿ íà äàò÷èêàõ ïðåäñòàâëåíû ïîäìíîæå-
ñòâîì èìïóëüñîâ, à äåéñòâèÿ èñïîëíèòåëüíûõ óñòðîéñòâ
ïðåäñòàâëåíû äðóãèì ïîäìíîæåñòâîì èìïóëüñîâ, òîãäà ðàáî-
÷àÿ ïàìÿòü ôîðìèðóåòñÿ ÷åðåç äåéñòâèå îäíîâðåìåííî ïóòåì
ñîåäèíåíèÿ òî÷åê, ãäå ñóùåñòâóþò  èìïóëüñû. Èíòåëëåêòó-
àëüíîå ïîâåäåíèå, îïèñàííîå â ëîãè÷åñêåé ïðîãðàììå, ìîæåò
áûòü äîñòèãíóòî ïîñðåäñòâîì öåïè, êîòîðàÿ ïåðåäàåò
èìïóëüñ êàê äåéñòâèå.

If activities on sensors are represented by a subset of
impulses and actions of actuators are represented by another
subset of impulses, the working memory is formed through the
activity concurrently by connecting the points where impulses
exist. The intelligent behavior described in a flow chart can be
achieved by means of the circuit that transfers an impulse as an
activity.

1 INTRODUCTION

Neural engineering is an emerging discipline [1]. The
greater part of artificial intelligence (AI) is researched by
means of computational models. Those algorithms of the
models are adapted to the digital computer. We appreciate
the fruits of the software. The computer is omnipotent if the
algorithm is perfect. Although the computing paradigms
such as artificial neural networks [2] and connectionist mod-
els [3] are taking nature of a brain into account, the pro-
grams are difficult to form a working memory through an
experience automatically.

The software met difficulties in the field of recognition if
the object is things and affairs in the real world. An activity

is nonlinear and an activity is not continuous. The impulsive
activity in the brain is not computational. The author as a
researcher in the field of semiconductor electronics proposes
the circuit where an impulse is transferred as an activity is
transferred. The artificial intelligence in which the existence
of impulse means occurrence of an action can be termed as
hardware artificial intelligence.

Since a digital data is consist of signal on motionless
state, the change of a state is represented by means of two
states, i.e. one is obtained before the change, and the other
is obtained after the change. There are two kinds of changes
on a digital state, one is the positive impulse that causes an
excitatory state, and the other is the negative impulse that
inhibits an active state. A positive impulse that is the mini-
mum unit of excitatory action is able to connect the lines at
the transference, and the transmission of the positive
impulse creates the working memory that makes possible to
replay the same activity [4].

The action of connections makes possible to materialize
the working memory. Although the definition of the work-
ing memory is difficult within the traditional concept of
software, we can define the working memory as the function
of a neuron, because the connections of a neuron are formed
by means of activities, and the neuron decodes impulsive
activities and it outputs an activity. The intelligence is a
kind of activity and it is not restricted to the processing of
information. 

If we employ the segmentation of working memory in
order to recognize things and affairs in the real world, the
processing of recognition will become easy. If we divide a
pattern into many pieces in order to compute, the processing
of recognition becomes a jigsaw puzzle.

On the other hand, the intermittent operations of
impulses make possible to carry out time-sharing of the oper-
ations. A circulating impulse in a loop is able to keep the
activity, and the paralleling activities by means of transmit-
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ting of impulses along plural flowcharts make possible to
think while walking [5].

The activities by means of circuits driven by impulses are
also possible to operate the information processing. The
activity driven circuit that makes activity according to the
transference of impulse is described by a flowchart on activ-
ities. The function of the flowchart is able to realize by
means of impulse driven circuits. This new design concept is
inspected through trial manufacturing and the results are
reported in this paper.

2 PROBLEMS TO BE SOLVED BY MEANS OF 
THE CIRCUITS DRIVEN BY IMPULSES AS 
ACTIVITIES 

We can memorize the first experience without lesson. But
the computational learning model such as back propagation
method [7] in neural network cannot form the circuits simi-
lar to the working memory that human possesses. It is diffi-
cult to process the signal by means of the central processing
unit (CPU) that is under the construction.

The voice has an independent meaning only for the audi-
ence. The program and data are divided in a digital compu-
ter. Although the data are transferred, the machine cycle in
a digital computer is not signified by the data. The meaning
of signal is not given to wiring in the traditional technology.
The digital signal that is independent from the media is dif-
ficult to form a working memory, for a working memory is a
kind of circuit that is able to operate a function.

Another problem caused by the traditional concept of sig-
nal processing is difficulty in the processing for the recogni-
tion of things and affairs in the real world. The difficulty is
caused by the structure of the signal. A digital computer
deals with data adjusted to the signal processing, and there
is the segmentation in a flow of signal processing. On the
other hand, the things and affairs in the real world are pos-
sessed of the segmentation of itself. Since there are a great
number of the combinations between two kinds of segmenta-
tions, the recognition of things and affairs in the real world
becomes difficult. If we use the segmentation of the working
memory for the recognition of things and affairs, the
processing of recognition can be done at once.

The real activity is able to cover every information
processing, but the information processing cannot cover
every real activity. The serial processing of information is a
part of the brain mechanisms. The traditional artificial intel-
ligence cannot cover the function of consciousness in a brain
well. The paralleling activities by means of transmitting of
impulses along plural flowcharts make possible to emulate
the communicating operations of the brain. The focused
attention that is important for intelligent behavior will be
emulated by means of the circuits designed by the concept of
activity.

We can image the many new figures of a brain mecha-
nism, if we remove the glasses of software. Although there
are differences between human and machine, the interface
that is designed by the concept of activity will contribute to
decrease the gap between the activities in a brain and the
traditional information processing.

3 THE METHOD TO ACQUIRE INTELLIGENT 
CIRCUITS THROUGH ACTIVITIES

3.1 The function of a neuron

There are a huge number of neurons in a brain. A number
of impulses run through numbers of circuits. The activities
can be memorized in the circuit if every signal is composed
of the impulse. The subset of impulsive signals is packed by
means of connections on a neuron at an instant. The neuron
receives many impulses and it generates an impulse by means
of a biochemical reaction. 

Since resting potential in a neuron is -80mV sustained by
many biochemical pumps and the narrow peak of positive
impulse is +40mV [6], the connections that the input termi-
nals correspond to the points of existing positive impulses
may form a decoder on the subset of impulses. A pattern of
impulses is detected by the neuron formed through the same
pattern of activities. This method of connections is able to
form a working memory.

The subset of paralleling impulses or a series of intermit-
tent impulses are transmitted by the working memory. The
circuits for working memories are able to form automatically
by making use of such activity driven system. The network
of working memory is available for the cognitive device such
as visual perception, or voice recognin. 

3.2 Characteristics of the hardware artificial 
intelligence

The working memory is operated by means of minimum
unit of activity where the process of making signal is omit-
ted. The hardware artificial intelligence is based on the
activity that depends on the body. The meaning of one
impulse that comes from a sensor is able to understand as a
reaction of the sensor under the situation. The activity of an
actuator is able to understand from the effect that exerts on
the surroundings. As for the activity of nerve cell, the mean-
ing is contained in the wiring connections.

Since the nerve cell ignites in accordance with propaga-
tion of the impulse, the operation of a nerve cell is similar to
the pin of the pin-drum of a music box. The activity of one
pin produces one tone of sound. The whole activities of pins
become music. The sophisticated reaction in the impulse
driven system is achieved by means of linked activities.
These activities are represented by a subset of impulses
where many wiring are needed. In such case, although an
activity in a cell has the meaning that depends on the cell,
we cannot understand the meaning of an impulse well when
we analyze the impulse that comes from only one nerve cell.

The concept that "an impulse is the representative of an
activity in the circuit for intelligent activity" is different
from the traditional concept of information processing sys-
tem. The activity in the real world cannot separate from the
substance and it cannot not free from the real time. The
information that is translated from things and affairs in the
real world makes possible to free from the real time.

The information of an impulse is only the timing that
belongs to the real time. The device driven by activity is
designed in order to make actions in the real time. In this
design concept of impulse mode operation, the existence of
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impulse in a circuit means the activity in the device. An
impulse is the symbol of an activity.

Although the operation of working memory in an impulse
system is similar to the digital decoder, the number of the
input terminal of the working memory is adjusted with the
object. Although there are intermittent transmissions in the
impulse driven mode system, there is not the segmentation
caused by the process of producing the signal of information.

The symbol itself is not computational, but it can be han-
dled by means of circuits. These types of intelligent circuits
will be useful for the electronic device that emulates the
brain mechanism. Those circuits will be useful in the field of
robotics or automaton.

3.3 Differences between digital circuits and 
activity driven circuits

We can replay an activity by a movie, but it is a copy on
the visual image. The software is not able to function with-
out hardware. But hardware is able to function without soft-
ware. The impulse is the minimum signal on the activity,
whereas the pulse is the minimum information. 

The signal processing without comprehension such as a
telecommunication stays within the world where activities
improve expressions. The end user of a traditional signal
processing is the human being. Fig.1 shows the architecture
of a humanoid designed by the traditional concept of infor-
mation processing.

The brain is not a mere signal processor, and it is an end
user of the signal. The end user makes actions. The architec-
ture of new machine is simple, but it operates every activity
including information processing. Fig.2 shows the animal-
robot in which the digital signal processing is omitted where
only activities are transmitted along plural flowcharts.

Figure 1 - Block diagram of signal processing on a 
humanoid designed by traditional concept (Here, the 

data are transferred through media)

Figure 2 - The activity driven circuits for the model of 
brain mechanism where only impulses are transmitted as 
the symbol of activities (Brain of animal that is driven 

by transference of activities)

A combination of positive impulse and negative impulse is
given by the derivative of a pulse with respect to time. But,
the meaning of "impulse in the hardware artificial intelli-

gence" is different from that of "pulse in a traditional signal
processing". In a traditional signal processing, the serial
arrangement of pulses or the waveform of pulse carries infor-
mation. But in the intelligence circuit driven by impulses as
symbol of activities, the arrangement of series of impulses
does not imply the meaning, and the waveform of an
impulse does not imply the meaning. The frequent genera-
tion of impulses only indicates that the activity is breaking
out frequently. 

The electronic circuit driven by the activity can be manu-
factured with the method similar to digital circuits. That is,
the activity is expressed with the presence of a certain
amount of electric charge. The electric charge is transferred
via the route selected by the logic circuit. The circuit in
which the existing of electric charge means an operation of
activity is realized by means of the semiconductor elements
such as CCD (Charge Coupled Device) where the lines are
connected by using floatation gate MOS FET (Metal Oxide
Semiconductor Field Effect Transistor).

The implementation of working memory in the impulse
driven system will be extremely easy compared with tradi-
tional digital technology of PLD (Programmable Logic
Device) [8]. For example, if a pattern of activities is
expressed with the pattern of the lighting spots, the pattern
of lighting spots will be transferred via the route selected by
the membrane in which a transparent point is formed by
using the pattern of photochemical reactions on a membrane.
The pattern of activities can be reproduced by using this
path of lights.

4 THE HADWARE ARTIFICIAL INTELLIGENCE 
THAT EMULATES BRAIN MECHANISM

4.1 The loop of delay elements for a short-term 
memory of activity

The function of a short-term memory for an activity is
achieved by means of looped delay elements where circula-
tion of an impulse represents a continuous activity. The exci-
tatory state of this loop generates impulses continuously by
the circulation. The plural paralleling impulses are able to
excite one activity selected by the working memory that
decodes the constituents.

There are activities of plural loops in the layer of constit-
uents and that of one loop in the layered of output. The
organization of activities yields activities of plural layers for
the same agent. The meaning of each activity for the same
agent is different. The organization of activities by means of
working memories together with loops makes possible to
form the frame of knowledge i.e. linkage of the activities.

The array of loops is able to operate the function of a reg-
ister. The subset of impulses that should pay attention is
transcribed on a register. The pattern of points activated on
the register can be referred to the images those are inputted
one after another successively. By using an activated image
as a mark of alignment, a mapping of visual images can be
carried out. In general, the consciousness that pays an atten-
tion to a certain image is realized through activities of the
subset.
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4.2 The organization of activities

The impulsive actions will be combined for a sophisti-
cated activity. The subset of impulses is decoded by the
working memory in which the intermittent activities are
constituents. The linked working memories form a layered
structure. A group of activities are decoded by means of
multi-layered working memories.

The linguistic expression is transmitted in the form of
subsets of impulses in a network of neurons. The faculty of
language is acquired by means of the layered structure of
working memories. The network of working memories is able
to comprehend the meaning of speech voice and written sen-
tence.

Since the organized structure makes use of existing cir-
cuits, the structure of extension economizes the circuit.
There is compatibility in the element of component com-
pared with the whole. The layered structure is able to repre-
sent a great many kinds things and affairs, because there are
a great many kinds of combinations among many compo-
nents. The things and affairs in the real world will be repre-
sented in the layered structure of working memories.

Since the output of working memory for a subset of serial
activities is generated at the end of serial impulse, there are
time differences among these impulses. The loop for a short-
term memory is used in order to adjust the timing among
plural activities. The working memory together with loops
organizes sophisticated activities. 

The linked activations of loops by means of a working
memory make possible to provide impulses two directions.
One direction is from the inputs side to the output side and
the other direction is from the output side to the inputs side.
The concurrent excitations of loops makes possible to form
an afferent pathway and an efferent pathway. Here, the
afferent pathway transfers a subset of components into the
output, and the efferent pathway transfers a representative
into the subset of components.

Positron Emission Tomography (PET) has enabled us to
observe activities of a cerebrum [9]. The observations by
PET show that the activities of cerebrum are held for a
while. The working memory with loops that is driven by
impulses will be able to emulate the brain activities.

4.3 The amplification of activities

The signal will be changed when the number of pulses
changes in a traditional data processing where the arrange-
ment of pulses is used as the signal. However, in the system
driven by activities, the increase on the number of impulses
is equal to the frequent activities. That is, to decrease the
number of impulses is equal to the decrease of the frequency
on activities.

Since the repetition of activity is carried out by an
increase of impulses, the activity is emphasized by using of
[OR] circuit for summing of impulse that was delayed. Since
the repetition of an activity is diminished by a decrease of
impulses, the activities are diminished by reduction of the
number of impulses through AND circuit. Then, [OR] logic

circuit is able to use as an amplifier of activities. [AND]
logic circuit is able to use as an attenuator of activities.

4.4 OR logic circuit for activities

Circuit of [OR] logic connection is needed where many
circuits control an actuator. OR circuit outputs an impulse
when an impulse inputs into one of the input terminals at
least. However, OR circuit will ignite by a noise in case of
many inputs. The automatic implementation of OR circuit
makes such a problem.

Since the connections of AND circuit are equal to the
points of existing impulses, the implementation of AND cir-
cuit can be carried out automatically. De Morgan's law can
be stated as " AND of inverse of Boolean expressions is OR
of the inverse of Boolean expressions". That is, OR logic on
the complement of Boolean expression can be stated as
"when even one pulse does not come the pulse is not out-
put". The inhibitory (negative) impulse that suppresses exci-
tatory (positive) impulses is used in the circuit driven by
impulses. 

Then, AND circuit for inverted inputs outputs an impulse
when there is not an impulse. The output is used to suppress
the positive impulse that is generated continuously. So. OR
logic circuit is realized by using NOT, AND, and loop for
generation of impulse. This circuit for OR logic connections
will be able to emulate the activities on a cerebellum [10].

5 THE RESULTS; THE MANUFACTURING OF 
THE ACTIVITY DRIVEN CIRCUITS

5.1 The flowchart on a hardware artificial intel-
ligence

Signal processing in a digital system is expressed by
means of a flowchart. Each step of operation can be
described by a proposition of "IF A=B, then Y=X". This
logic is the fundamental statement for the software. The
proposition can be carried out by a working memory. The
flowchart on activity driven system expresses a flow of
activity. Each step of activity can be described by a proposi-
tion of "IF present state of activities is A and the inputting
activities is B, then the next state of activities is Y." The
active state of this device is transferred to the other state
assigned by the activities of conditions sent from the moni-
tors of itself and outer world.

 The format of flowchart on activity driven system is sim-
ilar to that of digital system. But, the design of an activity
driven system is based on the specification of activities. 

Although a state in the activity driven system is repre-
sented by the state of circuit in which an impulse exists, the
procedure to design the activity driven system is similar to
the design of sequential system where one step of operation
can be described by the change of state. The sequential sys-
tem is known as "finite state machine". The tools and parts
used in such digital system will be available in the activity
driven system. The operations of an activity driven system is
described by means of a state diagram and a timing diagram.
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5.2 Manufacturing of the activity driven circuit 
that is made of digital IC

5.2.1 Digital circuits for the activity driven cir-
cuit 

Figure 3 - The flowchart for transference of activities

Figure 4 - The element of activity driven circuit that is 
composed of digital IC

Fig.3 illustrates the flowchart of transference of an activ-
ity. Fig.4 shows a circuit for the impulse driven mode. The
plural outputs of monitors are connected by AND circuit in
order to obtain the trigger signal that changes the present
state. A loop made of a pair of Monostable Multivibrators
(MM's) is used for a short-term memory. Two pieces of reg-
isters (1k ohm) are used as coupling elements of a loop,
where the input into the input side of register is not forced
to the output of another MM.

OR circuit connected from plural outputs to one next
input is used in order to excite the next state. In order to
delete an activity in a loop after the transition, the output of
3-state gate is connected to input port of the loop directly.
When the control signal of deletion puts in the gate terminal
of 3-state gate, the output is connected to the ground, and
the rounding impulse is absorbed to the ground. When the
control signal of deletion does not put in the gate terminal
of 3-state gate, the output is unconnected to the ground.

5.2.2 Digital IC that is used for activity driven 
circuit

The activity driven circuit for a flowchart is comprised of
delayed transferring element together with logic circuits as
shown in Fig.4. The circuit is assembled by digital ICs listed
as follows.

a) Delay element (that is able to use as a timer for a con-
troller) is realized by a MM; 74LS123 (14538B). The time
period is given by the T=0.7CR at 14538B;

b) Decoder is composed of an [AND] circuit;
74LS08(4081);

c) A loop for a short-term memory is made of a pair of
MM;

d) An impulse in a loop is deleted by means of a 3-state
gate; 4LS244(74HC244);

e) Common outputs are connected in a [OR] circuit;
74LS32(4071).

(Here, the registered number of IC is expressed as;
TTL IC (c-MOS IC).

5.2.3 Trouble shooting of activity driven cir-
cuits

We manufactured several kinds of impulse driven control
circuits [11], [12], [13], [14] Those circuits are the circuit
for automatic vending machines, the circuit for automatic
washing machine, the circuit for traffic controller, and the
circuit for a sheet of short-term memories to replay the
activity. Many Light Emitting Diodes (LED's) are used as
monitors of the operations. These circuits functioned well.

We met some troubles. That is, the network of impulse
driven circuits is delicate to the noise. Then, the chattering
of switch changes the state. Moreover the trouble in activity
driven circuit is transmitted by the impulse. The trouble
shooting of activity driven circuit system is hard compared
with the digital circuit.

5.3 The semiconductor device that is used for 
the activity driven circuit

The practical activity driven device must be manufactured
as a semiconductor device. A quantity of electric charge is
able to represent an activity. Since the function of a flow-
chart is able to realize by means of a charge transfer device,
the MOS technology will be useful in the field of impulse
device. A dynamic Random Access Memory (RAM) consists
of a capacitance where the charge is stored. The charge in
the Charge-Coupled Device (CCD) can be moved along the
surface of a semiconductor under the application of a proper
sequence of voltage pulses, the charge packet can be trans-
ferred in a controlled manner. CCD is distinct from conven-
tional device where current and voltage levels are generally
used. However, CCD is able to realize digital logic circuits
such as OR, AND, INVRERT [15]. A charge-sensing ampli-
fier nondestructively generates the same amount of another
electric charge in one location and this information is able to
transmit another location [16]. A memory element of a float-
ing-gate avalanche-injection MOS memory (FAMOS) is fab-
ricated as a dual-stacked poly-silicon structure in which the
bottom gate is floating. The floating gate is isolated by thin
oxide, and it provides the area for memorizing electrons. In
EEPROM (Electrically Erasable Programmable Read-Only
Memory), a circuit called a charge pump is used to generate
the necessary programming voltage from the standard 5V,
and the internal connection by means of the floating gate is
provided to reverse the electron injection phenomenon [17].
Then, a pattern of activities can be copied to the pattern of
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connections where the pre-injected electrons are removed.
Since a positive impulse represents an activity, the function
of a negative impulse is given by means of the circuit that
absorbs the positive impulse.

6 SUMMARY

The characteristics on the activity driven circuits and the
design tools are reported in this paper. We made several
activity driven circuits by using digital IC's. The manufac-
tured circuits functioned well. But, now, those circuits are
not much superior than the digital circuits. In principle, the
activity driven circuit can be designed to form through the
experience. The function of flowchart that is designed by the
concept of activity will be transferred into a charge transfer
circuits. It is possible to fabricate activity driven circuits as
a semiconductor integrated circuit. Such activity driven cir-
cuit will be superior to today's digital system.

The trial manufacturing of activity driven circuit without
automatic implementation is the step to realize the activity
driven system. The manufactured circuit operates the
designed function. These experiences teach us the impor-
tance of timing on the operation.

As another fruit of this research, the concept of activity
helps to manufacture the circuit model for the brain mecha-
nism. The impulsive actions are combined for a sophisticated
activity. The group of activities is decoded by means of a
working memory. A loop is able to keep an activity. The
consciousness is intermittently interlocked to the other
activity. These linkages of the short-term memories make
possible to explain the activities of a brain such as linguistic
activity. The intermittent transmission of activity will pro-
vide the deeper understanding of the brain mechanism that
has relations to the artificial intelligence.

Although the concept of activity driven circuit is based
on the activity in the real world, the circuit is a model. The
author hopes that this new concept of hardware artificial
intelligence will contribute to developments of the technol-
ogy of intelligence.
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SOLVING OF BOUNDARY VALUE PROBLEMS FOR MATHEMATICAL 
PHYSICS EQUATIONS IN CELLULAR NEURAL NETWORKS

M.A.Novotarskiy

Ñòàòòÿ ïðèñâÿ÷åíà âèâ÷åííþ çàñòîñóâàííÿ ëîêàëüíî-
àñèíõðîííèõ ìåòîä³â äî âèð³øåííÿ êðàéîâèõ çàäà÷ ìàòåìà-
òè÷íî¿ ô³çèêè íà êë³òêîâèõ íåéðîííèõ ìåðåæàõ. Ðîçãëÿíóò³
àðõ³òåêòóðè òðàäèö³éíî¿ àíàëîãîâî¿ òà äèñêðåòíî¿ íåéðîí-

íèõ ìåðåæ ³ àðõ³òåêòóðà áàãàòîøàðîâî¿ êë³òêîâî¿ íåéðîííî¿
ìåðåæ³ ç áàãàòîñ³òêîâèì çãëàäæóâàííÿì. Ïðåäñòàâëåíèé
àëãîðèòì àñèíõðîííîãî ôóíêö³îíóâàííÿ äëÿ áàãàòîøàðîâî¿
êë³òêîâî¿ íåéðîííî¿ ìåðåæ³.
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Ñòàòüÿ ïîñâÿùåíà èçó÷åíèþ ïðèìåíåíèÿ ëîêàëüíî-
àñèíõðîííûõ ìåòîäîâ äëÿ ðåøåíèÿ êðàåâûõ çàäà÷ ìàòå-
ìàòè÷åñêîé ôèçèêè íà êëåòî÷íûõ íåéðîííûõ ñåòÿõ. Ðàñ-
ñìîòðåíû àðõèòåêòóðû òðàäèöèîííîé àíàëîãîâîé è äèñêðå-
òíîé êëåòî÷íûõ íåéðîííûõ ñåòåé, à òàêæå àðõèòåêòóðà
ìíîãîñëîéíîé êëåòî÷íîé íåéðîííîé ñåòè ñ ìóëüòèñåòî÷íûì
ñãëàæèâàíèåì. Ïðåäñòàâëåí àëãîðèòì àñèíõðîííîãî ôóíêöèî-
íèðîâàíèÿ äëÿ ìíîãîñëîéíîé êëåòî÷íîé íåéðîííîé ñåòè. 

This paper is devoted to studies of application of locally -
asynchronous methods to the boundary value problems for math-
ematical physics equations solving in cellular neural networks.
The following approaches are considered: traditional analog cel-
lular network architecture, digital cellular network architec-
ture, and multilayer cellular network with multigrid smoothing.
The algorithm of asynchronous operation for the multilayer cel-
lular neural network represented.

INTRODUCTION

The locally - asynchronous calculation concept is based
on representation of a global task by a set of local tasks that
are realized as independent local processes cooperating
among themselves with the purpose of an interchanging by
intermediate information. The interacting processes are
implemented in cells of neural network [1]. We call them
asynchronous, if no restrictions on interchange time exist.
Localization is determined as the fixed amount of connec-
tions between neurons, which is much less than a possible
amount of neurons in the neural network. Such organization
of processes is characteristic for a living nature, therefore is
rather actual to use it in an artificial neural network for
realization of such concept.

1 MATHEMATICAL MODEL OF LOCALLY - 
ASYNCHRONOUS COMPUTATIONS

We will examine mathematical locally - asynchronous
model of the form:

 , (1)

where    - the differential operator,

 with Dirichlet boundary condi-
tions of the arbitrary geometrical form. 

The boundary is considered as a point set with an amount
sufficient for a faithful representation of boundary. Let us

select  points  for describing boundary

. Then the boundary conditions of Dirichlet look like:

. (2)

We approximate the equation (1) on a homogeneous grid

   with step . Then . The result-

ing system of the linear algebraic equations will look like:

 , (3)

where  - difference operator;  - some grid function;

 - difference solution.

Arbitrary iterative one-step method for deriving an
approximate solution of the equation (1) can be noted as:

 (4)

where 

Having made replacements  

we shall receive two-layer iterative scheme

  .(5)

From here

 . (6)

Using (6) the iterative scheme is obtained

 . (7)

Locally - asynchronous method [3] defines the order of
application of the iterative scheme (7) to nodes of grid area,
on which the solution of a problem (1) exists. Such order is
described with usage of a concept of a random sequence

 of nonempty subsets . Using this

sequence, we create a sequence of iterations 

according to a rule:

(8)

where  - is component of a vector , and

 - is a sequence of non-negative

numbers, which meet conditions: .

The delay  allows using components of a vector of the

previous iterations at an evaluation of a vector of the flow-
ing iteration. This fact strictly justifies a possibility of usage
of the asynchronous conditions for computations on parallel
structures.

2 ANALOG CELLULAR NEURAL NETWORK 
ARCHITECTURE

The cellular neural networks [1] today are widely used
for solving systems (3). Their structures are very similar to
the structure of cellular automata, as they contain neurons,
which are connected only to the nearest neighbors. An exam-
ple of a two-dimensional cellular neural network is shown in
fig. 1.
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Figure 1 - A two-dimensional cellular neural network

It consists of  nodes arranged in  rows and  col-
umns. The nodes of a regular graph are neurons with their
neighbor connections. The -neighborhood for the neuron

  is determined in [1] as a subset of the cellular neu-

ral network that meets conditions:

 , (9)

where  is a positive integer number. 
For the two-dimensional cellular neural network shown

in fig. 1, we have 

 (10)

The -neighborhood  always includes a central

neuron  that provides a symmetry property. If

, then , for all  and

  in a cellular neural network.

There are many equivalent circuits of neuron  now

[1,2]. They depend on a type of a problem. One of them,
useful for obtaining solution of system (3), was offered in
[1]. It can be implemented with usage of operational ampli-
fiers, as shown in fig. 2.

The voltages ,  simulate output signals from

neighbor neurons and feedback from the output signal. The

node voltage  is called the state of neuron . The

circuit consists of linear capacitor , linear resistor ,

linear voltage controlled current source with the characteris-

tic  and a

subcircuit with piece-wise-linear function

. (11)

 

Figure 2 - Implementation of neuron  for the cellu-
lar neural network with 

The internal state of the neuron is set by the equation:

  (12)

Let's consider a two-dimensional heat equation:

 . (13)

The heat equation (13) can be approximated by a set of
equations:

(14)

Using cellular neural networks for solving differential
partial equations is grounded on physical analogy between
the equation (12) and equation (14). The solving process is
combined with learning process. It consists of searching a
stationary state of the cellular neural network that is a solu-
tion of a set of equations (14).
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Analog neural networks provide the high rate of solution
but relative low accuracy. The alternate way is usage of dig-
ital neurons in cells of the cellular neural network. It allows
applying the numerical methods to solution of a set of equa-
tions (3).

3 DIGITAL CELLULAR NETWORK ARCHITEC-
TURE

The digital cellular neural network structure is similar to
analog structure but it consists of two layers, because itera-
tions are carried out in two steps. The two-dimensional net-
work is shown in fig. 3.

 

Figure 3 - A two-dimensional digital cellular neural net-
work

Each layer of the neural network performs specific calcu-
lations; therefore neurons in layers have different structures.
Let us consider two steps of iterations implemented by the
two-layer cellular neural network.

Layer 0. In this layer neurons calculate the discrepancy
for points of discrete space:

 . (15)

 For calculations, we use a neuron model, sown in fig.4.

It contains a sigma-pi unit for product  calculations

and bias  subtraction. In both layers, we use the piece-

wise-linear activation function, which is typical of comput-
ing neural networks. 

Figure 4 - A layer 0 neuron model

Layer 1. This layer forms new approximation of the solu-
tion vector by the iteration expression (7). A layer 1 neuron
model is shown in fig.5. One can describe it as a mathemati-

cal processor that receives input signal in the form of -

dimensional vector  and produces scalar output

.

Figure 5 - A layer 1 neuron model

It realizes the mapping operation: 

 , (16)

where , , , .

The neuron can be a digital controller or computer pro-
gram. In both cases, it should contain operational units and

 - unit.  - unit is used for simulation of computation
time delay. Feedback connection provides execution of inter-
nal iterations according to locally - asynchronous algorithm. 

In common case one can describe  -mapping as

(17)

where , , , ,

.

-mapping (17) is a physical analog of the iterative for-
mula (7). Being grounded on this analogy, we shall set a

way of definition of weight coefficients . Generally  is

a matrix interpretation of differential operator . There-
fore, the process of creation of a matrix of weight coeffi-

cients  is considered as a stage of synthesis of the cellular

neural network by cloning a template.
One more function of this layer consists in detection of

stopping moment at obtaining convergence of asynchronous
algorithm. For this purpose, the neurons evaluate expres-
sion: 

. (18)

If convergence has been obtained, the vector  is the

problem solution; otherwise, we go to the layer 0 again.
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4 MULTILAYER CELLULAR NETWORK WITH 
MULTIGRID SMOOTHING

The asynchronous way of operation of the digital cellular
neural network can cause a mismatch in speed of operation
of neurons. Such mismatch reduces convergence speed of the
iterative method. Usage of multigrid smoothing [4, 5]
allows achieving essential improvement of convergence
speed. Some accelerating schemes have been proposed to
modify standard multigrid method under different circum-
stances [6, 7, 8]. Here we present multilayer cellular neural
network paradigm with multigrid smoothing.

Let  - some approximating of the equation (1) solu-

tion , then the absolute error and discrepancy of the

given iterative step are determined by expressions: 

 , . (19)

Outgoing from (19) equations of a discrepancy looks like:

 . (20)

According to [4] we receive solutions of the equation (20)

on a subset of grids , ,..., , ,  with
steps

, (21)

where  - number of a flowing coarse grid. 

Linear projective operator  carries out the transition
from fine grid to rougher grid

 , (22)

and the transition in an opposite direction is ensured with an
interpolating operator

 . (23)

Computation of the absolute error at the given grid level
is performed with usage of the difference scheme

 . (24)

The cycle of computations on coarse grids is completed by
correction of the grid function:

 . (25)

There is a set of multigrid algorithms (  -cycle,  -
cycle etc.), which use in various sequences base operations
of smoothing, restricting and interpolating. Each of variants
of multigrid algorithm can appear effective for the separate
problem.

Therefore, we speak about the multigrid technique, which
defines some ideology of solution of boundary value prob-
lems.

The multilayer cellular neural network shown in fig. 6
performs computations to solve (3) and (20).

 

Figure 6 - A multilayer cellular neural network

It consists of the input layer and  computing lay-
ers. The neurons of an input layer are intended for the grid

function  correction according to expression (25). All

computing layers are doubled except for the layer 0. These
layers are intended for implementation of a multigrid
smoothing algorithm. For simplicity, the one-dimensional
variant of the neural network is represented in fig 6.

In the layer . each neuron corresponds to the point of a

fine grid with step . According to expression (21)

step  is magnified twice in comparison with step

. Such relation of steps is accepted as a matter of con-
venience but this is not necessary.

The implementation of a multigrid locally - asynchronous
method is determined by the following algorithm.

For   do Choose initial value ;

1: For  &  do

begin  

  Choose initial value 

;

;

;

;
end;

For  do
begin

;

;

if  then  then exist else goto 1;

end;
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 This algorithm sets a sequence of data conversions that
mainly are the characteristics of one neuron. We do not cir-
cumscribe an exact sequence of interneuron data exchange,
as it cannot be defined because of asynchronous character of
interaction.

The algorithm of asynchronous iterations (8) has allowed
applying the numerical methods for PDE solving on cellular
neural networks. We used multigrid smoothing to improve
convergence speed. Our numerical results showed that
remarkable accelerations rates ware achieved by these tech-
niques.
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ÓÄÊ 681.2.06

ÀÏÏÀÐÀÒÍÎ-ÏÐÎÃÐÀÌÌÍÀß ÐÅÀËÈÇÀÖÈß ÀËÃÎÐÈÒÌÀ 
ÂÎÑÑÒÀÍÎÂËÅÍÈß ÈÍÒÅÐÏÎËßÖÈÎÍÍÛÌÈ ÑÏËÀÉÍÀÌÈ

À.Þ.Áàëûêîâà, Â.Ì.Æèãà÷åâ, Á.Â.×óâûêèí

Ðîçãëÿíóòî ïèòàííÿ ïðîåêòóâàííÿ ³íòåðïîëþþ÷èõ àíàëî-
ãî-öèôðîâèõ ô³ëüòð³â, ùî ðåàë³çóþòü àëãîðèòìè ñïëàéí-
³íòåðïîëÿö³¿. Ïðèâåäåíî ïðèêëàäè ðîçðàõóíêó âàð³àíò³â
ñòðóêòóð ÀÖÔ ³ ðåçóëüòàòè ³ì³òàö³éíîãî ìîäåëþâàííÿ.

Ðàññìîòðåíû âîïðîñû ïðîåêòèðîâàíèÿ èíòåðïîëèðóþùèõ
àíàëîãî-öèôðîâûõ ôèëüòðîâ, ðåàëèçóþùèõ àëãîðèòìû
ñïëàéí-èíòåðïîëÿöèè. Ïðèâåäåíû ïðèìåðû ðàñ÷åòà âàðèàí-
òîâ ñòðóêòóð ÀÖÔ è ðåçóëüòàòû èìèòàöèîííîãî ìîäå-
ëèðîâàíèÿ.

The questions of designing of an interpolation analog-digital
filters (ADF) realizing algorithms of spline-interpolation are
considered. The examples of realization of variants of structures
ADF and results of imitating modeling are given.

Èñïîëüçîâàíèå ñïëàéíîâ â âû÷èñëèòåëüíîé ìàòåìàòèêå
íà÷àëîñü â 70-å ãîäû. Îíè îêàçàëèñü ýôôåêòèâíûì èí-
ñòðóìåíòîì â ðåøåíèè çàäà÷ ïðèáëèæåíèÿ ôóíêöèé, âîñ-
ñòàíîâëåíèÿ ôóíêöèé ïî íåïîëíîé èíôîðìàöèè, ñãëà-
æèâàíèÿ ýêñïåðèìåíòàëüíûõ äàííûõ, öèôðîâîé ôèëüòðà-
öèè. Â èçìåðèòåëüíîé òåõíèêå ñïëàéíû íàøëè øèðîêîå
ïðèìåíåíèå ïðè ðåøåíèè çàäà÷ ñèíòåçà âåñîâûõ ôóíêöèé
ïîìåõîóñòîé÷èâûõ àíàëîãî-öèôðîâûõ ïðåîáðàçîâàòåëåé
(ÀÖÏ) è èíòåðïîëèðóþùèõ ôèëüòðîâ â ïåðâóþ î÷åðåäü
áëàãîäàðÿ âîçìîæíîñòè èõ àïïàðàòíîé ðåàëèçàöèè â àíà-
ëîãî-öèôðîâîé ôîðìå ñ âûñîêîé òî÷íîñòüþ.

Ðàññìîòðèì íàèáîëåå âàæíûå ñâîéñòâà ñïëàéíîâ.
Ñïëàéíû - ýòî ôèíèòíûå ôóíêöèè, ñîñòàâëåííûå èç

"êóñî÷êîâ" ìíîãî÷ëåíîâ äàííîé ñòåïåíè, êîòîðûå ñîñòûêî-
âàíû òàê, ÷òîáû ïîëó÷èâøàÿñÿ ôóíêöèÿ áûëà íåïðåðûâ-
íîé è îáëàäàëà íåñêîëüêèìè íåïðåðûâíûìè ïðîèçâîäíû-
ìè, ò.å. áûëà äîñòàòî÷íî "ãëàäêîé".

Ïîëèíîìèàëüíûé ñïëàéí ñòåïåíè n äëÿ ðàâíîìåðíûõ
îòñ÷åòîâ (ñïëàéí Øåíáåðãà) èìååò âèä [1]:

, (1)

ãäå çíàê "+" îáîçíà÷àåò îäíîñòîðîííåå îãðàíè÷åíèå:

Åñëè ðàññìàòðèâàòü ïîëèíîìèàëüíûé ñïëàéí (1) êàê
èìïóëüñíóþ õàðàêòåðèñòèêó (ÈÕ) íåêîòîðîãî àíàëîãî-
öèôðîâîãî ôèëüòðà (ÀÖÔ), òî ìîæíî íàéòè åãî ïåðå-
äàòî÷íóþ ôóíêöèþ ÷åðåç ïðåîáðàçîâàíèå Ëàïëàñà:

, (2)

ãäå  - îïåðàòîð ïðåîáðàçîâàíèÿ Ëàïëàñà,  - îïåðàòîð

äèôôåðåíöèðîâàíèÿ,  - øàã äèñêðåòèçàöèè. Ïîñêîëüêó

îïåðàòîðó àíàëîãîâîé çàäåðæêè  íà øàã

äèñêðåòèçàöèè  äëÿ öèôðîâîãî âõîäíîãî ñèãíàëà

ñîîòâåòñòâóåò îïåðàòîð äèñêðåòíîé çàäåðæêè , òî
ïåðåäàòî÷íàÿ ôóíêöèÿ (2) ÀÖÔ ìîæíî ïðåäñòàâèòü â
âèäå ôóíêöèè äâóõ ïåðåìåííûõ, ÷òî ñîîòâåòñòâóåò
àíàëîãîâîé è öèôðîâîé ïðåäñòàâëåíèè èíôîðìàöèè:

. (3)

Â ñîîòâåòñòâèè ñ ôîðìóëîé (3) ðåàëèçàöèÿ àëãîðèòìà
âîññòàíîâëåíèÿ öèôðîâîãî ñèãíàëà èíòåðïîëÿöèîííûì
ñïëàéíîì ñîñòîèò èç ïðîöåäóð ôîðìèðîâàíèÿ -îé êîíå÷-

Bn t( ) 1–( )kCn 1+
k t k–( )+n

k 0=

n 1+

�=

t+
n tn,  t 0;>

0,  t 0.≤�
�
�

=

Hn p( ) L Bn t( )( ) 1 exp ph–( )–
ph

---------------------------------ÿ þ
� � n

= =

L p

h

exp ph–( )
h

z 1–

Hn z p,( ) 1 z 1––( )n ph( ) n–⋅=

n
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íîé ðàçíîñòè è -êðàòíîãî èíòåãðèðîâàíèÿ ïîñëåäîâà-

òåëüíîñòè -èìïóëüñîâ.
Ôîðìàëüíî ñòðóêòóðó ÀÖÔ ñ ïåðåäàòî÷íîé ôóíêöèåé

(3) ìîæíî ïðåäñòàâèòü â âèäå ïîñëåäîâàòåëüíîãî âêëþ÷å-
íèÿ òèïîâûõ äèíàìè÷åñêèõ çâåíüåâ: êîíå÷íîé ðàçíîñòè

, ôîðìèðîâàòåëÿ -èìïóëüñîâ è èíòåãðèðîâàíèÿ

. Ôóíêöèÿ ñïëàéíà íóëåâîãî ïîðÿäêà ( )
ðåàëèçóåò öèôðîàíàëîãîâûé ïðåîáðàçîâàòåëü (ÖÀÏ), ìà-
òåìàòè÷åñêàÿ ìîäåëü êîòîðîãî îïðåäåëåíà â âèäå

. Ñ ó÷åòîì âûøåñêàçàííîãî ñòðóêòóðà ÀÖÔ ñ
ïåðåäàòî÷íîé ôóíêöèåé (3) áóäåò èìåòü âèä, ïðèâåäåííûé
íà ðèñ. 1.

Ðèñóíîê 1

Ïîëèíîìèàëüíûå ñïëàéíû Øåíáåðãà ñòåïåíè  è

 ÿâëÿþòñÿ èíòåðïîëÿöèîííûìè (ñòóïåí÷à-òàÿ è
ëèíåéíàÿ èíòåðïîëÿöèÿ), ò.å. äëÿ íèõ âûïîëíÿåòñÿ
óñëîâèå èíòåðïîëÿöèè:

(4)

ãäå m - íîìåð óçëà èíòåðïîëÿöèè, . Â ñëó-

÷àå áîëåå âûñîêèõ ïîðÿäêîâ óñëîâèå (4) íå âûïîëíÿåòñÿ è
ïîýòîìó íåîáõîäèìî ââåñòè äîïîëíèòåëüíûå àíàëîãîâûé
èëè öèôðîâîé êîððåêòèðóþùèå ôèëüòðû. Àíàëîãîâûé
êîððåêòèðóþùèé ôèëüòð áóäåò èìåòü ïåðåäàòî÷íóþ
ôóíêöèþ âèäà:

. (5)

Êîýôôèöèåíòû  íàõîäÿòñÿ èç óñëîâèÿ èíòåðïîëÿöèè

(4). Íèæå â òàáë. 1 ïðèâåäåíû çíà÷åíèÿ êîýôôèöèåíòîâ
 äëÿ èíòåðïîëÿöèîííûõ ñïëàéíîâ òðåòüåãî è ÷åòâåðòîãî

ïîðÿäêà [2].

Ïåðåäàòî÷íóþ ôóíêöèþ êîððåêòèðóþùåãî ôèëüòðà (5)
ìîæíî ðåàëèçîâàòü ïóòåì ââåäåíèÿ â ñòðóêòóðó ÀÖÔ ñóì-

ìàòîðà ñ âåñîâûìè êîýôôèöèåíòàìè . Ñîîòâåòñòâóþùàÿ

ñòðóêòóðà àíàëîãîâîé ÷àñòè ÀÖÔ ïðèâåäåíà íà ðèñóíêå 2.

Ðèñóíîê 2

Íà ðèñóíêå 3 ïðèâåäåí ïðèìåð êóáè÷åñêîãî èíòåðïîëÿ-

öèîííîãî ñïëàéíà  ( , , ,

, ). Äëÿ ñðàâíåíèÿ ïðèâåäåí ñïëàéí

Øåíáåðãà  ýòîãî æå ïîðÿäêà.

Ðèñóíîê 3

Äëÿ àëãîðèòìà öèôðîâîé êîððåêöèè ïåðåäàòî÷íàÿ
ôóíêöèÿ ÖÔ çàäàåòñÿ â âèäå:

(6)

Êîýôôèöèåíòû  íàõîäÿòñÿ èç óñëîâèÿ èíòåðïîëÿöèè
(4). Ñîîòâåòñòâóþùàÿ ñòðóêòóðà öèôðîâîé ÷àñòè ÀÖÔ
ïðèâåäåíà íà ðèñóíêå 4.

Ðèñóíîê 4

Òàáëèöà 1 - Êîýôôèöèåíòû èíòåðïîëÿöèîííûõ 
ñïëàéíîâ

N a0 a1 a2 a3 m

n = 2
1 1/2 0 - 1

1 -1/2 0 - 2

n = 3

1 1 1/3 0 1

1 0 -1/6 0 2

1 -1 1/3 0 3

n

δ

1 z 1––( ) δ
1 hp( )⁄ n 0=

1 z 1––( ) hp⁄

n 0=
n 1=

Bn hk( )
1,  k m;=

0,  k m,≠�
�
�

=

k 0 1 …n, ,=

Rn p( ) a0 a1p … akpk … anpn+ + + + +=

ak

ak

ak

y3 t( ) n 3= m 2= a1 0=

a2 1 6⁄–= a3 0=

B t( )

Rs z( ) a0 a1 z z 1–+( ) … ak zk z k–+( )…
as zs z s–+( )

+ + + +

+

(
) z s– .⋅

=
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Â êà÷åñòâå ïðèìåðà ðàññìîòðèì èíòåðïîëÿöèîííûé
ñïëàéí äëÿ n = 3 [3]

(7)

ãäå êîýôôèöèåíòû .

Çíà÷åíèå s ìîæíî îãðàíè÷èòü ïîðÿäêîì 3-5, ïîñêîëüêó

ðÿä êîýôôèöèåíòîâ  áûñòðî ñõîäèòñÿ. Íà ðèñóíêå 5

ïðèâåäåí ïðèìåð êóáè÷åñêîãî èíòåðïîëÿöèîííîãî ñïëàéíà

 (n = 3) äëÿ âàðèàíòà . Òî÷íîñòü âûïîëíåíèÿ

óñëîâèÿ èíòåðïîëÿöèè â êðàéíèõ òî÷åê èíòåðâàëà ÈÕ

ñîîòâåòñòâóåò 10-3. Ïðè íåîáõîäèìîñòè òî÷íîñòü èíòåð-
ïîëÿöèè â óçëàõ ìîæåò áûòü ïîâûøåíà çà ñ÷åò óâåëè÷åíèÿ
s, íî ïðè ýòîì óâåëè÷èòñÿ äëèòåëüíîñòü ÈÕ è ïîòðåáóåòñÿ
óâåëè÷åíèå îïåðàöèé óìíîæåíèé è ñóììèðîâàíèÿ ïðè ðåà-
ëèçàöèè àëãîðèòìà êîððåêòèðóþùåãî ôèëüòðà. Äëÿ

ñðàâíåíèÿ ïðèâåäåí ñïëàéí Øåíáåðãà  ýòîãî æå ïî-

ðÿäêà (ðèñ.5).
Ðàññìîòðåííûå âûøå ñïëàéí-èíòåðïîëèðóþùèå ÀÖÔ

èìåþò ðàçîìêíóòóþ ñòðóêòóðó, ñîñòîÿùóþ èç çâåíüåâ íå
óäîâëåòâîðÿþùèõ óñëîâèþ ôèçè÷åñêîé ðåàëèçóåìîñòè
(àíàëîãîâûå èíòåãðàòîðû). Äëÿ îáåñïå÷åíèÿ óñòîé÷èâîñòè
ÀÖÔ íåîáõîäèìî ââåñòè öåïè îáðàòíîé ñâÿçè (ÎÑ), ò.å.
ïåðåéòè ê çàìêíóòîé ñòðóêòóðå. Çàìêíóòûå ñòðóêòóðû
ÀÖÔ ìîãóò îòëè÷àòüñÿ âàðèàíòàìè ÎÑ. Îáîáùåííûé âà-
ðèàíò êàíîíè÷åñêîé ñòðóêòóðû ìíîãîïåòëåâîé ÎÑ ïðèâå-
äåí íèæå. Â ýòîì ñëó÷àå â öåïÿõ ÎÑ ïîñëåäîâàòåëüíî
âêëþ÷åíû ÀÖÏ, íåðåêóðñèâíûå ÖÔ ñ ïåðåäàòî÷íûìè

ôóíêöèåé  è ðåêóðñèâíûé ÖÔ ñ ïåðåäàòî÷íîé

ôóíêöèåé  â ïðÿìîì êàíàëå ïðåîáðàçîâàíèÿ.

Ðèñóíîê 5

Ðèñóíîê 6

Êîýôôèöèåíòû ïåðåäàòî÷íûõ ôóíêöèé  è

 íàõîäÿòñÿ èç óñëîâèÿ àáñîëþòíîé óñòîé÷èâîñòè

çàìêíóòîé ñòðóêòóðû ïî êðèòåðèþ ôèíèòíîñòè ÈÕ ÀÖÔ
è ïðèâåäåíû â òàáëèöå 2.

y3 t( ) B3 t( ) a1 B3 t h+( ) B3 t h–( )+( )–
a2 B3 t 2h+( ) B3 t 2h–( )+( ) …

a– s B3 t sh+( ) B3 t sh–( )+( ),
–

+
+

=

ak 2 3–( )k=

ak

y3 t( ) s 3=

B t( )

Wn k, z( )

1 Vn k, z( )⁄

Wn z( )

1 Vn z( )⁄

Òàáëèöà 2 - Êîýôôèöèåíòû ïåðåäàòî÷íûõ ôóíêöèé

-1 0 -5/2 -3/2 -1

0 0 -35/36 0 -23/6 -1 -1 0 -3 -11/6 -2 -1

n 1= n 2=

λ1 λ1 λ2 λ1 λ2

W1 1, 1=

V1 1=

W2 1, 0=

W2 2, 1 3 5z 1–⁄–

V2 1 3 4z 1–⁄+=

W2 1, 1=

W2 2, 1=

V2 1=

n 3=

λ1 λ2 λ3 λ1 λ2 λ3 λ1 λ2 λ3 λ1 λ2 λ3

W3 1, 0=

W3 2, 0=

W3 3, 1 46 35z 1– 17 35z 2–⁄+⁄–=

V3 1 73 36z 1–⁄ 73 36z 2–⁄+ +=

W3 1, 0=

W3 2, 1 11 23z 1–⁄–=

W3 3, 1=

V3 1 11 13z 1–⁄+=

W3 1, 1 23 6z 1–⁄–=

W3 2, 0=

W3 3, 2 3z 1–⁄–=

V3 1 7 2z 1–⁄+=

W3 1, 1=

W3 2, 1=

W3 3, 1=

V3 1=
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Ðèñóíîê 7

Ðèñóíîê 8

Äëÿ àíàëèçà ïîãðåøíîñòåé ñïëàéí-èíòåðïîëèðóþùåãî
ÀÖÔ ìîæíî èñïîëüçîâàòü ìåòîä èìèòàöèîííîãî ìîäåëè-
ðîâàíèÿ â ñðåäå Simulink 4.0 ïàêåòà Matlab 6.0. Ýòî ïî-
çâîëÿåò ïîëó÷èòü êà÷åñòâåííûå è êîëè÷åñòâåííûå õàðàêòå-
ðèñòèêè èíòåðïîëèðóþùåãî ÀÖÔ, íåîáõîäèìûå äëÿ ðåøå-
íèÿ çàäà÷ ïðîåêòèðîâàíèÿ è îöåíêè ìåòîäè÷åñêèõ è èí-
ñòðóìåíòàëüíûõ ïîãðåøíîñòåé ïðîöåäóð âîññòàíîâëåíèÿ
öèôðîâûõ ñèãíàëîâ. Â êà÷åñòâå ïðèìåðà íà ðèñóíêå 7
ïðèâåäåíà èìèòàöèîííàÿ ìîäåëü ñïëàéí-èíòåðïîëèðóþ-
ùåãî ÀÖÔ íà áàçå òðåõ èíòåãðàòîðîâ (n = 3) ñ öèôðîâûì
êîððåêòèðóþùèì ôèëüòðîì (s = 3).

Íà ðèñóíêå 8 ïðèâåäåíà ÈÕ, êîòîðàÿ ñîâïàäàåò ñ ÈÕ,
ïîëó÷åííîé àíàëèòè÷åñêè.

Òàêèì îáðàçîì, èñïîëüçîâàíèå ÀÖÔ çàìêíóòîé ñòðó-
êòóðû ïîçâîëÿþò ðåàëèçîâûâàòü â àíàëîãî-öèôðîâîé ôîð-
ìå àëãîðèòìû âîññòàíîâëåíèÿ öèôðîâûõ ñèãíàëîâ, â îñíî-
âå êîòîðûõ ëåæàò ìåòîäû ñïëàéí-èíòåðïîëÿöèè.
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À.À.Áàðêàëîâ, Ýëü-Äæåéáè Àõìàä Êàìàëü, À.À.Êðàñè÷êîâ 

Ïðîïîíóºòüñÿ ìåòîä  îïòèì³çàö³¿ ëîã³÷íî¿  ñõåìè ì³êðî-
ïðîãðàìíîãî  àâòîìàòà, ùî áàçóºòüñÿ íà ïåðåòâîðåíí³ êîä³â
ì³êðîîïåðàö³é íà êîäè ñòàíó. Âèçíà÷åí³ óìîâè çàñòîñóâàííÿ
ìåòîäó, òà  ïðèâåäåíèé ïðèêëàä éîãî âèêîðèñòàííÿ.

Ïðåäëàãàåòñÿ ìåòîä  îïòèìèçàöèè ëîãè÷åñêîé  ñõåìû ìè-
êðîïðîãðàììíîãî  àâòîìàòà, îñíîâàííûé íà ïðåîáðàçîâàíèè
êîäîâ ìèêðîîïåðàöèé â êîäû ñîñòîÿíèÿ. Îïðåäåëåíû óñëîâèÿ
ïðèìåíåíèÿ ìåòîäà , è ïðèâåäåí ïðèìåð åãî èñïîëüçîâàíèÿ.

The method of optimization of the logic circuit of the micro-
program automaton is proposed. The method is based on trans-
formation of sets of microoperations to codes of conditions. The
method and the example of synthesis of the automaton with pro-
posed transformation is given. The area of effective application
of the given method is determined.

ÂÂÅÄÅÍÈÅ

Îäíîé èç àêòóàëüíûõ ïðîáëåì, ñòîÿùèõ ïåðåä ñïåöè-
àëèñòàìè â îáëàñòè ñèíòåçà öèôðîâûõ óñòðîéñòâ, ÿâëÿåòñÿ
ïðîáëåìà îïòèìèçàöèè àïïàðàòóðíûõ çàòðàò â ñõåìàõ
óñòðîéñòâ [1]. Ýòà æå ïðîáëåìà ÿâëÿåòñÿ îäíîé èç îñíî-
âíûõ ïðè ñèíòåçå ñõåì óñòðîéñòâ óïðàâëåíèÿ (ÓÓ) öè-
ôðîâûõ ñèñòåì íà ïðîãðàììèðóåìûõ ëîãè÷åñêèõ óñòðîéñò-
âàõ (ÏËÓ) [2, 3]. Ïðàêòè÷åñêàÿ öåííîñòü ðåøåíèÿ ýòîé
çàäà÷è çàêëþ÷àåòñÿ â ïîëó÷åíèè ÓÓ ñ ìåíüøåé ñòîèìî-
ñòüþ, ÷òî ïîâûøàåò èõ êîíêóðåíòîñïîñîáíîñòü. Ïóòè ðå-
øåíèÿ ýòîé ïðîáëåìû ïðè ðåàëèçàöèè ÓÓ â âèäå ìèêðî-
ïðîãðàììíîãî àâòîìàòà øèðîêî îñâåùåíû â ëèòåðàòóðå [3,
4]. Îäèí èç ïóòåé ðåøåíèÿ ýòîé ïðîáëåìû - óâåëè÷åíèå
÷èñëà óðîâíåé ñõåìû [4], ÷òî ïðèâîäèò ê ïîÿâëåíèþ
äîïîëíèòåëüíûõ ïåðåìåííûõ. Ïðè ýòîì àêòóàëüíûì
ÿâëÿåòñÿ ðàçðàáîòêà ìåòîäîâ, ïðèâîäÿùèõ ê ñõåìàì ñ ìè-
íèìàëüíûì ÷èñëîì äîïîëíèòåëüíûõ ïåðåìåííûõ.

Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ ìåòîä ìíîãîóðîâíå-
âîé ðåàëèçàöèè ñõåìû àâòîìàòà ñ ìèíèìàëüíûì ÷èñëîì
äîïîëíèòåëüíûõ ïåðåìåííûõ. Â îñíîâå ìåòîäà íàõîäèòñÿ
ïðåîáðàçîâàíèå ìèêðîîïåðàöèé â êîäû ñîñòîÿíèé àâòî-
ìàòà.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïóñòü àâòîìàò Ìèëè çàäàí ïðÿìîé ñòðóêòóðíîé òàáëè-
öåé (ÏÑÒ) ñî ñòîëáöàìè [5]:

 - èñõîäíîå ñîñòîÿíèå àâòîìàòà, , ãäå

 - ìíîæåñòâî ñîñòîÿíèé àâòîìàòà;

 êîä ñîñòîÿíèÿ  ðàçðÿäíîñòè ,

äëÿ êîäèðîâàíèÿ èñïîëüçóþòñÿ âíóòðåííèå ïåðåìåííûå

;

,  - ñîñòîÿíèÿ ïåðåõîäà è åãî êîä;

- âõîäíîé ñèãíàë, îïðåäåëÿþùèé ïåðåõîä 

è ðàâíûé êîíúþíêöèè íåêîòîðûõ ýëåìåíòîâ (èëè èõ îòðè-

öàíèé) ìíîæåñòâà ëîãè÷åñêèõ óñëîâèé ;

 - íàáîð ìèêðîîïåðàöèé, ôîðìèðóåìûõ íà ïåðåõîäå

, , ãäå  - ìíîæåñòâî ìèê-
ðîîïåðàöèé;

 - íàáîð ôóíêöèé âîçáóæäåíèÿ ïàìÿòè àâòîìàòà,

ïðèíèìàþùèõ åäèíè÷íûå çíà÷åíèÿ äëÿ ïåðåêëþ÷åíèÿ ïà-

ìÿòè èç  â , , ãäå  -

ìíîæåñòâî ôóíêöèé âîçáóæäåíèÿ;  - íîìåð ïåðå-

õîäà. Ýòà òàáëèöà ÿâëÿåòñÿ îñíîâíîé äëÿ ñèíòåçà îäíî-
óðîâíåâîé ñõåìû àâòîìàòà Ìèëè (ðèñ. 1), â êîòîðîé êîì-
áèíàöèîííàÿ ñõåìà ÊÑ ñòðîèòñÿ ïî ñèñòåìàì ôóíêöèé

 , (1)

 . (2)

Çäåñü  - áóëåâà ïåðåìåííàÿ, ðàâíàÿ åäèíè-

öå, åñëè è òîëüêî åñëè â -é ñòðîêå ÏÑÒ çàïèñàíà ïåðå-

ìåíàÿ ;  - êîíúþíêöèÿ âíóòðåííèõ ïåðå-

ìåííûõ , ñîîòâåòñòâóþùàÿ êîäó èñõîäíîãî

ñîñòîÿíèÿ  èç -é ñòðîêè ÏÑÒ.

Ðèñóíîê 1 - Îäíîóðîâíåâàÿ ñõåìà ìèêðîïðîãðàììíîãî 
àâòîìàòà Ìèëè

Îñíîâíîé íåäîñòàòîê îäíîóðîâíåâîé ðåàëèçàöèè - çíà-
÷èòåëüíîå äóáëèðîâàíèå âõîäíûõ è âûõîäíûõ ïåðå-
ìåííûõ íà ðàçíûõ ìèêðîñõåìàõ ñõåìû àâòîìàòà, ÷òî ïðè-
âîäèò ê óâåëè÷åíèþ àïïàðàòóðíûõ çàòðàò [4]. Ïðè ïåðå-
õîäå ê ìíîãîóðîâíåâûì ñõåìàì [3,4] ïîÿâëÿþòñÿ äîïîëíè-
òåëüíûå ïåðåìåííûå, ðåàëèçàöèÿ êîòîðûõ òðåáóåò äîïîë-
íèòåëüíûõ ðåñóðñîâ ÏËÓ.
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Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ ìåòîä îïòèìèçàöèè
àâòîìàòà Ìèëè, ïðèâîäÿùèé ê äâóõóðîâíåâîé ñõåìå ñ ìè-
íèìàëüíûì ÷èñëîì äîïîëíèòåëüíûõ ïåðåìåííûõ, â ïðå-
äåëüíîì ñëó÷àå - ñ íóëåâûì.

Ïóñòü ñîñòîÿíèå ïåðåõîäà  èç -é ñòðîêè ÏÑÒ îäíî-

çíà÷íî îïðåäåëÿåòñÿ ïàðîé 

, . (3)

Ïîä îäíîçíà÷íîñòüþ ïîíèìàåòñÿ òîò ôàêò, ÷òî â ÏÑÒ

íå ñóùåñòâóåò ïàð ñ îäèíàêîâûìè  è  ðàç-

ëè÷íûìè ñîñòîÿíèÿìè ïåðåõîäà . Â ýòîì ñëó÷àå

äëÿ ðåàëèçàöèè ëîãè÷åñêîé ñõåìû àâòîìàòà Ìèëè ïðåäëà-
ãàåòñÿ ñòðóêòóðà (pèñ. 2), íàçâàííàÿ TY-àâòîìàòîì. 

Ðèñóíîê 2 - Ñòðóêòóðíàÿ ñõåìà TY-àâòîìàòà Ìèëè

Â TY-àâòîìàòå ñõåìà  ðåàëèçóåò ñèñòåìó (2), à

ñõåìà  îñíîâàíà íà (3) è ðåàëèçóåò ñèñòåìó ôóíêöèé

 , (4)

ãäå  - êîíúþíêöèÿ ìèêðîîïåðàöèé èçáû -é ñòðîêè

ÏÑÒ.

Áóäåì ðàññìàòðèâàòü  êàê  - êîìïîíåíòíûé âåêòîð

 ãäå  - çíà÷åíèå ìèêðîîïå-

ðàöèè  â íàáîðå . Òîãäà 

  , (5)

ãäå , .

Â îáùåì ñëó÷àå ïàðà (3) ìîæåò ñîîòâåòñòâîâàòü íåñêî-
ëüêèì ñîñòîÿíèÿì ïåðåõîäà. Â ýòîì ñëó÷àå íåîáõîäèìî

ââåñòè ñïåöèàëüíûå èäåíòèôèêàòîðû ,

ïîçâîëÿþùèå îäíîçíà÷íî èäåíòèôèöèðîâàòü ñîñòîÿíèå ïå-
ðåõîäà ñîâìåñòíî ñ ïàðîé (3). Çàêîäèðóåì èäåíòèôèêàòî-

ðû  äâîè÷íûìè êîäàìè  ðàçðÿäíîñòè

, èñïîëüçóÿ äëÿ êîäèðîâàíèÿ ïåðåìåííûå

. Â ýòîì ñëó÷àå àâòîìàò Ìèëè

áóäåò èìåòü ñëåäóþùóþ ñòðóêòóðó (pèñ. 3), íàçûâàåìóþ
TYI-àâòîìàòîì.

 

Ðèñóíîê 3 - Ñòðóêòóðíàÿ ñõåìà TYI-àâòîìàòà Ìèëè

Çäåñü ñõåìà  ðåàëèçóåò ñèñòåìó (2) è ñèñòåìó

ôóíêöèé  

 . (6)

Çäåñü  - áóëåâà ïåðåìåííàÿ, ðàâíàÿ åäèíèöå, åñëè

è òîëüêî åñëè â -é ñòðîêå ÏÑÒ çàïèñàíà ïåðåìåííàÿ

. Ñõåìà  ðåàëèçóåò ñèñòåìó (4), òðàíñôîð-

ìèðóåìóþ â 

 , (7)

ãäå  - êîíúþíêöèÿ ïåðåìåííûõ , ñîîòâåòñòâóþ-

ùàÿ êîäó èäåíòèôèêàòîðà  èç -é ñòðîêè ÏÑÒ.

2 ÌÅÒÎÄ ÐÅØÅÍÈß ÇÀÄÀ×È

Äëÿ ñèíòåçà TYI-àâòîìàòà ïðåäëàãàåòñÿ ñëåäóþùàÿ ìå-

òîäèêà, èëëþñòðèðóåìàÿ íà ïðèìåðå àâòîìàòà Ìèëè 

(òàáë. 1).
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1. Ïðîàíàëèçèðîâàòü ïîäòàáëèöû  èñõîä-

íîé ÏÑÒ. Åñëè â ïîäòàáëèöå  èìååòñÿ  ïàð âèäà

 ñ îäèíàêîâûìè , îïðåäåëÿþùèå ðàçëè÷íûå

ñîñòîÿíèÿ ïåðåõîäà , òî ïîñòàâèòü èì â ñîîòâå-

òñòâèå  èäåíòèôèêàòîðîâ.

2. Ñôîðìèðîâàòü ìíîæåñòâî èäåíòèôèêàòîðîâ

, ãäå . Â íàøåì

ñëó÷àå ïàðà  îïðåäåëÿåò ñîñòîÿíèå ïåðåõîäà

 è , ïàðà  - ñîñòîÿíèÿ  è .

Ñëåäîâàòåëüíî, .

3. Çàêîäèðîâàòü èäåíòèôèêàòîð  äâîè÷íûìè êî-

äàìè  ðàçðÿäíîñòè . Äëÿ àâòîìàòà ,

. Ïóñòü , . 

4. Ïîñòðîèòü òàáëèöó ìèêðîîïåðàöèé, óäàëèâ èç ÏÑÒ

ñòîëáöû , ,  è ââåäÿ ñòîëáöû , .

Ñòîëáåö  ñîäåðæèò èäåíòèôèêàòîð ñîñòîÿíèÿ  äëÿ

ïàðû ,  ñòîëáåö  - ïåðåìåííûå ,

ðàâíûå åäèíèöå â êîäå . Åñëè äëÿ ñòðîêè  èäåíòè-

ôèêàòîð îòñóòñòâóåò, òî â ñòîëáöå  çàïèñûâàåòñÿ "*".

Äëÿ àâòîìàòà  òàáëèöà ìèêðîîïåðàöèé ïðèâåäåíà â

òàáë. 2. Îòìåòèì, ÷òî ýòà òàáëèöà èìååò  ñòðîê, òàê
êàê â 10-é ñòðîêå ÏÑÒ (Òàáë. 1) îòñóòñòâóþò ìèêðîîïå-
ðàöèè è ôóíêöèè âîçáóæäåíèÿ ïàìÿòè àâòîìàòà. 

5. Ïîñòðîèòü ïî òàáëèöå ìèêðîîïåðàöèé ñèñòåìû ôóí-

êöèé (2) è (6). Äëÿ àâòîìàòà  èç òàáë. 2 èìååì,

íàïðèìåð, 

; 

. 

6. Ïîñòðîèòü òàáëèöó ôóíêöèé âîçáóæäåíèÿ ïàìÿòè

TYI-àâòîìàòà, óäàëèâ èç èñõîäíîé ÏÑÒ ñòîëáöû  è

ââåäÿ ñòîëáåö  èç òàáëèöû ìèêðîîïåðàöèé. Äëÿ TYI-

àâòîìàòà  òàáëèöà ôóíêöèé âîçáóæäåíèÿ ïàìÿòè (Òàáë.

3) èìååò  ñòðîê, òàò êàê äëÿ ñòðîê 4 è 10 èñõîäíîé

ÏÑÒ . 

7. Ïîñòðîèòü ïî òàáëèöå ôóíêöèé âîçáóæäåíèÿ ïàìÿòè
ñèñòåìó (7). Äëÿ íàøåãî ïðèìåðà èìååì, íàïðèìåð,

Îòìåòèì, ÷òî åñëè â ñòîëáöå 

çàïèñàíà "*", òî äëÿ ñîîòâåòñòâóþùåé ñòðîêè .

8. Ïîñòðîèòü ñõåìó TYI-àâòîìàòà ïî ñèñòåìàì ôóíêöèé

(2), (6) - (7). Ôóíêöèîíàëüíàÿ ñõåìà TYI-àâòîìàòà 
ïðèâåäåíà íà ðèñ. 4. Çäåñü ñõåìû ÊÑ1 è ÊÑ2 ðåàëèçîâà-
íû íà ïðîãðàììèðóåìûõ ëîãè÷åñêèõ ìàòðèöàõ, ñèãíàë
"Ïóñê" èñïîëüçóåòñÿ äëÿ óñòàíîâêè ðåãèñòðà RG â íà÷àëü-
íîå ñîñòîÿíèå, ñèãíàë "Clock" ÿâëÿåòñÿ èìïóëüñîì
ñèíõðîíèçàöèè.

Òàáëèöà 2 - Òàáëèöà ìèêðîîïåðàöèé                  
TYI-àâòîìàòà 
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Ðèñóíîê 4 - Ôóíêöèîíàëüíàÿ ñõåìà TYI-àâòîìàòà 

ÇÀÊËÞ×ÅÍÈÅ

Ïóñòü  - ñîîòâåòñòâåííî ÷èñëî âõîäîâ è âûõîäîâ

ÏËÓ, èñïîëüçóåìûõ äëÿ ñèíòåçà ñõåì ÊÑ1 è ÊÑ2. Êàê
ïîêàçàëè èññëåäîâàíèÿ, ïðèìåíåíèå ïðåäëîæåííîé
ìåòîäèêè öåëåñîîáðàçíî ïðè âûïîëíåíèè óñëîâèé

, (8)

, (9)

, (10)

. (11)

Åñëè (8) íå âûïîëíÿåòñÿ, òî ïðèìåíåíèå ïðåäëîæå-
ííîãî ìåòîäà ïðèâîäèò ê ìíîãîóðîâíåâîé ñõåìå ÊÑ2, ÷òî
ðàâíî óâåëè÷èâàåò àïïàðàòóðíûå çàòðàòû. Ïðè âûïîëíå-
íèè óñëîâèé (9) è (10) â îäíîóðîâíåâîé ñõåìå òðåáóåòñÿ
ðàñøèðåíèå ÏËÌ ïî âûõîäàì, ÷òî íå òðåáóåòñÿ â TYI-àâ-
òîìàòå. Åñëè (9) íå âûïîëíÿåòñÿ, òî âûèãðûø îò ïðåäëî-
æåííîãî ìåòîäà óìåíüøàåòñÿ è íåîáõîäèìî ñèíòåçèðîâàòü
îáà àâòîìàòà äëÿ âûáîðà ëó÷øåé ñòðóêòóðû. Åñëè (10) íå
âûïîëíÿåòñÿ, òî îäíîóðîâíåâàÿ ñõåìà îáëàäàåò ëó÷øèìè
õàðàêòåðèñòèêàìè. Åñëè (11) íå âûïîëíÿåòñÿ, òî àïïàðà-

òóðíûå çàòðàòû â îäíîóðîâíåâîé ñõåìå áóäóò íå áîëåå,
÷åì â TYI-àâòîìàòå. Åñëè óñëîâèÿ (5)-(11) âûïîëíÿþòñÿ,
òî àïïàðàòóðíûå çàòðàòû â TYI-àâòîìàòå íà 25-32% ìåíü-
øå, ÷åì â îäíîóðîâíåâîé ñõåìå. Âûèãðûø ðàñò¸ò ïî ìåðå
óâåëè÷åíèÿ ÷èñëà ëîãè÷åñêèõ óñëîâèé èñõîäíîé ãðàô-
ñõåìû àëãîðèòìà.

Âûñîêàÿ ðåçóëüòàòèâíîñòü ïðåäëîæåííîãî ìåòîäà ñâè-
äåòåëüñòâóåò î öåëåñîîáðàçíîñòè ïðîäîëæåíèÿ èññëåäî-
âàíèé â ýòîì íàïðàâëåíèè. Ïðè ýòîì èññëåäîâàíèþ ïîäëå-
æèò âîçìîæíîñòü ïðèìåíåíèÿ ïðåäëîæåííîé ìåòîäèêè
ïðè ñèíòåçå ìèêðîïðîãðàììíûõ àâòîìàòîâ Ìóðà è êîìïî-
çèöèîííûõ ìèêðîïðîãðàììíûõ óñòðîéñòâ óïðàâëåíèÿ.
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Î.Ã.Áåðåñòíåâà, Â.À.Âëàñîâ, À.À.Îðëîâ

Ïðåäëàãàåòñÿ ñèñòåìà êîìïüþòåðíûõ ïñèõîäèàãíîñòè-
÷åñêèõ òåñòîâ äëÿ îöåíêè ïðîôïðèãîäíîñòè ïåðñîíàëà ðàçäå-
ëèòåëüíûõ ïðîèçâîäñòâ. Ðàçðàáîòàíû ãèáêàÿ ñèñòåìà îöåíêè
ïðîôåññèîíàëüíîé ïðèãîäíîñòè, à òàêæå îðèãèíàëüíàÿ ìåòî-
äèêà òåñòèðîâàíèÿ è óäîáíàÿ äëÿ ïîëüçîâàòåëÿ êîìïüþòå-
ðíàÿ ïðîãðàììà îöåíêè èíäèâèäóàëüíûõ îñîáåííîñòåé è

ïðàâèëüíîñòè âûáîðà áóäóùåé ïðîôåññèè øêîëüíèêîâ è
àáèòóðèåíòîâ.

The computer system of psychodiagnostics tests for an evalua-
tion of occupational aptitude of staff of separating productions
is offered. Òhe flexible system of an evaluation of professional
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suitability is developed. Òhe original technique of testing and
computer program, for evaluation of individual features and
regularities of choice of the future trade of the schoolboys and
entrants is developed.

ÂÂÅÄÅÍÈÅ

Ñîâðåìåííûå ïðîèçâîäñòâà ïî ðàçäåëåíèþ èçîòîïîâ
ïðåäñòàâëÿþò ñîáîé ñëîæíûå òåõíè÷åñêèå è òåõíîëîãè÷å-
ñêèå êîìïëåêñû, îñíàùåííûå äîðîãîñòîÿùèì, òî÷íûì,
íàóêîåìêèì îáîðóäîâàíèåì. Ýòè ïðîèçâîäñòâà õàðàêòåðè-
çóþòñÿ âûñîêîé ýíåðãîíàïðÿæåííîñòüþ âñåõ ýëåìåíòîâ
òåõíîëîãè÷åñêîé ñõåìû, ðåæèìîì ðàáîòû îáîðóäîâàíèÿ íà
íîìèíàëüíûõ ïàðàìåòðàõ, âçàèìîäåéñòâèåì ñïåöèàëèñòîâ
ðàçëè÷íîãî ïðîôåññèîíàëüíîãî óðîâíÿ, âûñîêîé öåíòðà-
ëèçàöèåé óïðàâëåíèÿ, ïîâûøåííûìè òðåáîâàíèÿìè ê
íàäåæíîñòè îáîðóäîâàíèÿ è ÿäåðíîé áåçîïàñíîñòè ïðîèç-
âîäñòâà. Íàëè÷èå òàêèõ îñîáåííîñòåé òðåáóåò ïðîâåäåíèÿ
ïðîâåðêè ïðîôåññèîíàëüíîé ïðèãîäíîñòè ïðèíèìàåìûõ íà
ðàáîòó ñïåöèàëèñòîâ, ïåðèîäè÷åñêîé îöåíêè ïîäãîòîâêè
ðàáîòàþùåãî òåõíîëîãè÷åñêîãî ïåðñîíàëà ðàçäåëèòåëüíûõ
ïðîèçâîäñòâ, è â ñëó÷àå íåîáõîäèìîñòè, ïðîõîæäåíèÿ
êóðñîâ ïåðåïîäãîòîâêè.

Ðàçðàáîòàííàÿ àâòîðàìè êîìïüþòåðíàÿ ñèñòåìà òåñòè-
ðîâàíèÿ ïðåäíàçíà÷åíà äëÿ îöåíêè ïðîôåññèîíàëüíîé
ïðèãîäíîñòè ðàçëè÷íûõ êàòåãîðèé òåõíîëîãè÷åñêîãî ïåð-
ñîíàëà ðàçäåëèòåëüíûõ ïðîèçâîäñòâ (èíæåíåðîâ-èññëåäî-
âàòåëåé, èíæåíåðîâ-òåõíîëîãîâ, àïïàðàò÷èêîâ è ò.ä.).

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïðîôåññèîíàëüíàÿ ïðèãîäíîñòü - ýòî âåðîÿòíîñòíàÿ õà-
ðàêòåðèñòèêà, îòðàæàþùàÿ âîçìîæíîñòè ÷åëîâåêà â îâëà-
äåíèè êàêîé-ëèáî ïðîôåññèîíàëüíîé äåÿòåëüíîñòüþ. Îíà
ìîæåò îöåíèâàòüñÿ ïî íåñêîëüêèì êðèòåðèÿì:

- ìåäèöèíñêèì ïîêàçàòåëÿì (â òîì ÷èñëå ïî ïîêàçà-
òåëÿì ôèçè÷åñêîé ïîäãîòîâëåííîñòè);

- ïî äàííûì îáðàçîâàòåëüíîãî öåíçà èëè êîíêóðñíûì
ýêçàìåíàì;

- ñ ïîìîùüþ ïñèõîëîãè÷åñêîãî îáñëåäîâàíèÿ (ïñèõîëî-
ãè÷åñêèé îòáîð);

- ñ ó÷åòîì äîñòèãíóòîãî óðîâíÿ ïðîôåññèîíàëüíîé àäàï-
òàöèè è äð.

Â íàøåì ñëó÷àå âñå îöåíèâàåìûå êà÷åñòâà áûëè îáúåäè-
íåíû â òðè îñíîâíûõ áëîêà:

- ëè÷íîñòíûå (ïñèõîëîãè÷åñêèå);
- ïñèõîôèçèîëîãè÷åñêèå;
- íàâûêè è óìåíèÿ, íåîáõîäèìûå äëÿ óñïåøíîé ïðîôå-

ññèîíàëüíîé äåÿòåëüíîñòè.
Êàê èçâåñòíî, çàäà÷à ïðîôîòáîðà ðåøàåòñÿ â íåñêîëüêî

ýòàïîâ.
1. Ïñèõîëîãè÷åñêîå èçó÷åíèå ïðîôåññèè ñ öåëüþ âûÿâ-

ëåíèÿ òðåáîâàíèé ê ÷åëîâåêó. Ïðè ýòîì äîëæíà áûòü ðàñ-
êðûòà âíóòðåííÿÿ ñòðóêòóðà äåÿòåëüíîñòè è äàí íå ïðîñòî
ïåðå÷åíü ïñèõè÷åñêèõ è ïñèõîìîòîðíûõ ïðîöåññîâ, íàõî-
äÿùèõñÿ ïîä íàèáîëüøåé íàãðóçêîé, à öåëîñòíàÿ êàðòèíà
èõ âçàèìîñâÿçè è âîïëîùåíèÿ â ïðîôåññèîíàëüíîé
ýôôåêòèâíîñòè. Òàêîå èçó÷åíèå (ïðîôåññèîãðàôèÿ) çà-
âåðøàåòñÿ ïîäðîáíîé õàðàêòåðèñòèêîé ïðîôåññèè -
ïðîôåññèîãðàììîé è ïñèõîãðàììîé.

2. Âûáîð ïñèõîäèàãíîñòè÷åñêèõ ìåòîäîâ èññëåäîâàíèÿ
(òåñòîâ), â íàèáîëüøåé ìåðå õàðàêòåðèçóþùèõ òå ïñèõè-
÷åñêèå ïðîöåññû è ïðîôåññèîíàëüíûå äåéñòâèÿ, â îòíîøå-
íèè êîòîðûõ íàäëåæèò îöåíèâàòü ïðîôåññèîíàëüíóþ ïðè-
ãîäíîñòü.

3. Ïñèõîäèàãíîñòèêà - ïñèõîëîãè÷åñêîå èçó÷åíèå îáñëå-
äóåìûõ, îöåíêà èõ îáùåãî ðàçâèòèÿ, íàïðàâëåííîñòè íà
îâëàäåíèå ïðîôåññèåé, ñòåïåíè ðàçâèòèÿ ó íèõ êà÷åñòâ,
íàèáîëåå âàæíûõ äëÿ óñïåõîâ â îâëàäåíèè ïðîôåññèåé, è
îöåíêà ñïîñîáíîñòè âûïîëíåíèÿ èìè ýëåìåíòîâ öåëîñòíîé
äåÿòåëüíîñòè â ðàçëè÷íûõ óñëîâèÿõ.

4. Ïñèõîëîãè÷åñêèé ïðîãíîç óñïåøíîñòè ïðîôåññè-
îíàëüíîé äåÿòåëüíîñòè íà îñíîâå ñîïîñòàâëåíèÿ ñâåäåíèé
î òðåáîâàíèÿõ ê ïðîôåññèè è ïîëó÷åííûõ ïñèõîäèàãíî-
ñòè÷åñêèõ äàííûõ, ñ àêöåíòîì íà îöåíêó ëè÷íîñòíûõ õà-
ðàêòåðèñòèê. Çàêëþ÷åíèå î âîçìîæíîñòè öåëåíàïðàâëå-
ííîãî ñîâåðøåíñòâîâàíèÿ è êîìïåíñàöèè ïðîôåññèîíàëü-
íî çíà÷èìûõ êà÷åñòâ.

Èñõîäíûì ïóíêòîì äëÿ èññëåäîâàíèÿ ïðîôåññèîíàëü-
íîé ïðèãîäíîñòè ÿâëÿåòñÿ, ïîñòðîåíèå ïðîôåññèîãðàììû
è, â ÷àñòíîñòè, åå ïñèõîëîãè÷åñêîé ÷àñòè - ïñèõîãðàììû.
Ïñèõîãðàììà îïðåäåëÿåò "öåíòð òÿæåñòè" ïðîôåññèè â îò-
íîøåíèè íàãðóçêè íà ïñèõîôèçè÷åñêèå ôóíêöèè è òðåáî-
âàíèÿ ê ëè÷íîñòíûì ÷åðòàì ðàáîòíèêà-ñïåöèàëèñòà â äàí-
íîé ïðîôåññèè. Ïåðå÷åíü òàêèõ òðåáîâàíèé äëÿ ñïåöèàëü-
íîñòåé ðàçäåëèòåëüíûõ ïðîèçâîäñòâ áûë ñîñòàâëåí àâòî-
ðàìè íà îñíîâå àíàëèçà ëèòåðàòóðíûõ èñòî÷íèêîâ [1-3] ñ
ó÷åòîì ìíåíèÿ ýêñïåðòîâ [4]. Â êà÷åñòâå ýêñïåðòîâ âûñòó-
ïàëè âåäóùèå ñïåöèàëèñòû ðàçäåëèòåëèòåëüíûõ ïðîèç-
âîäñòâ è ïðîôåññîðñêî-ïðåïîäàâàòåëüñêèé ñîñòàâ ôèçèêî-
òåõíè÷åñêîãî ôàêóëüòåòà Òîìñêîãî ïîëèòåõíè÷åñêîãî óíè-
âåðñèòåòà, îñóùåñòâëÿþùèé ïîäãîòîâêó ñïåöèàëèñòîâ äàí-
íîãî ïðîôèëÿ.

Ïðè âûáîðå ìåòîäèê äëÿ êîìïüþòåðíîãî òåñòèðîâàíèÿ
àâòîðû èñõîäèëè èç òîãî, ÷òî, ñ îäíîé ñòîðîíû, íàáîð
òåñòîâ äîëæåí áûòü äîñòàòî÷íî ïîëíûì, ïîçâîëÿþùèì
îöåíèòü íå òîëüêî êàæäîå êà÷åñòâî â îòäåëüíîñòè, íî è
èíäèâèäóàëüíûé ñòèëü äåÿòåëüíîñòè â öåëîì, à ñ äðóãîé
ñòîðîíû, âûáðàííûå ìåòîäèêè äîëæíû ïðåäñòàâëÿòü ñî-
áîé ýêñïðåññ-ìåòîäû ïñèõîäèàãíîñòèêè.

2 ÈÍÔÎÐÌÀÖÈÎÍÍÎÅ ÎÁÅÑÏÅ×ÅÍÈÅ 
ÑÈÑÒÅÌÛ

Â ðàçðàáîòàííîé àâòîðàìè êîìïüþòåðíîé ñèñòåìå ïñè-
õîäèàãíîñòè÷åñêîãî ïðîôåññèîíàëüíîãî òåñòèðîâàíèÿ ðåà-
ëèçîâàíà ñõåìà, ïðèâåäåííàÿ íà ðèñ. 1.

Âûáîð îïðîñíèêà Êåòòåëëà äëÿ ðåøåíèÿ íàøåé çàäà÷è
îáóñëîâëåí òåì, ÷òî âñå îïðåäåëÿåìûå â íåì ôàêòîðû ëè÷-
íîñòè âõîäÿò â ÷èñëî ïðîôåññèîíàëüíî çíà÷èìûõ êà÷åñòâ
ïåðñîíàëà ðàçäåëèòåëüíûõ ïðîçâîäñòâ. Â êîìïüþòåðíóþ
ñèñòåìó ïðîôîòáîðà áûë âêëþ÷åí àäàïòèðîâàííûé âàðè-
àíò îïðîñíèêà Êåòòåëà, ðàçðàáîòàííûé ñîòðóäíèêàìè Èí-
ñòèòóòà ïñèõîëîãèè àêàäåìèè íàóê [5].

Ñ öåëüþ ïîâûøåíèÿ êà÷åñòâà îöåíêè ïðîôåññèîíàëüíî
çíà÷èìûõ ïñèõîëîãè÷åñêèõ êà÷åñòâ â êîìïüþòåðíóþ ñè-
ñòåìó áûë âêëþ÷åí òàêæå òåñò äëÿ îïðåäåëåíèÿ ñîöèîòèïà
ëè÷íîñòè.

Óñòàíîâëåíî, ÷òî ñóùåñòâóåò òåñíàÿ âçàèìîñâÿçü ìåæäó
ñîöèîòèïîì ÷åëîâåêà è åãî ïðîôåññèîíàëüíîé óñïåø-
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íîñòüþ â òîé èëè èíîé ñôåðå äåÿòåëüíîñòè [6]. Íàìè ðàç-
ðàáîòàíû äèàãíîñòè÷åñêèå òàáëèöû, ñîäåðæàùèå äàííûå î
òîì, ïðè êàêèõ ñîöèîòèïàõ ìîæíî ïðîãíîçèðîâàòü óñïåø-
íóþ ïðîôåññèîíàëüíóþ äåÿòåëüíîñòü ïî èíòåðåñóþùèì
íàñ êàòåãîðèÿì ïåðñîíàëà, à ïðè êàêèõ íåò [4].

Ìíîãèå èç ïðîôåññèîíàëüíî çíà÷èìûõ êà÷åñòâ ÿâëÿþò-
ñÿ îäèíàêîâûìè äëÿ ðàçíûõ ïðîôåññèé. Ïîýòîìó ïðè ðå-
øåíèè çàäà÷è îöåíêè ïðîôåññèîíàëüíîé ïðèãîäíîñòè íå-
îáõîäèìî îïðåäåëÿòü òàêæå äèàãíîñòè÷åñêèå êîýôôèöèåí-
òû ("âåñà") äàííûõ êà÷åñòâ (ëèáî ïîðîãîâûå çíà÷åíèÿ
èññëåäóåìûõ õàðàêòåðèñòèê äëÿ êàæäîé ïðîôåññèè [7]).

Ýòà çàäà÷à ìîæåò áûòü ðåøåíà äâóìÿ ïóòÿìè:
- âåëè÷èíà äèàãíîñòè÷åñêèõ êîýôôèöèåíòîâ (èëè ïî-

ðîãîâûõ çíà÷åíèé) çàäàåòñÿ ýìïèðè÷åñêè, åñëè èìååòñÿ
áîëüøîé îïûò ïðîôîòáîðà íà äàííûå ñïåöèàëüíîñòè èëè
íà îñíîâå àíàëèçà ëèòåðàòóðíûõ èñòî÷íèêîâ;

- äèàãíîñòè÷åñêèå êîýôôèöèåíòû (èëè ïîðîãîâûå çíà-
÷åíèÿ) îïðåäåëÿþòñÿ íà îñíîâå ðåçóëüòàòîâ ñòàòèñòè÷å-
ñêèõ èññëåäîâàíèé, çàêëþ÷àþùèõñÿ â ñîïîñòàâëåíèè òåñ-
òîâûõ ïîêàçàòåëåé ñ ïîêàçàòåëÿìè âíåøíèõ êðèòåðèåâ
ïðîôåññèîíàëüíîé ýôôåêòèâíîñòè.

Íà äàííîì ýòàïå ðàáîòû áûë ðåàëèçîâàí ïåðâûé ïîä-
õîä ê ðåøåíèþ äàííîé çàäà÷è. Íà îñíîâå àíàëèçà ëèòåðà-
òóðíûõ èñòî÷íèêîâ [1] è ðåçóëüòàòîâ ýêñïåðòíîãî îöåíè-
âàíèâàíèÿ íàìè ïîðîãîâûå çíà÷åíèÿ ëè÷íîñòíûõ êà÷åñòâ
(îïðåäåëÿåìûõ ïî òåñòó Êåòòåëëà) äëÿ ñïåöèàëüíîñòåé,
âêëþ÷åííûõ â êîìïüþòåðíóþ ñèñòåìó òåñòèðîâàíèÿ. Ïî-
ðîãîâûå çíà÷åíèÿ âçÿòû èç ëèòåðàòóðíîãî èñòî÷íèêà è
ñêîððåêòèðîâàí ñ ïðèâëå÷åíèåì ýêñïåðòîâ [4].

Äëÿ ïîâûøåíèÿ íàäåæíîñòè ðåçóëüòàòîâ òåñòèðîâàíèÿ
â ñîñòàâ ïðîãðàììíîãî îáåñïå÷åíèÿ ñèñòåìû âêëþ÷åíà ìå-
òîäèêà, ïîñòðîåííàÿ íà îñíîâå ìåòîäà íåçàâèñèìûõ
õàðàêòåðèñòèê Ê.Ê. Ïëàòîíîâà. Ìåòîä íåçàâèñèìûõ õà-
ðàêòåðèñòèê çàêëþ÷àåòñÿ â òîì, ÷òî â ñîîòâåòñòâèè ñ ðàç-
ðàáîòàííîé ïðîãðàììîé îïðàøèâàþòñÿ êîëëåãè ïî ðàáîòå,
íåïîñðåäñòâåííîå íà÷àëüñòâî, äðóãèå ðàáîòíèêè, â ñèëó
òåõ èëè èíûõ îáñòîÿòåëüñòâ õîðîøî çíàþùèå èçó÷àåìîãî
ñïåöèàëèñòà, - âñåãî 5-6 ÷åëîâåê. Ïðåäëîæåíà øêàëà, ïî
êîòîðîé îöåíèâàåòñÿ òà èëè èíàÿ ÷åðòà ëè÷íîñòè [8]: 5 -
íàçâàííàÿ â êàðòå ÷åðòà ëè÷íîñòè ðàçâèòà î÷åíü õîðîøî,
ÿðêî âûðàæåíà è ïðîÿâëÿåòñÿ ÷àñòî è â ðàçëè÷íûõ âèäàõ
äåÿòåëüíîñòè; 4 - çàìåòíî âûðàæåíà, íî ïðîÿâëÿåòñÿ íå
ïîñòîÿííî, õîòÿ ïðîòèâîïîëîæíàÿ åé ÷åðòà ïðîÿâëÿåòñÿ
êðàéíå ðåäêî; 3 - êàê è ïðîòèâîïîëîæíàÿ åé ÷åðòà ëè÷íî-
ñòè, âûðàæåíà íå ðåçêî, è â ïðîÿâëåíèÿõ îíè óðàâíîâå-
øèâàþò îäíà äðóãóþ, õîòÿ îáå ïðîÿâëÿþòñÿ íå÷àñòî; 2 -
çàìåòíî áîëåå âûðàæåíà, è ÷àùå ïðîÿâëÿåòñÿ ïðîòèâîïî-
ëîæíàÿ íàçâàííîé ÷åðòà ëè÷íîñòè; 1 - ïðîòèâîïîëîæíàÿ
íàçâàííîé ÷åðòà ëè÷íîñòè ïðîÿâëÿåòñÿ ÷àñòî è â ðàç-
ëè÷íûõ âèäàõ äåÿòåëüíîñòè. Îöåíêà êàæäîé ÷åðòû ëè÷íî-
ñòè äîëæíà îïèðàòüñÿ íà çíàíèå "æèçíåííûõ
ïîêàçàòåëåé", ò.å. òèïè÷íûõ ñëó÷àåâ èç æèçíè îöåíèâà-
åìîãî ÷åëîâåêà è åãî äåÿòåëüíîñòè (äåéñòâèé, ïîñòóïêîâ),
â êîòîðûõ ïðîÿâëÿåòñÿ îöåíèâàåìîå êà÷åñòâî.

Â ñîñòàâ íàøåé êîìïüþòåðíîé ñèñòåìû, âêëþ÷åí áëîê,
ðåàëèçóþùèé ìåòîäèêó íåçàâèñèìûõ õàðàêòåðèñòèê è
ïðåäñòàâëÿþùèé ñîáîé ìîäèôèêàöèþ ìåòîäèê Ïëàòîíîâà
[7], Ôóêóÿìû [3], Áîðåéøè [2]. Óðîâåíü âëàäåíèÿ òåì
èëè èíûì êà÷åñòâîì îöåíèâàåòñÿ ñëåäóþùèì îáðàçîì: 5 -
î÷åíü âûñîêèé; 4 - âûñîêèé; 3 - ñðåäíèé; 2 - íèçêèé; 1 -

î÷åíü íèçêèé; 0 - äàííîå êà÷åñòâî îòñóòñòâóåò.
Íà ïåðâîì ýòàïå òåñòèðîâàíèÿ èñïûòóåìûé ñàì

îöåíèâàåò ñåáÿ ïî âñåì ïðîôåññèîíàëüíî çíà÷èìûì
êà÷åñòâàì. Êðîìå òîãî, äëÿ êàæäîãî èç ýòèõ êà÷åñòâ îí
óêàçûâàåò, íåîáõîäèìî ëè îíî äëÿ óñïåøíîé ïðîôåññèî-
íàëüíîé äåÿòåëüíîñòè ïî âûáðàííîé ñïåöèàëüíîñòè. Ýòè
äàííûå íåîáõîäèìû äëÿ îïðåäåëåíèÿ òîãî, íàñêîëüêî ïîë-
íûìè ÿâëÿþòñÿ ïðåäñòàâëåíèÿ èñïûòóåìîãî î òðåáîâà-
íèÿõ, ïðåäúÿâëÿåìûõ ê äàííîé ñïåöèàëüíîñòè. Ðåçóëüòà-
òîì äàííîãî òåñòà ÿâëÿåòñÿ ñðåäíèé áàëë ïî âñåì êà÷å-
ñòâàì, à òàêæå ñðåäíèé áàëë îòäåëüíî ïî ïñèõîëîãè÷åñêèì
(ëè÷íîñòíûì) è ïñèõîôèçèîëîãè÷åñêèì êà÷åñòâàì, à òàê-
æå ïî ãðóïïå êà÷åñòâ, ïðåäñòàâëÿþùèõ ñîáîé ïðîôåññèî-
íàëüíûå íàâûêè è óìåíèÿ. Â âûõîäíîì äîêóìåíòå óêà-
çûâàåòñÿ íà ðàçâèòèå êàêèõ êà÷åñòâ èñïûòóåìîìó ñëåäóåò
îáðàòèòü âíèìàíèå (ýòî êà÷åñòâà, ïî êîòîðûì èñïûòóåìûé
îöåíèë ñåáÿ íèæå òðåõ áàëëîâ).

Íà ñëåäóþùåì ýòàïå òåñòèðîâàíèÿ èñïûòóåìîãî ïî ýòèì
æå êà÷åñòâàì îöåíèâàþò ýêñïåðòû (ðàáîòíèêè õîðîøî
çíàþùèå äàííîãî ñïåöèàëèñòà). Îïòèìàëüíîå êîëè÷åñòâî
ýêñïåðòîâ 5-6 ÷åëîâåê, ìèíèìàëüíîå 2-3 ÷åëîâåêà. Çàòåì
ïîäñ÷èòûâàåòñÿ óñðåäíåííàÿ ýêñïåðòíàÿ îöåíêà ïî
êàæäîìó êà÷åñòâó è âûäàåòñÿ çàêëþ÷åíèå î ñòåïåíè
ñîîòâåòñòâèÿ èñïûòóåìîãî äàííîé ñïåöèàëüíîñòè (êàê ïî
âñåì êà÷åñòâàì â öåëîì, òàê è îòäåëüíî ïî òðåì ãðóïïàì
êà÷åñòâ: ïñèõîëîãè÷åñêèì, ïñèõîôèçèîëîãè÷åñêèì è ïðî-
ôåññèîíàëüíûì).

Åñëè ñðåäíèé áàëë 5, òî âûäàåòñÿ çàêëþ÷åíèå: "î÷åíü
âûñîêàÿ ñòåïåíü ñîîòâåòñòâèÿ ñïåöèàëüíîñòè", åñëè ñðåä-
íèé áàëë îò 4 äî 5 - "âûñîêàÿ ñòåïåíü", åñëè îò 3 äî 4 -
"ñðåäíÿÿ ñòåïåíü", åñëè îò 2 äî 3 - "íèçêàÿ ñòåïåíü", åñëè
ìåíüøå 2 - "î÷åíü íèçêàÿ".

Â êà÷åñòâå ïðèåìîâ èññëåäîâàíèÿ è îöåíêè
ïñèõîôèçèîëîãè÷åñêèõ ôóíêöèé èñïîëüçóþòñÿ ìåòîäèêè
ñóáúåêòèâíîé è îáúåêòèâíîé îöåíêè ëè÷íîñòè [7-11].
Ïåðâûå îñíîâàíû íà ïîëó÷åíèè ñâåäåíèé î òåõ èëè èíûõ
ñâîéñòâàõ ÷åëîâåêà, ïðîÿâëÿþùèõñÿ â ðàçëè÷íûõ â
æèçíåííûõ èëè ýêñïåðèìåíòàëüíûõ ñèòóàöèÿõ, ëèáî îò
ñàìîãî èíäèâèäà (ñàìîíàáëþäåíèå è ñàìîàíàëèç), ëèáî
íåïîñðåäñòâåííî ýêñïåðèìåíòàòîðîì (àíàëèç âíåøíèõ
ïðîÿâëåíèé ýòèõ ñâîéñòâ ó êîíêðåòíîãî ÷åëîâåêà èëè
äàííûõ, ïîëó÷åííûõ îò íåãî). Â íàøåì ñëó÷àå ýòî
ìåòîäèêà íåçàâèñèìûõ õàðàêòåðèñòèê, îïèñàííàÿ âûøå.

Îáúåêòèâíàÿ îöåíêà ëè÷íîñòè ïðîâîäèòñÿ íà îñíîâàíèè
àíàëèçà ðåçóëüòàòîâ âûïîëíåíèÿ îïðåäåëåííûõ (êàê
ïðàâèëî, ñòàíäàðòíûõ) çàäàíèé èëè ôóíêöèîíàëüíûõ
ïðîá, íàïðàâëåííûõ íà èçó÷åíèå îñíîâíûõ ïîçíàâàòåëü-
íûõ ïñèõè÷åñêèõ ïðîöåññîâ è ñîñòîÿíèé ðàçëè÷íûõ ïñè-
õîôèçèîëîãè÷åñêèõ ôóíêöèé èíäèâèäà.

Íàðÿäó ñ ñóáúåêòèâíûìè áûëè èñïîëüçîâàíû òàêæå è
îáúåêòèâíûå îöåíêè, õàðàêòåðèçóþùèå ïñèõîôèçèîëîãè-
÷åñêèå ôóíêöèè. Èç èìåþùåãîñÿ ñðàâíèòåëüíî áîëüøîãî
êîëè÷åñòâà ìåòîäèê áûëè îòîáðàíû òàêèå, êîòîðûå, ïî
ìíåíèþ áîëüøèíñòâà ñïåöèàëèñòîâ, ñ÷èòàþòñÿ íàèáîëåå
àäåêâàòíûìè [7,8,10] - ýòî âðåìÿ ðåàêöèè íà çâóê, âðåìÿ
ðåàêöèè íà ñâåò, òåïïèíã-òåñò, òåñò áûñòðîòû è òî÷íîñòè
ðåàêöèè íà äâèæóùèéñÿ îáúåêò.

Âðåìÿ ïðîñòîé ñåíñîìîòîðíîé ðåàêöèè ÷åëîâåêà íà
çâóê è íà ñâåò õàðàêòåðèçóåò âîçáóäèìîñòü àíàëèçàòîðîâ,
âðåìåííûå ïîêàçàòåëè íåðâíûõ ïðîöåññîâ, ÿâëÿþùèåñÿ
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îñíîâíûìè â óïðàâëÿþùèõ äåéñòâèÿõ ÷åëîâåêà [10]. Âû-
áîð òåñòà "âðåìÿ ðåàêöèè íà ñâåòîâûå ðàçäðàæèòåëè" äëÿ
îöåíêè ôóíêöèîíàëüíîãî ñîñòîÿíèÿ ÷åëîâåêà â ïðîöåññå
àäàïòàöèè-äåàäàïòàöèè îáóñëîâëåí åãî èíôîðìàòèâíîñòüþ
êàê ïîêàçàòåëÿ ôóíêöèè "öåëîñòíîãî ìîçãà".

Êðîìå òîãî, äëÿ îöåíêè îáùèõ ñâîéñòâ íåðâíîé ñèñòå-
ìû (ñèëû ïðîöåññîâ âîçáóæäåíèÿ è òîðìîæåíèÿ; èõ óðà-
âíîâåøåííîñòè è ïîäâèæíîñòè) â ñèñòåìó âêëþ÷åí òåñò íà
îïðåäåëåíèå òèïà òåìïåðàìåíòà. Íàìè ðàçðàáîòàíû òàáëè-
öû "ñîâìåñòèìîñòè" èíòåðåñóþùèõ íàñ ñïåöèàëüíîñòåé è
òèïîâ òåìïåðàìåíòà, ïîëó÷åííûå íà îñíîâå àíàëèçà ëèòå-
ðàòóðíûõ èñòî÷íèêîâ [10] è ìíåíèÿ ýêñïåðòîâ [4].

Çàêëþ÷åíèå ïî áëîêó êà÷åñòâ "Íàâûêè è óìåíèÿ, íåîá-
õîäèìûå äëÿ óñïåøíîé ïðîôåññèîíàëüíîé äåÿòåëüíîñòè"
ôîðìèðóåòñÿ íà îñíîâå ðåçóëüòàòîâ òåñòèðîâàíèÿ è
ýêñïåðòíîé îöåíêè ïî ìåòîäèêå íåçàâèñèìûõ õàðàêòåðè-
ñòèê [4].

Íà ðèñóíêå 1 ïðèâåäåíà ñòðóêòóðíàÿ ñõåìà ïðîãðàì-
ìíîãî îáåñïå÷åíèÿ ðàçðàáîòàííîé êîìïüþòåðíîé ñèñòåìû.
Êàê âèäíî èç ðèñóíêà 1, â ñèñòåìå íàðÿäó ñ ôîðìèðîâàíè-
åì îáùåãî çàêëþ÷åíèÿ îá óðîâíå ïðîôïðèãîäíîñòè ïðåäó-
ñìîòðåíà âûäà÷à çàêëþ÷åíèÿ î ñòåïåíè ñîîòâåòñòâèÿ òîé
èëè èíîé ñïåöèàëüíîñòè ïî êàæäîìó îòäåëüíîìó áëîêó.

3 ÏÐÎÃÐÀÌÌÍÎÅ ÎÁÅÑÏÅ×ÅÍÈÅ ÑÈÑÒÅÌÛ

Îñíîâíûå äàííûå ïðîãðàììû ðàçäåëåíû íà òðè
áîëüøèõ ðàçäåëà:
1. Äàííûå î ïîëüçîâàòåëå.
2. Äàííûå î òåñòå.
3. Äàííûå î ñïåöèàëüíîñòè.

Êàæäûé èç êðóïíûõ áëîêîâ äàííûõ ïðåäñòàâëÿåò

èåðàðõè÷åñêóþ ñòðóêòóðó, ñîñòîÿùóþ èç áàçîâûõ òèïîâ
äàííûõ.

Èíôîðìàöèÿ î ïîëüçîâàòåëå äåëèòñÿ íà äâå ÷àñòè:
1. Îáùèå äàííûå:

1. Ôàìèëèÿ, Èìÿ è Îò÷åñòâî òåñòèðóåìîãî.
2. Äàòà ðîæäåíèÿ.
3. Îáðàçîâàíèå.
4. Íàçâàíèå ó÷åáíîãî çàâåäåíèÿ.
5. Íàçâàíèå ñïåöèàëüíîñòè.
6. Äîëæíîñòü è äàòà íàçíà÷åíèÿ íà äîëæíîñòü.
7. Êâàëèôèêàöèÿ.
8. Äàòà ïðèåìà íà ðàáîòó.
9. Äàòà ïîñòóïëåíèÿ è îêîí÷àíèÿ ÂÓÇà (äëÿ àáèòó-
ðèåíòîâ è ñòóäåíòîâ).
10. Ïî÷òîâûé àäðåñ.
11. Ïî÷òîâûé àäðåñ ðîäèòåëåé (äëÿ àáèòóðèåíòîâ è ñòó-
äåíòîâ).
12. Ïðèìå÷àíèÿ.

2. Ðåçóëüòàòû òåñòèðîâàíèÿ.
Ðåçóëüòàòû òåñòèðîâàíèÿ îáúåäèíÿþòñÿ â ãðóïïû. Êàæ-

äàÿ ãðóïïà ñîñòîèò èç äàòû ïðîâåäåíèÿ òåñòîâ, ðåçóëüòà-
òîâ òåñòîâ è ðåçóëüòàòîâ ýêñïåðòíîé îöåíêè ïî ìåòîäèêå
íåçàâèñèìûõ õàðàêòåðèñòèê.

Äàííûå î òåñòàõ òàêæå ïðåäñòàâëåíû â âèäå èåðàðõè-
÷åñêîé ñòðóêòóðû. Êàæäûé òåñò ñîñòîèò èç:

1. Íàçâàíèÿ.
2. Óíèêàëüíîãî íîìåðà òåñòà.
3. Ìàññèâà êàòåãîðèé òåñòèðîâàíèÿ.

Êàòåãîðèè òåñòèðîâàíèÿ â ñâîþ î÷åðåäü ñîñòîÿò èç:
4. Íàçâàíèÿ êàòåãîðèè òåñòèðîâàíèÿ.
5. Íîìåðà êàòåãîðèè (âûñòàâëÿåòñÿ àâòîìàòè÷åñêè).
6. Ìàññèâà âîïðîñîâ, îòíîñÿùèõñÿ ê äàííîé êàòåãîðèè.

Ðèñóíîê 1 - Ñõåìà ïðîãðàììíîãî îáåñïå÷åíèÿ ñèñòåìû ïðîôòåñòèðîâàíèÿ
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Êàæäûé âîïðîñ ñîñòîèò èç ñëåäóþùèõ äàííûõ:
7. Íîìåðà âîïðîñà, óíèêàëüíîãî â ïðåäåëàõ êàòåãîðèè

òåñòèðîâàíèÿ.
8. Òåêñòà âîïðîñà.
9. Ìàññèâà âàðèàíòîâ îòâåòîâ â âèäå:

a) òåêñò âàðèàíòà îòâåòà;
á) êîëè÷åñòâî áàëëîâ, ïîëó÷àåìîå ïðè âûáîðå äàííîãî
âàðèàíòà îòâåòà.

10. Ðåçóëüòàòà îòâåòà íà òåêóùèé âîïðîñ (ýòî ïîëå èñ-
ïîëüçóåòñÿ äëÿ âîçâðàòà äàííûõ â ïðîãðàììó ïîñëå òåñòè-
ðîâàíèÿ).

Äàííûå î ñïåöèàëüíîñòè:
Íàçâàíèå ñïåöèàëüíîñòè.
Íîìåð ñïåöèàëüíîñòè (óíèêàëüíîå ÷èñëî).
Ìàññèâ ïîðîãîâûõ çíà÷åíèé äëÿ òåñòà Êåòòåëëà.
Ìàññèâ ïîðîãîâûõ çíà÷åíèé äëÿ ìåòîäèêè íåçàâèñèìûõ

õàðàêòåðèñòèê.
Êàæäàÿ èç îïèñàííûõ ñòðóêòóð äàííûõ áûëà ñâåäåíà â

êëàññû, ñîäåðæàùèå äàííûå è ìåòîäû èõ îáðàáîòêè.
Ìàññèâû äàííûõ áûëè ðåàëèçîâàíû, èñïîëüçóÿ êëàññû

ìàññèâîâ-øàáëîíîâ (templates). Äàííûå ìàññèâû
ïîçâîëÿþò ïðîãðàììèñòó ëåãêî îïåðèðîâàòü äàííûìè,
êîòîðûå â íèõ ñîäåðæàòñÿ è îáåñïå÷èâàþò äèíàìè÷åñêîå
èçìåíåíèå ðàçìåðîâ ìàññèâîâ.

Â êà÷åñòâå õðàíèëèùà äàííûõ äëÿ áàç ïåðå÷èñëåííûõ
òåñòîâ, ñïåöèàëüíîñòåé è ïîëüçîâàòåëåé ïðèìåíÿþòñÿ .ini-
ôàéëû, ðàáîòà ñ êîòîðûìè çàêîäèðîâàíà íà óðîâíå ñèñ-
òåìíûõ ôóíêöèé Windows.

Âûáîð äàííîãî òèïà ôàéëîâ îáóñëîâëåí íåçàâèñè-
ìîñòüþ èõ ðåàëèçàöèè îò èñïîëüçóåìûõ äðàéâåðîâ äëÿ äî-
ñòóïà ê äàííûì (ODBC), ÷òî ïîçâîëÿåò èñïîëüçîâàòü
ïðîãðàììó íà ëþáîé ìàøèíå ñ Microsoft Windows 9X/

Windows NTTM.
Äëÿ ðåàëèçàöèè ïðîãðàììíîãî îáåñïå÷åíèÿ áûë âûáðàí

ÿçûê Ñ++ [4], êîòîðûé ïîçâîëÿåò êîíñòðóèðîâàòü
àáñòðàêòíûå òèïû äàííûõ è ðåàëèçîâûâàòü íà èõ îñíîâå
ðàáîòó ñ òðåáóåìûìè äàííûìè.

Ðèñóíîê 2 - Ãëàâíîå îêíî è ìåíþ ïðîãðàììû

Â îñíîâå ÿçûêà Ñ++ ëåæèò êîíöåïöèÿ êëàññîâ, êîòîðûå
ñîäåðæàò â ñåáå êàê äàííûå, òàê è ïðîöåäóðû ðàáîòû ñ
ýòèìè äàííûìè. Âíåøíèå ïî îòíîøåíèþ ê êëàññàì ïðîöå-
äóðû ìîãóò ðàáîòàòü ñ äàííûìè êëàññîâ òîëüêî ÷åðåç ÷åò-
êî îïðåäåëåííûå ïðîöåäóðû-èíòåðôåéñû. Ýòî ïîçâîëÿåò
ðåàëèçîâàòü ïðèíöèï "÷åðíîãî ÿùèêà", êîãäà âíåøíèå ÷àñ-
òè íå çíàþò, êàêèì îáðàçîì ïðîèçâîäèòñÿ îáðàáîòêà äàí-
íûõ êëàññîâ, ÷òî ïîçâîëÿåò ëåãêî ìåíÿòü ðàçíûå ÷àñòè
ïðîãðàììû, íå âíîñÿ èçìåíåíèé â äðóãèå ÷àñòè.

Âòîðûì âàæíûì äîñòîèíñòâîì Ñ++ ÿâëÿåòñÿ âîçìîæ-

íîñòü èñïîëüçîâàíèÿ íàñëåäîâàíèÿ êëàññîâ îò óæå îïðåäå-
ëåííûõ êëàññîâ. Ýòî ïîçâîëÿåò ðåàëèçîâàòü ðàçíóþ îáðà-
áîòêó äàííûõ â ðàçëè÷àþùèõñÿ êëàññàõ. À ìåõàíèçì âèð-
òóàëüíûõ ôóíêöèé ïîçâîëÿåò åäèíîîáðàçíî ïðîèçâîäèòü
âûçîâû ôóíêöèé ðàçíûõ êëàññîâ, óíàñëåäîâàííûõ îò
îäíîãî èñòî÷íèêà. Ýòîò ìåõàíèçì èñïîëüçîâàëñÿ ïðè ðåà-
ëèçàöèè îáðàáîòêè ðåçóëüòàòîâ òåñòèðîâàíèÿ. Ñòðóêòóðà
ðàçðàáîòàííîãî ïðîãðàììíîãî îáåñïå÷åíèÿ è íàïðàâëåíèÿ
ïîòîêîâ äàííûõ â ïðîãðàììå ïîêàçàíû íà ðèñóíêå 2.

Ïðîãðàììà "Òåñò ÔÒ" ðàçðàáîòàíà ñ èñïîëüçîâàíèåì
èíòåãðèðîâàííîé ñðåäû ðàçðàáîòêè Sybase Power++ 2. Ýòà
ïðîãðàììà ïðåäíàçíà÷åíà äëÿ ïðîâåäåíèÿ òåñòîâ ðàçëè÷-
íîé ñëîæíîñòè è ðàçìåðíîñòè, ñ ïîñëåäóþùèì ñîõðàíå-
íèåì ðåçóëüòàòîâ òåñòèðîâàíèÿ, à òàêæå äëÿ ñîçäàíèÿ íî-
âûõ òåñòîâ.

Ñèñòåìà ñîñòîèò èç äâóõ îñíîâíûõ áëîêîâ:
1. Òåñòèðîâàíèå.
2. Ñîçäàíèå è ìîäèôèêàöèÿ òåñòîâ.

Ïðîãðàììà ñîîòâåòñòâóåò ñîâðåìåííûì ñòàíäàðòàì, îñ-
íîâíûìè êðèòåðèÿìè êîòîðûõ ÿâëÿþòñÿ:

- Óäîáíûé ïîëüçîâàòåëüñêèé èíòåðôåéñ, êîòîðûé ïðåä-
ñòàâëÿåò ñîáîé ñòàíäàðòíûå Windows-êîìïîíåíòû (ïðè-
ìåð èíòåðôåéñà ïðåäñòàâëåí íà ðèñ. 2).

- Ìîäèôèöèðóåìîñòü áëîêîâ ïðîãðàììû, òî åñòü âîç-
ìîæíîñòü èçìåíÿòü îòäåëüíûå ìîäóëè áåç èçìåíåíèÿ âñåé
ïðîãðàììû.

- Êîíòåêñòíî-çàâèñèìàÿ ñïðàâî÷íàÿ ñèñòåìà, ïîçâîëÿ-
þùàÿ ïîëó÷èòü ñïðàâêó î òîì èëè èíîì ïðîãðàììíîì
êîìïîíåíòå, íåçàâèñèìî îò ðàáîòû îñíîâíîé ïðîãðàììû.

Ðàçðàáîòàííûé ïðîãðàììíûé êîìïëåêñ "Òåñò ÔÒ"
ïðåäñòàâëÿåò ñîáîé ñòàíäàðòíîå Windows-ïðèëîæåíèå, îò-
âå÷àþùåå âñåì ñîâðåìåííûì òðåáîâàíèÿì ïðîãðàììíîãî
ïðîäóêòà äëÿ îïåðàöèîííûõ ñèñòåì Windows 95/98/NT.

4 ÐÅÇÓËÜÒÀÒÛ

Ðàçðàáîòàííàÿ êîìïüþòåðíàÿ ñèñòåìà ïîçâîëÿåò ïðîâî-
äèòü îöåíêó óðîâíÿ ïðîôïðèãîäíîñòè ñïåöèàëèñòîâ ðàçäå-
ëèòåëüíûõ ïðîèçâîäñòâ. Ïðè ðàçðàáîòêå ïðîãðàììíîãî
îáåñïå÷åíèÿ ñèñòåìû íàìè áûë ïðåäâàðèòåëüíî ñôîðìè-
ðîâàí íàáîð òåñòîâ äëÿ âûÿâëåíèÿ ëè÷íîñòíûõ, è ïñèõî-
ôèçèîëîãè÷åñêèõ êà÷åñòâ, õàðàêòåðèçóþùèõ ïðîôåññèî-
íàëüíóþ ïðèãîäíîñòü ÷åëîâåêà äëÿ ðàáîòû íà ðàçäåëèòå-
ëüíîì ïðîèçâîäñòâå, à òàêæå åãî íàâûêè è óìåíèÿ íåîáõî-
äèìûå äëÿ óñïåøíîé ïðîôåññèîíàëüíîé äåÿòåëüíîñòè.
Îïðåäåëåí íàáîð êà÷åñòâ, êîòîðûìè äîëæíû îáëàäàòü
ðàçëè÷íûå êàòåãîðèè ïåðñîíàëà ðàçäåëèòåëüíîãî ïðîèç-
âîäñòâà, è ðàçðàáîòàíà ãèáêàÿ ñèñòåìà îöåíêè ïðîôåññè-
îíàëüíîé ïðèãîäíîñòè. Ïðåäóñìîòðåí âàðèàíò èñïîëüçî-
âàíèÿ êîìïüþòåðíîé ñèñòåìû äëÿ ðåøåíèÿ çàäà÷ ïðîôî-
ðèåíòàöèè.

Â íàñòîÿùåå âðåìÿ ñèñòåìà ïðîøëà àïðîáàöèþ â ÏÎ
"Ýëåêòðîõèìè÷åñêèé çàâîä" ã. Çåëåíîãîðñê. Â Òîìñêîì
ïîëèòåõíè÷åñêîì óíèâåðñèòåòå ñ èñïîëüçîâàíèåì äàííîé
ñèñòåìû åæåãîäíî ïðîâîäèòñÿ ïðîôîðèåíòàöèîííîå òåñòè-
ðîâàíèå àáèòóðèåíòîâ ôèçèêî-òåõíè÷åñêîãî ôàêóëüòåòà è
îöåíêà óðîâíÿ ïðîôïðèãîäíîñòè âûïóñêíèêîâ ñïåöèàëü-
íîñòè "Ôèçèêà êèíåòè÷åñêèõ ÿâëåíèé".



59

Å.Ô.Âàñå÷êèíà, Â.Ä.ßðèí:  ÔÎÐÌÈÐÎÂÀÍÈÅ ÑÒÐÓÊÒÓÐÛ ÏÎËÈÍÎÌÈÀËÜÍÎÉ ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ Ñ 
ÏÎÌÎÙÜÞ ÃÅÍÅÒÈ×ÅÑÊÎÃÎ ÀËÃÎÐÈÒÌÀ

ÏÅÐÅ×ÅÍÜ ÑÑÛËÎÊ

1. Êîìïëåêñíàÿ ñîöèàëüíî - ïñèõîëîãè÷åñêàÿ ìåòîäèêà èçó÷å-
íèÿ ëè÷íîñòè èíæåíåðà. // Ë.: Èçä-âî ËÃÓ - 1991 - 178ñ.

2. Áîðåéøà Â. Á. ÒîìÏÈÊÑ - ëîâóøêà äëÿ ïîäõîäÿùèõ
ïðîôåññèé. - Òîìñê, 1994. - 32 ñ.

3. Ôóêóÿìà Ñ. Òåîðåòè÷åñêèå îñíîâû ïðîôåññèîíàëüíîé
îðèåíòàöèè. - Ì.: Èçä-âî ÌÃÓ, 1989.- 108 ñ.

4. Âëàñîâ Â. À., Îðëîâ À. À., Òèõîíîâ Ã. Ñ., Îòò À. ß.,
Áåðåñòíåâà Î. Ã, Åðåìèíà Â. Â. Êîìïüþòåðíàÿ ñèñòåìà
îöåíêè ïðîôåññèîíàëüíîé ïðèãîäíîñòè ïåðñîíàëà äëÿ
ðàçäåëèòåëüíûõ ïðîèçâîäñòâ // Íàó÷íûé îò÷åò.
Ðåã.¹02200005350, ã.Òîìñê, ÒÏÓ, 2000. - 92 ñ.

5. Ðóñàëîâ Â. Ì., Ãóñåâà Î. Â. Ñîêðàùåííûé âàðèàíò
ëè÷íîñòíîãî îïðîñíèêà Êýòòåëëà (8 PF) // Ïñèõîëîãè÷åñêèé
æóðíàë, Òîì 11, ¹1, 1990. - Ñ.34-48

6. Ãóëåíêî Â. Â., Òûùåíêî Â. Ï. Ñîöèîíèêà - ìåæâîçðàñòíîé

ïåäàãîãèêå. - Íîâîñèáèðñê: Èçä-âî ÍÃÓ, 1998. - 269 ñ.
7. Ìàðèùóê Â. Ë. Êðèòåðèè ïðîôåññèîíàëüíîé ïðèãîäíîñòè â

îòáîðå // Ìåòîäîëîãèÿ èññëåäîâàíèé ïî èíæåíåðíîé
ïñèõîëîãèè è ïñèõîëîãèè òðóäà. - Ë., 1974. - ×.1.

8. Äìèòðèåâà Ì. À., Êðûëîâ À. À., Íàôòóëüåâ À. È. Ïñèõîëîãèÿ
òðóäà è èíæåíåðíàÿ ïñèõîëîãèÿ. - Ë.: Èçä-âî Ëåíèíãð.óí-òà,
1979.-224ñ.

9. Îëüõîâ Î.Ã. Îïðîñíèê ïñèõîôèçèîëîãè÷åñêîãî ñîñòîÿíèÿ
ðàáî÷èõ ãîðÿ÷èõ öåõîâ ìåòàëëóðãè÷åñêîé
ïðîìûøëåííîñòè.// Ïñèõîëîãè÷åñêèé æóðíàë, Òîì 11, ¹
5, 1990. - Ñ.44

10. Ïñèõîôèçèîëîãè÷åñêèå ôóíêöèè ÷åëîâåêà è îïåðàòîðñêèé
òðóä.-Êèåâ: Íàóê. Äóìêà, 1991. - 216 ñ.

11. Áåëîóñ Â. Â. Ê èññëåäîâàíèþ âëèÿíèÿ òèïîâ òåìïåðàìåíòà
íà ýôôåêòèâíîñòü èíäèâèäóàëüíîé è ñîâìåñòíîé äåÿòåëü-
íîñòè.// Âîïðîñû ïñèõîëîãèè, ¹ 3, 1986.- Ñ.113-120.

ÓÄÊ 519.7:556

ÔÎÐÌÈÐÎÂÀÍÈÅ ÑÒÐÓÊÒÓÐÛ ÏÎËÈÍÎÌÈÀËÜÍÎÉ ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ 
Ñ ÏÎÌÎÙÜÞ ÃÅÍÅÒÈ×ÅÑÊÎÃÎ ÀËÃÎÐÈÒÌÀ

Å.Ô.Âàñå÷êèíà,  Â.Ä.ßðèí

Ïðîïîíóºòüñÿ íîâèé ìåòîä ïîáóäîâè àðõ³òåêòóðè îäíî-
ñïðÿìîâàíî¿ ïîë³íîì³àëüíî¿ íåéðîííîé ìåðåæ³ ç îäíî÷àñíîþ
³äåíòèô³êàö³ºþ âàãîâèõ êîåô³ö³ºíò³â. Àëãîðèòì áàçóºòüñÿ
íà ñïîëó÷åíí³ Ìåòîäó ãðóïîâîãî îáë³êó àðãóìåíò³â ³ ãåíå-
òè÷íîãî àëãîðèòìó. Ìåòîä çàñòîñîâóºòüñÿ äëÿ ð³øåííÿ çà-
äà÷ ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïàðàìåòð³â âîäíîãî ñåðåäî-
âèùà. Ðåçóëüòàòè ïîð³âíþþòüñÿ ç îòðèìàíèìè ³íøèìè ìå-
òîäàìè íà òèõ æå äàíèõ.

Ïðåäëàãàåòñÿ íîâûé ìåòîä ïîñòðîåíèÿ àðõèòåêòóðû
îäíîíàïðàâëåííîé ïîëèíîìèàëüíîé íåéðîííîé ñåòè ñ îäíîâðå-
ìåííîé èäåíòèôèêàöèåé âåñîâûõ êîýôôèöèåíòîâ. Àëãîðèòì
áàçèðóåòñÿ íà ñî÷åòàíèè ìåòîäà ãðóïïîâîãî ó÷åòà àðãó-
ìåíòîâ è ãåíåòè÷åñêîãî àëãîðèòìà. Ìåòîä ïðèìåíÿåòñÿ äëÿ
ðåøåíèÿ çàäà÷ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïàðàìåòðîâ
âîäíîé ñðåäû. Ðåçóëüòàòû ñðàâíèâàþòñÿ ñ ïîëó÷åííûìè
äðóãèìè ìåòîäàìè íà òåõ æå äàííûõ.

The new method of evolving a structure of feed-forward poly-
nomial neural network with simultaneous weights identification
is proposed. The algorithm is based on combination of Group
Method of Data Handling and Genetic Algorithm. The method
is applied to tasks of mathematical simulation of marine envi-
ronment. Results of practical application of the method are com-
pared with those obtained by other methods on the same data.

ÂÂÅÄÅÍÈÅ

Ðàçðàáîòêà ôóíäàìåíòàëüíûõ îñíîâ ìîðñêîé ýêîëîãèè
â íàñòîÿùåå âðåìÿ åùå äàëåêà îò çàâåðøåíèÿ â ñâÿçè ñ
òåì, ÷òî îáúåêò èññëåäîâàíèÿ ÿâëÿåòñÿ òàê íàçûâàåìîé
"áîëüøîé ñèñòåìîé" è äëÿ åãî ñêîëüêî-íèáóäü ïîëíîãî
îïèñàíèÿ íå ñóùåñòâóåò ãîòîâîãî ìàòåìàòè÷åñêîãî àïïà-
ðàòà. Ìåæäó òåì ïðîãðåññèðóþùåå óõóäøåíèå ýêîëîãè-
÷åñêîé ñèòóàöèè òðåáóåò ðàçðàáîòêè ìîäåëåé, ñïîñîáíûõ
ïðè ñóùåñòâóþùåì óðîâíå çíàíèé îöåíèâàòü òåêóùóþ
ñèòóàöèþ è îñóùåñòâëÿòü ïðîãíîçû, íà îñíîâå êîòîðûõ
ìîæíî ïðèíèìàòü òå èëè èíûå ðåøåíèÿ â îáëàñòè
õîçÿéñòâåííûõ è ïðèðîäîîõðàííûõ ìåðîïðèÿòèé [1]. Â
òàêèõ çàäà÷àõ, ïî íàøåìó ìíåíèþ, ìîæåò ñ óñïåõîì

ïðèìåíÿòüñÿ òåõíîëîãèÿ íåéðîííûõ ñåòåé (ÍÑ) [2,3],
ïîñêîëüêó èõ óíèâåðñàëüíîñòü ïîçâîëÿåò ñòðîèòü ìîäåëè
áåç òðåáîâàíèÿ ïîëíîãî ïîíèìàíèÿ è ìàòåìàòè÷åñêîãî
îïèñàíèÿ âçàèìîäåéñòâèé â ñèñòåìå.

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà àëãîðèò-
ìà ïîñòðîåíèÿ ôóíêöèîíàëüíîé çàâèñèìîñòè ìåæäó êîì-
ïîíåíòàìè âåêòîðà ñîñòîÿíèÿ ïðîèçâîëüíîé ñèñòåìû. Ýòà
çàäà÷à ïðè îòñóòñòâèè ÷åòêîãî ïðåäñòàâëåíèÿ î ñòðóêòóðå
ñâÿçåé â ñèñòåìå ëó÷øå ïîääà¸òñÿ ðåøåíèþ ñ ïîìîùüþ
ìíîãîñëîéíûõ ÍÑ, ÷åì êëàññè÷åñêèìè ìåòîäàìè. Ïðè
ýòîì îïðåäåëåíèå àðõèòåêòóðû ÍÑ èìååò ïåðâîñòåïåííîå
çíà÷åíèå, ïîñêîëüêó îíà âëèÿåò íà ýôôåêòèâíîñòü ïðîöåñ-
ñà îáó÷åíèÿ è ïðîèçâîäèòåëüíîñòü ñåòè ïðè ðåøåíèè êîí-
êðåòíûõ çàäà÷. Â ïîñëåäíåå âðåìÿ ïîÿâèëîñü áîëüøîå
êîëè÷åñòâî ðàáîò, â êîòîðûõ ïðåäëàãàëèñü ðàçëè÷íûå ñïî-
ñîáû ïîñòðîåíèÿ ñòðóêòóðû ÍÑ. Äëÿ ýòîãî â îñíîâíîì
ïðèìåíÿþòñÿ ðàçëè÷íûå ìîäèôèêàöèè ãåíåòè÷åñêèõ àëãî-
ðèòìîâ (ÃÀ), è ïðîáëåìà ïîñòðîåíèÿ àðõèòåêòóðû ñåòè
ðàññìàòðèâàåòñÿ êàê çàäà÷à ïîèñêà ýêñòðåìóìà â ìíîãî-
ìåðíîì ïðîñòðàíñòâå, â êîòîðîì  êàæäàÿ òî÷êà ïðåäñòàâ-
ëÿåò ñîáîé íåêîòîðóþ ñåòåâóþ àðõèòåêòóðó [4,5,6]. Ïðè-
ìåíåíèå ýòèõ ìåòîäîâ ïðåäïîëàãàåò îáó÷åíèå ñåòè êàê îò-
äåëüíûé ïðîöåññ, êîòîðûé íåîáõîäèìî îñóùåñòâèòü äëÿ
âñåõ âàðèàíòîâ ñòðóêòóðû ñåòè, ÷òîáû îöåíèòü èõ ïðî-
èçâîäèòåëüíîñòü. Äëÿ îáó÷åíèÿ ñåòè ÷àùå âñåãî ïðèìåíÿ-
åòñÿ ìåòîä îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáêè. Ïðè èñïî-
ëüçîâàíèè ýòîãî ìåòîäà âåñîâûå êîýôôèöèåíòû è ïîðîãî-
âûå çíà÷åíèÿ óçëîâ ñåòè îòûñêèâàþòñÿ ñ ïîìîùüþ àëãî-
ðèòìà ãðàäèåíòíîãî ñïóñêà, íî ñòðóêòóðà ñâÿçåé ìåæäó óç-
ëàìè äîëæíà ïðè ýòîì áûòü çàäàíà àïðèîðè. Òàêèå ðàñ÷å-
òû òðåáóþò çíà÷èòåëüíûõ âû÷èñëèòåëüíûõ çàòðàò. 

Ïðåäñòàâëÿåòñÿ áîëåå ïåðñïåêòèâíûì îäíîâðåìåííîå
îïðåäåëåíèå ñòðóêòóðû ñâÿçåé ÍÑ è ñîîòâåòñòâóþùèõ âå-
ñîâûõ êîýôôèöèåíòîâ. Òàêèå àëãîðèòìû áûëè ðàññìîò-
ðåíû â ðÿäå ðàáîò, ãäå ïðåäëàãàëîñü ðàñøèðåíèå ãåíîòèïà
ïóòåì âêëþ÷åíèÿ â íåãî âåñîâûõ êîýôôèöèåíòîâ òåì èëè
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èíûì ñïîñîáîì, íàïðèìåð [7,8]. Îäíàêî ïðîñòðàíñòâî âîç-
ìîæíûõ ðåøåíèé ïðè ýòîì çíà÷èòåëüíî ðàñøèðÿåòñÿ, ÷òî
ñóùåñòâåííî çàòðóäíÿåò ïîèñê îïòèìàëüíîé àðõèòåêòóðû
ñ ïîìîùüþ ýâîëþöèîííîãî àëãîðèòìà. Ïðè ýòîì îñîáîå
çíà÷åíèå ïðèîáðåòàåò ðàçðàáîòêà ñïåöèàëüíûõ ýâî-
ëþöèîííûõ îïåðàòîðîâ, çàâèñÿùèõ îò òèïà êîäèðîâàíèÿ,
ïîñêîëüêó óñòàíîâëåíî èõ ñóùåñòâåííîå âëèÿíèå íà ýô-
ôåêòèâíîñòü ïîèñêà. 

Â íàñòîÿùåé ðàáîòå ïðåäëàãàåòñÿ áîëåå ïðîñòîé ìåòîä
ïîñòðîåíèÿ àðõèòåêòóðû îäíîíàïðàâëåííîé ïîëèíîìèàëü-
íîé ÍÑ ñ îäíîâðåìåííûì îöåíèâàíèåì âåñîâûõ êîýôôè-
öèåíòîâ. Îí îñíîâûâàåòñÿ íà ñî÷åòàíèè Ìåòîäà ãðóïïî-
âîãî ó÷åòà àðãóìåíòîâ (ÌÃÓÀ), ðàçðàáîòàííîãî À.Ã.Èâàõ-
íåíêî [9,10] è ÃÀ. ÌÃÓÀ îáëàäàåò ðÿäîì îòëè÷èòåëüíûõ
îñîáåííîñòåé:

- ñïîñîáíîñòüþ âûáèðàòü äåéñòâèòåëüíî âàæíûå ïðåäè-
êòîðû èç äåñÿòêîâ ïðåäñòàâëåííûõ íà âõîäå, ñóùåñòâåííî
ïîíèæàÿ ðàçìåðíîñòü çàäà÷è;

- àâòîìàòè÷åñêè ôîðìèðîâàòü ñòðóêòóðó ñâÿçåé ìåæäó
óçëàìè;

- íå òðåáóåò îáó÷åíèÿ, êàê îòäåëüíîãî ïðîöåññà, ïî-
ñêîëüêó âåñîâûå êîýôôèöèåíòû ðàññ÷èòûâàþòñÿ â ïðî-
öåññå ôîðìèðîâàíèÿ ñòðóêòóðû ñåòè;

- ïîðîãîâûå óðîâíè ðàññ÷èòûâàþòñÿ îäíîâðåìåííî ñ âå-
ñîâûìè êîýôôèöèåíòàìè ñ ïîìîùüþ ÌÍÊ;

- èñïîëüçóåò ëèíåéíóþ ôóíêöèþ àêòèâàöèè;
- ïîçâîëÿåò ïîëó÷èòü óäîâëåòâîðèòåëüíûå ðåçóëüòàòû

ïðè îãðàíè÷åííîì êîëè÷åñòâå èñõîäíûõ äàííûõ, êîãäà
ïðèìåíåíèå äðóãèõ ìåòîäîâ âîîáùå ïðîáëåìàòè÷íî;

- ïîçâîëÿåò çàïèñûâàòü ïîëó÷åííûå ìîäåëè â àíàëè-
òè÷åñêîì âèäå.

Íåñìîòðÿ íà òî, ÷òî ÌÃÓÀ ïðåäïîëàãàåò ëèíåéíîñòü
àêòèâàöèîííûõ ôóíêöèé íåéðîíîâ, ïîëó÷àåìûå çàâèñè-
ìîñòè íå ÿâëÿþòñÿ ëèíåéíûìè, ïîñêîëüêó íà âõîä êàæäî-
ãî íåéðîíà ïîñòóïàþò êàê ëèíåéíûå, òàê è íåëèíåéíûå
êîìáèíàèè ñèãíàëîâ îò äðóãèõ íåéðîíîâ. Ôîðìèðîâàíèå
ñòðóêòóðû ñåòè â ÌÃÓÀ îñóùåñòâëÿåòñÿ ïóòåì ñîêðàùå-
ííîãî ïåðåáîðà âîçìîæíûõ âàðèàíòîâ ñ îöåíêîé ýôôåê-
òèâíîñòè êàæäîãî. Àâòîðàìè áûëî ïðåäëîæåíî  äëÿ
óñîâåðøåíñòâîâàíèÿ ýòîé ïðîöåäóðû èñïîëüçîâàòü ÃÀ.
Ïðîñòûå ðàñ÷åòû ïîêàçûâàþò, ÷òî èñïîëüçîâàíèå ÃÀ ïðè
áîëüøîé ðàçìåðíîñòè âõîäíîãî âåêòîðà ïîçâîëÿåò ñóùå-
ñòâåííî ñîêðàòèòü îáúåì âû÷èñëåíèé, à òàêæå óâåëè÷èòü
òî÷íîñòü ïîëó÷àåìîãî ðåøåíèÿ, ïîñêîëüêó ÃÀ îáåñïå÷è-
âàåò çíà÷èòåëüíî áîëüøóþ âåðîÿòíîñòü îòûñêàíèÿ ãëî-
áàëüíîãî ìèíèìóìà öåëåâîé ôóíêöèè, ÷åì ñîêðàùåííûé
ïåðåáîð, òðàäèöèîííî èñïîëüçóåìûé â ÌÃÓÀ.

1 ÀËÃÎÐÈÒÌ ÏÎÑÒÐÎÅÍÈß ÍÑ

Â îáùåì ñëó÷àå àðõèòåêòóðà îäíîíàïðàâëåííîé ÍÑ
îïðåäåëÿåòñÿ ÷èñëîì ñëîåâ, êîëè÷åñòâîì óçëîâ â êàæäîì
ñëîå è êîíôèãóðàöèåé ñâÿçåé ìåæäó óçëàìè.  Ñåòü ñòðî-
èòñÿ ïîñëåäîâàòåëüíûì íàðàùèâàíèåì ÷èñëà ñëîåâ, ïðè-
÷åì äëÿ êàæäîãî óçëà êîíôèãóðàöèÿ åãî ñâÿçåé ñ äðóãèìè
óçëàìè îïðåäåëÿåòñÿ ñ ïîìîùüþ ÃÀ. Ãåíåòè÷åñêèé àëãî-
pèòì îòíîñèòñÿ ê ãðóïïå òàê íàçûâàåìûõ ýâîëþöèîííûõ
àëãîðèòìîâ, â îñíîâå êîòîðûõ ëåæèò èäåÿ ïîèñêà ðåøåíèÿ
çàäà÷è ïóòåì èìèòàöèè åãî "áèîëîãè÷åñêîé" ýâîëþöèè

[11,12]. Àëãîðèòì ãåíåðèðóåò è ïîääåðæèâàåò "ïîïóëÿ-
öèþ" ïîòåíöèàëüíûõ ðåøåíèé (èíäèâèäóóìîâ) èññëåäó-
åìîé ïðîáëåìû. Íåêîòîðûå èç ýòèõ ðåøåíèé èñïîëüçó-
þòñÿ äëÿ ñîçäàíèÿ íîâûõ ðåøåíèé ïóòåì ïðèìåíåíèÿ ê
íèì ñïåöèàëüíûõ îïåðàòîðîâ, èìèòèðóþùèõ ïðîöåññû
áèîëîãè÷åñêîé ýâîëþöèè. Ýòî îïåðàòîðû ñåëåêöèè, ñêðå-
ùèâàíèÿ (êðîññîâåðà) è ìóòàöèè. Òàêèì îáðàçîì, â àëãî-
ðèòìå ðåàëèçóåòñÿ äàðâèíîâñêàÿ òðèàäà äâèæóùèõ ñèë
ýâîëþöèè: îòáîð, íàñëåäñòâåííîñòü, èçìåí÷èâîñòü. Ïîòåí-
öèàëüíûå ðåøåíèÿ äëÿ îïåðàòîðà ñêðåùèâàíèÿ îòáèðà-
þòñÿ íà îñíîâå îöåíêè èõ ôóíêöèè êà÷åñòâà ñîãëàñíî ââå-
äåííûì êðèòåðèÿì, îïðåäåëÿåìûì êîíêðåòíîé çàäà÷åé.
Ðåøåíèÿ, ñîîòâåòñòâóþùèå ââåäåííûì êðèòåðèÿì, èìåþò
áîëüøèå øàíñû "äàòü ïîòîìêîâ" â  íîâîå ïîêîëåíèå. Ãåíå-
ðàöèÿ íîâûõ ïîêîëåíèé ïîïóëÿöèè ïîòåíöèàëüíûõ ðåøå-
íèé îñóùåñòâëÿåòñÿ äî âûïîëíåíèÿ íåêîòîðîãî óñëîâèÿ,
îáû÷íî ñâÿçàííîãî ñ ãëóáèíîé íàéäåííîãî ýêñòðåìóìà
ôóíêöèè êà÷åñòâà. Ýôôåêòèâíîñòü àëãîðèòìà çàâèñèò îò
ìíîãèõ àñïåêòîâ, ñðåäè êîòîðûõ âàæíîå ìåñòî çàíèìàåò
ôîðìàëèçàöèÿ çàäà÷è è ñïîñîá êîäèðîâàíèÿ åå ïîòå-
íöèàëüíîãî ðåøåíèÿ â âèäå ñèìâîëüíîé ñòðîêè -  "ãåíî-
òèïà" ýêçåìïëÿðà ïîïóëÿöèè. Ðåøåíèå ýòîãî âîïðîñà çàâè-
ñèò îò ñïåöèôèêè çàäà÷è. Âûáðàííûé âèä êîäèðîâàíèÿ
îïðåäåëÿåò â äàëüíåéøåì àëãîðèòìè÷åñêèå îñîáåííîñòè
ïðèìåíåíèÿ ýâîëþöèîííûõ îïåðàòîðîâ êðîññîâåðà è ìó-
òàöèé. Ãåíîòèï äîëæåí îäíîçíà÷íî ïðåîáðàçîâûâàòüñÿ â
îáû÷íîå ïðåäñòàâëåíèå ðåøåíèÿ çàäà÷è, óäîáíîå è ïîíÿ-
òíîå èññëåäîâàòåëþ. Òàêîå ïðåäñòàâëåíèå â òåðìèíàõ
ýâîëþöèîííîãî ìîäåëèðîâàíèÿ íàçûâàåòñÿ "ôåíîòèïîì"
èíäèâèäóóìà ïîïóëÿöèè. Ôóíêöèÿ êà÷åñòâà èíäèâèäóóìà
ìîæåò áûòü ðàññ÷èòàíà òîëüêî ïîñëå ïðåîáðàçîâàíèÿ åãî
ãåíîòèïà â ôåíîòèï ñ ïîìîùüþ ñîîòâåòñòâóþùåé ïðîöå-
äóðû.

Â ðàáîòå èñïîëüçóåòñÿ ñòàíäàðòíûé ÃÀ, îïåðèðóþùèé ñ
ïîïóëÿöèåé èíäèâèäóóìîâ, ÿâëÿþùåéñÿ íåêîòîðûì ïîä-
ìíîæåñòâîì ìíîæåñòâà âñåõ âîçìîæíûõ êîíôèãóðàöèé
ñâÿçåé îäíîãî èç óçëîâ â ñëîå, íà÷èíàÿ ñ ïåðâîãî (íàáîð
âõîäíûõ óçëîâ ïðèíèìàåòñÿ çà íóëåâîé ñëîé), ñ óçëàìè
ïðåäûäóùåãî ñëîÿ ñåòè. ×òîáû íàéòè íàèëó÷øóþ ñòðóêòó-
ðó ñâÿçåé ìåæäó ñëîÿìè ÍÑ, â êàæäîì óçëå ñåòè ñ ïîìî-
ùüþ ÃÀ îñóùåñòâëÿåòñÿ ïîèñê ýêñòðåìóìà  ôóíêöèè êà÷å-
ñòâà, õàðàêòåðèçóþùåé óñïåøíîñòü ïîäîáðàííîé êîíôèãó-
ðàöèè ñâÿçåé äëÿ äàííîãî óçëà. 

Äëÿ îáó÷åíèÿ ñåòè ñôîðìèðóåì òàáëèöó äàííûõ, ñòîëá-
öû êîòîðîé ïðåäñòàâëÿþò ñîáîé íàáîð ôàêòîðîâ,
ôóíêöèîíàëüíî ñâÿçàííûõ ìåæäó ñîáîé. Èìè ìîãóò áûòü
ñîñòàâëÿþùèå âåêòîðà ñîñòîÿíèÿ ñèñòåìû, à òàêæå âíåø-
íèå ïî îòíîøåíèþ ê ñèñòåìå ïàðàìåòðû. Â ñòîëáöû òàáëè-
öû çàïèñûâàåòñÿ ïîñëåäîâàòåëüíîñòü èõ çíà÷åíèé, ñîãëà-
ñîâàííûõ îïðåäåëåííûì îáðàçîì. Â ÷àñòíîñòè, ýòî ìîãóò
áûòü âðåìåííûå ðÿäû ïàðàìåòðîâ èññëåäóåìîé äèíàìè-
÷åñêîé ñèñòåìû ñ ðàçëè÷íîé ñòåïåíüþ çàïàçäûâàíèÿ.
Ñòðîêó òàêîé òàáëèöû, ïðåäñòàâëÿþùóþ ñîáîé íàáîð çíà-
÷åíèé ôàêòîðîâ â îäèí ìîìåíò âðåìåíè, áóäåì íàçûâàòü
òî÷êîé òàáëèöû äàííûõ. Íàïðèìåð, äëÿ âåêòîðà ñîñòî-

ÿíèÿ ñèñòåìû  è âåêòîðà âíåøíèõ

ïàðàìåòðîâ , êàæäàÿ ñòðîêà òàáëè-

öû ìîæåò èìåòü âèä

X X1, X2,..., Xn ( )=

B B1, B2,..., Bi ( )=
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,

ãäå  - ìîìåíò âðåìåíè,  - ìàêñèìàëüíîå çàïàçäûâàíèå.

Îáîçíà÷èì ÷åðåç  ïîñëåäîâàòåëüíîñòü èçâåñòíûõ íà

îáó÷àþùåé âûáîðêå çíà÷åíèé èñêîìîé ïåðåìåííîé, à

ñîîòâåòñòâóþùèé èì âåêòîð âõîäíûõ ïàðàìåòðîâ - .

Ïîñêîëüêó ïðèíöèïèàëüíî ñóùåñòâóåò âîçìîæíîñòü â
ïåðâîì æå ñëîå ñåòè ïîëó÷èòü ðåøåíèå çàäà÷è, ìû ìîæåì
ðàññìàòðèâàòü ïîñëåäîâàòåëüíîñòü çíà÷åíèé íà âûõîäå
ëþáîãî  - ãî óçëà ñåòè â ñëîå m êàê íåêîòîðîå åå ÷àñòíîå
ðåøåíèå âèäà 

(1)

ãäå  - êîëè÷åñòâî óçëîâ â ñëîå -1;

 - ïîðîãîâûé óðîâåíü íåéðîíà;

 - âåñîâûå êîýôôèöèåíòû âõîäíûõ óçëîâ;

 - ÷èñëåííûå çíà÷åíèÿ, ïîëó÷åííûå íà âûõîäå íåé-

ðîíîâ ïðåäûäóùåãî ñëîÿ ñåòè, ñ êîòîðûìè ñâÿçàí äàííûé
óçåë.

Òàêîå ïðåäñòàâëåíèå ÿâëÿåòñÿ äîñòàòî÷íî óíèâåðñàëü-
íûì, ïîñêîëüêó ñîîòâåòñòâóåò ïîëèíîìó Êîëìîãîðîâà-
Ãàáîðà [9]. Åñëè îãðàíè÷èòüñÿ â ïðàâîé ÷àñòè ëèíåéíûìè
÷ëåíàìè, ïîëó÷èì îáû÷íîå óðàâíåíèå ìíîæåñòâåííîé
ðåãðåññèè. Ó÷åò ÷ëåíîâ ðàçëîæåíèÿ áîëåå âûñîêîãî
ïîðÿäêà ñóùåñòâåííî ðàñøèðÿåò ïðîñòðàíñòâî ïîèñêà,
çàòî äàåò âîçìîæíîñòü ïîëó÷èòü áîëåå òî÷íóþ ìîäåëü
âûõîäíîãî ïàðàìåòðà ñèñòåìû. Ïðàêòè÷åñêîå ïðèìåíåíèå
àëãîðèòìà ïîêàçàëî, ÷òî äëÿ çàäà÷ èäåíòèôèêàöèè
ñëîæíûõ äèíàìè÷åñêèõ ñèñòåì, îñîáåííî, ïðèðîäíûõ,
ëèíåéíîãî ïðåäñòàâëåíèÿ îêàçûâàåòñÿ íåäîñòàòî÷íî è
òðåáóåòñÿ áîëåå ïîëíîå îïèñàíèå âûõîäíîãî ñèãíàëà
íåéðîíà ñ ó÷åòîì ïî êðàéíåé ìåðå êâàäðàòè÷íûõ ÷ëåíîâ. 

Îïðåäåëèì ãåíîòèï ýêçåìïëÿðà ïîïóëÿöèè â âèäå áèòî-

âîé ñòðîêè âèäà  = (001100010…01), ãäå "1" îçíà÷àåò íà-

ëè÷èå  ñîîòâåòñòâóþùåãî ÷ëåíà â óðàâíåíèè (1), ñ÷èòàÿ ïî

ïîðÿäêó ñëåâà íàïðàâî ( ), à "0" - îòñóòñòâèå ôàêò-

îðà ëèáî ïðîèçâåäåíèÿ ôàêòîðîâ ( ). Äëÿ

ëèíåéíî-ãî âàðèàíòà ñåòè âûõîä íåéðîíà ìîæíî
ïðåäñòàâèòü â âèäå

. (2)

Òîãäà ïîëîæåíèå "1" â ñòðîêå ãåíîòèïà îáîçíà÷àåò íà-
ëè÷èå ñâÿçè äàííîãî óçëà ñ ñîîòâåòñòâóþùèì óçëîì ïðå-
äûäóùåãî ñëîÿ, à "0" - åå îòñóòñòâèå. Ïðåîáðàçîâàíèå
ãåíîòèïà ýêçåìïëÿðà ïîïóëÿöèè â ôåíîòèï (÷àñòíîå ðåøå-
íèå çàäà÷è) îñóùåñòâëÿåòñÿ ñ ïîìîùüþ (1) èëè (2). Â îá-
ùåì ñëó÷àå îòëè÷èå îò íóëÿ êîýôôèöèåíòà  ïåðåä

ïðîèçâåäåíèåì íåñêîëüêèõ ôàêòîðîâ â (1) ïîðîæäàåò

âîçíèêíîâåíèå ñðàçó íåñêîëüêèõ ñâÿçåé ìåæäó íåéðîíàìè
ñîñåäíèõ ñëîåâ. Ñõåìà ðåçóëüòèðóþùåé íåéðîííîé ñåòè
ïðåäñòàâëåíà â ãðàôè÷åñêîì âèäå íà ðèñ.1. 

Ðèñóíîê 1 - Íåéðîííàÿ ñåòü íà îñíîâå ÌÃÓA. Âñå 
ïîñëåäóþùèå ñëîè ñåòè èäåíòè÷íû ïåðâîìó

Äëÿ âû÷èñëåíèÿ âåñîâûõ êîýôôèöèåíòîâ â ôîðìóëå

(1) ïîòðåáóåì, ÷òîáû çíà÷åíèÿ íà âûõîäå íåéðîíà 

áûëè êàê ìîæíî áëèæå ê òî÷íûì çíà÷åíèÿì èñêîìîãî ïà-

ðàìåòðà , çàäàííûì äëÿ îáó÷åíèÿ ñåòè, ïî êðèòåðèþ

ìèíèìóìà ñðåäíåêâàäðàòè÷åñêîé îøèáêè. Ïîäñòàâëÿÿ  â
(1) äàííûå èç âûáîðêè è îñðåäíÿÿ ïîëó÷åííûå ñîîòíî-
øåíèÿ, ïîëó÷èì ëèíåéíóþ ñèñòåìó íîðìàëüíûõ óðàâíå-
íèé Ãàóññà. Ðåøåíèåì ñèñòåìû íîðìàëüíûõ óðàâíåíèé ÿâ-
ëÿåòñÿ íàáîð âåñîâûõ êîýôôèöèåíòîâ, ñîîòâåòñòâóþùèõ
íåíóëåâûì ïîçèöèÿì â ãåíîòèïå L. Çàìåòèì, ÷òî ïðè îöåí-

êå êîýôôèöèåíòîâ ïåðâîãî ñëîÿ  ÿâëÿþòñÿ ÷èñëîâûìè

çíà÷åíèÿìè âõîäíûõ óçëîâ ñåòè , à â ïîñëåäóþùèõ

ñëîÿõ  - ýòî ïîñëåäîâàòåëüíîñòü çíà÷åíèé, ïîëó÷åííûõ

íà âûõîäå íåéðîíîâ ïðåäûäóùåãî ñëîÿ ñåòè. Òàêèì îáðà-
çîì, òàáëèöà äàííûõ äëÿ îáó÷åíèÿ ñåòè ïðè íàðàùèâàíèè
÷èñëà ñëîåâ ïîñëåäîâàòåëüíî ïåðåïèñûâàåòñÿ çàìåùåíèåì
ïðåäûäóùèõ çíà÷åíèé âíîâü ïîëó÷åííûìè â ïîñëåäíåì èç
äîáàâëåííûõ ñëîåâ. Ìíîãîñëîéíîñòü àëãîðèòìà ïîçâîëÿåò
ñòðîèòü ìîäåëü ðåêóðñèâíî è ìíîãîêðàòíî èñïîëüçîâàòü
îäíè è òå æå òî÷êè âûáîðêè äàííûõ äëÿ âñå áîëåå òî÷íîé
ïîäãîíêè óðàâíåíèÿ ìíîæåñòâåííîé ðåãðåññèè. 

Äëÿ îáåñïå÷åíèÿ ñïîñîáíîñòè ñåòè ê îáîáùåíèþ (ò.å.
ýêñòðàïîëÿöèè), íåîáõîäèìî îöåíèâàòü ýôôåêòèâíîñòü
ïîäáîðà êîíôèãóðàöèè ñâÿçåé íåéðîíà íà äàííûõ, êîòî-
ðûå íå èñïîëüçîâàëàñü äëÿ èäåíòèôèêàöèè âåñîâûõ êîý-
ôôèöèåíòîâ. Ïîýòîìó âñÿ èìåþùàÿñÿ äëÿ îáó÷åíèÿ ñåòè
âûáîðêà äåëèòñÿ íà òðè ÷àñòè: îáó÷àþùóþ, êîíòðîëüíóþ
è ýêçàìåíàöèîííóþ ïîñëåäîâàòåëüíîñòè, ïðè÷åì êîíòðî-
ëüíàÿ äîëæíà áûòü íå ìåíüøå îáó÷àþùåé. Íà îáó÷àþùåé
÷àñòè âûáîðêè ñ ïîìîùüþ ìåòîäà íàèìåíüøèõ êâàäðàòîâ
îïðåäåëÿþòñÿ âåñîâûå êîýôôèöèåíòû, ñîîòâåòñòâóþùèå
"1" â ãåíîòèïå. Íà êîíòðîëüíîé ÷àñòè âûáîðêè îöåíè-
âàåòñÿ ôóíêöèÿ êà÷åñòâà òàêîãî ÷àñòíîãî ðåøåíèÿ (ôåíî-
òèïà èíäèâèäóóìà ïîïóëÿöèè) êàê ñðåäíåêâàäðàòè÷åñêàÿ

X1 k, ...X2 k,  X2 k 1–,  X2 k 2–, ...Xn k, ...Xn k m–, ...

...Bi k, ...Bi k m–,
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îøèáêà ýòîãî ðåøåíèÿ îòíîñèòåëüíî èçâåñòíûõ âåëè÷èí

âûõîäíîãî ïàðàìåòðà . Ýòà ïðîöåäóðà ïîâòîðÿåòñÿ äëÿ

êàæäîãî èíäèâèäóóìà ïîïóëÿöèè, è â ðåçóëüòàòå ïðèìå-
íåíèÿ ñòàíäàðòíûõ îïåðàòîðîâ êðîññîâåðà, ìóòàöèè è ñå-
ëåêöèè ÷åðåç îïðåäåëåííîå íåáîëüøîå ÷èñëî ïîêîëåíèé
îòûñêèâàåòñÿ ëîêàëüíûé îïòèìóì êîíôèãóðàöèè ñâÿçåé
äàííîãî óçëà. Ïîñêîëüêó äëÿ êàæäîãî èç óçëîâ òðåáóåòñÿ
îòûñêàòü ëèøü ëîêàëüíûé îïòèìóì â ïðîñòðàíñòâå ñâÿçåé,
äëÿ åãî íàõîæäåíèÿ îáû÷íî áûâàåò äîñòàòî÷íî íåáîëüøîé

÷èñëåííîñòè ïîïóëÿöèè ( 150) è îãðàíè÷åííîãî ÷èñëà

ïîêîëåíèé ( 30).
Ïîâòîðèâ ýòó ïðîöåäóðó äëÿ êàæäîãî èç óçëîâ, êîëè÷å-

ñòâî êîòîðûõ îãðàíè÷èâàåòñÿ çàäàííûì  ìàêñèìàëüíûì
÷èñëîì, ïîëó÷èì êîíôèãóðàöèþ ïîòåíöèàëüíûõ ñâÿçåé
äàííîãî ñëîÿ ñ ïðåäûäóùèì. Òà æå ïîñëåäîâàòåëüíîñòü
äåéñòâèé ïîâòîðÿåòñÿ â ïîñëåäóþùèõ ñëîÿõ ñåòè, ÷èñëî
êîòîðûõ òàêæå îãðàíè÷èâàåòñÿ ìàêñèìàëüíî äîïóñòèìûì.
Äëÿ ñëîÿ â öåëîì îïðåäåëÿåòñÿ ìèíèìàëüíîå çíà÷åíèå
ôóíêöèè êà÷åñòâà â óçëàõ. Ïðîöåññ íàðàùèâàíèÿ ÷èñëà
ñëîåâ ïðîäîëæàåòñÿ äî òåõ ïîð, ïîêà ýòà âåëè÷èíà íå
äîñòèãíåò ñâîåãî ìèíèìóìà. Â ïîñëåäíåì ñëîå ñåòè
èìååòñÿ ïîïðåæíåìó íàáîð óçëîâ, êàæäûé èç êîòîðûõ
ïðåäñòàâëÿåò ñîáîé âàðèàíò ðåøåíèÿ çàäà÷è ñ ñîîòâåòñòâó-
þùåé åìó ñåòåâîé àðõèòåêòóðîé. Îêîí÷àòåëüíûé âûáîð
ðåøåíèÿ îñóùåñòâëÿåòñÿ íà ýêçàìåíàöèîííîé ïîñëåäîâà-
òåëüíîñòè, êîòîðàÿ äî ýòîãî ìîìåíòà íå èñïîëüçîâàëàñü â

ïðîöåäóðå ïîèñêà. Ïîñëåäîâàòåëüíîñòü , äàþùàÿ ìè-

íèìàëüíóþ îøèáêó îòíîñèòåëüíî  íà ýêçàìåíàöèîííîé

ïîñëåäîâàòåëüíîñòè, îïðåäåëÿåò âûáîð âûõîäíîãî óçëà ñ
íîìåðîì , à âìåñòå ñ íèì è îêîí÷àòåëüíûé âûáîð àðõè-
òåêòóðû ñåòè. 

Äëÿ èíèöèàëèçàöèè ïðîöåäóðû ïîñòðîåíèÿ ñòðóêòóðû
ÍÑ íåîáõîäèìî îïðåäåëèòü ñëåäóþùèå ïàðàìåòðû:

- ÷èñëî âõîäíûõ óçëîâ è ñîîòâåòñòâóþùóþ èì òàáëèöó
äàííûõ, íà êîòîðîé áóäåò îáó÷àòüñÿ ñåòü;

- ìàêñèìàëüíûå ðàçìåðû ñåòè, ò.å. ìàêñèìàëüíî äîïó-
ñòèìîå ÷èñëî ñëîåâ è íåéðîíîâ â êàæäîì ñëîå;

- ÷èñëåííîñòü ïîïóëÿöèè è ìàêñèìàëüíî äîïóñòèìîå
÷èñëî ïîêîëåíèé ãåíåòè÷åñêîãî àëãîðèòìà.

Ó÷åò êâàäðàòè÷íûõ ÷ëåíîâ â ïðåäñòàâëåíèè (1) âëå÷åò
çà ñîáîé ðåçêèé ðîñò îáúåìà âûáîðêè äàííûõ,
íåîáõîäèìûõ äëÿ îáó÷åíèÿ ñåòè. Ýòî îáñòîÿòåëüñòâî
ïðåäñòàâëÿåò çíà÷èòåëüíóþ ïðîáëåìó, îñîáåííî äëÿ
ïðèðîäíûõ ñèñòåì, ãäå  äàííûõ, êàê ïðàâèëî, âåñüìà
îãðàíè÷åííîå êîëè÷åñòâî. Ïðåäïîëîæèì, ÷òî ìàêñèìàëüíî

äîïóñòèìîå ÷èñëî óçëîâ â ñëîå ðàâíî . Êîëè÷åñòâî
ñëàãàåìûõ â îïèñàíèè (1) ïðè ó÷åòå êâàäðàòè÷íûõ ÷ëåíîâ

áóäåò ðàâíî . Ó÷òåì, ÷òî äëÿ ñêîëüêî-
íèáóäü ðåïðåçåíòàòèâíîé îöåíêè âåñîâûõ êîýôôèöèåíòîâ
íåîáõîäèìî, ÷òîáû êàæäîå íîðìàëüíîå óðàâíåíèå
ñòðîèëîñü îñðåäíåíèåì êàê ìèíèìóì ïî 5 òî÷êàì òàáëèöû
äàííûõ. Òàêèì îáðàçîì, äëÿ òèïè÷íûõ óñëîâèé

( ) îäíîâðåìåííîå îöåíèâàíèå òàêîãî êîëè÷åñòâà
êîýôôèöèåíòîâ ïîòðåáîâàëî áû 231 5 = 1155 òî÷åê â
òàáëèöå äàííûõ. Îäíàêî â ïðàêòè÷åñêèõ çàäà÷àõ äëèíà
âûáîðêè, ïðåäíàçíà÷åííîé äëÿ îáó÷åíèÿ ñåòè, ÷àñòî
çíà÷èòåëüíî ìåíüøå. ×òîáû îáîéòè ýòó òðóäíîñòü,
íåîáõîäèìî îãðàíè÷èòü âîçìîæíîå ÷èñëî áèòîâûõ åäèíèö

â ãåíîòèïå äî îäíîé ïÿòîé îò äëèíû îáó÷àþùåé
ïîñëåäîâàòåëüíîñòè. Òàêèì îáðàçîì, íà âõîä êàæäîãî
ñëîÿ ñåòè áóäóò ïîñòóïàòü ëèøü ÷àñòíûå îïèñàíèÿ, â
êîòîðûõ áîëüøàÿ ÷àñòü êîýôôèöèåíòîâ  ðàâíà íóëþ.

Ïîñêîëüêó ñõåìû ñâÿçåé äëÿ êàæäîãî èç óçëîâ â ñëîå
ðàçëè÷àþòñÿ ìåæäó ñîáîé, êàæäûé ñëîé â öåëîì
ñîõðàíÿåò íåîáõîäèìîå ðàçíîîáðàçèå ñõåì, à ñàì ïðîöåññ
ïîèñêà â ìíîãîìåðíîì ïðîñòðàíñòâå îñóùåñòâëÿåòñÿ
ïîýòàïíî, ïðè ïîñëåäîâàòåëüíîì óñëîæíåíèè ñòðóêòóðû
ñåòè.

×èñëåííûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî ýôôåêòèâíîñòü
ïîñòðîåííîé ñåòè çàâèñèò îò òîãî, êàêèå èìåííî òî÷êè
òàáëèöû äàííûõ èñïîëüçîâàëèñü äëÿ ðàñ÷åòà âåñîâûõ
êîýôôèöèåíòîâ è êàêèå äëÿ îöåíêè ôóíêöèè êà÷åñòâà
÷àñòíûõ ðåøåíèé. Â ñâÿçè ñ ýòèì âîçíèêàåò âîïðîñ îá
îïòèìàëüíîì óïîðÿäî÷èâàíèè âõîäíîé ïîñëåäîâàòåëü-
íîñòè. Â ðàáîòå À.Ã.Èâàõíåíêî [10] áûëî ïðåäëîæåíî
ðàíæèðîâàòü âñå òî÷êè òàáëèöû äàííûõ ïî äèñïåðñèè,
êîòîðàÿ ðàññ÷èòûâàëàñü ïî ôîðìóëå 

 ,

ãäå  - çíà÷åíèå -òîãî âõîäíîãî ïàðàìåòðà â  òî÷êå

òàáëèöû äàííûõ, 

 - ÷èñëî âõîäíûõ ïàðàìåòðîâ, 

 - ñðåäíåå çíà÷åíèå -òîãî âõîäíîãî ïàðàìåòðà, ïî-

ëó÷åííîå íà èìåþùåéñÿ âûáîðêå äàííûõ, èñêëþ÷àÿ ýêçà-
ìåíàöèîííóþ ïîñëåäîâàòåëüíîñòü.

Ïðè ýòîì ðàçáèåíèå âûáîðêè äàííûõ íà îáó÷àþùóþ,
êîíòðîëüíóþ è ýêçàìåíàöèîííóþ ïîñëåäîâàòåëüíîñòè
îñóùåñòâëÿëîñü ïîñëå ðàíæèðîâàíèÿ. Îäíàêî ïðàêòè-
÷åêîå ïðèìåíåíèå àëãîðèòìà ïîêàçàëî, ÷òî äàëåêî  íå
âñåãäà ýòà ïðîöåäóðà ñóùåñòâåííî ïîâûøàåò êà÷åñòâî
ñåòè, áîëåå òîãî, îòìå÷åíû ñëó÷àè, êîãäà òî÷íîñòü
ðåçóëüòàòîâ ñíèæàåòñÿ. Ïîýòîìó â íàñòîÿùåé ðàáîòå
ïðåäëàãàåòñÿ îñóùåñòâëÿòü ñåëåêöèþ òî÷åê â òàáëèöå
äàííûõ òàêæå ñ ïîìîùüþ ÃÀ, íî ñ ðàñ÷åòîì ñóùåñòâåííî
îãðàíè÷åííîãî  ÷èñëà  ïîêîëåíèé. Ñ ýòîé öåëüþ âñÿ
âûáîðêà äàííûõ çà èñêëþ÷åíèåì ýêçàìåíàöèîííîé
ïîñëåäîâàòåëüíîñòè áûëà ïðîíóìåðîâàíà, è â êà÷åñòâå
ãåíîòèïà ýêçåìïëÿðà ïîïóëÿöèè ïðèíèìàëàñü ðàíäîìè-
çèðîâàííàÿ ïîñëåäîâàòåëüíîñòü íîìåðîâ òî÷åê. Ôåíîòè-
ïîì èíäèâèäóóìà ïîïóëÿöèè â äàííîì ñëó÷àå ÿâëÿëîñü
ðåøåíèå çàäà÷è, ïîëó÷åííîå íà ÍÑ çàäàííîé àðõèòåêòóðû
ñ âåñîâûìè êîýôôèöèåíòàìè, èäåíòèôèöèðîâàííûìè ïî
âûáîðêå, îïðåäåëåííîé ãåíîòèïîì.

Ñôîðìèðîâàííàÿ â ñîîòâåòñòâèè ñ ãåíîòèïîì âûáîðêà
äàííûõ áûëà ðàçäåëåíà íà äâå ðàâíûå ÷àñòè. Íà ïåðâîé
ïîëîâèíå - îáó÷àþùåé ïîñëåäîâàòåëüíîñòè - ðàññ÷èòûâà-
ëèñü âåñîâûå êîýôôèöèåíòû, à íà âòîðîé - êîíòðîëüíîé -
îöåíèâàëàñü ñðåäíåêâàäðàòè÷åñêàÿ îøèáêà ïîëó÷åííîãî
ðåøåíèÿ, ò.å. çíà÷åíèå ôóíêöèè êà÷åñòâà ýêçåìïëÿðà
ïîïóëÿöèè. Äëÿ îïðåäåëåíèÿ îïòèìàëüíîé ïîñëåäîâàòåëü-
íîñòè òî÷åê äëÿ ðàñ÷åòà âåñîâûõ êîýôôèöèåíòîâ ÍÑ çàäà-
ííîé àðõèòåêòóðû äîñòàòî÷íî ëèøü íåñêîëüêèõ ïîêîëåíèé
ÃÀ, ïîñêîëüêó çíà÷åíèå èìååò ëèøü ïîïàäàíèå òî÷êè
òàáëèöû äàííûõ â òó èëè èíóþ ïîñëåäîâàòåëüíîñòè, íî íå
ïîðÿäîê ñëåäîâàíèÿ òî÷åê. 
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Íåîáõîäèìî îòìåòèòü, ÷òî ïðèìåíåíèå ïðåäëàãàåìîãî
ìåòîäà óòî÷íåíèÿ ñåòåâîé ñòðóêòóðû ñ ïîìîùüþ ïîäáîðà
òî÷åê äëÿ îáó÷àþùåé è êîíòðîëüíîé ïîñëåäîâàòåëüíîñòåé
ïðè ó÷åòå êâàäðàòè÷íûõ ÷ëåíîâ â ôîðìóëå (1) â ðÿäå êîí-
êðåòíûõ çàäà÷ ñíèæàëî ñïîñîáíîñòü ÍÑ ê îáîáùåíèþ
(ýêñòðàïîëÿöèè). Î÷åâèäíî, ÷òî ïðåäïî÷òèòåëüíîé áóäåò
ìåíåå òî÷íàÿ àïïðîêñèìàöèÿ íà êîíòðîëüíîé ïîñëåäîâà-
òåëüíîñòè, íî äàþùàÿ ïðîãíîç íà ýêçàìåíàöèîííîé ïîñëå-
äîâàòåëüíîñòè ñ îøèáêîé, íå ïðåâûøàþùåé äîïóñòèìóþ.
Ïðè ïðèìåíåíèè àëãîðèòìà â ëèíåéíîì âàðèàíòå òàêîãî
ÿâëåíèÿ íå íàáëþäàëîñü.

2 ÐÅÇÓËÜÒÀÒÛ ÒÅÑÒÈÐÎÂÀÍÈß ÀËÃÎÐÈÒÌÀ

Ïðåäëàãàåìûé àëãîðèòì òåñòèðîâàëñÿ íà äâóõ çàäà÷àõ.
Â ïåðâîé èç íèõ - ïîäáîðå ôîðìóëû ðàñ÷åòà óñëîâíîé
ïëîòíîñòè ïî èçìåðåííûì òåìïåðàòóðå è ñîëåíîñòè, ò.å.
îïðåäåëåíèè óðàâíåíèÿ ñîñòîÿíèÿ ìîðñêîé âîäû -
ôóíêöèîíàëüíàÿ çàâèñèìîñòü áûëà èçâåñòíà. Äëÿ âòîðîé
òåñòîâîé çàäà÷è - ïîñòðîåíèå ðåãðåññèîííîé ìîäåëè
ïðîãíîçà ñòîêà âîäû - ðåçóëüòàòû ñðàâíèâàëèñü ñ
ïîëó÷åííûìè ðàíåå äðóãèìè àâòîðàìè, à òàêæå ñ
ðàñ÷åòàìè, âûïîëíåííûìè ñ ïîìîùüþ ñòàíäàðòíûõ
ìåòîäîâ.

2.1 Èäåíòèôèêàöèÿ óðàâíåíèÿ ñîñòîÿíèÿ 
ìîðñêîé âîäû

Â ýòîé çàäà÷å áûëè èñïîëüçîâàíû ïðîôèëè òåìïåðàòó-
ðû è ñîëåíîñòè, ïîëó÷åííûå â ×åðíîì ìîðå ñ ïîìîùüþ
êîìïëåêñà ÌÃÈ 4102 (Èñòîê), èìåþùèåñÿ â áàíêå äàííûõ
ÌÃÈ ÍÀÍ Óêðàèíû [13]. Ðåçóëüòàòû çîíäèðîâàíèé ïðåä-

ñòàâëåíû â âèäå òàáëèö çíà÷åíèé ãëóáèíû , òåìïåðà-

òóðû  è ñîëåíîñòè . Ýòè  ïàðàìåòðû  ÿâëÿëèñü
âõîäíûìè äëÿ àëãîðèòìà. Äëÿ ðàñ÷åòà ýòàëîííîé óñëî-
âíîé ïëîòíîñòè èñïîëüçîâàëîñü óðàâíåíèå ÓÑ-80 [14]

(3)

Òðåáîâàëîñü êàê ìîæíî áîëåå òî÷íî àïïðîêñèìèðîâàòü

ïîñëåäîâàòåëüíîñòü çíà÷åíèé . Âûáîðêà äàííûõ äëÿ

îáó÷åíèÿ ñåòè ñîñòàâëÿëà 200 òî÷åê - îäèí ãèäðîëîãè÷åñ-
êèé ïðîôèëü äî ãëóáèíû 200ì - ðàñïðåäåëåííûõ ñëåäóþ-
ùèì îáðàçîì: ïî 90 òî÷åê íà òðåíèðîâî÷íóþ è êîíòðîëü-
íóþ ïîñëåäîâàòåëüíîñòè è 20 íà ýêçàìåíàöèîííóþ. Ïîñëå
íåñêîëüêèõ ïðîãîíîê àëãîðèòìà áûë âûáðàí íàèëó÷øèé

âàðèàíò ÍÑ, äàþùèé ìåíüøóþ îøèáêó àïïðîêñèìàöèè íà
ýêçàìåíàöèîííîé ïîñëåäîâàòåëüíîñòè. Ïîëó÷åííóþ ñòðóê-
òóðó ÍÑ ìîæíî ëåãêî ïðåîáðàçîâàòü ê îáû÷íîìó
àëãåáðàè÷åñêîìó âèäó

(4)

Ïðèìåíåíèå óðàâíåíèÿ (4) âìåñòî (3) äëÿ ðàñ÷åòà àíî-
ìàëèè ïëîòíîñòè íà 50 êîíòðîëüíûõ ñòàíöèÿõ, âûïîëíå-
ííûõ â ðàçíîå âðåìÿ ãîäà, ïîêàçàëî, ÷òî îòíîñèòåëüíàÿ
ñðåäíåêâàäðàòè÷åñêàÿ îøèáêà àïïðîêñèìàöèè (îòíîøå-
íèå ñðåäíåêâàäðàòè÷åñêîé îøèáêè ê ñòàíäàðòíîìó îòêëî-
íåíèþ ðåàëèçàöèè, ïðåäñòàâëÿþùåé ñîáîé òî÷íîå ðåøåíèå
çàäà÷è) âàðüèðóåòñÿ îò 0.0005% äî 0.005% (àáñîëþòíàÿ -

îò 2 10-12 äî 2 10-10). Òàêóþ îøèáêó ìîæíî ïðèçíàòü
âïîëíå óäîâëåòâîðèòåëüíîé. 

2.2 Ðåãðåññèîííàÿ ìîäåëü äëÿ ïðîãíîçà ñòîêà 
âîäû èç îçåðà 

 Öåëü ðàñ÷åòîâ ñîñòîÿëà â ïîäáîðå ðåãðåññèîííîãî
óðàâíåíèÿ, îòðàæàþùåãî çàâèñèìîñòü ñòîêà âîäû èç îçåðà
Òàóïî (Íîâàÿ Çåëàíäèÿ) îò âåëè÷èíû îñàäêîâ.

Äàííûå (ðèñ. 2) áûëè âçÿòû èç ðàáîòû [15] è ïðåäñòàâ-
ëÿëè ñîáîé âðåìåííûå ðÿäû îñàäêîâ, èçìåðåííûõ íà
ñòàíöèè íåäàëåêî îò îçåðà, è ñòîêà çà 1971 ãîä ñ äèñêðåò-
íîñòüþ â îäèí äåíü. Ñòàòèñòè÷åñêèé àíàëèç äàííûõ
ïîêàçûâàåò, ÷òî èõ ðàñïðåäåëåíèå äàëåêî îò íîðìàëüíîãî -
îñàäêè èìåþò îäíîìîäàëüíîå ðàñïðåäåëåíèå, ñäâèíóòîå
âëåâî îò íîðìàëüíîãî, à ñòîê - òðåõìîäàëüíîå. Â ðàáîòå
[15] äëÿ ïîñòðîåíèÿ îäíîøàãîâîé ïðîãíîñòè÷åñêîé ìîäåëè
áûëî âûäåëåíî òðè ðåæèìà ôóíêöèîíèðîâàíèÿ ñèñòåìû
(íîðìàëüíûé, óâåëè÷åíèå îáúåìà ñòîêà è óìåíüøåíèå) è
äëÿ êàæäîãî èç íèõ ïîäáèðàëîñü ðåãðåññèîííîå óðàâ-
íåíèå. Ïàðàëëåëüíî ðàññ÷èòûâàëàñü âåðîÿòíîñòü íàñòóï-
ëåíèÿ êàæäîãî èç ðåæèìîâ. Ïðîãíîç ïðåäñòàâëÿë ñîáîé
âçâåøåííóþ ñóììó âû÷èñëåííûõ ïî òðåì óðàâíåíèÿì
âåëè÷èí, ñ âåñîâûìè êîýôôèöèåíòàìè, ïðîïîðöèîíàëü-
íûìè âåðîÿòíîñòè íàñòóïëåíèÿ òîãî èëè èíîãî ðåæèìà.
Îøèáêó ïðîãíîçà ìîæíî îöåíèòü ïî ïðèâåäåííûì â
ðàáîòå òàáëèöàì, ìèíèìóì åå ñîñòàâëÿåò 78% îò ñòàí-
äàðòíîãî îòêëîíåíèÿ èñêîìîãî ðÿäà. Ïðåäñòàâëÿåò èí-
òåðåñ ïðîòåñòèðîâàòü íà ýòèõ ðÿäàõ ìíîãîñëîéíûé
ïåðöåïòðîí (ÌÑÏ) [2], ÍÑ íà îñíîâå ÌÃÓÀ è óðàâíåíèå
ìíîæåñòâåííîé ëèíåéíîé ðåãðåññèè, ïîëó÷åííîå òðàäèöè-
îííûì ñïîñîáîì, è ñðàâíèòü èõ ýôôåêòèâíîñòü.

H( )
T( ) S( )

σt 0 157436+6,793952, 10 2– T 9,09529 10 3– T2  +⋅–⋅–=

1,001685 10 4– T3⋅ 1,120083 10 6– T4 +⋅–+

6,53633210 9– T5  + 8,24493 10 1– 4,0899 10 3– T +⋅–⋅(+

7+ ,6438 10 5– T2⋅ 8– ,2467 10 7– T3 5,3875 10 9– T4 )S +⋅+⋅

+ 5,72466 10 3– 1,0227 10 4– T –⋅+⋅–(

 – 1,6546 10 6– T2 )S3 2/  +⋅ 4,8314 10 4– S2.⋅

σt

σt 7,169027 10 1– 8,425296 10 2– T  +⋅–⋅–=

 9,923865 10 1– S  1,7624174 10 2– S2 +⋅–⋅+

 1,257996 10 2– TS  7,446529 10 5– T3  –⋅+⋅+

 4,347284 10⋅ 4– TS2 8,929592 10⋅ 4– T2S–  +–

 6,591923 10⋅ 4– S3 5,955412 10⋅ 7– T4–  + +

 2,580612 10⋅ 5– T2S2 8,340646 10⋅ 6– S4.–+

⋅ ⋅
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a)                                                                               á)

Ðèñóíîê 2 - Cóòî÷íûå äàííûå îá îñàäêàõ è ñòîêå çà 1971 ãîä. Îçåðî Òàóïî, Íîâàÿ Çåëàíäèÿ

a)                                                                         á)

Ðèñóíîê 3 - Ñðàâíåíèå ðûåçóëüòàòîâ ìîäåëüíûõ ðàñ÷åòîâ ðåàëüíèìè äàííûì. a) ìíîæåñòâåííàÿ ëèíåéíàÿ 
(ÌÑÏ); á) HC íà îñíîâå ÌÃÓÀ 

Ñ ýòîé öåëüþ ðàññ÷èòûâàëñÿ îäíîøàãîâûé ïðîãíîç äëÿ
òî÷íûõ çíà÷åíèé ñòîêà è ïðîãíîç ñðåäíåãî ñòîêà çà ïÿòü
ñóòîê ñ óïðåæäåíèåì â 5 äíåé. Äëÿ îäíîøàãîâîãî
ïðîãíîçà â êà÷åñòâå ïðåäèêòîðîâ ðàññìàòðèâàëèñü
ñëåäóþùèå ïåðåìåííûå: îñàäêè è ñòîê ñ çàïàçäûâàíèåì îò
îäíèõ äî ïÿòè ñóòîê, ñðåäíÿÿ âåëè÷èíà îñàäêîâ çà 5, 10,
15, 20, 25 è 30 äíåé äî òåêóùåãî ìîìåíòà, à òàêæå ñðåäíèé
çà 5 äíåé ñòîê ñ çàïàçäûâàíèåì 1, 5 è 7 ñóòîê, âñåãî 19
ïåðåìåííûõ. Äëèíà ðÿäîâ ñîñòàâëÿëà 335 îòñ÷åòîâ, èç
êîòîðûõ 35 ïîñëåäíèõ òî÷åê áûëè âûäåëåíû íà
êîíòðîëüíóþ ïîñëåäîâàòåëüíîñòü è íå èñïîëüçîâàëèñü â
ðàñ÷åòàõ. Ïî âûáîðêå èç 300 òî÷åê ñ ïîìîùüþ ÌÍÊ áûëè
ðàññ÷èòàíû êîýôôèöèåíòû óðàâíåíèÿ ìíîæåñòâåííîé

ëèíåéíîé ðåãðåññèè, ïîëó÷åííîå óðàâíåíèå íà
êîíòðîëüíîé ïîñëåäîâàòåëüíîñòè (ðèñ.3à) äàëî
îòíîñèòåëüíóþ îøèáêó 52% (ê ñòàíäàðòíîìó îòêëîíåíèþ
èñêîìîãî ðÿäà).

Äëÿ ïîñòðîåíèÿ ÌÑÏ äàííûå ðàçäåëÿëèñü íà òðåíèðî-
âî÷íóþ è ïðîâåðî÷íóþ ïîñëåäîâàòåëüíîñòè, äëèíà
êîòîðûõ âàðüèðîâàëàñü. Ñòðóêòóðà ÌÑÏ ïîäáèðàëàñü
ìåòîäîì ïðîá è îøèáîê. Íàèëó÷øàÿ àïïðîêñèìàöèÿ ñ
ïîìîùüþ ÌÑÏ áûëà ïîëó÷åíà ïðè èñïîëüçîâàíèè øåñòè
ñëîåâ ñî ñëåäóþùèì ðàñïðåäåëåíèåì íåéðîíîâ ïî ñëîÿì,
ñ÷èòàÿ îò íóëåâîãî (âõîäíîãî ñëîÿ): 19, 25, 16, 12, 10, 1.
Ñðåäíÿÿ îòíîñèòåëüíàÿ îøèáêà ïðîãíîçà (ðèñ. 3à) íà
êîíòðîëüíîé ïîñëåäîâàòåëüíîñòè ñîñòàâèëà 46%.
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 Ïðè ïîñòðîåíèè ÍÑ íà îñíîâå ÌÃÓÀ âûáîðêà äàííûõ
äåëèëàñü â ïðîïîðöèè 3:1, îïòèìàëüíàÿ ìîäåëü ïîëó÷à-
ëàñü â ïåðâîì ñëîå ñåòè è èìåëà ñðåäíþþ îòíîñèòåëüíóþ
îøèáêó íà êîíòðîëüíîé ïîñëåäîâàòåëüíîñòè 30% (ðèñ.
3á). Ïîñòðîåíèå ïðîãíîñòè÷åñêîé ìîäåëè äëÿ ñðåäíåãî
ñòîêà ñ ïÿòèäíåâíûì óïðåæäåíèåì îêàçàëîñü áîëåå
ñëîæíîé çàäà÷åé, ïîëó÷åííûå ñðåäíèå îøèáêè ïðîãíîçà
ñîñòàâèëè 55%, 50% è 38% äëÿ ìîäåëåé ëèíåéíîé
ðåãðåññèè, ÌÑÏ è ÌÃÓÀ ñîîòâåòñòâåííî.

3 ÇÀÊËÞ×ÅÍÈÅ

Ïðåäëîæåííûé ìåòîä ïîèñêà ôóíêöèîíàëüíûõ çàâèñè-
ìîñòåé ìåæäó êîìïîíåíòàìè âåêòîðà ñîñòîÿíèÿ ïðèðîäíîé
ñèñòåìû äàæå íà îãðàíè÷åííûõ âûáîðêàõ äàííûõ
ïîçâîëÿåò íàõîäèòü ðåøåíèå ñ îøèáêîé, íå ïðåâûøàþùåé
25-35% îò ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ èñêîìîé
ïåðåìåííîé. Âîïðîñû èñïîëüçîâàíèÿ ÍÑ â ìîäå-
ëèðîâàíèè ýêîëîãè÷åñêèõ è ýêîëîãîýêîíîìè÷åñêèõ ñèñòåì
òðåáóþò äàëüíåéøåé ðàçðàáîòêè, ïîñêîëüêó òàêîé ïîäõîä
ÿâëÿåòñÿ áåçóñëîâíî ïåðñïåêòèâíûì. Ýòî ïîäòâåðæäàåòñÿ
ìíîæåñòâîì ïðèìåðîâ óñïåøíîãî èñïîëüçîâàíèÿ ÍÑ â
äðóãèõ îáëàñòÿõ, ñõîäíûõ ïî ðÿäó ïðèçíàêîâ ñ ýêîëîãè-
÷åñêèì ìîäåëèðîâàíèåì, à òàêæå îïûòîì ïðèìåíåíèÿ ÍÑ
â ãèäðîëîãèè è îêåàíîëîãèè. Ïðèâåäåííûå â ðàáîòå ïðè-
ìåðû ïîñòðîåíèÿ ðåãðåññèîííûõ ìîäåëåé èëëþñòðèðóþò
ëèøü îäíî èç âîçìîæíûõ ïðèìåíåíèé ÍÑ â
ìîäåëèðîâàíèè ñëîæíûõ ñèñòåì. 
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À.È.Âåðøèíà, Á.Ò.Ñîëäàòîâ

Çàïðîïîíîâàíà ìîäåëü ïðîöåñó íàâ÷àííÿ, ÿêó çàñíîâàíî íà
ïðèïóùåíí³, ùî ³ìîâ³ðí³ñòü îäåðæàííÿ çíàíü â íåñê³í÷åííî
ìàëîìó ïðîì³æêó ÷àñó ïðîïîðö³éíà ðîçì³ðó öüîãî ïðîì³æêó.
Ðîçãëÿíóòî óìîâè, ïðè ÿêèõ íàâ÷àííÿ ìîæíà îïèñàòè ÿê
ìàðê³âñüêèé ïðîöåñ. Îòðèìàíî ôîðìóëè äëÿ î÷³êóâàíèõ
âèòðàò ÷àñó íà íàâ÷àííÿ òà ¿õí³ äèñïåðñ³¿.

Ïðåäëîæåíà ìîäåëü ïðîöåññà îáó÷åíèÿ, îñíîâàííàÿ íà
ïðåäïîëîæåíèè, ÷òî âåðîÿòíîñòü ïîëó÷åíèÿ çíàíèé â áåñêî-
íå÷íî ìàëîì ïðîìåæóòêå âðåìåíè ïðîïîðöèîíàëüíà ðàçìåðó
ýòîãî ïðîìåæóòêà. Ðàññìîòðåíû óñëîâèÿ, ïðè êîòîðûõ îáó-
÷åíèå ìîæíî îïèñàòü êàê ìàðêîâñêèé ïðîöåññ. Ïîëó÷åíû
âûðàæåíèÿ äëÿ îæèäàåìûõ çàòðàò âðåìåíè íà îáó÷åíèå è èõ
äèñïåðñèè.

The mode of process of training based on the assumption is
offered that the probability of reception of knowledge in infini-
tesimal an interval of time is proportional to the size of this
interval. The conditions are considered, at which training is
possible to describe as process of Markov. The expressions for
expected expenses of time for training ad them dispersion are
received.

ÂÂÅÄÅÍÈÅ

Ýôôåêòèâíîñòü îáó÷åíèÿ çàâèñèò îò ìíîãèõ ôàêòîðîâ.
Ïîèñê íîâûõ ìåòîäîâ îáó÷åíèÿ ÿâëÿåòñÿ â íàñòîÿùåå âðå-
ìÿ àêòóàëüíîé çàäà÷åé. Íàðÿäó ñ ýòèì, âîçíèêàåò ïðîáëå-
ìà îïðåäåëåíèÿ öåëåñîîáðàçíîñòè ââåäåíèÿ íîâûõ ìåòîäîâ
â êîíêðåòíûõ óñëîâèÿõ. Ýòà ïðîáëåìà ñâÿçàíà ñ íåîáõî-
äèìîñòüþ ñîçäàíèÿ ìàòåìàòè÷åñêîé ìîäåëè ïðîöåññà îáó-
÷åíèÿ. Â äàííîé ðàáîòå ïðåäëàãàåòñÿ îäèí èç âîçìîæíûõ
ïóòåé ñîçäàíèÿ ýòîé ìîäåëè.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïðîöåññ îáó÷åíèÿ ñîñòîèò â óñâîåíèè îïðåäåëåííîãî
îáúåìà çíàíèé ïî íåêîòîðîé äèñöèïëèíå. Åãî ìîæíî
ðàçáèòü íà äâà ýòàïà, ïåðâûé èç êîòîðûõ ñîñòîèò â
ïåðåäà÷å èíôîðìàöèè îáó÷àþùåìóñÿ, à âòîðîé - â ïðî-
âåðêå ðåçóëüòàòîâ óñâîåíèÿ ìàòåðèàëà ñ öåëüþ îïðå-
äåëåíèÿ äîñòèãíóòîãî óðîâíÿ çíàíèé è, â ñëó÷àå
íåîáõîäèìîñòè, ïîâòîðíîé ïåðåäà÷å îáó÷àþùåìóñÿ íå
óñâîåííîé èì èíôîðìàöèè. Ðåçóëüòàòû âûïîëíåíèÿ
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ýòàïîâ çàâèñÿò îò ìíîãèõ ñóáúåêòèâíûõ è îáúåêòèâíûõ
ôàêòîðîâ è, â îáùåì ñëó÷àå, ïðåäñòàâëÿåò ñîáîé
ñëó÷àéíûé ïðîöåññ.

Åñëè ñ÷èòàòü, ÷òî ñóùåñòâóåò îöåíêà êà÷åñòâà óñâîåíèÿ
çíàíèé êàê âåðîÿòíîñòü òîãî, ÷òî äàííûé ìàòåðèàë óñâîåí,
è îöåíêà êà÷åñòâà ïðîâåðêè çíàíèé êàê âåðîÿòíîñòü òîãî,
÷òî â ïðîöåññå ïðîâåðêè âûÿâëåí äîñòîâåðíûé óðîâåíü
çíàíèé, òî ïðîöåññ îáó÷åíèÿ ìîæíî îïèñûâàòü
âåðîÿòíîñòíûìè õàðàêòåðèñòèêàìè. Ýòî ïîçâîëÿåò
ïîñòàâèòü çàäà÷ó ïîñòðîåíèÿ ìàòåìàòè÷åñêîé ìîäåëè
ïðîöåññà îáó÷åíèÿ êàê ñëó÷àéíîãî ïðîöåññà.

ÌÅÒÎÄÛ ÐÅØÅÍÈß

Ïóñòü âåðîÿòíîñòü  óñâîåíèÿ ýëåìåíòà çíàíèé â

ìàëîì ïðîìåæóòêå âðåìåíè  ïðîïîðöèîíàëüíà âåëè÷èíå

ýòîãî ïðîìåæóòêà, òî ìîæíî çàïèñàòü

, (1)

ãäå  - âåðîÿòíîñòü òîãî, ÷òî ýëåìåíò çíàíèé çà âðåìÿ t

óñâîåí;

   - êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè, êîòîðûé îòðà-
æàåò èíòåíñèâíîñòü óñâîåíèÿ çíàíèé.

Ïåðåõîäÿ ê ïðåäåëó , ïîëó÷èì äèôôåðåíöèà-

ëüíîå óðàâíåíèå

, (2)

ðåøåíèå êîòîðîãî èìååò âèä

. (3)

Ïëîòíîñòü ðàñïðåäåëåíèÿ âðåìåíè óñâîåíèÿ ýëåìåíòà
çíàíèé îïðåäåëÿåòñÿ âûðàæåíèåì

 , (4)

òî åñòü ïîä÷èíÿåòñÿ ýêñïîíåíöèàëüíîìó çàêîíó.
Óñâîåíèå îïðåäåëåííîãî îáúåìà çíàíèé, ïðåäñòàâëÿ-

þùåãî ñîáîé ñîâîêóïíîñòü  ýëåìåíòîâ çíàíèé ïðèâîäèò
ê êîìïîçèöèè çàêîíîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ çíàíèé.
Òàê êàê ïîêàçàòåëüíàÿ ïëîòíîñòü ÿâëÿåòñÿ ÷àñòíûì
ñëó÷àåì ãàììà-ðàñïðåäåëåíèÿ [1, 2], à ñåìåéñòâî ãàììà-
ïëîòíîñòåé çàìêíóòî îòíîñèòåëüíî îïåðàöèè ñâåðòêè, òî
ïëîòíîñòü ðàñïðåäåëåíèÿ âðåìåíè íà óñâîåíèå íåêîòîðîãî
îáúåìà çíàíèé èìååò âèä

 , (5)

ãäå   - ãàììà-ôóíêöèÿ Ýéëåðà.

Äëÿ ïðîèçâîëüíîãî âðåìåíè , çàòðà÷åííîãî íà óñâîå-

íèå îïðåäåëåííîãî îáúåìà çíàíèé, âåðîÿòíîñòü 

óñâîåíèÿ çíàíèé îïðåäåëÿåòñÿ âûðàæåíèåì

. (6)

Îæèäàåìîå âðåìÿ íà óñâîåíèå çíàíèé ðàâíî

. (7)

Êàê ïðàâèëî, âðåìÿ íà îáó÷åíèå  îãðàíè÷åíî, è îíî
ïðîïîðöèîíàëüíî îæèäàåìîìó âðåìåíè íà óñâîåíèå

çíàíèé  :

 , (8)

ãäå   - êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè.

Â ýòîì ñëó÷àå èìååì

 . (9)

Ïîñëå âíåñåíèÿ  ïîä çíàê èíòåãðàëà, çàìåíû ïåðå-

ìåííîé  è èçìåíåíèÿ ïðåäåëîâ èíòåãðèðîâàíèÿ ïî-
ëó÷èì

. (10)

Èç ýòîãî ñëåäóåò, ÷òî âåðîÿòíîñòü óñâîåíèÿ çíàíèé â
ñëó÷àå âûäåëåíèÿ âðåìåíè íà îáó÷åíèå ïðîïîðöèîíàëüíî

îæèäàåìîìó âðåìåíè  íå çàâèñèò îò çíà÷åíèÿ  .

Åñëè çà çàäàííîå âðåìÿ  îáúåì çíàíèé íå óñâîåí, òî

íåîáõîäèìî äîïîëíèòåëüíîå âðåìÿ  íà óñâîåíèå. Ýòî

âðåìÿ ðàçóìíî òàêæå âûäåëÿòü ïðîïîðöèîíàëüíî
îæèäàåìîìó âðåìåíè íà óñâîåíèå çíàíèé. Åñëè ñ÷èòàòü,
÷òî óñâîåíèå çíàíèé â îäèíàêîâîé ìåðå çàòðàãèâàåò
êàæäûé ýëåìåíò çíàíèÿ, òî êîëè÷åñòâî ýëåìåíòîâ 

îñòàíåòñÿ ïðåæíèì, à èçìåíèòñÿ çíà÷åíèå . Â
ñîîòâåòñòâèè ñ ïîëó÷åííûì âûðàæåíèåì (10), âåðîÿòíîñòü
óñâîåíèÿ çíàíèé çà äîïîëíèòåëüíîå âðåìÿ íå èçìåíèòñÿ.
Ìîæíî òàêæå ñêàçàòü, ÷òî âðåìÿ, âûäåëÿåìîå íà óñâîåíèå
îïðåäåëåííîãî îáúåìà çíàíèé, îïðåäåëÿåòñÿ çàäàííûì
óðîâíåì êà÷åñòâà îáó÷åíèÿ.

Îöåíèì îæèäàåìîå äîïîëíèòåëüíîå âðåìÿ , êîòîðîå

íåîáõîäèìî âûäåëèòü íà óñâîåíèå ìàòåðèàëà:

(11)
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Èñïîëüçóÿ äëÿ ïåðâîãî ñëàãàåìîãî â êâàäðàòíûõ ñêîá-
êàõ ìåòîä èíòåãðèðîâàíèÿ ïî ÷àñòÿì, ââîäÿ ôóíêöèè

 è , äëÿ êîòîðûõ èìååì  è

, ñ ó÷åòîì òîãî, ÷òî

, ïîëó÷èì

 

(12)

Ïîäñòàâëÿÿ   èç ôîðìóëû (8) â äàííîå âûðàæåíèå, 
ïîëó÷èì 

(13)

Áóäåì ñ÷èòàòü, ÷òî äîïîëíèòåëüíîå âðåìÿ âûäåëÿåòñÿ
òàêæå ïðîïîðöèîíàëüíî îæèäàåìîìó âðåìåíè, òî åñòü,

. (14)

Îòñþäà îòíîøåíèå  äîïîëíèòåëüíîãî âðåìåíè íà
óñâîåíèå ìàòåðèàëà ê âðåìåíè, âûäåëåííîìó íà ïåðâîíà-
÷àëüíîå óñâîåíèå, ðàâíî

(15)

Èç ïîëó÷åííîãî âûðàæåíèÿ ñëåäóåò, ÷òî îòíîøåíèå äî-
ïîëíèòåëüíîãî âðåìåíè íà îáó÷åíèå ê ïåðâîíà÷àëüíî âû-
äåëÿåìîìó âðåìåíè áóäåò ïîñòîÿííîé âåëè÷èíîé, åñëè

ñ÷èòàòü, ÷òî   è  .

Àíàëîãè÷íûå ðàññóæäåíèÿ ïðèâîäÿò ê âûðàæåíèþ äëÿ

êà÷åñòâà ïðîâåðêè çíàíèé êàê âåðîÿòíîñòè  òîãî,

÷òî â ðåçóëüòàòå ïðîâåðêè â òå÷åíèå âðåìåíè  ïîëó÷åí

äîñòîâåðíûé ðåçóëüòàò îá óñâîåííîì çíàíèè:

. (16)

Ñëåäóåò îòìåòèòü, ÷òî íà ïðàêòèêå âåðîÿòíîñòü
êà÷åñòâåííîé ïðîâåðêè óñâîåííîãî è íåóñâîåííîãî çíàíèÿ
äàåò ðàçëè÷íûå çíà÷åíèÿ, ïîýòîìó öåëåñîîáðàçíî äëÿ
ïðîâåðêè íå óñâîåííîãî çíàíèÿ ââåñòè âåðîÿòíîñòü

. Âåëè÷èíà  áëèçêà ê åäèíèöå, òî åñòü ïðè

ïðîâåðêå óñâîåííîãî çíàíèÿ ïîëó÷àåòñÿ äîñòîâåðíûé
ðåçóëüòàò.

Îæèäàåìîå âðåìÿ íà ïðîâåðêó çíàíèé îïðåäåëÿåòñÿ âû-
ðàæåíèåì

, (17)

ãäå    - èíòåíñèâíîñòü ïðîâåðêè çíàíèé.

Âðåìÿ , âûäåëÿåìîå íà ïðîâåðêó çíàíèé, áåðåòñÿ ïî

àíàëîãèè ñ (8) ïðîïîðöèîíàëüíî îæèäàåìîìó âðåìåíè

, òî åñòü

, (18)

ãäå  - êîýôôèöèåíò ïðîïîðöèîíàëüíîñòè ïðè âûäåëå-

íèè âðåìåíè íà ïðîâåðêó çíàíèé.
Êà÷åñòâî ïðîâåðêè çíàíèé îïðåäåëÿåòñÿ âûðàæåíèåì

 . (19)

Îòíîøåíèå äîïîëíèòåëüíîãî âðåìåíè íà ïðîâåðêó
óñâîåííîãî ìàòåðèàëà ê âðåìåíè, âûäåëåííîìó íà ïåðâî-
íà÷àëüíóþ ïðîâåðêó çíàíèé, ðàâíî

. (20)

Â îñíîâå îïèñàííîé ìîäåëè ëåæèò ãèïîòåçà î ãàììà-
ðàñïðåäåëåíèè âðåìåíè ïîëó÷åíèÿ çíàíèé. Ïðîâåðêà ýòîé
ãèïîòåçû â ðåàëüíûõ óñëîâèÿõ âñòðå÷àåò îïðåäåëåííûå
òðóäíîñòè.

Â äàííîé ðàáîòå îãðàíè÷èìñÿ ïðîñòåéøèì ïðîöåññîì
ïîëó÷åíèÿ çíàíèé, â îñíîâå êîòîðîãî ëåæèò çàïîìèíàíèå
íåêîòîðîé ïîñëåäîâàòåëüíîñòè ñèìâîëîâ. Èñïûòóåìûì
ïðåäëàãàëîñü çàïîìèíàíèå íàáîðîâ ñèìâîëîâ ñ ðåãèñòðà-
öèåé âðåìåíè çàïîìèíàíèÿ. Êàðòî÷êà ñ íàáîðàìè ñèìâî-
ëîâ ïîêàçûâàëàñü èñïûòóåìîìó, êîòîðûé ïîñëå ïðîñìîòðà
ñèìâîëîâ çàÿâëÿë îá èõ çàïîìèíàíèè. Ïîñëå ýòîãî êàðòî-

÷êà ïåðåâîðà÷èâàëàñü, ôèêñèðîâàëîñü âðåìÿ , è

èñïûòóåìûé ïûòàëñÿ âîñïðîèçâåñòè ýòîò íàáîð ñèìâîëîâ.
Â ñëó÷àå, êîãäà âîñïðîèçâåäåíèå âûïîëíÿëîñü ñ îøèáêîé,
êàðòî÷êà âíîâü ïðåäîñòàâëÿëàñü èñïûòóåìîìó, è âûäåëÿ-
ëîñü äîïîëíèòåëüíîå âðåìÿ, â òå÷åíèå êîòîðîãî îí âíîâü
çàÿâëÿë î ãîòîâíîñòè âîñïðîèçâåäåíèÿ, è ò.ä.

Ðåàëèçàöèÿ ïîäîáíîãî ïðîöåññà íå ïðåäñòàâëÿåò îñîáûõ
òðóäíîñòåé è ïîçâîëÿåò ïîëó÷èòü äîñòàòî÷íî áîëüøîé
ñòàòèñòè÷åñêèé ìàòåðèàë. Ðåçóëüòàòû 100 ýêñïåðèìåíòîâ
ïî çàïîìèíàíèþ ñëó÷àéíûõ íàáîðîâ ñèìâîëîâ, ïîëó÷à-
åìûõ ïðîãðàììîé ãåíåðàöèè  ïàðîëåé èç 5 ñèìâîëîâ,
ñâåäåíû â òàáëèöó 1.
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Â òàáëèöå 2 ïðèâåäåíû ÷àñòîòû  ïîïàäàíèÿ âðåìåí â

÷àñòè÷íûå èíòåðâàëû .

Ãèñòîãðàììà ÷àñòîò ïðèâåäåíà íà ðèñóíêå 1.
Âèä ãèñòîãðàììû íàïîìèíàåò êðèâóþ ãàììà-ðàñïðå-

äåëåíèÿ. Îöåíêó ïàðàìåòðîâ ãàììà ðàñïðåäåëåíèÿ áóäåì
ïðîèçâîäèòü èñõîäÿ èç âûðàæåíèé äëÿ ìàòåìàòè÷åñêîãî
îæèäàíèÿ è äèñïåðñèè, êîòîðûå ñîîòâåòñòâåííî ðàâíû

,    . (21)

Ðèñóíîê 1 - Ãèñòîãðàììà ÷àñòîò âðåìåíè çàïîìèíàíèÿ

Íà îñíîâàíèè äàííûõ, ïðèâåäåííûõ â òàáëèöå 1, ïîëó-
÷èì ñëåäóþùèå óðàâíåíèÿ:

  è  .  (22)

ñîâìåñòíîå ðåøåíèå êîòîðûõ äàåò çíà÷åíèÿ

Òàáëèöà  1 - Âðåìÿ çàïîìèíàíèÿ íàáîðîâ ñèìâîëîâ

¹  , ñ ¹  , ñ ¹ , ñ ¹ , ñ

1 23.1 26 8.4 51 33.7 76 9.8

2 11.4 27 8.0 52 9.0 77 9.9

3 9.3 28 7.6 53 22.0 78 3.5

4 9.1 29 20.4 54 10.2 79 10.1

5 8.3 30 15.7 55 17.2 80 8.9

6 15.2 31 8.1 56 13.7 81 13.2

7 23.0 32 9.1 57 9.8 82 19.4

8 24.2 33 12.4 58 4.7 83 11.4

9 8.5 34 12.0 59 10.2 84 12.9

10 7.6 35 7.6 60 7.2 85 11.0

11 4.9 36 9.1 61 9.1 86 15.6

12 8.0 37 18.8 62 3.6 87 3.9

13 8.7 38 10.2 63 12.0 88 19.1

14 19.2 39 11.4 64 7.7 89 4.5

15 9.6 40 11.8 65 4.1 90 11.5

16 20.7 41 9.2 66 5.1 91 5.6

17 11.5 42 4.1 67 21.1 92 11.3

18 8.7 43 4.4 68 12.1 93 3.6

19 13.7 44 3.4 69 8.2 94 9.1

20 4.1 45 4.7 70 13.3 95 10.1

21 13.5 46 9.1 71 12.7 96 18.0

22 15.4 47 17.7 72 7.7 97 8.1

23 19.1 48 8.3 73 9.6 98 4.3

24 7.7 49 25.7 74 5.4 99 7.6

25 13.5 50 17.9 75 21.2 100 13.2

Ti Ti Ti Ti

Òàáëèöà 2 - ×àñòîòû ïîïàäàíèÿ â ÷àñòè÷íûå 
èíòåðâàëû

    

0 - 5.0 14 15.0 - 20.0 13

5.0 - 10.0 37 20.0 - 25.0 8

10.0 - 15.0 26 >25 2

ni

ti ti 1+–

ti ti 1+– ni ti ti 1+– ni

M t( ) α
λ
---= D t( ) α

λ2
------=

α
λ
--- 11 413,= α

λ2
------ 33 221,=
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  è  . (23)

Îòñþäà ïðåäïîëàãàåìàÿ ïëîòíîñòü ðàñïðåäåëåíèÿ ðàâíà
[3,4]

.(24)

Äëÿ ñðàâíåíèÿ òåîðåòè÷åñêîãî è ýêñïåðèìåíòàëüíîãî
ðàñïðåäåëåíèé âîñïîëüçóåìñÿ êðèòåðèåì Ïèðñîíà [5].
Îïðåäåëèì âåðîÿòíîñòè ïîïàäàíèÿ çíà÷åíèé âðåìåíè â
ãðàíèöû âûäåëåííûõ èíòåðâàëîâ:

 . (25)

Íàõîäèì îæèäàåìîå êîëè÷åñòâî ñîáûòèé , ïðèõîäÿ-

ùèõñÿ íà êàæäûé èíòåðâàë

, (26)

ãäå N - êîëè÷åñòâî ïðîâåäåííûõ íàáëþäåíèé.

Îïðåäåëèì çíà÷åíèå , êîòîðîå íàõîäèòñÿ ïî

ôîðìóëå

. (27)

Ðåçóëüòàòû ðàñ÷åòîâ ñâåäåíû â òàáëèöó 3.

×èñëî ñòåïåíåé ñâîáîäû îïðåäåëÿåòñÿ âûðàæåíèåì

, (28)

ãäå  - êîëè÷åñòâî èíòåðâàëîâ ïîñëå îáúåäèíåíèÿ;

 - ÷èñëî ïàðàìåòðîâ, îöåíèâàåìûõ ïðè âûáîðêå.

Îòñþäà èìååì .

Èç òàáëèöû êðèòè÷åñêèõ òî÷åê ðàñïðåäåëåíèÿ  ïî

óðîâíþ çíà÷èìîñòè 0,05 è ÷èñëó ñòåïåíåé ñâîáîäû, ðàâ-

íîì 3, íàõîäèì êðèòè÷åñêóþ òî÷êó ïðàâîñòîðîííåé
êðèòè÷åñêîé îáëàñòè:

. (29)

Òàê êàê , òî íåò îñíîâàíèé îòâåðãàòü ãè-

ïîòåçó î ãàììà-ðàñïðåäåëåíèè è äàííûå íàáëþäåíèé ñî-
ãëàñóþòñÿ ñ ýòîé ãèïîòåçîé.

Ñëåäóåò îòìåòèòü, ÷òî îñîáåííîñòè ãàììà-ðàñïðåäåëå-
íèÿ íàøëè ìåñòî, íàïðèìåð, äëÿ îïèñàíèÿ òâîð÷åñêîé
äåÿòåëüíîñòè ÷åëîâåêà. Òàê, â ðàáîòå [6] ïðåäëîæåíî
òåîðåòèêî-âåðîÿòíîñòíîå îïèñàíèå íàó÷íîãî òðóäà, èñõîäÿ
èç ñëó÷àéíîãî ðàñïðåäåëåíèÿ çíàíèé è ïðîáëåì â
òåçàóðóñå ó÷åíîãî. Ïðè ýòîì äåëàþòñÿ äîïóùåíèÿ, êîòî-
ðûå ïîçâîëÿþò ðàññìàòðèâàòü ïîðîæäåíèå çíàíèé è ïðî-
áëåì êàê äèñêðåòíûé ïðîöåññ Ïóàññîíà. Ïîñëå îáîáùåíèÿ
àâòîð ïðèõîäèò ê ãàììà-ðàñïðåäåëåíèþ, êîòîðîå äîñòà-
òî÷íî õîðoøî ñîãëàñóåòñÿ ñ ýêñïåðèìåíòàëüíûìè äàííûìè
íàóêîâåäåíèÿ î ïðîèçâîäèòåëüíîñòè íàó÷íîãî òðóäà.

Ïðèâåäåííûå âûøå äîïóùåíèÿ ìîãóò áûòü ïîëîæåíû â
îñíîâó îïèñàíèÿ ïðîöåññà îáó÷åíèå ñ ïîìîùüþ öåïåé
Ìàðêîâà.

Ìàðêîâñêàÿ ìîäåëü îáó÷åíèÿ ïðåäñòàâëåíà ñëåäóþ-
ùèìè ñîñòîÿíèÿìè ïðîöåññà îáó÷åíèÿ:

- cîñòîÿíèå 1 - èñõîäíîå ñîñòîÿíèå;
- ñîñòîÿíèå 2 - óñâîåíèå îïðåäåëåííîãî îáúåìà çíàíèé;
- ñîñòîÿíèå 3 - îòñóòñòâèå óäîâëåòâîðèòåëüíîãî óñâîå-

íèÿ çíàíèé;
- ñîñòîÿíèå 4 - ðåçóëüòàò óñâîåíèÿ çíàíèé ïîñëå ïðîâå-

äåíèÿ ïðîâåðêè çíàíèé;
- ñîñòîÿíèå 5 - ðåçóëüòàò îòñóòñòâèÿ óäîâëåòâîðèòåëü-

íîãî óñâîåíèÿ çíàíèé ïîñëå èõ ïðîâåðêè.
Åñëè âåðîÿòíîñòè ïåðåõîäîâ ìåæäó ñîñòîÿíèÿìè

ÿâëÿþòñÿ ïîñòîÿííûìè âåëè÷èíàìè, òî òàêîé ïðîöåññ
ìîæíî îïèñàòü ïîãëîùàþùåé öåïüþ Ìàðêîâà, òàê êàê
ñóùåñòâóþò ñîñòîÿíèÿ 4 è 5, êîòîðûìè çàâåðøàåòñÿ
ïðîöåññ îáó÷åíèÿ.

Ñòðóêòóðà ìàòðèöû ïåðåõîäîâ äëÿ ïîãëîùàþùåé öåïè
Ìàðêîâà èìååò âèä [7]:

, (30)

ãäå  - ïîäìàòðèöà, îïèñûâàþùàÿ ïîâåäåíèå ïðîöåññà äî

ïîïàäàíèÿ â ïîãëîùàþùåå ñîñòîÿíèå;

  - ïîäìàòðèöà ïåðåõîäîâ â ïîãëîùàþùèå ñîñòîÿíèÿ;

  - íóëåâàÿ è åäèíè÷íûå ïîäìàòðèöû.

Äëÿ ïðîöåññà îáó÷åíèÿ 4 è 5 ñîñòîÿíèÿ ÿâëÿþòñÿ ïî-
ãëîùàþùèìè.

Ìàòðèöû  è  ñîîòâåòñòâåííî ðàâíû:

; , (31)

Òàáëèöà 3 - Îöåíêà íàáëþäàåìîãî  

0.0 - 5.0 14 0.104 10.4 1.246

5.0 - 10.0 37 0.363 36.3 0.013

10.0 - 15.0 26 0.302 30.2 0.584

15.0 - 20.0 13 0.149 14.9 0.242

20.0 - 25.0 8 0.057 5.7 0.928
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ãäå  - âåðîÿòíîñòü óñâîåíèÿ çíàíèÿ;

 è  - âåðîÿòíîñòè êà÷åñòâåííîé ïðîâåðêè óñâîåííûõ
è íåóñâîåííûõ çíàíèé ñîîòâåòñòâåííî.

Èñïîëüçîâàíèå ôóíäàìåíòàëüíîé ìàòðèöû 

ïîçâîëÿåò ïîëó÷èòü ðÿä âàæíåéøèõ õaðàêòåðèñòèê
èññëåäóåìîãî ïðîöåññà:

(32)

Ýëåìåíò   ìàòðèöû  äàåò îæèäàåìîå êîëè÷åñòâî

ìîìåíòîâ âðåìåíè, êîòîðîå ïðîâîäèò ïðîöåññ â ñîñòîÿíèè

 äî ïîïàäàíèÿ â ïîãëîùàþùåå ñîñòîÿíèå ïðè óñëîâèè,

÷òî îí íà÷àëñÿ â ñîñòîÿíèè .

Ìàòðèöà  ïîçâîëÿåò îöåíèòü âåðîÿòíîñòü
ïîïàäàíèÿ â ñîîòâåòñòâóþùåå ïîãëîùàþùåå ñîñòîÿíèå:

. (33)

Äëÿ ïðåäëàãàåìîé ìîäåëè ïðåäñòàâëÿþò èíòåðåñ

ýëåìåíòû   è   ìàòðèö  è  ñîîòâåòñòâåííî:

 (34)

ãäå  .

Çíà÷åíèå ýëåìåíòà  ñîîòâåòñòâóåò âåðîÿòíîñòè

óñâîåíèÿ çíàíèé èëè êà÷åñòâó çíàíèé   íà âûõîäå ïðîöå-
ññà îáó÷åíèÿ:

 . (35)

Âåëè÷èíà  îïðåäåëÿåò îæèäàåìîå êîëè÷åñòâî èí-

òåðâàëîâ âðåìåíè, íåîáõîäèìûõ äëÿ óñâîåíèÿ ìàòåðèàëà.
Äëÿ îöåíêè îáùåãî îæèäàåìîãî âðåìåíè íà óñâîåíèå

ìàòåðèàëà ðàññìîòðèì âåðîÿòíîñòè ñëåäóþùèõ ñîáûòèé:
- âåðîÿòíîñòü çàâåðøåíèÿ ïðîöåññà îáó÷åíèÿ çà âûäå-

ëåííîå âðåìÿ  , ãäå ïåð-

âîå ñëàãàåìîå îïðåäåëÿåò âåðîÿòíîñòü òîãî, ÷òî ìàòåðèàë
óñâoåí è ïðîâåðêà óñâîåíèÿ äàëà ïîëîæèòåëüíûé ðåçóëü-

òàò, à âòîðîå ñëàãàåìîå - ýòî âåðîÿòíîñòü òîãî, ÷òî ìàòå-
ðèàë íå óñâîåí, à ïðîâåðêà íå âûÿâèëà ýòî;

- âåðîÿòíîñòü âûäåëåíèÿ ïåðâîãî äîïîëíèòåëüíîãî âðå-
ìåíè íà óñâîåíèå êàê ñîáûòèÿ, ïðîòèâîïîëîæíîãî çàâåð-

øåíèþ ïðîöåññà çà âûäåëåííîå âðåìÿ ;

- âåðîÿòíîñòü çàâåðøåíèÿ ïðîöåññà îáó÷åíèÿ ïîñëå âû-

äåëåíèÿ ïåðâîãî äîïîëíèòåëüíîãî âðåìåíè ;

- âåðîÿòíîñòü âûäåëåíèÿ âòîðîãî äîïîëíèòåëüíîãî

âðåìåíè íà óñâîåíèå ;

- âåðîÿòíîñòü çàâåðøåíèÿ ïðîöåññà îáó÷åíèÿ ïîñëå âû-

äåëåíèÿ âòîðîãî äîïîëíèòåëüíîãî âðåìåíè ;

è ò.ä.

Òàêèì îáðàçîì, âåðîÿòíîñòü âûäåëåíèÿ -ãî äîïîëíè-

òåëüíîãî âðåìåíè íà îáó÷åíèå îïðåäåëÿåòñÿ âûðàæåíèåì

 , (36)

à âåðîÿòíîñòü çàâåðøåíèÿ ïðîöåññà îáó÷åíèÿ  ïîñëå âû-
äåëåíèÿ j-ãî äîïîëíèòåëüíîãî âðåìåíè íà îáó÷åíèå ïîëó-
÷àåòñÿ óìíîæåíèåì (36) íà:

 . (37)

Äëÿ îãðàíè÷åííîãî êîëè÷åñòâà  ìîìåíòîâ âðåìåíè,
âûäåëÿåìûõ íà îáó÷åíèå, âåðîÿòíîñòü òîãî, ÷òî ïðîöåññ
îáó÷åíèÿ áóäåò çàâåðøåí, îïðåäåëÿåòñÿ ñóììîé

(38)

Ïðåäåë ýòîé âåðîÿòíîñòè ïðè  ðàâåí åäèíèöå:

. (39)

Ïðîâîäÿ àíàëîãè÷íûå ðàññóæäåíèÿ äëÿ âåðîÿòíîñòè
óñâîåíèÿ ìàòåðèàëà, ïîëó÷èì âûðàæåíèÿ, êîòîðûå ïîäî-

áíû (38) è (39). Â ýòèõ âûðàæåíèÿõ  áóäåò çàìåíåíî

ïðîèçâåäåíèåì , êîòîðîå ïðåäñòàâëÿåò ñîáîé âåðîÿò-

íîñòü òîãî, ÷òî ìàòåðèàë óñâîåí è ïðîâåðêà çíàíèé äàëà
ïîëîæèòåëüíûé ðåçóëüòàò:

, (40)

ïðè  

. (41)

Ïîñëåäíåå âûðàæåíèå ñîâïàäàåò ñ (35), ïîëó÷åííûì
ïðè ðàññìîòðåíèè îáó÷åíèÿ êàê ìàðêîâñêîãî ïðîöåññà.

Îöåíèì âðåìÿ , çàòðà÷èâàåìîå íà îáó÷åíèå.

Çàòðà÷åííîå íà îáó÷åíèå âðåìÿ  îïðåäåëÿåòñÿ ñóì-

ìîé îñíîâíîãî âðåìåíè íà îáó÷åíèå è  ðàç âûäåëÿåìîãî
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äîïîëíèòåëüíîãî âðåìåíè:

, (42)

ãäå   - âûäåëÿåìîå -îå äîïîëíèòåëüíîå âðåìÿ.

Â ñîîòâåòñòâèè ñ âûðàæåíèåì (15) îòíîøåíèå ,

îòñþäà ïîëó÷èì

(43)

è

(44)

Îæèäàåìîå âðåìÿ  ïðè êîëè÷åñòâå âûäåëÿåìûõ äî-

ïîëíèòåëüíûõ ìîìåíòîâ âðåìåíè, íå ïðåâûøàþùèõ , ñ

ó÷åòîì âûðàæåíèé (37) è (44), ðàâíî

(45)

Ïðè íåîãðàíè÷åííîì êîëè÷åñòâå âûäåëÿåìûõ äîïîë-
íèòåëüíûõ èíòåðâàëîâ âðåìåíè ïîëó÷èì çíà÷åíèå

îæèäàåìîãî âðåìåíè  íà îáó÷åíèå:

.(46)

Èñõîäÿ èç îáùèõ çàòðàò âðåìåíè íà îáó÷åíèå ïðè âûäå-
ëåíèè n ðàç äîïîëíèòåëüíîãî âðåìåíè (44) è îæèäàåìîãî

çíà÷åíèÿ âðåìåíè íà îáó÷åíèå  (46), âûðàæåíèå äëÿ

äèñïåðñèè  èìååò âèä

, (47)

ãäå   - çíàê ìàòåìàòè÷åñêîãî îæèäàíèÿ.
Ïîñëå âîçâåäåíèÿ âûðàæåíèÿ â ñêîáêàõ â êâàäðàò è âû-

íåñåíèÿ  çà çíàê ìàòåìàòè÷åñêîãî îæèäàíèÿ, èìååì

. (48)

Ðàñêðûâàÿ âûðàæåíèå äëÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ,
ñ ó÷åòîì ôîðìóëû (37), ïîëó÷èì

(49)

Ïîñëå ñóììèðîâàíèÿ ÷ëåíîâ ãåîìåòðè÷åñêîé ïðîãðåññèè
ýòî âûðàæåíèå ïðèîáðåòàåò âèä

  

(50)

Ïðè ðàññìîòðåíèè  êàê ñëó÷àéíîé âåëè÷èíû ñ äèñ-

ïåðñèåé , ïîëó÷åíèå âûðàæåíèÿ äëÿ äèñïåðñèè îïèñà-
ííûì âûøå ïîäõîäîì ïðåäñòàâëÿåò îïðåäåëåííûå òðóäíî-
ñòè. Ïðåäñòàâèì âðåìÿ (43) êàê ðåçóëüòàò ïðîèçâåäåíèÿ

äâóõ ñëó÷àéíûõ âåëè÷èí - âðåìåíè  è êîýôôèöèåíòà

, äèñïåðñèÿ êîòîðîãî ìîæåò áûòü ïîëó÷åíà èç âû-

ðàæåíèÿ (50) ïîñëå ïîäñòàíîâêè âìåñòî   åäèíèöû.

Ôîðìóëà äëÿ äèñïåðñèè ïðîèçâåäåíèÿ äâóõ ñëó÷àéíûõ
âåëè÷èí, ìàòåìàòè÷åñêèå îæèäàíèÿ è äèñïåðñèè êîòîðûõ

ñîîòâåòñòâåííî ðàâíû   è , èìååò âèä

 , (51)

îòêóäà

. (52)

Â ïîëó÷åííûõ âûðàæåíèÿõ , ïðåäñòàâëÿåò ñîáîé

òîëüêî âðåìÿ îáó÷åíèÿ. Ó÷åò âðåìåíè ïðîâåðêè çíàíèé
ïðîèçâîäèòñÿ ïî àíàëîãè÷íûì ôîðìóëàì, îäíàêî, åñëè
âûäåëåíèå âðåìåíè íà îáó÷åíèå è ïðîâåðêó áðàò ðàâíûì
îæèäàåìûì, òî åñòü â âûðàæåíèÿõ (15) è (20)

, òî âåëè÷èíà  áóäåò îäèíàêîâîé êàê äëÿ

îáó÷åíèÿ, òàê è äëÿ ïðîâåðêè çíàíèé:

. (53)

Ýòî ïîçâîëÿåò èñïîëüçîâàòü âûðàæåíèÿ (46), (50) è
(52) äëÿ ïîëó÷åíèÿ îáùèõ âðåìåííûõ çàòðàò. Ïðè ýòîì

  áóäåò ïðåäñòàâëÿòü ñóììó îæèäàåìûõ çàòðàò âðåìåíè

íà îáó÷åíèå è ïðîâåðêó çíàíèé, à  - äèñïåðñèþ ýòîé

ñóììû.
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ÐÅÇÓËÜÒÀÒÛ

Ïîëó÷åíû âûðàæåíèÿ äëÿ çàêîíîâ ðàñïðåäåëåíèÿ
âðåìåíè íà óñâîåíèå ýëåìåíòîâ çíàíèé è íåêîòîðîãî
îáúåìà çíàíèé êàê ñîâîêóïíîñòè ýòèõ ýëåìåíòîâ, êîòîðûå
îïèñûâàåòñÿ ñîîòâåòñòâåííî ýêñïîíåíöèàëüíûì çàêîíîì
(4) è ãàììà-ðàñïðåäåëåíèåì (5). Íà ïðîñòåéøåì ïðèìåðå
ïðîäåìîíñòðèðîâàíî ñîãëàñîâàíèå ýòîãî óòâåðæäåíèÿ ñ
ýêñïåðèìåíòàëüíûìè äàííûìè.

Ïîêàçàíî, ÷òî âûäåëåíèå âðåìåíè íà îáó÷åíèå ïðîïîð-
öèîíàëüíî îæèäàåìîìó âðåìåíè óñâîåíèÿ ïðèâîäèò ê
ïîñòîÿíñòâó êà÷åñòâà îáó÷åíèÿ (10) êàê äëÿ îñíîâíîãî
îáúåìà çíàíèé, òàê è äëÿ ñëó÷àÿ, êîãäà âûäåëÿåòñÿ äîïîë-
íèòåëüíîå âðåìÿ ïðè îòñóòñòâèè ïîëíîãî óñâîåíèÿ îñíî-
âíîãî îáúåìà çíàíèé. Ýòî ïîçâîëÿåò îïèñûâàòü îáó÷åíèå
êàê ìàðêîâñêèé ïðîöåññ (30, 31).

Ïîëó÷åíû âûðàæåíèÿ äëÿ âåðîÿòíîñòåé êà÷åñòâåííîãî
îáó÷åíèÿ (35, 40, 41), âðåìåíè îæèäàåìûõ çàòðàò íà îáó-
÷åíèå (46) è äèñïåðñèè ýòîé âåëè÷èíû (50, 52).

ÂÛÂÎÄÛ

Ãèïîòåçà î òîì, ÷òî âåðîÿòíîñòü ïîëó÷åíèÿ ýëåìåíòà
çíàíèé â ìàëîì ïðîìåæóòêå âðåìåíè ïðîïîðöèîíàëüíà
âåëè÷èíå ýòîãî ïðîìåæóòêà, ïðèâîäèò ê ýêñïîíåí-
öèàëüíîìó çàêîíó ðàñïðåäåëåíèÿ âðåìåíè íà óñâîåíèå
ýëåìåíòà çíàíèé. Êîìïîçèöèÿ ýêñïîíåíöèàëüíûõ çàêîíîâ
ïðè ïîñòîÿíñòâå èíòåíñèâíîñòè îáó÷åíèÿ ïðèâîäèò ê
ãàììà-ðàñïðåäåëåíèþ âðåìåíè íà óñâîåíèå íåêîòîðîãî
îáúåìà çíàíèé êàê ñîâîêóïíîñòè ýëåìåíòîâ çíàíèé. Ê
òàêîìó æå ðåçóëüòàòó ïðèâîäèò ïðîöåññ ïðîâåðêè çíàíèé.

Ïðîâåäåííûé ýêñïåðèìåíò ïî ïðîâåðêå ãèïîòåçû î
ãàììà-ðàñïðåäåëåíèè âðåìåíè íà çàïîìèíàíèå îïðåäåëåí-
íîãî îáúåìà èíôîðìàöèè ïîêàçûâàåò, ÷òî ïîëó÷åííûå
äàííûå ñîãëàñóþòñÿ ñ ýòîé ãèïîòåçîé.

Âûäåëåíèå âðåìåíè íà îáó÷åíèå ïðîïîðöèîíàëüíî

îæèäàåìîìó âðåìåíè íà óñâîåíèå çíàíèé ïðèâîäèò ê
ïîñòîÿíñòâó êà÷åñòâà îáó÷åíèÿ è ïîçâîëÿåò îïèñûâàòü åãî
êàê ìàðêîâñêèé ïðîöåññ, ÷òî ìîæåò áûòü ïîëîæåíî â
îñíîâó ïîñòðîåíèÿ ìàòåìàòè÷åñêîé ìîäåëè ïðîöåññà
îáó÷åíèÿ.

Äàëüíåéøèå èññëåäîâàíèÿ â ýòîì íàïðàâëåíèè äîëæíû
âêëþ÷àòü ñåáÿ îïðåäåëåíèÿ óñëîâèé îïèñàíèÿ ïðîöåññà â
âèäå öåïåé Ìàðêîâà â ñëó÷àå, êîãäà ïðè âûäåëåíèè
äîïîëíèòåëüíîãî âðåìåíè íà îáó÷åíèå èçìåíÿåòñÿ ïàðà-
ìåòð , ëèáî  è   îäíîâðåìåííî, ÷òî ïîâëå÷åò çà ñîáîé
èçìåíåíèÿ âûðàæåíèé (9-20). Äëÿ äîñòèæåíèÿ ïîñòîÿí-
ñòâà âåðîÿòíîñòåé ïåðåõîäîâ ìåæäó ñîñòîÿíèÿìè ïðîöåññà
îáó÷åíèÿ íåîáõîäèìî áóäåò îïðåäåëèòü çàêîí â èçìåíåíèÿ
êîýôôèöèåíòà  â âûðàæåíèÿõ (8) è (14).

Èñïîëüçîâàíèå öåïåé Ìàðêîâà ïîçâîëèò ïîñòðîèòü
ìîäåëü îáó÷åíèÿ äëÿ êàæäîé äèñöèïëèíû è äëÿ ñïåöèàëü-
íîñòè â öåëîì, à çàòåì ïåðåéòè ê ìîäåëè ó÷åáíîãî çàâåäå-
íèÿ, â êîòîðîé âëèÿíèå âñåõ ñëóæá íà êà÷åñòâî îáó÷åíèÿ
áóäåò âûðàæàòüñÿ ÷åðåç ïàðàìåòðû ìîäåëåé äèñöèïëèí è
ñïåöèàëüíîñòåé.
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Â.Ì.Ãàâðèëÿêî

Èçó÷àåòñÿ ãåíåòè÷åñêèé àëãîðèòì ðåøåíèÿ çàäà÷è êîììè-
âîÿæåðà. Àêöåíò äåëàåòñÿ íà âîçìîæíîñòè åãî ïðàêòè÷åñ-
êîãî ïðèìåíåíèÿ.

Âèâ÷àºòüñÿ ãåíåòè÷íèé àëãîðèòì ðîçâ'ÿçàííÿ çàäà÷³ êî-
ì³âîÿæåðà. Àêöåíò ðîáèòüñÿ íà ìîæëèâîñò³ éîãî ïðàê-
òè÷íîãî çàñòîñóâàííÿ.

The author study a Genetic Algorithm for solution of Travel-
ing Salesman Problem. The emphasis is done on the possibility of
its practical applications.

Â äàííîé ðàáîòå ðàññìàòðèâàåòñÿ èçâåñòíàÿ çàäà÷à îï-
òèìèçàöèè - çàäà÷à êîììèâîÿæåðà (ÇÊ), êîòîðàÿ ïðèíàä-
ëåæèò ê ÷èñëó NP - ïîëíûõ çàäà÷, ÿâëÿþùèõñÿ òðóäíî-
ðàçðåøèìûìè ñ âû÷èñëèòåëüíîé òî÷êè çðåíèÿ. Èçâåñòíî,

÷òî âðåìÿ íàõîæäåíèÿ òî÷íîãî ðåøåíèÿ ïóòåì ïåðåáîðà
âñåõ âîçìîæíûõ âàðèàíòîâ èìååò àñòðîíîìè÷åñêèé ïîðÿ-
äîê. Ïîýòîìó îäèí èç âîçìîæíûõ ïîäõîäîâ ê ïðàêòè÷å-
ñêîìó ðåøåíèþ ýòîé çàäà÷è ñîñòîèò â èñïîëüçîâàíèè
ýâðèñòè÷åñêèõ àëãîðèòìîâ. Â ýòîì ñëó÷àå, êàê èçâåñòíî,
îòñóòñòâóþò ïðèâû÷íûå îáîñíîâàíèÿ ïðèìåíèìîñòè
ìåòîäà. "Ïðàâäîïîäîáíûå ðàññóæäåíèÿ, íàøà èíòóèöèÿ,
îïûò è ìàøèííûé ýêñïåðèìåíò - âîò ïîêà òå îïðàâäàíèÿ
ýâðèñòèêè, êîòîðûìè ìû ðàñïîëàãàåì" [1]. Èçó÷àåìûé â
ðàáîòå ýâðèñòè÷åñêèé àëãîðèòì ïîçâîëÿåò íàéòè, âîîáùå
ãîâîðÿ, ëîêàëüíûé ìèíèìóì â ÇÊ ñ ïîìîùüþ ìîäåëè-
ðîâàíèÿ íà êîìïüþòåðå çàêîíîâ ãåíåòèêè è åñòåñòâåííîãî
îòáîðà ×. Äàðâèíà. Âïåðâûå èäåÿ ýòîãî àëãîðèòìà áûëà
ïðåäëîæåíà Äæ. Õîëëàíäîì [2] è íàçâàíà èì "ãåíåòè-
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÷åñêèé àëãîðèòì (ÃÀ)". ÃÀ ÿâëÿåòñÿ àëãîðèòìîì ïðÿìîãî
ïîèñêà (ìåòîäîì îïòèìèçàöèè íà îñíîâå ñîïîñòàâëåíèÿ
çíà÷åíèé ôóíêöèé â ïðîáíûõ òî÷êàõ). Â íàñòîÿùåå âðåìÿ
ñ ïîìîùüþ ãåíåòè÷åñêîãî àëãîðèòìà ðåøåí ðÿä ïðàêòè-
÷åñêèõ çàäà÷ [2,4,5,7,8].

Îñíîâíàÿ êîíöåïöèÿ êëàññè÷åñêîé ãåíåòèêè - ãåí -
áûëà ââåäåíà Ìåíäåëåì ñ öåëüþ îáúÿñíåíèÿ íàáëþäàåìîé
ñòàòèñòèêè íàñëåäîâàíèÿ [3]. Íîñèòåëÿìè ãåíîâ â êëå-
òî÷íîì ÿäðå ÿâëÿþòñÿ íèòåâèäíûå òåëà, íàçûâàåìûå
õðîìîñîìàìè. Ìåñòî, çàíèìàåìîå ãåíîì â õðîìîñîìå,
íîñèò íàçâàíèå ëîêóñ. Ñõåìàòè÷åñêè ìîæíî ïðåäñòàâèòü
ñåáå õðîìîñîìó êàê ïðÿìîëèíåéíûé îòðåçîê, à ëîêóñû -
êàê ïîñëåäîâàòåëüíûå ó÷àñòêè íà êîòîðûå ýòîò îòðåçîê
ðàçáèò. Ñòàòèñòè÷åñêè äåéñòâèÿ ãåíîâ ïðîÿâëÿþòñÿ â
äîñòàòî÷íî áîëüøèõ ñîîáùåñòâàõ îðãàíèçìîâ, ñêðåùè-
âàþùèõñÿ ìåæäó ñîáîé. Òàêèå ñîîáùåñòâà áèîëîãè íàçû-
âàþò ïîïóëÿöèÿìè. Ïîïóëÿöèÿ ñóùåñòâóåò íå òîëüêî â
ïðoñòðàíñòâå, íî è âî âðåìåíè. Îñíîâîé ýòîãî ñóùåñòâî-
âàíèÿ ÿâëÿåòñÿ ðåïðîäóêöèÿ ïóòåì ñêðåùèâàíèÿ. ×àñòî
ìîæíî ñ÷èòàòü, ÷òî âñÿ ïîïóëÿöèÿ ñîñòîèò â ïðîñòðàíñòâå
è âðåìåíè èç äèñêðåòíûõ ïîêîëåíèé F0,F1,F2,… Ïîêî-

ëåíèå Fi+1 - ýòî ñîâîêóïíîñòü îñîáåé, ðîäèòåëè êîòîðûõ

ïðèíàäëåæàò ïîêîëåíèþ Fi, ïîêîëåíèå F0 ôèêñèðóåòñÿ

àïðèîðè. Ìû áóäåì ðàññìàòðèâàòü òàêèå ïîïóëÿöèè, ó
êîòîðûõ äëÿ ëþáîãî ñîñòîÿíèÿ z â ïîêîëåíèè F îäíî-

çíà÷íî îïðåäåëåíî ñîñòîÿíèå , âîçíèêàþùåå â ñëåäóþ-

ùåì ïîêîëåíèè  ïóòåì ñêðåùèâàíèÿ è îòáîðà. Â äàííîé

ðàáîòå ïîíÿòèÿ "îñîáü, îðãàíèçì" ìû îòîæäåñòâëÿåì ñ
ïîíÿòèåì "õðîìîñîìà". Îòîáðàæåíèå V, îïðåäåëÿåìîå

óðàâíåíèåì , íàçûâàþò ýâîëþöèîííûì îïåðà-
òîðîì [3]. Îáû÷íî òðåáóþò, ó÷èòûâàÿ áèîëîãè÷åñêèé
ñìûñë ýâîëþöèîííîãî îïåðàòîðà, íåïðåðûâíîñòü
îòîáðàæåíèÿ V, äëÿ òîãî, â ÷àñòíîñòè, ÷òîáû îáåñïå÷èòü
óñòîé÷èâîñòü ïðè çàìåíå âåðîÿòíîñòåé áëèçêèìè ê íèì
÷àñòîòàìè. Òîãäà ðàññìàòðèâàåìóþ ïîïóëÿöèþ ìîæíî
ñ÷èòàòü äèíàìè÷åñêîé ñèñòåìîé íà êîìïàêòíîì ïîä-
ìíîæåñòâå êîíå÷íîìåðíîãî ïðîñòðàíñòâà [3]. Íåïîäâèæ-
íûå òî÷êè ýâîëþöèîííîãî îïåðàòîðà V íàçûâàþò
ðàâíîâåñíûìè ñîñòîÿíèÿìè ïîïóëÿöèè. Îíè ñóùåñòâóþò â
ñèëó èçâåñòíîé òîïîëîãè÷åñêîé òåîðåìû Áðàóýðà.
Ãåíåòè÷åñêèé àëãîðèòì ïîçâîëÿåò íàõîäèòü ýòè ñîñòîÿíèÿ
ïîïóëÿöèè: "Ðàáîòó àëãîðèòìà ïðåêðàùàåì ïðè äîñòèæå-
íèè ïîïóëÿöèåé ñîñòîÿíèÿ àäàïòàöèè, èäåíòèôèöèèðó-
åìîìó ïî ñòÿãèâàíèþ ÿäðà ïîïóëÿöèè ñíà÷àëà â ïëîòíîå
îáëà÷êî, à çàòåì â òî÷êó. Êðîññèíãîâåð êàê ìåõàíèçì
èçìåí÷èâîñòè òåðÿåò â òàêèõ óñëîâèÿõ ñâîþ ñèëó - ïðè
ñêðåùèâàíèè èäåíòè÷íûõ ðîäèòåëåé ïîòîìîê íè÷åì íå
áóäåò îòëè÷àòüñÿ íè îò îäíîãî èç íèõ."[5]. Ïî ñóòè äåëà
ýòîò ýâðèñòè÷åñêèé àëãîðèòì îïèðàåòñÿ íà èñïîëüçóåìóþ
â äèíàìèêå îòáîðà âîñõîäÿùóþ ê R. A. Fisher [6] ôóíäà-
ìåíòàëüíóþ òåîðåìó î âîçðàñòàíèè ñðåäíåé ïðèñïîñîá-
ëåííîñòè ïîïóëÿöèè â õîäå åñòåñòâåííîãî îòáîðà. Åñëè
îïðåäåëèòü äëÿ êàæäîé ïîïóëÿöèè ôóíêöèîíàë êà÷åñòâà
(ôèòíåñ), òî íåïîäâèæíûå òî÷êè ýâîëþöèîííîãî îïåðà-
òîðà áóäóò ñîîòâåòñòâîâàòü òî÷êàì åãî ëîêàëüíîãî
ýêñòðåìóìà. Ê ñîæàëåíèþ, íåëüçÿ ñ óâåðåííîñòüþ
óòâåðæäàòü, ÷òî íàéäåííîå ðåøåíèå äàåò ãëîáàëüíûé
ýêñòðåìóì.

Â ñëó÷àå ÇÊ îñíîâíûå ïîíÿòèÿ ãåíåòè÷åñêîãî àëãî-
ðèòìà èìåþò ñëåäóþùèé ñìûñë: ãåí - ýòî íîìåð âåðøèíû
ãðàôà ãîðîäîâ (íîìåð ãîðîäà), ÷åðåç êîòîðûé ïðîõîäèò
ìàðøðóò êîììèâîÿæåðà; õðîìîñîìà - ïîñëåäîâàòåëüíîñòü
ãåí, îïðåäåëÿþùèõ çàìêíóòûé ìàðøðóò, ïðîõîäÿùèé
÷åðåç âñå çàäàííûå ãîðîäà (âåðøèíû ãðàôà); ïîïóëÿöèÿ -
íàáîð èç íåñêîëüêèõ âîçìîæíûõ ìàðøðóòîâ. Ñîñòîÿíèå
ïîïóëÿöèè - ìíîæåñòâî âîçìîæíûõ ìàðøðóòîâ, óäîâëå-
òâoðÿþùèõ óñëîâèÿì çàäà÷è. Ôóíêöèîíàë êà÷åñòâà -
äëèíà ìàðøðóòà.

Íà ýôôåêòèâíîñòü ìåòîäà ñóùåñòâåííî âëèÿåò ñïîñîá
çàäàíèÿ ïåðâîé ïîïóëÿöèè, ò.å. ñèñòåìàòè÷åñêîå ïåðå-
÷èñëåíèå âåðøèí ãðàôà. Íàìè ðåàëèçîâàí òàê
íàçûâàåìûé ïîèñê â øèðèíó, ïðè êîòîðîì âåðøèíû
îáõîäÿòñÿ â ñëåäóþùåì ïîðÿäêå: âûáèðàåòñÿ ñëó÷àéíûé
ãîðîä â êà÷åñòâå òî÷êè ñòàðòà. Îí ðàññìàòðèâàåòñÿ êàê
òåêóùèé. Çàòåì ñðàâíèâàþòñÿ äëèíû ïóòåé, âåäóùèõ èç
òåêóùåãî ãîðîäà â åùå íå ïîñåùåííûå ãîðîäà, è èç íèõ
âûáèðàåòñÿ êðàò÷àéøèé ïóòü. Ïîëó÷åííûé òàêèì îáðàçîì
ñëåäóþùèé ãîðîä ñòàíîâèòñÿ òåêóùèì. Ýòà ïðîöåäóðà
ïîâòîðÿåòñÿ äî òåõ ïîð, ïîêà âñå ãîðîäà íå áóäóò
ïåðåáðàíû. Åñëè áðàòü ðàçëè÷íûå òî÷êè ñòàðòà, òî ìîæíî
ïîëó÷èòü äî n ðàçëè÷íûõ ìàðøðóòîâ (õðîìîñîì). Îñòàëü-
íûå õðîìîñîìû (äî çàäàííîãî ÷èñëà M) çàïîëíÿåì ñëó-
÷àéíûìè ìàðøðóòàìè.

Â òåîðèè ÃÀ ñóùåñòâåííûì ÿâëÿåòñÿ âûáîð êîäèðîâêè
÷èñåë (íîìåðîâ ãîðîäîâ). Äëÿ çàäà÷è êîììèâîÿæåðà
êîäèðîâêà âûáðàíà äåñÿòè÷íîé. Ýôôåêòèâíîñòü ïðèìå-
íåíèÿ ÃÀ ê ÇÊ çàâèñèò òàêæå è îò íàñòðîéêè îïåðàòîðîâ
ìóòàöèè è êðîññèíãîâåðà. Ìóòàöèÿ, êàê íåçíà÷èòåëüíîå
(òî÷å÷íîå) ñëó÷àéíîå èçìåíåíèå â õðîìîñîìå ìîæåò
îñóùåñòâëÿòüñÿ íåñêîëüêèìè ñïîñîáàìè. Íàèáîëåå ðàñ-
ïðîñòðàíåííûì ÿâëÿåòñÿ âûáîð äâóõ ñëó÷àéíûõ ãåí è èõ
îáìåí ìåñòàìè [2,4,5,7]. Íàìè áûëà èñïîëüçîâàíà äðóãàÿ
ñõåìà: åñëè â õðîìîñîìå ñëó÷àéíûì îáðàçîì âûáðàí ãåí ñ
íîìåðîì i, òî îí ìåíÿåòñÿ ìåñòîì ñ ãåíîì ñ íîìåðîì n+1-i.
Öåëü îïåðàòîðà ìóòàöèè - ðàñøèðåíèå ïðîñòðàíñòâà
ïîèñêà çà ñ÷åò ñëó÷àéíûõ òî÷å÷íûõ èçìåíåíèé â õðîìî-
ñîìå. Â êëàññè÷åñêîì âàðèàíòå [4] äåéñòâèå îïåðàòîðà
êðîññèíãîâåðà ñîñòîèò â ñëåäóþùåì: âûáèðàþòñÿ äâå
îïðåäåëåííûå õðîìîñîìû (ñëó÷àéíûì îáðàçîì), äàëåå
òàêæå ñëó÷àéíûì îáðàçîì îïðåäåëÿåòñÿ òî÷êà êðîññèíãî-
âåðà è ïðîèñõîäèò îáìåí ó÷àñòêàìè õðîìîñîì.

Ïðèìåð 

Îäíàêî ïîëó÷åííûå õðîìîñîìû íå âñåãäà ÿâëÿþòñÿ
äîïóñòèìûìè ìàðøðóòàìè êîììèâîÿæåðà (êàê â äàííîì
ïðèìåðå). Âîçìîæíûé âàðèàíò îñóùåñòâëåíèÿ êðîññèíãî-
âåðà - áðàòü íå äâå õðîìîñîìû, à îäíó. Â ýòîì ñëó÷àå
äåéñòâèå îïåðàòîðà êðîññèíãîâåðà áóäåò ñîñòîÿòü â ïîâî-
ðîòå ó÷àñòêà õðîìîñîìû ëèáî â åãî öèêëè÷åñêîé ïåðåñòà-
íîâêå. Íàìè áûë âûáðàí äâóõòî÷å÷íûé êðîññèíãîâåð, ïðè
ýòîì ïîñëåäîâàòåëüíîñòü ÷èñåë ìåæäó ýòèìè äâóìÿ òî÷êà-
ìè "ïîâîðà÷èâàëàñü íà 180 ãðàäóñîâ".

Ïðèìåð: 
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Íà êîìïüþòåðå áûë ðåàëèçîâàí ñëåäóþùèé àëãîðèòì:
Øàã 1. Çàäàåòñÿ ðàçìåð ïîïóëÿöèè M, âåðîÿòíîñòü

êðîññèíãîâåðà Pñ, âåðîÿòíîñòü ìóòàöèè Pm, îïðåäåëÿåòñÿ

êðèòåðèé êîíöà âû÷èñëåíèé: êîëè÷åñòâî èòåðàöèé N (ò.å.
êîëè÷åñòâî ïîïóëÿöèé Ï). Øàã 2. Çàäàåòñÿ íà÷àëüíàÿ
ïîïóëÿöèÿ Ï(0). Øàã 3. k=0.

Øàã 4. Ê êàæäîé õðîìîñîìå ïîïóëÿöèè Ï(k) ïðèìå-
íÿþòñÿ îïåðàòîðû êðîññèíãîâåðà è ìóòàöèè. Øàã 5.
k=k+1. Øàã 6. Åñëè k<N òî âîçâðàùàåìñÿ ê øàãó 4, èíà÷å

Øàã 7. Âûâîä íà ïå÷àòü ðåçóëüòàòîâ âû÷èñëåíèé
Ïðèâåäåì ðåçóëüòàòû íåêîòîðûõ ÷èñëåííûõ ýêñïåðè-

ìåíòîâ. Íà ðèñ.1 ïðèâåäåí ïðèìåð ìàðøðóòà êîììèâîÿ-
æåðà ïî 100 ãîðîäàì.

TSP report for current task.    Population Size =400
          First population     The ending populations
Bad travel:        273759        50695
Average travel:   251 076       50684
Best travel:        221144        49696
       Using time:        374368 mlsec
       equal 49696 km
Íà ðèñ.2 ïðåäñòàâëåí ðåçóëüòàò ðàáîòû ýòîé æå

ïðîãðàììû äëÿ 11 ãîðîäîâ.
Â ëåâîé ÷àñòè ðèñ.2 ïðåäñòàâëåí ìàðøðóò êîììèâîÿ-

æåðà, îïðåäåëåííûé ãåíåòè÷åñêèì àëãîðèòìîì, â ïðàâîé
÷àñòè ýòîò æå ìàðøðóò íàéäåí ãëîáàëüíûì ïåðåáîðîì âñåõ
âàðèàíòîâ. Â äàííîì ñëó÷àå ñ ïîìîùüþ ãåíåòè÷åñêîãî
àëãîðèòìà íàéäåí ãëîáàëüíûé ìèíèìóì è ïðè ýòîì çà
ñóùåñòâåííî ìåíüøåå âðåìÿ.

Ãåíåòè÷åñêèé àëãîðèòì ìîæåò ðàáîòàòü â äâóõ ðåæèìàõ
- îáû÷íûé (ïî âûøåîïèñàííîé ñõåìå) è "æàäíûé". "Æàä-
íûé" îòëè÷àåòñÿ òåì, ÷òî â ïðîöåññå êðîññèíãîâåðà è ìó-
òàöèè "âûæèâàþò" òîëüêî òå õðîìîñîìû, äëÿ êîòîðûõ
ïðèìåíåíèå ýòèõ îïåðàòîðîâ ïðèâåëî ê íåêîòîðîìó óëó÷-

øåíèþ öåëåâîé ôóíêöèè. Ïðè ýòîì ðàçìåð ïîïóëÿöèè
óìåíüøàåòñÿ íà êàæäîé èòåðàöèè. Ïðèìåíåíèå "æàäíîãî"
àëãîðèòìà ïðèâîäèò ê áîëåå áûñòðîé ñõîäèìîñòè, íî ïîïó-
ëÿöèÿ â ýòîì àëãîðèòìå áûñòðî âûðîæäàåòñÿ è îáû÷íûå
ìåðû äëÿ ðàñøèðåíèÿ ïðîñòðàíñòâà ïîèñêà â âèäå îïåðà-
òîðîâ ìóòàöèè íå ïîìîãàþò. Â ýòîì âàðèàíòå íàáëþäàåòñÿ
áûñòðàÿ ñõîäèìîñòü ê ëîêàëüíîìó ìèíèìóìó.

Èíòåðåñåí êðàéíèé ñëó÷àé, êîãäà ïîïóëÿöèÿ ñîñòîèò
òîëüêî èç îäíîé îñîáè (ðèñ.3-5).

Íà ðèñ.3 ïðåäñòàâëåíî ðàñïîëîæåíèå 35 ãîðîäîâ, íà
ðèñ. 4 èòîãîâûé ìàðøðóò êîììèâîÿæåðà, íà ðèñ. 5 ïðåä-
ñòàâëåí ãðàôèê èçìåíåíèÿ ôóíêöèîíàëà êà÷åñòâà
(ôèòíåñ).

Ðèñóíîê 1

Ðèñóíîê 2
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Ðèñóíîê 3                                                  Ðèñóíîê 4                                    Ðèñóíîê 5

Ðèñóíîê 6

Ðàññìîòðåííûå ãåíåòè÷åñêèå àëãîðèòìû ìîãóò áûòü óñ-
ëîâíî ðàçáèòû íà äâà êëàññà: íà ðàáîòàþùèå ñ ìíîæå-
ñòâîì ðåøåíèé (ïîïóëÿöèåé, îáúåì êîòîðîé áîëüøå îäíîé
õðîìîñîìû) è íà ðàáîòàþùèå ñ îäíîé õðîìîñîìîé. Âòî-
ðîé êëàññ àëãîðèòìîâ èìååò áîëåå âûñîêóþ ñêîðîñòü
ñõîäèìîñòè, íî èìååò ìåíüøå øàíñîâ íàõîæäåíèÿ ãëî-
áàëüíîãî ýêñòðåìóìà ôóíêöèîíàëà êà÷åñòâà, òàê êàê ìåíåå
ñïîñîáåí ê âûõîäó èç ëîêàëüíûõ ýêñòðåìóìîâ.

Âûïîëíÿÿ ðàñ÷åòû ñ ïîìîùüþ ãåíåòè÷åñêîãî àëãîðèòìà
çàäàííîå ÷èñëî ðàç ñ îäíèì è òåì æå íàáîðîì ãîðîäîâ, ìû
èìååì âîçìîæíîñòü âûáðàòü ìèíèìàëüíûé èç ëîêàëüíûõ
ìèíèìóìîâ. Êàê ïîêàçûâàþò ýêñïåðèìåíòû, ïðè n < 20
äîñòàòî÷íî 5-6 çàïóñêîâ ïðîãðàììû, äëÿ òîãî ÷òîáû ñ 95-
ïðîöåíòíîé âåðîÿòíîñòüþ ïîëó÷èòü ãëîáàëüíûé ìèíèìóì.
Îäíàêî ïðè óâåëè÷åíèè êîëè÷åñòâà ãîðîäîâ âîïðîñ î òî÷-
íîì ðåøåíèè ñíèìàåòñÿ è âîçíèêàåò âîïðîñ î âåëè÷èíå ïî-
ãðåøíîñòè ãåíåòè÷åñêîãî àëãîðèòìà. Ê ñîæàëåíèþ, äàííàÿ
ïðîáëåìà ïðàêòè÷åñêè íå ïîääàåòñÿ òî÷íîìó àíàëèçó.
Ðåçóëüòàòû ýêñïåðèìåíòîâ (ðàçìåð ïîïóëÿöèè ðàâåí
îäíîé õðîìîñîìå) ïðèâåäåíû òàêæå íà ðèñ.6, ãäå
ðàçìåùåíû ýëåìåíòû êîíòðîëÿ è èññëåäóåìûé íàáîð èç 80

ãîðîäîâ. Ïî ðåçóëüòàòàì èñïûòàíèé ïîñòðîåíà ãèñòî-
ãðàììà è íàéäåíî ìàòåìàòè÷åñêîå îæèäàíèå è ñðåäíåå
êâàäðàòè÷åñêîå îòêëîíåíèå. Ìàòåìàòè÷åñêîå îæèäàíèå â
äàííîì ñëó÷àå ðàâíî 88075, à ñðåäíåå êâàäðàòè÷åñêîå
îòêëîíåíèå ðàâíî 2450, ÷òî ñîñòàâëÿåò 2.78% îò ìàòåìà-
òè÷åñêîãî îæèäàíèÿ. Äëÿ ãîðîäîâ, êîëè÷åñòâî êîòîðûõ íå
ïðåâûøàåò 50, áîëüøîå êîëè÷åñòâî ýêñïåðèìåíòîâ ïîêà-
çàëî, ÷òî ñðåäíåå êâàäðàòè÷åñêîå îòêëîíåíèå íå ïðåâîñõî-
äèò 5% ìàòåìàòè÷åñêîãî îæèäàíèÿ. Ýòî äàåò âîçìîæíîñòü
îöåíèòü ïîãðåøíîñòü ðåçóëüòàòîâ ãåíåòè÷åñêîãî àëãîðèòìà
êàê ïðàêòè÷åñêè õîðîøóþ. Ìåòîä ãåíåòè÷åñêèõ
àëãîðèòìîâ ïîçâîëèë íàì òàêæå ÷èñëåííî ðåøèòü ðÿä
ïðèíöèïèàëüíî ðàçíûõ ïî ñâîåé ïðèðîäå ïðèêëàäíûõ
çàäà÷: íàéòè ðåøåíèå ñèñòåìû íåãëàäêèõ óðàâíåíèé, âîç-
íèêàþùèõ â çàäà÷àõ îïòèìàëüíîãî óïðàâëåíèÿ ïðè
èñïîëüçîâàíèè ïðèíöèïà ìàêñèìóìà Ïîíòðÿãèíà [8],
ðåøèòü íåêîòîðûå çàäà÷è öåëî÷èñëåííîãî ïðîãðàì-
ìèðîâàíèÿ. Îäíàêî ÃÀ, êàê è äðóãèå ìåòîäû ýâîëþ-
öèîííûõ âû÷èñëåíèé, íå ãàðàíòèðóþò îáíàðóæåíèå
ãëîáàëüíîãî ýêñòðåìóìà çà ïîëèíîìèàëüíîå âðåìÿ. Ýòè
àëãîðèòìû õîðîøè äëÿ ïîëó÷åíèÿ "äîñòàòî÷íî õîðîøåãî"
ðåøåíèÿ çàäà÷è çà "äîñòàòî÷íî õîðîøåå" âðåìÿ.
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ÐÀÇÐÀÁÎÒÊÀ È ÈÑÑËÅÄÎÂÀÍÈÅ ÈÅÐÀÐÕÈ×ÅÑÊÈÕ 
ÀÃËÎÌÅÐÀÒÈÂÍÛÕ ÀËÃÎÐÈÒÌÎÂ ÐÀÉÎÍÈÐÎÂÀÍÈß

À.Â.Çàâàðçèí, Â.È.Ìåñþðà 

Â ñòàòüå ðàññìàòðèâàåòñÿ çàäà÷à ðàéîíèðîâàíèÿ, ò.å. çà-
äà÷à êëàññèôèêàöèè ìíîãîìåðíûõ ïðîñòðàíñòâåííûõ äàííûõ
ïðè ó÷åòå îãðàíè÷åíèé íà ãåîãðàôè÷åñêóþ ñìåæíîñòü ïîëó-
÷àåìûõ êëàññîâ-ðàéîíîâ. Ïðèâîäÿòñÿ êëàññè÷åñêèå àãëîìåðà-
òèâíûå ìåòîäû èåðàðõè÷åñêîé êëàññèôèêàöèè, äëÿ êîòîðûõ
ðàçðàáîòàíû è ðåàëèçîâàíû èõ àíàëîãè - àãëîìåðàòèâíûå
àëãîðèòìû ðàéîíèðîâàíèÿ.

Íà äàííûõ â ðàçðåçå ñóáúåêòîâ Ðîññèéñêîé Ôåäåðàöèè (89
îáúåêòîâ) è â ðàçðåçå èçáèðàòåëüíûõ îêðóãîâ Ðîññèéñêîé
Ôåäåðàöèè (ïîðÿäêà 2500 îáúåêòîâ) ïðîâåäåíû ìíîãî-
÷èñëåííûå ýêñïåðèìåíòû. Èññëåäîâàíû îïòèìàëüíûå âàðè-
àíòû ðåàëèçàöèè è õîä ðàéîíîîáðàçîâàíèÿ àãëîìåðàòèâíûõ
èåðàðõè÷åñêèõ àëãîðèòìîâ ðàéîíèðîâàíèÿ.

In this article the problem of regionalization is examined, i.e.
the problem of classification of the multivariate spatial data
with the conditions on a geographical contiguity of classes
(regions). Classical agglomerative methods of hierarchical clas-
sification are given. Agglomerative algorithms of regionaliza-
tion are developed and realized for the classical  methods .

The number of experiments are carried out on the attributive
data of subjects of the Russian Federation (89 objects) and of
constituencies of the Russian Federation (about 2500 objects).
Optimum ways of realization and interim classes (regions) prop-
erties of agglomerative hierarchical regionalization algorithms
are investigated.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È ÐÀÉÎÍÈÐÎÂÀÍÈß

Îáúåêòîì êëàññèôèêàöèè â ãåîãðàôèè ÿâëÿåòñÿ ÎÒÅ -
îïåðàöèîííî-òåððèòîðèàëüíàÿ åäèíèöà (Òðîôèìîâ è äð.,
1985, ñòð. 13). Â êà÷åñòâå ÎÒÅ ìîãóò âûñòóïàòü,
íàïðèìåð, àäìèíèñòðàòèâíî-òåððèòîðèàëüíûå åäèíèöû,
íàñåëåííûå ïóíêòû, ÿ÷åéêè ðåãóëÿðíîé èëè íåðåãóëÿðíîé
ñåòêè, íàëîæåííîé íà èññëåäóåìóþ òåððèòîðèþ.
Îáîçíà÷èì âñå ìíîæåñòâî ÎÒÅ ñèìâîëîì

, ãäå  - -ÿ ÎÒÅ,  - êîëè÷åñòâî ÎÒÅ.

Öåëüþ êëàññèôèêàöèé â ãåîãðàôèè ÿâëÿåòñÿ ïîëó÷åíèå
íåêîòîðîãî çàðàíåå çàäàííîãî èëè íå çàäàííîãî
êîëè÷åñòâà ãðóïï ÎÒÅ (êëàññîâ ÎÒÅ). Â ïðåäåëàõ êàæäî-
ãî êëàññà ÎÒÅ äîëæíû áûòü ìàêñèìàëüíî "ïîõîæè" äðóã

íà äðóãà â íåêîòîðîì ñìûñëå, îäíîðîäíû, à ÎÒÅ èç
ðàçíûõ êëàññîâ - ìàêñèìàëüíî "îòëè÷àòüñÿ". 

Áóäåì íàçûâàòü -ì êëàññîì ïîäìíîæåñòâî ÎÒÅ

,

ãäå  - êîëè÷åñòâî ÎÒÅ -ãî êëàññà.

Ïîä ñèñòåìîé êëàññîâ, ïîëó÷åíèå êîòîðîé ÿâëÿåòñÿ

öåëüþ êëàññèôèêàöèè, áóäåì ïîíèìàòü ìíîæåñòâî   ñî
ñëåäóþùèìè ñâîéñòâàìè:

1. , ò.å.   ñîñòîèò èç  êëàññîâ.

2. , ãäå  - ïóñòîå 

ìíîæåñòâî.

3.   ò.å.   .

4. .

Â ãåîãðàôè÷åñêîì ïðîñòðàíñòâå ÎÒÅ îïèñûâàþòñÿ
ðàçëè÷íûìè ïîêàçàòåëÿìè è ìåòðèêàìè, îñíîâíûìè èç
êîòîðûõ ìîæíî ñ÷èòàòü ñïîñîáû ðàñ÷åòà ðàññòîÿíèÿ
ìåæäó ÎÒÅ (ò.å. êîýôôèöèåíòîâ "ñõîäñòâà" èëè
"îòëè÷èÿ" ÎÒÅ). Ïîìèìî ãåîãðàôè÷åñêîãî ïðîñòðàíñòâà,
èññëåäóåìàÿ ñîâîêóïíîñòü ÎÒÅ ôèêñèðîâàíà è â ïðî-

ñòðàíñòâå  àòðèáóòèâíûõ ïîêàçàòåëåé (èëè ïðîñòðàí-

ñòâå  àòðèáóòèâíûõ ïðèçíàêîâ). Â ýòîì ïðîñòðàíñòâå

ÎÒÅ òåðÿþò ñâîþ ãåîãðàôè÷íîñòü è íåçàâèñèìî îò ñâîåé

ïåðâîíà÷àëüíîé ïðèðîäû ñòàíîâÿòñÿ -ìåðíûìè

òî÷êàìè.
Àëãîðèòìû ðàéîíèðîâàíèÿ íàïðàâëåíû íà ïîëó÷åíèå

òåððèòîðèàëüíî (ãåîãðàôè÷åñêè) íåðàñ÷ëåíåííûõ ðàéîíîâ
(êëàññîâ), âûäåëÿåìûõ ïî êðèòåðèþ èõ íåñõîæåñòè â ïðè
çíàêîâîì ïðîñòðàíñòâå ñ ó÷åòîì âûáðàííîé ìåòðèêè èëè
ìàòðèöû áëèçîñòåé ÎÒÅ-ÎÒÅ. Ìíîãèå àëãîðèòìû
ðàéîíèðîâàíèÿ, ñ îäíîé ñòîðîíû, ïðàêòè÷åñêè ïîëíîñòüþ
äóáëèðóþò àëãîðèòìû êëàññèôèêàöèè ñ äîáàâëåíèåì äî-
ïîëíèòåëüíîé ïðîöåäóðû ïðîâåðêè óñëîâèÿ íà ãåîãðàôè-

O o1,...,oN{ }= oi i N

j

Si oij O j 1,...,N∈ ∈{ } O⊂=

Ni Si= N≤ i

S

S Si i 1,...,K∈{ }= S K

Si Sj∩ θ  i j 1,...,K{ }∈,∀= θ

Si θ≠ Si 0> i 1,...,K{ }∈∀

Si

i 1=

K

∪ O  Ni

i 1=

K

�, N= =

M

M
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À.Â.Çàâàðçèí, Â.È.Ìåñþðà:  ÐÀÇÐÀÁÎÒÊÀ È ÈÑÑËÅÄÎÂÀÍÈÅ ÈÅÐÀÐÕÈ×ÅÑÊÈÕ ÀÃËÎÌÅÐÀÒÈÂÍÛÕ 
ÀËÃÎÐÈÒÌÎÂ ÐÀÉÎÍÈÐÎÂÀÍÈß

÷åñêóþ ñìåæíîñòü ðàéîíîâ. Ñ äðóãîé ñòîðîíû, ñóùåñòâó-
þò ñïåöèôè÷åñêèå àëãîðèòìû ðàéîíèðîâàíèÿ, äëÿ
êîòîðûõ îòñóòñòâóþò àíàëîãè â êëàññèôèêàöèè (íàïðè-
ìåð, ìåòîä áàðüåðîâ ìàêñèìàëüíûõ ðàçëè÷èé, îïèñàííûé
â ðàáîòå Monmonier, 1973).

ÊËÀÑÑÈ×ÅÑÊÈÅ ÈÅÐÀÐÕÈ×ÅÑÊÈÅ 
ÀÃËÎÌÅÐÀÒÈÂÍÛÅ ÀËÃÎÐÈÒÌÛ 
ÊËÀÑÑÈÔÈÊÀÖÈÈ

Êëàññè÷åñêèé àãëîìåðàòèâíûé àëãîðèòì èåðàðõè÷åñêîé
êëàññèôèêàöèè íà÷èíàåò ñâîþ ðàáîòó ñ ôîðìèðîâàíèÿ

 êëàññîâ (ïðè ýòîì êàæäàÿ ÎÒÅ íà íóëåâîì øàãå

ïðåäñòàâëÿåò îòäåëüíûé êëàññ) è ïðîâîäèò â îáùåì

ñëó÷àå  èòåðàöèþ. Íà êàæäîì øàãå àëãîðèòìà
ïðîèñõîäèò îáúåäèíåíèå äâóõ "áëèæàéøèõ" êëàññîâ â

îäèí, ò.å. . Ïîñëåäíèé -é øàã

àëãîðèòìà õàðàêòåðèçóåòñÿ îáúåäèíåíèåì äâóõ ñôîðìè-
ðîâàííûõ íà ïðåäûäóùèõ ýòàïàõ êëàññîâ â îäèí êëàññ,
âêëþ÷àþùèé â ñåáÿ âñå èìåþùèåñÿ (ïîñòóïèâøèå íà âõîä
àíàëèçà) ÎÒÅ. Âûáîð ðàññòîÿíèÿ íàñòîëüêî âëèÿåò íà
ðåçóëüòàò êëàññèôèêàöèè, ÷òî çà÷àñòóþ îíî âíîñèòñÿ â
íàçâàíèå àëãîðèòìà (íàïðèìåð, "àãëîìåðàòèâíûé àëãî-
ðèòì ñðåäíåé ñâÿçè"). 

Ñïîñîáû âû÷èñëåíèÿ ñòåïåíè "áëèçîñòè" êëàññîâ

(ðàññòîÿíèÿ ìåæäó êëàññàìè ) èíîãäà íàçûâàþòñÿ

ñòðàòåãèÿìè îáúåäèíåíèÿ êëàññîâ. Ïóñòü  -

ôóíêöèÿ ðàññòîÿíèÿ ìåæäó êëàññàìè, -

-é êëàññ,  - ÷èñëî ÎÒÅ â -ì êëàññå, .

Íèæå ïðèâåäåíû íàèáîëåå èçâåñòíûå âèäû ðàññòîÿíèÿ
ìåæäó êëàññàìè.

1. Ìåòîä áëèæíåãî ñîñåäà. Ðàññòîÿíèå ìåæäó äâóìÿ
êëàññàìè ðàññ÷èòûâàåòñÿ êàê ðàññòîÿíèå ìåæäó äâóìÿ
áëèæàéøèìè ÎÒÅ ýòèõ äâóõ êëàññîâ:

.

Â êà÷åñòâå íåäîñòàòêà ìåòîäà ìîæíî îòìåòèòü òîò ôàêò,

÷òî ïðè íàëè÷èè â âûáîðêå èç  ÎÒÅ àíîìàëüíûõ

íàáëþäåíèé (ò.å. òàêèõ, êîòîðûå ñóùåñòâåííî îòëè÷àþòñÿ
ïî ñâîèì çíà÷åíèÿì ïîêàçàòåëåé îò îñòàëüíûõ ÎÒÅ), îíè
áóäóò ïîìåùåíû â îòäåëüíûå êëàññû. Îñíîâíàÿ æå ãðóïïà
ÎÒÅ "ñîëüåòñÿ" â îäèí áîëüøîé êëàññ. Â ëèòåðàòóðå ïî
ãåîèíôîðìàòèêå (Òèêóíîâ, 1997) ïðåäëàãàåòñÿ ó÷èòûâàòü
â âû÷èñëåíèè ðàññòîÿíèÿ ïî ìåòîäó áëèæíåãî ñîñåäà
êîëè÷åñòâà ÎÒÅ â êàæäîì èç êëàññîâ:

 .

Òàêîå ðàññòîÿíèå ãîðàçäî áîëåå óñòîé÷èâî ê îáðàçîâà-
íèþ îäíîãî ìíîãî÷èñëåííîãî êëàññà â àãëîìåðàòèâíîé
ïðîöåäóðå, ò.ê. çíà÷èòåëüíî "ïîäïðàâëÿåò" â ñòîðîíó óâå-
ëè÷åíèÿ ðàññòîÿíèÿ ìåæäó "áîëüøèìè" êëàññàìè, ÷òî íå
äàåò èì îáúåäèíÿòüñÿ.

Âàæíîé ðàçíîâèäíîñòüþ ðàññòîÿíèÿ ìåæäó êëàññàìè ïî
ìåòîäó áëèæíåãî ñîñåäà ÿâëÿåòñÿ ãåîãðàôè÷åñêàÿ ñìåæ-

íîñòü ìåæäó êëàññàìè , èñïîëüçóåìàÿ â àëãîðèòìàõ ðà-

éîíèðîâàíèÿ. Êàê è â ñëó÷àå àòðèáóòèâíîãî ïðîñòðàíñòâà,
ýòî ðàññòîÿíèå îñíîâàíî íà ñìåæíîñòè îòäåëüíûõ ÎÒÅ
êëàññîâ. Åñëè â äâóõ êëàññàõ ñóùåñòâóåò õîòÿ áû ïî îä-
íîé ñìåæíîé äðóã ñ äðóãîì ÎÒÅ, òî (ñëåäóÿ ïðèíöèïó
áëèæíåãî ñîñåäñòâà) äâà êëàññà òàêæå ñìåæíû:

 ,

2. Ìåòîä äàëüíåãî ñîñåäà. Ðàññòîÿíèå ìåæäó äâóìÿ
êëàññàìè ðàññ÷èòûâàåòñÿ êàê ðàññòîÿíèå ìåæäó äâóìÿ ñà-
ìèìè äàëüíèìè ÎÒÅ ýòèõ êëàññîâ: 

 .

Äàííûé ìåòîä áîëåå óñòîé÷èâ ê àíîìàëüíûì íàáëþäå-
íèÿì ïðè èñïîëüçîâàíèè â àãëîìåðàòèâíîì àëãîðèòìå.
Êðîìå òîãî, ïîëó÷àåìûå ñ åãî ïîìîùüþ êëàññû îáû÷íî
ñîðàçìåðèìû (ò.å. ÷èñëî ÎÒÅ â íèõ ïðèìåðíî îäèíà-
êîâî).

3. Öåíòðîèäíûé ìåòîä. Ðàññòîÿíèå ìåæäó äâóìÿ êëàñ-
ñàìè ðàññ÷èòûâàåòñÿ êàê ðàññòîÿíèå ìåæäó öåíòðàìè
êëàññîâ:

 ,

ãäå .

4. Ìåòîä ãðóïïîâîãî ñðåäíåãî (ñðåäíåé ñâÿçè). Ðàññòî-
ÿíèå ìåæäó äâóìÿ êëàññàìè ðàññ÷èòûâàåòñÿ êàê ñðåäíåå
ðàññòîÿíèå ìåæäó ÎÒÅ äâóõ êëàññîâ:

 .

Åñëè ÷èñëî êëàññîâ , êîòîðûå íóæíî ïîëó÷èòü, èçâå-

ñòíî çàðàíåå, äîñòàòî÷íî ïðîâåñòè  èòåðàöèé, â

ðåçóëüòàòå êîòîðûõ è áóäåò ñôîðìèðîâàíî ðîâíî 
êëàññîâ. Åñëè êîëè÷åñòâî êëàññîâ çàðàíåå íåèçâåñòíî,
àíàëèçèðóþòñÿ ëèáî çíà÷åíèÿ ôóíêöèîíàëà êà÷åñòâà ðàç-

áèåíèÿ äëÿ  , ëèáî ïðèìåíÿþòñÿ äðóãèå

ìåòîäû (ñì., íàïðèìåð, ìåòîä àíàëèçà ñëîæíîñòè ãðóïïè-
ðoâî÷íîãî äåðåâà â ðàáîòå Áëàíóöà, 1993, ñòð. 94).
Èíôîðìàöèþ î êîëè÷åñòâå êëàññîâ ìîæåò äàòü è âèçóàëü-
íûé àíàëèç äåíäðîãðàììû.

Íèæå ïðèâåäåíà îáùàÿ ñõåìà ðàáîòû àãëîìåðàòèâíîãî
àëãîðèòìà êëàññèôèêàöèè.
1. Èíèöèàëèçèðîâàòü íà÷àëüíûå çíà÷åíèÿ àëãîðèòìà.

1.1)Çàäàòüñÿ ìåòðèêîé  è ñòðàòåãèåé îáúåäèíåíèÿ .

1.2) Ñôîðìèðîâàòü ïåðâóþ ñèñòåìó   èç   êëàññîâ:

,  .

Âåðõíèé èíäåêñ â îáîçíà÷åíèè êëàññà áóäåò óêàçûâàòü
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øàã àëãîðèòìà , íèæíèé - íîìåð êëàññà â òåêóùåé

ñèñòåìå.

1.3) Ïîëîæèòü  .

2. Ïóñòü íà øàãå  ïîëó÷åíà ñèñòåìà êëàññîâ

  , . Òîãäà:

2.1) Âû÷èñëèòü ðàññòîÿíèÿ ìåæäó êëàññàìè

 .

2.2) Íàéòè   , :

 .

2.3) Íå îãðàíè÷èâàÿ îáùíîñòè  . Ïîëîæèòü 

 

ñôîðìèðîâàâ, òàêèì îáðàçîì, íîâóþ ñèñòåìó êëàññîâ

 .

3. Åñëè , êîíåö, èíà÷å ïîëîæèòü  è
ïåðåéòè ê øàãó 2.

Äåòàëüíîå îïèñàíèå ïðîöåäóð àãëîìåðàòèâíûõ èåðàð-
õè÷åñêèõ êëàññèôèêàöèé ìîæíî íàéòè â ðàáîòå (Æàìáþ,
1989).

ÀÄÀÏÒÀÖÈß ÊËÀÑÑÈ×ÅÑÊÈÕ 
ÈÅÐÀÐÕÈ×ÅÑÊÈÕ ÀÃËÎÌÅÐÀÒÈÂÍÛÕ 
ÀËÃÎÐÈÒÌÎÂ ÊËÀÑÑÈÔÈÊÀÖÈÈ ÄËß ÖÅËÅÉ 
ÐÀÉÎÍÈÐÎÂÀÍÈß

Âî ìíîãèõ ðàáîòàõ ïî ãåîèíôîðìàòèêå âñòðå÷àþòñÿ
óïîìèíàíèÿ îá èñïîëüçîâàíèè äëÿ öåëåé ðàéîíèðîâàíèÿ
èåðàðõè÷åñêèõ àãëîìåðàòèâíûõ àëãîðèòìîâ êëàññèôèêà-
öèè. Àâòîðó, îäíàêî, íå óäàëîñü íàéòè îïèñàíèå îáîáùå-
ííîãî àëãîðèòìà ðàéîíèðîâàíèÿ è ýêñïåðèìåíòîâ ïî
èññëåäîâàíèþ ñâîéñòâ àëãîðèòìîâ äëÿ êàæäîãî òèïà ìåæ-
êëàññîâîãî ðàññòîÿíèÿ.

Îòëè÷èå àãëîìåðàòèâíûõ àëãîðèòìîâ ðàéîíèðîâàíèÿ îò
ñîîòâåòñòâóþùèõ àëãîðèòìîâ êëàññèôèêàöèè ñîñòîèò â
ôîðìèðîâàíèè ìàòðèöû ãåîãðàôè÷åñêîé ñìåæíîñòè è ïðî-
âåðêå íà êàæäîì øàãå ãðàíè÷íîñòè îáúåäèíÿåìûõ ðàéî-
íîâ. Äëÿ êëàññè÷åñêèõ àãëîìåðàòèâíûõ àëãîðèòìîâ ýòî
ñîîòâåòñòâóåò óñëîâèþ íàõîæäåíèÿ ìèíèìóìà ðàññòîÿíèÿ
ìåæäó ðàéîíàìè (èëè ìàêñèìóì ôóíêöèè êà÷åñòâà ïðè
îáúåäèíåíèè) òîëüêî äëÿ ãåîãðàôè÷åñêè ñìåæíûõ
ðàéîíîâ.

Ïðèìåì ñëåäóþùóþ ñõåìó ðàáîòû îáîáùåííîãî
àãëîìåðàòèâíîãî àëãîðèòìà ðàéîíèðîâàíèÿ.

1. Çàäàòüñÿ ìåòðèêîé   è ñòðàòåãèåé îáúåäèíåíèÿ .
"Îáîáùåííîñòü" àëãîðèòìà îòíîñèòñÿ ê âîçìîæíîñòè
èñïîëüçîâàíèÿ ïðîèçâîëüíîé ñòðàòåãèè îáúåäèíåíèÿ .

2. Ñôîðìèðîâàòü ïåðâóþ ñèñòåìó   èç  ðàéîíîâ:

 ,  . 

Âåðõíèé èíäåêñ â îáîçíà÷åíèè ðàéîíîâ áóäåò
óêàçûâàòü øàã àëãîðèòìà, íèæíèé - íîìåð ðàéîíà â òåêó-
ùåé ñèñòåìå. Ïîëîæèòü .

3. Ïîëîæèòü   è ïîëó÷èòü ìàòðèöó

ñìåæíîñòè : 

.

4. Ïóñòü íà øàãå  ïîëó÷åíà ñèñòåìà ðàéîíîâ

 . Òîãäà:

4.1) Âû÷èñëèòü ðàññòîÿíèÿ ìåæäó ðàéîíàìè

 .

4.2) Íàéòè  , :

 .

4.3) Íå îãðàíè÷èâàÿ îáùíîñòè . Ïîëîæèòü 

 

ñôîðìèðîâàâ, òàêèì îáðàçîì, íîâóþ ñèñòåìó ðàéîíîâ

.

5.Åñëè , êîíåö, èíà÷å ïîëîæèòü   è

ïåðåéòè ê øàãó 3.

Âïîëíå ìîæåò ïîëó÷èòüñÿ, ÷òî äëÿ  íà øàãå 4.2
íå óäàñòñÿ íàéòè äâà ñìåæíûõ êëàññà, êîòîðûå òðåáóåòñÿ
îáúåäèíèòü. Ýòà ñèòóàöèÿ ñîîòâåòñòâóåò ñëó÷àþ

íåñâÿçíîñòè ãðàôà  ãåîãðàôè÷åñêèõ ðàññòîÿíèé,

ïîñòðîåííîãî íà îñíîâå ìàòðèöû ñìåæíîñòè . Åñëè

 - ÷èñëî êîìïîíåíò ñâÿçíîñòè ãðàôà , òî êðèòåðèåì

îñòàíîâà àëãîðèòìà íà 5-ì øàãå ÿâëÿåòñÿ ñðàâíåíèå  ñ
÷èñëîì ( ).
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ÏÐÎÑÒÐÀÍÑÒÂÅÍÍÀß ÑÒÐÓÊÒÓÐÀ ÐÀÉÎÍÎÂ, 
ÏÎËÓ×ÀÅÌÛÕ ÐÀÇËÈ×ÍÛÌÈ 
ÀÃËÎÌÅÐÀÒÈÂÍÛÌÈ ÀËÃÎÐÈÒÌÀÌÈ 
ÐÀÉÎÍÈÐÎÂÀÍÈß

Â ðåçóëüòàòå ïðîâåäåíèÿ ìíîãî÷èñëåííûõ ýêñïåðè-
ìåíòîâ íà äàííûõ â ðàçðåçå ñóáúåêòîâ Ðîññèéñêîé
Ôåäåðàöèè (89 îáúåêòîâ) è â ðàçðåçå èçáèðàòåëüíûõ
îêðóãîâ Ðîññèéñêîé Ôåäåðàöèè (ïîðÿäêà 2500 îáúåêòîâ)
èññëåäîâàíà çàâèñèìîñòü ìîùíîñòè îáðàçóåìûõ êëàññîâ îò
íîìåðà øàãà àëãîðèòìà ïðè ó÷åòå îãðàíè÷åíèé íà
ïðîñòðàíñòâåííóþ íåðàñ÷ëåíåííîñòü êëàññîâ è (äëÿ
ñðàâíåíèÿ) áåç ó÷åòà òàêèõ îãðàíè÷åíèé.

Íîìåð øàãà  àãëîìåðàòèâíîãî àëãîðèòìà êëàññèôè-

êàöèè èëè ðàéîíèðîâàíèÿ íàïðÿìóþ ñâÿçàí ñ êîëè÷åñòâîì

ïîëó÷àåìûõ íà äàííîì øàãå êëàññîâ èëè ðàéîíîâ 

ñîîòíîøåíèåì 

 .

Îáðàòèìñÿ ê ýêñïåðèìåíòó êëàññèôèêàöèè è ðàéî-
íèðîâàíèÿ ñ ïîìîùüþ àãëîìåðàòèâíûõ àëãîðèòìîâ 89-òè
ñóáúåêòîâ Ðîññèéñêîé Ôåäåðàöèè. Â êà÷åñòâå àòðè-
áóòèâíûõ äàííûõ èñïîëüçîâàëèñü ïÿòü ïðèçíàêîâ, îòðà-
æàþùèõ çäîðîâüå íàñåëåíèÿ Ðîññèè (Ïðîõîðîâ, 1996):
óðîâåíü ìëàäåí÷åñêîé ñìåðòíîñòè, ñðåäíåîæèäàåìàÿ ïðî-
äîëæèòåëüíîñòü æèçíè ìóæ÷èí, ñðåäíåîæèäàåìàÿ ïðîäîë-
æèòåëüíîñòü æèçíè æåíùèí, ñòàíäàðòèçèðîâàííûé êîýô-
ôèöèåíò ñìåðòíîñòè ìóæ÷èí, ñòàíäàðòèçèðîâàííûé êîýô-
ôèöèåíò ñìåðòíîñòè æåíùèí.

Íà ïåðâûõ øàãàõ âñå àãëîìåðàòèâíûå àëãîðèòìû äàþò
ïðèìåðíî îäèíàêîâûå ðåçóëüòàòû. Ñåðüåçíûå ðàñõîæäå-

íèÿ âîçíèêàþò íà èòåðàöèÿõ .

Äëÿ ïðèìåðà ðàññìîòðèì èòåðàöèþ

 

è ïðîäåìîíñòðèðóåì ñëåäóþùèå ðåçóëüòàòû:
- àëãîðèòìû ðàéîíèðîâàíèÿ òÿãîòåþò ê áîëåå íåðàâíî-

ìåðíîìó ðàñïðåäåëåíèþ îáúåêòîâ ïî ðàéîíàì, íåæåëè èõ
àíàëîãè â êëàññèôèêàöèè;

- íàèáîëåå íåñòàáèëüíûì àëãîðèòìîì ðàéîíèðîâàíèÿ
ÿâëÿåòñÿ ìåòîä áëèæàéøåãî ñîñåäà, òÿãîòåþùèé ê îáðàçî-
âàíèþ îäíîãî ïðåäñòàâèòåëüíîãî ðàéîíà è ïîðÿäêà

   ðàéîíîâ, ñîäåðæàùèõ ïî îäíîìóäâà îáúåêòà;
- íàèëó÷øèå ðåçóëüòàòû ïîêàçûâàþò àëãîðèòìû äàëü-

íåãî ñîñåäà è âçâåøåííîãî (êîëè÷åñòâîì îáúåêòîâ â îáúå-
äèíÿåìûõ êëàññàõ) áëèæíåãî ñîñåäà, êîòîðûå ïîçâîëÿþò
ïîëó÷àòü ïðèìåðíî ñîðàçìåðèìûå ðàéîíû.

Ïðèìåì ñëåäóþùèå îáîçíà÷åíèÿ àëãîðèòìîâ íà ãðàôè-
êàõ:

Êëàññè÷åñêèå àãëîìåðàòèâíûå àëãîðèòìû íà ïðèâåäå-

ííûõ âûøå äàííûõ íà 67-ì øàãå ôîðìèðóþò 23 êëàññà
îáúåêòîâ. Áóäåì ñ÷èòàòü, ÷òî êëàññû çàäàíû èõ íîìåðàìè
è îòñîðòèðîâàíû â ïîðÿäêå âîçðàñòàíèÿ êîëè÷åñòâà îáúåê-
òîâ. Îòáðîñèâ 4 êëàññà, ñîäåðæàùèõ äëÿ âñåõ àëãîðèòìîâ
ïî îäíîìó îáúåêòó, ïîëó÷èì ñëåäóþùåå ðàñïðåäåëåíèå
îáúåêòîâ ïî êëàññàì:

 

Ðèñóíîê 1 - Ìîùíîñòè êëàññîâ äëÿ àëãîðèòìîâ 
êëàññèôèêàöèè

Êàê ñëåäóåò èç ãðàôèêà, àëãîðèòìû ìîæíî îòñîðòèðî-
âàòü â ñîîòâåòñòâèè ñ ñîðàçìåðèìîñòüþ ïîëó÷àåìûõ êëà-
ññîâ ñëåäóþùèì îáðàçîì (îò õóäøåãî ê ëó÷øåìó):

-   àëãîðèòì áëèæíåãî ñîñåäà;
- öåíòðîèäíûé àëãîðèòì è àëãîðèòì ãðóïïîâîãî

ñðåäíåãî;
-  ìåòîä äàëüíåãî ñîñåäà è âèäîèçìåíåííûé àëãîðèòì

áëèæåãî ñîñåäà.
Ñëåäóþùèé ãðàôèê äåìîíñòðèðóåò ðåçóëüòàòû,

ïîëó÷åííûå ïðè íàëîæåíèè óñëîâèé íà ãåîãðàôè÷åñêóþ
ñìåæíîñòü. Î÷åâèäíî, ÷òî âñå àëãîðèòìû, êðîìå ìåòîäà
áëèæíåãî ñîñåäà, ïîòåðÿëè â ñîðàçìåðèìîñòè êëàññîâ. Ðå-
çóëüòàò ðàáîòû ìåòîäà áëèæíåãî ñîñåäà îñòàëñÿ íåèç-
ìåííî íåóäîâëåòâîðèòåëüíûì.

 

Ðèñóíîê 2 - Ìîùíîñòè ðàéîíîâ äëÿ àëãîðèòìîâ 
ðàéîíèðîâàíèÿ
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Åñòåñòâåííî, ÷òî íà ðàçíûõ äàííûõ (êàðòîãðàôè÷åñêèõ
è àòðèáóòèâíûõ) ïîëó÷àþòñÿ ðàçëè÷íûå ðåçóëüòàòû,
îäíàêî èõ ðàçëè÷èå íåâåëèêî. Â ñðåäíåì ïðèâåäåííûé
âûøå ïðèìåð èëëþñòðèðóåò îáùèå çàêîíîìåðíîñòè.
Ìîæíî, îäíàêî, ïîäîáðàòü ïðèìåðû õîðîøî ðàçäåëèìûõ
ðàéîíîâ êàê â ïðîñòðàíñòâå ïðèçíàêîâ, òàê è â ãåîãðà-
ôè÷åñêîì ïðîñòðàíñòâå, äëÿ êîòîðûõ âñå ìåòîäû áóäóò
äàâàòü ñõîäíûå ðåçóëüòàòû.

ÎÏÒÈÌÀËÜÍÀß ÐÅÀËÈÇÀÖÈß 
ÈÅÐÀÐÕÈ×ÅÑÊÈÕ ÀÃËÎÌÅÐÀÒÈÂÍÛÕ 
ÀËÃÎÐÈÒÌÎÂ ÐÀÉÎÍÈÐÎÂÀÍÈß

Íàèáîëåå òðóäîåìêèì ýòàïîì àëãîðèòìà ðàéîíèðîâàíèÿ
ÿâëÿåòñÿ ïåðåñ÷åò ðàññòîÿíèé ìåæäó ðàéîíàìè íà êàæäîì
øàãå :

 .

Ïðè ðåàëèçàöèè àëãîðèòìîâ ìîæíî ðàññìîòðåòü äâà
àëüòåðíàòèâíûõ ïîäõîäà. Ïåðâûé àíàëèçèðóåìûé ïîäõîä
îñíîâàí íà èñïîëüçîâàíèè ôîðìóëû Æàìáþ. Ýòà ôîðìóëà
ïîçâîëÿåò âû÷èñëÿòü íîâûå ðàññòîÿíèÿ ìåæäó êëàññàìè
íà îñíîâå óæå ïîñ÷èòàííûõ. Äëÿ ðàñ÷åòà ðàññòîÿíèé îò

âíîâü ïîëó÷åííîãî (íàïðèìåð, îáúåäèíåíèåì  è )

êëàññà äî ïðîèçâîëüíîãî êëàññà  íåîáõîäèìî ïðîèçâå-

ñòè ñëåäóþùèå âû÷èñëåíèÿ (Àéâàçÿí, Ìõèòàðÿí, 2001,
ñòð. 497):

(1)

Ïðè ðàçëè÷íûõ çíà÷åíèÿõ ïàðàìåòðîâ  ýòà
ôîðìóëà ñîîòâåòñòâóåò âû÷èñëåíèþ íàèáîëåå ÷àñòî
èñïîëüçóåìûõ ìåæêëàññîâûõ ðàññòîÿíèé. Çíà÷åíèÿ
êîýôôèöèåíòîâ äëÿ êàæäîãî âèäà ðàññòîÿíèÿ èçâåñòíû.

Ðåàëèçàöèÿ êëàññè÷åñêèõ àãëîìåðàòèâíûõ àëãîðèòìîâ
êëàññèôèêàöèè â ñòàòèñòè÷åñêèõ ïàêåòàõ íà áàçå
ôîðìóëû (1) íà ïîðÿäîê óâåëè÷èâàåò áûñòðîäåéñòâèå
àíàëèçà. Îäíàêî äëÿ åå èñïîëüçîâàíèÿ â àëãîðèòìàõ
ðàéîíèðîâàíèÿ íåîáõîäèìî âû÷èñëÿòü âñå ìåæðàéîííûå
ðàññòîÿíèÿ äëÿ âíîâü ñîçäàííîãî ðàéîíà íà êàæäîì øàãå.
Äëÿ ïðåîäîëåíèÿ óêàçàííîãî íåäîñòàòêà ïðåäëàãàåòñÿ
èñïîëüçîâàòü èíîé ïîäõîä, ñîêðàùàþùèé êîëè÷åñòâî
âû÷èñëåíèé ìåæêëàññîâûõ ðàññòîÿíèé.

1. Îïðåäåëèòü êîíñòàíòó  ñ ìàêñèìàëüíûì ïîëîæèòå-
ëüíûì çíà÷åíèåì, êîòîðîé ïîìå÷àþòñÿ íåñìåæíûå ðàéîíû
â ìàòðèöå ìåæðàéîííûõ ðàññòîÿíèé. Ðàéîíàì, íå èìåþ-
ùèì îáùåé ãðàíèöû, ïðèñâîèòü çàâåäîìî íåäîñòèæèìûå
ìàêñèìàëüíûå ðàññòîÿíèÿ

.

2. Íà î÷åðåäíîì øàãå, ïîñëå íàõîæäåíèÿ ìèíèìóìà â

ìàòðèöå ðàññòîÿíèé ìåæäó äâóìÿ ðàéîíàìè  è   è

îáúåäèíåíèÿ èõ â îäèí ðàéîí  , ïåðåñ÷èòûâàòü

òîëüêî ðàññòîÿíèÿ âèäà

, ãäå .

3. Ïîñëåäíåå óñëîâèå ñîîòâåòñòâóåò ëèáî ñëó÷àþ

, 

ëèáî ñëó÷àþ

 , ,

ïîýòîìó ïðè ïåðåñ÷åòå ðàññòîÿíèé â ôîðìóëå (1) íåêî-
òîðûå ñëàãàåìûå èçâåñòíû. Ïåðåñ÷åò îñòàëüíûõ ðàññòî-

ÿíèé ôîðìóëû (1) îñóùåñòâëÿåòñÿ ñ èñïîëüçîâàíèåì -
ìåðíûõ âåêòîðîâ îáúåêòîâ êàæäîãî èç êëàññîâ.

Êàê âèäíî èç îïèñàíèÿ, êîëè÷åñòâî âû÷èñëåíèé ìåæ-
êëàññîâûõ ðàññòîÿíèé ñíèæàåòñÿ, íàïðèìåð, íà ïåðâîì

øàãå ñ  äî . Ïîä ñèìâîëîì   ïîíèìàåòñÿ ÷èñ-

ëî ðàéîíîâ, ñîñåäíèõ ñ äàííûì ðàéîíîì . Ìîæíî ñ÷è-

òàòü, ÷òî , õîòÿ íà ïðàêòèêå íàèáîëåå ÷àñòî

.

Ðåçóëüòàòû ýêñïåðèìåíòîâ ïîêàçàëè, ÷òî âðåìÿ ðàáîòû
àëãîðèòìà ðàéîíèðîâàíèÿ ñèëüíî çàâèñèò îò ïðî-
ñòðàíñòâåííîé ñòðóêòóðû ïîëó÷àåìûõ ðàéîíîâ è èõ ñîðàç-
ìåðèìîñòè. Íàïðèìåð, ïðîãðàììíàÿ ðåàëèçàöèÿ ìåòîäîâ
áëèæíåãî è äàëüíåãî ñîñåäåé àáñîëþòíà èäåíòè÷íà, îäíà-
êî âðåìÿ ðàáîòû àëãîðèòìîâ íà îäíèõ è òåõ æå äàííûõ ñè-
ëüíî âàðüèðóåòñÿ.

Ðàñ÷åòû ïðîâîäèëèñü íà ïåðñîíàëüíîì êîìïüþòåðå ñ
ïðîöåññîðîì òèïà PIII-500 è îïåðàòèâíîé ïàìÿòüþ 128
ìåãàáàéò. Íèæå ïðèâåäåíû ðåçóëüòàòû íåêîòîðûõ çàìåðîâ

âðåìåíè  â çàâèñèìîñòè îò øàãà àëãîðèòìà , ïîòðå-

áîâàâøåãîñÿ äëÿ îáðàáîòêè êîëè÷åñòâà îáúåêòîâ

   ïðè êîëè÷åñòâå ïðèçíàêîâ .

 

Ðèñóíîê 3 - Âèä âðåìåííîé ôóíêöèè äëÿ 
ðàçðàáîòàííûõ àëãîðèòìîâ ðàéîíèðîâàíèÿ

Îáðàáîòêà ìîäåëüíûõ äàííûõ ñ ïîìîùüþ ñòàòèñòè÷åñ-
êèõ ïàêåòîâ è ðàçðàáîòàííûõ àâòîðîì ïðîãðàìì ïîêàçàëà,
÷òî ðåàëèçàöèÿ íåêîòîðûõ àëãîðèòìîâ (áëèæíåãî ñîñåäà,
öåíòðîèäíîãî) íà áàçå ïðåäëîæåííîãî àâòîðîì ïîäõîäà
ïî÷òè âäâîå ñíèæàåò âðåìÿ àíàëèçà.
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ÎÁÚÅÊÒÍÎ-ÎÐÈÅÍÒÈÐÎÂÀÍÍÀß ÐÅÀËÈÇÀÖÈß ÀËÃÎÐÈÒÌÀ 
ÊËÎÍÀËÜÍÎÉ ÑÅËÅÊÖÈÈ

Â.È.Ëèòâèíåíêî, À.À.Ôåôåëîâ, Ñ.Ï.Ãîðàâñêèé

 Ó ðîáîò³ ïîäàí³ ðåçóëüòàòè ïðîåêòóâàííÿ îá'ºêòíî-
îð³ºíòîâàíî¿ á³áë³îòåêè äëÿ ðîçâ'ÿçàííÿ çàäà÷ îïòèì³çàö³¿ çà
äîïîìîãîþ àëãîðèòìó êëîíàëüíîé ñåëåêö³¿. Íàâîäèòüñÿ ìîäå-
ëü àëãîðèòìó ó âèãëÿä³ éîãî êðîêîâî¿ ðåàë³çàö³¿. Ñòðóêòóðà
á³áë³îòåêè ³ â³äíîñèíè ì³æ êëàñàìè ïîêàçàí³ íà ñõåìàõ òà
ïîÿñíþþòüñÿ ó òåêñò³ ñòàòò³.

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ïðîåêòèðîâàíèÿ
îáúåêòíî-îðèåíòèðîâàííîé áèáëèîòåêè äëÿ ðåøåíèÿ îïòèìè-
çàöèîííûõ çàäà÷ ïðè ïîìîùè àëãîðèòìà êëîíàëüíîé ñåëåêöèè.
Ïðèâîäèòñÿ ìîäåëü àëãîðèòìà â âèäå åãî ïîøàãîâîé
ðåàëèçàöèè. Ñòðóêòóðà áèáëèîòåêè è îòíîøåíèÿ ìåæäó
êëàññàìè ïîêàçàíû íà ñõåìàõ è ðàçúÿñíÿþòñÿ â òåêñòå
ñòàòüè.

The paper deals with the model of clonal selection algorithm
that is used to solve mathematical optimization problems and
represented there as the object-oriented library of classes. The
model of algorithm is shown as its step-by-step realization. The
structure of library and relationships between its classes

ÂÂÅÄÅÍÈÅ

Èììóííàÿ ñèñòåìà (ÈÑ) ïîçâîíî÷íûõ ÿâëÿåòñÿ îäíîé
èç çàïóòàííûõ ñèñòåì îðãàíèçìà, à åå ñëîæíîñòü ñðàâíèìà
òîëüêî ñî ñëîæíîñòüþ íåðâíîé ñèñòåìû ïîçâîíî÷íûõ. Ðàç-
âèòèå ãåíåòèêè, ìîëåêóëÿðíîé áèîëîãèè çíà÷èòåëüíî óâå-
ëè÷èëî íàøå ïîíèìàíèå ðàáîòû èììóííîé ñèñòåìû.
Çíàíèå ìåõàíèçìîâ ðàáîòû èììóííîé ñèñòåìû ïîêàçû-
âàåò, ÷òî îíè èíòåðåñíû íå òîëüêî ñ áèîëîãè÷åñêîé, íî è ñ
âû÷èñëèòåëüíîé òî÷êè çðåíèÿ. Ïîäîáíî òîìó, êàê ïîíè-
ìàíèå ðàáîòû íåðâíîé ñèñòåìû ïðèâåëî ê ñîçäàíèþ è
ðàçðàáîòêå èñêóññòâåííûõ íåéðîííûõ ñåòåé, ïîíèìàíèå
ðàáîòû èììóííîé ñèñòåìû ïðèâåëî ê ñîçäàíèþ èììóííûõ
ñèñòåì - íîâîé âû÷èñëèòåëüíîé ïàðàäèãìû.

Èñêóññòâåííûå èììóííûå ñèñòåìû (ÈÈÑ) îïðåäåëÿ-
þòñÿ êàê ìåòàôîðû èëè àáñòðàêöèè ðàçðàáàòûâàåìûõ âû-
÷èñëèòåëüíûõ ñèñòåì, èñïîëüçóþùèå èììóíîëîãè÷åñêèå
ìåõàíèçìû è òåîðèè [1]. Äî íåäàâíåãî âðåìåíè ìîäåëè
èììóííûõ ñèñòåì ïðåäíàçíà÷àëèñü â îñíîâíîì äëÿ èññëå-
äîâàíèÿ áèîëîãè÷åñêèõ àñïåêòîâ èììóííîé ñèñòåìû, ÷òî-
áû êàê ìîæíî ëó÷øå è ãëóáæå ïîíÿòü èõ ïîâåäåíèå è
òàêèì îáðàçîì ñîäåéñòâîâàòü ðàçâèòèþ áèîëîãè÷åñêîé

íàóêè [2, 3]. Â íàñòîÿùèé ìîìåíò âîçðîñ èíòåðåñ ê
ðàçðàáîòêå ÈÈÑ äëÿ ðåøåíèÿ ïðèêëàäíûõ âû÷èñëèòåëü-
íûõ çàäà÷, òàêèõ êàê îïòèìèçàöèÿ, ðàñïîçíàâàíèå îáðà-
çîâ, êëàññèôèêàöèÿ, data mining, îïòèìàëüíîå óïðàâëå-
íèå, èäåíòèôèêàöèÿ ñèñòåì, ïðîòèâîâèðóñíàÿ çàùèòà êîì-
ïüþòåðîâ è êîìïüþòåðíûõ ñåòåé. Ñóùåñòâóåò ìíîæåñòâî
ïðîãðàììíûõ ðåàëèçàöèé ïðåäíàçíà÷åííûõ óêàçàííûõ
çàäà÷.

Äàííàÿ ðàáîòà ïîñâÿùåíà ïðîáëåìàì îáúåêòíî-îðèåíòè-
ðîâàííîé ðåàëèçàöèè ÈÈÑ, à èìåííî èñïîëüçîâàíèþ
ïðèíöèïîâ êëîíàëüíîãî îòáîðà äëÿ ðåøåíèÿ çàäà÷
íåëèíåéíîé îïòèìèçàöèè. 

1 ÁÈÎËÎÃÈ×ÅÑÊÈÅ ÎÑÍÎÂÛ 
ÈÑÊÓÑÑÒÂÅÍÍÛÕ ÈÌÌÓÍÍÛÕ ÑÈÑÒÅÌ

Âñå ïîçâîíî÷íûå èìåþò èììóííóþ ñèñòåìó, êîòîðàÿ
èíòåðåñíà íàì ñ âû÷èñëèòåëüíîé òî÷êè çðåíèÿ. Èììóííàÿ
ñèñòåìà âûðàáîòàëàñü â ïðîöåññå ýâîëþöèè êàê ñðåäñòâî
çàùèòû îò çàðàæåíèÿ ìèêðîîðãàíèçìàìè è áîëåå êðóï-
íûìè ïàðàçèòàìè. Ó ïîçâîíî÷íûõ ÈÑ ñîñòîèò èõ ìíî-
æeñòâà ðàçíîîáðàçíûõ ìîëåêóë è êëåòîê, ðàññðåäîòî÷åí-
íûõ è öèðêóëèðóþùèõ ïî âñåìó îðãàíèçìó. Õàðàêòåðíîé
îñîáåííîñòüþ ÈÑ, ÿâëÿåòñÿ òî, ÷òî îòñóòñòâóåò êàêîé-
ëèáî öåíòðàëüíûé îðãàí, êîòîðûé îñóùåñòâëÿåò óïðàâ-
ëåíèå, è ôóíêöèîíèðîâàíèå ÈÑ ïðè ýòîì èìååòñÿ
íåñêîëüêî ýëåìåíòîâ, êîòîðûå ïîñòîÿííî íàõîäÿòñÿ â äâè-
æåíèè è âûïîëíÿþò ðàçëè÷íûå äîïîëíèòåëüíûå ôóíêöèè
[4]. Îñíîâíîé çàäà÷åé ÈÑ ÿâëÿåòñÿ çàùèòà îðãàíèçìà îò
æèâûõ òåë è âåùåñòâ, íåñóùèõ íà ñåáå ïðèçíàêè ãåíåòè-
÷åñêè ÷óæåðîäíîé èíôîðìàöèè, íàçûâàåìûõ àíòèãåíàìè.
Êàæäûé àíòèãåí ñïåöèôè÷åí, ò.å. èìååò â ñâîåé ñòðóêòó-
ðå, òàêèå îñîáåííîñòè, êîòîðûå îòëè÷àþò åãî îò äðóãèõ
àíòèãåíîâ, è âûçûâàþò ñïåöèôè÷åñêóþ ðåàêöèþ èììóí-
íîé ñèñòåìû, íàïðàâëåííóþ òîëüêî ïðîòèâ íåãî îäíîãî.
Ò.î. ñ ïîìîùüþ ñëîæíûõ ìåõàíèçìîâ ðàñïîçíàâàíèÿ, êî-
òîðûå îòëè÷àþò "ñâîå" îò "÷óæîãî" íà îñíîâå õèìè÷åñêîé
ñòðóêòóðû, èììóííûé ïðîöåññ ïîðîæäàåò êëåòêè è ìîëå-
êóëû, ñâÿçûâàþùèå è óíè÷òîæàþùèå "÷óæîå". Îáðàçîâà-
íèå çàùèòíûõ êëåòîê è ìîëåêóë íàçûâàåòñÿ èììóííîé
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ðåàêöèåé. Îäíîé èç ïðèâëåêàòåëüíûõ ñâîéñòâ ÈÑ ÿâëÿ-
åòñÿ íàëè÷èå ìîëåêóë ðåöåïòîðîâ íà ïîâåðõíîñòè èììóí-
íûõ êëåòîê, ñïîñîáíûõ ê ðàñïîçíàâàíèþ ðàçíîîáðàçíûõ
àíòèãåíîâ (îáðàçîâ). Îáû÷íî âûäåëÿþò äâå áîëüøèå
ãðóïïû èììóííûõ êëåòîê, èçâåñòíûõ êàê Â-êëåòêè è Ò-
êëåòêè. Ýòè äâà òèïà äîâîëüíî ñõîæè ìåæäó ñîáîé, íî
îòëè÷àþòñÿ òåì, êàê îíè ðàñïîçíàþò àíòèãåíû è ñâîèìè
ôóíêöèîíàëüíûìè ðîëÿìè: Â-êëåòêè âûðàáàòûâàþò àíòè-
òåëà, à Ò-êëåòêè îñóùåñòâëÿþò èììóííûå ðåàêöèè êëåòî÷-
íîãî òèïà [5]. Ìåõàíèçìû çàùèòû îðãàíèçìà õîçÿèíà
âêëþ÷àþò â ñåáÿ áîëüøîå êîëè÷åñòâî âçàèìîñâÿçàííûõ
ïðîöåññîâ, îäíèì èç âàæíûõ ÿâëÿåòñÿ ïðîöåññ îáðàçî-
âàíèÿ ìîëåêóë, íàçûâàåìûõ àíòèòåëàìè. Ãëàâíûìè îñî-
áåííîñòÿìè èììóííîé ðåàêöèè ÿâëÿåòñÿ åå ñïåöèôè÷íîñòü
è íàëè÷èå ñâîåãî ðîäà ïàìÿòè. Ñïåöèôè÷íîñòü îçíà÷àåò,
÷òî àíòèòåëà, îáðàçîâàííûå â îòâåò íà íåêîòîðûé àíòèãåí,
ñèëüíî ñâÿçûâàþò èìåííî ýòîò àíòèãåí è íå ñòîëü ñèëüíî
äðóãèå àíòèãåíû. Ïàìÿòü ïðîÿâëÿåòñÿ â òîì, ÷òî â òå÷åíèå
äëèòåëüíîãî âðåìåíè ïîñëå ïåðâè÷íîé ðåàêöèè íà àíòèãåí
ïîâòîðíîå ââåäåíèå òîãî æå àíòèãåíà âûçûâàåò áîëåå
áûñòðóþ è ìîùíóþ âòîðè÷íóþ ðåàêöèþ. Ðàñïîçíàâàíèå
àíòèãåíîâ ÿâëÿåòñÿ ïåðâîé ïðåäïîñûëêîé äëÿ àêòèâàöèè
èììóííîé ñèñòåìû è îñóùåñòâëåíèÿ èììóííîãî îòâåòà.
Ñóùåñòâóåò äâà îñíîâíûõ òèïà èììóííîãî îòâåòà.
Ãóìîðàëüíûé îòâåò ñîñòîèò â âûðàáîòêå àíòèòåë, êîòîðûå
öèðêóëèðóþò â êðîâè è ñïåöèôè÷åñêè ñâÿçûâàþòñÿ ñ
âûçâàâøèìè èõ ñèíòåç ÷óæåðîäíûìè ìîëåêóëàìè. Èììóí-
íûé îòâåò êëåòî÷íîãî òèïà âêëþ÷àåò îáðàçîâàíèå ñïå-
öèàëèçèðîâàííûõ êëåòîê, ðåàãèðóþùèõ ñ ÷óæåðîäíûì
àíòèãåíîì ãëàâíûì îáðàçîì íà ïîâåðõíîñòè ñîáñòâåííûõ
êëåòîê îðãàíèçìà. Ðàñïîçíàâàíèå äîëæíî óäîâëåòâîðÿòü
íåñêîëüêèì êðèòåðèÿì. Àíòèòåëà èëè èììóíîãëîáóëèíû
èãðàþò âåñüìà âàæíóþ ðîëü â èììóííîì ïðîöåññå. Îíè
ïðåäñòàâëÿþò ñîáîé ìîëåêóëû, êîòîðûå ñ ïîìîùüþ
àêòèâíûõ öåíòðîâ ìîãóò ñâÿçûâàòüñÿ ñ íåêîòîðûìè, îáëà-
äàþùèìè îïðåäåëåííîé õèìè÷åñêîé ñòðóêòóðîé ôóíêöèî-
íàëüíûìè ãðóïïàìè àíòèãåíîâ. Ýòè ãðóïïû íàçûâàþòñÿ
àíòèãåííûìè äåòåðìèíàíòàìè èëè ýïèòîïàìè. Ðàâíîâåñíàÿ
êîíñòàíòà àññîöèàöèè äëÿ ñâÿçûâàíèÿ ñ îïðåäåëåííîé
àíòèãåííîé äåòåðìèíàíòîé íàçûâàåòñÿ àôôèíèòåòîì èëè
ñðîäñòâîì ìîëåêóëû àíòèòåëà ê ñîîòâåòñòâóþùåìó àíòè-
ãåíó. Ïåðâîíà÷àëüíî, ðåöåïòîð êëåòêè ðàñïîçíàåò àíòèãåí
ñ íåêîòîðîé àôôèííîñòüþ, è îñóùåñòâëÿåòñÿ ñâÿçûâàíèå
ìåæäó ðåöåïòîðîì è àíòèãåíîì ñ ñèëîé, ïðîïîðöèîíàëü-
íîé ýòîé àôôèííîñòè. Åñëè àôôèííîñòü áîëüøå, ÷åì
äàííàÿ ïîðîãîâàÿ, òî èììóííàÿ ñèñòåìà àêòèâèçèðóåòñÿ.
Íà ðåçóëüòàò ñòîëêíîâåíèÿ ìåæäó àíòèãåíîì è ðåöåï-
òîðîì êëåòêè âëèÿåò ïðèðîäà àíòèãåíà è òèï ðàñïîç-
íàþùåãî ñàéòà. Ñâÿçûâàíèå àíòèòåë ñ àíòèãåíîì îáëåã÷àåò
åãî óäàëåíèå, êîòîðîå îñóùåñòâëÿåòñÿ ñïåöèàëèçèðîâàí-
íûìè êëåòêàìè îðãàíèçìà (ôàãîöèòàìè è ìàêðîôàãàìè).
Åñëè àíòèãåíû ïðåäñòàâëÿþò ñîáîé ìîëåêóëû, òî
êîìïëåêñû àíòèãåíà è àíòèòåë (èììóííûå êîìïëåêñû)
ñïîñîáíû îáðàçîâûâàòü àãðåãàòû áîëüøèõ ðàçìåðîâ, îáëà-
äàþùèå öèòîôèëüíûìè ñâîéñòâàìè. Êðîìå òîãî, çàùèòíîå
äåéñòâèå àíòèòåë ìîæåò îñóùåñòâëÿòüñÿ ïóòåì ïðÿìîé
íåéòðàëèçàöèè àêòèâíîñòè àíòèãåíà. Åñëè àíòèãåí ÿâëÿ-
åòñÿ ïðîíèêøåé â îðãàíèçì áàêòåðèåé èëè âèðóñîì,
âçàèìîäåéñòâèå ñ àíòèòåëàìè ìîæåò ïðèâåñòè ê ëèçèñó
"àãðåññîðà". Ïîñëå íàëèïàíèÿ àíòèòåëà ê ïîâåðõíîñòè

áàêòåðèè çàïóñêàåòñÿ öåïü ôåðìåíòàòèâíûõ ðåàêöèé, â
êîòîðûå ïîñëåäîâàòåëüíî âñòóïàþò êîìïîíåíòû êîìïëè-
ìåíòà è âûçûâàþò ðàçðûâ áàêòåðèàëüíîé ñòåíêè. Ôóíêöè-
îíàëüíî ýòîò ïðîöåññ ïðåäñòàâëÿåò ñîáîé âñå áîëüøåå
óâåëè÷åíèå êîíöåíòðàöèè ôåðìåíòà çà ñ÷åò, ìóëüòèïëè-
êàòèâíûõ óïðàâëÿþùèõ âîçäåéñòâèé êîòîðûé, â êîíöå
êîíöîâ, ðàçðóøàåò êëåòî÷íóþ ìåìáðàíó. Èììóííàÿ
ñèñòåìà ÷åëîâåêà ñîäåðæèò îðãàí, íàçûâàåìûé òèìóñîì
èëè âèëî÷êîâîé æåëåçîé, ðàñïîëîæåííûé â ãðóäíîé
êëåòêå â îáëàñòè âåðõíåãî ìåæïëåâðàëüíîãî ïðîñòðàíñòâà
ïåðåäíåãî ñðåäîñòåíèÿ íà óðîâíå âåðõíåé ÷àñòè ãðóäíîé
êîñòè, êîòîðàÿ âûïîëíÿåò ãëàâíóþ ðîëü â ñîçðåâàíèè Ò-
êëåòîê. Ïîñëå òîãî êàê Ò-êëåòêè ñãåíåðèðîâàíû, îíè
ïîñòóïàþò â òèìóñ, ãäå ïðîèñõîäèò èõ ñîçðåâàíèå. Â
òå÷åíèå ýòîãî ñîçðåâàíèÿ, âñå Ò-êëåòêè, êîòîðûå ðàñïî-
çíàþò àíòèãåíû ñâîåãî îðãàíèçìà, óäàëÿþòñÿ èç ïîïó-
ëÿöèè Ò-êëåòîê, äàííûé ïðîöåññ íàçûâàåòñÿ îòðèöàòåëü-
íîé ñåëåêöèåé. Åñëè Â-êëåòêà ñòàëêèâàåòñÿ ñ ÷óæèì
àíòèãåíîì ñ äîñòàòî÷íîé àôôèííîñòüþ, òî òàêèå êëåòêè
ïðîëèôåðèðóþò è äèôôåðåíöèðóþò â ýôôåêòîðíûå êëåò-
êè è êëåòêè ïàìÿòè, à äàííûé ïðîöåññ íàçûâàåòñÿ
êëîíàëüíîé ñåëåêöèåé. Â ïðîòèâîïîëîæíîñòü ýòîìó, åñëè
Â-êëåòêè ðàñïîçíàþò ñâîè àíòèãåíû, òî ýòî êàê ïðåäïî-
ëàãàåòñÿ â ñîîòâåòñòâèè ñ òåîðèåé èììóííîé ñåòè, ìîæåò
ïðèâåñòè ê ñóïðåññèè. Â äàííîé ñòàòüå ìû íå áóäåì
çàòðàãèâàòü àëãîðèòìû íà îñíîâå îòðèöàòåëüíîé ñåëåêöèè
è èììóííîé ñåòè, à îñòàíîâèìñÿ íà àíàëîãå âû÷èñëè-
òåëüíîãî àëãîðèòìà êëîíàëüíîé ñåëåêöèè. Íî ïåðåä ýòèì
áîëåå ïîäðîáíî ðàññìîòðèì òåîðèþ êëîíàëüíîé ñåëåêöèè.

2 ÊËÎÍÀËÜÍÀß ÑÅËÅÊÖÈß

Êëîíàëüíàÿ ñåëåêöèÿ ÿâëÿåòñÿ òåîðèåé, êîòîðàÿ èñ-
ïîëüçóåòñÿ äëÿ îáúÿñíåíèÿ ìåõàíèçìîâ èììóííîãî îòâåòà
ïðè ðàñïîçíàâàíèè èììóííûìè êëåòêàìè îáðàçîâ ÷óæèõ
àíòèãåíîâ Â-êëåòêàìè. Ïåðâóþ, ÷èñòî áèîëîãè÷åñêóþ,
ñåëåêòèâíóþ òåîðèþ îáðàçîâàíèÿ àíòèòåë ñôîðìóëèðîâàë
â 1955 ãîäó Íèëüñ Åðíå [4]. Îí ïðåäïîëîæèë, ÷òî â îðãà-
íèçìå äåéñòâèòåëüíî ñèíòåçèðóåòñÿ ïîëíûé íàáîð àíòè-
òåë, íî êàæäîå èç íèõ îáðàçóåòñÿ â íåáîëüøîì êîëè÷åñòâå
è ïîñòóïàåò â êðîâü â âèäå "åñòåñòâåííûõ àíòèòåë". Ýòè
àíòèòåëà èçáèðàòåëüíî ñâÿçûâàþòñÿ ñ ñîîòâåòñòâóþùèì
àíòèãåíîì, è äîñòàâëÿåò ýòîò àíòèãåí íåêèì êëåòêàì îðãà-
íèçìà, äëÿ êîòîðûõ àíòèòåëà ñëóæàò ñèãíàëîì ê âîñïðî-
èçâåäåíèþ òàêèõ æå ìîëåêóë, ò.å. ê îáðàçîâàíèþ áîëüøî-
ãî êîëè÷åñòâà ñïåöèôè÷åñêèõ àíòèòåë. Ñ ýòîé òî÷êè
çðåíèÿ âòîðè÷íûé àíòèòåëüíûé îòâåò îáúÿñíÿëñÿ êàê
ðåçóëüòàò ïîÿâëåíèÿ ïîñëå ïåðâîé èììóíèçàöèè óâåëè÷åí-
íîãî ÷èñëà àíòèòåë-"íîñèòåëåé", ïðèñóòñòâèå êîòîðûõ áó-
äåò îäíîâðåìåííî ñïîñîáñòâîâàòü ñåëåêöèè àíòèãåíîì àí-
òèòåë ñ áîëåå âûñîêèì ñðîäñòâîì, ÷òî îáúÿñíÿåò èçìåíå-
íèå êà÷åñòâà àíòèòåë ïðè ìíîãîêðàòíîé èììóíèçàöèè.
Ãèïîòåçà, âûñêàçàííàÿ Í. Åðíå, ñîãëàñíî êîòîðîé ðîëü
àíòèãåíà ñâîäèòñÿ ê îòáîðó ïðåàäàïòèðîâàííûõ ê íåìó
êëåòîê, ïîëó÷èëà äàëüíåéøåå ðàçâèòèå â òåîðèè ñåëåêöèè
êëîíîâ Ôðàíêà Áåðíåòà [6, 4], ïîñòóëèðóþùåé ÷åòûðå
îñíîâíûõ ïîëîæåíèÿ: 1) ëèìôîèäíàÿ òêàíü îðãàíèçìà
ñîäåðæèò áîëüøîå êîëè÷åñòâî êëåòîê; 2) ïîïóëÿöèÿ ëèì-
ôîèäíûõ êëåòîê ãåòåðîãåííà è ñîñòîèò èç áîëüøîãî
êîëè÷åñòâà êëîíîâ, âîçíèêøèõ â ðåçóëüòàòå ìóòàöèé;
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ïîñòîÿííûå ïðîöåññû ìóòàöèé ëèìôîèäíûõ êëåòîê îáåñ-
ïå÷èâàþò äîñòàòî÷íîå êîëè÷åñòâî îòäåëüíûõ êëîíîâ ëèì-
ôîèäíûõ êëåòîê, ñïåöèôè÷åñêèõ ïî îòíîøåíèþ ê âîçìîæ-
íîìó êîëè÷åñòâó àíòèãåííûõ äåòåðìèíàíò; êëîíèðîâàíèå
ìîæåò áûòü îáóñëîâëåíî ãåíåòè÷åñêèì êîäîì; 3) ìàëîå
êîëè÷åñòâî àíòèãåíà ñòèìóëèðóåò ñïåöèôè÷åñêèé êëîí
ëèìôîèäíûõ êëåòîê ê ðàçìíîæåíèþ è äèôôåðåíöèðîâêå
â ïëàçìîöèòû, ÷åì è îáåñïå÷èâàåòñÿ èììóííûé îòâåò -
âûðàáîòêà àíòèòåë; 4) áîëüøîå êîëè÷åñòâî àíòèãåíà ýëè-
ìèíèðóåò ñîîòâåòñòâóþùèé êëîí ëèìôîèäíûõ êëåòîê, ÷åì
îáóñëàâëèâàåòñÿ ãèáåëü âîçíèêøèõ â ýìáðèîíàëüíîì
ïåðèîäå ëèìôîèäíûõ êëåòîê, ñïîñîáíûõ ðåàãèðîâàòü
ïðîòèâ ñîáñòâåííûõ àíòèãåíîâ, è ôîðìèðóåòñÿ åñòåñò-
âåííàÿ òîëåðàíòíîñòü ê íèì.

Òåîðèÿ Áåðíåòà ïîñòóëèðóåò, ÷òî èììóíîêîìïåòåíòíàÿ
êëåòêà (ìàëûé ëèìôîöèò) ñîäåðæèò â ñâîåì ãåíîìå
ãåíåòè÷åñêóþ èíôîðìàöèþ ê îòâåòó íà îäèí àíòèãåí äî
âîâëå÷åíèÿ åå â èììóííûé îòâåò. Â ïðîöåññå èììóííîãî
îòâåòà êëåòêè ïðîëèôåðèðóþò, îáðàçóÿ êëîí. Âòîðàÿ
êëåòêà îòâå÷àåò çà âòîðîé àíòèãåí è ò.ä. Ïóë ëèìôîöèòîâ
èíäèâèäóóìà çàïðîãðàììèðîâàí äëÿ èììóííîãî îòâåòà íà
ðàçëè÷íûå àíòèãåíû [7, 8]. Òàêèì îáðàçîì, ëèìôàòè÷å-
ñêàÿ ñèñòåìà îðãàíèçìà èìååò íàáîð ïðåäøåñòâóþùèõ
êëîíîâ, çàïðîãðàììèðîâàííûõ îòâå÷àòü íà ðàçëè÷íûå
àíòèãåíû. Óñòàíîâëåíî, ÷òî îäíà êëåòêà ìîæåò ïðîäó-
öèðîâàòü àíòèòåëà íåñêîëüêèõ êëàññîâ. Âîçíèêàþò êëîíû
ëèìôîèäíûõ êëåòîê êàê ñëåäñòâèå ýêñïðåññèè ðàçëè÷íûõ
ãåíîâ, ñîäåðæàùèõñÿ â ãåíîìå, è â ðåçóëüòàòå ñîìà-
òè÷åñêèõ ìóòàöèé. Êàæäûé Â-ëèìôîöèò ãåíåòè÷åñêè
çàïðîãðàììèðîâàí ñèíòåçèðîâàòü òîëüêî îäèí âèä àíòè-
òåë, ñîäåðæàùèõ îäèí âèä ðåöåïòîðîâ äëÿ àíòèãåíà. Ýòîò
ðåöåïòîð ñîäåðæèòñÿ íà ïîâåðõíîñòíîé ìåìáðàíå ëèì-
ôîöèòîâ. Ïðèñîåäèíåíèå àíòèãåíà ê ðåöåïòîðàì àêòèâè-
ðóåò ëèìôîöèò ê ïðîëèôåðàöèè è äèôôåðåíöèðîâêå, â
ðåçóëüòàòå ÷åãî âîçíèêàåò êëîí ïëàçìàòè÷åñêèõ êëåòîê,
ñèíòåçèðóþùèé àíòèòåëà ê äàííîìó àíòèãåíó. Ñîãëàñíî
êëîíàëüíî-ñåëåêöèîííîé òåîðèè èììóíèòåòà, ñïîñîáíîñòü
ïîïóëÿöèé ëèìôîèäíûõ êëåòîê âûðàáàòûâàòü àíòèòåëà
îïðåäåëåííîé ñïåöèôè÷íîñòè íå çàâèñèò îò àíòèãåíà, à
äåòåðìèíèðîâàíà ãåíåòè÷åñêè. Ðîëü àíòèãåíà ñîñòîèò â
òîì, ÷òî îí ñòèìóëèðóåò (îòáèðàåò, ñåëåêòèðóåò) ñîîòâåò-
ñòâóþùèé åìó êëîí êëåòîê ëèìôîèäíîé òêàíè,
ÿâëÿþùèéñÿ íîñèòåëåì ðåöåïòîðà, ñ êîòîðûì àíòèãåí
ìîæåò ñïåöèôè÷åñêè ðåàãèðîâàòü.

3 ÌÎÄÅËÜ ÀËÃÎÐÈÒÌÀ ÊËÎÍÀËÜÍÎÉ 
ÑÅËÅÊÖÈÈ

Àëãîðèòì êëîíàëüíîé ñåëåêöèè, ìîäåëèðóþùèé
îñíîâíûå ïðèíöèïû òåîðèè êëîíàëüíîãî îòáîðà èììóííîé
ñèñòåìû, îòíîñèòñÿ ê êàòåãîðèè ñèñòåì âû÷èñëèòåëüíîãî
èíòåëëåêòà [1], êóäà âõîäÿò ñèñòåìû ñïîñîáíûå ê
àäàïòàöèè ñâîåãî ïîâåäåíèÿ, ïðè äîñòèæåíèè öåëåé, ò.å.
îáëàäàþùèå ñïîñîáíîñòüþ îáó÷àòüñÿ äàæå â îòñóòñòâèè
÷åëîâåêà, â îòëè÷èå îò ñèñòåì èñêóññòâåííîãî èíòåëëåêòà
è òàê íàçûâàåìûõ "ñèìâîëüíûõ âû÷èñëåíèé", ïîñëåäíèå
èç êîòîðûõ íåñïîñîáíû ê ñàìîîáó÷åíèþ âîîáùå. 

Ôîðìàëüíî êëîíàëüíûé àëãîðèòì äëÿ çàäà÷ îïòè-
ìèçàöèè ìîæíî ïðåäñòàâèòü ñëåäóþùèì îáðàçîì [9]:

 , (1)

ãäå  - èñõîäíàÿ ïîïóëÿöèÿ àíòèòåë;  - öåëåâàÿ

ôóíêöèÿ;  - êîëè÷åñòâî àíòèòåë â ïîïóëÿöèè;  - äëèíà

ðåöåïòîðà àíòèòåëà;  - êîëè÷åñòâî àíòèòåë, îòáèðàåìûõ

äëÿ êëîíèðîâàíèÿ(ñ ñàìîé âûñîêîé àôôèííîñòüþ);  -

ìíîæèòåëüíûé ôàêòîð, ðåãóëèðóþ-ùèé êîëè÷åñòâî

êëîíîâ îòîáðàííûõ àíòèòåë;  - êîëè÷åñòâî àíòèòåë,

ïîäëåæàùèõ çàìåíå íîâûìè(ò.å. èìå-þùèå ñàìóþ íèçêóþ

àôôèííîñòü);  - êðèòåðèé îñòàíîâà.

Ïîøàãîâàÿ ðåàëèçàöèÿ àëãîðèòìà ïðèâåäåíà íèæå.
Øàã 1. Èíèöèàëèçàöèÿ. Ãåíåðèðîâàòü íà÷àëüíóþ

ïîïóëÿöèþ  àíòèòåë

 .

Ñëó÷àéíî âûáðàòü .

,

ãäå  - ïðîñòðàíñòâî èíäèâèäóóìîâ, ò.å. ìíîæåñòâî âñåõ

âîçìîæíûõ ñòðóêòóð, ïðåäñòàâëÿþùèõ àíòèòåëî,  -

ïîäìíîæåñòâî èíäèâèäóóìîâ, ñîñòàâëÿþùèõ ïîïóëÿöèþ,

 - íîìåð ïîêîëåíèÿ.

Øàã 2. Îïðåäåëåíèå àôôèííîñòè. Äëÿ êàæäîãî

àíòèòåëà  âû÷èñëèòü çíà÷åíèå öåëåâîé ôóíêöèè

 è îïðåäåëèòü àôôèííîñòü ,

.

Øàã 3. Ñåëåêöèÿ. Âûáðàòü ïîäìíîæåñòâî àíòèòåë ñ

ñàìîé âûñîêîé àôôèííîñòüþ .

, ãäå 

,åñëè 

.

Øàã 4. Êëîíèðîâàíèå. Ïîëó÷èòü ïîïóëÿöèþ êëîíîâ

 èç .

,

, ãäå 

,

,

 - îïåðàòîð âçÿòèÿ öåëîé ÷àñòè ÷èñëà.   

Øàã 5. Ãèïåðìóòàöèÿ. Ïîëó÷èòü ïîïóëÿöèþ èçìåíåí-

íûõ êëîíîâ  èç .
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;

,

ãäå  - ôóíêöèÿ ìîäåëèðîâàíèÿ íàñòóïëåíèÿ

ñëó÷àéíîãî ñîáûòèÿ ñ çàäàííîé âåðîÿòíîñòüþ ,

 - îïåðàòîð ìóòàöèè, êîòîðûé ñëó÷àéíî èçìå-

íÿåò îäèí èëè íåñêîëüêî ãåíîâ àíòèòåëà.
Øàã 6. Îïðåäåëåíèå àôôèííîñòè ïîïóëÿöèè èçìåíåí-

íûõ êëîíîâ. Äëÿ êàæäîãî àíòèòåëà  âû÷èñ-

ëèòü çíà÷åíèå öåëåâîé ôóíêöèè  è îïðåäåëèòü

àôôèííîñòü .

Øàã 7. Ñåëåêöèÿ. Âûáðàòü ïîäìíîæåñòâî  èç 

àíòèòåë ñ ñàìîé âûñîêîé àôôèííîñòüþ èç ïîïóëÿöèè

èçìåíåííûõ êëîíîâ , ïîäîáíî øàãó 3.

Øàã 8. Çàìåùåíèå. Çàìåíèòü ïîäìíîæåñòâî  íà

.

 .

Øàã 9. Êëîíàëüíîå óäàëåíèå. Çàìåíèòü ïîäìíîæåñòâî

àíòèòåë  ñ ñàìîé íèçêîé àôôèííîñòüþ íîâûìè

èíäèâèäóóìàìè.

 ,

ãäå 

,åñëè

,

.

Ñëó÷àéíî âûáðàòü .

, .

Øàã 10. Ïðîâåðêà óñëîâèÿ îñòàíîâà. Ïî âûáðàííîìó
êðèòåðèþ e ïðîâåðèòü âûïîëíåíèå óñëîâèÿ îñòàíîâà
àëãîðèòìà.

 , ,

Âûâîä , åñëè ; 

âîçâðàò ê øàãó 2, åñëè  . 

Çàìå÷àíèÿ. Îïåðàòîð ìóòàöèè ïîäðîáíî íå ðàññìàòðè-
âàåòñÿ â äàííîé ðàáîòå, ïîòîìó ÷òî íà ñåãîäíÿøíèé äåíü
ñóùåñòâóåò áîëüøîå ÷èñëî ðàçëè÷íûõ âàðèàíòîâ åãî

ðåàëèçàöèè. Ïàðàìåòðû  è  íå ñâÿçàíû äðóã ñ äðóãîì

íàïðÿìóþ, à òîëüêî ÷åðåç ðàçìåð ïîïóëÿöèè , ò.å. íà

íèõ íàêëàäûâàþòñÿ îãðàíè÷åíèÿ - . Ýòî îçíà-

÷àåò, ÷òî â ïîïóëÿöèè ïî ïðîøåñòâèè îäíîãî ïîêîëåíèÿ
ìîãóò îñòàâàòüñÿ íåèçìåíåííûå èíäèâèäóóìû. Ïåðåä ïðè-
ìåíåíèåì îïåðàòîðà ñåëåêöèè âñå èíäèâèäóóìû äîëæíû
áûòü ïðîðàíæèðîâàíû, ò.å. íåîáõîäèìî îñóùåñòâèòü
ñîðòèðîâêó ïîïóëÿöèè ïî óáûâàíèþ àôôèííîñòè.
Ñëåäîâàòåëüíî, íàèìåíüøèé ðàíã ïîëó÷èò èíäèâèäóóì ñ
íàèáîëüøèì çíà÷åíèåì àôôèííîñòè.

4 ÎÁÚÅÊÒÍÎ-ÎÐÈÅÍÒÈÐÎÂÀÍÍÛÉ ÏÎÄÕÎÄ

Â íàñòîÿùåå âðåìÿ óæå ñóùåñòâóåò ðÿä ïàêåòîâ
ïðîãðàìì, ïðåäíàçíà÷åííûõ äëÿ ðåøåíèÿ ðàçëè÷íûõ ìà-
òåìàòè÷åñêèõ çàäà÷. Áîëüøèíñòâî ïàêåòîâ ïðåäñòàâëÿåò
ñîáîé íàáîð ñòàíäàðòèçèðîâàííûõ àâòîíîìíûõ ïðîãðàìì-
íûõ ìîäóëåé, îðãàíèçîâàííûõ â âèäå áèáëèîòåê, íàïè-
ñàííûõ íà ïðîöåäóðíî-îðèåíòèðîâàííûõ ÿçûêàõ, òàêèõ,
íàïðèìåð, êàê Ôîðòðàí èëè Ñè. Ïðîöåäóðíûå ìîäóëè
ïàêåòîâ ìîãóò áûòü íåïîñðåäñòâåííî âêëþ÷åíû â ëþáóþ
àâòîðñêóþ ïðîãðàììó. Ïðè ýòîì ïðåäïîëàãàåòñÿ, ÷òî
ïîëüçîâàòåëü áèáëèîòåêè èìååò êâàëèôèêàöèþ ìàòåìà-
òèêà-ïðîãðàììèñòà, íåîáõîäèìóþ äëÿ êîððåêòíîãî
èñïîëüçîâàíèÿ ìîäóëåé ïðè ïðîãðàììíîé ðåàëèçàöèè
ñðåäñòâ ïîñòàíîâêè è ðåøåíèÿ çàäà÷è. Íà ïðàêòèêå
ïîäîáíûå äîïóùåíèÿ íå âñåãäà îïðàâäàíû, è ïîëüçîâàòåëü
ñòàëêèâàåòñÿ ñ ñåðüåçíûìè òðóäíîñòÿìè, ñâÿçàííûìè ñ
íåîáõîäèìîñòüþ àäàïòàöèè ìîäóëåé ê êîíêðåòíûì ïðè-
êëàäíûì çàäà÷àì, êîòîðûå ìîãóò îòëè÷àòüñÿ îò ñòàíäàðò-
íûõ ïîñòàíîâêîé è àëãîðèòìàìè ðåøåíèÿ. Ïðîöåäóðíûå
ìîäóëè ïëîõî ïðèñïîñîáëåíû äëÿ ìîäèôèêàöèé è
ïîëüçîâàòåëþ íåðåäêî ïðèõîäèòñÿ ïåðåïðîãðàììèðîâàòü
èõ çàíîâî. Â ñâÿçè ñ ýòèì, âàæíîå çíà÷åíèå, ïðèîáðåòàåò
ïðèìåíåíèå îáúåêòíî-îðèåíòèðîâàííîãî ïîäõîäà (ÎÎÏ)
[11], îáåñïå÷èâàþùåãî øèðîêèå âîçìîæíîñòè äëÿ ðàçâè-
òèÿ è àäàïòàöèè óæå ñîçäàííîãî ïðîãðàììíîãî îáåñïå-
÷åíèÿ. Îäíàêî ïðåèìóùåñòâà èñïîëüçîâàíèÿ ÎÎÏ ìîãóò
áûòü äîñòèãíóòû òîëüêî â ðåçóëüòàòå ãëóáîêîãî îáúåêò-
íîãî àíàëèçà ïðåäìåòíîé îáëàñòè è òùàòåëüíîãî îáúåêò-
íîãî ïðîåêòèðîâàíèÿ. Îáúåêòíî-îðèåíòèðîâàííûå áèáëèî-
òåêè, ïî ñóùåñòâó, ïðåäñòàâëÿþò ñîáîé íàáîðû êëàññîâ,
îðãàíèçîâàííûå â âèäå äåðåâüåâ èëè èåðàðõèé. Òàêèå
èåðàðõèè ìîãóò âêëþ÷àòü â ñåáÿ ïðîèçâîäíûå êëàññû
(êëàññû - íàñëåäíèêè) è êëàññû, ñîäåðæàùèå â ñåáå
äðóãèå êëàññû (êëàññû-êîíòåéíåðû). Ïðåèìóùåñòâî ÎÎÏ
ïî ñðàâíåíèþ ñ ïðîöåäóðíûì ïðîãðàììèðîâàíèåì ñîñòîèò
â òîì, ÷òî íàáîð êëàññîâ áèáëèîòåêè óæå, êàê ïðàâèëî,
îáåñïå÷èâàåò áàçîâóþ ôóíêöèîíàëüíîñòü òîãî èëè èíîãî
ìàòåìàòè÷åñêîãî ìåòîäà è ïîëüçîâàòåëþ îñòàåòñÿ ïðîâåñòè
ëèøü "êîñìåòè÷åñêóþ" àäàïòàöèþ îäíîãî èëè íåñêîëüêèõ
êëàññîâ ïîä êîíêðåòíóþ çàäà÷ó. Äëÿ ýòîãî ñîçäàåòñÿ
ïîòîìîê íóæíîãî êëàññà, äîáàâëÿþòñÿ íåîáõîäèìûå
ñâîéñòâà è ïåðåïèñûâàþòñÿ íåîáõîäèìûå âèðòóàëüíûå
ìåòîäû (ðèñ.1).

C*
NC{ } ∅=

j 1..NC{ }:C*
j∈∀

mutate Ci( ), rnd pm( ) 1;=

Cj, rnd pm( ) 0;=�
�
�

=

Cj C NC{ }∈

 rnd pm( )
pm

mutate Cj( )

C
*

j C
*

NC{ }∈

yj f Cj
*( )=

gj affinity yj( ), j 1..Nc{ }∈=

C*
n{ } n

C*
NC{ }

Ab n{ }

C*
n{ }

j 1..n{ }:Abj C*
j , ∈ Abj Ab n{ }, C

*
j C*

n{ }∈∈∈∀

Ab d{ }

Ab d{ } Abj Abt negselect Abj, Abt, d( )∈ 1={ } =

negselect Abj, Abt, d( )
1, rank Abj( ) N d;–<

0, rank Abj( ) N d;–≥�
�
�

=

rank Abj( ) j=

j 1..N 1–{ }: affinity f Abj( )( )  affinityf Abj 1+( ) )≥∈∀

k 1..d{ }∈
ik I∈

Abk ik= Abk Ab d{ }=

Abt 1+ Ab n{ } Ab d{ } Ab N n d+( )–{ }∪ ∪= t t 1+=

Ab n{ } stop ε( ) true=

stop ε( ) false=

n d

N

n d N≤+



85

Â.È.Ëèòâèíåíêî, À.À.Ôåôåëîâ, Ñ.Ï.Ãîðàâñêèé:  ÎÁÚÅÊÒÍÎ-ÎÐÈÅÍÒÈÐÎÂÀÍÍÀß ÐÅÀËÈÇÀÖÈß 
ÀËÃÎÐÈÒÌÀ ÊËÎÍÀËÜÍÎÉ ÑÅËÅÊÖÈÈ

Ðèñóíîê 1 - Îáùèé âèä ñòàíäàðòíîé áèáëèîòåêè

Â äàííîé ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ðåàëèçàöèè
îáúåêòíî-îðèåíòèðîâàííîé áèáëèîòåêè, íàïèñàííîé íà
ÿçûêå Ñè++ è ïðåäíàçíà÷åííîé äëÿ ðåøåíèÿ îäíîìåðíûõ
è ìíîãîìåðíûõ çàäà÷ ìóëüòèìîäàëüíîé íåëèíåéíîé
îïòèìèçàöèè ñ îãðàíè÷åíèÿìè è áåç îãðàíè÷åíèé ïðè
ïîìîùè àëãîðèòìà êëîíàëüíîé ñåëåêöèè [9,10].

5 ÎÏÈÑÀÍÈÅ ÁÈÁËÈÎÒÅÊÈ

Ïðåæäå ÷åì ïðèñòóïèòü ê îïèñàíèþ ñòðóêòóðû áèáëè-
îòåêè, îñòàíîâèìñÿ íà óñëîâíûõ îáîçíà÷åíèÿõ, èñïîëü-
çóåìûõ â ñõåìàõ [12] (òàáë.1).

Îñíîâûâàÿñü íà äàííûõ ìîäåëè, ðàññìîòðåííîé â
ðàçäåëå 2, ìîæíî âûäåëèòü ñëåäóþùèå îáúåêòû ïðåä-
ìåòíîé îáëàñòè.

1. Ïðîáëåìà (Êëàññ CTask). Êëàññ, îïèñûâàþùèé çàäà-
÷ó, ðåøàåìóþ ïðè ïîìîùè àëãîðèòìà êëîíàëüíîé ñåëåê-
öèè è ñîäåðæàùèé â ñåáå ìåòîäû, íåîáõîäèìûå äëÿ
ïðåäñòàâëåíèÿ äàííûõ çàäà÷è â âèäå èììóííûõ ñòðóêòóð,
îáðàòíîãî ïðåäñòàâëåíèÿ, à, òàêæå, îöåíêè ðåçóëüòàòîâ.

2. Ãåí (Êëàññ CGene). Êëàññ, ïðåäñòàâëÿþùèé ìèíè-
ìàëüíûé íåäåëèìûé ñåãìåíò ðåöåïòîðà àíòèòåëà.

3. Àíòèòåëî (Êëàññ CAntiBody). Êëàññ, ñîäåðæàùèé â
ñåáå ïîëíóþ èíôîðìàöèþ î äàííûõ çàäà÷è (îäèí âàðèàíò
ðåøåíèÿ çàäà÷è).

4. Ïîïóëÿöèÿ (Êëàññ CImmunePopulation). Ïîïóëÿöèÿ
àíòèòåë, ðåàëèçóþùàÿ îñíîâíûå ìåõàíèçìû êëîíàëüíîãî
îòáîðà.

5. Àëãîðèòì (Êëàññ CImmuneAlgorithm). Êëàññ, âêëþ-
÷àþùèé â ñåáÿ îñíîâíûå è âñïîìîãàòåëüíûå îáúåêòû
ìîäåëè è îáåñïå÷èâàþùèé ôóíêöèîíèðîâàíèå àëãîðèòìà
êëîíàëüíîé ñåëåêöèè.

Ïðèìåð âçàèìíîãî âêëþ÷åíèÿ îñíîâíûõ îáúåêòîâ äëÿ
ïîñòðîåíèÿ ðàáîòîñïîñîáíîãî àëãîðèòìà ïîêàçàí íà
ðèñóíêå 2.

Ðèñóíîê 2 - Ïðèìåð âêëþ÷åíèÿ îñíîâíûõ îáúåêòîâ

/ / / / / / ÿþýüûýúþüýù � � � � � � þ � � ý / / / / / /

c l a s s L i b r a r y C l a s s
{

c h a r m _ p r o p e r t y 1 ;
v i r t u a l i n t M e t h o d 1 ( c h a r * ) ;
v i r t u a l c h a r * M e t h o d 2 ( v o i d ) ;

} ;

/ / / / / / / ý �þ � úÿ � ýù � ú � � ú ý � � ý / / / / / / / /

c l a s s M y C l a s s : p u b l i c L i b r a r y C l a s s
{

i n t m _ p r o p e r t y 2 ;
i n t M e t h o d 1 ( c h a r * ) ;

} ;
i n t M y C l a s s : : M e t h o d 1 ( c h a r * c h )
{

/ / ü � � � � þ � � � � � þ � ûý
}

C Im m uneP o p u la t io n

C Im m u neA lg o r ithm

2 C T ask1

C A ntiB o dy+

C G ene+

Òàáëèöà 1 - Èñïîëüçóåìûå óñëîâíûå îáîçíà÷åíèÿ

Îáîçíà÷åíèå Îïèñàíèå

 

Ïîêàçûâàåò, ÷òî Class1 ÿâëÿåòñÿ êîíòåéíåðîì äëÿ
îáúåêòîâ Class2 è Class3. Öèôðà â ëåâîé ÷àñòè
ïðÿìîóãîëüíèêà ïîêàçûâàåò, êàêîå êîëè÷åñòâî
ýêçåìïëÿðîâ îáúåêòîâ ñîîòâåòñòâóþùåãî êëàññà ìîæåò
ñîäåðæàòü êîíòåéíåð. Çíàê "+" ãîâîðèò î òîì, ÷òî
äîëæåí ñîäåðæàòüñÿ êàê ìèíèìóì îäèí ýêçåìïëÿð

 

Ïîêàçûâàåò îòíîøåíèå íàñëåäîâàíèÿ ìåæäó êëàññàìè.
Class2 ÿâëÿåòñÿ ïðîèçâîäíûì îò Class1

 

Ïîêàçûâàåò îòíîøåíèå ìåæäó êëàññàìè. Íàïðèìåð, ïå-
ðåäà÷à ñîîáùåíèÿ îáúåêòó Class2, ïðåäñòàâëåííàÿ íèæå

BOOL Class1:: Create(void)
{
Class2->Init(void);
}

ðåàëèçóåò îòíîøåíèå èíèöèàëèçàöèè

 

×åðíûé êâàäðàò ïîêàçûâàåò, ÷òî ðåàëèçàöèÿ äàííîãî
îòíîøåíèÿ çàâèñèò îò êîíêðåòíîé çàäà÷è è â ñòàíäàðòíîé
áèáëèîòåêå ìîæåò áûòü íå îïðåäåëåíà. Ïðè ýòîì âïîëíå
âîçìîæíî íàëè÷èå ñîîòâåòñòâóþùèõ èíòåðôåéñîâ,
àäàïòàöèÿ è äîðàáîòêà êîòîðûõ îñòàâëåíà íà óñìîòðåíèå
ïîëüçîâàòåëÿ

Class2

Class1

Class3+

Property2

Class1

Class2

ÿClass1 Class2� � ��� �� � �
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Ðèñóíîê 3 - Ïðèìåð îïèñàíèÿ èåðàðõèè êëàññîâ 

Íà ðèñóíêå 3 ïîêàçàíà èåðàðõèÿ êëàññîâ, ïðîèçâîäíûõ
îò CGene è CAntiBody. Êëàññ CGene ñîäåðæèò åäèí-
ñòâåííûé àòðèáóò m_pValue, ÿâëÿþùèéñÿ óêàçàòåëåì íà
ñòðóêòóðó äàííûõ, êîäèðóþùóþ ñåãìåíò ðåöåïòîðà
àíòèòåëà. 

Àòðèáóò m_pValue îïèñàí êàê óêàçàòåëü íà void,
áëàãîäàðÿ ÷åìó èìååòñÿ âîçìîæíîñòü èñïîëüçîâàíèÿ â
êà÷åñòâå äàííûõ, ñòðóêòóðû ëþáîãî ñòàíäàðòíîãî èëè
îïðåäåëÿåìîãî ïîëüçîâàòåëåì òèïà, íàïðèìåð òèïà double
(ðèñ. 4).

 

Ðèñóíîê 4 - Ïðèìåð îïèñàíèÿ àòðèáóòà m_pValue êàê 
óêàçàòåëÿ íà void

Â ðàññìàòðèâàåìîé çäåñü áèáëèîòåêå ðåàëèçîâàíû êëà-
ññû, ïðîèçâîäíûå îò CGene: CCharGene, CIntGene è
CFloatGene, ðàáîòàþùèå ñ äàííûìè ñîîòâåòñòâóþùèõ òè-
ïîâ. Êðîìå òîãî, îò êëàññà CCharGene ñîçäàí ïðîèçâî-
äíûé CBinaryGene, â êîòîðîì *m_pValue ìîæåò ñîäåð-
æàòü òîëüêî äâà çíà÷åíèÿ "0" è "1".

Êëàññ CAntiBody ÿâëÿåòñÿ êîíòåéíåðîì äëÿ îáúåêòîâ
êëàññà CGene è ñîäåðæèò â ñåáå ìàññèâ äàííûõ, ÿâëÿþ-

ùèõñÿ ðåöåïòîðîì àíòèòåëà. Ðåöåïòîð êîäèðóåò íàáîð
âõîäíûõ ïåðåìåííûõ ðåøàåìîé çàäà÷è. Êðîìå òîãî, êëàññ
CAntiBody ñîäåðæèò àòðèáóòû: m_Length - äëèíà ðåöåï-
òîðà, m_Rank - çíà÷åíèå ðàíãà àíòèòåëà â ïîïóëÿöèè è
m_Affinity - àôèííîñòü àíòèòåëà, îïðåäåëÿåìàÿ íà øàãå 2
è 6 àëãîðèòìà (ðàçäåë 2). Âîçìîæíû òðè âèäà îòíîøåíèé
èíèèíèöèöèàëèçàöèè ìåæäó êëàññàìè, ïðîèçâîäíûìè îò
CAntiBody è êëàññîì CGene.

1. Èíèöèàëèçàöèÿ ñëó÷àéíûì çíà÷åíèåì â èíòåðâàëå,
îïðåäåëÿåìîì ìàêñèìàëüíûì è ìèíèìàëüíûì çíà÷åíèåì
ñòàíäàðòíîãî òèïà äàííûõ.

2. Èíèöèàëèçàöèÿ ñëó÷àéíûì çíà÷åíèåì â èíòåðâàëå,
îïðåäåëÿåìîì ïîëüçîâàòåëåì.

3. Èíèöèàëèçàöèÿ çàäàííûì çíà÷åíèåì.
Äëÿ êëàññà CBinaryAntiBody âîçìîæíî, òàêæå,

îòíîøåíèå èíâåðñèè ãåíà. Îòíîøåíèÿ èíèöèàëèçàöèè
ÿâëÿþòñÿ áàçîé äëÿ ðàáîòû îïåðàòîðà ãèïåðìóòàöèè.

Îòíîøåíèÿ ìåæäó êëàññàìè CTask è CAntiBody
çàðåçåðâèðîâàíû â áèáëèîòåêå, íî íå ðåàëèçîâàíû, ïîòîìó
÷òî çàðàíåå íå èçâåñòíî êàêóþ èìåííî çàäà÷ó áóäåò
ðåøàòü ïîëüçîâàòåëü. Êîíñòðóèðîâàíèå ðåöåïòîðà àíòè-
òåëà, à, òàêæå, åãî äåêîäèðîâàíèå è îöåíêà çàâèñÿò îò
êîíêðåòíîé çàäà÷è è äîëæíû áûòü ðåàëèçîâàíû ñàìèì
ïîëüçîâàòåëåì. Êëàññ CTask ñîäåðæèò ëèøü èíòåðôåéñû
ñîîòâåòñòâóþùèõ ìåòîäîâ (ðèñ. 5).

 

Ðèñóíîê 5 - Îïèñàíèå êëàññà êëàññà CTask
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/ / / / ÿþýüûýúþüýù � � � � � � þ � � ý / / / /

c l a s s C G e n e {
v o i d * m _ p V a l u e ;
. . . } ;

/ / / / ý � þ � úÿ � ý ù � ú � � ú ý � � ý / / / / / /

c l a s s C D o u b l e G e n e : p u b l i c C G e n e {
p u b l i c :

C D o u b l e G e n e ( ) {
. . .
m _ p V a l u e = n e w d o u b l e ;
. . . }

. . . } ;

class CTask {
...
virtual void Construct(CImmParams* Params){}
virtual double Aff inityFunc(CAntiBody* Ab){}
.. .

};
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Ðèñóíîê  6 - Îñíîâíûå õàðàêòåðèñòèêè êëàññà CImmunePopulation è åãî îòíîøåíèÿ ñ êëàññîì CAntiBody

Íà ðèñóíêå 6 ïîêàçàíû îñíîâíûå õàðàêòåðèñòèêè
êëàññà CImmunePopulation è åãî îòíîøåíèÿ ñ êëàññîì
CAntiBody. Ýòîò êëàññ ñîäåðæèò â ñâîåì ñîñòàâå íåñêîëü-
êî àòðèáóòîâ òàêèõ êàê m_Length (ðàçìåð ïîïóëÿöèè),
m_AffinityAverage (ñðåäíÿÿ àôôèííîñòü ïîïóëÿöèè),
m_AffinityMax (àôôèííîñòü ëó÷øåãî àíòèòåëà â ïîïóëÿ-
öèè), m_AffinityMin (àôôèííîñòü õóäøåãî àíòèòåëà â
ïîïóëÿöèè), à, òàêæå, ìàññèâ àíòèòåë, â êîòîðîì äîëæåí
íàõîäèòüñÿ êàê ìèíèìóì îäèí ýëåìåíò. Êëàññ CImmuneP-
opulation ñîäåðæèò ìåòîäû îáðàáîòêè ìàññèâà àíòèòåë, à
èìåííî: èíèöèàëèçàöèÿ àíòèòåë, íàçíà÷åíèå ðàíãà àíòè-
òåëó â çàâèñèìîñòè îò åãî àôôèííîñòè, ñîðòèðîâêà ìàñ-
ñèâà, ïîèñê ëó÷øåãî àíòèòåëà â ïîïóëÿöèè è ìåòîä,
ðåàëèçóþùèé îïåðàòîð ñåëåêöèè (øàãè 3 è 7 àëãîðèòìà).
Êàê è êëàññû CGene è CAntiBody êëàññ CImmunePoppu-
lation ÿâëÿåòñÿ àáñòðàêòíûì è äëÿ òîãî, ÷òîáû ðàáîòàòü ñ
êîíêðåòíûìè ñòðóêòóðàìè äàííûõ ñîçäàíû ïðîèçâîäíûå
êëàññû: CImCharPopulation (ïîïóëÿöèÿ àíòèòåë, ðåöåïòî-
ðû êîòîðûõ ïðåäñòàâëÿþò ñîáîé ñòðîêè ñèìâîëîâ òèïà
char), CImBinaryPopulation (ðåöåïòîðû àíòèòåë ïðåäñòàâ-
ëåíû â âèäå áèíàðíûõ ñòðîê), CImIntPopulation (èñïîëü-
çóåòñÿ êîäèðîâêà ðåöåïòîðîâ â âèäå ñòðîê öåëûõ ÷èñåë).
Çäåñü, êàê è â äðóãèõ êëàññàõ áèáëèîòåêè, èìååòñÿ
âîçìîæíîñòü ñîçäàíèÿ ïîëüçîâàòåëüñêîãî êëàññà, ïðîèç-
âîäíîãî îò CImmunePopulation, êîòîðûé áóäåò îáðàáà-
òûâàòü ñòðóêòóðû, ñîçäàííûå ïîëüçîâàòåëåì äëÿ ðåøåíèÿ
åãî çàäà÷è.

Êëàññ  àëãîðèòìà (CImmuneAlgorithm) (ðèñ. 7) íà
ñàìîì âûñîêîì óðîâíå ðåàëèçóåò ýâîëþöèîííûé ïðîöåññ â
èììóííîé ñèñòåìå - ïîñëåäîâàòåëüíîñòü äåéñòâèé, ïðåä-
ñòàâëåííóþ â ðàçäåëå 2 íàñòîÿùåé ðàáîòû. Îí ñîäåðæèò â

ñåáå äâà ýêçåìïëÿðà îáúåêòîâ êëàññà CImmunePopulation,
îäèí èç êîòîðûõ ïðåäñòàâëÿåò îñíîâíóþ ïîïóëÿöèþ
àíòèòåë (Ab), à äðóãîé - ïîïóëÿöèþ êëîíîâ (C). Äëÿ ýòèõ
äâóõ ïîïóëÿöèé â êëàññå CImmuneAlgorithm ïðåä-
ñòàâëåíû ìåòîäû, îñóùåñòâëÿþùèå ïåðåíîñ àíòèòåë èç
ïîïóëÿöèè Ab â ïîïóëÿöèþ C è èõ äàëüíåéøåå
êëîíèðîâàíèå. Èñïîëüçóÿ äàííûå êëàññà CImmParams, à
èìåííî MutationProbability (âåðîÿòíîñòü ìóòàöèè) êëàññ
àëãîðèòìà îñóùåñòâëÿåò ìóòàöèþ àíòèòåë ïîïóëÿöèè
êëîíîâ C. Êëàññ CImmParams ñîäåðæèò â ñåáå îñíîâíûå
ïàðàìåòðû àëãîðèòìà: PopSize - ðàçìåð ïîïóëÿöèè, Ind-
Size - ðàçìåð èíäèâèäóóìà, n_param - êîëè÷åñòâî àíòèòåë,
îòáèðàåìûõ äëÿ êëîíèðîâàíèÿ, d_param - êîëè÷åñòâî
àíòèòåë, óäàëÿåìûõ èç ïîïóëÿöèè è çàìåíÿåìûõ íîâûìè,
Beta - ìíîæèòåëüíûé êîýôôèöèåíò, îïðåäåëÿþùèé èíòåí-
ñèâíîñòü êëîíèðîâàíèÿ (øàã 4 àëãîðèòìà) è ò.ä. Íåêî-
òîðûå èç ýòèõ ïàðàìåòðîâ óñòàíàâëèâàþòñÿ äî íà÷àëà
ðàáîòû ñèñòåìû, ïîëüçîâàòåëåì, äðóãèå æå ðàññ÷èòû-
âàþòñÿ ñ èñïîëüçîâàíèåì êëàññà CTask, â çàâèñèìîñòè îò
òèïà ðåøàåìîé çàäà÷è. Óñëîâèå îñòàíîâà (StopCondot-
ion), òàêæå ðåàëèçîâàíî â âèäå îáúåêòà, ïîòîìó êàê äëÿ
ðàçíûõ çàäà÷ ýòè óñëîâèÿ ìîãóò áûòü ðàçëè÷íû
(íàïðèìåð, îñòàíîâ ïî ïðîøåñòâèè îïðåäåëåííîãî ÷èñëà
ïîêîëåíèé èëè îñòàíîâ ïî äîñòèæåíèè îïðåäåëåííîãî
êà÷åñòâà ðåøåíèÿ è ò.ä.).

Ñáîðêà àëãîðèòìà ìîæåò îñóùåñòâëÿòüñÿ ëèáî â îòäåëü-
íîì ìîäóëå, ëèáî, íåïîñðåäñòâåííî, â òåêñòå ïîëüçîâà-
òåëüñêîé ïðîãðàììû. Áèáëèîòåêà ìîæåò èñïîëüçîâàòüñÿ
êàê ñòàòè÷åñêè ïîäêëþ÷àåìàÿ íà ýòàïå êîìïèëÿöèè (.lib),
òàê è êàê äèíàìè÷åñêè ïîäãðóæàåìàÿ (.dll) íà ýòàïå âû-
ïîëíåíèÿ ïîëüçîâàòåëüñêîé ïðîãðàììû.
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Ðèñóíîê 7 - Ñõåìà ðåàëèçàöèè ýâîëþöèîííîãî àëãîðèòìà ïðè ïîìîùè êëàññà CImmuneAlgorithm

ÇÀÊËÞ×ÅÍÈÅ

Èììóííàÿ ñèñòåìà ïîçâîíî÷íûõ ÿâëÿåòñÿ áîëüøîé
òåìîé äëÿ èç-çà åå ìîùíûõ ñïîñîáíîñòåé ïî îáðàáîòêå
èíôîðìàöèè. Â íåé îñóùåñòâëÿåòñÿ ìíîãî ñëîæíûõ
ïàðàëëåëüíûõ è ðàñïðåäåëåííûõ âû÷èñëåíèé. Òàê æå êàê
è íåðâíàÿ ñèñòåìà, èììóííàÿ ñèñòåìà ìîæåò ñàìîñòîÿ-
òåëüíî îáó÷àòüñÿ è îñóùåñòâëÿòü îïåðàöèþ ðàñïîçíàâàíèÿ
îáðàçîâ äåöåíòðàëèçîâàííûì îáðàçîì. Ïðè åå îáó÷åíèè
èìåþò ìåñòî ýâîëþöèîííûå ïðîöåññû. 

Â äàííîé ñòàòüå ðàññìîòðåíà îáúåêòíî-îðèåíòèðîâàííàÿ
ðåàëèçàöèÿ ëèøü êëîíàëüíîé òåîðèè îáúÿñíÿþùåé íåêî-
òîðûå ìåõàíèçìû ôóíêöèîíèðîâàíèÿ èììóííîé ñèñòåìû.
Íàìè ðàçðàáîòàíà áèáëèîòåêà êëàññîâ äëÿ ðåøåíèÿ çàäà÷
ìóëüòèìîäàëüíîé, íåëèíåéíîé îïòèìèçàöèè ñ îãðàíè÷åíè-
ÿìè è áåç îãðàíè÷åíèé ïðè ïîìîùè àëãîðèòìà êëîíàëüíîé
ñåëåêöèè. Ñïðîåêòèðîâàííàÿ êëàññîâàÿ èåðàðõèÿ íîñèò
îòêðûòûé õàðàêòåð, ò.å. ÿâëÿåòñÿ ðàñøèðÿåìîé è àäàïòè-
ðóåìîé ïîä êîíêðåòíóþ ïîëüçîâàòåëüñêóþ çàäà÷ó. Ïðî-
ãðàììíûé êîä ñèñòåìû ðåàëèçîâàí íà ÿçûêå ïðîãðàì-
ìèðîâàíèÿ Ñ++ è âêëþ÷åí â ñîñòàâ áîëåå îáøèðíîé
áèáëèîòåêè êëàññîâ ïî âû÷èñëèòåëüíîìó èíòåëëåêòó,
êîòîðàÿ ðàçðàáàòûâàåòñÿ â äàííûé ìîìåíò. Â íåå óæå
âîøëè òàêèå ñîñòàâëÿþùèå êàê ãåíåòè÷åñêèå àëãîðèòìû,
ãåíåòè÷åñêîå ïðîãðàììèðîâàíèå è ñèñòåìû ïðîãðàììèðî-
âàíèÿ ãåííûõ âûðàæåíèé. Äàëüíåéøåå óñîâåðøåíñòâî-
âàíèå ðàçðàáîòàííîé ñòðóêòóðû ïðåäïîëàãàåò âêëþ÷åíèå â
åå ñîñòàâ êëàññîâ è ìåòîäîâ äëÿ îñóùåñòâëåíèÿ

ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè ñ ïîëó÷åíèåì íà âûõîäå
ìíîæåñòâà Ïàðåòî îïòèìàëüíûõ ðåøåíèé. 
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ÈÅÐÀÐÕÈ×ÅÑÊÀß ÑÒÐÓÊÒÓÐÀ ÌÎÄÅËÈ ÀÍÀËÈÇÀ È 
ÏÐÎÃÍÎÇÈÐÎÂÀÍÈß ÏÎÄÒÎÏËÅÍÈß: ÀÍÀËÈÇ ÌÎÄÅËÅÉ-ÎÑÍÎÂÀÍÈÉ

Ñ.À.Ìèòðîõèí

Ïðåäñòàâëåíî ³ºðàðõ³÷íó ñòðóêòóðó ïðîáëåìî-ðoçâ’ÿ-
çóþ÷î¿ ìîäåë³ àíàë³çó ³ ïðîãíîçóâàííÿ ï³äòîïëåííÿ.
Ðîçãëÿíóòî ìîäåë³ ïðèðîäíèõ ³ òåõíîãåííèõ äæåðåë ï³ä-
òîïëåííÿ, çíàêîâ³ ìîäåë³ ôàêòîð³â ðîçâèòêó ïðîöåñó,
îñîáëèâîñò³ ð³øåííÿ çàäà÷ çîíóâàíèÿ ³ â³çóàë³çàö³¿ íå÷³òêèõ
ãðàíèöü îá'ºêò³â.

Ïðåäñòàâëåíà èåðàðõè÷åñêàÿ ñòðóêòóðà ïðîáëå-
ìîðîçðåøàþùåé ìîäåëè àíàëèçà è ïðîãíîçèðîâàíèÿ ïîäòîï-
ëåíèÿ. Ðàññìîòðåíû ìîäåëè åñòåñòâåííûõ è òåõíîãåííûõ
èñòî÷íèêîâ ïîäòîïëåíèÿ, çíàêîâûå ìîäåëè ôàêòîðîâ
ðàçâèòèÿ ïðîöåññà, îñîáåííîñòè ðåøåíèÿ çàäà÷ çîíèðîâàíèÿ è
âèçóàëèçàöèè íå÷åòêèõ ãðàíèö îáúåêòîâ.

It presentes a hierarchical structure of problem-solving model
of estimation and forecasting of underflooding. The models of
natural and man-made sources of underflooding, signary models
of factors of evolution of process, peculiaritys of a decision of
zoning tasks and visualization of fuzzy boundaries of objects
were considered.

ÂÂÅÄÅÍÈÅ

Äëÿ òåððèòîðèé áîëüøèíñòâà ñîâðåìåííûõ ïðîìûø-
ëåííî-ãîðîäñêèõ àãëîìåðàöèé õàðàêòåðíûì ÿâëÿåòñÿ ïðî-
öåññ ïîäúåìà óðîâíÿ ãðóíòîâûõ âîä, êîòîðûé âåäåò ê
ïîäòîïëåíèþ æèëûõ çäàíèé è ïðîìûøëåííûõ îáúåêòîâ, à
òàêæå ê àêòèâèçàöèè äðóãèõ îïàñíûõ ýêçîãåííûõ ïðîöåñ-
ñîâ (îïîëçíåâûõ, îáâàëüíî-îñûïíûõ, êàðñòîâî-ñóôôîçè-
îííûõ è ò.ä.). Â ñâÿçè ñ îáîñòðåíèåì êðèçèñà, ñâÿçàííîãî
ñ èíòåíñèôèêàöèåé ïðîöåññà ïîäòîïëåíèÿ òåððèòîðèé,
ñåãîäíÿ âñå áîëåå âàæíîå çíà÷åíèå ïðèíèìàåò ñèñòåìíàÿ
äåÿòåëüíîñòü ïî óïðàâëåíèþ äèíàìèêîé óðîâíÿ ãðóíòîâûõ
âîä ñ öåëüþ çàùèòû òåððèòîðèé è ñîîðóæåíèé îò îïàñíûõ
ýêçîãåííûõ ïðîöåññîâ è èõ ïîñëåäñòâèé.

Âàæíåéøèì, îðãàíèçóþùèì ýëåìåíòîì òàêîé äåÿòåëü-
íîñòè ÿâëÿåòñÿ öåëü, ïðåäñòàâëÿþùàÿ ñîáîé îáðàç æåëà-
åìîãî áóäóùåãî, ò.å. ìîäåëü ýêîëîãè÷åñêîãî ñîñòîÿíèÿ, íà
äîñòèæåíèå êîòîðîãî è íàïðàâëåíà äåÿòåëüíîñòü. Ïîäîá-
íàÿ ìîäåëü ìîæåò áûòü ïðåäñòàâëåíà ñîâîêóïíîñòüþ
íîðìàòèâíûõ ìåäèêîñàíèòàðíûõ óñëîâèé æèçíè íàñåëå-
íèÿ è íîðìàòèâíûõ ñàíèòàðíîãèãèåíè÷åñêèõ, ñîöèàëüíûõ
è ðåêðåàöèîííûõ óñëîâèé çàùèùàåìûõ òåððèòîðèé.
Îäíàêî ðîëü ìîäåëèðîâàíèÿ ýòèì íå îãðàíè÷èâàåòñÿ.
Ñèñòåìíîñòü äåÿòåëüíîñòè ïî óïðàâëåíèþ äèíàìèêîé
óðîâíÿ ãðóíòîâûõ âîä çàêëþ÷àåòñÿ â òîì, ÷òî îíà äîëæíà
îñóùåñòâëÿòüñÿ ïî îïðåäåëåííîìó àëãîðèòìó, ðàçðàáî-
òàííîìó íà îñíîâàíèè âñåñòîðîííå âçâåøåííîãî è
äîñòàòî÷íî ïîëíîãî èññëåäîâàíèÿ ïðîáëåìû îöåíêè è
ïðîãíîçèðîâàíèÿ ïîäúåìà óðîâíÿ ãðóíòîâûõ âîä â
ïðåäåëàõ ïðîìûøëåííîãîðîäñêèõ àãëîìåðàöèé (ÏÃÀ).

ÈÅÐÀÐÕÈ×ÅÑÊÀß ÑÒÐÓÊÒÓÐÀ ÌÎÄÅËÈ 
ÀÍÀËÈÇÀ È ÏÐÎÃÍÎÇÈÐÎÂÀÍÈß 
ÏÎÄÒÎÏËÅÍÈß

Ïðèâëå÷åíèå ñîâðåìåííûõ ìåòîäîâ ñèñòåìíîãî àíàëèçà
[6] ê èññëåäîâàíèþ äàííîé ïðîáëåìû ïîçâîëèëî
îïðåäåëèòü ñòðóêòóðó ìíîãîóðîâíåâîé ñèñòåìû îöåíêè è
ïðîãíîçèðîâàíèÿ ïðîöåññà îïàñíîãî ïîäúåìà óðîâíÿ
ãðóíòîâûõ âîä [3] è ñôîðìèðîâàòü â âèäå ñèñòåìû
âçàèìîñâÿçàííûõ óðîâíåé åäèíóþ ìíîãîóðîâíåâóþ èåðàð-
õè÷åñêóþ ñòðóêòóðó ïðîáëåìîðàçðåøàþùåé ìîäåëè àíà-
ëèçà è ïðîãíîçèðîâàíèÿ ïîäòîïëåíèÿ òåððèòîðèé ÏÃÀ [3],
êîòîðàÿ ïðèâîäèòñÿ íà ðèñ. 1.

Â êà÷åñòâå êëþ÷åâûõ ýëåìåíòîâ ïðåäëàãàåìîé ìîäåëè
âûäåëÿþòñÿ ïðîñòðàíñòâåííûå è âðåìåííûå êðèòåðèè ïîä-
òîïëåíèÿ (óðîâåíü 2), ôèçè÷åñêèå è ìàòåìàòè÷åñêèå
ìîäåëè âîçäåéñòâèÿ èñòî÷íèêîâ ïîäòîïëåíèÿ è ìîäåëè
êîìïëåêñíîãî âîçäåéñòâèÿ ôàêòîðîâ ðàçâèòèÿ ïðîöåññà
ïîäòîïëåíèÿ (óðîâåíü 3), ìîäåëè èíôèëüòðàöèè àòìîñ-
ôåðíûõ îñàäêîâ, ìîäåëè êîíäåíñàöèè è êîíöåíòðàöèè
âëàãè â ãðóíòàõ, ìîäåëè èíôèëüòðàöèè óòå÷åê èç âîäî-
ñîäåðæàùèõ ñîîðóæåíèé è âîäîíåñóùèõ êîììóíèêàöèé,
ìîäåëè ôèëüòðàöèîííûõ ïîòåðü âîä, çàäåéñòâîâàííûõ â
ïðîèçâîäñòâåííîì öèêëå ïðåäïðèÿòèé ñ "ìîêðûì" òåõíî-
ëîãè÷åñêèì ïðîöåññîì, ìîäåëè ãåîìîðôîëîãè÷åñêèõ, ãå-
îëîãîëèòîëîãè÷åñêèõ, ãèäðîëîãè÷åñêèõ è ãèäðîãðàôè÷å-
ñêèõ õàðàêòåðèñòèê òåððèòîðèè, ìîäåëè êîìïëåêñà ôóíê-
öèîíàëüíîãî îñâîåíèÿ òåððèòîðèè, ìîäåëè òåõíîãåííûõ
èçìåíåíèé åñòåñòâåííûõ óñëîâèé (óðîâíè 4 è 5).

Èåðàðõè÷åñêèé ñïîñîá ïîñòðîåíèÿ ìîäåëè (ðàçí-
îóðîâíåâîñòü ñîñòàâëÿþùèõ åå ýëåìåíòîâ, âêëþ÷åííîñòü
îäíèõ â äðóãèå) ïîçâîëÿåò óñïåøíî ïðèìåíÿòü åå ïðè
ðàçëè÷íîé ïîäðîáíîñòè, äåòàëèçàöèè, ôîðìàëèçîâàííîñòè
ñîñòàâëÿþùèõ åå ÷àñòåé (ìîäåëåé-îñíîâàíèé). Ïðè òàêîé
îðãàíèçàöèè ìîäåëè îêàçûâàåòñÿ âîçìîæíûì â åäèíîé
ñòðóêòóðå íàïðàâèòü íà äîñòèæåíèå îáùåé öåëè ñàìûå
ðàçíîîáðàçíûå ìîäåëè (îòëè÷àþùèåñÿ íå òîëüêî ñòåïåíüþ
ôîðìàëèçîâàííîñòè, íî è ñàìèìè ñïîñîáàìè ïðåäñòàâ-
ëåíèÿ çíàíèé îá îáúåêòå èññëåäîâàíèÿ) - îò óñëîâíûõ
(çíàêîâûõ), ëîãè÷åñêèõ, äî ôîðìàëüíûõ ôèçèêî-
ìàòåìàòè÷åñêèõ ìîäåëåé [6].

Îñíîâîïîëàãàþùèì ýòàïîì ïîñòðîåíèÿ ïðîáëåìî-
ðàçðåøàþùåé ìîäåëè àíàëèçà è ïðîãíîçèðîâàíèÿ ïîä-
òîïëåíèÿ ÿâëÿåòñÿ ïðîâåäåíèå âñåñòîðîííåãî àíàëèçà ìî-
äåëåé, ëåæàùèõ â îñíîâå ìîäåëåé âîçäåéñòâèÿ èñòî÷íè-
êîâ ïîäòîïëåíèÿ è êîìïëåêñà ôàêòîðîâ ðàçâèòèÿ ïðî-
öåññà. Ñïåöèôè÷åñêèå îñîáåííîñòè ìîäåëåé-îñíîâàíèé
îáóñëîâëåíû ñëîæíîñòüþ èçó÷àåìûõ îáúåêòîâ è ïðîöåñ-
ñîâ, íàëè÷èåì ïîëóêîëè÷åñòâåííîé è êà÷åñòâåííîé èíôîð-
ìàöèè, íåîäíîçíà÷íîñòüþ ãåîëîãè÷åñêèõ êëàññèôèêàöèé è
ñëîæíîñòüþ ôîðìàëèçàöèè ãåîëîãè÷åñêèõ ïðåäñòàâëåíèé.
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Ðèñóíîê 1 - Èåðàðõè÷åñêàÿ ñòðóêòóðà ïðîáëåìîðàçðåøàþùåé ìîäåëè àíàëèçà è ïðîãíîçèðîâàíèÿ ïîäòîïëåíèÿ

ÌÎÄÅËÈ ÂÎÇÄÅÉÑÒÂÈß ÅÑÒÅÑÒÂÅÍÍÛÕ È 
ÒÅÕÍÎÃÅÍÍÛÕ ÈÑÒÎ×ÍÈÊÎÂ 
ÏÎÄÒÎÏËÅÍÈß

Ìàòåìàòè÷åñêàÿ èíòåðïðåòàöèÿ âîçäåéñòâèÿ åñòå-
ñòâåííûõ è òåõíîãåííûõ èñòî÷íèêîâ ïîäòîïëåíèÿ ïðåä-
ñòàâëÿåò ñîáîé ñâîåîáðàçíûé íàáîð ìîäóëåé (ìîäåëåé-
îñíîâàíèé) èç êîòîðûõ êîíñòðóèðóåòñÿ êîìïëåêñíàÿ ìî-
äåëü âîçäåéñòâèÿ èñòî÷íèêîâ ïîäòîïëåíèÿ íà ýêîñèñòåìó
(ñì. ðèñ. 1). Ìàòåìàòè÷åñêîå îïèñàíèå êàæäîé ñîñòàâ-
ëÿþùåé êîìïëåêñíîé ìîäåëè îñíîâûâàåòñÿ íà îáùå-
ïðèíÿòûõ íàó÷íî-îáîñíîâàííûõ ìåòîäèêàõ [7, 9], ñîã-
ëàñíî êîòîðûì è âûïîëíÿåòñÿ ôàêòè÷åñêàÿ è ïðîãíîçíàÿ
êîëè÷åñòâåííàÿ îöåíêà ñîñòàâëÿþùèõ ó÷àñòâóþùèõ â
ïîïîëíåíèè (ïèòàíèè) ïîäçåìíûõ âîä.

Îäíîé èç âàæíåéøèõ ñîñòàâëÿþùèõ ìîäåëè âîçäåé-
ñòâèÿ åñòåñòâåííûõ èñòî÷íèêîâ ïîäòîïëåíèÿ ÿâëÿåòñÿ
ìîäåëü èíôèëüòðàöèè àòìîñôåðíûõ îñàäêîâ (äîæäåâûõ è
òàëûõ âîä). Àòìîñôåðíûå îñàäêè ÿâëÿþòñÿ íàèáîëåå ìîù-
íûì åñòåñòâåííûì èñòî÷íèêîì ïîäòîïëåíèÿ, îïðåäåëÿ-
þùèì ïðèõîäíóþ ÷àñòü âîäíîãî áàëàíñà òåððèòîðèé, è â
ïîäàâëÿþùåì áîëüøèíñòâå ñëó÷àåâ îïðåäåëÿþò ôîðìè-
ðîâàíèå ãðóíòîâûõ âîä. Êðîìå ãîäîâîãî êîëè÷åñòâà îñàä-
êîâ, î÷åíü áîëüøîå çíà÷åíèå ïðè ôîðìèðîâàíèè ðåæèìà
ãðóíòîâûõ âîä ïðèíàäëåæèò âíóòðèãîäîâîìó ðàñïðåäå-
ëåíèþ îñàäêîâ è òîìó âèäó, â êîòîðîì îí âûïàäàþò. Â
ñâÿçè ñ ýòèì êîëè÷åñòâåííàÿ îöåíêà àòìîñôåðíûõ îñàäêîâ
ïîäðàçóìåâàåò êîëè÷åñòâî âûïàäàþùèõ îñàäêîâ, ïðîäîë-
æèòåëüíîñòü, èíòåíñèâíîñòü, âèä è âðåìÿ âûïàäåíèÿ
[1,7]. Ðåçóëüòàòû íàáëþäåíèé ïðåäñòàâëÿþò â âèäå ñëîÿ
îñàäêîâ, ðàññ÷èòàííîãî äëÿ êàæäîãî èç íàáëþäåíèé, à ïî
ðåçóëüòàòàì ìíîãîëåòíèõ íàáëþäåíèé ñîñòàâëÿþò êàðòû
ñðåäíåìíîãîëåòíåãî ãîäîâîãî ðàñïðåäåëåíèÿ îñàäêîâ íà
èçó÷àåìîé òåððèòîðèè. Ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ ïîäî-
áíîé ìîäåëè îñóùåñòâëÿåòñÿ ïîñðåäñòâîì èñïîëüçîâàíèÿ

êðèâûõ, ãðàôèêîâ, íîìîãðàìì. Ïðèáëèæåííóþ ïðîãíîñòè-
÷åñêóþ îöåíêó àòìîñôåðíûõ îñàäêîâ äëÿ èññëåäóåìîãî
ðàéîíà îñóùåñòâëÿþò ìåòîäàìè èíòåðïîëÿöèè [1, 9].

Â ìîäåëè âîçäåéñòâèÿ òåõíîãåííûõ èñòî÷íèêîâ ïîäòîï-
ëåíèÿ ïðåäëàãàåòñÿ âûäåëèòü ñëåäóþùèå ýëåìåíòû: ìîäå-
ëè èíôèëüòðàöèè óòå÷åê èç âîäîíåñóùèõ êîììóíèêàöèé è
âîäîñîäåðæàùèõ ñîîðóæåíèé âñåõ òèïîâ, à òàêæå ìîäåëè
ôèëüòðàöèîííûõ ïîòåðü âîä çàäåéñòâîâàííûõ â ïðîèçâîä-
ñòâåííîì öèêëå ïðåäïðèÿòèé ñ "ìîêðûì" òåõíîëîãè÷åñêèì
ïðîöåññîì. Îäíàêî êîëè÷åñòâåííûé àíàëèç è ïðîãíîç
âûøåïåðå÷èñëåííûõ ñîñòàâëÿþùèõ ìîäåëè âîçäåéñòâèÿ
òåõíîãåííûõ èñòî÷íèêîâ ïîäòîïëåíèÿ ñâÿçàí ñ ïðåîäî-
ëåíèåì èíôîðìàöèîííîãî áàðüåðà îáóñëîâëåííîãî íåïîë-
íîòîé è íåòî÷íîñòüþ èñõîäíîé èíôîðìàöèè. Åñòåñòâåííî,
÷òî âåëè÷èíà óòå÷åê èç âîäîñîäåðæàùèõ è âîäîíåñóùèõ
êîììóíèêàöèé íàõîäèòñÿ â ïðÿìîé çàâèñèìîñòè îò
âåëè÷èíû âîäîçàáîðà, îäíàêî, íåñìîòðÿ íà òî, ÷òî ñâå--
äåíèÿ î âîäîçàáîðå îáû÷íî èìåþòñÿ â êîììóíàëüíûõ
îðãàíàõ ãîðîäîâ è íà ïðîìûøëåííûõ ïðåäïðèÿòèÿõ
îöåíèòü ôàêòè÷åñêèå óòå÷êè ñ íåîáõîäèìîé òî÷íîñòüþ
ïðàêòè÷åñêè íåâîçìîæíî. Íåâîçìîæíî òàêæå ïðèíèìàòü â
ðàñ÷åòàõ â êà÷åñòâå ôàêòè÷åñêèõ óòå÷åê îãîâîðåííûå
ñîîòâåòñòâóþùèìè ÑÍèÏàìè (â âèäå % îò âîäîçàáîðà)
âåëè÷èíû ìàêñèìàëüíî äîïóñòèìûõ óòå÷åê, òàê êàê âñëåä-
ñòâèå êðàéíå èçíîøåííîãî ñîñòîÿíèÿ âîäîíåñóùèõ êîììó-
íèêàöèé è âîäîñîäåðæàùèõ ñîîðóæåíèé ôàêòè÷åñêèå
óòå÷êè íàìíîãî áîëüøå äîïóñòèìûõ, ò.å. ñóùåñòâóþùèå
íà ñåãîäíÿ ÑÍèÏû âîøëè â ïðîòèâîðå÷èå ñ ðåàëüíîé
äåéñòâèòåëüíîñòüþ. Òàêæå ñëåäóåò îòìåòèòü, ÷òî íà
ñóììàðíóþ âåëè÷èíó óòå÷åê êðîìå âåëè÷èíû âîäîçàáîðà
îêàçûâàþò íåïîñðåäñòâåííîå âëèÿíèå áîëüøîå êîëè÷åñòâî
äðóãèõ ðàçíîòèïíûõ ôàêòîðîâ, à ñóùåñòâóþùèå íà
ñåãîäíÿøíèé äåíü ìåòîäèêè ðàñ÷åòà íå ó÷èòûâàþò
ñìåøàííûé õàðàêòåð âõîäíûõ äàííûõ, îñíîâûâàþòñÿ â
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îñíîâíîì íåïîñðåäñòâåííî íà äàííûõ íàáëþäåíèé è íå
ìîãóò áûòü èñïîëüçîâàíû äëÿ ñèñòåì ïîääåðæêè ïðèíÿòèÿ
ðåøåíèé ñ ó÷àñòèåì ËÏÐ áåç îñóùåñòâëåíèÿ êà÷åñòâåííîé
ïåðåðàáîòêè.

ÌÎÄÅËÈ ÊÎÌÏËÅÊÑÀ ÅÑÒÅÑÒÂÅÍÍÛÕ È 
ÒÅÕÍÎÃÅÍÍÛÕ ÔÀÊÒÎÐÎÂ ÏÎÄÒÎÏËÅÍÈß

Ñïåöèôèêîé ìîäåëåé, ïðèìåíÿåìûõ äëÿ ïðåäñòàâëåíèÿ
âçàèìîäåéñòâóþùèõ ôàêòîðîâ ðàçâèòèÿ ïðîöåññà ïîäòîï-
ëåíèÿ, ÿâëÿåòñÿ òî, ÷òî íîâûå ñâåäåíèÿ, ïîëó÷åííûå íà
ìîäåëè, ëèáî âîîáùå íå ìîãóò áûòü ïðîâåðåíû íà ïðè-
ðîäíîì îáúåêòå (íàïðèìåð, èç-çà íåâîçìîæíîñòè âîñïðî-
èçâåäåíèÿ óñëîâèé íà ñîâðåìåííîì òåõíè÷åñêîì óðîâíå),
ëèáî òðåáóþò î÷åíü áîëüøèõ ýêîíîìè÷åñêèõ çàòðàò,
âñëåäñòâèå ÷åãî îñîáåííî âàæåí âîïðîñ îáîñíîâàíèÿ ïðè-
ìåíÿåìûõ ìîäåëåé (èõ àíàëîãèè ñ îáúåêòîì ïî èçó÷àåìûì
ïðèçíàêàì, èõ èñòèííîñòè). Èìåííî íåóäîâëåòâîðè-
òåëüíûì îáîñíîâàíèåì ïðèìåíÿåìûõ ìàòåìàòè÷åñêèõ
ìîäåëåé è ìåòîäîâ îáúÿñíÿåòñÿ ïðåèìóùåñòâåííîå
èñïîëüçîâàíèå äëÿ ýòèõ öåëåé çíàêîâûõ ìîäåëåé (êàðò,
ñõåì, ðàçðåçîâ è êîëîíîê), ïîäîáèå êîòîðûõ îðèãèíàëó íå
ÿâëÿåòñÿ íè ïðÿìûì, íè êîñâåííûì, à óñòàíàâëèâàåòñÿ â
ðåçóëüòàòå ñîãëàøåíèÿ î òîì, êàêîå ñîñòîÿíèå ðåàëüíîãî
îáúåêòà ñòàâèòñÿ â ñîîòâåòñòâèå äàííîìó ýëåìåíòó
àáñòðàêòíîé ìîäåëè. Òàêîå ñîãëàøåíèå ïðèíèìàåò âèä
ñîâîêóïíîñòè ïðàâèë ïîñòðîåíèÿ ìîäåëåé óñëîâíîãî
ïîäîáèÿ è ïðàâèë ïîëüçîâàíèÿ èìè [5].

Çíàêîâûå ìîäåëè èçîìîðôíû, ò.å. ãåîìåòðè÷åñêè ïî-
äîáíû îðèãèíàëó, îáëàäàÿ âçàèìíî îäíîçíà÷íûì ñîîòâåò-
ñòâèåì ýëåìåíòîâ è ñõîäñòâîì îòíîøåíèé ìåæäó íèìè.
Âàæíî îòìåòèòü, ÷òî êîíñòàòàöèÿ íàëè÷èÿ èçîìîðôíûõ
àíàëîãèé íå òðåáóåò äîêàçàòåëüñòâ òîæäåñòâà äàæå
îñíîâíûõ ñóùåñòâåííûõ êà÷åñòâ. Òàê, â èçîìîðôíûõ àíà-
ëîãèÿõ ìîæåò îòñóòñòâîâàòü ìàòåðèàëüíîå ñõîäñòâî îò-
äåëüíûõ ýëåìåíòîâ, íî èìååòñÿ ñõîäñòâî îòíîøåíèé ìåæ-
äó íèìè, ò.å. â çíàêîâûõ ìîäåëÿõ ñîõðàíÿþòñÿ òå æå
âçàèìîîòíîøåíèÿ ìåæäó òàêñîíîìè÷åñêèìè åäèíèöàìè -
"çíàêàìè", èçîáðàæàþùèìè òå èëè èíûå ãåîëîãè÷åñêèå
îáðàçîâàíèÿ è èõ ñâîéñòâà è èõ ïðîòîòèïàìè â íàòóðå.
Íàïðèìåð, íà êàðòå âçàèìîîòíîøåíèÿ ìåæäó ðàñïðîñòðà-
íåíèåì îòäåëüíûõ ýëåìåíòîâ îñòàþòñÿ òåìè æå, ÷òî è íà
ìåñòíîñòè (íà äîëþ êðóïíûõ ïðîìûøëåííûõ çîí è
êîìïëåêñîâ ïðèõîäèòñÿ, íàïðèìåð, 60% ïëîùàäè ïîäòîï-
ëåííûõ òåððèòîðèé è íà ìåñòíîñòè è íà êàðòå). Â òî æå
âðåìÿ êàæäîìó èç ýëåìåíòîâ íà ìåñòíîñòè ñîîòâåòñòâóåò
ñòðîãî îïðåäåëåííûé ýëåìåíò (îáîçíà÷åíèå) íà êàðòå. Ýòî
è åñòü âçàèìíî îäíîçíà÷íîå ñîîòâåòñòâèå, êîòîðîå ìîæíî
èçîáðàçèòü ñëåäóþùåé ñõåìîé:

Ýëåìåíòàì a, b, k, l â îäíîé ñèñòåìå ñîîòâåòñòâóþò
âïîëíå îïðåäåëåííûå ýëåìåíòû a, l, m, n â äðóãîé è
íàîáîðîò.

Òàêæå ñëåäóåò îòìåòèòü, ÷òî ïðèìåíÿåìûå çíàêîâûå
ìîäåëè êîìïëåêñà åñòåñòâåííûõ è òåõíîãåííûõ ôàêòîðîâ
ïîäòîïëåíèÿ èìåþò ýâðèñòè÷åñêóþ è ïðîãíîñòè÷åñêóþ
íàïðàâëåííîñòü, ïðèìåíÿÿñü äëÿ âñåâîçìîæíûõ ïðîãíî-

çíûõ îöåíîê ñîâðåìåííûõ ãåîëîãè÷åñêèõ ïðîöåññîâ.
Ïîëó÷åííûå ïðîãíîçíûå îöåíêè, îòðàæàþò íàïðàâëåíèå
ýâîëþöèè ïðîöåññà (çàòóõàíèå, óñèëåíèå, âíåçàïíîå
ïðåêðàùåíèå), ñòàäèéíîñòü, ïîñëåäîâàòåëüíîñòü ñîñòàâëÿ-
þùèõ ïðîöåññîâ (ìåõàíèçì îáùåãî ïðîöåññà), ïîñòî-
ÿíñòâî ïðîÿâëåíèÿ, ÷àñòîòó ïðîÿâëåíèé, ïðîäîëæè-
òåëüíîñòü, èíòåíñèâíîñòü (òàê, íàïðèìåð, ñêîðîñòü
ïîäòîïëåíèÿ îïðåäåëÿåòñÿ êàê ïðèðàùåíèå ïëîùàäè
òåððèòîðèè ñ çàäàííîé ãëóáèíîé óðîâíÿ ãðóíòîâûõ âîä çà
ïðîìåæóòîê âðåìÿ ). Ïðîãíîçíûå îöåíêè äëÿ òåððè-
òîðèé, íà êîòîðûõ ïðîÿâÿòñÿ ïðîöåññû, âêëþ÷àþò ïðîãíîç
ðàçìåðîâ òåððèòîðèé, çîíàëüíûõ èëè àçîíàëüíûõ èçìåíå-
íèé èíòåíñèâíîñòè ïðîöåññà, èçìåíåíèå ñâîéñòâ ïîðîä,
ðåëüåôà, ñòðîåíèÿ òîëù è ò.ä.

Äëÿ ìîäåëèðîâàíèÿ êîìïëåêñà åñòåñòâåííûõ ôàêòîðîâ
ïîäòîïëåíèÿ ïðåäëàãàåòñÿ èñïîëüçîâàòü óñëîâíûå ìîäåëè
ãåîëîãîëèòîëîãè÷åñêèõ, ãåîìîðôîëîãè÷åñêèõ, ãèäðîãåîëî-
ãè÷åñêèõ è ãèäðîãðàôè÷åñêèõ õàðàêòåðèñòèê èññëåäóåìûõ
òåððèòîðèé [2, 4, 5].

Â çíàêîâûõ ìîäåëÿõ ãåîëîãè÷åñêèõ îñîáåííîñòåé
òåððèòîðèè (íà ãåîëîãè÷åñêèõ êàðòàõ) ñ ïîìîùüþ êà÷å-
ñòâåííîãî ôîíà (öâåòíîãî èëè øòðèõîâîãî), áóêâåííûõ,
öèôðîâûõ è äðóãèõ óñëîâíûõ çíàêîâ îòîáðàæàþò âîçðàñò,
ñîñòàâ è ïðîèñõîæäåíèå ãîðíûõ ïîðîä, óñëîâèÿ èõ
çàëåãàíèÿ, õàðàêòåð ãðàíèö ìåæäó îòäåëüíûìè êîìïëåê-
ñàìè. Ðàçëè÷àþò òðè îñíîâíûõ âèäà óñëîâíûõ çíàêîâ:
öâåòîâûå, øòðèõîâûå, áóêâåííûå è öèôðîâûå. Öâåòîâûå
çíàêè ñëóæàò äëÿ îáîçíà÷åíèÿ âîçðàñòà îñàäî÷íûõ,
âóëêàíîãåííûõ è ìåòàìîðôè÷åñêèõ ïîðîä. Øòðèõîâûìè
çíàêàìè îáîçíà÷àåòñÿ ñîñòàâ ïîðîä. Èñêëþ÷åíèåì ÿâëÿ-
þòñÿ èíòðóçèâíûå ïîðîäû, ïðè èçîáðàæåíèè êîòîðûõ
öâåò ïðèìåíÿåòñÿ äëÿ óêàçàíèÿ èõ ñîñòàâà. Áóêâåííûå è
öèôðîâûå îáîçíà÷åíèÿ (èíäåêñû) ñëóæàò äëÿ óêàçàíèÿ
âîçðàñòà è ïðîèñõîæäåíèÿ ïîðîä; ñîñòàâ èíòðóçèâíûõ è
íåêîòîðûõ âóëêàíîãåííûõ ïîðîä îáîçíà÷àåòñÿ òàêæå
áóêâàìè.

Äëÿ êàæäîé çíàêîâîé ìîäåëè îòðàæàþùåé ãåîëî-
ãè÷åñêèå îñîáåííîñòè òåððèòîðèè ïðèíÿòî òàêæå ñòðîèòü
ñòðàòèãðàôè÷åñêóþ êîëîíêó è ãåîëîãè÷åñêèå ðàçðåçû.
Ñòðàòèãðàôè÷åñêàÿ êîëîíêà ïðåäñòàâëÿåò ñîáîé ñòîëáåö
øèðèíîé 2-4 ñì, â êîòîðîì óñëîâíîé ãîðèçîíòàëüíîé
øòðèõîâêîé â ñòðàòèãðàôè÷åñêîé ïîñëåäîâàòåëüíîñòè ïî-
êàçûâàåòñÿ ïîëîæåíèå è ñîñòàâ îñàäî÷íûõ, âóëêàíîãåí-
íûõ è ìåòàìîðôè÷åñêèõ ïîðîä, ðàçâèòûõ íà èçîáðàæåí-
íîé íà êàðòå òåððèòîðèè, à òàêæå âñêðûòûõ áóðîâûìè
ñêâàæèíàìè. Ïîðîäû â êîëîíêå ðàñ÷ëåíÿþòñÿ â ñîîòâåò-
ñòâèè ñ âûäåëåííûìè íà êàðòå ñòðàòèãðàôè÷åñêèìè ïîä-
ðàçäåëåíèÿìè. Ñëåâà îò êîëîíêè óêàçûâàþòñÿ èõ âîçðàñò
(ñèñòåìà, îòäåë, ÿðóñ, ñâèòà è ò.ï.) è èíäåêñû; ñïðàâà
ïðèâîäèòñÿ ìîùíîñòü, îïèñûâàþòñÿ ñîñòàâ, âñòðå÷åííûå
îêàìåíåëîñòè, ãåîõèìè÷åñêèå ïàðàìåòðû è ôèçè÷åñêèå
ñâîéñòâà ïîðîä, èõ àáñîëþòíûé âîçðàñò. Ãðàíèöû ìåæäó
ñòðàòèãðàôè÷åñêèìè ïîäðàçäåëåíèÿìè ñ ñîãëàñíûì çàëåãà-
íèåì íà êîëîíêå óêàçûâàþòñÿ ïðÿìûìè ëèíèÿìè, ïðè
ñòðàòèãðàôè÷åñêîì íåñîãëàñèè - âîëíèñòûìè, ïðè ñòðóê-
òóðíîì - âîëíèñòî-óãëîâàòûìè.

Ãåîëîãè÷åñêèå ðàçðåçû ïðåäñòàâëÿþò ñîáîé âåðòè-
êàëüíûå ñå÷åíèÿ çåìíîé êîðû îò åå ïîâåðõíîñòè íà òó èëè
èíóþ ãëóáèíó. Íà ðàçðåçàõ èçîáðàæàþòñÿ óñëîâèÿ çàëå-
ãàíèÿ è ôîðìà ãåîëîãè÷åñêèõ òåë, èçìåíåíèÿ èõ
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ìîùíîñòè, ãåîëîãè÷åñêèå ñòðóêòóðû, ðàçëè÷íûå ôàöèè,
ðàçðûâû. Îíè ñîñòàâëÿþòñÿ ïî ãåîëîãè÷åñêèì êàðòàì,
äàííûì áóðîâûõ ñêâàæèí èëè ãåîôèçè÷åñêèì ìàòåðèàëàì.
Ðàçðåçû ïî ãåîëîãè÷åñêîé êàðòå ñòðîÿòñÿ ïî ïðÿìûì
ëèíèÿì â íàïðàâëåíèè, êîòîðîå äàåò íàèáîëåå ïîëíîå
ïðåäñòàâëåíèå î çàëåãàíèè ïîðîä, ñëàãàþùèõ èçîáðà-
æåííóþ íà êàðòå òåððèòîðèþ. Ïðè íåîáõîäèìîñòè ðàçðå-
çû ìîãóò ñòðîèòüñÿ è ïî ëîìàíûì ëèíèÿì. Åñëè ñóùå-
ñòâóþò îïîðíûå ñêâàæèíû, ðàçðåçû ïðîâîäÿòñÿ ÷åðåç íèõ.
Âåðòèêàëüíûé è ãîðèçîíòàëüíûé ìàñøòàáû ðàçðåçîâ â
áîëüøèíñòâå ñëó÷àåâ ñîîòâåòñòâóþò ìàñøòàáó êàðòû. Ïðè
ïîëîãîì èëè ãîðèçîíòàëüíîì çàëåãàíèè ïîðîä âåðòè-
êàëüíûé ìàñøòàá ðàçðåçîâ ïðèíÿòî óâåëè÷èâàòü. Êîíöû
ëèíèè ðàçðåçà è òî÷êè åå èçãèáà îãðàíè÷èâàþòñÿ áóêâàìè.
Òàêèå æå áóêâû ñòàâÿòñÿ ó êîíöîâ ëèíèè ðàçðåçà íà
êàðòå. Äëÿ êàæäîé çíàêîâîé ìîäåëè ãåîëîãè÷åñêèõ îñî-
áåííîñòåé òåððèòîðèè îáû÷íî ñòðîÿòñÿ 1-3 ðàçðåçà. Âñå
ãåîëîãè÷åñêèå ãðàíèöû íà ðàçðåçàõ (ñîãëàñíûå, íåñîãëà-
ñíûå è èíòðóçèâíûå) óêàçûâàþòñÿ îäíèì çíàêîì â âèäå
ñïëîøíûõ ëèíèé. Ãëóáèíà ðàçðåçà îáîñíîâûâàåòñÿ
êîíêðåòíûìè äàííûìè. Íà ðàçðåçàõ èçîáðàæàþòñÿ âñå
ïîðîäû, îáíàæåííûå íà ïîâåðõíîñòè, âñêðûòûå ñêâàæè-
íàìè è óñòàíîâëåííûå ãåîôèçè÷åñêèìè ìåòîäàìè, à òàêæå
íàèáîëåå âàæíûå áóðîâûå ñêâàæèíû. Ðàçðåçû ñîñòàâëÿ-
þòñÿ â ñîîòâåòñòâèè ñ óñëîâíûìè îáîçíà÷åíèÿìè çíàêîâîé
ìîäåëè ãåîëîãè÷åñêèõ îñîáåííîñòåé òåððèòîðèè.

×åòâåðòè÷íûå îáðàçîâàíèÿ îòðàæàþòñÿ â îñîáûõ óñëîâ-
íûõ ìîäåëÿõ ÷åòâåðòè÷íûõ îòëîæåíèé, ãäå êîðåííûå ïî-
ðîäû ïîêàçûâàþò îäíèì öâåòîì (ôèîëåòîâûì) áåç ðàñ-
÷ëåíåíèÿ, ñ óêàçàíèåì èõ âîçðàñòà è òèïà ñ ïîìîùüþ
èíäåêñîâ è êðàïà. ×åòâåðòè÷íûå îòëîæåíèÿ íà êàðòàõ
ðàçäåëÿþòñÿ ïî ãåíåçèñó, âîçðàñòó è ñîñòàâó; ïðèâîäÿòñÿ
äàííûå î ìîùíîñòÿõ ñòðàòèãðàôè÷åñêèõ ïîäðàçäåëåíèé,
ïàëåîãåîãðàôè÷åñêèå õàðàêòåðèñòèêè ñòðàòèãðàôè÷åñêèõ
ïîäðàçäåëåíèé.

Â óñëîâíûõ ìîäåëÿõ ëèòîëîãè÷åñêèõ îñîáåííîñòåé
òåððèòîðèè (íà ëèòîëîãè÷åñêèõ êàðòàõ) íà ôîíå îêðàñêè,
ñîîòâåòñòâóþùåé âîçðàñòó ïîðîä, øòðèõàìè èçîáðàæàåòñÿ
ñîñòàâ ïîðîä, âûõîäÿùèõ íà ïîâåðõíîñòü èëè ñêðûòûõ
ïîä ïîêðîâîì ÷åòâåðòè÷íûõ îáðàçîâàíèé. Íà êàðòàõ
ìàñøòàáàì êðóïíåå 1:10000 óñëîâíîé øòðèõîâêîé îáû÷íî
óäàåòñÿ ïîêàçàòü ïëîùàäè ðàñïðîñòðàíåíèÿ êàæäîé ðàçíî-
âèäíîñòè ïîðîä. Íà êàðòàõ ìàñøòàáà ìåëü÷å 1:10000 óêà-
çûâàåòñÿ ëèøü ñîñòàâ ïðåîáëàäàþùèõ íà äàííîì ó÷àñòêå
ïîðîä ëèáî ïðè ïîìîùè ñìåøàííîé øòðèõîâêè îòîáðà-
æàþòñÿ îòäåëüíûå ðàçíîâèäíîñòè ïîðîä.

Óñëîâíûå ìîäåëè ãåîìîðôîëîãè÷åñêèõ îñîáåííîñòåé
òåððèòîðèè îòðàæàþò îñíîâíûå òèïû ðåëüåôà è åãî
îòäåëüíûå ýëåìåíòû ñ ó÷åòîì èõ ïðîèñõîæäåíèÿ è
âîçðàñòà.

Óñëîâíûå ìîäåëè ãèäðîãåîëîãè÷åñêèõ îñîáåííîñòåé
òåððèòîðèè îòðàæàþò âîäîíîñíûå ñâîéñòâà ãîðíûõ ïîðîä:
èõ âîäîîáèëüíîñòü, óñëîâèÿ ðàñïðîñòðàíåíèÿ, çàëåãàíèÿ,
õèìè÷åñêóþ õàðàêòåðèñòèêó è äðóãèå ñâîéñòâà ïîäçåìíûõ
âîä. Â çàâèñèìîñòè îò óêàçàííûõ ïàðàìåòðîâ ãîðíûå ïî-
ðîäû îáúåäèíÿþòñÿ â êîìïëåêñû, êîòîðûå èçîáðàæàþòñÿ
íà ãèäðîãåîëîãè÷åñêîé êàðòå â âîçðàñòíîé ïîñëåäîâàòåëü-
íîñòè èëè ïî ãåíåòè÷åñêîìó ïðèçíàêó.

Çåðêàëî ãðóíòîâûõ âîä íà ãèäðîãåîëîãè÷åñêèõ êàðòàõ
ïîêàçûâàþò ãèäðîèçîãèïñàìè, ëèíèÿìè, ñîåäèíÿþùèìè

òî÷êè îäèíàêîâîé âûñîòû ïîâåðõíîñòè ãðóíòîâûõ âîä.
Êàðòû ãèäðîèçîãèïñ ñîñòàâëÿþòñÿ îáû÷íî êàê ïðè ãèä-
ðîãåîëîãè÷åñêèõ ñúåìêàõ, òàê è ïðè öåëåâûõ ãèäðîãåî-
ëîãè÷åñêèõ èçûñêàíèÿõ è ÿâëÿþòñÿ îñíîâíûì ýëåìåíòîì
óñëîâíîé ìîäåëè ãèäðîãåîëîãè÷åñêèõ õàðàêòåðèñòèê òåð-
ðèòîðèè, ïðåäñòàâëÿÿ ñîáîé îñíîâíóþ ïëîùàäíóþ õàðàê-
òåðèñòèêó ãðóíòîâîãî ïîòîêà. Ïðè êðàòêîâðåìåííûõ èñ-
ñëåäîâàíèÿõ îáû÷íî îãðàíè÷èâàþòñÿ ñîñòàâëåíèåì êàðòû
ãèäðîèçîãèïñ ïî äàííûì íà îïðåäåëåííóþ äàòó. Â ñëó÷àå
åñëè âåëèñü ïðîäîëæèòåëüíûå íàáëþäåíèÿ ïî ñêâàæèíàì
ó÷àñòêà ñîñòàâëÿþò íåñêîëüêî êàðò ãèäðîèçîãèïñ íà ðàç-
ëè÷íûå ïåðèîäû ãîäà (â ìåæåíü, ïàâîäîê è ò.ï.). Òàêèå
êàðòû ïîçâîëÿþò âûÿâèòü èçìåíåíèå óñëîâèé ïèòàíèÿ è
äðåíèðîâàíèÿ, ñâÿçü ïîâåðõíîñòíûõ è ïîäçåìíûõ âîä â
ðàçíîå âðåìÿ ãîäà.

Ïðè ïîñòðîåíèè êàðòû, ñå÷åíèå ãèäðîèçîãèïñ (÷àñòîòà
çàëîæåíèÿ ãèäðîèçîãèïñ) âûáèðàåòñÿ òàêèì îáðàçîì,
÷òîáû íà êàðòå áûëè îòðàæåíû îñîáåííîñòè çåðêàëà
ãðóíòîâûõ âîä. Äëÿ ïîñòðîåíèÿ êàðòû ãèäðîèçîãèïñ
ïîëüçóþòñÿ äàííûìè çàìåðîâ ãëóáèí çàëåãàíèÿ óðîâíåé
ãðóíòîâûõ âîä â ñêâàæèíàõ, øóðôàõ, êîëîäöàõ, ãîðíûõ
âûðàáîòêàõ, îòìåòêàìè èñòî÷íèêîâ, ñâåäåíèÿìè âîäîìåð-
íûõ ïîñòîâ íà ïîâåðõíîñòíûõ âîäîåìàõ. Âñå äàííûå,
èñïîëüçóåìûå ïðè ïîñòðîåíèè ïîäîáíîé óñëîâíîé ìîäåëè,
äîëæíû áûòü âçÿòû íà îäíó äàòó, ò. å. ïîëó÷åíû ïî
îäíîâðåìåííûì çàìåðàì âñåõ òî÷åê íàáëþäåíèÿ, ïîýòîìó
êàðòû ãèäðîèçîãèïñ âñåãäà äàòèðóþòñÿ. Â ñëó÷àå åñëè
èìåþòñÿ çàìåðû óðîâíÿ ãðóíòîâûõ âîä â òî÷êàõ íà ðàçëè-
÷íûå äàòû, íî êîòîðûå ìîæíî èñïîëüçîâàòü äëÿ
ïîñòðîåíèÿ êàðòû ãèäðîèçîãèïñ, íóæíî âñå çàìåðû óðî-
âíåé ïðèâåñòè ê îäíîé îïðåäåëåííîé äàòå. Ýòî âîçìîæíî,
êîãäà íà ó÷àñòêå ïðîâîäèëèñü áîëåå èëè ìåíåå
ïðîäîëæèòåëüíûå íàáëþäåíèÿ çà êîëåáàíèÿìè óðîâíåé
ãðóíòîâûõ âîä ïî íåñêîëüêèì ñêâàæèíàì, ðàñïîëîæåííûì
â àíàëîãè÷íûõ ãèäðîãåîëîãè÷åñêèõ óñëîâèÿõ. Â ýòîì
ñëó÷àå ïî äàííûì êîëåáàíèé â íàáëþäàòåëüíûõ ñêâàæè-
íàõ ïðèáëèæåííî âû÷èñëÿþò âåëè÷èíó ïîïðàâêè óðîâíÿ
äëÿ êàæäîé èç ñêâàæèí, ñ ó÷åòîì êîòîðîé èçìåíÿþò â íèõ
óðîâíè è ñòðîÿò îðèåíòèðîâî÷íóþ êàðòó ãèäðîèçîãèïñ.

Ãëóáèíà çàëåãàíèÿ ãðóíòîâûõ âîä â êàæäîé òî÷êå
çàìåðà ïåðåñ÷èòûâàåòñÿ íà àáñîëþòíûå èëè îòíîñè-
òåëüíûå îòìåòêè

, (1)

ãäå  - àáñîëþòíàÿ îòìåòêà óðîâíÿ ãðóíòîâûõ âîä;  -

àáñîëþíàÿ îòìåòêà ïîâåðõíîñòè çåìëè; h - ãëóáèíà çàëå-
ãàíèÿ ïîäçåìíûõ âîä.

Ïîëó÷åííûå ñîãëàñíî âûðàæåíèþ (1) îòìåòêè íàíî-
ñÿòñÿ íà òîïîãðàôè÷åñêóþ îñíîâó è ïî íèì ìåòîäîì
èíòåðïîëÿöèè ñòðîÿò ãèäðîèçîãèïñû.

Ìîäåëè ôàêòîðîâ òåõíîãåííîé ãðóïïû ïðåäñòàâëÿþò
ñîáîé çíàêîâûå ìîäåëè, îòðàæàþùèå õàðàêòåð ôóíêöè-
îíàëüíîãî îñâîåíèÿ òåððèòîðèé, ãäå îòäåëüíûå òàêñîíî-
ìè÷åñêèå åäèíèöû âûäåëÿþò â çàâèñèìîñòè îò õàðàêòåðà
îñâîåíèÿ òåððèòîðèé (òåððèòîðèè ïðîìûøëåííûõ çîí è
êîìïëåêñîâ, êîììóíàëüíî-ñêëàäñêèõ çîí, ñåëèòåáíûå òåð-
ðèòîðèè, ñåëüñêîõîçÿéñòâåííûå, ðåêðåàöèîííîãî íàçíà-
÷åíèÿ è ò.ä.).

HB H3 h–=

HB H3



93

Ñ.À.Ìèòðîõèí:  ÈÅÐÀÐÕÈ×ÅÑÊÀß ÑÒÐÓÊÒÓÐÀ ÌÎÄÅËÈ ÀÍÀËÈÇÀ È ÏÐÎÃÍÎÇÈÐÎÂÀÍÈß 
ÏÎÄÒÎÏËÅÍÈß: ÀÍÀËÈÇ ÌÎÄÅËÅÉ-ÎÑÍÎÂÀÍÈÉ

ÌÍÎÃÎÊÎÌÏÎÍÅÍÒÍÀß ÌÎÄÅËÜ 
ÈÑÑËÅÄÓÅÌÎÉ ÒÅÐÐÈÒÎÐÈÈ

Â ðåçóëüòàòå ñîïîñòàâëåíèÿ ìîäåëåé âîçäåéñòâèÿ èñòî÷-
íèêîâ ïîäòîïëåíèÿ è çíàêîâûõ ìîäåëåé åñòåñòâåííûõ è
òåõíîãåííûõ ôàêòîðîâ ðàçâèòèÿ ïðîöåññà ïîäòîïëåíèÿ
(íàïðèìåð, â êà÷åñòâå ðàçëè÷íûõ ñëîåâ ýëåêòðîííîé
êàðòû â ÃÈÑ) ìîæåò áûòü ïîëó÷åíà ìíîãîêîìïîíåíòíàÿ
ìîäåëü ðåàëüíîñòè, ïîçâîëÿþùàÿ èññëåäîâàòü îáúåêòû,
ÿâëåíèÿ è ïðîöåññû ñ ó÷åòîì äèíàìèêè èõ ðàçâèòèÿ. Ïðè
àíàëèçå ìíîãîêîìïîíåíòíîé ìîäåëè ÃÈÑ ñóùåñòâåííîå
âíèìàíèå ñëåäóåò óäåëèòü âûðàáîòêå ïðèíöèïîâ âûäå-
ëåíèÿ òàêñîíîìè÷åñêèõ åäèíèö êëàññèôèêàöèè ðàçëè÷-
íîãî óðîâíÿ. Áîëüøèíñòâî ðåêîìåíäàöèé ïî ðàçðàáîòêå
ìåòîäîâ ãåîëîãè÷åñêèõ êëàññèôèêàöèé è ôîðìàëèçàöèè
ïðåäñòàâëåíèé ñâîäèòñÿ ê ñëåäóþùåìó [2, 4]:

1. Òàêñîíîìè÷åñêèå åäèíèöû êëàññèôèêàöèè îäíîãî
óðîâíÿ äîëæíû âûäåëÿòüñÿ òîëüêî ïî îäíîìó êëàññèôè-
êàöèîííîìó ïðèçíàêó.

2. Íè îäèí èç îáúåêòîâ êëàññèôèêàöèè íå äîëæåí
âõîäèòü îäíîâðåìåííî â ðàçíûå òàêñîíîìè÷åñêèå åäèíèöû
îäíîãî óðîâíÿ.

3. Íå äîëæíî áûòü îáúåêòîâ, êîòîðûå íå âõîäÿò íè â
îäíó èç òàêñîíîìè÷åñêèõ åäèíèö îäíîãî óðîâíÿ.

4. Íå äîëæíî áûòü òàêñîíîìè÷åñêèõ åäèíèö, â êîòîðûõ
íå èìååòñÿ íè îäíîãî îáúåêòà. Èñêëþ÷åíèå ìîãóò ñîñòàâ-
ëÿòü òàêñîíû, ïî êîòîðûì äåëàåòñÿ ïðîãíîç.

5. Ïðèçíàêè ïîñòðîåíèÿ êëàññèôèêàöèè äîëæíû áûòü
äåëÿùèìè, ò.å. èìååòñÿ ïî êðàéíåé ìåðå äâå òàêñîíî-
ìè÷åñêèå åäèíèöû îáúåêòîâ ïî äàííîìó ïðèçíàêó.

Â ýòîé ñâÿçè öåëåñîîáðàçíî âåðíóòüñÿ ê îïûòó ðàéî-
íèðîâàíèÿ çàùèùàåìûõ îò ïîäòîïëåíèÿ è çàòîïëåíèÿ
òåððèòîðèé ïî ñîâîêóïíîñòè åñòåñòâåííî-ãåîëîãè÷åñêèõ è
òåõíîãåííûõ ôàêòîðîâ, íàêîïëåííîìó ÓêðÍÈÈÍÒÈÇîì
â ïðîöåññå èíæåíåðíî-ãèäðîãåîëîãè÷åñêèõ ðàáîò ïî çàùè-
òå òåððèòîðèé ïðîìûøëåííî-ãîðîäñêèõ àãëîìåðàöèé.

Ïðè òàêîì ñïîñîáå âûäåëåíèÿ òàêñîíîìè÷åñêèõ åäèíèö
(ñì. ðèñ. 2) êîìïëåêñ åñòåñòâåííî-ãåîëîãè÷åñêèõ ôàêòîðîâ
îïðåäåëÿåò âûäåëåíèå êðóïíûõ òàêñîíîâ: áàññåéíîâ
ãðóíòîâûõ âîä (áàññåéíîâ ñòîêà), ôðàãìåíòîâ áàññåéíîâ è
ðàéîíîâ, ïðè÷åì ïîñëåäíèå äâà â âîçðàñòàþùåé ñòåïåíè
óâÿçûâàþòñÿ ñ ôàêòîðàìè ïîäòîïëåíèÿ, à ôàêòîðû
òåõíîãåííîé ãðóïïû (õàðàêòåð îñâîåíèÿ òåððèòîðèè)
îïðåäåëÿþò âûäåëåíèå ïîäðàéîíîâ è ó÷àñòêîâ, ÷òî êîëè-
÷åñòâåííî îïðåäåëÿåò âîçäåéñòâèå ÷åëîâåêà íà ãåîëîãè-
÷åñêóþ ñðåäó. Ñëåäóåò îòìåòèòü, ÷òî ïîäîáíûé ïîäõîä ê
ðàéîíèðîâàíèþ òåððèòîðèé âêëþ÷àåò â ñåáÿ ýëåìåíòû
ïðîãíîçà èçìåíåíèÿ ñîñòîÿíèÿ ãåîëîãè÷åñêîé ñðåäû.

Ðèñóíîê 2 - Îáîáùåííàÿ ñõåìà àëãîðèòìà ðàéîíèðîâàíèÿ òåððèòîðèé ïðîìûøëåííî-ãîðîäñêèõ àãëîìåðàöèé

Áàññåéíû âûäåëÿþòñÿ ïî ñîâîêóïíîñòè ãåîëîãî-ñòðóê-
òóðíûõ, ãåîìîðôîëîãè÷åñêèõ è ãèäðîãåîëîãè÷åñêèõ ïðè-
çíàêîâ è ïðåäñòàâëÿþò ñîáîé ó÷àñòîê (ïîëîñó) ïîäçåìíîãî
ïîòîêà îò îáëàñòè ïèòàíèÿ äî îáëàñòè ðàçãðóçêè (ìåñòíîé
äðåíàæíîé ñåòè). Ïðè ýòîì ñ ñîñåäíèìè áàññåéíàìè îíè
ãðàíè÷àò ëèáî âäîëü ëèíèè âîäîðàçäåëà, ëèáî âäîëü ëè-
íèè òîêà, îðèåíòèðîâàííîé íîðìàëüíî ê ìåñòíîé ðå÷íîé
ñåòè. Â ïðåäåëàõ êàæäîãî áàññåéíà âûäåëÿþòñÿ òðè ôðàã-
ìåíòà, êîòîðûå îòâå÷àþò îáëàñòè ðàçãðóçêè, òðàíçèòà è

ïèòàíèÿ â ïðåäåëàõ âûäåëåííîãî áàññåéíà. Êàæäîìó èç
ôðàãìåíòîâ ñîîòâåòñòâóåò ñâîé êîìïëåêñ ôàêòîðîâ è ñâîé
ìåõàíèçì ïðîöåññà ïîäòîïëåíèÿ, ÷òî â äîñòàòî÷íîé ñòå-
ïåíè èçó÷åíî. Â ïðåäåëàõ êàæäîãî ôðàãìåíòà âûäåëÿþòñÿ
ðàéîíû (îòâå÷àþùèå òèïèçèðîâàííûì ãåîëîãè÷åñêèì ðàç-
ðåçàì) â òîé èëè èíîé ñòåïåíè îïðåäåëÿþùèå ðàçâèòèå
ïðîöåññà ïîäòîïëåíèÿ. Ïîäðàéîíû, îòâå÷àþùèå ôóíêöèî-
íàëüíûì çîíàì, âûäåëÿþòñÿ ïî õàðàêòåðó îñâîåíèÿ òåððè-
òîðèé (ñåëèòåáíàÿ çàñòðîéêà, ïðîìûøëåííàÿ, ñåëüñêî-
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õîçÿéñòâåííàÿ, ðåêðåàöèîííàÿ è ò.ä.). Íàêîíåö, ó÷àñòêè,
âûäåëÿåìûå â ïðåäåëàõ êàæäîãî ïîäðàéîíà, îòâå÷àþò äå-
òàëèçàöèè õàðàêòåðà ôóíêöèîíàëüíîãî îñâîåíèÿ òåððèòî-
ðèè. Íàïðèìåð, çàñòðîéêà îäíî- è ìíîãîýòàæíàÿ, èëè ïðî-
ìûøëåííàÿ çîíà ñ "ñóõèì" èëè "ìîêðûì" òåõíîëîãè÷åñêèì
öèêëîì.

ÎÑÎÁÅÍÍÎÑÒÈ ÐÅØÅÍÈß ÇÀÄÀ×È 
ÇÎÍÈÐÎÂÀÍÈß È ÂÈÇÓÀËÈÇÀÖÈÈ ÃÐÀÍÈÖ 
ÍÎÂÛÕ ÎÁÚÅÊÒÎÂ

Îäíèì èç íàèáîëåå òðóäíûõ âîïðîñîâ ïðè ðåøåíèè
çàäà÷ çîíèðîâàíèÿ, ò.å. çàäà÷ ñâÿçàííûõ ñ ïîñòðîåíèåì
íîâûõ îáúåêòîâ (çîí äî òîãî íà êàðòå íå ñóùåñòâîâàâøèõ)
îäíîðîäíûõ â ñìûñëå íåêîòîðîãî êðèòåðèÿ èëè ãðóïïû
êðèòåðèåâ ÿâëÿåòñÿ âîïðîñ ïðîâåäåíèÿ ãðàíèö ìåæäó
îòäåëüíûìè òàêñîíîìè÷åñêèìè åäèíèöàìè. Ãðàíèöû çîí
ìîãóò ëèáî ñîâïàäàòü ñ ãðàíèöàìè ðàíåå ñóùåñòâîâàâøèõ
îáúåêòîâ, ëèáî ñòðîèòüñÿ â ðåçóëüòàòå ðàçëè÷íûõ âèäîâ
ìîäåëèðîâàíèÿ. Äåëî îñëîæíÿåòñÿ òåì, ÷òî ìíîãèå
êëàññèôèêàöèîííûå ïðèçíàêè íå ôîðìàëèçîâàíû è èõ
êîëè÷åñòâåííàÿ õàðàêòåðèñòèêà çàòðóäíèòåëüíà. Âñëåäñò-
âèå ÷åãî çàòðóäíåíî è ïðîâåäåíèå ÷åòêèõ ãðàíèö ìåæäó
îòäåëüíûìè òàêñîíîìè÷åñêèìè åäèíèöàìè. Â ïîäîáíîé
ñèòóàöèè áîëåå åñòåñòâåííûé ñïîñîá îïèñàíèÿ òàêñîíîâ
âñåõ óðîâíåé êëàññèôèêàöèè çàêëþ÷àåòñÿ â îñëàáëåíèè
ñòðîãîãî ðàçäåëåíèÿ ìåæäó íèìè, ïîñðåäñòâîì
èñïîëüçîâàíèÿ ôîðìàëüíîãî àïïàðàòà äëÿ ðàáîòû ñ
íåîïðåäåëåííîñòÿìè íåóñòðàíèìîãî õàðàêòåðà, ïðåäëî-
æåííîãî Ëîòôè Çàäå è ïîëó÷èâøåãî íàçâàíèå íå÷åòêàÿ
ëîãèêà (fuzzy logic). Òîãäà áàçèñîì äëÿ îïðåäåëåíèÿ
(îïèñàíèÿ) ðàçìûòûõ ãðàíèö îòäåëüíûõ òàêñîíîâ áóäåò
ÿâëÿòüñÿ ôóíêöèÿ ïðèíàäëåæíîñòè ,

, îïðåäåëÿþùàÿ ñòåïåíü ÷ëåíñòâà àíàëèçèðóåìîé
òåððèòîðèè u (èç êîíå÷íîãî ìíîæåñòâà òåððèòîðèé äëÿ
êîòîðûõ âûïîëíÿþòñÿ ìîíèòîðèíãîâûå íàáëþäåíèÿ) â i-ì
íå÷åòêîì êëàññèôèêàöèîííîì ïîäìíîæåñòâå.

Ïîäîáíûé ïîäõîä ê ðåøåíèþ çàäà÷è çîíèðîâàíèÿ
ïîâûøàåò àäåêâàòíîñòü èñïîëüçóåìûõ ìîäåëåé è, êàê
ñëåäñòâèå, êà÷åñòâî ïîëó÷àåìûõ íà ìîäåëÿõ äàííûõ
(åñòåñòâåííî ïðè íàëè÷èè ýôôåêòèâíîãî àïïàðàòà
âèçóàëèçàöèè íå÷åòêîñòè, îáëåã÷àþùåãî ïîíèìàíèå è
âîñïðèÿòèå ãåîãðàôè÷åñêèõ îáúåêòîâ ñ ðàçìûòûìè
ãðàíèöàìè). Â êà÷åñòâå èíñòðóìåíòà èñïîëüçóåìîãî äëÿ
âèçóàëèçàöèè íå÷åòêèõ ãðàíèö ìîæåò áûòü èñïîëüçîâàí
öâåò îáúåêòîâ, ðàññìàòðèâàåìûé êàê íàèáîëåå âàæíàÿ
âèçóàëüíàÿ ïåðåìåííàÿ. Òîãäà çíà÷åíèÿ êðàñíûé, çåëå-
íûé, ñèíèé è ò.ä. ìîãóò áûòü èíòåðïðåòèðîâàíû êàê
îáîçíà÷åíèÿ íå÷åòêèõ ïîäìíîæåñòâ óíèâåðñàëüíîãî
ìíîæåñòâà, è êàæäûé îáúåêò ìîæåò áûòü èäåíòè-
ôèöèðîâàí êàê íåêîòîðûé öâåòîâîé îòòåíîê ñ òåì èëè

èíûì öâåòîì â öåíòðå (ãäå ), îêðóæåííîì

áîëåå ñâåòëûìè èëè áîëåå òåìíûìè åãî òîíàìè,
îïðåäåëÿåìûìè â ñîîòâåòñòâèè ñ ïðèíöèïîì âèçóàëüíîãî
ðàâåíñòâà [8]. Ïðè òàêîì ïðèíöèïå âèçóàëèçàöèè
îáúåêòîâ öâåòà èçîáðàæàþùèå îäèíàêîâî ðàçëè÷íûå äðóã
îò äðóãà çíà÷åíèÿ ôóíêöèè ïðèíàäëåæíîñòè äîëæíû áûòü
âîñïðèíÿòû îäèíàêîâî ðàçëè÷íî, ò.å.

 

,

ãäå k, l, m, n - ÷åòûðå ïîñëåäîâàòåëüíûõ èíäåêñà öâåòà â
öâåòíîì ìàñøòàáå ñ ÷èñëîì öâåòîâ N;  - çíà÷åíèå ôóíêöèè

ïðèíàäëåæíîñòè, êîòîðîå èçîáðàæàåòñÿ i-ì öâåòîì;  -

ñîáñòâåííî çíà÷åíèå i-ãî öâåòà;  - âîñïðèíÿòîå

ðàçëè÷èå (ðàññòîÿíèå) ìåæäó i-ì è j-ì öâåòàìè. Òàêîé
ñïîñîá âèçóàëèçàöèè ïîçâîëÿåò âîñïðèíèìàòü ðàçìûòûå
îáúåêòû, ñ ðàçëè÷íîé ñâåòëîòîé öâåòîâûõ òîíîâ èëè ñ
ðàçëè÷íîé ïëîòíîñòüþ îäíîãî öâåòà, ïðåäñòàâëÿþùèìè
ðàçëè÷íóþ ñòåïåíü íåîïðåäåëåííîñòè (ðèñ. 3).

 

Ðèñóíîê 3 - Âèçóàëèçàöèÿ íå÷åòêèõ ãðàíèö

ÂÛÂÎÄÛ

Ïðîâåäåííûé â äàííîé ðàáîòå àíàëèç ìîäåëåé, êîòîðûå
ïðåäëàãàåòñÿ èñïîëüçîâàòü â êà÷åñòâå ìîäåëåé-îñíîâàíèé
ìíîãîóðîâíåâîé èåðàðõè÷åñêîé ìîäåëè àíàëèçà è
ïðîãíîçèðîâàíèÿ ïîäòîïëåíèÿ, ïîêàçàë, ÷òî, íåñìîòðÿ íà
òî, ÷òî â íàñòîÿùåå âðåìÿ îíè ñóùåñòâóþò ðàçðîçíåííî, â
èõ îñíîâå íå çàëîæåí ïðèíöèï ñèñòåìíîñòè, è â òàêîì
âèäå îíè íå ïîçâîëÿþò ðåøàòü çàäà÷è ìíîãîóðîâíåâîãî
óïðàâëåíèÿ â ñèñòåìå ýêîëîãè÷åñêîãî ìîíèòîðèíãà,
âêëþ÷åíèå âûøåðàññìîòðåííûõ ìîäåëåé â êà÷åñòâå
ìîäåëåé-îñíîâàíèé â ìíîãîóðîâíåâóþ èåðàðõè÷åñêóþ
ìîäåëü àíàëèçà è ïðîãíîçèðîâàíèÿ ïîäòîïëåíèÿ íå ÿâëÿ-
åòñÿ ïðèíöèïèàëüíî íåâîçìîæíûì. Òàêèì îáðàçîì, ñ
îäíîé ñòîðîíû, èñïîëüçîâàíèå ìåòîäîâ ñèñòåìíîãî àíà-
ëèçà äëÿ ïîñòðîåíèÿ öåëîñòíûõ ñèñòåì îöåíêè è
ïðîãíîçèðîâàíèÿ îïàñíîãî ïîäúåìà óðîâíÿ ãðóíòîâûõ âîä
â ïðåäåëàõ ÏÃÀ è ñîçäàíèÿ íà èõ îñíîâå ýôôåêòèâíûõ
ñèñòåì ïîääåðæêè ïðèíÿòèÿ óïðàâëåí÷åñêèõ ðåøåíèé
àäàïòèðîâàííûõ äëÿ ðàáîòû ðåãèîíàëüíûõ öåíòðîâ
ýêîëîãè÷åñêîãî ìîíèòîðèíãà (ÐÖÝÌ) ÿâëÿåòñÿ àêòó-
àëüíîé íàó÷íîé è ïðàêòè÷åñêîé ïðîáëåìîé. Ñ äðóãîé
ñòîðîíû, èñïîëüçîâàíèå òàêèõ ñèñòåì â ñòðàòåãè÷åñêîì
ïëàíå ïåðñïåêòèâ ñîöèàëüíî-ýêîíîìè÷åñêîãî ðàçâèòèÿ ðå-
ãèîíà, êàê ýëåìåíòà åäèíîé ñîöèàëüíî-ýêîíîìè÷åñêîé
ñèñòåìû Óêðàèíû è ýëåìåíòà æèçíåííîé ñôåðû ÷åëîâåêà
â öåëîì, ÿâëÿåòñÿ íàñóùíîé íåîáõîäèìîñòüþ.
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Â ñòàòò³ ðîçãëÿíóòà êîíöåïö³ÿ ðîçðîáêè ñó÷àñíî¿
àâòîìàòèçîâàíî¿ ñèñòåìè àíàë³çó ô³íàíñîâî-åêîíîì³÷íèõ
ïîêàçíèê³â ä³ÿëüíîñò³ ï³äïðèºìñòâà ç âèêîðèñòàííÿì OLAP-
òåõíîëîã³¿.

Â ñòàòüå ðàññìîòðåíà êîíöåïöèÿ ðàçðàáîòêè ñîâðåìåííîé
àâòîìàòèçèðîâàííîé ñèñòåìû àíàëèçà ôèíàíñîâî-ýêîíîìè-
÷åñêèõ ïîêàçàòåëåé äåÿòåëüíîñòè ïðåäïðèÿòèÿ ñ èñïîëü-
çîâàíèåì OLAP-òåõíîëîãèè.

The conception of investigation of modern computer-aided
system of an enterprise activities financial and economical anal-
ysis using OLAP-technology is considered in this paper.

ÂÂÅÄÅÍÈÅ

Ýôôåêòèâíîå óïðàâëåíèå ëþáûì ïðåäïðèÿòèåì, êàê
ïðàâèëî, òðåáóåò äâóñòîðîííåé íàïðàâëåííîñòè, êîòîðàÿ
çàêëþ÷àåòñÿ â îòñëåæèâàíèè è àíàëèçå äàííûõ,
îòðàæàþùèõ ðåàëüíîå ñîñòîÿíèå ýòîãî ïðåäïðèÿòèÿ è
ñèòóàöèþ, ñëîæèâøóþñÿ âîêðóã íåãî. Ïîñòîÿííîå íàëè÷èå
àêòóàëüíîé èíôîðìàöèè ïîçâîëÿåò ñ òî÷íîñòüþ îöåíèòü
òåêóùåå ñîñòîÿíèå ýòîãî ïðåäïðèÿòèÿ, à îòñëåæèâàíèå
èçìåíåíèé íåêîòîðûõ åãî õàðàêòåðèñòèê - âûÿâèòü òåíäåí-
öèè ðàçâèòèÿ è ïðîãíîçèðîâàòü èõ èçìåíåíèÿ â áóäóùåì.
Îäíèì èç ïóòåé îñóùåñòâëåíèÿ ìíîãîãðàííîãî àíàëèçà
èíôîðìàöèè ÿâëÿåòñÿ ïðèìåíåíèå òåõíîëîãèè OLAP (On-
Line Analytical Processing) [1].

OLAP (îïåðàòèâíûé àíàëèç äàííûõ) - èíôîðìàöèîí-
íàÿ òåõíîëîãèÿ, êîòîðàÿ îáåñïå÷èâàåò àíàëèòèêàì, óïðàâ-
ëåíöàì è ðóêîâîäèòåëÿì âîçìîæíîñòü èçó÷àòü èíôîðìà-
öèþ ïðè ïîìîùè áûñòðîãî, ïîñëåäîâàòåëüíîãî, èíòåðàê-
òèâíîãî îòîáðàæåíèÿ äàííûõ ñ ðàçëè÷íûõ âîçìîæíûõ
òî÷åê çðåíèÿ, äîñòèãàåìóþ çà ñ÷¸ò ïðåîáðàçîâàíèÿ èñõîä-
íûõ äàííûõ â ñîîòâåòñòâèè ñ ðåàëüíûìè ïðåäñòàâëåíèÿìè
êîíå÷íîãî ïîëüçîâàòåëÿ î ïðîñòðàíñòâå ïðåäïðèíèìà-
òåëüñêîé äåÿòåëüíîñòè. Òåõíîëîãèÿ OLAP ïîçâîëÿåò
òâîð÷åñêè ðàáîòàòü ñ äàííûìè è êîíöåíòðèðîâàòü
âíèìàíèå íà èõ ñîäåðæàòåëüíîé ñòîðîíå: ïðèáûëè,
ïðîäàæàõ, ïðîäóêöèè èëè ïîñòàâùèêàõ.

OLAP-òåõíîëîãèÿ îñíîâàíà íà ïîñòðîåíèè ìíîãîìåð-
íûõ íàáîðîâ äàííûõ - êóáîâ. Îñè êóáà (èçìåðåíèÿ)
ñîäåðæàò ïàðàìåòðû àíàëèçèðóåìîãî ïðîöåññà (íàïðèìåð,

äëÿ êðåäèòîðñêîé çàäîëæåííîñòè ýòî ìîãóò áûòü òîâàð,
ðåãèîí, ïîñòàâùèê, ïîêóïàòåëü, âðåìÿ). Âäîëü êàæäîé
îñè äàííûå ìîãóò áûòü îðãàíèçîâàíû â âèäå èåðàðõèè,
ïðåäñòàâëÿþùåé ðàçëè÷íûå óðîâíè èõ äåòàëèçàöèè.
Áëàãîäàðÿ òàêîé ìîäåëè äàííûõ ïîëüçîâàòåëü ìîæåò
ôîðìóëèðîâàòü ñëîæíûå çàïðîñû, ãåíåðèðîâàòü îò÷åòû,
ïîëó÷àòü ïîäìíîæåñòâà äàííûõ. Èçìåðåíèÿ îáðàçóþò
íåêîå âèðòóàëüíîå ïðîñòðàíñòâî, â êîòîðîì õðàíÿòñÿ
ïåðåìåííûå, ò.å. èçìåðåíèÿ ÿâëÿþòñÿ áàçèñîì äëÿ
îðãàíèçàöèè ïåðåìåííûõ â âèäå ìíîãîìåðíûõ êóáîâ.
Ïåðåìåííàÿ - ýòî îáúåêò, õðàíÿùèé ôàêòè÷åñêèå äàííûå
(íàïðèìåð, ñóììà ïî ñàëüäî êðåäèòîâîå/äåáåòîâîå).
Êàæäàÿ ïåðåìåííàÿ ñîñòîèò èç îäíîãî èëè áîëåå
èçìåðåíèé. Äëÿ êàæäîé äîïóñòèìîé êîìáèíàöèè çíà÷åíèé
ìîæåò õðàíèòüñÿ òîëüêî îäíî çíà÷åíèå ïåðåìåííîé [2,3].

Ñåãîäíÿ íà ðûíêå ïðîãðàììíîãî îáåñïå÷åíèÿ ïðåäñòàâ-
ëåíî äîñòàòî÷íîå êîëè÷åñòâî ñèñòåì îïåðàòèâíîé àíàëèòè-
÷åñêîé îáðàáîòêè äàííûõ (Hyperion Essbase OLAP, ORA-
CLE EXPRESS, Microsoft OLAP Services è äð.), ñî÷å-
òàþùèõ â ñåáå ïðîñòîòó èñïîëüçîâàíèÿ è àíàëèòè÷åñêóþ
ìîùü. Ïðîáëåìà çàêëþ÷àåòñÿ â òîì, ÷òî ñòîèìîñòü òàêèõ
ñèñòåì ïîêà åùå îñòàåòñÿ î÷åíü âûñîêîé. Ïîñêîëüêó
ýôôåêòèâíîå óïðàâëåíèå ïðåäïðèÿòèåì íåâîçìîæíî áåç
èõ ïðèìåíåíèÿ, àêòóàëüíîé ÿâëÿåòñÿ ðàçðàáîòêà ñîáñòâåí-
íûõ àíàëèòè÷åñêèõ ñèñòåì, îðèåíòèðîâàííûõ íà ïîòðåáíî-
ñòè êîíêðåòíîãî ïðåäïðèÿòèÿ.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Íà ëþáîì ñîâðåìåííîì ïðåäïðèÿòèè âîçíèêàåò ïðî-
áëåìà òàêîé îðãàíèçàöèè óïðàâëåíèÿ äàííûìè, êîòîðàÿ
îáåñïå÷èëà áû íàèáîëåå ýôôåêòèâíóþ ðàáîòó. Äëÿ ýòîãî
èñïîëüçóþò ñèñòåìû óïðàâëåíèÿ áàçàìè äàííûõ (ÑÓÁÄ),
ïîçâîëÿþùèå õðàíèòü, èçâëåêàòü èíôîðìàöèþ è óïðà-
âëÿòü áîëüøèìè îáú¸ìàìè äàííûõ. Òàê, â îòäåëå àâòîìà-
òèçèðîâàííûõ ñèñòåì óïðàâëåíèÿ ïðåäïðèÿòèåì "Çàïî-
ðîæñòàëü" â êà÷åñòâå öåíòðà îáðàáîòêè äàííûõ èñïîëüçó-
åòñÿ ÑÓÁÄ Oracle [4,5]. Êîìïëåêñ çàäà÷ ãëàâíîé áóõãàë-
òåðèè êîìáèíàòà ðåàëèçîâàí ñ ïîìîùüþ ÑÓÁÄ Clipper. Â
êà÷åñòâå ñðåäñòâà àíàëèçà äàííûõ øèðîêî èñïîëüçóåòñÿ
Microsoft Excel [6-8]. 
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Äëÿ ðåøåíèÿ çàäà÷ ãëàâíîé áóõãàëòåðèè ðàçðàáîòàíà
ñïåöèàëèçèðîâàííàÿ àâòîìàòèçèðîâàííàÿ ñèñòåìà, êîòîðàÿ
îáåñïå÷èâàåò îïåðàöèîííóþ îáðàáîòêó äàííûõ, âûïîëíÿåò
ó÷¸ò âñåõ ôèíàíñîâî-õîçÿéñòâåííûõ îïåðàöèé, à òàêæå
ãåíåðèðóåò âñþ íåîáõîäèìóþ áóõãàëòåðñêóþ è íàëîãîâóþ
îò÷¸òíîñòü. Ñóùåñòâåííûì íåäîñòàòêîì ñèñòåìû ÿâëÿåòñÿ
òî, ÷òî îíà íå îðèåíòèðîâàíà íà àíàëèòè÷åñêóþ îáðàáîòêó
èìåþùåéñÿ èíôîðìàöèè. Îäíàêî íà ñåãîäíÿøíèé äåíü
ïðîâåäåíèå òàêîãî àíàëèçà ÿâëÿåòñÿ íåîáõîäèìîñòüþ, ïî-
ñêîëüêó â ïðîöåññå ñâîåé äåÿòåëüíîñòè ïðåäïðèÿòèå íàêî-
ïèëî çíà÷èòåëüíûå îáúåìû äàííûõ, êîòîðûå õðàíÿò â ñåáå
áîëüøèå ïîòåíöèàëüíûå âîçìîæíîñòè ïî èçâëå÷åíèþ
ïîëåçíîé èíôîðìàöèè, ïîçâîëÿþùåé îöåíèâàòü òåêóùåå
ñîñòîÿíèå ýòîãî ïðåäïðèÿòèÿ, ñèòóàöèþ, ñëîæèâøóþñÿ
âîêðóã íåãî, âûÿâëÿòü ñêðûòûå òåíäåíöèè, ñòðîèòü ñòðàòå-
ãèè ðàçâèòèÿ è íàõîäèòü íîâûå ðåøåíèÿ.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ðàçðàáîòêà ñîâðåìåííîé
àâòîìàòèçèðîâàííîé ñèñòåìû àíàëèçà ôèíàíñîâî-ýêîíî-
ìè÷åñêèõ ïîêàçàòåëåé äåÿòåëüíîñòè ïðåäïðèÿòèÿ, ïîçâî-
ëÿþùåé ãåíåðèðîâàòü íåîáõîäèìóþ áóõãàëòåðñêóþ îò÷¸ò-
íîñòü è îñóùåñòâëÿòü ìíîãîãðàííûé àíàëèç è îáðàáîòêó
äàííûõ.

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè íåîáõîäèìî ðåøèòü
ñëåäóþùèå çàäà÷è:

-   ðàçðàáîòàòü àðõèòåêòóðó ïðîåêòèðóåìîé ñèñòåìû;
-   ðàçðàáîòàòü ìîäåëè ïåðåäà÷è äàííûõ ìåæäó Clipper,

Oracle, Excel;
-   ðàçðàáîòàòü èíòåðôåéñ ïîëüçîâàòåëÿ;
- âûïîëíèòü ïðîãðàììíóþ ðåàëèçàöèþ ïîäñèñòåìû

ôîðìèðîâàíèÿ äàííûõ è ïîäñèñòåìû àíàëèçà äàííûõ;
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2.1 Ðàçðàáîòêà àðõèòåêòóðû ñèñòåìû è 
ìîäåëåé ïåðåäà÷è äàííûõ

Àðõèòåêòóðà ïðîåêòèðóåìîé ñèñòåìû ïîêàçàíà íà
ðèñ.1. Â äàííîé àðõèòåêòóðå Oracle è Clipper èñïîëü-
çóþòñÿ â êà÷åñòâå ñðåäñòâ õðàíåíèÿ äàííûõ, Excel - â
êà÷åñòâå ñðåäñòâà àíàëèçà è îáðàáîòêè äàííûõ, à Delphi
âûñòóïàåò ñðåäñòâîì ðàçðàáîòêè èíòåðôåéñà.

Ïðîåêòèðóåìàÿ ñèñòåìà ñîñòîèò èç äâóõ ïîäñèñòåì -
ïîäñèñòåìû ôîðìèðîâàíèÿ è ïîäñèñòåìû àíàëèçà äàííûõ.
Ïîäñèñòåìà ôîðìèðîâàíèÿ äàííûõ ïðåäíàçíà÷åíà äëÿ
îðãàíèçàöèè äîñòóïà ê òàáëèöàì Oracle è Clipper, óñòàíî-
âëåíèÿ ñâÿçè ìåæäó ýòèìè òàáëèöàìè è ïîñòðîåíèÿ
ìíîãîìåðíîãî êóáà, èñïîëüçóåìîãî â ïîäñèñòåìå àíàëèçà. 

Äëÿ îðãàíèçàöèè äîñòóïà ê Oracle èç ïðèëîæåíèÿ Del-
phi ñóùåñòâóåò áèáëèîòåêà, ñîäåðæàùàÿ êîìïîíåíòû
ïðÿìîãî äîñòóïà ê Oracle (Direct Oracle Access - DOA).
Ýòè êîìïîíåíòû îáåñïå÷èâàþò ïîâûøåííóþ ïðîèçâî-
äèòåëüíîñòü è ïîçâîëÿþò èñïîëüçîâàòü âîçìîæíîñòè
ñåðâåðà Oracle íàèáîëåå ïðîñòûì ñïîñîáîì. Ïðÿìîé äîñ-
òóï ê Oracle â ïðîåêòèðóåìîé ñèñòåìå ðåàëèçîâàí ñëåäóþ-
ùèìè êîìïîíåíòàìè:

Ðèñóíîê 1 - Àðõèòåêòóðà ïðîåêòèðóåìîé ñèñòåìû

- TÎracleSession - êîìïîíåíò, ïðåäíàçíà÷åííûé äëÿ
ñîåäèíåíèÿ ñ áàçîé äàííûõ Oracle è êîíòðîëÿ òðàíçàêöèé;

- ÒÎraclePackage - êîìïîíåíò, îáåñïå÷èâàþùèé óäîá-
íûé èíòåðôåéñ äîñòóïà ê ôóíêöèÿì, ïðîöåäóðàì,
êîíñòàíòàì, ñîõðàí¸ííûì â ïàêåòå;

- TÎracleDataSet - êîìïîíåíò, ñ ïîìîùüþ êîòîðîãî
ìîæíî óïðàâëÿòü èñòî÷íèêîì äàííûõ.

Äëÿ îðãàíèçàöèè ïðÿìîãî äîñòóïà ê ÑÓÁÄ Clipper èç
ïðèëîæåíèÿ Delphi ñóùåñòâóåò ñïåöèàëüíàÿ áèáëèîòåêà
êîìïîíåíòîâ Halcyon. Ïðè ðàçðàáîòêå ñèñòåìû áûëè
èñïîëüçîâàíû ñëåäóþùèå êîìïîíåíòû:

- TÍalcyonDataSet - êîìïîíåíò, îáåñïå÷èâàþùèé èí-
òåðôåéñ ìåæäó dbf-ôàéëàìè è êîìïîíåíòàìè Delphi;

- TCreateHalcyonDataSet - êîìïîíåíò, îïðåäåëÿþùèé,
dbf-ôàéëû êàêîé ÑÓÁÄ áóäóò èñïîëüçîâàòüñÿ.

Òàêèì îáðàçîì, ñðåäñòâà Delphi ïîçâîëÿþò îðãàíèçî-
âàòü äîñòóï ê òàáëèöàì Oracle è Clipper, à íàïèñàíèå ïðî-
ãðàììíîãî êîäà ïîçâîëÿåò îñóùåñòâèòü ñâÿçü ìåæäó ýòèìè
òàáëèöàìè. 

Ïîäñèñòåìà àíàëèçà äàííûõ ïðåäíàçíà÷åíà äëÿ ïðåäî-
ñòàâëåíèÿ ïîëüçîâàòåëþ âîçìîæíîñòè ïðîâåäåíèÿ ìíîãî-
ãðàííîãî àíàëèçà äàííûõ è èõ îáðàáîòêè. Ñðåäñòâîì
êîíå÷íîãî àíàëèçà âûñòóïàåò MS Excel, òàê êàê èìåííî
ýòîò ïðîãðàììíûé ïðîäóêò ïîçâîëÿåò ðåøàòü çàäà÷è àíà-
ëèòè÷åñêîé îáðàáîòêè èíôîðìàöèè è øèðîêî èñïîëü-
çóåòñÿ íà äàííîì ïðåäïðèÿòèè. Ïîñêîëüêó êóá ñôîðìè-
ðîâàí â Oracle, à àíàëèç íåîáõîäèìî âûïîëíÿòü â Excel,
äëÿ äîñòóïà ê íàáîðó äàííûõ â Oracle èç ñðåäû Excel
ðàçðàáîòàíû ìàêðîñû, ïîçâîëÿþùèå ñîçäàâàòü ñâîäíûå
òàáëèöû, ñîäåðæàùèå äàííûå OLAP-êóáà [9]. 

Ñâîäíàÿ òàáëèöà ÿâëÿåòñÿ ìîùíûì àíàëèòè÷åñêèì
èíñòðóìåíòîì. Ïðè ñîçäàíèè ñâîäíîé òàáëèöû
îïðåäåëÿåòñÿ, êàêèå èç ïîëåé áóäóò ó÷àñòâîâàòü â
ôîðìèðîâàíèè ñòðîê, ñòîëáöîâ è ñòðàíèö, çàäà¸òñÿ ñïîñîá
îðãàíèçàöèè òàáëèöû è òèï âûïîëíÿåìûõ âû÷èñëåíèé.
Ïðè ýòîì ïîëüçîâàòåëè, àíàëèçèðóþùèå èíôîðìàöèþ,
ìîãóò "ðàçðåçàòü" êóá ïî ðàçíûì íàïðàâëåíèÿì, ïîëó÷àòü
ñâîäíûå èëè, íàîáîðîò, äåòàëüíûå ñâåäåíèÿ è îñóùå-
ñòâëÿòü ïðî÷èå ìàíèïóëÿöèè. Ðàçëè÷íûå ïîëüçîâàòåëè
ðàññìàòðèâàþò êóáû â ðàçíûõ ðàçðåçàõ è íà ðàçíûõ
óðîâíÿõ äåòàëèçàöèè. Òàê, áóõãàëòåð èç îòäåëà ñáûòà

Delphi
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ìîæåò ðàññìàòðèâàòü êðåäèòîðñêóþ çàäîëæåííîñòü â
ðàçðåçå íåêîòîðîãî ïðîìåæóòêà âðåìåíè äëÿ ðàçëè÷íûõ
ðûíêîâ ñáûòà è ðàçëè÷íûõ âèäîâ ïðîäóêöèè èëè èçó÷àòü
òåêóùèé è ïðåäûäóùèé âðåìåííûå ïåðèîäû äëÿ âñåõ ðûí-
êîâ ñáûòà âñåõ âèäîâ òîâàðîâ. Â òî æå âðåìÿ, áóõãàëòåð
èç ôèíàíñîâîãî îòäåëà èçó÷àåò êðåäèòîðñêóþ çàäîëæåí-
íîñòü â ðàçðåçå ïðîäóêöèè, ïîñòàâëÿåìîé êîìáèíàòó âíå-
øíèìè ïðåäïðèÿòèÿìè ïî âñåì èìåþùèìñÿ áàëàíñîâûì
ñ÷åòàì. Ñõåìàòè÷åñêèé âçãëÿä íà êóá ïðèâåä¸í íà ðèñ.2.

Ïîñëå òîãî, êàê â ñâîäíîé òàáëèöå Excel îòîáðàçèëè
ñîäåðæèìîå OLAP-êóáà, ýòèì îòîáðàæåíèåì ìîæíî ìàíè-
ïóëèðîâàòü. Áóõãàëòåð ìîæåò èçìåíèòü ïîëó÷åííîå ðàñïî-
ëîæåíèå äàííûõ äëÿ ïðîñìîòðà ïîä äðóãèì óãëîì çðåíèÿ.

 

Ðèñóíîê 2 - Ñõåìàòè÷åñêèé âçãëÿä íà êóá

Êðîìå òîãî, ÷òî ïîäñèñòåìà àíàëèçà äàííûõ ïîçâîëÿåò
îñóùåñòâëÿòü àíàëèç è îáðàáîòêó äàííûõ, îíà òàêæå
ïîçâîëÿåò ãåíåðèðîâàòü íåîáõîäèìóþ áóõãàëòåðñêóþ
îò÷¸òíîñòü. Îò÷¸òíîñòü äîïîëíÿåò, ðàñøèôðîâûâàåò òå
äàííûå, êîòîðûå ñîäåðæàòñÿ â áàëàíñå. Îíà âêëþ÷àåò â
ñåáÿ, íàïðèìåð, ñâåäåíèÿ î äâèæåíèè îñíîâíûõ ñðåäñòâ è
ôîíäîâ, î ñòðóêòóðå äîõîäîâ, î ñåáåñòîèìîñòè è äð., ò.å. â
ðàçëè÷íûõ îò÷¸òíûõ ôîðìàõ îòðàæàåòñÿ òà èëè èíàÿ
ñòîðîíà äåÿòåëüíîñòè ïðåäïðèÿòèÿ.

Ïîñêîëüêó áóõãàëòåðñêèé ó÷¸ò ñòðîãî äîêóìåíòàëåí, òî
êàæäûé îò÷¸òíûé äîêóìåíò äîëæåí áûòü îôîðìëåí
íàäëåæàùèì îáðàçîì, ò.å. ñîäåðæàòü íåîáõîäèìûå ðåêâè-
çèòû (íàèìåíîâàíèå ïðåäïðèÿòèÿ, íàèìåíîâàíèå äîêóìåí-
òà, íîìåð, äàòà, ñîäåðæàíèå õîçÿéñòâåííîé îïåðàöèè, å¸
äåíåæíîå âûðàæåíèå äð.). Ïîäñèñòåìà àíàëèçà äàííûõ â
çàâèñèìîñòè îò âûáðàííîãî ïîëüçîâàòåëåì âèäà äîêóìåíòà
ôîðìèðóåò ñîîòâåòñòâóþùóþ îò÷¸òíóþ ôîðìó. Îò÷¸òíàÿ
ôîðìà ïðåäñòàâëÿåò ñîáîé äîêóìåíò ñòðîãî çàäàííîãî
îáðàçöà. Ïîëüçîâàòåëü îïðåäåëÿåò êðèòåðèè, ïî êîòîðûì
äîëæíà îòáèðàòüñÿ èíôîðìàöèÿ äëÿ çàïîëíåíèÿ ôîðìû.

Ïîäñèñòåìà àíàëèçà äàííûõ ñ ïîìîùüþ ñïåöèàëüíûõ
ìàêðîñîâ, ðàçðàáîòàííûõ â ñðåäå MS Excel, â çàâèñèìîcòè
îò ïîòðåáíîñòåé ïîëüçîâàòåëÿ âûòÿãèâàåò èç ñôîðìè-
ðîâàííîãî â Oracle êóáà íåîáõîäèìûå ïîëüçîâàòåëþ
äàííûå. Òàêîé äîêóìåíò ìîæåò ñîñòîÿòü èç ðàçëè÷íûõ
÷àñòåé - êîëîíòèòóëîâ, ïîâòîðÿþùèõñÿ íà êàæäîé ñòðà-
íèöå, çàãîëîâêà, íàõîäÿùåãîñÿ â íà÷àëå îò÷åòà, îáëàñòåé,
â êîòîðûõ ðàñïîëàãàþòñÿ ôàêòè÷åñêèå äàííûå, îáëàñòåé,
â êîòîðûõ ðàñïîëîæåíû àãðåãàòíûå äàííûå (ñóììû,
ñðåäíèå è ò.ä.), è äð. 

Êðîìå òîãî, ïîäñèñòåìà àíàëèçà äàííûõ ïðåäîñòàâëÿåò
ïîëüçîâàòåëþ âîçìîæíîñòü ôîðìèðîâàòü ñîáñòâåííûå óíè-
êàëüíûå îò÷åòû, êîòîðûå åìó íåîáõîäèìû. Ïðè ýòîì
ïîëüçîâàòåëÿì äîñòàòî÷íî ïîíèìàòü ñòðóêòóðó õðàíåíèÿ
äàííûõ è óìåòü ïîëüçîâàòüñÿ Excel. Ïðåèìóùåñòâîì ÿâëÿ-
åòñÿ òî, ÷òî ïðè ýòîì íå íàãðóæàåòñÿ ñåðâåð áàç äàííûõ è
íåò íåîáõîäèìîñòè ïðèáåãàòü ê ïîìîùè ïðîãðàììèñòîâ,
÷òî ÿâëÿåòñÿ íåìàëîâàæíûì äîñòîèíñòâîì ñèñòåìû. 

2.2 Ðàçðàáîòêà èíòåðôåéñà ïîëüçîâàòåëÿ

Ãëàâíàÿ ýêðàííàÿ ôîðìà ñèñòåìû ïðåäñòàâëåíà íà
ðèñ.3. Ïðè ïîìîùè ìàíèïóëÿòîðà ìûøü èëè êëàâèø
òàáóëÿöèè è óïðàâëåíèÿ êóðñîðîì áóõãàëòåð âûáèðàåò:
âèä çàäîëæåííîñòè, êðèòåðèé îòáîðà, âèä îò÷¸òíîãî äîêó-
ìåíòà, ïåðèîä, çà êîòîðûé íåîáõîäèìî ñôîðìèðîâàòü
îò÷¸òíûé äîêóìåíò. Ïðè âûáîðå âèäà çàäîëæåííîñòè è
âèäà äîêóìåíòà áóõãàëòåð ìîæåò âûáðàòü èç ïðåäëî-
æåííîãî íàáîðà òîëüêî îäèí âàðèàíò, à ïðè âûáîðå êðèòå-
ðèÿ îòáîðà - îäèí èëè íåñêîëüêî âàðèàíòîâ. Îò÷¸òíûé
ïåðèîä ïîëüçîâàòåëü ìîæåò âûáðàòü èç âûïàäàþùåãî
êàëåíäàðÿ èëè ââåñòè âðó÷íóþ.

Ïîñëå ââîäà âñåõ íåîáõîäèìûõ äàííûõ ïîëüçîâàòåëþ
ñòàíîâèòñÿ äîñòóïíà êíîïêà "Ïðîñìîòð". Ïðè íàæàòèè
äàííîé êíîïêè ñèñòåìà âûïîëíÿåò ïðîâåðêó âõîäíîé
èíôîðìàöèè íà íàëè÷èå îøèáîê è îòñëåæèâàåò ñáîéíûå
ñèòóàöèè.

Åñëè ïðè ïðîâåðêå íà íàëè÷èå îøèáî÷íûõ ñèòóàöèé
òàêîâûå íå áûëè âûÿâëåíû ñèñòåìîé, òî âûïîëíÿåòñÿ
çàãðóçêà Excel è ïåðåä ïîëüçîâàòåëåì â çàâèñèìîñòè îò
âûáðàííîãî âèäà äîêóìåíòà îòêðûâàåòñÿ ñîîòâåòñòâóþùàÿ
ôîðìà.

Ïðè íàæàòèè íà êíîïêó "Ïðîñìîòð äîêóìåíòà" ñèñòåìà
ôîðìèðóåò îò÷¸òíûé äîêóìåíò óñòàíîâëåííîãî îáðàçöà.
Èñïîëüçóÿ âñòðîåííûå ñðåäñòâà Excel, ïîëüçîâàòåëü
ìîæåò ðåäàêòèðîâàòü ïîëó÷åííûå â îò÷¸òå äàííûå è
âûïîëíÿòü íàä íèìè ðàçëè÷íûå îïåðàöèè (ñóììèðîâàíèå,
íàõîæäåíèå ìèíèìàëüíîãî è ìàêñèìàëüíîãî çíà÷åíèé è
äð.). Ïðè íàæàòèè íà êíîïêó "Ñâîäíàÿ òàáëèöà" ïîëüçî-
âàòåëü ïîëó÷àåò âîçìîæíîñòü ðàáîòû ñî ñâîäíîé òàáëèöåé,
êîòîðàÿ ÿâëÿåòñÿ ìîùíûì àíàëèòè÷åñêèì èíñòðóìåíòîì è
ïîçâîëÿåò ïðîñìàòðèâàòü äàííûå ïîä ðàçíûìè óãëàìè
çðåíèÿ. Ïðè íàæàòèè íà êíîïêó "Ñâîäíàÿ äèàãðàììà", ïî
ñâîäíîé òàáëèöå âûïîëíÿåòñÿ ïîñòðîåíèå ñâîäíîé
äèàãðàììû.
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Ðèñóíîê 3 - Ãëàâíàÿ ýêðàííàÿ ôîðìà ñèñòåìû

ÐÅÇÓËÜÒÀÒÛ È ÂÛÂÎÄÛ

Ïðàêòè÷åñêàÿ öåííîñòü äàííîé ðàçðàáîòêè çàêëþ÷àåòñÿ
â òîì, ÷òî ïðåäëîæåííàÿ àâòîìàòèçèðîâàííàÿ ñèñòåìà ïî-
çâîëÿåò ïîâûñèòü ïðîèçâîäèòåëüíîñòü ðàáîòû áóõãàëòåðà,
íà 40% ñîêðàòèòü âðåìåííûå çàòðàòû íà ðåøåíèå çàäà÷ ïî
äàííîé ïðîáëåìàòèêå. Ñèñòåìà ïðîøëà òåñòèðîâàíèå, âíå-
äðåíà â îïûòíóþ ýêñïëóàòàöèþ, ôóíêöèîíèðóåò íàä¸æíî.

Èñïîëüçîâàíèå OLAP òåõíîëîãèè ÿâëÿåòñÿ âåñüìà ïåð-
ñïåêòèâíûì, ïîñêîëüêó ïîçâîëÿåò çíà÷èòåëüíî îáëåã÷èòü
ïðîöåññ ôîðìèðîâàíèÿ àíàëèòè÷åñêîé èíôîðìàöèè, ïðå-
äîñòàâëÿåò âîçìîæíîñòü îáðàùàòüñÿ ê äàííûì, õàðàêòå-
ðèçóþùèì ïðåäïðèÿòèå è åãî ðûíêè, àíàëèçèðîâàòü ýòè
äàííûå äëÿ âûÿâëåíèÿ ñèëüíûõ è ñëàáûõ ñòîðîí â ðàáîòå
ïðåäïðèÿòèÿ è â ðåçóëüòàòå ïðåäïðèíèìàòü ñîîòâåòñòâóþ-
ùèå ìåðû, à òàêæå ïðîãíîçèðîâàòü âîçìîæíîñòè áóäóùåãî
ðàçâèòèÿ.
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Í.Ä.Ïèçà

Â ñòàòò³ äîñë³äæóºòüñÿ êîåô³ö³ºíò ïðèñêîðåííÿ òà
åôåêòèâí³ñòü ïàðàëåëüíèõ áëî÷íèõ îäíîêðîêîâèõ ìåòîä³â
³íòåãðóâàííÿ äëÿ ìîäåëþâàííÿ ðóõó êîñì³÷íîãî àïàðàòà íà
ïàðàëåëüíèõ îá÷èñëþâàëüíèõ ñèñòåìàõ ç ðîçïîä³ëåíîþ
ïàì'ÿòòþ  ³  ðåàë³çàö³ºþ îáì³íó äàíèìè ì³æ ïðîöåñîðàìè çà
äîïîìîãîþ ôóíêö³é á³áë³îòåêè MPI.

Â ñòàòüå èññëåäóåòñÿ êîýôôèöèåíò óñêîðåíèÿ è
ýôôåêòèâíîñòü ïàðàëëåëüíûõ áëî÷íûõ îäíîøàãîâûõ ìåòîäîâ
èíòåãðèðîâàíèÿ äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ êîñìè÷åñêîãî
àïïàðàòà íà ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ ñèñòåìàõ ñ
ðàñïðåäåëåííîé ïàìÿòüþ è ðåàëèçàöèåé îáìåíà äàííûìè
ìåæäó ïðîöåññîðàìè ñ ïîìîùüþ ôóíêöèé áèáëèîòåêè MPI.

In the article the acceleration coefficient and the efficiency
of the parallel block one-step integration methods are investi-
gated on the parallel computing systems with distributed mem-
ory and implementation of the data exchange among the
processors with the help of MPI  library  functions.

ÂÂÅÄÅÍÈÅ

Ïðè ðàçðàáîòêå ñèñòåì óïðàâëåíèÿ êîñìè÷åñêèõ
àïïàðàòîâ (ÊÀ), äëÿ îòðàáîòêè è èñïûòàíèé áîðòîâûõ
àëãîðèòìîâ, ïðîãðàìì è âû÷èñëèòåëüíûõ êîìïëåêñîâ
èñïîëüçóþòñÿ êîìïëåêñíûå è ïîëóíàòóðíûå ìîäåëè-
ðóþùèå ñòåíäû. Ïðè ýòîì âîçíèêàåò íåîáõîäèìîñòü ìîäå-
ëèðîâàòü äâèæåíèå ÊÀ, ðàáîòó åãî ïîäñèñòåì è ïðîöåññû
îêðóæàþùåé ñðåäû â ðåàëüíîì, à èíîãäà è â óñêîðåííîì
ìàñøòàáàõ âðåìåíè. Â íàñòîÿùåå âðåìÿ äëÿ ðåøåíèÿ
ñëîæíûõ âû÷èñëèòåëüíûõ çàäà÷ âñå ÷àùå èñïîëüçóþòñÿ
ïàðàëëåëüíûå ìåòîäû è ñðåäñòâà âû÷èñëåíèé [1].
Ïðåäñòàâëÿåò èíòåðåñ îöåíèòü âîçìîæíîñòü è ýôôå-
êòèâíîñòü èñïîëüçîâàíèÿ ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ
ñèñòåì äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ ÊÀ.

Ìîäåëèðîâàíèå äâèæåíèÿ ÊÀ ñâîäèòñÿ ê èíòåãðè-
ðîâàíèþ îáûêíîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé
(ÎÄÓ). Êàê îòìå÷àþò àâòîðû ðàáîòû [2], â ïîñëåäíåå
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âðåìÿ ïîÿâèëîñü áîëüøîå êîëè÷åñòâî ÷èñëåííûõ ìåòîäîâ
èíòåãðèðîâàíèÿ ÎÄÓ, êîòîðûå îðèåíòèðîâàíû íà âû-
÷èñëèòåëüíûå ñèñòåìû ñ ïàðàëëåëüíîé àðõèòåêòóðîé,
îäíàêî ïðàêòè÷åñêîå èñïîëüçîâàíèå áîëüøèíñòâà ìåòîäîâ
íå âñåãäà îïðàâäàíî, ïîñêîëüêó ìíîãèå èç íèõ ëèáî
îáëàäàþò ÷èñëåííîé íåóñòîé÷èâîñòüþ, ëèáî èìåþò î÷åíü
ñëîæíóþ ñòðóêòóðó, ïðèâîäÿùóþ ê ïîòåðå ýôôåêòèâ-
íîñòè. Áëî÷íûå ìåòîäû èíòåãðèðîâàíèÿ îáëàäàþò
"âíóòðåííèì" ïàðàëëåëèçìîì, ïîñêîëüêó äîïóñêàþò îäíî-
âðåìåííîå âû÷èñëåíèå èíòåãðèðóåìûõ ôóíêöèé â
íåñêîëüêèõ òî÷êàõ âðåìåííîé îñè ìîäåëèðîâàíèÿ. Â
ðàáîòå [3] ïðåäëîæåíà ìåòîäèêà ýêñïåðèìåíòàëüíîé
îöåíêè òî÷íîñòè ïàðàëëåëüíûõ  áëî÷íûõ ìåòîäîâ äëÿ
èíòåãðèðîâàíèÿ äèôôåðåíöèàëüíûõ óðàâíåíèé, îïèñû-
âàþùèõ ìîäåëü äâèæåíèÿ ÊÀ.

ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ìîäåëü äâèæåíèÿ ÊÀ ñîñòîèò èç óðàâíåíèé,
îïèñûâàþùèõ äâèæåíèå öåíòðà ìàññ ÊÀ ïî îðáèòå è äâè-
æåíèå ÊÀ îòíîñèòåëüíî öåíòðà ìàññ. Ìîäåëü äâèæåíèÿ
ÊÀ îòíîñèòåëüíî öåíòðà ìàññ ïðåäñòàâëÿåòñÿ ñîâî-
êóïíîñòüþ äèíàìè÷åñêèõ è êèíåìàòè÷åñêèõ äèôôå-
ðåíöèàëüíûõ óðàâíåíèé [4, 5]:

, (1)

 , (2)

ãäå  - ìàòðèöà ìîìåíòîâ èíåðöèè

; 

 - âåêòîð óãëîâîé ñêîðîñòè ÊÀ â ñâÿçàííîé ñèñòåìå

êîîðäèíàò;

 - âåêòîð ãëàâíîãî ìîìåíòà ñèë, äåéñòâóþùèõ íà ÊÀ;

 - êâàòåðíèîí, ñîñòàâëåííûé

èç äåéñòâèòåëüíûõ ýëåìåíòîâ è òðåõ ìíèìûõ åäèíèö,
ôîðìàëüíî ñîâïàäàþùèõ ñ îðòàìè áàçîâîé (îðáèòàëüíîé)
ñèñòåìû êîîðäèíàò; äàííûé êâàòåðíèîí îïðåäåëÿåò
âçàèìíîå ïîëîæåíèå îðáèòàëüíîãî è ñâÿçàííîãî áàçèñîâ;

 - êâàòåðíèîííîå îòîáðàæåíèå âåêòîðà îðáèòàëüíîé

ñêîðîñòè ÊÀ, çàäàííîãî ïðîåêöèÿìè íà îñè îðáèòàëüíîé
ñèñòåìû êîîðäèíàò;

  - çíàê óìíîæåíèÿ êâàòåðíèîíîâ.

Ìàòåìàòè÷åñêàÿ ìîäåëü äâèæåíèÿ öåíòðà ìàññ ÊÀ ïî
îðáèòå èìååò âèä [6]:

,

     , (3)

,

ãäå  - ðàäèóñ-âåêòîð, çàäàþùèé ïîëîæåíèå

ÊÀ â ãðèíâè÷ñêîé ñèñòåìå êîîðäèíàò;

  - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ Çåìëè,  - óãëîâàÿ

ñêîðîñòü âðàùåíèÿ Çåìëè;

 - âîçìóùàþùàÿ ÷àñòü ãðàâèòàöèîííîãî ïîòåíöèàëà
Çåìëè.

Ñòðóêòóðíàÿ ñõåìà ìîäåëèðîâàíèÿ äâèæåíèÿ ÊÀ

ïðåäñòàâëåíà íà ðèñóíêå 1. Çäåñü , , , , ,

  - Êåïëåðîâû ýëåìåíòû îðáèòû;  -

íà÷àëüíûå çíà÷åíèÿ óãëîâ Ýéëåðà, îïðåäåëÿþùèå
ïîëîæåíèå ÊÀ îòíîñèòåëüíî îðáèòàëüíîé ñèñòåìû

êîîðäèíàò;  è  - ïîëîæåíèå è ñêîðîñòü öåíòðà ÊÀ â

ãðèíâè÷åñêîé ñèñòåìå êîîðäèíàò;  - ãðàâèòàöèîííûé

ïîòåíöèàë Çåìëè;  - âåêòîð ãåîìàãíèòíîé èíäóêöèè

Çåìëè â ïðîåêöèÿõ íà îñè ñâÿçàííîé ñèñòåìû êîîðäèíàò;

- óïðàâëÿþùèé ìàãíèòíûé ìîìåíò;  - ñóììàðíûé

âîçìóùàþùèé ìîìåíò.

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà ìîäåëèðîâàíèÿ 
äâèæåíèÿ ÊÀ

Ïðåäñòàâëÿåò èíòåðåñ èññëåäîâàòü ýôôåêòèâíîñòü è
êîýôôèöèåíò óñêîðåíèÿ, ïîëó÷àåìûå ïðè èñïîëüçîâàíèè
ïàðàëëåëüíûõ áëî÷íûõ ìåòîäîâ è ïàðàëëåëüíûõ âû÷èñëè-
òåëüíûõ ñèñòåì äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ ÊÀ.

ÏÀÐÀËËÅËÜÍÛÅ ÁËÎ×ÍÛÅ ÎÄÍÎØÀÃÎÂÛÅ 
ÌÅÒÎÄÛ

Áóäåì ðàññìàòðèâàòü îäíîøàãîâûå äâóõòî÷å÷íûé è
÷åòûðåõòî÷å÷íûé ïàðàëëåëüíûå áëî÷íûå ìåòîäû äëÿ

ðåøåíèÿ çàäà÷è Êîøè: , . Áëî÷íûì

íàçûâàåòñÿ ìåòîä, â êîòîðîì äëÿ áëîêà èç  òî÷åê íîâûå

 çíà÷åíèé ôóíêöèè âû÷èñëÿþòñÿ îäíîâðåìåííî. Ýòà îñî-
áåííîñòü ìåòîäîâ ñîãëàñóåòñÿ ñ àðõèòåêòóðîé ïàðàë-
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ëåëüíûõ âû÷èñëèòåëüíûõ ñèñòåì. Ìåòîä ÿâëÿåòñÿ
îäíîøàãîâûì, ïîñêîëüêó äëÿ ðàñ÷åòà çíà÷åíèé â íîâîì
áëîêå èñïîëüçóåòñÿ òîëüêî ïîñëåäíÿÿ òî÷êà ïðåä-
øåñòâóþùåãî áëîêà. Ïóñòü  - ïðèáëèæåííîå çíà÷åíèå

ðåøåíèÿ çàäà÷è Êîøè ñ íà÷àëüíûì óñëîâèåì â òî÷êå  -

íà÷àëüíîé òî÷êå îáðàáàòûâàåìîãî áëîêà. Ïðåäïîëàãàåòñÿ,
÷òî â ïðåäåëàõ îäíîãî áëîêà òî÷êè ñåòêè çíà÷åíèé
íåçàâèñèìîé ïåðåìåííîé  íàõîäÿòñÿ íà ðàâíûõ ðàñ-

ñòîÿíèÿõ: , ãäå ,  - øàã ñåòêè.

Ïàðàëëåëüíûé áëî÷íûé îäíîøàãîâûé ìåòîä ÷åòâåðòîãî

ïîðÿäêà òî÷íîñòè  ñ äâóõòî÷å÷íûì áëîêîì
ðåàëèçóåòñÿ ôîðìóëàìè [7]:

,

 .(4)

Êàê âèäíî èç ñòðóêòóðû ïðèâåäåííûõ ðåêóððåíòíûõ

ôîðìóë, âû÷èñëåíèÿ çíà÷åíèé ôóíêöèé ,

è ïîëó÷àåìûõ ðåøåíèé ,   ìîæíî

âûïîëíÿòü ïàðàëëåëüíî. Òàêèì îáðàçîì, ðåøåíèå â -ì
áëîêå ïîëó÷àåòñÿ ñðàçó â äâóõ òî÷êàõ:  - ýòî,

ñîîòâåòñòâåííî , ïðè÷åì, çíà÷åíèå  ÿâëÿ-

åòñÿ íà÷àëüíûì äëÿ ñëåäóþùåé èòåðàöèè, ò.å. âûñòóïàåò â
êà÷åñòâå  â  -ì áëîêå â ïðèâåäåííûõ âûøå
ôîðìóëàõ. Íà ðèñóíêå 2 ïîêàçàíà óñëîâíàÿ ñõåìà
ïðîöåññà èòåðàöèé.

 Ïàðàëëåëüíûé áëî÷íûé îäíîøàãîâûé ìåòîä øåñòîãî

ïîðÿäêà òî÷íîñòè  ñ ÷åòûðåõòî÷å÷íûì áëîêîì

ðåàëèçóåòñÿ ôîðìóëàìè [7]:

 ,

(5)

Çäåñü òàêæå âû÷èñëåíèÿ çíà÷åíèé ôóíêöèé

 è ïîëó÷àåìûõ ðåøåíèé

 ìîæíî âû-

ïîëíÿòü ïàðàëëåëüíî. Â äàííîì ìåòîäå ðåøåíèå â -ì
áëîêå ïîëó÷àåòñÿ ñðàçó â ÷åòûðåõ òî÷êàõ: -

ýòî, ñîîòâåòñòâåííî,  ïðè÷åì, çíà-

÷åíèå  ÿâëÿåòñÿ íà÷àëüíûì äëÿ ñëåäóþùåé èòåðàöèè,

ò.å. âûñòóïàåò â êà÷åñòâå  â  -ì áëîêå â

ïðèâåäåííûõ âûøå ôîðìóëàõ. Óñëîâíàÿ ñõåìà ïðîöåññà
èòåðàöèé ïîêàçàíà íà ðèñóíêå 3.]

Ðèñóíîê 2 - Ñõåìà ïðîöåññà èòåðàöèé äâóõòî÷å÷íîãî
áëî÷íîãî ìåòîäà

Ðèñóíîê 3 - Ñõåìà ïðîöåññà èòåðàöèé 
÷åòûðåõòî÷å÷íîãî áëî÷íîãî ìåòîäà

ÈÑÑËÅÄÎÂÀÍÈÅ ÁÛÑÒÐÎÄÅÉÑÒÂÈß 
ÏÀÐÀËËÅËÜÍÛÕ ÁËÎ×ÍÛÕ ÌÅÒÎÄÎÂ

Äëÿ ñðàâíåíèÿ è îöåíêè êà÷åñòâà àëãîðèòìîâ
ïàðàëëåëüíûõ âû÷èñëåíèé îáû÷íî èñïîëüçóþò òàêèå
õàðàêòåðèñòèêè, êàê êîýôôèöèåíò óñêîðåíèÿ è
ýôôåêòèâíîñòü [8]. Óñêîðåíèå îïðåäåëÿåòñÿ ñëåäóþùèì
ñîîòíîøåíèåì:

, (6)

ãäå  - âðåìÿ âûïîëíåíèÿ ïðîãðàììû îäíèì

ïðîöåññîðîì;

 - âðåìÿ âûïîëíåíèÿ ïðîãðàììû   ïðîöåññîðàìè.

Ýôôåêòèâíîñòü ïàðàëëåëüíîãî àëãîðèòìà îïðåäåëÿåòñÿ
êàê:

 . (7)

Áåçóñëîâíî, ýôôåêòèâíàÿ ðåàëèçàöèÿ ïàðàëëåëüíûõ
âû÷èñëåíèé ìîæåò áûòü äîñòèãíóòà ëèøü ïðè ñîâìåñòíîì
ðàññìîòðåíèè èñïîëüçóåìûõ ïàðàëëåëüíûõ ÷èñëåííûõ
ìåòîäîâ, àðõèòåêòóðû ïàðàëëåëüíîé âû÷èñëèòåëüíîé
ñèñòåìû è òåõíîëîãèè ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ.
Áóäåì îðèåíòèðîâàòüñÿ íà àðõèòåêòóðó ìíîãîïðî-
öåññîðíûõ ñèñòåì ñ ðàñïðåäåëåííîé ïàìÿòüþ, ïîñêîëüêó
îíè ÿâëÿþòñÿ îïòèìàëüíûì âàðèàíòîì ñîçäàíèÿ ïàðà-
ëëåëüíûõ âû÷èñëèòåëüíûõ ñèñòåì ñ òî÷êè çðåíèÿ
ñîîòíîøåíèÿ ïðîèçâîäèòåëüíîñòü/ñòîèìîñòü. Êàê ïðà-
âèëî, â òàêèõ ñèñòåìàõ îòñóòñòâóåò åäèíîå àäðåñíîå
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ïðîñòðàíñòâî è äëÿ îáìåíà äàííûìè ìåæäó ïàðà-
ëëåëüíûìè ïðîöåññîðàìè èñïîëüçóåòñÿ ìîäåëü ïåðåäà÷è
ñîîáùåíèé ÷åðåç êîììóíèêàöèîííóþ ñðåäó. Â êà÷åñòâå
òåõíîëîãèè ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ áóäåì
èñïîëüçîâàòü èçâåñòíûé èíòåðôåéñ äëÿ îðãàíèçàöèè
îáìåíà ñîîáùåíèÿìè â ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ
ñèñòåìàõ - MPI [1]. Òàêèì îáðàçîì, áóäåì èññëåäîâàòü
óñêîðåíèå è ýôôåêòèâíîñòü ïàðàëëåëüíûõ áëî÷íûõ
îäíîøàãîâûõ ìåòîäîâ äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ ÊÀ
íà ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ ñèñòåìàõ ñ ðàñïðåäå-
ëåííîé ïàìÿòüþ è  ðåàëèçàöèåé îáìåíà äàííûìè ìåæäó
ïðîöåññîðàìè ñ ïîìîùüþ ôóíêöèé òåõíîëîãèè MPI.

Êàê îòìå÷àëîñü ðàíåå, â áëî÷íûõ ìåòîäàõ äëÿ áëîêà èç

 òî÷åê íîâûå  çíà÷åíèé ôóíêöèè âû÷èñëÿþòñÿ

îäíîâðåìåííî. Òàê, ñîãëàñíî ôîðìóëàì (4) è (5) äëÿ
ðåàëèçàöèè äâóõòî÷å÷íîãî ìåòîäà ìîæíî èñïîëüçîâàòü äâà
ïðîöåññîðà, à äëÿ ÷åòûðåõòî÷å÷íîãî - ÷åòûðå ïðîöåññîðà,
êàæäûé èç êîòîðûõ áóäåò ïðîèçâîäèòü îáðàáîòêó ñâîåé
òî÷êè áëîêà íà êàæäîé èòåðàöèè. Àëãîðèòìû ñîîòâåòñòâó-
þùèõ ìåòîäîâ ñ ó÷åòîì èõ ðåàëèçàöèè â ðàìêàõ ìîäåëè
ïåðåäà÷è ñîîáùåíèé ïðåäñòàâëåíû íà ðèñóíêàõ 4 è 5.

Èç ðèñóíêîâ 4 è 5 âèäíî, ÷òî íà êàæäîé èòåðàöèè äëÿ
äâóõòî÷å÷íîãî ïàðàëëåëüíîãî ìåòîäà íåîáõîäèìî âûïîë-

íèòü 7 îáìåíîâ äàííûìè, à äëÿ ÷åòûðåõòî÷å÷íîãî - 63
îáìåíà. Îáìåíû âûçûâàþò äîïîëíèòåëüíûå íàêëàäíûå
ðàñõîäû â ïàðàëëåëüíîé âû÷èñëèòåëüíîé ñèñòåìå,
îòñóòñòâóþùèå ïðè ïîñëåäîâàòåëüíîì âûïîëíåíèè
ïðîãðàììû.

Ïî íàøåé îöåíêå, ïîëó÷åííîé ýêñïåðèìåíòàëüíî,
âû÷èñëèòåëüíàÿ ñëîæíîñòü ïðàâûõ ÷àñòåé ïðèâåäåííûõ
âûøå óðàâíåíèé ìîäåëè äâèæåíèÿ ÊÀ ýêâèâàëåíòíà

 âû÷èñëèòåëüíûõ îïåðàöèé óìíîæåíèÿ ÷èñåë òèïà

. Äëÿ ïîñòðîåíèÿ áîëåå ïîëíûõ ìîäåëåé äâèæåíèÿ
ÊÀ (cì. ðèñóíîê 1), íåîáõîäèìî ó÷èòûâàòü è äðóãèå
ìîäåëè, â ÷àñòíîñòè, äèíàìè÷åñêóþ ìîäåëü àòìîñôåðû,
ìîäåëü äâèæåíèÿ Ñîëíöà, çâåçäíîå âðåìÿ è ò.ä. Ýòî
ïðèâîäèò ê óñëîæíåíèþ ïðàâûõ ÷àñòåé ñèñòåìû ÎÄÓ. Â
ðåçóëüòàòå, äàæå íà ïàðàëëåëüíûõ ñèñòåìàõ ñ îòíî-
ñèòåëüíî íèçêîé ñêîðîñòüþ îáìåíà ìåæäó ïðîöåñ-ñîðàìè
âðåìÿ âû÷èñëåíèÿ ïðàâûõ ÷àñòåé óðàâíåíèé ìîæåò
îêàçàòüñÿ áîëüøèì ïî ñðàâíåíèþ ñî âðåìåíåì, íåîáõîäè-
ìûì íà îáìåí äàííûìè. Òàêèì îáðàçîì, ïðè äîñòèæåíèè
íåêîòîðîãî ïîðîãîâîãî çíà÷åíèÿ âû÷èñëèòåëüíîé ñëîæíî-
ñòè ïðàâûõ ÷àñòåé óðàâíåíèé ñòàíîâèòñÿ ýôôåêòèâíûì
èñïîëüçîâàíèå ïàðàëëåëüíûõ áëî÷íûõ ìåòîäîâ.

 

Ðèñóíîê 4 - Àëãîðèòì èòåðàöèè ïàðàëëåëüíîãî áëî÷íîãî äâóõòî÷å÷íîãî ìåòîäà
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Ðèñóíîê 5 - Àëãîðèòì èòåðàöèè ïàðàëëåëüíîãî áëî÷íîãî ÷åòûðåõòî÷å÷íîãî ìåòîäà

Äëÿ ìîäåëèðîâàíèÿ äâèæåíèÿ ÊÀ è ýêñïåðèìåí-
òàëüíîãî èññëåäîâàíèÿ óñêîðåíèÿ è ýôôåêòèâíîñòè
ïàðàëëåëüíûõ áëî÷íûõ ìåòîäîâ èíòåãðèðîâàíèÿ ðàçðàáî-
òàíà ïðîãðàììà íà ÿçûêå Ñ++ ñ èñïîëüçîâàíèåì áèáëèî-
òåêè MPI ðåàëèçàöèè MPICH (MPI CHammeleon) 1.2.4.

Ýêñïåðèìåíòû ïðîâîäèëèñü íà äâóõ ïàðàëëåëüíûõ
ñèñòåìàõ. Â êà÷åñòâå ïåðâîé ïàðàëëåëüíîé ñèñòåìû
èñïîëüçîâàëàñü êîìïüþòåðíàÿ ñåòü òèïà Fast Ethernet ñ
ðàáî÷èìè ñòàíöèÿìè Intel Pentium IV (1.76 ÃÃö) îäíîé èç
êîìïüþòåðíûõ ëàáîðàòîðèé Çàïîðîæñêîãî íàöèîíàëüíîãî
òåõíè÷åñêîãî óíèâåðñèòåòà. Â êà÷åñòâå âòîðîé ïàðà-
ëëåëüíîé ñèñòåìû áûë èñïîëüçîâàí SCI-êëàñòåð

Ïåòðîäâîðöîâîãî òåëåêîììóíèêàöèîííîãî öåíòðà1. SCI-
êëàñòåð èìååò ñëåäóþùèå õàðàêòåðèñòèêè: ÷èñëî óçëîâ -
20, ÷èñëî ïðîöåññîðîâ íà óçëå - 2, òèï ïðîöåññîðîâ - Intel
Pentium III (933 MÃö), oáúåì ÎÇÓ íà óçëå 512 Ìá;
ñïîñîá ñîåäèíåíèÿ óçëîâ - îäíîíàïðàâëåííûå êîëüöà SCI
äëÿ ïåðåäà÷è äàííûõ â ñèñòåìå MPI è ñåòü Fast Ethernet
äëÿ óïðàâëåíèÿ ìàøèíàìè.

Ýêñïåðèìåíòû çàêëþ÷àëèñü â èçìåðåíèè çàòðàò âðåìå-
íè íà ìîäåëèðîâàíèå 10000 ñåêóíä ïîëåòà ÊÀ ñ øàãîì

èíòåãðèðîâàíèÿ 1 ñåêóíäà ïðè ðàçëè÷íîé âû÷èñëèòåëüíîé
ñëîæíîñòè ïðàâûõ ÷àñòåé óðàâíåíèé.

Ñ öåëüþ ñðàâíåíèÿ ðåçóëüòàòîâ, ïîëó÷àåìûõ ïðè
èñïîëüçîâàíèè SCI-ñâÿçåé è ñâÿçåé ïîñðåäñòâîì îáùåé
ïàìÿòè, íà SCI-êëàñòåðå áûëè ïðîâåäåíû äâà âàðèàíòà
ýêñïåðèìåíòîâ: single è double. Â âàðèàíòå single íà
êàæäîì óçëå êëàñòåðà èñïîëüçîâàëñÿ òîëüêî îäèí ïðîöå-
ññîð, ò.å. ïðîãðàììà çàïóñêàëàñü íà äâóõ è ÷åòûðåõ óçëàõ,
ïî îäíîìó ïðîöåññó íà êàæäîì óçëå (â ïðåäïîëîæåíèè,
÷òî èñïîëüçóþòñÿ îäíîïðîöåññîðíûå ìàøèíû). Ñîîò-
âåòñòâåííî, äâóõïðîöåññíàÿ çàäà÷à èñïîëüçîâàëà îäíó
ñâÿçü SCI, à ÷åòûðåõïðîöåññíàÿ - òðè ñâÿçè SCI. Â âàðè-
àíòå double íà êàæäîì óçëå êëàñòåðà èñïîëüçîâàëèñü îáà
ïðîöåññîðà, ò.å. äâóõïðîöåññíàÿ çàäà÷à èñïîëüçîâàëà
òîëüêî îäèí óçåë è îáìåí äàííûìè ðåàëèçîâûâàëñÿ
âíóòðè óçëà, à ÷åòûðåõïðîöåññíàÿ çàäà÷à èñïîëüçîâàëà
äâà óçëà ñ îäíîé SCI-ñâÿçüþ ìåæäó íèìè.

Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïðèâåäåíû
â òàáëèöå 1 è ïîçâîëÿþò îïðåäåëèòü óñëîâèÿ, ïðè êîòî-
ðûõ ìîäåëèðîâàíèå äâèæåíèÿ ÊÀ ýôôåêòèâíî íà ïàðàë-
ëåëüíûõ âû÷èñëèòåëüíûõ ñèñòåìàõ òàêèõ êëàññîâ.
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��.�2# ;fn+3,s

��.�2# ;fn+4,s

yn, h

þ)2#ÿ.# ; fn

s=0

þ)2#ÿ.# ;
yn+3,0=yn+3hfn

þ)2#ÿ.# ; f
n+3,s

�����ÿÿ2

��.�2# ;f
n+1,s

��.�2# ;fn+2,s

þ)2#ÿ.# ; yn+3,s+1

s=s+1

s < 5

��.�2# ;yn+4,5(yn)

��

�� 

����ÿ.� ; fn+3,s

��.�2# ;f
n+4,s

yn, h

þ)2#ÿ.# ; fn

s=0

þ)2#ÿ.# ;
yn+4,0=yn+4hfn

þ)2#ÿ.# ; f
n+4,s

�����ÿÿ3

��.�2# ;f
n+1,s

��.�2# ;fn+2,s

þ)2#ÿ.# ; yn+4,s+1

s=s+1

s < 5

����ÿ.� ; yn+4,5(yn)

��

�� 

��.�2# ;fn+3,s

����ÿ.� ; f
n+4,s

1.Àâòîð âûðàæàåò ñâîþ ïðèçíàòåëüíîñòü äîöåíòàì êàôåäðû âû÷èñëèòåëüíîé ôèçèêè Ñàíêò-Ïåòåðáóðãñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà
Êîìîëêèíó Àíäðåþ Âëàäèìèðîâè÷ó è Íåìíþãèíó Ñåðãåþ Àíäðååâè÷ó çà ñîäåéñòâèå â îðãàíèçàöèè ýêñïåðèìåíòîâ íà SCI-êëàñòåðå Ïåòðîäâîðöîâîãî
òåëåêîììóíèêàöèîííîãî öåíòðà
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Äëÿ óäîáñòâà ññûëîê íà ðåçóëüòàòû ýêñïåðèìåíòîâ
ââåäåíû ñëåäóþùèå îáîçíà÷åíèÿ: Net - ðåçóëüòàòû, ïîëó-
÷åííûå íà ïåðâîé ïàðàëëåëüíîé ñèñòåìå, SCI-single è SCI-
double - ðåçóëüòàòû, ïîëó÷åííûå íà âòîðîé ïàðàëëåëüíîé
ñèñòåìå â âàðèàíòàõ single è double ñîîòâåòñòâåííî.

Äëÿ èçìåðåíèÿ çàòðàò íà îáìåíû áûëè ïðèìåíåíû
òåñòû ñêîðîñòè îáìåíîâ, ðàçðàáîòàííûå â ÍÈÂÖ ÌÃÓ
[9]. Ñ ïîìîùüþ ýòèõ òåñòîâ îïðåäåëåíû îáùèå çàòðàòû
âðåìåíè íà âûïîëíåíèå îáìåíîâ â äâóõòî÷å÷íîì è ÷åòû-
ðåõòî÷å÷íîì ìåòîäàõ äëÿ ðàññìàòðèâàåìûõ âû÷èñëè-
òåëüíûõ ñèñòåì, ðåçóëüòàòû ïðåäñòàâëåíû â òàáëèöå 2.

Êàê âèäíî èç ïðåäñòàâëåííûõ ðåçóëüòàòîâ, ïðèìåíåíèå
ïàðàëëåëüíûõ áëî÷íûõ ìåòîäîâ ñòàíîâèòñÿ ýôôåêòèâíûì
ïðè ðåøåíèè çàäà÷è ìîäåëèðîâàíèÿ äâèæåíèÿ ÊÀ íà
ïåðâîé ïàðàëëåëüíîé ñèñòåìå, êîãäà âû÷èñëèòåëüíàÿ ñëî-

æíîñòü ïðàâûõ ÷àñòåé óðàâíåíèé ïðåâûøàåò 
âû÷èñëèòåëüíûõ îïåðàöèé. Ïðèìåíåíèå ïàðàëëåëüíûõ
áëî÷íûõ ìåòîäîâ äëÿ ðåøåíèÿ äàííîé çàäà÷è íà SCI-
êëàñòåðå ýôôåêòèâíî óæå â íà÷àëüíîé ïîñòàíîâêå çàäà÷è,
áåç óñëîæíåíèÿ ïðàâûõ ÷àñòåé óðàâíåíèé. Íà ðèñóíêàõ 6
è 7 ïîêàçàíû çàâèñèìîñòè êîýôôèöèåíòà óñêîðåíèÿ è

ýôôåêòèâíîñòè ïàðàëëåëüíîãî ðåøåíèÿ çàäà÷è ìîäå-
ëèðîâàíèÿ äâèæåíèÿ ÊÀ îò êîëè÷åñòâà âû÷èñëèòåëüíûõ
îïåðàöèé. Íà ðèñóíêàõ 6 è 7 èñïîëüçóþòñÿ ïðèíÿòûå
ðàíåå îáîçíà÷åíèÿ Net, SCI-single è SCI-double, à öèôðû
2 è 4 óêàçûâàþò áëî÷íûé ìåòîä - äâóõòî÷å÷íûé è
÷åòûðåõòî÷å÷íûé ñîîòâåòñòâåííî.

Ðèñóíîê 6

Òàáëèöà 1 - Ðåçóëüòàòû âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ

Êîëè÷å-
ñòâî 

âû÷èñëè-
òåëüíûõ 
îïåðàöèé 

 

Âðåìÿ âû÷èñëåíèé ïðè ïðèìåíåíèè áëî÷íîãî ìåòîäà, ñåêóíäû

äâóõòî÷å÷íûé ÷åòûðåõòî÷å÷íûé

ïîñëåäîâàòåëüíûé ïàðàëëåëüíûé ïîñëåäîâàòåëüíûé ïàðàëëåëüíûé

Net
SCI-single/ 
SCI-double

Net
SCI-
single

SCI-
double

Net
SCI-single/ 
SCI-double

Net
SCI-
single

SCI-
double

1 3,23 3,80 5,11 3,46 3,11 4,86 7,84 8,83 2,93 2,83

2 6,34 4,54 6,93 3,87 3,55 9,48 8,97 10,14 3,26 3,10

2,5 8,02 4,93 7,92 4,11 3,77 11,82 9,54 10,80 3,43 3,29

3 9,48 5,30 8,69 4,32 3,98 14,13 10,09 11,50 3,59 3,44

5 15,62 6,81 12,25 5,20 4,85 23,46 12,36 14,18 4,24 4,16

7 21,84 8,30 15,80 6,09 5,71 32,73 14,31 16,89 4,92 4,82

10 31,16 10,55 21,15 7,42 7,03 46,70 17,72 20,88 5,90 5,83

26 80,98 22,62 49,59 14,47 13,92 121,37 35,82 42,06 11,22 11,06

51 158,27 41,44 93,65 25,54 24,75 237,40 64,05 75,35 19,55 19,56

76 236,19 60,25 137,75 36,55 35,56 354,50 92,32 108,67 27,87 27,90

101 313,90 79,10 181,71 47,62 46,35 471,18 120,59 141,76 36,15 36,26

151 469,18 116,80 269,64 69,21 68,06 704,40 177,04 208,23 52,79 52,87

10× 4

Òàáëèöà 2 - Çàòðàòû âðåìåíè íà îáìåí äàííûìè 

Áëî÷íûé ìåòîä
Âðåìÿ, ñåêóíäû

Net SCI-single SCI-double

äâóõòî÷å÷íûé 2,113 0,208 0,043

÷åòûðåõòî÷å÷íûé 8,192 1,027 0,926

2 5, 104×
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ÂÛÂÎÄÛ

Òàêèì îáðàçîì, ìîäåëèðîâàíèå äâèæåíèÿ ÊÀ íà
ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ ñèñòåìàõ ñ ïîìîùüþ
ïàðàëëåëüíûõ áëî÷íûõ ìåòîäîâ èíòåãðèðîâàíèÿ ìîæåò
áûòü ýôôåêòèâíûì ïî òî÷íîñòè [3] è ýôôåêòèâíûì ïî
áûñòðîäåéñòâèþ ïðè îïðåäåëåííûõ çíà÷åíèÿõ ïðîèçâî-

äèòåëüíîñòè ïðîöåññîðîâ, êîììóíèêàöèîííûõ ñðåäñòâ è
ñëîæíîñòè ìîäåëè. Ðåçóëüòàòû èññëåäîâàíèé ïðåäïîëà-
ãàåòñÿ èñïîëüçîâàòü ïðè ñîçäàíèè ïðîãðàììíî-àïïàðàòíûõ
ñðåäñòâ ìîäåëèðîâàíèÿ äëÿ íàçåìíîé îòðàáîòêè è èñïû-
òàíèé ñèñòåìû óïðàâëåíèÿ ÊÀ.
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ÊÎÍÔÈÃÓÐÀÖÈß ÎÁÚÅÊÒÀ ÊÀÊ ÈÍÒÅÐÔÅÉÑ ÌÅÆÄÓ 
ÌÀÒÅÌÀÒÈ×ÅÑÊÈÌ È ÔÈÇÈ×ÅÑÊÈÌ ÑÎÄÅÐÆÀÍÈÅÌ ÌÎÄÅËÈ

Â.Ï.Ñèçèêîâ

Óñòàíîâëåíî, ÷òî êîíôèãóðàöèÿ îáúåêòà èëè ïîëÿ
ÿâëÿåòñÿ ôèçè÷åñêè çíà÷èìîé õàðàêòåðèñòèêîé, à äëÿ
àäåêâàòíîãî ó÷åòà êîíôèãóðàöèè îáúåêòà íåîáõîäèìî
äåðæàòü îðèåíòèð íà åå 3-ìåðíóþ ïðîñòðàíñòâåííóþ
ïðîòÿæåííîñòü. Êàðòèíà ðàçâåðíóòà íà ïðèìåðå äâèæåíèÿ
îáúåêòà â ôèçè÷åñêîì ïîëå, â òîì ÷èñëå, êîñìè÷åñêîãî
àïïàðàòà ñ òðîñîé ñèñòåìîé.

It is established that the configuration of an object or a field
is a physically meaningful characteristic and to adequately con-
sider the configuration of an object it is necessary to be orien-
tated on it's 3-dimensional spatial extent. The picture is
developed on the example of movement of an object in the phys-
ical field including the space apparatus with cable system.

ÂÂÅÄÅÍÈÅ

Â [1] Ì.Ì. Ëàâðåíòüåâ ñïðàâåäëèâî óêàçûâàåò, ÷òî â
ìàòåìàòè÷åñêîé ôèçèêå XX â. çíà÷èòåëüíîå ìåñòî çàíè-
ìàþò ìîäåëè ñ íåäîñòàòî÷íî îñìûñëåííûì ñîäåðæàíèåì, à
ïðîöåäóðû ìîäåëèðîâàíèÿ â îñíîâíîì ñâîäÿòñÿ ê ïîä-
ãîíêå òåîðåòè÷åñêèõ ïîëîæåíèé ïîä ýìïèðè÷åñêèé
ìàòåðèàë. Ýòî æå îòíîñèòñÿ è ê äðóãèì ïðåäìåòíûì

îáëàñòÿì, èñïîëüçóþùèì ìàòåìàòè÷åñêèå ìåòîäû.
Ïåðåíîñ ìàòåìàòè÷åñêèõ ìåòîäîâ íå ñîïðîâîæäàåòñÿ
äîëæíîé îíòîëîãè÷åñêîé ïðîðàáîòêîé è àäàïòàöèåé ìîäå-
ëåé ñèñòåì, ñ êîòîðûìè ðàáîòàåò êîíêðåòíàÿ òåìàòèêà. Ïî
ñóòè, ñïåöèàëèñòû, ðàáîòàÿ ñ ïðåäìåòíûìè îáëàñòÿìè, íå
èìåþùèìè îíòîëîãè÷åñêîé ïðîðàáîòêè, ïðèìåíÿþò ìàòå-
ìàòè÷åñêèå ôîðìàëèçìû â ðàíãå "ñåðûõ ÿùèêîâ".
Ñëîæèëàñü õàðàêòåðíàÿ äëÿ åñòåñòâîçíàíèÿ ñèòóàöèÿ,
êîãäà ìåæäó òåîðåòè÷åñêîé è ïðèêëàäíîé ìàòåìàòèêîé
îòñóòñòâóåò îñîáûé èíòåðôåéñ, çàäà÷è êîòîðîãî - â îíòî-
ëîãè÷åñêîé ïðîðàáîòêå ìàòåìàòè÷åñêèõ ìîäåëåé.

Ïîòðåáíîñòè ê ôîðìèðîâàíèþ óêàçàííîãî èíòåðôåéñà ó
àâòîðà âîçíèêëè ïîñëå ïîëó÷åíèÿ è ïðîðàáîòêè èì ñåðèè
ðåçóëüòàòîâ ïî òåìàòèêå óïðàâëåíèÿ [2-4]. Âíà÷àëå
òðàäèöèîííî ãëàâíîå âíèìàíèå óäåëÿëîñü ó÷åòó ïîíÿòèé
ïîëíûõ óïðàâëÿåìîñòè è íàáëþäàåìîñòè äëÿ ñèñòåì
óïðàâëåíèÿ, âûðàáàòûâàëèñü ñîîòâåòñòâóþùèå êðèòåðèè â
òåðìèíàõ ïîëíîòû ðàíãà ïîäõîäÿùèõ ìàòðèö. Íî êîãäà
òàêèå êðèòåðèè óäàëîñü îáîáùèòü íà ðàçíûå âàðèàíòû
ñèñòåì è ôîðì óïðàâëåíèÿ, âûÿñíèëîñü, ÷òî âûïî-
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ëíèìîñòü óñëîâèé ïîëíîé óïðàâëÿåìîñòè è íàáëþäàåìîñòè
â ñèñòåìå íèêàê íå ñâÿçàíà íè ñ ìîäåëüþ îïèñàíèÿ
ñèñòåìû íà ÿçûêå óðàâíåíèé, íè ñ ôîðìîé óïðàâëåíèÿ.
Äðóãèìè ñëîâàìè, ýòè óñëîâèÿ âûñòóïàþò õàðàêòå-
ðèñòèêàìè ñèñòåìû óïðàâëåíèÿ êàê åäèíîãî ôèçè÷åñêîãî
îáúåêòà. Ïîòåíöèàëüíî âîçìîæíûì îêàçàëîñü è óïðàâëå-
íèå äâèæåíèåì ìåõàíè÷åñêîãî îáúåêòà áåç çíàíèÿ ñàìîãî
óðàâíåíèÿ äâèæåíèÿ [3], ïðîáëåìà îñòàâàëàñü çà ïðåîäî-
ëåíèåì ñòîõàñòè÷íîñòè, âîçíèêàþùåé ïðè ðåàëèçàöèè
óïðàâëåíèÿ [4]. Ïðåäñòîÿëî îïðåäåëèòüñÿ, ãäå è êàê â
ñèñòåìàõ óïðàâëåíèÿ äîëæíà ó÷èòûâàòüñÿ ôèçè÷åñêàÿ
ñóùíîñòü îáúåêòîâ, à ãäå îñòàåòñÿ ïîëíàÿ ñâîáîäà çà
ìàòåìàòè÷åñêèì àïïàðàòîì.

Ïåðâûå øàãè ê ôîðìèðîâàíèþ óêàçàííîãî èíòåðôåéñà
â ðàíãå òåîðèè äèíàìè÷åñêèõ èíôîðìàöèîííûõ ñèñòåì
(ÒÄÈÑ) [5] áûëè ñäåëàíû íà áàçå îíòîëîãî-ìåòàôè-
çè÷åñêîãî ïîäõîäà, èñïîëüçóþùåãî àïïàðàò êàòåãîðèàëü-
íîñèñòåìíîé ìåòîäîëîãèè [6]. Ê íàñòîÿùåìó âðåìåíè
îïðåäåëèëèñü òàêæå ëîãèêî-òîïîëîãè÷åñêèé è àíàëèòèêî-
ðåàëèñòè÷íûé ïîäõîäû ê ñòàíîâëåíèþ ÒÄÈÑ. Ñàì àïïà-
ðàò ÒÄÈÑ ïðîäîëæàåò ðàñøèðÿòüñÿ è ñîâåðøåíñòâîâà-
òüñÿ, çàòðàãèâàÿ ïðîðàáîòêó è ôèçè÷åñêèõ ïîíÿòèé [7-10]. 

ÒÄÈÑ íå ðàç óæå "ïðèçûâàëà" ê íåîáõîäèìîñòè ó÷åòà
êîíôèãóðàöèè îáúåêòà ïðè èçó÷åíèè ôèçè÷åñêèõ ÿâëåíèé,
è òî, íàñêîëüêî ýòîò "ïðèçûâ" îêàçàëñÿ àêòóàëüíûì,
äåìîíñòðèðóåòñÿ íà ïðèìåðå äâèæåíèÿ îáúåêòà â
ôèçè÷åñêîì ïîëå. Ðàññóæäåíèÿ è êîììåíòàðèè âåäóòñÿ â
ïîñòàíîâêå, àíàëîãè÷íîé çàäà÷å óïðàâëåíèÿ äâèæåíèåì
êîñìè÷åñêîãî àïïàðàòà (ÊÀ). Ïîêàçûâàåòñÿ, êàêèå êà÷å-
ñòâåííî íîâûå ìîìåíòû è ãîðèçîíòû âûÿâëÿåò ó÷åò êîí-
ôèãóðàöèè îáúåêòà ïðè åãî äâèæåíèè â ôèçè÷åñêîì ïîëå.

1 ÌÛÑËÅÍÍÛÉ ÝÊÑÏÅÐÈÌÅÍÒ

Ïî òðàäèöèè âñå ðàñ÷åòû è òåîðèè, ñâÿçàííûå ñ
äâèæåíèåì îáúåêòà â ôèçè÷åñêîì ïîëå, èçíà÷àëüíî
ïðåäïîëàãàþò ðàññìîòðåíèå ýòîãî îáúåêòà â ðàíãå
ìàòåðèàëüíîé òî÷êè, íå èìåþùåé íèêàêèõ ðàçìåðîâ è, òåì
áîëåå, êîíôèãóðàöèè. Äàæå â çàäà÷àõ, èçó÷àþùèõ èçìå-
íåíèå îðèåíòàöèè îáúåêòà è óïðàâëåíèå åé [2], òðàåêòî-
ðèÿ äâèæåíèÿ îáúåêòà ñ÷èòàåòñÿ èçíà÷àëüíî îïðåäåëåííîé
íà óñëîâèÿõ îòîæäåñòâëåíèÿ îáúåêòà ñ òî÷êîé. Íî
îêàçûâàåòñÿ, ÷òî ñ ó÷åòîì êîíôèãóðàöèè îáúåêòà, åãî ïðî-
òÿæåííîñòè â ïðîñòðàíñòâå ìîæåò ñóùåñòâåííî èçìåíèòüñÿ
è êàðòèíà åãî äâèæåíèÿ â ôèçè÷åñêîì ïîëå.

×òîáû ÷åò÷å ïðåäñòàâèòü ïîñëåäíèé ìîìåíò, ïðîâåäåì
ìûñëåííûé ýêñïåðèìåíò, â êîòîðîì ïðîèñõîäèò ìãíî-
âåííîå ïðåâðàùåíèå îáúåêòà èç òî÷êè â îäíîðîäíûé ñòåð-
æåíü. Ïóñòü äëÿ îïðåäåëåííîñòè â ðîëè ôèçè÷åñêîãî ïîëÿ
âûñòóïàåò íüþòîíîâî ïîëå òÿãîòåíèÿ. Òîãäà, ïîêà îáúåêò
ïðåäñòàåò òî÷êîé, åãî äâèæåíèå ïðîèñõîäèò, êàê èçâåñòíî,
ïî êåïëåðîâîé òðàåêòîðèè. Íî âîò îáúåêò ïðåâðàòèëñÿ â
ñòåðæåíü. ×òî ïðîèçîéäåò ñ åãî äâèæåíèåì äàëåå?

Åñëè ñòåðæåíü îðèåíòèðîâàí ïåðïåíäèêóëÿðíî
ðàäèóñó-âåêòîðó, ïðîâåäåííîìó èç öåíòðà ïîëÿ òÿãîòåíèÿ
â öåíòð ñòåðæíÿ, ÿâëÿþùèéñÿ òàêæå öåíòðîì åãî ìàññ, òî,
î÷åâèäíî, âñå ÷àñòè ñòåðæíÿ, êðîìå åãî öåíòðà, áóäóò
óäàëåíû îò öåíòðà ïîëÿ òÿãîòåíèÿ íåñêîëüêî áîëüøå, ÷åì
ñàì öåíòð ñòåðæíÿ. Ïîñëåäíåå îçíà÷àåò, ÷òî ñèëà ïðèòÿ-
æåíèÿ ñòåðæíÿ â öåëîì îêàæåòñÿ íåñêîëüêî ìåíüøåé, ÷åì

ýòî áûëî áû ïðè îòîæäåñòâëåíèè îáúåêòà ñ òî÷êîé. À
òîãäà îáúåêò, èìåÿ ñêîðîñòü, ñîãëàñîâàííóþ èçíà÷àëüíî ñ
êåïëåðîâîé òðàåêòîðèåé, äîëæåí íà÷àòü óäàëåíèå îò
öåíòðà ïîëÿ òÿãîòåíèÿ, ïåðåõîä íà áîëåå âûñîêóþ
òðàåêòîðèþ. Åñëè æå ñòåðæåíü áóäåò îðèåíòèðîâàí âäîëü
âûøåóêàçàííîãî ðàäèóñà-âåêòîðà, òî, íàîáîðîò, ñèëà
ïðèòÿæåíèÿ ñòåðæíÿ â öåëîì îêàæåòñÿ íåñêîëüêî áîëü-
øåé, ÷åì ýòî áûëî áû ïðè îòîæäåñòâëåíèè îáúåêòà ñ
òî÷êîé, è îáúåêò äîëæåí íà÷àòü ïðèáëèæåíèå ê öåíòðó
ïîëÿ òÿãîòåíèÿ, ïåðåõîä íà áîëåå íèçêóþ òðàåêòîðèþ.

Â îáùåì ñëó÷àå îáúåêò, êîíå÷íî, èìååò âðàùåíèå, íå
èäóùåå â òàêò ñ åãî îáðàùåíèåì âîêðóã öåíòðà ïîëÿ òÿãî-
òåíèÿ. È ïðè íàëè÷èè àñèììåòðèè â êîíôèãóðàöèè
îáúåêòà åãî öåíòð ìàññ áóäåò äâèãàòüñÿ íå ïî êåïëåðîâîé
òðàåêòîðèè, à ïî íåêîé âîëíîîáðàçíîé ëèíèè, ÷åðåäóÿ
àêòû ïðèáëèæåíèÿ è óäàëåíèÿ ïî îòíîøåíèþ ê öåíòðó
ïîëÿ òÿãîòåíèÿ. Ïðè îòíîñèòåëüíî ìîùíîì ôèçè÷åñêîì
ïîëå, ìàëûõ ðàññòîÿíèÿõ è âûñîêèõ ñêîðîñòÿõ êàðòèíà
äâèæåíèÿ îáúåêòà è âîâñå áóäåò íàïîìèíàòü îáëàêî â
ôîðìå êîëüöà èëè ñôåðè÷åñêîãî ñëîÿ âîêðóã öåíòðà ïîëÿ
òÿãîòåíèÿ, ÷òî è íàáëþäàåòñÿ íà ïðèìåðå äâèæåíèÿ ýëå-
êòðîíà âîêðóã ÿäðà àòîìà.

Îáû÷íî, ââèäó ìàëîñòè ðàçìåðîâ ÊÀ ïî ñðàâíåíèþ ñ
åãî ðàññòîÿíèåì îò öåíòðà ïîëÿ òÿãîòåíèÿ, âûøå-
óêàçàííûå îòêëîíåíèÿ â äâèæåíèè îêàçûâàþòñÿ íåçíà÷è-
òåëüíûìè. Íå ñóùåñòâåííû îíè è ïðè ðåøåíèè çàäà÷
óïðàâëåíèÿ îðèåíòàöèåé ÊÀ, òàê êàê óïðàâëÿþùèå
âîçäåéñòâèÿ ôîðìèðóþòñÿ, èñõîäÿ íåïîñðåäñòâåííî îò
ïîêàçàòåëåé òåêóùåé îðèåíòàöèè ÊÀ, è âëèÿíèå ïàðà-
ìåòðîâ îðáèòû ÊÀ çäåñü îêàçûâàåòñÿ äîâîëüíî ãðóáûì.
Îäíàêî, ïðè íàëè÷èè, íàïðèìåð, òðîñîâîé ñèñòåìû (ÒÑ)
ïðîñòðàíñòâåííàÿ ïðîòÿæåííîñòü âñåãî êîìïëåêñà ÊÀ
ñòàíîâèòñÿ íà ïîðÿäêè áîëüøå è, êàê ñëåäñòâèå, âîçðà-
ñòàþò îòêëîíåíèÿ â äâèæåíèè è èõ âëèÿíèå íà îðèåíò-
àöèþ ÊÀ. Òàê ÷òî çàäà÷è ñ ÒÑ òðåáóþò áîëåå òîíêîãî
èçó÷åíèÿ äâèæåíèÿ êîìïëåêñà ÊÀ, áåðóùåãî íà ó÷åò è åãî
êîíôèãóðàöèþ. Íî òîãäà âàæíî ó÷èòûâàòü è ôàêòîð
âëèÿíèÿ ÷àñòåé êîìïëåêñà ÊÀ äðóã íà äðóãà íà óðîâíå
ãðàâèòàöèè. Îñîáåííî ýòî îòíîñèòñÿ ê ÒÑ, íå ÿâëÿþùåéñÿ
àáñîëþòíî òâåðäûì òåëîì, ïðè÷åì, çäåñü âàæíî ó÷èòûâàòü
è ñàìîãðàâèòàöèþ ÒÑ. Îäíàêî òóò åñòü ñâîè ïàðàäîêñû.
Àäåêâàòíîãî ó÷åòà íå ñîñòîèòñÿ, åñëè, íàïðèìåð, ÒÑ
ïðèíèìàòü çà íèòü, îáÿçàòåëüíî íåîáõîäèìî ðàññìîòðåíèå
ÒÑ â ðàêóðñå 3-ìåðíîãî òåëà.

Ïðîàíàëèçèðóåì ñèòóàöèè ñ ó÷åòîì êîíôèãóðàöèè
îáúåêòà è ñ ïàðàäîêñîì ñàìîãðàâèòàöèè êîíêðåòíåå è
ïîäðîáíåå.

2 ÀÂÒÎÍÎÌÍÎÑÒÜ Â ÏÎÂÅÄÅÍÈÈ 
ÂÈÕÐÅÂÎÃÎ ÊÎÌÏÎÍÅÍÒÀ

Ñåðèÿ îïûòîâ, â êîòîðûõ íàáëþäàëîñü ïîâåäåíèå ÒÑ
îòíîñèòåëüíî êîðïóñà ÊÀ, êàê ïðàâèëî, ñîïðîâîæäàëàñü
íàêðó÷èâàíèåì ÒÑ íà êîðïóñ ÊÀ. Ñëîæèëîñü ìíåíèå, ÷òî
âèíîé âñåìó ýòîìó ÿâëÿåòñÿ íåïîíÿòíàÿ äèíàìèêà ÒÑ. Íî
âåðíî ëè òàêîå çàêëþ÷åíèå?

Îáðàòèìñÿ ê ðàññìîòðåíèþ ïîêà ïëîñêîé ìîäåëè
äâèæåíèÿ îáúåêòà â íüþòîíîâîì ïîëå òÿãîòåíèÿ. Çäåñü
èñïîëüçóåì îáùåèçâåñòíûé â ìåõàíèêå ìåòîä Ëàãðàíæà
äëÿ ñîñòàâëåíèÿ óðàâíåíèé äâèæåíèÿ ñèñòåìû â öåëîì.
Ïóñòü èìååì íåêîòîðûé ôèêñèðîâàííûé áàçèñ èç äâóõ
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âåêòîðîâ , , æåñòêî ñâÿçàííûé ñ ïîëåì òÿãîòåíèÿ è

íåïîäâèæíûé îòíîñèòåëüíî çâåçä. Àíàëîãè÷íî, ïàðà
âåêòîðîâ ,  æåñòêî ñâÿçàíà ñ îáúåêòîì êàê

àáñîëþòíî òâåðäûì òåëîì. Òîãäà äâèæåíèå îáúåêòà ïðåä-

ñòàâèòñÿ â òåðìèíàõ âåêòîðíîé ïåðåìåííîé  êàê
ðàäèóñà-âåêòîðà, ïðîâ åäåííîãî èç öåíòðà ïîëÿ òÿãîòåíèÿ

â öåíòð ìàññ îáúåêòà, è óãëîâîé ïåðåìåííîé , óêàçû-
âàþùåé ïîâîðîò âòîðîãî áàçèñà îòíîñèòåëüíî ïåðâîãî.
Ïðè ýòîì

 , .

Â òåðìèíàõ ýòèõ ïåðåìåííûõ êèíåòè÷åñêàÿ è
ïîòåíöèàëüíàÿ ýíåðãèÿ îáúåêòà áóäóò ðàâíû
ñîîòâåòñòâåííî

 , .

Çäåñü äîïîëíèòåëüíî îáîçíà÷åíû:  - ìàññà îáúåêòà,

 - ìîìåíò åãî èíåðöèè îòíîñèòåëüíî öåíòðà ìàññ,  -

íàïðÿæåííîñòü ïîëÿ òÿãîòåíèÿ,  - ýëåìåíò ìàññû
îáúåêòà,  è  - åãî êîîðäèíàòû â ñîáñòâåííîì

áàçèñå îáúåêòà,  - îáëàñòü ðàñïðåäåëåíèÿ ìàññû ïî
îáúåêòó. Ïðèìåíåíèå ôîðìàëèçìà Ëàãðàíæà ïðèâîäèò â
èòîãå ê ñèñòåìå óðàâíåíèé:

 (1)

ãäå  - çíàê ñêàëÿðíîãî ïðîèçâåäåíèÿ âåêòîðîâ, à 

âûðàæàåò âîçìîæíîå óïðàâëÿþùåå âîçäåéñòâèå íà
âðàùåíèå îáúåêòà.

Äàëåå ïðåîáðàçóåì ñèñòåìó (1), ïðåäñòàâèâ ðàäèóñ-

âåêòîð  êàê â ïîëÿðíîé ñèñòåìå êîîðäèíàò, òî åñòü ÷åðåç

åãî äëèíó  è óãîë ïîâîðîòà  â èñõîäíîì

íåïîäâèæíîì áàçèñå èç âåêòîðîâ , . Ïðè ýòîì

êîîðäèíàòû ðàäèóñà-âåêòîðà ðàâíû ñîîòâåòñòâåííî

, . À ñàìà ñèñòåìà óðàâíåíèé

äëÿ ïåðåìåííûõ , ,  ïðèìåò âèä:

(2)

Èñêëþ÷àÿ â ïîñëåäíèõ äâóõ óðàâíåíèÿõ ñèñòåìû
îäèíàêîâûé èíòåãðàë, ïðèõîäèì ê ñîîòíîøåíèþ:

 èëè , (3)

ãäå ÷åðåç  îáîçíà÷åíà ïåðâîîáðàçíàÿ ïî âðåìåíè

ôóíêöèè âîçäåéñòâèÿ , êîòîðóþ ìîæíî ñ÷èòàòü çàðàíåå

èçâåñòíîé, ëèáî êàê-òî âûðàæàþùåéñÿ ÷åðåç ïåðåìåííûå

, ,   è èõ ïðîèçâîäíûå ïî âðåìåíè.

Ñîîòíîøåíèå (3) óêàçûâàåò íà ôóíäàìåíòàëüíóþ ñâÿçü
ìåæäó ñêîðîñòÿìè âðàùåíèÿ îáúåêòà âîêðóã ñîáñòâåííîãî
öåíòðà ìàññ è åãî îáðàùåíèÿ âîêðóã öåíòðà ïîëÿ
òÿãîòåíèÿ. Èçìåíåíèå îäíîé èç ýòèõ âåëè÷èí äîëæíî
êîìïåíñèðîâàòüñÿ ñîîòâåòñòâóþùèì èçìåíåíèåì äðóãîé. Â
ýòîì ïëàíå ìîæíî ïðåäïîëîæèòü, ÷òî ïðèðîäà ïîëÿ
òÿãîòåíèÿ íå èñ÷åðïûâàåòñÿ åãî ïðîÿâëåíèÿìè íà óðîâíå
ïîòåíöèàëà, íî íà ó÷åò äîëæåí áðàòüñÿ åùå è íåêèé
âèõðåâîé êîìïîíåíò ïîëÿ, ïðîÿâëÿþùèé àâòîíîìíîñòü íà
óðîâíå çàêîíà ñîõðàíåíèÿ ñóììàðíîãî âðàùàòåëüíîãî ìî-
ìåíòà ó îáúåêòà è ïîëÿ. Òåì ñàìûì èìååì ïîäòâåðæäåíèå
àäåêâàòíîñòè îíòîëîãè÷åñêîé ïðîðàáîòêè ëþáîãî ôèçè-
÷åñêîãî ïîëÿ [5]. Çàîäíî ïîëó÷àåò îïðåäåëåííîå
ïîäêðåïëåíèå ñôîðìèðîâàííàÿ Î.Ã. Åôèìåíêî [1] îáîá-
ùåííàÿ òåîðèÿ ãðàâèòàöèè. 

Îñîáåííî âàæíî ó÷èòûâàòü ñîîòíîøåíèå (3) â
ìàñøòàáàõ ìèêðîìèðà, ãäå îòíîñèòåëüíî ìîùíîå ôèçè-
÷åñêîå ïîëå, ìàëûå ðàññòîÿíèÿ è âûñîêèå ñêîðîñòè äâè-
æåíèÿ îáúåêòà. Ïî ñóòè, ñîîòíîøåíèå (3) ÿâëÿåòñÿ
îáîáùåíèåì çàêîíà ñîõðàíåíèÿ ìîìåíòà èìïóëüñà, ó÷èòû-
âàþùèì óïðàâëÿþùèå âîçäåéñòâèÿ. Îäíàêî, òàêóþ ñâÿçü
íåâîçìîæíî áûëî ó÷åñòü, êîãäà îáúåêò îòîæäåñòâëÿëñÿ ñ
ìàòåðèàëüíîé òî÷êîé, è ñîáñòâåííîå âðàùåíèå îáúåêòà
ñ÷èòàëîñü, ôàêòè÷åñêè, íóëåâûì. Â ñâîþ î÷åðåäü, ðàñøè-
ðåíèå ïðàêòèêè â ìèêðîìèðå ñêîðî äîëæíî áûëî íàòîë-
êíóòüñÿ íà íàðóøåíèÿ ôóíäàìåíòàëüíûõ çàêîíîâ ïðè
íåäîó÷åòå òàêîãî âðàùåíèÿ. Îäíàêî, âìåñòî òîãî, ÷òîáû
îáðàòèòüñÿ ê ó÷åòó êîíôèãóðàöèè îáúåêòà, ïðåäïî÷òåíèå
áûëî îòäàíî ïðîñòî ïîñòóëèðîâàíèþ ó îáúåêòà êàêîãî-òî
ìîìåíòà âðàùåíèÿ â ðàíãå ñïèíà, ïðîÿâëÿþùåãî ñåáÿ íà
óðîâíå êâàíòîâàíèÿ ñ ïðèçíàêàìè ñëó÷àéíîé âåëè÷èíû.

Íåäîó÷åò óêàçàííîãî ìîìåíòà ñ âðàùåíèåì èìååò ìåñòî
è ïðè ðàáîòå ñ êîñìè÷åñêèìè îáúåêòàìè, â ÷àñòíîñòè, ñ
ÊÀ. Òàê, ïåðåìåíû â äèíàìèêå âðàùåíèÿ ÊÀ ìîãóò áûòü
âåñüìà ñóùåñòâåííûìè äàæå ïðè ìàëûõ ñìåùåíèÿõ ÊÀ ïî
íàïðàâëåíèþ ðàäèóñà-âåêòîðà åãî îðáèòû. Â ÷àñòíîñòè,
òàêèå ïåðåìåíû íåèçáåæíû ïðè âûïóñêå ÒÑ ñ ÊÀ, à, êàê
ñëåäñòâèå ýòîãî, ñêîðî ïðîèñõîäèò íàìàòûâàíèå ÒÑ íà
êîðïóñ ÊÀ. Òàê ÷òî âèíèòü â òàêèõ ÿâëåíèÿõ
èñêëþ÷èòåëüíî äèíàìèêó ÒÑ íå ïðàâîìåðíî.

3 ÏÐÈÌÅÐÛ È ÎÖÅÍÊÈ ÂËÈßÍÈß 
ÊÎÍÔÈÃÓÐÀÖÈÈ ÎÁÚÅÊÒÀ ÍÀ ÏÀÐÀÌÅÒÐÛ 
ÅÃÎ ÎÐÁÈÒÛ

Â ðàìêàõ ïðèâåäåííîé âûøå ïðîñòåéøåé ìîäåëè
óìåñòíî ëþáîå âîçäåéñòâèå íà îáúåêò ðàññìàòðèâàòü êàê
çàäàíèå îïðåäåëåííîãî ðåæèìà èçìåíåíèÿ âî âðåìåíè ó

ôóíêöèè  (1)-(3). Íàèáîëåå èíòåðåñíûì ïðåäñòàâëÿåòñÿ

e1 e2

n1 n2

R t( )

ϕ t( )
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T 0,5 MR
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---------------------------------------------------

Ω
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J G
dm

ρ1m ρ2m

Ω

MR
··
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Â.Ï.Ñèçèêîâ:  ÊÎÍÔÈÃÓÐÀÖÈß ÎÁÚÅÊÒÀ ÊÀÊ ÈÍÒÅÐÔÅÉÑ ÌÅÆÄÓ ÌÀÒÅÌÀÒÈ×ÅÑÊÈÌ È 
ÔÈÇÈ×ÅÑÊÈÌ ÑÎÄÅÐÆÀÍÈÅÌ ÌÎÄÅËÈ

ñëó÷àé, êîãäà çà ñ÷åò òàêîãî ðåæèìà äîñòèãàåòñÿ
ñòàáèëèçàöèÿ â îðèåíòàöèè îáúåêòà ïî îòíîøåíèþ ê
ñèëîâûì ëèíèÿì ïîëÿ òÿãîòåíèÿ, à èìåííî,

îáåñïå÷èâàåòñÿ óñëîâèå . Òîãäà

. Ïîñêîëüêó, îäíàêî, âîçäåéñòâèå

îñóùåñòâëÿåòñÿ, ñîãëàñíî (2), ÷åðåç ïåðåìåííóþ , òî

ïðåäñòàâëÿåòñÿ âîçìîæíûì ðåãóëèðîâàòü è âûáîð

ïîñòîÿííîé . Â ñâÿçè ñ ýòèì ðàññìîòðèì ïîäðîáíåå

ñëó÷àé, êîãäà , ò.å., ôàêòè÷åñêè, âåêòîð  

ñîáñòâåííîãî áàçèñà îáúåêòà îêàçûâàåòñÿ ñîíàïðàâëåííûì

ðàäèóñó-âåêòîðó  òðàåêòîðèè öåíòðà ìàññ îáúåêòà.

Ïîñëå ôèêñàöèè ðåæèìà âîçäåéñòâèÿ è çíà÷åíèÿ 

òðåòüå óðàâíåíèå â (2) ñòàíîâèòñÿ èçëèøíèì è çàäà÷à
äâèæåíèÿ îáúåêòà ñâîäèòñÿ ê ïåðâûì äâóì óðàâíåíèÿì
äëÿ ïåðåìåííûõ  è , êîòîðûå ïðèíèìàþò âèä:

 (4)

Ïðåäïîëîæèì äàëåå, ÷òî èíòåãðàë âî âòîðîì óðàâíåíèè
èç (4) ðàâåí íóëþ. Òàêîå àâòîìàòè÷åñêè ñáûâàåòñÿ, êîãäà,
íàïðèìåð, ìàññà îáúåêòà ðàñïðåäåëÿåòñÿ ñèììåòðè÷íî
îòíîñèòåëüíî îñè, çàäàâàåìîé âåêòîðîì  è ïðîõîäÿùåé
÷åðåç öåíòð ìàññ îáúåêòà. Ïîñëå ýòîãî âòîðîå óðàâíåíèå â

(4) ïðèíèìàåò âèä , îòêóäà ïîëó÷àåì  èëè

ñîîòíîøåíèå

 , (5)

èçâåñòíîå êàê îäèí èç çàêîíîâ Êåïëåðà äëÿ ïëàíåò. Íî à ñ
ó÷åòîì (5) ïåðâîå óðàâíåíèå â (4) ñòàíîâèòñÿ
îïðåäåëÿþùèì äëÿ ïåðåìåííîé , ïðèíèìàÿ âèä

 (6)

Åñëè â (6) ïîëíîñòüþ ïðåíåáðåãàòü ðàçìåðàìè îáúåêòà,

ò.å. ñ÷èòàòü , òî â ðåçóëüòàòå ïîëó÷èòñÿ

îáû÷íàÿ êàðòèíà äâèæåíèÿ îáúåêòà ïî êåïëåðîâîé
òðàåêòîðèè. Ìû æå ïðåíåáðåãàòü ðàçìåðàìè íå áóäåì, íî
äëÿ ïðîñòîòû è îïðåäåëåííîñòè ðàññìîòðèì äâà êðàéíèõ
ñëó÷àÿ âûðîæäåíèÿ êîíôèãóðàöèè îáúåêòà â ñòåðæåíü: à)

êîãäà ñ÷èòàåì âñþäó ; á) êîãäà ñ÷èòàåì âñþäó

. Ïðè ýòîì â ñëó÷àå à) ìîæíî ñêàçàòü, ÷òî

îáúåêò îðèåíòèðîâàí ïåðïåíäèêóëÿðíî ñèëîâûì ëèíèÿì
ïîëÿ òÿãîòåíèÿ, à â ñëó÷àå á) - ïàðàëëåëüíî ñèëîâûì
ëèíèÿì ïîëÿ òÿãîòåíèÿ.

Èòàê, â ñëó÷àå à) äëÿ ïåðåìåííîé  ïîëó÷àåòñÿ
óðàâíåíèå

 , (7)

êîòîðîå ëåãêî èíòåãðèðóåòñÿ, ïðèâîäÿ ê óðàâíåíèþ

, (8)

ñ ïîäõîäÿùåé ïîñòîÿííîé . Ó÷èòûâàÿ, ÷òî 

âûðàæàåò òàíãåíöèàëüíóþ ñêîðîñòü äâèæåíèÿ îáúåêòà,
ìîæíî òàêæå çàïèñàòü

 . (9)

Ãëàâíîå îòëè÷èå îò ñëó÷àÿ òî÷å÷íîãî îáúåêòà, êîãäà
èìååì óðàâíåíèå

  (10)

ñ íåñêîëüêî èíîé ïîñòîÿííîé , ñîñòîèò â òîì, ÷òî

èçìåíåíèå ïîëíîé ñêîðîñòè îáúåêòà ïðè ïåðåìåíå åãî
ðàññòîÿíèÿ îò öåíòðà ïîëÿ òÿãîòåíèÿ îêàçûâàåòñÿ â
âàðèàíòå (9) íåñêîëüêî ìåíüøèì, ÷åì â âàðèàíòå (10).
Êàê ñëåäñòâèå, äâèæåíèå îáúåêòà ïðè ó÷åòå åãî
êîíôèãóðàöèè â âàðèàíòå (9) ïðèâîäèò ê óìåíüøåíèþ
êðèâèçíû òðàåêòîðèè ïî ñðàâíåíèþ ñ êåïëåðîâîé
òðàåêòîðèåé, îïðåäåëÿåìîé âàðèàíòîì (10). Â ÷àñòíîñòè,
åñëè íà÷àòü îòñ÷åò äâèæåíèÿ îáúåêòà îò íàèáîëåå
óäàëåííîé òî÷êè  ýëëèïòè÷åñêîé òðàåêòîðèè èç
âàðèàíòà (10), òî â âàðèàíòå (9) îáúåêò âñåãäà áóäåò
íàõîäèòüñÿ äàëüøå îò öåíòðà ïîëÿ òÿãîòåíèÿ, ÷åì
áëèæàéøàÿ ê ýòîìó öåíòðó òî÷êà  ýëëèïòè÷åñêîé
òðàåêòîðèè. Åñëè æå íà÷àòü îòñ÷åò äâèæåíèÿ îáúåêòà îò

íàèáîëåå áëèçêîé ê öåíòðó ïîëÿ òÿãîòåíèÿ òî÷êè 
ýëëèïòè÷åñêîé òðàåêòîðèè èç âàðèàíòà (10), òî â âàðèàíòå
(9) îáúåêò ñìîæåò óéòè íåñêîëüêî äàëüøå îò öåíòðà ïîëÿ
òÿãîòåíèÿ, ÷åì íàèáîëåå óäàëåííàÿ îò ýòîãî öåíòðà òî÷êà

   ýëëèïòè÷åñêîé òðàåêòîðèè.
Äàëåå, ïðèìåì âî âíèìàíèå, ÷òî äëÿ íàèáîëåå äàëüíåé

è áëèçêîé îò öåíòðà ïîëÿ òÿãîòåíèÿ òî÷êè òðàåêòîðèè
îáúåêòà õàðàêòåðíî îòñóòñòâèå â íåé ðàäèàëüíîé

ñîñòàâëÿþùåé ñêîðîñòè, ò.å. âûïîëíÿåòñÿ óñëîâèå .
Ýòî, ïðèìåíèòåëüíî ê ñëó÷àþ òî÷å÷íîãî îáúåêòà,

âûðàæåííîãî â (10), äàåò  ïðè

 è . Èñêëþ÷àÿ çäåñü ïîñòîÿííóþ , ïîëó-

÷èì   . Îáîçíà÷èì äàëåå ÷åðåç 

è  ñîîòâåòñòâåííî íàèáîëüøåå è íàèìåíüøåå ðàññòîÿíèå

îò öåíòðà ïîëÿ òÿãîòåíèÿ äëÿ òî÷åê òðàåêòîðèè îáúåêòà,
îòâå÷àþùåé óðàâíåíèÿì (8) è (9). Òàê äëÿ íèõ èìååì
àíàëîãè÷íîå ñîîòíîøåíèå

.

Ïðèíèìàÿ çà íà÷àëî îòñ÷åòà äâèæåíèÿ ïîëîæåíèå â
òî÷êå , òàê ÷òî ïðè ýòîì è , ìû ïîëó÷èì

ν ϕ– C0 const–=
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ñîîòíîøåíèå, èç êîòîðîãî ìîæíî áóäåò ñðàâíèòü çíà÷åíèÿ

 è :

.(11)

 Î÷åâèäíî, ïðè  ïîäûíòåãðàëüíàÿ ôóíêöèÿ, à

òîãäà è âñÿ ïðàâàÿ ÷àñòü, â ñîîòíîøåíèè (11) îêàçûâàåòñÿ
ìåíüøå åãî ëåâîé ÷àñòè. Ýòî óêàçûâàåò íà òî, ÷òî îáÿçàíî

áûòü . Â ñâîþ î÷åðåäü, åñëè ÷åðåç  îáîçíà÷èòü

íàèáîëüøåå çíà÷åíèå äëÿ , îòðàæàþùåå ãàáàðèòû

îáúåêòà, òî ëåãêî ïðîâåðèòü, ÷òî ïðè 

 ïîäûíòåãðàëüíàÿ ôóí-

êöèÿ, à òîãäà è âñÿ ïðàâàÿ ÷àñòü, â ñîîòíîøåíèè (11)
îêàçûâàåòñÿ, íàîáîðîò, áîëüøå åãî ëåâîé ÷àñòè. È ýòî
óêàçûâàåò íà òî, ÷òî îáÿçàíî áûòü

  (12)

èëè ïðîñòî . Àíàëîãè÷íî (12) ïîëó÷à-

åòñÿ îöåíêà

 ,(13)

êîãäà îòñ÷åò äâèæåíèÿ âåäåòñÿ îò òî÷êè .

Íàêîíåö, â ñëó÷àå á) äëÿ ïåðåìåííîé  ïîëó÷àåòñÿ
óðàâíåíèå, îòëè÷àþùååñÿ îò (7) ëèøü çàìåíîé

ïîäûíòåãðàëüíîé ôóíêöèè íà . À ïîñëå

èíòåãðèðîâàíèÿ ïîëó÷èòñÿ óðàâíåíèå, îòëè÷àþùååñÿ îò

(8) çàìåíîé ïîäûíòåãðàëüíîé ôóíêöèè íà . Íå

òåðÿÿ ñóòè, óïðîñòèì íåñêîëüêî ñèòóàöèþ, ïðåäïîëîæèâ,
÷òî ìàññà â îáúåêòå ðàñïðåäåëåíà ñèììåòðè÷íî òàêæå
îòíîñèòåëüíî îñè, çàäàâàåìîé âåêòîðîì  è ïðîõîäÿùåé

÷åðåç öåíòð ìàññ îáúåêòà. Ñ ó÷åòîì ýòîãî íà ñìåíó
óðàâíåíèÿì (8) è (9) ïðèäóò ñîîòâåòñòâåííî

 (14)

Òåïåðü èçìåíåíèå ïîëíîé ñêîðîñòè îáúåêòà ïðè
ïåðåìåíå åãî ðàññòîÿíèÿ îò öåíòðà ïîëÿ òÿãîòåíèÿ
îêàçûâàåòñÿ â âàðèàíòå (14), íàîáîðîò, íåñêîëüêî
áîëüøèì, ÷åì â âàðèàíòå (10), ò.å. èìååò ìåñòî
óâåëè÷åíèå êðèâèçíû òðàåêòîðèè â âàðèàíòå (14) ïî
ñðàâíåíèþ ñ (10). È åñëè íà÷àòü îòñ÷åò äâèæåíèÿ îáúåêòà
îò íàèáîëåå óäàëåííîé òî÷êè  ýëëèïòè÷åñêîé
òðàåêòîðèè èç (10), òî â (14) îáúåêò äîñòèãíåò áîëüøåãî

ïðèáëèæåíèÿ  ê öåíòðó ïîëÿ òÿãîòåíèÿ, ÷åì

áëèæàéøàÿ ê ýòîìó öåíòðó òî÷êà  ýëëèïòè÷åñêîé
òðàåêòîðèè, ò.å. ïðîèñõîäèò ñîêðàùåíèå ðàçìåðîâ ó
òðàåêòîðèè. Ïî àíàëîãèè ñ âàðèàíòîì (8-9) ïîëó÷àåì

îöåíêó äëÿ :

  , (15)

èëè ïðîñòî , ãäå  îáîçíà÷àåò

íàèáîëüøåå çíà÷åíèå äëÿ , îòðàæàþùåå ãàáàðèòû

îáúåêòà. Àíàëîãè÷íî (15) ïîëó÷àåòñÿ îöåíêà 

, (16)

êîãäà îòñ÷åò äâèæåíèÿ âåäåòñÿ îò òî÷êè .

Êàê ïîêàçûâàþò ñîîòíîøåíèÿ (12-13) è (15-16),
íàëè÷èå ðàçìåðîâ ó îáúåêòà ñêàçûâàåòñÿ íà çíà÷åíèÿõ åãî
ðàññòîÿíèÿ îò öåíòðà ïîëÿ òÿãîòåíèÿ äîâîëüíî ñëàáî,
âíîñÿ â íèõ èçìåíåíèÿ, íå ïðåâûøàþùèå, êàê ïðàâèëî,
ðàçìåðîâ ñàìîãî îáúåêòà. Îäíàêî, ïðåíåáðåãàòü ýòèì
óìåñòíî, êîãäà îáúåêò â öåëîì íå âåëèê ïî ðàçìåðàì.
Òàêîå, íàïðèìåð, äîïóñòèìî ïðè ðàáîòå ñ ÊÀ â îòñóòñòâèè
ÒÑ. À êîãäà ÊÀ íàäåëåí ÒÑ ñ õàðàêòåðíûì ðàçìåðîì â 5
êèëîìåòðîâ, èçìåíåíèå ïàðàìåòðîâ îðáèòû ÊÀ ìîæåò
ñîñòàâëÿòü äåñÿòêè ìåòðîâ, ÷òî, â ñâîþ î÷åðåäü, ìîæåò
ïðèâîäèòü, ñîãëàñíî (3), ê èçìåíåíèÿì âî âðàùåíèè ÊÀ
äî íåñêîëüêèõ îáîðîòîâ â ìèíóòó, íàêðó÷èâàÿ â èòîãå ÒÑ
íà êîðïóñ ÊÀ.

À âîò õàðàêòåðíîé ïðè÷èíîé òîãî, ÷òî êàðòèíà
äâèæåíèÿ ìîæåò ïðåäñòàâàòü â ôîðìå îáëàêà, óñòàíî-
âëåííûé ìîìåíò âðÿä ëè ÿâëÿåòñÿ. Íà äåëå çäåñü ñóùå-
ñòâåíåí äðóãîé ìîìåíò, èçâåñòíûé â àñòðîíîìèè êàê ôàêò
ñìåùåíèÿ ïåðèãåëèÿ îðáèòû ïëàíåòû.

4 ÔÀÊÒ ÑÌÅÙÅÍÈß ÏÅÐÈÃÅËÈß ÎÐÁÈÒÛ

Êàê èçâåñòíî, â âàðèàíòå (10) ðàäèóñ-âåêòîð

òðàåêòîðèè îêàçûâàåòñÿ ïåðèîäè÷åñêîé ñ ïåðèîäîì  

ôóíêöèåé óãëà ñâîåãî ïîâîðîòà . Ýòî îáåñïå÷èâàåòñÿ çà

ñ÷åò êâàäðàòè÷íîé çàâèñèìîñòè îò  â ïîâåäåíèè .
Íî ýòî ñâîéñòâî, êàê ïðàâèëî, òåðÿåòñÿ ïðè ïåðåõîäå ê
îáùåìó âàðèàíòó (8-9). Òàê, ðàññìàòðèâàÿ  êàê
ôóíêöèþ îò óãëà  è ó÷èòûâàÿ (5), èç (8) ïîëó÷àåì

 , (17)

îòêóäà ñðàçó ïîíÿòíî, ÷òî ðàäèóñ-âåêòîð òðàåêòîðèè
îêàçûâàåòñÿ ïåðèîäè÷åñêîé ôóíêöèåé îò  ñ ïåðèîäîì,
ðàâíûì óäâîåííîìó çíà÷åíèþ îïðåäåëåííîãî èíòåãðàëà îò

ëåâîé ÷àñòè (17) íà îòðåçêå . Ïðè÷åì, êîíöû

îòðåçêà èíòåãðèðîâàíèÿ õàðàêòåðèçóþòñÿ òåì, ÷òî â íèõ
îáðàùàåòñÿ â íóëü çíàìåíàòåëü ëåâîé ÷àñòè (17). Ïðè
òî÷å÷íîì îáúåêòå ïîä ðàäèêàëîì â (17) îêàçûâàåòñÿ

êâàäðàòíûé òðåõ÷ëåí ,

ïðè êîòîðîì çíà÷åíèå îïðåäåëåííîãî èíòåãðàëà ðàâíî ,

íåñìîòðÿ íà ïðîèçâîëüíîñòü  . À â îáùåì ñëó÷àå

ôóíêöèÿ ïîä ðàäèêàëîì â (17) îêàçûâàåòñÿ, êàê íåòðóäíî
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óñòàíîâèòü, âñþäó íà îòðåçêå  íåñêîëüêî áîëü-

øåé, ÷åì , òàê ÷òî èñêîìûé îïðåäåëåííûé èíòåãðàë

ïðè âàðèàíòå   (8-9) îêàçûâàåòñÿ íåñêîëüêî ìåíüøå , à

èñêîìûé ïåðèîä - íåñêîëüêî ìåíüøå . Ãðóáàÿ îòíîñè-

òåëüíàÿ îöåíêà äîïîëíèòåëüíûõ ñëàãàåìûõ ïîçâîëÿåò
ãîâîðèòü î ðàçíèöå â ïåðèîäå íà âåëè÷èíó îêîëî

 èëè ïîðÿäêà . Äðóãèìè ñëîâàìè, â

âàðèàíòå (8-9) ñèòóàöèÿ áîëüøå àññîöèèðóåò ñ ôåíîìåíîì
ìåäëåííîãî ïîâîðîòà â öåëîì òðàåêòîðèè îáúåêòà âîêðóã
öåíòðà ïîëÿ òÿãîòåíèÿ, ïðè÷åì, ïîâîðîò ïðîèñõîäèò â
íàïðàâëåíèè, îáðàòíîì íàïðàâëåíèþ äâèæåíèÿ îáúåêòà ïî
ýòîé òðàåêòîðèè.

Àíàëîãè÷íî, ôåíîìåí ìåäëåííîãî ïîâîðîòà â öåëîì
òðàåêòîðèè îáúåêòà èìååò ìåñòî è â âàðèàíòå (14).
Ïðàâäà, âåëè÷èíà ïåðèîäà çäåñü îêàçûâàåòñÿ, íàîáîðîò,

áîëüøå  íà âåëè÷èíó îêîëî  èëè ïîðÿäêà

, ò.å. íàïðàâëåíèå ïîâîðîòà òðàåêòîðèè ñîâïàäàåò ñ

íàïðàâëåíèåì äâèæåíèÿ ïî íåé îáúåêòà. 
Ñëåäóåò îòìåòèòü, ÷òî ôàêò ñìåùåíèÿ ïåðèãåëèÿ

îðáèòû âîâñå íå ïðåäïîëàãàåò âëèÿíèÿ êàêèõ-ëèáî äðóãèõ
îáúåêòîâ, íî âïîëíå ñáûâàåòñÿ è äëÿ îäèíî÷íîãî îáúåêòà â
ïîëå òÿãîòåíèÿ. Áîëåå òîãî, èìåííî ýòîò ôàêò, êîãäà
ìîùíîñòü ïîëÿ è ñêîðîñòü äâèæåíèÿ â íåì îáúåêòà
äîñòàòî÷íî âåëèêè, êàê ïðàâèëî, ïðèâîäèò ê âûðîæäåíèþ
êàðòèíû äâèæåíèÿ îáúåêòà â íåêîå êîëüöåâèäíîå îáëàêî.

Óêàçàííûå ìîìåíòû, íåñìîòðÿ íà ìàëîñòü èçìåíåíèé â
ïàðàìåòðàõ îðáèòû è âðåìåíè îáðàùåíèÿ ïî íåé, âàæíî
ó÷èòûâàòü ïðè ðàáîòå ñ ÊÀ, îñîáåííî ïðè íàëè÷èè ÒÑ.
Òàê, ïðè õàðàêòåðíîì ðàçìåðå ÒÑ â 5 êèëîìåòðîâ ãîäîâîé
ïîëåò ÊÀ ñ òàêîé ÒÑ äîëæåí ïðèâîäèòü ê ñäâèãó
ïåðèãåëèÿ îðáèòû íà íåñêîëüêî ãðàäóñîâ äóãè äàæå ïðè
èäåàëüíî ñôåðè÷åñêîé Çåìëå. Åñëè, çíà÷èò, íå äåëàòü
äîñòàòî÷íî ÷àñòûõ ñåàíñîâ ñâÿçè ñ òàêèì ÊÀ, òî âåëèêà
âåðîÿòíîñòü åãî ñêîðî è âîâñå ïîòåðÿòü ñðåäè àíàëîãè÷íûõ
ñîáðàòüåâ.

5 Ê Ó×ÅÒÓ ÊÎÍÔÈÃÓÐÀÖÈÈ ÔÈÇÈ×ÅÑÊÎÃÎ 
ÏÎËß

Êàê ñëåäñòâèå ôåíîìåíà ñîêðàùåíèÿ ðàçìåðîâ
ýëëèïòè÷åñêîé òðàåêòîðèè ïðè âàðèàíòå (14), âàæíî
îáðàòèòü âíèìàíèå íà ñëåäóþùèé ìîìåíò. Ïîñêîëüêó
èñòî÷íèêîì ïîëÿ òÿãîòåíèÿ âûñòóïàåò òîæå íåêèé áàçîâûé
îáúåêò ñ õàðàêòåðíûìè äëÿ íåãî ðàçìåðàìè, òî ïðè
âàðèàíòå (14) îêàçûâàåòñÿ áîëåå âåðîÿòíûì, ÷åì ïðè
âàðèàíòå (10), ôàêò âûïàäåíèÿ äâèæóùåãîñÿ îáúåêòà íà
ïîâåðõíîñòü áàçîâîãî îáúåêòà. Êðîìå òîãî, âñëåä çà
ñîêðàùåíèåì ðàçìåðîâ òðàåêòîðèè â âàðèàíòå (14), ïî
ñðàâíåíèþ ñ (10), áîëåå áûñòðûì îêàæåòñÿ ïðèáëèæåíèå
îáúåêòà ê öåíòðó ïîëÿ òÿãîòåíèÿ, è, çíà÷èò, áîëåå ñêîðûì
ñàì ôàêò âûïàäåíèÿ ýòîãî îáúåêòà íà ïîâåðõíîñòü
áàçîâîãî îáúåêòà. Ïðàâäà, ðàçíèöà â âåðîÿòíîñòè
âûïàäåíèÿ è ïðîäîëæèòåëüíîñòè ïàäåíèÿ ìåæäó
âàðèàíòàìè (14) è (10) íè÷òîæíî ìàëà, ïðè÷åì, íè÷óòü íå
ìåíüøåå çíà÷åíèå â ýòîì ìîãóò ñûãðàòü íåðîâíîñòè íà
ïîâåðõíîñòè áàçîâîãî îáúåêòà. Îäíàêî, ýòîò ìîìåíò
äåëàåò àêòóàëüíûì ñêàçàòü íåñêîëüêî ñëîâ îòíîñèòåëüíî

ìîäåëè, â êîòîðîé íà ñìåíó ôîðìàëüíîìó ôèçè÷åñêîìó
ïîëþ ïðèõîäèò îáû÷íûé áàçîâûé îáúåêò, èìåþùèé ñâîè
îòíîñèòåëüíî áîëüøèå ìàññó è ìîìåíò âðàùåíèÿ.

Ðàçóìååòñÿ, íè÷åãî íîâîãî íå äîáàâèòñÿ, åñëè ó
áàçîâîãî îáúåêòà áóäåò èìåòü ìåñòî ñôåðè÷åñêè ñèì-
ìåòðè÷íîå ðàñïðåäåëåíèå ìàññû. Ðàçâå ÷òî âìåñòî
îáû÷íîé ìàññû èñõîäíîãî äâèæóùåãîñÿ îáúåêòà ïðèäåòñÿ
âçÿòü, òàê íàçûâàåìóþ, ïðèâåäåííóþ ìàññó äâóõ òåë. À
âîò îòñóòñòâèå ñèììåòðèè ó êîíôèãóðàöèè áàçîâîãî îáúå-
êòà áóäåò óæå ñóùåñòâåííî ñêàçûâàòüñÿ íà ïàðàìåòðàõ
îðáèòû èñõîäíîãî äâèæóùåãîñÿ îáúåêòà. Ðàçìåðû îðáèòû
ïðè ýòîì, êàê ïðàâèëî, ñðàâíèìû ñ ðàçìåðàìè áàçîâîãî
îáúåêòà, è ïðåíåáðåãàòü èìè íåò ñìûñëà. Èçëîæåííûé
âûøå ìàòåðèàë ïîêàçûâàåò, êàê òàêèå âëèÿíèÿ ìîãóò áûòü
ó÷òåíû â òåîðèè è íà ïðàêòèêå.

Ñêàçàííîå îòíîñèòñÿ è ê ðàáîòå ñ ÊÀ â ïîëå òÿãîòåíèÿ
Çåìëè. Íàðóøåíèÿ ñôåðè÷íîñòè â ðàñïðåäåëåíèè ìàññû â
Çåìëå àâòîìàòè÷åñêè ïðèâîäÿò ê îïèñàííûì ýôôåêòàì
ôëóêòóàöèè äâèæåíèÿ ÊÀ ïî îðáèòå è ñìåùåíèÿ ïåðèãå-
ëèÿ îðáèòû ÊÀ, äàæå êîãäà ñàì ÊÀ èìååò èäåàëüíî ñôå-
ðè÷åñêóþ êîíôèãóðàöèþ. Âìåñòå ñ òåì, ìîæíî ïîñòàâèòü
è îáðàòíóþ öåëü - ôîðìèðîâàíèå êàðòû ðàñïðå-äåëåíèÿ
ìàññû â áàçîâîì îáúåêòå ïî ðåçóëüòàòàì íàáëþäåíèé çà
äâèæåíèåì ïðîáíûõ îáúåêòîâ. Â ÷àñòíîñòè, ýòî ïðèìåíè-
ìî ê Çåìëå ñ èñïîëüçîâàíèåì ÊÀ.

6 ÏÀÐÀÄÎÊÑÛ ÑÀÌÎÃÐÀÂÈÒÀÖÈÈ

Ïðèíÿòèå ïîñòóëàòà î âñåîáùíîñòè çàêîíà òÿãîòåíèÿ
Íüþòîíà ïîçâîëÿåò îáðàòèòüñÿ ê ìûñëåííîìó ýêñïå-
ðèìåíòó, â êîòîðîì íåêèé îáúåêò, ðàñïîëîæåííûé â
âàêóóìå, ïîëíîñòüþ îòäàí âëèÿíèþ ñàìîãðàâèòàöèè. Åñëè
îáúåêò ïðåäñòàâëÿåò ôîðìàëüíîå îáúåäèíåíèå íåñêîëüêèõ
èçîëèðîâàííûõ äðóã îò äðóãà ìàòåðèàëüíûõ òî÷åê, òî äëÿ
êàæäîé èç íèõ ìîæíî áåç ïðîáëåì âûïèñàòü âïîëíå îñìû-
ñëåííóþ ôîðìóëó ðåçóëüòèðóþùåé ñèëû ïðèòÿæåíèÿ ê
îñòàëüíûì òî÷êàì. Ïðîáëåìû íà÷èíàþòñÿ, êîãäà îáúåêò
ïðåäñòàåò ñïëîøíûì îáðàçîâàíèåì áåç ïóñòîò. Ïðèõî-
äèòñÿ ñòàëêèâàòüñÿ ñ ñèòóàöèÿìè, êîãäà ôèêñèðîâàííûé
áåñêîíå÷íî ìàëûé ýëåìåíò ìàññû èìååò áåñêîíå÷íî áëèçêî
ðàñïîëîæåííûõ ê íåìó ñîñåäåé, òàê ÷òî ïðè âû÷èñëåíèè
ðåçóëüòèðóþùåé ñèëû ïðèòÿæåíèÿ áóäóò âñòðå÷àòüñÿ ñëà-
ãàåìûå, ïðåäñòàâëÿþùèå ðåçóëüòàò äåëåíèÿ ïðîèçâåäåíèÿ
äâóõ áåñêîíå÷íî ìàëûõ ìàññ íà êâàäðàò áåñêîíå÷íî
ìàëîãî ðàññòîÿíèÿ ìåæäó íèìè. È ýòè ñëàãàåìûå ìîãóò â
ðÿäå ñëó÷àåâ ïðèâîäèòü ê ðàñõîäèìîñòè ãðàâèòàöèîííîãî
ïîòåíöèàëà.

Êîãäà ýëåìåíò ìàññû ðàñïîëîæåí âíóòðè îáúåêòà, îí
ïîäâåðæåí ïðèòÿæåíèþ ñî âñåõ êîíöîâ, è òîãäà
äåéñòâóþùèå íà ýòîò ýëåìåíò ñèëû ìîãóò â ñóììå
êîìïåíñèðîâàòü äðóã äðóãà. Ïîýòîìó äëÿ âûÿâëåíèÿ
ðàñõîäèìîñòè áóäåì çàðàíåå ïðåäïîëàãàòü, ÷òî èññëå-
äóåìûé ýëåìåíò ìàññû ðàñïîëîæåí íà ãðàíèöå îáúåêòà
òàê, ÷òî âñå îñòàëüíûå ýëåìåíòû ìàññû íàõîäÿòñÿ ïî îäíó
ñòîðîíó îò íåêîòîðîé ôèêñèðîâàííîé ïëîñêîñòè, ïðî-
õîäÿùåé ÷åðåç èññëåäóåìûé ýëåìåíò. Äëÿ ïðîñòîòû âû-
÷èñëåíèé ðàññìîòðèì è ñîïîñòàâèì ìåæäó ñîáîé ñëó÷àè,

êîãäà îáúåêò èìååò ôîðìó -ìåðíîãî 

ïîëóøàðà ðàäèóñà , ïðè÷åì, ìàññà â îáúåêòå
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ðàñïðåäåëåíà ðàâíîìåðíî ñ ïëîòíîñòüþ , à èññëåäóåìûé

ýëåìåíò åäèíè÷íîé ìàññû ðàñïîëàãàåòñÿ â öåíòðå
îñíîâàíèÿ ïîëóøàðà. Ïðèìåì âî âíèìàíèå, ÷òî ïðè

 îáúåêò èìååò ôîðìó ïîëóêðóãà, à ïðè  -
îòðåçêà, íà îäíîì èç êîíöîâ êîòîðîãî íàõîäèòñÿ
èññëåäóåìûé åäèíè÷íûé ýëåìåíò ìàññû. 

Â ñëó÷àå  êîîðäèíàòû ïðîèçâîëüíîãî ýëåìåíòà

ìàññû  ïîëóøàðà çàäàäèì òðåìÿ ïåðåìåííûìè:

øèðîòîé , äîëãîòîé  è ðàññòîÿíèåì  îò öåíòðà

îñíîâàíèÿ ïîëóøàðà. Òîãäà ýëåìåíò ìàññû

, à åãî âêëàä â âåêòîð óñêîðåíèÿ,

ïîðîæäàåìûé ñèëàìè ïðèòÿæåíèÿ, äëÿ èññëåäóåìîãî
åäèíè÷íîãî ýëåìåíòà ìàññû ñîñòàâèò âåëè÷èíó

, ãäå  - ãðàâèòàöèîííàÿ

ïîñòîÿííàÿ. Ïîñëå èíòåãðèðîâàíèÿ ïî îáëàñòè ïîëóøàðà

ïîëó÷èì çíà÷åíèå  èëè , ãäå  

- ìàññà îáúåêòà. Â ñëó÷àå  íå áóäåò ïåðåìåííîé 

è ðàñ÷åòû äàäóò ñîîòâåòñòâåííî ,

, . À

ïðè   íå áóäåò åùå è ïåðåìåííîé , òàê ÷òî

ðàñ÷åòû äàäóò ñîîòâåòñòâåííî , ,

.

Êàê âèäíî, íàïðÿæåííîñòü ïîëÿ òÿãîòåíèÿ â ýôôåêòå
ñàìîãðàâèòàöèè îáúåêòà îêàçûâàåòñÿ êîíå÷íîé âåëè÷èíîé

ëèøü â ñëó÷àå , ò.å. êîãäà îáúåêò ó÷èòûâàåòñÿ êàê

3-ìåðíîå îáðàçîâàíèå. ×àñòî ïðèõîäèòñÿ èìåòü äåëî ñ
îáúåêòàìè, ïðåäñòàâëÿþùèìè ïî ôîðìå òîíêèå ïëàñòèíû
èëè äàæå ñòåðæíè. Îäíàêî âû÷èñëåíèå íàïðÿæåííîñòè,
ïðèâíîñèìîé èõ ñàìîãðàâèòàöèåé, èñõîäÿ èç òàêèõ ôîðì,
ïðèâîäèò ê ðàñõîäèìîñòÿì. Îáÿçàòåëüíî íåîáõîäèìî âî-
ñïðèÿòèå îáúåêòîâ êàê 3-ìåðíûõ îáðàçîâàíèé. Â ýòîì ïëà-
íå, èçó÷åíèå ïëîñêèõ ìîäåëåé äâèæåíèÿ îáúåêòîâ â ôèçè-
÷åñêîì ïîëå íå âñåãäà îïðàâäàíî. Â ÷àñòíîñòè, íåëüçÿ
ïðèçíàòü àäåêâàòíîé ïëîñêóþ ìîäåëü äâèæåíèÿ ÒÑ, à
âñëåä çà ýòèì, è ïëîñêóþ ìîäåëü äâèæåíèÿ ÊÀ ñ ÒÑ. 

Äàëåå, â îáùåì ñëó÷àå ïðè êàæäîé òî÷êå íà ãðàíèöå
îáúåêòà ìîæíî âûäåëèòü íåêîòîðóþ äîñòàòî÷íî ìàëóþ
îáëàñòü â ôîðìå ñîîòâåòñòâóþùåãî ïîëóøàðà, ïî÷òè öåëè-
êîì ðàñïîëîæåííóþ â îáúåêòå. Òàê ÷òî íàïðÿæåíèå ïîëÿ
ñàìîãðàâèòàöèè îáúåêòà â òàêîé òî÷êå áóäåò â ãëàâíîì íå
ìåíüøå, ÷åì ó âûäåëåííîãî ïîëóøàðà. Ïðè ôèêñè-
ðîâàííîì çíà÷åíèè ïëîòíîñòè íàïðÿæåííîñòü ïîëÿ ðàñòåò
âñëåä çà ðàäèóñîì òàêîãî ïîëóøàðà. Îäíàêî íà âíåøíåì
óðîâíå îáúåêò ÷àñòî õàðàêòåðèçóåòñÿ âåëè÷èíàìè ñâîåé
ìàññû è ïðîñòðàíñòâåííîé ïðîòÿæåííîñòè, à ïëîòíîñòü
îêàçûâàåòñÿ ëèøü ïðîèçâîäíîé îò íèõ, òàê ÷òî áîëåå
îïðåäåëÿþùåé äëÿ íàïðÿæåíèÿ ïîëÿ ñàìîãðàâèòàöèè

ìîæåò îêàçàòüñÿ ôîðìóëà , ãäå çàâèñè-

ìîñòü îò ðàäèóñà ÿâëÿåòñÿ îáðàòíîé. Â êà÷åñòâå ïðèìåðà
ðàññìîòðèì ñëó÷àè öèëèíäðîîáðàçíîé ÒÑ ñ ôèêñèðî-
âàííûìè ìàññîé è äëèíîé, ãäå âàðüèðóåòñÿ âåëè÷èíà
òîëùèíû ÒÑ. Ýòà âåëè÷èíà, î÷åâèäíî, âûñòóïèò â ðîëè
ðàäèóñà  ïîëóøàðà äëÿ öåíòðàëüíûõ òî÷åê êîíöîâ ÒÑ,

çíà÷åíèå ïëîòíîñòè â ÒÑ áóäåò èçìåíÿòüñÿ êàê , à

ìàññà ïîëóøàðà - êàê . Òàê ÷òî íàïðÿæåíèå ïîëÿ
ñàìîãðàâèòàöèè îêàçûâàåòñÿ ïðè ýòîì èçìåíÿþùåéñÿ êàê

, ò.å., ÷åì òîíüøå ÒÑ, òåì áîëüøå íàïðÿæåíèå ïîëÿ åå

ñàìîãðàâèòàöèè. Ïðè âûðîæäåíèè ÒÑ â áåñêîíå÷íî
òîíêóþ íèòü ïðèõîäèì ê áåñêîíå÷íî áîëüøèì çíà÷åíèÿì
íàïðÿæåíèÿ ïîëÿ åå ñàìîãðàâèòàöèè. Íå÷òî ïîäîáíîå
íàáëþäàåòñÿ è â çàäà÷àõ ýëåêòðîäèíàìèêè, êîãäà îáúåêòû
èìåþò çàîñòðåííûå êîíöû. 

ÇÀÊËÞ×ÅÍÈÅ

Ñëåäóåò, ïðåæäå âñåãî, äîáàâèòü, ÷òî ïðîâåäåííûå
èññëåäîâàíèÿ äëÿ ñëó÷àÿ ïîëÿ òÿãîòåíèÿ ìîãóò áûòü
ïîâòîðåíû è äëÿ ïîëåé îòòàëêèâàíèÿ. Äëÿ íèõ òîæå ñïðà-
âåäëèâû ôàêòû, àíàëîãè÷íûå òîëüêî ÷òî óñòàíîâëåííûì
äëÿ ïîëåé òÿãîòåíèÿ.

Ôàêòè÷åñêè, óñòàíîâëåíî, ÷òî êîíôèãóðàöèÿ îáúåêòà
èëè ïîëÿ ÿâëÿåòñÿ ôèçè÷åñêè çíà÷èìîé õàðàêòåðèñòèêîé,
ïðè íåäîó÷åòå êîòîðîé âåëèê ðèñê ïîëó÷åíèÿ íåâåðíûõ
ðåçóëüòàòîâ è âûâîäîâ. Â ÷àñòíîñòè, íå áûâàåò òîëüêî
ïîòåíöèàëüíûõ èëè òîëüêî âèõðåâûõ ôèçè÷åñêèõ ïîëåé,
íî îáà òàêèõ êîìïîíåíòà åñòü ó ëþáîãî ôèçè÷åñêîãî ïîëÿ
ñ ïðèçíàêàìè ïåðåðàñïðåäåëåíèÿ áàëàíñà ìåæäó íèìè. À
äëÿ àäåêâàòíîãî ó÷åòà êîíôèãóðàöèè íåîáõîäèìî äåðæàòü
îðèåíòèð íà åå 3-ìåðíóþ ïðîñòðàíñòâåííóþ ïðîòÿ-
æåííîñòü, ïîíèæåíèå ðàçìåðíîñòè ïðîñòðàíñòâà â ìîäåëè
äîëæíî èìåòü îáîñíîâàíèÿ.
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Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû ïðåäâàðèòåëüíîé
îáðàáîòêè çàøóìëåííûõ èçîáðàæåíèé îäíîñëîéíîé íåéðîííîé
ñåòüþ äëÿ ïîñëåäóþùåãî ðàñïîçíàâàíèÿ. Íåéðîñåòåâàÿ îáðà-
áîòêà, çàêëþ÷àþùàÿñÿ â âûäåëåíèè êîíòóðîâ îáúåêòîâ è
óìåíüøåíèè óðîâíÿ øóìîâ, ñîïîñòàâëåíà ñ àíàëîãè÷íîé öèô-
ðîâîé. Ìîäåëèðîâàíèå ñåòè ïðîâåäåíî äëÿ ñëó÷àåâ ëèíåéíûõ è
ñèãìîèäàëüíûõ àêòèâàöèîííûõ ôóíêöèé íåéðîíîâ. Ïîêàçàíî,
÷òî îáðàáîòêà çàøóìëåííûõ èçîáðàæåíèé ïðåäëàãàåìîé íåé-
ðîííîé ñåòüþ ÿâëÿåòñÿ áîëåå ïðåäïî÷òèòåëüíîé ïî ñðàâíå-
íèþ ñ àíàëîãè÷íîé öèôðîâîé äëÿ åå èñïîëüçîâàíèÿ â îïòèêî-
ýëåêòðîííûõ ñèñòåìàõ.

The results of preliminary processing of the noised images by
the single noisy a one-layer neural network for the subsequent
recognition are presented. A neural network  processing consist-
ing in allocation of objects contours and reduction of a noise
level, is compared with a similar digital processing. The model-
ing of a network is carried out for cases of linear and sigmoid
activation functions of neurons. It is shown, that the processing
of the noised images by the offered neural network is more pref-
erable in comparison with a similar digital processing for its use
in optical-electronic systems.

ÂÂÅÄÅÍÈÅ

Â ïîñëåäíåå âðåìÿ áîëüøîå âíèìàíèå óäåëÿåòñÿ
ðàáîòàì ïî ñîçäàíèþ "èíòåëëåêòóàëüíûõ" îïòè÷åñêèõ
ñèñòåì ðàñïîçíàâàíèÿ è îáðàáîòêè ðàçëè÷íûõ èçîáðà-
æåíèé. Ýòî îáúÿñíÿåòñÿ øèðîêèìè âîçìîæíîñòÿìè ñèñòåì
èñêóññòâåííîãî âèäåíèÿ, âïëîòü äî ïåðåäà÷è èì íåêîòî-
ðûõ ôóíêöèé, êîòîðûå ðàíåå áûëè ïîñèëüíû òîëüêî
÷åëîâåêó. Êàê ïðàâèëî, ïîäîáíûå ðàñïîçíàþùèå ñèñòåìû
îñóùåñòâëÿþò îïòèêî-ýëåêòðîííîå ïðåîáðàçîâàíèå èçîáðà-
æåíèÿ è ïîñëåäóþùóþ åãî îáðàáîòêó íà îñíîâå ðàçëè÷íûõ
àëãîðèòìîâ îáó÷åíèÿ. Ïðè÷åì äîêàçàíî, ÷òî äëÿ
ýôôåêòèâíîãî ðàñïîçíàâàíèÿ âî ìíîãèõ ñëó÷àÿõ äîñòà-
òî÷íî àíàëèçèðîâàòü òîëüêî åãî êîíòóðíîå èçîáðàæåíèå
[1]. Ïðè ýòîì âíóòðåííèå ýëåìåíòû êîíòóðîâ îáúåêòîâ è
ôîíà ìîæíî èñêëþ÷èòü, òàê êàê îíè ÿâëÿþòñÿ  ìàëî-
èíôîðìàòèâíûìè. Êðîìå òîãî, â äàííîì ñëó÷àå ïðîèñõî-
äèò óìåíüøåíèå îáúåìîâ ïàìÿòè, íåîáõîäèìûõ äëÿ îáðà-
áîòêè èçîáðàæåíèé [1].

Â íàñòîÿùåå âðåìÿ íàèáîëåå ðàñïðîñòðàíåííûìè ïîä-
õîäàìè, ïðèìåíÿåìûìè äëÿ âûäåëåíèÿ ãðàíèö îáúåêòîâ,
ÿâëÿþòñÿ ñòàòèñòè÷åñêèé ìåòîä [2], âûäåëåíèå ýêñòðå-
ìóìîâ êðèâèçíû èçîëèíèé [3] è èñïîëüçîâàíèå òåîðèè
íåéðîííûõ ñåòåé [4]. Îäíàêî â ïåðâûõ äâóõ ñëó÷àÿõ äëÿ
îïèñàíèÿ èçîáðàæåíèÿ òðåáóåòñÿ îïðåäåëèòü ýíåðãåòè÷åñ-
êóþ ôóíêöèþ ïî äîñòàòî÷íî áîëüøîé îêðåñòíîñòè òî÷åê,
÷òî âåäåò ê ðåçêîìó âîçðàñòàíèþ âû÷èñëèòåëüíûõ çàòðàò.

Â òîæå âðåìÿ â ïîñëåäíèé ïåðèîä íàìåòèëñÿ
ïîâûøåííûé èíòåðåñ ê òåîðèè íåéðîííûõ ñåòåé, êîòîðàÿ

íàõîäèò âñå áîëüøåå ïðèìåíåíèå äëÿ ðåøåíèÿ ðÿäà
èíæåíåðíûõ çàäà÷ [4-6]. Ýòî îáúÿñíÿåòñÿ âîçìîæíîñòüþ
ðåøåíèÿ íåéðîííîé ñåòüþ òðóäíî ôîðìàëèçóåìûõ çàäà÷,
èìåííî òàêèõ êàê ðàñïîçíàâàíèå èçîáðàæåíèé, è
îòíîñèòåëüíîé ïðîñòîòîé åå ðåàëèçàöèè íà ïðàêòèêå.

Â ðàáîòå [4] ïðèâåäåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ
íåéðîííûõ ñåòåé äëÿ ðåøåíèÿ çàäà÷ îïðåäåëåíèÿ ãðàíèöû
ðàçäåëà ñëó÷àéíûõ ïîëåé íà èçîáðàæåíèÿõ â óñëîâèÿõ
øóìîâ. Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò î
ïðåèìóùåñòâàõ äàííûõ íåéðîííûõ ñåòåé ïåðåä îïòè-
ìàëüíîé îáðàáîòêîé.

Öåëü íàñòîÿùåé  ðàáîòû - îáîñíîâàíèå ïðèìåíèìîñòè
íåéðîííîé ñåòè äëÿ âûäåëåíèÿ ãðàíèö îáúåêòîâ íà
èçîáðàæåíèÿõ â óñëîâèè øóìîâ è ñðàâíåíèå ðåçóëüòàòîâ
íåéðîñåòåâîé è öèôðîâîé îáðàáîòêè.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ðàññìàòðèâàåòñÿ çàäà÷à âûäåëåíèÿ ãðàíèö îáúåêòîâ íà
èçîáðàæåíèÿõ îäíîñëîéíîé íåéðîííîé ñåòüþ. Âõîäíîé
èíôîðìàöèåé äëÿ íåéðîíîâ ñåòè ñëóæèò ìíîæåñòâî
ýëåìåíòîâ ïîëóòîíîâîé ìàòðèöû èçîáðàæåíèÿ, çàäàííûõ
íåïîñðåäñòâåííî â âèäå íàáîðà çíà÷åíèé çà÷åðíåííîñòè
òî÷åê ðàñòðà. Äëÿ îïðåäåëåíèÿ ãðàíèö îáúåêòîâ íà âûõîäå
ñåòè, íåîáõîäèì ñèíòåç òàêîé åå àðõèòåêòóðû, ïðè êîòî-
ðîé áóäåò îöåíèâàòüñÿ ãðàäàöèîííàÿ áëèçîñòü ñîñåäíèõ
ýëåìåíòîâ ìàòðèö. Òî åñòü íåîáõîäèìî âûáðàòü òàêóþ
ôóíêöèþ, ïðè êîòîðîé åå ëîêàëüíûå ýêñòðåìóìû
ñîîòâåòñòâîâàëè áû õàðàêòåðíûì ôðàãìåíòàì èçîáðà-
æåíèÿ. Ïîäîáíàÿ ôóíêöèÿ íà ó÷àñòêàõ, ãäå èçîáðàæåíèå
èçìåíÿåòñÿ ìàëî, ÿâëÿåòñÿ ïî÷òè ïîñòîÿííîé, à íà ó÷à-
ñòêàõ, ñîäåðæàùèõ ãåîìåòðè÷åñêèå îñîáåííîñòè, ðåçêî
êîëåáëåòñÿ. Â ðåçóëüòàòå íà âûõîäå ñåòè äîëæíû áûòü
ýëåìåíòû ìàòðèö, êîòîðûå îòíîñÿòñÿ èñêëþ÷èòåëüíî ê
êîíòóðíûì ëèíèÿì îáúåêòîâ.

2 ÑÒÐÓÊÒÓÐÀ ÍÅÉÐÎÍÍÎÉ ÑÅÒÈ

Îïòèìàëüíîå ðåøåíèå çàäà÷è ñåãìåíòàöèè ïîëóòîíîâîé
ìàòðèöû ìîæåò áûòü äîñòèæèìî ñ ïîìîùüþ ñëåäóþùåé
àðõèòåêòóðû ñåòè. 

Ñèãíàë îò êàæäîãî ïèêñåëÿ  èñõîäíîãî èçîáðà-

æåíèÿ  ïîñòóïàåò íà ñîîòâåòñòâóþùèé åìó íåéðîí ,

÷èñëî êîòîðûõ ðàâíî ÷èñëó ïèêñåëåé. Ïàðàëëåëüíî ñ

ñèãíàëîì îò ïèêñåëÿ  íà íåéðîí  ïîäàþòñÿ çíà÷å-

íèÿ ñîñåäíèõ ïèêñåëåé , êàê ïîêàçàíî íà ðèñ.1.

Xi j,

Ni j,

Xi j, Ni j,

Xi 1± j 1±,
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 Ðèñóíîê 1 - Ôðàãìåíò ïîëóòîíîâîé ìàòðèöû ñ ïèêñåëüíûìè ýëåìåíòàìè  è ðåàëèçàöèÿ åãî îáðàáîòêè 

íåéðîíîì

Äëÿ îïðåäåëåíèÿ ïðèíàäëåæíîñòè ýëåìåíòîâ ðàñòðà ê
êîíòóðíûì ëèíèÿì, êàæäûì íåéðîíîì ñåòè â ñëîå
ïðîâîäèòñÿ ñðàâíåíèå åãî ÿðêîñòè ñ ÿðêîñòÿìè ñìåæíûõ
ýëåìåíòîâ ïîëóòîíîâîé ìàòðèöû. Òî åñòü ïðîèçâîäèòñÿ
íåéðîííîå äèôôåðåíöèðîâàíèå ÿðêîñòíûõ ýëåìåíòîâ
ñîñåäíèõ ïèêñåëåé. Ïðèíàäëåæíîñòü ýëåìåíòà ïîëó-
òîíîâîé ìàòðèöû ê êîíòóðíîé ëèíèè îïðåäåëÿåòñÿ íà
âûõîäå ñëîÿ ñåòè èñõîäÿ èç ñëåäóþùåãî óñëîâèÿ [7,8]:

 , (1)

ãäå  - ñèãíàë íà âûõîäå íåéðîíà ,  - êîëè÷åñòâî

ñòðîê ìàòðèöû èçîáðàæåíèÿ,  - êîëè÷åñòâî ñòîëáöîâ

ìàòðèöû èçîáðàæåíèÿ,  - âû÷èñëÿåìûé â äàííûé ìî-

ìåíò ýëåìåíò èçîáðàæåíèÿ,  - ñîñåäíèå ýëåìåí-

òû ñ âû÷èñëÿåìûì,  - àêòèâàöèîííûé ïîðîã, çàäàâà-
åìûé ýìïèðè÷åñêè.

Íà ðèñ.1. äëÿ óïðîùåíèÿ ïîêàçàí òîëüêî îäèí íåéðîí

, îñóùåñòâëÿþùèé ñóììèðîâàíèå äèôôåðåíöèàëîâ

ÿðêîñòåé ñîñåäíèõ ýëåìåíòîâ  ñ öåíòðàëüíûì

ýëåìåíòîì . Íåéðîíû, ñîñåäíèå ñ  ñìåùåíû äðóã

îòíîñèòåëüíî äðóãà íà îäèí ýëåìåíò ìàòðèöû. Òàêèì
îáðàçîì, öåíòðàëüíûé äëÿ îäíîãî íåéðîíà ýëåìåíò

ìàòðèöû , äëÿ äðóãîãî íåéðîíà áóäåò óæå  (â

ñëó÷àå ñìåùåíèÿ "âíèç", íà ñëåäóþùóþ ñòðîêó). Ïðè
îáðàáîòêå ïèêñåëåé ïåðâûõ è ïîñëåäíèõ ñòðîê è ñòîëáöîâ

 íåéðîíû èìåþò íåïîëíîå ÷èñëî

âõîäîâ, ðàâíûõ êîëè÷åñòâó îêðóæàþùèõ ýëåìåíòîâ
äàííîãî ïèêñåëÿ. Â ñëó÷àå îáðàáîòêè ÷åòûðåõ óãëîâûõ

ïèêñåëåé  ó íåéðîíà èìåþòñÿ âñåãî

òðè âõîäà.

Ñèãíàëû ñ âûõîäîâ íåéðîíîâ  ïîäàþòñÿ íà

áëîê ïîðîãîâîé îáðàáîòêè  (ðèñ.2), ãäå äëÿ êàæäîãî

ýëåìåíòà  âû÷èñëÿåòñÿ óñëîâèå (1). Àêòèâàöèîííûé

ïîðîã  óñòàíàâëèâàåòñÿ ýìïèðè÷åñêèì ïóòåì, è ìîæåò
íàõîäèòüñÿ â øèðîêèõ ïðåäåëàõ.

Â ñëó÷àå "ñðàáàòûâàíèÿ" ïîðîãîâîé ôóíêöèè ïåðåäà÷è,
ñèãíàëû ïîäàþòñÿ íà áëîê èõ óìíîæåíèÿ íà âõîäíîé
ñèãíàë, ïîñëå ÷åãî íà âûõîäå íåéðîñåòè ôîðìèðóþòñÿ

ñèãíàëû ãðàíèö ðàçäåëà  ýëåìåíòîâ ìàòðèö. Â

îñòàëüíûõ ñëó÷àÿõ, êîãäà ïîðîãîâàÿ ôóíêöèÿ íå
"ñðàáàòûâàåò", íà âûõîä ñåòè ïîñòóïàþò íóëåâûå ñèãíàëû

 ýëåìåíòîâ ìàòðèö, íå ÿâëÿþùèõñÿ ãðàíè÷íûìè.

Ïîñëå áëîêà óìíîæåíèÿ ñèãíàëû ãðàíèö ðàçäåëà

  ïîñòóïàþò íà âõîä àêòèâàöèîííîãî áëîêà , ãäå

ïðåîáðàçóþòñÿ ñèãìîèäàëüíîé ôóíêöèåé ïåðåäà÷è, êîòî-
ðàÿ ìàòåìàòè÷åñêè âûðàæàåòñÿ [5,6]:

. (2)

Îáùàÿ ñõåìà íåéðîííîé ñåòè, ïðèâåäåííàÿ íà ðèñ.2,
äëÿ óäîáñòâà ïðåäñòàâëåíèÿ, òàêæå óïðîùåíà. Çäåñü ïîêà-
çàíû òîëüêî ñîñåäíèå äâà ýëåìåíòà âõîäà ñ öåíòðàëüíûì
âìåñòî âîñüìè.

Â îòëè÷èå îò èçâåñòíûõ íåéðîííûõ ñåòåé äëÿ ðåøåíèÿ
ïîäîáíûõ çàäà÷ [4-6], ïðåäëàãàåìàÿ îáëàäàåò ñðàâíè-
òåëüíîé ïðîñòîòîé ñòðóêòóðû, òàê êàê èìååò âñåãî îäèí
ñëîé; ó íåå îòñóòñòâóþò êàêèå-ëèáî àëãîðèòìû îáó÷åíèÿ è
íàñòðîéêè âåñîâûõ êîýôôèöèåíòîâ. Â äàííîì ñëó÷àå ñàìà
ñåòü çà ñ÷åò ñâîåé àðõèòåêòóðû ðåøàåò çàäà÷ó ñ
îïòèìàëüíûì âûáîðîì âûõîäíûõ âåêòîðîâ.

Xi j,

yi j, Xi 1± j 1±, Xi j,– P≥
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ØÓÌÎÂ

 Ðèñóíîê 2 - Îäíîñëîéíàÿ íåéðîííàÿ ñåòü ñ ñèãìîèäàëüíûìè àêòèâàöèîííûìè ôóíêöèÿìè 

3 ÐÅÇÓËÜÒÀÒÛ ÌÎÄÅËÈÐÎÂÀÍÈß

Ìîäåëèðîâàíèå ðàññìîòðåííîé âûøå íåéðîííîé ñåòè
ïðîâîäèëîñü â ñðåäå MathCAD âåðñèè 7.0 äëÿ
îïåðàöèîííîé ñèñòåìû Windows¢ 98. Íà âõîä ñåòè
ïîäàâàëàñü ïîëóòîíîâàÿ ìàòðèöà èñõîäíîãî èçîáðàæåíèÿ
ðàçìåðíîñòüþ 200õ150 ñ ÿðêîñòíîé ãðàäàöèåé, ðàâíîé 256.
Äàííàÿ ìàòðèöà ñîäåðæàëà èçîáðàæåíèå íåêîòîðûõ
îñíîâíûõ òåñòîâûõ îáúåêòîâ (êâàäðàò, òðåóãîëüíèê, îêðó-
æíîñòü, ëèíèè ñ ðàçëè÷íûìè óãëàìè íàêëîíà), ñ
íåêîòîðûì óðîâíåì è èíòåíñèâíîñòüþ çàøóìëåííîñòè
(ðèñ.3à). Íà ðèñ.3á ïðåäñòàâëåí ðåçóëüòàò âûäåëåíèÿ
ãðàíèö îáúåêòîâ äàííîé ïîëóòîíîâîé ìàòðèöû ïî øèðîêî
èçâåñòíîìó öèôðîâîìó àëãîðèòìó [7,8].

Ðèñóíîê  3 - Èçîáðàæåíèå èñõîäíîé ïîëóòîíîâîé 
ìàòðèöû (à), è  ðåçóëüòàò åå îáðàáîòêè  öèôðîâûì 

ñïîñîáîì (á)

Ðèñóíîê 4 - Èçîáðàæåíèå ïîëóòîíîâîé ìàòðèöû, 
ïîëó÷åííîå íåéðîííîé ñåòüþ ñ ëèíåéíîé (à), è 

ñèãìîèäàëüíîé  (á) ôóíêöèÿìè àêòèâàöèè

Èç ðèñ.3à è 3á âèäíî, ÷òî âñå òî÷êè ôîíà, íàõîäÿùèåñÿ
âíóòðè îäíîñâÿçíûõ êîíòóðîâ, óäàëåíû. Îñòàâëåíû ëèøü
òî÷êè, ïðèíàäëåæàùèå ãðàíèöàì ðàçäåëà îáúåêòîâ è
ôîíà. Îäíàêî âìåñòå ñ ýòèì èìåþò ìåñòî òàêèå
íåäîñòàòêè, êàê èñêóññòâåííîå ïîâûøåíèå óðîâíÿ øóìîâ
(íà 10-15%), çàìåòíîå óâåëè÷åíèå òîëùèíû çàìêíóòûõ è
îäèíî÷íûõ ëèíèé (íà 100%), ò.å. ïðîèñõîäèò èñêàæåíèå
èñõîäíîé ïîëóòîíîâîé ìàòðèöû.

Íà ðèñ.4à ïðèâåäåíû ðåçóëüòàòû îïðåäåëåíèÿ ãðàíèö
èñõîäíîé ïîëóòîíîâîé ìàòðèöû, ïîêàçàííîé íà ðèñ.3à,
îäíîñëîéíîé íåéðîííîé ñåòüþ, àíàëîãè÷íîé ïîêàçàííîé
íà ðèñ.2, áåç àêòèâàöèîííîãî áëîêà F.

ÿ) � )

ÿ) � )
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Èç ðèñ.4à âèäíî, ÷òî ïî ñðàâíåíèþ ñ öèôðîâûì àëãî-
ðèòìîì îïðåäåëåíèÿ ãðàíèö, íåéðîñåòåâîé óâåëè÷èâàåò
óðîâåíü çàøóìëåííîñòè âñåãî íà 3-5%.

Ïðè ýòîì òîëùèíà êîíòóðíûõ ëèíèé òàêæå óâåëè-
÷èâàåòñÿ (äî 100%).

Íà ðèñ.4á ïðåäñòàâëåíû ðåçóëüòàòû îáðàáîòêè èñõîä-
íîé ïîëóòîíîâîé ìàòðèöû íåéðîííîé ñåòüþ ñ ñèãìî-
èäàëüíîé àêòèâàöèîííîé ôóíêöèåé ïåðåäà÷è, ïîêàçàííîé
íà ðèñ.2.

Ñðàâíèâàÿ èñõîäíóþ ïîëóòîíîâóþ ìàòðèöó (ðèñ.3à) ñ
ïîëó÷åííîé íåëèíåéíîé íåéðîííîé ñåòüþ (ðèñ.4á), ìîæíî
ñäåëàòü âûâîä î òîì, ÷òî â äàííîì ñëó÷àå èìååò ìåñòî
óìåíüøåíèå îáùåãî óðîâíÿ çàøóìëåííîñòè èçîáðàæåíèÿ
(íà 5-10%), èñêàæåíèé â òîëùèíå êîíòóðíûõ ëèíèé íå
ïðîèñõîäèò. Ýòî îáúÿñíÿåòñÿ íåëèíåéíûì õàðàêòåðîì
íåéðîííûõ àêòèâàöèîííûõ ôóíêöèé.

Òàêèì îáðàçîì, ðåøåíèå çàäà÷è îïðåäåëåíèÿ ãðàíèö
îáúåêòîâ íà èçîáðàæåíèÿõ ñ èñïîëüçîâàíèåì íåëèíåéíîé
íåéðîííîé ñåòè ÿâëÿåòñÿ íàèáîëåå ïðåäïî÷òèòåëüíûì ïî
ñðàâíåíèþ ñ ëèíåéíîé ñåòüþ è öèôðîâîé  îáðàáîòêîé.

ÇÀÊËÞ×ÅÍÈÅ

Ïðåäñòàâëåííûå â ðàáîòå ðåçóëüòàòû ìîäåëèðîâàíèÿ
àëãîðèòìà âûäåëåíèÿ ãðàíèö îáúåêòîâ íà èçîáðàæåíèÿõ â
ïðèñóòñòâèè øóìîâ ñâèäåòåëüñòâóþò îá îáîñíîâàííîñòè
ïðèìåíåíèÿ íåéðîñåòåâîãî ïîäõîäà ê ïîäîáíûì çàäà÷àì è
ïðèíöèïèàëüíîé âîçìîæíîñòè çàìåíû òðàäèöèîííûõ
àëãîðèòìîâ îáðàáîòêè ñóùåñòâåííî áîëåå êà÷åñòâåííûìè -

íåéðîñåòåâûìè. Íåéðîííàÿ ñåòü äëÿ îïòèìàëüíîãî ðåøå-
íèÿ çàäà÷è âûäåëåíèÿ ãðàíèö ÿâëÿåòñÿ äîñòàòî÷íî ïðî-
ñòîé, èìååò îäèí ñëîé íåéðîíîâ, ó íåå îòñóòñòâóþò àëãî-
ðèòìû îáó÷åíèÿ è íàñòðîéêè âåñîâûõ êîýôôèöèåíòîâ.
Îäíàêî äàæå òàêàÿ íåéðîííàÿ ñåòü îáåñïå÷èâàåò íàìíîãî
áîëåå êà÷åñòâåííîå ðåøåíèå çàäà÷è âûäåëåíèÿ ãðàíèö
îáúåêòîâ ñ óìåíüøåíèåì óðîâíÿ øóìîâ.
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ÓÄÊ 007.52

ÀËÃÎÐÈÒÌÈ ÊËÀÑÒÅÐ-ÐÅÃÐÅÑIÉÍÎ¯ ÀÏÐÎÊÑÈÌÀÖI¯                      
ÒÀ ¯Õ ÍÅÉÐÎÌÅÐÅÆÅÂI IÍÒÅÐÏÐÅÒÀÖI¯

Ñ.Î.Ñóááîòií

Çàïðîïîíîâàíî àëãîðèòìè, ÿêi äîçâîëÿþòü áóäóâàòè ìîäå-
ëi êiëüêiñíèõ çàëåæíîñòåé çà òî÷êîâèìè äàíèìè, ùî âðàõî-
âóþòü òîïîëîãi÷íi òà ñòàòèñòè÷íi âëàñòèâîñòi äàíèõ.
Ðîçðîáëåíî íåéðîìåðåæåâi iíòåðïðåòàöi¿ çàïðîïîíîâàíèõ
àëãîðèòìiâ.

Ïðåäëîæåíû àëãîðèòìû, ïîçâîëÿþùèå ñòðîèòü ìîäåëè êî-
ëè÷åñòâåííûõ çàâèñèìîñòåé ïî òî÷å÷íûì äàííûì, ó÷èòûâàþ-
ùèå òîïîëîãè÷åñêèå è ñòàòèñòè÷åñêèå ñâîéñòâà äàííûõ.
Ðàçðàáîòàíû íåéðîñåòåâûå èíòåðïðåòàöèè ïðåäëîæåííûõ
àëãîðèòìîâ.

The algorithms for construction of models of quantitative
relations on a dot data are proposed. They includes topology
and statistic properties of a data. The neural network interpre-
tations of proposed algorithms are developed.

ÂÑÒÓÏ

Íåõàé çàäàíà íàâ÷àëüíà âèáiðêà åêçåìïëÿðiâ

, äå  - çíà÷åííÿ -î¿ îçíàêè -ãî

åêçåìïëÿðó,   - êiëüêiñòü åêçåìïëÿðiâ ó

íàâ÷àëüíié âèáiðöi. Êîæíîìó åêçåìïëÿðó íàâ÷àëüíî¿
âèáiðêè ñï³âñòàâëåíå çíà÷åííÿ ïðîãíîçîâàíîãî ïàðàìåòðó

. Òîäi çàëåæíiñòü  âiä  ìîæíà çàïèñàòè ó âèãëÿäi:

, äå  - äåÿêà ôóíêöiÿ, âèä ÿêî¿

çàäàºòüñÿ àëãîðèòìîì àïðîêñèìàöi¿ àáî êîðèñòóâà÷åì,  -

ìíîæèíà ïàðàìåòðiâ, ùî äîçâîëÿþòü íàëàãîäèòè
(íàâ÷èòè) ôóíêöiþ íà âèðiøåííÿ ïåâíî¿ àïðîêñèìàöiéíî¿

çàäà÷i,  - äåÿêà ïîìèëêà, ùî âèíèêàº çàâäÿêè

íåïîâíî¿ âiäïîâiäíîñòi âèäó àïðîêñèìóþ÷î¿ ôóíêöi¿ âèäó
ðåàëüíî iñíóþ÷î¿ çàëåæíîñòi òà ïîõèáêàì ó âèçíà÷åííi
çíà÷åíü ïàðàìåòðiâ àïðîêñèìóþ÷î¿ ôóíêöi¿. 

Äëÿ çíàõîäæåííÿ ïàðàìåòðiâ àïðîêñèìóþ÷î¿ ôóíêöi¿
ìîæíà âèêîðèñòîâóâàòè çàñîáè ðåãðåñiéíîãî àíàë³çó [1].
Ïðè âèêîðèñòàííi îäíîâèìiðíèõ ëiíiéíèõ ðåãðåñ³éíèõ
ìîäåëåé äëÿ àïðîêñèìàöi¿ áàãàòîâèìiðíèõ íåëiíiéíèõ
çàëåæíîñòåé, ÿê ïðàâèëî, íå âäàºòüñÿ çàáåçïå÷èòè áàæàíóx xj

s{ }= xj
s j s

s 1,2,...,S;= S

ys y x

y f w,x( ) Err+= f w,x( )
w

Err
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òî÷íiñòü ïðîãíîçóâàííÿ, àëå ïàðàìåòðè àïðîêñèìóþ÷î¿
ôóíêöi¿ ðîçðàõîâóþòüñÿ çà îäèí ïðîõiä ó íåiòåðàòèâíîìó
ðåæèìi. Ç iíøîãî áîêó, ó ïåâíèõ îáëàñòÿõ ó ïðîñòîði
îçíàê çíà÷åííÿ ïðîãíîçîâàíîãî ïàðàìåòðó ìîæå
âèçíà÷àòèñÿ â îñíîâíîìó ÿêîþñü îäíiºþ îçíàêîþ, ùî º
íàéáiëüø ñèëüíî êîðåëüîâàíîþ ç ïðîãíîçîâàíèì
ïàðàìåòðîì ó öié îáëàñòi.

Òîìó, óçàãàëüíþþ÷è ñêàçàíå âèùå, ìîæíà çàêëþ÷èòè,
ùî êóñî÷íî-ëiíiéíà ðåãðåñiÿ, ÿêà ïðåäñòàâëÿº ñîáîþ
ñèñòåìó ëiíiéíèõ îäíîâèìiðíèõ ðåãðåñiéíèõ ìîäåëåé,
ïîáóäîâàíèõ äëÿ êîæíî¿ îáëàñòi îêðåìî çà íàáiëüø
iíôîðìàòèâíîþ äëÿ äàíî¿ îáëàñòi îçíàêîþ, ìîæå
çàáåçïå÷èòè êðàùó àïðîêñèìàöiþ òà áiëüøó òî÷íiñòü, íiæ
ëiíiéíà ðåãðåñiéíà ìîäåëü äëÿ ÿêî¿ñü îäíiº¿ îçíàêè íà óñié
íàâ÷àëüíié âèáiðöi. Ïîáóäîâà êóñî÷íî-ðåãðåñiéíî¿ ìîäåëi
âèìàãàº âèäiëåííÿ îáëàñòåé êîìïàêòíî çãðóïîâàíèõ
åêçåìïëÿðiâ ó ïðîñòîði îçíàê ç áëèçüêèìè çíà÷åííÿìè
ïðîãíîçîâàíîãî ïàðàìåòðó - êëàñòåðiâ.

1 ÀËÃÎÐÈÒÌ ÊËÀÑÒÅÐ-ÐÅÃÐÅÑIÉÍÎ  ̄
ÀÏÐÎÊÑÈÌÀÖI¯

Àëãîðèòì ïîáóäîâè êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿
çàïèøåìî ó íàñòóïíîìó âèäi.

Êðîê 1. Iíiöiàëiçàöiÿ: çàäàòè íàâ÷àëüíó âèáiðêó
åêçåìïëÿðiâ  òà íàáið ñïiâñòàâëåíèõ ¿ì çíà÷åíü

ïðîãíîçîâàíîãî ïàðàìåòðó .

Êðîê 2. Íà îñíîâi åêçåìïëÿðiâ íàâ÷àëüíî¿ âèáiðêè

ñôîðìóâàòè êëàñòåðè , äå  - êiëü-

êiñòü ñôîðìîâàíèõ êëàñòåðiâ. Äëÿ âèäiëåííÿ êëàñòåðiâ
ïðîïîíóºòüñÿ âèêîðèñòîâóâàòè îïèñàíèé íèæ÷å àëãîðèòì
ôîðìóâàííÿ êëàñòåðiâ.

Êðîê 3. Ðîçäiëèòè åêçåìïëÿðè íàâ÷àëüíî¿ âèáiðêè íà
ãðóïè, ùî âiäïîâiäàþòü êîæíîìó êëàñòåðó çà ìiíiìóìîì
âiäñòàíi âiä åêçåìïëÿðó äî öåíòðó êëàñòåðà ó ïðîñòîði
îçíàê.

Êðîê 4. Äëÿ åêçåìïëÿðiâ êîæíî¿ ãðóïè çíàéòè çíà÷åííÿ
êîåôiöiºíòiâ êîðåëÿöi¿ ¿õíiõ îçíàê òà çíà÷åíü
ïðîãíîçîâàíîãî ïàðàìåòðó:

,

äå  - êiëüêiñòü îçíàê,  - êiëüêiñòü åêçåìïëÿðiâ, ùî

âiäíîñÿòüñÿ äî -ãî êëàñòåðó.

Êðîê 5. Äëÿ êîæíî¿ ãðóïè åêçåìïëÿðiâ çíàéòè íîìåð
îçíàêè, ìîäóëü êîåôiöiºíòó êîðåëÿöi¿ êîòðîãî ç
ïðîãíîçîâàíèì ïàðàìåòðîì º íàéáiëüøèì:

.

Êðîê 6. Äëÿ êîæíî¿ ãðóïè åêçåìïëÿðiâ îöiíèòè
çíà÷åííÿ ïàðàìåòðiâ ðiâíÿííÿ ëiíiéíî¿ ðåãðåñi¿ äëÿ

ïðîãíîçîâàíîãî ïàðàìåòðó çà îçíàêîþ .
ßêùî ðiâíÿííÿ ëiíiéíî¿ ðåãðåñi¿ ïðîãíîçîâàíîãî ïàðà-

ìåòðó çà îçíàêîþ   äëÿ åêçåìïëÿðiâ -ãî êëàñòåðó ìàº

âèä: , òîäi çíà÷åííÿ êîåôiöiºíòiâ  òà

 ìîæóòü áóòè çíàéäåíi çà äîïîìîãîþ ôîðìóë [2]:

,

,

,

,

,

.

Àëãîðèòì ðîçðàõóíêó çíà÷åííÿ ïðîãíîçîâàíîãî
ïàðàìåòðó íà îñíîâi êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿
çàïèøåìî ó íàñòóïíîìó âèãëÿäi.

Êðîê 1. Iíiö³àëiçàöiÿ: Çàäàòè âèáiðêó åêçåìïëÿðiâ, äëÿ

êîòðèõ çäiéñíþºòüñÿ ïðîãíîçóâàííÿ . Çàäàòè

êiëüêiñòü êëàñòåðiâ  òà êîîðäèíàòè ¿õíiõ öåíòðiâ

. Äëÿ êîæíîãî êëàñòåðó çàäàòè íîìåð îçíàêè

 òà çíà÷åííÿ ïàðàìåòðiâ ðiâíÿííÿ ðåãðåñi¿  òà . 

Êðîê 2. Äëÿ êîæíîãî åêçåìïëÿðó âèçíà÷èòè âiäñòàíi
âiä åêçåìïëÿðó äî öåíòðiâ óñiõ êëàñòåðiâ 

.

Êðîê 3. Äëÿ êîæíîãî åêçåìïëÿðó çíàéòè:

. 

Êðîê 4. Çíà÷åííÿ ïðîãíîçîâàíîãî ïàðàìåòðó äëÿ

êîæíîãî -ãî åêçåìïëÿðó âèçíà÷èòè çà ôîðìóëîþ:

.

x

y

Cq, q 1,2,...,Q= Q

rq xj,y( )

xj
s 1

Sq
----- xj

s

s 1=

S

�–
� �
� �
� �
� �

ys 1
Sq
----- ys

s 1=

S

�–
� �
� �
� �
� �

s 1=

S

�

xj
s 1

Sq
----- xj

s

s 1=

S

�–
� �
� �
� �
� � 2

ys 1
Sq
----- ys

s 1=

S

�–
� �
� �
� �
� � 2

s 1=

S

�

---------------------------------------------------------------------------------------------- xs C q,∈,=

j 1,2,...,N=

N Sq

q

gq arg
j

max rq xj y,( ) ,q 1,2,...,Q; j 1,2,...,N===

gq

x
gq q

yq b
q0 x

gq bq1+= bq0

bq1

bq0 a1
q a2

qa3
q–

� �
� �
� �

/ a4
q a3

qa3
q–

� �
� �
� �

=

bq1 a4
qa2

q a3
qa1

q–
� �
� �
� �

/ a4
q a3

qa3
q–

� �
� �
� �

=

a1
q 1

Sq
----- ysxgq

s ,xs C q∈
s 1=

S

�=

a2
q 1

Sq
----- ys,xs Cq∈

s 1=

S

�=

a3
q 1

Sq
----- x

gq
s ,xs C q∈

s 1=

S

�=

a4
q 1

Sq
----- x

gq
s( )2,xs Cq∈

s 1=

S

�=

x xj
s{ }=

Q

C Cj
q{ }=

gq bq0 bq1

R xs Cp,( ), s 1,...,S; p 1,...1,Q==

q arg
p

minR xs Cp,( ), s 1,...,S; p 1,...,Q===

s

ys yq
s bq0xgq

s bq1, s 1,...,= S+= =



116

²ÍÔÎÐÌÀÒÈÊÀ

ISSN 1607-3274 “Ðàä³îåëåêòðîí³êà. ²íôîðìàòèêà. Óïðàâë³ííÿ”  ¹ 1, 2003

2 ÀËÃÎÐÈÒÌ ÔÎÐÌÓÂÀÍÍß ÊËÀÑÒÅÐIÂ

Äëÿ ôîðìóâàííÿ êëàñòåðiâ (êîìïàêòíèõ îáëàñòåé
ãðóïóâàííÿ åêçåìïëÿðiâ ó ïðîñòîði îçíàê) ïðîïîíóºòüñÿ
âèêîðèñòîâóâàòè íàñòóïíèé àëãîðèòì [3].

Êðîê 1. Iíiöiàëiçàöiÿ ïàðàìåòðiâ àëãîðèòìó ïîáóäîâè
íàâ÷àëüíî¿ âèáiðêè. Çàäàòè âèõiäíó âèáiðêó åêçåìïëÿðiâ

 òà ñïiâñòàâëåíi ¿ì íîìåðè êëàñiâ àáî çíà÷åííÿ

ïðîãíîçîâàíîãî ïàðàìåòðó , à òàêîæ  - êiëüêiñòü

ðàçáèòòiâ âèõiäíî¿ âèáiðêè. Çàíåñòè ó çìiííó  êiëüêiñòü

îçíàê, ùî õàðàêòåðèçóþòü åêçåìïëÿðè, à ó çìiííó  -

êiëüêiñòü åêçåìïëÿðiâ âèõiäíî¿ âèáiðêè. Ïðèéíÿòè øèðèíó
äîïóñòèìîãî iíòåðâàëó âàðiàöi¿ ïðîãíîçîâàíîãî ïàðàìåòðó:

,

äå  òà  - ìiíiìàëüíå òà ìàêñèìàëüíå

çíà÷åííÿ âåêòîðó , âiäïîâiäíî. Óñòàíîâèòè ë³÷èëüíèê

.

Êðîê 2. Îá÷èñëèòè âiäñòàíi ìiæ åêçåìïëÿðàìè âèõiäíî¿
âèáiðêè:

,

äå  - ìàêñèìàëüíî ÷èñëî, ùî ìîæå áóòè

ïðåäñòàâëåíå ó ,  - çíà÷åííÿ -î¿ îçíàêè -ãî

åêçåìïëÿðó.

Êðîê 3. Çíàéòè ó ìàòðèöi âiäñòàíåé  ìiíiìàëüíèé

åëåìåíò  òà éîãî iíäåêñè  òà , à òàêîæ

ìàêñèìàëüíèé åëåìåíò , çà óìîâè, ùî ïðè

çíàõîäæåííi ì³í³ìóìó é ìàêñèìóìó òóò i äàëi iãíîðóþòüñÿ

åëåìåíòè, ÿêi äîðiâíþþòü .

Êðîê 4. Ïðèéíÿòè  .

Êðîê 5. ßêùî , òîäi ïåðåéòè íà êðîê

6, ó ïðîòèâíîìó âèïàäêó - ïåðåéòè íà êðîê 13.
Êðîê 6. Ïðèéíÿòè:

 ,

äå  òà  - ìàñèâè åòàëîííèõ åêçåìïëÿðiâ êëàñòåðiâ òà
ñïiâñòàâëåíèõ íèì ïðîãíîçîâàíèõ çíà÷åíü, âiäïîâiäíî.

Óñòàíîâèòè: , çíà÷åííÿ òåêó÷îãî

ìiíiìàëüíîãî åëåìåíòó ó ðÿäêó . Çàéòè

ìiíiìàëüíèé åëåìåíò  òà éîãî iíäåêñè  òà

 ñåðåä åëåìåíòiâ -ãî ðÿäêó ìàòðèöi .

Êðîê 7. ßêùî , òîäi ïåðåéòè íà êðîê

8, ó ïðîòèëåæíîìó âèïàäêó - ïåðåéòè íà êðîê 11.
Êðîê 8. Óñòàíîâèòè çíà÷åííÿ ïîêàæ÷èêà âèäàëåíîãî

åêçåìïëÿðó iç ñòîâïöÿ  (ó ìàòðèöi  íóìå-

ðàöiÿ ðÿäê³â òà ñòîâïöiâ ïîâèííà íà÷èíàòèñÿ ç 1).

Êðîê 9. ßêùî , òîäi ïåðåéòè

íà êðîê 10, iíàêøå  ïðèéíÿòè: ,

, òà

ïåðåéòè íà êðîê 11.

Êðîê 10. ßêùî | òîäi

ïðèéíÿòè:

, 

, ó ïðîòèâíîìó âèïàäêó - ïðèéíÿòè: 

,

,

,

,

,

.

Êðîê 11. Çíàéòè ìiíiìàëüíèé åëåìåíò  òà éîãî

iíäåêñè  òà  ñåðåä åëåìåíòiâ -ãî ðÿäêó

ìàòðèöi . 

Êðîê 12. Ïåðåéòè íà êðîê 7.

Êðîê 13. Ïðèéíÿòè: ,

, , ïîêàæ÷èê âèäàëåíîãî

åêçåìïëÿðó iç ðÿäêó . Çíàéòè ó ìàòðèöi

âiäñòàíåé  ìiíiìàëüíèé åëåìåíò   òà éîãî iíäåêñè 

òà . 

Êðîê 14. Ïåðåéòè íà êðîê 5.

Êðîê 15. ßêùî  òà , òîäi

ïðèéíÿòè: 

.

Êðîê 16. Çóïèíåííÿ.
Ó ðåçóëüòàòi âèêîíàííÿ öüîãî àëãîðèòìó äëÿ âèõiäíî¿

âèáiðêè  òà ñïiâñòàâëåíîãî ¿é íàáîðó çíà÷åíü .

ìè îòðèìàºìî ìíîæèíó åòàëîííèõ åêçåìïëÿðiâ êîæíîãî

êëàñòåðó  òà ñïiâñòàâëåíèé íèì íàá³ð çíà÷åíü . Ïiñëÿ

öüîãî íåîáõiäíî çäiéñíèòè ðîçäiëåííÿ íà êëàñòåðè äëÿ

âñiõ åêçåìïëÿðiâ âèõiäíî¿ âèáiðêè çà  ìiíiìóìîì

áëèçüêîñòi äî åòàëîííèõ åêçåìïëÿð³â êëàñòåðó, à ïîòiì
äëÿ êîæíîãî êëàñòåðó ïðèéíÿòè êîîðäèíàòè öåíòðó
êëàñòåðó ðiâíèìè:

xâèõ

yâèõ L

N

S

dy max(yâèõ ) min(yâèõ )– /L=

min(a ) max(a )
a

newind 1=

R p q,( )
xj

p xj
q–( )

j 1=

N

�
2
,p q;≠

RealMax, p q,=�
�
�
�
�
�
�

=

 s 1,...,S; p 1,...,Q==

RealMax

EOM xj
p j p

R

minx q p

maxx

RealMax

a maxx minx– / 2L( )=

minx RealMax<

C newind( ) xâèõ q( ),y∗ newind( ) yâèõ q( )==

C y∗

newind newind 1+=

yteck=R q p,( )
mminx mqmin

mpmin q R

mminx<Realmax

deleted = 0 R

yteck=R q mpmin,( ) a≤
deleted = mpmin

R q mpmin,( ) Realmax, R mpmin,q( ) Realmax= =

yâèõ mpmin( ) yâèõ q( )– dy≤

R v mpmin,( ) realmax= R mpmin v,( ) realmax=

v 1,...,M=

C newind( ) xâèõ mpmin( )=

y∗ newind( ) yâèõ mpmin( )=

newind newind 1+=

R v mpmin,( ) Realmax=

R mpmin v,( ) Realmax=

v 1,...,S=

mminx

mqmin mpmin q

R

R v q,( ) Realmax=

R q v,( ) Realmax= v 1,...,S=

dstr q=

R minx q

p

deleted dstr≠( ) deleted 0>( )

C newind( ) xâèõ deleted( ),y∗ deleted( ) yâèõ deleted( )==

xâèõ yâèõ

C y∗

M
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;

äå  - êiëüêiñòü åêçåìïëÿðiâ âèõiäíî¿ âèáiðêè, ùî

íàëåæàòü äî -ãî êëàñòåðó,  - êiëüêiñòü ñôîðìîâàíèõ

êëàñòåðiâ.
Ïiñëÿ ôîðìóâàííÿ êëàñòåðiâ àëãîðèòì êëàñòåð-ðåãðå-

ñiéíî¿ àïðîêñèìàöi¿ ìîæíà âèêîðèñòîâóâàòè äëÿ ñèíòåçó
òà íàëàãîäæóâàííÿ âàãîâèõ êîåôiöiºíòiâ ï'ÿòèøàðîâî¿
ÍÌ.

3 ÍÅÉÐÎÌÅÐÅÆÅÂÀ IÍÒÅÐÏÐÅÒÀÖIß 
ÀËÃÎÐÈÒÌÓ ÎÄÍÎÂÈÌIÐÍÎ  ̄ËIÍIÉÍÎ  ̄
ÊËÀÑÒÅÐ-ÐÅÃÐÅÑIÉÍÎ  ̄ÀÏÐÎÊÑÈÌÀÖI¯

ßêùî ñôîðìîâàíî  êëàñòåðiâ, òîäi äèñêðèìiíàíòíi

ôóíêöi¿ íåéðîíiâ ìåðåæi áóäóòü çàäàâàòèñÿ ôîðìóëàìè:

 ;

 ;

 ;

;

;

;

äå   - äèñêðèì³íàíòíà ôóíêöiÿ -ãî íåéðîíó  -ãî

øàðó.
Ôóíêöi¿ àêòèâàöi¿ íåéðîíiâ áóäóòü âèçíà÷àòèñÿ

âèðàçàìè:

;

.

Ñõåìà ÍÌ, ñèíòåçîâàíî¿ òà íàâ÷åíî¿ íà îñíîâi
çàïðîïîíîâàíîãî àëãîðèòìó, çîáðàæåíà íà ðèñ. 1. Âàãîâèé
êîåôiöiºíò -ãî âõîäó -ãî íåéðîíó  -ãî øàðó ìåðåæi
áóäå ðîçðàõîâóâàòèñÿ çà ôîðìóëîþ:

Ðèñóíîê 1 - Ñõåìà ÍÌ, ñèíòåçîâàíî¿ íà îñíîâi àëãîðèòìó êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿ (âèïàäîê ëiíiéíî¿ 
îäíîâèìiðíî¿ ðåãðåñ³¿)

Cj
q 1

Sq
----- xj

s,xs Cq  q 1,...,Q; j 1,...,N==,∈
s 1=

S

�=

S q

q Q

Q

ϕ 1 i( , ) x w( , ) wjxj w0,i 1,2,...,Q=+

j 1=

N

�=

ϕ 1 i( , ) x w( , ) xj wj–( )2 i Q+1,Q+2,...,2Q=,
j 1=

N

�=

ϕ 2 i( , ) x w( , ) wjxj w0,i 1,2,...,Q2=+

j 1=

2

�=

ϕ 3 i( , ) x w( , ) wjxj w0,i 1,2,...,Q=+

j 1=

Q

�=

ϕ 4 i( , ) x w( , ) wjxj,i 1,2,...,Q=

j 1=

2

∏=

ϕ 5 i( , ) x w( , ) wjxj w0,i 1=+

j 1=

2

�=

ϕ µ i( , ) i µ

ψ µ( ) α( )
0 α 0,≤,

µ 2 3,=
1 α 0;>,
�
�
�
�
�

=

ψ µ( ) α( ) α,µ 1,4,5= =

j i µ

wj
µ i,( )

0 µ, 5 i, 1 j, 0;= = =

1 µ, 5 i, 1 j 0;>,= =

1 µ, 4 i j,∀, 0;= =

1 Q– µ, 3 i, 1 j, 0;= = =

1 µ, 3 i, 1 j, 0;= = =

0 µ, 2 i j,∀, 0;= =

1 µ, 2 i j,∀, 2;= =

1– µ, 2 i j,∀, 1;= =

bq0 µ, 1 i, q j, gq q 1,...,Q;=,= = =

bq1 µ, 1 i, q j, 0 q 1,...,Q;=,= = =

0 µ, 1 i, q 0 j gq≠> q 1,...,Q;=, ,= =

Cj
q µ, 1 i, Q 1 Q 2,...,2Q+,+ j 1 ...,N.,=,= =�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

=
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Ðîçãëÿíóòèé àëãîðèòì äîçâîëÿº äîñÿãíóòè ñóòòºâî
áiëüøî¿ òî÷íîñòi, íiæ ìåòîä ëiíiéíî¿ îäíîâèìiðíî¿
ðåãðåñi¿, ïðîòå âií ìàº òàêó æ ïðîñòîòó òà åôåêòèâíiñòü
îá÷èñëþâàëüíèõ ïðîöåäóð.

ÍÌ, ùî îòðèìóºòüñÿ ó ðåçóëüòàòi ñèíòåçó é íàâ÷àííÿ
íà îñíîâi ðîçãëÿíóòîãî àëãîðèòìó, º ëîãi÷íî ïðîçîðîþ òà
ëåãêî ïåðåòâîðþºòüñÿ ó äåðåâî ðiøàþ÷èõ ïðàâèë "ßêùî -
òî", ùî äîçâîëÿº âèêîðèñòîâóâàòè ¿¿ äëÿ âèäîáóâàííÿ
çíàíü ç äàíèõ. Òî÷íiñòü êëàñèôiêàöi¿ òà øâèäêiñòü íàâ÷à-
ííÿ ÍÌ, ñôîðìîâàíî¿ íà îñíîâi çàïðîïîíîâàíîãî àëãî-
ðèòìó, º äîñòàòíiìè äëÿ áàãàòüîõ ïðèêëàäíèõ çàäà÷ äiàã-
íîñòèêè òà ïðîãíîçóâàííÿ. 

4 ÀËÃÎÐÈÒÌ ÁÀÃÀÒÎÂÈÌIÐÍÎ  ̄ËIÍIÉÍÎ  ̄
ÊËÀÑÒÅÐ-ÐÅÃÐÅÑIÉÍÎ  ̄ÀÏÐÎÊÑÈÌÀÖI¯

Ó âèïàäêó, êîëè çàïðîïîíîâàíèé àëãîðèòì îäíîâè-
ìiðíî¿ ëiíiéíî¿ êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿ íå äîçâî-
ëÿº îòðèìàòè ìîäåëü çàëåæíîñòi ïðîãíîçîâàíîãî ïàðà-
ìåòðó âiä íàáîðó îçíàê iç çàäàíîþ òî÷íiñòþ, òîäi êðîêè 5
òà 6 àëãîðèòìó ïîáóäîâè êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿
ìîæíà çàìiíèòè íà íàñòóïíi.

Êðîê 5. Äëÿ êîæíîãî -ãî êëàñòåðó óñi îçíàêè

åêçåìïëÿðiâ, äëÿ ÿêèõ , äå  - çàäàíèé ïî-

ðîã, , âèëó÷èòè iç íàáîðó îçíàê åêçåìïëÿðiâ, ùî
íàëåæàòü äî -ãî êëàñòåðó.

Êðîê 6. Äëÿ êîæíîãî -ãî êëàñòåðó îöiíèòè ïàðàìåòðè

áàãàòîâèìiðíî¿ ëiíiéíî¿ ðåãðåñi¿ ïðîãíîçîâàíîãî ïàðà-
ìåòðó:

,

,

äå  - êiëüêiñòü îçíàê åêçåìïëÿðiâ -ãî êëàñòåðó, äëÿ

ÿêèõ .

Ðîçãëÿíåìî áàãàòîâèì³ðíèé âèïàäîê ë³í³éíî¿ ðåãðåñ³é-
íî¿ ìîäåë³ [4].

Íåõàé - ìàòðèöÿ  çíà÷åíü, ùî

ñïîñòåð³ãàþòüñÿ,  çì³ííèõ ,

 - âåêòîð çíà÷åíü ïîÿñíþâàëüíî¿

çì³ííî¿, ùî ñïîñòåð³ãàþòüñÿ, äå  - ñèìâîë òðàíñïîíóâà-

ííÿ, òîä³ çàãàëüíà ë³í³éíà ðåãðåñ³éíà ìîäåëü ìîæå áóòè
ïðåäñòàâëåíà â ñòàíäàðòíîìó âèãëÿä³ òàê:

  àáî ,

äå  òà  - âåêòîð

êîíñòàíò òà âåêòîð ÷ëåí³â ïîìèëêè (çàëèøê³â),
â³äïîâ³äíî.

Îö³íêîþ íàéìåíøèõ êâàäðàò³â º òàêèé âåêòîð ïàðà-

ìåòð³â , ùî ì³í³ì³çóº ñóìó êâàäðàò³â ðåãðåñ³éíèõ çàëè-

øê³â :

. 

Âèõîäÿ÷è ç óìîâè ì³í³ì³çàö³¿ ñóìè êâàäðàò³â ðåãðå-
ñ³éíèõ çàëèøê³â:

 , 

äå , îäåðæóºìî ñèñòåìó íîðìàëüíèõ

ð³âíÿíü:

 ,

çâ³äêè , äå  - ìàòðèöÿ, çâîðîòíà

ìàòðèö³ , ùî çà ïðèïóùåííÿì ³ñíóº.

Äëÿ çíàõîäæåííÿ çâîðîòíî¿ ìàòðèö³ ðåêîìåíäóºòüñÿ
âèêîðèñòîâóâàòè óçàãàëüíåíèé ìåòîä âèêëþ÷åííÿ ç
âèáîðîì âåäó÷îãî åëåìåíòà ìàòðèö³, çàñíîâàíèé íà
âèêîðèñòàíí³ ³òåðàòèâíî¿ ôîðìóëè Áåí-²çðàåëÿ [4].

Óçàãàëüíåíîþ çâîðîòíîþ ìàòðèöåþ  äëÿ äîâ³ëüíî¿

ìàòðèö³  ðîçì³ðó  íàçèâàºòüñÿ ìàòðèöÿ, ùî

çàäîâîëüíÿº íàñòóïíèì óìîâàì:

,

,

,

.

Òåîðåìà Ïåíðîóçà ãîâîðèòü, ùî äëÿ áóäü-ÿêî¿ ìàòðèö³
³ñíóº ìàòðèöÿ, ùî çàäîâîëüíÿº âñ³ì öèì óìîâàì ³ ïðèòîìó
ºäèíà.

Íåõàé  - ìàêñèìàëüíå õàðàêòåðèñòè÷íå çíà÷åííÿ

ìàòðèö³ . Òîä³ ïîêëàäåìî . ßêùî

ïîçíà÷èòè ÷åðåç  -e íàáëèæåííÿ, íàéáëèæ÷å äî

óçàãàëüíåíî¿ çâîðîòíî¿ ìàòðèö³  äëÿ ìàòðèö³ , òî ìè

çìîæåìî îäåðæàòè  ç ðåêóðåíòíîãî ñï³ââ³äíîøåííÿ:

 . (9)

Òàêèì ÷èíîì, .

Ìàêñèìàëüíå õàðàêòåðèñòè÷íå çíà÷åííÿ  ìîæíà

çíàéòè çà äîïîìîãîþ íàñòóïíîãî àëãîðèòìó.

q

r xj y,( ) P< P

0 P 1< <
q

q

ys bqjxj
s xj

s Cq∈,
j 1=

mq

�=

b xT x( , ) 1– xTy=

mq q

r xj y( , ) P<

x

x11 x12 ... x1m

x21 x22 ... x2m

: :.. ... ..:
xp1 xp2 ... xpm

= p

m x1 x2 ...,xm, ,

y y1 y2 ... yp, , ,( )T=

T

i bjxij u,i 1,2,...,p=+

j 1=

m

�= y xb u+=

b b1 b2 ... bm, , ,( )T= u u1 u2 ... up, , ,( )T=

b

E

E uTu y xb–( )T y xb–( )= =

∂E
∂bi
------- 0=

i 1,2,...,m=

∂E
∂bi
------- 2 xTy xTxb–( )– 0= =

b xTx( ) 1– xTy= xTx( ) 1–

xTx

A+

A m n×( )

AA+A A=

A+AA+ A+=

AA+ AA+( )T=

A+A A+A( )T=

λ∗

AAT α 2
λ∗
---------0 8,=

A+
t( ) t

A+ A

A+

A+
0( ) αA;A+

t 1+( ) A+
t( ) 21 AA+

t( )–( )= =

A+
t( )

t ∞→
lim A+=
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Êðîê 1. ²í³ö³àë³çàö³ÿ. Óñòàíîâèòè: , ,

. Çàäàòè çíà÷åííÿ êðèòåð³þ çá³æíîñò³ .

Êðîê 2. Îá÷èñëèòè , .

Êðîê 3. ßêùî , òî ïåðåéòè íà êðîê 4, ³íàêøå

ïåðåéòè íà êðîê 6.

Êðîê 4. ßêùî , òî , ³íàêøå .
Êðîê 5. Ïåðåéòè íà êðîê 3.

Êðîê 6. Îá÷èñëèòè , , òà

óñòàíîâèòè .

Êðîê 7. Ïåðåâ³ðêà çá³æíîñò³: ßêùî , òî

ïåðåéòè íà êðîê 2, ³íàêøå - çóïèíåííÿ.

Íà îñíîâi ðîçðàõîâàíèõ  âèçíà÷èòè êîåôiöiºíòè äëÿ

óñüîãî âèõiäíîãî íàáîðó îçíàê åêçåìïëÿðiâ -ãî êëàñòåðó:

äå  - íîìåð îçíàêè ç íàáîðó îçíàê, ùî âðàõîâóâàëèñÿ

ïðè âèçíà÷åííi ïàðàìåòðiâ áàãàòîâèìiðíî¿ ðåãðåñi¿ äëÿ -

ãî êëàñòåðó, ÿêà âiäïîâiäàº -é îçíàöi iç âèõiäíîãî íàáîðó

îçíàê.
Àëãîðèòì ðîçðàõóíêó çíà÷åííÿ ïðîãíîçîâàíîãî

ïàðàìåòðó íà îñíîâi êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿ äëÿ
âèïàäêó áàãàòîâèìiðíî¿ ëiíiéíî¿ ðåãðåñi¿ çàïèøåìî ó
íàñòóïíîìó âèãëÿäi.

Êðîê 1. Iíiö³àë³çàö³ÿ: Çàäàòè âèáiðêó åêçåìïëÿðiâ äëÿ

êîòðèõ çäiéñíþºòüñÿ ïðîãíîçóâàííÿ . Çàäàòè

êiëüêiñòü êëàñòåðiâ  òà êîîðäèíàòè ¿õíiõ öåíòðiâ

. Äëÿ êîæíîãî êëàñòåðó çàäàòè çíà÷åííÿ ïàðà-

ìåòðiâ áàãàòîâèìiðíî¿ ëiíiéíî¿ ðåãðåñi¿ . 

Êðîê 2. Äëÿ êîæíîãî åêçåìïëÿðó âèçíà÷èòè âiäñòàíi

âiä åêçåìïëÿðó äî öåíòðiâ óñiõ êëàñòåðiâ 

.

Êðîê 3. Äëÿ êîæíîãî åêçåìïëÿðó çíàéòè:

  .

Êðîê 4. Çíà÷åííÿ ïðîãíîçîâàíîãî ïàðàìåòðó äëÿ

êîæíîãî -ãî åêçåìïëÿðó âèçíà÷èòè çà ôîðìóëîþ:

.

Ðîçãëÿíóòèé àëãîðèòì êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿
äëÿ âèïàäêó áàãàòîâèìiðíî¿ ëiíiéíî¿ ðåãðåñi¿ ìîæíà
âèêîðèñòîâóâàòè äëÿ ñèíòåçó òà íàëàãîäæóâàííÿ âàãîâèõ
êîåôiöiºíòiâ ï'ÿòèøàðîâî¿ ÍÌ.

ßêùî ñôîðìîâàíî  êëàñòåðiâ, òîäi äèñêðèìiíàíòíi

ôóíêöi¿ íåéðîíiâ ìåðåæi áóäóòü çàäàâàòèñÿ ôîðìóëàìè:

; 

 ;

 ;

;

;

;

äå   - äèñêðèìiíàíòíà ôóíêöiÿ -ãî íåéðîíó -ãî

øàðó.
Ôóíêöi¿ àêòèâàöi¿ íåéðîíiâ áóäóòü âèçíà÷àòèñÿ âèðà-

çàìè:

;

.

Âàãîâèé êîåôiöiºíò -ãî âõîäó -ãî íåéðîíó  -ãî øà-

ðó ìåðåæi áóäå ðîçðàõîâóâàòèñÿ çà ôîðìóëîþ:

Ñõåìà ÍÌ, ñèíòåçîâàíî¿ òà íàâ÷åíî¿ íà îñíîâi çàïðîïî-
íîâàíîãî àëãîðèòìó, çîáðàæåíà íà ðèñ. 2.

Çàïðîïîíîâàíèé àëãîðèòì äîçâîëÿº äîñÿãíóòè áiëüøî¿
òî÷íîñòi, íiæ ìåòîäè ëiíiéíî¿ ðåãðåñi¿, ïðîòå âií ìàº
äîñòàòíüî âèñîêó åôåêòèâíiñòü òà ïðîñòîòó îá÷èñëþâàëü-
íèõ ïðîöåäóð.

k 1= zi 1=

i 1,2,...,m= ξ

yi AijAid

d 1=

n

�
j 1=

m

�= i 1,2,...,m=

yk 0=

k m< k k 1+= k 1=

zi

yi

yk
-----= i 1,2,...,m=

λ∗ yk=

λ∗
yk
------ 1– ξ>

bqj

q

βqj

0, ÿêùî r xj y( , ) P;<

bqk, ó ïðîòèëåæíîìó âèïàäêó;�
�
�

=

k

q

j

x xj
s{ }=

Q

C Cj
q{ }=

βqj

R xs Cp,( ),
s 1,...,S;p 1,...,Q==

q arg
p

minR xs Cp,( ), s 1,...,S; p 1,...,Q===

s

ys βqjxj
s xj

s Cq,s 1,...,S=∈,
j 1=

N

�=

Q

ϕ 1 i( , ) x w( , ) wjxj w0,i 1,2,...,Q=+
j 1=

N

�=

ϕ 1 i( , ) x w( , ) xj wj–( )2 i Q+1,Q+2,...,2Q=,
j 1=

N

�=

ϕ 2 i( , ) x w( , ) wjxj w0,i 1,2,...,Q2=+
j 1=

2

�=

ϕ 3 i( , ) x w( , ) wjxj w0,i 1,2,...,Q=+

j 1=

Q

�=

ϕ 4 i( , ) x w( , ) wjxj,i 1,2,...,Q=

j 1=

2

∏=

ϕ 5 i( , ) x w( , ) wjxj w0,i 1=+

j 1=

2

�=

ϕ µ i( , ) i µ

ψ µ( ) α( )
0 α 0,≤,

µ 2 3,=
1 α 0;>,
�
�
�
�
�

=

ψ µ( ) α( ) α,µ 1,4,5= =

j i µ

wj
µ i,( )

0 µ, 5 i, 1 j, 0;= = =

1 µ, 5 i, 1 j 0;>,= =

1 µ, 4 i j,∀, 0;= =

1 Q– µ, 3 i, 1 j, 0;= = =

1 µ, 3 i, 1 j, 0;= = =

0 µ, 2 i j,∀, 0;= =

1 µ, 2 i j,∀, 2;= =

1– µ, 2 i j,∀, 1;= =

βi j µ, 1,i=1,...,Q,j=1,...,N;=

0 µ, 1 i, q 0 j gq≠> q 1,...,Q;=, ,= =

Cj
q µ, 1 i, Q 1 Q 2,...,2Q+,+ j 1...,N.,=,= =�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

=
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Ðèñóíîê 2 - Ñõåìà ÍÌ, ñèíòåçîâàíî¿ íà îñíîâi àëãîðèòìó êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿ (âèïàäîê ëiíiéíî¿ 
áàãàòîâèìiðíî¿ ðåãðåñi¿)

5 ÀËÃÎÐÈÒÌ ÁÀÃÀÒÎÂÈÌIÐÍÎ  ̄ÍÅËIÍIÉÍÎ  ̄
ÊËÀÑÒÅÐ-ÐÅÃÐÅÑIÉÍÎ  ̄ÀÏÐÎÊÑÈÌÀÖI¯

Ó âèïàäêó, êîëè àëãîðèòì êëàñòåð-ðåãðåñiéíî¿
àïðîêñèìàöi¿ äëÿ âèïàäêó áàãàòîâèìiðíî¿ ëiíiéíî¿ ðåãðåñi¿
íå äîçâîëÿº îòðèìàòè ìîäåëü çàëåæíîñòi ïðîãíîçîâàíîãî
ïàðàìåòðó âiä íàáîðó îçíàê iç çàäàíîþ òî÷íiñòþ, òîäi
êðîêè 5 òà 6 àëãîðèòìó ïîáóäîâè êëàñòåð-ðåãðåñiéíî¿
àïðîêñèìàöi¿ ìîæíà çàìiíèòè íà íàñòóïíèé êðîê.

Êðîê 5. Äëÿ êîæíîãî -ãî êëàñòåðó îöiíèòè ïàðàìåòðè

áàãàòîâèìiðíî¿ íåëiíiéíî¿ ðåãðåñi¿ ïðîãíîçîâàíîãî ïàðà-
ìåòðó:

,

äå  - âàãîâèé êîåôiöiºíò -î¿ îçíàêè äëÿ áà-

ãàòîâèìiðíî¿ íåëiíiéíî¿ ðåãðåñi¿ ïðîãíîçîâàíîãî ïàðàìåò-

ðó ó -ìó êëàñòåði.

Ó òèõ âèïàäêàõ, êîëè ð³âíÿííÿ ðåãðåñ³¿ º íåë³í³éíèì
ùîäî îö³íþâàíèõ ïàðàìåòð³â, âèêîðèñòîâóºòüñÿ
íåë³í³éíèé ìåòîä íàéìåíøèõ êâàäðàò³â [4]. 

Íåõàé  - çì³ííà, ùî ïîÿñíþºòüñÿ;  - íà-

á³ð ¿¿ ñïîñòåðåæåíü;  - çì³íí³, ùî ïîÿñíþþòü,

-òå ñïîñòåðåæåííÿ çà ÿêèìè ÿâëÿº ñîáîþ âåêòîð:

. 

Íåîáõ³äíî çì³ííó, ùî ïîÿñíþºòüñÿ,  âèðàçèòè ÷åðåç

 çà äîïîìîãîþ ôóíêö³¿ , âèãëÿä ÿêî¿ â³äî-

ìèé, îäíàê íåâ³äîì³ äåÿê³ ¿¿ ïàðàìåòðè :

,

äå  - â³äõèëåííÿ. Ïîïåðåäí³é âèðàç ìîæíà çàïèñàòè á³-

ëüø êîìïàêòíî, ÿê , ,

çàëèøèâøè ëèøå ò³ ïàðàìåòðè, ùî áóäåìî øóêàòè çà
ìåòîäîì íàéìåíøèõ êâàäðàò³â, òîáòî ì³í³ì³çóþ÷è

 .

Ââåäåìî âåêòîðè: 

,

.

Òåïåð ñôîðìóëþºìî çàäà÷ó íåë³í³éíîãî ðåãðåñ³éíîãî

àíàë³çó: çíàéòè , òàêå, ùî ïðè  ö³ëüîâà ôóíê-

ö³ÿ (ñóìà êâàäðàò³â çàëèøê³â)  ì³í³ì³çóºòüñÿ.

Íàáëèæåíå çíà÷åííÿ , ùî îäåðæóºòüñÿ íà -îìó

êðîö³ ³òåðàòèâíîãî ïðîöåñó ³ íàñòóïíå íàáëèæåíå çíà-

÷åííÿ  çâ'ÿçàí³ ì³æ ñîáîþ âåêòîðîì ïîïðàâêè :

. Ôîðìóëà âåêòîðà ïîïðàâêè    â³äïî-

â³äíî äî óìîâè ì³í³ì³çàö³¿ âèâîäèòüñÿ ç ð³øåííÿ ñèñòåìè
ë³í³éíèõ ð³âíÿíü:

,

çâ³äêè

.

q

ys 1

1 exp βqjxj
s

j 1=

N

�–
� �
� �
� �
� �

+

---------------------------------------------------,xj
s Cq∈=

βqj j

q

y y1 y2 ... ym, , ,

x1 x2 ...,xk, ,

i

xi1 xi2 ...,xik, ,( )T

y

x1 x2 ...,xk, , f

w1 w2 ...,wn, ,

yi fi w1 ...,wn;xi1 ...,xik,,( ) Fi, i+ 1 2 ...,m, ,= =

Fi

yi fi w1 ...,wn,( ) Fi+= i 1 2 ...,m, ,=

E Fi
2

i 1=

m

�=

w w1 w2 ...,wn, ,( )T,f f1 f2 ...,fm, ,( )T==

F F1 F2 ...,Fm, ,( )T,y y1 y2 ... ym, , ,( )T==

w∗ F y f–=

E FTF=

wt t

wt 1+ w∆

wt 1+ wt w∆+= w∆

ATA( ) w∆ ATF–( )=

w∆ ATA( ) 1– ATF–=
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Òóò  - ßêîá³àí  (ìàòðèöÿ ïåðøèõ ÷àñòêîâèõ
ïîõ³äíèõ):

.

Ì³í³ì³çàö³ÿ ö³ëüîâî¿ ôóíêö³¿  çä³éñíþºòüñÿ çà
äîïîìîãîþ ãðàä³ºíòíèõ ìåòîä³â îïòèì³çàö³¿.

Àëãîðèòì ðîçðàõóíêó çíà÷åííÿ ïðîãíîçîâàíîãî ïàðà-
ìåòðó íà îñíîâi êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿ äëÿ âè-
ïàäêó áàãàòîâèìiðíî¿ íåëiíiéíî¿ ðåãðåñi¿ çàïèøåìî ó
íàñòóïíîìó âèäi.

Êðîê 1. Iíiö³àë³çàö³ÿ: Çàäàòè âèáiðêó åêçåìïëÿðiâ, äëÿ

êîòðèõ çäiéñíþºòüñÿ ïðîãíîçóâàííÿ . Çàäàòè

êiëüêiñòü êëàñòåðiâ  òà êîîðäèíàòè ¿õíiõ öåíòðiâ

. Äëÿ êîæíîãî êëàñòåðó çàäàòè çíà÷åííÿ ïàðà-

ìåòðiâ áàãàòîâèìiðíî¿ íåëiíiéíî¿ ðåãðåñi¿ . 

Êðîê 2. Äëÿ êîæíîãî åêçåìïëÿðó âèçíà÷èòè âiäñòàíi

âiä åêçåìïëÿðó äî öåíòðiâ óñiõ êëàñòåðiâ 

.

Êðîê 3. Äëÿ êîæíîãî åêçåìïëÿðó çíàéòè:

.

Êðîê 4. Çíà÷åííÿ ïðîãíîçîâàíîãî ïàðàìåòðó äëÿ
êîæíîãî -ãî åêçåìïëÿðó âèçíà÷èòè çà ôîðìóëîþ:

.

Ðîçãëÿíóòèé àëãîðèòì êëàñòåð-ðåãðåñiéíî¿ àïðîêñèìàöi¿
äëÿ âèïàäêó áàãàòîâèìiðíî¿ ëiíiéíî¿ ðåãðåñi¿ ìîæíà
âèêîðèñòîâóâàòè äëÿ ñèíòåçó òà íàëàãîäæóâàííÿ âàãîâèõ
êîåôiöiºíòiâ ï'ÿòèøàðîâî¿ ÍÌ.

ßêùî ñôîðìîâàíî  êëàñòåðiâ, òîäi äèñêðèìiíàíòíi

ôóíêöi¿ íåéðîíiâ ìåðåæi áóäóòü çàäàâàòèñÿ ôîðìóëàìè:

 ;

 ;

 ;

;

;

;

äå  - äèñêðèìiíàíòíà ôóíêöiÿ -ãî íåéðîíó -ãî

øàðó.
Ôóíêöi¿ àêòèâàöi¿ íåéðîíiâ áóäóòü âèçíà÷àòèñÿ

âèðàçàìè:

;

;

;

.

Âàãîâèé êîåôiöiºíò -ãî âõîäó -ãî íåéðîíó  -ãî

øàðó ìåðåæi áóäå ðîçðàõîâóâàòèñÿ çà ôîðìóëîþ:

Ñõåìà ÍÌ, ñèíòåçîâàíî¿ òà íàâ÷åíî¿ íà îñíîâi
çàïðîïîíîâàíîãî àëãîðèòìó, áóäå âèãëÿäàòè òàêîæ, ÿê i
çîáðàæåíà íà ðèñ. 2.

Çàïðîïîíîâàíèé àëãîðèòì äîçâîëÿº äîñÿãàòè ùå
áiëüøî¿ òî÷íîñòi ó ïîðiâíÿííi iç ëiíiéíîþ ðåãðåñiºþ, àëå
íåîáõiäíiñòü ðîçâ'ÿçàííÿ çàäà÷i áàãàòîâèìiðíî¿ íåëiíiéíî¿
îïòèìiçàöi¿ äëÿ êîæíîãî êëàñòåðó ïðèçâåäå äî ñóòòºâî
áiëüøèõ âèòðàò ÷àñó ó ïðîöåñi íàâ÷àííÿ ìåðåæi. 
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---------------------------------------------------,xj
s Cq,s 1,...,S=∈=

Q

ϕ 1 i( , ) x w( , ) wjxj w0,i 1,2,...,Q=+

j 1=

N

�=

ϕ 1 i( , ) x w( , ) xj wj–( )2 i Q+1,Q+2,...,2Q=,
j 1=

N

�=

ϕ 2 i( , ) x w( , ) wjxj w0,i 1,2,...,Q2=+

j 1=

2

�=

ϕ 3 i( , ) x w( , ) wjxj w0,i 1,2,...,Q=+

j 1=

Q

�=

ϕ 4 i( , ) x w( , ) wjxj,i 1,2,...,Q=

j 1=

2

∏=

ϕ 5 i( , ) x w( , ) wjxj w0,i 1=+

j 1=
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�=

ϕ µ i( , ) i µ

ψ µ( ) α( ) 1
1 e α–+
------------------,µ 1;i 1,...,Q== =

ψ µ( ) α( ) α,µ 1;i Q 1,...,2Q+== =
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0 α 0,≤,

µ 2 3,=
1 α 0;>,�
�
�

=

ψ µ( ) α( ) α,µ 4,5= =

j i µ

wj
µ i,( )

0 µ, 5 i, 1 j, 0;= = =

1 µ, 5 i, 1 j 0;>,= =

1 µ, 4 i j,∀, 0;= =

1 Q– µ, 3 i, 1 j, 0;= = =

1 µ, 3 i, 1 j, 0;= = =

0 µ, 2 i j,∀, 0;= =

1 µ, 2 i j,∀, 2;= =

1– µ, 2 i j,∀, 1;= =

βi j µ, 1,i=1,...,Q,j=1,...,N;=

0 µ, 1 i, q 0 j gq≠> q 1,...,Q;=, ,= =
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III.ÓÏÐÀÂË²ÍÍß
ÓÄÊ 621.314/611

ÀÍÀËÈÒÈ×ÅÑÊÈÉ ÌÅÒÎÄ ÍÀÕÎÆÄÅÍÈß ÏÅÐÈÎÄÈ×ÅÑÊÈÕ 
ÍÅÃÀÐÌÎÍÈ×ÅÑÊÈÕ ÐÅØÅÍÈÉ Â ÍÅÊÎÒÎÐÛÕ ÇÀÄÀ×ÀÕ ÒÅÎÐÈÈ 

ÐÀÄÈÎÒÅÕÍÈ×ÅÑÊÈÕ È ÝËÅÊÒÐÎÍÍÛÕ ÖÅÏÅÉ

Ì.Í.Ãîðáà÷åâ

Îáãîâîðþºòüñÿ ìåòîä çíàõîäæåííÿ ïåð³îäè÷íèõ ð³øåíü,
ùî äîçâîëÿº îïèñàòè ó çàìêíåí³é ôîðì³ ñòàëåí³ ïðîöåñè ó ë³-
í³éíèõ ðàä³îòåõí³÷íèõ òà ºëåêòðè÷íèõ ëàíöþãàõ ç çîñåðåä-
æåíèìè ïàðàìåòðàìè ïðè æèâëåíí³ íåãàðìîí³÷íîþ íàïðóãîþ.

Îáñóæäàåòñÿ ìåòîä íàõîæäåíèÿ ïåðèîäè÷åñêèõ ðåøåíèé,
ïîçâîëÿþùèé îïèñàòü â çàìêíóòîé ôîðìå óñòàíîâèâøèåñÿ
ïðîöåññû â ëèíåéíûõ ðàäèîòåõíè÷åñêèõ è ýëåêòðè÷åñêèõ öå-
ïÿõ ñ ñîñðåäîòî÷åííûìè ïàðàìåòðàìè ïðè ïèòàíèè íåãàðìî-
íè÷åñêèì íàïðÿæåíèåì.

A method for the finding of periodic solutions which permits
to represent in closed form steady - state processes in linear
radiotechnic and electric circuits with lumped parameters when
they are powered by nonharmonic voltage is discussed.

ÂÂÅÄÅÍÈÅ

Ïðåäëîæåí è ðàçðàáîòàí óñîâåðøåíñòâîâàííûé ìåòîä
íàõîæäåíèÿ â çàìêíóòîì âèäå ïåðèîäè÷åñêèõ ðåøåíèé,
îïèñûâàþùèé óñòàíîâèâøèåñÿ ïðîöåññû â ëèíåéíûõ öå-
ïÿõ ñ ñîñðåäîòî÷åííûìè ïàðàìåòðàìè ïðè ñóùåñòâåííî
íåãàðìîíè÷åñêèõ âõîäíûõ ñèãíàëàõ. Òàêîãî òèïà öåïè
øèðîêî ïðèìåíÿþòñÿ â ðàäèîòåõíèêå, èìïóëüñíîé òåõíè-
êå, ïðåîáðàçîâàòåëüíîé òåõíèêå è ýëåêòðîñâÿçè (ôèëüòðû
íèçêîé ÷àñòîòû, ïîëîñîâûå è çàãðàæäàþùèå ôèëüòðû,
êîððåêòèðóþùèå öåïè êàíàëîâ ñâÿçè è äð.). Ýòîò ìåòîä
îñíîâàí íà èñïîëüçîâàíèè îäíîçíà÷íîé ñâÿçè ìåæäó
÷àñòîòíûìè ñâîéñòâàìè öåïåé è ãàðìîíè÷åñêèì ñïåêòðîì
çàäàííîãî âõîäíîãî ñèãíàëà ñ ó÷åòîì çàêîíîâ ëèíåéíûõ
ýëåêòðè÷åñêèõ öåïåé è ÿâëÿåòñÿ óñîâåðøåíñòâîâàíèåì è
ðàçâèòèåì èçâåñòíîãî ìåòîäà ãàðìîíè÷åñêîãî ñèíòåçà,
ðàçðàáîòàííîãî À. Ì. Çàåçäíûì [1].

ÓÑÎÂÅÐØÅÍÑÒÂÎÂÀÍÍÛÉ ÌÅÒÎÄ 
ÃÀÐÌÎÍÈ×ÅÑÊÎÃÎ ÑÈÍÒÅÇÀ

Íàõîæäåíèå óêàçàííûõ ïåðèîäè÷åñêèõ ðåøåíèé ïî
ìåòîäó À. Ì. Çàåçäíîãî ñâÿçàíî ñ âûïîëíåíèåì çíà÷èòåëü-
íîãî îáúåìà ãðîìîçäêèõ è òðóäîåìêèõ ìàòåìàòè÷åñêèõ
ïðåîáðàçîâàíèé, âû÷èñëåíèåì êîðíåé õàðàêòåðèñòè÷åñ-
êîãî óðàâíåíèÿ è ñîñòàâëåíèåì âñïîìîãàòåëüíîé ôóíêöèè,
íåîáõîäèìûõ äëÿ íàõîæäåíèÿ ÷àñòíûõ (ïåðèîäè÷åñêèõ)
ðåøåíèé ëèíåéíûõ íåîäíîðîäíûõ äèôôåðåíöèàëüíûõ
óðàâíåíèé ñïåöèàëüíîãî âèäà (1)

, (1)

ó êîòîðûõ ïðàâàÿ ÷àñòü  ÿâëÿåòñÿ íå óñå÷åííûì

ðÿäîì Ôóðüå, à ñîäåðæèò áåñêîíå÷íûé ñïåêòð ãàðìîíèê,
÷òî ñóùåñòâåííî îãðàíè÷èâàåò ïðèìåíåíèå ýòîãî ìåòîäà
äëÿ öåïåé âûøå âòîðîãî-òðåòüåãî ïîðÿäêîâ.

Ïðèìåíåíèå óñîâåðøåíñòâîâàííîãî ìåòîäà ãàðìîíè÷åñ-
êîãî ñèíòåçà (ÓÌÃÑ) ïîçâîëÿåò çíà÷èòåëüíî óïðîñòèòü
ïðîöåäóðó íàõîæäåíèÿ ïåðèîäè÷åñêèõ ðåøåíèé äëÿ
óêàçàííîãî êëàññà çàäà÷ ïî ñðàâíåíèþ ñ ìåòîäîì
À.Ì.Çàåçäíîãî [1]. Ïîêàæåì, ÷òî ýòî èìåííî òàê,
ñëåäóþùèì îáðàçîì. 

Ïóñòü íåîáõîäèìî íàéòè òîê  íà âõîäå íåêîòîðîé

öåïè, íàõîäÿùåéñÿ ïîä âîçäåéñòâèåì íåãàðìîíè÷åñêîãî

ñèãíàëà â âèäå íàïðÿæåíèÿ èëè ý. ä. ñ. , ïðåäñòàâ-

ëÿåìîãî â âèäå íå óñå÷åííîãî ðÿäà Ôóðüå

, (2)

ãäå ,  - êðóãîâàÿ ÷àñòîòà îñíîâíîé ãàðìîíèêè,

- òåêóùàÿ êîîðäèíàòà âðåìåíè, , ,  - êîýôôè-

öèåíòû Ôóðüå. Áóäåì ðàññìàòðèâàòü èññëåäóåìóþ öåïü
êàê íåêîòîðûé ýêâèâàëåíòíûé äâóõïîëþñíèê, èñïîëüçóÿ
çàêîíû ëèíåéíûõ ýëåêòðè÷åñêèõ öåïåé (çàêîí Îìà,
ïðèíöèï ñóïåðïîçèöèè) è ôóíêöèè âõîäíîãî êîìïëåêñ-

íîãî ñîïðîòèâëåíèÿ  èëè âõîäíîé êîìïëåêñíîé

ïðîâîäèìîñòè  [2]. Òîãäà ìîæíî ñîñòàâèòü âûðàæå-

íèå äëÿ -îé ãàðìîíèêè èñêîìîãî òîêà â îáùåì âèäå, à

çàòåì ïðåäñòàâèòü èñêîìûé òîê  òàêæå â âèäå

íåêîòîðîãî ðÿäà Ôóðüå

, (3)

ãäå

; ; ; (4)

 - ôàçîâûå óãëû ìåæäó ãàðìîíèêàìè çàäàí-

íîãî íàïðÿæåíèÿ  è èñêîìîãî òîêà  ïîðÿäêà .

dny x( )
dxn
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Ñëåäîâàòåëüíî, çàäà÷à ñâîäèòñÿ ê ñóììèðîâàíèþ íîâîãî
ðÿäà Ôóðüå (3), åñëè åãî ìîæíî ïðîñóììèðîâàòü. Êîýô-
ôèöèåíòû ðÿäà (3) ñâÿçàíû ñ êîýôôèöèåíòàìè ðÿäà (2)
ñîîòíîøåíèÿìè (4). Îòñþäà ñëåäóåò, ÷òî åñëè âûïîëíåíû
óñëîâèÿ

 , (5)

è ïîðÿäîê  ñòðåìëåíèÿ ê íóëþ êîýôôèöèåíòîâ ðÿäà (3)

áîëüøå åäèíèöû,

 , è , (6)

ãäå , òî ðÿä (3) ñõîäèòñÿ ðàâíîìåðíî, ÷òî è
ãàðàíòèðóåò íàõîæäåíèå åãî ñóììû â çàìêíóòîì âèäå
èçâåñòíûìè ìàòåìàòè÷åñêèìè ìåòîäàìè [1, 3, 4]. 

Òàêèì îáðàçîì, â êîíå÷íîì èòîãå ïðîöåäóðà íàõîæ-
äåíèÿ ÷àñòíîãî ðåøåíèÿ äèôôåðåíöèàëüíîãî óðàâíåíèÿ
òèïà (1) ñ ïðàâîé ÷àñòüþ â âèäå ðÿäà Ôóðüå (2) äëÿ
èññëåäóåìîé öåïè çàìåíÿåòñÿ áîëåå ïðîñòîé è äîñòóïíîé
ïðîöåäóðîé ïîñòðîåíèÿ ïðåîáðàçîâàííîãî ðÿäà Ôóðüå (3)
è åãî ïîñëåäóþùåãî ñóììèðîâàíèÿ ñ ïðèâëå÷åíèåì ñïðà-
âî÷íûõ ìàòåðèàëîâ, ÷òî èìååò áîëüøîå çíà÷åíèå â
èíæåíåðíîé ïðàêòèêå. Ïðè ýòîì èñêîìûå ïåðèîäè÷åñêèå
ðåøåíèÿ ìîãóò áûòü íàéäåíû àíàëèòè÷åñêèì ïóòåì â
çàìêíóòîì âèäå â äâóõ âàðèàíòàõ: ëèáî òî÷íî, ëèáî
ïðèáëèæåííî. Â ïîñëåäíåì ñëó÷àå ðåøåíèå öåëåñîîáðàçíî
íàõîäèòü â âèäå ñóììû äâóõ ñîñòàâëÿþùèõ - îñíîâíîé
ãàðìîíèêè, êîòîðàÿ âñåãäà íàõîäèòñÿ òî÷íî, è ñóììû âñåõ
îñòàëüíûõ (âûñøèõ) ãàðìîíèê, êîòîðóþ ìîæíî è â ðÿäå
ñëó÷àåâ öåëåñîîáðàçíî íàõîäèòü ïðèáëèæåííî, èñïîëüçóÿ

àïïðîêñèìèðóþùèå (óïðîùåííûå) âûðàæåíèÿ  è

 äëÿ ñîîòâåòñòâóþùèõ òî÷íûõ ñîîòíîøåíèé.

Â êà÷åñòâå èëëþñòðàöèè ðàçðàáîòàííîãî ìåòîäà ðàñ-
ñìîòðèì ïðèìåðû ðåøåíèÿ ìîäåëüíûõ çàäà÷ óêàçàííîãî
êëàññà äëÿ ýëåêòðè÷åñêèõ öåïåé òðåòüåãî-÷åòâåðòîãî
ïîðÿäêîâ.

Ïðèìåð ¹ 1. Íåîáõîäèìî îïðåäåëèòü çàêîí èçìåíåíèÿ

ìãíîâåííûõ çíà÷åíèé âõîäíîãî òîêà  ôèëüòðà íèçêîé

÷àñòîòû (ÔÍ×), âûïîëíåííîãî ïî èçâåñòíîé ñèììåòðè÷-

íîé -îáðàçíîé ñõåìå ïðè ñëåäóþùèõ óñëîâèÿõ:
1) íàãðóçêà èìååò àêòèâíûé (ðåçèñòèâíûé) õàðàêòåð

 è åå îòíîñèòåëüíàÿ âåëè÷èíà  èçìåíÿåòñÿ â

îãðàíè÷åííîì äèàïàçîíå

;

2) âõîäíîé êîíòóð ÔÍ× èìååò ðåçîíàíñíóþ íàñòðîéêó
íà ÷àñòîòå ïåðâîé ãàðìîíèêè:

,

ãäå  è  - ñîîòâåòñòâåííî èíäóêòèâíîñòè è

åìêîñòü ýëåìåíòîâ ÔÍ×;

3) èñïûòàòåëüíîå íàïðÿæåíèå  èìååò ôîðìó

ìåàíäðà, îïèûâàåìîãî èçâåñòíûì ðÿäîì Ôóðüå [1]

 , (7)

ãäå íîìåð ãàðìîíèêè ;  -

÷èñëà íàòóðàëüíîãî ðÿäà. Äëÿ ýòîãî ñëó÷àÿ ìîäóëè

 è ôàçîâûå óãëû  âõîäíûõ êîì-

ïëåêñíûõ ñîïðîòèâëåíèé ðàññìàòðèâàåìîé ñõåìû ÔÍ× ñ

ó÷åòîì óñëîâèÿ    ïðèâåäåíû â òàáë.1.

Êàê âèäíî èç òàáë. 1, â äàííîì ñëó÷àå óñëîâèå (5)
âûïîëíåíî. Èç ñðàâíåíèÿ êîýôôèöèåíòîâ ðÿäà Ôóðüå (7)
ñ êîýôôèöèåíòàìè íîâîãî ðÿäà Ôóðüå (3) äëÿ èñêîìîãî

òîêà  ñ ó÷åòîì ñîîòíîøåíèé (4) è äàííûõ, ïðèâåäåí-

íûõ â òàáë. 2, ïîçâîëÿþùèõ ñðàâíèòü ñõîäèìîñòü ðÿäîâ
Ôóðüå, âèäíî, ÷òî óñëîâèå (6) òîæå âûïîëíåíî.

Ñëåäîâàòåëüíî, ïåðèîäè÷åñêîå ðåøåíèå äëÿ èñêîìîãî

âõîäíîãî òîêà  ñóùåñòâóåò è ìîæåò áûòü íàéäåíî â

çàìêíóòîì âèäå. Íàéäåì ýòî ðåøåíèå â âèäå ñóììû äâóõ
ñîñòàâëÿþùèõ
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 . (8)

Íà îñíîâàíèè âûðàæåíèÿ (8) è ôîðìóë, ïðèâåäåííûõ â
òàáë.1, îïðåäåëÿåì ñîñòàâëÿþùèå âõîäíîãî òîêà

; (9)

(10)

Âûðàæåíèå (10) ñ ó÷åòîì ñîîòâåòñòâóþùèõ ôîðìóë [7]
ïîñëå àëãåáðàè÷åñêèõ è òðèãîíîìåòðè÷åñêèõ ïðåîáðàçî-

âàíèé äëÿ   ïðèâîäèòñÿ ê ñëåäóþùåìó âèäó:

(11)

Îòñþäà ñëåäóåò, ÷òî ñóììà âñåõ âûñøèõ ãàðìîíèê,
íàéäåííàÿ â çàìêíóòîì âèäå ïóòåì ñâîðà÷èâàíèÿ áåñ-
êîíå÷íûõ ôóíêöèîíàëüíûõ ðÿäîâ â âûðàæåíèè (10),
èìååò äîñòàòî÷íî ïðîñòîå àíàëèòè÷åñêîå ïðåäñòàâëåíèå
(11) â êëàññå ýëåìåíòàðíûõ ôóíêöèé îò äâóõ àðãóìåíòîâ:

.

Òàêèì îáðàçîì, íà îñíîâàíèè (9) è (11) íàõîäèì îáùåå
ïðèáëèæåííîå ðåøåíèå äëÿ èñêîìîãî òîêà äëÿ ïåðâîé

ïîëîâèíû ïåðèîäà 

(12)

Íàéäÿ âõîäíîé òîê è çíàÿ ïàðàìåòðû öåïè, ìîæíî
îïðåäåëèòü òîêè âî âñåõ îñòàëüíûõ âåòâÿõ ñõåìû è íàïðÿ-
æåíèÿ íà åå ýëåìåíòàõ.

Ïðèìåð ¹ 2. Íåîáõîäèìî íàéòè ïåðèîäè÷åñêèå ðåøå-
íèÿ, îïèñûâàþùèå óñòàíîâèâøèåñÿ íåãàðìîíè÷åñêèå ïðî-
öåññû â ëèíåéíîé äâóõêîíòóðíîé ýëåêòðè÷åñêîé öåïè ñ
ìàãíèòíîé (òðàíñôîðìàòîðíîé) ñâÿçüþ, ïðèìåíÿåìîé äëÿ
ñîãëàñîâàíèÿ ñîïðîòèâëåíèÿ íàãðóçêè è ïîâûøåíèÿ
èçáèðàòåëüíîñòè ñèñòåìû ñ îäíîâðåìåííûì ðàñøèðåíèåì
åå ïîëîñû ïðîïóñêàíèÿ. Ýòà èçâåñòíàÿ ñõåìà èìååò

÷åòâåðòûé ïîðÿäîê è ïðèìåíÿåòñÿ â ðàäèîïðèåìíûõ è
ðàäèîïåðåäàþùèõ óñòðîéñòâàõ. Ýëåêòðîìàãíèòíûå ïðîöå-
ññû â êîíòóðàõ ýòîé ñõåìû îïèñûâàþòñÿ èçâåñòíîé ñèñ-
òåìîé óðàâíåíèé

, (13)

 , (14)

ãäå  è  - ýëåêòðè÷åñêèå ïàðàìåòðû

ýëåìåíòîâ ñîîòâåòñòâåííî âõîäíîãî è âûõîäíîãî êîíòóðîâ;

 - êîýôôèöèåíò âçàèìíîé èíäóêöèè;  - âõîäíîé

íåãàðìîíè÷åñêèé ñèãíàë â âèäå ý.ä.ñ. èëè íàïðÿæåíèÿ.

Áóäåì èñêàòü ïåðèîäè÷åñêîå ðåøåíèå äëÿ òîêà 

ïåðâîãî (âõîäíîãî) êîíòóðà âî âðåìåííîé îáëàñòè ìåòî-

äîì ÓÌÃÑ ïîëàãàÿ, ÷òî âõîäíîé ñèãíàë  èìååò, êàê è

ðàíåå, ôîðìó ìåàíäðà è îïèñûâàåòñÿ ðÿäîì Ôóðüå (7), à

ïàðàìåòðû êîíòóðîâ îäèíàêîâû ( ; ;

) è, ñëåäîâàòåëüíî, ðàâíû èõ ðåçîíàíñíûå

÷àñòîòû  è .

Çàïèøåì èñêîìîå ðåøåíèå â îáùåì âèäå

 (15)

ãäå ; ; ; .

Âåëè÷èíû ; è , âõîäÿùèå â îáùåå ðåøåíèå

(15), ÿâëÿþòñÿ íåëèíåéíûìè ôóíêöèÿìè îò  è  è
èìåþò ñëåäóþùèé âèä:

; (16)

, (17)

ãäå

; (18)
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 . (19)

Îïóñêàÿ ïðîìåæóòî÷íûå ìàòåìàòè÷åñêèå ïðåîáðàçîâà-
íèÿ, ìîæíî ïîêàçàòü, ÷òî èñêîìîå òî÷íîå ïåðèîäè÷åñêîå
ðåøåíèå äëÿ òîêà âõîäíîãî (ïåðâîãî) êîíòóðà èìååò
ñëåäóþùèé çàìêíóòûé âèä:

, (20)

ãäå

;

;

.

Îòìåòèì, ÷òî ýôôåêòèâíîñòü ïðèìåíåíèÿ ïðåäëîæåí-
íîãî ïðèáëèæåííîãî ìåòîäà âîçðàñòàåò ñ ðîñòîì ïîðÿäêà
öåïè. Ýòî îñîáåííî çàìåòíî ïðîÿâëÿåòñÿ ïðè èññëåäîâà-

íèè ðåàêòèâíûõ äâóõïîëþñíèêîâ -ãî ïîðÿäêà, íàçûâàå-

ìûõ êàíîíè÷åñêèìè ñõåìàìè Ôîñòåðà [2]; ïðè ñèíòåçå
ðåàêòèâíûõ äâóõïîëþñíèêîâ, èìåþùèõ âèä ëåñòíè÷íûõ
ñõåì, òàê íàçûâàåìûõ êàíîíè÷åñêèõ ñõåì Êàóýðà [2]; ïðè
ðàñ÷åòå êîððåêòèðóþùèõ êîíòóðîâ, ïðèìåíÿåìûõ â
òåëåôîííîé è òåëåãðàôíîé ñâÿçè [2]; ïðè èññëåäîâàíèè è
ðàñ÷åòå ôèëüòðîâ íèçêîé ÷àñòîòû (ÔÍ×) 2-9-ãî ïîðÿäêîâ,
íàïðèìåð, ôèëüòðîâ Áàòòåðâîðòà, Ãàóññà (Áåññåëÿ),
Êàóýðà, ×åáûøåâà [5] è äð.

Òàêèì îáðàçîì, ïðåèìóùåñòâà óñîâåðøåíñòâîâàííîãî
ìåòîäà ÓÌÃÑ íàõîæäåíèÿ â çàìêíóòîì âèäå ïåðèîäè-
÷åñêèõ ðåøåíèé â çàäà÷àõ óêàçàííîãî êëàññà çàêëþ÷àåòñÿ
â åãî äîñòóïíîñòè, ïðîñòîòå è èñêëþ÷åíèè òðóäîåìêîé
ïðîöåäóðû íåïîñðåäñòâåííîãî ðåøåíèÿ íåîäíîðîäíûõ
äèôôåðåíöèàëüíûõ óðàâíåíèé ñ ïðàâîé ÷àñòüþ ñïåöèàëü-
íîãî âèäà [1]. Îáùèé âèä ïîëó÷àåìûõ ïåðèîäè÷åñêèõ
ðåøåíèé (êàê òî÷íûõ, òàê è ïðèáëèæåííûõ) ÿâíî íå
âûðàæàåòñÿ ÷åðåç êîðíè õàðàêòåðèñòè÷åñêèõ óðàâíåíèé,
ñîîòâåòñòâóþùèõ äèôôåðåíöèàëüíûì óðàâíåíèÿì èñ-
ñëåäóåìûõ ýëåêòðè÷åñêèõ öåïåé. Ïîýòîìó ýôôåêòèâíîñòü
ïðèìåíåèÿ ðàçðàáîòàííîãî ìåòîäà ÓÌÃÑ âîçðàñòàåò ñ
óâåëè÷åíèåì ïîðÿäêà öåïè, íàïðèìåð, ïðè ðàñ÷åòå
ôèëüòðîâ íèçêîé ÷àñòîòû, ïðè èññëåäîâàíèè êàíîíè÷åñ-
êèõ ñõåì Ôîñòåðà è Êàóýðà, êîððåêòèðóþùèõ ôèëüòðîâ â
óñòðîéñòâàõ è ëèíèÿõ ýëåêòðîñâÿçè è äð.

Íà ïðèâåäåííûõ ïðèìåðàõ ðåøåíèÿ ìîäåëüíûõ çàäà÷
ðàññìàòðèâàåìîãî êëàññà äëÿ öåïåé òðåòüåãî è ÷åòâåðòîãî
ïîðÿäêîâ óñîâåðøåíñòâîâàííûì ìåòîäîì ãàðìîíè÷åñêîãî
ñèíòåçà ïîêàçàíà âîçìîæíîñòü è öåëåñîîáðàçíîñòü äàëü-
íåéøåãî èñïîëüçîâàíèÿ ìàòåìàòè÷åñêîãî àïïàðàòà ãàð-

ìîíè÷åñêîãî ñèíòåçà è òåîðèè ôóíêöèîíàëüíûõ ðÿäîâ äëÿ
àíàëèòè÷åñêîãî èññëåäîâàíèÿ ïåðèîäè÷åñêèõ íåãàðìî-
íè÷åñêèõ ïðîöåññîâ â ýëåêòðè÷åñêèõ öåïÿõ è ñèñòåìàõ
ýëåêòðîñâÿçè â ãîðàçäî áîëüøåé ñòåïåíè, ÷åì ýòî äåëàåòñÿ
â íàñòîÿùåå âðåìÿ.

ÎÖÅÍÊÀ ÏÎÃÐÅØÍÎÑÒÈ ÏÐÈÁËÈÆÅÍÍÎÃÎ 
ÐÅØÅÍÈß

Â îáùåì ñëó÷àå ïîãðåøíîñòü ïîëó÷àåìîãî ïðèáëèæåí-

íîãî ðåøåíèÿ  ìîæíî êîñâåííî îöåíèòü ïóòåì

ðàçäåëüíîé ÷èñëåííîé îöåíêè àìïëèòóäíîé   è

ôàçîâîé  ñîñòàâëÿþùèõ îáùåé ïîãðåøíîñòè ñ

ó÷åòîì çàäàííûõ çíà÷åíèé ïàðàìåòðà  íà îñíîâå

ôîðìóë

; (21)

, (22)

ãäå  - äîñòàòî÷íîå äëÿ ïðàêòè÷åñêèõ öåëåé ÷èñëî

ãàðìîíèê (îáû÷íî , òåîðåòè÷åñêè ), à

 è   îïðåäåëÿþòñÿ ïî ôîðìóëàì

; (23)

. (24)

ÇÀÊËÞ ×ÅÍÈÅ

Ïðåäëîæåííûé è ðàçðàáîòàííûé óñîâåðøåíñòâîâàííûé
ìåòîä ãàðìîíè÷åñêîãî ñèíòåçà è ïðèâåäåííûå ðåøåíèÿ
íåêîòîðûõ ìîäåëüíûõ çàäà÷ óêàçàííîãî êëàññà íà îñíîâå
ýòîãî íåòðàäèöèîííîãî ìåòîäà ïîçâîëÿþò ñäåëàòü ñëå-
äóþùèå îñíîâíûå âûâîäû.

1. Ïðåèìóùåñòâî ïðåäëîæåííîãî ìåòîäà íàõîæäåíèÿ â
çàìêíóòîì âèäå ïåðèîäè÷åñêèõ ðåøåíèé äëÿ ðàññìàò-
ðèâàåìîãî êëàññà çàäà÷ ïî ñðàâíåíèþ ñ äðóãèìè ìåòîäàìè,
çàêëþ÷àåòñÿ, ïðåæäå âñåãî, â åãî äîñòóïíîñòè è ïðîñòîòå,
à òàêæå â âîçìîæíîñòè ó÷åòà âñåõ ãàðìîíè÷åñêèõ
ñîñòàâëÿþùèõ, àäåêâàòíûõ ïîëíîìó ñïåêòðó âîçìóùàþ-
ùåãî âîçäåéñòâèÿ, ÷òî ïðåäñòàâëÿåò çíà÷èòåëüíûé èíòåðåñ
äëÿ èññëåäîâàòåëåé ýòîãî êëàññà çàäà÷ òåîðèè ëèíåéíûõ
ýëåêòðè÷åñêèõ è ðàäèîòåõíè÷åñêèõ öåïåé. Ïðè ýòîì
ðåøåíèå íàõîäèòñÿ îáû÷íî â êëàññå ýëåìåíòàðíûõ
ôóíêöèé.

2. Îáùèé âèä ïîëó÷àåìîãî ïåðèîäè÷åñêîãî ðåøåíèÿ
ÿâíî íå âûðàæàåòñÿ ÷åðåç êîðíè õàðàêòåðèñòè÷åñêîãî
óðàâíåíèÿ, ñîîòâåòñòâóþùåãî äèôôåðåíöèàëüíîìó óðàâ-
íåíèþ èññëåäóåìîé öåïè, ïîýòîìó ýôôåêòèâíîñòü
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ïðèìåíåíèÿ ïðåäëîæåííîãî ìåòîäà è ðàçðàáîòàííûõ íà
åãî îñíîâå àëãîðèòìîâ è èíæåíåðíîé ìåòîäèêè ïîëó÷åíèÿ
èñêîìûõ ðåøåíèé è îñîáåííî ïðèáëèæåííûõ ðåøåíèé
âîçðàñòàåò ñ ðîñòîì ïîðÿäêà öåïè.

3. Ïîëó÷åíèå ïðè ýòîì çàìêíóòîãî ïðèáëèæåííîãî
ïåðèîäè÷åñêîãî ðåøåíèÿ â âèäå äâóõ ñîñòàâëÿþùèõ
ïîçâîëÿåò òàêæå ëåãêî îïðåäåëÿòü îñíîâíûå ýíåðãå-
òè÷åñêèå è ñïåêòðàëüíûå õàðàêòåðèñòèêè èññëåäóåìûõ
ýëåêòðè÷åñêèõ è ðàäèîòåõíè÷åñêèõ öåïåé (êîýôôèöèåíòû
ãàðìîíèê è èñêàæåíèÿ, à òàêæå êîýôôèöèåíò ìîùíîñòè),
÷òî ÿâëÿåòñÿ, îäíàêî, ñàìîñòîÿòåëüíîé çàäà÷åé.
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ÑÈÍÒÅÇ ÎÏÒÈÌÀËÜÍÛÕ ÏÎ ÁÛÑÒÐÎÄÅÉÑÒÂÈÞ ÖÈÔÐÎÂÛÕ 
ÐÅÃÓËßÒÎÐÎÂ ÄËß ÎÁÚÅÊÒÎÂ ÓÏÐÀÂËÅÍÈß Ñ ×ÈÑÒÛÌ 

ÇÀÏÀÇÄÛÂÀÍÈÅÌ

Â.È.Ãîñòåâ, Â.Â.Êðàéíåâ, Ñ.Í.Ñêóðòîâ

Âèêëàäåí³ îñîáëèâîñò³ ñèíòåçó îïòèìàëüíèõ ïî øâèäêîä³¿
öèôðîâèõ ðåãóëÿòîð³â äëÿ îá'ºêò³â ç ÷èñòèì çàï³çíþâàííÿì.
Íàäàí³ ðåçóëüòàòè äîñë³äæåííÿ ïðîöåñ³â â ñèñòåì³ àâòîìà-
òè÷íîãî êåðóâàííÿ òåìïåðàòóðîþ åëåêòðîïå÷³ ïðè âèêîðèñ-
òàíí³ îïòèìàëüíèõ ïî øâèäêîä³¿ öèôðîâèõ ðåãóëÿòîð³â.

Èçëîæåíû îñîáåííîñòè ñèíòåçà îïòèìàëüíûõ ïî áûñòðî-
äåéñòâèþ öèôðîâûõ ðåãóëÿòîðîâ äëÿ îáúåêòîâ óïðàâëåíèÿ ñ
÷èñòûì çàïàçäûâàíèåì. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäî-
âàíèÿ ïðîöåññîâ â ñèñòåìå àâòîìàòè÷åñêîãî óïðàâëåíèÿ òåì-
ïåðàòóðîé ýëåêòðîïå÷è ïðè èñïîëüçîâàíèè îïòèìàëüíûõ ïî
áûñòðîäåéñòâèþ öèôðîâûõ ðåãóëÿòîðîâ.

The features of synthesis optimal on speed of digital regula-
tors for objects of control with a dead time are explained. The
results of research of processes in the system of automatic control
of temperature of the electric furnace at usage optimal on speed
of digital regulators are represented.

1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ìàòåìàòè÷åñêèå ìîäåëè ìíîãèõ ïðîìûøëåííûõ îáúåê-
òîâ, ðàññìàòðèâàåìûõ êàê îáúåêòû óïðàâëåíèÿ, ìîãóò
áûòü ïðåäñòàâëåíû ñòðóêòóðíûìè ñõåìàìè, ñîäåðæàùèìè
çâåíî ÷èñòîãî çàïàçäûâàíèÿ. Â ÷àñòíîñòè, ê òàêèì
îáúåêòàì îòíîñÿòñÿ ïàðîãåíåðàòîðû, âîäÿíûå êîòëû,
ýëåêòðè÷åñêèå è ãàçîâûå ïå÷è. Çíà÷èòåëüíîå ìåñòî ñðåäè
ìåðîïðèÿòèé ïî ýêîíîìèè òîïëèâà è ýëåêòðîýíåðãèè
çàíèìàåò àâòîìàòèçàöèÿ ïðîöåññà ïîëó÷åíèÿ è ïîòðåáëå-
íèÿ òåïëîâîé è ýëåêòðè÷åñêîé ýíåðãèè è àêòóàëüíîé
ïðîáëåìîé ÿâëÿåòñÿ ðàçðàáîòêà àâòîìàòîâ è ñèñòåì
àâòîìàòè÷åñêîãî óïðàâëåíèÿ ïàðàìåòðàìè ýòèõ ïðîìûø-
ëåííûõ îáúåêòîâ [1]. Ïðè ðàçðàáîòêå ñèñòåì óïðàâëåíèÿ
îáúåêòàìè ñ ÷èñòûì çàïàçäûâàíèåì îäíîé èç âàæíûõ
çàäà÷ ÿâëÿåòñÿ ñèíòåç ðåãóëÿòîðîâ, ó÷èòûâàþùèé óêàçàí-
íóþ îñîáåííîñòü îáúåêòîâ óïðàâëåíèÿ [2]. Â èçâåñòíûõ
ðàáîòàõ [1,2] ýòà çàäà÷à ðåøàëàñü íà îñíîâå ïðèìåíåíèÿ

ðîáàñòíûõ ðåãóëÿòîðîâ. Â äàííîé ðàáîòå ðåøåíèå ýòîé
çàäà÷è âûïîëíåíî íà îñíîâå ñèíòåçà îïòèìàëüíûõ ïî
áûñòðîäåéñòâèþ öèôðîâûõ ðåãóëÿòîðîâ.

2 ÐÅØÅÍÈÅ ÇÀÄÀ×È

Ñèíòåç îïòèìàëüíûõ ïî áûñòðîäåéñòâèþ öèôðîâûõ
ðåãóëÿòîðîâ äëÿ îáúåêòîâ óïðàâëåíèÿ ñ ÷èñòûì çàïàç-
äûâàíèåì ðàññìîòðåí íà ïðèìåðå êîíêðåòíîãî îáúåêòà -
ýëåêòðîïå÷è áîëüøîé ìîùíîñòè, ïåðåäàòî÷íàÿ ôóíêöèÿ
ëèíåéíîé ìîäåëè êîòîðîé îïðåäåëåíà â ðàáîòå [2] â âèäå 

 , (1)

ãäå ; ; . Ïîëó÷åííûå â ðåçóëü-

òàòå ýêñïåðèìåíòàëüíûõ èçìåðåíèé çíà÷åíèÿ ïîñòîÿííûõ
âðåìåíè è êîýôôèöèåíòà óñèëåíèÿ ñëåäóþùèå:

, , ,  

(óïðàâëÿþùåå âîçäåéñòâèå íà îáúåêò óïðàâëåíèÿ çàäàåòñÿ
â ïðîöåíòàõ ïåðåìåùåíèÿ ðåãóëèðóþùåãî îðãàíà). Â êà-
÷åñòâå èñïîëíèòåëüíûõ óñòðîéñòâ îáû÷íî èñïîëüçóþòñÿ
óñòðîéñòâà òèïà "ýëåêòðîäâèãàòåëü + ðåãóëèðóåìûé âåí-
òèëü". Ïîñêîëüêó ïîñòîÿííàÿ âðåìåíè ýëåêòðîäâèãàòåëÿ
íàìíîãî ìåíüøå ïîñòîÿííûõ âðåìåíè â ïåðåäàòî÷íîé
ôóíêöèè (1), òî èñïîëíèòåëüíîå óñòðîéñòâî ìîæíî ïðåä-
ñòàâèòü èíòåãðèðóþùèì çâåíîì ñ ïåðåäàòî÷íîé ôóíêöèåé

. Òîãäà ïåðåäàòî÷íàÿ ôóíêöèÿ îáùåãî îáúåêòà

óïðàâëåíèÿ äëÿ ðåãóëÿòîðà îïðåäåëÿåòñÿ â âèäå

. (2)

G s( ) α
s a+( ) s b+( )

---------------------------------e τs–=

a 1
T1
------= b 1

T2
------= α

K0

T1T2
------------=

T2 122c= T2 14 5c,= τ 3 9c,= K0 7 2 °C/°/°,=

G1 s( ) 1
s
---=

G0 s( ) α
s s a+( ) s b+( )
------------------------------------e τs–=
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Ïðè ïðîåêòèðîâàíèè ñèñòåì óïðàâëåíèÿ ñ îïòèìàëü-
íûìè ïî áûñòðîäåéñòâèþ öèôðîâûìè ðåãóëÿòîðàìè è
îáúåêòàìè óïðàâëåíèÿ ñ ÷èñòûì çàïàçäûâàíèåì òàê, ÷òîáû
ñèñòåìà "àïïðîêñèìèðîâàëà" ïðîèçâîëüíîå âõîäíîå âîç-
äåéñòâèå ñèãíàëîì, êîòîðûé ëèíåéíî èçìåíÿåòñÿ íà
èíòåðâàëàõ ðåãóëèðîâàíèÿ, íåîáõîäèìî îïðåäåëÿòü
îïòèìàëüíûå óïðàâëÿþùèå âîçäåéñòâèÿ íà îáúåêò óïðàâ-
ëåíèÿ. Ýòè âîçäåéñòâèÿ äëÿ îáúåêòà ñ ïåðåäàòî÷íîé

ôóíêöèåé  ìîæíî íàéòè, ìîäèôèöèðóÿ ïîëó-

÷åííûå â ðàáîòå [3] ôîðìóëû äëÿ îïòèìàëüíûõ óïðàâëÿ-
þùèõ âîçäåéñòâèé íà îáúåêò óïðàâëåíèÿ ñ ïåðåäàòî÷íîé

ôóíêöèåé  [4]. Òàê, íà âõîä îáúåêòà óïðàâëåíèÿ c

ïåðåäàòî÷íîé ôóíêöèåé 

íåîáõîäèìî íà êàæäîì èíòåðâàëå  ðåãóëèðîâàíèÿ ,

íà÷èíàÿ ñ ìîìåíòà ,  ïîäàâàòü âîçäåéñò-

âèÿ  ïðè  ;

ïðè  ;

 ïðè

;

  ïðè  ; 

; (3)

ãäå  ;

; ; ;

; .

Öèôðîâîé ðåãóëÿòîð íà êàæäîì ïîäûíòåðâàëå

 èíòåðâàëà ðåãóëèðîâàíèÿ 

ìîæíî îïèñàòü ïåðåäàòî÷íîé ôóíêöèåé

 (4)

èëè ðàçíîñòíûì óðàâíåíèåì

, (5)

ãäå  ïðè èíäåêñå  è ,  ïðè

èíäåêñå .

Åñëè îáîçíà÷èòü ÷åðåç  îøèáêó â ñîîòâåòñòâóþ-

ùåì êîíòóðå óïðàâëåíèÿ â ìîìåíòû ,   íà

èíòåðâàëå ðåãóëèðîâàíèÿ  (  - îøèáêà â ìîìåíò

,  - îøèáêà â ìîìåíò, ,  - îøèáêà â

ìîìåíò ), òî öèôðîâîé ðåãóëÿòîð íà êàæäîì

ïîäûíòåðâàëå  èíòåðâàëà ðåãóëèðîâàíèÿ

 ìîæíî îïèñàòü ïåðåäàòî÷íîé ôóíêöèåé

 (6)

èëè ðàçíîñòíûì óðàâíåíèåì

, (7)

ãäå  - øàã êâàíòîâàíèÿ. Íà -ì èíòåðâàëå

ðåãóëèðîâàíèÿ  âõîäíîå âîçäåéñòâèå

õàðàêòåðèçóåòñÿ ïåðâîé ðàçíîñòüþ (ñðåäíåé íà èíòåðâàëå
ñêîðîñòüþ) , íà -ì èíòåðâàëå ðåãóëèðîâàíèÿ

  - ïåðâîé ðàçíîñòüþ (ñðåäíåé íà èíòåð-

âàëå ñêîðîñòüþ) ; ïðèðàùåíèå ñðåäíåé ñêîðîñòè íà èí-

òåðâàëå ðåãóëèðîâàíèÿ  ìîæíî îïðåäå-

ëèòü êàê , .

Òåêóùåå çíà÷åíèå ñêîðîñòè âõîäíîãî âîçäåéñòâèÿ
ìîæíî îïðåäåëèòü ïî ôîðìóëå

, (8)

ãäå  - øàã ìîäåëèðîâàíèÿ, è èñïîëüçîâàòü ïðèáëè-

æåííîå çíà÷åíèå ïåðâîé ðàçíîñòè 

. (9)

Ïåðâàÿ ðàçíîñòü (ñðåäíÿÿ ñêîðîñòü) âõîäíîãî âîç-
äåéñòâèÿ íà ïðåäûäóùåì èíòåðâàëå ðåãóëèðîâàíèÿ

 îïðåäåëÿåòñÿ êàê

. (10)

Òîãäà ïðèðàùåíèå ñêîðîñòè íà èíòåðâàëe ðåãóëèðî-

âàíèÿ    îïðåäåëÿåòñÿ êàê

. (11)

3 ÎÏÒÈÌÀËÜÍÛÅ ÑÒÐÓÊÒÓÐÛ ÐÅÃÓËßÒÎÐÎÂ

Äëÿ ìàòåìàòè÷åñêèõ ìîäåëåé îáúåêòîâ óïðàâëåíèÿ ñ
÷èñòûì çàïàçäûâàíèåì (ñì. ôîðìóëó (2)) ìîæíî
ïðåäëîæèòü îáùóþ ñòðóêòóðíóþ ñõåìó îïòèìàëüíûõ ïî
áûñòðîäåéñòâèþ öèôðîâûõ ðåãóëÿòîðîâ, èç êîòîðîé
ìîæíî ïîëó÷èòü íåñêîëüêî âàðèàíòîâ ñòðóêòóðíûõ ñõåì,
êîòîðûå îòëè÷àþòñÿ òîëüêî áëîêàìè, ðåàëèçóþùèìè

ðàçëè÷íûå ñîîòíîøåíèÿ âðåìåíè çàïàçäûâàíèÿ  è øàãà

êâàíòîâàíèÿ â öèôðîâîì ðåãóëÿòîðå . Äëÿ îáúåêòà ñ

G s( )e τs–

G s( )

G s( ) αe τs– s s a+( ) s b+( )[ ] 1–=

tp

ntp n 0 1 2 ...,,,,=

m0 K0 U S0 σ∆+∆( ) Rσn 1–+= ntp t ntp h+<≤

m1 K0 q1 U S0 σ∆+∆( ) h σ∆+[ ] Rσn 1–+= ntp h+ t ntp 2h+<≤

m2 K0 q2 U S0 σ∆+∆( ) h σ 1 q1+( )∆+[ ] Rσn 1–+=

ntp 2h+ t ntp 3h+<≤

m3 R ab
α
------= = ntp 3h+ t ntp 3h τ+ +<≤

tp 3h τ+=

K0
ab

αh 1 A–( ) 1 B–( )
-------------------------------------------=

S0 3h a b+
ab

------------
h 2 q1+( )

1 A–( ) 1 B–( )
-----------------------------------– τ+ += q1 A B+( )–= q2 AB=

A e
ah–

= B e bh–=

ntp t ntp 3h+<≤ ntp t n 1+( )tp<≤

W z( ) M z( )
θ z( )
------------

m0 m1z 1– m2z 2–+ +

U 1 z 1– z 2–+ +( )∆
--------------------------------------------------= =

mi mkθi k– U mi k–

k 1=

2

ÿ∆–

k 0=

2

ÿ
� �
� �
� �
� �

/ U∆=

θ U∆= i k– 0≥ θ 0= m 0=

i k 0<–

Ui∆

ih i 0 1 2 ...,,,=

tp U0∆

ntp U1∆ ntp h+ U2∆

ntp 2h+

ntp t ntp 3h+<≤

ntp t n 1+( )tp<≤

W z( ) M z( )
θ z( )
------------

m0 m1z 1– m2z 2–+ +

U0 U1z∆ 1– U2z∆ 2–+ +∆
-------------------------------------------------------------= =

mi mk U∆ i k– U∆ kmi k–

k 1=

2

ÿ–

k 0=

2

ÿ
� �
� �
� �
� �

/ U0∆=

h n 1–( )
n 1–( )tp t≤ ntp<

σn 1– n

ntp t≤ n 1+( )tp<

σn

ntp t≤ n 1+( )tp<

σ∆ σn σn 1––= n 0 1 2 ...,,,=

σ u kh0( ) u k 1–( )h0[ ]–{ }/h0=

h0

σ̂n σ ntp( )=

n 1–( )tp t≤ ntp<

σ̂n 1– σ n 1–( )tp[ ]=

ntp t≤ n 1+( )tp<

σ∆ σ ntp( ) σ n 1–( )tp[ ]–{ }/tp=

τ
h
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ïåðåäàòî÷íîé ôóíêöèåé (2) ðàññìîòðèì òðè âàðèàíòà:
1.Îïòèìàëüíûé ïî áûñòðîäåéñòâèþ öèôðîâîé ðåãóëÿòîð

òèïà , äëÿ êîòîðîãî ïðèìåì  (  â ðåàëüíîì

îáúåêòå ðàâíî ); 2.Îïòèìàëüíûé ïî áûñòðîäåéñòâèþ

öèôðîâîé ðåãóëÿòîð òèïà , äëÿ êîòîðîãî ïðèìåì

; 3. Îïòèìàëüíûé ïî áûñòðî-äåéñòâèþ

öèôðîâîé ðåãóëÿòîð òèïà , äëÿ êîòîðîãî ïðèìåì

. Ðåãóëÿòîðû, íàçâàííûå óñëîâíî òèïàìè

 è , èìåþò îäíè è òå æå ïåðåäàòî÷íûå ôóíêöèè, íî

îòëè÷àþòñÿ òîëüêî øàãîì êâàíòîâàíèÿ (äëÿ òèïà 

, äëÿ òèïà  , äëÿ òèïà  ).

Íèæå ðàññìîòðåíà öèôðîâàÿ ñèñòåìà óïðàâëåíèÿ òåì-
ïåðàòóðîé ýëåêòðîïå÷è, â êîòîðîé èñïîëüçóþòñÿ: 1 - îïòè-

ìàëüíûé ïî áûñòðîäåéñòâèþ öèôðîâîé ðåãóëÿòîð òèïà ;
2 - îïòèìàëüíûé ïî áûñòðîäåéñòâèþ öèôðîâîé ðåãóëÿòîð

òèïà  è 3 - îïòèìàëüíûé ïî áûñòðîäåéñòâèþ öèôðîâîé

ðåãóëÿòîð òèïà . Èññëåäîâàíèå ïðîöåññîâ â ñèñòåìå ñ

óêàçàííûìè ðåãóëÿòîðàìè ïðè ðàçëè÷íûõ âõîäíûõ
âîçäåéñòâèÿõ ïðîâåäåíî ñ èñïîëüçîâàíèåì èíòåðàêòèâíîé
ñèñòåìû MATLAB. Ñòðóêòóðíàÿ ñõåìà ñèñòåìû ïðèâåäåíà
íà ðèñ.1.

Îáùàÿ ñòðóêòóðíàÿ ñõåìà îïòèìàëüíîãî ïî áûñòðî-
äåéñòâèþ öèôðîâîãî ðåãóëÿòîðà ñîñòîèò èç äâóõ ñóá-
áëîêîâ (íà ðèñ.1 ýòè ñóááëîêè îáîçíà÷åíû SubSystem1 è
SubSystem2).

Ñóááëîê SubSystem1 ïðåäñòàâëÿåò ñîáîé îïòèìàëüíûé
ïî áûñòðîäåéñòâèþ öèôðîâîé ðåãóëÿòîð, ïðîåêòèðóåìûé
äëÿ îáúåêòà óïðàâëåíèÿ áåç ó÷åòà çâåíà çàïàçäûâàíèÿ.
Ñòðóêòóðíàÿ ñõåìà ýòîãî öèôðîâîãî ðåãóëÿòîðà (ïðèâå-
äåíà íà ðèñ.2) âûïîëíÿåòñÿ íåïîñðåäñòâåííî íà îñíîâàíèè
ôîðìóë (3), (8)-(11).

Ðèñóíîê 1

Ðèñóíîê 2

A τ h 4c= = τ
3 9c,

Á
τ 2h 4c= =

Â
τ 4h 4c= =

À,Á Â

À

h 4c= Á h 2c= Â h 1c=

À

Á
Â
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Ðèñóíîê 3

Ñóááëîê SubSystem2, ñòðóêòóðíàÿ ñõåìà êîòîðîãî
ïðèâåäåíà íà ðèñ.3, ïðåäñòàâëÿåò äîïîëíèòåëüíóþ ñõåìó,
êîòîðàÿ ïðîåêòèðóåòñÿ ñïåöèàëüíî äëÿ ó÷åòà
çàïàçäûâàíèÿ â îáúåêòå óïðàâëåíèÿ. Äëÿ îïòèìàëüíîãî ïî

áûñòðîäåéñòâèþ öèôðîâîãî ðåãóëÿòîðà òèïà , ó êîòî-

ðîãî , â ýòîì ñóááëîêå èñïîëüçóåòñÿ òîëüêî
îäíî çâåíî çàïàçäûâàíèÿ Unit Delay1 (îñòàëüíûå çâåíüÿ
çàïàçäûâàíèÿ îòêëþ÷åíû). Äëÿ îïòèìàëüíîãî ïî áûñòðî-

äåéñòâèþ öèôðîâîãî ðåãóëÿòîðà òèïà , ó êîòîðîãî

, â ýòîì ñóááëîêå èñïîëüçóþòñÿ äâà çâåíà
çàïàçäûâàíèÿ Unit Delay1 è Unit Delay2 (îñòàëüíûå
çâåíüÿ çàïàçäûâàíèÿ îòêëþ÷åíû). Äëÿ îïòèìàëüíîãî ïî
áûñòðîäåéñòâèþ öèôðîâîãî ðåãóëÿòîðà òèïà , ó êîòî-

ðîãî , â ýòîì ñóááëîêå èñïîëüçóþòñÿ âñå
÷åòûðå çâåíà çàïàçäûâàíèÿ Unit Delay1 - Unit Delay4.

4 ÐÅÇÓËÜÒÀÒÛ ÌÎÄÅËÈÐÎÂÀÍÈß

Íà ðèñ.4 ïîêàçàíû ïåðåõîäíûå ïðîöåññû (ðåàêöèè
ñèñòåìû íà åäèíè÷íîå ñòóïåí÷àòîå âîçäåéñòâèå) ïðè
íàëè÷èè â ñèñòåìå îïòèìàëüíûõ ïî áûñòðîäåéñòâèþ

öèôðîâûõ ðåãóëÿòîðîâ òèïà , äëÿ êîòîðîãî 

(êðèâàÿ 1),  òèïà , äëÿ êîòîðîãî  (êðè-

âàÿ 2) è òèïà , äëÿ êîòîðîãî  (êðèâàÿ 3).
Äëÿ ñèñòåìû ñ îïòèìàëüíûì ïî áûñòðîäåéñòâèþ

öèôðîâûì ðåãóëÿòîðîì òèïà  âðåìÿ ðåãóëèðîâàíèÿ

; äëÿ ñèñòåìû ñ îïòèìàëüíûì ïî áûñòðî-

äåéñòâèþ öèôðîâûì ðåãóëÿòîðîì òèïà  âðåìÿ ðåãóëè-

ðîâàíèÿ ; äëÿ ñèñòåìû ñ îïòèìàëüíûì ïî áûñòðî-

äåéñòâèþ öèôðîâûì ðåãóëÿòîðîì òèïà  âðåìÿ ðåãó-

ëèðîâàíèÿ . Òàêèì îáðàçîì, áûñòðîäåéñòâèå

ñèñòåìû ñ ðåãóëÿòîðàìè òèïà  è  ïðåâûøàåò áûñòðî-

äåéñòâèå ñèñòåìû ñ ðåãóëÿòîðîì òèïà  ñîîòâåòñòâåííî
1,6 ðàçà è ïðèìåðíî â 2,3 ðàçà. Îïòèìàëüíûå ïî
áûñòðîäåéñòâèþ öèôðîâûå ðåãóëÿòîðû îáåñïå÷èâàþò àïå-

ðèîäè÷åñêèå ïåðåõîäíûå ïðîöåññû (áåç ïåðåðåãóëèðî-
âàíèÿ).

Mîæíî åùå áîëüøå óìåíüøèòü âðåìÿ ðåãóëèðîâàíèÿ

 äëÿ ñèñòåìû ñ îïòèìàëüíûìè ïî áûñòðîäåéñòâèþ

öèôðîâûìè ðåãóëÿòîðàìè, óìåíüøàÿ øàã êâàíòîâàíèÿ

(íàïðèìåð, ïðèíÿâ , ), íî ïðè

ýòîì íåñêîëüêî óñëîæíÿåòñÿ ñõåìà ñóááëîêà SubSystem2
è, ãëàâíîå, çíà÷èòåëüíî âîçðàñòàþò óïðàâëÿþùèå
èìïóëüñû íà âûõîäå ðåãóëÿòîðà, ÷òî òðåáóåò ïðèìåíåíèÿ
äîïîëíèòåëüíîãî óñèëåíèÿ ñèãíàëîâ.

Ðèñóíîê 4

Ïðè ïðîèçâîëüíîì âõîäíîì âîçäåéñòâèè , êîòîðîå

èçìåíÿåòñÿ ñ ìàêñèìàëüíîé ñêîðîñòüþ  è ìàêñè-

ìàëüíûì óñêîðåíèåì , óäîáíî ðàññìàòðèâàòü ýêâèâà-

ëåíòíîå ãàðìîíè÷åñêîå âîçäåéñòâèå

 , (12)

ïàðàìåòðû êîòîðîãî îïðåäåëÿþòñÿ èç ñîîòíîøåíèé [4]
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Ðèñóíîê 5

Â ñâîþ î÷åðåäü, åñëè çàäàíû ïàðàìåòðû ýêâèâàëåíò-
íîãî ãàðìîíè÷åñêîãî âîçäåéñòâèÿ, òî ìàêñèìàëüíàÿ ñêî-
ðîñòü  è ìàêñèìàëüíîå óñêîðåíèå    ïðîèçâîëü-

íîãî âõîäíîãî âîçäåéñòâèÿ  íàõîäÿòñÿ èç ñîîòíîøåíèé

;  . (14)

Ïðîöåññû â ñèñòåìå (ñì. ðèñ.1) ñ îïòèìàëüíûìè ïî

áûñòðîäåéñòâèþ öèôðîâûìè ðåãóëÿòîðàìè òèïà  è 
ïðè ïîñòóïëåíèè íà âõîä ñèñòåìû ýêâèâàëåíòíîãî
ãàðìîíè÷åñêîãî âîçäåéñòâèÿ

 , (15)

ãäå ; , ïðèâåäåíû

íà ðèñ.5, ãäå  - âõîä ñèñòåìû,  - âûõîä ñèñòåìû,

 - îøèáêà ðàññîãëàñîâàíèÿ.

Îòñëåæèâàíèå âõîäíîãî ýêâèâàëåíòíîãî ãàðìîíè÷åñ-
êîãî âîçäåéñòâèÿ â ñèñòåìàõ ñ óêàçàííûìè ðåãóëÿòîðàìè
(áåç ó÷åòà áîëüøîãî âûáðîñà ïðè çàõâàòå âõîäíîãî
ñèãíàëà) äîñòàòî÷íî òî÷íîå: ìàêñèìàëüíàÿ òåêóùàÿ îøèá-
êà â ñèñòåìå ñ îïòèìàëüíûì ïî áûñòðîäåéñòâèþ ðåãóëÿ-

òîðîì òèïà  äîñòèãàåò ïðèìåðíî 7% îò àìïëèòóäû
âõîäíîãî âîçäåéñòâèÿ, à ìàêñèìàëüíàÿ òåêóùàÿ îøèáêà â
ñèñòåìå ñ îïòèìàëüíûì ïî áûñòðîäåéñòâèþ ðåãóëÿòîðîì

òèïà  ñîñòàâëÿåò ïðèìåðíî 3%.

ÂÛÂÎÄÛ

Ïðîâåäåííûå èññëåäîâàíèÿ ïðîöåññîâ â ñèñòåìå àâòîìà-
òè÷åñêîãî óïðàâëåíèÿ òåìïåðàòóðîé ýëåêòðîïå÷è ïîêàçû-
âàþò, ÷òî îïòèìàëüíûå ïî áûñòðîäåéñòâèþ öèôðîâûå
ðåãóëÿòîðû ìîæíî ýôôåêòèâíî èñïîëüçîâàòü íå òîëüêî
ïðè ñòóïåí÷àòûõ âõîäíûõ ñèãíàëàõ, íî è ïðè ïðîèç-
âîëüíûõ âîçäåéñòâèÿõ ñ îãðàíè÷åííûìè ñêîðîñòüþ èçìå-
íåíèÿ è óñêîðåíèåì. Ñëåäóåò ñ÷èòàòü, ÷òî ïðèìåíåíèå
îïòèìàëüíûõ ïî áûñòðîäåéñòâèþ öèôðîâûõ ðåãóëÿòîðîâ
äëÿ ñòàöèîíàðíûõ îáúåêòîâ óïðàâëåíèÿ öåëåñîîáðàçíî è
äàëüíåéøàÿ ðàçðàáîòêà òàêèõ ðåãóëÿòîðîâ äëÿ ðàçëè÷íûõ
îáúåêòîâ ñ ÷èñòûì çàïàçäûâàíèåì ïåðñïåêòèâíà.
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ÌÈÊÐÎÏÐÎÖÅÑÑÎÐÍÀß ÑÈÑÒÅÌÀ ÓÏÐÀÂËÅÍÈß ÊÎÌÏËÅÊÑÎÌ ÏÎ 
ÏÅÐÅÐÀÁÎÒÊÅ ÎÒÕÎÄÎÂ ÏÎËÈÌÅÐÍÛÕ ÌÀÒÅÐÈÀËÎÂ

Â.Â.Äÿäè÷åâ

Çàïðîïîíîâàíî àâòîìàòèçîâàíó ñèñòåìó êåðóâàííÿ ïðîöå-
ñîì ãîòóâàííÿ áàãàòîêîìïîíåíòíî¿ ñîåêñòðóç³éíî¿ ñóì³ø³ ç
â³äõîä³â ïîë³ìåðíèõ ìàòåð³àë³â. Ðîçðîáëåíî àëãîðèòì ôóíê-
ö³îíóâàííÿ ñèñòåìè, çàñîá³â êåðóâàííÿ êîìïëåêñîì, àïàðàòíà
³ ïðîãðàìíà ÷àñòèíè ì³êðîïðîöåñîðíî¿ ñèñòåìè îïåðàòèâíîãî
êåðóâàííÿ ÿê³ñòþ ãîòóâàííÿ ñîåêñòðóç³éíî¿ ñóì³ø³.

Ïðåäëîæåíà àâòîìàòèçèðîâàííàÿ ñèñòåìà óïðàâëåíèÿ
ïðîöåññîì ïðèãîòîâëåíèÿ ìíîãîêîìïîíåíòíîé ñîýêñòðóçèî-
ííîé ñìåñè èç îòõîäîâ ïîëèìåðíûõ ìàòåðèàëîâ. Ðàçðàáîòàí
àëãîðèòì ôóíêöèîíèðîâàíèÿ ñèñòåìû, ñðåäñòâ óïðàâëåíèÿ
êîìïëåêñîì, àïïàðàòíàÿ è ïðîãðàììíàÿ ÷àñòü ìèêðîïðî-
öåññîðíîé ñèñòåìû îïåðàòèâíîãî óïðàâëåíèÿ êà÷åñòâîì
ïðèãîòîâëåíèÿ ñîýêñòðóçèîííîé ñìåñè.

The automated management system of process of cooking mul-
ticomponent ñîexstrusion of a mixture from waste of polymer
stuffs is offered. The operation algorithm of a system both con-
trolss a complex and skeleton diagram of a system of operating
control by quality cooking ñîexstrusion of a mixture is designed.

Îäíèì èç íàïðàâëåíèé ñîâðåìåííîãî ðàçâèòèÿ ýêî-
íîìèêè Óêðàèíû ÿâëÿåòñÿ ñîçäàíèå íîâûõ è èíòåíñèôè-
êàöèÿ äåéñòâóþùèõ ðåñóðñîñáåðåãàþùèõ ïðîèçâîäñòâ íà
îñíîâå øèðîêîãî èñïîëüçîâàíèÿ ïåðåäîâûõ òåõíîëîãèé,
ñðåäñòâ è ñèñòåì àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ òåõíî-
ëîãè÷åñêèìè ïðîöåññàìè.

Ïðîáëåìà. Â ïîñëåäíåå âðåìÿ âñå áîëüøåå çíà÷åíèå â
ìèðå çàíèìàþò ïðîáëåìû çàãðÿçíåíèÿ îêðóæàþùåé ñðå-
äû. È â ïåðâóþ î÷åðåäü ýòî êàñàåòñÿ óòèëèçàöèè îòõîäîâ.
Ñóùåñòâóþùèå ñðåäñòâà è óðîâåíü àâòîìàòèçàöèè êîì-
ïëåêñîâ äëÿ óòèëèçàöèè îòõîäîâ ïîëèìåðíûõ ìàòåðèàëîâ
íå ìîãóò îáåñïå÷èòü íåîáõîäèìóþ òî÷íîñòü ïîäà÷è ìà-
òåðèàëîâ ñìåñè, à èñïîëüçóåìàÿ æåñòêàÿ óñòàíîâêà çàäà-
íèé ðàñõîäà êîìïîíåíòîâ ñìåñè áåç ó÷åòà èõ ðåàëüíûõ
ðàñõîäîâ íå ïîçâîëÿåò äîñòè÷ü òðåáóåìîãî êà÷åñòâà ñìåñè
èç âòîðè÷íûõ ïîëèìåðîâ [1,2,3]. Îáùèé óðîâåíü àâòîìà-
òèçèðîâàííîãî óïðàâëåíèÿ îáîðóäîâàíèåì íà êîìïëåêñàõ
ÑÍÃ óñòóïàåò óðîâíþ àíàëîãè÷íûõ ïðîèçâîäñòâ â ÑØÀ,
Êàíàäå, Àâñòðàëèè, Øâåöèè, Ôðàíöèè, Ôèíëÿíäèè
[4,5,6,7].

Òàêîå ñîñòîÿíèå â óðîâíå àâòîìàòèçàöèè ïðîöåññà
ñîçäàíèÿ ìíîãîñëîéíûõ èçäåëèé èç èñïîëüçîâàííûõ ïîëè-
ìåðíûõ ìàòåðèàëîâ ìåòîäîì ñîýêñòðóçèè îïðåäåëèëî
íåîáõîäèìîñòü â ðàçðàáîòêå àâòîìàòèçèðîâàííîé ñèñòåìû
óïðàâëåíèÿ òåõíîëîãè÷åñêèì ïðîöåññîì ïðèãîòîâëåíèÿ
ñîýêñòðóçèîííîé ñìåñè, áàçèðóþùåéñÿ íà íîâûõ ìåòîäàõ
è ïðèíöèïàõ óïðàâëåíèÿ ïðîöåññîì, ñîâðåìåííûõ êîì-
ïüþòåðíûõ ñðåäñòâàõ óïðàâëåíèÿ, ó÷åòà è äîçèðîâàíèÿ
ìàòåðèàëîâ.

Ïðîâåäåííûé àíàëèç ñóùåñòâóþùèõ òåõíîëîãè÷åñêèõ
ñõåì ðåöèêëèíãà ïëàñòìàññ è ñîîòâåòñòâåííî ñèñòåì
óïðàâëåíèÿ ýòèìè òåõíîëîãè÷åñêèìè ïðîöåññàìè ïîçâî-

ëÿåò ñäåëàòü âûâîä î òîì, ÷òî ñóùåñòâóþùèå ñèñòåìû
óïðàâëåíèÿ ïðîöåññîì ïðèãîòîâëåíèÿ ñìåñè íå ìîãóò
îáåñïå÷èòü íåîáõîäèìîå êà÷åñòâî (îäíîðîäíîñòü) ïîëè-
ìåðíîé ñìåñè â ñèëó ñëåäóþùèõ ïðè÷èí:

- ïðè ïðèãîòîâëåíèè ñîýêñòðóçèîííîé ñìåñè èñïîëü-
çóþòñÿ íàïîëíåííûå îòõîäû è âòîðè÷íûé ïîëèìåð, à îíè
ÿâëÿþòñÿ òðóäíî äîçèðóåìûìè ìàòåðèàëàìè. Ïîýòîìó
èñïîëüçîâàíèå äîçàòîðà âòîðè÷íûõ ïîëèìåðîâ, íàðÿäó ñ
äðóãèìè äîçàòîðàìè, â ðåæèìå óïðàâëÿåìîãî íå îáåñïå÷èò
òðåáóåìóþ ýôôåêòèâíîñòü ñâÿçàííîãî äîçèðîâàíèÿ;

- â ñóùåñòâóþùèõ ñõåìàõ íå ïðèíèìàåòñÿ âî âíèìàíèå
ïðîñòðàíñòâåííîå ðàçìåùåíèå ñðåäñòâ äîçèðîâàíèÿ êîìïî-
íåíòîâ, ò.å. ïðè ôîðìèðîâàíèè óïðàâëÿþùèõ âîçäåéñòâèé
íå ó÷èòûâàþòñÿ òðàíñïîðòíûå çàïàçäûâàíèÿ ïîñòóïëåíèÿ
êîìïîíåíòîâ â ýêñòðóäåðà;

Öåëüþ ðàáîòû ÿâëÿåòñÿ ñîçäàíèå ñîâðåìåííîé ñèñòåìû
àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ ïðîöåññîì ïðèãîòîâëå-
íèÿ ñîýêñòðóçèîííîé ñìåñè èç âòîðè÷íûõ ïîëèìåðîâ íà
îñíîâå ìîäåëèðîâàíèÿ ïðîöåññà è ñ ó÷åòîì òðàíñïîðòíîãî
çàïàçäûâàíèÿ ïîñòóïëåíèÿ êîìïîíåíòîâ ñìåñè â ýêñòðó-
äåðà ñ îáåñïå÷åíèåì èçãîòîâëåíèÿ íîâîãî èçäåëèÿ íåîáõî-
äèìîãî êà÷åñòâà.

Àíàëèç òåõíîëîãè÷åñêîé ñõåìû êîìïëåêñà ïî ïåðå-
ðàáîòêå îòõîäîâ ïîëèìåðíûõ ìàòåðèàëîâ ïîçâîëÿåò îïðå-
äåëèòü ñëåäóþùèå ôóíêöèè ñèñòåìû êîíòðîëÿ è óïðàâ-
ëåíèÿ ïðîöåññîì ïðèãîòîâëåíèÿ ñìåñè: êîíòðîëü ðàñõîäà
êîìïîíåíòîâ ïîëèìåðíîé ñìåñè (íàïîëíåííûå îòõîäû,
âòîðè÷íûé ïîëèìåð, ïåðâè÷íûé ïîëèìåð, íàïîëíèòåëü);
êîíòðîëü ïëîòíîñòè âûõîäíîãî ìàòåðèàëà äðîáèëêè; êîíò-
ðîëü äàâëåíèÿ âîçäóõà â ìàãèñòðàëè è ó÷åò ðàñõîäà
êîìïîíåíòîâ ïîëèìåðíîé ñìåñè; ðàñ÷åò îáúåìà ïðèãîòîâ-
ëåííîãî ñîýêñòðóçèîííîãî ìàòåðèàëà çà ñìåíó, ñóòêè,
ìåñÿö; ñòàáèëèçàöèÿ ïîäà÷è êîìïîíåíòîâ; êîððåêòèðîâêà
çàäàíèé íà ðàñõîäû êîìïîíåíòîâ ñ ó÷åòîì èõ íàïîëíåí-
íîñòè; êîððåêòèðîâêà ðàñõîäà ïåðâè÷íîãî ïîëèìåðà ïî
ðåàëüíîìó çíà÷åíèþ ïîäà÷è êîìïîíåíòîâ ñìåñè; ïîäà÷à
êîìïîíåíòîâ â çàäàííîì ñîîòíîøåíèè ê âÿæóùåìó.

Ñèñòåìà àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ ïðîöåññîì
ïðèãîòîâëåíèÿ ìíîãîêîìïîíåíòíîé ñîýêñòðóçèîííîé ñìåñè
àïïàðàòíî ìîæåò áûòü ðåàëèçîâàíà ëèáî íà áàçå óíèâåð-
ñàëüíîé ÏÝÂÌ è ñïåöèàëüíîãî íàáîðà óñòðîéñòâ ñâÿçè ñ
îáúåêòîì (ÓÑÎ), ëèáî íà îñíîâå ñïåöèàëèçèðîâàííîé
ìèêðîïðîöåññîðíîé ñèñòåìû óïðàâëåíèÿ ñ èñïîëüçîâà-
íèåì îäíîêðèñòàëüíîãî ìèêðîêîíòðîëëåðà. Íàìè áûë
âûáðàí ïîñëåäíèé âàðèàíò, ïîñêîëüêó ñèñòåìà óïðàâëåíèÿ
ñî âñòðîåííûì ñîâðåìåííûì ìèêðîêîíòðîëëåðîì, êàê ïî
ñëîæíîñòè òåõíè÷åñêîé ðåàëèçàöèè, òàê è ñ ýêîíîìè-
÷åñêîé òî÷êè çðåíèÿ ÿâëÿåòñÿ ãîðàçäî áîëåå ýôôåêòèâíîé
äëÿ ðåøåíèÿ ïîäîáíûõ çàäà÷ [8,9]. Èíòåãðèðîâàííûå â
ìèêðîêîíòðîëëåð ïåðèôåðèéíûå óñòðîéñòâà ïîçâîëÿþò
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ðåàëèçîâàòü âñå íåîáõîäèìûå ôóíêöèè óïðàâëåíèÿ è
ñâÿçè ñ îáúåêòàìè ñ èñïîëüçîâàíèåì ìèíèìàëüíîãî êîëè-
÷åñòâà äîïîëíèòåëüíûõ àïïàðàòíûõ ìîäóëåé, ïîëó÷èòü
îòíîñèòåëüíî ïðîñòóþ, òåõíîëîãè÷íóþ â ïðîèçâîäñòâå
êîíñòðóêöèþ ñ íèçêèì ýíåðãîïîòðåáëåíèåì è âñåìè
íåîáõîäèìûìè âîçìîæíîñòÿìè.

Ðàçðàáîòàííûé àëãîðèòì ôóíêöèîíèðîâàíèÿ ñèñòåìû è
ñðåäñòâ óïðàâëåíèÿ ïîçâîëÿþò îïðåäåëèòü àðõèòåêòóðó
ñèñòåìû óïðàâëåíèÿ (ðèñ.1), êîòîðàÿ êîììóòèðóåò 9
âõîäíûõ ñèãíàëîâ (0-5 ìÀ), 8 âõîäíûõ è 12 âûõîäíûõ
ïîçèöèîííûõ ñèãíàëîâ, 4 èìïóëüñíûõ âõîäíûõ ñèãíàëîâ
(0-8 êÃö) è 14 àíàëîãîâûõ âûõîäíûõ ñèãíàëîâ ñ ãàëüâàíè-
÷åñêîé ðàçâÿçêîé (0-5 ìÀ). Â ñîñòàâ ìèêðîïðîöåññîðíîé
ñèñòåìû óïðàâëåíèÿ âõîäÿò: îäíîêðèñòàëüíûé ìèêðî-êîí-
òðîëëåð, ïîñòîÿííàÿ ýëåêòðè÷åñêè ïåðåïðîãðàììèðóåìàÿ
ïàìÿòü (EEPROM) íîðìèðóþùèå ïðåîáðàçîâàòåëè àíàëî-
ãîâîãî ââîäà, ìîäóëè àíàëîãîâîãî âûâîäà, ââîäà/âûâîäà
ïîçèöèîííûõ ñèãíàëîâ, ââîäà èìïóëüñíûõ ñèãíàëîâ,
ìîäóëè ñâÿçè ñ ïðèíòåðîì è ÝÂÌ âåðõíåãî óðîâíÿ,
äèñïëåé, êëàâèàòóðà, ñòàáèëèçàòîð íàïðÿæåíèÿ ïèòàíèÿ.
Âñå îñíîâíûå ìîäóëè ñèñòåìû, êðîìå êëàâèàòóðû è
äèñïëåÿ, âûïîëíåíû â âèäå îäíîïëàòíîé êîíñòðóêöèè.
Ðàñïîëîæåííûå íà ïëàòå ðàçúåìû ïîçâîëÿþò ïðè íåîá-
õîäèìîñòè ëåãêî ðàñøèðèòü âîçìîæíîñòè ñèñòåìû ïóòåì
äîáàâëåíèÿ äîïîëíèòåëüíûõ ìîäóëåé ââîäà/âûâîäà.
Ïðèìåíåíèå êîìïëåêòóþùèõ ýëåìåíòîâ âåäóùèõ ìèðîâûõ
ôèðì-ïðîèçâîäèòåëåé (Microchip, Analog Devices, Power-

tip, Bopla) îáåñïå÷èëî âûñîêóþ íàäåæíîñòü, êîìïàêò-
íîñòü è íèçêîå ýíåðãîïîòðåáëåíèå ðàçðàáîòàííîãî
óñòðîéñòâà [8, 9].

Ïðèìåíåííûé ìèêðîêîíòðîëëåð PIC18C858 ïðîèçâîä-
ñòâà ôèðìû Microchip èìååò ñëåäóþùèå ïåðèôåðèéíûå
óñòðîéñòâà, èñïîëüçóåìûå ñèñòåìîé óïðàâëåíèÿ:

- 16-òè êàíàëüíûé 10-òè áèòíûé àíàëîãî-öèôðîâîé ïðå-
îáðàçîâàòåëü;

- 4 òàéìåðà-ñ÷åò÷èêà;
- øèðîòíî-èìïóëüñíûé ìîäóëÿòîð ñ ðàçðåøåíèåì 10

áèò;
- Ñèíõðîííûé ïîñëåäîâàòåëüíûé ïîðò SPI;
- Èíòåðôåéñ I2C;
- Àñèíõðîííûé ïîðò USART;
- Ñòîðîæåâîé òàéìåð.
Íîðìèðóþùèå ïðåîáðàçîâàòåëè îáåñïå÷èâàþò ïîä-

ñîåäèíåíèå ê èíòåãðèðîâàííîìó â ìèêðîêîíòðîëëåð àíà-
ëîãî-öèôðîâîìó ïðåîáðàçîâàòåëþ îäíîãî èç 9-òè âõîäíûõ
ñèãíàëîâ ñòàíäàðòíîãî óðîâíÿ (0-5 ìÀ). Àíàëîãîâûå
âõîäû ñèñòåìû ïîäêëþ÷àþòñÿ ê äàò÷èêàì: ðàñõîäà
íàïîëíåííûõ îòõîäîâ (âåñû ÂÅ4050), âòîðè÷íîãî
ïîëèìåðà (âåñû ÂÅ4050), ïåðâè÷íîãî ïîëèìåðà (äîçàòîðû
ÂÄ4011), íàïîëíèòåëÿ (ÄÌ5085), äàò÷èêó ïëîòíîñòè
ñìåñè (ÄÏÈ-103). Âîçìîæíîñòè ðàñøèðåíèÿ ïðåäóñìàò-
ðèâàþò ïîäêëþ÷åíèå åùå äî 7-ìè äîïîëíèòåëüíûõ âõîäîâ
(äàò÷èêè çàïîëíåíèÿ áóíêåðîâ 1-5, ðàñõîä âîçäóõà ïðè
òðàíñïîðòèðîâêå ñîýêñòðóçèîííîé ñìåñè 6, 7). 

Ðèñóíîê 1 - Ñòðóêòóðíàÿ ñõåìà ñèñòåìû îïåðàòèâíîãî óïðàâëåíèÿ êà÷åñòâîì ïðèãîòîâëåíèÿ ñîýêñòðóçèîííîé 
ñìåñè
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Ìîäóëè àíàëîãîâîãî âûõîäà ïðåäíàçíà÷åíû äëÿ
ïðåîáðàçîâàíèÿ âîñüìèðàçðÿäíîãî, äåñÿòèðàçðÿäíîãî èëè
äâåíàäöàòèðàçðÿäíîãî äâîè÷íîãî êîäà â àíàëîãîâûé
ñèãíàë (0-5 ìÀ) ïî ÷åòûðíàäöàòè êàíàëàì. Ôóíêöèî-
íàëüíî êàæäûé êàíàë âûïîëíåí íà ñïåöèàëèçèðîâàííîì
èíòåãðàëüíîì öèôðî-àíàëîãîâîì ïðåîáðàçîâàòåëå ÒÑ1322
ïðîèçâîäñòâà ôèðìû Microchip è îïåðàöèîííîì óñèëè-
òåëå, îáåñïå÷èâàþùåì ïðåîáðàçîâàíèå âûõîäíîãî íàïðÿ-
æåíèÿ ÖÀÏ â òîêîâûé ñèãíàë. Óïðàâëåíèå ïðåîáðà-
çîâàòåëÿìè îñóùåñòâëÿåòñÿ ïî ñòàíäàðòíîìó 2-õ ïðîâîä-
íîìó èíòåðôåéñó I2C, ÷òî ïîçâîëèëî ìàêñèìàëüíî
ìèíèìèçèðîâàòü òðåáóåìûå ëèíèè ñâÿçè äëÿ áîëüøîãî
êîëè÷åñòâà ìîäóëåé. Â êà÷åñòâå îáùåãî äëÿ âñåõ àíàëîãî-
öèôðîâûõ ïðåîáðàçîâàòåëåé èñïîëüçóåòñÿ ïðåöèçèîííûé
âûñîêîñòàáèëüíûé èñòî÷íèê îïîðíîãî íàïðÿæåíèÿ AD780
ôèðìû Analog Devices, èìåþùèé î÷åíü ìàëûé òåìïåðà-
òóðíûé äðåéô. Àëãîðèòì óïðàâëåíèÿ ìîäóëÿìè ÖÀÏ è
ñõåìîòåõíè÷åñêîå ðåøåíèå ïîçâîëÿþò ëåãêî íàñòðîèòü
êàæäûé êàíàë íà ïðåîáðàçîâàíèå ñ íåîáõîäèìîé ðàçðå-
øàþùåé ñïîñîáíîñòüþ (8, 10 èëè12 áèò).

Ìîäóëü ââîäà/âûâîäà ïîçèöèîííûõ ñèãíàëîâ ïðåäíàç-
íà÷åí äëÿ ââîäà/âûâîäà âîñüìèðàçðÿäíîé äèñêðåòíîé
èíôîðìàöèè. Â ñõåìå ââîäà ïîçèöèîííûõ ñèãíàëîâ äëÿ
îáåñïå÷åíèÿ ãàëüâàíè÷åñêîé ðàçâÿçêè ìåæäó ñõåìîé è
äàò÷èêàìè èñïîëüçóþòñÿ îïòðîíû ÀÎÒ110. Äëÿ ãàëüâà-
íè÷åñêîé ðàçâÿçêè ñõåìû âûâîäà ïîçèöèîííûõ ñèãíàëîâ è
èñïîëíèòåëüíûõ ìåõàíèçìîâ ïðèìåíåíû òâåðäîòåëüíûå
ýëåêòðîííûå ðåëå D2425 ïðîèçâîäñòâà ôèðìû Crydom.
Ýòè ðåëå èìåþò î÷åíü ìàëûé òîê óïðàâëåíèÿ,
ïîçâîëÿþùèé ïîäêëþ÷àòü èõ íåïîñðåäñòâåííî ê âûõîäàì
ìèêðîêîíòðîëëåðà áåç äîïîëíèòåëüíûõ ñîãëàñóþùèõ
âûõîäíûõ êëþ÷åé. Îòñóòñòâèå äðåáåçãà êîíòàêòîâ, ïðèñó-
ùåãî îáû÷íûì ìåõàíè÷åñêèì ðåëå, îáåñïå÷èâàåò âûñîêóþ
íàäåæíîñòü è ïîìåõîóñòîé÷èâîñòü ñèñòåìû, à áîëüøîé
ìàêñèìàëüíûé êîììóòèðóåìûé òîê (äî 25 À) ïîçâîëÿåò
óïðàâëÿòü ìîùíîé íàãðóçêîé.

Ìèêðîïðîöåññîðíàÿ ñèñòåìà ìîæåò ðàáîòàòü àâòîíîìíî
áåç ïîäêëþ÷åíèÿ ê íåé ÝÂÌ âåðõíåãî óðîâíÿ. Äëÿ ýòîãî â
íåé èìååòñÿ âñòðîåííûé ÆÊÈ äèñïëåé äëÿ îòîáðàæåíèÿ
èíôîðìàöèè è êëàâèàòóðà, ñîäåðæàùàÿ 22 êëàâèøè. Â
êà÷åñòâå ÆÊÈ äèñïëåÿ ïðèìåíåí ôóíêöèîíàëüíî çàêîí-
÷åííûé ìîäóëü ÐÑ2004Â ïðîèçâîäñòâà ôèðìû Powertip.
Ýòî çíàêîñèíòåçèðóþùèé ÆÊÈ ìîäóëü, ïîçâîëÿþùèé
îòîáðàæàòü öèôðî-áóêâåííóþ èíôîðìàöèþ è ñïåöèàëüíûå
ãðàôè÷åñêèå ñèìâîëû â 4-õ ñòðîêàõ ïî 20 ñèìâîëîâ â
êàæäîé. Âñòðîåííûé êîíòðîëëåð HD44780 îáåñïå÷èâàåò
âñå ôóíêöèè, íåîáõîäèìûå äëÿ ðàáîòû ìîäóëÿ è
óïðàâëÿåòñÿ îò ìèêðîêîíòðîëëåðà ñ ïîìîùüþ ñòàíäàðò-
íîãî íàáîðà êîìàíä. Èíòåãðèðîâàííàÿ â ìîäóëü ñâåòî-
äèîäíàÿ ïîäñâåòêà ãàðàíòèðóåò âûñîêóþ êîíòðàñòíîñòü
èíôîðìàöèè íà äèñïëåå äàæå â óñëîâèÿõ ïëîõîé
îñâåùåííîñòè öåõà. Íà äèñïëåé âûâîäèòñÿ èíôîð-
ìàöèîííàÿ è ñëóæåáíàÿ èíôîðìàöèÿ, ðàçìåðíîñòü èíäè-
öèðóåìûõ âåëè÷èí (êã, êã/÷àñ, ñåê, ì3, êã/ì êóá.), à
òàêæå ðåçóëüòàòû ñàìîäèàãíîñòèêè ñèñòåìû. Êëàâèàòóðà
óñòðîéñòâà ïîçâîëÿåò, êàê íåïîñðåäñòâåííî óïðàâëÿòü
ðàáîòîé ñèñòåìû, òàê è ââîäèòü íåîáõîäèìûå êîíñòàíòû è
ïàðàìåòðû â äèàëîãîâîì ðåæèìå ñ ïîìîùüþ ðàçðà-
áîòàííîãî èíòåðôåéñà îïåðàòîðà. Îïåðàöèîííàÿ ñèñòåìà
äîïóñêàåò âûâîä íà äèñïëåé ñìûñëîâîé èíôîðìàöèè íà

òðåõ ÿçûêàõ - óêðàèíñêîì, ðóññêîì è àíãëèéñêîì. Âûáîð
íóæíîãî ÿçûêà, à òàêæå íàñòðîéêà äèàëîãîâîãî ìåíþ
îñóùåñòâëÿåòñÿ îïåðàòîðîì ñ êëàâèàòóðû.

Ïîñòîÿííàÿ ýëåêòðè÷åñêè ïåðåïðîãðàììèðóåìàÿ ïàìÿòü
(EEPROM) ïðåäíàçíà÷åíà äëÿ äîëãîâðåìåííîãî õðàíåíèÿ
ñèñòåìíûõ êîíñòàíò, èíäèâèäóàëüíûõ êîýôôèöèåíòîâ
ïðåîáðàçîâàíèÿ àíàëîãîâûõ ìîäóëåé ââîäà/âûâîäà, ïàðà-
ìåòðîâ íàñòðîéêè è êîíôèãóðàöèè, à òàêæå ïîëüçî-
âàòåëüñêèõ êîíñòàíò è ðåöåïòîâ ñìåñåé. ×àñòü ïàðàìåòðîâ
ââîäÿòñÿ â EEPROM ïðè îáùåé íàñòðîéêå êîìïëåêñà, â
ñîñòàâå êîòîðîãî èñïîëüçóåòñÿ ñèñòåìà óïðàâëåíèÿ, è
çàùèùåíà îò ñëó÷àéíîãî èçìåíåíèÿ ïàðîëåì. Ïîëüçîâà-
òåëüñêèå æå ïàðàìåòðû (ôîðìà îòîáðàæåíèÿ äàííûõ íà
äèñïëåå, ÿçûê âûâîäà ñìûñëîâîé èíôîðìàöèè, ðàçìåð-
íîñòè ôèçè÷åñêèõ âåëè÷èí è ò.ä.) ìîãóò áûòü èçìåíåíû
îïåðàòîðîì äëÿ îáåñïå÷åíèÿ ìàêñèìàëüíîãî óäîáñòâà
ðàáîòû ñ óñòðîéñòâîì. Àïïàðàòíî EEPROM ðåàëèçîâàíà
íà ìèêðîñõåìå 24LC16B ïðîèçâîäñòâà ôèðìû Microchip,
èìåþùóþ îáúåì 2ê õ 8 áèò. Îïåðàöèè ÷òåíèÿ/çàïèñè èç/
â EEPROM îñóùåñòâëÿþòñÿ ìèêðîêîíòðîëëåðîì ïî ñòàí-
äàðòíîìó 2-õ ïðîâîäíîìó èíòåðôåéñó I2C.

Íåîáõîäèìûå äëÿ ðàáîòû ñèñòåìû âðåìåííûå èíòåð-
âàëû ñ âûñîêîé òî÷íîñòüþ ôîðìèðóþòñÿ èíòåãðè-
ðîâàííûìè â ìèêðîêîíòðîëëåð òàéìåðàìè. Âõîäíàÿ
÷àñòîòà ñòàáèëèçèðîâàíà êâàðöåâûì ðåçîíàòîðîì, íåîáõî-
äèìûå èíäèâèäóàëüíûå êîððåêòèðóþùèå êîýôôèöèåíòû
çàïèñûâàþòñÿ â EEPROM ïðè òåñòèðîâàíèè è íàñòðîéêå.

Ìîäóëü ñâÿçè ñ ÝÂÌ âåðõíåãî óðîâíÿ è ïðèíòåðîì
ïðåäñòàâëÿåò ñîáîé äâà èäåíòè÷íûõ êîíâåðòîðà ëîãè÷åñ-
êèõ óðîâíåé â ñòàíäàðò èíòåðôåéñà RS-232C. Àïïàðàòíî
îí âûïîëíåí íà äâóõ ìèêðîñõåìàõ ADM202 ôèðìû Ana-
log Devices. Âíóòðåííÿÿ ñòðóêòóðà ýòîé ìèêðîñõåìû
ïîçâîëÿåò ïîëó÷èòü íàïðÿæåíèÿ ±12 Â, íåîáõîäèìûå äëÿ
èíòåðôåéñà RS-232C, èç íàïðÿæåíèÿ ïèòàíèÿ +5 Â.
Ïðîòîêîë ïðèåìà/ïåðåäà÷è äàííûõ ïî èíòåðôåéñó ðåàëè-
çóåòñÿ ìîäóëåì àñèíõðîííîãî ïîðòà ââîäà/âûâîäà
USART, êîòîðûé èíòåãðèðîâàí â ìèêðîêîíòðîëëåð.

Àïïàðàòíàÿ ÷àñòü ìèêðîïðîöåññîðíîé ñèñòåìû óïðàâ-
ëåíèÿ ñîáðàíà â óíèâåðñàëüíîì 19-òè äþéìîâîì êîíñòðóê-
òèâå ìîäåëè "Internorm 19", ïðîèçâîäèìîãî ôèðìîé
BOPLA. Äàííûé êîíñòðóêòèâ ïîëíîñòüþ ñîîòâåòñòâóåò
ìåæäóíàðîäíûì ñòàíäàðòàì, ãàáàðèòíûé òèïîâîé ðàçìåð
è óíèâåðñàëüíàÿ êîíñòðóêöèÿ ëåãêî ïîçâîëÿþò âñòðàèâàòü
ñêîíñòðóèðîâàííóþ â íåì ñèñòåìó óïðàâëåíèÿ â
ñòàíäàðòíûå ïðîìûøëåííûå ñòîéêè è øêàôû. Êðîìå òîãî,
èìåþùèåñÿ îòêèäûâàþùèåñÿ íîæêè äàþò âîçìîæíîñòü
èñïîëüçîâàòü óñòðîéñòâî è â àâòîíîìíîì íàñòîëüíîì
âàðèàíòå. Íà ïåðåäíåé ïàíåëè ñèñòåìû ðàñïîëîæåíû 22
ìåìáðàííûå êëàâèøè è ÆÊÈ äèñïëåé. Êëàâèàòóðà
ïåðåäíåé ïàíåëè ñîäåðæèò ñïåöèàëüíûå îáîçíà÷åíèÿ è
îáåñïå÷èâàåò 2-õ óðîâíåâîå âçàèìîäåéñòâèå ïîëüçîâàòåëÿ ñ
ñèñòåìîé. Ëèöåâàÿ ïàíåëü êîíñòðóêòèâà çàêðûòà îòêèäû-
âàþùåéñÿ êðûøêîé èç ïðîçðà÷íîãî ìàòåðèàëà, îáåñ-
ïå÷èâàþùåé çàùèòó óñòðîéñòâà îò âîçäåéñòâèé ïûëè è
èìåþùåé çàìîê äëÿ ñàíêöèîíèðîâàííîãî äîñòóïà ê
êëàâèàòóðå.

Âíóòðåííÿÿ ÷àñòü êîíñòðóêòèâà "Internorm 19" ðàçäåëå-
íà ïåðåãîðîäêîé íà äâà îòñåêà. Â ïåðâîì îòñåêå ðàñïî-
ëàãàåòñÿ ñåòåâîé ôèëüòð, ñåòåâîé òðàíñôîðìàòîð è áëîê
ñòàáèëèçàòîðà íàïðÿæåíèÿ ïèòàíèÿ. Îòñåê áëîêà ïèòàíèÿ
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ýêðàíèðîâàí îò îñòàëüíîé ÷àñòè ïðèáîðà ìåòàëëè÷åñêèì
êîæóõîì, ñîåäèíåííûì ñ êëåììîé çàçåìëåíèÿ. Âî âòîðîì
îòñåêå â íàïðàâëÿþùèõ ðàçìåùåíà îñíîâíàÿ ïëàòà
ìèêðîïðîöåññîðíîé ñèñòåìû. ÆÊÈ äèñïëåé îñíàùåí
ïëîñêèì øëåéôîì RC-16 c ðàçúåìîì IDC-16 è ïîäêëþ÷åí
ê ðàçúåìó IDCC-16, ðàñïîëîæåííîìó íà ïëàòå. Ñ ïî-
ìîùüþ òàêîãî æå ðàçúåìà ïîäêëþ÷åíà è êëàâèàòóðà. Íà
ïëàòå òàêæå ðàñïîëîæåí ðàçúåì, ê êîòîðîìó ìîæåò áûòü
ïîäêëþ÷åí äîïîëíèòåëüíûé ìîäóëü ðàñøèðåíèÿ êàíàëîâ
àíàëîãîâîãî ââîäà. Ïëàòà óñòàíîâëåíà òàêèì îáðàçîì, ÷òî
ðàñïîëîæåííûå â åå òîðöå ðàçúåìû äîñòóïíû äëÿ ïîä-
êëþ÷åíèÿ ê íèì îòâåòíûõ ÷àñòåé ñ âíåøíåé ÷àñòè óñòðîéñ-
òâà. Ê ðàçúåìàì DB-9M ìîãóò áûòü ïîäêëþ÷åíû ïðèíòåð
è ÝÂÌ âåðõíåãî óðîâíÿ, ê ðàçúåìàì IDCC-30 ïîä-
êëþ÷àþòñÿ äèñêðåòíûå âõîäíûå ñèãíàëû. Ïîçèöèîííûå
âûõîäíûå ñèãíàëû è ñèãíàëû àíàëîãîâîãî ââîäà/âûâîäà
ïîäêëþ÷åíû ê ïðîìûøëåííûì ðàçúåìàì V.35.

ÂÛÂÎÄÛ

Ðàçðàáîòàíà ñèñòåìà àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ
ïðîöåññîì ïðèãîòîâëåíèÿ ñîýêñòðóçèîííîé ñìåñè, îáåñ-
ïå÷èâàþùàÿ ðåàëèçàöèþ ïðåäëîæåííîé ìàòåìàòè÷åñêîé
ìîäåëè ïðîöåññà è ìåòîäà óïðàâëåíèÿ ýêñòðóçèîííûì
îáîðóäîâàíèåì, ñîçäàíû àïïàðàòíûå è ïðîãðàììíûå
ñðåäñòâà ìèêðîïðîöåññîðíîé ñèñòåìû èíòåãðèðîâàííîãî
ïðîèçâîäñòâà ðåöèêëèíãà ïîëèìåðîâ. Ñèñòåìà îáåñïå÷è-
âàåò: óïðàâëåíèå òåõíîëîãè÷åñêèì ïðîöåññîì â ðåàëüíîì
ìàñøòàáå âðåìåíè, âîçìîæíîñòü âîññòàíîâëåíèÿ ïîñëå
ñáîÿ, âîçìîæíîñòü àâòîíîìíîé îòëàäêè è ìîäèôèêàöèè

ìàòåìàòè÷åñêîãî îáåñïå÷åíèÿ, äèàãíîñòèêó ðàáîòîñïî-
ñîáíîñòè êîìïëåêñà. Èñïûòàíèÿ è îïûò ýêñïëóàòàöèè
ñèñòåìû ïîäòâåðäèëè ïðàâèëüíîñòü òåîðåòè÷åñêèõ âûâî-
äîâ è ýôôåêòèâíîñòü ïðåäëîæåííîãî ìåòîäà óïðàâëåíèÿ,
âîçìîæíîñòü ïîâûøåíèÿ êà÷åñòâà ñîýêñòðóçèè ñ ïîìîùüþ
ÀÑÓ ÒÏ ïðèãîòîâëåíèÿ ñìåñè, ïîñòðîåííîé íà îñíîâå
òåîðåòè÷åñêèõ è ïðàêòè÷åñêèõ èññëåäîâàíèé. Ïîëíîñòüþ
ðàçðàáîòàíà àïïàðàòíàÿ ÷àñòü ñèñòåìû è ïîëíàÿ êîí-
ñòðóêòîðñêàÿ äîêóìåíòàöèÿ íà îïûòíûå îáðàçöû, à ñàìà
ñèñòåìà ðåêîìåíäîâàíà ê âíåäðåíèþ íà êîìïëåêñàõ ïî
ïåðåðàáîòêå âòîðè÷íûõ ïîëèìåðíûõ ìàòåðèàëîâ.
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ÐÀÇÐÀÁÎÒÊÀ ÖÈÔÐÎÂÛÕ ÀËÃÎÐÈÒÌÎÂ ÄËß ÑÈÑÒÅÌÛ Ñ 
ÇÀÏÀÇÄÛÂÀÍÈÅÌ ÏÎ ÓÏÐÀÂËÅÍÈÞ

Å.Ë.Åðåìèí, Ë.Â.Èëüèíà

Â êëàññå ñàìîíàñòðàèâàþùèõñÿ ñèñòåì ñ ÿâíîé ýòàëîííîé
ìîäåëüþ ðàññìàòðèâàåòñÿ ðåøåíèå çàäà÷è ñèíòåçà öèôðîâûõ
àëãîðèòìîâ íàñòðîéêè äëÿ îáúåêòà ñ çàïàçäûâàíèåì ïî
óïðàâëåíèþ. Èñïîëüçîâàíèå êðèòåðèÿ ãèïåðóñòîé÷èâîñòè è
ìåòîäà íåïðåðûâíûõ ìîäåëåé ïîçâîëÿåò îáåñïå÷èòü æåëàåìîå
êà÷åñòâî óïðàâëåíèÿ â óñëîâèÿõ àïðèîðíîé íåîïðåäåëåí-
íîñòè, îáåñïå÷èâàÿ äîñòèæåíèå ïîñòàâëåííûõ öåëåé àäàï-
òàöèè.

In the class of self-adapting systems with obvious reference
model the solution of the task of synthesis of digital algorithms
of set-up for object with delay on control is considered. Usage of
a hyperstability criterion and method of continuous models
allows to supply desirable quality of control in conditions of
prior uncertainty, providing reaching of object in views of
adapting.

ÂÂÅÄÅÍÈÅ

Â ñîâðåìåííîì ìèðå â ñèëó øèðîêîãî ïðèìåíåíèÿ
ìèêðîïðîöåññîðíîé òåõíèêè âàæíóþ ðîëü èãðàåò çàäà÷à
óïðàâëåíèÿ íåïðåðûâíûìè îáúåêòàìè ñ ïîìîùüþ äèñêðåò-

íûõ óïðàâëÿþùèõ óñòðîéñòâ. Êðîìå òîãî, àêòóàëüíîé
ÿâëÿåòñÿ çàäà÷à ðåãóëèðîâàíèÿ â óñëîâèÿõ àïðèîðíîé
íåîïðåäåëåííîñòè îáúåêòàìè, ñîäåðæàùèìè çàïàçäûâàíèå
â êàíàëå óïðàâëåíèÿ. Íàëè÷èå çàïàçäûâàíèÿ îòðèöàòåëü-
íî ñêàçûâàåòñÿ íà ðàáîòîñïîñîáíîñòè ñèñòåìû óïðàâ-
ëåíèÿ. Ñóùåñòâóþò ðàçëè÷íûå ïîäõîäû ê ðåøåíèþ
äàííîé ïðîáëåìû [1, 2], îäíèì èç ìåòîäîâ ÿâëÿåòñÿ êîì-
ïåíñàöèÿ çàïàçäûâàíèÿ ñ ïîìîùüþ ðàçëè÷íûõ äîïîëíè-
òåëüíûõ óñòðîéñòâ. Â äàííîé ðàáîòå èññëåäóåòñÿ ïðîáëåìà
êîìïåíñàöèè â ñèñòåìå çàïàçäûâàíèÿ ïî óïðàâëåíèþ ñ
èñïîëüçîâàíèåì àäàïòèâíîãî ïðîãíîçèðóþùåãî óñòðîéñ-
òâà. Ïîìèìî îñíîâíîãî ðåãóëÿòîðà â ñèñòåìó ââîäèòñÿ
âñïîìîãàòåëüíûé êîíòóð, âûïîëíÿþùèé ôóíêöèþ
ïðîãíîçà. Äëÿ ïîñòðîåíèÿ êîíòóðà äèñêðåòíîé íàñòðîéêè
êîýôôèöèåíòîâ ðåãóëÿòîðà èñïîëüçóåòñÿ ìåòîä íåïðå-
ðûâíûõ ìîäåëåé [3, 4]. Ðåøåíèå çàäà÷è ñèíòåçà â íàñòîÿ-
ùåé ðàáîòå äîñòèãàåòñÿ â ðàìêàõ êðèòåðèÿ ãèïåðóñòîé-
÷èâîñòè [5, 6].
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1 ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Ïóñòü îáúåêò óïðàâëåíèÿ îïèñûâàåòñÿ óðàâíåíèåì

, (1)

, , ,

ãäå  - âåêòîð ñîñòîÿíèÿ,  - óïðàâëÿþùåå

âîçäåéñòâèå,  - èçâåñòíîå ïîñòîÿííîå çàïàçäûâàíèå,

- âîçìóùàþùåå âîçäåéñòâèå, óäîâëåòâîðÿþùåå

óñëîâèþ

. (2)

Îáúåêò (1) ôóíêöèîíèðóåò â óñëîâèÿõ àïðèîðíîé íå-
îïðåäåëåííîñòè

 , , , ,

ãäå  - íàáîð íåèçâåñòíûõ ïàðàìåòðîâ, ïðèíàäëåæàùèõ

çàäàííîìó ìíîæåñòâó .

Æåëàåìîå ïîâåäåíèå îáúåêòà óïðàâëåíèÿ (1) çàäàåòñÿ ñ
ïîìîùüþ ÿâíîé ýòàëîííîé ìîäåëè

, ,

, (3)

ãäå ,  - ñêàëÿðíîå çàäàþùåå âîçäåéñ-

òâèå, êîòîðîå ÿâëÿåòñÿ êóñî÷íî-íåïðåðûâíîé îãðàíè÷åí-
íîé ôóíêöèåé.

Äëÿ îáúåêòà óïðàâëåíèÿ (1) è ýòàëîííîé ìîäåëè (3)
âûïîëíåíû óñëîâèÿ ñòðóêòóðíîãî ñîãëàñîâàíèÿ

 , , (4)

ïðè÷åì ìàòðèöû  è  - ãóðâèöåâû.

Òðåáóåòñÿ ñèíòåçèðîâàòü ñèñòåìó óïðàâëåíèÿ òàêèì

îáðàçîì, ÷òîáû ïðè ëþáûõ íà÷àëüíûõ óñëîâèÿõ 

îáåñïå÷èâàëîñü âûïîëíåíèå öåëè óïðàâëåíèÿ âèäà

. (5)

2 ÌÅÒÎÄ ÐÅØÅÍÈß

Äëÿ êîìïåíñàöèè çàïàçäûâàíèÿ ïî óïðàâëåíèþ â
ñèñòåìó ââîäèòñÿ äîïîëíèòåëüíûé êîíòóð

, (6)

ãäå  - äîïîëíèòåëüíîå óïðàâëÿþùåå âîçäåéñòâèå.

Ïðè ðåøåíèè çàäà÷è ïîñòðîåíèÿ ñèñòåìû ïðÿìîãî

àäàïòèâíîãî óïðàâëåíèÿ áóäåì ñëåäîâàòü ìåòîäèêå,
ïðåäëîæåííîé â ðàáîòå [6].

2.1 Ïåðâûé ýòàï ñèíòåçà

Â ðàìêàõ èññëåäîâàíèÿ ñèñòåìû íà ãèïåðóñòîé÷èâîñòü
íåîáõîäèìî ïîëó÷èòü ýêâèâàëåíòíîå ìàòåìàòè÷åñêîå
îïèñàíèå. Äëÿ ýòîãî ââîäÿòñÿ â ðàññìîòðåíèå äâà âåêòîðà

ðàññîãëàñîâàíèÿ , ,

ãäå  Êðîìå òîãî, äëÿ óäîáñòâà ââîäÿòñÿ

ñëåäóþùèå îáîçíà÷åíèÿ:

, ,

,

.

Îñíîâíîé è âñïîìîãàòåëüíûé çàêîíû óïðàâëåíèÿ
çàäàþòñÿ â âèäå

(7)

ãäå ìàòðèöà  âûáèðàåòñÿ èç óðàâíåíèÿ ;

 - ïðîèçâîëüíàÿ ïîëîæèòåëüíî îïðåäåëåííàÿ ñèììåòðè-

÷åñêàÿ ìàòðèöà,  - ïðîèç-

âîëüíàÿ ïîëîæèòåëüíî îïðåäåëåííàÿ äèàãîíàëüíàÿ ìàò-
ðèöà. Òîãäà ýêâèâàëåíòíîå ìàòåìàòè÷åñêîå îïèñàíèå äëÿ
ñèñòåìû (1), (3), (6) ìîæíî çàïèñàòü â âèäå

(8)

(9)

2.2 Âòîðîé ýòàï ñèíòåçà

Íà äàííîì ýòàïå îñíîâíîé çàäà÷åé ñèíòåçà ÿâëÿåòñÿ
îáåñïå÷åíèå óñëîâèé âåùåñòâåííîñòè è ñòðîãîé ïîëî-
æèòåëüíîñòè ëèíåéíîé ñòàöèîíàðíîé ÷àñòè ñèñòåìû (1),
(3), (6).

×àñòîòíûå íåðàâåíñòâà

(10)

âñåãäà áóäóò èìåòü ìåñòî, ò.ê. ìàòðèöû  è  ãóðâè-

öåâû, à ìàòðèöà  è âåêòîð  âûáèðàþòñÿ ïî îïðåäå-

ëåííûì ïðàâèëàì.

dx t( )
dt

------------ Ax t( ) bu t h–( ) f t( )+ +=

x 0( ) x0= u s( ) 0= s h 0,–[ ]∈

x t( ) Rn∈ u t( ) R∈
h

f t( )

f t( ) 2 t ∞<d

0

∞

�

A A ζ( )= B B ζ( )= f t( ) fζ t( )= ζ Ξ∈

ζ
Ξ

dxm t( )
dt

---------------- Amxm t( ) bmr t( )+= ξ t( ) xm t h–( )=

xm 0( ) xm0=

xm t( ) Rn∈ r t( ) R∈

A Am bmC0
T+= b 1 µ0+( )bm, µ0 0>=

A Am

x 0( )

x t( ) ξ t( )–[ ]
t ∞→
lim 0=

dy t( )
dt

------------ Amy t( ) bm u t( ) u t h–( )–( ) bmv t h+( )+ +=

v t( )

e t( ) z t( ) xm t( )–= ε t( ) z t h–( ) x t( )–=

z t( ) x t( ) y t( )+=

α0
T

C0
T

1 λµ0+
--------------------

1 λ–( )C0
T

1 λµ0+
-------------------------

µ0 1 λ–( )

1 λµ0+
------------------------– 1

1 λµ0+
--------------------,,,–= λ const 0>=

β0
T µ0 C0

T,[ ] w1
T, zT y, T u t h–( ) r t( ), ,[ ]= =

w2
T u t( ) u t h–( )– yT,[ ]=

u t( ) αT t( )w1 t( ),  v t( ) βT t( )w2 t h–( ),==

β t h+( ) β t( ) bm
T He t( )P1w2 t( ),  E t( ) He t( ),=–=

H HAm Am
T H+ Q–=

Q

P1 diag p1i{ } i, 1,...,,n 1+= =

de t( )
dt

------------ Ame t( ) q1 f t( ),  q1 q2,–=+ +=

q2 bm 1 λµ0+( ) αT t( ) α0
T–( )w1 t( )+[–=

+ β( )T t( ) bm
T E t( )P1w2 t( )– λβ0

T– )w2 t( ) ];

dε t( )
d t( )

------------ Aε t( ) bmq
3

f t h–( ) f t( ),  q3 q4,–=–+ +=

q4 βT t( ) β0
T–( )w2 t h–( ).–=

Re H jωIm Am–( ) 1–[ ] 0,  >

Re g
T

jωIn A–( ) 1– bm[ ] 0,  ω 0≥∀>

A Am

H g
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2.3 Òðåòèé ýòàï ñèíòåçà

Ñëåäóÿ êðèòåðèþ ãèïåðóñòîé÷èâîñòè, íåîáõîäèìî
ïðîâåðèòü âûïîëíåíèå èíòåãðàëüíîãî íåðàâåíñòâà
Â.Ì.Ïîïîâà (ÈÍÏ)

 , . (11)

Ïðåäñòàâèì ÈÍÏ â âèäå ñóììû òðåõ èíòåãðàëîâ

è ðàññìîòðèì ñëåäóþùèå èíòåãðàëüíûå ñëàãàåìûå

 ,

,

êîòîðûå ìîæíî ïåðåïèñàòü â âèäå

Åñëè êîýôôèöèåíòû ñàìîíàñòðîéêè îñíîâíîãî è
âñïîìîãàòåëüíîãî çàêîíîâ óïðàâëåíèÿ ñèíòåçèðîâàòü â
âèäå

  ,

, (12)

ãäå ,

 - ïîëîæèòåëüíî îïðåäåëåííûå äèàãîíàëüíûå

ìàòðèöû, òî äëÿ  áóäåò ñïðàâåäëèâà èñêîìàÿ

îöåíêà

 , .

Äèñêðåòèçàöèÿ àëãîðèòìîâ íàñòðîéêè. Ðåøåíèå çàäà÷è
ñèíòåçà öèôðîâûõ àëãîðèòìîâ íàñòðîéêè ïàðàìåòðîâ ðåãó-
ëÿòîðîâ (6) ïîëó÷èì ñ èñïîëüçîâàíèåì ìåòîäà íåïðå-
ðûâíûõ ìîäåëåé.

Òðåáóåòñÿ îïðåäåëèòü äèñêðåòíûå àëãîðèòìû àäàïòàöèè

,  òàê, ÷òîáû ñèñòåìà (1), (3), (7) áûëà àäàïòèâ-

íîé â çàäàííîì êëàññå . Îñóùåñòâèâ ïåðåõîä îò íåïðå-

ðûâíûõ àëãîðèòìîâ ê öèôðîâûì, ïîëó÷èì ñëåäóþùåå
ìàòåìàòè÷åñêîå îïèñàíèå:

(13)

(14)

ãäå  - øàã àëãîðèòìà íàñòðîéêè,  - íîìåð øàãà,  -

äèñêðåòíûé àíàëîã âðåìåíè.

2.4 ×åòâåðòûé ýòàï ñèíòåçà

Ñïðàâåäëèâîñòü íåðàâåíñòâ (10), (11), ðàññìàòðè-
âàåìûõ îòíîñèòåëüíî ýêâèâàëåíòíîé ñèñòåìû óïðàâëåíèÿ
(8), (9), îçíà÷àåò ãèïåðóñòîé÷èâîñòü ñèñòåìû (1)-(4), (6),
(7) è âûïîëíåíèå öåëè óïðàâëåíèÿ (5) è öåëåé àäàïòàöèè

, .

Ïðè çàòóõàþùèõ âîçìóùåíèÿõ ñèñòåìà ñîõðàíÿåò ñâîþ
ðàáîòîñïîñîáíîñòü. Èç âûïîëíåíèÿ ñîîòíîøåíèÿ (2)
ñëåäóåò âûïîëíåíèå ïðåäåëüíîãî ñîîòíîøåíèÿ

,

ïîýòîìó âûïîëíåíèå öåëåâîãî óñëîâèÿ (5) íå áóäåò
íàðóøåíî, òàê êàê âîçìóùåíèå ÿâëÿåòñÿ çàòóõàþùèì âî
âðåìåíè.

η 0 t,( ) ET s( )q2 s εT s( )gq4 s γ2–>d

0

t

�+d

0

t

�= t 0≥∀

η 0 t,( ) ηi 0 t,( )
i 1=

3

ÿ=

η1 0 t,( ) ET s( )bm 1 λµ0+( ) α t( ) α0–{ }Tw1 s( ) sd

0

t

�–=

η2 0 t,( ) ET s( )bm 1 λµ0+( ) ×

β t( ) λβ0– bm
T E s( )P1w2 s( )–{ }

T
w2 s( )× s,d

0

t

�–=

η3 0 t,( ) εT s( )g β t( ) β0–{ }Tw2 s h–( )[ ] sd

0

t

�–=

η1 0 t,( ) 0 5, E( T s( )bm δ ) 1 λµ0+( ) αi t( ) α0i–{ }w1i s( )++

0

t

�
i 1=

2n 2+

ÿ=

+0 5, E( T s( )bm δ– ) 1 λµ0+( ) αi t( ) α0i–{ }w1i s( ),

0

t

�
i 1=

2n 2+

ÿ

η2 0 t,( ) 0 5, E( T s( )bm δ) 1 λµ0+( ) βj t( ) λ– β0j  –{+

0

t

�
j 1=

n 1+

ÿ=

bm
T– E s( )P1 jw2j s( ) }w2 j s( )ds +

+0 5, E( T s( )bm δ– ) 1 λµ0+( ) βj t( ) λ– β0j –{
0

t

�
j 1=

n 1+

ÿ

bm
T– E s( )P1jw2j s( ) }w2j s( )ds,

η3 0 t,( ) 0 5, ε( T s( )g  ∆) βj t( ) β0j– }w2j s h–( )ds+{+

0

t

�
j 1=

n 1+

ÿ=

+0 5, ε( T s( )g  ∆– ) βj t( ) β0j– }w2j s h–( )ds.{
0

t

�
j 1=

n 1+

ÿ

dα t( )
dt

-------------- bm
T– E t( )P2w1 t( )=

dβ t( )
dt

------------- P3 bm
T E t( )w2 t( ) gTε t( )w2 t h–( )+[ ]–=

P2 diag p2i{ }, P3 diag p3j{ }, i 1,...,2n 2+===

j 1,...,n 1+=

η 0 t,( )

η 0 t,( ) γ2–> const= t 0>∀

α t( ) β t( )
Ξ

αi tk 1+( ) αi tk( ) γt bm
T E tk( )p2iw1i tk( )( ),+=

i 1,...,2n 2,+=

βj tk 1+( ) βj tk( ) γt p3j( )bm
T E tk( )w2 j tk( )++=

+g
Tε tk( )w2j tk h ) )–( ), j 1,...,n 1,+=

γt k tk

α t( )
t ∞→
lim α0= β t( )

t ∞→
lim β0=

f t( )
t ∞→
lim 0=
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ÏÎ ÓÏÐÀÂËÅÍÈÞ

ÈËËÞ ÑÒÐÀÒÈÂÍÛÉ ÏÐÈÌÅÐ

Ïóñòü îáúåêò óïðàâëåíèÿ (1) èìååò ñëåäóþùóþ ñòðóê-
òóðó ìàòðèö

, , , , 

, .

 Ïàðàìåòðû ìàòðèöû  è âåêòîðà  - íåèçâåñòíûå

÷èñëà, íàõîäÿùèåñÿ â ñëåäóþùèõ äèàïàçîíàõ ,

, . Ïîñòîÿííîå çàïàçäûâàíèå 

èçâåñòíî. Èìèòàöèîííîå ìîäåëèðîâàíèå îñóùåñòâëÿëîñü
ïðè ñëåäóþùåì çàäàþùåì âîçäåéñòâèè:

.

Âûáîð ìàòðèöû  è âåêòîðà  áûë îñóùåñòâëåí
ñîãëàñíî íåðàâåíñòâàì (10)

, .

Ïîâåäåíèå âûõîäà îáúåêòà óïðàâëåíèÿ (1) -   è

âûõîäà ýòàëîííîé ìîäåëè (3) -   ïðîäåìîíñòðèðîâàíî

íà ðèñ. 1. Õàðàêòåð èçìåíåíèÿ ñèãíàëà ðàññîãëàñîâàíèÿ

 -  èçîáðàæåí íà ðèñ. 2.

Ðèñóíîê 1 - Äèíàìèêà âûõîäîâ îáúåêòà óïðàâëåíèÿ è ýòàëîííîé ìîäåëè

 

Ðèñóíîê 2 - Ñèãíàë ðàññîãëàñîâàíèÿ   - 

A
0 1
a1– a2–

= b
0
b1

= x 0( ) 0
0

= f t( ) 0

0 21e t–,
=

Am
0 1
2– 3–

= bm
0
1

=

A b

0 1, ai 4≤ ≤

i 1 2,= 0 1, bi 2 5,≤ ≤ h 0 3,=

r t( ) 2 0 63, t( )sin=

H g

H 1 25, 0 25,

0 25, 0 25,
= g 3

2
=

x t( )
ξ t( )

x t( ) ξ t( )

x t( ) ξ t( )
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a)

b)

c)

Ðèñóíîê 3 - Öèôðîâûå ïðîöåññû íàñòðîéêè ïàðàìåòðîâ ðåãóëÿòîðîâ

Êîýôôèöèåíòû íàñòðîéêè ,  çàêîíîâ óïðàâ-

ëåíèÿ (7), îïèñûâàåìûå óðàâíåíèåì (13) ïðè ,

ïðåäñòàâëåíû íà ðèñ. 3à è 3b, äëÿ íàãëÿäíîñòè öèôðîâîãî
ïðîöåññà íàñòðîéêè êîýôôèöèåíòîâ ôðàãìåíò îäíîãî èç
íèõ ïðèâåäåí íà ðèñ.3ñ.

ÇÀÊËÞ×ÅÍÈÅ

Ïîëó÷åííûå ðåçóëüòàòû ïîêàçûâàþò, ÷òî èñïîëüçî-
âàíèå ïðîãíîçèðóþùåãî óñòðîéñòâà è öèôðîâîé íàñòðîéêè
êîýôôèöèåíòîâ ðåãóëÿòîðîâ ïîçâîëÿåò îáåñïå÷èòü äîñòà-
òî÷íî õîðîøåå êà÷åñòâî óïðàâëåíèÿ àïðèîðíî íåîïðåäå-
ëåííûì îáúåêòîì, êîòîðûé ñîäåðæèò çàïàçäûâàíèå â
êàíàëå óïðàâëåíèÿ. 

α tk( ) β tk( )

γt 0 05,=
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ÑÈÍÒÅÇ È ÀÍÀËÈÇ ÀÍÀËÎÃÎ-ÖÈÔÐÎÂÛÕ ÀÄÀÏÒÈÂÍÛÕ 
ÍÀÁËÞÄÀÒÅËÅÉ ÌÍÎÃÎÔÀÇÍÛÕ ÍÅÎÏÐÅÄÅËÅÍÍÛÕ ÑÈÃÍÀËÎÂ

Å.Å.Ïîòàïåíêî

Â ñòàòò³ ñèíòåçîâàíî àíàëîãî-äèñêðåòí³ àäàïòèâí³
îäíîêàñêàäí³ é áàãàòîêàñêàäí³ ñïîñòåð³ãà÷³, ÿê³ îäíî÷àñíî
îö³íþþòü ïðîåêö³¿ íà íåðóõîìèé áàçèñ âåêòîðà (ñòðóìó àáî
íàïðóãè) òà øâèäê³ñòü ïëîñêîãî îáåðòàííÿ öüîãî âåêòîðà íà
ôîí³ âàä, ÿê³ îáóìîâëåíî øèðîòíî-³ìïóëüñíîþ ìîäóëÿö³ºþ.
Ñïîñòåð³ãà÷³ âçàãàë³ íå âèêðèâëÿþòü ôàçè êîðèñíèõ ñêëàäî-
âèõ âèõ³äíèõ ñèãíàë³â ïåðåòâîðþâà÷à ÷àñòîòè, ùî º íàé-
á³ëüø âàæëèâèì, ³ ëåäü âèêðèâëÿþòü ¿õ àìïë³òóäè ò³ëüêè ó
øâèäêîìèíàþ÷èõ ïðîöåñàõ.

Â ñòàòüå ñèíòåçèðîâàíû àíàëîãî-äèñêðåòíûå àäàïòèâíûå
îäíîêàñêàäíûé è ìíîãîêàñêàäíûé íàáëþäàòåëè, îäíîâðåìåííî
îöåíèâàþùèå ïðîåêöèè íà íåïîäâèæíûé áàçèñ âåêòîðà (òîêà
èëè íàïðÿæåíèÿ) è ñêîðîñòü ïëîñêîãî âðàùåíèÿ ýòîãî
âåêòîðà íà ôîíå ïîìåõ, îáóñëîâëåííûõ øèðîòíî-èìïóëüñíîé
ìîäóëÿöèåé. Íàáëþäàòåëè ñîâåðøåííî íå èñêàæàþò ôàçû
ïîëåçíûõ ñîñòàâëÿþùèõ âûõîäíûõ ñèãíàëîâ ïðåîáðàçîâàòåëÿ
÷àñòîòû, ÷òî íàèáîëåå âàæíî, è ñëåãêà èñêàæàþò èõ
àìïëèòóäû òîëüêî â áûñòðîòå÷íûõ ïåðåõîäíûõ ïðîöåññàõ.

Analogue-discrete adaptive single and many cascade observ-
ers were synthesized in the article which simultaneously esti-
mate of vector (current or voltage) projections on moveless basis
and flat rotation speed of this vector on noise background which
are caused by pulse width modulation. Observers don't deform
absolutely the useful frequency converter output signal phases
that is more important and a little bit deform their amplitudes
just in the fast transient processes.

ÂÂÅÄÅÍÈÅ

Ñîâðåìåííûå ýëåêòðîïðèâîäû ïåðåìåííîãî òîêà â
áîëüøèíñòâå ñëó÷àåâ ñîäåðæàò ïðåîáðàçîâàòåëè ÷àñòîòû
(Ï×) ñ øèðîòíî-èìïóëüñíîé ìîäóëÿöèåé (ØÈÌ). Âû-
õîäíûå ñèãíàëû Ï× ñ ØÈÌ ìîæíî ïðåäñòàâèòü êàê
ñóììû ïîëåçíûõ ñèãíàëîâ è âûñîêî÷àñòîòíûõ ïîìåõ,
ïðè÷åì, àìïëèòóäû ïîìåõ ìîãóò â äåñÿòêè ðàç ïðåâûøàòü
àìïëèòóäû ïîëåçíûõ ñèãíàëîâ. Êðîìå òîãî, ïîìåõè
ïðåäñòàâëÿþò ñîáîé ïðÿìîóãîëüíûå èìïóëüñû ìàëîé
äëèòåëüíîñòè. Òàêàÿ ôîðìà ñèãíàëîâ íå ïîçâîëÿåò ïóòåì
÷èñëîâîé îáðàáîòêè äîñòàòî÷íî òî÷íî âûäåëèòü ïîëåçíûå
ñèãíàëû. Âî ìíîãèõ ñëó÷àÿõ ÷àñòîòû ïîëåçíûõ ñèãíàëîâ
íåèçâåñòíû. Ïîñòàíîâêà îáû÷íûõ àíàëîãîâûõ ôèëüòðîâ
ïðèâîäèò ê íåäîïóñòèìîìó èñêàæåíèþ ïîëåçíûõ ñèã-
íàëîâ. Íàñêîëüêî èçâåñòíî àâòîðó, â íàñòîÿùåå âðåìÿ

îòñóòñòâóþò ôèëüòðû, âûäåëÿþùèå ïîëåçíûå ñèãíàëû áåç
èñêàæåíèé â îïèñàííûõ óñëîâèÿõ. Ýòî íå ïîçâîëÿåò
ñîçäàòü îáðàòíûå ñâÿçè, îõâàòûâàþùèå íåïîñðåäñòâåííî
Ï× äëÿ êîìïåíñàöèè åãî ïîãðåøíîñòåé.

Äëÿ îöåíêè ïîëåçíûõ (ãëàâíûõ) ãàðìîíèê ìîæíî áûëî
áû ïîïûòàòüñÿ èñïîëüçîâàòü (ñì. ðàáîòó [1] è áèáëèî-
ãðàôèþ ê íåé) ðÿä ìåòîäîâ, òàêèõ êàê ðåêóððåíòíûé
ìåòîä íàèìåíüøèõ êâàäðàòîâ, ðàñøèðåííûé ôèëüòð
Êàëìàíà, äèñêðåòíîå ïðåîáðàçîâàíèå Ôóðüå, ìåòîä
Ïðîóíè è äð. Îäíàêî,

1) ýòè ìåòîäû ñâÿçàíû ñ áîëüøèì îáúåìîì âû÷èñëåíèé,
÷òî òðåáóåò ïðèìåíåíèÿ öèôðîâîé îáðàáîòêè ñèãíàëîâ,

2) äëÿ äèñêðåòíîé ôèëüòðàöèè âûõîäíûõ ñèãíàëîâ
ØÈÌ òðåáóåòñÿ î÷åíü ìàëåíüêèé òàêò ñ÷åòà, ÷òî
çàòðóäíÿåò ïðèìåíåíèå òîëüêî öèôðîâîé îáðàáîòêè ñèã-
íàëîâ,

3) äëÿ ýòèõ ìåòîäîâ â ñëó÷àå ñ ØÈÌ ñëèøêîì âåëèêî
îòíîøåíèå "øóì/ïîëåçíûé ñèãíàë".

Â ðàáîòàõ [2, 3] ñ ó÷àñòèåì àâòîðà ïðåäëîæåíû ïðîñ-
òûå àäàïòèâíûå íàáëþäàòåëè, ñîäåðæàùèå íåïðåðûâíûå
èíåðöèîííûå çâåíüÿ ïåðâîãî ïîðÿäêà (ÈÇ1) è öèôðîâîé
êîìïåíñàòîð èñêàæåíèé ïîëåçíûõ ñèãíàëîâ. Òîò ôàêò, ÷òî
â öèôðîâóþ ÷àñòü ñèãíàëû ïîñòóïàþò íå íåïîñðåäñòâåííî
ñ âûõîäîâ Ï× ñ ØÈÌ, à ñ âûõîäîâ ÈÇ1, ïîçâîëÿåò
ñóùåñòâåííî óâåëè÷èòü òàêò ñ÷åòà è, òåì ñàìûì, óñòðàíèòü
óêàçàííûå âûøå íåäîñòàòêè 1) è 2). Ïîìèìî íåäîñòàòêà
3) íàáëþäàòåëè ðàáîò [2,3] òðåáóþò ïî 2 ïðåîáðàçîâàòåëÿ
"êîä-íàïðÿæåíèå", ÷òî óñëîæíÿåò àïïàðàòóðíóþ ÷àñòü
ôèëüòðîâ.

Öåëüþ äàííîé ñòàòüè ÿâëÿåòñÿ ïîëíîå óñòðàíåíèå ïåðå-
÷èñëåííûõ íåäîñòàòêîâ.

1 ÑÈÍÒÅÇ ÀÍÀËÎÃÎ-ÄÈÑÊÐÅÒÍÛÕ 
ÀÄÀÏÒÈÂÍÛÕ ÍÀÁËÞÄÀÒÅËÅÉ

Äëÿ ñèñòåìû

, , , (1)

îïèñûâàþùåé ïîâåäåíèå ïðîåêöèé  âåêòîðà ,

x·1 ωx2–= x·2 ωx1= ω x1x·2 x2x·1–( ) x 2–=

x1 x2, x
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ñîâåðøàþùåãî ïëîñêîå âðàùåíèå ñî ñêîðîñòüþ , è
èçìåðåíèé

, , (2)

ãäå  è  ïðåäñòàâëÿþò ñîáîé âûñîêî÷àñòîòíûå ïî

ñðàâíåíèþ ñ  ãàðìîíè÷åñêèå ïîìåõè, â ðàáîòàõ [2, 3]
ñèíòåçèðîâàí íàáëþäàòåëü

(3)

(4)

ãäå  - êîýôôèöèåíòû óñèëåíèÿ íàáëþäàòåëÿ,

à èíäåêñ “^“ îçíà÷àåò îöåíêó ñîîòâåòñòâóþùåé ïåðåìåí-

íîé. Äëÿ îïðåäåëåíèÿ  óìíîæèì (3) íà  è âû÷òåì èç

ïîëó÷åííîãî óðàâíåíèå (4), óìíîæåííîå íà . Â ðåçóëü-

òàòå ïîëó÷èì

(5)

Òàê êàê íàáëþäàòåëü (3), (4) äàåò ñîîòíîøåíèÿ

, , òî íà îñíîâàíèè (2) âûðàæåíèå (5)

ìîæíî ïåðåïèñàòü â âèäå

. (6)

Äëÿ ïîâûøåíèÿ òî÷íîñòè îöåíêè  âûõîä âûðàæåíèÿ (6)
íàäî ïðîïóñòèòü ÷åðåç íèçêî÷àñòîòíûé ôèëüòð,

óìåíüøàþùèé âëèÿíèå âûñîêî÷àñòîòíûõ ïîìåõ   è

. Â ðåçóëüòàòå ïðè íàëè÷èè óêàçàííîãî ôèëüòðà âìåñòî

(5), (6) ìîæíî ïîëàãàòü

. (7)

Ïðè ,  áóäåì èìåòü .

Ïóñòü , . Òîãäà íàáëþ-

äàòåëü ïðèìåò âèä

,

. (8)

Ñòðóêòóðíóþ ñõåìó ñèñòåìû (7), (8) ìîæíî ïðåäñòàâèòü â
âèäå ðèñ. 1.

Ðèñóíîê 1

Ïîìåíÿâ ìåñòàìè â ëèíåéíîé ñõåìå íà ðèñ. 1 âûäå-
ëåííûå ïóíêòèðîì çâåíüÿ, ïðèäåì ê ñõåìå íà ðèñ. 2.

Ðèñóíîê 2

Â ñõåìå íà ðèñóíêå 2 àíàëîãîâûå èíåðöèîííûå çâåíüÿ
óñòðàíÿþò âûñîêî÷àñòîòíûå ïîìåõè, à äèñêðåòíàÿ ÷àñòü
óñòðàíÿåò ñäâèãè ïî ôàçå è èñêàæåíèÿ àìïëèòóäû
ïîëåçíûõ ñîñòàâëÿþùèõ ñèãíàëîâ, âîçíèêàþùèå ïðè ïðî-
õîæäåíèè ñèãíàëîâ ÷åðåç èíåðöèîííûå çâåíüÿ. Óñòðà-
íåíèå âûñîêî÷àñòîòíûõ ïîìåõ ïîçâîëÿåò ñóùåñòâåííî
óâåëè÷èòü òàêò ñ÷åòà ìèêðîïðîöåññîðà è, òåì ñàìûì,
óäåøåâèòü åãî. Ñëåäóåò îòìåòèòü, ÷òî ôèëüòð íà ðèñ. 1
áîëåå ïîìåõîóñòîé÷èâ, ÷åì ôèëüòð íà ðèñ.2, òàê êàê íà

ðèñ.1 ñèãíàë , ïîëó÷àåìûé ïóòåì äèôôåðåíöèðîâàíèÿ

ñèãíàëîâ , ïðîïóñêàåòñÿ ÷åðåç èíåðöèîííûå çâåíüÿ,

à íà ðèñ. 2 - íå ïðîïóñêàåòñÿ. Ïîýòîìó ïðè äèñêðåòíîì
èñïîëíåíèè ôèëüòðà ëó÷øå èñïîëüçîâàòü ñõåìó ðèñ.1.

Ïðè íåîáõîäèìîñòè óëó÷øåíèÿ ôèëüòðóþùèõ ñâîéñòâ
ôèëüòð ìîæíî ñäåëàòü ñîñòîÿùèì èç äâóõ è áîëåå
êàñêàäîâ. Äâóõêàñêàäíûé ôèëüòð ïðåäñòàâëåí íà ðèñ.3.

ω

x1m x1 ϑ1+= x2m x2 ϑ2+=

ϑ1 ϑ2
ω

x̂1
·

ω̂x̂2– l11 x̂1 x1m–( ) l12 x̂2 x2m–( ),+ +=

x̂2
·

ω̂x̂1 l21 x̂1 x1m–( ) l22 x̂2 x2m–( ),+ +=

lij i j, 1 2,=( )

ω̂ x̂1

x̂2

ω̂
x̂1 x̂2

·
x̂2 x̂1

·
– l21x̂1 l11x̂2–( ) x̂1 x1m–( )+

x̂1
2 x̂2

2+
--------------------------------------------------------------------------------------------------  

l22x̂1 l12x̂2–( ) x̂2 x2m–( )

x̂1
2 x̂2

2+
--------------------------------------------------------------.

+

+

=

x̂1 x1≈ x̂2 x2≈

ω̂
x̂1 x̂2

·
x̂2 x̂1

·
l21x̂1 l11x̂2–( )–– ϑ1 l22x̂1 l12x̂2–( )ϑ2–

x̂1
2 x̂2

2+
------------------------------------------------------------------------------------------------------------------------------------=

ω

ϑ1

ϑ2

ω̂
x̂1 x̂2

·
x̂2 x̂1

·
–

x̂1
2 x̂2

2+
------------------------------=

x̂1 x1≈ x̂2 x2≈ ω̂ ω≈

l12 ω̂ l21–= = l11 l22 l1= =

x̂1
·

l1 x̂1 x1m–( ) ω̂x2m
–=

x̂2
·

l1 x̂2 x2m–( ) ω̂x1m
( )+=

ω̂
x̂1 x̂2,
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Ðèñóíîê 3

Äëÿ óëó÷øåíèÿ ôèëüòðóþùèõ ñâîéñòâ è ïîíèæåíèÿ
òàêòà ñ÷åòà ñòðóêòóðíóþ ñõåìó ìîæíî ïðåîáðàçîâàòü ê
âèäó ðèñ. 4. Íà îñíîâàíèè ðèñ. 2 è 4 ìîæíî ïîñòðîèòü
ìíîãîêàñêàäíûé ôèëüòð.

Ðèñóíîê 4

2 ÐÅÇÓËÜÒÀÒÛ ÌÎÄÅËÈÐÎÂÀÍÈß

Íà ðèñ. 5 ïðåäñòàâëåíû ãðàôèêè  â óñòàíî-

âèâøåìñÿ ðåæèìå. Êàê âèäíî èç ðèñ. 5, èìååò ìåñòî òî÷-
íàÿ îöåíêà îñíîâíîé ãàðìîíèêè ñèãíàëà. Âî âñåõ ïîñëåäó-
þùèõ ðåçóëüòàòàõ ìîäåëèðîâàíèÿ ïîìåõà ïîëàãàëàñü ñ òå-

ìè æå ïàðàìåòðàìè (àìïëèòóäà 100, ÷àñòîòà ) è
çàøóìëåííûå ñèãíàëû íå ïîêàçûâàþòñÿ. Íà ðèñ. 6 ïðîäå-
ìîíñòðèðîâàí ïåðåõîäíûé ïðîöåññ îöåíêè íåèçâåñòíîé

÷àñòîòû  ñ ïîìîùüþ àäàïòèâíîãî íàáëþäà-
òåëÿ, äåìîíñòðèðóþùèé åãî âûñîêîå áûñòðîäåéñòâèå è
òî÷íîñòü.

Ðèñóíîê 5

Ðèñóíîê 6

Íà ðèñ. 7, 8 ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ ðà-

áîòû ôèëüòðà ïðè èçìåíåíèè ÷àñòîòû îò 0   äî 300

è óâåëè÷åíèè ìîäóëÿ   îò 0 äî 100 çà 0,5 . 

Ðèñóíîê 7

Ðèñóíîê 8

Êàê ñëåäóåò èç ðèñ. 7, 8, èìååò ìåñòî òî÷íàÿ îöåíêà
íåèçâåñòíûõ èñêîìûõ ïåðåìåííûõ. Íà ðèñ. 9, 10
èçîáðàæåíû òå æå èñêîìûå ïåðåìåííûå, íî ïðè èçìåíåíèè

÷àñòîòû îò 0  äî 1  (1 îáîðîò çà 6 ). Ðèñ. 9

ñâèäåòåëüñòâóåò î òî÷íîé îöåíêå ïðîåêöèé âåêòîðà.

x2m x2 x̂2, ,

104 c
1–

ω 300 c 1–
=

c
1–

c
1–

x c

c
1–

c
1–

c
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Ðèñóíîê 9

Ðèñóíîê 10

Îöåíêà æå ÷àñòîòû íåóäîâëåòâîðèòåëüíà. Ýòî ñâèäå-
òåëüñòâóåò î íåîáõîäèìîñòè âêëþ÷åíèÿ â ôèëüòð âòîðîãî
êàñêàäà, êàê ýòî ñäåëàíî íà ðèñ. 4. Êàê ïîêàçûâàþò ðå-
çóëüòàòû ìîäåëèðîâàíèÿ, äâóõêàñêàäíûé ôèëüòð
ïîëíîñòüþ óñòðàíÿåò ïóëüñàöèè â îöåíêå ñêîðîñòè.

ÇÀÊËÞ×ÅÍÈÅ

Â ñîîòâåòñòâèè ñ öåëüþ ñòàòüè ñèíòåçèðîâàíû àíàëîãî-
äèñêðåòíûå àäàïòèâíûå îäíîêàñêàäíûé (ðèñ. 2) è
ìíîãîêàñêàäíûé (ðèñ. 4) íàáëþäàòåëè, îäíîâðåìåííî
îöåíèâàþùèå ïðîåêöèè íà íåïîäâèæíûé áàçèñ âåêòîðà
(òîêà èëè íàïðÿæåíèÿ) è ñêîðîñòü ïëîñêîãî âðàùåíèÿ
ýòîãî âåêòîðà íà ôîíå áîëüøèõ è "íåóäîáíûõ" ïîìåõ,
îáóñëîâëåííûõ ØÈÌ. Íàáëþäàòåëè ñîâåðøåííî íå
èñêàæàþò ôàçû ïîëåçíûõ ñîñòàâëÿþùèõ âûõîäíûõ
ñèãíàëîâ Ï×, ÷òî íàèáîëåå âàæíî, è ñëåãêà èñêàæàþò èõ
àìïëèòóäû òîëüêî â áûñòðîòå÷íûõ ïåðåõîäíûõ ïðîöåññàõ.
Îäèí êàñêàä ôèëüòðà òðåáóåò ëèøü 6 îïåðàöèé
ñëîæåíèÿ/âû÷èòàíèÿ è 7 îïåðàöèé óìíîæåíèÿ/äåëåíèÿ.
Êàæäûé ïîñëåäóþùèé êàñêàä íóæäàåòñÿ ëèøü â äâóõ
îïåðàöèÿõ ñëîæåíèÿ/âû÷èòàíèÿ è ÷åòûðåõ îïåðàöèÿõ
óìíîæåíèÿ/äåëåíèÿ. Òàêèì îáðàçîì, ñèíòåçèðîâàííûå
ôèëüòðû óñòðàíÿþò âñå òðè ïðîáëåìû ïîòåíöèàëüíî
âîçìîæíûõ àíàëîãîâ, ïðèâåäåííûå âî ââåäåíèè. Â
äàëüíåéøåì ïðåäïîëàãàåòñÿ èññëåäîâàòü êîíòóðû
ðåãóëèðîâàíèÿ òîêà è íàïðÿæåíèÿ ñ ñèíòåçèðîâàííûìè
ôèëüòðàìè ïðè âåêòîðíîì óïðàâëåíèè äâèãàòåëÿìè
ïåðåìåííîãî òîêà.
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ÍÀÑÒÐÎÉÊÎÉ È ÏÐÈ ÑËÓ×ÀÉÍÛÕÂÎÇÄÅÉÑÒÂÈßÕ

À.À.Õóäÿåâ

Ðîçãëÿäàºòüñÿ ïîáóäîâà ñóìàðíèõ ôóíêö³îíàë³â ÿêîñò³
äëÿ îö³íêè åôåêòèâíîñò³ òà àíàë³çó ïðîöåññ³â ñàìî-
íàñòðîþâàííÿ ³òåðàö³éííèõ äâîêàíàëüíèõ â³äòâîðþþ÷èõ
ñèñòåì iç çàäàíèìè åòàëîííèìè îïåðàòîðàìè êàíàë³â êåðó-
âàííÿ i ïðè âèïàäêîâèõ âõ³äíèõ âïëèâàõ.

Ðàññìàòðèâàåòñÿ ïîëó÷åíèå ñóììàðíûõ ôóíêöèîíàëîâ
êà÷åñòâà äëÿ îöåíêè ýôôåêòèâíîñòè è àíàëèçà ïðîöåññîâ
ñàìîíàñòðîéêè èòåðàöèîííûõ äâóõêàíàëüíûõ âîñïðîèçâîäÿ-

ùèõ ñèñòåì ñ çàäàííûìè ýòàëîííûìè îïåðàòîðàìè êàíàëîâ
óïðàâëåíèÿ è ïðè ñëó÷àéíûõ âõîäíûõ âîçäåéñòâèÿõ.

The determination of the quality functional equations for
efficiency estimation and analysis of self-adjusting processes of
the iterative type two-channel reproduction control systems with
basic standard operators of channels and by random input
actions is considered.
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ÂÂÅÄÅÍÈÅ

Â íàñòîÿùåå âðåìÿ êî ìíîãèì ñèñòåìàì àâòîìà-
òè÷åñêîãî óïðàâëåíèÿ, â òîì ÷èñëå ê âîñïðîèçâîäÿùèì
ñèñòåìàì, ïðåäúÿâëÿþòñÿ âñå áîëåå âûñîêèå òðåáîâàíèÿ â
îòíîøåíèè ïîëîñû ïðîïóñêàåìûõ ÷àñòîò, ïîðÿäêà àñòàòèç-
ìà, óñòàíîâèâøåéñÿ äèíàìè÷åñêîé òî÷íîñòè, ìàêñèìàëü-
íîãî óñêîðåíèÿ è äðóãèõ äèíàìè÷åñêèõ ïîêàçàòåëåé.

Âîñïðîèçâîäÿùèå ñèñòåìû, îáëàäàþùèå âûñîêîé äèíà-
ìè÷åñêîé òî÷íîñòüþ, íåîáõîäèìû äíÿ óïðàâëåíèÿ ñîâðå-
ìåííûìè áûñòðîïðîòåêàþùèìè ïðîèçâîäñòâåííûìè ïðî-
öåññàìè, à òàêæå äëÿ ñîçäàíèÿ ðàçíîãî ðîäà èíôîð-
ìàöèîííî-èçìåðèòåëüíûõ è êîíòðîëèðóþùèõ óñòðîéñòâ.
Èçâåñòíî, ÷òî âîçìîæíîñòè ñèñòåìû â îòíîøåíèè äèíàìè-
÷åñêîé òî÷íîñòè, â êîíå÷íîì ñ÷åòå, îïðåäåëÿþòñÿ ïðåäåëü-
íûìè çíà÷åíèÿìè êîîðäèíàò è ïðîèçâîäíûõ êîîðäèíàò,
õàðàêòåðèçóþùèõ ïîâåäåíèå âõîäÿùèõ â ñèñòåìó
ýëåìåíòîâ. Â ïåðâóþ î÷åðåäü, âàæíû îãðàíè÷åíèÿ,
íàëîæåííûå íà ñêîðîñòè è óñêîðåíèÿ, à èíîãäà, è íà
ðûâêè ïðèâîäà ñèñòåìû. Â îäíîêàíàëüíûõ ÑÀÓ ýòè
îãðàíè÷åíèÿ ÷àñòî íå ïîçâîëÿþò óâåëè÷èâàòü äèíàìè-
÷åñêóþ òî÷íîñòü ñèñòåìû è ïîëîñó ïðîïóñêàåìûõ åþ
÷àñòîò äî òðåáóåìûõ çíà÷åíèé.

Äëÿ ïîâûøåíèÿ òî÷íîñòè âîñïðîèçâåäåíèÿ ïîëåçíîãî
ñèãíàëà ìîãóò áûòü èñïîëüçîâàíû ìíîãîêàíàëüíûå ñèñ-
òåìû, ðàáîòàþùèå ïî çàìêíóòîìó è ðàçîìêíóòîìó öèêëàì
[1]. Ïîñëåäóþùåå ðàçâèòèå òàêèõ ñèñòåì ïðèâåëî ê
ñîçäàíèþ ìíîãîêàíàëüíûõ ñèñòåì, ïîñòðîåííûõ ïî
ïðèíöèïó "ãðóáîãî" è "òî÷íîãî" óïðàâëåíèÿ è ïîëó÷èâøèõ
íàçâàíèå èòåðàöèîííûõ ìíîãîêàíàëüíûõ ñèñòåì [2]. Â
êëàññå èòåðàöèîííûõ ìíîãîêàíàëüíûõ ñèñòåì âîñïðîèçâå-
äåíèå çàäàþùèõ âîçäåéñòâèé îñóùåñòâëÿåòñÿ ïîñëåäîâà-
òåëüíûìè ïðèáëèæåíèÿìè (èòåðàöèÿìè), ðåàëèçóåìûìè
ñîîòâåòñòâóþùèìè êàíàëàìè óïðàâëåíèÿ [2,3]. Ýòî
ïîçâîëÿåò ïðè ñòàöèîíàðíûõ âîçäåéñòâèÿõ ïîòåíöèàëüíî
îáåñïå÷èòü ìàêñèìàëüíî âûñîêóþ çàäàííóþ òî÷íîñòü
ðàáîòû âñåé ìíîãîêàíàëüíîé ñèñòåìû ñî ñòàíäàðòíîé
(ýòàëîííîé) íàñòðîéêîé îòäåëüíûõ êàíàëîâ è â áîëü-
øèíñòâå ñëó÷àåâ ïîëó÷àòü êà÷åñòâî âîñïðîèçâåäåíèÿ, íå-
äîñòèæèìîå â îäíîêàíàëüíûõ ñèñòåìàõ óïðàâëåíèÿ [4-6 ].

Ïðåèìóùåñòâåííîå ïðèìåíåíèå â ïðîìûøëåííûõ àâòî-
ìàòèçèðîâàííûõ ýëåêòðîìåõàíè÷åñêèõ ñèñòåìàõ [7] ïîëó-
÷èëè ñèñòåìû óïðàâëåíèÿ óíèôèöèðîâàííûìè ýëåêòðî-
ïðèâîäàìè ñ ýòàëîííîé (èëè òèïîâîé) íàñòðîéêîé êîíòó-
ðîâ óïðàâëåíèÿ è ñ âîçìîæíîñòüþ ïåðåíàñòðîéêè îñíîâ-
íûõ ïàðàìåòðîâ ðåãóëÿòîðîâ. Äëÿ ñèíòåçà òàêèõ ñèñòåì
èñïîëüçóþò ìåòîä ýòàëîííûõ îïåðàòîðîâ, ðàçâèòûé
ïðèìåíèòåëüíî ê èòåðàöèîííûì ìíîãîêàíàëüíûì ÑÀÓ â
ðàáîòàõ [8, 10].

Îñîáûå òðåáîâàíèÿ ïðåäúÿâëÿþòñÿ ê êà÷åñòâó
âûñîêîäèíàìè÷íûõ èòåðàöèîííûõ âîñïðîèçâîäÿùèõ ñèñ-
òåì, ðàáîòàþùèõ ïðè ñëó÷àéíûõ âíåøíèõ âîçäåéñòâèÿõ.
Ïðè ýòîì ñ òî÷êè çðåíèÿ òåõíè÷åñêîé ðåàëèçàöèè
íàèáîëåå ïðîñòû äâóõêàíàëüíûå ñòðóêòóðû èòåðàöèîííûõ
ÑÀÓ [5-7]. Îäíàêî, ñ èçìåíåíèåì õàðàêòåðèñòèê âíåøíèõ
âîçäåéñòâèé (íàïðèìåð, ñ èçìåíåíèåì ñîîòíîøåíèÿ èíòåí-

ñèâíîñòåé ïîìåõ:  - â òî÷íîì è  - â ãðóáîì

êàíàëàõ) ñ òî÷êè çðåíèÿ äîñòèæåíèÿ íàèáîëåå âûñîêîé
òî÷íîñòè âîñïðîèçâåäåíèÿ ñèñòåìû æåëàòåëüíî èçìåíÿòü
ñîîòâåòñòâóþùèì îáðàçîì äèíàìè÷åñêèå ñâîéñòâà âòîðîãî,

òî÷íîãî (èëè êîìïåíñèðóþùåãî) êàíàëà , äëÿ ÷åãî

íóæíî èçìåíÿòü (ïåðåíàñòðàèâàòü) åãî ïàðàìåòðû.
Äëÿ ôîðìàëèçàöèè ïðîöåññîâ ñàìîíàñòðîéêè â ðàáîòå

[9] ââåäåí ïîêàçàòåëü êà÷åñòâà èòåðàöèîííîé äâóõ-
êàíàëüíîé ñèñòåìû, õàðàêòåðèçóþùèé ýôôåêòèâíîñòü
èñïîëüçîâàíèÿ âòîðîãî, òî÷íîãî, êàíàëà â âèäå âûèãðûøà

â òî÷íîñòè . Â ðàáîòå [10] â ðàìêàõ çàäà÷è ñèíòåçà
äâóõêàíàëüíîé ñèñòåìû óïðàâëåíèÿ ñ ñàìîíàñòðîéêîé
òî÷íîãî êàíàëà îïðåäåëåíû íåîáõîäèìûå ôóíêöèîíàëû
êà÷åñòâà è ïðîàíàëèçèðîâàíî âëèÿíèå ïîëîñû ïðîïóñêà-
íèÿ âòîðîãî (êîìïåíñèðóþùåãî) êàíàëà è õàðàêòåðèñòèê
îòäåëüíûõ ñëó÷àéíûõ âíåøíèõ âîçäåéñòâèé íà òî÷íîñòü
èòåðàöèîííîé äâóõêàíàëüíîé âîñïðîèçâîäÿùåé ñèñòåìû ñ
ýòàëîííîé íàñòðîéêîé.

Èñïîëüçóÿ ðåçóëüòàòû, ïîëó÷åííûå â [9,10], îïðåäåëèì
ñóììàðíûå ôóíêöèîíàëû êà÷åñòâà, ïîçâîëÿþùèå àíàëèçè-
ðîâàòü âëèÿíèå ôîðìèðóþùåãî ïàðàìåòðà  òî÷íîãî

êàíàëà è õàðàêòåðèñòèê ñëó÷àéíûõ âõîäíûõ ñèãíàëîâ

, ,  íà ýôôåêòèâíîñòü è ïðîöåññû ñàìî-

íàñòðîéêè èòåðàöèîííûõ äâóõêàíàëüíûõ ñèñòåì ñ
çàäàííûìè ýòàëîííûìè îïåðàòîðàìè êàíàëîâ.

1 ÏÎÊÀÇÀÒÅËÈ   ÝÔÔÅÊÒÈÂÍÎÑÒÈ  ÒÎ×ÍÎÃÎ  
ÊÀÍÀËÀ

Ïóñòü âíåøíèå âîçäåéñòâèÿ  è ,  -

ïîëåçíûé ñèãíàë è äâå ïîìåõè, èòåðàöèîííîé äâóõ-
êàíàëüíîé âîñïðîèçâîäÿùåé ñèñòåìû óïðàâëåíèÿ ïðåä-
ñòàâëÿþò íåêîððåëèðîâàííûå ìåæäó ñîáîé öåíòðèðî-
âàííûå ñòàöèîíàðíûå ñëó÷àéíûå ïðîöåññû, çàäàííûå

òèïîâûìè ñïåêòðàëüíûìè ïëîòíîñòÿìè  è ,

 âèäà [2,8]

; (1)

, , (2)

ãäå , ,  è , ,  -

íà÷àëüíûå (ïðè ) çíà÷åíèÿ ñïåêòðàëüíûõ

ïëîòíîñòåé è ïîñòîÿííûå âðåìåíè êîððåëÿöèè ñëó÷àéíûõ

ïðîöåññîâ , , ;  - ñòàöèîíàðíûé

ñëó÷àéíûé ïðîöåññ, ñîîòâåòñòâóþùèé ïåðâîé ïðîèçâîäíîé

èçìåíåíèÿ ïîëåçíîãî ñèãíàëà;  - çàäàííûé

êîýôôèöèåíò ñîîòíîøåíèÿ èíòåíñèâíîñòåé ïîìåõ â

òî÷íîì  è â ãðóáîì  êàíàëàõ;  -

óãëîâàÿ ÷àñòîòà (ñêîðîñòü), ðàä/ñ.
Äëÿ îöåíêè ýôôåêòèâíîñòè âòîðîãî, òî÷íîãî, êàíàëà

 â ðàáîòå [9] ââåäåí âûèãðûø â òî÷íîñòè , ðàâíûé

îòíîøåíèþ óñòàíîâèâøèõñÿ  çíà÷åíèé äèñïåðñèé îøèáîê
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ïåðâîãî, ãðóáîãî (èëè îñíîâíîãî) êàíàëà  è äâóõ-

êàíàëüíîé ñèñòåìû â öåëîì 

, (3)

ãäå

; (4)

, ; (5)

, (6)

, . (7)

Çäåñü îáîçíà÷åíû: , ,  - äèñïåðñèè îøèáîê

îñíîâíîãî, ãðóáîãî, êàíàëà  ïðè âîçäåéñòâèè íà íåãî

ñîîòâåòñòâåííî ïîëåçíîãî ñèãíàëà  èëè ïîìåõè ,

ïðèâåäåííîé êî âõîäó ýòîãî êàíàëà, èëè ïîìåõè ,

ïðèâåäåííîé êî âõîäó äîïîëíèòåëüíîãî, òî÷íîãî, êàíàëà

; ,  è  - ñîñòàâëÿþùèå äèñïåðñèè îøèáêè

èòåðàöèîííîé ñèñòåìû, îáóñëîâëåííûå ñèãíàëàìè ,

 è  ñîîòâåòñòâåííî.

Ïîêàçàòåëè  è  õàðàêòåðèçóþò ýôôåêòèâíîñòü

èñïîëüçîâàíèÿ òî÷íîãî êàïàëà äëÿ êîìïåíñàöèè îøèáîê

ïî ïîëåçíîìó ñèãíàëó  è ïîìåõå ; ñîîòâåòñòâåííî

 îïðåäåëÿåò íîðìèðîâàííóþ äîïîëíèòåëüíóþ îøèáêó,

âíîñèìóþ ïîìåõîé . Âåëè÷èíû ,  õàðàêòåðèçóþò

îòíîñèòåëüíóþ òî÷íîñòü ïåðâîãî, ãðóáîãî, êàíàëà. Â (3)-

(7) âõîäÿò  - ïåðâûå ïðèáëè-

æåíèÿ ê âåëè÷èíàì  ñîîòâåòñòâåííî;

 - ïîïðàâêè, ó÷åò êîòîðûõ

ïîçâîëÿåò ïðè íåîáõîäèìîñòè îïðåäåëÿòü òî÷íûå çíà÷å-
íèÿ. Èç (3), (5)-(7) âèäíî, ÷òî çíà÷åíèÿìè ïîïðàâîê
ìîæíî ïðåíåáðå÷ü, åñëè èõ ìîäóëè äîñòàòî÷íî ìàëû ïî
ñðàâíåíèþ ñ åäèíèöåé.

Íîðìèðîâàííîå óðàâíåíèå (3), âûðàæåííîå â áåçðàç-
ìåðíûõ âåëè÷èíàõ, óäîáíî äëÿ àíàëèçà âëèÿíèÿ õàðàê-
òåðèñòèê ïîëåçíîãî ñèãíàëà è ïîìåõ íà ïîêàçàòåëü ýôôåê-

òèâíîñòè  è äëÿ îïòèìèçàöèè ïàðàìåòðîâ âòîðîãî,
òî÷íîãî, êàíàëà ïðè ñòàöèîíàðíîì ïåðâîì.

2 ÏÅÐÂÛÉ (ÈÇÌÅÐÈÒÅËÜÍÛÉ) ÂÀÐÈÀÍÒ 
ÄÂÓÕÊÀÍÀËÜÍÎÉ ÑÈÑÒÅÌÛ

Ðàññìîòðèì ñëó÷àé, êîãäà ýòàëîííûå îïåðàòîðû ïåðâî-
ãî è âòîðîãî êàíàëîâ ðàçëè÷íû è ñîîòâåòñòâóþò êîëåáà-

òåëüíîìó è àïåðèîäè÷åñêîìó çâåíüÿì. Òîãäà ðåàëüíûå

îïåðàòîðû êàíàëîâ , , ãäå  -

îïåðàòîð äèôôåðåíöèðîâàíèÿ ïî âðåìåíè, è ñïåêòðàëüíûå
ïëîòíîñòè âíåøíèõ âîçäåéñòâèé (1), (2) ìîãóò áûòü
ïðåäñòàâëåíû â âèäå [10]

, ; (8)

;

, , (9)

ãäå

, ; (10)

, ; (11)

, ; (12)

, . (13)

Çäåñü: ,  - ôîðìèðóþùèå ïàðàìåòðû (ìàñøòàáíûå

ìíîæèòåëè) ñîîòâåòñòâåííî ïåðâîãî è âòîðîãî êàíàëîâ,
èìåþùèå ðàçìåðíîñòü âðåìåíè; â ýòîì ñëó÷àå ñîáñòâåííàÿ

÷àñòîòà  îïðåäåëÿåò ïîëîñó ïðîïóñ-

êàíèÿ ñîîòâåòñòâóþùåãî -ãî êàíàëà ñ ýòàëîííîé

íàñòðîéêîé, ;  - êîýôôèöèåíò äåìïôèðîâàíèÿ ïåð-

âîãî êàíàëà ñ ýòàëîííîé íàñòðîéêîé. Èç (10)-(13)
ñëåäóåò, ÷òî áåçðàçìåðíûé ïàðàìåòð   õàðàêòåðèçóåò
îòíîøåíèå ïîëîñ ïðîïóñêàíèÿ òî÷íîãî è ãðóáîãî êàíàëîâ
è îïðåäåëÿåòñÿ îòíîøåíèåì èõ ñîáñòâåííûõ ÷àñòîò;
ïàðàìåòðû  è ,  - îòíîøåíèå ïîëîñû ïðîïóñêàíèÿ

îñíîâíîãî (ãðóáîãî) êàíàëà ê øèðèíå ñïåêòðà ïðîèç-

âîäíîé ïîëåçíîãî ñèãíàëà  è ñïåêòðîâ ïîìåõ , 

ñîîòâåòñòâåííî. Îáû÷íî äëÿ âîñïðîèçâîäÿùèõ ñèñòåì
âûïîëíÿþòñÿ ñëåäóþùèå óñëîâèÿ: ïîëåçíûé ñèãíàë

óçêîïîëîñåí, ò.å.  è , à ïîìåõè , 

áëèçêè ê ïðîöåññàì òèïà áåëîãî øóìà, ò.å. ,

 è , .

Ðàñ÷åò è àíàëèç ïîêàçàòåëåé ýôôåêòèâíîñòè (ñîñòàâ-

ëÿþùèõ âûèãðûøà â òî÷íîñòè )  (6) è ,   (7),

âûïîëíåííûé â [10] ïðè , ïîêàçàë, ÷òî

êîìïåíñèðóþùåå äåéñòâèå òî÷íîãî êàíàëà íà îøèáêè ïî
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ïîëåçíîìó ñèãíàëó  è ïîìåõå  òåì âûøå, ÷åì

áîëüøå  (ìåíüøå çíà÷åíèå ïàðàìåòðà ), è ïðè 

âåëè÷èíû  ïðîïîðöèîíàëüíû . Âìåñòå ñ òåì,

ïîêàçàòåëü  ñ ðîñòîì   óìåíüøàåòñÿ,

ïîñêîëüêó âåëè÷èíà  ïðîïîðöèîíàëüíà .

Êîìïåíñàöèÿ ïîìåõè  ýôôåêòèâíà ïðè , êîãäà

. Íî äëÿ çíà÷åíèé  ïîêàçàòåëü  è ïðè

 (÷òî èìååò ìåñòî â ñëó÷àå óçêîïîëîñíûõ

ïîëåçíûõ ñèãíàëîâ, õàðàêòåðíûõ äëÿ áîëüøèíñòâà ïðî-

ìûøëåííûõ âîñïðîèçâîäÿùèõ ÑÀÓ) , ò.å. äèñ-

ïåðñèÿ îøèáêè ïî çàäàþùåìó âîçäåéñòâèþ áëàãîäàðÿ
íàëè÷èþ äîïîëíèòåëüíîãî êîìïåíñèðóþùåãî êàíàëà
óìåíüøàåòñÿ íà äâà ïîðÿäêà è áîëåå, è ìîæåò áûòü
ïðåíåáðåæèìî ìàëîé. Êðîìå òîãî, äèíàìè÷åñêèå õàðàê-
òåðèñòèêè îñíîâíîé (ãðóáîé) âîñïðîèçâîäÿùåé ñèñòåìû
îáû÷íî òàêîâû, ÷òî äèñïåðñèè îøèáîê ïî ïîëåçíîìó

ñèãíàëó  è ïîìåõå , èìåþò îäèí ïîðÿäîê ìàëîñòè

(ïðè ñîõðàíåíèè íåðàâåíñòâà ), òîãäà ñîãëàñíî (5)

. Òàê, íàïðèìåð, ïðè  . Òîãäà

ñîñòàâëÿþùåé â (3) ìîæíî ïðåíåáðå÷ü (

); ïðè ýòîì

. (14)

Äëÿ îöåíêè ïîãðåøíîñòè òàêîãî ïðåäñòàâëåíèÿ âû-

èãðûøà â òî÷íîñòè  âîñïîëüçóåìñÿ ðàñ÷åòíûìè äàííû-

ìè, ïîëó÷åííûìè â [10]. Äëÿ  è 

ïðè , ,  èìååì

,  , .

Òàê, ïðè ,  

, , . (15)

Äëÿ ïîêàçàòåëÿ  ïðè  ,  ,

. (16)

Êðîìå òîãî, ïðè  è øèðèíå ñïåêòðîâ ïîìåõ, áîëü-

øåé ïîëîñû ïðîïóñêàíèÿ îñíîâíîãî êàíàëà ( )

âûïîëíÿåòñÿ: , è â ïåðâîì ïðèáëèæåíèè

.

Ïîãðåøíîñòü  âû÷èñëåíèÿ G ïî ôîð-

ìóëå (14) îáðàòíî ïðîïîðöèîíàëüíà èíòåíñèâíîñòè

ïîìåõè  â òî÷íîì êàíàëå. Âëèÿíèå  ìîæíî îöå-

íèòü ïî âåëè÷èíå . Êàê ïðàâèëî, , îäíàêî äëÿ

ïîëíîòû îöåíêè  ðàññìîòðèì 4 ñëó÷àÿ: ; 0,01;

0,1; 1. Ó÷èòûâàÿ (15) è âûáèðàÿ â (16) ñàìûé íåáëàãî-

ïðèÿòíûé ñëó÷àé , äëÿ ïîãðåøíîñòè 

ïîëó÷èì

(17)

Ñîîòíîøåíèÿ (17) äàþò îöåíêó ïîãðåøíîñòè ñâåðõó âû-

÷èñëåíèÿ çíà÷åíèé âûèãðûøà â òî÷íîñòè  ïî ïðèáëè-

æåííîé ôîðìóëå (14) äëÿ  è ïðè ðàçëè÷íûõ . Ñ

óâåëè÷åíèåì  ïîãðåøíîñòü  âîçðàñòàåò è

ïðè   äëÿ  äîñòèãàåò

 (èëè ) óæå ïðè .

Äëÿ òîãî ÷òîáû ïðè   è  

ïîãðåøíîñòü  íå ïðåâûøàëà çíà÷åíèé, îïðåäåëåííûõ

ôîðìóëîé (17), áåçðàçìåðíûé ïàðàìåòð   äîëæåí óäîâ-

ëåòâîðÿòü íåðàâåíñòâó , à ïðè  ( )

è    äëÿ  äîëæíî óæå âûïîëíÿòüñÿ óñëîâèå

.
Ðàññìîòðèì ñëó÷àé (ïðè äîñòàòî÷íî ìàëûõ çíà÷åíèÿõ

 è ), êîãäà ñîñòàâëÿþùóþ îøèáêè èòåðàöèîííîé

ñèñòåìû îò ïîëåçíîãî ñèãíàëà ìîæíî íå ó÷èòûâàòü. Òîãäà

âûèãðûø â òî÷íîñòè  (3) ñ òî÷íîñòüþ äî ñîñòàâëÿþùåé

  áóäåò îïðåäåëÿòüñÿ âûðàæåíèåì

, (18)

ãäå ñ ó÷åòîì (4), (5), (7)

, (19)

x t( ) f t( )
z r2 z 1>

gx, gf z2

gϕ z z 1>( )

gϕ z 1–

f t( ) z 1>
gf 3> z 1> gx γx·>

γx·
1– 0 01,=

gf 100>

δx
2 δf

2

δf
2 δx

2<

1 µ 10< < γx· 100= µ 5=

µgx
1– µgx

1– «

gf
1– λgϕ

1–+«

G G1≈ 1 µ+( ) 1
gf

1– λgϕ
1–+

---------------------------=

G

ξ1 0 5,= r1 r1
* 0 1c,= =

z 1≥ γx·
1– 1« 0 γf 1< <

gxγx·
1– 1> gf 2≈ µ µ0≈

8ξ1
3r1

2

γx·
---------------

Sx· 0( )
Sf 0( )
-------------⋅=

z 1= γx·
1– 0 01,= Tx· 10c=( )

gx γx·> 100= gf 3≈ µ 5=

gϕ z 1≥ 0 γϕ 1< <

0 gϕ 1 33,< <

ξ1 1≤

γf, γϕ 1<

∆λ 1<

λ λ0≈
Sϕ 0( )
Sf 0( )
-------------- ρ2= =

∆G G1 G–( )/G=

ϕ t( ) ϕ t( )
λ0 λ0 1«

∆G λ0 0=

gϕ 1 33,= ∆G

∆G
µgx

1–

gf
1– λgϕ

1–+
--------------------------- <=

0 47 (èëè G 4 7  % ) ïðè λ λ0≈,<∆, 1=

(ò. å. èíòåíñèâíîñòè ïîìåõ
òî÷íîì è ãðóáîì êàíàëàõ îäèíàêîâû),

0 124 (èëè G 12 4) ïðè λ λ0≈,<∆, 0 1,=

(ò.å. Sϕ 0( ) 0 1Sf 0( ), ρ 0 32 ),,≈,=

0 149 (èëè G 14 9  % ) ïðè λ λ0≈,<∆, 0 01,=

(ò.å. Sϕ 0( ) 0 01Sf 0( ), ρ 0 1 ),,≈,=

0 152 (èëè G 15 2  %) ïðè λ λ0≈,<∆, 0=

(ò.å. ïîìåõà ϕ t( ) â òî÷íîì êàíàëå
ïðàêòè÷åñêè îòñóòñòâóåò).�

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

<

G

z 1≥ λ

γx·
1– γx·

1– 1<( ) ∆G

γx·
1– 0 1,= Tx· 1c=( ) z 1≥

∆G 0 395,≤ ∆G 39,5%≤ λ 1=

γx·
1– 0 1,= Tx· 1c=( ) 0 λ 1≤ ≤

∆G
z

z 5 5,≥ γx·
1– 0 5,= Tx· 0 2, c=

0 λ 1≤ ≤ z

z 18≥

γx·
1– z 1≥

G

µgx
1–

G1 G01
1

1 ∆G1–
--------------------� �
� �=

G01 1 µ0+( ) 1
g0f

1– λ0g0ϕ
1–+

------------------------------=
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(20)

Êàê îòìå÷àëîñü, äëÿ èòåðàöèîííûõ äâóõêàíàëüíûõ âîñ-

ïðîèçâîäÿùèõ ñèñòåì õàðàêòåðíî , , 

è, êàê ïðàâèëî,  (÷òî îáåñïå÷èâàåòñÿ çàêîíî-ìåðíûì

ðàñøèðåíèåì ïîëîñû ïðîïóñêàíèÿ êîìïåíñè-ðóþùåãî
êàíàëà ïî ñðàâíåíèþ ñ îñíîâíûì). Òîãäà äëÿ ìîäóëåé

ïîïðàâîê  , , , , êàê ïîêàçàíî â [10],

âûïîëíÿåòñÿ , ,  è 

(ïðè  ), è â êà÷åñòâå ïåðâûõ ïðèáëèæå-íèé ìîæíî

ïðèíÿòü

,  , , 

. (21)

Ïóñòü â íàèáîëåå íåáëàãîïðèÿòíîì ñëó÷àå ïîìåõè 

è  ïðåäñòàâëÿþò ñîáîé áåëûé øóì, ïðè ýòîì [10]

, (22)

è

, , , , (23)

ãäå

. (24)

Ïðè  è , êàê âèäíî èç (5),

(23), (24), èìåþò ìåñòî ñîîòíîøåíèÿ  è ,

îòêóäà äëÿ ïîïðàâêè  ñîãëàñíî  (20), (22) âûïîë-

íÿåòñÿ íåðàâåíñòâî . Ïðåíåáðåãàÿ çíà÷åíèÿìè

ïîïðàâêè  â ðàññìàòðèâàåìîì ñëó÷àå è ïîëàãàÿ

, ïîëó÷èì

. (25)

Òîãäà äëÿ îöåíêè âûèãðûøà â òî÷íîñòè  èç (18),

(19), (21), (25) îêîí÷àòåëüíî íàéäåì

(26)

Íà ðèñ.1,à,á ïðèâåäåíû ãðàôèêè çàâèñèìîñòè âåëè÷èíû

  îò ïàðàìåòðîâ  è  ïðè çàäàííûõ çíà÷å-

íèÿõ ;  ñîîòâåòñòâåííî. Èç ãðàôèêîâ

âèäíî, ÷òî áîëåå ãëóáîêèé ýêñòðåìóì âûèãðûøà â òî÷-

íîñòè  èìååò ìåñòî ïðè äîñòàòî÷íî ìàëûõ  

, ïðè êîòîðûõ îïòèìàëüíîå çíà÷åíèå ïàðàìåòðà

. Ëèíèÿ, ñîåäèíÿþùàÿ òî÷êè ýêñòðåìóìà, îïðå-

äåëÿåò îïòèìàëüíûå çíà÷åíèÿ  è 

äëÿ ðàçëè÷íûõ çíà÷åíèé .

a)

á)

Ðèñóíîê  1 - Ãðàôèêè çàâèñèìîñòè âåëè÷èíû 

 îò  ïàðàìåòðîâ     è   ïðè  çàäàííûõ  

çíà÷åíèÿõ  è , è ïðè 

Â ðÿäå ïðàêòè÷åñêèõ ñëó÷àåâ ñëó÷àéíàÿ ïîìåõà ,

âîçäåéñòâóþùàÿ íà îñíîâíîé êàíàë, èìååò îòíîñèòåëüíî

óçêîïîëîñíûé ñïåêòð , øèðèíà êîòîðîãî

 ñîïîñòàâèìà ñ ïîëîñîé ïðîïóñêàíèÿ îñíîâ-

íîãî êàíàòà  [2, 8]. Ïîëàãàÿ  è ,

è èñïîëüçóÿ ðåçóëüòàòû, ïîëó÷åííûå â [10], èìååì

, 

G1
1

1 µ0 1 ∆µ–( )+
-------------------------------------

G0

g0f
-------∆gf

G0

g0f
-------λ0 ∆λ ∆gϕ ∆λ∆gϕ–+( ) µ0∆µ–+×

×

.

=

γx·
1– 1« γf 1« γϕ 1«

z 1≥

∆µ ∆λ ∆gf ∆gϕ

∆µ 1« ∆λ 1« ∆gf 1« ∆gϕ 1«

z γϕ
1–<

µ µ0≈ λ λ0≈ gf g0f≈ z2 2ξ1z 1+ +=

gϕ g0ϕ≈ 1
2ξ1z
-----------=

f t( )
ϕ t( )

γf γϕ 0= = ∆λ ∆gf ∆gϕ 0= = =

λ λ0= gf g0f= gϕ g0ϕ= µ µ0

1 aξ1
γx·

1–+

1 2ξ1γx·
1– γx·

2–+ +
-----------------------------------------=

aξ1

1 4ξ1
2+

8ξ1
3

-------------------=

γx·
1– 1« 2γx·

1/2– ξ1 1≤ ≤

∆µ 1« µ µ0«

∆G1

∆G1 1«

∆µ
µ µ0=

∆G1 0=

G1

G1 1 µ0+( ) 1
g0f

1– λ0g0ϕ
1–+

------------------------------
1 µ0+

2ξ1λ0
---------------

z2 2ξ1z 1+ +

z3 2ξ1z2 z 1
2ξ1λ0
---------------+ + +

---------------------------------------------------------.×

×= =

G1 1 µ0+( ) 1– z λ0

ξ1 0 5,= ξ1 0 25,=

G1 λ0

λ0 0 3,≤( )

zonm 1>

zonm G1onm 1 µ0+( ) 1–

λ0

G1 1 µ0+( ) 1– z λ0

ξ1 0 5 à( ),= ξ1 0 25, á( )=

γf γϕ 0= =

f t( )

Sf ω( )

ωf 2πTf
1–=( )

ω1 2πr1
1–=( ) γf 0≠ γϕ 0=

µ µ0

2ξ1 cγf
+( ) 1 aξ1

γx·
1–+( )

2ξ1 1 2ξ1γx·
1– γx·

2–+ +( )
---------------------------------------------------------= λ λ0 1

cγf

2ξ1
---------+

� �
� �
� �

,=
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,

, (27)

ãäå .

Òîãäà äëÿ âûèãðûøà â òî÷íîñòè  ñîãëàñíî (14),

(21), (27) ïîëó÷èì

(28)

Çàìåòèì, ÷òî ïðè  è  õàðàêòåð

èçìåíåíèÿ êðèâûõ çàâèñèìîñòè 

àíàëîãè÷åí õàðàêòåðó  êðèâûõ íà ðèñ.1; à ïðè 

 çíà÷åíèÿ õàðàêòåðèñòèê îòëè÷àþòñÿ äðóã îò

äðóãà íåçíà÷èòåëüíî.

3 ÂÒÎÐ ÎÉ (ÓÏÐÀÂËßÞÙÈÉ) ÂÀÐÈÀÍÒ 
ÄÂÓÕÊÀÍÀËÜÍÎÉ ÑÈÑÒÅÌÛ

Ïðåäïîëîæèì òåïåðü, ÷òî ñòðóêòóðû ýòàëîííûõ îïåðà-
òîðîâ ïåðâîãî è âòîðîãî êàíàëîâ îäèíàêîâû è
ñîîòâåòñòâóþò êîëåáàòåëüíûì çâåíüÿì ñ îäèíàêîâûìè

÷àñòîòàìè ñîáñòâåííûõ êîëåáàíèé ,

. Òàêîå ñî÷åòàíèå äèíàìèêè êàíàëîâ áîëåå

õàðàêòåðíî äëÿ èòåðàöèîííûõ äâóõêàíàëüíûõ óïðàâ-
ëÿþùèõ ñèñòåì, âûõîä êîòîðûõ ñâÿçàí ñ ñèëîâîé íàãðóç-
êîé (ñì., íàïðèìåð, ðèñ. 1.10, 1.11 â [7]). Òîãäà
îïåðàòîðû êàíàëîâ (8) ñ ó÷åòîì (10) ïðèìóò âèä

,

, (29)

ãäå ,  - êîýôôèöèåíòû äåìïôèðîâàíèÿ

ñîîòâåòñòâåííî ïåðâîãî è âòîðîãî êàíàëîâ ñ ýòàëîííîé

íàñòðîéêîé.   Ïðè ,  è

 îïåðàòîðû  è  (29) ñîâïàäàþò ñ

îïåðàòîðîì ôèëüòðà Áàòòåðâîðòà 2-ãî ïîðÿäêà.
Ðàñ÷åò è àíàëèç ïîêàçàòåëåé ýôôåêòèâíîñòè

, âûïîëíåííûé â [10] ïðè  è

, ïîêàçàë, ÷òî â ñëó÷àå çàäàíèÿ îïåðàòîðîâ

àâòîíîìíûõ êàíàëîâ â âèäå (29) äëÿ âûèãðûøà â òî÷íîñòè

 ïðè   è  òàêæå âûïîëíÿåòñÿ äîïóùåíèå,

àíàëîãè÷íîå (14).

Ïàðàìåòðû  è  õàðàêòåðèçóþò îòíîñèòåëüíóþ
òî÷íîñòü ïåðâîãî (îñíîâíîãî) êàíàëà, îïåðàòîð êîòîðîãî

  (29) âî âòîðîì âàðèàíòå íå èçìåíèëñÿ. Ïîýòîìó

ðåçóëüòàòû îïðåäåëåíèÿ  è , ïîëó÷åííûå äëÿ ïåðâîãî

âàðèàíòà, ïîëíîñòüþ ñïðàâåäëèâû è äëÿ âòîðîãî âàðèàíòà
çàäàíèÿ îïåðàòîðîâ àâòîíîìíûõ êàíàëîâ. Êðîìå òîãî, ïðè

,  è  äëÿ ìîäóëåé ïîïðàâîê  è

, êàê ïîêàçàíî â [10], òàêæå âûïîëíÿþòñÿ íåðàâåí-

ñòâà:  è  (ïðè ). Òîãäà â êà÷åñ-

òâå ïåðâûõ ïðèáëèæåíèé ìîæíî ïðèíÿòü

,  , ,

(30)

ãäå 

, , 

,

, 

; (31)

, ,  

, ; (32)

, (33)

, . (34)

Ïîëàãàÿ äàëåå , ,  , 

gf g0f 1
cγf

z

γfz 1+
----------------–

� �
� �
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=
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1– 1= = =
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----------------------------------------= W2
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r1
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---------------------------------------------=

ξ1 ξý1= ξ2 ξý2=

ξ1 ξ2 2/2 0 707,≈= = r1 Tý=

z 1= W1
* p( ) W2

* p( )

g'x  g'f, g'ϕ, 0 ξ1 1≤ ≤
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èç (14), (30) äëÿ îöåíêè âûèãðûøà â òî÷íîñòè 

ïîëó÷èì

(35)

Â êà÷åñòâå ïðèìåðà,   óïðîùàþùåãî ôóíêöèîíàë (35),
ðàññìîòðèì äîñòàòî÷íî òèïè÷íûé ÷àñòíûé ñëó÷àé, êîãäà
ýòàëîííûå îïåðàòîðû êàíàëîâ ñîîòâåòñòâóþò îïåðàòîðó

ôèëüòðà Áàòòåðâîðòà 2-ãî ïîðÿäêà, à ïîìåõè  è 

ïðåäñòàâëÿþò ñîáîé áåëûé øóì, ïðè ýòîì

, , . (36)

Òîãäà ñîãëàñíî (31)-(34), (36) âûèãðûø â òî÷íîñòè 

(35) ïðèìåò âèä

. (37)

Ãðàôèê çàâèñèìîñòè âåëè÷èíû  (37) îò

ïàðàìåòðîâ  è  ïðè çàäàííûõ  è

 ïðèâåäåí íà ðèñ.2. Èç ðèñóíêà âèäíî, ÷òî,

êàê è â ïåðâîì âàðèàíòå çàäàíèÿ ýòàëîííûõ îïåðàòîðîâ
êàíàëîâ, áîëåå ãëóáîêèé ýêñòðåìóì âûèãðûøà â òî÷íîñòè

  èìååò ìåñòî ïðè äîñòàòî÷íî ìàëûõ çíà÷åíèÿõ 

, ïðè êîòîðûõ îïòèìàëüíûå çíà÷åíèÿ

ïàðàìåòðà 

Ðèñóíîê 2 - Ãðàôèê çàâèñèìîñòè âåëè÷èíû  

îò ïàðàìåòðîâ  è  ïðè çàäàííûõ çíà÷åíèÿõ 

Îòìåòèì, ÷òî âî âòîðîì âàðèàíòå ýòàëîííûõ îïåðà-

òîðîâ êàíàëîâ ïðè òàêîì æå çàäàíèè ,

÷òî è â ïåðâîì âàðèàíòå, äëÿ äîñòèæåíèÿ ýêñòðåìóìà

âûèãðûøà â òî÷íîñòè  òðåáóåòñÿ óæå áîëüøåå ðàñøè-

ðåíèå ïîëîñû ïðîïóñêàíèÿ âòîðîãî, òî÷íîãî êàíàëà ïî
ñðàâíåíèþ ñ ïåðâûì êàíàëîì. Òàê, íàïðèìåð, â ïåðâîì

âàðèàíòå ïðè ,  èìååì ;

; a âî âòîðîì âàðèàíòå ïðè

,  ïîëó÷àåì: ;

.

ÂÛÂÎÄÛ

1. Äëÿ ðàçëè÷íûõ âàðèàíòîâ çàäàíèÿ ýòàëîííûõ
îïåðàòîðîâ àâòîíîìíûõ êàíàëîâ óïðàâëåíèÿ èòåðàöèîí-
íûõ äâóõêàíàëüíûõ âîñïðîèçâîäÿùèõ ñèñòåì ïðè ñëó÷àé-
íûõ âõîäíûõ âîçäåéñòâèÿõ ïîëó÷åíû ñóììàðíûå ôóíê-

öèîíàëû êà÷åñòâà äëÿ îöåíêè âûèãðûøà â òî÷íîñòè 
òàêèõ ñèñòåì ïî ñðàâíåíèþ ñ îäíîêàíàëüíûìè ñèñòåìàìè.

2. Ïîêàçàíî, ÷òî ïðè äîñòàòî÷íî óçêîïîëîñíûõ ïîëåç-
íûõ ñèãíàëàõ è øèðîêîïîëîñíûõ ïîìåõàõ â êàíàëàõ
ñîñòàâëÿþùåé îøèáêè èòåðàöèîííûõ ñèñòåì îò ïîëåçíîãî
ñèãíàëà ìîæíî ïðåíåáðå÷ü. Ýòî ïîçâîëÿåò çíà÷èòåëüíî
óïðîñòèòü ôóíêöèîíàëû êà÷åñòâà áåç ñóùåñòâåííûõ

ïîãðåøíîñòåé â îöåíêå âûèãðûøà â òî÷íîñòè .
3. Ïîëó÷åííûå ñóììàðíûå ôóíêöèîíàëû (26), (28),

(35) è (37) ïîçâîëÿþò ïðè çàäàííîì ïåðâîì, ãðóáîì êàíà-
ëå àíàëèçèðîâàòü âëèÿíèå ïîëîñû ïðîïóñêàíèÿ âòîðîãî,
òî÷íîãî, êàíàëà è õàðàêòåðèñòèê âõîäíûõ ñèãíàëîâ íà
ýôôåêòèâíîñòü è ïðîöåññû ýêñòðåìàëüíîé ñàìîíàñòðîéêè
èòåðàöèîííûõ äâóõêàíàëüíûõ ñèñòåì ïðè ñëó÷àéíûõ
âîçäåéñòâèÿõ.
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ÍÅËÈÍÅÉÍÛÕ ÒÅÐÌÈÍÀËÜÍÛÕ ÑÈÑÒÅÌÀÕ Ñ 
ÄÈÔÔÅÐÅÍÖÈÐÓÅÌÛÌÈ ÍÅËÈÍÅÉÍÎÑÒßÌÈ

Å.À.Øóøëÿïèí, À.Å.Øóøëÿïèíà

Çàïðîïîíîâàíî ìîäèô³êàö³þ ìåòîäó ê³íöåâèõ ñòàí³â äëÿ
ñèíòåçó êåðóâàíü ðåàëüíîãî ÷àñó ñòîñîâíî äî áàãàòîì³ðíèõ
íåë³í³éíèõ òåðì³íàëüíèõ ñèñòåì ç äèôåðåö³éîâàíèìè íåë³-
í³éíîñòÿìè. Ìîäèô³êîâàíèé ìåòîä çàñòîñîâàíî äëÿ ìîäå-
ëþâàííÿ êåðóâàííÿ ïåðåõiäíèì ïðîöåñîì ïðè âêëþ÷åííi
åëåêòðîäâèãóíà ïîñòiéíîãî ñòðóìó ïîñëiäîâíîãî çáóäæåííÿ.

Ïðåäëîæåíà ìîäèôèêàöèÿ ìåòîäà êîíå÷íûõ ñîñòîÿíèé äëÿ
ñèíòåçà óïðàâëåíèé ðåàëüíîãî âðåìåíè ïðèìåíèòåëüíî ê
ìíîãîìåðíûì íåëèíåéíûõ òåðìèíàëüíûì ñèñòåìàì ñ äèôôå-
ðåíöèðóåìûìè íåëèíåéíîñòÿìè. Ìîäèôèöèðîâàííûé ìåòîä
ïðèìåíåí äëÿ ìîäåëèðîâàíèÿ óïðàâëåíèÿ ïåðåõîäíûì ïðîöå-
ññîì ïðè âêëþ÷åíèè ýëåêòðîäâèãàòåëÿ ïîñòîÿííîãî òîêà
ïîñëåäîâàòåëüíîãî âîçáóæäåíèÿ.

There was offered a terminal state method modification for
synthesis real time controls in multidimensional nonlinear termi-
nal systems with differentiable nonlinearities. The modified
method was aplied for modeling of control a transient process on
switching on a direct current electric motor of consequent drive.

ÂÂÅÄÅÍÈÅ È ÏÎÑÒÀÍÎÂÊÀ ÇÀÄÀ×È

Óïðàâëåíèå íåëèíåéíûìè ñèñòåìàìè ÿâëÿåòñÿ îäíîé èç
àêòóàëüíûõ çàäà÷ óïðàâëåíèÿ, ïîñêîëüêó èíîãäà îáúåêòû
óïðàâëåíèÿ ôóíêöèîíèðóþò â òàêèõ ðåæèìàõ ðàáîòû,
êîãäà ñîîòâåòñòâóþùèå ëèíåéíûå îïèñàíèÿ ñòàíîâÿòñÿ
íåàäåêâàòíûìè. Òàêèå ðåæèìû èìåþò ìåñòî ïðè ðàçãîíå è
òîðìîæåíèè ýëåêòðè÷åñêèõ ìàøèí, â õèìè÷åñêîé êèíå-
òèêå, ïðè óïðàâëåíèè äâèæóùèìèñÿ îáúåêòàìè, óïðàâ-
ëåíèè ïîòîêàìè æèäêîñòåé è ãàçîâ è â äðóãèõ îòðàñëÿõ. Â
ðÿäå ðàáîò [1-6] ðàçâèâàåòñÿ ïîäõîä ê ñèíòåçó
óïðàâëÿþùèõ âîçäåéñòâèé äëÿ ìíîãîìåðíûõ òåðìèíàëü-
íûõ íåëèíåéíûõ ñèñòåì ñ äèôôåðåíöèðóåìûìè íåëèíåé-
íîñòÿìè è àääèòèâíûìè óïðàâëåíèÿìè âèäà

(1)

Óïîìÿíóòûé ïîäõîä, íàçâàííûé ìåòîäîì êîíå÷íûõ
ñîñòîÿíèé, ïðèìåíÿåòñÿ äëÿ çàäà÷ òåðìèíàëüíîãî óïðàâ-
ëåíèÿ ñ ìîäåëüþ (1) è êðèòåðèåì

, (2)

ãäå   - çàäàííîå çíà÷åíèå, à öåëåâàÿ ôóíêöèÿ   

ïðåäïîëàãàåòñÿ äèôôåðåíöèðóåìîé.
Àëãîðèòì ðàñ÷åòà óïðàâëåíèÿ ìåòîäîì êîíå÷íûõ

ñîñòîÿíèé èìååò âèä

  ,

,

,

, (3)

,

.

Â àëãîðèòìå (3)  - åäèíè÷íàÿ ìàòðèöà,  - -

íåëèíåéíàÿ âåñîâàÿ ìàòðèöà,  - ïðàâàÿ

÷àñòü ñêàëÿðíîãî äèôôåðåíöèàëüíîãî óðàâíåíèÿ îòíîñè-

òåëüíî òàê íàçûâàåìîé êðèòåðèàëüíîé ôóíêöèè ,

îáåñïå÷èâàþùåãî åå ïðèáëèæåíèå ïðè  ê . Êðè-

òåðèàëüíàÿ æå ôóíêöèÿ - ýòî öåëåâàÿ ôóíêöèÿ êðèòåðèÿ,

ãäå âåêòîð ñîñòîÿíèÿ  çàìåíåí âåêòîðîì ïåðåìåííûõ

êîíå÷íîãî ñîñòîÿíèÿ . Ïåðåìåííûå êîíå÷íîãî ñîñ-

òîÿíèÿ, êàê âèäíî èç (3), ïðåäñòàâëÿþò ñîáîé ïðîãíîçíûå
çíà÷åíèÿ êîíå÷íîãî ñîñòîÿíèÿ ñèñòåìû (1), íàõîäÿùåéñÿ

â ìîìåíò  â ñîñòîÿíèè , êîãäà íà èíòåðâàëå 

dx
dt
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óïðàâëåíèå îáíóëåíî. Îäíèì èç âîçìîæíûõ âèäîâ äèôôå-
ðåíöèàëüíîãî óðàâíåíèÿ äëÿ æåëàåìîé êðèòåðèàëüíîé
ôóíêöèè ìîæåò áûòü

. (4)

Ïðè ýòîì  ïî ýêñïîíåíòå ñ ïîñòîÿííîé âðåìåíè 

ïðèáëèæàåòñÿ ê çàäàííîìó çíà÷åíèþ êðèòåðèÿ , à â
ñèëó ðàâåíñòâà ïåðåìåííûõ ñîñòîÿíèÿ è ïåðåìåííûõ
êîíå÷íîãî ñîñòîÿíèÿ ïðè îäèíàêîâûõ çíà÷åíèÿõ ïåðâîãî è
âòîðîãî àðãóìåíòîâ öåëåâàÿ ôóíêöèÿ êðèòåðèÿ òàêæå

áóäåò áëèçêà ê . Ïàðàìåòð  âëèÿåò êàê íà òî÷íîñòü

ïðèáëèæåíèÿ ê , òàê è íà ýíåðãèþ óïðàâëåíèÿ (÷åì

ìåíüøå , òåì âûøå òî÷íîñòü, íî áîëüøå ýíåðãèÿ è
íàîáîðîò). Êàê è â äðóãèõ ìåòîäàõ òåðìèíàëüíîãî óïðàâ-

ëåíèÿ, çàäàííîå çíà÷åíèå  ìîæåò îêàçàòüñÿ íåäîñòè-
æèìûì, ÷òî ïðîÿâëÿåòñÿ â îòêëîíåíèè ôàêòè÷åñêîãî ïîâå-
äåíèÿ êðèòåðèàëüíîé ôóíêöèè îò ýêñïîíåíöèàëüíîãî (4).
Ïðè ýòîì ìîæíî èäòè äâóìÿ ïóòÿìè: ïîäáèðàòü äîñòè-

æèìîå çíà÷åíèå , óäàëÿÿ åãî îò æåëàåìîãî çíà÷åíèÿ,
ëèáî îñòàâèòü æåëàåìîå çíà÷åíèå, ñîãëàñèâøèñü ñ îòêëî-
íåíèåì ôàêòè÷åñêîãî ïîâåäåíèÿ êðèòåðèàëüíîé ôóíêöèè
îò æåëàåìîé òðàåêòîðèè. Îïûò ïðèìåíåíèÿ ìåòîäà
êîíå÷íîãî ñîñòîÿíèÿ ïîêàçûâàåò, ÷òî ÷àùå áîëåå
ïðåäïî÷òèòåëåí âòîðîé ïóòü, îñîáåííî ïðè íàëè÷èè
àìïëèòóäíûõ îãðàíè÷åíèé íà êîìïîíåíòû âåêòîðà
óïðàâëåíèé.

Èç (3) âèäíî, ÷òî äëÿ ðàñ÷åòà óïðàâëåíèÿ â êàæäûé

ìîìåíò âðåìåíè  òðåáóåòñÿ èíòåãðèðîâàòü ñèñòåìó äèô-

ôåðåíöèàëüíûõ óðàâíåíèé ïîðÿäêà  íà èíòåðâàëå

. Â ðàñïðîñòðàíåííîì íà ïðàêòèêå ÷àñòíîì ñëó÷àå

íåîòðèöàòåëüíî îïðåäåëåííîé êâàäðàòè÷åñêîé öåëåâîé

ôóíêöèè  ñ äèàãîíàëüíîé ìàòðèöåé , à

òàêæå ðàçäåëüíîãî âõîæäåíèÿ êîìïîíåíò âåêòîðà óïðàâ-
ëÿþùèõ âîçäåéñòâèé â óðàâíåíèÿ (1), êîëè÷åñòâî òðåáóå-

ìûõ ñòîëáöîâ âåñîâîé ìàòðèöû ðàâíî ðàçìåðíîñòè 

âåêòîðà óïðàâëåíèé. Â ýòîì ñëó÷àå ïîðÿäîê ñèñòåìû (3)

ìîæåò áûòü ñíèæåí äî . Ïîñêîëüêó ìîìåíòîâ , â

êîòîðûå ðàññ÷èòûâàåòñÿ óïðàâëåíèå, áåñ÷èñëåííîå ìíîæå-
ñòâî (ïðàêòè÷åñêè - äåñÿòêè è ñîòíè), òî çàòðà÷èâàåìîå íà
ðàñ÷åò óïðàâëåíèé âðåìÿ îòíîñèòåëüíî âåëèêî. Ïîýòîìó
÷àñòî äàííûé ïîäõîä íåïðèìåíèì äëÿ ñèíòåçà óïðàâ-
ëåíèé, ò.å. äëÿ ðàñ÷åòà ñèãíàëîâ îáðàòíûõ ñâÿçåé,
ôîðìèðóåìûõ óïðàâëÿþùèì êîìïüþòåðîì â ðåàëüíîì
âðåìåíè. Â íàñòîÿùåé ñòàòüå ïðåäëàãàåòñÿ ïðèáëèæåííàÿ
ïðîöåäóðà ðàñ÷åòà óïðàâëåíèé, ïðèãîäíàÿ äëÿ èõ ñèíòåçà
â ðåàëüíîì âðåìåíè. Ïðè ýòîì ïðåäïîëàãàåòñÿ, ÷òî âåñü
âåêòîð ñîñòîÿíèÿ èçâåñòåí (ò.å. èçìåðÿåòñÿ) â êàæäûé
ìîìåíò âðåìåíè.

ÌÎÄÈÔÈÊÀÖÈß ÌÅÒÎÄÀ ÊÎÍÅ×ÍÛÕ 
ÑÎÑÒÎßÍÈÉ

Ñîâìåñòíàÿ ñèñòåìà óðàâíåíèé äëÿ îïðåäåëåíèÿ

íåëèíåéíîé âåñîâîé ìàòðèöû  è ïåðåìåííûõ êîíå÷íîãî

ñîñòîÿíèÿ  â (3) ïðåäñòàâëÿåò ñîáîé ñèñòåìó íåëèíåé-
íûõ äèôôåðåíöèàëüíûõ óðàâíåíèé ñ äèôôåðåíöèðóå-
ìûìè ôóíêöèÿìè ïðàâûõ ÷àñòåé áåç âíåøíèõ âîçäåéñò-
âèé. Ýòî ñîîòâåòñòâóåò ñèñòåìå âèäà

,

, (5)

ãäå êîìïîíåíòû âåêòîðà  - òðåáóåìûå äëÿ ðàñ÷åòà

óïðàâëåíèÿ ñòîëáöû âåñîâîé ìàòðèöû, à òàêæå ïåðåìåí-

íûå êîíå÷íîãî ñîñòîÿíèÿ,  - íåïðåðûâíûå è äèôôå-

ðåíöèðóåìûå ôóíêöèè ñâîèõ àðãóìåíòîâ. Íà÷àëüíûå

óñëîâèÿ  - ýòî â ñîîòâåòñòâèè ñ (3) åäèíèöû ëèáî íóëè

äëÿ ýëåìåíòîâ âåñîâîé ìàòðèöû è  äëÿ ïåðåìåííûõ

êîíå÷íîãî ñîñòîÿíèÿ.
Ïðåäïîëîæèì, ÷òî íåïðåðûâíûå è äèôôåðåíöèðóåìûå

 ðàç ïî âñåì ñâîèì ïåðåìåííûì ïðàâûå ÷àñòè ñèñòåìû

(5) òàêîâû, ÷òî ñóùåñòâóþò ñõîäÿùèåñÿ òåéëîðîâñêèå
ðàçëîæåíèÿ

(6)

Ñîñòàâèì äèôôåðåíöèàëüíûå óðàâíåíèÿ äëÿ

, ïîëó÷èâ ïðåäâàðèòåëüíî èç (6) âûðàæåíèÿ

äëÿ êîýôôèöèåíòîâ. Äëÿ ñîêðàùåíèÿ çàïèñåé àðãóìåíòû
ïîêàæåì òîëüêî â ïåðâîì ñîîòíîøåíèè.
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(7)

Èç (7) ñëåäóåò ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé äëÿ
òåéëîðîâñêèõ êîýôôèöèåíòîâ (âíîâü àðãóìåíòû çàïèøåì
òîëüêî â ïåðâîì èç íèõ)

(8)

Ñèñòåìà (8) - íåçàìêíóòà, ïîýòîìó äëÿ åå ïðàêòè÷åñêîãî

èñïîëüçîâàíèÿ îáíóëèì ïðàâûå ÷àñòè -õ óðàâíåíèé äëÿ

êàæäîãî . Îñíîâàíèåì äëÿ ýòîãî ÿâëÿåòñÿ òî, ÷òî äëÿ

ñõîäÿùèõñÿ òåéëîðîâñêèõ ðàçëîæåíèé ïðè   êîýô-

ôèöèåíòû . Â èòîãå ïîëó÷èòñÿ ñèñòåìà

  (9)

Íîìåð  çàâèñèò îò , òàê êàê äëÿ êàæäîé èç íåëè-

íåéíîñòåé êîëè÷åñòâî ó÷èòûâàåìûõ ÷ëåíîâ òåéëîðîâñêèõ
ðàçëîæåíèé ìîæåò áûòü ðàçëè÷íî. Òàêèì îáðàçîì, îáùèé

ïîðÿäîê ñèñòåìû (9) - . Ñèñòåìó (9) íàçîâåì

ðàñøèðåííîé, à åå âåêòîð ñîñòîÿíèÿ îáîçíà÷èì ÷åðåç

.

Îòìåòèì òàêæå òî, ÷òî ðàçëîæåíèå (6) çäåñü èñïîëüçóåòñÿ
ëèøü äëÿ ïðèâåäåííîãî âûøå îáîñíîâàíèÿ ñïîñîáà ïåðå-
õîäà îò íåçàìêíóòîé ñèñòåìû (8) ê çàìêíóòîé ñèñòåìå (9).

Äëÿ ðàñ÷åòà íà÷àëüíûõ óñëîâèé ïðè  ðàñøè-

ðåííîé ñèñòåìû âîñïîëüçóåìñÿ (7).

(10)

Ïðîñòûå ñ âèäó ôîðìóëû (10) íà ñàìîì äåëå ñîñòàâëÿþò
ãëàâíóþ òðóäíîñòü ïðèìåíåíèÿ äàííîãî ïîäõîäà, ïîñêîëü-
êó òðóäîåìêîñòü áåçîøèáî÷íîãî îïðåäåëåíèÿ àíàëèòè-
÷åñêèõ âûðàæåíèé äëÿ ïðîèçâîäíûõ âûñîêîãî ïîðÿäêà â

ñèëó óðàâíåíèé (5) ëàâèíîîáðàçíî âîçðàñòàåò ñ ðîñòîì .
Çàìåòèì, ÷òî îäíàæäû ïîëó÷åííûå àíàëèòè÷åñêèå âûðà-
æåíèÿ äëÿ íà÷àëüíûõ óñëîâèé ñèñòåìû (9) â äàëüíåéøåì

áåç âñÿêèõ èçìåíåíèé èñïîëüçóþòñÿ äëÿ âñåõ ìîìåíòîâ .
Óêàçàííûå âûðàæåíèÿ â êîíå÷íîì ñ÷åòå çàâèñÿò îò âåêòî-

ðà ñîñòîÿíèÿ   óïðàâëÿåìîé ñèñòåìû (1). Ñëåäóåò îò-

ìåòèòü, ÷òî äàííûé ñïîñîá ïðåîáðàçîâàíèÿ íåëèíåéíîé
ñèñòåìû â ëèíåéíóþ ñèñòåìó óâåëè÷åííîãî ïîðÿäêà â
ïðèíöèïå ìîæíî èñïîëüçîâàòü è íåïîñðåäñòâåííî äëÿ
ìîäåëåé âèäà (1), ïðåäñòàâëÿÿ òåéëîðîâñêèìè ðàçëîæå-

íèÿìè ýëåìåíòû âåêòîð ôóíêöèè . Îòìåòèì òàêæå, ÷òî

ñèñòåìà âèäà (9) íå ÿâëÿåòñÿ ïðèáëèæåííûì ýêâèâà-
ëåíòîì èñõîäíîé íåëèíåéíîé ñèñòåìû âèäà (5). Ýòè ñèñòå-
ìû ýêâèâàëåíòíû òîëüêî ïðè îïðåäåëåííûõ, ðàññ÷è-
òûâàåìûõ ïî (10), íà÷àëüíûõ óñëîâèÿõ.

Äëÿ ðàñøèðåííîé ñèñòåìà (9) íåòðóäíî ïîëó÷èòü
àíàëèòè÷åñêîå ðåøåíèå, êîòîðîå äëÿ ïåðâûõ åãî êîìïî-
íåíò èìååò âèä

(11)

Îñòàëüíûå êîìïîíåíòû ìîãóò áûòü òàêæå ïîëó÷åíû,
îäíàêî äëÿ ðàñ÷åòà óïðàâëåíèÿ îíè íå íóæíû è âûðà-
æåíèÿ äëÿ íèõ ìû íå ïðèâîäèì.

Â ñðàâíåíèè ñ èñõîäíûì àëãîðèòìîì (3), ãäå ïðè
ðàñ÷åòå êàæäîãî òåêóùåãî çíà÷åíèÿ óïðàâëÿþùåãî âåêòîðà
òðåáóåòñÿ èíòåãðèðîâàòü ñèñòåìó äèôôåðåíöèàëüíûõ

óðàâíåíèé ïîðÿäêà  íà èíòåðâàëå , â

ìîäèôèöèðîâàííîì ìåòîäå â êàæäûé ìîìåíò âðåìåíè
òðåáóåòñÿ:

1) ðàññ÷èòàòü  ïî àíàëèòè÷åñêèì âûðàæåíèÿì (10);

2) îïðåäåëèòü ïî âûðàæåíèþ (11) êîíå÷íûå (ïðè

) çíà÷åíèÿ ïåðåìåííûõ êîíå÷íîãî ñîñòîÿíèÿ è

ñòîëáöîâ âåñîâîé ìàòðèöû;
3) îïðåäåëèòü âåêòîð óïðàâëåíèÿ ïî ïåðâûì òðåì

ñîîòíîøåíèÿì èç (3).

Íåèçâåñòíûå çàðàíåå êîëè÷åñòâà  ñ òåîðåòè÷åñêîé

òî÷êè çðåíèÿ äîëæíû çàäàâàòüñÿ äîñòàòî÷íî áîëüøèìè,
îäíàêî ïðàêòè÷åñêè ýòî ëèìèòèðîâàíî âîçìîæíîñòüþ
îïðåäåëåíèÿ àíàëèòè÷åñêèõ âûðàæåíèé äëÿ íà÷àëüíûõ
óñëîâèé ðàñøèðåííîé ñèñòåìû (9). Êðîìå òîãî, ïðè ýòîì
óâåëè÷èâàåòñÿ ïîðÿäîê ðàñøèðåííîé ñèñòåìû, îäíàêî ýòîò
ôàêòîð ìåíåå âàæåí.

ÏÐÈÌÅÐ

Äëÿ äåìîíñòðàöèè âîçìîæíîñòåé ìîäèôèöèðîâàííîãî
ìåòîäà êîíå÷íûõ ñîñòîÿíèé ðàññìîòðèì ïðèìåð èç [2], ãäå
ìåòîä êîíå÷íîãî ñîñòîÿíèÿ â ôîðìå (3) ïðèìåíÿëñÿ äëÿ
óïðàâëåíèÿ ðàçãîíîì ýëåêòðîäâèãàòåëÿ ïîñòîÿííîãî òîêà
ïîñëåäîâàòåëüíîãî âîçáóæäåíèÿ c ïðèâåäåííîé íèæå
ìàòåìàòè÷åñêîé ìîäåëüþ
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 , (12)

ãäå  - òîê ÿêîðÿ,  - ñêîðîñòü âðàùåíèÿ,  -óïðàâëÿþ-

ùåå íàïðÿæåíèå íà âûâîäàõ äâèãàòåëÿ,  - ñîïðî-

òèâëåíèå è èíäóêòèâíîñòü ÿêîðÿ,  - ýëåêòðè÷åñêàÿ è

ìåõàíè÷åñêàÿ ïîñòîÿííûå,  - êîýôôèöèåíò ïðîïîð-

öèîíàëüíîñòè ìîìåíòà íàãðóçêè è ñêîðîñòè,  - ìîìåíò

èíåðöèè, ïðèâåäåííûé ê âàëó äâèãàòåëÿ. Â ïðîöåññå
ðàçãîíà íà÷àëüíûå çíà÷åíèÿ ïåðåìåííûõ íóëåâûå, à
êîíå÷íûå çíà÷åíèÿ îïðåäåëÿþòñÿ èç óñòàíîâèâøåãîñÿ
ñòàöèîíàðíîãî ðåæèìà è óäîâëåòâîðÿþò óðàâíåíèÿì

, (13)

ãäå  - íîìèíàëüíîå çíà÷åíèå íàïðÿæåíèÿ äâèãàòåëÿ.

Ýëåìåíòû ïðåäñòàâëåíèÿ (1) äëÿ ìîäåëè (12)
ñëåäóþùèå:

 . (14)

Êàê è â [2], öåëü óïðàâëåíèÿ îòîáðàçèì êâàäðà-
òè÷åñêèì òåðìèíàëüíûì êðèòåðèåì ñ íåîòðèöàòåëüíûìè

êîýôôèöèåíòàìè :

  (15)

ãäå  îïðåäåëÿþòñÿ èç íåëèíåéíûõ óðàâíåíèé (13).

Óïðàâëåíèå ïî ìåòîäó êîíå÷íûõ ñîñòîÿíèé (÷àñòíûé
ñëó÷àé (3))îïðåäåëÿåòñÿ âûðàæåíèåì [2]

(16)

ãäå æåëàåìîå , ÷òî ñîîòâåòñòâóåò òî÷íîìó ïðèâå-

äåíèþ ôàçîâûõ êîîðäèíàò ê çàäàííûì çíà÷åíèÿì ñîãëàñ-

íî êðèòåðèþ (15),  - ïîñòîÿííàÿ âðåìåíè æåëàåìîãî
ýêñïîíåíöèàëüíîãî ïîâåäåíèÿ êðèòåðèàëüíîé ôóíêöèè
(ñì. ïîÿñíåíèÿ ê àëãîðèòìó (3)). Êàê ñëåäóåò èç (16), â
äàííîì ñëó÷àå íóæíû ïåðåìåííûå êîíå÷íîãî ñîñòîÿíèÿ

 è ïåðâûé ñòîëáåö íåëèíåéíîé âåñîâîé ìàòðèöû

. Îòñþäà ñëåäóþò ïðåäñòàâëåíèÿ âåêòîðîâ 

è  ìîäåëè (5):

 ,

Ýëåìåíòû ðàñøèðåííîé ñèñòåìû (9) ïðè ,

 ñëåäóþùèå:

 .

Íàéäåì ïî âûðàæåíèÿì (10) íà÷àëüíûå óñëîâèÿ.

 (17)

Ðàññ÷èòàííûå ïî ýòèì ôîðìóëàì çíà÷åíèÿ ïîäñòàâ-
ëÿþòñÿ â âûðàæåíèå (11), èç êîòîðîãî îïðåäåëÿþòñÿ âñå
òðåáóåìûå äëÿ ðàñ÷åòà óïðàâëåíèÿ (16) äàííûå, à èìåííî:

 

Ãðàôèêè ïåðåõîäíûõ ïðîöåññîâ ñèñòåìû (12) äëÿ
ðàçëè÷íûõ ðåæèìîâ êîììóòàöèè ïðèâåäåíû íà ðèñóíêå 1.

Ðèñóíîê 1 - Ïåðåõîäíûå ïðîöåññû ïî òîêó è ñêîðîñòè 
ïðè ðàãîíå äâèãàòåëÿ
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Çàâèñèìîñòè ïîëó÷åíû äëÿ ñëåäóþùèõ ïàðàìåòðîâ
äâèãàòåëÿ ìîùíîñòüþ 5 êÂò è àëãîðèòìîâ óïðàâëåíèÿ:

, , , ,

, , ,

, . Èíòåãðèðîâàíèå äèôôåðåíöèàëüíûõ

óðàâíåíèé âûïîëíÿëîñü ìåòîäîì Ðóíãå-Êóòòà 4 ïîðÿäêà

íà èíòåðâàëå   ñ óïðàâëåíèåì (16) è äàëåå ïðîäîë-

æàëîñü äî 1,5  ïðè íîìèíàëüíîì âõîäíîì íàïðÿæåíèè

. Âåñîâûå êîýôôèöèåíòû ,

, ÷òî îáúÿñíÿåòñÿ æåëàíèåì â áîëüøåé ìåðå

óïðàâëÿòü ñêîðîñòüþ äâèãàòåëÿ. Óïðàâëÿþùèå íàïðÿæå-

íèÿ îãðàíè÷èâàëèñü çíà÷åíèåì . Íîìèíàëü-

íûå çíà÷åíèÿ òîêà è ñêîðîñòè, îïðåäåëÿåìûå óðàâíåíèÿìè
(13), äëÿ ïåðå÷èñëåííûõ çíà÷åíèé ïàðàìåòðîâ ðàâíû:

.

Êðèâûå 1 ñîîòâåòñòâóþò íåóïðàâëÿåìîìó ðåæèìó
êîììóòàöèè, êîãäà íà äâèãàòåëü ïîäàåòñÿ ïîñòîÿííîå
ïèòàþùåå íàïðÿæåíèå, ðàâíîå íîìèíàëüíîìó. Êðèâûå 2,
3 ïîëó÷åíû äëÿ óïðàâëÿåìîé êîììóòàöèè ïî àëãîðèòìó
(16), (11), (17) ñ ðàçëè÷íûì êîëè÷åñòâîì ó÷èòûâàåìûõ
÷ëåíîâ òåéëîðîâñêèõ ðàçëîæåíèé (6), à êðèâûå 4 -
óïðàâëÿåìîé êîììóòàöèè ïî àëãîðèòìó (3). Â ïîñëåäíåì
ñëó÷àå óïðàâëåíèå òàêæå ðàññ÷èòûâàëîñü ïî âûðàæåíèþ
(16), îäíàêî ïåðåìåííûå êîíå÷íîãî ñîñòîÿíèÿ è âåñîâûå
ôóíêöèè îïðåäåëÿëèñü ìíîãîêðàòíûì èíòåãðèðîâàíèåì
ñèñòåìû óðàâíåíèé (ñì. êîììåíòàðèè ê àëãîðèòìó (3)).
Ïî êðèâûì 2 è 3 õîðîøî âèäíî, êàê èñïîëüçîâàíèå
áîëüøåãî êîëè÷åñòâà ÷ëåíîâ òåéëîðîâñêèõ ðàçëîæåíèé
ïðèáëèæàåò ïðîöåññû ê òî÷íîé ðåàëèçàöèè (3) ìåòîäà
êîíå÷íûõ ñîñòîÿíèé, ïðåäñòàâëåííîé êðèâûìè 4. Òàê,

êðèâûå 3, ñîîòâåòñòâóþùèå ó÷åòó ÷ëåíîâ  è ,

ïðàêòè÷åñêè ñîâïàäàþò ñ êðèâûìè 4, â òî âðåìÿ êàê ïðè

ó÷åòå òîëüêî îäíîãî ÷ëåíà  (êðèâûå 2) íàáëþäàåòñÿ

çàìåòíîå ðàçëè÷èå. Êîíå÷íûå çíà÷åíèÿ òîêà è ñêîðîñòè
äëÿ ðåæèìà êîììóòàöèè, ñîîòâåòñòâóþùåãî êðèâûì 4,

ðàâíû: , ÷òî âåñüìà

áëèçêî ê çíà÷åíèÿì äëÿ íîìèíàëüíîãî ðåæèìà. Âðåìÿ
ïåðåõîäíûõ ïðîöåññîâ ïî òîêó è ñêîðîñòè ðàâíî

, ÷òî áîëåå ÷åì â òðè ðàçà ìåíüøå âðåìåíè

ïåðåõîäíîãî ïðîöåññà ïðè íåóïðàâëÿåìîé êîììóòàöèè.
Íåäîñòàòêîì àëãîðèòìîâ óïðàâëÿåìîé êîììóòàöèè ÿâëÿåò-

ñÿ óâåëè÷åííîå äî 27  ïèêîâîå çíà÷åíèå òîêà, ÷òî áîëüøå

ñîîòâåòñòâóþùåãî çíà÷åíèÿ 14  ïðè âêëþ÷åíèè ïîñòîÿí-
íûì íàïðÿæåíèåì.

È íàêîíåö, ñðàâíèâàÿ áàçîâûé (3) è ìîäèôèöè-
ðîâàííûé (16), (11), (17) àëãîðèòìû ïî âðåìåíè, ïðèâå-

äåì ñëåäóþùèå äàííûå: ìîäåëèðîâàíèå 1,5  ðàáîòû ñèñ-
òåìû (12) ñ áàçîâûì è ìîäèôèöèðîâàííûì àëãîðèòìàìè
óïðàâëåíèÿ íà êîìïüþòåðå êëàññà 486DX66 çàíÿëî

ñîîòâåòñòâåííî 2,5  è 0,6  ìàøèííîãî âðåìåíè. Îòìåòèì
òàêæå, ÷òî ìîäèôèöèðîâàííûé àëãîðèòì ñîäåðæèò 46
îïåðàöèé óìíîæåíèÿ è äåëåíèÿ, 26 îïåðàöèé ñëîæåíèÿ è
âû÷èòàíèÿ è íåñêîëüêî ëîãè÷åñêèõ îïåðàöèé. Ïðèâåäåí-
íûå äàííûå ñâèäåòåëüñòâóþò, âî-ïåðâûõ, î ñóùåñòâåííîì
óìåíüøåíèè âðåìåíè ðàñ÷åòà ìîäèôèöèðîâàííîãî óïðàâ-
ëåíèÿ â ñðàâíåíèè ñ âðåìåíåì ðàñ÷åòà áàçîâîãî óïðàâëå-
íèÿ, è, âî-âòîðûõ, î âîçìîæíîñòè ðåàëèçàöèè ìîäèôèöè-
ðîâàííîãî óïðàâëåíèÿ â ðåàëüíîì âðåìåíè.

Ñëåäóåò îòìåòèòü òàêæå, ÷òî äîñòàòî÷íîå êîëè÷åñòâî
ó÷èòûâàåìûõ ÷ëåíîâ òåéëîðîâñêîãî ðàçëîæåíèÿ (6) â äàí-
íîì ñëó÷àå îêàçàëîñü âåñüìà ìàëûì.

ÂÛÂÎÄ

Ïðåäëîæåííàÿ â íàñòîÿùåé ñòàòüå ìîäèôèêàöèÿ ìåòîäà
êîíå÷íîãî ñîñòîÿíèÿ íàìíîãî ïðîùå è òðåáóåò ìåíüøèõ
âû÷èñëèòåëüíûõ ðåñóðñîâ ïðè ðåàëèçàöèè, ÷åì áàçîâûé
àëãîðèòì (3). Èç ðàññìîòðåííîãî ïðèìåðà âèäíî, ÷òî
äàííàÿ ìîäèôèêàöèÿ ìîæåò èñïîëüçîâàòüñÿ äëÿ óïðàâ-
ëåíèÿ äîñòàòî÷íî áûñòðûìè ïðîöåññàìè â ðåàëüíîì âðåìå-
íè ïðè èñïîëüçîâàíèè â êà÷åñòâå óïðàâëÿþùèõ ïåðñî-
íàëüíûõ êîìïüþòåðîâ ìàëîé ïðîèçâîäèòåëüíîñòè.

ÏÅÐÑÏÅÊÒÈÂÛ

Àëãîðèòìû óïðàâëåíèÿ íà îñíîâå ìîäèôèöèðîâàííîãî
ìåòîäà êîíå÷íîãî ñîñòîÿíèÿ èìåþò áîëüøèå ïåðñïåêòèâû
äëÿ ïðàêòè÷åñêîãî ïðèìåíåíèÿ ââèäó èõ äîñòàòî÷íîé
óíèâåðñàëüíîñòè, íåñëîæíîé ïîäãîòîâèòåëüíîé ðàáîòû è
âîçìîæíîñòåé èñïîëüçîâàíèÿ â ðåàëüíîì âðåìåíè. Ñàìî-
ñòîÿòåëüíóþ öåííîñòü ïðåäñòàâëÿåò ñïîñîá ëèíåàðèçàöèè,
íà îñíîâå êîòîðîãî ïîëó÷åí ìîäèôèöèðîâàííûé ìåòîä.
Âîçìîæíîñòü ïðèáëèæåííîé çàìåíû íåëèíåéíîé ìîäåëè
ëèíåéíîé ñ ðàññ÷èòûâàåìûìè ïî èñõîäíîé ìîäåëè íà÷àëü-
íûìè óñëîâèÿìè äëÿ äîïîëíèòåëüíûõ ïåðåìåííûõ îòêðû-
âàåò áîëüøèå ïåðñïåêòèâû äëÿ èñïîëüçîâàíèÿ äîñòèæåíèé
òåîðèè ëèíåéíûõ ñèñòåì â òåîðèè è ïðàêòèêå óïðàâëåíèÿ
íåëèíåéíûìè ñèñòåìàìè âèäà (1).
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