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Ââåäåíèå. Îäíîé èç àêòóàëüíûõ ïðîáëåì â îá-
ëàñòè ñåéñìîëîãèè ÿâëÿåòñÿ ñîâåðøåíñòâîâàíèå
òåõíîëîãèé äèñòàíöèîííîãî íàáëþäåíèÿ çà ñîñòî-
ÿíèåì ïîëåé ìåõàíè÷åñêèõ íàïðÿæåíèé â çåìíîé
êîðå. Ýôôåêòèâíîñòü ïîäîáíûõ òåõíîëîãèé â íà-
çåìíûõ ñåéñìîëîãè÷åñêèõ íàáëþäåíèÿõ íåîäíî-
êðàòíî ïîäòâåðæäåíà ïðàêòèêîé. Ïðåæäå âñåãî ýòî
ñåéñìè÷åñêèé ìîíèòîðèíã, øèðîêî ïðèìåíÿåìûé
íûíå äëÿ îïåðàòèâíîãî êîíòðîëÿ ñîñòîÿíèÿ ñëîæ-
íûõ ïðèðîäíûõ è ïðèðîäíî-òåõíè÷åñêèõ êîìïëåê-
ñîâ (ãåîëîãè÷åñêèõ ðàçëîìîâ, øàõò, ïëîòèí, ýêñï-
ëóàòèðóåìûõ ìåñòîðîæäåíèé íåôòè è ãàçà è äð.).
Èç ðàçíîâèäíîñòåé òåõíîëîãèé ñåéñìè÷åñêîãî ìî-
íèòîðèíãà ìîæíî âûäåëèòü àêòèâíûé ìîíèòîðèíã
ïîòîêîì ñëàáûõ çîíäèðóþùèõ ñèãíàëîâ, ïî ýíåð-
ãèè ñîèçìåðèìûõ ñ óðîâíåì åñòåñòâåííîãî ôîíà. Â
ñòàòüå ðàññìîòðåíû îñîáåííîñòè òàêîãî âèäà ìî-
íèòîðèíãà, ñâÿçàííûå ñ ôëóêòóàöèÿìè ïàðàìåòðîâ
çîíäèðóþùèõ ñèãíàëîâ â ðåæèìå èõ íàêîïëåíèÿ è
ïîñëåäóþùåé îáðàáîòêîé.

Â ïîäõîäå ê ðåøåíèþ íåêîððåêòíûõ çàäà÷
òèïà èíòåãðàëüíûõ óðàâíåíèé ñâåðòêè, êîòîðûå
ïðåäñòàâëÿþò ñîáîé õîðîøóþ ìîäåëü äëÿ øèðî-
êîãî êðóãà ÿâëåíèé è èñïîëüçóþòñÿ â ãåîôèçèêå
[1], âàæíî ïîñòðîèòü òàêèå ïðîöåäóðû ðåøåíèÿ,
êîòîðûå áû îñíîâûâàëèñü íà äîïîëíèòåëüíîé,
óòî÷íÿþùåé ìîäåëü èíôîðìàöèè è ïðèâîäèëè ê
óñòîé÷èâîìó ðåøåíèþ. Ïîäîáíûé ïîäõîä, áàçè-
ðóþùèéñÿ íà èñïîëüçîâàíèè àïðèîðíûõ ðàñïðå-
äåëåíèé ñâîáîäíûõ ïàðàìåòðîâ ìîäåëè [2], è
ïðåäëàãàåòñÿ â âèäå îöåíêè ýòèõ ïàðàìåòðîâ ïî
âûáðàííîìó êðèòåðèþ.

Ìîäåëè çîíäèðóþùèõ ñèãíàëîâ. Àêòèâíûé ìî-
íèòîðèíã ïîäðàçóìåâàåò çîíäèðîâàíèå îáúåêòà èñ-
ñëåäîâàíèÿ ñèãíàëàìè ìîùíîñòè è ñïåêòðàëüíîãî
äèàïàçîíà, ñîîòâåòñòâóþùèìè äàííîìó îáúåêòó,
ò.å. îáåñïå÷èâàþùèìè îòêëèê, êîòîðûé íåñåò ìàê-
ñèìóì èíôîðìàöèè î ñòðóêòóðå îáúåêòà ïðè ìè-
íèìàëüíîì âîçäåéñòâèè íà ñàì îáúåêò. Ïîñëåäíåå
îáñòîÿòåëüñòâî ïðèâîäèò ê ñïåöèôè÷åñêîé îðãà-
íèçàöèè ýêñïåðèìåíòà, êîãäà ñëàáûå, ñîèçìåðè-
ìûå ñ åñòåñòâåííûì ôîíîì çîíäèðóþùèå ñèãíàëû
ìíîãîêðàòíî ïîâòîðÿþòñÿ, à îòêëèê èññëåäóåìîé
ñèñòåìû íàêàïëèâàåòñÿ â ñîîòâåòñòâèè ñ êîäèðóå-
ìûìè ïîñûëêàìè ñèãíàëîâ. Ôîðìà çîíäèðóþùèõ
ñèãíàëîâ âûáèðàåòñÿ ìàêñèìàëüíî ïðèáëèæåííîé
ê îñíîâíûì ÷àñòîòàì â ñïåêòðå èññëåäóåìîãî
îáúåêòà èëè ïîëíîñòüþ îõâàòûâàþùåé ýòîò
ñïåêòð. Â çàâèñèìîñòè îò öåëåé ýêñïåðèìåíòà âû-
áèðàþòñÿ ñèãíàëû îò øèðîêîïîëîñíîãî ñ ðàâíî-
ìåðíûì ñïåêòðîì (ñèãíàëû òèïà δ-ôóíêöèè,
î÷åíü êîðîòêèå: òèïà âçðûâà, óäàðà) äî óçêîïî-
ëîñíîãî (ïîñûëêè ñèãíàëîâ îïðåäåëåííîé ÷àñòî-
òû ñ ïðÿìîóãîëüíîé îãèáàþùåé):

( ) ( )1 2 1 2
π( , , , τ) χ , , , τ sin τ .kS t T T A t T T t
T

⎛ ⎞= −⎜ ⎟
⎝ ⎠

      (1)

Çäåñü A – àìïëèòóäà ñèãíàëà; χ(t, T1, T2, t) – õà-
ðàêòåðèñòè÷åñêàÿ ôóíêöèÿ èíòåðâàëà ñóùåñòâîâà-
íèÿ ïîñûëêè ñèãíàëà:

( ) [ ]
[ ]

1
1 2

1 1 2

1, τ, τ ,
χ , , , τ ,

0, τ , τ
t T

t T T
t T T T

⎧ ⎫∈ +⎪ ⎪= ⎨ ⎬∈ + + +⎪ ⎪⎩ ⎭
        (2)

ÓÄÊ 550.834

ÌÀÒÅÌÀÒÈ×ÅÑÊÀß ÌÎÄÅËÜ È ÏÎÄÕÎÄÛ Ê ÐÅØÅÍÈÞ

ÎÁÐÀÒÍÎÉ ÇÀÄÀ×È ÏÐÈ ÍÀÊÎÏËÅÍÈÈ ÑÅÉÑÌÈ×ÅÑÊÈÕ ÑÈÃÍÀËÎÂ

Â ÀÊÒÈÂÍÎÌ ÌÎÍÈÒÎÐÈÍÃÅ

© Ñ.Â. Ìîñòîâîé, Â.Ñ. Ìîñòîâîé, À.Å. Îñàä÷óê, 2008

Èíñòèòóò ãåîôèçèêè èì. Ñ.È. Ñóááîòèíà ÍÀÍ Óêðàèíû, Êèåâ, Óêðàèíà

One actual problem in the field of quantitative seismology is lack of perfect technologies to carry out remote observations
over a mechanical stress field in the Earth’s crust. Seismic monitoring is regarded as an efficient technology for ground
seismological observations. Its productivity has been repeatedly confirmed by practice, and it is widely applied nowadays
to the operative control of a condition of both natural and man-made complexes such as: geological faults, mines, dams,
excavated oil and gas deposits, etc. Among various versions of seismic monitoring technologies it is possible to discriminate
an active monitoring by stream weak probing sound signals, being comparable with the natural background due to energy
properties. Contributory features of this type of monitoring are taken into consideration, being connected with fluctuating
parameters of probing sound signals in the mode of their accumulation and subsequent processing. The simulated numerical
example illustrates main aspects of proposed mathematical model. To avoid an imperfect approach to solving, for example,
integrated equations of convolution, it is important to construct procedures based on some additional information specific
model, which could lead to successful results and stability. These equations are a good model for a wide range of
phenomena and well-known in geophysics. Such approach is offered in the form of estimation of these parameters by the
chosen criterion, based on a priori free parameters of the model.
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ãäå ïåðèîäè÷åñêàÿ ôóíêöèÿ èìååò ïåðèîä
T = T1 + T2; k – ïàðàìåòð, îïðåäåëÿþùèé ÷àñòîòó
çàïîëíåíèÿ èíòåðâàëà [τ, τ + T1] èññëåäîâàíèÿ
îáúåêòîâ â óçêîé ïîëîñå ÷àñòîò.

Òàêîé òèï çîíäèðóþùèõ ñèãíàëîâ óäîáåí äëÿ
èññëåäîâàíèÿ ñîñòîÿíèÿ îáúåêòîâ â êîíêðåòíîé
óçêîé ïîëîñå ÷àñòîò è ïðåäñòàâëÿåò ÷àñòíûé ñëó-
÷àé åùå îäíîãî òèïà ñèãíàëîâ, øèðîêî èñïîëüçó-
åìûõ â ðåæèìå ìîíèòîðèíãà îáúåêòîâ, – ñèãíàëû
ñ ðåãóëèðóåìîé ïîëîñîé ÷àñòîò, èëè ñâèï-ñèãíà-
ëû. Îáùèé âèä ñèãíàëîâ äàííîãî òèïà ìîæíî
íàéòè, íàïðèìåð, â [3].

Ìû èñïîëüçóåì ÷àñòíûé ñëó÷àé òàêèõ ñèãíà-
ëîâ:

( ) ( )1 2 1 2
1

π( , , , τ) χ , , , τ sin τ ,pkS t T T A t T T t
T

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
    (3)

ãäå p è k – ïàðàìåòðû, ðåãóëèðóþùèå øèðèíó
ñïåêòðàëüíîé ïîëîñû ñèãíàëà.

Íà ðèñ. 1 ïðåäñòàâëåí ñèãíàë ïðè çíà÷åíèÿõ
ïàðàìåòðîâ k = p = 2, íà ðèñ. 2 – ìîäóëü ñïåêòðà
ýòîãî ñèãíàëà. Ïðè p = 1 H(t) âèäà (3) ïåðåõîäèò â
óçêîïîëîñíûé ñèãíàë âèäà (1).

Ðàññìîòðèì äâà ïîñëåäíèõ òèïà ñèãíàëîâ êàê
çîíäèðóþùèõ â ðåæèìå àêòèâíîãî ìîíèòîðèíãà.
Ðåçóëüòàò ìîíèòîðèíãà âî ìíîãîì çàâèñèò îò ñòà-
áèëüíîñòè ïàðàìåòðîâ çîíäèðóþùèõ ñèãíàëîâ,
ïîñêîëüêó â ýêñïåðèìåíòå, åñëè ñèãíàëû ãåíåðè-
ðóþòñÿ ñ ôëóêòóàöèÿìè ïàðàìåòðîâ, èñïîëüçóåò-
ñÿ ìíîæåñòâî ïî ñóòè ðàçíûõ ñèãíàëîâ. Íà ðèñ. 3
ïîêàçàí ðåçóëüòàò íàêîïëåíèÿ ñèãíàëà òèïà (1)
ïðè ðàâíîìåðíî ðàñïðåäåëåííûõ ôëóêòóàöèÿõ ïà-

ðàìåòðîâ íà ôîíå ìíîæåñòâà èç 100 ôëóêòóèðóþ-
ùèõ ñèãíàëîâ (òîíêèå ëèíèè) è íàêîïëåííûé (ïî-
ëóæèðíàÿ ëèíèÿ) ñèãíàë, íà ðèñ. 4 – ñïåêòðû
íàêîïëåííîãî ñèãíàëà è ñèãíàëà ïðè îòñóòñòâèè
ôëóêòóàöèé. Âèäíû ñóùåñòâåííûå èçìåíåíèÿ,
ïðîèñõîäÿùèå â ïðîöåäóðå íàêîïëåíèÿ, êîòîðûå
ñâÿçàíû ñî çíà÷èòåëüíûì óìåíüøåíèåì ýíåðãèè
ñèãíàëà, è «ñïîëçàíèå» ñïåêòðà íàêîïëåííîãî ñèã-
íàëà â îáëàñòü íèçêèõ ÷àñòîò (íèæíÿÿ êðèâàÿ).

Ìîäåëü ïðîöåññà àêòèâíîãî ìîíèòîðèíãà. Çîí-
äèðóþùèé ñèãíàë S(t, λ), ðàçâèâàþùèéñÿ âî âðå-
ìåíè è çàâèñÿùèé îò ìíîæåñòâà ôëóêòóèðóþùèõ
ïàðàìåòðîâ λ, ÿâëÿåòñÿ âõîäíûì ñèãíàëîì â òåñ-
òèðóþùóþ ñèñòåìó ñ ïåðåäàòî÷íîé ôóíêöèåé H(t)
è íà âûõîäå ñèñòåìû äàåò îòêëèê â âèäå ñâåðòêè
y(t, λ):

( , λ ) ( , λ ) ( ) ( ),k k k ky t S t H t n t= ⋅ +            (4)

ãäå t – àääèòèâíàÿ, âñåãäà ïðèñóòñòâóþùàÿ ïîìå-
õà; k – íîìåð â ñåðèè èç K ýêñïåðèìåíòîâ. Ýíåð-
ãèÿ ñèãíàëà âûáèðàåòñÿ òàêîé, ÷òî îòêëèê ñèñòåìû
y(t, λ) ñîèçìåðèì ñ ýíåðãèåé àääèòèâíîé ïîìåõè.

Öåëü ìîíèòîðèíãà – îöåíêà ïåðåäàòî÷íîé
ôóíêöèè H(t) ñèñòåìû êàê åå ïîñòîÿííîé õàðàê-
òåðèñòèêè. Àïðèîðè ñ÷èòàþòñÿ èçâåñòíûìè ôîð-
ìà ñèãíàëà S(t, λ) è ðàñïðåäåëåíèå ôëóêòóàöèé
P(λ) ñëó÷àéíîãî âåêòîðà ïàðàìåòðîâ; ìàòåìàòè÷åñ-
êîå îæèäàíèå ñëó÷àéíîãî ïðîöåññà n(t) â êàæäîé
òî÷êå t ðàâíî 0. Ïðîöåäóðà íàêîïëåíèÿ îïèñàíà â
ðàáîòàõ [2, 4, 5]:

( ) ( ) ( )( )
1 1

1 1, λ , λ
K K

k k k
k k

y t S t H t
K K= =

=∑ ∑ .       (5)

Ðèñ. 1. Câèï-ñèãíàë ïðè çíà÷åíèÿõ ïàðàìåòðîâ k = p = 2 Ðèñ. 2.  Ìîäóëü ñïåêòðà ñâèï-ñèãíàëà. Ïðè p = 1 è k = 1,
k = 2, k = 7 ñîîòâåòñòâåííî

Ðèñ. 3. Íà ôîíå ìíîæåñòâà èç 100 ôëóêòóèðóþùèõ ñèãíà-
ëîâ (òîíêèå êðàñíûå ëèíèè), ïîêàçàí íàêîïëåííûé (ïîëó-
æèðíàÿ ñèíÿÿ ëèíèÿ) ñèãíàë

Ðèñ. 4. Ñïåêòðû íàêîïëåííîãî ñèãíàëà è ñèãíàëà ïðè îò-
ñóòñòâèè ôëóêòóàöèé
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Ïðè áîëüøèõ çíà÷åíèÿõ K ïîëó÷èì, ÷òî
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1 0
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k
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n t E n t
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=⎡ ⎤⎣ ⎦∑ � , è åñëè ââåñòè îáîçíà÷åíèå
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1 , λ
K
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k

y t y t
K =
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òî

( ) ( ) ( ) ( )α min ,αF y t H t S t= − ⋅ � .          (6)

Çäåñü îïåðàòîðîì || ⋅ || îáîçíà÷åíà íîðìà â ïðî-
ñòðàíñòâå L2(0, T).

Ïîñêîëüêó S(τ, λ) è P(λ) èçâåñòíû, òî, ââåäÿ
îáîçíà÷åíèå

( ) ( ) ( )
λ

τ,
R

S t S P d= ∫ λ λ λ� ,              (7)

ñâåäåì çàäà÷ó ê ðåøåíèþ îòíîñèòåëüíî H(t) óðàâ-
íåíèÿ

( ) ( ) ( )
τ

τ τ τ.
R

y t S H t d= −∫ �               (8)

Ðåøàòü óðàâíåíèå (8) áóäåì ñ ïîìîùüþ ïðÿ-
ìîãî è îáðàòíîãî ôóðüå-ïðåîáðàçîâàíèé. Ýòà çà-
äà÷à íåêîððåêòíà, ïîýòîìó èñïîëüçóåì ðåãóëÿðè-
çèðóþùèé ïàðàìåòð ε, óñòðàíÿþùèé ïðîöåäóðó
äåëåíèÿ íà 0 ïðè ðåøåíèè çàäà÷è â ñïåêòðàëüíîé
îáëàñòè [6]:

( ) ( )
( )

ω
ω

ω ε
Y

H
S

=
+

�
�

� .                  (9)

Çäåñü ( )ωH�  – ïðåîáðàçîâàíèå Ôóðüå ïåðåäàòî÷-
íîé ôóíêöèè H(t); ( )ωS�  – ïðåîáðàçîâàíèå Ôóðüå
ôóíêöèè; à ( )ωY�  – ïðåîáðàçîâàíèå Ôóðüå óñðåä-
íåííîãî îòêëèêà ñðåäû y(t).

Îáðàòíîå ïðåîáðàçîâàíèå ( )ωH�  äàñò H(t), ò.å.
ðåøåíèå èíòåãðàëüíîãî óðàâíåíèÿ (8) ñ ó÷åòîì
îïòèìàëüíî âûáðàííîãî ðåãóëÿðèçèðóþùåãî ïà-
ðàìåòðà ε.

Ýòî ðåøåíèå ïðåäñòàâëåíî íà ðèñ. 5, ãäå â
êà÷åñòâå ïðèìåðà ôóíêöèÿ H(t) èùåòñÿ â âèäå

( ) ( )
1

δ τ .
Q

q q
q

H t A t
=

= −∑               (10)

Ðåøåíèå ïîëíîñòüþ ñîâïàäàåò ñ àïðèîðè çà-
äàííîé äëÿ ýòîãî ïðèìåðà ôóíêöèåé H(t).

Àíàëîãîì δ(t) ñ ó÷åòîì èíòåðâàëà êâàíòîâàíèÿ
Δt ïðè ðàñ÷åòàõ áûëî âûáðàíî ïðèáëèæåíèå ê
îáîáùåííîé ôóíêöèè δ(t) â âèäå

( ) ( )2

2

τ1 1δ exp
2 σ2πσ

qt
t

⎧ ⎫−⎪ ⎪−⎨ ⎬
⎪ ⎪⎩ ⎭

� ,

ãäå

1σ
3

t≤ Δ .                    (11)

Óñðåäíåííûå äàííûå êàê îòêëèê ñèñòåìû, ìî-
äåëü êîòîðîé âûáèðàåòñÿ îïðåäåëåííîé ñòðóêòó-
ðû H(t, α), è ïîëíîñòüþ îïðåäåëÿåòñÿ ëèøü âåê-
òîðîì ñâîáîäíûõ ïàðàìåòðîâ α:

( ) ( ) ( )
τ

τ τ, τ .
R

y t S H t d= −∫ α�            (12)

Ïðåäïîëàãàåì ñðåäó òàêîé, ÷òî îíà îòêëèêàåò-
ñÿ íà çîíäèðóþùèé ñèãíàë ïîòîêîì èç àïðèîðè
íåèçâåñòíîãî êîëè÷åñòâà Q ñèãíàëîâ ðàçëè÷íîé
àìïëèòóäû Aq ñ ìîìåíòàìè âñòóïëåíèÿ τq, ò.å. âû-
áèðàåì òàêóþ ìîäåëü ñðåäû, ÷òî åå ïåðåäàòî÷íàÿ
ôóíêöèÿ H(t, α) èìååò âèä

( ) ( )
1

, δ τ
Q

q q
q

H t A t
=

= −∑α ,

ãäå

{ }2 2 1α τ ; α ; α , 1,2 .q q q q kA k Q−= = = =α      (13)

Îòìåòèì, ÷òî ïàðàìåòðû { Aq } âõîäÿò â ìî-
äåëü ëèíåéíî, à { τq } – íåëèíåéíî. Âåëè÷èíà Q,
êàê è çíà÷åíèÿ ñâîáîäíîãî âåêòîðà ïàðàìåòðîâ α,
ïîäëåæèò îïðåäåëåíèþ.

Íåêîððåêòíîñòü çàäà÷è îïðåäåëåíèÿ H(t, α) èç
óðàâíåíèÿ (6) òðåáóåò ïðèâëå÷åíèÿ äîïîëíèòåëü-
íîé èíôîðìàöèè, íàïðèìåð, â âèäå àïðèîðíîãî
ðàñïðåäåëåíèÿ ñâîáîäíûõ ïàðàìåòðîâ ìîäåëè ñðå-
äû P(α).

Ïðåäëàãàåòñÿ ðåøèòü óðàâíåíèÿ (4) âàðèàöè-
îííûì ìåòîäîì [7], êîãäà â êà÷åñòâå àëüòåðíà-
òèâíîãî ðåøåíèÿ âûáèðàåòñÿ âåêòîð ïàðàìåòðîâ,
îïðåäåëÿþùèõ H(t, α), êîòîðûé ìèíèìèçèðóåò
ôóíêöèîíàë F(α) íà ìíîæåñòâå äîïóñòèìûõ çíà-
÷åíèé âåêòîðà ñâîáîäíûõ ïàðàìåòðîâ α ìîäåëè
ñðåäû H(t, α):

( ) ( ) ( ) ( )min ,αF y t H t S t= − ⋅α �
α

.       (14)

Â óðàâíåíèè (14) ìèíèìèçèðóåòñÿ ðàññòîÿíèå
â âûáðàííîé ìåòðèêå, ìåæäó ðåçóëüòàòîì ýêñïå-
ðèìåíòà y(t) è íàøèìè ìîäåëüíûìè ïðåäñòàâëå-
íèÿìè:

( ) ( ) ( ), ,M t H t S t= ⋅α α � .              (15)

Òåïåðü íàøè ãèïîòåçû îòíîñèòåëüíî ïðåä-
ñòàâëåíèÿ ïåðåäàòî÷íîé ôóíêöèè (13) ñâÿçàíû íå
ñ ñîîòâåòñòâóþùèì ñïåêòðàëüíûì ïðåäñòàâëåíè-

Ðèñ. 5. Ðåøåíèå èíòåãðàëüíîãî óðàâíåíèÿ (10) ñ ó÷åòîì
îïòèìàëüíî âûáðàííîãî ðåãóëÿðèçèðóþùåãî ïàðàìåòðà ε
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åì äèàïàçîíà ñèãíàëà è îòêëèêà ñðåäû, à ëèøü ñ
ñîãëàñèåì íàøèõ ìîäåëüíûõ ïðåäñòàâëåíèé ñ íà-
áëþäåííûìè äàííûìè ïî êðèòåðèþ (14).

Ìû ìîæåì ïðîâåðÿòü ëþáûå ãèïîòåçû î ðàç-
ëè÷íûõ ìîäåëÿõ M(t, αα) íà èõ ñîãëàñèå ñ íàáëþ-
äåííûìè äàííûìè, íàïðèìåð òèïà (13), è êðèòå-
ðèåì ñîãëàñèÿ íàáëþäåííûõ äàííûõ y(t) ñ íàøåé
ãèïîòåçîé áóäåò âåëè÷èíà êðèòåðèÿ, ò.å. ôóíê-
öèîíàëà F(α∗), ãäå F(α∗) – òî÷êà â ïðîñòðàíñòâå
ñâîáîäíûõ ïàðàìåòðîâ ìîäåëè M(t, α), ìèíèìè-
çèðóþùàÿ êðèòåðèé (14). Â ÷àñòíîñòè, ìîäåëü
M(t, α) ìîæåò èìåòü è âèä (4). Åñëè ýòà âåëè÷è-
íà ïðåâîñõîäèò âûáðàííûé íàìè àïðèîðè óðî-
âåíü, òî ãèïîòåçà îòâåðãàåòñÿ. Åñëè æå êðèòåðèé
(14) èìååò óðîâåíü, ñ íàøåé òî÷êè çðåíèÿ äîñòà-
òî÷íî ìàëûé, òî ãèïîòåçà ïðèíèìàåòñÿ. Åñëè
ïðèíÿòü ãèïîòåçó (13), òî êðèòåðèé (14) ïðèîá-
ðåòàåò âèä

( ) ( )
1

, τ
Q

q q
q

M t A S t
=

= −∑α � ,            (16)

ãäå íåèçâåñòíû íå òîëüêî âåêòîðû A = {Aq} è
τ = {τq}, íî è èõ ðàçìåðíîñòü Q.

Ïðîöåäóðà ïîèñêà ãëîáàëüíîãî ìèíèìóìà (14)
ñâîäèòñÿ ê ðåøåíèþ ñèñòåìû íåëèíåéíûõ óðàâíåíèé

( )α 0; 1,2
αq

F q Q∂
= =⎡ ⎤⎣ ⎦∂

.            (17)

Ðåàëèçàöèÿ àïðèîðíûõ çíàíèé î âåêòîðå ïàðà-
ìåòðîâ, îïðåäåëÿþùèõ ìîäåëü, çàêëþ÷àåòñÿ â âû-
áîðå òî÷êè â ïðîñòðàíñòâå ïàðàìåòðîâ, â îêðåñò-
íîñòè êîòîðîé îòûñêèâàåòñÿ ëîêàëüíûé ìèíèìóì
ôóíêöèîíàëà (14). Ðåøåíèå çàäà÷è ïîèñêà ãëîáàëü-
íîãî ìèíèìóìà (14) áóäåì îñóùåñòâëÿòü ïî àëãî-
ðèòìó [8] â îêðåñòíîñòè òî÷êè, âûáðàííîé ìåòî-
äîì Ìîíòå-Êàðëî [9, 10] ïî àïðèîðíîìó åå
ðàñïðåäåëåíèþ. Ýòî çíà÷èò, ÷òî ïî àïðèîðíîìó
ðàñïðåäåëåíèþ ñëó÷àéíîãî âåêòîðà ïàðàìåòðîâ α
ìåòîäîì Ìîíòå-Êàðëî ñèìóëèðóåòñÿ ïñåâäîñëó÷àé-
íàÿ òî÷êà α, â îêðåñòíîñòè êîòîðîé îòûñêèâàåòñÿ
ëîêàëüíûé ìèíèìóì êðèòåðèÿ (14). È òàê ýòà ïðî-
öåäóðà ïîâòîðÿåòñÿ N ðàç, ñ ðîñòîì N âåðîÿòíîñòü
ïðîïóñêà ãëîáàëüíîãî ìèíèìóìà êðèòåðèÿ ïàäàåò
[9]. Èñïîëüçóÿ àïðèîðíîå ðàñïðåäåëåíèå ñëó÷àé-
íîãî âåêòîðà ïàðàìåòðîâ α çíà÷åíèé ñâîáîäíûõ
ïàðàìåòðîâ ìîäåëè, âû÷èñëÿåì ïñåâäîñëó÷àéíîå
çíà÷åíèå âåêòîðà ïàðàìåòðîâ, çàòåì ìåòîäîì ñêî-
ðåéøåãî ñïóñêà íàõîäèì áëèæàéøèé ëîêàëüíûé
ìèíèìóì êðèòåðèÿ (14). Äàëåå íà ìíîæåñòâå ëî-
êàëüíûõ ìèíèìóìîâ îòûñêèâàåì ãëîáàëüíûé.

Íà ðèñ. 6 ïðåäñòàâëåí ôðàãìåíò ñèìóëèðîâàí-
íîé ìåòîäîì Ìîíòå-Êàðëî ìîäåëè (3) – îòêëèê
ñðåäû ñ ïåðåäàòî÷íîé ôóíêöèåé âèäà (13), ãäå ñâî-
áîäíûå ïàðàìåòðû ìîäåëè – ýòî ïñåâäîñëó÷àéíûå
÷èñëà, à ðåçóëüòàò ýêñïåðèìåíòà èìååò âèä

( ) ( ) ( )
1

τ δ τ,
Q

q q
qR

y t S A t d
τ

τ
=

= −∑∫ �           (18)

ãäå ( )τS�  – ìàòåìàòè÷åñêîå îæèäàíèå ñâèï-ñèãíà-
ëà ñ ðàâíîìåðíî ðàñïðåäåëåííûìè ïàðàìåòðàìè.
Ïñåâäîñëó÷àéíûå ïàðàìåòðû â (18):

Q = 3; A1 = 1; A2 = 0,5; A3 = 1; τ1 = 0; τ2 = 1; τ3 = 1,5. (19)

Îïòèìàëüíàÿ îöåíêà (14) äëÿ ýòîãî ïðèìåðà
ñîâïàäàåò ñ (19).

Íà ðèñ. 7 ìû âèäèì çíà÷åíèå êðèòåðèÿ (14)
(îñü z) êàê ôóíêöèþ ëèíåéíî âõîäÿùèõ â ìîäåëü
ïàðàìåòðîâ A1 è τ1 â îêðåñòíîñòè îïòèìàëüíîãî
çíà÷åíèÿ ïàðàìåòðîâ ìîäåëè ïðè çàôèêñèðîâàí-

Ðèñ. 6.  çíà÷åíèå êðèòåðèÿ (14) êàê ôóíêöèþ ëèíåéíî âõî-
äÿùèõ â ìîäåëü ïàðàìåòðîâ A1 è τ1 â îêðåñòíîñòè îïòè-
ìàëüíîãî çíà÷åíèÿ ïàðàìåòðîâ ìîäåëè ïðè ôèêñèðîâàí-
íûõ îïòèìàëüíûõ çíà÷åíèÿõ îñòàëüíûõ ïàðàìåòðàõ

Ðèñ. 7. Ïîâåðõíîñòü êðèòåðèÿ F(α) (îñü y – ìîìåíò âñòóï-
ëåíèÿ τ1, îñü x – àìïëèòóäà A1)

Ðèñ. 8. Òîïîãðàôèÿ êðèòåðèÿ F(α) (îñü y – ìîìåíò âñòóï-
ëåíèÿ τ1, îñü x – àìïëèòóäà A1)
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íûõ îïòèìàëüíûõ çíà÷åíèÿõ â (14) îñòàëüíûõ ïà-
ðàìåòðàõ; íà ðèñ. 8 ïîêàçàíà òîïîãðàôèÿ ïîâåðõ-
íîñòè ýòîãî êðèòåðèÿ (îñü y – ìîìåíò âñòóïëåíèÿ
τ1; îñü x – àìïëèòóäà A1). Îïòèìàëüíàÿ îöåíêà
ïàðàìåòðîâ, ò.å. ãëîáàëüíûé ìèíèìóì êðèòåðèÿ,
äîñòèãàåòñÿ â òî÷êå (5,0) (ñì. ðèñ. 3). Ýòà òî÷êà
ñîîòâåòñòâóåò òî÷êå (1,0) ñ ó÷åòîì ìàñøòàáà è
ñäâèãà ïî îñè àáñöèññ A1 (àìïëèòóäà), ïî îñè îð-
äèíàò – τ1.

Âûâîäû. Ó÷åò àïðèîðíîãî ðàñïðåäåëåíèÿ
ôëóêòóèðóþùèõ ïàðàìåòðîâ çîíäèðóþùåãî ñèã-
íàëà äàåò âîçìîæíîñòü ïîëó÷èòü óäîâëåòâîðè-
òåëüíóþ îöåíêó òàêîé ñëîæíîé äëÿ âû÷èñëåíèé
ïåðåäàòî÷íîé ôóíêöèè, êàê (8). Ïî ñóòè ðåãóëÿ-
ðèçàöèÿ çàêëþ÷àåòñÿ íå òîëüêî â âåäåíèè ïàðà-
ìåòðà ε â óðàâíåíèå (7), íî è, ïðåæäå âñåãî, â
ïðèâëå÷åíèè èíôîðìàöèè îá àïðèîðíîì ðàñïðå-
äåëåíèè ôëóêòóèðóþùèõ ïàðàìåòðîâ çîíäèðóþùå-
ãî ñèãíàëà P(λλ) è ïðèâåäåíèè ñèãíàëà ê âèäó (5).
Ýòî îáóñëîâèëî êîððåêöèþ ñïåêòðàëüíîãî ñîñòàâà
ñèãíàëà ( )S t�  è åãî ñîãëàñîâàíèå ñî ñïåêòðàëüíûì
ñîñòàâîì íàáëþäåííûõ äàííûõ y(t). Ïîýòîìó îöåí-
êà H(t) ïîëó÷åíà â ðàìêàõ ñïåêòðàëüíîãî äèàïàçî-
íà èñõîäíûõ äàííûõ (9). Âàðèàöèîííûé ïîäõîä ê
ðåøåíèþ îáðàòíîé çàäà÷è ïðè íàêîïëåíèè ñåéñ-
ìè÷åñêèõ ñèãíàëîâ â àêòèâíîì ìîíèòîðèíãå äîñ-
òàòî÷íî ýôôåêòèâåí ïðè óñëîâèè àïðèîðíîãî çíà-
íèÿ î ðàñïðåäåëåíèÿõ ñâîáîäíûõ ïàðàìåòðîâ
ìîäåëè ïåðåäàòî÷íîé ôóíêöèè ñèñòåìû.
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