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Ñ 1999 ãîäà íà ïîëóîñòðîâå Êàì÷àòêà ïðîâîäèòñÿ èçó÷åíèå ãåîàêóñòè÷åñêîé ýìèññèè
íà ðàçëè÷íûõ ñòàäèÿõ ñåéñìè÷åñêîé àêòèâíîñòè. Ðåãèñòðàöèÿ îñóùåñòâëÿåòñÿ íåïðåðûâíî
ñ ÷àñòîòîé 48 êÃö, ÷òî ñóùåñòâåííî îñëîæíÿåò ðó÷íóþ îáðàáîòêó. Àíàëèç ãåîàêóñòè÷åñêî-
ãî ñèãíàëà ïîêàçûâàåò, ÷òî îí ñîñòîèò èç ñåðèè ðåëàêñàöèîííûõ êîëåáàíèé (èìïóëüñîâ) ñ
óäàðíûì âîçáóæäåíèåì, àìïëèòóäîé 0.1 � 1 Ïà, äëèòåëüíîñòüþ, íå ïðåâûøàþùåé 200 ìñ,
÷àñòîòíûì çàïîëíåíèåì â åäèíèöû è ïåðâûå äåñÿòêè êÃö.

Îäíîé èç îñíîâíûõ çàäà÷ îáðàáîòêè ñèãíàëîâ ãåîàêóñòè÷åñêîé ýìèññèè ÿâëÿåòñÿ àâòî-
ìàòè÷åñêîå âûäåëåíèå è ÷àñòîòíî-âðåìåííîé àíàëèç èìïóëüñîâ. Â ïîñëåäíèå ãîäû, íàðÿäó
ñ êëàññè÷åñêèìè ìåòîäàìè àíàëèçà ñèãíàëîâ àêòèâíî èñïîëüçîâàëèñü ìåòîäû ðàçðåæåí-
íîé àïïðîêñèìàöèè, ïîêàçàâøèå ñâîþ äîñòàòî÷íóþ ýôôåêòèâíîñòü [1].

Â äàííîé ðàáîòå ïðåäëîæåí íîâûé ïîäõîä ê îáíàðóæåíèþ èìïóëüñîâ ãåîàêóñòè÷åñêîé
ýìèññèè, îñíîâàííûé íà àíàëèçå ðàçëîæåíèÿ ñèãíàëà, ïîñòðîåííîãî ìåòîäîì ðàçðåæåííîé
àïïðîêñèìàöèè.

Ðàçðåæåííàÿ àïïðîêñèìàöèÿ ïðåäïîëàãàåò ïîñòðîåíèå ìîäåëè ñèãíàëà, ñîäåðæàùåé
íàèìåíüøåå ÷èñëî ýëåìåíòîâ, ò.å.

f(t) =
N−1∑
m=0

amgm(t) +RN

‖RN‖ → min
‖am‖0 → min

,

ãäå f(t) � èññëåäóåìûé ñèãíàë, gm(t)� ýëåìåíò (àòîì ñëîâàðÿ) ñëîâàðÿ
D =

{
gm(t), ‖gm‖ = 1

}
,

am� êîýôôèöèåíòû ðàçëîæåíèÿ, N � êîëè÷åñòâî ýëåìåíòîâ ðàçëîæåíèÿ, RN � îøèáêà
àïïðîêñèìàöèè, ‖·‖0 � ïñåâäîíîðìà, ðàâíàÿ ÷èñëó íåíóëåâûõ ÷ëåíîâ âåêòîðà.

Êàê ïðàâèëî, ìåòîäû ðàçðåæåííîé àïïðîêñèìàöèè èñïîëüçóþòñÿ äëÿ ðàçëîæåíèÿ ñèã-
íàëîâ ïî èçáûòî÷íûì ñëîâàðÿì, ïðåäîñòàâëÿÿ èññëåäîâàòåëþ îáøèðíûé èíñòðóìåíòàðèé
äëÿ àíàëèçà ñòðóêòóðû ñèãíàëà, íî, íàãðóæàÿ çàäà÷ó áîëüøîé âû÷èñëèòåëüíîé ñëîæíî-
ñòüþ, ÷òî íå ïîçâîëÿåò ðåøèòü å¼ çà ïîëèíîìèàëüíîå âðåìÿ.

Àëãîðèòìû ïðåñëåäîâàíèÿ óìåíüøàþò âû÷èñëèòåëüíóþ ñëîæíîñòü ïîñòàâëåííîé çà-
äà÷è, îñóùåñòâëÿÿ ïîèñê ýôôåêòèâíûõ, íî íå îïòèìàëüíûõ àïïðîêñèìàöèé.

Îäíèì èç àëãîðèòìîâ ïðåñëåäîâàíèÿ ÿâëÿåòñÿ àëãîðèòì ñîãëàñîâàííîãî ïðåñëåäîâà-
íèÿ, ïðåäëîæåííûé Mallat S. È Zhang Z. Ñóòü àëãîðèòìà ñâîäèòñÿ ê èòåðàòèâíîìó ïðîöåñ-
ñó ïîèñêà ýëåìåíòîâ ñëîâàðÿ, ìèíèìèçèðóþùèõ íà êàæäîì øàãå îøèáêó àïïðîêñèìàöèè
[2]: 

R0f = f
Rnf = 〈Rnf, gγn〉 gγn +Rn+1f

gγn = arg

[
max
gγi∈D

|〈Rnf, gγi〉|
] .
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Âûáîð ñëîâàðÿ Dÿâëÿåòñÿ âàæíîé çàäà÷åé, îò êîòîðîé çàâèñèò êà÷åñòâî äàëüíåéøåãî àíà-
ëèçà. Ïðåäûäóùèå ðàáîòû ïîêàçàëè, ÷òî íàèáîëåå ýôôåêòèâíûì ñëîâàðåì äëÿ àïïðîêñè-
ìàöèè ãåîàêóñòè÷åñêèõ ñèãíàëîâ ÿâëÿåòñÿ ñëîâàðü Áåðëàãå, ïîñêîëüêó èìïóëüñû Áåðëàãå
îáëàäàþò ñõîæåé ñòðóêòóðîé ñ èìïóëüñàìè ãåîàêóñòè÷åñêîé ýìèññèè [3].

Â ïðîöåññå àíàëèçà áîëüøîãî êîëè÷åñòâà ðåàëüíûõ äàííûõ ìåòîäîì ñîãëàñîâàííîãî
ïðåñëåäîâàíèÿ áûëî îáíàðóæåíî, ÷òî íà ðàçëè÷íûõ ó÷àñòêàõ ñèãíàëà èòåðàòèâíûé ïðî-
öåññ ðàçëîæåíèÿ âåäåò ñåáÿ ïî-ðàçíîìó: îøèáêà àïïðîêñèìàöèè ñïàäàåò îùóòèìî áûñòðåå
íà ó÷àñòêàõ ñèãíàëà, ñîäåðæàùèõ îäèíî÷íûå èìïóëüñû.

Íà îñíîâå äàííîé çàêîíîìåðíîñòè áûëà ïðåäëîæåíà èäåÿ àëãîðèòìà àâòîìàòè÷åñêîãî
âûäåëåíèÿ èìïóëüñîâ â ñèãíàëå ñ èñïîëüçîâàíèåì ìåòîäà ñîãëàñîâàííîãî ïðåñëåäîâàíèÿ.

Àëãîðèòì ñîñòîèò èç ÷åòûðåõ ýòàïîâ: ôîðìèðîâàíèå îáó÷àþùåé âûáîðêè, ïîñòðîåíèå
ðåøàþùèõ ïðàâèë, ïðåäîáðàáîòêà òåñòèðóåìîãî ñèãíàëà, àíàëèç òåñòèðóåìîãî ñèãíàëà
ñêîëüçÿùèì îêíîì.

Ðàññìîòðåíû ñèãíàëû, ðåãèñòðèðóåìûå â ðàçíûå äíè, è ñôîðìèðîâàíà îáó÷àþùàÿ âû-
áîðêà, ñîñòîÿùàÿ èç 1000 îáúåêòîâ êëàññà �Èìïóëüñ åñòü� è 1000 îáúåêòîâ êëàññà �Èìïóëü-
ñà íåò� (ðèñ. 1). Ñëåäóåò îòìåòèòü, ÷òî äëÿ ïîñòðîåíèÿ âûáîðêè èñïîëüçîâàëèñü íàèáîëåå
ÿâíûå îäèíî÷íûå èìïóëüñû, àìïëèòóäà êîòîðûõ ïðåâûøàëà àìïëèòóäó øóìà íå ìåíåå,
÷åì â 3 ðàçà.

Ðèñ. 1. Îáó÷àþùàÿ âûáîðêà

Ñëåäóþùèì ýòàïîì ÿâëÿåòñÿ ïîèñê ïðàâèë äëÿ îáíàðóæåíèÿ èìïóëüñîâ. Ïðèçíàêîâîå
ïðîñòðàíñòâî äàííîé çàäà÷è êëàññèôèêàöèè îáðàçîâàíî çíà÷åíèÿìè ñïàäà îøèáêè ìåòîäà
ñîãëàñîâàííîãî ïðåñëåäîâàíèÿ ïðè àïïðîêñèìàöèè ó÷àñòêîâ ñèãíàëà äëèòåëüíîñòüþ 8 ìñ
15 àòîìàìè ñëîâàðÿ Áåðëàãå.

Ïîèñê ðåøàþùèõ ïðàâèë îñóùåñòâëÿëñÿ òðåìÿ ñïîñîáàìè.

1. Построение дерева решений.

Íà îñíîâå îáó÷àþùåé âûáîðêè ñ ïîìîùüþ ôóíêöèé Statistics Toolbox ñðåäû MATLAB
áûëî ïîñòðîåíî äåðåâî ðåøåíèé, ïðåäñòàâëåííîå íà ðèñ. 2.

1. Граница областей.

Êàê âèäíî èç ðèñ. 1, ãðàôèêè ñïàäà îøèáîê îáúåêòîâ êëàññà �Èìïóëüñ åñòü� è îáúåêòîâ
êëàññà �Èìïóëüñà íåò� ñãðóïïèðîâàíû â ðàçëè÷íûõ îáëàñòÿõ êîîðäèíàòíîé ïëîñêîñòè,
ñëåäîâàòåëüíî, âîçìîæíî ïîñòðîèòü ëèíèþ, ÷åòêî ðàçãðàíè÷èâàþùóþ äàííûå îáëàñòè, è
êëàññèôèöèðîâàòü íåèçâåñòíûé îáúåêò ïî ïîëîæåíèþ ãðàôèêà ñïàäà îøèáêè îòíîñèòåëü-
íî ïîëó÷åííîé ëèíèè (ðèñ. 3).

1. Центры классов.
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Ðèñ. 2. Äåðåâî ðåøåíèé

Åñëè ïðåäñòàâèòü ãðàôèê ñïàäà îøèáêè êàæäîãî îáúåêòà îáó÷àþùåé âûáîðêè êàê ïÿòíà-
äöàòèìåðíóþ òî÷êó, òî äëÿ êàæäîãî èç ìíîæåñòâ �Èìïóëüñ åñòü� è �Èìïóëüñà íåò� ìîæíî
ðàññ÷èòàòü öåíòðàëüíûé ýëåìåíò, è êëàññ íåèçâåñòíîãî îáúåêòà îïðåäåëÿòü ïî ñòåïåíè
áëèçîñòè åãî òî÷êè â ïÿòíàäöàòèìåðíîì ïðîñòðàíñòâå ê öåíòðàëüíûì ýëåìåíòàì (ðèñ. 3).

Ðåøàþùèå ïðàâèëà áûëè ïðîòåñòèðîâàíû íà 5023 íåèçâåñòíûõ îáúåêòàõ (òàáë. 1).
Íàèáîëåå ýôôåêòèâíûì ïî ïðîöåíòó êîððåêòíî îïðåäåëåííûõ îáúåêòîâ îêàçàëîñü ïðàâè-
ëî, ïîëó÷åííîå òðåòüèì ñïîñîáîì.

Òàáëèöà 1. Ðåçóëüòàòû òåñòèðîâàíèÿ ðåøàþùèõ ïðàâèë

Òèï îáúåêòà Âñåãî Êîë-âî
íåïðàâèëüíî
îïðåäåëåííûõ
îáúåêòîâ

Ïðîöåíò
ïðàâèëüíî
îïðåäåëåííûõ
îáúåêòîâ

Дерево решений (CART)
Èìïóëüñû 3899 11 99,72%
Øóì 1124 0 100%
Ãðàíèöà
Èìïóëüñû 3899 8 99,78%
Øóì 1124 0 100%
Центры классов
Èìïóëüñû 3899 6 99,85%
Øóì 1124 0 100%

Äëÿ ïðîâåðêè ðîáàñòíîñòè ðåøàþùèõ ïðàâèë áûë ïðîâåäåí ñëåäóþùèé ýêñïåðèìåíò.
Áûëî îòîáðàíî 200 ñëàáî çàøóìëåííûõ èìïóëüñîâ, íå âêëþ÷åííûõ â îáó÷àþùóþ âûáîðêó,
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Ðèñ. 3. Ãðàíèöà îáëàñòåé è öåíòðû êëàññîâ

ê êàæäîìó èç íèõ ïîñëåäîâàòåëüíî äî òåõ ïîð, ïîêà àëãîðèòì íå äàâàë ëîæíûé ðåçóëüòàò,
ïðèáàâëÿëñÿ áåëûé øóì âñå áîëüøåé àìïëèòóäû. Ýêñïåðèìåíò ïîêàçàë, ÷òî àëãîðèòì äàåò
ëîæíûé ðåçóëüòàò â ñðåäíåì ïðè ñîîòíîøåíèè ñèãíàë � øóì, ðàâíîì 3.4 Äá. Íà ðèñ. 4
ïðåäñòàâëåí ãðàôèê çàâèñèìîñòè ïðîöåíòà ïðàâèëüíîãî ðàñïîçíàâàíèÿ îò ñîîòíîøåíèÿ
ñèãíàë � øóì (SNR).

Ðàçðàáîòàííûé àëãîðèòì áûë ïðîòåñòèðîâàí íà ñèãíàëå äëèíîé 10000 îòñ÷åòîâ. Ïðå-
äîáðàáîòêà ñèãíàëà çàêëþ÷àëàñü â íîðìèðîâàíèè, öåíòðèðîâàíèè è ôèëüòðàöèè â äèàïà-
çîíå 1-48 êÃö. Ôèëüòðàöèÿ ïîçâîëèëà î÷èñòèòü ñèãíàë îò òåõíîãåííûõ íàâîäîê è ïîìåõ,
èìåþùèõ ìåñòî â ðåãèñòðèðóþùåì òðàêòå. Íà âõîä àëãîðèòìà ïîñûëàëèñü ó÷àñòêè, âû-
ðåçàííûå ñêîëüçÿùèì îêíîì äëèòåëüíîñòüþ 8 ìñ. Äëÿ ó÷àñòêîâ, ñîäåðæàùèõ èìïóëüñ,
÷àñòîòíî-âðåìåííîå ðàçëîæåíèå ñîõðàíÿëîñü. Â ðåçóëüòàòå áûëè âûÿâëåíû âñå èìïóëüñû,
ïðèñóòñòâóþùèå â ñèãíàëå, çà èñêëþ÷åíèåì ñèëüíî çàøóìëåííûõ è èñêàæåííûõ (ðèñ. 5).
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Ðèñ. 4. Ãðàôèê çàâèñèìîñòè ïðîöåíòà ïðàâèëüíîãî ðàñïîçíàâàíèÿ îò SNR

Ðèñ. 5. Ýêñïåðèìåíò íà ðåàëüíûõ äàííûõ
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Sparse approximation method in the analysis of acoustic emission
signal morphological features
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Acoustic emission is the phenomenon of elastic wave radiation by an object under examination
during its nonlinear transformation. The purpose of the investigation of acoustic emission
signals is to obtain information on solid body restructuring. The acoustic emission signal
contains acoustic emission single pulse �ow distorted by wave propagation channel and carries
information on dynamic restructuring in the object, a generation source. There is a signi�cant
distortion of the original pulse, when it passes through the environment and receiving channel
of a recording device, a characteristic signal is recorded. During the activation of a plastic
process, many elementary sources are formed, that generate acoustic emission single pulses,
which, in their turn, blending and distorting additively, form the resulting signal registered by
receivers. It is important to detect the pulse morphological structure according to the data
recorded by a receiver. The authors suggest to apply the matching pursuit method providing
the sparse signal model. This method sequentially extracts functions, which minimize signal
approximation error, from the family of characteristic wave forms (dictionary). The basis of this
family is the dictionary, consisting of Berlage pulses, which form correlate with the signal most
accurately. The paper analyzes signals by the proposed method, speci�c classes of acoustic
emission pulses are distinguished, the behavior of approximation error is analyzed, and the
model for a signal is suggested.

361


