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Введение

Ðàáîòà íàïðàâëåíà íà ðàçðàáîòêó ñðåäñòâ àíàëèçà ïàðàìåòðîâ ìàãíèòíîãî ïîëÿ Çåìëè,
âûäåëåíèÿ ãåîìàãíèòíûõ âîçìóùåíèé è îöåíêè õàðàêòåðèñòèê ïîëÿ ïî äàííûì íàçåì-
íûõ îáñåðâàòîðèé ñ ïðèìåíåíèåì ìåòîäîâ èñêóññòâåííîãî èíòåëëåêòà è âåéâëåò-àíàëèçà.
Àâòîðàìè ïðåäëîæåí ìåòîä àíàëèçà âàðèàöèé ìàãíèòíîãî ïîëÿ Çåìëè (íà ïðèìåðå Í-
êîìïîíåíòû), îñíîâàííûé íà ñîâìåùåíèè êðàòíîìàñøòàáíîãî àíàëèçà [1] ñ ðàäèàëüíûìè
íåéðîííûìè ñåòÿìè [2], ïîçâîëÿþùèé îïðåäåëèòü ñîñòàâëÿþùèå âàðèàöèé ïîëÿ, õàðàêòå-
ðèçóþùèå ñòåïåíü åãî âîçìóùåííîñòè, èçó÷èòü èõ ñòðóêòóðó, âûïîëíèòü êëàññèôèêàöèþ
ïðèçíàêîâ äàííûõ è îöåíèòü ñîñòîÿíèå ïîëÿ. Íà îñíîâå ðàçíåñåíèÿ â âåéâëåò-ïðîñòðàíñòâå
ïðèçíàêîâ äàííûõ âûïîëíÿåòñÿ îöåíêà è àíàëèç ñòàòèñòè÷åñêèõ õàðàêòåðèñòèê ïðîöåññà,
è âûäåëÿþòñÿ èíôîðìàòèâíûå ïðèçíàêè. Ïîëó÷åííûå ïðèçíàêè îïðåäåëÿþò ðàäèàëüíûé
ñëîé ñåòè, âûïîëíÿþùåé îöåíêó ñòåïåíè âîçìóùåííîñòè ïîëÿ íà îñíîâå ïðèíàäëåæíîñòè
ïðèçíàêà ê êëàññó.

Ìåòîä äàåò âîçìîæíîñòü èçó÷àòü òîíêèå îñîáåííîñòè ñòðóêòóðû ãåîìàãíèòíûõ äàí-
íûõ è ìîæåò áûòü ðåàëèçîâàí â âèäå àâòîìàòè÷åñêîãî ïðîãðàììíîãî ñðåäñòâà îïåðàòèâ-
íîé îöåíêè ñîñòîÿíèÿ ìàãíèòíîãî ïîëÿ Çåìëè. Àïðîáàöèÿ ìåòîäà, âûïîëíåííàÿ íà äàí-
íûõ ñòàíöèè "Ïàðàòóíêà"(Êàì÷àòñêèé êðàé), ïîäòâåðäèëà åãî ýôôåêòèâíîñòü è ïîçâîëè-
ëà âûäåëèòü â âàðèàöèÿõ ïîëÿ êëàññèôèêàöèîííûå ïðèçíàêè, õàðàêòåðèçóþùèå ñòåïåíü
âîçìóùåííîñòè ïîëÿ.

Описание метода

Íà îñíîâå êðàòíîìàñøòàáíûõ ðàçëîæåíèé äî óðîâíÿ m = 6 ïîëó÷åíî ñëåäóþùåå ïðåä-
ñòàâëåíèå äàííûõ [1]:

f0(t) =
−m∑
j=−1

g
[
2jt
]

+ f
[
2−mt

]
, ãäåg

[
2jt
]
∈ Wj, f

[
2−mt

]
∈ V−m (1)

ãäåWj- ïðîñòðàíñòâî ñ ðàçðåøåíèåì j, ïîðîæäåííîå âåéâëåò-áàçèñîì Ψj,n(t) = 2j/2Ψ (2jt− n);
êîìïîíåíòû g [2jt] =

∑
n

dj,nΨj,n(t), ãäå dj,n = 〈f,Ψj,n〉, ÿâëÿþòñÿ äåòàëèçèðóþùèìè êîìïî-

íåíòàìè, õàðàêòåðèçóþò ëîêàëüíûå ñâîéñòâà äàííûõ; êîìïîíåíòà f [2−mt] =
∑
k

c−m,kφ−m,k(t),

c−m,k = 〈f, φ−m,k〉 ÿâëÿåòñÿ àïïðîêñèìèðóþùåé ñîñòàâëÿþùåé, îïèñûâàåò характерный
ход вариации геомагнитного поля [3, 4]. Óðîâåíü ðàçëîæåíèÿ m = 6 îïðåäåëÿëñÿ ñòàòè-
ñòè÷åñêè è îñíîâûâàëñÿ íà ðåçóëüòàòàõ ðàáîò [3,4].

Â ñîîòâåòñòâèè ñ àðõèòåêòóðîé ðàäèàëüíûõ íåéðîííûõ ñåòåé [2], îíè èìåþò äâà ñêðû-
òûõ ñëîÿ: ðàäèàëüíûé ñëîé, êîòîðûé ñîñòàâëÿþò íåéðîíû, ñîäåðæàùèå ïðèçíàêè êëàññîâ,
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è ëèíåéíûé ñëîé, îïðåäåëÿþùèé ïðèíàäëåæíîñòü âõîäíîãî îáðàçà ê êëàññó. Â ðàáîòå ðàñ-
ñìàòðèâàëèñü äâà êëàññà � �ñïîêîéíûé� êëàññ Ê1 è �âîçìóùåííûé� êëàññ Ê2. Ñïîêîéíûé
êëàññ ñîîòâåòñòâóåò ñïîêîéíîìó ñîñòîÿíèþ ìàãíèòíîãî ïîëÿ, âîçìóùåííûé � ñîñòîÿíèþ
ïîëÿ â ïåðèîäû ìàãíèòíûõ áóðü. Íà îñíîâå ñåòè ðåøàëàñü çàäà÷à ðàçäåëåíèÿ âõîäíûõ
îáðàçîâ íà �ñïîêîéíûå� è �âîçìóùåííûå�. Ñòðóêòóðà ñåòè ïðåäñòàâëåíà íà ðèñ.1. Ñåòü
âûïîëíÿåò ñëåäóþùåå ïðåîáðàçîâàíèå âõîäíûõ âåêòîðîâ:

1. Â ðàäèàëüíîì ñëîå âûïîëíÿåòñÿ îöåíêà ñîñòîÿíèÿ êàæäîãî íåéðîíà íà îñíîâå ôóíê-
öèè âçâåøèâàíèÿ ||P-W||*b, ãäå P - âåêòîð âõîäà, W� âåêòîð âåñîâ íåéðîíà, ñîäåðæèò
ïðèçíàêè êëàññà, b � ïàðàìåòð ñìåùåíèÿ, ïîçâîëÿåò êîððåêòèðîâàòü ÷óâñòâèòåëü-
íîñòü íåéðîíà. Çíà÷åíèåì ôóíêöèè âçâåøèâàíèÿ ÿâëÿåòñÿ ðàññòîÿíèÿ ìåæäó âõîä-
íûì âåêòîðîì è âåêòîðîì âåñîâ íåéðîíà, ñîäåðæàùèì ïðèçíàê êëàññà, êîòîðîìó
äàííûé íåéðîí ïðèíàäëåæèò.

2. Íà îñíîâå àêòèâàöèîííîé ôóíêöèè êàæäîãî íåéðîíà ðàäèàëüíîãî ñëîÿ exp−(||p− w||b)2

3. âûïîëíÿåòñÿ îöåíêà ìåðû áëèçîñòè âõîäíîãî âåêòîðà è ïðèçíàêà êëàññà, êîòîðîìó
äàííûé íåéðîí ïðèíàäëåæèò.

4. Â ëèíåéíîì ñëîå âûïîëíÿåòñÿ ñóììèðîâàíèå çíà÷åíèé âûõîäîâ íåéðîíîâ âòîðîãî
ñëîÿ, ðåçóëüòàòîì êîòîðîãî ÿâëÿåòñÿ îöåíî÷íîå çíà÷åíèå ôóíêöèè ïëîòíîñòè âåðî-
ÿòíîñòè êëàññà Ê.

Â ðàáîòàõ [3,4] ïîêàçàíî, ÷òî ïîëó÷åííûå íà îñíîâå îòîáðàæåíèÿ (1) äåòàëèçèðóþùèå
êîìïîíåíòû g [2jt] =

∑
n

dj,nΨj,n(t) ñîäåðæàòñÿ ðàçíîìàñøòàáíûå êîëåáàíèÿ è õàðàêòåðè-

çóþò возмущенность геомагнитного ïîëÿ. Ïîýòîìó äàííûå êîìïîíåíòû èñïîëüçîâàëèñü
äëÿ ôîðìèðîâàíèÿ ïðèçíàêîâ êëàññîâ ðàäèàëüíîãî ñëîÿ ñåòè. Ñîçäàíèå ðàäèàëüíîãî ñëîÿ
ñåòè âûïîëíÿëîñü ñëåäóþùèì îáðàçîì: äëÿ íåéðîíîâ êëàññà Ê1, èñïîëüçîâàëèñü êîìïî-
íåíòû ñïîêîéíûõ âàðèàöèé ïîëÿ, à äëÿ íåéðîíîâ êëàññà Ê2 èñïîëüçîâàëèñü êîìïîíåíòû
âîçìóùåííûõ âàðèàöèé ïîëÿ.

Òàê êàê àáñîëþòíûå çíà÷åíèÿ âåéâëåò-êîýôôèöèåíòîâ |dj,n| ÿâëÿþòñÿ ìåðîé âîçìó-
ùåííîñòè ïîëÿ [3,4], îöåíèâàëèñü ðàñïðåäåëåíèÿ ôóíêöèé

zij (t) =
∣∣dij,n (t)

∣∣ , i = 1, 2, ãäå èíäåêñ i = 1 ñîîòâåòñòâóåò ñïîêîéíûì âàðèàöèÿì ïîëÿ,
èíäåêñ i = 2 ñîîòâåòñòâóåò âîçìóùåííûì âàðèàöèÿì ïîëÿ.

Ïî ïîëó÷åííûì ðàñïðåäåëåíèÿì ôóíêöèé z1
j è z

2
j îïðåäåëÿëèñü информативные ком-

поненты âàðèàöèé ïîëÿ, õàðàêòåðèçóþùèå åãî âîçìóùåííîñòü. Ïðàâèëî âûäåëåíèÿ ин-
формативных компонент ñëåäóþùåå:

åñëè ∃n : z2
j (t) > Tj, ãäå Tj = max

n
z1
j , (2)

òî êîìïîíåíòà g [2jt] ÿâëÿåòñÿ информативной. Çà ìåðó èíôîðìàòèâíîñòè êîìïîíåíòû
ïðèíÿòî êîëè÷åñòâî çíà÷åíèé n, äëÿ êîòîðûõ âûïîëíÿåòñÿ äàííîå ïðàâèëî.

Результаты экспериментов

Â ïðîöåññå ýêñïåðèìåíòîâ îáðàáîòàíû ìàãíèòíûå äàííûå çà 2002 ãîä. Áûëî ïðîàíàëèçè-
ðîâàíî ïî 37 ñïîêîéíûõ è 37 âîçìóùåííûõ ñóòî÷íûõ âàðèàöèé ìàãíèòíîãî ïîëÿ. Â êà÷å-
ñòâå áàçèñíûõ âåéâëåò-ôóíêöèé èñïîëüçîâàëèñü îðòîíîðìèðîâàííûå âåéâëåòû ñåìåéñòâà
Äîáåøè è ñåìåéñòâà Êîéôëåòû.

Íà ðèñ.2,3 ïðåäñòàâëåíû ðàñïðåäåëåíèÿ ôóíêöèé z1
j è z

2
j äëÿ j = −1 è j = −6. Ïóíê-

òèðíîé ëèíèåé îòìå÷åíû çíà÷åíèÿ T−1 è T−6 (ñì. ïðàâèëî (2)). Àíàëèç ðàñïðåäåëåíèé
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Ðèñ. 1. Ñòðóêòóðà ðàäèàëüíîé íåéðîííîé ñåòè: rsq � íåéðîí ðàäèàëüíîãî áàçèñíîãî ñëîÿ, s
� íîìåð êëàññà, q � íîìåð ïðèçíàêà êëàññà

ïîêàçûâàåò, ÷òî êîìïîíåíòà ñ ðàçðåøåíèåì j = −6 ÿâëÿþòñÿ áîëåå èíôîðìàòèâíîé, ÷åì
êîìïîíåíòà ñ ðàçðåøåíèåì j = −1. Ñòàòèñòèêà ïîêàçàëà, ÷òî ïðè óìåíüøåíèè ðàçðåøå-
íèÿ èíôîðìàòèâíîñòü êîìïîíåíò âîçðàñòàåò. Â òàáëèöå 1, â êà÷åñòâå ïðèìåðà, ïîêàçàíû
ðåçóëüòàòû îöåíêè èíôîðìàòèâíîñòè êîìïîíåíò, ïîëó÷åííûõ ñ èñïîëüçîâàíèåì âåéâëåòà
Äîáåøè 3-ãî ïîðÿäêà.

Ðèñ. 2. Ðàñïðåäåëåíèÿ ôóíêöèé z1
j è z

2
j äëÿ j = −1 (âåðõíèé èíäåêñ 1- ñåðûé öâåò, âåðõíèé

èíäåêñ 2 - ÷åðíûé öâåò)

Íà îñíîâå îïèñàííîãî âûøå ìåòîäà áûëè ïîñòðîåíû íåéðîííûå ñåòè äëÿ äåòàëèçèðóþ-
ùèõ êîìïîíåíò g [2jt] =

∑
n

dj,nΨj,n(t),j = −1,−6. Ðàäèàëüíûé ñëîé êàæäîé ñåòè ñîñòîèò èç

10 íåéðîíîâ (5 ïðèçíàêîâ äëÿ êàæäîãî êëàññà). Ëèíåéíûé ñëîé ñîñòîèò èç 2-õ íåéðîíîâ,
òàê êàê ñåòü îñóùåñòâëÿåò êëàññèôèêàöèþ äàííûõ íà äâà êëàññà � �ñïîêîéíûé� êëàññ Ê1
è �âîçìóùåííûé� êëàññ Ê2.

Íà ðèñ.4, 5, â êà÷åñòâå ïðèìåðîâ, ïîêàçàíû ðåçóëüòàòû ðåøåíèÿ çàäà÷è êëàññèôèêà-
öèè äåòàëèçèðóþùèõ êîìïîíåíò 4-ãî è 6-ãî óðîâíåé ðàçëîæåíèÿ, ïîëó÷åííûõ ñ ïîìîùüþ
âåéâëåòîâ Äîáåøè 3-ãî ïîðÿäêà. Àíàëèç ðèñ.4, 5 ïîäòâåðæäàåò ýôôåêòèâíîñòü ïðåäëàãà-
åìîãî ìåòîäà è ïîêàçûâàåò, ÷òî ñåòü ïðàâèëüíî âûïîëíèëà ðàçíåñåíèå ïðèçíàêîâ äàííûõ
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Ðèñ. 3. Ðàñïðåäåëåíèÿ ôóíêöèé z1
j è z

2
j äëÿ j = −6 (âåðõíèé èíäåêñ 1- ñåðûé öâåò, âåðõíèé

èíäåêñ 2 - ÷åðíûé öâåò)

Òàáëèöà 1. Ðåçóëüòàòû îöåíêè èíôîðìàòèâíîñòè êîìïîíåíò

Ðàçðåøåíèåj -1 -2 -3 -4 -5 -6
Tj 28 28 44 20 24 28
Èíôîðìàòèâíîñòü
êîìïîíåíòû, %

0,003743 0,022336 0,058754 2,472685 8,052951 21,22122

è îïðåäåëèëà ñîñòîÿíèå ìàãíèòíîãî ïîëÿ.

Вывод

Íà îñíîâå ïðåäëîæåííîãî â ðàáîòå ìåòîäà âûäåëåíû èíôîðìàòèâíûå êîìïîíåíòû âàðè-
àöèé ãåîìàãíèòíîãî ïîëÿ, õàðàêòåðèçóþùèå åãî âîçìóùåííîñòü, è ñîçäàíû íåéðîñåòåâûå
ïðîãðàììíûå ñèñòåìû ïî àíàëèçó è êëàññèôèêàöèè ãåîìàãíèòíûõ äàííûõ. Ñèñòåìû ïîç-
âîëÿþò â àâòîìàòè÷åñêîì ðåæèìå âûïîëíèòü îöåíêó ñîñòîÿíèÿ ãåîìàãíèòíîãî ïîëÿ.

Ðèñ. 4. Ðåçóëüòàòû êëàññèôèêàöèè ìàãíèòíûõ äàííûõ (H-êîìïîíåíòà) çà 2002 ãîä ñ ïîìî-
ùüþ íåéðîííîé ñåòè (äåòàëèçèðóþùèå êîìïîíåíòû 4-ãî óðîâíÿ ðàçëîæåíèÿ): - ñïîêîéíûå
âàðèàöèè, - âîçìóùåííûå âàðèàöèè
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Method of geomagnetic data analysis based on the combination of
wavelet transform with radial basis neural networks

Mandrikova O.V.1,2, Zhizhikina E.A.2

1 Institute of Cosmophysical Researches and Radio Wave Propagation FEB RAS
2 Kamchatka State Technical University, Russia

The present report is devoted to the development of tools intended for the analysis of the
Earth’s magnetic field parameters, the extraction of geomagnetic disturbances and estimation
of field properties applying artificial intelligence and wavelet analysis according to the data
obtained from ground-based observatories. In this report a method for the analysis of the Earth’s
magnetic field variations (on the example of H-vector), based on the combination of wavelet
analysis with radial basis neural networks, is suggested. This method allows to determine the
components of field variations, which characterize degree of disturbance of field, to study their
structure, to classify features of the data and to estimate condition of field. On the basis of
the data feature separation in wavelet space, statistical properties of the process are analyzed
and informative features are extracted. Extracted features determine the radial layer of the
network, which specifies belonging of the feature to a class.

The method makes it possible to study the subtle features of geomagnetic data structure,
and it can be implemented as an automatic tool for rapid estimation of the Earth’s magnetic
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field condition. The method has been successfully tested on the Earth’s magnetic field data
obtained from Paratunka observatory (Paratunka, Kamchatka region, Far East of Russia). The
approbation of the method confirmed its effectiveness and allowed to extract classification
features in the field variations which characterize the field disturbance degree.

298


