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Àíîòàö³ÿ. Ðîçâ’ÿçàííÿ çàäà÷³ ³äåíòèô³êàö³¿ ñïåö³àëüíèõ ñèãíàë³â â óìîâàõ àïð³îðíî¿ íå-
âèçíà÷åíîñò³ ¿õí³õ äæåðåë º íàäçâè÷àéíî âàæëèâèì, íàïðèêëàä, ï³ä ÷àñ âèÿâëåííÿ ëîêà-
òîð³â, ùî ñë³äêóþòü çà ðóõîìèìè îá’ºêòàìè. Ìåòîä âèêîðèñòîâóþòü äëÿ ô³ëüòðàö³¿ ñèã-
íàë³â â³ä ïîòóæíèõ øóì³â (äî ð³âíÿ ó �12äÁ) òà âèçíà÷åííÿ ôîðìè ñèãíàëó. Ðîçãëÿíóòî
³äåíòèô³êàö³þ, ô³ëüòðàö³þ òà ñòèñíåííÿ ñèãíàë³â, ùî ´ðóíòóþòüñÿ íà ïîð³âíÿíí³ áëèçü-
êîñò³ îäíîâèì³ðíèõ ðÿä³â âåéâëåò-êîåô³ö³ºíò³â. Çàïðîïîíîâàíî ïðÿìå ïåðåòâîðåííÿ âêëà-
äåíèõ ìàñèâ³â êîåô³ö³ºíò³â àïðîêñèìàö³¿ òà äåòàë³çàö³¿ â îäíîâèì³ðíèé ðÿä ³ç ïîïåðåäí³ì
âèçíà÷åííÿì ñòðóêòóðè âêëàäåíèõ ìàñèâ³â äëÿ ïîäàëüøî¿ ðåêîíñòðóêö³¿ îäíîâèì³ðíîãî
ðÿäó ó ñèãíàë, ùî ³äåíòèô³êóºòüñÿ. Ïåðåâ³ðåíî ñò³éê³ñòü çàïðîïîíîâàíîãî àëãîðèòìó äî
ëîêàëüíèõ çì³í ôîðìè òåñòîâîãî ñèãíàëó â³äïîâ³äíî äî âèìîã ³äåíòèô³êàö³¿.

Êëþ÷îâ³ ñëîâà: ³äåíòèô³êàö³éí³ âèì³ðþâàííÿ, ì³ðè áëèçüêîñò³ ðÿä³â, îäíîâèì³ðíèé ðÿä,
äèñêðåòíèé âåéâëåò-àíàë³ç, ë³í³éíà òà íåë³í³éíà ìîäóëÿö³ÿ, áàçè äàíèõ.

ÂÑÒÓÏ

Ó á³ëüøîñò³ ïóáë³êàö³é ùîäî êëàñèô³êàö³¿ ñèãíàë³â ìåòîäîì ìàøèííîãî íà-

â÷àííÿ ðîçãëÿíóòî îáðîáëåííÿ îêðåìèõ òèï³â ñèãíàë³â, íàïðèêëàä àíàë³ç ôîð-

ìè ñèãíàëó åëåêòðîêàðä³îãðàì (ÅÊÃ) [1]. Ñï³ëüíèì íåäîë³êîì îïèñàíèõ ìå-

òîä³â ìàøèííîãî íàâ÷àííÿ ï³ä ÷àñ ³äåíòèô³êàö³¿ ñèãíàë³â º òå, ùî âîíè ðîç-

ðàõîâàí³ ëèøå íà ïåâíó ãðóïó ñèãíàë³â. Êð³ì òîãî, ö³ àëãîðèòìè ìàþòü

íèçüêó ïåðåøêîäîñò³éê³ñòü ³ ïðîäóêòèâí³ñòü, ùî óñêëàäíþº ¿õíº çàñòîñóâàííÿ

â àâòîíîìíèõ ïðèñòðîÿõ.

Ìàþ÷è ³íôîðìàö³þ ïðî ñòðóêòóðó âêëàäåíèõ âåéâëåò-êîåô³ö³ºíò³â, ¿õí³ îä-

íîâèì³ðí³ ðÿäè ìîæíà ëåãêî îáðîáèòè äëÿ ô³ëüòðàö³¿ â³ä øóìó òà ñòèñíåííÿ.

²äåíòèô³êàö³ÿ âèì³ðþâàíèõ ñèãíàë³â ó çàïðîïîíîâàíèé ñïîñ³á (çà áëèçüê³ñòþ

îäíîâèì³ðíèõ ðÿä³â âåéâëåò-êîåô³ö³ºíò³â) ñïðîùóº ¿õíþ ô³ëüòðàö³þ â³ä øóìó

òà ï³äâèùóº ¿¿ åôåêòèâí³ñòü.

Ó ñòàòò³ äîñë³äæåíî áàçó ç äâàäöÿòè ìîäåëüíèõ ñèãíàë³â, ùî çáåð³ãàþòüñÿ

ó âèãëÿä³ ðÿä³â âåéâëåò-êîåô³ö³ºíò³â. Ïåðåâ³ðåíî ³äåíòèô³êàö³þ ñèãíàë³â ç àäè-

òèâíèì äîäàâàííÿì äî àíàë³çîâàíîãî ñèãíàëó Ãàóñîâîãî øóìó ç íóëüîâèì ìàòå-

ìàòè÷íèì ñïîä³âàííÿì òà ñåðåäíüîêâàäðàòè÷íèì â³äõèëåííÿì 0.4. Ðîçðîáëåíèé

àëãîðèòì äàº çìîãó âèÿâëÿòè ä³ëÿíêè ðÿä³â âåéâëåò-êîåô³ö³ºíò³â ç íóëüîâèìè

çíà÷åííÿìè êîåô³ö³ºíò³â äåòàë³çàö³¿ ³ îäíî÷àñíî ç ô³ëüòðàö³ºþ â³ä øóìó ñòèñêà-

òè îòðèìàí³ ðÿäè âåéâëåò-êîåô³ö³ºíò³â ó äåñÿòêè ðàç³â. Äëÿ åôåêòèâíî¿ ðîáîòè

öüîãî àëãîðèòìó ðîçðîáëåíî ìåòîäèêó âèêîðèñòàííÿ â³äîìèõ ïàðàìåòð³â åôåê-

òèâíî¿ ô³ëüòðàö³¿ ñïåö³àëüíèõ ñèãíàë³â. Çàïðîïîíîâàíèé àëãîðèòì ïîêàçàâ, ùî
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êîðåëÿö³éíà ìàòðèöÿ, îòðèìàíà ç ðÿä³â âåéâëåò-êîåô³ö³ºíò³â, äàº çìîãó âïåâíå-

íî ³äåíòèô³êóâàòè çàøóìëåí³ ñèãíàëè ç ïîäàëüøîþ ô³ëüòðàö³ºþ òà ñòèñíåííÿì.

Ñïðîáè ïîøóêó óí³ô³êîâàíîãî ìåòîäó ìàøèííîãî íàâ÷àííÿ äëÿ ³äåíòèô³êàö³¿

òà ô³ëüòðàö³¿ ñèãíàë³â ç âèêîðèñòàííÿì àíàë³çó ñïåêòðàëüíèõ õàðàêòåðèñòèê îïèñà-

íî ó ðîáîò³ [2]. Ó í³é ðîçãëÿíóòî íàéá³ëüø çàãàëüíèé ï³äõ³ä äî çàñòîñóâàííÿ ìå-

òîä³â ìàøèííîãî íàâ÷àííÿ äëÿ êëàñèô³êàö³¿ àêóñòè÷íèõ ñèãíàë³â çà ñïåêòðàëüíèìè

õàðàêòåðèñòèêàìè. Ìåòîä íå ìîæå ïðåòåíäóâàòè íà óí³âåðñàëüí³ñòü, îñê³ëüêè äàí³

ïðî éîãî çàñòîñóâàííÿ äî ³íøèõ òèï³â ñèãíàë³â íå íàâåäåí³.

Ñë³ä â³äçíà÷èòè ðîáîòó [3], àâòîðè ÿêî¿ îïèñóþòü àëãîðèòì, ùî ïðàöþº çà

ð³âíÿ Ãàóñîâîãî øóìó ç äèñïåðñ³ºþ �
2 � 0.15. Öåé àëãîðèòì ïåðåäáà÷àº âèêîíàí-

íÿ 850 ³òåðàö³é çíèæåííÿ øóìó íà 0.0035 äÁ îäí³ºþ ³òåðàö³þ. Îäíàê, äëÿ â³äòâî-

ðþâàíîñò³ ðåçóëüòàò³â çä³éñíåíî äîäàòêîâî 1000 ðåàë³çàö³é, òîìó ìîæíà çðîáèòè

âèñíîâîê ïðî ïåðåâàíòàæåí³ñòü ³òåðàö³ÿìè íàâåäåíîãî ïàêåòíîãî àëãîðèòìó. Ðîç-

â’ÿçàííÿ çàäà÷ ³äåíòèô³êàö³¿ ñïåö³àëüíèõ ñèãíàë³â ïîòðåáóº ïîøóêó êîìïðîì³ñó

ì³æ øâèäê³ñòþ îáðîáëåííÿ òà åôåêòèâíîþ ô³ëüòðàö³ºþ â³ä øóìó. Òàêèìè

ñïåö³àëüíèìè ñèãíàëàìè º Chirp Signals [4], Doppler signal [5], Gabor

Transform [6], Riemann [7] òà ³íø³ ñèãíàëè ç íåë³í³éíîþ ÷àñòîòíîþ ìîäóëÿö³ºþ.

Îòæå, ïîòð³áíî çíàéòè ïðîñòèé àëãîðèòì ³äåíòèô³êàö³¿ ñèãíàë³â ñîíàð³â

³ ðàäàð³â, ÿêèé ìîæíà ðåàë³çóâàòè ò³ëüêè çà íàÿâíîñò³ áàç äàíèõ âëàñíå òåñòîâèõ

ñèãíàë³â òà áàçè äàíèõ ïàðàìåòð³â åôåêòèâíî¿ ô³ëüòðàö³¿ ðåàëüíîãî ñèãíàëó, ùî

ï³äëÿãàº ³äåíòèô³êàö³¿.

Ìåòîþ ñòàòò³ º ðîçâ’ÿçàííÿ àêòóàëüíî¿ çàäà÷³ ðîçðîáëåííÿ ïðîñòîãî àëãî-

ðèòìó ³äåíòèô³êàö³¿ ñïåö³àëüíèõ ñèãíàë³â ó ðàç³ ¿õíüî¿ ïîïåðåäíüî¿ ô³ëüòðàö³¿

â³ä øóìó òà ñòèñíåííÿ, ÿêèé çàáåçïå÷óº âèñîêó øâèäêîä³þ.

ÀËÃÎÐÈÒÌ ²ÄÅÍÒÈÔ²ÊÀÖ²¯ ÑÏÅÖ²ÀËÜÍÈÕ ÑÈÃÍÀË²Â

Âåéâëåò-êîåô³ö³ºíòè ï³ä ÷àñ äåêîìïîçèö³¿ âèì³ðþâàíîãî ñèãíàëó f t( ) ó âè-

ïàäêó çàñòîñóâàííÿ ï³ðàì³äàëüíîãî àëãîðèòìó Ìàëëà âèçíà÷àþòü ç òàêî¿ ñèñ-

òåìè ð³âíÿíü [8]:
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äå R — ³íòåðâàë âèçíà÷åííÿ ôóíêö³¿ f t( ) ñèãíàëó; a j k, , d j k, — êîåô³ö³ºíòè

àïðîêñèìàö³¿ òà äåòàë³çàö³¿ äèñêðåòíîãî âåéâëåò-ðîçâèíåííÿ ñèãíàëó â³äïî-

â³äíî; � j k t, ( ), � j k t, ( ) — áàòüê³âñüêèé òà ìàòåðèíñüêèé âåéâëåòè â³äïîâ³äíî;

j — ïîòî÷íèé ð³âåíü âåéâëåò-ðîçâèíåííÿ; k — ïîðÿäêîâèé íîìåð âåéâëåò-êî-

åô³ö³ºíòà ó âåéâëåò-ðîçâèíåíí³ ñèãíàëó â³äïîâ³äíî.

Ï³ä ÷àñ îá÷èñëåííÿ çàì³ñòü ³íòåãðóâàííÿ (1) äëÿ óñóíåííÿ ìåòîäè÷íèõ ïî-

õèáîê, ïîâ’ÿçàíèõ ç êâàäðàòóðíèìè ôîðìóëàìè, âèêîðèñòîâóþòü ï³ðàì³äàëüíèé

àëãîðèòì Ìàëëà [9, 10]. Çàäàþòü àïðîêñèìóâàëüí³ êîåô³ö³ºíòè íà óìîâíî íóëüî-

âîìó ð³âí³ j0 : j k0, , k N�1, ,� , äå N m� 2 , m 	1.

Äàë³ îá÷èñëþþòü àïðîêñèìóâàëüí³ a j k0 1
 , òà äåòàë³çóâàëüí³ d j k0 1
 , êîå-

ô³ö³ºíòè, à çà êîåô³ö³ºíòàìè a j k0 1
 , îá÷èñëþþòü a dj k j k0 01 2 1 2
 
, ,, òîùî.
Çà íàÿâíîñò³ øóìó ç íóëüîâèì ìàòåìàòè÷íèì ñïîä³âàííÿì òà ñåðåäíüîêâàä-

ðàòè÷íèì â³äõèëåííÿì � íàá³ð êîåô³ö³ºíò³â ~
,a j k ,

~
,d j k , óòâîðþº âêëàäåí³ ìàñè-

âè ({}), ÿê³ äëÿ ìàêñèìàëüíîãî ð³âíÿ J äåêîìïîçèö³¿ ìàòèìóòü âèãëÿä:
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Ñóêóïí³ñòü âêëàäåíèõ ìàñèâ³â (2) çà äîïîìîãîþ ñïåö³àëüíèõ ôóíêö³é
list flatten a dj k j k( ( , ), ,{ } { } [11] ïåðåòâîðþþòü íà îäíîâèì³ðíèé ðÿä:

[~ ,
~

, ,
~ ~

], , , ,a d d dj k k j k j k2 � � , k
N

j J
j

� �1 2
2

1, , , ,� � . (3)

Ïåðåä ïåðåòâîðåííÿì (3) çàïèñóºìî ñòðóêòóðó (2) ó âèãëÿä³ ä³àïàçîí³â k àï-

ðîêñèìóâàëüíèõ ³ äåòàë³çóâàëüíèõ êîåô³ö³ºíò³â ðÿäó (3). Öå ïîòð³áíî äëÿ ðåêîí-

ñòðóêö³¿ ðÿäó ó ôóíêö³þ f t( ) ï³ñëÿ êîðåëÿö³éíîãî àíàë³çó áëèçüêîñò³ ðÿä³â òà

øóìîïðèäóøåííÿ.

Ïðèêëàä çàñòîñóâàííÿ îïèñàíîãî ìåòîäó äî ðàäàðíîãî ñèãíàëó òèïó Doppler

íàâåäåíî íà ðèñ. 1, ïîõèáêà ô³ëüòðàö³¿ E � 0.0088. Îïòèìàëüí³ ïàðàìåòðè

ô³ëüòðàö³¿ âçÿòî ç ðîáîòè [12] ³ íàâåäåíî ó òàáë. 1: âåéâëåò sym14; ôóíêö³ÿ ïî-

ðîãà — "greater", çíà÷åííÿ ïîðîãîâî¿ ôóíêö³¿ 1.4.

Äëÿ ðåêîíñòðóêö³¿ ñèãíàëó òðåáà âèçíà÷èòè ðîçïîä³ë êîåô³ö³ºíò³â àïðîêñè-

ìàö³¿ { }~
,a j k òà äåòàë³çàö³¿ { } { } { }

~
, ,

~ ~
, , ,d d dk j k j k2 � � äëÿ ðÿäó (2), ïîáóäîâàíîãî çà

àëãîðèòìîì Ìàëëà, ÿêèé â³äïîâ³äàòèìå öèì êîåô³ö³ºíòàì â îäíîâèì³ðíîìó

ðÿäó (3). Íàïðèêëàä, äëÿ âåéâëåòó sym14 êîåô³ö³ºíòè àïðîêñèìàö³¿ ~
,a j k ó ðÿäó (3)

ðîçòàøîâàí³ íà ïîçèö³ÿõ â³ä 0 äî 58 (íå âêëþ÷àþ÷è 58), à êîåô³ö³ºíòè äå-

òàë³çàö³¿ — íà ïîçèö³ÿõ â³ä 58 äî 1157. Òàê ³ äëÿ ³íøèõ âåéâëåò³â ¿õí³ êîåô³ö³ºíòè

äåòàë³çàö³¿ çíàõîäÿòüñÿ íà ïîçèö³ÿõ â³ä ïåðøîãî äî äðóãîãî ³íäåêñó íàâåäåíèõ

ó òàáë. 2 ñïèñê³â çàãàëüíîãî ðîçïîä³ëó. Ðåçóëüòàòè çàãàëüíîãî ðîçïîä³ëó âåéâëåò-

êîåô³ö³ºíò³â äëÿ âåéâëåò³â ç òàáë. 1 íàâåäåíî â òàáë. 2.

Ç äàíèõ, íàâåäåíèõ ó òàáë. 1 ³ 2, âèïëèâàº, ùî ðîçïîä³ë âåéâëåò-êîåô³ö³ºíò³â

ó ðÿäàõ (3) íå çàëåæèòü â³ä òèïó ñèãíàë³â çà óìîâè ¿õíüî¿ îäíàêîâî¿ äîâæèíè.

Íà ðèñ. 1 âèäíî äîâãó «íóëüîâó» ë³í³þ, ùî ïî÷èíàºòüñÿ ïîáëèçó 100 â³äë³ê³â.

Öå ñâ³ä÷èòü ïðî òå, ùî êîåô³ö³ºíòè äåòàë³çàö³¿ íàáóâàþòü íóëüîâèõ çíà÷åíü. Öå äàº

çìîãó ñòèñíóòè ñèãíàë òà ïðèñêîðþº éîãî ³äåíòèô³êàö³þ. Âèêîðèñòîâóþ÷è ì³ðè

áëèçüêîñò³ ì³æ ÷àñîâèìè ðÿäàìè (3), ìîæíà äîäàòêîâî ñêîðîòèòè ÷àñ ³äåíòèô³êàö³¿

àíàë³çîâàíèõ ñèãíàë³â òà â³äìîâèòèñü â³ä äîäàòêîâèõ ðîçðàõóíê³â, ÿê³ çàçâè÷àé âè-

êîíóþòü äëÿ ïîð³âíÿííÿ áëèçüêîñò³ ÷àñîâèõ ðÿä³â [13, 14].

²äåíòèô³êàö³þ ñèãíàë³â áóäåìî çä³éñíþâàòè çà äîïîìîãîþ êîðåëÿö³éíî¿

ìàòðèö³ ç âèêîðèñòàííÿì ïðåäñòàâëåííÿ ñèãíàë³â ó âèãëÿä³ ¿õíüî¿ âåéâëåò-äå-

êîìïîçèö³¿ ðÿäàìè (3), ïîâ’ÿçàíèìè ç äàíèìè òàáë. 1, 2 äëÿ ¿õíüî¿ äåêîìïîçèö³¿.

Îñíîâó òåñò³â ñêëàäåìî ç òàêèõ ñèãíàë³â, îá´ðóíòóâàííÿ âèáîðó ÿêèõ íàâåäåíî

â îãëÿä³ ë³òåðàòóðíèõ äæåðåë: áëîêè — blocks; ñèãíàë «óäàðè» — bumps; ñèãíàë
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Ðèñ. 1. Ãðàô³ê ðÿä³â âåéâëåò-êîåô³ö³ºíò³â äåêîìïîçèö³¿ ñèãíàëó Doppler: 1 — ðÿä çà ñï³ââ³äíî-
øåííÿì (3) ç àäèòèâíî äîäàíèì øóìîì � � 0.4; 2 — ðÿä ï³ñëÿ ô³ëüòðàö³¿

Äîâæèíà ðÿä³â çà ê³ëüê³ñòþ â³äë³ê³â
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«âàæêèé» ñèíóñ — heavisine; äîïëåð³âñüêèé ñèãíàë — doppler; «ïèëêî-

ïîä³áíèé» ñèãíàë — ramp; ôóíêö³ÿ ñèãíàëó sin ( . )06902N t� — hisine; ôóíêö³ÿ

ñèãíàëó sin ( . )03333N t� — losine; ñèãíàë ³ç ë³í³éíîþ ÷àñòîòíîþ ìîäóëÿö³ºþ —

linchirp; ñèãíàë ³ç ïîäâ³éíîþ ë³í³éíîþ ÷àñòîòíîþ ìîäóëÿö³ºþ — twochirp; ñèã-

íàë ³ç êâàäðàòè÷íîþ çàëåæí³ñòþ ÷àñòîòè â³ä ÷àñó — quadchirp; ñóìà ñèãíàë³â

linchirp, quadchirp ³ hisine — mishmash; ñèãíàë Âåðíåðà — wernersorrows; ñèã-

íàë, ùî ì³ñòèòü äâ³ ÷àñòîòè, ã³ïåðáîë³÷íî çàëåæí³ â³ä ÷àñó — hypchirps; ñèãíàë,

ùî ì³ñòèòü äâ³ ÷àñòîòè, ë³í³éíî çàëåæí³ â³ä ÷àñó — linchirps; ñóìà ÷îòèðüîõ ñèã-
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Ò à á ë è ö ÿ 2. Ðîçïîä³ë âåéâëåò-êîåô³ö³ºíò³â ó ïîð³âíþâàíèõ ðÿäàõ

Âåéâëåò
[ ~ ,

~
, ,

~ ~
], , , ,a d d dj k k j k j k2 � � ,

k N
j� 1 2 2, , , /� , j J� 1 �

Âåéâëåò
[ ~ ,

~
, ,

~ ~
], , , ,a d d dj k k j k j k2 � � ,

k N
j� 1 2 2, , , /� , j J� 1 �

sym14 [0,58, 116, 205, 356, 632, 1157] db10 [0, 50, 100, 181, 325, 595, 1116]

bior1.3 [0, 12, 24, 44, 80, 148, 280, 539, 1053] db22 [0, 104, 208, 373, 661, 1194]

bior2.6 [0, 28, 56, 100, 176, 315, 580, 1098] db15 [0, 60, 120, 211, 364, 641, 1167]

rbio5.5 [0, 26, 52, 94, 168, 305, 569, 1086] db26 [0, 111, 222, 394, 688, 1225]

sym13 [0, 56, 112, 199, 348, 622, 1146] bior4.4 [0, 24, 48, 88, 160, 295, 557, 1073]

db32 [0, 123, 246, 429, 732, 1275] sym15 [0, 60, 120, 211, 364, 641, 1167]

db21 [0, 102, 204, 367, 653, 1185] bior2.2 [0, 12, 24, 44, 80, 148, 280, 539, 1053]

db8 [0, 30, 60, 106, 184, 325, 592, 1111] rbio1.3 [0, 12, 24, 44, 80, 148, 280, 539, 1053]

db31 [0, 121, 242, 423, 724, 1266] bior1.1 [0, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024]

db27 [0, 113, 226, 400, 695, 1233]

Ò à á ë è ö ÿ 1. Îïòèìàëüí³ ïàðàìåòðè âåéâëåò-ô³ëüòðàö³¿ ³ç çàãàëüíèì ïîðîãîì

Ìîäåëüíà
ôóíêö³ÿ

�U , äÁ �h, ä³ò Âåéâëåò F i( )� � j Emin

blocks 9 1.8199 bior1.3 garotte 1.0 0.0245

bumps 6 0.7019 bior2.6 garotte 0.9 0.0406

heavisine 11 0.6885 rbio5.5 garotte 1.2 0.0136

doppler 13 0.6001 sym14 greater 1.4 0.0088

ramp 18 0.8668 bior1.3 greater 1.3 0.0028

hisine 1 0.2737 sym13 soft 0.2 0.1236

losine 5 0.3791 db32 hard 1.1 0.0576

linchirp 2 0.3728 db21 soft 0.3 0.1136

twochirp 1 0.2667 db8 soft 0.2 0.1436

quadchirp 3 0.3272 db31 garotte 0.6 0.0834

mishmash 1 0.2587 db27 soft 0.2 0.1457

wernersorrows 0 0.1464 db10 soft 0.1 0.1455

hypchirps 7 0.6069 db22 garotte 1.0 0.0367

linchirps 4 0.5695 db15 soft 0.5 0.0759

chirps 1 0.3551 db26 soft 0.3 0.1322

gabor 9 0.7562 bior4.4 hard 1.1 0.0215

sineoneoverx 7 0.4734 sym15 garotte 0.8 0.0323

piece-regular 6 1.5207 bior2.2 garotte 0.9 0.0489

piece-polynomial 7 0.9210 rbio1.3 garotte 1.0 0.0291

riemann 49 0.3518 bior1.1 greater 1.4 0.0000



íàë³â ç ë³í³éíîþ, ã³ïåðáîë³÷íîþ òà êâàäðàòè÷íîþ ôóíêö³ÿìè çàëåæíîñò³ ÷àñòîò â³ä

÷àñó — chirps; äâ³ ìîäóëüîâàí³ ôóíêö³¿ Ãàáîðà — Gabor; ñèíóñî¿äàëüíèé ñèãíàë ³ç

÷àñòîòîþ, îáåðíåíî ïðîïîðö³éíîþ ÷àñó — sineoneoverx; ïðîñòèé ³ìïóëüñíèé ñèã-

íàë — piece-regular; êóñêîâî-ïîë³íîì³àëüíèé ñèãíàë — piece-polynomial; íåäèôå-

ðåíö³éîâàíà ôóíêö³ÿ Ð³ìàíà — riemann.

Ó [15] ÷³òêî ñôîðìóëüîâàíî âèìîãè äî ³äåíòèô³êàö³¿, ï³ä ÷àñ ÿêî¿ áóäü-ÿêèé

ñèãíàë ïîâèíåí õàðàêòåðèçóâàòèñÿ ñâîºþ ôîðìîþ, à ôîðìà ï³ñëÿ êâàíòóâàííÿ

çà ð³âíåì âèçíà÷àòèìåòüñÿ ñóêóïí³ñòþ ìèòòºâèõ çíà÷åíü òà ðîçïîä³ëîì ÷àñîâèõ

³íòåðâàë³â êîæíîãî ð³âíÿ êâàíòóâàííÿ. ßê ³äåíòèô³êàö³éíó õàðàêòåðèñòèêó

ìîæíà âèêîðèñòîâóâàòè êîðåëÿö³éíó áëèçüê³ñòü â³äïîâ³äíî äî ñï³ââ³äíîøåí-

íÿ ç [13] ç óðàõóâàííÿì îñîáëèâîñòåé çàïðîïîíîâàíî¿ ìåòîäèêè:

cor ( , )
[( )( )]

( )

x y
x X y Y

x X

j jj j

N

j j

N
j j j

N
� �

� �

�

�

� �

�

� �
1 0

0 0

2 ( )y Yj � 2
, (4)

äå

x a d d d k
N

j j nj j k k j k j k j
� � � �[ , , ..., ], , , , ,, , , ,2 01 2

2
� � , (5)

y a d d d k
N

j jj j k k j k j k j
� � �[~ ,

~
, ,

~ ~
], , , , , ..., , , ,2 01 2

2
� � � n, (6)

X , Y — ìàòåìàòè÷í³ ñïîä³âàííÿ ðÿä³â (5), (6). Òóò (5) — ðÿä âåéâ-
ëåò-êîåô³ö³ºíò³â íåçàøóìëåíèõ ñèãíàë³â, ùî âèêîðèñòîâóþòüñÿ äëÿ ïîð³âíÿííÿ,
à (6) — ðÿä âåéâëåò-êîåô³ö³ºíò³â çàøóìëåíèõ ñèãíàë³â, ùî ³äåíòèô³êóþòüñÿ.

Óâåäåìî íåçàøóìëåí³ ñèãíàëè ñhirps òà (äëÿ ïîð³âíÿííÿ) corrected signal

chirps, îòðèìàíèé ìîäèô³êàö³ºþ ñèãíàëó chirps øëÿõîì ðàïòîâî¿ çì³íè àìïë³òóäè

ì³æ 400 òà 600 â³äë³êàìè. Öå ïîòð³áíî äëÿ ïåðåâ³ðêè ñò³éêîñò³ ðåçóëüòàòó ³äåí-

òèô³êàö³¿ äî íåâåëèêèõ âàð³àö³é ôîðìè ñèãíàëó [15].

Êîðåëÿö³éíó ìàòðèöþ ìîæíà ïîáóäóâàòè ÿê ì³æ ðÿäàìè (5) âåéâëåò-êîå-

ô³ö³ºíò³â äåêîìïîçèö³¿ íåçàøóìëåíèõ äâàäöÿòè ñèãíàë³â, òàê ³ ì³æ ðÿäàìè (6) çà-

øóìëåíèõ ñèãíàë³â. Òåñòîâèé ñèãíàë, íàïðèêëàä generate (ñèãíàë 2, ðèñ. 2), ââåäå-

íèé ó ñòâîðåíó êîðåëÿö³éíó ìàòðèöþ, êîðåëþº ³ç ñèãíàëîì chirps (ñèãíàë 1, ðèñ. 2)

ó ìåæàõ â³ä 0.9 äî 1.0, ùî ³ º ïîðîãîì ñòàá³ëüíî¿ ³äåíòèô³êàö³¿. Çàçíà÷åíî¿ ìåæ³ ñòî-

ñóºòüñÿ ³ òåðì³í «íåâåëèê³ çì³íè ôîðìè ñèãíàëó». Öå äóæå ñïðîùåíèé ï³äõ³ä. Íàñ-

ïðàâä³ ìàòðèöÿ º çíà÷íî á³ëüø ³íôîðìàòèâíîþ, íàïðèêëàä, ùîäî íàëåæíîñò³ ñèã-
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Ðèñ. 2. Âíåñåííÿ çì³í ó ôîðìó ñèãíàëó chirps: 1 — ñèãíàë chirps, 2 — çì³íåíèé ñèãíàë chirps
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íàëó ïåâí³é ãðóï³ ç ë³í³éíîþ àáî íåë³í³éíîþ ìîäóëÿö³ºþ òîùî [16]. Äîäàìî â ìàò-

ðèöþ ñèãíàë gen_doppler, ÿêèé º ðåçóëüòàòîì ô³ëüòðàö³¿ (ç ïàðàìåòðàìè,

íàâåäåíèìè ó òàáë. 1) çàøóìëåíîãî Ãàóñîâèì øóìîì ç íóëüîâèì ìàòåìàòè÷íèì

ñïîä³âàííÿì òà ñåðåäíüîêâàäðàòè÷íèì â³äõèëåííÿì 0.4 ñèãíàëó Doppler.

Ìàòðèöÿ (ðèñ. 3) ïîêàçóº, ùî çì³íè, âíåñåí³ ó ñèãíàë chirps, íå çì³íþþòü

éîãî ³äåíòèô³êàö³¿ (îäèíèö³ íà ë³í³¿ Chirps). Öå ñâ³ä÷èòü ïðî ñò³éê³ñòü äî íåâå-

ëèêèõ çì³í ôîðìè. Ìàòðèöÿ òàêîæ âïåâíåíî ³äåíòèô³êóº ñèãíàë gen_doppler

(0.9 íà ë³í³¿ Doppler) ÿê â³äô³ëüòðîâàíèé ñèãíàë Doppler.

ÏÎÐ²ÂÍßËÜÍÈÉ ÀÍÀË²Ç ÇÀÏÐÎÏÎÍÎÂÀÍÎÃÎ ÀËÃÎÐÈÒÌÓ Ç ÊËÀÑÈ×ÍÈÌ
ÀËÃÎÐÈÒÌÎÌ ÂÈßÂËÅÍÍß ÁËÈÇÜÊÎÑÒ² ×ÀÑÎÂÈÕ ÐßÄ²Â

Ó ðîáîòàõ [13, 17] äîêëàäíî ðîçãëÿíóòî òåîð³þ çàñòîñóâàííÿ âåéâëåò-êîå-

ô³ö³ºíò³â äëÿ àíàë³çó áëèçüêîñò³ ÷àñîâèõ ðÿä³â òà íàâåäåíî ïðèêëàäè çàñòîñó-

âàííÿ ö³º¿ òåîð³¿ äëÿ àíàë³çó áëèçüêîñò³ êóðñ³â âàëþò íèçêè êðà¿í â³äíîñíî äî-

ëàðà ÑØÀ. Àâòîðè âèêîðèñòàëè ìàñøòàáí³ êîåô³ö³ºíòè ô³ëüòð³â Äîáåø³

ç îêðåìèõ òàáëèöü, íàâåäåíèõ ó äîäàòêàõ. Öÿ îáñòàâèíà, à òàêîæ â³äñóòí³ñòü

ó íàóêîâèõ ïóáë³êàö³ÿõ äàíèõ ïðî ïðîãðàìíó ðåàë³çàö³þ íàâåäåíèõ àëãîðèòì³â,

íàäçâè÷àéíî óñêëàäíþº âèêîðèñòàííÿ ö³º¿ ìåòîäèêè ó ìàøèííîìó íàâ÷àíí³,

à òàêîæ äëÿ ðîçâ’ÿçàííÿ çàäà÷ àíàë³çó ñèãíàë³â ðàä³îåëåêòðîííèõ ïðèñòðî¿â. Äî

òîãî æ, àâòîðè íàâåäåíèõ ðîá³ò âçàãàë³ íå ðîçãëÿäàëè ô³ëüòðàö³þ ÷àñîâèõ ðÿä³â

â³ä øóì³â. Ó ö³é ðîáîò³ âïåðøå ðîçãëÿíóòî ïðîãðàìíó ðåàë³çàö³þ ô³ëüòðàö³¿ òà

ñòèñíåííÿ ÷àñîâèõ ðÿä³â, òîìó ïîð³âíÿííÿ øâèäêîä³¿ íå ìàº ñåíñó.

Îö³íþâàííÿ ñòóïåíÿ ñòèñíåííÿ ñèãíàëó ï³ä ÷àñ ô³ëüòðàö³¿. Ó ðåçóëüòàò³

ô³ëüòðàö³¿ çàøóìëåíîãî ñèãíàëó ðÿä (6) ïåðåòâîðþºòüñÿ íà íîâèé ðÿä:

z a d d dj j k k j k j k� [ , , , ], , , ,2 � � . (7)

Êîåô³ö³ºíòè a d d dj k k j k j k, , , ,, , ,2 � � ðÿäó (7) íàáóâàþòü íîâèõ ÷èñëîâèõ

çíà÷åíü, çîêðåìà, äåÿê³ îáíóëÿþòüñÿ.
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Ðèñ. 3. Êîðåëÿö³éíà ìàòðèöÿ ì³æ ðÿäàìè (5), (6) âåéâëåò-êîåô³ö³ºíò³â ñèãíàë³â ³ç âíåñåíèì ðÿäîì
ñèãíàëó generate ç íåâåëèêîþ çì³íîþ ôîðìè ñèãíàëó chirps òà âíåñåííÿì ïîðó÷ â³äô³ëüòðîâàíîãî
ñèãíàëó gen_doppler



Äåòàë³ äåêîäóâàííÿ ç óðàõóâàííÿì òàáë. 1, 2 áóëè ðîçãëÿíóò³ ðàí³øå.

Îö³íþâàííÿ ñòóïåíÿ ñòèñíåííÿ ñèãíàë³â ìîæíà çä³éñíèòè çà ñï³ââ³äíîøåííÿì:
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äå DB — ñòóïåíü ñòèñíåííÿ ó äåöèáåëàõ, f ti( ) — ñèãíàë äî ðåêîíñòðóêö³¿,
~

( )f ti — ñèãíàë ï³ñëÿ ðåêîíñòðóêö³¿.

Ç ãðàô³÷íîãî àíàë³çó ñòèñíåííÿ ñèãíàë³â (ðèñ. 4), îòðèìàíîãî â ðåçóëüòàò³
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Ðèñ. 4. Ñòóïåí³ ñòèñíåííÿ â³äô³ëüòðîâàíèõ çà äàíèìè òàáë. 1 çàøóìëåíèõ (m � 0, � � 0.4) ðÿä³â
òåñòîâèõ ñèãíàë³â

Ðèñ. 5. Ñòèñíåííÿ çíåøóìëåíîãî ñèãíàëó Doppler çà äàíèìè òàáë. 1 òà 2: 1 — çàøóìëåíèé ñèãíàë;
2 — â³äô³ëüòðîâàíèé ñèãíàë
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÷èñåëüíîãî åêñïåðèìåíòó, âèïëèâàº, ùî ñèãíàëè piece-regular ³ piece-polynomial

íå ïðèäàòí³ äî ñòèñíåííÿ, òîä³ ÿê ñèãíàë riemann ñòèñêàºòüñÿ íà 30 äÁ.

Äîö³ëüíî ðîçãëÿíóòè ñòèñíåííÿ ñèãíàëó Doppler (ðèñ. 5) ÿê òèïîâîãî äëÿ

ãðóïè ñèãíàë³â ³ç ÷àñòîòíîþ ìîäóëÿö³ºþ.

ÂÈÑÍÎÂÊÈ

Ðîçðîáëåíî ìåòîäèêó ³äåíòèô³êàö³¿ ìîäåëüíèõ ñèãíàë³â, ùî ´ðóíòóºòüñÿ íà âèç-

íà÷åíí³ áëèçüêîñò³ ðÿä³â, îòðèìàíèõ øëÿõîì äèñêðåòíîãî âåéâëåò-ïåðåòâîðåííÿ

ñèãíàë³â àëãîðèòìó Ìàëëà. Â îñíîâó îïèñàíî¿ ìåòîäèêè ïîêëàäåíî ðåêîíñòðóê-

ö³þ ñèãíàëó ï³ä ÷àñ ïåðåõîäó â³ä âêëàäåíèõ ìàñèâ³â äî îäíîâèì³ðíîãî ðÿäó

âåéâëåò-êîåô³ö³ºíò³â àïðîêñèìàö³¿ òà äåòàë³çàö³¿. Ðîçä³ëüíó çäàòí³ñòü çàïðîïîíî-

âàíîãî ìåòîäó ³äåíòèô³êàö³¿ ïåðåâ³ðåíî øëÿõîì âèçíà÷åííÿ âåëè÷èíè êîðåëÿö³¿

ó ä³àïàçîí³ 0.9–1.0 ó ðàç³ çì³íè àïë³òóäè ñèãíàëó íà 10 %, à â³äïîâ³äíî ³ ôîðìè

ó ä³àïàçîí³ â³ä 400 äî 600 â³äë³ê³â ñèãíàëó äëÿ ¿õíüî¿ çàãàëüíî¿ ê³ëüêîñò³ 1024.

Ìåòîäèêà äàº çìîãó âèçíà÷èòè ïðîöåñ ³äåíòèô³êàö³¿ ñèãíàëó øëÿõîì çàñòîñóâàí-

íÿ òàáëè÷íèõ äàíèõ çà îïòèìàëüíèìè ïàðàìåòðàìè ô³ëüòðàö³¿.

Ïîïîâíåííÿ áàçè äàíèõ, ÿê âëàñíå ìîäåëüíèõ ñèãíàë³â, òàê ³ ðîçïîä³ëó âåé-

âëåò-êîåô³ö³ºíò³â ñïðèÿòèìå ðîçøèðåííþ ñôåð çàñòîñóâàííÿ çàïðîïîíîâàíîãî

ìåòîäó àíàë³çó ñèãíàë³â.

Çàïðîïîíîâàíî ñï³ââ³äíîøåííÿ äëÿ âèçíà÷åííÿ ñòóïåíÿ ñòèñíåííÿ, ÿêå ïå-

ðåâ³ðåíî íà áàç³ òåñòîâèõ ñèãíàë³â.
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D. Onufriienko, Yu. Taranenko
FILTERING AND COMPRESSION OF SIGNALS BY THE METHOD OF DISCRETE WAVELET
TRANSFORMATION INTO ONE-DIMENSIONAL SERIES

Abstract. Solving the problem of identifying special signals under a priori uncertainty of their
sources is extremely important, for example, when detecting locators working on moving
objects. The method is used for filtering signals from powerful noises (up to 12dB) and
determining the shape of the signal. The identification, filtering, and compression of signals
based on the comparison of the proximity of one-dimensional series of wavelet coefficients are
considered. The article proposes a direct transformation of nested arrays of the approximation
and detail coefficients into a one-dimensional series with a preliminary determination of the
structure of the nested arrays for further reconstruction of the one-dimensional series into an
identifiable measurement signal. The robustness of the proposed algorithm to local changes in
the shape of the test signal in accordance with the identification requirements is verified.

Keywords: identification measurements, row proximity measures, one-dimensional series,
discrete wavelet analysis, linear and non-linear modulation, database.
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