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ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêàöèè
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Â ñòàòüå ðàññìàòðèâàåòñÿ âîïðîñ ìîäèôèêàöèè ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêàöèè, â ÷àñò-
íîñòè, àëãîðèòìà k-Nearest Neighbours, äëÿ åãî ïðèìåíåíèÿ ê ïîñëåäîâàòåëüíîñòÿì äàííûõ. Ïðåä-
ëàãàåòñÿ ìåòîä îáîáùåíèÿ ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêàöèè, â ðàìêàõ êîòîðîãî ðàçðàáî-
òàí àëãîðèòì äëÿ ðåøåíèÿ çàäà÷è êëàññèôèêàöèè è ðàçìåòêè ïîñëåäîâàòåëüíîñòåé ñâÿçàííûõ
äàííûõ. Ðàññìàòðèâàþòñÿ ïðåèìóùåñòâà ðàçðàáîòàííîãî àëãîðèòìà êëàññèôèêàöèè ïî ñðàâ-
íåíèþ ñ ñóùåñòâóþùèìè. Ïðèâîäèòñÿ ñðàâíåíèå ýôôåêòèâíîñòè ïðåäëàãàåìîãî àëãîðèòìà ñ
àëãîðèòìîì CRF â çàäà÷å ðàñïîçíàâàíèÿ ÷àñòåé ðå÷è íà îòêðûòîì íàáîðå äàííûõ CoNLL2000.

Êëþ÷åâûå ñëîâà: ìàøèííîå îáó÷åíèå; êëàññèôèêàöèÿ ïîñëåäîâàòåëüíîñòåé; àëãîðèòì k-Nearest
Neighbours

Ââåäåíèå

Êëàññèôèêàöèÿ è ðàçìåòêà (labeling) ïîñëåäîâàòåëüíîñòåé èìååò øèðîêèé ñïåêòð ïðàê-
òè÷åñêèõ ïðèìåíåíèé. Â èññëåäîâàíèÿõ ãåíîìà, êëàññèôèêàöèè áåëêîâûõ ïîñëåäîâàòåëü-
íîñòåé â ñóùåñòâóþùèå êàòåãîðèè èñïîëüçóåòñÿ, ÷òîáû óçíàòü ôóíêöèè íîâîãî áåëêà [1, 2].
Èññëåäîâàíèÿ ïîñëåäîâàòåëüíîñòè ñîáûòèé îáðàùåíèÿ ê Èíòåðíåò-ðåñóðñàì ìîæåò ïîçâî-
ëèòü îòëè÷èòü ïîëüçîâàòåëÿ-÷åëîâåêà îò ïîèñêîâîãî ðîáîòà [3]. Êëàññèôèêàöèÿ è ðàçìåòêà
ïîñëåäîâàòåëüíîñòåé íàõîäÿò ñâîå ïðèìåíåíèå è â àíàëèçå åñòåñòâåííûõ ÿçûêîâ (Natural
Language Processing, NLP) [4, 5].
Â îáùåì ñëó÷àå, ïîñëåäîâàòåëüíîñòü | ýòî óïîðÿäî÷åííûé ñïèñîê ñîáûòèé S =

= 〈s1, s2, . . . , sn〉, ãäå ñ ñîáûòèåì si, â îáùåì ñëó÷àå, ìîãóò áûòü ñâÿçàíû ëþáûå äàííûå.
Îäíàêî â äàííîé ðàáîòå áóäåì ïðåäïîëàãàòü, ÷òî ñîáûòèÿ ïðåäñòàâëåíû â âèäå íàáîðà
ïðèçíàêîâ ôèêñèðîâàííîé äëèííû, â êîòîðîì ïðèçíàê ìîæåò áûòü ïðåäñòàâëåí ñòðîêîé,
äåéñòâèòåëüíûìèëè öåëûì ÷èñëîì, ëîãè÷åñêîé ïåðåìåííîé èëè ïåðåìåííîé ïåðå÷èñëèìîãî
òèïà. Êàæäûé ýëåìåíò ïîñëåäîâàòåëüíîñòè, ïîìèìî ïðî÷åãî, ìîæåò èìåòü ìåòêó, â ýòîì
ñëó÷àå ãîâîðÿò î ðàçìå÷åííûõ ïîñëåäîâàòåëüíîñòÿõ.
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Ïóñòü L|ìíîæåñòâî ìåòîê, òîãäà íà ðàçìå÷åííîé ïîñëåäîâàòåëüíîñòè çàäàíà ôóíêöèÿ
îòîáðàæåíèÿ ñîáûòèé Label: si → l, l ∈ L. Ïîìèìî ìåòêè ýëåìåíòîâ ïîñëåäîâàòåëüíîñòè,
ñàìà ïîñëåäîâàòåëüíîñòü òàêæå ìîæåò èìåòü êëàññ: Class: si → c, c ∈ Cl, ãäå Cl |
ìíîæåñòâî âîçìîæíûõ êëàññîâ.
Òàêèì îáðàçîì, ïðè ðàáîòå ñ ïîñëåäîâàòåëüíîñòÿìè âîçíèêàåò äâå çàäà÷è: êëàññèôèêà-

öèÿ ïîñëåäîâàòåëüíîñòåé (sequence classification), ò.å. âîññòàíîâëåíèå íåèçâåñòíîé ôóíêöèè
Class, è ðàçìåòêà ïîñëåäîâàòåëüíîñòåé (sequence labeling), ò.å. âîññòàíîâëåíèå íåèçâåñòíîé
ôóíêöèè T . Â ëèòåðàòóðå [6] ýòîò âèä êëàññèôèêàöèè òàêæå íàçûâàåòñÿ ñèëüíîé êëàññèôè-
êàöèåé ïîñëåäîâàòåëüíîñòåé (strong sequence classification). Â îáîèõ çàäà÷àõ ïðåäïîëàãàåòñÿ
íàëè÷èå îáó÷àþùåãî ìíîæåñòâà | íàáîðà ïðàâèëüíî êëàññèôèöèðîâàííûõ èëè ðàçìå÷åí-
íûõ ïîñëåäîâàòåëüíîñòåé.
Äëÿ ðåøåíèÿ çàäà÷è êëàññèôèêàöèè áûëî ïðåäëîæåíî ìíîæåñòâî ðàçëè÷íûõ ìåòîäîâ,

êîòîðûå ìîæíî ðàçáèòü íà ñëåäóþùèå ãðóïïû:
• ìåòîä, îñíîâàííûé íà íàáîðàõ ïðèçíàêîâ ôèêñèðîâàííîé äëèíû. Ýòîò ñïîñîá òðå-

áóåò ïðåîáðàçîâàíèÿ ïîñëåäîâàòåëüíîñòè â íàáîð ïðèçíàêîâ, è ýòî ïðåîáðàçîâàíèå èãðàåò
îñíîâíóþ ðîëü â êëàññèôèêàöèè;
• ìåòîä íà îñíîâå îöåíêè ðàññòîÿíèÿ ìåæäó ïîñëåäîâàòåëüíîñòÿìè. Ïðèìåðîì òàêîãî

ðàññòîÿíèÿ ìîæåò ñëóæèòü ðàññòîÿíèå Ëåâåíøòåéíà [7];
• êëàññèôèêàöèÿ ñ èñïîëüçîâàíèåì ñòàòèñòè÷åñêèõ ìîäåëåé.
Äëÿ ðåøåíèÿ ñèëüíîé çàäà÷è êëàññèôèêàöèè, îäíàêî, ïîäõîäèò ëèøü ïîñëåäíÿÿ ãðóïïà

ìåòîäîâ, ñðåäè êîòîðûõ îòìåòèì [6]:

• óñëîâíûå ñëó÷àéíûå ïîëÿ (Condition Random Fields, CRF);
• ñêðûòûå ìàðêîâñêèå öåïè;
• ìàðêîâñêèå SVM [8];
• ðåêóððåíòíûå íåéðîííûå ñåòè (RNN).

Äàííûå ìåòîäû îñíîâûâàþòñÿ íà ñòàòèñòè÷åñêîì ìîäåëèðîâàíèè êàêèõ-ëèáî ïðèçíàêîâ
ýëåìåíòîâ ïîñëåäîâàòåëüíîñòè è ïðåäñêàçàíèè èõ ìåòîê íà îñíîâå ýòèõ ìîäåëåé. Â íåêî-
òîðûõ ñëó÷àÿõ òàêîé ïîäõîä ìîæåò îêàçàòüñÿ íåýôôåêòèâíûì, òàê êàê, íàïðèìåð, íåñìîòðÿ
íà òî, ÷òî ìåòêè ïðèçíàêîâ èìåþò ðàçíûå êàòåãîðèàëüíûå çíà÷åíèÿ, îíè èìåþò ðàçíóþ ñòå-
ïåíü <áëèçîñòè>. Íàïðèìåð áóêâû `Ê' è `Ã' â íåêîòîðîì ñìûñëå (ïî òèïó çâó÷àíèÿ) áëèæå
äðóã ê äðóãó ÷åì áóêâû `À' è `Ð' [9], à ñëîâà <êðàñíûé> è <ñèíèé> áëèæå äðóã ê äðóãó, ÷åì
ñëîâà <àëãåáðà> è <òàáóðåò>. Òàêóþ <áëèçîñòü> ÷àñòî óäîáíî çàäàâàòü ñ ïîìîùüþ ôóíêöèè
ðàññòîÿíèÿ. Äëÿ èñïîëüçîâàíèÿ â ïðîöåññå êëàññèôèêàöèè òàêîé ôóíêöèè ðàññòîÿíèÿ íå-
îáõîäèìî èñïîëüçîâàòü äðóãîé òèï àëãîðèòìîâ | òàê íàçûâàåìûå ìåòðè÷åñêèå àëãîðèòìû
êëàññèôèêàöèè, íàïðèìåð àëãîðèòì k-áëèæàéøèõ ñîñåäåé (k-Nearest Neighbours, kNN).
Ïðàâèëüíîñòü îïðåäåëåíèÿ ìåòêè ýëåìåíòà ÷àñòî çàâèñèò îò êîíòåêñòà, â êîòîðîì ýòîò

ýëåìåíò âñòðåòèëñÿ. Òàê íàïðèìåð, çíà÷åíèå ñëîâà ÷àñòî çàâèñèò îò êîíòåêñòà, â êîòîðîì îíî
óïîòðåáëÿåòñÿ. Ìåòðè÷åñêèå àëãîðèòìû æå â êà÷åñòâå âõîäíûõ äàííûõ ïðèíèìàþò âåêòîð
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ïðèçíàêîâ ôèêñèðîâàííîé äëèííû è íå èìåþò âíóòðåííåãî ñîñòîÿíèÿ, ïîýòîìó èõ ïðÿìîå
ïðèìåíåíèå ê çàäà÷å ðàçìåòêè ïîñëåäîâàòåëüíîñòè ìàëî ýôôåêòèâíî.
Â ñòàòüå ïðåäëàãàåòñÿ ñïîñîá ìîäèôèêàöèè ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêàöèè, ïî-

çâîëÿþùèé àëãîðèòìó ó÷èòûâàòü êîíòåêñò ýëåìåíòà ïîñëåäîâàòåëüíîñòè, òåì ñàìûì óëó÷-
øàÿ òî÷íîñòü êëàññèôèêàöèè.

1. Îáîáùåíèå àëãîðèòìîâ êëàññèôèêàöèè äëÿ ïîñëåäîâàòåëüíîñòåé

Äëÿ îáîñíîâàíèÿ âîçìîæíîñòè ìîäèôèêàöèè ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêàöèè
ðàññìîòðèì âçàèìîñâÿçè ìåæäó ñóùåñòâóþùèìè àëãîðèòìàìè êëàññèôèêàöèè, è ìåòîäû,
ïðèìåíåííûå ê íèì äëÿ îáåñïå÷åíèÿ âîçìîæíîñòè ðàáîòû ñ ïîñëåäîâàòåëüíîñòÿìè. Îäíèì
èç ïåðñïåêòèâíûõ íàïðàâëåíèé ðåøåíèÿ çàäà÷è ñèëüíîé êëàññèôèêàöèè ÿâëÿþòñÿ ðåêóð-
ðåíòíûå íåéðîííûå ñåòè (Recurrent neural network, RNN), êîòîðûå îòëè÷àþòñÿ îò îáû÷íûõ
íåéðîííûõ ñåòåé òåì, ÷òî â íèõ èìååòñÿ îáðàòíàÿ ñâÿçü. Ïðè ýòîì ïîä îáðàòíîé ñâÿçüþ
ïîäðàçóìåâàåòñÿ ñâÿçü îò ëîãè÷åñêè áîëåå óäàëåííîãî ýëåìåíòà ê ìåíåå óäàëåííîìó. Íà-
ëè÷èå îáðàòíûõ ñâÿçåé ïîçâîëÿåò çàïîìèíàòü è âîñïðîèçâîäèòü öåëûå ïîñëåäîâàòåëüíîñòè
ðåàêöèé íà îäèí ñòèìóë. Â ñâÿçè ñ òåì, ÷òî àëãîðèòì kNN íå èìååò íèêàêîãî âíóòðåí-
íåãî ñîñòîÿíèÿ, èñïîëüçîâàòü ìåòîä îáîáùåíèÿ, ýêâèâàëåíòíûé ïðèìåíåííîìó â RNN íå
ïðåäñòàâëÿåòñÿ âîçìîæíûì.
Íà ðèñ. 1 ïðèâåäåíà äèàãðàììà âçàèìîñâÿçè ìåæäó àëãîðèòìàìèHMM, CRF, Naive Bayes

è Logit Regression[10]. Èç äèàãðàììû ñëåäóåò, ÷òî àëãîðèòì HMM ÿâëÿåòñÿ îáîáùåíèåì
íàèâíîãî áàéåñîâñêîãî êëàññèôèêàòîðà íà ïîñëåäîâàòåëüíîñòè âõîäíûõ äàííûõ. Äåéñòâè-
òåëüíî, â ïðîöåññå ðàáîòû àëãîðèòìà HMM äëÿ êàæäîé îòäåëüíîé âåðøèíû, ôàêòè÷åñêè,

Ðèñ. 1. Äèàãðàììà âçàèìîñâÿçè ìåæäó àëãîðèòìàìè êëàññèôèêàöèè
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ïðèìåíÿåòñÿ àëãîðèòì Áàéåñîâñêîé êëàññèôèêàöèè ñî ñâîèì íàáîðîì èñõîäíûõ äàííûõ.
Äëÿ êëàññèôèêàöèè â ýòîì ñëó÷àå èñïîëüçóåòñÿ àëãîðèòì Âèòåðáè, íàõîäÿùèé ïîñëåäîâà-
òåëüíîñòü ïåðåõîäîâ ìåæäó âåðøèíàìè ãðàôà, ìàêñèìèçèðóþùóþ âåðîÿòíîñòü ïîÿâëåíèÿ
ïîñëåäîâàòåëüíîñòè.

Íà îñíîâå ðàññìîòðåíèÿ ñóùåñòâóþùèõ àëãîðèòìîâ êëàññèôèêàöèè ïîñëåäîâàòåëüíî-
ñòåé ïðåäëîæèì ìåòîä îáîáùåíèÿ ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêàöèè äëÿ ðàáîòû ñ
ïîñëåäîâàòåëüíîñòÿìè äàííûõ. Ìåòîä âêëþ÷àåò â ñåáÿ àëãîðèòì äëÿ ïîñòðîåíèÿ ãðàôîâîé
ìîäåëè, âûáîð îïòèìèçèðóåìîé ôóíêöèè, ìîäèôèöèðîâàííûé àëãîðèòì Âèòåðáè. Ðàññìî-
òðèì ïðåäëàãàåìûé ìåòîä íà ïðèìåðå àëãîðèòìà kNN.

Àëãîðèòì kNN â ïðîöåññå ñâîåé ðàáîòû îïèðàåòñÿ íà ãèïîòåçó î êîìïàêòíîñòè: áëèçêèå
îáúåêòû, êàê ïðàâèëî, ëåæàò â îäíîì êëàññå, ãäå ïîä áëèçêèìè ïîíèìàþòñÿ îáúåêòû, èìåþ-
ùèå íàèìåíüøåå ñðåäè âñåõ ïðî÷èõ ðàññòîÿíèå â íåêîòîðîé, çàðàíåå îïðåäåëåííîé ìåòðèêå.
Ýòà ãèïîòåçà åñòåñòâåííûì îáðàçîì îáîáùàåòñÿ íà çàäà÷ó êëàññèôèêàöèè ïîñëåäîâàòåëü-
íîñòåé.

Ãèïîòåçà î êîìïàêòíîñòè ïîñëåäîâàòåëüíîñòåé: êàæäûé ýëåìåíò ïîñëåäîâàòåëüíîñòè,
êàê ïðàâèëî, ïðèíàäëåæèò òîìó êëàññó, êîòîðûé ìèíèìèçèðóåò ñóììàðíîå ðàññòîÿíèå âñåõ
ýëåìåíòîâ äàííîé ïîñëåäîâàòåëüíîñòè äî èçâåñòíûõ ýëåìåíòîâ ñîîòâåòñòâóþùåãî êëàññà.

Òàêèì îáðàçîì, àëãîðèòì êëàññèôèêàöèè ïîñëåäîâàòåëüíîñòåé, ÿâëÿþùèéñÿ îáîáùå-
íèåì kNN, áóäåò çàêëþ÷àòüñÿ â ïîèñêå ïîñëåäîâàòåëüíîñòè êëàññîâ, ìèíèìèçèðóþùèõ
ñóììàðíîå ðàññòîÿíèå êàæäîãî ýëåìåíòà êëàññèôèöèðóåìîé ïîñëåäîâàòåëüíîñòè äî áëè-
æàéøåãî ýëåìåíòà ñîîòâåòñòâóþùåãî êëàññà îáó÷àþùåé âûáîðêè. Òàê êàê ïåðåõîäû ìåæäó
êëàññàìè, â ñîîòâåòñòâèè ñ îáó÷àþùåé âûáîðêîé, îáðàçóþò íåêîòîðóþ ãðàôîâóþ ñòðóê-
òóðó, òî íàçîâåì îïèñàííûé àëãîðèòì Structured k-Nearest Neighbours (SkNN). Âçàèìîñâÿçü
àëãîðèòìîâ îòðàæåíà íà ðèñ. 2.

Ðèñ. 2. Structured k-Nearest Neighbours
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2. Îáîçíà÷åíèÿ â Structured k-Nearest Neighbours

Äëÿ ðàññìîòðåíèÿ ìîäåëè SkNN ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

1) k | êîëè÷åñòâî ðàññìàòðèâàåìûõ áëèæàéøèõ ýëåìåíòîâ;

2) L| ìíîæåñòâî âîçìîæíûõ ìåòîê êëàññîâ ýëåìåíòîâ ïîñëåäîâàòåëüíîñòè;

3) Cl| ìíîæåñòâî âîçìîæíûõ êëàññîâ ïîñëåäîâàòåëüíîñòåé;

4) S | ìíîæåñòâî ýëåìåíòîâ ïîñëåäîâàòåëüíîñòåé;

5) X | ìíîæåñòâî ïîñëåäîâàòåëüíîñòåé îáó÷àþùåé âûáîðêè: X ={(s)n: n∈N, s∈S};

6) G = (V, E)| ãðàô, îïèñûâàþùèé ñòðóêòóðó êëàññèôèêàòîðà;

7) fvl: V → L | ôóíêöèÿ, îïðåäåëÿþùàÿ ñîîòâåòñòâèå âåðøèíû ìåòêå (ôóíêöèÿ ÿâëÿ-
åòñÿ èíúåêòèâíîé);

8) fsl: S → L|ôóíêöèÿ, îïðåäåëÿþùàÿ òî, êàêóþ ìåòêó êëàññà èìååò ýëåìåíò îáó÷àþ-
ùåé âûáîðêè;

9) fsv: S → V | ôóíêöèÿ, îïðåäåëÿþùàÿ òî, êàêîé âåðøèíå ïðèíàäëåæèò ýëåìåíò
îáó÷àþùåé âûáîðêè (âñå ïåðâûå ýëåìåíòû ïîñëåäîâàòåëüíîñòåé ïðèíàäëåæàò Vinit);

10) C ∈ V | òåêóùåå ñîñòîÿíèå àâòîìàòà (C = Vinit â ìîìåíò âðåìåíè τ = 0).

Â îñíîâå àëãîðèòìà SkNN ëåæèò îðèåíòèðîâàíûé ãðàô G = (V, E), êàæäàÿ âåðøèíà
êîòîðîãî ñîîòâåòñòâóåò ëèáî íà÷àëó ïîñëåäîâàòåëüíîñòè (óñëîâíî íàçîâåì òàêóþ âåðøèíó
Vinit ∈ V ), ëèáî âîçìîæíîìó êëàññó ýëåìåíòà ïîñëåäîâàòåëüíîñòè Vl, l ∈ L, ëèáî êîíöó
ïîñëåäîâàòåëüíîñòè Vend ∈ V .

Ïðè ýòîì äîëæíû âûïîëíÿòüñÿ ñëåäóþùèå óñëîâèÿ.

Óñëîâèå 1. ÐåáðîEinti,x ïðèñóòñòâóåò â ãðàôåG òîãäà è òîëüêî òîãäà, êîãäà â îáó÷àþùåé
âûáîðêå èìåþòñÿ 2 ñëåäóþùèõ äðóã çà äðóãîì ýëåìåíòà α ∈ S è β ∈ S, òàêèõ, ÷òî êëàññû
ýëåìåíòîâ α: Lα = x è β: Lβ = y.

Óñëîâèå 2. Ðåáðî Einti,x ïðèñóòñòâóåò òîãäà è òîëüêî òîãäà, êîãäà â îáó÷àþùåé âûáîðêå
ïðèñóòñòâóåò ïîñëåäîâàòåëüíîñòü, ïåðâûé ýëåìåíò êîòîðîé èìååò êëàññ x.

Óñëîâèå 3. Ðåáðî Ex,end ïðèñóòñòâóåò òîãäà è òîëüêî òîãäà, êîãäà â îáó÷àþùåé âûáîðêå
ïðèñóòñòâóåò ïîñëåäîâàòåëüíîñòü, ïîñëåäíèé ýëåìåíò êîòîðîé èìååò êëàññ x.

Ïîñòðîåíèå ìîäåëè SkNN èç îáó÷àþùåé âûáîðêè âûïîëíÿåòñÿ àëãîðèòìîì 1.

Äëÿ ðàçìåòêè ïîñëåäîâàòåëüíîñòåé ñ èñïîëüçîâàíèåì àëãîðèòìà SkNN ìîæíî èñïîëü-
çîâàòü ìîäèôèöèðîâàííûé àëãîðèòì Âèòåðáè, êîòîðûé îòëè÷àåòñÿ îò îðèãèíàëüíîãî àëãî-
ðèòìà òåì, ÷òî ìèíèìèçèðóåò ñóììàðíîå ðàññòîÿíèå. Ïðèâåäåì ìîäèôèöèðîâàííûé àëãî-
ðèòì Âèòåðáè (àëãîðèòì 2).

Ôóíêöèÿ n dist(inst, X, k) íàõîäèò â íàáîðå X k áëèæàéøèõ â íåêîòîðîé ìåòðèêå ýëå-
ìåíò ê inst è âîçâðàùàåò ñðåäíåâçâåøåííîå ðàññòîÿíèå äî íèõ.
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Àëãîðèòì 1. Ïîñòðîåíèå ìîäåëè SkNN èç îáó÷àþùåé âûáîðêè

Èñõîäíûå ïàðàìåòðû: Îáó÷àþùàÿ âûáîðêà X

Ðåçóëüòàò: Ïîñòðîåíèå ìîäåëè SkNN

for seq ∈ Dataset do
C = Vinit

for inst ∈ seq, inst ∈ S do
l := fsl(inst)
L.add(l)
fsv(inst) := C;
newC := fvl(l);
E.add(EC,newC);
C := newC;

end
E.add(EC,Vend

);
end

Àëãîðèòì 2. Ìîäèôèöèðîâàííûé àëãîðèòì Âèòåðáè

Èñõîäíûå ïàðàìåòðû: Ìîäåëü SkNN, êëàññèôèöèðóåìàÿ ïîñëåäîâàòåëüíîñòü sequence
Ðåçóëüòàò: Êëàññèôèêàöèÿ ïîñëåäîâàòåëüíîñòè
for vi ∈ V do

T1[i, 1]← 0
T2[i, 1]← Vinit

end
for insti ∈ sequence do

for vj ∈ V do
T1[j, i]← min

k
(T1[k, i− 1] + n dist(insti, inst : fsv(inst) = vj ,K))

T2[j, i]← argmin
k

(T1[k, i− 1] + n dist(insti, inst : fsv(inst) = vj ,K))

end
end
T ← sizeof(sequence)
ZT ← argmin

k
(T1[k, T ])

yi ∈ Y

for i← {T, T − 1, ..., 2} do
Zi−1 ← T2[zi, i]
yi−1 ← Vzi−1

end
return Y

3. Òèïû ïðèçíàêîâ â SkNN

Â òåêóùåé ðåàëèçàöèè ìîäåëè, â êà÷åñòâå âõîäíûõ äàííûõ äëÿ àëãîðèòìà SkNN ìîæíî
èñïîëüçîâàòü ïîñëåäîâàòåëüíîñòè ýëåìåíòîâ, êàæäûé èç êîòîðûõ ñîñòîèò èç íåêîòîðîãî
ôèêñèðîâàííîãî ÷èñëà ïðèçíàêîâ.

Â îáùåì ñëó÷àå, òðåáîâàíèÿ ê òèïó è ñîñòàâó ïðèçíàêîâ ýëåìåíòà íàêëàäûâàþòñÿ èñ-
êëþ÷èòåëüíî ôóíêöèé ðàññòîÿíèÿ (ìåòðèêîé), êîòîðàÿ äîëæíà áûòü ñïîñîáíà îïðåäåëèòü
ðàññòîÿíèå ëþáûìè äâóìÿ ýëåìåíòàìè.
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Ýòî ÿâëÿåòñÿ îòëè÷èòåëüíîé ÷åðòîé è ïðåèìóùåñòâîì àëãîðèòìà SkNN, òàê êàê îñòàëü-
íûå àëãîðèòìû, òàêèå êàê HMM, CRF, StructuredSVM, RNN ñïîñîáíû ðàáîòàòü ëèøü ñ
îïèñàíèåì ýëåìåíòà â âèäå êîðòåæà ïðèçíàêîâ ÷èñëîâûõ è ïåðå÷èñëèìûõ òèïîâ.
Äëÿ SkNN, îäíàêî, âîçìîæíî èñïîëüçîâàíèå ïðèçíàêîâ ïðîèçâîëüíîãî òèïà, ïðè ýòîì

ñåìàíòèêà ïðèçíàêà íå òåðÿåòñÿ, íî ìîæåò áûòü ïðåäñòàâëåíà â âèäå ôóíêöèè ðàññòîÿíèÿ.
Òàê íàïðèìåð âîçìîæíî ââåñòè ìåòðèêó, ðàáîòàþùóþ ñ ýëåìåíòàìè îíòîëîãèè. Â ýòîì
ñëó÷àå ôóíêöèÿ ðàññòîÿíèÿ ìîæåò âîçâðàùàòü, íàïðèìåð, ìèíèìàëüíûé ïóòü îò îäíîãî
êîíöåïòà äî äðóãîãî ñîãëàñíî îíòîëîãèè. Ñ ïîìîùüþ âçâåøåííîãî ñóììèðîâàíèÿ ðàçíûõ
ïðèçíàêîâ âîçìîæíî ñîçäàòüìåòðèêó, îäíîâðåìåííî ó÷èòûâàþùóþïðèçíàêè ïðîèçâîëüíîãî
òèïà, íàïðèìåð ïðèçíàêîâ, ïîëó÷åííûõ èç îíòîëîãèè è âåêòîðà âåñîâ ñëîâ, ïîëó÷åííûõ ñ
ïîìîùüþ àëãîðèòìà word2vec [11].

4. Ïîëó÷åíèå ãðàôîâîé ñòðóêòóðû ñ ïîìîùüþ êëàñòåðèçàöèè

Â áîëüøîì êîëè÷åñòâå ñóùåñòâóþùèõ çàäà÷ êëàññèôèêàöèè ïîñëåäîâàòåëüíîñòè òðåáó-
åòñÿ íå êëàññèôèöèðîâàòü êàæäûé îòäåëüíûõ ýëåìåíò ïîñëåäîâàòåëüíîñòè, à âñþ ïîñëåäî-
âàòåëüíîñòü öåëèêîì.
Â ýòîì ñëó÷àå, îáû÷íî, â èñõîäíûõ äàííûõ íå ïðèñóòñòâóþò ñâåäåíèÿ î êëàññå êàæäîãî

îòäåëüíîãî ýëåìåíòà è àëãîðèòì SkNN ñâîäèòñÿ ê îáû÷íîìó àëãîðèòìó kNN, âûïîëíÿåìîìó
äëÿ êàæäîãî ýëåìåíòà îòäåëüíî.
Î÷åâèäíî, òàêîé ïîäõîä íå äàåò ñêîëüêî-íèáóäü ïðèåìëåìûõ ðåçóëüòàòîâ, ïîýòîìó íåîá-

õîäèìî àâòîìàòè÷åñêè âûäåëèòü ñòðóêòóðó â èñõîäíûõ äàííûõ.
Òàê êàê â îñíîâå SkNN ëåæèò ñðàâíåíèå ýëåìåíòîâ â íåêîòîðîé ìåòðèêå, òî ñòàíîâèòñÿ

âîçìîæíûì èñïîëüçîâàòü êëàñòåðèçàöèþ äëÿ àâòîìàòè÷åñêîãî âûäåëåíèÿ ãðàôîâîé ñòðóê-
òóðû â ïîñëåäîâàòåëüíîñòÿõ. Äëÿ ïîëó÷åíèÿ òàêîé ñòðóêòóðû ìîæíî âûïîëíèòü ñëåäóþùèå
äåéñòâèÿ.
• Ïóñòü äàíà íà÷àëüíàÿ ñòðóêòóðà, â êîòîðîé êàæäûé êëàññ ïîñëåäîâàòåëüíîñòåé ïðåäñòà-

âëåí åäèíñòâåííîé âåðøèíîé. Ñ âåðøèíîé àññîöèèðîâàíû ýëåìåíòû ïîñëåäîâàòåëüíîñòåé,
âõîäÿùèõ â ñîîòâåòñòâóþùèé êëàññ.
• Äëÿ êàæäîé âåðøèíû ïðîâåäåì êëàñòåðèçàöèþ îòíîñÿùèõñÿ ê íåé ýëåìåíòîâ ïîñëåäî-

âàòåëüíîñòåé.
• Êàæäóþêëàñòåðèçîâàííóþâåðøèíó ðàçäåëèìíà íåñêîëüêî âåðøèí, òàêèìîáðàçîì, ÷òî

êàæäàÿ íîâàÿ âåðøèíà ñîîòâåòñòâóåò îäíîìó êëàñòåðó ñòàðîé âåðøèíû è ñîäåðæèò â ñåáå
ýëåìåíòû ñîîòâåòñòâóþùåãî êëàñòåðà. Ïðè ýòîì, â ãðàô äîáàâëÿþòñÿ ðåáðà â ñîîòâåòñòâèè
ñ óñëîâèåì 1.
Ñòîèò çàìåòèòü, ÷òî òàêîé ïîäõîä íå îáÿçàòåëüíî èñïîëüçîâàòü èñêëþ÷èòåëüíî ñîâìåñòíî

ñ SkNN, îäíàêî, â ñâÿçè ñ òåì, ÷òî âõîäîì äëÿ àëãîðèòìîâ êëàñòåðèçàöèè ÿâëÿåòñÿ ìàòðèöà
ðàññòîÿíèé ìåæäó îáúåêòàìè (èëè ôóíêöèÿ ðàññòîÿíèÿ / ñõîæåñòè), òî àëãîðèòì SkNN,
èñïîëüçóþùèé òó æå ôóíêöèþ ðàññòîÿíèÿ, áóäåò ëó÷øå äðóãèõ <ñîâìåñòèì> ñ ïîëó÷åííîé
êëàñòåðèçàöèåé.
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5. Êëàññèôèêàöèÿ ïîñëåäîâàòåëüíîñòåé

Êàê áûëî ñêàçàíî âûøå, ìíîãèå ðåàëüíûå çàäà÷è òðåáóþò â êà÷åñòâå ðåøåíèÿ íå êëàññè-
ôèêàöèþ îòäåëüíûõ ýëåìåíòîâ ïîñëåäîâàòåëüíîñòè, à êëàññèôèêàöèþ ïîñëåäîâàòåëüíîñòè
â öåëîì.
Àëãîðèòì ôîðìèðîâàíèÿ SkNN ìîæåò áûòü ïðèìåíåí è â ýòîì ñëó÷àå áåç äîïîëíèòåëü-

íûõ ìîäèôèêàöèé. Äëÿ ýòîãî äîñòàòî÷íî âûïîëíèòü ñëåäóþùèå äåéñòâèÿ:
1. Äëÿ ïîñëåäîâàòåëüíîñòåé êàæäîãî êëàññà (òèïà) ïðèìåíèòü àëãîðèòì êëàñòåðèçàöèè

è ïîëó÷èòü ãðàôîâóþ ñòðóêòóðó.
2. Îáúåäèíèòü ïîëó÷åííûå íà ïðåäûäóùåì ýòàïå ãðàôû â îäèí, äëÿ ýòîãî:
a Äîáàâèòü âåðøèíû init(ñòàðò) è end(êîíåö).
b Äîáàâèòü ðåáðà èç âåðøèíû init ê íà÷àëüíûì âåðøèíàì ãðàôîâ, ïîëó÷åííûõ íà ïåðâîì

ýòàïå, è ðåáðà èç êîíå÷íûõ âåðøèí ê âåðøèíå end.
Â ðåçóëüòàòå ïîëó÷èì ãðàô, ñîñòîÿùèé èç íå ñìåæíûõ ïîäãðàôîâ, îáùèé âèä êîòîðîãî

ïðåäñòàâëåí íà ðèñ. 3.

Ðèñ. 3. Îáùèé âèä ãðàôà, ïðèìåíÿåìîãî äëÿ êëàññèôèêàöèè ïîñëåäîâàòåëüíîñòåé

Ïðèìåíÿÿ ïîëó÷åííûé ãðàô â àëãîðèòìå SkNN äëÿ êëàññèôèêàöèè ïîñëåäîâàòåëüíîñòåé,
â ñèëó òîãî, ÷òî â ãðàôå íå ñóùåñòâóåò ïóòè èç ïîäãðàôà îäíîãî êëàññà â ïîäãðàô äðóãîãî
êëàññà, âñå ïîëó÷àåìûå ìåòêè êëàññà áóäóò ïðèíàäëåæàòü îäíîìó ïîäãðàôó, à ñëåäîâàòåëüíî
è îäíîìó èñõîäíîìó êëàññó ïîñëåäîâàòåëüíîñòåé. Òàêèì îáðàçîì, äëÿ êëàññèôèêàöèè ïî-
ñëåäîâàòåëüíîñòåé äîñòàòî÷íî îïðåäåëèòü êàêîìó èç èñõîäíûõ êëàññîâ ïðèíàäëåæàò ïîëó-
÷åííûå ìåòêè.

6. Ýêñïåðèìåíòû

Äëÿ ïðîâåðêè ðàáîòû àëãîðèòìà è åãî ñðàâíåíèÿ ñ ñóùåñòâóþùèìè ïîïóëÿðíûìè íà
ïðàêòèêå àëãîðèòìàìè, áûëà ïðîâåäåíà ñåðèÿ ýêñïåðèìåíòîâ ñ èñïîëüçîâàíèåì îòêðûòûõ
íàáîðîâ èñõîäíûõ äàííûõ[12]. Îòìåòèì, ÷òî îáëàñòü âîçìîæíîãî ïðèìåíåíèÿ àëãîðèòìà
SkNN äîñòàòî÷íà âåëèêà: â êà÷åñòâå ýòàëîííûõ íàáîðîâ äàííûõ èñïîëüçîâàëèñü íàáîðû èç
òàêèõ îáëàñòåé êàê ðàñïîçíàâàíèå ðóêîïèñíûõ ñèìâîëîâ (íàáîð UJI Pen Characters[13]) è
îáðàáîòêè òåêñòîâ íà åñòåñòâåííîì ÿçûêå (íàáîð CoNLL200 [14]).
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Ðàñïîçíàâàíèå ðóêîïèñíûõ ñèìâîëîâ. Äëÿ ïåðâîãî ýêñïåðèìåíòà áûë âûáðàí íàáîð
äàííûõ, ïðåäñòàâëÿþùèõ ñîáîé ðóêîïèñíûå ñèìâîëû. Ýòîò íàáîð äàííûõ áûë âûáðàí,
òàê êàê ñîäåðæèò äàííûå ïðîñòåéøåãî òèïà - ïîñëåäîâàòåëüíîñòü äâóìåðíûõ êîîðäèíàò íà
ïëîñêîñòè. Ïðîñòîòà ðàáîòû ñ òàêèìè äàííûìè ïîçâîëÿåò ëåãêî èõ âèçóàëèçèðîâàòü, ÷òî
óïðîùàåò îòëàäêó àëãîðèòìà. Äëÿ èñïûòàíèÿ ðàáîòû àëãîðèòìà áûëà ñîñòàâëåíà îáó÷àþùàÿ
âûáîðêà, ñîñòîÿùàÿ èç 200 ïîñëåäîâàòåëüíîñòåé ðóêîïèñíîãî íàïèñàíèÿ öèôð 8 ðàçíûõ
àâòîðîâ. Òåñòîâàÿ âûáîðêà ñîñòîÿëà èç 40 ïîñëåäîâàòåëüíîñòåé 3 äðóãèõ àâòîðîâ.
Äëÿ ýêñïåðèìåíòà èñïîëüçîâàëîñü íîðìàëèçîâàííîå Åâêëèäîâî ðàññòîÿíèå, êàê ïðîñòåé-

øèé ïðèìåð ìåòðèêè.
Ýêñïåðèìåíò ïîêàçàë òî÷íîñòü àëãîðèòìà SkNN ðàâíóþ 92.5%, ÷òî ñóùåñòâåííî ïðåâû-

øàåò ñëó÷àéíîå óãàäûâàíèå (10% â äàííîì ñëó÷àå).
Ñòîèò çàìåòèòü, ÷òî òî÷íîñòü àëãîðèòìà SkNNõîòü è íå ïðåâûøàåò òî÷íîñòè àëãîðèòìîâ,

ñïåöèàëèçèðîâàííûõ äëÿ ðåøåíèÿ èìåííî ýòîé çàäà÷è [15], îäíàêî ïîêàçûâàåò ðåçóëüòàò
ñðàâíèìûé ñ íèìè.

Ðàñïîçíàâàíèå ãðóïï ñëîâ â ïðåäëîæåíèè (chunking). Âòîðîé ýêñïåðèìåíòàëüíûé
íàáîð CoNLL200 äàííûõ ïðåäñòàâëÿåò ñîáîé ïîñëåäîâàòåëüíîñòè ñëîâ â ïðåäëîæåíèÿõ íà
àíãëèéñêîì ÿçûêå ñ ñîîòâåòñòâóþùèìè ÷àñòÿìè ðå÷è, ïîëó÷åííûìè (POS-tag) ñ ïîìîùüþ
ïðîãðàììû Brill tagger[16], è ìåòêîé ãðóïïû (chunk tag), ïîëó÷åííîé èç êîðïóñà WSJ[17].
Ìåòêè ãðóïï ïðåäñòàâëÿþò ñîáîé òàêèå ÷àñòè ïðåäëîæåíèÿ êàê ãëàãîëüíûå ãðóïïû è ò.ï.
Â ïðîâåäåííîì ýêñïåðèìåíòå òî÷íîñòü àëãîðèòìà SkNN ñðàâíèâàëàñü ñ òî÷íîñòüþ àëãî-

ðèòìà CRF, ðåàëèçîâàííîãî â ïðîãðàììíîé óòèëèòå CRF++. Ýòîò àëãîðèòì ÿâëÿåòñÿ îäíèì
èç íàèáîëåå òî÷íûõ è ïîïóëÿðíûõ àëãîðèòìîâ íà ñåãîäíÿøíèé äåíü â îáëàñòè àíàëèçà òåê-
ñòîâ íà åñòåñòâåííîì ÿçûêå. Ïàðàìåòðû íàáîðà äàííûõ: ðàçìåð îáó÷àþùåãî êîðïóñà | 9
òûñ. ïðåäëîæåíèé, 220 òûñ. ñëîâ; ðàçìåð òåñòîâîé âûáîðêè | 400 ïðåäëîæåíèé, 10 òûñ.
ñëîâ. Â êà÷åñòâå ãèïåðïàðàìåòðà äëÿ îáîèõ àëãîðèòìîâ âûñòóïàåò ðàçìåð îêíà êîíòåê-
ñòà, êîòîðûé äîáàâëÿåòñÿ ê òåêóùåìó ýëåìåíòó ïîñëåäîâàòåëüíîñòè. Òî÷íîñòü àëãîðèòìîâ
ñðàâíèâàëàñü ñ îäèíàêîâûìè çíà÷åíèÿìè ýòîãî ãèïåðïàðàìåòðà.
Äðóãèì ïàðàìåòðîì äëÿ àëãîðèòìà SkNN ÿâëÿåòñÿ èñïîëüçóåìàÿ äëÿ âû÷èñëåíèÿ ðàñ-

ñòîÿíèÿ ìåòðèêà. Ýêñïåðèìåíò ïðîèçâîäèëñÿ ñ èñïîëüçîâàíèåì ìåòðèê, íàèáîëåå óñïåøíî
ïðèìåíÿþùèõñÿ íà ïðàêòèêå â îáëàñòè àíàëèçà òåêñòà íà åñòåñòâåííîì ÿçûêå [18]. Ñðåäè
èñïîëüçóåìûõ ìåòðèê:
1) modified Value Difference Metric (MVDM) [9];
2) ïåðåñå÷åíèå íàáîðîâ (Overlap);
3) âçâåøåííîå ïåðåñå÷åíèå (Weighted Overlap):
à) ñ ïîìîùüþ Information Gain[19],
á) ñ ïîìîùüþ Information Gain Ratio[20].
Ðåçóëüòàòû ýêñïåðèìåíòîâ ïðèâåäåíû â òàáë. 1.
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Ò à á ë è ö à 1

Ðåçóëüòàòû ýêñïåðèìåíòîâ

Ðàçìåð êîíòåêñòà Àëãîðèòì Ìåòðèêà Äîñòèãíóòàÿ
òî÷íîñòü

Òîëüêî òåêóùèé
ýëåìåíò

SkNN MVDM 0.71

SkNN Overlap 0.7

SkNN IG Weighted Overlap 0.76

CRF { 0.85

Îêíî ðàçìåðîì 2 äî
è ïîñëå òåêóùåãî
ýëåìåíòà

SkNN Overlap 0.91

SkNN IG Weighted Overlap 0.6

SkNN IGRatio Weighted Overlap 0.88

SkNN MVDM 0.93

CRF { 0.87

Çàêëþ÷åíèå

Â ñòàòüå èññëåäîâàíà âîçìîæíîñòü ìîäèôèêàöèè ìåòðè÷åñêèõ àëãîðèòìîâ êëàññèôèêà-
öèè íà ïðèìåðå àëãîðèòìà k-Nearest Neighbours äëÿ èõ ïðèìåíåíèÿ ê ïîñëåäîâàòåëüíîñòÿì.
Íàó÷íàÿ íîâèçíà çàêëþ÷àåòñÿ â òîì, ÷òî ïðåäëîæåí íîâûé ìåòîä îáîáùåíèÿ ìåòðè÷åñêèõ
àëãîðèòìîâ êëàññèôèêàöèè, ñ ïîìîùüþ êîòîðîãî áûë ïîëó÷åíàëãîðèòì êëàññèôèêàöèè ïî-
ñëåäîâàòåëüíîñòåé SkNN è ïðîäåìîíñòðèðîâàíà åãî ýôôåêòèâíîñòü â çàäà÷àõ êëàññèôè-
êàöèè è ðàçìåòêè ïîñëåäîâàòåëüíîñòåé â îáëàñòè ðàñïîçíàâàíèÿ è îáðàáîòêè òåêñòîâ íà
åñòåñòâåííîì ÿçûêå. Ñðàâíåíèå àëãîðèòìà ñ ñóùåñòâóþùèìè ïîêàçûâàåò, ÷òî ïðè ïîëó-
÷åííîé òî÷íîñòè àëãîðèòìà öåëåñîîáðàçíî ïðîäîëæàòü ðàáîòó â íàïðàâëåíèè ýôôåêòèâíîé
ðåàëèçàöèè è, íàïðèìåð, ðåàëèçàöèè äàííîãî àëãîðèòìà äëÿ âû÷èñëèòåëüíûõ êëàñòåðîâ, ÷òî
ïîçâîëèò ñóùåñòâåííî óâåëè÷èòü ñêîðîñòü åãî ðàáîòû.
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The task of classification and labeling sequences is to generalize a classical classification task
in case of sequential data and to be a task of mapping labels to elements of sequences (strong
sequence classification problem) and matching class of the entire sequence as a whole. There are
the following methods of solving this kind of task: Hidden Markov Models, Conditional Random
Fields (CRF), Markov SVM, which are based on statistical modeling of features of elements and
in some instances may be inefficient. One of such instances is incapability to define a sequence
element as a feature vector. In this case, metric classification algorithms operating with distances
between elements, but inapplicable to the sequential data are, usually, applied. That is why it is
necessary to find a method of their generalization for application to sequences.

The paper proposes the method of generalization of metric classification algorithms. After
its application to the k-nearest neighbors (kNN) algorithm was obtained a new metric classifi-
cation algorithm applicable to sequential data, i.e. Structured kNN (SkNN). Accuracy of the
algorithm obtained was experimentally estimated on standard benchmark datasets CoNLL 2000
and UCJ Pen Characters where were solved tasks of labeling sequences and classification, re-
spectively. The experiment has shown that accuracy of obtained algorithm exceeds accuracy of
other algorithms widely used to solve a similar task in the field concerned, in particular, CRF
algorithm.

The proposed method of generalization can be also applied to other metric classification algo-
rithms, the output of which can be used both as the independent solution of task and as the source
data in composition of machine learning algorithms.

The algorithm comparison with the existing ones shows, that with its obtained accuracy further
research is expedient to find efficient implementation, e.g. implementation of the algorithm for
computing clusters that will allow significant increasing speed of its output.
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