
Ìàòåìàòè÷åñêèå ìåòîäû

àíàëèçà òåêñòîâ

Çàäà÷è ðàçìåòêè,

óñëîâíûå ñëó÷àéíûå ïîëÿ (CRF)

Ê.Â. Âîðîíöîâ, Ì.À. Àïèøåâ, À. Ñ. Ïîïîâ

Ýòîò êóðñ äîñòóïåí íà ñòðàíèöå âèêè-ðåñóðñà

http://www.MahineLearning.ru/wiki

¾Ìàòåìàòè÷åñêèå ìåòîäû àíàëèçà òåêñòîâ (ÌÔÒÈ) / 2021¿

29 ñåíòÿáðÿ 2021



Ñîäåðæàíèå

1

Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Ïðèìåðû çàäà÷ ðàçìåòêè è ñåãìåíòàöèè

Ëîã-ëèíåéíàÿ ìîäåëü ðàçìåòêè

Ëèíåéíûé CRF: �îðìàëüíàÿ ïîñòàíîâêà çàäà÷è

2

Îáó÷åíèå ëèíåéíîãî CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

3

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR



Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Ïðèìåðû çàäà÷ ðàçìåòêè è ñåãìåíòàöèè

Ëîã-ëèíåéíàÿ ìîäåëü ðàçìåòêè

Ëèíåéíûé CRF: �îðìàëüíàÿ ïîñòàíîâêà çàäà÷è

Ïðèìåðû çàäà÷ ðàçìåòêè è ñåãìåíòàöèè

ðàñïîçíàâàíèå ÷àñòåé ðå÷è (part of speeh tagging, POS)

íåãëóáîêèé ñèíòàêñè÷åñêèé ðàçáîð (shallow syntax parsing)

ðàñïîçíàâàíèå èìåíîâàííûõ ñóùíîñòåé (named entity, NER)

âûäåëåíèå ñåìàíòè÷åñêèõ ðîëåé (semanti role labeling)

àíàëèç òîíàëüíîñòè çàäàííîé ñóùíîñòè (sentiment analysis)

âûäåëåíèå òåêñòîâûõ ïîëåé äàííûõ (slot �lling)

âûäåëåíèå ïîëåé â áèáëèîãðà�è÷åñêèõ çàïèñÿõ

ñåãìåíòàöèÿ íàó÷íûõ èëè þðèäè÷åñêèõ òåêñòîâ

ïîèñê êîðå�åðåíöèé è ðàçðåøåíèå àíà�îð

ïîèñê è ðàçðåøåíèå ýëëèïñèñà (ãýïïèíãà)

ïåðåâîä ðå÷åâîãî ñèãíàëà â òåêñò

ïåðåâîä ìóçûêàëüíîãî ñèãíàëà â íîòíóþ çàïèñü

âûäåëåíèå ãåíîâ â íóêëåîòèäíûõ ïîñëåäîâàòåëüíîñòÿõ
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Òåãè ÷àñòåé ðå÷è (íå âñå, è ìîãóò çàâèñåòü îò ÿçûêà):

NOUN noun ñóùåñòâèòåëüíîå INTJ interjetion ìåæäîìåòèå

PROPN proper noun èìÿ ñîáñòâåííîå ADP adposition ïðåäëîã

ADJ adjetive ïðèëàãàòåëüíîå CONJ onjuntion ñîþç

VERB verb ãëàãîë PART partile ÷àñòèöà

ADV adverb íàðå÷èå PUNCT puntuation çíàê ïóíêòóàöèè

PRON pronoun ìåñòîèìåíèå SYM symbol ñèìâîë

NUM numeral ÷èñëèòåëüíîå X other èíîå

http://universaldependenies.org/
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Ïðèìåð âûäåëåíèÿ ÷àñòåé ðå÷è ðóññêîãî ÿçûêà ìåòîäîì CRF

À.Þ.Àíòîíîâà, À. Í. Ñîëîâüåâ. Ìåòîä óñëîâíûõ ñëó÷àéíûõ ïîëåé â

çàäà÷àõ îáðàáîòêè ðóññêîÿçû÷íûõ òåêñòîâ. Äèàëîã, 2013
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�àçìåòêà áèáëèîãðà�è÷åñêèõ çàïèñåé

Îñíîâíûå ïîëÿ ìåòàäàííûõ:

àâòîð(û), íàçâàíèå, èçäàíèå, æóðíàë, êîí�åðåíöèÿ,

ðåäàêòîð, èçäàòåëüñòâî, ñòðàíà, ãîðîä,

ñòðàíèöû, íîìåð, òîì, ãîä, ìåñÿö,

ñàéò, DOI, àííîòàöèÿ, . . .

Ïðîáëåìà âàðèàòèâíîñòè áèáëèîãðà�è÷åñêèõ çàïèñåé:

David Blei, Andrew Ng, Mihael Jordan. Latent Dirihlet alloation.

JMLR, 2003.

D.Blei, A.Ng, M.Jordan. Latent Dirihlet alloation // Journal of

Mahine Learning Researh. 2003. V.3. Pp.993�1022.

Blei, David M. and Ng, Andrew Y. and Jordan, Mihael I. (2003). Latent

Dirihlet alloation. Journal of Mahine Learning Researh. JMLR.org.

Vol.3, P.993�1022.
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�àçìåòêà èìåíîâàííûõ ñóùíîñòåé (Named Entity Reognition)

Named entity � îáúåêò (ñóùíîñòü) ðåàëüíîãî ìèðà, èìåþùèé

íàèìåíîâàíèå è îòíîñÿùèéñÿ ê îïðåäåë¼ííîé êàòåãîðèè.

Ïðèìåðû êàòåãîðèé:

ïåðñîíà, îðãàíèçàöèÿ, ëîêàöèÿ, äàòà-âðåìÿ

ïðî�åññèÿ, äîëæíîñòü, çâàíèå

ññûëêà íà íîðìàòèâíî-ïðàâîâîé àêò

àðòèêóë, èçäåëèå, ïðîèçâîäñòâåííûé ïðîöåññ

çàáîëåâàíèå, ñèìïòîì, ìåòîä ëå÷åíèÿ,

ëåêàðñòâåííûé ïðåïàðàò, õèìè÷åñêîå âåùåñòâî

áèîëîãè÷åñêèé âèä

àñòðîíîìè÷åñêèé îáúåêò

Stanford Named Entity Reognizer:

http://www-nlp.stanford.edu/software/CRF-NER.shtml
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�àçìåòêà ñåìàíòè÷åñêèõ ðîëåé (semanti role labeling)

Çàäà÷à: íàéòè â ïðåäëîæåíèè àêòàíòû � èìåííûå ãðóïïû,

îáîçíà÷àþùèå ó÷àñòíèêîâ ñèòóàöèè è èõ ñåìàíòè÷åñêèå ðîëè

àãåíñ: îäóøåâë¼ííûé èíèöèàòîð è êîíòðîë¼ð äåéñòâèÿ

ïàöèåíñ: ó÷àñòíèê, íà êîòîðîãî íàïðàâëåíî äåéñòâèå

áåíå�àêòèâ: ó÷àñòíèê, ïîëó÷àþùèé ïîëüçó èëè âðåä

àäðåñàò: ïîëó÷àòåëü ñîîáùåíèÿ (ìîæåò áûòü áåíå�àêòèâîì)

èíñòðóìåíò: ïîñðåäñòâîì ÷åãî îñóùåñòâëÿåòñÿ äåéñòâèå

ýêñïåðèåíöåð: íîñèòåëü ÷óâñòâ è âîñïðèÿòèé

ñòèìóë: èñòî÷íèê âîñïðèÿòèé

èñòî÷íèê: èñõîäíûé ïóíêò äâèæåíèÿ

öåëü: êîíå÷íûé ïóíêò äâèæåíèÿ

C.J.Fillmore. The Case for Case. Universals in Linguisti Theory. 1968.

D.Jurafsky, J.Martin. Speeh and Language Proessing. Chapter 20. 2019.

Ê.Â. Âîðîíöîâ (vokov�foresys.ru) Ìàòåìàòè÷åñêèå ìåòîäû àíàëèçà òåêñòîâ 8 / 30



Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Ïðèìåðû çàäà÷ ðàçìåòêè è ñåãìåíòàöèè

Ëîã-ëèíåéíàÿ ìîäåëü ðàçìåòêè

Ëèíåéíûé CRF: �îðìàëüíàÿ ïîñòàíîâêà çàäà÷è

Íîòàöèÿ BIOES (begin-inside-outside-end-single)

Äëÿ âûäåëåíèÿ ãðóïï ñëîâ èñïîëüçóþòñÿ ìåòêè ñ ïðå�èêñàìè:

B�Begin, I�Inside, O�outside � óïðîù¼ííàÿ BIO-íîòàöèÿ

E�end, S�single

Ïðèìåð çàäà÷è ðàñïîçíàâàíèÿ èìåíîâàííûõ ñóùíîñòåé:

Ïðèìåð çàäà÷è îïðåäåëåíèÿ ñåìàíòè÷åñêèõ ðîëåé:
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Ïðèìåð èíñòðóìåíòà ðàçìåòêè òåêñòà

Text annotation for Human. https://doano.herokuapp.om
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Ëèíåéíàÿ ïðåäñêàçàòåëüíàÿ ìîäåëü ðàçìåòêè

Ïóñòü D � ìíîæåñòâî ðàçìå÷åííûõ ïîñëåäîâàòåëüíîñòåé (x , y),
x = (x1, . . . , xℓ) � ïîñëåäîâàòåëüíîñòü îáúåêòîâ èç X ,

y = (y1, . . . , yℓ) � ïîñëåäîâàòåëüíîñòü ìåòîê èç Y .

Íàïðèìåð, äàííûå D � âñå ïðåäëîæåíèÿ êîëëåêöèè òåêñòîâ;

â ïðåäëîæåíèè (x , y) ∈ D ñëîâó xi ñîîòâåòñòâóåò ìåòêà yi .

Ëèíåéíàÿ ìîäåëü ñ ïàðàìåòðîì w ∈ R
n
îöåíèâàåò öåëèêîì

íàáîð ìåòîê y äëÿ ïîñëåäîâàòåëüíîñòè x (strutured predition):

〈w ,F (x , y)〉 =
n∑

j=1

wjFj(x , y)

Ïðèçíàêè Fj ñêëàäûâàþòñÿ èç ïðèçíàêîâ îòäåëüíûõ îáúåêòîâ:

Fj(x , y) =

ℓ∑

i=1

fj(yi−1, yi , x , i), j = 1, . . . , n
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Ôîðìèðîâàíèå ïðèçíàêîâ fj

Ïðèçíàê fj(u, v , x , i) � ýòî íåêîòîðàÿ ïîëåçíàÿ èí�îðìàöèÿ

äëÿ ïðåäñêàçàíèÿ óñëîâíîé âåðîÿòíîñòè P(yi = v |yi−1 = u)

fj(u, v , x , i) ìîæåò ñìîòðåòü íà âåñü x , íå òîëüêî íà xi

fj(u, v , x , i) ìîæåò ñìîòðåòü òîëüêî íà ìåòêè yi−1, yi
(ìàðêîâñêîå ñâîéñòâî, óïðîùàþùåå âûâîä, ñì. äàëåå)

÷àñòî èñïîëüçóþòñÿ áèíàðíûå fj , íî ýòî íå îáÿçàòåëüíî

÷àñòî èñïîëüçóþòñÿ ðàçðåæåííûå ïðèçíàêè

÷èñëî ïðèçíàêîâ n ìîæåò äîñòèãàòü äåñÿòêîâ òûñÿ÷

åñëè wj = 0, òî ïðèçíàê fj íå èí�îðìàòèâåí

ïðè ëþáîé äëèíå ℓ ïîñëåäîâàòåëüíîñòè (x , y) = (xi , yi )
ℓ
i=1

ðàçìåðíîñòü F (x , y) �èêñèðîâàíà è ðàâíà n
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Ëèíåéíûé CRF: �îðìàëüíàÿ ïîñòàíîâêà çàäà÷è

Ïðèìåðû ïðèçíàêîâ fj(yi−1, yi , x , i) äëÿ POS-òåããèíãà

Ïðèçíàêè ìîãóò âûðàæàòü íàøè ãèïîòåçû, îò ÷åãî çàâèñèò yi :

yi = ADVERB è ñëîâî xi îêàí÷èâàåòñÿ íà ¾-ly¿

Åñëè wj > 0, òî òàêèå ñëîâà äåéñòâèòåëüíî ÷àñòî

îêàçûâàþòñÿ íàðå÷èÿìè

i = 1 è yi = VERB è ïðåäëîæåíèå îêàí÷èâàåòñÿ çíàêîì ¾?¿

Åñëè wj > 0, òî ïåðâîå ñëîâî â âîïðîñèòåëüíûõ

ïðåäëîæåíèÿõ äåéñòâèòåëüíî ÷àñòî îêàçûâàåòñÿ ãëàãîëîì

yi−1 = ADJECTIVE è yi = NOUN

Åñëè wj > 0, òî ñóùåñòâèòåëüíûå äåéñòâèòåëüíî ÷àñòî

ñëåäóþò çà ïðèëàãàòåëüíûì

yi = PREPOSITION è yi−1 = PREPOSITION

Åñëè wj < 0, òî ïåðåä ïðåäëîãîì äåéñòâèòåëüíî ðåäêî

íàõîäèòñÿ äðóãîé ïðåäëîã
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Ïðèìåðû çàäà÷ ðàçìåòêè è ñåãìåíòàöèè

Ëîã-ëèíåéíàÿ ìîäåëü ðàçìåòêè

Ëèíåéíûé CRF: �îðìàëüíàÿ ïîñòàíîâêà çàäà÷è

Ïîñòðîåíèå ëèíåéíîé âåðîÿòíîñòíîé ìîäåëè ðàçìåòêè

Àíàëîã ìíîãîêëàññîâîé ëîãèñòè÷åñêîé ðåãðåññèè:

p(y |x ;w) = SoftMaxy 〈w ,F (x , y)〉 =
exp 〈w ,F (x , y)〉

Z (x ,w)
, y ∈ Y ℓ

ãäå Z (x ,w) =
∑

y∈Y ℓ

exp 〈w ,F (x , y)〉 � íîðìèðîâî÷íûé ìíîæèòåëü

Çàäà÷à 1. Ìàêñèìèçàöèÿ ïðàâäîïîäîáèÿ âûáîðêè D:
∑

(x ,y)∈D

ln p(y |x ;w) → max
w

Çàäà÷à 2. Îïòèìèçàöèÿ ðàçìåòêè y äëÿ x ïðè èçâåñòíîì w :

ln p(y |x ;w) → max
y∈Y ℓ

Ý��åêòèâíîå âû÷èñëåíèå max è
∑

ïî Y ℓ
âîçìîæíî áëàãîäàðÿ

ìàðêîâñêîìó ñâîéñòâó ïðèçíàêîâ fj(yi−1, yi , x , i).
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Âû÷èñëåíèå îïòèìàëüíîé ðàçìåòêè (Çàäà÷à 2)

Îïòèìèçèðóåìûé êðèòåðèé ÿâëÿåòñÿ ïàðíî-ñåïàðàáåëüíûì ïî y :

ln p(y |x ;w) + C =

n∑

j=1

wjFj(x , y) =

ℓ∑

i=1

Gi [yi−1, yi ] → max
y∈Y ℓ

,

ãäå Gi [u, v ] =
n∑

j=1
wj fj(u, v , x , i) � ìàòðèöû Y×Y , i = 1, . . . , ℓ.

Îïðåäåëèì ℓ×Y -ìàòðèöó U[k , v ], k = 1, . . . , ℓ, v ∈ Y :

U[k , v ] = max
y1...yk−1

( k−1∑

i=1
Gi [yi−1, yi ] + Gk [yk−1, v ]

)

.

Çàäà÷à ðàñïàäàåòñÿ íà îäíîìåðíûå çàäà÷è ïî yk , k = ℓ, . . . , 1:

ℓ∑

i=1
Gi [yi−1, yi ] = U[k , yk ]+Gk+1[yk , yk+1]+

✟
✟
✟
✟
✟
✟

✟✟ℓ∑

i=k+2

Gi [yi−1, yi ] → max
yk
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Àëãîðèòì Â�èòåðáè (äèíàìè÷åñêîå ïðîãðàììèðîâàíèå)

Ïðÿìîé õîä: ðåêóððåíòíîå âû÷èñëåíèå ìàòðèöû U :

U[0, v ] := 0;

U[k , v ] := max
u∈Y

(
U[k − 1, u] + Gk [u, v ]

)
, k = 1, . . . , ℓ, v ∈ Y .

Îáðàòíûé õîä: âû÷èñëåíèå îïòèìàëüíîé ðàçìåòêè y ∈ Y ℓ
:

yℓ := argmax
u∈Y

U[ℓ, u];

yk := argmax
u∈Y

(
U[k , u] + Gk+1[u, yk+1]

)
, k = ℓ− 1, . . . , 1.

Àëãîðèòì Â�èòåðáè íàõîäèò îïòèìàëüíîå ðåøåíèå (Viterbi path):

ïðÿìîé õîä: O(|Y |2ñℓ), ñ � ÷èñëî íåíóëåâûõ ïðèçíàêîâ

îáðàòíûé õîä: O(|Y |2ℓ)

Andrew Viterbi. Error bounds for onvolutional odes and an asymptotially

optimum deoding algorithm. 1967.
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Ìàêñèìèçàöèÿ ïðàâäîïîäîáèÿ (Çàäà÷à 1)

Îïòèìèçàöèÿ ëîãàðè�ìà ïðàâäîïîäîáèÿ ïî âåêòîðó âåñîâ w
∑

(x ,y)∈D

ln p(y |x ;w) → max
w

ìåòîäîì ñòîõàñòè÷åñêîãî ãðàäèåíòà (Stohasti Gradient, SG):

îáíîâëÿåì w ïîñëå ãðàäèåíòíîãî øàãà ïî êàæäîìó ñëàãàåìîìó

Âõîä: âûáîðêà D, òåìï îáó÷åíèÿ h;

Âûõîä: âåêòîð âåñîâ w ;

èíèöèàëèçèðîâàòü âåñà wj , j = 1, . . . , n;
ïîâòîðÿòü

âûáðàòü ïîñëåäîâàòåëüíîñòü (x , y) èç D;

ñäåëàòü ãðàäèåíòíûé øàã: w := w + h∇ ln p(y |x ;w);

ïîêà âåñà w íå ñîéäóòñÿ;

Robbins, H., Monro S. A stohasti approximation method. 1951.
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Âû÷èñëåíèå ãðàäèåíòà

�ðàäèåíò îäíîãî ñëàãàåìîãî log-ïðàâäîïîäîáèÿ ïî w :

∂

∂wj

ln p(y |x ;w) = Fj(x , y)−
∂

∂wj

lnZ (x ,w) =

= Fj(x , y)−
1

Z (x ,w)

∂

∂wj

Z (x ,w);

∂

∂wj

Z (x ,w) =
∂

∂wj

∑

u∈Y ℓ

exp

n∑

k=1

wkFk(x , u) =

=
∑

u∈Y ℓ

Fj(x , u) exp
n∑

k=1

wkFk(x , u);

∂

∂wj

ln p(y |x ;w) = Fj(x , y)−
∑

u∈Y ℓ

Fj(x , u)p(u|x ;w).
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Óïðîùåíèå âû÷èñëåíèé áëàãîäàðÿ ìàðêîâñêîìó ñâîéñòâó

Ïîäñòàâèì â ãðàäèåíò âûðàæåíèå Fj ÷åðåç fj :

∑

u∈Y ℓ

p(u|x ;w)Fj(x , u) =
∑

u∈Y ℓ

p(u|x ;w)
ℓ∑

i=1

fj(ui−1, ui , x , i) =

=

ℓ∑

i=1

∑

ui−1∈Y

∑

ui∈Y

p(ui−1, ui |x ;w)fj (ui−1, ui , x , i).

Îñòàëîñü íàéòè ñïîñîá áûñòðîãî âû÷èñëåíèÿ p(ui−1, ui |x ;w).

Âñïîìíèì âûðàæåíèå Z (x ,w) =
∑

u∈Y ℓ

exp
ℓ∑

i=1

Gi [ui−1, ui ]

︸ ︷︷ ︸

N(u)

.

N(u) � íåíîðìèðîâàííàÿ âåðîÿòíîñòü u = (u1, . . . , uℓ) ∈ Y ℓ
.
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Äâà ñåìåéñòâà âåêòîðîâ: âïåð¼ä è íàçàä

Îïðåäåëèì âåêòîðû íåíîðìèðîâàííûõ âåðîÿòíîñòåé äëÿ

íà÷àëüíûõ (u1, . . . , uk) è êîíå÷íûõ (vk , . . . , vℓ) �ðàãìåíòîâ.

Íà÷àëüíûå �ðàãìåíòû, çàâåðøàþùèåñÿ ìåòêîé v â ïîçèöèè k :

αk [v ] =
∑

u1...uk−1

exp
(k−1∑

i=1
Gi [ui−1, ui ] + Gk [uk−1, v ]

)

, v ∈ Y

Êîíå÷íûå �ðàãìåíòû, íà÷èíàþùèåñÿ ìåòêîé u â ïîçèöèè k :

βk [u] =
∑

vk+1...vℓ

exp
(

Gk+1[u, vk+1] +
ℓ∑

i=k+2

Gi [vi−1, vi ]
)

, u ∈ Y

Äëÿ íèõ ñóùåñòâóþò ý��åêòèâíûå ðåêóððåíòíûå �îðìóëû

(àíàëîãè÷íûå àëãîðèòìó Âèòåðáè, òîëüêî

∑
âìåñòî max)
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

�åêóððåíòíûå �îðìóëû äëÿ âïåð¼ä-âåêòîðîâ è íàçàä-âåêòîðîâ

Âïåð¼ä-âåêòîðû (forward vetors), v ∈ Y :

αk [v ] =
∑

u∈Y

αk−1[u] expGk [u, v ];

α0[v ] = [v = start]

ãäå y0 = start � âûäåëåííàÿ ìåòêà íà÷àëà ïîñëåäîâàòåëüíîñòè.

Íàçàä-âåêòîðû (bakward vetors), u ∈ Y :

βk [u] =
∑

v∈Y

βk+1[v ] expGk+1[u, v ];

βℓ+1[u] = [u = stop]

ãäå yℓ+1 = stop � âûäåëåííàÿ ìåòêà êîíöà ïîñëåäîâàòåëüíîñòè.
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Ïîëåçíûå ñâîéñòâà âïåð¼ä-íàçàä-âåêòîðîâ

×åðåç αk [v ], βk [u] âûðàæàþòñÿ ðàçëè÷íûå âåðîÿòíîñòè:

Z (x ,w) =
∑

v∈Y

αℓ[v ] =
∑

u∈Y

β1[u]

Z (x ,w) =
∑

u∈Y

αk [u]βk [u] äëÿ ëþáîãî k = 1, . . . , ℓ

p(yi = u|x ;w) =
αi [u] βi [u]

Z (x ,w)

p(yi−1 = u, yi = v |x ;w) =
αi−1[u] βi [v ] expGi [u, v ]

Z (x ,w)

Îòñþäà ïîëó÷àåòñÿ âûðàæåíèå äëÿ ãðàäèåíòà:

∂ ln p(y |x ;w)

∂wj

= Fj(x , y)−
ℓ∑

i=1

∑

u∈Y

∑

v∈Y

p(u, v |x ;w)fj (u, v , x , i)
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Ñîáèðàåì âñ¼ âîåäèíî: îñíîâíîé öèêë àëãîðèòìà SG

ïîâòîðÿòü

âûáðàòü ïîñëåäîâàòåëüíîñòü (x , y) èç D;

Gi [u, v ] :=
n∑

j=1
wj fj(u, v , x , i) äëÿ i = 1..ℓ, u, v ∈ Y ;

αi [v ] :=
∑

u∈Y

αi−1[u] expGi [u, v ] äëÿ i = 1..ℓ, v ∈ Y ;

βi [u] :=
∑

v∈Y

βi+1[v ] expGi+1[u, v ] äëÿ i = ℓ..1, u ∈ Y ;

Z :=
∑

v∈Y

αℓ[v ];

pi [u, v ] :=
1
Z
αi−1[u]βi [v ] expGi [u, v ] äëÿ i=1..ℓ, u, v ∈Y ;

∇j := Fj(x , y)−
ℓ∑

i=1

∑

u,v∈Y

pi [u, v ]fj(u, v , x , i) äëÿ j = 1..n;

ãðàäèåíòíûé øàã: w := w(1− τh) + h∇;

ïîêà âåñà w íå ñîéäóòñÿ;
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR

Ìàêñèìèçàöèÿ ðåãóëÿðèçîâàííîãî ïðàâäîïîäîáèÿ

L2-ðåãóëÿðèçàöèÿ äëÿ óìåíüøåíèÿ ïåðåîáó÷åíèÿ:

∑

(x ,y)∈D

ln p(y |x ;w) + τ

n∑

j=1

w2
j → max

w

L1-ðåãóëÿðèçàöèÿ äëÿ îòáîðà ïðèçíàêîâ ñ ñåëåêòèâíîñòüþ γ:

∑

(x ,y)∈D

ln p(y |x ;w) + γ

n∑

j=1

|wj | → max
w

ElastiNet äëÿ ìåíåå àãðåññèâíîãî îòáîðà ïðèçíàêîâ:

∑

(x ,y)∈D

ln p(y |x ;w) + γ

n∑

j=1

|wj |+ τ

n∑

j=1

w2
j → max

w
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR

CRF � îáîáùåíèå ñêðûòûõ ìàðêîâñêèõ ìîäåëåé HMM

HMM (Hidden Markov Model) ìîäåëèðóåò ñîâìåñòíóþ ïëîòíîñòü

p(x , y) =

ℓ∏

i=1

p(xi |yi) p(yi |yi−1) = exp

ℓ∑

i=1

ln p(xi |yi)
︸ ︷︷ ︸

wxi yi

+ ln p(yi |yi−1)
︸ ︷︷ ︸

wyi yi−1

=

= exp

( ℓ∑

i=1

∑

x∈X

∑

y∈Y

wxy [yi = y ] [xi = x ]
︸ ︷︷ ︸

fxy

+

+
∑

y ′∈Y

∑

y∈Y

wy ′y [yi−1 = y ′] [yi = y ]
︸ ︷︷ ︸

fy′y

)

=

=
1

Z
exp

( ℓ∑

i=1

n∑

j=1

wj fj(yi−1, yi , x , i)

)
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Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR

CRF � îáîáùåíèå ñêðûòûõ ìàðêîâñêèõ ìîäåëåé HMM

HMM � ãåíåðàòèâíàÿ ìîäåëü ñîâìåñòíîé ïëîòíîñòè

p(x , y) =
1

Z
exp

( ℓ∑

i=1

n∑

j=1

wj fj(yi−1, yi , x , i)

)

CRF � äèñêðèìèíàòèâíàÿ ìîäåëü p(y |x), îáîáùàþùàÿ HMM:

yi çàâèñèò îò âñåãî x , à íå òîëüêî îò xi

ïðîèçâîëüíûå fj , à íå òîëüêî èíäèêàòîðû (è òîãäà Z 6= 1)

ïðîèçâîëüíîå ÷èñëî ïðèçíàêîâ n, à íå |X | · |Y |+ |Y |2

ïðîèçâîëüíîå ìíîæåñòâî X , à íå òîëüêî êîíå÷íîå

äëÿ âûâîäà y1, . . . , yℓ â HMM òàêæå èñïîëüçóåòñÿ Âèòåðáè

äëÿ îáó÷åíèÿ â HMM ÷àùå èñïîëüçóåòñÿ EM, ÷åì SG
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Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR

CRF ñ ÷àñòè÷íûì îáó÷åíèåì

Ïóñòü íàðÿäó ñ D èìåþòñÿ íåðàçìå÷åííûå äàííûå D ′ = {x ′},
x ′ = (x ′1, . . . , x

′

ℓ) � ïîñëåäîâàòåëüíîñòü îáúåêòîâ x ′i ∈ X

Ýíòðîïèéíûé ðåãóëÿðèçàòîð:

∑

(x ,y)∈D

ln p(y |x ;w) + τ
∑

x ′∈D′

∑

y∈Y ℓ

p(y |x ′;w) ln p(y |x ′;w) → max
w

Ìèíèìèçàöèÿ ýíòðîïèè óìåíüøàåò íåîïðåäåë¼ííîñòü,

ðàñïðåäåëåíèÿ p(y |x ′;w) ñòàíîâÿòñÿ ñêîíöåíòðèðîâàííûìè,

ìåíåå ïîõîæèìè íà ðàâíîìåðíîå ðàñïðåäåëåíèå,

ïîâûøàåòñÿ óâåðåííîñòü êëàññè�èêàöèè íåðàçìå÷åííûõ x ′.

Âû÷èñëåíèå ãðàäèåíòà äèíàìè÷åñêèì ïðîãðàììèðîâàíèåì

òàê æå ý��åêòèâíî, êàê äëÿ ðàçìå÷åííûõ äàííûõ, O(|Y |2ñℓ).

G.Mann, A.MCallum. E�ient omputation of entropy gradient for

semi-supervised Conditional Random Fields. 2007.
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Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR

CRF � äèñêðèìèíàòèâíàÿ ìîäåëü

CRF îáîáùàåò ëîãèñòè÷åñêóþ ðåãðåññèþ è ñêðûòûå ìàðêîâñêèå

ìîäåëè (Hidden Markov Model, HMM).

�åíåðàòèâíûå ìîäåëè: p(x , y ;w)
Äèñêðèìèíàòèâíûå ìîäåëè: p(y |x ;w), íå ìîäåëèðóåòñÿ p(x)

C.Sutton, A.MCallum. An introdution to Conditional Random Fields. 2011.
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Îáó÷åíèå ëèíåéíîãî CRF

Êðàòêèé îáçîð ìîäè�èêàöèé è îáîáùåíèé CRF

�åãóëÿðèçàöèÿ è îòáîð ïðèçíàêîâ

Ñêðûòûå ìàðêîâñêèå ìîäåëè HMM

Îáîáùåíèÿ CFR

Åù¼ íåñêîëüêî îáîáùåíèé CRF

HCRF: Hidden-state CRF

Quattoni, Wang, Moreny, Collins, Darrell. Hidden onditional random �elds. 2007.

LDCRF: Latent-Dynami CRF

Sung, Jurafsky. Hidden Conditional Random Fields for phone reognition. 2009.

CCRF: Continuous CRF

Qin, Liu. Global ranking using ontinuous onditional random �elds. 2008.
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