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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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Çàäà÷à ðàñïîçíàâàíèÿ èìåíîâàííûõ ñóùíîñòåé

Ñóùíîñòü âñåãäà èìååò êàòåãîðèþ. Ìíîæåñòâî óïîòðåáëÿåìûõ

êàòåãîðèé çàâèñèò îò ïðåäìåòíîé îáëàñòè è æàíðà òåêñòà

ïåðñîíà, îðãàíèçàöèÿ, ëîêàöèÿ, äàòà-âðåìÿ

ïðî�åññèÿ, äîëæíîñòü, çâàíèå

ññûëêà íà íîðìàòèâíî-ïðàâîâîé àêò

àðòèêóë, èçäåëèå, ïðîèçâîäñòâåííûé ïðîöåññ

íàçâàíèå áèîëîãè÷åñêîãî âèäà

çàáîëåâàíèå, ñèìïòîì, ëåêàðñòâåííûé ïðåïàðàò

õèìè÷åñêîå âåùåñòâî

àñòðîíîìè÷åñêèé îáúåêò
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Çàäà÷à âûäåëåíèÿ ïîëåé â áèáëèîãðà�è÷åñêèõ çàïèñÿõ

�àçìåòêà ïî ïîëÿì ìåòàäàííûõ:

àâòîð,

íàçâàíèå,

ìåñÿö, ãîä,

èçäàíèå,. . .

Ïðîáëåìà âàðèàòèâíîñòè áèáëèîãðà�è÷åñêèõ çàïèñåé:

David Blei, Andrew Ng, Mi
hael Jordan. Latent Diri
hlet allo
ation.

JMLR, 2003.

D.Blei, A.Ng, M.Jordan. Latent Diri
hlet allo
ation // Journal of

Ma
hine Learning Resear
h. 2003. V.3. Pp.993�1022.

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

Diri
hlet allo
ation. Journal of Ma
hine Learning Resear
h. JMLR.org.

Vol.3, P.993�1022.
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Ïðèìåð èíñòðóìåíòà ðàçìåòêè òåêñòà

Text annotation for Human. https://do

ano.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
ïðåäñêàçûâàåò

âñå ìåòêè y äëÿ ïîñëåäîâàòåëüíîñòè x (stru
tured predi
tion):

〈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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Çàìå÷àíèÿ î �îðìèðîâàíèè ïðèçíàêîâ fj

fj(y
′, y , x , i) � ýòî èí�îðìàöèÿ î ïîñëåäîâàòåëüíîñòè x ,

ïîëåçíàÿ äëÿ ïðåäñêàçàíèÿ ìåòêè yi = y â ïîçèöèè i ,

êîãäà â ïðåäûäóùåé ïîçèöèè (i − 1) íàõîäèòñÿ ìåòêà yi−1 = y ′.

fj(•, i) ìîæåò çàâèñåòü îò âñåãî x , íå òîëüêî îò xi

fj(•, i) íå ìîæåò çàâèñåòü îò äðóãèõ ìåòîê, êðîìå yi−1

(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

ïîñëåäîâàòåëüíîñòè (x , y) ìîãóò èìåòü ëþáûå äëèíû ℓ,

íî ðàçìåðíîñòü F (x , y) �èêñèðîâàíà è ðàâíà n
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Ïîñòðîåíèå âåðîÿòíîñòíîé ëèíåéíîé ìîäåëè ðàçìåòêè

Àíàëîã ìíîãîêëàññîâîé ëîãèñòè÷åñêîé ðåãðåññèè:

p(y |x ;w) =
1

Z (x ,w)
exp 〈w ,F (x , y)〉 ,

ãäå Z (x ,w) =
∑

y∈Y ℓ

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

Ïðèíöèï ìàêñèìóìà ïðàâäîïîäîáèÿ:

∑

(x ,y)∈D

ln p(y |x ;w) → max
w

Îïòèìàëüíàÿ ïîñëåäîâàòåëüíîñòü ìåòîê ïðè èçâåñòíîì w :

ŷ = arg max
y∈Y ℓ

p(y |x ;w)

Ý��åêòèâíîå âû÷èñëåíèå argmax è
∑

ïî Y ℓ
âîçìîæíî

áëàãîäàðÿ ìàðêîâñêîìó ñâîéñòâó ïðèçíàêîâ fj(yi−1, yi , x , i).
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Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Âû÷èñëåíèå îïòèìàëüíîé ðàçìåòêè

Îïòèìàëüíàÿ ïîñëåäîâàòåëüíîñòü ìåòîê ïðè èçâåñòíîì w :

ŷ = arg max
y∈Y ℓ

p(y |x ;w) = arg max
y∈Y ℓ

∑ℓ
i=1

∑n
j=1 wj fj(yi−1, yi , x , i)

︸ ︷︷ ︸

Gi [yi−1,yi ]

Îïðåäåëèì ℓ×|Y |-ìàòðèöó U :

U[k , v ] = max
y1...yk−1

(
∑k−1

i=1 Gi [yi−1, yi ] + Gk [yk−1, v ]
)

Àëãîðèòì Âèòåðáè. �åêóððåíòíîå âû÷èñëåíèå U :

U[0, v ] := 0;

U[k , v ] := max
u∈Y

(
U[k − 1, u] + Gk [u, v ]

)
;

çàòåì âû÷èñëåíèå îïòèìàëüíîé ŷ ¾îáðàòíûì õîäîì¿:

ŷℓ := argmax
v

U[ℓ, v ];

ŷk−1 := argmax
u

(
U[k − 1, u] + Gk [u, ŷk ]

)
.
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Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Ñâîéñòâà àëãîðèòìà Âèòåðáè

àëãîðèòì íàõîäèò îïòèìàëüíîå ðåøåíèå

ïðÿìîé õîä: çà O(|Y |2nℓ) îïåðàöèé

îáðàòíûé õîä: çà O(|Y |2ℓ) îïåðàöèé

êîãäà ïðèçíàêè ñèëüíî ðàçðåæåíû (ïðåîáëàäàþò íóëè),

ìíîæèòåëü n äëÿ ïðÿìîãî õîäà ìîæåò ñèëüíî óìåíüøèòüñÿ

ýòî àëãîðèòì äèíàìè÷åñêîãî ïðîãðàììèðîâàíèÿ

êëàññè÷åñêèé àëãîðèòì Âèòåðáè ïðåäíàçíà÷åí äëÿ

ñêðûòûõ ìàðêîâñêèõ ìîäåëåé, äàííàÿ âåðñèÿ ñîâñåì

íåìíîãî ìîäè�èöèðîâàíà
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Àëãîðèòì âïåð¼ä�íàçàä

Àëãîðèòì SG (Sto
hasti
 Gradient)

Ìàêñèìèçàöèÿ ëîãàðè�ìà ïðàâäîïîäîáèÿ:

∑

(x ,y)∈D

ln p(y |x ;w) → max
w

Èäåÿ óñêîðåíèÿ ñõîäèìîñòè: îáíîâëÿòü âåêòîð âåñîâ w

ïîñëå ãðàäèåíòíîãî øàãà ïî êàæäîìó ñëàãàåìîìó

Âõîä: âûáîðêà D, òåìï îáó÷åíèÿ h;

Âûõîä: âåêòîð âåñîâ w ;

èíèöèàëèçèðîâàòü âåñà wj , j = 0, . . . , 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 sto
hasti
 approximation method // Annals of

Mathemati
al Statisti
s, 1951, 22 (3), p. 400�407.
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê 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

∑

y∈Y ℓ

exp

n∑

k=1

wkFk(x , y) =

=
∑

y∈Y ℓ

Fj(x , y) exp

n∑

k=1

wkFk(x , y);

∂

∂wj

ln p(y |x ;w) = Fj(x , y)−
∑

u∈Y ℓ

Fj(x , u)p(u|x ;w).
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Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê 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) =
∑

y∈Y ℓ

exp
ℓ∑

i=1

Gi [yi−1, yi ]

︸ ︷︷ ︸

N(y)

.

Íàçîâ¼ì N(y) íåíîðìèðîâàííîé âåðîÿòíîñòüþ y = (y1, . . . , yℓ).
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Çàäà÷è îáó÷åíèÿ ñ ó÷èòåëåì äëÿ ðàçìåòêè òåêñòà

Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

Äâà ñåìåéñòâà âåêòîðîâ: âïåð¼ä è íàçàä

Îïðåäåëèì âåêòîðû íåíîðìèðîâàííûõ âåðîÿòíîñòåé äëÿ

íà÷àëüíûõ (y1, . . . , yk) è êîíå÷íûõ (yk , . . . , yℓ) �ðàãìåíòîâ.

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

αk [v ] =
∑

y1...yk−1

exp
(k−1∑

i=1
Gi [yi−1, yi ] + Gk [yk−1, v ]

)

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

βk [u] =
∑

yk+1...yℓ

exp
(

Gk+1[u, yk+1] +
ℓ∑

i=k+2

Gi [yi−1, yi ]
)

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

Ïðèìî÷êè ê CRF

Àëãîðèòì Âèòåðáè

Âû÷èñëåíèå ãðàäèåíòà

Àëãîðèòì âïåð¼ä�íàçàä

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

Âïåð¼ä-âåêòîðû (forward ve
tors):

αk [v ] =
∑

u∈Y

αk−1[u] expGk [u, v ];

α0[v ] = [v = start]

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

Íàçàä-âåêòîðû (ba
kward ve
tors):

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

Ïðèìî÷êè ê 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 ]

Z (x ,w) =
∑

u∈Y

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

p(yk = u|x ;w) =
αk [u] βk [u]

Z (x ,w)

p(yk = u, yk+1 = v |x ;w) =
αk [u] βk+1[v ] expGk+1[u, v ]

Z (x ,w)

Îòñþäà ïîëó÷àåòñÿ âûðàæåíèå äëÿ ãðàäèåíòà:

∂ ln p(y |x ;w)

∂wj

= Fj(x , y)−

ℓ∑

i=1

∑

yi−1

∑

yi

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

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

Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê CRF

�åãóëÿðèçàöèÿ L2 è L1
Êàêèå áûâàþò ïðèçíàêè

Ìîäè�èêàöèè CFR: óïðîùåíèÿ, óñëîæíåíèÿ, îáîáùåíèÿ

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 ñ îòáîðîì ïðèçíàêîâ:

∑

(x ,y)∈D

ln p(y |x ;w) + γ

n∑

j=1

|wj | → max
w

Elasti
Net ñ ìåíåå àãðåññèâíûì îòáîðîì 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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Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê CRF

�åãóëÿðèçàöèÿ L2 è L1
Êàêèå áûâàþò ïðèçíàêè

Ìîäè�èêàöèè CFR: óïðîùåíèÿ, óñëîæíåíèÿ, îáîáùåíèÿ

Ïðèìåðû ïðèçíàêîâ äëÿ POS-òåããèíãà

f1(yi−1, yi , x , i) = 1 åñëè yi = ADVERB è ñëîâî xi
îêàí÷èâàåòñÿ íà ¾-ly¿. Åñëè w1 > 0, òî òàêèå ñëîâà

äåéñòâèòåëüíî ÷àñòî îêàçûâàþòñÿ íàðå÷èÿìè.

f2(yi−1, yi , x , i) = 1 åñëè i = 1, yi = VERB è ïðåäëîæåíèå

îêàí÷èâàåòñÿ çíàêîì ¾?¿.

Åñëè w2 > 0, òî ïåðâîå ñëîâî â âîïðîñèòåëüíûõ

ïðåäëîæåíèÿõ äåéñòâèòåëüíî ÷àñòî îêàçûâàåòñÿ ãëàãîëîì.

f3(yi−1, yi , x , i) = 1 åñëè yi−1 = ADJECTIVE è yi = NOUN.

Åñëè w3 > 0, òî ñóùåñòâèòåëüíûå äåéñòâèòåëüíî ÷àñòî

ñëåäóþò çà ïðèëàãàòåëüíûì.

f4(yi−1, yi , x , i) = 1 åñëè yi−1 = yi =PREPOSITION.
Åñëè w4 > 0, òî ïðåäëîãè äåéñòâèòåëüíî êðàéíå ðåäêî

ñëåäóþò äðóã çà äðóãîì, ïîýòîìó âòîðîå ñëîâî âðÿä ëè

áóäåò ïðåäëîãîì.
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Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê CRF

�åãóëÿðèçàöèÿ L2 è L1
Êàêèå áûâàþò ïðèçíàêè

Ìîäè�èêàöèè CFR: óïðîùåíèÿ, óñëîæíåíèÿ, îáîáùåíèÿ

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.M
Callum. An introdu
tion to Conditional Random Fields. 2011.
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Îáó÷åíèå ëèíåéíîãî CRF

Ïðèìî÷êè ê CRF

�åãóëÿðèçàöèÿ L2 è L1
Êàêèå áûâàþò ïðèçíàêè

Ìîäè�èêàöèè CFR: óïðîùåíèÿ, óñëîæíåíèÿ, îáîáùåíèÿ

Íåêîòîðûå ðàçíîâèäíîñòè è îáîáùåíèÿ CRF

HCRF: Hidden-state CRF

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

LDCRF: Latent-Dynami
 CRF

Sung, Jurafsky. Hidden Conditional Random Fields for phone re
ognition. 2009.

CCRF: Continuous CRF

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