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Çàäà÷à ìàêñèìèçàöèè ôóíêöèè íà åäèíè÷íûõ ñèìïëåêñàõ

Ïóñòü Ω = (ωj)j∈J � íàáîð íîðìèðîâàííûõ íåîòðèöàòåëüíûõ
âåêòîðîâ ωj = (ωij)i∈Ij ðàçëè÷íûõ ðàçìåðíîñòåé |Ij |:

Ω =




Çàäà÷à ìàêñèìèçàöèè ôóíêöèè f (Ω) íà åäèíè÷íûõ ñèìïëåêñàõ:
f (Ω)→ max

Ω
;∑

i∈Ij

ωij = 1, j ∈ J;

ωij > 0, i ∈ Ij , j ∈ J.
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Íåîáõîäèìûå óñëîâèÿ ýêñòðåìóìà è ìåòîä ïðîñòûõ èòåðàöèé

Îïåðàöèÿ íîðìèðîâêè âåêòîðà: pi = norm
i∈I

(xi ) =
max(xi , 0)∑
k max(xk , 0)

Ëåììà. Ïóñòü f (Ω) íåïðåðûâíî äèôôåðåíöèðóåìà ïî Ω.
Åñëè ωj � âåêòîð ëîêàëüíîãî ýêñòðåìóìà çàäà÷è f (Ω)→ max
è ∃i : ωij

∂f
∂ωij

> 0, òî ωj óäîâëåòâîðÿåò ñèñòåìå óðàâíåíèé

ωij = norm
i∈Ij

(
ωij

∂f

∂ωij

)
.

×èñëåííîå ðåøåíèå ñèñòåìû � ìåòîäîì ïðîñòûõ èòåðàöèé

Ðåøåíèÿ ωj ≡ 0 îòáðàñûâàþòñÿ êàê âûðîæäåííûå

Èòåðàöèè ïîõîæè íà ãðàäèåíòíóþ îïòèìèçàöèþ, íî
ó÷èòûâàþò îãðàíè÷åíèÿ è íå òðåáóþò ïîäáîðà øàãà η:

ωij := ωij + η
∂f

∂ωij
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Òåîðåìà î ñõîäèìîñòè èòåðàöèîííîãî ïðîöåññà

ωt+1
ij = norm

i∈Ij

(
ωt
ij

∂f (Ωt)

∂ωt
ij

)

Òåîðåìà. Ïóñòü f (Ω) � îãðàíè÷åííàÿ ñâåðõó, íåïðåðûâíî
äèôôåðåíöèðóåìàÿ ôóíêöèÿ, è âñå Ωt , íà÷èíàÿ ñ íåêîòîðîé
èòåðàöèè t0 îáëàäàþò ñâîéñòâàìè:

∀j ∈ J ∀i ∈ Ij ωt
ij = 0→ ωt+1

ij = 0 (ñîõðàíåíèå íóëåé)

∃ε > 0 ∀j ∈ J ∀i ∈ Ij ωt
ij /∈ (0, ε) (îòäåëèìîñòü îò íóëÿ)

∃δ > 0 ∀j ∈ J ∃i ∈ Ij ωt
ij
∂f (Ωt)
∂ωij

> δ (íåâûðîæäåííîñòü)

Òîãäà f (Ωt+1) > f (Ωt) è
∣∣ωt+1

ij − ωt
ij

∣∣→ 0 ïðè t →∞.

Èðõèí È. À., Âîðîíöîâ Ê. Â. Ñõîäèìîñòü àëãîðèòìà àääèòèâíîé ðåãóëÿðèçàöèè
òåìàòè÷åñêèõ ìîäåëåé // Òðóäû Èíñòèòóòà ìàòåìàòèêè è ìåõàíèêè ÓðÎ ÐÀÍ. 2020.
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Ïóñòü

W � êîíå÷íîå ìíîæåñòâî ñëîâ (òåðìîâ, òîêåíîâ)

D � êîíå÷íîå ìíîæåñòâî òåêñòîâûõ äîêóìåíòîâ

T � êîíå÷íîå ìíîæåñòâî òåì

êàæäîå ñëîâî w â äîêóìåíòå d ñâÿçàíî ñ íåêîòîðîé òåìîé t

D ×W × T � äèñêðåòíîå âåðîÿòíîñòíîå ïðîñòðàíñòâî

ïîðÿäîê ñëîâ â äîêóìåíòå íå âàæåí (bag of words)

ïîðÿäîê äîêóìåíòîâ â êîëëåêöèè íå âàæåí

êîëëåêöèÿ � ýòî i.i.d. âûáîðêà (di ,wi , ti )
n
i=1 ∼ p(d ,w , t)

di ,wi � íàáëþäàåìûå, òåìû ti � ñêðûòûå

ãèïîòåçà óñëîâíîé íåçàâèñèìîñòè: p(w |d , t) = p(w |t)

Òåìàòè÷åñêàÿ ìîäåëü, ïî ôîðìóëå ïîëíîé âåðîÿòíîñòè:

p(w |d) =
∑
t∈T

p(w |��@@d , t) p(t|d)
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Ïîñòàíîâêà çàäà÷è òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ

Äàíî: êîëëåêöèÿ òåêñòîâûõ äîêóìåíòîâ

ndw � ÷àñòîòû òåðìîâ â äîêóìåíòàõ, p̂(w |d) = ndw
nd

Íàéòè: ïàðàìåòðû òåìàòè÷åñêîé ìîäåëè p(w |d) =
∑
t∈T

φwtθtd

φwt =p(w |t) � âåðîÿòíîñòè òåðìîâ w â êàæäîé òåìå t

θtd =p(t|d) � âåðîÿòíîñòè òåì t â êàæäîì äîêóìåíòå d

Ýòî çàäà÷à ñòîõàñòè÷åñêîãî ìàòðè÷íîãî ðàçëîæåíèÿ:
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Ïðèíöèï ìàêñèìóìà ïðàâäîïîäîáèÿ

Ïðàâäîïîäîáèå � ïëîòíîñòü ðàñïðåäåëåíèÿ âûáîðêè (di ,wi )
n
i=1:

n∏
i=1

p(di ,wi ) =
∏
d∈D

∏
w∈d

p(d ,w)ndw

Ìàêñèìèçàöèÿ ëîãàðèôìà ïðàâäîïîäîáèÿ∑
d∈D

∑
w∈d

ndw ln p(w |d)��
�H
HHp(d)

const
→ max

Φ,Θ

ïðèâîäèò ê çàäà÷å ìàòåìàòè÷åñêîãî ïðîãðàììèðîâàíèÿ:∑
d∈D

∑
w∈d

ndw ln
∑
t∈T

φwtθtd → max
Φ,Θ

ïðè îãðàíè÷åíèÿõ íåîòðèöàòåëüíîñòè è íîðìèðîâêè

φwt > 0;
∑

w∈W
φwt = 1; θtd > 0;

∑
t∈T

θtd = 1.
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Ïðèìåð. Ìóëüòèÿçû÷íàÿ òåìàòè÷åñêàÿ ìîäåëü Âèêèïåäèè

216 175 ðóññêî-àíãëèéñêèõ ïàð ñòàòåé. ßçûêè � ìîäàëüíîñòè.
Ïåðâûå 10 ñëîâ è èõ ÷àñòîòû p(w |t) â %:

Òåìà �68 Òåìà �79

research 4.56 èíñòèòóò 6.03 goals 4.48 ìàò÷ 6.02
technology 3.14 óíèâåðñèòåò 3.35 league 3.99 èãðîê 5.56
engineering 2.63 ïðîãðàììà 3.17 club 3.76 ñáîðíàÿ 4.51
institute 2.37 ó÷åáíûé 2.75 season 3.49 ôê 3.25
science 1.97 òåõíè÷åñêèé 2.70 scored 2.72 ïðîòèâ 3.20
program 1.60 òåõíîëîãèÿ 2.30 cup 2.57 êëóá 3.14
education 1.44 íàó÷íûé 1.76 goal 2.48 ôóòáîëèñò 2.67
campus 1.43 èññëåäîâàíèå 1.67 apps 1.74 ãîë 2.65
management 1.38 íàóêà 1.64 debut 1.69 çàáèâàòü 2.53
programs 1.36 îáðàçîâàíèå 1.47 match 1.67 êîìàíäà 2.14

Àñåññîð îöåíèë 396 òåì èç 400 êàê õîðîøî èíòåðïðåòèðóåìûå.

Ê.Vorontsov, O.Frei, M.Apishev, P.Romov, M.Suvorova. BigARTM: Open Source
Library for Regularized Multimodal Topic Modeling of Large Collections. AIST-2015.
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Ïðèìåð. Ìóëüòèÿçû÷íàÿ òåìàòè÷åñêàÿ ìîäåëü Âèêèïåäèè

216 175 ðóññêî-àíãëèéñêèõ ïàð ñòàòåé. ßçûêè � ìîäàëüíîñòè.
Ïåðâûå 10 ñëîâ è èõ ÷àñòîòû p(w |t) â %:

Òåìà �88 Òåìà �251

opera 7.36 îïåðà 7.82 windows 8.00 windows 6.05
conductor 1.69 îïåðíûé 3.13 microsoft 4.03 microsoft 3.76
orchestra 1.14 äèðèæåð 2.82 server 2.93 âåðñèÿ 1.86
wagner 0.97 ïåâåö 1.65 software 1.38 ïðèëîæåíèå 1.86
soprano 0.78 ïåâèöà 1.51 user 1.03 ñåðâåð 1.63
performance 0.78 òåàòð 1.14 security 0.92 server 1.54
mozart 0.74 ïàðòèÿ 1.05 mitchell 0.82 ïðîãðàììíûé 1.08
sang 0.70 ñîïðàíî 0.97 oracle 0.82 ïîëüçîâàòåëü 1.04
singing 0.69 âàãíåð 0.90 enterprise 0.78 îáåñïå÷åíèå 1.02
operas 0.68 îðêåñòð 0.82 users 0.78 ñèñòåìà 0.96

Àñåññîð îöåíèë 396 òåì èç 400 êàê õîðîøî èíòåðïðåòèðóåìûå.

Ê.Vorontsov, O.Frei, M.Apishev, P.Romov, M.Suvorova. BigARTM: Open Source
Library for Regularized Multimodal Topic Modeling of Large Collections. AIST-2015.
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Èíòåðïðåòèðóåìîñòü òåìàòè÷åñêèõ âåêòîðîâ

Òåìàòè÷åñêèå âåêòîðíûå ïðåäñòàâëåíèÿ òåêñòà:

p(t|d) = θtd äëÿ êàæäîãî äîêóìåíòà d

p(t|w) = φwt
p(t)
p(w) äëÿ êàæäîãî òåðìà w

p(t|d ,w) äëÿ êàæäîãî ëîêàëüíîãî êîíòåêñòà (d ,w)

Èíòåðïðåòèðóåìîñòü òåìàòè÷åñêèõ âåêòîðîâ:

êàæäàÿ òåìà t îïèñûâàåòñÿ ñåìàíòè÷åñêèì ÿäðîì,

÷àñòîòíûì ñëîâàð¼ì ñëîâ
{
w : p(w |t) > γp(w)

}
,

âñòðå÷àþùèõñÿ â äàííîé òåìå â γ ðàç ÷àùå îáû÷íîãî

ëþáîé îáúåêò x ñ âåêòîðîì p(t|x) îïèñûâàåòñÿ ÷àñòîòíûì

ñëîâàð¼ì ñëîâ
{
w : p(w |x) =

∑
t∈T

p(w |t)p(t|x) > γp(w)
}

Ê.Â. Âîðîíöîâ (k.v.vorontsov@phystech.edu) Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå 11 / 55



Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ëåììà î ìàêñèìèçàöèè íà ñèìïëåêñàõ
Ïîñòàíîâêà çàäà÷è è èíòåðïðåòèðóåìîñòü
Àääèòèâíàÿ ðåãóëÿðèçàöèÿ

Öåëè è íå-öåëè òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ

Öåëè:

Âûÿñíèòü òåìàòè÷åñêóþ êëàñòåðíóþ ñòðóêòóðó òåêñòîâîé
êîëëåêöèè, ñêîëüêî â íåé òåì è êàêèå îíè

Ïîëó÷àòü èíòåðïðåòèðóåìûå òåìàòè÷åñêèå âåêòîðíûå
ïðåäñòàâëåíèÿ äîêóìåíòîâ, ôðàãìåíòîâ, ñëîâ
p(t|d), p(t|w), p(t|d ,w)

Ðåøàòü çàäà÷è ïîèñêà, êàòåãîðèçàöèè, ñåãìåíòàöèè,
ñóììàðèçàöèè ñ ïîìîùüþ òåìàòè÷åñêèõ ýìáåäèíãîâ

Íå-öåëè:

Óãàäûâàòü ñëåäóþùèå ñëîâà (ÒÌ � ñëàáûå ìîäåëè ÿçûêà)

Ãåíåðèðîâàòü ñâÿçíûé òåêñò

Ïîíèìàòü ñìûñë òåêñòà
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Ìîäåëè âíèìàíèÿ

Ëåììà î ìàêñèìèçàöèè íà ñèìïëåêñàõ
Ïîñòàíîâêà çàäà÷è è èíòåðïðåòèðóåìîñòü
Àääèòèâíàÿ ðåãóëÿðèçàöèÿ

Íåêîòîðûå ïðèëîæåíèÿ òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ

ðàçâåäî÷íûé ïîèñê â ïîèñê òåìàòè÷åñêîãî âûÿâëåíèå è îòñëåæèâàíèå
ýëåêòðîííûõ áèáëèîòåêàõ êîíòåíòà â ñîöñåòÿõ öåïî÷åê íîâîñòåé

ìóëüòèìîäàëüíûé ïîèñê àíàëèç áàíêîâñêèõ óïðàâëåíèåì äèàëîãîì â
òåêñòîâ è èçîáðàæåíèé òðàíçàêöèîííûõ äàííûõ ðàçãîâîðíîì èíòåëëåêòå

Ê.Â. Âîðîíöîâ (k.v.vorontsov@phystech.edu) Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå 13 / 55



Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿
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Ïîñòàíîâêà çàäà÷è è èíòåðïðåòèðóåìîñòü
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Çàäà÷è, íåêîððåêòíî ïîñòàâëåííûå ïî Àäàìàðó

Çàäà÷à êîððåêòíî ïîñòàâëåíà
ïî Àäàìàðó, åñëè å¼ ðåøåíèå

ñóùåñòâóåò,

åäèíñòâåííî,

óñòîé÷èâî.
Æàê Ñàëîìîí Àäàìàð

(1865�1963)

Íàøà çàäà÷à ìàòðè÷íîãî ðàçëîæåíèÿ íåêîððåêòíî ïîñòàâëåíà:
åñëè Φ,Θ � ðåøåíèå, òî ñòîõàñòè÷åñêèå Φ′,Θ′ � òîæå ðåøåíèÿ

Φ′Θ′ = (ΦS)(S−1Θ), rankS = |T |
L(Φ′,Θ′) = L(Φ,Θ)

L(Φ′,Θ′) 6 L(Φ,Θ) + ε � ïðèáëèæ¼ííûå ðåøåíèÿ

Ðåãóëÿðèçàöèÿ � ñòàíäàðòíûé ïðè¼ì äîîïðåäåëåíèÿ ðåøåíèÿ
ñ ïîìîùüþ äîïîëíèòåëüíûõ êðèòåðèåâ.

Ê.Â. Âîðîíöîâ (k.v.vorontsov@phystech.edu) Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå 14 / 55



Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ
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ARTM: àääèòèâíàÿ ðåãóëÿðèçàöèÿ òåìàòè÷åñêèõ ìîäåëåé

Ìàêñèìèçàöèÿ ëîãàðèôìà ïðàâäîïîäîáèÿ ñ ðåãóëÿðèçàòîðîì:∑
d ,w

ndw ln
∑
t∈T

φwtθtd +R(Φ,Θ)→ max
Φ,Θ

; R(Φ,Θ) =
∑
i

τiRi (Φ,Θ)

EM-àëãîðèòì: ìåòîä ïðîñòîé èòåðàöèè äëÿ ñèñòåìû óðàâíåíèé

E-øàã:

M-øàã:



ptdw ≡ p(t|d ,w) = norm
t∈T

(
φwtθtd

)
φwt = norm

w∈W

(
nwt + φwt

∂R
∂φwt

)
, nwt =

∑
d∈D

ndwptdw

θtd = norm
t∈T

(
ntd + θtd

∂R
∂θtd

)
, ntd =

∑
w∈d

ndwptdw

Âîðîíöîâ Ê. Â. Àääèòèâíàÿ ðåãóëÿðèçàöèÿ òåìàòè÷åñêèõ ìîäåëåé êîëëåêöèé
òåêñòîâûõ äîêóìåíòîâ. Äîêëàäû ÐÀÍ, 2014.
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Äîêàçàòåëüñòâî (ïî ëåììå î ìàêñèìèçàöèè íà ñèìïëåêñàõ)

Ïðèìåíèì ëåììó ê log-ïðàâäîïîäîáèþ ñ ðåãóëÿðèçàòîðîì:

f (Φ,Θ) =
∑
d ,w

ndw ln
∑
t∈T

φwtθtd + R(Φ,Θ)→ max
Φ,Θ

φwt = norm
w∈W

(
φwt

∂f

∂φwt

)
= norm

w∈W

(
φwt

∑
d∈D

ndw
θtd

p(w |d)
+ φwt

∂R

∂φwt

)
=

= norm
w∈W

(∑
d∈D

ndwptdw + φwt
∂R

∂φwt

)
;

θtd = norm
t∈T

(
θtd

∂f

∂θtd

)
= norm

t∈T

(
θtd

∑
w∈W

ndw
φwt

p(w |d)
+ θtd

∂R

∂θtd

)
=

= norm
t∈T

(∑
w∈d

ndwptdw + θtd
∂R

∂θtd

)
.
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Äâà íàèáîëåå èçâåñòíûõ ÷àñòíûõ ñëó÷àÿ: ìîäåëè PLSA è LDA

PLSA: probabilistic latent semantic analysis [Hofmann, 1999]
(âåðîÿòíîñòíûé ëàòåíòíûé ñåìàíòè÷åñêèé àíàëèç):

R(Φ,Θ) = 0.

Ì-øàã � ÷àñòîòíûå îöåíêè óñëîâíûõ âåðîÿòíîñòåé:

φwt = norm
w

(
nwt
)
, θtd = norm

t

(
ntd
)
.

LDA: latent Dirichlet allocation (ëàòåíòíîå ðàçìåùåíèå Äèðèõëå):

R(Φ,Θ) =
∑
t,w

(βw − 1) lnφwt +
∑
d ,t

(αt − 1) ln θtd .

Ì-øàã � ÷àñòîòíûå îöåíêè ñ ïîïðàâêàìè βw > 0, αt > 0:

φwt = norm
w

(
nwt + βw − 1

)
, θtd = norm

t

(
ntd + αt − 1

)
.

Hofmann T. Probabilistic latent semantic indexing. SIGIR 1999.
Blei D., Ng A., Jordan M. Latent Dirichlet allocation. 2003.
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Ðåãóëÿðèçàòîðû äëÿ óëó÷øåíèÿ èíòåðïðåòèðóåìîñòè òåì

background

Ñãëàæèâàíèå ôîíîâûõ òåì B ⊂ T :

R(Φ,Θ) = β0

∑
t∈B

∑
w

βw lnφwt + α0

∑
d

∑
t∈B

αt ln θtd

sparse

Ðàçðåæèâàíèå ïðåäìåòíûõ òåì S = T \ B :
R(Φ,Θ) = −β0

∑
t∈S

∑
w

βw lnφwt − α0

∑
d

∑
t∈S

αt ln θtd

decorrelated

Äåêîððåëèðîâàíèå äëÿ ïîâûøåíèÿ ðàçëè÷íîñòè òåì:

R(Φ) = −τ
2

∑
t,s

∑
w

φwtφws

interpretable

Ñãëàæèâàíèå + ðàçðåæèâàíèå + äåêîððåëèðîâàíèå
äëÿ óëó÷øåíèÿ èíòåðïðåòèðóåìîñòè òåì
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Ðåãóëÿðèçàòîðû äëÿ ó÷¼òà äîïîëíèòåëüíîé èíôîðìàöèè

temporal

Òåìïîðàëüíûå ìîäåëè ñ ìîäàëüíîñòüþ âðåìåíè i :

R(Φ) = −τ
∑
i∈I

∑
t∈T

∣∣φit − φi−1,t

∣∣
regression

Ëèíåéíàÿ ìîäåëü ðåãðåññèè ŷd = 〈v , θd〉 äîêóìåíòîâ:
R(Θ, v) = −τ

∑
d∈D

(
yd −

∑
t∈T

vtθtd

)2

coherence

Ìîäåëè ñî÷åòàåìîñòè ñëîâ (nuv � ÷àñòîòà áèòåðìà):

R(Φ) = τ
∑
u∈W

∑
v∈W

nuv ln
∑
t∈T

ntφutφvt

hierarchy

Ñâÿçü ðîäèòåëüñêèõ òåì t ñ äî÷åðíèìè ïîäòåìàìè s:

R(Φ,Ψ) = τ
∑
t∈T

∑
w∈W

nwt ln
∑
s∈S

φwsψst
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Ìîäóëüíîñòü àääèòèâíîé ðåãóëÿðèçàöèè

Íàáîð ðåãóëÿðèçàòîðîâ ïîäáèðàåòñÿ äëÿ êàæäîé çàäà÷è

Âûÿâëåíèå ýòíîðåëåâàíòíîãî äèñêóðñà â ñîöèàëüíûõ ñåòÿõ:

L

(
PLSA

)
+R

(
interpretable

)
+R

(
n-gram

)
+R

(
seed words

)
→ max

Òåìàòè÷åñêèé ïîèñê íàó÷íûõ è íàó÷íî-ïîïóëÿðíûõ ñòàòåé:

L

(
multimodal

)
+ R

(
interpretable

)
+ R

(
n-gram

)
+ R

(
hierarchy

)
→ max

Âûÿâëåíèå è ïðîñëåæèâàíèå ñîáûòèé â íîâîñòíîì ïîòîêå:

L

(
multimodal

)
+R

(
interpretable

)
+R

(
temporal

)
+R

(
sentiment

)
→ max
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Òåìà ìîæåò ïîðîæäàòü òåðìû ðàçëè÷íûõ ìîäàëüíîñòåé:
p(ñëîâî|t), p(n-ãðàììà|t),

p(àâòîð|t), p(âðåìÿ|t), p(èñòî÷íèê|t),
p(îáúåêò|t), p(ññûëêà|t), p(áàííåð|t), p(ïîëüçîâàòåëü|t)
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Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ìóëüòèìîäàëüíàÿ òåìàòè÷åñêàÿ ìîäåëü

Òåìà ìîæåò ïîðîæäàòü òåðìû ðàçëè÷íûõ ìîäàëüíîñòåé:
p(ñëîâî|t), p(n-ãðàììà|t), p(àâòîð|t), p(âðåìÿ|t), p(èñòî÷íèê|t),
p(îáúåêò|t), p(ññûëêà|t), p(áàííåð|t),

p(ïîëüçîâàòåëü|t)
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Ê.Â. Âîðîíöîâ (k.v.vorontsov@phystech.edu) Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå 21 / 55



Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ìóëüòèìîäàëüíàÿ òåìàòè÷åñêàÿ ìîäåëü

Òåìà ìîæåò ïîðîæäàòü òåðìû ðàçëè÷íûõ ìîäàëüíîñòåé:
p(ñëîâî|t), p(n-ãðàììà|t), p(àâòîð|t), p(âðåìÿ|t), p(èñòî÷íèê|t),
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Ê.Â. Âîðîíöîâ (k.v.vorontsov@phystech.edu) Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå 21 / 55
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Ìóëüòèìîäàëüíàÿ ARTM

Wm � ñëîâàðü òîêåíîâ m-é ìîäàëüíîñòè, m ∈ M
Ìàêñèìèçàöèÿ ñóììû log ïðàâäîïîäîáèé ñ ðåãóëÿðèçàöèåé:∑

m∈M
τm
∑
d∈D

∑
w∈Wm

ndw ln
∑
t∈T

φwtθtd + R(Φ,Θ) → max
Φ,Θ

EM-àëãîðèòì: ìåòîä ïðîñòîé èòåðàöèè äëÿ ñèñòåìû óðàâíåíèé

E-øàã:

M-øàã:



ptdw = norm
t∈T

(
φwtθtd

)
φwt = norm

w∈Wm

( ∑
d∈D

τm(w)ndwptdw + φwt
∂R
∂φwt

)
θtd = norm

t∈T

( ∑
w∈d

τm(w)ndwptdw + θtd
∂R
∂θtd

)
K.Vorontsov, O.Frei, M.Apishev et al. Non-bayesian additive regularization for
multimodal topic modeling of large collections. CIKM TM workshop, 2015.
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Ïðèìåð. Áèãðàììíàÿ ìîäåëü íàó÷íûõ êîíôåðåíöèé

Êîëëåêöèÿ 1000 ñòàòåé êîíôåðåíöèé ÌÌÐÎ, ÈÎÈ íà ðóññêîì

ðàñïîçíàâàíèå îáðàçîâ â áèîèíôîðìàòèêå òåîðèÿ âû÷èñëèòåëüíîé ñëîæíîñòè
óíèãðàììû áèãðàììû óíèãðàììû áèãðàììû
îáúåêò çàäà÷à ðàñïîçíàâàíèÿ çàäà÷à ðàçäåëÿòü ìíîæåñòâà
çàäà÷à ìíîæåñòâî ìîòèâîâ ìíîæåñòâî êîíå÷íîå ìíîæåñòâî
ìíîæåñòâî ñèñòåìà ìàñîê ïîäìíîæåñòâî óñëîâèå çàäà÷è
ìîòèâ âòîðè÷íàÿ ñòðóêòóðà óñëîâèå çàäà÷à î ïîêðûòèè
ðàçðåøèìîñòü ñòðóêòóðà áåëêà êëàññ ïîêðûòèå ìíîæåñòâà
âûáîðêà ðàñïîçíàâàíèå âòîðè÷íîé ðåøåíèå ñèëüíûé ñìûñë
ìàñêà ñîñòîÿíèå îáúåêòà êîíå÷íûé ðàçäåëÿþùèé êîìèòåò
ðàñïîçíàâàíèå îáó÷àþùàÿ âûáîðêà ÷èñëî ìèíèìàëüíûé àôôèííûé
èíôîðìàòèâíîñòü îöåíêà èíôîðìàòèâíîñòè àôôèííûé àôôèííûé êîìèòåò
ñîñòîÿíèå ìíîæåñòâî îáúåêòîâ ñëó÷àé àôôèííûé ðàçäåëÿþùèé
çàêîíîìåðíîñòü ðàçðåøèìîñòü çàäà÷è ïîêðûòèå îáùåå ïîëîæåíèå
ñèñòåìà êðèòåðèé ðàçðåøèìîñòè îáùèé ìíîæåñòâî òî÷åê
ñòðóêòóðà èíôîðìàòèâíîñòü ìîòèâà ïðîñòðàíñòâî ñëó÷àé çàäà÷è
çíà÷åíèå ïåðâè÷íàÿ ñòðóêòóðà ñõåìà îáùèé ñëó÷àé
ðåãóëÿðíîñòü òóïèêîâîå ìíîæåñòâî êîìèòåò çàäà÷à MASC

Ñåðãåé Ñòåíèí. Ìóëüòèãðàììíûå àääèòèâíî ðåãóëÿðèçîâàííûå òåìàòè÷åñêèå
ìîäåëè // Ìàãèñòåðñêàÿ äèññåðòàöèÿ, ÌÔÒÈ, 2015.
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Òåìàòè÷åñêèå ìîäåëè áèòåðìîâ èëè ñî÷åòàåìîñòè ñëîâ

Èäåÿ: ìîäåëèðîâàòü íå äîêóìåíòû, à êîíòåêñòû ñëîâ.
du � ïñåâäî-äîêóìåíò, îáúåäèíåíèå âñåõ êîíòåêñòîâ ñëîâà u.
nuw � ÷èñëî âõîæäåíèé ñëîâà w â ïñåâäî-äîêóìåíò du.
Êîíòåêñò � êîðîòêîå ñîîáùåíèå / ïðåäëîæåíèå / îêíî ±h ñëîâ.

Yuan Zuo, Jichang Zhao, Ke Xu. Word Network Topic Model: a simple but general
solution for short and imbalanced texts. 2014.
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Ìîäåëè WNTM (Word Network) è WTM (Word Topic Model)

Òåìàòè÷åñêàÿ ìîäåëü êîíòåêñòîâ, ðàçëîæåíèå W×W -ìàòðèöû:

p(w |du) =
∑
t∈T

p(w |t)p(t|du) =
∑
t∈T

φwtθtu,

ãäå du � ïñåâäî-äîêóìåíò ñëîâà u.

Ìàêñèìèçàöèÿ ëîãàðèôìà ïðàâäîïîäîáèÿ:∑
u,w∈W

nuw log
∑
t∈T

φwtθtu + R(Φ,Θ)→ max
Φ,Θ

,

ãäå nuw � ÷àñòîòà ñî÷åòàíèÿ ïàðû ñëîâ (w , u).

Â òàêèõ ìîäåëÿõ èíòåðïðåòèðóåìî âû÷èòàíèå âåêòîðîâ p(t|w),
àíàëîãè÷íî word2vec: ¾êîðîëü − êîðîëåâà = ìóæ − æåíà¿

Yuan Zuo, Jichang Zhao, Ke Xu. Word Network Topic Model: a simple but general
solution for short and imbalanced texts. 2014.

Berlin Chen. Word Topic Models for spoken document retrieval and transcription. 2009.
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Ìîäåëè ïðåäëîæåíèé è êîðîòêèõ òåêñòîâ TwitterLDA, senLDA

Sd � ìíîæåñòâî ïðåäëîæåíèé äîêóìåíòà d
nsw � ñêîëüêî ðàç òåðì w âñòðå÷àåòñÿ â ïðåäëîæåíèè s

Òåìàòè÷åñêàÿ ìîäåëü ïðåäëîæåíèÿ s:

p(s|d) =
∑
t∈T

p(t|d)
∏
w∈s

p(w |t)nsw =
∑
t∈T

θtd
∏
w∈s

φnswwt

Ìàêñèìèçàöèÿ ðåãóëÿðèçîâàííîãî log-ïðàâäîïîäîáèÿ∑
d∈D

∑
s∈Sd

ln
∑
t∈T

θtd
∏
w∈s

φnswwt + R(Φ,Θ)→ max
Φ,Θ

ýòî ÷àñòíûé ñëó÷àé ãèïåðãðàôîâîé ìîäåëè, ïðåäëîæåíèÿ
ÿâëÿþòñÿ ãèïåð-ð¼áðàìè.

Wayne Xin Zhao, Jing Jiang, Jianshu Weng, Jing He, Ee Peng Lim et al. Comparing
Twitter and traditional media using topic models. ECIR 2011.

G.Balikas, M.-R.Amini, M.Clausel. On a topic model for sentences. SIGIR 2016.
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Òåìàòè÷åñêàÿ ìîäåëü ãèïåðãðàôà

Vm � ñëîâàðü òåðìîâ ìîäàëüíîñòè m ∈ M
V = V 1 t · · · t VM � ñëîâàðü òåðìîâ âñåõ ìîäàëüíîñòåé
Γ = 〈V ,E 〉 � ãèïåðãðàô, ñèñòåìà êîíå÷íûõ ïîäìíîæåñòâ V
(d , x) � ðåáðî, d ∈ V � âåðøèíà-êîíòåéíåð, x ⊂ V

Äàíî:
Ek � íàáëþäàåìàÿ âûáîðêà ð¼áåð (òðàíçàêöèé) òèïà k ,
nkdx � ÷èñëî âõîæäåíèé ðåáðà (d , x) â âûáîðêó Ek .

Íàéòè: òåìàòè÷åñêóþ ìîäåëü ð¼áåð òèïà k

p(x |d) =
∑
t∈T

p(t|d)︸ ︷︷ ︸
θtd

∏
v∈x

p(v |t)︸ ︷︷ ︸
φvt

Çàäà÷à ìàêñèìèçàöèè ðåãóëÿðèçîâàííîãî ïðàâäîïîäîáèÿ:∑
k∈K

τk
∑

(d ,x)∈Ek

nkdx ln
∑
t∈T

θtd
∏
v∈x

φvt + R(Φ,Θ)→ max
Φ,Θ
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EM-àëãîðèòì äëÿ ãèïåðãðàôîâîé ARTM

Çàäà÷à ìàêñèìèçàöèè ðåãóëÿðèçîâàííîãî ïðàâäîïîäîáèÿ:∑
k∈K

τk
∑

(d ,x)∈Ek

nkdx ln
∑
t∈T

θtd
∏
v∈x

φvt + R(Φ,Θ)→ max
Φ,Θ

EM-àëãîðèòì: ìåòîä ïðîñòîé èòåðàöèè äëÿ ñèñòåìû óðàâíåíèé
ñî âñïîìîãàòåëüíûìè ïåðåìåííûìè ptdx = p(t|d , x):

E-øàã:

M-øàã:



ptdx = norm
t∈T

(
θtd

∏
v∈x

φvt

)
φvt = norm

v∈Vm

( ∑
k∈K

τk
∑

(d ,x)∈Ek

[
v ∈x

]
nkdxptdx + φvt

∂R
∂φvt

)
θtd = norm

t∈T

( ∑
k∈K

τk
∑

(d ,x)∈Ek

nkdxptdx + θtd
∂R
∂θtd

)
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Äîêàçàòåëüñòâî (ïî ëåììå î ìàêñèìèçàöèè íà ñèìïëåêñàõ)

Ïðèìåíèì Ëåììó ê log-ïðàâäîïîäîáèþ ñ ðåãóëÿðèçàòîðîì R :

φvt = norm
v∈Vm

(
φvt
∑
k∈K

τk
∑

dx∈Ek

nkdx
θtd

p(x |d)

∂

∂φvt

∏
u∈x

φut + φvt
∂R

∂φvt

)
=

= norm
v∈Vm

(∑
k∈K

∑
dx∈Ek

τknkdx [v ∈ x ]ptdx + φvt
∂R

∂φvt

)

θtd = norm
t∈T

(
θtd
∑
k∈K

τk
∑
x∈d

nkdx
1

p(x |d)

∏
v∈x

φvt + θtd
∂R

∂θtd

)
=

= norm
t∈T

(∑
k∈K

∑
x∈d

τknkdxptdx + θtd
∂R

∂θtd

)
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Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ïðèìåðû çàäà÷ ñ òðàíçàêöèîííûìè äàííûìè

Çàäà÷à: ïî íàáëþäàåìîé âûáîðêå ð¼áåð ãèïåðãðàôà íàéòè
ëàòåíòíûå òåìàòè÷åñêèå âåêòîðíûå ïðåäñòàâëåíèÿ åãî âåðøèí

Äàííûå ñîöèàëüíîé ñåòè:
(d , u,w) � ïîëüçîâàòåëü u çàïèñàë ñëîâî w â áëîãå d

Äàííûå ñåòè èíòåðíåò-ðåêëàìû:
(u, d , b) � ïîëüçîâàòåëü u êëèêíóë áàííåð b íà ñòðàíèöå d

Äàííûå ðåêîìåíäàòåëüíîé ñèñòåìû:
(u, f , s) � ïîëüçîâàòåëü u îöåíèë ôèëüì f â ñèòóàöèè s

Äàííûå ôèíàíñîâûõ îðãàíèçàöèé:
(b, s, g) � ïîêóïàòåëü u êóïèë ó ïðîäàâöà s òîâàð g

Äàííûå î ïàññàæèðñêèõ àâèàïåðåë¼òàõ:
(u, a, b, c) � ïåðåë¼ò êëèåíòà u èç a â b àâèàêîìïàíèåé c
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ãèïåðãðàôîâûå òåìàòè÷åñêèå ìîäåëè ÿçûêà

Ð¼áðàìè ãèïåðãðàôà ìîãóò áûòü ëþáûå ïîäìíîæåñòâà òåðìîâ,
ñâÿçàííûå ïî ñìûñëó è ïîðîæäàåìûå îáùåé òåìîé:

ïðåäëîæåíèå / ôðàçà / ñèíòàãìà

âåòêà ñèíòàêñè÷åñêîãî äåðåâà / èìåííàÿ ãðóïïà

ôàêò ¾îáúåêò, ñóáúåêò, äåéñòâèå¿

ïàðû ñèíîíèìîâ, ãèïîíèì�ãèïåðîíèì, ìåðîíèì�õîëîíèì

ëåêñè÷åñêàÿ öåïî÷êà

òåêñò êîììåíòàðèÿ è åãî àâòîð

Ìîäåëü äà¼ò èíòåðïðåòèðóåìûå òåìàòè÷åñêèå ýìáåäèíãè:

p(t|d) � êàæäîãî êîíòåéíåðà, â ÷àñòíîñòè, äîêóìåíòà

p(t|w) = φwt
p(t)
p(w) � êàæäîãî òåðìà, â ÷àñòíîñòè, ñëîâà

p(t|d , x) � êàæäîé îòäåëüíîé òðàíçàêöèè (ôðàçû, ôàêòà)
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ñåãìåíòíàÿ ñòðóêòóðà òåêñòà è ïîñò-îáðàáîòêà Å-øàãà

Äîêóìåíò d = {w1, . . . ,wnd}, nd � äëèíà äîêóìåíòà d

Òåìàòèêà òåðìîâ â äîêóìåíòå p(t|d ,wi ) � ìàòðèöà T×nd :
123 ... ... nd

1

...

|T|

↓ ñåêöèîíèðîâàíèå è ðàçðåæèâàíèå ↓

↓ ñãëàæèâàíèå è êîíòðàñòèðîâàíèå ↓
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ðåãóëÿðèçàöèÿ Å-øàãà

Òð¼õìåðíàÿ ìàòðèöà Π =
(
ptdw = p(t|d ,w)

)
T×D×W

Ðåãóëÿðèçàòîð Å-øàãà: R̃(Φ,Θ) = R(Π(Φ,Θ),Φ,Θ):∑
d∈D

∑
w∈d

ndw ln
∑
t∈T

φwtθtd + R(Π,Φ,Θ) → max
Φ,Θ

.

EM-àëãîðèòì: ìåòîä ïðîñòîé èòåðàöèè äëÿ ñèñòåìû óðàâíåíèé

E-øàã:

M-øàã:



ptdw = norm
t∈T

(
φwtθtd

)
p̃tdw = ptdw

(
1 + 1

ndw

(
∂R
∂ptdw

−
∑
z∈T

pzdw
∂R
∂pzdw

))
φwt = norm

w∈W

( ∑
d∈D

ndw p̃tdw + φwt
∂R
∂φwt

)
θtd = norm

t∈T

( ∑
w∈d

ndw p̃tdw + θtd
∂R
∂θtd

)
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Íàáðîñîê äîêàçàòåëüñòâà: òðè ëåììû

Ëåììà 1. Äëÿ ôóíêöèè ptdw (Φ,Θ) = φwtθtd∑
z φwzθzd

è ëþáîãî z ∈ T

φwt
∂pzdw
∂φwt

= θtd
∂pzdw
∂θtd

= ptdw
(
[z = t]− pzdw

)
.

Ââåä¼ì âñïîìîãàòåëüíóþ ôóíêöèþ îò ïåðåìåííûõ Π,Φ,Θ:

Qtdw (Π,Φ,Θ) = ∂R(Π,Φ,Θ)
∂ptdw

−
∑
z∈T

pzdw
∂R(Π,Φ,Θ)
∂pzdw

.

Ëåììà 2. Åñëè R(Π,Φ,Θ) íå çàâèñèò îò ptdw ïðè w /∈ d , òî

φwt
∂R̃
∂φwt

= φwt
∂R
∂φwt

+
∑
d∈D

ptdwQtdw ; θtd
∂R̃
∂θtd

= θtd
∂R
∂θtd

+
∑
w∈d

ptdwQtdw .

Ëåììà 3. Ôîðìóëû Ì-øàãà:

φwt = norm
w∈W

( ∑
d∈D

ndwptdw +
∑
d∈D

Qtdwptdw + φwt
∂R
∂φwt

)
;

θtd = norm
t∈T

( ∑
w∈d

ndwptdw +
∑
w∈d

Qtdwptdw + θtd
∂R
∂θtd

)
.
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Ãèïîòåçà î ïîñò-îáðàáîòêå Å-øàãà

Ìåæäó Å- è Ì-øàãîì äîáàâëÿåòñÿ îáðàáîòêà ìàòðèöû (ptdw )
òåìàòè÷åñêèõ âåêòîðîâ ïîñëåäîâàòåëüíîñòè òåðìîâ äîêóìåíòà:

p̃tdw = ptdw

(
1 +

1

ndw

(
∂R(Π)

∂ptdw
−
∑
z∈T

pzdw
∂R(Π)

∂pzdw

))
(1)

Ïîñò-îáðàáîòêà Å-øàãà ïîçâîëÿåò ó÷èòûâàòü ïîðÿäîê òåðìîâ
â äîêóìåíòå â îáõîä ãèïîòåçû ¾ìåøêà ñëîâ¿.

Ãèïîòåçà

Ëþáîå ¾ðàçóìíîå¿ ïðåîáðàçîâàíèå ptdw → p̃tdw ýêâèâàëåíòíî
íåêîòîðîìó ðåãóëÿðèçàòîðó R(Π(Φ,Θ)).

Îòêðûòûé âîïðîñ: ïðè êàêèõ óñëîâèÿõ ïî çàäàííûì
ptdw è p̃tdw âîçìîæíî ïîäîáðàòü ôóíêöèþ R(Π) òàê, ÷òîáû
âûïîëíÿëîñü óðàâíåíèå ïîñò-îáðàáîòêè (1)?
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Âîçìîæíà ëè òåìàòèçàöèÿ ôðàãìåíòà çà îäèí ïðîõîä?

Äàíî: q � ôðàãìåíò òåêñòà, Φ � ãîòîâàÿ òåìàòè÷åñêàÿ ìîäåëü
Íàéòè: p(t|q) � òåìàòè÷åñêèé âåêòîð ôðàãìåíòà òåêñòà

Ïðîáëåìû:

åñëè òåêñò êîðîòêèé, òî îïðåäåëåíèå p(t|q) íå íàä¼æíî

ñîãëàñîâàíèå p(t|q) ñ p(t|w) = φwt
p(t)
p(w) îòäåëüíûõ ñëîâ

ñîãëàñîâàíèå p(t|q) ñ áîëåå øèðîêèì êîíòåêñòîì d ⊃ q

Íàâîäÿùèå ñîîáðàæåíèÿ:

ïåðâàÿ èòåðàöèÿ ÅÌ-àëãîðèòìà ñ èíèöèàëèçàöèåé θ0
td = 1

|T | :

θtd(Φ) = norm
t∈T

( ∑
w∈W

ndwptdw

)
=
∑
w∈d

ndw
nd

norm
t∈T

(φwtθ
0
td)

ôîðìóëà ïîëíîé âåðîÿòíîñòè:

θtd(Φ) =
∑
w∈d

p(w |d) p(t|w) =
∑
w∈d

ndw
nd

norm
t∈T

(
φwtp(t)

)
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

EM-àëãîðèòì äëÿ ARTM áåç ìàòðèöû Θ

Ìàêñèìèçàöèÿ log-ïðàâäîïîäîáèÿ ïðè îãðàíè÷åíèè Θ = Θ(Φ):∑
d ,w

ndw ln
∑
t∈T

φwtθtd(Φ) + R
(
Φ,Θ(Φ)

)
→ max

Φ

EM-àëãîðèòì: ìåòîä ïðîñòîé èòåðàöèè äëÿ ñèñòåìû óðàâíåíèé

ptdw = norm
t∈T

(
φwtθtd

)
;

nwt =
∑
d∈D

ndwptdw ; ntd =
∑
w∈d

ndwptdw ;

φwt = norm
w∈W

(
nwt + φwt

∂R

∂φwt
+ φwt

∑
d∈D

∑
s∈T

(
nsd
θsd

+
∂R

∂θsd

)
∂θsd
∂φwt

)

È.À.Èðõèí, Â.Ã.Áóëàòîâ, Ê.Â.Âîðîíöîâ. Àääèòèâíàÿ ðåãóëÿðèçàöèÿ òåìàòè÷åñêèõ
ìîäåëåé ñ áûñòðîé âåêòîðèçàöèåé òåêñòà. ÊèÌ, 2020.
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

Äîêàçàòåëüñòâî (ïî Ëåììå î ìàêñèìèçàöèè íà ñèìïëåêñàõ)

Îïòèìèçàöèîííàÿ çàäà÷à M-øàãà îòíîñèòåëüíî Φ è Θ(Φ):

Q(Φ) =
∑
d∈D

∑
u∈W

∑
s∈T

ndupsdu
(
lnφus+ln θsd(Φ)

)
+R
(
Φ,Θ(Φ)

)
→ max

Φ

Ïðèìåíèì Ëåììó ê ðåãóëÿðèçîâàííîìó log-ïðàâäîïîäîáèþ Q:

φwt
∂Q

∂φwt
=
∑
d∈D

ndwptdw + φwt
∂R

∂φwt
+

+
∑
d ,s,u

ndupsdu
φwt
θsd

∂θsd
∂φwt

+ φwt
∑
d ,s

∂R

∂θsd

∂θsd
∂φwt

=

= nwt + φwt
∂R

∂φwt
+ φwt

∑
d ,s

(
nsd
θsd

+
∂R

∂θsd

)
∂θsd
∂φwt

�
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Ìîäàëüíîñòè, áèòåðìû, ïðåäëîæåíèÿ, ãèïåðãðàôû
Ðåãóëÿðèçàöèÿ Å-øàãà
Îäíîïðîõîäíàÿ òåìàòè÷åñêàÿ âåêòîðèçàöèÿ

×àñòíûé ñëó÷àé θtd(Φ) =
∑

w pwd normt(φwt)

×àñòíûå ïðîèçâîäíûå: ∂θsd
∂φwt

= pwdhw
(
δst − φwshw

)
EM-àëãîðèòì: ìåòîä ïðîñòîé èòåðàöèè äëÿ ñèñòåìû óðàâíåíèé

θtd =
∑
w∈d

pwdφwthw ; hw =
(∑

t φwt
)−1

;

ptdw = norm
t∈T

(
φwtθtd

)
; ctd =

ntd
θtd

+
∂R

∂θtd
;

ntd =
∑
w∈d

ndwptdw ; γdw =
∑
t∈T

φwtctd ;

p′tdw = ptdw + n−1
d φwthw (ctd − hwγdw );

φwt = norm
w∈W

( ∑
d∈D

ndwp
′
tdw + φwt

∂R
∂φwt

)
.

E-øàã ïî-ïðåæíåìó çàíèìàåò O(nd |T |) îïåðàöèé äëÿ êàæäîãî d
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿
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Ýêñïåðèìåíò. Ïðîâåðêà ìîäèôèöèðîâàííîãî EM-àëãîðèòìà

Êîëëåêöèÿ NIPS, |T | = 50, ìîäåëè:

TARTM (Θless ARTM) � ìîäèôèöèðîâàííûé EM-àëãîðèòì

naive TARTM � îäíà èòåðàöèÿ îáû÷íîãî EM-àëãîðèòìà
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TARTM î÷èùàåò òåìû îò îáùåóïîòðåáèòåëüíûõ ñëîâ,

óëó÷øàåò ðàçðåæåííîñòü, ðàçëè÷íîñòü è êîãåðåíòíîñòü òåì

È.À.Èðõèí, Â.Ã.Áóëàòîâ, Ê.Â.Âîðîíöîâ. Àääèòèâíàÿ ðåãóëÿðèçàöèÿ òåìàòè÷åñêèõ
ìîäåëåé ñ áûñòðîé âåêòîðèçàöèåé òåêñòà, 2020.
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Áûñòðàÿ âåêòîðèçàöèÿ òåêñòà çà ëèíåéíîå âðåìÿ

Òåìàòè÷åñêèé âåêòîð òåêñòà p(t|d) âû÷èñëÿåòñÿ çà îäèí ïðîõîä
óñðåäíåíèåì òåìàòè÷åñêèõ âåêòîðîâ p(t|w) âñåõ ñëîâ òåêñòà:

θtd(Φ) ≡ p(t|d) =
1

nd

nd∑
i=1

p(t|wi )

Òåìàòè÷åñêèå âåêòîðû ëîêàëüíîãî êîíòåêñòà p(t|i) âû÷èñëÿþòñÿ
äëÿ âñåõ i = 1, . . . , nd ýêñïîíåíöèàëüíûì ñêîëüçÿùèì ñðåäíèì
çà äâà ïðîõîäà ¾ñëåâà íàïðàâî¿ è ¾ñïðàâà íàëåâî¿:

�
p(t|i) = αi · p(t|w) + (1− αi ) ·

�
p(t|i − 1)

�
p(t|i) = αi · p(t|w) + (1− αi ) ·

�
p(t|i + 1)

αi � êîýôôèöèåíò ñãëàæèâàíèÿ â ïîçèöèè i ;
αi ≈ 1

m , ãäå m � ÷èñëî óñðåäíÿåìûõ ïîçèöèé;
αi ìîæíî óìíîæàòü íà âåñ (âàæíîñòü, TF-IDF) ñëîâà â òåêñòå,
αi ìîæíî óâåëè÷èâàòü äî 1, åñëè íàäî çàáûòü êîíòåêñò.
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Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Òåìàòè÷åñêèå âåêòîðû ëîêàëüíîãî êîíòåêñòà

Äâóíàïðàâëåííûå òåìàòè÷åñêèå âåêòîðû îïðåäåëÿþò:
�
p(t|i) � òåìàòèêó ëåâîãî êîíòåêñòà ñëîâà wi
�
p(t|i) � òåìàòèêó ïðàâîãî êîíòåêñòà ñëîâà wi
1
2

(�
p(t|i) +

�
p(t|i)

)
� òåìàòèêó äâóñòîðîííåãî êîíòåêñòà wi

p(t|i . . . j) = 1
2

(�
p(t|i) +

�
p(t|j)

)
� òåìàòèêó ñåãìåíòà [i . . . j ]

òåìàòè÷åñêóþ îäíîðîäíîñòü ñåãìåíòà [i . . . j ]:
íàñêîëüêî ðàñïðåäåëåíèÿ

�
p(t|i) è �

p(t|j) ñõîæè
ïîçèöèè i ãðàíèö ìåæäó ñåãìåíòàìè:
íàñêîëüêî ðàñïðåäåëåíèÿ

�
p(t|i) è �

p(t|i) íå ñõîæè
êîðîòêèå è äëèííûå êîíòåêñòû ïðè ðàçëè÷íûõ αi
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Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Ìîäåëè âíèìàíèÿ â ìàøèííîì ïåðåâîäå

Èíòåðïðåòèðóåìîñòü ìîäåëåé âíèìàíèÿ:
ìàòðèöà ñåìàíòè÷åñêîãî ñõîäñòâà A = (αti ) ïîêàçûâàåò, íà
êàêèå ñëîâà xi èç âõîäíîé ïîñëåäîâàòåëüíîñòè ìîäåëü
îáðàùàåò âíèìàíèå, êîãäà ãåíåðèðóåò ñëîâî ïåðåâîäà yt

Bahdanau et al. Neural machine translation by jointly learning to align and translate. 2015.
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Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Ìîäåëè âíèìàíèÿ íà èçîáðàæåíèÿõ äëÿ ãåíåðàöèè îïèñàíèé

Çàñâåòêà ïîêàçûâàåò, íà êàêèå îáëàñòè èçîáðàæåíèÿ ìîäåëü
îáðàùàåò âíèìàíèå, ãåíåðèðóÿ ñëîâî â îïèñàíèè èçîáðàæåíèÿ

Kelvin Xu et al. Show, attend and tell: neural image caption generation with visual
attention. 2016
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Ïðèìåíåíèÿ ìîäåëåé âíèìàíèÿ

Ïðåîáðàçîâàíèå îäíîé ïîñëåäîâàòåëüíîñòè â äðóãóþ, seq2seq:

ìàøèííûé ïåðåâîä (machine translation)

îòâåòû íà âîïðîñû (question answering)

âåäåíèå äèàëîãà (conversational agents)

ñóììàðèçàöèÿ òåêñòà (text summarization)

îïèñàíèå èçîáðàæåíèé, àóäèî, âèäåî (multimedia description)

ðàñïîçíàâàíèå è ñèíòåç ðå÷è (speech recognition/synthesis)

Îáðàáîòêà ïîñëåäîâàòåëüíîñòè:

êëàññèôèêàöèÿ òåêñòîâûõ äîêóìåíòîâ

âûäåëåíèå è êëàññèôèêàöèÿ ôðàãìåíòîâ òåêñòà

àíàëèç òîíàëüíîñòè äîêóìåíòà / ïðåäëîæåíèé / àñïåêòîâ
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Ìîäåëü âíèìàíèÿ Çàïðîñ�Êëþ÷�Çíà÷åíèå (Query�Key�Value)

q � âåêòîð-çàïðîñ, äëÿ êîòîðîãî õîòèì âû÷èñëèòü êîíòåêñò
K = (k1, . . . , kn) � âåêòîðû-êëþ÷è, ñðàâíèâàåìûå ñ çàïðîñîì
V = (vi , . . . , vn) � âåêòîðû-çíà÷åíèÿ, îáðàçóþùèå êîíòåêñò
a(ki , q) � îöåíêà ðåëåâàíòíîñòè (ñõîäñòâà) êëþ÷à ki çàïðîñó q
c � èñêîìûé âåêòîð êîíòåêñòà, ðåëåâàíòíûé çàïðîñó

Ìîäåëü âíèìàíèÿ � 3õ-ñëîéíàÿ íåéðîñåòü, âû÷èñëÿþùàÿ
âûïóêëóþ êîìáèíàöèþ âåêòîðîâ vi , ðåëåâàíòíûõ çàïðîñó q:

c = Attn(q,K ,V ) =
∑
i

vi SoftMax
i

a(ki , q)

ct = Attn(Wqyt−1,WkX ,WvX ) � â ìàøèííîì ïåðåâîäå, ãäå
X = (x1, . . . , xn) � âåêòîðû ñëîâ âõîäíîãî ïðåäëîæåíèÿ,
yt−1 � ïðåäøåñòâóþùèé âûõîäíîé âåêòîð

Âíóòðåííåå âíèìàíèå èëè ¾ñàìîâíèìàíèå¿ (self-attention):
ci = Attn(Wqxi ,WkX ,WvX ) � ÷àñòíûé ñëó÷àé, êîãäà xi ∈ X
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Ðàçíîâèäíîñòè ôóíêöèé ñõîäñòâà âåêòîðîâ

a(h, h′) = hTh′ � ñêàëÿðíîå ïðîèçâåäåíèå
a(h, h′) = hTW h′ � ñ ìàòðèöåé îáó÷àåìûõ ïàðàìåòðîâ W
a(h, h′) = wT th(Uh + Vh′) � àääèòèâíîå âíèìàíèå c w ,U,V

Ëèíåéíûå ïðåîáðàçîâàíèÿ âåêòîðîâ query, key, value:

a(hi , h
′
t−1) = (Wkhi )

T(Wqh
′
t−1)/

√
d

αti = SoftMax
i

a(hi , h
′
t−1)

ct =
∑

i αtiWvhi

Wqd×dim(h′), Wkd×dim(h), Wv d×dim(h) � ìàòðèöû
êîýôôèöèåíòîâ îáó÷àåìûõ ëèíåéíûõ
ïðåîáðàçîâàíèé â ïðîñòðàíñòâî ðàçìåðíîñòè d

Âîçìîæíî óïðîùåíèå ìîäåëè: Wk ≡Wv

Dichao Hu. An introductory survey on attention mechanisms in NLP problems. 2018.
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Ìíîãîìåðíîå âíèìàíèå (multi-head attention)

Èäåÿ: J ðàçíûõ ìîäåëåé âíèìàíèÿ ñîâìåñòíî îáó÷àþòñÿ
âûäåëÿòü ðàçëè÷íûå àñïåêòû âõîäíîé èíôîðìàöèè
(íàïðèìåð, ÷àñòè ðå÷è, ñèíòàêñèñ, ôðàçåîëîãèçìû):

c j = Attn(W j
qq,W

j
kH,W

j
vH), j = 1, . . . , J

Âàðèàíòû àãðåãèðîâàíèÿ âûõîäíîãî âåêòîðà:

c = 1
J

∑J
j=1 c

j � óñðåäíåíèå

c =
[
c1 · · · cJ

]
� êîíêàòåíàöèÿ

c =
[
c1 · · · cJ

]
W � ÷òîáû âåðíóòüñÿ ê íóæíîé ðàçìåðíîñòè

Ðåãóëÿðèçàöèÿ: ÷òîáû àñïåêòû âíèìàíèÿ áûëè ìàêñèìàëüíî
ðàçëè÷íû, ñòðîêè J×n ìàòðèö A, αji = SoftMaxi a(W j

khi ,W
j
qq),

äåêîððåëèðóþòñÿ (αT
sαj → 0) è ðàçðåæèâàþòñÿ (αT

j αj → 1):

‖AAT − I‖2 → min
{W j

k ,W
j
q}

Zhouhan Lin, Y.Bengio et al. A structured self-attentive sentence embedding. 2017.
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Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå
Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Òðàñôîðìåð äëÿ ìàøèííîãî ïåðåâîäà

Òðàñôîðìåð (transformer) � ýòî íåéðîñåòåâàÿ àðõèòåêòóðà
íà îñíîâå ìîäåëåé âíèìàíèÿ è ïîëíîñâÿçíûõ ñëî¼â

Ñõåìà ïðåîáðàçîâàíèé äàííûõ â ìàøèííîì ïåðåâîäå:

S = (w1, . . . ,wn) � ñëîâà ïðåäëîæåíèÿ íà âõîäíîì ÿçûêå
↓ îáó÷àåìàÿ èëè ïðåä-îáó÷åííàÿ âåêòîðèçàöèÿ ñëîâ

X = (x1, . . . , xn) � ýìáåäèíãè ñëîâ âõîäíîãî ïðåäëîæåíèÿ
↓ òðàíñôîðìåð-êîäèðîâùèê

Z = (z1, . . . , zn) � êîíòåêñòíûå ýìáåäèíãè ñëîâ
↓ òðàíñôîðìåð-äåêîäèðîâùèê, ïîõîæ íà êîäèðîâùèêà

Y = (y1, . . . , ym) � ýìáåäèíãè ñëîâ âûõîäíîãî ïðåäëîæåíèÿ
↓ ãåíåðàöèÿ ñëîâ èç ïîñòðîåííîé ÿçûêîâîé ìîäåëè

S̃ = (w̃1, . . . , w̃m) � ñëîâà ïðåäëîæåíèÿ íà âûõîäíîì ÿçûêå

Vaswani et al. (Google) Attention is all you need. 2017.
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Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Àðõèòåêòóðà òðàíñôîðìåðà-êîäèðîâùèêà

1. Äîáàâëÿþòñÿ ïîçèöèîííûå âåêòîðû pi :
hi = xi + pi , H = (h1, . . . , hn) d = dim xi , pi , hi = 512

dim H = 512×n

2. Ìíîãîìåðíîå ñàìîâíèìàíèå: j = 1, . . . , J = 8

hji = Attn(W j
qhi ,W

j
kH,W

j
vH) dim h

j
i = 64

dim W j
q ,W

j
k
,W j

v = 64×512

3. Êîíêàòåíàöèÿ:
h′i = MHj(h

j
i ) ≡

[
h1
i · · · hJi

]
dim h′i = 512

4. Ñêâîçíàÿ ñâÿçü + íîðìèðîâêà óðîâíÿ:
h′′i = LN(h′i + hi ;µ1, σ1) dim h′′i , µ1, σ1 = 512

5. Ïîëíîñâÿçíàÿ 2õ-ñëîéíàÿ ñåòü FFN:
h′′′i = W2 ReLU(W1h

′′
i + b1) + b2

dim W1 = 2048×512
dim W2 = 512×2048

6. Ñêâîçíàÿ ñâÿçü + íîðìèðîâêà óðîâíÿ:
zi = LN(h′′′i + h′′i ;µ2, σ2) dim zi , µ2, σ2 = 512
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Êàê îòêàçàòüñÿ îò ãèïîòåçû ¾ìåøêà ñëîâ¿

Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Àðõèòåêòóðà òðàíñôîðìåðà äåêîäèðîâùèêà

Àâòîðåãðåññèîííûé ñèíòåç ïîñëåäîâàòåëüíîñòè:

y0 = 〈BOS〉 � ýìáåäèíã ñèìâîëà íà÷àëà;

äëÿ âñåõ t = 1, 2, . . . :

1. Ìàñêèðîâàíèå ¾äàííûõ èç áóäóùåãî¿:

ht = yt−1 + pt ; Ht = (h1, . . . , ht)

2. Ìíîãîìåðíîå ñàìîâíèìàíèå:

h′t = LN ◦MHj ◦ Attn(W j
qht ,W

j
kHt ,W

j
vHt)

3. Ìíîãîìåðíîå âíèìàíèå íà êîäèðîâêó Z :
h′′t = LN ◦MHj ◦ Attn(W̃ j

qh
′
t , W̃

j
kZ , W̃

j
vZ )

4. Äâóõñëîéíàÿ ïîëíîñâÿçíàÿ ñåòü:

yt = LN ◦ FFN(h′′t )

5. Ëèíåéíûé ïðåäñêàçûâàþùèé ñëîé:

p(w̃ |t) = SoftMax
w̃

(Wyyt + by )

ãåíåðàöèÿ w̃t = arg max
w̃

p(w̃ |t) ïîêà w̃t 6= 〈EOS〉

Vaswani et al. (Google) Attention is all you need. 2017.
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Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

BERT (Bidirectional Encoder Representations from Transformers)

Òðàíñôîðìåð BERT � ýòî êîäèðîâùèê áåç äåêîäèðîâùèêà,
ïðåäîáó÷àåìûé íà áîëüøîé òåêñòîâîé êîëëåêöèè äëÿ ðåøåíèÿ
øèðîêîãî êëàññà çàäà÷ NLP

Ñõåìà ïðåîáðàçîâàíèÿ äàííûõ â çàäà÷àõ NLP:

S = (w1, . . . ,wn) � òîêåíû ïðåäëîæåíèÿ âõîäíîãî òåêñòà
↓ îáó÷åíèå ýìáåäèíãîâ âìåñòå ñ òðàíñôîðìåðîì

X = (x1, . . . , xn) � ýìáåäèíãè òîêåíîâ âõîäíîãî ïðåäëîæåíèÿ
↓ òðàíñôîðìåð êîäèðîâùèêà

Z = (z1, . . . , zn) � òðàíñôîðìèðîâàííûå ýìáåäèíãè
↓ äîîáó÷åíèå íà êîíêðåòíóþ çàäà÷ó

Y � âûõîäíîé òåêñò / ðàçìåòêà / êëàññèôèêàöèÿ è ò.ï.

Jacob Devlin, Ming-Wei Chang, Kenton Lee, Kristina Toutanova (Google AI Language)
BERT: pre-training of deep bidirectional transformers for language understanding. 2019.
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Êðèòåðèè îáó÷åíèÿ òðàíñôîðìåðîâ

Ìàøèííûé ïåðåâîä: ìàêñèìèçàöèÿ ïðàâäîïîäîáèÿ ñëîâ
ïåðåâîäà w̃t ïî âûáîðêå ïàð ïðåäëîæåíèé ¾S , ïåðåâîä S̃¿:∑

(S ,S̃)

∑
w̃t∈S̃

ln p(w̃t |t,S ,W )→ max
W

BERT MLM (masked language modeling):
ïðåäñêàçàíèå ïðîïóùåííûõ ñëîâ ïî ëîêàëüíîìó êîíòåêñòó

BERT NSP (next sentence prediction):
ïðåäñêàçàíèå, ñëåäóþò ëè äâà ïðåäëîæåíèÿ äðóã çà äðóãîì

Fine-tuning: äîîáó÷åíèå òðàíñôîðìåðà Z (S ,W ) íà çàäà÷å
ñ ìîäåëüþ f (Z (S ,W ),Wf ), âûáîðêîé {S} è L (S , f )→ max

Multi-task learning: äîîáó÷åíèå íà íàáîðå çàäà÷ {t}
ñ ìîäåëÿìè ft(Z (S ,W ),Wt), âûáîðêàìè {S}t , ïî ñóììå
êðèòåðèåâ

∑
t λt

∑
S Lt(S , ft)→ max
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Ìîäåëè âíèìàíèÿ

Òåìàòè÷åñêèå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ
Íåéðîñåòåâûå ìîäåëè âíèìàíèÿ
Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ

Òåìàòè÷åñêàÿ ìîäåëü âíèìàíèÿ (self-attention)

Âíèìàíèå â íåéðîñåòåâûõ ìîäåëÿõ ÿçûêà:
xi � ýìáåäèíãè (ðàçìåðíîñòè T ) òåðìîâ wi , i = 1, . . . , n
αik = normk〈xi , xk〉 � âàæíîñòü òåðìà wk â êîíòåêñòå òåðìà wi

ci =
∑
k

Vxkαik � ýìáåäèíã êîíòåêñòà òåðìà wi ñ îáó÷àåìîé V
T×T

αik

Àíàëîãè÷íàÿ êîíñòðóêöèÿ â òåìàòè÷åñêîé ìîäåëè:

p(t|i)︸ ︷︷ ︸
ci

=
∑
k

∑
t′∈T

p(t|t ′)︸ ︷︷ ︸
vtt′

p(t ′|wk)︸ ︷︷ ︸
xk

norm
k

〈
p(t ′′|wk)︸ ︷︷ ︸

xk

, p(t ′′|wi )︸ ︷︷ ︸
xi

〉
Vaswani et al. Attention is all you need. 2017.
Dichao Hu. An Introductory Survey on Attention Mechanisms in NLP Problems. 2018.
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Ðåçþìå

Îòêðûòàÿ ïðîáëåìà � ¾îáúåäèíèòü ëó÷øåå îò äâóõ ìèðîâ¿:
� ïîêîîðäèíàòíóþ èíòåðïðåòèðóåìîñòü ÂÒÌ
� ãëóáèíó è âûðàçèòåëüíîñòü íåéðîñåòåâûõ ìîäåëåé ÿçûêà

×òî äëÿ ýòîãî óæå åñòü:
� òåìàòè÷åñêèå âåêòîðû ñëîâ-â-êîíòåêñòå p(t|d ,wi )
� ëåììà î ìàêñèìèçàöèè íà ñèìïëåêñàõ
� âîçìîæíîñòü âû÷èñëÿòü ãðàäèåíòû ìåòîäîì BackProp
� îäíî(äâóõ)ïðîõîäíûå àëãîðèòìû òåìàòèçàöèè òåêñòà
� ðåàëèçàöèÿ ARTM â áèáëèîòåêå BigARTM

×åãî íå õâàòàåò:
� óâåðåííîñòè, ÷òî ñìûñë îïðåäåëÿåòñÿ òåìàòèêîé
� ðåàëèçàöèè è ýêñïåðèìåíòîâ

Ê.Âîðîíöîâ. Âåðîÿòíîñòíîå òåìàòè÷åñêîå ìîäåëèðîâàíèå: òåîðèÿ ðåãóëÿðèçàöèè
è ïðîåêò BigARTM. 2022.
http://www.MachineLearning.ru/wiki/images/d/d5/Voron17survey-artm.pdf
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