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Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ââåäåíèå

Îñíîâíûå çàäà÷è àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ:

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå (ñèíòåç).
Àâòîìàòè÷åñêàÿ ëåììàòèçàöèÿ (àíàëèç).
Àâòîìàòè÷åñêîå ïîïîëíåíèå ïàðàäèãì.

Ïðèìåíåíèÿ:

Àâòîìàòè÷åñêàÿ îáðàáîòêà òåêñòà: ëåììàòèçàöèÿ, ìîðôî-
ëîãè÷åñêèé àíàëèç.
Ìàøèííûé ïåðåâîä: àíàëèç è ñèíòåç.
Ïîïîëíåíèå ëåêñè÷åñêèõ ðåñóðñîâ, ìîäåëèðîâàíèå îáó÷åíèÿ
ÿçûêó.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ââåäåíèå

Îñíîâíûå çàäà÷è àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ:

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå (ñèíòåç).
Àâòîìàòè÷åñêàÿ ëåììàòèçàöèÿ (àíàëèç).
Àâòîìàòè÷åñêîå ïîïîëíåíèå ïàðàäèãì.

Ïðèìåíåíèÿ:

Àâòîìàòè÷åñêàÿ îáðàáîòêà òåêñòà: ëåììàòèçàöèÿ, ìîðôî-
ëîãè÷åñêèé àíàëèç.
Ìàøèííûé ïåðåâîä: àíàëèç è ñèíòåç.
Ïîïîëíåíèå ëåêñè÷åñêèõ ðåñóðñîâ, ìîäåëèðîâàíèå îáó÷åíèÿ
ÿçûêó.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ñîðåâíîâàíèÿ ïî àâòîìàòè÷åñêîìó ñëîâîèçìåíåíèþ

SIGMORPHON-2016:

Ïîðîæäåíèå (in�ection):

êîðîâà,pos=N,case=INS,num=SG 7→ ?

Ðåïîðîæäåíèå (rein�ection):

pos=N,case=ESS,num=PL,êîðîâàõ 7→
?,pos=N,case=INS,num=SG

Îáîáù¼ííîå ðåïîðîæäåíèå(unlabeled rein�ection):

êîðîâàõ 7→ ?,pos=N,case=INS,num=SG

2) è 3) îòðàæàþò ðåàëüíóþ ÿçûêîâóþ ïðàêòèêó (èçâåñòíà îäíà

ñëîâîôîðìà ñëîâà, íóæíî ïîðîäèòü îñòàëüíûå).



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ñîðåâíîâàíèÿ ïî àâòîìàòè÷åñêîìó ñëîâîèçìåíåíèþ

SIGMORPHON-2016:

Ïîðîæäåíèå (in�ection):

êîðîâà,pos=N,case=INS,num=SG 7→ ?

Ðåïîðîæäåíèå (rein�ection):

pos=N,case=ESS,num=PL,êîðîâàõ 7→
?,pos=N,case=INS,num=SG

Îáîáù¼ííîå ðåïîðîæäåíèå(unlabeled rein�ection):

êîðîâàõ 7→ ?,pos=N,case=INS,num=SG

2) è 3) îòðàæàþò ðåàëüíóþ ÿçûêîâóþ ïðàêòèêó (èçâåñòíà îäíà

ñëîâîôîðìà ñëîâà, íóæíî ïîðîäèòü îñòàëüíûå).



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ñîðåâíîâàíèÿ ïî àâòîìàòè÷åñêîìó ñëîâîèçìåíåíèþ

SIGMORPHON-2016:

Ïîðîæäåíèå (in�ection):

êîðîâà,pos=N,case=INS,num=SG 7→ ?

Ðåïîðîæäåíèå (rein�ection):

pos=N,case=ESS,num=PL,êîðîâàõ 7→
?,pos=N,case=INS,num=SG

Îáîáù¼ííîå ðåïîðîæäåíèå(unlabeled rein�ection):

êîðîâàõ 7→ ?,pos=N,case=INS,num=SG

2) è 3) îòðàæàþò ðåàëüíóþ ÿçûêîâóþ ïðàêòèêó (èçâåñòíà îäíà

ñëîâîôîðìà ñëîâà, íóæíî ïîðîäèòü îñòàëüíûå).



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ñîðåâíîâàíèÿ ïî àâòîìàòè÷åñêîìó ñëîâîèçìåíåíèþ

SIGMORPHON-2017:

Ïîðîæäåíèå

êîðîâà,pos=N,case=INS,num=SG 7→ ?

Ïîïîëíåíèå ïàðàäèãì.

êîðîâà ?

? ?

? êîðîâàõ

êîðîâó ?

? ?

êîðîâå ?

? ïèøó ? ?

ïèøè ? ? ïèñàëà

? ïèøåò ? ?

?



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ñîðåâíîâàíèÿ ïî àâòîìàòè÷åñêîìó ñëîâîèçìåíåíèþ

SIGMORPHON-2017:

Ïîðîæäåíèå

êîðîâà,pos=N,case=INS,num=SG 7→ ?

Ïîïîëíåíèå ïàðàäèãì.

êîðîâà ?

? ?

? êîðîâàõ

êîðîâó ?

? ?

êîðîâå ?

? ïèøó ? ?

ïèøè ? ? ïèñàëà

? ïèøåò ? ?

?



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

SIGMORPHON-2016: ìåòîäû

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå � òèïè÷íàÿ çàäà÷à ïðå-

îáðàçîâàíèÿ ïîñëåäîâàòåëüíîñòåé (sequence-to-sequence learning).
Ìîæíî ðåøàòü îòäåëüíî äëÿ êàæäîãî íàáîðà ãðàììåì.

Ðåïîðîæäåíèå ñâîäèòñÿ ê äâóì çàäà÷àì ïîðîæäåíèÿ: îáðàò-

íîé (ëåììàòèçàöèÿ) è ïðÿìîé.
Âîçìîæíûå àëãîðèòìû ðåøåíèÿ:

Ñâåñòè çàäà÷ó ïîðîæäåíèÿ ê çàäà÷å êëàññèôèêàöèè (çàêî-
äèðîâàòü ñëîâîèçìåíèòåëüíûå øàáëîíû).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè, óãàäûâàÿ âûðàâíè-
âàíèå (óñëîâíûå ñëó÷àéíûå ïîëÿ).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè
(íåéðîííûå ñåòè, encoder-decoder).



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

SIGMORPHON-2016: ìåòîäû

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå � òèïè÷íàÿ çàäà÷à ïðå-

îáðàçîâàíèÿ ïîñëåäîâàòåëüíîñòåé (sequence-to-sequence learning).
Ìîæíî ðåøàòü îòäåëüíî äëÿ êàæäîãî íàáîðà ãðàììåì.
Ðåïîðîæäåíèå ñâîäèòñÿ ê äâóì çàäà÷àì ïîðîæäåíèÿ: îáðàò-

íîé (ëåììàòèçàöèÿ) è ïðÿìîé.

Âîçìîæíûå àëãîðèòìû ðåøåíèÿ:

Ñâåñòè çàäà÷ó ïîðîæäåíèÿ ê çàäà÷å êëàññèôèêàöèè (çàêî-
äèðîâàòü ñëîâîèçìåíèòåëüíûå øàáëîíû).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè, óãàäûâàÿ âûðàâíè-
âàíèå (óñëîâíûå ñëó÷àéíûå ïîëÿ).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè
(íåéðîííûå ñåòè, encoder-decoder).
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SIGMORPHON-2016: ìåòîäû

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå � òèïè÷íàÿ çàäà÷à ïðå-

îáðàçîâàíèÿ ïîñëåäîâàòåëüíîñòåé (sequence-to-sequence learning).
Ìîæíî ðåøàòü îòäåëüíî äëÿ êàæäîãî íàáîðà ãðàììåì.
Ðåïîðîæäåíèå ñâîäèòñÿ ê äâóì çàäà÷àì ïîðîæäåíèÿ: îáðàò-

íîé (ëåììàòèçàöèÿ) è ïðÿìîé.
Âîçìîæíûå àëãîðèòìû ðåøåíèÿ:

Ñâåñòè çàäà÷ó ïîðîæäåíèÿ ê çàäà÷å êëàññèôèêàöèè (çàêî-
äèðîâàòü ñëîâîèçìåíèòåëüíûå øàáëîíû).

Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè, óãàäûâàÿ âûðàâíè-
âàíèå (óñëîâíûå ñëó÷àéíûå ïîëÿ).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè
(íåéðîííûå ñåòè, encoder-decoder).
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SIGMORPHON-2016: ìåòîäû

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå � òèïè÷íàÿ çàäà÷à ïðå-

îáðàçîâàíèÿ ïîñëåäîâàòåëüíîñòåé (sequence-to-sequence learning).
Ìîæíî ðåøàòü îòäåëüíî äëÿ êàæäîãî íàáîðà ãðàììåì.
Ðåïîðîæäåíèå ñâîäèòñÿ ê äâóì çàäà÷àì ïîðîæäåíèÿ: îáðàò-

íîé (ëåììàòèçàöèÿ) è ïðÿìîé.
Âîçìîæíûå àëãîðèòìû ðåøåíèÿ:

Ñâåñòè çàäà÷ó ïîðîæäåíèÿ ê çàäà÷å êëàññèôèêàöèè (çàêî-
äèðîâàòü ñëîâîèçìåíèòåëüíûå øàáëîíû).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè, óãàäûâàÿ âûðàâíè-
âàíèå (óñëîâíûå ñëó÷àéíûå ïîëÿ).

Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè
(íåéðîííûå ñåòè, encoder-decoder).



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

SIGMORPHON-2016: ìåòîäû

Àâòîìàòè÷åñêîå ñëîâîïîðîæäåíèå � òèïè÷íàÿ çàäà÷à ïðå-

îáðàçîâàíèÿ ïîñëåäîâàòåëüíîñòåé (sequence-to-sequence learning).
Ìîæíî ðåøàòü îòäåëüíî äëÿ êàæäîãî íàáîðà ãðàììåì.
Ðåïîðîæäåíèå ñâîäèòñÿ ê äâóì çàäà÷àì ïîðîæäåíèÿ: îáðàò-

íîé (ëåììàòèçàöèÿ) è ïðÿìîé.
Âîçìîæíûå àëãîðèòìû ðåøåíèÿ:

Ñâåñòè çàäà÷ó ïîðîæäåíèÿ ê çàäà÷å êëàññèôèêàöèè (çàêî-
äèðîâàòü ñëîâîèçìåíèòåëüíûå øàáëîíû).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè, óãàäûâàÿ âûðàâíè-
âàíèå (óñëîâíûå ñëó÷àéíûå ïîëÿ).
Ïðåîáðàçîâûâàòü ïîñëåäîâàòåëüíîñòè
(íåéðîííûå ñåòè, encoder-decoder).
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SIGMORPHON-2016: ðåçóëüòàòû

Çàäàíèå 1.

ßçûê Kahn, Sch�utze RNN CRF Sorokin Aharoni (2017)
(enc-dec) (êëàññ.)

Àðàáñêèé 95.47 93.34 72.42 83.52 97.0
Ôèíñêèé 96.80 95.14 88.65 87.86 97.0
Ãðóçèíñêèé 98.50 97.55 94.9 94.8 98.9
Íåìåöêèé 95.8 95.11 92.64 94.22 96.6
Âåíãåðñêèé 99.3 98.38 91.05 89.82 99.3
Íàâàõî 91.48 88.43 56.33 57.42 95.4
Ðóññêèé 91.46 90.62 89.13 89.67 92.2
Èñïàíñêèé 98.84 98.41 98.35 98.76 98.9
Òóðåöêèé 98.93 97.93 90.84 92.03 98.0



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

SIGMORPHON-2016: ðåçóëüòàòû

Çàäàíèå 3.

ßçûê Kahn, Sch�utze äðóãèå RNN CRF Sorokin

(enc-dec) (êëàññ.)

Àðàáñêèé 96.52 70.43 59.4 80.57

Ôèíñêèé 96.56 87.55 85.77 84.34

Ãðóçèíñêèé 98.87 92.08 94.13 88.05

Íåìåöêèé 95.6 89.58 91.15 91.99

Âåíãåðñêèé 99.5 96.46 89.12 90.41

Íàâàõî 96.2 83.21 84.38 52.12

Ðóññêèé 89.91 84.59 85.48 86.59

Èñïàíñêèé 97.96 94.85 96.27 97.30

Òóðåöêèé 99.31 91.25 84.38 92.44



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Êëàññèôèêàöèîííûé ïîäõîä (Sorokin, 2017)

Äëÿ êàæäîé ïðîáëåìû êëàññèôèêàöèîííàÿ çàäà÷à ðåøàåòñÿ

îòäåëüíî.

Èç êàæäîé ïàðû 〈ëåììà〉-〈ñëîâîôîðìà〉 èçâëåêàåòñÿ øàá-

ëîí (àáñòðàêòíàÿ ïàðàäèãìà):

volver-vuelvo 7→ 1+o+2#1+ue+2+o,

1=v, 2=lv

Äëÿ èçâëå÷åíèÿ øàáëîíà èñïîëüçóåòñÿ íàèáîëüøàÿ îáùàÿ

ïîäïîñëåäîâàòåëüíîñòü, ýëåìåíòû êîòîðîé îáúÿâëÿþòñÿ ïå-

ðåìåííûìè.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Êëàññèôèêàöèîííûé ïîäõîä (Sorokin, 2017)

Äëÿ êàæäîé ïðîáëåìû êëàññèôèêàöèîííàÿ çàäà÷à ðåøàåòñÿ

îòäåëüíî.
Èç êàæäîé ïàðû 〈ëåììà〉-〈ñëîâîôîðìà〉 èçâëåêàåòñÿ øàá-

ëîí (àáñòðàêòíàÿ ïàðàäèãìà):

volver-vuelvo 7→ 1+o+2#1+ue+2+o,

1=v, 2=lv

Äëÿ èçâëå÷åíèÿ øàáëîíà èñïîëüçóåòñÿ íàèáîëüøàÿ îáùàÿ

ïîäïîñëåäîâàòåëüíîñòü, ýëåìåíòû êîòîðîé îáúÿâëÿþòñÿ ïå-

ðåìåííûìè.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Êëàññèôèêàöèîííûé ïîäõîä (Sorokin, 2017)

Äëÿ êàæäîé ïðîáëåìû êëàññèôèêàöèîííàÿ çàäà÷à ðåøàåòñÿ

îòäåëüíî.
Èç êàæäîé ïàðû 〈ëåììà〉-〈ñëîâîôîðìà〉 èçâëåêàåòñÿ øàá-

ëîí (àáñòðàêòíàÿ ïàðàäèãìà):

volver-vuelvo 7→ 1+o+2#1+ue+2+o,

1=v, 2=lv

Äëÿ èçâëå÷åíèÿ øàáëîíà èñïîëüçóåòñÿ íàèáîëüøàÿ îáùàÿ

ïîäïîñëåäîâàòåëüíîñòü, ýëåìåíòû êîòîðîé îáúÿâëÿþòñÿ ïå-

ðåìåííûìè.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ìåòîä àáñòðàêòíûõ ïàðàäèãì

Äëÿ èçâëå÷åíèÿ øàáëîíà èñïîëüçóåòñÿ íàèáîëüøàÿ îáùàÿ

ïîäïîñëåäîâàòåëüíîñòü, ýëåìåíòû êîòîðîé îáúÿâëÿþòñÿ ïå-

ðåìåííûìè.
Â íàèáîëüøåé îáùåé ïîäïîñëåäîâàòåëüíîñòè îãðàíè÷èâà-

åòñÿ ìàêñèìàëüíàÿ äëèíà íà÷àëüíîãî ðàçðûâà è ðàçðûâà â

ñåðåäèíå â çàâèñèìîñòè îò ÿçûêà.

Ïàðàìåòðû ðàçðûâà:

ßçûê Ðàçðûâ â íà÷àëå Ðàçðûâ â ñåðåäèíå

Èñïàíñêèé 2 2

Òóðåöêèé 0 1

Àðàáñêèé 5 1

Çàäà÷à ïðåäñêàçàíèÿ ñëîâîôîðìû ñâîäèòñÿ ê �óãàäûâàíèþ�

ìåòêè øàáëîíà.
Ïîñëå ýòîãî åù¼ íàäî �ðàññòàâèòü� ýëåìåíòû øàáëîíà âíóò-

ðè ñëîâà, íî ÷àùå âñåãî ýòî çàäà÷à îäíîçíà÷íàÿ.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ìåòîä àáñòðàêòíûõ ïàðàäèãì

Äëÿ èçâëå÷åíèÿ øàáëîíà èñïîëüçóåòñÿ íàèáîëüøàÿ îáùàÿ

ïîäïîñëåäîâàòåëüíîñòü, ýëåìåíòû êîòîðîé îáúÿâëÿþòñÿ ïå-

ðåìåííûìè.
Â íàèáîëüøåé îáùåé ïîäïîñëåäîâàòåëüíîñòè îãðàíè÷èâà-

åòñÿ ìàêñèìàëüíàÿ äëèíà íà÷àëüíîãî ðàçðûâà è ðàçðûâà â

ñåðåäèíå â çàâèñèìîñòè îò ÿçûêà.
Ïàðàìåòðû ðàçðûâà:

ßçûê Ðàçðûâ â íà÷àëå Ðàçðûâ â ñåðåäèíå

Èñïàíñêèé 2 2

Òóðåöêèé 0 1

Àðàáñêèé 5 1

Çàäà÷à ïðåäñêàçàíèÿ ñëîâîôîðìû ñâîäèòñÿ ê �óãàäûâàíèþ�

ìåòêè øàáëîíà.
Ïîñëå ýòîãî åù¼ íàäî �ðàññòàâèòü� ýëåìåíòû øàáëîíà âíóò-

ðè ñëîâà, íî ÷àùå âñåãî ýòî çàäà÷à îäíîçíà÷íàÿ.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ìåòîä àáñòðàêòíûõ ïàðàäèãì

Äëÿ èçâëå÷åíèÿ øàáëîíà èñïîëüçóåòñÿ íàèáîëüøàÿ îáùàÿ

ïîäïîñëåäîâàòåëüíîñòü, ýëåìåíòû êîòîðîé îáúÿâëÿþòñÿ ïå-

ðåìåííûìè.
Â íàèáîëüøåé îáùåé ïîäïîñëåäîâàòåëüíîñòè îãðàíè÷èâà-

åòñÿ ìàêñèìàëüíàÿ äëèíà íà÷àëüíîãî ðàçðûâà è ðàçðûâà â

ñåðåäèíå â çàâèñèìîñòè îò ÿçûêà.
Ïàðàìåòðû ðàçðûâà:

ßçûê Ðàçðûâ â íà÷àëå Ðàçðûâ â ñåðåäèíå

Èñïàíñêèé 2 2

Òóðåöêèé 0 1

Àðàáñêèé 5 1

Çàäà÷à ïðåäñêàçàíèÿ ñëîâîôîðìû ñâîäèòñÿ ê �óãàäûâàíèþ�

ìåòêè øàáëîíà.
Ïîñëå ýòîãî åù¼ íàäî �ðàññòàâèòü� ýëåìåíòû øàáëîíà âíóò-

ðè ñëîâà, íî ÷àùå âñåãî ýòî çàäà÷à îäíîçíà÷íàÿ.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì
ñ ïîìîùüþ àáñòðàêòíûõ ïàðàäèãì

Ïðèçíàêè: ñóôôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà 5-6), ïðå-

ôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà çàâèñèò îò ÿçûêà).
Îòäåëÿþòñÿ òîëüêî 10% íàèáîëåå ïîëåçíûõ ïðèçíàêîâ.

Êëàññèôèêàòîð: ëèíåéíàÿ ðåãðåññèÿ.
Îáó÷åíèå: èçâëå÷ü èç ïàð ëåììà-ñëîâîôîðìà ïðèçíàêè ëåì-

ìû è øàáëîí ñëîâîèçìåíåíèÿ, îáó÷èòü êëàññèôèêàòîð íà

ýòèõ äàííûõ.
Ïðåäñêàçàíèå (äàíû òîëüêî ëåììû):

Èçâëå÷ü èç ëåìì ïðèçíàêè, ïðåäñêàçàòü ïî íèì ìåòêè øàá-
ëîíîâ.
Â ïîðÿäêå óáûâàíèÿ âåðîÿòíîñòè øàáëîíîâ ïðîâåðèòü, ïðè-
ìåíèì ëè îí ê ëåììå, åñëè äà, èçâëå÷ü ïåðåìåííûå.
Åñëè íåñêîëüêî âàðèàíòîâ èçâëå÷åíèÿ, âûáðàòü íàèáîëåå âå-
ðîÿòíûé ïî ëîêàëüíûì êîíòåêñòàì.
Ïîäñòàâèòü ïåðåìåííûå â øàáëîí, âåðíóòü çíà÷åíèå ñëîâî-
ôîðìû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì
ñ ïîìîùüþ àáñòðàêòíûõ ïàðàäèãì

Ïðèçíàêè: ñóôôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà 5-6), ïðå-

ôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà çàâèñèò îò ÿçûêà).
Îòäåëÿþòñÿ òîëüêî 10% íàèáîëåå ïîëåçíûõ ïðèçíàêîâ.
Êëàññèôèêàòîð: ëèíåéíàÿ ðåãðåññèÿ.
Îáó÷åíèå: èçâëå÷ü èç ïàð ëåììà-ñëîâîôîðìà ïðèçíàêè ëåì-

ìû è øàáëîí ñëîâîèçìåíåíèÿ, îáó÷èòü êëàññèôèêàòîð íà

ýòèõ äàííûõ.

Ïðåäñêàçàíèå (äàíû òîëüêî ëåììû):

Èçâëå÷ü èç ëåìì ïðèçíàêè, ïðåäñêàçàòü ïî íèì ìåòêè øàá-
ëîíîâ.
Â ïîðÿäêå óáûâàíèÿ âåðîÿòíîñòè øàáëîíîâ ïðîâåðèòü, ïðè-
ìåíèì ëè îí ê ëåììå, åñëè äà, èçâëå÷ü ïåðåìåííûå.
Åñëè íåñêîëüêî âàðèàíòîâ èçâëå÷åíèÿ, âûáðàòü íàèáîëåå âå-
ðîÿòíûé ïî ëîêàëüíûì êîíòåêñòàì.
Ïîäñòàâèòü ïåðåìåííûå â øàáëîí, âåðíóòü çíà÷åíèå ñëîâî-
ôîðìû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì
ñ ïîìîùüþ àáñòðàêòíûõ ïàðàäèãì

Ïðèçíàêè: ñóôôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà 5-6), ïðå-

ôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà çàâèñèò îò ÿçûêà).
Îòäåëÿþòñÿ òîëüêî 10% íàèáîëåå ïîëåçíûõ ïðèçíàêîâ.
Êëàññèôèêàòîð: ëèíåéíàÿ ðåãðåññèÿ.
Îáó÷åíèå: èçâëå÷ü èç ïàð ëåììà-ñëîâîôîðìà ïðèçíàêè ëåì-

ìû è øàáëîí ñëîâîèçìåíåíèÿ, îáó÷èòü êëàññèôèêàòîð íà

ýòèõ äàííûõ.
Ïðåäñêàçàíèå (äàíû òîëüêî ëåììû):

Èçâëå÷ü èç ëåìì ïðèçíàêè, ïðåäñêàçàòü ïî íèì ìåòêè øàá-
ëîíîâ.

Â ïîðÿäêå óáûâàíèÿ âåðîÿòíîñòè øàáëîíîâ ïðîâåðèòü, ïðè-
ìåíèì ëè îí ê ëåììå, åñëè äà, èçâëå÷ü ïåðåìåííûå.
Åñëè íåñêîëüêî âàðèàíòîâ èçâëå÷åíèÿ, âûáðàòü íàèáîëåå âå-
ðîÿòíûé ïî ëîêàëüíûì êîíòåêñòàì.
Ïîäñòàâèòü ïåðåìåííûå â øàáëîí, âåðíóòü çíà÷åíèå ñëîâî-
ôîðìû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì
ñ ïîìîùüþ àáñòðàêòíûõ ïàðàäèãì

Ïðèçíàêè: ñóôôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà 5-6), ïðå-

ôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà çàâèñèò îò ÿçûêà).
Îòäåëÿþòñÿ òîëüêî 10% íàèáîëåå ïîëåçíûõ ïðèçíàêîâ.
Êëàññèôèêàòîð: ëèíåéíàÿ ðåãðåññèÿ.
Îáó÷åíèå: èçâëå÷ü èç ïàð ëåììà-ñëîâîôîðìà ïðèçíàêè ëåì-

ìû è øàáëîí ñëîâîèçìåíåíèÿ, îáó÷èòü êëàññèôèêàòîð íà

ýòèõ äàííûõ.
Ïðåäñêàçàíèå (äàíû òîëüêî ëåììû):

Èçâëå÷ü èç ëåìì ïðèçíàêè, ïðåäñêàçàòü ïî íèì ìåòêè øàá-
ëîíîâ.
Â ïîðÿäêå óáûâàíèÿ âåðîÿòíîñòè øàáëîíîâ ïðîâåðèòü, ïðè-
ìåíèì ëè îí ê ëåììå, åñëè äà, èçâëå÷ü ïåðåìåííûå.
Åñëè íåñêîëüêî âàðèàíòîâ èçâëå÷åíèÿ, âûáðàòü íàèáîëåå âå-
ðîÿòíûé ïî ëîêàëüíûì êîíòåêñòàì.

Ïîäñòàâèòü ïåðåìåííûå â øàáëîí, âåðíóòü çíà÷åíèå ñëîâî-
ôîðìû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì
ñ ïîìîùüþ àáñòðàêòíûõ ïàðàäèãì

Ïðèçíàêè: ñóôôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà 5-6), ïðå-

ôèêñû ñëîâà (ìàêñèìàëüíàÿ äëèíà çàâèñèò îò ÿçûêà).
Îòäåëÿþòñÿ òîëüêî 10% íàèáîëåå ïîëåçíûõ ïðèçíàêîâ.
Êëàññèôèêàòîð: ëèíåéíàÿ ðåãðåññèÿ.
Îáó÷åíèå: èçâëå÷ü èç ïàð ëåììà-ñëîâîôîðìà ïðèçíàêè ëåì-

ìû è øàáëîí ñëîâîèçìåíåíèÿ, îáó÷èòü êëàññèôèêàòîð íà

ýòèõ äàííûõ.
Ïðåäñêàçàíèå (äàíû òîëüêî ëåììû):

Èçâëå÷ü èç ëåìì ïðèçíàêè, ïðåäñêàçàòü ïî íèì ìåòêè øàá-
ëîíîâ.
Â ïîðÿäêå óáûâàíèÿ âåðîÿòíîñòè øàáëîíîâ ïðîâåðèòü, ïðè-
ìåíèì ëè îí ê ëåììå, åñëè äà, èçâëå÷ü ïåðåìåííûå.
Åñëè íåñêîëüêî âàðèàíòîâ èçâëå÷åíèÿ, âûáðàòü íàèáîëåå âå-
ðîÿòíûé ïî ëîêàëüíûì êîíòåêñòàì.
Ïîäñòàâèòü ïåðåìåííûå â øàáëîí, âåðíóòü çíà÷åíèå ñëîâî-
ôîðìû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Ïðè êëàññèôèêàöèè ó÷èòûâàþòñÿ òîëüêî ñèìâîëû íà êîí-

öàõ ñëîâ.
Ðåçóëüòàò ïðèìåíåíèÿ øàáëîíà ìîæåò íàðóøàòü ôîíîëîãè-

÷åñêèå çàêîíû (ãàðìîíèÿ ãëàñíûõ è ò. ä.).

Åñëè íóæíàÿ èíôîðìàöèÿ ñîäåðæèòñÿ â êîðíå ñëîâà, àëãî-

ðèòì íå ìîæåò å¼ èçâëå÷ü.
Ðåøåíèå: äîïîëíèòåëüíî ïðèìåíèòü ýíãðàììíóþ ìîäåëü.
�Ïîâåðõ� áàçîâîé ìîäåëè äîïîëíèòåëüíûé êëàññèôèêàòîð ñ
äâóìÿ ïðèçíàêàìè:

Ëîãàðèôì âåðîÿòíîñòè áàçîâîãî êëàññèôèêàòîðà.
Ëîãàðèôì âåðîÿòíîñòè ñëîâîôîðìû ïî ýíãðàììíîé ìîäå-
ëè.

Ýòîò êëàññèôèêàòîð ïåðåðàíæèðóåò ãèïîòåçû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Ïðè êëàññèôèêàöèè ó÷èòûâàþòñÿ òîëüêî ñèìâîëû íà êîí-

öàõ ñëîâ.
Ðåçóëüòàò ïðèìåíåíèÿ øàáëîíà ìîæåò íàðóøàòü ôîíîëîãè-

÷åñêèå çàêîíû (ãàðìîíèÿ ãëàñíûõ è ò. ä.).
Åñëè íóæíàÿ èíôîðìàöèÿ ñîäåðæèòñÿ â êîðíå ñëîâà, àëãî-

ðèòì íå ìîæåò å¼ èçâëå÷ü.

Ðåøåíèå: äîïîëíèòåëüíî ïðèìåíèòü ýíãðàììíóþ ìîäåëü.
�Ïîâåðõ� áàçîâîé ìîäåëè äîïîëíèòåëüíûé êëàññèôèêàòîð ñ
äâóìÿ ïðèçíàêàìè:

Ëîãàðèôì âåðîÿòíîñòè áàçîâîãî êëàññèôèêàòîðà.
Ëîãàðèôì âåðîÿòíîñòè ñëîâîôîðìû ïî ýíãðàììíîé ìîäå-
ëè.

Ýòîò êëàññèôèêàòîð ïåðåðàíæèðóåò ãèïîòåçû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Ïðè êëàññèôèêàöèè ó÷èòûâàþòñÿ òîëüêî ñèìâîëû íà êîí-

öàõ ñëîâ.
Ðåçóëüòàò ïðèìåíåíèÿ øàáëîíà ìîæåò íàðóøàòü ôîíîëîãè-

÷åñêèå çàêîíû (ãàðìîíèÿ ãëàñíûõ è ò. ä.).
Åñëè íóæíàÿ èíôîðìàöèÿ ñîäåðæèòñÿ â êîðíå ñëîâà, àëãî-

ðèòì íå ìîæåò å¼ èçâëå÷ü.
Ðåøåíèå: äîïîëíèòåëüíî ïðèìåíèòü ýíãðàììíóþ ìîäåëü.

�Ïîâåðõ� áàçîâîé ìîäåëè äîïîëíèòåëüíûé êëàññèôèêàòîð ñ
äâóìÿ ïðèçíàêàìè:

Ëîãàðèôì âåðîÿòíîñòè áàçîâîãî êëàññèôèêàòîðà.
Ëîãàðèôì âåðîÿòíîñòè ñëîâîôîðìû ïî ýíãðàììíîé ìîäå-
ëè.

Ýòîò êëàññèôèêàòîð ïåðåðàíæèðóåò ãèïîòåçû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Ïðè êëàññèôèêàöèè ó÷èòûâàþòñÿ òîëüêî ñèìâîëû íà êîí-

öàõ ñëîâ.
Ðåçóëüòàò ïðèìåíåíèÿ øàáëîíà ìîæåò íàðóøàòü ôîíîëîãè-

÷åñêèå çàêîíû (ãàðìîíèÿ ãëàñíûõ è ò. ä.).
Åñëè íóæíàÿ èíôîðìàöèÿ ñîäåðæèòñÿ â êîðíå ñëîâà, àëãî-

ðèòì íå ìîæåò å¼ èçâëå÷ü.
Ðåøåíèå: äîïîëíèòåëüíî ïðèìåíèòü ýíãðàììíóþ ìîäåëü.
�Ïîâåðõ� áàçîâîé ìîäåëè äîïîëíèòåëüíûé êëàññèôèêàòîð ñ
äâóìÿ ïðèçíàêàìè:

Ëîãàðèôì âåðîÿòíîñòè áàçîâîãî êëàññèôèêàòîðà.
Ëîãàðèôì âåðîÿòíîñòè ñëîâîôîðìû ïî ýíãðàììíîé ìîäå-
ëè.

Ýòîò êëàññèôèêàòîð ïåðåðàíæèðóåò ãèïîòåçû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Ïðè êëàññèôèêàöèè ó÷èòûâàþòñÿ òîëüêî ñèìâîëû íà êîí-

öàõ ñëîâ.
Ðåçóëüòàò ïðèìåíåíèÿ øàáëîíà ìîæåò íàðóøàòü ôîíîëîãè-

÷åñêèå çàêîíû (ãàðìîíèÿ ãëàñíûõ è ò. ä.).
Åñëè íóæíàÿ èíôîðìàöèÿ ñîäåðæèòñÿ â êîðíå ñëîâà, àëãî-

ðèòì íå ìîæåò å¼ èçâëå÷ü.
Ðåøåíèå: äîïîëíèòåëüíî ïðèìåíèòü ýíãðàììíóþ ìîäåëü.
�Ïîâåðõ� áàçîâîé ìîäåëè äîïîëíèòåëüíûé êëàññèôèêàòîð ñ
äâóìÿ ïðèçíàêàìè:

Ëîãàðèôì âåðîÿòíîñòè áàçîâîãî êëàññèôèêàòîðà.
Ëîãàðèôì âåðîÿòíîñòè ñëîâîôîðìû ïî ýíãðàììíîé ìîäå-
ëè.

Ýòîò êëàññèôèêàòîð ïåðåðàíæèðóåò ãèïîòåçû.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Àëãîðèòì îáó÷åíèÿ êëàññèôèêàòîðà:

Äëÿ âñåõ ïàð (l ,w) â îáó÷àþùåé âûáîðêå èçâëå÷ü ïàðó
pbase(l ,w), pngram(w).
Àíàëîãè÷íî ïîñòóïèòü äëÿ äðóãèõ âîçìîæíûõ îòâåòîâ w1, . . . ,wn

áàçîâîãî êëàññèôèêàòîðà.

Ïîìåñòèòü [pbase(l ,w)−pbase(l ,wi ), pngram(l ,w)−pngram(l ,wi )]
â ïîëîæèòåëüíûé êëàññ, ïðîòèâîïîëîæíûå âåêòîðà â îòðè-
öàòåëüíûé.

Ïðè ïðåäñêàçàíèè âûáèðàòü ãèïîòåçó ñ íàèâûñøåé ñòîèìî-

ñòüþ (score) â ñîîòâåòñòâèè ñ ìîäåëüþ ïåðåðàíæèðîâàíèÿ.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Àëãîðèòì îáó÷åíèÿ êëàññèôèêàòîðà:

Äëÿ âñåõ ïàð (l ,w) â îáó÷àþùåé âûáîðêå èçâëå÷ü ïàðó
pbase(l ,w), pngram(w).
Àíàëîãè÷íî ïîñòóïèòü äëÿ äðóãèõ âîçìîæíûõ îòâåòîâ w1, . . . ,wn

áàçîâîãî êëàññèôèêàòîðà.
Ïîìåñòèòü [pbase(l ,w)−pbase(l ,wi ), pngram(l ,w)−pngram(l ,wi )]
â ïîëîæèòåëüíûé êëàññ, ïðîòèâîïîëîæíûå âåêòîðà â îòðè-
öàòåëüíûé.

Ïðè ïðåäñêàçàíèè âûáèðàòü ãèïîòåçó ñ íàèâûñøåé ñòîèìî-

ñòüþ (score) â ñîîòâåòñòâèè ñ ìîäåëüþ ïåðåðàíæèðîâàíèÿ.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïîðîæäåíèå ñëîâîôîðì ñ ïîìîùüþ
àáñòðàêòíûõ ïàðàäèãì: ýíãðàììíûå âåðîÿòíîñòè

Àëãîðèòì îáó÷åíèÿ êëàññèôèêàòîðà:

Äëÿ âñåõ ïàð (l ,w) â îáó÷àþùåé âûáîðêå èçâëå÷ü ïàðó
pbase(l ,w), pngram(w).
Àíàëîãè÷íî ïîñòóïèòü äëÿ äðóãèõ âîçìîæíûõ îòâåòîâ w1, . . . ,wn

áàçîâîãî êëàññèôèêàòîðà.
Ïîìåñòèòü [pbase(l ,w)−pbase(l ,wi ), pngram(l ,w)−pngram(l ,wi )]
â ïîëîæèòåëüíûé êëàññ, ïðîòèâîïîëîæíûå âåêòîðà â îòðè-
öàòåëüíûé.

Ïðè ïðåäñêàçàíèè âûáèðàòü ãèïîòåçó ñ íàèâûñøåé ñòîèìî-

ñòüþ (score) â ñîîòâåòñòâèè ñ ìîäåëüþ ïåðåðàíæèðîâàíèÿ.



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Ïåðåðàíæèðîâàíèå: ýôôåêòèâíîñòü

Ýôôåêòèâíîñòü ïåðåðàíæèðîâàíèÿ íà development set.

Language
Verbs Adjectives Nouns

Recall Accur. Prec. Recall Accur. Prec. Recall Accur. Prec.

Arabic
88.2 80.4 91.16% 95.9 93.6 97.60% 83.9 76.2 90.82%

85.5 76.1 89.01% 96.1 94.5 98.34% 84.4 83.1 98.46%

Finnish
95.1 94.1 98.95% 63.9 62.9 98.44% 96.0 87.8 91.46%

96.1 90.6 94.28% 65.7 62.9 95.74% 98.0 92.7 94.59%

Georgian
59.8 42.3 70.74% 100.0 99.2 99.2% 98.5 97.6 98.09%

62.9 51.3 81.56% 100.0 100.0 100.0% 99.8 99.4 99.60%

German
93.3 90.0 96.46% 98.1 97.2 99.08% 94.8 91.2 96.20%

94.3 94.3 100.0% 98.4 98.1 99.70% 96.6 94.1 97.41%

Hungarian
97.5 92.5 94.87% 82.1 75.9 92.45%

99.1 98.7 99.60% 99.1 99.1 100.0%

Navajo
61.8 56.4 91.26% 97.8 94.5 96.63%

67.9 64.8 95.43% 95.6 63.3 66.21%

Russian
91.4 83.2 91.03% 98.5 95.8 97.26% 98.0 91.9 93.78%

88.2 86.6 98.19% 97.7 95.2 97.44% 96.8 94.1 97.21%

Spanish
98.8 98.6 99.80% 100.0 100.0 100% 100.0 100.0 100%

98.6 98.5 99.90% 100.0 100.0 100% 99.5 97.2 97.69%

Turkish
87.7 83.5 95.21% 89.5 87.3 97.54%

93.8 93.8 100.0% 96.8 96.4 99.59%
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Attention-RNN ïîäõîä
Íàèëó÷øèå ðåçóëüòàòû â SIGMORPHON-2016 ïîêàçàë Attention-

RNN-ïîäõîä (Bahdanau et al., 2015).

Ñåòü ñîñòîèò èç íåñêîëüêèõ ñëî¼â:

[x1, . . . , xT ] � âõîäíîå ïðåäñòàâëåíèå.
[h1, . . . , ht ] � ñîñòîÿíèÿ LSTM-ýíêîäåðà,

hi = [
←−
hi ,
−→
hi ] � äâóñòîðîííÿÿ ñåòü.

Äåêîäèðóþùèé Attention-ñëîé:

yt = g(yt−1, st , ct),
ct =

∑
j

atjht ,

atj =
etj∑

k

etk
,

etj = a(st−1, ht),
a � feedforward-ñåòü,

Äîïîëíèòåëüíûé âûõîäíîé maxout-ñëîé.
Âõîäíûå è âûõîäíûå ãðàììåìû õðàíÿòñÿ â ñòàðòîâîì ýëå-

ìåíòå ïîñëåäîâàòåëüíîñòè x1.
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Monotonic-attention-RNN ïîäõîä

Attention-âåñà atj êîäèðóþò âûðàâíèâàíèå (âåðîÿòíîñòü ïî-
ëó÷åíèÿ ïåðåâîäà vt èç èñõîäíîãî ñëîâà uj.

Åñòåñòâåííîå âûðàâíèâàíèå åñòü è ïðè ñëîâîèçìåíåíèè:
v o l v e r

v u e l v o

Íî îíî îáÿçàòåëüíî ìîíîòîííî è ñîäåðæèò òîëüêî 1−0, 0−
1, 1− 1 ôðàãìåíòû.
Íåëüçÿ ëè îãðàíè÷èòüñÿ òîëüêî òàêèìè âûðàâíèâàíèÿìè

(Aharoni, Goldberg, 2017)?
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Monotonic-attention-RNN ïîäõîä

Òàêæå èñïîëüçóåòñÿ äâóõñëîéíàÿ íåéðîííàÿ ñåòü.

Âûõîäíîé àëôàâèò � ýëåìåíòàðíûå îïåðàöèè âûðàâíèâà-

íèÿ (writeS äëÿ âûïèñûâàíèÿ ñèìâîëà S è step äëÿ ñäâèãà).
Âûðàâíèâàíèÿ ñòðîÿòñÿ äëÿ âñåõ ïàð 〈ëåììà〉-〈ñëîâîôîðìà〉.
Àëãîðèòì ïðåäñêàçûâàåò íå âûõîäíîå ñëîâî, à âûðàâíèâà-

íèå.
Ýíêîäåð � äâóñòîðîííÿÿ LSTM (êàê â Kahn, Sch�utze).
Äåêîäåð � ðåêóððåíòíàÿ ñåòü:

yi = softmax(W · LSTM(z1, . . . , xi ) + b),
zi = [hj , f, si−1]
f � ïðåäñòàâëåíèå ãðàììåì,
hj � ýíêîäèíã òåêóùåãî ñèìâîëà,

si−1 � ïðåäñòàâëåíèå yi−1.

Êîãäà ìîäåëü âûäà¼ò step, âûïîëíÿåòñÿ j = j + 1 è ïåðå-

ñ÷èòûâàåòñÿ hj .



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Monotonic-attention-RNN ïîäõîä

Òàêæå èñïîëüçóåòñÿ äâóõñëîéíàÿ íåéðîííàÿ ñåòü.
Âûõîäíîé àëôàâèò � ýëåìåíòàðíûå îïåðàöèè âûðàâíèâà-

íèÿ (writeS äëÿ âûïèñûâàíèÿ ñèìâîëà S è step äëÿ ñäâèãà).
Âûðàâíèâàíèÿ ñòðîÿòñÿ äëÿ âñåõ ïàð 〈ëåììà〉-〈ñëîâîôîðìà〉.

Àëãîðèòì ïðåäñêàçûâàåò íå âûõîäíîå ñëîâî, à âûðàâíèâà-

íèå.
Ýíêîäåð � äâóñòîðîííÿÿ LSTM (êàê â Kahn, Sch�utze).
Äåêîäåð � ðåêóððåíòíàÿ ñåòü:

yi = softmax(W · LSTM(z1, . . . , xi ) + b),
zi = [hj , f, si−1]
f � ïðåäñòàâëåíèå ãðàììåì,
hj � ýíêîäèíã òåêóùåãî ñèìâîëà,

si−1 � ïðåäñòàâëåíèå yi−1.

Êîãäà ìîäåëü âûäà¼ò step, âûïîëíÿåòñÿ j = j + 1 è ïåðå-

ñ÷èòûâàåòñÿ hj .



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Monotonic-attention-RNN ïîäõîä

Òàêæå èñïîëüçóåòñÿ äâóõñëîéíàÿ íåéðîííàÿ ñåòü.
Âûõîäíîé àëôàâèò � ýëåìåíòàðíûå îïåðàöèè âûðàâíèâà-

íèÿ (writeS äëÿ âûïèñûâàíèÿ ñèìâîëà S è step äëÿ ñäâèãà).
Âûðàâíèâàíèÿ ñòðîÿòñÿ äëÿ âñåõ ïàð 〈ëåììà〉-〈ñëîâîôîðìà〉.
Àëãîðèòì ïðåäñêàçûâàåò íå âûõîäíîå ñëîâî, à âûðàâíèâà-

íèå.

Ýíêîäåð � äâóñòîðîííÿÿ LSTM (êàê â Kahn, Sch�utze).
Äåêîäåð � ðåêóððåíòíàÿ ñåòü:

yi = softmax(W · LSTM(z1, . . . , xi ) + b),
zi = [hj , f, si−1]
f � ïðåäñòàâëåíèå ãðàììåì,
hj � ýíêîäèíã òåêóùåãî ñèìâîëà,

si−1 � ïðåäñòàâëåíèå yi−1.

Êîãäà ìîäåëü âûäà¼ò step, âûïîëíÿåòñÿ j = j + 1 è ïåðå-

ñ÷èòûâàåòñÿ hj .



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Monotonic-attention-RNN ïîäõîä

Òàêæå èñïîëüçóåòñÿ äâóõñëîéíàÿ íåéðîííàÿ ñåòü.
Âûõîäíîé àëôàâèò � ýëåìåíòàðíûå îïåðàöèè âûðàâíèâà-

íèÿ (writeS äëÿ âûïèñûâàíèÿ ñèìâîëà S è step äëÿ ñäâèãà).
Âûðàâíèâàíèÿ ñòðîÿòñÿ äëÿ âñåõ ïàð 〈ëåììà〉-〈ñëîâîôîðìà〉.
Àëãîðèòì ïðåäñêàçûâàåò íå âûõîäíîå ñëîâî, à âûðàâíèâà-

íèå.
Ýíêîäåð � äâóñòîðîííÿÿ LSTM (êàê â Kahn, Sch�utze).

Äåêîäåð � ðåêóððåíòíàÿ ñåòü:

yi = softmax(W · LSTM(z1, . . . , xi ) + b),
zi = [hj , f, si−1]
f � ïðåäñòàâëåíèå ãðàììåì,
hj � ýíêîäèíã òåêóùåãî ñèìâîëà,

si−1 � ïðåäñòàâëåíèå yi−1.

Êîãäà ìîäåëü âûäà¼ò step, âûïîëíÿåòñÿ j = j + 1 è ïåðå-

ñ÷èòûâàåòñÿ hj .



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Monotonic-attention-RNN ïîäõîä

Òàêæå èñïîëüçóåòñÿ äâóõñëîéíàÿ íåéðîííàÿ ñåòü.
Âûõîäíîé àëôàâèò � ýëåìåíòàðíûå îïåðàöèè âûðàâíèâà-

íèÿ (writeS äëÿ âûïèñûâàíèÿ ñèìâîëà S è step äëÿ ñäâèãà).
Âûðàâíèâàíèÿ ñòðîÿòñÿ äëÿ âñåõ ïàð 〈ëåììà〉-〈ñëîâîôîðìà〉.
Àëãîðèòì ïðåäñêàçûâàåò íå âûõîäíîå ñëîâî, à âûðàâíèâà-

íèå.
Ýíêîäåð � äâóñòîðîííÿÿ LSTM (êàê â Kahn, Sch�utze).
Äåêîäåð � ðåêóððåíòíàÿ ñåòü:

yi = softmax(W · LSTM(z1, . . . , xi ) + b),
zi = [hj , f, si−1]
f � ïðåäñòàâëåíèå ãðàììåì,
hj � ýíêîäèíã òåêóùåãî ñèìâîëà,

si−1 � ïðåäñòàâëåíèå yi−1.

Êîãäà ìîäåëü âûäà¼ò step, âûïîëíÿåòñÿ j = j + 1 è ïåðå-

ñ÷èòûâàåòñÿ hj .



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Monotonic-attention-RNN ïîäõîä

Òàêæå èñïîëüçóåòñÿ äâóõñëîéíàÿ íåéðîííàÿ ñåòü.
Âûõîäíîé àëôàâèò � ýëåìåíòàðíûå îïåðàöèè âûðàâíèâà-

íèÿ (writeS äëÿ âûïèñûâàíèÿ ñèìâîëà S è step äëÿ ñäâèãà).
Âûðàâíèâàíèÿ ñòðîÿòñÿ äëÿ âñåõ ïàð 〈ëåììà〉-〈ñëîâîôîðìà〉.
Àëãîðèòì ïðåäñêàçûâàåò íå âûõîäíîå ñëîâî, à âûðàâíèâà-

íèå.
Ýíêîäåð � äâóñòîðîííÿÿ LSTM (êàê â Kahn, Sch�utze).
Äåêîäåð � ðåêóððåíòíàÿ ñåòü:

yi = softmax(W · LSTM(z1, . . . , xi ) + b),
zi = [hj , f, si−1]
f � ïðåäñòàâëåíèå ãðàììåì,
hj � ýíêîäèíã òåêóùåãî ñèìâîëà,

si−1 � ïðåäñòàâëåíèå yi−1.

Êîãäà ìîäåëü âûäà¼ò step, âûïîëíÿåòñÿ j = j + 1 è ïåðå-

ñ÷èòûâàåòñÿ hj .



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

Monotonic-attention-RNN ïîäõîä



Àëãîðèòìû àâòîìàòè÷åñêîãî ñëîâîèçìåíåíèÿ.

SIGMORPHON-2017

SIGMORPHON-2017

Çàäàíèå 1: àâòîìàòè÷åñêîå ñëîâîèçìåíåíèå.
Ðàçíûé ðàçìåð îáó÷àþùåé âûáîðêè: 100/1000/10000 ïàð.

56 ÿçûêîâ ðàçíîé ñòåïåíè ñëîæíîñòè (ðàçíûé ðàçìåð ïàðàäèãì).
Çàäàíèå 2: àâòîìàòè÷åñêîå ïîïîëíåíèå ïàðàäèãì.
Ðåçóëüòàòû çàäàíèÿ 1:

ßçûê 10000 1000 100

Àðàáñêèé 94.5 79.7 37.00
Ôàðåðñêèé 87.8 68.1 42.4
Ëàòèíñêèé 81.3 51.8 19.3
Ëèòîâñêèé 95.6 62.8 23.3
Íþíîðñê 92.8 65.6 54.6

Ñðåäíåå 95.3 82.8 50.6

Ïîáåäèòåëü íà âûáîðêå 10000 � Kahn et al. (ðàñøèðåíèå ìîäåëè
2016).
Ïîáåäèòåëü íà ìàëûõ âûáîðêàõ � Makarov et al. (Zurich, ðàñøè-
ðåíèå ìîäåëè Aharoni-Goldberg).
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SIGMORPHON-2017

Ìîäåëü Makarov et al.

Ïðè íåäîñòàòêå äàííûõ âàæíî íàó÷èòü ìîäåëü êîïèðîâàòü.

Äëÿ ýòîãî â ìîäåëè Aharoni, Goldberg âìåñòî

yi = softmax(W · LSTM(z1, . . . , zi ) + b),

Èñïîëüçóåòñÿ:

yi = σi softmax(W · LSTM(z1, . . . , zi ) + b) + (1− σi )Jyi = xjK,
si = sigmoid(v · [yi−1, hi−1, si , f] + c)

Ïðè íåäîñòàòêå äàííûõ âàæíî ïðåäîñòàâèòü èõ äîïîëíè-

òåëüíî.
Ïîðîæäàþòñÿ äîïîëíèòåëüíûå ïàðû ëåììà-ñëîâîôîðìà:

Èç òåêñòà èçâëåêàþòñÿ øàáëîíû ñëîâîèçìåíåíèÿ.
Äëÿ ñëîâà (èç êîðïóñà èëè ñëó÷àéíîãî) ïîäáèðàåòñÿ íàèáî-
ëåå ñïåöèàëüíûé øàáëîí, ïîäõîäÿùèé ïîä äàííîå ñëîâî.
Ýòîò øàáëîí ïðèìåíÿåòñÿ äëÿ ïîðîæäåíèÿ ñëîâîôîðìû.
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Èñïîëüçóåòñÿ:

yi = σi softmax(W · LSTM(z1, . . . , zi ) + b) + (1− σi )Jyi = xjK,
si = sigmoid(v · [yi−1, hi−1, si , f] + c)

Ïðè íåäîñòàòêå äàííûõ âàæíî ïðåäîñòàâèòü èõ äîïîëíè-

òåëüíî.
Ïîðîæäàþòñÿ äîïîëíèòåëüíûå ïàðû ëåììà-ñëîâîôîðìà:

Èç òåêñòà èçâëåêàþòñÿ øàáëîíû ñëîâîèçìåíåíèÿ.
Äëÿ ñëîâà (èç êîðïóñà èëè ñëó÷àéíîãî) ïîäáèðàåòñÿ íàèáî-
ëåå ñïåöèàëüíûé øàáëîí, ïîäõîäÿùèé ïîä äàííîå ñëîâî.
Ýòîò øàáëîí ïðèìåíÿåòñÿ äëÿ ïîðîæäåíèÿ ñëîâîôîðìû.
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