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Êîíå÷íûå ïðåîáðàçîâàòåëè
Íåôîðìàëüíî, êîíå÷íûé ïðåîáðàçîâàòåëü � ýòî àâòîìàò ñ äîáàâ-
ëåííûìè íà ð¼áðà âûõîäíûìè ñèìâîëàìè.
Ïóñòü Σ, Γ � êîíå÷íûå àëôàâèòû.

Îïðåäåëåíèå êîíå÷íîãî ïðåîáðàçîâàòåëÿ

Êîíå÷íûé ïðåîáðàçîâàòåëü: êîðòåæ M = 〈Q,Σ, Γ,∆, q0,F 〉, ãäå
Q � êîíå÷íîå ìíîæåñòâî ñîñòîÿíèé
∆ ⊆ Q×(Σ∪{ε})×(Γ∪{ε})×Q � êîíå÷íîå ìíîæåñòâî ïåðåõîäîâ
q0 ∈ Q � ñòàðòîâîå ñîñòîÿíèå
F ⊆ Q � çàâåðøàþùèå ñîñòîÿíèÿ.

Ïðîñòåéøèé ïðåîáðàçîâàòåëü � òîæäåñòâåííûé (àëôàâèò a, b):

a : a, b : b

Êîíå÷íûå àâòîìàòû ìîæíî ïîíèìàòü êàê ïðåîáðàçîâàòåëè, âîçâðà-
ùàþùèå ñâîé âõîä (è ïðîâåðÿþùèå, ÷òî âõîä ïðèíàäëåæèò íóæíîìó
ìíîæåñòâó).
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Êîíå÷íûå ïðåîáðàçîâàòåëè: ïðèìåðû

Äîáàâëÿåò a â íà÷àëå ñëîâà:

ε : a

a : a, b : b

Óäàëÿåò êîíå÷íóþ b â òåõ ñëîâàõ, ãäå îíà åñòü, è îòâåðãàåò

îñòàëüíûå:
a : a, b : b

b : ε

Ïîñëå êàæäîé a äîáàâëÿåò b:

b : b
c : c

a : a

ε : b
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Êîíå÷íûå ïðåîáðàçîâàòåëè: ïðèìåðû
Óäâàèâàåò âñå áóêâû, êðîìå ïîñëåäíåé:

a : a

b : b

ε : a

a : a

b : b

ε : b

b
: b

a : a

Ðåòðî-àññèìèëèðóåò C1 â C2 (â ïîñëåäîâàòåëüíîñòè C1, èäóùåé
ïåðåä C2, âñå áóêâû çàìåíÿþòñÿ íà C2)

C :C V :V
C2 :C2

C1 :C1

C1 :C1

C :C ,V :V

C1 :C2C2 :C2

C1 :C2
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Ñâîéñòâà êîíå÷íûõ ïðåîáðàçîâàòåëåé

Çàìêíóòîñòü îòíîñèòåëüíî îïåðàöèé:

Îïåðàöèÿ Àâòîìàòû Ïðåîáðàçîâàòåëè

Êîíêàòåíàöèÿ Äà Äà

Èòåðàöèÿ Äà Äà

Îáúåäèíåíèå Äà Äà

Ïåðåñå÷åíèå Äà Íåò

Äîïîëíåíèå Äà Íåò
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Ñâîéñòâà êîíå÷íûõ ïðåîáðàçîâàòåëåé

Êîíå÷íûå ïðåîáðàçîâàíèÿ òàêæå çàìêíóòû îòíîñèòåëüíî

Êîìïîçèöèè (◦).
Ïðèîðèòåòíîãî îáúåäèíåíèÿ (∪p).

(T1 ∪p T2)(u) =

{
T1(u), T1(u) 6= ∅,
T2(u), T1(u) = ∅.

Îáðàùåíèÿ ((·)−1
): φ−1 = {〈 y , x 〉 | 〈 x , y 〉 ∈ φ}.

Ïðèìåíåíèÿ îïåðàöèé:

Êîìïîçèöèÿ: ïîñëåäîâàòåëüíîå ïðèìåíåíèå ïðåîáðàçîâàíèé,
Îáðàùåíèå: ïåðåõîä îò ñèíòåçà ê àíàëèçó è íàîáîðîò,
Ïðèîðèòåòíîå îáúåäèíåíèå: îòäåëüíàÿ îáðàáîòêà íåðåãó-
ëÿðíûõ ôîðì.
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ìíîæåñòâåííîå ÷èñëî ñóùåñòâèòåëüíîãî â àíãëèéñêîì

Ïðèìåð.

Îïèøèòå ïðåîáðàçîâàòåëü, ïðåîáðàçóþùèé ôîðìó åäèíñòâåí-

íîãî ÷èñëà ñóùåñòâèòåëüíîãî â ôîðìó ìíîæåñòâåííîãî äëÿ

àíãëèéñêîãî ÿçûêà.

torch � torches
monarch � monarchs
ally � allies
play � plays
goose � geese
formula � formulas/formulae
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ïðèìåð: ìíîæåñòâåííîå ÷èñëî â àíãëèéñêîì
Ïðèìåð.

Îïèñàòü ïðåîáðàçîâàòåëü, ñòðîÿùèé ôîðìó ìíîæåñòâåííîãî

÷èñëà ñóùåñòâèòåëüíîãî â àíãëèéñêîì ôçûêå.

Îòäåëüíûé ïðåîáðàçîâàòåëü Texc äëÿ èñêëþ÷åíèé:

g
o : e o : e s e

f o r m u l a ε : s
ε : e

Tsib: äîáàâëÿåò -es ïîñëå ôèíàëüíîé øèïÿùåé

(X � ïðîèçâîëüíûé ñèìâîë):
X s, c, x

ch, sh

ε : es
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ïðèìåð: ìíîæåñòâåííîå ÷èñëî â àíãëèéñêîì

Ïðåîáàçîâàòåëü Texc äëÿ èñêëþ÷åíèé.
Ïðåîáðàçîâàòåëü Tsib äëÿ äîáàâëåíèÿ es.
Ïðåîáðàçîâàòåëü TCy äëÿ çàìåíû y íà -ies ïîñëå ñîãëàñíîé.

X

C y : ies

Ts � äîáàâëÿåò s â êîíöå.
Texc,sib � äîáàâëÿåò s ê èñêëþ÷åíèÿì íà -arch è îòâåðãàåò

îñòàëüíûå ñëîâà (äëÿ monarchs, tetrarchs, . . . ).
Îáùåå ðåøåíèå:

Texc ∪p Texc,sib ∪p Tsib ∪p TCy ∪p Ts
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ïðèìåð: ñíîâà ìíîæåñòâåííîå ÷èñëî
Íàøà ìîäåëü äëÿ àíãëèéñêîãî ëèíãâèñòè÷åñêè íåàäåêâàòíà.
Íåò îòäåëüíûõ îêîí÷àíèé -es, -ies, -s, îíè àëëîìîðôû îêîí÷àíèÿ
-s.
Íóæíî ñíà÷àëà ïðèñîåäèíèòü ïðîòîòèïè÷åñêîå îêîí÷àíèå, ïîòîì
ìîäåëèðîâàòü êîíòåêñòíûå ÿâëåíèÿ.
Ïðåîáðàçîâàòåëè äëÿ ïðàâèë:

Ts : äîáàâèòü !s â êîíöå ñëîâà (! � ìàðêåð ãðàíèöû)
ε→ !s ||_$ ($ � ìàðêåð êîíöà ñëîâà).
Tsib: äîáàâèòü e ïîñëå ! è ïîñëå øèïÿùåé ε→ e || (s|z |x |sh|ch)_!.
Ty : çàìåíèòü y íà ie ïåðåä ìàðêåðîì ãðàíèöû è ïîñëå
ñîãëàñíîé y → ie ||C_!.
Texc,sib: íè÷åãî íå äåëàòü ñî ñëîâàìè ñ arch íà êîíöå (âîçìîæíî,
íå âñå òàêèå ñëîâà ïîäîéäóò).
?∗V ?∗arch!s
Tc : óäàëèòü ìàðêåð ìîðôåìíîé ãðàíèöû !→ ε.

Ôèíàëüíûé ïðåîáðàçîâàòåëü ñòðîèòñÿ ñ ïîìîùüþ êîìïîçèöèè:

Texc ∪p (Ts ◦ (Texc,sib ∪p Tsib) ◦ Ty ◦ Tc )
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ïðèìåðû âû÷èñëåíèÿ

Èñêëþ÷åíèÿ: mouse 7→mice, cactus 7→cactuses, cacti
� îáðàáàòûâàåòñÿ â Texc è íå èä¼ò â îñíîâíóþ âåòêó.
Ðåãóëÿðíûå ôîðìû îáðàáàòûâàþòñÿ â âåòêå
Ts ◦ (Texc,sib ∪p Tsib) ◦ Ty ◦ Tc :

day→ day !s → day !s → day !s → days
rally→ rally !s → rally !s → rallie!s → rallies
witch→ witch!s → witche!s → witche!s → witches

×àñòè÷íîå èñêëþ÷åíèå monarch îáðàáàòûâàåòñÿ âåòêîé

Ts ◦ Texc,sib ◦ Ty ◦ Tc :

monarch→ monarch!s → monarch!s → monarch!s → monarchs.
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Èíôèíèòèâ ïàññèâíîãî çàëîãà â òóðåöêîì
Èíôèíèòèâ ïàññèâíîãî çàëîãà

Ïîñòðîèòü êîíå÷íûé ïðåîáðàçîâàòåëü, ïðåîáðàçóþùèé òóðåöêèé
ãëàãîëüíûé èíôèíèòèâ â èíôèíèòèâ ïàññèâíîãî çàëîãà.

Ïàññèâ îáðàçóåòñÿ âñòàâêîé ñóôôèêñà ïåðåä -mek/-mak.
Ñóôôèêñ ïàññèâà: -n ïîñëå ãëàñíîé, -In ïîñëå l è -Il èíà÷å.
I: � ïîñëå a, �; u ïîñëå u, o; i ïîñëå e, i ; �u ïîñëå �u, �o.

Èíôèíèòèâ Èíôèíèòèâ ïàññèâà
varmak �ïðèáûâàòü� var�lmak �äîñòè÷ü�
silmek �óäàëÿòü� silinmek �óäàëÿòüñÿ êåì-ëèáî�
b�uy�umek �âîçðàñòàòü� b�uy�unmek �óâåëè÷èâàòüñÿ�
durmak �îñòàíàâëèâàòüñÿ� durulmak �çàäåðæèâàòüñÿ�
bilmek �çíàòü� bilinmek �áûòü èçâåñòíûì�
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Èíôèíèòèâ ïàññèâíîãî çàëîãà â òóðåöêîì
Èíôèíèòèâ ïàññèâíîãî çàëîãà

Ïîñòðîèòü êîíå÷íûé ïðåîáðàçîâàòåëü, ïðåîáðàçóþùèé òóðåöêèé
ãëàãîëüíûé èíôèíèòèâ â èíôèíèòèâ ïàññèâíîãî çàëîãà.

Ïàññèâ îáðàçóåòñÿ âñòàâêîé ñóôôèêñà ïåðåä -mek/-mak.
Ñóôôèêñ ïàññèâà: -n ïîñëå ãëàñíîé, -In ïîñëå l è -Il èíà÷å.
I: � ïîñëå a, �; u ïîñëå u, o; i ïîñëå e, i ; �u ïîñëå �u, �o.

Tmark : âñòàâèòü ! ïåðåä -mak/-mek: ε→! ||_m(a|e)k$.
Çàìåíèòü ìàðêåð ïîäõîäÿùèì ñóôôèêñîì:

-n ïîñëå ãëàñíîé (TV ): !→ n ||V_$,
-In ïîñëå l (Tl): !→ In || l_$,
-Il ïî óìîë÷àíèþ (Tdef ): !→ Il ||_,

Ñîåäèíèòü âñ¼ âìåñòå Tsuf = TV ◦ Tl ◦ Tdef .
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Èíôèíèòèâ ïàññèâíîãî çàëîãà â òóðåöêîì

Èíôèíèòèâ ïàññèâíîãî çàëîãà

Ïîñòðîèòü êîíå÷íûé ïðåîáðàçîâàòåëü, ïðåîáðàçóþùèé òóðåöêèé
ãëàãîëüíûé èíôèíèòèâ â èíôèíèòèâ ïàññèâíîãî çàëîãà.

Ïàññèâ îáðàçóåòñÿ âñòàâêîé ñóôôèêñà ïåðåä -mek/-mak.
Ñóôôèêñ ïàññèâà: -n ïîñëå ãëàñíîé, -In ïîñëå l è -Il èíà÷å.
I: � ïîñëå a, �; u ïîñëå u, o; i ïîñëå e, i ; �u ïîñëå �u, �o.

Tmark � âñòàâëÿåò ! ïåðåä -mak/-mek.
Tsuf çàìåíÿåò ìàðêåð íà ïîäõîäÿùèé ñóôôèêñ.
Tfill çàïîëíÿåò ãëàñíóþ ñóôôèêñà: Tfill = Tı ◦Tu ◦Ti ◦TU , where

Tı ïðîâåðÿåò óñëîâèå äëÿ ı: I→ ı || (a|ı)C∗_.
Tu äëÿ u: I→ u || (u|o)C∗_.
Ti äëÿ i : I→ i || (e|i)C∗_.
TU äëÿ ü: I→ ü || (ü|ö)C∗_.

Ôèíàëüíûé îòâåò:
Tmark ◦ Tsuf ◦ Tfill
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ãëàãîëüíûå ôîðìû â ÿçûêå éîóëóìíè (àìåðèíäñêàÿ ñåìüÿ)

îñíîâà ãåðóíäèé äóðàòèâ

caw �êðè÷àòü� caw-inay cawaa-Paa-n
cuum �ðàçðóøàòü� cum-inay cumuu-Paa-n
hoyoo �íàçûâàòü� hoy-inay hoyoo-Paa-n
diiyl �îõðàíÿòü� diyl-inay diyiil-Paa-n
Pilk �ïåòü� Pilk-inay Piliik-Paa-n
hiwiit �ãóëÿòü� hiwt-inay hiwiit-Paa-n

Ãëàãîëüíûå ôîðìû â ÿçûêå éîóëóìíè

Åñëè îñíîâà èìåëà âèä α1V (V )α2(V )(V )α3, ãäå α1, α2 ∈ C ,
α3 ∈ {C , ε}, òî îñíîâà ãåðóíäèÿ èìååò âèä α1Vα2α3, à îñíîâà

äóðàòèâà � α1Vα2VVα3.
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ïðåîáðàçîâàòåëè äëÿ ãëàãîëüíûõ ôîðì â ÿçûêå éîóëóìíè

Îñíîâà ãåðóíäèÿ:

C

a

u

i

o

a:ε

u:ε

i:ε

o:ε

C

C

C

C

C

C

C

C

a:ε

u:ε

i:ε

o:ε

ε

ε

ε

ε

(a|ε) : ε

(u|ε) : ε

(i |ε) : ε

(o|ε)
: ε

C
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Ëèíãâèñòè÷åñêèå ïðèìåðû

Ïðåîáðàçîâàòåëè äëÿ ãëàãîëüíûõ ôîðì â ÿçûêå éîóëóìíè

Îñíîâà äóðàòèâà:

C

a

u

i

o

a:ε

u:ε

i:ε

o:ε

C

C

C

C

C

C

C

C

(a|ε) : a

(u|ε) : u

(i |ε) : i

(o|ε) : o

(a|ε) : a

(u|ε) : u

(i |ε) : i

(o|ε)
: o

C
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FOMA: êîìïèëÿòîð êîíå÷íûõ ïðåîáðàçîâàòåëåé.

FOMA � êîìïèëÿòîð êîíå÷íûõ ïðåîáðàçîâàòåëåé.
Ðàçðàáîòàíà Ìàíñîì Õàëäåíîì â 2009�2015ãã., ïîñëåäíÿÿ

îôèöèàëüíàÿ âåðñèÿ 0.9.18 � èþíü 2015.
Ñòàáèëüíàÿ âåðñèÿ: https://code.google.com/archive/p/foma/,
Òåêóùàÿ âåðñèÿ https://github.com/mhulden/foma/.
Ïðîãðàììà ñ îòêðûòûì êîäîì, íàïèñàíà C++, äëÿ îòäåëüíûõ

îïåðàöèé åñòü èíòåðôåéñ â Python.
Îñíîâíîå ïðèìåíåíèÿ: êîìïèëÿöèÿ êîíòåêñòíûõ ïðàâèë â

êîíå÷íûå ïðåîáðàçîâàòåëè.
Ìîæíî èñïîëüçîâàòü äëÿ îïåðàöèé ñ êîíå÷íûìè àâòîìàòàìè.
óòèëèòà �ookup ïîçâîëÿåò ñîõðàíÿòü êîíå÷íûå ïðåîáðàçîâàòåëè

â äâîè÷íîì ôîðìàòå.
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FOMA: basic usage

Áàçîâûå îïåðàöèè: êîìïèëÿöèÿ êîíòåêñòíûõ ïðàâèë.

foma[0]: ##replace all a by b

foma[0]: regex a -> b || _ ;

374 bytes. 1 state, 3 arcs, Cyclic.

foma[1]: net

Sigma: ? @ a b

Size: 2.

Net: E20E6CF

Flags: deterministic pruned minimized epsilon_free

Arity: 2

Sfs0: <a:b> -> fs0, b -> fs0, @ -> fs0.

foma[1]:
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FOMA: basic usage

Áàçîâûå îïåðàöèè: çàäàíèå ïðåîáðàçîâàòåëåé è èõ ïðèìåíåíèå

ê ñòðîêàì.
foma[0]: ##replace all a by b

foma[0]: regex a -> b || _ ;

374 bytes. 1 state, 3 arcs, Cyclic.

foma[1]: down

apply down> bcaba

bcbbb

apply down> bbb

bbb

apply down>

foma[1]: up

apply up> aba

???

apply up> cbdb

cada

cadb

cbda

cbdb

apply up> cdc

cdc

apply up>

foma[1]:
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FOMA: basic usage
Ìíîæåñòâåííîå ÷èñëî äëÿ çàêàí÷èâàþùèõñÿ íà y ñóùåñòâèòåëüíûõ:

foma[0]: ## filter y-ending words
foma[0]: define yFinal ?* y ;
redefined yFinal: 321 bytes. 2 states, 4 arcs, Cyclic.
foma[0]: ## Vowel+y
foma[0]: define Vowel [ a | e | i | o | u ];
redefined Vowel: 413 bytes. 2 states, 5 arcs, 5 paths.
foma[0]: define yVowel [..] -> s || [ .#. | Vowel ] y _ .#. ; ## simply append s after Vowel+y
redefined yVowel: 872 bytes. 4 states, 25 arcs, Cyclic.
foma[0]: define yCons y -> i e s || \Vowel _ .#. ;
redefined yCons: 920 bytes. 6 states, 28 arcs, Cyclic.
foma[0]: ## combine the variants for vowels and consonants
foma[0]: define yChange yFinal .o. yVowel .o. yCons ;
redefined yChange: 936 bytes. 6 states, 29 arcs, Cyclic.
foma[0]: push yChange
936 bytes. 6 states, 29 arcs, Cyclic.
foma[1]: down
apply down> valley
valleys
apply down> ally
allies
apply down> y
ys
apply down> tray
trays
apply down> granny
grannies
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FOMA: îïåðàöèè ñ àâòîìàòàìè

Îïåðàöèÿ Îáîçíà÷åíèå

Êîíêàòåíàöèÿ X ,Y XY
Ïåðåñå÷åíèå X ,Y X&Y
Îáúåäèíåíèå X ,Y X |Y
Ðàçíîñòü X ,Y X − Y
Èòåðàöèÿ X X ∗

Ïîëîæèòåëüíàÿ èòåðàöèÿ X X+

Îòðèöàíèå X \X
Êîíòåêñòíîå îãðàíè÷åíèå

(X âîçìîæåí òîëüêî ìåæäó Y è Z ) X → Y_Z

Îïåðàöèè ñ àâòîìàòàìè â FOMA
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FOMA: îïåðàöèè ñ àâòîìàòàìè

Îïåðàöèÿ Îáîçíà÷åíèå

Êîíòåêñòíàÿ çàìåíà X → Y ||U_V
(Çàìåíà X íà Y â êîíòåêñòå U_V )

Êîìïîçèöèÿ X ,Y X .o.Y
Ïðèîðèòåòíîå îáúåäèíåíèå X ,Y X .P.Y
Äåêàðòîâî îáúåäèíåíèå X ,Y X : Y
Îáëàñòü îïðåäåëåíèÿ X X .u
Îáëàñòü çíà÷åíèé X X .l
Îáðàòíîå ïðåîáðàçîâàíèå ê X X .i
Ìíîæåñòâåííûå êîíòåêñòû X → Y ||U1_V 1,U2_V 2

Ìíîæåñòâåííàÿ çàìåíà X1→ Y 1,X2→ Y 2||U_V

Îïåðàöèè ñ ïðåîáðàçîâàòåëÿìè â FOMA
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FOMA: ïðèìåíåíèå ïðåîáðàçîâàòåëåé

Îïåðàöèÿ Îáîçíà÷åíèå

Ñîõðàíèòü ïð-ëü â ïåðåìåííóþ de�ne 〈var_name〉 〈expression〉
Ïîìåñòèòü ïð-ëü â ñòåê push 〈var_name〉
Ïîìåñòèòü âûðàæåíèå â ñòåê regex 〈expression〉
Ïðèìåíèòü âåðõíèé ïð-ëü â ñòåêå down (apply down)
â �ïðÿìîì� íàïðàâëåíèè

Ïðèìåíèòü âåðõíèé ïð-ëü â ñòåêå up (apply up)
â îáðàòíîì íàïðàâëåíèè

Î÷èñòèòü ñòåê clear

Ïðî÷èòàòü ôàéë ñ ëåêñèêîíîì read 〈�lename〉
è ñîõðàíèòü ïð-ëü â ïåðåìeííóþ de�ne 〈var_name〉
ñîõðàíèòü ïð-ëü â save stack 〈�lename〉
äâîè÷íûé ôàéë

Ïðèìåíåíèå ïðåîáðàçîâàòåëåé â FOMA
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FOMA: âíåøíåå èñïîëüçîâàíèå è äîêóìåíòàöèÿ
Äîêóìåíòàöèÿ:
https://code.google.com/archive/p/foma/wikis.
Îïèñàíèå îïåðàöèé: https://code.google.com/archive/p/foma/
wikis/RegularExpressionReference.wiki.
Ïðåîáðàçîâàòåëè ìîæíî ñîõðàíÿòü â äâîè÷íîì ôîðìàòå êîìàíäîé
save stack. Ïîòîì èõ ìîæíî çàïóñêàòü èç êîìàíäíîé ñòðîêè ñ
ïîìîùüþ óòèëèòû �ookup.
Îñíîâíîé ñïîñîá èñïîëüçîâàíèÿ:

�ookup -i -x -w 〈binary_�le〉 < 〈input_�le〉 (> 〈output_�le〉)
Ïðèìåíÿåò ïðåîáðàçîâàòåëü èç 〈binary_�le〉 êî âñåì ñòðîêàì â
〈input_�le〉 è ïå÷àòàåò ðåçóëüòàò (â âûõîäíîé ïîòîê èëè 〈output_�le〉).
Áåç êëþ÷à -x key òàêæå ïå÷àòàåòñÿ âõîäíîå ñëîâî.
Äîêóìåíòàöèÿ: https://code.google.com/archive/p/foma/wikis/
FlookupDocumentation.wiki.
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Ìíîæåñòâåííîå ÷èñëî ñóùåñòâèòåëüíîãî â àíãëèéñêîì
### english.foma ###
read lexc irregular.lexc
de�ne IrregularNounPlural;

de�ne Vowel [ a | i | e | o | u | y ];
de�ne Consonant [ b | c | d | f | g | h | j | k | l | m | n | p | q | r | s | t | v | w | x | z ];
de�ne Letter [Vowel | Consonant];
de�ne Word [ Letter ]+;
de�ne NounMark "+N";
de�ne NounNumber "+Sg" | "+Pl";
de�ne Noun Word NounMark NounNumber;

de�ne NounA�xation "+N" "+Sg" −> "" || _ .#., "+N" "+Pl" −> "!" s || _ .#.;
de�ne Sibilant [ x | s | z | c h | s h ];
de�ne sibException ?∗ Vowel ?∗ a r c h "!" s ;
de�ne eInsertion [..] −> e || Sibilant _ "!" s .#.;
de�ne checkSibilant [ sibException .P. eInsertion ];
de�ne yReplacement y −> i e || Consonant _ "!" s .#.;
de�ne Cleanup "!" −> "" || _ ;
de�ne RegularNoun [ NounA�xation .o. yReplacement .o. checkSibilant .o. Cleanup ] ;
de�ne Grammar Noun .o. [ IrregularNounPlural .P. RegularNoun ];
push Grammar
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Èíôèíèòèâ ïàññèâíîãî çàëîãà â òóðåöêîì
Èíôèíèòèâ ïàññèâíîãî çàëîãà

Ïîñòðîèòü êîíå÷íûé ïðåîáðàçîâàòåëü, ïðåîáðàçóþùèé òóðåöêèé
ãëàãîëüíûé èíôèíèòèâ â èíôèíèòèâ ïàññèâíîãî çàëîãà.

Ïàññèâ îáðàçóåòñÿ âñòàâêîé ñóôôèêñà ïåðåä -mek/-mak.
Ñóôôèêñ ïàññèâà: -n ïîñëå ãëàñíîé, -In ïîñëå l è -Il èíà÷å.
I: � ïîñëå a, �; u ïîñëå u, o; i ïîñëå e, i ; �u ïîñëå �u, �o.

Èíôèíèòèâ Èíôèíèòèâ ïàññèâà
varmak �ïðèáûâàòü� var�lmak
silmek �óäàëÿòü� silinmek
b�uy�umek �óâåëè÷èâàòü� b�uy�unmek
durmak �îñòàíàâëèâàòü� durulmak
bilmek �çíàòü� bilinmak
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Èíôèíèòèâ ïàññèâíîãî çàëîãà â òóðåöêîì

# symbol classes
de�ne HardStraightVowel a | I ;
de�ne HardRoundVowel o | u ;
de�ne SoftStraightVowel e | i ;
de�ne SoftRoundVowel O | U ;
de�ne HardVowel HardStraightVowel | HardRoundVowel ;
de�ne SoftVowel SoftStraightVowel | SoftRoundVowel ;
de�ne Vowel HardVowel | SoftVowel ;
de�ne Consonant b | c | C | d | f | g | G | h | j | k | l | m | n | p | r | s | S | t | v | y | z ;
de�ne Letter Consonant | Vowel ;

# contexts for stem
de�ne LastVowelHard HardVowel Consonant∗ ;
de�ne LastVowelSoft SoftVowel Consonant∗ ;
de�ne LastVowelHardRound HardRoundVowel Consonant∗ ;
de�ne LastVowelHardStraight HardStraightVowel Consonant∗ ;
de�ne LastVowelSoftRound SoftRoundVowel Consonant∗ ;
de�ne LastVowelSoftStraight SoftStraightVowel Consonant∗ ;
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Èíôèíèòèâ ïàññèâíîãî çàëîãà â òóðåöêîì
# in�nitive vowel check
de�ne Stem Letter∗ Vowel Letter∗ ;
de�ne In�nitiveSu�xInsertion [..] −> E || _ .#. ;
de�ne In�nitiveSu�x [ E −> m a k || HardVowel Consonant∗ _ .#. ] .o. [ E −> m e k ||

SoftVowel Consonant∗ _ .#. ] ;
de�ne Su�xTransform Stem .o. In�nitiveSu�xInsertion .o. In�nitiveSu�x ;
de�ne In�nitive Su�xTransform.l ;
de�ne Input In�nitive "+Pass";

# su�x insertion
de�ne MarkerInsertion [..] −> "!" || _ m [ a | e ] k "+Pass" .#. ;
de�ne MarkerAfterVowel "!" −> l || Vowel _ ;
de�ne MarkerAfterL "!" −> A n || l _ ;
de�ne MarkerAfterAll "!" −> A l || _ ;
de�ne MarkerReplacement MarkerAfterVowel .o. MarkerAfterL .o. MarkerAfterAll ;

# combining all
de�ne VowelFill [ A −> I || LastVowelHardStraight _ ] .o. [ A −> i ||

LastVowelSoftStraight _ ] .o. [ A −> u || LastVowelHardRound _ ].o. [ A −> U ||
LastVowelSoftRound _ ] ;

de�ne Cleanup "+Pass" −> "" ;
de�ne Grammar Input .o. MarkerInsertion .o. MarkerReplacement .o. VowelFill ;

push Grammar
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Ãëàãîëüíûå ôîðìû â éîóëóìíå

stem gerund durative

caw �êðè÷àòü� caw-inay cawaa-Paa-n
cuum �ðàçðóøàòü� cum-inay cumuu-Paa-n
hoyoo �íàçûâàòü� hoy-inay hoyoo-Paa-n
diiyl �îõðàíÿòü� diyl-inay diyiil-Paa-n
Pilk �ïåòü� Pilk-inay Piliik-Paa-n
hiwiit �ãóëÿòü� hiwt-inay hiwiit-Paa-n

Ãëàãîëüíûå ôîðìû â éîóëóìíå (àìåðèíäñêàÿ ñåìüÿ)

Äëÿ îñíîâû α1V (V )α2(V )(V )α3, ãäå α1, α2∈C , α3∈{C ,ε}:

Îñíîâà ãåðóíäèÿ ðàâíà α1Vα2α3,
à îñíîâà äóðàòèâà α1Vα2VVα3.
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Ãëàãîëüíûå ôîðìû â éîóëóìíå

Ïðåîáðàçîâàòåëü äëÿ éîóëóìíå ëåãêî ñòðîèòñÿ âðó÷íóþ.
Ìîæíî ëè ýòî ñäåëàòü â FOMA?
Ïåðâûé øàã: çàäàòü èçìåíåíèÿ êîíòåêñòíûìè ïðàâèëàìè.
Ãåðóíäèé: óäàëèòü âñå ãëàñíûå, êðîìå ïåðâîé ñëåâà.
Ëåâûé êîíòåêñò: C ∗V (C |V )∗.
Äóðàòèâ:

Óäàëèòü âòîðóþ ãëàñíóþ â ïåðâîì ñëîãå
(ëåâûé êîíòåêñò Ĉ+V ).
Âñòàâèòü âî âòîðîé ñëîã óäâîåííóþ ãëàñíóþ èç ïåðâîãî.

Ïðîâåðêà ðàâåíñòâà ãëàñíûõ äëÿ äóðàòèâà:

Âñòàâèòü âñå âîçìîæíûå ïàðû ãëàñíûõ (aa, ii, oo, uu).
Ïðîâåðèòü ãàðìîíèþ ãëàñíûõ, ïåðå÷èñëèâ âñå âàðèàíòû âèäà
C+xC+x+C∗ ãäå x � ïðîèçâîëüíûé ãëàñíûé.
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Äâóõóðîâíåâàÿ ìîðôîëîãèÿ

Ìîðôîëîãèÿ ñ êîíå÷íûì ÷èñëîì ñîñòîÿíèé îñíîâàíà íà êîí-

êàòåíàöèè.
Èäåàë: àããëþòèíàòèâíûå ÿçûêè (òóðåöêèé, ôèíñêèé, etc.):

evlerinizdin ev-ler-iniz-din
�èç âàøèõ äîìîâ� �äîì�+Pl+�âàø�+�èç�

Òÿæåëî îïèñûâàòü:

Ðåãóëÿðíûå èñêëþ÷åíèÿ, îáèëèå ñëîâîèçìåíèòåëüíûõ ìîäåëåé.
Íåðåãóëÿðíûå èñêëþ÷åíèÿ.
Ôóçèÿ.
Íåêîíêàòåíàòèâíàÿ ìîðôîëîãèÿ (àðàáñêèé, äðóãèå ñåìèòñêèå
ÿçûêè).

Íå îïèñûâàåòñÿ ìîäåëüþ: íåîãðàíè÷åííàÿ ðåäóïëèêàöèÿ.
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Ðåãóëÿðíûå èñêëþ÷åíèÿ

Ãëàãîëüíîå ñïðÿæåíèå â èñïàíñêîì:

correr �áåæàòü� 7→ corro �(ÿ) áåãó�

escribir �áåæàòü� 7→ escribo �(ÿ) ïèøó�

hablar �ãîâîðèòü� 7→ escribo �(ÿ) ãîâîðþ�

dormir �ñïàòü� 7→ duermo �(ÿ) ñïëþ�

mentir �ëãàòü� 7→ miento �(ÿ) ëãó�

poder �ìî÷ü� 7→ puedo �(ÿ) ìîãó�

vestir �îäåâàòüñÿ� 7→ visto �(ÿ) îäåâàþñü�

so�nar �ìå÷òàòü� 7→ sueno �(ÿ) ìå÷òàþ�

pedir �ïðîñèòü� 7→ pido �(ÿ) ïðîøó�

Ïðåäñêàçàòü ãëàñíóþ â êîðíå íà 100% íåëüçÿ (íóæíî çàó÷èâàòü)
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Ðóññêàÿ ãëàãîëüíàÿ ìîðôîëîãèÿ

Äëÿ ðóññêîãî âñ¼ åù¼ õóæå:

èãðàòü 7→ èãðàåò
ïèñàòü 7→ ïèøåò
ñïàòü 7→ ñïèò
ãðåòü 7→ ãðååò

õðèïåòü 7→ õðèïèò
ïåòü 7→ ïî¼ò

öåëîâàòü 7→ öåëóåò
õîõîòàòü 7→ õîõî÷åò
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Ôóçèÿ: èñïàíñêèé ãëàãîë
Ôóçèÿ � ÿâëåíèå íà ñòûêå ìîðôåì, ïðè êîòîðîì íåâîçìîæíî
ïðîâåñòè ÷¼òêóþ ãðàíèöó ìåæäó íèìè. (âîåííûé + íà÷àëüíèê
7→ âîåíà÷àëüíèê, ÷èõàòü 7→ ÷èõíóòü, íî ïèíàòü 7→ ïíóòü)
Íåìíîãî èñïàíñêèõ ÷åðåäîâàíèé:

Èíôèíèòèâ +1+Sg ãåðóíäèé
partir parto partiendo
imbuir imbuyo imbuyendo
destruir destruyo destruyendo
delinquir delinco delinquiendo
distinguir distingo distinguiendo
coger cojo cogiendo
elegir elijo elegiendo
agradecer agradezco agradeciendo
mecer mezo meciendo

Ïðîèñõîäèò ôóçèÿ ìåæäó îñíîâîé è ïåðâûì ãëàñíûì îêîí÷àíèÿ.
Íóæíî ìíîãî �ôîíåòè÷åñêèõ� ïðàâèë.
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Òðàíñôèêñàöèÿ: ãëàãîëüíûå ôîðìû â àðàáñêîì

Òðàíñôèêñàöèÿ: ãëàãîëüíûå ôîðìû â àðàáñêîì

Äî ýòîãî ìîìåíòà ìîðôåìíàÿ ñòðóêòóðà áûëà ëèíåéíîé.
Íåäîñòàòî÷íî äëÿ ñåìèòñêèõ ÿçûêîâ (e.g. Arabic):

kataba �(îí) ïèñàë+Perf�

kattabat �(îíà ìíîãî) ïèñàë+Perf�

yaktubu �(ýòî+Masc) áûëî íàïèñàíî+Imp�

takattibu �(ýòî+Fem) áûëî (èíòåíñèâíî) íàïèñàíî+Imp�

Êîðåíü k-t-b ñîñòîèò èç ñîãëàñíûõ (îáû÷íî 3).
Ãëàñíûå â îñíîâíîì îòðàæàþò ìîðôîëîãèþ.
Ðàçíûì ãëàãîëàì ñîîòâåòñòâóþò ðàçíûå òðàíñôèêñû:

marida �(îí ñòàë) áîëüíûì+Perf�

marradat �(îíà ñòàëà ñèëüíî) áîëüíîé+Perf�

yamradu �(åãî) ñäåëàëè áîëüíûì+Imp�

tamarridu �(å¼) ñäåëàëè (ñèëüíî) áîëüíîé+Imp�
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Àðàáñêèé: èëëþñòðàöèîííûé ïðèìåð

Ïîñòàíîâêà çàäà÷è:

〈 stem 〉〈Type 〉〈Voice 〉〈Aspect 〉〈Person 〉〈Gender 〉7→〈wordForm 〉

Âîçìîæíûå çíà÷åíèÿ:

〈Type (ïîðîäà) 〉 ∈ {I , II (èíòåíñèâ)},
〈Voice〉 ∈ {Act,Pass},
〈Aspect〉 ∈ {Perf, Imperf},
〈Person〉 ∈ {3},
〈Gender〉 ∈ {M,F}.

16 âàðèàíòîâ.
Ìîäåëèðóåì ëèøü îäèí ñëîâîèçìåíèòåëüíûé êëàññ

(KTB �ïèñàòü�).
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Òðàíñôèêñàöèÿ: ãëàãîëüíûå ôîðìû â àðàáñêîì

Ãëàãîëüíîå ñïðÿæåíèå â àðàáñêîì

Ñëîâîîáðàçîâàíèå â àðàáñêîì (êîíñïåêò À. À. Çàëèçíÿêà):
Âàðèàíòû îñíîâû:

Ïîðîäà Ìîäåëü Ïðèìåð
I (áàçîâàÿ) K-T-B kataba �ïèñàòü�
II (èíòåíñèâíàÿ) K-TT-B kattaba �ìíîãî ïèñàòü�

Ïðåôèêñû/ñóôôèêñû:

Ëèöî+×èñëî ïåðôåêò
(ñóôô.)

èìïåðôåêò

+3+Masc -a ya- -u
+3+Fem -at ta- -u

Âàðèàíòû îãëàñîâîê:
Âèä Çàëîã Ïðåôèêñ Îãëàñîâêà I Îãëàñîâêà II
Ñîâ. Àêòèâíûé a-a a-a
Ñîâ. Ïàññèâíûé u-i u-i
Íåñîâ. Àêòèâíûé ya- ∅-u a-i
Íåñîâ. Ïàññèâíûé yu- ∅-a a-a
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Òðàíñôèêñàöèÿ: ãëàãîëüíûå ôîðìû â àðàáñêîì

Àðàáñêîå ñïðÿæåíèå â FOMA: ôîðìàò âõîäà

Ôîðìàò âõîäà:

de�ne Vowel [ a | i | u ];
de�ne Consonant [ k | t | b | z | h | r | s | f | m | d | n | y];
de�ne Letter [ Vowel | Consonant ];
de�ne Stem Consonant Consonant Consonant;
de�ne Type [ "+I" | "+II" ];
de�ne Voice ["+Act" | "+Pass"];
de�ne Aspect ["+Perf" | "+Imperf"];
de�ne Person "+3";
de�ne Gender ["+M" | "+F"];
de�ne Input Stem Type Voice Aspect Person Gender;

Ïîçèöèè ãëàñíûõ ìàðêèðóþòñÿ öèôðàìè:

de�ne 0Insertion [..] −> "0" || .#. _ ;
de�ne 1Insertion [..] −> "1" || "0" Consonant _ ;
de�ne 2Insertion [..] −> "2" || "1" Consonant _ ;
de�ne 3Insertion [..] −> "3" || "2" Consonant _ ;
de�ne PosInsertion 0Insertion .o. 1Insertion .o. 2Insertion .o. 3Insertion;

Ìàòè Ïåíòóñ, Àëåêñàíäð Ïèïåðñêè, Àëåêñåé Ñîðîêèí

Ìàòåìàòè÷åñêèå ìîäåëè â ëèíãâèñòèêå



Ââåäåíèå Êîíå÷íûå ïðåîáðàçîâàòåëè: íàïîìèíàíèå Êîíå÷íûå ïðåîáðàçîâàòåëè Ïðîãðàììèðîâàíèå êîíå÷íûõ ïðåîáðàçîâàòåëåé Ëèíãâèñòè÷åñêèå ïðèìåðû Ìîðôîëîãèÿ ñ êîíå÷íûì ÷èñëîì ñîñòîÿíèé

Òðàíñôèêñàöèÿ: ãëàãîëüíûå ôîðìû â àðàáñêîì

Àðàáñêîå ñïðÿæåíèå â FOMA: îãëàñîâêè

Óäâîåíèå âòîðîé ñîãëàñíîé â èíòåíñèâå:

de�ne CheckTypeI ?∗ "+I" ?∗;
de�ne CheckTypeII ?∗ "+II" ?∗;
de�ne TypeIIDuplication k −> [k k], b −> [b b], t −> [t t], z −> [z z], h

−> [h h], r −> [r r], s −> [s s], f −> [f f], m −> [m m], d −> [d d], n
−> [n n] || _ "2";

de�ne StemProcessing [ CheckTypeI ] | [ CheckTypeII .o. TypeIIDuplication ];

Îãëàñîâêè:

de�ne aaFill "1" −> a, "2" −> a;
de�ne aiFill "1" −> a, "2" −> i;
de�ne uiFill "1" −> u, "2" −> i;
de�ne 0aFill "1" −> [], "2"−> a;
de�ne 0uFill "1" −> [], "2"−> u;
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Àðàáñêîå ñïðÿæåíèå â FOMA: âûáîð ïðàâèëà
Ïîëíûé ïåðåáîð â ïîèñêàõ ïðàâèëà:
de�ne PerfectActiveFill aaFill;
de�ne ImperfectActiveFill [ CheckTypeI .o. 0uFill ] | [ CheckTypeII .o. aiFill ];
de�ne ActiveFill [CheckPerf .o. PerfectActiveFill] | [CheckImperf .o.

ImperfectActiveFill];
de�ne PerfectPassiveFill uiFill;
de�ne ImperfectPassiveFill [ CheckTypeI .o. 0aFill ] | [ CheckTypeII .o. aaFill ];
de�ne PassiveFill [CheckPerf .o. PerfectPassiveFill] | [CheckImperf .o.

ImperfectPassiveFill];
de�ne Fill [CheckPass .o. PassiveFill] | [CheckAct .o. ActiveFill] ;

Òî æå äëÿ ïðåôèêñîâ (ìàðêåð 0):
de�ne 0Pre�x "0" −> [];
de�ne yaPre�x "0" −> y a;
de�ne yuPre�x "0" −> y u;

de�ne taPre�x "0" −> t a;
de�ne tuPre�x "0" −> t u;

de�ne PerfectPre�x 0Pre�x;
de�ne ImperfectActivePre�x [CheckMasc .o. yaPre�x] | [CheckFem .o. taPre�x] ;
de�ne ImperfectPassivePre�x [CheckMasc .o. yuPre�x] | [CheckFem .o. tuPre�x] ;
de�ne ImperfectPre�x [CheckAct .o. ImperfectActivePre�x] | [CheckPass .o.

ImperfectPassivePre�x] ;
de�ne Pre�x [CheckPerf .o. PerfectPre�x] | [CheckImperf .o. ImperfectPre�x] ;
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Òðàíñôèêñàöèÿ: ãëàãîëüíûå ôîðìû â àðàáñêîì

Àðàáñêîå ñïðÿæåíèå â FOMA: âûáîð ïðàâèëà
Âûáîð ñóôôèêñà (ìàðêåð 3):

de�ne ImperfectSu�x "3" −> u || _ Type;
de�ne PerfectMascSu�x "3" −> a || _ Type;
de�ne PerfectFemSu�x "3" −> a t || _ Type;
de�ne PerfectSu�x [ CheckMasc .o. PerfectMascSu�x ] | [CheckFem .o.

PerfectFemSu�x ] ;
de�ne Su�x [ CheckPerf .o. PerfectSu�x ] | [ CheckImperf .o. ImperfectSu�x ];

Îáúåäèíåíèå ýòàïîâ:

de�ne Cleanup Type | Voice | Aspect | Person | Gender −> [] ;
de�ne Grammar Input .o. PosInsertion .o. StemProcessing .o. Fill .o. Pre�x .o.

Su�x .o. Cleanup;

Â ðåàëüíîñòè âñ¼ åù¼ ñëîæíåå.
Òåì íå ìåíåå, îäèí èç ïåðâûõ ÿçûêîâ ñ àâòîìàòíîé ìîäåëüþ
ìîðôîëîãèè (Beesley, 1990).
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Ðåäóïëèêàöèÿ

Ðåäóïëèêàöèÿ: îïèñàíèå

Ðåäóïëèêàöèÿ � òî÷íîå èëè ïðèáëèçèòåëüíîå óäâîåíèå ÷àñòè

ñëîâà (ôèãëè-ìèãëè, øòó÷êè-äðþ÷êè, . . . ):
Â ñóàõèëè � ðåãóëÿðíàÿ ìîäåëü:

soma �÷èòàòü� somasoma �íåìíîãî ÷èòàòü�

piga �áèòü� somasoma �ñëàáî áèòü�

kula �åñòü� kulakula �íåìíîãî åñòü�

enda �èäòè� endaenda �ìåäëåííî èäòè�

Ìîæíî ëè âûðàçèòü êîíå÷íûìè ïðåîáðàçîâàòåëÿìè?
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Ðåäóïëèêàöèÿ

Ðåäóïëèêàöèÿ: ìàòåìàòè÷åñêèå ñâîéñòâà
Îáëàñòü îïðåäåëåíèÿ êîíå÷íîãî ïðåîáðàçîâàíèÿ � àâòîìàòíûé
ÿçûê.
Îáëàñòü çíà÷åíèé êîíå÷íîãî ïðåîáðàçîâàíèÿ � àâòîìàòíûé ÿçûê.

Òåîðåìà

ßçûê êâàäðàòîâ {ww |w ∈ Σ∗} íåàâòîìàòåí ïðè |Σ| > 2 (òî åñòü óæå
íàä {a, b}).

Äîêàçàòåëüñòâî

Îò ïðîòèâíîãî: ïóñòü äàííûé ÿçûê àâòîìàòåí, òîãäà äëÿ íåãî
ñóùåñòâóåò ÄÊÀ ñ êîíå÷íûì ÷èñëîì ñîñòîÿíèé.
Ñëîâ âèäà ak áåñêîíå÷íîå ÷èñëî⇔ êàêèå-òî äâà èç íèõ ïðèâîäÿò
â îäíî ñîñòîÿíèå.
Ïóñòü ýòî ar è as , r 6= s.
Ïðîäîëæèì èõ ñëîâîì br , òîãäà arbr è asbr òîæå ïðèâîäÿò â îäíî
ñîñòîÿíèå.
Íî ýòî íåâîçìîæíî: îäíî èç íèõ â ÿçûêå, äðóãîå � íåò.
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Ðåäóïëèêàöèÿ

Ðåäóïëèêàöèÿ: íåâîçìîæíîñòü ðåàëèçàöèè

Åñëè á ðåäóïëèêàöèÿ çàäàâàëàñü êîíå÷íûì ïðåîáðàçîâàíèåì,

òî å¼ îáëàñòü çíà÷åíèé áûëà áû àâòîìàòíîé.
Ýòî íå òàê: øàáëîí ww íå àâòîìàòåí.
Íåâîçìîæíî çàäàòü:

Ðåäóïëèêàöèÿ â ÿçûêå áàìáàðà (ñåìüÿ ìàíäå):

wulu wulu-o-wulu
�ñîáàêà� �ëþáàÿ ñîáàêà�

wulu-nyinina wulu-nyinina-o-wulu-nyinina
�âèäÿùèé ñîáàêó� �êòî óãîäíî, âèäÿùèé ñîáàêó�

Îãðàíè÷åííàÿ ðåäóïëèêàöèÿ (òîëüêî ïåðâûé ñëîã) òîæå íå

çàäà¼òñÿ.
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