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Çàäà÷à êîððåêòíîãî ðàñïîçíàâàíèÿ ïî ïðåöåäåíòàì

• M � ìíîæåñòâî îáúåêòîâ, M = K1 t . . . tKl

• {x1, . . . , xn} � ñèñòåìà öåëî÷èñëåííûõ ïðèçíàêîâ

• (x1(S), . . . , xn(S)) � ïðèçíàêîâîå îïèñàíèå îáúåêòà S ∈M

• T = {S1, . . . , Sm} � îáó÷àþùàÿ âûáîðêà (ïðåöåäåíòû)

• yi � íîìåð êëàññà, êîòîðîìó ïðèíàäëåæèò ïðåöåäåíò Si

• AT : M → {0, 1, . . . , l} � àëãîðèòì ðàñïîçíàâàíèÿ

• åñëè AT (Si) = yi, ∀Si ∈ T , òî AT � êîððåêòíûé àëãîðèòì
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Ëîãè÷åñêèé ïîäõîä

1 Ãîëîñîâàíèå ïî òåñòàì (Äìèòðèåâ, Æóðàâë¼â, Êðåíäåëåâ, 1968)

2 Ãîëîñîâàíèå ïî ïðåäñòàâèòåëüíûì íàáîðàì (Âàéíöâàéã, 1973)

3 Ãîëîñîâàíèå ïî êîððåêòíûì ýëåìåíòàðíûì êëàññèôèêàòîðàì
(Äþêîâà, Ïåñêîâ, 2002).

Îïðåäåëåíèå

Ýëåìåíòàðíûì êëàññèôèêàòîðîì (ýë.êë.) ðàíãà r, 1 6 r 6 n,
íàçûâàåòñÿ ïàðà (H,σ), ãäå H = (xj1 , . . . , xjr ) � íàáîð ïðèçíàêîâ è
σ = (σ1, . . . , σr) � íàáîð öåëûõ ÷èñåë.

• H(S) = (xj1(S), . . . , xjr (S)) � ïðèçíàêîâîå ïîäîïèñàíèå S

• åñëè H(S) = σ, òî ýë.êë. (H,σ) âûäåëÿåò îáúåêò S

Îïðåäåëåíèå

Ýë.êë. (H,σ) íàçûâàåòñÿ êîððåêòíûì äëÿ êëàññà K, åñëè íå
ñóùåñòâóåò äâóõ ïðåöåäåíòîâ Si ∈ K è St /∈ K, âûäåëÿåìûõ (H,σ).
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Àëãåáðî-ëîãè÷åñêèé ïîäõîä

• Êîððåêòíîå ðàñïîçíàâàíèå íà áàçå ïðîèçâîëüíûõ ýë.êë.
(Äþêîâà, Æóðàâë¼â, Ðóäàêîâ, 1996).

• U =
(
(H1, σ1), . . . , (Hd, σd)

)
� íàáîð ýë.êë.

U(S) =
(
[H1(S) = σ1], . . . , [Hd(S) = σd]

)
� îòêëèê

Îïðåäåëåíèå

• Íàáîð ýë.êë. U íàçûâàåòñÿ êîððåêòíûì äëÿ êëàññà K, åñëè äëÿ
ëþáîé ïàðû ïðåöåäåíòîâ Si ∈ K è St /∈ K âûïîëíÿåòñÿ
U(Si) 6= U(St).

• Áóëåâà ôóíêöèÿ F (t1, . . . , td), äëÿ êîòîðîé
F (U(Si)) 6= F (U(St)), Si ∈ T ∩K, St ∈ T \K, íàçûâàåòñÿ
êîððåêòèðóþùåé.

• Êîððåêòíûé íàáîð ýë.êë. U , èìåþùèé ìîíîòîííóþ
êîððåêòèðóþùóþ ôóíêöèþ, íàçûâàåòñÿ ìîíîòîííûì.
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Àëãîðèòìû ãîëîñîâàíèÿ ïî êîððåêòíûì íàáîðàì ýë.êë.

Ïåðâîå ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ëîãè÷åñêèõ êîððåêòîðîâ
ïðîâåäåíî â (Äþêîâà, Æóðàâë¼â, Ñîòíåçîâ, 2010).

Ïðîñòåéøèé ëîãè÷åñêèé êîððåêòîð

• Íà ýòàïå îáó÷åíèÿ äëÿ êàæäîãî êëàññà K ∈ {K1, . . . ,Kl}
ñòðîèòñÿ ñåìåéñòâî WK êîððåêòíûõ äëÿ K íàáîðîâ ýë.êë.

• Ïðè ðàñïîçíàâàíèè îáúåêòà S äëÿ êàæäîãî êëàññà
K ∈ {K1, . . . ,Kl} âû÷èñëÿåòñÿ îöåíêà ïðèíàäëåæíîñòè S ê K

Γ(S,K) =
∑

U∈WK

1

|WK |
∑

Si∈T∩K

1

|T ∩K|
[U(Si) = U(S)] (1)

Â ñëó÷àå ãîëîñîâàíèÿ ïî ìîíîòîííûì êîððåêòíûì íàáîðàì ýë.êë. â
ôîðìóëå (1) âìåñòî [U(Si) = U(S)] áåð¼òñÿ [U(Si) 4 U(S)], ãäå
(a1, . . . , an) 4 (b1, . . . , bn)⇔ aj 6 bj ,∀j ∈ {1, . . . , n}.
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Çà÷åì óñîâåðøåíñòâîâàòü ëîãè÷åñêèå êîððåêòîðû?

• Ýêñïåðèìåíòû ïîêàçûâàþò, ÷òî íà ¾ïðîñòûõ¿ çàäà÷àõ
ìîíîòîííûå ëîãè÷åñêèå êîððåêòîðû îøèáàþòñÿ ÷àùå, ÷åì
àëãîðèòìû ãîëîñîâàíèÿ ïî ïðåäñòàâèòåëüíûì íàáîðàì, òàê êàê
ìîíîòîííûé ëîãè÷åñêèé êîððåêòîð ýêâèâàëåíòåí ¾ïëîõîìó¿
ãîëîñîâàíèþ ïî ïðåäñòàâèòåëüíûì íàáîðàì.

• Ýòàï îáó÷åíèÿ ëîãè÷åñêèõ êîððåêòîðîâ òðåáóåò ñóùåñòâåííûõ
âðåìåííûõ çàòðàò.

• Äëÿ ðàñøèðåíèÿ îáëàñòè ïðèìåíèìîñòè ëîãè÷åñêèõ
êîððåêòîðîâ ïðåäëàãàåòñÿ ðåøèòü ñëåäóþùèå çàäà÷è:

1 ïîñòðîèòü ñõåìó ëîãè÷åñêîãî êîððåêòîðà îáùåãî âèäà;
2 ïîñòðîèòü ëîãè÷åñêèé êîððåêòîð, îòëè÷íûé îò ðàíåå

ðàçðàáîòàííûõ ëîãè÷åñêèõ àëãîðèòìîâ ðàñïîçíàâàíèÿ;
3 ðàçðàáîòàòü ìåòîäèêè ïîâûøåíèÿ ñêîðîñòè è êà÷åñòâà

ðàñïîçíàâàíèÿ ëîãè÷åñêèõ êîððåêòîðîâ;
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Ëîãè÷åñêèé êîððåêòîð íà ÿçûêå ïðåäèêàòîâ

Îïðåäåëåíèå

• Ïðåäèêàò B : M → {0, 1} íàçûâàåòñÿ êîððåêòíûì äëÿ
êëàññà K, åñëè ìíîæåñòâî ïðåöåäåíòîâ, íà êîòîðûõ çíà÷åíèå B
ðàâíî 1, ÿâëÿåòñÿ ïîäìíîæåñòâîì ëèáî T ∩K, ëèáî T \K.

• Êîððåêòíûé äëÿ êëàññà K ïðåäèêàò íàçûâàåòñÿ
ïðåäñòàâèòåëüíûì, åñëè ñóùåñòâóåò ïðåöåäåíò èç K, íà
êîòîðîì çíà÷åíèå B ðàâíî 1.

Êîíñòðóèðîâàíèå êîððåêòíûõ (ïðåäñòàâèòåëüíûõ) ïðåäèêàòîâ:

1 U = ((H1, σ1), . . . , (Hd, σd)) � íàáîð ýë.êë.;

2 P = (ρ1, . . . , ρd) � íàáîð áèíàðíûõ îòíîøåíèé íà {0, 1},
ïðè÷¼ì ρj ∈ {[x 6 y], [x > y], [x ∨ y], [¬x ∨ ¬y]};

3 G � íåïóñòîé íàáîð ïðåöåäåíòîâ êëàññà K;

4 B(U,P,G)(S) =
∨

Si∈G

d∧
j=1

ρj
(
[Hj(Si) = σj ], [Hj(S) = σj ]

)
.

7/16



Ëîãè÷åñêèé êîððåêòîð POLAR

Àëãîðèòì ãîëîñîâàíèÿ ïî êîððåêòíûì ïðåäèêàòàì âèäà B(U,P,G)

• Íà ýòàïå îáó÷åíèÿ äëÿ êàæäîãî êëàññà K ñòðîÿòñÿ äâà
ñåìåéñòâà ZK è ZK êîððåêòíûõ äëÿ K ïðåäèêàòîâ âèäà
B(U,P,G).

• Ïðè ðàñïîçíàâàíèè îáúåêòà S äëÿ êàæäîãî êëàññà K
âû÷èñëÿåòñÿ îöåíêà ïðèíàäëåæíîñòè S ê K

Γ(S,K) =
∑

B∈ZK

αBB(S)−
∑

B∈ZK

αBB(S).

Óòâåðæäåíèå

Ïóñòü ïðåäèêàò B(U,P,G) êîððåêòåí äëÿ K, íàáîð U ñîñòîèò èç
ðàçëè÷íûõ ýë.êë. è G ⊆ T ∩K. Òîãäà U ÿâëÿåòñÿ ïðåäñòàâèòåëüíûì
äëÿ K è èìååò ïîëÿðèçóåìóþa êîððåêòèðóþùóþ ôóíêöèþ.

aáóëåâà ôóíêöèÿ F (t1, . . . , td) íàçûâàåòñÿ ïîëÿðèçóåìîé, åñëè äëÿ
íåêîòîðîãî (α1, . . . , αd) ôóíêöèÿ F (t1 ⊕ α1, . . . , td ⊕ αd) ìîíîòîííà.
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Çàäà÷à ýòàïà îáó÷åíèÿ ëîãè÷åñêîãî êîððåêòîðà POLAR

Ïîèñê êîððåêòíûõ äëÿ K ïðåäèêàòîâ B(U,P,G) ñâîäèòñÿ ê ïîèñêó
ïîêðûòèé áóëåâîé ìàòðèöû

(H,σ, ρ) Sj ∈ T ∩K

...
...

· · · ¬ρ ([H(Si) = σ], [H(St) = σ]) · · · [i = j] · · ·
(Si, St),
Si ∈ T ∩K,
St ∈ T \K

...
...

LK =

Ïðîáëåìà âû÷èñëèòåëüíîãî õàðàêòåðà

Ìàòðèöà LK , êàê ïðàâèëî, èìååò áîëüøîé ðàçìåð è ìíîãî ïîêðûòèé.
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Ðàíåå èñïîëüçóåìàÿ íà ýòàïå îáó÷åíèÿ ìåòîäèêà

• Ïîèñê ïîêðûòèé îñóùåñòâëÿëñÿ ãåíåòè÷åñêèì àëãîðèòìîì. Äëÿ
êàæäîãî êëàññà K îòáèðàëîñü íå áîëåå Nmax ðàçëè÷íûõ
íåïðèâîäèìûõ ïîêðûòèé ìàòðèöû LK , ñîîòâåòñòâóþùèõ
êîððåêòíûì íàáîðàì ýë.êë. ñ ðàñïîçíàþùåé ñïîñîáíîñòüþ
áëèçêîé ê ìàêñèìàëüíîé.

• Ðàññìàòðèâàëèñü òîëüêî ýë.êë. ðàíãà 1 (óìåíüøåíèå ÷èñëà
ñòîëáöîâ).

• Âûáîðêà ñëó÷àéíî äåëèëàñü íà áàçîâóþ è íàñòðîå÷íóþ
ïîäâûáîðêè. Ìàòðèöà LK ñòðîèëàñü ïî áàçîâîé ïîäâûáîðêå
(óìåíüøåíèå ÷èñëà ñòðîê). Ïî íàñòðîå÷íîé ïîäâûáîðêå
îöåíèâàëàñü ðàñïîçíàþùàÿ ñïîñîáíîñòü êîððåêòíûõ íàáîðîâ
ýë.êë.
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Ôîðìèðîâàíèå ñåìåéñòâ ïðåäèêàòîâ áóñòèíãîì

• Ñåìåéñòâà ãîëîñóþùèõ ïðåäèêàòîâ ôîðìèðóþòñÿ èòåðàòèâíî ïî
ïðèíöèïó áóñòèíãà (Freund, Schapire, 1997).

• Êàæäûé äîáàâëÿåìûé ïðåäèêàò ñîîòâåòñòâóåò ïîêðûòèþ
ïîäìàòðèöû, ñîñòàâëåííîé èç ñðàâíèòåëüíî íåáîëüøîé ÷àñòè
ñòðîê ìàòðèöû LK è íå îáÿçàòåëüíî ÿâëÿåòñÿ êîððåêòíûì
(ïîäìàòðèöà ìåíÿåòñÿ îò èòåðàöèè ê èòåðàöèè).

• Ïîëó÷åíà îöåíêà ÷èñëà èòåðàöèé.

Òåîðåìà

Ïóñòü ðåøàåòñÿ çàäà÷à ðàñïîçíàâàíèÿ ñ l êëàññàìè è îáó÷àþùåé
âûáîðêîé ðàçìåðà m. Åñëè áóñòèíã-àëãîðèòì ôîðìèðîâàíèÿ
ñåìåéñòâ ïðåäèêàòîâ âûïîëíÿåò áîëåå lm lnm

(
√
m−1)2 èòåðàöèé, òî

àëãîðèòì ãîëîñîâàíèÿ ïî ïîñòðîåííûì ïðåäèêàòàì êîððåêòåí.
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Ïîñòðîåíèå ëîêàëüíûõ áàçèñîâ

• Ïðè ïîèñêå ïðåäèêàòà ðàññìàòðèâàåòñÿ ïîäìàòðèöà, ñîñòîÿùàÿ
èç ÷àñòè ñòîëáöîâ ìàòðèöû LK . Åñëè ýòà ïîäìàòðèöà íå
ñîäåðæèò íóëåâîé ñòðîêè, òî ñîîòâåòñòâóþùèå å¼ ñòîëáöàì
òðîéêè (H,σ, ρ) îáðàçóþò ëîêàëüíûé áàçèñ1 äëÿ K.

• Èñïîëüçîâàíèå ëîêàëüíîãî áàçèñà ïîçâîëÿåò ñ îäíîé ñòîðîíû
ðàáîòàòü ñ ýë.êë. ïðîèçâîëüíîãî ðàíãà, à ñ äðóãîé ñòîðîíû �
îòáðîñèòü ìàëîèíôîðìàòèâíûå ýë.êë.

• Ïîñòðîåíû è ýêñïåðèìåíòàëüíî èññëåäîâàíû ðàçëè÷íûå
àëãîðèòìû è ñòðàòåãèè ôîðìèðîâàíèÿ ëîêàëüíûõ áàçèñîâ.

1òåðìèí ââåä¼í â (Âîðîíöîâ, 1998)
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Òåñòîâûå çàäà÷è

� Íàçâàíèå l m n z
1. audiology 24 226 69 161
2. balance scale 3 625 4 20
3. breast cancer 2 699 9 90
4. car 4 1728 6 21
5. dermatology 4 366 34 192
6. house votes 2 435 16 48
7. kr vs kp 2 3196 36 73
8. monks-2 2 601 6 17
9. nursery 5 12960 8 27
10. soybean large 19 307 35 132
11. tic tac toe 2 958 9 27
12. optdigits 10 5620 64 914
13. letter recognition 26 20000 16 256
14. lenses 3 24 4 9
15. soybean small 4 47 35 72
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Ðåçóëüòàòû ýêñïåðèìåíòîâ

� Çàäà÷à Ò* ÏÍ* ÌÎÍ* P.-1 P.-2 P.-3 P.-4

1. audiology 0.03 0.03 0.03 0.03 0.03 0.02 0.03

2. b. scale 0.25 0.2 0.19 0.18 0.23 0.23 0.25

3. b. cancer 0.046 0.04 0.057 0.061 0.059 0.065 0.059

4. car 0.061 0.032 0.033 0.013 0.027 0.022 0.01

5. dermat. 0.41 0.4 0.4 0.39 0.42 0.44 0.43

6. h. votes 0.07 0.05 0.07 0.05 0.06 0.07 0.08

7. kr-vs-kp 0.008 0.004 0.003 0.008 0.007 0.004 0.003

8. monks-2 0.37 0.55 0.42 0.04 0.44 0.56 0.36

9. nursery 0.027 0.003 0.005 0.002 � 0.002 0.004

10. soybean l. 0.075 0.06 0.072 0.078 0.106 0.083 0.075

11. tic-tac-toe 0.011 0.002 0.005 0.028 0.002 0.001 0.007

12. letter r. 0.21 0.16 0.25 � � 0.23 0.25

13. optdigits 0.25 0.23 0.17 0.15 � 0.27 0.14

14. lenses 0.42 0.25 0.29 0.33 0.29 0.38 0.25

15. soybean s. 0 0 0 0 0.02 0.04 0
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Ïðèëîæåíèå À. Âðåìÿ îáó÷åíèÿ ïðè ðàçëè÷íûõ

ñòðàòåãèÿõ ïîñòðîåíèÿ ëîêàëüíûõ áàçèñîâ

• POLAR-1 � îäèí ëîêàëüíûé áàçèñ èç îäíîðàíãîâûõ ýë.êë. ñ îòíîøåíèÿìè
[x 6 y] è [x > y].

• POLAR-2 � îäèí ëîêàëüíûé áàçèñ ñòðîèòñÿ áóñòèíãîì íàä
ïðåäñòàâèòåëüíûìè íàáîðàìè.

• POLAR-3 � ëîêàëüíûé áàçèñ ìîäèôèöèðóåòñÿ íà êàæäîé èòåðàöèè
êëàññè÷åñêèì ãîëîñîâàíèåì ïî ïðåäñòàâèòåëüíûì íàáîðàì.

• POLAR-4 � ëîêàëüíûé áàçèñ ìîäèôèöèðóåòñÿ íà êàæäîé èòåðàöèè
áóñòèíãîì íàä ïðåäñòàâèòåëüíûìè íàáîðàìè.

nursery optdigits
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Ïðèëîæåíèå Á. Ïðåèìóùåñòâî ïîëÿðèçóåìîé

êîððåêòèðóþùåé ôóíêöèè

0 1 2 3 4 5

0
1
2
3
4
5

x1

x
2

K1

K2

Ìîäåëüíàÿ çàäà÷à

ðàñïîçíàâàíèÿ ñ äâóìÿ

êëàññàì è äâóìÿ

ïðèçíàêàìè

• Íàèìåíüøàÿ ìîùíîñòü ìîíîòîííîãî
êîððåêòíîãî äëÿ K1 íàáîðà ðàâíà 6,
íàïðèìåð, U1 =
([x2=0], [x1=0], [x1=1], [x1=2], [x1=3], [x1=4]).

Ïðåäèêàòû [U1(Si) � U1(S)], Si ∈ T ∩K1:
[x1=0], [x1=1 ∧ x2=0], . . . , [x1=4 ∧ x2=0].

• Êîððåêòíûé íàáîð, èìåþùèé
ïîëÿðèçóåìóþ êîððåêòèðóþùóþ ôóíêöèþ,
ìîæíî ñîñòàâèòü èç 3 ýë.êë., íàïðèìåð,
U2 = ([x1 = 5], [x2 = 0], [x1 = 0]).

Ïðè P = ([x > y], [x 6 y], [x 6 y]) è
Si ∈ T ∩K1 ïðåäèêàò B(U2,P,{Si})
êîððåêòåí äëÿ K1. Êàæäûé òàêîé ïðåäèêàò
èìååò âèä [x1 6= 5 ∧ x2 = 0] èëè [x1 = 0].
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