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Concept learning

Îáó÷åíèå êîíöåïòàì, èíîãäà åù¼ íàçûâàþò

¾ôîðìèðîâàíèåì ïîíÿòèé¿.

Ìåòîä îáó÷åíèÿ, ïðèíöèïèàëüíî ïîõîæèé íà äåðåâüÿ

ïðèíÿòèÿ ðåøåíèé, íî ñ äðóãèìè ðåçóëüòàòàìè

Çäåñü íåìíîãî íå íà ìåñòå, íî õîðîøàÿ èëëþñòðàöèÿ.

Ýòî åù¼ îäèí ìåòîä, ðåçóëüòàòû êîòîðîãî áóäóò

ñîîòâåòñòâîâàòü MAP äëÿ òåõ æå óñëîâèé.
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Äâà àëãîðèòìà

Find-S � ïîïðîùå è ïîõóæå.

Candidate Elimination � ïîñëîæíåå è ïîëó÷øå.
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Îñíîâíûå ïðèíöèïû

Îáû÷íàÿ çàäà÷à êëàññèôèêàöèè � èãðû ¾Çåíèòà¿.

Áóäåì ðàññìàòðèâàòü ãèïîòåçû â âèäå íàáîðà ïðè÷èí, èç

êîòîðûõ ñëåäóåò, ÷òî öåëåâàÿ ôóíêöèÿ ðàâíà 1.

Ãèïîòåçà � íàáîð çíà÷åíèé àòðèáóòîâ. Ìîæåò ñîäåðæàòü ?

(ëþáîå çíà÷åíèå) èëè ∅ (íè îäíîãî çíà÷åíèÿ, ïóñòàÿ

ãèïîòåçà).
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Ïðèìåðû ãèïîòåç

Äëÿ èãð ¾Çåíèòà¿ àòðèáóòû:

〈Ñîïåðíèê,Èãðàåì,Ëèäåðû,Äîæäü〉

Ïðèìåðû ãèïîòåç:

〈Âûøå,Äîìà, ?, ?〉
〈?,Â ãîñòÿõ,Èãðàþò, ?〉
〈?, ?, ?, ?〉
〈∅, ∅, ∅, ∅〉
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Áîëåå îáùèå è áîëåå ÷àñòíûå ãèïîòåçû

Íà ãèïîòåçàõ åñòü åñòåñòâåííûé ïîðÿäîê.

Ãèïîòåçà h1 íàçûâàåòñÿ áîëåå îáùåé, ÷åì ãèïîòåçà h2
(îáîçíà÷àåì h1 � h2), åñëè äëÿ âñÿêîãî òåñòîâîãî ïðèìåðà

d , åñëè h2(d) = 1, òî è h1(d) = 1.

Ãèïîòåçà 〈∅, . . . , ∅〉 ÿâëÿåòñÿ ñàìîé ÷àñòíîé èç âñåõ

ãèïîòåç, ãèïîòåçà 〈?, . . . , ?〉 � ñàìîé îáùåé.
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Find-S: èäåÿ

Àëãîðèòì Find-S î÷åíü ïðîñò: íóæíî íà÷àòü ñ ñàìîé

÷àñòíîé ãèïîòåçû, à çàòåì îáîáùàòü å¼ òàê, ÷òîáû îíà

âêëþ÷àëà â ñåáÿ âñå òåñòîâûå ïðèìåðû.

Íà êàæäîì øàãå, åñëè òåêóùàÿ ãèïîòåçà h íåïðàâèëüíî

êëàññèôèöèðóåò ïðèìåð (h(d) = 0), íóæíî èñêàòü

ìèíèìàëüíóþ h ′ èç òåõ, äëÿ êîòîðûõ h ′ � h è h ′ = 0; ò.å.,

ïðîñòî çàìåíÿòü íåïîäõîäÿùèå çíà÷åíèÿ íà ?.

Â ðåçóëüòàòå ïîëó÷èòñÿ ìàêñèìàëüíî ÷àñòíàÿ ãèïîòåçà,

îòâå÷àþùàÿ âñåì òåñòîâûì äàííûì.

Íåãàòèâíûå òåñòîâûå ïðèìåðû âîîáùå èãíîðèðóþòñÿ.
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Àëãîðèòì Find-S

FindS(D)

h := 〈∅, . . . , ∅〉.
Äëÿ âñåõ d ∈ D+:

Åñëè h(d) = 0:

h
′ := h.

Äëÿ êàæäîãî àòðèáóòà a, åñëè h[a] 6= d [a], òî h
′[a] := ?.

h := h
′.

Âûäàòü h.
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Find-S: ïðèìåð

Âîçüì¼ì èãðû ¾Çåíèòà¿ è òåñòîâûå ïðèìåðû (òîëüêî

ïîëîæèòåëüíûå)

Ñîïåðíèê Èãðàåì Ëèäåðû Äîæäü Ïîáåäà

Âûøå Äîìà Íà ìåñòå Íåò Äà

Âûøå Äîìà Ïðîïóñêàþò Íåò Äà

Íèæå Äîìà Ïðîïóñêàþò Íåò Äà
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Find-S: ïðèìåð

h = 〈∅, ∅, ∅, ∅〉.
Ïåðâûé ïðèìåð: Âûøå Äîìà Íà ìåñòå Íåò

h âûäà¼ò 0, çíà÷èò, íàäî îáîáùàòü. Ìàêñèìàëüíî ÷àñòíàÿ

ãèïîòåçà ïðîñòî ñîâïàä¼ò ñ ýòèì òåñòîâûì ïðèìåðîì.
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Find-S: ïðèìåð

h = 〈Âûøå,Äîìà,Íà ìåñòå,Íåò〉.
Âòîðîé ïðèìåð: Âûøå Äîìà Ïðîïóñêàþò Íåò

h âûäà¼ò 0. Ìàêñèìàëüíî ÷àñòíàÿ ãèïîòåçà, îáúåäèíÿþùàÿ

h è ýòîò ïðèìåð, îáîáùèò çíà÷åíèå àòðèáóòà Ëèäåðû.
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Find-S: ïðèìåð

h = 〈Âûøå,Äîìà, ?,Íåò〉.
Òðåòèé ïðèìåð: Íèæå Äîìà Ïðîïóñêàþò Íåò

h âûäà¼ò 0. Ìàêñèìàëüíî ÷àñòíàÿ ãèïîòåçà, îáúåäèíÿþùàÿ

h è ýòîò ïðèìåð, îáîáùèò çíà÷åíèå àòðèáóòà Ñîïåðíèê.
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Find-S: ïðèìåð

Èòîãî ïîëó÷àåì ãèïîòåçó, îáúÿñíÿþùóþ âñå òåñòîâûå

ïðèìåðû:

h = 〈?,Äîìà, ?,Íåò〉.
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Çà è ïðîòèâ

Î÷åíü ïðîñòîé è áûñòðûé àëãîðèòì.

Ñîâñåì íå âûðàçèòåëüíûé � íóæíî, ÷òîáû öåëåâàÿ

ôóíêöèÿ âûðàæàëàñü òàêîé ãèïîòåçîé, ò.å. ôàêòè÷åñêè

îäíîé âåòêîé äåðåâà; äèçúþíêöèè íå ðàçðåøàþòñÿ.

Íî çàòî, åñëè âñ¼ æå âûðàæàåòñÿ, òî ïîëó÷åííûé ðåçóëüòàò

áóäåò ïðàâèëüíî êëàññèôèöèðîâàòü è íåãàòèâíûå ïðèìåðû

òîæå (ò.ê. ðåçóëüòàò ìàêñèìàëüíî ÷àñòíûé).
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Îáùèå ïðèíöèïû

Find-S ïîçâîëÿåò íàéòè íàèáîëåå ÷àñòíóþ ãèïîòåçó,

ñîâìåñòíóþ ñ ïîëîæèòåëüíûìè ïðèìåðàìè.

×òî íàïðàøèâàåòñÿ?
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Îáùèå ïðèíöèïû

Find-S ïîçâîëÿåò íàéòè íàèáîëåå ÷àñòíóþ ãèïîòåçó,

ñîâìåñòíóþ ñ ïîëîæèòåëüíûìè ïðèìåðàìè.

×òî íàïðàøèâàåòñÿ?

Õî÷åòñÿ íàéòè íàèáîëåå îáùóþ ãèïîòåçó, ñîâìåñòíóþ ñ

íåãàòèâíûìè ïðèìåðàìè.
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Îáùèå ïðèíöèïû

Find-S ïîçâîëÿåò íàéòè îäíó èç âîçìîæíûõ ãèïîòåç, à èõ

íà ñàìîì äåëå ìèëëèîí.

×òî íàïðàøèâàåòñÿ?

Ñåðãåé Íèêîëåíêî Áàéåñîâñêèå êëàññèôèêàòîðû



Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Îáùèå ïðèíöèïû

Find-S ïîçâîëÿåò íàéòè îäíó èç âîçìîæíûõ ãèïîòåç, à èõ

íà ñàìîì äåëå ìèëëèîí.

×òî íàïðàøèâàåòñÿ?

Õî÷åòñÿ èñêàòü äâà ìíîæåñòâà: ìíîæåñòâî ìèíèìàëüíûõ

îòíîñèòåëüíî � (íàèáîëåå ÷àñòíûõ) ãèïîòåç, ñîâìåñòíûõ ñ

äàííûìè, è ìíîæåñòâî ìàêñèìàëüíûõ (íàèáîëåå îáùèõ).

Ñåðãåé Íèêîëåíêî Áàéåñîâñêèå êëàññèôèêàòîðû



Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Îáùèå ïðèíöèïû

Find-S ïîçâîëÿåò íàéòè îäíó èç âîçìîæíûõ ãèïîòåç, à èõ

íà ñàìîì äåëå ìèëëèîí.

×òî íàïðàøèâàåòñÿ?

Õî÷åòñÿ èñêàòü äâà ìíîæåñòâà: ìíîæåñòâî ìèíèìàëüíûõ

îòíîñèòåëüíî � (íàèáîëåå ÷àñòíûõ) ãèïîòåç, ñîâìåñòíûõ ñ

äàííûìè, è ìíîæåñòâî ìàêñèìàëüíûõ (íàèáîëåå îáùèõ).

Â ýòîì ñëó÷àå òî, ÷òî ïîëó÷èòñÿ, áóäåò ãðàíèöàìè âñåãî

ìíîæåñòâà äîïóñòèìûõ ãèïîòåç, è ëþáàÿ äðóãàÿ ãèïîòåçà,

ñîâìåñòíàÿ ñ òåñòîâûìè äàííûìè, áóäåò íàõîäèòüñÿ ìåæäó

ýòèìè äâóìÿ.
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Find-S
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Ñåòòèíã

Èòàê, åñòü äâà ìíîæåñòâà: G � ìíîæåñòâî ìàêñèìàëüíûõ

(îáùèõ) ãèïîòåç, è S � ìíîæåñòâî ìèíèìàëüíûõ

(÷àñòíûõ) ãèïîòåç.

Êîãäà ïðèõîäèò íîâûé ïðèìåð d , åñòü íåñêîëüêî

âîçìîæíîñòåé:
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Find-S
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Ñåòòèíã

Èòàê, åñòü äâà ìíîæåñòâà: G � ìíîæåñòâî ìàêñèìàëüíûõ

(îáùèõ) ãèïîòåç, è S � ìíîæåñòâî ìèíèìàëüíûõ

(÷àñòíûõ) ãèïîòåç.

Êîãäà ïðèõîäèò íîâûé ïðèìåð d , åñòü íåñêîëüêî

âîçìîæíîñòåé:

td = 1

Â ýòîì ñëó÷àå, åñëè îêàçûâàåòñÿ, ÷òî ãèïîòåçà èç G

íåâåðíî êëàññèôèöèðóåò d , å¼ íóæíî óäàëèòü.

À åñëè íåâåðíî êëàññèôèöèðóþò ãèïîòåçû èç S , èõ íóæíî

ñîîòâåòñòâåííî îáîáùèòü. Íî îáîáùèòü òàê, ÷òîáû

ïîäõîäèëà õîòü êàêàÿ-òî èç ãèïîòåç èç G .
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Ñåòòèíã

Èòàê, åñòü äâà ìíîæåñòâà: G � ìíîæåñòâî ìàêñèìàëüíûõ

(îáùèõ) ãèïîòåç, è S � ìíîæåñòâî ìèíèìàëüíûõ

(÷àñòíûõ) ãèïîòåç.

Êîãäà ïðèõîäèò íîâûé ïðèìåð d , åñòü íåñêîëüêî

âîçìîæíîñòåé:

td = 0

Â ýòîì ñëó÷àå, åñëè îêàçûâàåòñÿ, ÷òî ãèïîòåçà èç S

íåâåðíî êëàññèôèöèðóåò d , å¼ íóæíî óäàëèòü.

À åñëè íåâåðíî êëàññèôèöèðóþò ãèïîòåçû èç G , èõ íóæíî

ñîîòâåòñòâåííî ñïåöèàëèçèðîâàòü (äîáàâèòü âñå

ìèíèìàëüíûå ñïåöèàëèçàöèè, ñîâìåñòíûå ñ d è òàêèå,

÷òîáû áûëà ñîîòâåòñòâóþùàÿ ãèïîòåçà â h).
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Find-S
Candidate Elimination

Àëãîðèòì Candidate Elimination

CandidateElimination(D)

H := {〈∅, . . . , ∅〉}.
G := {〈?, . . . , ?〉}.
Äëÿ âñåõ d ∈ D:

Åñëè td = 1:

Äëÿ êàæäîé h ∈ G , åñëè h(d) = 0, G := G \ {h}.

Äëÿ êàæäîé h ∈ S , åñëè h(d) = 0, S := S \ {h}∪Gen(h), ãäå

Gen(h) = min {h ′ | h ′ � h, h ′(d) = 1,∃hg ∈ G : hg � h
′}.

Åñëè td = 0:

Äëÿ êàæäîé h ∈ S , åñëè h(d) = 1, S := S \ {h}.

Äëÿ êàæäîé h ∈ G , åñëè h(d) = 1, G := G \ {h} ∪ Spe(h),
ãäå Spe(h) = max{h ′ | h � h

′, h ′(d) = 0,∃hs ∈ S : h
′ � hs }.

Âûäàòü G , H.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Candidate elimination: ïðèìåð

Âîçüì¼ì èãðû ¾Çåíèòà¿ è òåñòîâûå ïðèìåðû (â òîì ÷èñëå

íåãàòèâíûå)

Ñîïåðíèê Èãðàåì Ëèäåðû Äîæäü Ïîáåäà

Âûøå Äîìà Íà ìåñòå Íåò Äà

Íèæå Â ãîñòÿõ Ïðîïóñêàþò Íåò Íåò

Íèæå Äîìà Ïðîïóñêàþò Äà Íåò

Âûøå Äîìà Ïðîïóñêàþò Íåò Äà
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Candidate elimination: ïðèìåð

H = {〈∅, ∅, ∅, ∅〉}, G := {〈?, ?, ?, ?〉}.
Ïåðâûé ïðèìåð: Âûøå Äîìà Íà ìåñòå Íåò Äà

H[0] âûäà¼ò 0, çíà÷èò, íàäî îáîáùàòü. Ìàêñèìàëüíî

÷àñòíàÿ ãèïîòåçà ïðîñòî ñîâïàä¼ò ñ ýòèì òåñòîâûì

ïðèìåðîì.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Candidate elimination: ïðèìåð

H = {〈Âûøå,Äîìà,Íà ìåñòå,Íåò〉}, G := {〈?, ?, ?, ?〉}.
Âòîðîé ïðèìåð:

Íèæå Â ãîñòÿõ Ïðîïóñêàþò Íåò Íåò

G [0] âûäà¼ò 0 � íàäî ñïåöèàëèçèðîâàòü. Ìàêñèìàëüíî

îáùèå ãèïîòåçû, êîòîðûå îáîáùàþò H[0] è âûäàþò 0:

〈Âûøå, ?, ?, ?〉, 〈?,Äîìà, ?, ?〉, 〈?, ?,Íà ìåñòå, ?〉.
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Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Candidate elimination: ïðèìåð

H = {〈Âûøå,Äîìà,Íà ìåñòå,Íåò〉},
G = {〈Âûøå, ?, ?, ?〉, 〈?,Äîìà, ?, ?〉, 〈?, ?,Íà ìåñòå, ?〉}.
Òðåòèé ïðèìåð: Íèæå Äîìà Ïðîïóñêàþò Äà Íåò

G [1] âûäà¼ò 1; Spe(G [1]) =

{〈Âûøå,Äîìà, ?, ?〉, 〈?,Äîìà,Íà ìåñòå, ?〉, 〈?,Äîìà, ?,Íåò〉}.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Candidate elimination: ïðèìåð

H = {〈Âûøå,Äîìà,Íà ìåñòå,Íåò〉},

G = {〈Âûøå, ?, ?, ?〉, 〈?, ?,Íà ìåñòå, ?〉, 〈?,Äîìà, ?,Íåò〉}.

×åòâ¼ðòûé ïðèìåð:

Âûøå Äîìà Ïðîïóñêàþò Íåò Äà

G [1] âûäà¼ò 0, ïîýòîìó å¼ óäàëÿåì.

H[0] íàäî îáîáùèòü, ïîëó÷èì 〈Âûøå,Äîìà, ?,Íåò〉.
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Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Candidate elimination: ïðèìåð

Èòîãî ïîëó÷àåì ìàêñèìàëüíî ÷àñòíóþ ãèïîòåçó,

îáúÿñíÿþùóþ âñå òåñòîâûå ïðèìåðû:

h = 〈?,Äîìà, ?,Íåò〉

è íàáîð ìàêñèìàëüíî îáùèõ ãèïîòåç, ñîâìåñòíûõ ñî âñåìè

äàííûìè:

G = {〈Âûøå, ?, ?, ?〉, 〈?,Äîìà, ?,Íåò〉}.
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Îáùèå ïðèíöèïû
Find-S
Candidate Elimination

Çà è ïðîòèâ

Õîðîøî ðàáîòàåò, åñëè öåëåâàÿ ôóíêöèÿ ñîäåðæèòñÿ âî

ìíîæåñòâå âîçìîæíûõ ãèïîòåç.

Â ïðîòèâíîì ñëó÷àå ìîæåò ñîéòèñü ê ïóñòîìó ìíîæåñòâó.

Ýòî ôàêòè÷åñêè åäèíñòâåííûé íåäîñòàòîê (íî î÷åíü

ñåðü¼çíûé, ïîòîìó ÷òî ìíîæåñòâî ãèïîòåç äîâîëüíî

íåâûðàçèòåëüíîå).
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Outline

1 Îáó÷åíèå êîíöåïòàì

Îáùèå ïðèíöèïû

Find-S

Candidate Elimination

2 Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà

Îïòèìàëüíûé êëàññèôèêàòîð

Àëãîðèòì Ãèááñà

Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ñåðãåé Íèêîëåíêî Áàéåñîâñêèå êëàññèôèêàòîðû



Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïðèìåíÿåì òåîðåìó Áàéåñà

Èòàê, íàì íóæíî íàéòè íàèáîëåå âåðîÿòíóþ ãèïîòåçó

h ∈ H ïðè óñëîâèè äàííûõ D.

Èíûìè ñëîâàìè, íóæíî ìàêñèìèçèðîâàòü p(h|D).

×òî íàì ñêàæåò òåîðåìà Áàéåñà?
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïðèìåíÿåì òåîðåìó Áàéåñà

Èòàê, íàì íóæíî íàéòè íàèáîëåå âåðîÿòíóþ ãèïîòåçó

h ∈ H ïðè óñëîâèè äàííûõ D.

Èíûìè ñëîâàìè, íóæíî ìàêñèìèçèðîâàòü p(h|D).

×òî íàì ñêàæåò òåîðåìà Áàéåñà?

p(h|D) =
p(D |h)p(h)

p(D)
.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïðèìåíÿåì òåîðåìó Áàéåñà

p(h|D) =
p(D |h)p(h)

p(D)
.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïðèìåíÿåì òåîðåìó Áàéåñà

p(h|D) =
p(D |h)p(h)

p(D)
.

Èòîãî íàì íóæíî íàéòè ãèïîòåçó

h = argmaxh∈Hp(h|D).

Òàêàÿ ãèïîòåçà íàçûâàåòñÿ ìàêñèìàëüíîé àïîñòåðèîðíîé

ãèïîòåçîé (maximum a posteriori hypothesis, MAP).
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïðèìåíÿåì òåîðåìó Áàéåñà

p(h|D) =
p(D |h)p(h)

p(D)
.

h = argmaxh∈Hp(h|D) =

= argmaxh∈H
p(D |h)p(h)

p(D)
= argmaxh∈Hp(D |h)p(h),

ïîòîìó ÷òî p(D) îò h íå çàâèñèò.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïðèìåíÿåì òåîðåìó Áàéåñà

p(h|D) =
p(D |h)p(h)

p(D)
.

×àñòî ïðåäïîëàãàþò, ÷òî ãèïîòåçû èçíà÷àëüíî ðàâíîâåðîÿòíû:

p(hi ) = p(hj). Òîãäà åù¼ ïðîùå:

h = argmaxh∈Hp(D |h).
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Àëãîðèòì

Äëÿ êàæäîé ãèïîòåçû h ∈ H âû÷èñëèòü àïîñòåðèîðíóþ

âåðîÿòíîñòü

p(h|D) =
p(D |h)p(h)

p(D)
.

Âûáðàòü ãèïîòåçó ñ ìàêñèìàëüíîé àïîñòåðèîðíîé

âåðîÿòíîñòüþ:

h = argmaxh∈Hp(h|D).
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Êàê åãî ïðèìåíÿòü: ïðèìåð

Íóæíî çàäàòü p(h) è p(D |h).

Ïóñòü âûïîëíÿþòñÿ ñëåäóþùèå óñëîâèÿ.

Â D íåò øóìà (ò.å. âñå òåñòîâûå ïðèìåðû ñ ïðàâèëüíûìè

îòâåòàìè).

Öåëåâàÿ ôóíêöèÿ c ëåæèò â H.

Íåò àïðèîðíûõ ïðè÷èí âåðèòü, ÷òî îäíà èç ãèïîòåç áîëåå

âåðîÿòíà, ÷åì äðóãàÿ.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Çàäà÷è êëàññèôèêàöèè

Ýòè óñëîâèÿ âûïîëíÿþòñÿ â çàäà÷àõ êëàññèôèêàöèè.

Êàê ìû óæå âûÿñíÿëè, êîãäà àíàëèçèðîâàëè äåðåâüÿ

ïðèíÿòèÿ ðåøåíèé,

p(h|D) =

{
1

|Cons(d)| , åñëè di = h(xi ) äëÿ âñåõ di ∈ D,

0, â ïðîòèâíîì ñëó÷àå.

Òî åñòü êàæäàÿ ãèïîòåçà, ñîâìåñòèìàÿ ñî âñåìè

äàííûìè � ìàêñèìàëüíàÿ àïîñòåðèîðíàÿ ãèïîòåçà. Ïîêà

âðîäå áû íè÷åãî íîâîãî.
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïîñòàíîâêà çàäà÷è

Äî ñèõ ïîð ìû îòâå÷àëè íà âîïðîñ: ¾Êàêîâà íàèáîëåå

âåðîÿòíàÿ ãèïîòåçà ïðè èìåþùèõñÿ äàííûõ?¿

Òåïåðü ïîðà îòâåòèòü íà âîïðîñ ¾Êàêîâà íàèáîëåå

âåðîÿòíàÿ êëàññèôèêàöèÿ íîâîãî ïðèìåðà ïðè èìåþùèõñÿ

äàííûõ?¿
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïîñòàíîâêà çàäà÷è

Êàçàëîñü áû, ìîæíî ïðîñòî ïðèìåíèòü ìàêñèìàëüíóþ

àïîñòåðèîðíóþ ãèïîòåçó. Ïî÷åìó íåò?
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Îáó÷åíèå êîíöåïòàì
Áàéåñîâñêèå êëàññèôèêàòîðû

Âñïîìèíàåì òåîðåìó Áàéåñà
Îïòèìàëüíûé êëàññèôèêàòîð
Àëãîðèòì Ãèááñà
Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

Ïîñòàíîâêà çàäà÷è

Êàçàëîñü áû, ìîæíî ïðîñòî ïðèìåíèòü ìàêñèìàëüíóþ

àïîñòåðèîðíóþ ãèïîòåçó. Ïî÷åìó íåò?

Ïóñòü åñòü ÷åòûðå ãèïîòåçû, è èõ àïîñòåðèîðíûå

âåðîÿòíîñòè 0.2, 0.2, 0.2, 0.4. ×åòâ¼ðòàÿ ãèïîòåçà �

ìàêñèìàëüíàÿ àïîñòåðèîðíàÿ. Íî åñëè íîâûé ïðèìåð

êëàññèôèöèðóåòñÿ ïåðâûìè òðåìÿ ïîëîæèòåëüíî, à

÷åòâ¼ðòîé � îòðèöàòåëüíî, òî îáùàÿ âåðîÿòíîñòü åãî

ïîëîæèòåëüíîé êëàññèôèêàöèè 0.6, è ïðèìåíÿòü MAP

áûëî áû íåïðàâèëüíî.
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Çàäà÷à îïòèìàëüíîé êëàññèôèêàöèè

Ïóñòü èìåþòñÿ äàííûå D è ìíîæåñòâî ãèïîòåç h. Äëÿ âíîâü

ïîñòóïèâøåãî ïðèìåðà x íóæíî âûáðàòü òàêîå çíà÷åíèå v ,

÷òîáû ìàêñèìèçèðîâàòü p(v |D). Èíûìè ñëîâàìè, íàøà

çàäà÷à � íàéòè

argmaxv∈V
∑
h∈H

p(v |h)p(h|D).
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Îïòèìàëüíûé êëàññèôèêàòîð

Îïðåäåëåíèå

Ëþáîé àëãîðèòì, êîòîðûé ðåøàåò çàäà÷ó

argmaxv∈V
∑
h∈H

p(v |h)p(h|D),

íàçûâàåòñÿ îïòèìàëüíûì áàéåñîâñêèì êëàññèôèêàòîðîì

(optimal Bayes classi�er).
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Ïðèìåð

Ó íàñ óæå áûë ïðèìåð � ÷åòûðå ãèïîòåçû hi , i = 1..4,

ìíîæåñòâî çíà÷åíèé V = {0, 1}, è âåðîÿòíîñòè

p(h1|D) = p(h2|D) = p(h3|D) = 0.2, p(h4|D) = 0.4,

p(x = 1|h1) = p(x = 1|h2) = p(x = 1|h3) = 1, p(x = 1|h4) = 0,

p(x = 0|h1) = p(x = 0|h2) = p(x = 0|h3) = 0, p(x = 0|h4) = 1.

Òîãäà∑
i

p(x = 1|hi )p(hi |D) = 0.6,
∑
i

p(x = 0|hi )p(hi |D) = 0.4.
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Ñâîéñòâà îïòèìàëüíîãî êëàññèôèêàòîðà

Îí äåéñòâèòåëüíî îïòèìàëåí: íèêàêîé äðóãîé ìåòîä íå

ìîæåò â ñðåäíåì ïðåâçîéòè åãî.

Îí ìîæåò äàæå êëàññèôèöèðîâàòü äàííûå ïî ãèïîòåçàì,

íå ñîäåðæàùèìñÿ â H. Íàïðèìåð, îí ìîæåò

êëàññèôèöèðîâàòü ïî ëþáîìó ýëåìåíòó ëèíåéíîé

îáîëî÷êè H.

Åãî îáû÷íî íå ïîëó÷àåòñÿ ýôôåêòèâíî ðåàëèçîâàòü �

íóæíî ïåðåáèðàòü âñå ãèïîòåçû, à âñåõ ãèïîòåç î÷åíü

ìíîãî.
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Àëãîðèòì Ãèááñà

Êàê ìîæíî óñêîðèòü ïðîöåññ? Àëãîðèòì Ãèááñà:

Âûáðàòü ñëó÷àéíóþ ãèïîòåçó h ∈ H ñîãëàñíî

ðàñïðåäåëåíèþ èõ àïîñòåðèîðíûõ âåðîÿòíîñòåé.

Êëàññèôèöèðîâàòü íîâûé ñëó÷àé x ñîãëàñíî h.

Òî åñòü ìû çàìåíÿåì âçâåøåííóþ ñóììó ïî âñåì

ãèïîòåçàì íà ñëó÷àéíóþ ãèïîòåçó, âûáðàííóþ ïî

ñîîòâåòñòâóþùåìó ðàñïðåäåëåíèþ.
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Àëãîðèòì Ãèááñà

Êàê ìîæíî óñêîðèòü ïðîöåññ? Àëãîðèòì Ãèááñà:

Âûáðàòü ñëó÷àéíóþ ãèïîòåçó h ∈ H ñîãëàñíî

ðàñïðåäåëåíèþ èõ àïîñòåðèîðíûõ âåðîÿòíîñòåé.

Êëàññèôèöèðîâàòü íîâûé ñëó÷àé x ñîãëàñíî h.

Îøèáêà àëãîðèòìà Ãèááñà ïðè îïðåäåë¼ííûõ íå ñëèøêîì

æ¼ñòêèõ óñëîâèÿõ ëèøü âäâîå áîëüøå îøèáêè

îïòèìàëüíîãî êëàññèôèêàòîðà!

Ïðàâäà, äîêàçàòü ýòî íå òàê ïðîñòî, è ìû ñåé÷àñ íå áóäåì;

ñì. (Haussler, Kearns, Shapire, 1994).
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Îáùàÿ èäåÿ

Íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð (naive Bayes classi�er,

idiot's Bayes) ïðèìåíÿåòñÿ â òåõ æå ñëó÷àÿõ � äëÿ

êëàññèôèêàöèè äàííûõ.

Ðåçóëüòàòû ìåòîäà ñðàâíèìû ñ ðåçóëüòàòàìè îáó÷åíèÿ

íåéðîííûõ ñåòåé èëè äåðåâüåâ ïðèíÿòèÿ ðåøåíèé.
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Âûâîä ôîðìóë

Äàíî:

Êàæäûé ïðèìåð x ïðèíèìàåò çíà÷åíèÿ èç ìíîæåñòâà V è

îïèñûâàåòñÿ àòðèáóòàìè 〈a1, a2, . . . , an〉.
Íóæíî íàéòè íàèáîëåå âåðîÿòíîå çíà÷åíèå äàííîãî

àòðèáóòà, ò.å.

vMAP = argmaxv∈V p(x = v |a1, a2, . . . , an).

Ïî òåîðåìå Áàéåñà,

vMAP = argmaxv∈V
p(a1, a2, . . . , an|x = v)p(x = v)

p(a1, a2, . . . , an)
=

= argmaxv∈V p(a1, a2, . . . , an|x = v)p(x = v).
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Ïî òåîðåìå Áàéåñà,

vMAP = argmaxv∈V
p(a1, a2, . . . , an|x = v)p(x = v)

p(a1, a2, . . . , an)
=

= argmaxv∈V p(a1, a2, . . . , an|x = v)p(x = v).

Îöåíèòü p(x = v) ëåãêî: áóäåì îöåíèâàòü ÷àñòîòó åãî

âñòðå÷àåìîñòè.

Íî îöåíèòü ðàçíûå p(a1, a2, . . . , an|x = v) íå ïîëó÷èòñÿ �

èõ ñëèøêîì ìíîãî; íàì íóæíî êàæäûé ñëó÷àé óæå

ïðîíàáëþäàòü íåñêîëüêî ðàç, ÷òîáû ïîëó÷èëîñü êàê íàäî.
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Âûâîä ôîðìóë

Ïî òåîðåìå Áàéåñà,

vMAP = argmaxv∈V
p(a1, a2, . . . , an|x = v)p(x = v)

p(a1, a2, . . . , an)
=

= argmaxv∈V p(a1, a2, . . . , an|x = v)p(x = v).

Ïîýòîìó äàâàéòå ïðåäïîëîæèì óñëîâíóþ íåçàâèñèìîñòü

àòðèáóòîâ ïðè óñëîâèè äàííîãî çíà÷åíèÿ öåëåâîé

ôóíêöèè. Èíà÷å ãîâîðÿ:

p(a1, a2, . . . , an|x = v) = p(a1|x = v)p(a2|x = v) . . . p(an|x = v).
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Âûâîä ôîðìóë

Ïî òåîðåìå Áàéåñà,

vMAP = argmaxv∈V
p(a1, a2, . . . , an|x = v)p(x = v)

p(a1, a2, . . . , an)
=

= argmaxv∈V p(a1, a2, . . . , an|x = v)p(x = v).

Èòàê, íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð âûáèðàåò v êàê

vNB(a1, a2, . . . , an) = argmaxv∈V p(x = v)

n∏
i=1

p(ai |x = v).
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Íàñêîëüêî õîðîø naive Bayes

Íà ñàìîì äåëå íàèâíûé áàéåñîâñêèé êëàññèôèêàòîð

ãîðàçäî ëó÷øå, ÷åì êàæåòñÿ.

Åãî îöåíêè âåðîÿòíîñòåé îïòèìàëüíû, êîíå÷íî, òîëüêî â

ñëó÷àå íåçàâèñèìîñòè.

Íî ñàì êëàññèôèêàòîð îïòèìàëåí â êóäà áîëåå øèðîêîì

êëàññå çàäà÷.

Ìû ñåé÷àñ íå áóäåì ýòèì ïîäðîáíî çàíèìàòüñÿ; ñì.

(Domingos and Pazzani, 1997).
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Ñïàñèáî çà âíèìàíèå!

Lecture notes è ñëàéäû áóäóò ïîÿâëÿòüñÿ íà ìîåé

homepage:

http://logic.pdmi.ras.ru/∼sergey/index.php?page=teaching

Ïðèñûëàéòå ëþáûå çàìå÷àíèÿ, ðåøåíèÿ óïðàæíåíèé,

íîâûå ÷èñëåííûå ïðèìåðû è ïðî÷åå ïî àäðåñàì:

sergey@logic.pdmi.ras.ru, snikolenko@gmail.com

Çàõîäèòå â ÆÆ smartnik.
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