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Ïîñòàíîâêà çàäà÷è ÷àñòè÷íîãî îáó÷åíèÿ

Äàíî:

ìíîæåñòâî îáúåêòîâ X , ìíîæåñòâî êëàññîâ Y ;

X ℓ =
{

x1, . . . , xℓ
}

� ðàçìå÷åííàÿ âûáîðêà (labeled data);

{

y1, . . . , yℓ
}

X k =
{

xℓ+1, . . . , xℓ+k

}

� íåðàçìå÷åííàÿ âûáîðêà (unlabeled data).

Äâà âàðèàíòà ïîñòàíîâêè çàäà÷è:

×àñòè÷íîå îáó÷åíèå (semi-supervised learning):

ïîñòðîèòü àëãîðèòì êëàññè�èêàöèè a : X → Y .

Òðàíñäóêòèâíîå îáó÷åíèå (transdutive learning):

çíàÿ âñå

{

xℓ+1, . . . , xℓ+k

}

, ïîëó÷èòü ìåòêè

{

yℓ+1, . . . , yℓ+k

}

.

Òèïè÷íûå ïðèëîæåíèÿ:

êëàññè�èêàöèÿ è êàòàëîãèçàöèÿ òåêñòîâ, èçîáðàæåíèé, è ò. ï.
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Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû
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Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè
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SSL íå ñâîäèòñÿ ê êëàññè�èêàöèè

Ïðèìåð 1. ïëîòíîñòè êëàññîâ, âîññòàíîâëåííûå:

ïî ðàçìå÷åííûì äàííûì X ℓ
ïî ïîëíûì äàííûì X ℓ+k
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SSL íå ñâîäèòñÿ ê êëàññè�èêàöèè

Ïðèìåð 2. Ìåòîäû êëàññè�èêàöèè íå ó÷èòûâàþò êëàñòåðíóþ

ñòðóêòóðó íåðàçìå÷åííûõ äàííûõ
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Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îñîáåííîñòè çàäà÷è SSL

Ìåòîä self-training

Êîìïîçèöèè àëãîðèòìîâ êëàññè�èêàöèè

Îäíàêî è ê êëàñòåðèçàöèè SSL òàêæå íå ñâîäèòñÿ

Ïðèìåð 3. Ìåòîäû êëàñòåðèçàöèè íå ó÷èòûâàþò

ïðèîðèòåòíîñòü ðàçìåòêè.
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Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû

Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îñîáåííîñòè çàäà÷è SSL

Ìåòîä self-training

Êîìïîçèöèè àëãîðèòìîâ êëàññè�èêàöèè

Ìåòîä self-training (1965-1970)

Ïóñòü µ : X ℓ → a � ïðîèçâîëüíûé ìåòîä îáó÷åíèÿ;

êëàññè�èêàòîðû èìåþò âèä a(x) = argmax
y∈Y

Γy (x);

Ïñåâäîîòñòóï � ñòåïåíü óâåðåííîñòè êëàññè�èêàöèè ai = a(xi ):

Mi(a) = Γai (xi )− max
y∈Y \ai

Γy (xi ).

Àëãîðèòì self-training � îá¼ðòêà (wrapper) íàä ìåòîäîì µ:

1: Z := X ℓ
;

2: ïîêà |Z | < ℓ+ k

3: a := µ(Z );
4: ∆ :=

{

xi ∈ X k\Z
∣

∣ Mi(a) > M0

}

;

5: yi := a(xi) äëÿ âñåõ xi ∈ ∆;

6: Z := Z ∪∆;

M0 ìîæíî îïðåäåëÿòü, íàïðèìåð, èç óñëîâèÿ |∆| = 0.05 k
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Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû

Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îñîáåííîñòè çàäà÷è SSL

Ìåòîä self-training

Êîìïîçèöèè àëãîðèòìîâ êëàññè�èêàöèè

Ìåòîä o-training (Blum, Mithell, 1998)

Ïóñòü µ1 : X
ℓ → a1, µ2 : X

ℓ → a2 � äâà ñóùåñòâåííî

ðàçëè÷íûõ ìåòîäà îáó÷åíèÿ, èñïîëüçóþùèõ

� ëèáî ðàçíûå íàáîðû ïðèçíàêîâ;

� ëèáî ðàçíûå ïàðàäèãìû îáó÷åíèÿ (indutive bias);

� ëèáî ðàçíûå èñòî÷íèêè äàííûõ X ℓ1
1
, X ℓ2

2
.

1: Z1 := X
ℓ1
1
; Z2 := X

ℓ2
2
;

2: ïîêà |Z1 ∪ Z2| < ℓ+ k

3: a1 := µ1(Z1); ∆1 :=
{

xi ∈ X k\Z1\Z2

∣

∣ Mi(a1) > M01

}

;

4: yi := a(xi) äëÿ âñåõ xi ∈ ∆1;

5: Z2 := Z2 ∪∆1;

6: a2 := µ2(Z2); ∆2 :=
{

xi ∈ X k\Z1\Z2

∣

∣ Mi(a2) > M02

}

;

7: yi := a(xi) äëÿ âñåõ xi ∈ ∆2;

8: Z1 := Z1 ∪∆2;
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Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îñîáåííîñòè çàäà÷è SSL

Ìåòîä self-training

Êîìïîçèöèè àëãîðèòìîâ êëàññè�èêàöèè

Ìåòîä o-learning (deSa, 1993)

Ïóñòü µt : X
ℓ → at � ðàçíûå ìåòîäû îáó÷åíèÿ, t = 1, . . . ,T .

Àëãîðèòì o-learning � ýòî self-training äëÿ êîìïîçèöèè �

ïðîñòîãî ãîëîñîâàíèÿ áàçîâûõ àëãîðèòìîâ a1, . . . , aT :

a(x) = argmax
y∈Y

Γy (x), Γy (xi ) =

T
∑

t=1

[

at(xi ) = y
]

.

òîãäà Mi(a) � ñòåïåíü óâåðåííîñòè êëàññè�èêàöèè a(xi).

1: Z := X ℓ
;

2: ïîêà |Z | < ℓ+ k

3: a := µ(Z );
4: ∆ :=

{

xi ∈ X k\Z
∣

∣ Mi(a) > M0

}

;

5: yi := a(xi) äëÿ âñåõ xi ∈ ∆;

6: Z := Z ∪∆;

Ê.Â. Âîðîíöîâ (voron�foresys.ru) Ìåòîäû ÷àñòè÷íîãî îáó÷åíèÿ 9 / 27



Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû

Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îïòèìèçàöèîííûé ïîäõîä

Êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Èåðàðõè÷åñêàÿ êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Êëàñòåðèçàöèÿ êàê çàäà÷à äèñêðåòíîé îïòèìèçàöèè

Ïóñòü ρ(x , x ′) � �óíêöèÿ ðàññòîÿíèÿ ìåæäó îáúåêòàìè.

Âåñà íà ïàðàõ îáúåêòîâ (áëèçîñòè): wij = exp(−βρ(xi , xj)),
ãäå β � ïàðàìåòð.

Çàäà÷à êëàñòåðèçàöèè:

ℓ+k
∑

i=1

ℓ+k
∑

j=i+1

wij

[

ai 6= aj
]

→ min
{ai∈Y }

.

Çàäà÷à ÷àñòè÷íîãî îáó÷åíèÿ:

ℓ+k
∑

i=1

ℓ+k
∑

j=i+1

wij

[

ai 6= aj
]

+ λ

ℓ
∑

i=1

[

ai 6= yi
]

→ min
{ai∈Y }

.

ãäå λ � åù¼ îäèí ïàðàìåòð.
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Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îïòèìèçàöèîííûé ïîäõîä
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Èåðàðõè÷åñêàÿ êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Àëãîðèòì ÊÍÏ: êëàñòåðèçàöèÿ

�ðà�îâûé àëãîðèòì ÊÍÏ (êðàò÷àéøèé íåçàìêíóòûé ïóòü)

1: Íàéòè ïàðó âåðøèí (xi , xj) ∈ X ℓ+k
ñ íàèìåíüøèì ρ(xi , yj )

è ñîåäèíèòü èõ ðåáðîì;

2: ïîêà â âûáîðêå îñòàþòñÿ èçîëèðîâàííûå òî÷êè

3: íàéòè èçîëèðîâàííóþ òî÷êó,

áëèæàéøóþ ê íåêîòîðîé íåèçîëèðîâàííîé;

4: ñîåäèíèòü ýòè äâå òî÷êè ðåáðîì;

5: óäàëèòü K − 1 ñàìûõ äëèííûõ ð¼áåð;

Çàäà÷à ÷àñòè÷íîãî îáó÷åíèÿ: çåìåíèòü òîëüêî øàã 5...
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Èåðàðõè÷åñêàÿ êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Àëãîðèòì ÊÍÏ: ÷àñòè÷íîå îáó÷åíèå

�ðà�îâûé àëãîðèòì ÊÍÏ (êðàò÷àéøèé íåçàìêíóòûé ïóòü)

1: Íàéòè ïàðó âåðøèí (xi , xj) ∈ X ℓ+k
ñ íàèìåíüøèì ρ(xi , yj )

è ñîåäèíèòü èõ ðåáðîì;

2: ïîêà â âûáîðêå îñòàþòñÿ èçîëèðîâàííûå òî÷êè

3: íàéòè èçîëèðîâàííóþ òî÷êó,

áëèæàéøóþ ê íåêîòîðîé íåèçîëèðîâàííîé;

4: ñîåäèíèòü ýòè äâå òî÷êè ðåáðîì;

5: óäàëèòü K − 1 ñàìûõ äëèííûõ ð¼áåð;

6: ïîêà åñòü ïóòü ìåæäó äâóìÿ âåðøèíàìè ðàçíûõ êëàññîâ

7: óäàëèòü ñàìîå äëèííîå ðåáðî íà ýòîì ïóòè.
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Ìåòîä k-ñðåäíèõ: êëàñòåðèçàöèÿ

1: íà÷àëüíîå ïðèáëèæåíèå öåíòðîâ µy , y ∈ Y ;

2: ïîâòîðÿòü

3: E-øàã:

îòíåñòè êàæäûé xi ê áëèæàéøåìó öåíòðó:

yi := argmin
y∈Y

ρ(xi , µy ), i = 1, . . . , ℓ+ k ;

4: M-øàã:

âû÷èñëèòü íîâûå ïîëîæåíèÿ öåíòðîâ:

µy :=

ℓ+k
∑

i=1

[yi =y ] xi

ℓ+k
∑

i=1

[yi =y ]

, äëÿ âñåõ y ∈ Y ;

5: ïîêà yi íå ïåðåñòàíóò èçìåíÿòüñÿ;
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Ìåòîä k-ñðåäíèõ: ÷àñòè÷íîå îáó÷åíèå

1: íà÷àëüíîå ïðèáëèæåíèå öåíòðîâ µy , y ∈ Y ;

2: ïîâòîðÿòü

3: E-øàã:

îòíåñòè êàæäûé xi ∈ X k
ê áëèæàéøåìó öåíòðó:

yi := argmin
y∈Y

ρ(xi , µy ), i = ℓ+ 1, . . . , ℓ+ k ;

4: M-øàã:

âû÷èñëèòü íîâûå ïîëîæåíèÿ öåíòðîâ:

µy :=

ℓ+k
∑

i=1

[yi =y ] xi

ℓ+k
∑

i=1

[yi =y ]

, äëÿ âñåõ y ∈ Y ;

5: ïîêà yi íå ïåðåñòàíóò èçìåíÿòüñÿ;
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Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû

Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îïòèìèçàöèîííûé ïîäõîä

Êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Èåðàðõè÷åñêàÿ êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Àëãîðèòì Ëàíñà-Óèëüÿìñà: êëàñòåðèçàöèÿ

Àëãîðèòì èåðàðõè÷åñêîé êëàñòåðèçàöèè (Ëàíñ, Óèëüÿìñ, 1967)

1: C1 :=
{

{x1}, . . . , {xℓ+k}
}

� âñå êëàñòåðû 1-ýëåìåíòíûå;

R{xi}{xj} := ρ(xi , xj) � ðàññòîÿíèÿ ìåæäó íèìè;

2: äëÿ âñåõ t = 2, . . . , ℓ+ k (t � íîìåð èòåðàöèè):

3: íàéòè â Ct−1 ïàðó êëàñòåðîâ (U,V ) ñ ìèíèìàëüíûì RUV ;

4: ñëèòü èõ â îäèí êëàñòåð:

W := U ∪ V ;

Ct := Ct−1 ∪ {W } \ {U,V };
5: äëÿ âñåõ S ∈ Ct

6: âû÷èñëèòü RWS ïî �îðìóëå Ëàíñà-Óèëüÿìñà:

RWS := αURUS + αVRVS + βRUV + γ
∣

∣RUS − RVS

∣

∣

;
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Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû

Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Îïòèìèçàöèîííûé ïîäõîä

Êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Èåðàðõè÷åñêàÿ êëàñòåðèçàöèÿ ñ îãðàíè÷åíèÿìè

Àëãîðèòì Ëàíñà-Óèëüÿìñà: ÷àñòè÷íîå îáó÷åíèå

Àëãîðèòì èåðàðõè÷åñêîé êëàñòåðèçàöèè (Ëàíñ, Óèëüÿìñ, 1967)

1: C1 :=
{

{x1}, . . . , {xℓ+k}
}

� âñå êëàñòåðû 1-ýëåìåíòíûå;

R{xi}{xj} := ρ(xi , xj) � ðàññòîÿíèÿ ìåæäó íèìè;

2: äëÿ âñåõ t = 2, . . . , ℓ+ k (t � íîìåð èòåðàöèè):

3: íàéòè â Ct−1 ïàðó êëàñòåðîâ (U,V ) ñ ìèíèìàëüíûì RUV ,

ïðè óñëîâèè, ÷òî â U ∪ V íåò îáúåêòîâ ñ ðàçíûìè ìåòêàìè;

4: ñëèòü èõ â îäèí êëàñòåð:

W := U ∪ V ;

Ct := Ct−1 ∪ {W } \ {U,V };
5: äëÿ âñåõ S ∈ Ct

6: âû÷èñëèòü RWS ïî �îðìóëå Ëàíñà-Óèëüÿìñà:

RWS := αURUS + αVRVS + βRUV + γ
∣

∣RUS − RVS

∣

∣

;
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Òðàíñäóêòèâíûé SVM

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ

Expetation Regularization

SVM: êëàññè�èêàöèÿ

Ëèíåéíûé êëàññè�èêàòîð íà äâà êëàññà Y = {−1, 1}:

a(x) = sign
(

〈w , x〉 − w0

)

, w , x ∈ R
n, w0 ∈ R.

Îòñòóï îáúåêòà xi :

Mi(w ,w0) =
(

〈w , xi 〉 − w0

)

yi .

Çàäà÷à îáó÷åíèÿ âåñîâ w ,w0 ïî ðàçìå÷åííîé âûáîðêå:

Q(w ,w0) =
ℓ
∑

i=1

(

1−Mi(w ,w0)
)

+
+

1

2C
‖w‖2 → min

w ,w0

.

Ôóíêöèÿ L (M) = (1−M)+ øòðà�óåò çà óìåíüøåíèå îòñòóïà.

Èäåÿ!

Ôóíêöèÿ L (M) =
(

1− |M|
)

+
øòðà�óåò çà ïîïàäàíèå îáúåêòà

âíóòðü ðàçäåëÿþùåé ïîëîñû.
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Òðàíñäóêòèâíûé SVM

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ

Expetation Regularization

Ôóíêöèÿ ïîòåðü äëÿ òðàíñäóêòèâíîãî SVM

Ôóíêöèÿ ïîòåðü L (M) =
(

1− |M|
)

+

øòðà�óåò çà ïîïàäàíèå îáúåêòà

âíóòðü ðàçäåëÿþùåé ïîëîñû.
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Expetation Regularization

Transdutive SVM: ÷àñòè÷íîå îáó÷åíèå

Îáó÷åíèå âåñîâ w ,w0 ïî ÷àñòè÷íî ðàçìå÷åííîé âûáîðêå:

Q(w ,w0) =
ℓ
∑

i=1

(

1−Mi(w ,w0)
)

+
+

1

2C
‖w‖2 +

+ γ
ℓ+k
∑

i=ℓ+1

(

1− |Mi(w ,w0)|
)

+
→ min

w ,w0

.

Äîñòîèíñòâà è íåäîñòàòêè TSVM:

⊕⊕⊕⊕⊕⊕⊕⊕⊕ êàê è â îáû÷íîì SVM, ìîæíî èñïîëüçîâàòü ÿäðà;

⊕⊕⊕⊕⊕⊕⊕⊕⊕ èìåþòñÿ ý��åêòèâíûå ðåàëèçàöèè äëÿ áîëüøèõ äàííûõ;

⊖⊖⊖⊖⊖⊖⊖⊖⊖ ðåøåíèå íåóñòîé÷èâî, åñëè íåò îáëàñòè ðàçðåæåííîñòè;

⊖⊖⊖⊖⊖⊖⊖⊖⊖ òðåáóåòñÿ íàñòðîéêà äâóõ ïàðàìåòðîâ C , γ;

Sindhwani, Keerthi. Large sale semisupervised linear SVMs. SIGIR 2006.
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Ëîãèñòè÷åñêàÿ ðåãðåññèÿ

Expetation Regularization

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ: êëàññè�èêàöèÿ íà 2 êëàññà

Ëèíåéíûé êëàññè�èêàòîð íà äâà êëàññà Y = {−1, 1}:

a(x) = sign〈w , x〉, x ,w ∈ R
n.

Âåðîÿòíîñòü òîãî, ÷òî îáúåêò xi îòíîñèòñÿ ê êëàññó y :

P(y |xi ,w) =
1

1 + exp(−〈w , xi 〉y)
.

Çàäà÷à ìàêñèìèçàöèè ðåãóëÿðèçîâàííîãî ïðàâäîïîäîáèÿ:

Q(w) =
ℓ
∑

i=1

logP(yi |xi ,w)−
1

2C
‖w‖2 → max

w
,
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Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

Òðàíñäóêòèâíûé SVM

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ

Expetation Regularization

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ: êëàññè�èêàöèÿ ïðè ïðîèçâîëüíîì Y

Ëèíåéíûé êëàññè�èêàòîð ïðè ïðîèçâîëüíîì ÷èñëå êëàññîâ |Y |:

a(x) = argmax
y∈Y

〈wy , x〉, x ,wy ∈ R
n, w ≡ (wy )y∈Y .

Âåðîÿòíîñòü òîãî, ÷òî îáúåêò xi îòíîñèòñÿ ê êëàññó y :

P(y |xi ,w) =
exp〈wy , xi 〉
∑

c∈Y

exp〈wc , xi 〉
.

Çàäà÷à ìàêñèìèçàöèè ðåãóëÿðèçîâàííîãî ïðàâäîïîäîáèÿ:

Q(w) =
ℓ
∑

i=1

logP(yi |xi ,w)−
1

2C
‖w‖2 → max

w
,

Ê.Â. Âîðîíöîâ (voron�foresys.ru) Ìåòîäû ÷àñòè÷íîãî îáó÷åíèÿ 21 / 27



Ïðîñòûå ýâðèñòè÷åñêèå ìåòîäû
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Òðàíñäóêòèâíûé SVM

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ

Expetation Regularization

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ: ÷àñòè÷íîå îáó÷åíèå

Òåïåðü ó÷ò¼ì íåðàçìå÷åííûå äàííûå X k =
{

xℓ+1, . . . , xℓ+k

}

.

Ïóñòü bj(x) � áèíàðíûå ïðèçíàêè, j = 1, . . . ,m.

Îöåíèì âåðîÿòíîñòè P(y |bj (x) = 1) äâóìÿ ñïîñîáàìè:

1) ýìïèðè÷åñêàÿ îöåíêà ïî ðàçìå÷åííûì äàííûì X ℓ
:

pj(y) =

∑ℓ
i=1

bj(xi )
[

yi = y
]

∑ℓ
i=1

bj(xi )
;

2) îöåíêà ïî íåðàçìå÷åííûì äàííûì X k
è ëèíåéíîé ìîäåëè w :

pj(y ,w) =

∑ℓ+k
i=ℓ+1

bj(xi )P(y |xi ,w)
∑ℓ+k

i=ℓ+1
bj(xi )

.

Áóäåì ìèíèìèçèðîâàòü ðàññòîÿíèå ìåæäó pj(y) è pj(y ,w).
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Òðàíñäóêòèâíûé SVM

Ëîãèñòè÷åñêàÿ ðåãðåññèÿ

Expetation Regularization

Êàê îöåíèòü ðàññòîÿíèå ìåæäó äâóìÿ ðàñïðåäåëåíèÿìè?

Ïóñòü p(y) è q(y) � äâà äèñêðåòíûõ ðàñïðåäåëåíèÿ, y ∈ Y .

Ïðîáëåìà: ìàëûå ðàçëè÷èÿ â ¾õâîñòàõ¿ ðàñïðåäåëåíèé ìîãóò

ïðèâîäèòü ê ñóùåñòâåííûì ðàçëè÷èÿì ñòàòèñòè÷åñêèõ ñâîéñòâ.

E 2(p, q) =
∑

y

(

p(y)− q(y)
)2

� íåàäåêâàòíàÿ ìåðà ðàññòîÿíèÿ;

X 2(p, q) =
∑

y

(

p(y)− q(y)
)2

q(y)
� ñòàòèñòèêà õè-êâàäðàò;

H2(p, q) =
1

2

∑

y

(
√

p(y)−
√

q(y)
)2

� ðàññòîÿíèå Õåëèíãåðà;

KL(p‖q) =
∑

y

p(y) log
p(y)

q(y)
� äèâåðãåíöèÿ Êóëüáàêà�Ëåéáëåðà.

KL ñâÿçàíà ñ ïðèíöèïîì ìàêñèìóìà ïðàâäîïîäîáèÿ
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Expetation Regularization

Ñâîéñòâà äèâåðãåíöèè Êóëüáàêà�Ëåéáëåðà

KL-äèâåðãåíöèÿ: KL(p‖q) =
∑

y

p(y) log
p(y)

q(y)

1. KL(p‖q) > 0; KL(p‖q) = 0 ⇔ p = q;

2. Åñëè p(y) � ýìïèðè÷åñêîå ðàñïðåäåëåíèå, q(y ;α) � ïàðàìåòðè÷åñêàÿ

ìîäåëü, òî ìèíèìèçàöèÿ KL ýêâèâàëåíòíà ìàêñèìèçàöèè ïðàâäîïîäîáèÿ:

KL(p‖q(α)) =
∑

y

p(y) ln
p(y)

q(y ;α)
→ min

α

⇐⇒
∑

y

p(y) ln q(y ;α) → max
α

.

3. Åñëè KL(p‖q) < KL(q‖p), òî p ñèëüíåå âëîæåíî â q, ÷åì q â p:

0 50 100 150 200

0

0.01

0.02

0.03

0.04

0 50 100 150 200

0

0.005

0.010

0.015

0.020

0 50 100 150 200

0

0.005

0.010

0.015

0.020

P PP

Q

Q Q

KL(p‖q) = 0.442
KL(q‖p) = 2.966

KL(p‖q) = 0.444
KL(q‖p) = 0.444

KL(p‖q) = 2.969
KL(q‖p) = 2.969
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Expetation Regularization

Ïîñòðîåíèå �óíêöèîíàëà êà÷åñòâà

Êðîññ-ýíòðîïèÿ � ìåðà ñîãëàñîâàííîñòè äâóõ îöåíîê,

pj(y) è pj(y ,w), îäíîé è òîé æå âåðîÿòíîñòè P(y |bj (x) = 1):

Hj (w) =
∑

y∈Y

pj(y) log pj(y ,w) → max
w

(ìàêñèìóì äîñòèãàåòñÿ ïðè pj(y) ≡ pj(y ,w)).

Äîáàâèì ñóììàðíóþ ñîãëàñîâàííîñòü ïî âñåì m ïðèçíàêàì

ê �óíêöèîíàëó ðåãóëÿðèçîâàííîãî ïðàâäîïîäîáèÿ:

Q(w) =

ℓ
∑

i=1

logP(yi |xi ,w)−
1

2C

∑

y∈Y

‖wy‖
2 +

+ γ

m
∑

j=1

∑

y∈Y

pj(y) log

(

∑ℓ+k
i=ℓ+1

bj(xi )P(y |xi ,w)
∑ℓ+k

i=ℓ+1
bj(xi )

)

→ max
w
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Çàìå÷àíèÿ ïðî ìåòîä XR (Expetation Regularization)

1

Îïòèìèçàöèÿ Q(w) � ìåòîäîì ñòîõàñòè÷åñêîãî ãðàäèåíòà.

2

Âîçìîæíûå âàðèàíòû çàäàíèÿ ïåðåìåííûõ bj :

1 bj(x) ≡ 1, òîãäà P(y |bj (x) = 1) � àïðèîðíàÿ âåðîÿòíîñòü

êëàññà y (label regularization) � õîðîøî ïîäõîäèò äëÿ çàäà÷

ñ íåñáàëàíñèðîâàííûìè êëàññàìè;

2 bj(x) =
[

òåðìèí j ñîäåðæèòñÿ â òåêñòå x
]

� äëÿ çàäà÷

êëàññè�èêàöèè è êàòàëîãèçàöèè òåêñòîâ.

3

XR ñëàáî ÷óâñòâèòåëåí ê âûáîðó C è γ.

4

XR î÷åíü óñòîé÷èâ ê ïîãðåøíîñòÿì îöåíèâàíèÿ pj(y).

5

XR íå òðåáîâàòåëåí ê ÷èñëó ðàçìå÷åííûõ îáúåêòîâ ℓ.

6

XR õîðîøî ïîäõîäèò äëÿ êàòåãîðèçàöèè òåêñòîâ.

7

XR ïîêàçûâàåò â ýêñïåðèìåíòàõ î÷åíü âûñîêóþ òî÷íîñòü.

Mann, MCallum. Simple, robust, salable semi-supervised learning via

expetation regularization. ICML 2007.
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Ìîäè�èêàöèè ìåòîäîâ êëàñòåðèçàöèè

Ìîäè�èêàöèè ìåòîäîâ êëàññè�èêàöèè

�åçþìå â êîíöå ëåêöèè

Çàäà÷à SSL çàíèìàåò ïðîìåæóòî÷íîå ïîëîæåíèå ìåæäó

êëàññè�èêàöèåé è êëàñòåðèçàöèåé, íî íå ñâîäèòñÿ ê íèì.

Ïðîñòûå ìåòîäû-îá¼ðòêè òðåáóþò ìíîãîêðàòíîãî

îáó÷åíèÿ, ÷òî âû÷èñëèòåëüíî íåý��åêòèâíî.

Ìåòîäû êëàñòåðèçàöèè ëåãêî àäàïòèðóþòñÿ ê SSL ïóò¼ì

ââåäåíèÿ îãðàíè÷åíèé (onstrained lustering),

íî, êàê ïðàâèëî, âû÷èñëèòåëüíî òðóäî¼ìêè.

Àäàïòàöèÿ ìåòîäîâ êëàññè�èêàöèè ðåàëèçóåòñÿ ñëîæíåå,

íî ïðèâîäèò ê áîëåå ý��åêòèâíûì ìåòîäàì.

Expetation Regularization � áûñòðûé è òî÷íûé ìåòîä,

ïîçâîëÿþùèé ó÷èòûâàòü äîïîëíèòåëüíóþ èí�îðìàöèþ.
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