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Èìååòñÿ ìíîæåñòâî äîïóñòèìûõ äåéñòâèé (ðó÷åê, arm),

 ðàçëè÷íûìè ðàñïðåäåëåíèÿìè ðàçìåðà ïðåìèè (reward, payo�).

Êàê áûñòðåå íàéòè ñàìîå âûãîäíîå äåéñòâèå?

Êàêèå âîçìîæíû ñòðàòåãèè?
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Çàäà÷à î ìíîãîðóêîì áàíäèòå (multi-armed bandit)

A � ìíîæåñòâî âîçìîæíûõ äåéñòâèé

p(r |a) � íåèçâåñòíîå ðàñïðåäåëåíèå ïðåìèè r ∈ R äëÿ a ∈ A

πt(a) � ñòðàòåãèÿ (poliy) àãåíòà â ìîìåíò t, ðàñïðåäåëåíèå íà A

Èãðà àãåíòà ñî ñðåäîé:

1: èíèöèàëèçàöèÿ ñòðàòåãèè π1(a)
2: äëÿ âñåõ t = 1, . . . ,T , . . .

3: àãåíò âûáèðàåò äåéñòâèå at ∼ πt(a);
4: ñðåäà ãåíåðèðóåò ïðåìèþ rt ∼ p(r |at);
5: àãåíò êîððåêòèðóåò ñòðàòåãèþ πt+1(a);

Qt(a) =

∑t
i=1 ri [ai = a]
∑t

i=1[ai = a]
� ñðåäíÿÿ ïðåìèÿ â t ðàóíäàõ

Q∗(a) = lim
t→∞

Qt(a) → max
a∈A

� öåííîñòü äåéñòâèÿ a
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Æàäíûå è ïîëóæàäíûå ñòðàòåãèè

Àäàïòèâíûå ñòðàòåãèè

Ïðèìåðû ïðèêëàäíûõ çàäà÷

�åêîìåíäàöèÿ íîâîñòíûõ ñòàòåé ïîëüçîâàòåëÿì

Ïîêàç ðåêëàìû â Èíòåðíåòå

Óïðàâëåíèå òåõíîëîãè÷åñêèìè ïðîöåññàìè

Óïðàâëåíèå ðîáîòàìè

Óïðàâëåíèå öåíàìè è àññîðòèìåíòîì â ñåòÿõ ïðîäàæ

Èãðà íà áèðæå

Ìàðøðóòèçàöèÿ â òåëåêîììóíèêàöèîííûõ ñåòÿõ

Ìàðøðóòèçàöèÿ â áåñïðîâîäíûõ ñåíñîðíûõ ñåòÿõ

Ëîãè÷åñêèå èãðû (øàøêè, íàðäû, è ò.ä.)

Çàäà÷à î ìíîãîðóêîì áàíäèòå âïåðâûå ðàññìîòðåíà â ñòàòüå

H. Robbins. Some aspets of the sequential design of experiments.

Bulletin of the Amerian Mathematis Soiety, 58:527�535, 1952.
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Æàäíàÿ ñòðàòåãèÿ

Ìíîæåñòâî äåéñòâèé  ìàêñèìàëüíîé òåêóùåé îöåíêîé öåííîñòè:

At = Argmax
a∈A

Qt(a)

Æàäíàÿ ñòðàòåãèÿ � âûáèðàòü ëþáîå äåéñòâèå èç At :

πt(a) =
1

|At |
[a ∈ At ]

Íåäîñòàòîê æàäíîé ñòðàòåãèè � ïî íåêîòîðûì äåéñòâèÿì a

ìîæåì òàê è íå íàáðàòü ñòàòèñòèêó äëÿ îöåíêè Qt(a).

Êîìïðîìèññ ¾èçó÷åíèå�ïðèìåíåíèå¿ (exploration�exploitation)

ε-æàäíàÿ ñòðàòåãèÿ:

πt(a) =
1− ε

|At |
[a ∈ At ] +

ε

|A|

Ýâðèñòèêà: ïàðàìåòð ε óìåíüøàòü ñî âðåìåíåì.
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Àäàïòèâíûå ñòðàòåãèè

Ñòðàòåãèÿ softmax (ðàñïðåäåëåíèå �èááñà)

Ìÿãêèé âàðèàíò êîìïðîìèññà ¾èçó÷åíèå�ïðèìåíåíèå¿:

÷åì áîëüøå Qt(a), òåì áîëüøå âåðîÿòíîñòü âûáîðà a:

πt(a) =
exp
(

1
τ
Qt(a)

)

∑

b∈A

exp
(

1
τ
Qt(b)

)

ãäå τ � ïàðàìåòð òåìïåðàòóðû,

ïðè τ → 0 ñòðàòåãèÿ ñòðåìèòñÿ ê æàäíîé,

ïðè τ → ∞ � ê ðàâíîìåðíîé, ò.å. ÷èñòî èññëåäîâàòåëüñêîé

Ýâðèñòèêà: ïàðàìåòð τ óìåíüøàòü ñî âðåìåíåì.

Êàêàÿ èç ñòðàòåãèé ëó÷øå?

� çàâèñèò îò êîíêðåòíîé çàäà÷è,

� ðåøàåòñÿ â ýêñïåðèìåíòå
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Àäàïòèâíûå ñòðàòåãèè

Ìåòîä UCB (upper on�dene bound)

Âûáîð äåéñòâèÿ  ìàêñèìàëüíîé âåðõíåé îöåíêîé öåííîñòè:

At = Argmax
a∈A

(

Qt(a) + δ

√

2 ln t

kt(a)

)

,

ãäå kt(a) =
t
∑

i=1
[ai = a], δ � ïàðàìåòð exr/exp-êîìïðîìèññà.

Èíòåðïðåòàöèÿ:

÷åì ìåíüøå kt(a), òåì ìåíåå èññëåäîâàíà ñòðàòåãèÿ,

òåì âûøå äîëæíà áûòü âåðîÿòíîñòü âûáðàòü a;

÷åì áîëüøå δ, òåì ñòðàòåãèÿ áîëåå èññëåäîâàòåëüñêàÿ.

Ýâðèñòèêà: ïàðàìåòð δ óìåíüøàòü ñî âðåìåíåì.

P. Auer, N. Cesa-Bianhi, P. Fisher. Finite-time analysis of the multiarmed

bandit problem, Mahine Learning, 2002.
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Ìîäåëüíûå ýêñïåðèìåíòû â îáó÷åíèè ñ ïîäêðåïëåíèåì

¾10-ðóêàÿ èñïûòàòåëüíàÿ ñðåäà¿:

�åíåðèðóåòñÿ 2000 çàäà÷, â êàæäîé çàäà÷å

|A| = 10,
p(r |a) = N (r ;Q∗(a), 1),
Q∗(a) ∼ N (0, 1).

Ñòðîÿòñÿ ãðà�èêè çàâèñèìîñòè

� ñðåäíåé ïðåìèè (average reward),

� äîëè îïòèìàëüíûõ äåéñòâèé (% optimal ation),

îò ÷èñëà øàãîâ t, óñðåäí¼ííûå ïî 2000 çàäà÷àì.

Rihard Sutton, Andrew Barto. Reinforement Learning: An Introdution.

The MIT Press. 1998, 2004.

http://webdos.s.ualberta.a/�sutton/book/ebook/the-book.html

�óññêèé ïåðåâîä:

�. Ñàòòîí, Ý. Áàðòî. Îáó÷åíèå ñ ïîäêðåïëåíèåì. Èçä-âî ¾Áèíîì¿. 2011.

Ê.Â. Âîðîíöîâ (voron�foresys.ru) Îáó÷åíèå ñ ïîäêðåïëåíèåì 9 / 32



Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïðîñòàÿ ïîñòàíîâêà çàäà÷è

Æàäíûå è ïîëóæàäíûå ñòðàòåãèè

Àäàïòèâíûå ñòðàòåãèè
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�åêóððåíòíàÿ �îðìóëà äëÿ ý��åêòèâíîãî âû÷èñëåíèÿ ñðåäíèõ

Îáùàÿ �îðìóëà âû÷èñëåíèÿ Qt äëÿ êîððåêòèðîâêè ñòðàòåãèè:

Qt+1(a) = (1− αt)Qt(a) + αt rt+1 = Qt(a) + αt

(

rt+1 − Qt(a)
)

Ïðè αt =
1

kt(a)+1 ýòî ñðåäíåå àðè�ìåòè÷åñêîå, kt(a) =
t
∑

i=1
[ai = a]

Ïðè αt = const ýòî ýêñïîíåíöèàëüíîå ñêîëüçÿùåå ñðåäíåå

Óñëîâèå ñõîäèìîñòè ê ñðåäíåìó:

∞
∑

t=1
αt = ∞,

∞
∑

t=1
α2
t < ∞

Ñðåäíåå àðè�ìåòè÷åñêîå � äëÿ ñòàöèîíàðíûõ çàäà÷

Ýêñïîíåíöèàëüíîå ñêîëüçÿùåå ñðåäíåå � äëÿ íåñòàöèîíàðíûõ

(â ýòîì ñëó÷àå ñõîäèìîñòè íåò, íî îíà è íå íóæíà)
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Ýêñïîíåíöèàëüíîå ñêîëüçÿùåå ñðåäíåå (íàïîìèíàíèå)

Çàäà÷à ïðîãíîçèðîâàíèÿ âðåìåííîãî ðÿäà y0, . . . , yt , . . . :

� ïðîñòåéøàÿ ðåãðåññèîííàÿ ìîäåëü � êîíñòàíòà yt = c ,

� íàáëþäåíèÿ ó÷èòûâàþòñÿ ñ âåñàìè, óáûâàþùèìè â ïðîøëîå,

� ïðîãíîç ŷt+1 ìåòîäîì íàèìåíüøèõ êâàäðàòîâ:

t
∑

i=0

wt−i(yi − c)2 → min
c
, wi = βi , β ∈ (0, 1)

Àíàëèòè÷åñêîå ðåøåíèå � �îðìóëà Íàäàðàÿ-Âàòñîíà:

c ≡ ŷt+1 =

∑t
i=0 β

iyt−i
∑t

i=0 β
i

Çàïèøåì àíàëîãè÷íî ŷt , îöåíèì
∑t

i=0 β
i ≈

∑∞
i=0 β

i = 1
1−β

,

ïîëó÷èì ŷt+1 = ŷtβ + (1− β)yt , çàìåíèì α = 1− β:

ŷt+1 = (1− α)ŷt + αyt = ŷt + α(yt − ŷt)
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Àäàïòèâíûå ñòðàòåãèè

Ìåòîä ñðàâíåíèÿ ñ ïîäêðåïëåíèåì (reinforement omparison)

Èäåÿ: èñïîëüçîâàòü íå ñàìè çíà÷åíèÿ ïðåìèé, à èõ ðàçíîñòè

ñî ñðåäíåé (ýòàëîííîé) ïðåìèåé:

r̄t+1 = r̄t + α(rt − r̄t) � ñðåäíÿÿ ïðåìèÿ ïî âñåì äåéñòâèÿì

pt+1(at) = pt(at) + β(rt − r̄t) � ïðåäïî÷òåíèÿ äåéñòâèé

πt+1(a) =
exp
(

pt+1(a)
)

∑

b∈A

exp
(

pt+1(b)
)
� softmax-ñòðàòåãèÿ àãåíòà

Ýâðèñòèêà: îïòèìèñòè÷íî çàâûøåííîå íà÷àëüíîå r̄0
ñòèìóëèðóåò èçó÷àþùèå äåéñòâèÿ â íà÷àëå

Ýêñïåðèìåíòàëüíûé �àêò: ñðàâíåíèå ñ ïîäêðåïëåíèåì

ñõîäèòñÿ áûñòðåå ε-æàäíûõ ñòðàòåãèé.
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Ñðàâíåíèå ñ ïîäêðåïëåíèåì ëó÷øå ε-æàäíûõ ñòðàòåãèé

Ýêñïåðèìåíò ñ 10-ðóêîé èñïûòàòåëüíîé ñðåäîé:

Rihard Sutton, Andrew Barto. Reinforement Learning: An Introdution.

The MIT Press. 1998, 2004.

�. Ñàòòîí, Ý. Áàðòî. Îáó÷åíèå ñ ïîäêðåïëåíèåì. Èçä-âî ¾Áèíîì¿. 2011.
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Àäàïòèâíûå ñòðàòåãèè

Ìåòîä ïðåñëåäîâàíèÿ (pursuit) æàäíîé ñòðàòåãèè

Âìåñòî ñîáñòâåííî æàäíîé ñòðàòåãèè

πt+1(a) =
[a ∈ At ]

|At |

ïðåäëàãàåòñÿ ïðåñëåäîâàíèå (ñãëàæèâàíèå) æàäíîé ñòðàòåãèè:

πt+1(a) = πt(a) + β

(

[a ∈ At ]

|At |
− πt(a)

)

Ýâðèñòèêà: íà÷àëüíîå π0(a) ìîæíî âçÿòü ðàâíîìåðíûì.

Ýêñïåðèìåíòàëüíûé �àêò: ìåòîä ïðåñëåäîâàíèÿ, ñðàâíåíèå

ñ ïîäêðåïëåíèåì è ε-æàäíûå ñòðàòåãèè èìåþò êàæäûé ñâîþ

îáëàñòü ïðèìåíåíèÿ.
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïðîñòàÿ ïîñòàíîâêà çàäà÷è

Æàäíûå è ïîëóæàäíûå ñòðàòåãèè

Àäàïòèâíûå ñòðàòåãèè

Ñòðàòåãèÿ ïðåñëåäîâàíèÿ åù¼ ëó÷øå

Ýêñïåðèìåíò ñ 10-ðóêîé èñïûòàòåëüíîé ñðåäîé:

Rihard Sutton, Andrew Barto. Reinforement Learning: An Introdution.

The MIT Press. 1998, 2004.

�. Ñàòòîí, Ý. Áàðòî. Îáó÷åíèå ñ ïîäêðåïëåíèåì. Èçä-âî ¾Áèíîì¿. 2011.
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

Ïîñòàíîâêà çàäà÷è â ñëó÷àå, êîãäà àãåíò âëèÿåò íà ñðåäó

A � êîíå÷íîå ìíîæåñòâî âîçìîæíûõ äåéñòâèé (ation)

S � êîíå÷íîå ìíîæåñòâî ñîñòîÿíèé ñðåäû (state)

Èãðà àãåíòà ñî ñðåäîé:

1: èíèöèàëèçàöèÿ ñòðàòåãèè π1(a | s) è ñîñòîÿíèÿ ñðåäû s1
2: äëÿ âñåõ t = 1, . . .T , . . .

3: àãåíò âûáèðàåò äåéñòâèå at ∼ πt(a | st);
4: ñðåäà ãåíåðèðóåò ïðåìèþ rt ∼ p(r | at , st)

è íîâîå ñîñòîÿíèå st+1 ∼ p(s | at , st);
5: àãåíò êîððåêòèðóåò ñòðàòåãèþ πt+1(a | s);

Ýòî ìàðêîâñêèé ïðîöåññ ïðèíÿòèÿ ðåøåíèé (ÌÏÏ�), åñëè

P
(

st+1, rt | st , at , rt−1, st−1, at−1, rt−2, . . . , s1, a1
)

=

=P
(

st+1, rt | st , at
)
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

Ïîíÿòèÿ âûãîäû è öåííîñòè

Rt = rt + rt+1 + · · ·+ rt+k + · · · � ñóììàðíàÿ âûãîäà (return)

Îáîáùåíèå � äèñêîíòèðîâàííàÿ âûãîäà (disounted return):

Rt = rt + γrt+1 + · · ·+ γk rt+k + · · ·
γ ∈ [0, 1] � êîý��èöèåíò äèñêîíòèðîâàíèÿ,

1 + γ + γ2 + · · · = 1
1−γ

� ãîðèçîíò äàëüíîâèäíîñòè àãåíòà.

Ôóíêöèÿ öåííîñòè (value) ñîñòîÿíèÿ s ïðè ñòðàòåãèè π:

V π(s) = Eπ(Rt | st=s) = Eπ

( ∞
∑

k=0

γk rt+k

∣

∣

∣
st=s

)

Ôóíêöèÿ öåííîñòè äåéñòâèÿ a â ñîñòîÿíèè s ïðè ñòðàòåãèè π:

Qπ(s, a) = Eπ(Rt | st=s, at=a) = Eπ

( ∞
∑

k=0

γk rt+k

∣

∣

∣
st=s, at=a

)

Eπ � ìàò.îæèäàíèå ïðè óñëîâèè, ÷òî àãåíò ñëåäóåò ñòðàòåãèè π
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

�åêóððåíòíûå �îðìóëû äëÿ �óíêöèé öåííîñòè

�åêóððåíòíàÿ �îðìóëà äëÿ öåííîñòè ñîñòîÿíèÿ V π(s):

V π(s) = Eπ

(
∑∞

k=0 γ
k rt+k

∣

∣ st=s
)

=

= Eπ

(

rt + γ
∑∞

k=0 γ
k rt+k+1

∣

∣ st=s
)

=

= Eπ

(

rt + γV π(st+1)
∣

∣ st=s
)

�åêóððåíòíàÿ �îðìóëà äëÿ öåííîñòè äåéñòâèÿ Qπ(s, a):

Qπ(s, a) = Eπ

(
∑∞

k=0 γ
k rt+k

∣

∣ st=s, at=a
)

=

= Eπ

(

rt + γ
∑∞

k=0 γ
k rt+k+1

∣

∣ st=s, at=a
)

=

= Eπ

(

rt + γQπ(st+1, at+1)
∣

∣ st=s, at=a
)
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

Æàäíûå ñòðàòåãèè ìàêñèìèçàöèè öåííîñòè

V ∗(s), Q∗(s, a) � îïòèìàëüíûå �óíêöèè öåííîñòè.

Óðàâíåíèÿ îïòèìàëüíîñòè Áåëëìàíà:

V ∗(s) = max
a∈A

Eπ

(

rt + γV ∗(st+1)
∣

∣ st=s, at=a
)

Q∗(s, a) = Eπ

(

rt + γmax
a′∈A

Q∗(st+1, a
′)
∣

∣ st=s, at=a
)

Æàäíûå ñòðàòåãèè π îòíîñèòåëüíî V ∗(s) èëè Q∗(s, a):
âûáèðàòü òî äåéñòâèå, íà êîòîðîì äîñòèãàåòñÿ ìàêñèìóì

â óðàâíåíèÿõ îïòèìàëüíîñòè Áåëëìàíà:

At = Argmax
a∈A

Eπ

(

rt + γV ∗(st+1)
∣

∣ st , a
)

At = Argmax
a∈A

Q∗(st , a)

Óòâ. Ýòè æàäíûå ñòðàòåãèè ÿâëÿþòñÿ îïòèìàëüíûìè.
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

Ìåòîä âðåìåííûõ ðàçíîñòåé TD (temporal di�erene)

�åêóððåíòíàÿ �îðìóëà äëÿ öåííîñòè ñîñòîÿíèÿ V π(s):

V π(s) = Eπ

(

rt + γV π(st+1)
∣

∣ st=s
)

Íóæíà ýìïèðè÷åñêàÿ îöåíêà ìàòåìàòè÷åñêîãî îæèäàíèÿ Eπ.

Ìåòîä âðåìåííûõ ðàçíîñòåé TD (temporal di�erene)

Ïîñëå òîãî, êàê âûáðàíî at è ñòàëè èçâåñòíû rt , st+1,

îáíîâëÿåì îöåíêó ýêñïîíåíöèàëüíîãî ñêîëüçÿùåãî ñðåäíåãî:

V (st) := V (st) + αt

(

rt + γV (st+1)− V (st)
)

Óòâ. Åñëè αt óìåíüøàåòñÿ (

∑

t αt = ∞,

∑

t α
2
t < ∞), è âñå s

ïîñåùàþòñÿ áåñêîíå÷íîå ÷èñëî ðàç, òî V (s)
ïí

→ V π(s), t → ∞
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

Ìåòîä Q-îáó÷åíèÿ

Àïïðîêñèìèðóåì îïòèìàëüíóþ �óíêöèþ öåííîñòè äåéñòâèÿ

ýêñïîíåíöèàëüíûì ñêîëüçÿùèì ñðåäíèì:

Q(st , at) := Q(st , at) + αt

(

rt + γmax
a′

Q(st+1, a
′)− Q(st , at)

)

Èãðà àãåíòà ñî ñðåäîé:

1: èíèöèàëèçàöèÿ ñòðàòåãèè π1(a | s) è ñîñòîÿíèÿ ñðåäû s1
2: äëÿ âñåõ t = 1, . . .T , . . .

3: àãåíò âûáèðàåò äåéñòâèå at ∼ πt(a | st):
at := argmax

a
Q(st , a) � æàäíàÿ ñòðàòåãèÿ;

4: ñðåäà ãåíåðèðóåò rt ∼ p(r | at , st) è st+1 ∼ p(s | at , st);
5: Q(st , at) := Q(st , at)+αt

(

rt+γmax
a′

Q(st+1, a
′)−Q(st , at)

)

;

Óòâ. Åñëè αt óìåíüøàåòñÿ (

∑

t αt = ∞,

∑

t α
2
t < ∞), è âñå s

ïîñåùàþòñÿ áåñêîíå÷íîå ÷èñëî ðàç, òî Q
ïí

→ Q∗
, t → ∞
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè (poliy gradient)

Îáîáùåíèå:

p(x |θ) = π(a | s, θ) � ïàðàìåòðèçîâàííàÿ ñòðàòåãèÿ àãåíòà

x � îïèñàíèå òåêóùåãî ñîñòîÿíèÿ è äåéñòâèÿ (s, a)

f (x) � �óíêöèÿ öåííîñòè èëè å¼ îöåíêà

Çàäà÷à: îïòèìèçèðîâàòü f ïî âåêòîðó ïàðàìåòðîâ ñòðàòåãèè θ:

Eπf (x) = Ex∼p(x |θ)f (x) → max
θ

�ðàäèåíòíûé ìåòîä: θ(t+1) := θ(t) + η∇θEx |θ(t)f (x);

∇θEx |θf (x) = ∇θ

∑

x

f (x)p(x |θ) =
∑

x

f (x)∇θp(x |θ) =

=
∑

x

f (x)p(x |θ)
∇θp(x |θ)

p(x |θ)
= Ex

[

f (x)∇θ ln p(x |θ)
]
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ìåòîäû âðåìåííûõ ðàçíîñòåé è Q-îáó÷åíèÿ
�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè

�ðàäèåíòíàÿ îïòèìèçàöèÿ ñòðàòåãèè (poliy gradient)

Çàìåíÿåì Eπ ýìïèðè÷åñêîé îöåíêîé è íàêàïëèâàåì âåêòîð

ãðàäèåíòà gt ñ ïîìîùüþ ýêñïîíåíöèàëüíîé ñêîëüçÿùåé ñðåäíåé:

gt+1 := gt + αt

(

Rt∇θ lnπ(at | st , θ)− gt
)

Ôàêòè÷åñêè, ýòî SGD äëÿ ìàêñèìèçàöèè log-ïðàâäîïîäîáèÿ:

∑

t

Rt lnπ(at | st , θ) → max
θ

Îñíîâíûå îòëè÷èÿ îò ìàêñèìèçàöèè log-ïðàâäîïîäîáèÿ:

âìåñòî ïðåäñêàçàíèÿ ìåòîê êëàññîâ yt � äåéñòâèÿ at

âìåñòî îáó÷åíèÿ ïî áèíàðíûì yt � âåùåñòâåííûå Rt

×òî ìîæíî èñïîëüçîâàòü â êà÷åñòâå Rt :

�óíêöèè öåííîñòè r̄t , êàê-ëèáî óñðåäíÿåìûå

ïðåèìóùåñòâî (advantage) V π(st)− r̄t
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

Ïîñòàíîâêà çàäà÷è â ñëó÷àå, êîãäà èìååòñÿ èí�îðìàöèÿ î ñðåäå

A � ìíîæåñòâî âîçìîæíûõ äåéñòâèé

X � ïðîñòðàíñòâî êîíòåêñòîâ, îïèñàíèé ñîñòîÿíèÿ ñðåäû

xta ∈ X � ñîñòîÿíèå ñðåäû â ðàóíäå t â ñëó÷àå âûáîðà a ∈ A

p(r | a, x) � íåèçâåñòíîå ðàñïðåäåëåíèå ïðåìèè r ∈ R äëÿ a ∈ A

πt(a | x) � ñòðàòåãèÿ àãåíòà â ìîìåíò t, ðàñïðåäåëåíèå íà A

Èãðà àãåíòà ñî ñðåäîé (ontextual bandit):

1: èíèöèàëèçàöèÿ ñòðàòåãèè π1(a)
2: äëÿ âñåõ t = 1, . . .T , . . .

3: àãåíòó ñîîáùàåòñÿ êîíòåêñò xta äëÿ âñåõ a ∈ A;

4: àãåíò âûáèðàåò äåéñòâèå at ∼ πt(a | xta);
5: ñðåäà ãåíåðèðóåò ïðåìèþ rt ∼ p(r | at , xta);
6: àãåíò êîððåêòèðóåò ñòðàòåãèþ πt+1(a | x);

Context-free bandit � êîãäà πt(a | x) = πt(a), ò.å. íå çàâèñèò îò x
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

�åãðåññèÿ ñ èíêðåìåíòíûì îáó÷åíèåì è äîâåðèòåëüíîé îöåíêîé

r(a, x) � �óíêöèÿ ïðåìèè çà äåéñòâèå a â êîíòåêñòå x ,

r̂(a, x) � ðåãðåññèîííàÿ îöåíêà ýòîé �óíêöèè,

UCB(a, x) � âåðõíÿÿ îöåíêà îòêëîíåíèÿ r̂ − r ,

δ � ïàðàìåòð (÷åì áîëüøå, òåì áîëüøå exploration).

Èãðà àãåíòà ñî ñðåäîé (ontextual bandit):

1: èíèöèàëèçàöèÿ ñòðàòåãèè π1(a)
2: äëÿ âñåõ t = 1, . . .T , . . .

3: àãåíòó ñîîáùàåòñÿ êîíòåêñò xta äëÿ âñåõ a ∈ A;

4: àãåíò âûáèðàåò äåéñòâèå

at = argmax
a∈A

(

r̂(a, xta) + δUCB(a, xta)
)

;

5: ñðåäà ãåíåðèðóåò ïðåìèþ rt = r(at , xtat );
6: ðåãðåññèÿ r̂(a, x) äîîáó÷àåòñÿ íà òî÷êå (at , xtat ; rt);
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Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

Ïðèìåð. �åêîìåíäàöèÿ íîâîñòíûõ ñòàòåé ïîëüçîâàòåëÿì

Àãåíò � ðåêîìåíäàòåëüíàÿ ñèñòåìà

äëÿ ïåðñîíàëèçàöèè ïîêàçîâ

íîâîñòíûõ ñòàòåé (Yahoo! Today).

F1..F4 � ïîçèöèè äëÿ ïîêàçà

çàãîëîâêîâ íîâîñòåé.

A � íîâîñòíûå ñòàòüè, äåéñòâèÿ ñèñòåìû;

xta ∈ X � ïðèçíàêîâîå îïèñàíèå ïàðû (ut , a);
ut � ïîëüçîâàòåëü, êîòîðîìó àãåíò äà¼ò ðåêîìåíäàöèþ;

rt ∈ {0, 1} � ïîëüçîâàòåëü ut êëèêíóë íà ïðåäëîæåííóþ ñòàòüþ;

Qt(a) � ñðåäíÿÿ ïðåìèÿ, CTR (lik-through rate) ñòàòüè.

Öåëü � ïîâûøåíèå ñðåäíåãî CTR è ¾ñ÷àñòüÿ ïîëüçîâàòåëÿ¿.

Lihong Li, Wei Chu, John Langford, Robert E. Shapire. A ontextual-bandit

approah to personalized news artile reommendation. WWW-2010.
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

Ëèíåéíàÿ ìîäåëü ïðåìèé è ãðåáíåâàÿ ðåãðåññèÿ

Ïóñòü xta ∈ X = R
n
, w ∈ R

n
.

Ëèíåéíàÿ ìîäåëü ïðåìèé äëÿ äåéñòâèÿ a ∈ A:

Q∗(a) = E
[

rt | xta
]

= 〈xta,wa〉.

�ðåáíåâàÿ ðåãðåññèÿ: îáó÷åíèå wa äëÿ äåéñòâèÿ a â ìîìåíò t:

t
∑

i=1

[

ai = a
](

〈xia,wa〉 − ri
)2

+
τ

2
‖wa‖

2 → min
wa

.

wa =
(

F ò

aFa + τ In
)

−1F ò

a ya � ðåøåíèå çàäà÷è ÌÍÊ, ãäå

Fa =
(

xia
)

t
i=1: ai=a � ℓ×n-ìàòðèöà îáúåêòû�ïðèçíàêè,

ya =
(

ri
)

t
i=1: ai=a � ℓ×1-âåêòîð îòâåòîâ,

ℓ = kt(a) =
t
∑

i=1

[ai = a] � îáú¼ì îáó÷àþùåé âûáîðêè.
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

LinUCB: ëèíåéíàÿ ìîäåëü ñ âåðõíåé äîâåðèòåëüíîé îöåíêîé

Äîâåðèòåëüíûé èíòåðâàë ñ êîý��èöèåíòîì äîâåðèÿ 1− α

äëÿ ëèíåéíîé ìîäåëè ðåãðåññèè:

y = 〈x ,w〉 ± σ̂Zα

√

xò(F òF )−1x ,

Zα ≡ tℓ−n,1−α

2
� êâàíòèëü ðàñïðåäåëåíèÿ Ñòüþäåíòà,

σ̂2 = 1
ℓ−n

RSS � îöåíêà äèñïåðñèè îòêëèêà y .

Ñòðàòåãèÿ âûáîðà äåéñòâèÿ ñ ìàêñèìàëüíîé

âåðõíåé îöåíêîé öåííîñòè UCB (upper on�dene bound):

At = Argmax
a∈A

(

〈xta,wa〉+ δσ̂Zα

√

xòta
(

F ò

aFa + τ In
)

−1xta

)

.

×åì áîëüøå ïàðàìåòð δ, òåì áîëüøå èññëåäîâàíèÿ.
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

LinUCB: îñîáåííîñòè ðåàëèçàöèè è îáîáùåíèÿ

Èíêðåìåíòíûé àëãîðèòì ïåðåñ÷¼òà wa è ìàòðèöû

(

F ò

aFa + τ In
)

−1
ïðè äîáàâëåíèè êàæäîé ñòðîêè â Fa.

�èáðèäíàÿ ëèíåéíàÿ ìîäåëü Q∗(a) = 〈x̃t , v〉+ 〈xta,wa〉,
ãäå x̃t � ÷àñòü êîíòåêñòà, íå çàâèñÿùàÿ îò äåéñòâèÿ a.

¾Ñûðûå ïðèçíàêè¿:

ïîëüçîâàòåëè: 12 ñîöäåì, 200 ãåîãðà�èÿ, ∼1000 êàòåãîðèé,
ñòàòüè: ∼100 êàòåãîðèé.

Èñïîëüçóåòñÿ êëàñòåðèçàöèÿ è ïîíèæåíèå ðàçìåðíîñòè:

dimwa = 6, dim v = 36.

Ìîæíî áûëî áû èñïîëüçîâàòü ëþáóþ äðóãóþ ìîäåëü

ñ èíêðåìåíòíûì îáó÷åíèåì è äîâåðèòåëüíûìè îöåíêàìè.

Lihong Li, Wei Chu, John Langford, Robert E. Shapire. A ontextual-bandit

approah to personalized news artile reommendation. WWW-2010.
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Çàäà÷à î ìíîãîðóêîì áàíäèòå

Ñðåäà ñ ñîñòîÿíèÿìè

Ñðåäà ñ êîíòåêñòîì

Ïîñòàíîâêà çàäà÷è

Ëèíåéíàÿ ìîäåëü ïðåìèé

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

Îöåíèâàíèå ìîäåëè ïî èñòîðè÷åñêèì äàííûì

Ïðîáëåìà o�-line îöåíèâàíèÿ ñòðàòåãèè π:

èñòîðè÷åñêèå äàííûå íàêîïëåíû ïðè èñïîëüçîâàíèè

äðóãîé ñòðàòåãèè (logging poliy) π0(a), îòëè÷íîé îò π

Èäåÿ:

äëÿ îöåíèâàíèÿ Qt(a) îòáèðàþòñÿ òîëüêî òå ñîáûòèÿ (xta, a, rt),
äëÿ êîòîðûõ ñòðàòåãèè π è π0 âûáèðàëè îäèíàêîâîå äåéñòâèå:

a = argmax
a

π(a, xta) = arg max
a

π0(a)

(äëÿ ýòîãî íóæíû î÷åíü áîëüøèå äàííûå)

Óòâ. Åñëè π0(a) � ðàâíîìåðíîå ðàñïðåäåëåíèå,

òî îöåíêà Qt(a) ïî îòîáðàííîé âûáîðêå ÿâëÿåòñÿ íåñìåù¼ííîé.

Lihong Li, Wei Chu, John Langford, Robert E. Shapire. A ontextual-bandit

approah to personalized news artile reommendation. WWW-2010.
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�åçþìå â êîíöå ëåêöèè

Â îáó÷åíèè ñ ïîäêðåïëåíèåì íåò îòâåòîâ ó÷èòåëÿ,

åñòü òîëüêî îòâåòíàÿ ðåàêöèÿ ñðåäû

Â ìàðêîâñêèõ ïðîöåññàõ ïðèíÿòèÿ ðåøåíèé íàêàïëèâàåòñÿ

èí�îðìàöèÿ î öåííîñòè îòäåëüíûõ ñîñòîÿíèé è äåéñòâèé

Â êîíòåêñòíûõ áàíäèòàõ èñïîëüçóþòñÿ ìîäåëè ìàøèííîãî

îáó÷åíèÿ, óäîâëåòâîðÿþùèå äâóì òðåáîâàíèÿì:

ñóùåñòâóåò ý��åêòèâíûé èíêðåìåíòíûé ìåòîä îáó÷åíèÿ

ñóùåñòâóþò äîâåðèòåëüíûå îöåíêè ñðåäíåé ïðåìèè Qt(a)

Êîìïðîìèññ ¾èçó÷åíèå�ïðèìåíåíèå¿ ïðè ëþáîì îáó÷åíèè

ñ ïîäêðåïëåíèåì ïîäáèðàåòñÿ ýêñïåðèìåíòàëüíûì ïóò¼ì

Îáú¼ì èññëåäîâàòåëüñêèõ äåéñòâèé ïðèõîäèòñÿ óìåíüøàòü

â ñëó÷àå êîíå÷íîãî ãîðèçîíòà èãðû


