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Ñåòü Õîïôèëäà
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Íåéðîí ñ îáðàòíîé ñâÿçüþ

1 Íà âõîä íåéðîíà ïîäàþòñÿ âõîäíûå çíà÷åíèÿ xj è
âû÷èñëÿåòñÿ âûõîä íåéðîíà z .

2 Çàòåì z ïîäàåòñÿ íà âõîä íåéðîíà íàðÿäó ñ ïðî÷èìè
çíà÷åíèÿìè è âû÷èñëÿåòñÿ íîâîå âûõîäíîå çíà÷åíèå z .

3 Ýòîò ïðîöåññ ïîâòîðÿåòñÿ äî òåõ ïîð, ïîêà âûõîäíîå
çíà÷åíèå íåéðîíà áóäåò ìàëî èçìåíÿòüñÿ îò èòåðàöèè
ê èòåðàöèè.
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Óñòîé÷èâàÿ ñåòü Õîïôèëäà

Â 1982 ã. Õîïôèëä ïðåäëîæèë óñòîé÷èâóþ ðåêóððåíòíóþ

áèïîëÿðíóþ {−1, 1} ñåòü
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Óñòîé÷èâàÿ ñåòü Õîïôèëäà

Òîëüêî îäèí ñëîé íàñòðàèâàåìûõ âåñîâ wij

Âñå íåéðîíû åäèíñòâåííîãî ñëîÿ âîçâðàùàþò ñâîè âûõîäû

íà ñâîé âõîä è âõîäû âñåõ îñòàëüíûõ íåéðîíîâ ñåòè

ïîñðåäñòâîì ðàñïðåäåëèòåëåé (íå íåéðîíîâ) ñëîÿ (0)

Êàæäûé íåéðîí ðåàëèçóåò ñëåäóþùèå øàãè:

1 âû÷èñëÿåò âçâåøåííóþ ñóììó ñâîèõ âõîäîâ:

aj =
M∑
i 6=j

(wjizi ) + xj

2 ê ñóììå ïðèìåíÿåòñÿ íåëèíåéíàÿ ïîðîãîâàÿ ôóíêöèÿ

zj = g(a) =


1, aj > Tj ,
−1, aj < Tj ,

íå ìåíÿåòñÿ, aj = Tj .
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Óñòîé÷èâîñòü ñåòè Õîïôèëäà

Ñåòü ãàðàíòèðîâàííî óñòîé÷èâà ïðè âûïîëíåíèè óñëîâèé:

1 ìàòðèöà âåñîâ W ñèììåòðè÷íà wij = wji ;
2 èìååò íóëè íà ãëàâíîé äèàãîíàëè wii = 0(íåò îáðàòíûõ

ñâÿçåé)

Ðåêóððåíòíàÿ ñåòü - äèíàìè÷åñêàÿ ñèñòåìà, èìåþùàÿ

ýíåðãåòè÷åñêîå ñîñòîÿíèå

Ýíåðãèÿ E - ìåðà áëèçîñòè ê ñòàáèëüíîìó ñîñòîÿíèþ

(ôóíêöèÿ Ëÿïóíîâà):

E = −1

2

∑
i

∑
j

wjizjzi −
∑
j

xjzj +
∑
j

Tjzj

Tj - ïîðîã íåéðîíà j

Ëþáîå èçìåíåíèå ñîñòîÿíèé ñåòè óìåíüøàåò ýíåðãèþ

ñèñòåìû, è ñåòü Õîïôèäà ÿâëÿåòñÿ óñòîé÷èâîé
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Àññîöèàòèâíàÿ ïàìÿòü

×åëîâå÷åñêàÿ ïàìÿòü ÿâëÿåòñÿ àññîöèàòèâíîé: ìîçã
âîñïðèíèìàåò êàêóþ-òî èíôîðìàöèþ (íàïðèìåð èìÿ
÷åëîâåêà) è â îòâåò âîçâðàùàåò öåëóþ ãàììó
âîñïîìèíàíèé (âíåøíîñòü, ìåñòî, ýìîöèè è ò.ï.), òî åñòü,
çàäàâàÿ íåêîòîðóþ ÷àñòü èíôîðìàöèè, ïîëó÷àåì âñþ
îñòàëüíóþ.

Ñåòè Õîïôèëäà ìîãóò ôîðìèðîâàòü óïðîùåííóþ ìîäåëü
àññîöèàòèâíîé ïàìÿòè
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Àññîöèàòèâíàÿ ïàìÿòü - àëãîðèòì

1 Âñå çàïîìèíàåìûå îáðàçû xj , j = 1, ...,M , êîäèðóþòñÿ
áèïîëÿðíûìè âåêòîðàìè äëèíû N (íåéðîíîâ).

2 Âåñà ñåòè Õîïôèëäà íàñòðàèâàþòñÿ:

wij =
M∑
d=1

x
(i)
d x

(j)
d , xd = (x

(1)
d , ..., x

(N)
d )

3 Âîññòàíîâëåíèå àññîöèàöèé: Âõîäàì ïðèäàþò
çíà÷åíèå îáðàçà, âîçìîæíî ÷àñòè÷íî èñêàæåííîãî, è
ñåòü êîëåáëåòñÿ äî ñâîåãî óñòîé÷èâîãî ñîñòîÿíèÿ è
ñòàáèëèçèðóåòñÿ â îäíîì èç çàïîìíåííûõ ñîñòîÿíèé.
Çíà÷åíèÿ âûõîäîâ - âîññòàíîâëåííàÿ àññîöèàöèÿ.
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Àññîöèàòèâíàÿ ïàìÿòü
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Îãðàíè÷åííàÿ ìàøèíà
Áîëüöìàíà
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Ìàøèíà Áîëüöìàíà

Íåéðîííàÿ ñåòü ÿâëÿåòñÿ ñòîõàñòè÷åñêîé, åñëè åå âåñà
(ñâÿçè ìåæäó íåéðîíàìè) ïðèíèìàþò ñëó÷àéíûå çíà÷åíèÿ,
ëèáî ôóíêöèÿ àêòèâàöèè íåéðîíà ÿâëÿåòñÿ ñëó÷àéíîé. Â
ïîñëåäíåì ñëó÷àå íåéðîííóþ ñåòü íàçûâàþò òàêæå
ìàøèíîé Áîëüöìàíà (Restricted Boltzmann Machine
- RBM).

RBM - ïîëíîñâÿçàííûé íåîðèåíòèðîâàííûé ãðàô, ãäå
íåéðîíû ïîäåëåíû íà äâå ãðóïïû, îïèñûâàþùèå
îáîçðåâàåìûå è ñêðûòûå ñîñòîÿíèÿ
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Ìàøèíà Áîëüöìàíà

Ýòî äâóõñëîéíàÿ ñåòü ñ ïîðîæäàþùèìè
âîçìîæíîñòÿìè

Ó íèõ åñòü ñïîñîáíîñòü óçíàòü ðàñïðåäåëåíèå
âåðîÿòíîñòåé ïî åãî íàáîðó âõîäíûõ äàííûõ

Ìîãóò èñïîëüçîâàòüñÿ äëÿ óìåíüøåíèÿ ðàçìåðíîñòè,
êëàññèôèêàöèè, ðåãðåññèè, ñîâìåñòíîé ôèëüòðàöèè
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Ìàøèíà Áîëüöìàíà
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Ìàøèíà Áîëüöìàíà

Ìàøèíû Áîëüöìàíà ÿâëÿþòñÿ ñòîõàñòè÷åñêèìè
ïîðîæäàþùèìè ìîäåëÿìè ãëóáîêîãî îáó÷åíèÿ òîëüêî
ñ äâóìÿ òèïàìè óçëîâ - hidden è visible óçëû.

Íåò âûõîäíûõ óçëîâ! Ýòî ìîæåò ïîêàçàòüñÿ ñòðàííûì,
íî ýòî òî, ÷òî äàåò ñåòÿì ñòîõàñòè÷åñêóþ îñîáåííîñòü.

Ó íèõ íåò òèïè÷íîãî âûõîäà òèïà 1 èëè 0, ÷åðåç
êîòîðûé øàáëîíû èçó÷àþòñÿ è îïòèìèçèðóþòñÿ ñ
èñïîëüçîâàíèåì Stochastic Gradient Descent.

Îíè ó÷àò ìîäåëè áåç ýòîé ñïîñîáíîñòè, è ýòî äåëàåò
èõ òàêèìè îñîáåííûìè!
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Ìàøèíà Áîëüöìàíà

Âñå óçëû ñâÿçàíû ñî âñåìè îñòàëüíûìè óçëàìè

íåçàâèñèìî îò òîãî, ÿâëÿþòñÿ ëè îíè âõîäíûìè èëè

ñêðûòûìè óçëàìè.

Ýòî ïîçâîëÿåò èì îáìåíèâàòüñÿ èíôîðìàöèåé ìåæäó

ñîáîé è ñàìîñòîÿòåëüíî ãåíåðèðîâàòü ïîñëåäóþùèå

äàííûå.

Èçìåðÿåì òîëüêî òî, ÷òî íàõîäèòñÿ íà âèäèìûõ óçëàõ, à

íå òî, ÷òî íà ñêðûòûõ óçëàõ.
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Ýíåðãèÿ ñîâìåñòíîé êîíôèãóðàöèè ñåòè

Ñâÿçè ìåæäó íåéðîíàìè: wij = wji ; wii = 0, ∀i .
Ýíåðãèÿ:

E (v , h) = −1

2

∑
i

∑
j

wijvihj −
∑
j

ajvj −
∑
j

bjhj

vi , hi - ñîñòîÿíèÿ âèäèìîãî è ñêðûòîãî íåéðîíà
ai , bi - ñìåùåíèÿ âèäèìûõ è ñêðûòûõ íåéðîíîâ

−∂E (v , h)

∂wij
= vihj
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Ñòîõàñòè÷åñêèé äâîè÷íûé íåéðîí

Íà âûõîäå: 0 èëè 1, íî ýòè çíà÷åíèÿ íå îïðåäåëÿþòñÿ

îäíîçíà÷íî âçâåøåííîé ñóììîé âõîäîâ, à çàâèñÿò îò íåå

ñòîõàñòè÷åñêè; âåðîÿòíîñòü ïîÿâëåíèÿ 1 íà âûõîäå íåéðîíà

P(yi = 1) =
1

1 + exp(−bi −
∑

j sjwji)
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Ñòîõàñòè÷åñêèé íåéðîí

P(yi = 1) =
1

1 + exp(−
∑

j sjwji/T )
=

1

1 + exp(−∆Ei/T )

∆Ei = E (yi = 0)− E (yi = 1)

T - àíàëîã òåìïåðàòóðû, èñïîëüçóåìûé äëÿ óïðàâëåíèÿ

ñòåïåíüþ íåîïðåäåëåííîñòè
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Îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà

Îñîáûé êëàññ ìàøèí Áîëüöìàíà

Îãðàíè÷åíû ñ òî÷êè çðåíèÿ ñâÿçåé ìåæäó âèäèìûìè
è ñêðûòûìè íåéðîíàìè, ÷òî îáëåã÷àåò èõ ðåàëèçàöèþ
ïî ñðàâíåíèþ ñ ìàøèíàìè Áîëüöìàíà

Ýòî äâóõñëîéíàÿ íåéðîííàÿ ñåòü (îäèí ñëîé -
âèäèìûé ñëîé, à äðóãîé - ñêðûòûé ñëîé), è ýòè äâà
ñëîÿ ñâÿçàíû ïîëíîñòüþ äâóäîëüíûì ãðàôîì

Êàæäûé óçåë â âèäèìîì ñëîå ñâÿçàí ñ êàæäûì óçëîì
â ñêðûòîì ñëîå, íî íèêàêèå äâà óçëà â îäíîé ãðóïïå
íå ñâÿçàíû äðóã ñ äðóãîì
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Îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà
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Îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà

Îãðàíè÷èì ñâÿçè, ÷òîáû ñäåëàòü îáó÷åíèå ïðîùå

Åñëè óáðàòü ñâÿçè âíóòðè ãðóïïû, ÷òîáû ïîëó÷èëñÿ
äâóäîëüíûé ãðàô, ïîëó÷èì ñòðóêòóðó ìîäåëè RBM

Ïðè äàííîì ñîñòîÿíèè íåéðîíîâ îäíîé ãðóïïû,
ñîñòîÿíèÿ íåéðîíîâ äðóãîé ãðóïïû áóäóò íåçàâèñèìû
äðóã îò äðóãà
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Ïëþñû ñòðóêòóðû

Òîëüêî îäèí ñëîé ñêðûòûõ íåéðîíîâ

Ìîæíî áûñòðî ïîó÷èòü íåñìåùåííóþ âûáîðêó èç
àïîñòåðèîðíîãî ðàñïðåäåëåíèÿ íà ñêðûòûõ íåéðîíàõ
(�ïðè÷èíàõ�), êîãäà åñòü âåêòîð äàííûõ
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Îáó÷åíèå (1)

Ýòî ïåðâûé øàã â îáó÷åíèè RBM ñ íåñêîëüêèìè âõîäàìè

Âõîäíûå äàííûå óìíîæàþòñÿ íà âåñà è çàòåì äîáàâëÿþòñÿ

ê ñìåùåíèþ

Çàòåì ðåçóëüòàò ïåðåäàåòñÿ ÷åðåç ñèãìîèä, è âûâîä

îïðåäåëÿåò, àêòèâèðóåòñÿ ëè ñêðûòîå ñîñòîÿíèå èëè íåò

Âåñàìè áóäåò ìàòðèöà (÷èñëî âõîäíûõ óçëîâ Õ ÷èñëî

ñêðûòûõ óçëîâ)



Ñåòü Õîïôèëäà Îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà Ðåêóððåíòíûå ÍÑ LSTM-RNN Ñèàìñêèå ÍÑ

Îáó÷åíèå (2)

Óðàâíåíèå íà ýòîì ýòàïå

h(1) = σ
(
v(0)W + a

)
,

ãäå h(1) è v(0) - âåêòîðû (ìàòðèöû ñòîëáöîâ) äëÿ
ñêðûòîãî è âèäèìîãî ñëîåâ ñ âåðõíèì èíäåêñîì â
êà÷åñòâå èòåðàöèè (v(0) - âõîä ñåòè)
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Îáó÷åíèå (3)

Ýòî îáðàòíàÿ ôàçà èëè ðåêîíñòðóêöèÿ

Ïîõîæà íà ïåðâûé ïðîõîä, íî â ïðîòèâîïîëîæíîì
íàïðàâëåíèè
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Îáó÷åíèå (4)

Óðàâíåíèå: v(1) = σ
(
h(1)W + a

)
, v(1) âåêòîð ñìåùåíèÿ

âèäèìîãî ñëîÿ

Ðàçíèöà v(0) − v(1) - îøèáêà ðåêîíñòðóêöèè, êîòîðóþ
íóæíî óìåíüøèòü íà ïîñëåäóþùèõ ýòàïàõ îáó÷åíèÿ

Ò.î., âåñà êîððåêòèðóþòñÿ íà êàæäîé èòåðàöèè, ÷òîáû
ìèíèìèçèðîâàòü ýòó îøèáêó

Ýòî è åñòü îáó÷åíèå.
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À òåïåðü âåðîÿòíîñòè

Â ïðÿìîì ïðîõîäå âû÷èñëÿåòñÿ âåðîÿòíîñòü âûõîäà
h(1), ó÷èòûâàÿ âõîä v(0) è âåñ W : p

(
h(1)|v(0);W

)
Â îáðàòíîì ïðîõîäå ïðè ðåêîíñòðóêöèè âõîäà
âû÷èñëÿåòñÿ âåðîÿòíîñòü âûõîäà v(1), ó÷èòûâàÿ âõîä
h(1) è âåñ W : p

(
v(1)|h(1);W

)
Âåñà, èñïîëüçóåìûå êàê â ïðÿìîì, òàê è â îáðàòíîì
ïðîõîäå, îäèíàêîâû

Âìåñòå ýòè äâå óñëîâíûå âåðîÿòíîñòè ïðèâîäÿò ê
ñîâìåñòíîìó ðàñïðåäåëåíèþ âõîäíûõ äàííûõ è
àêòèâàöèé: p(v,h)
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Ïîðîæäàþùåå îáó÷åíèå

Ðåêîíñòðóêöèÿ îòëè÷àåòñÿ îò ðåãðåññèè èëè
êëàññèôèêàöèè òåì, ÷òî îöåíèâàåò ðàñïðåäåëåíèå
âåðîÿòíîñòåé èñõîäíîãî ââîäà âìåñòî òîãî, ÷òîáû
ñâÿçûâàòü íåïðåðûâíîå / äèñêðåòíîå çíà÷åíèå ñ
ïðèìåðîì ââîäà

Ýòî îçíà÷àåò, ÷òî äåëàåòñÿ ïîïûòêà óãàäàòü íåñêîëüêî
çíà÷åíèé îäíîâðåìåííî

Ýòî - ïîðîæäàþùåå îáó÷åíèå
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Ñíîâà âåðîÿòíîñòè

Êàê àëãîðèòì óìåíüøàåò ïîòåðè èëè óìåíüøàåò
îøèáêó íà êàæäîì øàãå?

Ïóñòü åñòü äâà íîðìàëüíûõ ðàñïðåäåëåíèÿ, îäíî èç
âõîäíûõ äàííûõ p(x) è îäíî èç âîññòàíîâëåííîãî
âõîäíîãî ïðèáëèæåíèÿ q(x).

Ðàçíèöà ìåæäó ðàñïðåäåëåíèÿìè è åñòü îøèáêà â
ãðàôè÷åñêîì ñìûñëå è íàäî ìèíèìèçèðîâàòü åå, òî
åñòü ìàêñèìàëüíî ïðèáëèçèòü ãðàôèêè.

Äèâåðãåíöèÿ Êóëüáàêà-Ëåéáëåðà (KL-äèâåðãåíöèÿ)

Àëãîðèòì îïòèìèçàöèè RBM ïûòàåòñÿ
ìèíèìèçèðîâàòü KL, èçìåíÿÿ âåñà òàê, ÷òîáû
ðåêîíñòðóêöèÿ î÷åíü íàïîìèíàëà âõîäíûå äàííûå.
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KL-äèâåðãåíöèÿ
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Âåñà -> Ýíåðãèÿ -> Âåðîÿòíîñòè

Êàæäàÿ âîçìîæíàÿ ñîâìåñòíàÿ êîíôèãóðàöèÿ
ñêðûòûõ è âèäèìûõ íåéðîíîâ èìååò �ýíåðãèþ�
Õîïôèëäà (îïðåäåëÿåòñÿ âåñàìè è ñìåùåíèÿìè).

Ýíåðãèÿ ñîâìåñòíîé êîíôèãóðàöèè ñêðûòûõ è
âèäèìûõ íåéðîíîâ îïðåäåëÿåò âåðîÿòíîñòü òîãî, ÷òî
ñåòü âûáåðåò ýòó êîíôèãóðàöèþ.

Óïðàâëÿÿ ýíåðãèÿìè ñîâìåñòíûõ êîíôèãóðàöèé,
ìîæíî óïðàâëÿòü âåðîÿòíîñòÿìè, êîòîðûå ìîäåëü
íàçíà÷àåò âèäèìûì íåéðîíàì (ýòî äàåò î÷åíü ïðîñòîé
è ýôôåêòèâíûé àëãîðèòì îáó÷åíèÿ).
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Âåðîÿòíîñòíîå îïèñàíèå RBM

RBM âû÷èñëÿåò ñîâìåñòíóþ âåðîÿòíîñòü ïàð v è h:

p(v , h) =
1

Z
e−E(v ,h)

Z - ïàðàìåòð íîðìàëèçàöèè, ïðè íàëè÷èè n1 îáðàçöîâ v , è
n2 - îáðàçöîâ h:

Z =
n1∑
i=1

n2∑
j=1

e−E(v (i),h(j))

Ïîëíàÿ âåðîÿòíîñòü p(v) êîíôèãóðàöèè âèäèìûõ íåéðîíîâ
v (ôóíêöèÿ àêòèâàöèè ñîñòîÿíèé âèäèìîãî ñëîÿ) - ñóììà
ïî âñåì h:

p(v) =
n2∑
j=1

p(v , h(j)) =
1

Z

n2∑
j=1

e−E(v ,h(j))
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Âåðîÿòíîñòíîå îïèñàíèå RBM

p(v , h) =
1

Z
e−E(v ,h)

Èíòåðïðåòàöèÿ p(v , h): èíèöèàëèçèðîâàâ âèäèìûé ñëîé v
âåêòîðîì èç îáó÷àþùåãî ìíîæåñòâà, è, âû÷èñëèâ çíà÷åíèÿ
ñêðûòîãî ñëîÿ h íà îñíîâå òåêóùåãî âèäèìîãî, âîçìîæíî
ïîñ÷èòàòü âåðîÿòíîñòü p(v , h) òåêóùåãî ñîñòîÿíèÿ
ñèñòåìû.
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Âåðîÿòíîñòíîå îïèñàíèå RBM

Ôóíêöèÿ àêòèâàöèè ñîñòîÿíèé ñêðûòîãî ñëîÿ: âåðîÿòíîñòü
òîãî, ÷òî îáðàç v , ïîäàííûé íà âõîä ñåòè, ñîäåðæèò
ïðèçíàê k :

hk ∼ P(hk = 1|v) =
e−E1

e−E1 + e−E0
=

1

1 + e−bk−
∑

viwik

= σ
(
−bk −

∑
viwik

)
.

Òàê êàê ïðè äàííîì v âñå hk íå çàâèñÿò äðóã îò äðóãà, òî
âåðîÿòíîñòü òåêóùåãî ñîñòîÿíèÿ

P(h|v) =
n2∏
k=1

P(hk = 1|v)
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Âåðîÿòíîñòíîå îïèñàíèå RBM

Ôóíêöèÿ àêòèâàöèè ñîñòîÿíèé âèäèìîãî ñëîÿ: âåðîÿòíîñòü
òîãî, ÷òî îáðàç h, ïîäàííûé íà âõîä ñåòè, ñîäåðæèò
ïðèçíàê j :

vj ∼ P(vj = 1|h) =
1

1 + e−bj−
∑

hiwij

= σ
(
−bj −

∑
viwij

)
.

Âåðîÿòíîñòü òåêóùåãî ñîñòîÿíèÿ

P(v |j) =
n2∏
j=1

P(vj = 1|v)
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Îáó÷åíèå RBM

Â ïðîöåññå îáó÷åíèÿ âû÷èñëÿþòñÿ âåðîÿòíîñòè
P(hk = 1|v) äëÿ âåêòîðà ñîñòîÿíèé h(k) íà îñíîâå
òåêóùåãî çíà÷åíèÿ âåêòîðà ñîñòîÿíèé v = v (k).
Ïîñëå äàííîãî ýòàïà âû÷èñëÿþòñÿ âåðîÿòíîñòè
P(vj = 1|h) äëÿ âåêòîðà ñîñòîÿíèé v (k+1) èç
ïîëó÷åííûõ ðàíåå çíà÷åíèé h(k), äî òåõ ïîð, ïîêà
íåéðîííàÿ ñåòü íå �âîññòàíîâèò� âåêòîð v (0).
�Âîññòàíîâëåíèå� - ïîëó÷åíèå âåêòîðà v (n),
ìàêñèìàëüíî òî÷íî îïèñûâàþùåãî èçíà÷àëüíî
ïîäàííûé íà âõîä âåêòîð v (0).
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Îáó÷åíèå RBM

Ïîëíàÿ âåðîÿòíîñòü êîíå÷íîãî âåêòîðà v (n) ðàâíà p(v)
(îïðåäåëåíà ðàíåå).
Öåëü îáó÷åíèÿ - ñäåëàòü òàê, ÷òîáû âîññòàíîâëåííûé
âåêòîð áûë íàèáîëåå áëèçîê ê îðèãèíàëó, ò.å.
ìàêñèìèçèðîâàòü p(v)
Ìåòîä - ÷àñòíûå ïðîèçâîäíûå âåðîÿòíîñòè ïî
ïàðàìåòðàì wij , aj , bj

∂ log p(v)

∂wij
= E0(vihj)− E∞(vihj)
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Èíòåðåñíûé ôàêò

Âñå, ÷òî îäèí âåñ äîëæåí çíàòü î äðóãèõ âåñàõ è äàííûõ
äëÿ òîãî, ÷òîáû ìàêñèìèçèðîâàòü p(v) ñîäåðæèòñÿ â
ðàçíîñòè äâóõ êîððåëÿöèé

∂ log p(v)

∂wij
= E0(vihj)− E∞(vihj)
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Áûñòðîå îáó÷åíèå

Íà÷èíàåì ñ îáó÷àþùåãî âåêòîðà íà âèäèìûõ íåéðîíàõ

Ìîäèôèöèðóåì âñå ñêðûòûå íåéðîíû

Ìîäèôèöèðóåì âñå âèäèìûå íåéðîíû, ÷òîáû ïîëó÷èòü

ðåêîíñòðóêöèþ

Ìîäèôèöèðóåì âñå ñêðûòûå íåéðîíû ñíîâà

∆wij = ε [E0(vihj)− E1(vihj)]
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Ïðèìåð îáó÷åíèÿ
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Îáùàÿ èíôîðìàöèÿ î
ðåêóððåíòíûõ íåéðîííûõ

ñåòÿõ
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Èñòîðèÿ è îñîáåííîñòè

RNN áûëè ñîçäàíû â 1980-å, íî òîëüêî ñåé÷àñ ñòàëè

ïîïóëÿðíû áëàãîäàðÿ ñîçäàíèþ ìîùíûõ ãðàôè÷åñêèõ

ïðîöåññîðîâ è ðàçâèòèþ NN.

Èñïîëüçóþòñÿ ïðè ðàáîòå ñ ïîñëåäîâàòåëüíîé

èíôîðìàöèåé � â îñíîâíîì ñ òåêñòàìè è

àóäèî/âèäåî-ñèãíàëàìè.

Òðàäèöèîííûå íåéðîííûå ñåòè íå èìåþò ïàìÿòè è íå

ñîâñåì ÿñíî, êàê çíàíèÿ î ïðåäûäóùèõ ñîáûòèÿõ ìîãóò

ïîìî÷ü êëàññèôèöèðîâàòü ïîñëåäóþùèå ñîáûòèÿ.
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Îñîáåííîñòè ôóíêöèîíèðîâàíèÿ

Â RNN êàæäûé íåéðîí âçàèìîäåéñòâóåò ñàì ñ ñîáîé, ò.å.

èñïîëüçóåò ñâîþ âíóòðåííþþ ïàìÿòü, ÷òîáû ñîõðàíÿòü

èíôîðìàöèþ î ïðåäûäóùåì âõîäå.

Áëàãîäàðÿ ýòîìó, ôðàçû �I had washed my house� è �I had

my house washed� ìîãóò ðàçëè÷àòüñÿ.Íà âõîä RNN êàê

ïðàâèëî ïåðåäàåòñÿ ñèãíàë, ÿâëÿþùèéñÿ íåêîòîðîé

ïîñëåäîâàòåëüíîñòüþ.

Êàæäûé ýëåìåíò òàêîé ïîñëåäîâàòåëüíîñòè ïîî÷åðåäíî

ïåðåäàåòñÿ îäíèì è òåì æå íåéðîíàì, êîòîðûå ñâîå æå

ïðåäñêàçàíèå âîçâðàùàþò ñåáå âìåñòå ñî ñëåäóþùèì åå

ýëåìåíòîì, äî òåõ ïîð ïîêà ïîñëåäîâàòåëüíîñòü íå

çàêîí÷èòñÿ.



Ñåòü Õîïôèëäà Îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà Ðåêóððåíòíûå ÍÑ LSTM-RNN Ñèàìñêèå ÍÑ

Ïàðàìåòðû è äàííûå

xt - âõîä íà øàãå t, íàïðèìåð, x1 ìîæåò áûòü âåêòîð,
ñîîòâåòñòâóþùèé âòîðîìó ñëîâó â ïðåäëîæåíèè.

At - ñêðûòîå ñîñòîÿíèå â ìîìåíò t. Ýòî �ïàìÿòü� ñåòè.
At âû÷èñëÿåòñÿ íà îñíîâå ïðåäûäóùåãî ñêðûòîãî
ñîñòîÿíèÿ: At = f (UAt + WAt−1), A−1 = 0.

ht - âûõîä íà øàãå t, íàïðèìåð, åñëè õîòèì
ïðîãíîçèðîâàòü ñëåäóþùåå ñëîâî â ïðåäëîæåíèè, ht -
âåêòîð âåðîÿòíîñòåé, îïðåäåëåííûé íà ìíîæåñòâå
ñëîâ ñëîâàðÿ. ht = softmax(VAt)
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Ïðåäñòàâëåíèå ýëåìåíòà

Ýëåìåíòû ðåêóðåíòíîé ñåòè èçîáðàæàþò êàê îáû÷íûå
íåéðîíû ñ äîïîëíèòåëüíîé öèêëè÷åñêîé ñòðåëêîé,
êîòîðàÿ äåìîíñòðèðóåò òî, ÷òî êðîìå âõîäíîãî
ñèãíàëà xt è âûõîäà ht íåéðîí èñïîëüçóåò òàêæå ñâîå
äîïîëíèòåëüíîå ñêðûòîå ñîñòîÿíèå A.
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Ðàçâåðíóòîå ïðåäñòàâëåíèå ýëåìåíòà

Åñëè �ðàçâåðíóòü� òàêîå èçîáðàæåíèå, ïîëó÷èòñÿ
öåïî÷êà îäèíàêîâûõ íåéðîíîâ, êàæäûé èç êîòîðûõ
ïîëó÷àåò íà âõîä ñâîé ýëåìåíò ïîñëåäîâàòåëüíîñòè,
âûäàåò ïðåäñêàçàíèå è ïåðåäàåò åãî äàëüøå ïî
öåïî÷êå êàê ñâîåãî ðîäà ÿ÷åéêó ïàìÿòè.

Ýòî àáñòðàêöèÿ, ïîñêîëüêó ýòî îäèí è òîò æå íåéðîí,
êîòîðûé îòðàáàòûâàåò íåñêîëüêî ðàç ïîäðÿä.
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Ïðîñòåéøàÿ ïîñëåäîâàòåëüíîñòü äàííûõ

Ïóñòü íåéðîííàÿ ñåòü ïîëó÷àåò íà âõîä
ïîñëåäîâàòåëüíîñòü äàííûõ, íàïðèìåð, òåêñò ïîñëîâíî
èëè ñëîâî ïîáóêâåííî.

Êàæäûé ñëåäóþùèé ýëåìåíò ýòîé ïîñëåäîâàòåëüíîñòè
ïîñòóïàåò íà íåéðîí â íîâûé óñëîâíûé ìîìåíò
âðåìåíè.

Ê ýòîìó ìîìåíòó â íåéðîíå óæå åñòü íàêîïëåííûé ñ
íà÷àëà ïîñòóïëåíèÿ èíôîðìàöèè îïûò.

Â ôðàçå ¾â ÿñíîì íåáå ñâåòèò ñîëíöå¿ â êà÷åñòâå x0
âûñòóïèò âåêòîð, õàðàêòåðèçóþùèé ïðåäëîã �â�, â
êà÷åñòâå x1 - ñëîâî �íåáå� è òàê äàëåå. Â èòîãå â
êà÷åñòâå ht äîëæåí áûòü âåêòîð, áëèçêèé ê ñëîâó
�ñîëíöå�.
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Âíóòðåííÿÿ ñòðóêòóðà íåéðîíà

Îñíîâíîå îòëè÷èå ðàçíûõ òèïîâ ðåêóðåíòíûõ
íåéðîíîâ äðóã îò äðóãà êðîåòñÿ â òîì, êàê
îáðàáàòûâàåòñÿ ÿ÷åéêà ïàìÿòè âíóòðè íèõ.

Òðàäèöèîííûé ïîäõîä ïîäðàçóìåâàåò ñëîæåíèå äâóõ
âåêòîðîâ (ñèãíàëà è ïàìÿòè) ñ ïîñëåäóþùèì
âû÷èñëåíèåì àêòèâàöèè îò ñóììû, íàïðèìåð,
ãèïåðáîëè÷åñêèì òàíãåíñîì.

Ïîëó÷àåòñÿ îáû÷íàÿ ñåòêà ñ îäíèì ñêðûòûì ñëîåì.
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Ïðîáëåìà îðãàíèçàöèè

Ïàìÿòü, ðåàëèçîâàííàÿ ïîäîáíûì îáðàçîì,
ïîëó÷àåòñÿ âåñüìà êîðîòêîé. Ïîñêîëüêó êàæäûé ðàç
èíôîðìàöèÿ â ïàìÿòè ñìåøèâàåòñÿ ñ èíôîðìàöèåé â
íîâîì ñèãíàëå, ñïóñòÿ 5-7 èòåðàöèé èíôîðìàöèÿ óæå
ïîëíîñòüþ ïåðåçàïèñûâàåòñÿ.

Åñëè îáðàáàòûâàåìûé òåêñò äëèííûé, òî
çàêîíîìåðíîñòè â åãî íà÷àëå óæå íå áóäóò âíîñèòü
êàêîé ëèáî âêëàä â ðåøåíèÿ ñåòè áëèæå ê êîíöó
òåêñòà.

Ýòî ïðîáëåìà èñ÷åçàþùåãî ãðàäèåíòà.
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Ñåòè äîëãî-êðàòêîñðî÷íîé
ïàìÿòè
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LSTM-RNN

Long Short-Term Memory Recurent Neural Network
(LSTM-RNN): äîáàâëåíû äîïîëíèòåëüíûå âíóòðåííèå
ïðåîáðàçîâàíèÿ.
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Ïåðâûé ñëîé

Íà ïåðâîì øàãå LSTM ðåøàåò, êàêóþ èíôîðìàöèþ
íóæíî îòáðîñèòü (çàáûòü) èç ÿ÷åéêè.

Ðåøåíèå ïðèíèìàåòñÿ ñèãìîèäîì, íàçûâàåìûì
�âåíòèëü çàáûâàíèÿ�.

Îí �ñìîòðèò� íà ht−1 è xt , è âûäàåò ÷èñëî ìåæäó 0 è
1 äëÿ êàæäîãî ÷èñëà â ÿ÷åéêå Ct−1.

1 - �ïîëíîñòüþ îñòàâèòü ýòî�, 0 - �ïîëíîñòüþ
îòáðîñèòü�
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Ïåðâûé ñëîé
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Âòîðîé ñëîé

Âòîðîé ñëîé âû÷èñëÿåò, íàñêîëüêî åìó èíòåðåñíà
íîâàÿ èíôîðìàöèÿ, ÷òîáû çàïîìèíàòü åå.

Îí èìååò äâå ÷àñòè:

ïåðâàÿ - ñèãìîèäàëüíûé ñëîé, íàçûâàåìûé �âõîäíîé
âåíòèëü�, ðåøàåò êàêèå çíà÷åíèÿ áóäóò
ìîäèôèöèðîâàíû.
âòîðàÿ - ñëîé tanh ñîçäàåò âåêòîð çíà÷åíèé íîâîãî
êàíäèäàòà C̃t , êîòîðûé ìîã áûòü äîáàâëåí ê ÿ÷åéêå.

Íà ñëåäóþùåì øàãå ýòè äâå ÷àñòè êîìáèíèðóþòñÿ
äëÿ ìîäèôèêàöèè ñîñòîÿíèÿ.
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Âòîðîé ñëîé
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Ìîäèôèêàöèÿ ñîñòîÿíèÿ

Íîâîå ñîñòîÿíèå ïàìÿòè Ct - ëèíåéíàÿ êîìáèíàöèÿ ïàìÿòè
Ct−1 è íàáëþäåíèÿ C̃t ñ òîëüêî âû÷èñëåííûìè âåñàìè äëÿ
êàæäîé èç êîìïîíåíò:
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Ôèíàëüíûé øàã - âû÷èñëèòü output

Òàê êàê ÷àñòü âõîäíîãî ñèãíàëà óæå â ïàìÿòè, íå
íóæíî ñ÷èòàòü àêòèâàöèþ ïî âñåìó ñèãíàëó.

Ñíà÷àëà ñèãíàë ïðîõîäèò ÷åðåç ñèãìîèäó, êîòîðàÿ
ðåøàåò, êàêàÿ åãî ÷àñòü âàæíà äëÿ äàëüíåéøèõ
ðåøåíèé.

Çàòåì ãèïåðáîëè÷åñêèé òàíãåíñ �ðàçìàçûâàåò� âåêòîð
ïàìÿòè íà îòðåçîê îò -1 äî 1.

Â çàâåðøåíèå, ýòè äâà âåêòîðà ïåðåìíîæàþòñÿ.
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Âû÷èñëåíèå output

Ïîëó÷åííûå ht è Ct ïåðåäàþòñÿ äàëåå ïî öåïî÷êå.
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Âàðèàíòû LSTM-RNN

Ðàçëè÷íûå âàðèàíòû ðåàëèçàöèè LSTM-RNN ñåòè
ìîæíî íàéòè çäåñü:

Gre� K., Srivastava R.K., Koutnik J., Steunebrink B.R.,
Schmidhuber J. LSTM: A Search Space Odyssey //
arXiv:1503.04069v1, Mar 2015.
Jozefowicz R., Zaremba W., Sutskever I. An Empirical
Exploration of Recurrent Network Architectures // Proc.
of the 32-nd Int. Conf. on Machine Learning, France,
2015
http://alexsosn.github.io/ml/2015/11/16/LSTM.html
http://colah.github.io/posts/2015-08-Understanding-
LSTMs/
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Îáó÷åíèå LSTM-RNN

Îáðàòíîå ðàñïðîñòðàíåíèå ïî âðåìåíè
(backpropagation through time)

Ôóíêöèÿ ïîòåðü - êðîññ-ýíòðîïèÿ:

E (o, ô) =
∑
t

Et(ot , ôt) = −
∑
t

ot log ôt

ot - ñîððåêòíîå ñëîâî íà øàãå t, ôt - ïðåäñêàçàííîå.

Îáû÷íî ôðàçà ðàññìàòðèâàåòñÿ êàê îäèí îáó÷àþùèé
ïðèìåð. Ïîýòîìó îáùàÿ îøèáêà ðàâíà ñóììå îøèáîê
íà êàæäîì øàãå âðåìåíè (ñëîâå).

Èñïîëüçóåòñÿ ñòîõàñòè÷åñêèé ãðàäèåíòíûé ñïóñê.
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Ãäå öåëåñîîáðàçíî ïðèìåíÿòü?

Àííîòàöèÿ êàðòèíîê

Ñîçäàíèå ìóçûêè

Êëàññèôèêàöèÿ ïðîòåèíîâ

Ãåíåðàöèÿ ÷åëîâå÷åñêîãî ïî÷åðêà

è âî ìíîãèõ äðóãèõ çàäà÷àõ...
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Ðåñóðñû

Îïèñàíèÿ (ïî÷òè îäèíàêîâûå):

http://karpathy.github.io/2015/05/21/rnn-e�ectiveness/

http://colah.github.io/posts/2015-08-Understanding-LSTMs/

https://medium.com/@camrongodbout/recurrent-neural-

networks-for-beginners-7aca4e933b82#.564cf0419

https://habrahabr.ru/company/dca/blog/274027/

http://www.kdnuggets.com/2015/06/rnn-tutorial-sequence-

learning-recurrent-neural-networks.html

Ïðîãðàììíîå îáåñïå÷åíèå:

RNN â R: package `rnn'
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Ñèàìñêèå íåéðîííûå ñåòè
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Ýëåìåíòû ñèàìñêèõ ñåòåé

X1 è X2 - ïàðà èçîáðàæåíèé

Y = 0, åñëè X1 è X2 - îäèí îáúåêò, Y = 1, åñëè X1 è
X2 - ðàçëè÷íû

Ïîñòðîèòü íåéðîííóþ ñåòü ñ ìèíèìàëüíûì ÷èñëîì
ïàðàìåòðîâ, îïðåäåëÿþùóþ äëÿ ïàð îáúåêòîâ,
îäèíàêîâû ëè îíà èëè íåò
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Àðõèòåêòóðà ñèàìñêèõ ñåòåé

Y. LeCun. Learning Hierarchies of Invariant Features

W - îáùèé âåêòîð ïàðàìåòðîâ,

GW (X1), GW (X2) - òî÷êè â ïðîñò-âå ìåíüøåé ðàçìåðíîñòè

EW - ôóíêöèÿ ñîâìåñòèìîñòè ìåæäó X1 è X2 (�ýíåðãèÿ�)
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Åùå ïðèìåð ñèàìñêèõ ñåòåé

Y. LeCun. Learning Hierarchies of Invariant Features
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Ôóíêöèÿ ïîòåðü

Ôóíêöèÿ ïîòåðü çàâèñèò îò âõîäíûõ äàííûõ è
ïàðàìåòðîâ êîñâåííî ÷åðåç ýíåðãèþ:

L(W ) =
N∑
i=1

L (W , (Y ,X1,X2)i)

L (W ,Y ,X1,X2) = (1−Y )LG (EW (X1,X2))+YLI (EW (X1,X2))

EW = ‖GW (X1)− GW (X2)‖

LG - ôóíêöèÿ ïîòåðü äëÿ ñîâïàäàþùèõ ïàð Y = 0

LI - ôóíêöèÿ ïîòåðü ëîÿ íåñîâïàäàþùèõ ïàð Y = 1
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Ïðèìåíåíèå ê ðàñïîçíàâàíèþ ëèö

JunlinHu, etc. Discriminative Deep Metric Learning for Face Veri�cation in the Wild,

CVPR 2014
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Âîïðîñû

?
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