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Íåéðîííûå ñåòè è ìåòîä îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáîê

Ëèêáåç. Back-propagation

Âûõîäíûå çíà÷åíèÿ am(xi ), m = 1 . . .M íà îáúåêòå xi :

am(xi ) = σm

( H∑
h=0

whmu
h(xi )

)
; uh(xi ) = σh

( n∑
j=0

wjhx
j
i

)
.

Çàôèêñèðóåì îáúåêò xi è çàïèøåì ôóíêöèîíàë

ñðåäíåêâàäðàòè÷íîé îøèáêè:

Q(w) =
1

2

M∑
m=1

(
am(xi )− ymi

)2
.
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Íåéðîííûå ñåòè è ìåòîä îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáîê

Ëèêáåç. Back-propagation

×àñòíûå ïðîèçâîäíûå:

∂Q(w)

∂am
= am(xi )− ymi = εmi

- ýòî îøèáêà íà âûõîäíîì ñëîå;

∂Q(w)

∂uh
=

M∑
m=1

(
am(xi )− ymi

)
σ′mwhm =

M∑
m=1

εmi σ
′
mwhm = εhi

- íàçîâ¼ì ýòî îøèáêîé íà ñêðûòîì ñëîå. Îíà âû÷èñëÿåòñÿ,

åñëè çàïóñòèòü ñåòü â ½îáðàòíîì íàïðàâëåíèè�:
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Ëèêáåç. Back-propagation

Òåïåðü, èìåÿ ÷àñòíûå ïðîèçâîäíûå Q(w) ïî am è uh, ëåãêî
âûïèñàòü ãðàäèåíò Q(w) ïî âåñàì w :

∂Q(w)

∂whm
=
∂Q(w)

∂am
∂am

∂whm
= εmi σ

′
mu

h(xi ), m = 1, . . . ,M, h = 0, . . . ,H

∂Q(w)

∂wjh
=
∂Q(w)

∂uh
∂uh

∂wjh
= εhi σ

′
hx

j
i , h = 1, . . . ,H, j = 0, . . . , n

Òåïåðü åñòü âñå íåîáõîäèìîå äëÿ çàïóñêà àëãîðèòìà

ñòîõàñòè÷åñêîãî ãðàäèåíòà.
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Îïðåäåëåíèå
Ïðåäïîñûëêè ñâåðòî÷íûõ ñåòåé

Deep learning

Deep learning - ýòî ïîäðàçäåë Machine Learning, îñíîâàííûé íà

äâóõ èäåÿõ:

Îáó÷åíèå ñ èñïîëüçîâàíèåì áîëüøîãî êîëè÷åñòâà óðîâíåé

ïðåäñòàâëåíèÿ èíôîðìàöèè äëÿ ìîäåëèðîâàíèÿ

êîìïëåêñíûõ îòíîøåíèé â äàííûõ

Îáó÷åíèå íà íåìàðêèðîâàííûõ äàííûõ ("áåç ó÷èòåëÿ")

èëè íà êîìáèíàöèè íåìàðêèðîâàííûõ è ìàðêèðîâàííûõ

äàííûõ ("ñ ÷àñòè÷íûì ïðèâëå÷åíèåì ó÷èòåëÿ").

Ñ÷èòàåì, ÷òî ñóùåñòâóåò èåðàðõèÿ ïðèçíàêîâ -

âûñîêîóðîâíåâûå ïðèçíàêè è êîíöåïòû îïðåäåëÿþòñÿ ñ

ïîìîùüþ íèçêîóðîâíåâûõ.
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Ïðèìåð íåóäà÷íîé ðàáîòû íåéðîííûõ ñåòåé

Âîçüìåì çàäà÷ó ðàñïîçíàâàíèÿ öèôð èç áàçû ðóêîïèñíûõ

ñèìâîëîâ MNIST.
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Îïðåäåëåíèå
Ïðåäïîñûëêè ñâåðòî÷íûõ ñåòåé

1 Ó íàñ åñòü 60 000 èçîáðàæåíèé ðàçìåðà 32 íà 32, õîòèì

íàó÷èòüñÿ ðàñïîçíàâàòü öèôðû.

2 Âîçüìåì íåéðîííóþ ñåòü, ïðèìåðíî 1000 âõîäîâ, 10

âûõîäîâ. È åùå âîçüìåì îäèí ñêðûòûé ñëîé, íàïðèìåð 500

óçëîâ.

3 Èòîãî ó íàñ 1000*500 + 500*10 = 505 000 âåñîâ.

4 Ëîêàëüíûé ìèíèìóì ãàðàíòèðîâàí.

5 Îáîáùàþùàÿ ñïîñîáíîñòü íóëåâàÿ.
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Áèîëîãè÷åñêèå ïðåäïîñûëêè ñâåðòî÷íûõ íåéðîííûõ

ñåòåé

Ìîçã - ýòî íå ïðîñòî êó÷à ñâÿçàííûõ íåéðîíîâ

Cortex (êîðà ãîëîâíîãî ìîçãà) ïðîïóñêàåò èíôîðìàöèþ

÷åðåç íåñêîëüêî èåðàðõè÷åñêèõ ñëîåâ ïðåäîáðàáîòêè, è

êàæäûé ñëîé ïðè ýòîì âûïîëíÿåò ñâîþ ôóíêöèþ.

Íåéðîíû, êîòîðûå âûïîëíÿþò ïîõîæèå ôóíêöèè ðàáîòàþò

ñîâìåñòíî.
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Ñòðóêòóðà CNN
Ñâîéñòâà
Ðåçóëüòàòû ðàáîòû

Ñâåðòî÷íûå ñåòè

ßí ËåÊóí ïðåäëîæèë èñïîëüçîâàòü òàê íàçûâàåìûå

ñâåðòî÷íûå íåéðîííûå ñåòè. Èäåÿ ñâåðòî÷íûõ íåéðîííûõ ñåòåé

çàêëþ÷àåòñÿ â ÷åðåäîâàíèè

ñâ¼ðòî÷íûõ ñëîåâ (C-layers),

ñóáäèñêðåòèçèðóþùèõ ñëîåâ (S-layers)

ïîëíîñâÿçíûõ (F-layers) ñëîåâ íà âûõîäå.
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Ñòðóêòóðà CNN
Ñâîéñòâà
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Ïåðâûé ñâåðòî÷íûé ñëîé

Êàæäûé ôðàãìåíò èçîáðàæåíèÿ ïîýëåìåíòíî óìíîæàåòñÿ íà

íåáîëüøóþ ìàòðèöó âåñîâ (ÿäðî), ðåçóëüòàò ñóììèðóåòñÿ. Ýòà

ñóììà ÿâëÿåòñÿ ïèêñåëîì âûõîäíîãî èçîáðàæåíèÿ, êîòîðîå

íàçûâàåòñÿ êàðòîé ïðèçíàêîâ. Ïîìèìî ýòîãî, âçâåøåííàÿ

ñóììà âõîäîâ åùå ïðîïóñêàåòñÿ ÷åðåç ôóíêöèþ àêòèâàöèè.
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S-ñëîé

Ñóòü S-ñëîåâ çàêëþ÷àåòñÿ â óìåíüøåíèè ïðîñòðàíñòâåííîé

ðàçìåðíîñòè èçîáðàæåíèÿ. Ò.å. âõîäíîå èçîáðàæåíèå ãðóáî

(óñðåäíåíèåì) óìåíüøàåòñÿ â çàäàííîå êîëè÷åñòâî ðàç. ×àùå

âñåãî â 2 ðàçà, õîòÿ ìîæåò áûòü è íå ðàâíîìåðíîå èçìåíåíèå,

íàïðèìåð, 2 ïî âåðòèêàëè è 3 ïî ãîðèçîíòàëè.

Ñóáäèñêðåòèçàöèÿ íóæíà äëÿ îáåñïå÷åíèÿ èíâàðèàíòíîñòè ê

ìàñøòàáó.
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Âòîðîé ñâåðòî÷íûé ñëîé

Ñîåäèíåíèå âñåõ êàðò âòîðîãî ñëîÿ ñî âñåìè êàðòàìè

òðåòüåãî ñëîÿ çíà÷èòåëüíî óâåëè÷èëî áû êîëè÷åñòâî

ñâÿçåé.

Ñîåäèíåíèå êàðò ½îäíà ê îäíîé� ñòàëî áû åùå îäíèì

ïîâòîðåíèåì ñâåðòêè, êîòîðîå óæå ïðèñóòñòâîâàëî ìåæäó

ïåðâûì è âòîðûì ñëîÿìè.

Êàê ïðàâèëî, àðõèòåêòîð ñåòè ñàì ïðèíèìàåò ðåøåíèå î òîì,

ïî êàêîìó ïðèíöèïó îðãàíèçîâûâàòü ñîåäèíåíèå êàðò âòîðîãî è

òðåòüåãî ñëîåâ.
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Ñâîéñòâà CNN

Ëîêàëüíîå âîñïðèÿòèå ïîäðàçóìåâàåò, ÷òî íà âõîä îäíîãî

íåéðîíà ïîäàåòñÿ íå âñå èçîáðàæåíèå (èëè âûõîäû

ïðåäûäóùåãî ñëîÿ), à ëèøü íåêîòîðàÿ åãî îáëàñòü. Òàêîé

ïîäõîä ïîçâîëèë ñîõðàíÿòü òîïîëîãèþ èçîáðàæåíèÿ îò

ñëîÿ ê ñëîþ.

Êîíöåïöèÿ ðàçäåëÿåìûõ âåñîâ ïðåäïîëàãàåò, ÷òî äëÿ

áîëüøîãî êîëè÷åñòâà ñâÿçåé èñïîëüçóåòñÿ î÷åíü

íåáîëüøîé íàáîð âåñîâ.

Õîðîøèå îáîáùàþùèå ñâîéñòâà ñåòè, ÷òî â èòîãå

ïîçèòèâíî ñêàçûâàåòñÿ íà ñïîñîáíîñòè ñåòè íàõîäèòü

èíâàðèàíòû â èçîáðàæåíèè è ðåàãèðîâàòü ãëàâíûì

îáðàçîì íà íèõ, íå îáðàùàÿ âíèìàíèÿ íà ïðî÷èé øóì.
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Ðåçóëüòàòû ðàáîòû
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Íåéðîííàÿ ñåòü Õîïôèëäà

Íåéðîííàÿ ñåòü Õîïôèëäà - ïîëíîñâÿçíàÿ íåéðîííàÿ ñåòü ñ

ñèììåòðè÷íîé ìàòðèöåé ñâÿçåé. Â ïðîöåññå ðàáîòû äèíàìèêà

òàêèõ ñåòåé ñõîäèòñÿ (êîíâåðãèðóåò) ê îäíîìó èç ïîëîæåíèé

ðàâíîâåñèÿ. Ýòè ïîëîæåíèÿ ðàâíîâåñèÿ ÿâëÿþòñÿ ëîêàëüíûìè

ìèíèìóìàìè ôóíêöèîíàëà, íàçûâàåìîãî ýíåðãèåé ñåòè
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Íåéðîííàÿ ñåòü Õîïôèëäà

Â ñåòè Õîïôèëäà ìàòðèöà ñâÿçåé ÿâëÿåòñÿ ñèììåòðè÷íîé

(wij = wji ), à äèàãîíàëüíûå ýëåìåíòû ìàòðèöû ïîëàãàþòñÿ

ðàâíûìè íóëþ (wii = 0), ÷òî èñêëþ÷àåò ýôôåêò âîçäåéñòâèÿ

íåéðîíà íà ñàìîãî ñåáÿ è ÿâëÿåòñÿ íåîáõîäèìûì äëÿ ñåòè

Õîïôèëäà.

Êàæäûé íåéðîí ñèñòåìû ìîæåò ïðèíèìàòü îäíî èç äâóõ

ñîñòîÿíèé (÷òî àíàëîãè÷íî âûõîäó íåéðîíà ñ ïîðîãîâîé

ôóíêöèåé àêòèâàöèè):

si =

{
1, if

∑
wji sj > θi ,

−1, èíà÷å

Îñòàïåö Àíäðåé Deep Learning



Ëèêáåç
×òî òàêîå Deep Learning?

Convolution neural networks
Deep belief nets

Íåéðîííàÿ ñåòü Õîïôèëäà
Îáûêíîâåííàÿ ìàøèíà Áîëüöìàíà
Îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà
Àëãîðèòì îáó÷åíèÿ Contrastive Divergence
Deep belief nets

Íåéðîííàÿ ñåòü Õîïôèëäà

Ýíåðãèÿ:

E = −1

2

∑
i ,j

wijsi sj +
∑
i

θi si ,

wij - ñèëà ñâÿçè ìåæäó i-ûì è j-ûì íåéðîíàìè,

θi - èíäèâèäóàëüíûå ïîðîã äëÿ êàæäîãî íåéðîíà

si - ñîñòîÿíèå íåéðîíà.

E - ìåðà áëèçîñòè ê ñòàáèëüíîìó ñîñòîÿíèþ
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Ìàøèíà Áîëüöìàíà ïðåäñòàâëÿåò èç ñåáÿ ïîëíîñâÿçíûé

íåîðèåíòèðîâàííûé ãðàô, ãäå íåéðîíû ïîäåëåíû íà äâå

ãðóïïû, îïèñûâàþùèå îáîçðåâàåìûå è ñêðûòûå ñîñòîÿíèÿ.

Òàêèì îáðàçîì, ëþáûå äâå âåðøèíû èç îäíîé ãðóïïû çàâèñÿò

äðóã îò äðóãà.

Ýíåðãèÿ â ìàøèíàõ Áîëüöìàíà âûðàæàåòñÿ ñëåäóþùèì

îáðàçîì:

E = −
∑
i<j

wijsi sj +
∑
i

θi si ,
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Íî åñëè óáðàòü ñâÿçè âíóòðè ãðóïïû, ÷òîáû ïîëó÷èëñÿ

äâóäîëüíûé ãðàô, ìû ïîëó÷èì ñòðóêòóðó ìîäåëè RBM.

Îñîáåííîñòü ýòîé ìîäåëè â òîì, ÷òî ïðè äàííîì ñîñòîÿíèè

íåéðîíîâ îäíîé ãðóïïû, ñîñòîÿíèÿ íåéðîíîâ äðóãîé ãðóïïû

áóäóò íåçàâèñèìû äðóã îò äðóãà.
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RBM èíòåðïðåòèðóþòñÿ àíàëîãè÷íî ñêðûòûì ìîäåëÿì

Ìàðêîâà.

Ó íàñ åñòü ðÿä ñîñòîÿíèé, êîòîðûå ìû ìîæåì íàáëþäàòü

(âèäèìûå íåéðîíû, êîòîðûå ïðåäîñòàâëÿþò èíòåðôåéñ äëÿ

îáùåíèÿ ñ âíåøíåé ñðåäîé) è ðÿä ñîñòîÿíèé, êîòîðûå ñêðûòû,

è ìû íå ìîæåì íàïðÿìóþ óâèäåòü èõ ñîñòîÿíèå (ñêðûòûå

íåéðîíû). Íî ìû ìîæåì ñäåëàòü âåðîÿòíîñòíûé âûâîä

îòíîñèòåëüíî ñêðûòûõ ñîñòîÿíèé, îïèðàÿñü íà ñîñòîÿíèÿ,

êîòîðûå ìû ìîæåì íàáëþäàòü.
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Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

wij - âåc ìåæäó i-ûì íåéðîíîì

ai - ñìåùåíèå âèäèìîãî íåéðîíà

bj - ñìåùåíèå ñêðûòîãî íåéðîíà

vi - ñîñòîÿíèå âèäèìîãî íåéðîíà

hj - ñîñòîÿíèå ñêðûòîãî íåéðîíà

Ìû áóäåì ðàññìàòðèâàòü îáó÷àþùåå ìíîæåñòâî, ñîñòîÿùåå èç

áèíàðíûõ âåêòîðîâ. Ïðåäïîëîæèì, ÷òî ó íàñ n âèäèìûõ

íåéðîíîâ è m ñêðûòûõ. Ââåäåì ïîíÿòèå ýíåðãèè äëÿ RBM:

E (v , h) = −
n∑
i

aivi −
m∑
j

bjhj −
n∑
i

m∑
j

wijvihj
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Íåéðîñåòü áóäåò âû÷èñëÿòü ñîâìåñòíóþ âåðîÿòíîñòü

âñåâîçìîæíûõ ïàð v è h ñëåäóþùèì îáðàçîì:

p(v , h) =
1

Z
e−E(v ,h),

ãäå Z - ýòî ñòàòñóììà ñëåäóþùåãî âèäà:

Z =
2n∑
r

2m∑
t

e−E(v r ,ht)

Î÷åâèäíî, ÷òî ïîëíàÿ âåðîÿòíîñòü âåêòîðà v áóäåò

âû÷èñëÿòüñÿ ñóììèðîâàíèåì ïî âñåì h:

p(v) =
M∑
t

P(v , ht) =
1

Z

M∑
t

e−E(v ,ht)
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Ðàññìîòðèì âåðîÿòíîñòü òîãî, ÷òî ïðè äàííîì v îäíî èç

ñêðûòûõ ñîñòîÿíèé hk = 1. Äëÿ ýòîãî ïðåäñòàâèì îäèí íåéðîí,

òîãäà ýíåðãèÿ ñèñòåìû ïðè 1 áóäåò E1, à ïðè 0 áóäåò E0.

p(hk = 1|v) =
e−E1

e−E1 + e−E0
=

1

1 + eE1−E0
=

=
1

1 + e−b−
∑n

i viwik
= σ

(
− b −

n∑
i

viwik

)
À òàê êàê ïðè äàííîì v âñå hk íå çàâèñÿò äðóã îò äðóãà, òî:

P(h|v) =
m∏
j

P(hj |v)

Àíàëîãè÷íûé âûâîä äåëàåòñÿ è äëÿ âåðîÿòíîñòè v ïðè äàííîì

h.
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Àëãîðèòì îáó÷åíèÿ Contrastive Divergence

Ýòîò àëãîðèòì ïðèäóìàí ïðîôåññîðîì Õèíòîíîì â 2002 ãîäó, è

îí îòëè÷àåòñÿ ñâîåé ïðîñòîòîé.

1 ñîñòîÿíèå âèäèìûõ íåéðîíîâ ïðèðàâíèâàåòñÿ ê âõîäíîìó

îáðàçó

2 âûâîäÿòñÿ âåðîÿòíîñòè ñîñòîÿíèé ñêðûòîãî ñëîÿ

3 êàæäîìó íåéðîíó ñêðûòîãî ñëîÿ ñòàâèòñÿ â ñîîòâåòñòâèå

ñîñòîÿíèå ¾1¿ ñ âåðîÿòíîñòüþ, ðàâíîé åãî òåêóùåìó

ñîñòîÿíèþ

4 âûâîäÿòñÿ âåðîÿòíîñòè âèäèìîãî ñëîÿ íà îñíîâàíèè

ñêðûòîãî

5 åñëè òåêóùàÿ èòåðàöèÿ ìåíüøå k, òî âîçâðàò ê øàãó 2

6 âûâîäÿòñÿ âåðîÿòíîñòè ñîñòîÿíèé ñêðûòîãî ñëîÿ
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∆wij = η
(
M[vihj ]

(0) −M[vihj ]
(∞)
)

∆ai = η
(
vi −M[vi ]

(∞)
)

∆bj = η
(
M[hj ]

(0) −M[hj ]
(∞)
)
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Deep belief nets
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