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Ïðè÷èíû ñîçäàíèÿ
ñâåðòî÷íûõ ñåòåé è

ïðåäâàðèòåëüíûå çàìå÷àíèÿ
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Ïðè÷èíû ñîçäàíèÿ ñâåðòî÷íûõ ñåòåé

Âõîä - áîëüøîé ðàçìåðíîñòè: êàæäûé íåéðîí èìååò
îãðîìíîå ÷èñëî ñîåäèíåíèé. Ìàëàÿ êàðòèíêà 100x100
ïèêñåëåé (ðàçìåðíîñòü âõîäà - 10000), êàæäûé íåéðîí
èìååò 10000 ïàðàìåòðîâ. Åñëè ñêðûòûé ñëîé - 2000
íåéðîíîâ, òî âñåãî 2× 107 ñîåäèíåíèé.

À ÷òî, åñëè ÷àñòü ñîåäèíåíèé óáðàòü?
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Äâå ñåòè
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Êàê óìåíüøèòü ÷èñëî ñîåäèíåíèé?

Ñäåëàòü ÷àñòü âåñîâ îäèíàêîâûìè ("weight
sharing"èëè ñâåðòêà)

w1 = w4 = w7, w2 = w5 = w8, w3 = w6 = w9 (�ôèëüòð�)

Âìåñòî õðàíåíèÿ âñåõ âåñîâ, õðàíèì w1, w2, w3
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Ñâåðòî÷íûå ñåòè

Ê ñâåðòêå äîáàâëÿåòñÿ äðóãîé ñëîé, èçâåñòíûé êàê
�max-pooling layer�, êîòîðûé âû÷èñëÿåò ìàêñèìàëüíîå
çíà÷åíèå èç âûáðàííîãî ïîäìíîæåñòâà âûõîäíûõ íåéðîíîâ
ñâåðòî÷íîãî ñëîÿ è èñïîëüçóåò åãî êàê âõîäíîå çíà÷åíèå
ñëåäóþùåãî ñëîÿ
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Èëëþñòðàöèÿ ñâåðòî÷íîé ñåòè

LeCun Y., Bengio Y. Convolutional Networks for Images, Speech,

and Time-Series // The Handbook of Brain Theory and Neural

Networks, MIT Press, 1995



Ïðè÷èíû Ñâåðòî÷íûé ñëîé Max-pooling Äåòàëè

Ñëîè ñâåðòî÷íîé ñåòè

Ñâåðòî÷íûé ñëîé: ðåàëèçóåò îáû÷íóþ îïåðàöèþ
ñâåðòêè - äâèãàÿñü ïî èçîáðàæåíèþ ñêîëüçÿùèì
îêíîì, ïåðåìíîæàåì çíà÷åíèÿ â îêíå ñ çàäàííûìè
âåñàìè (ÿäðîì), à çàòåì âñå ñêëàäûâàåì. Íàáîðîâ
âåñîâ ìîæåò áûòü íåñêîëüêî.

Pooling Layers: Äëÿ óìåíüøåíèÿ ÷èñëà äàííûõ è
âûáîðà íàèáîëåå èíòåðåñíûõ ïðèçíàêîâ. Âõîäíîé
äâóìåðíûé ìàññèâ äåëèòñÿ íà ñåêòîðà, â çàâèñèìîñòè
îò ïàðàìåòðîâ, è â êàæäîì èç íèõ ïðîèñõîäèò
ìàêñèìèçàöèÿ (MAX) èëè óñðåäíåíèå (AVE) (äâà
ñàìûõ ðàñïðîñòðàíåííûõ âèäà pooling'à).
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Ñâåðòî÷íûé ñëîé
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Câåðòî÷íûé ñëîé (ôèëüòð)

Öåëü - îïðåäåëåíèå ãîðèçîíòàëüíûõ è âåðòèêàëüíûõ ãðàíèö.

Èñïîëüçóåì ôèëüòðû (çåëåíûé öâåò) � ýòî íåáîëüøàÿ ìàòðèöà,

ïðåäñòàâëÿþùàÿ ïðèçíàê, êîòîðûé õîòèì íàéòè íà èñõîäíîì

èçîáðàæåíèè.
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Îïåðàöèÿ ñâåðòêè
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Padding

Ïèêñåëè, êîòîðûå íàõîäÿòñÿ íà ãðàíèöå èçîáðàæåíèÿ
ó÷àñòâóþò â ìåíüøåì êîëè÷åñòâå ñâåðòîê, ÷åì
âíóòðåííèå.

Ïîýòîìó â ñâåðòî÷íûõ ñëîÿõ èñïîëüçóåòñÿ äîïîëíåíèå
èçîáðàæåíèÿ (àíãë. padding).

Âûõîäû ñ ïðåäûäóùåãî ñëîÿ äîïîëíÿþòñÿ ïèêñåëÿìè
òàê, ÷òîáû ïîñëå ñâåðòêè ñîõðàíèëñÿ ðàçìåð
èçîáðàæåíèÿ. Òàêèå ñâåðòêè íàçûâàþò îäèíàêîâûìè
(same convolution), à ñâåðòêè áåç äîïîëíåíèÿ
èçîáðàæåíèÿ íàçûâàþòñÿ ïðàâèëüíûìè (valid
convolution).
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Padding
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Padding
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Ðåçóëüòàò îïåðàöèÿ ñâåðòêè
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Câåðòî÷íûé ñëîé (ôèëüòð)
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Câåðòî÷íûé ñëîé (ôèëüòð)
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Câåðòî÷íûé ñëîé (ôèëüòð)



Ïðè÷èíû Ñâåðòî÷íûé ñëîé Max-pooling Äåòàëè

Câåðòî÷íûé ñëîé (ôèëüòð)
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Câåðòî÷íûé ñëîé (ôèëüòð)
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Max-pooling
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Max-pooling

Ïî ìåðå ïðîäâèæåíèÿ âãëóáü ñâåðòî÷íîé íåéðîííîé ñåòè,

óòî÷íÿåì èíôîðìàöèþ íà êàðòàõ ïðèçíàêîâ. Åñëè ïðèçíàê

ïðèñóòñòâóåò íà ïðåäûäóùåì ñëîå, ïîëó÷åííàÿ êàðòà

ñîäåðæèò êëþ÷åâûå ïèêñåëû, îêðóæåííûå íå÷åòêèì

¾îðåîëîì¿, â ðàìêàõ êîòîðîãî ïðèçíàê ìîæåò áûòü

îïðåäåëåí íå äî êîíöà.

Ðåøåíèå - ìåòîä - max-îáúåäèíåíèå (max-pooling). Ýòî -

ðàçäåëåíèè êàðòû ïðèçíàêîâ íà íåïåðåñåêàþùèåñÿ ó÷àñòêè

è âûäåëåíèè íà ýòèõ ó÷àñòêàõ íåéðîíîâ ñ ìàêñèìàëüíîé

àêòèâíîñòüþ. Max-pooling êàðòû ïðèçíàêîâ äåëàåò

ðàñïîçíàâàíèå áîëåå òî÷íûì, èçáàâëÿÿñü îò íåíóæíûõ

¾îðåîëîâ¿.
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Max-pooling
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Max-pooling
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Cóáäèñêðåòèçèðóþùèé ñëîé

Âûïîëíÿåò óìåíüøåíèå ðàçìåðà âõîäíîé êàðòû
ïðèçíàêîâ, íàïðèìåð â 2 ðàçà.

Ðàçíûå ìåòîäû, íàïðèìåð, ìåòîä âûáîðà
ìàêñèìàëüíîãî ýëåìåíòà (max-pooling) - âñÿ êàðòà
ïðèçíàêîâ ðàçäåëÿåòñÿ íà ÿ÷åéêè 2õ2 ýëåìåíòà, èç
êîòîðûõ âûáèðàþòñÿ ìàêñèìàëüíûå ïî çíà÷åíèþ.

Ôîðìàëüíî x(k) = f
(
W (k) · subsample

(
x(k−1)

)
+ b(k)

)
,

f - ôóíêöèÿ àêòèâàöèè, subsample - îïåðàöèÿ
âûáîðêè ëîêàëüíûõ ìàêñèìàëüíûõ çíà÷åíèé.

Èñïîëüçîâàíèå ýòîãî ñëîÿ ïîçâîëÿåò óëó÷øèòü
ðàñïîçíàâàíèå ïðèìåðîâ ñ èçìåíåííûì ìàñøòàáîì
(óìåíüøåííûõ èëè óâåëè÷åííûõ).
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Ïðåäñòàâëåíèå ñâåðòêè è ïóëèíãà
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Inception module

Ñïåöèàëüíûé ñëîé íåéðîííîé ñåòè â ñåòè GoogLeNet -
êîíêàòåíàöèÿ âûõîäîâ äëÿ ñâåðòîê ðàçìåðà 1x1, 3x3,
5x5, à òàêæå îïåðàöèè max pooling'à ñ ÿäðîì 3x3.

Öåëü:

êàæäûé ýëåìåíò ïðåäûäóùåãî ñëîÿ ñîîòâåòñòâóåò
îïðåäåëåííîé îáëàñòè èñõîäíîãî èçîáðàæåíèÿ
êàæäàÿ ñâåðòêà ïî òàêèì ýëåìåíòàì áóäåò
óâåëè÷èâàòü îáëàñòü èñõîäíîãî èçîáðàæåíèÿ, ïîêà
ýëåìåíòû íà ïîñëåäíèõ ñëîÿõ íå áóäóò
ñîîòâåòñòâîâàòü âñåìó èçîáðàæåíèþ öåëèêîì
åñëè ñ êàêîãî-òî ìîìåíòà âñå ñâåðòêè ñòàíóò
ðàçìåðîì 1x1, òî íå íàéäåòñÿ ýëåìåíòîâ, êîòîðûå
ïîêðûâàëè áû âñå èñõîäíîå èçîáðàæåíèå, íåâîçìîæíî
íàõîäèòü áîëüøèå ïðèçíàêè
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Inception module
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Residual block

Ïðîáëåìû îáó÷åíèÿ: èñ÷åçàþùèé ãðàäèåíò
(vanishing gradient) è âçðûâàþùèéñÿ ãðàäèåíò
(exploding gradient).

Ïðè÷èíà: ïðè äèôô-íèè äî ãëóáîêèõ ñëîåâ
íåéðîííîé ñåòè äîõîäèò ìàëåíüêàÿ âåëè÷èíà
ãðàäèåíòà (ìíîãîêðàòíîå äîìíîæåíèå íà ìàëûå
âåëè÷èíû íà ïðåäûä. ñëîÿõ).

Èäåÿ: residual block! Äëÿ ïàðû ñëî¸â (ñâåðòî÷íûõ)
äîáàâèòü äîï. ñâÿçü, êîòîðàÿ ïðîõîäèò ìèìî ýòèõ
ñëî¸â

ïóñòü z(k) - âûõîä k-îãî ñëîÿ äî ïðèìåíåíèÿ
ôóíêöèè àêòèâàöèè, à a(k) - âûõîä ïîñëå.
residual block âûïîëíÿåò ïðåîáðàçîâàíèå:
a(k + 2) = g(z(k + 2) + a(k)), ãäå g - ôóíêöèÿ
àêòèâàöèè.
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Residual block

Cåòü îáó÷àåòñÿ ïðåäñêàçûâàòü ôóíêöèþ F (x)− x ,
âìåñòî ôóíêöèè F (x), êîòîðóþ èçíà÷àëüíî íóæíî
áûëî ïðåäñêàçûâàòü

Äëÿ êîìïåíñàöèè ýòîé ðàçíèöû ââîäèòñÿ ýòî
çàìûêàþùåå ñîåäèíåíèå (shortcut connection), êîòîðîå
äîáàâëÿåò íåäîñòàþùèé x ê ôóíêöèè.

Òàêàÿ ðàçíîñòíàÿ ôóíêöèÿ áóäåò ïðîùå îáó÷àòü, ÷åì
èñõîäíàÿ.



Ïðè÷èíû Ñâåðòî÷íûé ñëîé Max-pooling Äåòàëè

Residual block (ResNet)
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Ðåöåïòèâíûå ïîëÿ (1)

Ðåöåïòèâíîå ïîëå � ÷àñòü ìàòðèöû âõîäíûõ ñèãíàëîâ,
ïîäâåðãàåìàÿ �ñâåðòûâàíèþ�.

Îñîáåííîñòü ñâåðòî÷íîé ñåòè - ðàçìåðû ââîäà
ñòàíîâÿòñÿ âñå ìåíüøå è ìåíüøå îò íà÷àëà äî êîíöà
ñåòè, à êîëè÷åñòâî êàíàëîâ ñòàíîâèòñÿ áîëüøå

Receptive �eld îïðåäåëÿåò, êàêóþ îáëàñòü èñõîäíîãî
âõîäà ïîëó÷àåò âûõîä

Èäåÿ strided convolution - îáðàáàòûâàåì ïðîëåòû
òîëüêî íà ôèêñèðîâàííîì ðàññòîÿíèè äðóã îò äðóãà è
ïðîïóñêàåì òå ÷òî ïîñåðåäèíå

Îñòàâëÿåì òîëüêî âûõîäû íà îïðåäåëåííîì
ðàññòîÿíèè äðóã îò äðóãà, óäàëÿÿ îñòàëüíûå
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Ðåöåïòèâíûå ïîëÿ (2)

Ïðîöåññ ñâåðòûâàíèÿ - óïëîòíåíèt êîëè÷åñòâà äàííûõ,
çàëîæåííûõ â îäèí ïèêñåë

Ïóñòü èìååòñÿ ìàòðèöà èìïóëüñîâ ðàçìåðíîñòüþ 3õ3
(9 åäèíèö èíôîðìàöèè)

Èñïîëüçîâàíèå ñâåðòêè ñ ÿäðîì 2õ2 �ñâåðíåò� âõîäíûå
èìïóëüñû â ìàòðèöó 2õ2, ÷òî äàñò 4 åäèíèöû
èíôîðìàöèè

Èíôîðìàöèÿ â äåâÿòè ÿ÷åéêàõ òåïåðü ïîìåùàåòñÿ â
ìåíüøåì ïðîñòðàíñòâå, â ÷åòûðåõ ÿ÷åéêàõ

Ïîòåðè



Ïðè÷èíû Ñâåðòî÷íûé ñëîé Max-pooling Äåòàëè

Ðåöåïòèâíûå ïîëÿ (3)

Ïðèìåíÿåì íåëèíåéíîñòü ê âûõîäíîì äàííûì,

íàêëàäûâàåì åùå îäèí íîâûé ñëîé ñâåðòêè ñâåðõó.

Äàæå åñëè áû ïðèìåíèëè ÿäðî òîãî æå ðàçìåðà (3*3),

èìåþùåå îäíó è òó æå ëîêàëüíóþ îáëàñòü, ê âûõîäó

strided convolution, ÿäðî èìåëî áû áîëåå ýôôåêòèâíîå

receptive �eld
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Ðåöåïòèâíûå ïîëÿ

Ýòî ñâÿçàíî ñ òåì, ÷òî âûõîä strided ñëîÿ ïî-ïðåæíåìó

ïðåäñòàâëÿåò èç ñåáÿ îäíî è òî æå èçîáðàæåíèå.

Ýòî íå ñòîëüêî îáðåçêà, ñêîëüêî èçìåíåíèå ðàçìåðà,

òîëüêî òåïåðü êàæäûé îòäåëüíûé ïèêñåëü íà âûõîäå

ÿâëÿåòñÿ ¾ïðåäñòàâèòåëåì¿ áîëüøåé ïëîùàäè (äðóãèå

ïèêñåëè êîòîðîé áûëè îòáðîøåíû) èç òîãî æå

ìåñòîïîëîæåíèÿ èñõîäíîãî ââîäà.

Ïîýòîìó, êîãäà ÿäðî ñëåäóþùåãî ñëîÿ ïðèìåíÿåòñÿ ê

âûõîäó, îíî ðàáîòàåò ñ ïèêñåëÿìè, ñîáðàííûìè èç

áîëüøåé îáëàñòè.

Òàêîå ðàñøèðåíèå ïîëÿ ïîçâîëÿåò ñëîÿì ñâåðòêè ñî÷åòàòü

ïðèçíàêè íèçêîãî óðîâíÿ (ëèíèè, ðåáðà) ñ ïðèçíàêàìè

áîëåå âûñîêîãî óðîâíÿ (êðèâûå, òåêñòóðû)
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Ðàñøèðÿåìàÿ ñâåðòêà (Dilated convolution)

Ðàñøèðÿåìàÿ ñâåðòêà ðåøàåò çàäà÷ó ïîñðåäñòâîì
äîïîëíèòåëüíîãî ñëîÿ íåéðîííîé ñåòè

Ïîõîæà íà ïóëëèíã è ñâåðòêó ñ øàãîì, íî ïîçâîëÿåò:

ðàñøèðèòü ðåöåïòèâíîå ïîëå áåç ïîòåðè êà÷åñòâà
èçîáðàæåíèÿ
ïîëó÷èòü áîëüøåå ðåöåïòèâíîå ïîëå ïðè òåõ æå
çàòðàòàõ íà âû÷èñëåíèÿ è ðàñõîäàõ ïàìÿòè, ïðè ýòîì
ñîõðàíèâ êà÷åñòâî èçîáðàæåíèÿ

Ôîðìóëà ñâåðòêè: Ox ,y =
∑

i ,j wij

∑
t,k

|t−i |≤l ,|k−j |≤l
It,k

I - âõîäíûå äàííûå, O - âûõîäíûå, W - ÿäðî ñâåðòêè,
l - êîýôôèöèåíò ðàñøèðåíèÿ.
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Dilated convolution

1-, 2- è 4-ðàñøèðåííûå ñâåðòêè ñ êëàññè÷åñêèìè ÿäðàìè 3x3,

5x5 è 9x9. Æåëòûå òî÷êè îáîçíà÷àþò íåíóëåâûå âåñà,

îñòàëüíûå âåñà ÿäðà ðàâíû íóëþ. Âûäåëåííûå îáëàñòè

îáîçíà÷àþò ðåöåïòèâíûå ïîëÿ.
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Ñâåðòî÷íàÿ ñåòü â öåëîì (1)

1 âõîäíîé ñëîé - ìàòðèöà êàðòèíêè 28× 28

2 ñâåðòî÷íûé ñëîé - íàáîð îäíîòèïíûõ ìàòðèö (êàðò

ïðèçíàêîâ) ïî ÷èñëó ÿäåð ñâåðòêè

3 ñóáäèñêðåòèçèðóþùèé ñëîé - óìåíüøåííûé â 2 ðàçà

ïðåäûäóùèé íàáîð ìàòðèö
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Ñâåðòî÷íàÿ ñåòü â öåëîì (2)

4 ñâåðòî÷íûé ñëîé - ïðåäûäóùèé íàáîð ìàòðèö

ñóììèðóåòñÿ â ñîîòâåòñòâèè ñî ñõåìîé ñîåäèíåíèÿ ñëîåâ è

ãåíåðèðóåòñÿ íîâûé íàáîð ïî ÷èñëó ÿäåð ñâåðòêè

5 ñóáäèñêðåòèçèðóþùèé ñëîé - óìåíüøåííûé â 2 ðàçà

ïðåäûäóùèé íàáîð ìàòðèö

6 âûõîäíîé ñëîé - ïðåäûäóùèé íàáîð ìàòðèö

ðàçâîðà÷èâàåòñÿ â âåêòîð è îáðàáàòûâàåòñÿ
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Ïðèìåð
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Ïðèìåð (ïðîãðàììà)
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Îáó÷åíèå ñåòè

1 Ñëó÷àé: ñâåðòî÷íûé ñëîé íàõîäèòñÿ ïåðåä
ïîëíîñâÿçíûì, òîãäà îí èìååò íåéðîíû è ñâÿçè òàêîãî
æå òèïà, êàê â ïîëíîñâÿçíîì ñëîå, ñîîòâåòñòâåííî
âû÷èñëåíèå δ îøèáêè íè÷åì íå îòëè÷àåòñÿ îò
âû÷èñëåíèÿ �3b4 ñêðûòîãî ñëîÿ.

2 Ñëó÷àé: ñâåðòî÷íûé ñëîé íàõîäèòñÿ ïåðåä
ñâåðòî÷íûì, âû÷èñëåíèå δ ïðîèñõîäèò ïóòåì îáðàòíîé
ñâåðòêè.
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Îáó÷åíèå ñåòè - ñëó÷àé 1

Èíòåðïðåòàöèÿ îïåðàöèè ñâåðòêè â ìíîãîñëîéíûé âèä, ãäå ñâÿçè ñ îäèíàêîâûì

öâåòîì èìåþò îäèí è òîò æå âåñ. Ñèíèì öâåòîì îáîçíà÷åíà ïîäâûáîðî÷íàÿ

êàðòà, ðàçíîöâåòíûì � ñèíàïòè÷åñêîå ÿäðî, îðàíæåâûì � ïîëó÷èâøàÿñÿ ñâåðòêà
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Îáó÷åíèå ñåòè - ñëó÷àé 2

Îáðàòíàÿ ñâåðòêà � ýòî òîò æå ñïîñîá âû÷èñëåíèÿ
äåëüò, íî ðàçëè÷èå â ïîâîðîòå ÿäðà íà 180 ãðàäóñîâ è
ñêîëüçÿùåì ïðîöåññå ñêàíèðîâàíèÿ ñâåðòî÷íîé êàðòû
äåëüò ñ èçìåíåííûìè êðàåâûìè ýôôåêòàìè, ò.å.
íåîáõîäèìî âçÿòü ÿäðî ñâåðòî÷íîé êàðòû (ñëåäóþùåãî çà
ïîäâûáîðî÷íûì ñëîåì) ïîâåðíóòü åãî íà 180 ãðàäóñîâ è
ñäåëàòü îáû÷íóþ ñâåðòêó ïî âû÷èñëåííûì ðàíåå äåëüòàì
ñâåðòî÷íîé êàðòû, íî òàê ÷òîáû îêíî ñêàíèðîâàíèÿ
âûõîäèëî çà ïðåäåëû êàðòû.
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Îáó÷åíèå ñåòè - ñëó÷àé 2
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Îáó÷åíèå ñåòè - ñëó÷àé 2
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Îñîáåííîñòü ñîåäèíåíèÿ ñëîåâ è òîïîëîãèÿ

ñåòåé (1)

Ñâåðòî÷íóþ ñåòü èç 7 ñëîåâ:
1 âõîäíîé ñëîé - ìàòðèöà êàðòèíêè
2 ñâåðòî÷íûé ñëîé - íàáîð îäíîòèïíûõ ìàòðèö (êàðò

ïðèçíàêîâ)
3 ñóáäèñêðåòèçèðóþùèé ñëîé - óìåíüøåííûé â 2 ðàçà

ïðåäûäóùèé íàáîð ìàòðèö
4 ñâåðòî÷íûé ñëîé - ïðåäûäóùèé íàáîð ìàòðèö

îáúåäèíÿåòñÿ â îäíó, â ñîîòâåòñòâèè ñî ñõåìîé
ñîåäèíåíèÿ ñëîåâ, è ãåíåðèðóåòñÿ íîâûé íàáîð

5 ñóáäèñêðåòèçèðóþùèé ñëîé - óìåíüøåííûé â 2 ðàçà
ïðåäûäóùèé íàáîð ìàòðèö

6 ñëîé MLP - ïðåäûäóùèé íàáîð ìàòðèö
ðàçâîðà÷èâàåòñÿ â âåêòîð è îáðàáàòûâàåòñÿ êàê MLP
(ìíîãîñëîéíûé ïåðöåïòðîí

7 ñëîé MLP (âûõîäíîé)
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Îñîáåííîñòü ñîåäèíåíèÿ ñëîåâ (2)

Ïðè ýòîì, íåéðîíû (êàðòû ïðèçíàêîâ) âòîðîãî

ñóáäèñêðåòèçèðóþùåãî ñëîÿ è òðåòüåãî ñâåðòî÷íîãî ñëîÿ

ñîåäèíÿþòñÿ âûáîðî÷íî â ñîîòâåòñòâèè ñ ìàòðèöåé ñìåæíîñòè,

êîòîðàÿ çàäàåòñÿ êàê ïàðàìåòð ñåòè. Äëÿ ñåòè ñ êîëè÷åñòâîì

êàðò ïðèçíàêîâ âî âòîðîì ñëîå 7 è 9 â òðåòüåì ñëîå:

1 2 3 4 5 6 7 8 9

1 1 0 0 0 0 1 1 1 0

2 1 1 0 0 0 0 1 1 1

3 1 1 1 0 0 0 0 1 1

4 0 1 1 1 0 0 0 1 1

5 0 0 1 1 1 0 0 0 1

6 0 0 0 1 1 1 0 0 0

7 0 0 0 0 1 1 1 0 0
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Îñîáåííîñòü ñîåäèíåíèÿ ñëîåâ (3)

Êàæäàÿ âûõîäíàÿ êàðòà ôîðìèðóåòüñÿ ÷àñòè÷íîé
ñóììîé ðåçóëüòàòîâ ñâåðòîê âõîäíûõ êàðò, äëÿ êàæäîé
òàêîé ÷àñòè÷íîé ñóììû ñâîé íàáîð ÿäåð ñâåðòêè.

Ñîåäèíåíèå âñåõ êàðò âòîðîãî ñëîÿ ñî âñåìè êàðòàìè
òðåòüåãî ñëîÿ çíà÷èòåëüíî óâåëè÷èëî áû êîëè÷åñòâî
ñâÿçåé.

Ñîåäèíåíèå êàðò îäíà ê îäíîé ñòàëî áû åùå îäíèì
ïîâòîðåíèåì ñâåðòêè, êîòîðîå óæå ïðèñóòñòâîâàëî
ìåæäó ñëîÿìè.
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Ñâåðòî÷íàÿ ñåòü

Ôèëüòðàöèÿ 4-ìÿ 5õ5 ñâåðòî÷íûìè ÿäðàìè, ñîçäàþùèìè

4 êàðòû ïðèçíàêîâ.

Max-pooling

Ôèëüòðàöèÿ 10-þ 5õ5 ñâåðòî÷íûìè ÿäðàìè, max-pooling
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Ñâåðòî÷íûå ñåòè (ôîðìàëüíî)

Äàíî: áîëüøèå èçîáðàæåíèÿ xlarge ðàçìåðà r × c

1 îáó÷àåì ïð
îðåæåííûé àâòîêîäåð íà ìàëûõ �êóñî÷êàõ� xsmall

ðàçìåðà a × b

2 îáó÷àåì k ïðèçíàêîâ f = σ
(
W (1)xsmall + b(1)

)
(σ -

ñèãìîèä), ïðè íàëè÷èè âåñîâ W (1) è b(1) èç âõîäà â
íåéðîíû ñêðûòîãî ñëîÿ

3 äëÿ êàæäîãî �êóñî÷êà� xs ðàçìåðà a × b â áîëüøîì
èçîáðàæåíèè âû÷èñëÿåì fs = σ

(
W (1)xs + b(1)

)
4 îòêóäà ïîëó÷àåì fconvolved - ìàòðèöó �ñâåðíóòûõ�

ïðèçíàêîâ ðàçìåðà k × (r − a + 1)× (c − b + 1)
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Ìíîãîêàíàëüíàÿ âåðñèÿ ñâåðòî÷íîé íåéðîííîé

ñåòè

Íà ïðàêòèêå áîëüøèíñòâî âõîäíûõ èçîáðàæåíèé
èìåþò 3 êàíàëà (RGB)

Êàæäûé ôèëüòð - êîëëåêöèÿ ÿäåð, ïðè÷åì äëÿ
êàæäîãî îòäåëüíîãî âõîäíîãî êàíàëà ýòîãî ñëîÿ åñòü
îäíî ÿäðî, è êàæäîå ÿäðî óíèêàëüíî.
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Ìíîãîêàíàëüíàÿ âåðñèÿ ñâåðòî÷íîé íåéðîííîé

ñåòè

Êàæäûé ôèëüòð â ñâåðòî÷íîì ñëîå ñîçäàåò òîëüêî
îäèí âûõîäíîé êàíàë: êàæäîå èç ÿäåð ôèëüòðà
¾ñêîëüçèò¿ ïî èõ ñîîòâåòñòâóþùèì âõîäíûì êàíàëàì

Íåêîòîðûå ÿäðà ìîãóò èìåòü áîëüøèé âåñ, ÷åì
äðóãèå, äëÿ òîãî ÷òîáû óäåëÿòü áîëüøå âíèìàíèÿ
îïðåäåëåííûì âõîäíûì êàíàëàì (íàïðèìåð, ôèëüòð
ìîæåò çàäàòü êðàñíîìó êàíàëó ÿäðà áîëüøèé âåñ, ÷åì
äðóãèì êàíàëàì).



Ïðè÷èíû Ñâåðòî÷íûé ñëîé Max-pooling Äåòàëè

Ìíîãîêàíàëüíàÿ âåðñèÿ ñâåðòî÷íîé íåéðîííîé

ñåòè
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Ìíîãîêàíàëüíàÿ âåðñèÿ ñâåðòî÷íîé íåéðîííîé

ñåòè

Êàæäàÿ èç îáðàáîòàííûõ â êàíàëå âåðñèé ñóììèðóåòñÿ âìåñòå

äëÿ ôîðìèðîâàíèÿ îäíîãî êàíàëà.
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Ïðåèìóùåñòâà câåðòî÷íûõ ñåòåé

Îäèí èç ëó÷øèõ àëãîðèòìîâ ïî ðàñïîçíàâàíèþ è
êëàññèôèêàöèè èçîáðàæåíèé.

Ïî ñðàâíåíèþ ñ îáû÷íîé íåéðîííîé ñåòüþ ãîðàçäî
ìåíüøåå êîëè÷åñòâî íàñòðàèâàåìûõ âåñîâ, òàê êàê
îäíî ÿäðî âåñîâ èñïîëüçóåòñÿ öåëèêîì äëÿ âñåãî
èçîáðàæåíèÿ, âìåñòî òîãî, ÷òîáû äåëàòü äëÿ êàæäîãî
ïèêñåëÿ âõîäíîãî èçîáðàæåíèÿ ñâîè âåñîâûå
êîýôôèöèåíòû.

Íåéðîñåòü ïðè îáó÷åíèè îáîáùàåò èíôîðìàöèþ, à íå
ïîïèêñåëüíî çàïîìèíàåò êàæäóþ êàðòèíêó â âåñîâûõ
êîýôôèöèåíòàõ, êàê ïåðöåïòðîí.
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Ïðåèìóùåñòâà câåðòî÷íûõ ñåòåé

Óäîáíîå ðàñïàðàëëåëèâàíèå âû÷èñëåíèé, âîçìîæíîñòü
ðåàëèçàöèè íà ãðàôè÷åñêèõ ïðîöåññîðàõ.

Îòíîñèòåëüíàÿ óñòîé÷èâîñòü ê ïîâîðîòó è ñäâèãó
ðàñïîçíàâàåìîãî èçîáðàæåíèÿ.

Îáó÷åíèå ïðè ïîìîùè êëàññè÷åñêîãî ìåòîäà
îáðàòíîãî ðàñïðîñòðàíåíèÿ îøèáêè.
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Íåäîñòàòêè câåðòî÷íûõ ñåòåé

1 Àðõèòåêòóðà ñâåðòî÷íîé ñåòè ïî áîëüøåé ÷àñòè äëÿ
ðàñïîçíàâàíèÿ èçîáðàæåíèé.

2 Ñëèøêîì ìíîãî âàðüèðóåìûõ ïàðàìåòðîâ ñåòè:
êîëè÷åñòâî ñëîåâ, ðàçìåðíîñòü ÿäðà ñâåðòêè äëÿ
êàæäîãî èç ñëîåâ, êîëè÷åñòâî ÿäåð äëÿ êàæäîãî èç
ñëîåâ, øàã ñäâèãà ÿäðà ïðè îáðàáîòêå ñëîÿ,
íåîáõîäèìîñòü ñëîåâ ñóáäèñêðåòèçàöèè, ñòåïåíü
óìåíüøåíèÿ èìè ðàçìåðíîñòè, ôóíêöèÿ ïî
óìåíüøåíèþ ðàçìåðíîñòè (âûáîð ìàêñèìóìà èëè
ñðåäíåãî) è ò.ä. Âûáèðàþòñÿ ýìïèðè÷åñêè.
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Òèïîâûå ñâåðòî÷íûå ñåòè

http://www.topbots.com/14-design-patterns-improve-convolutional-neural-network-

cnn-architecture
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning: Torch

Torch îñíîâàí íà áèáëèîòåêå Lua

Îáðàáîòêà åñòåñòâåííîãî ÿçûêà ñ ïîìîùüþ ãëóáîêèõ
íåéðîííûõ ñåòåé

Èñïîëüçóåòñÿ â Facebook è Twitter Research äëÿ
èññëåäîâàíèé è ðàçðàáîòêè ñèñòåì ãëóáîêîãî îáó÷åíèÿ
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning: MxNet

MxNet - ìîùíàÿ áèáëèîòåêà, ïîääåðæèâàþùàÿ
ðàçëè÷íûå ÿçûêè ïðîãðàììèðîâàíèÿ: Python, Scala, R

Îäíà èç ñàìûõ ýôôåêòèâíûõ ïî áûñòðîäåéñòâèþ è ïî
èñïîëüçîâàíèþ ïàìÿòè áèáëèîòåê

Ïðîñòîòà èñïîëüçîâàíèÿ íåñêîëüêèõ ãðàôè÷åñêèõ
ïðîöåññîðîâ (GPU)
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning:

Theano

Theano - Python-áèáëèîòåêà

Îáúåäèíÿåò Keras è Lasagne

Îõâàòûâàåò íå òîëüêî ãëóáîêîå îáó÷åíèå, íî è
ðàçëè÷íûå ìåòîäû ìàøèííîãî îáó÷åíèÿ: ðåêóððåíòíàÿ
íåéðîííàÿ ñåòü, îãðàíè÷åííàÿ ìàøèíà Áîëüöìàíà,
ãëóáîêèå ñåòè äîâåðèÿ, ñâåðòî÷íûå íåéðîííûå ñåòè

Ïðîñòà äëÿ ðàçðàáîò÷èêîâ

Èìåþòñÿ ñêðèïòû äëÿ êîíâåðòàöèè ìîäåëåé Ca�e
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning:

Lasagne

Lasagne - áèáëèîòåêà äëÿ ïîñòðîåíèÿ è îáó÷åíèÿ
íåéðîííûõ ñåòåé â Theano

Ïðîñòà â èñïîëüçîâàíèè, ïîíèìàíèè è ðàñøèðåíèè

Äëÿ óñòàíîâêè òðåáóåò ñíà÷àëà óñòàíîâèòüPython è
Theano
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning: Keras

Keras - ìîäóëüíàÿ áèáëèîòåêà äëÿ ïîñòðîåíèÿ
íåéðîííûõ ñåòåé äëÿ Python

Çàïóñêàåòñÿ �ïîâåðõ� ëèáî TensorFlow, ëèáî Theano
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning: Ca�e

Ca�e - ôëàãìàí ãëóáîêîãî îáó÷åíèÿ

Ïåðâàÿ óñïåøíàÿ îòêðûòàÿ ðåàëèçàöèÿ ñ ìîùíîé, íî
ïðîñòîé áàçîé: íåò íåîáõîäèìîñòè çíàòü êîä äëÿ
èñïîëüçîâàíèÿ Ca�e, èñïîëüçóþòñÿ ïðîñòûå ôàéëû
îïèñàíèé ñåòè

Íå ïîääåðæèâàåò GPU, îòëè÷íûå îò Nvidia
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning:

TensorFlow

TensorFlow - îòêðûòàÿ áèáëèîòåêà äëÿ àíàëèçà
ïðåäñòàâëåíèÿ äàííûõ â âèäå ãðàôà

Âåðøèíû ãðàôà - ìàòåìàòè÷åñêèå îïåðàöèè, êðàéíèå
âåðøèíû - ìàòðèöû äàííûõ áîëüøîé ðàçìåðíîñòè
(òåíçîðû)

TensorFlow ðàçðàáîòàíà â Google Brain Team â öåëÿõ
ïðîâåäåíèÿ èññëåäîâàíèÿ â îáëàñòè ìàøèííîãî
îáó÷åíèÿ è ãëóáîêèõ íåéðîííûõ ñåòåé
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Ïðîãðàììíîå îáåñïå÷åíèå Deep Learning:

Deeplearning4j

Deeplearning4j (DL4j) - JVM-ôðåéìâîðê (Java Virtual
Machine) äëÿ ðåøåíèÿ çàäà÷, ñâÿçàííûõ ñ áîëüøèìè
äàííûìè
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Âîïðîñû
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