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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Ïðèíöèï ýìïèðè÷åñêîé èíäóêöèè

¾Íå ñëåäóåò ïîëàãàòüñÿ íà ñôîðìóëèðîâàííûå
àêñèîìû è ôîðìàëüíûå áàçîâûå ïîíÿòèÿ,
êàêèìè áû ïðèâëåêàòåëüíûìè è ñïðàâåäëèâûìè
îíè íå êàçàëèñü. Çàêîíû ïðèðîäû íóæíî
¾ðàñøèôðîâûâàòü¿ èç ôàêòîâ îïûòà.
Ñëåäóåò èñêàòü ïðàâèëüíûé ìåòîä
àíàëèçà è îáîáùåíèÿ îïûòíûõ äàííûõ;
çäåñü ëîãèêà Àðèñòîòåëÿ íå ïîäõîäèò â ñèëó
å¼ àáñòðàêòíîñòè, îòîðâàííîñòè îò ðåàëüíûõ
ïðîöåññîâ è ÿâëåíèé.¿

Ôðýíñèñ Áýêîí
(1561�1626)

Òàáëèöà îòêðûòèÿ: ìíîæåñòâî îáúåêòîâ {xi : i = 1, . . . , ℓ}
fj(x) � èçìåðÿåìûå ïðèçíàêè îáúåêòîâ, j = 1, . . . , n

yi ∈ R � èçìåðÿåìîå çíà÷åíèå öåëåâîãî ñâîéñòâà xi , ëèáî
yi ∈ {0, 1} � îòñóòñòâèå èëè íàëè÷èå öåëåâîãî ñâîéñòâà

Ôðýíñèñ Áýêîí. Íîâûé îðãàíîí. 1620.
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Çàäà÷à ìàøèííîãî îáó÷åíèÿ (supervised machine learning)

Äàíî: îáó÷àþùàÿ âûáîðêà
îáúåêòîâ xi =

(
f1(xi ), . . . , fn(xi )

)
∈ X

ñ îòâåòàìè yi = y(xi ) ∈ Y , i = 1, . . . , ℓ

Íàéòè: ïàðàìåòðû w ìîäåëè a(x ,w),
ïðèáëèæàþùåé çàâèñèìîñòü y : X → Y

Êðèòåðèé: ìèíèìóì ýìïèðè÷åñêîãî ðèñêà

ℓ∑
i=1

L (a(xi ,w), yi ) → min
w

,

L (a, y) � ôóíêöèÿ ïîòåðü ìîäåëè a ïðè ïðàâèëüíîì îòâåòå y .

Îñíîâíûå òèïû çàäà÷ ìàøèííîãî îáó÷åíèÿ ñ ó÷èòåëåì:

L (a, y) = (a− y)2 â çàäà÷àõ ðåãðåññèè, yi ∈ R
L (a, y) = [a ̸= y ] â çàäà÷àõ êëàññèôèêàöèè, yi ∈ {0, 1}
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Ìåòîä íàèìåíüøèõ êâàäðàòîâ (Ãàóññ, 1795)

Ëèíåéíàÿ ìîäåëü ðåãðåññèè:

a(x ,w) =
n∑

j=1
wj fj(x), w ∈ Rn

Ìåòîä íàèìåíüøèõ êâàäðàòîâ:
ℓ∑

i=1

(
a(xi ,w)− yi

)2 → min
w

Êàðë Ôðèäðèõ
Ãàóññ (1777�1855)

¾Our principle, which we have made
use of since 1795, has lately been
published by Legendre...¿

C.F.Gauss. Theory of the motion of
the heavenly bodies moving about the
Sun in conic sections. 1809.
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Èñòîðèÿ òåðìèíà ¾ðåãðåññèÿ¿ (Ãàëüòîí, 1886)

Äàíî: (xi , yi )
ℓ
i=1 � îòêëîíåíèå ðîñòà îòöà (xi )

è âçðîñëîãî ñûíà (yi ) îò ñðåäíåãî â ïîïóëÿöèè

Íàéòè: ëèíåéíóþ ìîäåëü íàñëåäñòâåííîñòè ðîñòà

a(x ,w) = wx

Êðèòåðèé
íàèìåíüøèõ êâàäðàòîâ:

ℓ∑
i=1

(
wxi − yi

)2 → min
w

Ðåøåíèå:

w =

∑
i xiyi∑
i x

2
i

= 0.67
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(1822�1911)

Galton F. Regression towards mediocrity in hereditary stature. 1886.
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¾Ðåãðåññèÿ ê ïîñðåäñòâåííîñòè¿ � óãîë íàêëîíà ìåíüøå 1
Ñêðûòûé ñìûñë: îáðàòíûé õîä èññëåäîâàíèÿ îò äàííûõ ê ìîäåëè

Galton F. Regression towards mediocrity in hereditary stature. 1886.
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Çàäà÷à êëàññèôèêàöèè öâåòêîâ èðèñà (Ôèøåð, 1936)

Äàíî: n = 4 ïðèçíàêà, |Y | = 3 êëàññà, íàáëþäåíèé ℓ = 150
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Ëèíåéíûé äèñêðèìèíàíòíûé àíàëèç (Ôèøåð, 1936)

Íàéòè ëèíåéíóþ ìîäåëü êëàññèôèêàöèè:

a(x ,w) = sign

( n∑
j=1

wj fj(x)− w0

)
Êðèòåðèé: â ïðîåêöèè íà íàïðàâëÿþùèé
âåêòîð w ðàçäåëÿþùåé ãèïåðïëîñêîñòè
âåðîÿòíîñòü îøèáêè ìèíèìàëüíà:

Ðîíàëüä
Ôèøåð
(1890�1962)

Fisher R. A. The use of multiple measurements in taxonomic problems. 1936.
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Îñíîâíûå íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

1 ñèìâîëèçì � ïîèñê ëîãè÷åñêèõ çàêîíîìåðíîñòåé â äàííûõ

Decision Tree, Rule Induction

2 êîííåêöèîíèçì � îáó÷åíèå èñêóññòâåííûõ íåéðîííûõ ñåòåé

BackPropagation, Deep Belief Nets, Deep Learning

3 àíàëîãèçì � ¾áëèçêèå îáúåêòû èìåþò áëèçêèå îòâåòû¿

kNN, RBF, SVM, Kernel Smoothing

4 ýâîëþöèîíèçì � ñàìîîðãàíèçàöèÿ ñëîæíûõ ìîäåëåé

Genetic Algorithms, Genetic Programming, Symbolic Regression

5 áàéåñèîíèçì � îöåíèâàíèå ðàñïðåäåëåíèé ïàðàìåòðîâ

Naive Bayes, Bayesian Networks, Graphical Models

⊕ êîìïîçèöèîíèçì � àíñàìáëè ìîäåëåé

Weighted Voting, Boosting, Bagging, Stacking,
Random Forest, ßíäåêñ.CatBoost

Ïåäðî Äîìèíãîñ. Âåðõîâíûé àëãîðèòì. 2016. 336 ñ.
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Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Îáó÷àþùàÿ âûáîðêà: ïî 6 îáúåêòîâ êàæäîãî èç äâóõ êëàññîâ.
Òðåáóåòñÿ íàéòè ïðàâèëî êëàññèôèêàöèè.
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Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

×òî äà¼ò íàì óâåðåííîñòü, ÷òî ìû íàøëè âåðíîå ïðàâèëî?
Áåçîøèáî÷íàÿ êëàññèôèêàöèÿ ïðèìåðîâ îáó÷àþùåé âûáîðêè.
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Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

×òî åù¼ äà¼ò íàì óâåðåííîñòü, ÷òî ìû íàøëè âåðíîå ïðàâèëî?
Ïðîñòîòà, îáùíîñòü, ëàêîíè÷íîñòü íàéäåííîãî ïðàâèëà.
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Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Ìû ðåøàåì ýòè çàäà÷è ïî÷òè ìãíîâåííî. ×åì ìû ïîëüçóåìñÿ?
Îäíàêî äëÿ êîìïüþòåðà îíè ñëîæíû. ×åãî åìó íå õâàòàåò?

Ê.Â. Âîðîíöîâ (k.vorontsov@iai.msu.ru) Ïðîáëåìà óçíàâàíèÿ: èäåè Ì. Ì. Áîíãàðäà 16 / 58



ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Íóæíî ëè çàêëàäûâàòü çíàíèÿ ãåîìåòðèè â ÿâíîì âèäå?
Èëè âîçìîæíî âûðàáîòàòü íåîáõîäèìûå ïîíÿòèÿ íà ïðèìåðàõ?
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äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Êàê âû÷èñëÿòü ïîëåçíûå ïðèçíàêè ïî ¾ñûðûì¿ äàííûì?
Âîçìîæíî ëè ïîðó÷èòü ïåðåáîð ïðèçíàêîâ è ìîäåëåé ìàøèíå?
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Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Êàêîâ ðèñê âûâåñòè èç äàííûõ ëîæíîå ïðàâèëî, ïðåäðàññóäîê?
Êàê ýòîò ðèñê çàâèñèò îò ÷èñëà ïðèìåðîâ è ñëîæíîñòè ïðàâèë?
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íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Êàêîãî ÷èñëà ïðèìåðîâ äîñòàòî÷íî äëÿ âûðàáîòêè ïðàâèëà?
×òî äåëàòü, åñëè ê âûáîðêå ïîäõîäèò ìíîãî ðàçíûõ ïðàâèë?
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íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Òåñòû Áîíãàðäà [Ïðîáëåìà óçíàâàíèÿ, 1967]

Ýòè âîïðîñû ñîñòàâëÿþò îñíîâó ìàøèííîãî îáó÷åíèÿ ñåãîäíÿ.
Ì.Ì.Áîíãàðä ïîñòàâèë âñå ýòè ïðîáëåìû â ñåðåäèíå 60-õ!
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íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Ñèìâîëèçì. Íàó÷íàÿ øêîëà Ì. Ì. Áîíãàðäà

1958: Ïðîãðàììà ¾Îòêðîé çàêîí¿
âîññòàíàâëèâàëà çàâèñèìîñòü ïîëíûì
êîìáèíàòîðíûì ïåðåáîðîì ôîðìóë

1959: Ïðîãðàììà ¾Àðèôìåòèêà¿
äëÿ ñîêðàùåíèÿ ïåðåáîðà èñïîëüçîâàëà
îöåíêè èíôîðìàòèâíîñòè

1961: Ïðîãðàììà ¾ÊîÐà¿ ïåðåáèðàëà
èíôîðìàòèâíûå òðîéêè ïðèçíàêîâ

Ìèõàèë Ìîèñååâè÷
Áîíãàðä
(1924�1971)

¾ÊîÐà-3¿: ïåðâîå ïðèìåíåíèå ðàñïîçíàâàíèÿ íåçðèòåëüíûõ
îáðàçîâ äëÿ ðàñïîçíàâàíèÿ ãðàíèöû íåôòü-âîäà â ñêâàæèíå.

Ââåäåíû ïðèíöèïû ãîëîñîâàíèÿ, ñêîëüçÿùåãî êîíòðîëÿ,
ïîíÿòèÿ èíôîðìàòèâíîñòè è ïðåäðàññóäêà (ïåðåîáó÷åíèÿ).

Áîíãàðä Ì.Ì., Âàéíöâàéã Ì.Í., Ãóáåðìàí Ø.À. Èçâåêîâà Ì.Ë., Ñìèðíîâ Ì.Ñ.
Èñïîëüçîâàíèå îáó÷àþùåéñÿ ïðîãðàììû äëÿ âûÿâëåíèÿ íåôòåíîñíûõ ïëàñòîâ. 1966.
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
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Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Ïîíÿòèå èíôîðìàòèâíîé ëîãè÷åñêîé çàêîíîìåðíîñòè

Ìîäåëü êëàññèôèêàöèè � âçâåøåííîå ãîëîñîâàíèå ïðàâèë:

a(x ,w) = argmax
y∈Y

ny∑
k=1

wykRyk(x)

Ïðàâèëî � êîíúþíêöèÿ ýëåìåíòàðíûõ ïîðîãîâûõ óñëîâèé:

R(x) =
∧
j∈ω

[
aj ⩽ fj(x) ⩽ bj

]
Ñèíäðîì � âûïîëíåíû íå ìåíåå d óñëîâèé èç ìíîæåñòâà ω,

R(x) =
[ ∑
j∈ω

[
aj ⩽ fj(x) ⩽ bj

]
⩾ d

]
Ïðàâèëî R ÿâëÿåòñÿ çàêîíîìåðíîñòüþ êëàññà y ∈ Y , åñëè{

py (R) = #
{
xi : R(xi )=1 è yi =y

}
→ max

ny (R) = #
{
xi : R(xi )=1 è yi ̸=y

}
→ min
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Òðåáîâàíèå èíòåðïðåòèðóåìîñòè

1) R(x) çàïèñûâàåòñÿ íà åñòåñòâåííîì ÿçûêå
2) R(x) çàâèñèò îò íåáîëüøîãî ÷èñëà ïðèçíàêîâ (íå áîëåå 7)

Ïðèìåð (èç îáëàñòè ìåäèöèíû)

Åñëè ¾âîçðàñò > 60¿ è ¾ïàöèåíò ðàíåå ïåðåí¼ñ èíôàðêò¿,
òî îïåðàöèþ íå äåëàòü, ðèñê îòðèöàòåëüíîãî èñõîäà 60%

Ïðèìåð (èç îáëàñòè êðåäèòíîãî ñêîðèíãà)

Åñëè ¾â àíêåòå óêàçàí äîìàøíèé òåëåôîí¿
è ¾çàðïëàòà > $2000¿ è ¾ñóììà êðåäèòà < $5000¿

òî êðåäèò ìîæíî âûäàòü, ðèñê äåôîëòà 5%

Çàìå÷àíèå. Ðèñê � ÷àñòîòíàÿ îöåíêà âåðîÿòíîñòè êëàññà,
âû÷èñëÿåìàÿ, êàê ïðàâèëî, ïî îòëîæåííîé êîíòðîëüíîé âûáîðêå
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Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Êîííåêöèîíèçì. Ëèíåéíàÿ ìîäåëü íåéðîíà

Ëèíåéíàÿ ìîäåëü íåéðîíà (1943):

a(x ,w) = σ

(
n∑

j=1
wj fj(x)− w0

)
fj(x) � ïðèçíàêè îáúåêòà x
wj � âåñà ïðèçíàêîâ
w0 � ïîðîã àêòèâàöèè
σ(z) � ôóíêöèÿ àêòèâàöèè

f1(x)

f2(x)

· · ·
fn(x)

∑
σ a(x)

w1 ((w2 --
...
wn

66
//

−1
w0

PP

Óîððåí Âàëüòåð
ÌàêÊàëëîê Ïèòòñ
(1898�1969) (1923�1969)
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íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Ïåðñåïòðîí Ðîçåíáëàòòà (1957)

Mark-1 � ïåðâûé íåéðîêîìïüþòåð (1960)
äëÿ ðàñïîçíàâàíèÿ öèôð è ôèãóð
Îáó÷åíèå � ìåòîä êîððåêöèè îøèáêè
Àðõèòåêòóðà � äâóõñëîéíàÿ ñåòü

Ôðýíê Ðîçåíáëàòò
(1928�1971)

Ðîçåíáëàòò Ô. Ïðèíöèïû íåéðîäèíàìèêè. Ïåðöåïòðîíû è òåîðèÿ ìåõàíèçìîâ
ìîçãà. 1965 (1962)
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Äâóõñëîéíûå ñåòè � óíèâåðñàëüíûå àïïðîêñèìàòîðû ôóíêöèé

Ôóíêöèÿ σ(z) � ñèãìîèäà, åñëè lim
z→−∞

σ(z) = 0 è lim
z→+∞

σ(z) = 1.

Òåîðåìà Öûáåíêî (universal approximation theorem, 1989)

Åñëè σ(z) � íåïðåðûâíàÿ ñèãìîèäà, òî äëÿ ëþáîé íåïðåðûâíîé
íà [0, 1]n ôóíêöèè f (x) ñóùåñòâóþò òàêèå çíà÷åíèÿ ïàðàìåòðîâ
H, αh ∈ R, wh ∈ Rn, w0 ∈ R, ÷òî äâóõñëîéíàÿ ñåòü

a(x) =
H∑

h=1

αhσ
(
⟨x ,wh⟩ − w0

)
ðàâíîìåðíî ïðèáëèæàåò f (x) ñ ëþáîé òî÷íîñòüþ ε:∣∣a(x)− f (x)

∣∣ < ε, äëÿ âñåõ x ∈ [0, 1]n.

George Cybenko. Approximation by Superpositions of a Sigmoidal function.
Mathematics of Control, Signals, and Systems. 1989.
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Îñíîâíûå âåõè ðàçâèòèÿ íåéðîííûõ ñåòåé (AI winters)

Ìèíñêèé Ì., Ïàéïåðò Ñ. Ïåðñåïòðîíû. 1971 (1969)
Ãàëóøêèí À.È. Ñèíòåç ìíîãîñëîéíûõ ñèñòåì ðàñïîçíàâàíèÿ îáðàçîâ. 1974
Èâ�àõíåíêî À. Ã., Ëàïà Â. Ã. Êèáåðíåòè÷åñêèå ïðåäñêàçûâàþùèå óñòðîéñòâà. 1965
Rummelhart D. et al. Learning internal representations by error propagation. 1986
Krizhevsky A. et al. ImageNet classi�cation with deep convolutional neural networks. 2012
Vaswani A. et al. Attention is all you need. 2017
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íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Àíàëîãèçì. Íàó÷íàÿ øêîëà Ì. À. Àéçåðìàíà

Ãèïîòåçà êîìïàêòíîñòè: ñõîæèå îáúåêòû,
êàê ïðàâèëî, íàõîäÿòñÿ â îäíîì êëàññå

Ìåòîä ïîòåíöèàëüíûõ ôóíêöèé:
èäåÿ çàèìñòâóåòñÿ èç ôèçèêè

Ëèíåéíàÿ ìîäåëü êëàññèôèêàöèè:
âçâåøåííîå ãîëîñîâàíèå ôóíêöèé
ñõîäñòâà fi (x) = K (x , xi ) ìåæäó x è xi :

a(x) = argmax
y∈Y

∑
i : yi=y

αyiK (x , xi )

Ìàðê Àðîíîâè÷
Àéçåðìàí
(1913�1992)

Àéçåðìàí Ì.À., Áðàâåðìàí Ý.Ì., Ðîçîíîýð Ë.È. Òåîðåòè÷åñêèå îñíîâû ìåòîäà
ïîòåíöèàëüíûõ ôóíêöèé â çàäà÷å îá îáó÷åíèè àâòîìàòîâ ðàçäåëåíèþ âõîäíûõ
ñèòóàöèé íà êëàññû. 1964.
Àéçåðìàí Ì.À., Áðàâåðìàí Ý.Ì., Ðîçîíîýð Ë.È. Ìåòîä ïîòåíöèàëüíûõ ôóíêöèé
â òåîðèè îáó÷åíèÿ ìàøèí. 1970.
Àðêàäüåâ À. Ã., Áðàâåðìàí Ý.Ì. Îáó÷åíèå ìàøèí ðàñïîçíàâàíèþ îáðàçîâ. 1964.
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Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Íàó÷íàÿ øêîëà Â. Í. Âàïíèêà è À. ß. ×åðâîíåíêèñà

Ñåìåéñòâî êëàññèôèêàòîðîâ A îáó÷àåìî:

P
{
sup
a∈A

∣∣P(a)− ν(a,X ℓ)
∣∣ > ε

}
⩽ η,

P(a) � âåðîÿòíîñòü îøèáêè êëàññèôèêàòîðà,
ν(a,X ℓ) � ýìïèðè÷åñêèé ðèñê � ÷àñòîòà
îøèáîê êëàññèôèêàòîðà a íà âûáîðêå.

Îñíîâíûå ðåçóëüòàòû VC-òåîðèè:

Îáîñíîâàíî îãðàíè÷åíèå ñëîæíîñòè A

Ïîíÿòèå ¼ìêîñòè ñåìåéñòâà, VCdim

Ìåòîä ñòðóêòóðíîé ìèíèìèçàöèè ðèñêà

Ìåòîä îïîðíûõ âåêòîðîâ, SVM

Âàïíèê Â.Í., ×åðâîíåíêèñ À. ß.
Òåîðèÿ ðàñïîçíàâàíèÿ îáðàçîâ. Ì.: Íàóêà, 1974.

Âëàäèìèð
Íàóìîâè÷ Âàïíèê

Àëåêñåé ßêîâëåâè÷
×åðâîíåíêèñ
(1938�2014)
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Ïðîáëåìû íåäîîáó÷åíèÿ è ïåðåîáó÷åíèÿ

Íåäîîáó÷åíèå (under�tting):
äàííûõ ìíîãî,
ïàðàìåòðîâ íåäîñòàòî÷íî,
ìîäåëü ïðîñòàÿ, íåãèáêàÿ

Ïåðåîáó÷åíèå (over�tting):
ïàðàìåòðîâ ìíîãî, äàííûõ
íåäîñòàòî÷íî, ìîäåëü
ñëîæíàÿ, èçáûòî÷íî ãèáêàÿ
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

äîêîìïüþòåðíàÿ èñòîðèÿ ÈÈ
íàó÷íûå øêîëû ìàøèííîãî îáó÷åíèÿ

Ýâîëþöèîíèçì. Íàó÷íàÿ øêîëà À. Ã. Èâ�àõíåíêî

Ìåòîä ãðóïïîâîãî ó÷¼òà àðãóìåíòîâ (ÌÃÓÀ)
îñíîâàí íà ñàìîîðãàíèçàöèè ìîäåëåé

� ïåðåáîðíîé îïòèìèçàöèè ñòðóêòóðû ìîäåëè

çàäà÷à îòáîðà ïðèçíàêîâ (feature selection)

êà÷åñòâî ìîäåëåé îöåíèâàåòñÿ â ïðîöåññå
ïåðåáîðà ïî ìíîãèì âíåøíèì êðèòåðèÿì:

� ñêîëüçÿùèé êîíòðîëü
� ïîìåõîóñòîé÷èâîñòü ìîäåëèðîâàíèÿ
� áàëàíñ / ñîãëàñîâàííîñòü ïðîãíîçîâ è äð.

ïåðâàÿ 8-ñëîéíàÿ ãëóáîêàÿ íåéðîñåòü (1965)

ñîòíè ïðèìåíåíèé, îêîëî 300 äèññåðòàöèé

Àëåêñåé
Ãðèãîðüåâè÷
Èâ�àõíåíêî
(1913�2007)

Èâàõíåíêî À. Ã., Ëàïà Â. Ã. Êèáåðíåòè÷åñêèå ïðåäñêàçûâàþùèå óñòðîéñòâà. 1965.
Èâàõíåíêî À. Ã., Çàé÷åíêî Þ.Ï., Äèìèòðîâ Â.Ä. Ïðèíÿòèå ðåøåíèé íà îñíîâå
ñàìîîðãàíèçàöèè. 1976.
Èâàõíåíêî À. Ã. Èíäóêòèâíûé ìåòîä ñàìîîðãàíèçàöèè ìîäåëåé ñëîæíûõ ñèñòåì. 1982.
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Çàäà÷è íà ìàëûõ äàííûõ

Îñîáåííîñòè ãåîëîãè÷åñêèõ äàííûõ â çàäà÷àõ ïîèñêà
ìåñòîðîæäåíèé ðåäêîãî òèïà (çîëîòî, óðàí, àëìàçû è ò.ä.)

îáúåêòîâ ìàëî (7+ 11), ïðèçíàêîâ ìíîãî (áîëåå ñîòíè)

¾ôèçè÷åñêîé¿ ìîäåëè íå ñóùåñòâóåò

â äàííûõ áûâàþò ¾ïðîïóñêè¿ � íåèçìåðåííûå çíà÷åíèÿ

Êðåíäåëåâ Ô.Ï., Äìèòðèåâ À.Í., Æóðàâëåâ Þ.È. Ñðàâíåíèå ãåîëîãè÷åñêîãî
ñòðîåíèÿ çàðóáåæíûõ ìåñòîðîæäåíèé äîêåìáðèéñêèõ êîíãëîìåðàòîâ ñ ïîìîùüþ
äèñêðåòíîé ìàòåìàòèêè. Äîêëàäû ÀÍ ÑÑÑÐ. 1967

Äìèòðèåâ À.Í., Æóðàâëåâ Þ.È., Êðåíäåëåâ Ô.Ï. Îá îäíîì ïðèíöèïå
êëàññèôèêàöèè è ïðîãíîçà ãåîëîãè÷åñêèõ îáúåêòîâ è ÿâëåíèé. 1968.
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Àëãîðèòìû âû÷èñëåíèÿ îöåíîê, ÀÂÎ (Þ. È. Æóðàâë¼â)

Îáúåäèíåíèå ïðèíöèïîâ îòáîðà ïðèçíàêîâ,
àíàëîãèè, èíôîðìàòèâíîñòè è ãîëîñîâàíèÿ:

àëãîðèòìû âû÷èñëåíèÿ îöåíîê (ÀÂÎ)

a(x) = argmax
y∈Y

∑
i : yi=y

∑
ω∈Ω

wωiBωi (x , xi )

Bωi � áèíàðíûå ôóíêöèè ñõîäñòâà ïî
èíôîðìàòèâíûì íàáîðàì ïðèçíàêîâ ω:

Bωi (x , xi ) =
∧
j∈ω

[
|fj(x)− fj(xi )| < ε

]
Þðèé
Èâàíîâè÷
Æóðàâë¼â
(1935�2022)

ïðèíöèïû ïðîñòîòû, èíôîðìàòèâíîñòè, íåïðîòèâîðå÷èâîñòè
→ òóïèêîâûå òåñòû / òóïèêîâûå ïðåäñòàâèòåëüíûå íàáîðû

ïðèíöèï ãîëîñîâàíèÿ → àëãåáðàè÷åñêèé ïîäõîä

ê ïîñòðîåíèþ êîððåêòíûõ êîìïîçèöèé àëãîðèòìîâ
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

ÀÂÎ îáúåäèíÿåò ìíîãèå ýâðèñòè÷åñêèå ïðèíöèïû

Òð¼õñëîéíàÿ íåéðîñåòü RBF (Radial Basis Function):

a(x) = argmax
y∈Y

λy

∑
i ,ω

[
yi =y

]
wωiBωi (x , xi )

f1(x)

· · ·

fn(x)

B1,1(x , x1)

· · ·

B|Ω|,ℓ(x , xℓ)

∑
· · ·∑

arg
max a(x)

//

%%

99

//

//

%%

99

//

//
λ1 **

λ|Y |
44

//

≈ ìåòîä ïîòåíöèàëüíûõ ôóíêöèé Bωi (x , xi ) = K
(

1
hωi

ρωi (x , xi )
)

≈ ëèíåéíûé êëàññèôèêàòîð SVM ñ ðàäèàëüíûì ÿäðîì
≈ áàéåñîâñêèé êëàññèôèêàòîð ñ ïëîòíîñòÿìè-ñìåñÿìè p(x |y)
≈ îòáîð ýòàëîíîâ: wωi = 0 äëÿ íå-ýòàëîíîâ xi
≈ îòáîð ïðèçíàêîâ â ñôåðè÷åñêèõ ëîãè÷åñêèõ çàêîíîìåðíîñòÿõ
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Ïðèíöèïû èíôîðìàòèâíîñòè, íåïðîòèâîðå÷èâîñòè, òóïèêîâîñòè

èíôîðìàòèâíîñòü ïðåäèêàòà R(x) êëàññà y ∈ Y :{
py (R) = #

{
xi : R(xi )=1 è yi =y

}
→ max

ny (R) = #
{
xi : R(xi )=1 è yi ̸=y

}
→ min

èíôîðìàòèâíîñòü ôóíêöèè ñõîäñòâà B(x , x ′):{
p(B) = #

{
(xi , xj) : B(xi , xj)=1 è yi=yj

}
→ max

n(B) = #
{
(xi , xj) : B(xi , xj)=1 è yi ̸=yj

}
→ min

íåïðîòèâîðå÷èâîñòü: ny (b) = 0, n(B) = 0
� òåñò ω: Bω(xi , xj) = 0, ∀i , j : yi ̸=yj
� ïðåäñòàâèòåëüíûé íàáîð (ω, i): Bω(xi , xj) = 0, ∀j : yi ̸=yj
òóïèêîâîñòü: íèêàêîå ïîäìíîæåñòâî ïðèçíàêîâ ω′ ⊂ ω
íå ÿâëÿåòñÿ òåñòîì (èëè ïðåäñòàâèòåëüíûì íàáîðîì)

Äìèòðèåâ À.Í., Æóðàâëåâ Þ.È., Êðåíäåëåâ Ô.Ï. Îá îäíîì ïðèíöèïå
êëàññèôèêàöèè è ïðîãíîçà ãåîëîãè÷åñêèõ îáúåêòîâ è ÿâëåíèé. 1968.
Æóðàâë¼â Þ.È., Íèêèôîðîâ Â. Â. Àëãîðèòìû ðàñïîçíàâàíèÿ, îñíîâàííûå
íà âû÷èñëåíèè îöåíîê, 1971.
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Àíñàìáëèðîâàíèå ïðåäñêàçàòåëüíûõ ìîäåëåé

X ℓ = (xi , yi )
ℓ
i=1 ⊂ X × Y � îáó÷àþùàÿ âûáîðêà, yi = y(xi )

at : X → Y , t = 1, . . . ,T � îáó÷àåìûå áàçîâûå àëãîðèòìû

Èäåÿ àíñàìáëèðîâàíèÿ (Þ.È.Æóðàâë¼â): êàê èç ìíîæåñòâà
ïî îòäåëüíîñòè ïëîõèõ àëãîðèòìîâ at ïîñòðîèòü îäèí õîðîøèé?

Äåêîìïîçèöèÿ áàçîâûõ àëãîðèòìîâ at(x) = C (bt(x))

at : X
bt−→ R

C−→ Y , ãäå R � óäîáíîå ïðîñòðàíñòâî îöåíîê,
bt � áàçîâûå àëãîðèòìè÷åñêèå îïåðàòîðû,
C � ðåøàþùåå ïðàâèëî ïðîñòîãî âèäà.

Àíñàìáëü (êîìïîçèöèÿ) áàçîâûõ àëãîðèòìîâ a1, . . . , aT ,
F : RT → R � êîððåêòèðóþùàÿ (àãðåãèðóþùàÿ) îïåðàöèÿ

a(x) = C
(
F (b1(x), . . . , bT (x))

)
Þ.È.Æóðàâë¼â. Îá àëãåáðàè÷åñêîì ïîäõîäå ê ðåøåíèþ çàäà÷ ðàñïîçíàâàíèÿ èëè
êëàññèôèêàöèè. Ïðîáëåìû êèáåðíåòèêè, 1978.
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Àãðåãèðóþùèå (êîððåêòèðóþùèå) ôóíêöèè

Îáùèå òðåáîâàíèÿ ê àãðåãèðóþùåé ôóíêöèè:

F (b1, . . . , bT , x) ∈
[
mint bt ,maxt bt

]
� ñðåäíåå ïî Êîøè ∀x

F (b1, . . . , bT , x) ìîíîòîííî íå óáûâàåò ïî âñåì bt

Ïðèìåðû àãðåãèðóþùèõ ôóíêöèé:

ïðîñòîå ãîëîñîâàíèå (simple voting):

F (b1, . . . , bT ) =
1
T

T∑
t=1

bt

âçâåøåííîå ãîëîñîâàíèå (weighted voting):

F (b1, . . . , bT ) =
T∑
t=1

αtbt ,
T∑
t=1

αt = 1, αt ⩾ 0

ñìåñü àëãîðèòìîâ (mixture of experts)
ñ ôóíêöèÿìè êîìïåòåíòíîñòè (gating function) gt : X → R

F (b1, . . . , bT , x) =
T∑
t=1

gt(x)bt(x)
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Îáó÷åíèå ïðåäñêàçàòåëüíûõ ìîäåëåé è èõ àíñàìáëåé

L (b, xi ) � ôóíêöèÿ ïîòåðü ìîäåëè b(xi ,w) ïðè îòâåòå yi
Ìèíèìèçàöèÿ ýìïèðè÷åñêîãî ðèñêà äëÿ áàçîâûõ àëãîðèòìîâ:

ℓ∑
i=1

L
(
bt(xi ,w), yi

)
→ min

w

Ìèíèìèçàöèÿ ýìïèðè÷åñêîãî ðèñêà äëÿ äîáàâëåíèÿ áàçîâîãî
àëãîðèòìà bT â àíñàìáëü ïðè ôèêñàöèè ïðåäûäóùèõ:

ℓ∑
i=1

L

(
T−1∑
t=1

αtbt(xi ,wt) + αTbT (xi ,wT ), yi

)
→ min

αT ,wT

Þ.È.Æóðàâë¼â. Êîððåêòíûå àëãåáðû íàä ìíîæåñòâàìè íåêîððåêòíûõ
(ýâðèñòè÷åñêèõ) àëãîðèòìîâ (I, II, III). Êèáåðíåòèêà, Êèåâ, 1977�1978.
M.Kearns, L.G.Valiant. Cryptographic limitations on learning Boolean formulae and
�nite automata. 1989.
Y.Freund, R.E.Schapire. A decision-theoretic generalization of on-line learning and an
application to boosting. 1995.
Ê.Â.Ðóäàêîâ, Ê.Â.Âîðîíöîâ. Î ìåòîäàõ îïòèìèçàöèè è ìîíîòîííîé êîððåêöèè
â àëãåáðàè÷åñêîì ïîäõîäå ê ïðîáëåìå ðàñïîçíàâàíèÿ. Äîêëàäû ÐÀÍ, 1999.
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çàäà÷è íà ìàëûõ äàííûõ
àëãîðèòìû âû÷èñëåíèÿ îöåíîê
àëãåáðàè÷åñêèé ïîäõîä ê ðàñïîçíàâàíèþ

Êîìïîçèöèè îáó÷àåìûõ ìîäåëåé

Ïðîñòîå è âçâåøåííîå ãîëîñîâàíèå
Ìàçóðîâ Â.Ä. Êîìèòåòû ñèñòåìû íåðàâåíñòâ è çàäà÷à ðàñïîçíàâàíèÿ. 1971.
Æóðàâë¼â Þ.È. Êîððåêòíûå àëãåáðû íàä ìíîæåñòâàìè íåêîððåêòíûõ (ýâðèñòè÷åñêèõ)
àëãîðèòìîâ. 1977.
Freund Y., Schapire R. E. A decision-theoretic generalization of on-line learning and an
application to boosting. 1995.
Friedman G. Greedy Function Approximation: A Gradient Boosting Machine. 1999.

Ñëó÷àéíûé ëåñ
Breiman L. Random Forests. 2001.

Âîññòàíîâëåíèå ñìåñåé ðàñïðåäåëåíèé, EM-àëãîðèòì
Øëåçèíãåð Ì.È. Î ñàìîïðîèçâîëüíîì ðàçëè÷åíèè îáðàçîâ. 1965.
Dempster A. P., Laird N.M., Rubin D. B. Maximum likelihood from incomplete data via the
EM-algorithm. 1977.

Ñìåñè êëàññèôèêàòîðîâ ñ îáëàñòÿìè êîìïåòåíòíîñòè
Ðàñòðèãèí Ë.À., Ýðåíøòåéí Ð. Õ. Êîëëåêòèâíûå ïðàâèëà ðàñïîçíàâàíèÿ. 1981.
Jacobs R. A., Jordan M. I., Nowlan S. J., Hinton G. E. Adaptive mixtures of local experts. 1991.

Ãðàäèåíòíûé áóñòèíã è ñëó÷àéíûé ëåñ � óíèâåðñàëüíûå
è íàèáîëåå óñïåøíûå ìåòîäû êëàññèôèêàöèè.

MatrixNet è CatBoost � ýôôåêòèâíûå ðåàëèçàöèè îò ßíäåêñà.
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ãëóáîêîå îáó÷åíèå êàê âåêòîðèçàöèÿ äàííûõ
áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Ãëóáîêèå íåéðîííûå ñåòè (Deep Neural Network, DNN)

1965: ïåðâûå ãëóáîêèå íåéðîííûå ñåòè
1997: ðåêóððåíòíàÿ ñåòü LSTM äëÿ àíàëèçà ïîñëåäîâàòåëüíîñòåé
2012: ñâ¼ðòî÷íàÿ ñåòü äëÿ êëàññèôèêàöèè èçîáðàæåíèé AlexNet

Àðõèòåêòóðà ñåòè � ñòðóêòóðà ñëî¼â è ñâÿçåé ìåæäó íèìè,
ïîçâîëÿþùàÿ íàäåëÿòü DNN íóæíûìè ñâîéñòâàìè

DNN ïîçâîëÿþò ïðèíèìàòü íà âõîäå è ãåíåðèðîâàòü
íà âûõîäå ñëîæíî ñòðóêòóðèðîâàííûå äàííûå

Èâ�àõíåíêî À. Ã., Ëàïà Â. Ã. Êèáåðíåòè÷åñêèå ïðåäñêàçûâàþùèå óñòðîéñòâà. 1965
Hochreiter S., Schmidhuber J. Neural Computation, 9(8), 1997
Krizhevsky A. et al. ImageNet classi�cation with deep convolutional neural networks. 2012
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áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Ãëóáîêèå ñâ¼ðòî÷íûå ñåòè äëÿ êëàññèôèêàöèè èçîáðàæåíèé

Ñòàðò â 2009 ×åëîâå÷åñêèé óðîâåíü îøèáîê 5% ïðîéäåí â 2015

Ñâ¼ðòî÷íûå
íåéðîííûå ñåòè
AlexNet (2012)
ResNet (2015)

Li Fei-Fei et al. ImageNet: A large-scale hierarchical image database. 2009
Krizhevsky A. et al. ImageNet classi�cation with deep convolutional neural networks. 2012
Kaiming He et al. Deep residual learning for image recognition. 2015
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Òðè îñíîâíûõ ýòàïà. Ýòàï 1: âåêòîð → ñêàëÿð

Ïðåäñêàçàòåëüíîå ìîäåëèðîâàíèå âåêòîðíûõ äàííûõ

Âõîä: âåêòîðíûå ïðèçíàêîâûå îïèñàíèÿ îáúåêòîâ
Âûõîä: ñêàëÿðíûå îòâåòû (ïðåäñêàçàíèÿ, ïðîãíîçû)

Ïðèëîæåíèÿ: ìåäèöèíñêàÿ äèàãíîñòèêà,
ãåîëîãè÷åñêîå ïðîãíîçèðîâàíèå, êðåäèòíûé ñêîðèíã,...

Ìîäåëè: SVM, LR, MVR, RBF, MLP, ID3, CART, RF, GBM,...
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Òðè îñíîâíûõ ýòàïà. Ýòàï 2: ñòðóêòóðà → âåêòîð → ñêàëÿð

Îáó÷àåìàÿ âåêòîðèçàöèÿ ñëîæíî ñòðóêòóðèðîâàííûõ äàííûõ

Âõîä: ñëîæíî ñòðóêòóðèðîâàííûå ¾ñûðûå¿ äàííûå îáúåêòîâ
Âûõîä: âåêòîðíûå ïðåäñòàâëåíèÿ îáúåêòîâ, çàòåì îòâåòû

Ïðèëîæåíèÿ: êëàññèôèêàöèÿ èçîáðàæåíèé, òåêñòîâ, ñèãíàëîâ,
ãîëîñîâûõ êîìàíä, áèîìåòðè÷åñêàÿ èäåíòèôèêàöèÿ ëè÷íîñòè,...

Ìîäåëè: CNN, AlexNet, ResNet, word2vec, FastText, BERT,...

Ê.Â. Âîðîíöîâ (k.vorontsov@iai.msu.ru) Ïðîáëåìà óçíàâàíèÿ: èäåè Ì. Ì. Áîíãàðäà 44 / 58



ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà
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Òðè îñíîâíûõ ýòàïà. Ýòàï 3: ñòðóêòóðà → âåêòîð → ñòðóêòóðà

Îáó÷àåìàÿ ãåíåðàöèÿ ñëîæíî ñòðóêòóðèðîâàííûõ äàííûõ

Âõîä: ñëîæíî ñòðóêòóðèðîâàííûå îáúåêòû
Âûõîä: ñëîæíî ñòðóêòóðèðîâàííûå îòâåòû

Ïðèëîæåíèÿ: ñèíòåç èçîáðàæåíèé, ïåðåíîñ ñòèëÿ,
ðàñïîçíàâàíèå ðå÷è, ìàøèííûé ïåðåâîä, ñóììàðèçàöèÿ
òåêñòîâ, ÷àò-áîòû,...

Ìîäåëè: seq2seq, RNN, LSTM, GAN, VAE, GPT,...
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Ïðèìåðû GAN äëÿ ñèíòåçà èçîáðàæåíèé è âèäåî

Chuan Li, Michael Wand. Precomputed Real-Time Texture Synthesis with Markovian
Generative Adversarial Networks. 2016.

Xiaoxing Zeng, Xiaojiang Peng, Yu Qiao. DF2Net: A Dense Fine Finer Network for
Detailed 3D Face Reconstruction. ICCV-2019.

Caroline Chan, Shiry Ginosar, Tinghui Zhou, Alexei A. Efros. Everybody Dance Now.
ICCV-2019.
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Ýâîëþöèÿ ïîäõîäîâ ìàøèííîãî îáó÷åíèÿ â àíàëèçå òåêñòîâ

Äåêîìïîçèöèÿ çàäà÷ ïî óðîâíÿì ïèðàìèäû NLP

ìîðôîëîãè÷åñêèé àíàëèç, ëåììàòèçàöèÿ, îïå÷àòêè

ñèíòàêñè÷åñêèé àíàëèç, âûäåëåíèå òåðìèíîâ, NER

ñåìàíòè÷åñêèé àíàëèç, âûäåëåíèå ôàêòîâ, òåì

Ìîäåëè âåêòîðíûõ ïðåäñòàâëåíèé (ýìáåäèíãîâ)
ñëîâ íà îñíîâå ìàòðè÷íûõ ðàçëîæåíèé

ìîäåëè äèñòðèáóòèâíîé ñåìàíòèêè:
word2vec [Mikolov, 2013], FastText [Bojanowski, 2016]

òåìàòè÷åñêèå ìîäåëè LDA [Blei, 2003], ARTM [2014]

Íåéðîñåòåâûå ìîäåëè ëîêàëüíûõ êîíòåêñòîâ

ðåêóððåíòíûå íåéðîííûå ñåòè

ìîäåëè âíèìàíèÿ è òðàíñôîðìåðû:
BERT [2018], GPT-3 [2020], GPT-4 [2023]
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Ìîäåëè âíèìàíèÿ äëÿ ìàøèííîãî ïåðåâîäà

Âõîä: {xi} � ïîñëåäîâàòåëüíîñòü ñëîâ âõîäíîãî ÿçûêà
Âûõîä: {yt} � ïîñëåäîâàòåëüíîñòü ñëîâ âûõîäíîãî ÿçûêà

Èíòåðïðåòàöèÿ: ìàòðèöà ait ïîêàçûâàåò, íà êàêèå ñëîâà xi
ìîäåëü îáðàùàåò âíèìàíèå, ãåíåðèðóÿ ñëîâî ïåðåâîäà yt

Bahdanau et al. Neural machine translation by jointly learning to align and translate. 2015.
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Ìîäåëè âíèìàíèÿ äëÿ àííîòèðîâàíèÿ èçîáðàæåíèé

Ïîäñâå÷åíû îáëàñòè, íà êîòîðûå ìîäåëü îáðàùàåò âíèìàíèå,
êîãäà ãåíåðèðóåò ïîä÷¼ðêíóòîå ñëîâî â àííîòàöèè èçîáðàæåíèÿ

Kelvin Xu et al. Show, attend and tell: neural image caption generation with visual
attention. 2016
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Òðàñôîðìåð äëÿ ìàøèííîãî ïåðåâîäà

Òðàñôîðìåð (transformer) � ýòî íåéðîñåòåâàÿ àðõèòåêòóðà
íà îñíîâå ìîäåëåé âíèìàíèÿ è ïîëíîñâÿçíûõ ñëî¼â

Ñõåìà ïðåîáðàçîâàíèé äàííûõ â ìàøèííîì ïåðåâîäå:

S = (w1, . . . ,wn) � ñëîâà ïðåäëîæåíèÿ íà âõîäíîì ÿçûêå
↓ îáó÷àåìàÿ èëè ïðåä-îáó÷åííàÿ âåêòîðèçàöèÿ ñëîâ

X = (x1, . . . , xn) � âåêòîðû ñëîâ âõîäíîãî ïðåäëîæåíèÿ
↓ òðàíñôîðìåð-êîäèðîâùèê

Z = (z1, . . . , zn) � êîíòåêñòíûå âåêòîðû ñëîâ
↓ òðàíñôîðìåð-äåêîäèðîâùèê, ïîõîæ íà êîäèðîâùèêà

Y = (y1, . . . , ym) � âåêòîðû ñëîâ âûõîäíîãî ïðåäëîæåíèÿ
↓ ãåíåðàöèÿ ñëîâ èç ïîñòðîåííîé ÿçûêîâîé ìîäåëè

S̃ = (w̃1, . . . , w̃m) � ñëîâà ïðåäëîæåíèÿ íà âûõîäíîì ÿçûêå

Vaswani et al. (Google) Attention is all you need. 2017.

Ê.Â. Âîðîíöîâ (k.vorontsov@iai.msu.ru) Ïðîáëåìà óçíàâàíèÿ: èäåè Ì. Ì. Áîíãàðäà 50 / 58



ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà
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ChatGPT è GPT-4: ïðîáëåñêè îáùåãî èñêóññòâåííîãî èíòåëëåêòà

Íîâûå ñïîñîáíîñòè ìîäåëè, íå çàêëàäûâàâøèåñÿ ïðè îáó÷åíèè:

îáúÿñíÿòü ñâîè îòâåòû, ïåðåôðàçèðîâàòü

ðåôåðèðîâàòü, ãåíåðèðîâàòü ïëàíû, ñöåíàðèè, øàáëîíû

ïåðåâîäèòü íà äðóãèå ÿçûêè, ñòðîèòü àíàëîãèè,
ìåíÿòü òîíàëüíîñòü, ñòèëü, ãëóáèíó èçëîæåíèÿ

ãåíåðèðîâàòü ïðîãðàììíûé êîä íà ðàçëè÷íûõ ÿçûêàõ

ðåøàòü íåêîòîðûå ëîãè÷åñêèå è ìàòåìàòè÷åñêèå çàäà÷è

èñêàòü è èñïðàâëÿòü ñîáñòâåííûå îøèáêè ïî ïîäñêàçêå
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

ãëóáîêîå îáó÷åíèå êàê âåêòîðèçàöèÿ äàííûõ
áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Ïîÿâëåíèå ó ìîäåëè êà÷åñòâåííî íîâûõ ñïîñîáíîñòåé

GPT-2: 14/Feb/2019, êîíòåêñò 768 ñëîâ (1,5 ñòðàíèöû)

1,5 ìëðä. ïàðàìåòðîâ, êîðïóñ 10 ìëðä. òîêåíîâ (40Gb)

ñïîñîáíîñòü íàïèñàòü ýññå, êîòîðîå êîíêóðñíîå æþðè
íå ñìîãëî îòëè÷èòü îò íàïèñàííîãî ÷åëîâåêîì
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Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

ãëóáîêîå îáó÷åíèå êàê âåêòîðèçàöèÿ äàííûõ
áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Ïîÿâëåíèå ó ìîäåëè êà÷åñòâåííî íîâûõ ñïîñîáíîñòåé

GPT-3: 11/Jun/2020, êîíòåêñò 1536 ñëîâ (3 ñòðàíèöû)

175 ìëðä. ïàðàìåòðîâ, êîðïóñ 500 ìëðä. òîêåíîâ

ñïîñîáíîñòü äåëàòü ïåðåâîä íà äðóãèå ÿçûêè,

ðåøàòü ëîãè÷åñêèå è ìàòåìàòè÷åñêèå çàäà÷è,

ãåíåðèðîâàòü ïðîãðàììíûé êîä ïî îïèñàíèþ
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

ãëóáîêîå îáó÷åíèå êàê âåêòîðèçàöèÿ äàííûõ
áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Ïîÿâëåíèå ó ìîäåëè êà÷åñòâåííî íîâûõ ñïîñîáíîñòåé

GPT-4: 14/Mar/2023, êîíòåêñò 24 000 ñëîâ (48 ñòðàíèö)

>1 òðë. ïàðàìåòðîâ, êîðïóñ >1Tb

ñïîñîáíîñòü îïèñûâàòü è àíàëèçèðîâàòü èçîáðàæåíèÿ,

ðåàãèðîâàòü íà ïîäñêàçêè âðîäå ¾Let's think step by step¿,

ðåøàòü êà÷åñòâåííûå ôèçè÷åñêèå çàäà÷è ïî êàðòèíêå

Ê.Â. Âîðîíöîâ (k.vorontsov@iai.msu.ru) Ïðîáëåìà óçíàâàíèÿ: èäåè Ì. Ì. Áîíãàðäà 54 / 58



ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

ãëóáîêîå îáó÷åíèå êàê âåêòîðèçàöèÿ äàííûõ
áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Ãîìîãåíèçàöèÿ âåêòîðíûõ ìîäåëåé (Foundation Models)

Îáó÷àåìàÿ âåêòîðèçàöèÿ äàííûõ � ãëîáàëüíûé òðåíä AI/ML

R.Bommasani et al. (Center for Research on Foundation Models, Stanford University)
On the opportunities and risks of foundation models // CoRR, 20 August 2021.
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ÈÈ: èñòîðèÿ ðàçâèòèÿ è îñíîâíûå ïîíÿòèÿ
Íàó÷íàÿ øêîëà Þðèÿ Èâàíîâè÷à Æóðàâë¼âà

Íàñòîÿùåå è áóäóùåå èñêóññòâåííîãî èíòåëëåêòà

ãëóáîêîå îáó÷åíèå êàê âåêòîðèçàöèÿ äàííûõ
áîëüøèå ìîäåëè ñ ýìåðäæåíòíîñòüþ

Çîîïàðê àðõèòåêòóð íåéðîííûõ ñåòåé

Àðõèòåêòóðà ñåòè � ñòðóêòóðà ñëî¼â è ñâÿçåé ìåæäó íèìè,
ïîçâîëÿþùàÿ íàäåëÿòü ñåòü íóæíûìè ñâîéñòâàìè

Âñå (ïî÷òè) àðõèòåêòóðû îáó÷àþòñÿ ìåòîäîì BackProp �
ýòî SG + áûñòðîå âû÷èñëåíèå ãðàäèåíòà + ýâðèñòèêè
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Ñóõîé îñòàòîê

Íà÷èíàåì ñ ïîñòàíîâêè çàäà÷è: ÄÍÊ (äàíî, íàéòè, êðèòåðèé)

Ï.Äîìèíãîñ (2015) îøèáàëñÿ, ÷òî ¾âåðõîâíûé àëãîðèòì¿ (AGI)
ïîÿâèòñÿ êàê îáúåäèíåíèå ïîäõîäîâ îñíîâíûõ íàó÷íûõ øêîë

Þ.È.Æóðàâë¼â â àëãîðèòìàõ âû÷èñëåíèÿ îöåíîê (1971)
óæå ñäåëàë ýòî, íî ýòî íå ïðèâåëî ê ïîÿâëåíèþ AGI

Òåïåðü ÿñíî, ÷òî ñëàãàåìûå óñïåõà � ñîâñåì äðóãèå:

1 îáó÷àåìàÿ âåêòîðèçàöèÿ äàííûõ → ãëóáîêîå îáó÷åíèå

2 áîëüøèå äàííûå + áîëüøèå ìîäåëè + íåéðîïðîöåññîðû

3 âû÷èñëèòåëüíûå ìåòîäû îïòèìèçàöèè áåç ïåðåîáó÷åíèÿ

4 îáó÷åíèå áîëüøîé ÿçûêîâîé ìîäåëè → ýìåðäæåíòíîñòü

Ìàðêîâ Ñ. Îõîòà íà ýëåêòðîîâåö. Áîëüøàÿ êíèãà èñêóññòâåííîãî èíòåëëåêòà. 2024
Äîìèíãîñ Ï. Âåðõîâíûé àëãîðèòì. Êàê ìàøèííîå îáó÷åíèå èçìåíèò íàø ìèð. 2016
Âîðîíöîâ Ê. Â. (www.MachineLearning.ru, User:Vokov)
Ëåêöèè ïî ìàøèííîìó îáó÷åíèþ. ÌÔÒÈ, ÌÃÓ (https://bit.ly/ML-Vorontsov)



Ïîëåçíûå ññûëêè è ëèòåðàòóðà

Íèêîëåíêî Ñ. Ìàøèííîå îáó÷åíèå: îñíîâû, 2025.

Íèêîëåíêî Ñ., Êàäóðèí À., Àðõàíãåëüñêàÿ Å.

Ãëóáîêîå îáó÷åíèå: îñíîâû, 2024.

Êðèñòîôåð Áèøîï, Õüþ Áèøîï.

Ãëóáîêîå îáó÷åíèå: ïðèíöèïû è êîíöåïöèè, 2025.

Ìýðôè Ê.Ï. Âåðîÿòíîñòíîå ìàøèííîå îáó÷åíèå. Ââåäåíèå, 2022.

Ìýðôè Ê.Ï. Âåðîÿòíîñòíîå ìàøèííîå îáó÷åíèå. Äîïîëíèòåëüíûå
òåìû: îñíîâàíèÿ, âûâîä, 2024.

Ìýðôè Ê.Ï. Âåðîÿòíîñòíîå ìàøèííîå îáó÷åíèå. Äîïîëíèòåëüíûå
òåìû: ïðåäñêàçàíèå, ïîðîæäåíèå, îáíàðóæåíèå, äåéñòâèå, 2024.

Äàéçåíðîò Ì.Ï., Àëüäî Ôåéçàë À., ×åí Ñóíü Îí.

Ìàòåìàòèêà â ìàøèííîì îáó÷åíèè, 2024.

Óèëêå Ê. Îñíîâû âèçóàëèçàöèè äàííûõ: ïîñîáèå ïî ýôôåêòèâíîé è
óáåäèòåëüíîé ïîäà÷å èíôîðìàöèè, 2024.

Øóìñêèé Ñ. À. Ìàøèííûé èíòåëëåêò. ÐÈÎÐ ÈÍÔÐÀ-Ì, 2020.

Âèçèëüòåð Þ. Â. Îò ñëàáîãî ÈÈ ê îáùåìó óíèâåðñàëüíîìó
èíòåëëåêòó (îáçîð òåíäåíöèé 2020-2023). Ñåìèíàð ÐÀÈÈ è ÔÈÖ ÈÓ
ÐÀÍ ¾Ïðîáëåìû èñêóññòâåííîãî èíòåëëåêòà¿ 31-01-2024
https://rutube.ru/video/2aad53ec833f19918c1593398a2a1b88
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