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Mixture-of-Experts (MoE)

Èäåÿ: Ñïåöèàëèçàöèÿ ìîäåëåé íà ðàçíûõ ÷àñòÿõ
âõîäíîãî ïðîñòðàíñòâà è íàëè÷èå �ìåíåäæåðà�,
êîòîðûé âûáèðàåò ïîäõîäÿùåãî ñïåöèàëèñòà.

Öåëü: Ïîâûøåíèå ýôôåêòèâíîñòè ìîäåëè. Âìåñòî
òîãî ÷òîáû çàñòàâëÿòü îäíó ãèãàíòñêóþ ìîäåëü ó÷èòü
âñþ ñëîæíîñòü äàííûõ, ñîçäàåòñÿ íàáîð
"ýêñïåðòîâ êàæäûé èç êîòîðûõ ñòàíîâèòñÿ
ñïåöèàëèñòîì â îïðåäåëåííîì òèïå äàííûõ.

Ìîäåëü âåðòèêàëüíî ìàñøòàáèðóåòñÿ çà ñ÷åò
óâåëè÷åíèÿ ÷èñëà ýêñïåðòîâ, íå óâåëè÷èâàÿ
âû÷èñëèòåëüíûå çàòðàòû íà îäèí ïðèìåð.
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Ïðèíöèï ðàáîòû (1)

Äâà îñíîâíûõ êîìïîíåíòà:

Experts: Îòäåëüíûå ìîäåëè (íàïðèìåð, íåéð. ñåòè),

êîòîðûå ñïåöèàëèçèðóþòñÿ íà ðàçíûõ àñïåêòàõ

äàííûõ.

Gating Network: Îäíà ìîäåëü (÷àñòî ïðîñòàÿ),

êîòîðàÿ îáó÷àåòñÿ íà ëåòó îïðåäåëÿòü, êàêîìó

ýêñïåðòó �äîâåðèòü� òåêóùèé âõîäíîé ïðèìåð.

Gating Network è Experts îáó÷àþòñÿ îäíîâðåìåííî:
Ýêñïåðò ïîëó÷àåò áîëüøå ãðàäèåíòîâ äëÿ îáíîâëåíèÿ
ñâîèõ âåñîâ íà òåõ ïðèìåðàõ, ãäå Gating Network åãî
�âûáðàëà�.

Êëþ÷åâàÿ îñîáåííîñòü: �Äëÿ êàæäîé çàäà÷è � ñâîé
ýêñïåðò�.
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Îáùàÿ ñõåìà
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Ïðèíöèï ðàáîòû (2)

Êîãäà ïîäàåòñÿ íîâîå âõîäíîå íàáëþäåíèå íà âõîä
MoE, òî:

Gating Network àíàëèçèðóåò âõîäíûå äàííûå è
íàçíà÷àåò âåñà (âåðîÿòíîñòè) êàæäîìó ýêñïåðòó,
íàïðèìåð: [Ýêñïåðò 1: 0.8, Ýêñïåðò 2: 0.1, Ýêñïåðò 3:
0.1].

Àêòèâèðóþòñÿ (ïîëíîñòüþ èëè ÷àñòè÷íî) òîëüêî îäèí
èëè íåñêîëüêî ýêñïåðòîâ ñ íàèáîëüøèìè âåñàìè.
Îñòàëüíûå �ìîë÷àò�.

Èòîãîâûé ïðîãíîç � ýòî âçâåøåííàÿ ñóììà ïðîãíîçîâ
àêòèâèðîâàííûõ ýêñïåðòîâ.
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Îòëè÷èå îò ñëó÷àéíîãî ëåñà (1)

Mixture-of-Experts - ýòî ñïîñîá ïîñòðîèòü îãðîìíóþ è
ìîùíóþ ìîäåëü, êîòîðàÿ îñòàåòñÿ ýôôåêòèâíîé,
ïîòîìó ÷òî äëÿ êàæäîé êîíêðåòíîé çàäà÷è
çàäåéñòâóåò òîëüêî ñâîþ íåáîëüøóþ ÷àñòü. Îí
âåðòèêàëüíî ìàñøòàáèðóåòñÿ çà ñ÷åò óâåëè÷åíèÿ
÷èñëà ýêñïåðòîâ, íå óâåëè÷èâàÿ âû÷èñëèòåëüíûå
çàòðàòû íà îäèí ïðèìåð.

Ñëó÷àéíûé ëåñ - ýòî ñïîñîá ñäåëàòü ñòàáèëüíûé è
íàäåæíûé ïðîãíîç, îáúåäèíèâ ìíîæåñòâî ïðîñòûõ è
íåìíîãî ðàçíûõ ìîäåëåé. Îí ãîðèçîíòàëüíî
ìàñøòàáèðóåòñÿ çà ñ÷åò êîëè÷åñòâà ìîäåëåé.
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Àíàëîãèÿ äëÿ ñëó÷àéíîãî ëåñà

Ïðåäñòàâüòå, ÷òî çàäàåòñÿ ñëîæíûé âîïðîñ áîëüøîé
ãðóïïå ñëó÷àéíûõ ïðîõîæèõ (êàæäûé èç êîòîðûõ íå
ýêñïåðò).

Ìû óñðåäíÿåì èõ îòâåòû, è çà ñ÷åò ýòîãî øóì è
îøèáêè îòäåëüíûõ ëþäåé êîìïåíñèðóþòñÿ, äàâàÿ â
ñðåäíåì áîëåå òî÷íûé îòâåò, ÷åì ó îäíîãî ñëó÷àéíîãî
÷åëîâåêà.



Îñíîâû MeO Toy example Îáùèé ñëó÷àé MoE MoE è ðåãðåññèÿ Í.-Ó.

Àíàëîãèÿ äëÿ MoE

Ïðåäñòàâèì áîëüøóþ êëèíèêó.

Âìåñòî òîãî ÷òîáû êàæäûé âðà÷ ëå÷èë âñå áîëåçíè
(êàê â bagging), åñòü ðåãèñòðàòîð (Gating Network),
êîòîðûé ñìîòðèò íà âàøè ñèìïòîìû è íàïðàâëÿåò âàñ
ê êîíêðåòíîìó ñïåöèàëèñòó (ýêñïåðòó): êàðäèîëîãó,
íåâðîëîãó èëè îðòîïåäó.

Ïîëó÷àåòå ïîìîùü îò ñàìîãî êîìïåòåíòíîãî â âàøåé
ïðîáëåìå ÷åëîâåêà, à íå îò âñåõ âðà÷åé ñðàçó.
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Ïðèìåð (1)

Ïóñòü åñòü äàòàñåò, ãäå öåëåâàÿ ïåðåìåííàÿ y
ïî-ðàçíîìó çàâèñèò îò ïðèçíàêà x íà ðàçíûõ åãî
ó÷àñòêàõ:

ïðè x < 0: y = −x
ïðè x ≥ 0: y = x2

Çàäà÷à � îáó÷èòü ìîäåëü MoE, êîòîðàÿ ïîéìåò ýòî
ðàçäåëåíèå è íàçíà÷èò ïðàâèëüíûõ �ýêñïåðòîâ� äëÿ
êàæäîãî ó÷àñòêà
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Ïðèìåð (2)
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Àðõèòåêòóðà MoE ìîäåëè

2 ýêñïåðòà (Expert Networks):

Expert 1: Îáó÷àåì ëèíåéíóþ ðåãðåññèþ y = w1 · x + b1
Expert 2: Îáó÷àåì ïîëèíîìèàëüíóþ ðåãðåññèþ

y = w2 · x2 + b2

Gating Network: èñïîëüçóåì ïðîñòóþ ëîãèñòè÷åñêóþ
ðåãðåññèþ, êîòîðàÿ ïî x ïðåäñêàæåò âåðîÿòíîñòè:

äëÿ Expert 1: P(Expert = 1|x)
äëÿ Expert 2: 1− P(Expert = 1|x)
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Forward Pass

Gating Network: âû÷èñëÿåò âåñà êàæäîãî ýêñïåðòà íà
îñíîâå âõîäíîãî x :

g1 = σ(wg · x + bg ), g2 = 1− g1

wg , bg - ïàðàìåòðû Gating Network; g1, g2 - âåñà
ýêñïåðòîâ
Expert Networks: êàæäûé ýêñïåðò äåëàåò ñâîå
ïðåäñêàçàíèå:

e1 = w1 · x + b1, e2 = w2 · x2 + b2

w1, b1 - ïàðàìåòðû ëèí.ýêñïåðòà; w2, b2 -
êâàäð.ýêñïåðòà
Ôèíàëüíîå ïðåäñêàçàíèå - âçâåøåííàÿ ñóììà
ïðåäñêàçàíèé ýêñïåðòîâ:

ypred = g1 · e1 + g2 · e2
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Ôóíêöèÿ ïîòåðü

Ôóíêöèÿ ïîòåðü - MSE:

L =
1

N

N∑
i=1

(
y
(i)
true − y

(i)
pred

)2
ãäå N - êîëè÷åñòâî ïðèìåðîâ â îáó÷àþùåé âûáîðêå

Ãðàäèåíò ïî èòîãîâîìó ïðåäñêàçàíèþ:

∂L

∂ypred
=

2

N

N∑
i=1

(
y
(i)
pred − y

(i)
true

)
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Åùå ãðàäèåíòû

Ãðàäèåíòû äëÿ ýêñïåðòîâ:

∂L

∂e1
=

∂L

∂ypred
· g1,

∂L

∂e2
=

∂L

∂ypred
· g2

Ãðàäèåíòû äëÿ Gating Network:

∂L

∂g1
=

∂L

∂ypred
· (e1 − e2),

∂g1
∂zg

= g1 · (1− g1), zg = wg · x + bg

∂L

∂wg
=

∂L

∂g1
· ∂g1
∂zg
· x , ∂L

∂bg
=

∂L

∂g1
· ∂g1
∂zg
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Îáíîâëåíèå ïàðàìåòðîâ

w1 ← w1 − η ·
∂L

∂w1
,

∂L

∂w1
=

∂L

∂e1
· x

b1 ← b1 − η ·
∂L

∂b1
,

∂L

∂b1
=

∂L

∂e1

w2 ← w2 − η ·
∂L

∂w2
,

∂L

∂w2
=

∂L

∂e2
· x2

b2 ← b2 − η ·
∂L

∂b2
,

∂L

∂b2
=

∂L

∂e2

wg ← wg − η ·
∂L

∂wg
, bg ← bg − η ·

∂L

∂bg
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Ðåçóëüòàòû

Ïîñëå îáó÷åíèÿ:

Âåñà ýêñïåðòîâ:

Expert 1: (w1, b1) íàó÷èòñÿ àïïðîêñèìèðîâàòü
ïðÿìóþ ëèíèþ y ≈ −x äëÿ x < 0
Expert 2: (w2, b2) íàó÷èòñÿ àïïðîêñèìèðîâàòü
ïàðàáîëó y ≈ x2 äëÿ x ≥ 0

Gating Network:

Íàó÷èòñÿ âûäàâàòü g1 ≈ 1, g2 ≈ 0 (âûáèðàòü Ýêñïåðòà

1) ïðè x < 0
Íàó÷èòñÿ âûäàâàòü g1 ≈ 0, g2 ≈ 1 (âûáèðàÿ Ýêñïåðòà

2) ïðè x ≥ 0
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Îáùèé ñëó÷àé MoE (Ïðÿìîé ïðîõîä)

Èìååòñÿ: K ýêñïåðòîâ: E1, . . . ,EK ; âõîäíîé âåêòîð:
x ∈ Rd ; Gating Network: G (x)

Gating Network: âû÷èñëÿåò âåñà äëÿ êàæäîãî
ýêñïåðòà:

g = Softmax(Wgx + bg )

Wg ∈ RK×d - ìàòðèöà âåñîâ Gating Network

bg ∈ RK - âåêòîð ñìåùåíèé

g = [g1, . . . , gK ]
T - âåêòîð âåñîâ ýêñïåðòîâ∑K

k=1 gk = 1, gk ≥ 0
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Îáùèé ñëó÷àé MoE (Ïðÿìîé ïðîõîä)

Êàæäûé ýêñïåðò äåëàåò ñâîå ïðåäñêàçàíèå:

ek = Ek(x) äëÿ k = 1, . . . ,K

ãäå Ek ìîæåò áûòü íåéðîííîé ñåòüþ, ëèíåéíîé
ìîäåëüþ, äåðåâîì ðåøåíèé

Èòîãîâîå ïðåäñêàçàíèå

ypred =
K∑

k=1

gk · ek
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Ìåõàíèçì ðàáîòû Gating Network

Softmax îáåñïå÷èâàåò êîíêóðåíöèþ ìåæäó
ýêñïåðòàìè:

gk =
exp(zk)∑K
j=1 exp(zj)

, zk = w(k)
g · x + b(k)g

ãäå w(k)
g � k-ÿ ñòðîêà ìàòðèöû Wg

Èíòåðïðåòàöèÿ âåñîâ gk : âåðîÿòíîñòü òîãî, ÷òî
ýêñïåðò k ÿâëÿåòñÿ ïîäõîäÿùèì äëÿ âõîäà x

Ðàçäåëåíèå ïðîñòðàíñòâà ïðèçíàêîâ: Gating
Network ó÷èòñÿ ðàçäåëÿòü âõîäíîå ïðîñòðàíñòâî íà
ðåãèîíû, ãäå ðàçíûå ýêñïåðòû ÿâëÿþòñÿ
�ñïåöèàëèñòàìè�:

Ðåãèîík = {x ∈ Rd : gk(x) > gj(x), ∀j 6= k}
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Ìåõàíèçì îáó÷åíèÿ

Gating Network ó÷èòñÿ ÷åðåç ñîâìåñòíóþ
îïòèìèçàöèþ ñ ýêñïåðòàìè. Ðàññìîòðèì ãðàäèåíòû:

∂L

∂w(k)
g

=
∂L

∂y
· ∂y
∂gk
· ∂gk
∂zk
· ∂zk
∂w(k)

g

= (ytrue − ypred) · (ek − ypred) · gk(1− gk) · x

Êëþ÷åâîé ÷ëåí: (ek − ypred) - ðàçíèöà â êà÷åñòâå

ïðåäñêàçàíèé.
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Ïðèíöèï �ïðîá è îøèáîê� ÷åðåç ãðàäèåíòû

Ïóñòü åñòü 3 ýêñïåðòà è Gating Network èõ
ðàñïðåäåëÿåò

Â íà÷àëå îáó÷åíèÿ:

Âñå ýêñïåðòû îäèíàêîâî ïëîõè âî âñåõ çàäà÷àõ è

Gating Network ñëó÷àéíî ðàñïðåäåëÿåò çàäà÷è

Èç-çà ñëó÷àéíûõ íà÷. çíà÷åíèé îäèí ýêñïåðò ìîæåò

ñëó÷àéíî îêàçàòüñÿ ÷óòü ëó÷øå â îïðåäåëåííûõ

çàäà÷àõ

Êîãäà ìåíåäæåð âèäèò, ÷òî ýêñïåðò A õîðîøî

ñïðàâèëñÿ ñ çàäà÷åé òèïà X, ýêñïåðòû B è C

ñïðàâèëèñü ïëîõî, îí ÷åðåç ãðàäèåíòû óâåëè÷èâàåò

âåñ ýêñïåðòà A äëÿ çàäà÷ òèïà X.
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Ìåõàíèçì ðàáîòû Gating Network (Router)
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Gating Network è Router

Gating Network - êëàññè÷åñêèé ïîäõîä, ãäå âñå
ýêñïåðòû ó÷àñòâóþò ñ íåíóëåâûìè âåñàìè

Router - ñîâðåìåííàÿ îïòèìèçàöèÿ, ãäå àêòèâèðóåòñÿ
òîëüêî ïîäìíîæåñòâî ýêñïåðòîâ. Îáåñïå÷èâàåò:

Âû÷èñëèòåëüíóþ ýôôåêòèâíîñòü

Ìàñøòàáèðóåìîñòü äî òûñÿ÷ ýêñïåðòîâ

Ïðàêòè÷åñêóþ ïðèìåíèìîñòü â áîëüøèõ ìîäåëÿõ

Â ñîâðåìåííîé ëèòåðàòóðå òåðìèíû ÷àñòî

èñïîëüçóþòñÿ êàê ñèíîíèìû, íî òåõíè÷åñêè Router -

ýòî ñïàðñíàÿ âåðñèÿ Gating Network

Â êîíòåêñòå ñîâðåìåííûõ LLM òèïà Mixtral, Switch

Transformer è äðóãèõ, ïî÷òè âñåãäà èñïîëüçóåòñÿ

Router ñ òîï-k âûáîðîì
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Gating Network è Router

Gating Network (êëàññè÷åñêèé)

g = Softmax(Wgx), y =
K∑

k=1

gk · Ek(x)

ãäå âñå gk > 0 è
∑

gk = 1.

Router (ñîâðåìåííûé)

s = Wrx (ëîãèòû), top-k = TopK(s, k)

gi =

{
exp(si )∑

j∈top-k exp(sj )
if i ∈ top-k

0 otherwise
, y =

∑
i∈top-k

gi · Ei(x)
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Êëþ÷åâûå ïðèíöèïû

Àâòîìàòè÷åñêîå ðàçäåëåíèå: Gating Network
àâòîìàòè÷åñêè íàõîäèò îïòèìàëüíîå ðàçäåëåíèå
âõîäíîãî ïðîñòðàíñòâà

Ñïåöèàëèçàöèÿ: Êàæäûé ýêñïåðò ñòàíîâèòñÿ
ñïåöèàëèñòîì â ñâîåì ðåãèîíå

Êîíêóðåíöèÿ: Softmax çàñòàâëÿåò ýêñïåðòîâ
êîíêóðèðîâàòü çà äàííûå

Íåïðåðûâíîñòü: Âåñà ìåíÿþòñÿ ïëàâíî

Ìàñøòàáèðóåìîñòü: Ìîæíî äîáàâëÿòü íîâûõ
ýêñïåðòîâ äëÿ áîëåå ñëîæíûõ çàäà÷
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Ðåãðåññèÿ Íàäàðàÿ-Óîòñîíà

Îáó÷àþùàÿ âûáîðêà {xi , yi}, i = 1, ...,N :

fNW (x) =
N∑
i=1

α(x, xi) · yi

Âåñ âíèìàíèÿ

α(x, xi) =
K (x, xi ,w)∑N
j=1 K (x, xj ,w)

= softmax

(
−w ‖x− xi‖2

)
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Íåéðîí. ñåòü êàê ïàðàìåòðè÷åñêàÿ ðåãð. Í-Ó

Âûõîäíîé ñëîé ÍÑ:

fNN(x) =
∑h

i=1
φ (LN (〈wi ,Φ(x)〉)) · vi

φ - ôóíêöèÿ àêòèâàöèè; Φ(x) - ïðåîáðàçîâàíèå âõîäà â
âûõîä; V = [v1, ..., vh] - âåñà âûõîäíîãî ñëîÿ; LN(·) -
ñëîé íîðìàëèçàöèè

Ñðàâíèâàÿ fNN(x) ñ fNW (x), âèäèì, ÷òî ÍÑ íåÿâíî
îïðåäåëÿåò ïàðàìåòðèçîâàííóþ ôóíêöèþ ÿäðà ÷åðåç
ÍÑ:

K (x, {wi , bi}) = φ (〈wi ,Φ(x)〉)
ãäå íîðìàëèçàöèÿ ïðèìåíÿåòñÿ ïîñëå ÿäðà, ðîëü
ìåòîê yi èãðàþò âåêòîðû çíà÷åíèé vi , à Φ - ôóíêöèÿ
ïðåîáðàçîâàíèÿ
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Íåéðîí. ñåòü êàê ïàðàìåòðè÷åñêàÿ ðåãð. Í-Ó

Â ýòîé àíàëîãèè íîðìàëèçàöèÿ â ðåãðåññèè Í-Ó
ñîîòâåòñòâóåò L1-íîðìàëèçàöèè LN(x) = x/ ‖x‖1.
Eñòåñòâåííîå îáîáùåíèå - çàìåíà íîðìàëèçàöèè
LN(x) â ðåãðåññèè Í-Ó íà áîëåå ðàñïðîñòðàíåííóþ
L2-íîðìàëèçàöèþ â ÍÑ.

Ýòî äàåò ìàòåìàòè÷åñêóþ èíòåðïðåòàöèþ ÍÑ êàê
÷àñòíîãî ñëó÷àÿ ïàðàìåòðè÷åñêîé ðåãðåññèè Í-Ó.
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MoE êàê ïàðàìåòðè÷åñêàÿ ðåãð. Í-Ó

MoE êîìáèíèðóåò Expert Networks {Em(x)}Mm=1 ÷åðåç
Router g(x):

MoE(x) =
∑M

m=1
gm(x) · Em(x)

ãäå Router g(x) = [g1(x), ..., gM(x)] èñïîëüçóåò âûõîäû
softmax:

gm(x) =
exp (〈wm, x〉)∑M
j=1 exp (〈wj , x〉)

Óðàâíåíèå äëÿ MoE(x) ïîõîæå íà ðåãð. Í-Ó, ãäå âåñ
gm(x) ðàññìàòðèâàåòñÿ êàê ÿäðî K (x.wm), à êàæäûé
ýêñïåðòíûé âûõîä Em(x) ñîîò-âóåò ym.
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MoE êàê ïàðàìåòðè÷åñêàÿ ðåãð. Í-Ó

Åñëè âåðíóòüñÿ ê ÍÑ, ðåàëèçóþùåé ÿäðî, òî MoE
ìîæåò áûòü ðåàëèçîâàíà êàê áîëüøàÿ ÍÑ, êîòîðàÿ
àãðåãèðóåò Expert Networks {Em(x)}Mm=1 ïðè ïîìîùè
òàêèõ ÍÑ, ðåàëèçóþùèõ ÿäðî:

gm(x) = φ (LN (〈wm,Φ(x)〉))
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Ôóíêöèÿ Router (ìàðøðóòèçàòîðà)

Ïóñòü Φ(x) ∈ Rd - ïðåäñòàâëåíèå, êîòîðîå ïîñòóïàåò
íà Router.

Ââîäèì íîâóþ ôóíêöèþ ìàðøðóòèçàòîðà gm(x) = φ(·)
ñ íîðìàëèçàöèåé íà îñíîâå ÿäðà (KERN), êîòîðûé
ðåàëèçóåò Router ñ ïîìîùüþ ÍÑ ñ ëèíåéíîé
ïðîåêöèåé, çà êîòîðîé ñëåäóþò (i) L2-íîðìàëèçàöèÿ,
(ii) àêòèâàöèÿ ReLU è (iii) îïòèìàëüíûé îáó÷àåìûé
îïåðàòîð ìàñøàáèðîâàíèÿ:

s(x) = WsΦ(x) + bs ; s(x) =
s(x)

‖s(x)‖2 + ε
;

r(x) = ReLU(s(x)); ĝ(x) = γ · r(x)

ãäå Ws ∈ RM×d ; bs ∈ RM - ïàðàìåòðû Router
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Ôóíêöèÿ Router (ìàðøðóòèçàòîðà)

Íîðìàëèçàöèÿ ñîõðàíÿåò ìàñøòàá ëîãèò-àíàëèçà
èíâàðèàíòíûì ê ÷èñëó ýêñïåðòîâ M , â òî âðåìÿ êàê

Àêòèâàöèÿ ReLU ñîõðàíÿåò ðàçðåæåííîñòü áåç
èñïîëüçîâàíèÿ ýêñïîíåíöèàëüíûõ ôóíêöèé.

Â ïðîöåññå âûâîäà è îáó÷åíèÿ ñîõðàíÿåì òîëüêî k
ýêñïåðòîâ, ïðîøåäøèõ Router.
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Âîïðîñû
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