LEHTPAJIbHbIN
YHUBEPCUTET

ABTOMaTHN4YeckKoe
anpPpepeHumnpoBaHue.
BoiuucnurenbHbin rpad

METO[AbI BbIMYKNOW ONTUMU3ALUUN HEAENA 3

[aHs Mepkynos



7 \\ >
epkynos, lleTp OcTpoyxoB '

aHa M

f ‘:J‘e [/ 4

OnTumunsauua gns scex! LIY

HEEREERERREE



https://fmin.xyz
https://cu25.fmin.xyz
https://github.com/MerkulovDaniil/cu25
https://t.me/fminxyz

\
S : Q — %Q <%ﬁ;\”)%

ABTOMAaTU4YecKoe

puddepeHUUpoBaHUue

Ve


Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov

Daniil Merkulov


@dpiponi@mathstodon.xyz
@sigfpe

| think the first 40 years or so of automatic differentiation was largely

people not using it because they didn't believe such an algorithm could
possibly exist.
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Qo ™26 Q 159 [ 13 )

PucyHok 1. Korga Bbl NoHsNu naeto



PucyHok 2. 31o He autograd



3apgava

[MpepnonoXuMm, YTo Mbl XOTUM PELUNTb CreayroLLyto 3agady:

L — mi
(W= e,



Daniil Merkulov

Daniil Merkulov


3apgava

[MpepnonoXuMm, YTo Mbl XOTUM PELUNTb CreayroLLyto 3agady:

L — mi
(W)= e,

« Takvie 334341 06bIYHO BO3HMKAOT B MALLMHHOM OGYYEHUM, KOrAA HaM HY>XXHO HaUTV NOAXOASALLME NapaMeTpbl W MoAenu (Hanpumep,
06Yy4nTb HEMPOHHYHO CETb).
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« Takvie 334341 06bIYHO BO3HMKAOT B MALLMHHOM OGYYEHUM, KOrAA HaM HY>XXHO HaUTV NOAXOASALLME NapaMeTpbl W MoAenu (Hanpumep,
06Yy4nTb HEMPOHHYHO CETb).

» CyLeCTBYIOT pasHble METOAbI PeLleHUst 3Tol 3apaun. OfHaKo, pa3MepHOCTb 3afay CErofHs MOXeT JOCTUraTb COTEH MUNNMAPAOB UK Aaxe
TPUINIMOHOB NEpPeMeHHbIX. Takne 3afaun o4eHb TAXKENOo pellaTb 6e3 3HaHUs rpafMeHTOB, TO eCTb METOAaMU HYNIEBOro NopsaKa.



3apauva R

[MpepnonoXuMm, YTo Mbl XOTUM PELUNTb CreayroLLyto 3agady:
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06Yy4nTb HEMPOHHYHO CETb).
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3apauva R

[MpepnonoXuMm, YTo Mbl XOTUM PELUNTb CreayroLLyto 3agady:

L — mi
(W)= e,

Takue 3aAaum 06blYHO BO3HUKAIOT B MALUMHHOM 0BYYEHUM, KOrAa HaM HY>KHO HaUTU NOAXOAsLLME NapameTpbl W MoAaenu (Hanpumep,
06Yy4nTb HEMPOHHYHO CETb).

CyLLeCTBYIOT pasHble MeTofbl PeLleHns 3Toi 3agaun. OfHaKo, pasMepHOCTb 3afay CErofHs MOXET AOCTUraTb COTEH MUNIMAPA0B UK Jaxe
TPWUINIMOHOB NEpPeMEHHbIX. Takne 3afaun o4eHb TAXKENOo pellaTb 6e3 3HaHUs rpafMeHTOB, TO ECTb METOAaMU HYNIEBOro NopsaKa.

T
MoaToMy 6bi0 Gbl NOME3HO YMETb BbIUNCISATL BEKTOP rpagverTa V., L = (—(ﬁf S eees —Z?HJL >
1 d

O6bI4HO MeTOoAbI nepBoro nopsagaka pa6OTaIOT nydyuwe B 60onblUMX 3afadax, B TO BpeMs KakK MeTobl BTOPOro nopsagka Tpe6y|0T CIMwKOM
MHOIo NnamMATun.



Mpumep: 3apava MHOrOMepPHOro LWKaIMpoBaHUs R

Mpeqnono)nuM, YTo y Hac ecTb MaTpuua paccTosiHuil 4nst N d-mepHsix o6bektos D € RV*N Vicnonsays sty matpuuy, Ml xoTum
BOCCTaHOBWTb UCXOfHbIe koopanHaTel W, € R* i=1,..,N.


http://www.benfrederickson.com/numerical-optimization/

Mpumep: 3agaya MHOroMepHOro LKaaupoBaHUs R
MPEANONOXUM, UTo Y Hac ecTb MaTpuLia paccTosHit Gns N d-mepHbix o6bekTos D € RN XN Vicnonbays aTy MatpuLy, Mbl XOTUM

BOCCTaHOBWTb UCXOfHbIe koopanHaTel W, € R* i=1,..,N.

N
2
L(W) = } : (||Wi—Wj\|§—Di’j) —  min
i,7=1

WeRNxd
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Mpumep: 3apava MHOrOMepPHOro LWKaIMpoBaHUs R

MPEANONOXUM, UTo y Hac ecTb MaTpuLia paccTosHMi gisi N d-mepHbix o6bekTos D € RN XN Vicnonbays aTy matpuLy, Mbl XOTUM

BOCCTaHOBWTb UCXOfHbIe koopanHaTel W, € R% i=1,..,N. Koaml“('\ T6l
i-ow
0pogh
v 1) > . 10904
_ 2 2 .
L(W) = Z (Iw; — Wiz — Di,j) - AL
i,j=1 [\
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MpeanonioXuMm, 4To Mbl XOTUM PELLNTb CleaytoLLyo 3agady:

L(w) — min
weR
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MpeanonioXuMm, 4To Mbl XOTUM PELLNTb CleaytoLLyo 3agady:

L(w) — min
weR

C MOMOLLbIO aNropuTMa rpagueHTHoro cnycka (GD):

Wiy = Wy, — o, Vo, L(wy,)
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annpokcumauum

MpeanonioXuMm, 4To Mbl XOTUM PELLNTb CleaytoLLyo 3agady:

L(w) — min
weR

C MOMOLLbIO aNropuTMa rpagueHTHoro cnycka (GD):
Wiy = Wy, — o, Vo, L(wy,)

MoxHo nm samenutb V,, L(w),) nenonbsys Tonbko uHdopmaumio
HyneBoro nopsaka?
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MpapueHTHbIN cnycK 6e3 rpagueHTa: 2-TouYeuHbl MeTop,

annpokKkcmmMmauumm

MpeanonioXuMm, 4To Mbl XOTUM PELLNTb CleaytoLLyo 3agady:

L(w) — min
weR

C MOMOLLbIO aNropuTMa rpagueHTHoro cnycka (GD):
Wiy = Wy, — o, Vo, L(wy,)

MoxHo nm samenutb V,, L(w),) nenonbsys Tonbko uHdopmaumio
HyneBoro nopsaka?
[a, Ho 3a onpefeneHHyto LieHy.

1peKomer,yeTc;| Xopouwlasa npeseHTauus o 663I’paﬂl/leHTHbIX mMeToaax

&uv
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annpokKkcmmMmauumm

MpeanonioXuMm, 4To Mbl XOTUM PELLNTb CleaytoLLyo 3agady:

L(w) — min
weR

C MOMOLLbIO aNropuTMa rpagueHTHoro cnycka (GD):
Wiy = Wy, — o, Vo, L(wy,)

ModxHo nu sameHnTsb V,, L(w;,) ucnonbays Tonbko MHGOpMaALmio
HyneBoro nopsaka?

[a, Ho 3a onpefeneHHyto LieHy.

PacCMOTPUM ABYXTOUEUHYIO OLHKY rpaanenTa’ Gt

L(w + ev) — L(w — ev) ;

G=d
2e ’
rAe U - CryYanHbi BEKTOP U3 CHEPUUECKM CUMMETPUYHOTO
pacnpegeneHnsa.
—\_———_—\

1peKomer,yeTc;| Xopouwlasa npeseHTauus o 663I’paﬂl/leHTHbIX mMeToaax

&uv
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MpapueHTHbIN cnyC{ 6e3 rpagueHTa: 2-To4YeuYHbI meToq,
annpokcumauum

MpeanonioXuMm, 4To Mbl XOTUM PELLNTb CleaytoLLyo 3agady:

Trajectories with Contour Plot

L(w) — min

weR —e— GD
4 2-P Estimator GD
Start Point
C MOMOLLbIO anropuTMa rpagueHTHoro cnycka (GD): ‘:r Optimal Point
Wiy = Wy, — o, Vo, L(wy,) 2

ModxHo nu sameHnTsb V,, L(w;,) ucnonbays Tonbko MHGOpMaALmio

> 0
HyneBoro nopsaka?
[a, Ho 3a onpefeneHHyto LieHy.
PacCMOTPUM ABYXTOUEUHYIO OLHKY rpaanenTa’ Gt iy
L(w + ev) — L(w — ev)
G=d v,

2e -4
rAe v - CryYalHbl BEKTOP M3 Chepuyeckn CUMMETPUYHOrO T 5 i ; 3
pacrpegeneHus. x

PucyHok 4. “UnntocTpaums AByXTOYEUYHOW OLEHKM rpagMeHTHOro
cnycka”

1peKomer,yeTc;| Xopouwlasa npeseHTauus o 663I’paﬂl/leHTHbIX mMeToaax
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MpapueHTHbIN cnycK 6e3 rpagueHTa: MHOroTOUYeUHbIN R
MeTop, annpoKcMmMmaLum

Wiy = Wy, — 03,G


https://colab.research.google.com/github/MerkulovDaniil/optim/blob/master/assets/Notebooks/Zero_order_GD.ipynb

MpapueHTHbIN cnycK 6e3 rpagueHTa: MHOroTOUYeUHbIN R
MeTop, annpoKcMmMmaLum

Wiy = Wy, — 03,G

a d Trajectories with Contour Plot
Takxe paccMOoTpUM naero KOHe4YHbIX pasHOCTeun: —e— Gradient Descent
4 Finite Differences Gradient Descent ®
d Start Point
L(w + €€Z~) — L(’LU — Eei) ‘:v Optimal Point /
G = E €,
=1 2 / 24

OTKpbiTh B Colab & C-bla Su:,:uc“w;

QL -—(O-L O) " ‘o%/

/

PucyHok 5. “UnntocTpaumns paboTbl MeToAa OLeHKU rpaameHTa C
MOMOLLIbKO MEeTOAa KOHEYHbIX pa3HocTen”
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KoHeuHble pasHOCTH v
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oL L(w + ee;,) — L(w)
w

~ .= (0,...,1,...,0
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SLinnainmaa S. The representation of the cumulative rounding error of an algorithm as a Taylor expansion of the local rounding errors. Master's Thesis (in Finnish), Univ. Helsinki, 1970.
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Teopema

CyluecTayeT anroputm ana TouHoro soiuncnenns V,, L za O(T).
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Anroputm npssMoro pe>xmuma aBToMaTUUYECKOro
nndpdepeHUUpoBaHUSA

MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N].
Halua Lenb - BbIYMCAIMTL NPOU3BOAHYIO BbIXOAa 3TOro rpada no

v

HEKOTOPOM BXOLHOW NepeMeHHON Wy, T.e. ZN 513 noes
w,

npegnonaraeT pacnpocTpaHeHne rpagmeHTa no BXO4HOM

nepemMeHHoM OT Hayana K KOHLY, N03TOMY Mbl MOXEM BBECTU
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Anroputm npssMoro pe>xmuma aBToMaTUUYECKOro
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MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N].
Halua Lenb - BbIYMCAIMTL NPOU3BOAHYIO BbIXOAa 3TOro rpada no

v

HEKOTOPOM BXOLHOW NepeMeHHON Wy, T.e. ZN 513 noes
w),
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nepemeHHoPl OT Hayana K KOHLYy, N03TOMY Mbl MO>XXeM BBECTU
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nndpdepeHUUpoBaHUSA

MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N]. e Onsi=1,...,N:
Halwa uenb - BbIUMCAUTL NPOM3BOAHYHO BbIXOAA TOro rpada no

v
HEKOTOPOM BXOLHOW NepeMeHHON Wy, T.e. N 5ra naes

Wy
npegnonaraeT pacnpocTpaHeHne rpagueHTa no BXO,EI,HOVI

nepemeHHoM OT Hayana K KOHLYy, N03TOMY Mbl MO>XXeM BBECTU
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MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N]. e Onsi=1,...,N:

° )
Halua uenb - BbIYMCNUTL NPOM3BOAHYHO BbIXOAa 3TOro rpada no BbiunenuTs U; Kak GyHKUMIO €ro npeakos Ty , -

v
HEKOTOPOM BXOLHOW NepeMeHHON Wy, T.e. N 5ra naes

Wy
npegnonaraeT pacnpocTpaHeHne rpagueHTa no BXO,EI,HOVI

nepemeHHoPl OT Hayana K KOHLYy, N03TOMY Mbl MO>XXeM BBECTU
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Anroputm npssMoro pe>xmuma aBToMaTUUYECKOro R
nndpdepeHUUpoBaHUSA

MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N]. e Onsi=1,...,N:
° . .
Halua uenb - BbIYMCNUTL NPOM3BOAHYHO BbIXOAa 3TOro rpada no BbIUMCANTL U; Kak GYHKLMIO ero Npepkos Xy, ... , Ly
v
HEKOTOPOM BXOAHOW NEPEMEHHON W, T.e. ——¥ 9ra upes v; = v (xq, .. ,xti)
w,
npegnonaraeT pacnpocTpaHeHue rpapueHTa no BXoaHoOM @ BLIUMCUTE NPOU3BOAHYIO U; UCMONb3Yst GOPMYNY MPOU3BOAHOM
nepemMeHHoW OT Hayana K KOHLlY, N03TOMy Mbl MOXeM BBECTM CNOXHOM GYHKLMM:
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MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N]. e Onsi=1,...,N:
° . .
Halua uenb - BbIYMCNUTL NPOM3BOAHYHO BbIXOAa 3TOro rpada no BbIUMCANTL U; Kak GYHKLMIO ero Npepkos Xy, ... , Ly
v
HEKOTOPOM BXOAHOW NEPEMEHHON W, T.e. ——¥ 9ra upes v; = v (xq, .. ,xti)
w,
npegnonaraeT pacnpocTpaHeHue rpapueHTa no BXoaHoOM @ BLIUMCUTE NPOU3BOAHYIO U; UCMONb3Yst GOPMYNY MPOU3BOAHOM
nepemMeHHoW OT Hayana K KOHLlY, N03TOMy Mbl MOXeM BBECTM CNOXHOM GYHKLMM:
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Anroputm npssMoro pe>xmuma aBToMaTUUYECKOro R
nndpdepeHUUpoBaHUSA

MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N]. e Onai=1,...,N:
° . .
Halua uenb - BbIYMCNUTL NPOM3BOAHYHO BbIXOAa 3TOro rpada no BbIUMCANTL U; Kak GYHKLMIO ero Npepkos Xy, ... , Ly
v
HEKOTOPOM BXOAHOW NEPEMEHHON W, T.e. ——¥ 9ra upes v; = v (xq, .. 7Iti)
Wy,
npegnonaraeT pacnpocTpaHeHne rpagneHTa no BXxogHon @ BblUMCIUTL MPOM3BOAHYIO U; UCTIONb3yst GOPMYITY MPON3BOAHOI
nepemMeHHoW OT Hayana K KOHLlY, N03TOMy Mbl MOXeM BBECTM CNOXHOM GYHKLMM:
0603HayeHue: t.
2
—_ ({91)1» 6I]
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Owy,
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Bur Owy, Oz Owy, HeT Npo6emM Co CTaBUNbHOCTBIO MW HETOYHOCTSIMU(GOPMYbI BbilLe
TOYHbI).
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There IS another



O6paTHbIN pEeXXMM aBTOMaTUYECKOro
nndpdepeHUUpoBaHUSA

Mbl pacCMOTPUM Ty Xe GYHKLWIO C BbIUUCAUTENBHBIM FpadoM:

L(wy,wse) = wylogw; + /w2 logw;

PucyHok 18. UnntocTpaums BblunmcanTenbHoro rpada ans GyHKLmnm L(w1 , wQ)



O6paTHbIN peXXM aBTOMaTUYECKOro (] (‘H R
avdpepeHuupoBaHus

Mbl pacCMOTPUM Ty Xe GYHKLWIO C BbIUUCAUTENBHBIM FpadoM: M c

L(wy,w2) = welogw; + 1/ wszlogw;
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BCeX MPOMEXYTOYHbIX Y310B BblYNCNNTENBHOIO rpac])a). MpegnonoXum Takxe, YTo Mbl Kak-TO COXPaHUIn BCE MPOMEXYTOUHbIE 3HaUYeHUsI V;.
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O6paTHbIN peXXM aBTOMaTUYECKOro S
nndpdepeHUUpoBaHUSA

Question

O6paTiTe BHUMAaHME, 4TO A5 TOTO Xe KONMYEeCTBa BbIUMCIIEHUI, YTO 1 B MPSIMOM PEXXMME, Mbl NONly4YaeM NosHbI BekTop rpagverta VL.
KakoBa CTOMMOCTb YCKOPEHMS?



O6paTHbIN peXXM aBTOMaTUYECKOro S
nndpdepeHUUpoBaHUSA

Question

O6paTiTe BHUMAaHME, 4TO A5 TOTO Xe KONMYEeCTBa BbIUMCIIEHUI, YTO 1 B MPSIMOM PEXXMME, Mbl NONly4YaeM NosHbI BekTop rpagverta VL.
KakoBa CTOMMOCTb yCKOpeHWsi?

OTteeT O6paTnTe BHUMaHMeE, YTO ANS UCMONb30BaHUA 06paTHOro pexmnmMa AD BaM HYy>XXHO XpaHWUTb BCe NPOMEXYTOYHbIE BblYMCIIEHUS 13
npsimoro npoxopa. 3Ta npobnema MOXeT 6bITb YaCTUYHO peLlieHa C MOMOLLbIO YEKTMOUHTUHIA, NMPU KOTOPOM Mbl COXPaHsieM TONTbKO YacTb
NMPOMEXYTOUHbIX 3Ha4YEHUI, a ocTasnbHble NepecynTbiBaeM 3aHOBO MO Mepe HeO6XO0AMMOCTU. DTO NO3BOSIAET 3HAUMTENBHO YMEHbLUNTb
06BEM TpebyemMor NamaTh Npu 06yYeHnn 60MbLIMX MOAENEN MaLLMHHOTO 0ByYeHus.



AnrOpMTM OﬁpaTHOFO PeXnMa aBTOMaTU4YeCKOro

nndpdepeHUUpoBaHUSA

MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N].

Hawa uenb - BblMMCNUTb NPOM3BOAHYHO BbiXo4a 3Toro rpada rno Bcem

, T

BXO[HBIM NepemMeHHbIM W, T.e. VU = (g;” Yy gz}l\’) . OTa
1 d

uaes npeanonaraeT pacnpocTpaHeHe rpaaneHTa GyHKLMN Mo

MPOMEXYTOUHBIM MepPEMeHHBIM OT KOHLA K Hauary, No3TOMY Mbl

MOXEM BBECTU 0603HAYEHUNE:

o _ 0L _ouy
LT v, Oy,

Memory: vy

- MPAMON NPOXOA,
Onai=1,...,N:
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Anroputm o6paTHOro pe>XmmMa aBToMaTU4YeCKOro v
nndpdepeHUUpoBaHUSA

MPeANONOXMUM, UTO Y Hac eCTb BbIUMCIIUTENbHBIN rpad v, , 1 € [1; N}. - NPSIMOM NPOXOL,
Halwa uenb - BbIYMCIUTL MPOU3BOAHYHO BbIXOAA 3TOro rpada no Bcem Onai=1,...,N:

7 ; T ° BbIUMCNNTb U COXPaHUTb 3HauYeHns U,; Kak HKUMIKO ero npegkos
BXO[HBIM NepemMeHHbIM W, T.e. VU = (g;” Yy gz}l“ ) . OTa P i KaK Gy PeA
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naes npegnonaraeT pacnpocTpaHeHue rpagueHTa GyHKLMM no
MPOMEXYTOUHbBIM NMepeMeHHbIM OT KOHLa K Hayasy, Mo3ToMy Mbl
MOXEM BBECTU 0603HaYeHue:
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AnrOpMTM OﬁpaTHOFO PeXnMa aBTOMaTU4YeCKOro

nndpdepeHUUpoBaHUSA

MPeAnonoXmM, YTO y Hac ecTb BbIYMCIUTENbHBIN Fpad v;, ¢ € [1; N].

Hawa uenb - BblMMCNUTb NPOM3BOAHYHO BbiXo4a 3Toro rpada rno Bcem

, T

BXO[HBIM NepemMeHHbIM W, T.e. VU = (g;” Yy gz}l\’) . OTa
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Comparison of Forward Mode and Reverse Mode AD.
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NpousBepeHune NeccnaHa Ha BeKTOp 6€3 BbIYUCIIEHUS R
camoro leccuaHa

Korpaa BaM HyxHa HekoTopas MHbOpMaLMa o KpUBM3HE GYHKLMM, OBBIYHO BaM HY>HO paboTaTb ¢ reccuaHoM. OfHaKo, 3To TPyAHO AenaTb,
KOrfia Pa3MepHOCTb 3aAaum Benvka. [ns ckanspHoi dyHikumn f : R™ — R, reccuan B Touke © € R™ sanuceisaeTcs kak V2 f(2). Tor,

npouseeneHne BEKTOpa Ha reccuaH MOXHO 3anmncaTb Kak
v V23f(z) v Vg(ﬂ \/
ans noéoro sektopa v € R™. Mbl MOXeM MCMONb30BaTh TOXAECTBO

V2f(z)v=V|z = Vf(2)T | =Vg(z
(VY

7 -—_—_—
r, g(x) = Vf(a:) - U | HOBasi GyHKUMSI, KOTOPas CKaNAPHO YMHOXAET rpagueHT f B & Ha BEKTOp v.
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NpousBepeHune NeccnaHa Ha BeKTOp 6€3 BbIYUCIIEHUS Ry
camoro leccuaHa

Korga BaM Hy>KHa HekoTopast MHGOPMaLMs O KpuBM3He GYHKLIMMK, 0BbIYHO BaM HYXHO paBoTaTb ¢ reccnaHoM. OgHaKo, 3To TPyAHO Aenathb,
Korfa pasMepHOCTb 3agaumn senuka. [ns ckansapHon dyHkumm f : R™ — R, reccman B Touke = € R"™ 3anucbiBaeTcs kak VQf(w), Torga
npou3BeAeHne BEeKTopa Ha reccuaH MOXHO 3anncaTb Kak 2, n V

7

v V23f(z) v

Jd 0 0 o=

ana no6oro sektopa v € R™. Mbl MOXeM UCMOMb30BaTh TOXAECTBO

V2f(z)v=V[z - Vfx)T ] = Vg(z),

rae g(x) = Vf(x)T - U - HOBasi GYHKLMSI, KOTOpash CKanapHO YMHOXaeT rpagueHT f B & Ha BEeKTop v.
import jax.numpy as jnp

def hvp(f, x, v)
retarn grad(lambda x: jnp.vdot(grad(f)(x), v))(x)
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OnHamMmuka o6y4yeHnst HeMPOHHOM CEeTU Yepes CNeKTp

eccuaHa n hvp 4
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PuicyHok 28. Bonblume no Moaynto oTpuLaTenbHble COBCTBEHHbIE 3HaYeHUs reccuaHa ucyesnu nocne o6ydeHnst ResNet-32

“HeKoTopble MCCNEA0BaHA B OMTUMM3ALIMI HEMPOHHBIX CETeil Yepes CMeKTP COBCTBEHHbIX 3HaueHNi Meccuana

24


https://arxiv.org/abs/1901.10159

Npesa XaTuMHCOHa a1 OLeHKU cnega MaTpPULLbl 0 S

MeTop, XaTunmHCOHa NO3BOMSAET OLEHUTb Cllief reccnaHa ¢ NoMoLLbHO onepaumﬁ BblYUCNIEHNA YMHOXXEHUA recChaHa Ha I'IpOVI3BOJ'IbeIVI BEKTOp:

Myctb X € R4 yy € R - criyyaitHbiit BeKTOp TakoM, 4To ]E[UUT] = 1. Torpa,

1%
Tr(X) = E[vT Xv] ~ %Z’U?Xl)i.

i=1

PucyHok 29. icTouHuk

5A stochastic estimator of the trace of the influence matrix for Laplacian smoothing splines - M.F. Hutchinson, 1990


https://docs.backpack.pt/en/master/use_cases/example_trace_estimation.html
https://www.tandfonline.com/doi/abs/10.1080/03610919008812866

YeKNOUHTUHI

AHMMaLus BbilleyKa3aHHbIX MOAX0[0B O

IMprMep ncnonb3oBaHWA KOHTPOSbHBIX TOYEK FpagMeHTa O

8ZeRO: Memory Optimizations Toward Training Trillion Parameter Models


https://github.com/cybertronai/gradient-checkpointing
https://colab.research.google.com/github/oseledets/dl2023/blob/main/seminars/seminar-10/Large_model_training_practice.ipynb
https://arxiv.org/abs/1910.02054

YeKNnOUHTUHTI Ky

AHMMaLus BbilleyKa3aHHbIX MOAX0[0B O
IMprMep ncnonb3oBaHWA KOHTPOSbHBIX TOYEK FpagMeHTa O

B kauecTBe NpuMepa paccMoTpuM o6yueHne GPT-26:

» AKTMBaLWK B MPOCTOM pPeXunMe MOryT 3aH1MaTb ropasao 60sblue NamaTV: Ana nociefoBaTenbHoCTH AnmHon 1K 1 pasmepa 6atua 32, 60 GB
HY>XHO A1 XPaHEHUSI BCEX MPOMEXYTOYHbIX aKTUBaLWNA.

8ZeRO: Memory Optimizations Toward Training Trillion Parameter Models


https://github.com/cybertronai/gradient-checkpointing
https://colab.research.google.com/github/oseledets/dl2023/blob/main/seminars/seminar-10/Large_model_training_practice.ipynb
https://arxiv.org/abs/1910.02054

YeKNnOUHTUHTI Ky

AHMMaLus BbilleyKa3aHHbIX MOAX0[0B O
IMprMep ncnonb3oBaHWA KOHTPOSbHBIX TOYEK FpagMeHTa O

B kauecTBe NpuMepa paccMoTpuM o6yueHne GPT-26:

» AKTMBaLWK B MPOCTOM pPeXunMe MOryT 3aH1MaTb ropasao 60sblue NamaTV: Ana nociefoBaTenbHoCTH AnmHon 1K 1 pasmepa 6atua 32, 60 GB
HY>XHO A1 XPaHEHUSI BCEX MPOMEXYTOYHbIX aKTUBaLWNA.

o YeKMNOoMHTUHI MOXET CHU3UTb noTpebneHune oo 8 GB, nepecunTbizas ux (33% AONONHUTENBHBIX BBIYNCIIEHMIA)

8ZeRO: Memory Optimizations Toward Training Trillion Parameter Models


https://github.com/cybertronai/gradient-checkpointing
https://colab.research.google.com/github/oseledets/dl2023/blob/main/seminars/seminar-10/Large_model_training_practice.ipynb
https://arxiv.org/abs/1910.02054
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PucyHok 30. PaznuyHble noaxoas! Ans B3ATUSI MPOU3BOAHbBIX
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HdonosnHuTenbHblIE MaTepualbl

+ PekomeHayto NpounTaTh opuLmManbHbI MaHyan no Jax Autodiff. Open In Colab e


https://colab.research.google.com/github/google/jax/blob/master/docs/notebooks/autodiff_cookbook.ipynb#scrollTo=RsQSyT5p7OJW

HdononHutenbHble MaTepualbl

+ PekomeHayto NpounTaTh opuLmManbHbI MaHyan no Jax Autodiff. Open In Colab e
» PacnpocTpaHeHve rpagueHTa Yepes IMHenHble HaMeHbLLIMe KBaapaThl [ceMuHap]


https://colab.research.google.com/github/google/jax/blob/master/docs/notebooks/autodiff_cookbook.ipynb#scrollTo=RsQSyT5p7OJW

HdononHutenbHble MaTepualbl

+ PekomeHayto NpounTaTh opuLmManbHbI MaHyan no Jax Autodiff. Open In Colab e
» PacnpocTpaHeHue rpagueHTa Yepes NMHelHble HaMMeHbLUWe KBagpaTbl [ceMuHap]
» PacnpocTtpaHeHue rpagueHTa Yyepes SVD [cemuHap]


https://colab.research.google.com/github/google/jax/blob/master/docs/notebooks/autodiff_cookbook.ipynb#scrollTo=RsQSyT5p7OJW

HdononHutenbHble MaTepualbl

PekomeHayto npounTaTh opuLmManbHbii Maryan no Jax Autodiff. Open In Colab &
PacnpocTpaHeHue rpagueHTa yepes NMHENHbIe HaMeHbLUWE KBagpaTbl [ceMuHap]
PacnpocTpaHeHue rpaguenTa yepes SVD [cemuHap]

KOHTponbHble TOUKM akTuBaLmi [ceMuHap]


https://colab.research.google.com/github/google/jax/blob/master/docs/notebooks/autodiff_cookbook.ipynb#scrollTo=RsQSyT5p7OJW

Utorun



Ntorm R

Onpepenexus Teopembl
1. Qopmyna st IPUBAMKEHHOTO BbIYUCIIEHVSI MPOVU3BOAHON 1. AsTomaTunueckoe gnddepeHumpoBaHme. BolumcanTtenbHbin rpad.
dyHKUMMN f(l:) : R™ — R no k-oi koopauHaTe ¢ NOMOLLLIO Forward/ Backward mode (B 3ToM Bonpoce HeT [oKas3aTesbCTs, HO
MeTofa KOHeYHbIX pasHOCTen. Heo6X0AMMO NoAPOGHO onncaTb anropUTMbl).
2. Nycts f = f(z1(t), ..., 2, (t)). Dopmyna Ansa BelUMCREHNS %{
Ox;

uepes —;* (Forward chain rule).
3. MycTb L - dyHKUMS, BO3BPALLaKoLan cKanap, a Uy, = GyHKUMSA,

Bo3Bpallatolias BekTop = € RE. dopmyna ans BeluMCnEHMs! gTLk

yepes gTL (Backward chain rule).
z;
4. Npes XaTumHCOHa AN1si OLleHKU cnefa MaTpuLbl C MOMOLLbHO
matvec onepaumm.
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