[bookmark: _en1phk62q4r3]1. Основные понятия. Объект, ответ, обучающая выборка, функция потерь, функционал ошибки, переобучение. Постановки задач: обучение с учителем и без учителя. Регрессия, классификация.
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Обучение без учителя: Как правило, это пригодно только для задач, в которых известны описания множества объектов (обучающей выборки), и требуется обнаружить внутренние взаимосвязи, зависимости, закономерности, существующие между объектами.
Обучение без учителя часто противопоставляется обучению с учителем, когда для каждого обучающего объекта принудительно задаётся «правильный ответ», и требуется найти зависимость между стимулами и реакциями системы.

[bookmark: _t8avoj77oetj]2.Метрические методы классификации. Метрический алгоритм. Взвешивание объектов. Метод окна Парзена.
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[bookmark: _vwbww5jlxafy]3. Непараметрическая регрессия, формула Надарая-Ватсона, её обоснование.
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совместное распределение: x - одномерная величина
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[bookmark: _23ev3jz9jal7]4. Линейная регрессия. Вид алгоритма. Связь с методом максимума правдоподобия. Аналитическая формула для весов линейной регрессии при обучении на среднеквадратичную ошибку. Проблема мультиколлинеарности.
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простая = независимые с.в., зачеркиваем = т.к. не зависит от w
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на обучении мало, так как не зависит от лямбд Fa*
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[bookmark: _1ujdu0tfc9cy]5. Регуляризация: Ridge и LASSO. Почему LASSO отбирает признаки?
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выбор - по HoldOut
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либо увеличиваем мю, либо уменьшаем каппу (равносильно)
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=> a_j = 0 и вес признака = 0
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квадрат - так как модули, круг - так как (a_j)^2
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[bookmark: _v12o98xscd1i]6. Линейная классификация. Обучение через верхние оценки на бинарную функцию потерь. Квантильная регрессия.
L - непрерывная (лучше гладкая и желательно, если убывающая от margina)
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шумовые - те, которые отлетели в чужой класс
[image: ]
к H можно просто добавить единицу (сложение или умножение на константу не меняет оптимизационную задачу)
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как модуль, только у модуля взяли разные углы наклона (штраф за недопрогноз или перепрогноз должен быть разным)
при замене переменных берется положительная часть



[bookmark: _56cv4pb5s4il]7. Градиентные методы обучения. Градиентный спуск. Стохастический градиентный спуск. Метод Momentum.
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m - кол-во итераций
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[bookmark: _a1n5azyeyygh]8. Логистическая регрессия, вывод функционала.
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[bookmark: _gnik1ty9xlmi]9. Метод опорных векторов. Вывод задачи для линейно разделимого и неразделимого случаев. Двойственная задача SVM (с выводом) и ядровой переход (kernel trick). Примеры ядер.
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Примеры ядер:
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[bookmark: _o4nt6godwo9h]10. Метрики качества классификации. Доля верных ответов, точность, полнота, F-мера. Площади под ROC- и Precision-Recall-кривыми, их смысл.
[image: ]
[image: ]
[image: ][image: ][image: ][image: ]
[image: ]
[image: ][image: ]
[image: ]
[image: ][image: ][image: ]
[image: ]
[image: ][image: ][image: ]


[bookmark: _uzbvqvpcpie9]11. Решающие деревья. Жадный алгоритм обучения решающего дерева. Мера неопределенности и критерии ветвления. Примеры критериев для задач регрессии и классификации. Стрижка деревьев.
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для регрессии - квадратичная функция
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[bookmark: _t5uv65ofpqv4]12. Разложение ошибки на смещение и разброс (с выводом).
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[bookmark: _ohbersj21ny6]13. Бэггинг. Изменение смещения и разброса в бэггинге относительно базового алгоритма. Случайный лес.
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[bookmark: _oj41laenmhxk]14. Градиентный бустинг. Обучение базовых моделей. Сокращение шага. Стохастический градиентный бустинг.
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[bookmark: _tp3i5vw08crq]15. XGBoost (метод второго порядка): вывод формул для обучения базовых решающих деревьев. Oblivious Decision Trees (ODT).
[image: ][image: ][image: ][image: ]
[image: ]
[image: ]
[image: ]


image128.png
MeToz mMuHnmu3aynm sMaMpunyeckoro pucka
(Empirical Risk Minimization, ERM):

p(X’) = argmin Q(a, X*)
ac
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TIpu ycoBum, 9TO IPOrHO3HI HA BCEX 06BLEKTAX BBEIGOPKHU MONAPHO PA3IMYHEL
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TakuM 00pa3oM, eciu MOJIOKUTEIbHBIN KJIACC CYIECTBEHHO MEHBIIE TI0 pa3Mepy, TO
AUC-ROC moxer 1aBaTh HEaQIEKBATHYIO OIEHKY KadecTBa PabOTHI AJITOPUTMA, TOCKOIb-
Ky U3MepsieT JIOJII0 HEBEPHO MPUHSATHIX 00BEKTOB OTHOCUTEIBHO ODIIEro YHCJa OTPHIla-
resibHBIX. Tak, asropurm b(x), momermatomuit 100 pesleBaHTHBIX JOKYMEHTOB Ha IIO3HUIAN
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Precison-recall kpusas. 136aBurhes oT yKazaHHOM IPo6JIeMBI ¢ HecOaIaHCHPOBAHHBIMA
Kjaaccamu MoxKHO, nepeiiast or ROC-kpuBoit k Precision-Recall kpusoit. Ona omnpesessi-
ercst anasiornaHo ROC-KpuBoit, TobKO 10 ocsim oTkjaaabiBaroTess He FPR u TPR, a mos-
HoTa (1m0 ocu abcuumec) U TodHOCTH (1O ocu opauHar). Kpurepmem KadecrBa ceMeicTBa
aJIropuTMoB BbicTynaer mwiomaas nox PR-kpusoit (AUC-PR). [lannyio Bem4uHy MOXKHO
AIIPOKCUMUPOBATH cieytomum obpa3om. Crapryem us touku (0, 1). Byaem uaru no pas-
>KUPOBAHHOW BBIOOPKE, HaYMHAsI C IEPBOr0 OOBEKTA; IIYCTh TEKYIIUil 0ObEKT HAXOMAUTCS
Ha no3unuu k. Eciu oH oTHOCHTCS K KJ1accy «—1», TO IMOJIHOTA HE MEHSIETCsI, TOYHOCT IIa-
JlaeT — COOTBETCTBEHHO, KpUBasl OIyCKaeTCsi cTporo BHU3. Ecim ke 06beKT OTHOCUTCS K
KJ1accy «1», To moJsiHOTA yBesmauBaeTcs Ha 1/¢,, TOYHOCTDH pacTeT, U KPUBast IOHIMAET-
cs1 BIIPABO U BBepX. [1/101a/1b 1o/ 3TUM y9IaCTKOM MOXKHO alIIPOKCHMHUPOBATH ILIOIIAJIbIO
[PSIMOYTOJIBHUKA C BBICOTOM, paBHOM precision@k u mmpunoit 1/¢,. Ilpu Takom cmocobe
mozicuera 1oma b noj PR-kpuBoit Oymer coBmagaTh co CpeiHeil TOUHOCTHIO:

¢
1 .
AUC-PR = A E [yr = 1]precision@k.

L—1
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BBIOOpKE, a precision@k — TodHOCTH cpeam MmepBBIX k B chomcke o0beKToB. Eciam ajro-
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Hecmotpst Ha ykasanuble pazmmuunsi, Mexxay ROC- u PR-kpuBoit umeercss tecHast
CBsI3b. Tak, MOXKHO TOKa3aTh, 4To eciii ROC-KpuBasi OJHOTO aJIrOPUTMa JIEXKHUT TIOJTHO-
croio Hajg ROC-kpuBoit apyroro amropurma, To u PR-kpuBas ogHoro jexur wag PR-
KpuBOii gpyroro [1].
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Onpepenenne pewatouiero aepesa (Decision Tree)

Pewwarowyee gepeso — anroputm knaccudmkaunm a(x),
3ajarowniics gepesom (CBS3HLIM aLMKANYeCKUM rpachom)
c kopHeM Vg € V' n mHoxecTBom BepwinH V' = Vauyrp U Viper;

f,: X = D, — pnckpeTHblit npusHak, Yv € Veuyrp;

S,: D, = V — MHOXeCTBO Ao4YepHUX BEPLUUH;
0 1\

yy € Y — meTka knacca, Vv € Vyyer;

V= vp;
noka (v € Vauyrp): v = Su(f(x)); 0

sepryTh a(x) = yu;
R

Yaue Bcero ncnosbaytoTcs buHapHbie
npusnakn suga f,(x) = [fi(x) > a

Ecam D, = {0,1}, To pewatoLiee fepeso Ha3biBaeTCs OUHAPHBIM
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Obyuenue pewatouiero gepesa: ID3 (Iterative Dichotomiser)

v := TreeGrowing (Xe) — PyHKUNSA PEKYPCUBHO Bbi3bIBaeT cebs

TreeGrowing (Bxoa: U C X*) — Bbixoa: kopeHb gepesa V;
f, .= arg max Gain (f, U) — kpuTepuii BeTBneHNs pepesa;
€
ecnu Gain (f,,U) < Gy 10
| cosmatb HoBbIli et v; Y, := Major (U); BepHyTb v;
CO34aTb HOBYHO BHYTPEHHIOK BEPLWWUHY V C pyHKuUMeli f;
ana secex k € D,
U = {x e U: f,(x) = k};
S, (k) := TreeGrowing (Uy);
BEPHYTb V;

MaxopuTapHoe npasuno: Major (U) := arg max P(y|U).
y€
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HeonpepenéHHOCTb pacnpegesieHUs NO Kaaccam B BEpLUUHE

py = Z [yi=y] — vactoTtHas ouenka seposithoctn P(y|U)
X,GU
(U) — mepa HeonpegenénnocTu (impurity) pacnpefenesus py:

(L) <+(lad) = (o)) < *(ooud)

1) MuHumansHa u pasHa Hynwo, koraa p, € {0,1},
2) MaKkcumanbHa, Korpa p, = Ty] A9 BCeX Y € Y,
3) cuMMeTpuYHa: He 3aBUCUT OT NepeHyMepaLun Kiaccos.

©

®(U) — maToxupanue yboisatowein oyrkuun noteps Z(py);
npu p, =1 noTeps MuHMManebHa u pasHa Hymo, £ (1) = 0:

o(U)=> pZ(p,) = |U| > 2(P(yilV)) — min
yey x;ey

Nogxopsawume dynkuun noteps: Z(p) = —logp, 1—p, 1—p?




image117.png
Kputepuii BeTtBneHus

Heonpepenéunocts pacnpegenennii P(y;i|Ux) nocne setenequs
no npuskaky f, u pasbuetus U wa Ux = {x € U: f,(x) = k}:

q>(U17 . U|Dv|) - |U| Zz P(y’|Uf(X:)))

x;elU

U
Z Y 2(PUit) = I '|Uk|'¢(uk)
kGDvX,EUk keD,

BbIVIprILIJ OT BETBJIEHNA BEPLUNHbI VI
Gain (f, U) = &(U) — &(Uy, ..., Up,)) =

=o(U)- ) ||UU"|| (k) — max
keD,
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Kputepuii I>kuHu v 3HTPONUiiHbIA KpUTEepuin

Aga knacca, Y = {0,1}, P(y|U)={7 5:3

@ Ecm Z(p) = —log, p, T0
®(U) = —qlog, g — (1—q) logy(1—q) — sHTponusi Beibopku.

@ Ecnn Z(p) =2(1 — p), 10
®(U) = 4q(1 — q) — Heonpegenénnocts [kuumn (Gini impurity).

o(U) 1o
08 |
06 |
04 ]

0.2

0 01 02 03 04 05 06 07 08 09 10
—— 9HTpoNUs  —— [PKMHK
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Mepeobyuerne — ato koraa Q(u(X4), X¥) > Q(u(X*), X):
0

07 ]
06 |
05 ]
04
03
02

0.1

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

—o— Owwnbka Ha oby4eHnn  —O— Ouumbka Ha KoHTpone vV OnmMMYM CIOXHOCTU

n




image125.png
XagHasa Hucxopgsuwias cTpaTerus: JOCTOMHCTBA U HEAOCTATKU

doctonHcTBa:
@ VnTepnpetupyemocts n npoctoTa knaccucbukauyum
o [pasuna [fj(x) < a] He TpebytoT macwTabuposanus npusHakos
@ [lonycTuMbl pa3HOTMMHbIE AAHHBIE N JaHHbIE C NPONyCKaMM
@ TpynoémkocTb nuteiina no gnuxe soibopkn O(|F|hf)
@ He bbiBaeT 0TKa30B OT Knaccudpukaymm
HepoctaTku:

@ XapfHas cTpaTerus nepeycioxHsieT CTPYKTYpy OAepeBa,
N, KaK C/IeACTBME, CUIIbHO nepeobyyaeTcs

@ @PparmeHTaumns BoIDOpKN: Yem Janiblue Vv OT KOpHS, TeM
MeHblue CTaTUCTUYECKast HaAEXHOCTL Bbibopa f, v,

@ Bbicokasi 4yBCTBUTENBHOCTD K LIYMY, K COCTaBY BbibOpKM,
K KPUTEPNIO WHPOPMATUBHOCTH




image46.png
apgHasa cTpaterus MoOXeT nNepeycioXHsTb CTPYKTYpY AepeBa
OnTtumanbHoe gepeso gns 3agaqm XOR:

$® &b

PesynbtaT ID3:
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VYce4yeHune gepesa: crparteruu post-pruning

X9 — HezaBuUCMMas KOHTposbHast Bbibopka, g =~ 0.5/

ana Bcex v € Veuyrp:
Xy := nogmuoxxecTBo 0bbekToB X9, goweninx 4o v;
ecnm XJ = @ 10
| cospaTb HoBbIli ancT v; Y, := Major (U); BepHyTb v;
no MuHMMyMy Ymcna ownbok knaccucpukauyum Q(XY7):
Anbo coxpaHUTb LENMKOM MOAAEPEBO BEPLUMHbI V;
nmbo 3amMeHnTb noagepeso v godeptum Sy (k), k € Dy;
nnbo 3aMeHNTb NOAAEPEBO V ANCTOM, BbIDpaB Knacc y;

CrpaTterun nepebopa sepuinH:

@ cHusy eeepx: Minimum Cost Complexity Pruning (MCCP),
Reduced Error Pruning (REP), Minimum Error Pruning (MEP)

@ cBepxy BHUM3: Pessimistic Error Pruning (PEP)




image37.png
[lycTsb 3amana Boibopka X = (z;,9;)?_, ¢ BemecTBeHHbIMU oTBeTamu y; € R (pac-
cMaTpuBaeM 3aJady perpeccun). BygeMm camTarh, 9TO HA MPOCTPAHCTBE BCEX OOBHEKTOB U
oreeroB X X Y cymecrByer pacupezesenue p(z,y), U3 KOTOPOro CreHEPHPOBaHa BHIGOD-
ka X W OTBETHI Ha Heil.

PaccMmorpuM KBapaTuuHyio (GyHKIMIO IOTEPh

L(y,a) = (y — a(x))

U COOTBETCTBYIOIIWI €if cpednexsadpamuunvill puck

R@) =By [0 = 0@)’] = [ [ p@9)(s - ata) dady.

Jlanublil GyHKIIMOHAJ yCpeIHIeT OMUOKY MOJE/H B KazKJI0i TOYKe IPOCTPAHCTBA T U JIJIsT
Ka’K/I0I'0 BO3MOXKHOI'O OTBETa Y, IPUIEM BKJIaJ Hapsl (Z,Yy), IO CYyTH, MPONOPIUOHAJIEH
BEPOSITHOCTH IIOJIyYUTh €€ B BBIOOpKe p(z,y). Pasymeercs, Ha mpakTHKe MBI HE MOXKEM
BBIYKCJIATH JAHHBIH (DYHKIMOHAJ, IIOCKOJIbKY pacipesesenue p(z,y) HeussecTHo. Tem He
MeHee, B TEOPUU OH ITO3BOJIAET H3MEPUTH KAYeCTBO MOJIEIHN Ha BCEX BO3MOYKHBIX O0BEKTaX,
a He TOJIbKO Ha 00ydJaromeil BEIOOpKe.
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§2.1 MuHnMym cpeagHekBaApaTUHHOrO puUCKa

[TokarkeM, 9YTO MUHUMYM CpeJIHEKBAJIPATUYHOTO PUCKA JIOCTUTAeTCs Ha (DYHKIUH,
BO3BPAIIAIONIEH YCIOBHOE MATOXKU/IAHAE OTBETA IPU (DUKCHPOBAHHOM OObEKTe:

o.(z) = Ely|a] = | uply|)dy = argmin R(a).

[Ipeobpazyem dyHKIMIO TOTEPD:

L(y,a(z)) = (y — a())* = (y — E(y | 2) + E(y| 2) - a(z))* =
= (y—E(y|2))* +2(y —E(y|2)) (E(y |2) — a(2)) + (E(y| z) — a(z))*.

[TozxcraBmsist ee B hyHKIIMOHAJ CPEeIHEKBAIPATUYIHOTO PUCKA, IOJIyJIaeM:
R(a) =B,y L(y, a(z)) =
=E,,(y —E(y|z))* + E,,(E(y | z) — a(z))*+
+2E,,(y — E(y|z)) (E(y | z) — a(z)).

Paz6epemcst cHavasa ¢ nociaeannM ciaraeMbiM. Ilepeiiném or maroxunanus E, [ f(z,y)]
K IIENOYKe MaTOXKUIAHUMN

E.E,[f(z,y) | /(/fwy)pylw)dy> p(z)dz
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u 3amerny, uro Beauunsa (E(y | ) —a(z)) He 3aBHCAT OT Y, U IOITOMY €€ MOKHO BbIHECTH
3a MaTOXKUJAHUE 110 Y:

E.E,|(y - E(y|2)) (E(y| 2) - a(a)) |2] =
~ £.((8012) - a(a)E, (v B |2) |]) -

~ E.((E(y]2) - o(a)) (Bl 2) ~ Ely | 2))) =
—0
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[Toygaem, uTo DyHKIIMOHA CPEIHEKBAIPATHIHOIO PUCKA UMEET BU]L
R(a) = Eay(y — E(y| 2))* + Euy (E(y | 2) — a())*.

Or asropur™a a(Z) 3aBUCUT TOJIBKO BTOPOE CJIAraeMoe, U OHO JIOCTUTAeT CBOErO MUHKMY-
ma, ecain a(x) = E(y | ). Takum o6pa3om, onTumaibHasi MOJIENIb PEFPECCUR Il KBAIPa-
THYHOM (PYHKIMHA IOTEPH UMEEeT BUJL

0.(z) = E(y| z) = / yp(y | z)dy.

WubivMu citoBaMu, MBI JIOJIKHBI IPOBECTH «B3BEIIEHHOE I'OJIOCOBAHIEY 110 BCEM BO3MOXKHBIM
OTBETaM, IIPUYEM BEC OTBETa PABEH €ro allOCTEPUOPHON BEPOSTHOCTH.
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§2.2 Ouwwubka metopa obyueHus

st Toro, 9T0OBI IOCTPOUTH UJIEAJIBHYIO (DYHKIIUIO PErpeccuu, HeOOXOIUMO 3HATH
pachpe/iesienre Ha 06beKTax U OTBeTax p(z,y), 9T0, KaK IPaBUIO, HeBO3MOXKHO. Ha npak-
THKE BMECTO 9TOTO BHIOUpAeTCst HeKOTOpkbIit memod obyuenua p: (X x Y)¢ — A, xoropsrit
IIPOU3BOJILHOM 00y4aromieil BEBIOOPKE CTABUT B COOTBETCTBUE HEKOTOPBIN aJrOPUTM U3 Ce-
MmeiicrBa A. B kKadecTBe Mephl KadecTBa METOJa OOYyYEHUsI MOXKHO B3SITh YCDEIHEHHBIH
10 BCEM BBIOOPKAM CpeJIHEKBaIPATUYHBI PHUCK aJrOPUTMa, BHIODAHHOI'O METOIOM [ IO
BBIOODKE:

) = Bx e | (0 = n0@)]] = 21
/(XXW /XXY (X)(2))*p(z, y);l_[lp i, yi)dzdydz,dy, . . . dzedy,.

3uecy MaToxkunanue Ey [] OepeTcs 1T0 BCeM BO3MOXKHBIM BBIOOPKAM {(a:l, yl), ceey ($e7 ye)}
u3 pacupenenenus | [;_, p(;, y;).
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O6patum BHHMé,H;IG, 9TO Pe3y/IbTATOM IpuUMeHeHus Meroja obydenusi (X ) K Bbl-
Gopke X sIBJIsIeTCsl MOJIEJIb, O3TOMY npaBuibHo mucaTh i(X)(z). Ho 1o moBosbHO rpo-
MO3/IKasl 3allUCh, I09TOMY OyjieM Be3Jie JaJbiie nucath npocto (X ), Ho He OyaeM 3a6bl-
BaTb, YTO 3TO (DYHKIUsI, 3aBUCAIIAI OT 00HEKTA .

Beimre MBI 1OKa3aJ/u, 9TO CPeJHEKBAJIPATHYHBIN PUCK Ha (PUKCHPOBAHHON BBIOOD-
Ke X MOXKHO pacIucaTh Kak

Evy[(y = 1(X))"] = Euy | (v — Ely | 2))°] + Ea [ (Bly | 2] - u())?].
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IToncraBum 310 npeacrasienue B (2.1):

L(1) = Ex [Evy | (y — Ely | 2))°] +E.y | (Ely | 2] - n())?]| =
il Sl
= E.y (v~ Ely|2])*] + Euy [Ex[(Bly| 2] - u(X))?]]

(2.2)
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06beKTbl 06beKTbl

Hepooby4YeHue

@ Hepoobyuenne (underfitting):

MOZeNb CAULIKOM MpocCTa,
HEeLLOCTaTOYHOE YUCIO
napamMeTpoB n

Mepeobyuenne (overfitting):
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[Ipeobpasdyem BTOpOE CilaraeMoe:

E,., []EX [(E[y |z] — u(X))2H =
= E,, [Ex | (Ely| 2] — Ex[0(X)] + Ex[n(X)] - u(X))’]

=Ez,y[Ex[(E[y|x1 B X )] + B [Bx | B [(X)] - n(0))*] |+
+2E.,,[E [(E[ylxl Ex [1(X)]) (Ex [u(X)] - u(X))]] (2:3)

[TokaxkeM, 4TO TOC/IEHEE ClaraeMoe 0OpaInaercsi B HyJIb:

Ex (Bl o] - Ex [u(0]) (Ex [100)] - ()] =
 (Bly 2] — Ex [u(0))Ex [Ex[ < )] - (X))

= (Ely | 7] — Ex[u(X0)]) [Ex [u(X)] — Ex[u(X)]| =
=0.
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YuaursiBas 910, noacrasuM (2.3) B (2.2):

L(i) = Ery [(y — Ely|2])°] +

Nl A )
+Eq | (Ex [1(X)] ~ Ely| 2])*| +Ex [Ex| (u(X) — Ex[u(X)])*]] (2.4)
e Al el A L e 1)

Paccmorpum mosipo6Hee KOMIIOHEHTHI IIOJIyYeHHOrO pasjioykeHusi omubku. IlepBas kom-
IIOHEHTa XapaKTepu3yeT wWyM B JJAHHBIX U PaBHA OMHUOKE UeaJIbHOrO ajropurma. HeBos-
MOKHO IIOCTPOUTH AJITOPUTM, UMEIOIINIA MEHbIIYIO CPeJHEKBaPATUIHYIO OmMUOKY. Bro-
pasi KOMIIOHEHTa XapakTepusyeT cmeujenue (bias) meroma obydeHHsi, TO €CTh OTKJIOHE-
HUE CPEJIHEr0 OTBEeTa OOyYeHHOI'o ajIr'OPUTMa OT OTBETA HJIEAJLHOTO aJropuT™Ma. perbs
KOMIIOHEHTA XapakTepudyeT ducnepcuto (variance), To eCTb pa3bpoc 0OTBETOB 00y IEHHBIX
aJITOPUTMOB OTHOCUTEIBLHO CPEIHErO OTBETA.

CwMerenne MoKa3bIBaeT, HACKOJIBKO XOPOIIO C MIOMOIIBIO JAHHBIX MeTO/a 00ydeHUsI
¥ CeMeliCTBa aJI'OPUTMOB MOXKHO NPHUOJIM3UTH ONTHMAJbHBIN ajnroput™m. Kak mpasumiio,
CMellleHne MAJIEHbKOe Y CJIOXKHBIX CeMefiCTB (Halpumep, y JepeBbeB) U GOJIbIIOEe Y IPOCTHIX
cemeiicTB (HapUMep, JIMHEHHBIX KiiaccubukaTopos). /lucnepenst mOKa3bIBaeT, HACKOIBKO
CUJIBHO MOXKET M3MEHSIThCsl OTBET OOYYEHHOI'O aJrOPUTMa B 3aBUCHUMOCTH OT BBIOOPKU —
MHBIMU CJIOBaMHM, OHA XapaKTepU3yeT YyBCTBUTEIBHOCTh MEeTO/1a 00y YeH!sT K N3MEHEHUAM
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B BbIOOpKe. Kak mpaBuiio, mpocThie ceMeicTBa UMEIOT MaJIEHbKYIO IUCIIEPCHIO, & CIIOXKHBIE
ceMelicTBa — OOJIBIIYIO JUCIIEPCHIO.
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1 byTtcTpan

Paccmorpum mpocToit mpuMep MmoCTpoeHusi KOMIIO3UIUU ajaroputMmoB. Ilycrs nana
koHe4Hast BbIOOpKa X = (z;,¥;) C BEIECTBEHHBIMH OTBeTaMu. Bymem permarh 3ajady
smHeitHO# perpeccuu. CreHepupyeM IMOABBIOOPKY € IMOMOIIBI0 bymcmpana. PaBHOMepHO
BO3bMEM M3 BBIOODKH ¢ 00BbeKTOB ¢ Bo3BpamieHneM. OTMETHM, YTO U3-3a BO3BPAIIEHUS
Cpe HUX OKaxKyTcst MOBTOPhL. O603Ha4YMM HOBYIO BBIOOPKY 4epe3 X;. IloBropus mpo-
nenypy N pas, cremepupyem N moaBbIOOPOK X7, ..., Xy. OOyunM 1o KaxKoit U3 HUX
JIMHEHHYIO MOJIEJIb PErPeCCUH, IOIyIuB 6a3oevie arzopummos by (x),. .., by(x).

[IpeanosioxkuM, 9TO CyIIecTByeT WMCTHHHAs (DYHKIUS OTBETa JJIs BCEX O0ObEK-
TOB Y(Z), a TaK»Ke 3aJ1aHO pacupejesieHne Ha obbekTax p(x). B aToM cirydae Mbl MoxkeM
3ammucaTh OMIMOKY KaxKI0i (DYHKIIUN perpeccun

gj(z) = bj(z) — y(x), j=1,...,N,
7 3aIIMCATh MaTOXUIAHIE CPETHEKBAIPATHIHON OMMOKU

E.(b(z) — y(2))* = Eqt; ().
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Cpennsist omubKa MOCTPOEHHBIX (DYHKIHI PErpecCu UMeeT B/

[IpeanosokuM, 9TO OMUOKKM HECMEIIEHBI ¥ HEKOPPEJIMPOBAHDL:

l\.’)

2 |

E,e(z) = 0;
E.ei(z)e ( ) =0, i#j.

[TocTpouMm Tereps HOBYIO (DYHKIIUIO PErpeccuu, KOTopas OyJIeT yCpeaHSTbh OTBETHI
IIOCTPOEHHBIX HaMU (DYHKITHIL:

a(z) = Z
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Haitnem ee cpegHekBaIpaTHIHYIO OMIUOKY:
n 2
1
En=E.| Z bj(z) — =

: (2 )2
IEz(iV:s )+ ei(z) s]x))

Jj=1 Gall
=0
1
= _El-
N
Takum 06pa3oM, yCpeIHeHHEe OTBETOB IMO3BOJIMJIO YMEHBIIUTh CPEIHUN KBaJIpaT OIIMOKH
B N pa3!
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CitetyeT OTMETUTD, YTO PACCMOTPEHHBIN HAMU IIPUMEpP He OY€Hb IPUMEHUM Ha IPaK-
THUKe, TIOCKOJIbKY MBI CeJIaJIn IPEIT0I0XKEeHe O HEKOPPEIMPOBAHHOCTH OIMUOOK, 9TO Pel-
KO BBINOJIHsIeTCA. Ecam 310 nmpenooxKenne HEBEPHO, TO YMEHbIIEHNe OIUOKH OKa3bIBa-
€TCsl He TaKUM 3HAa4YUTeIbHBIM. [1032ke MBI paccMoTpuM 60Jjiee CJI0KHBIE METOBI 00 bETH-
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3 bBarruur

IIycts umeercst HekoTopbiit Merox obydenusi p(X). Iloctpoum Ha ero ocHoBe Me-
Toz fi(X), KOTOPBIHl IeHepUpyeT CIydaiiHyIO0 IIOABBIGOPKY X ¢ momompio GyTcrpana u
nomaer ee Ha Bxox Meroma u: ji(X) = w(X). Hamommmm, uro GyTcrpam mpejcraBis-
er coboit coammmpoBanre ¢ 0OBHEKTOB U3 BHIOOPKU C BO3BPAIIEHUEM, B PE3YJIHTATE YEro
HEKOTOPbIE 0O0BEKTHI BHIOMPAIOTCS HECKOJIBKO pa3, a HEKOTOpble — HU paly. [lomemnienue
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HECKOJIBKMX KOIIMH OJIHOTO 00bEKTa B OyTCTPAIMPOBAHHYIO BBHIOOPKY COOTBETCTBYET BBI-
CTaBJIEHUIO BeCa IIPH JJAHHOM 00BEKTE — COOTBETCTBYIOIIEE EMY CJIAraeMoe HECKOJIBKO pa3
BoiieT B (OYHKITMOHAJ, ¥ TO3TOMY IITpad 3a OmMuOKy Ha HeM OymeT OOoJIbIIe.

B 6922unze (bagging, bootstrap aggregation) npenyaraercss oOy4uTh HEKOTOPOE TUC-
JIO aJIOPUTMOB b, (Z) ¢ MOMOIIBIO METOAA [i, U HOCTPOUTH UTOTOBYIO KOMIIO3UIMIO KaK
cpej/iHee JTaHHBIX 0A30BBIX AJITOPUTMOB:
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BameTuM, 94TO B MeTOjie 00ydeHusl JJisi OSTTUHTA [TOSIBJISIETCS M€ OJUH UCTOYHUK CJIydaii-
HOCTH — B3siTHe NMOABBIOOPKU. UTo6BI dyHKIMOHAN KadecTBa L(u) ObUI JeTepMUAHUPO-
BaHHBIM, MBI Oy/IeM Jjajiee CUuTaTh, 4T0 MaToxunanue Ex[-] 6epércst He TOIBKO 110 BeeM
o6yaromum BeIGopKaM X, HO €I 1 10 BCEM BO3MOMKHBIM HOABBIGOPKAM X, [IOJLyIaeMbIM
C TIOMOIIBIO OyTCTpala. JTO BIOJIHE JIOTHYHOE 0000IIEH)e, IOCKOJIbKY JTaHHOE MATOXKM/Ia-
HUe BBOAUTCS B (DYHKIIMOHAJ UMEHHO JIJIsl YIETa CJIyIaifHOCTel, CBSI3aHHBIX C IIPOIIELY PO
00y4YeHHsT MOJIEJIN.
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Q W3-3a 4ero Bo3HuKaeT nepeodbyyenune?
— n30bITOYHbIE NapameTpbl B Mogenu g(x, f) «pacxopyroTcs»
Ha YPE3MEPHO TOYHYHO MOAFOHKY nog obyyatoLyto BbIbOpKy
— BbI6Op a U3 A nponsBogUTCs No HenonHoi nrdopmauunn X*

Q Kak obHapyxutb nepeodbyyerune?
— aMnupuYeckn, nyTém pasbuenuns soibopkm Ha train u test,
Npn4ém Ha test LOKHbI ObITb U3BECTHBLI NPaBUIbHbIE OTBETbI

© WN3b6aButbCa ot Hero Henb3s. Kak ero MuHumn3sunposarts?
— HaknapblBaTh orpaHuyenuns Ha 0 (perynspusauns)
— MUHMMU3NPOBATL OLHY N3 TEOPETMYECKNX OLEHOK
— Bblbupate Mogens ¢ munumansibim HoldOut, LOO uaun CV
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L(i) = Ery [(y — Ely|2])°] +
i A

Iym

+E, | (Ex[5(X)] - Ely|2])°] +Ex [Ex| (s(X) — Ex [u(X)])*] ]

— ———
CcMeleHue pazbpoc
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Haiiném cmemenne u3 pasioxenus (2.4) myist 6srrunra:

£ (Bx[y 2 00@)] B )] -

Eoo| (3 ZEX ) ~Ely|a]) | =
E,[(EX[ (X)(@)] - E[ym])]
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MBI TOSTyYUIN, 9TO CMEIeHe KOMIIO3UITUH, TIOJTYI€HHOM ¢ IIOMOIIBIO O3TTUHTA, COBIA/Ia~
€T CO CMEIIEHHEeM OJHOro 6a30BOro ajropurMma. TakuM oOpa3oM, OSITHHT He yXy/IIIaeT
CMEIIEHHOCTL MOJIEJIN.
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Tenepsb mepeiiném K paszbpocy. 3amnuineM BbIpaykeHHe JIJIsi JUCIIEPCUU KOMIIO3UIIUH,
00y9IeHHOM ¢ TIOMOIIBI0 O3rTHHTA!

E., [Ex| (5 ﬁjﬁ(X)(w) x| ﬁjﬁ(X)(x)])z]]-

Pa.CCMOTpI/IM BbIpazKeHHue, CTodiiee 1104 MaTOXKUJaHUAMM:

(% zNjwo (z) — Ex [iiﬁ X)(@)]) =

N

= 31 ([0 - Ex o)) =

%i(u Ex[i(X)(@)]) +

o 3 (A0 @)~ Bx (1)) ) (30X (@) ~ Bx [(X) @)
ni#ng




image13.png
BosbMmem TEIIEPb MaTOXKHUJIaHUA OT 3TOI'O BbIpazKE€HNA, YIUThbIBasd, 9TO BCE 0a30BbIE AJITO-
PUTMbBI OJUHAKOBO pacCIIpeaeJIeHbl OTHOCUTEJIbHO X:

e [EX [ ]\1;2 i(M(X )(z) — Ex [;1()()(95)])24r
+ W (ﬂ(X)(CE) —Ex [ﬁ(X)(x)}) (ﬁ(X)(x) —Ex [g(X)(z)])H _
ni#na

2

= 3Bey [Ex [i (0@ - Ex a0 @)) |+
R ( (0(@) - Ex[5()@)])
ni7#ng
X (ﬂ(X )(z )H
1 2

- - >n_
MRS yw

Ex [M
x (A(X)(@) - Ex[i(X)(2) )]]

()
)

@)~
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[lepBoe ciaraemoe — 3TO AucIepCHs OJHOTO 0A30BOTO aJITOPUTMA, J€JIeHHAs Ha JJIUHY
koMmmo3utuu N. Bropoe — KoBapualiust Mexx 1y aAByMsi 6a30BBIMHU aJropurMamu. Mbl Bu-
JIAM, 9TO ecjii 0a30Bble aJIrOPUTMbI HEKOPPEJUPOBAHBI, TO AUCIIEPCHsT KOMIIO3UIWMH B N
pa3 MeHbIIe UCIIEPCAN OTIEIbHBIX aJITOPUTMOB. EC/Iu »Ke KOppessinust UMeeT MEeCTO, TO
YMEHBIIIEHNE TUCIIEPCUU MOXKET OBITh TOPa3/I0 MEHee CyIIeCTBEHHBIM.
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Meroz, cayuatinoiz aecos [3] ocHoOBaH Ha G3TTUHIE HAJl PEIIAIONIMME JEPEBbSIMHE, CM.
ayiroputM 3.1. Bhllre MbI OTMETHIIH, 9TO OTTUHT CHJIbHEE YMEHBIIAET JUCIIEPCUIO 6A30BBIX
AJITCOPUTMOB, €CJIM OHU CJ1a00 KOPPEJUPOBAHbBI. B CIly4ailHbIX jiecax KOPPEISIus MeXKIY
JIEPEBBSIME TIOHMXKAETCS IIyTeM PaHIOMHU3AIUU IO JBYM HAIpPaBJIEHUSIM: IO 00BEKTAM U
0 TIpU3HaKaM. Bo-MepBBIX, KaxKJI0e IepeBO 00ydaeTcs 1Mo OyTCTpamupOBaHHON ITOJBBI-
6opke. Bo-BTOPBIX, B KaxK 101 BepIInHe pa30UeHne UIETCS 110 OAMHOXKECTBY IIPU3HAKOB.
BemmomaMM, 9TO IpU MOCTPOEHUH JIepeBa MOCJIEI0BATEHHO IIPOUCXOAUT Pa3iesieHue Bep-
IIMH JI0 TeX 0P, ITOKa He OyJeT JMOCTUTHYTO HJieaIbHOE KadecTBO Ha oOydenuu. Kaxkmast
BepIIUHA pa30uBaeT BHIOOPKY IO OJHOMY U3 IIPU3HAKOB OTHOCHUTEIHLHO HEKOTOPOT'O IOPO-
ra. B ciyuaiiHbIX Jlecax MpuU3HAK, 10 KOTOPOMY IIPOU3BOIUTCS pa30ueHue, BEIONPAeTCs He
U3 BCEX BO3MOXKHBIX IIPU3HAKOB, & JIMIIb U3 UX CJIyYAWHOrO MMOJMHOXKECTBA pasMepa m.

PexoMenjyercs B 3ajauax Kiaaccubukanuu 6pats m = [v/d], a B 3a1a9ax perpec-
cur — m = |d/3], rne d — umcno npusHakoB. TakKe PEeKOMEH/IyeTCsi B 3a/1a4aX KJac-
cU(UKAIIA CTPOUTH KaXKJ0€ JIEPEBO JI0 TEX IOP, MMOKA B KaXKJIOM JIUCTE HE OKAXKETCs 110
OHOMY OOBEKTY, & B 3a/1a4aX PErpecCud — IOKa B KAXKJOM JIUCTE HE OKAXKETCsI 110 IISITh
00'BEKTOB.

CityuaitHble jleca — OJIMH U3 CaMbIX CUJIBHBIX METOJIOB IIOCTpOeHus Kommo3uiuit. Ha
[IPAKTUKE OH MOXKET paboTaTbh HEMHOIO XyXKe I'DaJIMEHTHOro OyCTHHIa, HO IIPU 9TOM OH
ropaszio 6oJiee IPOCT B peasu3alluu.
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Anropurm 3.1. Random Forest
Logimn=1,...,N
2:  CreHepupoBaTh BEIGOPKY X, ¢ HOMOIIBIO GyTCTpPIIA
3:  Ilocrpouts pemaoiee aepeso b, () mo BHGOPKe X,:

®  JIepeBO CTPOUTCH, IIOKA B KAXKIOM JICTE HE OKAXKeTCs He 60JIee Ny,;, 00BHEKTOB

e  IIpW KaxkJIOM pa30ueHUM CHa4aJIa BHIOMpPAETCss M CJIydailHbIX IPU3HAKOB U3 P,
U ONTHMAJIBHOE Pa3J/ieIeHUe UIIETCS TOJIBKO CPeId HUX

4: BepuyTb kommosummio ay(z) = & S0 ba(z)
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2 [pagueHTHbI OYCTUHT

I[Iycrs nana mekoropasi guddepentupyemas dyukius norepsb L(y, z). Byaem crpo-
UThH B3BEIIEHHYIO CyMMYy 6a30BBIX AJITOPUTMOB:

3ameTnM, 9TO B KOMIIO3HUIIMKA UMeEeTCsl HadalbHbIi ainroputM by(x). Kak npasuio, koad-
dunueHT 7, npu HeM 6epyT paBHBIM €IMHUIIE, & CAM AJITOPUTM BBIOMPAIOT OYE€Hb IIPOCTHIM,
HAIIPUMeED:

e HysesbM by(z) = 0;
® BO3BPAINAIOIINM CaMBIil MOMYJISIPHBIA Ki1ace (B 3a/a9aX KIacCudUKaIyn):

¢
bo(a) = argmax 3 lys = 3]
veY o
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® BO3BPAIAIONIUM CPEIHUNA OTBET (B 3a/1a9aX PErpecCun):

HormycriM, MbI TOCTPOMIIM KOMIO3UIUIO ay_1(x) 13 N — 1 anropurma, u XOTHM BbI-
Gparh cireayonuit 6a30Bbli aroput™ by () Tak, 9TOOBI KAK MOYKHO CUJIbHEE YMEHBIIUTh
OIIUOKY:

¢

E L(y;,an—-1(x;) + ynbn(z;)) — min

° by, YN

=1

OTBeTuM B IIEPBYIO OYepeb Ha CJIEAYIOIIH BOIIPOC: ecyid Obl B KAYeCTBE aJIrOPHUT-
Ma by () MBI MOIVIH BBIOPATH COBEPIIEHHO JII00YI0 (DYHKIMIO, TO KaKue 3HAYEeHUsI eif ciie-
J10BaJIO ObI IPUHUMATH Ha 00beKTax obydaroreit Bbioopku? VHbIME c/TOBaMU, HAM HY>KHO
[IOHSITh, KAKWE YHCJIA S1, ..., Sy HAJIO BHIOPATD JJIsl PEIeHUs] CJIeyIOIeil 3a aqu:

V4
Z L(yl, aN_l(:vi) + Si) — min

- S1y--+55¢
i=1
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@ Jmnupuyeckuii puck Ha TecToBbix gatHbix (hold-out):
HO(p, X4, X*) = Q(u(X*), X¥) = min

@ Ckonb3siwmii koHTponb (leave-one-out), L = £+ 1:
1L
LOO(p, X1) = 7 > L(uX\{x}), x) — min
i=1

@ Kpocc-nposepka (cross-validation), L=1¢+k:

CV(p, Xb) = Tl Z Q(u(X5), X¥) — min
peP

rae p € P — pasbuenns sbibopkn XL Ha train X,f n test X,f
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[TonsitHO, YTO MOXKHO TpeboBaTh S; = Y; — ay_1(%;), HO TAKON MOAXOJ HUKAK HE y4H-
ThIBaeT ocobenHocTeil dbyHkuum norepb L(y,z) u Tpebyer JMIIb TOYHOIO COBIIAICHMUSI
[Ipe/ICKa3aHnil U UCTUHHBIX OTBETOB. Bosiee pa3yMHO moTpeboBaTh, 9TOOBI CABUT S; OBLI
IIPOTHBOIIOJIOKEH IIPOM3BOIHOM (DYHKIMY IIOTEPh B TOUKE 2 = ay_1(Z;):

z=an_1(z:)
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B srom ciiydae MBI cZiBUHEMCSI B CTOPOHY CKOpeiiliero yobiBanusi (pyHKIIUU HOTEPh. 3a-

METHM, 9TO BEKTOpP CABHUI'OB S = (81, ey Sg) COBIIaIa€T C aHTUTI'DAJUEHTOM:
£ ¢
OL Z
- 5 = _Vz L(y“ zi)|zi:aN_1(zi)
z=an_1(;) i=1 =1

[Ipu TakoM BBIOOpE CABUTOB S; MBI, 110 CYTH, CAEJAa€M OJIUH IIar I'PaJMEHTHOrO CIIYCKa,
JIBUrasiCb B CTOPOHY HaMCKOpeiiiero yoOblBaHUsI OMMOKKM Ha oOydaromieir Bbibopke. Ot-
METHUM, YTO PeYb HJET O T'PAJUEHTHOM CIIyCKe B /-MEPHOM IIPOCTPAHCTBE IIPEICKA3aHUN
aJITOPUTMa Ha 00beKTax obydaromieit BeIOOpKu. IlockoibKy BeKTOp caBura OyeT cBoi Ha
Ka2KJIOi UTepalyy, IpaBuIbHee 0003HAYaTh €ro KaK S; ~, HO JIJIs IPOCTOTHI Oy/1eM NHOTIa
OIIyCKATh BEPXHUIN MHJIEKC.

Wrak, MBI TOHSITH, KaK¥e 3HAYEHHUsI HOBBII aJrOPUTM JIOJKEH IPHHAMATH Ha 00beK-
Tax obydaromieit BEIOOpKH. [1o mJaHHBIM 3HAYEHUSIM B KOHEYHOM YHUCJIE TOUEK HEOOXOAMMO
OCTPOUTDH (DYHKIHIO, 33 JAHHYIO0 Ha BCEM IIPOCTPAHCTBE OOBEKTOB. DTO KJIaCCHIECKasl 3a-
Jada OOydJeHHsI ¢ yIUTeIeM, KOTOPYIO MBI y2Ke Xopoiro ymeeM pemarh. OQuH U3 caMbIx
IPOCTBHIX (DYHKIMOHAJIOB — CPEIHEKBAIPATHIHAs OMIMOKa. Bocmosb3ayemMest UM JjIst 110~
ucKa 0a30BOr0 aJITOPUTMa, ITPUOJINKAIOIIEr0 IPaJAneHT (PYHKIUHU IOTEPh HA 00ydJaroIe
BBIOODKE:

¢
by(z) = argmin y  (b(z;) — s;)°
beA

1=
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OTmeTnM, 9TO 3/1eCh MBI OITUMU3UPYEM KBaIPATUIHYIO (PYHKIHIO IOTEPh HE3ABUCHMO OT
dyHKIIMOHAIA UCXOMHOM 33249 — Bcsd mHMOpMaIus 0 MOYHKIUA 0Teph L HAXOAUTCS B
aHTUIDAJMEHTE S;, & Ha JAaHHOM IIare JIMIIb pelraeTcs 3ajada allpoKCuManuu OyHKIUA
no ¢ ToukaMm. Pa3ymeercsi, MOKHO HCIIOJIB30BATh U JApyrue (DYHKIUOHAJBI, HO CpE/He-
KBaIDATHYHON OMMUOKY, KaK IIPABHUJIO, OKA3bIBAETCH JJOCTATOYHO. KIé ogHa npuyanHa Jjist
UCIIOJIb30BAHUS CPEIHEKBAIPATUIHON OMUOKNA COCTOMT B TOM, YTO OT aJrOPUTMa TPedy-
€TCsl KK MOXKHO TOYHEee IPHOJIM3UTH HAIIPaBJIEHHE HAMCKOPEWIero yobBaHus (DYHKIHO-
HaJ1a (TO eCTh HaIIpaBJIeHUE (S;);); COBIAIEHNE HAIIPABJICHUI BIIOJIHE JIOTUYHO OLEHUBATH
yepe3 KOCHUHYC yIUIa MeXKJy HUMU, KOTOPBI HAIPSIMYIO CBSI3aH CO CPEIHEKBAIPATHIHON
OIUOKOIA.

[Tocste Toro, Kak HOBBIN OA30BBIM AJTOPUTM HANIEH, MOXKHO IOJ00paTh Ko3dduiu-
€HT IIPX HEM II0 AHAJIOTUY C HAMCKOPEUIINM I'DaUEeHTHBIM CITyCKOM:

L

YN = arg rlgin Z L(yi, an—1(2:) + vbn (2:))
TER =1

OmnucaHHBIM TOJXO] C ANIIPOKCUMAIEN aHTUTPaeHTa 6A30BBIMU AJrOPUTMAMU U
HA3bIBAETCS I'PAIMEHTHBIM OycTuHroM. JlaHHBIN MeTon mpejcTaBiseT coOO# MOUCK JIyd-
1ieit pyHKIMI, BOCCTAHAB/IMBAIOIIEH NCTUHHYIO 3aBUCUMOCTb OTBETOB OT OOBEKTOB, B IIPO-
CTPAHCTBE BCEX BO3MOXKHBIX (yHKIui. Uiem Mbl JaHHYI0 (DYHKIUIO C TOMOIIBIO «IICEB-
JOTPaJINEHTHOTIO» CIIyCKa — KAaXKJIBIH Iar JejiaeTcs BJIOJIb HAIPABJIEHUd, 33/1aBae€MOr0
HEKOTOPBIM 0a30BBIM aJropuTMoM. IIpu 3ToM cam 06a30BbIi aJropuT™M BHIOMPAETCS TaK,
9TOOBI KAK MOXKHO JIydIlle MPUO/IMKATH aHTUTPAIMEHT OMUOKKA Ha 00ydaromeil BEIOOPKe.
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3 Perynsapusauyus

CokpauweHue wara. Ha npakTuke oka3blBaeTcsl, 9TO IPAJUEHTHBIA OYCTUHT OYeHb ObICT-
PO CTPOUT KOMIIO3UITUIO, OIINOKa KOTOPO#l Ha 0OYYIEHUH BBIXOAUT Ha ACUMIITOTY, IIOCJIE Ye-
r0 HAYMHAET HACTPAMBATHCS Ha IIYM U Iepeo0ydaTbCsi. DTO sIBJIEHUE MOXKHO OObSICHUTH
OIHOM U3 JABYX IPUYUH:

e Eciu 6a30Bble aJIrOPUTMBI OY€Hb IPOCTHIE (HAIIPHMED, PENIAOIIIe JAePeBbsi HEOOIb-
0i TIyOGUHBI), TO OHU IJIOXO HPUOJIMAKAIOT BEKTOP aHTHrpaueHTa. Ilo cyTu, mo-
HaBJieHIEe TAKOr0 0A30BOr0 aJIrOPUTMa OyJIET COOTBETCTBOBATH IIATY BJIOJIb HAIIPAB-
JIEHWsI, CUJIbHO OTJIMYAIONIEroCsi OT HAIIPABJIEHUsT HaucKopeiimero yosBauusi. CooT-
BETCTBEHHO, I'PAIMEHTHBIN OYCTHHI MOXKET CBECTHCH K CJIydaiHOMY OJIy»KIaHUIO B
IIPOCTPAHCTBE.

e Eciu 6a30Bble aaropuTMbl CIOXKHBIE (Hampumep, IlybOKHe pellaioliue JIepeBbs),
TO OHU CITOCOOHBI 38 HECKOJIHKO IIAroB OYCTHHIa MJI€AJIHHO IIOI0IHATHCS 1101 00yda-
IOIYI0 BBIOOPKY — YTO, OYEBUIHO, OYIET SIBJISTHCS MEepeobydeHreM, CBSI3aHHBIM C
U3JIMIITHEN CJI0XKHOCTBIO CeMeiiCTBa aJIrTOPUTMOB.

XopoIo 3apeKOMEHI0BaBIINM Ccebsi CIIOCOOOM pEeIIeHUs] JAHHOU IMIPOOJIEMBI SIBJISIETCS CO-
KPaweHue waza: BMECTO TIEPEXO/Ia B ONITUMAJIbHYIO TOYKY B HAIIPABJIEHUH aHTUTPAIUEHTA,
JleJ1aeTCsi YKOPOYEHHBIH mar

ay(z) = ay_1(z) + nynby (),




image95.png
rae n € (0,1] — remu o6yuenus [1|. Kak npasuio, uem MeHbIe TeMi 00y9eHuUsI, TEM JIyd-
IIe KayecTBO UTOroBoit Kommosuimu. CokpallieHue mara, o CyTH, IO3BOJISET IOHU3UTH
JIOBEpHUE K HAIIPABJIEHUIO, BOCCTAHOBJIEHHOMY 0A30BBIM AJITOPUTMOM.

Takke ciielyer 0OpaTUTh BHUMAHUE HA YHCJIO UTEPAIUN I'PAJMEHTHOTO OyCTUHTA.
XoTrsa omubKa Ha 00yYeHMM MOHOTOHHO CTPEMWTCS K HYJIIO, OITHOKA Ha, KOHTPOJE, KaK
[IPABUJIO, HAYNHAET YBEJUIUBATHCS II0CTIE OnpeesieHHoi ureparuu. OnruMaabHOe 9UCTIO
UTepaIyii MOXKHO BBIOMPATH, HAIIPUMED, 110 OTJIOXKEHHOU BBIOOPKE MJIM C ITOMOIIBIO KPOCC-
BaJIUIAIAH.

CroxacTuyecknii rpagmeHTHbIn OycTuHr. Emne oguauM criocoboM yirydieHus KadecTBa
rpaMeHTHOrO OYCTHHTa, SIBJISIETCsSI BHECEHUE PAHIOMU3AIMK B IIPOIecC 00y deHust 6a30BbIX
asroputMoB [2]. A uMenHo, asroput™ by 00ydaercst He 10 Beeil BBIOOpPKe X, a JIMIIb TI0 ee
caydaitaomy moamHOKecTBY X © C X. B aTOM cilydae TIOHMIKaeTcs yPOBEHb IIyMa B 06y-
YEHWH, 8 TaKKe MOBBIMAaeTcs 3deKTUBHOCTL BhaucaeHuii. CyIlmecTByeT peKOMeH Ialust
OpaTh MOABBIOOPKM, pa3MeP KOTOPBIX BABOE MEHBIIIE UCXOAHON BHIOOPKH.
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1 Extreme Gradient Boosting (XGBoost)

§1.1 T@pagweHTHbIi OycTUHr

Bcenomunm, 4To Ha KaxK10# UTEpaIy rPaJieHTHOr0 OYCTHHTa BEIYHACIISIETCS BEKTOD
CIIBUTOB S, KOTODBI! IOKa3bIBAET, KAK HY>KHO CKOPPEKTHPOBATH OTBETHI KOMIIO3UIMH HA
obyuJaroreii BEIOOPKe, 9YTOObI KAK MOXKHO CHJIbHEE YMEHBIIUTD OIIHOKY:

(1.1)

¢
=-V, Z L(yi, zi)
i1

z=an-1(xi) / ;1 zi=an-1(2:)

[Tocste aTOrO HOBBIN 6A30BBIN AJTOPUTM OOyUIAETCS IIyTeM MHUHUMHU3AIMH CPEIHEKBAIPaA-
TUYHOTO OTKJIOHEHUSI OT BEKTOPA CIABUIOB S:

¢
by (z) = arger;linz (b(z;) — s:)*

=1
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§1.2 AnbTepHaTUBHbIA NOAXOA,

Ha l'IpOIIIIIOfI JICKIIUA MBI apr'yME€HTHUPOBaJIA HCIIOJIb30BaHHE Cpe‘ILHeKBaD;pa.TI/I‘IHOﬁ
GyHKIUM TOTEPh TE€M, YTO OHA HamboJee MpocTa M onTuMusaruu. llompobyem HaiiTu
OoJtee aJIeKBaTHOE 0OOCHOBAHME STOMY BBIOODY.
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Mper xoTuM HaiiTi ajroputm b(z), peraimii CIepyonyo 3a1a4y:

Z L(y;,an—1(z;) + b(z;)) — mbin

i=1

Paznoxxum dyrkImo L B KaXX10M ciiaraeMoM B psif] Teitjiopa /10 BTOpOro 4eHa ¢ IeHTPOM
B OTBeTe KOMIO3UIUH ay_1(Z;):

L

ZL(yi, an—1(z;) + b(z;)) =~

i=1
1 2
~ Z L(yi,aN_l(:vi)) — Szb(CI?l) + §h,b (l‘,) s
i=1
rjie yepe3 h; 0603HaYEHBI BTOPbIE IPOU3BOIHBIE TI0 CABUTAM:

2

0
h; = @L(yi, z)

an—_1(z;)
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[IepBoe ciaraemoe He 3aBHCHAT OT HOBOTO 0A30BOTO AJIFOPUTMA, M IIO3TOMY €r0 MOXKHO
BBIKHHYTh. [losryqaem dynknmonasn

L

> (—sib(zi) + %hibz(xi)> — min (1.2)

i=1
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[TokazkeM, 9TO OH OYEHb IIOXOXK Ha CPeIHEKBaApaTudHbli u3 dopmysst (1.1). IIpe-
obpazyeM ero:

(2

L
(b(z:) — s:)°

(b* (i) — 2sib(z;) + s7) = {nocrennee craraemoe He 3aBUCHT OT b}

Il
'M“

ﬁ
Il
—

Il
-M“

(b2(a:¢) — 2s;b(z;))

=1

= 2i (—sib(m,-) - %bQ(a:i)> — min

i=1

Buznro, uro nocnenusisi popmysia coBmagaer ¢ (1.2) ¢ TOYHOCTBIO 10 KOHCTaHTBI, €CJIH
nosiokuTh h; = 1. Takum 06pa3zom, B OOBIYHOM TI'DAIUEHTHOM OYCTHHTE MBI UCIIOJIB3yeM
AIMPOKCUMAIIMIO BTOPOIO IMOPSIKA MPU OOyYEHWH O4YepeHOro 0a30BOr0 aJIrOPUTMA, W
upu 3ToM 0TOpachiBaeM MH(MOPMAIUIO O BTOPBIX IIPOM3BOAHBIX (TO €CTh CYMTAEM, YTO
dbyHKIMST MMeeT OMHAKOBYIO KPUBU3HY 10 BCEM HAIIPABJIEHUSIM ).
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Cratuctuyeckoe (MawmHHOe) 0byyeHue C yuutenem

= oby4eHue no npeyegeHTam

= BOCCTaHOBAEHME 3aBUCUMOCTEN MO 3MMNUPUYECKUM AAHHBLIM
= npepackasaTeNbHOe MOAENMpoBaHMne

= annpokcumMaums pyHKuMiA No 3aaHHBIM TOYKaM

,[]‘Ba OCHOBHbIX TUNA 3a4ad4 — KJ'IaCCI/I(.fJI/IKaL{I/IFI n perpeccuns

Classification Regression

’
‘r-.. \\ . . e
() . o o0 ©
. . \\\ ,'6
08" o S~

o %% N L®




image145.png
HebpexHble pewatowme aepesbs (Oblivious Decision Tree, ODT)

Pewatowas tabnuua: gepeso rnybuner H, D, = {0,1};
ANst BCEX Y3710B ypoBHsi h ycnosue BeTBaenus fp(x) oguHakoso;
Ha yposHe h posHo 201 Bepwnn; X menutcs wa 2 syeex.

Knaccudbukatop 3apaércs tabauyeii pewennii T: {0,1}H — Y-
a(x) = T(A(X),-., ().
Mpumep: 3apavya XOR, H = 2.

0 1

CERONNGERS

R.Kohavi, C.-H.Li. Oblivious decision trees, graphs, and top-down pruning. 1995.
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Anroputm oby4venus ODT

Bxopa: Bbibopka X¥; mHoxecTBo npustakos F; rnybuna aepesa H;
Buixoa: npuskakn f,, h=1,...,H; Tabnuuya T: {0,1}" — Y;

anascex h=1,...,H
L NPeaAnKaT C MaKCUMabHbIM BbINTPbILLIEM ONMPEAENEHHOCTU:

fy == arg rpeaz_( Gain(f,...,fh—1,f);

Knaccndurkaums no MaXkopuTapHOMYy NpaBuy:

T(B) := Major (Upnp);

Bbinrpbil OT BETBAEHUS Ha ypoBHe h no Bceii Bbibopke X
Gain (f1,...,fn) = &(X5) — Y |Ugﬁ| ®(Ung),
Be{0,1}h
Uhﬁ = {X,' € XZZ fS(X,') = ﬁs, S = 1..h}, ﬁ = (ﬁl, v ,ﬁh) € {0, l}h.
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Mmnote3sa HenpepbiBHOCTM (ans perpeccun):
6au3knm obbekTaM COOTBETCTBYIOT bAN3Kne OTBETHI.

BbIMOJIHEHA: PO HE BbIMNOJIHEHA:

Mmnote3a koMnakTHOCTM (ans knaccudukaymnm):
b6m3kne 0b6BEKTLI, KaK NPaBuo, NEeXAaT B OGHOM KAacce.

® e
3 '0: n.o..
® °
BbIMOJIHEHA: By e He BbIMOJIHEHA: S
© L)
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Eeknugosa meTpuka n 0boblwéHHas meTpuka MuHkoeckoro:

n n

p(x,xi) = (Z|Xj _ x;’|2> Y2 p(x,7) = (Z | — x{|”> 1/p

x = (x1,...,x") — BexTOp Npu3Hakos obbekTa X,
xj = (x},...,x") — BekTop npusHakos obbekTa X;,

Wi,...,W, — BECa NPU3HAKOB, KOTOPbIE MOXHO 0Dy4aTh.
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0000w EHHbIE MeTpuyeckuii knaccudukaTop

[ns nponssonbHoro x € X oTpaHXuMpyeM 0OBEKTBI X1, . . ., Xp:
p(x,xV) < px, x?) < -+ < p(x,xD),

xU) — j-ii cocen obbekTa X Cpeamn X1, ..., Xe;
y() — otBeT Ha i-m cocepe obbekTa X.

MeTtpuyeckuii anroputm knaccudukauymm:

V4
a(x; X*) = arg ryﬂgg [y = y] w(i, ),

y(x)

w(i,x) — Bec (cTeneHb BaxHOCTM) j-ro cocefla obbekTa X,
HEOTPULATENEH, HE BO3PACTAeT Mo i.
Iy (x) — ouenka 6ansocTn obbekTa X K Knaccy y.
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Metop k 6aunxaiiwmnx cocepeii (k nearest neighbors, kNN)

w(i,x) = [i < 1] — meTopn bamxaiiwero cocepa
w(i,x) = [i < k] — metoa k bavxaiiwnx cocepeii
MpeunmyuwecTBa:

@ npocrtota peannsauyun (lazy learning);

@ napameTtp k MOXHO ONTUMN3MPOBATbL No leave-one-out:

V4
LOO(k, X*) = Z[a(x,-;Xe\{x,-}, k) # y,-] — mkin.
i=1
HepoctaTku:
@ HeogHo3Ha4YHOCTb Knaccudpukauun npu Iy (x) =Ts(x), y #s.
@ He yYNTBIBAKOTCSA 3HaYeHUS PacCTOsHUIA

6 3 5
X.//O 2%
Ko

o o}
5 4
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Metop k B3BeweHHbIx ODAnXxaiiwnx coceaein

w(i,x) = [i < k]w;,
rAe w; — BEC, 3aBUCSLLNIA TOJKO OT HOMEpa COCeAa;

Bo3moxHble 3BpUCTUKN:
w = % — NnHeliHoe ybbiBatowme Beca;
wW; = @' — 3KCnoHeHunanbHO ybbiBatowme Beca, 0 < g < 1;

Mpobnembi:
@ kak bonee obocHoBaHHO 3amaTb Beca?
@ BO3MOXHO, bbI10 bbI syylwe, ecnu bbl Bec w(i, x)
3aBMCENl HE OT NOPAAKOBOro HOMepa coceda f,
a oT paccTosHus go wero p(x, x().

13
o
X.//O 2%
AN
‘2’ 4
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MeTopg okHa lNap3eHa

w(i,x) = K(’)(X’Tx(i))), roe h — wupuHa okHa,

K(r) — sizpo, He Bo3pacTaer u nonoxutensho Ha [0, 1].

MeTop nap3eHOBCKOro OKHa (PUMKCUPOBAHHOMN LUMPUHBI:
£ ’ p(X7Xi)
a(x; X%, h, K) = arg max E lvi =y K| —/
yeyY 4 h
i=1
MeTos nap3eHOBCKOro OKHa MEPEMEHHOMN LLUNPUHBI:

V4
e a plx,xi)
(i X', K) = arg a3 =) K(p(x7x(k+1)))

OnTtumnzaynsa napamerpoB — no kputeputo LOO:
@ BbIOOp WMPUHBLI OKHa h uan yncna cocenein k

@ BbIbop sigpa K
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w(i,x) = 7(i)K(’)();1+)f)(i)))
Bonee npocras 3anuck (34€ch MOXHO He paHXUPOBaTb O0OBEKTHI):
Xt ‘ plx,xi)
a(x; X°) = arg Tea\)’(; lyi = ylvi K(T) ,
roe y; — seca obbekTos, y; = 0, h; > 0.

dun3nyeckas aHaNOrMs n3 3NeKTpOCTaTUKMA:

i — BEMYMHA «3apsfa» B TOYKE X;;

h; — «paguyc AeiicTBNA» NOTEHLUMana C LEHTPOM B TOYKE X;;

y; — 3Hak «3apsiga» (B cnyvae asyx knaccos Y = {—1,+1});
_ 1 1

K(r) = + wn P

B 3apavax knaccucpukaumm et orpaHnyenuii Hn Ha K, vu Ha | Y.
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Mertoa noteHumnanbHbix PYHKUNI = AMHERHbIA KnaccudunkarTop

[OBa knacca: Y = {-1,+1}.
a(x; X*) = arg max Iy (x) =sign(Ma(x) — MT-1(x)) =

_ s,gnzw (xd).

CpaBHUM C nuHeliHOl Moaenbto Knaccudukaumuu:

a(x) = sign Z v fi(x).
j=1
fi(x) = (h p(x, xJ)) — HOBble Npu3Haku obbekTa x

@ 7j — Beca nuHeliHoro knaccudukatopa

@ n =/ — 4nCno NPN3HAKOB PaBHO HMCy OOBEKTOB 0by4eHuns
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3apayun perpeccum n mMeTog HauMeHbLUUX KBAApPaTOB

@ X — obbektbl (yacto R?); Y — oteetbl (vacto R, pexe R™);
Xt = (x,-,y,-)ff=1 — obyuatowas esibopka;
yi=y(x;), y: X = Y — HeusBecTHasi 3aBUCMMOCTb;

@ a(x) = f(x,a) — napameTpuyeckas Mogenb 3aBUCMMOCTH,
a € RP — BekTOp napameTpoB mogenu.

@ Metop Hanmenblimnx keagpatos (MHK):
£

£ 2 .
Q(OZ,X ) = E :W,'(f(X,‘,OZ) _yl) — moin7
i=1
rae w; — BeC, CTeNeHb BaXKHOCTU [-ro obbekTa.
@ HepocraTok:

HafOo MMETb XOPOLLYO NapaMeTpuyeckyto mogens f(x, )
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Henapamertpu4yeckas perpeccus, cpopmyna Hagapas—BartcoHa

Mpubnuxenune koHctantoll f(x,a) = @ B okpecTHoCcTM X € X:
: 2
4 .
a X)) = w;(x)(a — y;)” — min;
Qs X') = 3 wil) (@~ y)? = min
i=1
rae wi(x) = K(M) — Beca 0b6bEKTOB X; OTHOCUTENbHO X;

K(r) — sapo, HeBo3pacTatoLee, OrpaHNYEHHOE, MTAAKOE;
h — wunpuHa okHa crnaxkneaHus.

®opmyna sigepHoro crnaxusaHns Hapapas—BaTtcona:

_Ze: yiw;(x) Zej yiK(/’(X_I;Xi))
an(x; X% = '=;— _ e—‘
Z W,(X) ; ( px, XI))

i=1
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O6ocHoBaHue dopmynsl Hapgapasi—BatcoHa (ogHomepHbiii ciyyaii)

Teopema

[TycTb BbINONHEHBI CAERYIOLYNE YCTOBUS:
1) suibopka Xt = (x;,y;)%_, npoctas, us pacnpegenerus p(x,y);
2) sapo K(r) orpanuyeno: [ K(r) dr < oo, rl_l)r’go rK(r) =0;
3) 3aBucumoctsb E(y|x) He nmeer BepTukanbHbIX aCUMATOT:
E(y?x) = [y y?p(y|x) dy < oo mpu nobom x € X;
4) nocnegosatenbHocTsb hy ybbiBaeT, HO He CAULLIKOM bbICTPO:
lim he =0, lim @h@ =
£—00 £—00

Tor,qa NUMEET MECTO CXOZUMOCTb 10 BEPOATHOCTH!

an, (x; X*) 5 E(y|x) B snt0boii Todke x € X,

8 kotopoii E(y|x), p(x) n D(y|x) Henpepbirer n p(x) > 0.
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Yacto ucnonb3yembie sgpa K(r)

-2.0 -15 -1.0 -0.5 0 05 1.0 1.5 20

I(r) = [|r] < 1] — npamoyronbHoe

T(r)= (1—|r])[Ir] < 1] — Tpeyronbhoe

E(r)=(1- r2)[|r| < 1] — kBagpatuyroe (Enanednunkosa)
Q(r)=(1- r2)2[|r| < 1] — KBapTuM4eckoe

G(r) = exp(—2r?) — rayccosckoe
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rayCCOBCKOG AAPO = rnagkas annpokcumauns
LUVIpVIHa OKHa CYyWEeCTBEHHO BJINAET Ha TOYHOCTb annpoKCUMauun
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TpeyronbHoe aapo = KYCOYHO-NMHEHAst annpoKCUMaLns
Annpokcumauusi He onpefesieHa, eciin B OKHe HET TOYeK BbIbOpKM
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[MpsimoyronbHoe AApo = KYCOYHO-MOCTOSIHHAs annpoKcMMaLms
Bbibop sapa cnabo Bausier Ha TOYHOCTb annpoKCUMaLum
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Bobibop sigpa K n wunpuHbl okHa h

@ Aapo K(r)
— CYLLECTBEHHO BIMSIET HA TNAAKOCTb PyHKUMN ap(x),
— cnabo BANSAET Ha Ka4yecTBO annpOKCUMaL N,
@ Lllnpuna okHa h
— CYLLECTBEHHO BJIMSIET Ha Ka4ecTBO aNnpoKCUMaLum.
@ [NepemeHHas wupnHa okHa no k Banmxaiwum coceasim:

wi(x) = K(%) h(x) = p(x, x(D)

roe x(k) — k-ii cocep obbekTa x.

(] OI'ITI/IMI/I3aLI,I/I$| LWNPNHBI OKHA NO CKOJIb3AWEMY KOHTPONHO!

£
LOO(h, X*) = Z(ah(x,-;Xe\{x,-}) - y,-)2 — miin.

i=1
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Obyuatowas seibopka: X! = (x;,¥i)f_;, xi €R", y; €R

Q Mogenb perpeccun — smnerinas:
n
a(x, w) = (x,w) = > w;jfi(x), w e R"
j=1
Q ODyHkums noTepb — KBaZPaTUYHAS:

Z(a,y)=(a—y)?

© Mertog obyyeHnss — mMeTogq HaUMEHbLUNX KBAAPATOB:
¢ 2 .
Q(w) = Y (alxi, w) —yi)* — min
i=1
o k_ (g o)k .
Q T[lposepka no TectoBoii Bbibopke X* = (X, yi)i_y:

QW) = 7 3= (a5, w) ~ )
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MpuHunn makcumyma npasgonogobus

Mycte X X Y — B.n. ¢ nnotHoctbio p(x, y|w) = P(y|x, w)p(x).
Mycts X¢ — npocras (i.i.d.) eeibopka: (x,-,y,-)ff=1 ~ p(x,y|w)

Ouenka MakcumanbHoro npasgonogobus ans w:
T oG, ifw) = T Pl wlptod - max
TNorapudm npasgonopobus (log-likelihood, log-loss):
L(w) = _ze: log P(yi|xi, w) — max.

1=

B cnyuae aByx knaccos, y; € Y = {0,1}, yaobHo sanucsiaThb
mogenb ycnosHoli BepositHocTn m(x, w) = P(y=1|x, w):

L(w) = ié:ly,- log m(xi, w) + (1—y;) log (1—7(xi, w)) — max,
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CesA3b npaBgonogobusa u annpokCuMaumMm 3MNUPMUYECcKoOro p1mcka

Mycte X X Y — B.n. ¢ nnotHoctbio p(x, y|w) = P(y|x, w)p(x).
Mycts X¢ — npocras (i.i.d.) eeibopka: (x,-,y,-)ff=1 ~ p(x,y|w)

® Makcumuszayns npasgonogobus (Maximum Likelihood, ML):
L(w) = Ze:llog P(yi|xi, w) — max.
i=
@ MuHumnzaumnsa annpoKCUMUPOBAHHOTO SMIUPUHECKOrO PUCKA:
Q(w) = Ze:lg(y,-g(x,-, w)) — mmi/n;
i=

9tn ABa npuHumna 3KBUBAJIEHTHbI, €CJIN NOJIOXXUTb

—log P(y,-|x,-, W) = g(}’ig(xia W))

mogens P(y|x,w)| & |mogens g(x, w) n ZL(M)|.
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fi(x),. .., fa(x) — 4ncnosbie npusnaku;
Mopenb MHOromMepHOI NUHEHOW perpeccuu:

f(x,a) = Zajﬁ(x), aeR".
j=1

ManVI'-IHbIe obo3HaveHuns:

Ala) ... falx) " 03}
, oy =|...], a=

F = e
fl(Xg) f,,(Xg) £x1 Y (e 7))

£xn

@DyHKyMOHaN KBagpaTa OWNOKM:

£
Qe X*) = > (F(xi,0) = yi)* = |Fa = y[[* — min.
i=1
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Heobxognmoe ycnosme MuHumyma B MaTpUYHOM BUAE:
oQ
—(a) =2F(Fa—y)=0
(a)=2F (Fa—y) =0,
OTKyAa cnepyeT HopmasbHas cuctema 3agaqn MHK:
F'Fa=Fy,
rae FTF — maTtpuua pasmepa nxn.

Pewenue cuctemsbr: o = (FTF)"1FTy = Fty.
3nadenme dyukunonana: Q(a*) = ||Pry — y|.
rae PF = FFT = F(FTF)™1F™ — npoekuyuonHas maTtpuya.




image78.png
CuHrynspHoe pa3noxeHue

MpounssonbHasa £Xn-maTpuua npeacTaBuma B BuAe
CuHrynsipHoro pasnoxenus (singular value decomposition, SVD):

F = VDU".

OcCHOBHbIE CBOWCTBA CUHTYASIPHOrO Pa3/oXKEHUS:
Q /xn-wmatpnua V = (wvq,...,v,) opToroHansHa, V'V = I,
cTonbubl v; — cobcTBeHHble BekTOpbl MaTpuubl FFT;
Q@ nxn-matpuua U = (u1,...,un) opToronansHa, UTU = I,,
cTonbubl uj — cobcTBeHHble BeKTOpPLl MaTpuusl FTF;

©Q nxn-matpuya D gnaronansHa, D = diag(\/)\l, .. ,\/)\,,),
Aj 20— cobcTBeHHble 3HadYeHns matpuy FTF u FFT.




image104.png
Pewenne MHK uyepe3 cuHrynspHoe pasnoxeHue

McesnoobpatHas F+ = (FTF)~1FT, sektop MHK-pelenuns o,
MHK-annpokcumauus uenesoro sektopa Fa*:

F+ = (UDV'VDU")"'UDV™ = UD71V™ =

Z\/_UJJ’

a* = Fty = UD"'VTy Z \/_uj(v 7y);
Fa* = Pey = (VDU)UD ™ V'y = WTy = 3 vi(v]y):

j=1
n

la*]|? = [UD~*VTy|? = D~ VTy|? = Z (v y)2
Jj= 1

ToxxpecTea: (AB)_1 =B'A ! (AB)" = B"A", ||a||2 =a'a




image114.png
Mpobnema MynbTUKONIMHEAPHOCTH

Ecav 3y € R™: Fy = 0, To HekoTopble Aj banskn Kk Hynto

Yucno obycnoBaeHHOCTU nX n-matpuubl S:

max || Sull

. cap o telli=t  Amax
w(S) =ISIIS~HI = -Wlﬁ]—l”su” " Amin

Mpu ymHoxeHun obpaTHoOl MaTpuubl Ha BekTop, z = S~ 1u,
OTHOCMTEJ/IbHAsi norpewHocTs ycunueaercs B p(S) pas:

oz _ ol
ERAT]

B nawewm cnydae: a* = (FTF)"1FTy, ycunusatotca 8 u(FTF) pas3
MOrpeLHoCcTI n3Mepennsi npusHakos fj(x;) n oTBeTOB y;




image98.png
Mpobnema MynbTUKONNIMHEAPHOCTU U nepeobyyeHus

Ecan matpuya S = FTF nnoxo obycnosneHa, To:
@ pelLeHne HeyCTONYNBO 1 NAOXO WHTEPNPETUPYEMO,
o |la*|| senmko;

@ BO3HMKaeT nepeobyuyeHue:
Ha obydenun Q(a*, X¥) = ||Fa* — y||? man;
Ha KOHTpone Q(a*,Xk) = ||F'a* —y’||2 BEJINKO;

CTpaTeruum ycTpaHeHus MyabTUKONANHEAPHOCTN 1 nepeobyyeHns:
@ perynspusauus: ||a|| — min;
@ otbop npusHakos: fi,...,fn = fi,...,fi,, m<n.

@ npeobpasoBaHue NpusHakos: fi,...,fn — g1,...,8m, m <K n;




image2.png
IpebHeBas perpeccus (ridge regression)

LLITpadp 3a ysennuenne Lo-Hopmbl BekTOpa Becos |a|:
Qr(a) = |IFa =yl + Zllol?,

roe T = % — HeoTpuLaTeNbHbIlE napamMeTp peryaspusaymnmg.

BeposATHOCTHaA uHTepnpeTayns: anpnopHoe pacnpegeneHue
BEKTOpa (x — rayCCOBCKOe C KOBapuUaLMOHHOW maTpuueii ol,.

MogudunuuposanHoe MHK-pewenue (71, — «rpebenby, ridge):

af = (F'F+7l,)"Fy.

MpenmyLecTBO CUHTYNAPHOTO pa3oXeHUs:
MOXHO nogbupate napamerp 7, Boiducans SVD Tonbko oguH pas.
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PerynspusoBaHubii MHK yepe3 cuHrynspHoe pasnoxeHue

*
BekTop perynspusosaHtoro MHK-pewenus o
n MHK-annpokcumauns uenesoro sektopa Foo:

AT,
PV TUJ(VJ- ¥);

V=3 et

)\.
* (12 — D2 In —leT 2 — J T 2-
1 = (D2 + 71) "DV | ;—(MT)z(v, y)

af = UD* +71,) 'DV'y = Z

Fal = VDU o) = leag()\ )\

Fa} # Fa*, no 3aTo pelleHne CTaHOBUTCA ropasao ycToiiumeee.




image67.png
Bobibop napamerpa perynsapusauuu 7

. k _ ( J\k .
KonTponbHas sbibopka: X% = (x7, y/)*_¢;

Ala) - falx) "
kF': , Yy =1...
Xn
AlG) - b))t \w
Bbivuncnenne dyHkynoHana @ Ha KOHTPOJbHBIX AaHHbIX T pa3

notpebyer O(kn? + knT) onepaunii:

2

* k * 2 . Aj T
Qaz, X¥) = [F'a; — /> = || Y diag (32L) V'~

kxn nx1

3asucumocTtb Q(7) 0ObIYHO MMEET XapaKTEPHbI MUHUMYM.




image111.png
Perynapusauuns cokpawaer «3dcekTusHy0 pa3mMepHOCTb»

Cxatue (shrinkage) nnn cokpaiyerue secos (weight decay):

n

o) = Z(HT)Q(vy)z < otl?=30 5 )

j=1
Moyemy roBopsAT o cokpalyeHnu 3¢pGheKTUBHON pa3MepHOCTH?!

Ponb pasmepHocTn nrpaeT cnep npoekuMOHHOW MaTpuLbl:
tr F(FTF)"'F" =tr(F"F) *F'F =trl, = n.

[Npn ncnonblosaHum perynsipusayuu:

Aj SN Y
F(FTF 4 7l,)'F" = =y =
tr F( +7lp)” trdlag()\ +7_) 2 )\j+7_<n

Toxpectso: tr(AB) = tr(BA)




image49.png
Perynsapusauusa no L;-Hopme gna otbopa npu3Hakos

LASSO — Least Absolute Shrinkage and Selection Operator
|Fo — yl||? — min;
(07

n
IFa—y|>+u) |oj| = min ’
2l = > losl <

[Tocne 3amensl nepeMeHHbIX

J J

aj:a-.i'—a._; +
— o
|aj|:af—|—aj .

OrpaHnN4YeHnsa npnHNMaroT KaHOHUNYeCcKni BUA:

Vv
=)

n
+ 4o At S0 o
Zaj —|—aj < ; > 0; Q;

at =a7 =0.

Yem meHbLue 32, Tem Dosblie j Takux, 4TO & ; ;




image113.png
CpasHeHue Ly (Ridge) n L; (LASSO) perynsipusauum

TununyHblii BUA 3aBUCUMOCTWN BECOB OZJ‘ OT CENIEKTUBHOCTN U

T T T T T T T T T

0.2

B LASSO c ysennyeHuem p ycunmeaercs oTbop npusHakoB
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FeomeTpuyeckas untepnperauyms oTtbopa npu3HaKkos

DKBUBaNEHTHas nocTaHoBka 3agaun ||Fa — y|> — min,
C perynsipu3aTopoM B BUAE OTPaHNYEHNS-HEPABEHCTBA!

n n
Lasso (L1): Z loj| < 2 Ridge (L2): Zajz <
j=1 j=1
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FeomeTpuyeckas untepnperauyms oTtbopa npu3HaKkos

CpaBHeHune perynsapusaTopos Mo pasanyHbiM L,-Hopmam:

t {
ElasticNet L,





image30.png
Obyuatowas seibopka: X! = (x;,¥i)i_;, xi € R", y; € {-1,+1}

O Mogenb knaccudpukaunu — anHelHas:
n
a(x, w) = sign(x, w) = sign > w;f;(x)
j=1

Q ®DyHkuyus notepb — buHapHas nan eé annpokcuMaLuus:
Z(a,y) = lay <0] = [(x,w)y <0] < Z((x,w)y)
© Mertog obyuyeHnss — MUHUMN3ALNS SMIUPUYECKOTO PUCKA:
J4 I4
Q(w)=>" [(x,-, w)y; < 0} <> ,Z((x,-, w)y,-) — mmi/n
Q Tposepka no TecTosoii Bribopke XK = (%, 77)%_;:

_ 1 k
QR(w) = P > [k, w)yi < 0]
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MoHsiTne oTrcryna ans pasgenswmnx knaccudpukaTopos

Pasgenstownii knaccudpukatop: a(x, w) = sign g(x, w)
g(x, w) — pazgensirowjas (guckpummnnantHas) yHkymus
g(x,w) = 0 — ypaBHeHne pasfensitoleii NOBEPXHOCTH

M;(w) = g(x;, w)y; — oTcTyn (margin) obbekTa x;
Mi(w) < 0 <= anroputm a(x,w) ownbaercs Ha x;

Patxuposatune obbekToB no Bospactanuto orctynos M;(w):

Margin

08 1
06 1
7% Iy

0 4
-0.2 1
-04 4
086

Hap&XHble

0 20 40 60 80 100 120 140 160 180 200 ¢
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HenpepbiBHble annpokcumaumnu noporosoii yHKUUM NoTepb

Yacto ncnonbsyembie HenpepbiBHbie yHkyum noteps £ (M):

V(M) =(1- M), — Kyco4Ho-nuneiiHas (SVM);
H(M) = (—M)4+ — kycouHo-nuHeirnas (Hebb's rule);
L(M) = log,(1 +e~™) — norapudmuueckas (LR);

QM) = (1-M)? — keagpatudnas (FLD);
S(M)=2(1+ eM)_1 — curmougHas (ANN);
E(M)=eM — 3kcnoHeHynansHas (AdaBoost);

M < 0] — noporoeas PyHKLMs NOTepPb.




image68.png
ei = (a(x;) — yi) — owwnbxa
Z(gi) — PpyHKkuns notepsb
Y4

Q = > Z(gi) = min — kpuTepuii oby4eHus mogenu no soibopke
i=1 a




image107.png
KBaHTunbHas perpeccus

2(e) = Cilel, €>0 :
| Clel, e<0; w
eCc_

£
Z (a—yij) = min, a=yld) g=_-""_
; ( ) = mi y cic

roe y(l),...,y(e) — BApWAUNOHHbIN P 3HAYEHURA V;

Jlnneiinas mogens perpeccun: a(x;) = (xj, w).
CeepeHue kK 3agaqe ANHERHOr0 NPOrpamMmMuUpoBaHuUS:

3aMeHa NepeMeHHbIX € = (a(x,-) — y;)+, g = (y,- — a(x;))+;

£
Q=> C+57r + C_e; — min;
i=1 w

(x,w) —yi=¢ef —e7; e >0, e >0.

1 1 1
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pagveHTHbII MeToa YNC/IEHHOW MUHUMU3AUNN

MI/IHVIMVI33LI,VI$| SMMUPUNYHECKOro pucKa:

£
Q(w) = ZZ(W) — min.

i=1
MeTopn rpagueHTHOro crnycka:
0) ._

wtD) = w® — . vQ(w®),  VQ(w)= (ag&w._))’_’ o’
J=
rae h — rpagmenTHbIN Wwar, Ha3bIBaEMbIll TakKXe TeMIoM obydeHus.
£
w(tth) .= () _ hZV,,E,”,-(W(t)).
i=1

Ha4YanbHoe NpubankeHune;

Npesa yckopeHus cxoammocTu:
bpaTb (X;j,y;) No ogHOMY 1 cpa3y OOHOBNSATL BEKTOP BECOB.




image127.png
Anroputm SG (Stochastic Gradient)

Bxopa: Bbibopka X¥, Temn obydenns h, Temn 3abbiBaHus \;
Bbixop: BekTop Becos w;

1 mHUuwnanusnposaTh Beca wj, j =10,...,n;
2 VHULWAIN3NPOBATL OLEHKY (DYHKLMNOHaNA:

Q:= %Z?:l Zi(w);

NOBTOPATH
BbIOpaTh 06beKT X; n3 X¢ caydaiinbim obpasom;
BbIYMCIUTL noTepto: €; 1= Zi(w);

cAenaTb rPajNeHTHBIN War: W = w — hV,,Ef,-(w);
oueHuTb dyHkumonan: @ := Ae; + (1 — A)Q;

noka 3HaveHne Q n/unum Beca w He coiigyTcs;

0 N oW

Robbins, H., Monro S. A stochastic approximation method // Annals of
Mathematical Statistics, 1951, 22 (3), p.400-407.
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OTtkyga B3s1acb peKyppeHTHas oueHka pyHKuuoHana?

Mpobnema: sbiuncnenmne ouenkn @ no Bceii Boibopke X, ... ,X;
HaMHOrO AOJbLIE FPaANEHTHOrO Wara no O4HOMY ODbBEKTY X;.

PeweHune: ncnonbszosatb npubanxeHHyo pekyppeHTHY0 hopmyiy.

CpegHee apudmeTunyeckoe:
Qn=2em+tem 1+ temot...
Qn = mem+ (1 — ) Qm-
3KCI'IOHeHL;l/IaJ1bH06 CKOJIb35Lyee CpeJHeEE:
Qm=dem+ (1 =MAem1+ (1 —=A)?Xemo+...
Qm=em+ (1 —2)Qm_1

Mapametrp A — Temn 3abbiBaHMs npeasicTOpUn psjaa.
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MeTtog HakonneHusi nuepuun (momentum)

Momentum — sKcnoHeHUMaNbHOE CKONb3siLLLee
CpeAHee rpafneHTa no nociefHUM = ﬁ
- 10
ntepauunsim [B.T.Monsik, 1964]:
v:

W+ (1-7)Z (w)

w:=w — hv

30
-30 =20 =10 0 10 20
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BapuaHTbl nHuynannsaunm Becos

© 0

wj =0 gnaecex j=0,...,n;

HeDonbLwKe cayYaliHble 3HaYeHUs:
e _1 1).

w; := random ( )

2n’ 2n
wi = {.f)) fi = (f-(x-))e — BEKTOpP 3Ha4YeHWil npusHaka
= ey U= X)) P P '

DTa oueHKa w onTWMalbHa, ecnu

1) dpyHKLMS NOTepb KBagpaTUYHA 1

2) npusHakn Hekoppenuposansl, (fj, fx) =0, j # k.
oby4eHue no HebonbwoOl ciyyaiiHoli nogebibopke 0bBHEKTOB;

MYJIBTUCTApT: MHOIOKPATHbLIE 3aMYyCKM N3 Pa3HbIX CAyYaiHbIX
HayasbHbIX NpUbAMKeHUi 1 BEIDOP Ny4Liero peweHus.




image15.png
BapuaHTtbl nopsaka npeabsiBneHus obbekToB

Bo3amMoXxxHbI BapnaHThI:

Q neperacoska obwekToB (shuffling):
nonepeMeHHo BpaTb 06bEKTHI N3 pPa3HbIX KAACCOB;

yawe bpaTb 0OBEKTHI, HAa KOTOPbIX OWKbKa bonbLie:
yeMm MeHbwe M;, Tem bonblie BEPOATHOCTL B3STb 0OBEKT;

yawe bpaTb OOBEKTHI, HA KOTOPbIX YBEPEHHOCTb MEHbLLUE:
yem MeHblie |[M;|, Tem Gosblue BEPOSTHOCTL B35Tb OOBEKT;

BoobLue He BpaTb «xopoluney obbekTbl, y KoTopbix M; >
(Npn 3TOM HEMHOrO YCKOPSIETCA CXOANMOCTbD);

© 06 o ©

BoobLe He DpaTb 0bBEKTLI- «BBIOPOCHI», ¥ KoTOpbIX M; < 1
(Npn 3TOM MOXET yNyYLWNTLCSA KA4YeCTBO Knaccudukaumm);

MapameTpbl py, p— npugércs nogbupaTs.




image74.png
X — MHOXeCTBO 06beKTOB (TOHHEE, NX MHOPMALMOHHBIX OMUCAHWIA)
Y — mHoxecTBO 0TBeTOB (OLLEHOK, NMpeackasaHnii uau nporHo3oB)
y: X = Y — HeussecTHasi 3aBucMMoCTb (target function)

OaHo:

{x1,...,x} C X — obyyarowas seibopka (training sample)
yi=y(x), i=1,...,f — n3BecTHble OTBETHI

Haitu:

a: X - Y — anroputm, pewatowtyto dpyHkuyuto (decision function),
npubnumxaroutyto y Ha BCEM MHoxecTBe X




image146.png
BapuaHTtbl BbIOOpa rpagueHTHOro wara

©Q cxopumocTb rapanTupyerca (ans Bbinykabix yHKUMI) npu
o0 o0
hy =0, Y h=o00, Y h?< oo,

B YaCTHOCTU MOXHO NONOXUTbL hy = l/t;

Q wmeToa cKopeiilero rpagueHTHoOro Crycka:
,Z,-(w — hV,Z,-(w)) — miin,

NO3BONSAET HAalTW aganTuBHbIg war h*;

Mpu kBagpaTuyHoii dyHkuum noteps h* = ||x;|| 2.
© npobHble cnyyvaiiHbie warn ans «BbIOMBAHUSY» UTEPALMOHHOIO
Npouecca N3 AoKajbHbIX MUHUMYMOB;

Q wertog JleBenbepra-Mapkeapgra (BTOpOro nopsigka)




image142.png
OuaroHansHbii metopg JleseHbepra-Mapksapara

MeTog HbtoToHa-Padcona, Zi(w) = Z({w, xi)yi):
w:=w — h(Z"(w)) _1V,,2”,-(W),

2 .
roe ogill(w) = (%é(w"?) — reccmaHd, nXn-maTtpuua

dBpuctuka. Cyntaem, 4TO reccnaH guaroHaseH:

-1
% (w) 8.4(w)
W,.;:W,._h( ow? “> “ow;

h — Temn obyyeHns, moxHo nonarate h =1
|4 — mapamMeTp, npefoTBpalatonii 0bHyNeHNe 3HaMeHaTeNs.

OTHowenne h/p ecTb Temn oBy4YeHnst Ha POBHBIX y4acTkax
cdyHkuuoHana Z;(w), rae sTopas nponssogHas obHynsieTcs.




image34.png
Mpobnema nepeobyyeHusn

Bo3moxHble npuymnHbl nepeodyyeHus:

@ C/NLWKOM Mano obbeKTOB; CANLLIKOM MHOFO NPU3HAKOB;

@ JINHEHas 3aBNCUMOCTb (My/NbTUKONIMHEAPHOCTD) NMPU3HAKOB:
MycTb NOCTPoeH kiaccudukaTop: a(x, w) = sign{w, x);
MynbTUKOAMHeapHocTs: Ju € R™ Vx; € Xt (u,x;) = 0;
HeeAMHCTBEHHOCTb pewenus: Vy € R a(x, w) = sign(w+yu, x).

MposiBneHns nepeobyuqeHus:

@ canwKoM bonbluve Beca |wj| pasHbIX 3HAKOB;

@ HEeyCTOYMBOCTb ANCKPUMUHAHTHON byHKunmM (W, X);

o Q(XY) < Q(XK);

OcHoBHOII cNOCO6 ymeHbWUTL NepeobyyeHue:

@ perynspusauns (cokpalieHue secos, weight decay);




image122.png
Perynsipusauyus (cokpauieHne secos)

LLITpac 3a yBenuyeHne HopMbl BEKTOpPa BECOB:

n
2 _ T 2 .
.Z(W) .Z(W)—I——HWH Z(w)—l—E;wj — min.
J=
['papuneHT: .
VZ(w) =VZ(w)+Tw.
Mogndukaunsa rpagueHTHoro wara:
w = w(l — h7) — hV.Z;(w).
MeTtoabl nogbopa koadpbuuneHTa peryaspmsanum 7:
O CcKOMb3AWMNIA KOHTPON;
© croxacTuyeckas aganTauus;

© [4ByXypOBHeBbIi DalieCOBCKUIi BbIBOA,.




image73.png
SG: [JocTtonHCTBaA 1 HEZOCTATKn

doctonHcTBa:
Q nerko peanusyertcs;
nerko obobuaertcs Ha nwbuie g(x, w), Z(a,y);

O nerko pobaenTb perynsipusauunto
Q BO3MOXHO AuHamuueckoe (MoTokoBoOE) 0byyeHNe;
o

Ha cBepxboNbLINX BbIDOPKax MOXHO MONYHYUTb HEMJIOXOE
pelleHne, faxe He obpaboTas Bce (X;, y;);

Q noaxoauT ansa 3agad ¢ boNbWUMUN AAHHBIMY

HepoctaTku:

© nopbop Komniekca 3BPUCTUK SIBASIETCS NCKYCCTBOM
(He 3abbITb Npo nepeobyueHune, 3acTpeBaHne, pacXoAUMOCTb)
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|-

¢
Z L(y;, (w, z;)) — min
i=1




image40.png
o L(y,z) =log(l + exp(—yz)) — morucrudeckasi GyHKIHs IOTEPH;




image140.png
Merox 06ydeHust, KOTOpbIE MOJIy9IaeTCsl IPU UCIOJb30BAHUN JIOTUCTUYIECKON (DYyHK-
I[[UH [T0TE€Pb, HA3BIBAETCSI JIOTUCTUYIECKOH perpeccueit. OCHOBHBIM €ro CBOMCTBOM SIBJISIETCST
TOT (DaKT, 9YTO OH KOPPEKTHO OIEHUBAET BEPOSITHOCTD IIPUHAJIEXKHOCTA 00bEKTa K KaxK-
JIOMY 3 KJIaCCOB.

IIycrs B KaX/10if TOYKe IPOCTPAHCTBA 0OBEKTOB & € X 3a/jaHa BEPOSITHOCTH p(y =
= +1|z) Toro, 4ro 0ObeKT x Oymer mpuHAIEXKATH Kaaccy +1. DTo 03HAYAET, YTO MBI
JIOIyCKaeM HAJIMYue B BHIOOPKE HECKOJIBKUX O0BEKTOB C OJMHAKOBBIM ITPU3HAKOBBIM OITH-
CaHUEM, HO C PA3HBIMU 3HAYEHUSIMHU I1€JIEBOM IIePEMEHHOMN; IPUIEM €CJTH YCTPEMUTD KOJIH-
9eCTBO 0ObEKTa T B BHIOOPKE K OECKOHETHOCTH, TO JIOJISI IOJIOYKHUTEIbHBIX OObEKTOB Cpe/In
Hux Oyger crpemuthbes K p(y = +1| x).




image62.png
Urax, pacCMOTPUM TOUYKY & IIPOCTPAHCTBA 00beKTOB. Kak Mbl JOrOBOPUIIHCD, B Heil
mMeeTcsl pacupesesienue Ha orBetax p(y = +1 | z). Homycrum, anropurm b(x) Bo3Bparaer
qnucsa u3 orpeska [0, 1]. Hamra 3aa9a — BbIOpaTh JIst HEFO TaKyIoO IIPOIEAYPY 00ydeHus,
9TO B TOYKE & eMy OyZeT OUTHMAaJbHO BbIaBaTh 4ucio p(y = +1|z). Eciu B BeIOOpKe

00BEKT T BCTpeYaeTcs: n pa3 ¢ OTBeTaMd {Y1, . . ., Yn}, TO IOJTydaeM Cieayomniee TpeboBa-
HUe:
1 n
arg min — Z L(y;,b) =~ p(y = +1| z).
beR T =

[Ipu cTpemiennu n K GECKOHEYHOCTH MOJIYIMM, UTO (DYHKITMOHAJ CTPEMHUTCS K MaTOXKU-
JAHUIO OIINOKM:

argmin E [L(y,b) | z] = p(y = +1|z).
beR




image119.png
[TompoGyem ckOoHCTPYHpPOBaTh (DYHKIMIO IOTEPD U3 IPYyTUX coobpaxkenuit. Ecim aj-
roput™ b(z) € [0,1] meficTBUTENLHO BBIAAET BEPOSITHOCTH, TO OHH JIOJKHBI COIJIACOBBI-
BaThCs ¢ BEIOOPKO#i. C TOYKM 3peHust aJIrOpATMa BEPOSITHOCTD TOTO, YTO B BEIDOPKE BCTpe-
THTCSH 0GBEKT T; C K1accoM ¥, pasma b(z;)¥=+1(1—b(z;))¥="1. Ucxoms u3 sT0ro, MoxHO
3aIMcaTh IPaBIonoo0ue BEIGOPKH (T.e. BEPOSITHOCTD IIOJIyYUTh TAKyI0 BBIOOPKY C TOUKH
3PEHUs AJITOPUTMA):

L

Q(a, X) = [ bla (1 = b(as)) =

i=1

JlanHoe TpaBIoIo001Me MOXKHO HUCIOJIB30BATH KaK (PYHKIIMOHAJ JJIsi O0y9eHUs aJrOpPUT-
Ma — C TOW JIMIIIb OTOBOPKO#, YTO y/100HEEe ONTUMHU3UPOBATE €ro JIorapudMm:

L

- Z ([y: = +1]logb(z;) + [y; = —1] log(1 — b(z;))) — min




image29.png
3apaun knaccudmkauyum (classification):
o Y ={-1,+1} — knaccucpukayns na 2 knacca
o Y ={1,...,M} — na M HenepecekatoLmnxcsi KNaccos

@ Y =1{0,1} — na M knaccos, koTopble MOryT nepecekaTbCs

3apaymn BOCCTAHOBAEHUSA perpeccuu (regression):
@ Y=RuwnwmY=R"




image129.png
Hannast byHkuusi norepb HadbiBaercst jorapudmudeckoii (log-loss). [Tokaxkem, dro
OHAa TaK»Ke I03BOJIsIET KOPPEKTHO IIPE/ICKA3bIBATh BEPOSITHOCTH. SallUIIeM MATOXWIaHHe
GbyHKIUHN I0TEPH B TOYKE T:

]E[L(y, b) | x] = E{—[y =+1]logb— [y = —1]log(1 = b) |z| =
= —p(y = +1[z)logh— (1 —p(y = +1|z))log(1 - b).
[Ipomud depentupyem 1o b:
0 P@JH4=—My:+”@+1_My:+H@=Q

%E b 1—b

Jlerko BHUIETH, 9YTO ONTUMAJIbHBIA OTBET aJI'OpUTMa paBE€H BEPOATHOCTHU IIOJIOZKHUTEJIBHOI'O
KJ1acca:

b =p(y = +1|2).
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§1.3 Jlorncrtuyeckas perpeccus

Besze Bbime Mbl TpeboBasiu, 9TOOBI ajaropur™ b(x) BO3BpallaJ YUCIa U3 OTPE3-
ka [0, 1]. DToro serko gocruds, eciu nonoxkuth b(r) = o((w,x)), rae B Kadecrse o Mo-
JKeT BBICTYNATH Jit00asi MOHOTOHHO HeyObIBaromasi GyHKIwst ¢ obiacTbio 3Hadenuii [0, 1].
Mg Gy/1eM HCII0IB30BATH CUIMOUIHYIO (byHKIUO: 0(2) = HT;)(—Z)' Takum obpazom, yem
GoJIbIIle CKaJIIPHOE IpoU3BeieHue (w, ), TeM GosibIie OyeT npe/ICKa3aHHas BEPOSTHOCTD.
Kak mpu 9T0M MOXKHO MHTEPIPETHPOBATH JAHHOE CKaJIsIpHOE IpousBeneHne?! UTobObl OT-

BETHUTH HA ITOT BOIPOC, Ipeobpa3yeM ypaBHEHUE

1
1+ exp(—(w,z))

ply=1|z) =

Bripaxkast u3 HEro CKaJIsipHOe IIPOU3BEJIEHHE, TIOJIYyIMM

ply = +1|x)

) =108 oy =10y
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[Tomyunm, uTo CKa/IsipHOE pOU3BeeHNEe OyIeT PABHO JIOrapudMy OTHOIIEHUS] BEPOSITHO-
creit kiaccos (log-odds).
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[ToxcraBum TpaHCchOPMHUPOBAHHBIN OTBET JIMHEHHON MOJEIN B JIOrapU(pMHUIECKYIO
GbYHKIHUIO TOTEPH:

o=tz ) _

1
3 ([yi = e stz T T T T w, )

¢ 1 1
_Z ([yi = +1]log ; Fep(—(w,z) lv: = —1]log exp((w,xi>)) -

=1

14

> "log (1 + exp(—yi(w, :))) -

i=1

[Tonyuennast pyHKIMS B TOYHOCTH IIPEJICTABISIET COOOM JIOTUCTUYECKUE TIOTEPH, YIIOMSI-
HyTble B HadaJjie. JIuHeltHas Mojiestb KiraccuUKaluy, HACTPOSHHAS IIyTEM MUHUMUBAIAN
JaHHOTO (PYHKIIMOHAJIA, HA3BIBAETCs JIOTHCTHYECKOi perpeccueii. Kak BuiHO m3 mpuBe-
JIEHHBIX PACCyKJIeHUil, OHA ONTHUMHU3UPYET MPaBJIONO0I001e BHIOOPKHU U J1aeT KOPPEKTHHIE
OIIEHKY BEPOSITHOCTU MPUHAJJIEXKHOCTH K IMTOJIOYXKUTEILHOMY KJIAcCy.




image101.png
Pacemorpum Teneph Apyroii moxo/ K MOCTPOEHUIO (DYHKIMKA OTEPh, OCHOBAHHBIM
HA MaKCHMU3AIMU 3a30pa MeXKJy KjaccaMu. ByieM paccMaTpuBaTh JIMHEHHBIE KJIACCHU-
duKaTOPHI BUIA

a(z) = sign({(w, z) +b), weRLbER.
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§2.1 Paspenumbiii cny4yaii

Bynem cuntarh, 9TO CyIIECTBYIOT TaKue mapaMerphl W, u b,, YTO COOTBETCTBYIOIIHIA
UM KjaccuduKaTop a(x) He JIOIyCKaeT HU OJHOM omubKy Ha obyJaroeii Bbibopke. B aTom
CJIydae TOBOPST, YTO BBIOOPKA AUHETUHO Pa30enuma.

IIycrs 3aman HekoTOpHIi Kiaccubukarop a(x) = sign((w,z) + b). 3amernm, 4T0
€CJI OJIHOBPEMEHHO YMHOXKHUTH MapaMeTpPbl w U b Ha OJHYy M Ty K€ IOJIOXKHUTEJbHYIO
KOHCTaHTY, TO KJ/IaCCU(DUKATOP HE M3MEHUTCH. PacrnopsiauMcst 9Toi ¢cBoOOIOi BbIGOpa U
OTHOPMHPYEM IIapaMeTpPhl TaK, ITO

min |(w,z) +b] =1. (2.1)

MozKHO MOKa3aTh, YTO PACCTOSHUE OT MPOU3BOJILHON ToUKH Z( € R? 10 rumepriockocTH,
OIIpeJIesIIEMO TaHHBIM KJIACCU(PUKATOPOM, PABHO

p(x07a) =
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Torma paccrosiHue OT T'MIEPILUIOCKOCTH J0 OJimkaifiiero obobekTa oOydaromeil BEIOOpKH
pPaBHO

minM ! m1n|(w z)+b| = L

seX  |wl| [lw] = [

JaHHast BeJIM9IMHA TaK»Ke HA3BIBAETCS OMCmynom (margin).

Taxum obpazom, ecau KiraccudukaTop 6e3 ommboK pas3aesaseT 00ydaromnyio BEIOoOp-
Ky, TO IIUPUHA €r0 Pa3JIeIsSIONneil MOJI0Ckl PaBHA, ”72” N3BecTHO, YTO MaKCUMU3AIIUS TITU-
PUHBI pa3IeIsiomeil MoJI0CH IPUBOJAUT K MOBBIMIEHUI0 0000IIAIOINIE CITOCOOHOCTH KJIac-
cuburaropa [1]. BcmoMHEM Tak»Ke, 9TO Ha IOBBIIIEHHWE 0000IIAONIEH CIOCOGHOCTH Ha-
[IpaBJIeHA U PEry/Isspu3alins, KOTopas mTpadyer O0ILIIYI0 HOPMY BECOB — a UeM OOJIbIIe
HOpMa, BECOB, TEM MEHbIIe MUAPUHA PA3IEISIONIEN TOIOCHL.

Urak, Tpebyercst MOCTPOUTH KIacCu(UKATOD, UICATBHO PA3IeISIONui 00y a0y o
BBIOOPKY, W [IPA TOM HMMEONIUl MAaKCHUMAJbHBIA OTCTYII. 3AIUIIEM COOTBETCTBYIOILYIO
ONITUMUBAIMOHHYIO 3a/1ady, KOTopasi U OyJIeT OIpPe/Ie/IsiTh METO/ OIOPHBIX BEKTOPOB JJIsT
JHeitHO pasaesmmMoit Beibopku (hard margin support vector machine):

1 9 .
—||w||* = min
2 w,b (22)
yi ((w,z;) +b) =1, i=1,...,L
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31ech MBI BOCIIOJIL30BAJIACH T€M, 9TO JIMHEHHBIH KIaccupUKATOp JaeT IPaBUIbHBIA OTBET
Ha 00bEKTe T; TOr/a U TOJIBLKO Torja, Korma y;({(w, z;) + b) > 0. Bosee Toro, u3 ycioBus
HopMupoBku (2.1) crenyer, aro y;((w, z;) +b) > 1.

B nannoit 3a1a9€ (byHKIMOHAT SABJISIETCS CTPOTO BBIMTYKJIBIM, 8 OlPAHUYeHUs JTHET-
HBIMH, IOTOMY CaMa, 3aJiada sBJIseTcs BLITYKJION U UMeeT eIMHCTBEHHOe pemenue. Boiee
TOTO, 3318494 ABJISEeTCA KBaJIPATUYIHOM M MOXKeT ObITh pellleHa KpaiiHe 3¢pdeKTuBHO.
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§2.2 Hepasgenumbiii cnyyai

PaccmoTpum Temeps o6muit cirydaif, KOraa BIOOPKY HEBO3MOXKHO HJIEAIbHO pasJie-
JIUTh TUNEPIIOCKOCTHIO. DTO 03HAYAET, YTO KaKue Obl w U b MBI He B3slJIH, XOTs ObI OJHO
U3 orpaHuyeHuii B 3aja4e (2.2) Gyzer HapyIIeHO:

3z, € X 0y ((w,z;) +b) < 1.
CnenaeM 3TH OrpaHUYeHHsT «MITKUME», BBes mTpad & > 0 3a ux HapylieHue:
yi ((w,z) +0) > 1-¢&, i=1,...,L

OTrMeruM, 9TO €CM OTCTYI OOBbEKTa JIEXKUT Me Hynem u emumuunei (0 <
)

yi (w,z;) +b) < 1), To 00bEKT BepHO KiacCUbUIUPYETCsi, HO HMEeT HEHYJIEBOM
mrpad & > 0. Takum obpaszom, MbI mTpadyeM 0OBEKTHI 3a IONaJaHHe BHYTPb pa3jie-
JISIFOIIEN I10JIOCHI.

Benmuuna i B JaHHOM CiIydae Ha3bIBACTCS MAZKUM omcmynom (Soft margin).

N [l N
C omHOI CTOPOHBI, MBI XOTHM MAKCAMHU3MPOBATH OTCTYII, C JAPYroif — MUHUMH3UPOBATH
¢

mTpad 3a HenmeaTbHOe pasJieleHHe BBIOOPKH y ., &. DTH JBe 3aJa4M IPOTHBOpPEYAT
JIpYT JPYTy: KaK MPABUJIO, M3JIMINHSS MOJTOHKA I0J] BHIOOPKY MPUBOJUT K MAJIEHBKO-
My OTCTYIly, ¥ Ha0OOPOT — MAaKCHUMH3allUsl OTCTYyIa IPUBOAUT K OOJIBINOI omubKe Ha




image59.png
obyuennu. B kauecTBe KoMmmpomucca GyjieM MUHAMA3HPOBATH B3BELIEHHYIO CYMMY JBYX
YKa3aHHBIX BeJW9uH. [IpUX0oquM K ONTUMU3AIMOHHON 3a/1a9€, COOTBETCTBYIOIEH METO/LY
OIIOPHBIX BEKTOPOB JIJIsl JIMHEHHO Hepasjeaumol BbIOOpKHU (soft margin support vector
machine)

£

1

Sl + O3 6 min
=1 (2.3)

&E>0, i=1,...,4
YewMm Gosbire 31eck napamerp C, TeM cuIbHEE MBI Oy/IeM HaCTpPaWBaThCs Ha 00YJAIOILYIO

BBIOODKY.
JlanHast 3a7a9a TaK>Ke SIBJISIETCSI BBIMYKJION M MMeET eJIMHCTBEHHOE PEIleHME.
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31an o0by4eHns (train):
MeTog oby4erns (Iearning algorithm) p: (X x Y)! = A
no ebibopke X! = (x,,y,), 1 CTPOWUT aNnroputm a = p(X):

fl(Xl) e fn(Xl)

f(0) ... filx) v

dT1an npumenerus (test):
afropuTM a Anst HOBbIX 0DBEKTOB X! BbIAAET 0TBETHI a(x!):

Ala) - fba)) | fabq)
. — .

A(x) ... fi(x) a(x))
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BCHOMHI/IM, YTO METO/ OIIOPHBIX BEKTOPOB CBOJAUTCHA K PEIICHHUIO 3aJa49U OIITUMU3aA-
807058
L
1 2 .
5”“’” +C» &— m;rsl
. w,0,
. (1.1)
yi ((w, ) +0) >1-&, i=1,....¢,
&E>0, i=1,...,¢.

[TocTpouM ABOMCTBEHHYIO K Heil. 3aIUIIeM JIarDAHKUAH:

¢ ¢ ¢
L(w, b, &, A, p) = %||w||2 +OY &= Ny ((w,z) +0) — 1+ &] = > k.

i=1 i=1 i=1
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Brinumem yenmoBusi Kyna-Takkepa:

¢

£
Vol =w— Z Ayiz; =0 - w= Z ANV Z; (1.2)
=1 =1

£ 4

i=1 i=1
(15)
pi&i =0 = (i =0) wm (§ =0) (1.6)
& 20,020, 20. (1.7)

[Ipoanasmsupyem nostydenssie yciosusi. U3 (1.2) cienyer, 9To BEKTOp BECOB, IO-
JIyYeHHBII B pe3ysbrare HacTpoiiku SVM, MOXKHO 3allicaTh KaK JUHEHHYI0 KOMOWHAIIMIO
00BEKTOB, IPUIEM Beca B 3TOM JTUHEHHON KOMOMHAIIMN MOXKHO HAWTHU KaK pelleHune IBOM-
CTBEHHOM 3aJa4u. B 3aBucuMocTr OT 3HadeHU & U \; OOBEKTHI T; Pa30MBAIOTCS Ha TPU
KaTeroOpuu:




image132.png
1. §i=07 /\z=0
Takue 0ObEKTHI HE BIMSIOT pelleHne w (BXOJAT B HETO C HYJIEBBIM BECOM J\; ), IIpa-
BIIIbHO Kytaccudurumpyorest (& = 0) u jexar BHe pasessioneit 1oa0csl. O6beKTh
9TOU KATErOPUU HA3BIBAIOTCS NEPUPEPUTHbLMU.

2.6=0,0< )\, <C.
U3 ycnosus (1.5) crexyer, aro y; ((w, x;) + b) = 1, T0 eCTb 0GBEKT JIEKAT CTPOrO Ha
rpanuie paszessionieil mosuocsl. IlockonbKy A; > 0, 00beKT BIUsIET Ha PElIeHne w.
OOGbeKTBI 3TON KATErOPUU HA3BIBAIOTCS ONOPHOIMU 2DAHUYHBLMU.

3. §1>0,)\z:C
Takue 0ObEKTHI MOTYT JIEXKATh BHYTpH pasieistomei nosockl (0 < & < 2) wim
BBIXOAUTH 3a ee mnpegensl (& > 2). IIpu stom ecm 0 < & < 1, T0o 06BEKT Kitac-
cudunupyercss MpaBUIbLHO, B IPOTHBHOM Cilydae — HempaBuiIbHO. OOBEKThI 3TOM
KATErOpUy Ha3BIBAIOTCS OMOPHOIMU HAPYUUMENAMU.

Ormernm, uro Bapuanta & > 0, \; < C ObITb HEe MOXKET, MOCKOJIbKY 1ipu & > 0
U3 ycsaoBusi nonosHsomedi Hexxecrkocru (1.6) caemyer, uro p; = 0, 1 oTCIona U3 ypaBHe-
Hus (1.4) momygaem, aro \; = C.

Wrak, nTOoroBhIii KiiaccuduKaTop 3aBUCHT TOJIBKO OT OOHEKTOB, JIEXKAIIUX Ha I'pa-
HUIIE pa3/IesIsIonIeil 0JI0Ckl, 1 0T 00beKkToB-HapymuTeneit (¢ & > 0).




image11.png
[Toctpoum apoiicrBenHyto dbyukuuo. st sToro mojacraBuM Bbipakenuwe (1.2) B
JIarpaHXuaH, U Bocnosb3yeMcsi ypaBHenusivu (1.3) u (1.4) (naHHBIE TPU ypaBHEHUsI Bbl-
IIOJIHEHBI JIJIsl TOYKM MUHUMYMa JIATDAHXKUAHA [PH JIIOOBIX (DUKCUPOBAHHBIX A\ U [1):

Z Aly’tml

2

1,j=1

1
"2

ZA)\J?M/J Ti, Tj) bZ)\zyz—i-Z)\ +Z§’ (epY —,uz)
H,_/

0

¢ 1L
= Z)\i ~3 Z Nyiy; (i, xj).
i=1 j=1
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Msr ospkHBI oTpeGoBaTh BhinosHeHust ycaosuit (1.3) u (1.4) (ecsm oHum He BbI-
IIOJIHEHBI, TO JBOMCTBEHHAsI (DYHKIMsI OOPAIIAeTCss B MUHYC GECKOHEYHOCTB), & TaK¥Ke
HEOTPHUIATEIbHOCTD JBOMCTBEHHBIX IepeMeHHbIX A; > 0, u; > 0. Orpanudenue Ha p; U
ycaosue (1.4), MoxkHO 06bemuHuTh, MOMyIuB \; < C. Ilpuxomum K ciemyromeit 1Boii-
CTBEHHOH 3aJa4e:

V4 V4
1
1= 17.7:
0SN<C, i=1,....¢ (1.8)

£

Z Aiyi = 0.

i=1

Omna Tak»Ke sIBJISIETCSI BOTHYTOM, KBaPATUIHON U MMEET €IMHCTBEHHBIN MaKCHMYM.
JlBoiicTBenHast 3ama4a SVM 3aBHCUT TOJIBKO OT CKAJISIPHBIX IMPOM3BEIEHUN 00bHEK-
TOB — OT/JIeJIbHbIE IIPU3HAKOBBIE ONMUCAHUSI HUKAK HE BXOJSAT B HEE. SHAYUT, MOXKHO JIETKO
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cZleJIaTh ANPOBOM IEePEeXO/;

L V4
1
1= l’]:

0<N<C, i=1,...,¢
L

> Awi=0.
i=1

(1.9)
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HanomunMm, 9ro sizpoM Mbl HasbiBaeM GbyHkumo K(z,z), IpeACTaBEMYIO B BH-
Jle CKaJISIPHOTO IIPOM3BeJieHHsi B HekoropoMm mpocrpancree: K(z,z) = (p(z),p(2)),
e ¢ : X — H — orobpazkeHHe U3 MCXOJHOIO IPU3HAKOBOI'O IPOCTPAHCTBA B HEKOTO-
poe cnpamasrowee npocmpancmeo H.

BcnomunM, Kakue (DyHKIME B IPHHIMIE MOIYT OBITH sigpaMu — 10 Teopeme Mep-
cepa ¢yukuust K (x,z) siBiIsieTcst spOM TOI/a U TOJIBKO TOTJA, KOIJa:

1. Ona cummerpuuna: K(z,2) = K(z, ).

2. OHa HEOTPHUIATEILHO OPE/IEJIEHA, TO €CTh JIsl JTI000 KOHEUHOM BEIOOPKH (X1, . . . , Ty)
¢
marpuna K = (K(z;,x;))

; j—1 HEOTPHIIATEILHO ONPE/Ie/ICHA.
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Mpumepbl apep

O «sagpatudnoe sigpo, dimH = n(n+1)
K(x,x") = (x,x')?

Q nonvHommanbHoe ¢ moHomamu cTenedn d, dimH = C,§’+d_1
K(x,x') = (x,x')9

© nonuHommanbHoe ¢ MoHOMamu cTenedn < d
K(x,x") = ((x,x") + l)d

Q HelipoceTb ¢ curmongHboiMmn OyHKLUSAMMN aKTUBaL MM
K(x,x") =th(ki(x,x") — ko). ko, k1 >0

Q cetb pagmanbHbix b6asucHbix dyHkuymnii (RBF sgpo)
K(x, x') = exp(—ylx — X|12)




image4.png
. By,zxen;l CqI/;TaTb: 910 Knaccnclbnka"rop mMeer By a(x) = sign(b(z)—t) = 2[b(z) > t]—
— 1. Jluneitnast MojiesIb UMEET UMEHHO TaKyio (hbopMy, eciu moJoKuTh b(z) = (w,z) n t =
= 0.
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Haubosee oueBumHOi Mepoil KadecTBa B 3aJade KIACCU(PUKAIUU FABJISETCS IOJIS
IPABIJILHBIX OTBETOB (accuracy), KOTOPYIO MbI y2Ke YIIOMUHAJIA:

1
accuracy(a, z) = — Z[a(azl) = yil.

¢ i=1
JlaHHast METPUKA, OHAKO, UMEeT CyIIeCTBEHHBIN HEJ0CTATOK. Kcim B3STh OPOT ¢ MeHbIIe
MUHMMAJILHOTO 3HAY€HUs] IPOrHo3a b(z) Ha BBIGOpKe mim 6oJIbIe MaKCHMAIBHOIO 3HAYe-
HUSsI, TO JIOJIsI IPABUJILHBIX OTBETOB OyIeT paBHA J0JIe TOJIOXKUTEIbHBIX ¥ OTPUIIATETbHBIX
OTBETOB COOTBETCTBEHHO. TakuM 0Opa3oM, eciu B BeiOOpKe 950 orpunareabHbx u 50 10-
JIOXKUTEJILHBIX OO'bEKTOB, TO IIPH TPUBHUAIBHOM II0pore ¢ = max; b(x;) MbI OJIydUM JOJTIO
npaBWIbHBIX 0TBeTOB (.95. DTO 03HAYaAeT, YTO JI0JIsI HOJIOKUTEIbHBIX OTBETOB CaMa IIo
cebe He HeceT HUKaKOi MHMOpMAIMU O KadecTBe paboThl ajropurma a(r), U BMeECTe C
Hell cJieyeT aHAJM3UPOBATh COOTHOIIEHME KJIACCOB B BBIOOpKe. Takike IOJIE3HO BMeCTe
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Z(a, x) — ¢pynkyus noteps (loss function) — sennunna ownbkm
anroputma a € A Ha obbekTe x € X

®dyHKuMKM NOTepb ANA 3agady knaccudukaymm:
o Z(a,x) = [a(x) # y(x)] — nnaukaTop ownbku

®dyHKUMKM NOTepb 41 3aja4 perpeccuu:
o Z(a,x) = |a(x) — y(x)| — abcontoTHoe 3Hauenne owubky

o Z(a,x) = (a(x)— y(x))2 — KBagpaTuyHas ownbka
Smnupudecknii puck — dyHKLNOHaN KayecTBa anroputma a Ha X¢:

£
Qa,x) = 33 #(ax)
i=1
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BBenem cHauasia MoHSTHE MATPHUIBI OMIKHOOK. DTO cr1ocod pa3buTh 0OBLEKTHI Ha, |e-
ThIPE KATETOPUU B 3aBUCAMOCTHA OT KOMOMHAIMM MCTHHHOTO OTBETA W OTBETa aJITOPUT-
Ma (cM. Tabsumiy 1). Yepes s/eMeHTHI 9TON MaTPHUIBI MOXKHO, HAIIPUMED, BBHIPA3UTH J0JIIO
MIPaBUJILHBIX OTBETOB:

TP + TN

accuracy = —TP TFP+FN+ TN .
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| y=1 | y=—1
a(z) =1 | True Positive (TP) | False Positive (FP)
a(z) = —1 | False negative (FN) | True Negative (TN)

Tabmuna 1. Marpuria omubox

I'opasmo 6Gostee MHGOPMATHBHBIME KDHUTEPUSIMU SIBIISIIOTC MOYHOCMb (precision)
u noanoma (recall):
TP

TP + FP’
TP

TP + FN

precision =

recall =




image99.png
TouHOCTH TTOKA3BIBAET, KaKast J10J1s1 00bEKTOB, BBIIEIEHHBIX KJIACCH(PUKATOPOM KaK IOJIO-
JKUTEJIbHBIE, JEeHCTBUTEIBHO SIBJISIETCS MOJIOXKHUTEIbHBIMEU. [10THOTa MOKA3bIBAET, KaKast
9aCTh IMMOJIOXKUTETbHBIX 00bEKTOB ObLIa BBIAE/IEHa KIACCU(PUKATOPOM.




image61.png
OTMeTHM, YTO TOYHOCTH U IOJHOTA HE 3aBUCIT OT COOTHOIIEHHSI Pa3MepPOB KJIACCOB.
Jlaxke eciin 0O'bEKTOB MOJIOXKUTEIHHOIO KJIacca Ha MOPSIKH MEHbIIE, YeM 00beKTOB OTpHU-
[IaTeJILHOTO KJlacca, JaHHbIe IOKa3aTesd OyJIyT KOPPEKTHO OTpakaTh KadeCTBO pabOThI
aJITOPUTMA.
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CymiecTByeT HECKOJIBKO CIIOCODOB IIOJIyYHTh OJWH KPHUTEPHil KadecTBa Ha OCHOBE
TouHOCTH ¥ HOTHOTHL. OnuH U3 HuX — F-Mepa, rapMOHUYeCKOe CpejiHee TOYHOCTH U IOJI-
HOTBI:

P 2 x precision * recall

~ precision + recall

Cpeee rapMoHIYeCcKoe 00J1a1a€T BaXKHBIM CBOMCTBOM — OHO OJIM3KO K HYJIIO, €CJIA XOTSI
OBl OIMH U3 apryMeHTOB O/IM30K K HY/II0. VIMEHHO IOSTOMY OHO sIBJISIeTCs DOJiee IIPeIo-
YTUTEJIbHBIM, YeM cpejHee apudmerndeckoe (ecm aaroputM Oyger OTHOCHTH BCe 00b-
€KThbI K IIOJIOXKUTEJIbHOMY KJlaccy, TO OH Oyzmer mMmeThb recall = 1 u precision < 1, a ux
cpeatee apudbmerndeckoe Oyaer Gosbine 1/2, uro HemomycTuMo). MoKHO 3aMeTUTH, ITO
F-mepa siBiisiercst CriiaskKeHHOM BepcHell MUHMUMyMa W3 TOYHOCTU M HOJHOTHI (CM. pHC. 2
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Beimte MbI U3y4min TOYHOCTH, MOJHOTY U F-Mepy, KOTOpble XapaKTepU3yloT Kade-
ctBO pabors! anropurMa a(z) = sign(b(z) —t) npu KoHKpeTHOM BBIGOPE TOpOra t. OmHAKO
3a9aCTyI0 MHTEPEC I[PEJCTaBJISeT JIAIIb BElIeCTBEHHO3HAYHBIH ajropurM b(x), a mopor
Oyzer BHIOMpATHCS I03KEe B 3aBUCHUMOCTU OT TpeOOBaHUi K TOYHOCTH W IOJHOTE. B Ta-

KOM CJIy4ae BO3HHKaeT IOTPEOHOCTh B M3MEPEHHN KadecTBa ceMeiicTBa Mozeneit {a(z) =
= sign(b(z) — t) |t € R}.
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Puc. 4. IIpumep ROC-kpusoii.
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[ITupoxko ucmob3yercs: Takasi UHTErPaJIbHAs METPUKA KA4ECTBa, CEMeNCTBa, KaK NJ0-
wado nod ROC-kpusot (Area Under ROC Curve, AUC-ROC). Paccmorpum aBymepHOe
[IPOCTPAHCTBO, OJ[HA U3 KOOPJUHAT KOTOPOI'O COOTBETCTBYET J[0JI€ HEBEPHO IIPUHATHIX 00b-
ektoB (False Positive Rate, FPR), a apyrass — mosie BepHo npunsithix o6bekroB (True
Positive Rate, TPR):

FP
FPR =t 77N’

TP
TPR =

TP +FN’
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Kaxapiit Bo3MOXKHBIH BBIOOP HOpOra ¢ COOTBETCTBYeT TOYKE B 9TOM IIpoCTpaHcTBe. Bcee-
ro pa3/jM4HbIX MOporoB mMeercss ¢ + 1. MakcUMaJbHBI MOPOT ty.x = max; b(z;) macr
knaccudukarop ¢ TPR = 0, FPR = 0. MunuMasbseiilt mopor ty;, = min;b(z;) — €
macr TPR = 1 u FPR = 1. ROC-kpuBasi — 310 KpuBasi ¢ Konnamu B Toukax (0,0)
u (1, 1), KoTopas moC/Ie0BATEIHLHO COEIUHAET TOUKH, COOTBETCTBYIOIIIE oporaM b(x (1)) —
—,b(z1)),b(z2)),--.,b(z() (cM. puc. 4). Ilnomans mox JaHHON KPHBOI HA3BIBACTCH
AUC-ROC, u npunumaer 3uadenust ot 0 g0 1. Ecimm mopor ¢ moxker 6bITh IO06paH Tax,
qro anropurM a(z) He Oymer momyckarb omubok, 1o AUC-ROC 6yner paBen enuHwuIE;
ecin ke b(z) pamxupyer obbekThl ciydaiiabiM obpaszom, To AUC-ROC 6yger 6im3ok
K 0.5.
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Kpurepuit AUC-ROC umeer 60JibIlioe 9uCI0 MHTEPIIPETANN — HAIPUMED, OH Pa-
BeH BEPOSITHOCTH TOTO, UTO JJIsl CJIyYalHO BBHIOPAHHBIX MOJIOXKUTEILHOTO OOBLEKTa T, U
OTPHIATENIBLHOTO 00beKTa = Oy/er BuimosHeno! b(z,) > b(z_).




