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CoaepxaHue npeablayLUinx NeKLni

m Popmyna bareca u popmyna NOSHON BEPOATHOCTH;

m Onpegenenne anpropHbix BeposiTHOCTel 1 selection bias;

m (MHoxecTBeHHOE) TeCTUpOBaHME runoTes

B DKCroHeHumanbHoe cemeiicTBa. [JocTaTouHble CTaTUCTUKN.

m HaueHbili baliec. CBsA3b UeneBoii PyHKUNM N BEPOSITHOCTHON MOLENN.

m JluHelinan perpeccus: ceasb MHK n wy, perynsipusauymm n wyap.

m CBOIACTBO COMPsSIXKEHHOCTN anpuUOPHOrO pacnpeaeneHunst npasaonogobuto.
m [lporHos ansi oguHo4YHOl Mogenu:

p(ytest‘Xtesta Xtraina Ytrain) = /p(}’test‘wa Xtest)p(W‘Xtraina Ytrain)dw-

m CBsi3b anoCTepMopHON BEPOSITHOCTU MOAENN N OBOCHOBAHHOCTU

m OBOCHOBaHHOCTbL: MOHWMAaHWE U CBSA3b CO CTAaTUCTUHECKON 3HAYUMOCTHIO.

m Jloructnyeckas perpeccusi: npobnemsl ML-oueHkn w 1 cBasb
anpuoOPHOro pacnpegesieHnsi ¢ 0TbopomM npr3HaKoE.

m EM-anroputm 1 otbop npusHakos B baliecoBckoli nnHeliHol perpeccun.

m BapuauwuonHeiiit EM-anroputm. Cmech mogeneii nor. perpeccun.

m [ayccoBckue npouecchbl. YUET 3BOAOLMN MOLENER BO BPEMEHU.

m [lTocTpoeHune afekBaTHbIX MYNLTUMOLENEI.

m CamnnuposaHue. Cxema ['mbbca. 2/12



Npes MCMC

MycTb MMeeTCs OfHOPOAHAS MApKOBCKas Lenb C DyHKLUMER NAOTHOCTY
BEPOSITHOCTN nepexopa Mexay coctostHusmun q(Z;11|Z;).

m Bosbmem HekoTopoe po(Z) n crenepupyem Zg ~ po(Z);

m [enepupyem Z; 1 ~ q(Z;411Z;), i =10, 1, .. ;

m BoibpacbiBaem nepeble mg Habntogenuii (M npopexxuBaem, ecam HyxHa

HOP (i.i.d) Bbibopka).

Bonpoc: npu kakux ycnoBusix Takasi CxemMa NpUBEAET K MOJyHeHNO BbIGOPKM
n3 p(Z) ?
Ycnosue 1: p(Z) NHBapMaHTHO OTHOCUTENBHO LIENM, TO eCTb
p(Zit1) = /p(Zi)q(Zi+1|Zi)dZi (cTaumoHapHoe pacnpegeneHue).
HAocratounoe yenosue: p(Ziy1)q(Zi|Ziv1) = p(Z;i)q(Zi+1|Z;).
Ycnosue 2: uenb 3proanyHa, TO €CTb CTALMOHAPHOE PaCrpesesieHne He

33aBUCUT OT HavasbHbIX yenouit V po(Z) pi(Z;) — p(Z) npni — oo.
HocTatouHoe ycnosue: VsVt : p(t) # 0q(t|s) > 0.
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Cxema MeTtpononuca-Xactutrca (Metropolis-Hastings)

p(Z) x p(Z), r(Z|Z;) — npepnoxHoe pacnpeseneHue.
m Vimeem Z;, camnnupyem Z* ~ r(Z|Z;);

m Boluncnsem P(Z*, Z;) = min (1> %)

m Z; 1 = Z" c BepositHocTbto P(Z*, Z;),
Z;11 = Z; c BeposiTHocTbto 1 — P(Z*, Z;).

T(Zn+1|zn)P(Zn+1a Zn)a Zn+l 7é Zna

(@) Zn Zn =
TCHo4a q( +1| ) 1— /T(Z*‘Zn)P(Z*7 Zn)dZ*7 Zn+1 = Zn

HocTaTouHoe ycnosue aproguyHoctu: VsVt : p(t) > 0, ¢(t|s) >0
3ameuanue 1: ans BbINOHEHNS 3TOro TpebOBaHNSI [OCTATOHHO

r(tls) > 0V sV t.

JocTtaTtouyHoe ycnosue nuBapuanTHocTu: VsVt p(s)q(t|s) = p(t)q(st).
3ameuanue 2: Vbexaaemcsi B BbINOJHEHUN YCNOBUS NOACTaHOBKOM.

Ons s = t oueupaHo. Myctb s # t, Torpaa p(s)q(t|s) = p(s)q(t|s) =

Bs)r(tls) min (1, 2SS ) — min(B(s)r(tls), 5(6)r(s|t)) = B(t)a(slt).
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Cxema MeTpononuca-Xactunrca (npogosmxeHne)

m limeem Z;, camnanpyem
Z* ~ r(Z|Z;);

m Boluucnsiem P(Z*, Z;) =

L B(Zr(2:]2)
min (1 NZINZ \Z>)

u Zz’—l—l = Z*, P(Z*, ZZ),

Zii1 =Z; 1 — P(Z*, Z;).

Ecwm r(Z*|2) = r(Z|Z7), T

P(Z*, Z;) = min (1 fi(é )))

Mpumep

p(x) :N(O’ o’ <0.§5 0'35>>’

o=2,
r(Z*|Z) = N (Z*|Z, o°1).
Pe3yanaT COMNIMPOBAHNA
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Penakcauns mogenn VsnHra

MMycTb B KaXK[OI TOYKE €CTb MarHUTHbIA MOMEHT z; € [—1, 1] un
p(x) = 4 exp(~E(x)/T), rae B(x) = — Y wizj — Y hiz.
(i,7)€e (

Peannsauus MarHUTHbIX MOMEHTOB VpaeHeHnsa [amunbToHa
MMycTb ecTb YacTuua, kKoTOpas
ABWKETCA B NOJIE C MOTEHLNAOM
U(x).
X, P — KOOPAMHATBI U UMNY/LC
YacTuubl.

T

_DpPPpP

K(p) = 52 — kunetnqeckas

SHeprus.

4 H(x, p)=U(x) + K(p) -
cooh et raMubTOHUAH.
1 de; _ OH. dpi _ _OH
HamarHuyeHHocTb: = Nin, dt — Op;) &t Oz
i

Bonpoc 2: 3a4em Ham ypaBHeHUS

raoe N — 4ncno aToMOB B peLUETKE. -
[amMunnbTOHA?

Bonpoc 1: kak oLeHUTbL CpefHioo

: ?
HamarHuyeHHocTb: Epp 6/12



CeoiicTBa ramunbToHoBol guHamuku (HD)

dj;i = gf; CiZi = —gf_ — ypaBHeHus [amunbToHa
k3 k3

A On In
% =JV,H(z), rpe z = (x, p), J = <_In On> .

3aKOH COXpaHEHUsI MOJIHON SHepruu: % =0.
Obpatumocts: [x(t + s), p(t + s)] = HD(x(t), p(t), s);
[x(t), p(t)] = HD(x(t + ), p(t + ), —s);

[x(t), —p(t)] = HD(x(t +5), —p(t + ), s).
CoxpaHenune hasosoro obbema: dpdx = const.

CumnnekTnarocTs: B' J 7B = J71, roe B — skobuan HD no nape (x, p).

[Mpumep

2
Ulz) =%, K(p) =L :
de _ . dp _
d_ztj =Db; cl_zt7 = a 0
x(t) = rsin(t + @),
p(t) = rcos(t + ¢). -
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FamunsToHOBbLI MeTogbl MonTe-Kapno (HMC)

p(x, p) = 2 exp(—U(x) — %pr), U(x) = —logp(x) (cumtaem m = 1).
Naes: camnanpyem (X1, p1), .., (Xm, Pm) U3 p(X, p) v BoibpacsiBaem p;.
Cxema camnnuposavus HMC:
Beibupaem x:
Ha ware j > 1 camnaupyem p’ = N(0, I);
Pewaem ypasHeHus MamunstoHa 3a untepsan At = Te,
craptys w3 (x/ 1, p’) n nonyuaem (x’, p’., ),
nepesopaymsaem umnynsc: (x?, —p?_ );
MpUHMMaEM HOBYIO TOYKY C BEPOSITHOCTbHIO
A= min(L eXp(—H(Xj7 _p?;ew) + H(Xj_17 pj)));
Mepexogum Ha war 2.
3ameuanue: HMC ectb qacTHbill cnyyaii cxembl MeTpononuca-XactuHrca.

Bonpoc 1: Yem 3agaetca npeasoxHoe pacnpegenedne 8 HMC?
Bonpoc 2: 3a4yem nepeBopaymeaTh 3HaK UMMNysibCa’
Bonpoc 3: Yto bb110 ncnonb3osaHo npu nony4veHun popmynbl wara 47
Bonpoc 4: Kakue 3HaueHus moxet npunumats —H (x1, p1) + H(xo, p1)?
Bonpoc 5: lapaHTupyeTcst nn a3prognyHoCcTb As Takoii uenn?
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PeweHne ypaBHeHuii [amunnbToHa

de; _ 0H. dpi _ OH
dt 8}77;7 dt 8%1

— ypaBHeHusi [amunbTOHA.

Hactpoiika HMC
m X : U(xg) ~ maxU(x);

B 3anyck HeCKONIbKUX Lenei;
m Buibop wara ¢ :

m Ouexka adbcbekTUBHOM

pa3sMepHOCTU BbIbOPKMN.
Bonpoc 1: 3auem

U(xg) ~ max U(x)?

Bonpoc 2:XKaK onpenennTb, YTO
uenb cownack?

Bonpoc 3: H1o paet ycnosue
A(1 — A) > 0 Ha BeposiTHOCTb
NpuHATAA obbekTa?

Bonpoc 4: Kak oueHntb
ahbekTMBHYIO pa3mepHOCTbL?

AL — A) > 0;

eTof

oU

pi(t+¢e) =pi(t) — 73(;(@))7
xi(t+¢) = x;i(t) + ep;(t).

Mpobnema: Heeszka yepes spems T’

nnepa

ectb O(T'e) (meTog nepBoro nopsigka).
Meton leapfrog

pi(t+5) =pi(t) — %aUézft))>
xi(t—l—s)::ri(t)-i-s (t+ )
pilt+¢) =pilt+5) — % 78”852“”'

3ameuvarue 1: HeBﬂ3Ka yepes Bpemst T'
ectb O(T<?) (meTop Il nopsaka).
3ameuvanue 2: Metog obpatum: ecin
CHavana naTn Bnepeg no spemenn 7', a
3aTeM Hasag, To yepe3 1" BepHemcs B
NCXOAHYIO TOYKY.
3ameuvanue 3: CoxpaHsiet
MOANULNPOBAHHYIO MOJIHYIO SHEPTUIO.
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CpasHetne HD co cxemoli MeTpononnca-XactuHrea ¢
ANaroHasbHbIM MPEANOXKHbBIM pacnpeaeeHnem

MeTpononnc-Xactunrc
r(Z*|Z) = N(Z*|Z, o*1)

lamunsTonos MC
Leapfrog, e = 0.25, T' = 6.25.

4 2 0 2 4
x

CreHepupoBaHHbIe COMMIIbI

£
15
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Metoabl MonTte-Kapno no Jlanxeseny (Langevin
Monte-Carlo)

DkBuBaneHTHas 3anucek Metoga leapfrog:
zi(t +e) = z5(t) — 525D 4 o),
pilt+e) = pilt) - § (P04 UGN )

T

Cxema camnnuposavus LMC:
Bbibnpaem xgo;
Ha ware j > 1 camnaupyem p’ = N(0, I);
Pewaem ypagHeHus [aMunbTOHa 33 MHTepBan Masblii UHTEpPBan €:
x) =x/7t — %VXU(Xj_l) + ep’,
p?;ew = pj - % (VXU(Xj_l) + VXU(Xj))
M nepesopaumsaem umnynsc (x7, —pl..);
MMprvHUMaemM HOBYIO TOYKY C BEPOSITHOCTbIO 1 B Culy MasocTu wara €,
MNepexogum Ha war 2.
3ameyanue 1: ObbiuHo LMC paboTaer xyxe, yem obwumii HMC.
Bonpoc 1: B 4ém npenmywecteo HMC no cpasHeHuto co cxemoii ['nbbca?
Hint: Moaymaiite, moxeT nn HMC reHepnpoBaTb U3 pasHbiX Mog
MYABTUMOAANLHOIO pacnpeaeneHns? 11/12
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