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~ —InL + k
Chzm/METnIELLY,
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P*(0)ZPO)IE=HZTLESE/ARI VL

= —I&k

LVELY

REIZITED S ED R,
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RMFEEDFERGTER

AICIE ETILERNETIEFTRY(RE) E/NT
A—RH(ETILDEHS) DRL—FATHH S

ZEEFRLI=CEE ETILERSEFOEILE
HELVR B,

FD®. FitEEEX ETILEROBEZZE-
Tl f=Bayes FEICEIRZFS ., ABIC DB

PHERICETARNAM XA DREICHFE SN
=




fHE NERE
TR TMEEDDMEDHILINYIGSTATS5—
IEtEE (NRAX)NIEREEES, EDH IS
WMWFRIZEITASETILEEIRT S,

LHL. EQ S mHIEERE

HMSELND TN

A IZDNTIE \EBILELELTFEL, Il Z
X T ARTDETIVEEZBZA-ETILEXLGES
TPLELTESFELEZEZONTVSN, FTE
ENREITZTLHEELHS,

AICIENERZE & /IMES

=T ILAEIRT S

FIAELTHEIRTE S,
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Ueno,M. Learning networks determined by the
ratio of prior and data The Twenty-Sixth
Conference on Uncertainty in Artificial
Intelligence(UAI), 598-605 , 2010
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1. INGA=BADFF DTN —HK 7 —BIC

2. INSA—BDEBRDHENEDHHFIZ—H—AIC



https://arxiv.org/abs/1203.3521
https://arxiv.org/abs/1203.3521

pig: b

T—ARAPETILEHWVCHERZTOEELBW
D—DIZ, REDEEZDOFTRAINZETONS. =

DFAMEDT-OIZIE, &t LL
£,

p(v16)

TR Hplug—in distribution &M

ALY (1)),

E¥ (% i

TH5. LHL, 0 IHETEETHA=HIZZFDY
DTILDEYRIZEDTZDRMIFKRELEAL

95 RAXW7TA—FTIL, 200 DIESD
=0 DERDPMEEZEL, LTOXSIZFH

NMEERT .




¥ 8l %h
TE %3
ETI)Ibm hoFEEINLET—Fx 12X
L, RENDERHy OnmzeTAldTHE
=, LT D7z Tl (predictive
distribution) &RF SN,

p(ylx,m) = f@p(yw,mm(e\x,m)de




B3 (ZIEZ ) N—3 0z FEaIn el
“IEZTOFRSMIE UTOEIITES.

p(yIx) = J,p(y|0)p(B]x)db =
n _ r'(n+a+
J (y) 07(1—0)" F(x+gc)1"(n—ﬁx)+,8) X
Hx+a—1(1 _ H)n—x+,8—1d8
c)C(n)F(y+1)1“(7’1—y+1)
y I'(n+2)
F'x+a)(n—x+ )

r(n+a+p)




n! Fry+1D)r(n—y+1)

yl(n—1y)! 'n+2)
F'x+a)(n—x+ )
r'n+a+f)
Y502, o, DB DLEE
n! yl(n—1y)!
p(ylx) OCy! n—y)! (n+1)!
x+a—1D)!I(n—x+pL—1)!
n+a+p-1)!




4 (EEFRR 7 ) FRIDTHZNU, %) 7
p(u, %) - p(ulo*)p(c*®)

2\ 2 ( . 2 1

0) n g —
e (_) eXp< O(l’l ZMO) }(0'2)_21/0 1
N \ 20 )

Ao
exp( 202)

1 [ Ao + 1o — po)*
_ (2" 5(Vot 1)1 0 0 o) |
(O- ) eXp 1 20_2 )




FERTHIE
1

p(u,o%lx) o (62)2
exp{ A +(no +n)(u — p,)?
204 * }

(n+ngy)—1

f=1=L
A, = Ay + S2 non(¥—o)”

no+
n ¢
" = oMo T NX

Ng +n



TR

p(Xp411%)

— jjp(xn+1‘ﬂ; O-Z)p(au; O-Z‘xl)”" xn)d:uda-z

CCT, p(xps1lu, o) C2>C
(02)_1exp{ (Xnt1— M) }

202




p(xn+1|x) — f[p(xrwll.u; UZ)P(H; 0'2|X1,"', xn)d,udaz

_m_ X —_ 2+52+n _fz
ocff(gz) = =2 p_(n+1 M) (u )]dudaz

2072

=ff(02)_1%—2exp[ 212{(n+1)(,u 7)? + §2

LA 1 n
> f(g ) 2 Texp [_F{SZ +n+ 1(xn+1 f)z}] do?
_v+1
— 2
OC{SZ +n 1(xn+1 X)Z}



v+1

- Xn+1 — X ; 2
< |14 %
\[n+ 152
i nv
=1=L.CCT
— nx + An+1
o n+1

— — =73 An+1—X
;;—G, t =

ERLESHIBHEVDIRMIZHED.




5./)LAAVEHEETAHILOEK

(MCMC;%)

EESMEY T HET B

X ki

RARXHEETIL, INTA—BDE

?%Bfrbf:ﬁ:\??ﬂﬂ:ﬁ_ﬁL\T?’EEE’é?

p(0) [Tz f (x:16)

—

p(Ox) =

argmaxg p(6|x) - MAPHETE(E =

Eo[ p(0|x) ] — EAPHEEE

Top(@) Ty f(x10) 46,

0.0
|

=ik

0.5

1% HEXE

1.0

L.

p(6]x)
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1. XTRYT)25

2. ARARYRANAL R TAT R
OMCMCTILT ) X Ls:
ASGARY TG
INSILRZ=TUETAILAO

LIETIE, ZRIT/INTA—30 =

{01, 0k ) DHBRERNTMEMCMCTHTE

BoLEREE
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5.1. XTRYT)5

ER D Tp(0lx) M DEE
IZIE 52 T) 200 TERU

IIInI

W, INGA—RTEDEHE =
FE5 % p(6;|x, 0\ )5 | |
FHOTYSTNCEBE |
é(:*”ﬁq—é%éiff(:: | JHEE
T, 0N =0 \{6;})/\5

_ —_ A2 ry VAN L - ' '
A—RTEDEHfFED IRFTEEA ORI

75\ b “I’E ' 'U"‘/jo IJ ,~/ 7\‘7&%;"7'% http://d.hatena.ne.jp/jetbead/
) ig_ 20120119/1326987540 KU




7ILaYX L
LI TFZ+ 505 mE ey R

0,~p(6:|x, 0\!)
0,~p(0,|x, 0\?)

Ox~p(0k \x 6\k)
H TS L= /INTA—4A{E 0% 1R TF



Bl IEFRR D DINTDA—ZHETE
x;~N(u,02)ETHnBED YT )Lx =
(X1, x YT EELTINGA—Ru, 2T HERE
INTA=BZDORIFEES T T T A EE
IHEXRID 2 ETEniEWN =6, \?‘ﬁi)\bﬁ
?ﬁ"j"/j')‘/ﬁ?’%);t(if%&(,\

p(Wp(a?) [T, f (xilp, o)
[pp(a) [T, f(xilw o) du, 0
LHL, LTOEHAFENMITENENELID
DTS 1=8, Y T1) T A EE

p(ulx,0%), p(a®lx, w)

p(l’l’) 0-2 ‘x) -




n
1 52
p(ulx,0%) = N(N E X, N)
1=1
n n (s — )2
p(O'Z‘x;,Ll) =1G(§_|_1, l—1(21 ,Ll) )

EHEDPTPHEATHMIGC () MoDELEL
- BT A [ BR AT
Z2DTAT SV EEIZITIINLDELE
- MEEINTLNS

LY
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52. ARARYAANARTAT R

&t

FER MDD YT T TEGUE

= ZHI FF

Stepl:

IRFED/INTA—ZEOD T EDIZHIES 7,
IR ZE 7% (proposal distribution) p(8*]0) H
55 AR

#—f%I1Z q(0*|0) = MN(6*%|0,10)

MNIL % RITIER 73, IIXEBERLI1TE, o
X/ INEE(0.015F)




52. ARARYAANARTAUT R
Step2.
LITOIFRIRERIZEDVVTEMHEE IR
[ p(0*|x)q(6]67)]

a(6*,0) = min{1, >
. p(@|x)q(67]0) ,

(q(67|6)
= MN(6*|0,I0) DEZT) a(6%,0)
= min <r1 p(B*\x)“}

" p(0]x) |
ZHESN-1EE8I1Z1F0 =089 5




Wil
p(6 - 67) =q(67]6) a(67)
p(@"— 06 )=q(6]0") a(6)

a(0”) p(0°|x)q(0]67)

a(0) p(0]x)q(6%16)



1HEFFDRAF

EENZTECI-OIE
p(0) [1i=1 f (x;]6)

@I~ f(x;|0)d6

n||||

?*?Rﬁ% R
22D EIE

p(0]x) =

‘é‘é

s

LAL, SRIRFEEDOFHE TIXZDIAIXHEFIHE

p(0") 17—, f(x;10)
p(0°|x) [p@)IIL, f(x]6) d6
p(6]x) p(0) [T, f(x;]0)

[p(O) T~ f(x;|0)de
_p(O@) iz f(x]67)
p(0) 1=, f(x:]0)




5.3. ARAARY R with T X

ARARYYANART AT ATIE, 18554A—4
MENT BE, INSA—BENKEEINDAH

RIZESETIZ, FRIRMESR

=<73Y, BEFHE

A= o~

p(e*‘x) N Ll —
NCIE3 DN g | Z /)

_7‘-&(7‘-&6;&75\5)%

ARORYAANAR T4 T X with T X
XTRYTYTEDNAT)YRE. /N

7)‘ — R LD /NT A — go)%y Ay

'd’%)— ik




ZIL31) X Ls
Init @ = {6, - Ok} # MEABEZ S X LIZERTE
For loop = 1 to Max Loop:
Fori =1,--,K:

IET:E@ﬂE’EFﬁ'H_-&L'C 0; DIEFRIED; 7 A Ak
6;~N(6;, 02)

FRIRFERICE DT IR (F=IEFEHD

(6:,6)) = { PG ”\l)}
a(6;,0;) = min 'p(l-x,H\l)

end for

IRFEDINSA—FEEXHRTF

end for
BoN-U U TILEGEERN,THID YT ILEALL,
Fﬁtﬁ @%}En-rié n-l_ﬁ
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VI, MRMBIRIFS BT " M
&, —FRBIHSTYT T
iEUIRLI=Z2DHTIL

¥ HT S - ||
PEAEITIRFF L7575 o] N .
EHIFT EFTOREZ/ N\ —
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H T IILDFEIR(A2—/N)L)

;(|~|:|7I'\')Z/\4ZT4/7XIZJ: H> 7 )L
D ECHHBE (FET LSV TILRIDIKTE

) FLV=8, —ERXBTH T ILEME
SILVTRAWSHERDHSD

[R5 <[EfRZ A 32—/ \)LEARR SIS




TILIYX L (B IERR)
Init @ = {6, -+ Ok} # FEABEZ S H LIZERTE
For loop = 1 to Max Loop:
Fori =1, ,K:
ﬁ?f@ﬁﬁ"él“ﬁ'—i-tbf 0; DIRAHIES; ZE Rk
6;~N(0;, 02)
-?ﬁ#ﬂﬁﬁ%lzi’ﬁ%e;"&?ﬁ?#ﬁ(ileiﬁfﬂ)

. ] ) )
* _ l
a(gi ) Hl) = min {1, p(@l‘x; 0\1)

end for
If loop > /\—2 A 2 HARG :
If loop % interval = 0:
WED/INGA—Z2EOT R

end for

SEonF-H U T IILESFAHAUTCRREDHMEtE4EtE




6. ERNAXFEE DA

RAXZEEABEBOZ/NMEMEELLTERE
— B8 % (functional): BIEIZZ 2 EL TH OB

Z 5 B TR JLF—(variational free energy)

log q(6)
p(X|0)p(6)

qO0)(FET=ILqEBET): INSA—RODZERIDIEEDIHEZR S

F(q) = Eqg) [

]



q(6)
p(X|8)p(6)

F(q) = Eyp) |log

=E log 1(6) —log p(X) NAXBEHIRILF—
1017 pg1x)

= KL(q(®)||p(6|X)) + F*

Kullback-Leibler divergence: Z DM 73 DFEL Jrag 9

KL(r@)lIp2(6)) = By l0g 23] = [ pu(@ 1082 5 a0

HEIRLE—F(OR/M ) KL(q0)|p(61x))DB/ME



F(q) = KL(q(®)||p(6]X)) + F*

> F*

SEBRHIRILF—F(Q@QNRAXAEBHIRILFX—F*
= —logp(X)DER

BEHIRILEFr—DOFESRER: —F(Q) <logp(X)

SEBLOD) T F (evidence lower bound(ELBO))
BHIRILF—F(QD&=/ME
ELBOD &K 1L “ KL(q(0)|lp(6]X))D&/ME
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ERNAXEBOERE

il #9765 Lz /IME B 8

g = argmin F(q)
q

argmin F (q) DFEIEIRA XEBEZ D HIZ—E
q

g =p(0]X)



I EDOFRIZKY BRIRILF—OHAFESTEAATREIC

E 54 XEBE % 9 i (variational Bayesian posterior):
S
q = argmin F(q), s.t. q(0) = 1_[ qs(6s)
1 s=1

T D HERICES>TER P TDREF{(¢ R RICRBEILT R
EMETEE

> FRFEESEFZRLTHEL



\J

2 73 i%(calculus of variations)

NEABDBEXRGNRETHIBRBMNE=IT NSELEZRKDD
£5: EHEABqOBMNERICHITL2BERARBF(QNDEILE

F(ZE&/IMNT HEI%g
ST ARTRDOINEYSBEIZHHLTE 7 61H0
OF
ol =—=0, Vo € 0

aq (6.11)
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QEEI*)I/:F\—F(T)(:C[(Q) — §=1 qs(‘gs): p(@) — §=1 p(es) A

q(6)
p(X|6)p(6)

F(q) = Eqo) [108

3 q(6)
= j 10) 1o 5 16vp () “°

S S
_ ) 95 1 s=1 qs(gs) )
J (Hq ( )><°gp<xw) -, p@))



1_[ qs(6s) = q5(6;) 1_[ qs' (1)

s'#s

ENRLERFq.(0) T HAEHIRILF—DERZFITE

[15-, a5 (657)
aqs - | (H /(55 )> (logpme) [ p(0) 1) “

s'#s

H§’=1 qS,(HS,) ]
/) [ 3 T

=E , log
s a5 (95) |8 5 (X10) TS, P (65

S #S

+1

) [ Hg’.—#s qs’ (95') S)

= Pl a0 00) |85 x10) 115, p 0 0]“ B (@)

S #S

1 qs(Os)
= E [lo ] + lo + const
a0 ) |28 px16)] ™ % p(6)




= Em, q.(0.) [log ] - log =~ + const
/25 15"\ p(X]6) p(65)

as(6) « p(0)exp (Eyp,_ 4 (o, [logp(X[0)])
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EDNAXFEDSENRE
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~

EFNAXEZRIHD

214
0 = Eg(0)[6]
[XZE R A XHESE = (variational Bayesian estimator)&
TIN5
BERRNAXSZEATEERTHGEEDBMMBIZGELD
FRIEYBIUVERIHDAREEIES

g =

7

thnl
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1. (BERTFiR) MarpIRERERE

c HARBRMELWLWMESINFER (7—4)

75\‘:):':”1-&76_ 5.

e #ETHY{RER (Statistical Hypothesis)

e IBEE{REE (null hypothesis) : EHlEh
HobtZFalRE L-RERZRL Hy &9 5.
*‘J_Lﬂinﬂ (alternative hypothesis) : I

BIGRMNZA INF-EEDFERAINSRER

’&i\%b H &9 5.

c FEKEq : A—YHMERET HREBRHEZE

T HEETHY, Lo TIFEBRRHZERL

TLEIHERERT.
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Probability

#l - BEEHEIOD“ETE

P& itk

/al:,
ivalue | gaesk
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D £ EHE
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(e 5t A5 7E i OD [ e A=
* IREDFRE : pEEHEKE a ITIKFET .
ChISE->TEIFRI Sh HRE

« BEITIRERGRHL

E LWLV, BRoTEHILTL

~’)

ml

*EODLH

(Type I error) EMEENS.

. E( xf IR ER AL
7"& LY.
kk_*Ed)Ln

= LUV, IREBRERZZFEAIL
(Type Il error) EMEENS.



RAZXWT7 TAO—FIZLPBEE

« Bayes factor :
“ODETIVORLEEDLEICE Y I
Y D

c HNERIICEDHIEREMNAIEETH 5.

« T—AtY bEX MIALBETILE
91:p(x1,x5) = plxpp(xy), WREE TILE
g2:p(x1,x5) = p(x1|x)p(x)ELTZEED
FBlLALEDL Bayes factor (BF) :

_ pX1g1) RV
- p(X192) gg z 1 ; ?i% CHITET B

BF




vIalb—33  EERT
~Type | error MFREE-

2/ — FEIAE(ZHIITHAEESL
AWWTEERZ1TD.

¥ MEAEZRHVWVEBRETIET—4
HEEHOLEELTEH
Type | errorDFEAET 55, Bayes
factor CIXENARIIZNER T H Z &
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SERFGER - 1E
= :Type | errorFEREZR

10 50 100 {500 |[1000 |5000
BF
0.26f 0.0/ 0.02 0.0 0.0 0.0
d 0.16f 0.0 0.0 0.03 0.08 0.0/
- 0.17] 0.059 0.02 0.03 0.08 0.06

> BF: Bayes factor




FERHER — JERINSTA—42:0.7

= :Type | errorDFREER

10 o0 100 500 |1000 |5000
o 0.23 0.09 0.03 0.02 0.0 0.0
r 0.08 0.08 0.0/ 0.0/ 0.0%5 0.02
“ 0.14 0.11] 0.08 0.0/ 0.05 0.03

> BF: Bayes factor




FERHER — JER/INTA—2:0.6

= : Type | errorDHFEAESR
10 50 100 |500 1000 (5000
BF
0.12 0.04 0.01 0.01 0.0 0.0
r 0.02 0.06, 0.04 0.14 0.03 0.0/
“ 0.08 0.06 0.04 0.14 0.03 0.06

> BF: Bayes factor




vIalb—3I g 3EER2
~Type II errorM+&EsIE-

2/ — FEINEIZIEE THSIEEZ
FALNTEERZ1TLY, Type I error
DHEEXRELEPEZTRIET 5.



FERHER — JER/INS A —42:0.8

% - Type 11 errorMDFEHE R
10 20 30 40 50 100
o 03 029 019 011 002
2
X 061 042 o019 01| 002
2
G 049 032 018 011 002

> BF: Bayes factor




ERERIEER - HEERN\SA—42:0.7
F - Type Il errorMFLER
10 (20 |30 (40 |50 100 (200
Y | 062 061 045 044 031 009
X | 080 075 043 039 023 002
" | 072 065 043 037 024 002

> BF: Bayes factor




FERHER — JER/INTA—2:0.6

% - Type Il errorOHFRLEZR
40 50 100 200 500 1000
BF 077 07 065 033 005 0
X | 073 062 054 019 001 0
G* | 073 o061 054 019 001 0

> BF: Bayes factor
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