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3 =1

HERETNVICE DS TS ENOENNR, B2 20FORHEYBLTRINTE, Ly
U RICET 2 BRSSO 0 o @Y RET ARV EDICRDZ I L —RICERETH D,
TP HETCTETIVERERT 3 HFESLECR S, A TFRHOBEA» SEF VOB S %
TS 5 7 D OEMBHIERIERL, TS BFTICBT2E7 ) > 7 OEER R I T2. B
Tid, FHREREIEZOLOPRBEINTED, Fbh2RHCELTFAS 2 HEWLSIT S
DEPH B, FRETE, ARG U BEREREOEH 2 HHL, EEFVBIRO—K
HEDOOBTHHFHANDL, —BHERZT > PN A ARKE L R 2BRTCOBER D, EBDF —4
BTy VY4 ZRERTHS, oTEDORERFESI L TLZDH Y YT T
7—2FRL T, 7 NVEROGEN (ITHEEN) 2 ERBMCTMT 2 2 L8EETHS.
ZDIODWBLDBDSEE (7 — b A Ty FEIRFER, 7 VERRE, SENBRC L7
VOBEES) 28T 5. 2512, FREFNAVEBED - D12, TSRO 2B 25
BREAT 2700777 4 AN HEOE 2, BEEROEBCRINOEE 7 — & B %5
B BT THET.

FoU—F BRI, AIC, THISME, LECER, ~1XEFN, SEHER

1. BL®IC

Akaike (1974) 1 & 2 /RitbiIEEEMR % (Akaike Information Criterion, AIC) ¥ A LISk,
AICKR/MEEZRUD & 32 TR, < OIASTTRELHITF T2, BICERTY]
BT T3 AIC OERBIZES <RE I N T2 (FRil « 3011 (1994) ; J6)1] - kBT (1998)). 4
2, BRI 2., 2. ZHATEEFLELT, mRXOHEASERE (AR) EFL

(11) X = ;ldi.l'f—i+ €, Gt"’N(O, Urzn), t= 1,..., n, 1.1.d.

EHEZDL, REmBERAOBE, CHEF— I h oD 2 1i13KE4 Ry 7a—FBHENESL 8,
ZTOVEDE [FHHCRWFHE252 2m] 2BRZELTHSE, ZOWELLT, XD AIC
PR/MET 2 w2 AR &,

(1.2) AIC (m):= nlog 64+ 2m

LT, Gnlid on DRAHETE (MLE) THY, 1mitEELEVERIEKLCHS, (1.2)
CEBEIR D RRD AICOERL D0, B/MBIZZBE LR, m=mEL, EFLDSS
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A Y On=(ar,..., am, 0%) % MLE 0, THET2HICL D Y AT LDRES LS,

ZOFE MR LEED> > —RILINT, AR = F VLN ORERYIE TV ADEH S,
 LEERTIUAANOEL KIEAREERTWS, Lrl, ROLILAEL TORBEPRE
b INTW3, ()MLELAD/ ST 2 7 #fEEFESAV O EEF AICIKED &L 5 WELE
Thigiwnr? B5E—RELT, X XPHISMAE EOHBARNTRESI 2502 (i)
MLE %245 &£ LTb, AICLSANDORELZ 2 TIVERREBERIN TS, ERBRVLOD
»? EFVBRO—BMOBATIE, AICRELS ZWAEZON? (DWW D2LDETIV
DOAICDENHEDEDLEVE, ZRSOENEEILVZION? b LEETRINE,
BIROTHEERII PO LS CEERINIZD? RETH S, AFETIE, AICOBHEHEL 2%
T, TUSDOREBEICOWTHERIRROESR 2% 2 TERT 5. LV E2RWRY —~A4 13,
S5H (1988) TP ((1989), pp. 459-465) %2 ESEFII 2 5.

2. EFIIBRE

21 FRPHORE L AIC

2T, EREHEORLEARNRE TH S AICOBHEZIEYIRY, UBOEHOBERICZ
%25, BEEKc OFREREE q(x) L T5. AR TREHEDLD, 7—F 2P = (2.t =1,
ey 0) DREFE z BEVIZHNLICFE CEEERK ¢(x) KIES £ T2, KD q(x) 2RT 120
W, 0E @ C RM ERFAF LT EHRETN p(x10) #F 2 %, 2 OEIFEEDE 7 IVIX
p(x™0) = p(x| @) p(xal @) THYH, ZOREEE -T2

(2.1) L7(6):= élllog (x| 6)

B EETH L, 2.1) REAKICTSE 0E ONMLE ThH285, ZOWMEODRIERDED
CFHAHOBIICE>TELS, FEAIL TR 200 OEEBER p(2.]0) 2L >T
FHET L L E, INPEOEE ¢(2m) 25 ENFTEATW %, BEMOERS 2H 2 RE
T# 5 Kullback-Leibler O5H=E

(22) D(q ; 1)( é)) = f(] (xn+1) log q(x;m) AdZTn1 — fq (-I'n+1) IOg p(l'n-rl‘ é) dXn+1

E->TE522 (K1), D(g;p(8)=>20THY, EBRO>OBEEBARS—BT 2R,
(2.2) DE1EHIZETNV p(2|0) CERELBVERZDT, B2EE /T 25 § 2B 51E%
(loss) £33, TNHAEBIEY, ZONTAVEIBVEEZ NS, H2HIEENS 0
= G (2 IZTF— Y OEEINIERERE » S, FTHOMOFEHZRES (FBR) IEED
R E®I- T,

(2.3) ~fq (Il)---q(xn)fq (Zns1) 10g p(xni1| 8 (27)) ditnsr dxr-dca

wEoTHlons, ANV A (risk) THY, TITE, BRETVER (2.3) 2/h&LlT
ZETNTHDEEZ S,
AIC X (2.3) DHEERTH S, BTART LI T n— 0T
1 o, 1
(2.4 ——L"(8)+—dim 4
n n

DELEARHEIGEMANS (2.3) TH 5. BB, Ton OFRBHDORD VI Loy, on D TR




£ 7V EIREH O TR 5

1. MERSHOEMICBY S MLE % £ OSMAREIR (Amari (1985)), &Hidr OBESHE2ET. T
FNDNRT A Y ETREREHETH» T & SOESNTE S, TAESHEE (HHE) tkoTksh
%, ZOHTREWICFA FOBRIZBZVBIZODET N polxlbs) & pu(x]0) 3B 2., HDO53H g =
g( ) SETFNERTERE pa(-) = {pa(+|62) : 0. € O ITHE L T2 5 0% = pa(+]65) 23, EF LD
HTHo L b qIEVETH S, 5, K- LE#RE D(g; 1.(0) OB/MLE L TEHE SRS, —A,
GRT—IRBITRBAGT, ThDSETN po(-) CHE LI pa= p(+|0a) 28 MLE ZHH4
LFRNHTH L, EOMG q 25 DFHSH b OW72 0 % D(g; pa) THIZ &, AIC I (EFNMIZ
EORVESEEEREERWT) ZOMWMEDHER IS,

FORIEEZ DL EIZ, 2.4) 2ufEdhnd v, BENEEBTAICIK 2.4) 22nfEL7- 8
DELTEEENS,

I (1976, 1983) 1ZfE-> T (2.4) DBHEBET 5. 7N p(2|0) DEE/ ST X FE
%,D(q;p(0) = [q(x)log q(x) dr — fq(x) log p(x|0) dx ZB/ANZT 2 0 @ tﬁ%@“%.
ETNDPEOLMEEEDIXq()=p-|0)TH 3, AETRRILRIEFREL & W
(misspecification), %7z, * X O ODNAHEL, TEFNVDRDHSHIEICET 28N 3 IFHI%
# (White (1982)) #{REL TH K.

KEOBERE D, n— 0T —L"0)n— — [q(x)log p(x|0) de E 2 2DT, 6 — 6* T
H5bH, 251,

(2.5) GAN6*, H'GH " /n)
D& 512, MLE 38 ERAFRICHES . 72770,

G /‘ (z )alogb(xw) ) alog;;(,xlﬁ) dr /‘ (z )82106g€gé,r|¢9) )

Ths, bLETADPEDSHAEELE G=H £/ Y, Zhix Fisher [B8HTHI2 7% 38, —
M2k G+ HTH3, (2.5) 1%, HEHFER

2 0log p(x:|6)
(2.6) El—ag

O ORDTT—7REAT LhOEBREELIVELCESNS,
EC, L0 % 0 DRV TT—IERT 2, (2.6) &b,

dx

0%

=0

0

—L"(0%) ~ = L™ (0) + 5 (6*~ 8) H(6*— 6)

THEDS, MAOMHEERS T THE L, (2.5 KEELT,
2.7) = Ja(@n) 0g p(annl0%) dn
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~ _i (n) w(n (n) (n) L . -1 -1
~ n/q(x ) L(8 (2 ™)) da™ + 5 —tr (H-H™ GH™)

—77, log p(xni| ) % 6* DAY TF—FEET 2 &, [q(xan) (310g p(2ne1|0)/00)| 6 dtnin
=0RYICHEELT, 2.3

(28) —fq(x,m) IOg p(l‘n+1l6*) dlh-fl“l‘ﬁtr(GH_l)
LIEITE S, B Q2.7 L (2.8 2FbET,

_i n(n i -1
(2.9) =L (8)+—-tr (GH™)

O q(x™) 12BT 2 WEHEIZ o(n") DREET (2.3) 12 5. (2.9) BMA® TIC LWEFh, G +
HZTERBL, 2.4 JOBERAIC LWz 2, EEOHETRtr (GH™) XZFD0—HitEE
RETEEHRZ 5.

ELWETALESGPo TONIEE T VERE T 24LES WD T, misspecification 2{RE
TEDRZYUTHD, LitBoT—RCG+=FHTHS, LrL—F, hEHlrEIRZET LV
FHHREHSN DT, p(+16%) 23 ¢(+) ZHBHWE GEUT 2 LRET 2D ZYTH 5. 2
O G H BT 2ERHEINT, tr(GH ) =dim@ &40, (2.9 »5 (2.4) 253,

7B, R Tnrn—o 0 L3503 TS T — 835 2552 IRCIRNCERET 5 BT
ThH3D, TOLEETANPEOSMOBKRE LTOBROL I CEEL THZ 2 Hk%:
“fixed alternatives” EFERZ EWH B, THIIHNL T, n—o 0O T D(g; p(89)*=
On ") DF—FTETNE2EDSHIEIT 5 2 & IiZHE DB T “local alternatives” &
MEh 3, Zhid, EEBOTF—FHEHICBWT, nBSKELRIZCONTHEETL2EFTLVDY
TABET B EQVEDDRBETZS. 2ZTOW") DA —FEHVE I EZEZHT
LY EERRBIULH 2D TRV, 204 —F TiHMET 5 AICOFE1HERE2HOK
EXDA—FVRICICEKDLIDT, n—o0 kLt EHmADOMENEHRIN TV EWLSFEHN
% % . Shimodaira (1997) iZ local alternatives i 817 5 EFNVEIRZZFHER L, G=H L LTRE
WZ EERLTWD, fixed alternatives IZ & 2 FHEiOREA X, 3HO—EMoBZB R THHUY
fifdL %,

fll. (BERBEFLOZTEER) mEOHHAETE 2,..., 2z DREREETHEER Yy 2 F
T2, 2= (v, 2ueyenn, Zme) Ly 20 = (2uty..e, Zme) B5 212050 y: DS540 g (yel2e)
U)JE‘?:}I/ pm(yt|2t, (9”,) %, 0m - (Bl,..., Bm, O‘?n) k IJT

m

(2.10) ' Ye = Zlﬂiz,-,t + € e~N(0, o7), t=1,..., n, iid.

i=

Wk oTE 2%, qz) BREED, RN pn(x:0n) = pu(yelze, On) q(2:) E52 BHIT &
D, X Q.1 UTOHERBVZDOEEHYILD. ¢(2) 13 0 2EZ VS, HEAER (2.6) iF

(2.11) $h dlog pm(y:|z:, On) —
t=1 06m G

L3 (RIT fib (1983), p.6l). — MR G+ HTh 25, q(r) WELBIEFHESHELIRET 2
EG=H&txy, TICik AIC L[E L% % (Shimodaira (1993)). 272 L™(8) = — (»/2) (1
+log 276%) THHDT, HIREHRHMEIT 1.2) ZAVHIT IV,

=0

n




&= FVBRIREROFRER 7

mEOBBEAEH D VW Dbz, i€ aC{l,..., m} PFEFES I ETNVDED, TTE
oI NVETAELDODZ 5T 2.3) NS FHBROIESERH L, 7 2T, BHEIREET
FAICER/MEICE > TRW ¢ 2T, &8, LTORITIIHBEE 21, 22,... #a,b,... DL
TNT 7y FTEL, FPHWCHES HBAEEE O THATERRT S, flziE, @b B7rE
TNETDHE, (LD BAEWVIKIANTRWEZETLVTHS (K1),

B2 (AICIc& 3 AR EFLVORERBIR) AREFTNVEREANCERREO—Hl: R
5, T&Z")“‘é, 2t = (.Z/t—l, Yt-2y0eu, Z’/t—m) EBL }:, *ﬂ%ﬁ?ﬁ@‘?g i&ﬂﬁﬁb'c MLE @jﬁ%ﬁ
BRI (2.11) &7, AICIX (1.2) &5, £72, Akaike (1969) @ FPE = g4(n+
m)[(n— m) 1X, Xnn OFH) 2 FBFHBEZDOHERTH 2, n—o o T(n/2)log FPE 1Z (1.2)
THEBITE 5 ORIT it (1983), p. 148). K wu > me THB DD AR EFTNVIZ, 6 ED
EORRBORKEDCETAIDNEVET NV EFSLF A P DRFICL B,

B3, (ZEEEE) 2. 0O ¥RV F—Y »SEELEMLE % 6., %7,
(2.3) OHEE £ LT, Cross-validation

n

(2.12) —lz}logb(l‘:m_z)
n t=1
PHOVWLNIZEND S, B (2.12) 12 2.9 KEMiTh 2 EBNH > T3 (Stone

(1977); Shibata (1989)).

2.2 B RiREERE
HiEi T MLE 0 12B93 2 PRI p(xnst 6 (2™) DR Z B F~Tz, 22Tk MLE S 0H
E& 0 BT 2 TFEAE p(2en] G (2™) DIBE (2.2.18) ®, ~A XOFHIH (2.2.2 i)
EHIELTED B, AR (= FHSHOMED 5H) G EREREOBE 2 %R T 5.
F—% 2™ i SEHE U Lue D FHE B —HBIC p(Znna|2™) EEL . Z0D q(T00r) 5
FHEIC CAE TEBR T WA 0%, (2.3) L2 Ak

(2. 13) - f(] (.2?1)"'(](1‘;1)/(] (.I'n+1) log ﬁ(.l‘nﬂll'(")) dxnn drl---drn

EYRZ7ELTHIS, KETHROERERRER, oV R70fERELTERLINS, T
HIS ROV R OHER TH 2 HRESMEL, Hiz [T70V] 2&ERT 2720 TRL,
(BTN, HAIAR) E VWIS TE2ERTE2D06DTH 5.

HHSTROBRICBWT, 36T 2B AR ER2HBE I, 2LOLRBNEL
25, rD—WLrEHATEROAELT —F DBE (2.3.38) , EEBEHEZ I >TH
AEROGHROBO 5N T WEEE 2.2.4H) KOowTbihs Z icT 3,

221 RIAIHEICLIFUPHNEE

MLE E0/87 x 5 #E5E 0 2 HERBBCRA L CFRSE p(2|0) 2E2 B85 FE2
5, 2T, BESHOPOLNATXAIANORBEH T icky, HERBI=0")n 4=
T(g(|lx™) £EF 2943, 7272L 8:(+) % point mass & L,

(2.14) g (z|x™) = n“gax,(x)

BT =5 2P RRIRBOMTHS, ZOHEOV R 7 (2.13) OHFEEO—BRI KRR %

2
7
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Konishi and Kitagawa (1996) {33#H L, BHwERE GIC LA, 0*=T(@) &L, T()

D q =BT EEREE TV (x|q) ¥EL &, GICIZ

dlog p(x|6)
08’

r&EI 2, 1270 TIC LA EBOHETCRE 2HRZO—BtEB R P OB X2 5.,
BT 0% 20 ¢(x]0) =0 2HEBERET 2 M- HERB LT 2, Bl 3BELHEETH
¢(x|0) = dlog p(x|0)/06 THY, M-HEEEDO—FETH 5, T(-) DEEBEHIZ

T (2la) = M) "9 (216 Mla) = — fa(@) 240D

(2.15 — LB+ [a@) , T(zla) dx

dx

o*

E%B5DT, (2.15) OFE2E X nik

31 i
(2.16) tr( fa(@) o(ale) POELED| o gyl
THEzZo0%, 8, T(0) =0 L2 M-#ERCBEL T, TETVHEODHEET LK
ET2E (2.16) =dimf 4D, FERELTGIC X AIC HUXRIZR 3,
GICO & 5 ZfEMM 2 FHEE 2S5 2 58b D 12, Ishiguro et al. (1997) @ EIC ® Shibata
(1997) Tid, 7—FA LT v PREST (2.3) OREEEEL TV,

fi4. (MeF&BAE) S =L (penalized likelihood) 2B AWK T 2 HER 6,13,
¢(x|0) = 0(log p(x|0) — Ak(0))/00 L B Z Lk D M-HEERBLERRY S, 12770, k()13
SIS, A€ RRESOEAEEDIFEMTH S, ZOBFOFEHREHRLEIX (2.15) & (2.16)
S0 BIHETE S, B2, £(0) OB T —F CKELROEE (2P L nitKEL T
H\) i2id, RIC & L T Shibata (1989) TH5 25N Tw3, ZOBEOFEHREHLEZ, HicE
FTNEERIZITRL, BEZAZERILICbFELRS,

222 RAXFHFIHNES
NT XY O DBRFEER p(0) L35, T—F 2™ 2521260 0 DEBEEIL p(la™) <
p(x?0) p(0) TH D, ThH S Ton O TN %,

(2.17) P(annle™) = [p(znil) p(6]2) dB
T45 %2 %. Konishi and Kitagawa (1996) 1X, Z DO~ A XFHEISF BT 2 (2.13) OHEESR
(2.18) - ii log p(xelx'™) +itr (GH™)
ni=t n
=

Shimodaira (1998b) iz X #LiE, (2.18) i MLE 4 = 4 (z™) %4> T,
(2.19) — L@y + L (GH) + dim 6)
n 2n
EHEBTES, 2hk (2.9 22 b2 L, 4= (tr(GH)—dim8) 32 &,

MLE £ A ZOFHSFEDRIDEIR, 42n+o(n™) TH B, 413 FNLDEDHIAA mix-
ture-HIR IR LB T, M2 X2 CHidioETVOIAEIC ¢ BbHiE4< 0T, TH




3.

E 7 IVEIRNEROF R 9

EFNVOME, MLE 2 X 5 FHISH b = p(-|0) & ~4 XFHHT ps = p(-[z7) KBIT B E TV
DB (2.3) O, 42n+onw ) TH3., 4>0 TR XFRAFMEOHBRGH, 4< 0T
MLE @55 B, BB p(0l2™) 24T p(:|6) OV RIS 72 & O ps 12006, WA,
POSLEFAD [REI CTFRIEZA pelddd, ZDZEDS, ZORDEIZ g A<
Owhii peid p LD b g OEXHZHEALSH D55,

\_/QY
observed manifold

model manifold

52457 — % O MLE O #a/H9R (FF (1992 a, 1992 b) ; Shimodaira (1994)). &k x = (v, 2)
OREENFRRT. TFNVERTEREE () DELIZ, T—7F ¢ bEHE Gy = {ax: Jax(y, 2)
dz = Glyly™)} TEE2N S, MLE 0(y™) i3, ZoDSKEMO K-L1EHEER/IMNCT2EFVE
DEELTEzZoR3, Thbb, D(F; p(§) = mingeq, minees D(gx; p(0) THY, Thik
(2.20) DEKRILICE->TESN B MLE £ Zffick 2. —o0%ADRT [AK] KX-T,
tr(Invl7')) DK E SHHRE S, BEIGET NS 2EIZ% 205, BIRFETE S EFHFRICAE 2t
R0B5,

BT 4>0TH2, bLBbrIEYEFAVDOLEICgDNIE =0 THY, Komaki (1996)
CINIEREDEIZIOW ) TH 3.

BRZENT 212, JIXZTIC L AICOETHB EDERTE S, 1L, TICOE 2HE*
D—HHEETE XML 2WMRIIEHT 2, 455F F O misspecification DFEE &
Cleboiced w3 L, HH FME) k5.

2.2.3

RRELT—IDHE

TET—5 2= (y,2) DI 5, y LABRIHET, 2 VBRI TE 2 OREREHE 2R T —
S THIBEEELD (K3) . HlaiE, BRFIOREEMEF NV TIRY AT LAORE 2127
5, El, RAXETNTEZIZNT XY, QINAN—NRNTRXIERLREINS,

TET—FDETN p(xl0) 8522 &, p(yl0) = [py, 2|6) dz \2BES 2 RBOLRE

(2.20)

LY (6) = 2 log p(v:l6)
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ERAZTHMLE § = 0(y™) 13, EM7 VT ) Aok Eic k> TatEahs, 2.3) Oz %
YyWESBMA B LWL TINE TORMST X THATET, PIZIE yars OF R
D(ynn| 0 (y'™) DFEIR 2 B &S 28 5 72 0 OEIREHAE R

(2.21) —iumm+imme
n n

YhD, ThEFEET—5 y™ icl3 3 AICTHD, ~f XEFLTIk ABIC LT =
Lbdhs,
EZBD, Tna OFHIE p(2ner] 8 (y') DFEIH 72 B 13

(2.22) - fq (yl)"'Q(l/ﬂ)fQ(-rnH) log p(xni| 6 (¥™)) dansr dun-+dyn
THYH, ZhoHEERIF AIC 2EIEL T,
(2.23) L@ + Lo (1)
n n

ETBULEND S Z &% Shimodaira (1994) iR L7z, #75L,

1:00) = — [p(ale) TIELED gy g [yy10) TRELWD)
BEhZhx Ly 2B3 5% 0 O Fisher (§MITFITH Y, (2.23) T3 Ix = Ix(8), Iy = Iy(8)
KEETB, bla=yhko k=L ko7, 2.23) BAICIKRS, 2 £y DBER Ly =

— L eBLE, (k) =dmO+tr(Ly ) EEF 20T, (2.23) i AICIKKHYT 2
@2.2) W ttr(Iny I¥Y) 202720 0% 5, Zhid, BETE 2 0ER 2z BT 30 8EE
DINA T ARIEHTH S, IhBKREREE EBBEE, —RT2LLEBBELTYH, z 8
T HEEMENKE N,

224 BRAEEOSHHFELT 2HE

EHRE TV pylz, 0) BIL T, LR 2z DSHHNT — & 2 BB LB L, FHISMOR S
M S 2R TRZ 25, iR AIC 2BET2LENH 5, Hliid, HHEHROBH T —
FRBTBHH% @(2), BERICBI30%% q(z) & L, EBEIEL POBEHT ¢ 28 ¢ L 1X
B2l ds, 12770 qlylz) 3L Lw, 20O X5 %8S, MLEZDHER 0 (™) 1zt 3
TR OV B2k

(2.24) - /ao(xl)---Qo(xn)fql(xm) 10g p(ynsilzner, G (x™)) daner dav-dan

THIGN S, 72720, qx)=qWlz) @(2), alx)=qylz)am(z) k&L L1,
Shimodaira (1998b) Tt 4 & LT TRHRRZ2EBEAME MLE 2% 2, 202D (2.24)
DHEER25 27, EAEK wi) THELEREA LT L

(2.25) L(60):= g!lw(zt) log p(y¢lz:, 6)

ERARCT BT X5EE LTCEATE MLE 0,€ 0@ % F&HT2 (K4)., ZITEA w ()
= q1(2)/go(2) % Fv>7z “importance sampling” %#@HAT 2 &, (2.24) © qi(ze) KT 25
AN l]o(l‘n-n) wh (Zn+1) KT 2B EERZ NS, HEIFGIC & FEREOEHIREFE 21T &
(2.24) OHEEREE LT,




& 7OV EIRE R OF R 11

Le.y) g5 g

aly | %) (x)

& (x,y)

Qaly | x)%(x)

B4, @Eaftx MLE OHEEHE (Shimodaira (1998D)). 7— 5 £ £ EEME G(y, 2 HEEFLS
Ktk (p(ylz, 0) qo(2): 6 € O} iBE LTz £ios MLE 4 OFHIS ., BB 2 EABR w(z) T
7 MLz Guly, 2) < w(z) §(y, 2) S ETFNVICEFE LD, BEAAE MLE 0, OFESMA, 5
W own(2) 2EABBICEALE D%, iy, 2), O ZLEL, ZOET, qlz) Z%8E (gx(y, 2):
Jax(y, 2) dy = qo(2)} #RL, q(l2) BERE (ax(, 2): ax(y, 2)/Tax(v, 2) dy = ¢(y|2)} 2 & T
a(2) & q(ylz) BEWIER L Tw3, 854 foliation ¢:(2) TRE 2L LD, — 2+ 6, T

H5.
|
<
T+
. +
o ++ _:‘
o1+
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4
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+ +
°r M. s /
£
R f*‘ Nt
o . T
1 T,ote
¥ +
+ +
=
! T T T T
. -0.5 0.0 0.5 1.0 15
z z

X5, ZEAEBOBMEEF. [£K]z~N(05,05);y=—2z+2+€;e~N(0,03) icH> n =100 DF—
FEERL, 1 ROFEREFE%E OLS (A=0) THTdHk (E). [LR]z~N0,03) 95 n=
100 D [KE] OF— 2 2ERL OLS 24 Tidd e, AROLRIE, BEDT—F 7210 2w WLS
A=1) TREDOEIFEHELDDT, ZHIBHEKDORRKD OLS CHHEENCINE S 5, 28, EX
ORI, S S5READORELLE L WLS (1=0.77) TH 5.

1, 7y, 1 i
(2.26) _ZLl(ﬁw) ot (JuHa")

B/;END, 1272, wi(2) 2RI Ly(0) % Li(0) ¥ EE, 0F = pliMn-w Gu(x™) EBWT

G
~NJ
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dlog p(ylz, 6)

_ dlog p(ylz, 6)

Jo= /610(.1‘) wi(2) w(2) 00 02 06 %aﬂfc
- _ 3 log p(ylz, 6)

Hw - IQO(I) LU(Z) aeaer %d‘r

Y35 BCIERERTIR 0013 WLS 22 Y tr (JuHy') OHEEDFHE by MIFIONAE%
> TERBCHFKS,

HEETN () BFEI ELT, (2.24) 2hEL T3 w(z) 2B U, ¢ & p(c) THIKRE
BnTiE, w(z) =w(2) EERDH (2.24) b - L /NE LT3 2 LS, consistency DELS
DoTREL, —H, ¢€ p() TR, wkR=1EFERDD, efficiency DEEHSHEHEW, B
EDTF—FTidqged p(+) EZBZ TR n bARLZDT, (2.26) 2/h& LT3 w(z) ZEE,
FziE, w2 =w(2 1€[0,1] LBWT, (2.26) #F/NNcT2 A RBRIENELONS
(X5). 7 VOBRMBERD 25513, w(z) OFRE T VORRE (2.26) DR/IMEIZ L >
TRIBFIZITS.

2.3 ~AXWyH*E
NA XD ET VEIRTE, TNV p(x|0) &, ZDF7 28 ODEFiISH p(O) BEZ SN D
L, 79 2P OHBELR T I 2RT

(2.20) pa™) = [p(16) p(0) do

DEERELTBEETANEVE AN, Zhid, BRSHFCBVTEETAVNERRKLE LT
EEOBEBMMIZHEBIL, ZOoDEF MBI S (2.27) DHRZ, XA X777 ¥ —EFEEN S,
b LEMMREBOWIEST T USSR TREVWEEZ ONIESIE, 2h% (2.27) KBk
LOERELTEHEETFUREVWEINS, BB 222 O FER, "4 XAFHSHFDOR S 2FEX
A XD A7 DIHTTAET2HDT, ZOEHTONS AWFHEERBEZSEFEHRCESHTY
LI LRHEERT S,

(2.2 TEz2oN3 p(a™) B ST A BRI EWIETIV] EARET, 4 AWFEIZZ
DXL log p(x™) 2 RELTHETLEEATHRELSE 25, b L, BEISHIINA
N—RF X5 ¢BH>T p(4|g) LEF BHEE, (2.27) 13 p(x™|¢) LB, p 2T AT LR
RITEERC R > TwD, FEA XDETIE, ¢ % MLE ¢ TEE#1Z 20T, p(x™|d)
DRXIZ, ¢ OHEEICHET 3 AIC (Zh% ABIC L FEE)

(2.28) —log p(z™|$) + dim ¢

ko TSNS, FRIRBEWCIE (2.27) OBSBBITCRSNT, (2.28) BHEHNES
FETE 5, TF(1997) T, — DY I 2v—y a3 UHikETH3 Markov chain Monte
Carlo (MCMC) &2FBL T, (2.27) OB %ITS FEErEH L Tw 5,

UL e B340 K E WERER R T, 0 OB L T

p(z™16) ~ p(al0) exp (- 5(0— 6) H(8 - D))
THBZ 2T S L, BHISMLSTIC

(2.29) ~4@Mfmz~gwgmmmﬂi%ﬁmme
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L o(log n) DBEETEBTE S, 12770, oKL TH dm O BEEIN TS ERELT
W3, (2.29) 138 2 ¥ OEHIAE p(0) THEKFELRWERBIZR>TWw5DT, § 3 MLET
b, BEATHCBT2 00BBMETHHEY, £/, 2.28) ®dim¢ b O1) 2D TEHEL TR
v, (2.29) OATIZETFABIRFEED D L DT, Schwarz (1978) @ BIC &IN5, i,
2 BRI [HEE] L LTHE 513 Rissanen (1987) ¢ Minimum Description Length
(MDL) iz, O(log n) DX TZH L > (AHA (1993) ; LG (1996)).
MFRT &5 (2.29) BERFHOFEEH 2RI OHE L U THBRERS (& (1990)).

p(x™) = T4 p(x ]2 ™) ERRTE 2HEH» S,

(2.30) — /q () log p(x™) dx'® = — é}l fq(x“‘“) /q (x:) log p(xel z~V) dacedx™"

LETL, F—R2BHIT AN p(a™) itk o T 2™ OFRIS AL EZBEEZ B L, FOF
B B XIE (2.30) O£ D, (2.29) 3FOHELRE¥ S, 2L T (2.30) AL .
% 2V S BRINCARA ZFET 2 L 20 pla2 V) O IR RS 2 t=1,.., n £ TR
LEDLERLDTH S, /2 2.8) D12nDBER2EETZ L, (2.19) LY X FHSHD
(2.13) £ MLE @ (2.3) ZIFIZZ L wEH» 5, (2.30) AL 2 (1/2¢) = (1/2) log n D
HBH KL BELHEMETE S,

AIC X 2™ = (x1,..., 22) ZH> TV EHBED 2o OFHOR I ZHS S L LT zDicxt
L, BICiZ 2™ #H1 281D 2 OFHDORE %A S L LT3, BICIE 2™ 25 L s
ETLRORTFEONIETCTFRE2EZHETHEZ, ZOBEDFR P 2H->TWwEn0H
HEDFEIZ 2™ 2S5 2 L EFE LRV,

3. EFLERO—BH

BEEEBRDEETNVE p(+) TEL, ZORTFaDEEFEMETE, ZOPT—HRVLET
Wik 2.3) TERZIVAZ BRI T 20D EERIN, ZORFE FE€ MEEL. ZTh
LT, AICHEDBHREHELR/NMNCTEET V2 dE MEEL, dld a*DHEELEZS
NE3N—Wicix a=a* EFWRSTW, Z2TiE, EFVEROD(58) —3M (consistency) &
id, n—> 00 TPr(@=a")— 108HVII>Z L EFET S, LIZLIE, TAIC B—B2F R
wHs, BIC3—8BM2FE>DT, BICOABRW] RELEbN3Y, ZORRIIEELBR
YV, FERHOED &, —HEOBREBCHEVERSENL, FEASDEEICAIC S
BIC L [AHRIC—BMERFF O EWE LS, —BMUNS 2300 ME2EH TRIERT 5.

BETN pa(x|00) WE DTG q(x) BT L b & A TV misspecification DIREFT % K FE
TRFE -T2, 218 TEL LD, TTN po(x]b) DEFER /8T 2 5 {H 65 1

Da(0) = — [q(2)10g pa(z6) dx

ERINCTZ2HTHDEN, ZOBRMEER DF = D.(0F) LEL ., EF VI SRVERELZRKRV

TDXRHEDOHHEETNVORELD D(g; p.(0F) TH B, (2.8) £ (2.3) i& D¥+(1/2n)

dim 0. EEPHEFK L DT, n— 0 TE DED/PNIVEFAD a* 25, b LEZSNIER a

EMDEPREDETVBEEN TN, FRE D 28/NCT 5, 2T, DF 2/ T

LZETIUVBEREDIHEECE, 2020 Tdim 6. D/INE DB n— 0 Tik a* 12k 5,
ETIERBHE L LT, BUREE . 25T,

(3.1) ICo:= — LY (0.) + cndim 6,

(s
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p{)

B16. RERSMOEMICBIZETNVEEDOFMOMED 335 —>, [EH] —BOLE (2 X M), &5,
LIE—MOEET/ 2R b, [HH] B#ESAS—, [AR] &7V ETOK-LIEREN»—

.
1 —— ! === —
= / = e 3 .
> i | oo
E§‘ %ﬁ Eg- .= /E
E 3 3 D
8 o 2 8 5 8
c 84 CO- c
s @ g g o —B=—=
2 ,/D € 3 2 /9% ===
3 o / %o_ ) D E
¥, N
£ E 5 E
g E
8o le” gl 8o le—¢
& § g
(=] [= o
T T T T T T T T T T T T T T T T T T T T T
10 20 50 100 200 500 1000 10 20 50 100 200 500 1000 10 20 50 100 200 500 1000

sample size sample size sample size

7. ¥YIav—va yTEBENEDBVETIVEREAZER (1000 @), *f/fzmw’ R % 10 »
51000 TR L, Al =1(AIC), B:c,=(1/2logn (BIC), C:cn= ", D:cn=n"%
Eici=n" Fl1 Tzl e dT_RUMTZCNO DRI ELT, F—FH2ERL:Z. m=3¢&
LN 2T B=(B, B, Bs) EETNVOBRBOEE M ERDESIC3EVE 2T, 2L, Zhs
BE6D 3y —vizzhzhitt 3. [£K] 8= (10,09, 0.1), oM ={<ad, <hed, O,

[(HE] B=(1,1,0), M = {Ka>,<ac>, O}, [HR] B=(1,1,0), M= {<a), <bc), O} w»Fho
BELORIBOETNVOHRT D* B—FKREL, +HKRERnTHERINZOEE2 2@ L
B OEMIHED,

ORCETBDEEZS, AICKS ca=1,BICES c,=1/2)lognThs, EHELx2=
DDETN pa(|0a), @ =1,2 EEDDH q(x) DBMERZ 3@ IHEL T, —BHENE L 2
BD cn DEERLIFTIRFARS,

ETFTNVIEREERET 20 L DOELAS W EEZNE, BEICSEZLETVIZTAT
misspecification IZX > T3 EFEZL2DBHARTHY, TOLEZODETFAMIRDOLT—HE
W DF+DFThHs, COXIWRWDOE E, HOOME—BOMBH2EE> (M6 i,
X 1) WEENC — LP(0)/n— DEDVE LD 2 L CHET 5 &, Df + Df O% (3.1) 55—
B OLBETSEEE co=0n) THB, L7zdd>T, ca=0&LTH LWL, F7 AIC
b BIC LEfRC—EM: 28> (M7E). LT, cn=o0n) »RET 2.

HE DEENTIRENY, RiC Df = DF Th 58E121F, dim 0, D/NE W HBEHERIZ B U
ETNTHD, ODEDOWRRIE p(x|6F) = po(x| &) L2885 THS., (M6HTIE, 320
ETND P = pa(x|0F) Z—FL T 3B), ZDLIREE, ZODEFLD LP(8.) OEIHE
KW ERZDT, cn— o o 3—8M 2> (Findley (1991)). L7=a3- 7T, AIC 13—
BRIz BIC B—8e 28> (M7 ),

ETNVEFROROPBEDAMEEZ L LS BRI IORETHY, hyLiFLiE
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BIC @ AIC iz 3 2B MEDRBLE S h 5, FIZ ITRMA i (1992) TIEEF VDA A MEED
LEDVERIN TS, Hannan (1980) i3, EOEFABEET 2 BEGIC—HBEDORME ¢ —
2HZT0wS, BB, aBEOETNVICPEHET 2HERN1 THD (H—FM) 23 ¢ = clog
log n, ¢ >1 &+ hiFLvE% Hannan and Quinn (1979) WEEMKOFEAIL D RLTW 5,
ZDE I CHEHDOHHBMBERMICE EFNIBEO—BHORRIIMTII RN TH - 1258, &FK
THESTWEDRIRTDETADEESTWELH LAV EWLIRETCO—EETH S,

RO & SRR T, BIC b —¥ME2Fw, RM6EDL 5, DFf = DFf THBH
p1(x|6F) = pe(x|6F) £ 32 &, LP(0.) DED Op(n?) LIz 20T, —BUHEREED I cofn'?
— 0 DINLE43Z 7 B Z L Shimodaira (1993), TV (1995) K ¥ TRINTWE, MT7E5%
A5k, BICH AIC E[FEEIZ 1/2 DBERTL» 1 BRVWEF N EZEL L, BEEOHIZ Find-
ley (1991) THRENTWES, ZDLIRBETY, a=n R TnE—8 2>, L
WLI3T3E, ndV/NSLIRICIZEDERSEZ 3,

HEDT—STRDF+D} EEZONEDS, FOETNVENBHELFSTH, —BRWVE
TNEEIERITLICPORT 2 (K6 7)., BAELEA R AIC B2l tnwI Litd
558 (6 ), FlORRLHE T BIC b B2 - 2w (M6 hH), EBCR n3ERTH
Lo, ZOIIRETNVERBREL T LT 3—HEOFERIIDI D EERIE,
Shibata (1981) Ti¥, EDODHBEDETNMICY S ENTWE L E E, ntHIZETFTLORX
TTHEPL T LI BRI EHEZ, O X CTFRIOBWTAIC OE#EE T L7 (58H
(1988)). %7z, Shimodaira (1997) Tix, # tHXWCEHDOIEEZETNVZ O OAX—FT
DD BREERRL TS, ZOBEBCIE o0 EREBICk IR, EELTWEETIL
DHET—FBNEVDDEBATLESIHERD L IIGELTLESDT, AIC L DEWLIST 4 —
YUY AERRY. —7, BARENERER ORESEBORE T, L 2 BIC BEARLHE L &
3,

4. EFMBRIRDOEFE%

BROY > FNH A4 XnTid, AICRNET L (B L<IF 3.1 REMOERERR/INCT S
BTN ZREATHZEND (2.3) OBERTRDBVETATH L EREZT, E7TVERICK
THEEELDH S, Lich-o> CEROGENE 2B 2 E0EEICR S,

ZITE, @V a* THEZERFRENLSHVLELSLLE?, LI, BETIVae MBS
FTHLIUERIIENRLSSVHZOHN? LW HECEENICEZ k2 ERT 5, B
BICiE, 7 — M A N T v FEINEEE (4.1 8), €7 NVEIRE 4.2 f), LELEIC X 2 EHE
B @3H) WOWTHHTZ, ZholRwThy, RETNV o€ MI—HED p-ETH 358
HDEEES2EZ2, a€E MDPFTITEDETAL 2 ELBELML? | KEZ S, ZhHIINLT,
HHE R Cox RER, 7VET VN L TR ETFT NV RRFBET 2 HEIL, [EDOEFADIEL
WH? | WWELBLDTH D,

O L TETNVEROBEEE2FERT 2L, @2V 2R TESDO TR, HEH
BOWEFLVE2ERESARBESN, IVEVEFALRESTHEHEELTL : S aJHEESEA
TRE, 2L, FERELOETAUBRVETVELTRERIENTLESIEER YR, 20
RS ERICRS, ZhiZ5HTHRT 5.

5. (HALDDEXY FF=%) XV IRHAEy &, HEEKRE L T4EOERIS DR
EFXz2,1=1,.,4DF7—% (n=13) % Draper and Smith ((1981), p. 629) L b E-7-. #1
W ITRXTOHBAEROHAESHLE 22 =16HOETNVEMOEELL, TEFVORBI RS

4\




16 WATEE F4TE HE15 1999

#1. HALD 7—2% @ AIC & p-fH.

JEfr a alc, PO pM plB pls)
1 <abd> 64 - 0972 0.180  0.863
2 <abe> +0.04 0493 0938 0256  0.796
3 <ab> +0.45 0438 0911 0255 0.290
4 <acd> +075 0382 0924 0158 0.376
5 <abcd> +1.97 0088 0451  0.002 -

6 <ad> +3.77  0.169 0540 0.094  0.055
7 <bcd> +5.60 0.136  0.353 0.052 0.018
8 <cd> +14.88 0019 0074 0004  0.000
9 <be> +26.06 0.001 0000 0.000 0.000
10 <d> +33.88  0.000 0.000 0.000 0.000
11 <b> +34.20  0.000 0000 0.000  0.000
12 <bd> +35.66  0.000 0.00 0.000 0.000
13 <a> +3855  0.000 0000 0.000 0.000
14 <ac> +40.14 0000 0000 0.000  0.000
15 <> +44.09  0.000 0.000 0.000  0.000
16 < +46.47  0.000 0.000  0.000  0.000

) TTFNa€ M AIC D/PNEBERARTH S, AIC. 1ZEFT )V ad AIC T, “+7i13 AICR/MNET
N aADPODEERT, PP RF e MO g iestd % Linhart O€ FIVERRED p-E 4.2 8), P
SENEBEICL S p-E U.3H), PPRT7T—1P ATy 7FBIREE 4.18), PORIVEFTVEINT 2 EE
HMED p-fE.

#2. BOSTON 7—# 12812 LA 20 HDEF LD AIC & p-fl.

WAL o Aalc, P pM p®  pl¥
1 <afm> 156 - 0.994 0487  0.000
2 <akm> +1.72 0461 098  0.381  0.000
3 <ahm>  +18.67 0.180  0.774  0.069  0.000
4 <agm>  +2476  0.098 0559  0.006  0.000
5 cadm>  +25.32 0.110  0.570  0.016  0.000
6
7
8

<alm> +32.26 0.055 0.256 0.002 0.000
<ajm> +35.31 0.028 0.061 0.000 0.000
<abm> +38.42 0.020 0.122 0.000 0.000

9 <aim> +39.51 0.016 0.104 0.000 0.000
10 <acm> +40.72 0.013 0.040 0.000 0.000
11 <aem> +40.94 0.013 0.048 0.000 0.000
12 <klm> +46.86 0.079 0.441 0.022 0.000
13 <fjm> +48.73 0.019 0.280 0.005 0.000
14 <jkm> +53.99 0.028 0.140 0.000 0.000
15 <fkm> +54.11 0.023 0.331 0.004 0.000
16 <flm> +59.78 0.027 0.299 0.006 0.000
17 <hjm> +60.70 0.023 0.227 0.002 0.000
18 <dkm> +62.01 0.023 0.177 0.001 0.000
19 <bkm> +62.69 0.018 0.148 0.000 0.000
20 <ekm> +64.75 0.013 0.078 0.000 0.000

#) P> = Prixh > 1338} =0.000 THH, BV DEFLIFIINED/AES,

LB RERLIWCRT, @ =<abd> THEH, D a € M s HBEHE p-EE2RTH DI
L, ENM A THEIHEFLTLUIHETR YL, 202 &, Eio®EF AT AIC DEDLVN
B LS HHEARNS,

#16. (BOSTON M{E=ffitkF—%) FLMPKR L Z2DOHEED T —% % Belsley et al
((1980),p. 244) L VE -7z, n =506 DEHIKIZB W T, FRMEEROFREDONHEZI -7
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DFEy &L, m=13HOHBELRIE, SHBICK T 2LRER (a=a), FHHEHK (z=1),
B . RO (2n = k), HSBEBOBEIL (2 =m) 2ETH3, 2P HOETLDD
B, SEAZECE 3D 286 R ME LR SR 2 WCRT, @ = <afm) 7228, iy
ETFNVORSRHET 27200 p-{E (PP, PM, PP) Tlix, O0hDETNVT o* ORJEEMED
REEINTWE, 2L, ZVETVIINT 2 RELRED p-E (P) T, @ 28D T
RTD e € MBEHENTLE D,

IBED S5 @RI E2ED LI FHKWIBENTH Y, TXTOFEEL PO TEHENZD
BELZETREZY, LeLASHOEBCLIY 0L REHI T TCRVLWEFVEETLEDY
»BBEITR, AICR, PP, PM PP 1t © OISR,

4.1 7—F R Ty FiRIREESE

FT—=F xP oV F AT Lo T X =(XF,..., X¥) 258FEE, EETUHR
BINRSNLEBEHELI DX T — A b T v FEIRFELR LHEh, Felsenstein (1985) 12
Lo THTFRHEBO b R P EbLNT:, Zhi, EODHLoT—5 o™ 2FE S8
BHEEETVBRIEINIEROHRETHY, PP = (TN a3BRIThEE)/ (V> 7Y >~
JHEE) ThHD, BHEHITIE, ETNVERICIZAICEZHWTEY, V4> 7)) > 7B 10° T
H5, PIZIER1 D@D IF, DI HH1800 HBAICE /NI E->Tnwd, E&ELD,
D PP =1ThH 5,

KRETRT =52V 77T, log pe(x] o), t =1,.... n,a € M5, X
BLEEXERV Y7V 7L Tw3, 12721, Kishino et al. (1990) OIEHMTMIZFIAL T
BY, EROFEIZAIEH TS Bz,

LIFLIE, 7= MR M7y TEIREROREVWETVEED TETNVD [EHEES] BES
na, 2.3) OERT—FRVET LV L OBERIBIERICEEZ ShTwikwn, iz, THISE
DRIz ETABBL Db b L, TNOTEROEEESSITIH>TLEY, BOETFTLTHE
Folz b DOOROHISEFIEEIA X B2 R EORCEET 2 LELND 5.

4.2 EFMBRIRBE
Linhart (1988) i& AIC DY > 7Y v 7 x5 — 28T 572012, ZD2DETFIVORAKNEA
B LP(8,) DEOHIE %

(4.1) Gt = él (log p1(xe| 8)) — log po (2| B2))? — % (Li(6)) — L2(82))?

THEL, BHLFM THHLIERD AR D FHEt ]

AIC: — AIC,
201,

EHEOoTAICOEDEEMEEREL. 72770, AICIE 2.4) 2 2nfEL b0 LT 3,
10g pa(x:] 8a) = log palx:|6F) L3EMF 2 & LY (8a) = LY (6F) B3 n HOIL 5 ERZ B O
WR5E»S 4.1) BErN D, FEERMANO, 1) OFHEKE 0(x) £ T2, Ti.>
O (1= P*) & &R lIc B BAYE P* T AIC, — AIC, ORIFHEIRE Ak I3, E>TE
FTNV2DHEBETFNVILIDRBOEHETE S, —4, AICi—AIC: >0Tb Th: < 071 (1—P*)
5, ETNV2ELETNVIDRIRRERREZZIECEHEANS,

Z @ Linhart REZ, [ U £ 9 R THEb N 2 HH#E R Cox (1962) DRRE & 3% 2 /iHnL
KRZ2,.EFNV1IRETA2IZNLTRET 28B4, Cox REDIRERDIZ ¢(x) = pi(x]6F)

(4.2) T, =
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T®H %73, Linhart REDRBIEFIZET N 10 (2.3) (b L <13 AIC OIARHE) 45, 7N 2
DENLATICEBZLTHS,

ETMER o € M3 3ELLEDBE IR, AICK/NET IV @ 234 (control) & L7 Lin-
hart REDFE Z o5h 3. $4%b b, AlICs = minemAIC, X Y 1 F AIC EEICKELh B
ET D, Taa> 0 ' (1-P)RoETNelZ @ LD BOELHIENG, RoT Tea< 071(1
—P) BB aE MEEDD L, TNRETVOGEESLEL NS, R L0, PP
=1-0(Toa) LEHET 2L, {0 M: PP > Py oMEEER LR S, PIZEER1 TP =
0053 2E, COEEESRIMETHOEFLVEIDESL, LbL, @ bEIERLDT, =
DREDEBEOHFEAREZ P I2id% 572w, ZORERERT 205, RETTHRR 2 HETH
%,

HIF T2t N(0,1) WHHT 5 7280121, WA DF = DF THHEFTHL, pilal6F) =
p(2)6F) BLETH 2 (Vuong (1989)), Zhiz 3HOM6 F5D/ 87— izEL, bLTDOD
ETADBAR ML TS5 6 ZOREXRKILL %\, Shimodaira (1997) i3, D& 5 REE
TH 6L b VEDERDHE v2/2 3 TEDH S &, Linhart REDE Y FERIZIZ L AL DBE
WPLTWERBZERRLI, 2220 0 3220 FEFTVOABIEFELEZET, 0< <
dim 6 +dim 6 — 2dim (5 (+) N =(+)) TH 3., AKKLSTEHER LD b, FlZE7— A b
Ty 7R ERFALTEOVBELRERETRETHS, LrLETVBEFRER, FICAA T
THEOE TV OBICIZERNTH %, Kishino and Hasegawa (1989) Tix, > FREMso b
ROVHELIDAEEACTWDS,

43 BELEIZS 2EHES

HIfi Tl Toa MR ETIRERFEZT:, LOLZOEHTCRBERER @ 2EHLELT
BoTwd ZLRMEILR S, bL Taa DRO D Tow BFATENIT Z OREIZRRT
5,3 TRELRMND o* 2RHBLELTAICOEDEESEZRET 52012, ZEHH (Hoch-
berg and Tamhane (1987) % &) OF k% FIH T 2% Z & % Shimodaira (1993, 1998a), T
(1993, 1995) TikREL 2.

AlC, & AIC DHAfFEDSE L WHEERERH L LI-REE T 2113, HeitE

(4.3) Te= max Tus
B e M\a)
BBRARTIEANER e LV ARKEVLERS, Tu>ca bt B3EFNV i, 3 LE M) &
DEBICAICHKE Y, > TAIC,—AIC, DEfFENSIEL R Xh, ERE LT AIC,—
AlCs DHIFFEDEE B a3 b, $XTD AIC, BE MOBFENREL L EREL L &,
AIC. 842 b ER»VEDDAIC LV EERKREVLEHINTL £ 5L P iC
BHELIWZ ca BHRD D,

FER 3 HLE ERE R FIA L 7ERUCE D { Monte-Carlo 35 TR D L 3 ICEHET 5, |M|
RICDZERERAMGED U = (U,..., Uwn) Ty, E(Us) =0, EQUa— Up)®) = G2, TH 2
b D %ﬁﬂlﬁﬁ%ﬁﬁf%ﬁéﬁﬂz L, Se= maxge M\{a} (Ua_ Uﬂ)/&a,ﬂ @ﬁ#ﬁsﬁﬁ Fa(x) =
Pr(Se<x) #EMlT 3. T3k, co=F:'(1—-P*Th 3,

BLTe<caBDET NV alk * EDAICOEREFEETEWEEZN, ZDOL R abEDS
LEFADEHEST ={e€ M: Tu< c)izind, aid o* ® [HEEE] nowlL, Ji
—Eo [EHRM] kv, IHEEFRIOTFTT

(4.4) Pr(e* € J) > 1- P*
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iy, COBHER, A1HP 42 BoFETE R B Sy, SELEC X 5 EEE
EORBICE > T3, B, FEAKE P 2V EORDTTE2525 508, BEFLD p-fE
ERRLIABIVERTHS, $2bb

(45) PéM)zl_Fa(Ta)

ERaE MIFHELTBLLE, FBD P zowTT ={ac€ M: PM > P vz s, fi
AERITP*=006T2L, ZOEHEHESILMNSFHOET VLIS,

I THARLTFEES NS, SE X hSELREOHANEZ oL, fl21T, 4.3) DR
b Y2 To = maxge oo Wa-s(AIC. — AICy) Z B\, co DEE TIE Se = maxpe oo Was( U
—Un) BV HETH, (4.4) Bl dnd, 7270 wee BEYREHTH Y, BT was
=1LLTHIV, EDOLI BHFENEROMETREVWERER2RTLEHAND, Gl 2FE
HERLT LS EZBRT 20 I hdr o OERETH 2.

R2%2H2L PPRPMORESL, BLTLY AICOKREXDIEICIE R > T, FlziE
AIC DIET 12 FB D <Klm)> IFHEBHIK & 72 p-fEIc > Tw3s, Zhid, AlCwams — AICs iZ
U T Gaams.e VHBHRRKEWI Lick 3, BIC AICR p- 2RI FITCREEFTLVORX
DEERSI»->TY, ZOLIRETAHEDERIZSND T5W, Z0kdDHFELXRET
k.

5. TRISHOMERR

IR EIC B 1) 2 KB O 7 VBRI IR THBOME,SH 5, BREHEOFHICL>T
ETNVOBYIS R EBNCHS Z EATREIC D, S5 EROEEEBEEELI-EFL0OE
BEAE, JVRVLEFLVEES>TRELLTLES AR 2L IR S, LrLEABETT
BT, o HENREWE T LVORIREZITY, 205 OHAEOBUE 2 RESHNCIEL,
SHIRWETVORIRE, 2 RE T 2 72012 [FHISMHHB | (predictive density map, PDM)
% Shimodaira and Cao (1998) 3R L TWw3, ZHIFTYE (1993) O FILHK % —M{L L
T2HDT, £7-6H8 (1994) THURASGLOBERTETVOMEBET ZVL L EHERIATY
%, PDM GHEESAMAOEMIcBIT 2, KFETNVICE 2 FRASFHOEBEORE/ATHY, FHicEH
WIZAA ML TORWETFTVOLRIZIEND S, 20777 4 hNRFER, Bz i3tEn
DFERRE, TTIVEIROZHICL DORNS,

BETN a s MOFEIE po(+]02) LT, BABRD L S CEHESN D n RIERZ b
N EREZLD

(5.1) Ear = —10g pa(x:] 2) ; t=1,.., n

INEETNV aBILEY 7LDy ol —b LLRBEETHS. BB TRTIO
NWRTERZ %L, B L, L0 = —1,E.%

(5.2) 5(1,»?:"§a_gﬂllz‘(lgzga_lglgﬂ)z/n

BRENFEZDDT, RIPK2IDHEZTRTCOFEHEIL &, a€ M EEFLORX R MNEAKROD
BEREZ T SHETESL, 2RI TEL, UTFTTRT L5 & BEFNVOMEBG 2 BET
5DIZBHIID,

ZODOEBEBE m(x) & p(x) D Jeffreys 168E J (b ; p2) 1T,

(5.3) Jiou(@) = (@) (l0g 11(2) ~ log () dir

45
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8. EEEETNVOHEEHERRICB T 2 FRISAHK (PDM), 4 BHOHPEELE b D @bed> &, 2D
HAETN EHbET 2 =16HEDETVOTFRIME, SEOERSTEFESTIRTTHRRLTY
3, MBEEEOREIXGUTADBEIRELTHS, EFNVEEO>ESKRSITAA MEKEERT.
(] HALD ¥—%, 3EOERADOERELERE 0, =094, [EH] HFEROBET -5 (0=
0.94). #f0((1979), p.57) X VH-Tz, T— ¥R n=15T, 4A{HOHMEEEIDH 5.

TE5z 603, J(p ) =D )+ D p) OBRDH D, ZhidsSmEoR:D 2R
T3, (5.3) BROLS>ZHET 3.

(5.4) 1+ 0W) [4(z) (log 1r(x) — log () dx

2L A=J(g; )2+ T(q; p)?F+ahdweT 5, ZOEHE, nx)—plx) = q(x)
(log 1 (z) —log 2(2)) % (5.3) KRAT R, (5.4) ZTFRSMHERT 5 L, Z0OFH
597 pa(+]0a) & pa(-] 8p) D3FIT g(+) HSME & &,

(5.5) [ &:— EdP = nJ(pa(8a); 12(85))

BHARERNTEZS, 5T, nXKT2—2 )y FEMIZ &, aEMETTy bLIZH
DI, BEESHOZEMICBT 5 FRSAOMENHEMERGRELMNCRL TS, ZON%
FHISHEHE (PDM) & FEW, ERICHE T 2 L 213 EK0404 (PCA) 2 Hn TERITGICHE
T3,

F15 D PDM %8 8 1R 7. BifiO HFETREWEFVERZ SN b DI, BEOHEE -
TWT, B1ERS (S-1) k1,6, ZREELTW3 Z 53530 2, iz, <abdd & <abed 137 v
£ F ) <abedd LIEE A Y BATHONT, ThS I THSAOERT, EIZECERE LS
F.HEZE L, EzoNET— Do ZRoDBVERT I ENELY, Eid HALD 7%
T A{HOSEAEHOFITIZLAE—ETHD, PDMBHEL TV B DIE Z DHFEHEORER
<hs. —FH, M845RRODF—5 O PDM T HALD ¥—¥ 0 & 5 G#ERIER o ke, g
HEWErEZON2 2530 P2 =8fOEFLONTF LY, a8520N L EDEY D
SEOBHBELEHOHANIBE L SWTHAE H Z D HES W L FHRARND,

FHEVROBA I, n KT MV §OERS% 70 =3 Bizie ET DL, JafGn ZEET N
DA DR 2 B BRNOEHE S U BB/ 2 BEORE LT, RAWCERET
X2 EBRLHAISATWS, ZLT, & L0 PDM 2ERT S I LRES, (5.1) O
Fl sz, FEERUAO—BOFERE TV, AROKMAKNSZER2EEUREI T 281KKH 5.
PDM ic B % | £.— &P EBENC, RO LS RIBFRASTE 3,

1. (5.5) THz72k 31, FHSRHORERD © n(p(8a); ps( ).
2. tokEnTid (5.2) OE2HEBEHTEXZDT, MEAEEOEDIE . 52
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10

E19. BOSTON 7—#% ® PDM (05 = 0.72)., 13 HOHBALEHD > b 3HEEHES EFNVT, B 2 2 &0
66 ADETNVICINZ, ZNODEDIETNBRREINTVS, £, I3HEIRTES 7LEF LY
X TRENTVS,

3. BTAA D pa(+) C pp(-) DBARSSH 2 & &1E, SBEAEDT —F BB L D, SELEH
WatE 12 Xl%(ga_ éﬁ).
ZD& D BERBPELIEEI NSRRI E LT, Simodaira (1997) T, # & HICEHDOSIFE2KE
FMZ OV DA —FTEDF, —BOWHEREFNLO MLE 2 EHERBCEITT 2 Hikr 35
LTS,

913616 @ PDM TH %, <afm) & <akm) 37 VEFN X WHERESE L, 2h o8& 2 T
1B/L2BOETNVRR>TWS, LHPLENTY, IIDHBEYV 2R 502551 X »
S OREREEE S, (B3 L 0) HERAUERHKHABENIARE S k> T PO TRENENS, £2T
3EPS I FETOETNVERKIDEDHZEEZT>TWT, (BIR-1XbD) ZhosDFAISH
BHEVEBTWS, Zhiel, 12825 16 BOETLVH—EL2R2LTWT, 11 B0
DOPDETNVEDENZ > T p-EPKE L, ZhiE, afm) B E MO O» o EnT
WERE (BR-2 £D) AICOEBREETELA R3O THS. 3BH»S 11 FITTODL,
RFBE»SI6FEZTOHOR, 2L LTABEOTFHORIZRLTWSY, 2hb 2HIEA
WIZBENTWADT, BRELTESNITFHDLZ T WIIAESERD, EboneRERNT

G : G G2 3 ,Ca
2 >lji< 4 >l—<—G5 <f>— <>

G3 Gs G3 G1
G1 G2 <bf§efzae> Ga

10, 22T GOIHERHBOBRSH 2 LE£25, [EH] FEuy (G, (G, G), G i, <ai>
EL, PRI Z0H a 2HEDT 0T 5 EBMBIETN (G, (G, Go), G) 8BS M, Tha &
L RO I 2O TO0CT 2L, EREMNRuy OnBohns, [(GH] (G, GIG, G} #&
LWL OHD RO Y, G PR RAITRUT.

b
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BPENDLBEREENLETH S, IOBRSMMRERIE, UTiR~N357#tox
FTIVTHERRIZITZ 5.

Bl7. (PFELERGEBOME) 2EOBFHBYWOI ba2> F ) 7 DNA 2L THK
7Y —7 AT —% 2w, Cao et al. (1998) BNEEOREE2ZRL T3 (RS
JH, BB (1996)), VA4 M (=Y — 7 Y ADRS) B n=32714 Th 5. 22 Ti3, 5D NV—
7L G=HUEEY (158), G=Hf, G=Y—53> X, G=BEFAE (18, G=YV X
v+ ¥, OEORFER (= b Ra ) KEKBH S, 2O S5 B0 N—7DES (fER) B
DIrNEuYFI5@EHY, ZhsD b FudlE, RO WED “split” (=43E) OEEbETE
fﬁf% % la= {Gl, Gz, G:3|G4, Gs}, b= {Gl, GH, G4|Gz, Gs}, c = {Gz, G3, G4|Gl, Gs}, d= {Gl,
G, GilGs, Gs}, e ={Gi, Go|Gs, Gu, G5}y, £ ={Gs, G| Gy, Gz, Gs}, g ={Gs, Gi|Gy, Gs, G5}, h=

£3. FHEWT -2 0 AIC & p-iE ELEE - TEET V).

NERE a AIC, pir pM  pB po)
1 <bf> 113877 - 1.000 0953 0.000
2 <cf> +80.82 0023 0.120 0.021  0.000
3 <bj> +8598  0.022  0.114  0.020  0.000
4 <bh>  +124.82  0.000 0.003 0000  0.000
5 <ef>  +139.41 0000 0.000 0000  0.000
6 <ci>  +141.73 0010 0.062 0006  0.000
7 <cg>  +195.38  0.000 0.002  0.000  0.000
8 <de>  +223.18  0.000 0.000 0.000  0.000
9 <ij>  +231.38 0000 0.001  0.000  0.000

10 <dj>  +23240 0000 0.001  0.000  0.000
11 <ai>  +242.50  0.000 0.000  0.000  0.000
12 <ae>  +253.26  0.000 0.000 0000  0.000
13 <dg>  +267.05 0000 0.000 0000  0.000
14 <ah>  +303.83  0.000 0.000 0.000  0.000
15 <gh>  +313.46 0000 0.000 0.000  0.000

) MLE 7oz Z .8y 4 —3 PAML (Yang (1997)) CEtE L. P12 PDM @ 10 RITZRER
BSUEL 1% (WA

F4. BTEIYT—5 O AIC & p-fE GELEE - ZET ).

ML a AIC, p pM pB T pl®
1 <ct> 104790 - 0.946 0516 0.000
<bf> +546 0385 0794 0354  0.000

2
3 <ci> +23.83 0.135 0.443 0.108 0.000
4 <ef> +26.31 0.036 0.178 0.002 0.000
5 <cg> +44.41 0.007 0.041 0.000 0.000
6 <bj> +45.73 0.074 0.226 0.015 0.000
7 <de> +55.19 0.015 0.103 0.002 0.000
8 <bh> +60.76 0.018 0.032 0.000 0.000
9 <ij> +62.76 0.022 0.145 0.001 0.000
10 <dj> +64.17 0.020 0.132 0.001 0.000
11 <ae> +64.40 0.004 0.036 0.000 0.000
12 <ai> +68.56 0.012 0.078 0.000 0.000
13 <dg> +78.18 0.003 0.027 0.000 0.000
14 <ah> +88.12 0.001 0.008 0.000 0.000
15 <gh> +90.82 0.000 0.004 0.000 0.000

&) #BEEEOY A FEOTRHY—ME S >~ 54 OBEGEM (Yang (1996)) TE 7 4fLL, PAML T
MLE 2K ® 7z,
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(G, GG, Gy, G}y 1= 1{Go, Gs|Gy, G, Gs}, § ={Gi, GilGo, Gs, G}, ZRLZE LD split I i3 R/HE
BOKEWMIGZETHEZ, ZOFKORIEFSTIAITHSL, HlziE, @didat i OfGbLYE
TERBEENS (K10). I5HO RO PR TRTIOEIET 20T, BHEM - Ko Y0~
Bl LXENCEICTH Y, ORI BEBHRECHEY T3, 2720, Zo0 split DEFLE
BYA ZILDENT 57 (R 25 0IEBRO LD LEHR2mI T LESHS I 2D
D split # {z|x} & {yly ) DREICEL &, z Ny, 2Ny, xNYS 25Ny DV EOVEES
WRBLENH D,

REB P ROPEVEDED, FREFSTY—FT VAT =BV a7ETNVTELT S
ERETDZEWRED, BERETNV pa(1) BEOND, ZZTRIBEOMRRYREZ, Zh
SIHGT 2 I5EOETLVOR S Z2FEL 2R 2, £32RT. PMwckhnid, bb, b,
DA M EBBWET NV ERLREINS MO 11 HOET IV o TH HEJREMIZED T/ E
WEREBEN S,

RIZTNIATEFANERELT, Y4 FEOECEEDORE—M e 8 L TR L ER%
FAWRT, W2 AYOBHBEEIR 1725, AICOEIRIXI0 WL THWT, T VD
WRIBHMER Do/ AL, £E230, PRaYEo AICOEREA L, EEESE»Z -
TREL ST LE T, ZRIBEIWS I ERELIn?

LM 2BEO~Va7E7 VO PDM 257, €L LTINS B> TW T, w1
TETNVOHRRTE, "RaPHAEOBERIEDEVEbO ol EE2RLTWS, 127201,
BHO X7 —VES BRI LTV T, RO VBOSMNEL ZoTLEST, Zhid,
F A4 FEOHEEEDOELEFF LD, EENLENA N EEoicdLEI oD,

PDM D X iZ, 108D split 2T RTE-RTINVEFAERL TS, THIZRER P Ko
MG ET, PZTEIRLAYINTI—Z PRI EHIELTWE, ZOTNVETLO
MLE #E#R®D 2 Z L i3— B cW#ETH Y, 2 Tik PDM 2 EHEUREE 7L LR R
LT, BEo 15+11=26 0D + F¥u Y d MLE » 58RO FE Tk, PR30 X
PESTHELTWT, T XRTCOMNROYBINVEFNVRNLUTCEHINZ I EE2REBLTY
5. M1 DIRTDIMRuYIE X HO5BECENRTHWEZELSD, 2D LPFmARNS,
CDOERBRELHEAREZ OAJREREZRB L T3 LR TE S, I bay NI T77F—%
DOBEREYERIRFINEWIES S,

K11, Hi##Y7T —2 O PDM., [£K] #EGEE - REE TV (0s = 0.72), [GM] #HE - e 7
V(s =0.77), 15 HDORER b Ko PO 11 HOWmIEFT NV E 1LEO7VETF VS FERLI,

49




(oY

24 HEMHE $£47% 15 199

®12. EABET—5 D PDM. [£M] £ESH DT X5 HEER XX bFER (0= 097), [AR] 71vE
FNX BFRKR (0=098). HORSRBIEALWIEHOER, ZLAED N Ru Yk ZzoasET
NCHRRL Tw 3, EROEFKkIZ, VI T7ETFTVOHBICEI 37 X ¥ KT, AXTIE HKY
7V (k#EL, Hasegawa et al. (1985)) #f->7:2%, TN €7 ) (kH Y, Tamura and Nei
(1993)) 2> THIF LA LR UL PDM BE5 17z,

B REE LT, & NORBESFANS Db SEBOEAED DNA 7 —4# (Horai
et al. (1995) ; Adachi and Hasegawa (1996)) %87 L7z PDM %2 12 wwrd, 7272L, G=
Er, G=F2NvY—, G=R/RK, G=TV7, G=F7>v—F>Thb, KIEKT
255, AIC & p-EOWTHTYH, dbRuY Qi) PP I N, £7:, PS> =0.039
THYH, PDM TH @d B X IGEW I EWTEATN S, ZZTEETA DI, MI12ETREN
TWwb X511, HHROLL BWHEBELAFOET VIR LTE, YOMRaY bFEHINLIE
TH5, o7, RELI=N 27 E TNV misspecification 5K E L, BTIREVOREDOH
ETREHINS,

B L2 PR YORLZEMICXX 2HHELIZLOB X THEERL®HIDT, v va”y
EFNE MR VEORICET ARSEFNCER T 2RI CELLE, K125
BEFOREDOLTREY BENRT - TRTIReo LI EERT, —H, K11 OFHEY
OHITIE F R e VRO HER I B3 5 4D misspecification 2 2 b KE L, E5RBZETLD
WEBNETHL I EERBL TV,

6. bV IC

[HERET V] 2L CRREBNT 2 [BEHERUE X, SR oRIEBUIHFINS.
KR BB TTF — WS BEEBINTEY, %2 WEECKEAE - EEZBRIN
T3, 2O REHERT I oBRERBEREYIMO EL, BRL, W 51, Hate
TR INTELRERET VI 2 TR, ZOFEM, HERE, —BECESHTENT
H5,

X5, ITEOARLEEREMOESCEZ5NT, T—IFTCHAVIERE T LVOR
HAZEHFIRY b ooH 2, MCMC R E¥DY I av—yarEEEHAVWLIZLITLD,
FEHALEHN 2R T CEHRARETVEEET L EPHFINTE TN S,

ZDL D REET, WREREROBEEET FAL LA bORELUH T AEROEEMIZ X
TETEHE->TWS, HbOWAIAHRIEEN IO >bh 320HOBERRANS L b, IEH
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BT AEBNOMES - OEMASRRERALEEFVHEENEETH L., A TERL TR
DI, TOLEIBREBOTF — IV EINICBIA2ET VR EFEBTL-DOHFERTDH 5.

KEREEDBIIHIz-TIE, UNKEO/NNEEAIS A, HEHEERTMOFEEAZIA,
AGREAKREA, EXEEA, NHHEZZA, EBINIBEZA, B A, LB8EZA, TO
BHEESA, EEAKEDNH—RIALDERTBBAKIZEII -/, JIRELTHEEZRL
7z,

AHFE D —ERIE SR A RIS BRI SR E (A) 10X 5.

2 £ X M

Adachi, J. and Hasegawa, M. (1996). Tempo and mode of synonymous substitutions in mitochondrial
DNA of primates, Molecular Biology and Evolution, 13, 200-208.

Akaike, H. (1969). Fitting autoregressive models for prediction, Ann. Inst. Statist. Math., 21, 243-247.

Akaike, H. (1974). A new look at the statistical model identification, IFEE Trans. Automat. Control, 19,
716-723.

ARuEAR, dNIREMHER 47 (1994), [RFRIIETOERE T, 1), HEEE, HE.

Amari, S. (1985). Differential-geometrical Methods in Statistics, Lecture Notes in Statistics, Vol. 28,
Springer, Berlin.

Belsley, D. A., Kuh, E. and Welsch, R. E. (1980). Regression Diagnostics, Wiley, New York.

Cao, Y., Waddell, P. J., Okada, N. and Hasegawa, M. (1998). The complete mitochondrial DNA
sequence of the shark Mustelus manazo : Resolving vertebrate phylogeny with mitochondrial
genome sequences when all known methods fail completely, Molecular Biology and Evolution,
15, 1637-1646.

Cox, D. R.(1962). Further results on tests of separate families of hypotheses, /. Roy. Statist. Soc. Ser. B,
24, 406-424.

Draper, N. R. and Smith, H. (1981). Applied Regression Analysis, 2nd ed., Wiley, New York.

Felsenstein, J. (1985). Confidence limits on phylogenies : An approach using the bootstrap, Evolution, 39,
783-791.

Findley, D. F. (1991). Counterexamples to parsimony and BIC, Ann. Inst. Statist. Math., 43, 505-514.

RS (1990). BHREROBAOER . > butf—mbar vy i g, YAT L/HE/1ER 34,
71-80.

Hannan, E. J. (1980). The estimation of the order of an ARMA process, Ann. Statist., 8, 1071-1081.

Hannan, E. J. and Quinn, B. G. (1979). The determination of the order of an autoregression, J. Koy.
Statist. Soc. Ser. B, 41, 190-195.

RANIKE, REEA (1996). [H5FRHEFE], BHEIE, B,

Hasegawa, M., Kishino, H. and Yano, T. (1985). Dating of the human-ape splitting by a molecular clock
of mitochondrial DNA, Journal of Molecular Evolution, 22, 160-174.

Hochberg, Y. and Tamhane, A. C. (1987). Multiple Comparison Procedures, Wiley, New York.

Horali, S., Hayasaka, K., Kondo, R., Tsugane, K. and Takahata, N. (1995). The recent African origin of
modern humans revealed by complete sequences of hominoid mitochondrial DNAs, Proc. Nat.
Acad. Sci. US.A., 92, 532-536.

FEREAKEK (1994), AIC BRI >ON?, IGHAEHE, 4, 125-138.

Ishiguro, M., Sakamoto, Y. and Kitagawa, G. {(1997). Bootstrapping log likelihood and EIC, an extension
of AIC, Ann. Inst. Statist. Math., 49, 411-434.

Kishino, H. and Hasegawa, M. (1989). Evaluation of the maximum likelihood estimate of the evolution-
ary tree topologies from DNA sequence data, and the branching order in Hominoidea, Journal
of Molecular Evolution, 29, 170-179.

Kishino, H., Miyata, T. and Hasegawa, M. (1990). Maximum likelihood inference of protein phylogeny
and the origin of chloroplasts, Journal of Molecular Evolution, 30, 151-160.

JEJNIRYER, EO&IZ (1998), FHIE €70, #HERY, 423, 11-18.

Komaki, F. (1996). On asymptotic properties of predictive distributions, Biometrika, 83, 299-313.

I




26 MEtlE $£47% $£15 1999

Konishi, S. and Kitagawa, G. (1996). Generalised information criteria in model selection, Biometrika, 83,
875-890.

ARARAE (1993). ~A X¥Gw - 58 & 7 ER, S8 (B8R, 1T92-130, 15-22.

Linhart, H. (1988). A test whether two AIC’s differ significantly, South African Statist. J., 22, 153-161.

RREE], it 5, HEET (1992), €7 VERICBT 32— & FHEZICOWT D AIC & MDL ott
%, E 15 NEREREZOICHY Y RI 7 LA FRE, 369-372, BHRER L ZOINHEES.

Rissanen, J. (1987). Stochastic complexity, J. Roy. Statist. Soc. Ser. B, 49, 223-239.

HOUETT, AEREARRK, JLJIPEHER (1983). TMESmEMETE], HTHR, HE.

RO (1979). [EIEST], #AEE, HEHE,

Schwarz, G. (1978). Estimating the dimension of a model, Ann. Statist., 6, 461-464.

Shibata, R. (1981). An optimal selection of regression variables, Biometrika, 68, 45-54.

S ERE (1988), ZHCERINHEROBR, S, 36, 344-352.

Shibata, R. (1989). Statistical aspects of model selection, From Data to Model {ed. J. C. Willems), 215-
240, Springer, Berlin.

Shibata, R. (1997). Bootstrap estimate of Kullback-Leibler information for model selection, Statist.
Sinica, T, 375-394.

TYHEFHF (1992a), FEEE TV IET {EREFE — TNEER2 O S ¥N7 7o —7F, R,
RIEARY FHATEEL

TYHEFE (1992b). FELBENERIEE T NVICB T 25 L WERESYE, B4R VRY Y LHEBETRE
£, 41-46, ICHMETES.

Shimodaira, H. (1993). A model selection procedure based on the information criterion with its variance,
Tech. Report, METR 93-16, University of Tokyo, Japan.

TWHEEF (1993). EFVOSEES LMK & 2 7 VER, HeHEE, 41, 131-147.

Shimodaira, H. (1994). A new criterion for selecting models from partially observed data, Selecting
Models from Data: Al and Statistics IV (eds. P. Cheeseman and R. W. Oldford), Chapter 3, 21-
30, Springer, Berlin.

T (1995). FEEFHHEFABROWE — XV OEEESOBR —, B, EFAY 5T
£

Shimodaira, H. (1997). Assessing the error probability of the model selection test, Ann. Inst. Statist.
Math., 49, 395-410.

TEHF (1997). N4 AWFECBT 5 MCMC oF|A, F19Ey v R 7 ABETRE, 1-10, [GAK
HEZ-

Shimodaira, H. (1998a). An application of multiple comparison techniques to model selection, Ann. Inst.
Statist. Math., 50, 1-13.

Shimodaira, H. (1998b). Improving predictive inference under covariate shift by weighting the log-
likelihood function, Research Memo., No. 712, The Institute of Statistical Mathematics, Tokyo.

Shimodaira, H. and Cao, Y. (1998). A graphical technique for model selection diagnosis, Research
Memo., No. 680, The Institute of Statistical Mathematics, Tokyo.

Stone, M. (1977). An asymptotic equivalence of choice of model by cross-validation and Akaike’s
criterion, J. Roy. Statist. Soc. Ser. B, 39, 44-47.

I B (1976), TEHMHETE DS & &7 L OB S O, HERE, 153, 12-18.

I B (1983). AIC H¥EC X 2T T ABIRE B <o T, 5HEI & B, 22, 445-453.

IR B MR (1989). THEEH¥EEEE], HPERFH#ML, HE.

Tamura, K. and Nei, M. (1993). Estimation of the number of nucleotide substitutions in the control
region of mitochondrial DNA in humans and chimpanzees, Molecular Biology and Evolution, 10,
512-526.

Vuong, Q. H. (1989). Likelihood ratio tests for model selection and non-nested hypotheses,
Econometrica, 57, 307-333 (STMA V31 0456).

White, H. (1982). Maximum likelihood estimation of misspecified models, Econometrica, 50, 1-26.

IiPEREE] (1996). HEEM v v ¥ v T 4 EFFER, ARVv—ya X - V¥ —F, 41, 379-386.

Yang, Z. (1996). Among-site rate variation and its impact on phylogenetic analyses, Trends in Ecology
and Evolution, 11, 367-372.

Yang, Z. (1997). PAML: A program package for phylogenetic analysis by maximum likelihood,
CABIOS, 13, 555-556.




Proceedings of the Institute of Statistical Mathematics Vol. 47, No. 1, 3-27 (1999) 27

Recent Developments in Model Selection Theory

Hidetoshi Shimodaira
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Data analysis based on stochastic model has been shown useful in many application
fields. However, it is often difficult to specify a unique good model from prior knowledge,
and so we need a methodology for selecting models from data. Akaike gave the informa-
tion criterion to evaluate the model in terms of prediction, and he advocated the importance
of modeling in data analysis. Up to now, several kinds of information criteria have been
proposed in literature, and we have to choose an appropriate one according to our purposes
and the situations. In this article, we discuss the derivations of information criteria for
several inference schemes. We also make some comments on the consistency of model
selection. The issue of consistency concerns the limit of large sample size, but the sample
size is finite in actual applications. Thus, it is important to consider the sampling error of
the information criterion to evaluate the reliability (or uncertainty) of model selection.
Methods such as the bootstrap selection probability, the model selection test, and the
multiple comparisons of models are discussed for assessing the reliability of model selection.
Further, we give a graphical method to visualize the relative locations of predictive densities
for exploratory model building. Illuminating examples from variable selection in multiple
regression as well as practical examples from the evolutionary tree reconstruction are given
to illustrate the methodology.

Key words: Information criterion, AIC, predictive density, variable selection, Bayes model, multiple
comparisons.
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