War#cE (2002) ¥4 [DNA B DO T
E50% £ 15 33-44 (R Feaf]
©2002 #EHEEEMFA

FT— b A MTy THIZEDB T T 22D
AR AVE =41

IR
(Zf+ 2001 &£ 10 A 1 H ; %ET 200241 A 25 H)

-2 =]

25 2SN BT BNT Y X EHEENE (pvalue) & L TERBMICEHET 5 HEEz 3T
2. b URICEERD S F— 5 2 MEAGF Y TN TELETHE, ZNE T T RAY G LK
BENEE IR ATEESD L. DF ) 7 T A OMOBERBONIHRHCTh»6F
PRBEE (7T 27) 3F— 7 RBHMEOY VT Y TIEANTYFORERRIT TS, £
CTEBAMED SRS NIRERF ENIEIEERTE2D02 0005 1 OHFOERZEIZL HFE
FEE LCERT 5. ShEs I A5G L) FEOMREFEL L T A0 TREC, 7
§ AR o TV A BHONHEE A EEWIFFEL TV A, TOHERT — ¥ MRS E S
T LA RT EERE T FANT Y FTHEILL BV T YT RT 2o TR
DT, 7 IATHCRSTRLVEVY I AOMBICHEATETH S, Kte Ry BHZER
DEROEL R RRED SHRHERETE SRS, B E %o TV 5D Efron (1985)
¥ Efron and Tibshirani (1098) 2 X 2 % B0k & tROBHRTH L. INEEROLTE
K?étb@T{?7ﬁWhmmmaQ%Q%w)@7»%17—»7—}XF777&T®
%. HW0 DNA » o EL 2 HET A0 TREMOMELBIEL LTI EIT5.

F—T—F1IIRAIBH, T ALTy T, INFATF—VT— AT VT
B, EURICRR R RE, F RIS

1. BUBIC

55 2550 (B2 (1989), p. 381) TIIMEROBEUEOEHRE AW TEOMGE
WCODNDBBILE (F9A%) XTI fTbhs. ThbbEVIIHLLORRAT
BICaIN, S5ICIALOBEEOIORIIST ALV I L EBBHIATY, TEORER
GEIRR AW TES KL, BARETRLIELIEY 9 A7 SHOBERE LNV L DOHHK
HASESH, ZhEd eI EEBOBEFERENL. L2A0° LIRICBER, S 7
yAADF Y TN TELET DY, F0h 7 TR YA L ERISBAMER R % 5 Tt
BHhh. ThbbbbNAERE LT — 55155 2B, F—=F DY T T
B4 285 Y 2R EICHA LS MEORRICET AN T Y FIIEESN TS, RIETE

t g BT () R LRk I TR | T152-8552 AR H BX KM@ 2-12-1; shimo@
is.titech.ac.jp)
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CONTYXOFELE=ENIFHAEL, BONLHERRPENBIEERERL O E2HEHT
b, ZHIEZ T AL V) FEOBRETME LTWADTIE R, 77— 7 55K kKFoTw
LIERDOAHEEN* ERHIFHET 2HATH 5.

TEAROEEE ML L, TWENOBEPRE N PO LLT7-5%2FELL. THE MxN
DREEDT— ¥475]

X=(Xu;i=1,...M,t=1,... N)

ELTEEND, X, 3EK: Dt FHOF— ¥ %2 ET. — WL 7 I XIHHTIE, X ldt
FHOBYEETH Y, K SEE j OB OEUE 26 212

N
D (X — Xj0)°
t=1
WKEDTEDL. BEBOBEMELSKBHZ 2 525 #BRT A GTEky 7y 7,
ThTYXL) 3L LOPREINTVEY, WTFRIZL TR E 0 DR HT 5.
EQL)EUEEHVWED L) 2 FREE) 2IEADICH TRREEELMETH LA
CTREFNIELEALT, MEIZL U@ 2EUE: TR ERAL WL ERET 5.
HOPLDERE L ABHREESH Y, 2hd [RER] OBRRTHE0E ) EBREL W
EWVIGEEEZL. FOBRKE T TERT. b LEROBE I, T,... "D AHEITE, D
TOEmE TNEFNOERMTHRIEBELT). BT I TRHR] 2RLTVWE, —F, 7—% X
DY FAYGHOMREELN/REE T(X) TRT. NI VFORBTT(X)=T DHED
HBIEAL)LEITHRVEE DS, bLATRIETX)=T THohbR/HTHL-E D
BLWEHIBL, T(X) AT 2 OEEHE T PO LW EEZLZONITLBARTH L. KigTid
SHIEDT, KA TVEETHENE ) DEEEMICEEML, 005 1 DEBEOES L B
Tl (p-value) ZFTET L HEEZLBRRL,
REFIIBRH E LTEZHNE ERBLT, e LTEZOSNLIE) T —HL L LRk,
BRE T & T ARBHL2EEY

T ={G1,Ga,...,G,}

EERT. 2L G {1,.. .M} RVEDDOBTHY, G c G, T3 G, C G T2
GiNG; =0 2WTLEIHL, g3 TIEETNIHEOKTHY), —KELEIRETI
g=M-1Thh. HiLhrIHIEEGCC{1,..., M}, F—=¥»LE5NHHIRE T(X) 12
EREEERTOTGeT(X) B biE, BAMGHRG 2 b o b b LWEELLEAI L,
WIZGgT(X) R HIEHHEGEEI A, LEALBEIZGHTX)IZEETRTHENE )2
POUTHM 54D, BEMEOEELEENICHEFRECTSEZEIVNLINET LV,

BRHEBKK T &350 G LTE2h0TRICLTD, FA4ZF—7 X »SESNBHIK
MTX) PREREEZFHFLZEECZFOEHED oD L neEZ, IR Lok X125
BLWEERD, Z2ITT—9 X PRAEIFTHILEIMEL12 LY, 29 ThwE &IE
0ZLBEILBESX)AEX2ZLICT5. DENRRNFT OB, T(X)=T D&
ESX)=1, TX)ATDEESX)=0Tdhb. RHEIF G OHBEIE, GeT(X) DL &
S(X)=1, GgTX) DL ES(X)=0Th4s. RAVEEWIZED LS X% LB L,
O S(X) DA EFE o THRAGHERMBEOFEEY 525, LEFoTIORERI FAY
GHZTICRSG T, EE,LDENy 7 AOMBERRZ .

HERBEOFEDOHEMEL Efron (1979) DT =P ATy THEILL - TF— v 2 HETH L
THb., BAEMIE3HTHATAPBHRICE AL, 7% X 0OBEZEHBE A7
VT Lo TEBERL, TRED OO THRZ TR 50 2 Bz THEEE R
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BY2HETHD. 0L RHRMEDFHEEIL Felsenstein (1985) 12 & - TIRES N TLE
IEKCHAWONRT WD, EZAPIDORFRTERE EHREDINA T AN—ROBE (Wi
ONTY2)DF =) LrZev., Fa W52 BRMERIHEREDNA T AP ZROBE (HHEH
IZONT3)y DA —%) Thi. Bt 2 Efron (1985) & Efron and Tibshirani (1998)
THY, KHEZFT 5B HREMOBESICHET 2 H 5L BROMEL VS SOMEb o
TWa, INHDOHERIZHED X Efron et al. (1996) T ROME (BHEHIZ ON 1) D —
Y) OFEEDNEZ LN TWN, TADHERZFNL ) EESEHETHOBENR L, 20
AR 2 %E (approximately unbiased test; AU test) DFERME % A5 I1ZSHETTREC L 7>
TATTOHRLEAHTRRBEINVF AT — VT - A NT 9 THETHS.

2. SFRBBOHE

7 A GHOEMEBIL LT, DNA D LEYOEZHETAMELZRY FiFs, 7—%
{¥ Shimodaira and Hasegawa (1999) THW/AR 11255 LX)k 6 BOEILEO 7 I VB —
TYATHE., LEDB>TT =90 X = (Xu) DEBERET I VBIHIG L 20D 7L
TNy b EEIZED. M =6 EOPAEIZOWTEE N =344 D> -7 Y A5 HWED
T, fTHDOKRE ST 6x3414 TH 5.

CCTREUENSL 7 FAIGMTLHETIERL, #ILOBREFNVICESWBLEY
HWTZ 7 A% 5#%479) (Cavalli-Sforza and Edwards (1967), Felsenstein (1981), 41| -
RE (1996)). CHEMHRIZARZ ELTOL )AL, RLETREHIRK T i
LT, X) 251ET5. ELELVIDIE, bobbbLE250btRB7FEEZIZEV. M
BOGENEOURRLBRRIOKE n & T4, BHELLITRTOBRKRE T, T, ..., Ty 125
UCHBAE L(Ty, X),.. ., L(T,, X) %518 L, 2ORTCHEEE 2 RAICT 28RN 2 5E T
b, FEB—REHLHT -5 X 0o RHT(X) # —2BRZLIZEELY Vv, TR

2 3 4 5 6 7 8 9
01234567890123456789012345678901234567890123456789012345678901234567890123456789
human ERKILGYMQLRKGPNVVGPYGLLQPFADAMKLFTKEPLKPATSTITLY ITAPTLALTIALLLWAPLPMPNPLVNLNLGLL

seal ERKVLGYMQLRKGPNIVGPYGLLQPIADAVKLFTKEPLRPLTSSTTMFIMAPI LALALALTMWVPLPMPYPLINMNLGVL
cow ERKVLGYMQLRKGPNVVGPYGLLQPIADAIKLFIKEPLRPATSSASMFILAPIMALGLALTMWI PLPMPYPLINMNLGVL
rabbit ERKILGYMQLRKGPNIVGPYGLLQPIADAIKLFTKEPLRPLTSSPLLFIIAPTLALTLALSMWLPIPMPYPLVNLNMGIL
mouse ERKILGYMQLRKGPNIVGPYGILQPFADAMKLFMKEPMRPLTTSMSLFIIAPTLSLTLALSLWVPLPMPHPLINLNLGIL

opossum  ERKVLGYMQFRKGPNVIGPYGILQPFADALKLFIKEPLRPMTSSISMFTIAPTLALTLAFTIWTPLPMPNALLDLNLGLL
1. W (v b, 77, 7, 9HF, vUA, FFYHFL) DI PTCFY T DNADT

I/VBY-T VA BITICHWERES N=3414 DF—4 D35 t =20 225 t = 99 O
FTHRL.

1 2 3 4 5 8 1 4 52 3 6

(a) )

2. WFHE (v b=l, 7HIT=2, 7I=3, v¥F=4, vy RA=5 FFEvH¥L=6) ORLH.
(a) WA TEIINIZRME. (b) BFOF— & B L T 5 Rl
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WLTOBRAES HEMICITO 58707 5 & (Adachi and Hasegawa (1996), Yang (1997),
Swofford (1998)) PEEENTWVEDT, FHEAVPEMPL LI 0L V) T LB ST LRHETI
v,

WD T — & HOFHE L7 T(X) 3R 2(a) R L7, DNA »SHE L 72 EWEOBHK
B F Rl & b IEN S, T(X) ZEDISEILOBRTHEL T IR EERL T 2.
LIAY, TOTX)2FDFTFTHELLTRITANIORERTSH L. 7— 5 X I3E/LD
HEEE TV CTERSNIBEEROEBETHY, F TV Y TILBNTVENHL. LI
HoT X DPOEEENL T(X) 2 NIV EDHA. LB, ZORFZIBEONZT—5RE
MR A BB T A L, FIHIRLF2b) PEETE LRV LBETEEZ STV (K
BINEE (FLE), Cao et al. (2000), Madsen et al. (2001), Murphy et al. (2001)). T D& 7 —
YEAFTALURICR-TE2LE, M1OF— D oHEEINHMRHEZOT EFL T
7 SB o ERICEIN TV RRENE V. 20X BB o R EITAZOITE, N
FYFXFRZERLTTX) OREEEZHET S 2 EPLEIZRS.

3. 7—hrXAKNSYTHE

F—¥ X pOEETABMRN T(X) DTy X 2R 5121, BEA»S 7— 4 2Tl b4
YTV LUTHRRREED LI o/ T a2 Riud kv, L ZAPEBIEBER»SELR
EDEFVESDDTF—% X 3 THAE. #ZCEfron (1979) ETF—F 060U ¥ 7)) ¥ 7
FoT X DEBEMATHERTEL—HNLFEELEZ, 7—FNAMT v TREEDITL.
ZhELUTFCHETA.

F=FTH X = (Xu) %

X = (1‘171'27...,£UN)
LEL REL, = (Xasi=1,.. M) 3751750 tFBEHO DT, X OBR XTI}
X" = (mt17x227~"thN)

LEPRS., SITh,.. . tn 1. NOERAPOEAEREFLTT V¥ 2B I L
THOT, X* D 1,2,... FIBE X D ty,ts,... HEMYBL26DOTHS (K3).

t, . IN RO I IR EFE > TESRD, T, N D2HT VT AIHERTEN
Rt & TA, ARSI NDPOT YL HERBIENE t, £ §5., ZITEREZFTO
Tt &t B F TR RAI L HD. TNENEERVELT,... tv THEERT 5.

X1sz\3x4x5xs S —output

\

% Y

10000 copies * s \\"\’-*I#‘ .
- ~=coun

L J
s
X:DOOO

3. TP ATy THE TR N=6DFT—920ERY B=10000FEKLT5. HE
DPIRFEMEXFE L P ry r bEh5,
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13 0.000 0001 ({((15)(23))4
14 0000 0001 ((1(((23)5)4)
15 0.000 0001 (((((13)2)4)5

£5 16-105 D HHR KL FEZRAE 0.000.

# 1. 47 15 OB & HERME. #£2. AL OEOB L FERAE.
&5 P P RN &5 P p B
1 0.579 0.792 ((((1(23))4)5)6) 1 1.000 1.000 {23}
2 0.312 0.517 (({1((23)4))5)6) 2 0.927 0.954 {1234}
3 0.035 0.131 ((1((23)(45)))6) 3 0.592 0.749 {123}
4 0036 0.115 ((((14)(23))5)6) 4 0.318 0.469 {234}
5 0.017 0.103 (((1(45))(23))6) 5 0.036 0.111 {14}
6 0013 0.076 (((1(23))(45))6) 6 0.040 0.088 {2345}
7 0.005 0.030 ((1(((23)4)5))6) 7 0.065 0.075 {45}
8 0.003 0.028 ((((15)4)(23))6) 8 0019 0.069 {145}
9 0.001 0.009 (((15)((23)4) 9 0.004 0015 {15}
10 0.000 0.005 (((14)((23)5) :. ‘
11 0.000 0.003 ((((1 ) )( ) 5 10-25 ORI FER{E 0.000.
12 0.000 0.002 (((1(
{
(

)6)

)6)

)6)
(23)5))4)6)
)4)6)

)6)

)6)

5%, NBYOEFHLHFAa0% NHiR-> CZOMBEELHTLDLRALTHL. £
LTH-ED X OFFIBIZEO B LT X 2Ebh 5.
F— FRANT Yy TETIEX OBEE X* 25 FHEX% BEKYEL, BEOEHRE

* * *
X17X27'“7XB

PERTS. 2L BEHICkE R (BRI B=10000) £ 55, COZEOERDNT
vEiZ, BEMICBIIL X ONG Y X2 EPMIZRLTWwEEEILND, 0T

T(X1),T(X3),...,T(XE)

DONTIFERRARDLIEICE 5T, T(X) BENIFLEHETELPIHMETE 5.
TCICLETHE L LD ICREE D L—b L RO R T 723 2 R HE S(X)
FHWA. ZL T ‘

S(X1),8(X3),...,5(X5)
D) LEN1L ko zREE C L T5H. 2FY,
C=S(X7)+---+5(XB)

LEWTH AV, Felsenstein (1985) 7 — A MT v THEERRE
. C

P=3
YEHEL, TANFLICEWVIZERBEIED oL D5 L, 01TEWIE EIRFGIZEED LWweEEZ7.
AN F— DT — hA Ny THREZFELEREYFEL LR 2IRL. 6D
WO T ~NVIEE 2 TRLZDDTH A, F1 T 1058 ) OBRRE 2R ZHERHE LT
REMAHEL, £2TH B BYVOREFFRENEHE LTVE,. ZITRAR Y FLEHE
C—FAMENC B TR {12,345} HICIELVWERELTHMLTH B, SLT 7 =V kdk
R BAAE Y HFAIZOBAT T TN — T EIEEN, reversible &)V 3 7@ & ELDE
FVICERA LRl [ERREN ) LARETE 2LV HIHELELZLETHS.
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B 2(a) OEHRFIZE 1 O 14THICHEL, K2(b) @k siT7BIadEd5. 7—FPAMT v T
MR xR L, 1{THTIE5>005 THHHFEKE =005 TREHINZV., £EI2HH5
THTI5<005THY, ZOBHRRKIZEH SIS, 28 TR L9125 17H OBIKE A &
FOF—F THXRINTBY, BNIAVEHEWTF -5 CERELVOLENEFET SiEmE
BOTLIE /&R Ah, TRIEFER2ICHRBINTNT, 8ﬁ§®ﬁ{M6}ip<0%
TEHENTWS., ZOEEM20b) LEIRLDT, REIVERFF—F L FB LRI
5. ThbBENTYFEFMLTNTS, LFLOELVERICELNS DITTIER . Wx
13 Graur et al. (1996) TIRFEL &) ZWHIBOTF— 729K LT, 93 FETIANLSRBE
{45} ZEFIZEH L7205, ThIBIIH > TAHLEBMLWVEEZLRTWS, LXK LA
XTCNGYFRFMMLTH NI ) LERBIIRI Y 25, MELZORHEMEZT-FA Ty
THRIINA TADRDH Y, BofEm I CEPNLTREFLEDEIIHVEVW) L TH S,
FITROETHERS L) BEBPVLEILLRD.

4. VIFRXE—NT— I bS5y T

T— R AMT v TETRXPET VLI NBEOFZIY)HE L TER X 21E-7-. L
BOHBTEE (T WEHOER) 2E2 TN £T5LHERIT

X = (xtl,actz,...,th,)

b, BEDT—PANTy THETEN =NTHEH, BLN #NETHLHEHDONS
VX ORE (BERL) 78T A, BIZIEN =2N ETRIENT Y FOREIR 1/V2 5%k
D, HIZN = N2 EFTNENT Y XFORER V2FEIIRL, —RICN =N ETHRIENT Y
FORER 1 VFEIRD. 1)r 2 BEOAr -V ERY, Z2RET - ROl riZ&oT
BATED, 7= PR RTy THEF b N, DF Y ¢ SRELTEILT 5. KR 5 6 TR
T5L915, NN=rNOBOT—MA N v THED [HiRiE] 3

(4.1) n(r;d,c) =1 —S(d/T+c/Vr)

THzZBND., 72720 () (SERIERSAEE, d3FSTHME, o SEFOMIEBELL
BETHY, HMIIRIIEHBEZ NS, Shimodaira (2000, 2002) (& 5 DELLSH L VHBEOE
VAU test DMERER RODLFEEIREL, INEIAVTFATF— VT - AT v THELED
e, SOFRXEILDTOLHIICRE (K4).

AFv Tl KEOT— b ATy TREFZA, F—9EDW ri,r,...,rx, BEOEEK
Bi1,Bs,...,Bx *EH A, UTOHERTIE, K=10,7 =051 =06,...,710 = 1.4, B1 =
- = Bjp = 10,000 ¥ 7.

AFv T2 Zk=1,...  KIZ2WT, B, BOEHE%E N =r N 2fF->TERKTSH. Th%

X (ri), X5(rx), ..., X5, (rx)
LEC FLTHEDPRGESH T a0 Lzwdrt
S(XT(re)), S(X3 (r)), - -, S(XB, (rx))
W&o TN S RS S RIS

Crr) = S(Xi(re)) + S(X3(re)) + -+ + (X, (rx))
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o

10000 copies ¢ :i /’ 10000 copies ..' J |
. ol

| omoel

NI

count count

4, INFRATF—=NVT=r A T THE, ZZTEAN=6DT—H»5H, N =4& N =80
HEl% By = By = 10000 fHETDER LTS, £L4DOT— MNAMT v THET, BRMRHEE
MEISFE L2 A 7 bENE,

Thb, IhhLT—MANT v THERE
C(re)
B

plre) =

LEET S,
2597 3. FHEENT plry) & F OBRIE n(re; d,c) OBBILTIZD, ERFHI L c %
T 5. BAWIIIERD X RATEE (WLS) #fEoT
K

RSS(d,c) = ) (®'(r(rk;d,c)) — 87 (B(rx)))* /vx

k=1

ABRMITAE I B dE cRFHET A, 22 To ()13 o() DHEBETH Y, T &

vk = Bre)(1 = B(re))/ ($(P ™ (B(r«)))” Br)

THEZOND., () IERTFHATERMTH .
ATy T4 WELIZAE ¢ BV, HIELHEREE

p=1—P(d—c)
TEHET 5.

PR LAT Y 73BT A WLS 20T, Bip(re) BB w(re;d,c) D_IBAAIHE) 2 &
RFALEELE MLE) Td & c2ELTh Iy, SRIZIWLSTHELdE c 2%
HEE LT, —a— b rER ETHREMIC

K
L(d,c) = 3 Be{p(rs) logn(ri;d,c) + (1 = f(re)) log(l = m(ri; d, )},
k=1
PEFALLTdE c 25T A, VF A= LT — b ANy 7R WLS & MLE O
HEDEMERE Y 7 M7 7 CONSEL (Shimodaira and Hasegawa (2001)) (ZEZE I Tn5.
CONSEL 9 F RGOV 7 by 27 L OEELZFRL TESN TV D, EOMOREID
AL, =P () THATOBBEICH b TEHETIT LW
FIE LR p ZWHFED 77— ¥ CRIME L ZHERIIR1 LK 2IIRENTWAE, FLTF—
v P EBWFBEOEFEI Shimodaira (2002) TIT-72. &FMIZpidp LY RKREDDE
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2% ) BIRBUIEANE NI R D, TNEe>0 R TWAR I EDLBETE D DN,
UDCREFCHRRBIHEDOFEIR H A1 TH Y HEVETHSLZEHFEHRLTVE, £1D5
FHEARBL p>005 £%oT, TOBKRIRS IEHSNR %D, HRELTRET—Y
EFBLEVERETENTVS, TOZEEER2D8ITHICORMEINTEY, # {145} &
bIEHEh RV, F=FONTYFIZLoTHEo7RH (1D 147H, £2D1,217H)
PEOBCEF ISR TR, BRF7F—FI0Lo TROBIIRHEINL L) 2o KH (R
10 54TH, £2D7,817H) bBEESN TR Po7bIITH 5.

5. ELMIICRREERE
COLICLTHELERE I, TR T—FALT v 7HEEF XD AU test & LTI
—RIZT o EHBEVERL, THROBREDNATAPREN, ZOZ LT THEIATS.
T3 X OBFEH LB
Y = f(X)
FEZL. IFTFLYWERNZ MVTHFORTLEmETE, FLT
(5.1) Y ~ Np(p, Im)

D EICKRHDTFHRY MV p, HGEDSENATIIO m RESERERDMIE> T D LR
ETAH. ) &, SR ELEPEIIC (5.1) RAELL m THRY VDO L) ZEK F(X) D
FIEEZRETS. LT m ATZEMOEBH 222, f(X)eH%Z5S8X)=1, f(X)¢gH
o 8(X)=0&TAH. 2FY, YEeHLRLT— Y IMRALZIFL, Y ¢ H ZLXRLEW
(F5). BB H OERZ oH LEE, BRETY "BEOUEVEEZ o &ECILILTAS. £L
TR OH FEOLLTHDLIRET 5.

X THERE p PERH OREICEALTMRTH L LI, EEDFEKEI<a<1 ITHLT

Pr{p<a|p} <o, peH
Prip<alp} >a, p¢H
BROLOZEERT). #oT
(5.2) Prip<alp}l=a, pe€dH

BEDIID., RIZp<aDEEHIIENSINS, PREBETIIREITASY p 23 &9
CIRBDOEREOH 1ZHDEE, RRZEHNTIHEN 2% D, ZL T u b HOIMINIHT

=\

oH OH
(@) (b)
5 F—%N7 MV Y PRIE LT S| H; Shimodaira (2002). HROER 0H LORT

Y ICRLEVE o 25 Y $TORSHIEMD d. (a) HBF 0H 25F 5 2. (b) EFR 0H H%R-
TWna.
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BN TV EEHERIT o LY RELCRD, BT pd HORBNIA - T (1T EEARER
Fal W& hn, BENPLEIE, 7—PA LTy THXRFIE (5.2) OBENON?)
TH B, WIELHERMEp I (52) DMENFON?) 2hb, BLITKELKE N R
AT HLbDBE, NV L) NP2 DIEIWNEREICESE. 2F) 5 L) pDIE) %
AP E,

Efron (1985) @ [#%] & L <3 Efron and Tibshirani (1998) @ (2.16) 2L, =
ROKERE & & OFIE LR

(5.3) p=1-&(d-c)

YT, 1L, d=%|Y — 4| TEHL, FRERYcHDLEHA, YEHDEIIELT
5. cli6H OBMBICEBRLIETHS. EBc=c1-de EFETT, ca =M+ +dvar
oo =4 +2, 3 AICBI5 0H OMEERT (M - 1) x (M — 1) IT5IOEEE
A, AM—1 BHETETE 5.

Lo (5.3) EBEEOSVHERELS 2 TWAED, EBOLHTIE d R c ZEHTRII
5222 dEECRETHLEDS, ZOFTETTE (5.3) BRIV, £2TT4L4H DOV
FAE—NT = ATy TEFEREN, d& c 2BREOMECRMEMICEHET L Z LA
Bl ol FOMHMAAYBBRT L0, 7— ATy THEDS T3 KELR BT

|

(5.4) p=1-&(d+c)

Y &3 2 ¥\ Efron and Tibshirani (1998) @ (2.19) REZFFHT 5. (5.3) & (54) DEN
B eDBFERETTHD, Lo THLEROH P FHETc=0%4bEp=pLib. LI5
DSOH BN o T AEF L pIBEOHFINEMLTLEIDT, pldp DIEEMEE L TIHHE
BEOVEL 5.

TNFAT— VT = A IGy T TCF—FREEN =rNETHE (54) BETS. YO
BHEONTYEN/riEEe>TLEINT, ThETLTIELT (54) 2FATAICE, Y
ORDLYIZ Y 2EZNE IV, DF VK5 0kt frEERTADLFALTHS. &
5B ERBHC DS Vrd 2% ) cdie/riZoTLE). THLT (41) THRAL7—H
A NTy THEOBBME r(rid,c) PHETL A, TNTAHOFEFEBRTE LI LIIR5.

RELZETIV (5.1) EEIHAPETEL IR0 Lk, Fl 2335807505
FATHIE VI DIFE THRVEIHTH B, & ZAHDHGEITHDS - KOFHET D £t BT
FIoF 2L % Y OBEEBRPEET S, to TFOBREERD f()IKEOTLIEXITHR
(5.1) IIRETEL. BEOWLPRIEBESRE () L LTHERZDT, R YLVERD
RHEEZS (5.1) WRBETEL, FLTER FORXBTET—MAMT v THEOAEMELD, 4
HOFERFOTEMIAZ LIRS,

L2ALE o BESEVDIITREZY, HEOBERIILIELIEES 2 TR, B5(b) O
ko TVAE, BOPLER f() CRIDOHFRUAET I ENTET, #REH50b) X
5(a) TIEMTEIEIILA. TRAPREDNA TAZD%DY, FRESEHTERZVES
IAIRIE L ERERLTLOEVREEY b ObIF TRV,

6. BbHWIC

F— I PMRFEETRET L (S(X)=1) 2 LeV (S(X)=0) V) iFHE, 7—bPAFT Y
FHECEBVH YT T ET R FE o T AU test & LTHEORVWHERELSHET L HEE R
L7z BEBEDY VIV ENDS, SOHFEERZ FTAIHTIIEST, »RYIEVT 7 ADH
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BEICHEATRETH A . HiEL 25 TWAH DI Efron (1985) & Efron and Tibshirani (1998) (2
LB MEOHFZTHL., INEERANLRFEIITEDDT A 77 %% Shimodaira
(2000, 2002) DINVF A —VT—hA LSy THETH 5.

RNVFRY =V T = ALTy THEOBREEZL LTRRTIERMALZ 77— PA T v 7RIS
EB)F 7)) T ERCEY, ICHTEMEZ LY v 7)) Y TEOTIRPLETH S, Bl
RAEBRFFT -y TR 7Oy 7 T ANy TEEFRHVA, 7R85 Y IOBHEYER
P TR L) RGN, FHEBOEZEE D UAEAMIT LYY YT L THER
BEOLEALS, WTFNIZLTHRRWIZT— P ANy TEZBEAT A0 TIE 2L, MET
HNTYFREFMLI VO EBENICERT HLENH L.

MBI L > TWEEEERZ RS T LRIV ETH S, 2 X5 TRHEMOBITTIZ, BRKD
SHEE LT, X2) 23 _TDi=1,...,n,b=1,...,BIIxt LCEETLDIEFEEIZTZ IS
Wb, FIT, —HOBHEMTH A RELL # (Kishino et al. (1990)) % A\ CTEMAY T
BIUE %58 L 7. Hasegawa and Kishino (1994) OFUEHIX° Shimodaira (2001) D& 1 T
RL72EHIC, NHPFREVHEETIR ZORLOBEEH5IC RV,

DR OB CIINBEEFBRRICTAHRE 2 BIRL TWB0T, ZHEHKNET
WEBRO—FZ A, TF (1993, 1999), Shimodaira (1998) &V %> 7)) ¥ 7% FH L TH
BAEOZENRZITVE TV EROESHEE*BEMEL LT 2 HFEFRELZ. Zhid
Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa (1999), Goldman et al. (2000)) &
LCHFREBOTETHHENRZILDTWE, ZOFE Tk Kishino-Hasegawa (KH) test
(Kishino and Hasegawa (1989)) #°7— M A M v THER T SEEFEL L ULFAAZN
TV 555, SH test 13 KH test TREL STV BRSNS 7R 2S5 BEHBETHIELD
DTH5B. KFD AU test (T8I HHIE LR p &, i SH test & EMEMIZIZFE C1kEl
BRZLTVS, DFNERAATAORESEEROMBEL IEENICEIRILSDOTH A,
R LEERETIEES5Db) ORYDERII pBHEERETHILICL T [REF— ]
FHELZHEZIToTWADIIIT LT, RO AU test TiE 5(a) DL ) IZHEL»LER
FRELZI)ZTLEDLO THER Sy — 2] #BELAMEZToTC0nAhA. THODHFEDLS
FEESNIHEMEIIEE Ly —ADEVE B L TERNIIER L 5T %, SH test DI
A AU test & D IRTFHLFERICR S,

&MY 7 b7 7 CONSEL (Shimodaira and Hasegawa (2001)) @ DOS 734 F 1) & UNIX
V—Aa— FRIEZIVEETAFTERTDHS. ThIE AU test, KH test, SH test, 77— F A b
Ty THER: E R FIRICEIET 5.
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Assessing the Uncertainty of the Cluster Analysis
Using the Bootstrap Resampling

Hidetoshi Shimodaira
(The Institute of Statistical Mathematics)

This paper reviews the method of calculating the p-value for assessing the uncertainty
of cluster analysis. Considering that the dendrogram as well as the derived clusters
obtained by the cluster analysis is subject to change due to the fluctuation of the sampling
of the data or that of the characters, the reliability of the result is represented as the p-
value, between 0 and 1. This method is applicable to a wide class of problems, and is
not limited to cluster analysis, since it uses only bootstrap resampling and the 0/1-value
function to indicate whether the data supports the hypothesis. The p-value is calculated
from the approximately unbiased test of the region in the parameter space representing
the hypothesis. The method is based on the theory of “signed distance” and “curvature”
by Efron (1985) and Efron and Tibshirani (1998). The key idea to convert the theory into
a practical algorithm is the multiscale bootstrap resampling of Shimodaira (2000, 2002).
The issue is illustrated by the phylogeny analysis to infer the history of evolution from
the DNA sequences.

Key words: Cluster analysis, bootstrap, multiscale bootstrap, approximately unbiased test, molecular
phylogeny.



