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ke T (FRIKPERFERT)

KEEW AL, WEL W EFITANGEONDLGT —ZICKREKGFETLHENRZ .
ZDI, T—HIIERELRAEEEDRBALNLTH D, £, FEROMEE) e
EHEND LD, R fEERBOE R D720, MEFET AV EFIH LI TR R
bEHINTE. I2& 2, AEEOEEETH 2 B HhEH 70 fifERE (CPUE)
X, TOEETIEILL DAL T ANRBAL TS EEZ BN, —RILEIEE T L (GLM)
ZRH LTS T ZADREZIT I LW O BER 2SN 575, GLM O 1980 £
AMbRBND. F, BHETFEFEOEAL R, 1990 FRPENS, HESNA
LT 28 (IMAE) ORI, EEDOTHNZ, =a—F 3y EBEHIRE L.
2000 FFRUICR>TBIX, TFUVHLTH VA RNRT —AT 4T DX RT T
JAEIZ X DB OISR EA TV D . ARGEE ClE, KEERFECHEH IS Fao
THET NVOEFZAEN L, Fx OBFFET — T A TWH D FRIET L O HEIC
DWNTHRITT 5.

IKEEE P FIIRE <4300 T, EIEHN & EIRE B S 5 (- fiEF)1 2016).
FPRRHN T, AFRROEINRD X5 B0 LA F R L2 v, EREEEEE
TN ST, EERBORESCELEHE LD T2 2 ERFEL 2> TV 5. fEKEE
FHEET LT, MEET AEBICIEA S50, KEGRT: CIMBEHANAFRmRI O
BT T VWV CEERBERERET DETABEAIND T2, < D/RXT A —2 DHE
ENMEL 720, BRI T H=—ARNKREhoT. Tk, KEEJRFE T,
BB & 777 AR A UicmdEt s Y 7 FOBss - fERPEAT. STFIAfE
M&Eh->o%H % Template Model Builder & % O HEHIHFIEIC OV TRIBEICHENT S
(Okamura et al. 2017, 2018a). — 5T, T —H# N RELIZH T, EFKEZ THIT
LIFGEHHEALTND., T2 T, AW=AT 4w I RETNVEREET L LR LV
b, T T NVERICE D TR T AOmE AN EA TV 5. CPUE fZ2#4L (Okamura
etal. 2018b) IZBWTT Y T NE O —FE Th 5 gradient boosting % i o 7= fi
DAAITZAT D .

GIREFLIC BT, 1990 FERICY I 2 b—32 g S X Y ARBLERRZ/EY H L,
AN SEME T 7 E B N & IR 5 & BLER IS FE A (Management Strategy
Evaluation : MSE) ®# 2 FXEZE I 117= (Puntetal. 2016). Z i, FEERIE) S
TEREEE ~DRBITLE W L TRERT LA T AN—Lipote. ZZ2ThH, FRTFHINE
BRREE 250, HEVT—HIKFLTEL LERICKRRT DV A7 B EHT 5.
207, EHAEXROFOFEREOT 2 —= 7RO E>OMEE 2 5. 5% OFEN



EVFEEZFEOEFRICBWT, MSE Z1To7-F4l2 b &1z, Fo k) Bz Hun
HRENOWCERT D.

235 30k
s - WPk 2016, KEEEIRAICHIT DHEHET U o 7. fiat B 64(1), 39-
57.

Okamura, H., Yamashita, Y., and Ichinokawa, M. 2017. Ridge virtual population
analysis to reduce the instability of fishing mortalities in the terminal year. ICES
Journal of Marine Science 74 (9): 2427-2436.

Okamura, H., Yamashita, Y., Ichinokawa, M., and Nishijima, S. 2018. Comparison of
the performance of age-structured models with few survey indices. ICES Journal of
Marine Science 75(6): 2016—-2024.

Okamura, H., Morita, S. H., Funamoto, T., Ichinokawa, M., and Eguchi, S. 2018b.
Target-based catch-per-unit-effort standardization in multispecies fisheries.
Canadian Journal of Fisheries and Aquatic Sciences 75 (3): 452—463.

Punt, A.E., Butterworth, D.S., de Moor, C. L., De Oliveira, J. A. A. and Haddon, M.
2016. Management strategy evaluation: best practices. Fish and Fisheries 17. 303—
334.
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HIARE | JST & Eh31

1 B=Z

TRk, FHEEY IV -V a v eEHllT -2 2@A L, 4 FlTREONAVERERSZ L
AHELEZLDOTHS [1]. b EARY  BERIBVWTRELTEAFETH SN, BETE, EdHkl
2], HUEETH (3], MORIRIE 4] kY, MONFIZEIEAV DOHEFETHS. KRTFHRITBVTE, F
PIA =2 2AHBAREDOLRABRAPETVRCEDE, KRIREBOHMKEL S 2 570D E
Salb—vardRIng. TOBRICHEDSWKRTFROMEREFD-DITIE, TEEEITBUEOFEEDOKR
LKORBIENIEE R T 20 EDRH L. UL, YIalb—ya ilnBrHEzflEcEs e
RHBETHD. £7z, GHIMEZ BAMIZETVICED D &, ARGFIE LR K S YRR 2 itk & £ At 4
ZEZORMNY, REYLBERKEGERITIELNRHE. TIT, EFALSHRELERE, EBIZBSNT:
WEOFHMT —ZDOEDNT V2RO DS, EFIMIEETNEEEEEYNIHE T 2 FHEOLEED T
3. ThEEHTIZONT—XEILTHS.

F—RAMLIE, EEBHTERVKEREDP AT A —XZ2HETELLDI1TRE57-0, HEFEAOTIEEL
THWSZHTED. FBERMCIE, HEHRSRASET O HIEE R O 25 CHW S h 2 IREBZERIE T VI
LBREHEDOMBEL AL ZENTES. ZOLIRBURTIE, REHEONES X, ¥ 2T LDIEHIPNE,
ETMEERE, YIalb—Ya v AF— LADHEEEIC KB HIFNICHR T 578, FHIGRAE &R O kR4 2R EIRIZ
kBT izhs. 72, T H-5T, HOBRESHEET NIV ZALPHERENLEDLL ZLITh5b. Z
DT AHM—N27 7o —FREARLTEY, ZOMEZBRTZZT, ZNETULEOEMSEH O
KOF TR HEBRRIZ DTN HAEhs.

HEHTIX, T XRLOMA L IRBZEME TN TORE, LGP - ERESTICE T BREHE - T—
ZIAMEA~ DI, Local Translation Error(LTE) 43#112 & 2 ¥ 2 7 Af##i & 7 — X LA D EFIZ DWW TH
L7z,

2 T—YREIEEREBERET I

F—xEMLIL, HERBRRETAHMEY I 2L —2a v izonTid, EHETOLY I 2L —Ya VERE x,
LT BE, WENRHE L RE72D, 3
Ty = .ft(mtfl)

DIFATHBTES. ZIT, RERIZGENOIAMENP S 2T v ELLTERIT D L,

Ty = ft(wtfla Ut)
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b, —h, EBORL t REOBHZ gy, 358, ZNEEOBEIZHARERRORHENZZ2HD
Zehs, Ihe w 2ELE,
Y = ht(ﬂ?t,’wt)

DIEARTRITE L. NS, REEMETVTHY, AV AROEGEITIE ANV YT 2V X, BlllE
TNDOIRIEREDEGEITIE, MF T4 VZPOILVITHEBEE Y T HLOEREEZHWEZII2&D, T4LXK
P ERD LN TES.

WREEHEE L, 74NV RIZDVWTIHR T 7 ANREED T 4 VR ) Y FFE, EBLICDOWTIE<ILa 7 #eH
EVTAHNBEERR T AL RETR/REIIENTES. ZLOT—XELIZBWVWTIEZ7 4V EZEZHWE Z L
NELW—HT, VAT LEUTOREPIHNKREN, T48b5 v PREVWEIRGAHITIE, VI 7EHE
VTHNVHEDEANEZSNS. R, EEHBEOBVWE T VOBEIZE, FTAY YT VAL S
{bHEE XSRS HEDH D, ARETIE, ZOXIBRRUTICBTBEININV =T VEYTALVAEDE
MEIZDOWTHAN LTz,

3 Local Translation Error

T=REARICBEWTE, #ETVITY XARREPSOET Y Y 7IIBWT, B E EOREZEIZ W
NEMEND ZENEHEIZLDS., FHUD AN X 2F2RW T TOY AT LADOIERIEN 2 ¥ 2 HfE e L
T, Local Translation error[5] Z W2 Z 2N TE2Ex NS, FEBIZ, T—XAMASTFIZBENTT A
NHIZIES WS NS Lorenz 96 € T7IVISHEM T % &, R - RrZEIC B 2 EEEOE &L T
ETVWBILWERTE I e 2WmE LT,

27 3Rk

(1] ARRISE, EBPROK, MOELZ, T —XEfb: ZOBEREEHE T VT Y X 4], §EHEE, 53, pp. 211-229,
2005.

[2] K. Nakamura, R. Yoshida, M. Nagasaki, S. Miyano, and T. Higuchi, "Parameter estimation of in
silico biological pathways with particle filtering towards a petascale computing,” The Proceedings of
14th Pacific Symposium on Biocomputing, pp. 227-238, 2009.

[3] T. Shuku, A. Murakami, S. Nishimura, K. Fujisawa, and K. Nakamura, ” Parameter identification for
Cam-clay model in partially loading tests using the particle filter,” Soils and Foundations, 52(2),
279-298, 2012

[4] Tto, S., H. Nagao, T. Kasuya, and J. Inoue “Grain growth prediction based on data assimilation by
implementing 4DVar on multi-phase-field model,” Science and Technology of Advanced Materials,
18(1), 857-869, doi:10.1080/14686996.2017.1378921, 2017.

[5] N. Sviridova and K. Nakamura, ”Local noise sensitivity: Insight into the noise effect on chaotic
dynamics,” Chaos, 26, 123102, DOIL: 10.1063/1.4970322, 2016.
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FEMFICE I BEHENE T —5RL

iy (R GRET BRI 22 AT

1 EC®HIC

BRI S 1%, FH M O T MIBRORF DS D REEDN K SHIPH & 5. MR, KEGJE & i
N2 KRED6 DT I A DRNOFEETIENFRZIREZ LTH O, KEGMHIZH E6 7 kmfBEE T, K
B & SORHMANZ 133 B 5 km PAE F TIEA > TW5. HIBRIEKE DML TIE, @5, ALEETH4 O
ViraEs BEBHILZT—2 205, LML, BEHETHOSNIDIFSOBERIGEE T, HEO K%
IR BR DR E DL DOHHEL .

BRGSO 77 X~ (Bl o IR+ TR SN 4 A) OIS %, &b o 2 IRTTHIZIEZ 5
GBI, FmREICKDZEZBINOR S ZRIT I2ERKAELEEAZSNS. KT, 2000 £ 5 2005 4F
WEA SN TV ALHE IMAGE 1%, B4R TFRIZE BB 2EBHLUHEETHY, AART—X
RREINTWS. UL URGEHNE, 7 XAEEDUNOYBEIZOWTHEREZELDVHL VWS
REDRH D, HTxIZTF—R2EMLEMZIER T2 Z 212k b, ATHE IMAGE 12 & 2 BB T— 25 5
5 DO KIRP B R DO 2K G E A 2 FIEORKEZED TN S,

AR I, £79, Nakano et al. (2014) TIEZ L 7= IMAGE #i B O #2485 (extreme ultraviolet; EUV)
BT —2%2 77 AOBRETNVIZEATEZ2I12&D, TIARELIFIENS T2 )LF =YKL BE
TIAIDNGT BHIROEE) 2 B U R Z2 R, I, BEMBEZED TV MLAERGET
JVAZ BUV k5 — & & @Mk + (energetic neutral atoms; ENA) #zf% 7 — X 2 [A{L T % ¥ A F L DIR
WOV TERNT 5.

2 EUVT—%R1t

IMAGE 2 T, 30.4nm OJED EUV ZGBIHIL TW5. K6k 86D 55, 30.4nm O
BEOEDIEFIANY T ALY (Heh) ITHELINE 720, Zhz@EEh ol s 2 icky, MABEO
Het DHFIZDOWTHERIELND.

HiBR A S PE D iR - 1%, HUERBEG OREIERIZIR > TEIE R T W E WHIMELRH D, ZTD72, WEH X
WA IR - 72 FAOBEELINE WERETE S, I T, WAKIIH > BB —E DGR
iz EINET B L, NHESENO Het BESAIILROANTRHATE 5:

n(r) = neg(p) (rirq)a ) (1

HU, p ldBMEIRPFEMIZRZ AT AAEEZRT 2IRTDORYZ MV THD. FHETHEII SN2 EUV
BOEY 7 )V i DIRER, Het BEEZBRRAINIIHES Lzd DI 5 LRETE,

yi = fz c(rn(r)ds + ¢;. 2)

YA, ZIT, & BB IRIVOBIH) A XTH 5.
IEANLNF—DENT T AVE T A<vORFEEILX, UTFD XSGR ciHddTcE 5.

ON VOXB 0N

R ®

2T, NI HRN Y U 79 A BE, O IXEAM (BSRT YY), BIRESEEZELTWS.
NI R B IZ BT, 135 S HBRAC IR O SR F-RE35 DS L\ VIELUZ A B 43, BIHIZ DWW TIXIT & A CEHRM
B\, FIT, BODNFERMEL, T—XEMLIZE>THEL T WA,
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AT, T oYY TINERAIT VT 1)L X (ensemble transform Kalman filter; ETKF) (Bishop et al.,
2001) Z FHWTF — X [E{bE4T>T\W5. ETKF %, HEHDZWHERETKEBRLRY AT LDT —X[H
(PR TEZFIEL LT, BFE, K<{FbNE LI ->TW5E., KL T — R ELORMEIZBENT,
TUH Y TIRAN=ENIE, RERY MILPRBHINRZ VORI L DIZEDITNIVONEETH 5.
ETKF Tl&, @75 0OFH %2 N DIRGEDZEMTIT 5728, %< OF —XFAMLDOREIZ B WT, FEFIChR
FNIRREHEE 2 EBITE 5.

3 ABBMSBHRET —9EIEY R T LD

B, BUV T—RIZIA T, @ERMRF (ENA) T—X H3EMA L, 2 FEO 7 — X 2 NS BER
BETFTNMZET 2V AT LDRFEZED T WS, ENA X, NEHKEIEETS2EIT 2L X —OME
K (FELUTHTHY) D, TOHICAMAT BT ANV F—OiER 258 ME22ZITED, T3LF—
PREELUAZFEFIEORFIZZELZEDTH L. Bz ko -midEbi i, HBRESIZ L% Lorentz 71
D720, BAMRORE D ZIRHEEE) L, WIPHKE» SMIH D Z e R TERWA, —H, dEk 1
DD ENA L7225 L FPHZEMZEET S X 512485, BT RV F—rdibkiFORB o062 BEME 358,
ENA Z5&E[E1» S8BT 22 212k b, NEEKEOET 2L X —fER T OZEM AT 2 B HE
515, L7zh->T, EUV TR RV F —{Eh T, ENA THI ®I)LF — Bk T DEMAMAIZDNT
HHRBRoN5.

FITRIVF =R T, BT RVX—R T RRY, WIGAROREL2Z 5720, HOARARTHES
RBERH . HITRIIVF—hFIX, EOEAROES % E6 LU 72 Boltzmann HREATHE S Z &3 TE
(Fok et al., 2001), AL THWSNHHMKEMEETLE ZORCHEIVWTWS, HT RV F —fEh T
i, BT RIVF—FER T RS L, MAEOPPIMINZAHL TS0, Bk FOEE % Y
LELOHEEITS ETH, ENA T—XIZEUV T — X DIEHRE2 5T 5% E % B2 7.

4 BbYIC

BONZR AR & 50z, HERBEKEIZE LU CEREID S B S NS BMITIEFICEShTwa. F—x kI,
YIBRIERI DM R 2 BRI T E AW E 2 HEIZIEH T2 Z 2 AT E, HEREEE TR Z D2 B4R
DEEBERZ B LITEBIDEEZT VA,

References
Bishop, C. H., Etherton, B. J., and Majumdar, S. J.: Adaptive sampling with the ensemble transform Kalman
filter. Part I: Theoretical aspects, Mon. Wea. Rev., 129, 420436, 2001.

Fok, M.-C., Wolf, R. A., Spiro, R. W., and Moore, T. E.: Comprehensive computational model of Earth’s ring
current, J. Geophys. Res., 104, 8417, 2001.

Nakano, S., Fok, M.-C., Brandt, P. C., and Higuchi, T.: Estimation of temporal evolution of the he-
lium plasmasphere based on a sequence of IMAGE/EUV images, J. Geophys. Res., 119, 3708-3723,
doi:10.1002/2013JA019 734, 2014.
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— AL K B RREE IR

LH HiE
/% hn+7k5(£$flﬁjm}:'ﬁ‘

BLE: WEI D7Dz 2 BUEHIZER A U 2 ST 2T 5. 13 UM & DRIHEIZ O W
THERL, DEILH our%T‘) VI DEOITEOPDIRAERN TS, B VAT 1y ZERREHIANY —F
ET MBI B FHRIBIEE — Hxﬂ:$i’3’5:ﬁ07‘_ ﬁﬁé%T)lx%?nz%@“% DFEIL, VIARYVITDT
FOV KB 1 AR DR G D7D IZ — AL F — 12705 T e BRI NIz

1 —iRIEFH & IBREM

1930 4E1Z, INEIO T L HEIZ L > THNIZHER I N2 —BALEE DO W THERT 5. 5 I3HHBEK R —
(0,00) IZ X > TIEDE 2, y ITH L T—HfbEH %

GMy (@, y) = ¢((1 = m)d~ (z) + 76~ (1)) (1)

DT, R 2y, 2 D—RIEEEEZ D &, EEDPS GMy(r, GM(y, 2)) = GM4(GM(x,y), 2) BV A
5. ZOXS7 YT DR ORES R SR 5 N D — AL IR A KB ¢ OBBABEEZ RO DT
SRS DE ZDIRFAT E 5. MG QRN EEE, #FFEERERETns.

G AT (A SR 2 D BERZE ] D BT B ) — < V2 N — A ICEh nER 2 5 2, WRICEET S
TORBARMNEZEZ ZHEEL TS, ZOHOHEATEHLE LT, ZOBKZERO ETOY XI5 AEHAEE
F 515 (Amari-Nagaoka, 2007). HEREEBB p(x) & q(x) ZEAWHIRTORE, —AT, r(z) & qlz) &
BB T O nWZ e &, 202 DOHMERD ¢(z) TERT 20561, £-ZDORIZEIRDY,

Do(p,r) = Do(p,q) + Do(q,7) (2)

DIKLT D, TIT DKL ZYN=V v A5, ZOWEDSRAHETE 2 HOFEHEOBEG, #HRibl
WERHMEDOZ YR EDEIND, TOERIZBEWT r(x) & q(z) % D7 BRI © 1%

EG(q,7) = exp ((1 —7)logg(x) + wlogr(x) — n(w)) (3)

CEDOND. TIZTk(n) IFEBLERE TS, ZOXS5IZEG(q,r) 3EBEE ¢ = exp ZH > TIEDED
Kb 0 IZBEREBUZRTT 2 — b e Ains. Lizh->T, —KD ¢ iz

EGy(q,r) = ¢((1 = m)¢~ q(z) + 7o~ "r(x) — k() (4)

MNEE D, Zhz —BALEBOIHAR & I3 (Eguchi-Komori, 2015). FIRRZRH 256 — b KL X4 N—Y =
VAEEET S L, EAITAEHMRING. RO TR L2 EREICHREIET ) V7 ICRAT S 2
L EERTB.
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2 —RIEFEHEMEFETY VY
I (1) BEOKD T TE > 7255, FHOBALOEDLSITED 5. Fhla &y LT
RGMy(z,y) = ¢~ ((1 = m)¢(x) + ¢(y)) (5)

LEDD. (1) OERBEE ¢ ORDVIZ o7 ZH->TVWEZ LIZHERET 5. Mt e UTXERDORDL D
2, EREIE, FRIBEL TAOVE B, o ABEUR O FEBUEEB O BRI EE XS LN TE S,
OYAT 4y ZEZEWT p BROBALE X =2 25 272 & E 2 HKIGER y DS E HERBEEAN

exp{yf(z)}

p(ylz) = T+ ep{f(2)} (y=0,1) (6)
95, FPHIBEEAE —BILEEIZ LT
1
Fr(w, 8. m) = —log (S m exp(rf5{ k) (7)

YU, WSEPHER TR, 22T RRE ST A=, o= (21, ,2x) & B = (B, Bx) & p &
HORU K 2El& 35, Cf. Omae et al. (2017). HME NI X —X 7 ZHiR co ZHD & fr(z,8,7) =
max)<p<r O op L7580, MR —co ZH2 & f,(z,8,7) = minj<p<k By xx L7505, IR0 &2 LTl
B RE I N5,

Y =00D&ED X OFREDH p(z|Y = 0) REHDMA N(1no,Z) IZH-T0ED, V=108 ED X D%
T pla|Y = 1) RRAERDTE i, 7N (g, B) > TWB ERET 5. ZHEY =09 > 7Lz —
BREEFP SR ONTZDY =1 Y U TGS — 2 BERREFORE P o B S R EEAZ TS, ZDk
E, 7r=10DkZ

plzlY =1)
p(z|Y =0)

DALY B, ZD KD REGE, MR T IO O REENREI 5.

HERIE PRI OB RICB W THIAZ R o O K SERBETH B0, ZIBWZ U FEIZ L > TR T
&5, WHIIZIZ Y F A—DINZ Lo T K BEIPRE S, AR EHR2ERLET IV (1) ER VAT Ay
2 18 (6) (IZARA LU 72 TV DORECR BB (7) DIST A =R B, DFED Ly RFIVT 4 2 ANZHDEE X
5B HEIITHS.

NS —RETIN, 5875 ARY) 07, BEBABRBGREIZOWTE AL 265 & SR EH
MNTES. MWLET NN SERILE T ILADILEYR, TXLF—FEHP o ZAEBOESIZOVWT, HOhr0H
LWHIRZRE SNz, L L, RES L ORMIFTENLUELTEY, IS5 SBOBEE K-> TWD, #
' TIVEFZICKET DG HIEE UCEERSERMEWVIERIZRIND ZenEEN 5.

fr(x, B,7) = log (8)

=GN
Amari, S. 1., & Nagaoka, H. (2007). Methods of information geometry (Vol. 191). American Mathematical

Soc.

Eguchi, S., & Komori, O. (2015). Path connectedness on a space of probability density functions. In

International Conference on Networked Geometric Science of Information (pp. 615-624). Springer, Cham.
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FEREETIERAWVZHEEER
13 272K RS, B AIP M2 &

BE: el EofeRe TV OHEIZIE, VIXUIRIERLIEZE5 720105
RKEBHBEEPBEL RS, TDd, FEFRAEOHEZENLDD/TF X —
R—%WET H-ODFEREINT WD, KIFETIE, e-IBREETIVOIE
RIZES>THEONDZETNE -RAN=—V VAR MAEDES Z L THES
NEHEBOWEIZOWTEHRT 5.

1 BA
X % dIRTCTOBERZEM X EOMRER R ML L, lERET IV
o) = ), o(2) = explio()). Zo = (a0)

WWEHL, "9 A—Z— 0 2HETEIL2HNE TS, 72770 o IZEED
RIS, go(x) BRIEEBULE T, (f) = Spen f(@) E U, Zo 13 Go HHERET
VTHBZ t%% G357 0D EHEE T 5. SRR O %6, M
LI Zo DRFIIZ VX UIEIREA — X — D HREN B EL 25720, HERE
TINDINT A — 5? 0 DHEEDVRHETH BGEDDH D, P2 L LA RE X
nNTnab.

T—=2y b D= {x}, TGS HRBROM% p(x) £ T2 &, B

ERITIRBRD A p(x) LHERET I Go(x) MD KL XA N—Y = > AFuMb

. L~ 1 _ P
Onie = argmin KL(p,q) = argiin = > —logde(zi) <KL(p, q) = <p log Pt q>>

=1
(1)
ELTREAMET A Z N TE BN, EHLIEDEHEIZHERT 2 5HHEEORED
SHEBRDOHRMBHNHETH LI L. ARTIEFBRAAT L - BREET
VDERZEHAWT, EFACEDOHEZTO T ICHEE TR CRZIRET 5.

2 - FAN—=I TV RERWEHEEE
2 DODIEMEHIE f,g T LT, v-FAN=V 2V AZ U N TEET 5.

log ( f1*7) + 10g< ) —log (fg") (2)

72Uy BRIEDQERTH Y, Dy(f,9) >0, Dy(f,9) =0 f o g DD,
72, limy, 0 Dy (f,9) = KL(f,g) 3. £7, a(#0,1) ZEKL LT, &%
B AG p(x) LIFMERET I qp(x) D e-IREETNVEUFD LS kﬁ?ﬁa?‘é

(=) go(x)! ™ ze X

Fo0(z) = p(a)*qe(x)' ~* = {0 oy

IITXRT— Ry b DIZEEND D ORBEAL TS, RN (D
R LOBEEZZDILIZED, TRy MZBHITSNTVWRVWR AT
IZBWT I e-lIRGETIVOAHE] i@“«fotaé CIZHERT 5.
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[Takenouchi and Kanamori(2017)] TIZMA FOHEERZREEL TS, a #
o & LT,

N _1 1

0 = argmin D (7o, 7,7) (3)
0

NG ) 130 LT

Proposition 1. v =
5.

Proposition 2. 7—X 24T 234D p(x) = Go,(x) 272 LIRKET
2. N(v,w) & v, 78w QIR HEOELERIL, 1o 27 1w > ¥ — 16
1518 LT, HEER 0 OFENED A1

V(6 — 8) ~ N (0,1, ") (4)
b, U oTHERIX o, o,y DIEIZ DD S THHEESTH 5.

3 I’EE

ARTIE, -BEETNVEUTOLS CHELAEFVEEX S, u % HHH
PIBIE, € % uw DWBI L LT,

Sunl@) = @) (a(1) + (1 - a)e (2))) )

p(z)

M AREEIZ X > TR RS> 22 (1) =08T BT ENTES. &
7z, u(z) =exp(z) £T2L (5) Fe-BRAETNERDILIZERTS. 20
BAETIVEHVWTUROL RHEEREZERT 5.

e = angmin Dy s}/ 5 si/U) (6)

Proposition 3. #E &= éu a,r DT 5347 1
V(6 — 6o) ~ N(0,1, ") (7)

D o, IZBED S TEREAMMEER D,

References

[Takenouchi and Kanamori(2017)] Takashi  Takenouchi  and  Taka-
fumi Kanamori. Statistical inference with unnormalized dis-
crete models and localized homogeneous divergences. Jour-
nal of Machine Learning Research, 18(56):1-26, 2017. URL
http://jmlr.org/papers/v18/15-596.html.

14



BT —XIZBIF5FPHlET) VI HE

TSR PR GEE AR RAT JB55A

EXEDPFIZBITEFHET IV, HAVWEZTIhoBHINEY A7 A3 7ORENIZIE, ZD
THRIMEREZ T TR, MREOEI VB UIXLVIREFHE I NS, HIRE, SIETHITO L 5 ITHRIZ
GUWIZAZAATIZRECMITONBE LI RFHETLDZ S ZDHEn s, Kk FHIMRED SN
ETFIVEBENL, HBWIZ/MIRD T — X2 S8R HEE2ERTLIENEETND.

UL L7Zadis, MESFIZEI 2T — 20, £ DGEEIIETN2IT52HDTHL. A%
RTIE, TOSORBOR»S X0 EHEREEE LT, (1) BEME  (2) MERESXITHE (n < p)
WZOWTHEHL, Bz 2fEoHy - PHIEIZEWT, s 0WEISEYICHIGTES L5k
FHIETY VI OWTHME 2T 5.

1 REMEERETHF

BEMONLTIE, REERT b 88T A=K a = (ar, - ,ak), B =B, ,Bk) X
L D ERSI NS UERIE T HIT

K
fr(z;a, ) = %log (; ;exp (Tag + TB,IJU)) (1)
WWEBTFHETY VIDBREINTVS [1]. ZhiX, 28 BIXIE, @FEEE) U ThloRt
(BIZIE, HEERE) OT—XBPROEENZ, TNETNESROERNMAE K 3V Rx Y bOE
AEMAHZBELU TRILUZEIC, ZhTHI0T 2 RELRP S HRIZEI2 NS FHlFTH D, HE
BTl 3ARE T 2 FERIE IR U 722 ©, MR 2B b 2 wE X2 EXET
WBE WS T, BHEHOREEZ S F<HRRTESZ /TIN5, HlIZIE, HHMEZBEWT
NHP AT Y AT 1w ZREETIVIE, FHITEHS 200 SMERIEA L EESHZ 2 Z LTk
DRGIHERI NG, LRI NZETNVITE T 2 RAER, EIRIET —XIZBWTHHRIERL
FER L OGBE L AKIZL THAGDLE R Z VAT DD, ETFTILVORERHAMN
i 2 DEHEEDR VI UIE R T A =R EALREIZIEDGENH L. ZOHEIE, +DEKK
AEN Az, o} IT KD ERS N D HIRERE T 71

K
1 1
ERes(py, oz, ia,B) = ~ log (K ZGXP(T% + Tﬁ;;rxk)> (2)
=1

%, 2] THESNTWA L S7%42 8 Ly Ml

POPB) =AD" 184 Bmsl (3)

{#m j=1

EHWEHERENREZON, YIal—varvRETFT—XBIIEVWTHELELERNEEIN
TW5.

15



2 IMEXRBRTE CLIP A

INEAREIRTEHE, BEHEARFHET VB X OHE AEEZBRBICHEALIZ WeE WS EZ £
UIETWD. ZHIHLT, FHIETVEZEETIHIRBEOAT Yy 7L UTHENIZ FHICEH
TOREBERET Bh, AN=AMERNE L2 ETFHETIOVOHREE T IV T X LIz 2 R0E
REFTZDEDBTATTHZID ANDDHPEHNTH 5.

LWL S, ZOXSBRANR—ANDINEEZ T — XD OMGEET 5 Z 2 I —KICIF#E L L, 7—
AL TVWB XS B AN=ANEEZ WD EHATWENEIARHBETH S, A2 E2ET S
Z e, FEHMEERO ETEIRTT/IMERIZB T BHEEIZH A 5 5 Pl T O#E HiEEEZEZS. Zh
WBWTHHNZR—2DT 1 T 7%, FHITIERIHFELEEZ WL ODRDOY TN =T IZHTH
E, INTNTEYLEBOROREADEZ L VI LD THS. HIEEEM {vq), -, 20}
AR U256, TNENTHKL BTl 72 EAS S LD TR LADEZLD %,
Combined Linear Predictor (CLIP) BE%t & IFF-OF,

K

forip(@sw, B) = > wifr(z;: Br), (4)
=1

fe@ay Be) = Bizw (5)

TEHT S, ZO&57% CLIP BROHT, SEADEINT b agy O 7 AN S 3445
FNEN N1, Sp1) B £ Npo, Sio) KHNLIZHED & 572 2 DOEBAR Dy = {21 =
1,2, ,n,k=1,2,--- | K} & Dy = {20555 = 1,2,-- ,no,k = 1,2,--- K} 20T 55D
D55, AUC(Area Under the receiver operating characteristic Curve) Z i KIZ 3 5/37 A — &
wp & B W MMEEDk=1,2,--- K IZHLT

By (k1 — pko) 6
on Bl (Zk1 + Zko)Br (©)
Br o< (Zgr + Zko) (k1 — ko) (7)

ThHZoh, FEEMIZE SN2 CLIP B & 5 2 fE¥HIX, Fisher OFEHI B OHLE & R d
EHNRTESL, ZOLESRERLPIRIZBVWT, YIalb—Ya VyXETFT—RXEIIIBWTHEYER
ERPBRINTED, BRdHERDOT Iy a7y THfFI 5.

2 3R
[1] Omae, K., Komori, O. and Eguchi, S. (2017) Quasi-linear score for capturing heterogeneous
structure in biomarkers. BMC Bioinformatics. 18:308
[2] Omae, K. and Eguchi, S. (2018) Quasi-linear score for capturing heterogeneous structure in
biomarkers. submitted
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Makoto Yamada
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1 Introduction

Finding a set of features in high-dimensional data is an important problem with many real-world problems
such as biomarker discovery [1] and document categorization [2], to name a few. In particular, finding a set of
statistically significant features is crucial for scientific discovery.

Recently, a novel approach called the post selection inference (PSI) has been proposed [3, 4]. PSI algorithms
tend to have higher detection power than data splitting approaches. However, only linear approaches which
are built upon LASSO or other similar linear feature selection approaches are available so far. Since real-world
datasets tend to have non-linear relationship, the existing linear approaches may fail to find a set of important
features; this is a critical problem in practice. Moreover, existing PSI approaches are only applicable to uni-
variate output. Thus, the applications of existing PSI methods is limited.

In this paper, we propose a kernel based PSI method hsicInf, which can find statistically significant features
from non-linear and/or structured output data such as multi-dimensional output. Specifically, we develop a PSI
algorithm for independence measures, and propose the HSIC based PSI algorithm. A clear advantage of hsicInf
over existing approaches is that it can easily handle non-linearity and structured data through kernels. Namely,
it can be used for wider range of applications including multi-class classification and multi-variate regression.
Through synthetic and real-world experiments, we show that the proposed approach can find a set of statistically
significant features for both regression and classification problems.

2 HSIC based Post Selection Inference (hsicInf)

In this section, we propose a PSI method with kernels. More specifically, we develop a new PSI framework based
on an independence measure called the Hilbert-Schmidt Independence Criterion (HSIC) [5, 6].

Problem Formulation: Let us denote an input vector by & = [:z:(l), e ,x(d)]T € R? and the corresponding
target vector y € R%. iid. samples {(x;,y;)}" ; have been drawn from a joint probability density p(z,y).
The final goal of this paper is to first screen k < d features of input vector  and then test whether the selected
features are of statistically significant association to its output y.

Marginal screening and post-selection inference: In this paper, we employ an estimate of the independence
measure I(X,,,Y), which measures the discrepancy from the independence between the m-th random variable X,
and its output variable Y, where the vector of independence measures denoted by z = [[(X;,Y),..., (X4, Y)]"

follows a multi-variate normal distribution with g € R% and 3 € R%*¢:
z~ N(p,X).

Then, we exploit the normality of z and combine it with the post selection inference framework recently developed
by [4].
In order to develop post selection inference method for the independence measure 2z, we confirm that the

problem of selecting top k features in the decreasing order of I(X.,Y) can be represented as a linear selection
event in the form of Az < b in Theorem 5.2 [4].
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We denote the index set of the selected k features by S, and that of the unselected k = d — k features by S.
The fact that k features in S are selected and k features in S are not selected is rephrased by

I(Xm,Y) > 1(X,,Y), forall (m,f)eSxS&. (1)

Here, we have in total kk constraints written as the linear inequalities with respect to z. Then, the cumulative
distribution function for each selected feature can be explicitly stated as follows.

Theorem 1 [4]. Consider a stochastic data-generating process z ~ N(w,X). If a feature-selection event is
characterized by Az < b for a matriz A and vector b that do not depend on z, then, for any fized vector n € R?,

V= (Ab),VT(Ab
U[THSWTE)"I ( )](UTZ) | Az<b

~  Unif(0,1),

where Ft[f;’w](-) is the cumulative distribution function of the uni-variate truncated normal distribution with the

mean t, variance u, and lower and upper truncation points v and w, respectively. Furthermore, using ¢ := nggn ,
the lower and upper truncation points are given as
_ b'—(Az)l} b; — (Az),
V(A b):= max {L—""H ' 1nTz VA Db := min S Tz 2
( ) jZ(AC)]‘<O{ (AC)]' ( ) j:(Ae); >0 (AC)j ( )

Hilbert-Schmidt Independence Criterion: In this paper, we employ the Hilbert-Schmidt Independence Cri-
terion (HSIC) [5, 7] with a characteristic kernel (e.g., Gaussian kernel) as an independence measure I(X,Y"). More
specifically, we employ the block HSIC estimator [6], which is given as the average of n/B HSICs (71, ...,7,/B)
and each 7 is computed from B i.i.d. samples (block size). Here, we assume that n/B is an integer.

The empirical block HSIC score asymptotically follows normal distribution when B is finite and n goes to
infinity, and thus, we can use the block HSIC for PSI based on Theorem 1. Note that, to ensure Gaussian
assumption, we need to have relatively large number of samples n with a finite block size B.

Post Selection Inference: We consider the following hypothesis tests:
e Hy,,: HSIC(X,,,Y) =0 | S was selected,
e Hi,: HSIC(X,,,Y) #0 | S was selected.
Then, the p-value of the m-th feature is estimated by using the Theorem 1.
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BT — Y ICE DK KBEERATTILE ZDHE

WHERET — RV A TV A5 it FHR

1. BE

RO U CTRIFIIZHIE S iz 7 — X 2L LU, BIBULT — 2 £ 451230 <
RN 247 S RGBT — 2t & Kidh, EaflFEzidbo e ULz oniycrofa
ML TN TS (Ramsay and Silverman, 2005; Kokoszka and Reimherr, 2017). %2, [[]
Vit o3 BT % BEEC T — R kT D PR AANIEER U 72 B nl e o b 1%, BHGm, oA Ol 2 5% < @
WEDBEE TN T WS, AT, FHHLHE BEBD LI T -2 LTHEZS
nrzGa, Zho OFRERTEBEIRETVEEKD. RICARSE CIE, FHHZHICET 2 2
RDHZEAT 52 LT, BBEHAROMEEDORAMIZBI 52X AEHZZRIZANIZET
WIZDWTHIHT 2. AH T —HWEB®DETIVIZH L TIE Yao and Miiller (2010), EA%H
FIZE D E T VIZH U Tl Luo and Qi (2018) 12 & > TEOHEEEVRREINT VWS, KRE
Tlx, BBENEBIZNT 2R EEME T VI LT, IEAMLIEIZED < #EE ik & FHiEIC D
WTHHNT 5. LT, BUAERS KOEBOT — X280 T, FIEOEMMEEZMRGET 5.
AR E DANAEDFHRIZ DOWTIE, Matsui (2017) ZSI N7z 0.

2. BHBMERICH T 2XEERETIV

WE, BIHZKE HWEEIZBE LT, TR 2nh BEBHEEZ2 5525 D n EORKHIE 7 —
ZOM {(zi(s), yi(t)); s€eSCRte T CRi=1,...,n}REA5NETE. ZDLE,
AR L HWER L OBIfRE X SEBRET VEZIRTE X 5.

yi(t) = al(t) + /S 25(5) (s, 1)ds + / /S (i) (r, 5, )drds + (1), (1)

ZIT, at)iEFR—2F 4 VB, B(s,t), y(r,st) FZTNZTN IR, 2RDEIZXT 5 FREE
B, ei(t) ITRRERBBE T 5. RHZ, y(r,s,t) &, y(t) OFKRERIZET 5, SHER 2;() DR
725 Wi, s CORHEADEAZEZLIZEDEARTIENTES., R—ZAF71vBLV
FRBESUE, BRI ¢ (s) = (61(5), ..., dar, (8)T BET () = W1 (t), ..., v, ()T 2
TIRDESIZRKIND LINET 5.

My
alt) = aph(t) = a (), B(s,t) =D budr(s)u(t) = ¢(s)” Be(t),
=1 k1l

Y(r,s,t) = Wk dn(r)dr(s)vn(t) = {p(s) @ (r)} T (L)
h,k,l
72720, B = (b)), D) t& 3T VY IVE = (V) ni 255 3 BEFNZBE U THIA N ATAIME
L72bDT, ldzuxy h—fERT. 517, SHZE ;(s) B, HEBBEMIZL-T
ri(s) =wleg(s) LRINBLTB. ZZTw=(w,...,wy,)T 1T EREZHNTESN
LEEHIDEP 5725 R bV e T 5, BEDFEZHWS &, BEERET IV (1) IZXRTRT
ZeNTES.

yi(t) = a”P(t) + w] PBY(t) + (w; ® w;)" (P © O)(39(t) + &i(t)
= 27074 (t) + &i(t).
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2L, © = [¢(s)p(s)Tds, zi = (1L, w] P, (w; @w) T (@@ @)1 T, © =(a BT T'z))" 1%
NI A—=RITHET 5.

2. EFTILOHE & THE

ETIWIZEENDE NI A—REWET 572012, FEEE () D, ROMEZFD L IET
% (Fan and Zhang, 2000; Shi and Choi, 2011).

ei(t) = mi(t) + ei(t), (2)

7i(t) ~ GP(0,k(-,-)), k(t,t') =wviexp {—%(t — t/)2} , eilt) L N(0,v3).

72720, GP(0,k(-,-)) 30, o8BSk, ) 25207 Z@EfEE L, 11 >0,v9 >0,v3 >0
BABUCEENDENTA—R LTS, BINEBIZHIET 5T =Ry, = (Y, - - -, Yin,) T 1&, FEBHZ
(EEAER G DSy EDWER i1, .. ti, CBHIZNTWD T 2L, y, 1 V,0z;, B EAIT
§1%; = Ki+vsl,, DIEBRSHIHRD. 72720 U = (P(ta), ..., (tin,))T s Ki = (k(tij, tijr)) i
L35, ZOZEEHAVT, NTA—=X0, v= (1,1 %, EAMLELE ThbBIR
D EAME R ERS O R RbIC L D HEET 5.

(,(0,v) =4(0,v) — T;—)\(vec@)TQ(vec@).

ZZT, 6(O,v) =" log f(u;|0,v) WHBERERE, >0 REMEATR—XT, Qi
BEERZITHTH 5.
WE, vABEMIOL F, © BIXTHEEI NS,

n -1 n
vecO® = {ZXiTZilXi +n)\Q} <Z Xz'TEilyi> .

=1 =1
EUX, =2l @ 295, EEICE v IZRMTHY, 2O INEMHINCELT I LE
W#THsb., £ T, viZDOWTIE, ZIZ Tl Newton-Raphson &% W5, NTA—-XO &
v ERHIZEHTHI LT, TNTHUOHEMO & v 2135,

S 3R
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A—RIVERDDHTICED <
ERTTT—YDIZRY) T

MR - BEERY Tl B
IR KT - BEYIE R KH O HE
FIRKRT: - BERYIE R L

1 FU®HIC

KBTI, BIRET—RDIIARY VIR ER T,
20D d W% T, Ty L&, ZRENTY puy, py &, HHEGTH 51, B, %
Lo ET S, WE, F—&i, pdf.

f(m> = 81f1(w;p’1721) + 62f2(m;“2722)7 €1+ €2 = 1 (Ei > 0)

EEORENAPODEREART. 22T, filz;p;,S) X1 © pdf THB. Z
DREMMPS n (> 2) HOT — X2 MMAER/ITHBL, T—21751%2 X = [z, ..., mn]
L35, TDLE, Var(z;) = 131 + €230 + e180(py — o) (g — po) T ( 3) T

.0 = |lpuy — ol B S OEAME N > - > M(>0) 2L, EYAE
2435 H = [hy,....hg) T3 = HAH", A = diag(\1, ..., \g) aﬁj\@wg x5

poonpt] = HAY?Z Y UT, Z = () £ T35, — /T, BEAKLHE ﬁﬁu
n=n—1)7NYT (2 — ) (@ — 2,)T O EAEE N &L, TRSHIET 2 EA
RZMVE R & 55, EEL, &, =" x;/n TH5.

Jj=1

2
|

2 EXRPAATICE T DERT—HM

Yata and Aoshima (2015) 1, 21 ERS AT s1; (= VAiz1y), j=1,..,n D20
T, FHXZ bV OFEEE A BT 5 %M
)\maxT(EJ%O asd — oo for i = 1,2 (1)
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DHET

Dlim 4 vez/er, i elly,
d—oo VA1 —\e1/ea, x; €1y

5 —BMEER U, 72U, Max(Z) X3, OFRKEGAEMHEERT. 20, 81 EKH
23T & RELCHETENE, TORENOERILT —XEeRHTHI LN TES. *E
%%, Yata and Aoshima (2015) (ZHHEEL U 7R T E D 237

~T ~ .
2, = {n/(n— DYV2hy (@, — 2,) /N2, j=1,..m

IZDOWT, @M ERISM

tr(X?
%—)0 asd — oo forv=1,2 (2)

DHE&T

v/ na/nq, x; € Il
plimilj _{ 2/ ! ! ' (3)

B —\/nl/ng, JZjEHQ
RBE—BMER L. LELAEDS, & (2) 2M723138 A B FoIcRE L RIFhE, i
KD PCAZHWTERTT —X 2N ETHILIINETH 5.
— 5T, EEREEEZE DB EIEI— 3V PCADREMTHAZ N oSNT WS, *
T, mIRICIHEGIREE E TR U2 9AR) VI FEE 525012, BT vii—
2V

d—o0

k(zi, ;) = exp(—|l@; — x;]*/7) (y>0)

ERAWZEIRTLH— 2V PCA 2F A 5. SIRIGICBIT 20— 1)V ES AT O
BAEAEHL, PRI MV A 720 T <, HXolFsMoERicd X->T (3) ©
EORERDAITOER T —BMEEZE DI 2R U, MHIX, H—3) PCA 2HEED
PCA » OB LI 247\, £ OMERE %2 BUE SR & 5257 — X it 2 FI W CHRGE L 7=

S 3k

[1] Yata, K. and Aoshima, M. (2015). Principal component analysis based clustering
for high-dimension, low-sample-size data, arXiv:1503.04525.
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Ewv/J>—4 &t 4REFR
REPKFET 4 —)L RRIZEHBEHRFR >S5 —
B2 W5

ARRF (. RIBEODRHNTES ITEMCDOVTOFEM, HERDIEH(CET—FIDEUENARBIRIZH. LK
TEBICEARBHANER T 1 —ILRTHDIz8D. HENARTET —IDEVE(CRAENDDI &
b%LboT.

BRSEH . EETEIATHECEYIF—INKREITDLDCRDIZ. TDLDRXERBIZDHRN
(&, HERSERZ(CMAZEIESIILEON. £RRFOENN. BRTRBDEY (CDWTODIERR (BRER
F) o, BIEBEVLEMSHEEORE (GARE) THIR5E. TORDICERRIFDY —)L &R (CH
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1. B

WEL 77 L7 A FEEFIE(GWAS) T, b 2 EYMEAD b o RIFAIZ 2 ok A & OB BT
BIcXoTikED LIRESI NS, LA L, B OFERET Cld, &EESHZICEFTL TV
DIFTld L, BRA BT Z b OfiE»EE o 2B E LTHFET 5, 20X aFEHT
TliE. & 2EEOKBFEMAE A G OBEEFHAZ T Tl FEoMERCDFEEINL L2
%, Fric, FHEEOEYTH MY TIE, HE OB TRNRAET 5 & EHRR D fF » 4|
INz e, MEOBRETHARELZENONS Z LARONTWV S,

ARFEF T, BHEERE L 72 v 4 X X F Arabidopsis thaliana B724E 245 % Xt 5Ric, drifE ik
MOMHAEERZER L 72 GWAS 1% L7z, HAFRET 2R HIC X 2 BF %2 GWAS O X
REBAIL Lo, EFEEEROMEERICEDL 2 v A XFXF07 ) LB EEREL
7oo X biC, BAEIC X 2 HFEGIENC I T 7 PRI D - o i, RIA O FHIEZ SME L TH W
ICBED &9 L EPGIC % 2 RitoMArGbE 2 HEE L 7,

2. itk

E T DREY) % 05E L C. GWAS DFIEE 7 M ICiiE 3 2 WEYMEARR o M BT %2 £ 358 %2 0 2
2o HLBITHE gICHWT 20D VBETHEET 2 LIE L T, A oX i n 7k
F1bO—FHE-1 LEENICEKT, EHT 2 i FHOMKOBLE TR Z g &iE6F j &H ok
DELTHE g 328 g €(-1,+1}TH 2, ZoL i, iFHE | HKHOMKOBEETIE g IC
B MR T AE L ThHIUL, gg=1*1=1 E72F gg=-1*1=1 L& b, HEFIC 1 23A
INb, BIELRTIE g I T 2 MNLER TR RENIT, gg=-1*1=-1 T/ gg=1*1=-1C 7%
p, HEEICIZ1BRAINE, ThEzERE I~KEHOMEE cfz e v, fEiEkE K Tl - <
UL L 7o, HAEBICH D 2135 B DIR % SNPIFICHEE 32 & & C, EfF AR o H A
B % SNP ZER L 7=,

GWAS ICH W2 F— 2 #HfE T 2o, ¥ u 4 XFXF 1600 k%, 2017 47 A & 2018
FT7THD 2Dz o T, A R#ELF 2 — 1 v & K¥DEFHLEIS(47°23'N, 8°33'E) ICHHAE L
72 200 ZHIFZWM, KE, HAZEOHRSHOBTA AR, OFITN -, % Jiffy-seven®IC
WL, 4°CT 1 EMRAE L 728, F4% 1.5 7 Ao, FIES €%\ X 5 Wi HSMF TR
B L7z, 3035 L 720113 Jiffy-seven Z &858 L2 550 722468 6 cm DRI L T, 1 IXHEIIC
200 i & MAERICBCE L o oG5 8 X% BPSMEIS IC3iE L 72, itk 3 B 0. 1 4 0
HHED2-3 Hic 1 MoEE ceLEoRERROMEARE & SRR EZRLHL 72,

b o EER R ZE L 72 GWAS I 1 2B 2 oot ik E L 72, 1 D HIZ. BEhEE T
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EIRERT 20, HlH D GWAS LR U CIBIRAEET AV ZAWT LER TR LIV IRL
Wald BRE Z1To 72, 2 2HIZ. BRSoN7 SNP #H b RIIM O FHIfiE %2152 7- DT, Lasso 1T 5
DL ERIFEEIT o720 WTNOfENTTH . Minor allele frequency 28 15%LA 20k b & 5 #Ein
FE DS r2<0.8 DEF 49 7 SNP ZFZEIC W7z, 7 I Ly 2T X 2 BIROE R
ROKXZWE L, EHEZSCET 272010, WEERZIEL 2 H%2 I0EER L Lz, BIBREA
ETICIE R D coxme ¥ v 7 — U ICE 5 Imekin BA%L% . Lasso 1T 1 Python iR® glmnet B4
a2 nZhAIH L7z, Lasso DaIANREA ko 2 RICiE. 8 KIEx2 Fn0T — 2% 1 RIET
BN 72 EEMERRIC X D MGEH T — 2RI TR R AR K L 72 A DfEZ A L 72, HifE
GREE2RETHS LR CRHK) 2 XRMEAHEA 2 CHE LiES R OREZIE L., LR
IC1 72131 %RAT 22 LT, BOHEEM» ORFAMO FHEZIMF L 7z, 2 b OHF
Z, FEICHW7Z2 200 RitE LT/ LERARFONETORTICOWTTV, ZOH b
ARG CRIBEDS IR 3 2 =T ZHEE L 72,

3. BRLSBOBE

BIGRAE T VIC X 2 GWAS DGR, EFHEEORICOVT, v rf XFXFD1HFEBLV2
FhRICZNZ N 1 2T D, Bonferroni % B LI IE p=0.05 D/KECTHEAY—27 %2 A
HIcedncEiz, 72, BHGOERTFHOMBICOVWTEERERY -7 3B bk d o7z,
T HIC, RROBEERHEE T 5729, PAETEAL 0.1%D SNP & 10kbp AN ICHIE T 28 in
FHEICH L T Gene Ontology (GO)f##T % B L 72, Fisher @ IEFERERMIE p=0.05 KH¥ETHE &
o572 GO 2> LR D IREMN 2 D DFER L 728, EHERDOZIE I DT isoprenoid
biosynthetic process 3 X U plant epidermis development D {FER A & 417,

Lasso IC & % B[] & 28 &R DGR, 196 ZE O MG CRIEHM O 2B O K57 % 5 3
ZTENRTEE, 5T, BOMEEMICHE VT, WL B co D2 ZEH L2 ¢
T A, EBUTH T2 200 R TIHIRE X Y & HAECHRESENT 2 =7 B 2RiIc% < 1
INDZRTIZEEDODLT D 12%TH o7z, 7. 7/ LEWRBEAID 2029 Ffi4TITH L T,
[ERE D RAE-FAER CHREFHMEAZ I L2 & 2 A, BEX > THRESIHI X 3 =7 132k
59%¢& . BEIIST 2 _RTICHAR TS Do 72,

LI ED#ERD S GWAS ODRIEE T AV RILIRT 2 2 & C, i3 2 MY E R o A8 B 1E B
L 727 ) LHEE CEEE T 2 RT3 2 L AT & 72, Lasso ICHD BRI FHlfED &
1. BT 2 L HEIcERH S W 2 HAADEBEEAL Nz, SBRIIINOLDRT DS
b ok, EERICEFAEE CRMEL <Pl ZBEET 2 TETH 5,
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There has been a growing interest in using machine learning (ML) to facilitate enormous
savings in time and cost on the discovery and development of new materials. In this talk, I
describe some key drivers of ML technologies to achieve this goal.

The first topic is focused on ML-assisted materials design. In general, the material
spaces are considerably high-dimensional. For instance, the chemical space of small organic
molecules is known to contain as many as 10°° candidates, whereas the total number of
currently known molecules is at most 108. The problem entails a considerably complicated
combinatorial optimization where it is impractical to fully explore the vast landscape of
structure-property relationships. We developed an inverse material design algorithm by the
integration of ML and quantum chemistry calculation. The objective of the design calculation
is to generate promising hypothetical materials that exhibit desired properties of various
kinds. The emergence of such ML algorithms to exhaustively search in such a huge space is
expected to accelerate the pace of expanding the frontier in the vast universe of materials.

The second topic is on a subject of data scarcity. In recent years, various kinds of
databases have begun to be developed with the aim to transform materials science into being
fully data driven. However, the volume and diversity of data being accumulated remain far
from enabling us to fully enjoy remarkable advances recently made in ML. A ML framework
called transfer learning has the great potential to break this barrier in which various material
properties, such as physical, electronic, thermodynamic, mechanical properties, are closely
related to each other. For a target property with a limited supply of training data, models on
physically related proxy properties are pre-trained on large amounts of data, which capture
features of materials generally applicable to the target task. Re-purposing such ML-acquired
knowledge on a new task provides an outstanding prediction ability as highly experienced
experts are capable of rationally making inferences even on considerably less experienced
tasks. We have developed a pre-trained model library which can be used to predict various
properties of small molecules, polymers and inorganic solid-state materials. Along with this
library, I demonstrate outstanding successful applications of transfer learning, which exploit the
ML-discovered transferability underlying different properties even across different types of

materials.
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[1] Tkebata, H., Hongo, K., Isomura, T., Maezono, R., Yoshida, R. (2017) Bayesian molecular
design with a chemical language model, Journal of Computer-Aided Molecular Design,

31(4):379-391.
[2] R package igspr: https://github.com/yoshida-lab/igspr

[3] XenonPy: Python library on representation & learning for materials data

http://xenonpy.readthedocs.io/en/latest/

Wu, Yamada (ISM)

ML-assisted discovery of o Morkawa (TooTec
. imoto, Xu, Kuwajima, Kondo,
new functional polymers Lamberd VS

Schick, Yang (Univ of Rostock)
‘Wu et al. Machine-learning-assisted discovery of high thermal conductivity
polymers using a molecular design algorithm, under review.

WORLD LARGEST POLYMER DATABASE x MACHINE LEARNING
Target: higher thermal conductivity polymers

Structure (S) Descriptor (@) Properties (Y)

o -
il A Thermal conductivity
J[OOOOCO} —% 01000100000011010011 —— T, Glass transition temp.
. n
T,, Melting points
S = chemical structure of constitutional repeat unit C, Heat capacity

(and/or process/other parameters) and so on

Fig 1. An illustrative example of machine-learning-accelerated materials discovery that

were demonstrated in the talk at the workshop.
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Spatial Joint Species Distribution Modeling with Dirichlet Processes.

Shinichiro Shirota
Department of Biostatistics, University of California, Los Angeles

1 Introduction

Species distribution models usually attempt to explain presence-absence or abundance of a species at a
site in terms of the environmental features (so-called abiotic features) present at the site. Historically,
such models have considered species individually. However, it is well-established that species interact to
influence presence-absence and abundance (envisioned as biotic factors). As a result, there has been sub-
stantial recent interest in joint species distribution models with various types of response, e.g., presence-
absence, continuous and ordinal data. Such models incorporate dependence between species response as
a surrogate for interaction.

The challenge we address here is how to accommodate such modeling in the context of a large number
of species (e.g., order 102) across sites numbering on the order of 10 or 10% when, in practice, only a few
species are found at any observed site. Again, there is some recent literature to address this; we adopt a
dimension reduction approach. The novel wrinkle we add here is spatial dependence. That is, we have a
collection of sites over a relatively small spatial region so it is anticipated that species distribution at a
given site would be similar to that at a nearby site. Specifically, we handle dimension reduction through
Dirichlet processes, enabling clustering of species, joined with spatial dependence across sites through

Gaussian processes.

2 Model

Let D C R? be a bounded study region, S = {s1,...,8,} be a set of plot locations where s; € D for
i=1,...,n,and U; := U(s;) € RS be an S x 1 latent vector of continuous variables at location s;. Under
independence for the locations, the model for U; is specified as
U, =Bx; + €, Ei%iNS(O,E), for i=1,...,n (1)

where B is an S X p coefficient matrix, x; is a p X 1 covariate vector at location s; and ¥ is a S x S
covariance matrix for species. This model has O(S?) parameters, S(S + 1)/2 parameters from X and pS
parameters from B.

Taylor-Rodriguez et al. (2017) approximate 3 with * = AAT 4 02Ig and replace the above model
with

U, =Bx; + Aw; + €, EiNNs(O,U?IS), for i=1,...,n (2)

where the random vectors w; are i.i.d. with w; ~ N, (0,1,) and A is an S X r matrix with » < S. Now,
>* has only Sr + 1 parameters, the estimation problem of O(S?) parameters is reduced to that of O(S)

parameters. We refer to this specification as the dimension reduced nonspatial model.
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Although AA” has rank r, including the nugget variance oI ensures that X* is nonsingular. The
further approximation which Taylor-Rodriguez et al. (2017) proposed is to sample the rows of A from a
Dirichlet process mixture (DPM) using a stick-breaking representation (Sethuraman, 1994). The stick-
breaking representation is attractive within a Gibbs sampling setting (see, e.g., Escobar, 1994; Escobar
and West, 1995) due to a Pdlya urn scheme representation which enables straightforward simulation from
needed full conditional distributions.

To provide the hierarchical formulation for this model, let Z = [Z; : ... : Zy]|T (with Z; ~ H) denote
the N x r matrix whose rows make up all potential atoms. In this setup, we need a vector of grouping
labels k = (k1,...,ks) (1 < ki < N) so that the I-th row of A is equal to Zj,. We note that A can be
represented by A = Q(k)Z where Q(k) = [eg, : ... : ekS]T is S x N with ey, denoting the N-dimensional
vector with a 1 in position k; and 0’s elsewhere. Letting W = [wy : ... : wy,]T be the n x r spatial factor

matrix, our approximate model is

Uik, Z,w;,B,0> ~ Ns(Bx; + Q(k)Zw;,0°1g), for i=1,...,n,
W(h)NNn(O,C¢), for h=1,...,r,

N
kl|pNij5j(/€l), for 1=1,...,5,
7j=1

Z;|Dz ~N;(0,Dg), for j=1,...,N, (3)
Zip >0, for h=1,...,m
p ~ GDn(a,b),

Dz ~IW(2+r — 1,4diag(1/m, ..., 1/n)),
nn ~IG(1/2,1/10%), for h=1,...,7,

where GDy is an N dimensional generalized Dirichlet distribution, W") = (wgh), - ,wglh))T is the h-th
column of W (n x 1 vector) and is distributed as an n-variate normal vector with mean 0 and covariance
matrix Cy = [exp(—¢||s; — s¢]|)]i,ir=1,...n, i.€., a realization of a Gaussian process (GP) with exponential
covariance function at the sites in S. We refer to the above modeling specification as the dimension

reduced spatial model.
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27 ABCHITER Z O 25 EFE FHNIC T T
LRI #RTAIRERE SRR SE Y v & — ROREBER

TRV A TV AFMOHEE UNRRBIZE Y, b2 RIEKTT — & A RRIZH
. EBOHSMEANDIERANEA TV, EFEMHEIZE T —RE IR — FeN
NV (UK NA AN 2 (Sudlow et al. 2015) 72 &) Tldk., B AL EOIHED S0
WOWT, MR ElR, BE, REREOIARKLERICIA T, BEHESEE, &)
W, B Y OETEEE, RKEBRBEICED FTHA RS SBHRNT—42 L UTEEINT
Wb, TZIZE, 2 LTA R SNPT LA (—ELRE) &7 ) LAY =TV AT—4
BREDRT ) AEHP MRIBBRREEEENTHY ., T—XOHREITE L BiNO—&k%
EOTWE, ZOXDBRKEOT —XITIE, EERIEICEST2HHNA AT —T—%
KENDBEE TR EEBELFERPEENTOVDHREER DD, ZNODFHREHND Z LT,
WER D EFIE TR TN OREED M ETHISIER ICHRTH D, 7T LT —R & FEED
BERFIE PN T 2 AT T TIZIE L E 5 T3 N, < OESHEBIZBWT, 7/
LTERIZEDEBFPHEED EEEN D TRV ENREINTSHY ., FHKEE EIX
HELHETH D,

SNP 7 L 11, &7/ LS| 2 HBEGE () IZ&>2THN—=FTB/RFHZN) TV b
MHEKD~Y—h—t Yy N THY (X SNP; Carlson et al. 2004) . FEHIEHRO —F L 2 E
FNTELT., ¥Y—H—8H60 H~100 HEFEE & FT—Z YA AHHIEI N TS, filx
iE. B UIRIZFHBIREN 90% DR IZH B 2 DDN) 7V RS IE., —HDHM SNP 7
LAIZEENDS, LW0D EXDITEMENEY) BT A e RoTnWbd, D),
BEIZEBRIEICESETAEN) TV IDBBTUESNP 7 LA IZEENTWE LIRS T,
SNP 7 LA T—AMNOHEINZTFHETINVO FHRENA T+ ERLEZEBETNLH D, —
HT, &7 LY —=r VAT —=BIIIMMRN 2N ) 7V MERNE END 720, BEQRN
D7V IPRREE XN AN I AR, &) EWTFHIMEENIE SN iDL D S,
UL, &7 LYY= VAT —RAORGIIBEDE ZAEIARNTH Y, 21l SNP
T UVAMELHWSLNT WS,

SNP 7 L1137 AEHRE UTCIEARTERTH DD, W52 5 SNP [6l 1 23%H
T2 2L2HHAL. SNPT LA T—A0n047 ) AiFIIERZ HHNIETTLI2T )
LA V¥ aT— a3 vk (Marchini & Howie 2010) DA FHWOHNT WD, FEA BRFEMN
FAET DN, REHREDEL LT, IMPUTE2 (Howie et al. 2009) . Minimac3 (Das et al.
2016) B ITFo5ND, FTORBE LTIk, e MVEMZRRTLINTOA A TTr—4 231
U. 7 A 2B U0 Y TIVDOSNP T VA T —4A0 5, T3 7 M2
DWTHMEDESWSI|NTOXA T2 1535, WO EDTHD, INTOx1 7
EUTIE, EBE1000 AT L5710V 27 "OT—ANE L HWSENS (1000 Genomes
Project Consortium 2010) . T ABEDEERBELRFICDOWTOLRT ) LAY —r ¥ AR T
ONTHEY, ZhE2ZBENTOXA T LTWE, SENTOX 1 A I2iEB L7 8T 1
DN TV RIREENDTF—ATHD, XHILEE. BHROTOY s Npb b 4Ey )
LYY= VAT =REENUAZERBT -2 22BN T 01 JIZHHTZ 7Y 27 b
ML U F > T3 (The Haplotype Reference Consortium 2016) , £ ZAT, kb MNEF 1 7/
04 R (MEREPSZNTNMAL ZNTOXA T 20%%ED) THhoT, EEIZFINTO
24 THKRIFBIEINT, 200ONTOXA THREI > ZRETOABIEINS, TD/-
D, FITHEMIZSNP T— X5 SHAPEIT2 (Delaneau et al. 2012) 72 & % FI\WTHEEFAIZ
NTORATEEEL, BonNTaXA Thbf v ¥ar—yavizizoendy L
7 —Y V7% ( Howieetal. 2012 ) MEMER FikL RoTWb, L7z —Y 7k
AV aTr—YaVIiIMENRHEETH Y, EHRHEENEE L 25, KRTIEX, &7/
A= VAT =REA VAT =Y a VDFEIIDWTRN, ILIZTNEE2HANET
HIEF) V2 OWTHE L 7.
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BRIC Microarray 7 —#Z 12 & 3 TROBGHT)
— 72 1970 E DRI IRFI LR Do T2 D ? —

RBERT: AEHR FHF—

Big 7 =4~ Aa I THEY LIFLAMENT L > TT7 4 1 —DAEMBRNTVD A5, 2000 FLIATA D
FIRTTT — X FRAT DGO 8 O IF 07—~ & U CTHEE SNUREZICH LWERESHTWh iy, =
HDORFTEIE, 1970 T AN B RYS < v—N— RRZEEFERD Golub FHfz & 235 L 7= Microarray 7 —
B D, FREDHE % classify T2 EBITONMEICHVONTEART —2 2 MnTnd, EE5H 2015
10 A 26 BICE LT CITO R > 2 R Y 2 — A CREOEE 6 #7823, Golub © 73 1999 424
A T AL FEFE L, 2004 FE1Z Tien 28 “The New England Journal of Medicine” ZEIZ3F L 7= 6
WO LITHN SN TS T =N CSVIERTABENR TV Z LMo T,

1997 02 BB T D 4 D OTRZ 72 B E % i3 2 70 D FR 5y B /) Minimum  Number  of
Misclassifications, MNM) ZE#|Z 33 < TP-OLDF <° Revised IP-OLDF (RIP) % BA%& L. IP-OLDF O#LHFIZ
W ERB T, LDF OHIRIRE & N OB A 91D CREBA LRRE 1 2k L7z, 7725 RIP LS LDF
DONHTIE LS Z2WAREDN & 5 Z & 2o Lic, £ L TRIEDEERTREZR 7 — & (LSD) D¥BI A #ist T i
BLLTE 23, H-SW & RIP 2 N ERRINCTRIRE T D Z L o To, AA AHYTHIET — 2 . HARHE
UFEOT—4 RBOGGHET — 4 T LSD HRIFIE LT o7, LirL, THEOHIEITIER Shign
ST, ZDZ &1 Google Schoalar THILE 1, 062 14D Citation 233 A3, 2013 4ELLEDS 985 H-Tdh Y #+
AVLARTOMIFE RN E E AV ETER SN TV RN ENLH LN TH D,

L2 10 H 28 H)5 6 FEFED microarray 7 — 4 % RIP THBIT D & MW=0 TH D Z &Ryl

(Fact3), & H1Z Matryoshka Feature Selection Method (Method2) CfEi BLIZ %4k Small Matryoshka (SM)
EMESIEGIEL n fHLLF OBIEF-Z & -0 MNM=0 O/NMEA & MM 23 1 LA EOMES ICHHLIZ ATz (Fact4) o
% Z . Springer 2> HRTFED” New Theory of Discriminant Analysis After R. Fisher (EfE 1)”
(CRUE Z ORERZE W 2016 47 5 HICHR L7, ARBGEHITELE L T2 2 TRTTIUZ R 7283, SMiE
/IMERTH 5O THEGH CRIBEIZHONT TE S, H-SWM & RIP CHIBIT 2 &, SV Tl FITHE & i iE B 2 H
AT D 60%LLF ORI THIBITE D Z &A% RatioSV & W) FERHE TN o7, [EFEHAZE TR
W, ZHUTBOBMERIEZRTOTRVWhEE T, £$FIK - REIXZ OMEFEOT Fua—F &
72V @IRIC PCA THED 2 DO R DIR BICAHE L TV D Z &2 RO, THNEEEOFZE T 2 B
PRI DNEEPHICAE L TWD 2 L% PCA L7 F A =4 CacLiz, £ LT” From Cancer Gene
Analysis to Cancer Diagnosis” % 2017 A1 Amazon 2> 5 HR L7-, FDO% AARDO KT, KFEhi. B
HEERA — I —FITHREZETFOICHRIEL TH b 2 2nWhe T T a—F L, O CHE—FH O %
= DIE, 1997 I RFLEEBRITKIFLENIFE v F — TROEFT — % ORI E 1T - 7oA
LD CTESTMEERAETH S, BN —3F INIH Z OFOFEITERN 2N E V) EEZH L, 5
FOMEE DX IBG L TND, 06> THHFICSINRWOTERTH D | LS, 2O
DA B, EFRINIESNLOBEOER FORFE Th D, YOEFIETEERN 2V Effim I nizDlT,
Lty o TIOR3 ORFFEE 7> 5” Feature Selection & 2>Filtering " &9 & A KILOFHIIN
Research Gate |Z Upload &3 TCW5, 5D < 1L, NIH DIRTEZHS2WDTHA D, FADZ DS
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el TV D DX, NIH ORI AHE S THWD EEZXTWLNBETH D,

AKILZ ORI LT D 2 B, HDWVITERR SO 2 HOEKRITTBRIRF7 —Z O 2 FRHBID K
HiE LT D, LavL, LSD HBNXES LT TV RWiz®, #atiy7eflBl#Tid microarray 7 — 4
LSD Th D E W) HEREREBIKR TE o 7oz, EEMIEE D 1970 4£0> HAFFE LA H 720
ST TH D, H-SW & RIP CTHBIF AL HIC MW=0 TH D Z 0835 (Fact3) , LosL 2,
P B SOM 22 ED 7 T A2 —43477C 2,000 fE 25 12, 625 O s 1128~ 7=,

ZDZ LI, iPS HERRAFZE T ILH R A D 22, 000 & Wb D ANDEIE T D 24 [HOBIRT-I2KY A
ANIEDERILTH D, ZO24H DI 4B 1% RO 7eh, RRE LI OEAER T (BGS) T
HD, O 4 BRI CMye EWVIFBHEOR VBB TIREENDIDOT, EHH LT L-Myc IZES#Hx
oo ZOFERIL, O TEEDO MBS BHdZ L EHFET 5, 20 LEL Zoxticm o0 T
AU, iPS HIRRAFFE AT D DICEHBR L7 & D,

FIBUIHT OFFFEA, LSD &9 flHL A HBI S TE RNV Z L IZFE D RS0 e b o 1= 01X, HIBIFFZE O£
BZRREWNE L E 2D, ZHUTHERITH 525, 2000 4E LI 0D E R8Tl —9RHI BRI V- S e,
7 AL =R EHLTWADDOT classify EWV)FENPHNOGNTWD, —# SWMZHY EiF 6T
WD PRI STV, ZOFEEL RIS OMEE L, BERIIRKETRETHAH, —HEF
T, AT LAY 24 EfR CA MBI AN T HRBMIIR OB ZE o 7o, MPILRSeAlE, S Ty
THWHRE I - DEE - 72 L ZEZ DN X 577, MEERIIEE A 005 ERO D, 1 EO
BEFERELYTED 2T 50N 20 FIC BT 2BENELEEZXTWD, ZhE TOEFHIT
AP EAS DI K> TSR CERABIZT 5, T L TENLOF R OEEZEZ T OEREL 1
OB+ B D, Z DX D72 oncogene 78 50 H2>5 100 fEHZS2-> TWBHN, Zh&EE T T
FAWTHRIL THRS < MM=0 IZ72 B RN TH A 9, —F i L OFEEE t #E< Welche HE L.
ELRESND bOEEBETOBMET LML L, ZHLOMRIEET | BRIZTOT7 T —F
T, ZEENREBLZIINT TS, MOZL O t RETIE, IETENINDLIBO, ATEMINDIHO
DO, FEHINRN 0 DEBFREEND, TDE, MNM=0 IZ72572HI12iE, ZhED 3FEOBIRTD
YR AEDERNETH D, 2017 FITHREFH OB EBIRN [HLD 7 F U BEREDE)
THEINTZIEEH>T, RETHoLRREOM L E R ExEoT, B LTl b REMN
oncogenes 7R L& DU R 7 HEZIT-> TV A GeneScience ZHEA L TW =72 W, BEREICE
IR E 22T T D, BFICRWVEBENRZSEENTNT 2 FIFEORSEHETH L, &b
SHEPRENTZEFNCIRE LT, oncogenes 7211 TMNM=0 (272 720 E B2 T\ 5D,

FAO BRI, RG O Z & IZHERFHFES T, 10 A 21 HIZ 3,992 14D Read L THAD Top Th 5 & DL
M7=, Citation A3 1,337 {4 C Google & BUVEWNH DAY, 2015 4FITIRE # OMF7EE: O H A H 2 Hl
PR L HEFUCIE#IEE L L5 EBWSIE RC ORI ZMh 7o, fiRE LTE, ENETRAIE E IR o
TeWFZEDs D OBARFNT ) ISR LIER SRR RTH D, Lol KED 6 W%t 7 L — 71RO B
T2 ORRREZ FEOENT TW D BRI FED 720, £ 72 RGIZEME DO BEN D2 K 5 T o 239t &2 7L C
WAHIH D7, £ ZC, NIH OREARE> TS &) ZE &R L, WD THMEICH I ZEKET S
7= .” High—-dimensional Microarrays Data Analysis -Cancer Gene Diagnosis and Malignancy Indexes
by Microarray— “ZHR L. R KE DR OHME T EITAEKD B ARNEMIZILFREZ FEFOENT 5
FTETH D,
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FIKILT — X Db DER - MERZ2ERE L /-
BEECH € T v

A RFRF B MRARARAER A EL
FARHAT

1 ELC®IC

R[]0 22 [H] DG 1T PR W22 83 S BIHE - ez BB e UTIRA, TDEE» 5 A%
G2 S 2 BT — X AT iE (Ramsay and Silverman, 2005), ¥T4FE O &3 2 k&
EETLHERGTT — X, BlZIE, D 3 ¥R5t Structural MRI, Zi@=ET — X, ZIZEH]
SNTNROREIZAES W T — X eh 6, [HRENRNICHB L, it 2aFikE
LTHEHENDDH S (J. M. Chiou et al. 2012, Chen et al. 2018, Reiss and Ogden,
2010, Araki et al. 2009, 2013.). ABZE T, KR ZEM O Z AL WEH S 5 25
EEBT —XE UTHRZ, TOEBDOEDRA I v 7P AN HNER L AR O EA
ZREUTHEL TWA 02 RKRT 500 EHEN - MENLHEL2EZE L7 (Pearl, &
K 2009) HIHIET N EREET S, 20 &S REEIXEH T — 2 G ARERNET IV THET
%2 MR TESN (Lindquist, M.A., 2012, Zhao et al. 2018), Z Z THET 5T —
AT EBIITEEBOS THI I NI SIZERGTET — X THhE5HEEMEL TWA 720, B
BIZTRDEBREL RS, 72, WAMOESWLE LU -HEREZGL7-0, HizIZHFBLE
ETIVOFHIEiRAEZ B U Tl TV 22T 5.

2 FEEERELETIL

Z 2Tk, B € 7V ( Lindquist 2012, Zhao et al. 2018) & BA#[nll€ 7L
(Araki et al. 2009, 2013) % % & (ZRESE L 7= BRI RN E 7010 & 2 EH% - FHIHERD R
EER LA DO WTEHIHT 5.

MeRTIN—TEE G EENLHE L TOHPLE X, #ONITLEHRE LT
IR Z IZHLTREE n OF =X {(gar 2a(t), 20);t € [0,1],0 = 1,2,---,n}
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DB XL d 5. x4(t) I Karhunen-Loeve B IZ X D RSN EEEHT — X
o) = SN Aamdm(t) THH, 2T Ay bm(t),m = 1,---, M X35 BB K
Cov(X(s),X(t)) ®m HBHIZKEWEAME ZNIZHICT DEABRBTHS. Ik
Ga €{1,2} EITN—=TEHT, go =1 1F 2, ) PWHEIF (1 =1,2) TEBTHILE2RT.
ZorE BBMEAERET VI T TERINS.

xa(t; ch) - 501(t) + 52(t)za + €a(t); (1)

P?“(goz = 1|£L‘o“za) B 1 .
lo {Pr(ga - 0|xmza)} = Bo2(t) + Ba2a +/0 Ba(t)za(t; za)dt, t € [0,1]. (2)

ETNA (1) DT A= 2R IITRNRHEE 2, (2) RTIFEANLRILIEZ FW, —f&
fERA ZBLE TOVERBHEIZ L D ET VO ZTS. RELEZET VI, IMRIL 7 — X
® MRI BT — X732, @ik T — X e B ELAICEHTH L2 EEZONS.
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KBRRLGT—2 ORI E T 5RBEITHOME/NETE L & TDHFH
PR EFREEE T kI B

HHIEPSEDLSERITS T 2T =2 NEL<HBHND X DI, ERUENT —Z OffiE
ML LRI 2o TV D 2O XD IZAMERICK T 27 — 2 B3IRBIIC 2 % & B
T =2 DX, BOTEAEE n L B BRI T DT —% (DEVEH) p DIFO N
ZUVVRIAPHBEICE Z 5. 2O X 5 RPICE N TE, 1EROBEHAIZE ST Tl &
RNEEZ2 7D, Filc/e TRET U o 7R ENMEL 72D, & 2 CAEE TIL, B4 2K ET
FIWZHEB L, 22 COM/NMEEIEEZRZE LTz, SO, fi/MIHWZ /AT A —2 21D
D v Z BT HEAD W TRIE(L LIS BITKRE D Z & 2R L, ZORHEIZ W T h it 7z,

AGEETIEIT —2Z2Y (n x pBEEATS) & L, Y OBITOSMICET H2IERn & p D
KANBAGR 72 EDIEIXE N T, Covlvec(Y)] = 2@ I, ZIHFRELZ. ZZT, T ITARMD
p X p IEEEATHNITH Y | vec(:) 1L vec fFHFHE, @ 17 Xy I—HTH D (I HDERIT
il 21X Liitkepohl (1996) 2 M). £72 Z DIREILZERT —Z O TIIIR BN DK
ETHY, ZHUISEEROED I HATHI AR O 3 C, EREITEMEE TH L 2 L %
LT,

PERDTRET U o TIZHSWT TR E21T OB (B0, RO 217 5 B A &
[FFET V70 & CELBGERIRZIT OB &) 121X, T OHEE R S OWATH (FEEEATHI) D3LEE/n
AN ED. DHERCET VICED S ORDIEFVELRDGENH LN, Y T 2HW=5E
S=Y'(I,-1,1,/n)Y /(n—1) LX< HWH# D (Schott (2017) 72 ESM). Z 2T, 1, 1%
ETOEINLDOnRITERT7 M THD. 12, SOEATE,, ..., d, 1 TE2THATHD. =
OHEER S IZEBWT, rank(S) < p DA, FEITHI ST BFEE L7V, £72, rank(S) = p
ThoThdy,...,dy DN—DTH 0IZIHVEDSE, ST N ALEICR-TLES. £
T, UTFTDOLIBRFEEZHNT ST oRb Y D178 EE S Z EBREIN TV D,

e S ® Moore-Penrose I — %1741 (Schott, 2017, Sec. 5) Z H % Fik
o S DIFXI AN AT 0 LIATHIOMATHZ IV 5 TFiE (Srivastava, Katayama &
Kano (2013) 72 &)

o U v VMIOEIANZ AT TREATAIOM/ IMEE 2 L 7247812 -V % Fik (Wang, Pan,
Tong, & Zhu (2015))

AEH T, 2NO6OFEOHTY v UROEIHIZ 1T 5 FIEICER L.

U PRIOERIZ T 5 FEE, STEoRDVIZ, ZODIEONRT A—X Nt aZBEAL
NS +al) ' ZHVWAFETHS. ZOFER, SOBAME I L a (>0) 2M2d
LT, HDHjTAdi=0ThHhoThdj+a>0E720, (S+al) ' BFEETHEHITLT
WBHTFETHD. 1, WS OO d B/INERETH->TH, a> 050 (S+al,) xS
FVRET L. ZOHERIL, ST al, ZMZTATHNOHATEZ WD Z & TH/IMIEE & 72
D, ANTERIEDATF—LEZFHEL TS, LL, ZOFECIZU FTORMERS 5,

O SO pEOEAM dy,...,d, IZ LT, BT—ARIZF LT A—F o THELTWND

@ X & a DOFRIFRBELOTZDDREFAENSLIEL 25
FRC@QOMEL, EBEOT—2 TE<RZ DX 512, S ODEAFEOHFICHyRKE ol s e
(NS TRENRIE L TV DA KRE 2 E 70 5. BRI, &2 ToFEAMICR L T—
BRIZa 22 TWAB 728, FEFIT/NIREAEICK L TE ST ORLZES 2 BT X 51
EF RN TE TR W—FH T, +ORE2EAEICH FRRFICRSRAENINTD &
WOMBETHD. 22T, REECiE Eib Uiz S oREE R 5 Fika e L.
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% Z CAGER T, Hoerl and Kennard (1970), Yanagihara, Nagai and Satoh (2009) 72 &
THWHLTWD —kY //IEI WZEDHEEEL, 2oV v PRIOERIMHEEICEIST 5
ZlEaREBER. Y v VREYE ié?ﬁﬂi{f%@ﬁﬁ‘?‘é&/ﬁ(@ﬁ/}:iﬁot,

SN, 0) L A(S + Qdiag(0)Q") !,

ZTQRIEQ'SQ =diag(dy, ..., dy) (dy,...,d, ZXAIWASTZ5AITH) & 70 D BT,
0= 0,...,0,) (0; >0,i=1,....,p) THY, \NEV » PHOENAFHHEE & [F U< IEDRT
A—=ZTH5DH. W, ZOWERICE TS (p+ 1) HONRT A —Z Dbz 2 7.

AGRE TIZ N D DT A —F OEGEIEDT=DIZ, il 21XV v PRIOEIA 21 7 #EE &
(Wang, Pan, Tong & Zhu, 2015) THWHALTWAKRDO v AR A 2 7,

LP, ) Ly {(Sl(x, 9)s — Ip)Q}.

iz & Stein’s © A (James & Stein, 1961) 72 &5 2 70, AGEH TIX, 2 b0 v A%
B/NZT D ORISR ED Z LR L. Bl20E LN, 0) 2 5/N2T 25 0 O i liorix

0 (it ¢(\) > 0)
sy =) (if () < ~NQ'ZQ)?)

o
o dix e N e
o (N +MQ'EQ)3

Lh. OED, N E S EHVTHAKTELNS. Z 2T (A), MM A DF (i, 5) R

P /

XL, ¢ () = d(QEQ): ~ NQ'EQ): - %;f%?égﬁ-ttLZpA)—Ofﬁa
ORI LT/ ST A= S 15, i 50 ET EHHAWOT(NB) = 00 L7V, d; BB
IR X VAT 0P\, 3) = 0 2720, ZOMOBAE d DK E SIS UIfi & 72 o Ty
L. OFY, FEAMHE d; ORE SITHISLTHEANT A—=H 9[2]</\ ¥) Ok E SRFIIZEAL
LT0%. ZofiiR 7 A—21E, of () o L0, 07 (A Z) BB bR, 070, ) &
TN D) (j < i) 2SRE BT, p i B BIEEICRTS A — 4 S bID.

AFEH TIT N OFE(L72 E D212, CV (RFEMEE) 1E2 V-, ftho o 2 BEReK o %
RIS S5 SR/ 8 5 A — 2 OB EBRIC & % Fl 7 SIS oW TR TS LT
5| R k:

[1] Hoerl, A. E. & Kennard, R. W. (1970). Ridge regression: applications to nonorthogonal
problems. Technometrics, 12, 69-82.

2] James, W. & Stein, C. (1961). Estimation with quadratic loss. Proc. Fourth Berkeley
Symp. on Math. Statist. and Prob., 1, 361-379.

[3] Liitkepohl, H. (1996). Handbook of Matrices, John Wiley & Sons.
[4] Schott, J. R. (2017). Matriz Analysis for Statistics (Third Edition).

[5] Srivastava, M. S., Katayama, S. & Kano, Y. (2013). A two sample test in high dimen-
sional data. J. Multivariate Anal., 114, 349-358.

[6] Yanagihara, H., Nagai, I. & Satoh, K. (2009). A bias-corrected C, criterion for op-
timizing ridge parameters in multivariate generalized ridge regression. Jpn. J. Appl.
Stat., 38, 151-172 (in Japanese).

[7] Wang, C., Pan, G., Tong, T., & Zhu, L. (2015). Shrinkage estimation of large dimen-
sional precision matrix using random matrix theory. Statistica Sinica, 25, 993-1008.
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HEEEFANO-ODORBREEEREESETI :
ETHRERT—9 DA

BERH LR Y R =k 4l
BRI R? B = BE
BRMIRY B &l ME
BRI RS A 1k A&
R i 330
R B & HEE

1. [FLBHIC

AR, RS ABIE R ERICIERIC S 0, BIRHICBWTHRRICEINERTH 5. 5%
AN 23Rt U 7= 858, SR OBIGEEEL 2 EOMEPEIRI N TWS. ZD7d), SHOMIE
WIZB T RMATFEL FHIT S L ZEELFETH 5. #RhHEMRIE, BERELRZEEEZRS T,
BAFEPHNIZE O M A, FK 3045 JICPHTHEMLZREES T - 204 -7 7= 2B L0
FHFRRO R ZAT > 722 AWK TIE, TRIERTOBATFE TR T 2RI 5 E) 2deD
&, MEHSGT — 20t e 1), BEHSGHEERO FHlZT - 7.

T — RIRHETE R PR T S 15 4y, #9250 SR EMGRRIERE W2, T &I,
52 & ORMRA, HIBEGED D o G OMERERRA S XN 5 72d, EROHIKIZEIT 5 1 H
TG ERD S I ENTES., oIz, EEKD (HREE, WIMEE, ESMEE) , HIZK
GRREE (BE, rhO9E, EREDA L, AR, HEER (B9, —REMS, EFHEK, Ehilnd) ,
ITBX (BT 18 KX) mEDMNERS&EENS. MAT, ANOBET—% (BEHO XX @& Lo
AH, HHEOWAAA, SENEREREL L), [ET—& CFERR, #TH & 0K~ HIRE
Mae), & (3, #RROFEAZLE), TOMOKEBHEER (47119 M KK, U EHE ER LR
BIRE) I EOHIGHBICEEEEANST X bHHARETH 5.

AW TR ORAMBHEO FHIZ B E UT, RZEMFEHET VER OB 217> 72

2. BFZEBHREtET IV

G HBE R T — 2 & U THo 2 FHICE S 2015818, ZhETItBETbhTns.
& Z1¥, Channouf et al. (2007) IZH CHIREEFEETILEZEAL, Matteson et al. (2011) IFHEF
ETNEEALUZ., —F, MEHSORE & A5 00E (RZEMT —X) 2 HW=FHIZET 20581
B <, 722 2 Setzler et al. (2009) (F=a2—F N3y b7 =2 2FAVWTHERETFHZITo72. KR
Zhou et al. (2015) |FHGHEIZ R T YV v fUBRE 2 0E L 2R MIERBESET V2 WPl 2175
7z. DAF, Zhou et al. (2015) DSiEEEAL 7=.

ROV A Nt 2B T 2GR E n, £ T28E, n THEBE 6, ORT Y VRHEITHED LAET
5(t=1,....,T). ZOLEEVARNLIIBIT B i HHDOMIGRDOERE sy; 1%, [LED 2 RITHERE s 12X
LT, BE fi(s) B 20MITMS T8, R72Z0, fils) FKMDIYR—F> ok ERES
DETHY, FEDOIZHUTIRO K S IcRKRI Nz

fe(sidpesds {ms 3 {25}) = Zptjfb(s;uy %)),

2T, ¢RI MV gy, IR EATH S, O 2 UOTIERIE LRI, py EREICKE T 2RE
tktss.

Lhttp://www.fdma.go.jp/html/intro/form/kinkyugyoumu_h22_houkoku.html
2http://www.city.yokohama.lg.jp/shobo/qq/prediction/
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GBI FIEDR S 5 L ET 5. AEZ B(B<T) LU E, EEOEY A Nt HEME
DV A R IZHIET S :bmod B=tmod B. ZD& ERA%EE7-.

fi(si{pe b A 3 {%51) = folsi{pws b {3 {35
IZIR AL py; DRSRIIMEB 2 BT 2L LT, IROZEHO Yy MEHEEZ D :

(b=1,...,Bir=1,...,K —1).

BaLoZEO Yy MM o, PROSEMAE H AR (CAR) FHETDMAIZHK D LRET S -

Tpr| Ty ~ Normal (cr + prl(mp—1,0 — ) + (Tpg1,r — €)] v2) (b=1,....,B;r=1,...,K — 1),

»Er

7272 U ¢, ~ Normal(0,10%), p, ~ Uniform(0,0.25), v? ~ Uniform(0, 10*) &3 5.
HEDHEME LT, DT A —RIRDOEFIMHIHD LIET S -

pj ~ Normal (¢, kL, Z;lw ~ Wishart(2a, (26)7Y) (i =1,...,K),

7272L B ~ Wishart(2g, (2h) 1), a =3,9=1,£ = (£1,&) T, k = diag(1/R2,1/R2), h = diag(10/R?,10/R3%)
U, HEEITILELE & &HIFRBEBIERD 2 T BB EEO R RIE, R & Ry IX28HIEHROD 2
UOLEMEREO#HIHEEZ 52 5. U EORED FTHAEEA haRY) AN AT 4 v IEEZHWT,
BRTA—=RDRA AW E R 27,

AWFFETIE Zhou et al. (2015) D FHEEBIRT DT — X IZRA Uz, T — X fRFr OFEROFEMIE Y H
s L7z,

SE

Channoouf, N., L‘Ecuyer, P., Ingolfsson, A. and Avramidis, A. (2007). The application of fore-
casting techniques to modeling emergency medical system calls in calgary, alberta. Health Care
Management Science 10, 25-45.

Matteson, D. S., McLean, M. W., Woodard, D. B. and Henderson, S. G. (2011). Forecasting
emergency medical service call arrival rates. Annals of Applied Statistics 5, 1379-1406.

Setzler, H., Saydam, C. and Park, S. (2009). EMS call volume predictions: A comparative study.
Computers and Operations Research 36, 1843-1851.

Zhou, Z., Matteson, D. S., Woodard, D. B., Henderson, S. G. and Micheas, A. C. (2015). A
spatio-temporal point process model for ambulance demand. Journal of the American Statistical
Association 110, 6-15.
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FRRENRKIBET — 952 HET3BBETTIL
— B (BRI D 78 DA T8 —

ESLERBIWIERT R
HERKRY: REARIKER  BERKRT REE
BRERRY Rl —  BRERKRY ALRHEAR

BREEIZB T, R TCOAEZ RRVEREM XM & SO E 2 S BEEAMETH 5. £
B 2 MK T 2 RO MEARE (RIEABU ) (ICEEDCFHEIEE D DITEETH 5%, B
FL RV TOMRKROFHEEAE (HENOEREZRZ LS5 7-0DRFR 70y b 2iE L
TI1D) F— M E K DH I EEREZET 5720, RBICHEHATLZ L IXR#ETH 2.

—7, R ERREDOHTEEL LT, Yay MIENIFEI L O TIZRL,
HIEDOAZFHT 2 HEND L. OHBHZHERS Z 2 13—k z2 8z B2 & &
DEFERTHY, HBEHELHRLTEHEO Ty 2 EHEMICKRET SN TESL. £
7o, REHEE MR T 2 ME < OfE & WK, EREEAX MBSk, EMROEE R LITHE
DWT, ZOMBMOMHBEDIKE LI > TVWEEAEE DR,

REREER DR T — X LI IR, B ERE» S/ O NDEO BT — X
LFEOHBNAERIZT TIEHROERP D 2 5E03H D, N5 IXIEFITK E 2R
PHIZ B 1) 2 AR A OFHEIC AT E 2 aREED H 5. AHEHTIE, Tho 2HEED
MERRZE AR T — %] AL T, LROBEAKL G %2 FHT27-00MEE T V%
RELU., £72, ZOETLVEEBINTVLHAERET — X L B AG T — X @A L,
HARIZ A0S 5 RARE O REEAL 0 % HEE U 7285 R 2 Wb U 7z,

EFIL

HWRON G L7225 [FEPERT S, &2 HBFEEA J EOMHBLA v ¥ 22 pEEhTH
D, Aviaj(j=1,...,J0) ZF SEOHHNIFHEIND /ATy b2 K; > 0l HE
LTHREBINTWE LTS, Avia jNn7ay b kizBi a8 ol (1) - A
(0) Zyyu &RT. Ava jNOTOy bk DOHIMEZ ay £RT. F7z, Ay alls
W, Ry Mk 2O EBIERE M, Ay Ya b TOMO S AR (FE
DA PO 4 BFEH R E) BESNTVWEEERHILDLT 5.

JRATIZ R o T — 2 (FROML - A 75 SFOMREEZHEET 5720
2, HBAY Y TBWTERDZE A E PR Z 2 (N2 — R 7 YV aERRICRE S 2 &,
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BIUO7oy M ERS TRESINDEZLIEBRVWI L ZEET S, Ava jliiBlsHi
D% z;; (PHELTWNIE z=1, £S5 TRIFNIEz=0), FELDML TBH5EDRMN
EREE d; LB L, UEOED T THROMILERIIUTO LS IcET VLI N5.

yijk ~ Bernoulli(p,-jk) (1)
pijk = 1 —exp(—z;;d;;jay) (2)
zij ~ Bernoulli(y;;) 3)

I Tzl RA7ay b7 =28 XN T — X2 X - THRARNZ B & 1 2 BT
REEEHTH Y, ¢y, =Pr(z; = 1) FEONHHERTH B, ¢y LV d; FFNTH, L&
MEAEGLOY Y MULE TV BRI E T VIZE o TETMET 5.

AABET -9 ~DEH

FROEFNVEERINTVAIHEFET — & LHIES AT — XIHEA L, BARCHAT
BARAEOREMABDO A 2HE L. Br7ay MK BHBET—2 & LT, #MHEHE
B L OREA O ARRER S EEHED hcirbh - BARMOREARE T — X 2R U 7.
ZOT—RITIFHARIERT 2ARAAREDOIZIEFETE2MET 5 1,248 FEOHBEILTE D, &
DR TIXZDOETEETMMEDORRE U7z, F72, WHROMIK (HA) £4K% 4,684 fHD
10km EHAY Y2 lZREIL, TOETEETIMMEDNEL L Uz, Ay Y a L)L TORMS
filtgee UC, MYEEA, FModBiaie, HAMYAMAREHC &5 0MaHK, B XO&HEE
IRIZ L 2 FEE Sk Z R L 7.

H AR TOARARDMREAREITH 204 FEHE SNz, ZhiE, 2EKIZE T 2 RAMEAERE
DHEFEAE (Crowther et al. 2015, Nature 525:201-205) OB £ % 0.671% TH 5. [EH AR
2B (FAO) @ 2015 FDMfFHZ &5 &, REROBMEFL IS 2 HARD HAMERE O
B130367% THDZ 5, AFROLEFEIIIMITbN 2RO KE < AW
EIBDTIEBRWEDITHS. £72, ETNOTHPEAK AT — & L BEWT
HEMEI D EFARDI-HIC, BEERREAMKE =4 v 7HEFREE (E=2) V7Y
1 b 1000), FRMARERLERVEILBFE, B X OFZMHEICE W TIE S @R T —
R (BAT—X) LETATFHMEOBGEFANZ. TOME, £57—Xty MizBWVT, X
BUEARB D FHE & FHIE ORI 1382 2 22 IEDFIBIBIR AR D S, XA Tl o fiE
FHRoNZEDD, W 1:1 OMDOE DV IZRHT DI oz, @AFHOMERIX, R
D REM LM BRI K > TELU ZERSAEVRET IV THHINTWIRWN T & AFHE
ThdreFEZOLND.
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