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1 Jx/—LERIZEITS IMh=5]

7 x /— 2 (phenome) &%, HHAEMOERIEE (phenotype) DIBIKD Z & THDH. AR
=D RIZEY, BIEFIEROBIKTH DT L (genome) RBIRFIRILT —F
DRIETHD T A7 Y7 h—2 (transcriptome) [LEEHNDZAMIZEIGAIRE & 72 o 72,
LML, 7=/ —bF—ZDOERBITHEA TR, ATGC 26725 XFHE L TETMEEN
B BT, ML ZETHHTIE Y = ) —2 2B L2500 (HHNIET =
J)—=LDETIV) BALINTRNZ ENRZDRND oL EZBND.

X, M DHL D Inl=b] O7 = ) — AT (=B REDZRW (025 OFT
Al BEAL) & HIE LAFRICED fLA TV D, IRFRIZIE, Thvizb ) SR - i 25 L
THRBEINDIHAGOMETHY, Haxefllmz o, 20 ) BB WIEEIZ D0
TITEGROMT T IEN I SN TV D, Bz X, BRE (form ; EATBE & [RIHRIZ %9 D %/
TR E) MK (shape ; SEATEE), [FH5 &% OYEHE IS X D BT PR E &) OEENIR
B BT TR EFICB W TRIE L TV, T T, RNy — 728 B0 =
TG 72 HREIEC I REE 2% U TR T — 2 RATIC K A B &LDEH S G T 5.
—J, WO Il b ) ITARIEN SR O BER DB G D & o o B S
BRI, 1EROT T u—F TIEET MMERERIEREE L2 ERZ0.

ARFE T, ¥EO 3 WothwmEhz E Rk 2498 [1] LERZ Ry UV —27 L LTERILL
72H8%E [2] 2/ L, TERERBLENTWARWERMABRE R EFEIL, T—F2ZEMD
HEEZFHN, BT NARERCEDORBEAENT Z & Zikam LoV,

2 =RTEZBBESE

WX, WWORBEERIEE DO 2T, AN, 27 & EEREMHPEN 7 1t R
O 2O OARBREIZG Uik 2 7B EER) = — X &0 7= T 2R I R R 2 R T
L2vL, BRI 2%t (2D) MICEEILSND Z ENEL, FEOBEED 3kt (3D)
I % H I3 2 BTV Ru.

ZFIT, BB TOAL L AB AR T AT —2 g v i — 20 3 DEREREZEAED
HHETIDEREROFIEARE LR (1. £7, 2HAEGROZLZICK L CHE
— B AR BN T DT L% Mask R-CNN THERR L7-. BN~ 2 7 BN 51T
BHIZF O 2 RITEEN I T 5. [FEFIZ, Structure from Motion (SfM) (ZX VW H AT
ONLiE L E LB AREAHEET 5. F, #HE LI-EED~ R 7 BRI E 0 S0 A
BT EI ST DONTAPATII W OEBRH CTOED~ v F L 7 a2k ). 20K,
2 RTCHRERD XTIk L C 3T HHEE [3] 2R 27 ) Z & C/hapdhih (i~ Z 7 #
V) BESEEREET D, KRBIS, B AT TIAVHBRT 4T 4 7K DR T T TR
v FERERETLE L CHRICHET 5.

RETHEZEALEEREZ2V I 21—y a V KRET—HEHONTHRIELTZE Z A, 1L
DIECERZTRE LB OBEIZ OV THBENARE Ch - 72, £z, EHARIERREIZ LX)
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IR CE D, BIZITUIIVIAZLD & HEESCTNMNZENWT WA GE R ETHEBE T/, =771,
BURCITE L —2 3 0 195 el W EEHTEE WEED LN 72 & O @O SR 2 FF o845 72
ETIBENMETT 5.

ARFFE T, HROEEICIER L2 2D/ 3 DT 2 AadhbED 2 & T, AX—2ADT
T —F TIEFHINEE Lo IR AR D 2 LIRS LT,

3 ER®Y FT—U DEHM L FIFY

TP DIENRITARSNE A R ED) OHIEIZ D 5 x>y NI — 7 ROEETH D, FrlZ, #H7HE
WM OIEARILME D) CHEMEZRENRE G 2R L, DBEOBRICHOERTAE L EZEZ LN TS,
Z 9 LI TERAEE O IS, S L NE (B X, B, DA, areole [HfH,
BN DI OESRE) TRBIRbND r—ARE\. LavL, NEMIZITESERE (%
v NU— ) ELCERILT D2 ZENEE LY. 2 CARIZETIE, EMEEZ % v b
J—7 L LTERBILT DO FEEZHEL, ToRHAMEEZ RLE [2]. BEFEL, HE
DEAF, U-Net |2 X DIEIROHIH, W 27T 7 ~D%EH, v MU — 7 Rk, 672 5.
FEUVARL—=Ya LT, £ TRy NV BBESITICESE 5HOEL RS 5
TEMTEDONEMHLTIZEZA, BEXFIOWDKETROTAZ ENTEZ., 51T,
TR SRR D BRSO OFE S, PC 1 &P C 3DZE/MIC 1 RITHIZR USRI D454 % 1,
HL7Z. ZoORICE > TEROSERBEEDNY ) —RNHL—WRIGEB L TWDZ ERD
Molz. TOHHRE — ATHATHIZE [4] THEERANC Tl S e R, JBER, #HiE
WD XA MED 3 DOMBERIEFE 1T /3 b — MMl IS ks 3 2 ATREMED E .
WENRAEE A Ry N — 7R E S L CEEMICEME L7 2 & C, 7 — X BEEiICZ OETE
ZMERFEL, [heh ] O EHIKOBE~S/RTFH Z LN T,

4 Thi=b] OTx/—LEFTA~DOPRE

TERITEBILARIETH > BB W T L HTICFEEZHR T Z L TER(LTE
7o £, FRICXVIIUOTHBIE - BATZX BN GFET LI a2 L. b
D7 = ) —LFEHTRFEBT L, ZNFEFTRBI SN TERLREOMOL IV AT —H LD
BIEAZ T2 ENTEZ 00 L. b O7 =/ —ATOFEBEZBREL, 4
B OHEGE « Bl - Y — L OBRICER VT, LT, b OB ELELTLIHD
W} %538 T OMBEMICHER L TV & 720,

& Xk

[1] Murata, H., Noshita, K., 2024. Three-Dimensional Leaf Edge Reconstruction Combining Two-
and Three-Dimensional Approaches. Plant Phenomics 6, 0181.

[2] Iwamasa, K., Noshita, K., 2023. Network feature-based phenotyping of leaf venation robustly
reconstructs the latent space. PLOS Comput. Biol. 19,

[3] Fabbri, R., Kimia, B., 2010. 3D curve sketch: Flexible curve-based stereo reconstruction and
calibration, 2010 IEEE Computer Society Conference on Computer Vision and Pattern
Recognition. pp. 1538-1545.

[4] Ronellenfitsch, H., Katifori, E., 2019. Phenotypes of Vascular Flow Networks. Phys Rev Lett
123, 248101.
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1 #E

AL TIE, HEYEFHETH S Variational Autoencoder (VAE) % FHWTHEYIEREE €8T
L ¥ 72 7aFiL. Morpho-VAE ZFF U7z, REFIEKEZ. RO EERMAFIE L KL T, BB
BEOHT L RIBT — X2 ~OR I ENIZNHMEZ R U7 (1), HIMEE T, Morpho-VAE X5 ~
R — 2k REOMEZFD, ERETIEBONR P > ZREBEOHHNICH BRI Lz, 2Tk
D, Morpho-VAE (ZREMENT OF L WATREMEZ < BHERFIETH 2 Z L WRBI N5,

2 INETOWBEELFEICIOWVWT

WEED L IR D BN % TURE M S5t < 720121k, WOV EETH D, T X > THED
Az L, IRT 22N TES, UL UARDVSEREROENT NTIXEHIEZ 5720121E, &
BN EETRET 2082 H 5, Morphometrics IZERBILIKD 72 DIZHFE I Wi E &M FILET
HYH. BIZEHINR DO 76 2 RE D RDESITETT U, G RE £ O H 72 Bl & O % % L
TRDS O RN & D 5 FiE % Geomertic Morphometrics (BAF, GM) & IEENTWS, GM K 112
AT LS IR EI NS, 9. GHIERZZDOF M5 O TlHRL, BHEPRZ MWZEHT 5 (X
LD#1), TUT, BREINEART PV T = RIEERTTTH B 720, ELD I 72 £ DIRTTHIFETL
EFRHWTIPERZERZHET S (M1 #2), TOREERTE, FMP3RFEELZRL, BEEOZL(LE
RBHZET, MO/ N—T%20 1t 5REEL2ERILTHIENTE S,

Original Data Vectorized Data Morphospace

2. SYRY—JDREN, HRLLBEMIIATFTHAY
1. GM DKM, FEDmi#HIZ [2] 2551 H. WRYHA (Anadara inaequivalvis)

INETIT, #1 DTV AIZODVWTI LI FRFEMREI N, TO—DOWIT UV v -2k
HENDEDTH D, 7V B3 — 27 IIREHZHNCITEYFRNCERTE, D ONRMECTHIGAEEZR
HOTEEINS, 2. Anadara inaequivalvis IZTEWTEEINAZT VY FY—7 14 ATH 5,
7V Y =27 ODIEBEALEIZDOWTIE, s sMRE Lo TRERSI NS 2D, BRALDMHAEMT
DfFEMTFE R 2 B IR 2 Z EBNEETH 5 Z & 3], JMIVICHEN/ZIRBITIET v Ry — 2k
PHEZIRNZ & [4], THIT, REVPHZFHIRRTIEIZE 2 FEOHEHVPKRETH 572 L DORME
MPET SN TV,
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3 RETIHIHEEEELCLFELEER

AWIFETIE, T o OREMEMILT 572012, Eo9A— b a—X (BAF, VAE) 28R U7
H#JE%3 £ 7V Morpho-VAE #4945, VAE 3. ANWTF— R 2 ERTEDICEMT STy a—&
(Encoder) &, JEME S NWIARIRGTE D D6 DT — X L H UY A AIZH#EHET 55 3 —4& (Decoder)
MOMBEINT VWS, T SITAMIETIE, BIRITTHTD» O TNV ERET 208 EE8MU 72 (K
3)e TOBBIZED, WERORHEZMAEL, TNE2HWTAEEZITS 2L WAHEL 45,

S IE, BREOTFHEREZHAVWTARET VOMRERIEZT 572, TOMRR, FV Fv—7
HBIZREI N0 GM FELAKEAZRZAU LOMEEZFMLU~Z (M4 B), 2hZFcrl,
ANLHNZREZMZ 72T =22 L TH, EDOTVIZELTWE D% EHWHE TSI TRl
RIEUTIOT — X% ENTEHI L TE2 (K4 A), 7, EHZRMEIZAIL T RLVOYRIT 2 Z
Lbbhirh (M4C). REEHOH LAl 2h < BELFETH S Z LARBR I N,

A TUEIR Crop Rate: 50 % Crop Rate: 50 % DETTHEIE
Am /A Al Aa)
Vertical Crop “".."""""“IL::;;-.:M».,,N o
Encoder— MOdule™ Decoder -
Crop Rate
m Q Nae B o MorphoVAE O Landmark ® EFA © 7% A#4 (Phocidae) High
3 g
X - e [ H
D Q N q ’ . E R (Hominidae) ;
. g
| : ik
Q Q N : Dimension # Low

4. AL ATHIZRIBEMA 2T -2z LT, AT 2
R TRAEWEETHHTEZ, B. 7V FY—2JKRET

Classifier
Module i U 724546, Morpho-VAE (ZRIEOMREZ R L 7z, C.
3. MorphoVAE D#RkX, Morpho-VAE %34 H$ % #4 i3fl ARI IR L Tw B,

HEE ARWFZE L ExCELLS HF#FFE (No.21-319 $ & U No.21-102). JSPS KAKENHI (17H06389).
JST ERATO (JPMJER1902 ). & &IZHHF JRA DX#EEZII - DTH 5,

S 3

[1] Tsutsumi, M., Saito, N., Koyabu, D., Furusawa, C. A deep learning approach for morpho-
logical feature extraction based on variational auto-encoder: an application to mandible
shape. npj Syst Biol Appl. 9 (2023).

[2] Chitwood, D., Climate and developmental plasticity: interannual variability in grapevine
leaf morphology, Harvard Dataverse, V1, (2015)

[3] Fruciano, C., Celik, M. A., Butler, K., Dooley T., Weisbecker V, Phillips MJ. Sharing
is caring? Measurement error and the issues arising from combining 3D morphometric
datasets. Ecol Evol. 7 (2017)

[4] Adams, D. C., Rohlf, F. J., Slice, D. E. Geometric morphometrics: Ten years of progress
following the ‘revolution.” Italian Journal of Zoology, 71(1) (2004)
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1 BiE

HRE =~ DEH T T4 — A RICHKT 5 TREEDQIROH T, HEDSRAD S DIEE?
W5 Dido OfE#EDNH 5. Z OREIE, TEIRZEM > AE—EDIK — HiE € Ry & W5 TBIRILE
BomBtFE e LTHRTE 2. 20 &5 2R, &k (2725 285HEE LTERED
PIZES N TE . 7, ILFEEMEE BV TIERKICERTTH % 1 ABMOIEIRZ AlfHL S 2 WF%%
DA TH 2 [1]. REHTIE, FRRITZERM T H 2 AIRZER 2 XOTHiRc & b ZReZBmicH#E 3 %
FiEeERL, WRNBEBORIGEANSH S 2. FHCAIE TR BT EMRE (MDS) (2How0n
T RTTHIEEZ WS, MDS &3, 52 6 72 HEUED, S, ZOMEZRFET 2 X 512 Buclid
ZERNC R T 2 HIETH 2. 20 MDS ZIARBHCN L CEA 3 % 72912, 22725 A+ 0t 72 BEk
PHEUELZEATI2HENDH L. ZODOMEE LT, ifFEClIREEEGRITEH I TV 5.
BB AR 2 1%, MERRNE M O (Wasserstein Hilf) i~y F > 7% 52 2 2 HEOHE
MCH 5. D Wasserstein Pl Z 72 MDS 12 & % XItHIZE & U Tld Wassmap [2] 2351540
TWA 2, #H D Wassserstein FEBEIZETHE a2 X b 23R ICE V. 2 OREZEIRT 572012, K5t
TlX Wasserstein FEffE % #&H1 L 7z Sinkhorn X 4 N— = > R IZE-S < Sinkhorn MDS 2255 5.
Z @ Sinkhorn MDS & Wassmap (ZHANTEE I X MR WFIEDIH 5. ARFEHTIZE $ Sinkhorn
MDS & Wassmap & OIHRFEZFHi % 37 L, Sinkhorn MDS % KB D Al b ISH T 5.

2 ERNbmE#EHXESR L Sinkhorn #//N—J TV

BIERSHE RIS v WA ALK [(u, v) BLF IR MTH C 2 LT, HAEBRE H(r) =
Zi]\il Zﬁl mij log(mi; /pivy) WCHED < IEANERGEER X OT. (u, v) = 7Terf_z}(i}r}y)(C’, ) +eH(m) &
LTEFEEIND. 2T, () & Frobenius NHETH 5. 1FRIMb R E:ZE X Si7nkhorann0pp %
IV ALK, @ELREFENAEEE RS, L LA, EHMbEEEEIZZ Y b —nNA7
A, F720H OT(u,p) #0 L RDZEARDEET 5. ZOMBEERIEIET % /29I Sinkhorn & 4 N—
Yz YA [3] BHEA I NI, Sinkhorn X4 N— x ¥ A& SD.(p,v) := OT(p,v) — 0T (1, p) —
30T (v,v) E LTED SN, SD(p, ) = 0 Ziii7z 3.

3 Sinkhorn MDS

N EHOHERBE D {p; Y, 1T LT, Sinkhorn &4 N— = ¥ I X 2 FLUETHI % A =
{SD: (i, i)W,y EEDB. TTT, N x N B{ifT51% Iy, RTOHEHED 1 TH2 N KILOFIN
7 bvk 1y 2 LT, iMbiTH % Hy = Iy — 1815 £33, 3512, A 1t d % Gram 175
% B. := —3HyAHy TE#T 2. B. OEAEE Ao > > Ay 8 LT MET 3EF RS b
VR vy UNe £ 5. F72, pr(B:) & B. DEBED EDIEOEHHEOK L 3 5. kD
Euclid ZEfDXITT k < pr(B.) 124 LT, Sinkhorn MDS 12 & 2 548 @, : {u;} N, — R* %,

@) = (Mo1c (@) A Ponc ()
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TEDD. T T, &g & Wassmap IZ X2 EBRITHIET 2 Z 8 ICHEERT 5.
4 FEER
ARIFFETIELLUR D Sinkhorn MDS ¥ Wassmap DR EA 7 51 2 15 7=

EE 1. N HOMRMEDOM {u N, OBEL u; (i=1,...,N) & n; O SR 572 2 HELHIE
EFE. MEBDe>0BEL Mo > Mpr10 8D k< pI‘(BU) &Jﬂ‘b“c, IR D 3D,

N 2
1 641 okN
N E — @ ,uZ)HRk < 1.0 E {log (mzax nz>} €2 + 4k log (mzax nZ> €.
=1

(Ak,0 — Akt1,0

X HITARMFETIX, double-well type DJEIRILBEIE ZEA L T2 DOR{LORESEER 21T - 7. B
KQ, QT LT, Q E—BRDMICHE S MERBEZE 1y, Qo E—FRIMIHES HERREZ e &
Ui v &, UAREERE d % d(Q1, Q)2 == OT(j1, pi2) ¥ LTEAT 5. b &, Uik A, B 1kt 5
% double-well BUARRERE F(Q) = d(A,Q)2d(B, Q)2 TEHT 3. AMIMEHETIE, A = [,
B := E=AF Y LT double-well BUFIKINBIR DRI RIL 21T o 7=, FEIRERKIZE T, M =AF 0
McCann OZN RN & 2 IR Z AR T 5. KIZ, 245 D Fourier FEERIC & 2 IKEE &
MAT=T > & LIRTGIREER LR 5. EM L 72202 DBIRITH LT, Sinkhorn MDS % @M 3 %
Z & TCRT wy-FH EO SEIERIOTE L, TBIRPBIEDEZ 2 #iic 7 e v b L TAl# 21T o 7.
7z, DB RAITE 125 Z e 6TV 2 ARMESEA MBI 2 HEEEICOWTS, DS
¥ & 175 Fourier #81IZ & o TREBRICAIHML 21T o 72 LUNHHEINBIE S & O double-well IR
NBEEL D AL BUESEER DR R TH 5.

MDSl ?

1. FIRHREMTICEB T 2 HENBEBO AL (e = 0.01) & 2. double-well RITEIRNBIR DAL (e = 0.01)

BE 3
[1] H. Li, Z. Xu, G. Taylor, C. Studer, T. Goldstein, Visualizing the loss landscape of neural
nets, Advances in neural information processing systems, 31 (2018), 6389-6399.
[2] K. Hamm, N. Henscheid, Shujie Kang, Wassmap: Wasserstein isometric mapping for
image manifold learning, SIAM J. Math. Data Sci, 5 (2023), 2, 475-501.

[3] A. Ramdas, N. G. Trillos, M. Cuturi, On Wasserstein Two-Sample Testing and Related
Families of Nonparametric Tests, Entropy, 19 (2017), 47, 15.
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1 BiE

ARG TIE 3 XT Euclid ZZRNCHEEDAE N/ 2 DD a7 MHHZERIICLKT 272007
NIV ALZRET S, 207Dz, MiEZX)I5T % surface measure £ A% L. 45D Fourier
ZHaZz il U TER S NS Sobolev / VA2 ko THITHB OV 5 2 5. % - BARREHER &
LT, HAIERE O XN D AT2D 6D 7B EDOMENCINR T 2 Z & 2 BUEANCHREES 5.

2 Eilt
W 3 X5 Euclid 24/ R® O HRR Borel HIEE 4 2352 7z & &, Z O Fourier 24 11 1%

) = / (), £ R, (1)

TEFRINS. X 51T, Fourier ZHUI— R IMEREB O 2K S'(R3) ARk, (1) 1FHKR
Borel fllEE% S'(R3) OILe AR LIBEL EZTLWV. 20 &, EHscRIIHL T/ LA

Il = ([ 0+ ra%swﬂs)?czg)%, e)

BERL %S [ e S'(RY) D2 Sobolev 2 L U H,(RY) THT. T THAIRX—X s Ik,

s>0DLEEA L+ )2 2 fIIHT2MI%E. s<0DLE fIiontT 2 FALEERT 2.
AEFFETIE R3 LD Borel HIEED 5 % surface measure ¥ FHEN 2 7 7 ADEE R 5E 2 R -5

Bl ziE, R3 PNICBLF % BAERIE S? @ surface measure o ¥ 1. S? OEEER dS IBT 259

fz)do(z) = | [f(x)dS, (3)
R3 §2

ED, FOD Fourier

2

3(6) = [ emerds = 2o (el (4)
52 €]z 2
THEzZoN5. 72720, ZZTHEEJ, 13KE v D Bessel BT H D, Gamma B T %2 FHWT
B 00 (_1)] 1 + 2j+v
0 =2 4! F@+V+U<2) ’ (5)

=0
TELZIENTES. 2o %, JlIE o ® Fourier Z#2 (4) 13 (5) 18 & D PTHR¥AE 0o DN
ETHD RS BERTHRDOLRERTHZ. Tk h—fica v 7 MEZEOBEHEINEREE.
Rz a > o7 EIEIICH T % surface measure @ Fourier 2441 R? 2K TR O 51 TH 3 Z & HH]
LTV, ZOHEENS, R AREBEINEZa Y 87 MHEROKEZ Zh 5t T 24D 5
DR TERINE /vs (2) oFtEr LTERMET 2 2 ehTE 2 (1.
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3 BEFEE
Sobolev / )V 4 (2) #FTHET 27201 R LOMEDEHBEHE D = [—Emax, Emax)> EOED T
T 22 %2E R 5. AR TIERICEMFEORT

_ 251’!1&)(

. M M
€i7j,k:(2h’jh’7kh)7 h’ M 9 lv.]vk__ga"w?a (6)
KBTI IEBETEREINS 3 XLOBFEAR
/f(f)déz Z Z Z f&igr)wigih?®, (7)
D . .
=

WCkoTD FOBGZRERT 2. 22T, EA w, i, FIEATEONET 1. FHOHNET 1/2. &
ADWERT 1/4, FTEAIIBWVWT1/8 TH2. ZD &S RARFEREDHEMNC X 2LMUDFTHYIH R
ZB XUOBHARC X 2HBILEAEIZ. b TAT A4 X M CMAEABOEREED S 87 X —X
€max & Sobolev /L4 (2) DIFERIMERED 246 s KX D IREINS.
4 PUEFERER

FHE TR 1 1R HANIERTE S? O Icosahedral discretization [2] 12Xf L # @ surface measure O
Fourier Z 1 ¥ A 724558 (4) & % Sobolev /L4 (2) DEBKTHIEE L, 2D X5 RRSHNCD A
D & IR E DN WK TIOR3 3 2 & 2 RUERNCBIIITRETH 2 Z L 2N T 5.

1. Icosahedral discretization {2 & 23l #FIFIDEZFMHEK (£) & FEAEDOHITIC K o THEL 2 ZHIE ().

HEE AR JIST CREST(FRE®E S :JPMICR22P5), JST ACT-X (&% 5:JPMJAX2106).
BXURIE (REES:21K20325) OBIKEZF7-dDTH 3.

SENW
[1] K. Koga, Computing weak distance between the 2-sphere and its nonsmooth approxima-
tions, STAM J. Sci. Comput., 46 (2024), A360-A375.
[2] J. R. Baumgarnder and P. O. Frederickson, Icosahedral discretization of the two-sphere,
SIAM J. Numer. Anal., 22 (1985), 1107-1115.
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