Nikon

Nikon
Research
Report

Vol.3 2021




HI{TOBE

BASH = a VAT o WM RERFEEE OBR 2, KA T 5 ENFITOBETHS. =
YOATEMTH AL DEAMEAr] & DESAr ] 2 X— 2 L72WERsEct & LT, Hridan
WD A TN HA L, FRFORMED SFHli 2 THC 2 2 L E LTHRALTwa. m&ER
21, ARFATORAEIS, BHEEAME SR TREL b0z~ L TERT 2.



U
\\I:]EI
1]

R e HERTRE
RV i

20204\ AR 2SE T L4 b\ T b COVID-19D 3223 kT, Kk 4 2 T TRl 2 2L EoR
SNTWEY. a7V —7Z2RNERBEDFEMKTT A, FFRLEL SN B HERLEM O
M) HNZ o 72D TIE AR L, MELINAZICHELRVWEZEZTWET.

SV N—THRAETVDEZORKELERPICBOTLEE XML 2L, oY v ZHi, @
BHU, ©v 7 F—2 0ok E2MAGbELIETEINLIT LR EVRAAETFTVRER T
Ot 22252 8. AFARRANEED ES, BAOMMEBROZHILIZEZ, Do) OEE(L -
HEMbZEBT 228, REDPHVET. TROSOHEITROTVWLI L, oV HETEXSHEE
THEPMME L2 HhO=— X2 WA B EDPHEETT. TLTEO=—A %2 20D, BHEEN
TWL ZEPRETT

ARUR=M2HEUT, EB 70X AZETT L7 =5 50HM, b0 )OEELICEST,H0
Ry FOEKERILZ EBT 2EM A Y, —arvokAho—lEBEA VLT,

BFE BT A £
A —T

w=al

R AN K & BREAERHR DTV BIES, ZOZLICHIGT 2k 5, 7o, Z0H
BT AL L5 E TEIXRITORLR D FMMERELITRD SN TV E T

FRIZ20204E 0 1%, R D OFEIZEAHIR S SRS I 2 SR s, —av
bIFFERAFE AT R 2 FEERDSFEATEE L 22 5720, FIRREDO T ¥ — VG 2479 Bl o h
720 LELA LALZOL) ZRETICBVTY, MIESCHENOR ) MAKEARE RETHD
TRICE S THEEICHIEL S LMK T LA #EHRELT, HEO=— X062 % B REE K
Wi 5 2 &SR, 20204E R ICIEFHONERIL L CE2EAH BV THEVAi 2 THL 2 & A5TE
L7

20204E FEIZHE5E - SR L2 OIS &, 20204E 1AV ERER B 2 & BTl & T 725 07 — < T
WLAARLE-FZ2EL, SEL=0 Y 7V —TTOME - FAREREZERICBIEA LTS, &Zad
HBOHMATOLHEM 2B DIES TRV %, o OHEM2HAITELTHHRIC RS S
EEPRELTVET






15

21

27

35

41

Nikon Research Report Vol.3
H/R.~ CONTENTS

BilifEsH/ Technical Reports

BRMEAEGRREY I Dz 7ICHB1IFS Al FiifBNES A4 794 TV RnH
M2, Mz, s R

Introduction of Al Technology in Imaging Software for Microscopes and Life Science Applications
Kohei KADOI, Takeshi HATAGUCHI and Shunsuke TAKEI

AFUEZEEIEEAEHAIZS APDIS MVAXOL —H'— L —9' — D%
Anthony Slotwinski, #&4< #f, Ghassan Chamsine, Pawan Shirur, Eric Brandt, ¥¢J:iF#i
Development of the APDIS MV4x0 Laser Radar Large-Volume, Non-Contact Measuring System
Anthony SLOTWINSKI, Shigeru MORIMOTO, Ghassan CHAMSINE, Pawan SHIRUR,
Eric BRANDT and Masanori ARAI

[C3 eMotion] 4 VFUI TV RPIFa1I—91Zy bDOREHE
VRN, WARE S AR, bW
Development of the C3 eMotion, Intelligent Actuator Unit
Akihiro WATANABE, Yoshiji TAKAHASHI, Kazuki YUMOTO and Tetsuya HIKICHI

HZEBAFR /Research and Development Reports

ART MVIEFEIC KD T—U IBHEDST A F v I LY IR
Wil g BRSSE, R, KRHEE, REER
Dynamic Range Expansion of Fourier-Transform Method by Spectrum-Narrowing
Shigeru NAKAYAMA, Hidemitsu TOBA, Naoki FUJIWARA, Takashi GEMMA and Mitsuo TAKEDA

BEFECKVIER U LaGaOs iS5 ADIBE, RENFES KU BTFIRREDHEMT

AR, WHHRE, fE B LnEE PRz, BEOJE OREPHES, AR
Structural, Vibrational, and Electronic Analysis of LaGaO; Glass Prepared through Containerless
Processing

Kohei YOSHIMOTO, Atsunobu MASUNO, Itaru SATO, Yoshinobu EZURA, Hiroyuki INOUE,

Motoi UEDA, Masafumi MIZUGUCHI and Yuya YAMAMOTO

UCB BB & EERTF ZRAWVE A S REM DA X&i#Eb
R, ORATEAR, Nt

Bayesian Optimization of Glass Compositions with Upper Confidence Bound and Selected Descriptors
Kensaku NAKAMURA, Naoya OTANI and Tetsuya KOIKE

KELIRHIEIC K DKTEUE ITO 7/ fuFDIER
BARWTF, W OHEFE, REUIEME, AR, BILEE
Water-Dispersible ITO Nanoparticles Prepared by Surface Shape Control
Ryoko SUZUKI, Yasutaka NISHI, Masaki MATSUBARA, Atsushi MURAMATSU and Kiyoshi KANIE



47

53

60

BERREIERT — 9 Z AW e _EHFEDER
RAEA, KPR, MMbEH, 2§

An Application of Binary Classification using Ambiguous Training Data
Naoya OTANI, Yosuke OTSUBO, Tetsuya KOIKE and Masashi SUGIYAMA

YEIECHBIIZIAFARERIRNEIZ 2 L—9 —DHEE
KA, KReamth, BKEE L F

Defect Factor Detection in Production Processes and Emulator Estimation
Yosuke OTSUBO, Naoya OTANI, Megumi CHIKASUE and Masashi SUGIYAMA

S ERFFR—ES : List of papers presented/published externally



PRiilTfEsH
Technical

Reports




BA{MER

Nikon Research Report Vol.3 2021

JHRBESVY I DT 7ICHITD
Al BN ES A THA TV ABE

MIEESE, MOz, s

Introduction of Al Technology in Imaging Software for
Microscopes and Life Science Applications

Kohei KADOI, Takeshi HATAGUCHI and Shunsuke TAKEI

SATYA TV ADHEH T Artificial Intelligence (CRDEHUEBDOILANLNA Y DDH2. Bl BHEVXT

LBDBEEHREGY 7 D 7 Tdpd NIS-Elements [,

Deep Learning ZRWWcERILIERTTH S NIS.ai Zi5# U

fz. NiS.ai & NIS-Elements [CIiET 5T E T, I——HB5(THHEMNR Deep Learning i ZFIFET 2 ENT

TDRWERS, BHROERCEEDEIDEMOTEETHD. AR TE NIS.a DFAICKY, ERGFETBROIUTE
1 ——DEEETERNTRETCH D EZBNT D, T, FFECREHMROBERICK U NIS.al ZRVCERA, &

ZEHEOBGRZAVCIEROBN EAEDREE 3D T EZERB U, RIC, BXEBEFICBVTCHESRDRER
%[g&ég’%fbmj‘zﬁ%ﬁﬁkibét %% NIS.ai DFEMICK Y OEERD 7RI L. &E&IC, NIS-Elements
HiEE 9 2 BEMERIR FIRIC NIS.al ZHISAD T &K, REROEGREEMOFIATIHERNHE TH > cHENR
FOTREERY, HclBZRETET DI LZRUR.

The application of artificial intelligence in image processing is being investigated extensively in life
sciences. We develop and install NIS.ai, an image processing technology that uses deep learning, in NIS-
Elements, which is an imaging software for microscope systems. By integrating NIS.ai with NIS-Elements,
NIS.ai enables users to use advanced deep learning technology easily with tasks such as image
conversion, segmentation and so on. In this study, we show that users can obtain accurate analysis
results with minimal effort using NIS.ai. First, we confirm that the analysis using NIS.ai for images of
unstained cells exhibits the same accuracy as that of the conventional analysis for images of stained
cells. Second, we demonstrate that the effects of staining reagents and the phototoxicity that occurs when
capturing fluorescence images can be avoided by utilizing NIS.ai. Finally, we demonstrate that by
incorporating NIS.ai into NIS-Elements, automatic imaging, which is difficult to achieve using conventional
image analysis, can be achieved, and a new value can be obtained.

Key words ST+« TV, BEHE BHOE ATHE REFS

life science, microscopy, image analysis, artificial intelligence, deep learning
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FATHA LY ZADGIFIZBE T, EWHEREE VT
HWlazBlgsd a0, &3 % VBRI A7 2 & T, Ml
DAYy MRGE R EOHEML TN TW 5. HEIL,
$#1Z Al O—FfTd 5 Deep Learning % v 72 W@Wﬂ:iﬁﬁﬂﬁ
DOFIBIENR - TBY, FE, 58 7574,
fEWL, BREZ S~ G ShTws [1].

NIS-Elements {&, B 7 2 5 OHl#H, WEWLHE, #
B, LAR— MRBEZ i 2 7B 2 A 7 2 o v
Try 27 ThHb —avix, ZnFTwLDO0d Deep
Learning % o JH U 72 WSS WG LB RE 2, Z @ NIS-Ele-
ments |2 L TE 72, ARTIE, 7Y 7 VGEOICHRTT
e % #8568 (Convertai) &, 355 I FH W HE 2 #& g

(Segment.ai) (LIRE, T o offEx NISai &tHT 5)
DML ZDF A4 THA TV ZANDIRHIZOWTIHRAT 5.

2 Deep Learning %R L - SEMSEIRIEIAE

Oy LM 2 I I R L T A X, BV T 41
VW EOWRIBIEAN R, TS LT A VA MRE
@ Deep Learning Tld 2 WA EH M A Wb 2 & 4T
&%, L2L, THHOEMIEEGRT 4 VY —OFET R E
fER OFREE DS LT, M ROE Z 0 L& 57201213
B 7B U EETH B

AR THAT 5 NIS.ai ® > DFERE (Convert.ai, Seg-
ment.ai) (¥, Deep Learning ® — i T & % Convolutional
Neural Network 2 HWCB Y, FEHHAT—F 2L ELTS
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supervised B D #¥ ZER-H LT\ 5. Deep Learning i, FE[
BT 4V —OBEFNIH 7 H1EEITFE R THEIIZS
btz 720, HEREIOMFULILR, ik CLEE 572
P HAMIAE 2 D, F2, FHIHWET—F %
FHROMYBLNBEHESLT LT, LOEELZMETE
LR D 5.

Deep Learning % FIH 3 56, #E LB 3 5 MEIC
J& U Hyper Parameter & I-EN %785 X — & — & i
53 E 4. Hyper Parameter @ %I T#E RSB
T, —BWICFE & REES D5 WEELIEETD 5P,
NIS.ai (3 BABEE MR B LFAD A v b7 — 7 His e
W Wbz, T HIEA 7% {, Deep Learning (24l
LT THMBEICRIFRFERIEONS.

Table 1 NIS.ai #BEFO%EEEB

Iterations

Convert.ai
Dynamic range adaptation (on/off)
Iterations

Segment.ai Dynamic range adaptation (on/off)

Detect touching object (on/off)

Table 1 1% NIS.ai ®#EH O EHH THSE. T T,
Iterations (X, FH OBV ELME A/ ET S+ TP a v T
H5. BYLRMEIFEHT =2 ORRIEOLD X IKAFET S
25, EHEIEL,000FE DT 143 CTdh 5. NVIDIA Quadro
RTX 4000% FJJH L Iterations % 1,000 \Z7%5E L 7235 A D4
HEER X, Convert.ai TIE#y 3 KER] 2, Segment.ai Tix#y
4 WEIEE,  RIBEEE i34, 600x1 , 6009 M5 T o HE iy [H]
FIMBHZH IBUTFTTH L. FEEMIEVD, FHIC
L0 R L 7228 5 A B 7OV EE & R n] g C kR
RN C L O F D EE 720, FEH EOMEIZ 2.
Dynamic range adaptation (X, #EHH7— ¥ IZHL 30X
5O XN WA, Detect touching object 1, Segment
ai THHE L7 8 & WkE EE IS o L 7o W& icdie e
F7arThh.

NIS.ai 12 & 2HE, 22— =25l L-#EHHT—%
EHWTFEHEARETVEAERT 2FEH 72— XL, 7H
MEREFAHALT, JAR7—75» 5 BWom%x M3 5
HTI2—AD_OD 7 —AD LK 7> (Fig. 1).

FR7 - AT, 2 —F—3LROTHEIEE, hlis
% % Ground Truth Wi{§ % #E4ii 3 2 L ¥AH 5. NISEle-
ments OWFHUSHEREIE, ALAHZEE{R L HOGH R % &8
BT v AVOWRE IS TE 5. L —%—(% NIS-Elements
EFRHOWTIE LSBT v A vomigzzo3F, 1<
1%, NIS-Elements O Wi{§ALEFERE %2 FIV TRLBL L 7245 K 0
WEE¥EAT—5 L LTHHTE 5.

Wi 7 = — A TlE, WRTF—F % FHFERET IV CHER
WUER L 72%%, Z OULERAE R % NIS-Elements o W{§ALEEAE

THRILS 22 2R, A1 v MRl & ORI 21TV,
ZORRETT7ELTHILAY, Excel IZT7 AKR—
LD TAHIENTES.

& 512, NISElements ORI 72 W{GALEE,  fFHTLEE D
A bEE HEb3 25808 (GA3) %, B 4&M2 4
FELWE, ST 70— % AL % Bk
(JOBS) #HWAZ XIZLY, B{REUFA,SHENETO—
OB Z HEMLT 5 2 L, E5I1C1E, EIERICE-T
WP ZZETE L, BRI RBEREZIT) T LB TES.
NIS.ai i NISElements |Z#AENTWAH I &5, HITH
TREEERICA T 5 AT Z 3 L TV B 721 Tk <, #l
P25 <, BEME S 7 2 AT 2 T HEs L7z,

DUTFORETIE, &) 258z NISai D J 1 7%

A IV ANDICHHEBIZ RN T 5.
%g \

FRELETV )

%".5’7:—x
(" FERT— 5 DR

7:@1% ] {48 AL
%E(NIS ai)

Ground Truth [}

7::*—1
/@ﬂﬁ%T PO i

e ﬁ@ {4 AL B
mﬁ> iR Jr
ai L7 — |

Fig. 1 %%, #HOVETIO—

3 SATYLIVRSBEAD Al iSREE

AFTlE, NISai # W2 TFO=20HE 2§ 5.
3.1, FEYeth D BAMLEE I (5 % F > 72 T RS B e O 15 26 i
3.2. TV F VYA X B Geta ik 3K o0 522 ]

3.3. WiMEEGE Y — 2 7u—oHEt

3.1, FEY oD SR AR I {5 % FH > 72 B BE 2 BT 1l 5 2

AW SSR, AR ZE IR P ML N O FF E o1
BN EFET B0 Y IV ERm L, MR X
DENSEMMLTYS, LA L, JeticiEildRe < H
MER RS, BRI DENEL S, X512, KR
OREETIE, YLV TUNHEIHTERL R DT
DEROY v TN E BN B LES DL, KL, T
T VGt &I B BBLITAE O JE Gt O BE ST IR 2 &
e o Yeta g % )13 % Deep Learning ®O)sHZ &
D, FUEOMPAE SN TWwS. NIS.ai @ Convert.ai 13,
COFTT I NGBS RERERETH H. RETIE,
AHZE BRI C IS L 7= Wi 20 & MR A% o #0152 A 5k
L7-Bl%&RT.

MRS~ 7 i2iE, MR EMICRTET 28064 7 &
7y B EENICIBT % BS-C-Ilakkz i L7-.
BIER B 37 B TI-E T2085 %3 L >~ X (CFIS Plan
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Table 2 ZEEHBE

3. 14 3. 2fifi 3. 3ffi

Y > 7V | BS-C-1 e | HeLa Mg | ~ 7 ABgb0 v
NIS.ai Convert.ai Segment.ai

mitg | A FL AR 22 15 AR o] R

FE oy | s EosmiE IR
[LIFESE Y 512 x 512 pixels 2048 x 2048 pixels
FEWM G 70 75 78
Iterations 1,000

Fluor ELWD ADM 20XC 0.45NA, Nikon, Japan) #f£H L,
EMCCD (iXon3, Andor technology, Oxford Instruments,
UK) CHifHzZEmiff & #O0mig 2 BUs U7z, Bssiiftiio
T2DAT =TV by T4 vF2X—%— (STX series, Tokai
Hit, Japan) 2 X V37T, 5 % COy 5tk THEF & HED 72,

Convert.ai O E AT BAMEE Ho s O MR 51 %220 %
7 5120% THR- 729 7 Vlif% % f L, Table 2 (3. 15
DHE) OFEMTHEEL, FEHHAT—5 LI3NHTEO Y 4 A
57 2AIZETF IV L7z, Convertai 12 & ik 1%
WAL B o B GE L & Fscore % IV CaFii L 7=, B4sEh
MUE T A LT T ANZBT 5 A —HEF OB OHERS 2R
L7225 7T®H ), NISElements ®EEAEO W5 AT HERE %
JAWCHlE Rz €& L 70 v b L7z, Fscore [3%k~4
BV THERIE I 2 /R T — M 8RR T, LITEWIZ &
JEH3E <, Ground Truth @ #GHEI 512815 5 Ml &
Convert.ai OEFHMIRIC L 2 MO LA, 10¥ 7 L)V
VIS 20 6h %2 EHEICER L2

Z DR, Convertai 12 & V) 3G S N7z MR O RAEAS
Ground Truth BYEE{% & 1T —DRFEZ R T & HHER
Eh/e (Fig. 2, AP, S50, HuElhia d dobmifg 2 Ik
12 L7z Ground Truth {2 X 2R3 & RV Z R L,
AN EEAEAL L T D MR AR S D & L AHERR &
N7z (Fig. 3). A5 L7z Fscore DD 5,
80% ¥ ToOMMEE THNiX, Convertai 130.90% 2 %
FWHEEEE L 0 5 2 L bR &7z (Table 3). Ml EE
100% D ¥4 L7z Ma M o B 258 L < 2 2 B{ET D
F-score 0.89& HRMUAERE R  FEHETTRETH 5 Z L AMERE S
nz.

bl OBGEERE R A5, NIS.ai @ Convert.ai #EEEZ H 5
ZLiZkh, HENGBOFERT— 5 2 Hnwi-4=8 T,
gl & SR E ISR Z R TS5 L F R 5.
NIS.ai DIEHIC L Y, HOGBAMEE T 2 #OGHE R D
Wity T&, W ESTICBTLL0BIEICL ALY —
Wed, 02, BEORBMMZIRET S L) ik
By TNEBHNR LT BEERRUIZECOEN S it
s,

AN AN
+ NIS.ai ?&5

+ Ground Truth
4

Ground Truth NIS.ai #EG

4

Fig. 2 BB Ground Truth Eiff &, NIS.ai Ik B #E
1] {5k D LEBR

A, S, NISai~AJ) L7-AiAHZE R, AJJHi{R L Ground

Truth (R), AJJHif%E NiS.aidfiim (#) ouobmiffomia

4, FEiZ Ground Truth & NIS.ai 350 HaA% w6 {5

ERL TS, AXRPLEFA—OME R L TWD. A 7r—

N—1% 80 pm.

160 :
140 :gIS'aIdT th o 8 o038°23°°°3§
rount Jyit o O
120 3 wéo? 8% 50 OB
# 100 o
j"ﬁ S
& 80 (5}
===y
£ o oc@ﬁg&”
40 M"
20
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time [hour]
Fig. 3 #fa#B?D Ground Truth Eiff &, NIS.ai (K B #E
SRE{G & F U - MR D 1 TE AR O LR

Table 3 NIS.ai IC& 2 iR OEE

MR %
Ground NIS.ai True False False I-score
Truth Positive Negative Positive
30 24 22 22 2 0 0.96
50 65 63 62 3 1 0.97
80 73 69 67 6 2 0.94
100 101 99 89 12 10 0.89

3.2. FVZNVRANIC K B Yett iR o 5 ] sk

P TNOGMIZIET A PR T, EBREHOKROIE
5O E DAL RED D 5. Yett iR IR OB H L {5 B
WOTzOOREPLITER T 23 Ot#tk) g
WEERIZTT I EDPMONT WA 28, RIEOHE R MM
BT R LR PR TH B, T, MR
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% AR &9 ARSI Tl et & 1 O X0
FIITELVIHERD L. NS OBEE S 5 720,
NISai l2 X 2867V ¥ VGt 2 5 Z LA RETH 5.
AFETlE Hoechst % H W 72 MiGiERS K & #1149 %. Hoechst
MR Gt )L b 2 JetuiddEch b, MIETo™
MR BHMEREEE LS Z SN TWS [2].

WGk > 7 V121 Hela #iffd 2 vy, SRS HGEZ1E3.1.
BHOMGE L MR OIEEREE & BB TEB L 72, REDE
B WGES 5720 O OFEBRIE A L7z, —21d ke
HilZ Hoechst THINEM % gt L7249 > 7V (Hoechst FEr
), ) —HIINSa ¥FFAET VLW T 5 IEGut
DY > TV GEets NIS.ai EEEE) Thb. —o0% 7
WNaed 40T T Asg LesHERICRE L. 74,
Getty NIS.ai FEEREEOHETRRE L 2 5Tl 5 720, Wit D
DEHTIZ Hoechst ¥t 217V, Ground Truth M5 % B L
7z. NIS.ai OFEE 7 — 7 1350&, MR ESRM%20% 2
5120% TR - 729 >~ 7 )V % Hoechst THete LI L7z, &
N5 D4 % Convert.ai % H\ T Table 2 (3.28i01H) @
G TR L, AT L 7oA S 2 & Ml A% O SO0 {5
M35 EFTIVESER L7, Hoechst £EaEE, gt
NIS.ai SEEHEZ 2SR Uil 2 el - esfb L, 3
B IR & R L 7z

ZOfER, Hoechst B, JEGeta NIS.ai FEERTE CHoe
BAGIRE I X R FRE D% OMIMLAS, Hoechst F2ERHE TIEik
RO OB X ) 60 FR B % O M ATt NIS.
ail FEEEEE I LA LAV (Fig. 4). BEsihig
A5 b Hoechst BRI OMINIHEAAAPIH] S N7z T & AR
SNn7z (Fig.5). NIS.ai OHEFHEEICE L TZy A 657

FEULANIS. ai FEEREE

Hoechst E it

-~

yar

0 hour

60 hour

Fig. 4 ImSBIIAATIC Hoechst T U /-#f8 (Z£3) &IEL
BOME (BF)) OE{GILE

/51 Hoechst THeft S - Mg (%), 4% NIS.ai

W& YRR S - AIRAL SR (%) &R L, EhEhLARZEm

BLEREDLETVE. H—HED 0, 60REHRESOMmI{EE I

TIAERTWD, A7 —) 3= 100 pm.

A DA 2512 B1F 5 Ground Truth Mif%k & O LERIZ X Y
For e R AR e CTH H 2 L r L7z (Fig. 5, 7%
F).
INSORRP S, NISai & V78679 ¥ Vgl
L DHNEARKDOIE LWEBZIRZ SN D 2 EATRENT.
Pt B X BB HMICHE SRR Y T
ZE) 2 IEMEICIRIRT 5 2 Lid, EWEREY:, A0
THBLAEREEDPHE T EAEESINS.

3.3. WS 7 — 27 7u—0 Bt

PESR D SAMEE IR % I\ 7258 T, Fge 8 et 5
DN 7 SRR DO A Z PR L, MR 2 k172 & ik
WENDZ DL R ol L, WA, HitrZz
AR LD S mO BRI, BHTATTREIC 2 0, B
G2 EEWICEHIT 5 2 EBUEE > TWA. ZD720,
FREIRLEDI R D X 9 e K& ¥ v Vol [3] %, Al
MRTERESNSE KBBA 7Y —= > 7 [4] TIISAMEET
D=2 TIVHGEIIRERAHE RS, H2IE, FKoE
BO—>2TH5 470 —BEREHTIE, RERBRIHEET S
MO WHEEARET L EmbhTws [5]. &
DX BRHOEREHRMT 5720, WML ——135
R v 22 v, FEOHEOE Y —>—D2>HHT
MR L7 ECHe T 2 ELN D 5720, He R Esic
225 ARAIERICE . F 2T, NIS.ai 2 X % s8]
% NIS-Elements I CTHiug 7 0 — AR 2 & T, W5
9 5 HIR A R E MR A D AR, SHIERITGE & R IC %
T 51 —H—DAMBRSETH L. AETIE, FiHo
Y > T SRR A 2 HEpRIE LSS $ 5 61 2 7R
5

MG~ 7 AR OB R R 13 L, B < IR
Mtz L OB ERT AT AF A~y v v Y%

350
e Hoechst FE5 A
300 T
FEYL (0 NIS.ai SZ5R HE
250 t
® Ground Truth
200
X
1}3 150
=
=
=
100
50 -+
0
0 10 20 30 40 50 60 70 80 90

Time [hour]

Fig. 5 IREBIMAAIIC Hoechst T4 L -l (F) LIEdeEe
HRAD NIS.ai Ik B HERER () AR
D IEFEER D LB

ZHEETEH = SD (n=3) Z/RLTWA. Jgtfliinidin

#&IH: 5 C Hoechst 3¢t L, Ground Truth & L7- ().
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IR SN0} 5=
(AT =)LJT= : 1Imm)

SREKGRD
Bl

n

NIS-Elements T
—EDIO0—% B & THhE

Folze vy TV EMH L. Foeld B mBamEE s A 7
2 AR % i 2 72 B3 BEMMEE Ti2-E 2 L 72, RERIROAL
2 B9 5 720 OEEIRICIE, 2085 L X (CFI
Plan Apo Lambda 20X 0.75NA, Nikon, Japan) & CMOS %
X5 (ORCA-Fusion, Hamamatsu Photonics, Japan), &
DOFEMBIZERIZ100f5 6 (CFI SR HP Apo TIRF 100XC Oil
1.49NA, Nikon, Japan) & JLEEBAMEE > 2 7 & & Hv 7z
FEM T — 713200 L v R X D g L 2 gm0
BXGbHIZL I HONHERU T &mE (A4 F2#K
) o) L2278 O WI{RITHR L CRIERR D I % 7R
TEEEN T — % R L, Segment.ai BEEEIC X 1) IR H 1
BRI SR DOFEIBEZ M TEHETNVERELL
(Table 2, 3.3fiDH).

DARLEF W RIS & SR BRARHOU I RIS £ T2 HEfbd
B7OITHESE L2 1) BT EEIUE L REEDEIZL S
FrlE AR oM QORI L > X), 2) SRIERHEBD
HEFw (Segment.ai), 3) SRERMAOELFEEEG N, 4) 3HHE
RUBAREE 2 A 7 22 X B /BRI EOEI RIS & v ) TR
LY DT —2 7 u—% Fig. 6 27”7 .

FEA, SRIRARGEI ORI LT NIS.ai ALH LTI
VAR IZRRD S 7zA, GASICHIRRHIEEIC X %
T 4y =LA AT 2 & THRERIRD ARATIEME AR &
n/z (Fig. 6, /Fr). Z 512, FAEEIC X B 5RERIRHRS
LR34 &, NIS.ai AL T False Negative/ Positive 1
FNENL %/7.2%\28 % 572 (Table 4).

VUEXY, BAOEGE-COMMASEE L2 725K D
NIS.ai (12 & DAEER MRS 2 LAVRE Nz HRIC,
False Negative D7 SIZEETH 5. Z¥E% 5L, False
Positive ®¥; & 1325 S P WG O W EIRA T & %25,
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The demands of production line metrology in the automotive industry are becoming greater and more

challenging. High accuracy and high-speed dimensional part measurement as well as high reliability are
key requirements for inspection. In order to meet these high expectations, we released the APDIS series
in October 2020, which combines both Nikon’s core optical technology and Nikon Metrology’s laser radar
technology. This paper describes the new technical features we developed and implemented in APDIS in

addition to the product's basic principal of operation.
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coordinate-measuring machine (CMM), non-contact, frequency modulated continuous wave (FMCW), Laser Radar, car body

inspection

1 Introduction

In October 2020, Nikon released the APDIS MV4x0, the
next generation of the Nikon Laser Radar. The MV430 and
MV450 measurement systems are used for fast, automated
and non-contact inspection of objects ranging from smaller
components such as a car door to complete large assemblies
such as commercial aircraft. It achieves this through a
unique application of a non-contact, accurate laser-based
measurement technology overcoming the limitations of tra-
ditional monolithic or portable metrology systems.

The ability to measure detail at a distance, without the
need for handheld probes, targets or surface preparation
means APDIS is ideally suited for repetitive, complex, hard
to reach, delicate and labor-intensive inspection tasks, cover-
ing a huge range of manufacturing, industry and research
applications. This paper describes various innovative features

that are incorporated into the system.

2 Development Background

The heart of the APDIS system is a Frequency Modulated
Continuous Wave (FMCW) coherent laser radar that uses a
diode laser as its source. A waveform is used to change the
frequency of the laser directly by modulating the laser’s
injection current, resulting in linear modulation. This type of
modulation is often referred to as a chirp. The frequency can

be expressed as a function of time in the following manner:
f@) = fo+ (Af/ ARt @

Where fj is the center frequency of the laser. By using a
lensing system, the modulated beam is focused at a target,
where it is scattered and recollected by the optics after a
round trip transit time ¢. The distance to the target, R, is

calculated using the relationship:
t=2R/c @

where c is the velocity of light.
In an FMCW laser radar device, a portion of the transmit-

ted beam is split from the incident light wave and forms the
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local oscillator (LO), which is then mixed with the returned
(signal path) energy. In a coherent laser radar, the beat fre-

quency produced will be equal to:
Beat Frequency = f(t)—f(t+1) = (Af/At)t 3

The beat frequency is measured electronically and used to

calculate the distance to the target R:
R = ¢-Beat Frequency/(2(Af/At)) @

In early Frequency Modulated (FM) devices, the accuracy
of range measurement was limited by the linearity of the
frequency modulation over the counting interval. For exam-
ple, if the target is one meter distant, a linearity of one part
per thousand is necessary to ensure 1 mm accuracy.
Advanced techniques employed in the Nikon Laser Radars
enable a high degree of linearity. In addition, these tech-
niques can detect and compensate for real time variances
from linearity. This enables range measurements with single
digit micron precision.

FMCW radars are largely immune to ambient lighting
conditions and changes in surface reflectivity because they
rely only on the beat frequency, which is not dependent upon
signal amplitude, to calculate range. This enables the system
to make reliable measurements with as little as one picowatt
of returned laser energy. This corresponds to a nine order-
of-magnitude dynamic range in sensitivity.

Fig. 1 depicts the linear frequency modulation, or “chirp”,
together with the corresponding “beat” frequency that
results from combining the outgoing and incoming light
signals. The laser base frequency is approximately 200 tera-
hertz. The “beat” frequency is in the 10 MHz range. If the
surface being measured is moving relative to the laser light
source, the beat frequencies corresponding to laser
upsweeps will be different from the beat frequencies corre-
sponding to the downsweeps, due to Doppler frequency
shifting. Measuring the frequency difference between these
signals enables a determination of velocity to be made.

For precision measurements it is necessary to include a

reference standard both for absolute ranging accuracy and

Frequency

AF S~ " O
LO and Signal L7 Sso L7 Sso
Optical N v,’ ‘\\ ’,’ ‘\\
Frequency e < .7 So

Frequency

RF

¥
Signal | AF \/
v

Fig. 1 Laser optical frequency and heterodyned RF signal of coher-
ent laser radar.

Time —>

to help linearize the laser’s chirp waveform. For the internal
reference standard, the light from an IR laser is split into two
fibers by means of a fiber coupler (See Reference Arm in
Fig. 2.). One path is sent to the mixing and focusing optics
and used to measure range. The other path is directed to the
reference standard that consists of an input fiber optic cou-
pler, which splits the light into two fiber paths and an output
fiber coupler, which recombines the light into a single fiber.
The two paths of fiber between the two couplers are mis-
matched in length by several meters such that a laser radar
signal is detected on the reference detector. This reference
Mach Zehnder interferometer formed by the two couplers
and the fiber between them is kept in a temperature-con-

trolled container to prevent the fiber lengths from changing.

(3)Focusing lens

.

4)Camera
Dichroic __D (4)
Prism
e E (2)Mixing Optics
FBS H

I Detectorl}

! .
IR Red "y
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- .
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Fig. 2 Optics overview

(1)Laser/Reference Arm

IR laser

Wavelength : 1550nm
— Fiber

== Coupler

Reference Arm
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The APDIS system has several improvements over previ-
ous versions of the laser radar. The first is the incorporation
of a compact mixing optics assembly that is insensitive to
environmental changes (temperature, etc.). Previous laser
radars used a fiber optic circuit to perform the mixing func-
tion. This circuit was more costly and needed to be ther-
mally controlled to maintain measurement stability. The
second improvement is the inclusion of a high-resolution
video camera in a boresighted, confocal relationship with the
radar's measurement beam. The radar and the camera utilize
a common focusing system allowing for a precise relation-
ship between the two sensors. Another improvement is the
physical sealing of the system to prevent water and dust
egress. This is especially important in use in a factory envi-
ronment. Finally, the capability to remotely measure velocity

(vibrations) as well as range was incorporated to provide
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additional data to the user. These improvements are

described in more detail below.

3 Optical Design

The optical system of the APDIS laser radar consists of
(1) the light source/reference arm unit, (2) the mixing
optics or interferometer unit, (3) the focusing lens and (4)
boresighted camera (Fig. 2).

The light source unit uses a 1550 nm diode laser to pro-
duce the frequency-modulated measurement light. This light
is split between the reference interferometer discussed above
and the measurement path. In addition, light from a red laser
diode is combined with the IR laser light to provide the user
with a visible indication of the output beam position. This red
spot, when focused on a target, can be seen visually by the

user both in the video display and on the actual target.

4 Mixing Optics (Interferometer Unit)

The mixing optics of the APDIS laser radar eliminates many
of the fiber optic components used in previous systems. The
miniature mixing optics are shown in Fig. 3. The laser light is
transported to the mixing optics via a Polarization Maintaining
(PM) fiber. The laser light exits the fiber and passes through
a polarizing beamsplitter (PBS) which is fabricated to pass one
linear polarization state and reflect the other polarization state.
The light emitted from the fiber is in the linear polarization
state that passes through the PBS. The light then passes
through a focusing lens and then through a quarter wave
plate retarder (QWP). The QWP is aligned such that the lin-
early polarized light is converted to circularly polarized light
(for example right circularly polarized light.) In addition, the
QWP has an antireflection coating on the first surface (the
surface first encountered by the beam) and a partially reflec-
tive coating on second surface (the surface encountered by
the beam after it has passed through the QWP). The QWP is
also positioned such that the focused spot coincides with the
partially reflective surface. The light that is reflected back
becomes the LO path beam while the light that passes
through the QWP becomes the signal path beam. This beam
is then focused onto a target to be measured via the focusing
optics. The LO path light, upon reflecting from the QWP sur-
face, switches its circular polarization state to left circularly
polarized light and then is converted by the second pass
through the QWP to an orthogonal linear polarization state.
This light is refocused by the focusing lens and is reflected by
the PBS to a photodetector. Similarly the signal light that

reflects off a target also undergoes a change in circular polar-
ization state to left circularly polarized and, after passing back
through the QWP, also is converted to the orthogonal linear
polarization state and is reflected by the PBS to the sensor at
which point it optically mixes with the LO light to generate
the radar signal. The combination of the focusing lens and the
QWP forms a Cats-eye retroreflector which ensures alignment
between the LO and signal paths and provides for a stable
optical configuration. Also, since the LO path is a subset of the
signal path, any drift in the position of the mixing optics affect
both paths equally, eliminating the temperature sensitive drift
problem of the previous systems. In older systems, the mixing
interferometer is fabricated from fiber optic components and
housed in a temperature-controlled module, which hinders
miniaturization. Therefore, this cat’s eye arrangement is used

to reduce the number of parts and realize miniaturization.

10A lens PBS
2 QwpP
O“OC: B ~ | [~ Fiber
e e S =y ey
T T ‘< i
Cats eye
—— Reference beam No AR-coat
—— Signal beam =z Sensor

Reference and signal laser spots overlap

« This configuration has a number of advantages:
* Simple geometry with few components
* Low cost
* Easyto align
* Stable

Fig. 3 Mixing Optics.

As to the stability of such an assembly, Fig. 4 shows the
dependence of the laser spot position on the sensor as a
function of QWP tilt and offset. As can be seen, if the QWP
surface coincides with the image plane of the lens, the spot

position is independent of QWP angle.
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Fig. 4 Sensitivity of the mixing optics to misalignment.

Fig. 5 shows the effect of beam shift between the signal

and the LO spots on the laser radar signal. As can be seen,
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a 7um beam shift produces a 1.5 db loss in signal level. This
is an acceptable loss for such measurement systems. This is
the same loss that would be produced by a 0.4 mm QWP
offset combined with a 0.6 degree QWP tilt. The manufac-
ture and assembly of an optical mixing assembly to within

these tolerances is easily accomplished.

0 T T T T T

05F

Signal drop (dB)

L L : L L
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Beam shift (mm)

Fig. 5 Laser Radar signal loss due to beam shift.

5 Obijective Lens and Boresight Camera

One of the improvements of the APDIS laser radar over
previous models is the reduction of the minimum measure-
ment range from 1 meter to 0.5 meters. This reduction in
stand-off distance improves the usability of the instrument in
factory assembly line settings where space is at a premium.
The objective, or focusing, lens developed for APDIS is an
optical system that supports this reduced range measure-
ment. In addition, it also supports both the IR light for mea-
surement and the visible camera wavelength range. In the
past, the focusing optical system of the measurement light
and the boresight camera were separate optical systems, and
the optical paths were separated by a dichroic mirror. There-
fore, since each optical system had its own focusing mecha-
nism, it was impossible to match the measurement point
with the camera field of view. In order to overcome this
drawback, the APDIS lens has a dichroic prism placed
between the focusing lens and the intermediate image plane
(QWP surface) to separate the visible wavelength and the
measurement wavelength. Since the focusing mechanism is
shared by this configuration, the measurement point and the
field of view of the boresight camera can be matched. There-
fore, measurement support using object recognition based
on camera images has become achievable.

It is possible to irradiate the measurement light and the
red laser light for visual recognition from the fiber end, but
if the axial chromatic aberration is completely corrected, the
spot of the red light becomes too small and the visibility
deteriorates, so by intentionally leaving the axial chromatic

10

aberration, visibility is ensured. Another characteristic point
is the dichroic prism. A general dichroic prism is a cube type
with a slope of 45 degrees, but the APDIS dichroic prism has
a slope at an angle of 30 degrees with respect to the incident
optical axis (Fig. 6). As a result, the angle range of incident
on the slope can be reduced, so that the polarization depen-
dence of the transmittance/reflectance in the visible light
region of the dichroic film can be reduced. If the polarization
dependence of the dichroic film is large, the appearance of
the camera image will change because the reflectance
changes depending on the polarization direction due to the
change in the angle of incidence on the deflection mirror
when observing points with different elevation/azimuth
angles. In order to suppress this problem, a prism with a

special shape (Fig. 6) was adopted.

Camera Sensor

Total Internal Reflection

'

Red Laser Light
Visible light

/

Intermediate
Image Plane

Visible Light Partial Reflector
Fig. 6 Dichroic prism.

6 Camera Resolution

In past versions of the Laser Radar (LR) a collinear cam-
era was in the unit with the following limitations: (a) the
camera was an inexpensive surveillance camera whose cali-
bration parameters changed with orientation to gravity and
was environmentally sensitive (temperature), and (b) archi-
tecturally the camera and the LR data were brought together
at too high a level to allow real time coordination between
the camera and the LR data. The APDIS Laser Radar incor-
porates a metrology camera which (a) shares the same
focusing optics with the LR measurements creating a confo-
cal Laser Radar (cLR) and metrology relationship (6DOF)
between the camera and the Laser Radar, (b) is high defini-
tion, and (c) is now tied to the LR data at a low level in the
architecture minimizing the latency between the data allow-
ing real time coordination of the LR and camera data.

The APDIS video camera is a 4.2 Megapixel (2048x2048)
CMOS sensor in an RGB Bayer Matrix. As shown in Fig. 7,
this sensor covers a 7degree field-of-view (FOV). However,

this FOV is truncated to 5 degrees to remove the edges of
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radar’s circular output aperture so the effective camera reso-
lution is about 1400x1400 pixels. Each pixel covers 63uradi-
ans of the image scene. The camera sensor mount was
designed to maximize the stability between the Laser Radar
and the video image. The APDIS system is vastly superior in
this respect as compared to previous systems. APDIS retains
sub-pixel stability in alignment regardless of the radar orienta-
tion. This is important as the system is often robot mounted
in order to facilitate factory measurements. In addition, the
alignment is stable to less than 2 pixels over the 5TC to 40C

operational temperature range of the radar.
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*
I

He

— -

s
Tt

H :g
’
™~

1

Ay

‘j
(&)
5

Fig. 7 Camera FOV.

Using the two measurement modes (LR and camera) in a
confocal Laser Radar allows the LR to be pointed to opti-
mally measure the feature of interest. Additionally, a low
latency data interface allows real time algorithms and the
tracking of features identifiable in the camera.

A calibrated camera can be viewed as an angle measure-
ment device where the azimuth and elevation of every pixel
in the picture can be determined. With the LR and the cam-
era having a confocal relationship it simplifies the use of the
range measurement to provide scale to the photo. This rela-
tionship allows the center pixel of the camera to be directly
related to XYZix. It cannot be guaranteed that the projection
of the camera focal plane to the scene is perpendicular to the
central ray of the Laser Radar. This relationship can be
determined through a calibration process. With the cali-
brated camera planer features can be measured directly by
the camera once the range is determined by the Laser
Radar. The same can be said for features with known geom-

etry, such as spheres.

/ 1P54 Rating

The Protection against Ingress of fluids and solids into

11

instrument packaging is a key feature of the APDIS system
because of the harsh industrial environments required by
automotive applications. The protection rating of ‘TP54’ was
found adequate for these requirements. These ratings are
determined as defined by industry standards defined by IEC
60529:1989+AMD1:1999+AMD2:2013 CSV - Degrees of pro-
tection provided by enclosures (IP Code) . The first number
identifies protection against solids like dust and metal debris
and the second number identifies protection against fluids like

water. Fig. 8 describes rating derivation for IP54 rating guide.

1st Number Solids

.
0® %% se
%

o 0e® %0

&

Protected from water
I splashes from all

direction. Limited
Ingress permitted.

Dust Protected. Limited
5 Ingress permitted will
not interfere with

operation of equipment r'

IP54

Fig. 8

IP54 Rating definition.

The design strategy for achieving the IP54 rating was
developed based on type of interfaces across the APDIS
design. (Fig. 9)

Metal — Metal Interfaces I

Rotating Interfaces I

Metal-Plastic Interfaces I

Plastic-Plastic
Interfaces

Airflow Interfaces

Fig. 9 APDIS cross-section showing various interfaces.

There were 3 main strategies for these interfaces.

a) Metal to metal interfaces used a technique to minimize
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interface gaps to less than Imm and application of
hydrophobic coating to prevent ingress of water and
dust. Labyrinth structures were also used to create a
sufficient seal. Rotating interfaces on the APDIS point-
ing mirror assembly had very small interface gaps
augmented by light weight lubricant grease to form a
hydrophobic and dust barrier.

b) Plastic to metal and plastic to plastic interfaces used a
variety of custom gaskets strategically applied to pre-
vent or minimize ingress of water or dust. Some of the
materials were open/closed cell foams or EPDM type
material. Fasteners with O-ring were also used at criti-
cal locations (Fig. 10). The selection of gasket material
was particularly impacted by interface geometry, fas-

tening methods and location on APDIS.

Plastic Covers

Various Gaskets

Fig. 10 Exploded view of external covers and various custom gas-
kets.

¢) Interfaces where air flow for thermal management was
require, water ingress was not completely avoidable.
Here special vent panel materials and geometry which
are hydrophobic were used. Strategically placed vent
holes that facilitate purging of impressed fluids in only

one direction.

Another strategy used was to incrementally design and
test (in collaboration with the industrial design team respon-
sible for external covers) using internal test methods that
incorporated water detection paper and glycol-based smoke
generator to detect ingress and leakages in interfaces.

The APDIS system tested showed no ingress dust ingress
during IEC 60429 IP5X testing in locations which were
sealed using techniques implemented above (Fig. 11).

APDIS system tested had minimum ingress into expected
areas. The purge holes, and vent panels performed well to

keep gasketed interfaces intact and prevent ingress of water

12

Fig. 12 ADPIS after the IPX4 testing.

during IEC 60529 testing for [PX4 standard (Fig. 12).

Ingress Protection is a key requirement for Automotive
shop floor metrology where fluid splashes, welding and other
process fumes and dust present hazards to measuring equip-
ment and impact productivity and down time. The APDIS
design strategies render the system very robust against such
hazards by achieving the IEC 60529 IP54 rating.

8§ Vibration Measurement Feature

As mentioned previously, if the surface being measured is
moving relative to the laser light source, the beat frequen-

cies corresponding to laser upsweeps will be different from
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the beat frequencies corresponding to the downsweeps as
shown in Fig. 13, due to Doppler frequency shifting. In a
manufacturing environment vibrational noise is often present
due to large motors, vehicles and other noise sources. By
averaging the measured signal frequency from an upsweep
with an adjacent down sweep, the Doppler noise can be
removed from the range measurement. The APDIS Laser
Radar is capable of making 2000 Doppler corrected range
measurements per second. In addition, the Doppler fre-
quency, and thus the velocity, can also be determined by
taking the difference between the two frequencies. For
velocities in the direction of the laser beam, the Doppler

frequency is given by

F; = (2*velocity)/1550 nm. ®)
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" T Time —>
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Range Frequency = Fr = (AF1+AF2)/2
Doppler Frequency = Fd =|AF1-AF2|/2

Fig. 13 Effect of moving target.

Prior laser radar systems that performed this Doppler cor-
rection did not provide any velocity information. In the APDIS
development, this capability was included. Thus, the APDIS
system can be used to monitor the vibrational signature of

milling machines and other tools in a non-contact manner.

13

Such information can be used to provide feedback to the
machining process and to monitor the general health of the
machine.

Fig. 14 shows a comparison of the time series of the out-
put of a conventional accelerometer attached to a milling
machine and to the APDIS measured acceleration (derived
from the measured velocity). The mill was cutting an alumi-

num block while the measurements were taken.
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Fig. 14 Comparison of APDIS and conventional accelerometer.

9 cConclusion

The APDIS 4x0 Laser Radar was developed to operate in
an industrial factory environment without loss of functional-
ity or precision. It combines an FMCW laser radar with a
high-resolution video camera in a stable, confocal configura-
tion to provide for a unique metrology tool. Its sealing
against dust and liquids provides for the ability to operate in
a harsh manufacturing environment. It is also capable of
operating as a laser vibrometer in order to monitor industrial

machines.



Nikon Research Report Vol.3 2021

Anthony SLOTWINSKI
Nikon Metrology, Inc.

A B Shigeru MORIMOTO
Nikon Metrology, Inc.

Ghassan CHAMSINE
Nikon Metrology, Inc.

Pawan SHIRUR
Nikon Metrology, Inc.

Eric BRANDT
Nikon Metrology, Inc.

FHIE#  Masanori ARAI
WA BHFE AR
Strategic Technology Development Department

Optical Engineering Division

Anthony SLOTWINSKI A 4
Shigeru MORIMOTO

Ghassan CHAMSINE

14

Pawan SHIRUR  Eric BRANDT eI IE

Masanori ARAI



Nikon Research Report Vol.3 2021

[C3 eMotion] 1>FUIJ TV b
PIF1I—91=v FORFE

BRI, RAEE S, LA, ke

Development of the C3 eMotion, Intelligent Actuator Unit
Akihiro WATANABE, Yoshiji TAKAHASHI, Kazuki YUMOTO and Tetsuya HIKICHI
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In April 2020, Nikon released the intelligent actuator unit, “C3 eMotion,” that packages a motor, reducer,
drive circuit, brake, and absolute encoders to meet the needs for diversification and high functionality of
robots. The “C3 eMotion” includes Nikon’s original “double-encoder arrangement,” which incorporates two
absolute encoders, and various functions that combine the original control technology with the double-
encoder arrangement. This article describes the technical features of the “C3 eMotion.”
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robotic joint unit, double-encoder arrangement, high accuracy positioning, torque detection, control technology
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Far—%a2=v b [C3eMotion [2]] (Fig.1) 122V,
NIy a—FiEEEMARIEER ZISH L THONS
L Z DEMERITOWTHHT 5.

Fig. 1 C3 eMotion
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2 N—EYI7ER

ek, ZHEio Ry PO LK T 5720101, Z
DWEREHFERIE—FV—Lbrya—%, Bk 71—
FooaryR—3x v Ve ZNENEML, oRy bXR—
ARUKRy b7 — A L CTHAAGLER D72 F72,
TRy bOBERAE - FRAf F—3 ¥ HITD T, Jfk
RE—F—DOW N, v a—yofk & ERET S
PENRDH Y, AHICTR Y b E2EET 5 20120 i
HPLEE 2D, ZOF, OFy bV AT A RHERT L7
DIZIE, TRy PEEX—H—AEEL-T Ry P ERBEA
LTHHTA2FELRS BB THSL., —HT, OXy
FEHWRET T =Y a YIERMLT 2@ H Y, i
ORI VWHHRHEROT Ry FEIED v ng) =—2
BFEEVERETVS,

C3 eMotion &, [Connect (¥ #t) ] [Control (i ) |
[Cooperate (I5ff) ] £\vv9 352D COFEBZHIEL T —
IvrEN HHZFEEIZE 20Ky MERZTREICY
57:%12 C3 eMotion Tl&, E— % —, WodEkE 71 —F,
77V a—bxra—%, BIPE—F—-FIF N3k
WaE 1 DODERICEEDRATLE, =N TRy =
(Fig. 2) #WHLTWE. o8y r—J4Lickh, o
Ry MRS HEOME 3 > R—% ¥ M bGE -
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FSTAABE L 72 1), C3eMotion # 1 20Ky b HHiE
Va—NVELTRZDBIEDPRICLS. iz, E—F—
WX LTE=F — F T4 N =3 & BT ICALE § 5 ko
72, Ry MENICE— 5 —ERENH OB — 7V F il
MTBMEXR LY, BEML, B/ A X3y
Ya v L THAFNICEH L.

M
RPN

H 8
I a—4

JL—=* AFEh
Toa—4%
Fig. 2 C3 eMotion REBIEEL

W2, C3 eMotion TIZAJJH (£— % —Ek@hdh) Ho7
TV a— by a=FIImz, B S w7
TV a—bLra—Fxfiizl, [F7VTra—5E
B ARALTWS, T— % —olEIZREEIC X 5 TR
W, Wi EEST 5. Wdho RS mE
X T ML o TE=F —HOmENEEEL, Ml
AT OGN Y FHF sz vy a— 512 X - T
AWSEND. AT O HHEREHE GANE =y a—5 L
Wz a—F 3B AR CTRESNTYS. Z1hb
OEEEFERIE ) TUBEICL D) E—F — F I 4 N—hi
WWEEEINSE., E—F—FIA4 = RiFz vy a—-FolE
ECEESRTBY, kioay ra—5—7503E41E
L2200y a—FOlEHRERKIL, E—F—0HixE 7
L—F%arybru—ith ZTOILyI—4 - KIA3—
EWOFEIZLY, Tya—FoEEr—7VOES %k
MNZTBEEBIZERY b T — 455 OREE R
by, HoZ ) 2AZNEU LT LEHEE»b Ly a—47%
EOBTHEMERSTIMEDD S,

C3 eMotion @ ¥ X 7 AR % Fig. 3 12783, C3 eMotion
FuRy MNEMIEY 2 -V E LTHFTEZZ EhD, ¥
¥ C3 eMotion D% 7 — A THRT A HECHHICTOR Y
FERBE T 2HESNKD. =5 = F I A4 N—HAME B
I ha—F—0EEIL, CAA2FIA 777 74V
%It U 72 EtherCAT® [3] @3 ) 7IVEEIC X VAT,
EtherCAT® 1354 ¥V —F = — Ve 2o THBY,
TRy b7 —24%A LT C3eMotion % i3 % %
238 L Cwb. C3eMotion ® 7418 % Table 1 12777,
HIAE, TAU-60& IAU-2000 2 BFEAS) V) — A SN THED,
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IAU-15 - IAU-30 - JAU-3000 3 #Fi2SHZEhTh 5. Thbd
D5BEHEEHNTT—28 Ky K L726% Fig. 4 12

S o

Mounting brackets  * Cables

Robot arms

t ] l )
(z2

||H EtherCAT.

H CiA402 drive profile

Master controller

DC48V
Fig. 3 AT L&
Table 1 F&{tH#
i (s | gy | 1AVS0 | 180200 | o
HIFETE v 48
WA MV 2 | Nem 4.8 30 55 200 400
EMEVZ | Nem 2.4 10 30 9 130
SERE Tl A | min”! 35 30 20 15 15
dic gl AE | min? 60 40 40 20 20
Wk It - 100 8l 101
Tya—¥% Ayl — [l 24 bit, £ [l 16 bit
3 TAU-1513 A3l & g - — Ml 24 bit
Wl > 3 — K5 | arc-sec - +=15LF
o BIEE (ES)| Nem | - 14 ‘ 20 ‘ 130 ‘ 280
MV 7 KRG % - +5FS.
87 48— @558 - 7 2 F 2. T— %2 EhterCAT® CiA402
%] mm $50 $70 $80 $110 $142
£E| mm 73.4 | 161.1 164 179.7 185
B ke 0.6 1.6 2.1 4.9 8.5
IAU-30 AN
IAU-60
1AU-200

Max. reach :1000mm

Payload :3kg

Fig. 4 C3 eMotion Z = 580K v kDBl



[C3 eMotion] A VFUV TV NFPIF2I—9II1 v FOBIFE

RY. ZoaRy M, KHERTH S D OO 1000 mm
DAY Z) —FEFTHY, T=2IZTTAF v 7 EHW
5% ROBRY MIERON WIS EMZ TV 5.

3 sovzva-sme

B EL A W72 IR I 2T, N CERE g e SRS
DA FERE D FAE T 5. C3 eMotion 1213, BRY b %
XU & L72pEE RS CIR < BRA & T 2 {5 8 ok B,
HHELRAL TS, SO B a3 A R iR O
EDNC, REEMICRAET L AT Y ¥ 2 20RO EE
B X E R [4]. S b ofse itk 5
ot rzuo— X FHBZRTIZE R Yy MEmHICBWTK
EfrEMEEr LTHMSE, O Ry PEEX—H— T3,
Hgfbshzze Ry ML TERy b7 —20ERIM L
R, TRy MmO E RS % HEE UHIE 3 2 Bt 2 £
HI 2% L THEREOERKENLZR > TS [5]. 2
D &I HEREALEAME, XX RATAL YT L —
F—DEYa—MbENRT Ry MEREZZHAGDE
THHZEROTR Y P 2HET 2 X ) 2561383
LW,

Hizk @Y, C3 eMotion 1IN & = > T — & % il
RIz ¥ 7V rya—FiiE] 2 LTw5 (Fig. 5).
Wl > a2 — %124 24 bit HfFfED7 7V ) 22— b v
I—FERFHALTBY, REMIELFERT % H T £ 15arc
sec LT OB AR L TW A, o miEsHR %2 v
THIET 2 2 &C, MELERE PRI ISR D
FHER T & 2305, MEBEROFEON LA TE S,

72, JERUB IR & RO EEE A U D SRR &
AHZENNRDI-D, Rihms MVvy OBRE FORT
WL L TBL 2 ETRISHIC bV ZFHIT % 35T
el 25,

T DG
(R k—
AL SRR
. DB MLHEE
(k : (FFEH)

Fig. 5 #7NIa—-41E

4 eI

HEV O R T 1 — 3%, BREBHER N, 7 v FHIZ
BRENLINy T —FEV2a— VOBEBERL L, L—

PF—HRIIREINL T TV r—2a v Tk, aRy b
TCP* i 8 YLD KEBE D FRE AN DR H E > T 5.

=3 T, PEEAREOLEE, FPD @6 x LITE
SN - BHRERZEEO AT — VL LI2BWT,
IR DO AE R WA % RAFR; > T&Tw 5. C3
eMotion (&, LAz 2> kv —35 —2 5 EtherCAT® jilif3 %
L ChEfE S, #ERS, M2 E 52528 T
==l ToTWDHY, FI=aryTHEMEINL
HIAE A % )5 L T C3 eMotion (238 L 724t | 18 2 35 4%

L7.

HEGIETH 5 EAEEME D I OFEIL, Ao C3
eMotion IR S N7z [F 7NV Ly a—FigEd] 1R
FTEOIE, =5 BB ELRNTET TV 2 —
brya—% (Ao AT > a—5) & s
7)1 Td % C3eMotion I DAL T 5T 7Y
Va—bxra—% QoM. a—-%) o2
DDA EEHRE BIESMIE UTEYIC Y v 7 A 28 51
BT IVITY XL EFHLTNS (Fig. 6).

COZayYMEADI v 7 AHEICE 5 T7 V=X F
filfe s 7 a—X FloZRZENOR L 2T S& 5
HAPWHEL 2 0, METOREON LIRS Z &3k
5. 77 u—X NHlETIEEo i a—4
Tt A o 72 MERERE 74 — KNy 755221250,
WHERE D M ERERER, URy PHEDOT — AERR%
BEAIC L 2 AWML ORETRET Z KO NE
L, AR N O TN A PR T2 2 LT RETH .
—, W T ) A o IR RS AL AR 2SR LT
L7 EEEERTSETLEIERMICAR L. £2T, A
IO mRERE I v 7 ALTTIA— KN 7352 L
XD, MLEGOREE O L & 2 % WL L 724
IRHT 5.

CSP Mode Electric G Target Vibration
Target position ectic el osition filter Control
Position

Feedf d Position
. Fif:;\;var Feedforward

Loop
- Torque offset
i CST Mode

Velocity .

Feedforward Target Torque
Eilter Feedforward
[ Velocty | a3 o Target Current

% Vi ity Torque Filter Loop

- oop

Velocity
Feedback Filter

FB Mix

{_FoMix_J—{ ECMix |

{ Fis).Load |

EC Motor Side : AZ1#{AIT> -5
EC Load Side : A #{AIT>1-5

Fig. 6 #1700y IX
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—semi-closed loop control

—Nikon mix control
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S

0.5 .
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Fig. 8 BHIEIL—TICLZUBROKBRER

b =rEumEre

Fig. 7 |2 C3 eMotion O & Pt & Pk REMGE S i 2 /R 7.
IAUG0IC 7 — 2 2L, I 7a—XREI#E I v >
ZHBNCTENZNEZ D T2 8EE TV, ZOBO
7= AR OMER I L7 B, 724K (IAU60 &
SEOHLOMIEEEE) (X 300 mm, $EOEEIE 3ke THAH. It
BAE RO 75 7 % Fig. 8 (IR, Wil = > 32— & % fii
MLZzwvt I 7 a—X FHIENC X 2815 T, oz
FERERLMEIIL Db ADBETHBEIESMHICH LT
0.16 mm LA EDORAEDTERTE L. —J, F¥7VLra—
FHEEIC X B 3 v 7 ABIHOREE, WEEoLQ e
FEAmE i 7 L O EBAL RN ¥ vV S, (iER
AECT LT 0.0l mm LT OfR#AEE 2D, I 70— F
I OBA L& KL T, MEEAETICB VT B iiE
DUEREERFIEL TV 5.

C3eMotion # TRy FMOBfi& LTHET A4, ©
ARy M T, B OB A U R M EERE RS
BT A, Mo EHRE Hw23 v 7 ZHHZ 8T 5
HTINLOBMEDRMEZT Yy VL, TRy Ml
BUAMERDHEICOWTH M EAMFETE L. C3
eMotion # iV 7z 5 kg Wiko Ry + (Fig. 9) &,
Ky MEMICER 0.5 ke & 5 kg OB 1T 72354
DEIzu—X FH#E I v 7 ZHIETOBD B UALE
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Fig. 9 FAREFFEA 5 kg FROK v b

B  Semi-Closed Loop Control / Load:0.5kg
[0 Semi-Closed Loop Control / Load:5.0kg
@  Nikon Mix Control / Load:0.5kg
— ®  Nikon Mix Control / Load:5.0kg
| ] |
| \ Tm
= \ ‘
| ﬁ : \ 0.0
7
| | | . | [  T-0.1
\ = — | —0.2F
| [
| - ‘ ) | —0.3N
~~L T
—0.4
05
5 06
Ploo T oy 02 03
Logy01

= ' 00
03 _g3 02 Ol ymw

Fig. 10 Oy k TORIERD FTFMAIEE

OMEREE B L 72 (Fig. 10). &8, Zouafy bo —
F1E 830 mm TH Y, wKY—FORETIHMLZ. 3
70— X Fil#lOWE, MEIZE > TREEOR TIZ X
BAEEALATAELTVWD. —J, I v 2 AHEIBWT
1, WELEEPZAELAEATH, BEL TERDTE
TWbHLI EDVDbRrb.

CDOREREH S, C3eMotion 123 L TR EREEDED
T—LEHERLIHES, V-0 LR T 2097
EORIHROEEDIELT SRy T TV =T a i
BWTH, MEROHEOHILER/ANBRICHZ S Z LA5T
b0 LMFTED.

6 ot

MR Y, HHEEE QU EERE AR Ly TV
va—FREETIZALEE MV ORE ORI LR
BLTBLZET IV OMEDREE 5. L L%GdS
5, AJjlh - o zhEhorrya—5 i3y a—
FF 4 A7 Ol I X BRAEPGAEL, WHERRICH A
JEREREIPTAT D, TDD, 2200y a—F Dl



[C3 eMotion] A VFUV TV NFPIF2I—9II1 v FOBIFE

— =1t
— 1min?
— 5minl
— 10min?
— 20min?
30min‘t
— 5%

input torque [N- m]

-35 -25 -15

measured torque [N- m]

oC
T

EEHIED MLIREE (IAU-60)

Fig. 11

motor current _27-8:g
10[min 99
[ ] —31.77C

—35.7°C /
_5%/

N Tr————

error ofmeasured torque [Nm]

S~

\ 2
25 15

-35 15 25 35

-5 5
input torque [N-m]

Fig. 12 BE— MUV EREFY (E—4—FRKd)

JMEEZ0F FHELCTHIEMER MV 7 RIBIETE 2w,
C3 eMotion TlZ, WAMHHIO T Y I — ¥ %A E ORI
& o T+15arcsec LTOMEICHIEL T 5. 51T, #li
Esh-mhMmiony a—yHhfEs, A= >
a— % R LR S N A MR & G AR
EHZFORBLTBE, Bl X > TH L2 MERE
MEDHIELTWD, ZHICXY, Zrya—F v AFa4
ROBAIREERL, M2 BRIEELZESETnS.
AR H D AT MV 2T B bV s o Ep =
Fig 1R g, B E O R UL TH 5 720,
v 2 BT B 1R BUZ BRI & > THRE L T

W5, ZOFICBWTIE, MhEEEEICK S MV BR
WA ZE L TLTBHBY, ML BMEOEEL £5% O

FHIZINE > TV 5.

— Y —RE—F — Y AT A TIE, E—F —EHiTl
EIMVIBETAIET IV ZRIBLTWAS. TAU60IC
B 5 E— 5 —BHRMIEE TO V7 B a2 oz
Bl% Fig. 12 12R"F. B, 77— 7 S0 FEENIT 10
min' TH 5. E—%F —DEHELE— 5 —EREHNIEHFE T O
PU, HHEIRO 7 ) 2 - B OREEE 2 LSRR AT
HoHIEND, BEICLS>TE—Y —BHRMEIIELHT .
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double-encoder —2?.8:g
10[min! —29.9
[ ] 3 —31.7°C
—357°C
—5%

rror of measured torque [Nm]

;?2,
:

-35 -25 -15 5 15 25 35

5
input torque [N-m]

Fig. 13 BE— MLV RERFM (F7I>a-4)

ZD72, EHEC MV Y BT 5 A IEIREEC K AT
nl, BMLMMPLEL LD, ¥ TV a—FREET
3, RERAEEOL iR ChEEr Ty a— 412
Lo THFEWNET L L0, WEIKSFLAVWEELR
MV 7 MRIASTRE & 72 > T\ 5 (Fig. 13).

] &

C3 eMotion Tlx, =2 YHHHOHIHEA 2 N L 72E—
F—FIAN—%EGLHEMEA VRV bety r—1b
L, EtherCAT® 12X 554 V—F = — ¥k § 2HTLH
Blems Lz, 2, F7VIya—ykEk ek
HEAMIC X - T, EASEMEGD & v o Bihbae 2 9231
L7z. C3eMotionl3ZNHEDOFAMIZEY, ZhFEFTrRY
FEHEXA =D —TRITNIERTE R > LHEH Ry b
%, HHZRBEECHET 232 HEIC L7z, C3 eMotion IX
SHRUEMGEZ— R B0 4 »F v TORF
2y, REMZT Ry MERKISHIS LZ2RHO g ~
=5 =% EORBHERDWOHZ T FETH 5.
¥z, WhLEMEL - BRI EEO T HET, v
Ry MM ORELEICHKL T E72nEEZ 5.

51 B X #
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ANT MIVIEE(EICKD T—U ITHED
SAF=wILYIIKT

il B, RISk, EEEAR, KREFEE, RHDER

Dynamic Range Expansion of Fourier-Transform
Method by Spectrum-Narrowing

Shigeru NAKAYAMA, Hidemitsu TOBA, Naoki FUJIWARA, Takashi GEMMA and Mitsuo TAKEDA

T—UIEEICBVT, fHABDROQENKEVNT Y VIS~V DFEF7ZTIREICT DETIVR—AD TV IR
W 7ZIRSE T 2. (RO T —U TEIETE, REBRMBDMDOEEICK > TEN e T7—U TART ML ZZEF v
UPERBICK > THBET BTN TERVe, RIETRERMABD DI A FI v I VY IDHREIN TV, BE
IBRETILR—ADREFER, LR 2ART MUZEMRNITIRS, BFFREZERT . EREYZa—Y3
VICKY, BEULARY MURF LR OB 2R LTz,

In this study, a model-based fringe analysis technique is proposed for analyzing fringe patterns with
large phase slopes using the Fourier-transform method. In the conventional Fourier-transform method, the
dynamic range of the measurable phase distribution is limited because the Fourier spectra broadened by
large phase slopes cannot be separated by the spatial carrier frequency. Our model-based iterative
technique effectively narrows the broad spectrum and reduces phase analysis errors. Experiment and
simulation results are presented to demonstrate the feasibility of the proposed spectrum-narrowing

technique.

Key words > >y 3w hTJUVIER, FHE TUYIREE T—UIERA
single-shot fringe analysis, interferometry, fringe-projection profilometry, Fourier-transform method
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03] 7V vV 4] RERSHHIN TV,
FIM Z2¢flF ¥ VT2 70 IRy —VIZEBAL, 20
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2 ART LB FTM

ZF XY )T REBALIZTY VINNY — 2 OEES I
RKDOEHITHBRTE 5.

I(x,y)=a(x, y)+b(x, y)cos[p(x, y) ] (1)
o, ) =2n(fex + £,9)+ ¢s(x, y) 2)

22T, osNIfMGATHY, alxy), bxyiizhne
NNy 2 7S5y FenryNa—7OmEGMixHEL, f
EATEALZZEMT Y ) 7OREKTH LS. HPTIT
¥, Y- gEoE s Rix T A T 5L E
DEIBRNY I TITy Pz orXRO—=7PEE—ETH
LERGELWEEMET S, ZOWE, MG os(x,)
BT Y TANRY MVDIENR) DERIFERC % 5. RIEZE
TIE, T F AL L 220 AH 5545 @ssmoer (2,9) % KAE T v T
ALTHIHLT, IRDS o2 ARZ VRS 5 2 LI
X o THNTWRERMARGAA DA F I v 2 Ly VRIEKT
5.

MEHREE LTE, 794 Y FF A b EFIEh M5
B 2 HAERS TV — 2 &, RETF— 7 5 HM
WA AT DRI D Do TV ST — AT b 5.
Fig.1 ®7u—7F v — b & Fig. 2 ISR L 2T =%
BIZBBLT, TVI)ZLDEAT Y TEHMT 5.

K¥F, AFvT1~2AF v 74 OREMFIZA BRI,
7V — 5 DC e, ) B EIRT 5.

Amwz?@nmﬂmmmwgwn%@w]
(3)
+%b(x, Vexp[ -2mifx + f,3) —ids )]

Ny 72759 FREBIE—BEVI&MM15, alx,y)D
T =) T ANRY MIVIZARZ DIV O HLLOF i PHLC
Hh, BODCRKRETZT AN =1L oTRETHIENT
X5, MENCIIZOT4 VYY) v IEBEMESANRY b
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WIZREL, BHEARZ MV (BXUOHEZEARZ ML) A3
AN ANIE DS B IG AT, ARZ MV T —#HDC
BE7 4 vy =ik oThbhTLEY.

ATy T 1 ' F NGO
FAZMIEDOGFNZ BT, S B % SRS s
BWT T4 YT AMOYEE, Fig.2 (a) IDRTXIH %
BEESNA7Y v Y8F — 2 2o FIM TFRIrS 5. i
S CHEN MG TS 2, KERNEDLD 2HEIC
12 Fig. 2 (b) D LD RIEVAXRY MVEREL, 74005
YL o TETARY MVESEEISHEE - T 52 &
NTERLRY, RERY v TIVIROM MBS AT
LTLE). 22T, BB ESNIAAMGA % E36HE TD
Zernike Z I [7] % EDWE S0 2IRILLEHNTT 4 v
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T4V TT B LI X o TETF WAL ¢s,moper (%, ¥) %
e D, COT4 T4 07 TarRICESTY) v T
ROKE GEHPHR SN, EFVMMSEO LY B
WM UCRERES 5. BREHT — 2 2 & BRI 2o AR 4545 A
HANT DA TV D EEIE, KABLBE O W TlxZ OfiH
5345 % T T VAL A @somoper (e, I ERET U v,
MO A OENIERY D 5560 2 0EES, ELHD 2
FHDSRE DT Y Y FOATF v T 4 THE S NS A
DOHEZ LGS (X, Y2 2 KILETHN T 1 v 74 v 7 &EL, ¥
L\ S VAARS A @ moneL (2, 9) % HE K 5.

AT v T2 B ANRY PV - BRE
wiz, Q) ©7Y) v Iy — 2L,y exp | idmones (x,) ]
RREHEHT D, 2T, Pmoos(x, )13,

OmopeL (%, ¥) = 27(fx + £,5) + ds ,mopEL (1, ¥) (4)

T, ¢smoper (4,91%, BEOMAAG ¢s(x, V) DHE T &
LCAFy S 1 TEBELEEFVIMEMM TH L. e
LT BB BFRIRIE M (1, )&, BB LZLTIRT
F1HEE 2HOATEEINS.

1T

%kam@ﬂ@mﬁﬁ+%@ﬁ%%mm@ﬁ]
B 238 ¢
%b(x,y)exp[—i¢s(x,y)+i¢s,M0DEL(x,y)]
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Structural, Vibrational, and Electronic Analysis of LaGaO,
Glass Prepared through Containerless Processing

Kohei YOSHIMOTO, Atsunobu MASUNO, Itaru SATO, Yoshinobu EZURA, Hiroyuki INOUE,
Motoi UEDA, Masafumi MIZUGUCHI and Yuya YAMAMOTO

HEEREF, R -BHRFRE CELDIMNI—RERZNH T D LICKY, RIROASATERZERE(BET D L&
73‘?—**%). T, EESFIOFEZANT, BREDZDIFBHECTIEFB/OSNZV LaGaOsHSADE/MICHII L.
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Containerless processing is useful for vitrifying compositions with low glass-forming ability because it
suppresses heterogeneous nucleation from the container wall. Using this method, we recently synthesized
LaGaOs; glass, which cannot be obtained using an ordinal melt-quenching process. LaGaO; glass
exhibited excellent optical properties such as a high refractive index and wide optical transparency from
the ultraviolet to infrared range, which are unusual in a typical oxide glass containing network-formers,
and can be a new optical functional material for various applications. In this study, we investigated the
local structures, vibrational characteristics, and electronic properties of LaGaO; glass to reveal the
structural origins of unique optical properties. A structural model of LaGaO; glass was constructed from
diffraction data and molecular dynamics simulations. In addition, the vibrational density of states and ab
initio calculations were applied to evaluate the vibrational characteristics and electronic structures of

LaGaO; glass.
Key words 15X, XFHiE BSEE HFBHHTE. B RIEHE

glass, optical property, containerless processing, molecular dynamics, ab initio calculations

7 Introduction

Ga,Oszbased systems occasionally form glass even without
the presence of network-former (NWF) oxides such as SiO.,
B,0s, and P,0s. Such unconventional gallate glasses have
attracted interest owing to their superior optical properties,
including long infrared cut-off wavelengths, high refractive
indices, and large nonlinear optical properties [1], [2]. How-
ever, NWF-free systems generally show low glass-forming
abilities, making it difficult to obtain bulk glass. Container-
less processing is suitable for obtaining bulk glass with such
unconventional NWF-free compositions because it sup-
presses heterogeneous nucleation and promotes a deep

undercooling of the melt [3]-[5]. In recent years, we
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reported the vitrification of a LaGaO3; composition using
containerless processing [6]. Owing to its high oxygen polar-
izability and low maximum phonon energy, LaGaO; glass
exhibits excellent optical properties, such as a high refrac-
tive index (1.954), relatively low dispersion (33.6 in Abbe
number), wide optical transmittance range (280 nm to
8 um), and efficient fluorescence emission by rare-earth
activation [6], [7]. These results indicate the significant
advantage of rare-earth-gallate glasses for various optical
applications such as lenses, lasers, and infrared optics. Nev-
ertheless, the local atomic and electronic structures, which
are the physical origins of the optical properties, have not
been investigated well in rare-earth-gallate glasses.

In this study, we evaluated three important aspects of



Nikon Research Report Vol.3 2021

LaGaO; glass: local atomic structures, vibrational character-
istics, and electronic structures. To achieve this, high-energy
X-ray and neutron diffraction experiments, classical molecu-
lar dynamics (CMD), and ab initio molecular dynamics
(AIMD) simulations were conducted. We constructed a
detailed structural model of LaGaO; glass and investigated
the origins of unique vibrational and optical properties by
computing vibrational spectra and ab initio electronic struc-

ture calculations.

2 Experimental and Computational
Details

2.1. Glass Synthesis

High-purity La;O; (6N) and Ga.Os; (4N) powders were
mixed in a stoichiometric ratio of LaGaOs;. The mixture was
pressed into pellets and sintered at 1473 K for 12 h under
ambient atmosphere. Using an aerodynamic levitation fur-
nace, the pellets were placed on a conical nozzle, levitated by
an O, gas flow, and melted using a CO; laser (Fig. 1). After
melting for several tens of seconds, the CO, laser was
turned off and the sample was cooled at a rate of several
hundreds of kelvins per second, forming spherical glass with
a diameter of 2—3 mm. The glass was annealed near the
glass transition temperature (1026 K [6]) for 10 min to

remove the internal strain.

CO, Iaser*

T

gas flow
Fig. 1 Schematic illustration of glass synthesis using the aerody-
namic levitation technique, and a photograph of LaGaO,

glass.

2.2. Diffraction Experiments

High-energy X-ray and neutron diffraction experiments
were conducted at the BL0O4B2 beamline of the SPring-8
synchrotron radiation facility [8] and at the high-intensity
total diffractometer NOVA installed at BL21 of the Materials
and Life Science Experimental Facility at the J-PARC spall-
ation neutron source [9], respectively. The energy of X-ray
was 113 keV and the wavelength range of the incident neu-
tron beam was 0.12 < 4 < 8.3 A. The observed scattering
intensities for the samples were corrected for polarization,

absorption, background, multiple, and incoherent scattering,
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and normalized based on the incident beam profile. The total
correlation functions, T'(r)s, were then obtained through a
Fourier transformation of the structure factors with a Lorch
modification function [10]. The scattering vector from 0.3 to
25 A for the X-ray and 0.5 to 35 A for the neutron beam

was used for the Fourier transformation.

2.3. Classical Molecular Dynamics Simulation

CMD simulations were conducted using the LAMMPS
code [11]. We used sets of interatomic potential parameters
determined in our previous study [12]. Coulombic interac-
tions were calculated using the Ewald summation method
with a relative precision of 10°. The structural model of the
LaGaOs; glass contained 2500 atoms. The size of the cubic
cells was set to reproduce the experimental density (5.91 g/
cm® [6]) and periodic boundary conditions were applied. The
initial atomic configuration was randomly generated with
constraints between the atom pairs to avoid overlapping
atoms. The simulation was executed at a time step of 1 fs,
and an NVT (canonical) ensemble with a Nose-Hoover ther-
mostat was applied. The model was first equilibrated at 5000
K for 50 ps and then melted at 3000 K for 50 ps. The melt
was cooled to 300 K at a nominal cooling rate of 10 K/ps and
equilibrated at 300 K for another 50 ps.

2.4. Vibrational Analysis

The vibrational density of states (VDOS) was computed
from the CMD structural model based on a harmonic
approximation [13], [14]. The dynamical matrix, i.e., the
matrix of the second derivatives of the total energy with
respect to the Cartesian coordinates, was computed through
a numerical evaluation of the first derivatives obtained from
the minute atomic displacement. The mass-weighted dynam-
ical matrix was diagonalized to obtain eigenvalues o}, where
w; is the eigenfrequency at mode j and eigenvectors e’. The
total VDOS, g(®), is obtained as

1 3N
g(a))=m;6(w—wf),

where N is the number of atoms in the cell, and ¢ is convo-
luted by a Gaussian function with a full width at half-maxi-
mum of 15 em™. A partial VDOS, £.(®), is defined by
1 3N )
g(w)= m;%wéé(w—wf),
where w), is a weight factor, and « represents the type of
atom or part of the structure. For the partial VDOS of an
atom o, the weight factor is defined as w}, = |e{ |2. To investi-
gate the atomic motion for different eigenmodes, the eigen-

vectors were projected onto several vibrational modes of
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typical structural units. For instance, the weight factor of the

stretching mode of the Ga-0 bond, w’ Ga-0s, IS given as

2
/. YGa-0
; 2| [FGa—0
wGa—O,s = ~ 2
X |“i

where 16,0 is the Ga—0 bond vector and @/ = w/ —u, is
the displacement of the O atom i relative to the displacement
of its Ga neighbor. In addition, u/ is the Cartesian displace-

ment vector, which is obtained as u/ = e/ /m"?

, where m; is
the mass of the atom. By replacing r;,_o with a specific vec-
tor, it is possible to calculate other vibration modes and
structural units [12]. For the vibrational analysis above, a
structural model containing 750 atoms was prepared. To
prevent the occurrence of imaginary frequencies, the
dynamical matrix was computed after further cooling the
structural model from 300 K to below 1.0 x 10™ K under the
NVT ensemble to minimize the internal energy of the sys-

tem.

2.5. Ab Initio Calculation

Ab initio calculations based on density functional theory
(DFT) were conducted using a hybrid Gaussian and plane
wave method as implemented in the CP2K code [15]. For
each atom, we used molecularly optimized short-range
double-zeta basis sets [16]. The cutoff of the plane wave
basis set for the electron density was set to 500 Ry. The
generalized gradient approximation (GGA) was adopted
to treat exchange-correlation effects in the form of the
Perdew-Burke—Ernzerhof energy functional [17]. Goede-
cker-Teter—Hutter norm-conserving pseudopotentials
[18] were used with the following valence configurations:
La (5s’5p®5d!6s?), Ga (3d"%4s’4p’), and O (2s2p*). Periodic
boundary conditions were applied with a single T" point in
the Brillouin zone. A Born-Oppenheimer AIMD simulation
was conducted at a time step of 2 fs, and an NVT ensemble
with a Nose-Hoover thermostat was applied. The initial
atomic configuration was created through the CMD simu-
lation of 100 atoms in a cubic cell, which reproduced the
experimental density. The structural model of LaGaO; glass
was obtained by holding the initial atomic configuration at
2400 K for 10 ps, lowering the temperature to 300 K at a
nominal cooling rate of 100 K/ps, and equilibration at 300 K
for 10 ps.

3 Results and Discussion

3.1. Local Structures of LaGaO; Glass

Fig. 2 shows the total correlation functions of LaGaO;
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glass. The correlation peaks appearing at approximately 1.8
and 2.5 A correspond to the Ga-O and La-O bonds,
respectively, revealing that the average bond lengths of Ga-
O and La-0 in LaGaO; glass are 1.84 and 2.46 A, respec-
tively. The CMD model reproduces the experimental results
well in the first nearest-neighbor correlations of Ga—0 and
La-0, whereas in the AIMD, the peak position of the Ga—-0O
bond is located slightly on the long-distance side. By con-
trast, at 3-5 A, the results of AIMD are more consistent
with the experimental results in comparison with the CMD,
suggesting that the AIMD can better reproduce the correla-
tions of the second nearest-neighbor, such as O-0 and cat-

ion—cation.

10 T T T T

Neutron

T(r) (A™2)

r(A)
Fig. 2 Experimental and simulated total correlation functions of
LaGaO; glass.

In addition, Fig. 3 shows the coordination number distri-
bution of LaGaOs glass and the connectivity between the
cation-oxygen polyhedra. It was confirmed that the Ga atoms
formed a 4-6 coordination with O. The average coordination
numbers of Ga—0 and Ng.o in the CMD and AIMD show
similar values of 4.3 and 4.4, respectively. By contrast, the
average coordination number of La-0, i.e., Ni. o, is 7.4 and
7.8 in CMD and AIMD, respectively, the latter of which
shows a larger value. From Fig. 3(e), it can be seen that the
coordination number of O-Ga, No_g,, is 0-3. That is, in
LaGaOs glass, there are four types of oxygen depending on
the coordination environment: free oxygen, Ot (No_ga = 0);
non-bridging oxygen, Oy, (No-ca = 1); bridging oxygen, Oy
(No_ca = 2); and tricluster oxygen, O; (No_c. = 3). The aver-
age coordination numbers of O-La, i.e., Ni, o, in O, Oy, Oy,
and O, were 3.9, 2.8, 1.8, and 1.0 for CMD and 4.0, 2.9,
2.2, and 1.2 for AIMD, respectively. This means that each
oxygen atom coordinates with approximately four cations on
average, regardless of the No_g, value.

Regarding the cation-oxygen polyhedral connectivity, the

fractions of corner-sharing GaO,-GaO, and those of edge-
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Fig. 3  Structural models for LaGaO; glass obtained through (a) CMD and (b) AIMD
simulations. La, Ga, and O atoms are colored purple, red, and yellow, respec-
tively. The coordination number distribution of (c) O around Ga, (d) O around
La, and (e) Ga around O for the structural models of LaGaO; glass. The poly-
hedral connections of (f) GaOx—GaOy, (g) GaO.-LaOy, and (h) LaO,—LaO,
linkages for the structural models of LaGaO; glass. CS, ES, and FS represent
corner-, edge-, and face-sharing of oxygen, respectively.

and face-sharing GaO,-LaO, and LaO,-La0O, are slightly
higher in AIMD than in CMD. The AIMD results show that
the majority of GaO,—GaO, linkages form corner sharing,
whereas approximately 10% form edge-sharing. Moreover,
for the GaO,-1a0, and LaO,-La0, linkages, the fractions of
edge- and face-sharing connectivity were even higher. Some
structural features confirmed in LaGaOs glass, such as edge-
sharing cation—oxygen polyhedral linkages and oxygen tri-
clusters, are unusual in NWF oxides such as SiO,, B»O3, and
P,0s, and are unique to glass systems that do not contain
NWF oxides [14], [19], [20].

3.2. Correlation between Glass Structures and Vibration
Characteristics

Fig. 4 shows the Raman scattering spectra [6] and calcu-
lated VDOS. The Raman scattering spectra showed distinct
peaks at 300, 530, and 650 cm™. However, VDOS showed
peaks at 100 and 600 cm™ and a broad shoulder at 700-850
cm™. It is not always possible to compare the spectral shape
of the total VDOS and the Raman spectra because the cross-
section of Raman scattering differs depending on the struc-
tural units and modes. To compare the peak intensity and
peak position of VDOS with Raman spectroscopy, it is neces-
sary to evaluate the partial VDOS corresponding to certain
structural units and modes. Fig. 4(b) also displays the partial
VDOS of the La, Ga, and O atoms. The vibrational spectrum
of the La atoms was symmetric and located at 100 cm™. The
vibration of the Ga atoms has a broad peak at 180 cm™ and
a slight shoulder at approximately 630 cm™. The O atoms

showed a large contribution within the entire range. These
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results indicate that the high-frequency range (above 400
cm™) is dominated by the vibration of O bonded with Ga.
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Fig. 4 (a) The Raman scattering spectra of LaGaO; and LaysGa; 40
glasses [6]. The Raman spectra at below 180 cm™ was cut
off by a filter to remove Rayleigh scattering. (b) The calcu-
lated total VDOS and the partial VDOS of La, Ga, and O
atoms for LaGaO; glass.

As shown in Fig. 5, the vibrational spectrum of the O
atoms was further deconvoluted into the contributions of Oy,
Oub, Oy, and Ox. In addition, Ot shows a nearly symmetrical
peak at 320 cm™. Because O; corresponds to the oxygen
atoms coordinated only with La, it is suggested that the peak
at near 300 cm™ within the Raman spectrum is caused by the
vibration of the La—O bonds. It has also been reported that
in LayOs-containing glass, a Raman signal at approximately
300 cm™ was assigned to the stretching mode of the La-O
bonds [21], supporting the results of this study.
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Fig. 5 Partial VDOS of LaGaO; glass for the projections onto the
vibrations of (a) O, (b) O, () Oy, and (d) O:. The struc-
tural units and atomic displacements are schematically
shown on the right side of the Figure. In addition, r, r,, and
r. denote the displacement vectors representing the stretch-
ing, bending, and rocking modes, respectively.

According to a previous study conducted by Fukumi et al.,
the Raman peak at 530 cm™ was assigned to the Ga-O-Ga
bending mode, and the peak at 650 cm™ was assigned to the
stretching vibration of GaO, polyhedra, including non-bridg-
ing oxygen [22]. In the VDOS, the bending mode of the Ga-
O,—Ga linkage shows a large contribution to the region at
500 cm™, which is consistent with the assignment at 530
cm™ by Fukumi et al. From Fig. 5, the stretching modes of
the Ga-0,, bonds and Ga-0,-Ga linkages show a large
contribution at 650 cm™, which supports the claim that the
component at 650 cm™ within the Raman spectra is attrib-
uted to the vibration of GaO, polyhedra, including non-
bridging oxygen.

In LaGaO; glass, the fraction at approximately 750 cm™
within the Raman spectrum is weak, whereas in Lay ¢Ga; 403
glass with a larger Ga;O; content, a broad shoulder peak
appears within this high-frequency region (Fig. 4). This high-
frequency component was not assigned in the previous study
by Fukumi et al. [22], and its structural origin is unknown.
From the results of VDOS, the contribution of the stretching
modes of Ga—0,-Ga linkages and Gaz-O; tri-clusters are
dominant at approximately 750 cm™, indicating that this high-
frequency component originates from the bridging and tri-

cluster oxygens. Because the vibration mode at 750 cm™ is
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at the highest frequency in the La;O3—Ga,0; glass system, it
is strongly expected that the influence on the optical proper-
ties in the infrared region will be significant. We previously
reported that the infrared absorption edge of La;03—Gay03
glass shifted to a longer wavelength as the La,O; content
increased [6]. It is considered that this compositional depen-
dence of the infrared absorption edge is due to the decrease
in the bridging and tri-cluster oxygen with increasing La;O;
content, which results in a decrease in the vibrational com-

ponent at 750 cm™.

3.3. Analysis of Electronic Structures

Fig. 6 shows the projected electronic density of states
(DOS) of LaGaOs glass derived from the AIMD structural
model. The simulated band gap energy of LaGaOj; glass was
3.3 eV, which is smaller than the experimental value of 4.4
eV [6]. This is because of the well-known trend in which
DFT with GGA inherently underestimates the band gap.
Despite this limitation, DFT calculations are still useful for
analyzing the band structures. The band between —19 and
—12 eV is composed of Labp, Ga3d, and O2s orbitals,
whereas the upper valence band between —7 eV and the
Fermi level (0 eV) is dominated by the O2p orbital. In the
upper valence band, the contribution of La and Ga by
hybridization with the O2p orbital is weak, indicating the
high ionic nature of oxygen. Further deconvolution of the
electronic DOS into each type of oxygen atom (O, Op, O,
and O)) reveals that the top of the valence band is composed
of Of and O,p,. In addition, our simulation results suggest that
the lower part of the conduction band is mainly composed of
Labd and La4f orbitals.

We also determined the effective charge of each atom in
LaGaO; glass using the Bader method [23]. The effective
charges of La, Ga, and O atoms were derived as +2.08e,
+1.76e, and —1.28e, respectively, which also supports the
high ionicity of LaGaOs; glass. The effective charges of Oy,
Ouw, Oy, and O, were derived as —1.30e, —1.28¢, —1.27e,
and —1.26e, respectively, indicating that oxygen with
smaller No. shows a higher effective charge. This is
because La has a lower electronegativity than Ga (1.10 and
1.81 for La and Ga, respectively) [24], and the La—0O bond
is more ionic than the Ga—0O bond and shows a greater elec-
tron donation to the oxygen. However, the difference in the
effective charge between each type of oxygen was not sig-
nificantly large; thus, the electron density may be delocalized
throughout the oxygen atoms. The experimentally deter-
mined average oxygen polarizabilities of LaGaO; glass were
2.36 A® [6], which is significantly larger than that of other
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oxide glasses containing NWF oxides [25]. From the results
of our DFT calculations, the unique characteristics such as a
large oxygen polarizability and high refractive index of
LaGaOj; glass can be understood by the high electron charge
density of oxygen, which is significantly enhanced by the
high electron donating ability of La.
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Fig. 6 The projected electronic DOS for LaGaO; glass.

4 Conclusion

We analyzed the local atomic structures, vibrational char-
acteristics, and electronic structures of LaGaQOj; glasses pre-
pared through a containerless processing. The structural
models constructed by the diffraction experiments, CMD,
and AIMD simulations revealed the average bond distances,
average coordination numbers, and polyhedral connectivity
of LaGaOs glass. Several unique structural features, such as
oxygen tri-clusters and edge-sharing GaO,—GaO, polyhedral
linkages, which are different from those of NWF oxides,
were confirmed. The analysis of the calculated VDOS for
LaGaOQj; glass showed good agreement with the assignments
of the Raman spectrum. It was revealed that the broad com-
ponent at the highest frequency (750 cm™) originated from
the stretching vibrations of the bridging and tri-cluster oxy-
gen, which explains the compositional dependence of the
infrared absorption edge in the La,O3—Ga,0; glass system.
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The projected electronic DOS provides clear insight into the
band structures of LaGaOj glass, i.e., the upper part of the
valence band is dominated by the O2p orbital, and the con-
duction band is mainly composed of La5d and La4f orbitals.
A Bader charge analysis indicates that La, with its high
electron-donating ability, significantly enhances the electron
density of the outer valence of oxygen, resulting in a high
oxygen polarizability and high refractive index of LaGaO;

glass.
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Bayesian Optimization of Glass Compositions with
Upper Confidence Bound and Selected Descriptors

Kensaku NAKAMURA, Naoya OTANI and Tetsuya KOIKE
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Nikon has developed optical glass for over 100 years, and the optical glass has been installed in many
Nikon products such as cameras and microscopes. In the development of the optical glass, the
composition design of glass is important, in which the types and amounts of constituent elements are
adjusted to obtain glass with desirable physical properties (e.g., refractive index and Abbe number), and
numerous trials and errors based on the knowledge and experience of experts are required. By contrast,
in material sciences, attempts to accelerate material developments using machine learning has been
reported recently. In this study, we apply Bayesian optimization, a machine learning method, to the
composition design of glass to accelerate the development of optical glass. It is demonstrated that
compositions with high Abbe numbers can be identified using Bayesian optimization based on data from
the International Glass Database, INTERGLAD. In addition, we discuss the effects of setting the
parameter of an acquisition function, upper confidence bounds, and descriptors to the search

performance of Bayesian optimization.
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optical glass, composition design, Abbe number, machine learning, Bayesian optimization

7 Introduction

Glass is used in various applications, such as camera
lenses, windows, and electronic displays. The specifications
of glass properties differ depending on the application. For
example, in the development of optical products such as
camera lenses, the optical properties of glass, such as its
refractive index and Abbe number vy, must be adjusted to
satisfy the specifications [1],[2]. Composition design is a
typical method for controlling the physical properties of
glass because its properties depend significantly on its com-
position. Generally, composition design requires the knowl-
edge and experience of experts; furthermore, it is time

consuming because the number of element combinations is
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significant.

Recently, machine learning has garnered attention as an
effective tool for accelerating the development of materials,
including glass [3]-[10]. We have previously focused on one
of the machine learning methods, i.e., Bayesian optimization
(BO), which proposes the next experimental condition (e.g.,
chemical compositions) based on previous experimental
data. BO has been applied to the development of various
materials such as thermoelectric materials, shape-memory
alloys, and oxide glass [7]-[10]. Unlike other optimization
methods, BO can search for the next experimental condition
in an extrapolated area because it employs acquisition func-
tions that indicate the effectiveness of the experiment based

on the predicted values and their uncertainties [11], [12].
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Several types of acquisition functions are known, and we
have focused on one of the acquisition functions, i.e., the
upper confidence bound (UCB), which can achieve a balance
between exploitation and exploration by setting a parameter
for experiments [13]-[15]. For example, in glass develop-
ment, if a glass composition that differs significantly from
observed ones is required, then the exploration of BO
should be enhanced by adjusting the parameter. Hence, BO
with the UCB acquisition function is expected to benefit the
composition design of glass.

In this study, we applied BO with the UCB acquisition func-
tion to optimize glass compositions to identify high vq4 compo-
sitions using the International Glass Database INTERGLAD)
[16]. We present the dependence of the search performance
of BO on the balance between exploitation and exploration.
Subsequently, we discuss the effect on the search perfor-
mance with respect to the selection of input variables, i.e.,
descriptors, using random forest (RF) analysis. Generally,
the selection of input variables is important to achieve good

performances in machine learning [6]-[8], [10].

2 Methods

The composition and vq data were obtained from the
INTERGLAD [16]. Some compositions that exhibited incor-
rect values were removed. We used the data of only the sili-
cate system for which the amount of SiO, was more than 0
mol%. A total of 7181 compositions were used. The composi-
tion included the following 57 components: Al,Os, As;Os,
B.0;, BaO, BeO, Bi,0;, Ca0, CdO, Ce;03, CeO;, Co0:03,
CoO0, Cs;0, CuO, Dy:0s, Er,0;, Fe;03, Ga;03, Gd20s3, GeO,,
HfO,, In;0;, K20, La;0s, Li:O, Luy03, MgO, MnO, MnO,,
MoO;, MoOs, Na;O, Nb;Os, Nb,Os, Nd03, NiO, P,0s, PhO,
Pr;03, Rb,0, SO;, Sh,03, Sh.05, Sc203, SiO2, Smy03, SnO,
Sn0O,, SrO, Ta;0s, TeO,, TiO,, T,O, WOs;, Y203, ZnO, and

~

Number of compositions

Fig. 1 Histogram of vy for collected compositions. Logarithmic
scale is used for y-axis.

ZrQO.,. Fig. 1 shows the histogram of v4 for the compositions.
A histogram of the appearance of the components is shown
in Fig. 2. We set the target value of v4to 70 and analyzed the
speed in which BO identifies a composition with a v4 exceed-
ing 70. Approximately 1% of the total compositions indi-
cated vq values exceeding 70.

We used typical descriptors based on elemental physical
properties [4], [6]-[10]. The descriptors were calculated
from the numbers of elements in the compositions and the
following 11 elemental properties: atomic number, Men-
deleev number, column and row numbers in the periodic
table, covalent radius, Ahrens ionic radius, electronegativity,
first ionization energy, melting point, atomic weight, and
density [17]-[21]. Specifically, two descriptors, mean ¥mean
and standard deviation x4, were calculated for each property

in each composition as follows:
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Fig. 2 Histogram of appearance components for collected compositions. Logarithmic scale is used for y-axis.
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where i represents the element species, x; the atomic fraction
in the composition, and y; the value of the physical property.
In total, 22 descriptors were used for each composition. The
set of descriptors was the same as in those in previous stud-
ies [7], [8]. The descriptors in the training data were nor-
malized using the mean and standard deviation for each
descriptor, i.e., the mean and variance of the values of the
descriptors were set to zero and one, respectively. Descrip-
tors are often normalized to equalize their scales [8]. Fur-
thermore, the importance score for each descriptor in the
prediction of v4 was calculated by fitting all the data (compo-
sitions and their vqvalues) via RF regression. RF regression
is a decision tree ensemble method that can output the
importance of each descriptor [5], [17]. The descriptors with
high importance contribute significantly to the prediction
of vq. We executed RF regression using the scikit-learn pack-
age [22]. Fig. 3 shows the importance of each descriptor. We
analyzed the effect of descriptor selection on the BO search
performance by comparing two cases. In the first case, all
descriptors were used. In the second case, the following 11
descriptors with higher importance were used: density Xmean
and xq, Ahrens ionic radius ¥mean and xsq, atomic weight Xmean
and xsq, row numbers in the periodic table Xpem, column
numbers in the periodic table Xpeaw, atomic number Xyea, and
Xswa, and melting point xgq.

The procedure for BO in this study is as follows: five com-
positions were randomly selected as initial training data. The
remaining compositions were composed as initial test data.
The training data were fitted using Gaussian process regres-
sion. Gaussian process regression is a Bayesian inference
method that outputs the uncertainty of prediction and the
predicted value, and it is typically used in BO. We used a
GPy library to implement Gaussian process regression [23].
We used a typical kernel function, i.e., the Gaussian kernel,
for Gaussian process regression. Using Gaussian process
regression, the predicted values and uncertainties (i.e., stan-
dard deviations) were obtained for each composition of the
test data. Subsequently, the UCB acquisition functions aycg
for the compositions were calculated as the criterion, as fol-
lows:

aycs = U + KO, 3
where u and o are the predicted values and standard devia-
tion, respectively; « is a hyperparameter that controls the

balance between exploitation and exploration. Although
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Abbreviations: DN, density; AIR, Ahrens ionic radius; RNP,
row numbers in the periodic table; AN, atomic number:
CNP, column numbers in the periodic table; AW, atomic
weight; MP, melting point; CR, covalent radius; EN, elec-
tronegativity; IE, first ionization energy; MN, Mendeleev
number.

0.00

Fig. 3

several expressions for the UCB have been proposed [13] -
[15], we used a simple one, as shown in Eq. (3), which com-
prises only three parameters: y, o, and k. By setting « to a
higher value, a composition different from that in the train-
ing data is proposed for BO. In this study, we performed BO
with different values of « to evaluate the dependence of BO
performance on the balance between exploitation and explo-
ration. We performed an experiment and observed the result
under the condition with the highest values of acquisition
functions in BO. Subsequently, we observed the v4 of a com-
position with the highest value of aycg, i.e., we added the
composition and its vq into the training data and removed
them from the test data. This process was repeated until
the vq value of the highest aycs composition exceeded 70. In
this study, when a composition with a high v4 was identified
via a small number of observations, the search performance
of BO was regarded as superior. We executed the BO search

for 50 patterns of the initial training data at each x value.
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Fig. 4 The highest vy values until 30th observation with all (non-selected) descriptors with different initial training data for five patterns

at the different values of UCB parameter x. Colors and dotted lines indicate the results for individual initial training data.

3 Results and Discussion

Fig. 4 shows the typical results of the BO in 30 observa-
tions for five patterns of the initial training data for different
values of x with 22 descriptors. As shown in Fig. 4, when x =
4, compositions with vq4 > 70 were identified until the 30th
observation. However, for the other values of x, compositions
with a high vq were not identified. BO with appropriate x
values enable compositions with high v4to be identified rap-
idly. Fig. 5 shows the relationship between x and the average
number of BO observations required to identify composi-
tions with a high v, in 50 patterns of the initial training data
using all the selected descriptors. In both descriptors,
when « is zero, the number of observations is high. In the
case involving all descriptors, when the value of x was less
than 20, the average number of observations became the
minimum. Subsequently, when the value of x exceeded 20,
the average number of observations increased. Because a
large « indicates that the uncertainty in the UCB (Eq. (3)) is
significant, a vast composition region is searched during BO
and compositions with a high v4 cannot be identified. By
contrast, in the case involving selected descriptors, when «
is 20 or more, the average number of observations becomes
the minimum and is similar for each x. The average number
of observations was smaller when the selected descriptors
were used compared with when all descriptors were used.
Therefore, these results suggest that tuning the UCB param-
eter and selecting descriptors can improve the search per-
formance of BO. It is noteworthy that when using the

selected descriptors, as « increases, the average number of
observations does not decrease, unlike the case for all
descriptors. We speculate that the effect of uncertainty is
less prominent when using the selected descriptors than
when using all descriptors for a large value of « in this study
because the dimensions of the selected descriptors are

smaller than those of all the descriptors.
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Fig. 5 Average number of observations required to identify vq
exceeding 70 for various values of « using all (non-selected)
and selected descriptors.

4 Conclusion

We demonstrated that BO with a UCB acquisition function
enabled compositions with high v, to be identified using data
from the INTERGLAD. We demonstrated that the search
performance of BO depended significantly on the UCB. Fur-
thermore, BO with selected descriptors based on their
importance scores obtained from RF was more effective in
identifying compositions with high v4 than BO with all
descriptors. Therefore, parameter tuning and the selection of
appropriate descriptors are crucial for rapidly identifying

compositions with desirable properties.

Acknowledgements. We would like to thank Dr. M.
Mizuguchi, M. Ueda, K. Yoshimoto, and T. Kawashima of the
Materials & Advanced Research Laboratory, Nikon Corpora-



UCB BRREMEBECRF ZAVAS RO 1 XRHEIL

tion, for providing advice regarding glass science.

(1]

(2]

(3]

[4]

(5]

(6]

(71

(8l

(91

[10]

(11]

References

K. Yoshimoto, A. Masuno, M. Ueda, H. Inoue, H.
Yamamoto, and T. Kawashima, “Thermal and optical prop-
erties of La;03-Gay03-(NbyOs5 or Ta;0;) ternary glasses,”
Journal of the American Ceramic Society, vol. 101, pp.
3328-3336, 2018.

K. Yoshimoto, A. Masuno, M. Ueda, H. Inoue, H.
Yamamoto, and T. Kawashima, “Low phonon energies and
wideband optical windows of La;03-GayO3; glasses pre-
pared using an aerodynamic levitation technique,” Scien-
tific Reports, vol. 7, p. 45600, 2017.

D. R. Cassar, A. C. P L. E de Carvalho, and E. D. Zanotto,
“Predicting glass transition temperatures using neural
networks,” Acta Materialia, vol. 159, pp. 249-256, 2018.
D. R. Cassar, “ViscNet: Neural network for predicting the
fragility index and the temperature-dependency of viscos-
ity,” Acta Materialia, vol. 206, p. 116602, 2021.

E. Alcobaga, S. Mastelini, T. Botari, B. Pimentel, D. Cassar,
A. Carvalho, and E. Zanotto, “Explainable machine learn-
ing algorithms to predict glass transition,” Acta Materialia,
vol. 188, pp. 92-100, 2020.

K. Nakamura, N. Otani, and T. Koike, “PHYSICAL PROP-
ERTY PREDICTING DEVICE, DATA GENERATING
DEVICE, PHYSICAL PROPERTY PREDICTING
METHOD, AND PROGRAM,” (in Japanese), Japan Patent
P2020-200213A, 2020.

K. Nakamura, N. Otani, and T. Koike, “Search for oxide glass
compositions using Bayesian optimization,” Journal of the
Ceramic Society of Japan, vol. 123, pp. 569-572, 2020.

K. Nakamura, N. Otani, and T. Koike, “Multi-objective
Bayesian optimization of optical glass compositions,”
Ceramics International, vol. 47, pp. 15819-15824, 2021.

D. Xue, P. V. Balachandran, J. Hogden, J. Theiler, D. Xue,
and T. Lookman, “Accelerated search for materials with
targeted properties by adaptive design,” Nature Communi-
cations, vol. 7, p. 11241, 2016.

A. Seko, A. Togo, H. Hayashi, K. Tsuda, L. Chaput, and I.
Tanaka, “Prediction of low-thermal-conductivity com-
pounds with first-principles anharmonic lattice-dynamics
calculations and Bayesian optimization,” Physical Review
Letters, vol. 115, p. 205901, 2015.

J. Snoek, H. Larochelle, and R. P. Adams, “Practical Bayes-

39

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

ian optimization of machine learning algorithms,” Proceed-
ings of the NIPS 2012, 2012.

B. Shahriari, K. Swersky, Z. Wang, R. P. Adams, and N. de
Freitas, “Taking the human out of the loop: A review of
Bayesian optimization,” Proceedings of the IEEE, vol. 104,
pp. 148-175, 2016.

P. Auer, N. Cesa-Bianchi, and P. Fischer, “Finite-time analy-
sis of the multiarmed Bandit problem,” Machine Learning,
vol. 47, pp. 235-256, 2002.

P. Auer, “Using confidence bounds for exploitation-explora-
tion trade-offs,” Journal of Machine Learning Research, vol.
3, pp. 397-422, 2002.

D. D. Cox, and S. John, “A statical method for global opti-
mization,” Proceedings of the IEEE International Conference
on Systems, Man, and Cybernetics, vol. 2, 1992, pp. 1241~
1246.

“INTERGLAD Ver.7,” International Glass Database System
INTERGLAD Ver. 7, NEW GLASS FORUM. http://www.
newglass.jp/interglad_n/. 2017.

L. Breiman, “Random forest,” Machine Learning, vol. 45,
pp. 5-32, 2001.

Chronological Scientific Tables, Tokyo: Maruzen Publishing
Co., Ltd., 2016.

B. Cordero, V. Gomez, A. E. Platero-Prats, M. Revés, J.
Echeverria, E. Cremades, F. Barragan, and S. Alvarez,
“Covalent radii revisited,” Dalton Transactions, vol. 21, pp.
2832-2838, 2008.

R. D. Shannon, and C. T. Prewitt, “Effective ionic radii in
oxides and fluorides,” Acta Crystallographica Section B
Structural Crystallography and Crystal Chemistry, vol. 25,
pp. 925-946, 1969.

P. Villars, K. Cenzual, J. Daams, Y. Chen, and S. Iwata,
“Data-driven atomic environment prediction for binaries
using the Mendeleev number,” Journal of Alloys and Com-
pounds, vol. 367, pp. 167-175, 2004.

F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B.
Thirion, O. Grisel, M. Blondel, P. Prettenhofer, R. Weiss, V.
Dubourg, J. Vanderplas, A. Passos, D. Cournapeau, M.
Brucher, M. Perrot, and E. Duchesnay, “Scikit-learn:
Machine learning in python,” Journal of Machine Learning
Research, vol. 12, pp. 2825-2830, 2011.

“Sheffield ML/GPy - Gaussian process framework in
python,” GitHub. http://github.com/Shefield ML/GPy.
2020.



Nikon Research Report Vol.3 2021

i EE  Kensaku NAKAMURA
BFFEBHFEAER BB AR 78T
Mathematical Sciences Research Laboratory

Research & Development Division

K#AE M Naoya OTANI
WIFEBRFE AR BB AR FE T
Mathematical Sciences Research Laboratory

Research & Development Division

TR AR KRAE NS
Kensaku NAKAMURA Naoya OTANI Tetsuya KOIKE

g

40

/N Tetsuya KOIKE
TR AR BPREART 7T
Mathematical Sciences Research Laboratory

Research & Development Division



Nikon Research Report Vol.3 2021

REAZIRFHENC K BKTEME ITO F/ fiF

DIFZ

AN, W ORHEE, REIER, MR, IR

Water-Dispersible ITO Nanoparticles Prepared by Sur-

face Shape Control!

Ryoko SUZUKI, Yasutaka NISHI, Masaki MATSUBARA, Atsushi MURAMATSU and Kiyoshi KANIE

FEEITUVFITIT 4 AU EDBRERZERAVCT A XDERLTVD. BRER ENDOFEPESROER
CBVWTIHMERRETOERAOBIINEECHD. RHX TlE, COXSBRTOERITIFERIROBEIA VI D A
ZX (Indium Tin Oxide, ITO) F /RFDIERICDVWTHET D. {ERBESNTNBIIHAE TO F ./ RFDIER
FAZIGAL, #ZER - NTFRETOCAZSHT 2 LICk>TRAICERETI 2 ITO F /HuFESk. ThITO
F/RFFIAFEELITO 7 /HF R DEREENARE LS L DKDFLRETETHD NS, FAMENEL, FF
BICBVKIHEZB LTV I EMDN ofe. TDITO & /RFKDBRIEZ A ML, AEYI—NEA T35V
BIEREDRBERETOEANOBASHHFIND.

Devices that use an organic substrate, such as flexible displays, have recently become widespread. A
low-temperature deposition process is considered an important factor for preparing a transparent
conductive film on an organic film. In this paper, we report uniquely shaped indium tin oxide (ITO)
nanoparticles (NPs) that exhibit a uniform crystal orientation and are appropriate for use in a low-
temperature deposition process. These ITO NPs have numerous protrusions on their surface. These
protrusions were formed through control of the nucleation and particle growth of NPs prepared using a
method previously developed for preparing cubic ITO NPs. The ITO NPs with protrusions had a larger
specific surface area than the cubic ITO NPs because of their shape and could adsorb a greater number
of water molecules. Therefore, the ITO NPs with protrusions exhibited greater hydrophilicity and greater
dispersibility in water. We expect aqueous dispersions of the ITO NPs with protrusions to find applications
in low-temperature deposition processes such as the mist deposition, spin coating, and brush coating

methods.

Key words 7 /%iF, ITO, VILIRD—<IUE, KoOEE, BHESHELY

nanoparticle, ITO, solvothermal synthesis, water dispersibility, transparent conductive oxide

1 Introduction

Indium tin oxide (ITO) is a widely used #-type semicon-
ductor [1] that performs important roles in various elec-
tronic devices, including displays [2], because of its low
resistivity, appropriate chemical stability, and transparency
toward visible light [3]. Most ITO thin films have been pre-
pared by a dry process such as sputtering [4]. ITO thin
films prepared by such processes exhibit low resistivity;
however, the equipment required for dry processing is
expensive and the process itself requires high temperatures.
Wet processes such as coating methods using inks contain-

ing ITO nanoparticles (NPs) also have problems, including

high resistivity of the resultant films because of remaining
dispersant and organic solvent [5].

The affinity between the surface of NPs and their disper-
sion medium is known to be a key factor governing the sta-
bility of NP dispersions [6]. Therefore, in the present work,
we controlled the surface shape of ITO NPs to increase their
stability in an aqueous dispersion without a dispersant. Spe-
cifically, the formation of numerous protrusions on ITO NP
surfaces increased their specific surface area and the
amount of water molecules they adsorbed, resulting in
highly hydrophilic ITO NPs.

The surface shape of NPs has been controlled using vari-

ous methods. Controlling particle growth via adsorption

" Reprinted with permission from SuzukiR.; Nishi, Y; Matsubara, M; Muramatsu, A.; Kanie, K. Single-Crystalline Protrusion-Rich Indium Tin Oxide Nanoparticles
with Colloidal Stability in Water for Use in Sustainable Coatings ACS Appl. Nano Mater. 2020, 3, 4870-4879. Copyright 2020 American Chemical Society.
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additives [7] has been a focal point. In previous studies,
amines and ions were found to be effective for controlling
the shape of a-Fe;O3 NPs [8], [9]. Also, Kanie et al. devel-
oped a solvothermal one-pot method to prepare cubic ITO
NPs, whose morphology reflects their crystal system, with a
uniform crystal orientation [10], [11].

Inspired by these previous reports, we attempted to con-
trol the surface shape of ITO NPs by varying their synthesis
conditions. We speculated that changing the nucleation and
particle growth process by varying the concentration of the
metal chloride used as a metal source could promote the
heterogeneous nucleation of generated cubic ITO NPs,
resulting in NPs with protrusions and a uniform crystal ori-
entation. We also investigated the formation process and
water dispersibility of the ITO NPs.

2 Experimental Procedure

The basic condition used to prepare the ITO NPs are
described herein. First, a 1.8 M tetramethylammonium
hydroxide (TMAH) methanol solution (7.5 mL) was added
to a Teflon-made vessel. Then, a methanol solution of 0.36
M indium (III) chloride (InCls) and 0.04 M tin (IV) chloride
(SnCly) (7.5 mL) was added, and the resultant mixture was
stirred for 10 min at room temperature. The resultant solution
was sealed in an autoclave and heated at 190°C for 24 h. The
products were centrifuged and washed twice with ethanol and
twice with water. The product ITO NP powder) was then
freeze-dried. In addition, an ITO NP aqueous dispersion was
prepared by adding 40 mL of water to the ITO NP powder

and dispersing the mixture by ultrasonication. (Scheme 1)

Teflon vessel

Stirring

Sealed
in an autoclave

InCl3, SnCl, in MeOH
TMAH in MeOH

Heating
Nucleation and
particle growth

i) Centrifugation

i) Washing Di.SDefSEG
iii) Freeze drying in H,0

—

ITO NP powder

TONP
aqueous dispersion

Scheme 1 Preparation of ITO NP powder and an ITO NP aqueous
dispersion.

3 Results and Discussion

Effect of Heating Temperature
Fig. 1 shows XRD patterns of products prepared under the

basic conditions at various temperatures from 100°C to

42

200°C. When the reaction temperature was 100°C (Fig. 1a),
130°C (Fig. 1b), and 150°C (Fig. 1c), no diffraction peaks
assignable to In,O; were observed. However, when the reac-
tion temperature was 190°C (Fig. 1d) and 200°C (Fig. le), all
of the observed peaks were assignable to In,Os. Thus, the
XRD results indicate that a reaction temperature greater

than 190°C was necessary to obtain a crystalline In,O3

phase.
® :In203(JCPDS:6-0416)
. B :Unassignable phase
(e)
® 0
L
=
©
N—
>
=
[2]
C
[}
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Fig. 1 XRD patterns of products obtained at various reaction tem-
peratures: (a) 100°C, (b) 130°C, (c) 150°C, (d) 190°C, and
(e) 200°C.

Effect of Metal Chloride Concentration

The concentration of the metal source was varied to inves-
tigate its effect on the surface shape of the ITO NPs. Under
all of the investigated conditions, the Sn/In molar ratio for
the sources was maintained at 11.1 mol%. Fig. 2a shows XRD
patterns of the products obtained when the metal source
concentration under the basic conditions was [InCl;] = 0.18
M (i) and [InCl;5] = 0.36 M (ii). All of the peaks in both dif-
fraction patterns were assignable to In,Os. Also, the Sn/In
molar ratio, as determined from inductively coupled plasma
(ICP) analysis results, was 10.3 mol% and 11.6 mol% for the
products corresponding to [InCl;] =0.18 M and [InCl;] = 0.36
M, respectively. These results show that ITO was obtained
under both conditions. In both cases, the Sn/In ratio in the
product matched that of the metal sources.

Fig. 2b and Fig. 2c show transmission electron micros-
copy (TEM) images of products prepared at [InCl;] = 0.18
M and [InCl;5] = 0.36 M, respectively. Cubic-shaped ITO NPs
were observed at [InCl;] = 0.18 M, and ITO NPs with pro-
trusions were observed at [InCl;] = 0.36 M. The TEM
images indicated that the sizes of the cubic NPs and the NPs
with protrusions were 39 = 12 nm and 38 + 10 nm, respec-
tively. These sizes are consistent with the crystallite size, 34
nm and 33 nm of the cubic NPs and the NPs with protru-

sions, respectively, calculated from the XRD results using
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Scherrer’s formula.

Fig. 2d shows a high-resolution TEM (HR-TEM) image
and an electron diffraction (ED) pattern of one of the NPs
shown in Fig. 2c. The NP shown in Fig. 2d appears to have
a uniform crystal orientation, and a spot pattern assignable
to the (200)

® :In203(JCPDS:6-0416)

o o (i)

Intensity (a.u.)

10 1/nm

Fig. 2 (a) XRD patterns for products prepared under [In*] = (i)
0.18 M and (ii) 0.36 M. TEM images of products prepared
under [In*] = (b) 0.18 M and (c) 0.36 M. (d) HR-TEM
image of an ITO NP prepared under [In®] = 0.36 M. The
inset shows the ED pattern for the corresponding ITO NP.

crystal planes of In;Oj3 is observed. These results show that
ITO NPs with protrusions that exhibit a uniform crystal
orientation were obtained via control of the metal source

concentration.

Effect of Heating Time on the Shape of ITO NPs

To investigate the formation process for the ITO NPs with
protrusions, we varied the heating time. Fig. 3 shows TEM
images of the products obtained as the heating time was
varied from (@) 3hto (b) 6h, (c) 9h, (d) 12 h, (e) 48 h, and
(® 168 h. For a heating time 3 h, NPs were not observed; an
indeterminate form were obtained (Fig. 3a). In the XRD pat-
terns, peaks assignable to In,O; were not observed (results
not shown). For a heating time 6 h, a few cubic particles were
observed (Fig. 3b) and some of the XRD peaks were assign-
able to In,O3. When the heating time was 12 h or longer, all
peaks in the XRD patterns were assignable to In.Os. In the
TEM image for a heating time of 12 h (Fig. 3c), not only
NPs with protrusions but also particleswith an indeterminate
form were observed. When the heating time was 18 h and 48

h (Fig. 3d and 3e, respectively), only NPs with protrusions
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were observed. When the heating time was extended to 168
h (Fig. 3f), the protrusions on the NP

Fig. 3 TEM images of ITO NP products obtained at reaction times
of (8) 3 h, (b) 6 h, (c) 9h, (d) 12 h, (e) 48 h, and (f) 168 h.

surfaces disappeared. The Sn/In molar ratio for the
products in Fig. 3a—3f are shown in Table 1. The Sn/In ratio
decreased as the heating time was increased beyond 48 h.

Table 1 Sn/In molar ratio for ITO NPs prepared at various aging

times

Aging time / h Sn/In / mol%

3 12.7

6 12.7

9 12.0

12 12.1

48 9.3

168 8.4

Effect of CI" Concentration on Shape of ITO NPs

In a previous study [8], [9], the concentration of C1” was
found to affect the shape of NPs. Therefore, the effect of C1”
on the shape of the ITO NPs prepared in the present work
was investigated. Tetramethylammonium chloride (TMACI)
was added to the starting mixture used to prepare cubic ITO
NPs (Fig. 2b). Fig. 4 shows TEM images of the obtained
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products. In the TEM image corresponding to [TMACI] =
0.18 M (Fig. 4a), cubic NPs and NPs with slight protrusions
on their surface were observed. When the concentration of
TMACI was further increased in the range 0.27-0.54 M,
the number of protrusions increased with increasing TMACI
concentration (Fig. 4b—4d).

Fig. 4 TEM images of ITO NPs obtained when TMACI was added
to the reaction mixture at a concentration of (a) 0.18 M, (b)
0.27 M, (c) 0.36 M, and (d) 0.54 M.

The results were used to evaluate the process by which
protrusions form on ITO NPs (Scheme 2). Cubic ITO NPs
were generated through homogeneous nucleation followed
by particle growth. By contrast, ITO NPs with protrusions
were generated through the growth of homogeneous parti-
cles, the adsorption of CI", which inhibited particle growth,
onto the cubic ITO NP surfaces, followed by heterogeneous
and epitaxial particle growth. As a result, ITO NPs with pro-

trusions and a uniform crystal orientation were obtained.

(a) 5

The protrusions on the NP surfaces disappeared and the
Sn/In molar ratio decreased with increasing heating time,

indicating that Ostwald ripening occurred.

Dispersibility inWater

The water dispersibility of the ITO NPs with protrusions
and that of the cubic ITO NPs were compared. Fig. 5a
shows two ITO NP dispersions in the as-dispersed state.
Both samples were homogeneously dispersed in water. Fig.
5b shows the two dispersions 2 weeks after they were pre-
pared. The cubic ITO NPs were sedimented on the bottom
of the vessel. By contrast, the ITO NPs with protrusions
remained homogeneously dispersed in water, similar to the
as-prepared dispersions shown in Fig. 5a. These results indi-

cate that the ITO NPs with protrusions exhibited greater

() o: protrusion

w 6 @ : cubic
o
x 4 [ ]
- °
- 2L
x’ °

gl °

1.0 15 2.0 25 3.0

Concentration / wt%
Fig. 5 Appearance of ITO NP dispersions (a) as dispersed and (b)
after 2 weeks. (c) Relation between the concentration of the
ITO NP dispersions and the Rsp normalized specific surface
area S of the 1TO.

Heterogeneous two-dimensional \
epitaxial nucleation

Homogeneous

Nucleatlon - '
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particle growth- - Zazzis ©  Adsorbed CI
: B ) e
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{ E\:‘émmi(lz'm ZEI particle growth
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onto surface of NPs
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Scheme 2 Generation of (a) cubic ITO NPs and (b) ITO NPs with protrusions.
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water dispersibility than the cubic ITO NPs.

Further analysis was conducted by measurement of the
ITO NP relaxation times using 'H NMR (Fig. 5¢). The
hydrophilicity parameter Ry, calculated from the results indi-
cates the amount of water molecules adsorbed on the NP
surfaces [12]. The relationship between the concentration of
the ITO NP dispersions and the Ry, normalized specific sur-
face area (S) of the ITO NPs contained in dispersions (R, /
S) is shown in Fig. 5c¢. At each concentration, the ITO NPs
with protrusions exhibited a larger Ry, / S value than the
cubic ITO NPs. These results indicate that the ITO NPs with
protrusions have more water molecules adsorbed on their
surface than the cubic ITO NPs. Therefore, the cubic ITO
NPs exhibited a more hydrophilic surface. The S of the ITO
NPs with protrusions and that of the cubic ITO NPs, as
determined by Brunauer—Emmett—Teller (BET) analysis of
N, adsorption data, were 37.0 m®/g and 26.3 m?/g, respec-
tively. The increase in specific surface area likely increased
the hydrophilicity of the NPs.

4 Conclusion

ITO NPs with abundant protrusions on their surface and
which could be dispersed in water for an extended period
without a dispersant were successfully prepared via a solvo-
thermal method. The ITO NPs with protrusions could be
generated by heterogeneous particle growth induced by CI
adsorbed on cubic ITO NPs generated in the initial stage of
the reaction. Therefore, the crystal orientation of ITO NPs
with protrusions was uniform. Furthermore, the ITO NPs
with protrusions were highly hydrophilic because of their
shape and could form stable dispersions in water. The prep-
aration of high-performance transparent conductive films
using aqueous inks containing ITO NPs with protrusions
without a high-temperature treatment may be feasible. We
also expect our ITO NPs with protrusions will find applica-

tions in electrodes for flexible substrates.
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An Application of Binary Classification using Ambiguous
Training Data
Naoya OTANI, Yosuke OTSUBO, Tetsuya KOIKE and Masashi SUGIYAMA
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In supervised learning, ambiguous (A) samples that are difficult to label even by domain experts are
often encountered. In this study, we consider a binary classification problem using such A samples and
apply our in-house datasets of a cell culture process. This problem is substantially different from semi-
supervised learning because unlabeled samples are not necessarily difficult samples. Furthermore, it is
different from the three-class classification involving positive (P), negative (N), and A classes because the
test samples are not to be classified as the A class. Our proposed method extends binary classification
with a reject option, which trains a classifier and a rejector simultaneously using P and N samples based
on the 0-1-c loss with a rejection cost, ¢. More specifically, we propose to train a classifier and a rejector
based on the 0-1-c-d loss using P, N, and A samples, where d is the misclassification penalty for A
samples. In our practical implementation, we use the convex upper bound of the 0-1-c-d loss to achieve
computational tractability. Numerical experiments using the in-house datasets demonstrate that our
method can successfully utilize the additional information resulting from such A training data.

Key words BBkt >IL, UVt MIEHEE, ZEHE
ambiguous samples, classification with reject option, binary classification

a binary classification problem where, in addition to positive

7 Introduction

(P) and negative (N) samples, A samples are available for

Supervised learning has been successfully deployed in
various real-world applications, such as medical diagnosis [1]
and manufacturing systems [2]. However, when the amount
of labeled data is limited, current supervised learning meth-
ods become unreliable [3].

To efficiently obtain labeled data, domain knowledge has
been used in many applications [2], [4]. However, as indi-
cated in some studies [5], [6], ambiguous (A) samples that
are substantially difficult to label even by domain experts are
often encountered.

The goal of this study is to propose a novel classification

method that can manage A samples. Specifically, we consider
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training a classifier. Because of the characteristics of A
samples, they are assumed to be located near the boundary
between P and N classes.

We may consider employing three-class classification
methods for the P, N, and A classes. However, because we
intend to classify test samples only in the P or N class, not in
the A class, naive three-class methods cannot be directly
used in our problem. Moreover, they cannot utilize the infor-
mation that the A class exists between the P and N classes.
Another related approach is classification with a reject option
[71, [8], where A test samples are not classified into P or N

classes but as rejected (R). However, classification methods
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with a reject option do not consider A samples in the train-
ing phase; hence, they cannot be employed in our problem.

Semi-supervised learning may be related to the current
problem, where unlabeled (U) data, in addition to P and N
data, are used to train a classifier [9]. In semi-supervised
learning, U samples are P and N samples that have not yet
been labeled, and they are not necessarily difficult samples
to be labeled. By contrast, A samples in our target problem
are typically distributed at the intersection of P and N
classes. Thus, as the problem setups are intrinsically differ-
ent, merely using semi-supervised learning methods in the
current problem may not be optimal. Our problem and

related methods are summarized in Table 1.

Table 1  Problem settings of related and our methods.

Methods Labels in Labels Relationship
training data predicted in  among classes
test phase
Binary classifi- P/ N P/N None
cation
Three-class Class 1 Class 1 None
classification Class 2 Class 2
Class 3 Class 3
Classification P/N P/R/N R samples are in
with reject P/N mixed
option regions
Semi-super- P/UIN P/N U samples belong
vised learning toPorN
Our proposal P/AIN P/N A samples are in
P/N mixed
regions

To effectively solve the classification problem involving A
data, we propose to extend classification with a reject option
that trains a classifier and a rejector simultaneously using P
and N samples based on the 0-1-c loss with a rejection cost,
¢ [8]. The proposed method trains a classifier and a rejector
based on the 0-1-c-d loss using P, N, and A samples, where
d is the misclassification penalty for A samples. Then, in the
test phase, we use the trained classifier to assign P or N
labels to the test samples. Through experiments using an in-
house cell culture dataset, we demonstrate that the proposed
method can improve the test classification accuracy by using

A samples in the training phase.

2 Formulation

In this section, we formulate our target problem, named

classification with ambiguous data (CAD), and propose a
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new method for solving CAD.

2.1. Preliminary

We consider three class labels, namely, P, A, and N:
yeV = {1,0,—1}. ‘We assume that we are assigned a set of P,
A, and N samples {(xiyyi)}zl drawn independently from a
probability distribution with density v (x,y) defined on
X xYo. Let h: X - R denote a discriminant function, with
which a class label is predicted to be P or N (not predicted
to be A) for a test input point, x, as 3= sign(h(x)). Our goal
is to learn a discriminant function that accurately classifies
the test samples (not in the A class). Our key question in
this scenario is whether we can utilize A training data to
improve the classification accuracy of the discriminant func-
tion.

Hence, we develop a new method based on classification
with a reject option (CRO) [8]. We first review the CRO

method before deriving the new method.

2.2. Classification with Reject Option using Support Vec-
tor Machine (CRO-SVM)

Cortes et. al. [8] introduced a rejection function, 7 : X = R,
in addition to the discriminant function, to identify regions
with a high risk for misclassification. When the rejection func-
tion yields a positive value, the corresponding sample is clas-
sified into the P or N class by using classifier #; otherwise, the
sample is rejected and not classified. When a sample is
rejected, a rejection cost, ¢, is incurred, which trades off the
risk of misclassification. To realize this idea, the 0-1-c loss is

introduced:

L Olc(h, 7,X, J’) = 1yh(x)£017(x)>0 + Clr(x)SO ’ (1)

where 14 is the indicator function that yields 1 if statement A
is true and 0 otherwise. When ¢ = 0, all samples are rejected
because the loss function does not incur any cost. By con-
trast, when ¢ > 0.5, no samples are rejected because the
expectation of the 0-1 loss, 1,0, is less than 0.5; thus, the
0-1-c loss is reduced to the 0-1 loss. Therefore, we only
consider ¢ such that 0 < ¢ <0.5.
Based on the 0-1-c loss, the problem is expressed as
(h*,r*) = ar%zryr)linR(h,r),
' @
R(h,r) =B (xy) [me (hﬂ',x,y)],

where /1 and 7* denote the optimal discriminant function
and rejection function, respectively, and By, denotes the
expectation over fo (x ,y), In practice, because the true den-

sity, o (x,y), is unknown, we typically use the empirical dis-
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tribution to approximate the expectation:
- 1<
h)=— (Pl %, i) 3
R( ) N;Lfn ( J’) (6))

Because of the discrete nature of the 0-1-¢ loss, its direct
optimization is computationally intractable. To avoid discon-
tinuity, the following surrogate loss, known as the max-hinge
(MH) loss, is introduced:

Ly (h,7,x,9)=

@
max(1+%(r(x)—yh(x)),c(l—ﬂr(x)),O),
where o, f > 0 are the hyperparameters used to control the
shape of the surrogate loss. The surrogate loss is an exten-
sion of the hinge loss, which is employed in a support vector
machine (SVM) [10].
Further, introducing L2 regularization, basis functions
¢1(x),....¢n (x), and slack variables &=(&,...,&v )T with

being the transpose yields the following quadratic program:
~ A Ay e Ay 1N
(@) = avgmin] 2 + 2+ % 4|
&21+g(n—%h)

st| &=c(l-pr)
£>0

fori=1,...,,N,

where w=(w,...,wy )T are the coefficients of the discrimi-
nant function; u=(u,...,ux )T are the coefficients of the
rejection function; 4,1’ >0 are the L2 regularization param-
eters; &; and 7 denote the values of the discriminant function
and rejection function at sample point % expressed as
Bi=3Y w0 (%) and % =3 00, (x,-), respectively. The
resulting discriminant and rejection functions are expressed
as h(x,z?;) =3, w;¢;(x) and r(x;ﬁ) =3 iti¢;(x), respec-
tively.
We refer to this method as CRO-SVM.

2.3. Proposed Method: Classification with A Data using
SVM (CAD-SVM)
To manage A training data in the SVM formulation, we
extend the 0-1-c loss to the 0-1-c-d loss, as Eq. (6):

Table 2 0-1-c loss function.

Judgment P R N
(h, 1) h>0 r<0 h<0
Label y r>0 r>0
Pry=1 0 c 1
N:y=-1 1 o 0

Table 3 0-1-c-d loss function.

Judgment P R N

(h, 1) h>0 r<0 h<0

Label y r>0 r>0
Pry=1 0 c 1
Ay=0 d 0 d
N:y=-1 1 c 0

Lotea (B,7,%,9) =

©)
Loy (1yh(x)s017(x)>0 + L0 ) +d1,-L (0

Tables 2 and 3 present comparisons of the behaviors of the
0-1-c and 0-1-c-d losses, respectively. For the P and N sam-
ples, the 0-1-c-d loss behaves the same as the 0-1-c loss. In
contrast, for the A samples, the 0-1-c-d loss incurs penalty d
when they are classified as the P or N class. Therefore, A
samples tend to be classified into the A class if we employ
the 0-1-c-d loss. Unlike the CRO formulation, CAD utilizes A
samples to learn a rejector explicitly.

This discussion may mislead us as if we are just solving a
three-class problem involving P, N, and A classes. However,
we do not classify the test samples into the A class, but only
into the P and N classes. To solve the CAD problem, we
utilize a binary discriminant function, %, and a rejection func-
tion, 7, as in the CRO formulation reviewed earlier. We train
h and 7 based on the 0-1-¢-d loss, and we use only % in the
test phase to classify the test samples into P and N classes.
Owing to the interplay between % and 7 in the 0-1-¢cd loss, we
can utilize A samples to train % through 7.

Similar to the 0-1-c loss, we consider the following convex
upper bound of the 0-1-¢-d loss, named max-hinge-ambigu-

ous (MHA) loss, as a surrogate to avoid its discrete nature:

Lotea (h,7,%,9) < 1oy L (h,7,%,¥) + d1,-9 max(l +pBr(x),0

=y max(1+%(r(x)—yh(x)),c(l—ﬁr(x)),0)+(1—y2)max(d(1+ﬁr(x)),0)

@)

<y max(1+%(f(x)—yh(x)),c(l—ﬁr(x)),0)+(l—yz)max(nd(1+ﬂr(x)),0)

= LMHA (hvrvx,y)i
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Fig. 1 0-1-c-d loss, Loics, and its surrogate 10ss, Lyma.

where n>1 is a hyperparameter that controls the shape of
the surrogate loss (see Fig. 1 for the visualization).
Next, similar to CRO-SVM, we have the following qua-

dratic program:
(@) angin) 5+ o+

G ny(1+%(% —y,-h-))
st|  &=yne(1-pBnr)
& 2(1—y?)nd(1+ﬁr,~)

®

fori=1,...,N.

This formula expresses our proposed method, CAD-SVM.
To select hyperparameters (Ot, ﬂ,n), we can apply the fol-

lowing theorem (its proof is available in [11]):

Theorem 1 For each x € X, let

(hglcd ’ 7’0*1cd )

©
= ar%n}inEmW) [Loud (h,f’,x»y)],
and
(hK)IHA,f’ﬁHA)
. 10)
= arﬁryr;lnE,,ﬂW) [LMHA (h,r,x,y)].
Then, for
. ._ 2
=2(1—20), B=1+2¢, ' =—r, 1D

1+2¢

the signs of (hﬁm,n&}m) match those of (hﬁ‘lcd,n)*lcd).
In the next section, we demonstrate that this method is
feasible. It is noteworthy that Eq. (11) does not include d.

3 Numerical Experiments

In this section, we report the experimental results
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obtained using an in-house dataset from a cell culture pro-
cess. A detailed performance evaluation and a comparison
with baseline methods on other datasets have been reported
in [11].

3.1. Dataset

For real-world applications, we prepared an in-house cell-
culture dataset. This dataset contains 124 fields of view
(FOVs). For each FOV, images were acquired three times at
T =99, 279, and 459 h. All images for each FOV were ana-
lyzed using an image processing software, CL-Quant [12],
and converted to eight morphological features, such as the
average brightness and average area of cells. Based on the
final image for each FOV (T =459 h), each FOV was anno-
tated by experts. If the cells in the image appeared healthy/
damaged, the image was labeled as P/N. Otherwise, the
experts assign A labels to samples that cannot be confidently
classified as healthy or damaged. The numbers of samples
for the P, N, and A classes were 41, 59, and 24, respectively.
Our goal was to predict the final state of each FOV (anno-
tated by the experts in this simulation) using morphological
features obtained from each time point of the culturing pro-
cess. In total, we trained and evaluated three types of datas-
ets (Datasets 1, 2, and 3), corresponding to the time point of
the input images, T. For Datasets 1 and 2, the images from
which we extracted the input features and those from which
we annotated the output labels were different; this is illus-
trated in Fig. 2.

279 459 Time [h] \
Image capture 1
D ] m—

Labeling
mage analysts ﬁ (PINIA)
A 4

x i(Z) xl_(s) Vi

i
[
% |

Prediction

Dataset 1

Fig. 2 Schematic image of datasets. We created three types of
datasets and evaluated corresponding models.

3.2. Experimental Settings

Using the aforementioned datasets, we compared the clas-
sification performance of the SVM, SVM-RL (random label),
LapSVM [13], two-step SVM, CRO-SVM, CRO-SVM-RL, and
CAD-SVM.

For each method, 1500 test runs were performed by
changing the training and test datasets, which were ran-

domly selected from the original dataset. The ratio of the
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training and test datasets was 4:1. For each test run, five-fold
cross-validation was performed to determine the relevant
parameters. For validation and in the test phase, only P and
N samples were applied to the discriminant function; hence,
we were able to evaluate the binary classification accuracy.
We determined 10 hyperparameters (/l,l’,oz o’,1,¢,d,x, ﬁ,n),
where ¢ is the width of the Gaussian radial basis function in
le-xf
20°

rameter of the weight matrix, W, of the graph Laplacian

the basis function (%)= exp{ ], o’ is the hyperpa-

s -5

expressed as Wy = exp[—’&‘,zJ (only in the LapSVM),

and 7 is the coefficient of the graph Laplacian regularization
(only in the LapSVM). The hyperparameters (Ot,ﬁ,n) were
determined by using Eq. (11), and other hyperparameters
were selected via five-fold cross-validation (see [11] for
details). The experimental procedure applied for each data-

set and method is summarized in Algorithm 1.

Input: D = {(xpy)}y, H = {(/1;,,1’5,a;,a;,r;,cf,df)};=1
Forj =1,...,1500 do:
Derain < (random set of 0.8N records in D)
Drest < D \ Derain
(’Dt(rla)m, ,D‘(r?m) « (random set that equally divide D into 5)
Fork =1,..,5 do:
Dyalia < Dt(:‘a)in
Dsubtrain < Derain \ Dvalia
Foré( =1,..,Zdo:
Create a model using Dsyptrain Under hyperparameter setting H
ag.k) « (binary classification accuracy of Dyajiq)
Ry
§" « argmax; @@
Create amodel using Dyrajn under hyperparameter setting H ¢
a; « (binary classification accuracy of Deest)
Calculate the mean and standard deviation of a;

Algorithm 1 Experimental procedure for each dataset and method.

3.3. Results
Table 4 summarizes the test accuracy of each method.
The CAD-SVM showed statistically significant improvements

Table 4  Test accuracy for each timepoint, where + denotes standard

deviation. Boldfaced numbers represent the best and com-
parable results with 5% t-test.

Dataset 1 Dataset 2 Dataset 3

(T = 99) (T = 279) (T = 459)
SVM 0.732 £ 0.092 0.799 + 0.088 0.941 + 0.049
SVM-RL 0.730 £ 0.096 0.805 + 0.088 0.929 + 0.058
LapSVM 0.731 £ 0.091 0.801 +0.089 0.931 + 0.055
Two-step SVM  0.733 £ 0.097 0.788 £ 0.090 0.931 + 0.054
CRO-SVM 0.747 £ 0.095 0.814 +0.087 0.939 = 0.050
CRO-SVM-RL  0.740 £ 0.097 0.818 +0.085 0.920 + 0.063
CAD-SVM 0.755 + 0.094 0.819 + 0.087 0.937 + 0.051
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over the other methods, particularly in the earlier stages of
the culturing process. In the earlier stages, the input data
contained few or inaccurate information; therefore, utilizing
A samples would be beneficial. However, because the input
data contained almost complete information during the final
state, the information of A samples need not be utilized. If
the information of A samples is intrinsically meaningless,
then the SVM would be a better solution as it utilizes the
hinge loss directly based on the 0-1 loss (i.e., the binary
classification accuracy). Overall, the CAD-SVM is a promis-

ing method for utilizing A samples.

4 Conclusion

In this study, we aimed to reduce labeling cost and
improve classification accuracy by allowing labelers to pro-
vide A labels for difficult samples. We extended a classifica-
tion method with a reject option and proposed a novel clas-
sification method, named CAD-SVM, which uses the 0-1-¢c-d
loss. We derived a surrogate loss for the 0-1-¢c-d loss, thereby
allowing us to convert the optimization problem into a con-
vex quadratic program. We conducted numerical experi-
ments and demonstrated that A labels can be effectively
used to improve the classification accuracy.

Although our proposed method was based on the SVM, it
would be more useful if it is applicable to other models, par-
ticularly to deep neural networks. In future studies, we will
conduct a theoretical analysis of the proposed method in
terms of the statistical consistency and convergence rate.
Extending the proposed loss function to semi-supervised,
imperfect labeling, or multiclass problems is also a promis-

ing direction for future research.
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Defect Factor Detection in Production Processes and
Emulator Estimation
Yosuke OTSUBO, Naoya OTANI, Megumi CHIKASUE and Masashi SUGIYAMA

HEEHESE I AEDIRPCEENSBRINTVDS. EEDEETRZICOBVTRFZHORBZEEL TV, BE
TREICHRITD TRODT—IIFIRETEDN, ERICHIBR/NTA—I—ERETDHIEFTERV. LD ST,
TREPICAFEBCSRBRVARRIEE UCES, ANICARERZHAEUVRET 2MENHD. KIFKTE, TN
A ZHEICEDVEETRICH T D2ARBERGINFEAZRETD. COFEF, RD2ATYITHEASINS. 1)
SETRYI2V—9I—ZFAL, T—INSUBBEERL, 2) FTRIMRELCT—IELERT—IZHANT, S
@BINTA—FI—([CHTBDAREBERR A7 ETETD. REDYI 21 L—9I—=HNTHIIL, 5BNRERIESND
CEBERT. EIBIL, RAN—REFU VI ZRHIFIEDEDCET, YT aLU—9—%RT 2RLUNGHIEBETILZE
WTCEDEZRT.

Precision mechanical products consist of lots of parts and assemblies. Data accumulation systems are
usually installed to monitor production processes, but only downstream data can be acquired with
respect to the processes of precision equipment. So, when a defect occurs, mechanical experts must
manually analyze a physical product to identify the cause (factor). In this study, we propose a novel
detection method for the defect factor based on the approximate Bayesian computation (ABC) with a
design simulator. Our method consists of two stages: 1) solve the inverse problem from the data; 2)
derive defect factor scores from two datasets corresponding to normal data and data with defects.
Numerical experiments and an application to actual data yield consistent results with design information
given as domain knowledge. Furthermore, it is shown that a surrogate model, i.e., an emulator, that
imitates a simulation can be estimated by combining a sparse modeling.

Key words 4£ETE, AREREA, ITI1U—9—#HE HEUNAREE, AN—REFUVT
production processes, defect factor detection, emulator, approximate Bayesian computation, sparse modeling
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2BV, WEEREY 2O/ T A—F —xZRD S
MEIHIET 5. T2 Tx L yldEFhEN D, D, RITLDON
7 MVET L, Floeld TRPICEEINDE 24 XTHY,
MERMEFE LTEETIREY I 2L—F—flZ&ThTw
b, Ffl3R—AT54 Y ERDIENETNVTHY, X
(1) EHAROB T OMERE L /T A —F —DKREEL
TWAHZEICHEET L. I, TRIZETINS 4 X258
YWCET) 783N TBY, BRSNS T— 9 3HAD D
OTHhUE, X (1) S H oS FEREE ERER XA
M) RHVDEI LT, WMNTA—F —%RDL L
e a2 d Livew (Fig. 2 (a)). Lo LAWIZE Tl =i
T—=5 %) 720, HAROBBEENINIITH S L) X

Fig. 2 (a). £ETEY I1L—2—0OBER. b). REEAOUET—4D={y] £¥3alL-4-

DREER.

54

(). B () BT —2EE&DERBATIWR/NTIA—F—EEXEROFBETH3.



FEIRCHITIAREBEERRAETZ 1 U—5 —DHE

(1) oupEE LTENMET 52 Lid# Ly (Fig. 2 (b)).
KR TIX, BEEEOMRENLS, Chz ERLEHTS
£ IS TG A=y —DBEEX BHETHT VT XA
ERET D, RIS, EWT—%Xy NEARRMPEEND
TF—=%ty DI LT, ERTNVTY A mEAL, %=
SEMRL L TAROERBERMZ RO LD TES
¥ TH5.

X512 (1) OHMBTTF—FLy FDhSHEESINX
EHWAZ L Ty=t(x) RAMETETNVZEZHET L N
WEThHs., TN, YIalb—F—LRA%0AHTER
ERHOLI L=y =AM N TES.

3 m=Fz
AEITIE, REEOFEMZ RS,

3.1 EMARA XEFHREHWREMNNT XA —F —DffiE :
Approximate Bayesian Computation (ABC) inspired
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Algorithm 1 ABC inspired inverse
Input: D= {y,},, _f(-),, 7(-), and Nsim
Output: X* = {m"‘(")}' .
=
1: for all j=1,..., Nsim do _
2. Draw a sample from a prior: ) ~ ().
3. Perform simulation: y¥) = f(a®).
4
5

: end for

: Compute the density ratio by applying KLIEP: r(y) =
P (y) /p7™ (y)-

6: Accept each sample /) with the probability propor-
tional to the density ratio.
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Algorithm 2 Defect factor detection via the ABC inspired

inverse

Input: Dy, Dg, f(),

Output: ¢ = {ca}}?,
1: Apply the ABC inspired inverse to Da, and obtain

XY = { *(J)}
j= 1

7()> Notm, and M

2: for allm=1,...,M do

3 for all £ = 'DA and Dg do

4 for alld=1,...,D, do

5 forall j=1,...,n do

6: Generate samples: sc{(ij ) o m(za), mi"; = 2*@,

7 Perform simulator: y = f(:z:(j)}.

8 end for

9 Compute the density ratio by using KLIEP:
r(y) = p™" (@) /P ().

10: Accept each sample £ with the probability
proportional to the density ratio.

1L: Assign the total number of accepted samples
a;"'E

12: end for

13:  end for
14: end for
15: Calculate the defect score (6).
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Method of Multipliers (ADMM) % JHWC%47T& % [9],
[10].
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Appendix A. Lemma ®DiiBH
ROEKFLEH D &
B {1 if y is accepted

0 otherwise, @1

ZHENTy DAL

ol

= Pr(I=1) =7(y),

(A4.2)

LRMETE . I TPr(I=1y) 34 ¥ 7oz z
£L, X @ X7—solijtyIal—y—0lio
BRI 2. WHEd e =Pr(I=1) £LTw2
O

Appendix B. Theorem ®jil:H{
Pl =1)= [ p(xly) (1T =1)dy

() [ 20,

ZZCLemma # Wz, —F, XA ZXOEHIY x DH
BHERIZTROIIICETIENTES.

(4.3)
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p(XI=1)=p(X|D) %2 ), %S 7z x D5 & Hi%55
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