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Table 1.1 The regulation value of exterior noise of passenger cars specified in Japan. Cited

from refarence[5], pp.4.
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Fig. 1.1 Trends in fuel efficiency regulations for automobiles in each country and region.

Cited from reference [10].
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Fig. 1.2 Toyota Corolla weight trends. Data obtained from Toyota website.
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Fig. 1.3 Microstructure of porous materials. The left side shows glass fiber and the right side
shows urethane foam sound-absorbing material. The upper side shows the macrostructure of

the porous sound absorber, and the lower side shows the microstructure.
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Fig. 1.4 Structural overview of the thesis.
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Fig. 2.1 The microstructure of the fiber-type porous sound absorbing material. The image

is obtained by scanning electron microscopy (SEM).
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Keller 5 [12], Zhao 5 [13], Molcho 5 [14] DE T, HHOBRMKAILIE 2 Z + D 70-80 % 13 H s
FIFEDRIHIBRFE CIRE S 2 T e AVRENTHE D, FIFEHIRM CAMEIEEZ o, FHilis X ERT 5
e, HEaX P OJEBICORA S ERRINTNS.
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2.1 EERAHE

ZALEREM OWE R L WSO RN X 2 2 h T NEBRINCHIE T 2 Z 2T, ZLEREMICIE
125 2 PHEFNEZ ERANCEHI S 2. WRERORMEFIIER, F—FEHOZUERNEM OBk 2 81
EEIb L, ZhzhoBEEARNKERZHET 2. WE L LREROMERIMZFML, FIES X
OCIEEREZHET 5. BEMBEO R HEEET, EENE FEMEE (Scanning Electron Microscope,
SEM) ZHWWTZALUERNEM OMGMSE ZBIE L, EGLEY 7 by 27 TRt 4 XY
DM R ZFHT 5. 5o NLREEOMRDI ML, MERNLRHBEOMR M EZHTE T 5.

2.1.1 EEBEASRKEER

MEAFRFRIE, MRNCH RO BRERAETAS L 2 Z20MEE 2T 26880 2R3 65
THH, AFT2HEDOZANNF —ITHNT 2MEHIBINE N2 ED T AL F— DR LTERSINS.
FEERNCEEASRERZHET 25K LT, JIS A 1405-2 HEE X 2WMERK VA V¥ —R
ZDHE] TEDONT 23 A 7RI K2 HEEZRA L. BEE RN 2.2 1R Bruel&Kjaer
# o TYPE 4206T 2. HBADERIE, HEEEONRICEDE T ¢29 mm & LT, 500-6400
Hz OJEREBISTIRER 2 E L. BEEO—IMZ, BEIRST 27200 —h—2REINT
BY, ZHEAEBREMOEHELEEZ 0 mm & Lz, 427882 PCB# 1/2 inch ~4 71k >
378B02, FFT 77 Z 4 ¥i& OROS OR34J ZH\\7-.

Fig. 2.2 Impedance tube for measuring sound absorption coefficient of ¢ 29 at normal
incidence of 500-6400 Hz using Bruel&Kjer Type 4206T.

<A 7 ak B OREN SN0 AR~ R/NRIZT 27280, 24 7 akrErEEh s R
KX @B LFEERAGE. w4 20k OREY I BXOIT v LT, REEK HL, B HIL %
FHS 3. HLy BXUOHL &b, XRickh~A4 270k DI A<y FEMIELAERBERD 5.

1/2

Hip = (Hiy Hiy) "~ = |[His|&/? (2.1)

BT, MBXROFEHEREBT 2. HEEDO— O FENRI N0 AFK & KETHEOEE
X, FhFEihip & p. E LTRRTREINS.
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Pi :ﬁiejkd (22)

p,,, :ﬁre_jkd (23)

ZIZT, pEd=0CBIIELETHS. ZOLE, ZODVAIZBERYTOHELE p; & po EKXATER
na.

3

p1 = pre’™ 4 pre I (2.4)

p2 = pre’™*? + pre 72 (2.5)

N24BXUOK25 &0, ABEE KEROEERK H; BLT H, XA TREIN2.

H'r’ = % = e_jk(dl_dz) = ejks (2'6)
T
Hr = % = ¢ Ik(di—d2) — o=iks (2.7)

ZIT, s=di—dy THY, ZoD~xA7ukrOfTHS. R2.1BLUKHK26, R2.7&D, K
By IXRNTRDOENS.

H12 - HI ezjkxl

_ 2.8
" Hp — Hyo (28)

A28 &b, BMEAFRER o IXATEZONS.
a=1—|r] (2.9)

2.1.2 FEhilin

MAURPUIZALE RO 2RI BT 2 225D EREN 2 £ T, RO Biot D87 X—&XD—D ¢
LTvHAIoNTED, ZEMROIEERM 2 R THEREREO -2 TH 5. 77 AV — L7k LDk
HWROZALEMEITIX, Delany-Buzley-Miki €7 V%2 FHWTHRAUEII» SH#HEE L2 EEL Y E—X Y
AWFEIEE RD—B 2 RS 720, FHCHMHERIEM OBEEREOFHLER LTHHE ATV .
AFH T OFAURHLOHE I, K 2.3 1R T HERERE 2 FHWWT, 15O 9053 IZHEHLS 2 IE L TR
L7z

2.1.3 RIS

ZALEBIEM O pm A — X — O & ERHEZBI5 3 5 72 JEOL #oEETE 7HMEE (SEM)
JSM-IT200 % FW/z. SEM THME L ZEBIXERLIEY 7 b = 7 D Image] & AW THHERE P L
B2 OMBRHEZ IS L7z, Imaged I3KEENZEAE AT EMETE GO L, @iz HiE L
THRLEY 7 FOZ7THY, =T V=2V 7 Fox7 e LTAMEATHS [32].
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Fig. 2.3 Instrument for measuring flow resistance of porous materials.

2.1.4 EHERAK

SEMA Y U THERIN B M iy L & VIRBEM O 2 B2 HWT, ZhZFPhoBRER e ML %
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EABACUAR ZBEEL Ko TWa. MHAMIEX A o L HINBRICERD N R 2R E T
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WG ORER R 2 FHET 3 720, RIE O RRA % B 72 FfE o 0% B A & U7z,

¥ — MROWEEM DB ¢29 mm D v X —%HWT 30 HOHABRAEZ T D L, TEASLEZREH
ELT. ZOrE, WEMEINT 2B s B T2 A © OMMIfEs 2k Lisv &k 51, 7Kic
B LTS L7 IRECRRBR A2 UIT L 7=, X 2.4 WCRBRCER L= > LR T

Hao L2 REMH

AT LR UMIGBRETHRWSREICENTEY, UL ESTH L0, IEMLINCH e
7w ¥a YMREBERACHBRTHEHAIATHS. Fav L X UMiE, TEMNIRY 7L &2 e FEafl
ERELVTRIBEE 2 Z 2 TN ZERE ZHEOFaME e LTiliEEhs. Ry oL ariE, M
25 D&IIZ, 4V Y7 H— b eKBEREDOENKEEL S OILEME OEMNINKIGICE D ARSI S
EATMECH Y, BMRKIERETERIND 2D THEMNIL FHAZIATNS.

oYX E, FEAH, HHHE, BEEAIREOMORIMEMA S 2T, Fav L X MO ENES
N5, K261n3E21E, 41 V73— MIKERIGL TBILRZLFEX L2720, FdFle L
E—RANTKB WSS, MG, RiEAoR, RICEE, FR, ZotfFmaElicmizEL T
ZEL, ZHSIEEERERHMAREICTER BT 2. WMEM e LTHEHIASREY L & U3,
SALDSHEICHENE L 7 kLSS o THB D, MOWIRERMESEFON S XI5 BEINTWS. K
XTI, EELEEE 3O 2.7 DB YL XY 7 4 — ARERIA Y LT, ZOMERE L Rtz
B U7z, BRI ERHERIGE M L ARk, > — MROBEM DS 29 D F v X —% VT 30 DR
BiiAZYID ML
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Fig. 2.4 Samples of fiber-based sound absorbing materials for sound absorption coefficient

and microstructure analysis.
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Fig. 2.5 The general reaction process for the synthesis of polyurethane.
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Fig. 2.6 The foaming process that occurs when water and isocyanate are reacted.
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Fig. 2.7 Experimental samples of polyurethane foam.
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EEMED SRERTE 5.
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NI ATHIMBED 7 =202 <, HEIEMD DMEMIZH D, ERTMSGEWERDMZRL TV,
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DALN, ERDHE ZRR MRS ZRL TV I EARBENE., ZALDMEELD, MEHE
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LZHEME, BWEROERBP0< a<1THI72D, SVWRERLRTEBEEHTI, ZOERBOHK
KEGEEICT — ZPERT READD 720 EX NS, LEh->T, FEVEEMZY, KWEE
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Fig. 2.8 The results of the sound absorption coefficients for 30 samples of fiber-based sound
absorbing materials. Each sample’s sound absorption coefficient is represented by the gray

line, while the red line indicates the expected value of all measurements.
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Fig. 2.9 Histogram displays the distribution of sound absorption coefficients for 30 samples

of fiber-based sound absorbing materials at various frequencies.
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ERHTIRES 2 Z & DN E R OMERDAH LT, IERDHDOSRANHERIIAMIT & 2Tl
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Fig. 2.10 The results of fitting the measured sound absorption coefficient at 6000Hz using
the truncated normal distribution (represented by the black solid line). The blue dotted line

shows the result of fitting with the normal distribution.

QY | Y <1.0) = (2.10)

1.0
—o00

TR % RIS (Probability Density Function, PDF) 35732 & 1 £ k578, ERTHORESH
BB F(Y) ZHV2 X TRIN B,

_ 1 y (Y —p)?
Q(Y) - 1_F (177“) W exp (_ 202 (211)
ZIT, p 3G LAMBIED (T X — X OWIRHE, o 3EERAEZERT. K 2.11 ZE-UIRESR
ferInsg. cor %, X211 ofiffEIIRATREINS.

_ 1 1 (1=p?
E[Q(Y)]MJFJI—F(IZ“)\/ﬂeXp( 572 > (2.12)
7z, SHERRTRENS.
e Lo F(5Y) LGOI
V[Q(Y)] = 0? + o2 - 1—F(1;“)U2<1—F(1;“) (2.13)

N212BLUK 213 £D, 6000 Hz iIZBF 2 WERDOAER R 2 H—YIWERDIHTT7 4 v T4 2
L7k 2K 2.10 123, X210 0 BEDOEFIHE—YIMNER 7D PDF, §E0O(BIEIER D1
® PDF %2R $. EROATREERD 1.0 L EOHEZRLTWS 2, H—YWERDMACIIRER 1.0
THERDAAUIM SN TORF MR TE 2. £z, ERDAMN L B L TH YW ER D0 Tl RHE
ETEDREWVEEZRLTWS Z MRS N, Lo T, @WIRERICE T 2HERIMIE, EH
DA TRE S B—YWERDACTEM T2 itk D, ZARERSATHTEZ 2 EILNS. K
SCTHUD 05 SABRIK DI ROTER DAL, ERDM2REL TORELIENEL B I L3RV, &
DIREROEVIEBRRZ I D 5 HEITE, KHETRLAE XS BREENHERS M2 EH S 2 2 e %Y
ThHrEZILNS.
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Fig. 2.11 The sound absorption coefficients of 30 different samples of polyurethane foam
sound absorbing materials. Each sample’s sound absorption coefficient is represented by the

gray line, while the red line indicates the expected value of all measurements.
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Fig. 2.12 Histogram of sound absorption coefficient for polyurethane foam samples.

Fig. 2.13 The microstructure of fiber-based porous materials captured through SEM.
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Fig. 2.14 Histogram of various microstructure features in fiber-based porous material sam-
ples. (a) shows the porosity, (b) shows the diameter of fibers, (c) shows the fiber distance,

and (d) shows the interstitial distance.
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Fig. 2.15 Quantile-Quantile plot of porous microstructure parameters compared to normal distribution.
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Table 2.1 Summary of Shapiro-Wilk test for normality: W statistic and p-values for testing

normal distribution hypothesis.

Parameters w p-values
(a) Porosity 0.97995 0.43791
(b) Diameter of fiber 0.97636  0.00815
(¢c) Fiber distance 0.95936  0.04669
(d) Interstitial distance 0.95936  0.04668
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2.16 Comparison of the empirical cumulative distribution function S(X) with the

cumulative distribution function of the normal distribution F(X). The statistic D represents

the maximum deviation of S(X) and F(X).

Table 2.2 Summary of Kolmogorov-Smirnov test for normality: D statistic and p-values for

testing normal distribution hypothesis.

Parameters D p-values
(a) Porosity 0.07142  0.89800
(b) Diameter of fiber 0.11536  0.38300
(¢c) Fiber distance 0.08522  0.19013
(d) Interstitial distance 0.08522 0.19013
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Fig. 2.17 The microstructure of polyurethane foam porous materials, which was captured
through SEM.
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Fig. 2.18 The microstructure of polyurethane foam porous materials, which was captured
through SEM.
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Fig. 2.19 Quantile-Quantile plot of polyurethane foam microstructure parameters compared

to normal distribution.
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Table 2.3 Summary of test for normality: statistics are W and D and p-values for testing

normal distribution hypothesis.

Test method Statistics p-values
Shapiro-Wilk test 0.97991 0.02797
Kolmogorov-Smirnov test 0.06217 0.59015
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Fig. 2.20 Comparison of the empirical cumulative distribution function S(X) with the
cumulative distribution function of the normal distribution F(X) of polyurethane foam. The

statistic D represents the maximum deviation of S(X) and F(X).
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Fig. 3.1 A schematic view of the unit cell of a poroelastic material in multiscale analysis.
(a) presents the macro structure, (b) shows the meso structure, and (¢) shows the unit cell

of the porous material.
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Fig. 3.2 Numerical simulation method for porous sound absorbers.
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Fig. 3.3 Propagation of acoustic waves in a cylindrical tube with one open and one closed end.

Fig. 3.4 Direction and definitions of acoustic wave incident. Acoustic wave reflected on
the interface S between medium I and II, where medium I and medium II have different

properties.
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ZALEMBNCAS L SEROERZ THIT 2 e A TEIWHEETLTH S Z L 2R L7, Biot /%
T A= RERBHNCFRET 5 28T, ZEMRNROTA ¢ ERDES) %25 8 L 582 THlT
370, ZAHBEEREMOFET/AS HwbshTuns.

H(w)=14/1+

(3.29)
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3.3 TILFRIT—ILERW

HIEICR L BIER T RFETIE, (I X =X 2ERICFET 2 2 & T, SALEMNEM OSERT
EREISTFHITL2Ze0TES. L2L, 87 X —ZIIEBRINCHEIET 2 13 IR P S BRE i 0 e
R ETH Y, BAFEMINZ ERBIA DR R EEZ R T, ZOFHBIRERN 725, £ 2 TAHI
TIX, EBRIZ AT X = RFEEZBEE LIRWHELEIC X 2 ZLEREM O~V F 27 — Vg &
N

Burridge & [24] 1Z, I 278257 =L TOWMMM & EAHEDOHEK 2 &Y% S L, Biot D€
T TOYEME L FL L7z, Yamamoto & [25] 1&, W#HEERICHED { HEE L 2L E WS M I# A
L, MAEOKMERRBERICL 2 E A LF —DEEEZE B L CEHEYEEZRD . 20 &5 nHtiE
DOBEERERDZHEEIR LT v T 7 To—F  MEh, EEOMBEANHEHIRICHEH TS,
HERIICHERR R R FIETH 5. 2 2T, Yamamoto & [25] DFIKICE D v v F R 7 — L@k %
ERLT 5.

331 T/OXRT—IILOXEAER

B RAH & R 22 & MR & 2 ZALEMERC B VT, BURHIZES S R R 2 SRS hTw 3
YARET . AT s ZEREE LT, BRHOZNE o, BEEESR p°, #lET Y% ¢, |
Sh%E of), OFAEes, b5k, XEHERER 3.30 tRIh 3.

tolext
_psw2uz _ kl
al‘l
s __ 8 S
Okl = CkimnEmn (330)

s _ 1 [0u;, . ous,
fmn = 9\ Bzp | O
ZZTwlidAREHTH 5.

K, TAHHDREAREL 1 OFEIER R A TR S T3 L IRET 2. TIMHOMES of, &
R pf | IShe o, 0FaE S, BEE P v 35, REHO XA RRISEERIES M T
» % ¥ RE LT Navier-Stokes HIERDOBIMEZEA L TR LT 2 ¢, XAHERITN 3.31 TR
hs.

ool
faimd — 2kl
PrIelk 8a:l
. 2 .
a{:l = —pl o+ 2uf5£l - fufékleil (3.31)

3

Lol o
kil 2 al'l al‘k
Z 2T, O 1% Kronecker D7 X %237,

[EARH D EEEADS A & EERF R E WS, ERH OB BRI & K E 722 72 iRE
IVERENEL 25, 2D, TAHDIREZIN T 2 BEAMHEOREZ(IEHmcha <, ERH
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&R T PRI D 0 & (L L\ 2 L. PHIRETOMREHOREE T L EL,
AR E of, EHELBE Cf, IEERT Y YLE k], LT 5 Y, BUIEEEEl X D RO KRR
THING.

qu .
——k — jupl CI T + (jwp! R — jwp)
O, (3.32)
f f an
G = ~Fi oz,

22T, v GIRAHEOIREOLE), REBXAERTHS. WA 2 B R&EER KRB ERE,
MAEHOEREEOLE % 6/, FERETOENBINREEZ PF BXU T/ v 32k, X333 TX
5.

f
pfg%@—+jw5f::0
b 3.33
p o (3:33)
Pr = 7 T
AR & RAAH DB To/ 1081 2 BESME, i, WR\EAMROIGS, REOEFMED & XA T
xRIhs.

jwui = vf
oung + a,{lni =0 (3.34)
=0

ZZTal BEE ] 1, ERHEE X CHREHEOBIR DY oS BAERR Y FLTH .

3.3.2 #naRER

ZILEMEOMBERES FMNCEE SN TV 2 REL, ZOHMER (2=vy +E1) 2Y, 2
Zy bLDOREEE LTS, w2 uRr—LORERES LRIZILEKCBI2HELX L, 3270
FeltruRr—VOREEEZDE c=1/L L5, Fi2, <7 BRT—MIBIT 2 ZEMERE
@, ITART— B BEMERE y =o' /c(c < 1) T 5. KR u;, of, pf, 7, 67 w@HL
T, X 3.35 DL OMEIRET % [34].

i = 0 (@ y) + e (@ y) + 20 (@ y) +
of = of V(@) + el V@ y) + 0[P (@ y) +
p =p" O @ )+ ep’ V(@ y) + 2p" P (! y) + - - (3.35)
7l =702 y) +erf D (2! y) + 2D (2 y) +
n

ZZT, HUDOETOHEF y IOV TEN (Y-periodic) TH 3.



3.3 <ILF AT — LR 33

3.3.3 ERERE

ERFHDZNICBE S 2 Y -periodic ZZFFERIE X7 (y) 1I22WT, FEARMEOBIHRRIC Galerkin 4% i
32, X 3.36 DEFEMENEONS.

3x;?m(y)) dous,
z —c dY =0 3.36
\/Y <Cklmn Cklpq ayq (9yz ( )

2T, dup ZEABBETHS. MEHOTRALGICBEL T, X 3.37 DEFERENE SN 5.

| e (y) Dow! 1,08 (y) 9dw]
FjwEm (y)d de+/ fok 22 ’“dY—F/f F=k LdY
/YP Jw&i (y)dwy, Y/”L oy oy v 3t Oyr Ok
m f
,/ M(gpfdy,/ %Hm(y)dy:/ e (y)dY  (3.37)
y  Oyx y Oy Y

ZZT, dwl v opt BEABEMTHD. Tz, (y) BEO U™ (y) BIFEBEKTH 5. FikHORE
BIBILT, FRHEOERE /O gL b, KX 3.38 oREREREMEoNE. corE, I icE
W B 2RI ((y) = 0 2 AT,

/ 1 5 0C(y) 9617
Y

K dY + / orfdy = / srldy 3.38
jwpfC Mooy Oy YC(y) Y (3:38)

TIT, Cf WEERE, or BHEAMMTHS.
X 3.36~3.38 OEREMBEZ M 22T, ERMEREHOSEIAEZRD S, 2=y LY
2BV B I BEACHEREL i)y, 130339 £ 725,

oy (y) > (3.39)

Cgmn = <cilmn - Ci:lpq ay

q

ZZT, ()y Fa=y bELY TORBEFEEZRT. 2=y FEILOREKHIZOWT, M (y) DIRHE
W E L B 2 e TIRRHOFMEE ple, 1330 3.40 TR% 3.

fe _

Pmn =

1,
o (&' (Y))ys (3.40)
2z, [V iEasy bR Y ORETH . TR0 SMIARREIER K&, Y cBn
T ((y) ORRETFER L D, X 3.41 TRE 3.

- ,yfpf
A =0 1) C(y))yr

K/ (3.41)

2T, yidEtETH 5.
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334 I7OXRT—=IILOXEAER

K3.39~341 &b, vx7 07 —2BF 2 ERME X CAHO B ERIZN 3.42 B LUK
343 72 %.

86250) _ 2 5(0) o2 ) _ - ol ) Bwf(o) ) H6¢f(0)

“or, - i U — jwdy! - = 42
1, + pwuy pl widy ug, Jwdy, B + jwep O + jwkiy e 0 (3.42)

dy 927 (0 ) © . sl . @ '

_k_ of + £(0) _ amZZm k 95:P1 s(0) _ 0 3.43
oF 0y 0 +w ( + Kf> (0 Jwdil =5 + jwe D + jwf>Piest (3.43)

22T, kv sr 3RO E L~ 2 ok, 60F v dp GO~ 2 okt Th 5. 27, 657
EIRAAE L ER LT O AR WERE OGS, p ZEEHO B REE, o 35K, of & pf = —jwyf
TRINZRT VYL TH5.

IhoHD~ 7 akpEz M 3.5 IR HEE 2 EHR L - ARERE T VO ZUEEMN ARG R, K 3.44
DEEAGEER o ZHE L.

eIk (la—l1) _ p1

— 2 _ P2 _jk®2l
a=1-|R[", R=—5— ejk“(lz—ll)z e/t <2 (3.44)
P2

ZIT, k"3BT 2 E ORI, p1 BEU p BERZNEEENDZLEAM QKD 5 BEEE
LBIOLBNZRICBISZEETH 2.

Homogenized

porous material Rigid plate

,,,,, ® @ - Acoustic

/ wave

Microphone

20mm

Fig. 3.5 Calculation model of sound absorption coefficient simulating impedance tube.
The macroscopic properties of the porous material were obtained using the homogenization

method and analyzed using the finite element method.

34 A=y hEILDETILE

LIERREM O 2=y L AOHIER 3.6 1TRT. 3.6 0 (a) 1270 3 B THERH, (b) 3%
WL R UM, (o) 3R T3y 2MECH D, Fhbe s o, MRS 2oy FelEET. X
3.6 TI%, EHOZILEMETH QMM B L, MIEHEORM 0102 £ 2 IR B
HEEE L=y bl LTEFMEL TS, (1) &7 0 3 BKIT 2 HEE LT H 2720, B
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Fig. 3.6 Example of creating the unit cells for multiscale simulation from various porous
sound absorbing materials. (a) shows sintered aluminum particles, (b) polyurethane foam,

and (c) ceramic materials.

FLF AR L VIS LS A B L, 2=y bEATET AL TVE. ZOr &, RFERH
1% SEM Hiff & b B8 L7V TW 5. (b) BRIEI X > TAELRZRE b O>MEMETH 5
72®, Kelvin cell iEIc &k D 2=y b TEFTMELLTWVWS. (c)FETIvIMDT 4 LR —%FH
WLTED, ZARPHIUETONERRICES 2=y P EAREELTVWS. 20 X5, LT
2 — VR TR LB S OB EIC RS Z 2=y L EEF LT 22T, [EREOME
WSS 2 & DM EM O EBREZ T T2 Z N TE 5.

35 o

ARETIE, HEMNTORERFHZHFL, SLEMNLEM OB EFEOLITHRZERL L~
VT R — VR TE, ZALEM R OB N ERICED CELERZ AL, 3727 —
NOEMEHEE KD 2 FEEERL L. SV F AT — I & D, BRI D A% VT
ZILEAIGEM OEMYMEEIRETE B 2 B L. £, SAFRAT —UETO=y t L1
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4

C
ZHERREMDONERME DT

1. Microstructure 2. Select random variables 3. Stochastic method
- Unitcellsize - Monte carlo method
- Porosity - Perturbation

- Fiber distance -
- Fiber thickness D(.)E
- Material Property

4. Multiscale simulation 5. Statistical analysis

Homogenization method Distributi
- Condition A istribution
- Condition B - Expected value

: - Variance

Fig. 4.1 Overview of uncertainty quantification in porous sound absorbing materials.

KRETIE, ZAHEMUREM OMBEDTHEFIIEZEE L TETVLL, BERO NI E R
TEHS 5. 85 3 ETERAML LI EMEICE D oV F R — VBT, ZFUE RIS EAEE D E
HRNCACE L7239 EER C fUE L7z, Lo L, BIEDOZAEMETIEBIERM O RERMEDOFEIC &
D, ZDMBRECHEIINE D (] S 2 DHERIIANITHE 5 MEFRMEZ RS, D XS BAEERME, Z1L
HAREM OFHIEIE T H 2 WMERNEET 2. AETIE, K41 IWRT X5, VFR T — L
ZRAL, ZLEMRBOMEMEO T HEEEZET ML, TERORHEFENEZ ERINTES 5.

41 FHEXMEOEEIL

TEEMEDER(IX UQ(Uncertainty Quantification) & PRI, MR MErF L2 HEOHR i
O, FHEERBREZEDY AT LAOEHPY R272FHT2720IcHVLRE. THIIBT 5K
DI AHEREBFELTED, ZOPHEREINRO S R T 2EEL2EZ TV, FHEFELED
HRE LT, ezid, BERZTGER T 28mD~TE, MROREOZES), £ o3 —oiik, BhE
RIS XOMAREZR R T oNS. IO OMEEEZHGTRETZIAEGDOY R LR DE2
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72, BERE TR N DRERILEL, BUNICEH T2 I eEETH S,

IO LBEROW, IR ROMERZ EHIEN T ebe LT, THCBT 5 UQ Oiff%E
HHED SN TWS. Grenyer & [35] 1%, TS AT AICEIT 2 RHEFEMEICOWTEIEINCHREIL TE
D, 2479471 aRX 0Tl BRREICKRERH A7 UQ FiE% L E 2 — L7z, Sankararaman
5 [36] &, MEERORCHRRE, HREA R OZLZH2ERL, BIEY XAl AMETLZ
W CRILER O RESEM 2 ERINICHHIE L 72, Pierce & [37) 1%, &7 AR AM ORHHFam%x
Za2a—=IW%y b= TETIMULL, ERT—XOTMEREOHELZERL TEFFmEZ THIL 2
Mahadeva & [38] 1&, INEEETIES D XD VEERZFEH T 2 MEEHOERIEFHEICOVWTL
va—L7.

WIVF R — VBN CAMEEMICER L9 LT, Guo 5, Sakata &, Wen & DWFZEHZET
55, Guo 5 [39] BRAF AT — L DuANR MELET MTOWTERL L 7. Sakata & [40] 1%
RERM R O BRIERE & BE O T OMIARN 7 > X stk 2 Z R L, HEMEIT D I 7 oo U R R
Wz L7z, Wen & [41] 3RS ORI ES) 2% & L - MERABIEEZREL, "G nt
WX LA SRR & OMEIFIRETFEZRR L 2.

M EDETHRT RSN @D, UQ I MHEENZBIERRICKMEE, #EDS A 7H 4 71D F
HPeEm VA THBEPHE T2 RHMNE LTS, UQ O 7B RE—HINICRD 7t 2>
T#EDHNS.

1
2
3
4

AR R O TR E

AN DOREFEEEDFE & £ 7L

¥ al—a VI kB REFE R AT DR
FHEFMENTHNCG 2 2 EDORE

o~ o~ o~ o~

)
)
)
)

(1) OFHIHEEIZE T L OMDTERD L RARBEXOBOBBTERINLIBETHD, L 213
EYDICHPME, BEREDPZET 5. (2) DATOAHERMZX, AT LA SN2 HERE-D
BIRDEY T 5. 20, WREBOMRDMPZ OEARNZHEE, BIOMoZHE oY
ZRETIREND S, £, THERBEBDZFET 256, AT 2 2KROMHRNR2EEH 25 H
THRXEELDYIaLb—Ya VRPN EL IR 570, BYUNHERERZERT 20ELHL. 20D
£ O BEEREROBEINTIE, KX DH 5 HTHHAT 2 BENED X 5 RRFERERIBNEITHD, ¥
AT DCRERFEE G5 DMELEREERT 22 TE 3. (3) T, FEEEOERLOE
FERBEIRT 5. PHEEEOERICTFETIIHERE LIRERRIHK ST 28R koTED, MEe s
BRI U CHYI R FIRZBIRT 208D H 5. /o 21E, RETRT MC 3H 5w 23 HEIC L
THEERFIETDH 20, ZLOBEEEPREL RS, 20k, BEELEPERBRERDPHEELS 5
VAT LARETHWONZENZ . —FT, RWDHE 5 BTl T 2 BENA, SHEREIXRESQ
2705, MBISALHERZF2 N TES. 20k, ERLEHEEEHOERS, THEEEOBXIE
HEPRKRESROVMBIGH L2 HETH 2. &R, Q) BERODM TR ThHS. FHliEIE
DAFERLAINCED ED LS WCZT 2 Dh 2 ftat BPLBEIC X DO L, 208 L ERIICFHIb
5. ZOREPS, FEBRT—X L THHE, BXUBRANR MRS RAT LEKET 570 DR#H
LEHEEFETT 5. £, RHCHEMOY AT LA TORREER L 120, Pusr— bEFTAREEMHBEL
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INEFITTZ2HEDEZONS. yusr— b ETAERAWEFREIABEORKICHAT 5. KX T
X, FHEEREE L CIRERZRIRL, ZILERREM OISO REEEDSRERICE 2 208,
UQ @7 at 2Vt 5.

42 ZIHEERSEMOFERE

ZALEMB O E R 2 ORGSR I N TE D, BHRE O G — M3 E RICEE R
WBE525. ZILEMBORG e WEREE SO X OMBREFE L RITHAEZULTITRT.
Doutres & [28] I3FEEY L & > DR, EKIEE L EORE RIS T 2 EEZ ML, MARKNZREED
WBODOEDPWERABIIZTHELHME L. Trinh & [29] 3HEZABAMOHREER L WEEOM
FREREL, AbVORFERMZ b OZLEAMROILEMIEZIRZE L7z, Perrot 5 [30] 133V L X
Y OWBREEE 3 TY A 7 nary b a— XEIRGETIIR L, MRMED (5 X — X OARHEEIEN
BEARIX—RICEZ 2B EBINIR L. £72, Gwon & [27] 3FEY L & VAR ORIE THIC
AEHL, 7L SEEHIT H 2 KOTMEIC X D BN VBT U 2 AHEFENE & IE RO L #H) %
HE L. TASDTIHEZNTNS X512, ZLEMROMBINE DX SO X 3WE R
TELRVWHEEEZEZ 2 ZLRENTVS.

D XD BRIATHEDERD S, MEMED XSO &2 ET ML THERMEZ THIT 202805 D
5RTWVS. Lee 6 [31] 3FEAY L X U MOMBMED oD% bAR Y —HIRHEZERLTET L
ftL, WEREDE SO E2FHII L7z, Lee 5 DFETRZLEMEO Z X 2tz bR u Y —72k
BErLTEHATHED, 3R RMRME DL 2 ERINEHE L T\W52, ZoFikiddER{L%
L OFRIMBNDHAICRESNT VWS, Z2IT, AETREINVF R —V@ERZEAL, HBROFE
ZHWS 2T, EREOWEMEIINE B OZHEKTS Y X a2 ER L BT FE2RET 5.

43 AFEERMFHHDOEINL

KEITE, ZALENEEMORHEEZ WS 2 7-DIC0E 7%, HRIET Y ¥ 7 e AEEIEDIRREIC
B9 2 ELRERIHZ B L, MEREER (PDF) OfiffEzEt s 5.

431 BAKXEIE

MERZERNL Z ¥ X LA FROFERIC K o THEHSRE S NS ZEHTH D, BERTE & ERAUT KA E N 5.
BER ORERZRI Z OEDBEREZ /R U, MEREREREBIC X D HERDMAHIH XN 2. i fERE
Bizd 2HENOTEDOMEERTERTHD, PDF ICK>TZDORMHNET LI NS, PDF 3R
ZREHPIDG2MHE LT, HREELZEDYCTE. 2ok %, PDF fhiifO FOEBIIKRHERERL,
B35t 15, PDF LN OMER 23S 2 BE LB Y LT, BE7MEIE (Cumulative
Distribution Function, CDF) 3% %. CDF IJMRLZBPEREDEOHH 2 RIHERL RIERTH
D, HEREMOWIEE R Y L7z PDF Ofi% L LTEHENS. $&bB, CDF & Fx(z) € [0,1] T
ERIN, X 2MEa & b OMICH 2MHERE TR LT, XKATEREINS.

Fx(b) — Fx(a) = P(a < X <) (4.1)
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ZIT,P() 3 PDF 2 KT, MERERDLEBTH 258, MELZHANT PV X = (X1, Xs, -+, X,,)T
LT,

Fx(b)— Fx(a)=Pla< X <b) (4.2)

T»%. PDF I3MERZLDERTDH 258, ROXNTERINS.

_arx
P(X)=—~ (4.3)
7B, WREBDPZZERTH 255, #a PDF £ LTRATERSNS.
R
IX) = oxo%,...0%, |, (4.4)
A 43 &b, CDF iI3xKXcIXN 3.
Fx(x) = / P () da’ (4.5)
L7eioT, 423X ks.
b
P(a<X§b):/ f(z)dz = Fx(b) — Fx(a) (4.6)
ZorE, CDFOE# LD,
/ flz)dr =1 (4.7)

TH5. UbE&D, HRLEHD PDF & CDF 25 Z T, MERISMETRIIKTIENTES.
PDF I3fEREBOE BT 2REE, CDF IIMREBMPTEROMEOHF % ¥ 2 BIEHERERT.
B T H TS AT L DEREB ORI i 2 ETNMET 2720, W D200D PDF AHVWLNI 3.
ERDMGRERE, /4 X, MO ARHEDP X, 70 X ARENC X 2 ANR Y, WERERE 7L
F2% PDF & L T3Rd —RINLHERNATH 5. MBUERD MR Fa, MRBRES X OfE«R Y,
EICBAE D R FHOMRER 2 EF LT 2BICHV SN S, VA TADTRIGHERER 5D & R
OFE N TOMROFMLY, HIEREEZRTHELZREET VLT 2HECHVLRTEY, Fr=
RIS O F MM T 2 TRV F — DR Y, B LEZBO/N S BER ORI E %
THERZBOET MUITHWS NS, DI MR- &0, =Mk B S h, MRE
HOYBBROREICE DY PDF 238 IRT2 22T, MEEREELL EFTMULT 22N TE 3.
ARFLTE, ZILEMEOMRMBEO LT ZHERZHE LTERATED, ISR TERDmIR
SLRET S, X DIEHDMHS & &, ZoOFKF PDF 3XATRINS.

N NN VP
PX) = ot o (- (X = w57 (X - ) (49)

ZIZT, pldHERTHOIGMENRY S ATH L. 3OO EATAICH b, EERFZE o VTR
TRINS.



4.3 EFERHI D E AL 41

o2 o o - O
_ 2
> = oum o} Okn (4.9)
2
O'nl ) a'nk: ... O"’L

BB, XHPpBIU o DERIMIHS £ E, X ~N(u,0) RT3,

R, WEREBOMWERSMOMIRE ERANCR TR CTH 2/MEHE— X > M 2B T 5. Hate—x
Y MIMERDMOIR, (B, LADREERTDICHVON, HRHE 28, TE, REREDLD
5. TNHDE—RY M EFHET ST, [EMEZR PDF 2K9 2 Z e TELRVHAICBWTY, i
ROMOREEET 2 2 TE 5.

HELRZHORHIE—RE— XY P LTHIGNATE D, BESHOELERT. —KE—X > I
XA THEZ BN,

E[f(X)] = / f(X) P(X)dX (4.10)

R 4.10 k0, E[f(X)] & P(X) ZMEREE L £(X) ONMEFHLEZ 2 LHTES.
TRE-XA Y METEHE LTHONTED, MRIMDEND ZRITEETHE. ZKE—XV MZ
FEDSDRED —FEOMMEL L TERIN, XA TRINS.

V[f(X)] = E[f(X)?] - E[f(X)]? (4.11)

TEUITERZE e ZOHIFHED " REX LR T Z2 B TES. LT, TEHPKRZ VL HERE
BOMEREVEHFICOMLTWB Z 2 ERL, NEWVEEIEENENVE CACEFLTWE Z L Z25R
T. B, HEERE o 3OO FEABRTHD,

o = VX)) (4.12)

TRINS.
EHWERDE—RX Y P LT, ZRE—X Y MIRRTEREINS.
E[f(X)]?

Skew = V(X)o7 (4.13)

X 413 BEE L HIEPN, ERIMOIEMHMEERTIRIETH 2. =ZRE—X ¥ MEFTH S DRE
D=RDOIRHELIREREZDO =R TR LI-DD L EFEIN L. FTENEDEAEIE, FEHOIEDOHIDED
AORIDREDDBEVELIIRNIEERL, ADEEIZZOWERT.

PURE—X Y MIREr LTHILATED, XX TRXN 3.

E
Kurt = — 20 3 (4.14)

PIRE—A ¥ MIMERDMORD EE2RITRETH D, FHHED 5 OfF A DY D HIFHE 2 FEHER2E O
PISRTRRL 72 D ERS N, RENREVWIMIY —7E1AEL 725,
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MED 4 50EHE—X ¥ MIFERSMOMEEZ LT DICLHWLNTED, B2 MMz d
PGB BVTHERRIERL RS, 7212 L, ZhoDREHE—X Y MIMESHOBIRETER2ICRL
TVEDIFTRVWILICHEETZ2HENDHZ. 7B, REXIDRERE—X 2 MIERWNZRERHHE L
{, Fl—EOMERDACTIEFELRVED, —BINEAVSR TV,

HYEED, Eﬁmﬁj\?ﬁ%fci‘kﬁﬁﬁ“étbkm PDF % CDF ZRKDIUTRBWZ 2R LTz, FTz,
INLHOMBERDZ Z L ZREETH 2355, MalT— XV b EFIHET 2 Z & TIREROMHER S OR
WEFHUTEE %R,

432 FERDMOMRIFTER

FVEBIN £(X) OMBIHERD 2 2 LS TE BB, 55 Y © PDF T5H5 Q(V) I$ZHAHIC & D
WM RD 2 2 e TE 3. P(X) BEU Q(Y) 120WT, MFOBIKARK D 70 L RET 3.

Q(y)dY = P(X)dX (4.15)

L, P(X)BXUQY) oM 1 THZZ 2OV TWwaS. X415 &b, Jiyvarrre
LTQY)=PX)J=P(f 1Y) th%. LEdoT, f(X) T3 X OEEHKy f~1(Y) %H
WTQ(Y) ZRDZZENTES.

ZITREIE LT, f(X)DHIERE f(X) =y = aX +b, P(X) BIERSHOMNRERD . Y
OWRBE X =X Tthrens, J=|1 &b,

Y=b 12
CKY%:P(Y—b>1:1'1 mp<—(a&ﬂﬂ)> (4.16)

a a a\/2mro

¥i%. K416 &b, f(X) HEEEKT P(X) BIERSHTH 255, Q(V)1F P(X) L RBICIER
DERT e hbhb, 72, K416 kD, f(X) BEEERTH 25T, FED P(X) 25%9E
Z i PDF 28 Q(X) ¥ 72 3.

W ERD S Z e A TEZMTIE, K415 XD QYY) 2RDZIENTE2H, LLOBHET
B2 D XS RIENREE2 L HARBETHZ. 2070, R410~4.14 TR LERFHE— X > F2RD
222T, Q) OBKEERINCET. K 4.17 OMBISATAE L WIERE 2B L LT,
ERDD P(X) 252 7BBOE—X > N OEHifRERD 5.

f(X) =523 + 3 (4.17)
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Table 4.1 Summary of descriptive statistics for probability distribution including the Ex-
pectation, Variance, Kurtosis, and Skewness. These statistics provide a comprehensive un-

derstanding of the shape, spread, and skewness of the distribution.

Moment Analytical value
Expected value 1.00
Variance 2.12
Skewness 2.59
Kurtosis 10.8

L THERZ2 TS 25HERE o = f(X) BEMTH 5720, HBKERD 2 I eBTET, WHITIIC
PDF 2K 23 ZENTERWV. %7, a= f(X) DEMTDH 3355, PDF L OO & BTN K
3 VBHRETH 5720, WERDE—RXA Y M EHET 27DIGELEHELILEL 1 5.

B[f(X)]

Sound absorption coefficient

Random variable

Fig. 4.2 The figure illustrates the propagation of randomness in the sound absorption coef-

ficient, which is a critical factor in designing acoustic materials.
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F—IUEEDRDOEND f(X) FEHTH 270, WERDE—RX ¥ FRD 5 123FE7 OELEE
DB L 725, 22T, AHITIE, MCIZEDEDZELIL, WERDE—X ¥ P 2RDZITELRT.

MC W FELEE AW TECEN 2 S E IR 25t H 7 13 ) LA DFTH 2. Buffon Ok LTHI
LNZ T VR LU 0T S MEEERD 2 HIEMEFEE STt b, 20 il st EE
HALE B D713 ) X242 LT Neumann ik > TEY T AR Iz, 2Lk, WiE
%, L%, &R, avCa—Ht A2 2%Y, ZLOTHTHOLATWVS. MC TIIRERZRZEL
BeLTh> T, MEELINIKRD S, Thbb, BOMFENZHD T V& Ligd Y IO
WEo>TEMUTEZ L WVWIEZHIIHESWETETH 5. MC BIERERNTETH S 2 hs, FE
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DIRICIREZ NG, F VX aH TV 2 RO AIRERMROHEH M 2R3 7 DPLHMED & <, Biflizafd
ah e, EHERREILE X ORI £ CIRAVWEBEICEA T2 22 T&E 5. Led-oT, MC &
RO %72 2 WESHE RO E kD 2 2 e PREERBEEZFE L BBICHVLhTWS. iz,
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ExER T 5 7D ERFTEEICOVTHLE 5. £, MC OFHEa R F OMBEICHLT 279,
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X 4.101%, X 25 n ZITOBITRAIIBNT, P(X) Tl 2B HEy ATy
MTES. LdoT, X410 TRLAEDMOHREEZ, MC Tl P(X) IKE5 M D Ro%EE%
AWt 4.18 TiEMT 5.

EI(X)]~ 5 3 f (X) (418)

RERZ RO L E T 5 &, DEEARCTRIND.

([E[f(X)?] = E[f(X)]?) (4.19)
X419 kD, EHERRS,

o= VV[f(X)] (4.20)
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O EIRT. D HHINT 2 1HE > THIRHE 2 DB EERRADCR L TV 2 B PR TE 5. MC O
FEERTIX, D = 100,000 i2BWT E[f(X)] = 10.0178, V[f(X)] = 225.4546 TH b, HRFHETIZHN
0.18 %, ELTIEH 0.20 % DFRAEL LD, @MWHEET ¢(X) OMIFHEL 7HZ THITE TV 3.



4.4 FUTHNAEC K BNEROMERSHH DT 45

201 M Exp.ected value
Variance
— 201
X
g
Y— O‘ T (T
o
3
* 20
_40<

100 10! 102 10®  10* 10° 106
Number of Calculation

Fig. 4.3 Relative error between the expected value and the variance obtained by Monte

Carlo simulation.
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Fig. 4.4 Comparison of samples from van der Corput sequence and uniform distributions.
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n=F"1() (4.33)

DR ID. T, nid F(C) »bEoNEMTH 3. F(C) & PDFf(t) VTR TRENS.

Fz) = P—00 < X <) = / C (4.34)

F(t) BEBSTH B8, F(z) ZRATEINS.

Fla) = /_oo (\/1% exp (-i)) dt (4.35)
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Fig. 4.5 Histogram of the normal distribution generated from low-discrepancy sequence

using the inverse function method. The number of data points is 10,000.
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Fig. 4.6 The figure displays the relative error of the expected value obtained by Monte Carlo
simulation with respect to the theoretical solution.
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Fig. 4.7 The figure illustrates the microstructure models used in multiscale analysis and
Monte Carlo simulation.
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Table 4.2 Material properties of solid phases in multiscale simulation.

Young’s modulus  Poisson’s ratio Mass density Loss factor
[GPa] [ [kg/m®] [
Solid phase 1.00 0.35 1000 0.100

Table 4.3 Material properties of fluid phases in multiscale simulation.

Speed of sound Mass density  Viscosity coefficient Thermal conductivity
[m/s] (kg /m”] [Pa s] [(W/m K]
Fluid phase 345.53 1.193 1.82 x107° 0.0257
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Fig. 4.8 Evaluation of expected value and standard deviation of sound absorption coefficient

by Monte Carlo simulation.
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Fig. 4.9 Expected values of sound absorption coefficient with number of Monte Carlo cal-
culations in rectangle unit cell. As a representative data, the results for unit cell size mean

= 150 pum, standard deviation = 10 pum, porosity mean = 0.8, standard deviation = 0.05 are
shown.
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Fig. 4.10 Standard deviation of sound absorption coefficient with number of Monte Carlo

calculations in rectangle unit cell. As a representative data, the results for unit cell size mean

= 150 pm, standard deviation = 10 pm, porosity mean = 0.8, standard deviation = 0.05 are

shown.
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Fig. 4.11 Expected values of sound absorption coefficient with number of quasi-Monte Carlo

calculations in rectangle unit cell. As a representative data, the results for unit cell size mean

= 150 pm, standard deviation = 10 um, porosity mean = 0.8, standard deviation = 0.05 are

shown.
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Fig. 4.12 Standard deviation of sound absorption coefficient with number of quasi-Monte

Carlo calculations in rectangle unit cell. As a representative data, the results for unit cell

size mean = 150 pm, standard deviation = 10 pm, porosity mean = 0.8, standard deviation

= 0.05 are shown.
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Fig. 4.13 The figure presents a schematic diagram of the interpolation of prediction points

using a k-nearest neighbor regression model.
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Fig. 4.14 Probability distribution of sound absorption coefficient using surrogate model by

k-nearest neighbor regression in Monte Carlo simulation.
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Fig. 5.1 Schematic diagram of the perturbation method for approximating probability dis-

tribution of sound absorption coefficient.
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Fig. 5.2 Approximation of the first derivative using the central difference method.
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Fig. 5.3 Approximation of response functions using Taylor series expansion. The random
variable is the unit cell size, and the variation of sound absorption coefficient at 2000 Hz is

shown.
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Table 5.1 The parameters of the norm probability density function assumed for the random

variables in grid shape microstructure.

Random variable Standard deviation Expected value
100
Unit cell size [pm] 10 150
200
0.75
Porosity [-] 0.05 0.80
0.85
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Fig. 5.4 Unit cell models used in the multiscale analysis to calculate the probability distri-
bution of sound absorption coefficient. (a) is the lattice-based unit cell with the rectangular

solid phase, and (b) is the unit cell with the shape imitating a fiber porous materials.

Table 5.2 The parameters of the normal probability density function assumed for the random

variables in fiber microstructure.

Random variable Standard deviation Expected value
50
Unit cell size [um] 10 75
100
0.75
Porosity [-] 0.05 0.80
0.85
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Fig. 5.5 The randomness of the microstructure when fluctuating the random variables.
Assuming that these variations are stochastically mixed, a probability distribution of the

sound absorption coefficient is obtained.
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Fig. 5.6 Comparison of sound absorption probability distributions predicted by MC and
perturbation results in the lattice-based shape homogeneous body. The black dashed line
and the solid blue line represent the expected values. The black dotted line and the blue

region represent the standard deviation of the sound absorption coefficient.
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Fig. 5.7 Comparison of probability distributions predicted by MC and perturbation method

results in the fiber-based porous materials.
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Fig. 5.8 C.V. values of sound absorption coefficient obtained by the perturbation method

and the MC in the lattice shaped homogeneous body.
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Fig.

and the MC in the fiber porous homogeneous body.

5.9 C.V. values of sound absorption coefficient obtained by the perturbation method
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Fig. 5.10 Kullback-Leibler divergence of sound absorption coefficient obtained by perturba-

tion method and Monte Carlo simulation in lattice-shaped homogeneous body.
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Fig. 5.11 Kullback-Leibler divergence of sound absorption coefficient obtained by perturba-

tion method and Monte Carlo simulation in the fiber porous homogeneous body.
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Fig. 5.12 The base model of the unit cell used in multiscale analysis and comparison with

experimental results.
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Fig. 5.13 The effect of fine fiber diameter on sound absorption coefficient.

Fig. 5.14 The search for unit cells with values close to the experimental results. (a) shows
TYPEI, (b) shows TYPE2, (c) shows TYPE3.
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Fig. 5.15 The multiscale analysis result of flow resistivity using the unit cell shown in Fig. 5.14.
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Fig. 5.16 Flow velocity contour plot of inside the unit cell of Fig. 5.14.
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RLTW3., —J7, 1500 Hz LUR DR A EBIR T SZHIE & OTBEDHERR S Nz, ARSI FRIE
YHELLL TV TYPES TiZ, 1500 Hz LUK O E IR C R o FEE & g Rt %2 R L7z
LA L, TYPE3 ® 2000 Hz iif5ICTF(ES 2EF ¥ —271%, FERFEROFEHME L g T 3 BV EZ R
LTED, T EEIHERZN.

AR EHIE & L L TWiz TYPE3 2R—REF VL LT, MHEREREEZZH S 2-Boifih
B WERZRD, FAMEOFIIE L A VRERZRTI=y bV ZHET L. XR—XETLOM
MERIFEREX 300 pm TH D, Thz TYPE3-1 L/EFR L. MHEMER 228 x ¥, 250 yum OET IV
% TYPE3-2, 200 um OEF 1% TYPE3-3 ¥ LT, WAF AT — L EFITLE. ILF AT —
IRAT T & =R L U =45 1 2 X 5.18 1R, K 5.18 &b, TYPE3-2 3 X TYPE3-3
TR IS N — 2B TN X D/NEL Ro Tz, ZHUTE bR SRR IOMMOEE T, Hin
EHEE VAR R L 7.

M519czhsna=y M LOREROFEMREZRT. K519 kD, MHERIERE G &5
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Fig. 5.17 Sound absorption coefficient calculated from the unit cell model based on actual

measurements. (a) shows TYPE3-1, (b) shows TYPE3-2, (¢) shows TYPE3-3.
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Fig. 5.18 The flow resistivity results obtained from the TYPE3 study.
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LICEVWRERERLTED, 2TORBERTEIHEOFIHE L D SWEEZ R L. MU EOMRER X
b, BEEOR—2EF L L LT TYPE3-2 28AH L 7.

552 FEAULAVMOBITETIL

a1 XMoo=y bEAEFILE LT, Kelvin cel iEZHH L. FEC k> TR a3
%L OEX, Plateau OFERIE MEHEN 2 ERNCER XN TED, 5250 KBICR L TORNDR
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Fig. 5.19 Sound absorption coefficient results for TYPE3-1 to TYPE3-3 of the unit cell
model. The solid black line indicates the expected value of the sound absorption coefficient
obtained experimentally, and the area filled with light blue indicates the expected value +

standard deviation obtained experimentally.

HfH, FREHO—EDFEHERLR Y, Kaeio —RIME2ER L TV, Plateau OIERIZ 723
DY LT Kelvin cell EDHISNTED, BEKOEABELZRHET2ET L LTHVWSLATY
%. Kelvin cell #i&13, K 5.20 1IZRF K512, 8MED 6 AE L 6 D 4 AT 5725 14 HIATHR S
NTBY, BOAAHFORR ) AV EBRERCLEZZIETHS. fiicd, WeairePhelan iz ¥
Plateau DER% 72 S HIEBEEIH 5N T WS D3, Kelvin cell iEIZ—HDOATEMETIET 3 Z
LATE B0, WEEDL=y by LTHLTWS. 22T, A#LCIE, 520 OARICT
T X512, Kelvin cell E7TVOEHETEZEKEL LT, EavL X VREMOLI=y bEAZET IV
b7z, 2B, EBEOREY L 2 VIREMTIE, BEFRIREBOBEOHEE 2 X857, Kelvin cell
MIER L OBERHNCERZBMEE 2 e hH 505, K520 1RLAED, A ORBRAL LTH
WFE Y L R UMICIEEEAFE LR WD, 22y PRUCBLTHEEEZ ET L TWwiRw.
Kelvin cell DERIEFERTRE L2234 X L, ¥4 XHFEE 704.4 um, ZHERZE 68.91
pm DIERICHE S HERER e U, HEEZEE L 2T EROFRETIE, WEMORE S IFHEA L
[f—® 10 mm & L7.
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Fig. 5.21 Probability distribution of sound absorption coefficient obtained by perturbation

method using TYPE3-3 Unit cell and comparison with experimental results.

5.6 SEERHER L EITRERDLER

BIEI TR L MRS E S A2 W T, BEEICIDIREROE— A M 2RD, EEEE L
TAERERT.

5.6.1 iR

WHERILE M B W T, 188k & RS RO E R OMERNMG & IR U 7R 2K 5.21 1Rg. KH
DOF D FHMIEIIETRD M EROMARHE, FETHED DR U MHEBIIIEHNE TR D - HRHE + i3
HRAEZ RS, AEOEFIIEBRED SFHELIRHEZR L, FETED DXL LHEBUIHIGE + 5
BlRAEZRT. M521 XD, BHMEE T L OREC X D IRERDOUIFHEICRK 0.7 REDOAZREHNFE
T2 eHMERIN. EEREZRT 2 b, ERECEBEHETEVMEEZRL TV ZEbh 3.

FERE ¥ ABEE TR D IR 22 % LR U AR 5.22 TH 5. REOEFIFEERMER, F6OO
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Fig. 5.22 Comparison of standard deviations obtained from experimental results and per-

turbation method.

FERIIBEE TR AR A OMEE R Y. X522 &b, 200 Hz 55 500 Hz O EFEEUS T3 EE %
DOREHERZMIME L, 1000 Hz DL ETIIBHERZE R E G 2 EMcd H, 2500 Hz O EEBUST
RK0.015 REOEIHER SN, U EORRLD, EEEREBIEOBEREZIDLTHREID S
OO, BEAPIFEBTOEAMIBEML TE D, EROMETEL 2WERDIES D E 2HEEETRY
TETWRrEZLNS.

EE BEATRD RN LT 5729, KLIEHREZFHEL, 20MREZK 523 1217, X
523 IR BN D X5, KLIEHREE 300 Hz ZHul & L7z 500 Hz ML RO EFEEIRCRWEZRL,
1000 Hz LU D BB CIHEWEZ R L TWA. Zhuk, EBREBEHETHHMEICERENFET S D
DD, BERZEDEINNZ VD, KLIEHRRIZDSRMEERLIZEMIRTE 5. 723, 300 Hz T KL
HREDO Y — 7 DR TE 22, JHUIEEIRICE W THEERE NS FHi X 2 BB TH D,
JARFE S ERPME L 2R ECEEEIRTH 2720, KLEREIIKEREERLEZEEZONRS. 2O
£ 5 RARE BRI E R oMK L, BEHVNSWEHANC S 578, BUEFHE L ZRETOEIEL LT
WEEBIRE E 2 60 5.

PLEXD, WHERREMORERDE—R Y M BEETHEL, FEREL R LR, HifkET
FZERIZD 2D ODHEUOMHEIZRL, EERZIIVEREZRTZEAHL ko7, WHfFHEDE
BE, 2=y M eArEBRROMGAME L T ICRHATETWRVWEDTHLEZALN, 2=y bt
ADEHRBBENCED, X HEUEISEVFERSG NS L HIffIh 2. BERAIENIME & g E
DO TIHWEZRLTWS Zh5, X2.8 OFHUMECHIR SN2 WNE RO, X, HEE TR
ZHRE LTEFRL TV KOO IERE, MR, EEEHEOXSOXIck s THHATE 2 E X
b3, fame LT, RCTHOWMHERREM & BLUOREM BV TE, BEEEREROMR
DEDOTFHNCHNSE Z B TE B eimoTohs.
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Fig. 5.23 KL divergence results obtained from the experimental results and perturbation

method in the fiber-type porous material.
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Fig. 5.24 Probability distribution of sound absorption coefficient obtained by perturbation

method using Kelvin cell model and comparison with experimental results.

562 F@uLAUH

i LR VREMCBWT, BENEr EEER OIS ROMR DM % L L 7258 % X 5.24 1R
3. BOOERIIBHECRDWHFEROMME, FETED DR LHEBIIIHGE £ FEFREEZR
T RO FHRIIERE R OMEE, R 30 Y IV OEMEREERRT. X524 XD, EHFR,
ERTRESR & b2, JABEDE K R 2 I ONTRELRNE RS HANTHER SN, £, BEEOHR
Bl 6000 Hz (HEICRE ¥ — 27 2R LA, FERIETIE 6400 Hz £ TOEBREIRTRE L — 27 2R&
Bote. EHIT, TRTORFEEIRTHEIED PAAHEIZFENEX DK<, 6400 Hz THRAK 0.09 O
DRI NIz, TDO XS REE, WHERREM L FkIC, 2=y M ADEBEOMEE T3 RBT
ETVRWEDIELZEEZ LMD, Kelvin cell IZ& D FHIAMEDEHREIELL EFUMELTETWS
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Fig. 5.25 Comparison of standard deviations obtained from experimental results and per-

turbation method in the polyurethane foam.

CRET 2, B EEOAME TN L7 WHE G %Z b £ 12 SEM TG L, BE{§RENTCHIUS L7
YA XPSRENELZ D EZ NS, SEM HEETIEIUINTABENA L OHFLTRWIGED
HY, EHERELTA XERDZ ZEDPRETH 572, 20 X5 RAEREDOHR, FEROFEY L&
UHMEME L2y PEALDOBICENELEEEZONS. IALDOMERRERT B -D121F, 3K
XA 7uaya—2KEREREEHVT, 3RXTOMMMBEEHREES ZePEELVWEEZS
ns.

T, FEBAE » BENE TR D 7GR IR U AR E X 5.25 10RT. REO TS FTERGS R,
HEORHRIEEIETRDLEEFEEZDOMEERT. K525 XD, 2500Hz LUF O BEEGHE T I3 S50
RDIZ 5D EH/NE L, 2500Hz MO JEBEGEBR CTIIFEREDIRKEL Ko TWE Z b0 5. —
7, BEETE, FEEENE L 25w, FERESTIEMICRES RoTWwa Z MRS Nk
L7ehioT, JEEAE < 22 12O TIRHER AL K F 72 2 IHANIT B R & TR R oMt —& L
TV, ZOZIOHFITETDEVDD . 728, EFHIRICBWT, 500 Hz 225 800 Hz £ TO
JEEOR TR AP EB L T0 2 01k, REBKOHHREIOMEr E2 6h 3.

&%, KLIEREOFHEAMREZM 5.26 1oRnd. K526 &b, KLIE#REZ 500 Hz LUR O EREER
TRERMEZRL, ZAU EOFRBERTREWVEZRLTWS Z e RSN, ZHud, IRERD
BRWEZ R LTV ST KL HlEOREA S <, FEERE & AT E O RE RIS T o BifHE & 51
REOENPHEICRN TV S D EZ NS, —F, 500 Hz U Lo FEBBETIX, KLIEHREDOHED
K<, BEETHONLHERDMAEREREBELULTWIEZ NS,
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Fig. 5.26 KL divergence results obtained from the experimental results and perturbation

method in the polyurethane foam.
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ARETIE, BENECIDRERDE—X Y M 2AMT 35 EERL, BEETHEONEREZ MC O
R U, BERERAMCESWTIRERD T —X ¥ M EIRINELIL, MC Tidd#i
¥ 300 HEEDVLF AT — VN EREL T 2011, BENATIE N HEORRER I LT
2N + 1 ECRELRDE—X Y b ERETEZ 2 2R L. Zhuc kb, EHEEX MC @ 1/100 12
B BERETZIEREM OFEEELFEHRICTHETE 2 FIETH B ZeovRdIhiz. iz, BiEke
MC THROLNE—X Y M RIKRTZ2FICED, BEERODEIV NI WSS, MC L REOHREH
FohzZezWHLICL, MENRBIEOBMMEEZR L. —F, FFEMEEIROE—ES, 20k
TIXRFMA D IERICEIETERWEE, HEke MC OFR L EMPE T 2 RS D 5 2 2 2L
1IZL7.

F7z, H 3B ORULEBRGER L BIETH O WEROMR N Z LEE L, SEEEHVWs 2
ECEBOMBTEL TV IMELRDONHE,L X2 TRITE S Z L 2R L. MHEROWEM T, EH)
ETHE LN IIFEIERMA L ZRER LA, WEREOMEAZFR—TH 2. /o, BEUERAEZEN
HEHTET LS —HRLTBY, EROMBORERO RN XE, AL TRE L 7fEREHTTH
TEZIEARENz. X5, AV LR UMTE, WEROHIFES X CEEREZDO S & b
iy ORICEDS A oNH, ZOMEMIE KL T, IERHIE & 2 @RI, KL EifE
ERNMEZRL, FEY L X OMOREROMERIMZELTE S ZehRahi. —7%, RIWER
56T, WIRORMHEN» X % X D EREICTHT 2 29121%, EEOMER EffIcRI T 2 MG
FILDOHERENBETH L EZ NS,

My LT, AETRE L EHIRC X 2 RCEOTHEFREOERILTIRE, & MEOIEREIES
WERZB OB ¥ DOFIRIZD 2D DD, MRS ORI EHEETE 3.
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Fig. 6.1 Sampling result of the posterior distribution by Gaussian process regression.

HIEETIZ, MC, ¥ a5 — METFNAE L CHEIEICED CEROERD M OEMTFEEZEXLL,
Thzh o eEREIZ R L. IhoDFERORE L LT, MC BHEEZAEFETH 22, @0
FEE CHER DA ZHEE T 2 1232 DR EAFRSDEE 2%, LHS & kNN TH s — b E7 L2
R 5T, MC & DRIRINICIKEROFERIGMZRDI, ET ALY ¥ TVBOERTE, B&
QLU REICRRED RS e 2R Lz, 7, HENREHEEICIREROERIHBE N2 M, BWHT
ZLMBICHIRDSH 5 Z & 2R LTz,

RETIE, EWFAEET L RS XOEBITHED CFEICHY > 7V » ZFRICED, RO G
B EROMERM 2 TS 5.
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6.1 MMFE N1 R

EEDFEMORECHATE 37— X BOMINC L bW, T%, EE, LY, SiEY, &6l
AR 7 2% < O3B THIEE O ERETIE L IE A2 20UTHED STV 5. BWYEE OE R
B TEPHAE OB T—EH L TWRVWY, KX TELERT —Z I A 2 2O 7E T—fRINICH
WHNBERE LT, GAoNAT—2oMERHAZHE L, ZRICHEDSERMOBIREZTFHILED,
W2 HIWT 2 AT S 72D OFVEEIM OMES, ZHRMAT 2. GXohieT — 200 ZOMECHAZ il $
LRI L IR, (CROHETE T VLCWEE T LTINS Z e PREERZX0T, ZEDT—XT
RENDHRZWD L TES.

Bt 22 oS MR R G e KAl E NS, FifidE 2 57— X H D = BEE
L, RAIO AN EZ 6N BoREEZ Tl 2METH 2. $hbE, N XILOAN x € RY 35
ZoNIb E, ZOHBNRES y € R 2 FHT 28 y = f(x) KD 3 MEIEREETS 5.
6.1 R L7y @R (GPR) =2 —F b3y bV =23y = f(x) &7 — X205 BEICHEE
TRIENTELZD, ZOXIRMEIRIASHVWSATYS, DEIEGRER L IcREI N B EE
THD, 25RO NLBRICHERIRE ) y 2 & 2HERZFET 2. DHEMETIEZ SAXY V7R
TCHIR 72 ¥ OFEDIL L VSN TWS. RIS TIIIERZRNC T 2 R B S 1 & b [l
FLEMEL, WEROTHEEEEZEF LT 5.

BEISHY > 7Y v FPFETIE, BITICBEREROMAGDOEIE SR V—TT, BEOFHERER D
LIFONHEHRICEDWTH Y TV I E— 2D IRLHRR L, AL DORANT T X — &2
Mzt 7TV 7323280 TES. ZOX51C, BoNLT—RZESVTRAOMERZERT 277
B L TR XM 6 TWn 5.

H3HTF—REBIFLERIC, 207 — X EMFHNCERT 2121%, 7F— X ORHEEEZHERTRET
BRI EE DK BRI, NI R = XA DO FMEEM E R TR T 24 ko< TS
BH % [53]. HERTE, WELET— 2 0RER,ORET HEEHAT 2. Thbb, REML
FDATRA—RICHET BIRERH LT, BUF L7 — ZBMEREE L 200 ELrZ2 KT % Z 2 T,
F—XOMEHIEEERBH L TW3. Zhuk, ZROBMTICBI 2ERORANEE L L TOMED
BEZFTHE. ZOLE, 7—EPEHe LTHRbH, RIXA-RIREDD L T—EEZRTLHEZ,
BHlxhz7—2HDWT, b ORMOMEEHE T 2. —77, N1 H@TIE, WELRESLOD
REFICH T AEEESVWERTRE LT SR 5. ZOEXHF T, MBIFEHWZLDO LTHED
N, FILOWT—RCRS LEDETHREZERTZILNTES. Lo T, Blllldhir—&icE
DWTRHOMERZHEH L, L2 DRHIIHT 2 EROEEVE LD IEMICKRIT 2 Z L 3H
5. bbb, HEIERDNTA—RIIOWTOHEHOHFICEDSNWT, ZOHRDMEREKTERT
TH5. HERLEANA ZHEROEEREVX, N4 R TIIHEAEREZE T2 e PETH 3.
DFE D, XA XM TR O HRTIERIT T — X 2 BRI 2 AT ORGUIN T 2 EMEZRLTED, #H
LWr—ZBRHATREICR 32 L HEfah s, 207D, N4 XHEHTIEITHEEZET LT 272DD
BRLBRFETH 2 EZLNS. N4 AHmTIE, FROMIBHSNT 2052 ohit 28
TRAXA—RDAREFEEEERL, AT LDBEHNIOWTHERNLTHE T2 TES. DlELD,
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T — ZIWCHEDOWTRINDOMERZHEE T2 ETH 277, N4 XGmFFAIERICEDSE, THERE
WzeEeT LT 2 XD FRBFETHD L.

ARA ZBEREIHT LT — ZITHD W TIREDMERZ BT S 553, THUISRMA SR LTREINS.
ZHUE, RAXDEHE LTHIBNTVWS., RIX—RwEEBEZLLE, w ORI EHE T 5ME
EZDL. wiIINLTHOP LD D > TV BRMEEFMER p(w) 558, 7—XD={y1, - ,Yn}
DEBIRPN SHEE p(Dlw) £ LTET L HTES. O E, p(w | D) IE~A4 X0EM Y LTHl
BHBR 6.1 TRENS [42][43].

p(w | D) = W (6.1)

6.1, D 2B 7RONHEREZFRAN EHRE LT f(w | D) TIHMETZ2 2 2RLTW5.
22T, f(w | D) REEHER L ENG. p(D | w) EERR R, w R LA D 4
YORERETILERLTVS. 2FD, XA XDFEBIHLVT — & DIESOTHRG w DRER
ZHEHT 5. HEERIET - 22BN 2E1ORGUCT 2 EEELRL, LEEBHLET -2 R
MOBEMZRL TS, T, FRIERIBRISNL T 2152 N7 2 OIEOHERD HH
NHEMEZRLTED, BHIEIN T X057 XX DORHEEZHIE T 25525, kB,

A 6.1 D p(D) FHFLIETH D, X6.1 OMiid%E w THA T2 HHOME p(D|w) TRTZLH

p(D) = / p(D | w)p(w)dw (6.2)
D BHEA—DEHDH P(X) 05358, X PHEEFICENT 2EPLERBTHD, XX TRINS.

n

MD\W%:IUWX) (6.3)

Z 2T, REBEBUIBIETEOREEDOHEE, S, MBREMBPRELHVSNS. Zihuk, L5
T A =R RO ET VTR, LEBBOMNIFFITNS S R LAREDRH 570 THD, ZD XS
BEE, AvEa— X TOFETHENIAREL 2D 2AREEL D 5. ZD7D, REOMEE L 52
YO E X D BIEMICRE I BT WS, SR L - RN TRIN 5.

Inp(D|w)=>» InP(X (6.4)

MEED, XM XM TIIEFAERICE DS NHEEEE2ET T 22208 TES. XM XDEMIC
kb, Bl /z7 —RICE OO TRFUIHT T2 EHEELEFR T 2N TES720, IWERDOTHERE
HOEBIIGHT 2B TE S,

6.2 A RBIE[E)F

GPR &, HMLS AT LDET Y > 7 FHIT 27012, FRFITHI, BIRGEEL, ZErfE s CiE
JROITHTIKSHWSON TV R ARTFETH D, A TREREH e EREET LT 5 7 DITff
M3 %. GPRIZIERIEIED NN U THEH T 2 2 & AT & 2 FMAHEWAE FEDO—>TH
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b, A HhoBBREEBEDSHTHE GPR 2 LTETULT S, PBOEHIT — & ficHon
TTPHIZITS 2 TE LD, FAFRERT —2BDRoNTOWLRNTERTD 5.

REITIE, RONCEBNZEERETLEZEHL, ZORHAL LT GPRIZOWTHAT 3.
mFE 7L, CEERE M ZB e OBIREZET LT 27D E HWeRTE YD, ZHE DR
RIGRA— RS L LTEETE 3 LEL TV S, Ha w L EEEK 6(X) 35, HFHE
ETFTMIIRD LS ICRIN 3.

y=w"¢o(X) (6.5)

R 6.5 XD, BEERETFTVZEEBEROMER S L LTEREIA TV, HEKEERDOERTE, €7V
DEME T —ZNDHEEEDNT VA% 2 e NEETH L. B EREEZ E#IRT 5 @G
DENETNACHZ D, EHEREKEETIRRES T 20 ieErd D, =7 VOFULEREIME TS 5 1]
RV H 5, T ITIE, HEREEE LTERSMON -3V TH LK 6.6 2EZ 5.

S(X) = exp <(X2“)> (6.6)

(o

ZZT, pBERSMOFOMIETHD, K 6.6 IFBIFEEEEB L I 5. BIFEEBEETIEHOH
5 DMK E 722 W DMEIVNE 72D, B pBEZHDE LEBFEEREEOREZH
W3 Z e CIERERREIERIT 2 Z 3T E 5. BB L LT b ik4 2B E Z 5N 528, B
FHEB BB M T DI S0 X R EDH R LWIEEZ b O7%0, IRKKHwWLA TS, 6.6 ZHW
5t, X651FKX6.7T4%5.

o?

y==WTem><—pK_’”) (6.7)

K67 wERETZ L TERMMOERAEDB IV EROBEMEEZRITES. Ld-T, I
BB Z R TBRICH LTS, 20 &5 REKEBEROMEHESICLDHARET LVEMET 22T
=x5.

LAL, 6.7 TRER X ORTHEART 2L, KDz widHEHERENCH AT 5. GPR TIEZh
ZIRIRT 270, wIZOWTOMRFELR & DESHET 2 2 e TS 2. X 6.5 FEHEATY @ %
Anady, XATEREINS.

y =®w (6.8)
B, &3 6.9 TEREhB.
oo (x1) 1 (x1) - om(x1)
o0 (x2) 1 (x2) -+ om(x2)
D= : : (6.9)

¢o(§N) o1 (xn) - ¢H<XN)

TCT, wAIEHDH N (0, \I) 2 oAEMSNd LRET S L, y bIERDMICHS. ZorEDy
DEIFFEIE E[y] = PE[w] TH 2700 ThHs. %7, KOEIFFHI K IR 6.10 ThobIhs.
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K = \oaT (6.10)

TIT, N3OGMTHS. MEXD, y 3ZEREHSAN (0,A2@7) 12it5. corx, e
I whBEEZIRTWE D, YU TV N OAKETZ2 K Ty 238232 N TE 3.

HSEATIE Kon = A2¢ (x,)" @ (%) ERLT 2L, NIERTH 27D ¢ (%) ¢ (x,) Z3KD
HEEWV. 22T, ¢ (x0)" @ (%) 522 H—FVEEE(X,, X)) 2EZ 5.

K 6.11 2K 2 LT, FHETHZEEINCHET 2 2 ek K 23T 5 2 L 23T & 3 [53][54][55).
K 6.1212H Y A H— I ERT [54].

! / 2
k(X X)) = gy exp (—01 HX(’”) - x0m) j ) (6.12)

ZOXE, | PERZ LD INVLTHS. Fi2, O = [0y,0:]T FHK6.12 DA R=RFTX—=RTH
%. R 6.13 1B — 2L ERT.

k(X X)) = 62 exp (-é(XW) — XMNTA (X m) — XW))) (6.13)

2T, MAfTHI%E diag() ¥ LT, A =diag([0?,---,02]) TH 2. 0y B {037, &b, X6.13
DAL R=RGRA=RELT O = [0, 01, 04T 2 EHKT 3.

X612 BEXURK 6.13 D — 3L BREHH LT, —XtD GPR 22563 > 7Y ¥ 7 L %K 6.2
CRT. R 6.2 0 (2) 3R 6.12 OHF Y ZH—Fb, (b) 13 6.13 DIHD —+ A B FNTH Y T ¥
ZUIAERTHZ. GPR OFBIAREIE Y — 2V BEBOEASEM L 2579, GPR X bhFoh2H
BAHDRED. (2) DF Y AH — 3 (b) DIEEH — 3 & BT 3 & 2 & i 72 B > 7Y
YIEINTWE I bR S. H—FAVENRE T ZMEIEC TGERT 208, K TIldX6.13 2
TR L .

BT, = VBBOBY I N =T X =R EPET 2 EEHAT 2. GPRIZBWVWT, »
AR=NGRA=RBERZONT =2y F2o¥EINE. KX TIEBEY RN =5 X =2 %
1§27:0, WEUEREEEZEALT 2 © 2ROz, MEUEREKEK 6.14 TR I .

logp(y | X,0) x —log |Ke| — yTKg,ly 4 Const. (6.14)

ZZT, L=logp(y | X,0) & LT, 012357313615 725,

9L IL 9Ke | Ko

00 0Ke 00 00
H6.15 kb, MEEEOHAELZRDZIENTELD, LERAELTZ O 2EEETRDZ LI
S DB ANRAIS—RTRXR—ZEBE RT3,

= —tr(Kg )+ (Kg'y) 2 (Ko'y) (6.15)
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Fig. 6.2 Comparison of Kernel functions. (a) Gaussian kernel, (b) exponential kernel.

AL TENA R= T X =R DEGETEL LT, =2 — b YEDRIED—DTH 2L EHIR
Broyden-Fletcher-Goldfarb-Shanno ¥ (L-BFGS ) Z W7 [57]. BHREKZ —L £ LT, Z0H
BB OR/MUERE 2 2. =2 — b VIETIE O KB 2y 2174 H, = V2L(0y) % IEEHET
FleREST 2, LOTA 7 —REAO-XKIHFTE2RMET 2 6 3R THZ SN S [57).

d=—-H_'VL(©y) (6.16)

Lo T, 0, ZRADESICEHT I LT, MELELZHEMXEL N TES.

Okr1 = O — HIJIVL(@]C) (6.17)

Thbb, 0, B HRAMER6.16 L F22LT, LERALTS O 2RDZILNTES. Z
DrE, Za— KT H, ' 2iHT 5720 kx kITHIRREEL, (TH2EHT 279 O (n?)
FHREENREL S,

INEBRT ZHRM LT L TY R LT L-BFGS EAMER SR TWS [46]. L-BFGS BTl
H, ' 23583 5 1EEW#4T5] By, BEXOHRL gy = VL(Oy) 25X %. 22T, LOTA47—EHD 1
RIFWZBWT, Ny LITFERATREINS.

Hy, = % (6.18)
ZOBBRD By TOHDIIDr T3, ,=0,-0, 1 BLFyp=gri1 —gr 2L T, B ZXK
THEHT 5.

T T T
SkYp Y Sy, Sk S
i yi s, yl'sel  ylsk (6.19)

ZDEE, V, ZI—pkyksgj':?J:U:@g = l/ygsk By, X619 WEXAD XS ICEMENS.
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Fig. 6.3 Optimization results for the hyperparameters of the kernel functions in Gaussian
process regression. (a) Before parameter optimization, (b) after optimization by L-BFGS

method.

By = (VkT"'%T)Ho(%“'W)
+& (Vi W) sosg (Vi Vi)
+&a (Vi V) sis{ (Voo VR) (6.20)

+£k3k3£

H6.20 DEHRZHNS =2 — P IEEBFGS EE WIS, O X, BEMR Ty 75700 g
DAEFFFLK 6.20 DFEHNE VT, HBERXE Y FHEEEHIR L 72 57%E L-BFGS e HEENh 3
[57).

By = (VkT .. Vk,lim) Hy (Vi Vi)
+ 50 (‘/;CT - qulm.g.l) 8085 (Wc—m-i—l ce Vk)
+& (Vi Vil o) s18T (Vimgo - Vi) (6.21)

+£k3k5£

6.3 1 GPR @ © Z&#ELFlZRT. X 6.3 (a) ZRELITO © Z W GPR, (b) X
L-BFGS 7T © Z&#{t L7z GPR 2% 7. (a) TRENFEF L OFEEMAANF— R & K= S TBfL
THBY, FLEEREZDMEBDIEHICREL T —Z 2 TR ICHERTETWERWI EDERTE S, —7,
(b) T FHEIAN T — 2% KA TED, 77— XHWFEET 2 I CTIIEERZEI NS AL,
7 — XD B IR RED K EREL RS 2 L AR TE 3.

RIRIZ, BWEEETLE LTO GPR ORREZMU Nk e 2. —OHOR#ME LT, AidL &
BLFEZHNWS 28T, GPRETALDRI X=X e T =205 HEICHEE TE 2 ABZEIT 6N 5.
THUTED, H—RBHEERT 27 TETAD AT A — X e FETHET ZHEN R, AN
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HWHOMOEAN BB EEIICEE IS, oHORHME LT, Mtlrd 3. LB RA
DATNCH LU TIEMR FHZITS ETAVOREN 2R L TEH D, GPR TITEMER R & Z#EEIC
o TETFTIMETZ Z e TIUEMRER L TWE., ZAEATHR L@ D, GPR B EOMEI T
HY, FHYEE OB & o TREIT I 52 RICEOVWTW A, FYREE T — X 02k
Mz R 2 7oA, LB AT e M OBOBFRE ET LT DI ENTE
D, INSEMAWVE Z L TRIT— XD TRED N HEENZERILT 5 Z A TE S, KRHT —XITH
LCHHED S LWTFRIPATREE 2 5. = OHORME LT, IFREOETY v /BT oh 3. HNE
BoHEoMEL: LT, OS2 ETAANDOMIGHEREL 5. GPR XA — VBRI HE W
THMRIFREBGRERIITE 2.

6.3 NAXNEMFEEIC K BRERDOHERESH DI

AREICIX, BIOHT > 7Y ¥ ZFHRICED GPR 23RMNCEH L, WEROHARHEZFEE X < Tl
TOEBEBMENICER L, TOENIEERT. GPRIGAT & A SO 2 B 72 5 E
A RBRE LTETMLT 2 FIETH D, EHRIERERMGRE 7 UET 2 RIS, TRIEOR
MEEMEERERMNIRT D TES. LL, ANMEIN2T7—203P70W5E, GPR O TFHRIMED i
EMNKRELRY, FHBENMERT 2. 22T, XM XOEFHIZESW#EHEY > 7Y v 2 FikE
GPRIZHEMA L, GPR ETAZEHT 2 Z L TREROERNMOTRIKE 2R L3¢ 2 FIEERET
5. BB, TOXDBRHERRGLTIENRA XA EE Fik L A

GPR EFVOEHNICIE, XA XDEHICE DS WA TR E WS, R4 XR#E{bE~ 4 B
Gk A LRGN B RELTFETH D, BHED T —XICHE DSV TRICHET 29> 7V V7 fiER)
REPERTH2eHTES. ZOLE, RIS 20X S TR HHOEBOERE N T v 2 &
YUY TV I T2R0ERD S, U, BEEBEIh BB cEREINTED, AENZREHL
LT RAETF 5N [58).

e Probability of Improvement(PI)
BUED I REIC T 2 WEHIHEI R RIS 2 L5, ROV Iz #RNT 5
e Expected Improvement(EI)
ETNHOAHEREZERB L, RBEEISHT 2 8EHREZRALT %
e Upper Confidence Bound(UCB)
BIE D B0 2 B IR ED ERZ RAILS 5
e Thompson Sampling(TS)
ETNVOREAMHP T TV Y7L, THEPRKEES K5 BRDY ¥ TVEERT

Pl BBIEDORREMEE y* £ LT, XA TERSINSD.

PIC) = P(7(X) > ) = L) (6.22)

DY E, ¢ IMFEIERORBBESMBR, n(X) & X 1283 % GPR O FIFHIE, o(x) & X 12
BIF3EFNVOEHERAETH 5. [AKIC, EI, UCB, TS ZzhZh XX TEHRINS.
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B0 = X0~ )+ ola)ole) ~ ) (6.23)
UCB(X) = u(X) * Ror(X) (6.24)
TS(X) = max(f(X)|X p(X|D)) (6.25)

ZZT, KEIANAR=NFGRX=RTH L. ZhoDEEBUIMEREMICS T TEIRT 5. KX T
&, MEROWIFHEERE X GEMT 22 2HMNE LTW37%®, GPR & PDF Ofs L -5 E
DN EWERIHEZED S L LTER, IhEHLZEEENY LTERT . REITE, #
TAEFE LR BR e £ LT 5.

NA ZHIEWE N K 2 IRERDMERDMOHE T, U T T %2#hiRT.

o WILF Ry —IUEMTYIIAT — &ty F 2R

e GPR CTHIIRET V2 HEET 5

e GPR r#RZ% D PDF 0% Bayesian KEETHET T %

o WNMEDIHZ KD, HRHEEZERT 2

o R R/MET Z2RDY > TV VT HERD S

o KDY Y VIR TINF Ry — VN EZFEITL, 7—Xty F2EHT

tiEort 2265170 —F v — MCTmRT. MUTF, 70 20MEERT.

NA R FBORYO 7R LT, ¥Il7—&ty FORIGZEIGT 5. MEREKL LT
ERT DZILEMEOMBE AT X -2 2 REL, PDF 2 E&T 2. KX TiE, PDF EIEHD ML
REL, #IHH > 7Y v 7 He LT 6.4 1IR3 RHERZB O HIFFES X CHIFFE 10 Oz IR L
Fo. WYY 7Y ¥ VT REBEDBRDOANA RRECOIRIEICHEL 52 579, ftHBELHEED ML —
R 7BRICEDOWT, BHEHEMEMNTET 2 X5 IGBRT 20047 F L. MC REBENATHEAEL
TAERD B 256, ThoE2PHT—2 2 LTHHVWTS v, BIRLZEY > 7Y v 7 HicBnT
CF AT — R CIRERERE L, BRERERELROPT -2y M B2, e, 9T —
Kty b EANTE LT, GPRICK DHERZE» SMEREZEMT 2ERETFVEHET 2. KL T
3K 6.13 TRU2 A — 3 VBIEUE EIR L, NA =85 X=X L-BFGS IETwiELT 2. o517k
GPR ®7UE, 47 v ZREPD R OCHEEIHESBEBDO KR EL k2720, WEROMERDIHD
TFRKESE RT3 EZ6N%. 22T, GPREFAEZRET AH > TV ¥ Ve AL ARELT
RKD2. N ZEHLERTHR U7 D, HEIO D o BRAMEHR T 21 XDE X ICHE I VIR
BLFETH 2. N AEREETEMOY > 7V v 7SR 5729, GPR D€ 7 /1% Bayesian
RIEETHEDT 5. GPR EH 7 BRI > TV B LD, f(X) ZZERIERSHICHS Ky
HOWBIBIC XD RINDS. LdoT, ZOBEDED ERDMH S R MERT. BOHEOMER
AT BT B080%, f(X) LHELREKO PDF OOED, TROLWMEROHMHHEOEEMEERT
B THLLFERALIENTES. 22T, ZOFMEEEBEMRE LTERL, N1 AR#EMICED
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Fig. 6.4 Schematic diagram of Gaussian process regression in the Bayesian machine learning
approach. At the red points, the sound absorption coefficient is calculated with the multiscale

simulation and the response function is approximated by Gaussian process regression.
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Fig. 6.5 The flowchart of the Bayesian machine learning method to predict distribution of

sound absorption coefficient.

GPR E7 WV 2UET 2BMOY > 7Y VR Z2 G 3 2. METHAEMOY > 7Y V7 HICE
WCRNAF AT — VN ZETL, 72ty b2EHTZ2LTGPRETLVOEERZM LXE5.
NS DERELR ISR TN KRB ETHRDIET T, GUKEZRT GPR 7 /L2 HHE
L, TOMENPSRERDE—A Y N EHTET 3.
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6.3.1 AU ZEREEIFICEK ZHEFRDIL

RNF R — AR TEONETF— Xty FEHAVT, WERE2THT 2 GPR EF L2 ERMT
3. n RLOMRER X I2BWT, RMEERLZRICZAZNt ROV 7YV ZE%EEZ TRDITH X
THRT.

Xl(l) oo x (Y

X = (6.26)

Xft) oo xW

626 2 GPROASE LT, WER f 2THToMEEZEZ 5. [ ORIKIMIZZERIERDMIC
o eET 2. 22T, foORTMOMMEZ 0, HoiUTH K 2:X6.10 £ 2%, f OHEAID
TIRDIER T TRENS.

f~N(0,K) (6.27)

HOSEATH K OB (m,m/) 13X 6.13 DA —r L TRIN 5.
FoWT, REIO X* 2B 5 f* 2HEET 2. FicfzBmL f/ = (O, fO ) 2522
&, HOEUTH K 1IXRATREINS.

, [ K Kk,
K = ( ok (6.28)

*

ZOLE, k, BEU ko 32 2zh629 X630 TH 5.

T
k, = (k(X*,X(l)),m ,k(X*,X(t))> (6.29)

feor = k(X*, X7) (6.30)

628 &b, f OERIMIIN6.31 725,

' ~N(0,K) (6.31)

ORI f* fORKSMTH 27D, f* OFMAHERIIRX 6.32 TSI 3.

p(ff| X*) =N (kIK ' f ko — kK 'k,) (6.32)

X 6.3213 GPR OFERDMTH D, FERPFIIeERITHIN 633 B UK 6.34 L%,
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Fig. 6.6 Bayesian optimization with the variance of the integral of the Gaussian process

regression as the acquisition function.

E[f" | X" ]=kKly

V[f* | X*] = kv — kT K 'k,

(6.33)

(6.34)

HEED, Exohir—&ty MEDEFHEK e HoME#RERD 2 22T, GPRICX2K
EROMORETNVEFBET LTS,

6.3.2 Bayesian R¥&&

WEROIETE— XY b ERD B2, GPR EF/NL L PDF OfineitE$%. GPRET /LY PDF
DFE7 121 Bayesian KEEEE VT, BEME I 2KD 5. Bayesian RKEEIZEMEB T 24 X
7 7a—FThHh, FIEIINST 5 GPR OFEFiOMEZEAL T, Kt 2588z E711LT 5.
F7:, EOEOVIL 7HUE GPR OFFIOM e Bl 7 — &2 I hH#EEN 5. X 6.61C GPR OfEDE

ORI, BREABICEOSWET &ty FOEFOBEAKZRT.

GPR TRERDMHAZEBIERDMICHS LREL TWE 70, ZOBBERDT LR T I1EH

DERTRT. LisoT, R 410 RSN 6.32 X h XA TRENS [59).

If* | X ~ N </E[f* |X*]P(X*)dX*,//V[f* [ X*]P(X*)p(X*’)dX*dX*’) (6.35)

R6.35 X0, I[f] DHIEHE L 2813 6.36 B LR 6.37 £ 723 [59][60][61].

E[I[f* | X*]] = /]E[f* | X*] P (X*)dX* = / (ka‘lF*) P(X1)ax®

(6.36)
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[I[f* | X [/ [f* | X P(X*) P(X*)dX*dX*
(6.37)
:// (ke — KTK™'k,) P(X*)P(X*)dX*d X"

1 6.36 B LUK 6.37 DEHELR K RINIZEI LT o020, UL, P(X) 2388, ot
175 E OIERD e S 55, :£6.36 88X O 6.37 OPAERIZHN 6.38 BL UK 6.39 ITKET 5.

E[I[f* | X*]] ="K 'F~ (6.38)

VII[f* | X*]] = o?(det(I +2EA"1))7%5 — T K1 (6.39)

22T, =1, L, T @3xRTRIND.

l; :/ka(:v,a:i)N(w|£,E)dw

o0 [~1/2 (@ — )" (A +2) " (2 - ¢)]
det (I +A~'B)

(6.40)

=«

X 6.39 13 4.10 DHEMEDIXLOEFERLTVWBILEEZ LN TES. LEA-T, R6.37H
INEL BBV IV EBMT S22 T, EMBELZRA LI 2N TES. ZhZiHMET 2729, R
6.32 12 t* MEBMULIE 2O080E VII[f* | X)) 2 LT, R637T LDEEERT 5.

Acquisition = — (V[I[f" | X*]] = VI[f"™* | X**]]) (6.41)

K 6.41 ZJEREIR TS L b DR EEBEKE ERL, ChPRNeR2 " iERD2. ZOL %,
t* mEBINL 723 6.41 W ZEHTHNCEHEC & 2729, R/MERIEDRE a2 Mahai k3. Bohik
trRET—XtEy MZEINL, SAVFRT— M TRERZRKD L TT Xty F2EHRT 5.
BT —&ty MK DEUR 6.32 2Kk, GPREFAEZEHT 5. L EoEEER 6.41 2
TN B ETHEDIETZ 2T, K641 OELUHEERM T, REKMNHELNZHEHE—X
YrOTFHBEZMLXEEZENTES.

Db D, AETEIMEMEOHRER L BEROMEE GPR TEFMULT 2 HiEEHPIL, GPR
E5Lt PDF OfE7 % Bayesian KEEIETRKD 2. £z, ZOEMEOHRSMICEHL, EoEO 7
MR E UTHITERL, BEICINCY > 7V v ZSeRKDTz. 20 &S5 BIFTEERS XOEHE
DEOINTED, BEDHHT—X2EHAL TREROMIETE—A Y FOMELTWET LN TE 3.
NS D—HEDITIER ARG L TIENRA R AE FIEE ATV S, RETTIEIARA XA ST X
D ZALERIREM OG- — X > b BHEE LR ERT.
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Table 6.1 The parameters of the normal probability density function assumed for the random variables.

Random variables Expected value Standard deviation

Unit cell size[pm] 100 50.0

(®) Porosity|[-] 0.85 0.10
Unit cell size[um)] 200 50.0
Porosity[-] 0.70 0.10

1.0 - 1.0
o —— MC average = o —— MC average T
2] e MC average+o // e ] e MC average*o
% 0.8+ —:— Perturbation average —+# .g 0.8+ —:— Perturbation average
E Perturbation average+o Yy g Perturbation average+o J/5
= 7/
2 8 7/
O 0.6 O 0.6 Vi
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i o
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) I
s s
o o
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Fig. 6.7 The probability distribution of sound absorption coefficient by the Perturbation method.

6.4 RRATSEMGF

NA XA B FEE AW T, ZFUEBREMROWBRE O ZENC X b AEU 2 W E R ORI
BHEE LIAERETRT. < F R T — VR OMEREOMSEF L L LT, B 54157 L7z (a),(b) 4
RO =y b, (c),(d) OMMERD L=y M A% HW. HERZREIIE 5 3 FEICK 5.5 105
LZ#ze#E 2, ThEANRERDNZRE L. HERZEED PDF ORF X —X %K 6.1 1TR7.
7 6.1 DFEFHERZIZE 5.2 OFENEOMGEL IR L TREREZRLTWVWS. 20O KD REHHIKZ W
BE, BEETRRERORRSH OB KL 72 5. BEIE L N4 BN E FEE T 272
B, £ 6.1 OWERSMEHOWTEINETE—X ¥ PR LAHRZK 6.7 1R 7. REOBHR IR
ETRDIHRHE, FRETED DXL LHEBIEIETRD HIEE £ BHEREEZRT. 7, (a)1d
B O2=y b, (b) BHERD L=y ML OBRERTH S, K6.7 &b, (a) TiE 1050 Hz
%, (b) TiX 2000 Hz TRERDO DD T/IE Lo TED, MC OfSRe RN RN &
NUIE S BETRLAED, BEETEREMEREICESEREE—X Y 2 THILTWED, 260D
BRI CIRERB 1z 5, b L IO RWREZ R L TE D, EEKEEL BT
TWARWEDEEZLNS.

X 6.812X 6.7 D KL [EHREZFIHRELMERZTRY. 6.7 TMC & OTelf iR S A7z i s &
[FfkIC, X 6.8(a) Tl& 1050 Hz 6%, X 6.8(b) Ti& 2000 Hz T KL [HHED ¥ — 7 MR I N7z, L
TehioT, IhsDRABBIEICENT MC TFHIL7MRIME KE CRBEL TWD ARSI
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Fig. 6.8 The KL divergence result of sound absorption coefficient distribution obtained from

the Perturbation method and MC.

PEIORLEE LS, MREBOEHPREVHETE, SHEEZHVTRERDOE—X Y b2 Tl
THIEHNEETH L. XKEITIE, ZOXS BREFETEITHARNELMEEZNRE LT, X4 XK
WAEBICIDBERDE—A Y P2 TRILHREZRT.

6.5 MRITHER

X 6.8 T/RLMAD, BENATIEE 6.1 ® PDF 2R THEREZHMCIIKE XS WEROE—X Y b E
T2 e pWEETH S, AEITIE, 20X REBICH LTS XISMRAE 2 EHAL, REED
TRV M ERDIAERERT.

NA PR EE T > 7)) O R R EISANENS 2729, FIY Y Y v rRe L Tti=3¢ L
72, HERZHIZ2 =y A A R LI RTH 27D, n=2 k5. AL IWEHEETRD =0k
EROMMHES X CHEERADOREREZK 6.9 18T, REOEFI MC TRDOZWLEROIAMHE, HE
D FHERIE MC TROZIARHE + FHEREDOHEERT. FBOORERINA N E TR 721
fFiE, RETED DXL HEBIEANA ZHIEIHEE TR D 7 HIRHE + B RAOEZ RS

MC DR & XA DS O RZ T 2 &, HEEROMBREED 6.9(a) TIX 500-900 Hz
DB TIEANA X HEREE DX 50 VN L FHlix A TE D, 1000 Hz LILED AR TR
LOENKE Ml N2 AR Nz, 2, t =3 T f(X) TIIRHER L EREBOBGF
#ETFMELY GPR EFA R T RBECHRETETEL Y, #HEINLRES X OO ED
TRCEL RN DTHE e EZLNS. —F, WHEIROMBIREIEDOMN 6.9(b) TI&, MC OfiRE 5
BOhBW—HERL TV Z eAERS M. BHEICBLTY (b) BREROMm L LTHIEmNE
W—HZ/RLTWE2S, 2000 Hz 5B RIBECHVNEBS R S Tne. 20 X5 2ivheild, XA X
MR E N BN T S EIAY > TP I WA IIIABENE & [FIRRICAE U 2 ATREMED B 2 53, SEIGH
BRY TV EEDIBRT LT, TOLIREREIIEINZIEEZILNS.

iz, X6.9 OEMREEZLET 2720, K 6.41 ZFHli L CGHIGHICY > AL EzBMmLz. Bt
e Y TVHTYNF AT =V EFITL, 7—Xty FE2EHL, GPRETFALEZEFIL. 22
T, t* =2 L LUTREROMERDMEZEH L. BEH L GPR ETNMCEDE, BELRDE—RX
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Fig. 6.9 Prediction of probability distribution of sound absorption coefficient by Bayesian

machine learning method at the initial sampling points.
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Fig. 6.10 Prediction of probability distribution of sound absorption coefficient by Bayesian

machine learning method at the adaptive sampled points.

M EEHR LA R 2 6.10 1ITRT.
6.10(a) &b, FCHNCH Y 7V Y I REEBMNT 2 22T, E—X Y OHED MC OfERY K< —
BLTWA ZehRaEnz. #B, (a) OEMERETIZ 400 Hz 36 BB TRERSHAL TV
5. AU, 300-500 Hz TEAHOMHREI O E L Z X 50 5. ERHEOHHRENTBEH T Y -2 &
LTIRERICKRNS DY, 2=y b L ORERHESHERINCET T 2454, R OkER e ZENEL
T30, ZhoDWHROWRE Y — 27 OREBPZENT 2 EZ N5, ZhsOPHRY — 2725
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Fig. 6.11 Comparison of KL(P\Q) obtained by Bayesian approach and perturbation
method. The probability distribution of the criterion is the distribution obtained by the
MC method.
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Fig. 6.12 Calculation time vs. number of nodes of the microstructure in homogenization method.
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Table 7.1 Summarizing the advantages and disadvantages of the proposed methods.
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Table 7.2 Functional comparison table of proposed methods.
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RA27T DR A28 DEUE_IHERD B XA 2 5.

oo

o0 e N .
/ (Zagg;f)(xk—)()) (X)dX = f3(X Z X/ (X, - X)PP(X)AX,  (A30)

HNA2T DX A28 DHELHE=IHZRD 5 L XA 72 5.

len e - & ’f(X) 9*f(X) &*f(X)
=§ZZZ§ZZaxkaXZaX 0X, 9X,0X,

[ 00 = X (X = 0 (X — X)X — X)X, = X)X, — X, POIX

1/ N=2nN-1 N O F(X) 02f(X) 9*f(X) ) ) )
B 8<6 ; Z Z 8X,§ 8Xl2 8X,2n (Xk _Xk)2(Xl _XZ)Q(Xm—Xm)Q
=1 l=k+1m=l+1
N N-1 N _ B
*f(X) O*f(X) €2(Xs — X02(Xr — Ko
12 X — X X, — X X, — Xom
! ;; zl;._l aX? 8X13Xm( k k)( l l)( )
N—-2 N-— N _ B -
O?f(X) 2*°f(X) 9*°f(X) . . o
o k=1 l:k+1mzl;_1 0X1,0X; 0X,0X,, 0X,0X,, (X — X)) (X — X0)* (X — X)
Yy X X (A.31)
8 ( )an( ) 82f( ) . .
+122 Z OXZ OXp0X; OX,0Knm (X5, — Xn)3 (X, — X))
k=1 I=k+1
N—-1 N
o .
" 2 anaXl) (Xk — Xg)"(Xi — X))
k=1 l=k+1
NNQQf()an()Q . n
+3kz=:1; X} ( 0X} )(Xk_Xk) (X — X))
N N _ -
PIEX)\2PFX) gy g
+12;§(8XMXI) 0X? (X = Xp)" (X0 = X3)
N 02f(X)\2 ~
+Z( 8f)((2 )) (X — %)
k=1 k
K A27T OR A28 DAENEINIEEZ KD 2 L KR 12 3.
/ (Z 0Xy o Xk)>P(X)fX0 (A.32)

A28 DX A28 DEUFEHIEEZ KD S R 5.
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N N - N e o
5703 SI ™ (- xen - x0px0sx = 300 S S -

k=11=1

N A27 DX A28 DHEUENIEHZRD B L XA 72 5.

N N =
f(X)ZZag )8§()§)/ (X — Xp)(X; — X)) P(X)fX

k=11=1 oo
Lonx- v - OF(X) 0F(X) Pf(X) [ . . . .
5;1;2; X 8Xl 6Xm8Xn/oo (X = Xi) (X1 = X0) (X = Xin) (X — X)) P(X)dX

(A.34)
K A.27 DR A28 DEIHELEERD B L KL 7 5.

X 2 N N 00w
S O o S e

N N N N 82 X 62 Y
SJEPX)AXD D DD axi(ax)l aXf(ax)

/OO(Xk — Xi)(X; = X)) (X — X3)*(X; — X;)?P(X)dX  (A.35)

N 2 00
100X Y (S5 [T - xrea - xp7pO0ax (4.36)

=k+1
N oo
+ %f(X) Z(aaf;{?)f(xk - Xi)!

RN A27T DR A28 DEUENIHZRD B L X725,
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N “ 00 92 \ 2
SR L GEE R - i) - o

k=11=1

N X 9f(X) 92 F(X) 2 f(X
_ 3oy UE) ) 0

)/Oo Ry %3
Xy 0X,0X, 0X2 | (Xk = Xp)"(X = X)) "P(X)dX

N N 2 o
+;ZZ gg( i 3)((2 )88];(([2)/00 (X — X)) (X1 — X)) P(X)dX

N X orx 2 (A.37)
2 — .- _
22 agg(k) (g;ig%) (X — Xp)* (X1 — X))°P(X)dX
k=1 Il=k
1 oh on Of(X) (9 f(X)
+Zkzzlg 0Xy, ( 0X? )
K A27 DR A28 DEUHEHEERD 5 L XX 12 5.
f(X)(Z UE) g ) EIE g)xx)
=1 00Xy k k 5 Pl 0Xe0X, k k ! I
1(X) Z 5Xk 3)((?) /oo(Xk - X;)?P(X)dX (A.38)

RA2 25K A3 EZRA2TITRAL, 2z A26IRATE L, BEECIZ=ZRE—X V|
DIFEPE LTRADESNS.

N Y [ee]
(700 - B )~ Y (2 [ - xpaoax
k=1 o0

— BE[f(X)[V[/(X)PELF(X)] + - (A.39)

HNA3)DE—IHETERT 2 —Kial, REHEZEET L “6ELe 725, ZhzX A23 1A
THILTEEEZRDZZeNTES. 28, NA39 TEHRBLAEXIHEINX A40 TEREND.
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N—-2 N-1 N

*f(X) 0°f(X) &*f(X)
X2 0X?2 0X2

Higher terms = / (X5 — X)X — X))?P(X)

_ 3 N OPf(X) (X)) (X)) [ ¢
2 3
(X = Xm)® + P(X)dX S X7 IXOX, OX? /OO (X) — Xz)

k=1 I=kt1
(X, — X))*P(X)P(X)dX + g J::é azf)((? (iﬁ?’)f /:(Xk )
(Xi ~ X)*POX)AX + é(ai{g)f /:(Xk ~ X)0P(X)dX + ‘;J:_: é:;l
(8?;2() ) 823&?) /OO " (X K02 - X)PPX)AX + D J:ll(ag g )
8;];((‘;) /:(Xk _X)'P(X)dX + 2 Jg () :11 ;:;1 626&);) 325;((_;()
/:(Xk — X0)2(X, — X)2P(X)dX + % ]:z_:llf(f() ]:_11<82€9f)((?)2

5 _ 3 o Of(X) 8°f(X) *F(X) [ ¢
/OO (Xk*Xk)4P(X)dX+§;; 0X, 00X} 0X} /oc (K = o)

N "V 2 ¥ 2 o0
(X: — X))*P(X)dX + Z > agg) (aaf)((?)) / (Xr — Xp)°P(X)dX +
k=1 ' >

3 v O*f(X) ( 2 f(X) \* [ :

222 e (7%0%,0) /Oo (Xe = Xi)*

= PIX) PIX)
Z 0X,0X; 0Xr0X,

2
o
2

k=1 l=k+1 m=Il+1

, - . N—-1 N
aaXch(((?:}szL /(;0 (Xk; - Xk)Q(Xl - Xl)2(X7rL - XW)QP(X)CZX + Z Z
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PPf(X)\3 [~ . . 3R o PF(X) \?
(anaXl) /OO (X = X’ (X0 = X0 P(X)dX + 2 kz:l l_l(axkaxl)
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|- e - xppaoax +3 Y Y

o0 k=1 I=1

oo N—-1 N >
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k=1 I=1
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06— X - X)*P(x)ax (4.40)
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