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Estimating Azimuth Angle of
Transparent and Mirror Plates
Based on Reflected Sound Property

in Frequency Domain*

Hiroki Katayama

Abstract

In a robot, there are still problems in grasping in the dark or grasping a trans-
parent object. As a solution, we propose an azimuth angle estimation method of
the target plane using sound waves. Aiming at estimating the azimuth of a plane
by a method that has never been seen before, focusing on the strength of waves
with reference to shading analysis represented by PhotometricStereo.

In this paper, we propose two methods. The first is to create a model by
focusing on two points, a reflection model of waves on the object plane in optics
and a change in reflection characteristics at the frequency of sound in acoustics,
and estimate the azimuth angle of the plane on a model basis. The second
is model-free learning by creating a model using support vector regression for
features in the frequency domain for data acquired by conducting experiments
using the target plane, speakers, and microphone. This is a method of estimating
the azimuth of a plane on the base.

As a result of the model base, the azimuth of the plane could not be estimated.

There are two possible causes.The first is assuming that the model in the acoustic

*Master’s Thesis, Graduate School of Science and Technology, Nara Institute of Science and
Technology, March 13, 2020.

il



field that I was thinking was not an object with a certain size such as a wall, and
the second was when thinking about a reflection model in optics. We made a
model of reflection at the point, but sound separation is perfect. This is a point
that did not fit the plane targeted this time. It is conceivable that the information
of the sound at the desired point could not be obtained.

As a result of the model-free learning base, the azimuth could be estimated
within an error of 5 [deg] within the range of —45 ~ 45. This method could be
recognized not only in an anechoic room, but also in a real environment.

Furthermore, regarding the model-free learning-based method, first, the follow-
ing 1 ~ 3 was verified in order to verify experimental conditions such as necessary
experimental equipment. 1. Type of sound used (TSP signal, Tone sound), 2.
Range of frequencies used, 3. Speakers used (Plane wave, Spherical wave). Next,
in order to verify the condition of the target object, the following 4 ~ 6 was
verified. Material of target surface (Glass, Cardboard), 5. Size of target surface
(Large, Medium, Small), 6. Number of target surfaces (Solo, Multiple).

Keywords:

Robot Audition, Object Shape Recognition, Transparent Object Recognition,

Support Vector Regression, Plane Wave
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Fig. 1 The overview of the proposed method
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Table 2 Response of reflection in various frequencies.

Frequency Characteristic
Low | 20[Hz]-100[Hz] | Perfect specular
Middle | 100[Hz]-1[kHz] Specular
High | 1[kHz]-20kHz] Diffuse

Reflective surface

Reflective surface

N |
Q J Q 0
v
> 2 S P
) |ncident direction =P |ncident direction
- = %  Specular reflection === = $  Specular reflection
Diffuse reflection Diffuse reflection

(a) Case that specularly reflected sound (b) Case that diffusely reflected sound en-
enters the microphone ters the microphone

Fig. 2 The energy acquired by the microphone changes as the frequency of the

sound and the angle of the surface’s azimuth change.



Reflective surface

A
S .

Fig. 3 Model environment

2.2.2 REFOETIVE

HAZB T DMAE CTORMNET IV ESEZITT D L, KPS I8 K4 & Lk
KEDHTIA ZIZA-TL BLEZXS. L EY, FIIEARBUISU T, S
5, SEER B OB ENZL TV D EEZ N5,

Fig. 3D &5 RBEIZBWT, L1 L=y 7k, (RENZ SO
FAWTKREHIZDOWTEZR S, FENLSHLOS AR UEZBICEE EOH S5 Q MT
DFILZE T 5. 22T, HOFEN, FEAGIE RS U 7B K8 %
S BT S HMmEV LUK, SEVOAEDHEEZ BLBL. DM Q TK
HLUTYA 7 TCHETELEDIANTX— FEIZUTOMRICETHENTE S,

E(fv Sv Na V) - 'yspe(f)espe(sy Na V) + 'Ydif(f)edif(sy N) (1)

11U, eoper cait &, HHEMEDZIUI BT 5, <A 2 WIS B, Hh
BB DT ANV F =, Ygpe, Yair 13, DDFREEDOEHIRICHB T 5, Bl KI R, HLEK
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|
" og 4| O call _
g
é* == Cal 2 e
§ 06 ] Measured | T ,:"
o ’
=
04 4| =¥= Infimte J:C
E ,}K’
3 !
D 2 ..................................
0

250 500 1000 2000
Frequency [Hz]

Fig. 4 Random incident diffusion coefficient of one-dimensional sinusoidal
wall[Messured], Calculated value: Directed correlation method [Cal 1], Sample

rotation method [Cal 2], Infinite wall[Infinite](Source: Sakuma et al. [1] Fig.9)

RERDZZNZTNRT. £72, egpe, eair (22 WV TEEMIZZ N E LTI THEAA
LTW3.

ot E, SRKPPUATOIRINF—BRELZVEREL, Yope + Yair = 1
EEZD. KEEZB T B HLEU ST OB i (FAEARE S DIFERNZ & > TRD
7= NI 22 U T BR D LU S R D 2L DFER 2 5 5 U 72K Fig. 4 [1] 2%
ZZLUT, YIEA NEBEAWTUTORN (2) D& S IZ#EL 7.

~—

{ Yope(S) = 1= (aie(f)) o
Yaie(f) = 1/{1 — exp(—af + )},
D&, Ba, biZFig. 422#FIZLTa=1/150,b=-25/3 & L7.

2.2.3 SHERHTORMSOIRSEFEWN
BRI SHTZ BT 2 BMRTDO I RN F — e ICDWVWTHEZD. ADEHITIT,

HFUTH 1T D Phong DET IV [24] B2 L7z, Phong OE 7 IVIERERIZED
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CHHINRET IV TH D, IRAD X S IZHRIH G MO IE RS 517 & B A1 0 7e g
il Bipe DRBDOREFTL U TGEMTRETIVTHS. ZOLE, KEPEOMS
(8

0= Pspe 08" (Bspe), (3)

LERES.

TDEE, pope FHEKPETH Y, BHEKPHOME 2R HFEn L, KHD
HEE2RTN IA—XTHL. ZOETIVIE, HETRRIZESCEDTH
D, TANF—RIFOEAZZTHAL LW EONEIXLKE DI 2 B8 I3H
50, fHIZEIETE 5728, SEIIMHEAHL7-.

PAE®D Phong DET N EZEIZL T, BEHKHE epe DTXNF—% K (4) D
EOWTERLU .

espe(S, N, V,n) = cos" f(S,N, V). (4)

ZDEE, BS,N, V) IZDOWT KDL & RLEHZH NS LT, ROT
W<, 7, SIEKHOEIED SNEZHWTUTO LS IZRT ZENTES.

S'=S+2(-S"™N)N. (5)

WIZ, VS ORTHBIIREEMIDUTOHIZRTHENTES

sTv
cosff = ——. 6
STV ©)
ko, s ( - ) )7
+2(=S'N)N)'V
EiRA.

2.2.4 IHMRE TORNZDIRDE WL

PRSI BT AR ETOZ RN F — egip IZDWTHEZ S, LB DA
WREKEEANE CTEHI T THELULEOTH Y, BRIGHIIKEETS, H
5P 5 FAIZH—OBETHA NS, ZORXRDEHEITITNFAITE T S Lambert
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DETIV [20] Z5FIZL7-. Lambert DETIVIE, X (8) D& 5 ITHEHH S &%
MR DR T A DRILIZIHIST 5 LAET D, KPEDOBS ¢ 1%

1= pdifSTN, (8)

L%,
B E DT AN F—2 RN (9) DL ITEHL .

€dif — KJSTN. (9)

ZDEE, KIMEBKFOHTTEY A ZIZ A>T 2 EDHEGEZRT

2.2.5 EETIDER

VHEDHZEQIzEIFAR (1) 12X (2), RN 4), X (9) 24 TIRDS. HiK
HIES A2 MV IZBHTHE720, ZTOXNEFOEFREOES fLiH
DFMNAFFN D2 ORERE DL, FHEAMS &~ 7RV 2EELT-
BHIZID2DDEHIZENT, I TALZED%E Fig. 5 ITRT. 727201,
V=(0,-1),S=(0,-1) 2BV ZD7d, SEDFHEIA I, AL—=HD
FliE TIE N = (—cost), —sine) & U7z, ¢ = O[deg] THRARD TRV F —IZ7425

Fig. 5(a) ® & 52, #ilz@ARHCcL 2L, TXINVF—DOFEFBINEE2 RS Z
EMTES. KoT, BRI RS & LB S A CIREEHI S DIF S A35R\ 7=
DEFEDIZFI B KR EL, FAEEDPELSRBIZONTNI LK BoTWBE Z LAbh
L. HAAOHEIE LT, =01 =20 DRELERTAS L, HEPZY=0DIF
IMRELHEH>TWD

DEITITFig. 5(b) D& Sz, Mz AMAZIND L, TXLF—LHEDH
BRPRDOPRD TV, Tz, FEMTHARTATSBE KA DD f = 1000
DIFSIVRELEALLTVBE I LD DRrS.

BT, YR O LA & I (f,,[Hz]), @ (fu[Hz]) TO D & OREfRIZD
WTHZDE, DIENOANERELLD, AFD X572 (10) 12745
_ E(N|fw)

PN =B

(10)
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L0+ — £=1000
=2000
0.9 0.81
0.8 0.6
= =
') w
0.7 0.4 {
0.6 02
031 0.0
500 750 1000 1250 1500 1750 2000 ’ —30 —20 0 20 40
Frequency [Hz] Azimuth [deg]

(a) Frequency response of energy FE(f) (b) Relation between energy F(IN) and az-
with constant azimuthal direction N at a imuth N when sound frequency f is con-
point @ on the plane surface stant at a certain point @ on the plane sur-
face
Fig. 5 Relationship between energy (E) change with respect to frequency (f)

and azimuth direction (N) when the sound source direction (S) and microphone

direction (V) are fixed in the model

7z, ThEHIZRLTAD L, Fig. 6D XD ITR5.

—50 < ¢ < 50 DEPATHMAIZ LT, TFILVF—DL D MBHEFRTIET IV
EERTHIENTE . 20 E, HFEDOARAMS = (—cos 4, —sing) (0[deg]
i ¢1180[deg]) £ § 5. D& N OBEBROMEYD, YHADHAAZX (10) 253K
456, B OMELANEZIOND. — DX MM EFIRT 5. 4, = 90[deg] D
LA 0 < < 50 DEFIZHIR T 2 Z & T, BHABADT 520 —FITRDDHEN
TE5. b5 D3 EHIAPoDOEFEEZHETSIETHS. Fig. 6 THH 5D
£ 51T 4 = 90[deg] 7ZIF TIE—RITIIRD D T NP TERWD, HESHM»SD
BRI ZE, 5 = 45[deg] DDA, T HERE O RD B Z LD HREICARS.

Inky, ZODENIZEHUTHREAZMSFIZL->T, ARNAKAN i
ETHIENTES,
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3.0

— =45
2.5 ¢ =90
2.0
=
£ 1.5
=
[
1.0
0.5
0.0 : : : : ‘
-40 -20 0 20 40

Azimuth [deg]

Fig. 6 Relation between energy ratio D(N|f,, fn) and azimuth angle N between
mid and high frequencies at a point Q on the plane( f,, = 1000, f, = 2000)

2.3 ETINT7Y—2BR— (SVR)FEICLDAMNAKTE
2.3.1 T—4%ty MERAE

HEDT—REERT D70 —I12DOWT, Fig. TIZRT. 70—I22o0WT, JEHE
NTNE

9, ERT— XL oHATAEERYVENS. ZOrE, ¥uroxqtz A
Wb, Yuzozxmtilid, H5XMIZEWTELSHE, UL IFEA»SIEIZE
DB L 7R E R 2 Z L TEBDRIEMEL( 2By IETHS. Zhi
X0, FAEEOZENEZ 77— BB UICREZ ENTE 5. Alﬁlﬁﬁﬁb“a\é
HIRIEIRZ B PR ELS R 552 AL TWS 20, BAIOEDEZ D IFER
WMLUOSWHREOKRDL D ITbRDPT W, SREHLZEDYa 7o A0k
R e FFEHBORERD DK % Fig. 8 1ZmR 7.

DX, Yur/uADMENREBKOL I WIZAMIIEL S, ZDL DA
ZEVPKDLRME LT, TNUFHOW IO T -2 2 5EOERT -2 & LT
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3 5.

IR BAEIRIZ BT, FOTFT— 2y b 2IERT 2B IXRFRER O 57—
AT, METOMEEZITS., DD, 7V IEHEHVSE. ZOLEDT—
DIZfbTIE, SET7 -V ZEMERAVS, 20 E, T IEMDIINT A —
2 LT, BREBUSEIREBDMRREENE WA I VIR, Yo7 v 7 REEEI 44100
[Hz], 7 —&#03 45120 fil (77— 2 REIEH 1 1D) 2 Wz,

BBICT — X 28T 5, SEIEE 228 THR LA, 1000 [Hz] 75 2000
[Hz] DZALIZEBT 5720, £73, 1000 [Hz] 525 2000[Hz] DT — X DA TH] D
5. iz, 2z /572002, FHE0 5L TESMEZITS. &gz, /14X
2O T 2D ET S, SENXE RGBT, BEES®EE AW,
ZoeE, FRDIEIZ 12D T —X T TiioTWa.

T /
Zero I, |
cross % - -
- Smooth A
P =AW
: y LN

Normalize
M number M M

Row mic data Cut mic data Processed data

PN s Al N

o AN d
N\
: /\\/\/
Q ) Processing ]y -
; i o o o
Y EEENNY
K number : ok
Angle data Data set

Fig. 7 Flowchart to create dataset
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300 - Wi

wl M ‘"m‘eﬁ“‘\\mn‘.'ﬂl‘mrlwu\mu‘n'r‘rMHim\i|‘.\k’\i.|\‘|.\\aun‘|v .

0.0 0.2 04 0.6 0.8 10 12 14 . . . 06 08 10 12 14
Time [s] Time [s]

(a) Zero cross (b) Short-time fourier transform

Fig. 8 Comparison between Zero cross and Short-time fourier transform
2.3.2 YiR— RIS —[O)F

AWFFETIE, FHDOAMAZHEET 2DIZ, ¥R — X2 X —[ElE (Support
Vector Regression: PAB# SVR [25]) Z W\ 5. SVR OF#E & U T, BRI
EHRITBHILT, /A RAOREEZZITIZLL, 61T, EARWITIZE 2 RIS
MFETHED, AA—NV NI Y I %MD ZLITL>T, FEHEOEIFETIVIC
5. RFETIE, HUYT U A—XVOHEEOERETVE NS I LT,
R D AL fAHEE 217 5.

LAFIZ SVR Dl 722 BLEZ D W TS 5.

FERRIE SVR TlE, IRz BuMbd 28802k 9.

L(a) = %ZZ(@i—@f)(@j—@j)G(%ij)JFfZ(OéﬁOJ)—Zyi(Oﬁ—@f) (11)

ZizlE, MROEMAPEHINS.

S oni(an —a;) =0
Vn:0<a,<C (12)
Vn:0<a; <C.

LD, HERIZHAINSBEBUILATIZELLS 25,
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n

f(z) = Z(ozi —af)G(xn,z)+ b (13)

i=1

o E, GRERIFEN—FIVEBTUTOLIIZTEASND.

G(n, 7) = exp(—7llzn = z[*) (14)

U, o DFRZE € DEIPINIZ R WBEIZ a, —af =0 &7 D, SVR ORIFEA % /E
KT BY TN Eehb, e=0DLEWRRE /A RTENETINERS.

ZDEE, Cv, eD3IDBNAN=NRITA=REULTHFHETS. LH2L, Clde
MOELZEHTESLLD, C,yDDDNRTA—RERDL. TD2OD1NA
N=RTA=RERDBIZDIZT )y Y —FREMEEEZITD. 7y R —F
RERIEL X, TETIVOREEZA EIEL-OICHWLNEFIETHD, £2TOD
NIA=RDMAELEZAT IV Y NP —FITIMAT, IHICTAIT—RE
AT — X DAG LR 2T RAERAEZ T 52 8T, RHIHIEEIFGHNNT
A—REFRTHTETH L. S0, ZOFMEEE LT, REHRE(R? Score)
ZERHLU .
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3. HHAHEDRERR

3.1 £BROtEYyTa VY
3.1.1 EBROBEM

ETNR=ATHRN 58, ETNVT ) —%# (SVR) T\ 2550 238 D 12
DWT, FfifADOREENEE 2 MEEd 5720,
AREBROBEA% Fig. 9IZTRT. TNIXMEZTOEROEKFTHS.

Fig. 9 Experiment for checking model
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(a) Anechoic chamber (ORIST Izumi cen- (b) Real envitonment (NAIST S1 room)
tor [26])

Fig. 10 Experiment environment
3.1.2 EERIRIR

AREBRIT IR BRI D 2180 TERE{T- 72
EBERIE, KPRPEERAMIBTSEA AR & > X — [26) DMEEEZ MM U772, FEEREREE
DK% Fig. 10(a) IR 7.

T, EREEUT, REERBZEAMN KRR RZERBI M SI =2 ML
e, ZOEE, MOV S DREE 2SS THOIIH PR L Wo/t b DX
RTHIHILTWD., 2D L EDOEREOT D% Fig. 10(b) IR 7.

3.1.3 =52

FERIZFH W22 IZDWT Table 31TRT. TNENOERBFEIZOVWT,
MzLAF T L, BE% Fig. 11 1ZR7.

B2, YA 21220, 42D 170k Vv EBERLEZII 7880 TLA
ZRAWZ, BEIZ2 85 5. 1 5H I Beamforming £t 2 WS Z & THIHEDZ]
KSEEGHIRT27-OTHS5. ZNIFETIVR—ATHESBICH S 1 HHEDZD
T—REWBBIZMHEHT 5. Z D Beamforming 125 1J 5 ~ 1 27 OAE D F-AM 12
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Table 3 Environment Equipment

Name (Company or Size)

Microphone Respeaker Microphone Array V2 (Seed Inc.)
Speaker Compact audio speaker SW5500-SS (FPS Inc.)
Turn table OSMS-60YAW (SIGMAKOKI Inc.)
Target Object Mirror (hight:23 [cm], length:32[cm])

DWVWTIE, BIFERRD., 2/08HIX1IEIZZL DT —X2HEDBEILNTE ST
DTHD. ZNEFETNT ) —FEHTHEIZ, KOMRNIT—22ED 57
DIZHHT 5.

BT, A=W, EHEAY—AEFBHLTWS. —KIIZ, ik
R, EAFUC &K o THORDZAL T 5. EEFR CIEEKE R, =55 T
K L7325, ETNR—ATHL FEEZHVEGE, SIEOAS A —mIcik
ELMENDHL7-0, FHEZHANWDE I EVRHETHS.

AT, EEEEIZDOWT, SEEO SR & OUERE DBIRZ ST 5 72 I ff
3 5. AFERTI, 1deg] T IZEMIEERT — 2T 5. SEIFEHL
72 [Efi£ 51 0.0001[deg] DAL EROKEE THEEIE LI LN TES. TDD, 5
[FIAR U W SEE O HALA % 1[deg] T & 12-50[deg] ~ 50[deg] 2B 121 +072 8%
ZTW5. £z, {FILRFOHRE) L BEREOHES L DW=, SEO &S kg%
o 72 FEERETDDICHREL L EZ . 61T, RERTIEINNY 7Ty v aiis
WAL THHZRNK ST 1[deg] Z it T E 2D TIEAR L, 10[deg] 322k
X, TR EEDT.

BB, REPEHEIZDOWT, H T ARDFMHE % A AL AHEEDONR L U,
BHIZ2RHS. 1REE, HI7AZKADVIEFICROSNTH B0, LUK
BIRA L D HEREIED L ZER R TH L. 2HIEHA AT TORBMIHEL <
HREMS ZEOERMPEZONDHATHS.

21



-~
-
(o

UL
i h

it

(a) Respeaker Microphone Array V2.0 (b) Compact audio speaker SW5500-SS

(height:23cm,

plate

(¢c) Automatic rotating stage OSMS- (d) Mirror
length:32cm)

60YAW

Fig. 11 Experiment equipmentes
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3.1.4 EBRAE

A ¥ — 71755 Time-Stretched Pulse(TSPE5) 2L, WRFHIZIKH LT
EhEEXA 70 R T UVAIZE VIR 5. S0, TSPIES %A L 28 HIX
25, 1 HHITRABEBOERZFRF>TWA7-HOTHS. 28HIZA V7OV A
NGRS ZENTE, (REBBEZFRARE VI RTHD. ZOEEREES
BIZTBHI LT, ETIR-ATH BIZEZERR L LIKT 2 Z & T, §HiiniT
XHLEZT. X612, TOHTH Up-TSPIEE2ERA U B, FRBRE
XU THELDRD W20 TH 5.

FEEROfEIEX % Fig. 12, EBi%E U7ZBRD /N5 A — & % Table 4, EEROT %
Fig. 9 IZ/mR7.

Plate

Azimuth
Vector

Speaker E Mic
Vector . Vector
. o]
O o o
O o
Speaker Microphone
Array

Fig. 12 Position and parametor for experiment checking model

3.2 EFIR—AHMEDER

ETINR—ZATOHMADOHEIZTERr o7,

23



Table 4 Parameter for experiment checking model

Parameter Value
aldeg] 0
Y[deg] —50 ~ 50 (per 1 [deg])
[deg] 0
Ly [m] 0.2
[s[m] 0.4

ZDFRERIZDOWTORRZHONZT B72D1Z, LD 3 DZ(LIZ DWW TN

i

179,
o ERBUZHT BT —ART MIVLDZEAL
o HAAIZHT BN —ART MILDZEAL

o HALAIZHT 5 2B TDNRT —ZART M LD HDOEAL

3.2.1 BRI T B/ —ZARYT MNLDZEAL

Fig. 1313~ A 7 THRLED 7 — ) ZZ2 LD 1000 [Hz| > 5 2000 [Hz] D
T—XR%70y bLEDTHDS. 2FEET7 -V LB L. ZOFROHT
Y =00 =20DEZFEL72EHEDTH 5. Fig. 5(a) LU TH, JEPBEH
BIZBEWT, BALETILVDOED LMRER S Z LIETE RN o7,

3.2.2 AMAICHTENNT—IARYT MNLDZEAL

Fig. 14 1%, ®» 3 HBPEEIZOVWTD LA L IREOEFZRZ RO THS. Z
DIER LD, EFNAEBIEDRE & U TEWT W IEE S & S5 S 4t 0 #4112
EoT, ZIAMRZZ LS FHNCH LT, 1000[Hz], 2000[Hz] DL, Fig. 13
DIERBPEEZTER DL, FPEBRICB 2T IO L SI2HE RS, 8
R DEEDEAIZDVWTIEEZ DI LB LVDOTIHENAEEZ 2. L
U, — AT, ®H2EEBUZHT 2 FAMMIH U TORIEDZ(LIZEGRKTH D,
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MOETILNTEIATCWERIZBTWSEIEZ L TWS., TDD, ZOkXD, f
MAOMEL KEZFIZIEH D —EDBBRERD L Z e 23bhb.

3.2.3 AMNAICHT 3 2REBMTOD/INT—ARY MLDELDZEAL

X (10) 2% TiE&D, 1000 [Hz], 2000[Hz] Dl THE] - 7245 R % Fig. 15 1ZR7.
FHET N L IZE -2 ET S, ZOFERE, (1) DREIZDVWT, ZNET
DFEREIDBROT — XTI TEESRVWIERREVEEZOSNS.

— p=0
500000 4 w=20

400000 + \,\/

300000 +

Amplitude

200000 +

100000 4

T T T T v T T
1000 1200 1400 1600 1800 2000 2200
Frequency [Hz]

Fig. 13 elationship between energy (E) change with respect to frequency (f)

and azimuth direction (N) when the sound source direction (S) and microphone

direction (V)
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450000 4

400000 4

350000 4

Amplitude

250000 -

200000

Fig. 14 Relation between energy ratio D(N|f,,, fn) and azimuth angle N between
mid and high frequencies at a point Q on the plane( f,, = 1000, f, = 2000)

300000 +

—— 1000Hz
2000Hz

AN

T T
*1‘10 -20 0
Azimuth [deg]

T T
20 40

0.7 4

0.6 1

emlen
(=]
w

0.4

0.3

Fig. 15 Relation between energy ratio D(N|f,, fn) and azimuth angle N between
mid and high frequencies at a point Q on the plane( f,, = 1000, f, = 2000)

—a0 20 0
Azimuth [deg]
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3.3 TFIIERICEAT 2ER

FERE LT, AEBEEHRIC B 2 IRIEOBEGD R o7z, UL, FAiifieik
IEDBRIFMZ & S BfrE REZ 2N TERZ., TDD, ETFTIVEKEMS Z
CIXTERWD, AAA L KB EITIIA2 L o 02 BERRH 5 Z &b
Moz,

F9E, HEE D ORRIZRSRVWRRNEZEZS. HKKNO—DILEHE DFE
ThHhdLFEZ5. SHELTVWEERITZRIINHFAEFTOAZIEFL TWSDTIX
2, XA ZIREES ERNEOAEREVREINTVWS, 56T, $5—2
DKHZEDFHTH S, ZD2/UIONWT, HERTHERZETINTIE, BEESZ
EZTHELT, KAEEHD 1 ROKPEDAEZZEZTWS. ZD-o, HEY,
MDD EN T LI-EE2 YA 7 THBLTWAZ LiZkhb. ZORKNE
D, FEWRBEHETOZLE VD DX THORELIEFHIIZII T W), ok
Rl o/ eBEZTWS.

KEEORSIZET 25 EIET -2 OEETH L. HIRIEGHEDMFENE 2
LD, BRNHFEOFTCEMERRENGZ 6N 5720, Beamforming %
WBZEMEZONEMN, O 35HITHRARS A, fEHRE LTI, BfEMHELT
WB4DDX A 7uRyT VA TIRERDHREOREN L WD, LW e
b oz, BLRIE Delay-Sum Beamformin % W TW 34 A%, MVDR Beamforming
2R T N B G Beamforing (ZDWTHEMETZ2 L TWELWEEZ TV,

7z, ETNVOHEEIZODWTEELZLTWL., SHRFEALZETIVORNTE
REZ, RL0WdH 500, FEEIZET 580 KS & ILEUSE O &R D2 ki &
LEEDEIZDVWTDOETFNTHS. Fig. 1312HRUL7EZD, THOFELES
AAEZSNDD, FARHZSEIZUIZETADNEEL W o 72+ 210 K E WA
ULTORHFLRTH -7z, 2D, SHEDEIRKREIDVESNTVWEHITHL
TIHHEODHE Uo7 EEZ 6N 5.

27



34 Y179, AE—H, REBICLDIFEDER

AREBRIZBWT, HLEZAY =%, 17, BERTOT—XIZBWT, X
KYMED T WA T, AV=—NEeXA TDADERETE 2853522 T, AE
BT —RIZDOWT, YA 27 L A —HORMEICE I 5 EDARIZ O W THRE 2
75, AFIZ, A¥—=H, 1 7DADERE A —=h, ¥4 27, N{YIEDY
BDENTND BN T DHIFA T T LADOZLZERT.

Fig. 16 £V, AC—=H~XA 7 DADFET, A=A ~A 7 DHWEEIZEL S
BEOENMZ LD, ARBIZBWT, 2475, Zhd, KEm»H 2551,
KA E DRENIINB7280, WEPNETEZehbhrotz. LL, ZOHR,
YA THELTWARIFEZES L KA EOGHETHI EEZ NS, Tk
D, BIHiOBERD LS, ETNVR—ATHEZ LRI THBOEELEZ DHEN
HbBHZEDEHEN LN 7.

1000 2000 3000 4000 5000 6000 1000 2000 3000 2000 5000 6000

(a) Amplitude change in frequency domain at (b) Amplitude change in frequency domain

environment no wall

Fig. 16 Comparison of change of amplitude in frequency domain
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3.5 ETI 7 —%EF (SVR) DfER

328k b, AL KEFIZOWTERYEHE Z &b hro7z. £9, SVR
EHVWTOREE Fig. 17 12R7. 202 &, RBEIZERONREDMAE, e
HEE L2 REDAETH L. D0, EMOMHEIEA L VY DRRO X 5 72 iEkE
DNTBZehbnd., TDd, RKOZFERE LT, ZOXL Y IYDRBUZE
NZIFR > TWBD0EFHGT 5.

ZDEZDENTNDOPERE (Coefficient of determination, R?) & Z 3 ¥
EFiER7 (Root Meen Squared Error, RMSE) T#Ei U 7z 5 % Table. 5 1Z/R7.
DLEDKER KD, SVREZHAWSZ LI2& > T, 5 [deg) MTD#ETHET S
ZEMTEBZI N bhrotz. ZIT, EFIMIR—ZATORRIZONT, BEX%E
T27-012, BUROFEREBEIZODWTENTNRIEZ1T .

U723 O, FNBOHF, AC—7I1220nT, ZOMAELEMNIEL
MoleDPeZEHET R, BB 351H ~ BB 353HMTENTNIZOWTHHIEIL T
ARG

Table 5 Result of SVR

Place R? RMSE [deg]
Anechoic | 0.8 3.5
Real 0.7 4.0

29



+ estimated (SVR) KA
True
40 .
20 1
0 -
720 -
_40 -
T T T T T
-40 -20 0 20 40
(a) Result using SVR anechoic data
+ estimated (SVR)
True
40 *
201
0 -
_20 -
740 -

T
—40 —-20 0 20 40

(b) Result using SVR real data

Fig. 17 Result of Experiment based on SVR
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3.5.1 &5 F DL

A, HKE LT, TSPESZHVWTWS., 20 k5%, FEBEES %% <
FiolzT =R %S ZEDNWEMTHENE I %R T 5.

ik, B—0EIOEERLZEDOHETHEMKIZT -2 Z/FHKL, SVR %
DPoTETMEUZETVEHAWT, HEEITV, OIS SHFER
B35, ZOMR%E Fig. 18 1Z/:_7.

Fig. 18(a) ~ Fig. 18(c) &, H—D&EZHWHEIE, SVR ZHWTHH#EE
ZTAHILIETETVARY. ZHEFig. 140650050, B—DF %20 H-
AT DOHEIIIERBERE R ZENTERW. TDRD, AEEHETET S
TEMTELhomeEIONS.

Z Z T, 800, 1000, 2000 [Hz] TD 3 DD F— R &2#fET 5 Z LT, 3 DD
BOEHREE DT —X2Ey b2ERLEZ. ZOTF =Xty b & HAWTHEERZ SVR
DETIERL, TAMT—XTHEEL 7Z#E3R % Fig. 18(d) IZ/mR7.

Fig. 18(d) D& 512, 32D T —X &2 L 7T — X ZHWTHRMMITE 2
Molz. ZOBEID, FEREMEEOT — X OEEENHETE 5.

ZD7=®, TSPEBSD LT, FEBEEBIZBELT, 2<D0T7—2%2%D5dZ
EMTEBESEZMI ZEBETAUR—ATHRLBIZE AR TH D EEZ5ND.
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3.5.2 ¥ BB OO

Zlal, AT EOREEE LT, SORFORIEDZEEHWS 728512 1000
[Hz] 7> 5 2000[Hz] D &R ZMHEH L7z, SE, ZOXI0E2HND5 I LAHART
HEME DD EMERT 5.

JiikE LT, 1000[Hz] *5 1000[Hz] BEIZINE T RO HRTTF—X v
NEERL, ZNZTNOWERE, —FEIPELREEZ RS 5. REThE
1 Fig. 19, Table 6 IZ/R9".

Table 6, Fig. 19 &0, 0~ 1000 [Hz] & 6000 [Hz] A EDEFD T —XIZBIL T,
FUSHRERWENZ L2005, ZOFEKRELTE, 2RFAoN5. 1RHIZA
Y= OHFDFWBISE, 2HEIE~YA 7 DRBREOFEBINETHE. A —
A DRFRPEHBIGEZEL T, HHLTWS A=A OFEBIEE X0 ~ 1000 [Hz|
IZBWT, HAOMELS Lo TWa., ZORKIZED, 0~ 1000 [Hz] IZBWT, &
ML LR\, 0~ 1000 [Hz] IZBWT, SVR OHEEHERNEL RotzbH
ZoNb.

RIZ, =47 DOREEIZE LT, 5000[Hz] A EiZBWT~ A 7 DREED Edio
TW5., ZDkH, AC—AD & & LFKIZ, 5000[Hz] THRAIEENTAD,
6000[Hz] %82 % & RMSE 10 [deg] 1272 D, Fig. 19 TRZBEOTNHIHS i
RKELBROTWHEEZEZLNS.

B2, 2000[Hz] ~ 4000[Hz] D EMENRF K, ZOHTH Fig. 19 T, 2000
~ 3000 [Hz] A& N\WIZ X, Table 6 TlX, RMSE 23 —F/NE W\ D1 3000 ~ 4000
[Hz] (2R 2B Z NS D A=A DN & v A 27 DREFED R & Bk
DL LD EHERETHE-H, ZELTWEZOTHILEFEZoNDS.

INSDFER KLY, SEMGEEL 725 572, 1000 ~ 2000 [Hz] i 81 % KR
DEVEETH S L WIREIZDNWT, RERTIIMEETE R o7z, RER
T, Y17 AC—NDOBENLZET D2RTHNE, ETNVEERT S LN
TEbrbhor.

5, ETNR=—ATHLBIZIEAC =0 o BT FICEL T, A¥—hE
XA OHFEHFAF D XY TR, RBERSLZEOEI ZHWS Z EVER)
ThdIZehbhrolz. UL, BORMREDOZEILZHWS Z WA TH S
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PEPIZDOVWTIIAERTIE, MGET DI N TERh Tz, 5, E-o7 Gk

THIFLTWI S &EZTWA,

Table 6 Comparison of R?, RMSE by change of freequency range

Frequency Range [Hz| || R? RMSE [deg]

0 ~ 1000 || 0.692 14.218

1000 ~ 2000 | 0.934 6.482

2000 ~ 3000 || 0.939 6.437

3000 ~ 4000 || 0.969 4.469

4000 ~ 5000 || 0.955 0.826

5000 ~ 6000 || 0.915 9.780

6000 ~ 7000 || 0.786 11.067

7000 ~ 7000 || 0.624 15.971
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Fig. 19 Comparison of frequency range based on case that I create models indi-
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3.5.3 {5 2AE—H DL

SEOERTIE, FEHFEDOAE = E2HWTWS., L2L, THUHEREKALY —
HDGETIEE SR D0%2MHRT 5.

FIEIEERER A=A THRUZEDOTF — R E2FARI/ERLZEDTSVRE2H 5
WCETIEERLZ. ZOLEDAY—=HIZONKYO DT —RAY—=HT A
74 GX-D90 ZH\WT WA, GX-DI0IZDWT, i L72¥DEE% Fig. 20(a) IZ
KT SE, ARIFZATUVAAE=HLEUT, 26 TODIEDTHSH, Fig. 20(a)
DEHZ, FADATLELD U7z, BIHE LTIX, =20 AP SHERHIE NS
TXILEBTHEMIIEZOTHD. ZOERICBIIDHERZ Fig. 20(b) ITRT

Z OFERIL Fig. 20(b) &7 o7z, 2D & D RMSE 1% 24.961 [deg] TH 0, K
HEAE =2 W56, INETOYHEAY —hZ2HHL 25L& HhAT,
SVR COHENTERL BoTWE I Db h 5. UEDHEEIY, A¥—HhE
UT, FHEAE—=HZ2AWEZZLIZETNVR—-ATHLGEICSE AN BRTFET
hrLEZOND.

*  Estimated (SVR)
True
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S
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T T T T
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(a) GX-D90 ONKYO Inc. (b) Result of the data by spherical wave

Fig. 20 Experiment for speaker speculat speaker
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3.6 SVREZAWEEBEEDER

SVR & H\W7=156, WHARSEE OE D f % §47E 5 [deg) AN THE T 5 Z & A
T&/., ZO&S e TcERMEE LTIE, MKREROHAA L H 5 HIRET
DINT —ARY MV DT ITERA LB RD D - 72, Z D72 BERIZ DWW
TlE, Fig. 4IZTTTIZRLTWS., 2D &S 22 b0R#%Z# > Z £ TSVR
TIIMECETNVEERTHIENTELZLEEZIT WS,

UL, B 33HTERARZD, ZD &S BREMIIETIVAR—ATH BRIZIEHE
ZTWZ L&D, ZORRKE LT, BETPMOSOK T DOHENE X
L, WKL LT, Er0MTFIED Beamforming %% 2 72. £ Z T, Delay-Sum
Beamforming % H\WT, SNRYMADHFLNPOKP LU TEZE 208U, 2050
s 2 HWT, SVROETVEMERL, #ELZHERE Fig. 21 TRT.

Fig. 21 £ 0, $EIE Beamforming fii & D K F L7, ZOHBPE LTI, 2K
HBELEFEZTWA. 15 HIX Beamforing DREEHFE . L0, 4fHlO~1 7TV
A TIRIFEAEDEEVRARAIRETH 2 Z bbb, 2 HIE, YRR DZEN
RKEVWEWIHTHL. WREROEREZ DI L L TS Beamforming %
W5 ZETEDIFRNED, BENEKLLZEEZOND.

* Estimated (SVR)

40 4 True

204 pe

—20
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o

—40

T T T T T
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Fig. 21 SVR result using beamforming data
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72, SVRIZBWT, BEEBUCEGEDLZDh, YO LS RERERRZ L%
FARD12DI1Z, ERDIDOWE /85 A M) w ZEHZEEE2 FAWNT, BiEziT-o 7.
Z DIRFEIZDOWT, % 3.6.1 HiTITD.

3.6.1 HYR— MR Y —DEW

£9, ERSAMEHANCT, B—, B, B=FRSORBEBICE T SEAEHED
AR MBERETOT — &, BIERBETOT —XZNTN TS 5. #EE% Fig. 22
AN

ZDESIT, MHFIFMEZEIBREMLZLTVWE I DD NE. ZOEMIICY
R— MR Z—FEHLTWS LD IZTEZONS.

Wz, NI ANy JEGEEMEEZ DL WTHEN 2T, ZOFEEHWS/-
DIZ, H— RO OE 2RO ETOERSE 3L LT3R Tay T
5. TOXIHAEE, EBOT—XIZ5REO & S YRR 2L b 5 BRI
WA ZET, 3t 7my NUEBIZH HHAINRE 23252 0H 0, I
SETIVLDERZNL TSI ENTE S, SHOHE, AEMHN-50 755 50 Tl
LTWA728, HEED &S iRl R T NRNE Z & EFE L., B8R —
R, EBRET —XZNETNO#E%E Fig. 2312RL, ZDOEED, LRI DOHE
5. % Table. TIZ/RT.

0.00 0.00
800 1000 1200 1400 1600 1800 2000 2200 800 1000 1200 1400 1600 1800 2000 2200

Frequency [Hz] Frequency [Hz]

(a) PCA anechoic data (b) PCA real data

Fig. 22 Result of PCA
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Ly
dblbensan

(a) Parametric eigen space method (b) Parametric eigen space method

of anechoic data of real data

Fig. 23 Parametric eigen space method

Table 7 Contribution rate

PC | Anechoic Real
PC1 || 0.73 0.52
PC2 | 0.18 0.21
PC3 | 0.03 0.09
SUM | 0.91 0.82
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PLEDFERE D, B U 72ET — X OHITIZ AN AT & 58k BE»H 5
Zlidbhrotz. THIT, BIEHRd5 02 X5 RER2HOLTVWS.
ZDEIBRED, Tihifl & S O A PEEHIE DK & 3113 5 72 BIfR AT,
H5ZLIETES. ZDD, YR-IRIZZ—IZXBMEIEIARETH T & E X
L5,

3.6.2 JNIEMREICDWTOER

EOE, EOMETDOT—R2HEDEILIZL-T, ITNEFTT—XZ2HED
Tz, BHZ, I AY =7, <12, AR VFHOMERBRTOT — R Z2#HEG LT —
Ry b ERERL, FHETD LT, RADAETDHANADOHEEIHHTE
5D DIGEE T > 7=.

SH, FHTA2T -2 LT, $FET—XL LT, EEETCOT— X2 MH
T3, 127N EHOERM0.5m TOTF—X2FEF—x2 LT, T3
ZeT, ¥PEEF, TANT—RE LT, ¥1 27 xR EHEOKEE0.2 [m] TD
T RDOMEEToT-. ZOW, ¥4 278KV 7 LA % 1DADMA (micl), 2D
DAFEF (micl, mic2), 3 DA (micl, mic2, mic3), 4 DA (micl, mic2, mic3,
micd) D AFHDET NV EFKRT S, TNEFNDETNVEHNT, TAMT—X
DI DHETE %2475 7=,

DL ED, HEMHEZ Fig. 24 IZRT.
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(d) Number of microphon is four

Fig. 24 Comparison of result about the difference of microphon
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Table 8 Comparison of result about the difference of microphon at same envi-

ronment
RMSEs [deg]
Mic number | Micl | Mic2 | Mic3 | Mic4
One 3.2 1204 | 316 | 31.6
Two 3.4 4.3 | 28.1 | 30.0
Three 3.4 4.4 3.5 | 194

M UBRE N T, Iz E2 7560 EIIBEN TR Z Lhbhrorz. L
U, 72UDNZ, XA 7 DB HEZ BDIFEIZEMDIEIZEDIRD EHITHhoTWw3S
EIOICRZAD. ZORED, ZUizwaM k74 2HWAZ T, Pk
MR EDB I N TELDTIER VR EEZSND.

ZDXA 7 DAEZIERT I ERDPPMREEZ @O L 72DICAEHATH L0 % &
DENZHARD 72012, 420Ky TLADADDEINEIZHEA 7 %M
WTC, H—BREOT—XE2HAVWCIHiiZ{T>. £9, LRERKICI 70807
L1 % 1 DADMA (micl), 2 DDAEH (micl, mic2), 3 DM (micl, mic2,
mic3) O 3D E TNV EELT S, I, TNOSDETIVIIHLT, FHT—
2 U TWEHL TWARW micl, mic2m, mic3, micd DF —XE2 T AT —X &
LT, TNZEFNDETIVEHVWTHELZBOZNZND RMSE %2 F & b7-k
% Table 8 IZ/RT.

TNEN, RMDO<A 7 DALEDOHERE IZFEFITENZ LRIV 9 5.
U2 U, micd £V —YEH L TOWARWETDT —XIZH LT, 127 0HN
R BT LIZRMSE OFEEIINI K BoT WD I EhRbnb.

PEDKRED, 5B 7 DHEHEPTIEREINETDT —XE2HPT
ZeiZ&koT, Ko WRYMEk, A —AOMERKIZONZ NRETIVEFERT
L5ZENTEBRLEZLNS.
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4. 78, RDOEWL, EHEADIGAEER

4.1 E5REB

ETINT ) =% (SVR) THWZEHED 238D IZDWT, A ADOHEREIZ
DWT, UFD 3 HDOEBREKMEDOLEDD 5 72T ED & S ITELT 2 D0 %M
FEd 5728,

o XEGHIRD B
o HEPKOKE S
o XEQIDE

ZNFNIZONWT, FARZHMIZOWT, @k d 5. £3, HEIZOWT, &
D PRI EYMR DR E H, LB RIS EZYERDORH DM X IZ 2 Z g
BrZITrEZoNS. TOD, 2200HMEDS. 1 mBHIIMELRD S
I & BSOS DOREAED 720, 2 HIZMOMBICE>72 SVR €T
VDS HER DA S 2 MEED 7= TH 5.

WIZ, REJWZDOVWT, KFZFOKRE I IIHRYRDIE, S, ES @8
25, R, ANAEOLARIZELT, HELLBERERD L LEZONS.
ZD7=H, 3DOHMNNDS. 1 BEIFKE I RO DI LITEH D FHAAHEE DA
BOMGED 728, 2 B RYRINE & AL AREE 2B 1T 2 BIREDMEED 7=,
3AHEIIMLDOKREXTSVR ETNIZ LB HNAHEE DG OMGED 72D TH 5.

B2, MREOBPERDGEIZOWT, INE CHROBHRAIIRTH B
DHEEIFIZDOWTIHERTE 72, YIRBRDHS NTES 2D INETDSVRET
WMZE>TOHEIZH L WEEX, PL—=v T =008 e U-fERE2H->
TDSVRIZE B AMNAREIZ LA ABIZOWTHGEEZTS 2 2HWE T 5.

FEEROREFIZDWT, Fig. 25 I2TRT.

43



(a) Material is glass, Size is 200mm x 400mm (b) Multiple plate (Material is cardboard,

Size is 200mm x 400mm x 2plate

Fig. 25 Exsample of experiment environment for checking the changes in char-

acteristics of material, size and plate number

Table 9 Three types of sizes to verify changes due to size

Size Name || Height [mm] Length [mm)]

Small 50 100
Middle 100 200
Middle 200 400
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Table 10 Parameter for experiment checking the changes in characteristics of

material, size and plate number

Parameter Value
aldeg] 0
Y[deg] —45 ~ 45 (per 1 [deg])
0[deg] 0
[ [m] 0.2
ls[m] 0.4

4.2 BBty T4V

FERERI L, BB EM R EB R P IE AN AR S1 BE IS B W TR
EiTolz. MEETREAL, ERETHOEBELTE, BI3IRHIIBWT, FER
BTHHENTEZ Wb o727 Th 5.

TNETNOFEBRIIOWTHMZEE 4.2.1 i, 25 4.22 8 TR T

AREBROEIEIZDWTIX, Table 10 D & 5 REEETIF > 7z. Table 3 TOZEH
MELUT, ¢ %&-45 [deg] ~ 45 [deg] 12, [, 2 0.1 [m] & L7z, £9, 54Miko
FAif DZEALDOHEIH o OZEHEMEFIE, 55 3FITT, -45 [deg] A LOHEERE DR
FEOBINZDOWT, KEEPRS>TIRWNSEEEZ 2. AEBRTH-45 [deg]
PAR, 45 [deg] A ECTIEKH & OIENHREIC D L EZ, AL, RIT, <
1 7 etk e DR, OZEEMEIX, AEBRTHIT 2 FHAV/NS WIGAIZ,
PR 1, iE N~ A DS REBOAMADEMEN NS> TULEY, A
HHEENLHEL WL EZXT27-DTH 5.

4.2.1 M, KEIER

BEXZHE—IZUEHIA, XR—LO2EEOMENZN LT, ZNFh, Ta-
ble 9 D 3FHDOY 1 ZDOFHHNZHAZE L. EXIZEL TIE 3mm ZER L 7Z.
7, SEFEHALEZATI A, XR—IVDEHE% Fig. 26 IR
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(a) Glass (b) Cardboard

Fig. 26 Experiment Materials size: left is 200 [mm] x 400 [mm], middle is 100
[mm] x 200 [mm], right is 50 [mm] x 100[mm]

4.2.2 EHE TOEER

SEYIMAE LT, XY ER—)b® 200 [mm] x 400 [mm] % 2 AHZEL, £z
1727, ZOI, 2BOVHEDET APEMIZZRDS XS ITNEYkEEREDT-.
ZD2MEEREDLEZBICTEZ2UNI A 70 H 5 HM%EER & UZBIZ, E
2N TWBIR, A0 [degl & & X 7.
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4.3 #M#, KESIERROFER

SHDEET—XD>5L, 6MDT—R%E2EHHWVWT, SVROETILVEZNE
NWERR L, 550 29D F— R LT, AMADOHEZ L TAKERE Fig. 27
R, 2, TOL ZTOWER R? & P SR RMSE (22 W T
Table 11 (277

9, Table 11 £V, FHZ RMSEZB L T —45 <o < 45 OHipH T, HZEE L
TWz5 [deg] A TFDMEEZ BT I ENTE LD o7, HIKE UTIE, 35 [deg] PA
EDE ZADMEDNIEFHIZKE LS BoT WD, ZDRFIZFERIFOD RS O 4 FE
DAL, AE=HADHEDAVRENEZ NS, FRZ, AE—HDAXVIZH
UTC, VHEZEHALTWS O A VIZL ZHEREEZIZH O TR RWwWheE
ZINW., TOAXLEZXLLTWLEDIZH A=A A IDEEE B R DMBE
nH5.

MR, BIRICBET 2 EBRIZOWTI, TN, 56 4.3.1 8, 26 432 fiic Tk
5.

Table 11 Comparison of R?, RMSE by change of material and size

Material, Size | R? RMSE [deg]
Glass, 50mm x 100mm | 0.234 22.737
Glass, 100mm x 200mm | 0.486 18.616
Glass, 200mm x 400mm || 0.740 13.236
Cardboard, 50mm x 100mm | 0.431 19.604
Cardboard, 100mm x 200mm | 0.594 16.560
Cardboard, 200mm x 4000mm || 0.517 18.054
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Fig. 27 Comparison of the changes in characteristics of material and size
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4.3.1 MBEOEWZLBZTILOER

HIALR Y R=IV e BHREZBIZ, 7 ADIES P EEHEIXEDr-7. 2
NiL, H7AOREPEONTH B0, RETOH O NEVEHEIZZ 520
B, HHELPTho/zeEZXONS. KH, XV AR—ILDEDRIRIDVEZITD
LD RMMNH B LD RIGE T, KENPEHICR->TUEY, HEHENED
TmeEZZonbd. Fl2, ZTOLIIL, HIAL XV R—ITIRELR>-HE %2 F->
TWa7D, HITALRXVKR—IVDHREIITELDONEMRAEL THZ. UTIEE
NEFNDOREZINIZBWVWT, HTIALXUR=ILDT — X% LKL 7=BEOkE
RE Fig. 281ZRT. 2D X512, MBIZL2EVWERBT LI LN TES. Z0D
72, ZDXDBEAPBEIBROETDRKEZIDENADAZAVIGEIIMEIZL -
THEMIZZENT 270, MEZNTNIZH LT, EFVEERT SZHBERH 5.

Z DO SIZR LT, Photometric Stereo 2 2#&I23 252 EMMTE 5D TIEAR
W& & ZTW5. Photometric Stereo Tl&, IR GHDED, T —X 2 &K 3
FHIEES Z &2k b, FEERZ PIVITIMAT, ZOROKNEZEET 2 Z 0
TE5. Z0&57%, FHEEHVWDIILIZE->T, HF2flioT, MEORMELE
D7z ECYMRERR AR EHET 2N TEDLLEZT VS,
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Fig. 28 Comparison of the changes in characteristics of material
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4.3.2 KEZIDEWVICELBZTEDER

RKEZIZOWT, HIA, Xrvh—ILEeHiZ, REIVKELBLZIZONT,
HEEREENEL BB Zebnd., ZHIEHE 36HTHRARZD, A¥—=h15
TEEWPHERIZE U TR LS %2 Y1 7 THALTWS., TD720H, Yk
DREIDHELRELZITS., 617, ZOUKRDKRESZIZELT, H5HH]
MRHDEEZOND., TOWIDIZHIZ, BERDEAETITRL, —45 <y <45
DHFPHD M EZTNTNDFAEZH I LS DA Fig. 2012485, ZD LS, &k

DA TIFRIZHEEN TR 572X IR AP ERITEFTE TS R WAENEINL
meEZOND., Tk, SVRTOETIHEDEIZAAL TWD etz 0E
BRLTWBdeEZONS., ZOSVROETLEERLUIZEED ¢ 1327V v R4 —
FIZT, EREEZREATVS. TDH, TOlZDVWT, TUENDET I
TERDBEDFESR % Table 12 1277, 2D X512, NILRBIZENT, e DI
DINS KR BHEIZ~YA 706 DFAMNATRADOZELDIERYRIP/NE T WIFE
Wl wprZehEZONS. FIZIE, 0.1 [m] BENZALEIZ D DR 0.4m DYIR
M —45 ~ 45[deg] MHE U725 B I KA EZ G T 5 2 N TE HHHEZ X 5.
EED S DR EVHRRDE E (hp = 0 DEF), ¥ 705 A28 — KEEH
HUf5C & 2 #iPH I tan™1(0.2/0.1) = 63.4 [deg] D 2 45T 126.9 [deg] TH B. *
7=, TIDIEE DERUNDIE (—45, 45[deg] D) 13 tan=1(0.11/2/0.2) = 35.3[deg]
D 2£5T70.6 [deg] THD. ZHIZx LT, IEH 0.05m OYIKIZIR 5 L AT,
tan=1(0.05/0.1) = 26.6[deg], F/NT, tan=1(0.05/0.1v/2) = 19.5[deg] D 2 f5T%
NEFN, 53.2[deg], 38.9[deg] 725, TD X DT, IE, 50 [mm] D¥MEDLE, IE,
400 [mm] DH DIZHANT, METEHRPENEL DR RE. ZOK, Xt
SMRDIFE BETIEH 508, FARIC~Y1 7, YWIRMOMES EEIZR 5. $ L,
~A 7, YA O#Z T D5 Z 2N TENIE, FNEITHUE T E A IXA
M5, ZD&ST, NEYKRERICY L CORFEREBEEH 5720, L, EEIC
FUETFNEMERTIEIIUIEK, <127 OHBIXEURMEICTIHENH S, Z
D&, MADKEIHLEETIEHZHY, YIREHIZEAL T, MEr2EP LT
WEZWNWEFEZTWAS.
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Table 12 Comparison of € by changing the target object sie

Material | Size (height,Length) €
100,200 10.0
Glass 100,200 7.85
200,400 0.10
100,200 0.33
Cardboard 100,200 0.37
200,400 10.0
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4.4 EHETOERRDOEREER

SIEDERT—ZD>H, 6HLSDT—X%E2EHEHWT, SVROETIVEEKL,
B0 2[5 DT —RIZHUT, HANADOHTEZ L TAAERE Fig. 30 1TxRT. £
7z, D& EDPRER R?120.834, —F P 7475 RMSE 1% 20.35 [deg] T
HoT-.

DX, BHEHITH> THAMNADHENTE LI LR bhro7z. L
U, SR2HOEHDEFE L 72> TWD 200 [mm] x 400 [mm] DX ¥ R—)IT
ER U7z SVR DET IV EHAWT, 2WOFEEOD S HD 1 HD HAAKE %217 -
7% Fig. 31 1Z/R9. Fig. 31IZRT 512, AMAHECITH LU »>72. L,
EEIZBE U TIIBZ LD BHEZ L TWVWA LD IZH /A 5. #HUWERIE, FbR
DA 7L A= L RRYMRDN EBIRDEDS 2B EZ 5N5.
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Fig. 30 SVR result of the data that target object is 2 cardboard plate
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5. f&

il

51 F¥&&b

ARFLTIE, @Ry N TOEEEDHE L WBHYIRREE & o 72 A T TIXERH
LIZKKUIRIZH LT, SHZ2AWSZ LIZ&->T, BIRER#T 52 & TR
TE5DFRVWNREEZZ. UL, ZE TORFFIGEIEOE R T2 o ke
WZERFD D 0, JRIRFLEDHE L W\, F 2T, HFI2B1T 5 Photometric Stereo %
ZHEIZL, SORMEBEBOEOREIICEHTHI LT, ERGhRziEETcsE
LDTIERVNEEZT-.

ZZT, 2O DHIEIZE ST, T BRI ATIRTDH 2 FHEHRD HALAD
WEZITo72. —DHIFETNR=—ATHEZIDTE, “OHEYR—-IRI X —
mllEZE WS FETH 5.

MR LT, EFTNVR—ATHL FEIFEFOFHOHREBIZL Y HEHKTE R
Molz. IRIZYFR— MR Z—[HFzHW=5E1, KEfEZ2~1 7 TRETE
ZHIH (5 RN AALA-45 [deg] ~ 45[deg) DT, §R7%5 [deg] AN THEE N TE
7z. ZOMES [degl EEARY bALDEONDEITIIHATELEATH B L
BEZTW5,

E72, KX T, ETNMR—ATHRITITVWRVWHREZE R 57-I1ZSVR T
ZES Vo EHAIZER L TWA DD, ¥ ZFETSVR TR ATEER DD % KR
FESEER % 1T o 72,

FERE LT, FHEAY =7, TSPESD X S A MEEEEIZZ < DR Z £
DIEZD 2 EMS> ZEDEMMEIZOWTHI L., 512, WAk KE X123
LT, FHETHNIYMAERDO K E X L JIEFTRERIFICBI L T, BRMER D 5 Z &N’
bhrotz. IN6 LD, HEIERIIBII AWK~ 1 7 DIE#E Do 72BIZ, %
DERIZ BT 2UEDETNDHINIE, NEVKRDHAHDOHENTEEZ L
TZ5.

LL, HIEBEIZBIIAREYAEDET VDT —RIIBEL L5720, ZD

T— R EEDDB I EPBREI R LME D S.
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5.2 S1EDREEEEBE

SRR 2 2 W CERREZ SR D 2 B S IREERE >~ T H IO A AHEE X AT 8E
Thb. ETINVR=ATHL Z & THOHT, FEBED Photometric Stereo D & 5 1Z
I RREZ NE T H I ENTE L LEFEATVS. SRIFETIVOEANMIZAT
T, 2RUFEMIRKZEZEZTNS.

—MBEEEEEMHAT S TH L. SEIXKH DIEAD 1000 [Hz] - 2000
[Hz]) TEDZZ 2 AWD O AHgZHEHAL~Z. UL, ESL D s
BDIFS HEAEAE S, K DROEOME IR, BEKZHWTHEEZITV
TTWEEZTWS.

“HRHBIFEEETHE Y 2 TSPESEHWA I L THSE. ZHIEIHB DA
BRERBRT 527-DIAVTWAELZLHIONT VWS, ZORFEEHAVWSZ LI
£ T, AEBEHBOEREMETE 5.

PAE®D 2 RO FIEIZDOWT, & D58 ZHD, Photometric Stereo T
INTWVWB. Lambert EF IV E VW 2 HFEORPFET VDO LI BRET N E T
BECHEMERLTWEZWEEZITWET.
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