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Examining Single Scattering Region and

Diffusion Region for Scattering Analysis*

Kazusa Tsubota

Abstract

When scattering parameters of translucent media are measured, it is assumed
that single scattering and diffusion. The scattering state depends on the opti-
cal density representing the concentration and depth of the media. Therefore,
the concentration and depth of the media are adjusted so that single scattering
and diffusion can be assumed. However, the optical density suitable for mea-
surement is not clear, and its condition also depends on the wavelength of the
observation light. In this study, the region of optical density and light wave-
length of the media that can assume single scattering and diffusion is called a
single scattering region, diffusion region. And the region is identified by using
the stability of the estimation result of the scattering parameter measurement.
In the experiment, transmission measurement based on the Lambert-Beer law
was carried out using a spectroscopic camera, and a single scattering region was
specified for milk and soymilk. In addition, the diffusion region was examined
for candles by modulation frequency pattern projection based on the diffusion
equation. As a result, it was confirmed that the region of the small optical
density in long wavelength and large optical density in short wavelength is out
of the single scattering region. And also, it is confirmed that it can be regarded

as a diffusion region at frequencies of 0.061-0.18 [mm~!] in three channels of

RGB.
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SEEENTIR VIR 2 5H9 2156, BELRGMENE 2 IR DN IR &
WELZFEPHATES., 2T, IR ERE U 720 < D OFHT
BEMNT 5.

AR TR IC £ 2 E8EL/ NS X — 5 &L

AR AT P12 B O T A D L0 i i DAL &R EiE O EREL & R 2 AT L, 77
AN AT %AW EIC & 2 EEL/N T A =R EFHIRZ < fThITWwb.
HE U BHE & AT HEEAMRE AT REZR R VVEEL & B Z 978 — REEL AT U, X 3.6
D& —FIZIBE U2 IENSEELIZ K DR 2 7 74 NP A Z12 &) Bl
TBH5I LT, HFEBHR L OEBMOBEGR» SEL/NT A =2 ZEHIIT5FETDH
% [9][13].

ZHRRREUN Y — R e AW EREL/N S X — & 518

ZDOFIRIE, PRSP ETIIRRERB I —THY, —[{TOFHDOATDH S
DT, A= D IRFEMH DG TR TH S, M 3.7 D& D ITERELEAICZE
MR % ZZ 72BN =2 2 WS OB L, IA T THHIT S, JEEEK
fr =0mm™ DN =2k £, > 0mm ] OEFEL 7232 — > D 2 DORFHE
&> TR LNABIE G, S5 5 NDIEBH LN ST A =22 HET D [1].
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Coaled
oeD |cantraller
Xenon
Arc Lamp
— O
— ,
1000 pm delivery fiber ""’" M comput
6400 umn fibers OCD
e Spectrometer Array
Tissue
Phantom npl
(a) 7 7 A /NTOFHH (b) 77 A Z TOFH

3.6: HLHUSHTE (a)[Mourant 1997] (b)[Kienle 1996]

lens

|

: condenser
bandpass filter |
|

mirror spatial light

modul ator

digital proj ector?
—

tissue or phantom

3.7 KN E — VB TOREL/ YT A — & EHAl [Cuccia 2009]
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B4E HEBREOREFE

4.1 HENIA—YDEEMICED WEIEEE

INT A—=ZRGFHINZ B WTREDINE % 9 256, BIHISMIZ X > TIEPRALS
ML URVEMENH L. FIZIEHELNT A —ZFHINCB W T B —BELZ KET
LG, PRI OROWENBRGRMEIH Y, SHOWEREIT L ITRER
HEEO D, RFEEIDEN ) N ON, ETEDZEWY) RN EZILND.
B 4.1 1F 5 —EERE % FHZE S 2 BRSO FIROBE R TH S . BHIEM: (i)
THDHOPET L IBIGME (1) ONFPHRE X 2N —BELRED LY L TIEH &
12, ORISR EMIT U TH D, KX T, NT A—ZFHIIFEIZ
BWTRED LD L OBIHIGAM & ik L UTRET 2 FIERIRET 5.

IREDER ) S OB B NTINT A =R EHH 217D L EMER /ST A —XHEE
MINDIETTHD. THIIMKED LY SEDMEIBIZENTE E R, TNENOEH
ZMTHE IN/ZNT A =2 IFBHIRMG 2D T ~EDME2RTLEZLND. L
MU, RED ) L 72 B WVEIRIZ B W THE X N2 /8T A — RIS IEHE TIE DK
DAL DR T OREE /N T A — R L IFRRDMEEZRT. ZHISEROBIHIZMAE ISV
THEINZNT A—=REHZE FIL, —REDLELEEZ R TERGMTIE
MY NLD, BRBEEZRTEGZMETIHRENEIL L BENWEEZS5ND. ZH
LD BDEDHEZRITD. TITARMXTIE, AFOFMET/NT A — &G HHIF
FEIZBWTH S BNE TOBMISMDMER % FE T 5.

1. S 2 REE U2 W RE IS IR T 2 5HIIFEZ VT, HBOBHIZGRMAICE W

TINTA—RYEEERITD.
2. BUEMZ L DRETEINT A — BN SRR L T2/8T A — R % ARE KL D FLHE &

ERSR
3. FMENT XA =R LW /INT A =R 2L, —HEIZ& > TIREKRZO A&
2HETD.

KX T, #E/NT A —=ZFHITOR—HBEL - L2 RENRDIE L 5.
PAURIZ B —HGEL - L% (E AT BB 72 T T D BLI SR D IS % T 1 T B — L
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AEIK - PREREHIRE U, BRETIEZEND.

B (e T
W 5 R

AR X

B g ()

BlZEGD) - B

4.1: ARFE D EE Y SEDEIHI S 0D FE I R X

4.2 B—gERmEBOREFIE

B —HELSHRORE FIRIC OV TS, ZDE SHR—-FELZIRET S FiEE U
T, 31 ETHRALIY A= PETOEBUHBALEHFER2ZEN T 5. Thic
&0, BALHBRE o 350 (3.1.2) IZX D EHRTE 5. BALHBREIZRRMKIFT,
BRETCIFHHRETEDS 2, UTFTOELSIIRTIENTES

0V

o(\) = ——log 0"

(4.2.1)

Y A— MHETOEEREHH %2 EHONFHRIIZENT, ZEETOFHH»SE
BERIZEWTHRMBEBEABER o(\) 28R 5. KEEILIZ, HEOLFRI D
o(A) MO —EDLEL /-t De BORMERM op) £ T 5. o()) & ogpy ZHE
U, B—HELHEZRETD. 22 To(\) ~opn BHIE, B—HELD KK &
RETEDIENS, TOL ETOBMPRMAIFRE-BELHEBNEEZEZOND. F/2,
o(N) # ogp RO, B—HELEENE B D.
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4.3 IHBFRABOREFE

PRI DR E FHRIZ DV TN S, Hiilz ET 2 FIRIZIE, 3.2 BTN
AN — VB 2 V2B N T A = R EHIFEEZ WS [1]. ZOFiE
TIPS & — > e HELERIC B U, SRS T DU S R %
FHAIL, #EECARRNIZY TIED S 2 & THMEELRE, WIRE = #E T 5. HLE
IRFETIZBELIZZ EEL P EMEICE Z > TV 2IRETHZDT, IO LS
W2 VNV b - R=)VDIEA] (K (2.2.3)) THIEFEEZRTI L IIRETHD. €2
T, HLECRETONRMEREZ KT 72012, PANOILECELL T CHLEARE R 2 WA T
x5

V2 — 2 = —3puq. (4.3.1)

ZIT, 9B 7NVT VAR, ¢ 130K, p FHEWEEBET pe = po + 1y peps 3L
BRI presr = Bpaie)/?, pa EIREL, w0l IZILBURE TV 5005 Sl
BLBRET . = (1—g)ps 2. ZOIBARRITENT, SHIFRIZRR D R
RO I IEKIENR — Y 2 E 2 75, IR ORI &V & JEIRECT OEELIEAR D HE
USSP GHRTE S -

3Ad’
(Hipp/be+ 1) (e s p/ e +34)

ZIT, k=2nf, T fo MBI [mm "], pl,, 3EFBEEIS T 2 EHH 2
HEEEREL 11l = (02;; +K2), o IZHEECRETOBELY VAR o = pl/pe, Al
BARDESTRIZBET 2B TH 5.

$70, BT 88—0 r UCIEABNE 2 U B E UT f, = 0fmm]
& fo > 0mm Y2 DDNE =V EMAT S, HEE T & OILEU R ISR
{3 B#L (Diffuse modulation transfer function): ik MTF TR I N 5. Bl
N2 IER /SR — Y O, SHFITAEDO®EL2RT LN TEIRVZD, ACK
WL DC KAROERGDLETHY, BHIIND KEBREFZLATDOLSIZERS
nd :

Rq(k) = (4.3.2)

I =1Iac+Ipc. (4.3.3)
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ZIT, BlHIINE AC HAEATO LS IZRES -
Tac = Mac(z, fo)cos(2m fox + ). (4.3.4)

ZIT, MaCEEE 2RIV, AW fp ZET2HIE, o FHERT. Mac

218572010, Mifl%E 2/31 $OF5 Uk, Al a = 0,2/3m,4/37 DR UZ%EE

BB OERIF/INE =V 2L, UTOXDIZEHEZITD ¢

V2 2 2 211/2

— Uh(z) = (@)]” + [12(2) = L) + [3(2) — (=)} /7
(4.3.5)

Mac(z, fo) =

22T, I, I, [ ERHY 7 R U2 a TOEE 7RV OBIEETHS.
72 DC R Mpe &, fr =0 COEREPEBTOBHBEE?S, UTFDOXDIZFHET
X5 :

_ 1
3
JEPBGRIRIZ BT, MAC(f,) ICEOBIE Iy, 55 AT ATOERM/SZ —
> D MTF f%é MTFsystemy ﬂgﬁﬁ%ﬁi@%%ﬁ}iﬁﬁ% Rd 73‘5,

Mpe(z) [I(x) + Ix(z) + I3(x)). (4.3.6)

MAc(l‘, fx) = IO . MTFsystem<$a fac) . Rd(:)j', fw) (437)

ERED. INLY, BERIOAZERMEDBEEA T OILBUK A REE 2175 Z £ T,
B L 25 AC D Macref(x, fz) ZEHHETDHIZEY, BEY AT LADKIFER
EDESMENTE L. HEOHEKI R Ry, ref(fr) ZFHWT, RO &S IZHLEL
R REFHETES -
Mac(z, [z

Ra(, fz) = MAC,fe(f(x]j sz
ZORITEY, FHUMICIEBK A RN G ONS. AR f, 2 0[mm 1] DEH D
LE, h=0&Y = /A @) EAY, R(432) kY, ST
RRa' = pl /e DEHEATBETHD. ZHUTEY, k> 02802 KFBE f. Ok
SR Ry(x, fo) DO i, uq ZHETE D, BIHISZMAL LTI, ZOFETIL
FHEIDO L DTHDEEITHWEE f WRIRT D, Lo THRE T DEHIGM:
TR L OB ETH D, HHOFEBRTORY 2L EETHEIZ L, &K

7 Rarer, (4.3.8)
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BIZBWT (), ta(N) 2HEET . IR LN, BEOFEBID 11, 11g 95
WIS 1y = 11 + 11 BIEDN, ZIHH DR S > HEL BB EDE R
O, RS ur(). EF5. (N & ur(\) & TRTHIEL, HEkGE %
T, 22T\~ pur(\) B5IE, HEAERNEETES LD, 20
S OBIAIHSI IR L E 2 5NE. £, 1)) £ pr(\) 85 IE, HEGEE
N5,
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H5E HAEFERR

5.1 B—iELEBRERER

B — IR E T2 IR ICEA U, SEBRED DD FERETS . M5.1
1E, COFEBRTHALZFREEZ RT. WRETDHELURIL, BOE Y IZHDH
TR UCHA L HAZ AV, KT EDEEICHERT 5. R 0.03% 1.0% T
Ho. T ADKENONREARDKEZFAEST S LT, #EE% 10mm, 20mm
, 4A0mm IZFRET D, WREILDOFEWMERD 2O 0 HREITIE, 75 HEEN
500 900nm DINA IS—ART MV H AT &SR EREZ FD 3D A — b
Lnar v HEEZFRAT 5. SEEICEWT, KX (3.1.2) [k D BAHERRE R
BT LIk ) WL R RE T S, 5.2 1K, B RIERE - BREICB T
B HEFLODTHIIERE iy 2379, B 5.2(a) RE 10mm TlX, 0.13% 0.5% D o(A) 1&
TRTOWPRITLIZ—ELED, 0.03% 0.06% TlE/ 1 XA KEL, 1.0% TIEEEH
B CEMMNTN S, E72, (b) % 20mm T, 0.13% 0.25% @ o &3 RTD
WET—ELED, 0.03% 0.06% TlE/ 1 XWKEL, 0.5% 1.0% TIHERELCME
ATV D, (c) BE 40mm T, 0.03% 0.25% D o(A) IETRT I LIZEET
—EZDY, 0.5% 1.0% O o(\) IFFHEETIIAN/MEEZRL TS, B —HELAE
ERET D OIT, RERET—EDOHMEREERL TWDE D)5 EEHEHHIRL
RPRET D, RTIE, K53 117, 0.13% OWRETORERE 10 40mm D
% HEERE op LUTHWS., K54 55 I FTNEN, FABIOEGAIIET
2 MRS L SR e Rt (1202n)) 2R U Tv s, @R
fExERLTVD. HF(~0) ko) M or(\) ITIENZ 2 RLTHY, ZAdHE—
HELE T H D L B2 END. —F, FEOa»H S RO, FHOHEELY £ X
IBRMNFRAZRT. IO056, BVIRETERENPRIWVE DR, KK E O
1, B—ELESAN TH B e 2R U TV DRI REENHARTE S, BVEET
EENKIVEBTHENAILZ->TVDDIE, K2.6(b) DES I, BEIND
FHDBEL, ZEHRILICESOTRELOTRDI A VAT Yy &) VT DRI N,
THEEVEWVEETEZID XTI LZ2RLTWEEEZILND. /2, BVE
JEP DN BRIEBEDFIKT ) A ABPKEINZ e 2RUTWD, ZhiE, HELES <
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HDOREIREINNI T ED 20, SN HAWENZ ETREL TV EEZLND.

HCEL B

5.1: B—EELAERE ROy Ty T

0.60 0.60 0.60
. —0.03%
£ 050] S 050, 5 0.50 P\
£ s & . ——0.06%
SE 0.40 SE 040 ; S
3 & 04077N = N = —0.13%
B = (40 = 030 TN = h
H = “ e e B —0.25%
= 020 \&\”_ = 0.20 AR X
g ~— ~— 0.50%
0.10 0,10 - 0.10
450 550 650 750 850 950 450 550 650 750 850 950 450 550 650 750 850 950 — 1.00%
#idE[nm] # L& [nm] i §% [nm]
0.40 0.40 0.40
e 035 0.35 0.35 —0.03%
2 0.30 hy 5 0.30 fa S 0.30 0.06%
B A - % F = — ),
3 B 0.25 ¥ S 0.25 | W 0.25]

W = 020 \ = ooz N & N —0.13%
= 5 = 5 - = =
mﬂ = 0 = 015 e = —0.25%

= 0.10 _J = a0 WM«‘:, = ;
= 0.05 A = 0.05 = ) 0.50%
000 — 1 00 0.00" — 1.000%
450 550 650 750 850 950 450 550 650 750 850 950 450 550 650 750 850 950 Al

1 [nm]

(¢)40mm

# % [nm]

(b)20mm
5.2: #EXE U 7= BAALIH IR R AR

P41 [nm]

(a) % : 10mm

5.2 LEFRERTERER

ILHCEIS R E R 2 EERICEA L, HEBREDZODERZTS. 5.6 12
EBROERBREZRT. hAZ, 70V 22X —I12FZTNZTHN RGB T A5 :
Point grey glasshopper3, L —%—710Y 7 &— : Vivitek QUMI % H\%. F
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Concentration[%)]

0.6 0.35
0.5 0.30
& 04 & 025
£ &
% 03 & 020
2B 02 & 0.15
0.1 0.10
0.0 = : — = 0.05! _ =
450 550 650 750 850 950 450 550 650 750 850 950
i Fe[nm] #4%[nm]

5.3: FEUEGREC : B 0.13% - EE : 10mm,20mm,40mm D1

0.30 0.30
o o
S S
- 0.25 - 0.25
o o
3 g3
° 0.20 < 0.20
n o n
o 2
© 0.15 [ 0.15
m c M
= g =
© 0.10 g 0.10
© Q o
S 09
e 0.05 e 0.05
m [ar]
S )
e 0.00 © 0.00
450 550 650 750 850 950 450 550 650 750 850 950
Wavelength[nm] Wavelength[nm]
(a) R : 10mm (b)20mm
0.30
o
S
- 0.25
o
TS
= 0.20
S q
ge° 0.15
£
Qo
2 0.10
S8
° 0.05
[v2]
°
° 0.00
450 550 650 750 850 950
Wavelength[nm]
(¢)40mm

5.4: AL O AL (L)
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0.30
o o
S S
- - I 0.25
o o
T3 g3
< < 0.20
SR S
ge° g° 0.15
£ £
Qo Q o
2 g 0.10
Q o]
o8 o8
e © 0.05
™ [+2]
S S
e ° 0.00
450 550 650 750 850 950 450 550 650 750 850 950
Wavelength[nm] Wavelength[nm]
g .
(a) YREE : 10mm (b)20mm
0.30
o
S
- I 0.25
o
g3
= 0.20
S ]
g
ge 0.15
& -
Qo
c 0.10
38
° 0.05
(2]
=
° 0.00

450 550 650 750 850 950
Wavelength[nm]

(c)40mm
5.5: B—@ELaig O AL (GFL)

7o, IERRNSNA =V EZRETEZ IOV 2 =%, READATIZHURD S
DO RS 2 72 O8I KB DB % Z T80, B EGITMRE A 1920 x 720 T
1 5.8 2R 9 2R EREAY, 0—0.5[pizel 1] DELH /N —V 2T 5. FpX
N8B — v OB BUS AL % [mm 1] (28T 5 L, 3lmm/pizel] 23T &
PIN, 0— L5[mm™] LA5. NEBEIIZTYY R ERL, K57 ICRT &
SHRYEV Y - AV UYIETNTHRIVEDS 3FHELAD 10ETHD. MHL
72 AZE RGB A AT BDT, FE$ DHLEEIZ RGB D 3 F ¥ )b & JFH K
D 2 DDBNFAFIZB T 28K TH D, X5.9, X5.10(a) IFEREG» SFHHE I
7=, AP L OB R TH D5 MTF, (b)(c)(d) i&ZEhzh, LK MTE
WO EHR I N BUELERE o, WRUERER g, TWHIEARE py = p, +ps THB. TI T,
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(a) OMENTERARBZTOEDEELTVEA, (b)(e)(d) 5.1 1289, FK
BIZHIELAEE n 2K UL T03. (d) OWERREICBNVTEF Y 2T 812, H
PR L TH —E DRI % =T & OOV % HEBNIR D HAE & 72 2 W IRERAL,
HAERE up(\) 55, K511 BEAROFEERB pp 2R LTS, ZHhH5D
SEUEARER . TR B O TR S N R el U, Aiaiss (elpal) %
[ 5.12 1Z7R9. #tllld RGB3 F ¥ 2 )b, RldE 5.1 CORMBMEZE n 2R T
VB, HEEEEANY K, JEERNT, #Ea5HRICHITTREEN A EL,
HEBRAEIAN & Z 2 5B, £ TOREIZHELT, 0.086 — 0.36[mm 1] THLE4E
MEmoTNS, UL, (RJENEY @AM CIREE S & B> T WD, (RJERK
BRI O — MDA X <, BRI S TN E S RN T X HEIK & E 2
bND. F7z, @AKTE, EE L EREEOBIGR b IEIESK Y 2> TV A
WZ &1, 17, 3, 2] %, BEMBENENZ EAFEKE LTERLND.

B 2=

e

\ Il,UJ||

7z H—

oof G4 ~] g <

5.6: HLER ISR A2 SEBRER BT

F 72, PRECREIRE I O 72 LR EUSIE U S HEE I N2 HBRETH D L L
T, FUEERE ur 2R T DBICHW I TO, FMsELARE 1), & RINERE
fe ZHVWT CG LYY VT %4757, IEBCIIEBELE HMEIZE A MRETE S
ZEMB, g=0%,U, TNTHORILAE, IR 5.13, B5.14(a)(b) % W
T, LY VI U513, [5.14(c) Thd. 74 hrIvEr/ick?
Ly &) v JT, 74 bVEIZ20000THD. ¥—IZIZBRIRD AT Z AI2ENTE
NOWEAREL, WIERE % £ 72 BELR DG 72 SN T2 2 e EINT NS,
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() A
5.7: BN KOO RZLZT DY U

n 0 1 2 3 4 ) 6
fn || 0.00 | 0.010 | 0.015 | 0.020 | 0.030 | 0.042 | 0.061
n 7 8 9 10 11 12 13
fn |l 0.08 | 0.12 | 0.18 | 0.25 | 0.36 | 0.51 | 0.74

5.1 ABEEF T n LA f, £OXIGER
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:0.0lmm™ :0.010[mm™— :0.014[mm~

- 0. 020 mm 2 0. 030 mm : 0. 042 mm

:0.060[mm ™~ :0.086[mm ™~ :0.12[mm™

fo: 0.18[mm~*

fio: 025[1’11111_1]

f12 1 0.51[mm 1] f13 1 0.74[mm 1]
X 5.8: &9 D R E PAREL /N E —
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5.11: HRH T & DILHERE ug
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