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(Improved Spectral-reflectance(SR) Estimation Using Set
of Principle Components Separately Organized for Each
SR Population with Similar SRs)
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Abstract

This paper proposes an algorithm to reduce the estimation error of surface spectral-
reflectance(SR) using a conventional 3-band RGB camera. In the proposed method, estimation error
can be reduced by using adaptive principal components(PCs) for each color region. In order to build
adaptive set of PCs, n SR populations are organized for n PC sets by using Lloyd quantizer design
algorithm, Macbetch ColorCheckecer is utilized as initial representative SR values for 1485 Munsell
color chips of total color population and the Munsell chips arc divided subsets and a sect of
corresponding adaptive PCs per each subset is organized. As a result of experiments, the proposed
method showed advanced estimation performance compared to both the two 3-band PCA methods
and the 5-band wiener method.
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Table 1. Cumulative distribution ratio according to number of principal components for 1485 Munsell
color chips.
FAEe 5 1 2 3 4 5 6 7 8 9 10 11
721708 %) 7611 | 9296 | 9870 | 9935 | 9972 | 9984 | 9991 | 9994 | W97 | PV | PVW

(161)



14

EE 7alsich webk RGBE Zds= §lele] o
BRI 2A Al ofd dadl E3EeA o
7} 13k <a® 1>9] 95 Adst A Adapet o] 43t
HlwE B3 glEde] Eghwle W ukabge) Al

2GS 2 o 2 gl TS watke
AAR AR AR 2T FLE GolE g o4
‘<'SH =3 5]'5_" ‘:ﬂhﬂ% :rL‘Jf 1:]—%— /L} % °]~%—6H _C%H‘}A]_
8 243
e
RGB,
difference comparison Poguiation of reflected lights
cgasdedas\bpq;jaim ‘ ....... (Mnsdls?;-::-mn RGSB, (Camera resporse to
for RGB, input i spectra wi f anctect)

$4F 2de wqee e
S o]&T FIME FHe &
Fig. 1. Flowchart of proposed surface spectral

estimation using set of principal components
separately organized for each population of
spectral reflectance.

J.2-
=

2 %Ah ¥ b 2A 7Y
%

el el A 5 %
RellA & 27t 7lE
|

“4"“ °ﬂ‘1 Macbeth ColorCheckerE FA14 o2 o]8-3)
4t & Macbeth ColorChecker®] 2470 MA 85 4
o7 Azl EExE o]ﬁ-z‘s}01 7 SAkE n7fel
Munsell BARE 2o & gobel 2siaa)ss 75

22 AN machks TSl e A 2409 AR
BAS AT 28)v Macheth ColorChecker?]
7t 4A 57} CIELAB3AbA wla g3t 223
o= Bpshy Munsell®] A Hae-g s

1o
L

(162)

HLZE i

ZA otk mel olgA BE A RAT
Agozye 9e 74 mADe Iy W
Munsel AIRH] A ojole Esd oz 2487 9l

3 4 giok 2BlEE B =§
ol Munsell EAsHe] PSS o] ulel
w53 Bdska BgE 7 oo s SR W
HE FeEn gk 7S #A3) slgw 7t =
Akl s Wze) FAE Wl FAToEN 24
ool e o] Ak £9vh. Munsell 24 w8
53 B&ebr] 915t Lloyd A] A g

& A-g3isint.

25

o] F4% ey

w
H

=0
=

Lloyd e uhe #HA3l dwe|Ee] oz
Aoz K H A§sHK-means clustering) B
7o 2 gtk o] W2 m A1) HE] F-7kellA]
78] o1 dlole] W E; 3 5 73
Az KWl 7] st WeleS Ad9sky, o5 A
=<l TSE(Total Squared Erron) & 47} =% o}
3 HEEE vEA g JA AATE daelEelh
£ AFelMs oAkl welel o dle|y] wE]zle)

24, B okgst o] Ao siich

2 o 2

-
= X1

.....

=

700

Z | c;i(A)—

A=400

E

Pr(A)|

A @A Gi(A)z pAst el & A% dAe) A
% Macbetch ColorChecker® &ht9] v;%w}aolml

W ool AlRe R 2 ahakee ojv]
gt 223 p(A) = Munsell 1485709 AAm 3
shie] FRuabe-g Julget 7 FHUALE vlole]
£ 400nmoll4 700nm7HAl 10nm7tAes Eskd 31
A1e] wlolelolu] wbaba-& ovlsta 0} 14te]2] g

Fax

& Zerh A 23 WA= 1435709] Munsell ¥
BlAlg- ZHe- 4] Q) Aoy dEe)7t o418 1A =
A Z= dE SRR ARRRL B =ie
R CIE DS ERTEE IR ST
Arteh 20le) mAlskew Batslo] 7 L] )

B AA Ehiabge Hs o 2Rl g A=
+ HE FHAEE Xé-‘ﬂﬂv} 24749 A2E hE
kAol digh AAlo] 2% Fubd ofgd Ao
AolEl= AA Ehababge] o, TEE v3ivk

r:



2003% 37 EFILEH

1485 700

TE= Y, > l¢(N)—p,N) ©@
n=1A=400
s Aol ¢, (A) e 2999 p,(A)e] Feke A
whe] i gbAbES ovldch o|F A of wAlRict
TE% %Ls}oq o) el G AR Wyes
Lloy Ea-all WUCr. =
A 2] % ?6}71 gk AL <1%‘ 2>9t
Ak
A RS mAlde] 7S vH F AR
2492 Ea) 2 wAlge] dia) M4 S welS
FAsla oFA T FAE e AE o8 1
19 2L Ao 30 shelzt &4 Alsel o
A 3] B S AR
Initial representative colors
(24 colors of Macbeth
ColorChekcer)
§————
Nearest neighbor partitioning
by comparison of MSE
)
’ Computation of 24 centroid colorsJ
)
Compute TSE between 24
centeroid colors and 1485 munsell
chips
STOP )
33 2. A BEuRE RAdE s 9@
Lloydt e} &e] A4
Fig. 2. Application of Lloyd algorithm for building
sub-populations of spectral reflectance.
V. Ay ¥ oF
AQkek B ukabg Ao Ae-g Hrishr] 9
slo] B3 whag 34 2 A rlodE wvia AYS
slodch B3 vk A4S 9siAds Munsell A5
Z Qlel2 12075 Adeisle] 34 A¥E siict vl
@ 24 wpozE 7129 30 F4dy w4, 5o
o 2l &9, Macbeth ColorChecker®] 414 odeiwd
2SS o848 fFAMY 3] FA4E w5 A
Qgh LRSS 7 Fo R R mAIRS o] 8% 3
W F4E BAgel ulasiadek

Er
Bl

(163)

B A% SPiw 2K 15

71&8] 3dYg AR RS fEiMe 1486709
Munsell A 8E 25 o]83le] FAES Axbslslch
<I¥ 3> 148570 Munsell MA®EE 13 3] T4
o #54 9AEE viehdich

Reflectance

400 450 SOD 550 600 650 700
Wevelength{nm]

. 1485 Munsell A gl N3k FAE
. Principal component  vectors
Munsell color chips.

]
H

for

&
1485

B Qdpelie ekl 53 AEE ] st
s vy & o)gsted 10nmAFA 2R Fiefjelel] 5=
AR ohg- wabd AiAQl B3 AEE Feiedch <
3 4> CCDY 5% 7he, AejAxpdge], dl=o &
3 =389 §8F Toshiba IK-CAIMK CCD7}ellzke]
ZF3hdal B e dE JeRich

065t
\
z
£ 090+
@ i
& t
3 i
5 085t
g i
9 080+
H
075 N P .
400 450 500 550 600 650 700
Wavelengthinm]
H 37 =
a7 4. selele] 2% A=

Fig. 4. Spectral sensitivity of camera.

Macbeth ColorChecker®] #4F dofs] mAlghe- o] 4
g 3 FAHE BS Yeide Macheth
ColorChecker®] 2478 A A gol gt CIELAB &A%k
& 71FEoR AAE olgs] ARl Ay mAUg F

Astedth <a2¥ 5> A3 EEAE %ﬁl%}fﬁ At
oy mAlehs FAskaL o] HA] ,] 2R o)e
# MunsellZ3ltholl4] Jeojz Alelxl MAjge) g
HRARE SAYE W SAE B H‘}/‘]’Eﬂr 9 ¥
RS Alele] B FHLAE vepinh

<adl 5>ella Biz mpsh o] 71Ee] Macheth
ColorChecker®] A4k ojodw] mAgkg |83k 3ty

2% AN A% ¥ e B FPe A



16

Mo ZYSE
98 A A A & A5 Al
S 7 mAdel Zgse A AR 49} U
Ao} olefer mARCZRE TG FYE el A
9 £ wbee A s Rakh =@ A o
g wxke] Ags) $7b 4T HAE 9 A, A
A Bl dhste] he] FARL ol gl P AP
S} BT FHh THNYE & 5 ek <27 5>
oA Wi ubsh o] AT Helsel HF 40
T A3 A3 2RA 0 ol8s) A4 F
o 7bg e RS dehyeh

A FEA 0E AFew

- N

Mean-sqaure error
o

15
Color Differerce

38 5. A% PEel W BF ¥ ke 2R
Fig. b. Estimation error of spectral reflectance
according to color difference threshold.

A vt

pid

QLS

TE(total error)

10
Iteration

15 20

33 6. Lloyd ¢22]&s 4% o 98 35 o
£ A 2x}e] st
Fig. 6. Variation of total error in Lloyd iteration.

<% 6>& Lloyd kg e A4 o dix
PRS- AT A o Bsukalgl 148570
AA BERRALETEe] oA} o] W3} FolE RelFr}

O
J=IE=)

a3

Fig. 7.

0.0 Tt 5
400 45 500 550 600 650 700 T 5 9

HEE

‘Solid: Estmated Dot: Messured

o7 21 25
24 random Munsel) color chps

b)

Wavelength{nm]

(a)

Soid: Estimatsd Dot Measured

5
2 oo0s
H
§ oo
3
Fows
o0
0001
0.000
508 w17 oz 2
24 random Munsel color Chps
Sokic Estmated Dot: Measurad 0008
0007
o006
5
2 ocos
§ 000c
3
2
F o000
8
Zoo
o 000t
' s 0000
40 50 550 600 550 700 1 T
Wevsiengthinm) 24 random Munsel coor chips
Sotd, Estmated Dot Messured
0008
0007
_oo0s
5
§ 0005
®
5 0ooe
Z o003
5
$ oow

1 6 1 % 2
24 random Munsell color chips

()
B9 BT AR RRAE

M ox e

=
=1
= n
T LTS
¥ B4

-—f_{N

FHE A 9

-
= 2 :.;:
lod
2%
—_
o
o
ok

A 3 Dol

JRHE

Comparison of spectral reflectance and MSE
between measured SRs and estimated SRs
(a)3-band PCA, (b)Estimation error by
3-band PCA, (c)5-band Wiener method,
(dEstimation error by 5-band Wiener
method, (e)3-band PCA using set of similar
color populations, (f)Estimation error by
3-band PCA wusing set of similar color
populations, (g) Proposed 3-hand PCA, and
(h)Estimation error by proposed 3-band
PCA.



2003 38 EFILLEH

iz os E HAREE 11 7JAIRE o) Fell=
AA 249 2kl Wi ASE & 5 ook 2 A
o= 209 WhE F AAE R B S 34
o2 HA MunsellEF WSS Fdsle] odody n
Aeke FAslel <a¥ 7> el E7 471
PguAE FAPEE o8-8 120709 Munsell MAIR
sje] w53 whaks 34 AYE 3 Axolrt

< olldE Axt 2E8E Sld 12000F 240E
dA3 Ao e Auste] FABIGICh <a# T(h)>el
Al Bz ule} o] A|qkh 3uie] FAwbilo] b4 A
L FAoxE Malth <23 7(H>e A 1485719
A Munsell MA1 2 HAAjol| Hste] spte] A8 3
S WHe o)E o]fd) A Ao REauiagg
Hehz <a¥ 1(b>ell vlaii s $5-8 A5 Holx
7h et ko) gro] A Aol tiste] FHalA B
E3hta & 4 ¢l Macheth ColorCheckers ©]-4-30
FAR Bk e ek RARhE whEs 9o
Al A TEAE ol gt E b 2wl ¥
A ge] 47} Z7) chEck wleba] olgh wAlkhel|
el TAE-S TR o) FIMARE FAo o4t
739 <Ay UD)>oNA] Bz wiel e Hef| we} S
Late] Babe] mlwA Hrle A& o 4 vk <%
2> Aatell we} 424 2 9)l 1485702 A A Munsell
AAR FollA A2 g9l 120708 Ad=sta 4
7R whfo @ o] Hshiales 4 oS, 34

w3

A

N

N
fo
L2
BIjY
ﬁ’
N
%
73
=Y
NE
B
2
£
2
R
A
o,
to
Wi
P

T3 Astolr) ZAwlellA] Wiz wlel o] AqkE by

oyt wble FHY AT /el T el
ale) W 2 H At FASE BT 4 9
o B3] B 3] FHEE Mgk AgA F
R WS ol g FAeks 300 fab TR
el HBHE S5 e welt A AR

P
B

AL SPE OS2 17

uhgo] 1485702 A A Munsell 23] 5hkel] cthslo] 2=s}
g BEE A Ew o2 FAE-E A
slod 7k gl el sl ASAoR EahiAES 34
3] wtolot. FAl.eab wlasl tEe] A loj gl
theh vl Y= Sesigdch 74 7jeE A TR
Aelsln] o] glo] 100%Ehs 7S o] EAH o FA¢e
Ad aghen wA-e] EspiAked ds] 4%
7 Atk 71 ojvighl.

-
71ze] 3eelal Aol g ARk FH7]o]
J

[+

Fol AR 7]&e] A 3 SR EAel
ARk el A ol 2adhe] At

ug 7 wAseld) TR T4 AA A5
Fate] 7 Flelseg wasioich % 3 4
Aol o 4 ghse] AkEl W
RAHE 715 39 0 fab 3o el vl
ARHE Helsil,

i

i

Conventional three-band PCA
Conv. adaptive three-band PCA
Proposed three-band PCA

Cumulative contribution ratio [%]

1 2 3 4 5 6 7 8 9
Number of principle components

a8 8 #ib A g T 7] E v

Fig. 8. Comparison of cumulative distribution ratio
according to estimation method of spectral
reflectance.

V.3 E
B el P SO B ATRA 4
Abel] uhE gl A8 HE] S o] §sle] Egukal
F 4 RAE Folv W& AlBigich F Bt

E 2. 1485719] Munsell HA 8 F S74A 02 A= 120719 Al5o) oigr Bubabg 54 Ad Zn
Table 2. Experiment result of spectral reflectance estimation for 120 selected colors from 1485 Munsell color
chips.
4 3y AR 54 3] A Aokt 3uied
4 g 494 v 44 FAE B TR A
B BAUALE ] _
2
29059 A 0.00093 0.00062 0.00085 0.00032
o) EalE
220 3} AA) 0.0065 0.0037 0.0077 0.0023

(165)



18 FAF kA mAshEe AR FAR AEE o4 A" EEALE 54 ELE 5
kS 3. FAo) w2 A 7]d&2] Wl

Table 3. Comparison of cumulative distribution ratio according to estimation methods.

O AR 2 3 4 5 6 7 g8 | 9
mrce‘:i‘gea‘:éo;aé A | 76112 | 92963 | 93701 | 03 | 9721 | 998 | WII2 | B | BT
&?;Yb;‘;ﬁpg& 79937 | 797 | ®772 | 99625 | 083 | 90959 | 9985 | %9904 | 90.997

Pmposedpcﬁgee_ba“d 2023 | 94991 | 99006 | 9742 | 99921 | 99.969 | 99.987 | 99.9M |99.997
AHE $A]A] BAlgko 2 gl /‘]—9-5]1& Munsell 24| 369-372, 1997.
2T PSS 7)EoR R BRsle 2t = [2] Y. Miyake and Y. Yokoyama, “Obtaining and
Zckell el FAES AT EA QlHAY Fht reproduction of accurate color images based on
AHE Hellol] w2 H-22q) Fo) 7sElEE ik human perception, Proc SPIE 3300, pp. 190~
olwf Munsell ¥FuMAFE wAlhs F33p7] Sl 197, 19%8.
Lloydf=13t7] A <ve]E-g d-4stsic) Ak & [31 ] Cohen, “Dependency of the spectral reflect-
F ukalg = wbie -n*%-"é% 3(;‘ Bl st Al ance curves of the Munsell color chips,” Psy-
okl whilz) 3o AR RAdub soijed 9y 34 chon. Sdai., 1, pp. 369~370, 1964.
b 7]|E2e] AR 3uY AR BAARS ulwsly [4] L. T. Maloney, “Evaluation of linear models
on o 2= Munsell 235ke] 1207 £33 HkALS: numbers of parameters,” J Opt. Soc Am A,
Algel o F4 AHLS ek Vol. 3, No. 10, pp. 1673~1683, Oct. 1986.

Azl Al¥gE wie B uiabg A exrt 7|22 [5] T. Jaaskelainen, J. Parkkinen, and S. Toyooka,
7] wbEn Aglon FXR w84 A4 “Vector subspace model for color repre-
P BU94S AAske rA 7198 gl sentation,” J. Opt. Soc Am A, Vol. 7, No. 4,
= AR Elslgch 53] 713 M wAlg pp. 725~730, Apr. 1990.

S o83t FAE ¥A9 A A o 2A2E [6] M ] Vrhel and H J. Trussell, “Color Cor-
AR A ZF wxwte] @yl AR oe- rection using Principal Components,” Color Res.
oZH B4 Aellx] A eapt A Sk EA Appl., Vol. 17, No. 5, pp. 328~333, Oct. 1992.
Aol dgiet e} Aokl whe] A9 A Munsell  [7] S. Usui, S. Nakauchi, and M. Nakano, “Recon-
Aok Biababg-e] e 7]7':—i 53 & struction of Munsell color space by a five-
galo] PSS FEoEH Mol & FA Ao W layer neural network,” J. Opt. Soc Am A, Vol.
3= Zd 4 ok gty AdE QA+ Bk 9, No. 4, pp.516~520, Apr. 1992.
& FAd A8 7% 3o splEle] lEy EXAel [8] Reiner Lenz and Mats Osterberg, “Unsu-
o3t ARt musy) FaEsagle) BREEE g gl pervised filtering of color spectra,” J. Opt. Soc
the AAstlA A4S Bk FA2AE A Am A, Vol. 13, No. 7, pp.1315~1324, July
& 4 ik 19%.
[9] olH3], ME- aE “FAkd BAEE o83t
18 3 A9 B3 ukAlg FA) e 0]olg)E]
=A], A4A A%, pp. 37~45, Feb. 2002

[1] H Haneishi, T. Hasegawa, N. Tsumura, and Y. [10] SP. lloyd, “Least squares quantization in

Miyake, “Design of colar filters for recording
artworks,” IS&T 50th Anrual conference, pp.

(166)

PCM,” IEEE Trans. on Inform Theroy, Vol
IT-18, pp. 127~135, Mar. 1982.



2003 38 EBEFIBEHGE

f11] M. J. Vrhel, R. Gashon, and L. S. Iwar,
“Measurement and analysis of object reflect-
ance spectra,” Res. Appl, Vol. 19, No. 4, Aug.
1994,

¥ I ZOEER)

20024 ABet A7k
(F=HAD. 2002 -3 A
AAlgstat Ay sk <Fat
Aol 1 3 34, 4 Y, |

Az Se>

H oy e
Zuskd

A A4 7Y

B 408 SPE B 2K 19

[121 M. D. Fairchild, Color appearance model,
Messachusetts, Addison Wesley Longman, Inc.,
pp. 113~123, 1997.

F 2 IRGEGR) $384 SPiR F45% 21

F B ROEGR) %384 SPik H63 2R

Ak BOEER) 8384 SPiE F35% 2R

(167)



