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ABSTRACT:

Key words:

Different results are bricfly presented in this work, Firstly, the chamectenzation of CCLD cameras
in the visible range 1o be used in multispecteal imaging svaiems, which compnses the comection
of the noise sources inherent to CCD cameras operation, the spectral characterization of OO0
cameras  wsing a o method  based on o ditect spectral measurements, and  the colonmetnc
charactenzation of CCD cameras asing methods based on spectral sensitivities and on & training
colour charr. Secondly, e development of -2 mulbspectral mmaging system for colour
measurements, and linally, the analvsis of the colour measurements performed wsing imaging
systems based on CCD cameras, in order o improve their sccumey

CCD cameras. spatial non-unitormity  correction,  spectral  characterization,
colorimetne chamcter zation, multispectral imagms systeam,
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1. Introduction

One of the fundamental objectives of this work was
e development of a multispectral imaging system
for colour measurements, u=ing imging systems
bascd on CCIY camerns

LD cameras arc widely used w the scremific
image feld due o their characteristics, such as high
spattia] resolution, linganty, fast response, geometno

fidelty, etc. They can alsn be used as instruments
for  messurement  with high  spatial - resolution
carrying out g suitabie calibration and cormecting the
notsc sources inherent to their operation,

Specificatly, i suitable colarmatric
characterization of the imaging system wouald a@llow
0 use 1t a5 an mstrument for colour measurement
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With respect 1o their colommetric applicaticns, most
of the cammercial CCD calour cameras, having 3
acquisition:channels (tvpically B, G and B, presch
serious linitations due to the Fact that their spectral
sensitivities do not satisfy the Luther condition, that
15, they are not lineal transformations of the CIE
coledur matching  functions leading o the device
melmerisnt,

The only way to schieve a colour maiching for
al the abservers and different ifluminations is by
mears of o spectral matching, which FEqUITES
obtaining. spectral  miomation. The most direct
method to elaim it is mereasing the sampling over
the 3 uaditional acquisitions channels by means of o
multispectral imaging systom,

The mam objectives of this werk are; firstly,
the characieriation of CCD cameras in the, visihle
mnge to be used in multispectral imaging svstems
secondly. the  development of o miultispectral
unaging system for colour measurement, g finalky,
the mmprovement of the accuracy of both colour
measurement  and spectrn reconstruetion,  using
multispecuat  imaging  swstetns  hased on CCD
CATTICTS,

I seetion 2, the state of the s of the differem
tapics selated tothis work are briefly presented. In
seetien 3, the prelimmary resolts and conclusions
ebtained sre summanzed, and finally, the fiture
work s presented in seetion 4,

2. State of the Art
L= spectral Characterization of COD Cameras

The objeetive of the speetm] characierization isf
COD camerzs s 10 detennine the relative spectral
sensitivities of the imaging system, which are: wsed
in ene of the metheds  for  colorimetric
charzcterzation analvred Jarer,

Among of the severml methods for spectral
chameterization existing, the method applied s
based on direct spectral measurements [2]. 1n thiz
methed, the Opto-Electronic Spectral Conversion
Funetions (OESCFs), which relate the narmalized
digital levels-of the speciml response of the camera
te the spectral exposure, are firstly determined, From
them, the absolute and relative speciml seasitvities
are determined for sach acquisition channel,

Fially, a relative  group scaling  and  an
equienerpetic white balssce of the relative spectrl
semsitivities allow 1o obtain the colour matching
functions of the imaming sviten (35

Lbe- Colorimetric  Characterization of ©CD
Cameras

Uhe methods for colorimetric characterization of
CCD cameras can be classified in two citegories:
those that wuse the spectral sensitivities of the
imaging system, and those that use a training colour
chart. From these last anes, two kinds of methods
can  be considered:  the  direct  trnsformation
methiods, and the speetr reconsiruetion mcthods,

The colarimatric characterization method that
uses he spectral sensitivities was developed by our
eolour group [3] and i 15 based on the determination
of the basic colorimetric profile M of the miaging
system, from its colour matching functions ¥y, and
the CIE colour matching functions Fopedeq, 1),
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Mhe XY tristimulus values arc predicted using

this: basic ¢olorimetric profile. The COMPEANson

hetween the predicted (', ) and the mcasured

e XYL values allows the later application of a

linear colour correction inodel (eq. 23, and tinally,

obraining the scaled basic colonmetric profile of the
swsteny 5« M ),

b= fAe B - o

i1

12

Due to the high complexity of this mothad. it is
enly spplicd to colonmetric configurstions, that is,
having 3 acquisition chamnnels,

Among of the methods thal wse a framning
calour chart, direct trnsformution methods allow to
ehtain the XY Z trastumulus values corresponding to
the colour patches of & tmining: chan EO b
dirgetly Trom the digital levels of the response of an
mmaging system (€ 0 channels), by a
mathenstical regression performed belween hoth
groups, caleulating the 13 tensformation matrix that
retanes them (eg, )

UJ.'J?: =D '(}h,ﬁ.?n'. K, (3

The first direct transformation method used s
the Moore-Fenrose pseude-inverse technique [4] It
is @ bncal estimation method based on g least
squared regression from which the Dy matrix i
obtained. This matrms permits us to predict the XY7
values f any colour sample | g ") directly ﬂ'&'pm its
comesponding  digital  levels (Ul kky k1 B
channels) (ege, 4

|
Dy =0y Ay x.J '(Gr..a: K Oy, .i.'_!]_

r [
tive = Opgr o1, K K, {4

The secand direet transformation method used

Is the Second Order Non-Linear method [3]. In this

case, the tristimudus values of each colour sample

H gy ) are direetly related o a4 full second order
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poelynomnal of the comesponding  digital  levels
r

Upo . g, » 0 channels), obtaiming the D

transformation matnx {zqs, 3)

Dy =G O s o 1_(‘].'4.1\.-. & T
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The spectra reconstruction methad performs a
previous reconstruction of spectral radianees of eéach
colour sample, Fram which the comesponding XY
values are determined. The necessity of specrral
mformation in reconstraction makes these methods
o be apphied usually to mueltispectral configurations,

Among of the existing spectrl reconstruction
mettiods, the Principal Component Analyvsis (POA)
is used [6]. Imothe PCA methed, the prineipal
components (@ matnx), which correspond 1o the
ERATSTER] of the vanance-
covanance matrix of the orginal matris of spectral
radignees of the traming set, and the matem of scalar
coefficients (02,0 eormresponding o the training set
are determined,

In the “spectra recomstruction from
measurements  performed  with a multspestral
imagimg svsterm the number of prncipal components

vamance  direction,

considered comesponds to the number of acquisition
channels,

In this ecase, dignal levels comesponding to
euch colour sample 0 f (o bare directly related 1o
scalar cocfficients in the prineipa] components buase
{6 ), by means of the Dy matrix, The Dincar
combinatian af the principal components b matrix)
with the scalar cocfficients allow to prediet the
spectral radiance (4,00 of cach colour sample, Trom

wihach the XY Z values are cafoulated (egs. 6,
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- Multispectral Image Acguisition Systems
The man objective Of the mielispectral image
acguasiiion: systems 15 to obtain spectral information
of the measured samples. The most common
confizuration of & multisectral imizang  svatem 12
composed by a COD monechromatic camera + N
interterence or wnable fillers. (hher configurations
used are composed by a CCD colour camera -
absompiion flters, or a OCD colour camern -
different tluntination soumes,

The ™ (N = 3} Alters used are lighly selective
and have spectral transmittances covenng the whole

visible range: Each filter wets as an dequisilion
channel.

The  fundamental  advanmage  of  the
mliispectral image scqusition systems, i front of
the traditonal colorimeine anes, s o allow an
socurate praficsion of the speetral reflectance at each
pixel by means of o previous spectral analysis, o the
accuraey  of the colorimetric -charactenzation is
mnpraved and, consequently, an accarate prediciion
of the XYZ values associed to each pixel, avoiding
mietamerism, can be carmed ot

3. Preliminary Results & Conclusions

Lo Optimization of a lincar alporithm for the
spatial non-uniformity correction

thic
catoulation of the cormection gam (G and offser (£
matees {oqs. 71 fom a dork amage and a uniform
luminetion ficld mmage called comection  base
image, was optimized using a OCD colowr camera
Olmaging QICAN | bits

DL = Ol j)= Gl f ) DL, f)

A linear  coreclion alganthm hased on

DL, - DL,

ol = -
A= DLt )= DLy )

i, )= DL, —Gli, j)- DL F)

The comeetion qualisy was evaluated using the
Spatial Non-Uniformity Percentage (SNUTP), which
t5 calenlaed from the mean digital level of the
image and ity associated standand devigtion {eq. 8)

sNUP =100 ZMean)
Mewan

{5

The gain ond offset electronic  parnmeters,
which allow working i zero and non-zero dairck
image conditians, and the number of aversged
IMAResE necossary to correct the temporal neise
sounces ag moch s possible, were defermined for the
wsed camer,

The optimization of the algerithm was carried
out from s vanables, obtaining the best correction
when working in non-zero dark mmage conditions,
using the central image in the finear response mnge
of the system s comection base image, and using
the mean digital level of the umage as reference
dezatal level,

Lh.- Bevelopment of @ multispectral imaging
system for colour measuremens

Fhe multspeciral  tmaging system developed 15
composced by & CCD 12 bits moncchromatic cooled
camara, an abjective lens, amd a set of 7 Intecference

TRy 19 de Abril de 2007, Midrid




Seminurio de In red wémidtica “Clencia 'y Tecnologia del Color™

filters fitted 10 o motorized Mler wheel, which have
spectral fransmittances covering the whole visihle
rangs and a Full Widith ot Half Maximum (FWHM )
of dlnm {fig 1.

coh Motonzed Nikon AF
mpnocivomalic  Filter Wheel kb
camera Clirdging 28— 1Emm
QICAM Fasiiind Dijactiva
12 bt cooled Lens

Fig. 1. Multispeetml imagmg svstemn developed.

2.c.- Corvection of the response of a 12 bits cooled
monochramatic COD camern

Two configuranions based on a 12 bt cooled
moenochromatie CCD camers Qlinaging QICAM
Fast 1394 were used: a colorimetne configurtion,
with 3 acquisition channels obained using an RGH
wnable  filter  (fig. 2, and o mulispectral
configuration, with 7 scquisition channels obtained
using 7 interference filters Ated in o motorized filte
wheel (fig. 1)

Lo RGE Tunabie Mikon AR
manochromatic Filter Nikkoy
camera Almaging  Qimaging 28 — 10%mm
DIEAM Fasi1d94  RGB-HM.N5  Objective
T3 fif cooied Levs

Fig. 2. Colormmeime conligurution: of the imaging svaten
Based v 5 12 bits Coaled monechromatic CCLY camera,

The values of the gamn and offsel pammeters
necessary o work i non-zoro dark image conditions

and  the number of averaged  Dmages  were
determined.
The application  of the optimized  linear

cormection  alponthm allows to reduce the mean
spatial mon-uniformity percentages over the linear
response mnge of the system between o 14.29% (B
channely amd g 34.748% (R chaunel) for  the
colorimetnie configurstion, and berween -a 24.00%
(FO30) and a 29.39% (F3500 for the multispectoal
con figuration,

2.d.- Spectral Characterization of CCI cameras
in the visible range

The relative spectral sensitivities of a 10 bius CCD
calour camera and of the coloninetrie configunation
of 4 12 bits cooled monochromatic OO camer
were ebained (e 3

- . |
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£ |
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» | |
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Fag. 3. Belative spectral sensinvines of a2 bats. cooled

mgsreeheonsatie CCTY cumera

2.e- Colovimetric characterization of o CCH
CAMEri

The colonmetne charrctenzation of o CCD camera
vonsists of obtainmg the transtormation that defines
the conngcrion between the digital responses of the
camerd, and & colour space  ndepéndent of the
device a5, for example, the CIE - X7,

The  ealorimetnic characterization  of  both
configurations of 1the imazing svstem based on the
12 mits cooled monochromatic CCD camere was
carrigd out,

The colonmefric conflguration wits
charctenized using the method based on spectral
sensitvitics and the dircet transtormation metheds
among of netheds hased on-a training colour ehar.

The multaspectral configuraiion WS
charcterized usmg the methods baseld on g trnimg
colour chart, Both direct transformetien methods and
spectra reconstruciion methods.

The colonmetne chamcterization was cared
vul using the GretagMacbeth ColorChecker Color
Bendition and Cofor [MC chans as training and test
sets, considering oll pessible combinations, placed in
i light beoth that provided a wneform (lusunation
ower them

The colour measurement accarcy  obtained
using each method was evaloated in werms of the
meean,  annimum and maximum CIELzb  colour
difference, between the XY/ valees measured and
predicted, and  the  histograms  of  the  colour
differences associated to the colour samples of the
Tesl set
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For the colommetnic charmctenzation, very high
colour differences for a grear number of samples
were abtuned wsing the method based o spectral
Sgnsitivities, probahly due 1o the accumulation of
grmors in the regressions and simulations that ane
carried out in this method

The best results for this configuration were
phtained using the methads of direot transformation
based on o trmming colour chart, and similar resulbes
were obtained for both of these methods,

For the multispectmal confipuration, shphtly
lower colour differences were obtained vsing the
dircet transformation. methods than for the
cojorimetric configuration, and the globaily  bex
results were obtiined using the Mseudo-Inverse
Techmgue, Hesults oblamed wsing the Principal
Component Analysis were slightly samse than those
obtamed with the Peeudo-Inverse Technique,

For the analyzed sampics, the best results in
colour  measuréments  wergs obtained  using the
multispectral configumtion and the Moone-Penrose
Fseudo-Inverse direet transformation method

2.k- Analysis ol colour medsurements

performance
Firstly, a  Luminance  Adaptation Model  was
proposed, and its application studicd,

The CUDC was used for system calibration,
which comaiats on obtaining, for cach acquisition
channel, the LAM cocflicients assocated W each
CXposUTE M,

- u 1”'." = 4km% 5
= i ot T Glims .,f
LR :
,'E a0 Hpgp = Bl o
(Loel)
= . ¥ Tezp® '”I'll\_. a #
o s =
= o wl
; |2 7 .
2 | ‘pﬁ‘fn s
=1 " -
: o -
2| A e

STCURE L - L 1 e
DL R Channel - Leyp

Fig. 4. Linear régressom fitting. o obtain the LAM
coeffvients assoctated 1o cach exposure time for the H

Chammel,

For each acguisition  channgl a0 reference
exposure time was defined so that digial levels
aszociated o all colour patches of the COTHC werne
plaged in the linear response range of the system,
The LAM coefficiems were obtained as a result of

the lingar repression fiming between digital levels a1
a certam exposure e plotted versus digltal levels
of the same colour patches at the reference exposung
time (g, 41

The validiey of the LAM proposed was proved
by the Tughly similar results on colour megsurements
obtamed with dind without LAM application, for
bath system configurations

This LAM allows the dynamie range of the
pmEging svatem (o be inereased

Secondly, the ¢ffcct of increwsimg the size of
the training set on colour measurements wis studed
The hasic traimmy set constituted by the CCODC was
increased adding a set of selected Munsell colour
chips, The selection eriterid was cstablished in terms
af differences’ of a* and b* ClELab coordinates
between: on one hand, each Munsell selected colour
anud all the colour patches-of the CCDC and, on the
pher b, each pair of selected Munscll colours
betweon themselves,

The final values of Ae* and Ab* were fixed 10
obtain a number of sclected Munsell simular 1o the
number of useful colour patches in CCDC. 161
Munsell colour chips were finally selemed (fig. 5).
Fig. 3. 0*b* dugram of the CODC colur patches amd the
selected Munsell colour chips

o (-]
": - s {CDC
ol - & Selected Munsell

-5l =41 -2 n 20 A nn Ei

Similar results were obtained  meressing the
size of the trmning set without a less of performance
341 L'L’JI'; MUT NSRS UL INEnTs.

Firtally. a study on the size of the traimng sct
was performed using the CCDC as waming. sct, amd
selecting sets of s colour patches applying 4
selection ontena based, as before, on differences of
a* gnd b* CIELab coordinates between, in this case,
thie seleeted colour patches of the DO,

The setected colour patches of the OO and
the CCCR colour chart were used as fest sets
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Fig. 6 Mean AE. of the enlour patches of the COCR
platied versus the number of the sefdeied colowr patches of
the CCDC (teniming  sety for {a)  the colonmetsic
comtiguration  Gsing  the  Pseade-loverse diredt
transformation method, 1B the mulespectral configurztion
using the Pseudo-Inverse direct transfommation method,
and Lol the mulispectial conlTgumtion usmng the PUA

For hoth conBgumtions amnd for all direct
trapsformation  methods 91 can be seen thar the
improvemint i colour differences with respect o
the increase 1o sire of the training set s limited (s,
hl

22

4, Future Work

Future work 15 oriented 1o, frstly, continue the
gmalvsis of colour measurement performance  per
colour ranges for both the colorimetne and the
misltispectral confizurations of the imaging svstem,
Secondly, to determine 1F an Inercase in the number
of  acguisition  chantels”  may  improve  tho
performance for color measurements of the imaging
system, and fnally, the development and application
af a new instromentation to measure the colour of
ogular structurgs, based on multispectral imaEzing
systemms,
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