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A fully electronicmultispectralimagingsystemis describedwhich provides interactive accessto
reflectancespectraatany positionon thetarget.Theusertypically first selectsthereference’white’
positionby meansof the mousecursor, and then interactively examinesreflectancespectra,CIE�����

tristimulusvalues,or CIELabdatafor any region of intereston thetarget. Thekey elements
of the systemare an electronicallycontrolledliquid crystal tunablefilter, a monochromedigital
camera,andmodularsoftwarecomponentswhichmakethesystemaccessiblethroughaWebserver.

1 Introduction

Highly accuratecross-mediacolour reproductionoften requiresspectrophotometricmeasurements
of imaging targets. In a conventional laboratorysetupsuchmeasurementsare doneby manual
or semi-automaticoperationof a specificoptical instrument,suchas a spectroradiometer. Each
individualmeasurementtypically requiresmechanicalrepositioningof thetargetwith respectto the
actualmeasuringspotof theinstrument,andspatialresolution,speed,andinteractivity areseverely
limited.

Electroniccameras,on theotherhand,arefastandprovide high spatialresolutionbut they are
generallylimited to agivensetof threespectralbandsonly. With regardto thegrowing interestin the
developmentandapplicationof multispectralimageacquisitionandanalysis[1, 2, 3, 4, 5], several
solutionsto overcomethe three-band-onlylimitation wereproposed.They areusuallybasedon a
combinationof a monochromeor trichromedigital camerawith a suitablesetof additionalfilters
[6, 7]. In a typical setup,a givennumberof interferencefilters is mountedon a filter wheelin front
of a monochromedigital camera.The numberof readily availablespectralchannelsis therefore
limited, andmechanicalfilter switchingis required.

Herewe report in Section2 a systemfor multispectralimageacquisitionandanalysiswhich
usesanelectronicallytunablespectralfilter andamonochromedigital CCD cameraof photometric
quality. The filter andthe cameraarecontrolledthroughJava servletswhich allow for interactive
operationof themultispectralcameraacrosstheWeb. Wealsopresent,in Section3, two interesting
applications,a colorimetricWebCamthat implementsthespectralsensitivity functionsof theCIE
1931 StandardColorimetric Observer [8, 9], and a camerathat provides output signalsrequired
for a colorimetricallycorrectimagingchainusinganITU-R BT.709[10] or sRGB[11] compatible
displaydevice.

2 Multispectral Image Acquisition

Eachpixel of a multispectralimagecontainsinformationaboutthe spectralreflectanceof the im-
agedscene.Multispectralimagescarry informationabouta numberof spectralbands:from three
componentsperpixel for RGBcolourimagesto severalhundredsof bandsfor hyperspectralimages.
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Multispectralimagingis relevantto severaldomainsof application,suchasremotesensing[12], as-
tronomy[13], medicalimaging,analysisof museologicalobjects[3, 14], cosmetics,medicine[15],
high-accuracy colourprinting [4, 16], or computergraphics[17].

In thissectionwepresentthedifferentelementsconstituingamultispectralcamerasystemcalled
SpectraCamthatwe have set-upin our laboratory.

2.1 Electronically Tunable Filter

The key elementof our systemis a liquid crystal tunablefilter (LCTF) which allows for contin-
uoustuning of its peaktransmissionwavelengthover the full rangeof the visible spectrum.The
spectraltransmissionprofile is similar to a gaussianfunction,andtheLCTF is operatedcompletely
electronically, without any moving parts.

The optical principle of this type of spectralfilter was introducedby BernardLyot in 1933,
when he suggestedto usea seriesof birefringentplatesbetweenpolarizersin order to set up a
monochromaticfilter [18]. Birefringentmaterialshave slightly differentrefractive indices ��� and��	 for two orthogonalplanesof polarization,respectively known astheplanesof theordinaryand
theextraordinaryrays.Sincetherefractionindex � of a materialis theratio of thespeedof light in
vacuum
 to thespeedof light in thatmaterial
���
�� 	���� 
������
���
���
�� 	���� 
�� � (1)

anincidentlightwave with its electricfield componentin thepolarizationplaneof theordinaryray
travels throughthebirefringentmaterialat a differentspeedthanits orthogonallypolarizedcoun-
terpart.Thedifference!"�#�$����%&��	 leadsto a phaselag betweentheordinaryandextraordinary
rays.For abirefringentplateof thickness')( , thephaselag * betweenthetwo raysis*+�-,/.0')(/!"�1�32 (2)

where 2 is thewavelengthin vacuum.A singlestageof aLyot filter consistsof sucharetarderplate
betweenparallellinearpolarizers;theplaneof polarizationformsanangleof 4)536 with the � � and � 	
directionsof thebirefringentplate.This resultsin a circularly polarizedwave propagatingthrough
theplate,andtheangleof polarizationat theendof theplateis givenby * . For awaveof amplitude7

, thesecondpolarizerletspassonly theparallelcomponent
798

:7 8 � 7;:=<?>A@ */B�C (3)

Sincefilter transmittanceis definedasa ratioof light intensitiesD ratherthanamplitudes
7

, andD"E 7GF � (4)

weconcludefrom equations(2) to (4) thatthetransmittanceHI( @ 2JB of asingleLyot stageof thickness')( canbeexpressedas HI( @ 2KBL� :=<?> F @ ,/.M'N(�!"�1�32JB (5)

The transmittancefunction (5) of a single stageshows a seriesof minima and maxima(see
Figure1), andmoreselectivefiltersconsistof aseriesof suchstageswherethethicknesses')( of the
birefringentplatesdecreasesprogressively. In a Lyot filter, thethickness')( of any individual stage
is alwaysamultiple of thethickness'PO of thethinnestplate:'N(+�RQS' O (6)
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Figure1: Theoretical spectral transmissionfunction HI( @ 2JB of a singlestage of a Lyot filter.
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Figure 2: Theoretical spectral transmissionfunctionsH�O @ 2JB���H F @ 2KB���HIT @ 2JB���H=U @ 2JB of each elementof
a 4-stage Lyotfilter.

In a tunablespectralfilter of theLyot type, thereis a liquid crystalcell addedto eachretarder
plate in order to allow for an additionalphaseshift undercontrol of an electricsignal [19]. The
spectralwidth of thepassbandof sucha filter is primarily determinedby thethickestretarderplate
whereastheotherstagesattenuateall but oneof themultiple transmittancemaximaof thethickest
plate.

A theoreticalmodel of this successive selectionprocessis illustratedin Figures1 to 3 for a
4-stageLyot filter. Thespectraltransmittancefactorsof theindividual stagesshown in Figure2 are:HI( @ 2JBL� :=<?> F @ ,/.MQ+'PO�!"�1�32JB�� Q0�WV/��,X��YX�Z4 (7)
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Figure3: Theoreticalspectral transmissionfunctionof a 4-stageLyotfilter. Theplottedcurveshows
theproductof the4 transmissionfunctions [ H�O @ 2KBJH F @ 2JB HIT @ 2JB\H=U @ 2KB�] .

andtheresultingtransmissionfunctionof the4-stageLyot filter, shown in Figure3, is givenby the
product

H O @ 2JBJH F @ 2JB\H T @ 2KB\H U @ 2JBL� U^(I_ O :=<?>�F?@ ,/.MQ+' O !"�1�32JB (8)

A value of 'PO�!"�`�a,3b3c nm was arbitrarily chosenin order to simulatea transmittanceprofile
resemblingoneof thoseof therealfilter shown in Figure4.

We usea liquid crystal tunablefilter (LCTF) VariSpecModel VIS2 (CambridgeResearch&
Instrumentation,Inc., Boston,MA) with a nominalbandwidthof 30 nm anda nominalaccuracy of
theselectedpeakwavelengthof 4 nm. This allows to selectabout80 significantlydifferenttuning
positionsin therangefrom 400nmto 720nm.

Figure 4 shows the measuredtransmittancecurves of the LCTF of our SpectraCamsystem
for nine peakwavelengthpositions. Thesecurves reveal the desiredgaussianlike areasof high
sensitivity, but they alsoshow minorsidelobeswhichcouldbeexpectedfrom thetheoreticalanalysis
presentedabove (cf. Figure3). Thebiggestsidelobenear700nm belongsto thefilter profilewhich
peaksnear400nm. The four smallersidelobesin the rangefrom 400nm to 480nm successively
belongto thefilter profilespeakingnear605,650,685,and720 nm, respectively. Theseartifacts
haveto becarefullycompensatedfor in applicationsrequiringspectralor colorimetricmeasurements
of high accuracy.

2.2 Digital Camera

Behindthe tunablefilter, a monochromedigital cameraservesfor imagecapture.We usea PCO
SensiCamModel370KL camerawith 1280x 1024pixelsonaprogressive scanCCDimagesensor
(PCOComputerOptics,93309Kelheim,Germany). TheCCD sensoris Peltiercooledto a temper-
atureof -12centigradefor low noiseimageacquisitionandtheoutputsignalis 12bit AD converted.
TheCCD camerafeaturesanelectronicshutterandtheexposuretimecanbevariedin 1 msecsteps
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Figure4: Spectral transmittancecurvesof theliquid crystaltunablefilter VariSpecModelVIS2(SN
50346)for initially unpolarizedlight; measuredwith a Minolta spectroradiometerCS-1000.
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Figure 5: Effectivespectral sensitivityfunctionsof the mostcommonlyused13 channelsof our
SpectraCamsystem.Thesecurveswereobtainedbymultiplyingthespectral transmittancefunctions
of the liquid crystal tunablefilter VariSpecModel VIS2(SN50346) with the spectral sensitivity

functionof thePCOSensicamModel370KL monochromecamera.

over therangefrom 1 msecto 1000sec.Thelinearly 12 bit encodedpixel dataaretransferredby a
highspeedseriallink to aspecializedPCI interface(PCOInterfaceBoard520KP).

Thespectralsensitivity of the imagesensor(Sony ICX085AL) hasits maximumnear510nm
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Figure 6: Schematicoverview of our SpectraCamsystem.A monochromeCCD camera is usedfor
image acquisitionthrougha tunablespectral bandpassfilter. Theimage stack on the right of the
camera symbolicallyrepresentsanexamplein which theimagewascapturedat sevendifferentpeak
wavelengthsof thetunablefilter. Both,thetunablefilter andtheCCDcamera arecontrolledbyJava

servletswhich are accessiblevia InternetthroughsimpleHTTPrequests.

andshows about10 percentvariationin the wavelengthrangefrom 450 nm to 580 nm. Figure5
shows theeffective spectralsensitivity functionsof our multispectralWebCamsystemfor themost
commonlyused13channels.Thesecurveswereobtainedby multiplying thespectraltransmittance
functionsof theliquid crystaltunablefilter with thespectralsensitivity functionof themonochrome
digital camera.

2.3 Network Link

In our system,the tunablefilter andthe CCD cameraareboth controlledby a PC-typecomputer
which is linked via Ethernetto the campus-wideLocal Area Network (LAN) and the Internetas
shown in Figure6.

In orderto allow for interactive useof this multispectralimageacquisitionsystemthroughthe
network, we developedasetof Java Servletswhichprovide accessto thesystemthroughHypertext
TransferProtocol(HTTP) requests.

Thechoiceof theHyperText TransferProtocol(HTTP) [20] asbasisfor client-server commu-
nicationfor our SpectraCam-systemwasobvioussincetheHTTP is usedby all Web-browsersand
Web-serverson the Internet. For thesamereason,we furtherchoosetheHyperText Markup Lan-
guage(HTML) [21] to deliver usageinformationandrequestedresultsfrom theSpectraCamserver
to theclientson theInternet.

Thebasicelementsof userinteractionareimplementedthroughHTML ’form’ actionsandthe
standardCommonGatewayInterface(CGI) mechanismsfor client-servercommunication.Takento-
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gether, thesedesignchoicesassurethattheSpectraCamsystemis accessiblefrom any Webbrowser.
On the server-side, we choosethe Java ServletAPI asstandardfor extendingthe basicWeb

server functionalitywith theSpectraCamspecificservices.Java servletsarecommonlyknown asa
versatilemeansto generatedynamicWebpages,for exampleby addingspecificinformationcon-
cerningaparticulare-businesstransaction.Themajoradvantageof Javaservletsfor ourapplication
is, however, thepossibilityto make useof all thefeaturesthattheJava environmentprovideson the
server computer.

Thespecificnative functionsrequiredfor theoperationof thedigital CCD camerawerecalled
throughthe Java Native Interface(JNI) [22]. The liquid crystal tunablefilter was controlledby
meansof the Java CommunicationsAPI which containssupportfor RS232serialports [23], and
theJamapackage[24] wasusedfor thelinearalgebraoperationsfor multispectraldataprocessing,
includingmatrix inversionandsingularvaluedecomposition.

3 Colorimetric WebCam

For practicalapplications,it is interestingto implementspecifictypesof spectralsensitivity func-
tionsonamultispectralWebCam.

In the CIE 1931StandardColorimetricSystem[8, 25], the colorimetricpropertiesof a stimu-
lus of any spectralpower distribution e @ 2JB aredescribedby a tristimulusvector [ � � � � � ] � . The
componentsof this vector, called tristimulus values,are obtainedby numericalintegration from
thespectralpowerdistribution e @ 2KB of thestimulusandthreedifferentspectralweightingfunctionsfg @ 2JB�� fh @ 2KB�� fi @ 2KB (seeFigure7) whichtake into accountthecolour-matchingpropertiesof thehuman
observer[9]: � � Qkj fg @ 2KBle @ 2JB d2��� � Q j fh @ 2KB�e @ 2JB d2�� (9)� � Qkj fi @ 2KBle @ 2JB d2�C
In Eqs.(9),

fg @ 2JB�� fh @ 2KB�� fi @ 2JB aretheCIE 1931colourmatchingfunctionsand Q is a constantwhich
determinesthe photometricunit. The luminance

�
is obtainedin photometricSI units (Syst̀eme

Internationaled’Unitées)if Qm�on � where n � = 683lumenperWatt. By usingsampledversions
insteadof continuousspectralfunctionsover thevisible spectrum(360nm - 780nm), the integrals
in Eqs.(9) turn into sums: � � Q p�qZr nmst�u _ TZv r nm

fg t�u e t�u �� � Q p�qZr nmst�u _ TZv r nm

fh t�u e t�u � (10)� � Q p�qZr nmst�u _ TZv r nm

fi t�u e t�u �
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Figure 7: Colour matching functionsof theCIE 1931standard colorimetricobserverin theXYZ-
system.

whichcanbewritten in matrixnotation:wx � ��zy{ �RQ wx fg t/| fg t~} CICIC fg t~�fh t/| fh t~} CICIC fh t �fi t | fi t } CICIC fi t � y{
w���x e t/|e t~}

...e t~� y����{ C (11)

In Eq. (11), 2�� runsfrom 2\O���Y3c/� nm to 2K���`�/b/� nm, andthewavelengthstep-sizeis givenby
thesamplinginterval. In thefollowing, we adopttheusualconventionof linearalgebrato represent
vectorsby lowercaseboldfaceletterswhere,e.g., � designatesa columnvectorandits transpose� �
a row vector. With �� ��[ fg t | � fg t } �ICICIC~� fg t � ] � , �� ��[ fh t | � fh t } �ICICIC~� fh t � ] � , �� ��[ fi t | � fi t } �ICICIC�� fi t � ] � ,
and ����[�e t3| ��e tA} �ICICIC���e t � ] � , Equation(11) takestheform:wx � �� y{ �RQ wx �� ��� ��� � y{ �SC (12)

3.1 From Camera Channel Responses to CIE Colour Matching Functions

We now addresstheproblemof how to approximatethe
fg @ 2KB�� fh @ 2JB�� fi @ 2JB functionsby linearcom-

binationsof the13 spectralchannelsfrom Figure5.
If we designatethe numberof individual spectralchannelsby � ( � ��V�Y in our example),

a multispectralrecordingof anoriginal spectralpower distribution �o��[�e t | ��e t } �ICICICA��e t � ] � , will
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yield � componentswhichcanbewrittenasavector [���O���� F �ICICIC�������] � :w���x ��O� F
...��� y����{ � w���x 
 O t/| 
 O tA} CICIC�
 O t~�
 F t/| 
 F tA} CICIC�
 F t �

...
...

. . .
...
 � t/| 
 � tA} CICIC�
 � t~� y����{

w���x e t3|e tA}
...e t~� y����{ � (13)

where each 
�� t�� representsthe effective spectralsensitivity of channel � at wavelength 2P  .
By designatingthe sampledspectral sensitivity function of channel � by a vector ¡ � �[ 
�� t/| ��
�� t~} �ICICIC~��
�� tA� ] � , Eq. (13) reads:w���x ��O� F

...��� y����{ � w���x ¡ � O¡ � F
...¡ � � y����{ �SC (14)

Here,thespectralsensitivities ¡¢O���¡ F �ICICIC~��¡)� aregivenby thephysicaldevicecharacteristicsof the
multispectralcamera.

In orderto obtaina closeapproximationof CIE 1931
� � � � � valuesfrom the � channelout-

puts, we adopta linear-model approachin which approximatedvalues £� �l£� �¤£� are obtainedby
linearcombinationsof theoutputsignals� � ( �¥�¦V/��,X�ICICICA��� ) of thecamerachannels:

wx £� £� £� y{ � wxM§)¨ O §)¨ F CICIC §)¨ �§N© O §N© F CICIC §N© �§Xª O §Xª F CICIC §Xª � y{
w���x ��O� F

...��� y����{ C (15)

If we expresstheapproximatedtristimulusvector [¢£� �J£� �«£� ] � of Equation(15) in theform of Equa-
tion (12): wx £� £� £� y{ �RQ w�x;¬�� �¬�� �¬�� � y��{ �S� (16)

we obtainby substituting(16) and(14) into (15):

Q w�x ¬�� �¬�� �¬�� � y��{ ��� wx0§N¨ O §N¨ F CICIC §N¨ �§N© O §N© F CICIC §N© �§ ª O § ª F CICIC § ª � y{
w���x ¡ � O¡ � F

...¡ � � y����{ ��C (17)

Equation(17) is satisfiedfor arbitraryspectraldistributions � only if

Q w�x ¬�� �¬�� �¬�� � y��{ � wxM§)¨ O §)¨ F CICIC §)¨ �§)© O §N© F CICIC §)© �§Xª O §Xª F CICIC §Xª � y{
w���x ¡ � O¡ � F

...¡ � � y����{ C (18)
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We now have to computetherequiredcoefficients
§N¨ � ( �­�`V/��,X�ICICICA��� ) by solvingtheleast

meansquareproblem p�qZr nmst�u _ TZv r nm

@ fg t~u % £ fg t~u B F ��®0¯±° (19)

and,inthesameway, thecoefficients
§)© � and

§ ª � by solvingp�qZr nmst�u _ TZv r nm

@ fh t�u % £ fh t~u B F ��®0¯±° (20)

and p�qZr nmst~u _ TZv r nm

@ fi t�u % £ fi t�u B F ��®M¯±° (21)

respectively. To formulatethisproblemmoreconcisely, weusematrixnotationwith² � wxM§)¨ O §N¨ F CICIC §)¨ �§N© O §N© F CICIC §N© �§Xª O §Xª F CICIC §Xª � y{ � (22)

³ �RQ wx �� ��� ��� � y{ ��Q wx fg t/| fg t~} CICIC fg t �fh t/| fh t~} CICIC fh t~�fi t/| fi t~} CICIC fi t � y{ � (23)

¬³ �RQ w�x ¬�� �¬�� �¬�� � y��{ ��Q wx £ fg t/| £ fg t~} CICIC £ fg t~�£ fh t3| £ fh tA} CICIC £ fh t~�£ fi t | £ fi t } CICIC £ fi t � y{ � (24)

and

´ � w���x ¡ � O¡ � F
...¡ � � y����{ � w���x 
 O t3| 
 O t~} CICICµ
 O t~�
 F t3| 
 F t~} CICICµ
 F t �

...
...

. ..
...
 � t/| 
 � t~} CICIC�
 � t~� y����{ C (25)

With thesedesignations,Equation(18) reads¬³ � ²¶´
(26)

wherethematrix
²

hasto be determinedsuchthat ¬³ providesa closeapproximationof
³

. The
solutionof this problemis givenby meansof theMoore-Penrosepseudoinverse

´¸·
[26, 5] of the

matrix
´

as ² � ³ ´ · C (27)

Figure8 shows theresultsobtainedby this methodif theCIE 1931colourmatchingfunctionsfg @ 2JB�� fh @ 2KB�� fi @ 2KB areapproximatedby linearcombinationsof the13 spectralchannelsfrom Figure
5.
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Figure 8: Approximationof theCIE 1931XYZcolour matching functionsobtainedwith theSpec-
traCamsystemby usinglinear combinationsof the13spectral channelsshownin Figure5.

3.2 Spectral Sensitivities of an Ideal Colour Camera

In an imagingchain,a colour camerahasto provide threevery specificsignalswhich dependon
theprimarycoloursof thedisplaydevice. To derive therequirementsfor a colorimetricallycorrect
imagingchain,we considera vector ��¹�ºK»�¼ , representingthe spectralpower distribution of light
comingfrom a given positionof the original scene,anda vector ��½lº�¾ representingthe spectral
power distribution of thecorrespondingpixel on acathoderay tube(CRT) imagedisplay.

Although ��¹�ºK»�¼ and ��½lº�¾ will be generallydifferent, they shouldbe metamers,i.e. they
shouldvisually match. This is only thecaseif their tristimulusvectors [ � � � � � ] � asdeterminedby
Equation(12)areidentical: wx �� ��� ��� � y{ �¿¹�ºÀ»�¼Á� wx �� ��� ��� � y{ ��½lº�¾ÂC (28)

Sincethe light output � ½lºP¾ of the CRT displayis the resultof additive colour mixing, it canbe
expressedas: � ½lº�¾ ��ÃÄ� ½lº�¾ º¶ÅÇÆ � ½lº�¾ ¼ÈÅÊÉ � ½lº�¾ÌË � (29)

where �¿½lº�¾ º , ��½lº�¾ ¼ , and �k½lº�¾ Ë designatethe spectralpower distributions of the CRT-
primaries.Thecoefficients Ã"� Æ � É areweightingfactorswhich determinetherelative contribution
of eachprimaryto thetotal light output ��½lº�¾ of thedisplay. Thevaluesof Ã"� Æ � É arebetween0
and1, theselimits beingreachedfor noneandfull contributionsrespectively. Notethatthe Ã"� Æ � É
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coefficientsrepresentlight quantitiesratherthanvideosignalamplitudes;becauseof thenonlinear
relationshipbetweenvideo signalsandCRT light output, they are linked to the video signalval-
uesby a nonlinearfunction, commonlyreferredto by a power function with an exponentcalledÍ @ÏÎ § �È� § B .

Using thenotationsof linearalgebra,Eq. (29) canberewritten astheproductof theN-row Ð
3-columnmatrix formedby the threeprimaryvectors [��¿½lº�¾ º �Â�¿½lºP¾ ¼ ���¿½lºP¾ Ë ] with a column
vectorcontainingthecoefficients Ã"� Æ � É :

�¿½lºP¾Ñ��[���½lº�¾ º �1��½lº�¾ ¼ �1��½lº�¾ Ë ] wx Ã ÆÉ y{ C (30)

By substituting�¿½lº�¾ from Eq.(30) in Eq.(28),we getwx �� ��� ��� � y{ �¿¹�ºÀ»�¼Ñ� wx �� ��� ��� � y{ [���½lº�¾ º �Ì��½lº�¾ ¼ �1�¿½lºP¾ Ë ] wx Ã ÆÉ y{ C (31)

Wecannow useEq. (12)to replacethematrixproductontheright sideof Eq.(31)by a YÒÐ9Y matrix
whichcontainstheCIEXYZ tristimulusvaluesof theCRT phosphors:wx �� ��� ��� � y{ �¿¹�ºÀ»�¼Á� VQ wx � º � ¼ � Ë� º � ¼ � Ë� º � ¼ � Ë y{ wx Ã ÆÉ y{ C (32)

Finally, thesolutionof Eq. (32) for [ Ã"� Æ � É ] � reads:wx Ã ÆÉ y{ �RQ wx � º � ¼ � Ë� º � ¼ � Ë� º � ¼ � Ë y{�Ó O wx �� ��� ��� � y{ � ¹�ºK»�¼ (33)

Equation(33) tellsushow to obtainthecolorimetricallycorrectCRT-primarycontributions Ã"� Æ � É
for any colour stimulusgiven by its spectralpower distribution �¿¹�ºK»�¼ . An ideal colorimetric
camera,providing directly the Ã"� Æ � É coefficients,would have to implementspectralsensitivities¡ º ��¡ ¼ ��¡ Ë suchthat wx Ã ÆÉ y{ � wx ¡ � º¡ � ¼¡ � Ë y{ �¿¹�ºK»�¼ (34)

for any � ¹�ºK»�¼ . Accordingto Equation(33),we getwx ¡ � º¡ � ¼¡ � Ë y{ �RQ wx � º � ¼ � Ë� º � ¼ � Ë� º � ¼ � Ë y{ Ó O wx �� ��� ��� � y{ C (35)

In other words, the requirement(28) can be satisfiedfor any � ¹�ºÀ»�¼ if and only if the spectral
sensitivity functionsof eachof the camera’s threecolour channelsare linear combinationsof the
colourmatchingfunctionsof thehumanobserver.
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Table1: CIE 1931chromaticitiesfor ITU-R BT.709referenceprimariesandCIE standard illumi-
nantD65.

Red Green Blue WhiteÃ#���?Ô Æ ���?Ô É ���?Ô D65
x 0.6400 0.3000 0.1500 0.3127
y 0.3300 0.6000 0.0600 0.3290
z 0.0300 0.1000 0.7900 0.3583

3.3 Implementation of an Ideal Colour Camera for ITU-R BT.709 CRT-primaries

In section3.1 we showed how to obtain CIE 1931
� � � � � colorimetric valuesfrom the output

signalsof amultispectralcamera.Anotherinterestingapplicationof interactive multispectralimage
acquisitionis the implementationof the spectralsensitivity functionsof the blue, green,and red
colour channelsof an ideal colour camerafor a displayusingITU-R BT.709 or sRGBprimaries
[10, 11].

Thespectralsensitivity functions ¡ º p�rZÕ ��¡ ¼ p�rZÕ ��¡ Ë p�rZÕ of suchanidealcameraaredirectly ob-
tainedfrom Equation(35) if we usetheCIEXYZ tristimulusvaluesof theITU-R BT.709primaries
in the Y0ÐÖY matrix: wx ¡ � º p�rZÕ¡ � ¼ p�rZÕ¡ � Ë p�rZÕ y{ �-Q wx � º p�rZÕ � ¼ p�rZÕ � Ë p�rZÕ� º p�rZÕ � ¼ p�rZÕ � Ë p�rZÕ� º p�rZÕ � ¼ p�rZÕ � Ë p�rZÕ y{ Ó O wx �� ��� ��� � y{ C (36)

Theonly remainingquestionis how to obtaintheCIEXYZ valuesfor the Y�Ð�Y matrix in Equation
(36) from the chromaticitycoordinatesof the ITU-R BT.709 referenceprimariesandof the CIE
standardilluminantD65,givenin table1.

Fromthegeneraldefinitionof thechromaticiesg � h � ig � �� Å � Å �h � �� Å � Å � (37)i � �� Å � Å �
follows, for any colourstimulus× , wx � �� �� � y{ � wx g �h �i � y{ �È� (38)

with � � � � � Å � � Å � � (39)
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OnanidealITU-R BT.709displaydevice,equal100%videosignalsonall threevideoinputsshould
producea white stimuluswith D65 chromaticity. In termsof CIE 1931tristimulusvectorcompo-
nents,thisadditive mixing canbeexpressedas:wx �MØ vZÙ� Ø vZÙ�ÂØ vZÙ y{ � wx � º p�rZÕ� º p�rZÕ� º p�rZÕ y{ Å wx � ¼ p�rZÕ� ¼ p�rZÕ� ¼ p�rZÕ y{ Å wx � Ë p�rZÕ� Ë p�rZÕ� Ë p�rZÕ y{ C (40)

By substituting(38) for ×Ì��Ã#���?ÔX� Æ ���?ÔX� É ���?ÔX��Úmc35X� into (40),wegetwx g Ø vZÙh Ø vZÙi Ø vZÙ y{ � Ø vZÙk� wx g º p�rZÕh º p�rZÕi º p�rZÕ y{ � º p�rZÕ Å wx g ¼ p�rZÕh ¼ p�rZÕi ¼ p�rZÕ y{ � ¼ p�rZÕ Å wx g Ë p�rZÕh Ë p�rZÕi Ë p�rZÕ y{ � Ë p�rZÕ (41)

which readsin Matrix notationwx g Ø vZÙh Ø vZÙi Ø vZÙ y{ � Ø vZÙ � wx g º p�rZÕ g ¼ p�rZÕ g Ë p�rZÕh º p�rZÕ h ¼ p�rZÕ h Ë p�rZÕi º p�rZÕ i ¼ p�rZÕ i Ë p�rZÕ y{ wx � º p�rZÕ� ¼ p�rZÕ� Ë p�rZÕ y{ C (42)

Thesolutionof Equation(42) is givenbywx � º p�rZÕ� ¼ p�rZÕ� Ë p�rZÕ y{ � wx g º p�rZÕ g ¼ p�rZÕ g Ë p�rZÕh º p�rZÕ h ¼ p�rZÕ h Ë p�rZÕi º p�rZÕ i ¼ p�rZÕ i Ë p�rZÕ y{ Ó O wx g Ø vZÙh Ø vZÙi Ø vZÙ y{ � Ø vZÙ (43)

wherethe only still unknown quantity is � Ø vZÙ . To determine� Ø vZÙ , we take the centerline of
Equation(38) for ×Ì��Úmc35 : �JØ vZÙ�� h Ø vZÙ�� Ø vZÙ�C (44)

Here,
�\Ø vZÙ representstheluminanceof thenominalwhite stimulusasdeterminedby aphotometric

measurement,and � Ø vZÙ in Equation(43) thereforecanbereplacedby� Ø vZÙ�� �\Ø vZÙI� h Ø vZÙ�C (45)

Equation (43) is now completely determined, and we can use the resulting values� º p�rZÕ �Z� ¼ p�rZÕ �Z� Ë p�rZÕ to computetheCIEXYZ valuesof the ITU-R BT.709primariesaccording
to Equation(38):wx � º p�rZÕ � ¼ p�rZÕ � Ë p�rZÕ� º p�rZÕ � ¼ p�rZÕ � Ë p�rZÕ� º p�rZÕ � ¼ p�rZÕ � Ë p�rZÕ y{ � wx g º p�rZÕ g ¼ p�rZÕ g Ë p�rZÕh º p�rZÕ h ¼ p�rZÕ h Ë p�rZÕi º p�rZÕ i ¼ p�rZÕ i Ë p�rZÕ y{ wx � º p�rZÕ � �� � ¼ p�rZÕ �� � � Ë p�rZÕ y{ C

(46)

Figure9 shows theresultingspectralsensitivity functions¡ º p�rZÕ ��¡ ¼ p�rZÕ ��¡ Ë p�rZÕ of anidealcam-
erafor ITU-R BT.709primariesobtainedby substitutingthematrixof theCIEXYZ values(46) into
Equation(36).

To implementtheseITU-R BT.709spectralsensitivity functionsonour interactive multispectral
camerasystem,we usedagainlinearcombinationsof the13 spectralchannelsfrom Figure5. The
procedureis exactly thesameasdescribedin Section3.1andtheresultsareshown in Figure10.
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Figure 9: Theoretically correct spectral sensitivityfunctionsof the blue, green,and red colour
channelsof an ideal colourcamera for a displayusingITU-R BT.709or sRGBprimaries.
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Figure 10: Approximationby our SpectraCamsystemof the spectral sensitivityfunctionsof an
’ideal’ colourcamera for a displayusingITU-R BR.709primaries.Thisapproximationis obtained

by usinglinear combinationsof the13 spectral channelsshownin Figure 5.



Brettel,Hardeberg andSchmitt:WebCamfor Interactive MultispectralMeasurements 16

4 Conclusion

Thispaperpresentsafully electronicsystemfor multispectralimageacquisitionandanalysiswhich
allows for interactive operationacrosstheWeb.

Thekey elementsof thesystemareanelectronicallycontrolledliquid crystaltunablefilter, adig-
ital camera,andmodularsoftwarecomponentsbasedon a client-server architecture.On theserver
side,JavaServletsareusedto implementaccessto thesystemthroughsimpleHTTPrequests.Since
only thestandardCommonGateway Interface(CGI) mechanismsfor client-server communication
areused,thesystemis accessiblefrom any Webbrowser.

In its presentform, the systemprovides realtimeremoteaccesson our intranetto reflectance
spectraatany positiononthetarget.Theusertypically first selectsthereference’white’ positionby
meansof themousecursor, andtheninteractively examinesreflectancespectra,CIEXYZ tristimulus
values,or CIELab datafor any region of interest.Applicationareasincludethespectrophotomet-
ric analysisof fine art paintingsandmuseumobjects,the simulationof objectappearanceunder
differentilluminants,andhigh-endmultimediacolourimaging.
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