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A fully electronicmultispectralimaging systemis describedwhich providesinteractve accesdo
reflectancespectraatary positiononthetamget. Theusertypically first selectghereferenceéwhite’
position by meansof the mousecursor andtheninteractvely examinesreflectancespectra,CIE
XY Z tristimulusvalues,or CIELabdatafor ary region of intereston thetarget. Thekey elements
of the systemare an electronicallycontrolledliquid crystal tunablefilter, a monochromedigital
cameraandmodularsoftwarecomponentsvhich make the systermaccessibléhrougha Websener.

1 Introduction

Highly accuratecross-mediaolour reproductionoften requiresspectrophotometrimeasurements
of imaging taigets. In a corventional laboratorysetupsuchmeasurementare doneby manual
or semi-automati@perationof a specificoptical instrument,suchas a spectroradiometerEach
individual measuremerty/pically requiresmechanicatepositioningof thetargetwith respecto the
actualmeasuringpotof theinstrumentandspatialresolution,speedandinteractvity areseverely
limited.

Electroniccameraspn the otherhand,arefastand provide high spatialresolutionbut they are
generalhimited to agivensetof threespectrabandonly. With regardto thegrowing interestin the
developmentandapplicationof multispectraimageacquisitionandanalysis[1, 2, 3, 4, 5], several
solutionsto overcomethe three-band-onlyimitation were proposed.They areusuallybasedon a
combinationof a monochromeor trichromedigital camerawith a suitablesetof additionalfilters
[6, 7]. In atypical setup,a givennumberof interferencdilters is mountedon afilter wheelin front
of a monochromadigital camera. The numberof readily available spectralchannelss therefore
limited, andmechanicafilter switchingis required.

Herewe reportin Section2 a systemfor multispectralimage acquisitionand analysiswhich
usesanelectronicallytunablespectrafilter anda monochromedigital CCD camereaof photometric
quality Thefilter andthe cameraare controlledthroughJava servletswhich allow for interactve
operationof the multispectrakcameraacrosgshe Weh We alsopresentjn Section3, two interesting
applications a colorimetric WebCamthatimplementsthe spectralsensitvity functionsof the CIE
1931 StandardColorimetric Obsenrer [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 multispectralimage containsinformationaboutthe spectralreflectanceof the im-
agedscene.Multispectralimagescarry informationabouta numberof spectralbands:from three
componentperpixel for RGB colourimagego severalhundredof bandgfor hyperspectramages.
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Multispectralimagingis relevantto severaldomainsof application,suchasremotesensing12], as-
tronomy[13], medicalimaging,analysisof museologicabbjects[3, 14], cosmeticsmedicine[15],
high-accurag colourprinting [4, 16], or computemraphicg17].

In this sectionwe presenthedifferentelementsonstituingamultispectracameraystentalled
SpectaCamthatwe have set-upin our laboratory

2.1 Electronically Tunable Filter

The key elementof our systemis a liquid crystaltunablefilter (LCTF) which allows for contin-
uoustuning of its peaktransmissiorwavelengthover the full rangeof the visible spectrum.The
spectrakransmissiorprofile is similar to a gaussiariunction,andthe LCTF is operateccompletely
electronically without any moving parts.

The optical principle of this type of spectralfilter was introducedby BernardLyot in 1933,
when he suggestedo usea seriesof birefringentplatesbetweenpolarizersin orderto setup a
monochromatidilter [18]. Birefringentmaterialshave slightly differentrefractive indicesn, and
n, for two orthogonalplanesof polarization,respectrely knowvn asthe planesof the ordinaryand
the extraordinaryrays. Sincetherefractionindex n of a materialis theratio of the speedof light in
vacuume to the speedf light in thatmateriale,,gterial

n= C/Cmateriala (1)

anincidentlightwave with its electricfield componentn the polarizationplaneof the ordinaryray
travels throughthe birefringentmaterialat a differentspeedthanits orthogonallypolarizedcoun-
terpart. ThedifferenceAn = n, — n. leadsto a phasdag betweerthe ordinaryandextraordinary
rays.For abirefringentplateof thicknessiy, the phasdag § betweerthetwo raysis

§ = 2w di,An/) 2

wherel is thewavelengthin vacuum.A singlestageof a Lyot filter consistof sucharetarderplate
betweerparallellinearpolarizerstheplaneof polarizationformsanangleof 45° with then, andn,

directionsof the birefringentplate. This resultsin a circularly polarizedwave propagatinghrough
theplate,andtheangleof polarizationat the endof theplateis givenby ¢. For awave of amplitude
A, thesecondpolarizerlets passonly the parallelcomponent4;:

Aj = Acos(9). (3)
Sincefilter transmittancés definedasaratio of light intensitiesl ratherthanamplitudes4, and
I x A?, (4)

we concludefrom equationg?2) to (4) thatthetransmittancey (A) of asingleLyot stageof thickness
dy canbeexpresseds

(X)) = cos?(27m dpyAn/\) (5)

The transmittanceunction (5) of a single stageshavs a seriesof minima and maxima(see
Figurel), andmoreselectve filters consistof a seriesof suchstagesvherethethicknessedy, of the
birefringentplatesdecreaseprogressiely. In a Lyot filter, the thicknessd,, of ary individual stage
is alwaysa multiple of thethicknessd; of thethinnestplate:

dp =k dy (6)
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Figure 1: Theoketical spectal transmissiorfunctionT,(A) of a singlestage of a Lyotfilter.
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Figure 2: Theoketical spectal transmissiorfunctionsr; (), 72(A), 73(A), 74(A) of eadh elemenof
a 4-stage Lyotfilter.

In atunablespectraffilter of the Lyot type, thereis a liquid crystalcell addedto eachretarder
platein orderto allow for an additionalphaseshift undercontrol of an electricsignal[19]. The
spectralwidth of the passbanaf suchafilter is primarily determineddy the thickestretardemlate
whereaghe otherstagesattenuateall but one of the multiple transmittancenaximaof the thickest
plate.

A theoreticalmodel of this successie selectionprocessss illustratedin Figuresl to 3 for a
4-stagelyot filter. Thespectratransmittancéactorsof theindividual stageshavn in Figure2 are:

() = cos?(2m k diAn/)), k=1,2,3,4 (7
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Figure 3: Theoetical spectal transmissioriunctionof a 4-stage Lyotfilter. Theplottedcurveshows
the productof the 4 transmissiorfunctions|r; (A\) T2 (A)73(A) 74(N)].

andtheresultingtransmissiorfunction of the 4-stagel_yot filter, shavn in Figure3, is givenby the
product

4
71(A) 12(N) 73(A) 74(A) = [ cos®(2m k dyAn/)) (8)
k=1

A value of diAn = 286 nm was arbitrarily chosenin orderto simulatea transmittanceprofile
resemblingoneof thoseof therealfilter shavn in Figure4.

We usea liquid crystaltunablefilter (LCTF) VariSpecModel VIS2 (CambridgeResearct&
Instrumentation|nc., Boston,MA) with a nominalbandwidthof 30 nm anda nominalaccurag of
the selectecpeakwavelengthof 4 nm. This allows to selectabout80 significantlydifferenttuning
positionsin therangefrom 400nmto 720nm.

Figure 4 shavs the measuredransmittancecurves of the LCTF of our SpectaCam system
for nine peakwavelengthpositions. Thesecunes reveal the desiredgaussiarike areasof high
sensitvity, but they alsoshav minor sidelobesvhich couldbeexpectedrom thetheoreticabnalysis
presentedbove (cf. Figure3). Thebiggestsidelobenear700nm belongsto thefilter profile which
peaksnear400 nm. The four smallersidelobesn the rangefrom 400 nm to 480 nm successiely
belongto the filter profilespeakingnear605, 650, 685, and 720 nm, respectrely. Theseartifacts
haveto becarefullycompensatetbr in applicationgequiringspectrabr colorimetricmeasurements
of high accurag.

2.2 Digital Camera

Behindthe tunablefilter, a monochromeligital camerasenesfor imagecapture. We usea PCO
SensiCanModel 370KL camerawith 1280x 1024pixelson a progressie scanCCDimagesensor
(PCOComputerOptics,93309Kelheim,Germary). The CCD sensolis Peltiercooledto atemper

atureof -12 centigraddor low noiseimageacquisitionandthe outputsignalis 12 bit AD corverted.
The CCD camerdeaturesanelectronicshutterandthe exposuretime canbevariedin 1 msecsteps
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Figure 4. Spectal transmittancecurvesof theliquid crystaltunablefilter VariSpecModelVIS2(SN
50346)for initially unpolarizedight; measuedwith a Minolta spectoradiometerCS-1000.
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Figure 5: Effectivespectal sensitivityfunctionsof the mostcommonlyused13 channelsof our

SpectaCamsystemThesecurveswere obtainedby multiplyingthespectal transmittancdunctions

of the liquid crystal tunablefilter VariSpecModel VIS2 (SN 50346) with the spectal sensitivity
functionof the PCO SensicanModel370KL monofiromecamea.

over therangefrom 1 msecto 1000sec.Thelinearly 12 bit encodedixel dataaretransferredy a
high speedseriallink to aspecializedPClinterface(PCOInterfaceBoard520KP).
The spectralsensitvity of theimagesensor(Sory ICX085AL) hasits maximumnear510nm
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Figure 6: Sthematicoverviev of our SpectraCansystem A monotiromeCCD camen is usedfor
image acquisitionthrough a tunablespectal bandpasdilter. Theimage stak on the right of the
camen symbolicallyrepresentsan examplein which theimage wascaptuedat sevendifferentpeak
wavelengthsfthetunabléfilter. Both,thetunablefilter andthe CCD camenr are contiolled by Java
servletswhich are accessiblevia InternetthroughsimpleHTTP requests.

andshawvs about10 percentvariationin the wavelengthrangefrom 450 nm to 580 nm. Figure5
shaws the effective spectrakensitvity functionsof our multispectraWebCamsystemfor the most
commonlyusedl3 channelsThesecurveswereobtainedby multiplying the spectratransmittance
functionsof theliquid crystaltunablefilter with the spectrakensitvity functionof themonochrome
digital camera.

2.3 Network Link

In our system,the tunablefilter andthe CCD cameraare both controlledby a PC-typecomputer
which is linked via Ethernetto the campus-wide_ocal Area Network (LAN) andthe Internetas
shavn in Figure6.

In orderto allow for interactve useof this multispectralimageacquisitionsystemthroughthe
network, we developeda setof Java Servletswhich provide accesgo the systenthroughHypertext
TransferProtocol(HTTP) requests.

The choiceof the HyperText TransferProtocol(HTTP) [20] asbasisfor client-serer commu-
nicationfor our SpectaCamsystemwasobvious sincethe HTTP is usedby all Web-bravsersand
Web-sererson the Internet. For the samereasonwe further choosethe HyperText Markup Lan-
guage(HTML) [21] to deliver usaganformationandrequestedesultsfrom the SpectaCamsener
to theclientsonthe Internet.

The basicelementsf userinteractionareimplementedhroughHTML 'form’ actionsandthe
standardcCommonGatavay Interface(CGIl) mechanism$or client-serer communicationTakento-
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getherthesedesignchoicesassurdhatthe SpectaCamsystemis accessiblérom any Webbrowser

On the senerside, we choosethe Java ServletAPI as standardor extendingthe basicWeb
sener functionality with the SpectaCamspecificservices Java servletsarecommonlyknowvn asa
versatilemeansto generatadynamicWeb pagesfor exampleby addingspecificinformationcon-
cerninga particulare-tusinesgransactionThe majoradwantageof Jasa servletsfor our application
is, however, the possibilityto make useof all the featureghatthe Java ervironmentprovideson the
senercomputer

The specificnative functionsrequiredfor the operationof the digital CCD camerawerecalled
throughthe Java Native Interface (JNI) [22]. The liquid crystal tunablefilter was controlled by
meansof the Jara CommunicationsAPI| which containssupportfor RS232serial ports[23], and
the Jamapackagd24] wasusedfor the linearalgebraoperationdor multispectraldataprocessing,
including matrix inversionandsingularvaluedecompaosition.

3 Colorimetric WebCam

For practicalapplicationsit is interestingto implementspecifictypesof spectralsensitvity func-
tionsonamultispectraMebCam.

In the CIE 1931 StandardColorimetric System[8 25], the colorimetric propertiesof a stimu-
lus of ary spectralpower distribution ¢(\) are describedby a tristimulusvector [X, Y, Z]!. The
componentof this vector calledtristimulus values,are obtainedby numericalintegration from
the spectrapower distribution () of the stimulusandthreedifferentspectralweightingfunctions
z(A),g(N), 2(A) (seeFigure7) whichtake into accounthecolourmatchingpropertief thehuman
obserer[9]:

X = & / (V) o(A) dA,
[ en) an ©)
/ () o(A) dA.

Y = &k
Z = k
In EQs.(9), z(A),y(A), z(N\) arethe CIE 1931 colour matchingfunctionsandk is a constantvhich
determineghe photometricunit. The luminanceY is obtainedin photometricSI units (Syséme
Internationaled’Unitées)if k = K,,, whereK,, = 683lumenperWatt. By usingsampledversions

insteadof continuousspectralfunctionsover the visible spectrum(360nm - 780nm), the integrals
in Egs.(9) turninto sums:

780 NM
X =k Z Tx; PAis
A;=360NM
780 NM
Y =k Z Yxi P (10)
A;=360NM
780 NM
Z =k > Zoea
A;=360 M
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Figure 7: Colour matding functionsof the CIE 1931 standad colorimetric observerin the XYZ-

system.
which canbewritten in matrix notation:
_ _ _ "%
X Tx; Txy --- THy Oy
Y = g)\l g)\z ... ?7)\1\/ : . (11)
VA 2y By -+ Ay :
Prn

In Eq. (11), A; runsfrom \; = 360 nmto Ay = 780 nm, andthe wavelengthstep-sizds given by
the samplingintenval. In thefollowing, we adoptthe usualcornventionof linearalgebrato represent
vectorsby lowercaseboldfaceletterswhere,e.g.,a designatesa columnvectorandits transpose’
arow vector With X = [Zx,, Tags--»Zan ) ¥ = [Tarr Trgs-- > Danlts 2 = [Bars Zags- -+ Zan 5
ande =[x, @, - - - » P2y ), Equation(11) takestheform:

X x!
Y | =k| ¥ | (12)
VA z!

3.1 From Camera Channel Responsesto CIE Colour Matching Functions

We now addresghe problemof how to approximatehe z(X), 7(A), Z(A) functionsby linearcom-
binationsof the 13 spectrakchanneldrom Figure5.

If we designatehe numberof individual spectralchannelsby M (M = 13 in our example),
amultispectralrecordingof an original spectralpower distribution ¢ = [, , ©ay) - - - s @ay ]t Will
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yield M componentsvhich canbewrittenasavector[C;, Ca, . .., Cy]:
C1 C1a;  Cly, -+ Clay ©x
Co Coxi €2 --- Coay 5%
- : : . : : ’ (13)
Cm CMM\  CMXy --- CMiy Ory

where eachc,,,, representshe effective spectralsensitvity of channelm at wavelength A,,.
By designatingthe sampled spectral sensitvity function of channelm by a vector ¢, =
[CmArs CmAss - - - s Cmay )' EQ. (13) reads:

Ci cé
“lo e e (14)
Cm c};\/[

Here the spectrakensitvities ¢1, co, . . ., €5 aregivenby the physicaldevice characteristicef the

multispectralcamera.
In orderto obtaina closeapproximationof CIE 1931X,Y, Z valuesfrom the M channelout-
puts, we adopta linearmodel approachin which apptoximatedvalues X, Y, Z are obtainedby

linearcombinationf the outputsignalsC,,, (m = 1,2,..., M) of thecamerachannels:
N C1
)5 Azl Qz2 --- GzM Cy
IC = ayl ayg . ayM . . (15)
VA Az1 Gz2 ... QzM CM

If we expressthe appoximatedtristimulusvector[X,Y, Z]* of Equation(15) in the form of Equa-
tion (12):

~~

X X
Y | =k| 5 | (16)
Z 7
we obtainby substituting(16) and(14) into (15):
=t [ C)i
)ft Azl Qz2 ... GgM C%
k y Y = Ayl Qy2 ... GyM . ®. (17)
A Ayl Gz2 ... Gppf ;
L C

Equation(17)is satisfiedfor arbitraryspectradistributions¢ only if

=t Ci
Xt azl Qg2 ... OgM c§
Ely | =] an ap ... aym : . (18)
~t .
Z Gz1 Gz2 ... OzM ‘
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We now have to computethe requiredcoeficientsa,,, (m = 1,2,..., M) by solvingtheleast
meansquareoroblem
780 NM
Y (@ —%)? =min (19)
Ai=360NM

and,inthe sameway, the coeficientsa,,,, anda,,, by solving

780 NM
> (@ —¥r)? =min (20)
;=360 NM
and
780 NM

Z (5)\2. — %)\i)z = min (21)

A:=360 M

respectrely. To formulatethis problemmoreconcisely we usematrix notationwith

Azl Qx2 --- GzM
A= Gyl Gy2 ... OyM ) (22)
a1 a2 N 72,74
[ %t ] i Iy, T, Txy i
X=k }—,t =k Y1 Q)Q Yxn ) (23)
L 7 J N Z); AN
[ =t 7 r -~ ~ ~ -
N D Do o Dy
X — k' }_’ — k :lj)\l :g)‘Q - ?2/\N ) (24)
A [ Za 2 Zay |
and
Cg Cin Cl), . Cidy
t
d Co) C2\y .-+ C2)
c=| 2 |=| T 7 ol (25)
c?\/[ CMM CMM)y --- CMMy
With thesedesignationsiEquation(18) reads
X = AC (26)

wherethe matrix A hasto be determinedsuchthat X providesa closeapproximationof X. The
solutionof this problemis given by meansof the Moore-Penros@seudoinerseC™ [26, 5] of the
matrix C as

A=XC. 27)

Figure 8 shaws the resultsobtainedby this methodif the CIE 1931 colour matchingfunctions
zZ(A),7(N), 2(A\) areapproximatedy linear combinationsf the 13 spectralchannelsrom Figure
5.
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Figure 8: Approximationof the CIE 1931 XYZcolour matding functionsobtainedwith the Spec-
traCamsystenby usinglinear combinationf the 13 spectal channelsshownin Figure 5.

3.2 Spectral Sensitivities of an Ideal Colour Camera

In animaging chain,a colour camerahasto provide threevery specificsignalswhich dependon
the primary coloursof the displaydevice. To derive therequirementgor a colorimetrically correct
imaging chain, we considera vector ¢, ;. representinghe spectralpower distribution of light
comingfrom a given position of the original scene anda vector - rr representinghe spectral
power distribution of the correspondingpixel on a cathoderay tube(CRT) imagedisplay

Although ¢ rrq¢ and ec-rr Will be generallydifferent, they shouldbe metamersj.e. they
shouldvisually matc. Thisis only the caseif their tristimulusvectors[ X, Y, Z]* asdeterminedoy
Equation(12) areidentical:

t

PORIG = PCRT- (28)

N@I‘_%J‘_ wl
NI <l X

Sincethe light output -z Of the CRT displayis the resultof additive colour mixing, it canbe
expresseds:

vorr = Recrrr + G Ycrre + B Ycrrp: (29)

where ¢crrr, Porray @and porrp designatethe spectralpower distributions of the CRT-
primaries.The coeficients R, G, B areweightingfactorswhich determingherelative contrilution
of eachprimaryto thetotal light outputy - Of thedisplay Thevaluesof R, G, B arebetweerD
and1, thesdimits beingreachedor noneandfull contritutionsrespectiely. Notethatthe R, G, B
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coeficientsrepresentight quantitiesratherthanvideo signalamplitudesjpecausef the nonlinear
relationshipbetweenvideo signalsand CRT light output,they arelinked to the video signalval-
uesby a nonlinearfunction, commonlyreferredto by a power function with an exponentcalled
v (gamma).

Using the notationsof linear algebra,Eq. (29) canbe rewritten asthe productof the N-row x
3-columnmatrix formedby the threeprimary vectors(pcrr g, Ycrra> Ycrr ] With acolumn
vectorcontainingthe coeficientsR, G, B:

R
Ycrr = [$crrry PorTGy PorTBl | G (30)
B
By substitutingp -z from Eq.(30)in Eq.(28), we get
xt xt R
¥' | voric = | ¥' | [Pcrrr> PcrTG> PcrrBl | G |- (31)
z! zt B

We cannow useEq. (12)to replacethematrix productontheright sideof Eq.(31) by a3 x 3 matrix
which containsthe CIEXYZ tristimulusvaluesof the CRT phosphors:

xt 1 Xr Xg X R
¥ | Yoric = % Yr Yo Y3 G |. (32)
zt Zr Zg Zs B

Finally, the solutionof Eq. (32)for [R, G, B]* reads:

R Xr X¢ Xsp X
G|=k|Yr Yo Yp ' | voric (33)
B Zr Zag Zp zt

Equation(33)tellsushow to obtainthecolorimetricallycorrectCRT-primarycontritutions R, G, B
for ary colour stimulusgiven by its spectralpower distribution ¢ ,rro- An ideal colorimetric
cameraproviding directly the R, G, B coeficients,would have to implementspectralsensitvities
CRr,Ca,cp suchthat

R ch
G |=|ct |¥orc (34)
B cl

for ary ¢ rrc- Accordingto Equation(33), we get

cl, Xp X Xg 17 '[ %
ch, | =k| Yr Yo Y5 yil. (35)
C% Zr Zg Zp z!

In otherwords, the requirement(28) can be satisfiedfor ary ¢, if andonly if the spectral
sensitvity functionsof eachof the cameras threecolour channelsare linear combinationsof the
colourmatchingfunctionsof thehumanobserer.
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Table1: CIE 1931 chromaticitiesfor ITU-R BT.709refeeenceprimariesand CIE standad illumi-

nantD65.
Red Green | Blue White
RT709 | G709 | B709 | 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 Camerafor ITU-R BT.709 CRT-primaries

In section3.1 we shaved how to obtain CIE 1931 XY, Z colorimetric valuesfrom the output
signalsof a multispectracamera Anotherinterestingapplicationof interactve multispectraimage
acquisitionis the implementationof the spectralsensitvity functionsof the blue, green,andred
colour channelsof anideal colour camerafor a display using ITU-R BT.709 or sSRGB primaries

[10, 11].

The spectralsensitvity functionscg7gg, €a 799, €B 709 Of Suchanideal cameraaredirectly ob-
tainedfrom Equation(35) if we usethe CIEXYZ tristimulusvaluesof the I TU-R BT.709primaries

in the3 x 3 matrix:

-1

¢

CR709 Xr7ro9 Xagro9 XB709

chroe | =k | Yrroo Yoo Ym0
7

CB709 ZRr79 ZGr9 ZB709

wxl

(36)

N(_I’~ <

Theonly remainingquestionis how to obtainthe CIEXYZ valuesfor the3 x 3 matrixin Equation
(36) from the chromaticity coordinatesof the ITU-R BT.709 referenceprimariesand of the CIE

standardlluminant D65, givenin table1.
Fromthe generaldefinitionof thechromaticiese, y, z

B X
x X+Y +Z
B Y
y X+Y+2Z
Z
y =
X+Y+2Z2
follows, for ary colourstimuluss,
X; T;
Y; = Yi | My
Zi Z

with

m; = X;+Yi+ Z;

(37)

(38)

(39)
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OnanideallTU-R BT.709displaydevice, equall00%videosignalsonall threevideoinputsshould
producea white stimuluswith D65 chromaticity In termsof CIE 1931 tristimulusvectorcompo-
nents this additive mixing canbe expresseds:

XDpes XR709 XaGr09 XB109
Ypes | = | Yrroo | + | Ygroe | + | YBrog |- (40)
Zpes ZR709 ZG 709 ZB709

By substituting(38) for i = R 709, G 709, B 709, D65, into (40), we get

Z D65 ZTR709 ZG 709 TB709
YD65 | MD65 = Yr709 | mRr7o9 + | Ygroo | maro9 + | yBro9 | mB709 (41)
ZD65 ZR 709 2@ 709 ZB 709

which readsn Matrix notation

Z D65 TR709 ZG709 TBT09 MR 709
Ypes | Mpes = | YR709 YG709 YB709 maro9 | - (42)
ZD6s5 ZR709 ZG709 ZB709 MB709

Thesolutionof Equation(42) is givenby

mMR709 TR709 ZG709 <TBT709 Z D65
maG 709 = Yr709 YG709 YBT09 Ype5 | MD65 (43)
MB709 ZRT709 ZGT709 <ZBT709 ZD65

wherethe only still unknavn quantityis mpes. To determinem pgs, we take the centerline of
Equation(38)for i = D65:

Ypes = ypes Mpes- (44)

Here,Ypgs5 representgheluminanceof the nominalwhite stimulusasdeterminedy a photometric
measuremengndm pgs in Equation(43) thereforecanbereplacedoy

mpes = Ypes/YDes- (45)

Equation (43) is now completely determined, and we can use the resulting values
Mpg709, MG 709, MB 709 10 cOmputethe CIEXYZ valuesof the ITU-R BT.709 primariesaccording
to Equation(38):

Xr79 Xgroo XBr09 TR709 TGT709 TBT09 MR 709 0 0
Yr700 Ygr00 YB7r09 | = | Yr709 YG709 YB709 0 MaG 709 0
ZRr109 ZGr09 ZB109 ZR709 2G709 ZB709 0 0 MB 709

(46)

Figure9 shavs theresultingspectrakensitvity functionscg7gg, €a 709, €8 709 Of @anidealcam-
erafor ITU-R BT.709primariesobtainedby substitutinghe matrix of the CIEXYZ values(46)into
Equation(36).

Toimplementthesd TU-R BT.709spectrakensitvity functionson ourinteractve multispectral
camerasystemwe usedagainlinear combinationf the 13 spectralchanneldrom Figure5. The
procedurds exactly the sameasdescribedn Section3.1andtheresultsareshavn in Figure10.
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Figure 9: Theoetically correct spectal sensitivityfunctionsof the blue green, and red colour
channelsof anideal colour camea for a displayusingI TU-R BT.7090r sRGBprimaries.
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Figure 10: Approximationby our SpectaCam systemof the spectal sensitivityfunctionsof an
'ideal’ colour camea for a displayusingl TU-R BR.709rimaries. Thisapproximationis obtained
by usinglinear combinationsf the 13 spectal channelsshownin Figure 5.
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4 Conclusion

This papemresentafully electronicsystemfor multispectraimageacquisitionandanalysisvhich
allows for interactve operationacrosghe Weh

Thekey elementof thesystemareanelectronicallycontrolledliquid crystaltunabléfilter, adig-
ital cameraandmodularsoftware componentdasedon a client-serer architecture On the sener
side,Java Servletsareusedto implementaccesgo the systenthroughsimpleHTTP requestsSince
only the standardCommonGatevay Interface(CGI) mechanismsor client-serer communication
areused the systemis accessiblérom any Webbrowser

In its presentform, the systemprovides realtimeremoteacceson our intranetto reflectance
spectraatary positiononthetarget. Theusertypically first selectghereferencéwnhite’ positionby
meangf themousecursor andtheninteractvely examinegeflectancespectraCIE XYZ tristimulus
values,or CIELab datafor ary region of interest. Application areasincludethe spectrophotomet-
ric analysisof fine art paintingsand museumobjects,the simulationof objectappearanceinder
differentilluminants,andhigh-endmultimediacolourimaging.
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