
Measures of Goodness for Color ScannersGaurav Sharma and H. Joel TrussellECE Dept., North Carolina State University, Raleigh, NC 27695-7911AbstractColor errors in scanners arise from two sources: the non-colorimetric nature of the scanner sensitivities and the mea-surement noise. Several measures of goodness have beenused to evaluate scanners based on these errors. In thispaper, the trustworthiness of these measures is studiedthrough simulations. A new measure incorporating boththe above sources of errors and providing excellent agree-ment with perceived color error is also presented.1 IntroductionThe color of an object is speci�ed by its CIE XYZ tristim-ulus values tr = ATLr = ATLr; (1)where tr is the 3� 1 vector of CIE XYZ tristimulus values,A is the N�3 matrix of CIE XYZ color matching functions,L is the N�N diagonal matrix with samples of the viewingilluminant spectrum along the diagonal, r is theN�1 vectorof the object re
ectance, and AL = LA.Scanner measurements of the object with a K channelscanner can be similarly expressed asur =MTLsr+ � =GT r+ � ; (2)where ur is a K � 1 vector of scanner measurements, Mis the N �K matrix of scanner �lter transmittances, Ls isthe N � N diagonal matrix with samples of the scanningilluminant spectrum along the diagonal, � is the K � 1measurement noise vector, and G = LsM.To obtain colorimetric data from scanners, it is necessarythat the color matching functions be linear combinations ofthe scanner sensitivities. Since the column spaces ofAL andG de�ne the human visual illuminant sub-space (HVISS)and the scanner visual sub-space (SVS), respectively, this isequivalent to the requirement that the HVISS be containedin the SVS. The di�erent measures of goodness quantify thefractional \amount" of the HVISS contained in the SVS. Inthe presence of noise, most of these measures are readilymodi�ed to quantify the fractional \amount" of the HVISSrecoverable from the scanner measurements.2 Measures of GoodnessA \quality factor" for color �lters was �rst proposed byNeugebauer [7]. For each color scanning �lter, Neugebauer

de�ned a quality factor as the fraction of its energy lying inthe HVISS. Thus if g denotes the sensitivity of a scannerchannel, its quality factor is given byqn(g) = k PALg k2k g k2 ; (3)where PAL is the projector onto the HVISS.The Neugebauer quality factor is limited to the evalua-tion of one channel at a time. If the sensitivities of thedi�erent channels are su�ciently separated in wavelength,the average of the quality factors provides a meaningfulmeasure of goodness for the scanner [3]. However, for moregeneral cases the use of averages could provide misleadingresults [11].Neugebauer's color factor was generalized to multiple �l-ters by Vora and Trussell [11]. The Vora-Measure of good-ness corresponds to the normalized sum of NeugebauerQuality factors of an orthogonalized scanner sensitivities.Mathematically, the Vora measure can be expressed asqv(G) = tr(PALPG)3 ; (4)where tr(�) denotes the trace opearator [5] and PG the pro-jector onto the SVS. The Vora-measure can be used for ascanner with an arbitrary number of channels. It may alsobe noted that for applications where a general M -stimulusspace is considered (for instance multi-illuminant viewing)instead of the typical tristimulus space the Vora-measure isreadily modi�ed by replacing the 3 in the denominator byM .In the past, a color quality factor (CQF) has been usedin industry to measure the closeness of the HVISS to theSVS. The CQF is de�ned by measuring how well the colormatching functions de�ned by AL can be �t using the basisvectors de�ned by G. This measure can be de�ned as [9]qc(G) = mini=1;2;3 k PGai k2k ai k ; (5)The measures described above relied on notions of dis-tance between subspaces measured in terms of Euclideandistance in a tristimulus space. Since these spaces are per-ceptually non-uniform the use of a uniform color space couldo�er a potentially better measure. Such measures are how-ever computationally intensive due to the non-linear natureof uniform color spaces. The linearized CIE L�a�b� spaceproposed by Wolski et. al. [14] o�ers a reasonable com-promise between computational complexity and perceptual1



accuracy. A perceptual measure based on the linearized CIEL�a�b� space can be de�ned as [8]qp(G) = �(G)� ; (6)where �(G) = vec �ATL�T Sr (G
 I3) ���GT 
 I3�Sr (G
 I3)��1 ��GT 
 I3�Srvec �ATL� ; (7)� = vec �ATL�T Srvec �ATL� ; (8)vec(�) is an operator that transforms a matrix into a vectorby stacking the columns of the matrix one underneath theother in sequence, I3 denotes the 3� 3 identity matrix, 
denotes the Kronecker product operator,Sr = E ��rrT �
 �JTF (tr)JF (tr)�	 ; (9)Ef�g denotes the expectation over the ensemble of objectsto be scanned, F(�) denotes the 3� 3 (nonlinear) transfor-mation from CIE XYZ to CIE L�a�b� space [2], and JF (tr)denotes the Jacobian matrix [6] of the transformation F(�)at tr.Of the four measures described above, the �rst three ig-nored knowledge of the statistics of the ensemble of scannedre
ectance spectra and all four neglected the e�ects of themeasurement noise. By incorporating this information,more comprehensive measures of goodness may be obtained.In order to distinguish these from the measures of the lastsection, these will be referred to as �gures of merit.Two �gures of merit will be considered here. The �rst isa �gure of merit based on an orthogonal color space,qo(G) = tr(PALKrG �GTKrG+K���1GTKr)tr(PALATLKr) ; (10)where K� = E �� � T	 is the noise covariance matrix andthe other terms are as de�ned earlier.The second �gure of merit considered is an extensionof the perceptual measure to account for measurementnoise [8]. This perceptual �gure of merit is given byqpn(G) = �n(G)� ; (11)where �n(G) = vec �ATL�T Sr (G
 I3) ���GT 
 I3�Sr (G
 I3) + S���1 ��GT 
 I3�Srvec �ATL� ; (12)S� = K� 
E �JTF (tr)JF (tr)	 ; (13)and � is as de�ned in (8).

3 Experimental ResultsIn order to examine the trustworthiness of the di�erent mea-sures, their relation to average 4E�ab error will be studiedthrough simulations. To test the predictive capabilities ofthe measures to imperfect �lter sets a large number of setswas needed. This was generated by using parameterizedmathematical �lters. The parameters were varied to obtaina 251 �lter sets with three �lters per set. For the ensem-ble of scanner target re
ectances a total of 424 re
ectanceswere used. Of these 240 were from the Kodak Q60 photo-graphic scanner target, 64 from the Munsell chart, and 120from a Dupont Paint catalog.For each �lter set noisy scanner measurements of thetarget ensemble were simulated using (2). These measure-ments and the actual XYZ values from (1) were convertedto CIE L�a�b� space and the average 4E�ab error was com-puted. Simulations were performed for signal-to-noise ratio(SNR) values of 40, 50 and 60 dB, where the SNR was de-�ned as SNR (dB) = 10 log10 � tr(GTKrG)�2� � : (14)Using the results for the di�erent �lter sets, scatter plotsof the di�erent measures vs. the average 4E�ab error weremade. These are presented in Figures 1 { 6.For an ideal measure of scanner goodness, the points inthe scatter diagram should lie along a smooth monotoniccurve. Consider the scatter plots in Fig. 1 { 4 for themeasures that ignored the noise statistics. Even at a rel-atively high SNR of 60 dB the CQF (Fig. 1) performs ex-tremely poorly, with points being widely scattered. At thesame SNR, the average Neugebauer quality factor (Fig. 2)is somewhat better, and the Vora-measure (Fig. 3) is sig-ni�cantly better particularly in the region correspondingto high measures, where the scatter points are close to amonotonic curve. However, for �lter sets with lower mea-sures there is considerable spread in points on the scatterdiagram. The perceptual measure (Fig. 4) performs ideallyat a 60 dB SNR with the scatter points lying extremelyclose to a monotonic curve. However, as the noise levelincreases, all of these measures perform poorly. At 40 dBSNR, the scatter plots for all measures are widely spreadout and no clear functional relation is apparent between themeasures and the average 4E�ab error, even for the percep-tual measure that was based on a linearized CIE L�a�b�space.Figures 5 and 6 contain the scatter plots for the orthog-onal color space �gure of merit and the perceptual �gure ofmerit, respectively. These �gures of merit account for mea-surement noise in their formulation and therefore capturethe trade-o� between the colorimetric quality of the scan-ner and the noise performance [10] in a continuous fashion.At lower SNRs, the values of these �gures of merit are alsolower and the corresponding points are shifted to the left onthe scatter plots. Both the �gures of merit perform betterthan the measures discussed in the last paragraph. The per-2



ceptual �gure of merit, however, performs exceedingly wellin comparison to all the other measures and the points onthe scatter diagram in Fig. 6 all lie very close to a smoothmonotonically decreasing curve.4 ConclusionsIn this paper, the capabilities of di�erent measures ofgoodness for predicting the perceived color error in scan-ners (quanti�ed as the average 4E�ab error) was examinedthrough simulations. Several existing measures and a cou-ple of new measures were considered in the comparisons.It was demonstrated that measures that ignored noise andprovided quantitative estimates of the non-colorimetric na-ture of the scanner sensitivities performed poorly in thepresence of noise. The �gures of merit that incorporatedknowledge of noise statistics performed signi�cantly bet-ter, with the new perceptual �gure of merit providing closeagreement with average 4E�ab error for a wide range ofSNRs and across �lters with consderable variation in col-orimetric quality.References[1] P. Chen and H. J. Trussell, \Color �lter design for multi-ple illuminants and detectors," Proc. Third IS&T/SID Col.Imag. Conf., Nov. 1995, pp. 67-70.[2] CIE, Colorimetry, 2nd Ed., CIE Publication 15.2, CentralBureau of the CIE, Paris, 1986.[3] P.G. Engeldrum, \Color scanner colorimetric design re-quirements," Proc. SPIE, vol. 1909, 1993, pp. 75-83.[4] J.E. Farrell and B.A. Wandell, \Scanner Linearity," J. Elec-tronic Imaging, vol. 2, no. 3, July 1993, pp. 225-230.[5] G. H. Golub and C. F. VanLoan,Matrix Computations, 2ndEd. The Johns Hopkins University Press, 1989.[6] J. R. Magnus and H. Neudecker, Matrix Di�erential Calcu-lus with Applications in Statistics and Econometrics, Wiley,1988.[7] H. E. J. Neugebauer, \Quality Factor for Filters WhoseSpectral Transmittances are Di�erent from Color MixtureCurves, and its Application to Color Photography," J. Opt.Soc. Am., Vol. 46, No. 10, Oct 1956, pp 821-824.[8] G. Sharma and H. J. Trussell, \Figures of merit for colorscanners and cameras," submitted to IEEE Trans. ImageProc.[9] H. J. Trussell, G. Sharma, P. Chen, and S. A. Rajala,\Comparison of measures of goodness of sets of color scan-ning �lters," Proc. IEEE MDSP Wksp. 1996, pp. 98-99.[10] G. Sharma and H.J. Trussell, \Color scanner performancetrade-o�s", Proc. SPIE, v. 2658, pp. 270-278.[11] P.L. Vora and H.J. Trussell, \Measure of goodness of a setof color scanning �lters," J. Opt. Soc. Am. A, v. 10, no. 7,1993, pp. 1499-1508.
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Figure 1: CQF vs. Average 4E�ab[12] M.J. Vrhel and H.J. Trussell, \Filter considerations in colorcorrection", IEEE Trans. Image Proc., vol. 3, No. 2, pp.147-161, March 1994.[13] M.J. Vrhel and H.J. Trussell, \Optimal color �lters in thepresence of noise," IEEE Trans. Image Proc., vol. 4, No. 6,pp. 814-823, June 1995.[14] M Wolski, C.A. Bouman, and J.P. Allebach, \Optimizationof sensor response functions for colorimetry of re
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0.75 0.8 0.85 0.9 0.95 1
0

5

10

15

20

25

Avg. Neugebauer Quality Factor

A
v
e

ra
g

e
 D

e
lt
a

 E
 E

rr
o

r

o SNR 40 dB

+ SNR 60 dB

Figure 2: Avg. Neugebauer quality factor vs. Avg. 4E�ab
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Figure 3: Vora-measure vs. Average 4E�ab

0.7 0.75 0.8 0.85 0.9 0.95 1
0

5

10

15

20

25

Perceptual Measure

A
v
e

ra
g

e
 D

e
lt
a

 E
 E

rr
o

r

o SNR 40 dB

+ SNR 60 dB

Figure 4: Perceptual Measure vs. Average 4E�ab
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