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bandwidth demands.3–6 Spectral imaging performs a
finer sampling in the wavelength domain during the
capture and its techniques allow the estimation of the
spectral reflectance properties of the scene, and there-
fore, these types of imaging can minimize metamerism.

A variety of camera approaches are available for MVSI
systems.7–16 The Munsell Color Science Laboratory
(MCSL) has concentrated in two different general ap-
proaches. The first is a narrow band approach.7–10,14 Re-
sults have been reported on the use of placing a narrow
bandpass tunable filters in front of a monochrome sen-
sor.9,10,14 Both CCD6–9,14 and panchromatic, black-and-
white film10 have been utilized as sensors for narrow
bandpass capture. These systems are analogous to us-
ing a spectrophotometer, sampling the visible spectrum
at known bandpass and wavelength interval. The sec-
ond approach uses a conventional trichromatic digital
camera combined with absorption filters or different
light sources.12,13 In this broad band approach, the spec-
tral reflectance of each pixel of the original scene can
be estimated using a priori spectral analysis with di-
rect spectrophotometric measurement and imaging of
samples of the object to establish a relationship between
the camera signals and spectral reflectance. Alterna-
tively, it is possible to use five to six optimized wide
band filters for image capture.4,14,15 The wide band ac-
quisition takes advantage of the possibility of decreas-
ing the spectral sampling increment without a
significant loss of spectral information because of the
smooth absorption characteristics of both synthetic and
natural colorants within the visible spectrum.17–20

The image processing stage of a spectral-based color
reproduction system involves the spectral reflectance
estimation using the captured multi-channel data fol-
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Introduction
Current graphic arts reproduction techniques of image
capture, scanning, proofing, and printing are still
heavily entrenched in the traditions of densitometry and
crafts experience. Color management systems, which
rely on colorimetry, find limited use. The European
MARC project demonstrated the feasibility of an end-
to-end scene to hardcopy colorimetric color management
system for artwork reproduction.1 This project was very
successful in producing high quality reproductions that
matched the original paintings under controlled illumi-
nation. Another example is the textbook by Billmeyer
and Saltzman, Principles of Color Technology, 3rd edi-
tion, that used the ICC color management framework
to reproduce color-order systems and colorimetrically
relevant digital images.2 These approaches can be used
to produce pleasant hardcopy, or an accurate hardcopy
under a controlled environment; for critical color match-
ing applications such as catalog sales and art books
these techniques can often lead to color reproductions
which lack sufficient color quality. Multi-channel vis-
ible spectrum imaging (MVSI), also known more com-
monly as spectral imaging, offers better accuracy at the
expense of more system complexity and higher system



544  Journal of Imaging Science and Technology®         Imai, et al.

lowed by transformation to signals appropriate for the
output device. In cases where the mathematics required
to estimate reflectance from captured scene information
are purely linear,21 the processing to estimate spectral
reflectance is computationally fast even for high reso-
lution images. With the addition of a printing system,
however, the image processing can be extremely com-
plex and computationally slow.22

In contrast to the abundance of research concerning
image capture aspects of spectral imaging, there has been
much less research on the spectral color reproduction of
hardcopy.10,22-34 At MCSL, an algorithm was developed by
Tzeng comprising several steps.24 At first, a priori analy-
sis was performed to determine an optimal ink set.26 In
this analysis, the spectral properties of the colorants used
to create the original object were measured or estimated
and analyzed statistically. The possible statistical
colorants were correlated to real inks in an existing da-
tabase resulting in an optimal ink set.27 A printer over-
print model was next derived.28 The spectral reflectance
of the ink overprints were predicted using Kubelka–Munk
theory.29 The Yule–Nielsen modified Neugebauer equa-
tions were used to predict spectral reflectance from dot
areas.29 More details on the use of this model for devel-
oping printer profiles are given by Iino and Berns.30,31

Using this approach, Tzeng was successful in reproduc-
ing the colors of the GretagMacbeth ColorCheckerTM color
rendition chart using the Dupont WaterProofTM proofing
process with six inks.24 The average color difference be-
tween the original rendition chart and the reproduction
for illuminant D50 and the 2o observer was 1.9 ∆E*94 with
maximum of 5.8. The research by Tzeng was fundamen-
tal and not focused on the high-speed requirements to
create color separations for high resolution images. Es-
sentially, Tzeng used images with limited number of pix-
els (corresponding to the various target colors such as
the ColorChecker). Extending his research to images with
millions of pixels has been a research topic at
MCSL.22,23,33,34 In one earlier study, an end-to-end spec-
tral reproduction from scene to hardcopy was obtained
using as input, a liquid crystal tunable filter (LCTF) at-
tached to a camera loaded with negative film and as out-
put, six color MatchPrintTM proofing.10

We extended the spectral-based ink separation research
from proofing to ink jet printing using initially a four
color ink jet printer. We also have been working with a
six color ink jet printer.22,34 This publication describes
spectral color reproduction from scene to hardcopy using
a trichromatic digital camera and a four color inkjet
printer, in order to verify the feasibility and accuracy of
spectral imaging and reproduction using systems that
do not require fabrication especially for this purpose.

For this feasibility study, we have developed an end-
to-end spectral color reproduction system comprising a
spectral image acquisition system and a spectral-based
printing system. A scene was captured using broadband
multi-channel imaging of the visible spectrum. The spec-
tral reflectance of each pixel was estimated from the
digital signals. The spectral reflectance image was pro-
cessed by a spectral-based color separation algorithm,
and prints produced.

Spectral Color Reproduction System
Figure 1 shows a block diagram of the experimental
pipeline and performance analyses.

A CMYK test target was printed and was used to
evaluate the spectral image acquisition and spectral-
based printing systems. The spectral reflectances, rep-

resented by matrix R, also called original reflectances
in the diagram because they correspond to the original
printed target, were measured by spectrophotometry.
The spectral reflectance measurement for each color
corresponds to the column of matrix R. Eigenvector
analysis was performed on the reflectances in order to
provide dimensionality reduction. A set of eigenvectors
was selected in order to reconstruct the original
reflectances with sufficient accuracy, shown in Eq. (1).

    R̂ EAE = (1)

where     R̂E  is the matrix representation of estimated re-
flectance using the eigenvectors, represented in matrix
E, and the corresponding scalars, shown as matrix A.
The subscript E in     R̂E  indicates a result obtained using
only eigenvectors without camera model or imaging.

After performing eigenvector analysis and checking
the theoretical feasibility of the method, we introduced
a camera model into the estimation as shown in Fig. 1.
It was possible to simulate the digital camera’s signals,
represented by matrix DS, by Eq. (2).

DS = (SF)T PR (2)

where the matrix S is the measured camera spectral
sensitivities, the matrix F is the spectral transmittances
of the filters, P is a diagonal matrix with illumination
spectral power distribution, DS is the matrix of simu-
lated camera signals and T denotes matrix transpose. A
transformation matrix MS

– was calculated to estimate
the matrix of eigenvectors coefficients, A, from simu-
lated camera signals, DS, as shown in Eq. (3)

    A M D= −
S S (3)

The superscript – is used since the transformation is
obtained by a generalized inverse matrix calculation.
This superscript was employed in the notation of all
matrices obtained by inverting matrices and models. The
estimated spectral reflectances, represented in matrix

    R̂S , were calculated from simulated digital signals DS

using the eigenvectors, E, as shown in Eq. (4).

      R̂ EM DS S S= − (4)

The performance of the estimation was evaluated com-
paring measured original target spectral reflectances,
R, with estimated spectral reflectances,     R̂S .

In digital camera-imaging system, it is also possible
to linearly relate the camera signals, represented as
matrix D, to the estimated reflectances, shown as ma-
trix     R̂I , by deriving a transformation matrix, MI 

–, from
camera signals, D, to the matrix A of scalars of the eigen-
vectors, E, shown in Eq. (5).

      R̂ EM DI I= − (5)

The subscript I in     R̂I  and MI 
– indicates matrices re-

lated to imaging process using actual camera signals.
The calculation of the transformation matrix, MI 

–, has
been a topic of research at MCSL.35

The estimated reflectances,     R̂I , were then used to es-
timate the area coverages for CMYK inks using the
transformation matrix, MIP

–, that was obtained by invert-
ing the printer model. We based our printer model on
the Yule–Nielsen modified spectral Neugebauer equa-
tion36 for four inks:
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where the vector       ̂rF  is the estimated printed spectral
reflectance, n is the empirically fit Yule–Nielsen n-fac-
tor accounting for physical and optical dot gain, the vec-
tor ri,max is the spectral reflectance of the ith Neugebauer
primary, the scalar fi is the Demichel weighting of the
ith Neugebauer primary defined by the product of the
effective areas, wj for each ink given by Eq. (7) using
the nomenclature of Ref. 22:
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The matrix       R̂p  is composed by the vectors       ̂rF  in its
columns. The effective dot areas wj are different from
the corresponding theoretical dot areas sent to the

printer due to mechanical and optical dot gain. The
transformation from theoretical to effective dot areas
can be accomplished using an optimized mathematical
function.24 A first order approximation can be achieved
using high order polynomials or nonlinear interpola-
tion.24 Further improvement can be achieved using
models for ink and optical trapping.31 In this research,
look-up tables were created using nonlinear interpola-
tion. The subscript P in the matrices Rp and M–

P corre-
sponds to the printer processing using estimated
spectral reflectances from actual camera signals. Since
Eq. (6) is not analytically invertible, nonlinear optimi-
zation was used to calculate the transformation M–

P

Cascading these transformations, the end-to-end spec-
tral color reproduction transformation from digital
camera signals to printer area coverages is shown in
Eq. (8).

    M EMP I
− − (8)

Figure 1. Block diagram of the spectral color reproduction system and its evaluation.
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Experimental
In our experiments, we used a medium spatial resolu-
tion trichromatic IBM PRO/3000 digital camera system
(3,072 × 4,096 pixels, R, G, B filter wheel, dark current
corrected 12 bits per channel that has a 45°/0° imaging
configuration and tungsten illumination).37 The spectral
sensitivities of the IBM PRO/3000 digital camera sys-
tem were measured, as well as the spectral radiant
power of the image capture illuminant. White spatial
correction was performed on the captured image to ac-
count for spatial non-uniformity of the illumination. For
the printer, we used an Epson Photo StyleTM 1200 ink
jet printer; although it has six ink capability using light
cyan and light magenta besides CMYK inks, only the
CMYK inks were used. Given that a target such as the
GretagMacbeth ColorChecker™ color rendition chart
has many out-of-gamut colors,24 a target was created
using the ink jet printer, thus insuring all colors were
in gamut. A special driver was used to assure control of
the area coverages of each ink during the printing pro-
cess. A target with 55 colors sampled along several hue
axes was generated. An image of the target as well as
the color distribution of the target in CIELAB space for
illuminant D50 and the 2o observer is shown in Color
Plate 17, page 593. All the spectral measurements were
performed using a Gretag Spectrolino 45°/0° spectropho-
tometer. Five prints of the target image were measured.
For each color, we calculated the mean color difference
from the mean, MCDM.38 The mean color difference from
the mean, MCDM, is calculated as shown in Eq. (9)
where each ith     Li

* ,     ai
*  and     bi

*  measurement is compared
with its corresponding average,     L* ,     a

* , and     b
* , followed

by summation of the N color differences, then dividing
by the numbers of measurement, N.38 Equation (9) shows
a general concept that can be extended to different color
difference equations.
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The average MCDM for all 55 colors was 0.23 ∆E*94.
The maximum MCDM was 1.1 ∆E*94. Considering that
this result included measurement uncertainty, we con-
cluded that the printer had sufficient accuracy. These
values represent an upper limit of performance when
modeling the printer.

It was necessary to consider both color accuracy from
the visual point of view as well as the accuracy of spec-
tral reflectance estimation. Since there is no consen-
sus of which metric is the best for evaluating spectral
matches,39 we used two color difference equations, two
metrics of spectral curve difference and a metameric
index calculation based on the parameric decomposi-
tion proposed by Fairman.40 The metameric index com-
pares the extent to which two spectra are different
between a reference condition and a test condition un-
der different illuminants or observers. In particular, if
we employ the metameric index using Fairman
parameric decomposition, at first, we correct the test
spectrum until an exact tristimulus equality is
achieved under a reference condition. Then, the
metameric index is calculated using a CIE color differ-
ence equation for a test illuminant and observer. De-
tails of the calculation can be found in Refs. 38 and 40.
For the color difference equation, we used CIEDE2000
since it incorporates the latest advances in color dif-

ference specifications. For the spectral curve difference
metrics, we used the root mean square error (rms) be-
tween original and estimated spectra and the goodness-
of-fit coefficient (GFC).41 GFC is based on the inequality
of Schwartz having values between 0 and 1 and indi-
cates the correlation between two spectral curves; a
value of unity corresponds to a perfect spectral match.
The metric is calculated using Eq. (10).
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where Rm(λj) is the measured original spectral data at
the wavelength λj and Re(λj) is the estimated spectral
data at wavelength λj. GFC ≥ 0.999 and GFC ≥ 0.9999
are required for respectively good and excellent spec-
tral matches.41

All colorimetric accuracy calculations in this article
were computed using illuminant D50 and the 2o stan-
dard observer. For the metameric index calculation, D50
was used as the reference illuminant and illuminant A
was used as the test illuminant. CIEDE2000 was also
used in the metameric index calculation. In general, a
CIEDE2000 of less than unity, a metameric index of less
than unity, and rms error of less than 1% are good color
matches. We also evaluated plots of the spectral differ-
ence between originals and their estimates as a func-
tion of wavelength. These plots were used to indicate
spectral regions that have reduced performance.

Results and Discussions
The evaluation of the color accuracy of our spectral color-
reproduction system was divided in three parts: spec-
tral reflectance estimation accuracy of the MVSI
acquisition system, spectral-based printing model ac-
curacy, and end-to-end system accuracy.

Evaluation of the MVSI Acquisition System
The accuracy of the spectral estimation from the

multi-channel acquisition can be evaluated starting from
the analysis of the eigenvector reconstruction, adding
simulated camera signals and concluding with spectral
estimation from actual camera digital signals. That is,
estimation uncertainty was added progressively.-

Performance of Eigenvectors in the Reconstruction
of Original Spectra

Eigenvector analysis was evaluated theoretically by
reconstructing the spectral reflectances,       R̂E , from the
derived eigenvectors and scalars as shown in Fig. 1. The
number of eigenvectors used to estimate the reflectances
was selected comparing the estimated reflectances,       R̂E ,
with the measured spectral reflectances, R, of the origi-
nal target.

The spectral reflectances of the printed target with
55 colors were measured and eigenvector analysis per-
formed. Table I shows the cumulative contribution for
each multiple-of-three eigenvectors and the influence
of the number of eigenvectors on the colorimetric and
spectral accuracy of the spectral estimation. We only
consider eigenvector triplets since we were using trip-
lets of RGB digital signals from our camera without and
with the use of one or more colored absorption filters.
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larger errors due to a lack of fit between scalars and
simulated camera signals. In order to improve the per-
formance we have to use a better transformation rather
than the generalized pseudo-inverse. This is a current
topic of research at MCSL.35

Estimation of Spectral Reflectance Using Actual
Camera Signals

As in the evaluation of the spectral estimation using
simulated camera signals, the estimation of the spectral
reflectance using actual camera signals also relies on a
priori spectral analysis but instead of using simulated
camera signals, DS, it used camera signals, D, obtained
by actual imaging. The performance of the estimation
was evaluated comparing measured original target spec-
tral reflectances, R, with estimated spectral reflectances,

      R̂I , from camera signals, D, using transformation MI
–.

The trichromatic system without filtering and with the
light blue filter produced six channel images. The cam-
era signals of each color of the target were averaged.
Then, the average camera signals for each color were used
in conjunction with six eigenvectors of spectral reflec-
tance to estimate spectral reflectance from camera digi-
tal signals. Table III shows the colorimetric and spectral
performance. Figure 5 shows the absolute spectral dif-
ference between original and estimated spectra.

Comparing Tables II and III as well as the spectral
differences of Figs. 4 and 5, we see that the performance
was worse in the spectral reconstruction using actual
camera signals than using simulated camera signals.
This result was expected because of the introduction of
noise, quantization, and typical experimental uncer-
tainty when actual camera signals were used. In order
to improve results, we have to consider better transfor-
mations that include noise aspects of imaging.4

Figure 6 shows a comparison of the spectral estima-
tion of one of the target colors. The measurement of the
original reflectance was compared with the reflectance
estimated only by eigenvectors, the reflectance esti-
mated by simulated camera signals, and the reflectance
estimated by actual camera signals. The reflectance es-
timated using eigenvectors was almost a perfect match
with the measured reflectance. Adding progressively
more uncertainty to the estimation produced spectral
curves that diverged progressively from the measured
reflectance, as expected.

Evaluation of the Spectral-Based Printing
System

The spectral-based printing system evaluation was
subdivided in two different experiments. At first, we
started with the evaluation of the spectral-based print-
ing model predicting reflectance from color separations,
and then we evaluated the spectral-based printing sys-
tem predicting color separations from reflectance us-
ing as input, measured reflectances of the original
target.

TABLE I. Cumulative variance contribution and influence of the number of eigenvectors used in the spectral reconstruction of
printed targets on its colorimetric and spectral accuracy. This table corresponds to Fig. 2.

Number of Cumulative variance Mean ∆E00 Mean Spectral Mean GFC Mean Metameric Index
eigenvectors contribution (%) (D50, 2o) rms error (%)  (%)  (∆E00) (D50 -> A, 2o)

3 98.10 5.1 2.7 97.53 1.4
6 99.97 0.4 0.8 99.77 0.2
9 99.99 0.1 0.4 99.95 0.03

12 100.00 0.1 0.2 99.98 0.01

The usual result was observed. As the number of
eigenvectors increased, estimation accuracy improved.
Selecting the number of eigenvectors was a balance be-
tween estimation accuracy and minimizing the number
of image planes. For these samples, six eigenvectors
were selected. The spectral differences between mea-
sured and estimated spectra are plotted in Fig. 2. Re-
constructions using six eigenvectors resulted in
maximum colorimetric error of less than 1 ∆E00 and an
average spectral reflectance rms error less than 1%. The
GFC and metameric index metrics were also good. From
Table I, it is possible to see that six eigenvectors can
reconstruct the original spectra with 99.97% accuracy.
The effect of dimensionality reduction is shown in Fig.
2. The relatively large reflectance difference in the short-
wavelength region was caused by the six eigenvectors
poorly estimating the mean reflectance. Typical cam-
era transformations do not include the mean reflectance.
Had we selected more eigenvectors, the mean reflectance
would have been well estimated; its omission would have
been inconsequential. It is also worth noting that al-
though only four inks were used, dimensionality reduc-
tion to four eigenvectors would result in poor spectral
accuracy. This is kind of indirect evidence that the Yule–
Nielsen n value is required to achieve linearity between
the amount of ink on paper and spectral reflectance,
shown in Eq. (6).

Estimation of Spectral Reflectance Using
Simulated Camera Signals

The measured spectral properties of the IBM PRO/
3000 digital camera system and a Kodak Wratten filter
38 (light blue) were used to simulate camera signals.
This filter was chosen after a optimization process that
resulted in a filter with transmission characteristics
similar to light blue. Figure 3 shows the spectral sensi-
tivities of the IBM digital camera with and without light
blue filtering. The trichromatic system without filter-
ing and with the light blue filter give six signals, used
in conjunction with the six reflectance eigenvectors in
order to estimate the spectral reflectance from simu-
lated camera signals. This analysis using simulated
camera signals was important because it tested the per-
formance of the estimation system in the absence of
imaging uncertainty such as noise. Table II shows the
colorimetric and spectral accuracy between measured
spectra and estimated spectra. Figure 4 shows the spec-
tral difference between original and estimated spectra.

It is possible to see from Table II and Fig. 4 that the
estimation of spectral reflectance from the six simulated
digital signals and six eigenvenctors produced reason-
able colorimetric performance but had problems in the
spectral predictions with large errors in the long-wave-
length region of visible spectrum. The spectral error
present in the theoretical evaluation using eigenvectors
was amplified with the introduction of the imaging sys-
tem. The introduction of the camera model resulted in
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TABLE II. Colorimetric and spectral accuracy of reflectance estimation of the printed target using six eigenvectors and six
simulated camera signals of the IBM PRO/3000 digital camera system. The simulated camera signals were obtained combining
the trichromatic camera without and with a light blue filter. This table corresponds to Fig. 4.

Number of eigenvectors ∆E00 (D50, 2o) Spectral rms error (%) GFC (%) Metameric Index (∆E00) (D50 -> A, 2o)

Average 0.3 1.0 99.64 0.1
Maximum or Minimum (GFC) 0.8 2.9 98.70 0.5

Standard deviation 0.2 0.3 0.34 0.1

TABLE III. Colorimetric and spectral error of the reflectance estimation of the printed target using six eigenvectors and six
actual camera signals for IBM PRO/3000 digital camera system. The camera signals were obtained combining the trichromatic
camera without and with a light blue filter. This table corresponds to Fig. 5.

Number of eigenvectors ∆E00 (D50, 2o) Spectral rms error (%) GFC (%) Metameric Index (∆E00) (D50 -> A, 2o)

Average 1.0 1.4 99.55 0.4
Maximum or Minimum (GFC) 2.1 2.6 97.91 1.2

Standard deviation 0.4 0.4 0.40 0.3

Figure 5. Spectral difference between measured spectral
reflectances, R, and estimated spectral reflectances     R̂I , from
actual camera signals, D, using transformation MI

–.

Figure 3. Spectral sensitivities of the IBM digital camera sys-
tem with and without light blue filtering.

Figure 4. Spectral difference between measured spectral
reflectances, R, and estimated spectral reflectances,     R̂S , us-
ing six simulated digital camera signals, DS, and six eigenvec-
tors combined with transformation MS

–.

Figure 2. Spectral difference between measured spectral re-
flectance, R, and estimated spectral reflectance,     R̂E , using six
eigenvectors.
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Evaluation of the Spectral-Based Printing Model
In the first analysis, diagrammed in the top of Fig. 1,

we evaluated the accuracy of the Yule–Nielsen spectral
Neugebauer Model to estimate spectral reflectance,       R̂F ,
from four color separations.

Ramps of each ink were printed in 17 equal steps in
theoretical dot areas. In addition, the two, three, and
four ink overprints at 100% theoretical dot area were
also printed. These samples and the paper were mea-
sured. The determination of the Yule–Nielsen n-factor
was carried out by stepping through all values of n-
factor with increments of 0.1 from 1 to 20 and calcu-
lating the estimated reflectance and comparing with
measured reflectances of the four primary ramps. For
each sample, dot area was estimated minimizing RMS
spectral error. See Refs. 30 and 31 for greater detail.
These dot areas are referred as “effective dot areas.”42

An optimal n value was the one corresponding to the
smallest average ∆E*94 for all the colors of the primary
ramps. The optimal n-factor was 2.9. The theoretical
to effective dot area transfer functions were calculated
for each primary ramp by discretely sampling at the
effective dot area forming continuous transfer functions
using cubic spline interpolation.

The performance of this printing model was tested us-
ing the target with 55 colors as an independent verifi-
cation target. Figure 7 shows the spectral difference
between original and estimated spectra. Table IV shows
the colorimetric and spectral performance of the print-
ing model. The printer model had excellent performance.
All the results were within 1 ∆E00 and within GFC of
99.98%. For this particular printer, inks, and paper, it
was not necessary to consider more complex models,
summarized in Ref. 42.

Evaluation of the Spectral-Based Printing
System

In the second experiment, shown in the right side of
the Fig. 1 flowchart, we evaluated the accuracy of the
spectral-based printing system. The measured spectral
reflectances of the target, R, were used in conjunction
with the printer inverse model, MP

–, to predict the CMYK
color separations. Then, the target was reproduced by
directly sending the CMYK dot areas to the printer. The
spectral reflectances, represented by matrix RR, of the
printed targets were measured. The evaluation of the
printing system without introducing uncertainty from
the spectral estimation using the camera was performed
comparing the measured spectral reflectances, R, of the
original printed target with the measured spectral
reflectances, RR, of the reproduced target.

The printer inverse model, MP
–, was implemented us-

ing the Matlab 5.3 fmincon optimization tool. There was
a convergence problem for one color and it was excluded
from the analysis of the results, shown in Table V and
Fig. 8. We believe that the convergence problem for a
particular dark color was due to the initial value that
was 50% for all area coverages. From these results, we
concluded that the spectral-based printing system had
reasonable accuracy. The spectral printing system per-
formance was worse than the spectral printing model.
This was expected, because it included actual printing
and its associated uncertainties.

Evaluation of the Spectral Color Reproduction
System from Original to Hardcopy

Finally, the end-to-end spectral reproduction system
was evaluated. In this case, the spectral reflectances
used to predict CMYK area coverages were the esti-

Figure 7. Comparision of spectral reflectance curves between
the original (measured) and the estimations using only eigen-
vectors, using eigenvectors in conjunction with simulated cam-
era signals, and using eigenvectors in conjuction with actual
camera signals.

TABLE IV. Colorimetric and spectral evaluation of the model used in the spectral-based printing. This table corresponds to Fig. 7.

Number of eigenvectors ∆E00 (D50, 2o) Spectral rms error (%) GFC (%) Metameric Index (∆E00) (D50 -> A, 2°)

Average 0.3 0.1 99.996 0.05
Maximum or Minimum (GFC) 0.7 0.4 99.98 0.3

Standard deviation 0.1 0.1 0.004 0.1

Figure 6. Comparison of spectral reflectance curves between
the original (measured) and the estimations using only eigen-
vectors, using eigenvectors in conjunction with simulated cam-
era signals, and using eigenvectors in conjunction with actual
camera signals.
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Figure 9. ∆E00 histogram between the originally measured
spectral reflectances and the measured reflectances of the re-
produced target. It corresponds to the evaluation of the entire
system from end-to-end including imaging and printing repre-
sented in the diagram of Fig. 1.mated spectral reflectances, represented by matrix       R̂I ,

obtained from actual camera signals, D. That is, the
CMYK area coverages were obtained applying the
transformation MP

–EMI
– to the actual camera signals,

D. A print was made and its reflectances, RP, measured.
The measured reflectances, R, of the original target
were then compared to the measured reflectances, RP,
from the hardcopy. This evaluated the end-to-end spec-
tral color reproduction system performance.

Table VI summarizes the colorimetric and spectral
accuracy. Figure 9 shows the histogram of ∆E00 between
measured spectral reflectances of the original target
and its end-to-end reproduction. Figure 10 shows the
spectral difference. From the results in Table VI and
Figs. 9 and 10, the end-to-end spectral-based color re-
production system had reasonable accuracy and dem-
onstrated the feasibility of the proposed spectral color
reproduction system. Figure 11 shows the comparison
between the measured spectral reflectance of a sample
in the original target and its corresponding measured
spectral reflectance after applying the printer inverse
model to it followed by printing; and its corresponding
measured spectral when the camera imaging was in-
troduced. From Fig. 11, it is possible to see that the
spectral curve diverged progressively from the mea-
sured spectral reflectance of the original target as we
added first the printing model and then the digital cam-
era imaging. Figure 12 shows three examples each of
the best and worst spectral matches using the criteria
of colorimetric, GFC error and metameric index
metrics.

Figure 8. Spectral difference between measured original tar-
get reflectances,  R ,  and measured reproduced target
reflectances,       R̂F , after using printer inverse model and print-
ing the target.

Figure 10. Spectral difference between the originally measured
spectral reflectances, R, and the measured reflectances, , of
the reproduced target. It corresponds to the evaluation of the
entire system from end-to-end including imaging and printing
represented in the diagram of Fig. 1.

TABLE V. Colorimetric and spectral evaluation of the spectral-based printing system. The evaluation of the spectral-based
printing is a comparison between measured original target and measured reproduced target obtained by printing the target
estimated using measured reflectances of the original target. This table corresponds to Fig. 8.

Number of eigenvectors ∆E00 (D50, 2o) Spectral rms error (%) GFC (%) Metameric Index (∆E00) (D50 -> A, 2°)

Average 0.9 0.7 99.91 0.1
Maximum or Minimum (GFC) 4 2 99.57 0.4

Standard deviation 1 0.5 0.07 0.1
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Conclusions
This research is part of our effort to integrate spectral
image capture with multi-ink printing. An end-to-end
spectral color reproduction system was tested with
printer in-gamut colors. The performance was evaluated
in terms of colorimetric accuracy, spectral reflectance
difference metrics, and a metameric index. In the im-
age acquisition side, the performance of the wide band
acquisition system was verified by imaging a printed
ink target. The experiments were performed in three
steps: spectral analysis, spectral reconstruction using
simulated camera signals and spectral reconstruction
using actual camera signals. The spectral analysis in-
dicated the theoretical feasibility of using six eigenvec-
tors to reconstruct reflectance spectra. The spectral
reconstruction using simulated camera signals allows
the analyses of the results without typical imaging noise.
The spectral estimation based on the actual camera sig-
nals presented an average colorimetric accuracy of 1.0
∆E00 and spectral reflectance rms error of 1.4% when
the measured spectral reflectances of the printed tar-
gets were compared to the estimated spectral
reflectances using the digital camera system.

TABLE VI. End-to-end system colorimetric and spectral evaluation between original target and printed target. The original
target was imaged using six channels of IBM PRO/3000 actual camera signals (obtained combined the trichromatic signal
without filtering and with light blue Kodak Wratten absorption filter). Six eigenvectors from the target were used in the spec-
tral estimation. The estimated reflectances were then converted to CMYK area coverages using the printer inverse model and
finally the target was reproduced using Epson Photo Stylus 1200. This table corresponds to Figs. 9 and 10.

Number of eigenvectors ∆E00 (D50, 2o) Spectral rms error (%) GFC (%) Metameric Index (∆E00) (D50 -> A, 2°)

Average 1.5 0.9 99.79 0.2
Maximum or Minimum (GFC) 5.5 2.8 98.67 0.6

Standard deviation 1.1 0.5 0.28 0.1

Figure 11. Comparison of spectral reflectance curve of one color
sample of the target obtained by measuring the spectral re-
flectance of the original target, the spectral reflectance of the
hardcopy obtained by applying the spectral-based printer to
the measured original target, and finally reflectance of the
hardcopy obtained by applying the spectral-based printer to
reflectances estimated by the imaging system (end-to-end sys-
tem evaluation).

The printing system also was evaluated progressively,
first estimating the accuracy of the spectral printing
model using only simulated spectral reflectances gen-
erated by the printer spectral-based model and then
evaluating the spectral-based printing system accuracy
that included the inverse-model. The spectral-based
printing had remarkably good performance. The spec-
tral printing system had an average colorimetric accu-
racy 0.9 ∆E00 and spectral reflectance rms error of 0.7%.
This result excluded one color that had convergence
problems during model inversion. We believe that the
convergence problem for a particular dark color patch
was due to the initial value that was 50% for all area
coverages.

Finally, the entire end-to-end spectral reproduction
system had an average colorimetric accuracy of 1.5 ∆E00

and spectral reflectance rms error of 0.9%.
This research also was able to show how error is added

progressively in the image acquisition and reproduction
system from theoretical modeling, to system simulation,
to actual imaging. These results showed the feasibility
to image and reproduce in-gamut colors using a CMYK
ink jet printing system. Conventional four color print-
ing systems are limited in terms of degrees of freedom
in representing the properties of spectral information.
Therefore there are limitations in trying to minimize
metamerism using four color printing. The existing
multiple ink hardcopy systems that use more than four
inks (whose primary focus is expanding the color gamut)
do not address the problem of metamerism since their
color separation algorithms are colorimetric and not
spectral in nature. If the printer has a large set of inks
from which to choose from, it should be possible to se-
lect a subset of inks that achieve a spectral match be-
tween original objects and their printed reproductions
by spectral reflectance image estimation, ink selection
minimizing metamerism,27 and spectral-based printing
models including separation algorithms.22,23,29,32,34 Differ-
ent printing modeling approaches also can be consid-
ered.36 It is also necessary to address improvements in
the input end of the system, providing better transfor-
mations from digital signals to reflectance spectra.35

The spectral matching capabilities of the spectral-
based printing system would require far more compu-
tational power than that needed for the traditional
metameric approach. We also have to address efficient
approaches to processing images where tradeoffs can
be considered between desired precision, processing
time requirements, and available computational power
and memory constraints.23 Efficiency could be achieved
by reducing the dimensionality demands of spectral
color management,33 or building low dimensional
lookup tables. Without such approaches, spectral color
management would remain a very slow process or
would make memory demands far exceeding current
capabilities.    
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(e) Best match according to metameric index (f) Worst match according to metameric index

(c) Best match according to GFC metric (d) Worst match according to GFC metric

(a) Best match according to ∆E00 (b) Worst match according to ∆E00

Figure 12. Examples of spectral matches between original target (solid line) and reproducred target using the spectral-based end-to-
end reproduction system (stars).
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Color Plate 17. Colorimetric plots for the target with 55 patches (D50 illuminant, 2o observer). (Imai, et al., pp. 543–553)

(c) a* × b*

(b) a* × L*

(a) Target image




