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Abstract—Metameric reproduction systems (e.g. ICC-based
systems) are successfully used around the world today. For
distinct applications, however, such as artwork reproduction,
proofing or high accurate industrial color communication,
systematic limitations avoid satisfying results. This paper
discovers the systematic problems of metameric reproduction
systems and introduces a spectral-based workflow that allows the
solution of these problems to a large extent. The basic concepts
and main modules of a spectral-based reproduction system are
investigated and finally a real system is presented.
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I.

INTRODUCTION

A graphic arts industry without color-management systems
that colorimetrically control capture, exchange and
reproduction of color information is unthinkable today. In the
last decade isolated color-management systems were replaced
by industrial and recently by an ISO standard (ISO 15076-1),
which is based on the industrial standard of the International
Color Consortium (ICC) [1]. The open system architecture of
the ICC standard allows an exchange of color information
independently of the computer operating systems, device and
software application by so-called color profiles, which include
transformation functions between color spaces and allow a
device independent representation of color [2]. Modern
software applications are capable to read and apply these
profiles, which can also be embedded into standardized image
and document-formats (e.g. JPEG, TIFF or PDF). By using
today’s color management applications nobody has to worry
about problems of the pre-colormanagement era, such as the
green on the display changes into a blue on the print. Even if
there is still room for improvement, the success story of such
so-called metameric color management systems is so
impressive that one could believe that all color-reproduction
problems can be solved in near future by simply enhancing
existing systems.
This indeed is a misapprehension. There are systematic
limitations of metameric image reproduction systems, which
cannot be overcome. Today’s professional systems are close to
these limits and it is unlikely that increasing the effort of
improving these systems can result in a noticeable
improvement of the color reproduction. This can be seen as a
diminishing returns problem of metameric reproductions.

But are today’s color reproduction systems not sufficient?
Yes and no! Yes, because for the majority of applications a
highly accurate color reproduction is not necessary. Other
factors are more important, such as preferred aesthetic
manipulations. Moreover, the original scene is mostly not
available, so that a direct comparison between original and
reproduction is not possible. Since color discrimination from
memory is much worse than from direct comparisons the
accuracy level of the metameric reproduction system is mostly
within the tolerance bounds of observers. However, for some
applications metameric reproduction systems are not sufficient.
This is the case when color reproduction accuracy is highly
important and simultaneously the viewing conditions are not
known in advance or are changing. Under these circumstances
the limitations of metameric reproductions are exceeded and it
is unlikely that a metameric reproduction is able to meet the
needs of the applications, which are for instance: artwork
reproduction, proofing of print presses and highly accurate
industrial color communication.
For these applications it is desired that original and
reproduction match under multiple viewing conditions, ideally
under all viewing conditions, which implies a spectral
agreement between original and reproduction. Such a
reproduction is called spectral reproduction. The structure of a
spectral reproduction workflow, from image acquisition to
print, will be discussed in this paper. The example of a spectral
reproduction system developed at the Munsell Color Science
Laboratory (MCSL) will be described including colorimetric
results. In order to understand the advantages of such a system
I will begin with a short investigation of systematic limitations
of the typical metameric ICC workflow.
II.

LIMITATIONS OF THE COLORIMETRIC ICC-BASED
REPRODUCTION

Figure 1 shows a block diagram of a typical ICC color
reproduction workflow. The systematic color reproduction
errors that can typically be observed are a combination of
errors that arise at each component of the system. Therefore,
each component of the system will be investigated with regard
to its potential error source:
1.

Camera/Scanner System: The majority of today’s
camera or scanner systems is trichromatic. Capturing
a continuous reflectance spectrum results in only

Figure 1. Metameric image reproduction workflow according ICC standard.
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three digital counts. For this reason a lot of
information is lost and different reflectances can
result in the same sensor response, i.e. the acquisition
system cannot discriminate these colors. The effect is
called device metamerism and would be not a major
problem, if the same colors could not be
distinguished be a human observer. Unfortunately,
nearly no device is so-called colorimetric, which
means that human color matching functions (CMF)
are linearly dependent from system sensitivities (see
Luther-Ives condition [3, 4]). As a consequence
colors that cannot be distinguished by the device are
distinguishable by a human observer under the same
viewing conditions. It becomes impossible to
reproduce these colors accurately.
Input Profile: The input color profile describes the
transformation from camera digital counts (RGB)
into the profile connection space (CIEXYZ, CIELAB
for illuminant CIED50 and CIE 1931 standard
observer). This transformation is again not
unambiguous since the acquisition illuminant (e.g.
fluorescent for usual scanners) differs from CIED50
of the profile connection space (PCS). Even if the
camera is colorimetric, so that a linear transformation
between camera sensitivities and CMF exists, the
difference in illumination could cause major
problems due to illuminant metamerism. Colors that
cannot be distinguished by the camera under the
acquisition illuminant may be distinguishable by the
CIE 1931 standard observer under CIED50 and vice
versa. These issues are similar to an additional
information loss in our color reproduction chain.
A common problem frequently observed in practice is
that the acquisition illuminant, for which the input
profile was created, is not stable (outdoor capturing,
unstable light source). Using the same input profile in
such variable acquisition environment is a common
error source in practical applications
Profile Connection Space (PCS): The PCS
(CIEXYZ, CIELAB) is designed for illuminant
CIED50 and the CIE 1931 standard observer. It is
very unlikely that a real illuminant and observer
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agree with this standard, so that problems related to
illuminant and observer metamerism (i.e. different
spectral stimuli appear similar for the CIE 1931
standard observer but can be distinguished by a real
observer and vice versa) are predefined.
Output Profile: The output printer profile describes
the transformation between the PCS and the control
values of the printing device (CMY, CMYK, etc.). If
the print has to be adjusted to the original for an
illuminant different than the PCS’s CIED50, similar
problems related to illuminant metamerism occur as
described above and an additional information loss is
possible. There are a lot of colorimetric redundancies
for printers with more than three colorants (e.g.
CMYK), i.e. the same CIEXYZ color (for the output
illuminant) can be printed using various ink
combinations. The profile has to pick one of these
possible ink combinations based on criteria such as
gray component replacement (GCR) or under color
removal (UCR). Such metameric separations (ideally)
result in equal colors under the output illuminant, but
correspond to different colors in case the illuminant
changes. There is not enough information in a
metameric workflow to pick the separation in a way
that the final print mimics the original under multiple
illuminants.
Printing Systems: The majority of today’s printers
uses CMY or CMYK inks. The set of possible colors
that can be reproduced by such a device and their
spectral variability is relatively small compared to all
colors that can be found in our environment. Gamut
mapping algorithms can reduce the perceptual
difference between original and reproduction. A
perfect reproduction, however, even if adjusted only
to a specific illuminant and observer, is often
impossible. Not to mention the small spectral
variability of a CMY or CMYK ink set that generally
does not allow reproductions that match under
multiple illuminants.
Viewing Conditions: Metameric reproductions are
adjusted to specific viewing conditions, i.e. a specific
illuminant and observer. These constraints allow a
(often sufficient) reproduction with a minimal

amount
of
means
(trichromatic
devices).
Unfortunately, real observers differ from the CIE
1931 standard observer and the spectral power
distribution of a real light source does not agree with
CIED50, even if a light booth is used. Therefore, a
metameric mismatch between reproduction and
original is possible under real viewing conditions.
Another problem is the static adjustment to single
viewing conditions. If the viewing conditions are
unknown in advance or are changing the metameric
match falls also apart.
III. WHAT NEEDS TO BE CHANGED?
The main problems of a metameric workflow result from
the reduction of high dimensional spectral signals to only three
dimensions. To avoid this information loss much more
independent channels are required to capture the scene. The
resulting multispectral camera responses have to be
transformed into a device independent space (similar concept
as the PCS for the ICC) to allow a reproduction or further
processing without the knowledge of the input device (open
system architecture). To preserve the captured information the
device independent space has to have more than three
dimensions as well. In addition to the regular spectral space
various other spaces have been developed, such as LABPQR
[5, 6] or multi-illuminant color spaces. On the printing side
more colorants than the usual CMYK have to be used. This is
the precondition for a large spectral gamut (all spectra that are
reproducible by the printing system) and shall ensure that the
acquired information can be reproduced without any loss.
It should be noted that in practice a trade-off between
spectral reproduction accuracy and system complexity is
necessary. Due to the higher dimensionality of spaces (device
dependent and independent) the inter-space transformations
cannot be practically described by ICC-like color lookup tables
since the memory usage to store the lookup tables increases
exponentially with the domain space dimension. For this
reason, the intention is to satisfy the colorimetric and spectral
accuracy needs of the given application with only a minimal
number of colorants and camera channels. Much research was
already conducted to find the optimal number of channels and
to determine the spectral characteristics of camera spectral
sensitivities [7] or ink sets [8, 9]. In case the set of input
reflectances is known a priori, e.g. the output of an offset-press
in a spectral proofing application, these parameters can be
adjusted to the special application. For some applications the
number of necessary channels is very high (e.g. reproduction of
artwork that includes many different pigments). In this case the
number of necessary channels for input and output devices is
simply too high for a universal spectral reproduction system.
Therefore, some of the systematic problems may only be
reduced and not completely solved. Particularly, the limited
spectral gamut of printing devices (even if a large variety of
colorants is used) does generally not allow an error-less
reproduction.

IV.

THE SPECTRAL END-TO-END REPRODUCTION
WORKFLOW

Figure 2 shows the general concept of a spectral end-to-end
reproduction system. The basic difference of the spectral
workflow compared to the metameric workflow is the
processing of much higher-dimensional signals, which requires
completely different algorithms for characterization, separation
or gamut mapping.
A. Multispectral Cameras
There are many ways to increase the channel number of
acquisition devices. Using a filter wheel or a liquid crystal filter
in front of a sensor are two possible ways for capturing still
scenes. For video capturing other approach are more
appropriate such as replacing the color filter array with an array
that utilizes more than three filters or to use a direct image
sensor. Another way is to utilize a beam splitter that allows the
usage of multiple sensor/filter combinations simultaneously.
Combinations of these methods are also in practical use. For
high resolution scanning a diffraction grating can be used to
disperse a scan-line onto a rectangular CCD, capturing spatial
information in one dimension and spectral information in the
other.
B. Camera Response Processing
Starting with a multichannel acquisition the linearized camera
responses have to be transformed into a high dimensional
device-independent space (e.g. a spectral or multi-illuminant
space). Various methods have been developed for this
purpose, which can be classified into two basic categories:
Target-based methods and model-based methods. The basic
strategy of all these methods is to use as much information as
possible of the underlying capture process. Target-based
methods use captured colors with known reflectances in order
to construct a response-to-reflectance transformation and
apply this transformation on other captured images [10, 11,
12]. The training target needs to be chosen very carefully and
has to include representative spectra of the processed images.
The main advantage of this class of methods is that a prior
knowledge of the acquisition illuminant and device model
parameters is not necessary. The main drawback is the high
dependency of the spectral and colorimetric accuracy on the
target choice [13].
Model-based methods use the mathematical model of the input
device and the acquisition illuminant to calculate response-toreflectance transformations. The model is a predicting function
from reflectance space to camera responses and needs to be
inverted. Unfortunately, this is an ill-posed problem even for
acquisition systems utilizing many channels, since continuous
reflectance curves have to be estimated from discrete
cameraresponses. Additional assumptions need to be utilized
to improve the spectral and colorimetric accuracy of the pure
mathematical Pseudoinverse solution. Such assumptions can
be a low dimensional liner [14] or non-linear model [15] of
reflectances, smoothness properties of natural reflectances [16,
17, 18] or the distribution of reflectances and noise as used by

Figure 2.Concept of a spectral image reproduction workflow

the reflectance estimating Wiener filter. Also additional
spectral spot measurements of the original using a
spectrophotometer can be used [19] or the knowledge that the
original is a print produced by a known printer [20, 21]. A
relatively new approach is to utilize the correlation of
neighboring pixel/reflectance for spectral estimation [22, 23].
In case the acquisition illuminant is unknown, model-based
methods require an additional normalization step. The
reconstructed spectra need to be normalized to illuminant CIE
E (equal-energy radiator) using a captured and spectrally
known white reference.
C. Spectral Printing
The transformation from spectral reflectances to printer
control values can be divided into three main parts: 1. Spectral
gamut mapping, 2. Spectral printer model inversion and 3. Ink
limitation.
1) Spectral gamut mapping
Spectral gamut mapping describes the transformation of
non-reproducible reflectances into the spectral printer gamut.
Such a transformation has to consider properties of human
color vision in order to minimize the perceptual difference
between original and reproduction subject to device limits. In
contrast to a metameric workflow, perceptual image
differences have to be minimized under multiple illuminants
and for different observers. The main problem is the size of
the spectral printer gamut, which is many dimensions smaller
than the space of natural reflectances (a lower bound can be
determined through analysis of various spectral databases
[24]). Therefore, nearly each given reflectance is out of

spectral gamut and need to be modified in order to become
printable.
A fundamental problem is the definition of an appropriate
objective function that has to approximate the perceptual
difference in a space that has many more dimensions than the
three-dimensional cone response space of the observer. One
approach is to define metrics in spectral space [25, 26].
Another one is to use a lower dimensional representation of
spectra, so that the first three dimensions agree with a
perceptual space (for a specific observer and illuminant) and
the remaining dimensions describe the metameric black space
[5, 27, 6, 28]. A spectral gamut mapping within such a space is
a perceptual mapping (traditional gamut mapping [29]) within
the first three dimensions and a spectral mapping within the
metameric black space [30]. In a recent approach multiple
perceptual spaces (for different illuminants and a specific
observer) are combined to a multi-illuminant perceptual space.
For the three dimensions corresponding with the application’s
most important illuminant a traditional gamut mapping is
performed. For all other illuminants colors are mapped onto
metamer mismatch spaces (see [31]) by means of colorimetric
criteria [32, 33].
2) Spectral Printer Model Inversion
The result of the spectral gamut mapping is a reproducible
distorted image. In order to print this image device control
values have to be calculated from the spectral data. This socalled spectral-based separation requires the fast inversion of a
spectral printer model, which is a predicting function from
control value space to spectral space. Many different spectral
printer models have been developed in the past. An overview

Figure 3. Spectral end-to-end reproduction system developed at the Munsell Color Science Laboratory.
of physical, empirical or hybrid models is given by Wyble and
Berns [34]. A widely used printer model is the Yule-Nielsen
Spectral Neugebauer (YNSN) model [35, 36, 37] and its
cellular extension [38] the cellular Yule-Nielsen spectral
Neugebauer (CYNSN) model. This particular model is of
practical interest because it combines simplicity and accuracy
with a reasonable effort of necessary measurements to fit the
model to the actual printer. Many modifications are proposed
to improve the model’s accuracy or to decrease the number of
measurements [39, 40]. Since an analytical inversion of the
model is not possible, standard mathematical optimization
methods were used [41, 42, 43] or inversion techniques were
developed, which are especially adapted to the problem [44,
45, 46]. It has to be noted that a pixel-wise treatment of the
optimization can result in some problems due to spectral
redundancies [47]. Nearly similar neighboring reflectances can
result in completely different control values and as a
consequence to undesired color shifts in the final print.
Therefore, it is important to add spatial constraints to the
optimization.
Another approach is to limit the number of overprints of an
multilink printer. A printer that uses the CMYK ink set and is
limited to three overprints for instance, can be seen as the
combination of 4 printers with the ink sets: CMY, CMK, CYK
and MYK. To model a six-channel printer Tzeng and Berns
[48] used this approach by restricting the maximal number of
overprints to four including the black ink, which results in ten
ink subsets. Fitting ten 4-dimensional submodels requires
much less measurements than fitting a 6-dimensional model
with similar spectral and colorimetric accuracy. Based on this
idea a separation method has been developed that combines

the spectral gamut mapping and model inversion in a single
step [32]. The method utilizes the color just noticeable
distance (JND) of the human visual system (HVS) as well as
the high quantization of typical printing devices [49] to
perform a discrete optimization within the union of all ink
subsets. The objective is the selection of ink combinations that
fulfill colorimetric criteria in a multi-illuminant perceptual
space.
3) Ink Limitation
Exceeding a paper-dependent physical threshold of ink
coverage results in visual artifacts such as ink bleeding.
Therefore, ink limitation is an important part of the multi-ink
printing process where the theoretical maximum ink coverage
(which is n¢100% for a n-ink printer) is usually far above the
physical threshold. Various ink limitation strategies have been
developed and included in metameric printing solutions, which
can also be used for the spectral workflow. Such ink limitation
techniques can be part of the printer model [39] or can be
performed outside the separation process [50], as shown in
figure 2. In order to dissociate the ink limitation part from the
separation process the printer model has to be fitted on already
ink limited target colors. Hence, from the perspective of the
printer model, the physical threshold of ink coverage agrees
with the theoretical maximum ink coverage and the output of
the separation need to be ink limited in a similar way as the
targer colors, e.g. by a multi-linear approach [50].

V.

AN EXAMPLE OF A SPECTRAL END-TO-END
REPRODUCTION SYSTEM

In order to reproduce artwork a spectral end-to-end
reproduction system was developed at the Munsell Color
Science Laboratory (MCSL), which is part of the Rochester
Institute of Technology (NY, USA). Commercial devices were
used to the greatest extent to keep costs low. Figure 3 shows
the setup of the system for a Canon 5D camera and a Canon
imagePROGRAF iPF5000 printer. The camera was modified
by removing the NIR blocking filter and by mounting a filter
wheel with two custom filters (blue and yellow) in front of the
lens. These modifications result in six different channels
within the visible wavelength range. The printer was
controlled by the Onyx ProductionHouse RIP as a sevenchannel CMYKRGB-printer (no custom inks were used). As
printing medium Felix Schoeller’s proofing paper (H74261)
was used, which does not include optical brightener.
The maximal number of overprints was set to four including
the black ink, so that 20 CYNSN-submodels were used to
model the printer. 7725 training colors were printed and
measured using the X-Rite Eye-One ISIS (approx 30 min.) to
fit all submodels with an average spectral RMS accuracy of
2% and an average CIEDE2000 error below 1 for multiple
illuminants.
The reproduction software was written in MATLAB and in
C++ and allows a simple plug in of image registration, spectral
estimation and separation methods. Since the artists’ paint
palette was known approximately, a target approach for
reflectance estimation was used [11]. Spectral gamut mapping
and spectral-based separation were performed according
Urban et al. [32]. Figure 4 shows a painting juxtaposed with
its reproduction under two different illuminants. The table
shows some quantitative colorimetric results for the Color
Checker (CC) and for a target (T100) utilizing 100 different
pigment-combinations (this target was also used by the
spectral estimation method).
The MCSL-system is a trade-off between accuracy and
complexity. With only six input channels and seven output
channels a perfect spectral reproduction is generally

impossible. Nevertheless, it improves colorimetric results of
metameric reproductions significantly and demonstrates that a
multiple-illuminant-match is achievable utilizing today’s
commercial devices with marginal modifications. Due to the
open system architecture other input and output devices can be
used for the reproduction, e.g. a modified Sinarback 54 digital
camera or the HP Designjet Z3100 Photo printer. For this
specific setup, results can be found in Berns et al. [33]
containing a detailed analysis of each submodule.
TABLE I.
Target

CIEDE2000 RESULTS

CIE D65

CIE A

Mean

Std

Max

Mean

Std

Max

T100

2.0

0.8

3.7

2.7

1.0

5.8

CC

1.7

0.8

4.1

2.2

1.2

5.9

T100=Target with 100 different pigment combinations; CC=Color Checker

VI.

CONCLUSION

Color management according to the ICC-standard is used
successfully in many imaging applications worldwide. For
distinct applications, however, where the viewing conditions
are unknown or are changing in time, such as artwork
reproduction, proofing or highly accurate industrial color
communication, metameric reproduction systems are
insufficient. The reasons are systematic problems related to
device, illuminant and observer metamerism, which are directly
related to the information lost corresponding with trichromatic
devices and a three-dimensional profile connection space.
The solution of these problems is spectral reproduction,
which requires the use of more dimensions throughout the
whole reproduction chain and completely new algorithms for
characterization, separation and gamut mapping. The spectral
reproduction workflow is typically a trade-off between
accuracy and complexity. Starting with the image acquisition
using a multi-spectral camera the sensor responses have to be
transformed into a higher-dimensional device independent
space (e.g. a spectral space or a multi-illuminant perceptual
space) in order to allow a reproduction independent of the
knowledge of the input device (Open System Architecture).
From this space the data need to be transformed into the
spectral gamut of the printer by a spectral gamut mapping
method and further processed by a separation and ink limitation
algorithm in order to obtain suitable control values for the
multi-ink printer.
A prototype developed at the Munsell Color Science
Laboratory shows a spectral end-to-end reproduction system
based on slightly modified commercial devices. Within the
limits of the devices this system allows a reproduction that
matches with the original under multiple illuminants.

Figure 4. A painting and its spectral reproduction compared under two
different illuminants.

Many modules of such a reproduction system are still an
active research field, particularly the spectral gamut mapping.
Therefore, improvements not only on the device side can be
expected in future.
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