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ABSTRACT

A method is proposed for performing spectral gamut mapping,whereby spectral images can be altered to t
within an approximation of the spectral gamut of an output device. Principal component analysis (PCA) is
performed on the spectral data, in order to reduce the dimenienality of the space in which the method is
applied. The convex hull of the spectral device measuremestin this space is computed, and the intersection
between the gamut surface and a line from the center of the gant towards the position of a given spectral
re ectance curve is found. By moving the spectra that are ouside the spectral gamut towards the center until
the gamut is encountered, a spectral gamut mapping algoritim is de ned. The spectral gamut is visualized by
approximating the intersection of the gamut and a 2-dimensonal plane. The resulting outline is shown along
with the center of the gamut and the position of a spectral re ectance curve. The spectral gamut mapping
algorithm is applied to spectral data from the Macbeth Color Checker and test images, and initial results show
that the amount of clipping increases with the number of dimensions used.

Keywords: gamut mapping, spectral image reproduction, principal conponent analysis, gamut visualization,
spectral gamut

1. INTRODUCTION

Multispectral color imaging has become an important eld of research during the later years. For some time,
spectral acquisition systems have been available (see e’ ). Recently, devices for multispectral color printing

have also been developed and characterizéf. However, when multispectral images from the acquisition sygems

are to be reproduced on such printing devices, the problem afamut mapping arises. The gamut mapping problem
is now thoroughly studied in the case of color image reprodu@n, but not in the case of multispectral, and hence
multidimensional, reproduction. It is not even clear what the concept of a spectral gamut would meas.

Previously, the authors developed a software tool ICC3D for visualization and mapping of color gamuts?
This program has proved a powerful tool for research on cologamut mapping and related topics. In the present
work, we extend the ideas behind this software to also deal wh the analogue multidimensional problems.
The software is now able to read multispectral image les in ®veral formats, as well as spectrophotometric
measurement les used for calibrating printing devices. Fom these data, spectral gamuts for both devices
and images are de ned as convex hulls of the corresponding ti This can be done in a space with reduced
dimensionality using principal component analysis. Thesegamuts can in turn be visualized as intersections with
2-dimensional planes.

One particularly interesting mode of visualization is when one spectrum from an image is visualized along
with the device gamut in the 2-dimensional plane de ned by the given spectrum, black, and the spectrum of a
neutral color within the reproduction gamut. Then one can observe directly whether or not the given spectrum
is within the gamut, and, if not, how much it must be changed in order to come inside the gamut.

This observation has led to a novel attempt at a spectral gamti mapping algorithm: The in-gamut spectra
are left unchanged, whereas the out-of-gamut spectra are npgped to a spectrum on the gamut boundary within
this plane. The resulting spectral gamut mapped images can & visualized under di erent illuminants along with
the original image for on-screen comparison.

For further information, please contact: Jon Y. Hardeberg: E-m ail: jon.hardeberg@hig.no, Telephone: +47 61135215



2. BACKGROUND

The previously published work on the subject of color specta all agree that spectral re ectances tend to be
more or less smooth, with recurring patterns that make it posible to represent a re ectance curve by a smaller
number of componentst®®? The actual number of components necessary to represent an laitrary re ectance
with su cient precision, is yet to be determined, although a pplication speci ¢ suggestions of 3 to 21 dimensions
exist.1?2 Principal component analysis (PCA)'® is a method that is commonly applied to reduce or discover the
dimensionality of data sets, and its application on spectra data is well known.*>1* PCA can be implemented
by calculating the covariance matrix of the data, and performing singular value decomposition (SVD) on this
matrix. The method is applied to data where the variables arecorrelated, and transforms the data into a set of
uncorrelated variables ordered by the variability of the variables. The result is a linear transformation, where the
vector space basis of the data is changed in such a way that mbsef the information about the data samples is
found in the rst components, while the remaining components contain less information. By selecting a number
of the rst (principal) components to represent the data, enough information can be maintained to reconstruct
the data without introducing a large error.

When working with reproduction of images and colors, a critcal aspect of the process is the application of
gamut mapping. This is necessary in order to transform the sorce to the color space of the output device. Its goal
is to make the reproduction as close to the original as possie, given the limitations imposed by the capabilities
of the output device with regards to the set of available coles. This has been a particular area of interest in
color imaging research for some time, and a variety of possié image dependent and independent algorithms
have been developed. Morovic and Lub® have conducted a survey of the available gamut mapping algdthms
(GMASs) for conventional color reproduction, but there has been no attempt at extending these principles to the
area of spectral color imaging.

The application of GMAs depend on the availability of a suitable gamut boundary descriptor (GBD), since
the extents of the gamut need to be found. Convex hull has preiously been suggested as a possible method
for computing a GBD for spectral data from reproduction media2 The convex hull of a set of points consists
of surface elements called facets. Each facet has the samemiber of vertices as the dimension of the space in
which it was calculated, and de nes a hyperplane. If a point 5 on the same side of all the hyperplanes of all
the facets, it is considered to be a part of the convex hull. Ths provides an easy method for deciding whether
a re ectance is within the spectral gamut of a device. Howeverit is necessary to make the assumption that the
spectral measurements that de ne the basis of the gamut, fam an object whose surface is su ciently convex in
the spectral space. The convex hull is found by utilizing a cavex hull algorithm, such as quickhull.1®

One of the issues concerning the choice of dimension when vikamg with spectral re ectances, is the lack
of a universal method for evaluating the di erences betweentwo spectra. This makes it dicult to set a
reasonable threshold for accepting two spectra as su cienly equal. Several metrics for evaluation of spectral
match exist.2*® One commonly used metric is the spectral root-mean-squareRMS) error,
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where ¢~ (, ;) is the di erence between the two spectra at wavelength, ;. The advantage of this metric is that
it is applied directly on the spectral re ectance curve of the spectra, and is therefore not valid under only one
illuminant. An additional bene t is its linear response, ¥’ making it suitable for both small and large spectral
di erences. However, its failure to consider the propertiesof human vision regarding perceived color di erences
encourages the use of other metrics like CIELABC EZ,) in combination with this metric.

3. PROPOSED VISUALIZATION AND MAPPING METHODOLOGY

Due to the complexity of convex hull algorithms, a reduced number of dimensions must be used when the
spectral gamut is calculated. In addition, the commonly usel output devices have a limited number of colorants,
which together with sources of error make exact reproductia of re ectances only possible for a small nhumber
of spectra, under a limited set of conditions. This restricts the value of a theoretical spectral gamut using full
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(a) Spectrum inside gamut (b) Spectrum outside gamut

Figure 1. Cross sections of the spectral gamut. An outline of the device gamut is displayed, along with the gamut center
(C) and the position of two spectra (S) which should be reprodu ced. The intersection (I) between the gamut boundary
and the line from the center to the re ectance is found.

(31-dimensional or similar) spectral dimensionality. By applying PCA to the data, a more manageable number
of dimensions can be used.

In accordance with previous researclf, we use a convex hull as the representation of the spectral dese
gamut. In addition to testing whether a given re ectance is within the spectral gamut of a device, we suggest a
visualization of the gamut along with the position of the re ectance curve in the PCA-based space, in order to
provide additional insight into the issues regarding specatal reproduction. Due to the limitations of visualization
of high-dimensional objects, a cross section of the gamut isomputed.

This cross section is the result of intersecting the gamut wth a 2-dimensional plane. We suggest the use of a
plane given by 2 vectors a line between the given re ectanceand the gamut center, and a vector representing
the spectral gray component of the medium as a relevant visalization, particularly when evaluating the
reproducibility of a re ectance curve. The cross section ofthe gamut is found by calculating the intersection
between the 2-dimensional plane and the hyperplanes that dee the gamut. By nding the distance from the
surface of the device gamut to the position of the re ectance it is possible to give an indication of how much
the re ectance must be changed in order to come inside the gaut.

We nd this distance by calculating the intersection between a line from the center of the gamut to the
given re ectance, and the hyperplanes that de ne the gamut surface. By moving from a point on the inside
of the gamut towards the re ectance, the hyperplane interse&tion that is closest to the starting point indicates
the transition to out-of-gamut space. Our implementation utilizes the method described here for nding the
intersection between lines and the gamut, in order to nd the outline of the gamut in the 2-dimensional plane
that is relevant for visualization. This visualization is d emonstrated in Figure 1.

This visualization suggests that it might be possible to peform a simple spectral gamut mapping algorithm
on the re ectances. If a re ectance is on the outside of the ganut outline, one possible method of gamut mapping
is to perform a clipping against the gamut surface towards a pint on the inside of the gamut. Our suggestion is
the use of the midpoint of the spectral gamut along each of thecoordinate axes. This is the spectral equivalent
to the conventional gamut mapping algorithm that performs clipping towards the center of CIELAB or a similar
color space.



4. RESULTS AND DISCUSSION

We have added functionality for spectral analysis to the appication ICC3D“, which already contains extensive
possibilities for nding gamuts and applying gamut mapping algorithms in conventional 3-dimensional color
spaces. The combination of existing methods for color manament, and the support for spectral images and
data, makes this tool useful in the process of examining is®s regarding spectral gamuts and color reproduction.
In order to provide the user with the possibility to perform analysis of spectral data, a variety of le formats and
algorithms have been implemented. Multispectral test images in the MUSPEK multispectral image le format 2°
have been used in our experiments, along with spectral re eances taken from the Macbeth Color Checker, and
spectral measurements of samples from a printer. The spedt data from these sources has been transformed to
a common spectral format consisting of 31 sample values, rgmng from 400 to 700 nm in 10 nm increments.

In order to construct a spectral device gamut, we have used sgrtral measurements taken from a HP Deskjet
1220c ink-jet printer. The color patches were measured witha GretagMacbeth Spectrolino spectrophotometer
mounted on a Spectroscan XY table, and have previously been esl for the spectral characterization of the
device> The MUSPEK spectral images contain 16 independent channelsand the 31-dimensional spectral
re ectance curves have been reconstructed from this data.

By utilizing PCA on any the spectral data sets, PCA-based spaes have been constructed in which the actual
mapping can be performed. In these experiments, spectral nasurements of the printer have formed the basis
for the creation of this reduction of dimensionality. This results in a transformation that maintains as much
precision of the device samples as possible, giving a suitibstarting point for the estimation of the spectral
gamut.

The convex hull of the transformed spectral data from the devce has been found by using the tool Qhul.
This has made the computation of convex hulls in spaces with @imension of 3 8 possible, allowing a look at the
impact that the choice of dimension has on the results of the mpping and visualization. Table 1 shows the time
it takes to compute the convex hull of a number of input points. There is some overhead due to the interface
layer in our application communicating with Qhull. The time consumption as well as the memory required to
perform the calculations increase exponentially, making he use of more than 8 9 dimensions impractical on the
computer hardware of today.

The spectral gamut is visualized by nding a cross section ofts convex hull representation. As seen in Figure
1, this allows visual con rmation of the position of the re e ctance compared with an outline of the spectral gamut
in the PCA space. The re ectance in Figure 1(b) is positionedon the outside of the spectral gamut, and gamut
mapping is therefore necessary to reproduce the re ectancen the given output device. The other re ectance in
Figure 1(a) is clearly on the inside of the gamut boundary, aml no mapping is required. The proposed method
for spectral gamut mapping results in the re ectance in Figure 1(b) being moved to the point on the gamut
surface where the line meets the gamut outline. The result isn uenced by the spectral inaccuracy introduced
by the PCA transform, as well as the spectral di erence causd by the actual gamut mapping to the spectral
gamut.

Table 1. Qhull time consumption in seconds.

Dimension 2 3 4 5 6 7 8
1000 points | 0.141 | 0.141 | 0.141| 0.156 | 0.266 | 0.594 | 2.641
2000 points | 0.234 | 0.250 | 0.250| 0.281| 0.438| 1.125| 6.219
3000 points | 0.422 | 0.453 | 0.453 | 0.485| 0.734 | 1.579 | 10.121

?ICC3D (Interactive Color Correction in 3 Dimensions) is an app lication designed for the investigation of color gamuts
and mapping algorithms in 3-dimensional color spaces. It is available from http://colorlab.hig.no/icc3d

YQhull is an implementation of the quickhull convex hull algor ithm. This tool is capable of calculating the convex hull
of a set of points in space of arbitrary dimension. Further inf ormation is available at http://www.ghull.org/



Figure 2. An illustration of the original spectral image. The image is s een under the D65 illuminant, and the 2 * standard
observer is used to nd the corresponding CIEXYZ tristimulus values of the re ectance curves. (Image courtesy of Patrick
Herzog and Color AlXperts GmbH). Color images are available f rom http://colorlab.hig.no/icc3d/ .

Figure 3. An illustration of the spectral image after gamut mapping has been applied in a 4-dimensional PCA-based
space.

We have applied the previously described method to severalfdhe available spectral test images. One of the
original images is illustrated in Figure 2, by utilizing the spectral power distribution of the D65 illuminant and
the 2* standard observer?® The spectral image is changed by transforming the data to thePCA-space de ned
by the spectral printer measurements, and performing gamutmapping on the spectra. Figure 3 illustrates the
result after performing the gamut mapping in a 4-dimensiond space. The yellow areas are subject to substantial
clipping, which correlates with a low number of device sampts from this area of space. In order to achieve an
optimal mapping, a larger number of device samples is cleaylneeded.

We have also observed the e ect of the spectral GMA on the 24 sgctral re ectances of the Macbeth Color
Checker. Table 2 shows the average spectral RMS error of thepectra after PCA and GMA has been applied.
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Figure 4. An illustration of a re ectance curve after gamut mapping has be en applied in a 5-dimensional PCA space.
The original spectrum is changed by the PCA transform as well a s the gamut mapping.

The inaccuracy caused by the PCA transform clearly declineswvith the number of components used, while the
RMS error after the mapping has been executed shows that theraount of clipping increases with the dimension.
Figure 4 shows the result of performing PCA and clipping on a e ectance curve from the Macbeth Color Checker.

When applying this method, the result is heavily in uenced by the choice of the point inside the gamut
towards which the spectra are mapped. We have so far used the idpoint of the device gamut along each of
the coordinate axes, which is an easy to nd point that is inside the spectral gamut. Alsant? suggests that the
center of a convex hull can be calculated by nding each coorihate that divides the convex hull into two objects
with equal volume, which would likely give a better basis forboth the visualization and the mapping algorithm.

5. CONCLUSIONS AND FUTURE WORK

We have introduced a method for spectral gamut mapping and \dualization. By reducing the dimensionality of
the data by applying PCA, and representing the spectra by a lover number of components, the convex hull of the
spectral device measurements can be calculated. This objeis used as an approximation of the spectral device
gamut, and is the basis for our proposed mapping algorithm. B transforming spectral re ectances to the same
PCA space, they can be compared to the gamut boundary. The cres section of the gamut in the plane de ned
by the gamut center, the position of the re ectance, and the \ector representing the spectral medium gray is
found. By comparing the position of the re ectance to the outline of the gamut in this plane, it is possible to
determine the distance between a given re ectance and the pot on the gamut surface in the direction of the
center. Our clipping algorithm translates all re ectances outside the gamut along this line to the center, until
the gamut surface is encountered.

Table 2. Average spectral RMS error of the Macbeth Color Checker re ecta nces. The RMS errors after PCA and GMA
are found by comparing the re ectances to their original, unmod i ed values.

Dimension 2 3 4 5 6 7 8
Ervs after PCA | 0.067 | 0.037 | 0.030 | 0.025| 0.021 | 0.020| 0.018
Ervs after GMA | 0.072 | 0.058 | 0.060 | 0.078 | 0.071 | 0.068 | 0.088




Experiments show that the amount of clipping increases withthe number of dimensions, and that the selection
of enough spectral device measurements to cover the PCA-badespace is crucial to the validity of the spectral
gamut. A higher number of dimensions span a larger space, imeasing the need for data points. A logical
extension of this algorithm is to improve the choice of gamutcenter point. One alternative is to follow the
procedure described by Alsan?? which should result in a point which is positioned at the center of mass of the
device gamut.

The main advantage of this method compared to conventional G1As, is that it can be applied to data in the
spectral domain. GMAs that work in color spaces where distane is closely related to perceived color di erence,
have advantages when making decisions regarding the dirdoh and amount of mapping to be done on images.
The validity of convex hull as a representation of spectral @muts is also an area of interest for further studies,
since the e ectiveness of a GMA depends on the suitability ofthe GBD. The practical application of spectral
gamut mapping in the spectral work ow, represents a step tovards better understanding of the issues regarding
spectral image reproduction. The investigation of the e ed of gamut mapping on an actual attempt at spectral
image reproduction is necessary to make any conclusions ragling the practical value of this method.
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