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Abstract. A number of printing or surface coloration technologies have recently
emerged, able to print color images on various kinds of supports with various
benefits in terms of color rendering. Some of them are even able to produce image
with variable colors, where each point in the print can display two or more colors
according to the illumination or observation conditions (modes). For most
printing systems presenting these variable color properties, the colors displayable
in one mode depend on the colors that we want to display in the other modes.
Because of this interdependence of the colors displayable in the different modes,
the color gamut concept as defined for traditional printing is not sufficient any-
more to perform efficient color management. We propose to extend it by taking
into account the constraints induced by the selection of colors in some modes,
and introduce the concept of conditional color gamut, illustrated through the case
of recto-verso halftone prints viewed in reflection or transmission modes, where
gamuts can be easily predicted thanks to prediction models.
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1 Introduction

The color reproduction domain, associated with computational printing, evolves
rapidly towards new usages and observation scenarios for which the color management
methods developed for standard 2D printing are not directly adapted. Methods relying
on ICC profiles often fail with these new printing technologies, mainly because of the
number of measurements which would be required. This is especially true in the case of
multi-ink printing, more and more used for a spectral reproduction instead of simply
color reproduction [1-4], or in the case of 2.5 and 3D printings which intend to
reproduce not only color but also other visual attributes such as gloss, texture and
translucency [5-7]. This is also true in the case of the multi-view printing technologies
which emerge thanks to the progress of computational printing [8—11] or plasmonic
color effects [12-16]. Multi-view prints are surfaces (or multilayer supports) able to
display different colors, and even different images, according to the way they are
illuminated and/or observed. Their characterization is not necessarily a big challenge,
except in the case of the plasmonic surfaces which are often very specular and need a
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high measurement precision offered only by specific optical instrumentation [17], and
probably also extended perception models for their structural colors. But for the
technologies based on more conventional printing, for example paper with special inks
[8-10], standard inks on special supports [11], or recto-verso prints viewed in reflection
or transmission [18, 19], usual spectrophotometers often suffice. The main difficulty
lies on the fact that the colors achievable in one viewing mode may depend on the color
targeted in the other modes [20]. This is obvious with structural colors, where the
micro- or nano-structure determines the colors displayed under every angle and
polarization of the incident light. In ink-based printing, the presence of a certain
amount of inks on the support gives a certain tint to the print in all viewing modes, or at
least discards certain colors in some modes. The color management methods which
seem to have been used so far to obtain the multi-view color images in the contribu-
tions mentioned above rely either on manual color selections, or on look-up tables
listing expansively the sets of displayable colors in the different viewing modes
according to the printing command parameters, i.e. on time-consuming methods which
need to be repeated each time one parameter is modified in the printing setup.

In order to cope with the issue of interdependence of the colors displayable in
different viewing modes, we propose to refine the color gamut concept while including
these interdependence constraints, by introducing the concept of conditional color
gamut. This concept could be illustrated through any multi-view printing technology.
We selected the recto-verso halftone printing on paper for observation in reflection and
transmission, whose color gamuts can be easily generated thanks to the accurate
spectral reflectance and transmittance models available today, and whose advantage is
also to be familiar to anybody as it is close to conventional ink printing.

The paper is structured as follows: first, in Sect. 2, we present the characteristics of
recto-verso halftone prints and review the models allowing the prediction of their spectral
reflectance and transmittance, thereby their color in reflection and transmission modes.
We show the color gamuts associated with these modes for office paper printed on both
sides with an electrophotography printer. In Sect. 3, we introduce the concept of con-
ditional color gamut after having explained the constraints on the reproduction of certain
colors in the transmission mode once the colors in the reflection mode have been selected.
The interest of the conditional color gamut concept is revealed in Sect. 4 when we want to
display different images in reflection and transmission modes, which requires to match
the colors of different areas of the print based on different recto-verso halftones. We show
that the intersection of conditional color gamuts is a convenient way to verify that color
matching is possible, or to select colors in the two modes such that we are certain that
color matching is possible. In Sect. 5, we address the question of the contrast which can
be obtained in the images displayed in the reflectance and transmittance modes, knowing
that in recto-verso printing, a good contrast in one of the two mode is to the detriment of
the contrast in the other mode [20]. Section 6 finally draws the conclusions.

2 Recto-Verso Print in Different Illumination Conditions
A recto-verso color print is a support, preferably strongly scattering but not opaque,

printed on both sides with different halftone colors, each halftone being characterized
by the surface coverages of the different inks. As the examples presented hereinafter
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will be based on CMY color printing, we will denote as ¢, m, y the surface coverage of
the three inks cyan, magenta and yellow on the recto side, and ¢/, m’,y’ their surface
coverage on the verso side. Four flux transfer factors characterize the macroscopic
optical properties of the print: its reflectance R(A) and transmittance 7(4) for an illu-
mination of the recto side, and its reflectance R'(A) and transmittance 7”(/) for an
illumination of the verso side (Fig. 1).

Fig. 1. Flux transfers in a recto-verso print. (Color figure online)

We usually consider that the observer looks at the recto side of the print, whose
color appearance vary according to the illumination of the two sides. In the most
general case, the irradiances on the recto and verso sides can be different, with different
spectral power distributions (SPDs) and different magnitudes. We will consider in this
study that the two irradiances have similar SPDs, denoted as E;(4), and only their
magnitude can differ. In the case where only the recto side is lit, we are in the
reflectance mode. The observer received the spectral radiance:

Le(2) = L RG)E() (1)

In the opposite case where the print is backlit without illumination of the recto side,
we are in the transmittance mode, and the observed radiance is:

N ,
Lr(2) = —T'(A)Ei(2) )
In the case where light comes from both sides, with an irradiance (1 — o)E;(4) on

the recto side and an irradiance o.F;(1) on the verso side, we are in an o-transmittance
mode, and the observed radiance is:

Lur(2) = L [(1 = )R(DE(2) + o ()E(2)] (3)

T
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The pure reflectance and transmittance modes correspond respectively to o = 0, and
o = 1. The reflectance mode is usual: each time we read a document, a newspaper or a
book, we are in this configuration since we generally avoid backlighting. The pure
transmittance mode is rarer because it needs to prevent ambient light susceptible to
illuminate the recto side, therefore to be in the dark. The o-T transmittance mode
corresponds to the lighting configuration where we have ambient light and a light source
(e.g. a window) behind the document that we are reading. We estimated that when a
document is viewed in front of the window of a white room, o is around 0.9 [20].

Various models are now available to predict the spectral reflectance and transmit-
tance of recto-verso prints, therefore their color in the different illumination scenarios
mentioned above. The first model proposed by Hébert and Hersch [21, 22] extends the
Clapper-Yule [23] and Williams-Clapper models [24] thanks to a generalized two-flux
approach. The reflectance model is calibrated from reflectance measurements on a
limited number of halftone patches printed on the recto side, permitting to assess the
intrinsic optical parameters of the support and the inks as well as the ink dot spreading
on the support [25]. The transmittance model is calibrated from transmittance mea-
surement on the same set of halftone color patches as the one used for calibrating the
reflectance model. Recent improvements of this two-flux approach have been proposed
by Mazauric et al. by using flux transfer matrices, leading to the Duplex printing
reflectance-transmittance (DPRT) model [19], and the Double-layer reflectance trans-
mittance (DLRT) model [18]. Another family of models extend the Yule-Nielsen
modified spectral Neugebauer model which has become classical for the reflectance
prediction of halftone prints: a first version for the transmittance of recto-verso prints has
been proposed by Hebert and Hersch [26], again refined by Mazauric et al. by using flux
transfer matrices and avoiding the empirical determination of the Yule-Nielsen n pa-
rameter [27]. These different approaches provide good prediction accuracy for con-
ventional printing on common or high quality papers, or white polymer supports.

Throughout the present paper, we will consider a printing setup based on a common
80 g/m? office paper, printed on both sides with the Xerox Phaser 6500DN PS elec-
trophotography printer, by using only the cyan, magenta and yellow inks (no black ink)
deposited according to a rotated clustered dot halftoning technique at 120 lpi. The
paper is similar on both sides, and the same printer, inks and halftoning technique are
used on both sides. The DLRT model [18], specially calibrated for this printing setup,
has shown good prediction accuracy, with an average AE94 value of 0.89 unit between
predicted and measured spectra over a large set recto-verso halftone colors used for
verification of the model. The good color prediction accuracy is also confirmed by the
color matching between different recto-verso halftone colors that we could obtain on
real prints with ink surface coverages computed by using the DLRT model in an
inversed approach, as shown later in Figs. 4 and 6.

We thus predicted thanks to the DLRT model the spectral reflectances and trans-
mittances of 11/6 recto-verso halftone colors where each of the surface coverages c, m,
y, ¢, m’,y varies from 0 to 1 in steps of 0.1. The predicted spectral reflectances and
transmittances were converted into spectral radiances perceived in reflection mode,
resp. transmission mode, according to Eq. (1), resp. Eq. (2), by considering an irra-
diance E;(4) whose SPD corresponds to the one of the D65 illuminant. The spectral
radiances were then converted into CIE1931 XYZ tristimulus values, then into
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Fig. 2 Color gamuts obtained in reflection mode (volumes featured by the black meshed
surface) and transmission mode (featured by the volumes in color) for common office paper
printed on both sides with an electrophotography printer. (Color figure online)

CIE1976 L*a*b* color coordinates by using the XYZ tristimulus values of the
unprinted paper as “white stimulus” for the chromatic adaptation [28].

The obtained color gamuts in reflection and transmission modes are shown in
Fig. 2. In reflection mode, the colors are due only to the inks printed on the recto side,
whereas in transmission mode, they are determined by the inks printed on both sides.
The gamut in transmission mode looks larger than the one in reflection mode. This is a
consequence of the white color selected for the conversion of the XYZ tristimulus
values into L*a*b* color coordinates, corresponding to the tristimulus values of the
unprinted paper in each mode. Notice that the radiance of the unprinted white depends
on the observation mode, as it can be seen in Fig. 4, but it has the highest luminance in
each mode. It is therefore suitable to use it as the “white stimulus” in the calculation of
the CIE1976 L*a*b* color coordinates, in observation scenarios where nothing around
the print is brighter than the unpinted paper. This is not obvious in the transmission
mode where the light source behind the print can be observed simultaneously with the
print. We assume here that the light source is not visible, but this has no consequence
on the concepts developed in the next sections.

Notice that an o-transmission mode, with 0 <o <1, would yield a gamut different
from the ones displayed in Fig. 2.

The color gamut concept is central in color reproduction to ensure optimal relia-
bility of the printed colors in comparison to the original image that we want to print.
For example, gamut mapping techniques, known to provide optimal color rendering for
images reproduced with a given printing system, rely on this color gamut concept [29].
However, gamut mapping is possible only in one illumination-observation mode, based
on the gamut associated with this mode. When the print is intended to be observed in
more than one mode, we must take into account the fact that the color wanted in one
mode can constrain the colors reproducible in the other modes. As far as we know, no
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“multi-gamut mapping” technique has ever been proposed which could take these
constraints into consideration. One first step towards this direction relies on the concept
of conditional color gamut that we introduce in the next section.

3 Conditional Color Gamut

When the print is intended to be viewed in more than one illumination mode, in our
case in the reflection and transmission modes, the set of colors reproducible in one
mode may depend upon the colors that we want to display in the other modes. For
example, if we want a yellow color in reflection mode, we must print on the recto side
of the support a halftone color containing mainly yellow ink; consequently, whatever is
the halftone color printed on the verso side, the color viewed in transmission mode will
necessarily look yellowish. The set of colors actually displayable in the transmission
mode is reduced in comparison to the global color gamut in this mode, and we will call
this reduced set “conditional color gamut in transmission mode associated with this
yellow color wanted in reflection mode”.

[]
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Fig. 3 Conditional color gamuts G,(C,) in transmittance mode shown under two different points
view in the CLE1976 L*a*b* color space, associated with eight different colors C, wanted in
reflectance mode featured by the colored squares on the left of the gamuts. The volumes featured
by a meshed surface correspond to the global color gamut in transmittance mode, already
displayed in color in Fig. 2. (Color figure online)
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More generally, we will denote as G,(C,) the conditional color gamut in trans-
mission mode associated with a color C, in reflection mode. Figure 3 shows eight
examples of conditional color gamuts associated with eight different colors selected for
the reflection mode corresponding to the eight Neugebauer primaries that we have in
CMY printing: white (c =m =y = 0), cyan (c = 1, m =y = 0), magenta (c =y = 0,
m=1), yellow (c=m=0,y=1),red (c=0,m=y=1),green (c=y =1, m =0),
blue (c = m =1,y = 0), and black (¢ = m =y = 1). For each color C,, we considered
the 113 halftone colors on the verso side where ¢’,m’, y’ are varied from O to 1 in steps
of 0.1, we predicted the spectral transmittances of these recto-verso halftone patches,
and converted them into CIE1976 L*a*b* color coordinates. The obtained conditional
gamut is displayed under the form of a color volume and compared to the global gamut
associated with the transmission mode, already shown as a color volume in Fig. 2 and
represented here by the black meshed surfaces.

If we focus on the case of the yellow color in the reflection mode, displayed at the
bottom left of the figure, we clearly see that the corresponding conditional color gamut
is a small subset of the global conditional gamut associated with the transmission
mode, and covers only the most yellowish colors.

4 Color Matching and Intersection of Conditional Color
Gamuts

The interest of prints displaying different colors in different illumination modes is the
possibility to display with one printed support different images or graphical contents in
the different modes. Figure 4 shows a simple example of paper printed with the same
printing setup as the one described in Sect. 4, displaying two different images in
reflection and transmission modes, one containing four colors, the other one containing
two gray colors. The printed area is a square subdivided into four squares with same
area, surrounded by the unprinted paper whose color, different in the two modes, is
considered as the white reference for the calculation of the CIE1976 L*a*b* color
coordinates in each mode. In the reflection mode, the four squares have four different
colors, labelled C,, C,,, Cr3 and C,4. In transmission mode, the two squares on the top

Fig. 4 Recto-verso print produced with the printing setup described in Sect. 4, viewed in
(a) reflectance mode, and (b) transmittance mode (uncalibrated color pictures). (Color figure online)
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have the same gray color C,; and the two square on the bottom have the same gray
color C,,, thus forming the image composed of two gray rectangles. Notice that the
color pictures have been taken with an uncalibrated camera.

The possibility to display four colors in reflection mode and only two colors in
transmission mode relies on a color matching operation: the four halftone colors printed
on the recto side have been selected in order to obtain identical colors in transmission
mode for the two squares on the top, and for the two squares on the bottom. The
frontier between the squares is not visible anymore inside the rectangles.

Obtaining one color C;; in transmission mode knowing that two colors C,; and Cj,
are displayed in reflection mode means that C,; belong to both conditional gamuts
G,(Cy1) and G,(Cjy), therefore to the intersection of the two conditional gamuts,
G:(Cy1) (N G:(Cy2). The color matching between the two areas is possible when the
intersection is non-empty, and any other color belonging to the intersection could have
been selected to fulfill the rectangle.

Figure 5 shows a pair of conditional color gamuts in transmittance mode (featured
by the black meshed surfaces) associated with a pair of gray colors wanted in reflection
mode, as well as their intersection represented by the volume in red whose size is
assessed by a volume quantity V expressed in arbitrary unit. This volume of inter-
section is computed as follows [30]: since each conditional gamut is originally rep-
resented by a set of points in the CIE1976 L*a*b* color space computed from a set of
predicted spectral transmittances, an alpha-shape is computed from this set of points in
order to draw its envelope, thanks to the function alphaShape in Matlab©. The alpha
value was set to 30, which gives a satisfying accuracy of the 3D shape. Once the

Crl L*
100 ~
c=m=y=04
Cr2
c=m=y=038

Fig. 5 Conditional color gamuts G,(C,;) and G,(C,,) in transmission mode associated with four
different pairs of gray colors C,; and C,, wanted in the reflection mode (meshed surfaces), and
their intersection (volume in red). (Color figure online)
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Fig. 6 Recto-verso print printed in inkjet showing two different binary color images in
(a) reflectance mode, and (b) transmittance mode (uncalibrated color pictures). (Color figure
online)

envelopes of the two conditional gamuts G,(C,;) and G;(C,,) are obtained, the points
of G,(C,1) contained into the alpha-shape enveloping G,(C,,) and the points of G,(C,;)
contained into the alpha-shape enveloping G;(C,;) are gathered into a new set of
points, from which is computed a third alpha-shape enveloping the intersection of the
two conditional color gamuts. Then, the volume of this alpha-shape is computed by
summing the volume of all tetrahedral contained into the alpha-shape, which can be
done automatically thanks to the function volume in Matlab®©.

Figure 6 shows another sample printed in inkjet, where two different binary color
images are displayed in reflectance and 0.9-transmittance modes whose colored areas
do not coincide with each other. The recto-verso print has been decomposed into four
areas. In reflectance mode, areas A and B are filled with the blue color C,;, and the two
other areas C and D with the yellow color C,,. In transmittance mode, areas A and C
display the yellowish color C;;, and areas B and D display the pinkish color Cj.
Obviously, only two halftone colors have been printed on the recto side of the paper to
display the wanted colors C,; and C,,, whereas four different halftone colors have been
printed on the verso side to display the colors C;; and Cp,. The color matchings
between areas A and C on the one hand, and between areas B and D on the other hand,
were possible because both C;; and Cj, belong to the intersection of the condition
colors gamuts in transmission attached to the colors C,; and C,, wanted in reflection,
i.e. G;(Cy1) [ G/(C,2). This latter was sufficiently large to select two colors C;; and Cp,
well distinct from each other, and therefore obtain enough contrast between the letters
and the background in the image viewed in transmission mode.

Guaranteeing a good contrast in the images displayed in both reflection and
transmission modes is not obvious, as illustrated by Fig. 7 through the intersection of
conditional gamuts in transmission mode associated with four pairs of gray colors
wanted in reflection mode (one gray color in the pair being the same in the four cases).
The conditional color gamuts are represented in the same way as in Fig. 5. This figure



72 N. Dalloz and M. Hébert

illustrates the fact that when colors C,; and C,, in the reflection mode are more distant
from each other, which is preferred to have a good contrast in the image displayed in
reflection mode, they generate conditional color gamuts in the transmission mode
whose intersection is smaller, and it is more difficult to find in this intersection two well
distinct colors C;; and Cj,.
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Fig. 7 Intersections of conditional color gamuts G,C,;) and G/(C,,) in transmission mode
associated with four different pairs of gray colors C,; and C,, wanted in reflection mode,
represented in the same way as in Fig. 5. (Color figure online)
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5 Contrasts in Multiple Binary Images

Let us study more deeply the influence of the color distance between the colors wanted
in the reflection mode on the volume of intersection of the conditional color gamuts
they generate in the transmission mode.

The volume of the intersection between two conditional color gamuts in the
transmittance mode associated with two different colors selected for the reflection mode
seems to be a good indicator of the possibility to find in the transmission mode two
well distinct colors. We can also consider that C,; has already been selected and
observe how the intersection volume varies when C,, is varied, as illustrated in the
previous section by Fig. 7. In this case, it looks convenient to compute the ratio of the
volume of G;(C,1)()G:(Cx2) to the volume of G;(C,1), which defines a relative
intersection volume induced by C,, in respect to C,, denoted as V,(C2|C,1). The
relative intersection volume tends to 1 when C,, tends to C,, and it is O when the
conditional color gamuts associated with C,; and C,, are disjoint. The blue curves
plotted in Fig. 8 show how the relative intersection volume V;(C,,|C,;) varies for
various gray colors C,; when C,, is also a gray color varying from white (gray
value = ¢ = m = y = 0) to black (gray value 1). On the same graph is plotted in red the
color distance between C,; and C,,, assessed by the AEg, metric. This confirms that
when the two colors in the reflection mode are close from each other (small AEo, value
between C,; and C,) the relative intersection volume is high, and reciprocally.

C,, (gray value)

AE94 between C,, and C,,
Relative intersection volume

C,, (gray value)

Fig. 8 Relative intersection volume V;(C,2|C,) of the conditional color gamuts G(C,;) and
G/(C,,) in the transmission mode associated with gray colors C,; and C,, wanted in reflection
mode, and color distance AE94 between these gray colors C,; and C,,, plotted as functions C,,
from O (black) to 1 (white), for various gray colors C,;. (Color figure online)



74 N. Dalloz and M. Hébert

In order to assess more accurately the color contrast in the images, even though this
concept is not clearly defined, we can consider the maximal color distance that we can
find in the intersection of the conditional gamuts, in AEo4 units. Alternatively to the
AEq, metric, since according to Fairchild [31] humans would be more sensible to
contrasts in lightness than in hue and chroma, the maximal AL* value could also be
considered.

The graph of Fig. 9 shows, again with gray colors, how the maximal AEg, color
distance that we can obtain in the image in transmittance mode (colors C;,; and Cp)
depends on the AEq, color distance between the two colors C,; and C,, selected for the
image in reflection mode. Once again we see that if the colors in reflectance mode are
very different, the two colors in transmittance mode must be close from each other.
This graph enable determining the best gray colors to select in reflection mode and
transmission mode giving the best contrast in the images displayed in each one.

For example, if C,; is a gray value of 0.3 (i.e. c =m =y =0.3) and we want a
contrast of 30 AEg, units between C,; and C,,, it is preferable to select a gray value for
C,» of 0 (no ink) or close to 1 (full coverage by the three inks), but the maximal contrast
that we can obtain in transmission mode is around 35 AEo, units in the first case and
only 15 AEo, units in the second case. It is therefore preferable to choose the lightest
gray value for C,, in reflection mode to have a better contrast in transmission mode.

C,, (gray value):

55 0
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AEg4 between C,, and C,,

Fig. 9 Maximal AEy, value that can be obtained between the two colors in the image viewed in
transmission mode, as a function of the AEq, value between the colors in the image viewed in
reflection mode, for various colors C,; and a variation of color C,,. (Color figure online).
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6 Conclusions

The present paper intended to take into account color reproduction constraints in multi-
view printing for technologies able to produce supports which display different color
images under different illumination or observation conditions (modes). It introduces the
concept of conditional color gamut, which denotes the set of colors that can be dis-
played in an area of the print in one mode knowing the colors wanted for the same area
in the other modes. The color matching between areas necessary to reproduce the
different images in the different modes, which is not always possible, can be checked
by verifying that the expected colors belong to the intersection of the conditional color
gamuts of the colors wanted in the other modes. These concepts have been illustrated
through the example of the recto-verso CMY printing on paper observed in two modes
(reflection and transmission), which has the particularity to guarantee a good color
contrast in the reflection mode in detriment to the color contrast in the transmission
mode, and reciprocally. The intersection of conditional color gamuts helps to identify
an optimal contrast in both modes. These concepts can be useful to help color man-
agement for multi-view printing obtained with many other technologies.
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