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Abstract

The move to digital commercial printing is happening, and
is expected to become a major new market for digital
printing products and services. The paragon of quality and
productivity in the commercial printing world is analog
offset printing, which has been perfected over almost a
century. While home and office printing is RGB-centric,
offset printing is CMYK-centric. Commercial printing
workflows, tools, processes, and service providers are
geared towards generating and manipulating CMYK con-
tent only, with a “generic” analog offset printing press as
the (often implicit) reference. For a digital printing device
to operate successfully in this context, it must deal with
offset CMYK content, do so without requiring major
changes in workflows, tools, or processes, and while pro-
ducing excellent output quality. We describe a CMYK re-
rendering method that guarantees high output quality and
consistency with offset and other digital printers. At the
same time it allows digital devices to make optimal use of
their native color gamuts, often larger than offset.

Introduction

The long awaited and predicted move of commercial print-
ing from analog to digital is finally happening. For digital
printing to really make inroads into the commercial world,
it is not sufficient to provide the basic printing technology.
Digital printing equipment needs to be “plugged into”
sources of content and electronic design and publishing
workflows. A side effect of the move to digital is expected
to be a democratization of full color commercial printing
and publishing, i.e. a lowering of the access threshold,
much as happened two decades ago for monochrome type-
setting with the advent of desktop publishing and Post-
Script. This in turn implies that digital printing equipment
will source content from traditional high-end prepress
shops or large in-house corporate design departments, as
well as directly from the desktops of less sophisticated
office users. Even consumer content can be expected, per-
haps in the form of EXIF digital camera images. In terms
of color spaces this has its implications also: traditionally
the commercial printing world has been based on CMYK
device color spaces, while the office and consumer worlds
have been almost exclusively RGB based. Hence digital
presses and their “front ends” will need to be able to deal
with color content defined using RGB and CMYK color
spaces. While printing from RGB sources in the home and
office contexts is fairly standardized (around sRGB
mostly), printing from CMYK sources is not. The name
derives from the Cyan, Magenta, Yellow, and blacK (or

Key) inks that are typically used in commercial printing —
but unfortunately there are as many different CMYK color
spaces as there are different CMYK inks, printing papers,
and printing devices on the market. This is true for a given
marking technology, e.g. offset printing, but even more so
across technologies like inkjet, dry EP, liquid EP, and
offset. While there are sophisticated color management
systems available in the high-end market, typically based
on the International Color Consortium device profile stan-
dard, they are neither easy to use nor widely available to
office or home users. We are looking to establish a way of
exchanging CMYK color data that is unambiguous and
compatible across a large range of digital devices, while at
the same time allowing each device to make the most of
its own color gamut. To achieve this goal we have defined
and implemented adaptive re-rendering algorithms to
transform "standard" offset press CMYK into arbitrary
device CMYK maintaining relative lightness and hue but
mapping chroma in an adaptive and non-linear way to
maximize the use of each output device's native gamut,
while preserving black.

Overview

The solution consists of two equally necessary and impor-
tant parts: an implicit colorimetric reference to unambigu-
ously define the exchanged CMYK data, and a way of re-
rendering reference color data into each device’s gamut.
Our current default choice of colorimetric reference is the
ANSI/ISO TR-001 data set, which is a colorimetric de-
scription of what is otherwise known as SWOP (Specifi-
cations for Web Offset Publishing). We have purposely
chosen to adopt an existing and well-established colori-
metric standard to promote market acceptance, and to pre-
vent confounding the issues by proposing yet another
standard. Many professional graphics and even office ap-
plications implicitly assume a SWOP-like color space
when generating CMYK separations (conversions from
RGB to CMYK), hence this is a clear choice for compati-
bility with existing workflows. Nevertheless, the re-
rendering algorithms are flexible enough to be able to
work with any reasonable CMYK space as input (SWOP,
EuroScale, Toyo, etc.).

But the colorimetric reference is only half of the solu-
tion. The other half, and the one where the true novelty
resides, is how we interpret that data for each printing
device. We re-render the CMYK color data with implicit
colorimetric reference into something that preserves com-
patibility and a common “look and feel”, while at the same
time allowing each device to optimize usage of its own
intrinsic color gamut. In technical terms this first of all
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implies a tone curve remapping from reference colorimetry
to device colorimetry, adapted to the output device’s white
and black points. In addition we apply a non-linear trans-
formation to reference chroma, while maintaining refer-
ence hues. The net result of this transformation is
something which comes as close as possible to the seem-
ingly unreachable goal of being “the same as offset, only
better”, which is one way customers and marketing folks
alike tend to express their ideal of CMYK color compati-
bility. The purpose of all this is to enable best first print
for the vast majority of digital commercial printing jobs in
unspecified CMYK space, generated with common
graphic arts applications using their default configura-
tions. For the remaining jobs we adhere to the established
sRBG and/or ICC-based color workflows, which ours
nicely complements (not substitutes).

Re-Rendering Press Color Appearance

Due to the great variety of digital printing systems, differ-
ing significantly in terms of their color gamuts, a re-
rendering from press appearance to appearance for a wide
range of digital output media needs to be highly adaptive
in its behavior. Currently typical digital printing systems
have color gamut volumes from around 400,000 to
700,000 cubic CIELAB units in media-relative colorimet-
ric terms and, for comparison, the gamut volumes of press
standards like SWOP and Euroscale on coated paper are
450,000 and 480,000 units respectively. As such the re-
rendering algorithm needs to be able to deal with signifi-
cant gamut compression and also address the potential for
dramatic gamut expansion.

Furthermore, differences between press and digital
printer gamuts are not uniform in all directions in color
space. Digital printers can have a more limited lightness
range on some substrates than a press standard, while hav-
ing primaries that are significantly more chromatic. Alter-
natively, the destination gamut can exceed the source at
some hues, while being inside the source at others.

In addition to this heterogeneity of gamut differences,
a further challenge for the re-rendering algorithm is to
maintain consistency with press appearance across the
range of destination gamuts. While for gamut compression
there are numerous existing studies that provide a good
basis,' the gamut expansion case is far less well under-
stood in general. Furthermore the re-rendering of CMYK
images in gamuts larger than those of press standards is a
special case of gamut extension, as it needs to maintain a
strong link to press appearance, while in general gamut
expansion is only concerned with optimizing the re-
rendering of an image in a larger gamut.

Given the above preamble, the CMYK adaptive re-
rendering technique proposed here consists of the follow-
ing elements. Note that CMYK interpreted in terms of a
press standard will be referred to as the source color and
CMYK for an output device will be referred to as destina-
tion color.

First, source hue is kept unchanged. Doing this is the
basis of providing a strong relationship between the ap-
pearance of the re-rendered CMYK and press appearance,
as hue is the perceptual color attribute that has been found

in previous color reproduction studies to tolerate least
change.z’3 Providing the hue match with press appearance
also results in consistency of re-rendering across different
printing systems. As the primaries of these systems can be
of different hues, natively rendering CMYK instead of
doing a re-rendering like the one described here, could
result in significantly different hues for a given CMYK
input.

Second, the source colors are mapped adaptively in
terms of their lightness depending on the relationship be-
tween the dynamic range of the press standard and that of
the destination device. This mapping is such that it pro-
vides a smooth, monotonic transition between the extreme
cases of heavy compression and significant expansion. Its
effect on lightness is shown in Figure 1. The expansion
and compression provided by this mapping are both an
attempt at enhancement in the former and feature preserva-
tion in the latter case.
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Figure 1. Dynamic range mapping for 15-100 source lightness
range and different destination ranges.

Third, once source colors are mapped to have the
same dynamic range as the destination, their chromas are
mapped using an adaptive method. Here a core region is
first defined by taking a scaled-down version of the inter-
section of the press and destination gamuts. Inside the core
region no change is made to chroma, which results in the
preservation of the nature of neutral and near-neutral col-
ors as well as of skin tones. Then, if the source color’s
chroma is outside the core region, it is either expanded or
compressed depending on the relationship between the
press and destination gamuts in its part of color space.

The complete re-rendering process is illustrated in
Figure 2, for an sSRGB image processed through different
workflows for two different types of digital printers (inkjet
and liquid electrophotography).
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Figure 2. An sRGB image processed through different workflows for the HP DesignJet 10ps inkjet printer with semi-glossy proofing
paper (top row) and the HP-Indigo 3000 LEP printer with glossy paper (bottom row). Left to right: offset CMYK data rendered as
SWOP Relative Colorimetric, re-rendered (see text), native (no color correction), and RGB data printed with Perceptual rendering
intent. The re-rendered hues are consistent with offset (SWOP). Color saturation is selectively expanded, and closer to direct RGB
rendering. The amount of expansion (or compression) depends on the native color gamut of the digital printer being used. Hue differ-

ences are especially noticeable in the native case.

Invariability with Respect to Separation
Profiles Used

If we want to implement our re-rendering technique as a
simple one-button solution we have to use a single invari-
ant interpretation of incoming CMYK data. Such data may
have been generated directly in CMYK space, as often
happens for text and vector page elements, or have been
converted from RGB or other printer-independent spaces,
as is normally the case for raster image data. In an ICC
based workflow the RGB to CMYK conversion would
normally be done using a specific output profile, which we
will refer to as the separation profile. Our re-rendering
algorithms are flexible enough to deal with a rather large
range of separation profiles.

In brief, we maintain input hues but adapt lightness
range and chroma values from input to digital printer. In-
terpreting colorimetric characterization data in media-
relative terms already reduces some of the apparent differ-
ences between various offset press standards.

Figure 3 illustrates the lightness and chroma differ-
ences for a number of common offset standards.
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Figure 3. Comparison of different offset standards in the L*/a*
plane using media-relative colorimetry for SWOP, Gracol,
Toyo, EuroScale, and ISOCoatedsb.

Although there are remaining differences in terms of
lightness, they are within the range that our re-rendering
algorithms can deal with. Figure 4 illustrates the chroma
and hue differences for the same offset standards as Figure
3. As is the case with lightness differences, these chroma
and hue differences are dealt with successfully by our re-
rendering algorithms.

Figure 4. Comparison of different offset standards in the a*/b*
plane using media-relative colorimetry for SWOP, Gracol,
Toyo, EuroScale, and ISOCoatedsb.

Gray Axis Treatment

Probably the most sensitive aspect of color reproduction in
the perceptual sense is gray balance, or the four color re-
production of neutral image areas without any perceived
color cast.

When using different separation profiles to turn gray-
scale images into their four color grayscale CMYK
equivalents, there is typically some remaining chroma
(non-neturality) after processing the latter through the ba-
sic version of our re-rendering algorithms. To evaluate the
grayscale cross-rendering properties of different CMYK
spaces, the following procedure was followed:
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dE*ab Mean Max dC* Mean Max
RC P all RC P all RC P al RC P all | Best
Euroscale (c) 412 | 420 | 416 | 17.91 | 887 | 1791 | 179 | 183 | 181 | 537 | 531 | 537 | second best
¢ Toyo 4.81 6.81 5.81 18.94 13.03 18.94 1.45 1.48 1.47 5.55 5.36 5.55
< 1SOcoatedsb 492 | 612 | 552 | 1876 | 11.35 778 | 777 | 778
5 swop 404 | 405 | 405 | 1751 | 10.04 177 | 187 | 182 | 511 | 508 | 511
§ Ussheetted (c) 390 | 548 10.26 131 | 132 | 131 | 327 | 328 | 328
USSheetfed (uc) | 399 | 551 | 475 | 1530 | 17.16 | 17.16 | 0.89 | 093 | 091 | 230 | 230 | 230
USWeb (uc) 399 | 551 | 475 | 1530 | 17.16 | 17.16 | 089 | 093 | 091 | 230 | 230 | 2.30
Euroscale (uc) 6.35 2252 | 141 | 114 | 112 | 345 | 311 | 315
Gracol 5.05 3.46 4.25 19.71 6.66 19.71 2.06 2.13 2.10

Figure 5. Color and chroma difference means and maxima for cross-rendering CMYK gray scales (see text).

Figure 6. Cross-rendering a CMYK grayscale image separated for five CMYK spaces using re-rendering and GAT (see text). From
left to right: separation profiles EuroScale, Gracol, SWOP, Toyo, and US Sheetfed Coated.

1. Generate a 21 step scale along the L* axis
(a*=b*=0) from L*=20 to L*=100.

Compute CMYK values for the lightness scale
using each of nine ICC profiles and using the
relative colorimetric (RC) and perceptual (P) ren-
dering intents.

Take each of the 18 CMYK scales from step 2
and compute CIE LAB for it using each of the
nine CMYK ICC profiles and the relative colori-
metric rendering intent.

For each of the 162 CIE LAB scales from step 3
compute AE*,, and AC* differences from the
original lightness scale from step 1.

Report the means and maxima of differences for
each of the scales from step 3.

The result of the above procedure are mean and
maximum differences for 162 combinations of input and
output CMYK space which show what happens if a gray
scale computed using each of the CMYK ICC profiles is
rendered using simple relative colorimetric intent in each
of the CMYK spaces. For each of the nine spaces in which
the gray scales are rendered the means of the means and
the maxima of the maxima of color and chroma differ-
ences are shown in Figure 5. The dE differences are due in
part to the dynamic range differences between the spaces,
so we are more interested in the chroma (non-neutrality)
differences. Some spaces are clearly better than others for
grayscale cross-rendering, but in general the resulting non-
neutrality is not acceptable.

To improve these results, we have implemented a
Gray Axis Treatment (GAT) algorithm which acts as a
pre-processing step before the actual re-rendering takes
place. It applies a transformation to CIE LAB values
where chroma values below a first threshold are collapsed
to zero, chroma values in the next interval are heavily
compressed and a gradual transition is then made to iden-
tity. With GAT, the neutrality of re-rendered prints is im-
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proved considerably for a wide variety of separation
profiles. In images with very near-neutral colors some
desaturation occurs as a side effect, but nevertheless tran-
sitions from neutrals to near-neutrals are smooth, and the
result is deemed acceptable. The process is illustrated in
Figure 6. Neutrals are rendered as neutrals for all separa-
tion profiles tested. There are differences in tone reproduc-
tion, but those are intended.

Results and Conclusion

We have implemented the solution described for inkjet
printers, dry EP (“color laser printers”), and liquid EP
printers. An important constraint on the implementation is
that it must be black preserving, i.e. the incoming black
ink image (or separation) should be preserved as is. Black
ink (K) is used extensively in graphic arts applications for
more than just making dark colors: black text and line art
is printed as K only to ensure maximal sharpness and to
avoid color halos, the black separation is used to enhance
contrast in images and/or reduce total ink usage, to ensure
a stable gray balance, to create “rich black” and drop
shadows, and so on. In practice the solution is embodied
as a 4 dimensional lookup table combined with standard
interpolation techniques, which can be embodied in an
ICC device link profile for use in RIPs. Preliminary inter-
nal and external image quality testing shows good results,
and a general preference for re-rendered results versus the
ones obtained with traditional means (media-relative col-
orimetric or “native” rendering).

None of the existing or possible alternative solutions
would seem to meet the requirements. To summarize, the
solution needs to enable best first print in the vast majority
of cases, be compatible with legacy workflows as well as
sRGB and newer high end ICC workflows, maintain con-
trol over black, and provide cross-device “look and feel”
compatibility while optimizing the usage of each device’s
“native” color gamut. If offset CMYK data is rendered
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colorimetrically we end up with a color proof which limits
the color gamut to that of the press. Offset color gamuts
are relatively small compared to many modern digital
printers. If each device is driven directly in device color
space (without any intervening transformations), we may
end up with very large differences from one device to an-
other because of the differences in marking technology,
colorants, and fundamental ink/media interactions. If we
were to define a new colorimetric reference and promote it
as a digital color standard, we would add to the already
considerable confusion in the color standards arena, com-
plicate the solution, break compatibility with existing
workflows, and under-utilize some devices’ capabilities.
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A Note on the Figures

Due to the nature of the work described here, it is difficult
to do justice to the color and grayscale illustrations in a
single-printer hardcopy of any kind. The illustrations are
therefore best viewed in electronic form on a reasonably
calibrated monitor. Please contact the authors for elec-
tronic copies in PDF format.
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