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Abstract

Perceived color graininess is an important image artifact af-
fecting image quality of a digital printing system, which can be
attributed to various parts of a digital printing system such as col-
orant physical properties, digital halftone design, etc. The con-
ventional approach to quantifying color granularity on a printing
system is to conduct measurements on individual color channels.
While this is an effective way to measure each color channel’s
influence on color granularity, it fails to quantify the overall im-
pact in reality where most of the image is composed of more than
one colorant. Furthermore, it is possible to optimize the overall
system performance in terms of color graininess if the cross inter-
action among different color channels is known. In this paper, we
propose to create a multidimensional grain profile in the Profile
Connection Space (PICS) to describe the entire system perfor-
mance in perceived color graininess.

Introduction

Perceived color graininess is one of the image artifacts af-
fecting the image quality of a digital printing system, and it can
be attributed to various parts of the digital printing system, such as
photoconductor, colorant physical properties, digital halftone de-
sign, etc.. The prevalent approach to quantify the quality impact
of color granularity on the printing system is to measure color
granularity on each individual color channel. While this is an ef-
fective way to measure each color channel’s influence on color
granularity, it fails to quantify the actual impact more accurately
because most of the images are composed of more than one col-
orant. For example, adopting a less aggressive black replacement
strategy will improve the image quality in terms of perceived color
graininess. Simply measuring granularity on one color channel
will not reveal this advantage; however, it is well known that the
stability of neutral color rendition will suffer under an excessively
conservative black replacement strategy. As a result, it is possible
to optimize the overall system performance with respect to color
rendition and color graininess simultaneously if the cross interac-
tion among different color channels is known. Similar to the color
profile characterizing the color rendition of a printing system, we
propose in this paper to create a multidimensional grain profile in
the Profile Connection Space (PICS) to describe the system per-
formance in color graininess.

The process of creating the grain profile is very similar to
building an ICC color profile. The first step is to define a tar-
get sampling the entire color gamut of the printing system with a
lower bound on the size of the patches determined by the physi-
cal constraint to accurately quantify color granularity. The flatbed
scanner is adopted as the measurement device because of its ca-
pability to capture large areas in high resolution. An automatic
patch location algorithm is devised to complete the process with
minimal user intervention. The automatic screen removing algo-
rithm based on short-time Fourier transform is applied on each
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segmented color patch, and we can measure the color granularity
on the corresponding descreened color patch [1]. The last step
is to construct a multidimensional lookup table denoted as the
grain profile of the printing system mapping from either printer
device grid or CIELAB color grid to the estimated color graininess
based on the sampling points. If the CIELAB color grid is chosen,
the derived grain profile is implicitly associated with a specific
color profile and rendering intent when the target is printed be-
cause different black replacement strategy and color interpreta-
tion will impose different degrees of impact on color granularity.
For instance, the gamut mapping strategies are usually different
between the colorimetric intent and the perceptual intent [2]. As
a result, the same color in the PCS will often be rendered differ-
ently, and this in turns results in a different amount of perceived
color graininess.

In this paper, we will first propose a global grain profile
model derived from the assumption of two factors contributing to
the perceived color graininess on prints, i.e., colorant color con-
trast and the irregularity of halftone screen dot structure. We will
demonstrate that combining both factors will be sufficient to ex-
plain a significant portion of the variation of the estimated color
graininess within the gamut of a printing system. A supplemen-
tal generalized regression neural network is adopted to model the
remaining color graininess variation. CIELAB is selected as our
working color space instead of the printer’s intrinsic device space
such that the designed target can be applicable to any printer re-
gardless of the number of available color channels. Our numeri-
cal experiment will verify our proposed grain profile model under
various types of halftone screens and processes.

Grain Profile Model

We extend the definition of color graininess as the aperiodic
chromatic/luminance noise perceived on a printed sample with
spatial frequency above 0.4 cycles/mm and viewing distance be-
ing 30 c¢m, which is based on the definition provided by ISO/IEC
13660 [1, 3]. That is to say, the perceived color graininess can
be attributed as noise with high spatial frequency content. Thus,
the microscopic image structure plays a dominant role in deter-
mining the level of the noise perceivability. Consequently, ana-
lyzing the microstructure on a printed halftone image is essential
to explaining the estimated color graininess of the printing system
across the entire color gamut. Figure 1 shows two perfect theo-
retical cluster-dot halftone structures before and after the midtone
density point where a dot-pattern and a hole-pattern are formed
respectively. Denote the substrate area as I, the area covered by
colorant as Iy, and its peripheries as dT;. Assigning the location
of the center of each dot/hole as (i;,v;) and the radius as R, JI}
can be represented as follows:

oT(6,R) = | J{(ui,vi) +R(cos 0,sin6)}. 1)
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It can be easily shown that dI7} is infinitely differentiable in
[0,27) and it is a linear function of R. Constrained by the limited
resolution of a real printing system, dT7 is replaced by a collection
of piecewise smooth closed curves, dT;(0,R), of which infinite
differentiability no longer holds [4]. Furthermore, we assume that
the noise during the entire imaging process will manifest itself
as an isotropic random noise term, Nj,(R), which is independent
from 0. As a result, the peripheries of actual printed halftone
patterns, dT'4(0,R), can be decomposed into two terms:

OT4(0,R) = 0T4(0,R) + N, (R). @)
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Figure 1. Perfect cluster dot structure

Iy, I, and JT, are disconnected, and {I,I},dT,} com-
poses the entire viewing area. Thus, we can assume that the over-
all color graininess, VG, perceived on a printed image is the sum
of contribution from each factor shown as follows:

VG = g(Is) +8(I1) +g(T). ©)

Let & represent the noise perceived on the adopted substrate, and
& be the color graininess under complete coverage. Assuming A
as the ratio of area occupied by I}, we can easily simplify Equa-
tion (3) to be the following:

VG=(1-2A)5+AE+g(dT,) @)

where (1 —A4)&; + A is a linear function connecting & and .
Since dT'y is a set of piecewise smooth closed curves, their con-
tribution to color graininess is negligible. Thus, Equation (4) can
be further refined to become the following:

G=(1=2)&+AG+g(Np(R)). )

Transform the closed two-dimensional curve N,(R) into a
one-dimensional curve represented by signal amplitude py, fre-
quency composition @, and signal length Ly = 27R;, or 27R;.
After correlating with physical appearance, we propose the fol-
lowing three conjectures:

1. py is proportional to the color difference between [’y and I;.
2. wy is determined by the chosen printing process.
3. g(Np) is a linear function of L.
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As a result, the estimated color graininess of a primary color un-
der a selected printing process is solely controlled by L;. Note that
the luminance component in ps plays a much more significant role
than the chromatic component in perceived color graininess be-
cause of the inherent human insensitivity toward high-frequency
chromatic variation [5]. Based on these conjectures, we can de-
duce:

1. The higher the luminance contrast between [y and Iy, the
higher the perceived color graininess under the same print-
ing process and halftone screen.

2. For a regular cluster-dot halftone screen, the color graini-
ness should exhibit first increasing then decreasing charac-
teristics, and reaches the highest point at the midtone den-
sity when the halftone dot formation converges with the hole
formation.

The theoretical area coverage Ay, is equal to TRZ, where R; is
the radius of each dot during the halftone dot formation. However,
the Yule-Nielsen model indicates that the computed area cover-
age, Acomp, as in Equation (6), is equivalent to or higher than the
theoretical area coverage, A;j:

1—107Pw/n

1—10-Ds/n’ ©

Ammp =
where Dy, and Dy are the optical reflection density on the halftone
and solid area, and n is the Yule-Nielsen value [6]. Acomp — g—i' =
A, when n — oo, as described by Beer-Lambert-Bouguer law. As
a result, after the printer density calibration process, our analysis
indicates that the highest color graininess point along a primary
color occurs near the 50% mark if n — oo; however, the maxi-
mal color graininess point will move to a higher percentage mark
when n decreases. Lastly, the maximal color graininess point
along a multi-color ramp will move forward because of the in-
creased length of overall dot periphery.

Numerical Modeling

Analytically modeling the physical properties of a printing
system relating to color graininess as explained previously is a
very challenging task. Thus, we propose to describe the character-
istic of color graininess of a printing system via a hybrid numer-
ical model combining a global quadratic multidimensional poly-
nomial and a generalized regression radial basis network [7]. We
propose to adopt CIELAB as the working color space to be appli-
cable to any printer. Thus, a printer output profile needs to be used
to interpret these values into device colorant coverage combina-
tion, which imposes a certain complementary color replacement
strategy, such as GCR and UCR, as well as the rendering intent.
As aresult, the estimated color grain profile for the targeted print-
ing system is directly associated with the selected printer output
profile. Along with the CIELAB sampling points, we also suggest
to include device CMYK, and the two and three combinations, i.e.,
Red, Green, Blue, and three-color Black, for their simplicity in
analysis.

The previous analysis indicates that the color graininess will
reach maximum near the midtone density region depending on
n, and monotonically decrease toward 0% and 100% coverage
points. Thus, we found that the global behavior of color grain-
iness within the printer color gamut can be roughly approximated
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by a quadratic polynomial with all cross terms. The residual com-
ponent caused by the nonlinear Yule-Nielsen effect and compli-
cated multi-halftone structure will be modeled by a nonparametric
generalized regression radial basis network.

We adopt the same CIELAB space defined in /CC standard-
ization with L*, a*, and b* ranging from [0,100], [—128,128),
[—128,128) respectively [2]. Thus, a significant portion of the
grid points are outside the actual printer gamut. To construct a
color grain profile in CIELAB, we suggest to first apply the same
printer /CC profile and rendering intent as the one adopted in
printing the test targets from PCS to device color space then back
to PCS. This process will guarantee that all grid points lie inside
the printer gamut and a consistent complementary color replace-
ment scheme is adopted. Finally, the resulting CIELAB values of
the transformed sampling grid are adopted in the color graininess
function derived previously to construct the three-dimensional
color grain profile.

Numerical Experiment and Analysis
A five-page test target with 960 patches including CIELAB
and Device CMYK color specifications is printed on a four-color
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Figure 2. Color graininess along the CMYK ramps
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Figure 3. Color graininess along the RGB and 3-color black ramps
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printing system. A conventional cluster-dot halftone screen set is
chosen during this experiment. Figures 2 and 3 represent the es-
timated color graininess along the primary CMYK color ramps,
secondary RGB color ramps, and CMY neutral color ramp. The
luminance differences between CMYK complete coverage area
and paper substrate are 45.3, 51.7, 4.6, and 81.2. We can de-
duce that black and magenta should have higher perceived color
graininess than cyan and yellow under the same printing process
based on our analysis, which is confirmed in Figure 2. It also
shows that the maximal graininess points along the cyan and ma-
genta channel occur near the 50% digital mark, while the maxi-
mal graininess point for black is pushed to near the 60% mark.
Moreover, the contribution to color graininess through the yellow
channel is negligible. Finally, the forward movement of the maxi-
mal graininess points along the secondary RGB and CMY neutral
color ramps predicted by our previous analysis can be easily seen
in Figure 3.
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Figure 4. Color graininess along the neutral and CIELAB sampling points

Table 1: Multivariable Polynomial Regression R’ Statistics
Affine | Quad Quad/cross| Cubic | Cubic/cross
11% 85% 94% 91% 96%

Because almost all images are composed by multiple col-
orants, the color graininess performance of a printing system
is better described by the graininess derived from the CIELAB
patches. Table 1 shows the R? statistics of different degrees of
multivariable polynomial regression correlating between CIELAB
within the printer gamut and the associated color graininess. The
significant improvement in regression accuracy from the first or-
der affine functional to the quadratic functional suggests that
dot/hole periphery greatly affects the overall color graininess, and
a quadratic functional with all cross terms is the best choice for
global graininess modeling striking a balance between the func-
tional complexity and prediction accuracy. The first graph in Fig-
ure 4 indicates that different black replacement strategies will af-
fect the performance of a printing system in neutral color graini-
ness. The second graph illustrates that our proposed hybrid nu-
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merical graininess model is able to satisfactorily predict color ing intent, a grain profile of a printing system can be created in the

graininess within the printer gamut. PCS color space characterizing the color graininess appearance.

Figures 5 and 6 are two cross sections of the color graininess Our theoretical analysis is based on the assumption that the
profile at L* = 96 and L* = 68 in relative colorimetry. Figure 5 halftone pattern has no contribution to perceived color graininess.
shows that the color graininess along the yellow axis is relatively This premise does not hold in general when there exists halftone
small, but it rises rapidly when other colorants co-exist with yel- interference semirandom patterns among different color channels
low colorant. The cross section at L* = 68 indicates that neutral and/or a set of stochastic halftone screen is adopted [1, 6, 8, 9].
and blue sections of the color gamut produce higher color graini- We plan to extend our analysis and experiment to include those
ness than other regions. elements in the future.
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