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Abstract

In this paper, we present a tone-dependent fast error diffu-
sion algorithm for color images, in which the quantizer is based
on a simulated linearized printer space and the filter weight func-
tion depends on the ratio of the luminance of the current pixel to
the maximum luminance value. The pixels are processed accord-
ing to a serpentine scan instead of the classic raster scan. We
compare the results of our algorithm to those achieved using the
fixed Floyd-Steinberg weights and processing the image accord-
ing to a raster scan ordering.

1. Introduction

Halftoning remains a critical aspect of contemporary print-
ing devices. These devices increasingly have multilevel capabil-
ities. We develop a vector error diffusion solution that operates
in the YyCxCz linearzed uniform color space [9]. Our results are
based on a simulated CMY printer that uses inks from an Indigo
7000 press. We assume a 16-level output for each of the C, M, Y
channels; so each output pixel consists of a 4 bit word.

The classic error diffusion proposed by Floyd and Steinberg
[1] is an algorithm that generates a binary image by processing
the continuous-tone image with neighborhood operations moving
through the image in raster scan order, quantizing each pixel in the
scan line, and diffusing the error ahead to the neighboring pixels.
However, this algorithm also generates worm-like artifacts and
some visible structure. There are many papers proposing to solve
these problems. In this paper, we are not going to mention how
the artifact problems are solved, but focus how the error diffusion
is used in a multilevel color context, rather than a monochrome
binary context.

The previous works focusing on mutilevel halftoning and
color halftoning are [2—6]. Monga et al. [3] and Yu et al. [6]
both use a Neugebauer printer model. In [3], the Neugebauer
model was used in the middle step by transforming from CMY
to YyCxCz first, next to predict the colorimetric response of the
printer and then further to train the error diffusion filter to min-
imize the error metric. In [6], the authors utilized the Neuge-
bauer model in RGB color space by using trilinear interpolation
based on Neugebauer primaries to represent an arbitrary input
color. Our method operates with gamut mapping [7] [8] first and
then quantizes the input pixel based on sampling the Neugebauer
printer model. Both the gamut mapping and the quantization op-
erate in the YyCxCz color space.

Figure 1 shows our system pipeline. The input is an sSRGB
image; and we transform it from sSRGB to CIE XYZ [10] to Yy-
CxCz standing for our source gamut. Also, we are given the des-
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tination gamut, which is the Indigo gamut; and then we do the
gamut mapping to fit the source gamut into the destination gamut.
After gamut mapping, we do tone-dependent fast error diffusion
(TDFED), which is also in the YyCxCz color space. Finally, we
transform the result of TDFED from YyCxCz back to sSRGB to
display it.

The rest of this paper is organized as follows. Section 2 out-
lines the process of gamut mapping. Section 3 first introduce the
YyCxCz color space and our printer output space, and then nail
into our TDFED algorithm. Also, we will compare our TDFED
with classic Floyd-Steinberg Error Diffusion (FSED). Section 4
shows and compares the resulting images after gamut mapping,
TDFED, and FSED. Finally, Section 6 concludes this paper.

2. Gamut Mapping

We want to generate a mapping so that given an SRGB value,
we can find its corresponding printable value based on our printer
output space. In our system, we are given the destination gamut
from the Indigo 7000 press. A brief description of overall process
can be split into five part:

Part 1 Soft compress the source lightness from input image to
match the destination lightness.

Part 2 Let the source neutral axis and destination neutral axis to

align with the Yy axis.

Part 3 Soft compress the source chroma to fit it into the bound-
ing cylinder constructed by the destination gamut. Unfor-
tunately, so far, the source gamut is not actually fit into the

destination gamut at every hue angle.

Part 4 We do central compression for lightness and chroma on
source gamut to let it actually fit into the destination gamut
within each hue sector.

Part 5 Finally, we rotate and shift to move the source gamut to the

destination gamut.

The details of the gamut mapping can be seen in Figure 2. Also,
referto [7,8] .

3. Tone-Dependent Fast Error Diffusion

Our motivation to use tone-dependent fast error diffusion
(TDFED) is based on the comparison between Floyd-Steinberg
algorithm and TDFED in binary image, as shown in [2]. There
are obvious artifacts in the sky in the figure generated by Floyd-
Steinberg but the figure generated by TDFED does not have this
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Figure 1: System pipeline
problem. As a result, we try to use TDFED system on the color space which can be obtained from the CIE XYZ color space, as
image. shown in Equations (1), (2), (3)
YyCxCz Color Space Yy=1 16X 16 (D
Before we go to the details of TDFED, here we explain the Y
relation between different color spaces and the reason why we
operate in the YyCxCz color space. X v
The YyCxCz color space is the linearized CIE Lab color Cx =500( X, Y, ) @
Source Gamut Destination Gamut
lsRGBimage ‘sRGBimage Cz= 200(% - Zzn) (3)
Soft compress Source lightness to match
ysowe :szc“'s'f:;"jzﬁm o | Mo action The Yy value represents the luminance, and the Cx and Cz values
are the red-green and blue-yellow chrominance components, re-
(@) Part 1 spectively. Because YyCxCz is a linearized transformation, it can
overcome the distortion problem mentioned in [9]
‘ Printer Output Space
S i e We assume a CMY printer with 16 levels per output chan-
l’jif:f;““""g"w"“‘"‘”"““"ge“e“‘”‘a“““m g,“f;_a"g"w""'"‘e'“h“ge"e“"a'“'s5”“& nel, i.e., 12 bits/pixel. We simulate the printer output space
(b) Part 2 by uniformly interpolating the space defined by the measured 8
Neugebauer Primaries (NPs) which are: W, Y, C, CY, M, MY,
CM, CMY. The following steps describe how we simulate our
\ printer output space: First, we choose our target output device,
Solt compres Source Cvoma G2 o bounding > Partitin Destination gamut nto a specified number of which is the Indigo 7000 press. Second, we print a constant-tone
e ooy pesren st e e rediarethe patch for each of the 8 NPs. Third, we measure their CIE XYZ

value by using hardware X-rite DTP70 and then convert the ob-
tained XYZ value into YyCxCz value. Next, we uniformly sam-
ple 16 x 16 x 16 points along each edge of the CMY color cube
as shown in Figure 3. Finally, we use tetrahedral interpolation to
Y, enter 10 20 with find their corresponding YyCxCz values as shown in Figure 4.
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Figure 3: Sampled points in CMY color space
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(e) Part 5 Tone-Dependent Fast Error Diffusion
Figure 2: Process of gamut mapping. Left hand side is the action Figure 5 illustrate the block diagram of the TDFED system.

for source gamut and the right hand side action is for destination

In this system, f[m,n] is the input image vector, f[m,n] is the
gamut. (a) Part 1 (b) Part 2 (c) Part 3 (d) Part 4 (e) Part 5

IS&T Infernational Symposium on Electronic Imaging 2019
1032 Color Imaging XXIV: Displaying, Processing, Hardcopy, and Applications



Figure 4: Sampled points in YyCxCz color space

modified input, and g[m, n] is the YyCxCz image vector quantized
according to Equation (4) where the set the C is the 16 x 16 x 16
set of Neugebauer Primaries for the output device. This means
that the current pixel will be replaced by the one of the sam-
pled Neugebauer Primary with the shortest between them. After
obtaining g[m,n], we can calculate the error vector according to
Equation (5). Here, the weight function W (¥;) depends on the po-
sition of the pixel to which the error is being diffused relative to
that of the pixel being processed and the ratio of the Yy value of
the current pixel to the maxmimum Yy value. Plots of the weight
function are shown in Figure 6, where the star sign represents the
current pixel. Moreover, the processing order of TDFED is ac-
cording to a serpentine scan.

f(m,n) +,® f:(m,n) .| Vector gmmn) X

quantizer
+A
_-@ e (mmn)
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x

Figure 5: Tone-dependent fast error diffusion system

§lm,n] = argmin{jc - flm,n]} @
ceC

&lm,n] = glm,n) — flm,n] )

Comparison with Floyd-Steinberg Error Diffusion

Figure 7 illustrates the block diagram of the FSED system.
The overall system is similar with TDFED but there are two dif-
ferences. First, the weight filter A in FSED is the fixed set of
numbers where w1 is equal to %, w2 is equal to %, w3 is equal
to %, and w4 is equal to 1—16. In the TDFED system, the weight
filter W(Y,) is a function. Second, the processing order of FSED
is according to raster scan instead of the serpentine scan in the
TDFED system. In the experimental result, the comparisons are
between FSED with raster scan and TDFED with serpentine scan.

4. Experimental Result

Figure 8 shows the comparison of the original image, the
gamut mapped image, the TDFED image, and the FSED image.
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Figure 7: Floyd-Steinber error diffusion system

For the gamut mapped image, it is a little bit brighter than the orig-
inal image. But overall, it looks good. The color rendering results
of the TDFED image and the FSED image look very similar at
this scale. So we need to zoom in to see the detail of the halftone
images. Figure 9 shows part of the figure in larger scale to have
the big picture of what is generated by halftoning. Figures 10 to
12 shows the image detail in pixel scale. In FSED image, there
are obvious checkerboard and texture cliques artifact. But in some
case as shown in Figure 12, FSED performs better than TDFED.
However, the overall image quality generated by TDFED is better
than that of FSED.

5.Conclusion

We have developed a halftoning solution for a simulated
multilevel CMY printer with 16 levels per channel. Our proposed
imaging pipeline consists of: First, transform input SRGB to Yy-
CxCz linearized uniform color space. Next, we do the gamut
mapping to fit the source gamut into the printer gamut also in
the YyCxCz color space. Finally, we do vector error diffusion
that maps modified continuous-tone image values to the nearest
output color on a 16 x 16 x 16 grid. It yields good quality output
images but the improvement over FSED provided by TDFED is
not as significant as it is for a binary output device.
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(a) (b)

Figure 11: Comparison between (a) TDFED image and (b) FSED
image. We can see the texture cliques artifact in FSED.

(@)
Figure 8: Comparison of resulting image at three stages in the
system pipeline. (a) Original image (b) Gamut mapped image (c)
TDFED image (d) FSED image

(@ (b)
Figure 12: Comparison between (a) TDFED image and (b) FSED
image. We can see that in this case, FSED performs better than
TDFED.

(a) (b)
Figure 9: The result zoom in for Figure 8 (c) and (d) respectively:
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