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Error Diffusion is a common halftoning agorithm that
converts a contone input image signa into a binary or
multi-level output signal for printing and display. Differ-
ent methods exist to expand error diffusion to color, rang-
ing from a purely scalar approach, all the way to vector
error diffusion. This paper describes an intermediate ap-
proach that maintains some of the positive aspects of
vector error diffusion without some of its computational
drawbacks.

I ntroduction:

Reproducing an image on an output device commonly
encompasses the reduction of the image data from the
original 8 or more bit, to a smaller set of reproducible
output levels. For a large number of printers, the repro-
ducible number of output levels is “2”, describing a bi-
nary printer. It should be noted that real printers
commonly have interactions between neighboring pixels
so that the actual number of output levels for a “binary”

printer might actually be quite larger than two.*** One
common method to reduce the number of levels from the
original humber to the number required for the output
device is error diffusion,* In that method, an error feed-
back loop is used to compensate for all errors that are
made during the quantization step. Figure 1 shows a 1-
dimensional version of error diffusion.

The error diffusion concept can easily be generalized to
more than the 1-dimensional case shown in Figure 1 and
to more than two output levels*. Extending the algorithm
to more than two output levels immediately poses the
possibility that the output levels can describe a higher-
dimensional space. Simple examples of such higher-
dimensional spaces are complex numbers and color val-
ues. A full extension of error diffusion would then result
in vector calculations for the output and for the error. A
simplistic extension would be to use a scalar algorithm
for each of the components, provided that the actual set
of output levels includes al possible combinations of the
scalar output levels.
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Figure 1. The continuous tone input data (gray circles top) is quantized to the binary output (gray rectangles bottom) generating a
quantization error (white arrows). This error is used to create a modified input (black circles top) for subsequent pixels.
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Vector Error Diffusion vs. Scalar Error Diffusion

It is obvious that the vectorial extension of error dif-
fusion allows better control over the algorithm than the
scalar approximation, however, there are some disadvan-
tages in the vectorial approach that might warrant a sca-
lar algorithm. One obvious advantage of the scalar
approach is processing speed. Scalar processing can, de-
pendent on the actual output device, offer some addi-
tional benefits.

Assume a theoretical print engine that deposits the
“red”, “green” and “blue” components of a color pixel
simultaneously. In this case, changing from vector error
diffusion to scalar error diffusion only reduces the compu-
tational complexity. Now assume a theoretical print en-
gine that deposits the “red” components of an entire
page, before it deposits the “green” and subsequent
“blue” components. In this case, the entire image data
has to be stored in order to process the image. For color
images, this can easily amount to a memory requirement
of larger than 20 or 30 MB. This memory requirement can
severely impact the overall systems performance, giving
a strong advantage to scalar processing.

The major disadvantage of the scalar processing is
that the different components are processed independ-
ently and that interdependencies between the compo-
nents can therefore not be easily controlled. Consider the
simple example of a 50% cyan patch. This patch can be
generated by using a “blue”, "green”, “blue”, “green”
sequence, by a “cyan”, "white’, “cyan”, “white’ se-
guence or any random or non-random pattern similar to
the mentioned sequences. Obviously, the different se-
guences will show different visual noise, e.g.: a cyan-
white transition has higher visual contrast than a blue-
green transition, and different color behavior,® In real
data, some image noise will cause a “random” switching
between the different sequences, resulting in a system
that is hard to calibrate and that potentialy exhibits
strong visual boundaries.

It is therefore desired to have a system that controls
the correlation between the individual separations, while
being computationally as independent as possible.

Pseudo-Vector Error Diffusion

Pseudo-vector error diffusion is a common name attached
to methods that are predominantly scalar in nature, but
that maintain some control over the correlation of the
individual separations. In the methods described here, the
correlation control is achieved using threshold imprints,®
Standard error diffusion uses a constant threshold, in
the past, several modifications to this constant threshold
have been used to improve the quality of the output.”® A
similar approach can be used to control the correlation
between different separations. In this case, the binary
output of one separation is used to guide the threshold
imprint of the subsequent separations. If an “on” pixel in
the first separation raises the threshold in subsequent
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separations, the “on” pixels in the different separations
will tend to be at different locations; if an “on” pixel in
the first separation lowers the threshold in the subsequent
separations, the “on” pixels will preferably fall on the
same locations.

A simple implementation of the above mentioned
idea can be obtained by using

T;(m,n) +a

if  Bi(m,n)="off

if  B;(m,n)="on

T;'+1 (m,n) =
Ty(m,n) +

where T, ; is the threshold of separation i+1, and a and 3
are constants that control the correlation between the
separations. Table 1 shows the results for using differ-
ent o and 3 on a constant color input, where “Zero
States” refers to “black” output, i.e.: none of the three
separations r,g,b is set, “One State” refers to the output
colors red, green, or blue, "Two States' refers to cyan,
magenta and yellow, obtained by superposing two of the
primary r,g,b colors, and "Three States' refers to white.

As can be seen, from Table 1, the correlation be-
tween the separations can strongly be influenced as ex-
pected, varying from a strong in-phase, to a strong out-of-
phase correlation. It should be noted that the “random”
correlation is not really random but strongly influenced
by the correlation of the input data.

Table 1. Changing the constants a and f3 can alter the
correlation of the binary output pixels from an out-of-
phase correlation to an in-phase correlation.

Correlation Zero One Two Three
States State  States  States
a<0, >0 out-of-phase 77 323 0 0
a=0, p=0 random 149 181 66 4
0o>0, B<0 in-phase 261 49 2 88
Conclusions

A pseudo vector error diffusion algorithm can be imple-
mented using a threshold imprint to control the correla-
tion between different color separations. For this purpose,
the output of one separation is used to modify the thresh-
old of subsequent separations, directly influencing the
probability with which pixels are set to “on” or “off” in
the subsequent separations. This method maintains some
advantageous aspects of full vector processing, but at
reduced computational costs.
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