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Abstract: An iterative context dependent color halftoning algorithm is presented
in this paper. Unlike the normal approach of halftoning a color image, in which
the color separations of the original image are halftoned independently, the origi-
nal color image is halftoned in a context dependent manner. The method is based
on a monochromatic halftoning method that was presented earlier. The number of
dots to be placed in each color separation of the final halftone image or in differ-
ent parts of it is decided in advance. There is no dot in the initial halftoned image.
In each iteration a new dot is placed at some particular position. The position of
this dot depends on where the previous dots were placed. The final halftoned
image is obtained after the predetermined numbers of dots have been placed in
the color separations of the halftoned image. The strategy to reduce color noise
and gain control over color gamut is to prevent dot-on-dot printing as much as
possible. The color shifts that might occur because of this dot-off-dot printing
strategy have to be compensated before halftoning. This transformation is depen-
dent on some data for the printer with which the halftoned color image is sup-
posed to be printed. The experiments verify that the color noise is notably smaller
in the images that are halftoned by the proposed method compared to the images
halftoned using the normal approach of halftoning color images.

Introduction

Many methods for halftoning gray-scale images have been proposed in literature
(Ulichney, 1987), (Floyd, 1976), (Analoui, 1992), (Nilsson, 1996), (Gooran,
1996), (Gooran, 1998). These methods can directly be used for halftoning color
images by independently applying them to the color separations of the original
image. Since the color perception is very much dependent on how the separations
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behave in relation to each other, having a good structure in each separation by
itself doesn’t guarantee a good perception of the final color image. In this paper
we will show that halftoning color images in a context dependent manner can
notably reduce the color noise of the final halftoned color image. The strategy to
reduce color noise is to prevent dot-on-dot printing as much as possible. The
color shifts that might occur are handled by transforming the original color image
before halftoning. This transformation is performed by using Neugebauer’s and
Demichel’s Equations.

Neugebauer’s equations are used to find the resulting color when several small
different colored areas are averaged together by the human eye (Neugebauer,
1931):

Xtot Xi
Yior| = Y a) Vi M
Ztot g Zi
with,
X Y, Zy): the tristimulus values for the ink color i,
(Xtorr Yot Ziop): the tristimulus values for the resulting color,
a; the fractional area covered by the ink color i.
and

Y =1 @
i

For example when we print with four inks (CMYK) it is possible to create 16 dif-
ferent colors (of which nine are in effect black), so the sum in Eq. 1 will have 16
terms.

Demichel’s equations are used to calculate the approximated fractional coverage
for each printing color when a semi-stochastic overlap behavior is assumed
(Yule, 1967). Let ¢, m, y and k be the fractional area covered by cyan, magenta,
yellow and black ink, respectively. The fractional area not covered by a particular
ink is then 1 — X, where x represents the fractional area covered by the colored
ink x. For example, the fractional area covered by cyan and magenta, but not yel-
low or black (blue color) is:
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a = em(1-y)(1-k) (3)

cm

and the fractional area covered by only magenta is:

a, = (1-c)m(1-y)(1-k) 4

In the transformation mentioned earlier in this section, the tristimulus values
should be measured for primary, secondary and black colors when they are
printed with the printer which is supposed to be used for printing the final half-
toned image. For more detail about how to perform this transformation see the
following sections.

In the next section the halftoning method for monochromatic images is
described. This is followed by a presentation of the color halftoning method,
which is based on the monochromatic halftoning method, and a description of the
color matching transformation that should be performed due to the dot-off-dot
printing strategy used in the method. A number of examples are given to show
how the proposed methods can increase the quality of the halftoned images. The
color illustrations are shown in (Gooran 2001a, 2001b), where more examples
are also given.

Halftoning Method, Monochromatic

Suppose that we have a n x n gray scale image to be halftoned. There are 27 *
binary images of this size, and only a limited number of them actually resemble
the original one. It is clear that most of these images do not represent the original
one and therefore can be skipped. For example the final binary image should
have the same mean as the original one. Therefore we can decide how many
black dots the final image should have before performing the transformation.
This number is decided by integrating the gray values that all pixels in the origi-
nal image hold. The closest integer to this result, say &, can be a good approxima-
tion for the number of black dots the final binary image should include, assuming
that 1 and O represent black and white respectively. The problem of halftoning a n
x n gray scale image with the average close to k/(n x n) can now be seen as the
problem of finding a way of placing & black dots on a totally empty image of the
same size so that the final image “‘resembles” the original one. There exist

(n >I: n) , n x n binary images with & black dots. For instance for a /6 x /6 image

306



with an average of 0.4 there are G(S)g) =29 X 1072 such images. We can see
here that even for such a small image it is impossible to compare all the possible
halftoned images with the original one. However, in the presented method we try
to place a certain number of black dots, decided by the mean value of the original
image, on a totally white image so that the final image gives a good perception of
the original. The gray scale image is assumed to be scaled between O and 1. Sup-
pose that we want to minimize the difference between the original gray scale
image, g, and the binary image b. A measure that could be used for the difference
is,

.. 2
e =Y (8(i))-b(i,))) 5)
L]
with,
x(i, j): the pixel value of image x at position (3, j).

Where should we now place the first dot in order to minimize e¢? Of course in the
position where g holds the largest density value (or the maximum). After placing
the first dot there, the second dot should be placed where g has its second largest
density value, and so on until the decided number of dots are placed. The final
result is of course nothing but the gray scale image thresholded with a fixed
threshold, which represents only 2 levels of gray and consequently is not a good
representation of the original image. The reason is that the measure in Eq. 5 is not
a good measure of the difference of these images. Since the human eye acts as a
low pass filter, a much better measure would be the difference of the low pass
version of the images,

.. W2
e = Y (i) ~f,(0,0) ©)
iJj
with,
§ the filtered version of image x filtered with filter /.

Where should we place the first dot? The answer is unfortunately not as simple as
before. It has been shown that designing filter /by a fast decreasing function can
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decrease the error in Eq. 6 when the dot is placed at the position of the largest
density value (Gooran 2001a). For having a homogeneous placement of dots the
filter should also be circularly symmetric. In our experiment we therefore choose
to use a Gaussian filter,

7 +y%)/20")

flxy) = k ©)
with,
k: normalization factor used to make the weights of the filter
have a sum of 1,
c: the standard deviation.

For having good structure of the placed dots we sometimes need to change the
size of the filter and therefore we are not exactly going to decrease the error in
Eq. 6 but the error,

.. .2
e = 3 (i)~ hy(i ) ®
i, J
with,
f the filter the original image is filtered with,
h: the filter used within the algorithm.

The sharpness of the final halftoned image can be changed by changing filter f
(Gooran, 2001a).

The algorithm is now summarized in Fig. 1. First the original image, g, is filtered
with filter /. Then the position of the largest density value in f, is found and a dot
is placed at the same position in b which is totally white to begin with. Then b is
filtered with filter h and the difference f, - h; is made. The position of the largest
density value in f, - hy is found again and the next dot is placed at this position
and so on until a certain number of dots are placed in b. The number of dots to be
placed is decided by the sum of the density values in g, as discussed before.
Something worth mentioning here is that in constant images all pixels hold the
same value and the program will return the first (or the last) pixel it meets as the
position of the maximum. This can cause the resulting image to be highly
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Figure 1: The algorithm.

structured when halftoning a constant image. By adding small quantities of ran-
dom noise to the gray scale image this effect can be avoided.

According to our experiments an // x 11 filter gives rise to homogenous results
for almost all constant images ranging from 10% up to 90%. For constant images
outside of that range it doesn’t result in homogenous halftone patterns. Therefore
filters with different size should be used for those images. Let us now give an
example. In Fig. 2a we see a constant image with a gray value of 0.01 being half-
toned by this method using an /] x 1/ filter. We see that the resulting image is not
perceived quite well. What we really would like to have here is that the dots are
placed homogeneously and as far apart as possible, which is not the case in Fig.
2a. The reason is that an 1] x 1/ filter is not big enough. Fig. 2b shows this con-
stant image halftoned by the proposed algorithm using a 2/ x 2/ filter. It is obvi-
ous that the halftone pattern in Fig. 2b is more homogeneous than that in Fig. 2a.

Figure 2: A constant image with a gray value of 0.01 is halftoned by the pre-
sented method using a) an 11 x 11 filter b) a 21 x 21 filter.
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Therefore when haiftoning a regular image a filter with different size should be
used in the light and dark parts of the image. In other parts an // x I] filter is
used.

Halftoning Method, Color

All halftoning techniques designed for monochromatic images can directly be
used for chromatic images by applying them to the color separations indepen-
dently. When the separations of a chromatic image are halftoned independently,
the dot placement in each separation is controlled only in that separation and
doesn’t affect the other separations. Since the color perception is very much
dependent on how the separations behave in relation to each other, having a good
structure of dot placement in each separation by itself doesn’t guarantee a very
good color perception of the halftoned color image. We are going to show that a
detailed control of the dot placement can reduce the color noise of the final half-
toned color image. Due to the nature of the method presented in the previous sec-
tion, it can be extended to a method for chromatic images that halftones the
separations dependently. Recall from the previous section that in the monochro-
matic method the dot placement in the halftoned image was controlled by the fil-
ter utilized within the algorithm. In this section we will see how chromatic
images can be halftoned in a context dependent manner by using appropriate fil-
ters.

First of all we assume that the color image is divided into several separations and
each separation is represented by a continuous-tone image with values between 0
and 1. For the sake of simplicity we also assume that the color image is repre-
sented by its C, M and Y separations (the image can be represented by C, M, Y
and K or other separations as well). The algorithm is almost the same as for the
monochromatic case. The separations of the halftoned image are supposed to be
totally white to begin with.

The algorithm begins with finding the position of the largest density value, that is
the largest density value in all three separations of the original color image. Then
a dot is placed at the same position in the corresponding separation of the half-
toned image. In the monochromatic case a filter was used to control the dot
placement and the filtered version of the binary image was subtracted from the
filtered version of the original one. Now besides that we do the same in this par-
ticular separation, we use another (or the same) filter to feedback the impact of
this dot to the other separations, see Fig. 3. That means, when a dot is placed for
example in the M separation, some neighborhood of this position in the M sepa-
ration is affected, decided by filter 4, and another neighborhood of this position
in C & Y are also affected using the same or another filter.
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Figure 3: The algorithm for chromatic images. The placed dot impacts all sepa-
rations of the original image.

Let us now give a simple example. Suppose that we have a color image that has
2%, 3% and 0% coverage in its C, M and Y separations, respectively. This image
is first halftoned by applying the monochromatic halftoning method to the sepa-
rations independently, see Fig. 4a. This image is also halftoned by the proposed
color halftoning method, see Fig. 4b. Since in the first case the separations are
halftoned independently, the filter used for each separation is designed only for
that separation. For having a good structure of dot placement the filter used for
the C and M separations should be 15 x 15 and 13 x 13 respectively (Gooran,
2001a). The size of the filter used for each separation is only dependent upon the
coverage of that separation. But in the dependent case, we want the dots in both
separations to be placed homogeneously over the entire halftoned color image.
The filter size should therefore correspond to a coverage of 2 + 3 = 5% (Gooran,
2001a). The filter used for both separations is therefore 9 x 9 in this case.

a b
Figure 4: A color image with 2%, 3% and 0% coverage in its C, M and Y separa-
tions is halftoned with the proposed methods. In a, the separations are halftoned
independently. In b, the separations are halftoned dependently by the proposed
color halftoning method.
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a . b
Figure 5: A color image with 50% coverage in its Cyan and Magenta separations
is halfioned. a) dot-on-dot printing strategy is used. b) dot-off-dot printing strat-
egy is used.

Color Matching

In the previous section we have seen how we can halftone the color separations
of a color image dependently and prevent the dots in different separations from
being placed on top of each other as much as possible. The question we ask now
is: If the resulting halftoned image is printed, will all the colors in the image be
produced correctly? The answer is no. To illustrate the difference between the
colors of printed halftoned images that are built by dot-on-dot and dot-off-dot
strategies, we give an example. Suppose that we have an image that has 50%
coverage in its Cyan and Magenta separations and no coverage in its Yellow sep-
aration. We halftone the image in two ways. In the first one we make every dot in
the Cyan separation be placed on top of a dot in the Magenta separation. In the
second one we prevent all dots in these two separations from being placed on top
of each other, see Fig 5. We see that images in Fig. 5a and b produce two differ-
ent colors. The reason is that these colors don’t have the same tristimulus values,
that is the X, Y and Z values for these colors are different. We measured the tris-
timulus values for black, primary and secondary colors when printed with the
printer at our department, i. e. an inkjet printer (Deskjet 970CXi). The tristimulus
values for the cases discussed above can be calculated by Neugebauer’s equa-
tions:

X = 05X+ 0.5%

paper
DotonDot { ¥ = 0.5y + 0.5V, )
Z=05Zcp+05Z,,,,
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X = 0.5X,+0.5X,,

1}

Dot off Dot { ¥
Z = O.SZC+O.SZM

0.5Y~+0.5Y,, (10)

with,
(X Y 43 the tristimulus values for the ink color 1,
Xij» Yij Zyy): the tristimulus values for the ink color i
printed on j,
(Xpaper Ypaper Zpaper): the tristimulus values for the bare paper (no
ink).

In Fig. 6 the results of halftoning this color image with the proposed methods, i.
e. independently and dependently, are shown. Obviously they are not the same
color. The X, Y and Z values for the image to the right equal to the ones calcu-
lated for dot-off-dot case above because we know that in our algorithm no dot
will be placed on top of another one before the whole image is filled. Now the
question is whether we can make our algorithm produce all colors by avoiding
dot-on-dot as much as possible. The answer is yes for some colors.

Suppose that we want our algorithm to produce a certain color (X,, Y,, Z,). We

assume that no dots in different separations are placed on top of each other. The
proposed method can fulfill this demand if the sum of the newly calculated cov-
erages of the separations does not exceed 100%. Of course a negative coverage is
not accepted either (Gooran, 2001a). Therefore we will only have the primary
colors and the bare paper. Now in order to find the coverage in the C, M

Figure 6: A color image with 50% coverage in its Cyan and Magenta separations
is halftoned. a) by the monochromatic halfioning method being applied to the
separations independently. b) by the proposed color halftoning method.
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and Y separations the following equation system should be solved for the target
color (X, Y, Z,), i.e. the color we want our algorithm to produce.

X, = cXc+me+yXy+(1 —c—m—y)Xpaper
Y, = cYc+mYm+yYy+(1—c—m—y)Ypaper (11)
Zt = ch+mZm+yZy+(1—c—m—y)Zpaper
with,
Xp Y Zp): the tristimulus values for the target color,
c,m,y: the coverage in the C, M and Y separations.

As long as Eq. 11 has acceptable solutions for any required color’s X, Y and Z
values the color can be produced by dot-off-dot printing strategy and by using the
inkjet printer (Deskjet 970CXi).

Let us now make our algorithm produce an image whose color matches the one
of the image in Fig. 6a. For finding the tristimulus values for this color
Demichel’s equations are used. For this example we will have a.,,, = 0, a. =
0.25, a,,=0.25, a,=0, a.,, = 0.25, a;, = 0, a,, = 0, and apgp,, = 0.25. 4y, denotes
the fractional area covered with only x and y color inks. Note that according to
Demichel’s equation, for instance the fractional area covered with cyan and
magenta is calculated by a,,, = cm(1-y). Now we calculate the color of the image
in Fig. 6a and use this color as the target color. Then Eq. 11 is solved for this
color and the new coverages are calculated. The calculated coverages of C, M
and Y separations are 50.82%, 36.51% and 0.54%, respectively. That means, the
image that should be halftoned by the proposed color halftoning method in order
to produce this color has 50.82%, 36.51% and 0.54% in its C, M and Y separa-
tions respectively.

Fig. 7a shows again this image being halftoned by applying the monochromatic
halftoning method to the color separations independently. Fig. 7b shows the
transformed image being halftoned by the proposed color halftoning method. The
transformation was performed in order for the algorithm to produce the same
color as the one in Fig. 7a.

Now we are going to see how a regular color image should be halftoned with the

proposed color halftoning method. As mentioned earlier the original image has to
be transformed to a new one before the method is applied.
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Figure 7: The original image is a color image with 50% coverage in its Cyan and
Magenta separations. a) This image is halftoned by the monochromatic halfton-
ing method being applied to the separations independently. b) The original image
is first transformed to an image with 50.82%, 36.51% and 0.54% coverage in its
C, M and Y separations and the result is then halftoned with the proposed color
halftoning method. The transformation is performed in order to achieve the same
color as it would have been obtained if a semi-stochastic overlap behavior was
assumed.

First the tristimulus values for each pixel’s ¢, m and y values are calculated by
Demichel’s and Neugebauer’s equations. Then Eq. 11 is solved in order to find
the new ¢, m and y values. If any of these values is negative or their sum exceeds
1, they are not accepted and the ¢, m and y values remain unchanged. At the same
time we solve these equations, we find out in which parts of the image the values
are changed. A mask indicating which parts of the image are changed is thus pro-
duced. When the entire image is transformed the halftoning method can start pro-
cessing the new image. The mask that was built is also used in the algorithm. For
each processed pixel this mask indicates whether the pixel’s ¢, m and y values are
changed or not. If they are changed then the other color separations should be
affected precisely as before. But if the ¢, m and y values are not changed the other
separations should remain unaffected for that particular position. Hence the sepa-
rations are halftoned dependently in those parts where the ¢, m and y values are
changed and independently elsewhere.

More color images halftoned with the proposed color halftoning method are
shown in (Gooran 2001a, 2001b).

Conclusions
An iterative halftoning method for gray scale images has been introduced. This

method is extended to a color halftoning method that halftones color images in a
context dependent manner. In this method the dots in different separations are
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prevented from being placed on top of each other as much as possible. This can
cause some color shifts in the final halftoned image. The color image should
therefore be transformed before halftoning. The given examples show that the
proposed method results in halftoned images with notably smaller color noise
compared to results of using the normal approach of halftoning color images, in
which the separations are halftoned independently.
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