
JOURNAL OF IMAGING SCIENCE AND TECHNOLOGY • Volume 43, Number 2, March/April 1999
Digital Halftoning using Pre-Computed Maps
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Digital halftoning techniques using threshold matrices have clear advantages in their speed of operation together with the possibility
of controlling the produced dot patterns. However, due to an inherent restriction discussed in this article, the quality of dispersed dots
halftones produced with this technique is not always satisfactory. In this article we describe a technique that overcomes this restric-
tion, thereby allowing for an individual design of each tint value without any loss of speed. We also propose a design strategy for
obtaining near optimal tints without losing the necessary correlation between tints. High quality reproduction of both tints and
transitions between different intensity levels is thus possible. This technique also allows for new types of dispersed dot halftones with
predefined micro structures. Halftones with micro structures are less sensitive to both mechanical and optical dot gain and can
advantageously be used in processes with severe dot gain or low printing precision. In this article we present two types of micro
structures together with several image examples.
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Introduction and Background
Due to the limitations of most printing devices, the re-
production of a continous-tone image requires that the
image is converted to a bi-level image before it can be
printed. This process, known as halftoning, can be di-
vided into two main categories: clustered dot and dis-
persed dot halftoning. Extensive review of methods for
digital halftoning including both categories can be found
in the literature.1 The use of dispersed dot halftones
offers several advantages compared with clustered dot
halftones where superior detail reproduction is one of
the most important benefits. However, different strate-
gies for the placement of the micro dots that compose
the binary image may result in halftones with very dif-
ferent properties. The problem of placing the micro dots
to obtain a binary image that gives an impression of a
continous-tone image is a quite complex problem with-
out an unambiguous optimal solution. Suggested strat-
egies are often trade-offs between the image quality and
the time required to produce the halftone. In recent
years several methods for dispersed dot halftoning, all
with their specific pros and cons, have been proposed.

The best results are probably obtained with iterative
methods.2,3 The general idea of these methods is to mini-
mize an error function based on the difference between
the binary image and the continous-tone image by it-
eratively placing or replacing the micro dots. Due to the
massive amount of computation involved, these meth-
ods are not yet commercially interesting. Another strat-
egy is the error diffusion technique that originally was
proposed by Floyd and Steinberg in 1976.4 Several varia-
tions and extensions based on this method have been
suggested since then.5–7 This strategy generally produces
halftones of high quality. In some situations, however,
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disturbing worm-like dot patterns or sudden pattern
changes might be introduced. These problems are par-
ticularly noticeable in very bright or dark tints and
around the mid-tones. Error diffusion methods are in
general faster than iterative methods but cannot com-
pete speedwise with methods based on the use of a
threshold matrix.1,8

Threshold-matrix-based methods are very attractive
in terms of speed and can be implemented in a truly
parallel manner, thus boosting their performance even
further. Another advantage is that full control over the
dot patterns produced in tints is possible. Certain less
visually pleasant patterns can thus be avoided. For a
good review on methods to generate threshold matrices
see Ref. 9. With this approach, however, there is always
a trade-off between the quality in the tints produced
and the quality of smoothly varying shades. The prin-
ciple of the threshold matrix approach does not allow
for the highest possible quality in both. The reason for
this is that the dot pattern produced for a certain tone
value will be present in all tints of less intensity. A pat-
tern at one intensity level will therefore restrict the ap-
pearance of all other tint values. This means that if there
is a certain criterion for optimization of a tint for in-
stance, requiring that the dots should be as dispersed
as possible, this can not be fulfilled for all tint levels.
This restriction is illustrated in Fig. 1.

We have developed a method for halftoning that over-
comes the constraint of threshold matrix methods with-
out any loss of speed. All tints produced have been
individually designed and can thus have any desired
property. The tints will therefore generally be less grainy
than tints produced with a threshold matrix method and
hence visually pleasant for both bright and dark tint
values. Furthermore, the proposed design strategy al-
lows for smooth transitions in halftoning of shades with-
out any sudden structural changes. High quality in both
tints and smoothly varying shades is therefore possible.

The fundamentals of the method have been described
previously.10 Improvements have been made since then,
and new types of halftone characteristics have been de-
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veloped. The ideas in the following sections are patent
pending. Recently, other authors have also suggested
the use of a collection of correlated maps instead of a
threshold matrix for halftoning.11

The Pre-Computed Maps Technique
Instead of using a threshold matrix and a comparison
technique to produce the halftones, the proposed method
uses one pre-computed halftoning map for each possible
tone value in the image. Each map is derived according
to a specific optimization criterion and stored in a
halftoning volume. The maps contain only zeros and
ones, representing the presence and absence of a half-
tone dot respectively. When halftoning an image, the
image value is used as an index into the volume. The
position within the chosen map is derived from the im-
age position in the same manner as for matrix-based-
methods. The value of the map at this position is then
simply copied into the corresponding position in the re-
sulting halftone. Thus, no comparisons are necessary
when halftoning. Halftoning with the Pre-Computed
Maps (PreCoM) technique is illustrated in Fig. 2.

Like threshold-based-methods, PreCoM is easily
implemented in a truly parallel manner because no in-
formation from neighboring pixels is required. However,
the technique requires more memory than with thresh-
old matrix methods. Given the task of halftoning an
image with 256 gray levels (8 bits), the PreCoM method
requires 256 one-bit maps whereas a threshold-matrix-
based method requires 1 eight-bit matrix. If the same
matrix map size is used respectively, the PreCoM
method requires 32 times as much memory. As an ex-
ample, assuming a map size of 64 × 64 pixels, the stor-
age of the halftoning volume will require 128 kilobytes
compared with the 4 kilobytes for the threshold matrix.

While PreCoM allows full control of the dot patterns
for each tone value, severe discontinuity effects will be
introduced when halftoning slowly varying shades if the
maps in the volume are computed in isolation. Thus,

Figure 1. An illustration of the limitations of threshold-ma-
trix-based halftoning techniques. A black micro dot is placed
at every image position where the value of the threshold ma-
trix is greater than the image value. Therefore, the dots pro-
duced for one tint value will be present in all darker tint values.
This is a severe restriction when designing the tints possible
to produce with the matrix.
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adjacent maps in the volume must be correlated, i.e.
exhibit similar dot patterns. The design of the maps
must be done with this in mind. There is, however, no
reason why the dot pattern of one intensity level should
be restricted by the dot pattern at another level far from
it. This implies that this limitation will not be as se-
vere as for threshold-matrix-based methods. The com-
putation of the maps and the process of correlating
adjacent maps is described in the following sections.

Computing the Maps
The maps in the halftoning volume are derived individu-
ally in an iterative manner. The principles of the com-
putation process are shared by all maps. However, by
assigning a specific optimization criterion to each map,
all maps can be given a specific characteristic. A vari-
ety of optimization criteria are possible, but for the pro-
duction of visually pleasant halftones only some are of
interest. One such criterion is to force the dots in a map
to be as dispersed as possible so as to minimize disturb-
ing patterns in the halftoned images. In fact, maps op-
timized with this criterion will possess the desirable blue
noise characteristic.1 The suggested optimization algo-
rithm is closely related to the void-and-cluster method
proposed by Ulichney.12 The principle of the algorithm
has also been used by Yao and Parker when deriving
their threshold-matrix-based method the Blue Noise
Mask.13

The computation of a map starts from any binary pat-
tern with the appropriate ratio of white to black dots

Figure 2. Halftoning with the Pre-Computed Maps technique
described in the text. Maps describing the dot patterns for every
possible image value (256 in the illustration) are stored in a
halftoning volume. When halftoning, the image value is used as
an index in the volume to point out the appropriate map and the
position of it to compute the dot position within the map. The out
pointed value of the map is then copied into the halftone at the
given image position.
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(ones and zeros), for instance, a thresholded white noise
image. The idea of the algorithm is to rearrange the
minority dots, i.e., black dots for bright tint values and
white ones for dark values, until they are as dispersed
as possible. This is done in a iterative manner by suc-
cessively moving minority dots from the tightest clus-
ters to the largest voids.

By representing the minority dots with ones and the
majority dots with zeros, the tightest cluster of minor-
ity dots is located by finding the maximum of the low-
pass filtered dot pattern. The minority dot at the
maximum is removed and the low-pass image is updated
by a local deconvolution, i.e., the low-pass kernel is sub-
tracted from the low-pass image at that position. In a
similar manner, the largest void is found by locating
the minimum of the low-pass image. The previously re-
moved dot is then placed at this location and the low-
pass image is again updated, now by adding the kernel.
The process of rearranging minority dots continues un-
til no further change occurs, i.e. the selected minority
dot is placed at the very same location it was taken from.
The algorithm is straightforward but there are several
factors that must be taken into consideration in order
to ensure that the resulting maps behave well. The two
most important of these factors are discussed next.

Because the image size is, in general, much larger
than the map size, the maps have to be tiled for com-
plete coverage when halftoning the image. If this is not
taken into account when computing the maps, disturb-
ing artifacts will be introduced at the borders of the
maps. A straightforward solution is to use circular con-
volution when low-pass filtering the dot pattern. This
means that the influence from one dot is allowed to
spread over the map edge into the opposite side of the
map. Thus, each generated map can be tiled without
introducing any discontinuity effects at the borders of
the map.

The characteristics of the low-pass kernel used in the
algorithm has great influence on the final dot pattern.
Its shape as well as its size is of importance and should
be adapted to the current density level. For instance, in
bright and dark maps, the distances between the mi-
nority dots will be large. Thus, a wide kernel should be
used to avoid unevenly spread dots. On the other hand,
for maps of around 50% coverage, dots have to be placed
next to each other. A kernel designed to control the lo-
cal behavior of the dot pattern is therefore needed.

The iterative process described above is fairly time
consuming. The time taken depends on the number of
minority dots, the initial binary pattern, and the size of
the kernel used for the optimization. If, however, the
initial binary pattern is close to optimal, the computa-
tional cost is dramatically decreased. This is utilized in
the correlation process described next. Also, the compu-
tation is done off line and once and for all. The time
required for generating the halftoning volume is there-
fore of minor interest.

Creating the Locally Correlated Volume
The strength of the PreCoM technique lies in the possi-
bility of producing both near optimal tints and pleasant
transitions between them. Without the correlation be-
tween adjacent maps, disturbing irregularities and
discontinuities will be detectable at the transitions. The
proposed method for the generation of the halftoning
volume assigns an unique filter kernel to each map that
is to be optimized. By changing the filter kernel gradu-
ally between adjacent maps, and by using the previously
optimized map as the starting pattern for the next map,
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maps that produce images with both desired properties
can be derived.

Before generating the halftoning volume, decisions
have to be made about the map size and the number of
tint levels that should be defined. Any size of the map
could be chosen, but all maps in one volume must be of
the same size. Furthermore, if the maps are too small,
a disturbing periodical structure might be introduced
into the produced halftones. Through experiments we
have discovered that a map size of 64 × 64 positions
seems to be sufficient for the elimination of such effects.
Still, larger maps seems to give even better results. The
image examples in this paper have been derived with a
map size of 128 × 128. While it is possible that an opti-
mal size could be established and proved, such experi-
ments have not yet been done.

The image material we have been working with has a
dynamic range of 8 bits, i.e., 256 gray levels are pos-
sible. It is doubtful whether more levels are meaningful
for a human observer, at least for images reproduced in
print. Possibly, it may be the case that even fewer lev-
els could be acceptable. Until investigated further, how-
ever, the volumes will contain 256 pre-computed maps,
one for each possible intensity level in an 8 bit image.

Having decided on these two properties, the number
of minority dots that differs between two adjacent maps
can be computed. A fixed difference in dots between maps
results in a linear reflectance function for the digital
volume. Unfortunately, due to the dot gain in prints,
this linearity does not carry over to the reflectance func-
tion for the print. However, if the dot gain function is
known, the structure of the PreCoM technique allows
dot gain compensation to be performed when the vol-
ume is computed. Because each map is designed indi-
vidually, each map can contain the number of dots that
produces the desired linear reflectance function in print.
Dot gain compensation can thus be done at the same
time as the image is halftoned, making pre-adjustments
of the original image’s histogram unnecessary. With the
number of dots for each map decided, the halftoning
volume can be calculated. The proposed procedure for
this is described below. Examples of results during the
process are shown in Fig. 3.

The process is initiated by generating a matrix of the
desired map size containing white noise in the range
[0,1]. By thresholding the matrix at 0.2 for instance, a
dot pattern with approximately 20% minority dots is
obtained (Fig. 3a). If necessary, extra dots can be added
or removed at random to get the exact number of dots
that the map should have. By using the assigned filter
kernel and applying the iterative optimization process
described above, the first map of the volume is computed
and stored (Fig. 3b). To calculate the next darker map,
the voids of the first map are located and the desired
number of extra dots are added iteratively in these po-
sitions by using the filter assigned to the first map. Note
that no rearrangements of the dots are made at this
stage (Fig. 3c). While the new dot pattern may be opti-
mal with respect to the old filter, it will in general not
be optimal with respect to the new filter that is assigned
to this particular tint value. Thus, the dot pattern has
to be optimized with the new filter before the new map
can be stored (Fig. 3d). This procedure of iteratively
deriving the next map from the previous map continues
up to the level where the map consists of equal ones
and zeros. At this stage the representation of minority
and majority dots is switched, and instead of adding
dots, dots at the tightest clusters are removed before
optimization. The procedure continues until all minor-
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(a)

(b)

ity pixels are gone. The maps between 0% and 20% are
derived in a similar manner, starting from the first gen-
erated map at 20% and removing minority dots.

The filter kernel used to make the dots as dispersed
as possible in each map is a Gaussian shaped kernel.
The width of the kernel function is changed according
to the tint value. The fewer the minority dots, the wider
the kernel. The filter kernel g(x,y) is defined by
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Figure 4. A synthetic test image consisting of a grayscale ramp
and a collection of tints halftoned with the PreCoM method
described in text. The halftoning volume used is optimized with
isometric Gaussian low-pass filters. The maps are of the order
128 × 128.

Figure 3. Examples from the generation of maps, (a) is a white
noise image thresholded to get 20% minority pixels. The result-
ing pattern is used as the starting pattern. (b) The starting pat-
tern is rearranged to get maximally dispersed dots. This map is
stored in the halftoning volume. (c) Extra dots have been added
to the dot pattern in (b) to get the initial map for the next level
(25% level in the example). (d) The pattern is rearranged before
being stored in the volume. Note that some of the dots in (b) have
been moved to obtain the pattern in (d). This would not have
been possible with a threshold-based-method.
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where T is the number of minority pixel divided with
the map size, c1 and c2 are positive constants chosen to
make the expression c1–c2T positive, and where S is the
size of the kernel in pixels. For an efficient implemen-
tation of the algorithm, the size of the kernel, S, could
be made dependent on the function g(x,y). While a wide
kernel size is necessary for very bright or dark tints, a
small kernel size is sufficient for tints around 50% den-
sity level. Therefore it is not necessary to use the large
kernel size for all maps.

Experiments have shown that to get the smooth tran-
sition between tints around the 50% level, a change in
filter characteristics is needed. Therefore, for maps
around this level, a small amount of band pass charac-
teristics is introduced. This is further discussed in the
next section. In Fig. 4, a synthetic test image consisting
of a grayscale ramp and a collection of tints has been
halftoned with the PreCoM technique using a halftoning
volume computed according to the above described pro-
cedure. The density levels of the four tints are 5%, 15%,
35%, and 50% respectively. In Fig. 5, a scanned photo-
graph of a windmill has been halftoned using the same
halftoning volume.

There are, however, some known problems with the
described method. In rare cases, a dot is moved from its
position in one map to a neighboring position in an ad-
jacent map. This could result in a micro cluster in the
halftoned image in transitions between these two maps.
By examining the halftones in Fig. 4 and Fig. 5 thor-
oughly, both small white and black clusters can be found.
It is doubtful if such micro cluster actually lowers the
overall visible quality, but if this is the case, it should
be possible to adjust such artifacts with a post-process-
ing operation applied to the halftoned image. One could,
for instance, compare the local average values of the
original and the halftone and add or remove dots in those
areas where the difference is too large. However, any
post-processing operation will require additional time

Figure 5. A grayscale photograph halftoned with the PreCoM
method. The halftoning volume used is optimized with isomet-
ric Gaussian low-pass filters. The maps are of the order 128 ×
128.
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Figure 6. Some of the filter kernels used to compute maps with line-like micro structures. The kernels gradually change from a
Gaussian low-pass filter for maps with fewer than 30% minority dots to a directional band-pass filter.
that in many situations is more of a problem than the
possible decrease of image quality caused by the micro
clusters.

Changing the Filter Characteristic
It is not obvious that the optimization criterion that re-
sults in maximally dispersed dots produces the most vi-
sually pleasant halftones. For instance, in maps with
above 25% of minority dots, some of the dots must nec-
essarily be placed in connection with each other, at least
corner to corner. Moreover, for maps around the 50%
density level, clusters of dots will always be generated.
Due to the correlation criterion, these may not always
be visually pleasant. One may therefore be motivated
to try other optimization criteria for maps with more
than 25% of minority dots. For instance, instead of
spreading the dots as much as possible, they could be
arranged into supervised micro structures.

The use of micro structures may both facilitate the
correlation between maps, thus producing smooth tran-
sitions, as well as increase the visual quality of the re-
sulting tints. The presence of structures appears to give
a less grainy impression of the halftone. As an example,
the visually pleasant impression of results from itera-
tive and error diffusion methods could partly be ex-
plained by the micro structures introduced. The observer
seems to exclude even clearly visible structures and fo-
cus on the image information it conveys. In addition,
because the influence from the dot gain is greater for
several dispersed dots than for one large dot, the dot
gain will be smaller with micro structures than with
the maximally dispersed dots. This could prove useful
when using print setups with heavy dot gain. Moreover,
micro structures could also be useful to facilitate half-
tone reproduction in setups with low printing precision.

In theory, the PreCoM technique allows for any micro
structure to be used in the halftones. We have found
through these experiments, two types of structures that
result in less grainy halftones as well as an increase of
the overall image quality.

Line-like Structures
Inspired by the conventional, but not commonly used
line screens that result in fairly clear images, we have
introduced line-like micro structures for the mid-tones
in the halftoning volume. This is realized by using di-
rectional band-pass filters in the optimization of these
maps. Still, in bright and dark tints, the dots can be,
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and presumably should be maximally dispersed. For
these maps, a Gaussian low-pass filter is used. This
means that to maintain the correlation between adja-
cent maps, the band-pass characteristics has to be in-
troduced gradually. Up to a certain level, for instance
30% minority dots, the same Gaussian filter as discussed
previously can be used. Passing this level, the Gaussian
filter is modified by subtracting a function describing a
directional low-pass filter. Choosing the bandwidths
properly, the result from this operation will be a direc-
tional band-pass filter. By gradually increasing the in-
fluence from the subtractive term, the filter will become
more and more band-pass-like and thus suitable for the
higher levels. Examples of such kernels, with the
gradual change, are shown in Fig. 6.

Figure 7 shows the synthetic image halftoned using
the halftoning volume derived with these filters. A slight
asymmetry can be noticed in the ramp, where the line
structure is visible further down on the dark side of the
50% level than on the bright side. The reason for this is
that the initial binary pattern where the computation
of the volume started was derived at 20% black dots.
Because previously derived maps will affect the appear-
ance of the next, the maps with more than 50% black
dots will be affected by the heavy line structures in the
50% level. While it may be possible to derive a more

Figure 7. The synthetic test image halftoned with the PreCoM
method. The halftoning volume used is optimized with directed
Gaussian band-pass filters for mid tone maps. The maps are
of the order 128 × 128.
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symmetrical volume, experiments have shown that if
the initial map is derived at the 50% level, unpleasant
discontinuity effects are introduced around this level.
The reason for this may be that the optimization re-
sults in a local minimum from which it is hard to derive
the next map without major changes.

As an example, an optimal map for the 50% level could
be a perfect chessboard pattern, but the next map de-
rived from this will either be visually unpleasant or have
a very different characteristic. The starting map should
therefore be derived at a level where a stable pattern is
the optimum, i.e., a pattern where dots easily can be
added to or removed from without really affecting the
optimality or the characteristics.

However, the main reason why we have chosen to let
the micro structures go further down in the dark levels
than in the bright, and not put much effort in generat-
ing a symmetric halftoning volume, is due to the prop-
erties of the dot gain. The effect of the dot gain is usually
more severe for dark tone values than for bright ones.
Because micro structures are less sensitive to dot gain,

Figure 8. The grayscale photograph halftoned with the
PreCoM method. The halftoning volume used is optimized with
directed Gaussian band-pass filters for mid tone maps. The
maps are of the order 128 × 128.
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the introduction of micro structures can resolve some of
the dot gain related problems in those tone values.

As can be seen from the halftoned test image in Fig.
7, there are no obvious discontinuities in the shades due
to the gradual changes in structure. The tints are
slightly less grainy than without the micro structures.
This is also true for several parts, as shown in Fig. 8, in
particular, the background. A drawback with the use of
micro structures is a slight impairment in the reproduc-
tion of details. This could, however, be compensated for
by an increase in print resolution that is facilitated by
the more robust and less dot-gain-sensitive halftones.

Curved Structures
For low print resolutions, the line structure may become
too obvious and details along the orientation of the lines
will be less sharp than others. A remedy to these prob-
lems is to use curved micro structures instead of straight
lines. Such structures can be obtained by using isotro-
pic band-pass-like filters in the optimization process.
The computation of the halftoning volume is done in the
same manner as discussed previously. The curved struc-
ture is gradually introduced by changing the properties
of the filters. The closer to the 50% level, the more band-
pass characteristic will the filters get. Examples of such
filters are shown in Fig. 9.

In Fig. 10, the test image has been halftoned with the
PreCoM technique using a volume derived with isotro-
pic band-pass filters. The transitions in the shades are
even smoother than for the line-like micro structure and
the structures themselves are less obvious. Because
there is no preferred orientation in the micro structure,
the reproduction of details does not depend on their ori-
entation. Moreover, even less graininess can be detected
in both the tints as well as in the homogenous areas of
Fig. 11. For more image examples and comparisons be-
tween the PreCoM methods and other dispersed dot
halftoning methods, see Ref. 14.

Conclusions
Halftoning with PreCoM introduces the possibility of
producing well-behaved tints as well as smooth transi-
tions between them without any loss in speed compared
to methods based on threshold matrices. The method can
be implemented in a truly parallel manner, speeding up
the halftoning procedure even further. Moreover, because
every map is designed individually, under the constraint
that the correlation is not lost, specific characteristics that
improve the image quality can be introduced. This, to-
gether with the possibility of compensating for the dot
Figure 9. Some of the filter kernels used to compute maps with curved micro structures. The kernels gradually change from a
Gaussian low-pass filter for maps with fewer than 30% minority dots to an isotropic band-pass filter.
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Figure 10. The synthetic test image halftoned with the
PreCoM method. The halftoning volume used is optimized with
isotropic Gaussian band-pass filters for mid tone maps. The
maps are of the order 128 × 128.

gain in the halftoning procedure itself, makes this
method attractive in applications where both speed and
quality are important. In this article, we have proposed
two kinds of micro structures, curved and line-like struc-
tures, that we believe increase the image quality. The
use of micro structures facilitates the reproduction of
tints and shades and gives a less grainy impression than
maximally-dispersed-dot halftones. Moreover, halftones
with micro structures are less sensitive to the effects of
dot gain and to problems related to printing precision.
Digital Halftoning using Pre-Computed Maps
Figure 11. The grayscale photograph halftoned with the
PreCoM method. The halftoning volume used is optimized with
isotropic Gaussian band-pass filters for mid tone maps. The
maps are of the order 128 × 128.
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