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Abstract

A variety of methods for halftoning images has been de
oped throughout the years. Some produce better results
others, and some works fine for certain kind of images
produce results of low quality for other images. Howe
quality of halftoned images is a rather vague concept, an
mainly been synonym to making the halftoned image loo
good as possible, or as similar as possible to the original.
is of course still valid, but very subjective and hard to qua
fy. Without a proper objective quality measure, it is a diffic
task to quantify the difference in quality of different halfto
ing methods or to optimize a certain method. We believe
one measure is not sufficient to reveal the quality of an im
but that it is necessary to include several aspects of qua
a composite objective quality measure. This paper discu
what kind of measures that should be a part of a total o
tive quality measure and what requirements such mea
should meet. Models for the simulation of print and the ey
an observer is also discussed.

Introduction

Defining image quality is not an easy task, and high im
quality may in fact have very different meaning depending
the context in which it is discussed. The first thing to not
that the issue here is quality inprinted images. This mean
that the factors that affects the image quality includes
printing method, the choice of printing media and, as we
concentrate on, the halftoning method. However, since im
es are meant for humans to observe, it is questionable 
tally leave out the perception of images when discus
quality, and thus, this factor should also be regarded. In
opinion, image quality in this context is defined by theper-
ceived difference between an original and the printed ima
The problem is how to measure this difference and how t
late the measurements to a robust quality measure. The
obvious solution is to carry out a subjective experiment w
a group of people. However, apart from the cost of doing 
experiments, it may also be vary hard to quantify these
sults; what factors in the printing process did really affect
result and how should one change that factor to improve
image quality? Furthermore, there are so many paramet
change in the printing process and the combination of t
are in practice too many to evaluate with subjective exp
ments. Therefore, we claim that objective quality meas
ments are of outermost importance without discarding
importance of subjective measurements; the ultimate go
to find objective measurements that correlates well to su
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tive ones. Given such measures, we intend to use them t
prove the halftoning methods previously developed by 
group3,12.

It is not likely to find one measure that reveals all asp
of quality, on the contrary, in the same manner as hum
tend to use several scales when deciding the quality 
‘nesses’, i.e. sharpness, graininess, brightness etc.), se
properties of the image should be regarded and measur
would be desirable to find what features in an image that
relates to these scales and to find robust ways to me
these. However, it is possible that measures that do not c
late well to such scales still reveals the quality of an imag
long as they are consistent and rank images in the same
as humans would do. The problem of objectively mea
quality have been considered by many authors4,7,9-11. How-
ever, the proposed solutions only reveal one, or a few, as
of quality which in many cases are far from sufficient.

As mentioned above, we will concentrate on how 
halftoning procedure affects the image quality. To isolate
factor from the others and to be able to apply the objec
measurements without having to actually print anything,
intend to build a model that includes the printing media,
transfer of ink or dye to the media, the viewing distance 
the eye. This will facilitate evaluation of different halftoni
principles and adjustments within each principle. The ide
to use the model on both the halftoned original and on
original it self, but in the latter case, the parts of the mo
that relates to the printing process are omitted. The qu
properties are measured on both resulting images usin
different quality measurements, and the difference is use
put a value on how well the printed and perceived halfto
image describes the perceived original. At this initial sta
we consider gray scale originals only. Still, even if more co
plex, we believe that much of what is valid for such image
also valid for colour images.

The Model

The model for how a digital halftone is perceived when pr
ed is a composite model which includes the printing me
the transfer of dye or ink to the media, and the eye of an
server. Since the transfer of ink also is dependent on the
dia, the first two parts are not independent. However, the
parts may be described with the optical effects in the m
and the mechanical effects, the interaction between the m
and the ink, which can be handled separately. Below, the 
ables that affects each part and the simplifications we 
assumed are discussed. As stated above, the initial m
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only deals with gray scale images. If colour were to be c
sidered, a lot of the principles of the model would still be v
id but extra parts dealing with dye-on-dye phenomena, co
blending and colour perception would have to be added.

The mechanical effects in the transfer of ink
Since paper is the outermost common printing me

our initial model will not deal with anything else but pap
Still, some of the assumptions are valid for other medi
well. When a halftone dot is transferred to the paper, it d
not stay entirely within its bounds but spreads physically
the surface of the paper. Thus, the halftone dot beco
slightly larger than intended. The extent of this effect depe
on both the properties of the ink and of the paper. The c
acteristics of how the halftone dot is spread on the surfa
dependent on the structure of the surface, if the ink will p
etrate the surface or not and so forth. This means that
halftone dots of the same size may appear very differe
when printed on different positions on the same paper. 
thermore, on a microscopic scale, the edges of a dot wil
come very rugged and sometimes sprinkles of ink can ap
around it. However, on a macroscopic scale these pheno
are hardly noticeable and the mechanical dot gain can be
ulated by a filtering process without introducing significa
errors. In Figure 1 a microscope image of halftone dots p
ed on paper is shown.

In digital images the pixels (the smallest constituent
the image) have the shape of a square. However, for s
printing methods, ink-jet for instance, the shape of the sm
est producable dot is more or less circular. This is not a p
lem when using clustered dot techniques in the halfton
process, but for the frequency modulated halftoning 
might be a problem. However, the effect of this artifac
considered to be small and we will not take this into acco
in our model.

The optical effects in the paper
In a microscopic scale, paper has a very complex s

Figure 1. A microscope image of halftone dots printed on pap
The dots have rugged edges and have been spread outside th
tended borders
354--Recent Progress in Digital Halftoning II
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ture. This can sometimes lead to unpredictable phenom
where light can follow the fibres and end up far from its pla
of incidence. Still, on a macroscopic scale, it is possi
without introducing too large errors, to model the norm
scattering effects in the paper with a point spread func
that describes the optical dot gain. Given the areas wher
ink has been transferred to the paper, the simulation of op
dot gain is done with a convolution followed by a pixelwi
multiplication with the image of the transferred ink, includi
the mechanical dot gain. The kernel used in the convolu
is dependent on the paper and has to be measured for
type of paper.

The model that simulates the appearance when a 
toned image is printed, including both the optical and m
chanical dot gain, has been published by our group at se
occasions. The model is summarized in equations (1) and
where R(x,y) is the reflected image. For details, see
instance5,6,14.

(1)

(2)

where H(x,y) is the halftone image, B(x,y) the kernel to s
ulate mechanical dot gain, Dmax the full-tone transmissive
density, I the intensity of the incident light, and P(x,y) t
point spread function that simulates the scattering effec
the paper.

The digital original is assumed to have intensity value
the range from 0 to 1, where 0 is equivalent to black and
white. In the model for the paper, the same notation is u
However, normal paper is often slightly coloured and seld
totally white, and even if we will not yet introduce colour in
the model, the white-point of the paper could be set to so
thing less than 1 to compensate for this.

Another effect that should be considered and modele
gloss. Gloss can, under certain viewing conditions, tot
change the impression of a printed image. For the time be
there is no adequate model for this effect but ongoing
search will hopefully enable us to include this effect in to 
model.

The visual system
It is well known that the eye has low-pass properties 

are not uniform in all directions. The bandwidth in the ve
cal and horizontal directions are larger that in the diagon
For this reason, a line in the horizontal direction is see
sharper than the very same line in a diagonal direction. In
model we adopt the basics of the model of the human vi
system based on Mannos8 and Sullivan13 which characterizes
the spatial frequency response of the human eye. It has 
proven that a modulation-transfer function (MTF) of a line
shift-invariant system well approximates the visu
response2. In one dimension and in the horizontal or vertic
direction, this is given by1

r.
 in-

R x y,( ) I T x y,( ) P x y,( )*[ ]T x y,( )=

T x y,( ) 10
Dmax H x y,( ) B x y,( )*[ ]–

=
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Figure 2. The principle of the model. The original is halftoned and the mechanical and optical effects when printed is added. The eye model
is applied both on the original and the ‘printed’ image. The two results are to be evaluated by the quality measures.
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where fv is in cycles/(visually subtended angle in d
rees) and the constants a, b, c, and d are the same as u
ullivan13. In two dimensions one has to compensate for
ngular dependence of the eye, discussed above. The s

requency of the MTF is therefore scaled with an angular
endent function such that  where

(4)

and the constant w is derived from experiments and
o 0.7.

The frequencies above are all given in cycles/visual
ree. To be able to construct the low-pass kernel to us
imulate what an observer will be aware of, the freque
ust be given in terms of image frequency, i.e. cycles/m
eter (or similar) on the document. This operation is dep
ent on the viewing distance and is accomplished with
eometrical-optics transformation

(5)

where fi are discrete document frequencies in cycles
illimeter given by , dis is the viewing dis

ance in millimeters, and  is the sample spacing on the 
ment. A normal viewing distance is about 250 m

MTF f v( ) a b fv+( ) cfv( )–
d[ ]exp fv f max≥

1.0 else



=
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 +cos=
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however, we keep the distance as a variable for experim
reasons. Note that an increase in resolution (i.e. each ha
dot becomes smaller), is not the same thing as increasin
viewing distance since the dot gain effects, both mecha
and optical, are relatively larger in higher resolutions. W
verifying the experiments with hard copies, it is possible
by decreasing the resolution and increasing the viewing
tance, simulate the effect of printing without any noticea
dot gain and without a change in percepted resolution. A
lustration of the principle of the model is shown in Figure

The Quality Measures

Basic requirements on the measures
It is not obvious which properties of a halftoned ima

are the most important from a quality aspect. Furtherm
even if we know what properties we would like to measur
is even less obvious how to measure them. What measu
features in the halftoned image correspond to these prop
and how should a measurement of such a feature be trea
give a robust judgement of the quality in the aspect of a
tain property? Currently, there are no obvious or unamb
ous solutions to these problems but as an initial approac
have stated two criteria that a objective quality mea
should obey. Note that in the following, when referring to
original and to the halftoned original, this could also refe
the results after the visual and printing models have bee
plied.
• A quality measure should take both the original and

halftoned original into account and relate to the differe
(distance) between them. We believe that one can
Recent Progress in Digital Halftoning II--355
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make a judgement of the quality of the halftone with
knowledge of the original. This criterion is just a reform
lation of our definition of image quality in printed image

• A quality measure should be based on the same mea
ments onboth the original and the halftoned original, fu
thermore, the quality measure should relate these m
urements in such a way that if the results are identical
measure should indicate maximum image quality. T
means that we have excluded all measuring methods
operates on binary images only.

When evaluating halftoning methods with quality me
sures, it is common to use simple, artificial images. In suc
image, consisting only of a certain image property, it is p
sible to try out how well the halftone describes that prop
without having to introduce locality into the quality measu
However, since most of the images printed are real, m
complex images, halftoning methods should also be tried
on such. This increases the demand for a quality measur
is capable of not only giving a judgement of the over all q
ity but also where in the halftone a good or poor resembl
to the original has been achieved. Our goal is to have qu
measures that are capable of judging all kinds of ima
therefore, we will require that the quality measures give
cality information.

It would be desirable to have quality measures that w
for both conventional, clustered dot, halftoning and for 
quency modulated halftoning (FM). However, since they
fundamentally different and produce completely different
tifacts, it is questionable if such a measure is realistic. 
possibilities to increase the image quality when using a c
tered dot principle are rather few. The shape of the dot ca
changed, but mainly, an increase in quality is synonymou
increasing the resolution and compensating for the increa
dot gain. FM, on the other hand, offers a great number of 
sibilities. Of course, the increase in resolution is still an a
native. However, the possibility of placing the micro dots
any imaginable formation makes it possible to totally cha
the characteristics, the micro structure, of the halftoned im
and thereby the quality, without altering the resolution. T
possibility of designing halftoning structures can be use
produce images of very high quality. However, some kind
structures, or sudden changes in structures, can be expe
es as very unpleasant and drastically lower the perce
quality. It is therefore necessary to have a quality mea
that is capable of evaluating the micro structures, somet
that is not necessary for conventional halftones. All qua
measures discussed from here on will consider FM halfto
only, even if it is possible that some of the measures is a
cable on conventional halftones as well.

What to measure
There are a few properties that we believe affects the

cepted quality more than others. Since these properties, 
below, are not too vague, there should exist one or more 
surable features in a halftoned images that could be us
evaluate these properties:
356--Recent Progress in Digital Halftoning II
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• The perceived gray value. Note that this not necessa
means the that measured gray value at a correspon
position in the halftone and the original must be the sa
but that it in its particular surroundingappears to be the
same.

• Changes in structures. Some structural changes in the
tone should actually be there, for instance when cross
distinct border a change in structure will emphasize 
border. However, a structural change in wedges or slo
varying shades are very disturbing and must be dete
and judged. An illustration of such can be seen
Figure 3.

• Structure properties. Periodic patters in a larger scale o
catches the interest of the eye and is often considered
turbing. However, periodical patterns in microscopic sc
are preferable to totally stochastic patterns which give
very grainy impression. Properties as periodicity, local 
quency and direction characterize the structure and sh
therefore be considered in a quality measure. An exam
of halftones representing the same gray level but with
ferent structure properties are shown in Figure 4.

• Sharpness and detail reproduction. The halftoning m
od’s capability of reproducing details (reproduce high 
quencies present in the original) should be measured.

• Halftoning noise. Some part of the signal energy in 
halftone does not add any useful information to the re
duction of the original. The energy of  this part of this p
should be measures and evaluated.

Figure 3. An enlargement of an undesired structural change in
halftone. The border between the two gray levels in the origina
hardly noticeable but has been emphasized in the reproductio

25% 26%

Figure 4. Three different halftones representing the very sa
gray level. The amounts of micro dots are the same but due to
ferent structure properties, their appearances are totally differe
Recent Progress in Digital Halftoning II--356
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Conclusion

The presentation in this paper summarizes some of the ef
that influence the image quality in printed images and e
cially those introduced in the halftoning procedure. It s
gests some basic requirements that an objective qu
measure should obey and some image properties that s
be evaluated and judged by such measures. Furthermo
discusses the special properties of the paper surface an
optical bulk properties of the paper that should be consid
when building models for the printing process. The mod
suggested are, apart from the models for the optical and
chanical dot gain, rather premature.
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