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Abstract tive ones. Given such measures, we intend to use them to im-
prove the halftoning methods previously developed by our

A variety of methods for halftoning images has been devegroup°”12.

oped throughout the years. Some produce better results than Itis not likely to find one measure that reveals all aspects
others, and some works fine for certain kind of images butf quality, on the contrary, in the same manner as humans
produce results of low quality for other images. Howeverfend to use several scales when deciding the quality (the
quality of halftoned images is a rather vague concept, and hassses’, i.e. sharpness, graininess, brightness etc.), several
mainly been synonym to making the halftoned image look agroperties of the image should be regarded and measured. It
good as possible, or as similar as possible to the original. Thigould be desirable to find what features in an image that cor-
is of course still valid, but very subjective and hard to quantirelates to these scales and to find robust ways to measure
fy. Without a proper objective quality measure, it is a difficultthese. However, it is possible that measures that do not corre-
task to quantify the difference in quality of different halfton- late well to such scales still reveals the quality of an image as
ing methods or to optimize a certain method. We believe thaong as they are consistent and rank images in the same way
one measure is not sufficient to reveal the quality of an imagas humans would do. The problem of objectively measure

but that it is necessary to include several aspects of quality fuality have been considered by many auth6fs! How-

a composite objective quality measure. This paper discussgger, the proposed solutions only reveal one, or a few, aspects
what kind of measures that should be a part of a total objegf quality which in many cases are far from sufficient.

tive quality measure and what requirements such measures As mentioned above, we will concentrate on how the
should meet. Models for the simulation of print and the eye dhalftoning procedure affects the image quality. To isolate this

an observer is also discussed. factor from the others and to be able to apply the objective
) measurements without having to actually print anything, we
Introduction intend to build a model that includes the printing media, the

transfer of ink or dye to the media, the viewing distance and
Defining image quality is not an easy task, and high imagthe eye. This will facilitate evaluation of different halftoning
quality may in fact have very different meaning depending ofrinciples and adjustments within each principle. The idea is
the context in which it is discussed. The first thing to note i40 use the model on both the halftoned original and on the
that the issue here is quality pminted images. This means original it self, but in the latter case, the parts of the model
that the factors that affects the image quality includes théhat relates to the printing process are omitted. The quality
printing method, the choice of printing media and, as we wilproperties are measured on both resulting images using the
concentrate on, the halftoning method. However, since imaglifferent quality measurements, and the difference is used to
es are meant for humans to observe, it is questionable to teut & value on how well the printed and perceived halftoned
tally leave out the perception of images when discussintinage describes the perceived original. At this initial stage,
quality, and thus, this factor should also be regarded. In olye consider gray scale originals only. Still, even if more com-
opinion, image quality in this context is defined by plee-  plex, we believe that much of what is valid for such images is
ceiveddifference between an original and the printed imagealso valid for colour images.
The problem is how to measure this difference and how to re-
late the measurements to a robust quality measure. The most The Model
obvious solution is to carry out a subjective experiment with

a group of people. However, apart from the cost of doing suchhe model for how a digital halftone is perceived when print-

experiments, it may also be vary hard to quantify these rexd is a composite model which includes the printing media,

sults; what factors in the printing process did really affect thene transfer of dye or ink to the media, and the eye of an ob-
result and how should one change that factor to improve th&rver. Since the transfer of ink also is dependent on the me-
image quality? Furthermore, there are so many parametersdg, the first two parts are not independent. However, the two
change in the printing process and the combination of theggyrts may be described with the optical effects in the media
are in practice too many to evaluate with subjective experand the mechanical effects, the interaction between the media
ments. Therefore, we claim that objective quality measuregnd the ink, which can be handled separately. Below, the vari-
ments are of outermost importance without discarding thgples that affects each part and the simplifications we have

importance of subjective measurements; the ultimate goal jgsssumed are discussed. As stated above, the initial model
to find objective measurements that correlates well to subjec-
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only deals with gray scale images. If colour were to be corture. This can sometimes lead to unpredictable phenomena
sidered, a lot of the principles of the model would still be valwhere light can follow the fibres and end up far from its place
id but extra parts dealing with dye-on-dye phenomena, colowf incidence. Still, on a macroscopic scale, it is possible,
blending and colour perception would have to be added. without introducing too large errors, to model the normal
scattering effects in the paper with a point spread function
The mechanical effects in the transfer of ink that describes the optical dot gain. Given the areas where the
Since paper is the outermost common printing mediank has been transferred to the paper, the simulation of optical
our initial model will not deal with anything else but paper.dot gain is done with a convolution followed by a pixelwise
Still, some of the assumptions are valid for other media asultiplication with the image of the transferred ink, including
well. When a halftone dot is transferred to the paper, it dogbe mechanical dot gain. The kernel used in the convolution
not stay entirely within its bounds but spreads physically ofis dependent on the paper and has to be measured for each
the surface of the paper. Thus, the halftone dot becomégpe of paper.
slightly larger than intended. The extent of this effect depends The model that simulates the appearance when a half-
on both the properties of the ink and of the paper. The chamened image is printed, including both the optical and me-
acteristics of how the halftone dot is spread on the surface ¢hanical dot gain, has been published by our group at several
dependent on the structure of the surface, if the ink will peraccasions. The model is summarized in equations (1) and (2),
etrate the surface or not and so forth. This means that twehere R(x,y) is the reflected image. For details, see for
halftone dots of the same size may appear very differently,stanca 614
when printed on different positions on the same paper. Fur-

thermore, on a microscopic scale, the edges of a dot will be- R(xY) = I[T(X,y)* P(x Y)]T(X Y) 1)
come very rugged and sometimes sprinkles of ink can appear

around it. However, on a macroscopic scale these phenomena D, [HX, ¥) * B(x, Y)]

are hardly noticeable and the mechanical dot gain can be sim- T(x,y) = 10 2

ulated by a filtering process without introducing significant
errors. In Figure 1 a microscope image of halftone dots prin
ed on paper is shown.

where H(X,y) is the halftone image, B(x,y) the kernel to sim-
Ylate mechanical dot gain, [, the full-tone transmissive

density, | the intensity of the incident light, and P(x,y) the
point spread function that simulates the scattering effects in
the paper.

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

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

Figure 1. A microscope image of halftone dots printed on paper.The visual system
The dots have rugged edges and have been spread outside theirin- It is well known that the eye has low-pass properties that
tended borders are not uniform in all directions. The bandwidth in the verti-

o . . Eal and horizontal directions are larger that in the diagonals.
In digital images the pixels (the smallest constituents ooy this reason, a line in the horizontal direction is seen as

the image) have the shape of a square. However, for SOMag,mer than the very same line in a diagonal direction. In our
printing methods, ink-jet for instance, the shape of the smalk,oqe| we adopt the basics of the model of the human visual

est producable dot is more or less circular. This is not a prob- .93 . .
lem when using clustered dot techniques in the halftoningySt€m based on Manrfand Sullivart® which characterizes

process, but for the frequency modulated halftoning thid'€ Spatial frequency response of the human eye. It has been
might b’e a problem. However, the effect of this artifact i roven that a modulation-transfer function (MTF) of a linear,

considered to be small and we will not take this into accour"t-invariant - system well - approximates the visual
in our model. respons% In one dimension and in the horizontal or vertical
direction, this is given by
The optical effects in the paper
In a microscopic scale, paper has a very complex struc-
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Figure 2. The principle of the model. The original is halftoned and the mechanical and optical effects when printed ib@dgeanddel
is applied both on the original and the ‘printed’ image. The two results are to be evaluated by the quality measures.

d however, we keep the distance as a variable for experimental
%E‘(bJ' fy)expl(cf,)’] fy 2T max (3)  reasons. Note that an increase in resolution (i.e. each halftone
h.0 else dot becomes smaller), is not the same thing as increasing the
viewing distance since the dot gain effects, both mechanical
where { is in cycles/(visually subtended angle in de-and optical, are relatively larger in higher resolutions. When
grees) and the constants a, b, ¢, and d are the same as usedetifying the experiments with hard copies, it is possible to,
Sullivant3. In two dimensions one has to compensate for th8Y decreasing the resolution and increasing the viewing dis-

angular dependence of the eye, discussed above. The sp;?é\cev simulate the effect of printing without any noticeable

frequency of the MTF is therefore scaled with an angular defOt 9ain and without a change in percepted resolution. An il-
pendent function such thaf - f,/s(6)  where ustration of the principle of the model is shown in Figure 2.

MTF(f,) =

The Quality Measures

s(68) = H=Yeos(a0) + 210 @
Basic requirements on the measures

and the constant w is derived from experiments and set Itis not ok_JV|ous which properties of a halftoned image

are the most important from a quality aspect. Furthermore,

to 0.7. . . ) ;
The frequencies above are all given in cycles/ivisual gegven if we know what properties we would like to measure, it

gree. To be able to construct the low-pass kernel to use even less obvious how to measure them. What measurable
simulate what an observer will be aware of, the frequenct}atures in the halftoned image correspond to these properties
must be given in terms of image frequency, i.e. cycles/milli- h%f;oxts)hgtu_ld da gqmegﬁggq]heem Ol;f.ltjChnat:]eea;ireegfc:;e;ze;_to
meter (or similar) on the document. This operation is deperf'”’ us g quaiity In the asp !
dent on the viewing distance and is accomplished with th In property’ Currently, there are no 0bw_oqs_; or unambigu-
geometrical-optics transformation ous solutions to these problems but as an initial approach we
have stated two criteria that a objective quality measure
1 should obey. Note that in the following, when referring to the
N i =1,...N (5) original and to the halftoned original, this could also refer to
asinl/(1+dis) ]

the results after the visual and printing models have been ap-
plied.
where f are discrete document frequencies in cycles per A quality measure should take both the original and the
millimeter given byf, = (i-1)/(NA) , disis the viewing dis-  halftoned original into account and relate to the difference
tance in millimeters, and  is the sample spacing on the doc- (distance) between them. We believe that one can not
ument. A normal viewing distance is about 250 mm,

f, = (1/180) f
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make a judgement of the quality of the halftone without The perceivedgray value. Note that this not necessarily
knowledge of the original. This criterion is just a reformu- means the that measured gray value at a corresponding
lation of our definition of image quality in printed images. position in the halftone and the original must be the same,
* A quality measure should be based on the same measurebut that it in its particular surroundirappearsto be the
ments orboththe original and the halftoned original, fur- same.
thermore, the quality measure should relate these meas-Changes in structures. Some structural changes in the half-
urements in such a way that if the results are identical, the tone should actually be there, for instance when crossing a
measure should indicate maximum image quality. This distinct border a change in structure will emphasize the
means that we have excluded all measuring methods thatborder. However, a structural change in wedges or slowly
operates on binary images only. varying shades are very disturbing and must be detected
When evaluating halftoning methods with quality mea- and judged. An illustration of such can be seen in
sures, it is common to use simple, artificial images. In such an Figure 3.
image, consisting only of a certain image property, it is pos-
sible to try out how well the halftone describes that property 25% + 26%
without having to introduce locality into the quality measure.
However, since most of the images printed are real, more
complex images, halftoning methods should also be tried out
on such. This increases the demand for a quality measure that
is capable of not only giving a judgement of the over all qual-
ity but also where in the halftone a good or poor resemblance
to the original has been achieved. Our goal is to have quality
measures that are capable of judging all kinds of image
therefore, we will require that the quality measures give lo
cality information.
It would be desirable to have quality measures that work

for both conventional, clustered dot, halftoning and for fre~ Structure properties. Periodic patters in a larger scale often
quency modulated halftoning (FM). However, since they are catches the interest of the eye and is often considered dis-
f_l]Jcndam_er_]taIIy d|ff_erenglan_? proﬁuce completely dlfl‘l_erent%r]- turbing. However, periodical patterns in microscopic scale
tifacts, it Is questionable If such a measure Is realistic. The o Jretaraple to totally stochastic patterns which gives a
possibilities to increase the image quality when using a clus- - . . S

very grainy impression. Properties as periodicity, local fre-

tered dot principle are rather few. The shape of the dot can be N .
changed, but mainly, an increase in quality is synonymous to quency and direction characterize the structure and should

increasing the resolution and compensating for the increase intherefore be considered in a quality measure. An example
dot gain. FM, on the other hand, offers a great number of pos-Of halftones representing the same gray level but with dif-
sibilities. Of course, the increase in resolution is still an alter- ferent structure properties are shown in Figure 4.

native. However, the possibility of placing the micro dots in _

R P A N P I S

5iIigure 3. An enlargement of an undesired structural change in the
halftone. The border between the two gray levels in the original is
gardly noticeable but has been emphasized in the reproduction.

the characteristics, the micro structure, of the halftoned image
and thereby the quality, without altering the resolution. The ;j: 1
possibility of designing halftoning structures can be used to-ﬁ
produce images of very high quality. However, some kinds of &
structures, or sudden changes in structures, can be experien#HH

es as very unpleasant and drastically lower the perceivedigure 4. Thr
quality. It is therefore necessary to have a quality measurgray level. The amounts of micro dots are the same but due to dif-
that is capable of evaluating the micro structures, somethinderent structure properties, their appearances are totally different.
that is not necessary for conventional halftones. All quality,
measures discussed from here on will consider FM halftones
only, even if it is possible that some of the measures is appli-

Sharpness and detail reproduction. The halftoning meth-
od’s capability of reproducing details (reproduce high fre-

cable on conventional halftones as well. guencies present in the original) should be measured.
< Halftoning noise. Some part of the signal energy in the
What to measure halftone does not add any useful information to the repro-

There are a few properties that we believe affects the per- duction of the original. The energy of this part of this part
cepted quality more than others. Since these properties, listedshould be measures and evaluated.
below, are not too vague, there should exist one or more mea-
surable features in a halftoned images that could be used to
evaluate these properties:
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Conclusion

The presentation in this paper summarizes some of the effects
that influence the image quality in printed images and espe-
cially those introduced in the halftoning procedure. It sug-
gests some basic requirements that an objective quality
measure should obey and some image properties that should
be evaluated and judged by such measures. Furthermore, it
discusses the special properties of the paper surface and the
optical bulk properties of the paper that should be considered
when building models for the printing process. The models
suggested are, apart from the models for the optical and me-
chanical dot gain, rather premature.
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