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Abstract

The diffusion of light within paper has a signifi-
cant affect on the color of a halftone printed image.
This effect, known as optical dot gain, or the Yule-
Nielsen effect, depends on the shape and size of the
halftone dots, on the locations of dots with respect
to each other, as well as upon the degree of light dif-
fusion within the paper. The current work reports
on a theoretical investigation of the influence that the
shape of the halftone dot has on optical dot gain. A
comparison is made between the colors produced by
two types of halftone screens — a circular dot halftone
screen and a line halftone screen. These are also com-
pared to the colors produced when there is no diffusion
of light within the paper. The comparisons are made
for a monochromatic (one ink) halftone print, and for
a bichromatic (two inks) halftone print. It is shown
that there is a slight difference in halftone color be-
tween the circular dots and the lines, but that this
difference is much less than the case of no diffusion.

Introduction

With the increasing quality of digital imaging tech-
nologies, there has been a renewed interest in model-
ing the microstructure of the halftone print in order to
better control the colors produced in the halftone im-
age [1, 2, 3, 4]. Diffusion of light within the paper has
a significant effect on halftone color — an effect known
as optical dot gain or the Yule-Nielsen effect[5]. To
investigate how the shape of the halftone dot affects
the shift in color due to light diffusion, a comparison
is made of three different cases: no diffusion, diffusion
with a circular dot halftone screen, and diffusion with
a line halftone screen. Such a comparison has been
made for monochromatic halftones[2, 6]. Here, a the-
oretical comparison for bichromatic halftones as well
as monochromatic halftones, with conventional AM
halftone screens, is reported.
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The diffusion of light within paper can be charac-
terized by a point-spread function, or equivalently, a
line-spread function. In the following, it is assumed
that the diffusion can be characterized by an expo-
nential line-spread function:
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where p is the scattering length and is proportional to
the first moment of the point-spread function.
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Monochromatic Halftone

The halftone reflectance, R, of a monochromatic
print is given by[4]:

R=R,|1-2u(1=T)+pP1-T)*, (1)
where R, is the reflectance of the paper, p is the frac-
tional ink coverage, T is the ink transmittance, and P
is the ink-ink probability: P = P(i|i), the conditional
probability that if a photon enters the paper through
an inked region then it exits the paper through an
inked region. This expression for the reflectance is
correct for any dot shape. The value of P is differ-
ent, however, for different dot shapes. The quantity
P depends on dot size, dot shape, dot locations, and
on the degree of scattering within the paper.

For the exponential line-spread function, the ink-
ink probability for circular dots is[7]:

P(dots) =

- [(1 W/ uoﬂ Eu), T/A<p<l

0<p<m/4
Rp

where pg = 7/4 and

() = 21, (a/2]) [Kma W77) — Lo/ S(9)

Copyright 1998, IS&T



where [; and K7 are modified Bessel functions of the
first and second kind, « is the ratio between the screen
period r and the scattering length: o = r/p, and

S(p) = ZpkKo(Oé V),
k=1

with pi the number of combinations[8] of n and m
such that n? +m? = k.

For a line halftone, one constructs a model to cal-
culate P in a way similar to that for circlular dot
halftones|[7]: a uniform stream of photons is incident
on the paper within the area of one dot, and one cal-
culates the fraction of the photons that exit through
this dot and all other dots. This fraction is P. One
finds that:

I [1— exp(—ap)]

P(lines) = Rp{ o

X [1 — [exp(au) — 1]/[exp(a) — 1]} } (2)

where again @ = r/p with r the screen period (the
distance between line centers).

Figure 1 shows the ink-ink probability for the two
cases with a scattering length of p = 0.157.
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Figure 1. The ink-ink probability, P, as a
function of fractional ink coverage. The scat-
tering length is: p = 0.15r. (a) circular dots,
and (b) lines
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In both cases, if p — 0 i.e. no scattering, then
P — 1, so that the reflectance is identical for the
two cases; dot shape has no effect in the absence of
diffusion.
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Figure 2 shows the reflectance, Eq. (1), as a func-
tion of ink coverage p, for the three cases: no dif-
fusion, circular dot halftone and line halftone, both
with p = 0.15. In all three curves, T'= 0.10. One sees
that there is very little difference in the reflectance
between the circular dot and line halftones, consistent
with experiment[6].
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Figure 2. Reflectance as a function of

fractional ink coverage for a monochromatic
halftone. The scattering length is: p = 0.157.

Bichromatic Halftone

A halftone color is a partitive mixture of the halftone
micro-colors — the colors of the inks, the various ink
combinations, and the white paper. The tristimulus
values X, Y, Z of the partitive mixture are given by|[3]:

X = Tr[PX]
Y =Tr[PY]
Z =Ti[PZ] (3)

where P, X, Y, Z are symmetric matrices, and Tr||
indicates the trace of the matrix product. The size of
the matrices depends on the number of inks in the
halftone; for one ink they are 2 x 2, for two inks,
4 x 4, and for n inks, 2" x 2". The elements of the
micro-color matrices X, Y, and Z are the tristimulus
values of the micro-colors contributing to the parti-
tive mixture. The elements of the matrix P give the
amount of each of the micro-colors that contribute to
the mixture. If there is no diffusion of light, then P is
diagonal and only the diagonal elements of the micro-
color matrices contribute. In this case, Egs. (3) reduce
identically to the Neugebauer equations: the amount
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of each color is equal to the fractional area covered
by that color. The diagonal elements of the micro-
color matrices are the only colors that contribute to
the partitive mixture in the absence of diffusion — the
off-diagonal elements are “new” colors that arise due
to diffusion.

Because of diffusion a photon may exit the paper
from a different region of the halftone microstructure
than the region into which it entered the paper. The
diagonal elements are the colors that result when the
photon exits the same region as it entered the pa-
per, and the off-diagonal elements are the colors that
result when the photon exits from a different region
than that through which it entered the paper. For a
monochromatic halftone, there are two regions: ink
and bare paper (white); for a bichromatic halftone
there are four regions: inkl, ink2, overlap of inkl and
ink2, and bare paper (white).

The elements of the matrix P give the probabilities
that a photon diffuses from one region of the halftone
microstructure to another region. The element P;; is
the joint probability that a photon enters the paper
through the region ¢ and then exits the paper through
the region j. These scattering probabilities depend
on the size and shape of the dots, the statistics of dot
locations, and on the degree of light diffusion within
the paper. These probabilities can be expressed[3] in
terms of the fractional coverages of the inks, u,, and
the ink-ink probability P,,: the conditional probability
that if a photon enters the paper through a dot of ink n
then it exits the paper through a dot of ink n. These
ink-ink probabilities are identically the probabilities
used in the previous section.

A signicant difference between a bichromatic dot
screen and a line screen is the percent area of ink
overlap. For dot screens it can be shown[9] that for
most screen angles, the dots of one screen are effec-
tively random with respect to the dots of the other
screen. In this case the fractional ink overlap is simply
the product of the fractional coverage of the two inks.
The bichromatic line halftone consists of two screens
of different color inks, with the lines of both screens
having the same orientation but the line centers of
one screen displaced with respect to the line centers
of the other screen. In this case the fractional over-
lap depends not only on the fractional ink coverages,
but also on the positions of the lines: the positions
of the lines of one screen (the offset) are not random
with respect to the lines of the other screen but are
fixed. Therefore to make a comparison between col-
ors obtained from a circular dot halftone and a line
halftone, we consider an “ensemble” of line halftones.
Each member of the ensemble has a different, random
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offset between screens, and a comparison is made be-
tween the ensemble average color with the circular dot
halftone color.

In this case, the forms of the expressions for the
line P;;’s are identical to those for circular dots. The
only difference lies in the values of the ink-ink proba-
bilities for a given p. In the following, we use the ex-
pressions for the P;; as derived in reference [3], with
the P,(lines) and P, (dots) used in the previous sec-
tion.

A comparison is made between the colors obtained
with the circular dot screen, the line screen, and col-
ors obtained with no diffusion. The inks are magenta
and cyan. The cyan ink fractional coverage is held
constant, ftcyan = 0.5, and the magenta ink fractional
coverage, [imagenta i varied between 0 and 1. Figure
3 shows the (no diffusion) gamut of the magenta and
cyan inks, and the locus of points as pmagenta iS var-
ied for the three cases. One sees that, as in the mono-
chromatic case, there is little difference between colors
produced by the circular dot and the line halftones,
particularly when compared to the difference between
either one and the colors obtained when there is no
diffusion.
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Figure 3.  Lab* gamut of the cyan and

magenta inks and the colors obtained with
teyan = 0.5 and fimagenta varied from 0 to 1.
Contour lines are lines of constant L* spaced
2.5 units apart, and p = 0.157.

Figure 4 shows the specific color differences be-
tween the circular dot and the line halftones, and Fig-
ure 5 shows the color differences between the circular
dots and the color obtained when there is no diffusion.
Note the difference in scales in Figures 4 and 5.
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Figure 4. Color differences between bichro-
matic circular dot screens and line screens.
Heyan = 0.5 and fimagenta varied from 0 to 1,
and p = 0.15r.
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Figure 5. Color differences between bichro-
matic circular dot screens with diffusion and
when there is no diffusion. pcyan = 0.5 and
Hmagenta varied from 0 to 1, and p = 0.157.

Conclusion

A theoretical investigation of the effect of dot shape
optical dot gain has been reported. It is shown

that dot shape has very little affect on the colors
produced, for both monochromatic and bichromatic
halftone prints. These results are consistent with ex-
perimental findings.
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