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Abstract P, =w{1-(-F)°], (1)

whereF is the dot area fraction amdis the magnitude of the

A probability-based model of halftone imaging, which wasvule—Nielsen effect and is related quantitatively to the opti-

developed in previous work to describe the Yule-Nielsen egal point spread function of the papéiBoth F andw can

fect, is shown in the current work to be easily modified thave values from 0 to 1. THefactor is a constant character-

account for additional physical and optical effects in halftongtic of the chosen halftone pattern and the geometric charac-

imaging. In particular, the effects of ink spread and ink peneristics of the printer. For the printer used in the current work,

etration on the optics of halftone imaging with an ink-jetan HP 1600C thermal ink-jet,Bafactor of 2.0 was found to

printer is modeled. The modified probability model was foungrovide the best correlation between the model and the ex-

to fit the experimental data quite well. However, the modgberimental measurements described below.

appears to overcompensate for the scattering associated with A second function needed to model tone reproduction is

ink penetration into paper. the probabilityP, that a photon that enters the paper under a
. halftone dot (having first passed through the dot) then re-
Introduction emerges from the paper under a dot. The two probabilities

have been shown to relate as folldws.
Recent work in this laboratory has been directed at the devel-
opment of a probability model of the Yule—Nielsen effect to
relate fundamental optical properties of papers and inks to
tone reproduction in halftone printing. However, practical o . ] .
halftone models also need to account for physical effects such We assume initially an ink that is transparent, with no
as the lateral spread of ink on the paper, called physical dégnificant scattering. Then, as shown previously, the reflec-
gain, and the penetration of ink into the paper. The most fufance of the paper between the dots and of the dots is given
damental description of the Yule—Nielsen effect involve®y Eas. 3 and 4, witR the reflectance of the paper on which
modeling the optical point spread function, PSF, of light ithe halftone pattern is printed.
the paper and convolving the PSF with a geometric descrip-
tion of the halftone dots. Although such models have been R, = Rg[l_ Pp(l_Ti)]v 3
shown to be quite accurate in describing the Yule—Nielsen
effect, they are computationally quite intensive. Moreover, _ o
they are difficult to combine with models of physical dot R= RQT‘[l R T‘)]' )
spread and especially of physical penetration of ink into the  Note that the reflectance of the ink and of the paper be-
paper. But the probability-based model is much lesgyeen the dots are not constant but depend on the dot area
computationally intensive, can be written in a closed analytfraction F through Egs. 1 and 2.
cal form, and is only slightly less rigorous than the convolu-  with the reflectance of the ink dots and the paper be-

tion approach. Moreover, the probability approach will alsgween the dots, the overall reflectance of the halftone image
be shown to be easily modified to account for ink spread anél calculated with the Murray—Davies equation.

penetration.

-F0
R=1-PgF0m ®)

R(F) =FR + (1 -F)R,. ®)

The Yule—NielsenH’ factor is not used in Eq. 5 because the
The probability model has been described elsewktemad  Yule—Nielsen effect is described by the scattering probability
here we present only the recipe for its application. The mode}. Thus, to model tone reproducti®versus, one needs
begins with an empirical description of the mean probabilityl) the transmittance of the ifik (2) the reflectance of the pa-
P that a photon of light that enters the paper between hafferR,, (3) the scattering power of the papeand (4) the geom-
tone dots will emerge under a dot. etry factorB. The value ofT, can be determined with the

The Probability Model
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Figure 1. Reflectance versus dot area fraction for the paper bd-igure 2. Measured ink area fraction F, versus the nominal gray
tween the dot (+), the mean image (0), and the ink (x) for the pidraction F, commanded by the printer. Thg,fs the ink area frac-
mented magenta ink printed at 300 dpi with a disperse halftongon at a nominal gray fraction of,/~ 1.00.

pattern on a commercial gloss paper. The lines are drawn from the

model withe = 0.060 n¥/g and w = 0.75 with no physical dot gain

and no penetration.

Beer—Lambert equation using the coverage of the ink withimated from an accurate measure of ink mass, but the area

the dotc in g/n? and the extinction coefficiemtin n?/g. coverage was estimated as the value commanded by the
T o0 ) printer. However, inks can spread out and/or overlap, and this
B ' makes the actual ink coverage differ from the commanded

The pigment-based ink was delivered by the printer=at ink coverage. This, in turn, changes the transmittance of the
7.31 g/m. This was determined by weighing the ink cartridgeink layer on the paper. To improve the estimatd;an the
before and after commanding the printer to print a knowmodel, the ideal value af = 7.31 g/mMwas modified to esti-
number of ink drops at a selected area coverage of 0.50. mate the actual ink coverageThis was done by measuring

As a test of the model, a dispersed-dot halftone at 300 dffie actual area coveragaletermined by microdensitometry
addressability was printed using an HP 1600C thermal inkand comparing it with the valug, sent to the printer. The
jet. Figure 1 shows the measured reflectance of the halftore®rrect value o€ was calculated from Eq. 7.
imageR, the ink dotsR, and the paper between the dBfs __F
versus the dot area fractibhmeasured by microdensitom- C'CO;:_O (7)
etry as described previouslyThe reflectance values are in- To use E : . .

e . g. 7 in the model, a relationship betweandF,
tegre_ll_ \_/alues Ch"’.‘ra.Cte”.St'C. of the instrument spectraég needed. However, this is a characteristics of a given printer,
sensitivity. The solid lines in Fig. 1 are the model calculate ; - .

i : and rather than model it a priori the effect was characterized
as follows: The values d®, andc were measured indepen- : . . .
dently. The values a&f andw were used as independent vari- expenmentally by measuring the printed ink area fradton
ables to provide the best fit between the model and the da 2 s:)lfjlg(i/t/lgpeor;tg: S\G?(Llfjegf wgggg:r?] Zég;r?e%rt?t;f%alc_)f im-
For selected andw, Eq. 6 was applied, then Egs. 2 througha . . .

. , - ges captured by the microdensitometer, as described
?mgr&iﬂﬁgﬁ ge?v'?lgvevr:’\/tﬁree;gjgstgﬂéoegmw.de aminimum ]{eviously?'z Figure 2 is an example, and the data were fit
perimental values %m irically to Eq. 8 with~,,,= 0.79 andn = 1.05

R,. Figure 1 shows that the model describes the paper refle P y 9 max = T
tanceR,, quite well, but the measured valueRgdire signifi- F=F _EM™ ©)
cantly higher than expected from the model. Clearly, maxto
modification of the model to account for nonideal behavior The model was then run by rangiRgrom O toF,,,. At

of the thermal ink-jet system is needed. eachF the ratioF/F, was calculated using Eq. 8. Equation 7
was then applied to determingwhich was used in Eqgs. 6
Dot Spread and Overlap and 2 through 5. The valuesRf m, F,,,,, andc, were mea-

sured independently, and the valuess@dndw were ad-

A deficiency of the above model is the way in whighis  justed to provide_ a minimum rms deviation b_etween the
estimated with Eq. 6. The value of 7.31 g/mM was esti- model and experimental values Rf, as shown in Fig. 3.
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1 wherea = (Sx+ Kx)/Sxandb = (a — 1}2
The value of the produ#x is linearly related to the prod-
uctec,

Kx = 2.303c, (10)

and the producsxwill be used as an independent variable in
the tone reproduction model.

Second, some light penetrates the dot and enters the paper.
The transmittance of the dot, according to Kubelka—Munk, is
given as follows:

Reflectance

b
T =
" T arSinh(bSX) + b [Cosh(bSX)

(11)

Equation 11 replaces Eq. 6 in the model.
Light that enters the paper between the halftone dots is scat-
1 tered and may emerge with probabifyunder the dot. Equa-
0 : tion 1 has been used to model this probability for the disperse
Dot Fraction, F dot halftone. However, light that encounters a dot with a sig-

Figure 3. Reflectance versus dot area fraction for the paper balificant scattering coefficierBxmay be reflected back into
tween the dot (+), the mean image (0), and the ink (x) for the pighe paper. A detailed description of this effect might include
mented magenta ink printed at 300 dpi with a disperse halftongultiple scattered reflections between the substrate and the
pattern on a commercial gloss paper. The lines are drawn from thdot, but a simpler approximation will be used in the current
model withe = 0.052 ni/g , w = 0.70, and E,,= 0.79. model. One approach might be to assume the effect results in
a decrease in the effective valueTobf the dot. However,
light that fails to transmit through the dot is returned to the
Again fit toR; is good, buR is still modeled with a reflec- paper where it can scatter and emerge betwegn the dot. This
tance that is lower than observed experimentally. Indeed, tH°uld not be accounted for by simply approximating a de-
Gease in the effective value ©f Alternatively, the effect

fit appears worse than in Fig. 1 suggesting that ink sprea ; . .
and overlap, while clearly present in Fig. 2, is not the majo an be described as a decrease in the probability Bgctor

erturbation in tone reproduction characteristics of the s Scher words, the effept of scatterin_g in the (.jOt can b? mod-
P b 4 ged as a decrease in the probability that light entering the

tem. It was anticipated that ink penetration into the paper ma !
have a significant effect. aper between the dots will emerge_from the system after
passing through the dot. The effect will be approximated by
Ink Penetration into the Paper modifying Eq. 1 with the reflectance factor from Eq. 9.

The effect of ink penetration into the substrate could be quite P = W[l_(l_ F)B][l_ RK] : 12)
complex._ In an a priori model in Whif:h the paper PSF IS CON- The value ofP, from Eq. 12 is used to determiRgirom
volved W|th_the halftone pattern, vertical penetration ofthed g. 2 ancR from a modified form of Eq. 4 in which reflec-
mgugldéegqeu;ﬁe%;g ﬁ?;;’r?klug%r;ﬁﬂgﬁ:ﬂi?’:}%ﬁgﬁﬁgﬁﬁ?& ance from the bulk is added to the Kubelka—Munk reflec-
described but is quite compl&x.For the current probability nCeR to produce the overall ink reflectance,
model, ink penetration was approximated in a much simpler R = RgTi[l— 3(1_-5)]+ Ry . (13)
way. The major optical effect of ink penetration was assumed
to be in the increased scattering of light in the ink by the paper. The reflectance of the paper is determined from Eq. 3 as
To model the effect we assume the ink behaves as if it does rlagfore, and the overall reflectance is determined with Eq. 4.
actually penetrate the sheet but only increases in scatteritighe Kubelka—Munk reflectandg,,, is zero (no scattering),
coefficientS. In other words, the model is identical to the caséhe model reduces exactly to the model used in Fig. 3. If,
of a nonpenetrating ink with a significant scattering coefficienthowever, the scatterirgxis adjusted as a third independent
Thus an increase fis used as an index of the degree of inkvariable, the result shown in Fig. 4 can be achieved.
penetration into the paper substrate. This scattering effect was . )
added to the probability model as follows: Modifying Ink Spread and Penetration

First, the ink scattering coefficient causes some light to re-
flect from the ink dot without penetrating through the dot. Achieving the fit of all three nonlinear sets of data in Fig. 4
The Kubelka—Munk model gives this reflectance contribuwith only the three independent variabbpsv, andSxsug-

tion as follows? gests the model is at least a reasonable approximation of the
1 optical and physical behavior of the ink-jet system. To exam-

R(=—————, 9) ine the physical impact of spread and penetration further, the
a+b[Coth(bSx) ink and halftone pattern of Fig. 4 was printed on a recycled
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Figure 4. Reflectance versus dot area fraction for the paper be-Figure 5. Reflectance versus dot area fraction for the paper be-
tween the dot (+), the mean image (0), and the ink (x) for the pigtween the dot (+), the mean image (0), and the ink (x) for the pig-
mented magenta ink printed at 300 dpi with a disperse halftonemented magenta ink printed at 300 dpi with a disperse halftone
pattern on a commercial gloss paper. The lines are drawn from thepattern on a recycled plain paper. The lines are drawn from the
model withe = 0.051 n¥/g and w = 0.73, measured dot gain param- model withe = 0.06 nt/g and w = 0.55, measured dot gain param-
eters of m = 1.05 and E, = 0.79, and ink penetration modeled eters of m = 1.05 and |, = 0.79, and ink penetration modeled
with Sx = 0.5. with Sx = 1.3.

plain paper. Th? eXperimemal data a!"d the ﬁf[ of the mode&lagLE I. Summary of Modeling Parameters. Parameters Ad-
are shown in Fig. 5. Evident from this experiment are thgusted to Achieve the Minimum rms Deviation Between Model
following: First, the model is able to fit the data quite well.and Data for All Three Sets of Data R, R;, and R, versus F. Also
Moreover, the fit is achieved with a significantly higher valueS"°Wn is the Value of - F,,, or the Dot Area Fraction at a Nomi-

. | Print Gray Scale of 100%.
of Sxthan one would expect for the plain paper system. Thar M >ray >cae o i

ink penetrates farther into the plain paper and thus has a highepk base Paper emyg)  w Sx o Foa
effective scattering coefficient. However, the model may over- pigment  coated glossy 0.052  0.70 050  0.79
compensate for this scattering effect in the ink layer and, thus, dye coated glossy 0.099  0.75 0.88 0.84
requires a slightly higher value ©fo achieve a good fit with  pigment  recycled plain 0.060 055 13 0.77
the data. Moreover, the valuewfwvhich fits the data is lower dye recycled plain 0.13 0.55 1.5 1.017

for the plain paper than for the gloss-coated paper, which is the
reverse of expectatiorhe value ofwv is related to the mean
distance light travels between scattering events, and this is ex-
pected to be larger in plain papers than in coated papers. Pdees in both cases suggests the simple model of ink penetra-
haps this effect also has been overcompensated by ttien overestimates the optical effect of scattering, requiring a
simplifying assumptions in modeling ink penetration. compensating adjustmentof

Halftone patterns were also printed for a dye-based ink on Conclusion
both the plain paper and the coated paper. The parameters used
to fit the model to the data for all experiments along with thd’he success of the model described in this report indicates
observed values d¥,,,, are summarized in Table 1. In most the advantage of the probability model for exploring and
cases the trends in the parameters are as expected. For examplegeling the mechanism of halftone imaging. Because the
the measured valueskf,indicate the amount of lateral spread probability model can be written in closed analytical form,
of ink on the paper and the lateral spread is greater for dy#é-is easily modified to account for additional mechanistic
based ink on the coated paper than on the plain paper. Hog#fects such as ink spread. Such modifications are much more
ever, the amount of lateral spread is not significantly differendifficult to do with an a priori model involving the convolu-
for the pigmented ink on the two types of paper. But the effedion of ink with the paper point spread function. The prob-
tive increase in light scattering within the ink d®%, in going  ability model does, nevertheless, maintain a reasonable
from the coated paper to the plain paper is evident in both tfe@nnection with the fundamental parameters of the point
pigment and the dye-based inks. In addition, the valesof spread function through the empirioalparameter’ and
higher for the dye-based ink, as is typically observed, but théirough fundamental theory described by Rod§eZsu-
values should not change when the paper is changed. Thati@n should be used, however, in applying the simplifying
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