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Abstract

The paper presents an innovative approach to the
spectral-based characterization of ink-jet color printers,
managed here as RGB devices. Our objective was to
design a separation procedure based on the inversion of
the Yule-Nielsen modified Spectral Neugebauer model.
To improve the performance of the direct model in
computing the reflectance spectrum of the print, we
designed a method that exploits the results of its
numerical inversion to estimate a correction of the
amount of black ink computed on RGB values. Using our
method, we were able to faithfully characterize an ink-jet
printer by measuring a chart of about 100 colors.

Introduction

The Yule-Nielsen modified Spectral Neugebauer model
(YNSN) is one of the scheme most frequently used to
describe the color behavior of halftone printers
analytically. It was introduced by Neugebauer in 1937 as
an extension of the monochrome Murray-Davies model,
and further the empirical Yule-Nielsen n-value was added
to account for light scattering effects.' The accuracy of
this model has been investigated by Rolleston and
Balasubramanian’. The YNSN model does not account
for physical interaction among inks, and some techniques
to cope with this problem have recently been presented.
Stollnitz et al.’ have added ink trapping to the
Neugebauer equations, while Tino and Berns' and Tzeng’
have used a second order improvement technique to
model ink and optical trappings.

An important issue in printer characterization is the
inversion of the mathematical model that describes the
printing process, in order to obtain the digital controls
that enable the printer to reproduce, with the greatest
possible accuracy, a given reflectance spectrum. Only the
three-ink Neugebauer model can be inverted analytically:
a scheme for this inversion has been proposed by Mahy
and Delabastita.” Praefcke’ has evaluated two approaches
to color separation, among which the iterative inversion
of the Yule-Nielsen modified Neugebauer model. lino
and Berns® have used two models to characterize ink-jet
printers: the spectral Murray-Davies-Yule-Nielsen with
n-value dependent from the wavelength, and the Omatsu
model. They have evaluated two approaches for model
inversion, the Newton-Raphson, a derivative-based
method, and the Simplex method, observing that the
Simplex method is preferable, as it eliminates the need to
compute derivatives on measured data. A six-inks
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spectral-based color separation has been presented by
Tzeng and Berns.’

We have addressed the problem of the spectral-based
characterization of a four-ink inkjet printer. Our objective
was to design a color separation procedure based on a
spectral model of the printer, managed here as an RGB
device. We present an innovative way of improving the
performance of the YNSN model which we used to
describe the device analytically. We have designed a
method that exploits the results of the numerical
inversion of the YNSN model to estimate a correction of
the amount of black ink computed from RGB. We have
considered only the black ink for two reasons: first, in
many practical cases how the printer driver computes the
amount of black may not be known; second, as the black
ink is printed last, it is the ink most influenced by the
presence of the other inks. The correction based on the
black ink is therefore a first step in improving the YNSN
model, accounting for ink-trapping and lack of
knowledge on how the black is actually replaced by the
printer driver.

The Printer Model

According to the spectral Neugebauer model, the
spectrum of a n-inks halftone print is the weighted
summation of 2" different colors, called Neugebauer
primaries, given by all the possible overprints of inks.
The weight of each Neugebauer primary is the area it
covers in the halftone cell. Yule and Nielsen have
proposed a correction that was applied to the Neugebauer
model" to account for the optical dot gain effect due to
the scattering of light in paper. The YNSN model for a 4-
ink halftone print is:

15 1 n

Rpr int,A = Z apR;Jl,l
p=0

ey

where R, _is the reflectance of the printed color, 7 is the
Yule-Nielsen factor, R,. is the reflectance of the p-th
Neugebauer primary, and a, is the primary area coverage.
The area coverage of each Neugebauer primary is

computed using Demichel’s dot overlap model:
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where the index p ranges from O to 15; ¢, is an element of
the vector ¢=[c,m, y, k] representing the area covered by
the i-th ink dot in the halftone cell, and ranges from 0
(absence of ink) to 1 (full ink coverage). And ind,, is the
digit of position i of the index of the primary p, when p is
expressed in binary code and the primaries are in the
following order:

Neugebauer primaries ind, ind, ind, ind,
white 0 0 0 0
black 0 0 0 1
yellow 0 0 1 0
yellow and black 0 0 1 1
magenta 0 1 0 0
magenta and black 0 1 0 1
red 0 1 1 0
red and black 0 1 1 1
cyan 1 0 0 0
cyan and black 1 0 0 1
green 1 0 1 0
green and black 1 0 1 1
blue 1 1 0 0
blue and black 1 1 0 1
cyan, magenta and yellow 1 1 1 0
four inks 1 1 1 1

We assume, for the dot overlap model to hold, that
the dots are printed randomly, and are rectangular in
cross section. In reality, dots have soft transitions, and in
cases of high frequency rotated screens or error diffusion,
much of the paper is covered by transitory regions. In
these cases the experimentally computed Yule-Nielsen
factor, estimated to account for optical dot gain, also
accounts for soft transitions, exceeding the theoretical
limit of 2."

We have considered the printer an RGB device;
therefore the theoretical areas of dots are expressed as
function of RGB values. Ink concentrations and digital
counts for a four-ink printer are expressed accordingly by
the following equations’:

c=c-U -k,
m=m"-U -k,
y=y-U-k, 3)

k =R-min(c',m',y"),
0<RZL1,05U<I
where
c'=l-rm'=1-g,y'=1-b

In our experiment we set U=R=1.

The effective size of a dot printed on a substrate is
larger than its theoretical size, due to the spread of the ink
on the paper. This effect is referred to as mechanical dot
gain, and is modeled by experimentally computed dot-
gain functions.

For ink i, we indicate with f, the dot-gain function,
with ¢, the theoretical dot area, with c, the effective dot
area, with @) the function that coded equation (3), and
with r the vector of the RGB values normalized in the
range of [0,1]. In formulae:

Ci :fi(ci,f) 4)
where

Ci,t :(pi(r) l‘=[r,g,b] c:[c,m,y,k]

In our application dot-gain functions are actually
estimated for the inks and for the secondary colors, red,
green and blue, and are applied as follows:
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Printer Model Inversion

The inversion of the YNSN model cannot be performed
analytically; the solution must be numerically estimated.
To do so, we use the Levenberg-Marquardt (L-M)
method,” which finds a solution that minimizes a cost
function, which we define as follows:
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where R ... is the input reflectance, R, is the
reflectance computed using equation (1), r is the r, g, b
vector, and 0, is the R .+ standard deviation. We set 03,
as the inverse of the D65 illuminant spectrum to weight
the error at each wavelength on the basis of the relevance
of the corresponding reflectance value when the color is
observed under daylight conditions. The L-M recipe
requires the computation of the partial derivative of the
estimated reflectance with respect to the r vector.
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If, for simplicity, we define in equation (2)

Ap;=ind,;-c;+(-ind,;)-(1-c;) 8)

then the partial derivative of the area coverage can be
computed as follows:
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That is, for the separation procedure the first
derivative of the dot-gain functions f{) and the
dependence of the ink concentrations, expressed by ¢(),
must be computed with respect to the digital counts that
drive the printer (r). For the L-M iterative method an
initial solution must be assigned. This was set at medium
gray. Moreover, to guarantee feasible solutions, when the
method converges toward an out-of-gamut solution, at
each iteration out of range r, g, and b values are clipped
to a range of [0, 1].

Printer Model Improvement

The comparison of some computed reflectance
spectra with measured spectra, indicated that the YNSN
model was inappropriate for predicting the reflectance of
colors generated with more than one ink. This failure
could be ascribed to the presence of a more complex dot
gain effect when multiple inks coexist. A further reason
could be the mismatch between the actual and the
hypothesized algorithm converting RGB into inks
concentrations. To improve the accuracy of the direct
model we designed a procedure that could better compute
the effective dot area of the black ink. We focused on the
black ink principally for two reasons: first, how the
printer driver actually manages the amount of black is
generally an unknown; second, we expect the black ink to
be printed last”, and we may therefore assume that it is
the ink most influenced by the presence of the other inks.

To improve the model’s performance, we proceeded
as follows. We printed the ramps of cyan, magenta and
yellow from full ink to black. Consequently in each ramp
the concentration of ink ranged from 1 to O, while the
concentration of black ranged from O to 1. We measured
the printed image, and then used the reflectance spectra
of the ramps of the three inks as input for the separation
procedure to estimate the amount of black ink in each
patch. The estimated concentrations of black in the ramps
of cyan, magenta and yellow are plotted in

Figure 1. The separation procedure estimates an
amount of black exceeding the theoretical value, with
similar behavior for the three inks.

We defined as ‘black gain’ (g) the difference
between the estimated and the theoretical concentration
of black (k), where the estimated value is the mean for
the three inks:

gk(k,)=mean(kc,km,ky)—kt (10)
The black-gain, represented as a fourth order

polynomial, was used to compute the effective dot area of
black as follows:

k=frlk;+(c,+m; +y,+k;) g (k) (11)
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Figure 1. Plot of the theoretical concentration of black
computed using equation (3) compared with the theoretical
concentration of black estimated with the inverse model for
ramps of cyan, magenta and yellow from full ink to black. In
each ramp the concentration of ink ranged 1 to 0, while the
concentration of black ranged from 0 to 1.

Experiments

In our experiment we employed an Epson Stylus Color
printer, Floyd Steinberg dithering and Epson high quality
paper. Measurements of spectra were performed using a
Gretag Spectrolino, considering values in the wavelength
range of 400 to 700 nm with a step of 10 nm. The
Neugebauer primaries were obtained by measuring the
printed inks at full coverage and their overprints,
obtained by successive prints on the same sheet.

The Yule-Nielsen n-factor was obtained with an
iterative procedure: a specimen composed of the ramps of
the four inks was printed and measured. The measured
spectra were compared with the spectra computed using
the YNSN model for a set of values of n, ranging from 1
to 20 with a step of 0.1. The lowest of the means of the
color distance units between the measured and the
computed reflectance gave the best n-value estimate of
10.3.

Once the n-factor was defined, dot-gain functions
were estimated for the four inks and for the three
secondary colors red, green and blue; to do so a specimen
composed of the ramps of cyan, magenta, yellow, red,
green, blue and black was printed and measured. Least
square regression was used to compute the effective area
coverage for each sample, using the Murray-Davies
model.” Dot-gain functions f) are fourth order
polynomials that interpolate between computed effective
areas of coverage.

The specimen used to test the direct printer model
was composed of 777 colors by uniformly sampling the
RGB color space. The RGB values of the test specimen
were given as the input to the printer model to compute
the 777 reflectance spectra; the difference between the
measured and the computed spectra was then quantified.
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Table 1. Summary of experimental results.

Reflectance

Wavelenght

c)

Figure 2. Examples of the estimation of the printed reflectance
spectrum. The measured reflectance (‘measured’) is plotted
together with the reflectance computed with the direct model
without correction for black-gain (‘computed’), and with
(‘comp. corr.’). a) Sample of value RGB=(192,23,23); the AE
(D65) of 12.59 was reduced to 2.60 cdu. b) Sample of value
RGB=(192,192,23); the AE ,(D65) of 7.77 was reduced to 1.67
cdu. c) Sample of value RGB=(120,160,160); the AE ,(D65) of
1.41 was increased to 2.38 cdu.

In Table 1 a) we report the color differences between
the Lab coordinates of the measured and the computed
reflectances for five different illuminants. In Table 1 b)
we report the Root Mean Square (RMS) error between
measured and computed reflectances.

In Figure 2 three examples of spectrum estimates are
shown.
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AE, YNSN model YNSN model
without correction with correction
. 111 mean max std mean max std
E ‘X_,.X':;é D65 3.65 14.60 | 2.76 1.78 8.84 1.06
M A | 361 | 1443 [272 | 171 | 843 | 102
W Fl1 3.62 1543 | 2.73 1.79 9.49 1.09
F2 3.59 14.48 | 2.69 1.75 9.50 1.07
Wavelength
a) F3 3.59 14.16 | 2.69 1.74 9.79 1.08
a)
ﬂ—o—measured —#—computed —A— comp.corr. '7
RMS error
" ././_,. YNSN model YNSN model
3 MA without correction with correction
£ /_,r"" s ra mean max std mean max std
2.37 8.37 1.71 0.95 3.62 0.64
v b)
Wavelength
b) Conclusion
Ll meastrea —acomputod —&—comp.cor. We have presented a procedure for the spectral

characterization of a four-ink inkjet printer treated as an
RGB device. Starting from the Yule-Nielsen modified
Spectral Neugebauer model, a well-known mathematical
model that describes the reflectance of an halftone print,
we have designed a method for optimizing its
performance. Using this method we have been able to
characterize a printer with about 130 spectral
measurements and an average error of 1.8 cdu.
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