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Abstract. The Yule—Nielsen modified spectral Neugebauer model
(YNSN) enhanced for accounting for ink spreading in the different
ink superposition conditions requires a spectrophotometer to mea-
sure the reflectances of halftone calibration patches in order to com-
pute the ink spreading curves mapping nominal ink surface cover-
age to effective ink surface coverage. Instead, as a first step
towards the “on the fly” characterization of printers, we try to deduce
the ink spreading curves from digitized RGB images of halftone cali-
bration patches. By applying the Yule—Nielsen broadband formula to
the average RGB intensities, we deduce the effective dot surface
coverages of halftone calibration patches. We then establish the ink
spreading curves mapping nominal dot surface coverages to effec-
tive dot surface coverages. By weighting the contributions of the
different ink spreading curves according to the ratios of colorant
surface coverages, we predict according to the YNSN model the
reflectance spectra of the test patches. We compare the prediction
accuracy of the YNSN model calibrated by digitized RGB intensities
of the calibration patches with the prediction accuracy of the same
model calibrated by the spectral reflectances of these calibration
patches. The decrease in spectral prediction accuracy due to
RGB model calibration is about 30% for ink jet prints and 10% for
thermal transfer prints. © 2008 Society for Imaging Science and
Technology.
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INTRODUCTION

Many different phenomena influence the reflection spec-
trum of a color halftone patch printed on a diffusely reflect-
ing substrate (e.g., paper). These phenomena comprise the
surface (Fresnel) reflection at the interface between the air
and the print, light scattering, and reflection within the sub-
strate (i.e., the paper bulk), and the internal (Fresnel) reflec-
tions at the interface between the print and the air. The
lateral scattering of light within the paper substrate and the
internal reflections at the interface between the print and the
air are responsible for what is generally called the optical dot
gain, known as the Yule—Nielsen effect.

Due to the printing process, the deposited ink dot sur-
face coverage is generally larger than the nominal coverage,
yielding a “physical” dot gain responsible for the ink spread-
ing phenomenon.' Effective ink dot surface coverages de-
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pend on the inks, on the paper, and also on the specific
superposition of an ink halftone and other inks. At the
present time, according to the literature,' > among the exist-
ing spectral reflection prediction models, mainly the well-
known Yule-Nielsen modified spectral Neugebauer model*’
is used for predicting reflection spectra. This model is fur-
ther enhanced by accounting for the ink spreading
phenomenon.® Ink spreading is computed by taking into
account the respective physical dot gains of one ink halftone
printed in different superposition conditions, i.e., alone on
paper, in superposition with one ink, and in superposition
with two inks and in superposition with three inks. Effective
dot surface coverages are fitted separately for every superpo-
sition condition by minimizing a difference metric between
measured reflection spectrum and predicted reflection spec-
trum. This yields, for each superposition condition, an ink
spreading curve mapping nominal to effective surface
coverages.6 For spectral prediction of a color halftone, nomi-
nal surface coverage values are converted into -effective
coverage values by weighting the contributions of the differ-
ent ink spreading curves according to the ratios of colorant
surfaces.

In the present contribution, as a first step towards the
“on the fly” characterization of printers, we reduce the cali-
bration effort by using digitized RGB images of calibration
halftone patches instead of measured reflection spectra. To
obtain the ink spreading curves, the unknown effective sur-
face coverage of one ink halftone is calculated according to
the broadband Yule-Nielsen formula®~ an extension of the
Murray-Davis formula."’ The effective surface coverage is
deduced from the relation between the mean intensity of a
calibration halftone patch and the intensities of patches at
0% and 100% ink surface coverage. After the calibration, the
obtained ink spreading curves are used to predict the effec-
tive surface coverages of 729 cyan, magenta, and yellow half-
tone patches. The reflection spectra of the 729 patches are
predicted and compared with the measured reflection spec-
tra. We quantify the accuracy of spectral halftone patch pre-
dictions by converting measured and predicted spectra first
to CIE-XYZ and then to CIE-LAB (Ref. 11, pp. 8-12). The
distance defined by the CIE-LAB AE,, color difference for-
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mula gives a measure of the visually perceived distance be-
tween measured and predicted spectra.

INK SPREADING MODEL FOR SPECTRAL
REFLECTION PREDICTIONS
The ink spreading model accounting for ink spreading in all
ink superposition conditions® relies on ink spreading curves
mapping nominal surface coverages to effective surface cov-
erages for (a) the surface coverages of single ink halftones,
(b) the surface coverages of single ink halftones superposed
with one solid ink, and (c) the surface coverage of single ink
halftones superposed with two solid inks. In order to obtain
the effective coverages (c¢’, m’, y') of a color halftone as a
function of its nominal surface coverages (c, m, y), the con-
tributions of the different ink spreading curves are weighted
according to the ratio of colorants forming that halftone.
During calibration of the model, the ink spreading
curves of single ink halftones printed in superposition with
paper white, one solid ink or two solid inks are obtained by
measuring the reflection spectra R(\) at 25%, 50%, and
75% nominal surface coverages and by fitting effective sur-
face coverages using the Yule—Nielsen modified spectral
Neugebauer model (YNSN)®:

RO\ = (E ainx)”")”, (1)

where a; is the surface coverage, R; is the reflection spectrum
of ith colorant (also called Neugebauer primary), and # is a
scalar coefficient optimized according to the halftone screen
frequency (1<n<10).

By linear interpolation between the obtained effective
surface coverages, we obtain the ink spreading curves map-
ping nominal to effective surface coverages of each ink in
each ink superposition condition.

For cyan, magenta, and yellow inks with nominal cov-
erages ¢, m, and y, the ink spreading functions (curves)
mapping nominal coverages to effective coverages for single
ink halftones are f.(c), f,,(m) and f,(y). The functions map-
ping nominal coverages of an ink to effective coverages of
that ink, for single ink halftones superposed with a second
solid ink and for single ink halftones superposed with two
solid inks are fc/m(c)> fc/y(c)’ fm/c(m)’ fm/y(m)’ fy/c(y)’ fy/m()/)>
Fermy(©)s funrey(1), fryem(y), where f;(i) indicates an ink half-
tone i superposed on solid ink j, and where f;/;(i) indicates
an ink halftone i superposed on solid inks j and k.

In the case of three inks, these 12 functions may, for
example, be obtained by fitting 36 patches, i.e., three patches
(25%, 50%, and 75% nominal coverages) per function. In
order to obtain the effective surface coverages ¢’, m’ and y’
of a color halftone patch, it is necessary, for each ink, to
weight the contributions of the corresponding ink spreading
curves. For example for cyan ink, we need to weight the
contributions of the curves f;, fo/m» fer» and feyy,- The weight-
ing functions depend on the effective surface coverages of
the colorants on which the considered ink halftone is super-
posed. Let us assume that inks are printed independently of
each other. For the considered system of 3 inks cyan, ma-
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genta and yellow with nominal coverages ¢, m and y and
effective coverages ¢’, m' and y’, the Egs. (2) are obtained by
computing the relative weight, i.e., the relative surface of
each underlying colorant.

In analogy with Demichel’s Egs. (3),"> the relative
weight of the cyan colorant (cyan on top of paper) is
(1-m') (1—y"), the blue colorant (cyan on top of colorant
magenta) is m’ (1—y'), the green colorant (cyan superposed
with colorant yellow) is (1—m’") y' and the black colorant
(cyan superposed with solid magenta and yellow) is m'y’.
The resulting system of equations is®

" =fl)A=m" )1 =y") + fou(c)m’ (1= y")
+ (L =m")y" + fo(Im'y’

m' = fu(m)(1 = ") (1 = y") + fy(m)c’(1 = ')
+fm/y(m)(1 - C')}” +fm/cy(m)cly,

y' =fA=)A=m") +f,y)c'(1—m')
+ L) (L= )m'" + £, (y)c'm’ (2)

This system of equations can be solved iteratively: one starts
by setting initial values of ¢, m’, and y" equal to the respec-
tive nominal coverages ¢, m, and y. After one iteration, one
obtains new values for ¢’, m’, and y'. These new values are
used for the next iteration. After a few iterations, typically
4-5 iterations, the system stabilizes and the obtained cover-
ages ¢’, m' and y’, are the effective coverages. The system of
Egs. (2) yields the effective surface coverages of cyan, ma-
genta, and yellow inks for the corresponding nominal sur-
face coverages.

The effective colorant coverages are obtained from the
effective coverages of the inks according to the Demichel
Egs. (3) which give the respective surface coverages of the
colorants as a function of the surface coverages of the indi-
vidual inks. In case of independently printed cyan, magenta,
and yellow inks of respective surface coverages ¢’, m’, y', the
respective fractional areas of the colorants white, cyan, ma-
genta, yellow, red (superposition of magenta and yellow),
green (superposition of yellow and cyan), blue (superposi-
tion of magenta and cyan), and black (superposition of
cyan, magenta and yellow) are

white: a,=(1-c)(1-m")(1-y")
cyan: al=c(1-m")(1-y")

magenta: a,=(1-c)ym'(1-y")

yellow: a,=(1-c)1-m")y )
red: a,=(1-c")m'y

green: ag=c'(1-m')y’

blue: ay=c'm'(1-y")

chromatic black: a;=c'm'y’
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Figure 1. Speciral prediction model with ink spreading in all superposi-
tion conditions.
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Figure 2. Cropping of a halftone image acquired with a microscope.

The complete model accounting for ink spreading in all
superposition conditions is illustrated in Figure 1. The
n-value of the Yule—Nielsen modified spectral Neugebauer
model for a given printer and screen element frequency is
obtained by computing for a subset of the considered color
samples the mean CIELAB AE,, color difference between
predicted and measured reflection spectra. By iterating
across possible 1 values, one selects the # value yielding the
lowest color difference between predicted and measured re-
flection spectra.

INK SPREADING CURVES RELYING ON DIGITIZED
RGB INTENSITIES

We would like to facilitate the acquisition of the ink spread-
ing curves mapping nominal to effective surface coverages by
using digitized RGB images of halftone patches. The RGB
images may be digitized with a camera hooked on a micro-
scope or with a scanner, in reflectance mode.

The microscopic images are acquired according to a
45°/0° geometry, i.e., a circular light source illuminates the
sample dot at 45° and the image is captured normal to the
print surface. This avoids capturing the specular reflection.
Since the microscope enlarges the halftone dots, it is impor-
tant to ensure that the halftone surface coverage in the digi-
tized image is the same as within the actual halftone patch.
We therefore crop a periodic array of halftone dots from
patches acquired with the microscope (Figure 2). The size w
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Figure 3. Mean infensities of the R, G, and B channels of calibration

halftone patches digitized by a camera hooked onto a microscope (max
value: 255), with 0%, 25%, 50%, 75% and 100% nominal surface cov-
erages of magenta ink on paper.

in pixels of the cropped square image can be calculated ac-
cording to the magnification of the microscope M, the
screen frequency f, and the resolution r of the acquired mi-
croscope image

w= (WprM, @)

where u is the number of halftone dots we wish to have in
the cropped image.

In the case of halftone images acquired by a scanner it is
not necessary to crop a periodic pattern because the scanned
halftone image covers a larger area over which the exact
placement of the cropping window has a negligible
influence.

After acquiring and processing the camera images, cali-
bration is carried out by deriving from the mean intensity of
the image the effective surface coverages of the inks. We
consider the color channel where the ink halftone has the
greatest absorption. The cyan ink absorbs in the red wave-
length range, the magenta ink absorbs in the green wave-
length range, and the yellow ink absorbs in the blue wave-
length. For example, when we vary the amount of magenta
ink on paper, on one solid ink or on two solid inks, the
intensity of the green image channel is the most affected
(Figure 3).

With the normalized intensity of the corresponding
channel, we calculate the effective surface coverage for 25%,
50%, and 75% nominal surface coverages according to the
Yule-Nielsen broadband formula”

(Ip) YRGB — (1, YRGB

W=y InrGs”
(Iy)7""R6B — (I;) V' "RGB

(5)

where u’ is the effective surface coverage when the nominal
surface coverage of the considered ink halftone is u, and I,,,
Iy, Iy are the normalized mean intensities at respectively a
nominal surface coverage of u, 0% and 100%. The scalar
variable npgp is the n value of the Yule—Nielsen broadband
formula and 7 is the gamma value that the acquisition de-
vice uses internally for transforming sampled linear RGB
values into nonlinear gamma corrected R'G’'B’ values. A
value of y=2.2 is generally used in commercial scanners.""*

By carrying out this calculation for patches of one ink at
nominal coverages of 25%, 50%, and 75% printed either on
paper alone or superposed with one solid ink, respectively
two solid inks, one obtains by linear interpolation the ink
spreading curves mapping nominal to effective surface cov-
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Figure 4. Dot gain curves associated with ink spreading curves in the
different superposition conditions, with effective surface coverages com-
puted from digitized RGB images (continuous) and from speciral YNSN
model fits (dotted), for thermal fransfer prints at a screen frequency of 75
Ipi and a resolution of 600 dpi.

erage in all superposition conditions. Figure 4 shows the ink
spreading dot gain functions, defined as effective surface
coverages minus nominal surface coverages.

The correctness of the obtained ink spreading curves is
verified by using them within the YNSN model to predict
the reflection spectra of the 729 test patches. The predicted
reflection spectra are compared with the measured reflection
spectra by applying the CIELAB AE,, color difference for-
mula, which gives a measure of the spectral prediction accu-
racy (see Tables I and II).

Regarding the n values, one ratio y/npgg is used for
computing the ink spreading curves with the Yule—Nielsen
broadband expression (5) and a second n value (n,) is used
for predicting the spectra of the test patches from their
nominal surface coverages according to the YNSN model,
Eq. (1). Since the n value reflects the optical dot gain, a

separate n value is required for the Yule—Nielsen broadband
model with patches digitized by a camera hooked on a mi-
croscope or by a scanner.

The broadband model ratio y/npgp and the spectral
prediction model # value are obtained during a first calibra-
tion and test of the model by minimizing for a subset of the
considered color samples the mean CIELAB AE,, color dif-
ference between predicted and measured reflection spectra.

Once the acquisition device’s ratio y/npgg and the
YNSN model # value are known, we need only the reflec-
tance spectra of the eight colorants and the digital images of
the 44 calibration patches for the calibration of the model.
The digital images can be acquired by an automated process.

RESULTS
We carried out spectral predictions with the ink spreading
curves calibrated by relying on RGB images of cyan, ma-
genta, and yellow patches. The experiments were performed
on a thermal transfer wax printer (OKI DP-7000, 600 dpi,
calendered paper) and on an ink jet printer (Canon PIXMA
4000 at 600 dpi, coated paper) at screen frequencies of 75 Ipi
and 100 Ipi. Tables I and II give the mean prediction errors
in terms of AE,, values, the maximal prediction error, and
the number of patches having a prediction error larger than
AEgy,=3. For calculating the ink spreading curves, only 25%,
50%, and 75% nominal coverages are used in each superpo-
sition condition. This yields 3 X 12=36 calibration patches.
In addition, for the broadband Yule—Nielsen Eq. (5), we
need the digitized RGB images of the paper white, the solid
inks, and all the solid ink superpositions (for three inks:
eight patches). The model is tested on 729 patches compris-
ing all nominal surface coverage combinations of 0%, 13%,
25%, 38%, 50%, 63%, 75%, 88%, and 100%. For compari-
son, we present the prediction accuracies with the calibra-
tion of the ink spreading curves performed by spectral fits
according to the YNSN model, for the same printing devices,
same paper, same ink, and same screen frequency as above.
In addition, as a reference we consider also a single ink

Table 1. Prediction accuracies for ink jet prints.

Ink jet prints (Canon Pixma 4000)

(lossical halftone screen

n Mean Max No. samples
729 test samples MRp Aby Aky Aby>3
Predictions using speciral data (75 Ipi)
Single ink dot-gain only 40 2.87 9.36 283
Ink spreading in all superimposition condifions 38 1.00 237 0
Predictions using image data (75 Ipi)
Ink spreading in all superimposition conditions (microscope, unknown ) 3.6 1.33 5.64 13
Ink spreading in all superimposition conditions (scanner, y=2.2) 3 1.29 3.52 1
Predictions using speciral data (100 Ipi)
Single ink dot-gain only 18.0 3.18 8.65 346
Ink spreading in all superimposition conditions 6.7 0.98 2.58 0
Predictions using image data (100 Ipi)
Ink spreading in all superimposition condifions (microscope, unknown ) 7 1.40 424 4
Ink spreading in all superimposition condifions (scanner, y=2.2) 33 1.38 494 35
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Table 11 Prediction accuracies for thermal transfer prints.

Thermal transfer prints (Oki 7000)

(lossical halftone screen

n Mean Max No. samples
729 test samples n MRce Aky Aky Aby>3
Predictions using speciral data (75 Ipi)
Single ink dot-gain only 24 57 423 17
Ink spreading in all superimposition conditions 1.4 1.22 4.80 22
Predictions using image data (75 lpi)
Ink spreading in all superimposition conditions (scanner, y=2.2) 1.5 2.2 1.36 3.90 15
Predictions using speciral data (100 Ipi)
Single ink dot-gain only 27 1.93 5.29 63
Ink spreading in all superimposition condifions 1.7 1.37 3.88 15
Predictions using image data (100 Ipi)
Ink spreading in all superimposition conditions (scanner, y=2.2) 1.5 22 1.45 4.62 16

spreading function per ink obtained by computing the effec-
tive surface coverages of single ink halftones printed on pa-
per, noted single ink dot gain only."

The prediction results shown in the Tables clearly dem-
onstrate that the full ink spreading model deduced from
RGB images yields a much better prediction accuracy than
the classical single ink dot gain relying on spectral fits. The
full ink spreading model relying on digitized RGB images
offers a slightly lower accuracy compared with the one cali-
brated with measured reflection spectra.

For ink jet prints, the tests were performed both on the
images digitized by a camera hooked onto a microscope as
well as on the images acquired by the scanner. Scanner ac-
quisition and microscope acquisition provide the same ac-
curacy. However, scanner acquisition is much easier to per-
form and can be automated.

CONCLUSIONS

We reduce the effort of calibrating the Yule—Nielsen modi-
fied spectral Neugebauer model accounting for full ink
spreading by computing the nominal to effective surface
coverage curves from digitized RGB images instead of from
measured reflection spectra. For the calibration of the model
by digitized RGB images, we need to measure only the re-
flection spectra of the solid colorant patches (for three inks:
eight patches) and digitize one sheet containing all calibra-
tion patches (for three inks, 44 patches).

By using images instead of spectra, the prediction accu-
racy is not much affected. Tests were carried out with 729
color patches covering the complete gamut of the output
device. In case of cyan, magenta, and yellow ink jets prints at
75 Ipi, the mean AE,, difference between predicted and mea-
sured reflection spectra for calibration by spectral fits was
1.00. When calibrating with digitized RGB images, the mean
prediction difference is AEg,=1.29. For thermal transfer
prints, the mean AEy, difference between predicted and
measured reflection spectra using spectrally fitted ink
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spreading curves was 1.22 and 1.36 when using ink spread-
ing curves deduced from scanned images.

Further work is required for extending the spectral pre-
diction model relying on RGB images to four inks, i.e., cyan,
magenta, yellow, and black inks. This is difficult because one
cannot easily distinguish between pure black and the chro-
matic black obtained by superimposing similar amounts of
cyan, magenta, and yellow."
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