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Abstract. We suggest using 3D gradation curves of CIE Lab space, which we
call “gradation trajectories”, as further development of common gradation
curves. The trajectories are considered in terms of 3D curves of differential
geometry. We offer the gradation trajectories, as well as their calculating
method, as a powerful tool for ink-jet system characterization and further
profile-making. In the work, we develop our method and apply it to ink-jet
printer’s characterization on a basis of equidistant color difference CIE Lab
DE. We discuss the information that might be derived from the trajectories’
analysis and show how they might me generally applicable.
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1 Introduction

In order to create images with faithfully reproduced colors on a given ink-jet printer
system, it is essential to specify the color response the printer provides for a given
selection of substrate (e.g. paper), inks types, and with given amounts of inks during
the process of characterization.

The limitation of ink serves to doze the amount of ink that can be sent to the print
head by the raster processor (RIP), and to reduce the desired or useful percentage of ink,
which can often be less than 100%. Need of such a restriction caused by many factors,
particularly the physics-chemical processes of interaction between inks and substrates,
primarily for non- or weak-absorbing ones. When several dyes are being printed on top
of each other, there is a limit on the amount of ink that can be applied to the substrate and
on the previous color layer. When this technical restriction is ignored, the ink that stacks
last will not properly attach to the previous layers, which will lead to dirty brown shades
in the neutral tints. The ink will also not dry properly. This can cause set-off where the
ink of a still wet substrate rubs off on whatever is stacked on top of it. In general, due to
the printing process, the deposited ink surface coverage is larger than the nominal
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coverage, resulting in a physical dot-gain responsible for the ink spreading, which
depends on the inks, on the substrate, and also on some other factors [1].

There is a systemic contradiction in the market. While manufacturers want to boost
the ink usage, customers would like to reduce ink consumption with minimal impact on
color quality. Sometimes, these limitations lead to loss in color. In any case, the
problem of ink management is crucial. To solve this problem, manufacturers of image
processing software and printing equipment recommend using different criteria, such
as: visual evaluation by spreading or capillarity, numerical estimation of the optical
density of color coordinates, etc.

Thanks to different color prediction models (CPMs) or reflectance prediction
models (RPMs), the usage of inks can be substantially optimized especially in the case
of current multi-colors printers. CPMs may help the image processing software to
decide, which set of inks and how to select in order to print a certain color within a
specific context. Such models need to account for both the interactions between the
inks and the substrate and between the light and the halftone print, as well as the
Fresnel reflections and light scattering. The lateral light scattering together with internal
reflections at the interface between the substrate and the air are responsible for the
optical dot gain effect.

1.1 Color Prediction Models

Today, a great deal of CPMs exists. The models take as their inputs a set of ink values
and predict the resulting color in print, as specified by reflectance models or tristimulus
values. Empirical surface models take into account superpositions of ink halftones.
There, reflected or transmitted light is supposed to be a function of the effective
colorants surface coverage or base patterns forming ink halftones. The models do not
deal with the light propagation and fading within the print and only demonstrate the
relationship between reflected light and surface coverages by colorants. Physically
inspired models engage a more detailed analysis of light-print interaction based on
mathematical prediction of how light paths within a halftone print go and what
resulting fade is. Ink spreading models are designed to characterize the effective surface
of a colorant/ink dot after it has been printed at a given nominal surface coverage. The
difference between the effective and the nominal surface coverages is the physical dot
gain, which show how much a colorant/ink dot spreads out. Ink spreading models
accounting for ink spreading in all ink superposition conditions. They rely on ink
spreading curves mapping nominal surface coverages to effective surface coverages for
the surface coverages of single ink halftones, as well as ones superposed with single
and two solid inks.

More complicated up-to-date CPMs deal with spread-based and light propagation
probability, as well as light transportation. Moreover, the best accuracy in models
reaches by implicating the hybridization. Spectral reflection prediction models (SRPM)
are helpful in studying the impact of different factors influencing the range of printable
colors (the inks, the substrate, the illumination conditions, and the halftones) and in
creating printer characterization profiles for the purpose of color management [2]. The
Kubelka–Munk model (1) is widely used to predict the properties of multiple layers of
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ink overlaid at a given location, given information about each constituent ink’s
reflectance and opacity [3].

K kð Þ
S kð Þ ¼ 1� R1 kð Þð Þ2

2R1 kð Þ ð1Þ

where K is absorption and S is scattering coefficients, R∞ is the reflectance of an
infinitely thick sample and the prediction of S and K from reflectance is made at a given
wavelength k. The formula (1) allows predicting the combined K and S coefficients for
multiple inks:

K kð Þ ¼ KB kð Þþ
Xl

i¼1
ciKi kð Þ ð2Þ

where B refers to the substrate, l is the number of ink layers, ci is the concentration and
Ki is the absorption coefficient of the i-th layer. S(k) is computed analogously.

One of the first integrated CPM is the Neugebauer model, which predicts the
CIE XYZ tristimulus values of a color halftone patch as the sum of the tristimulus
values of their individual colorants [4]. Since the Neugebauer model does not take into
account the lateral propagation of light within the paper and internal reflections at the
paper-air interface, its predictions are considered inaccurate.

The most well-known SRPM among recent ones is the Yule–Nielsen modified
spectral Neugebauer model (YNSN) where the Yule–Nielsen relationship applied to
the spectral Neugebauer equations [5, 6].

R kð Þ ¼
Xp

i¼1
wiPi kð Þ1n

� �n
ð3Þ

where R(k) is the reflectance of a halftone pattern neighborhood that is optically
integrated as it is being viewed, wi is the relative area coverage of the i-th Neugebauer
primary – P, n is the Yule-Nielsen non-linearity that accounts for optical dot gain.

The further enhancement of the model (EYNSN) accounts the ink spreading effect
connected with the respective physical dot-gains of one ink halftone printed in different
superposition conditions (single colorant and its combinations with 1–3 another col-
orants). The model uses multiple ink spreading curves (tone reproduction curves, TRC)
to characterize the physical dot-gain of the ink halftones on substrate and in all solid ink
superposition conditions [7]. Spectral reflection prediction models together with
ink-spreading models accounting for physical dot-gain are able to predict reflectance
spectra as a function of ink surface coverage for 3–4 inks [1, 8]. Minimization of
difference metric between measured and predicted reflection spectrum for each super-
position condition takes the effective ink surface coverage and the ink-spreading curve
mapping nominal to effective surface coverage for each colorant.

1.2 Literature Review

Different CPMs have been successfully applied to color predictions in various contexts.
Some studies inspired us to do the research into the development of this topic.
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The work [9] devoted to calibrating the YNSN model with ink spreading curves
derived from digitized RGB calibration patch images. Researchers carry out spectral
predictions with the ink spreading curves calibrated by relying on RGB images of 36 C,
M, and Y patches (without black channel). For calculating the ink spreading curves,
25%, 50%, and 75% nominal coverage are used in each superposition condition. In
addition, for the broadband Yule–Nielsen equation [7, 10], they used the digitized RGB
images of the paper white, the solid inks, and all the solid ink superposition. The model
is tested on 729 patches comprising all nominal surface coverage combinations of 0%,
13%, 25%, 38%, 50%, 63%, 75%, 88%, and 100%. For the comparison, authors offer
the prediction accuracies with the calibration of the ink spreading curves performed by
spectral fits according to the YNSN model. As a reference, they consider also a single
ink spreading function per ink obtained by computing the effective surface coverage of
single ink halftones printed on paper. The prediction results demonstrate that the full
ink-spreading model deduced from RGB images yields a better prediction accuracy
than the classical single ink dot-gain relying on spectral fits. The full ink-spreading
model relying on digitized RGB images shows a slightly lower accuracy compared
with the one calibrated with measured reflection spectra.

Thus, authors reduce the effort of calibrating the YNSN model accounting for full
ink spreading by computing the nominal to effective surface coverage curves from
digitized RGB images instead of measured reflection spectra. For the calibration of the
model by digitized RGB images, a user needs to measure only the reflection spectra of
the solid colorant patches (for 3 inks: 8 patches) and digitize one sheet containing all
calibration patches (for 3 inks: 44 patches). By using images instead of spectra, the
prediction accuracy is not much affected. Tests are carried out with 729 color patches
covering the complete gamut of the output device. In case of C, M, and Y ink, the mean
CIE Lab DE94 difference between predicted and measured reflection spectra for cali-
bration by spectral fits was 1.00. When calibrating with digitized RGB images, the
mean prediction difference is CIE Lab DE94 = 1.29.

Livens [11] describes multi-density ink calibration in a framework that includes ink
limitation and characterization and proposes a technique called multiple characteriza-
tion, which allows to achieve a predefined color response with respect to more than one
quantity, by exploiting the additional degrees of freedom offered by similarly colored
inks. The method aims to improve the visual uniformity. It is noted that the process of
ink transition management must be under strict control since the transition between
light and dark inks could result in some artefacts caused by too large amount of ink.
However, a key characteristic of existing ink mixing solutions is that they define the
mapping in a fixed way, independent of the calibration. The mapping is usually
empirically optimized for a certain condition of the printer that might vary over time.

The author proposes to replace the fixed ink mixing by a calibrated ink mixing
implies the multiple characterization, in which ink increments are computed that cor-
respond to equal increments or decrements in the measured variable, however, the
measured value implies a set of different solutions, corresponding with various ratios of
light and dark inks. The choice is done by constructing a calibration that results in more
uniform CIE Lab DE steps. The characterization covers only that pair of CIE Lab
coordinates (L, a, b) which contributes much more to CIE Lab DE. In fact, the major
contribution is made by the chromatic coordinate (a, b). In geometrical interpretation,
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with single and multi-density inks, a 1D trajectory is described in the 3D color space by
varying the ink percentage.

The author suggests the characterization means dividing the trajectory into steps
that correspond to an equal change in a measured variable. He also agrees that it is
often useful or even necessary to set ink limitations in order to cut off areas that cause
problems in characterization. However, there is no description of curves behavior and
no suggestions how to manage ink limits.

In the work [12], the objective is to quantify the influence of ink-jet printer cali-
bration and profile–making on the quality of color reproduction, in the context of fine
art printing on a special paper compared with those obtained on a coated paper. The
first step of the experiment is a fine setting of the printer, in order to stabilize the results.
The second step is a complete printer characterization with profile-making, when
different input parameters (total ink coverage, black ink limit, etc.) are adjusted. The
performance of the color profiles is analyzed by color differences (CIE Lab DE), the
volume of color gamut, and spectral characteristics of the printed colors. Then the
profiles are edited and optimized in order to reduce the color differences.

The authors emphasize the importance of characterization because the tone increase
value for ink-jet printing is generally larger than for the other printing processes. They
also agree that the determination of the limit total area coverage (TAC) accepted by a
paper is crucial in order to avoid problems such as poor ink drying and smudges, and
indicate typical value of TAC for ink-jet on coated paper as 250%. Test-charts like IT8
7/3 are pointed to be a possible way for such a determination, as well as for obtaining
the grey balance. ICC profiles are expected to be the overriding part of characterization.

During the TAC determination, the amount of ink supply is assessed visually, when
for a limit of 280% there is a problem of ink migration towards the adjacent patches.
Besides, there is a strong difference with the coated paper which accepts higher ink
superimpositions. The best TAC (160%) is chosen by minimal CIE Lab DE variation.
As a result, the work does not demonstrate a substantial scientific novelty, however,
showed the typical way by which experts go when calibrate printing equipment.

The paper [13] is connected to ink consumption while achieve an accurate digital
color reproduction by an ink-jet printer on different non-paper-substrates of POP dis-
play media. The assessments are done by measuring by a spectrophotometer raw
characterization targets, which display color cast. The ink usage is determined in terms
of amount of ink restriction. A characterization test target is used to exam the ink-jet
hooking phenomena, i.e. the ink hue shifting associated with ink-jet printers. It is noted
that the color shift happens in chromatic and neutral shadow areas of a print due to
impurities in the ink-jet inks. For a particular substrate, a typical ink-jet hooking
phenomenon (for C and M channels) is observed when printing with full ink load (see
Fig. 1(a)).

It shows the hue angle of Cyan color begins to shift from a cyan blue to a con-
taminated cyan that turns purple because there is more red color in the cyan. The hue
angle of magenta color shifts toward yellow. With further ink restriction (−16.25%),
the ink-jet hooking is reduced, and ink distributed more evenly and correctly on the
media (see Fig. 1(b)). At the same time, ink restriction reduces the size of the color
gamut: 16.25% ink reduction cut down the size of color gamut about 9%. A similar
effect is observed for another substrates. It is concluded that it is necessary to
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experiment with different characterization settings to achieve the right amount of ink
distributed on the media. Each individual ink channel should be restricted just right
after the color begins to change “hook” from the base primary color, while leaving
extra color to extend the gamut for spot colors. Despite observation the phenomena, the
author does not reveal the cause and offers only empirical estimates of ink reduction.

The described approach might be promising; however, it cannot be applied without
correcting its shortcomings. The major one is the fact that in any case, some infor-
mation about the color is lost when analyzing the projections on the ab-plane, without
space considerations. For instance, yellow colorant do not tend to form “hook” on the
ab-plane, but do it on the Lb-plane instead. Unfortunately, it is not reflected in figures,
such as Fig. 1.

All mentioned approaches have their advantages as well as drawbacks, too.
Majority of models are too complicated to be embedded in a real workflow without
substantial development and adjustment that takes time. For instance, YNSN-based
models are extremely critical to the selection of the parameter n. Generally accepted
algorithms for its definition in the literature are not described. Usually it is suggested to
carry out selection by brute force, which is utterly laborious. The empirical approach is
more promising, however it requires a large number of printed tests for each pair of
substrate-ink. Moreover, so far any complete model that predicts the behavior of ink in
terms of its limited supply in inkjet printing has not been proposed.

Gradation scales and gradation-based techniques are known as an indispensable
attribute of color printing systems settings [14, pp. 88–89]. At the same time, the authors
expresses doubts about the rational use of these characteristics in digital printing
technology. The main problem is the fact that using the gradation curves in conventional
2D embodiment significantly reduces the quantity and quality of information extracted
from them. In the work [15], 3D gradation trajectories are introduced as a further
development of the gradation curves approach. Implication the mathematical apparatus
of differential geometry for gradation trajectories analysis in 3D CIE L, a, b space allows
reveal their intrinsic features of curvature and torsion. The approach used is not a model
in the full sense, since it does not use any a priori assumptions. It is only a description of
the measurements results in the form of empirical functions.

Fig. 1. Color hooking phenomena before (a) and after (b) ink reduction (Color figure online)
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These features are applied to define the ink limits in ink-jet printing systems and to
create the empirical approach based on trajectories’ curvature and torsion behavior
analysis.

This work is devoted to further development of the proposed technique. We suggest
using an equidistant CIE Lab DE color difference as a basement for ink-jet printers’
characterization with help of 3D gradation trajectories. We offer a simple approach for
such a characterization, which implies a small number of prints and rapid calculations.

2 Approach

The approach we describe as follows. Print specially developed test chart ! Measure
Lab coordinates of the chart with a spectrophotometer ! Sorting data by color
channels in order of increasing percentage of fill ! Curve fitting by a polynomial of
fourth degree ! Curvature analysis, definition of the ink limitation point ! Calcu-
lation of the arc length of a curve from 0 to the point corresponding to curvature’s
maximum ! The curve is divided to segments based on the equal color differ-
ence ! Print test chart to assess the result.

First, we introduce gradation trajectories. Let’s a gradation trajectory is the locus of
points in the CIE Lab space, which coordinates are consistent with the individual fields
of measurement of the tone scale, arranged in ascending order of percentage of raster
cells coverage in the layout of 0% (unsealed substrate) to 100% (dye). Tone scales
generally comprise no more than two dozen of fields, i.e. in practice; the gradation
trajectory is represented by a discrete set of points in CIE Lab space. Modern printing
systems provide a color depth of at least 256 gradations (8 bits), i.e. color change
characteristics (hue, saturation and brightness), as well as the color coordinates, might
be assumed as a continuous function of the percentage (proportion) of raster cell filling.
In other words, we can expect a nearly continuous change of color characteristics when
filling percentage of a raster cell changes continuously.

If we took the percentage of raster cell filling as a parameter of a curve t, the
gradation trajectory might be set by the parametric equations (4):

t 2 ½0; 1�
L ¼ c4L � t4 þ c3L � t3 þ c2L � t2 þ c1L � tþ c0L
a ¼ c4a � t4 þ c3a � t3 þ c2a � t2 þ c1a � tþ c0a
b ¼ c4b � t4 þ c3b � t3 þ c2b � t2 þ c1b � tþ c0b

8>><
>>:

; ð4Þ

where cijði ¼ 1; 2; 3; 4; j ¼ L; a; b are some numerical coefficients, c0j are Lab-coor-
dinates of unsealed substrate. The interval of parameter t alteration is accepted from 0
(unsealed substrate) to 1 (100% dye).

Since we have agreed to assume the functions (1) to be continuous on the segment,
then, according to the Weierstrass approximation theorem [16], their analytical form
could be given by a polynomial of a certain extent. The theorem proves that if f is a
continuous real-valued function on [a, b], and if any e > 0 is given, then there a
polynomial p on [a, b] such that |f(x)–p(x)| < e for all x in [a, b] exists. In words, any
continuous function on a closed and bounded interval can be uniformly approximated on
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that interval by polynomials to any degree of accuracy. In our case, the polynomial of
the fourth power is required to detect such features of a space curve as the curvature (j)
[17, p. 49], because in the process of calculating, the derivatives respect to a parameter
up to the second power are used:

r ¼ aðtÞ; bðtÞ; LðtÞð Þ

j ¼ r0 � r00j j
r0j j3

ð5Þ

Ink spreading on solid surfaces and penetration into porous matrices (coated and
uncoated papers) describes by power-law exponents [18]. However, for coated papers
polynomials of the fourth power give satisfactory approximation accuracy. In this case,
approximation errors are less than measurement ones.

In order to define n equidistant points with respect to ink limitation we first need to
evaluate trajectory’s arc length of a curve S (6). Thus, we discover full tone increase
corresponding to t increment, as well as tx values corresponding to even tone segments
(7).

S ¼
Z tmax

0
dE94 ð6Þ

Z tx

0
dE94 ¼ S

n
ð7Þ

3 Experimental Verification

For the experiment, we use the 4-color (CMYK) wide-format solvent ink-jet printer
Mimaki CJV30-160BS. Print mode: 720 � 720 dpi, variable dot. Substrate: coated
paper MediaPrint Gloss 150 g/m2 as a weak-absorbent substrate. The measurement
tools: spectrophotometer x-Rite iOne iSis + x-Rite ProfileMaker package.

Tone scales containing 20 bitmap fields are synthesized using a ChartGenerator/
MeasureTool in ProfileMaker design for the automatic iOne iSis (see Fig. 2, above).
Sample scales are printed by “swastika” on the same sheet in order to average the
results of scale measurement depending on the print direction and printing head
movement in relation to the layout.

The results of the 4 measurements are averaged in ProfileMaker/MeasureTool and
save as a text file, which then imports into MS Excel, where it stay out as a matrix of
variables of dimension 21 (20 raster fields plus the unsealed substrate) � 4 (the pro-
portion of a raster cell filling plus CIE Lab coordinates values). Measured data are
divided into individual color channels. Matrix variables, which contained t, L, a, b data
of each color patch as columns, are imported in MatLab, where they are carried out in
further mathematical processing.
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The approximation of dependences (4) by polynomials is implemented in MatLab
package using the fit function. It is necessary to ensure a minimum cumulative CIE Lab
DE76 [19] color difference between the theoretical trajectory and experimental points.
The value of the total color difference CIE Lab DE76 of experimental points from the
theoretical trajectory is 2–3 units. For comparison, the worst deviation from the average
in the preparation of the experimental points was 3–6 color difference CIE Lab DE76

units. The obtained tx values (7) are in fact the tone reproduction curves (TRC) points
that are further implicated into raster image processor (RIP).

Final evaluation is done by preparation of a new arbitrary scale with 10% tone
increase on a color channel (Fig. 2, below) that is further printed out and is measured.

4 Results and Discussion

As for any other continuous space curve, the numerical factors such as curvature in
terms of differential geometry can be defined at each point of the gradation trajectory.
Figure 3 shows gradation trajectories for the Cyan and Yellow color channels (as for
instance). The dots correspond to the tone scale fields variation, solid curve is an
approximating gradation trajectory, a projection of the actual measurements on the ab
chromaticity plane is shown at the bottom. Obviously, the points corresponding to an
equal tone increase (+0.05) are located on the trajectory not equidistantly.

Figure 4 shows the dependencies of curvature on the part of tone. As can be seen,
the curvature of the trajectory is different from zero in a narrow band of the range. The
presence of local extrema points to a jerky change of hue while a raster cell is being
filled. For the further calculations, the ink limits are set to 83.67% for the Cyan channel
and to 85.17% for the Yellow channel .

Fig. 2. iOne iSis test charts to print: (above) tone chart for measurement (below) tone chart for
evaluation
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Figure 4 shows a part of the curvature graph that is significantly different from zero.
The maximum of curvature corresponds to the region of the sharpest bending of the
gradation path, i.e. the sharpest change in color tone for the Cyan channel and the
sharpest drop in brightness for the Yellow channel. These are the points that are chosen
to limit the maximum ink supply for the specified color channels. In addition, this tone
value is utilized as the upper limit of integration (tmax) in (6) for the further calculation.

Figure 5 shows Lab-coordinates of measured test patches, which correspond to 0.1
tone increment on the gradation trajectory after characterization for the Cyan and
Yellow channels. The dots lie exactly on the calculated trajectory for both channels.

Fig. 3. Gradation trajectory for the (a) cyan and (b) yellow channels (Color figure online)

Fig. 4. Curvature values for the gradation trajectory depending on the part of tone (Color figure
online)
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Arc lengths of curves of segments connecting neighbor dots are more equal than ones
indicated in Fig. 3. This also is demonstrated in Fig. 6 where color differences that
correspond to the related arc length seem to be the same.

5 Conclusion

A new three-dimensional interpretation of the gradation curves in CIE Lab-space is
proposed. Gradation trajectories, as well as the method of their analytical description,
are described. Gradational trajectories are conceived as continuous, bounded on the
gradation range curves. In this connection, the apparatus of differential geometry of
curves is applied to them, and the values of such parameters as curvature and arc length
of a curve are calculated.

Fig. 5. Measured points on gradation trajectory after characterization for the (a) cyan and
(b) yellow channels (Color figure online)

Fig. 6. CIE Lab DE94 color difference between patches, which correspond to 0.1 tone increment
before and after characterization for the (a) cyan and (b) yellow channels (Color figure online)
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Gradation trajectories introduced by the described manner are the global features of
ink-jet printing process that are depended on type of a substrate and properties of the
ink only. They are not affected by rasterizing method, number of passes and measuring
technique.

Recently, there was no sustainability criterion, which can be applied for certain
specification of maximum percentage of the ink supply. Possible options for such a
criterion might be a first maximum in the plot of gradation trajectory’s curvature.

The arc length of a curve of the trajectory might be utilized as a powerful and
fast-acting tool for ink-jet systems characterization.

Any limitation of ink supply and any method of characterization under the con-
ditions of a tone scales print will give the family of the points belonging to the
gradation trajectory. In other words, if the printing conditions mentioned are met, then
regard-less of the selected ink supply limitations, the results of measurement of gra-
dation scales will form a family of points on the gradation trajectories describing each
color channel.

Since the described approach is not a model, the results cannot be compared to any
CPM. The approach ensures reproduction of a given tint with accuracy to the quan-
tization error. In the case of 8-bit color, the nearest of 256 possible halftones is selected.
The further development of the approach implies introduction of 3D gradation surfaces
as a method describing interconnection between two colorants, especially in the case of
regular and light inks pairs.
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