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Abstract
We propose a new multilevel vector error diffusion method

which introduces a control parameter S related to the physical
amount of solvent (liquid) allowed for producing a given input
color by combining dark (saturated) and light (unsaturated) ink
separations. The solvent S appears as a fourth input variable
to the error diffusion process where the quantizer is designed to
choose the closest primitive in the CMY S space.

Introduction
Traditional ink-jet printing systems use three standard color

inks CMY in a bi-level output mode, where a dot is either printed
or not. The whole printing process is typically composed of the
calibration, including ink-limitation and linearization, and of an
image halftoning procedure like, e.g., error-diffusion (ED) [7].
Such binary printing devices cannot respond to highly demand-
ing customer requests for photo quality reproductions. The main
concern is an apparent graininess due to visible dots in the high-
lights. The most common method to overcome this problem is
to replace bi-level by multi-level printing, using inks having the
same chromaticity but different densities [2]. Typically, diluted
versions of cyan (light cyan c) and of magenta (light magenta
m) are used. The increased number of drops as well as their
smaller contrast with the background produce a smoother and
more pleasing appearance in weakly saturated areas. On the con-
trary, the shadows should be preferably printed using optically
dense inks which allow to reach saturation with smaller ink quan-
tities. In the following we will focus on “CcMmY” photo print-
ing and use the adjectives dark and light when referring to high
and low density ink separations, respectively.

The introduction of such light inks brings new challenges to
color characterization and has become an active research topic.
Actually, the straightforward application of a multilevel ED [6]
is not well suited to multi-density ink printing because it does
not allow to control the total ink amount. It is important indeed
not to exceed the maximum allowed ink amount to be deposited
on the substrate since ink running through the substrate can pro-
duce highly undesirable image artifacts as bleeding, cockling or
banding. In bi-level systems, this limit is usually controlled by
the input values. However, if there is not an univocal correspon-
dence between the produced color and the amount of ink (liquid)
deposited on the paper, as in multi-level printing, it is not pos-
sible to control the paper wetting. Therefore, in all proposed
approaches, the ”ink mixing” (i.e. the determination of ink per-
centage mapped to light and dark inks) is integrated into the cal-
ibration step rather than into the halftoning.

Usually, a set of empirically optimized ink separation curves
are applied to perform smooth mixing of inks of similar hue. Sev-
eral criteria to construct the separation curves must be used, such
that: avoiding the creation of dot patterns, getting smooth transi-
tions along color gradients and preventing the mixing from over
inking [5]. There are however difficulties to separate light and
dark inks when they have significant differences in their hue an-
gle. Shaw et al. [8] proposed an algorithm that overcomes this
problem by building an ink interaction model to predict the col-

orimetric response of any ink combination, allowing to obtain a
smooth light to dark ink transition. Apart from an increased al-
gorithm complexity, the important disadvantage of this method
is that ink limitations are applied independently to each ink, and
not globally. Moreover, the separation curves are fixed, meaning
that for every change in the calibration due to the colorant or to
the paper substrate, the whole process should be repeated.

In the previous approach, light inks are considered as an ex-
tension of the dark ones, thus preserving the conventional three-
color degrees of freedom (CMY ). As an alternative, additional
inks could be considered as separate channels, thus increasing
the number of degrees of freedom and resulting in a mathe-
matically under-constrained optimization problem [9]. To solve
this problem, additional constraints have to be defined such as
upper bounds on the total colorant amount and preferences for
colorants. The methods proposed in literature that consider ink
channels independently are usually based on a parametric spec-
tral model characterizing the CcMmY printer. A color separation
mapping, from the CMY to the CcMmY space, is then derived
from the model [1]. These latter approaches result in a computa-
tionally highly demanding image processing chain because both
the color interpolation and the halftoning procedure have to be
performed in a five-dimension space. Moreover, a lot of memory
is required to store the 5D color mapping lookup tables. This can
be an important practical obstacle for embedded imaging systems
such as standalone ink-jet printers.

In the present paper, we propose an alternative approach
to the multiple ink problem that incorporates the solution into
a modified halftoning method. To that purpose, a new variable S,
referred to as solvent, is introduced into an error diffusion process
and controls the quantity of ink used for producing the required
colors. The variable S is considered as a function FS of the color
variables C,M,Y which, all together, enter into a quantizer Q (see
figure 1) having more output than input channels [3], as typical
for multilevel error diffusion. The method has the clear advan-
tage to be completely vectorial (a global ink saturation limit can
be applied) and, at the same time, is neither computationally ex-
pensive nor memory demanding. Also, the choice of the solvent
function is quite flexible, giving the possibility to obtain a smooth
transition between light and dark inks even, possibly, if they have
significant differences in hue angle.

In the following, we will first introduce our multi-level error
diffusion scheme before to focus our attention on the properties
that the solvent function FS must satisfy. We will then continue
with five simulated applications of the method, varying the num-
ber of colors, the number of output levels, and the properties of
the solvent function.

Error diffusion with solvent control
The diagram in figure 1 shows a general error diffusion

scheme with a quantizer having more output than input chan-
nels [3], which is typical for a multilevel error diffusion [6]. In
that case, the quantizer primitives [4] are not independent vec-
tors in the C,M,Y vectorial space. For a given constant input I,
the quantizer output can be considered as a linear combination
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of the primitive vectors. If the latter are not independent, differ-
ent linear combinations can produce the same output. This may
have a number of different consequences but we consider only
one: Among the set of all the linear combinations of primitives,
which produce the same output, some may exceed the substrate
water absorption capabilities.

This is a practical problem because the maximum amount of
ink to be deposited on the substrate is usually controlled by limit-
ing the input values either on a scalar (C < Cmax,M < Mmax,Y <
Ymax) or on a vectorial (C + M +Y < Tmax) base[10]. However,
the lack of a one-to-one correspondence between the input values
and the amount of ink deposited on the paper prevents the paper
wetting from being kept below the maximum paper absorption.

To solve the above wetting problem, a new solvent variable
S is added to the three color input values C,M,Y . It is meant to
control the quantizer Q in order to avoid a possible excess of ink.
This variable S = FS (C,M,Y ) is a function of the color variables
C,M,Y and must be physically related to the amount of liquid or
solvent that can be allowed for producing the required color. The
function FS will be referred to as the solvent model.

Before to actually construct a solvent model FS, we must
address the question of how it can be used control the quantizer.
We know that the ED takes the decision of whether or not to print
a dot according to what has happened to previously processed
pixels, in such a way that the local average color matches the
requested input color. As a dithering process, it allows to locally
match the average color input, on a small neighbourhood, not on
one single pixel.

The central contribution of the present work is to recognize
that such a behaviour is suitable, not only for the color densities
which form an image, but also for the amount of solvent used.

Since we need to control on average and locally the quan-
tity of solvent that is deposited on the printing media, it becomes
natural to include the variable S into the error diffusion process.
Once the variable S is properly calculated, all we need is a quan-
tizer Q which takes the modified input

Im = (Cm,Mm,Ym,Sm) (1)

and outputs one of the 25 primitives

Op = (DC,DM ,DY ,Dc,Dm) (2)

as shown in the figure 1 . If the output primitive Op comprises a
drop of ink X , then, in equation 2, DX = 1, otherwise DX = 0.

In order to complete the classical ED cycle depicted in fig-
ure 1, a value Vp

(
Op
)

in the (C,M,Y,S) vector space must be
associated to each output primitive Op.

Vp
(
Op
)

=
(
Cp,Mp,Yp,Sp

)
(3)

In equation 3,
(
Cp,Mp,Yp,Sp

)
are the cyan, magenta, yellow and

solvent values associated with the primitive Op . The error E in
figure 1 is then calculated as E = Im−Vp

(
Op
)
.

As a general rule, the quantizer Q should favor the output of
primitives comprising light inks when the input coordinate Sm is
large, while it should favor the output of primitives comprising
only dark inks whenever Sm is small.

Accordingly, the quantizer Q can simply be designed to
chose, as an output, the primitive Op whose color and solvent
values Vp is “closest” to the modified input Im . In order to deter-
mine the closest output primitive, euclidiean distances must be
calculated within the 4D space (C,M,Y,S). The error calculation
and the error diffusion follow the usual path except that an error
is calculated and diffused for the solvent variable as well.

Although being fully standard in its form, the above error
diffusion algorithm has one special feature which worth to be
emphasized: the forth input variable (solvent S) is a function of
the other three (color) variables. This feature, along with the fact
that each output primitive has a fixed contribution to the solvent
and to the color variables, put important constraints to the range
of possible output mean values. It is therefore of fundamental
importance to choose the solvent function FS such that the input
I = (C,M,Y,S) is always within the range of the output possible
values.

En

I Im

Q

D

Op

E = Im − Vp(Op)

Figure 1. Generic block diagram for the error diffusion halftoning algorithm

with a quantizer having less input channels (4) than output channels (5).

The definition domain and the bounding volume
of the solvent model function

Let us consider a system capable of printing a maximum
of one drop per ink variety meaning five drops per pixel for a
CcMmY printer. The color variables being defined in the range
[0, 255], the solvent values are supposed to vary within the range
[0, 5×255].

Depending on the pixel size (i.e. resolution), the drop vol-
ume, and the substrate absorption capabilities, one may be need
to limit the amount of solvent to a value Smax considerably lower
than the above numerical limit of 5× 255. Smax = 500 can be
considered a typical value for printing on porous photo paper at
a resolution of 1200 dots per inch with ink drops having a vol-
ume of 4 picoliters. Let us define

(
αc,αm,αy

)
the color density
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Figure 2. Bounding volume for the solvent model function FS. Smax = 500

and Y0 = 50 and 200 .

ratios of light and dark inks. Since there is no yellow light ink,
we usually have αy = 1. Typical values for light cyan and light
magenta are αc = αm ≈ 3.

Within the hyper-cube defined by 0 ≤ X ≤ 255, X ∈
{C,M,Y} and by 0 ≤ S ≤ 5× 255, the solvent model function
FS is bounded by the hyperplanes Plim, Pdark and Plight such that:

Plim : S = Smax
Pdark : S = C +M +Y
Plight : S = αcC +αmM +αyY

(4)



FS ≤ Plim FS ≤ Plight
FS ≥ Pdark

(5)

Since αy = 1, and in order to visualize the bounding volume
formed by the planes in equation 4, we can fix the amount of
yellow (Y = Y0) and form the variable S∗ = S−Y0. The figure 2
shows such a bounding volume for two different values of Y0 in
the space (C,M,S∗).

By combining the equations 4 and the inequalities 5, we get
the relation C+M +Y ≤ Smax which limits the definition domain
of FS . Therefore, it is important, when setting up a solvent
model, to consider carefully both the bounding volume and the
definition domain of the solvent function. Violating any of these
constraints will result in numerical divergences within the error
diffusion process.

Monochromatic printing with three output levels
As a first simple test application we consider a monochro-

matic printer using gray (k) and black (K) inks, which can pro-
duce three different output levels on every single pixel. Assum-
ing that the volume of gray and black drops is identical, the table
1 shows the output values Vp(Op) assigned to the three output
primitives (W,k,K) .

The application of our ED scheme requires, as a first step,
the construction of a quantizer Q(3)

mono which will be of dimen-
sion 2 in the present monochromatic case. The figure 3 shows,
in the (G,S) space, the primitives (W,k,K) and the space parti-
tioning which associates any input Im = (Gm,Sm) to its closest
primitive. As a second step, a solvent model S = FS(G) must
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Figure 3. The monochromatic quantizer Q(3)
mono which has three output

levels corresponding to the (W,k,K) primitives of table 1 .

be constructed, which fulfills the conditions in equations 4 and 5
and allows to calculate the desired solvent value for every gray
input tone G. We will analyse the two models (M1 and M2) pre-
sented in figure 4. Both models assume a solvent absorption limit
Smax < 255. The model M1 maximizes the usage of the light (k)
ink and can be expressed as:

M1 : S = min(αg G, Smax)

αg = VG(K)/VG(k)
(6)

where, according to table 1, αg = 255/85 = 3 is the color density
ratio of light and dark inks. A gray ramp whose values vary lin-
early from G = 0 to G = Smax = 134 has been halftoned with our
new ED scheme, using the solvent model M1 and the quantizer
Q(3)

mono described above.
By counting, on the output image, the number of light (k)

and dark (K) drops, we have estimated the total amount of sol-
vent as well as the resulting inks separation curves. The figure 5
shows that the prescribed maximum amount of solvent is never
exceeded. Moreover these ink separation curves reproduce fairly
well the ”standard ink separation curves” reported in the litera-
ture [8].
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Figure 5. Ink separation curves obtained for monochromatic system with

three output levels, using the solvent model M1.

While the results in figure 5 demonstrate the effectiveness
of the method, the solvent model M1 suffers from the same lim-
itations as the standard ink separation methods. In particular,
the discontinuous progression of the solvent amount can pre-
vent a precise output tone linearization. In order to overcome
these difficulties, we introduced a second monochromatic model
(M2) which has a continuous derivative dS/dG. Such a prop-
erty is ensured by construction: M2, as depicted in figure 4,
is formed by two straight segments D1 and D2 connected at
P1 = (P1,g,P1,s) and P2 = (P2,g,P2,s) by a tangent circle C , cen-
tered at C = (Cg,Cs). For C to be tangent to D1 and D2, the
points P1 and P2 must be located at the same distance R from I,
the intersection point of D1 and D2. More precisely, the model
M2 is defined by

D1 : S = αg G G ∈ [0, P1,g
]

D2 : S = Smax G ∈ [P2,g, Smax
]

C : (G− cg)2 +(S− cs)2 = R G ∈ [P1,g, P2,g
] (7)

The above M2 model is fully determined by the three parameters(
αg,Smax and R

)
which are needed to calculate the center of

the circle C as well as to uniquely define the straight lines D1
and D2. In the case of the model M2 presented in figure 4, we
have repeated the calculation performed with model M1. The ink
separation curves and the total amount of solvent are presented
in figure 6, showing that a smooth solvent distribution can be
reached with a simple improvement of the solvent model.

Table 1. Primitives output values used for monochromatic
system simulations

Op G (gray) S (solvent)
W 0 0
k 85 255
K 255 255
k∗ 170 255
k∗∗ 170 510
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Figure 6. Ink separation curves obtained for a monochromatic system with

three output levels, using the solvent model M2 which ensures a smooth

progression of the amount of solvent.

Monochromatic printing with four output levels
Providing a printer with the capability of producing more

output levels is an effective way for improving the overall print-
ing quality. We show in this section that our ED method is appro-
priate for handling monochromatic multilevel printers producing
at least four output levels per pixel.

Producing one more output level can be obtained either by
using a different ink variety of an intermediate density, or by
printing two dots of light ink on the same pixel. The correspond-
ing primitives, labelled k∗ and k∗∗, respectively, are defined in
table 1.
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Figure 7. The monochromatic quantizer Q(4)
mono which has four output levels,

corresponding to the primitives (W,k,k∗,K) of table 1.

Adding the primitive k∗ of table 1 and using a different
quantizer Q(4)

mono as shown in figure 7 are the only changes re-
quired to adapt our ED method to a four levels printing system.
The solvent model can be either M1 or M2 or any function FS
fulfilling the conditions in equations 4 and 5.

Using the model M2 (with Smax = 200) and the quantizer
Q(4)

mono, we halftoned a gray ramp as in the two previous sections,
but with Gmax = Smax = 200. Again, the amount of solvent and
the ink separation curves have been estimated by counting the
dots on the halftoned image. The results are presented in figure
8 which shows that the maximum amount of solvent is never ex-
ceeded while the three overlapping ink separation curves provide
a smooth transition from light, to medium, to dark inks.
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Figure 8. Ink separation curves obtained for a monochromatic system with

four output levels, using the solvent model M2.

Table 2. Primitives output values used for color system simu-
lations

Op C M Y S
W 0 0 0 0
c 85 0 0 255
C 255 0 0 255
m 0 85 0 255
M 0 255 0 255
cm 85 85 0 510
cM 85 255 0 510
Cm 255 85 0 510
CM 255 255 0 510
Y 0 0 255 255
cY 85 0 255 510
CY 255 0 255 510
mY 0 85 255 510
MY 0 255 255 510
cmY 85 85 255 765
cMY 85 255 255 765
CmY 255 85 255 765
CMY 255 255 255 765

Replacing the primitive k∗ by k∗∗ requires some more work
because the solvent function bounding volume must be redefined
(equations 4 and 5 are not valid anymore). Nevertheless, similar
results are obtained which demonstrate the simplicity and flexi-
bility of the method.

Color printing with three output levels per color
channel

In the two previous sections we have limited the simulated
applications of the proposed ”multilevel error diffusion” scheme
to monochromatic systems. The purpose was to illustrate the
main features of the method on simple systems. Nevertheless,
this algorithm presents some of its most important advantages
when used to drive a color printing system.

First of all, a set of primitive Op and the corresponding out-
put value V (Op) have to be defined as, for instance, in table 2.

Then, a quantizer Q(3)
col must be constructed as a partitioning

of the 4D space (C,M,Y,S), such that, for instance, any given in-
put (Cm,Mm,Ym,Sm) (see equation 1) is associated to the closest
primitive.

Concerning the choice of the solvent model, we consider
two different ways of extending the monochromatic models M1
or M2 in order to deal with color systems. The first method,
herein referred to as the scalar solvent method M3, consists in
applying equation 6 or 7 to each color component. The total
solvent is then obtained as the sum of the contribution of each
color component. For a CcMmY system we would write :

M3 : Si = min
(
αi Xi, Si,max

)
αi = V

(
Op
)
/V
(
O′p
)

with
i ∈ {C,M,Y}
Xi ∈ D3

and
S = SC +SM +SY

(8)

where, Op and O′p represent the primitives consisting in one dot
of dark or light ink, respectively. Moreover, SY = Y and αY = 1
since there is not, usually, any light yellow component.



With this scalar solvent model M3, the bounding volume of
the solvent function is still defined by the equations 4 and 5, but
its domain D3 is defined by Xi≤Xi,max for each color component.

In the numerical simulations below we used a simple trun-
cation procedure Xi = T (Xi) in order to confine the input within
the definition domain boundaries:

T (Xi) =

{
Xi,max if Xi > Xi,max

Xi otherwise
(9)

As an application of this model M3, we halftoned a color
image having the cyan component varying linearly from 0 to 255
along one direction, and the magenta component varying linearly
from 0 to 255 in the other direction. The yellow component was
kept fixed at Y0 = 76. The ink-limitation procedure of equation 9
was applied with Xi,max = 134 and, accordingly, the maximum
allowed solvent quantity per component i was set to Si,max = 134

as well. We used the quantizer Q(3)
col described above.

As for the monochromatic models, the analysis of the out-
put halftoned image allowed us to produce, in figure 9, the re-
sulting ink-separation surfaces for the cyan component. Similar,
not shown, symmetric surfaces can be obtained for the magenta
component. As a consistency check, the total amount of solvent
is also presented, showing that our multilevel color ED gives a
full control over the amount of solvent. However, beside the ef-

Figure 9. Cyan ink separation surfaces obtained, for a color system with

three output levels per component, using the solvent model M3.

fectiveness of the method, the numerical analysis of the surfaces
on figure 9 shows the main weaknesses of the solvent model M3 :

• the per component ink limitation, required by model M3,
precludes the color gamut volume of being maximized
since single component colors (e.g. pure cyan or pure ma-
genta) are limited to Si,max = 134, far below the substrate
absorption limit which would be

Smax = ∑
i

Si,max = 402 (10)

• The model M3 induces the usage of dark ink components
within relatively low density areas. Actually, the dark cyan
ink-separation surface does not vanish for small values of
C, as soon as the magenta M & 100.

• Two, somewhat unexpected, inflexions (see arrows on fig-
ure 9) appears for high cyan values. These are inherent to
the model which allows for more solvent as soon as the ma-
genta component start growing. The consequence is that
part of the solvent excess is used by light cyan instead of
being fully consumed by light magenta. The net result is
the appearance of dark, isolated, magenta dots on a cyan
bed.

Applying both the ink-limitation and the solvent limit on a
vectorial base, can readily solve these problems. On that purpose,
we constructed a vector solvent model called M4 and defined by :

M4 : S = min

(
∑

i
min(αi Xi, 255) , Smax

)
αi = V

(
Op
)
/V
(
O′p
)

with
i ∈ {C,M,Y}
Xi ∈ D4

(11)

With model M4, the bounding volume of FS is given by equa-
tions 4 and 5 while the definition domain D4 is such that 0 ≤
C + M +Y ≤ Smax, where Smax is the substrate absorption limit
of equation 10 .

In the following application of this model, the input values
are confined into the definition domain by crudely multiplying
each component C,M,Y by a factor

β =

{
1 if C +M +Y < Smax

Smax/(C +M +Y ) otherwise
(12)

The simulation performed with model M3 has been repeated us-
ing model M4. The results are summarized on the figures 10
and 11.

Figure 10. Cyan ink separation surfaces obtained, for color system with

three output levels per component, using the solvent model M4.

The figure 10 shows the ink-separation surfaces for light and
dark cyan, along with the total amount of solvent. Similar sur-
faces can be obtained for the magenta component. As expected,
single component colors (pure cyan and pure magenta) reach the
full coverage with dark ink only (on output C = 255 and c = 0) .
The substrate absorption limit (Smax = 402) is reached quickly
and never exceeded, insuring a safe maximisation of the light ink
usage. To illustrate this feature, the figure 11 allows comparing
the ratio of light ink used with model M3 and M4.

Clearly, model M4 uses only light inks on a much larger
portion of the image. Moreover, the light ratio is much larger
everywhere, except in two neighboring regions of pure cyan and
pure magenta. This occurs because, in these regions, the vector
model allows for much more saturated color, which can only be
produced using mainly dark inks.

Similarly to model M1, the model M4 does not produce a
smoothly growing solvent distribution. However, it should not
be difficult to obtain such a desirable feature by replacing the
min functions in equation 11, possibly taking inspiration from
model M2. The quite crude ink-limitation procedure of equation
12 should also be replaced by some smoother function in order
to obtain a production-ready printing system.
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Conclusions
We have presented a novel color image error diffusion

scheme targeted at those printing systems which make use of
multiple inks having the same chromaticity but different densi-
ties. The main feature of these method consists in the introduc-
tion of a solvent variable which enters the error diffusion pro-
cess and is expressed as a function FS of the color variables
{C,M,Y} .

While offering a precise control over the total amount of sol-
vent (or liquid) deposited on the substrate, the method allows to
consider all the inks having the same hue as one single color com-
ponent, all along the image processing chain. The ink separation
takes place at the very last step, that is during the quantization
process.

Several important performance advantages of the method
come from this last feature: (a) The printer color characterization
still consists in determining a fully constrained mapping from a
3D to another 3D color space; (b) The color interpolations take
place in a 3D space as well; (c) The number of error diffusion
channels is limited to 4 (three for color and one for solvent),
whatever the number of inks having the same hue; (d) The sys-
tem is fully vectorized since the quantization is performed based
on the input vector Im (see equation 1). Moreover, the maximum
amount of solvent and the maximum amount of color can be both
set as a whole (not component by component).

The global conditions that must be fulfilled by the arbitrary
solvent function FS have been expressed in terms of the function
definition domain and bounding volume.

The effectiveness of the method have been demonstrated
through five simulated applications, varying the number of col-
ors, the number of light inks with the same hue, and the method
for evaluating the solvent component. It has been shown that
the method hits the mark by faithfully producing the requested
quantity of solvent. The analysis of the halftoned images shows
that the resulting ink separation curves (or surfaces) are closely
related to the standard ones.

Since we have not yet applied the method to a fully con-
trolled practical case, we do not know how effective the method
is in controlling a possible hue shift between light and dark ink
[8]. Nevertheless, if inks vary only in their dilution properties,
we expect the root cause of the observed shift to be precisely the
amount of solvent deposited on the substrate. Therefore the pro-
posed method should be of a great help in controlling such output
color discontinuities.

We expect the method to be easily extendible to printing
systems providing an additional black ink. The usual under color
removal procedure could be advantageously replaced by a sol-

vent function which reduces the amount of liquid allowed in the
dark gray regions, thus forcing the system to use the K compo-
nent instead of the compound gray.

Future work will be mainly directed towards the experimen-
tal application and characterization of the presented method. Fur-
thermore, its applicability and usefulness with systems providing
a larger set of inks have to be thoroughly considered. Our “mul-
tilevel error diffusion with solvent control” could possibly open
the door to low cost implementations of HiFi printing systems.
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