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Abstract

This paper proposes a tone-reproduction method that u
neural network and modified sigmoid function 
perceptually compensate the characteristics of an ou
device. An inkjet printer was used as the output device
characteristics of which were analyzed by colorime
measurement. The measured device-characteristic dat
primary inks were then used to model the I/O characteris
of the device and a modified sigmoid function w
exploited as the optimal tone-reproduction curve for 
printer. In the actual application of the printing process,
mapping function between the proposed tone-curve and
input signal of the device was constructed as an LUT 
then used as a preprocessor. As a result, the prop
algorithm produced a detailed color reproduction in 
mid-tone range and enhanced the image contrast in
shadow-tone regions.

Introduction

Printing quality depends on so many factors including 
mechanical attributes of printers, dot-overlap, registra
between primary inks, and halftoning techniques 
Accordingly, the characteristics of printers are both mu
parametric and nonlinear. In particular, the dot-over
between neighboring dots produces serious c
differences on printing outputs.

Pappas proposed the dot-overlap model that c
predict size of dot droplets using an analytical mod1

However, this model is not sufficiently accurate for 
inkjet printer because of the misregistration that occurs 
real inkjet printer.

The polynomial regression model is another method
producing an empirical model. Here, a system is assume
be a black box, and the coefficients for modeling the sys
are obtained from the input-output relationships. Yet, 
model also is unable to guarantee any other colors ex
for the sample points.

This paper proposes a colorimetric printer calibrat
method for compensating printer nonlinearity. Four inp
output relationships of CMYK (cyan, magenta, yellow, a
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black) inks are independently modeled using a ne
network, the inputs are the lightness values and c
difference values as defined in the CIELAB system, and
outputs are the digital inking values for each primary i
Accordingly, these colorimetric measurements are use
the measured value inputs for the color patches, there
the network determines the appropriate CMYK signals
produce the desired lightness and color difference to
curves.

A modified sigmoid function is proposed as the optim
tone-curve. According to the human simultaneous cont
phenomenon, it is possible to make dark colors in an im
seem darker by making the light colors lighter.2 Therefore,
the optimal tone-curve for printing can be obtained 
adjusting the curve of the sigmoid function, which is th
inputted into the neural network to determine the CMY
signals.

As a result, with real image printing, the outputs exh
a linear tone-curve in lightness and color difference in 
mid-tone region, plus the image contrasts are enhance
reducing the heavy compression in the shadow-tone reg

Printer Characteristics

Tone reproduction attempts to reproduce the rela
luminance ratios of the original scene. For most prints
correct tone-curve is the key to reproducing the nat
aspects of the original.

In photography, linear tone-reproduction relative 
density is accepted as the standard measure of 
reproduction. Figure 1 illustrates the density change
relation to linear incremental amounts of primary inks. T
density curve measured by a densitometer is dire
proportional with the linear incremental amount of ea
primary ink. Therefore, the characteristics of the to
curves of the inkjet printer are linear to density.

However, the response of the human visual sys
(HVS) to the linear increment of a stimulus is not direc
proportional to the stimulus.
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Figure 1. Density curves relative to linear incremental amounts
primary inks.

Figure 2. Printed dot-pattern for chessboard input pattern 
inkjet printer.

In an inkjet printer, the shape of a printed ink droplet
almost circular as shown in figure 2.

As shown in figure 2, the shape of an ink droplet 
circular. As a result, dots have to be overlapped in orde
print over the entire area of the printing material. Th
causes lightness reduction and unwanted color on prin
outputs. In addition, the HVS’s response to the line
change of a stimulus is nonlinear. An experiment w
conducted using black patches generated by an inkjet pri
for linear input signals from 0 to 255. In this experimen
these patches were given to 3 observers who were 
asked to classify the patches according to their percei
brightness based on a previous category scaling and 
comparison experiment3. The results are shown in figure 3.

As shown in figure 3, as the perceived brightness w
stronger, the number of patches included in the same clu
was higher. This indicates that the HVS’s perception 
linear gray inputs in an inkjet printer is nonlinear an
approximately logarithmic.

 
Figure 3. Classification of black patches according to perceiv
brightness.
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In addition, a colorimetric comparison was also utiliz
to measure the tonal response of printer. Figure 4 shows
lightness and color difference curves relative to the lin
CMYK signals in a CIELAB system. These curves indica
that the color difference curve started to be compres
from the mid-gray range and became highly compresse
the low-gray region. Therefore, linear tone-reproduction
terms of density reduces the dynamic range of the im
and lessens the visibility of the detail regions of an ima
due to heavy dot-overlap.

(a)

(b)

Figure 4. (a) Printer tone-curve according to lightness in CIELA
and (b) Printer tone-curve according to color difference 
CIELAB.

Sigmoidal Tone-Curve

In this article, a modified sigmoidal tone-curve function 
proposed in order to obtain equi-visual tone-reproduction
the mid-tone regions of an image and enhance the con
in the shadow-tone regions.
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Equations (1) to (3) show the proposed tone-cu
function for generating lightness and color differen
curves. Where m is the total gray level and Sj,max and Sj,min are
the corresponding input gray values for the maxim
lightness or maximum color difference and the minimu
lightness or minimum color difference, respectively. x0 and
σ control the shape of this sigmoidal function. In this stu
x0s are the median gray values corresponding to 
lightness and color difference medians lying between th
respective maximum and minimum values. In this case,
76, and 84 in the gray level were chosen as the median
cyan, magenta, and yellow, respectively.

Figure 5. Tone-curves according to σ.

In addition, σ decides the compression ratio of the ton
curve. According to the human simultaneous contr
phenomenon, it is possible to make dark colors in an im
look darker by making the light colors lighter. In order 
boost the image contrast within the limited dynamic ran
the highlights and shadow detail both need to 
compressed2. However, compression in a highlight-ton
region desaturated an image without contrast enhancem
Accordingly, in this article, only shadow-tone region w
compressed by only adjusting σ, as shown in figure 5.

As σ increases in a shadow-tone region, the contras
the output image decreases. From this experiment, wheσ
was larger than 184, the tone curve was almost linea
images were used to identify the optimal value for σ. Each
image was subjectively evaluated by 10 observers. Fiveσs
ranging from 72 to 184 were compared and 128 was cho
as the optimal value.

Neural Network Implementation to Reproduce
Sigmoidal Tone-Curve in Inkjet Printer

To obtain the tone-curve of figure 5 on output prints, 
transfer function of the printer must be inversely model
For each primary ink, corresponding input digital inkin
values must be determined in terms of its lightness 
color difference. In this case, a 1-dimensional dir
mapping method can be applied through the use o
comparison based on the least square error between
digital input values and the measured values. However
shown in figures 4(a) and 4(b), these curves are 
monotonic. Therefore, direct mapping, based on a le
square error comparison between the digital inking val
3309
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and the measured data, can generate a saw-tooth gray 
curve in the local region of the curve.

In a real half-toning process, the marked area relativ
the linear incremental amounts of ink on the print is 
monotonic because the curve of the number of marked 
between very close gray levels can not be monotonic
addition dot-overlap and measurement errors will a
influence the size of the marked area.

However, this non-monotonicity in a local region c
be removed by averaging the results of a number
measurements. In this study, to avoid excess
measurements, the input and output relationship 
modeled using a 1-dimensional neural system.

A multi-layer perceptron with a 1-30-1 structure w
constructed to model these four mapping functions, an
back-propagation algorithm was used to instruct 
network4. After network learning, look-up tables we
generated for cyan, magenta, yellow, and black as 
mapping functions, i.e. the printer-controllers during 
printing process.

The implemented 1-30-1 network structure was 
follows:

W kj

W ji

C,M,Y (K)

Output layer, k

Hidden layer, j

Input layer, i

O

W 2

h

W 1

X

∆Ε * ab (L)

Figure 6. 1-30-1 Network structure.

After network learning, 4 LUTs were used to obtain 
input CMYK signals, which then reproduced the sigmoi
tone-curves on output images. The overall structure of
proposed system is as follows:

W kjW ji

255 Printer
Normalized

Sigmoid Inputs
for C,M,Y,K

Figure 7. Neural system for sigmoidal tone reproduction.
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(a)

(b)

(c)

(d)

Figure 8. Resultant tone-curves (a) black, (b) cyan, (c) mage
and (d) yellow.
4310
Experimental Results

To evaluate the proposed algorithms, 64 printer patches
each ink were made and measured by a spectrophotom
CM-3600d. Figure 8 shows the resultant tone-curves 
each primary ink. These curves represent the meas
values for the generated patches when using the prop
method.

These results indicate that the proposed calibrat
method can effectively calibrate both printer-nonlinear
caused by dot-overlap and human nonlinear percep
using CIELAB metric, thereby enhancing the contrast 
the printing output. In addition, the linear tone-reproducti
in mid-gray regions produces an excellent representatio
detail in the output image.

Conclusion

This paper proposed a tone-reproduction method usin
neural network and modified sigmoid function 
perceptually compensate printer nonlinearity. The prin
characteristics are modeled using colorimet
measurements within a 1-30-1 neural network structu
These measured device-characteristics are then used i
BP learning process.

A modified sigmoid function is proposed in order 
produce optimal tone-reproduction curves for the print
When applying to real images, the mapping functi
between the proposed tone-curve and the input signa
each device is built as an LUT and then used as input to
printer.

As a result, the proposed algorithms produce a deta
color-reproduction in the mid-tone range plus an enhan
overall image contrast on the printing outputs.
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