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The object of the study is the technological process of sinusoidal transformation of dark tones into a digital image, used at the stage of
preparation for printing. One of the most problematic areas is posterization, which occurs with traditional power-law gamma transfor-
mation, creating noticeable bands on the image that distort its quality and limit the capabilities of the operator, technologist, and printer.

The study employed mathematical modeling and quantization of gradation characteristics to eliminate these shortcomings. A math-
ematical model of sinusoidal transformation was developed, describing the brightness of the image in the range of 0 < L < 255 levels.
A structural scheme of the simulator model was also created in MATLAB: Simulink, allowing for the calculation and plotting of grada-
tion characteristics, optical density, and contrast sensitivity for different transformation frequencies.

As a result of the simulation, it was found that the sinusoidal transformation has significantly smaller initial quantization
shifts (0.5-2 units) and first step lengths (1-2 levels) compared to the traditional gamma transformation (11-31 units and 10-15 levels,
respectively). This eliminates posterization. The contrast sensitivity of the sinusoidal transformation increases up to 2.2, exceeding the
constant value of 1 in the linear scale, which ensures improved tone perception. Thus, the proposed method demonstrates higher efficiency
in reproducing images in both dark and light areas.

The results obtained demonstrate the absence of posterization in the sinusoidal transformation of dark tones. This is due to the proposed
approach having several features, including a steeper gradation characteristic at the beginning of the range, which eliminates posterization
of dark tones without losses in highlights. This ensures the ability to obtain high-quality images with improved gradation characteristics.

Compared to similar known methods, this provides advantages in the form of improved image quality and elimination of poster-
ization, which is crucial for the quality preparation of images for printing. The results of the research and simulation modeling can
be used to select optimal reproduction characteristics, ensuring improved perception of the printed image by the human visual system.
This allows achieving high print quality without losses in detail and contrast, which is a significant advantage in the printing industry.
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1. Introduction

Modern digital images undergoing prepress preparation require
high accuracy in conveying gradations of dark tones. Existing methods,
particularly power-law gamma transformation, often do not provide
sufficient smoothness in the dark range, leading to posterization -
image distortion that is especially critical in artistic, advertising, and
packaging printing. This limits the effectiveness of digital technologies
amid increasing demands for print quality. Despite the widespread use
of such transformations, the issues of reducing artifacts and ensuring
precise tone control remain relevant. Therefore, there is a need to de-
velop an alternative approach that would eliminate these shortcomings
and consider the psychophysical aspects of image perception.

For image processing, simple linear transformations, logarithmic,
and power-law gamma transformations are often used. In the litera-
ture, little attention is paid to analyzing the properties of logarithmic
and power-law gamma transformations, particularly when reproduc-
ing dark-toned images at boundary tone values and the occurrence of
posterization [1, 2]. Insufficient attention is given to the connection of
image transformations with standard classical parameters for print-
ing, such as optical density, contrast, and their provision at the image
processing stage.

In computer graphics programs, various methods are used to cor-
rect and enhance the input image. The most popular image correction
method is the Curves tool, where the operator uses a computer mouse
to adjust the image observed on the monitor screen. In most cases, the
digital image is corrected in the absence of the original, and the operator
adjusts the image by eye and personal judgment, so the image quality
cannot be optimal [3]. In computer graphics programs, there is no pro-
gram for building gradation characteristics, which significantly limits
the operator’, technologist’s, and printer’s ability to evaluate the image
and adjust the printing systemss ink apparatus for a given print run [4].

Thus, the development of models for sinusoidal transformation of
digital images of dark tones is a relevant task. This allows for the forma-
tion of gradation characteristics that eliminate posterization in dark
areas of the image, enabling the determination of optical density and
contrast sensitivity. This ensures the necessary quality indicators and
reduces sensitivity to posterization. Such models improve the percep-
tion of the printed image by the human visual system. They can be used
at the stage of preparing images for printing.

The problem of improving image quality during preparation for
printing is reduced to forming a gradation characteristic that, according
to the tone, places characteristics on the tone transfer interval, involving
“stretching” and ‘compressing’, which is a contradictory task [5, 6]. In the
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traditional method, characteristic correction is performed by selecting
the exponent of the power function. If the input image is described by
gray levels [0...255], where 0 corresponds to black and 255 to white,
within which gray images of different tonalities are located, traditional
power-law gamma transformation is performed according to the known
expression [7, 8]

L=kL,-L_,if 0<L, <255, (1)

where Ly - the continuous input image (linear scale), the transfor-
med (corrected) output image Ly, = 255, and k = 1/ 255 — the scale
coefficient, and r — the exponent used for image correction. Usually, the
power transformation (1) is described by a continuous expression to
simplify analysis and correction procedures. If the exponent is greater
than one, the image darkens. At the beginning of the range, striped
transitions appear in dark areas — posterization of dark areas, which
distorts the image and limits the functional capabilities for correcting
dark tones [9].

Power-law gamma transformation is used in scanners for correcting
scanned images [10] and for correcting and calibrating monitors [11],
which is effective only within certain limits — until posterization ap-
pears in dark areas or losses occur in highlights. In the literature, little
attention is paid to analyzing the properties of gamma transformation,
the phenomenon of posterization, its causes, and the limits of existence,
which can be used to analyze its properties and eliminate posterization.

In the author’s publication [12], a new model of sinusoidal trans-
formation of digital images was developed, in which posterization and
noticeable transitions in dark areas of the image are absent, and there
are no losses in highlights. Typical variants of gradation characteristics,
optical density, and contrast sensitivity graphs were built and their
properties and perception by the human visual system were analyzed.

In modern gradation editors such as Photoshop, Corel, and others,
oriented for use in computer publishing systems for preparing images
for printing, there is no program for building gradation characteristics
and analyzing their properties, which significantly limits the operator’s
and technologist’s capabilities for quality image preparation for printing
and adjusting the ink apparatus for a given print run [13].

Therefore, the aim of research is to develop a sinusoidal transforma-
tion of digital images of dark tones that does not have posterization.
This will allow forming specified gradation characteristics by changing
the transformation frequency and improve the perception of the printed
image by the human visual system.

2. Materials and Methods

The object of research is the technological process of correcting digi-
tal images of dark tones based on sinusoidal transformation at the stage
of preparation for printing.

For the experimental part of research, a sinusoidal transformation
simulator was created in the MATLAB: Simulink environment. The
simulator implements the generation of a linear brightness scale (Ramp
block), which was fed to mathematical function blocks implementing
three typical variants of sinusoidal transformation with different fre-
quencies. Each transformation was normalized to 255 levels using scale
coefficients M1 = 0.96; M2 = 1.00; M3 = 0.983. Graphs of gradation
characteristics, optical density, and contrast sensitivity were constructed.

For each variant, quantization of the output gradation characteristic
was performed using the Quantizer block with analysis of the zero dis-
crete shift and the length of the first steps. The obtained characteristics
were also compared with the linear scale and traditional gamma transfor-
mation, the results of which were input into the simulator for visual and
numerical analysis. Indicators were evaluated for the presence / absence
of posterization, curve shape, and numerical parameter values: opti-
cal density, contrast sensitivity, stepwise nature, and tone smoothness.

The selected frequency values v — 0.0016; 0.0019; 0.0022 — were
chosen based on experimental tests to cover the range from low to
medium frequencies of sinusoidal transformation, which demonstrate
noticeable changes in gradation characteristics without creating exces-
sive oscillations that could degrade image quality. These values allow
demonstrating the impact of frequency on the steepness of the grada-
tion curve and the absence of posterization in dark tones.

Similarly, scale coeflicients M1 = 0.96; M2 = 1.00; M3 = 0.983 were
chosen to ensure normalization of the output signal to the maximum
level of 255, as well as to reflect brightness variations within nominal
values without distortion. Initial shifts Z were determined empirically
based on the analysis of gradation characteristic quantization and cor-
respond to the limits where visible posterization is absent.

Overall, these parameters ensure a balance between the clarity of
detail transmission in dark areas and the preservation of smooth transi-
tions, which is critically important for printing preparation.

The following scientific methods were used in the research:
- the theory of digital image processing in the development of
sinusoidal transformation, formation of typical gradation charac-
teristics during preparation for printing to improve image quality;
- object-oriented programming in the MATLAB: Simulink pack-
age for creating mathematical and simulation models of sinusoidal
transformation and simulators consisting of graphical symbols of
operators and functional blocks with specified properties and cor-
responding parameters found in a number of Simulink libraries and
visualization tools for modeling results;
- astructural scheme of the sinusoidal transformation simulator
model was developed, with the main blocks of the scheme being
operational blocks of mathematical functions F,. In the dialog win-
dows, program expressions for calculating typical variants of sinu-
soidal transformation gradation characteristics, optical density, and
contrast sensitivity expressions are recorded, modeling results are
presented, and their analysis is performed.

3. Results and Discussion

Based on the inversion of sinusoidal transformation and the ad-
dition of a linear component, a model of a digital image of dark tones
was developed

L=[2L,-255(sin-v-pi-L, ) |- M, if 0<L, <255, )

where 255 — the specified nominal amplitude, v — the frequency, Ly — the
linear component (scale), and M - the transformation scale to the nomi-
nal level Ly, = 255.

The initial zero level of the digital image corresponds to black,
and 255 to white, within which gray images of different brightness
are located, over which various transformations were performed. For
the study, three typical variants of sinusoidal transformation of digital
images of dark tones were formed by changing the frequency:

L1=[2L, -255(sin(0.0016- pi-L,)) |- M1, 3)
L2=[2L,-255(sin(0.0019- pi-L,)) |- M2, (4)

13=[ 2L, -255(sin(00022- pi-L,)) |- M3,if 0<L, <255, (5)

where M1, M2, M3 — scale coefhicients for transformation to 255 levels.
To determine the optical density of sinusoidal transformation, the
known formula is applied [14, 15]
255
D=loglo—, 6
& L+1 ©

unit input for coordinate origin shift.
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To quantitatively assess the quality of sinusoidal transformation
of digital images of dark tones in terms of tone perception by the hu-
man visual system, their contrast sensitivity is determined for different
frequencies [3]

C::TL,ifOSLUSZSS. 7)

0

Based on the above and expressions (3)-(7), gradation character-
istics of sinusoidal transformation of dark tones of images, optical den-
sity, and contrast sensitivity can be calculated. To simplify the solution
of the tasks, simulation modeling in the MATLAB: Simulink package
was applied. Based on object-oriented programming and functional
blocks of Simulink libraries, a structural scheme of the sinusoidal trans-
formation simulator model for dark tones of images was developed, the
scheme of which is shown in Fig. 1.

The main blocks of the simulator model are operational blocks
of mathematical functions F.,. The Ramp block generates a linear
scale Ly, which is fed to the inputs of the operational blocks of math-
ematical functions F,;;—F, of the first row, where program expres-
sions (3)—(5) for calculating typical variants of sinusoidal transforma-
tion of the image are recorded. These are multiplied by M in the Gain
blocks for nominal values L = 255, which are fed to the multiplexer
and visualized by Scope and Display blocks. They are then fed to the
inputs of the operational blocks of mathematical functions F,3—F,5
for calculating optical density according to expression (6), which are
visualized by Scopel and Displayl blocks. To determine the con-
trast sensitivity of sinusoidal transformation, the Derivative block
is applied, which is visualized by Scope2 and Display2 blocks. For
quantizing gradation characteristics, the Quantizer block is applied,
which is visualized by the Scope3 block. For comparison of results,
a linear scale L, is additionally introduced into the simulator, and its
optical density is determined.

The simulator was configured. In the dialog windows of the math-
ematical function blocks, programs were recorded, and corresponding
parameters were set. In the interactive mode of the simulator, using Gain
blocks, the outputs Li were adjusted to nominal values of 255 levels, and
scales M1 = 0.96; M2 = 1.00; M3 = 0.983 were determined. The results
of modeling typical variants of gradation characteristics of sinusoidal
transformation for dark tones are presented in Fig. 2.
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Fig. 2. Gradation characteristics of typical variants of sinusoidal
transformation of dark tones

For comparison, the linear characteristic L, of image reproduction
with uniform tone distribution on the tone transfer interval is presented
at the top. The following gradation characteristics are concave curves
evenly stretched towards dark tones, having sufficient steepness at the
beginning of the range, so details in dark areas of the image are well re-
produced. In the light range, gradation characteristics have significantly

greater steepness, so light images are well
reproduced. Thus, sinusoidal transforma-
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simultaneously ensures quality reproduction
of light images. Increasing the frequency of
sinusoidal transformation shifts the charac-
teristics down and to the right, darkening

the image. Based on the above, we conclude
that the developed typical variants of sinu-
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For a complete analysis, gradation char-
acteristics were discretized using the Quan-
tizer block, the results of which are presented
in an enlarged plan in Fig. 3 for different
transformation frequencies.

The quantized gradation characteristics
are stepwise. The zero discretes have initial
shifts Z: 0.5; 0.7; 2.0 units, and the lengths of
the first steps are: 0.5; 2.0; 1.0, so they are not

Cisplay

Fig. 1. Structural scheme of the sinusoidal transformation simulator model

noticed by the human visual system (absence
of posterization), which is an advantage of
the developed sinusoidal transformation over
gamma transformation.

It was found that the graphs of quantized
gradation characteristics of power-law gam-
ma transformation of dark images have initial
shifts Z: 11; 12; 31 levels, and their lengths
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are: 12; 10; 15 levels. Large initial shifts and their lengths create notice-
able bands in dark areas, leading to posterization of the image, which
distorts the image perceived by the human visual system.

The results of modeling the optical density of sinusoidal transfor-
mation of dark tones of the image are presented in Fig. 4.
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Fig. 3. Graphs of quantized gradation characteristics
of sinusoidal transformation
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Fig. 4. Graphs of optical density of sinusoidal transformation
of dark tones of the image

Regardless of the transformation frequency, the initial values of op-
tical density are 2.406 units. The first characteristic from the bottom Dj
corresponds to the optical density of the linear scale. All characteristics
are concave curves. Increasing the transformation frequency shifts the
characteristic downward, resulting in a decrease in optical density and
a lightening of the image. At the beginning of the range, the optical
density decreases rapidly and at Ly = 50 levels, it is: 0.8488; 0.9912;
1.248; 0.699 units. After this, the rate of density decrease slows down
and eventually approaches zero.

The results of modeling the contrast sensitivity of sinusoidal trans-
formation of dark tones at different frequencies are presented in Fig. 5.

The graphs of contrast sensitivity of sinusoidal transformation
are concave curves, and their initial values depend on the frequency,
being C: 0.23; 0.48; 0.68 units. They gradually increase and around
Ly = 150 gray levels, they intersect the unit line and quickly reach final
values of C: 1.55; 1.90; 2.26 units. Note that the contrast sensitivity of
the linear scale is constant and equals one over the entire tone transfer
interval. Contrast sensitivity quantitatively and qualitatively evaluates
the response of the visual system to tone perception of the image, which
corresponds to the psychophysical Weber-Fechner law [1, 3]. Images
are better perceived in the medium and light range, which should be
considered when preparing the image for printing.
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Fig. 5. Graphs of contrast sensitivity of sinusoidal transformation

Unlike traditional gamma transformation, the results of sinusoidal
transformation demonstrate low initial shift values (0.5-2 units) and
first step lengths (1-2 levels), which significantly reduce the likelihood
of posterization. Due to the features of the sinus function with adaptive
frequency, a higher steepness of the gradation characteristic in dark areas
is ensured without losses in highlights. This makes the proposed model
particularly suitable for images with a large amount of detail in shadows.

Compared to other known works [1, 7, 10], where the main focus
is on logarithmic or power-law correction functions, the proposed ap-
proach demonstrates better detail preservation, better tone uniformity,
and more natural visual perception, confirmed by contrast sensitivity
> 2.2, which exceeds the linear approach.

The limitations of the study include the fact that sinusoidal trans-
formation has not yet been implemented in ready-made software
packages for prepress preparation, and its practical application re-
quires integration into existing software systems or the creation of
specialized plugins.

In the future, it is advisable to further develop this approach towards
adaptive control of the sinusoid frequency depending on the local con-
tent of the image, as well as to explore its application in color processing,
taking into account the interconnection of RGB channels or Lab/CMYK
models for comprehensive improvement of printed image quality.

4. Conclusions

A new model of digital image of dark tones based on the inversion
of sinusoidal transformation and the addition of a linear component
has been developed. This model allows for the formation and correc-
tion of specified gradation characteristics of the image by changing the
transformation frequency. It eliminates posterization in dark areas and
prevents losses in light areas. The optical density and contrast sensitivity
of the image, which quantitatively assess their properties, have been de-
termined. In the MATLAB: Simulink package, a structural scheme of the
sinusoidal transformation simulator model has been developed, enabling
parallel calculation and construction of gradation characteristics, opti-
cal density graphs, contrast sensitivity, and analysis of their properties.

The results of simulation modeling of gradation characteristics,
which are concave curves with increasing curvature as the transforma-
tion frequency increases v = 0.0016; 0.0019; 0.0020 are presented. It has
been established that at the beginning of the range, the steepness of the
gradation characteristics increases, thus better reproducing details in
dark areas of images while simultaneously ensuring quality reproduc-
tion of light images, which is an advantage of the developed sinusoidal
transformation.

It has been found that the quantized gradation characteristics of
zero discretes have initial shifts of 0.5; 0.7; 2.0 units, and the lengths of
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the first steps are 1, 2, 4 levels, which are an order of magnitude less
than in gamma transformation, thus the sinusoidal transformation
of dark tones of the image lacks posterization, which is its advan-
tage. The optical density graphs are concave, with initial values of
D = 2.406 units, which quickly decrease and at Ly = 50 levels are:
0.848; 0.912; 1.248 units, after which the rate of decrease slows and
approaches zero.

The contrast sensitivity graphs are concave curves, and their ini-
tial values depend on the transformation frequency, being C: 1.544;
1.903; 2.766, gradually increasing and around Ly = 155 levels intersect-
ing the unit line and quickly reaching final values of C: 1.544; 1.903;
2.766 units. Contrast sensitivity quantitatively evaluates the human
visual systemss response to changes in brightness, corresponding to the
psychophysical Weber-Fechner law.

The results of the study expand the informativeness of sinusoidal
transformation and can be used to select optimal gradation character-
istics when preparing digital images for printing.
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