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Abstract: This paper presents an overview in relation to observed changes in saturation and hue.
The magnitude and phase components of color images are analyzed using the Complex Hadamard
Transform. By considering the human visual system, CIE La*b* color space is applied to RGB images
in the transform domain. It is determined that by changing the phase in a sequency domain, the hue
varies when the saturation is kept the same, and the opposite occurs when the magnitude is changed.
The results are compared with those of the Discrete Fourier Transform in the frequency domain. The
above parameters play an integral part in the functioning of color images on different applications
using the Complex Hadamard Transform.
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Saturation and Hue Analysis Using 1. Introduction

Complex Hadamard Transform. Eng. The Complex Hadamard Transform (CHT) is a discrete and orthogonal transform [1].
Proc. 2022, 20, 36. https:/ /doi.org/ It is the generalized form of the Real Hadamard Transform (RHT). This transform is well-
10.3390/engproc2022020036 known due to its simplicity; for example, its transformation-matrix values depend on the

{#£1, £/} unit complex plane [2]. It works in a sequency domain that is more closely related
to the frequency of the Discrete Fourier Transform (DFT) [3].

Color images are stimulated by two important factors. First, color plays powerful
Published: 5 August 2022 role in recognizing an object from its intensity bands and allocating them to different
channels [4]. The spatiochromatic features of color images have been analyzed using
eigen-images [5]. Color PCA (principle component analysis) has been performed for
published maps and institutional afil-  0ackground surfaces and boundaries. The second vital reason for image processing is that
{ations. the human eye can discriminate thousands of color shades [6]. Full-color and pseudo-color

processing are the main areas of color-image processing. A pseudo-natural color technique
has been developed on the basis of the spectral similarity scale [7]. Generally, color-image
EY processing techniques are divided in the chromatic information, for extracting the color, and
Copyright: © 2022 by the authors.  the topological information of the color images [8]. Color-image enhancement is needed
Licensee MDPI, Basel, Switzerland.  to reduce the noise and sharpen the image boundaries. Different levels of histogram
This article is an open access article  equalization have been studied, such as gray-level and saturation-level histograms, for the
distributed under the terms and  contrast enhancement of color images [9].
conditions of the Creative Commons This paper is based on the analysis of the magnitude and phase angle of color images
Attribution (CC BY) license (https:// i, the sequency domain. The Conjugate Symmetric Sequency-Ordered Complex Hadamard

Zrzj;ivecommons'org/ licenses/by/ Transform (CS-SCHT), a variant of the CHT, is applied to color images using CIE La*b*.
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This color space provides the best results in terms of the correlation and sharpening of
color images [10,11]. This color model provides (1) luminance and (2) chromatic channels.
Luminance is based on gray shades from 0 (black) to 100 (white). The chromaticity value a*
for the chromatic components varies from red to green, whereas, b* varies from yellow to
blue [12,13].

2. Background and Motivation
2.1. Human Visual System (HV'S)

The HVS, described as the image that is actually displayed and perceived by the
human eye, is different. The human eye and brain can easily process an object via the light
rays emitted and reflected within the electromagnetic band [6]. Research based on the HVS
has been developed over several years, and a small portion of it has been developed for
color images for a number of reasons. The HVS alone is more confined in the transform
domain by spectral coefficients; in particular, the HVS is more sensitive to changes in the
hue of color images [14].

2.2. CIE La*b* Color Space

Color spaces are represented by their particular chromaticity diagrams [15]. These
are the mathematical standards that describe the ranges of colors. The International
Commission on Illumination (CIE) developed CIE La*b* [13], which is perceptually uniform.
It has been determined that the distance between two color points is perceptual to the
HVS [13] as follows:

AE* = \/(AL)2 + (Aa*)* + (Ab*)? 1)

where the total difference in the color is AE*, the difference between red-green (+a* to
—a*) colors is Aa*, the distance measured between yellow-blue (+b* to —b*) values is Ab¥,
and AL describes the change in the luminance value of black-white. HVS can first observe
the change in hue; second, the change in chroma or saturation; and finally, the change in
luminance [16].

C*=/(a* + %) @)
AH* = tan™ ' (b* /a*) 3)
C* represents the chroma, and the change in hue is represented by AH*.

2.3. HSV Color Space

The HSV color space is the most-referenced color space, consisting of hue, saturation,
and value, with a cylindrical geometry system [6], in an RGB color model. Its vertical axes
represent the gray level from black to white. In the chromaticity plane, hue and saturation
are described as projections on the RGB cube [17].

3. CIE La*b* in Transform Domain

The RGB image is transformed into the CIE La*b*; then, the luminance ‘L’ compo-
nent and the chromatic ‘a* and b*’ components are separated. CS-SCHT is applied to
the two-dimensional chromatic components as a complex number a* (11, ny) + jb*(nq,nz)
as follows,

A* (k], kz) + ]B* (k1, kz) = %{a* (1’11, 1”12) + ]b* (1”11, 1’12)} 4)

where the transformed coefficients are A* (ky,kp) + jB*(k1,k2).

3.1. CS-SCHT

CS-SCHT is the conjugate version of the CHT. This transform has been applied in
signal- and image-processing applications [18,19]. This transform has been performed on
signals analysis as follows:
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X (ky, ky) = \}N%{x*(m,nz)} 5)
The inverse is:
x*(n1,m) = ST X (ky, k2)} 6)

where, X (kq,ky) is the spectrum in the transform domain and x*(ny,ny) is the spatial
domain image.

3.2. Change in Saturation

In the sequency domain, the way in which the saturation of the color image changes
its magnitude is shown in Figure 1. For example,

X(k1, ko) = A*(k1, ko) + jB* (kq,k2) (7)
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Figure 1. Change in saturation by changing magnitude.

The real part is A*(k1, ky) and the imaginary part is jB*(kq, k). The RI_ratio is the
real /imaginary ratio, as in:

RI_Ratio(ky,ky) = Real /Imaginary

X(kl,kz) = A* (kl, kz) + RI_RthiO(kl,kz)
X(kq, ko) = jB*(ky1, ko) + thr

)
X(kl,kz) = A* (kl,kz) + thr (7b)
X(k1, k) = jB* (k1,k2) + RI_Ratio(ky, k2)

(7a)

A change in saturation of the color image is observed from brighter shades to dull
shades. This depends on the threshold value ‘thr” that is added to the real or imaginary
parts of the coefficients, and it depends on the condition.
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Equations (7a) and (7b) shows the variation in the saturation in the sequency domain
using CS-SCHT. Figure 2a shows an 8 x 8 block of an image. Figure 2b,c are transform
images using DFT and CS-SCHT, respectively. They show that saturation varies with
varying threshold values. Meanwhile, Figure 3a is a 512 x 512 image titled “house.tiff”,
and is processed using DFT and CS-SCHT, as shown in Figure 3b,c, respectively.
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Figure 2. Change in saturation by changing magnitude, 8 x 8 image block: (a) original image,

(b) DFT-processed image, and (c) CS-SCHT-processed image.

250 250 250

200

(b)

Figure 3. Change in saturation by changing magnitude, 512 x 512 image: (a) original image, (b) DFI-

processed image, and (c¢) CS-SCHT-processed image.

3.3. Change in Hue

Hue is a characteristic of the human eye’s perception of colors [20]. Sometimes,
different colors have the same hue, but with dull or brighter saturation, different shades of
the same color can be seen. The hues in CIE La*b* are red, yellow, green, and blue. Hue is
measured in the transform domain: 6 = tan=1(B*(ky, ko) / A* (k1,k2)).

A change in hue is observed as shown in Figure 4, by interchanging the real and
imaginary values of the sequency domain coefficients as follows:

Real = B*(ky, k) (8)

Imaginary = j* A*(ky,kp) )
0" = tan" 1 (A* (ky, kp) /B* (k1,kz)) (10)
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Figure 4. Change in hue by changing phase angle.

Equation (10) shows the changes in colors; this is shown in Figure 5a in 8 x 8 block
images, whereas Figure 5b,c are DFT- and CS-SCHT-processed images. The values of
the pixels show the variation in the R, G, and B color planes due to changes in the real
and imaginary parts of the coefficients. CIE La*b* provides red—green along real axis and
yellow-blue along imaginary axis.
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Figure 5. Change in color by changing magnitude: (a) 8 x 8 image block, (b) DFT-processed image,
(c) CS-SCHT-processed image.

Therefore, by interchanging the values, the CIE La*b* coordinates changed from red-
green to yellow-blue and vice versa. Figure 6a,b show the changes in hue with both
transforms, respectively. The CS-SCHT simulation was performed without multiplying the
normalizing factor with CS-SCHT.
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Figure 6. Change in hue: (a) DFT-processed image, (b) CS-SCHT-processed image.

4. Conclusions

In this paper, changes in saturation and hue were analyzed with respect to the mag-
nitude and phase angle of the transformed spectra. The ratio of the real and imaginary
values of the coefficients shows the dullness and brightness in the color image without
affecting the color of image. In a similar way, without affecting the saturation, the hue value
is altered by swapping the axis of the color space in the sequency and frequency domains.

This work may be applied in digital color-image watermarking using different chro-
maticity planes. Watermarks could be inserted in the saturation part by considering the
challenging parameters of the watermarking and steganography algorithms. They could
be applied using color-image pattern-matching applications. The Complex Hadamard
Transform and its variant need to be investigated for other applications in the fields of
digital images and signal processing.
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