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Featured Application

The proposed method can be applied in scenarios where secure and selective access to
sensitive or confidential information is required. The approach of embedding data within
chromatic QR codes using visible color multiplexing has been demonstrated to enhance
protection against unauthorized decoding. The potential applications include information
security for government institutions, financial services, and private companies that handle
classified or exclusive data.

Abstract

QR codes (Quick Response) were originally developed by the automotive industry to enable
rapid data exchange and have since evolved into versatile tools for commercial applications,
such as linking to products or websites. However, the scope of their adoption has expanded
into sensitive domains including financial, corporate, and governmental sectors. In order
to address increasing security concerns, this work proposes a novel three-layer protection
scheme. First, data confidentiality is ensured through encryption—in this study, symmetric
AES (Advanced Encryption Standard) encryption is used as an example, though any
encryption algorithm can be employed. Second, a multiplexing technique is employed to
integrate two independent dichromatic QR codes into a single printed chromatic structure.
Third, the recovery of each dichromatic code is achieved through the controlled incidence of
specific wavelengths, not only providing improved channel separation but also functioning
as a physical access control mechanism. This physical layer restricts unauthorized reading.

Keywords: data capacity enhancement; data encryption; dichromatic multiplexing;
information security; quick response codes; wavelength

1. Introduction
The Quick Response (QR) code [1], developed by the Japanese company Denso Wave

in 1994, is characterized by its high data storage capacity, which depends on the physical
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size of the code and the optical resolution of the scanner. It can encode up to 7089 numeric
characters or 2953 bytes under optimal conditions [2]. Among its variants are Model 1,
Model 2, and Micro QR. This work utilizes Model 2, as it incorporates an alignment pattern
that improves positional accuracy and allows for greater data capacity compared to Model
1. Versions of Model 2 range from 1 to 40, registered under the AIMI standard [3], with
version 40 offering the highest capacity [4].

Thanks to its versatility and ease of use, the QR code has gained significant popularity
in recent years, expanding beyond commercial applications to be integrated into official and
personal documents such as government-issued IDs, corporate credentials, and medical
records. However, the adoption of QR codes in contexts that handle sensitive information
has increased the attack surface, exposing them to threats such as spoofing through redi-
rection to malicious sites [5], theft of personal data [6], alteration of the encoded content,
and even physical counterfeiting in environments such as parking lots, digital menus,
and payment points, where attackers replace or overlay legitimate codes with fraudulent
versions [7]. These threats aim to exploit user trust and the absence of visible authentication
mechanisms in traditional codes.

In response to this scenario, QR code security has evolved with the development of
new techniques to safeguard the information they contain. This work proposes a solu-
tion for protecting printed QR codes that store sensitive data, based on the integration of
two complementary security layers. First, data confidentiality is ensured through encryp-
tion, in this case, AES encryption [8], which ensures the integrity and confidentiality of
information during storage and transmission. The second layer employs chromatic multi-
plexing, which enables the embedding of two independent dichromatic codes into a single
chromatic QR code, assigning different encrypted information to each color component (ex-
cluding the white background). This design makes it more difficult to tamper with or falsify
the content, as altering one of the chromatic channels compromises the complete readability
of the entire message. Data can be retrieved more easily thanks to a visual representation
in the anaglyph style [9,10], which improves code separation during photographic capture
and reduces the risk of incorrect reading or unauthorized manipulation.

This work proposes the integration of two security layers into QR codes: plaintext
information is encrypted using the AES algorithm, and a chromatic printed QR code is
generated. The encoded information can be retrieved from a photograph through a visual
technique based on the anaglyph style, which facilitates the separation of color-encoded
data during the decoding process.

The remainder of this paper is organized as follows: Section 2 reviews related work in
QR code security. Section 3 details the methodology employed in developing the proposed
solution. Section 4 formalizes the mathematical foundations underlying the approach.
Section 5 presents a case study illustrating the implementation. Section 6 discusses the
obtained results, followed by Section 7, which provides a thorough analysis of the findings
and their implications. Finally, Section 8 concludes the paper and outlines directions for
future research.

2. Related Work
QR codes offer a fast and convenient way to access information; however, they also

pose potential risks such as redirection to malicious websites, theft of personal data, and
manipulation of the encoded content. Consequently, various protection measures have been
proposed, including encryption, source verification, and the adoption of safe practices by
users and organizations [2]. Among these measures, dual-layer QR codes are particularly
useful for document authentication and secure information exchange, by superimposing
a visible code and a hidden one, which is activated under specific conditions [2]. In
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particular, secret sharing schemes take advantage of the error correction capability of QR
codes to ensure that data can only be recovered if all authorized parties participate [11,12].
The integration of encryption algorithms and digital watermarking has also been key
in the development of more secure QR codes. Several methods combining symmetric
and asymmetric cryptography with complex mathematical transformations have been
proposed, such as ADNA with Blowfish [4], Lightweight Cryptography (LWC) [13], and
LU decomposition and PCA [14], as well as the use of the Fourier transform to generate
encrypted diffraction patterns [15,16]. Other techniques that have been explored include
QR decomposition in the wavelet domain to protect biometric data [17], and the use of the
RSA algorithm to secure highly sensitive information [18].

Another line of research involves nested QR codes, in which one code contains another
inside it, allowing the transmission of multiple messages depending on the scanning angle
or distance [19,20]. Additionally, steganographic techniques have also been developed
to conceal information alongside the main message [21,22], including methods such as
subbyte encryption [23] and the insertion of false data to mislead unauthorized users [24].
Some approaches even integrate homomorphic encryption or NTRU with steganography
to hide information within a cover image embedded in the QR code [25].

Multiplexing and Capacity Enhancement

The use of colors and multiplexing techniques has significantly improved both the
security and storage capacity of QR codes [26]. Methods such as the Prism algorithm for
ultra-color encoding [27], the Rubik’s cube principle for separating RGB channels [28],
and the simultaneous use of multiple colors (red, green, and blue) within the code’s struc-
ture [29,30] open up new possibilities for advanced encoding. In [31,32], the importance of
multiplexing is also highlighted as an effective technique to increase the amount of informa-
tion that can be stored without altering the visual appearance of the QR code. Furthermore,
recent studies have explored less complex but highly functional multiplexing approaches,
which enable greater encoding capacity while maintaining the structural simplicity of a
chromatic QR code [32,33]. All of the development methodology presented in the following
sections is inspired by the initial basic concepts published in [33,34].

3. Methodological Approach
The methodological approach is structured in three main phases: encryption of the

information (EA and EB) using dichromatic QR codes (A and B), generation of a chromatic
QR code (C) by superimposing the two dichromatic QR codes, and recovery of each
dichromatic code through color-based identification techniques using a photograph, as
illustrated in Figure 1.

The process begins with two distinct sets of information (IA and IB), which are en-
crypted and encoded into two dichromatic QR codes labeled A and B. These are then
integrated through a multiplexing approach to produce a single chromatic QR code labeled
C. To retrieve the original codes A and B from the chromatic QR code C, a visual technique
known as the anaglyph is employed.

In this process, the physical control of illumination through the modulation of the
duty cycle and frequency of each light beam is essential. The duty cycle ensures chromatic
stability, preventing unwanted color mixing, while the frequency regulates luminous
intensity, guaranteeing adequate contrast and reducing the impact of undesirable noise
during photographic capture.

This physical control of lighting eliminates the need for specialized image sensors
or complex software filtering, and it ensures reliable channel separation, independent of
ambient lighting conditions or camera characteristics. The system is intended for spe-
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cific applications in sectors such as banking and government, where a dedicated device
including both specialized illumination hardware and decoding software is deployed to
guarantee data security and controlled access.

Figure 1. Encryption, multiplexing, and retrieval scheme for dichromatic QR codes.

All simulations and data processing were conducted using Python 3.9.4 (Python
Software Foundation).

4. Mathematical Formalization
This study is based on two QR codes (A) (B) that represent two different sets of

information. Both codes are represented as input values, which are defined as matrices
A and B; each of these matrices, in turn, is defined as a collection of elements,

{
ai,j

}
and{

bi,j
}

, respectively.

Definition 1 (Dichromatic QR Code). A dichromatic QR code is a two-dimensional ma-
trix Am×n with m, n ∈ Nm, n ∈ N such that each element ai,j = {x, y | x ̸= y}
with 0 < i ≤ m and 0 < j ≤ n, with x and y being colors.

With two dichromatic QR codes, these being matrix Am×n and matrix Bm×n, it is
possible to obtain a chromatic code by a multiplexing relation; this is expressed in Definition
2 and Definition 3.
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Definition 2 (Chromatic QR Code). A chromatic QR code is a two-dimensional matrix Cm×n with
m, n ∈ N such that each element ci,j = {x,w,y,z | x ≠ y,w ≠ y, z ≠ y, x ≠ w,z ≠ w, x ≠ z, y ≠ z}
with 0 < i ≤ m and 0 < j ≤ n, with x, y, w, and z being colors.

Definition 3 (Multiplexing (r)). Every r multiplexing is a binary relation that, given two dichro-
matic QR codes Am×n and Bm×n, produces a chromatic QR code Cm×n, such that Am×n r Bm×n

→ Cm×n.

Definition 4 (Spectral Transformation (T)). Every spectral transformation Tis a binary
relation that maps an image Cm×n to a dichromatic code image Φλ, that is, Cm×n T λ →
Φλ, with λ = {λB, λR | λB ̸= λR}.

Definition 5 (Extraction). For every extraction of dichromatic codes Am×n and Bm×n, a spec-
tral transformation T is applied to a chromatic image Cm×n, where λB is the wavelength to
extract Am×n and λR is the wavelength to extract Bm×n, that is, Cm×n T λB → Am×n and
Cm×n T λR → Bm×n.

Definition 6 (Absorption or Reflection). For every absorption or reflection, the result is obtained
from a spectral transformation T of an image Cm×n, such that each element ci,j = {y, z | y ̸= z

}
, with y, z ∈ {0, 1}, where 1 denotes reflection and 0 denotes absorption.

According to Definition 3, creating a chromatic QR code involves constructing a
matrix of ordered pairs C, where each pair consists of two elements taken from the
two-dimensional matrices A and B. This matrix is referred to as Multiplexing (r). In
accordance with Definition 5, the dichromatic QR codes are recovered through a spectral
transformation involving two distinct wavelengths Φλ. Figure 2 illustrates this process as a
general mathematical diagram, designed to allow users to select any colors they wish. The
identification of each QR code can be performed using visible or non-visible wavelengths,
such as UV or infrared, depending on the type of printing ink used.

 

Figure 2. Multiplexing of dichromatic QR codes and their retrieval by wavelengths.



Appl. Sci. 2025, 15, 9708 6 of 15

5. Case Study Based on the RGB Format
5.1. Obtaining the Tetrachromatic QR Code

For the creation of the chromatic QR code, a binary relation r is used to construct a
matrix of ordered pairs, C, where each ordered pair consists of two elements taken from
the two-dimensional matrices A and B. This binary relation is called Multiplexed (r), as
shown in Figure 3.

 
Figure 3. Multiplexing of QR-A and QR-B dichromatic codes.

As described in [28], the colors used in matrices A and B are red, blue, and white. It
is essential to work with colors in the (R, G, B) channel format, where each channel takes
a binary value of 0 or 1. Red and blue were selected because they represent fundamental
and contrasting chromatic components within the RGB color space, which facilitates their
manipulation and reliable separation through optical and image processing techniques.
This choice also enables clear detection thresholds and scalability to other color formats.
The specific RGB values of these colors are shown in Table 1.

Table 1. Matrix colors A (red and white) and B (blue and white).

x w y z

Channel Red Blue White Black

R 1 0 1 0
G 0 0 1 0
B 0 1 1 0

Format (R, G, B) (1,0,0) (0,0,1) (1,1,1) (0,0,0)

5.2. Recovery of the Original QR Codes

For the recovery of each dichromatic QR code, the printed image undergoes a spec-
tral transformation process Φλ, with only two visible wavelengths considered: the red
wavelength λR, ranging from 620 nm to 750 nm, and the blue wavelength λB, spanning
from 450 nm to 495 nm. These spectral ranges are essential as they provide the precise
parameters needed to manage the variation in ambient lighting during image capture.

Once the photograph resulting from the spectral transformation ΦλB or ΦλR has been
obtained, the captured image is processed through a binarization algorithm defined by
the following threshold: 0← 0.32 ≥ pixel (p) ≥ 0.33→ 1 . This procedure corrects tonal
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variations caused by ambient illumination fluctuations, ensuring precise dichromatic QR
code segmentation. The entire process is visualized in Figure 4.

 
Figure 4. Recovery of dichromatic QR codes via spectral wavelengths.

6. Results
An evaluation scenario was conducted in which a chromatic QR code was generated

as an access ticket to a security conference. Through dichromatic QR code A, a personalized
access link is provided to each participant, consisting of the event’s website with the unique
ID extension assigned to the guest. QR code B, on the other hand, contains the private access
token required for authentication. The AES algorithm was used to encrypt the information,
offering a reliable, widely accepted, and secure method. For this implementation, the
following configuration was applied, ensuring both high security and modularity of the
system: AES-256, CBC (Cipher Block Chaining) mode, with PKCS7 padding. It is worth
noting that, in scenarios where the tokens or information contained in the dichromatic codes
is particularly sensitive, it is possible to combine both codes into an additional encrypted
block and apply integrity techniques such as hash or HMAC. This implementation does
not affect the main methodology of decoding via wavelengths and provides an extra layer
of security according to the requirements of the use case.

6.1. Encrypted Information

1. Information 1 (IA)

https://secure-login.com/session?id=87213

2. Encrypted information 1 (EA)

gAAAAABocEI3WPfOFvyJ_g9OZoAKCZGJdHUwIsVw7WSf-
Ia1V6iw0FylngCv3GIHPjtnaAauMSiaLklca5WFAEX5aLL-
fXGhFRzsiQ8VN3chcxxEiTP6J4-Hm0LDbiVpBxPQVMDsVOUAq

3. Information 2 (IB)

Token: 39428, Exp. 2025-11-10 T 14:00:00Z

4. Encrypted information 2 (EB)

https://secure-login.com/session?id=87213
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gAAAAABocEZOjQRkg3b9NdrE25_X2bBYPgDcJYkKsH4jiu-
zoM4RF4xdz3Wh4GIiwX_vmRNIjnMBh7w4fyR6Gi7rdbxF1fS3p1fWtQppcldoUD-
PvpHiwtvWrTpCac9WGum3cDzvZUUGMs

6.2. Creation of the Chromatic QR Code

Once the corresponding encrypted information strings, identified as EA and EB, have
been obtained, the process of generating the dichromatic QR codes A and B begins, as
shown in Figure 5. This process consists of the encoding of EA and EB, using specific
color schemes that allow each code to be distinguished and linked with its respective
protected information.

   
(a) (b) (c) 

Figure 5. Creation of dichromatic codes and chromatic QR; (a) dichromatic QR code A of dimensions
m × n; (b) dichromatic QR code B of dimensions m × n; (c) chromatic QR code Cm×n.

A single composite chromatic code was constructed from the previously generated
dichromatic QR codes A and B, as shown in Figure 5. This code visually integrates
both patterns into a single graphic representation, preserving the distinctive chromatic
characteristics of each one. The controlled merging of codes A and B allows multiple layers
of information to be stored in a single visual support.

6.3. Identification of Dichromatic QR Codes A and B

Once QR code C has been printed, the recovery phase is divided into two stages,
corresponding to the incidence of blue λB and red λR wavelengths. To minimize variations
in ambient lighting and ensure greater accuracy in color recovery, a custom-designed
lightbox was used for photographic capture of the QR codes. Noise variations naturally
occur during photographic capture of chromatic QR codes due to environmental factors
such as unwanted glare. Returning to the illumination stage described in the methodology,
it is important to highlight that the duty cycle and frequency of the light beams used vary
depending on the color. For example, red, being brighter than blue, requires a relatively
higher duty cycle, while blue, being less bright, is used with a relatively lower duty
cycle. This precise optical control not only ensures the correct recovery of the dichromatic
codes but also strengthens the system’s security against the threats described in Section 2.
Furthermore, during photographic capture, brightness variations may occur, generating
slightly different shades of the same color (e.g., wine red versus carmine red, or sky blue
versus cobalt blue). These variations represent system noise, which can affect the correct
identification of the codes. To mitigate this effect, precise control of the incident wavelength
is employed, carefully adjusting the duty cycle and frequency of each light beam, ensuring
that each dichromatic code is reliably identified and that the information is accessible only
to authorized individuals.

According to Definition 4, when blue-wavelength light is projected onto code ΦλB ,
code Am×n becomes visible, whereas projecting red-wavelength light onto the same code
ΦλR reveals code Bm×n. Photographs of each code were taken during the process, as
illustrated in Figure 6.
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(a) (b) 

Figure 6. Visualization of the dichromatic codes derived from QR code Cm×n: (a) QR code A under
blue-light illumination ( ΦλB ); (b) QR code B under red-light illumination ΦλR .

A binarization algorithm is used to classify the image modules into two categories,
corresponding to the colors black and white. The modules assigned to the black color
represent those regions with lower tonalities in the grayscale, while the modules classified
as white correspond to higher tonalities. This classification is performed based on a
luminance threshold defined in the interval 0 ≤ p ≤ 1, where a pixel p is considered black
if 0 ≤ p ≤ 0.32, and white if 0.33 ≤ p ≤ 1, as illustrated in Figure 7.

  
(a) (b) 

Figure 7. Recovery of the dichromatic codes: (a) QR code A (Am×n); (b) QR code B (Bm×n).

6.4. Validation of the Original QR Code Information

To validate the integrity of the recovered information, the original IA and IB strings
are compared with their respective reconstructed versions, IA′ and IB′. As shown in
Figure 8, both matches confirm that the encoding and decoding process was performed
accurately and that the data was not altered.

(a) 

(b) 

Figure 8. Validation of information integrity: (a) it is confirmed that IA and IA′ represent the same
information; (b) it is confirmed that IB and IB′ represent the same information.

For this case study, an experimental system was employed, consisting of a lightbox that
integrates an STM32 board for precise control of the wavelengths, along with a modulation
circuit responsible for regulating the duty cycle and frequency of each light beam. This
setup ensures reliable identification of the dichromatic QR codes, allowing each color to be
detected and recovered independently. Figure 9 provides a detailed view of the system: in
(a), the schematic design of the lightbox is shown, highlighting the internal arrangement
of the components, while in (b), the constructed prototype is displayed, illustrating its
external appearance and the complete integration of the control hardware.
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(a) (b) 

Figure 9. Experimental setup: (a) schematic design of the lightbox; (b) constructed prototype.

6.5. Quantitative Evaluation of the Proposed Method Using PSNR and BER Metrics

To validate the proposed method quantitatively, a total of 50 samples were evaluated
under controlled capture and processing conditions. The metrics employed were the
Structural Similarity Index Measure (SSIM), the Peak Signal-to-Noise Ratio (PSNR), and
the Bit Error Rate (BER).

According to the literature, SSIM values above 0.90 are indicative of high structural
similarity between images, and PSNR values greater than 30 dB suggest good visual recon-
struction quality. Similarly, a BER close to 0% reflects precise information recovery with
minimal errors [35]. The results in this study demonstrate SSIM values between 0.85 and 0.97,
SNRs ranging from 35.87 dB to 46.10 dB, and BERs between 0.08% and 0.12%, with these
values presented in Figure 10. It is observed that the slight variation in errors in the last quarter
of the samples is due to some encrypted strings being longer, which consequently generate
a higher number of cells in the dichromatic QR codes. Although the system successfully
illuminates all the cells, the increased number of cells makes small variations unavoidable
during the recovery process, explaining the slight relative increase in the error rate in this
section. These results reflect high fidelity in code recovery, as detailed in Table 2.

  
(a) (b) 

 
(c) 
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Figure 10. Quantitative evaluation of the method using (a) SSIM; (b) PSNR; (c) BER metrics.
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Table 2. Quantitative performance indicators of the proposed method.

Metric Mean Standard Deviation (σ) Minimum Maximum

SSIM 0.8922 0.0356 0.85 0.97
PSNR (dB) 38.8162 2.7690 35.87 46.10

BER (%) 0.0953 0.0113 0.08 0.12

7. Discussion
7.1. Proposed Method

The proposed method is based on a data multiplexing scheme that utilizes a single printed
chromatic QR code, composed of red, blue, white, and black modules. By controlling the inci-
dence of specific wavelengths (red and blue), it is possible to selectively recover two independent
dichromatic QR codes, allowing the separation and decoding of distinct data sets.

Additionally, data encryption using the AES algorithm was incorporated as the first layer
of security, enhancing the confidentiality of the information contained within each chromatic
channel. Quantitative evaluation using SSIM, PSNR, and BER metrics showed high fidelity
in recovering the modular patterns, with average values of 0.89 for the SSIM, 38.8 dB for the
PSNR, and 0.095% for the BER, all within acceptable ranges reported in the literature.

7.2. Limitations and Scalability

The recovery process depends on controlled illumination conditions, which are typically
achieved using a black box or dark camera enclosure to ensure precise wavelength incidence.
So far, experiments have successfully multiplexed up to four dichromatic QR codes into a
single chromatic QR code. However, increasing the number of input elements affects the tonal
distinction between colors, complicating recovery by wavelength discrimination.

Moreover, although the resolution of the resulting chromatic QR code image remains
constant, as all input matrices must have the same dimensions (m× n) to create the com-
bined code, practical scalability is limited by the perceptual and spectral distinguishability
of the multiplexed colors.

7.3. Practical Application

The feasibility of transferring this study’s methods from controlled laboratory condi-
tions to real-world scenarios is promising, given that preliminary printed samples have
already been produced and tested. The stability of the output image size and resolution
means that it can be implemented without the need for specialized image sensors, relying
instead on controlled illumination and standard photographic equipment.

Future work will focus on improving robustness against variability in ambient lighting
and exploring multiplexing schemes with more than four input codes. The aim is to
enhance scalability without compromising decoding accuracy.

Table 3 presents a detailed comparison of the proposed method with related works,
considering factors such as capacity, encryption use, average encoding and decoding times,
photographic recovery, and code multiplexing. This comparison helps to contextualize the
strengths and limitations of the developed method within the state of the art.

Table 3. Comparative analysis of the proposed method and related works.

Method
Max

Capacity
(bytes)

Encryption
Type

Encoding
Time (s)

Decoding
Time (s)

Use of
Chromatic

Codes
Photographic
Recovery

Recovery
by Wave-
lengths

Multiplexed
Codes

Recovery
Conditions

Proposed 5906 AES 26.14 31.58 Yes Yes Yes 2
Black

box/controlled
illumination

Toh et al.
[13] 5906 — Not

reported
Not

reported No No No 2 Not specified
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Table 3. Cont.

Method
Max

Capacity
(bytes)

Encryption
Type

Encoding
Time (s)

Decoding
Time (s)

Use of
Chromatic

Codes
Photographic
Recovery

Recovery
by Wave-
lengths

Multiplexed
Codes

Recovery
Conditions

Wang et al.
[2] 2953 — Not

reported 79.8 Yes Yes Yes 3 Not specified

G.-J. et al.
[7] 5906 — Not

reported
Not

reported No No No 2 —

T. Yuan
et al. [9] 5906 — Not

reported
Not

reported No Yes No 2 —

H. J.
Galiyawala
et al. [14]

41,342 — 53.157 1236.105 Yes No No 14 —

8. Conclusions
This work presents a methodology for encoding and retrieving information using

printed chromatic QR codes with a structured chromatic configuration. The proposed
approach combines optical multiplexing with controlled illumination based on specific
wavelengths, enabling the selective recovery of multiple data streams from a single chro-
matic QR code.

The system incorporates two layers of protection: data encryption using the AES algo-
rithm and physical separation of information through chromatic channels differentiated by
their spectral response. This dual-layer security guarantees confidentiality and robustness
against unauthorized access or image degradation.

The recovery process relies on controlled illumination conditions, which are typically
achieved using a black box or dark camera enclosure to ensure precise wavelength in-
cidence. Experimental results have demonstrated successful multiplexing of up to four
dichromatic QR codes within a single chromatic QR code. However, increasing the number
of input codes introduces challenges related to color tone distinction, which may affect
recovery accuracy.

While the resolution of the output chromatic QR code image remains consistent, as
the input matrices must have identical dimensions, practical scalability is limited by the
perceptual and spectral distinguishability of the multiplexed colors.

Preliminary printed samples confirm the feasibility of transferring this technology
from controlled laboratory settings to practical real-world applications, particularly in fields
such as document verification, product authentication, and secure information transmis-
sion. The stability of image size and resolution means that implementation with standard
photographic equipment and controlled illumination is possible, without the need for
specialized sensors.

Future research will focus on three areas: enhancing robustness against ambient
lighting variability, designing chromatic codes that are invisible to the human eye and are
activated only by specific optical stimuli, and extending the multiplexing scheme to include
more than two dichromatic channels without compromising readability or security.

Additionally, a comparative analysis will situate this methodology within the current
state of the art, highlighting its strengths and limitations in relation to related works in
this field.
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