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Abstract

Amid evolving consumer demands, product design increasingly emphasizes the deeper
needs for emotional resonance and cultural identity. Taking Liao–Jin dynasty silk as a case
study, this study explores a digital regeneration pathway for traditional cultural colors,
evolving from “form–color restoration” to “emotional awakening.” The study focuses on
transforming the emotional imagery—such as “mighty” and “dignified”—embedded in
the colors of Liao–Jin silk into perceptible, customizable color experiences for modern
consumers. To achieve this, an emotional color customization system was constructed
through the integration of Interactive Genetic Algorithms (IGA) with the PAD emotional
model. Within this system, cultural emotional semantics (e.g., “Powerful,” “Victory”)
were quantified as target anchor points in PAD space. The matching degree between
color schemes and target emotions is calculated based on user feedback, and is utilized
as a fitness function to drive evolution. An experiment was conducted with 48 volunteer
evaluators using Liao–Jin silk. Results demonstrated that, compared to traditional IGA,
this method achieved significant improvements in emotional matching accuracy: average
fitness increased by 34.00%, maximum fitness rose by 10.76%, and the spiritual essence
of Liao–Jin culture was more effectively translated into color schemes that evoke positive
user emotions. This research offers an innovative solution for cultural heritage digitization,
advancing from “form–color restoration” to “emotional and spiritual regeneration.” It also
provides a viable approach for intelligent emotional design in fields such as apparel design,
cultural creativity, and digital cultural heritage preservation.

Keywords: Interactive Genetic Algorithm; PAD emotional model; emotional design; color
customization; Liao–Jin silk; cultural heritage digitization; PAD-IGA

1. Introduction
Product color is a pivotal factor in evoking consumers’ emotional resonance and

aesthetic experience, directly influencing purchasing decisions and brand loyalty. With the

Appl. Sci. 2025, 15, 12565 https://doi.org/10.3390/app152312565

https://doi.org/10.3390/app152312565
https://doi.org/10.3390/app152312565
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0009-0002-9328-7348
https://orcid.org/0009-0007-2442-2063
https://orcid.org/0009-0008-2347-9006
https://orcid.org/0009-0004-9528-5148
https://orcid.org/0009-0003-1782-8357
https://orcid.org/0009-0008-8796-1416
https://orcid.org/0009-0009-0831-5510
https://orcid.org/0009-0008-0198-6920
https://orcid.org/0000-0002-2547-1517
https://doi.org/10.3390/app152312565
https://www.mdpi.com/article/10.3390/app152312565?type=check_update&version=1


Appl. Sci. 2025, 15, 12565 2 of 21

rise of consumption upgrades and personalized demands, apparel and fabric design is
shifting from functional orientation toward emotional and individualized expression [1].
However, existing color matching processes remain heavily reliant on designers’ experience,
making it challenging to quantitatively characterize user emotional preferences while
balancing customization efficiency with emotional alignment [2,3].

To enhance human–machine collaborative decision-making, Interactive Genetic Al-
gorithms (IGA) have been introduced into color design, guiding solution space evolution
through user evaluations [4]. Traditional IGA methods predominantly use subjective
“preference” scores as fitness metrics, lacking decomposable and computable emotional
dimensions. This results in unstable optimization directions and insufficient interpretability.
Furthermore, repeated evaluations can cause user fatigue and introduce noise, compro-
mising stability and convergence [5–8]. More critically, the absence of emotional semantic
modeling tailored to specific cultural contexts makes such methods ill-suited for scenarios
emphasizing cultural alignment, such as the digital regeneration of cultural heritage.

To address the aforementioned issues, this study introduces the PAD three-dimensional
emotional model, proposed by Russell and Mehrabian (1974), as the core computational
framework [9]. The PAD model represents emotions as an orthogonal vector of Pleasure (P),
Arousal (A) and Dominance (D), which facilitates the quantification of abstract “aesthetic
appeal” into computable target points within the optimization process. This approach
provides IGA with explicit emotional guidance, improves convergence efficiency and
interpretability, and enhances the emotional alignment with specific cultural objects.

Silks from the Liao and Jin dynasties are characterized by rich, saturated hues, striking
contrasts, and a distinct preference for gold-dominant color schemes. These textiles convey
emotional connotations of “Powerful, Dignified, and Mighty,” serving as vital carriers of
the nomadic cultures and religious beliefs of northern China’s ethnic groups [10]. Existing
research primarily focuses on color–form reconstruction from archaeological and art his-
torical perspectives, with limited exploration of digital design and regeneration pathways
for “emotional restoration” based on emotional computing [11,12]. Accordingly, this study
proposed and addressed the following core question: How can the PAD emotional model
be effectively integrated with IGA to develop an emotional color customization system that
both responds to individual preferences and accurately conveys the semantic meaning of
Liao–Jin culture?

The main contributions of this study are as follows:

• Cultural Translation of Sentiment Models: We proposed a “Cultural Emotion
Vocabulary-PAD Value Mapping” mechanism that translates core emotions within the
Liao–Jin cultural context into computable PAD objectives. This formed an emotion
quantification lexicon and reusable workflow tailored for cultural heritage scenarios,
effectively bridging the gap between emotion computing and cultural semantics.

• Innovation in Emotion-Driven Algorithm Mechanisms: We introduced an “emotion-
target-driven” IGA optimization paradigm that replaces generic preference with PAD
emotional distance as the fitness function. This approach enhances interpretability
and convergence efficiency, thereby reducing the interference of user fatigue and
enhancing evolutionary stability.

• An empirical path from “Form–Color Restoration” to “Emotional Restoration”: Within
cultural heritage digitization, this study responded to the academic trend of deepening
restoration from “form–color” to “experience” and “spiritual” dimensions [13,14].
Using Liao–Jin dynasty silk as a case study, we demonstrated the effectiveness and
scalability of our framework for digital regeneration, which is in step with the field’s
evolving research trajectory.
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In summary, this study proposed a color customization system integrating Interactive
Genetic Algorithms (IGA) with the PAD emotional model. It provided a computable and
interpretable emotional optimization pathway for innovative textile design in cultural
heritage contexts, demonstrating practical significance and application potential in fields
such as apparel design, cultural creativity, and digital heritage preservation.

2. Related Work
2.1. The Application of Intelligent Algorithms in Color Design

With the advancement of computer-aided design technology, apparel and fibric color
matching has gradually shifted from reliance on designers’ subjective experience to data-
driven intelligent algorithms [15]. Computer vision scholars have conducted extensive
exploration in this field. For instance, Feng et al. (2024) proposed an image matching
network-based modeling method for analyzing brocade color schemes to uncover color
patterns in textiles excavated along the Silk Road [16]. Wang, S. et al. (2024) employed a 3D
CNN cultural relic restoration network to learn features from near-infrared (NIR) spectra
and spatial dimensions, reconstructing visible spectrum reflectance to reveal the authentic
colors of ancient paintings and garments within their contexts [17]. Ni, M.N. et al. (2024)
employed K-means clustering to segment images into color clusters, extracting represen-
tative hues from Zhuang brocade for segmentation and primary color retrieval [18]. Xu
Pinghua et al. (2022) achieved automated color analysis and matching of traditional cultural
elements using Peking Opera face masks as a case study [19]. These studies demonstrated
that methods such as K-means clustering and color network modeling were highly effective
in enhancing color matching efficiency and revealing color statistical patterns.

However, existing methods are limited by two primary issues: First, research predom-
inantly focuses on objective color extraction and statistical analysis, with little attention
paid to the coupling between color and users’ deep emotional needs, resulting in insuffi-
cient emotional matching in generated schemes; Second, within cultural heritage contexts,
existing algorithms lack sensitivity to specific cultural emotional semantics carrying strong
historical symbolism and cultural sentiment. This hinders the automatic generation of color
schemes that embody cultural value and spiritual significance, failing to meet the dual
demands of “cultural regeneration” and “emotional communication.”

2.2. Study on the Color Characteristics of Cultural Relics from the Liao–Jin Dynasty

From the 10th to the 13th century, the Khitan and Jurchen peoples successively estab-
lished the Liao and Jin dynasties in northern China, shaping a multi-ethnic social fabric.
Their silk patterns and color characteristics blended the bold, rugged aesthetic traditions of
nomadic cultures with the gentle, refined traditions of the Central Plains agrarian civiliza-
tion, gradually forming a distinctive visual language and emotional expression. Current
research primarily focuses on two directions: First, color restoration studies in archaeology
and art history. Through color testing and analysis of excavated artifacts (such as silk
textiles from the tomb of King Jinqi in Acheng, Heilongjiang, and Liao-era tombs in Da-
tong, Shanxi), scholars have identified a dominant palette of rich, saturated hues—vibrant
vermilion, royal blue, and brownish-red—accented by precious metal colors. This has es-
tablished a preliminary spectrum of typical colors for Liao and Jin silk textiles [10,20]. Such
research provides invaluable empirical data and theoretical foundations for reconstructing
historical authenticity. Second, interpretation of cultural symbols and symbolic meanings.
Studies indicate that the colors of Liao and Jin dynasty silks served not only decorative
functions but also carried symbolic significance related to hierarchical systems, religious
beliefs, and national spirit [21,22]. For instance, imperial attire in gold and red symbolized
supreme authority and dignified, while purple signified the exalted status of nobles and
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ministers. Azure and blue represented commoner attire. Brown and tan, derived from
natural materials like wool, fur, and hides favored by nomadic peoples, embodied nature,
strength, and ruggedness. These studies offered profound insights into the cultural codes
embedded within color.

However, most of the aforementioned achievements remain confined to descriptive
analysis and qualitative summaries, falling short of meeting the demands of contemporary
digital translation and design regeneration. On one hand, the translation of abstract cul-
tural attributes like “Mighty” and “Dignified” into quantifiable computational parameters
represents a core unresolved challenge. On the other hand, no operational pathways exist
to convert these unique historical-emotional values into intelligent resources for contempo-
rary design. This very disconnect between technology and culture motivates our study and
underscores the necessity of the methodological innovation we propose.

2.3. Limitations of IGA in Emotional Design

To incorporate user preferences into the design process, Interactive Genetic Algorithms
(IGA) have been widely applied in product and color design. This method introduces
users’ subjective evaluations as fitness functions, guiding the algorithm’s evolutionary
progression through successive generations to generate solutions that better align with
user preferences. It provides an actionable optimization framework for addressing implicit
design metrics such as “emotional appeal” and “aesthetic quality” [23]. However, tradi-
tional IGAs suffer from several limitations in emotional design, particularly in the context
explored in this study:

• User Fatigue: The algorithm requires users to provide sustained ratings over numer-
ous generations. Repeated operations lead to declining evaluation consistency and
introduce significant noise.

• Ambiguous Evaluation: Fitness is often measured by a vague “preference” score,
lacking decomposition into specific emotional dimensions. This obscures optimization
directions and hinders convergence.

• Lack of cultural context: Generic IGA fails to embed specific cultural emotional
semantics, making it difficult to generate solutions embodying the cultural semantic
characteristics of Liao–Jin culture, such as “Majestic,” “Dignified,” and “Passionate.”

These limitations indicate that while IGA provides a foundational framework for
human–computer interaction design, its emotional computing capabilities remain rudimen-
tary. It struggles to meet demands in high-emotional-requirement scenarios like digital
heritage regeneration. This gap underscores the necessity for more refined emotional
modeling tools, establishing the theoretical and methodological rationale for the improved
approach proposed in this study.

2.4. Emotional Computing and PAD Model

To achieve quantifiable representations of emotions, the field of emotional computing
has continuously explored establishing computable emotional models [24]. Among nu-
merous models, the Pleasure–Arousal–Dominance (PAD) model proposed by Russell and
Mehrabian (1974) has seen the widest application [9]. This model maps discrete emo-
tional states onto a continuous three-dimensional coordinate space, thereby providing
a computable operational definition of emotion. Extensive research has validated its ef-
fectiveness in explaining color-induced emotional responses [25]. Within international
Human–Computer Interaction (HCI) and emotional design fields, the PAD model serves
as a crucial bridge connecting design stimuli to user emotional responses. For instance,
Lai (2024) proposed the EMO-Space model in architectural space research, integrating
Brain–Computer Interface (BCI) technology with PAD dimensions to analyze the interac-
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tion between spatial contexts and emotional responses [26]. Lee et al. (2023) examined user
emotions and task performance in interior design through mixed reality environments and
the PAD model. Results indicated higher levels of pleasure and dominance in personalized
spaces, while disliked spaces elicited negative emotions [27]. These cases demonstrate
the PAD model’s ability to effectively reveal the dynamic relationship between design
and emotion.

Existing research has largely focused on contemporary and universal design objects,
while the modeling and application of emotions associated with historical and cultural
heritage remain under-explored. In other words, how to utilize the PAD model to interpret
and drive cultural emotional characteristics within specific cultural objects—such as Liao
and Jin dynasty silks—and further embed these into generative design processes remains
an area in urgent need of expansion. This gap provides the theoretical entry point for
this study.

2.5. Limitations of Existing Research and Innovations of This Study

Despite significant advancements in computer-aided color design, existing methods
exhibit pronounced fragmentation: intelligent algorithms, such as clustering and color
network models, are effective at extracting color statistical patterns but struggle to capture
users’ deep emotional needs. Interactive genetic algorithms (IGA) incorporate user evalua-
tions into the evolutionary process, yet they face limitations due to ambiguous evaluation
criteria, user fatigue, and low convergence efficiency. Meanwhile, cultural studies of Liao
and Jin dynasty silks predominantly focus on color’s hierarchical symbolism, religious con-
notations, and ethnic identity, while emotional computing research tends toward generic
emotion modeling. These two fields have yet to achieve systematic integration. This
has created a core gap: the absence of a computational framework capable of integrating
cultural–emotional semantics with algorithmic optimization mechanisms.

To address this gap, this study proposes an improved IGA method based on the PAD
emotional model, with its core innovations manifested in the following three aspects:

• Theoretical Integration and Mechanism Innovation: Transforming the PAD model from
a traditional “measurement tool” into an “emotional navigator” and fitness function
within the IGA evolutionary process. This provides the algorithm with precise PAD
values as optimization targets, fundamentally alleviating the issues of evaluation
ambiguity and convergence difficulties in IGA, establishing a new optimization driven
by cultural emotion.

• Cultural Infusion and Application: Constructing a mapping table between Liao–
Jin cultural semantic vocabulary and PAD values—such as Bold representing the
mighty, fearless connotations of nomadic culture; Dignified embodying the dignified
symbolism of imperial authority—translates abstract cultural traits into computable
parameters. This enables IGA to generate color schemes that are both personalized
and culturally distinctive, achieving deep application of emotional computing in the
digital regeneration of cultural heritage.

• Methodological Contribution: This study proposed an “emotion-driven” pathway for
cultural heritage regeneration, transcending traditional “form-and-color replication”
to achieve computational restoration and innovative expression of cultural spirit
and emotional experience. This methodology offers novel perspectives for digital
costume research while providing reusable empirical cases and cross-disciplinary
methodological tools for the digital humanities.



Appl. Sci. 2025, 15, 12565 6 of 21

3. Methods
3.1. Principles of IGA

The Interactive Genetic Algorithm (IGA) is an evolutionary computation technique
that incorporates user feedback into the optimization process. Unlike traditional genetic
algorithms, IGA utilizes human subjective evaluation as its fitness function. Users guide
the evolutionary search by providing feedback on solutions in each generation, thereby
steering the population toward outcomes that align with their preferences. The specific
workflow is as follows:

1. Initialize the Population
Generate an initial population based on the initial color scheme. Each individual in
the population typically represents an encoded potential solution. Specifically

P0 = {x1, x2, . . . , xn} (1)

Among them: P0 is the initial population, xi is an individual in the population, and n
is the population size.

2. Evaluation
In the Interactive Genetic Algorithm, a predefined fitness evaluation strategy is used
to assess the fitness of each individual. Specifically:

f (xi) = Customer Reviews(xi) (2)

Among them: f (xi) is the fitness of an individual xi.
3. Population Evolution

• Selection
The selection process is based on the fitness of individuals, with more fit individ-
uals having a higher probability of being selected to generate the next generation.
Commonly used methods include Roulette Wheel Selection or Tournament Se-
lection. Details are as follows:

x′ = Selection(P, f ) (3)

Among them: P represents the population, a collection of multiple individuals.
Each individual represents a potential solution, such as a color combination in a
palette. The fitness function f is used to evaluate the quality of each individual.

• Crossover
Selected individuals undergo crossover operations to generate new individu-
als. This simulates the mating process in biological inheritance within genetic
algorithms. The specific steps are as follows:

(y1, y2) = Crossover(x1, x2) (4)

Among them: x1 and x2 are the selected parent individuals, while y1 and y2 are
the offspring produced through crossover.

• Mutation
To increase population diversity, modify a portion of an individual’s genes with
a certain probability. The specifics are as follows:

y′ = Mutation(y) (5)
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Among them: y represents individuals after crossing, y′ represents individuals
after mutation. New populations are generated according to evolutionary rules.

4. Termination Criteria
Repeat the above steps until the termination criteria are met, such as reaching the
maximum iteration count, the fitness exceeding a certain threshold, or the emergence
of a satisfactory individual. Figure 1 shows the flowchart of a traditional genetic
algorithm. When human users participate in evaluation, it becomes the Interactive
Genetic Algorithm.

Figure 1. Flowchart of normal and interactive genetic algorithms (if it is an interactive genetic
algorithm, a human user performs the process shown with an red line display).

3.2. The Principle of Color Gene Customization Based on Color Networks

Color network models represent color combinations as graph structures, offering
a more stable expression method for consumers’ personalized color preferences [28–30].
In this study, users first provided personalized reference images. Subsequently, the k-means
clustering algorithm was used to extract primary colors, and corresponding color network
models were constructed based on these to quantify patterns between different colors.
In the design process, to reproduce the color scheme patterns of the source image, several
nodes must be selected from the color network and connected by valid links [31]. If certain
nodes fail to form a connected relationship, candidate nodes that maintain connections
with more nodes can be introduced to supplement the network. This ensures the structural
integrity of the overall network and the continuity of the color scheme logic.

Actual images of Liao and Jin dynasty silk artifacts, sourced from The Art of Silk
in Chinese History: Liao and Jin Dynasties [20] were utilized as input data Figure 2a.
After extracting color information through cluster analysis, a color network model was
constructed Figure 2b. Based on this model, a set of color genes (Number 7, 8, 11, 13, 14)
exhibiting strong connectivity and embodying the “Bold” aesthetic characteristic of the Liao–
Jin ethnic identity were further selected, as shown in Figure 2c. This process achieved a
structured representation of color elements and provided computable inputs for subsequent
emotional optimization.
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(a) (b) (c)

Figure 2. Color Gene Customization: (a) Actual Images of Liao and Jin Dynasty Silk Artifacts;
(b) Color Network Model; (c) Selected Color Gene.

3.3. Improved Interactive Color Scheme Design
3.3.1. Fitness Scoring Mechanism and PAD Emotional Space Analysis

Emotional assessment in this study was conducted using the three-dimensional PAD
emotion model, as proposed by Mehrabian and Russell (1974) [9]. In this model, emotions
were categorized into three orthogonal dimensions: Pleasure (P), reflecting the positivity
or negativity of the emotional state; Arousal (A), measuring the level of physiological
and psychological activation; and Dominance (D), indicating an individual’s sense of
control over the situation and their own reactions. The PAD model enables the mapping
of discrete emotion labels onto a continuous space, providing a formal representation for
computational processing.

To establish an emotional evaluation system for this study, an emotional lexicon
was constructed. Its sources comprise two parts: (1) The 151 foundational emotional
terms proposed in the research by Russell and Mehrabian (1977) [32]; (2) Combining Liao–
Jin cultural texts with expert interviews, we added 10 emotionally charged terms with
distinct artistic connotations (e.g., Powerful, Victory, Dignified). These terms predominantly
cluster in the “high pleasure–moderate arousal–high dominance” quadrant of the PAD
three-dimensional space, effectively capturing the bold and dignified inherent in Liao–Jin
silk textiles.

Subsequently, five experts in Liao–Jin culture and arts were invited to refine the lexicon
through multiple rounds of the Delphi method, resulting in the final selection of 20 core
emotional keywords. To facilitate computational processing, the PAD values were linearly
transformed from the original range of (−1, 1) to (−4, 4), as shown in Table 1. This process
ensured that emotional features can be embedded in algorithmic optimization workflows
in a quantifiable format.

During the user evaluation phase, the Self-Assessment Manikin (SAM) was employed
as a measurement tool for the PAD dimensions to collect emotional perception data on
color schemes [33]. SAM is a non-verbal pictographic scale where users can rapidly
report their feelings of pleasure, arousal, and dominance on a 9-point Likert scale through
the selection of corresponding graphical Figure 3. This method offers advantages of
operational simplicity and strong cross-cultural applicability, effectively reducing biases
from linguistic comprehension differences and alleviating the burden on users caused by
repeated evaluations during the IGA process.

In this system, the fitness score of each solution is determined by two core factors:
the predefined target emotional PAD triplet (e.g., “Strong”: P = 2.32, A = 1.92, D = 2.48),
serving as the “ideal point” for evolution and the PAD values of each solution in the current
population measured by the SAM scale. Emotional matching is quantified by calculating
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the Euclidean distance between each individual solution and this target emotional point,
which is then mapped to a corresponding fitness score.

Table 1. Emotions and PAD Values.

Emotion Pleasure (P) Arousal (A) Dominance (D)

Mighty 1.92 2.04 2.76
Powerful 2.16 1.80 2.92

Strong 2.32 1.92 2.48
Bold 1.76 2.44 2.64

Dominant 0.92 1.60 2.32
Triumphant 2.76 2.28 2.52

Proud 3.08 1.52 2.60
Victory 2.76 2.28 2.52

Vigorous 2.32 2.44 1.96
Excited 2.48 3.00 1.52

Aroused 0.96 2.28 0.88
Passionate 2.32 2.48 1.52
Dignified 2.12 0.88 2.44
Majestic 2.16 1.80 2.92
Splendid 3.04 1.92 1.40

Free 3.24 0.96 1.84
Unconstrained 3.12 1.00 1.64

Confident 2.80 1.12 2.44
Determined 1.88 1.36 2.64
Ambitious 1.64 2.52 2.48

Figure 3. SAM Scale.

For every individual in each generation of the population, the PAD value can be
obtained through manual scoring, forming a set of distribution points for the population
in the PAD space. Set the PAD value of the i-th individual be (pi, ai, di), and the Euclidean
distance between it and the target sentiment point (p∗, a∗, d∗) be

distancei =
√
(pi − p∗)2 + (ai − a∗)2 + (di − d∗)2 (6)
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When a designer selects a fundamental emotion (such as “Strong”) within the interface,
the system sets the standard PAD values for that emotion (P = 2.32, A = 1.92, D = 2.48) as
the reference point for the ideal emotional state. The fitness score is calculated based on the
Euclidean distance between this point and the individual’s PAD triplet:

Scorei = max(0, 10− λ · distancei) (7)

Among them, λ is defined as the score decay coefficient, which controls the intensity
of the penalty applied to individuals based on their distance from the target center. The ad-
justment of λ allows for the modulation of score sensitivity. For instance, when λ is set to 5,
the scores of individuals that are more distant from the target decrease rapidly, thereby
widening the score differential.

In summary, the PAD distance scoring mechanism not only quantifies the alignment
between a solution and the target emotion but also functions as a fitness function based
on emotional spatial distance. Its geometric interpretation is clear and computationally
efficient, rendering it well-suited for evaluating population evolution in interactive ge-
netic algorithms.

3.3.2. Interactive Color Scheme Design Based on the PAD Emotion Model (PAD-IGA)

As shown in Figure 4, the PAD-IGA interactive color design process proposed in this
study primarily consists of four steps:

1. Initial Population Generation. Multiple color schemes are generated based on user-
specified color genes and the target design object (e.g., fabric or cultural and creative
products), forming the initial population for the genetic algorithm. Each individual in
the population corresponds to a candidate color combination.

2. Emotion Quantification and Fitness Calculation. For all color schemes in each genera-
tion, users are required to provide three-dimensional PAD emotion scores using the
SAM scale. The fitness function is then computed as the Euclidean distance between
the PAD values of the solution and the target emotional PAD vector, with closer
distances corresponding to higher fitness and greater distances to lower fitness. This
mechanism ensures that the evolutionary direction aligns with predefined cultural–
emotional objectives.

3. Evolutionary Iteration. A new generation of the population is produced through
the selection, crossover, and mutation operations of the genetic algorithm. Fitness
is continuously updated based on the PAD distance in each iteration, enabling the
progressive optimization of the emotional alignment of the color schemes.

4. Convergence and Early Termination. As evolution progresses, the population con-
verges toward the target emotional point. The evolutionary process may be terminated
early once the PAD value of a color scheme falls below a set threshold relative to
the target vector, at which point the optimal solution that meets the requirements
is output.

Through this process, the PAD model has been transformed from a mere emotional
measurement tool into an “emotional navigator” within the IGA optimization process,
enabling the quantitative embedding of user emotional preferences and cultural charac-
teristics. This system significantly enhances the algorithm’s convergence efficiency and
the cultural alignment of the resulting solutions, thereby establishing a methodological
foundation for subsequent experimentation and validation.
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Figure 4. Color scheme optimization process.

3.3.3. Parameter Description

The preceding analysis has covered the core modules of PAD-IGA including emotional
calibration and genetic operations. To ensure the algorithm effectively adapts to the
cultural context of Liao–Jin silk trade and achieves a reasonable balance between evaluation
efficiency and solution quality, we determined the following core parameters through
preliminary experiments and conventional practices.

1. The population size was set to 25, referencing the conventional range (between
16 and 30) in IGA affective design. Preliminary experiments revealed that a pop-
ulation size of 16 resulted in insufficient diversity among generated schemes, failing
to comprehensively cover cultural nuances; whereas expanding to 30 tended to in-
duce user evaluation fatigue. After comprehensive evaluation, 25 proposals strike the
optimal balance between maintaining diversity and controlling fatigue.

2. Regarding genetic operation probabilities, the crossover probability is set to 50%
to ensure effective recombination of high-quality color genes. The mutation proba-
bility is set to 30% to moderately introduce new traits while preventing premature
algorithm convergence.

3. Other key configurations include the implementation of a roulette selection strategy
coupled with an elite retention mechanism. Specifically, the strategy retains only pro-
posals with a fitness score of 7.5 or higher, thereby ensuring the effective transmission
of high-quality cultural color traits.

The following pseudocode formally describes the complete execution flow of the
Algorithm 1.
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Algorithm 1 Color Scheme Evolutionary Algorithm.

1: // Initialization Phase
2: Extract K dominant colors from Liao–Jin silk image I → Color gene set C
3: Generate initial population P0 = {S1, S2, . . . , SN} by randomly selecting colors from C
4: Set current generation g← 0

5: // Main Evolution Loop
6: while g < Gmax and convergence condition not satisfied do

7: // Step 1: Emotional Evaluation and Fitness Calculation
8: for each color scheme Si ∈ Pg do
9: User evaluates Si using SAM scale→ (Pi, Ai, Di)

10: // Calculate emotional matching degree (Equations (6) and (7) in manuscript)
11: distance←

√
[(Pi − Pt)2 + (Ai − At)2 + (Di − Dt)2]

12: fitnessi ← exp(−λ× distance) ▷ λ: score decay coefficient
13: end for

14: // Record evolutionary data
15: Update average fitness Favg and maximum fitness Fmax
16: Store PAD scores for generation g

17: // Step 2: Selection Operation (Roulette Wheel Selection)
18: Pelite ← {Si | fitnessi ≥ θ} ▷ Elite preservation strategy
19: Pselected ← Selection(Pg, fitness) ▷ Fitness-proportional selection

20: // Step 3: Crossover Operation
21: Poffspring ← ∅
22: while |Poffspring| < (N − |Pelite|) do
23: parent1, parent2 ← Randomly select from Pselected
24: if random(0, 1) < pc then ▷ pc: crossover probability (50%)
25: child← Crossover(parent1, parent2)
26: Poffspring ← Poffspring ∪ {child}
27: end if
28: end while

29: // Step 4: Mutation Operation
30: for each individual S ∈ Poffspring do
31: if random(0, 1) < pm then ▷ pm: mutation probability (30%)
32: S← Mutation(S)
33: end if
34: end for

35: // Create new generation
36: Pg+1 ← Poffspring ∪ Pelite
37: g← g + 1

38: // Check convergence condition
39: if min(distance) < ε then ▷ ε: convergence threshold
40: break
41: end if

42: end while

43: // Output optimal solution
44: S∗ ← arg maxS∈Pg fitness(S)
45: return S∗
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4. Experiment and Analysis
4.1. Experimental Subjects and Preparations

To validate the proposed PAD-IGA color matching method, the core emotional key-
word “Bold” was selected from the aforementioned lexicon to define the target emotional
intent, with Liao–Jin dynasty silk textiles employed as the primary design theme. The sys-
tem was developed in Python (v1.1 Beta), and a user interface (Figure 5) was implemented
to support key functional modules, including image import, initial population generation,
emotion selection, and evaluation feedback.

(a) (b) (c)

Figure 5. System Operation Interface: (a) Color Interactive Application System User Interface;
(b) Emotion Selection Interface; (c) Rating Interface.

A total of 48 volunteers (24 males, 24 females) were recruited for the experiment.
The sample size was determined with reference to existing research in emotional computing
and Human–Computer Interaction (HCI), where 30–50 participants are typically considered
sufficient to ensure statistical power while maintaining experimental feasibility, with all
participants recruited from regions historically influenced by Liao and Jin cultures. These
regions included: Datong (Shanxi), the Western Capital; Beijing, the Southern Capital;
Chifeng and Tongliao (Inner Mongolia), corresponding to the Supreme Capital (Shangjing);
Shenyang and Chaoyang (Liaoning), the Eastern Capital (Dongjing); Ningcheng County
(Inner Mongolia), the Central Capital (Zhongjing); and Harbin (Heilongjiang), the ancestral
homeland of the Khitan and Jurchen peoples.

The professional backgrounds of the participants comprised: art and design practi-
tioners (n = 14), faculty and students from art academies (n = 12), professionals in cultural
heritage and conservation (n = 11), and members of the general public (n = 11). To ensure
scientific rigor in color evaluation, all volunteers underwent a two-step screening process
to exclude color vision deficiencies: first, a questionnaire was used to confirm the absence
of any known history of color vision deficiency; second, the Ishihara Color Vision Test
was administered. No color blindness or color vision deficiencies were identified in any
volunteer, thus effectively eliminating potential interference from this factor.

4.2. Experimental Procedure

The experiment employs an interactive evolutionary process, primarily comprising
the following steps:

1. Initial Population Generation. Users first import the Liao–Jin silk images and set the
initial population size Figure 5a. Then color genes are automatically extracted by the
system, and an initial population is generated to serve as the starting point for evolu-
tion. Subsequently, users select the target emotion in the emotion selection interface
Figure 5b, providing emotional guidance for the subsequent evolutionary process.
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2. Emotional Evaluation and Fitness Calculation. Each generation of color schemes
generated by the system undergoes three-dimensional PAD emotional scoring using
the SAM scale Figure 5c. The system calculates the Euclidean distance between each
scheme’s PAD value and the target emotional vector, using this distance as the fitness
function: a smaller distance indicates higher fitness.

3. Evolutionary Iteration. After user scoring, the system executes a “generation change”
operation, generating a new population through selection, crossover, and mutation
using genetic operators. As iterations proceed, the population gradually converges
toward the target emotional point until a preset threshold is reached. During the exper-
iments, all scoring tasks were completed by the volunteers based on their professional
backgrounds and aesthetic preferences.

4.3. Results and Analysis

1. Evolutionary Process. Initial color scheme applied to the designed vector artwork.
At the center of the artwork is the composite flower based on the Buddhist treasure
flower motif, surrounded by two core elements: lotus petal patterns and auspicious
cloud patterns. As shown in Figure 6, Figure 6a depicts the initial population, while
Figure 6b–f correspond to generations 3, 6, 9, 12, and 15, respectively. The color
schemes progressively optimize during the intergenerational evolution.

2. Example of a Satisfactory Solution. After multiple iterations, several color combi-
nations that are highly aligned with the target emotion “Bold” were generated by
the system. A representative satisfactory solution is presented in Figure 7, which
conveys the “boldness and dignify” embodied in Liao–Jin silk while maintaining
excellent color harmony, thereby providing intuitive evidence for the feasibility of the
proposed method.

3. Convergence Trend. Figure 8a–f illustrates the dynamic evolution of individual
distributions within the PAD three-dimensional space. From generations 1, 3, 6, 9, 12 to
15, the population progressively converges toward the target emotional anchor points,
with different colors representing varying fitness levels. The overall trend indicates
that PAD-IGA achieves stable convergence within a finite number of iterations, with a
clear and consistent optimization direction that precisely reflects the population
evolution trend under the PAD-IGA algorithm.

Comparative Analysis. To further validate the effectiveness of the PAD-IGA method,
a comparative experiment with a traditional IGA was conducted. Both algorithms were
executed under identical parameter configurations: a population size of 25, a crossover
probability of 50%, a mutation probability of 30%, employing roulette wheel selection
and an elite retention strategy, over 15 generations. The comparative experiments were
independently performed by 48 volunteers using the same source images to ensure the
fairness and reproducibility of the results.

As shown in Figure 9, PAD-IGA significantly outperforms traditional IGA in both
average fitness and maximum fitness. Figure 9a shows the “average fitness” calculated
as the intergenerational mean of volunteer scores based on the single-volunteer single-
generation scheme. Figure 9b presents the “average maximum fitness” as the intergener-
ational mean derived from the highest scores achieved by individual volunteers within
the single-volunteer single-generation scheme. Together, these figures visually illustrate
the population evolutionary trends of the two algorithm groups. Specifically, PAD-IGA
achieved a final average fitness of 8.67, representing an 34.00% improvement over the tradi-
tional IGA’s 6.47. Its maximum fitness reached 9.57, compared to 8.64 for the traditional
IGA, reflecting an overall 10.76% increase.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. Color Scheme Designed by a Test Subject: (a) Initial Population; (b–f) Corresponding to
Generations 3, 6, 9, 12, and 15.

(a) (b)

Figure 7. Satisfactory color scheme: (a) Satisfactory Solution I; (b) Satisfactory Solution II.
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(a) (b) (c)

(d) (e) (f)

Figure 8. Individual Distribution Scatter Plot in 3D PAD Space: (a) First generation; (b–f) Corre-
sponding to Generations 3, 6, 9, 12, and 15.

(a) (b)

Figure 9. Fitness Change Trend: (a) Comparison of the average fitness; (b) Comparison of the average
maximum fitness.

To verify the statistical reliability of the performance difference between the two algo-
rithms, a paired t-test was conducted on the final-generation fitness data from 48 volunteers.
The experimental design involved the same group of volunteers using both the PAD-IGA
and traditional IGA algorithms. Each volunteer’s fitness at generation 15 was calculated as
the arithmetic mean of their 25 scheme evaluations, yielding 48 paired data sets. The paired
t-test results revealed that the mean fitness of PAD-IGA (M = 8.67, SD = 0.18) was signifi-
cantly higher than that of traditional IGA (M = 6.47, SD = 0.49), with t(47) = 32.74, p < 0.001.
Furthermore, the comparison of maximum fitness values revealed that the highest fitness



Appl. Sci. 2025, 15, 12565 17 of 21

achieved by PAD-IGA (9.57) was also markedly higher than that of traditional IGA (8.64).
This result indicates that the improvement in emotional matching accuracy achieved by
PAD-IGA is not a random fluctuation but is supported by reliable statistical evidence.

It should be noted that the t-test data and the line graph data in Figure 9 originate
from the same dataset: the “average fitness” at generation 15 in the line graph represents
the group mean of the final-generation fitness values from 48 volunteers, while the t-test
data constitutes the original components of this group mean.

These results demonstrate that PAD-IGA not only offers superior convergence speed
but also exhibits greater stability in guiding high-quality solutions. Compared to traditional
methods, PAD-IGA can more rapidly and accurately approximate user-defined target
emotions, providing robust empirical support for optimizing emotional design.

The aforementioned findings are considered to hold significant implications for design
practice. A higher average fitness signifies a substantial enhancement in overall popula-
tion quality, enabling designers to select from a greater number of high-quality candidate
solutions. Consequently, design efficiency is improved and trial-and-error iterations are
reduced. The improvement in maximum fitness confirms the algorithm’s enhanced capabil-
ity to approach target emotions more rapidly and effectively. This capability is particularly
valuable in scenarios demanding high-fidelity cultural–emotional expression, such as con-
veying the “bold” and “dignified” characteristics inherent to Liao–Jin dynasty silk. This
provides robust support for the precise translation of cultural semantics.

4.4. Extended Validation

To further validate the effectiveness of the PAD-IGA method, a dual-approach
framework—comprising fuzzy comprehensive evaluation [34,35] and consumer
surveys—was employed for comprehensive validation.

4.4.1. Fuzzy Comprehensive Evaluation

We selected the optimal color application scheme from the 15th generation of evolution
(Figure 6f), establishing the evaluation metric as = (Emotional Fidelity, Color Harmony,
Color Fidelity). The assessment was conducted across three dimensions: (1) Emotional
Fidelity: Whether the scheme accurately evokes the audience’s emotional resonance with
the iconic imagery of Liao–Jin dynasty colors; (2) Color Harmony: The coordination and
visual balance among colors within the palette; (3) Color Fidelity: the scheme’s fidelity
to the original color characteristics of Liao–Jin silk. Evaluation employed a five-point
scale to determine grades: V = (v1, v2, v3, v4, v5) = (Excellent, Good, Average, Poor, Very
Poor). Three categories of experts were invited to assign weights to each indicator: Liao–Jin
culture and art specialists, color designers and visual communication experts, and color
science and data analysis specialists. Following thorough deliberation, the panel reached
consensus on weighting coefficients W = (0.4, 0.3, 0.3), ensuring the evaluation balanced
cultural authenticity with design feasibility. The resulting fuzzy comprehensive evaluation
matrix revealed that the scheme predominantly achieved ratings in the “Excellent” and
“Good” tiers, providing theoretical and methodological support for the validity of the
PAD-IGA framework.

4.4.2. Consumer Survey

A questionnaire-based consumer survey was administered at the Cultural and Creative
Market Department of the Liao–Jin Cultural and Art Museum, with feedback collected from
135 consumers. To ensure scientific rigor, all participants were provided with training on
relevant terminology and grading systems prior to the survey. Preliminary interviews and
Ishihara color blindness tests confirmed their normal color recognition abilities. The survey
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was designed to focus on three core metrics: emotional fidelity, color harmony, and color
accuracy, specifically including the following:

1. Emotional Authenticity: The extent to which the color scheme accurately evokes
emotional resonance with specific imagery of Liao–Jin culture, such as the mighty
spirit of nomadic peoples, the majestic dignity of imperial dignified, or the fervent
celebrations of victory. This reflects the authenticity and impact of color design in
conveying cultural emotions.

2. Color Harmony: The coordination and visual balance among colors within the palette,
encompassing contrast, gradation, and equilibrium, are assessed.

3. Color Fidelity: The faithfulness of the color scheme in reflecting the original chromatic
characteristics of Liao and Jin dynasty silks, thereby embodying their historical and
artistic value, is evaluated.

The survey employed a questionnaire format to collect evaluation data for each
indicator. The survey results are presented in Table 2.

Table 2. Color scheme evaluation scoring.

U v1 v2 v3 v4 v5

u1 0.43 0.38 0.15 0.03 0.01
u2 0.42 0.47 0.09 0.02 0.00
u3 0.39 0.42 0.11 0.06 0.02

The fuzzy comprehensive evaluation matrix R can be obtained from Table 2. The com-
prehensive evaluation value of the color application scheme B is calculated using the
following formula:

B = WR (8)

In the formula, W represents the weight coefficient, and R denotes the fuzzy com-
prehensive evaluation matrix. Substituting numerical values yields B = [0.415, 0.419, 0.12,
0.036, 0.01]. Survey results indicate that 41.5% of consumers rated the proposal as “Ex-
cellent,” 41.9% as “Good,” 12% as “Average,” while only 3.6% and 1% rated it as ‘Poor’
and “Very Poor,” respectively. Overall, 83.4% of consumers gave the generated proposal a
rating of “Good or above,” validating the method’s broad recognition for its applicability
in conveying cultural sentiment and visual design.

In summary, it is demonstrated through both expert evaluation and consumer
feedback that the PAD-IGA method not only achieves emotion-driven optimization at
a technical level but also exhibits strong applicability in cultural semantic representa-
tion and market acceptance. This outcome further highlights the method’s potential
value in cultural heritage digital regeneration, cultural and creative product design, and
interdisciplinary applications.

5. Discussion
This study addresses the emotional and personalized demands of contemporary con-

sumers in fabric and costume design. To overcome issues such as excessive reliance on
subjective experience and insufficient emotional alignment in traditional color matching
methods, we propose a color customization approach based on the PAD emotional model
and interactive genetic algorithm (PAD-IGA). Using Liao–Jin silk as a case study, the re-
search first established a mapping relationship between cultural emotional vocabulary and
the three dimensions of the PAD model. Emotional matching degree was then adopted
as the fitness function to develop an emotion-oriented color matching system tailored to
specific cultural contexts. Experimental results demonstrate that the system effectively
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captures user emotional preferences, generating color schemes that integrate cultural sig-
nificance and aesthetic value. It significantly outperforms traditional IGA methods in both
average and maximum fitness metrics.

Compared with existing emotional design methods, the proposed PAD-IGA frame-
work offers distinct advantages. In contrast to color generation methods based on Gen-
erative Adversarial Networks (GANs), PAD-IGA demonstrates superior controllability
and interpretability in cultural–emotional semantics. While GAN-based approaches can
generate visually rich color combinations, they lack explicit emotional navigation mech-
anisms, making it challenging to precisely control the cultural emotional characteristics
of the generated outcomes. Furthermore, compared with the traditional Valence-Arousal
Model, the PAD model, through the incorporation of the Dominance dimension, more
accurately captures emotional imagery related to social hierarchy and sense of control in
Liao–Jin culture. This capability is particularly important for the emotional regeneration of
cultural heritage.

The key contributions of this research include the following: (1) An integrated frame-
work combining cultural–emotional semantics with the PAD model is proposed, transform-
ing it from a “measurement tool” into an “evolutionary navigation mechanism” and enrich-
ing the theoretical foundation of affective computing. (2) A culturally semantic-driven IGA
framework was established, effectively mitigating user fatigue and evaluation inconsisten-
cies while providing a computable pathway for emotion-driven design. (3) We offer novel
insights for the digital regeneration of cultural heritage, elevating color restoration beyond
mere form to convey cultural spirit and emotional experience, with practical applications
in costume design, cultural and creative development, and digital museum construction.

Although this study achieved its anticipated outcomes, several limitations remain.
First, while the volunteer sample exhibits some geographical and cultural representative-
ness, its size remains limited. Future research could enhance the generalizability of findings
by expanding the sample and incorporating cross-cultural comparisons. Second, PAD
annotation of emotional vocabulary still relies heavily on expert judgment. Subsequent
work could validate and refine this approach by integrating crowd-sourced perception data
and large-scale user studies. Third, while the current experiments primarily used the SAM
scale as emotional input, future work could integrate multimodal physiological data such
as eye tracking and EEG to enhance the robustness and accuracy of emotion recognition.
Finally, the model developed in this study has inherent limitations in its cultural and his-
torical applicability. Constructing a universally applicable emotion-color mapping model
for China’s entire population across different historical periods is extremely challenging.
This stems from China’s geographical, ethnic, and cultural diversity, as well as variations
in aesthetic standards and color symbolism across eras. Future research could leverage
large language models’ text comprehension and reasoning capabilities to systematically
analyze textual materials from specific dynasties and summarize the emotional associations
of colors during those periods.

6. Conclusions
This study provides a novel computational framework for emotional color design and

offers methodological support for the contemporary interpretation of traditional cultural
elements. It also establishes reference value for fields including apparel design, cultural
innovation, and digital heritage. Future study will explore the application potential of this
method in emerging scenarios such as color therapy, virtual try-on, and Metaverse fashion,
thereby expanding its practical impact at both cultural and industrial levels.
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