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Abstract: (1) Background: The rapid rise of deep neural networks has highlighted the critical need
for interpretable models, particularly in high-stakes domains such as healthcare, finance, and au-
tonomous systems, where transparency and trustworthiness are paramount. Neuro-fuzzy systems,
which combine the adaptive learning capabilities of neural networks with the interpretable reasoning
of fuzzy logic, have emerged as a promising approach to address the explainability challenge in
artificial intelligence (AI). (2) Methods: This paper provides an extensive survey of deep neuro-fuzzy
architectures developed between 2020 and 2025, classifying them based on hybridization strategies,
reviewing interpretability techniques, and analyzing their applications across diverse domains. We
propose a standardized interpretability framework, an experimental setup using modern datasets, and
a methodology for evaluating these systems. (3) Results: Recent architectures like DCNFIS, X-Fuzz,
and PCNFI demonstrate exceptional performance and transparency in tasks such as image recogni-
tion, streaming data analysis, and biomedical diagnostics. We identify key challenges, including the
interpretability-accuracy trade-off, scalability, and the lack of standardized metrics, while highlighting
emerging trends such as neuro-symbolic integration and adversarial robustness. (4) Conclusions:
Neuro-fuzzy systems are poised to become a cornerstone of trustworthy Al, but future research
must address theoretical gaps, improve scalability, and establish standardized evaluation protocols to
facilitate their widespread adoption in critical applications.

Keywords: neuro-fuzzy systems; interpretable Al; fuzzy inference; explainability; deep learning;
hybrid models; robustness; neuro-symbolic Al; trustworthy Al

1. Introduction

The field of artificial intelligence (Al) has witnessed unprecedented growth over the past decade,
largely driven by the success of deep neural networks (DNNs) in tasks such as image recognition,
natural language processing, and autonomous decision-making [20]. DNNs have achieved remarkable
accuracy by leveraging large datasets and computational power, but their complex, black-box nature
poses significant challenges in domains where transparency and accountability are non-negotiable
[1]. For instance, in healthcare, where Al systems are used for diagnostics, a lack of interpretability
can undermine trust among clinicians and patients, potentially leading to ethical and legal issues [21].
Similarly, in finance, regulatory frameworks such as the European Union Al Act (EU Al Act) mandate
explainability to ensure fairness and compliance [13].

Neuro-fuzzy systems offer a compelling solution to the interpretability challenge by integrating
the adaptive learning capabilities of neural networks with the interpretable reasoning of fuzzy logic
[15]. Introduced by Jang in 1993 with the Adaptive Neuro-Fuzzy Inference System (ANFIS), neuro-
fuzzy systems combine the strengths of both paradigms: neural networks provide robust learning
and pattern recognition, while fuzzy logic enables human-readable IF-THEN rules that facilitate
transparency [2]. Over the years, neuro-fuzzy systems have evolved from simple hybrid models
to sophisticated architectures capable of handling complex, high-dimensional data, making them a
cornerstone of explainable AI (XAI) [16].

This survey aims to provide a comprehensive overview of deep neuro-fuzzy architectures de-
veloped between 2020 and 2025, a period marked by significant advancements in XAI We focus on
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three key aspects: (1) novel architectural designs that integrate fuzzy logic with deep learning, (2)
interpretability techniques that enhance transparency, and (3) applications in high-stakes domains
such as healthcare, finance, and manufacturing. Additionally, we propose a standardized framework
for evaluating the interpretability of neuro-fuzzy systems and an experimental setup using modern
datasets to benchmark their performance. Our primary objective is to position neuro-fuzzy systems as
a viable solution for trustworthy Al, addressing critical challenges such as the interpretability-accuracy
trade-off, scalability, and the lack of standardized evaluation metrics.

1.1. Historical Context of Neuro-Fuzzy Systems

The concept of neuro-fuzzy systems emerged in the late 1980s and early 1990s as researchers
sought to combine the strengths of neural networks and fuzzy logic [15]. Fuzzy logic, introduced by
Lotfi Zadeh in 1965, provides a framework for reasoning with uncertainty by allowing variables to
have degrees of membership in multiple sets, rather than binary true/false values. This approach is
particularly useful for modeling human decision-making, where rules are often expressed in linguistic
terms (e.g., "IF temperature is high, THEN turn on the air conditioning") [15].

Neural networks, on the other hand, gained prominence in the 1980s with the development of
backpropagation, enabling them to learn complex patterns from data [22]. However, their lack of
interpretability became a significant drawback as Al systems were deployed in critical applications.
The integration of fuzzy logic with neural networks was first formalized by Jang’s ANFIS in 1993,
which used a Takagi-Sugeno-Kang (TSK) fuzzy inference system to map inputs to outputs through a
neural network architecture [2]. ANFIS demonstrated that neuro-fuzzy systems could achieve high
accuracy while maintaining interpretability through rule-based explanations.

Throughout the 1990s and early 2000s, neuro-fuzzy systems were applied to a variety of problems,
including control systems, pattern recognition, and time-series prediction [16]. However, their adoption
was limited by computational constraints and the complexity of training hybrid models. The resurgence
of deep learning in the 2010s, driven by advances in hardware (e.g., GPUs) and large-scale datasets,
renewed interest in neuro-fuzzy systems as a means to address the interpretability challenge in deep
learning [1]. Between 2020 and 2025, researchers developed a new generation of deep neuro-fuzzy
architectures that leverage the power of deep learning while preserving the transparency of fuzzy
logic, as discussed in this survey.

1.2. Motivation and Scope

The motivation for this survey stems from the growing demand for interpretable AI models in
high-stakes domains. Regulations such as the EU Al Act and the U.S. Algorithmic Accountability
Act emphasize the need for transparency, fairness, and accountability in Al systems [13,23]. While
post-hoc XAl methods like SHAP and LIME provide explanations for black-box models, they often
lack the intrinsic interpretability that neuro-fuzzy systems offer [12]. Moreover, the interpretability-
accuracy trade-off remains a significant challenge: highly interpretable models like decision trees often
underperform in complex tasks, while accurate models like DNNs are opaque [1].

This paper focuses on deep neuro-fuzzy architectures developed between 2020 and 2025, a period
that saw rapid advancements in XAl We classify these architectures based on their hybridization
strategies (e.g., convolutional, recurrent, evolving), review interpretability techniques (e.g., fuzzy rule
extraction, saliency maps), and analyze their applications across diverse domains. We also propose
a standardized framework for evaluating interpretability and an experimental setup to benchmark
performance. Our scope includes theoretical foundations, practical applications, and future research
directions, aiming to provide a holistic understanding of neuro-fuzzy systems in the context of
trustworthy AL

2. Materials and Methods

This survey synthesizes literature from 2020 to 2025, covering a wide range of sources to ensure a
comprehensive review. We included peer-reviewed articles from high-impact journals such as *IEEE
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Transactions on Fuzzy Systems*, *Neural Computing and Applications*, *Engineering Applications of
Artificial Intelligence*, and *Scientific Reports*. Additionally, we reviewed conference proceedings
from leading venues like FUZZ-IEEE, NeurIPS workshops, AAAI, and IJCAI, as well as preprints
from arXiv to capture the latest developments. Our search strategy involved keywords such as
“neuro-fuzzy systems,” “interpretable Al,” “explainable AL" “deep fuzzy models,” and “hybrid Al
models,” yielding over 300 relevant publications. After applying inclusion criteria (e.g., focus on deep
neuro-fuzzy architectures, publication date between 2020 and 2025, relevance to interpretability), we

narrowed down the selection to 50 key papers that form the basis of this survey.

2.1. Classification Methodology

We classified neuro-fuzzy architectures based on their hybridization strategies with deep learning,
identifying three main categories: - **Convolutional Neuro-Fuzzy Systems**: These integrate fuzzy
logic with convolutional neural networks (CNNSs) for tasks like image recognition and computer vision.
- **Recurrent Neuro-Fuzzy Systems**: These combine fuzzy inference with recurrent neural networks
(RNNSs) or Long Short-Term Memory (LSTM) networks for time-series prediction and sequential data
analysis. - *Evolving Neuro-Fuzzy Systems**: These incorporate evolving fuzzy systems that adapt
their rules dynamically, often used for streaming data and online learning.

Each category was analyzed in terms of architectural design, training mechanisms, and inter-
pretability features. We also reviewed interpretability techniques, focusing on methods like fuzzy
rule extraction, saliency maps, and integration with post-hoc XAI tools like LIME. Applications were
categorized by domain (e.g., healthcare, finance, manufacturing), with case studies used to illustrate
practical impact.

2.2. Proposed Framework and Experimental Setup

To address the lack of standardized evaluation protocols, we propose a framework for assessing
the interpretability of neuro-fuzzy systems. The framework includes the following components: -
**Interpretability Metrics**: Faithfulness (how accurately explanations reflect the model’s behavior),
monotonicity (consistency of explanations with input changes), and rule simplicity (number and com-
plexity of rules). - **Performance Metrics**: Accuracy, precision, recall, F1-score, and computational
efficiency (training time, inference time). - **Explainability Validation**: User studies to evaluate the
usefulness of explanations for domain experts (e.g., clinicians, financial analysts).

We also propose an experimental setup to benchmark neuro-fuzzy systems using modern datasets:
- *ImageNet**: For evaluating convolutional neuro-fuzzy models in image recognition tasks [26].
- *MNIST**: For digit classification, focusing on interpretability in simpler tasks [27]. - **Aviation
Streaming Data**: For evolving neuro-fuzzy systems, using datasets like the NASA Aviation Safety
Reporting System [28]. - **UCI Medical Datasets**: For healthcare applications, such as the Heart
Disease dataset [29].

Implementations were developed in Python using TensorFlow and PyTorch, with fuzzy logic
components integrated via libraries like scikit-fuzzy. No generative Al tools were used in this study to
ensure the authenticity of the findings.

3. Results

This section presents the findings of our survey, organized into several subsections to provide a
detailed analysis of deep neuro-fuzzy architectures, interpretability techniques, applications, theoretical
foundations, evaluation metrics, and case studies.

3.1. Novel Deep Neuro-Fuzzy Architectures

Recent advancements in neuro-fuzzy systems have led to the development of sophisticated
architectures that integrate fuzzy logic with deep learning, achieving a balance between performance
and interpretability. Table 1 summarizes key models developed between 2020 and 2025.
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Model Architecture Key Features Applications
DCNFIS [3] CNN + Fuzzy Layers End-to-end fuzzy infer- Image recognition
ence, saliency maps
X-Fuzz [4] Evolving TS Fuzzy + Adaptive rule growth, Streaming data
LIME faithfulness metrics
PCNFI [5] Constrained Fuzzy Rules  Personalized, concise Biomedical data
rules

Fuzzy-LSTM [6]

Variational Fuzzy
Autoencoder [7]
Hierarchical DNFS
[8]

RL Distillation [9]

Deep Fuzzy Trans-
former [24]
Fuzzy-GAN [25]

LSTM + Fuzzy Prediction

Autoencoder + Fuzzy Fil-
ters
Stacked ANFIS Modules

DON to TSK Fuzzy

Transformer + Fuzzy At-
tention

GAN + Fuzzy Discrimina-
tor

Mitigates long-horizon er-
ror
Interpretable latent space

High-dimensional regres-
sion

Compact fuzzy policies
Interpretable  attention
weights

Interpretable generative
modeling

Time-series  fore-
casting

Image classification
Regression tasks

Reinforcement
learning

Natural language
processing
Synthetic data gen-
eration

To illustrate the integration of fuzzy logic with deep learning, Figure 1 presents a generic neuro-
fuzzy architecture.

Neural Network Layers
yaal SRS
[I.npul Layer]—»[Fuzziﬁcation Layer]—»[Rule Layer]—)[Normalizaﬁon Layer]—»[Defuzziﬁcaﬁon Layer]—)[Output Layer]

Figure 1. Generic Neuro-Fuzzy Architecture: Integration of neural network layers with fuzzy inference compo-

nents.

The Deep Convolutional Neuro-Fuzzy Inference System (DCNFIS) [3] replaces the dense layers
of a CNN with fuzzy inference layers, achieving ResNet-like accuracy on ImageNet (top-1 accuracy of
76.5%) while providing interpretable rules. X-Fuzz [4], an evolving Takagi-Sugeno (TS) fuzzy system,
adapts its rules dynamically for streaming data, achieving 98.04% accuracy on the NASA Aviation
Safety Reporting System dataset. PCNFI [5] introduces constrained fuzzy rules for personalized
modeling, outperforming traditional machine learning methods in mental health diagnostics with an
accuracy of 92.3% on the UCI Mental Health dataset.

Fuzzy-LSTM [6] integrates fuzzy prediction with LSTM networks, reducing long-horizon predic-
tion errors by 15% compared to standard LSTMs on financial time-series data. The Variational Fuzzy
Autoencoder [7] uses fuzzy filters to create an interpretable latent space, achieving 94.8% accuracy on
MNIST while providing explanations for digit classification. Hierarchical DNFS [8] stacks multiple
ANFIS modules for high-dimensional regression, demonstrating a mean squared error (MSE) of 0.012
on synthetic datasets. RL Distillation [9] distills deep reinforcement learning (DRL) policies into
compact fuzzy rules, achieving 85% of the original DON performance with 10x fewer parameters.

Newer models like the Deep Fuzzy Transformer [24] incorporate fuzzy attention mechanisms into
Transformers, achieving a BLEU score of 38.2 on the WMT’14 English-German translation task while
providing interpretable attention weights. Fuzzy-GAN [25] uses a fuzzy discriminator to enhance the
interpretability of generative adversarial networks (GANs), generating synthetic medical images with
a Fréchet Inception Distance (FID) of 12.5, competitive with state-of-the-art GANs.

3.2. Timeline of Neuro-Fuzzy Development

To provide a historical perspective, Figure 2 illustrates the evolution of neuro-fuzzy architectures
from 1993 to 2025.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1173.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 June 2025 d0i:10.20944/preprints202506.1173.v1

50f 10

ANFIS  Early Hybditlep Learning Surg€Al FocudHierarchical DNKSFuzz, PCINENFIS, Fud2ge Az.zy Transformer
[2] [16] [20] [12] [8] [4,5] [3,25] [24]

[ | | | | | |
[ I I I I I

|
[ 71
1993 2000 2010 2015 2020 2023 2024 635

Figure 2. Timeline of Neuro-Fuzzy System Development (1993-2025).

3.3. Interpretability Techniques

Neuro-fuzzy systems enhance transparency through a variety of techniques, summarized in Table

2.
Table 2. Interpretability Techniques in Neuro-Fuzzy Systems (2020-2025).
Technique Description Key Models Benefits
Fuzzy Rule Extrac- Derives linguistic IF- FuzRED [10] Human-readable
tion THEN rules explanations
Saliency Maps Visualizes input regions DCNEFIS [3] Intuitive visual in-
activating rules sights
Membership Con- Enforces semantic coher- PCNEFI [5] Linguistically
straints ence meaningful rules
LIME Integration Provides local explana- X-Fuzz [4] Validated by faith-
tions fulness metrics
SHAP Integration = Quantifies feature impor- Fuzzy-LSTM [6] Complementary ex-
tance planations
Attention Mecha- Highlights influential in- Deep Fuzzy Transformer Interpretable atten-
nisms puts [24] tion weights

FuzRED [10] extracts human-readable IF-THEN rules from deep models, achieving a rule simplic-
ity score of 4.2 (on a scale of 1-10, where lower is simpler). DCNFIS [3] uses saliency maps to visualize
which input regions activate specific fuzzy rules, improving user trust in image recognition tasks.
PCNFI [5] enforces semantic coherence in membership functions, ensuring that rules are linguistically
meaningful (e.g., “IF stress level is high, THEN risk of anxiety is high”). X-Fuzz [4] integrates Local
Interpretable Model-Agnostic Explanations (LIME), achieving a faithfulness metric of 0.89, indicating
high reliability of explanations.

Fuzzy-LSTM [6] incorporates SHAP (SHapley Additive exPlanations) to quantify the importance
of input features in time-series predictions, revealing that 60% of the model’s decisions were driven by
recent data points. The Deep Fuzzy Transformer [24] uses fuzzy attention mechanisms to highlight
influential words in natural language processing tasks, with attention weights achieving a correlation
of 0.92 with human annotations.

3.4. Evaluation Metrics

Evaluating neuro-fuzzy systems requires a balance of performance, interpretability, and computa-
tional efficiency. Table 3 summarizes key metrics used in recent studies.

Accuracy remains a primary metric, but interpretability metrics like faithfulness and rule simplic-
ity are critical for XAl For instance, X-Fuzz's faithfulness score of 0.89 indicates that its explanations
accurately reflect the model’s decision-making process [4]. Monotonicity, as used in PCNFIL, ensures
that explanations are consistent with input changes (e.g., increasing a feature value leads to a pre-
dictable change in the output) [5]. Computational efficiency is also important, especially for real-time
applications like streaming data analysis, where X-Fuzz achieves an inference time of 0.02 seconds per
sample [4].
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Table 3. Evaluation Metrics for Neuro-Fuzzy Systems.

Metric Description

Example Usage

Accuracy

Proportion of correct predictions

DCNEFIS: 76.5% on ImageNet [3]

Faithfulness Correlation between explana- X-Fuzz: 0.89 [4]
tions and model behavior

Rule Simplicity Number and complexity of fuzzy ~FuzRED: 4.2 score [10]
rules

Monotonicity Consistency of explanations with  PCNFIL: 0.95 score [5]

input changes

Time to train the model Fuzzy-LSTM: 2.5 hours on 1M
samples [6]

X-Fuzz: 0.02 seconds per sample

[4]

Training Time

Inference Time Time to make a prediction

3.5. Applications

Neuro-fuzzy systems have been applied across a wide range of domains, demonstrating their
versatility and effectiveness in high-stakes scenarios: - **Healthcare**: PCNFI [5] has been used for
mental health diagnostics, achieving 92.3% accuracy on the UCI Mental Health dataset. Its personalized
rules (e.g., “IF sleep quality is poor AND stress level is high, THEN risk of depression is high”) enable
clinicians to understand and trust the model’s predictions. - **Finance**: ANFIS-based models provide
transparent stock predictions, achieving a mean absolute percentage error (MAPE) of 3.5% on S&P
500 data [18]. The rules generated by these models (e.g., “IF market volatility is high, THEN reduce
investment risk”) are directly actionable for traders. - **Manufacturing*: Neuro-fuzzy systems
optimize processes using loT data, reducing downtime by 20% in smart factories [14]. For example,
a fuzzy rule might state, “IF temperature exceeds 80°C AND vibration is high, THEN schedule
maintenance.” - **Streaming Data**: X-Fuzz [4] handles concept drift in aviation data, maintaining
98.04% accuracy on the NASA Aviation Safety Reporting System dataset by dynamically adapting
its rules to changing patterns. - **Natural Language Processing**: The Deep Fuzzy Transformer [24]
has been applied to machine translation, achieving a BLEU score of 38.2 while providing interpretable
attention weights that highlight key words in the source text. - **Generative AI**: Fuzzy-GAN [25]
generates synthetic medical images for data augmentation, achieving an FID of 12.5 and providing
explanations for the generative process (e.g., “IF texture variance is high, THEN classify as synthetic”).

3.6. Case Studies

To illustrate the practical impact of neuro-fuzzy systems, we present three case studies: - **Case
Study 1: Mental Health Diagnostics with PCNFI** PCNFI was deployed in a clinical setting to assist
psychologists in diagnosing anxiety disorders [5]. The system analyzed patient data (e.g., sleep
patterns, stress levels, heart rate variability) and generated rules such as “IF sleep duration is less
than 5 hours AND heart rate variability is low, THEN anxiety risk is high.” Clinicians reported a 90%
satisfaction rate with the explanations, and the model’s accuracy of 92.3% outperformed traditional
logistic regression (85.6%). - **Case Study 2: Aviation Safety with X-Fuzz** X-Fuzz was used by the
FAA to monitor real-time aviation data for safety incidents [4]. The system adapted its rules to detect
concept drift (e.g., changing weather patterns), achieving 98.04% accuracy. A sample rule was “IF
turbulence exceeds 0.5g AND altitude drops rapidly, THEN issue a warning.” This transparency
enabled pilots to trust and act on the system’s alerts. - **Case Study 3: Stock Prediction with ANFIS**
An ANFIS model was deployed by a hedge fund to predict stock prices, achieving a MAPE of 3.5% [18].
The model generated rules like “IF market volatility is high AND trading volume is low, THEN reduce
exposure.” Traders found the rules intuitive, leading to a 15% improvement in portfolio performance
compared to black-box models.
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3.7. Theoretical Foundations

The theoretical underpinnings of neuro-fuzzy systems have also advanced between 2020 and 2025.
Wang et al. [11] analyzed the robustness of neuro-fuzzy systems to adversarial attacks, showing that
they are 30% more vulnerable than DNNSs due to their reliance on rule-based structures. They proposed
the PDIR (Perturbation Defense with Interpretable Rules) method, which reduced the attack success
rate by 25%. Kumar et al. [7] introduced a variational Bayesian framework for neuro-fuzzy systems,
providing probabilistic guarantees on rule reliability with a confidence interval of 95%. However,
convergence proofs for deep neuro-fuzzy hybrids remain limited, with Chen et al. [8] noting that the
training dynamics of stacked ANFIS modules are not fully understood.

3.8. Experimental Framework

We propose a detailed experimental framework to evaluate neuro-fuzzy models comprehensively.
The framework includes: - **Datasets**: ImageNet for image recognition, MNIST for digit classification,
NASA Aviation Safety Reporting System for streaming data, and UCI Medical Datasets for healthcare
applications. - **Implementation**: Models are implemented in Python using TensorFlow for neural
network components and scikit-fuzzy for fuzzy logic. A sample training algorithm is outlined in
Algorithm 1.

Algorithm 1 Training a Deep Neuro-Fuzzy Model.

1: Input: Dataset D = {(x;,y;)}¥,, learning rate 7, epochs E
2: Output: Trained neuro-fuzzy model parameters 0
3: Initialize fuzzy membership functions and neural weights
4: fore=1toEdo
5. for each batch (xp,y,) in D do
6: Fuzzify inputs x; using membership functions
7: Compute rule firing strengths
8: Normalize firing strengths
9: Calculate consequent outputs
10: Defuzzify to produce predictions 7,
11 Compute loss L(yy, 7) (e.g., MSE)
12: Update parameters 6 using gradient descent: 6 < 6 —yVyL
13: end for
14: end for

[
a1

: Extract interpretable rules from trained model
: Evaluate faithfulness and monotonicity metrics
Return: 6, extracted rules

_ =
N o

- *Evaluation Protocol**: Models are evaluated on both performance (accuracy, F1-score) and
interpretability (faithfulness, rule simplicity). User studies with domain experts are conducted to
validate the usefulness of explanations.

4. Discussion

Neuro-fuzzy systems offer a unique balance of performance and interpretability, making them
a promising solution for trustworthy Al. Models like DCNFIS and X-Fuzz demonstrate competitive
accuracy (e.g., 76.5% on ImageNet, 98.04% on aviation data) while providing intrinsic explanations
through fuzzy rules [3,4]. Compared to post-hoc XAI methods like SHAP and LIME, which often
struggle with faithfulness and computational overhead, neuro-fuzzy systems provide explanations
that are directly tied to the model’s decision-making process [12]. For instance, SHAP requires O(n?)
computations for feature importance, while neuro-fuzzy rules are generated in O(n) time during
inference [6].
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4.1. Comparison with Other XAl Methods

Neuro-fuzzy systems outperform other XAI methods in several aspects: - **Intrinsic vs. Post-
Hoc**: Unlike SHAP and LIME, which are post-hoc and may produce inconsistent explanations,
neuro-fuzzy systems offer intrinsic interpretability through their rule-based structure [12]. - *Human-
Readability**: Decision trees, while interpretable, often grow too large for human understanding
(e.g., 100+ nodes). In contrast, PCNFI generates concise rules (average of 5 rules per model) that are
directly actionable [5]. - **Regulatory Compliance**: The EU Al Act emphasizes the need for intrinsic
explainability in high-risk applications. Neuro-fuzzy systems align with this requirement by providing
transparent reasoning, unlike black-box models with post-hoc explanations [13].

However, neuro-fuzzy systems face challenges compared to other methods: - **Scalability**:
While Transformers handle large-scale data efficiently, neuro-fuzzy systems struggle with scalability
due to the computational cost of fuzzy inference [? ]. The Deep Fuzzy Transformer [24] is a step
forward, but its training time is 3x that of a standard Transformer. - ** Adversarial Robustness**: As
noted by Wang et al. [11], neuro-fuzzy systems are more vulnerable to adversarial attacks than DNNSs,
requiring additional defenses like PDIR.

4.2. Ethical Implications

The use of neuro-fuzzy systems in high-stakes domains raises ethical considerations: - **Bias and
Fairness**: Fuzzy rules may inadvertently encode biases present in the training data. For example,
a rule like “IF income is low, THEN deny loan” could perpetuate socioeconomic discrimination if
not carefully audited [30]. - **Transparency vs. Privacy**: While transparency is a strength, exposing
detailed rules (e.g., in healthcare) could reveal sensitive information about patients, necessitating
privacy-preserving techniques like differential privacy [31]. - **Accountability**: In autonomous
systems, such as self-driving cars, neuro-fuzzy rules (e.g., “IF pedestrian distance is less than 5 meters,
THEN brake”) must be rigorously validated to ensure accountability in case of failures [32].

4.3. Future Research Directions

Several areas warrant further investigation to advance neuro-fuzzy systems: - **Theoretical
Foundations**: The lack of convergence proofs and generalization bounds limits the theoretical under-
standing of deep neuro-fuzzy hybrids. Future work should focus on developing rigorous mathematical
frameworks [? ]. - **Scalability**: Extending neuro-fuzzy systems to large-scale architectures like
Transformers requires optimizing fuzzy inference for parallel computation. Techniques like sparse
fuzzy rules or hardware acceleration (e.g., FPGA) could address this [24]. - **Neuro-Symbolic Inte-
gration**: Combining neuro-fuzzy systems with symbolic Al could enhance reasoning capabilities,
enabling applications in knowledge graphs and semantic reasoning [17]. - **Human-in-the-Loop**:
Incorporating human feedback into the training process could improve the relevance of fuzzy rules,
especially in domains like healthcare where expert knowledge is critical [33]. - **Adversarial Defense**:
Developing robust defenses against adversarial attacks, such as PDIR, is essential for deploying
neuro-fuzzy systems in safety-critical applications [11]. - **Standardization**: The lack of standardized
interpretability metrics hinders comparison across models. Future work should establish benchmarks
like the XAI Benchmark Suite proposed by Arrieta et al. [34].

5. Conclusions

Neuro-fuzzy architectures represent a significant advancement in interpretable Al, offering a
balance of performance and transparency that is critical for high-stakes applications. Models like
DCNFIS, X-Fuzz, and PCNFI demonstrate the potential of these systems to achieve competitive
accuracy while providing human-readable explanations, making them well-suited for domains like
healthcare, finance, and manufacturing. However, challenges such as theoretical gaps, scalability,
adversarial robustness, and the lack of standardized metrics must be addressed to facilitate broader
adoption. Future research should focus on developing rigorous theoretical foundations, improving
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scalability, and establishing standardized evaluation protocols to ensure that neuro-fuzzy systems can
meet the demands of trustworthy Al in an increasingly complex world.
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Abbreviations

The following abbreviations are used in this manuscript:

Al Artificial Intelligence

XAl Explainable Artificial Intelligence

DNN Deep Neural Network

ANFIS Adaptive Neuro-Fuzzy Inference System

DCNFIS  Deep Convolutional Neuro-Fuzzy Inference System
PCNFI Personalized Constrained Neuro-Fuzzy Inference
LIME Local Interpretable Model-Agnostic Explanations
SHAP SHapley Additive exPlanations

TS Takagi-Sugeno

LSTM Long Short-Term Memory

GAN Generative Adversarial Network

BLEU Bilingual Evaluation Understudy

FID Fréchet Inception Distance

PDIR Perturbation Defense with Interpretable Rules
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