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The increasing global demand for high-quality coffee requires more efficient
and objective methods to evaluate bean quality. Traditional sensory and
manual inspection techniques are time-consuming, subjective, and prone to
inconsistency. This study aims to develop and validate an Artificial
Intelligence (Al)-based predictive model for assessing coffee bean quality
using digital image processing and sensor data. The research employs a
quantitative experimental approach by integrating convolutional neural
networks (CNNs) for visual analysis and machine learning regression models
to process multispectral sensor data related to moisture, color, and aroma
parameters. A dataset of 5,000 labeled coffee bean samples from three regional
plantations was used for training and validation. The results demonstrate that
the hybrid Al model achieved an accuracy rate of 96.8% in predicting bean
grades compared to expert cupping scores, outperforming traditional visual
grading methods by 18%. Furthermore, the integration of digital imaging and
loT-based sensors significantly reduced evaluation time and human error. The
findings highlight AT’s potential to revolutionize coffee quality control by
enabling automated, consistent, and scalable assessment systems that support
sustainable agricultural practices.
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Coffee remains one of the most widely traded agricultural commodities globally,
sustaining the livelihood of millions of farmers and forming an essential pillar of many national
economies, particularly in tropical countries (Bordin Yamashita & Leite, 2023). The global
coffee market continues to demand not only higher production but also superior bean quality to
satisfy consumer preferences and meet international standards (Benjamin et al., 2024). Coffee
bean quality directly influences the sensory characteristics of brewed coffee, including aroma,
flavor, acidity, and body, which in turn determine its commercial value and competitiveness in
the market (Korkmaz et al., 2025). Accurate and consistent quality assessment, therefore,
becomes an indispensable process within the coffee value chain. However, traditional
assessment methods often rely heavily on manual inspection and sensory evaluation, which are
inherently subjective, labor-intensive, and time-consuming (Ozal et al., 2024). This condition
creates a pressing need for innovative, technology-driven solutions to enhance objectivity,
accuracy, and efficiency in coffee quality evaluation.

The increasing complexity of global coffee supply chains has amplified the importance of
quality monitoring at various stages from harvesting and processing to storage and export.
Manual grading systems commonly used in smallholder plantations depend on visual cues and
tactile experience, often varying significantly between evaluators (Rogger et al., 2024). These
inconsistencies lead to inefficiencies, market disputes, and potential economic losses for
producers. In an era where precision agriculture and smart farming technologies are rapidly
advancing, the integration of digital technologies into quality assessment processes offers
promising opportunities (Ricardo Mondragon Regalado et al., 2025). Artificial Intelligence
(Al), particularly machine learning and computer vision, has emerged as a transformative tool
capable of automating complex decision-making processes based on large volumes of image
and sensor data (Guilin et al., 2024). The potential of Al to perform real-time, data-driven
evaluations introduces a paradigm shift from traditional qualitative methods toward
measurable, standardized systems.

Rapid advancements in imaging technologies and Internet of Things (loT)-based sensors
have opened new avenues for agricultural innovation (Silva et al., 2024). Digital image
processing techniques enable the extraction of morphological and colorimetric features from
coffee beans, providing a non-destructive and replicable basis for quality analysis. Meanwhile,
sensor-based data such as humidity, temperature, and chemical composition offer quantitative
insights into the physical and biochemical properties of coffee beans (Arwatchananukul et al.,
2024). The integration of these two data sources, processed through Al algorithms, represents a
frontier approach to precision quality assessment (Aradjo, 2025). The background of this study
lies in responding to the agricultural sector’s urgent demand for sustainable, efficient, and
automated methods that can ensure consistent product quality while reducing human error and
operational costs.

Despite the promising potential of Artificial Intelligence in agriculture, the application of
Al for predicting coffee bean quality remains underdeveloped and fragmented (Hong et al.,
2024). Many coffee-producing regions still rely on manual inspection methods that are prone to
human bias and limited scalability. Traditional grading practices depend on the expertise of
experienced cuppers who assess sensory attributes such as aroma, flavor, and body. Although
this method has been culturally and economically valuable, it lacks the precision and
reproducibility required by modern global markets (Derk et al., 2024). The absence of
standardized digital tools has led to inefficiencies in quality control, especially for smallholder
farmers who cannot afford advanced laboratory facilities or professional graders.
Consequently, inconsistent quality evaluations negatively affect price stability, export
potential, and consumer trust.

Existing digital tools in the coffee industry often focus on post-harvest quality
management but fail to integrate multimodal data sources for holistic assessment (Costa et al.,
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2024). Many machine learning models currently developed rely solely on visual images or
chemical analysis, neglecting the potential synergy between image-based and sensor-based data
(Jang et al., 2024). This limitation reduces the predictive accuracy and robustness of the
models, making them unsuitable for large-scale industrial application. Moreover, there is a lack
of comprehensive frameworks that combine deep learning for visual recognition with sensor-
based regression models capable of interpreting complex environmental and biochemical
variables. The result is a persistent gap between technological capability and real-world
implementation in coffee quality evaluation systems.

Another pressing problem lies in the accessibility and usability of Al-driven tools for
coffee farmers and processors (Salamai & al-Nami, 2023). Most existing research prototypes
are confined to laboratory environments with limited adaptation for field conditions. Issues
such as varying lighting conditions, sensor calibration, and data standardization pose
significant barriers to practical deployment. Without user-friendly interfaces and low-cost
implementation models, the benefits of Al technologies remain inaccessible to the communities
that need them most (DelaVega-Quintero et al., 2025). Therefore, this study seeks to address
these interconnected problems by proposing an integrative Al model that utilizes both digital
image data and sensor data to predict coffee bean quality accurately and efficiently.

The central aim of this research is to design, develop, and validate an Artificial
Intelligence-based predictive model for evaluating coffee bean quality through the integration
of digital image processing and sensor data (Alloun et al., 2024). The study seeks to establish a
standardized, data-driven framework that minimizes subjectivity in quality grading and
enhances reproducibility across different production environments. Specifically, the model is
designed to predict bean grades by analyzing visual characteristics such as color, size, and
texture, alongside quantitative sensor readings related to moisture, temperature, and chemical
composition. Through this integrative approach, the research aspires to offer a scalable solution
applicable to both industrial-scale facilities and smallholder plantations.

Another key objective is to evaluate the performance of various machine learning and
deep learning architectures in classifying and predicting coffee quality grades. The study aims
to compare the predictive capabilities of convolutional neural networks (CNNSs) for visual data
with regression and ensemble algorithms for sensor-based analysis (Fuentes et al., 2025). By
merging the outputs of these models through a hybrid predictive framework, the research
expects to achieve higher accuracy and reliability than traditional or unimodal methods. This
process involves rigorous experimentation, cross-validation, and statistical analysis to ensure
the model’s robustness under different environmental and operational conditions.

The final objective focuses on demonstrating the practical applicability of the proposed
Al system in real-world coffee production contexts (Alhasson & Alharbi, 2025). This includes
developing a prototype that can process image and sensor inputs in real time, delivering
immediate predictions accessible via digital interfaces. The research intends to provide
evidence that integrating Al into coffee quality assessment can improve decision-making
efficiency, enhance market transparency, and support sustainable agricultural practices aligned
with global quality standards (Cuello-Cuello et al., 2024). Ultimately, the goal is to bridge the
technological divide between advanced digital innovations and the everyday practices of coffee
producers.

A comprehensive review of previous studies reveals that the majority of research in
coffee quality prediction emphasizes single-modal data analysis, either focusing on visual
imagery or chemical profiling (Shin, 2025). Few studies have explored the integration of
heterogeneous data sources such as image and sensor data within a unified Al framework
(Niforatos et al., 2024). This fragmentation limits the interpretive depth and generalizability of
existing models. Moreover, while deep learning architectures such as CNNs have achieved
remarkable success in computer vision applications, their deployment in agricultural quality
control, particularly for coffee beans, remains limited due to insufficient datasets and domain-
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specific optimization (Chang et al., 2024). Therefore, there exists a clear research gap in
developing hybrid Al systems capable of integrating multimodal data for comprehensive coffee
bean quality prediction.

Another critical gap concerns the absence of benchmark datasets representing diverse
coffee varieties, environmental conditions, and processing methods. Many available datasets
are small, geographically constrained, and lack standardized labeling systems. This limitation
hampers the training of robust machine learning models that can generalize across global
production contexts (Vilela et al., 2024). In addition, few studies have attempted to calibrate
sensor-based data collection for smallholder use, which would allow broader adoption of
digital assessment tools in rural and developing regions. Addressing this gap requires an
interdisciplinary approach that combines data science, agricultural engineering, and coffee
industry expertise.

A further gap is found in the translation of academic research into practical, scalable
solutions. Most Al-based studies in agricultural domains end at the proof-of-concept stage,
rarely transitioning to real-world deployment due to technological, financial, or infrastructural
constraints (Przybyt et al., 2023). The absence of user-oriented design and interoperability
between devices and systems limits the adoption of Al-based coffee quality monitoring tools
(Kim et al., 2024). By addressing these gaps through an integrated, data-driven, and scalable
model, this research contributes to both theoretical and applied advancements in Al-assisted
agriculture.

The novelty of this research lies in its integrative approach that combines digital image
processing with sensor-based data through a unified Al predictive model (Nunes et al., 2023).
Unlike previous works that rely on unimodal data analysis, this study leverages the
complementary strengths of visual and quantitative data to achieve higher prediction accuracy.
The fusion of CNN-based image analysis with machine learning regression on sensor data
introduces a multidimensional understanding of coffee quality, bridging the gap between visual
appearance and intrinsic bean properties (Motta et al., 2025). This dual-layered approach
represents a significant innovation in agricultural informatics and food quality evaluation.

The justification for conducting this study stems from the growing need for objective,
scalable, and sustainable methods in coffee quality assessment. In the context of Industry 4.0,
Al-based technologies have become essential in optimizing agricultural production and
ensuring transparency in value chains. The proposed model not only enhances the precision of
quality prediction but also democratizes access to advanced technology for farmers through
affordable and adaptable digital platforms. This aligns with global sustainable development
goals (SDGs), particularly those related to responsible production and innovation in
agriculture.

Furthermore, the contribution of this research extends beyond technical innovation to
include economic and social implications. By automating quality assessment, the model
reduces reliance on subjective human judgment, thus increasing market fairness and
traceability. The study also contributes to scientific literature by introducing a novel hybrid
architecture and providing a new, publicly available dataset of annotated coffee bean images
and sensor readings. The resulting model is expected to serve as a reference framework for
future studies in Al-assisted agriculture, offering a foundation for developing intelligent quality
monitoring systems across various crop commodities.

The research adopted a quantitative experimental design with an applied research
approach, aiming to develop and validate an Artificial Intelligence (Al)-based predictive model
for coffee bean quality (Solis Pino & Apraez, 2025). Within this framework, the independent
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variables were the digital image features and sensor measurements, while the dependent
variable was the final quality grade of the coffee beans as determined by professional cuppers.
This experimental design was strategically chosen to systematically test the predictive accuracy
of the Al algorithms under controlled laboratory and semi-field conditions, facilitating a
rigorous process of data collection, model training, and validation.

The population for this study consisted of Arabica and Robusta coffee beans sourced
from three major Indonesian highland plantations: Gayo (Aceh), Kintamani (Bali), and Toraja
(South Sulawesi). A total of 5,000 coffee bean samples were collected, with an equal
distribution from each location to ensure proportional representation. The study employed a
stratified random sampling technique, where the population was divided based on bean variety,
size, and moisture level. This sample was then split into a training set of 4,000 samples and a
testing set of 1,000 samples, adhering to the 80:20 ratio to prevent model overfitting and ensure
the generalizability of the findings.

The research procedure was conducted in four sequential phases. The first phase, data
acquisition, involved cleaning, drying, and individually imaging each coffee bean while
simultaneously recording its corresponding sensor data (Messias et al., 2025). The second
phase, preprocessing, included image normalization, background removal, feature extraction
(texture, color, morphology), and the cleaning and normalization of sensor data. The third
phase, model development, focused on constructing a hybrid Al model by using a
Convolutional Neural Network (CNN) for visual features and a Random Forest regressor for
sensor data, which were then fused through a dense neural layer. The final phase was
validation, where the Al model's quality predictions were compared against expert sensory
evaluations to determine its accuracy and reliability.

The study utilized a combination of specialized instruments for data collection. A high-
resolution digital imaging system with controlled LED illumination was used to capture
standardized top-view images of each bean. Concurrently, a multi-parameter sensor array
integrated via an Internet of Things (IoT) platform was employed to record quantitative data
(Sander et al., 2024). This array included a DHT22 module for humidity and temperature, an
MQ-135 gas sensor for aroma compounds, and a TCS34725 color sensor for spectral
reflectance. The data collection technique involved simultaneously capturing an image and its
corresponding sensor readings for each bean to create a synchronized dataset. All instruments
were calibrated according to the 1ISO 1446:2020 standard to ensure measurement reliability.

The data analysis technique centered on evaluating the performance of the predictive Al
model (Fuentes et al., 2025). This was accomplished by comparing the Al-generated quality
predictions with the sensory evaluation scores from expert cuppers. The model's predictive
performance was quantified using statistical metrics, including Mean Absolute Error (MAE),
Root Mean Square Error (RMSE), and the correlation coefficient (R2). Furthermore, a
confusion matrix was analyzed to assess the model's classification accuracy across different
quality grades. The entire analysis and model development process was implemented using
Python and the TensorFlow framework, with cross-validation applied to ensure model
consistency and robustness.
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RESULTS AND DISCUSSION

The study generated a comprehensive dataset comprising 5,000 coffee bean samples
obtained from three major plantation regions: Gayo (Aceh), Kintamani (Bali), and Toraja
(South Sulawesi). Each sample included corresponding digital images and sensor readings
representing physical and chemical attributes. The raw image dataset contained approximately
15,000 RGB images (three per bean from different angles), standardized to 3,000 x 2,000
pixels. The sensor data included measurements of moisture content (MC), color reflectance
index (CRI), temperature (T), and volatile compound concentration (VCC). The descriptive
statistics of the key variables are summarized in Table 1.

Table 1. Descriptive Statistics of Coffee Bean Data (N = 5,000)

Variable Minimum Maximum  Mean Std. Unit
Deviation
Moisture Content (MC) 9.2 13.8 11.34 1.12 %
Color Re'z'égf)”ce Index 45.6 87.2 68.91 9.74 %
Temperature (T) 23.4 29.8 26.52 1.32 °C
Volatile Compound
Concentration (VCC) 125.6 294.7 211.23 32.89 ppm
Bean Quality Grade (Expert 70 08 86.47 6.12 Points

Score)

The descriptive data indicate a consistent pattern of environmental and chemical
characteristics across regions, with moderate variance reflecting the diversity of post-harvest
processing conditions. Mean moisture content levels between 10-12% are within the
acceptable range for export-grade Arabica beans. Variations in CRI values suggest differences
in bean roasting readiness and physical appearance. Expert cupping scores distributed between
70 and 98 demonstrate sufficient diversity for model training and testing. The dataset was
found to be normally distributed according to the Kolmogorov-Smirnov test (p > 0.05), which
justifies the use of parametric inferential analyses.

The explanatory phase of data analysis revealed strong interdependencies between
sensor-derived variables and the visual features extracted through image processing.
Correlation analysis indicated that CRI exhibited the highest positive correlation with cupping
scores (r = 0.81), followed by VCC (r = 0.73), while MC showed a moderate negative
correlation (r = -0.48). These relationships indicate that beans with balanced moisture levels
and optimal color intensity tend to achieve higher sensory evaluations. The observed
correlations validate the theoretical assumption that visual and chemical indicators jointly
determine perceived coffee quality, forming a robust foundation for the predictive Al model.
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Figure 1. Comperative Performance of Unimodal vs Hybrid Al Models
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The descriptive data from model performance metrics demonstrate that the hybrid Al
system successfully captured these relationships. During training, the Convolutional Neural
Network (CNN) model achieved a classification accuracy of 94.7% for image-based
predictions, while the Random Forest Regression (RFR) model reached 92.1% accuracy for
sensor-based predictions. When combined in the fusion layer, the hybrid model achieved an
overall predictive accuracy of 96.8%, surpassing both unimodal models. The mean absolute
error (MAE) decreased from 2.31 in the CNN model and 2.84 in the RFR model to 1.56 in the
hybrid configuration. The Root Mean Square Error (RMSE) for the hybrid model was recorded
at 1.72, indicating excellent model precision and consistency across validation folds.

86.2%
Hybrid Model 73.4% 68.1%

Integrates visual and sensor data

CNN

Convolutional neural network for
visual data

RFR

Random forest regressor for
sensor data

Figure 2. Performance Comparison of Coffee Quality Prediction Models

The inferential analysis confirmed that the improvements in predictive performance were
statistically significant. Paired-sample t-tests comparing the hybrid model’s accuracy with each
unimodal model revealed significant differences (t = 9.42, p < 0.001). Analysis of variance
(ANOVA) further established that the hybrid model accounted for 86.2% of the variance in
coffee quality prediction (R = 0.862), compared to 73.4% for CNN and 68.1% for RFR. These
findings reinforce the proposition that integrating visual and sensor data significantly enhances
prediction robustness. The statistical evidence supports the reliability of the Al system as a
valid and efficient tool for objective coffee quality assessment.

The data relationships further demonstrate meaningful associations between physical
properties and Al-predicted grades. Regression plots revealed linear trends between CRI and
predicted quality grades, where higher color reflectance was consistently aligned with expert
sensory scores. A partial least squares regression analysis confirmed that CRI and VCC jointly
contributed 67% of the predictive variance, while MC accounted for an additional 11%. The
CNN model’s feature maps visually emphasized edges and surface textures that corresponded
to real-world indicators of bean maturity, confirming that the Al model learned relevant visual
cues rather than random noise.

The case study data from the Toraja region illustrate how the hybrid model performs
under distinct local conditions. Beans from Toraja exhibited higher average VCC values (238
ppm) and darker CRI scores (average 63.4%) compared to other regions. The Al model
predicted quality grades of 88-93, closely matching expert cupping scores with only +1.7-point
deviation. Similar consistency was observed in the Gayo region, where lighter beans with
moderate MC values were predicted with 96% accuracy. The regional validation confirmed the
adaptability of the hybrid model across diverse microclimates, supporting its scalability for
national and international application.

The data explanation from feature importance analysis indicated that CRI contributed the
highest weight (0.42) in the model’s predictive function, followed by VCC (0.31), and MC
(0.19). These weights suggest that both visual and chemical properties play complementary
roles in determining bean quality. The CNN’s internal feature activation layers emphasized
variations in surface hue and texture granularity, while sensor-based models prioritized
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chemical and moisture stability. Together, these insights confirm that the model’s decision-
making process reflects human expert reasoning in sensory evaluation.

The short interpretation of the results emphasizes the strong alignment between the Al
model’s predictions and expert assessments, validating the system’s potential to replace or
complement manual grading. The integration of image and sensor data provided a
multidimensional understanding of quality that overcomes the limitations of single-variable
methods. The hybrid model’s efficiency in processing large datasets, combined with its high
predictive accuracy, suggests its applicability in real-time industrial settings. Overall, the
findings substantiate the research hypothesis that Artificial Intelligence can effectively and
objectively predict coffee bean quality through the fusion of visual and sensor-based data,
marking a significant advancement in agricultural technology and quality assurance practices.

The findings of this study confirm that Artificial Intelligence (Al) can accurately and
objectively predict coffee bean quality by integrating digital image features with sensor-based
data. The hybrid model, which combined Convolutional Neural Networks (CNNSs) for visual
analysis and Random Forest Regression for sensor-based prediction, achieved an overall
accuracy of 96.8%, surpassing the performance of unimodal systems. The model demonstrated
a significant correlation between color reflectance index (CRI), volatile compound
concentration (VCC), and expert cupping scores, validating the interdependence between visual
and chemical indicators in determining quality. The results also showed that Al predictions
closely matched human sensory evaluations, with a minimal mean deviation of £1.7 points.
These outcomes illustrate that a well-designed Al system can emulate expert judgment while
providing faster, scalable, and reproducible assessments.

The descriptive and inferential results further revealed that CRI contributed the highest
predictive weight, followed by VCC and moisture content (MC), highlighting the
complementary role of visual and environmental parameters. The model’s superior
performance in diverse regional samples, including Gayo, Kintamani, and Toraja, demonstrates
its robustness and adaptability to varying environmental and processing conditions. Statistical
validation through ANOVA and regression analysis established that the hybrid model
accounted for over 86% of the variance in quality prediction, significantly exceeding prior
approaches. This empirical evidence strengthens the reliability of Al as an advanced analytical
tool for agricultural quality control.

The consistency between predicted and expert-assessed scores also indicates that Al can
function as a non-destructive, cost-effective alternative to traditional sensory evaluation. The
ability of Al to generalize across different datasets while maintaining precision emphasizes its
potential application for both smallholder farmers and industrial producers. The results
collectively suggest that the integration of Al in coffee quality assessment represents a
transformative advancement in agricultural automation and standardization. The research
outcomes therefore provide a solid foundation for the deployment of intelligent monitoring
systems capable of ensuring quality consistency in global coffee markets.

The overall findings validate the central hypothesis that combining computer vision and
sensor analytics significantly enhances predictive performance in agricultural quality
evaluation. The hybrid model not only performed with remarkable statistical accuracy but also
reduced human bias and subjective variability in quality assessment. The alignment between
model output and expert judgment demonstrates that Al can effectively learn domain-specific
indicators of coffee quality through data-driven optimization. The results underscore that the
systematic fusion of digital imaging and sensor-based data is a viable pathway toward
achieving objectivity and reproducibility in crop quality prediction.

Comparing these results with existing literature reveals notable advancements in
methodological integration and predictive precision. Previous studies, such as those by Li et al.
(2021) and Rodriguez-Pérez et al. (2020), demonstrated the feasibility of image-based quality
classification in coffee beans but were limited by reliance on visual features alone. Their
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models achieved accuracy levels ranging from 80% to 88%, indicating substantial room for
improvement in capturing non-visual variables. The current study addressed this limitation by
integrating chemical and environmental indicators from sensor data, enhancing the model’s
interpretability and robustness. The hybrid framework established here bridges the gap between
visual perception and biochemical analysis, providing a more comprehensive understanding of
quality dynamics.

The results also diverge from prior machine learning approaches that employed
conventional feature extraction methods, such as gray-level co-occurrence matrices (GLCM) or
principal component analysis (PCA). The CNN model in this study automatically learned
hierarchical representations of texture, color, and morphology, surpassing the static
performance of handcrafted features (Paiva et al., 2024). The integration of Random Forest
regression further contributed to improved prediction of non-visual parameters, particularly
those influencing aroma and flavor profiles. This methodological shift represents a conceptual
leap from descriptive pattern recognition to predictive intelligence capable of decision-making
autonomy.

In comparison with Rahman et al. (2022), who utilized infrared spectroscopy for coffee
grading, the present study achieved higher efficiency with simpler, more accessible
instruments. Infrared analysis, while precise, remains costly and impractical for small-scale
farmers. The use of affordable RGB cameras and loT-based sensors makes this approach
scalable for developing regions. The model’s strong regional adaptability contrasts with earlier
findings that reported reduced accuracy when tested across distinct geographical datasets. The
results thus position the present study as a significant contribution toward inclusive
technological innovation in precision agriculture.

The relationship between current findings and previous research highlights an important
evolution in the understanding of AI’s role in quality prediction. Earlier works primarily
emphasized automation and speed, while this study extends the discussion to interpretability
and trustworthiness in Al-based systems (Qin et al., 2025). The hybrid approach demonstrates
that accuracy and transparency can coexist when designed with integrated multimodal
architectures. The outcomes therefore align with broader trends in explainable Al (XAl) and
sustainable agricultural intelligence, reinforcing the value of interdisciplinary collaboration
between data scientists and agricultural experts.

The research outcomes signify an important shift in how coffee quality can be perceived,
measured, and controlled (Chen et al., 2024). The ability of Al to replicate and even enhance
human sensory evaluation implies that agricultural industries are entering an era where data-
driven insight replaces subjective estimation (Vandeputte et al., 2023). The findings represent a
tangible step toward digital transformation in the coffee supply chain, where decisions are
based on measurable indicators rather than experience alone. The success of the hybrid model
serves as empirical evidence that advanced computation can translate tacit human expertise into
algorithmic logic.

The outcomes also signal a paradigm shift toward sustainable and inclusive agricultural
practices. By minimizing dependency on professional cuppers and laboratory analysis, Al-
based assessment systems empower smallholder farmers to evaluate and grade their beans
independently (Przybyt et al., 2023). This democratization of technology addresses long-
standing inequalities in access to quality control tools. The ability to assess quality accurately
at the source allows farmers to negotiate fairer prices and improve production standards,
contributing to the economic sustainability of rural communities.

The integration of digital image and sensor-based analysis also reveals broader
implications for agricultural research (Sagita et al., 2025). The model’s success demonstrates
that multimodal data fusion enhances predictive performance not only for coffee but also for
other high-value crops. The findings therefore mark a methodological breakthrough that can be
extended to cocoa, tea, and rice quality evaluation, where similar challenges exist. The
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implications transcend the immediate domain of coffee production, indicating that Al-based
quality prediction may become a universal standard in smart farming systems.

The practical significance of these findings is evident in their contribution to industry-
wide efficiency and transparency. Automated grading systems can streamline quality
inspection, reduce post-harvest losses, and enable traceability across global supply chains
(Salamai, 2024). By providing real-time feedback, Al models support continuous quality
improvement and adaptive decision-making. The results thus signal a transformative stage in
agri-technology where machine intelligence complements human expertise to achieve
precision, sustainability, and competitiveness.

The underlying reasons for the high predictive performance of the hybrid model can be
attributed to the synergy between deep learning architectures and sensor-based analytics. CNNs
excel at identifying intricate visual patterns, while regression models interpret complex
numeric relationships within environmental and chemical data. This complementary interaction
produces a richer representation of coffee quality characteristics than single-data models could
achieve. The hybrid model’s structure allowed it to learn both macroscopic (visual) and
microscopic (chemical) dimensions of quality, resulting in more holistic predictions.

The statistical robustness of the model further reflects the effectiveness of the data
preprocessing and feature normalization pipeline. The meticulous calibration of sensors and
controlled lighting conditions during image acquisition minimized measurement noise and
ensured data consistency. The fusion layer, designed to optimize weighted feature
contributions, improved the model’s generalization capability across regions. These technical
decisions collectively explain why the model achieved near-perfect alignment with expert
cupping results while maintaining computational efficiency.

The findings also reflect the broader principle that Al systems excel when trained on
diverse, high-quality datasets (Eron et al., 2024). The inclusion of samples from multiple
regions exposed the model to a wide range of environmental variations, enhancing its
adaptability. The decision to use stratified random sampling ensured balanced representation of
bean types and grades, reducing bias and preventing overfitting. The performance outcomes
can therefore be understood as the result of deliberate experimental rigor rather than
algorithmic chance.

The superior accuracy achieved by the hybrid approach demonstrates that the intersection
between human sensory knowledge and algorithmic precision yields optimal outcomes (Azizi
et al., 2023). The Al model, by learning from expert-labeled data, effectively internalized
human expertise within a computational framework (Chen et al., 2024). This alignment
suggests that technology can extend human capability without replacing it, reinforcing the
concept of augmented intelligence in agricultural innovation. The results illustrate why data-
driven methodologies outperform conventional assessments when designed to emulate human
reasoning through computational logic.

The next stage in this line of research lies in translating the Al model into real-time, user-
accessible applications for farmers, cooperatives, and exporters. Developing a mobile-based
platform or loT-integrated device would allow on-site evaluation of bean quality during
processing or before shipment (Elragal et al., 2024). Such implementation would make the
technology more inclusive, ensuring that smallholder farmers can benefit from precision
quality control without high investment costs. The integration of cloud-based analytics could
also enable continuous model updates and cross-regional learning, enhancing long-term
performance.

The research opens opportunities for expanding AI’s application beyond coffee bean
quality prediction. The same framework can be adapted for monitoring other agricultural
commodities that require visual and chemical assessment, such as cocoa, tea, and grains.
Integrating blockchain systems with Al quality prediction could further improve traceability
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and ethical transparency in agricultural trade. This direction aligns with global initiatives
promoting sustainable supply chains and responsible consumption.

The findings also call for future studies focusing on explainable Al (XAl) to improve
trust and interpretability among stakeholders. Understanding how the model derives its
predictions is essential for gaining acceptance from farmers, regulators, and consumers.
Incorporating visual saliency maps, model interpretability frameworks, and uncertainty
quantification can enhance transparency in decision-making processes. Such development
ensures that technological advancement remains accountable and aligned with human-centered
ethics.

The study concludes with the assertion that Al-driven quality prediction marks the
beginning of a new paradigm in agricultural analytics. The ability to integrate visual and
sensor-based data for accurate, objective, and scalable quality evaluation represents a major
stride toward smart and sustainable agriculture. The implications extend to economic,
technological, and social dimensions, encouraging collaboration between data scientists,
agricultural experts, and policymakers. The research therefore establishes a foundation for
continued innovation where Al becomes an integral tool for promoting fairness, efficiency, and
excellence in global agricultural industries.

The most important finding of this research lies in the successful development of a hybrid
Artificial Intelligence (Al) model that integrates digital image processing and sensor-based data
to predict coffee bean quality with an accuracy of 96.8%. The model demonstrated a significant
advancement over traditional and unimodal approaches by combining visual and chemical
indicators specifically color reflectance index (CRI), volatile compound concentration (VCC),
and moisture content (MC) to emulate human sensory judgment. The hybrid framework
effectively captured both surface-level and intrinsic features of coffee beans, providing a more
holistic and objective evaluation than conventional cupping methods. This distinction marks a
technological breakthrough in agricultural quality assessment, proving that Al can replicate
expert evaluation with minimal deviation while ensuring scalability and real-time application
potential.

The key contribution of this study resides in the methodological innovation that bridges
machine learning, sensor analytics, and computer vision through a multimodal data fusion
approach. The introduction of an integrated CNN Random Forest architecture represents a
conceptual leap in quality assessment modeling, offering a replicable framework for other
agricultural commodities. The research not only contributes to the field of precision agriculture
but also provides a practical blueprint for democratizing Al-based quality control technologies
among smallholder farmers and industrial processors. This integrative method stands as a new
paradigm for creating data-driven, transparent, and sustainable quality evaluation systems,
thereby enhancing both academic knowledge and practical implementation within the global
agri-tech ecosystem.

The limitation of this research lies in the controlled experimental environment and the
relatively restricted geographical scope of the dataset, which may not fully capture the
variability of global coffee production conditions. The sensors and imaging systems were
calibrated under standardized laboratory settings, limiting direct application in highly variable
field conditions such as fluctuating lighting, humidity, or environmental noise. Further research
should expand toward developing real-time adaptive Al models capable of functioning
effectively under diverse climatic and geographical contexts. Future studies are also
encouraged to incorporate explainable Al (XAl) frameworks to enhance interpretability and
trust among end-users. Broader collaborations with international coffee producers, data
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scientists, and policy institutions would further strengthen the scalability, ethical governance,
and sustainability of Al-driven agricultural quality prediction systems.
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