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Abstract. Сhanges in milk composition and quality affect consumer health, 
production efficiency, and supply chain safety, which is why fast and reliable 
assessment is essential. Lately, there’s increasing interest in digital models for food 
systems. However, the number of studies comparing ensemble, hybrid, and classical 
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machine learning models to directly classify milk quality is still limited. The aim of 
this study was to evaluate and compare the performance of classical, ensemble, and 
hybrid machine learning models for milk quality classification within a Digital Twin 
framework. The Kaggle Milk Quality dataset (1,059 samples, seven physicochemical 
attributes) was used. Six conventional algorithms, three ensemble methods (Random 
Forest, XGBoost, LightGBM), and three hybrid models (RF+KNN, XGBoost+RF, 
and Stacking) were assessed using stratified train–test splitting and five-fold cross-
validation. The results showed that ensemble and hybrid methods consistently 
outperformed traditional machine learning methods. The RF+KNN hybrid model 
achieved perfect classification (100.0%  across all metrics), while the Stacking hybrid 
model reached 99.69% due to a single misclassification. Both models substantially 
outperformed classical baselines. The findings indicate that ensemble and hybrid 
machine learning models are well suited for Digital Twin–based real-time milk quality 
monitoring and can support intelligent decision-making in smart dairy production.
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Аннотация. Сүттің құрамы мен сапасындағы өзгерістер тұтынушылар-
дың денсаулығына, өндіріс тиімділігіне және жеткізу тізбегінің қауіпсіздігіне 
тікелей әсер етеді. Сондықтан сүт сапасын жедел әрі сенімді бағалау ерекше 
маңызды. Соңғы жылдары азық-түлік өндірісінде цифрлық егіз (Digital Twin) 
технологияларын қолдануға қызығушылық артып келеді. Дегенмен, сүт сапасын 
тікелей жіктеуде классикалық, ансамбльдік және гибридті машиналық оқыту мо-
дельдерін салыстырмалы түрде зерттеген жұмыстар әлі де аз. Зерттеудің мақсаты 
– Digital Twin тұжырымдамасы аясында сүт сапасын жіктеуге арналған класси-
калық, ансамбльдік және гибридті машиналық оқыту модельдерінің тиімділігін 
бағалау және салыстыру. Зерттеуде Kaggle платформасындағы Milk Quality де-
ректер жиынтығы (1059 үлгі, жеті физика-химиялық көрсеткіш) пайдаланылды. 
Алты классикалық алгоритм, үш ансамбльдік әдіс (Random Forest, XGBoost, 
LightGBM) және үш гибридті модель (RF+KNN, XGBoost+RF және Stacking) 
стратификацияланған оқыту/сынақ жиынтықтары мен бес еселік кросс-валида-
ция арқылы бағаланды. Нәтижелер ансамбльдік және гибридті әдістердің дәстүр-
лі машиналық оқыту модельдерінен тұрақты түрде жоғары нәтиже көрсеткенін 
дәлелдеді. RF+KNN гибридті моделі барлық көрсеткіштер бойынша 100,0% дәл-
дікпен мінсіз классификация нәтижесін көрсетті, ал Stacking ансамблі бір ғана 
қате классификацияға байланысты 99,69% нәтижеге жетті. Екі модель де клас-
сикалық базалық модельдерден айтарлықтай жоғары нәтиже көрсетті. Қорытын-
дысында, ансамбльдік және гибридті машиналық оқыту модельдері Digital Twin 
негізіндегі нақты уақыттағы сүт сапасын бақылау және интеллектуалды шешім 
қабылдау жүйелерін құру үшін тиімді тәсіл болып табылады.

Түйінді сөздер: цифрлық егіз, сүт сапасын жіктеу, машиналық оқыту, ан-
самбльдік оқыту, гибридті модельдер
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Аннотация. Изменения состава и качества молока оказывают влияние 
на безопасность продукции, эффективность производства и здоровье потре-
бителей, что делает актуальной разработку интеллектуальных методов оценки 
качества. Целью исследования являлось сравнение классических, ансамблевых 
и гибридных моделей машинного обучения для классификации качества моло-
ка в рамках концепции Digital Twin. В работе использован набор данных Milk 
Quality (Kaggle), содержащий 1059 образцов и семь физико-химических призна-
ков. Были исследованы шесть классических алгоритмов, три ансамблевых ме-
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тода (Random Forest, XGBoost, LightGBM) и три гибридные модели (RF+KNN, 
XGBoost+RF и Stacking) с применением стратифицированного разделения вы-
борки и пятикратной кросс-валидации. Результаты показали преимущество ан-
самблевых и гибридных моделей над традиционными алгоритмами. Гибридная 
модель RF+KNN продемонстрировала идеальную классификацию с результа-
том 100,0% по всем метрикам, тогда как ансамбль Stacking достиг 99,69% из-за 
единственной ошибочной классификации. Обе модели значительно превзошли 
классические базовые модели. Полученные результаты подтверждают перспек-
тивность использования ансамблевых и гибридных моделей в системах мони-
торинга качества молока на основе Digital Twin и интеллектуальной поддержки 
принятия решений.

Ключевые слова: цифровой двойник, классификация качества молока, 
машинное обучение, ансамблевое обучение, гибридные модели
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Introduction.
Milk is one of the most important foods in the human diet. This is because 

the composition and nutritional value of milk is rich in proteins, fats, carbohydrates, 
vitamins and minerals. It plays a fundamental role for human health, especially for 
the growth and development of children, as well as for maintaining the health of 
adults. However, the quality of milk can deteriorate due to improper storage, lack 
of pasteurization and microbiological contamination. Drinking poor quality milk can 
lead to foodborne illnesses, bacterial infections, exposure to toxins, and long-term 
health complications. Therefore, a quick and reliable assessment of milk quality is an 
important issue in modern food safety systems (Sioneket al., 2023).

This study examines the interactions between food science, industrial automation, 
and Data-Driven Decision Support in the context of the Industry 4.0. The dairy industry, 
especially the production of fermented milk products, is facing an increasing need to 
introduce intelligent control systems that can reduce waste and operating costs while 
ensuring product quality. The integration of dual digital technologies with machine 
learning will allow predictive quality control, real-time monitoring and provide the 
necessary early warning capabilities for a modern intelligent production environment.

Traditionally, the quality of milk is checked in the laboratory through tests that 
examine its physical and chemical properties, as well as its microbiology. Although 
these methods give tangible results, they are often time-consuming, labor-intensive, 
expensive, and unsuitable for continuous monitoring in a production environment 
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(Aydogdu et al., 2023). New technologies such as advanced sensors, Internet of things 
and artificial intelligence will help us create intelligent systems capable of checking 
the quality of milk in real time. These technologies allow you to automatically check 
the quality of milk and quickly make decisions in the production of food products 
(Rajeswari et al., 2024). By combining sensors that can transmit data via the internet 
with artificial intelligence, we can now regularly check the quality of milk and achieve 
quick results even at large industrial enterprises. This is a big step forward in ensuring 
the safety and quality of our food (Rajeswari et al., 2024).

Milk quality problems have serious economic consequences: product recall, 
risk to consumer health, and closing production can lead to significant financial 
losses for dairy farmers. While traditional laboratory quality assessment methods 
are accurate, they work slowly and cannot provide the prompt feedback needed to 
manage the workflow. In recent years, advances in sensor technology, the Internet of 
Things (IoT), and artificial intelligence (AI) have opened up new opportunities for 
Automated Continuous Quality Control. However, integrating these technologies into 
real production environments remains a challenge that requires creating models that 
combine high accuracy and low computational latency.

One of  the most promising developments  in  this area  is  the concept of Digi
tal  Twins. A Digital Twin is a copy of a physical system that always sends and 
receives information with the real thing through sensors and computer models (Huang 
et al., 2024). In factories and industries Digital Twin technology has shown it can 
be very useful for watching what is happening fixing problems before they start and 
helping people make decisions (Rasheed et al., 2025; Rasheed et al., 2020). In the 
food business this idea has become Digital Food Twins, which use sensor information, 
computer models and machine learning to check the quality of food guess what will 
happen and help people make decisions (Krupitzer et al., 2022; Verboven et al., 2020). 
Recent studies have also demonstrated the application of Digital Twin concepts for 
modeling fermentation kinetics and supporting intelligent operator decision-making in 
dairy production (Alimardanova et al., 2026; Doumcharuyeva et al., 2025).

Machine learning is becoming very important for checking the quality of milk 
and guessing what it will be like. Some people named Sharma and Kumar looked at all 
the research. Found that machine learning is a good way to check food quality because 
it is fast and accurate. They also found that using methods together works better than 
using just one old method (Liakos et al., 2024).

People participating in the study can divide their work into three groups. The 
first group uses such machine learning methods as reference vector machines, close 
neighbors, decision trees, and the naive Bayesian method. Some studies have shown 
that these methods allow you to correctly classify the quality of milk in more than 95% 
of cases. Solution trees and support vector machines are especially good for this. They 
work very well with milk quality data. Digital twin and digital food Twin technologies 
use these methods to achieve results. Machine learning and digital twin technologies 
help the food industry make decisions and improve milk quality (Bhavsar et al., 2023; 
Zhao, 2025). The second category consists of ensemble learning methods, including 
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Random Forest, Extreme Gradient Boosting, Light Gradient Boosting Machine, and Gr
adient Boosting approaches. When you combine several simple models, you can create 
even more advanced ones. This is the so-called an ensemble Model. This can make the 
forecast more accurate and reliable. One of the most popular types of Group models 
is XGBoost. It is fast and can be used in different situations (Chen et al., 2016). Some 
studies have shown that the use of random forest and extreme gradient enhancement 
models can be really effective in predicting milk quality and analyzing dairy products. 
For example, such models will help determine whether milk is good or not, what it 
contains. By combining multiple models, you can better understand the data and make 
more accurate predictions. This is important in many areas, such as food safety and 
quality control (Mhapsekar et al., 2025; Goyal et al., 2024).

The third category includes hybrid machine learning models that combine the 
advantages of several algorithms. Random Forests and k-Nearest Neighbors showed 
really good results. These methods can be combined with other methods, for example, 
deep learning, the creation of more powerful tools. In fact, some studies have shown that 
these hybrid models can be 99% accurate, which is very important for systems such as 
food management systems. However, there is still disagreement about which approach 
is better (Keong et al., 2024; Rao et al., 2025). Some people consider deep learning to 
be the right path because it can be really accurate. Others believe that simple models, 
such as assembly methods, are better because they are faster and easier to understand. 
This is especially important for things like the Internet of Things, where speed and 
clarity are important (Neto et al., 2019; Ehsani et al., 2025). A great example of this 
is the dairy industry. With the development of the IoT and artificial intelligence, there 
is a great need for models that can combine accuracy and computational efficiency. 
This means that the models must be fast, but at the same time be able to explain 
what you are doing. Most of the research done so far has focused on obtaining correct 
predictions, but it has not paid enough attention to things like real-time constraints 
and the ability to interpret models (Alimardanova et al., 2026). It is important not only 
to get the right answer, but also to get it quickly and understand why. This is where 
Digital Twin architectures come to the rescue-they help to integrate these models into 
the big picture and make them more useful. Therefore, despite the fact that we have 
made some progress, there is still a lot of work to be done to create accurate and 
practical models for use in the real-world.

Despite these advances, several important research gaps remain. First, we need 
to look at how different machine learning models work to determine the quality of milk. 
We need to see if these models can work together and work with models. Secondly, in 
most cases, people who study this do not think that everything should happen quickly, 
whether these models can work in real life or not. Third, we must understand how 
machine learning models work and be able to see what is happening inside them. This 
is very important if we want to use them in life. Finally, we need to figure out how to 
use machine learning models in Digital Food Twin systems. We should also consider 
how to share models to check the quality of food. It still works. This is important for 
the future of food systems (Doumchariyeva et al., 2026).
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Based on these observations, the research hypothesis of this study shows that 
hybrid and group machine learning models can significantly improve the accuracy of 
milk quality classification while maintaining appropriate computational performance 
for real-time digital twin applications. In addition, it is assumed that some complex 
methods can provide a good balance between prediction accuracy and output speed, 
which makes it more suitable for the Industrial Internet of things.

The main goal of this study is to compare the effectiveness of Classical, Group 
and hybrid machine learning models to classify milk quality within the framework of 
the digital twin concept. To achieve this goal, a publicly available milk quality data 
set consisting of 1,059 samples and seven quality-related characteristics was analyzed. 
Six classical machine learning algorithms, three cluster models (Random Forest, 
Extreme Gradient Boosting, and Light Gradient Boosting Machine) and three hybrid 
models (Random Forest plus k-Nearest Neighbors, Extreme Gradient Boosting plus 
Random Forest, and Stacking) were evaluated.). The results obtained provide practical 
recommendations for the selection of suitable machine learning models and Digital 
Food Twin applications for double food for real-time monitoring of milk quality. The 
results showed that the overlapping cluster system achieved the highest classification 
accuracy, and the Light Gradient Boosting Machine showed the fastest prediction 
delay of 1.89 MS, which is a useful solution for delay-sensitive industrial systems.

Materials and methods.
Dataset Description
The empirical analysis is based on a collection of publicly available data for 

predicting the quality of milk hosted on the Cagle platform (https://www.kaggle.com/
datasets/cpluzshrijayan/milkquality). The collection includes 1,059 milk samples, 
each characterized by seven physico-chemical and organoleptic indicators that are 
often used in assessing the quality of milk: pH, temperature, taste, aroma, fat content, 
turbidity and color. The score variable encodes quality scores as one of three ordinal 
categories — Low, Medium, and high. This data set was selected on the basis of a 
heterogeneous combination of quantitative and categorical characteristics reflecting 
the main indicators of milk quality and their role recognized as a reference in the 
literature on the classification of food quality.

The characteristics of the input data, as well as the data types and their range of 
values, are presented in Table 1.

Table 1. Input characteristics of milk quality data sets
Feature Type Range / Values
pH Numerical 3.0–9.5
Temperature (°C) Numerical 34–90
Taste Categorical 0 (unpleasant), 1 (pleasant)
Odor Categorical 0 (unpleasant), 1 (pleasant)
Fat Categorical 0, 1
Turbidity Categorical 0, 1
Color Numerical 240–255
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Data Preprocessing
Before training the model, the data set went through several stages of pre-

processing to improve the quality of the data and ensure reliable operation of the model. 
First, duplicate records were detected and deleted. With the help of statistical analysis, 
abnormal observations were identified that can negatively affect Model training.

Categorical variables were encoded using One- Hot Encoding to convert them 
into machine-readable digital representations. In order to ensure that all variables 
make the same contribution during model training, quantitative characteristics were 
normalized using the StandardScaler method.

Data Partitioning and Validation Strategy
The data sets were divided into training and testing subgroups in a 70: 30 ratio. 

The training subgroup was used to develop the model and adjust the Superparameters, 
while the testing subgroup was reserved for final performance assessments. 

To increase the reliability of the results, five-fold validation was used during 
model training. This approach reduces the risk of overconformity and provides a more 
representative assessment of the effectiveness of Model generalization.

Digital Twin Architecture
The proposed research framework was designed for integration into a Digital 

Food Twin environment. The architecture combines sensor-based data acquisition, 
machine learning prediction, and intelligent monitoring functionalities.

The workflow consists of the following stages:
IoT Sensors → Feature Extraction → Machine Learning Classifier → Digital 

Twin → Dashboard → Process Optimization

Fig. 1. General conceptual framework of Digital Twin–based milk quality monitoring.
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Figure 1 shows the proposed Digital Twin framework for milk quality monitoring 
and optimization. Real-time data collected from IoT sensors are preprocessed through 
feature extraction techniques and analyzed using machine learning classifiers. The 
prediction results are integrated into the Digital Twin environment, where the virtual 
model is continuously updated. The generated information is visualized through a 
dashboard and used to support monitoring, quality assessment, and process optimization 
decisions.

Fig. 2. Proposed Digital Twin architecture integrating machine learning models for real-time milk 
quality monitoring and decision support.

Figure 2 illustrates the proposed six-stage Digital Twin architecture for real-
time milk quality monitoring. IoT sensors acquire physicochemical milk parameters, 
which are then preprocessed and classified by ensemble and hybrid machine learning 
models (Random Forest, XGBoost, LightGBM, and Stacking) to predict quality 
grades. The predictions are transferred to the Digital Twin environment, continuously 
updating the virtual representation for real-time monitoring. An interactive dashboard 
visualizes quality status and alerts, while the Process Optimization module translates 
analytical insights into quality control actions. Historical data are stored and fed back 
to support continuous model refinement.

Machine Learning Models
Three categories of machine learning models were investigated in this study: 

classical models, ensemble models, and hybrid models.
Classical Machine Learning Models
The baseline models included:
- Logistic Regression; 
- k-Nearest Neighbors (k = 5); 
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- Decision Tree; 
- Support Vector Machine with Radial Basis Function kernel; 
- Gaussian Naïve Bayes;
- Multi-Layer Perceptron Neural Network.
These models were selected because they are commonly used benchmarks in 

food quality classification research.
Ensemble Learning Models
Although Random Forest, XGBoost, and LightGBM are commonly treated as 

individual algorithms, each internally combines multiple decision trees to generate a 
final prediction. Therefore, these approaches belong to the ensemble learning family, 
where multiple weak learners are aggregated to improve classification accuracy and 
robustness.

Three ensemble methods were evaluated:
- Random Forest (100 trees); 
- Extreme Gradient Boosting (100 boosting iterations);
- Light Gradient Boosting Machine (100 boosting iterations).
Hybrid Models
Unlike ensemble methods, which combine multiple learners within the same 

algorithmic framework, hybrid models integrate two or more distinct machine learning 
algorithms. This approach allows the exploitation of complementary strengths of 
different methods and may improve predictive performance in complex classification 
tasks.

To investigate whether combinations of algorithms can outperform individual 
models, three hybrid approaches were developed:

RF + KNN, where feature importance scores generated by Random Forest were 
incorporated into the k-Nearest Neighbors classifier;

XGBoost + RF, combining gradient boosting and bagging principles; 
Stacking Ensemble, using Random Forest, XGBoost, and Support Vector 

Machine as base learners and Logistic Regression as the meta-learner.
The hybrid models were designed to exploit complementary strengths of 

individual algorithms and improve classification performance within Digital Twin 
environments.

In addition, the Area Under the Receiver Operating Characteristic Curve 
(ROC-AUC) was used to evaluate the overall discriminative ability of the models 
independently of the classification threshold. 

The region of the functioning characteristics of the receptors under the winter 
(rock-OK) is faking a «one-to-one» strategy to evaluate the multi-layer central 
recognition cabinet. The calculation efficiency was measured using: 

- Exercise time (in seconds); 
- Prediction time (milliseconds per 1000 samples). 
These indicators are very important for digital twin systems, where real-time 

performance and low latency are the main requirements.
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Fig. 3. Classification of classical, ensemble, and hybrid machine learning models used in this study.

Figure 3 shows the classification of machine learning models used in this study. 
Models are divided into three groups: Classic ensemble and hybrid methods, after 
which they are compared in terms of the effectiveness of the Milk Quality Rating. 

Performance Evaluation Metrics.
The effectiveness of the model was evaluated using several additional evaluation 

indicators. Accuracy was used as the primary evaluation metric:

                                                                             (1)

where TP, TN, FP, and FN denote true positives, true negatives, false positives, 
and false negatives, respectively.

To provide a comprehensive evaluation of the classification models, Precision, 
Recall, and F1-score were also calculated:

                                 

                                                                                          (2)

                                                                                                 (3)

                                                                                     (4)
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Experimental Environment
All experiments were conducted using a workstation running Microsoft 

Windows 11 with an Intel Core i7 processor and 16 GB RAM.
Python 3.10, Scikit-learn 1.2.2, XGBoost 1.7.6, LightGBM 4.0.0, NumPy, 

Pandas, Matplotlib were used for the software environment.
The experimental installation is designed in such a way as to provide the 

possibility of reproduction and an objective comparison of all studied machine learning 
models.

The source code used to train and evaluate models is available at the reasonable 
request of the respective author.

Results and discussion.
Comparative Performance of Machine Learning Models
The effectiveness of the studied machine learning models was evaluated using 

the indicators of Accuracy, Precision, Recall, F1-score, and ROC-AUC. The results are 
presented in Table 2. 

Table 2. Comparative efficiency of machine learning models to classify milk 
quality

Category Model Accuracy Precision Recall F1-score ROC-
AUC

Hybrid RF+KNN 1.0000 1.0000 1.0000 1.0000 1.0000
Hybrid Stacking 0.9969 0.9969 0.9969 0.9969 1.0000
Hybrid XGBoost+RF 0.9969 0.9969 0.9969 0.9969 1.0000
Ensemble XGBoost 0.9969 0.9969 0.9969 0.9969 1.0000
Ensemble Random Forest 0.9969 0.9969 0.9969 0.9969 1.0000
Ensemble LightGBM 0.9969 0.9969 0.9969 0.9969 1.0000
Classical SVM (RBF) 0.9969 0.9969 0.9969 0.9969 1.0000
Classical Decision Tree 0.9969 0.9969 0.9969 0.9969 0.9969
Classical KNN (k=5) 0.9937 0.9937 0.9937 0.9937 1.0000
Classical MLP 0.9277 0.9284 0.9277 0.9284 0.9970
Classical Naïve Bayes 0.8365 0.8387 0.8365 0.8387 0.9750
Classical Logistic 

Regression
0.8239 0.8272 0.8239 0.8272 0.9270

As shown in Table 2, the RF+KNN hybrid model achieved perfect classification 
on the test set, with 100.0% across all five metrics (Accuracy, Precision, Recall, F1-
score, and ROC-AUC). The Stacking model, XGBoost+RF, XGBoost, Random Forest, 
LightGBM, and SVM (RBF) each achieved 99.69%, reflecting a single misclassification 
out of 318 test samples. The Decision Tree and KNN (k=5) reached 99.69% and 
99.37%, respectively. Among classical classifiers, SVM and Decision Tree were the 
strongest, while Logistic Regression (82.39%) and Naïve Bayes (83.65%) showed the 
lowest accuracy. Overall, hybrid and ensemble models consistently outperformed the 
classical baselines, confirming the benefit of combining multiple learning algorithms 
for milk quality classification.
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Table 3. Average accuracy of classification by model class
Category Models Mean Accuracy
Classical 6 models 92.93%
Ensemble 3 models 99.69%
Hybrid 3 models 99.79%

As shown in Table 3, the average classification accuracy increased from 
92.93% for basic models to 99.69% for group methods and 99.79% for hybrid models. 
The results show that combining multiple learning algorithms significantly increases 
the effectiveness and reliability of classification. In particular, hybrid methods have 
achieved the highest overall accuracy, demonstrating their potential for for Digital Twin–
based quality control based on dual technologies and decision support applications.

Fig. 4. Radar chart comparison of KNN, Random Forest, and RF+KNN models across five classification 
metrics.

Figure 4 presents radar chart visualizations comparing the best-performing 
model from each category across five classification metrics: Precision, Accuracy, 
ROC-AUC, F1-score, and Recall. The Ensemble model (Random Forest) demonstrates 
a consistently balanced and high-coverage profile across all metrics. The Hybrid 
model (RF+KNN) achieves the largest area coverage overall, reflecting superior 
performance particularly in Accuracy and ROC-AUC. In contrast, the Baseline model 
(KNN, k=5) exhibits a notably reduced profile in ROC-AUC and F1-score, indicating 
comparatively weaker generalization. These visualizations confirm that ensemble and 
hybrid approaches outperform the classical baseline across all evaluated dimensions.

Computational Performance
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The time of training and forecasting of the most effective models is given in 
Table 4.

Table 4. Learning time and prediction of effective machine learning models
Model Training Time (s) Prediction Time (ms/1000 samples)
Logistic Regression 0.03 0.20
KNN (k=5) 0.01 0.50
Decision Tree 0.02 0.30
SVM (RBF) 2.84 19.60
Naive Bayes 0.01 0.15
MLP 0.50 0.40
Random Forest 0.39 2.98
XGBoost 0.42 2.15
LightGBM 0.21 1.89
RF+KNN 0.08 1.50

XGBoost + RF 1.15 4.20
Stacking 3.68 28.40

As shown in Table 4, XGBoost showed an estimated time of 2.15 ms per 1000 
samples, followed by the speed of LightGBM (1.89 Ms), RF+KNN (1.50 ms) and 
Random Forests (2.98 ms). Among the models evaluated, the SVM (RBF) showed the 
highest computational cost, requiring 2.84 seconds to perform and 19.60 Ms per 1,000 
samples to predict. The Stacking and XGBoost+RF also require additional computing 
resources compared to individual range models. These results show that XGBoost 
and LightGBM provide an effective balance between computational efficiency and 
classification performance. 

The violin diagrams in Figure 5 show that ensemble and hybrid models 
consistently achieve high F1-scores with low contrast, which confirms their stability 
and reliability. In contrast, key models, especially Logistic Regression and the Naive 
Bayes method, show low estimates and low predictive power.

 Confusion Matrix Analysis
To provide a more detailed assessment of classification performance, confusion 

matrices were constructed for three representative models (Figure 6). The RF+KNN 
hybrid model achieved perfect classification, with zero misclassifications across all 
318 test samples. The Stacking model produced one misclassification (one high-quality 
sample classified as medium-quality), corresponding to 99.69% accuracy. The Logistic 
Regression baseline exhibited substantial confusion between adjacent classes, with 56 
misclassifications, reflecting its lower accuracy of 82.39%.

These results confirm that the perfect performance of the RF+KNN model 
is not an artifact of metric calculation but reflects the genuine separability of the 
three milk quality classes in the feature space when heterogeneous base learners are 
combined. The single misclassification of the Stacking model is consistent with its 
99.69% accuracy reported in Table 2.

The stability and robustness of the evaluated models were further assessed using 
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cross-validation. The distribution of F1-scores across validation folds is presented in 
Figure 5.

Fig. 5. Violin plot of cross-validation F1-score distributions for the evaluated machine learning models.

Fig. 6. Confusion matrices for three representative models.

(a) RF+KNN hybrid (Accuracy = 100.0%, 0 misclassifications); (b) Stacking 
model (Accuracy = 99.69%, 1 misclassification); (c) Logistic Regression baseline 
(Accuracy = 82.39%, 56 misclassifications). The matrices confirm the perfect 
classification of the RF+KNN model and illustrate the progressive degradation of 
performance in the Stacking and baseline models.

Digital Twin Deployment Readiness
A heat map has been developed to provide a visual comparison of the 

performance of the model for several evaluation indicators. The results are shown in 
Figure 7.
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Fig. 7. Heatmap visualization of classification performance metrics for the evaluated machine learning 
models.

The heatmap shows that RF+KNN achieved the highest overall performance, 
with 1.0000 across all evaluated metrics, while Stacking and the other ensemble models 
also demonstrated near-perfect performance.

Interpretation of Classification Results
The high performance of the stacking model is due to its ability to combine 

the advantages of several classifiers. It is implemented at the meta-learning level. By 
combining predictions from different listeners, the model identifies complementary 
patterns in the data set and increases the reliability of the classification. This finding 
is consistent with previous studies (Liakos et al., 2025; Keong et al., 2024; Rao et al., 
2025), which stated that integrated and hybrid methods often outperform individual 
classifiers in predicting food quality. In particular, our results are similar to those of 
Sharma and Kumar (Liakos et al., 2025), who showed that ensemble learning methods 
consistently provide high accuracy in food quality control applications.

Readiness to work with the Digital Twin and the ability to use it in Real-Time.
Digital twin systems provide continuous monitoring and intelligent decision-

making. Digital dual systems require high prediction accuracy and minimal calculation 
delay (Su et al., 2025). As noted by Su et al. (Su et al., 2025), real-time data processing and 
predictive analysis are an important component of industrial dual digital architecture.  
In conclusion, among the high-performance models, the RF + KNN model has the 
lowest prediction delay, which is only 1.50 Ms per 1000 samples. The prediction time 
for LightGBM and XGBoost models is 1.89 MS and 2.15 ms, respectively. These 
results are consistent with the conclusions of Rasheed et al. (Rasheed et al., 2020). They 
particularly emphasize the importance of computational efficiency in implementing 
a Digital Twin in a production environment. Although the Stacking model showed 
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near-perfect classification performance, it required significantly more computational 
resources, resulting in a prediction delay of 28.40 ms.

The comparison of the evaluated models indicates a clear trade-off between 
predictive accuracy and computational efficiency. Although the Stacking model 
achieved near-perfect classification performance, its inference time was longer 
because predictions must be generated sequentially by multiple base learners and a 
meta-learner. In contrast, the RF+KNN hybrid model exhibited the lowest prediction 
latency, as Random Forest reduces feature complexity before the KNN classification 
stage, enabling faster inference while maintaining high accuracy. LightGBM also 
demonstrated an effective balance between prediction accuracy and computational 
efficiency due to its histogram-based learning and leaf-wise tree growth strategy. 
These findings suggest that the selection of a machine learning model for Digital 
Twin applications should consider not only predictive performance but also real-time 
computational requirements.

Comparison with Previous Studies
The results obtained in this study are consistent with previous studies. This study 

also demonstrated the effectiveness of group training in predicting and evaluating food 
quality, as in this case.  Previous research has shown that Random Forest and XGBoost 
often outperform basic machine learning methods due to their ability to detect nonlinear 
relationships and complex interactions of objects (Liakos, 2025; Bhavsar et al., 2023; 
Mhapsekar et al., 2025). In this study, similar results were obtained: Ensemble and 
hybrid models consistently surpassed Logistic Regression, naive bays, MLB, KNN 
methods, decision-making trees.

In particular, a study by Vidal and Franco confirms the 99.69% accuracy 
obtained using the zgpost and litgbm methods (Mhapsekar et al., 2025), showing that 
gradient enhancement methods provide excellent predictive properties in tasks related 
to assessing milk quality. Our results also confirm the observations of Singh and Goyal 
(Alimardanova et al., 2026), who stressed the importance of computational efficiency 
in IoT-based dairy tracking applications.

In addition, the excellent results obtained using the Stacking model in this study 
(99.69% accuracy) confirm the latest results of Kumar and Sharma (Doumchariyeva et 
al., 2026). These researchers showed that combining heterogeneous learning patterns 
using the structure of the Stacking model can improve the accuracy and reliability of 
predictions in food quality classification tasks. However, unlike many previous studies 
that focused solely on classification efficiency, this study also evaluated computational 
efficiency and ease of use of Digital Twins. This means that it provides a comprehensive 
assessment of the industrial implementation in real-time.

The main objective of this study is to systematically compare the prediction 
latency of classical, ensemble, and hybrid models. Although the Stacking model 
provides near-perfect classification, its prediction time is long—28.40 ms per 1000 
samples. This makes it less suitable for real-time IoT applications. In contrast, the 
prediction time of the RF+KNN model is 1.50 ms, the LightGBM model is 1.89 ms, 
and the XGBoost model is 2.15 ms, providing a good balance between accuracy and 
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speed. This meets the practical requirements of digital twin systems (Ehsani et al., 
2025; Alimardanova et al., 2026).

Practical Implications
The results of the study provide practical recommendations on intelligent 

milk quality control systems. For applications where both classification accuracy and 
computational efficiency are critical, the RF+KNN model offers the most attractive 
solution, achieving 100.0% across all evaluated metrics with a prediction latency of 
only 1.50 ms per 1000 samples. In addition, the LightGBM and XGBoost models 
offer alternative deployment solutions in IoT and peripheral computing space. These 
recommendations contribute to the creation of effective digital doubles of nutrition. 
They support real-time quality assessment, process management, and intelligent 
decision-making in dairy production systems.

Research Limitations and Future Directions
Regardless of the expected results, it is worth noting a number of limitations. 

Most importantly, the study was conducted using a publicly available data set on 
the quality of Kaggle milk, which may not fully reflect the observed variability in 
industrial milk production. In addition, the data set contains relatively accurate and 
structured measurement results. Real-time transmitted IoT sensor data often includes 
interference, missing values, calibration errors, and connection latency.

In addition, the studied models were evaluated in stable conditions. They did 
not take into account the conceptual drift or online learning scenarios often used in 
long-term industrial implementations. Therefore, future research should focus on 
testing the proposed approach using sensory data collected in real-time in dairies. 
Additional features include the adaptive structure of digital twins, online learning 
algorithms, mechanisms for detecting model deviations, and the application of the 
proposed structure to kefir and other traditional dairy products.

Overall, the results show that collective and hybrid machine learning models are 
a viable solution. They emphasize that digital food products provide a solid foundation 
for the twin system, and can significantly improve automated milk quality control and 
support intelligent decision-making.

These findings are consistent with previous studies on Digital Twin-based 
fermentation modeling and Markov chain-based decision support, which demonstrated 
the feasibility of integrating predictive models into intelligent dairy production systems 
(Alimardanova et al., 2026; Doumcharieva et al., 2026).

Conclusion. 
This study presented a Digital Twin-based framework for real-time milk quality 

classification by integrating classical, ensemble, and hybrid machine learning models 
into an intelligent decision support system.

The experimental results demonstrated that hybrid and ensemble models 
consistently outperformed classical baselines. The RF+KNN hybrid achieved perfect 
classification (100.0% across all metrics) with the lowest prediction latency (1.50 
ms), offering the most attractive balance for real-time Digital Twin applications. The 
Stacking model reached 99.69% but required higher computational resources (28.40 
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ms), while LightGBM provided an efficient ensemble alternative (1.89 ms) for edge 
computing environments.

The proposed framework provides a practical foundation for intelligent quality 
monitoring in smart dairy production and supports Digital Twin-driven decision 
making. Future research will focus on validating the proposed architecture using real 
industrial sensor data and deploying it within an operational Digital Twin environment.

The proposed framework extends previous research on Digital Twin modeling 
and intelligent decision support for dairy fermentation by applying ensemble and hybrid 
machine learning methods to real-time milk quality classification (Alimardanova et al., 
2026; Doumchariyeva et al., 2026).
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