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Abstract. Changes 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.

Keywords: digital twin, milk quality classification, machine learning, ensemble
learning, hybrid models
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Annoranusi. CyTTiH Kypambl MEH CalachIHJIaFbl ©3TE€PICTEP TYTHIHYIIBLIAP-
JIBIH JICHCAYJIBIFbIHA, OHJIPIC THIMIUTITIHE JKOHE JKETKi3y TI30€TiHIH KaylICi3miriae
Tikenen ocep ereni. COHABIKTAH CYT CamachlH >KeAeN opl ceHiMi Oarajay epekiie
MaHbI3/1bl. COHFBI KbUIAAPbI a3bIK-TYJIK eHJIpiciHae mudpaslk eriz (Digital Twin)
TEXHOJIOTUSIAPbIH KOJ/IaHYFa KbI3bIFYIIBUIBIK apThll Kesel. JlereHMeH, CyT canachiH
TIKeJIeH JKIKTEY/I€ KJIACCUKAJIBIK, aHCAMOJIB/IIK KOHE THOPHUATI MAITUHAIBIK OKBITY MO-
JIebACPIH CATBICTHIPMAIIBI TYPE 3€PTTErCH )KYMBICTAp 91 1€ a3. 3ePTTEY/IIH MaKCaThI
— Digital Twin Ty>XbIpbIMAaMachl asChIH/Ia CYT CalachliH JKIKTE€yre apHaJIFaH KJIaccH-
KaJIbIK, aHCAMOJIBIIK KOHE THOPUITI MAIIMHAIIBIK OKBITY MOJAEIBASPIHIH TUIMIUIITIH
Oaranay kxoHe caibIcTbipy. 3eprreyne Kaggle mnargopmacsinaaret Milk Quality ne-
pexrep KUBbIHTBIFHI (1059 yori, xeTi pu3nKa-XUMHUSIIBIK KOPCETKII) Nai1aJaHblIIbl.
ANTBl KJIACCUKAJBIK aJIrOpUTM, yiI aHcamOnbaik oaic (Random Forest, XGBoost,
LightGBM) »xone ym rubpunri mozaens (RF+KNN, XGBoost+RF xone Stacking)
cTpatuuKalusIaHFaH OKbITY/ChIHAK >KUBIHTBIKTAphl MEH OeC eceslik Kpocc-Bajauaa-
11 apKbUIbl Oarananbl. HoTmkenep ancaMObIiK koHe THOPUATI 9ICTEPIH ASCTYP-
J1 MalIMHAJIBIK OKBITY MOJAEJBIAEPIHEH TYPAKTBI TYPJE KOFapbl HOTUKE KOPCETKEHIH
nonenaeni. RF+KNN rubpunri moneni 6apibik kepcetkimrep Ooibiama 100,0% momn-
JIKTIEH MIHCI3 KiIaccu(uKaims HOTIKECIH KepceTTi, an Stacking ancamO:mi Oip raHa
Kare kinaccudukamusra 6ainmaneicTel 99,69% HoTIKeTe xeTTi. Exi Momens ae kiac-
CUKaJIbIK 0a3aJbIK MOJIEIIbIEPCH aliTapibIKTal XKOFapbl HOTHXKE KopceTTi. KopbIThIH-
JBICBIH/IA, aHCAMOJIB/TIK KoHE THOPHUATI MAIIMHAIBIK OKBITY Moaenbaepi Digital Twin
HET131H/IeT1 HAKThI YaKbITTaFbl CYT CarachlH 0aKbpUIay JKOHE WHTEIUICKTYaJ bl IIEHTiM
KaObu1/1ay KYHENepiH Kypy YIIH THIMII TOCLT OOJIbIT TaObIIaabl.

Ty#inai ce3nep: LudpIbIK €ri3, CyT canachlH XKIKTEY, MallIMHAJIBIK OKbITY, aH-
caMOJIBIIK OKBITY, THOPHUATI MOZACIIbIIED
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XacanoBa M., Kaccum M. (2026). Ludpasik erizaep HEri3iHAE CYT CanachblH HAKTHI
YaKbIT PSKUMIH/IE )KIKTEYTe apHAIFaH aHCAMOJIB/IIK KOHE THOPHUITI MAIITMHAIBIK OKbI-
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© XK. loymuapuesa, 1. Tycymnos, A. AkpiHOekoBa, M. Xacanosa, M. Kaccum

AHHOTaUus. VI3MEHEHHUsI COCTaBa M KauecTBAa MOJIOKA OKa3bIBAIOT BIIMSHHE
Ha 0e30MacHOCTh MPOAYKUUH, dPPEKTHBHOCTH MPOU3BOJICTBA U 3I0POBBE MOTpPE-
ouTenel, 4To JeNaeT aKTyaJbHOW Pa3pabdOTKy MHTEIUIEKTYyaJbHBIX METOAOB OLIEHKU
kadecTBa. Llenbio nccneoBaHus SBISIOCH CPAaBHEHNE KIIACCUYECKUX, aHCAMOIEBBIX
U TUOPHUIIHBIX MOJENIeH MAIIMHHOTO OOy4eHUs [T KiacCu(UKAIMK KaueCcTBa MOJIO-
ka B pamkax koHuenmuu Digital Twin. B pabore ucnonszoBan Habop nanabix Milk
Quality (Kaggle), conepxamuit 1059 00pa3mnoB 1 ceMb GU3UKO-XUMHUECKUX MTPH3HA-
KOB. BbUTH Mcce10BaHbl MECTh KJIACCHUECKUX AJITOPUTMOB, TPU aHCAMOJIEBBIX Me-
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toxa (Random Forest, XGBoost, LightGBM) u tpu rubpunnsie mogenn (RF+KNN,
XGBoost+RF u Stacking) ¢ mpuMeHneHreM CTpaTH(PHUIMPOBAHHOTO pa3ACICHUS BbI-
OOpKH U MATUKPATHOU KPOCC-BaUAAIMK. Pe3ynbTaTel OKa3adu MPEeUMYIIECTBO aH-
camOJIEeBBIX M THOPUAHBIX MOJIENICH HaJ TPaAUIMOHHBIME anroputMamu. [ nbpuanas
monenb RF+FKNN mpomeMoHCTpHpoBaia UACalbHYI0 KIacCH(DHUKAIMIO C pe3yabTa-
toM 100,0% 1o Bcem mMeTpuKam, Toraa kak ancamOinp Stacking moctur 99,69% u3-3a
€IMHCTBEHHOM ommnbouHol Kiaccupukamuu. O6e MOAEeTH 3HAYUTEIBHO MPEB3OILIH
KJaccudyeckue 6a3oBbie MozeH. [lomydeHHble pe3ybTaThl OATBEPKAAIOT MEPCIICK-
TUBHOCTbH MCIIOJIb30BAaHMs aHCaMOJIEBBIX M THOPHIHBIX MOJEICH B CHUCTEMax MOHH-
TOpPHHTa KauyecTBa MOJIOKa Ha ocHoBe Digital Twin u MHTEIIEKTyanbHON MOJIEPIKKU
IIPUHATUS PELICHUM.

KuaroueBsbie cioBa: mudpoBoii TBOWHUK, KIACCUPHUKAIIUS KadecTBA MOJIOKA,
MaIIMHHOE 00y4eHHe, aHcaMOiIeBoe 00yueHue, TMOPUIHBIC MOJICITN

Jass nurupoBanms: Jloymuapuesa XK., TycynoB /I., AkbiHOekoBa A.,
XacanoBa M., Kaccum M. (2026). AncamOneBbie U THOPUIHBIE METOBI MAITUHHOTO
00y4eHus IS KJIacCU(PHUKAINK KayeCTBa MOJIOKA B PEKUME PEalbHOTO BPEMEHH Ha
OCHOBE IIU(PPOBBIX IBOMHUKOB // MexXayHapOIHbIH KypHaT HH()OPMAITHOHHBIX H KOM-
MyHHKAIMOHHBIX TexHomorui. T. 7. No. 27. Crp. 258-278. https://doi.org/10.54309/
JICT.2026.27.3.014. (Ha anr.).

Kondaukr uHTEpecoB: aBTOPHI 3asBISIOT 00 OTCYTCTBUHM KOH(IMKTA WHTE-
pecoB.

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).

Thisstudy 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

1. Physical Dairy Process
Milk is produced, collected,
and enters the monitoring system.

v

2. loT Sensors

Sensors measure parameters
such as pH, temperature, odor,
turbidity, conductivity, etc.

v

3. Data Acquisition
Sensor data is collected in real-time
and transmited to the system
for processing.

v

4. Machine Learning
ML models analyze data and classify
milk quality using ensemble and
hybrid approaches.

v

5. Digital Twin
A virtual model mirrors the physical
process for real-time simulation,
“\ monitoring, and prediction.

v

6. Decision Support
Insights and alerts are provided to
operators for timely decisions and

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.
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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 Naive 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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[ Machine Learning Models ]
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1 Classical Models ‘ ‘ Ensemble Models ] Hybrid Models
—{ Logistic Regression ] — RF + KNN
—{ Decision Tree ] = Stacking
—[ SVM ]

—1 Naive Bayes ]
—[ MLP J

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:

TP+TN
TP+TN+FP+FN (1)

Accuracy =
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:

TP

Precision = P ( )
2
TP
Recall =
TP+FN (3)
2xPrecision®Recall
Fl=m—"-———

Precision+Recall (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 | Fl-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 | Naive Bayes 0.8365 0.8387 0.8365 | 0.8387 0.9750

Classical | Logistic 0.8239 0.8272 0.8239 | 0.8272 0.9270
Regression

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 Naive 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.

@ Radar Chart: Best Models per Category @ Radar Chart: Best Models per Category
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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.
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Fig. 5. Violin plot of cross-validation F1-score distributions for the evaluated machine learning models.
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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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Heatmap: Model Performance Metrics (12 models, milknew.csv)
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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 (Suetal.,2025). Asnoted by Suetal. (Suetal.,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 loT-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 [oT 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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