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Abstract

The paper deals with the implementation of machine learning classification algorithms for determining
the position of a dairy cow in a cubicle via ultrasonic distance measurement. A unique measurement
system has been developed to monitor the welfare of dairy cows via analysis of their activity in cubicle.
The position of the dairy cow was considered against the measurement system as axial and radial posi-
tion in the cubicle. As the best accurate classification model was recognized Random Forest with an
accuracy value of 0.92. From the unsupervised models, Label Propagation had the best fit with an ac-
curacy value of 0.88 and an ARI value of 0.557. The results have demonstrated that the important value
in ultrasound position determination are the measured distance and the ultrasound signal amplitude.
The proposed ultrasonic-based method offers a non-contact alternative to collar-mounted and image-
analysis systems for practical dairy cow welfare monitoring.
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INTRODUCTION

Smart farming denotes that future farms will require the integration of advanced information technolo-
gies to achieve greater profitability, efficiency, safety, and environmental sustainability. In dairy farm-
ing, this involves collecting both direct and indirect information, as well as analysing welfare assess-
ment protocols (Fraser, 2018). The conditions under which dairy cows rest and lie are particularly
significant when viewed through the perspective of the convergence of competitive animal production
and animal welfare. Current commercial systems for recording animal activity are based on varying
functional principles (Idris et al., 2023). The following factors have been identified as being relevant
to the study: the lying behaviour of dairy cows, both in terms of position (in cubicles or corridors) and
number of legs in contact with the cubicle floor (i.e. whether the cow is standing, sitting or lying down);
and the effect of stocking density on duration of lying in each cubicle. It is important to understand that
these characteristics are key elements in the study of animal response to the quality of the breeding
environment (Krawczel & Lee, 2019). In practice, the use of automated commercial systems by farmers
involves drawbacks such as significant upfront costs, the complexity involved in accessing the final
data, and the varied pros and cons of sensors that are either connected or not (Fan et al., 2022). Em-
ploying an ultrasonic system to pinpoint the location of a dairy cow within a cubicle is advantageous
owing to its affordability, straightforwardness, and robustness against electromagnetic and light inter-
ference, as well as pollution and weather conditions. Ultrasound signal combined with machine learning
algorithms was used in our research to monitor the position of animal in cubicles. The potential is in
the various applications for smart agriculture, in the research tasks of scientists, but also in authors' own
innovative inspirations and needs for improvement, in cases of monitoring and evaluation experiments
exploring resting areas. Existing automated systems for variable measurement and data classification
include several function blocks at the base, such as pre-processing, feature extraction, and classification
system. Modifications (Thang et al., 2018) of SVM classification methods achieve results with high
accuracy and sensitivity (Bhaskar, 2015), where the SVM classification algorithm has potential appli-
cations in technical systems used in identifying the position of dairy cow in a defined area using multi-
ple sensors. The aim of this research is to study the problem of the accuracy of monitoring the position
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of animals in a defined area of a cubicle, where an ultrasound measurement system with selected clas-
sification algorithms was used. A unique measurement system has been developed.

MATERIALS AND METHODS

Measuring condition for cubicle and used measurement system

The experiments were realized on a university farm in the south-west of Slovakia (a large-capacity
dairy farm with Holstein-Friesian), where the defined area was represented as a single box with plan
dimensions: 1.25 m % 2.50 m (Fig. 14). The experiments were performed without any disturbance to
the breeding animals.
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Fig. 1 Principal representation of experimental conditions; A — Principal illustration of measurements
in cubicle occupied by an animal in experiment (dimensions are in mm); B — animal presence and im-
plemented measurement system in cubicle.

The modification of the original design of the measuring system (Lendelova et al., 2014) achieved the
sectorization of the cubicle area. The sensors were arranged in an array of five SensComp 40LR16
sensors, which acquire ultrasonic reflections from the back of a dairy cow. The configuration of the
ultrasonic transducers in the experiment is defined by a parabola with specified dimensions. The trans-
ducers at positions R2, R3, R4 and RS are considered as receivers and the transducer R1 as a transmitter
and receiver. The detailed overview of the ultrasound sensor layout is presented in the paper (Madola et
al., 2023). The height from the base refers to the position of sensor R1, which is in the axis of the
measurement system, where the given axis intersects the sensor and is perpendicular to the base.
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Fig. 2 The block diagram illustrates the experimental device.
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The resonance frequency of the transmitter and receiver is identical, at 40 kHz = 1 kHz which is the
frequency higher than the hearing limit of cattle (Broucek, 2014). The directional angle of the ultrasonic
transducers is a range of +27.5° for -6 dB attenuation. The signal from the transducers is amplified by a
two-stage amplifier in an inverting circuit and then filtered by a second-order high-pass filter. For this
reason, the signal sampling rate was set to 250 kHz. The Analog to Digital converters (ADC) and mul-
tiplexers are used integrated in the STM32H7A3ZI microcontroller. The transfer of measured data from
AD converters to memory uses DMA (Direct Memory Access) principle. The ultrasound output signal
is generated by a Digital to Analog converter (DA) with the possibility to adjust the number of transmit-
ted waves and the transmission period. A block diagram of the experimental apparatus is shown in Fig.
2. The data is saved on a uSD memory card. The High-Speed USB (USB HS) is also available.

Characteristics of position model and processing of experimental data

The experiment was evaluated using selected characteristics of the ultrasound signal, such as the ampli-
tude of the ultrasound signal reflected from the cow in a defined area and measured distance by impulse
method via ultrasound. For the model of the position of the dairy cow in the defined area with respect
to the measurement system (Radial and Axial position), a Linear SVM, K-Means, KNN, Label Propa-
gation and Random Forest classifiers were used. In each dairy cow position, the measurement was per-
formed with 10 repetitions. The measured dataset of distances and amplitudes for the radial and axial
position data instances were separated into training and test sequences in a 70:30 ratio. The validation
of the classifier position machine learning methods was performed on the data for the case of a standing
dairy cow in the defined area. The experiment was conducted at two vertical levels away from the dairy
cow (Fig. 1B): L1 as the low-height case (HI value of 1.07 m + 0.0361 m) and L2 as the high-height
case (H2 value of 1.22 m + 0.0304 m). Data randomization was applied to each dataset for repeatability.
For the Label propagation classifier, the KNN kernel was used, and the number of neighbours was set
to 5. The robustness of the classification models was evaluated by Accuracy, Precision, Recall,
Weighted F1 score (F1), Matthews Correlation Coefficient (MCC), Adjusted Rand Index (4RI) and
Normalized Mutual Information (NMI). These metrics, which express model robustness, are dimension-
less. The analysis of experimental data and the creation of classification models were performed under
Python 3.12.3.

RESULTS AND DISCUSSION

Statistical analysis of measured signal amplitudes and distances

Through changing the measurement height from L1 to L2, statistically significant differences between
the measured heights at each sensor were identified (p < 0.0001). The coefficient of variation did not
exceed 2.50%. Agreement with the normal probability distribution (p > 0.05) of the lengths measured
by the impulse ultrasound method was confirmed. The amplitude of the ultrasound signals in selected
measurements exceeded the value of relative variability by over 50%. Statistical analysis of the signal
amplitudes measured across the individual sensors indicated no statistically significant differences. A
detailed comparison of the amplitude values by nested one-way ANOVA is presented in Tab. 1.

Tab. 1 Statistical evaluation of signal amplitude differences in various dairy cow positions

Position p-value
Axial position at L1 vs. Radial position at L1 0.12
Axial position at L1 vs. Axial position at L2 0.60
Axial position at L1 vs. Radial position at L2 0.79
Radial position at L1 vs. Axial position at L2 0.69
Radial position at L1 vs. Radial position at L2 0.50
Axial position at L2 vs. Radial position at L2 0.99

Agreement with the log-normal probability distribution of ultrasound signal amplitudes was confirmed
(p > 0.05). The statistical representation of the measured ultrasound signal amplitudes (Mean + 95%
Confidence interval) is depicted in Fig. 3. In view of the statistically insignificant differences for the
ultrasound signal amplitudes, we could not determine by descriptive statistics the categorization of the
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individual dairy cow positions. Based upon the statistics, the data were analysed by the selected machine
learning classification models. The classification model datasets will only contain the amplitudes of the
ultrasonic signal on individual sensors.
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Fig. 3 Statistical evaluation of measured ultrasound signal amplitudes.

The results of the selected models are summarized in the following section, where using the metrics of

the models, from the analysis indicates the specifics of the individual classification parameters under
testing.

Evaluation of dairy cow positions classification models

By classifying the position of the dairy cow in the specified zone with machine learning models, the
Random Forest model achieved the best results in the view of correlation (MCC value of 0.83) from
the group of supported models. The best accuracy rate was achieved by the Random Forest classifier
(Accuracy value of 0.92). Concerning the unsupervised classification models, the most suitable model
was found Label Propagation (4RI value of 0.56). The ARI metrics value confirms that the models are
resistant from cross misclassification independent of labelled data. A detailed evaluation of the classi-
fication model metrics is presented by radar plot in Fig. 4.
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Fig. 4 Radar plot of classification model metrics for dairy cow position.

The most unsatisfactory classification results regarding individual dairy cow positions were achieved
by the K-Means model, where 67% of axial positions were incorrectly determined as radial (at L1
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height) and 67% of radial positions were incorrectly determined as axial (at L2 height). The confusion
matrices of the selected classification models are depicted in Fig. 5.

Confusion Matrix - Random Forest
Signal amplitudes (L1)

Confusion Matrix - K-Means
Signal amplitudes (L1)

Confusion Matrix - Label Propagation
Signal amplitudes (L1)

True position
True position

True position

12

i 0 i i

[}
Predicted position Predicted position Predicted position

Confusion Matrix - K-Means
Signal amplitudes {L2)

Confusion Matrix - Random Forest
Signal amplitudes {L2)

Confusion Matrix - Label Propagation
Signal amplitudes (L2)

o- -] 11
£ £ =
o o o
= = =
® & w
=3 -] <
o o [=3
@ o o
= 3 =
£ E E

- — 3

0 1 0 1 0

Predicted position Predicted position Predicted position

Fig. 5 Confusion matrices of selected dairy cow position classification models on verification (0 — Axial
position of dairy cow, I- Radial position of dairy cow).

The study of the environment of animals in the context of welfare is one of the important aspects in
relation to the factors that affect the behaviour of the animals in the barn environment itself (Tucker et
al., 2020). Providing adequate welfare conditions for dairy cows requires monitoring of physical activity
as well as positioning within the cubicle. In principle, different measuring systems (Hruby et al., 2022;
Ayrulu & Barshan, 2001) and machine learning methods (Wang et al., 2024, Karagoz & Dindis, 2025)
can be used for data processing. In comparison, a method based on the ultrasonic principle provides
reliable results with respect to the surrounding environment conditions.

CONCLUSIONS

The contribution was focused on the classification of dairy cow position in cubicle by applying machine
learning using ultrasonic distance measurement method. It is obvious from the results that it is not pos-
sible to use standard forms of regression to determine the position of a dairy cow based on the processing
of the ultrasound signal. The coefficient of variation of the ultrasound signal amplitudes exceeded 50%
in several measurements. Unsupervised and supervised classification models were selected. The most
predictive model was shown to be Random Forest, where the accuracy value reached value of 0.92.
From the unsupervised models, Label Propagation is the most superior, where the accuracy value
reached value up to 0.88. Simultaneously, the ARI values were evaluated, where the unsupervised clas-
sifiers performed the best models (Label propagation; ARI value 0.56). A universal method for position
classification was determined. It was demonstrated that the distance measured by the ultrasound method,
together with the individual values of the signal amplitudes, has an informative value in determining the
position of a dairy cow in the cubicle. The findings will support the analysis of dairy cow welfare in the
implementation of non-conventional intelligent systems in dairy farming as smart farming. The pro-
posed approach represents a low-cost system suitable for practical welfare monitoring. It also provides
an alternative to commercial solutions based on image analysis, GPS systems, or neck-mounted collar
sensors. Future research will focus on full-scale ultrasonic signal processing with machine learning for
improved cow position classification. It is also considered for future implementation on dairy cow farms
to enlarge the dataset.
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