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Abstract

Automatic Milking Systems (AMSs) are pivotal in Precision Dairy Farming. These
systems collect extensive data on cow level, milk production, and herd management at
each milking event. Machine Learning (ML) methods are well-suited for analyzing the
large amount of data generated by AMSs, providing tools to support herd management
data-driven decisions. One critical decision in dairy farming is whether to retain a cow
for future lactation periods, a choice made at insemination time but whose outcome is
observed only in subsequent lactation cycles. ML can assist decision-makers by
identifying cows with potential for maintaining or increasing milk production. This study
applies Multi-Algorithm Clustering Analysis to assess the continuity of Productivity
Groups (PGs), defined by Low and High milk yield and quality, over seven lactation
periods across 16 AMS farms. Farms with more stable PGs were able to retain more cows
for future lactation periods, although higher daily milk production was observed in farms
in which Low PGs increased over time. In contrast, stable PG farms exhibited higher
protein content across all lactation periods, with higher Fat-Protein Corrected Milk in the
third lactation. Significant differences between stable and non-stable PG farms were
primarily observed in the first lactation, when farms with non-stable PGs had smaller
delivery ages and refusals by day, but higher milkings by day and days in milk. These
findings suggest that cows on these farms may experience increased pressure during the
first lactation, potentially leading to a greater decline in productivity and herd size over
subsequent lactation periods.

Keywords: automatic milking system, milk yield, fat-protein corrected milk, clustering
analysis

Introduction

Automatic Milking Systems (AMSs) are one of the most important facilities in Precision
Dairy Farming (PDF) by providing a technology-driven approach to milking operations
(Simdes Filho et al., 2020). As milking robots need data for operating, at each milking
event, they collect a plenty of data on various aspects of cow behavior, milk production,
and herd management, what was not possible with previous conventional systems (Jacobs
& Siegford, 2012). In fact, one of the main challenges in the PDF is to make sense and
analyze this huge amount of data. Machine Learning (ML) methods are more suitable
than traditional statistical for this modelling task. By employing algorithms capable of
learning patterns and relationships within the data, ML can be used as a tool for
supporting decisions related to cows’ health, milk production, and herd management
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(Hansen et al., 2024). One of the most impacting decisions to be taken in milking farms
is if a cow should be kept for future lactation cycles. The challenge of this decision lies
in the fact that there is a long-time lag between the moment in which the decision is taken
(should this cow be kept in production?) and its result (the milk yield that the cow
produces). Therefore, this is a scenario in which ML can help herd management.

Cluster Analysis is a ML algorithm that groups similar observations into distinct
categories by keeping together similar instances and, at the same time, separating apart
the most different ones (Everitt et al., 2011). It is an unsupervised ML, which means that
its task is to find patterns within the data without the need for pre-labelling the data
instances. The main advantage of using this type of ML is that the groups are not biased
by the previous decision on keeping or removing the cow in future lactation periods.
The current work presents the analysis of the continuity of Productivity Groups over
seven lactation periods, extending the Multi-Algorithm Clustering Analysis (MACA)
proposed in Rebuli et al. (2023) to other 16 farms. In addition, in this study we also
analysed the Fat-Protein Correct Milk (FPCM), as not only the quantity of milk
production, but also the quality of the milk is important for deciding if a cow should be
kept in production. The analysis found differences in the features regarding cows’
behavior and herd management between farms that have more continued PGs and those
that cannot keep their PGs over lactation periods.

Material and methods

Experimental data

This study used data collected from 2017 to 2023 by milking robots (Astronaut robot,
Lely© The Netherlands) of 16 free-flow farms of Holstein Friesian cows in the Piedmont
Region, Italy. All analyses were done using the R Core Team (2021) with random seed
1111. The data was summarised daily. Thus, to have only full-day records, the first and
the last day of each lactation of each cow was removed. The following features were used:
Delivery age (DA, years), Milk Production by Day (MPD, kg/day, Days in Milking (DIM,
days), Previous Dry-off (days), Milking Frequency (milking/day), Milking Robot Rate
(MRR, kg/minutes in robot), Milking Rate (MR, kg/milking minutes), Refusals by Day
(number of times the robot refused the cow/day) Failures by Say (failures/day)
Rumination Time by Day (minutes/day), Protein (%), Fat (%), and Lactose (%). Missing
values of Previous Dry-off, MRR, MR, and Rumination Time by Day were replaced by
the mode of the corresponding lactation period (calculated with modeest::miv() R method).
Missing values of Protein, Fat, and Lactose were replaced by the median of the
corresponding lactation period. Outliers of DIM (<50 days or >500 days), MPD (>60
kg/day) milking rate (>8 kg/min), Refusals by day (>10 refusals/day), and Failures by
day (>2.5 failures by day) were also removed. Outliers of Previous Dry-off (<20 days or
>115 days) and of DA were replaced by lactation period. The thresholds for the outliers
of DA were defined for each lactation period. Registers with DA <550 days or >1095
days for the first lactation were considered outliers. For the following lactation periods,
these thresholds were defined by summing up 365 for each threshold: <915 and >1460
for the second lactation, <1280 and >1825 for the third lactation, <1645 and >2190 for
the fourth lactation, <2010 and >2555 for the fifth lactation, <2375 and >2920 for the
sixth lactation, and <2740 and >3650 for the seventh lactation. Only data with at least 100
cows in the respective lactation period to be analysed was used in the analysis with all
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farms together and in the analysis by farm. The number of cows decreased over lactation
periods in all farms, and the analysis included data up to the seventh lactation period.

Clustering analysis

Following the methodology proposed in Rebuli et al. (2023), a MACA was performed
with data of all farms together and for each farm separately. At each lactation period, data
was clustered using four different algorithms, namely the agglomerative Hierarchical
Clustering with squared dissimilarities (Murtagh and Legendre, 2014), the partitioning
K-Means (Lloyd, 1957), the neural network-based Self-Organising Maps, (Kohonen,
1982) and the Fuzzy Clustering (Kaufman and Rousseeuw, 1990). The number of clusters
(k) in each lactation was chosen between k=2 to k=11, according to the Dunn (Dunn,
1974) and Silhouette (Rousseeuw, 1987) internal clustering indexes. First, the Dunn and
the mean of the Silhouette index of the entire solution were used to choose the best
solutions. Then, the individual Silhouette index of each observation was considered.
Solutions with fewer negative and with less negative Silhouette values were chosen. Their
outcome of the four clustering algorithms were combined with the merging index
proposed by Rebuli et al. (2023).

Productivity Groups
Milk Production by Day

After having defined the clusters of the merged solution, they were grouped into Low and
High Productivity Groups (PGs), considering the values of the Milk Production by Day
(MPD) feature of the clusters. When the solution had more than two clusters, clusters
with similar distribution of MPD were grouped and the Low and High PGs were defined
by the groups of the original clusters. The difference between Low and High PGs was
tested using the Kruskal-Wallis test (Kruskal & Wallis, 1952) with level of significance
o =0.05.

Fat-Protein Corrected Milk by Day
The fat-protein corrected milk was estimated according to Tyrrell and Reid (1965):

FPCM =91.78 x F% + 53.20 x CP % + 47.62 x L% — 25.84

where F% is the percentage of fat in the milk, CP% is the corrected percentage (factor
correction 0.940625 for true-protein levels) of protein in the milk, and the L% is the
percentage of lactose in the milk. The FPCM Groups were defined according to the
significative differences of FPCM features, considering the level of significance a = 0.05
for the Kruskal-Wallis test for the difference between the FPCM feature of the clusters or
group of clusters.

Results

Table 2 shows the number of cows in each PG of the global merged solution. Cows
belonging to the High MPD Groups formed the Low FPCM Groups, and, inversely, cows
belonging to the Low MPG Groups formed the High FPCM Groups. This pattern was
found up to the sixth lactation period. For the seventh lactation period, there was no
significative difference between the FPCM by Day of clusters or groups of clusters. This
inverse pattern of MPD and FPCM can be explained by the inverse correlation between
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milk yield and milk components, as shown in Table 3. Moreover, among the three
measured milk components, the fat had the strongest inverse correlation with milk yield,
and this is the component with the greatest coefficient in Eq. 1, used to estimate the
FPCM. As the results for the FPCM Groups were just the inverse of the results of MPD
Groups, the remaining of the study was done using only the MPD Groups.

Table 2: Number of cows by lactation in each Productivity Group of the merged solution for all farms
together.

Productivity Lactation Period
Group 1 2 3 4 5 6 7
MPD Low 2755 1739 1400 776 409 125 80
High 2235 1319 557 349 148 105 16
L 223 131 34 14 1 -
FPCM oW 5 9 557 9 8 05

High 2755 1739 1400 776 409 125 -

Table 3: Spearman correlation coefficient (Rho) for Milk Production by Day and Fat, Protein and Lactose
contents.

Lactation Fat Protein Lactose
Period Rho p-value Rho p-value Rho p-value

1 -0.2317 ok -0.2452 HEX -0.2202 ok
2 -0.3352 oAk -0.1831 oAk -0.1621 oAk
3 -0.2727 ok -0.1768 wEX -0.1187 ok
4 -0.3416 oAk -0.2426 oAk -0.0753 *

5 -0.2125 ok -0.1450 o - NS
6 -0.3789 A -0.2353 kK - NS
7 - NS - NS NS

The continuity of PGs over lactation periods was analyzed with Sankey networks. Figure
1 shows the Sankey network for the merged solution of PGs. For the first and second
lactation periods, the PGs were stable and had similar sizes. From the second to the third
lactation periods, the Low PG increased because more cows from the Low PG of the
second lactation were selected, and almost half of the cows selected from the High PG
moved to the Low PG in the third lactation. From the third to the fourth lactation, and
from the fourth to the fifth lactation, the Low PG continued to increase, mostly because
more cows from the Low PG in the previous lactation were selected. The Low and High
PG had again similar sizes in the sixth lactation, even though more cows from the Low
PG had been selected in the fifth lactation period. Thus, in this transition, more cows
moved from the Low to the High PG. The Low PG increased again from the sixth to the
seventh lactation.
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Figure 1: Sankey network showing the continuity of Low (red) and High (blue)
Productivity Groups over lactation periods for the 16 farms altogether. The height of the
bars is proportional to the number of cows in each group, and the height of grey
connections is proportional to the number of cows that flow from one group to another in
two consecutive lactation periods.

The continuity of PGs over lactation periods was different for each farm, as can be seen
in Figure 2. In these plots, the red arrows show noteworthy increases in Low PGs, while
the blue arrows show noteworthy increases in High PGs among two subsequent lactation
periods. It is worth noticing that the Low PG increased from the first to the second
lactation in four of five farms with only two lactation periods analyzed (farms 1, 15, 19,
and 39). Farms with three lactation periods presented more mixed results (farms 10, 31,
33,38,52, and 55). Farms with four or more lactation periods presented more stable PGs
or had more events of increasing the High PGs between consecutive lactation periods
(farms 7 and 42).
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Figure 2: Sankey network showing the continuity of Low (red) and High (blue)
Productivity Groups over lactation periods for each of 13 farms with enough data for the
individual analysis. In the first row, there are the farms with only two lactations; in the
second and third rows, farms with three lactations; and in the fourth row, farms with four
or more lactations.

Discussion

As expected, the number of cows decreased over lactation periods. Nevertheless, it was
possible to find significant differences between Low and High PG up to the seventh
lactation in the analysis with data from all farms together. This shows the robustness of
the methodology and provides insights into the productivity of upper lactation periods.
Besides that, the extension of the methodology for other 16 farms showed that it is
effective for assessing the continuity of herd productivity over lactation periods. For the
overall solution, with data from the 16 farms altogether, the FPCM Groups presented an
inverse pattern of the MPD Groups. This indicated that the greater milk production was
not followed by a maintenance of the milk quality, considering fat, protein, and lactose
milk components.

The analysis by farm indicated that farms with a bigger herd and more cows in upper
lactation periods had a better performance on keeping, or even improving, the relative
levels of productivity over lactation periods. Therefore, the question that arises is what
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makes a farm capable of maintaining its productivity groups over time? To investigate
this, the farms with better and worse performance in terms of the PGs were grouped into
Continued Productivity (CP) and Non-Continued Productivity (NCP) groups. Farms 7
and 42 constituted the CP Group, and farms 1, 15, 38, 39, and 52 constituted the NCP
Group. Table 3 shows the median of the percentage of cows kept between two consecutive
lactation periods for the CP and NCP groups. The percentage of cows kept from the first
to the second lactation periods was similar in both groups. However, from the second to
the fifth lactation, the percentage of cows kept in CP farms was higher than in NCP farms.
Indeed, in the transition between second to third lactation period, the percentage of cows
kept in the CP group was even greater than what was observed in the transition between
first and second lactation periods.

Table 3: Percentage of cows kept to the subsequent lactation period in Continued and Non-Continued
groups.

Lactation Period

1" to 2™ 2" to 3" 3 to 4™ 4" to 5™
CP group 62.90 72.36 62.67 54.99
NCP group 62.66 60.09 53.52 40.74

The distribution of the feature values of the groups was analyzed to characterize the
differences between these farms. Figure 3 shows the distribution of the features of the
farms belonging to the CP and NCP Groups.

The MPD of the NCP group was higher than the MPD of the CP, with significant
differences for the 5 lactation periods analyzed. However, even though the cows of the
CP group were not as productive as the cows in the NCP group, they could be kept for
upper lactation periods. This can be explained by the higher milking rates in the NCP
group, as Milking Robot and Milking rates were significantly greater in these farms up to
the fourth lactation period. It is not possible to know if these higher rates are due to genetic
variability or if it is related to some herd characteristic. For example, the Rumination time
of cows in the NCP group are also higher in the first lactation. This could be related to a
higher food supply for these cows, which could increase their productivity. Nevertheless,
it is worth noting that the Protein percentage of CP Groups was significantly higher in all
5 lactation periods, and the FPCM of CP Group was significantly higher in the third
lactation period, indicating that the milk of the CP farms has a potential for higher quality.
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