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Abstract: Agricultural tractor operators deal with health risks from engine and attachments noise,
especially during prolonged exposure. This study measured noise levels in three tractors —one with
a cabin and two without—at PTO speeds of 540, 750, and 1000 RPM. Measurements were taken at the
operator’s seat and up to 15 m away using a sound level meter. Statistical analysis and machine
learning models, including Linear Regression, Polynomial Regression (PR2), Support Vector
Regression, and Random Forest (RF), were applied to predict spatial noise distribution. Results
showed that noise levels at the operator’s seat exceeded 85 dB, with non-cabin tractors surpassing
100 dB, posing significant health risks. The Kruskal-Wallis test confirmed significant differences, with
Dunn’s post-hoc test showing higher noise levels in non-cabin tractors. RPM variations did not
significantly affect noise levels. The RF model performed best (R? = 0.89, RMSE = 2.06), with distance
and cabin presence as key predictors. A 2D and 3D spatial analysis using RF regression provided
insights for protecting worker health and tractor integrity, enhancing potential failure prediction
based on abnormal noise patterns.

Keywords: agricultural tractors; sound pressure; PTO shaft; sound level meter; infrasound noise
levels

1. Introduction

Farmers use agricultural tractors for various tasks, including land preparation, crop
management, harvesting, and transporting products from fields to collection centers. Additionally,
tractors are used to activate the Power Take Off (PTO) speeds (540 RPM, 750 RPM, and 1000 RPM)
for crop management attachments such as rotary plows, sprayers, atomizers and fertilizers, and for
harvesting forage with mowers or mincers, cob pickers, and other equipment. They are also applied
to activate stationary equipment like generators, motor pumps for water extraction, threshing
machines, corn shellers, quinoa threshers, drills, and trenchers [1].

All of these machines produce high noise levels, and the proximity to machines with excessive
noise can affect the worker’s health, therefore measurements are necessary to know what the levels
of noise exposure are. If the worker’s noise exposure exceeds 80 dB (A), the use of hearing personal
protective equipment (PPE) has to be implemented [2]. Moreover, for all workers, the time in risk
areas must be limited and policies should be established and communicated. Medical studies
highlight the negative effects of prolonged noise exposure and high sound pressure levels, which can
cause stress (hypertension), sleep disturbances, temporary or permanent hearing loss, disorienting
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reactions, neurosensory damage, changes in the circulatory, endocrine and digestive systems,
nervous disorders, irritability, and more [3].

There is concern about the effectiveness of various noise reduction measures, such as cabin
designs, sound insulators, and technical modifications in tractors, especially in basic model tractors
because laboratory-based evaluations do not include field conditions where farmers operate
machinery [4]. Previous studies reported that the noise at the driver's ear on a large tractor operated
at full power exceeded the California 95 dB industrial noise level with a peak of 107 dB and after
improved muffler installation the peak was 95 dB [5], using the standard ordinary exhaust (ISO 7216
and ISO 5131) at 2000 RPM in tractors Massey Fergusson model MF 285 (100.9 dB) and MF 299 (102.95
dB) [6].

Additional studies confirmed the benefit of using cabins and earplugs to reduce noise levels,
and the driver's ability to perceive external signals and screams slightly reduced while his ears were
effectively protected [7]. Also, there is a need to develop a noise reduction system in tractor cabs
incorporating Coupled Resonance Acoustic Materials (CRAMs) to reduce ear noise by approximately
1.3 dB(A) at 2200 RPM [8]. Complementarily, operators' perceptions of noise and indoor activities
were also studied, which were associated with a trim level of hearing noise risk, ranging from 62.3 to
84.7 dB [9]. Studies reported non-auditory effects which can occur by audible noise levels regarding
infrasound levels; tractors are determined to produce considerable noise levels (both inside and
outside the driver's cabin), with infrasound levels ranging between 83.8 and 110.4 dB-G [10], which
exceed occupational health recommendations.

Industry usually reports higher noise levels in tractors without cabins than in tractors with
cabins. Also, original cabins are promoted as being more effective at reducing moderate noise level
and insulating noise than field-installed cabs, especially at high-frequency locations [11]. Also,
regarding ergonomics, high noise levels impact negatively on the operator’s performance [12], and
increase the risk for farmers in different activities ([6,7]).

Moreover, there is a direct correlation between the increased engine power and noise levels, due
to the high-power demand derived from the driven parts [13]. Also, another finding was that the
noise levels caused by threshing mechanisms at 540 RPM were higher than at 420 RPM, confirming
the relationship between the rotating components of the machinery and noise levels [14].
Furthermore, the noise levels produced by two agricultural tractors pulling disc plows, disc harrows,
subsoilers, and furrows produced the highest noise levels with the increase of operating speeds [15],
and the noise levels generated by 198 tractors were higher in longer runs of a tractor than in shorter
runs [14]. Statistically, the equipment's age is related to the noise level produced; however, open areas
at the operator station increase the sound level pressure. The focus should be the reduction of open
areas in the cabin to decrease noise in order to improve the ergonomics and care for the operators'
health [16].

Also, failures in the maintenance of agricultural machines are directly related to increased noise
production, raising the risk for the machinery and the workers [17]. Several studies dedicated to the
reliability Prevention Failure (PF) curve noted the increase in noise levels, which can be audibly
identified when the event is close to the functional failure (F) before the catastrophic failure, which
can be monitored by using tractor sensors and computers [18]; however, in basic tractors these actions
are limited by available technology. For that reason, it is reasonable the development of a
methodology to reduce bias by perception, in addition to the technicians' hearing capacities to detect
these noise changes in a range of five decibels or less using a standardized reference and a decibel
meter with the use of a reference curve obtained from machine learning algorithm Figure 1. [19].
However, the tractor technician and operator’s capacity to match the noise level with the exact
reference levels is relative, being 110 dB the level which statistically produces an annoying sensation
[20], which finally can be related to any potential problem.
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Figure 1. Reliability condition monitoring, P-F curve. Noise level increases with the mechanical degradation of

tractors, audibly detected in the P-F region up to catastrophic failure.

For this study, the Peruvian Supreme Decree No. 085-2003-PCM [21] outlines the regulations for
environmental noise quality in the country and sets the maximum permissible noise levels. Similarly,
Law 29783 on Occupational Health and Safety [22] highlights the rights and obligations of workers
at workplaces following the international standard OHSAS 18001 [23] and uses recommendations
from the OECD Standard Code 5 Method [24]. These are official guidelines when field activities are
taking place to assess the noise levels in tractor models, with cabs and without them [25], which
indicates that the maximum noise levels in the environment must not exceed 85 dB in order to protect
human health.

For this experimental study, tractors for diverse attachments with PTO activated at 540, 750, and
1000 RPM with one tractor with an operator's cabin and two without a cabin were used to develop a
preventive method to protect workers' health. For that reason, the primary established goal was the
early prediction of machine failures which has direct relation with the noise level increase and the
application of the method proposed to reduce risks and costs, and improve work conditions [26].
Also, the specific objectives are i) the assessment of the noise spatial distribution from tractors with
and without cabin working at different RPM conditions; ii) the development of a machine learning
model to predict the noise level spatial distribution; and iii) all of these actions to help to protect
workers’” health providing a comprehensive material to support preventive policies for tractor
operators and workers around them.

2. Materials and Methods

2.1. Noise Level Measurements

The study was conducted in Peru, in the National Agrarian University (Universidad Nacional
Agraria La Molina, UNALM), located at latitude 12°04'55" S, longitude 76°56'53" W, and altitude of
243.7 meters above sea level (m.a.s.l.). The environmental conditions were temperature of 27 °C, with
no precipitation, no strong winds, and in an arid dry soil predominantly sandy loam.

Three different standard models of agricultural tractors were chosen (Table 1), which are used
in the agriculture industry to activate implements with the PTO for crop maintenance, categorized
based on their features, such as having an operator's cabin and engine power:
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Table 1. Fleet of tractors selected for the evaluation.
P Nominal
Tractor Cabin Traction (i‘&;r ;){I;;[la Hour Meter
T1 No Single traction 65.4 2500 430
T2 Yes Power-assisted traction 73 2300 30
T3 No Assisted traction 59.65 2300 50

For this study a decibel meter (Control Company model 4335) was used with ranges for Low:
35-95 dB and High: 65-130 dB, with resolution of 0.1 dB and accuracy of +2 dB. The measurements
to estimate noise levels in tractors were made in stationary conditions and were divided in two
groups: the measurement of the noise transmitted to the environment and the noise affecting the
operators [27]. This study evaluated the noise levels at the operator's ears sitting over the tractor and
up to 15 m away from the tractor's front, back, right, and left sides in relation to the operator's seat
with speed variations. Tractor’s rotational speeds of the crankshaft ranged from 900 to 2500 RPM
[28], with highest noise levels in the cycles of 2250 and 2500 RPM, and the PTO rotational speeds of
540, 750, and 1000 RPM.

The Brazilian standard NBR 10152 [29] to measure the noise level was used as reference and the
data were taken at every meter up to operator seat to evaluate noise levels at idle conditions as a
function of motor rotation, around the tractor when working with PTO shaft levels of 540, 750, and
1000 RPM with one tractor with an operator's cabin and two without a cabin, at idle conditions, to be
later compared to the maximum limits allowed by local legislations.

Additionally, the ISO 5131:2015 standard was used to measure noise level at the operator's
position on agricultural tractors. Operational safety guidelines for handling agricultural machinery
[30] were strictly followed, to ensure the safety and well-being of the personnel involved in the study,
highlighting our commitment to ethical research practices.

2.2. Data Analysis

The inverse distance weighting (IDW) interpolation and isoline calculation was used to
represent spatially distribution of the data collected for each tractor and RPM. Also, a 3D graph was
created to illustrate the spatial distribution of noise levels, considering the X and Y axes and noise
intensity represented along the Z-axis. In addition, the plot included a sphere to replicate the
operator's location and understand how noise intensity varied spatially.[31]

The statistical differences in noise levels between tractors (with and without cabins) and the
different PTO speeds or RPM levels (540, 750, and 1000) were tested. Consequently, the Shapiro-Wilk
test and Levene's test were used to determine the most appropriate statistical test to analyze
differences between subgroups defined by combinations of RPM and tractor (T1, T2, T3), where the
normality of the data and the homogeneity of variance among the groups were evaluated. A p-value
below 0.05 in both tests indicated that the data did not satisfy the assumptions of normality and
homogeneity of variance, so the non-parametric Kruskal-Wallis test followed by the Dunn test were
utilized [40]. Python software (Python Software Foundation, 2024) and the packages (NumPy,
matplotlib, pandas, SciPy) were used [32-35].

2.3. Development of Machine Learning Models to Predict Potential Failures

The collected data was used to identify potential machinery failures based on noise level
measurements, including whether the tractor had a cabin (Cabin), its revolutions per minute (RPM),
the spatial position considering the distance to the front or rear and left or right of the operator, X
and Y. These variables were used to build a predictive model that estimates the expected noise level
at specific positions relative to the tractor operating under similar, optimal conditions. Therefore,
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predicted values could be used to compare if an actual value is atypical and can be a potential
machinery failure.

Four models were used for comparison, training, and evaluation using a 5-fold stratified cross-
validation approach, with stratification based on the Cabin and RPM variables to ensure that each
fold was balanced and maintained consistent distributions of these key variables; Linear Regression
(LR), Polynomial Regression of degree 2 (PR2), Support Vector Regression (SVR), and Random Forest
(RF). [41,42]

The LR model was used as a baseline to capture linear relationships in the data. Afterward, PR2
was to account for potential non-linear relationships with a simple extension of the linear model, the
SVR for its effectiveness in handling non-linear relationships by mapping data to higher dimensions,
and the RF model for its robustness in capturing complex interactions through ensemble learning.
These models offered a broad spectrum of analytical capabilities, from simple linear interpretations
to more complex, non-linear interactions.

In each fold iteration, one-fold was designated as the testing set, while the remaining four folds
were used for training, thus all data was used for both training and testing. For the models SVR and
RF, hyperparameter tuning was performed using a grid search combined with an additional three-
fold cross-validation within the training set to identify the optimal parameter configurations. The
training and testing performance of each fold and model were evaluated using the Root Mean
Squared Error (RMSE) and R-squared (R?) metrics. For each model, these metrics were averaged
across all folds for training and testing independently, with the mean and standard deviation
reported.

3. Results and Discussion

3.1. Spatial Noise Level Distribution Analysis

Noise levels for the three tractors working with PTO activated at 540, 750 and 1000 RPM were
evaluated to find statistical differences (Figure 2). In non-cabin tractors T1 and T3 with PTO activated
at 750 and 1000 RPM, the noise level exceeded 85 dB, and with 540 RPM, the noise level was over 90
dB, which increased the risk for operators. The sound pressure at the operator's cabin in T2,
specifically at the operator's ear level, was lower when the three speeds of the PTO shaft were applied.
However, the noise levels exceeded 85 dB when the PTO worked at 540 RPM, higher than the
maximum limits specified by the standards for environmental quality for noise. [36]

The following graphs show the results obtained from noise measurements in tractors 1, 2 and 3,
with PTO shaft activated at 540, 750, and 1000 RPM. Measurements started with the noise produced
at the operator's compartment, close to the operator's ear.
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Figure 2. Sound pressure at the operator’s seat in T1 at A) 540 RPM, D) 750 RPM, G) 1000 RPM. In T2 at B) 540
RPM, E) 750 RPM, H) 1000 RPM, and in T3 at C) 540 RPM, F) 750 RPM, and I) 1000 RPM.

The sound pressure >90 dB produced by the PTO shaft at 540 RPM in T1 was significantly higher
at the operator's ear in a region with a radius > 10 m (Fig. 2. A) and in the operation platform > 85 dB.
At 750 RPM (Fig. 2.D), the sound pressure was < 85 dB 10 m far from the tractor and in the left, right,
and front regions > 90 dB, including the operation platform. Finally, when the PTO was activated at
1000 RPM, the sound pressure exceeded 90 dB in the front, right, and left regions in radius of 10 m
close to the tractor. Figure 3.G. [36]

For T3, a similar noise pressure level was measured as in T1, when the PTO was activated at 540
RPM (Fig. 2.C), at 750 RPM (Fig. 2.F), and at 1000 RPM (Fig. 2.I). The measurement exceeded 90 dB
in the right, left, and front regions ~ 7 m far from the operator’s seat, reporting better performance in
the noise mitigation in comparison to T1. However, high-level noise emission in the close region (5
m radius) in both cases showed an urgent necessity of improvement in insulation to mitigate the risk
for operators and other workers with nearby activities. [37]

T2 demonstrated a better performance in noise mitigation for the environment when using a
cabin with PTO activated at 540 RPM in a region of 5 m radius, at 750 RPM in a region of ~ 1 m radius
from the tractor center, and at 1000 RPM in a region of ~2 m radius from the tractor center. In all these
cases, the sound level was > 90 dB, also inside the cabin.

The increase in noise levels near the operator's ear when the tractor's lower speeds were applied
was contrary to the results [15,38] because accessories and machinery handled by the PTO shaft differ
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from trailing accessories. In the case of large plows and subsoilers, which require fewer traction forces
to operate, the noise is caused by the actions of rotation and vibration of internal parts of the machine
power transmission [13,14].

Complementary recommendations about hearing protection mention that the minimum
distance from the noise source to avoid using this protection is 4 m [30]. Additionally, it is necessary
to consider the background noise, which should increase the total noise measured during the test
[39]. However, a deeper analysis should be conducted to confirm their interaction.

The 3D plot shows spatial variations in the intensity of decibel levels with a PTO at 1000 RPM
and higher peaks indicating areas of louder noise from 82.5 to 100 dB. A transparent sphere with 70%
opacity was overlaid, centered to highlight a specific region of interest around the operator. The plot
provides a clear visual representation of noise distribution, where the noise level exceeds 85 dB
recommended by regulators. Also, it was confirmed the spatial noise distribution from 0 up to 15 m,
in reference to the intensity with exponential trend forming an inverted bell involving the centered
operator location at 540, 750 and 1000 RPM, where levels of non-cab tractor were over 100 dB and in
cab tractor over 85 dB, Figure 3.

Figure 3. 3D plot of sound pressure at the operator’s seat in T1 at 1000 RPM. The sphere in gray represents the

location of the operator’s seat and the noise level of 91.2 dB.

3.2. Statistical Analysis

The Kruskal-Wallis test indicated significant overall differences (H = 76.28, p < 2.74e-13), and
Dunn's post-hoc test showed that tractors with cabins (T2) exhibited significantly higher noise levels
compared to those without cabins (T1 and T3). Meanwhile, the noise levels among RPM groups (540,
750, and 1000) were statistically similar. These results highlight the varying noise exposure levels
based on the presence of a cabin in the tractors, overshadowing the influence of RPM, Figure 4.[40]
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Figure 4. Boxplots showing noise levels (decibels) for tractors (T1, T2, T3) across RPM settings (540, 750, 1000).
Each boxplot represents the distribution of noise levels, with letters indicating significant differences based on

Dunn post-hoc test.

Statistically, the expansion of the sound generated by the tractors followed the same pattern up
to a distance of 15 meters, as shown by the isolines and 3D plots. However, differences were found
and were significant when the tractors worked at 540 RPM. On the other hand, no statistically
significant difference was found between tractors when they operated at 1000 RPM, where noise
levels exceeded 85 dB.

3.3. Use of Random Forest Model as a Tool to Detect Potential Failures

The RF model demonstrated the strongest predictive performance in both training and testing,
followed by SVR, PR and LR (Table 2, Figure 5). In the training phase, the RF model explained 94%
of the variance (RMSE = 1.56), while during the testing phase the RF model explained 89% of the
variance (RMSE = 2.06). This highlights the advantages of non-linear models like RF and SVR, which
are better suited to capture the complex, non-linear relationships associated with spatial noise
influenced by RPM and cabin conditions. This non-linear relationship is evident in Figure 5, where
LR and Polynomial Regression PR failed to capture the complexity of the data, showing broader
scatter around the red dashed line (1:1). The SVR model, which used a radial basis function kernel,
improved performance. However, RF achieved the best results, aligning predictions with observed
values and effectively modeling the non-linear dependencies of spatial noise influenced by RPM and
cabin conditions.

Table 2. Summary of model training and testing performance.

Training Testing
Model RMSE R2 RMSE R2
LR 5.71 (£ 0.032) 0.19 (+ 0.008) 5.77 (£ 0.135) 0.17 (+ 0.031)
PR 3.03 (+0.028) 0.77 (+ 0.005) 3.09 (= 0.107) 0.76 (= 0.016)
RF 1.56 (£ 0.172) 0.94 (+ 0.013) 2.06 (+ 0.281) 0.89 (+ 0.030)
SVR 2.18 (+ 0.225) 0.88 (+ 0.025) 2.28 (+ 0.297) 0.87 (+ 0.035)
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Figure 5. Actual vs predicted plot results for: A) Linear Regression, B) Polynomial Regression, C) Support Vector

Regression, and D) Random Forest Regressor Model.

The 3D and 2D plots (Figure 2 and Figure 3) presented high variability in decibel levels
influenced by RPM and tractor cabins, which the trained RF model effectively captured. Thus, the
trained RF model could be used to predict noise levels at specific distances and generate acoustic
maps for identifying high-noise zones in agricultural environments for tractors similar to those
tested.

This model could serve as a valuable decision-support tool for predicting potential tractor
failures by analyzing noise patterns and identifying deviations from normal operating conditions.
Abnormal noise levels can indicate issues such as engine malfunctions, gearbox failures, exhaust
system damage, loose or worn belts, or hydraulic system leaks. Addressing these issues proactively
not only reduces downtime and repair costs but also minimizes health risks for workers. Prolonged
exposure to elevated noise levels can lead to hearing loss, stress, fatigue, and other health
complications. Additionally, early detection of mechanical issues helps preventing potential
mechanical problems or increased emissions, contributing to safer and more sustainable agricultural
practices.

Some practical uses of this model approach for agriculture tractors are the fleet monitoring by
locating a decibel meter at a distance of 15 m, and this initial reading, given the trend of noise level
distribution, can predict the noise level in the tractor platform or cabin. Frequent monitoring could
help to detect variations in these readings that could be related to potential mechanical failures and
mechanical degradation. Also, it can contribute to users standardizing health policies with the use of
ear covers according to the distance of tractor operation.

Conclusions

The noise analysis showed that tractors with cabins generally reduced noise levels compared to
non-cabin tractors, yet still often exceeded the 85 dB threshold at higher RPMs, while non-cabin
tractors frequently surpassed 100 dB. These results emphasize the importance of protective measures
and effective noise management to safeguard operator health, particularly during prolonged
exposure. The Random Forest model proved more effective than simpler linear models in capturing
the variability in noise levels influenced by RPM and tractor design, demonstrating its value as a tool
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for analyzing complex noise patterns and supporting strategies to mitigate health risks and improve
working conditions.

The trained Random Forest model demonstrates significant potential as a decision-support tool
for managing tractor performance and mitigating associated risks. By effectively capturing the
variability in noise levels influenced by RPM and tractor cabins, the model can predict noise levels at
specific distances and identify abnormal patterns indicative of mechanical issues. Proactively
addressing these issues not only reduces repair costs and operational downtime but also safeguards
worker health by mitigating the risks of prolonged exposure to harmful noise levels. Additionally,
the model’s ability to reduce the sampling effort required for assessing noise impacts highlights its
practicality. Early detection of failures also minimizes environmental impacts, contributing to more
sustainable and efficient agricultural practices. With further data collection, the model’s applicability
could be expanded to include a wider range of tractors and operational settings, enhancing its value
in diverse agricultural contexts.

Supplemental Material
Group 1 Group 2 Mean Diff p-adj Reject
T1_540 T1_750 0.47213 1.0000 FALSE
T1_540 T1_1000 -0.03770 1.0000 FALSE
T1_540 T2_540 3.62459 0.0000 TRUE
T1_540 T2_750 5.24426 0.0191 TRUE
T1_540 T2_1000 5.16721 0.0000 TRUE
T1_540 T3_540 -1.02623 1.0000 FALSE
T1_540 T3_750 1.08525 1.0000 FALSE
T1_540 T3_1000 -0.39508 1.0000 FALSE
T1_750 T1_1000 -0.50984 1.0000 FALSE
T1_750 T2_540 3.15246 0.0000 TRUE
T1_750 T2_750 4.77213 0.0178 TRUE
T1_750 T2_1000 4.69508 0.0000 TRUE
T1_750 T3_540 -1.49836 1.0000 FALSE
T1_750 T3_750 0.61311 1.0000 FALSE
T1_750 T3_1000 -0.86721 1.0000 FALSE
T1_1000 T2_540 3.66230 0.0004 TRUE
T1_1000 T2_750 5.28197 0.0991 FALSE
T1_1000 T2_1000 5.20492 0.0004 TRUE
T1_1000 T3_540 -0.98852 1.0000 FALSE
T1_1000 T3_750 1.12295 1.0000 FALSE
T1_1000 T3_1000 -0.35738 1.0000 FALSE
T2_540 T2_750 1.61967 1.0000 FALSE
T2_540 T2_1000 1.54262 1.0000 FALSE
T2_540 T3_540 -4.65082 0.0000 TRUE

T2_540 T3_750 -2.53934 0.0000 TRUE

d0i:10.20944/preprints202502.2295.v1
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T2_540 T3_1000 -4.01967 0.0174 TRUE
T2_750 T2_1000 -0.07705 1.0000 FALSE
T2_750 T3_540 -6.27049 0.0165 TRUE
T2_750 T3_750 -4.15902 0.0028 TRUE
T2_750 T3_1000 -5.63934 1.0000 FALSE
T2_1000 T3_540 -6.19344 0.0000 TRUE
T2_1000 T3_750 -4.08197 0.0000 TRUE
T2_1000 T3_1000 -5.56230 0.0166 TRUE
T3_540 T3_750 2.11148 1.0000 FALSE
T3_540 T3_1000 0.63115 1.0000 FALSE
T3_750 T3_1000 -1.48033 1.0000 FALSE
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