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Abstract. This paper investigates the feature attribution in remaining useful life
(RUL) prediction model of cryogenic ball bearing. The RUL prediction model is
constructed based on artificial neural network (ANN) by using the TensorFlow
platform for training the degradation curve of bearing. To train the models, 5 run-
to-failure (RTF) data of cryogenic ball bearings were used. The experiment was
driven to 3,600rpm with 20kN axial load and 2.5kN radial load for accelerated
life test (ALT) of bearing. 6 sensor data (motor input current, bearing outer race
torque, test bearing temperature, and support bearing top and bottom tempera-
ture) were used in each case. Before training, min-max scaler was used to avoid
biased toward a specific range of values. The model has 3 hidden layers with 0.25
dropout for each. Mean absolute percentage error (MAPE) and Root mean square
error (RMSE) were used for evaluating the model. By applying SHapley Additive
exPlanations (SHAP), it was confirmed that the current is the most attributing
feature for the RUL prediction model, then the torque. Temperature also attributes
to the model in order of distance away from the test bearing.
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1 Introduction

Bearing is one of the most basic mechanical elements, with 45% of total equipment
failures [1]. Accordingly, research in the diagnosis and prediction of bearings’ failure
through machine learning is being actively conducted for equipment maintenance. Most
studies use vibration data for ordinary bearings [2], so these have a limitation that can-
not be immediately applied to bearings with special driving conditions. Ding et al. [3]
demonstrated the effectiveness of using multiple sensors measuring vibration, torque,
and temperature for predicting the degradation of slewing bearing which extremely low
rotational speed with heavy load. In the case of ball bearings in cryogenic environment,
solid lubricants are used in the cryogenic ball bearing cage instead of the oil or grease that
are typically used to lubricate ordinary ball bearings. Kwak et al. [4] proposed a friction
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model that incorporates the hydrodynamic effect of cryogenic fluids, which showed a
significant difference compared to existing models that did not consider such effects.
As the instability of the ball bearings’ cage is a major cause of bearing damage [5],
Choe et al. [6] investigated the effect of different cage clearances and rotation speeds
on the cryogenic ball bearing cage’s dynamic behavior, which the design parameters
are significantly different compared to ordinary bearings. Furthermore, considering the
experiment by Yang et al. [7] which showed that combining temperature and vibra-
tion signals can highly suspect ball bearing failure due to cage damage, it is expected
that thermal signals may have different feature importance in revealing degradation of
cryogenic ball bearings compared to ordinary bearings.

It is possible to construct a practical life prediction model for cryogenic ball bearing
when the features that reflect the characteristics of the bearing are learned. However,
cryogenic ball bearings are difficult to obtain a sufficient amount of data due to the
large time and cost of data acquisition. So it is difficult to define the data to be acquired
for building fault diagnosis and life prediction models except for the bearing experts.
Therefore, this study evaluates the features attribution for predicting remaining useful
life (RUL) of cryogenic ball bearings. Run-to-failure (RTF) data were obtained from the
reliability evaluation experiment of the bearing used for constructing the RUL model.
The feature rankings will be discussed for predicting RUL of cryogenic ball bearing.

2 Feature Evaluation Process

2.1 Experimental Setup

Figure 1a shows the cryogenic ball bearing test rig [8], which has the form of a piping
and instrumentation diagram (P&ID) as shown in Fig. 2 [9]. Each Pneumatic cylinder
is installed at the upper and center adjust constant loads in axial and radial direction.
A cryogenic environment can be simulated by filling the chamber with liquid nitrogen
(LN2). The bearing of RTF data is a deep groove ball bearing (model 6314) for cryogenic
use. It consists cage made of PTFE and others are SUS440C with satisfying the same
precision class 5 according to the ISO(International Standards Organization) standard
492, internal clearance grade C4 (Fig. 1b) [6]. Axial and radial loads are measured by load
cells (SLS-2T, curiosity technology, Korea). The LN2’s inlet mass flowrate is measured
by Coriolis-type mass flow meter (CMF025M, Emerson Electric, USA), and the LN2
inlet, outlet and chamber pressure is measured by pressure transmitter (A-10, WICA,
Korea). To measure the test bearing’s outer race temperature, support bearing top and
bottom temperature, K-type thermocouples are applied. Current data is acquired from
inverter (SOHO55VDA4Y, Seoho Electric, Korea) analog output port. Bearing torque
is obtained through a load cell (DBCM-30, Bongshin, Korea) with the same principle
as [6]. All data was collected by DAQ (NI-9215, National Instruments, USA) with a
sampling of 1.

The experiment was conducted under the condition of a constant load of 20 kN in the
axial direction and 2.5 kN in the radial direction with 3,600 rpm. RTF data was collected
from 5 bearings for each, and the failure threshold was set based on a microphone sensor
and the characteristic frequency [10]. After the experiment, a spall on the outer race can
be seen, as shown in the red box of Fig. 1c.
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Fig. 1. Cryogenic ball bearing reliability test set-up and result (a) Cryogenic ball bearing test rig
(b) test bearing (model 6314) (c) test bearing outer race after experiment
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Fig. 2. Piping and instrumentation diagram (P&ID) of the cryogenic facility for the rolling bearing
and tribological test apparatus

2.2 Model Definition

Artificial neural network (ANN) was applied for RUL prediction with TensorFlow plat-
form and Python (Fig. 2). The model consist of three hidden layers with rectified linear
unity (ReLU) activations function. The ReLU function is defined such that it outputs O
for input values less than 0, and for input values greater than or equal to 0, the output is
equal to the input value. The ReL.U function is as follows:

h(x) = max(0, x) (1)
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The function h(x) in the above equation represents the ReLU function, and x rep-
resents the input value. Additionally, to prevent overfitting, 25% dropout is applied
between each layers of the ANN model. The specification of constructed model is shown
in Table 1, and the output value of a node in a layer is expressed as follows:

vour = h((Y_ wii+x) +by)

Here, x; is the i-th input value, w;; is the weight between the i-th input value and the j-th
hidden layer, b; is the bias of the i-th hidden layer, h is the activation function (ReLU),

and y,,; represents the output value of the i-th hidden layer.

Model Input parameter

Current (4), Torque (z;)
Outlet temp. (T,),
Test bearing temp. (T}),
Sup. bearing top temp. (T;),
Sup. bearing bottom temp. (Tgp),

25%

+ dropout : dropout :

Fig. 3. Deriving process of RUL prediction results

Table 1. Specifications of the applied model architecture

Layer Parameters

Input 1 x 6 matrix

Dense 6 x 16 networks
activation = ReL.U

Dropout 0.25

Dense 16 x 32 networks
activation = ReLU

Dropout 0.25

Dense 32 x 16 networks
activation = ReLU

Dropout 0.25

Dense 16 x 1 networks

activation = ReLU

To build the RUL prediction model, 6 sensors’ data (motor input current, test bearing
outer race temperature, outlet temperature, support bearing top/bottom temperature and
test bearing torque) are used as the features as shown in Fig. 3. Min-max normalization
was applied for each features to prevent from getting biased toward a specific range of



Investigation on Feature Attribution 295

values. Min-max normalization is expressed as follows:

, Xx; — min(x)

= - 3)
max(x) — min(x)

The min-max normalization defined above was applied individually to each sensor
data. In this case, the max and min values of the sensor data were extracted from the
dataset used for training, and x" represents the normalized data.

Of the 5 cases of RTF data, 4 cases were used as training data, and the remaining 1
case was used as test data for model evaluation. 20% of the training data was used as
validation data. To label the RUL result for each data point, first predicting time (FPT) to
the failure threshold point was divided at regular intervals. The model was trained under
the conditions of 20 batch size and 100 iterations. The learning rate was 0.001 and the
weight of each node was updated by applying adaptive moment estimation (Adam).
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Fig. 4. RTF data of cryogenic ball bearing (FPT-2,000s to RTF)
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2.3 Feature Attribution

Theoretically, the more features a model learns, the higher the complexity and the better
its performance. However, if it learns actual data, the adoption of too many features can
increase the learning time and the performance is also reduced by the noise of data (curse
of dimensionality). Therefore, SHapley Additive exPlanations (SHAP) framework [11]
was used to confirm each feature attribution for RUL prediction. SHAP is a technique
for evaluate the importance of feature based on Shapley value (Eq. 4). When all features
sets are I, a feature subset S which satisfies S € F is required in all cases. If fsuy; is a
model currently learned by feature, and fs is a model learned by suppressing the feature,
the Shapley value is as follows.

S|I(|F| — |S| = 1)!
bi = ng{i} — ||F||! — suty (esugiy) —fs (xs)] 4

3 Results

Figure 4 presents the actual and predicted RUL using the same data as in Fig. 3, which
was not used for training. The FPT seems to be almost exactly defined, but it can be seen
that the predicted RUL value rapidly decreases after FPT. The mean absolute percentage
error (MAPE) was 5.478 and the root mean square error (RMSE) was 3.974. This model
has room for improvement in terms of predictive accuracy, however, as this study focused
on feature selection through feature attribution evaluation, the methods to enhance the
model’s predictive accuracy were not included.
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Fig. 5. Prediction of the RUL of cryogenic ball bearing (RTF-1,000s to RTF)

When the Shapley value is positive, it has a positive effect on deriving prediction
results and vice versa for negative [11]. In the case of the RUL prediction model, where
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the result value decreases according to the system’s degradation, the negative value
means more important feature for RUL prediction. It was confirmed that the motor’s
input current is the most dominant feature in building the cryogenic ball bearing RUL
prediction model (Fig. 5). Table 2 shows the minimum Shapley value for each feature
(Fig. 6).
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Fig. 6. Visualizing of Shapley values

Table 2. Minimum Shapley value of each feature

Rank Feature Shapley value (min.)
1 Current —70.904

2 T.B torque —39.504

3 T.B temp —11.631

4 S.B-t temp —4.231

5 Out. temp —3.522

6 S.B-b temp —0.479

4 Discussion

Figure 4 shows the section where the prediction result changes rapidly after FPT. It is
considered as lack of significant train data in the failure section due to low sampling [12].
Therefore, the sampling or sampling technique itself must be utilized for more accurate
RUL prediction.

In Table 2, it can be seen that the influence of current and torque, which can imme-
diately affected by bearing movement, were the strongest. In addition, the order of
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temperature attribute can be seen that the value is different depending on the distance
from the data acquisition point to test bearing. The Shapley value of T.B. temp. which
is measured directly by the test bearing was the highest, followed by Out. temp., the
LN2 outlet from the chamber where the test bearing was installed. Then S.B-t temp.,
the temperature of support bearing located just below the chamber. S.B-b temp. was
the last which is furthest from test bearing. In other words, there is a difference in the
attribution score depending on the distance from test bearing, which can be considered
as the failure didn’t arise due to other elements in test rig.

Considering that temperature showed relatively low attribution compared to current
and torque, it can be inferred that features related to the mechanical properties, such
as current and torque, contribute significantly to the RUL prediction of both cryogenic
and ordinary ball bearings. However, in real industrial settings with high noise levels
and system complexity, adding meaningful features such as T.B. temp. can be useful
for enhancing the practicality of the RUL prediction model. Therefore, future research
will consider the dynamics of the mechanical system affected by cryogenic ball bearings
and select more sensors in proper locations. Additionally, features such as vibrations,
similar to those used in [7], can be added to evaluate attribution to the model. By selecting
appropriate features through further study, it will be possible to construct a more practical
data-based RUL prediction model.

5 Conclusions

The study was conducted to evaluate the importance of each feature to predict RUL of the
cryogenic ball bearing by comparing the Shapley value. An ANN-based RUL prediction
model was constructed using RTF data of 5 cases obtained for cryogenic ball bearing
reliability experiments. There are a total of 6 features used, all of which are acquired
with sampling of 1. In the order of current, torque, T.B. temp., S.B-t temp., Out. temp.,
and S.B-b-temp. has attributed to the RUL prediction result. In particular, in the case of
temperature feature, the attribution of the RUL prediction result differs depending on the
physical distance from test bearing, so it can be judged that the test bearing failed due to
the fault itself, rather than failure of other elements. In actual industries may produce fault
signals depending on the complex relationship between each element, so the selecting
data to be acquired should be in consideration of the dynamics of the system.
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Nomenclature

A Motor input current (Current)
T, Outlet temperature (Out. temp.)
7,  Test bearing torque (Torque)
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Test bearing temperature (T.B. temp.)
Support bearing top temperature (S.B-t temp.)
Support bearing bottom temperature (S.B-b temp.)

RUL Remaining useful life
RTF Run-to-failure
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