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Abstract:

In High Speed Machining (HSM), process performance is closely linked to the optimization of cutting conditions and spindle exploitation.
Keeping high levels of productivity and machine availability with limited costs is important. However, machining incidents, such as abnormal
vibration or tool failure, can cause spindle failure and machine downtime. Consequently, identifying which kind and which severity of machining
incident can damage an HSM spindle is critical (as well as which evolution of spindle vibration signature reveals a damage). For that purpose, in-
process monitoring data and spindle condition monitoring data are analyzed by Knowledge Discovery in Database (KDD), with a dedicated
method to the machining process. Since daily spindle vibration signatures are measured, the in-process monitoring data needs to be daily
aggregated. An original unsupervised co-training by Genetic Algorithm is then proposed for the diagnosis of HSM spindle, in order to determine
which machining events are critical for the spindle condition. Afterwards, preventive actions can be taken. The approach was applied to three
spindle lifetimes, during which the monitoring data were collected for two years of machining of aeronautic structural components. Two major
causes of spindle failure were then identified.

Keywords: Knowledge Discovery in Database, unsupervised Machine Learning, Machining, Monitoring, Maintenance.

1. Introduction

Since the 90’s, informatics has progressed in two important ways for the exploitation of in-process manufacturing data. In the one hand, the
quantity of data that a monitoring system can treat and store wad increased; on the other hand, new methods were proposed for Big Data analytics
[1]. Many fields are now improving their expertise using Knowledge Discovery in Database (KDD) methods [2]. For example, in educational
sciences, students’ performance were analyzed with this kind of strategy using decision tree algorithms [3]. Marketing departments also takes
decisions supported by customers habits [4]. Nevertheless, in many fields collected data is still under-exploited.

In particular, in the manufacturing field, there are many applications of KDD methods [5]. The studied issues in the literature can be in varied
domain. For example, quality improvement [6] where lots of data are collected, have made significant progress analyzing them. In the shop floor
control, association rule induction [7] have optimized their efficiency. Another field is the preventive maintenance [8] where data can be treated
in order to anticipate future needs. Concerning machining, recent works start developing such approach for process improvement [9,10]. An
abundant literature deals with the in-process monitoring of tool condition monitoring, chatter detection or prediction of surface roughness [11].
Both physics-based approach or Artificial Intelligence (Al) algorithms have been used [12]. For example, an approach based on mechanical model
were proposed to detect tool failure by the analysis of eddy current signals in the angular domain in [13]. Also, an effective chatter criterion was
obtained from the physical modeling of the process [14]. Other technics like cyclo-stationarity has also been used to detect tool failure or chatter
in milling process [15]. On the Al side, Bayesian inferences used in neural network [16] is applied on experimental data to estimate tool wear.

However, the spindle is a key component of a machine-tool, providing its performance, despite a complex dynamic behavior [17]. The
monitoring of the spindle condition is also an important issue due to high maintenance costs in the High Speed Machining (HSM). This issue
belongs to the lager scientific domain of the condition-based maintenance of rotating machines. The most common technique consists in detecting
a bearing failure for its vibration signature, measured with an accelerometer [18]. Other techniques, like lubricant analysis (e.g. applied for gear
box) are not suitable for spindle, since their bearing lubrication is based on grease or air-oil mist. Temperature measurement is performed on
spindle, but it only enables late detection of severe bearing damage. Therefore, most of vibration-based approaches focus on the early detection
of bearing damage [19], with different signal processing methods, generally performed in the frequency domain. Classically, the objective is the
early detection of a localized defect on the bearing ring, by monitoring the bearing fault-induced vibration frequencies, such as BPFO (Ball Pass
Frequency Outrace) for the outer ring [20]. Distributed defects can also be observed on HSM spindle and monitored [21]. However, literature
approaches focus on the monitoring of the spindle condition, i.e. the detection of an initial damage and its periodic follow-up, and do not address
the identification of the cause of the spindle failure. Thus, unsolved problems remain, concerning the causes of the spindle damages, which is an
important industrial issue and also difficult to investigate due to their long lifetimes. Besides, the monitoring tasks focus on only one aspect, the
process or the machine condition; but both are not studied together, which is the originality of the paper. It could be tackled by KDD and Machine
Learning from both the in-process monitoring and the machine-tool condition monitoring data. One difficulty is that, during intensive industrial
production, the ground truth cannot generally be known. Indeed, no-one can manually label several months of real-time monitoring data, i.e.
indicating the exact points-in-time when machining events occurred. Consequently, unsupervised learning should be performed.

The aim of this article is to propose an original approach for the diagnosis of HSM spindle, from in-process monitoring data and unsupervised
co-training by Genetic Algorithm, in order to determine which machining events are critical for the spindle condition. Physics-based monitoring
criteria were selected to detect machining incidents that could potentially damage the HSM spindle; such as chatter, tool breakage, collision or
excessive vibrations. A recent device was developed to collect the machining in-process monitoring data record daily signatures of spindle
vibration, to evaluate the spindle condition. During the developed KDD process, an aggregation operator transforms the in-process monitoring
data into meaningful daily indicators, in order to reveal machining incidents that could damage spindles. The latter should be sufficiently robust
for dataset of industrial production. Lastly, since the ground truth is unknown, an unsupervised co-training is introduced, by Genetic Algorithm,
to identify the critical machining incidents that can damage the spindles. Statistical implication analysis was adopted to optimize the correlations
between machining events and spindle condition evolution. The proposed approach was then applied and validated on a two-year database of
machining of aeronautic structural components, with three spindle lifetimes.
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2. Diagnosis of spindle failure by Knowledge Discovery in Database

The objective is to determine which kind of machining incident and which severity can damage an HSM spindle, on the one side; as well as
which evolution of spindle condition signature reveals a damage, on the other side. However, both were unknown at the beginning of the
investigation. Indeed, the lifetime of HSM spindle can be about several hundreds or thousands of hours. The evolution of spindle condition is thus
difficult to perceive, for a human being, due to these very long periods. Besides, it is difficult to investigate it scientifically, based on realistic
spindle failure caused by industrial productions, since it requires the collect of in-process monitoring data and spindle condition monitoring data
during long periods in industry.

Such a collect of in-process monitoring data has been performed in this work, during two years of production of a machine-tool in an
aeronautic company. The machine-tool was instrumented with additional accelerometers in the spindle. In-process monitoring criteria were
computed by real-time signal processing and continuously collected, as well as contextual information, every tenth of a second. The condition of
the spindle was also evaluated, through a daily measurement of the spindle vibration signature.

A process of Knowledge Discovery in Database has then been developed to learn from the data which critical machining incidents can damage
a spindle, cf. Figure 1. It is assumed that the damages of spindle are caused by critical incidents occurring during machining. Different physics-
based monitoring criteria were selected for the study, to detect and recognize various kinds of machining incident that could potentially damage
the spindle. Similarly, different physics-based criteria were selected for the monitoring of the spindle condition, to detect different potential failure
modes of the spindle, and particularly of its rolling bearings.
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Figure 1. Diagnosis of spindle failure by Knowledge Discovery in Database and unsupervised Machine Learning.

Since the spindle condition is assessed once a day by the vibration signature, the in-process monitoring data thus needs to aggregated per
day, in order to enable daily comparisons. However, machining data of industrial production is complex. A great attention should be paid to data
preparation and cleaning. The extraction of classical engineering feature from time series is insufficient. A specific processing is needed to assess
the severity of a machining incident, notably through critical machining vibrations, that would exceed a given critical threshold.

As the ground truth is unknown, the dataset is unlabeled and an unsupervised Machine Learning is necessary to determine which day a
critical machining incident has damaged the spindle. To do so, a Genetic Algorithm was chosen to perform this task of unsupervised co-training;
by determining the critical thresholds beyond which the in-process incidents can damage the spindle, on the one side, and beyond which the
evolution of the spindle condition signature reveals a damage of the spindle. Finally, the interpretation of the results of spindle damage detections
should conduct to the knowledge of the causes of the spindle failures.

3. Data collect on industrial machine-tool

In the case study, three Fischer MFW-2310 spindles (24kRPM, 70kW) have been monitored during their whole lifetime, during their
production in an aeronautic factory. In this way, 0.5 Gb of industrial in-process monitoring data were daily collected for two years. This database
is separated in two different sets of data. The first one is the in-process monitoring dataset. The second is the spindle vibration signatures that
estimate the spindle condition. Both are collected by EmmaTools device, cf. Figure 2 [10].

The in-process monitoring dataset is composed of two sources of data. Firstly, the HSM spindle is instrumented with four additional
accelerometers (two at the front bearing of the shaft and two rear bearings, in both radial directions - in blue Figure 2), measuring the vibrations
at a sampling rate of 51.2 kHz, close from the cutting zone. The second source is the sensors already installed in the machine-tool and its control
information, which are collected from the Computerized Numerical Command (CNC) by field bus every tenth of a second. In this way, information
related to the in-process monitoring (vibration criteria, spindle power or speed, feedrate...) and to the machining context (tool, program, date...)
is continuously recorded, 24 hours a day and 365 days a year.
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Figure 2. Device for the collect of in-process monitoring data, as well as vibration signatures of the spindle condition.



Besides, the spindle condition is estimated by the spindle vibration signatures, which is classical in condition-based maintenance, using the
four accelerometers. To do that, a specific protocol was set up. A dedicated program is run by the CNC once a day. The spindle operates idle
rotation at 17500 RPM. In order to obtain reproducible data, the vibration signature is measured every day at the same position, with the same
tool and at the same steady state operating temperature, after a warm-up cycle.

4. Monitoring criteria

4.1 In-process monitoring criteria

Several in-process monitoring criteria, presented below, were selected to detect different kinds of incidents during machining, which could
potentially damage the spindle.

Model-based in-process monitoring criteria were proposed by Godreau et al. [10] for the detection of chatter (Nh) and tool breakage (Ub).
Since the spindle speed is measured, order tracking can be performed in the frequency spectrum. In this way, the monitoring criteria evaluate
respectively the asynchronous vibration level (to detect instability of the cut) and the tool unbalance (as a consequence of a cutter breakage).

The detect of collision is also proposed in the frequency spectrum. The duration of the impact of a collision is assumed to last few tenths of
a second, which corresponds to an excitation of a low frequency band, cf. Figure 3. Thus, the proposed criterion estimates the magnitude of the
low frequency contributions, in the frequency spectrum. Collisions are detected by the proposed criterion, noted C, defined as the sum of the
amplitude of the frequency band under the spindle rotation frequency.

The classical criteria for the assessment of a vibration level Vims and Amms (Root Mean Square of vibration Velocity and Acceleration
respectively) were also considered in this study, as possible cause of spindle damage.
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Figure 3. Collision model in time and frequency domains.

The recording of raw accelerometers signals at high sampling rate would lead to excessively big database. Therefore, real-time signal
processing is computed on each accelerometer signal, to evaluate the in-process vibration monitoring criteria (every tenth of a second). The
criterion value from each accelerometer is noted for example Vyms x i, for the vibration velocity, of measuring axis x or y and position front or rear
bearing. In this way, all the criteria are calculated and recorded every tenth of a second, for each accelerometer.

4.2 Spindle condition monitoring criteria

In order to evaluate the spindle condition, three criteria are computed on the vibration signatures that are measured every day. The vibration
spectrum of rotating machines is composed of several frequencies. Those frequencies are due to the rotations of the parts composing the ball
bearings [20]. For example, one of those frequencies corresponds to the passage of each ball on the outer race of the bearing, If the outer race got
a defect, a shock will occur each time a ball falls into these defects. This phenomenon is detectable in the vibration spectrum. BPFO, BPFI and FTF
are frequencies that correspond to respectively the defects on the outer race, inner race and cage of the bearings. Another frequency is followed
at the shaft speed (fs), noted 1X, that represents the unbalance of the spindle shaft. A thin frequency bandwidth is monitored around these fault-
induced characteristic frequencies and shaft one, in the frequency spectrum of the spindle vibration signatures. As an example, BPFO criterion
will be explicitly explained.

To calculate the criterion, the signals acquired during the spindle vibration signatures are filtered around the characteristic frequencies
(Table 1). The cutting frequencies of the bandpass filter are calculated to consider variations of temperature that can influence the theoretical
frequencies. After the bandpass filtering, the amplitudes of the BPFO peaks in the daily vibration signature signal are averaged. In Figure 4, BPFO
is calculated over the lifetime of the third spindle. In condition-based maintenance, it is known that a variation (increase or decrease) of the
criterion level can reveal a damage of rotative machine. This is the reason why the variations of BPFO between two consecutive days is computed,
noted Agpro.

Bearing or Theorical frequency Bandpass filter
shaft damage Front bearing Rear bearing Low frequency High frequency
BPFI 13.7 fs 13.66 fs 13.25 fs 13.84 fs
BPFO 11.3fs 11.34f; 11.19fs 11.68 fs
FTF 0.45 fs 0.45 fs 0.3 fs 0.6 fs
1X 1fs 1fs 0.95 fs 1.05 fs

Table 1. Bearing fault-induced frequencies of the spindle (left) and the characteristics of the bandpass filter (right).
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Figure 4. Spindle condition monitoring criterion BPFO during the complete lifetime of the third spindle, and variation Agpro between
consecutive days.

5. Aggregation methods and operators

The criteria explained above are computed in real-time and collected. The dataset is thus composed of, on the machining monitoring side, 5
criteria (Vrms, Arms, Nh, Ub, C) calculated on the 4 accelerometers every 0.1s; and on the spindle condition side, 4 criteria (BPFO, BPFI, FTF, 1X)
calculated on each accelerometer once a day from the spindle vibration signatures.
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Figure 5. Structure of the in-process monitoring data, which needs to be daily aggregated.

5.1 Aggregation of the in-process monitoring criteria

In order to compare the two datasets, they have to be at the same time scale (i.e. same sampling frequency). To do that, an aggregation
operator has been introduced to aggregate the machining vibration monitoring data, once a day. It is called CO.
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The Criticality Operator (CO) (Figure 6) considers the duration over a given critical threshold and the quantity over that threshold. Let X =
{xi(k), k = 0...n} the it time series representing a monitoring criterion. So, the operator is defined as:

co [XL > Ti,j] = thc};ti max(xl-(k) - Ti,jr 0) Ldt (Eq 1)

with Ti; a critical threshold, ti and tf the initial and final time of the aggregated period. The criticality of a given time series is computed in
relation to a critical threshold. However, the value of the critical threshold will only be known at the end of the data mining process. Thus, several
thresholds are tested. This is the reason why a set of critical operators are computed for each variable X; taking into account different value j of

the critical threshold noted Ti;.

In this paper, CO is always calculated on a whole day. Computed this way, CO is consequently sensible to a large threshold crossing or a long
threshold crossing. When the threshold varies, we can see the evolution of each value of CO day by day. With this we can conclude if a peak is a
long cross or a large cross of the threshold during a day. For example (Figure 7), some peak well represented compared to other with the lower
threshold can disappear when the threshold grows (day 101). This means that there was a long time passed over the threshold but the crossing
was not very high. To the contrary, if a peak gain importance with the threshold getting higher (day 151), the event was short in time but very
high in value. And if a peak is represented regardless of the threshold (day 230), there was both a long and high overtaking of Tj;. In this way, the
learning of the critical threshold values should reveal which severity of machining incident can damage a spindle.
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Figure 7. Results of aggregation of vibration level Vrms during machining by CO, for three different values of the critical threshold Tvims
(expressed as a percentage of the maximum for each threshold).

When €O is computed, a criticality of each day concerning the studied criterion is obtained and a low level noise appears regardless the value
of Tij. In order to increase the relevance of the information and to correlate the day criticality with the spindle condition, another threshold is
needed (noted Ui). It is considered that a machining incident is detected a given day if the value of aggregated data overpasses this second
threshold Ui:

If CO[Xi > Ti;] > Ui then ‘incident’ = 1 (Eq.2)

Then, this expression has to be correlated with the spindle condition by tuning the critical thresholds Ti; and U;, during the unsupervised co-
training.

Note that, before this aggregation, the time series of in-process monitoring criterion are available for each of the four accelerometers. They
are fused, conducting to a unique time series per monitoring criterion. For that purpose, the resultant of the accelerometer values is computed
per bearing of the spindle (the front and rear ones) and then the mean value of the two bearings is considered:

Z= ( 22+ 22 g+ \ZE e + Z;) /2 (Eq.3)

where Zy,f-/re are the values of monitoring criterion from each accelerometer signal.

5.2 Evolution of spindle condition monitoring criteria

Considering the spindle condition, criteria are evaluated once a day, for each accelerometer. Values per accelerometer are then aggregated
in accordance with Eq. 3. Besides, the criteria have to be transformed to reflect daily deteriorations of the spindle condition, instead of an absolute
value. The difference between the value for a given day and the previous one is simply computed. In order to learn which evolution of spindle
condition monitoring criterion reveals a damage of the spindle, another critical threshold Vi is define as:

If (Yi1 - Yir1) > Vi then ‘damage’ = 1 (Eq. 4)

Where Yiis a monitoring criterion of the spindle condition (BPFO, BPFI, FTF or 1X) and I the day number.

6. Unsupervised co-training of critical thresholds

Once the aggregation step performed, the aggregated data is composed of one value per criterion, per critical threshold (7i;) and per day;
both for the in-process monitoring side and for the spindle condition one. On the in-process monitoring criteria, the operator CO[X; > T;;] has been
applied on the three database corresponding to the whole lifetimes of the three studied spindles. In order to reduce the computation time during
the co-training, aggregations are pre-calculated for discretized values of critical thresholds (Tij), as listed in Table 2, for each monitoring criterion.

Criterion X; Vrms (mm/s) Arms (m/s?) Nh (m/s%) Ub (m/s?) C (m/s%)
Min 2 20 20 2 5
Max 20 200 200 20 50
Step 2 20 20 2 5

Table 2. Minimum, maximum and step of the discrete values of thresholds Ti; for the co-training.

At this step, the difficulty is to learn all the critical thresholds (7, U and V) in an unsupervised way, in order to optimize the correlations
between two following facts:

e  A:occurrence of a new degradation of the spindle condition (‘damage’ = 1).

e  B:detection of a machining incident the day before (‘incident’ = 1).

Since these two conditions should be learnt simultaneously, this task is called “co-training” in Data Sciences [22]. There are too many possible
combinations to try to perform the co-training manually. Moreover, the discontinuity of the cost function (due to the change of pre-calculated
discretized thresholds) makes difficult the usage of a classic minimization function. Therefore, a Genetic Algorithm has been chosen for the co-
training of the critical thresholds.



6.1 Genetic Algorithm

A Genetic Algorithm has been chosen to tune all thresholds (T, Uiand Vi) on the criteria in order to maximize the correlations between the
5 machining incident criteria and the 4 spindle degradation criteria. This type of algorithm is needed when the number of solutions to be tested
becomes too large. A genetic algorithm is a heuristic method composed of a few steps which explores the possible ensemble and converges
towards a good local minimum after the exploration of a lot of possibilities. A total of 14 threshold values need to be learned simultaneously (cf.
Table 3). Thus, each individual is depicted by 14 variables. To reduce the computation cost, each threshold (a continuous variable) has been
discretized in 10 discrete values, presented in Table 2.

Steps of the algorithm are:

random generation of the first test population,

computation of the cost function on each member of the population (Eq.10),

crossing of members who have the highest score (50%),

creation of new population adding new children and (5%) highest ranked members of the past population,
mutation of a part of the new population (5%),

restarts with the new population.

6.2 Cost function

In every optimization problem, the cost function that evaluates all the members of a population is of major importance. This cost function
translates the asked question into a mathematical calculus in order to be executed automatically. In this paper, the question is:

How severe a machining event has to be to damage an HSM spindle?

To answer this question, a statistical approach has been used: the statistical implicative analysis [23]. It quantifies the implication of an event
on another one. So, “A implicate B” and “B implicate A” can be implemented and weighted in order to find a good balance in the final cost function.
The implication is calculated based on the number of counterexamples (n,n,5; number of cases where 4 is true and B is false) regarding, the size
of the explored space (n - the days number), the number of case where A is true (n. - day with machining incidents) and the number of case where
B is false (n; days without spindle damage). In this method, it is the unlikelihood to encounter a counter example that is modeled. A standardized

random variable representing the number of counter examples can be expressed this way with a Poisson distribution of parameter %:

nang

Card(XnY)—

Q(a, B) = Tbn (Eq. 5)

with X and Y two randomly chosen events respecting the number of occurrences of respectively A and B (Card(X)=Card(A) &
Card(Y)=Card(B)). This function can be calculated within the particular case where X and Y are respectively A and B. This leads to the:

 ng -2
Implication index A » B = q(a,b) = 20— (Eq. 6)

nany
n
The implication intensity is the probability of having less counter examples in the studied implication than in a random case of same size:

Implication intensity of A - B = ¢(a,b) = 1 — Pr[Q(a,b) < q(a,b)] = = [*7_ e™**/2dx (Eq.7)

- qu(aﬁ)
with a the confidence level of the implication, this statistical implication analysis shows that the implication of A on B is admissible with a
level of confidence of 1-a if and only if:

plab)=1-a (Eq.8)

In this study, if only one of those implications is computed as cost function for the algorithm the bijection of the link between A and B cannot
be proven. So, it is needed to temper this phenomenon by the calculus of the reciprocal implication:

"p"a
Npna—,

o (Eq.9)
==

The implication of A on B is favored because the study aims at determining the causes of HSM spindle degradation. Moreover, close to the
end of life of a spindle, bearings are already damaged. So, on that period, new machining events may not generate additional damage of the spindle
condition. This is reason why a parameter f=0.75 was introduced in the cost function F (Eq. 10). Finally, a convergence problem can appear,
because nothing goes against the increase of A and B, decreasing the critical threshold values to 0 during the training, which conducts to the trivial
solution where faulty events would be detected every day. Consequently, a parameter was added to the final cost function to penalize cases where
a lot of events would be found and correlated. To find such a compromise, the proposed cost function is:

Implication index B - A = q(b,a) =

F= _—‘?(‘;B) —B.qb,@) - [*2  (Eq.10)



7. Results

After the co-training by Genetic Algorithm, results of Table 3 are obtained. The critical thresholds have been simultaneously learnt by co-
training: Ti; and Ui thresholds are for the machining incidents, respectively Vrms, Arms, Nh, Ub and C; and V; ones for the spindle condition

monitoring.
In-process monitoring criteria Spindle condition monitoring criteria
Vrms Arms Nh Ub C Aix Agpr Agpro Arrp
Tvrms Uvrms Tarms Uarms Txn Unn Tup Uup Tc Uc Vix Vipri Vapro Vix
mm/s % m/s? % m/s? % m/s? % m/s? % m/s* m/s? m/s? m/s?
4 47 120 35 100 91 0.52 26 / / 0.60 0.52 1.79 0.5

Table 3. Results of the co-training of critical thresholds, for the detection of machining events and of spindle condition degradation.

Figure 8 presents the results of the co-training, with the critical machining incidents (red circles) detected by each aggregated in-process
monitoring criterion, beyond their learnt critical threshold Ti for CO (and a second filtering by Ui, the orange horizontal line), during the three
spindle lifetimes (delimited by the green vertical dashed lines). Similarly, Figure 9 presents the results of spindle damages that were

simultaneously detected by the co-training, for each spindle condition monitoring criteria.
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Figure 8. Detection of machining incidents that damage the spindle, from daily aggregations of in-process monitoring criteria and unsupervised
co-training by G.A. with the spindle condition, over three lifetimes of HSM spindle in industry.
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Figure 9. Detection of deterioration of the spindle condition, from the spindle condition monitoring criteria and unsupervised co-training by
G.A. with the in-process monitoring, over three lifetimes of HSM spindle in industry.

A total of four spindle degradations (B, n» = 4) were found by the co-training. All of them were explained by the six machining incidents (A,
nq = 6) during the n = 436 days of the study. It can be noticed that the dataset is strongly unbalanced, with very few events and most of days
without problem, during the three spindle lifetimes. In terms of statistic implication, the implication:

A - B isreliable at 99%

B > Ais 95%
The high implication of A (machining incidents) on B (spindle damage) means that every spindle damage was caused by a machining incident.
The implication of B on A is less reliable. It means that machining incidents were often detected simultaneously with a spindle damage, but not
always. The authors explain it by the fact that, if the spindle bearings are already damaged, a new machining incident may not necessarily increase
the level of damage.

The critical thresholds Ti have been leant by the co-training with G.A.. On the side of the in-process monitoring, incidents that damage the
spindle are:

Excessive vibration levels Vrms > 4 mm/s or Arms > 120 m/s?
Chatter Nh > 100 m/s?

Tool breakage Ub > 10 m/s?

Collision C: no event correlated

For the maintenance point of view, a significant degradation of the spindle condition can be monitored if the thresholds V;are overpassed:
Agpro > 1.79 m/s?
Aepri and 4err: no detection correlated
A1x > 0.6 m/s?

Further analyses can be done. Firstly, three of the four incidents that are correlated with a spindle damage, are due to tool breakages (Ub),
cf. the days 101, 309 and 394 in Figure 8. Those events deteriorate the outer ring of the ball bearings, as detected by Agpro criterion. The last event
correlated (day 221) was a chatter (Nh) of high amplitude correlated with 4:x an unbalance or bending of the spindle shaft. It was also detected
by Arms. It probably means that this severe chatter has generated very high forces (due to the instability in the cut, conducting to large variations
of chip thickness) that have plastically deformed the shalt or the HSK interface. The Vruscriterion has a threshold at 4mm/s, which is reasonable.
One event is correlated (day 101). This event was high in amplitude and long, and was also detected Ub as a tool breakage. No collision C was
found in the dataset. Likewise, two spindle condition criteria (4srr and Arrr) did not enabled the detection of implication. It can be concluded that
the main cause of failure of HSM spindle is some rare tool breakages. In addition, severe chatter can also damage the spindle.

8. Conclusion

In this paper, the cause of the failures of HSM spindle has been investigated, by in-process monitoring of industrial machining productions
and data mining. Physics-based in-process monitoring criteria were collected for the detection of machining incidents, as well as for the spindle
condition monitoring. A Knowledge Discovery in Database (KDD) approach was developed, in order to identify what king and severity of



machining incidents damage HSM spindles. An unsupervised co-training by (of critical thresholds) by implicative statistics and Genetic Algorithm
was proposed, in order to detect correlation between machining incidents and spindle damage. To do so, a dedicated aggregation operator (CO)
has been developed to daily aggregate the machining vibrations. The automatic co-training of critical thresholds for the detection of event
machining and critical thresholds on the spindle condition criteria has been performed. The principal output of this study is the knowledge of the
kind and severity of machining incidents that can deteriorates HSM spindles. Then, based on those results, preventive actions have been taken in
the company, and the spindle lifetime has been multiplied by three. Another important aspect is that all the data mining process is automatic.
Thus, future databases can be automatically analyzed, to improve the precision of the results obtained in this paper.
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