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Abstract: Detecting replacement conditions of railway point machines is important to simultaneously
satisfy the budget-limit and train-safety requirements. In this study, we consider classification of
the subtle differences in the aging effect—using electric current shape analysis—for the purpose
of replacement condition detection of railway point machines. After analyzing the shapes of
after-replacement data and then labeling the shapes of each before-replacement data, we can derive
the criteria that can handle the subtle differences between “does-not-need-to-be-replaced” and
“needs-to-be-replaced” shapes. On the basis of the experimental results with in-field replacement
data, we confirmed that the proposed method could detect the replacement conditions with acceptable
accuracy, as well as provide visual interpretability of the criteria used for the time-series classification.

Keywords: maintenance engineering; railway point machine; electric current shape analysis; replacement
condition monitoring

1. Introduction

Fault diagnosis methods [1,2] have been widely applied in many applications such as roller
bearings [3], gearboxes [4], wind turbines [5], and tool wear [6] by using various sensor signals such
as vibration [7]. Recently, fault diagnosis results have been reported for railway applications [8–15]
because maintenance of the constituent components of the railway is important to ensure that the train
can be safely driven. The railway point machine (RPM)—consisting of a motor, reduction gear, several
bearings, derive-detection rods, and switches [8]—is an especially important component that changes
the traveling direction of a train. RPM uses an electric motor to move a switch blade from one position
to another, making electric current-based fault diagnosis methods feasible. For example, classification
methods using support vector machine (SVM) with the discrete wavelet transform (DWT) [16] and
uniform scaling [17] have been reported as a diagnostic of the failure of RPMs. These methods work
by extracting features of the electric current signal obtained from the RPMs. In addition, an electric
current-based fault diagnosis method using dynamic time warping (DTW) [18] has been proposed to
manage the variation in durations of RPM movement. Recently, sound signal-based fault diagnosis
method [19] has reported as a possible means to achieve this goal.

In this study, we focus on the aging effect for the replacement of RPMs, rather than fault
diagnosis. In safety- or mission-critical applications such as railway transportation, maintenance
of key components such as RPM should be conducted carefully [20]. That is, when a fault is
identified with fault diagnosis, it should be repaired immediately [21]. However, aging effects
progress slowly, and thus, the replacement decision needs to be carefully conducted to detect the
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subtle differences between “does-not-need-to-be-replaced” and “needs-to-be-replaced” (i.e., due to
the slowly progressing effects). In general, there are guidelines for RPM replacement such as the
operation period (e.g., more than 10 years) or the number of accumulated movements (e.g., more
than 100,000 movements) before replacement. However, in practice, these guidelines are not followed,
and it is even difficult to obtain in-field replacement data due to the relatively long operation
period. Furthermore, we also need to consider the operational condition of each RPM, such as
weather/train-load/train-speed variation [21], for detecting aging effects. For example, RPMs that can
operate well owing to fair operational conditions may be replaced later, or those that operate poorly
owing to harsh operational conditions may not be earlier, according to the simple guideline. Therefore,
we must determine whether an RPM needs to be replaced or not depending on the in-field operational
conditions, for simultaneously satisfying the budget-limit and RPM-safety requirements. In practice,
however, keeping all these operational conditions of each RPM in mind is almost impossible.

In this study, we assume the electric current shape of each RPM reflects its operational condition
and propose a classification method that employs electric current shape analysis in order to determine
whether an RPM needs to be replaced or not. In particular, we focus on the aging effect for the
replacement of RPMs, and thus our method should also handle the more subtle differences in aging
effects rather than fault diagnosis. After analyzing the shapes of “after-replacement” (i.e., brand
new) RPMs and then labeling the shapes of each “before-replacement” (i.e., used for more than
10 years) RPM, we can automatically derive the criteria that can handle the subtle differences
between “does-not-need-to-be-replaced” and “needs-to-be-replaced” shapes in the before-replacement
RPMs. To the best of our knowledge, this is the first report on the RPM replacement-condition
detection problem that shows how to classify the shapes accurately, with in-field replacement data,
(not laboratory simulated data).

The rest of this paper is organized as follows: Section 2 describes the proposed replacement
condition detection method with some background concept. The experimental results with in-field
replacement data are presented in Section 3, followed by the conclusions in Section 4.

2. Method for Detecting Replacement Condition

As in [16–18], the electric current shape of an RPM movement is an acceptable choice for RPM
fault diagnosis. However, the previous methods used for detecting the fault condition may not be
able to detect the replacement condition. For example, Kim et al. [18] proposed a fault diagnosis
method using DTW to detect the fault condition. The method had the advantage of detecting the
abnormal shape in the electric current data without a training step. Even with the flexible-distance
measure (e.g., DTW), however, this DTW method may not be able to distinguish the shapes between
does-not-need-to-be-replaced and needs-to-be-replaced, owing to the more subtle differences in the
aging effects than fault diagnosis.

Figure 1 shows the overall structure of the proposed method. After collecting both before- and
after-replacement data obtained from the RPM monitoring system, we label the before-replacement
data into two classes: does-not-need-to-be-replaced and needs-to-be-replaced. Then, features
minimizing the within-class distance and maximizing the between-class distance are extracted in
an offline training phase. Finally, an electric current shape of each RPM movement is analyzed with
the extracted features in order to detect a replacement condition of the RPM in an online testing phase.

For example, the after-replacement data obtained from the in-field replacement data in Korea
had some common electric current pattern although different RPMs were made from different
manufacturers. Based on this common pattern, we labeled the electric current patterns of in-field
before-replacement data (with an operation period of more than 10 years) with the help of
maintenance staff. Some of the before-replacement data had a similar pattern with the common
pattern of the after-replacement data (i.e., “does-not-need-to-be-replaced”). However, most of the
before-replacement data had subtle differences from the common pattern of the after-replacement
data (i.e., “needs-to-be-replaced” due to the aging effects). Thus, we need to develop an automatic
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decision method that can classify the before-replacement data into “does-not-need-to-be-replaced” or
“needs-to-be-replaced” .
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Figure 1. Overall structure of the proposed method for analyzing electric current shapes.

Note that no fault has been reported for the before-replacement data measured, and each RPM
in the measurement has different operational conditions as shown in Table 1. Note also that some
properties such as the length, peak, or average value of the before-replacement data are different from
those of the after-replacement data. If we use these properties such as [22], however, we cannot explain
the difference in the operational condition in the before-replacement data (e.g., different number of
accumulated movements, in addition to weather/maintenance difference). In order to focus on the
shape itself, we first apply normalization to both before- and after-replacement data, as in [23,24].

Table 1. Properties of RPMs in each station.

Station
Type

# of RPMs
Replaced

# of RPMs
Measured

Operation Period
before Replacement

(Years)

# of Accumulated
Movements before

Replacement

# of Movements
Measured for

Analysis

A 15 14 12 1284–33,272 406
B 13 3 12–14 653–19,391 47
C 17 7 12–14 12,875–107,927 141
D 2 1 10–13 11,442–137,370 24
E 7 5 12–16 5778–391,141 113
F 5 4 13–14 5209–82,795 64
G 8 5 14–17 436–108,600 118

In this study, we consider a shape-based method for analyzing the normalized electric current
patterns in RPMs for detecting the subtle differences in the aging effect. The shapelet algorithm [23]
has been used for time-series shape classification and extracts a subsequence called a shapelet that
consists of features minimizing the within-class distance and maximizing the between-class distance,
through training. The extracted shapelet can then be used to compare testing time-series data with it.
Thus, the shapelet algorithm has the advantage of the execution time of the classification over the DTW,
which compares the testing time-series data with the whole sequence of the reference data. In addition,
it also has the advantage of acquiring a shapelet that can support intuitive interpretation through
time-series data. Therefore, the shapelet algorithm can detect subtle differences in the aging effect.
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With the shapelet algorithm, a shapelet should be extracted from the training time-series data in
order to solve the two-class (i.e., class Da: not-need-to-be-replaced or class Db: need-to-be-replaced)
classification problem. Let us assume the training dataset D has n labeled time series data. D includes
the time-series data T of length m where T = t1, t2, . . . , tm. The subsequence S of length l can then be
extracted from a starting point p in T where length and Z normalization are applied. The minimum
distance is then found among the distance results by using Equation (1). Here, S∗l is the set of all possible
subsequences of length l that can be extracted from T, and S′ is one among all the possible subsequences.

S∗l =
{

Sl
p of Tl

p

∣∣∣Tl
p = tp, tp+1, . . . , tp+l−1

}
dist(S′, T) = min

(
dist

(
S∗l , Tl

p

)) (1)

Afterwards, the entropy is calculated for splitting the classes in D. Equation (2) shows the entropy
to search the split, where nc, ni, and pi are the number of classes in D, the number of objects in class i,
and class probability in D, respectively.

E(D) =
nc

∑
i=1
−pi log(pi), pi =

ni
n

(2)

Before obtaining information gain for split sp, D needs to be separated into Da and Db using the
distance threshold that separates two small datasets. sp can then be calculated from Equation (3),
where na and nb are the number of time series data in Da and Db, respectively.

I(sp) = E(D)− na

n
E(Da)−

nb
n

E(Db) (3)

sp can be used to obtain the separation gap by calculating two time-series data from Da and Db.
Equation (4) shows the calculation of the separation gap using sp:

gap(sp) =
1
na

∑
Ta∈Da

dist(S′, Ta)−
1
nb

∑
Tb∈Db

dist(S′, Tb) (4)

Finally, a shapelet can be determined as a split with the maximum information gain through the
gap in the datasets.

After extracting the shapelet, each of the testing data is classified by using a traditional decision
tree through the distance between the testing data and the shapelet extracted. The details of the
shapelet algorithm can be found in [23,24].

Before the shapelet algorithm is applied, length and Z normalization are applied to electric current
time-series data in order to the focus on the “local” shape. A shapelet can then be extracted by training
the normalized data through the shapelet algorithm. Finally, the distance between the shapelet and the
testing data is calculated using the Euclidean distance to measure their similarity.

Figure 2a shows one example of the does-not-need-to-be-replaced and needs-to-be-replaced
pairs in the before-replacement data. As shown in Figure 2a, the normalized before-replacement
data exhibits a more clear difference at the beginning between the does-not-need-to-be-replaced and
needs-to-be-replaced shapes. Note that the normalized does-not-need-to-be-replaced shape in the
before-replacement data is very similar to the normalized after-replacement shape (i.e., we denote
the shape as does-not-need-to-be-replaced). With the help of maintenance staff, the shapelet shown
in Figure 2b was validated as an acceptable feature to detect the aging effect. That is, in safety- or
mission-critical applications such as railway transportation, the domain expert knowledge is very
important. The extracted shapelet was consistent with the domain expert knowledge (i.e., the criteria
labeling the before-replacement data into two classes), and this “visual interpretability” is the one of
the main advantages of the shapelet algorithm [23] over typical classification methods such as SVM,
neural network, and DTW.
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In fact, the case shown in Figure 2b is similar to the case for electrocardiogram (ECG) data [24].
The shapelet extracted with ECG data captured the criteria for the two-class classification problem,
with 99.4% accuracy (compared to 79.7% accuracy with DTW). In addition, the ECG criteria were
verified by a domain expert (i.e., a USC cardiologist stated that the delayed t-wave was the only
medically significant difference between the two classes, and the shapelet algorithm identified this
part as the shapelet).

3. Experimental Results

3.1. Experimental Data

Table 1 describes the properties for the in-field data of RPMs collected at seven stations in
Korea during operation periods before replacement. Some RPMs were replaced despite their few
accumulated movements, meaning that the typical replacement guidelines are not followed in practice.
For this reason, a method for detecting the replacement condition of RPMs is required to consider the
shape itself.

Our experimental environment was as follows: Intel Core® i5-4670 3.40 GHz, 8 GB RAM,
and Windows 7 Professional 64-bit (Microsoft, Redmond, WA, USA). We used the fast shapelet
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algorithm [24] to extract a shapelet more rapidly than with the original shapelet algorithm [23].
We obtained the in-field measurement data for analysis (captured at a sampling rate of 100 Hz) from
39 RPMs (seven stations in Korea), as shown in Table 1.

The obtained data consisted of two types: before-replacement and after-replacement. As shown
in Figure 3, the after-replacement data had some common electric current pattern although different
RPMs were made from different manufacturers. For readability, Figure 3 shows only the first 10 RPM
movements measured in each station from the large number of movements measured. With this
common pattern, we can extract a shapelet for the purpose of replacement condition detection.
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Next, with the help of maintenance staff, the before-replacement data were categorized into
two classes: does-not-need-to-be-replaced and needs-to-be-replaced. As we can see in Figure 4,
there are subtle differences between the two classes, in addition to some variations within each class.
Note that, through the Length and Z normalization [23,24], the variations within each class can be
reduced and we can focus on the shape itself.
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Figure 4. Electric current shapes of RPMs measured during one year before replacement: (a) does-not-
need-to-be-replaced; (b) needs-to-be-replaced.

3.2. Classification Results

For evaluating the proposed method, all of the data (i.e., 913 shapes) obtained from each
station were separated equally as training and testing data. In the before-replacement data, the
ratio of does-not-need-to-be-replaced to needs-to-be-replaced was approximately 1/9. To solve the
data imbalance between the two classes [25], we merged the after-replacement data (i.e., does-not-
need-to-be-replaced) with the before-replacement data so that the ratio of does-not-need-to-be- replaced
to needs-to-be-replaced became approximately 11/9 (i.e., balanced scenario), in addition to the
imbalanced scenario (i.e., both training and testing were conducted with the before-replacement
data only). Further, “positive” refers to the minority class (i.e., needs-to-be-replaced in the balanced
scenario and does-not-need-to-be-replaced in the imbalanced scenario) in the accuracy evaluation.
We then conducted a two-fold cross-validation with the training and testing data to analyze the
classification performance of the proposed method. In addition, the validation was conducted five
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times to verify the variation in the experimental results by using random sampling in the labeled
data [26]. During the experiments, two parameters, max-length and min-length, which determine the
length of a shapelet, were set to 200 and 1, respectively.

To evaluate the performance of the proposed method, we compared it with the DTW-based
method [18]. For a fair comparison, Z-normalization was also applied to the DTW-based method
(because DTW itself can handle the length difference, it does not need length normalization).
In addition, to evaluate the effect of selecting the most prominent (i.e., visually interpretable)
subsequence of the shapelet-based method (called Shapelet-Subsequence for the purposes of
explanation), we intentionally set the length of a shapelet as the length of the sequence and measured
its performance (called Shapelet-Fullsequence for the purposes of explanation). In a strict sense, the
Shapelet-Fullsequence method is not a shapelet-based method, because it does not select the visually
interpretable subsequence. Rather, it can be regarded as a hybrid between Shapelet-Subsequence
and DTW, and the performance of Shapelet-Fullsequence can help explain the difference between
Shapelet-Subsequence and DTW. Table 2 summarizes the analysis methods used in this section.

Table 2. Summary of the analysis methods.

Method Normalization Comparison Distance

Shapelet-Subsequence Length and Z Subsequence Euclidean
Shapelet-Fullsequence Length and Z Full-sequence Euclidean

DTW [18] Z Full-sequence DTW

The accuracy can be evaluated by computing True Positive (TP), False Positive (FP), True Negative
(TN), and False Negative (FN) [27]. Figure 5 shows the accuracy as a receiver operating characteristic
(ROC) curve for the imbalanced scenario, whereas Figure 6 shows the accuracy as an ROC curve for
the balanced scenario. We also show the accuracy computed as the area under ROC (AUROC) and the
execution time of each method in Tables 3 and 4, respectively.
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Figure 6. Receiver operating characteristic (ROC) curves for the balanced scenario using
two-fold cross-validation with five repetitions: (a) ROC of Shapelet-Subsequence; (b) ROC of
Shapelet-Fullsequence; (c) ROC of DTW.

Table 3. Average accuracy (AUROC) of the analysis methods.

Method Imbalanced Scenario Balanced Scenario

Shapelet-Subsequence 0.95 0.97
Shapelet-Fullsequence 0.92 0.94

DTW [18] 0.53 0.60

Table 4. Average execution time of the analysis methods.

Method Training
(Unit: Second)

Testing (per RPM Movement)
(Unit: Millisecond)

Shapelet-Subsequence 35.54 0.921
Shapelet-Fullsequence 0.21 0.994

DTW [18] 0.12 8.308
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3.3. Discussion

From Figure 5, we can see that the accuracy of the Shapelet-Subsequence is high enough for
practical application (ROC curves of the Shapelet-Subsequence drop sharply at FPR = 0 similar to
an ideal ROC curve). Interestingly, the accuracy of the Shapelet-Fullsequence was much higher than
that of DTW, although it was lower than that of the Shapelet-Subsequence. This can be explained by
the fact that the aging effect causes subtle differences in the length-normalized electric current shape.
That is, both the Shapelet-Subsequence and Shapelet-Fullsequence methods could detect the subtle
differences effectively, whereas the DTW method was too flexible for the accuracy to deteriorate.

In Table 4, the training time of the shapelet-based method is for shapelet extraction, whereas
the training time of the DTW-based method is for representative sequence extraction. Although the
shapelet extraction in the offline training phase is time consuming, the subsequence comparison with
the Euclidean distance in the online testing phase is much faster than the full-sequence comparison with
the DTW distance. Note that the testing time consists of normalization and comparison times, and the
testing times of all three methods were faster than the RPM movement period (i.e., approximately 5 s)
to make real-time execution possible.

Although accurate cost-effectiveness requires complicated remaining useful life (RUL)
estimation [28] and is not within the main scope of this study, we can approximately compute the
cost-effectiveness of the Shapelet-Subsequence method. For example, by setting the True Positive Rate
to 0.95 (i.e., most of the needs-to-be-replaced conditions correctly classified as needs-to-be-replaced)
in Figure 6, the Shapelet-Subsequence method could obtain a zero False Positive Rate (i.e., all the
does-not-need-to-be-replaced conditions correctly classified as does-not-need-to-be-replaced). That is,
if the replacement cost of each RPM is 15,000,000 Korean Won, then the shapelet-based electric
current analysis method can prevent the unnecessary replacement cost of 60,000,000 Korean Won
(corresponding to four not-need-to-be-replaced RPMs from the total of 39 replaced RPMs) in the
operation-period-based replacement. This cost saving is estimated with the experimental data. If we
extrapolate the saved portion (i.e., 10%) to the scale of the entire country (i.e., more than 1000 RPMs are
replaced annually), then the estimated saving is approximately 1,500,000,000 Korean Won annually.

In fact, the main contribution of this study is that we developed an electric current monitoring
system, installed it near the in-field RPMs in Korea, collected the electric current shapes of the RPMs for
more than two years, and automatically analyzed the before- and after-replacement data. Before this
study, the domain experts in a Korean railway company did not check the electric current shapes of
the before- and after-replacement RPMs. Since the Shapelet-Subsequence method could provide a
domain expert “visual interpretability” of the criteria used for the time-series classification (compared
to the typical classification methods), the domain experts agreed that the automatic analysis method
could improve the reliability of each RPM under a limited budget. Note again that, in safety- or
mission-critical applications such as railway transportation, domain experts are very conservative,
and providing the visual interpretability of the proposed technique is important to be accepted by the
domain expert. Furthermore, we believe this study can help the conservative railway community to
move toward the emerging Industry 4.0 [29].

4. Conclusions

Management of RPMs is vital to prevent serious accidents such as train derailments. In particular,
it is generally difficult to obtain in-field RPM replacement data, and thus automatic detection of in-field
replacement conditions has not been reported yet, to the best of our knowledge.

In this study, we proposed an electric current shape-based analysis method for detecting the
replacement condition of RPMs. The proposed method first extracts a shapelet that can detect the subtle
differences in the aging effect, and then distinguishes the does-not-need-to-be-replaced shape from the
needs-to-be-replaced shape by using the extracted shapelet. On the basis of the experimental results
with in-field replacement data (i.e., operated data for more than 10 years, not laboratory simulated data),
the classification accuracy of the proposed method for detecting the replacement condition was much
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higher than the accuracy of the flexible-distance measure (e.g., DTW) based method. Furthermore,
the proposed method can provide domain experts with the visual interpretability of the criteria used
for time-series classification.

Acknowledgments: The study and the contribution were supported by the following project: Small & Medium
Business Administration under Project S2312692 “Technological Innovation Development Business” for the
innovative company in the year 2015.

Author Contributions: Yongwha Chung and Daihee Park conceived and designed the experiments; Sukhan Yoon
provided and described the data to experiment; Yongwha Chung and Hee-Young Kim designed the normalization
method of the data; Jaewon Sa analyzed the replacement data obtained between before and after; Jaewon Sa and
Younchang Choi implemented the detection application for replacement-condition; Jaewon Sa, Younchang Choi,
and Yongwha Chung wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yin, S.; Ding, S.X.; Zhou, D. Diagnosis and Prognosis for Complicated Industrial Systems—Part 1. IEEE Trans.
Ind. Electron. 2016, 63, 2501–2505. [CrossRef]

2. Yin, S.; Ding, S.X.; Zhou, D. Diagnosis and Prognosis for Complicated Industrial Systems—Part 2. IEEE Trans.
Ind. Electron. 2016, 63, 3201–3204. [CrossRef]

3. Wang, H.; Ke, Y.; Song, L.; Tang, G.; Chen, P. A Sparsity-Promoted Decomposition for Compressed Fault
Diagnosis of Roller Bearings. Sensors 2016, 16, 1524. [CrossRef] [PubMed]

4. Cerrada, M.; Sánchez, R.V.; Cabrera, D.; Zurita, G.; Li, C. Multi-Stage Feature Selection by Using Genetic
Algorithms for Fault Diagnosis in Gearboxes Based on Vibration Signal. Sensors 2015, 15, 23903–23926.
[CrossRef] [PubMed]

5. Santos, P.; Villa, L.F.; Reñones, A.; Bustillo, A.; Maudes, J. An SVM-based Solution for Fault Detection in
Wind Turbines. Sensors 2015, 15, 5627–5648. [CrossRef] [PubMed]

6. Zhou, J.H.; Pang, C.K.; Lewis, F.L.; Zhong, Z.W. Intelligent Diagnosis and Prognosis of Tool Wear Using
Dominant Feature Identification. IEEE Trans. Ind. Inform. 2009, 5, 454–464. [CrossRef]

7. Jardine, A.K.; Lin, D.; Banjevic, D. A Review on Machinery Diagnostics and Prognostics: Implementing
Condition-based Maintenance. Mech. Syst. Signal Process. 2006, 20, 1483–1510. [CrossRef]

8. Oyebande, B.O.; Renfrew, A.C. Condition Monitoring of Railway Electric Point Machine. IEE Proc. Electr.
Power Appl. 2002, 196, 465–473. [CrossRef]

9. Zarembski, A.M.; Palese, J.W. Managing Risk on the Railway Infrastructure. In Proceedings of the 7th World
Congress on Railway Research, Montreal, QC, Canada, 4–8 June 2006.

10. Quiroga, L.M.; Wegele, S.; Schnieder, E. Benefit of Railway Infrastructure Diagnosis Systems on its Availability.
IFAC Proc. Vol. 2009, 42, 146–150. [CrossRef]

11. Márquez, F.P.G.; Schmid, F.; Collado, J.C. A Reliability Centered Approach to Remote Condition Monitoring:
A Railway Points Case Study. Reliab. Eng. Syst. Saf. 2003, 80, 33–40. [CrossRef]

12. Silmon, J. Operational Industrial Fault Detection and Diagnosis: Railway Actuator Case Studies. Ph.D. Thesis,
University of Birmingham, Birmingham, UK, 2009.

13. Asada, T.; Roberts, C. Improving the Dependability of DC Point Machines with a Novel Condition Monitoring
System. Proc. Inst. Mech. Eng. F J. Rail Rapid Transit 2013, 227, 322–332. [CrossRef]

14. Eker, O.; Camci, F.; Kumar, U. SVM-Based Diagnostics on Railway Turnouts. Int. J. Perform. Eng. 2012, 8,
289–298.

15. Bolbolamiri, N.; Sanai, M.; Mirabadi, A. Time-Domain Stator Current Condition Monitoring: Analyzing Point
Failures Detection by Kolmogorov-Smirnov (K-S) Test. Int. J. Electr. Comput. Energ. Electron. Commun. Eng.
2012, 6, 587–592.

16. Asada, T.; Roberts, C.; Koseki, T. An Algorithm for Improved Performance of Railway Condition Monitoring
Equipment: Alternating-Current Point Machine Case Study. Transp. Res. Part C Emerg. Technol. 2013, 30,
81–92. [CrossRef]

17. Vileiniskis, M.; Remenyte-Prescott, M.; Rama, D. A Fault Detection Method for Railway Point Systems. J. Rail
Rapid Transit 2016, 230, 852–865. [CrossRef]

http://dx.doi.org/10.1109/TIE.2016.2522944
http://dx.doi.org/10.1109/TIE.2016.2538745
http://dx.doi.org/10.3390/s16091524
http://www.ncbi.nlm.nih.gov/pubmed/27657063
http://dx.doi.org/10.3390/s150923903
http://www.ncbi.nlm.nih.gov/pubmed/26393603
http://dx.doi.org/10.3390/s150305627
http://www.ncbi.nlm.nih.gov/pubmed/25760051
http://dx.doi.org/10.1109/TII.2009.2023318
http://dx.doi.org/10.1016/j.ymssp.2005.09.012
http://dx.doi.org/10.1049/ip-epa:20020499
http://dx.doi.org/10.3182/20090610-3-IT-4004.00030
http://dx.doi.org/10.1016/S0951-8320(02)00166-7
http://dx.doi.org/10.1177/0954409713481748
http://dx.doi.org/10.1016/j.trc.2013.01.008
http://dx.doi.org/10.1177/0954409714567487


Sensors 2017, 17, 263 13 of 13

18. Kim, H.; Sa, J.; Chung, Y.; Park, D.; Yoon, S. Fault Diagnosis of Railway Point Machines Using Dynamic Time
Warping. Electron. Lett. 2016, 52, 818–819. [CrossRef]

19. Lee, J.; Choi, H.; Park, D.; Chung, Y.; Kim, H.-Y.; Yoon, S. Fault Detection and Diagnosis of Railway Point
Machines by Sound Analysis. Sensors 2016, 16, 549. [CrossRef] [PubMed]

20. Oh, H.; Han, B.; Mc Cluskey, P.; Han, C.; Youn, B.D. Physics-of-Failure, Condition Monitoring, and
Prognostics of Insulated Gate Bipolar Transistor Modules: A Review. IEEE Trans. Power Electron. 2015, 30,
2413–2426. [CrossRef]

21. Shang, H. Maintenance Modelling, Simulation, and Performance Assessment for Railway Asset Management.
Ph.D. Thesis, Université de Technologie, Troyes, France, 2015.

22. Márquez, F.P.G.; Pedregal, D.J. An Algorithm for Detecting Faults in Railway Point Mechanisms.
IFAC Proc. Vol. 2006, 39, 1360–1365. [CrossRef]

23. Ye, L.; Keogh, E. Time Series Shapelets: A New Primitive for Data Mining. In Proceedings of the ACM
SIGKDD, Paris, France, 28 June–1 July 2009; pp. 947–956.

24. Rakthanmanon, T.; Keogh, E. Fast Shapelets: A Scalable Algorithm for Discovering Time Series Shapelets.
In Proceedings of the SIAM International Conference on Data Mining, Austin, TX, USA, 2–4 May 2013;
pp. 668–676.

25. Ali, A.; Shamsuddin, S.M.; Ralescu, A.L. Classification with Class Imbalance Problem: A Review. Int. J. Adv.
Soft Comput. Its Appl. 2015, 7, 176–204.

26. Witten, I.; Frank, E. Data Mining: Practical Machine Learning Tools and Techniques, 3rd ed.; Morgan Kaufmann:
San Francisco, CA, USA, 2005.

27. Theodoridis, S.; Koutroumbas, K. Pattern Recognition, 4th ed.; Academic Press: Oxford, UK, 2009.
28. Pan, D.; Liu, J.; Cao, J. Remaining Useful Life Estimation using an Inverse Gaussian Degradation Model.

Neurocomputing 2016, 185, 64–72. [CrossRef]
29. Gilchrist, A. Introducing Industry 4.0; Apress: New York, NY, USA, 2016; pp. 195–215.

© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1049/el.2016.0206
http://dx.doi.org/10.3390/s16040549
http://www.ncbi.nlm.nih.gov/pubmed/27092509
http://dx.doi.org/10.1109/TPEL.2014.2346485
http://dx.doi.org/10.3182/20060829-4-CN-2909.00227
http://dx.doi.org/10.1016/j.neucom.2015.12.041
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Method for Detecting Replacement Condition 
	Experimental Results 
	Experimental Data 
	Classification Results 
	Discussion 

	Conclusions 

