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ABSTRACT The train control on-board subsystem (TC-OBS) plays an important role in the safety and
efficiency of the high-speed train’s operation. Therefore, there is an urgent demand for the analysis of
failure characteristics and the reliability of TC-OBS. In this paper, a specific data model is built for the
TC-OBS operational and failure data based on data cubes. This model analyzed the failure distribution
characteristics of TC-OBS from the combined angles of System Identification, Time and Operation Attribute
through the operations of data cubes. Thus, the representative units and systems can be the research objects
of the reliability evaluation. With these representative units and systems, this paper uses Bayesian estimation
combined with Markov Chain Monte Carlo (MCMC) to estimate the parameters of the time between
failures (TBF) distribution model and the reliability is analyzed. Simulation results show that the data model
based on data cubes can offer an efficient and convenient method to analyze the failure characteristics and

reliability of TC-OBS.

INDEX TERMS Train control system, reliability, failure distribution characteristics, data modeling.

I. INTRODUCTION

The rapid development of high-speed railways offers a
great development space for the economy and for people’s
livelihoods. Meanwhile, the operational safety of high-
speed railways becomes extremely important. The train
control on-board subsystem (TC-OBS) of the high-speed
railway (HSR) is the core part for train controlling, and its
safe and reliable operation is critical and basal for ensuring
the safe and efficient operation of HSRs. As a complex
and safety-critical system, the failure feature of the TC-OBS
is very important to the maintenance and repair work as
well as to the renewal of equipment. During the operation
process, the performance degradation of the system caused
by environmental interference, component wear, equipment
aging, etc., will lead to system reliability degradation, causing
failures, and creating hidden dangers to the safety of the HSR.
When the TC-OBS is running, it will automatically generate
log data of the running status and events of the system. The
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study of its data characteristics enables maintenance person-
nel to keep abreast of the system’s operation, so they can
timely repair and maintain the system to ensure the safety of
the HSR’s operation.

The processing of a system’s data should be efficient and
accurate for corresponding purposes. Huang and Zhou [1]
proposed the structure, elements, basic calculations and mul-
tidimensional reasoning method of the new knowledge model
for electric power based on ontology and the semantic web.
The work in [2] introduced random matrix theory to model
the massive data sets for power equipment monitoring and
big data mining analytics. Wang and Bai [3] built a fuzzy
spatiotemporal data model by expanding the standard mod-
eling language UML,; thus, the model can describe the fuzzy
spatiotemporal objects better, and it is dynamic. After data
modeling, the operational status of the system can be effi-
ciently acquired.

The system’s failure feature is a mathematical description
that can represent the processes of fault distribution and evo-
lution. Studies on fault features play an important role in fault
diagnosis, reliability analysis, and maintenance strategies.
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Many scholars have recently carried out research on fault
features in the fields of power transmission systems, military
science, computer networks, and software engineering. The
work in [4] analyzed the time trend of the failure frequency
in communication networks using the cumulative number
of failures and estimated the relationship between failure
frequency and severity by the generalized Pareto probability
distribution. Zheng et al. [5] collected the fault recording
from one converter station when the communication failed
due to a disturbance in the AC system and calculated and sta-
tistically analyzed the turn-off angle of valves, zero-crossing
offset, and landing amplitude of bus voltage. Jager et al. [6]
proposed an integration step that evaluates the failure model
of shared information in relation to an application’s fault
tolerance and presented a mathematically defined generic
failure model as well as a processing chain for automatically
extracting failure models from empirical data. The work in [7]
proposed a risk index system for the catenary lines of high-
speed railways considering the characteristics of time-space
differences to represent and quantify the characteristics of
risk. Arno et al. [8] analyzed the relationship between equip-
ment failure characteristics and reliability-based maintenance
to optimize preventative maintenance regime as well as a
corrective maintenance regime.

Few researchers focus on the data modeling of train control
system operational data. However, the application of systems’
operational data has been studied widely by many scholars
in the railway field, and they usually focus on the fault
diagnosis, failure prediction and reliability evaluation of train
control systems.

In the areas of fault diagnosis and failure prediction,
researchers mainly focus on the accurate and rapid detec-
tion of faults that are about to happen or have happened in
each part of the train control system such as the TC-OBS,
track circuit and so on. Ding et al. [9] proposed a method
based on fuzzy rules and a time series analysis for the online
failure prediction of the Automatic Train Protection system.
Zhao et al. studied fault diagnosis methods for track cir-
cuit [10], [11]. Bruin et al. [12] used the long short-term
memory recurrent neural network to accomplish the timely
detection and identification of faults in railway track cir-
cuits for the safety and availability of the railway network.
In [13], Wang et al. proposed a bilevel feature extraction-
based text mining that integrates features extracted at both
the syntax and semantic levels with the aim of improv-
ing the fault classification performance of the train control
system. Similarly, many researchers have conducted their
research on fault diagnosis through text mining and big data
analysis [14]-[17].

As for the application of train control system operational
data in reliability evaluations, research carried out according
to the different forms of equipment or system level of the
train control system. Sun et al. [18] proposed a life prediction
method for analyzing and assessing the reliability of railway
safety relays by blending the principal component analysis to
extract the key degradation features of relays. Xu et al. [19]
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proposed an online performance degradation monitoring
approach for the onboard speed sensors of trains and provided
a compensation algorithm for the distorted speed readings
resulting from the existence of the performance degradation.
Zhu et al. [20] modeled the next generation communication-
based train control (CBTC) system with deterministic and
stochastic Petri nets (DSPNs), and the performance data were
converted as DSPN model parameters to evaluate the system
reliability. At the system level, Su and Che [21] introduced
Bayesian networks for the limitations of the traditional fault
tree analysis method to establish the reliability model of train
control systems, and the reliability of the train control system
and its redundant configuration was assessed. Additionally,
Morant et al. [22] and Pascale et al. [23] conducted their
research studies on reliability evaluations and maintenance
strategies for railway signaling systems.

Operational data and failure characteristics are important
to the reliability as well as the maintenance strategies for
the TC-OBS. However, research on the fault diagnosis and
reliability evaluation for TC-OBSs are carried out based on a
small amount of data. It is necessary to take full advantage
of the operational data of TC-OBSs to analyze the failure
distribution characteristics as well as to evaluate its reliability.

The rest of this paper is organized as follows. In Section II,
we establish a specific model for the operational data of
TC-OBSs based on data cubes to analyze the failure char-
acteristics and provide the necessary data for the reliability
evaluation. In Section III, the failure distribution character-
istics are analyzed using the data model of the TC-OBS,
and in Section IV the reliability of representative equipment
and systems, which are selected by the failure distribution
characteristics is estimated by Bayesian estimation. Finally,
conclusions and recommendation for future works are given.

Il. DATA MODEL FOR TRAIN CONTROL

ON-BOARD SUBSYSTEM

In this section, we build a specific model for the operational
data of the TC-OBS based on the data cube to analyze the
failure characteristics and reliability of the TC-OBS.

Figure 1 shows the partial structure of the TC-OBS.
It includes several units working together to control the high-
speed train. While in operation, the working status of the units
in the TC-OBS are influenced by various factors that could
lead to failures, or even disasters.

The partial operational data of the TC-OBS is shown
in Figure 2. Most of the data are recorded by text formatting
which is difficult to process because of the misunderstanding
of different maintainers and the complexity of the operational
data. Thus, an effective model is needed for the analysis of the
operational data.

A complete data record contains three key elements: Sys-
tem Identification, Time, and Operation Attribute. System
identification represents where the data belongs. Time rep-
resents the time when the system operates, and Operation
Attribute represents the operational status, including the nor-
mal operational status and types of failures. To process and
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FIGURE 1. Partial structure of TC-OBS.

1 17-04-08 03:36:19,220 FID:  tih_a.cpp LID: 2754 TID:SHGH_LogTask
000042160 ATP & AICZROD0 Vehicle Ready Active (Lifesign 8 OE).

2 17-04-08 03:36:18,228 FID:  tih_a.cpp LID: 2005 TID:SNGM_LogTask
000041562 ATP A AIBIR720 Alive Lifesign 2.

3 17-04-08 03:36:17,706 FID:  tih_a.cpp LID: 1999 TID:SNGM_LogTask
000040963 ATP A AIBOR710 Alive Lifesign 1

4 17-04-08 03:36:17;120 FID:
000040347

stom epp LID: 5127 TID:SNGH LogTask
ATP & 4A13R000 STM connection running.

5 17-04-08 03:36:16:620 FID:tih a stmdat LID: 461 TID:SNGM LogTask
000039751 ATP A AD6EDOBO Profibus TI-H to TSG cormected.

6 17-04-08 03:36:16;120 FID:bih a stmdat LID: 468 TID:SNGM LogTask
000039148 ATP A& A4CEDOBO Profibus BI-H to TSG cormected.

Hit any key to continue or ESC to stop ...

T 17-04-08 03:36:15,620 FID:wi_a_radioCh LID: 1677 TID:SNGM_LogTask
000038552 ATP & 52071000 Remove error: Fewer modems registered than installe

8 17-04-08 03:36:14,623 FID:wi_a_radioCh LID: 1667 TID:SHGM_LogTask
000037956 ATP A 52071000 Fewer modems registered than installed 1

FIGURE 2. Partial operational data of TC-OBS.

analyze the data efficiently, we build a specific data model
based on the data cube.

An n-dimensional data cube [24] is a quadruple shown
in (1), where D is the set of dimensions of the data cube,
and H is the hierarchical set of dimensions. M is a set of
measures of the data cube, and I' is the aggregate function
for the measures.

N ={(D,H,M, T} (1

The operational data of the TC-OBS has three dimensions
as described above: that is, System Identification, Time, and
Operation Attribute. Therefore, the set of dimensions D is
shown as (2), where S represents System Identification, T rep-
resents Time, and O represents Operation Attribute.

D={S,T, 0} 2)

Because H is the hierarchical set of dimensions, in this
case, the hierarchical set is shown as (3), where Hg, Hr,
Ho represent the hierarchical set of dimension S, T and O,
respectively. Hs and Hp represent the coordinating relation
in systems and operational status, respectively. T represents
the concept hierarchy of time such as year <— month < day.

H = {Hs, Hr, Ho} 3
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TABLE 1. Meanings of abbreviations for fault types.

Abbreviations | Meanings

BTM Balise Transition Module
DMI Driver Machine Interface
JRU Juridical Recorder Unit
TCR Track Circuit Reader
TSG Train Signalling Gateway
vC Vital Computer

VDX Vital Digital Input/output Unit
SDU Speed Distance Unit

RE Relay

COM Communication

BR Breaking

others other types of failure

The set of measures M is the number of the specific opera-
tional status, and its element is expressed by m ; , where s €
S.t € T and o € O. Furthermore, the sum of m; ; , represents
the number of operations of systems. The aggregate function
I" has different forms depending on different analytic targets
such as the sum function.

The dimension of Operation Attribute includes the normal
operational status and several types of failures. We use O,
and Of to represent these two sub-dimensions, respectively.
Similarly, Hp includes Hp, and Hof, and m;;, includes
My t.0, and Ms.1,07 -

Thus, we can get the failure data cube for the TC-OBS
shown in equation (4).

Ny = {Dy, Hy, My, T) )

where Dy = {S, T, Or}, Hr = {Hs, Hr, Hof}, My is the set
of M. 1,0f and oy € Oy.

According to the practical maintenance manual, the sub-
dimensions Oy includes 12 types such as the Balise Transition
Module type and the Communication type, and they are
shown in Table 1 along with their abbreviations.

Here is an illustration of the data cube for the operational
data of the TC-OBS shown in Figure 3. There are three
dimensions in Figure 3, and the content in each cuboid is
the number of the specific operational status in a specific
time, system and failure type. The S dimension includes the
different train numbers in which the TC-OBS is located.
T dimension includes the time of the specific operation.
Finally, the O dimension includes different types of failures
as well as the normal operational status. All the cuboids
represent the failure number and normal operation times in
all three dimensions.

There are two important operations of the data cube: slice
and dice. Slice selects just one specific dimension such as
S or T or A in operational data cubes. Dice selects two or more
dimensions from the data cube. Both operations provide a
new subcube of the original data cube. We operate three slices
from the three dimensions of the failure data cube and operate
three dices from the combinations of these three dimensions.
Then, we get the hierarchical directed graph structure of the
data cube for the TC-OBS as shown in Figure 4.
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FIGURE 3. lllustration of data cube for operational data of TC-OBS.

Level 2 By system 1gcnu fication: | By I;'_me. | By operaugn attribute:
Level 1 st | [T ] [ v pmin
Level 0 Basic Cuboid

FIGURE 4. Hierarchical directed graph structure.

Along with the hierarchical directed graph structure and
different demands on the analysis, the failure distribu-
tion characteristics can be extracted from different perspec-
tives. For example, because the operation attribute includes
different types of failures, we can get the distribution
of different types of failures in the dimension of time
from the node by Time and Operation Attribute, expressed
as T x O.

In this paper, we process the data from a specific type of
TC-OBS in a railway bureau of China in 2015, and the data
consists of more than 3000 records including 12 types of
failures and more than 100 systems. The analysis in this paper
is based on these data.

Figure 5 illustrates the flowchart of the processing and
analysis of the TC-OBS data in this paper. First, the raw
data are preprocessed to delete useless information, and the
three key elements are reserved. Then, the data model of
the TC-OBS is established based on the data cube. Next,
the failure characteristics of the TC-OBS by different dimen-
sions are analyzed by applying the dice operation of the data
cube, and the representative units and systems are selected to
evaluate the reliability of the TC-OBS. Finally, the reliability
is evaluated by Bayesian estimation and the Markov Chain
Monte Carlo (MCMC) method. This method improves the
comprehensiveness and veracity of the failure distribution
characteristics and reliability evaluation in this data-driven
way and provides a new effective way for the maintenance
strategy of TC-OBSs.
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[ Raw data of TC-OBS |

| Preprocessing of raw data |

| Data model based on data cube |
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Analysis on Failure Distribution Characteristics |

________ oo
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Reliability evaluation by Bayesian estimation
and Markov Chain Monte Carlo

FIGURE 5. Flowchart of the process and analysis of TC-OBS data.

Ill. DATA-DRIVEN FAILURE DISTRIBUTION
CHARACTERISTICS ANALYSIS OF TC-OBS

The failure distribution characteristics are presented in many
ways such as the distribution of failure rate by time. It is dif-
ficult to cover all types of distribution characteristics unless
there is an efficient way to tease these characteristics from
all of the dimensions. The operational data cube mentioned
above is one efficient way to do that.

As shown in Figure 4, Level 1 of the hierarchical directed
graph structure contains the combinations of the three dimen-
sions that could be used as the basis for the classification
of the failure characteristics. Additionally, many extensions
could be obtained from these combinations.

A. FAILURE DISTRIBUTION CHARACTERISTICS BY SYSTEM
IDENTIFICATION AND TIME

The data subcube by System Identification and Time is a
quadruple shown in (5).

Scst = {Dsr, Hst, Mst, U'st} (5)

where Dsr = {S, T}, Hst = {Hs, Hr}, MsT = {for (s, 1) €
S, T)ms; = Z;’gl Mg, 1.0} and np is the sum of dimension O.
g7 is the same as I" in (1).

As mentioned above, dimension O includes O, and Oy.
Therefore, Scsr includes two parts: the normal operation part
and the failure part. Based on equation (4), the failure data
subcube is a quadruple shown in (6).

Scsty = {Dsry, Hsty, Msty, Usty } (0)

where Dsr; = Dsr, Hst; = Hsr, U'sty = Tsr, Msr, =

{for (s.1) € (S, Dlmgy, = 3,0 My .0} and ny is the sum
of dimension Or.
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B operation times
B failure times

Months

T ——
20 10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Operation and failure times

g
I
b
g
£ 5
2
3
=
S

T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12
Months

FIGURE 7. Monthly analysis on operation and failure for system 2547 in
2015.

Because M represents the set of specific operational sta-
tuses including the failures of systems, the number of opera-
tions and the failure of each system can be calculated through
equation (7) and equation (8) by making m,; € Msr.

nr

Ny = {for s € S| Y " my,) @)
i=1
lnT

Ny = {for s € S|y myy} ®)

i=1

Figure 6 shows the operational time of partial systems.
It shows that the operational times of different systems differ
widely. For example, the operating times of System 2547 and
System 2523 are much longer than that of System 2307.
Different operational times leads to the different working
strengths of different systems. The longer the operating time
the system has, the more information it contains.

According to Figure 6, we make s = 2547, and the
number of operational and failure statuses of the system can
be calculated through equation (7) and equation (8) in which
the time dimension is measured in months as well as the
failure rate, which is shown in Figure 7.
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FIGURE 8. Heatmap of failure types.

From Figure 7 we can see that there is no obvious depen-
dence between the number of failures and time, and the failure
rate is approximately 10% in months when the systems ran
more than 50 times. The failure rate of a few months is higher
than others because the numbers of operation times are fewer
in these months, and the numbers of failures are at a relatively
low level.

B. FAILURE DISTRIBUTION CHARACTERISTICS BY SYSTEM
IDENTIFICATION AND OPERATION ATTRIBUTE
In this section, we analyze the failure distribution from the
angle of system identification and operation attribute, espe-
cially in failure types.

Similarly, the data subcube by System Identification and
Operation Attribute is a quadruple shown in (9).

Scso = {Dso. Hso, Mso, T'so} 9

where Dsg = {S, O}, Hso = {Hs, Ho}, Mso = {for(s, 0) €
S, O)|ms, = Z?L Mg 1.0} and nr is the sum of dimension
T. I'sp is the same as I in (1).

Because O = Oy|JO,, we can get that Mso =
Mso, U Mso,, where Mgp, is the set of My, o, Which is the
number of failures for a specific system and failure type.
Thus, we can draw the heatmap for the failure rate of each
type of failure by m;, o, /ms , as shown in Figure 8.

Figure 8 shows the types of communications and relays
that occur frequently in most trains, and BTM failures are
distributed uniformly. These types of failures can be classified
as frequent faults. In addition, it can be seen that the numbers
of SDU failures occurring in two of the systems (they are
actually system 201 and system 2521) are far greater than in
other systems, to which more attention should be paid.

In addition, we can calculate the percentage of systems in
which the specific type of failures occurred among all the
systems through equation (9). The result is shown in Figure 9.

Figure 9 shows that communication, relay, BTM and DMI
type failures commonly occurred in most systems, while
TSG and VC type failures occurred only in a small number

126493



IEEE Access

B. Chen et al.: Data-Driven Failure Characteristics and Reliability Analysis for TC-OBS

JRU DMI

others

BR VDX
SDU

FIGURE 9. Proportions of failure types.

Failure Rate/ %

Month Break
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FIGURE 10. Time distribution of failure types.

of systems. This result can provide a reference for system
maintenance.

C. FAILURE DISTRIBUTION CHARACTERISTICS BY TIME
AND OPERATION ATTRIBUTE

The data subcube by Time and Operation Attribute is a
quadruple shown in (10).

Scro = {D10, Hro, M10, I'T0} (10)

where Dro = {T, O}, Hro = {Hr, Ho}, M0 = {for(t, o) €
(T, 0)) 221 Mg 1.0} and ng is the sum of dimension S. I'rp
is the same as I" in (1).

Figure 10 shows the distribution of different types of fail-
ures by time based on the subcube by Time and Operation
Attribute in which the normal operating status is not selected.
It clearly shows that the failure rates of communication and
relay were always at a high level in 2015. The other types of
failures have a lower failure rate except for the BTM type in
December. It is important to emphasize the equipment for the
communication and relays as well as the BTM in December to
analyze the reason for the higher failure rate.

D. SUMMARY OF THE FAILURE DISTRIBUTION
CHARACTERISTICS

In Subsections III-A, III-B and III-C, we analyzed the failure
distribution by taking full advantage of the operational data
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FIGURE 11. Histogram and kernel density estimation for selected data.

from TC-OBSs and we obtained different characteristics on
the operational and fault status of the TC-OBS. However,
it is difficult to analyze the reliability of all the systems as
well as the different units in the system in a shorter period
of time because of the massive quantity and scale of the
operational data. We take the analysis on failure distribution
characteristics that uses the full operational data as the basis
of the reliability analysis, and it helps us to determine which
subsystems have enough data to ensure an accurate reliability
analysis.

1) The operating times of different systems differ greatly
as do the number of failures. The longer the system
operates, the more failure information the system con-
tains, which makes the reliability evaluation more rep-
resentative.

2) Different types of equipment have different failure
times and failure rates, either in different systems or at
different times. It is important to put more focus on the
equipment with more failure times and higher failure
rates.

Based on the above subsections, we select communication

and relay equipment in 3 systems (indicated as Sys. 1, Sys. 2
and Sys. 3) to analyze their reliability characteristics.

IV. RELIABILITY EVALUATION BASED ON FAILURE
CHARACTERISTICS
A. BAYESIAN ESTIMATION FOR DISTRIBUTION FITTING
As mentioned above, we select communication and relay
equipment in Sys. 1, Sys. 2 and Sys. 3 to analyze their reliabil-
ity characteristics for the purpose of conducting a reliability
analysis on this type of TC-OBS. The data is processed to
obtain the time between failures (TBF) for these selected data,
and their histogram and kernel density estimation are shown
in Figure 11, which indicates that the TBF roughly follows
log-normal or Weibull distribution. In the field of reliability,
the life data of systems, especially electronic systems, mostly
follow an exponential distribution or a Weibull distribution.
Therefore, the Weibull distribution is chosen as the distribu-
tion for the TBE.

The probability density function (PDF) and cumulative
distribution function (CDF) of the Weibull distribution are
shown in equations (11) and (12), respectively.

f(0) = atPLexp(—rt?), 1 = 0 (11)
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F(t) =1 —exp(—=AatP), 1 >0 (12)

Although classical statistical techniques such as the max-
imum likelihood estimation (MLE) have been developed to
estimate the parameters of distributions, they do not work
well with small-to-moderate sample sizes. In this study,
the amount of failure data for each unit is small. In contrast,
Bayesian estimation has an advantage in small-to-moderate
sample sizes. It combines the sample information and prior
information and has the ability to update the prior information
through posterior information and observational data. There-
fore, we chose the Bayesian estimation to conduct the param-
eter fitting for the Weibull distribution. The Bayes theorem is
shown as equation (13):

2@y = LEWPO)
ff(y|9)p(9)d9

where p(61y) is the posterior density function, p(8) is the prior
density function and f(f]y) is the sampling density function
for y. After the test, the value of y is certain and the sampling
density function is the function of unknown parameter 6
which is also called likelihood function.

The prior distributions for A and B in equation (11) are
usually set as the gamma distribution and the log-normal
distribution shown as equations (14) and (15), and their prob-
ability density functions are shown as equations (16) and (17).

(13)

A ~ Gamma(w, 0) (14)
B ~ LogNormal(u, 02) (15)
_ * a—1 _
folhla, 0) = (o exp(—0%) (16)
2y _ 1 b P
Jn(Blp,07) = T exp| 2(jz(lrl(ﬂ) w1 a7

With the independence of these two parameters, the joint
prior density function is shown as equation (18).

pO., B) = fe(Mlet, 0)fin(Bli, 0%) (18)

Considering a random sample consisting of n observations
(x;1 < x» < ... < xp), when equation (11) is the density
function, the likelihood function of this sample is:

n
LGty x2, -5l B) = [ [ 1BxP ~  exp(—2®) - (19)
i=1

The relationship among the posterior distribution (PO),
the prior distribution (PR) and the likelihood function (LF)
is as shown:

PO «x PR x LF (20)

Therefore, the joint posterior distribution density function
is determined by equation (21).

Sxp) =p, B) - L(x1, x2, ..., x4|A, B)

21

P, Blx1, x2, ..
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FIGURE 12. Trace of 8 for 6 groups of data.

Obviously, it is extremely difficult to obtain the joint
posterior distribution density function in (21). Because of
the difficulty of the analytical calculation for the Bayesian
estimation, we used the MCMC to produce samples from the
posterior distribution that can be used as an approximation of
the probability distribution. In this paper, we use the MCMC
method containing Metropolis algorithms to generate sam-
ples of model parameters from equation (21) and to carry out
the sample-based posterior analysis based on these generated
posterior samples.

B. NUMERICAL TEST

1) DATA PREPARATION

The sets of time between failures of the communication and
relay equipment in Sys. 1, Sys. 2 and Sys. 3 are the data used
to do the numerical test.

2) PARAMETERS FITTING
The MCMC method containing Metropolis algorithms is
used to implement the sampling procedure, and 35000 sam-
ples are generated from the joint posterior distribution (21)
with 5000 samples for burn-in. Figure 12 and Figure 13
are the traces of B and A. They clearly show that the
traces of all the parameters are indistinguishable from
each other, which means that the iterative process became
stable.

Figure 14 and Figure 15 are the autocorrelation functions
(ACF) of each parameter, and it can be seen that the ACF
tends to be zero after several iterations and the degree of
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TABLE 2. Results for parameters fitting.
Units Param | Mean SD 2.5% 97.5%
Sys.1-COM A 0.00633 | 0.00599 | 0.00080 | 0.02251
¥S- B 0.98500 | 0.12428 | 0.75161 | 1.24260
Sys. 1-RE A 0.04480 | 0.02232 | 0.01474 | 0.10021
ys. B 0.68393 | 0.07044 | 0.55055 | 0.82860
. A 0.01687 | 0.01204 | 0.00332 | 0.04870
Sys.2-COM— 0.82613 | 0.09711 | 0.64651 | 1.02544
Sys.2-RE A 0.03610 | 0.01957 | 0.01076 | 0.08321
¥S- B 0.72372 | 0.08063 | 0.57798 | 0.88747
A 0.04762 | 0.02128 | 0.01745 | 0.09904
Sys.3-COM Jéj 0.69599 | 0.06723 | 0.57075 | 0.83456
Svs.3-RE A 0.03345 | 0.02277 | 0.00691 | 0.09168
¥S. B 0.80349 | 0.10373 | 0.61622 | 1.02154
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FIGURE 14. ACF of g for 6 groups of data.

autocorrelation is very low which means that the convergence
property is excellent.

Table 2 shows the posterior quantities of the parameters as
well as the posterior confidence intervals. As we can see from
Table 2, the standard deviations of the parameters are at a low
level, which means that the precision of the posterior mean
values meets the requirements. Combining the analysis on the
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trace and the ACF of the parameters, we can conclude that
the MCMC method has a strong convergence; in other word,
the results of the parameter fitting are sufficiently accurate.
The densities of A and S for the 6 groups of data are shown
in Figures 16 and 17, respectively.

After fitting the distribution, the hypothesis test should be
done on the distribution model. In this study, mean value of
each parameter is used to conduct the hypothesis test with
the Kolmogorov-Smirnov (K-S) test method. First, we sort
the TBFs from smallest to largest and calculate the value of
the cumulative distribution function F(¢;) and the cumulative
sample frequency F,(¢;) on every data element. The test
statistics are then calculated by equation (22).

Dy, = sup |F (1) — F(1)| (22)
1

Table 3 shows the results of the K-S test of the parameters.
Dp and pp are the results of the K-S test method with the
threshold values D, and p, = 0.05.If D < D, and pg > p,,
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then the distribution fitting holds. The results clearly show
that all the selected data follow the Weibull distribution.

In addition, we applied the MLE to estimate the parameters
of the Weibull distribution as a comparison. The parame-
ters estimated by the MLE are ):MLE and BMLE as shown
in Table 4. Furthermore, Dy, g and pyrr are the results of
the K-S test for the MLE and are also shown in Table 4.
Comparing Dp and pp from Table 3 with Dy p and pyre
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TABLE 3. Results of hypothesis test for Bayesian estimation.

Units A 8 Dp PB D

Sys.1-COM 0.00633 | 0.98500 | 0.16856 | 0.4292 0.326
Sys.1-RE 0.04480 | 0.68393 | 0.14519 | 0.4859 0.293
Sys.2-COM 0.01687 | 0.82613 | 0.16178 | 0.4805 0.326
Sys.2-RE 0.03610 | 0.72372 | 0.19341 | 0.1481 0.284
Sys.3-COM 0.04762 | 0.69599 | 0.11569 | 0.6781 0.272
Sys.3-RE 0.03345 | 0.80349 | 0.16129 | 0.5898 0.356

TABLE 4. Results of hypothesis test for MLE.

Units AMLE | BMLE

DyrE | PMLE
Sys.1-COM 0.01118 | 0.79373 | 0.17025 | 0.4191
Sys.1-RE 0.05759 | 0.56673 | 0.1689 0.3041
Sys.2-COM 0.02434 | 0.67792 | 0.16245 | 0.4709
Sys.2-RE 0.05402 | 0.57827 | 0.20547 | 0.1322
Sys.3-COM 0.05821 | 0.59592 | 0.13451 | 0.491
Sys.3-RE 0.04381 | 0.65297 | 0.1857 0.4135

from Table 4, we can see that for each unit, Dp is always
smaller than Dy g, and pp is always bigger than pys g, which
means the Bayesian estimation is better than MLE in this
case.

3) RELIABILITY ANALYSIS

In this section, we chose the degree of reliability, failure rate
and mean time between failures (MTBF) as the indicators
for reliability. The degree of reliability represents the trend
for reliability over time. The failure rate is the frequency
at which the system or equipment fails per unit of time,
and the MTBEF is the average of the interval between two
adjacent faults of the system, which is also one of the most
important indicators for the system’s reliability. The degree of
reliability, failure rate, and MTBF are calculated by equations
(23), (24) and (25), respectively.

R(1) = exp(—it?) (23)
r(t) = AP~ (24)
MTBF = 3 FT (1 + %) (25)

where I' is the Gamma function.

Figure 18 shows the reliability function (97.5% confi-
dence interval) of the 6 units in Table 3. The reliability
declines smoothly, and different units have different descent
velocities. The time when the posterior median reliability of
Sys. 1-COM and Sys. 2-COM drops to 50% is more than
100 hours, while the same time of the other units is less
than 100 hours. This finding indicates that different units in
different systems have different reliability characteristics, and
thus, the maintenance work should be carried out with each
individual.

The failure rate function decreases monotonously over
time and levels off, which means that these units are in an
early failure period and a random failure period as shown
in Figure 19. Additionally, it can be seen that the failure rate
of Sys. 1-COM is lower than any of the other units, which
indicates that the reliability of Sys. 1-COM is the highest.
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R(t) for Sys.1-COM R for Sys.1-RE are analyzed based on the slice and dice operations of the data
: model. After the failure distribution characteristics are ana-
lyzed, the representative equipment and systems are selected
to analyze the reliability evaluation, which is estimated by
Bayesian estimation. Further studies are expected to analyze
the influence of different systems and their failure situations
on the system’s reliability.

R(t) for Sys.2-RE
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