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1. Introduction

Abstract

Group maintenance management is pivotal to ensure operational safety
and performance of multi-component plants attributed to its capacity to
share maintenance resources/time. Most group maintenance models,
however, are globally/partially static following pre-specified
maintenance sequences, with limited focus on the adaptability of group
partition procedure. To fill this gap, we devise an innovative global-
dynamic condition-based group maintenance policy. In contrast to
existing methods, it allows for (a) postponement of component
maintenance upon inspection to facilitate flexible resource allocation,
and (b) automatic refinement of group maintenance structures to
promote adaptivity. The proposed policy is shown to establish a global
renewal mechanism for maintenance group partition over an infinite
time horizon, which constitutes a dynamic union of both scheduled
maintenance and opportunistic maintenance to mitigate downtime. A
heuristic grouping algorithm is developed to realize -efficient
maintenance group planning, which verifies model effectiveness via
numerical experiments.

Keywords
intelligent asset management, group maintenance,
scheduling, cost-effectiveness, dynamic decision-making.

replacement

As an important carrier of digital technology in the field of
system health management, intelligent maintenance powered by
autonomous decision-making plays an important role in
reducing maintenance costs, improving service reliability, and
enhancing comprehensive service efficiency of diverse
industrial plants [1-4]. On the one hand, many failures stem
from inadequate maintenance management, so that modern

maintenance must transcend the traditional ‘no damage, no

repair’ framework [5]. On the other hand, with the gradual
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development of industrial systems such as high-speed rail,
aircraft engines, wind farms, and inertial navigation towards
scale and complexity, expenses involved in rental, development,
procurement and maintenance are constantly increasing. In
particular, the maintenance cost accounts for up to 40-45% of
the entire lifecycle cost for complex equipment such as aircraft
and wind turbines [6-10]. Therefore, enhancing the scientific
rigor and intelligence of maintenance strategies holds practical

importance in ensuring the reliability and performance of
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diverse complex industrial systems.

Maintenance scheduling of multi-component systems is
usually affected by resource sharing, structural correlation, or
fault interaction between components [11-17]. Therefore, it is
not practical to simply stack individual maintenance to form
group maintenance. For example, the maintenance operations of
offshore wind farms incur significant costs in personnel
transportation, material preparation, system shutdown,
dismantling, and other activities [18,19]. Likewise,
maintenance works of railway trains require first waiting for
train dispatch, vehicle cleaning, and structural dismantling,
resulting in certain time delays and shutdown costs [20,21].
Such costs can be shared in a reasonable combination of
maintenance activities with significant cost-effectiveness
improvement, which emphasizes the importance of group
maintenance planning [22].

Substantially, scheduled group maintenance and
opportunistic maintenance are two typical maintenance
strategies capturing economic relevance [23-26]. The former
combines multiple preventive maintenance tasks together and
executes them based on calendar time. The latter utilizes
downtime window to execute extra maintenance activities,
including shutdown due to preventive maintenance [27,28],
failure maintenance [29-31], and environmental factors or
production planning [32]. A common decision criterion is
operational age or reliability [33,34], which converts health
condition into reliability indicators to promote execution.
However, such methods confront with the challenges when
conducting analytical group structure, and the resolution
velocity relies on the group size. Under a large group size,
quantitative analysis is intractable by analytical model and can
only be achieved through simulation methods. Another
traditional group maintenance strategy is the block maintenance
[35], according to which maintenance intervals of all
components is set to a multiple of a certain basic interval, which
can be seen as an extension of periodic maintenance. Although
facilitating resource scheduling, such approach faces the
challenges of adaptability to health condition variations or
environmental disturbances, since most work are limited to
static framework. More general preventive maintenance
combination strategies are required to achieve global

optimization. Martinod et al. [36] employed the clustering

center as the maintenance execution time for similar
components. Zheng et al. [37] proposed a multi-level PM
decision-making approach, establishing a group maintenance
strategy for multi heterogeneous NC machine tools using actual
fault data. Ma et al. [38] proposed a maintenance policy for
a two-unit warm standby cooling system via the joint
optimization of temperature control limits and age thresholds.
Park and Pham [39] proposed a fault delay replacement strategy
for redundant systems, which replaces components uniformly
after a certain number of accumulated failures. Moghaddam et
al. [40] divided maintenance plans into discrete cycles for
a repairable system with increasing failure rates, and
comprehensively used dynamic programming and branch-and-
bound methods for solution.

The multi-stage rolling horizon approach (RHA) proposed
by Wildeman et al. [41] is a good candidate for interpretable
group maintenance optimization by exploring the structure of
cost savings due to resource sharing. Its core idea is to
organically combine maintenance activities based on individual
maintenance plan [42], establishing an analytical functional
relationship between component-level and system-level
maintenance. This method realizes iterations of long-term
maintenance plans by performing grouping operations within
a given range and moving to subsequent windows to repeat
operations until the planning period expires. Destombes et al.
[43] explored a group maintenance strategy for a k-out-of-n
installation base, and analyzed the impact of resource sharing
on system availability and maintenance capabilities. Lu et al.
[44] developed a cost-based maintenance operation decision-
making approach based on quality and reliability evaluation.
Nguyen et al. [45] proposed a grouping maintenance
optimization strategy for offshore wind farms, taking into
account factors such as weather conditions and equipment
location, to determine the grouping maintenance plan. Bouvard
et al. [46] and Van Horenbeek [47] extended this approach to
degrading systems and proposed predictive maintenance
strategies.

Despite the effectiveness of RHA in adapting to system state
variation and improving maintenance interpretation, its
application to complex degrading industrial systems confronts
with a few challenges. First, RHA essentially belongs to static

decision-making approach, although the scheduling horizon
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rolls iteratively. The correlation between adjacent maintenance
activities is not considered, so that adaptively updating system
plans is difficult. For example, when there is a time change in
the current maintenance plan, subsequent plans are not able to
be automatically modified, either advanced or delayed. Such
ignorance of adjustments may increase the risk of failure and
reduce economic benefits. Second, RHA is limited to iterating
within a specified time span, confirming its regional statics,
which increases the difficulties of maintenance planning for
systems with long service periods. Third, the impact of random
failures is difficult to estimate, as the economic dependence of
preparation costs during failures, as well as economic benefits
brought by maintenance opportunities are seldomly considered,
limiting the scope for enhancing cost efficiency in complex
systems.

To address the foregoing research gaps, this paper
innovatively introduces a globally dynamic group maintenance
approach for multi-component degrading systems with self-
adaption mechanism, which serves as a dynamic union of (a)
delayed condition-based maintenance and (b) immediate
opportunity maintenance. The most prominent advantage of this
method is its global-dynamic self-adaption updating ability,
which is free of time horizon limitation presumed in most group
maintenance models. This real-time updating feature plays
a pivotal role in cost containment and availability enhancement,
as it enables the swift adjustment of component health status
and maintenance plans, thereby enhancing the timeliness, agility,
and precision of system-level maintenance. To fulfill this
capacity, the first group is selected and the remaining groups are
discarded at every grouping decision, so as to ensure policy
flexibility and reduce redundancy. Second, unlike previous
group maintenance models, we consider delayed maintenance
during worn-out stages of system polymorphism degradation.
As such, the matched maintenance and support resources can be
fully prepared between the state identification and actual
maintenance execution, contributing to (a) reducing downtime
losses due to immediate maintenance, and (b) exploring the
potentials of remaining life. Third, this is the first to formulate
a global dynamic union of both postponed predictive
replacement and unscheduled opportunistic replacement, so as
to sufficiently improve downtime utilization capacity, in

particular from unexpected failures. Finally, an efficient

heuristic algorithm is developed to achieve analysis of group
partition dynamic programming, which is effective to reduce
computational complexity and alleviate analytical dimension
explosion due to system scale. The effectiveness of the proposed
maintenance framework is verified by comparative numerical
experiment conducted on train bogie.

To sum up, this study contributes to group maintenance
planning of complex industrial systems from the following four
perspectives:

B A globally dynamic group maintenance strategy oriented
to degrading systems is proposed for the first time, which
automatically adjust maintenance plans based on self-
adapting updating of both component health estimation
and maintenance plans, so as to capture the correlation
between adjacent maintenance plans, enhancing the agility
and precision of decision-making;

B Preventive maintenance is allowed during the worn-out
stage to be delayed, which realizes a balance between
failure risk mitigation and maintenance resource
preparation, and provides sufficient flexibility for group
maintenance partition;

B Delayed group maintenance and immediate opportunity
maintenance are firstly integrated in a global dynamic
manner, which fully captures both positive and negative
effect of unexpected failures and their economic
dependencies to improve downtime loss control;

B An efficient heuristic dynamic programming and reverse
search algorithm is developed for sequentially updating
maintenance groups and execution time. It effectively
reduces model complexity and improves optimization
efficiency through automatic dimensional reduction
mechanism.

The rest of the paper is organized as follows. Section 2
introduces the innovative group maintenance policy. Section 3
constructs component-level condition-based maintenance
model. Section 4 formulates the group maintenance model.
A high-speed rail bogie is taken as an example to demonstrate

the applicability in Section 5. Section 6 concludes the paper.
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Acronyms and notations

PR preventive replacement
CR corrective replacement
CBM condition-based maintenance
DPGR delayed preventive group replacement
IOR immediate opportunistic replacement
RHA rolling horizon approach
X;(t) deterioration level of component i at time ¢
& control limit triggering preventive maintenance of component i
L; failure threshold of component i
T inspection interval
Jit time for delayed preventive maintenance of component i
gi(x, At) density function of degradation increment of component i over time A t
filxo) density function of the remaining lifetime provided component degradation levelx,
Cis inspection cost of component i
Csr fixed set-up maintenance cost
Cir independent maintenance cost of component i
Cia downtime loss per unit time of component i
Cif economic loss caused by the untimely logistics support of component
pFR(k) density function of detection frequency k between two preventive replacements
pER (k) density function of detection frequency k between two corrective replacements
T, the average downtime caused by failure concealment
n; the long-term maintenance cost rate of component i
kT the offset maintenance time of component i
S; the failure time variable of component i
CoP;(k;|t;) cost penalty function of component i at time T;
C(6) gain function of the group maintenance
G* composition of the DPGR group
k* execution time of the DPGR group
Goy composition of the current IOR group

2. Global Dynamic Group Maintenance Policy

We innovatively devise a global dynamic group maintenance
policy oriented to a multi-component system subject to
continuous degradation. As shown in Fig. 1, the policy enables
a global dynamic union of (a) scheduled group maintenance and
(b) unscheduled opportunistic maintenance within an infinite
time horizon, through devising the adaptive updating
mechanism upon inspection and group maintenance. In other
words, the maintenance clustering process is always self-
adaptive following the latest component-level health
information and maintenance optimization outcome, iterating

without time limitation.

M

@

Inspection-driven adaptive updating. Inspections are
equally spaced to reveal the underlying component
degradation, whose health are assessed adaptively once
acquiring the latest degradation observation;

Maintenance-empowered adaptive updating.
Whenever a group maintenance is completed, the health
status as well as individual CBM plans of all components
are updated immediately. Accordingly, subsequent
maintenance group sequence is re-scheduled. In other
words, only the first group of each group set is chosen
for implementation, while the remaining ones are
abandoned after the implementation. This process

continuously iterates in infinite time horizon.
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Figure 1 illustrates the realization process of global-dynamic
group maintenance procedure following tentative scheduling of
component maintenance plans. Subsequent to accessing the
most recent system inspection, a subset of components
potentially necessitating maintenance is selected to constitute a
tentative delayed preventive group replacement (DPGR) group,
which contains component experiencing delayed replacement
for life extension purpose. This is an ideal situation as the
unpredictability and abruptness of system malfunctions prompt

an immediate conversion from a DPGR plan to the immediate

opportunistic replacement (IOR) plan. To ensure real-time
decision-making and strategy adaptability, the updated status
upon the time of each (a) maintenance decision, (b) DPGR
execution, and (c) IOR execution are documented to offer
feedback to the subsequent inspection epoch for comparison. In
the absence of system status alterations, the original
maintenance plan will be executed as planned; conversely, any
modifications will trigger a renewal of the plan. In this regard,
the effectiveness of maintenance postponement and the

promptness of opportunistic maintenance can be ensured.

Component-level maintenance scheduling
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Figure 1. Flowchart

Through such self-adaption updating mechanism, the
proposed maintenance policy possesses owes the superiorities
of globality, dynamicity and cost-effectiveness, as outlined
below.

a) Globality: The maintenance sequence updating
process is no longer limited to pre-set time interval,
which can be extended to infinite time horizon;

b) Dynamicity: Component conditions are dynamically
updated through both (a) health inspection and (b)
group maintenance execution;

c) Cost-effectiveness: The proposed framework realizes

—
|

Current IOR @ |
I

-

group
Joint optimization
—_—_— . —_- - — — —  — —
I |
v Y

* The composition of current IOR group

—={* The composition of next DPGR group

= Execution time of next DPGR group

of the proposed strategy.

the global dynamic union of scheduled maintenance
and unscheduled maintenance, so as to sufficiently
share maintenance resources and control maintenance

downtime.
2.1. Component-Level Postponed Maintenance Planning

A degradation-centered postponed replacement policy is
employed at the component level, such that to set a benchmark
for system group maintenance. To be specific, inspections are
equally spaced with an interval t to reflect the underlying

degradation of each component. If the degradation of
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a component i,i = 1,2, -+, n at an inspection exceeds a control
limit &;, a preventive replacement (PR) is scheduled j;t time
units later; otherwise if the degradation exceeds the failure
threshold L;(L; > &) , corrective replacement (CR) is
immediate.

The reason to postpone replacement is two-fold: (a)
allowing more sufficient time for abundant resource preparation
compared to immediate replacement; and (b) offering windows
for opportunistic maintenance, which facilitates the scheduling
and updating of group maintenance, as we will show in the rest

of this paper.
2.2. System-level Dynamic Group Scheduling

Following the component-level maintenance optimization
outcomes, the global dynamic group maintenance policy is
devised. Within an infinite time horizon, all component
information are iteratively updated upon the completion of each
group maintenance, whereas the subsequent group sequence are
rescheduled following the updated information.

To be specific, multiple components with similar time are
clustered into a maintenance group to minimize maintenance
costs. Note that the triggering of maintenance relies on the

variation of system status indicators. Specifically, we categorize

jth DPGR group

the state set of a component into three types {0,1,2}. State 0
indicates that the component is in a normal state, state 1
indicates that it has been detected as exceeding ¢;, and state 2
indicates that it has been detected as exceeding L;. If the state
of any a component changes, the new group maintenance
planning is initiated immediately; while other the original plan
remains unchanged.

Recall that the proposed maintenance policy is a dynamic
union of two types of group maintenance: delayed preventive
group replacement (DPGR) and immediate opportunistic
replacement (IOR). In the following, we specify these two
replacement types.

B  Delayed preventive group replacement (DPGR)
planning

As shown in Fig. 2, at each group decision point, the DPGR
determines: a) the size of the maintenance group and b) the
execution time. To ensure the flexibility and timeliness of the
proposed strategy, only the first group is chosen to be
implemented. After a replacement is completed, we update the
status information of the components. Notably, if a component
failure is detected at any inspection prior to the planned
maintenance point, the current DPGR plan is abandoned

immediately and transferred to the IOR plan.

(j+1)th DPGR group

Component | A‘ e ... >
e e see ﬁ t

Component i —— «+o — =0 Ao A - —>
» ¢

ces S50 ‘—> t

Component n /\ s

Detection point

Component-level maintenance time

A System-level maintenance time

Figure 2. Illustration of the preventive replacement grouping.

B Immediate opportunistic replacement (IOR) planning

As shown in Fig. 3, IOR grouping is immediately
implemented when a component is found failed. Selective
preventive replacement is executed on surviving components
while corrective replacement of the failed components is carried

out. Similar to DPGR planning, the status information is

updated after IOR is completed. Subsequently, the
aforementioned DPGR method is employed to plan the
subsequent DPGR groups, facilitating the joint optimization of
IOR and DPGR. Therefore, at each IOR decision point, a) the
size of the current IOR group and b) the size and execution time

of the next DPGR maintenance group are determined.
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(j+1Dth DPGR group

jth DPGR group IOR group
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Componenti ——  *** f———— ... L e >
cee eee A_ cee —>
Component n 7\ r— e f————p ¢

Detection point

Component-level maintenance time

A System-level maintenance time

Figure 3. Illustration of the opportunity replacement grouping.

3. Component-Level Delayed Maintenance Optimization

In this section, we characterize the degradation behaviors of
system components, and formulate the maintenance
optimization model at the component level. The optimization
outcome serves as a benchmark for subsequent group

maintenance planning.
3.1. Degradation Process Modelling

Define the degradation of component i,i = 1,2,3, -+, n as X;(t),
which leads to failure if the degradation attains a specific
threshold L; . We characterize the underlying degradation
process via a generalized stochastic process with Brownian
motion process error, as structured by X;(t) = X;(0) +
v At By) + aiB(/l(t; ,[?L-)), which can effectively explain the
degradation characteristics of nonlinear and non-monotonic of
practical systems [48,49]. Here v;A(t; B;)is the drift function;
A(t; By is the
function; B(t)~N (0, t) is the standard Brownian motion. The

space-time scale transform
advantage of this model lies in that: (a) it scales well in fitting
non-linear trajectory due to the adaptively adjustable parameter
B;; and (b) the remaining useful life model can be analytically
calculated. Following the statistical independence property, the
degradation increment X;(t +A t) — X;(¢t) yields
1(x-vigan)?
gibeat) = wﬁﬁ( i) (1)
where g;(x,A t) represents the probability density function of

the degradation increment over time A t, and {(4t) = A(t +
At; B;) — A(t; B;). Since the time to hit the failure threshold L;

for the first time follows the Inverse Gaussian distribution, the

remaining life [ given the latest observation x, follows
<_(v((l)—Li—x0)2>

filllxo) = e R0 JED S0 @

Prior to the maintenance modeling, we define some basic
settings. Inspections are non-destructive and perfect, whose
execution time is negligible compared to maintenance intervals.
Each inspection incurs a cost C;;. In this study, the focus is
solely on replacement actions, and we interchangeably use the
terms maintenance and replacement throughout the remainder
of the study. As for spare replacement actions, both the
shareable set-up maintenance cost C;p (including personnel
scheduling, material scheduling, and other support costs) and
the independent component maintenance cost C; ; are involved
which yields C; > C;;. In addition, corrective replacement
brings additional losses, including: downtime losses per unit
time C; 4 resulted from failure concealment; and C; ; caused by

the untimely logistics support.
3.2. Maintenance Interval Optimization

Now we begin the component-level maintenance modeling.
Remember that, when the degradation level of the component i
is detected in (&;, L;), preventive replacement is carried out after
a delayed time j;7. When, however, the degradation is found to
exceeds L;, corrective replacement is immediate. Accordingly,
the density function of the average detections’ frequency k
between two preventive replacements is
pi®(k) = P(Nf* = k) =

0 k<j+1,

;f foLi_x gliw) - g;(x) dudx k=j;,+2, 3)

JE T [ gl (9) gl T () dsdudx k= i +3.
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where gf (x) = gi(x,qt) represents the probability density
function of incremental degradation over time gt. Specially,
when q = 1, g;(x) = g;(x, T) yields.

We make some interpretations about Eq. (3). When k < j; +
1, this situation was not allowed because the initial degradation

level was zero; Both two subcases in k > j; + 2 indicate that

(a) PR process

the component was found to be exceeding the control limit, and
still remained in this state even after a delay time j;T. Only
through this approach can the initiation of PR planning be
facilitated. The difference between these two subcases lies in
the historical detection times prior to attaining the control limit,

as shown in Fig. 4 (a).

(b) CR process

Figure 4. Diagram of component-level maintenance planning.

Similarly, the probability density function of the average

detections’ frequency k between two corrective replacements

can be determined as

0 k = 1;
Gi(Ly) k=2,
CR _ CR _ _ i i rLi- i—x— o ji—m— _
pi (k) = PN = 1) = E;Zxﬂfgjﬁ‘xU;*wJ£0ﬂ{m%ﬂﬂﬁdﬂ?%@m%wm%>3 )

+ [5 gk () Gy(L; — x)dx

where G;(x) = [ Ox gi(u,t)du represents the distribution
function of the degradation increment over 7. Accordingly, if
a component is found to be faulty at the next detection point
after the time starting or replacement ended point, k = 2 is met.
There are two subcases when k > 3. The former scenario
signifies that the previous detection was normal, but a sudden
failure occurred subsequently, as shown in the above of Fig. 4
(a). While the latter represents the original PR plan has
encountered failure, as shown in the below of Fig. 4 (b).

The average downtime T, caused by failure concealment is
obtained from the following equation. Notably, k cannot

increase to +oo because (a) the actual number of state detections

is limited, and (b) it is meaningless to calculate the downtime
once kt severely exceed the actual failure detection points

Ty = E(ta) = 45 [y (k= Of loyde - (1= [ £(e10) at)|.(5)

According to the renewal-reward theory, the long-term

maintenance cost rate 7); is defined as

mGo) = WEEEOL OO o T XEIEW ()

The essence of our proposed maintenance strategy hinges on
effectively partitioning the maintenance activities of
components into suitable maintenance groups to distribute setup
costs C;r . In the following, we investigate the group
maintenance modeling approach that sufficiently share set-up

cost and downtime.
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4. Dynamic Group Maintenance Scheduling

This section focuses on the global dynamic scheduling of the
entire multi-component system, following the component-level
maintenance optimization outcome. The dynamic predictive
group maintenance model, as well as the dynamic opportunistic
maintenance model are formulated separately, and a heuristic
grouping algorithm is developed for sequential and efficient

maintenance group partition.

4.1. Penalty Modelling

Despite the importance of sharing resources/downtime, group
maintenance may cause the synchronous maintenance time to
deviate from its individual optimal execution time. We define
a cost penalty function to characterize such loss, which is further
partitioned into: (a) penalty by advancing maintenance, and (b)

penalty by postponing maintenance.

Failure |
Cascal—l_ *L_ eee _.I—p Casebl—% %2 * e E
T k,.T JiT E Jit i

! i

Case a2
7 kr i
0 i)
[ PR |
Case a3 ] A
T kt JiT
] 1]

(a) advancing situation

(b) postponing situation

Figure 5. Cost penalty scenarios when the maintenance time is deviated.

(1) Penalty by advancing maintenance

The deviation of maintenance time may lead to an extension
(or reduction) of the average service life, an avoidance (or
saving) of failure downtime, and urgent needs for logistics
support. Correspondingly, it results in loss functions on cost
parameter dimensions 7;, C; 4, C; r. Due to the concealment and
uncertainty of failure, the penalty function can be solved in three
subcases under the premise of advancing maintenance, as
shown in the Fig. 5 (a). Let the original delayed maintenance
time be j;7, the offset maintenance time be k;7(k; < j;). The
failure time variable is set as S;.

al). In this case, s; < k;7. Since corrective replacement is
immediate upon failure identification, only CR will be
performed, which incurs no extra loss Therefore, the loss
function yields

CoP,, = 0. (7

a2). In this case, k;7 <s; <j;r. The advancing of
maintenance execution time avoids possible additional
downtime cost C; 4 - tq and untimely logistics support cost C; ¢,
but it also leads to a shortened service lifetime, whose losses are

manifested by n;. The penalty function is expressed as

CoPaz = ~Cia* :f(s) (Fle=s)as
—Cif - [F(yr) — F (k)]
+ )i ([F] = k) 7 F ) ds. (®)

a3). In this case, j;T < s;. It indicates that failure occurrence
will not affect the deviation of component’s maintenance task
as it belongs to a future event after maintenance execution.
Therefore, only the punishment of shortening service lifetime
should be introduced. Consequently, the penalty function is
CoPe3 =n; - (i — ki) - T+ R(iD). 9)
To conclude, the penalty function in advancing maintenance
case can be summarized as

CoP, = CoPyy + CoP,, + CoPy3
JjiT

=~Ciar ] 1) ([]v5)ds = oy F G ~ FCk)

+jj”7ﬁ'(E]_ki)-r.f(s)ds+n?’(ii_ki)’T’R(jiT)

ke

- [ e (o) oo (-4 ol

—Cis - [FGit) = F(kyD)] + 07 - (i — k) - T+ R3jiT). (10)
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(2). Penalty by postponing maintenance

The postponing maintenance case is also partitioned into
three subcases, as shown in Fig. 5 (b). Let the originally
scheduled time be j; 7, the offset maintenance time be k;7(k; >
J)-

b1). In this case, s; < j;7. The failure occurrence pulls the
delayed maintenance back to the original scheduled time
without any losses. Therefore,

CoPy; = 0. (11)

b2). In this case, j;T < s; < k;7. Although postponement of
maintenance execution extends the service life (also manifested
by n; ), it inevitably leads to downtime cost C;4 -ty and
untimely logistics support cost C; . Hence, the penalty function

COPb = COPbl + COPbZ + COPb3

is expressed as
CoPy, = Cip - [F(kiT) — F(j;1)]

v [ @ (s as
Jit

e (HESA RSO (12)

b3). In this case, k;T < s;. The failure occurrence has no
impact on the scheduled maintenance work, but indirectly

extends the service life. Thus
CoPy3 = —n; - (ki — ji) - T- R(k;7). (13)

To sum up, the penalty function for postponed maintenance

= [ F6) - [Coa - (Fr =) =ni - ([F] i) - 2] ds + €op - [F G = FGidl = i - G = i) - 7+ RUs). (14)

It can be easily found that the mentioned penalty functions
have a similar form, because the two cases are time-reversal

forms of each other both mathematically and physically. We

CoP;(k;|t)) = sgn(j; — k;) - [

where sgn(j; — k;) is a sign function defined as

_1 ji < ki'
sgn(ji — ki) = {0 Ji=ky

4.2. DPGR Scheduling in CBM Framework

Setting aside the negative impact caused by the aforementioned

C(G) = (G| - 1) Csp — Xieg CoPi(kilt) = (1G] = 1) - Csp — Yiec sgn(jis — ki) -

The size and execution time of the maintenance group
should be optimized, so as to obtain the maximum C(G) within
given range
{G*, k{} = argmax C (G)

= argmax[(1G| = 1) - Csp — Tieg CoPi(kilT)]. (17)

Dynamic programming is a typical optimization algorithm
for solving multi-stage decision problems, which has been
widely applied in production scheduling and resource allocation.

Within the hierarchical framework of dynamic programming,

Sminiestsin 16 [<Coa - ([ =) + i - (] = minthej3) -] s
i Ui — kil -7 R(maxle, jir)) = Gz - [F (ki) = FGio)| '

therefore integrate Equations (10) and (14) into a unified

penalty function

(15)

time deviation, a major advantage of combining multi-
component maintenance activities is that maintenance costs Cs g
can be shared. We define the maintenance gain function as the
difference between the saved and penalty cost, to quantitatively
analyze the resource savings by grouping. For a certain

maintenance group |G|, there is a gain function C(G):

micesiy 1) [~Cua (7= 5)+mi - (2] = minteaji) -] as) - g 65
+n; - |j; — k| - T - RGmax{k;t, j;7}) — C ¢ - |[F(k;T) — F(G;7)|

boundary conditions are used as the start of the algorithm, and
the optimal solution is sought step by step through recursion.
This effect makes the entire strategy generation constantly
changing based on state. In our framework, the status is updated
after maintenance or detection, and each maintenance grouping
structure relies on the previous one, continuously rolling and
iterating throughout the lifespan. Therefore, our structure is
similar to the issues that dynamic programming can solve.

We relax the maintenance optimization problem to the
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global-level and further utilize the ‘continuous grouping’
assumption to efficiently approach the optimal solution.
However, due to (a) the correlation between successive groups;
and (b) the updated system information, we only take the first
set of solutions from the optimal sequence. This global
optimization method actually trades efficiency for partial
optimality. Here, GL is defined as all components which have
been detected to have exceeded &; and are not assigned to any
current maintenance group. These components are divided into
mutually exclusive groups GL = {G,,G,,**,G,,}, in which
UiemGi =G ,Vi#j€G,G;NG; =@ . Hence, the optimal
group structure should be obtained by

/G- dter=0]

{k*,GS*} = argmax C (GL) = argmax {ZG].EGL(|G]-| — 1) .

Cor — Yies,; CoPi (k17 (18)

To be specific, let {ji,j5,j3, ", jn,} be the optimal
independent maintenance time at one detection point, which is
arranged in ascending order, corresponding to the component
index {iy, i, i3,*, ip}. (If j{ = jj, the component with higher
sensitive penalty function should be arranged ahead). When
better-performed components are included in maintenance

while the worse ones are still in operation, it will inevitably lead

to a more negative penalty but have no impact on saving Cg .

_ﬁ

s =

]
5 X,) = 0,s’

xl,):CumI sto=s +]

22 p+l P

A0 0/
x,=0,v,(s

T 1
x,=1v,(s

p+l

P’

S S|
Xy (‘S ul) =X,

£,05,) =V (8, )+ S G| fo () = Vo (555 %)+ S (550)

Figure 6. Flowchart for solving the optimal maintenance structure.

To clarify the maintenance group process, let s, denote the
beginning state at stage p, indicating the group size where i,,_;
was in. Xp = 0 means that i,, starts a new group at stage p. x, =
1 means i, joins the current group. Correspondingly, the state
transition equation and the introduced cost saving function are
decided by Eq. (19), and the Bellman Equation is determined by
Eq. (20). We obtain the maintenance group structure in reverse

order. Notably, only the first group should be taken as the

optimal maintenance group to ensure the dynamism of the
strategy.
{spJr1 =land v,(Sp,x,) =0, x, =0,
Sp+1 = Sp T land v,(sy, xp), X, =

{fp (Sp) = max {”p (spvxp) + fp+1(sp+1)} p=nn-— 1,2,

(19)

xp€EDp(sp) (20)
fa+1(Sns1) = 0.

Through the aforementioned steps, we effectively transform

the grouping problem into a multi-stage decision-making
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framework, where the sequential decision-making process
involves determining whether to incorporate components into
existing groups. This process is illustrated in the backward

Dynamic Programming Algorithm (DPA) depicted in Fig. 6.
4.3. IOR Scheduling in CBM Framework

Recalling that IOR is immediate corrective replacement on
failed components and preventive replacement on survival parts.
Here, the optimized range has no need to relax to the same as
DPGR (components have been detected to exceed &; ).
Assuming that component h is detected to have failed before t;,
it will be certainly removed from the "continuous grouping"
optimization structure. To ensure maintenance effectiveness,
those surviving components G, whose independent time was
before 1, were directly incorporated into this IOR group, so
there is no need to be included into ‘continuous grouping’.
Notably, after the IOR completion, status has been updated (the
unreplaced components have been updated in detection). As
a result, the IOR and subsequent DPGR plans can be updated
synchronously. Joint optimization is achieved by maximizing

the total cost savings
Cospr(Gor) = Cr(Gor) + C*(Gpr|GoR), (21)

Gor = argmax Cogp (Gor) = argmax [lGORl “Csp —

Sicoon COP (=21t + €' (GrrlGon)],  (22)

T

where Gy represents the IOR group that excluded G, and 4,
C*(GprlGfg) is the maximum cost savings of the DPGR
combination under the optimal IOR group Ggg, and t; is set as
the time first detected to exceed &;. Ultimately, the optimal IOR

is determined by Gy = G, U Gog.
5. Numerical Experiment

In this section, the proposed intelligent maintenance framework
is applied to a high-speed railway bogie, to validate its
effectiveness and verify its superiority through comparisons

with other strategies.
5.1. Experimental Background

As the important part of rail vehicles, the bogie bears the roles
of (a) supporting the vehicle body and distributing external
loads from the wheel rail and vehicle body; (b) guiding vehicles
to smoothly pass through bends; (c) buffering the vibration and

impact between railways and vehicles; and (d) transmitting
traction and braking forces to ensure normal operation. The

bogie is composed of various components, as shown in Fig. 7.

Primary

suspension

Side frame
Figure 7. Structural diagram of bogie.

As important rotating mechanical components, due to the
high load, high frequency of curved driving, uneven road
surface, and fast/frequent starting/braking working conditions,
the axle box bearing bears the peeling from the rolling working
surface. Likewise, the gearbox bears the tooth breakage and
surface damage from the gear. And the wheelset bears the cracks
caused by the wear of the wheel tread and rail, which have
a high failure rate. These fault modes are hidden, and can only
be detected through inspections. The intelligent maintenance
engineering for bogies is of great significance for ensuring the
safe operation and effectively controlling operating costs. The
health status of the bogie is revealed in structural monitoring,
and the priority of group maintenance is determined by
analyzing the current degradation stage of each component. To
clarify the proposed model, we used maintenance data provided
by a railway operation & maintenance company, covering
detection and maintenance records (including fault time, fault
frequency, detection data, maintenance time, etc.) of three key

components, including wheel tread, bearings, and gears.
5.2. Component-Level Optimization Outcome

By fitting the historical degradation and maintenance data of the

aforementioned components, we have established that the time-
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space scale transform function is a power function, with the
relevant parameters detailed in Table 1. Here, we have taken six
components, namely wheel tread, gears, and axle box bearings,
as illustrative examples. The planning steps remain consistent
even with the inclusion of additional components within our
strategy. Our measurement coordinate is based on train mileage,
maintaining the same significance ¢ as previously mentioned. At
present, high-speed rail can achieve relatively real-time vehicle-
ground detection. The single service cycle of high-speed rail is
long, so we choose 5 X 10*km to be the detection time (for
maintenance) interval. For rolling bearings, the root mean
square data (unit: dB) of the outer ring vibration signal after
denoising is selected as the degradation indicator. Similarly, for
wheel tread and gearbox gears, vibration signals (unit: dB) are

also used as indicators.

Table 1. Degradation parameters setting of the relevant bogie

components.

Component B; o2 v; L; &
@ tread #1 1.06 0.00000248 15.4351 48 32
@ tread #2 1.06 0.00000248 15.1564 48 32
® gear #1 1.35 0.00000952 10.0756 90 61
@ gear #2 1.35 0.00000952 10.1102 90 61
® bearing #1 1.17 0.0000152  3.9283 26 20
® bearing #2 1.17 0.0000152  4.0259 26 20

5 r T
A tread #1 A
4.5
g
s o
g A
*ué 3.5
g 25 a4
= A
3 A
=, AAAAAAAAAAAAAAAAAAA
1.5

5 10

15

20

Postponed maintenance interval/time

(a) variations of tread #1

25

The relationships between the delayed maintenance time j;
and the maintenance cost rate 1; of the above components are
shown in Fig. 8, with the optimal results summarized in Table
2. Moreover, Table 3 shows the relevant cost setting. It can be
easily seen that the rate of decrease in maintenance cost rate
basically maintains stability before reaching the optimal.
Afterwards, the rate of increase in maintenance cost rate as j;
increases is relatively fast. On one hand, CR operation is not
triggered at a relatively small j;, so its corresponding cost item
is almost zero. At this time, the average maintenance interval
slowly increases with the increase of j; , steadying the
magnitude of changes in 1;. On the other hand, as j; grows
larger, the delayed maintenance time diminishes the
significance of PR. The corresponding CR cost is much greater

than PR, resulting in a sudden spike in overall costs.

Table 2. Optimal solution of component-level maintenance.

i n;/ Jil n;/
Component o (CNY/Km) COMPOment e (CNY/Km)
@® tread#114 19323 @ gear#2 32 1.1183
@ tread#216  1.7522 ® bearing #125 1.3137
@ gear #1 36  0.9590 ® bearing #222 1.3236

Table 3. Cost parameters setting of the relevant bogie

components.
Component Cir Cir Ci Cia
P (X10°CNY) (X10°CNY) (X10*CNY) (X10*CNY)
tread 5 200 1200 100
gear 5 140 1000 100
bearing 5 125 900 100
6 : : : A
A tread #2 A
5.5
g s
>
5 45
)
s 4|
8 a5 a
2
g 3 N
2
£ 251 A g
= A
2FAAAA ah
AAAAAAAAAAApALD

0 5 10 15 20 25
Postooned maintenance interval/time

(b) variations of tread #2
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Figure 8. Variations of maintenance cost rate to delayed maintenance time.

5.3. System-Level Optimization Outcome

Assuming the shareable maintenance cost is 50 X 10*CNY .
Table 4 presents the scheduled maintenance without any failure
in 310(x 5x 10*)km . After the first maintenance, the
replacement time for all components is {96, 107, 110, 119, 142,
148}, with the corresponding sequence being {tread # 1, tread #
2, bearing # 2, bearing # 1, gear # 2, gear # 1}. It is reasonable
to conduct the second combination DPGR on {tread # 1, tread
# 2, bearing # 2} for their close repair time. Similarly, the third
maintenance group only includes bearing # 1. If viewed in
chronological order, the next maintenance group should be
{gear # 2, gear # 1}. However, since tread # 1 and tread # 2 have
already been replaced before, and their next replacement time is
{143, 156}, {tread # 1, tread # 2, gear # 2, gear # 1} will form
the next group. The above analysis results meet the

predetermined "continuous grouping".

Table 4. Optimal DPGR scheduling without failure.

Order Maintenance DPGR time Cost saving
group (x5%10* km) (x10*CNY)

1 ©, @} 55 29.4618
2 {©, @, ©} 104 47.7731
3 {®} 119 0

4 B3 ® O @ 152 64.6342
5 (O, @, ®} 213 21.1283
6 {®} 234 0

7 (O, @} 287 24.6489
8 {®, @) 303 33.0086

Assuming that component @ suddenly fails at 138(x 5 X
10*)km, the originally planned {®, @, @, @} PGM will be
temporarily suspended and immediately switched to the IOR

triggered by component @). Joint optimization of (a) the current
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IOR and (b) the next DPGR planning will be carried out, and
subsequent planning will proceed normally, as shown in Table

5. Fig. 9 provides a schematic diagram of the first five group.

overall maintenance frequency increases, and the maintenance
groups of components D, @), ®), 6 have a great change. The

sudden IOR have a significant impact on the global maintenance

By comparing Table 4 and Table 5, it can be found that the plan.
th;',(l]E the anIDP(jR tll;f,&rig IOR group t[l)llc)éIEIQ
tread 2 ‘ A ses A—b
gear | ' E A ' >
gear 2 x >
bearing | A . >
bearing 2 ‘ : >

Component-level maintenance

A System-level maintenance

Figure 9. Diagram of the system-level planning (with sudden failure).

Table 5. Optimal IOR scheduling with sudden failure.

Order Maintenance =~ DPGR time Cost saving
group (X5x10* km) (x10° CNY)
1 {©, @} 55 29.4618
2 {©, @, ®} 104 47.7731
3 {(®} 119 0
®, ®, @O} 138 56.3166
4 {@} 156 0
5 {@} 180 0
6 @, ®, ©} 223 63.6743
7 {@} 279 0
8 @, ® @ 282 26.0224

5.4. Maintenance Strategies Comparison

This section compares the proposed strategy with three
maintenance strategies widely used in industry to demonstrate
the superiority of in reducing maintenance costs. The
optimization target of all policies is to minimize the average
maintenance cost during a certain service period. The strategies
are outlined below:
B Policy A. Independent maintenance without grouping
strategy. The strategy outlined in Section 3 is used for all
components, and an immediate CR should be carried out

upon failure;

B Policy B. Time-based Maintenance Policy. The
maintenance cycles of all components are set to be integer
multiples of a benchmark interval, automatically
combined at overlapping maintenance points.

B Policy C. The classic rolling horizon approach. It realizes
static combination of PR activities during the planning
period, while CR is carried out immediately upon failure
without opportunity replacement.

B Policy D. The group maintenance policy proposed in this
paper.

Notably, strategies A, B, and C are actually fixed
maintenance plans. The average maintenance cost of Policy A
is easy to be determined, while the average maintenance cost of
B and C can be defined as:

C(Gaw) = Zoecon ((Cor + Tice Ci) + Tiecau(Cor + Cip) - Pilte)), (23)
where G represents all the fixed PR groups during the service
period. G indicates a certain maintenance combination. p;(t;)
describes the failure probability of component i within t; (time
between the maintenance group G and its previous group).

Fig. 10 shows the total maintenance costs of the above
strategies within different service cycles. It can be found that
the proposed strategy is significantly more cost-effectiveness
than the other three cases. Due to the large enough magnitude
of Cs g, Policy A, the non-group strategy, is significantly inferior

to the others, while Policy B and C are somewhat similar
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because they are both fixed schedules, lacking dynamism and
flexibility. Such disadvantages need to be replaced by an

increase in cost.

45 10’ ' }
—6e—polcy A
4 |—&—polcy B 7
polcy C
351 | —6—poley D

Totalmaintenance cost/CNY
B v b oo

5 10 15 20 25 30
Service mileage/Km 5 x10

Figure 10. Variations of maintenance cost rate to delayed

maintenance time.

Table 6 shows the sensitivity of each strategy to the set-up
cost Csp within 300(x 5 % 10*)km . At lower values, the
economic benefits of grouping are not significant, resulting in
anarrower gap. With the increase of Cs g, this gap has a growing
trend, indirectly supporting the important economic benefits of
group maintenance, which coincides with the findings of Zheng
[37]. Also, when the cost of corrective maintenance is too high,
the delay in maintenance time will have a trend of decreasing,
as shown in Table 7. This is because under the premise of
uncertainty in failure, if the after-failure cost is too high, the
preventive maintenance task will be more inclined to perform
earlier than the possible failure point. The economic losses
caused by advancing the maintenance time and not fully
utilizing the remaining life are much lower than those caused by
corrective maintenance.

Table 6. Sensitivity of each strategy to Csp within 300(x 5 X
10*)km.

Maintenance Csr(x 10%)
Policy 30 40 50 60 70

Policy A 4.05 4.19 4.36 4.49 4.57
Policy B 4.03 4.10 4.17 4.22 4.26
Policy C 3.96 4.03 4.06 4.08 4.09

Policy D 3.94 4.02 3.88 3.86 4.01

Table 7 Sensitivity of each strategy to Cs within 300(x 5 x
10Y)km.
C;r(x 10%) 200 300 400 500 600 700

Postponement
interval

14 14 14 13 13 12

6. Conclusion

In this paper, a global-dynamic group maintenance strategy with
self-adaptive information renewal is devised, which is
applicable to generic multi-components degrading systems.
Unlike previous studies, this policy allows for group
information renewal upon both (a) health inspection and (b)
group maintenance execution, so as to promote decision-
making agility and precision. Moreover, the policy successfully
integrates postponed preventive maintenance and immediate
opportunistic maintenance into a unified decision-making
framework, significantly improving the flexibility of downtime
control and resource allocation. In the comparative experiments
on high-speed train bogies, the heuristic maintenance strategy
reveals the superior model compared to some widespread
adopted strategies.

There are four promising extensions to the current model
framework. Firstly, imperfect repair with random effects can be
considered to support more flexible source allocation [50,51].
Secondly, the joint optimization of production and maintenance
for manufacturing systems is worth exploration, which strives
to seek a balance between reducing inventory cost, ensuring
production batches, and improving system reliability [52].
Thirdly, group maintenance models oriented to multiple failure
modes (including but not limited to degradation-centered failure,
shock-induced failures) are potential interesting topics worth
examination [53-55]. Ultimately, it is highly valuable to delve
into the impact of resource constraint, such as spare, repair tools
and maintenance teams on group condition-based maintenance,

which is realistic in practice [56,57].
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