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Abstract: This paper proposes a joint inspection-based main-
tenance and spare ordering optimization policy that considers
the problem of integrated inspection, preventive maintenance,
spare ordering, and quality control for a four-state single-unit
manufacturing system. When an inspection detects a minor de-
fect, a second phase inspection is initiated and a regular order is
placed. Product quality begins to deteriorate when the system
undergoes a severe defect. To counter this, an advanced re-
placement of the minor defective system is carried out at the Jth
second phase inspection. If a severe defect is recognized prior
to the Jth inspection, or if system failure occurs, preventive or
corrective replacement is executed. The timeliness of replace-
ment depends on the availability of spare. We adopt two modes
of ordering: a regular order and an emergency order. Meanwhile,
a threshold level is introduced to determine whether an emer-
gency order is preferred even when the regular order is already
ordered but has not yet arrived. The optimal joint inspection-
based maintenance and spare ordering policy is formulated by
minimizing the expected cost per unit time. A simulation al-
gorithm is proposed to obtain the optimal two-phase inspection
interval, threshold level and advanced replacement interval. Re-
sults from several numerical examples demonstrate that, in
terms of the expected cost per unit time, our proposed model is
superior to some existing models.

Keywords: maintenance, two-phase inspection, spare ordering,
three-stage failure process, delay-time model.
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1. Introduction

Preventive maintenance is extensively used to prevent
sudden failures in many industrial environments, such as
power systems, manufacturing systems, critical infra-
structures, and military equipment [1]. Most maintenance
policies assume that spare parts used for replacement are
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always available, and they ignore the impact of system
defects on product quality. However, this is not congru-
ent with the real world. First, the delivery time of spare
parts is not negligible. Second, a defective system can
cause defective products, which can lead to economic
losses. Therefore, the joint optimization of inspection,
maintenance, spare ordering, and quality control is of
great significance.

In most studies, maintenance policies are generally di-
vided into two categories: corrective maintenance (CM)
and preventive maintenance (PM). According to the
age/condition information, PM can then be further di-
vided into time-based maintenance and condition-based
maintenance [2—6]. Moreover, these maintenance policies
have been widely used in industry [7-9]. In terms of the
joint policy of maintenance and spare ordering, most joint
optimization models of time-based maintenance and
spare ordering concentrate on the age-based replacement
policy. An age-based replacement policy with a random
lead time was first discussed by Nakagawa et al. [10].
Osaki et al. [11] then studied a joint age-based replace-
ment and spare ordering policy that optimized the age re-
placement interval 7. This policy assumes that only one
spare unit is ordered at time 0, and it is delivered after a
random lead time. Armstrong et al. [12] and Park et al.
[13] extended the model of Osaki and Yamada [11] by re-
laxing the assumption of ordering time to simultaneously
seek the optimal ordering time and age replacement inter-
val, T. Additionally, Chien et al. [14—16] considered a
system that is subject to shocks, extending the models in
Nakagawa et al. [10] and Osaki et al. [11] by introducing
minimal repair and repair cost.

Several papers have investigated joint condition-based
maintenance and spare ordering optimization in which the
systems are monitored continuously. A decision model
for component replacement and spare parts inventory was
developed by Elwany et al. [17] to enable the dynamic
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updating of replacement and inventory decisions by com-
puting remaining life distributions using condition-based
in-situ sensor data. Rausch et al. [18] proposed a joint
production and spare part inventory control policy driven
by condition-based maintenance for a critical unit, where
the preventive maintenance threshold and the base-stock
level of spare parts are the decision variables. For deteri-
oration systems that need manual inspections, to the best
of our knowledge, the joint policy of inspection-based
preventive maintenance and spare ordering was origin-
ally proposed by Wang et al. [19]. They assumed that the
single-unit system was inspected regularly, and only one
kind of ordering mode was considered; moreover, the
purpose of modeling was to optimize the thresholds re-
lated to spare ordering and preventive replacement. With
the same assumptions, Wang et al. [20] and Zhang et al.
[21] extended the joint policy to a deteriorating system
with multi-identical items. Further, Farhad et al. [22] and
Zhu et al. [23] relaxed the assumption of the ordering
mode, considering two modes of spare ordering—a regu-
lar order and an emergency order—to optimize both the
inspection interval and inventory policy for deterioration
systems. However, the failure processes of the systems in
these models do not use the delay-time concept. The
delay-time concept was adopted by Wang [24,25] to
model a joint inspection-based preventive maintenance
and inventory strategy for multi-unit systems. The joint
decision for a single-unit system with more than three
discrete states was studied by Zhao et al. [26,27], these
two researches adopted an irregular inspection policy,
and the two modes of spare ordering were introduced.
However, the joint optimization models using a three-
stage failure process mentioned above did not consider
the impact of system defects on product quality. This
presents a challenge in actual manufacturing systems. If
system defects are ignored, it could lead to defective
products. Advanced replacement in a minor defective
state could therefore be valuable. Therefore, we propose a
joint policy of inspection-based preventive maintenance
and spare ordering in which inspection is carried out
within a two-phase policy, where advanced replacement
of a minor defective system, defective products loss, and
two modes of spare ordering (a regular order and an
emergency order) are considered. This will be modeled
for a single-unit system subject to a three-stage failure
process, where the objective is to minimize the expected
cost per unit time.

The remaining parts of this paper are as follows. Sec-
tion 2 introduces the model notations and problem de-
scription. The joint optimization model is formulated in
Section 3. Section 4 describes the proposed discrete event-
driven simulation algorithm procedures and presents two
special cases for comparison. Section 5 provides a case

study for the blast furnace of a steel mill, to validate the
application of our proposed model. Finally, Section 6
concludes the paper and presents possible directions for
future research.

2. Notations and problem description
2.1 Notations

Notations used in this paper are presented in Table 1.
Table 1 Notations

Random variable representing the duration of the normal,

XY, Z
> minor defective, and defective states
Respective durations of the normal, minor defective and
X, 0,z .
Y severe defective states
Probability density function (PDF) of G (G=X, Y, Z; g=
Jo(9)
X,¥,2)
T The initial inspection interval
J, 0 Threshold level as decision variables
P Production rate
LI Lead times of the regular order and
e the emergency (L, > L,)
Cin Unit inspection cost
c.c Replacement cost by a regular ordered spare and an
ne emergency ordered spare (C,> C,)
G Economic loss caused by a failure
G, Holding cost per unit time
C, Shortage cost per unit time
C, Unit loss of a defective item

2.2 System statement

Consider a single-unit manufacturing system that under-
goes a three-stage failure process, that is, the system has
four states: normal, minor defective, severe defective, and
failed. In the normal state, the system works properly and
needs no intervention. In the minor defective state, the
system is still operational but inspections may reveal
minor defects that do not affect the quality of products. In
the severe defective state, the system is still operational
but inspections may reveal severe defects that negatively
affect the quality of products. In the failed state, the sys-
tem stops working immediately. To study the inspection,
maintenance, and spare ordering policy of such a system,
we follow some basic assumptions:

(1) The system is inspected with the initial fixed inter-
val T, and inspections are perfect in that the normal and
defective states can be recognized. In contrast, the failed
state is self-announced.

(i1) If a minor defective state is first detected at 7}, the
subsequent inspection interval is halved, that is, the
second phase inspection is executed. Meanwhile, a regu-
lar order is placed and the spare part will be delivered
after lead time L,.

(iii) The quality of products begins to decline when the
system enters a severe defective state. The proportion of
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defective items at time ¢ is assumed as S((t — x — )/z),
where x+y < t < xt+y+z.
(iv) If the system still undergoes the minor defective

2
state at time 7} ;, where Ty ; = T} + 7] and j = J, replace-

ment requires to be done immediately, known as an ad-
vanced replacement (AR).

(v) A preventive replacement (PR) is carried out when
a severe defective state is found, and a corrective replace-
ment (CR) is required to be carried out at the point of
failure.

(vi) All of the replacement activities can bring the sys-
tem to the “as good as new” state.

As mentioned above, when the severe defect appears,
the system negatively affect the quality of products, thus
we assume that the quality of products begins to decline.
Based on Driessen et al. [28], we define S((t — x — y)/z) to
express the proportion of defective items at time x+y < ¢ <
x+y+z. This can be explained since the proportion of de-
fective items at time ¢ depends on the system failure pro-
gress, and the failure progress can be depicted by the re-
-y

. . t— . .
lative duration in the severe defective state. The

Z
more the system degrades in the severe defective state,
the higher the proportion of defective items produced,
that is, the proportion of defective items S((t — x — y)/z) is
increasing in (¢ — x — y)/z. Hence, following Bouslah et al.
[29], we have
— = —x— Y
A=) mmen(i-eo((==)) 0

Z Z

The system is inspected
within the interval '

The system in
a normal state?

The system in &

1 I The system in a
minor defective

failed state?

A regular order is placed |

}

The system is inspected
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where 5, is the proportion of defective items when the
minor defective state arrives,# is the boundary con-
sidered in the quality deterioration, and A and y are posi-
tive constants. These parameters can be obtained from
historical data adopting the least squares or the maxi-
mum likelihood methods [30].

2.3 A joint inspection, maintenance, and spare
ordering policy

When the system needs to be replaced, whether the spare
has been ordered should be firstly concerned. If it has not,
an emergency order with a higher ordering cost and
shorter lead time is placed, and we define S= I to express
this scenario. S = II means the regular order has been
previously ordered but has not yet arrived. S = III indi-
cates that the regular order has been delivered, thus the
replacement required can be conducted immediately.

Actually, it is possible that the emergency order is pre-
ferred even when the regular order is already ordered.
Therefore, we define /" as the time interval from the point
in which a replacement is needed to the delivery time of
the regular order’s spare, if /" is not longer than a
threshold 0 (L, < 6 < L,), the system should retain stop-
ping until delivery of the spare; otherwise, an emergency
order should be made immediately.

Clearly, according to the system state and the state of
the regular ordered spare, the inspection, the replacement,
and reorder decisions can be determined. Fig. 1 gives the
specific decision-making process.

S=1: delayed CR with the

emergency order’s spare

No Delayed CR with the
emergency order’s spare

Delayed CR with the regular
order’s spare

Yes

—>| S= Il an immediate CR |

S=1: delayed PR with the
emergency order’s spare

Delayed PR with the
emergency order’s spare

with the interva12-

The system in a
minor defective
3

Delayed AR with the regular
order’s spare

Delayed PR with the regular
order’s spare

Delayed AR with the
emergency order’s spare

Fig. 1 Decision-making process flow chart
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We denote our inspection, maintenance, and spare or-
dering policy by (7, J, 8), since the initial inspection in-
terval T, the threshold level J and 6 are the decision vari-
ables that we are interested in. And our aim is to mini-
mize the long-run expected total cost per unit time, EC(7,
J, 6), by optimizing the joint policy.

3. Model formulation

As detailed in Section 2, there are three different renewal
scenarios based on the state of the system at the renewal
points: (i) an advanced renewal, when the system is found
to be in a minor defective state; (ii) a preventive renewal,
when the system is found to be in a severe defective state;
and (iii) a corrective renewal, when the system fails. Fur-
thermore, eight mutually exclusive possible scenarios are
provided relying on the state of the spare from a regular
order when replacement is required.

Scenario 1 A renewal cycle is completed due to an
AR is carried out under the condition of = 1I.

Journal of Systems Engineering and Electronics Vol. 32, No. 5, October 2021

Fig. 2 illustrates that an advanced replacement is re-
quired at time 7}, the regular order’s spare has not ar-
rived. As we mentioned previously, managers need to de-
cide whether an emergency order should be placed or not.
Clearly, if 7, + L, — T, is longer than 6, an emergency or-
der is placed immediately and the AR is delayed until the
delivery time of the emergency order’s spare (see case E,
in Fig. 2). However, sinceJ = 1, the condition

2(L,—46
(’—) > 1 must be met. Therefore, the renewal cycle

cost of such a case includes the inspection cost, the re-
placement cost by an emergency ordered spare and the
shortage cost, it can be given as

Cl (T3 ‘]90) = [(k+ ‘,)Cin + Ce + CwLe]'

L.—0 L.—0
’(J‘ /2 )V( T/z) @

1,m<0
0, otherwise

l,a>1

where 1(m) ={ 0, otherwise ’

andk=1, -, 0.

,V(a)={

S=1I (Case E,) : delayed AR
with the emergency order’s spare

F

S=1I (Case E,) : delayed AR
with the regular order’s spare
P s=1I (Case E;) : an immediate AR

o : Miner defective state starts;  : Placing a regular order;

© : Arrival time of the regular ordered spare; $ : Replacement time;

= : Waiting for a spare for replacement; == : The spare is in stock.

Fig. 2 Illustration of Scenario 1 and Scenario 2

The corresponding renewal cycle length is

L(T,J,0) = [T, +L.]-I J—L*_g y(E=f
1 'Yy - k.J e T/Z T/Z

). 3)

As can be seen from Case 2 in Fig. 2, the condition

2(L,—-6) 2L,
J> —r and J < 5 are met, managers prefer to

delay the AR until the arrival time of the regular order’s

2L, .
spare. Analogously, there exists the condition T >1in

this situation, since J = 1. The renewal cycle cost con-
sists of the inspection cost, the replacement cost by a regu-
lar ordered spare and the shortage cost, and it can be ob-

tained as

Cy(T,J,0)=[(k+))Cy, +C, +C,, (T + L, — T, ;)]
L\ ., L-6 L
I(J_T/Z)'I(J_ T/2 )'V(T/z) @
1,n=0

0, otherwise
The corresponding renewal cycle length is

where I'(n) = andk=1, -, 0.

L
Ly(T.J.0)= [Tk+L,]-I(J— m).

N L
! (]_ /2 )'V(T/Z)' ©)

Scenario 2 A renewal cycle is completed because an

AR is carried out under the condition of S = III.
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As illustrated in Fig. 2 (Case E;), the regular order’s
spare is available at T, thus, the AR can be performed
immediately. Summating the inspection cost, the replace-
ment cost by a regular ordered spare and the holding cost,
the renewal cycle cost in this scenario is given as

C(T,1,0) = [(k+ ))Cin + C, + C(Ty — T = L]

L
I'\J-— 6
( T/Z) (©)
where k=1, ---, 0.
The corresponding renewal cycle length is
LT, 0,0) =Ty, 17 - (7)
3 sy — LkJ T/2 .

Scenario 3 A renewal cycle is completed because a
PR is carried out under the condition of S=1T .

As can be seen from Fig. 3, a severe defective state is
identified at time 7, , before which no minor defective
state is detected. This indicates that the spare is not
ordered, so an emergency order is placed at time 7; and
the PR is performed at the arrival time of the emergency
order’s spare. This renewal cycle cost is the sum of the
inspection cost, the replacement cost by an emergency
ordered spare, the shortage cost and the loss of defective
items. Consequently, we obtain the cost as follows:

C\(T,J,0) =kCy,+C,+C,L,+DC, (8)
Ty f—x—
wherek=1,---,ooandDCIICSPj ,8( al y)dt.
Xty Z
The corresponding renewal cycle length is
L(T,J,0) =T, +L,. ©)]

Scenario 4 A renewal cycle is completed because a
PR is carried out under the condition of S=1I.
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S=I: delayed PR with
the emergency order’s spare
[

o T, To | 7oL,

TTTTTTT

L

A : Severe defective state starts.

Fig. 3 Illustration of Scenario 3

A severe defective state is identified at time 7}, before
which a minor defective state is first found at time 7.
However, the spare from a regular order has not arrived
until 7} ;. As per assumption, when the time interval to

T+ L, from T); is longer than the threshold level 0, that

. .. . 2L -0) . .
is, the condition j< % is satisfied, managers

prefer to place an emergency order at time 7}; and the PR
is delayed until 7}, + L, (see Case E, in Fig. 4). In such a
case, the inspection cost, the replacement cost by an
emergency ordered spare, the shortage cost and the loss
of defective items constitute the renewal cycle cost

Cs(T,J.0) = [(k+ j)Cin+ C. +C, L.+ DCy)]-

L-0 L.-0
Ili== V4 i 10
b5 ) (5% @
where k 1, S OO,j 19 ”’Jmaxa DC2:
Ty (t—X—Yy ] s Jup <J
C.p J m.'B ( 7 )dt’ and Jiux _{ J, otherwise ’ here,
L.—-0
_ A L -0
Jopp = Jup I’U( T/2 ) ! ,and]upzint( 7 ), and
Jup, otherwise /

we define int(u) returns to the integer part of a value u,

U(b):{ ,b=2Z,

. ,and Z, is a positive integer.
0, otherwise * p g

S=1I (Case E,) : delayed PR
with the emergency order’s spare

S=1I (CaseE,) : delayed PR
with the regular order’s spare

"

]
___________ S=IIl (Case E;) : an immediate PR
-7 P "‘~‘\\ )
|/i 7z Y | N \A// 7
) 4 >
Tk.'/*l Tk._/' T‘k+Lr Tk./*l Tk.]
L, < >
%
< ; >

Fig. 4 Illustration of Scenario 4 and Scenario 5
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The corresponding renewal cycle length is

Ls(T,J,0) = [Ti;+ L] 1(j -

L—6  (L-6
T/2 )'V( T/2

). (11)

Observed from Case E, in Fig. 4, a delayed PR with a
regular ordered spare is performed at 7) + L,, this means
2(L,-60) . 2L

T ST
fied. The renewal cycle cost can be obtained by summat-
ing the inspection cost, the replacement cost by a re-
gular ordered spare, the shortage cost and the loss of de-
fective items

the condition j >

2L, .
and T > 1 are satis-

C6(T9]’0)=
L,
[(k+J)Cm+Cr+Cw(Tk+L1_Tk1)+DC2]I/(é)V(T/z)
(12)
Wherek = 1,”’,®,j = Jmim R Jllnaxsé = J_Jmina
Jo, U220 24 Jo I <J
Jmin = o T/2 ) LT = upp * Y .,
. max J, otherwise
Juwp +1, otherwise
L
- "= L
Jl’lPP: g 1’U(T/Z) l,and-]uz int(Trz)-
J.., otherwise /
The corresponding renewal cycle length is
L
Lo(T,J,.0) = [T+ L,)-I'(6)-V[—]|. 13
6( )=I[T+L,]-I'(5) (T/z) (13)

Scenario 5 A renewal cycle is completed because a
PR is carried out under the condition of S = III.

As can be seen from Case E; in Fig. 4, the PR is car-
ried out immediately since the regular order’s spare is in

. L. .. 2L,
stock at time 7, thus, the condition j > T is met. The

inspection cost, the replacement cost by a regular ordered
spare, the holding cost and the loss of defective items are
incurred, thus, the renewal cycle cost can be given as

C7(T, J, 9) =

L
[(k+)Cin+C,+Cy(Ty ;= T —L,)+DC] - I’ (J_ T/r2) I'(6)
(14)
e J, 07 =J-J ., and

min ?

where k = 1,---,00,j = J. |
Jo U( L )=1
Tw=13 " T2
J, + 1, otherwise
The corresponding renewal cycle length is

LV
LT, J.O) =TI (j— T/2)~I’(5’). (15)

Scenario 6 A renewal cycle is completed because a
CR is carried out under the condition of S= 1.
As shown in Fig. 5, the minor defective, severe defec-

tive, and failed states start within the inspection interval
(T,-y, T;), which implies that no regular order is placed
before failure time 7. Thus, an emergency order is placed
when failure occurs, and the system is replaced at T+ .
Therefore, the renewal cycle cost not only includes the
inspection cost, the replacement cost by an emergency
ordered spare, the shortage cost, the loss of defective
items, but also the economic loss caused by a failure, and
it can be given as

Cy(1,J,0)=[(k-1)C;, +C,+C,L,+C;+DC5] (16)

l‘_ -
where k = 1,---,00, DC; = CJPfT’ ﬁ( a y)dt, and 7, =
z

X+y

xty+tz

S=1: delayed CR with
the emergency order’s spare
)

[
o X Y
0 Ty T,

[ >

v

THL,

O : Failure point.

Fig. 5 Illustration of Scenario 6

The corresponding renewal cycle length is
Ly(T,J,6) =T, +L,. (17)

Scenario 7 A renewal cycle is completed because a
CR is carried out under the condition of S=1I.

The system fails after the regular order is placed be-
fore the spare arrives, as illustrated in Fig. 6. An emer-
gency order is placed at the failure time T, under the con-
dition of 7}, + L,—T,> 6, and the CR has to be delayed un-
til 7, + L,. Moreover, the severe defective state must end
in some halved inspection interval (7}, T, ;) (j=
1, ---,J, ). However, when U (L]:/—ZH) = 0, the failed
state may start within the interval (T}, ,T,+L,—#6). In
particular, j <.J must be satisfied. Thus, the renewal cycle
cost for each event in this case can be calculated as

Co(T,J,0) =
. L.—0
[(k+]—l)Cin+C(,+CWLg+Cf+DC3)]-V( 72 ) (18)
. | T Jp < .
wherej=1,---,J, J; —{ J. otherwise’ andk=1, ---, 0.
CIO(T,J70):
L.—0
[(k+Jup)Ci,,+Ce+CwLL,+C_,+DC3)]~U’( 72 )~I(v)

(19)
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l,c#Z, _
0, otherwise ’ and v=Jy, ~J.

The renewal cycle lengths for each event can be given
respectively as

where k=1,---,00, U'(c) =

L -6
Ly(T, J.0) = [T,-+Le]-V( 72 ) (20)
L-6
Li(T,J.0)=[T;+L,]- U’(T—/2)~I(v). (1)

S=1I (Case El) : delayed CR
with the emergency order’s spare

Tap.e 1 Tap). 2
z)
— .
Tesn
< T i
< = >

Fig. 6 Illustration of renewal Case E, in Scenario 7

Itis seen from Fig. 7, under the condition of 7}+ L,—T,<
6, waiting for the regular order’s spare is a choice that
managers prefer, and the delayed CR is performed until
T, +L,.

S=1I (Case E,) : delayed CR with
the regular order’s spare

e g Taves

I N I AN U

T, Pt TA -1 Tk, j Tk,Ju TrL
Tape 2

Tape 1

L0

Fig. 7 Illustration of renewal Case E, in Scenario 7

Three situations are considered depending on the inter-
val in which a failure occurs, and the renewal cycle cost
for each situation can be obtained respectively as

CII(T9J99):
[(k+Jp)Cin+C,+C (T + L, —Ty)+Cy+ DC3)]-
(L, —6
U( 7 ) 1) (22)
where k=1, .-, .
C(T,J,0) =
[(k+j- DCi+C,+C (T + L, —Ty)+ Cr+ DC3)] I
(23)
where k = 1,~~~,OO, J = Jlowa"':Jpa q = Ju _J’

L -0
Jo = Jup+1,U( T/2)_],J,,= Jng<l . ’
: J, otherwise
Jyp +2, otherwise
and v’ =J —J,.
C13(T, J,G) =
[(k+J)Cin+C,+C (T +L,—T;)+Cr+DC3)]
L,
Ul=—=]1 24
(T/Z) (q) (24)

where k=1,---, .
Therefore, the renewal cycle lengths for each event of
Case E, in Scenario 7 can be given respectively as
L.-6
T/2

Ln(T,J,G)=[Tk+Lr]-U’( )'I(V), (25)

Lio(T, J,0) = [T+ L,]-I'(vV), (26)

Lis(T,J,6) = [Ty +L,1- U'(TL/’Z) Ag). @7

Scenario 8 A renewal cycle is completed because a
CR is carried out under the condition of § = III.

The system fails at time 7 after the delivery of the re-
gular order’s spare, that is, T, = T, + L,. Consequently, an
immediate CR is carried out at the time of failure, as
shown in Fig. 8.

S=1II : an immediate CR

o ’Tape 2

Fig. 8 Illustration of Scenario 8

The point of failure may fall into two possible inter-
vals: (TI,+ L,, T, , and (Tymy, T3;) 7 = Jiys s .
Moreover, the time of the last inspection must be less
than T, ,, thus, the renewal cycle cost for each event in

this scenario can be obtained respectively as

Ci(T,J,0) =
[(k + Ju)Cin + Cr + Ch(Tj - Tk - Lr) + Cf + DC3)]'
(L6
Y ( 72 )-I(q) (28)
where k=1, ---, .
CIS(T’ J30) =
[(k+j-DCin+C,+C(Ty =T = L)+ C;+DC3)]-I'(q')

(29)
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where k = 1) ) OO,j = J{ow’ "'sJa q’ :J_J{ow’ and
L
, JALU|=—=]=1
J]()W = (T/z)

J,+2, otherwise
The renewal cycle length for each event can be given

respectively as

L -6
L(T, J,0) = T,-U'( T/ )-I(q), (30)
Lis(T,J,0)=T;-I'(q). (31)

Based on the renewal cycle cost and length of eight
different scenarios (15 different events) described above
and adopting the renewal reward theory [31], the long-run
expected cost per unit time can be obtained as

15
D CUT,1,60)- N.(1)
T
EC(T.1,6) = lim S220) _ =1

t—+0o

= (32)
D LAT, J,6)- N.(1)

e=1

where C(T, J, 6) is the total expected cost of the system in
the period [0, ¢], and N,(¢) represents the expected num-
ber of renewal event e during the same period [0, £].

Obviously, our purpose is to design an optimal joint in-
spection, maintenance and spare ordering policy that min-
imizing the long-run expected cost per unit time. There-
fore, the model can be summarized as the following non-
linear, integer and stochastic optimization problem

min EC(T,J,0)

T>0
J>1 . (33)
L <0<L,
T,J,0 : postive integers

S.t.

4. Optimization methodology and some
special cases

4.1 Optimization methodology

The jointly optimization model established above is ex-
tremely difficult to solve analytically since the complex-
ity interactions between the state of system, inspection,
maintenance, spare ordering and quality of items. For in-
stance, the defective items loss is affected by the failure
progress of the system, inspection interval and the pro-
duction rate. The inspection interval not only influences
the frequency of maintenance, but also the type of main-
tenance (AR, PR, or CR). The spare ordering decisions
are also influenced by the inspection interval and main-
tenance activities. Furthermore, the specific maintenance
activities rely on the states of the system, and the states of
the system are random variables. Thus, we devise a dis-

Journal of Systems Engineering and Electronics Vol. 32, No. 5, October 2021

crete event-driven simulation algorithm to determine the
optimal inspection, maintenance, and spare ordering
policy of our presented model, and it can effectively to
imitate the stochastic and dynamic aspects of the system.
It is noted that using a simulation algorithm to solve the
non-linear, integer and stochastic problem has been
widely applied in engineering practice.

Fig. 9 shows the simulation procedure for our model,
and the main steps are as follows:

Step 1 Initialization

(1) Initialize the system and input the relevant parame-
ter values.

(i) Set the reasonable value range of decision vari-
ables. J;, represent the maximum value of J.

(iii) Set the maximum iterative number to be N,,, for
each (7, J, 6).

(iv) At the beginning of each simulation, total cost C
and total length L are all set to 0.

Step 2 Simulation process

(1) Rely on the distribution parameters of the three
stages, and generate the corresponding random durations
x,y,and z.

(i1) Use Box A to judge whether a PR or a CR needs to
be carried out before a regular order is placed. If so, we
turn to Box B; otherwise, the subsequent inspection inter-
val is halved, and meanwhile, a regular order is placed
and we denote 7,, and T,, to represent the arrival time of
the regular order’s spare and the time of regular order.

(iii) In Box B, if T, < x + y + z is met, implying that a
delayed PR is carried out under the condition of S=1 , as
described in Scenario 3; otherwise, a delayed CR is per-
formed with the emergency order’s spare, as depicted in
Scenario 6.

(iv) Box C is used to judge whether a PR or a CR is re-

. . . JT
quired before an AR is needed at time 7 + - If so,

simulation runs by Box D; otherwise, we turn to Box E.
(v) In Box D, whether a PR or a CR is needed should
be further confirmed by comparing the inspection time

T
T+ % with the failure time T, = x + y + z. Both the PR

and the CR are needed to further judge that whether re-

T
gular order has been delivered. If the point 7} + ]7 or T;

is not less than 7,,, an immediate PR (as described in
Scenario 5) or CR (as described in Scenario 8) is carried

. . T
out; otherwise, we need to judge whether T, — T — ]7 or

T~ is longer than the threshold level 6. Clearly, there
exists two possible renewal events subject to a delayed
PR/CR with the emergency order’s spare (as depicted
Case E,; in Scenario 4 or Scenario 7) or with the regular
order’s spare (as Case E, depicted in Scenario 4 or Scena-
rio 7).
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(vi) In Box E, the judgment of whether an AR is re-
quired should be made. If the system still undertakes a
. . . S JT .
minor defective state at the inspection time 7 + - n-

dicating that an AR needs to be carried out; otherwise,
simulation runs by Box D. Analogously, when an AR is
needed, whether regular order has been delivered should

JT
be confirmed. If the point 7, is no longer than 7} + =

an AR is performed immediately, as described in Sce-
nario 2. Otherwise, a delayed AR with the emergency or-
der’s spare is carried out under the condition of

JT . . .
T,—T,— - > @ (as Case E, depicted in Scenario 1) or a

Input model parameters, ¢,, «,, C;,, C,,C., C,,
Cp G Co Ly Loy Bos 1, 2y

¥
For =T s -+ s Thax
. ForJ=l1,...,J,
For 6=L+1, ....L—1
¥
n=1, C=0, L=0

n>N,,..?
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delayed AR with the regular order’s spare is carried out

. JT
under the condition of T, — T} — > <6 (as Case E, de-

picted in Scenario 1).

Step3 Simulation completed

Record the values of C, L, and D after a renewal cycle
is completed by running Box B, Box D, or Box E. If n <
Noax Simulation continues to run; otherwise, we obtain
the total cost C and total length L for each (7, J, ). Fur-
ther, the expected cost per unit time EC(T, J, 0) is ob-
tained by the total cost C divided by the total renewal
length L.

_C
EC(T,J, 0=

max*

No

|Generate the random durations x, y, and z

Scenario 3:
C=C+C,+CAC,LADC;
L=L+kT+L,

Scenario 6:
C=C+C,;+CA+C,L+DCy;

whee

L=L+x+y+z+tL,

Yes Box E

Scenario 2:
C=C+CHCAC, (Tyt jr-T,); [T
L=L+T,+jt

Scenario 1 (Case E,):
C=C+C,;+C+C,L,; T
L=L+T, 4jr+L,

Scenario 5:
C=C+C+CAC, (Tt j-T,)+DCy;
L=L+T,+jt

¥
Scenario 1 (Case E,):
C=CHCHCAC, (T T [
L=L+T,

Scenario 8:
C=C+CAC, (T7T,) +CADCy; [T
No L=L+T,

A4

A 4

! v

Scenario 4 (Case E,):
C=C+C+CHC, (T, T j+DCy

L=L+T,

Scenario 4 (Case E)):
C=C+C,+CA+C,LADC,;
L=LAT,AjTtL,

Scenario 7 (Case E,): Scenario 7 (Case E,):
C=C+C+C,LACH+DCs; C=C+C+C, (T,~T) +C#+DCs;
L=L+T#+L,

Fig. 9 Flow chart of the simulation algorithm
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4.2 Some special cases

We introduce two further inspection-based maintenance
and spare ordering policies (Models 2 and 3) as the spe-
cial case of the policy presented in Section 3 (Model 1).

Model 2 does not allow an AR in the minor defective
stage. Consequently, the system can only be renewed
when the severe defective stage is detected or when fai-
lure occurs. Under this policy, Scenario 1 and Scenario 2
of Model 1 do not occur in Model 2. Therefore, (2) — (8)
should be changed to 0. Based on this, we obtain the ob-
jective function of Model 2 and take 7 and 6 as the de-
cision variables. Zhao et al. [26] adopted the same policy
but did not take the defective items loss into considera-
tion.

Model 3 uses the AR policy but does not allow an
emergency order when the regular ordered spare has not
arrived. Under this policy, Case E, in Scenarios 1, 4, and
7 of Model 1 do not occur in Model 3. Hence, in Model 3
T and J are the decision variables.

S. Numerical example

5.1 [Initial parameter setting

To illustrate our model, we consider the refractory lining
of the blast furnace in a steel mill. According to [26], the
three stages failure distribution form of the refractory lin-
ing is more appropriate to be described by the two-para-
meter Weibull distribution. The probability density func-
tion of the two-parameter Weibull distribution can be rep-
resented by (34), in which ¢, and «, are the scale parame-
ter and shape parameter, respectively. The values of these
three sets of parameters are g, =0. 019, x, = 1. 390; &, =0.
031, %, = 1. 305; and &; = 0. 088, x; = 5. 290. The cost
and lead time parameters are given in Table 2. The
chosen cost unit is 1 000 yuan and the chosen time unit is
one day. Moreover, the failure distribution parameters,
lead time parameters, and the majority of the cost para-
meters are adopted from literature [26]. Other parameters
(see Table 3) can be obtained from historical information.
Note that the day output of the system amounts to 2 200 t,
that is, P =2 200 t/d.

158,80 K,) = Eakn(£,8) '€ [ £, >0, k,> 0. (34)

Table 2 Cost and lead time parameters

Parameter C, C. C, C; c, ¢, C L L,
Value 5 50 8 400 02 4 05 30

Table 3 Other model parameters

Parameter Bo n A 14
Value 0.004 0.08 10 4

5.2 Result analysis and comparison

We calculate the expected cost per unit time of Models 1-3
based on the simulation algorithm presented in Section 4.1.
It is noted that when using the simulation algorithm to
conduct the numerical experiment of Model 2, simula-
tion is not run to Box E since an advanced replacement
does not allowed in Model 2. When conduct the numeric-
al experiment of Model 3, simulation does not turn to
Scenario 1 (Case E,), Scenario 4 (Case E,), and Scenario
7 (Case E,). We set the maximum simulation number
N,.x to be 1000, and simulate 5000 renewals for each de-
cision variable, which are averaged to obtain the expec-
ted cost per unit time.

The optimal results of Model 1 is (T*, J*, (9*) = (10, 6,
16) with EC(T, J, ) = 1.7317 (the expected cost per
day is 1731.7 yuan). This implies that the optimal policy
of Model 1 is to perform an inspection every 10 days at
the earlier stage, execute an advanced replacement at the
6th second phase inspection, and set the threshold level 8
as 16 days. Fig. 10 shows how the EC(T, J, 6) changes
with 7 and 6 when J = 6, and Fig. 11 illustrates the
change trend of EC(T, J, 0) along with T"and J when 0 =
16. It can be seen from Fig. 10 and Fig. 11 that when the
values of J and @ are fixed, with the increase of 7, EC(T,
J, 6) first decreases and then goes up. Our interpretation
is that the smaller inspection interval will lead to more fre-
quent inspection actions, which further brings about high-
er inspection costs. However, if we check the system with
a longer interval, an AR or a PR may be missed, thus,
leading to a CR and resulting in a higher economic loss.

x10?

.\\)D._.l\) W A~ L O
T T T T T

Expected cost per unit time/yuan
N

&

Fig. 10 EC(T, J, 0) with regard to T and 6 when J=6

In order to verify the effectiveness of our proposed in-
spection-based maintenance and spare ordering policy
(Model 1), we conduct experiments to analyze the influ-
ence of Cy, L., and y on the optimal solution. This is be-
cause that (i) the inspection interval is largely affected by
C,; (ii) the lead time L, has a great influence on the
threshold level 6. Besides, L, is negatively related to C, in
engineering practice, hence, according to the values of ,,
C,, L,, and C, given in Table 2, we develop a linear func-
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) 1 L, . .

tion C,(L,) = 10 37 3) + 80; (iii) y directly influences
the proportion of defective items in the severe defective
stage (see Fig. 12), further affects the economic loss be-
cause a PR or a CR is completed, thus, the point of an AR
needed is largely impacted by .

Expected cost per unit time/yuan x10°
—_— N W A L

Fig. 11 EC(T, J, 0) with regard to T and J when 0 =16
0.09

0.08
0.07 1
0.06
0.05
0.04
0.03 -
0.02 -

Proportion of defective items

0.01 -

0 1 1 1 1 1 1 1 1 1
0 0.1 02 03 04 05 06 0.7 0.8 09 1.0
Failure progress

1 y=3; Ly=4; 1 y=5.

Fig. 12 Proportion of defective items for various values of y
Table 4 gives seven sets values of C;,, L., and y, and

the optimization results under seven sets values of para-
meters for Models 1, 2, and 3 are given by Table 4.
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Table 4 Seven sets values of C,,, L., and y

Case C; L, y
Case 1 5 3 4
Case 2 10 3 4
Case 3 15 3 4
Case 4 5 9 4
Case 5 5 18 4
Case 6 5 3 3
Case 7 5 3 5

From Table 5, we observe that the optimal solution T ’

£ bt

. * . .
increases, J and decreases when Cj, is costly. This

illustrates that less frequent inspections may miss a
severe defective state, thus, an advanced replacement
should be executed as early as possible to prevent the ex-
pensively defective items loss and failure. Besides, we
can find that a longer lead time L, leads to an increase in
threshold 6 . This means waiting for the regular order’s
spare is more attractive than placing an emergency order
since the difference between them becomes slighter as L,
increases. One interesting phenomenon is that the opti-
mal inspection interval T " increases when y increases, but

Bl Akt

first increases and then decreases with the increas-

ing of y. Our interpretation of this is that a larger y in-
duces a decrease in the defective items loss, thus, an ad-
vanced replacement is less popular than a preventive

*T*

maintenance ( increases). However, with the conti-

nueous increase of 7', less frequent inspections are per-
formed and more defectives degenerate to failure, there-
fore, an advanced replacement is recommended to pre-

tle ald

vent the costly failure ( decreases). Furthermore, it is

reasonable that the optimal expected cost per unit time is
positively related to C;, and L, and negatively related to .

Table 5 Optimal results of Models 1, 2, and 3 under different values of C,,, L, and y

Case : Optijnal result (if Model 1 __ *Optimal resu}t of Model 2 __ tOptimal resu}t of Model 3 __
T J 4 EC(T,J,0) T 0 EC(T,0) T J EC(T,J)
Case 1 10 6 16 1.7317 10 10 1.7747 10 7 1.780 3
Case 2 12 5 23 22275 11 16 23353 12 5 22737
Case 3 13 3 28 2.6509 12 18 2.813 4 13 2 2.668 2
Case 4 9 7 19 1.744 6 10 18 1.778 8 10 8 1.807 8
Case 5 10 6 27 1.781 6 10 23 1.8212 10 6 1.813 1
Case 6 10 4 16 1.8450 9 17 1.910 8 9 6 1.8802
Case 7 11 5 18 1.684 6 10 18 1.710 7 11 6 1.7257

We can also observe from Table 5 that allowing an ad-
vanced replacement to be carried out during the minor de-

fective stage leads to a better result, since there always
exists EC(T, J, 6 ) <EC(T, 6 ). Additionally, the opti-



1178

mal expected cost per unit time of Model 3 is longer than
that of Model 1, indicating that considering an emer-
gency order when the regular order is already ordered but
has not yet arrived is superior to that not considering.
Hence, we can conclude that the inspection-based main-
tenance and spare ordering policy of Model 1 is more
capable of minimizing the expected cost per unit time of
the system than that of Model 2 and Model 3.

6. Conclusions

Most existing research on inspection and preventive
maintenance considers neither spare ordering nor that the
system’s defective state can reduce the quality of
products. In our paper, defective products loss is con-
sidered, and we propose a joint policy of inspection-based
maintenance and spare ordering for a four-state system.
Specifically, the system uses a two-phase inspection
schedule where the original inspection interval is halved
when a minor defective stage is identified at an inspec-
tion. If the system is still in a minor defective stage at the
Jth second phase inspection, an advanced replacement is
carried out. We assume that defective items are produced
only during a severe defective stage. Thus, once a severe
defective stage is detected, or when system failure occurs,
preventive or corrective replacement is required. Further-
more, two modes of ordering (a regular order and an
emergency order) are considered. When the minor defect-
ive stage is found, a regular spare order is placed. If no
regular order has been previously placed, an emergency
order is placed instead. Meanwhile, a threshold level is
introduced to determine whether an emergency order is
preferred even when the regular order is already ordered
but has not yet arrived. We establish the optimization
model, and a numerical example demonstrates that (i) in-
cluding an advanced replacement policy is better than
having no advanced replacement; (ii) allowing an emer-
gency order when the regular order has not arrived is su-
perior to that not allowing.

There are some interesting directions for future re-
search. For example, we could relax our assumption that
one spare unit is ordered and stored. The imperfect repair
of severe defective systems and the monitoring of product
quality could also be considered. Additionally, the single-
unit system could be extended to a multi-unit system.
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