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Abstract. Production lines are usually subjected to emergent machine failures. Such emergent failures disrupt pre-estab-
lished maintenance schedules, which challenge maintenance engineers to react to those failures in real time. This research
proposes an optimization procedure for optimizing scheduling repairs of emergent failures. Three optimization models are
developed. Model I schedules failures in newly idle repair shops with the objective of maximizing the number of scheduled
repairs. Model II maximizes the number of assigned repairs to untapped ranges. Model III maximizes both the number
of assigned failure repairs and satisfaction on regular and emergency repairs by resequencing regular and emergent fail-
ures in the shop that contains the largest free margin. A real case study is provided to illustrate the proposed optimiza-
tion procedure. Results reveal that the proposed models efficiently scheduled and sequenced emergent failures in the idle
maintenance shops, the untapped ranges between repairs of regular failures, and in the maintenance shop with the largest
free margin. In conclusions, the proposed models can greatly support maintenance engineers in planning repairs under

unexpected failures.
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Introduction

Maintenance activities are generally divided into preven-
tive, corrective, and predictive maintenance (Murthy et al.,
2002; Yang et al., 2017). For any company, maintenance
department (MD) is one of the most critical facilities
that prone to bottlenecking and require resources associ-
ated with high costs (Ben-Daya et al., 2009; Salmasnia &
Mirabadi-Dastjerd, 2017). In many MDs, the shop capac-
ity is shared between two competing failure categories;
emergent failures and regular failures. Scheduling and
sequencing of the repairs of regular failures, which can
be easily handled by maintenance planning engineers.
While, emergent failures, which happen due to the occur-
rence of emergency events need immediate repairs due to
avoid failure consequences; severity or production losses
(Seif et al., 2018; Tonke & Grunow, 2018). In previous
literature, maintenance scheduling problem has been ex-
tensively studied (Irawan et al., 2017; Kiefer et al., 2018;
Chansombat et al., 2019). However, maintenance engi-
neers are still challenged to handle repairs scheduling of
emergent failures. This research, therefore, proposes math-
ematical optimization models for maintenance scheduling

under emergency. The remaining of this paper including
the introduction is outlined as follows. Section 1 reviews
relevant studies on maintenance scheduling. Section 2
develops optimization models. Section 3 provides a real
case study to illustrate the proposed models. Last section
summarizes conclusions.

1. Literature review

Recently, the maintenance scheduling problem has received
significant research attention. For example, El-Sharkh and
El-Keib (2003) used fuzzy evolutionary programming for
maintenance scheduling of generation and transmission
systems. Cassady and Kutanoglu (2003) minimized job
tardiness using integrated preventive maintenance plan-
ning and production scheduling. Cassady and Kutanoglu
(2005) integrated preventive maintenance planning and
production scheduling for a single machine. Ruiz et al.
(2007) considered scheduling and preventive maintenance
in the flowshop sequencing problem. Nourelfath et al.
(2010) proposed an integrated model for production and
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preventive maintenance planning in multi-state systems.
Lu et al. (2014) developed integrated production and pre-
ventive maintenance scheduling for a single machine with
failure uncertainty. Jian and Tianyuan (2015) proposed
LS-SVM based substation circuit breakers maintenance
scheduling optimization. Squires and Hoftman (2015)
considered military maintenance planning and scheduling
problem. Xiao et al. (2016) conducted joint optimization
of production scheduling and machine group preventive
maintenance. Wu et al. (2017) proposed a computational
method for optimal machine scheduling problem with
maintenance and production. Yin et al. (2017) solved a
multi-objective scheduling optimization model consider-
ing product blockage and machine faults. Grigoriu and
Briskorn (2017) considered scheduling jobs and mainte-
nance activities subject to job-dependent machine deterio-
rations. Irawan et al. (2017) optimize maintenance routing
and scheduling for offshore wind farms. Liao et al. (2017)
conducted multi-objective group scheduling optimization
integrated with preventive maintenance. Lu and Zhou
(2017) considered opportunistic preventive maintenance
scheduling for serial-parallel multistage manufacturing
systems with multiple streams of deterioration. Gholami
and Hafezalkotob (2018) performed maintenance schedul-
ing using data mining techniques and time series models.
Alayo and Paucar (2018) employed A MILP model for
maintenance scheduling in transmission systems applica-
tion to Peruvian system. Kiefer et al. (2018) performed
scheduling of maintenance work of a large-scale tramway
network. Rasiulis et al. (2016) proposed the decision mod-
el for selection of optimal combinations of modernization
measures. Bertolini et al. (2019) conducted comparison
of new metaheuristics, for the solution of an integrated
jobs-maintenance scheduling problem. Chansombat et al.
(2019) proposed a mixed-integer linear programming
model for integrated production and preventive mainte-
nance scheduling in the capital goods industry. Miyata
et al. (2019a) incorporated preventive maintenance into
the m-machine no-wait flow-shop scheduling problem
with total flow-time minimization. Miyata et al. (2019b)
incorporated preventive maintenance operations as a
constraint to the m-machine no-wait flow shop problem
with dependent-sequence setup times and makespan
minimization scheduling problem. Miyata and Nagano
(2019) fulfilled a deep literature review (in total 139 pa-
pers are reviewed and classified) on the m-machine flow
shop scheduling problem with blocking conditions. Rossit
et al. (2019) studied the permutation flow shop and the
non-permutation flow shop scheduling problems in the
case of two jobs, when makespan is the objective func-
tion and processing times are not known. Hedjazi et al.
(2019) presented the methodology to schedule the main-
tenance activities of geo-distributed assets. The authors
proposed a multi-agent system based approach to enable
the decision-making for the subcontractors in a distrib-
uted industrial environment under uncertainty. Yang et al.
(2019) investigated an advanced group and opportunis-
tic maintenance policy for a two-component system with

failure interaction. Authors provided a case study on an
electrical distribution system to validate the applicability
of the adopted policy. Abed et al. (2019) analyzed sched-
uling maintenance jobs in networks. Ustinovichius et al.
(2018) developed a conceptual model of BIM-based de-
sign and refurbishment, based on pre-built indicators and
allowing the assessment of the building energy demand
and eco-building parameters. Analysing the literature, few
approaches can be found to describe the parameters (e.g.
maintenance time) of the system. The first involves using
fuzzy logic to estimate stochastic parameters and calculate
the probability of disturbance (Duenas & Petrovic, 2008).
The second approach is applying the theory of probability
(Liu et al., 2018; Paprocka, 2019) to describe the mainte-
nance time. The third approach is using numerical ranges
(Kalinowski & Zemczak, 2015) determined by a decision-
maker arbitrarily.

This research proposes an extension of ongoing re-
search by proposing three models for optimizing main-
tenance scheduling and sequencing under the occurrence
of emergent failures while considering the maximization
of satisfaction on the repairs of regular and emergent fail-
ures and the number of assigned emergent failures and
satisfaction.

2. Proposed optimization models

Typically, scheduling repairs of regular failures is estab-
lished in maintenance shops before an emergent failure,
k, occurs (at t < t;). However, this schedule is disturbed
once emergent failures have occurred (at ¢ = t;). To han-
dle repairs of such failures, the three consecutive cases,
as shown in Figure 1, will be considered; Case I consid-
ers the scheduling of the repair of the emergent failures
in the MD’s idle shops. Case II assigns emergent failures
in the untapped ranges of shops, which is the idle time
between the assigned repair times of the regular failures.
Case III selects the shop with the largest free margin to
be re-sequenced for both emergent and regular failures.

2.1. Scheduling repairs of the emergent
failures in the idle shops (CASE I)

Let k be the index of emergent failure; k € [1, ..., K], and
s denotes shop index; s € [1,.., S]. The model assumptions
include: (1) each technician crew (w) is responsible for a
certain shop s during shops working hours and (2) the
regular opening duration of shops, R,, includes the maxi-
mum allowed overtime. Let the binary decision variable,
Y1 indicates that shop s is assigned to repair emergent
failure k, where y;, equals one if failure k is assigned to
shop s, and zero otherwise. During the occurrence of the
emergent failures, the maintenance department (MD)
normally aims to maximize the number of repaired fail-
ures in the idle maintenance shops at any cost. The objec-
tive function is thus expressed as shown in Eqn (1):

S K
MaxZZyks. (1)

s=1 k=1
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Figure 1. Proposed procedure for scheduling repairs
of emergent failures

The objective function is subjected to the following

constraints:

@

(ii)

For shop s, the total of repair durations must not ex-
ceed the regular working hours. Let Dtot; denotes
repair duration of an emergent failure k (in hours)
and R, denotes the regular working hours of shop
s (hours). Then, respecting shop availability is ex-
pressed mathematically as follows:

K

> (s ¥ Dtoty. )< Ry, Vs. (2)
k=1

Let G,, denotes the regular working time of technician
crew w. Also, let the binary variable, B, denotes the
assignment of failure f to technician crew w. Then,
the total of scheduled repair durations for technician
crew w should not exceed the crew’s regular working
time. That is:

K S
ZZ(yks ><Dt0tk XBkw ) < Gw’ Yw.
k=1 s=1

3)
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(iii) Let t4s a binary variable which indicates that repair

of failure k in shop s takes place if the required equip-
ment is available. That is:

Yks S’Cks, Vk,s. (4)

(iv) Let SRD denotes the threshold of repair duration. If

)

the repair of an emergent failure k that has a repair
duration smaller than SRD, then this failure shall be
assigned in the idle maintenance shop. Mathemati-
cally:

s
> Vs =1 Vke[1,...K ]| Dtoty <SRD. (5)
s=1
When the failure repair has repair duration equal to
or larger that SRD (Dtot; > SRD), then it can be de-
layed. That is:

S
D Vis <L Vke[L,.,K ]| Dtoty > SRD.

(6)
s=1
(vi) The integrality constraint is expressed as:
Vis €101}, Vks. ?7)

Solving Model 1, the assigned shop to each emergent

failure, y,,, are obtained.

2.1.

1. Sequencing repairs of the emergent

failures in the idle shops

This model aims to sequence the scheduled emergent
failures in their assigned maintenance shop s. Let st;, and

ﬁks

denote the repair start and finish times for failure k

in shop s, respectively. The repair time priority depends
on the arrival time, AT}, for failure k; that is, first arrived
failure shall be repaired first. To repair emergent failures
as soon as possible, the start repair times shall be mini-
mized. That is:

Miniistks X Vs (8)

k=1 s=1
The objective function is subjected to the following

constraints:

(a)

(b)

(©)

The repair finish time, ft,,, of failure k in shop s is
equal to the repair start time, st;,, plus the repair du-
ration, Dtot;, of emergent failure k. Mathematically:

)

Let OT, denotes the opening time for each shop s.
Then, repair of failure k starts after the opening time
of its assigned rooms s. Moreover, the repair start time
should be started after its arrival. Otherwise, the re-
pair start time will not be performed. Mathematically:

st + M(y, —1) 2 max (OT,,AT,), Vk,s; (10)
st 2 M(1-y,.), Vk,s. (11)

If emergent failures k and k' were both assigned to be
repaired in shop s and failure k arrives after failure k',

ftio = (sty, + Dtot,) + M(1- y,.), Vk,s.
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then the repair of failure k shall begin after repair the
finish time of failure k'. That is:

Stie X Vis 2 fti X Vi Vhok's| AT, > AT, (12)

2.2. Insertion of repairs of the emergent failures
in untapped ranges (CASE II)

Let Dtot; denotes the repair duration of regular failure f.
This model attempts to insert repair of emergent failure
k between the scheduled repairs of regular failures as il-
lustrated in Figure 2.

Before constructing the model, the following assump-
tions have been made: (1) the number technician crew
(W) is equal to the number of shops (S); that is, each crew
w is assigned to make repairs in a specific shop s, and (2)
the repair equipment are available in all shops. Further,
the main model parameters include: (i) disruption time,
t, number of shops, S, number of emergent failures, K,
and number of regular failures, F, (ii) the repair durations,
Dtot and Doy, of the of regular failure f and emergent
failure k, respectively, (iii) the repair start time, stg, of
each regular failure in maintenance shop s, and (iii) the
precedence matrix, &g, between regular failures f and j in
shop s.

Let pyg be a binary variable that denotes the repair
assignment of the emergent failure k between regular
failures f and j in shop s; which pyg is equal to one if
the repair of the emergent fajlure k is assigned and zero
otherwise. The objective function is then formulated to
maximize the total number of emergent failure repairs in-
serted in the untapped ranges over all maintenance shops
as stated in Eqn (13).

K F J S
SR PPN
k=1 f=1 j=1 s=1
[Number of assigned emergent failure repairs].  (13)

The imposed constraints on the objective function fol-
lows:

(i) Let utg and #; denote duration of the untapped range
between failures f and j in shop s, and disruption
time, respectively. The interest is to calculate the un-
tapped range in which emergent failure repairs can
be inserted following the disruption time, #;. Figure
3 shows the situation in which the untapped range is
equal to zero.

Mathematically:

utﬁs = O,

Vfjos| f # s st <ty sty +Dtot <ty (14)

In contrast, the untapped range between the repairs
of failures f and j as shown in Figure 4 and stated in Eqn

(15) can be utilized to insert the repair of emergent failure
k is shop s.

ut g, =(stjS ~(sts +Dtotf))><8ﬁs,
Vfjss|j# fosty 2 tiosty, + Diotp 2 t,. (15)

For shop s;s=1, ..., S
Repair of failure k

Dtot, Dtot, Dtots Dtoty

|:| The untapped ranges

Figure 2. Illustration of repairs’ scheduling in untapped ranges

Shop s
Dtotf

!

utgs=10 1
f L

|

|

stﬁ§ stjs
3

Figure 3. Illustration of untapped range duration

Shop s
Dtoty

|
o ulfis ,
fo j
|
!

st s
Ik

Figure 4. Illustration of untapped range duration

Shop s
Dtatf i
' utgg
f RN j
|
|

stfs stjs
g

Figure 5. Estimation of the untapped range duration

Another untapped range situation is considered when
the disruption time occurs in idle time as illustrated in
Figure 5, the untapped range is then estimated using Eqn
(16):

”tﬁs =(st]-5 —tk)xa fis>

Vf,jos|i# fo sty >ty sty +Diotp <t (16)
(ii) The utg is sufficient to insert emergent failure

repair(s). That is:

K
ZpkijXDtOtk Sut o X e g, Vf,j,s|j¢f. (17)
k=1

(iii) To ensure that emergent failure k is repaired only
once, inequality (18) and Eqn (19) are made:
F F

S
DD D pugs <L VK, (18)

f=lj=lj#f s=1
F F N
DD D pisis =0 Vk. (19)
f=1j=1f=js=1
(iv) The pyg; is a binary variable; or:
Pigs =101}, Yk, fjos. (20)
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Dtot, Dtot, Dtots Dtoty
I
:<—> + <] + + = free margin
| ut) ut, uty uty Ag,

Figure 6. Illustration of case III of shop scheduling under emergency events

The optimization results of this model identify the
maintenance shop in which the repair of emergent failure
k will take place and between which failure repairs, pyg,
and untapped ranges, utg, values.

2.3. Re-sequencing shop of the largest
free margin (CASE III)

Model III re-sequences the prescheduled repairs of the
regular failures in the maintenance shop of the largest
free margin in order to assign the repairs of the remain-
ing emergent failures. Initially, the free margin, Ag_. for
shop s' should be determined. The Ag. is calculated as
the summation of all the untapped ranges between regular
failures repairs as illustrated in Figure 6.

Let EF; and LF denote the earliest and latest finish
repair times of failure f in shop s', respectively. Let LS.
denotes the latest start repair time of failure f in shop s
Let st and ft ¢ denote the repair start and finish times
for failure f in shop s', respectively. The Ag. is calculated
for shop s by Eqns (21) to (24).

F
Ag, =2Af, V's; (1)
fes

Let the repairs of regular failures j and I be sequenced
after and before the repair of failure f, respectively. Then,
the LFy, and EFj are respectively calculated as:

LFg =min(LS g + Dtot st ;.), Vfs (23)
EFj, = ftjo + Dtot , Vf. (24)

Model III is composed of three sub-models (III-A,
III-B and III-C), which are presented as follows. Model
III decision variables and parameters are listed in Table 1.

2.3.1. Model III-A: maximize the total
number of repaired failures

Suppose that the repairs of E emergent failures are still
unassigned. Let P and Py, be binary variables which de-
termine the repair assignment of the regular and emer-
gent failures, respectively; where Py, and Py, equal to one
if failure f is repaired at hour ¢ and zero otherwise. Let
s' denotes the maintenance shop of the largest free mar-
gin. CT; denotes the closing time for shop s'. Given the
precedence matrix, g, that determines whether failure f
should be repaired before or after failure j at maintenance
shop s, which equals one if the repair of failure f should
be repaired before failure j and zero otherwise. The ob-
jective functions then are maximizing the total number

Table 1. Model III decision variables and parameters

Decision Variables

Binary variable which determines the assignment

Py of regular failure repairs

P, Binary variable? which df:termines the assignment
of emergent failure repairs

sty Repair start time of regular failure fin shop s’

Sty Repair start time of emergent failure k in shop '

M ( + ) The satisfaction membership function on the
Sks' /| repair of the emergent failure

+ The positive delay between the time of emergent
St failure repair and its readiness time
S The satisfaction membership function on the
H st fs' . f .
repair of the regular failure

5t The amount of positive deviation of regular

St failure appointment
5= Tthe amount of negative deviation of regular

M failure appointment

Parameters

LS Latest start time for regular failure fin shop s’
LS Latest start time for emergent failure k in shop '
CT; Closing time for shop s'
rig The readiness time of failure f
Aty Occurred time for emergent failure k

¢ Repairs precedence between any pair of regular
s failures in maintenance shop s'

Repairs precedence between any pair of emergent

Kems failures in maintenance shop s'

M Very large number

0 The minimum acceptable satisfaction for
k emergent failure

Tt Emergent failure readiness time

+ The desired permissible deviation for emergent

sty failure

vt The maximal permissible deviation for emergent
Ity failure

ot The maximal positive permissible deviation for
st regular failure

o= The maximal negative permissible deviation for
s regular failure

0 The minimum acceptable satisfaction for regular
f failure

APP; The appointment time for regular failure

of repaired failures in maintenance shops while minimiz-
ing the sum of repair start times of unassigned emergent
and regular failures in the maintenance shop s, which are
formulated as shown in Eqns (25) and (26), respectively.
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F CT. CT,

Maxzzpﬂ +Z Z Py (25)
f=11t=0 keEt=At;

MinZF:stfsv +25tks" (26)
f=1 keE

The objective functions are subject to the following
constraints:

(i) Repair of emergent failures shall be assigned in main-
tenance shop s', whereas the repair of regular failures
can be delayed as stated by inequality (27) and Eqn
(28), respectively.

CT,
D Py <1, Vf; (27)
t=0

CT,

Z P, =1, VkeE. (28)
t=At,

(if) At most one repair of regular or emergent failure can
be assigned at each time t. Thus, the following in-
equalities are formulated:

F

D Py <1, Vi[t<ty; (29)
f=1

F

D Py+ D B <1, Vt|t2ty (30)
f=1 keE

(iii) The repair start time of regular failure f or emergent
failure k should be less than or equal to its latest start

time. That is:
cr, cT,
stﬁ.—LSﬁ.XZPﬂ—M 1—2Pﬁ <0, Vf; (31
t=0 t=0

CT, CT,
stg —LSjex Y By =M| 1= D" By |<0,
t=At; t=At;

VkeE. (32)

(iv) Let rig denotes the readiness time of failure f. The
repairs of regular and emergent failures should not
be realized before failure f is ready (setup procedure
ended) and arrival time, At,, respectively, as expressed
in Eqns (33) and (34):

CT,

st + M 1—2Pﬂ >rtp, Vf (33)
t=0
CT,

sty + M| 1= ) Py |2 Aty, VkeE. (34)
t=At,

(v) The repairs of regular or emergent failure should end
at most at the closing time, CTy, for shop s as stated
in Eqns (35) and (36), respectively:
stfsv +Dt0tf <CT,, Vf; (35)
sty + Dtot), <CT,,, VkeE. (36)

(vi) Let gg¢ be a binary variable that denotes repairs pre-
cedence between failures fand j in maintenance shop
s', which equals one if the repair of failure f should be
repaired before failure j and zero otherwise. That is:

Eﬁsr'i‘gjfsl :1, Vf,]|f¢] (37)
Then, the precedence between the repairs of any

two regular failures in shop s' is respected as stated
in inequality (38):

stjo 2 st g +€ o X Dtot p = M(1—g ),
Vil f #j. (38)

(vii) The repair start times of the regular and unassigned
emergent failures are respectively expressed using
Eqns (39) and (40):

CT, T,
stfsv=thPﬁ+M(l—ZPﬁ), vf; (39)
t=0 t=0
CT,
st = D txBy, VkeE. (40)
t=At,

(viii) If any emergent failure k is scheduled to be repaired
after a regular failure f, then the repair of the emer-
gent failure shall be scheduled directly after finishing
the repair of the regular failure, as stated in inequal-

ity (41).
Stks' Zstfs' +Dt0tf _M(Z_Pﬂ _Pkt)’
Vf,ks\tl|let &t > At &<t (41a)

(ix) If a regular failure f is scheduled to be repaired af-
ter an emergent failure k, then the repair of failure f
shall be scheduled directly after finishing the repair
of the failure k, as follows.

st g 2 styg + Doty — M(2— Py —By),

Vf.k,s'\t,l|let&t> At &I>t. (41b)

(x) The precedence between emergent failures should be
respected. Let y;,,s be repair precedence between
any pair of emergent failures in shop s', where ¢
equals one if emergent failure k takes place before
emergent failure m and zero otherwise. Then:

St 2 St + Ygms' X Doty — M1 =% 5 )

Vk,m|k #m. (41¢)
(xi) Variables integrality is respected as given by Eqn (42):
P, ={0,1}, Vk, . (43)

2.3.2. Model III-B: maximizing satisfaction
on emergent failure repairs

This sub-model seeks maximizing the satisfaction on re-
pairs of emergent failures, which is calculated by consider-
ing the positive delay, 8;’; » which the time delay between
the time of failure repair ‘and its readiness time. Because
the smaller delay leads to better satisfaction, the proper
membership function is the smaller-the-better (STB) re-
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T
+ + S
Istyg UZstkjr St

Tk

Figure 7. Satisfaction function on emergent failure’s repair
in sub-model III-B

sponse type. Let u* (stks-) denotes the satisfaction mem-

bership function on the repair of the emergent failure, k,

associated with positive deviation, 6;'; , emergent failure
ks'

is completely satisfied when its repair’s start time falls
within the desired permissible deviation, Ul+ , of its

Stks*
readiness time. Then, the satisfaction decreases until the
maximum permitted deviation Uzzk » as demonstrated in
Eqn (44) and Figure 7. :

1, 0<8t <vuf
Sk Sk
+ _Jvut &t
H (Stks')— 25ty sty
M) Ul+ < 6"’_ < 02+
+ Stks' 5tk5v Stks'
A U
ks Sk
(44)

The decision variables are u* (Stks' ) and 6;’; . The ob-
jective function is then to maximize sum of ditisfaction
functions. Mathematically:

Maxz ut (stksv) . (45)

keE
The model parameters include minimum acceptable
satisfaction, 0, failure readiness time, rf;, the maximum

delay, UJ{S . »and repair start time, st;y. The constraints of

maximizing total satisfaction on the repair of the emer-

gent failures are as follows:

(i) The value of ut (stks-) should be at least 0, as formu-
lated in inequality (46):

(st )= 0y, VkeE. (46)

(ii) Satisfaction on emergent failure’s repair is determined
with consideration of the delay occurred in assigning
the failure’s repair after rt,, where the target is to as-
sign the failure’s repair once it is ready (setup proce-
dure ended), as given in Eqn (47):

Stpe — S;tk =1, VkeE. (47)
S

(iii) Delay value, 6:; , range is determined as follows:
ks'
+ +
0<d g < kas', VkeE. (48)

iv) The p*(st,..) is a non-linear function and hence
u ks
linearization procedure will be used. Let 7y!lst, and
y2st;s be binary variables. Then:

1, 0<8F <ot

Ylstpe = Stis' Lty , Vk € E; (49a)
0, otherwise
L, vf. <&t <ot

Y2styg = Istpe = Tstge T T2tk VkeE. (49b)
0, otherwise

(v) The pt (Stks') can be formulated as shown in Eqn
(50):

+
2sty
1 ks
fro | ———m——— X
¥ stks + _yt
Zstks- IStks'
2t — st =ut (st ), VkeE (50)
Y st STk no Sty ) €L,
where
1
Ostpo =l o+ _pt |
25[ks' IStks‘
yzszks.xf);k', VkeE. (51)
S

Because the Maximize —¢st;, equals to minimize
dstyo» then:

8T, x| ———————— [+7%sty %
ks L + v +
2st, Ist, .
ks ks
+
L
ZStks' _
q)s[ks' <
+
Loy Vit
ks' ks'
+
UzstkS,
n n , VkeE. (52)
L -V
ZStks' 1stk5v

Finally, the following constraints are formulated:

+ 2 + .
Vst XY Stk _S“ks‘ <0, VkeE; (53)
+ + 1 + 2
Sty _UIStks' XY stpe —kas' XY sty <0,
VkeE; (54)
Vit +y2st,e =1, VkeE; (55)
Vst Vostye €{0,1}, VkeE. (56)

2.3.3. Model III-C: maximizing satisfaction
on the repair of regular failures

Sub-model III-C aims at maximizing satisfaction on the
repairs of regular failures in the identified maintenance
shop s'. Because the repairs of regular failures should not
be delayed far from their appointment, APPf, then the sat-
isfaction on repairs of regular failures can be represented
by the Nominal-The-Better (NTB) function. Let 8;’; ,and

&, . denote the amount of delay (positive deviation) and
S

set forth (negative deviation) of repair appointment of
a regular failure, respectively. The highest satisfaction is
then reached when the time of repair appointment of a
regular failure remains unchanged. However, satisfaction
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will decrease until the delay U:; or the set forth is, \)S_tf >
! s

after which satisfaction will be ‘one.

Typically, larger satisfaction indicated better perfor-
mance. Thus, the objective function is formulated to maxi-
mize the total satisfaction, p(st fs')’ on repairs of regular
failures; mathematically:

MaXZH(Stfs' ) (57)
fes'
This objective is subjected to the following constraints:
(i) The satisfaction shall achieve at least minimal satisfac-
tion level, 65 on each failure’s repair; or

p(stfs‘)zef, Vfes'. (58)

(ii) Failure satisfaction is determined with consideration
to the delay occurred in failures’ appointment where
the target is to prohibit appointment changing, as ex-
pressed in Eqn (59):

gﬁ,—S;ﬁ'+6;ﬁ‘:APRP Vf es', (59)
where:

0< S;ﬁ' < u;';fs, Vfes' (60)
OSSQfS, Sos_tfsl, Vfes'. (61)

(iii) At least one of the u™ (sth. ) and pt (stfsl ) ; negative
and positive deviations, respectively, should be equal
to zero. The p~ (stfsr() and pt <Stfs‘5 functions are re-
spectively formulated as shown in Eqns (62) and (63):

St g

u_(stﬁv)zl— _fs , Vfes',
Ustfs.
where 036;]%. SU;fs'; (62)
+
St
_ﬂ [
M+(5tf5'):1—+—s Vfes',
Stfs'
where 0<8t <uvt . (63)
St o st oo
fs fs

Let ylst 5 and Y2t f be binary variables given re-
spectively by Eqns (64) and (65):

P =1
s =
£77,,

1, 0<8F <vut
st

0<38;  <vuy

fs'

', Vfess (64)
otherwise

YZSth' = £ s, Vfesh (65)
0, otherwise
Oy .,
u_(stfsv):ylstfs.x 1- _fs =
Ustfs.
1 _
Y Stfs'Xsst .
Ylstfsv— _—fs s ersv; (66)

L
Stfs'

5t
St g
+ 2 __ K
i (stfsv)—y st X 1 ot =
stfs.
Voot X85
Vst g = " ) Vfes'. (67)
v
Stfs'
However, a linearization procedure is needed. Let
b
Plst o = o XVIStfs'XSS_th,’ Vf es' (68a)
Stfs'
1
(I)zstfs-: o XYZ‘tfs'XS;tfs,’ Vfes'. (68b)
st g

Maximizing - ¢'st 5. equals to minimizing ¢'st 5,
then ¢lst g can be formulated as:

1
Lot .0 > _ x0T, —(1—vyls ), Vfes'. 69
O e R C

Similarly, ¢2st & can be written as:

1
(I)zstfsl > U+

><6"; —(1—’)/25tfsv), Vfes'. (70)
Stfs’ sfsl

Then, the M(Stfg'> is expressed as:
u(stﬁ-):u_(stﬁv)+u+ (stfs.), Vf es’ (71a)

M(Stﬁ‘)z "{lslfsv +'Y2$tfsl —d)lsffs' _¢25tﬁ"

Vfes' (71b)
(iv) Further, the following constraints are imposed:

6;}({ _U;ﬁ' xylst g <0, Vf es’ (71)

S:Zﬁ' —Uj;fSI X"{Zstfsv <0, Vfess (72)

'ylstfsl +V25tfs' =1, Vfes| (73)

"{lstfsv, ’sttfsv G{O,l}, Vfes'. (74)

3. Application of the proposed
optimization procedure

The optimization models were applied on a real case study
for a maintenance department, which consists of six main-
tenance shops. The maintenance department consists of
four active maintenance shops; s = 1, ..., 4; where 23 regu-
lar failures (f = f}, ..., f,3) were already scheduled to these
four shops. Assuming that at 9:00 am on the schedule date,
twenty emergent failures (k =k, ..., k,y) have been occurred.
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3.1. Case I: scheduling and sequencing of emergent
failure repairs in idle maintenance shops

Firstly, Model I will be used to schedule and sequence the
emergent failures in the idle maintenance shops (shops
5 and 6). The input data for model I are summarized in
Table 2. The relevant data for the emergent failures are
represented in Table 3.

Table 2. Parameters of Model I

Input Value
Disruption time (#;) 9:00 am (1 hr)
Number of emergent failures (K) 20
Newly opened shops (S) 2
Number of technician crew (W) 2
Short repair duration 0.25 hrs
Daily working time for technician crew (G,,) 8 hrs
Opening duration for each shop (R,) 8 hrs

Table 3. Parameters of emergent failures

A. Al-Refaie et al. Proposed procedure for optimal maintenance scheduling under emergent failures

Model I was solving to schedule and sequence the re-
pairs of the twenty emergent failures in the idle maintenance
shops 5 and 6 as illustrated in Table 4. However, repairs of
the emergent failures k,, kg, kg, k;¢, k15 and k; 5 remain un-
assigned. Next, the sequencing of the 14 scheduled emer-
gent failures is conducted as shown in Table 5 and Figure 8.

3.2. Case II: repair of unscheduled emergent
failures in the untapped ranges between
repairs of regular failures

Model II will be utilized to assign the repairs of failures k,,
ke, kg, ky0> k13 and k; 5 in the untapped ranges between the
repairs of regular failures. General inputs of model II are
listed in Table 6, where 23 repairs of regular failures have
already been scheduled in operating maintenance shops
one to four. The pre-established repair assignment of these
regular failures on the day of emergent failure is shown
in Table 7. The untapped ranges are calculated and then
depicted in Figure 9.

Table 4. Repair assignment matrix in the idle
maintenance shops

Failure AT, Dtot, | Failure AT} Dtot;,
(k) (hrs) (hrs) (k) (hrs) (hrs) Shop 5 Shop 6
k, 3.00 2.70 ky, 2.00 1.10 Failure k Brs YVis Failure k Bre Yie
k, 1.60 1.00 ki 1.95 1.10 k, 1 1 ki, 1 1
ks 1.95 1.00 ks 1.85 1.10 ky 1 0 kiy 1 1
ks 1.00 | 030 kia 1.50 0.70 ks 1 1 ki3 1 0
ks 130 | 0.50 kis 210 | 120 ky ! ! kig ! 1
ke 1.70 0.80 kg 2.30 1.45 ks ! 1 ks ! 0
ke 1 0 kye 1 1
k, 1.50 1.00 ky; 1.60 0.85 k n n s N n
kg 1.90 1.10 ks 1.40 1.00 ks ! 0 Fis . ]
ke 2.00 1.50 ki 130 0.50 k, I 1 ko ] ]
k1o 1.75 1.00 ks 1.00 0.30 ko 1 0 Ky 1 1
Table 5. Sequence of emergent failure repairs in the idle maintenance shops
Shop 5 Shop 6
Failures k | Repair start time (st;5) | Repair finish time (ff;5) | Failures k | Repair start time (st;) | Repair finish time (ff;4)
k, 1.00 1.30 ko 1.00 1.30
ks 1.30 1.80 Ky 1.30 1.80
k, 1.80 2.80 ks 1.80 2.80
ks 2.80 3.80 ki 2.80 3.50
ko 3.80 5.30 ky, 3.50 435
k, 5.30 8.00 ky 435 5.45
ki, 5.45 6.55
ke 6.55 8.00
Times(hrs) [0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9
: Day of unexpected event
Shop 5 !k4| k| & | K ko | k |
I
Shop 6 |k20| kg | kyg | kyy | k7 | ki | kyy kyg |
|
f

Figure 8. Sequencing the scheduled emergent failures in shop 5 and shop 6
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Table 6. Parameters of Model I
Input Value
The number of active maintenance shops (S) 4
The number of scheduled regular failures on day of emergency event (F) 23
The number of emergent failures to be assigned (E) 6
Disruption time (#;) 9:00 am (1 hr)
Table 7. The pre-established repairs schedule of regular failures on the day of emergency event
Shop 1 Shop 2 Shop 3 Shop 4
Failure (f) sty Dtot; | Failure (f) sty Dtoty | Failure (f) st Dtot; | Failure (f) sty Doty
fi 0.0 1.0 f 0.0 1.0 fia 0.0 0.5 fio 0.0 1.0
f 2.5 0.5 £ 2.0 0.5 fis 0.5 1.4 Fo 1.5 1.5
1, 3.0 0.9 f 3.5 0.5 fia 1.9 1.1 for 40 1.0
1, 3.9 2.1 % 4.0 2.0 fis 45 1.1 f 6.5 0.5
fs 6.5 1.5 f1o 7.0 0.3 fis 5.6 0.9 o3 7.0 1.0
- - - fir 7.3 0.7 fir 6.5 0.5 - - -
- - - - - - fis 7.0 1.0 - - -
Table 8. Free margin calculations
Shop (s) Failure (f) Drot; LSy LSy, + Dtoty LF EFj Ag,
h 1.00 7.00 8.00 0.00 1.00 0.00
kg 1.10 6.90 8.00 1.00 2.00 0.50
f 0.50 7.50 8.00 2.50 3.00 0.00
Shop 1 f 0.90 7.10 8.00 3.00 3.90 0.00
fa 2.10 5.90 8.00 3.90 6.00 0.50
fs 1.50 6.50 8.00 6.50 8.00 0.00
Ag,_ 1.00
fs 1.00 7.00 8.00 0.00 1.00 1.00
I 0.50 7.50 8.00 2.00 2.50 0.00
k1o 1.00 7.00 8.00 2.50 3.50 0.00
fs 0.50 7.50 8.00 3.50 4.00 0.00
Shop 2 fo 2.00 6.00 8.00 4.00 6.00 0.00
k, 1.00 7.00 8.00 6.00 7.00 0.00
fio 0.30 7.70 8.00 7.00 7.30 0.00
i 0.70 7.30 8.00 7.30 8.00 0.00
Agy_ 1.00
fiz 0.50 7.50 8.00 0.00 0.50 0.00
fis 1.40 6.60 8.00 0.50 1.90 0.00
fia 1.10 6.90 8.00 1.90 3.00 0.00
kis 1.20 6.80 8.00 3.00 4.20 0.30
Shop 3 fis 1.10 6.90 8.00 450 5.60 0.00
fre 0.90 7.10 8.00 5.60 6.50 0.00
fir 0.50 7.50 8.00 6.50 7.00 0.00
fris 1.00 7.00 8.00 7.00 8.00 0.00
Ags_ 0.30
frio 1.00 7.00 8.00 0.00 1.00 0.50
bo 1.50 6.50 8.00 1.50 3.00 0.00
ke 0.80 7.20 8.00 3.00 3.80 0.20
Shop 4 fa 1.00 7.00 8.00 4.00 5.00 1.50
fa 0.50 7.50 8.00 6.50 7.00 0.00
3 1.00 7.00 8.00 7.00 8.00 0.00
Ag,- 220
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After solving Model I, 5 out of 6 the remaining repairs
of emergent failures are scheduled in the untapped ranges
between regular failures as shown in Figure 10.

However, failure k; is still not assigned because its re-
pair time is larger than the sum of all untapped ranges. Thus,
Model III will be used in sequence emergent failure k5 in
the active maintenance shop of the largest free margin. As
shown in Table 8, the largest free margin corresponds to
shop 4.the general inputs for Model III are displayed in
Table 9 and the precedence of regular failures, &, and the
readiness times are shown in Table 10. Moreover, Model
III maximizes the satisfactions of the regular failures.

A. Al-Refaie et al. Proposed procedure for optimal maintenance scheduling under emergent failures

Note that shop 4 has the highest free margin, which
is larger than the repair durations for the remaining un-
scheduled emergent failure. In order to insert the repair
of emergent failure k3 in shop 4, the six scheduled repairs
of the regular failures including one inserted emergent
failure will be re-sequenced. After solving Model III, the
resulted repairs’ sequencing in shop 4 are shown in Fig-
ure 11. The obtained start times are presented in Table 11.
Finally, utilization values for the six maintenance shops
before and after adopting the optimization models are pre-
sented in Table 12 and Figure 12.

Times (hrs) (O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9
T
i Day of unexpected event
|
sopr| £ | w [ A[ A fi | fs |
!
|
shop2 | f | w2 [ f£] v [A] fo | v [h] fu]
!
|
shop3 | fu | 1A | A | s ] fs | fs [ ] fs |
T
!
Shop 4 fio | U6 | S0 | u7 3 | U8 | 2! | )3 |
I
|
b
U1(1,2,1)=1.5 U2(6,7,2)=1 U3(7,8,2)=1 U4(9,10,2) =1
U5 (14,15,3)=1.5 U6(19,20,4)=0.5 U7(20,21,4)=1 U8 (21,22,4)=15

Figure 9. Untapped ranges between the pre-established regular failures schedules

Times (hrs) |0 0.5 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9
1 Day of unexpected event
|
sopt | i | Kk [ ]A] 5 fi | fs |
i
|
shop2 | fi | [ A£] ko | £] f | &[] fu]
|
|
Shop 3 f12| L fi3 | fua | kys | | fis | fis |f17| fis |
T
i
shopa | fio | | A [ ke || A | [ ] £ |
I
|
b
p (k2 fo fi 2) = 1 p (ks f1, o 1) = 1 p (ks fis fi5,3) = 1
p (ke o0 fors D) =1 p(kio fof5r2) =1

Figure 10. Emergent failures assignment

Table 9. General inputs for Model III

Table 10. The precedence between regular failures in shop 4

Closing time, CT; 8 hrs The precedence between regular
Tt 4 hrs Failure (f) failures in shop 4 The. readiness
T time, rtf
UlStks' 5 hrs fio | fao | fur | fr2 | So3
+
v 2y 7 hrs fio 0 1 1 1 1 0
O 90% fa0 0 0 1 1 1 0.6
U; I3 2 hrs f21 0 0 0 1 1 2
+
Vgt e 2 hrs f 0 0 0 0 1 5
0y 75% fr3 0 0 0 0 0 5.5
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Table 11. The failure repairs’ new start times and satisfactions
Failure (f) | Appointment time, APPf repair start time, st | repair finish time, ftfsv 3y 5 5;‘; s 6';]“, u- (st fs') pt (Stks )
fro 0 0 1 0 0 - 100% -
Fro 15 1 25 05 | 0 - 75% -
kg 3 2.5 33 0.5 0 - 75% -
for 4 3.5 45 05 | 0 - 75% -
ki3 - 4.5 6.5 - - 0.5 - 100%
f 6.5 6.5 7 0 - 100% -
fos 7 7 - 100% -
Table 12. Number of assigned failures and utilization of the shops
Before After
Shop s
Number of assigned failures Utilization Number of assigned failures Utilization
Shop 1 5 75% 6 89%
Shop 2 6 55% 8 80%
Shop 3 7 81% 8 96%
Shop 4 5 63% 7 86%
Shop 5 - - 6 88%
Shop 6 - - 8 88%
Times(hrs) |0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9
T
i Day of unexpected event
|
shopt | A |k [ [A] 5 fi | f |
1
Shop 2 fs | | fr | kio | fs | fo | ky |f10| fn |
!
Shop3 | fin | i fis | fua | kis | | fis | fis | fiz | fis |
|
Shop 4 fio | fo | ke | | I ki3 I ) | f3 |
I
|
t
Figure 11. The obtained repairs sequence by using Model III
100% and sequence 20 emergent failures and pre-sequenced 23
80% regular failures in six maintenance shops in a real case
study. The results revealed that the proposed models ef-
60% . . :
fectively scheduled and sequenced emergent failures while
40% maximizing satisfaction on the repairs of emergent and
20% regular failures and enhanced the utilization of mainte-
oo nance shops, which saves significant maintenance and
Shop1  Shop2  Shop3  Shop4  Shop5  Shop6 production costs. In conclusion, the proposed optimiza-
—o— Before After tion procedure is found valuable in maintenance planning

Figure 12. Utilization of the shops before and after
using the model

Conclusions

This research proposed three models for optimal schedul-
ing and sequencing repairs of emergent and regular fail-
ures in maintenance shops under the occurrence of unex-
pected events. The models were implemented on schedule

activities and can be utilized for maintenance scheduling
and sequencing repair of emergent failure in a wide range
of business applications.
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