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Abstract—This study considers the problem of determining AMONg various decision problems in preventive meaint

operation and maintenance schedules for a consiipeequipped
with components during its sailing according tora-getermined
navigation schedule. The operation schedule, whpdtifies work
time of each component, determines the due-dagadi mainten-
ance activity, and the maintenance schedule spsdtie actual start
time of each maintenance activity. The main coisfsaare com-
ponent requirements, workforce availability, workitime limita-
tion, and inter-maintenance time. To representptioblem mathe-
matically, a mixed integer programming model iseleped. Then,
due to the problem complexity, we suggest a hearist the ob-
jective of minimizing the sum of earliness and aeds between the
due-date and the starting time of each maintenanteity. Com-
putational experiments were done on various tesaintes and the
results are reported.

ance, we focus on the scheduling problem. The proli$ to
allocate resources over time to perform a set oht@aance
activities while considering system-specific requients
such as component operation schedule, availabl&farce,

working time limitation, etc. More specifically, ehmain
decisions are the due-date and the actual stagt diveach
maintenance activity. The due-date of a maintenantieity,

determined from the operation schedule of the spoading
component within a system, is the time at which riegn-

tenance activity is to be started. Also, the diare of each
maintenance activity, together with its duratioetetmines
the shutdown time of the associated component. ,Hbee
shutdown time, especially important in electric gowor

Keywords—Containerships, operation and preventive mainchemical plants, is the time over which the asdedi@om-

tenance schedules, integer programming, heuristic

|. INTRODUCTION

AINTENANCE is one of functional and operational

activities to ensure operational consistency, igficy

and productivity of a system. In general, mainteeais de-
fined as the work performed to keep a system irdgmmdi-
tion and working order. The primary goal of mairgece is to
avoid or mitigate the consequences of failures hadce
provide economical and reliable operation of aesyst

There are two basic types of maintenance [1]: ctise
maintenance and preventive maintenance. Of thetypes,
preventive maintenance is the work, including testa-
surement, adjustment and part replacement, perfbispe-
cifically to prevent failures from occurring. It the activity
performed by maintenance workers for the purposeaih-
taining a system in a reliable condition by prommglisyste-
matic inspection, detection, and correction of pient fail-
ures before they occur or they develop into magects. In
general, preventive maintenance policies can bssified
into the planned maintenance in which the mainte@an
preplanned and the condition-based maintenancehichw
maintenance is done when one or more indicatons $iat a
system is going to fail or its performance is detaiting.
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ponents are stopped. During the shutdown time,nibe-
tenance activities, such as inspection, repait, desl part
replacement, are performed.

The previous studies on preventive maintenancedsthe
ing can be classified into major application aréas. power
plants, Satoh and Nara [2] suggest a simulated adinge
algorithm that determines the maintenance schedelestart
time of each maintenance activity and generatgouuor a
power generator unit while satisfying the limitedriforce
and the anticipated power demands for the objecifveni-
nimizing the sum of electric production and maiatece
costs. Dahal and Chakpitak [3] suggest meta-hésgishat
determine the maintenance schedule of a power gemer
unit under the reliability measure of minimizingeteum of
squares of the reserve generation, and AlardhiLahib [4]
develop an integer programming model for generatiod
desalination units in a cogeneration plant thategates
electric power and produces fresh water by desgpltiea
water at the same time. Transportation facilitiesaasuch as
railways, ships and airplanes, are another apitadrea.
Higgins [5] report an improvement over the convemdl
manual method by suggesting a tabu search algofahthe
maintenance and crew scheduling problem in a railingck
for the objective of minimizing the disruption todafrom
scheduled trains and the completion times of maaree

activities. Budaiet al [6] suggest heuristic algorithms that

determine the schedules of routine (cyclic) andjgmto
(non-cyclic) maintenance activities in railway maimance
for the objective of minimizing the sum of trackggession
and maintenance costs. Also, Joo [7] consider ithiel@m for
a modularly designed engine installed in advaneetfiners

407



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN:

Vol:6,

with limited spare modules, and suggest a dynam@ p

gramming algorithm that minimizes the total oppoity
costs associated with premature maintenance. Beabk[8]
consider the problem of determining the scheduleysfic
maintenance activities of a battleship in a squados the
objective of maximizing the availability of ship emtion
under time window and resource constraints, angjestga
genetic algorithm after formulating it as a consiraatis-
faction problem.

This study considers the preventive maintenancedsdh
ing problem for containerships, called the contahip
maintenance scheduling problem (C-MSP) in this paplee
problem is to determine operation and maintenacicedules
at the same time for components of a containehijng its
sailing from a start to a destination port. Hehe tperation
schedule specifies the working times of componantsthe
maintenance schedule specifies the start time i ezain-
tenance activity. The two schedules have a cldaéigeship
in that the operation schedule specifies the due-dieach
maintenance activity, i.e., the time at which tloerespond-
ing maintenance activity is to be started. To cuoith the
just-in-time maintenance management, this studysidens
the objective of minimizing the sum of deviationstween
the due-dates and the start times of maintenarstias, i.e.,
total earliness and tardiness.

To the best of authors’ knowledge, there is no iprev
study on ship maintenance scheduling while a sails ac-
cording to a navigation schedule, i.e., sequeng®ds to be
visited. For example, Derist al. [8] consider a ship main-
tenance scheduling problem while the ship is iroekgard,
i.e., maintenance activities of a ship are camigtdonly when
itis in dockyard. Unlike this, we consider the lplem while a
ship is on a voyage. Also, compared with other tesiance
scheduling for plants and railways, the C-MSP aber&d in
this study has containership-specific consideratioe.g.,
navigation schedule, component operation scheamnéen-
tenance activity types, working time limitation, skforce
availability, inter-maintenance time constraint. et

To represent the problem mathematically, a mixéegier
programming model is suggested that incorporatesctim-
tainership-specific constraints. Then, due to traglexity of
the problem, we suggest a heuristic that determopesation
and maintenance schedules at the same time. Thisticeu
suggested in this study consists of two main phases-
structing an initial solution and improvement. Tiow the
performance of the heuristic, computational experita
were done on various test instances and the reatédtse-
ported.

This paper is organized as follows. In the nextisacthe
problem is described in more details and the cpomeding
mixed integer programming model is suggested. Sec3i
presents the heuristic algorithm, and the resultsamputa-
tional tests are reported in Section 4. FinallyGt®a 5 con-
cludes the paper with a summary and discussiorutofd
research.

2517-9950
No:2, 2012

Il. PROBLEM DESCRIPTION

To clarify the suggested problem, we first expldie
characteristics of containerships, i.e., componefta con-
tainership and two maintenance types. Then, weaexphe
problem in more details with a mathematical model.

A containership has parallel and identical compdsien
e.g., four generator engines, two fuel oil pursietwo lu-
bricating purifiers, three air compressors, etailbya sailing,
some of parallel components are operated accotdirte
operation schedule that specifies their workingeSmAlso,
the maintenance activities of a containership, qraréd
during its sailing, can be classified into two loatsipes: (a)
routine maintenance activities; and (b) operatevel
maintenance activities. A routine activity, such sisiple
inspection and repair, is cyclic and deterministie, while
operation-level activity, such as replacement pa#, is the
one performed when the cumulative usage time resaehe
pre-determined value. For example, an inspectioa oém
shaft within the generator engine is a routine tegiance
activity while a replacement of a piston ring wittthe main
propulsion engine is an operation-level maintenautivity.

The problem considered here can be briefly destdrize

follows: for a given planning horizon, the problem is to de-

termine operation and maintenance schedules forpoem
nents within a containership while satisfying comgat
requirements and containership-specific constraiiotsthe
objective of minimizing the total earliness andliaess Here,
the earliness (tardiness) for a maintenance agtitcurs
when its start time is less (greater) than its da. In gen-
eral, the concept of earliness and tardiness ermdrgm the
just-in time production and hence the objective spas
timely maintenance. In the practical aspect, thdiness
reduces the level of worker satisfaction and thelin@ss
increases the probability of component breakdowns.

It is assumed that the planning horizon, determimgthe
navigation schedule, consists of discrete pericdg,, 1
month (planning horizon) with 30 days (periods)r Each
maintenance activity, the due-date, i.e., the jgedbwhich
the activity is to be started, is determined by ¢beponent
operation schedule. Also, the start time, i.e., fleeiod at
which the maintenance activity will be actuallyregd, is
determined by the maintenance schedule. Theretoeewo
decision variables, operation and maintenance sitb®dare
closely interrelated. Recall that the due-date aifheopera-
tion-level maintenance activity of a componentasedmined
by the number of periods for which the componertbibe
operated, i.e., cumulative usage time.

The C-MSP considered in this study has four comgta
(a) component requirements; (b) workforce availghikc)
working time limitation; and (d) inter-maintenandene
constraint. First, the component requirements é&@heype in
a period imply the number of components that mesojer-
ated in that period. In general, the componentirements
are obtained from the basic load condition thatigs the
smallest component requirements for normal operatioa
containership. Therefore, a containership cannaifgszated

408



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:6, No:2, 2012

properly unless this constraint is satisfied. FEaaraple, one
of parallel components must be operated duringnsadand
all components must be operated for safety wheontam-
ership enters or leaves a port. Second, the war&favail-
ability implies the restriction on the number ofadable
workers in each period. Note that a maintenandeigcmay
be done by one or more workers. Third, the workinge
limit implies the upper limit on the working time ieach
period. Finally, the inter-maintenance time corigtramplies
that the interval between two consecutive actisitieust be
large than or equal to a pre-specified number dgbps.

It is assumed that there is no change in the gasiamedule
of a containership. Also, the duration of each rneaiance
activity is deterministic and given in advance. iles these,
other assumptions made are summarized as foll@aysach
worker can perform at most one maintenance actiaity
time; (b) maintenance activities are non-preemptiee, once
an activity is started, it will stay without inteition until its
completion; (c) usage times of components are ohibéstic
and given in advance; and (d) inter-maintenance tifreach
maintenance activity is deterministic and givemadvance.

To represent the problem more clearly, a mixedgerte
programming model is suggested in this study. Refme-
senting the model, the notations used are sumnaabe®w.

Indices

m component typesn=1, 2,3, ..M

i components,=1, 2,3, ..In

a maintenance activitiea,J A, whereA = A’ O A" (A andA”
denote the sets of routine and operation-level teaance
activities, respectively.)

d period (day unitd =1, 2, ...D

k period (hour unit)k = 1, 2, 3, ...K, whereK = D[R (R de-
notes the number of working hours per day.)

q frequency of maintenance activity, = 1, 2, 3, ...FRnyi,
where FRya denotes the number of activities of tyaeon
component of typem during the planning horizon

Parameters

OPnk requirement of component typein periodk

TOhi total usage time of componentf typem over the planning
horizon, which can be obtained from component regoént
OPrg

DUmia duration of maintenance activigyon componenitof typem

Chia number of inter-maintenance periods for maintenautiv-
ity a on component of typem (Cpia 2 Vimia, WhereVn,, de-
notes the minimum number of inter-maintenance gerfor
maintenance activitg on componernitof typem)

Ghia number of elapsed periods for maintenance act@ityn
component of typem at the beginning of the planning ho-
rizon

WFnia number of workers needed to perform actitgn compo-
nenti of typem

WT working hour in a day

WF available workforce

Decision variables

Kik = 1 if component of type m operates in perio#t, and 0
otherwise
DDmiagk = 1 if due-date ofth maintenance activity on componeni

of typemis fixed in periock, and O otherwise

Shiiagk = 1 if gth maintenance activitg on component of typem

starts in period, and 0 otherwise
= 1 if gth maintenance activity on componenitof typemis
performed in period#t, and O otherwise

Ymiaqk

Now, the mixed integer programming model is givena b
low.

M Im FRmia
[P] Minimize 3> > > (Emiag* Tmiag)

m=li=1allA g=1

subject to
Im
> Xmik = OBk for allm andk (1)
i=1
K
> Xmik = TOmi for allm andi (2
k=1
K
Z Xmik 2 (Cmia Loy _Gmia) EIDDmiad('
k=1
forallm,i,adA", q, andk' ?3)
K
> Xmik < TOmi ~[TOmi = (Cria [ ~ Gnia)] (DDpiage
k=1
forallm,i,adA", q, andk (4)
Xmik 2 DDpiaqx  for allm, i, a0 A", g, andk (5)
(Cria 0= Gmia) [DDpjage < k'
forallm,i,adA, g, andk (6)
[K = (Crnia A~ Gmia)] [DDpjage < K =K'
forallm,i,adA, g, andk @)
K
2. DDpiagk =1 for allm, i, a andq (8)
k=1
K
2. Smiagk =1 for allm, i, a andq (9)
k=1

K K
Z I([Smiaqk + Emiaq _Tmiaq = Zk |:DDmiaqk
k=1 k=1

for allm, i, aandq (10)
K K
2 (K*+Viia) BBiagk S 2., KBmia(geak
k=1 k=1
for allm, i, aandq (11)
Xmik + YmiagesS1  forallm,i, a, gandk (12)
Xmik + Smiagks1  forallm,i, a, gandk (13)
K
1-kK'+(d-DR+ Z(l_ Smiaql)
k(R
1-Yipiag = d —1?(y[|R+1sk’s(d —1) (R+DUpia
1-DUpjg + ZCL— Smiaql)
k=1+K—DUmija

(d-)R+DUyjat1s K< dR

for allm, i, a, gandd (14)
dR-DU mia+L
2. Smiagks1l forallm,i, a,qandd (15)
k=(d-DR+L
dR
2. Smiagk=0 forallm, i, aandq (16)
k= dR-DUmig+2

409



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN:

2517-9950

Vol:6, No:2, 2012

M Im FRmia

ZZ Z ZWFmia |:Ymiaqk sWF
m=li=1lallA g=1

for allk a7

MIm  FRpa dR

z Z z ZWFmia DYmiaqk <WT for alld (18)
m=li=1alA q=1 k=(d-DR+l

Xmik £{01} for allm, i andk (29)

Ymiagks Smiagks PDmiagk 0{01} for allm,i, a, gandk (20)

for allm, i, aandq

Emiaqumiaq 20 (21)

The objective function, together with constrain®),1mi-
nimizes the total earliness and tardiness. Comstrél) and
(2) ensure that both component requirements aadl isage
times be satisfied. Constraints (3), (4) and (%c#p the
due-date of each operation-level maintenance agtive.,a
0 A'. More specifically, constraints (3) and (4) spgdlie
possible periods that the due-date is set fronfitseto the
last period and from the last to the first pericekpectively.
Also, we can specify the specific due-date withstaaints (5)
and (8). Here, constraint (8) ensures that onlycreedate is
assigned to each maintenance activity. Similaystraints
(6) and (7) specify the due-date of each routingviac
Constraint (9) ensures that one start period igmasd to each
maintenance activity. Constraint (10) specifiedieass and
tardiness of each maintenance activity, and canst(al)
ensures that the inter-maintenance periods between
consecutive activities be satisfied. Constrain®) @nd (13)

A. Constructing an initial solution

In this phase, an initial solution is obtained byet main
steps: (a) generating the component operation stde(b)
assigning the due-date of each maintenance agtauity (c)
determining the start time of each maintenanceiagti

The component operation schedug,) is generated ac-
cording to component requireme®,,,cand total usage time
TOmi. Two cases, single and parallel components foh eac
component type, are considered in this step. Inctee of
single component, its operation schedule is fixeds com-
ponent requirements, i.&mik = OPy. On the other hand, in
the case of parallel components, the operationdsdeg are
generated randomly while satisfying their componesit
quirements and total usage time, i.e., constréintand (2).

The due-date of each maintenance acti{itimiaqy is as-
signed differently according to the maintenancesypn the
case of operation-level activities, their due-daaes deter-
mined according to cumulative usage times. Morecifipe
cally, they are determined among those obtained:diy
straints (3), (4) and (5) that specify the possitéeiods to
which the due-dates of operation-level activities de as-
signed. Similarly, the due-dates of routine adegitare de-
termined using constraints (6) and (7) are satisfie

The start time of each maintenance acti@yiaqy iS de-
termined as follows. First, the maintenance adgisitare
sorted using a priority rule. Here, the activitae sorted in
the non-decreasing order of frequency indéx the identical
maintenance activity. For this purpose, the follogvihree
priority rules are suggested in this study.

ensure that no component works when the correspgndi

maintenance activity is done. Constraint (14) eesuhat a
maintenance activity is done by the amount of iisation
without interruption on daily basis. Also, consiitai (15) and
(16) specify the range of period in which each reiance
activity can be started. Constraints (17) and (@Bjesent the
workforce and the working time limitations, respeely.
Finally, the remaining constraints represent thed@dns of
the decision variables.

The optimal solutions can be obtained by solving th

model [P] using a commercial software package. Hewat
is not practical due to excessive computation timéact, we
can easily see that the problem [P] is NP-hardesintontains
the well-known knapsack constraints, i.e., the viande and
the working time constraints.

IIl. SOLUTION ALGORITHM

The solution algorithm suggested in this study iaof
two phases: (a) constructing an initial solutiongd gb) im-
provement. In the construction phase, the due-datach
maintenance activity is assigned to a certain peaéier
fixing the component operation schedule and thenstiart
time of each maintenance activity is determinethasiearest
period from its due-date while considering the valg con-
straints. In the improvement phase, the initialugoh is
improved by changing due-dates of maintenance itiety
i.e., changing component operation schedules.

DU higher priority given to the activity with lagg duration

WF higher priority given to the activity with laegnumber of
required workers
DW  higher priority given to the activity with iger one

among those obtained by multiplying duration and
number of workers

Second, the start time of each maintenance aciwite-
termined according to the sorted list. This is ddifferently
according to component types: single and paralete that
the start times of the activities associated witfyle com-
ponents are determined first, and then those agedcivith
parallel components are determined. The detailethod is
explained below.

In the case of single component, the start tineeido the
period that gives the smallest earliness or tasdinehile
satisfying the relevant constraints, i.e.,

arg min ﬁ K (DD miagk — K,

KO SPmiaq [k=1
where SRyiaq is the set of periods that tlygh maintenance
activity a on component of type m can be started while
satisfying the constraints (11), (14), (15), (X&)), and (18).
If SRyiaq = 0, the start time of the directly precedirgg{(1)th
activity is set to the period that gives the secenthllest
earliness or tardiness and then the start timeegjth activity
is set. This is done repeatedly until feasibletsiares are

(22)
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determined. Ties are broken arbitrarily. As in thiegle
components, the start time of each parallel compiiseset to
the period that gives the smallest earliness odirass.
However, the operation schedule of the parallel maments
must be changed when the start time does not ysatisf
constraints (12), (13) and (14), i.e., no compon®otks
when the corresponding maintenance activity is dame a
maintenance activity is done by the amount of itsaton

quirements and total usage times, i.e., constréi)ts
and (2).

Step 2. (Assign the due-date of each maintenance activity)

For each maintenance activity, do:

(a) If the current activity is operation-level, assigs
due-date by those specified by constraints (3)afd)
(5). Otherwise go to Step 2(b).

(b) Assign its due-date by those specified by congsain
(6) and (7).

without interruption. In other words, if a compoheperates Step 3. (Determine the start time of each maintenanceiggtiv

during the maintenance activity, i.& = 1 for some andk

such thaBiaqr< K< Sniagk+ DUmia— 1, the operation schedule

of the corresponding parallel components is changeitithe
start time satisfies the constraints. More formaly new

component’ (% i) of the same type is selected that satisfy the

following condition (from the smallest to the lasgiégndexed
one)

FR mia
Xmik = 0and > > Yyiag =0 (C1)
aldA =1

which ensure that no operation and maintenanceitéesi be
done on the new compondhin the current periot. Then,
for the selected componeiit the new periok is selected
(from the smallest to the largest indexed onelichsa way
that the following conditions hold.

FRmia
X mik' = Oand Z zYmiaqk‘ =0 (C2)
aldA g=1
Xmie =1 (C3)
S‘niaqk"’ DUmiaS k<K, (C4)

Here, condition (C2) ensures that no operation raadh-
tenance activities are done on comporieint periodk’, and
conditions (C3) and (C4) specify the set of possibew
periods. If the set of possible periods is empiygther new
periodk is selected (from the smallest to the largestxade
one) that satisfies (C1), (C2), (C3) and k' < Spiagx— 1 for

the selected componeiit For the current and the selected

components andi’ in the current and the new periddandk’,
their operation schedules are changed as follows.

Xmik =0, Xmik =1, Xpike = 1@ndX iy =0

Then, the start time of the current activity isetetined using
the method explained earlier. Here, the due-ddtéseoop-
eration-level activities for the other componentshe same
type are re-assigned those specified by constr@ht$4) and
(5) since their operation schedules have been euhng

Now, the detailed procedure for the constructioagghis
given below.
Phase I(Constructing an initial solution)
Step 1. (Generate the component operation schedule)
For each component type, do:
(a) Ifitis a single component, set its operation sithe to

its component requirements. Otherwise, go to Stef

1(b).

(b) Generate the operation schedule of parallel compdimes Griagd fixed in phase 1 are not changed. Two cases,

Step 3.1Sort maintenance activities with a priority ruleeg are
broken with the increasing order of frequency index
Step 3.2From the first to the last activity in the sortést,|do:
(a) If the activity is on a single component, do:

(a-1) Specify the s&Ry,q Of periods that the activity
can be started while satisfying the constraints
(11), (14), (15), (16), (17) and (18) except fa th
perio ds considered previously.

(a-2) If SRyiaq# O, set its start time to the period that
gives the smallest earliness or tardiness from its
due-date, i.e., condition (22). Otherwise, et
g- 1 and go to Step 3.2(a-1).

(b) Otherwise (parallel components), do:

(b-1) Specify the se8Ryaq Of periods that the activity
can be started while satisfying the constraints
(11), (15), (16), (17) and (18) except for the pe-
riods considered previously.

(b-2) If SRyiaq# O, set its start time to the period that
gives the smallest earliness or tardiness from its
due-date. Otherwise, sgt g — 1 and go to Step
3.2(b-1).

(b-3) If the start time of the current activity doeot
satisfy constraints (12), (13) and (14), i.e., the
component operates during the maintenance ac-
tivity, select a new componeaf the same type
and the new period and change the operation
schedules of the current and the selected com-
ponents in the current and the new periods using
the method explained earlier. Then, set its start
time as in Step 3.2(b-2). After reassigning the
due-dates of the operation-level activities for the
other components of the same type randomly
among those specified by constraints (3), (4) and
(5), go to Step 3.2(b-1).

B. Improvement
In this phase, the initial solution is improved ¢hanging

the component operation schedule of operation-lewah-
tenance activities on parallel components whildartiseart
times and due-date are remained unchanged.

First, the operation-level maintenance activities sorted
using the method explained in Step 3.1 of Phase.|,sort
maintenance activities using a priority rule (DUF\&F DW),
with breaking ties in the increasing order of fregay index.

Second, according to the sorted list, the operasicme-
dules of the parallel components associated withctirrent

ctivity are changed in such a way that the devidbetween
he start time and the due-date is reduced. Naitetlte start

nents randomly so as to satisfy their component réardy and early maintenance activities, are comsdle this
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step. If the current activity is tardy, i.&yiagk > DDmiagi the
operation schedules of the component associateu tivé
current activity and another component of the stype are
changed if it gives an improved solution. More fatiy, the

IV. COMPUTATIONAL EXPERIMENTS

To show the performance of the heuristic suggeistéhis
study, computational experiments were carried ot the
results are reported in this section. Note thatested three

current periock is selected (from the smallest to the largesieyristics according to the three priority ruleattsort the

indexed one) such that

Xmik = landl< k < DD miagk (C5)

i.e., component operates in the current peri@defore the
due-date of the current activity. Then, a new congmbi’ (#
i) of the same type is selected (from the smalteie largest
indexed one) that satisfy the following condition

FRmia
Xmi = Oand 3 ZYmi'aqk =0, (C6)
allA qg=1

which means that no operation and maintenanceitesiare
done on the new componeéhtn the current perio#t and the

maintenance activities. The heuristics were code@,iand
tests were carried out on a personal computer lmigd i5
processor operating at 2.80 GHz clock speed.

For the test, we generated 80 small sized instaneesl0
instances for each of eight combinations of twoelsvof
workforce capacity (tight with 8 workers and loosigh 10
workers), two levels of the number of periods @4days with
8 hours/day and 30: 3 days with 10 hours/day) adévels
of component types (3 and 4). The number of idahtic
components for each component type was generated fr
DU(1, 3), whereDU(a, b) denotes the discrete uniform dis-

new periodk is selected (from the smallest to the largedf'Pution with range 4, bj. The component requirements in

indexed one) that satisfy the following conditions.
FR mia

X ik = Oand 3 > Ymiagk * = 0 (C7)
adA g=1
Xmik' = 1and DD pjaqe < K's K (C8)

Here, conditions (C7) and (C8) imply that no operaand
maintenance activities are done on the current oot in

each period of the planning horizo®R,,) were generated
randomly using the basic load condition. Also, tikenber of
maintenance activities for each componéhtw@s generate
DU(1, 4). For instances with 24 periods, the duratiod,,;,),
the inter-maintenance timeCy;,), the number of required
workers (WF,,2), the elapsed number of perio@, ;) and the
minimum inter-maintenance tim#4;,) of each maintenance
activity were generated fromU(1, 3),DU(7, 16),DU(1, 3),

the_new perio&k and componerit must operate |n the new DU(0, 9) andDU(0, 1), respectively. Similarly, for the in-
period K after the due-date of the current activity, respegtances with 30 periods, they were generated Dai(L, 4),

tively. Finally, the current solution is updatedvié can obtain
an improved solution after changing the operatidmesdules
of components andi’ in periodsk andk' as follows.

Xmik = 0 Xk =1L Xjpe = 1andX e =0,
On the other hand, if the current activity is earl§., Sniag <

DDniag Selected are a new compongn(# i), together with
periodsk andk' that satisfy (C6), (C7) and

Xmik = land DDmiaqk < ks K
Xmik = land1s k'S DD piagr
The others are the same as the tardy case.

(C9)
(C10)

Now, the detailed procedure for the improvementsptia
summarized below.
Phase Il.(Improvement)
Step 1. Sort the operation-level maintenance activitiem &tep 3.1
of Phase I.
Step 2. From the first to the last activity in the sortést,|do:
(a) If the current activity is tardy, i.€Sniaq > DDmiag S€-
lect a new componeit (# i), together with periodk

DU(11, 22),DU(1, 4),DU(0, 10) anddU(1, 2), respectively.

Test results for the small sized instances are sanmed in
Table 1 that shows the percentage gaps from thienalpt
solution values (or lower bounds) and CPU secdiddee, the
optimal solutions (or lower bounds) were obtaingddlving
the mixed integer programming model [P] using CPLEX0
in 3600 seconds. It can be seen from the tableathang the
three rules that sort the maintenance activities,DW rule
was slightly better than the others in overall ager, espe-
cially when the workforce capacity is loose. Howev® one
rule dominates the others. In fact, its overallrage gaps
were 10.98% and 8.08% for the instances with @glttloose
workforce capacities, respectively. Also, the ggpshigher
as the number of component types increases. Finaiy-
pared with CPLEX 11.0, the CPU seconds of the bgaosi
were very short.

Also, we tested the heuristics on 30 additional iomacto
large sized instances, i.e., 10 instances for edcthree
combinations of the numbers of components types pmd
riods (5 component types with 96 periods, 6 compbtypes

andk’, which satisfy the conditions (C5), (C6), (C7)with 120 periods, and 7 component types with 14diods).

and (C8). Otherwise, select a new compoiiie# i),
together with periodk andk’, which satisfy the con-
ditions (C9), (C6), (C7) and (C10).

(b) If an improved solution is obtained after chanding
operation schedules of componerasdi' in periodsk
andk' as

X = 0, X =1, X e = 1andX . =0
update the current solution.

The workforce capacity was set to 8 workers. Thalmer of
activities for each component, the duration, thepséd pe-
riods and the number of required workers were geadr
from DU(1, 3),DU(1, 6),DU(2, 6),DU(0, 28) anddU(1, 5),
respectively. Also, the inter-maintenance times dhd
minimum inter-maintenance times for the instancéb &6
(120, 144) periods were generated frDid(38, 95) DU(48,
109), DU(85, 153)) andDU(3, 9) DU(4, 10),DU(8, 15)),
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respectively. Since we could not obtain the optis@iitions
or effective lower bounds for medium to large sizestances,
the three heuristics were compared using the velgter-
formance ratio. Here, the relative performanceorafi heu-
ristic a for an instance is defined as

1001|Ca - Cbe59 / Cbesi

Results of the medium to large sized instancessane-
marized in Table Il that shows the average relgbedorm-
ance ratios of the three heuristics. As in thogettie small
sized instances, no one rule dominates the othensever,
among the three priority rules, the WF rule (thseg higher
priority given to the activity with larger numbef equired

whereC, is the objective value obtained using the heuristiworkers) was better than the others. This is bex#us test

andCegis the best solution value among those obtainad fr instances are tight in the number of required warke

the three heuristics.

Therefore, the results cannot be generalized.

TABLE |
TEST RESULTS ON SMALL SIZED INSTANCES

Workforce capacity
Number Number Tight (8 workers) Loose (10 workers)
of of Priority rules Priority rules
periods Cogﬂgrs‘em DU! WF DW? DU WF DW
Gap CPU Gap CPU Gap CPU Gap CPU Gap CPU Gap CPU
7.4 X 5.9 72 6.6 48 5.2
e L Joowg Moy M leoiss M| oo M po1ze *?| 00120 *°
y 15.1 17.4 14.2 11.6 10.0 9.5
8h
ours) 4 24,321) °% | (24,4000 30| (24,321 3! | 37.226) 3% | (37,200 3*| (37,200 3°
34 5.9 76 5.1 8.0 6.8
(3f‘2ys 3 00174 %] 00133 '°|©0200 ]| 00200 | (00267 | o267 4
' 187 15.0 14.9 13.0 11.4 10.8
10 hours) 4 ©0.0,455) 32 | (00.296) 3°|(00,296) 32 | 00,304) 2°| (00,375 27| (0.0 304) 24
Average 11.2 2.4 11.1 2.5 11.0 2.4 10.7 2I3 8.5 P4 8.1 2.2

average gap (min, max) from the optimal solutialues or lower bounds out of 10 instances
™ average CPU second out of 10 instances

1 DU: sort the maintenance activities in the nonasing order of the duration, i.BUmia

2WF: sort the maintenance activities in the nonéasing order of the number of required workers,\ME i
®DW: sort the maintenance activities in the non<émsing order of the value obtained by multiplyingadion and number of workers, i.BUmiaWFnia

TABLE Il
TEST RESULTS ON MEDIUM TO LARGE SIZED INSTANCES
Priority rule
Instance size DU WF DW
(M, K°)
RPR CPU RPR CPU RPR CPU
5.6 0.7 5.1
(5.96) (0.0, 28.3) 20.5 (0.0, 4.8) 19.7 (0.0, 20.0) 19.6
8.0 3.4 13.6
(6,120) (0.0, 23.9) 110.6 (0.0, 22.4) 110.7 0.0,364) | 1123
1.7 2.9 2.0
(7, 144) (0.0, 6.8) 166.6 (0.0.9.7) 170.6 (0.0.6.9) 165.3
Average 5.2 99.2 2.3 100.3 6.7 99.1

2 number of component types
® number of periods

* average relative performance ratio (min, max) @futO instances

See the footnotes of TABLE I.

V. CONCLUDING REMARKS

This study considered the problem of determiningico
ponent operation as well as maintenance schedoles f
containership during its sailing from start to destion port.
The two schedules have a close relationship inttreabper-
ation schedule specifies the due-date of each erance
activity, i.e., the time at which the correspondimginten-
ance activity is to be started. Also, the mainteesschedule
specifies the start time of each maintenance aytiviio
perform timely maintenances, we consider the oljeabf
minimizing the sum of deviations between the duesland

the start times of maintenance activities, i.etaltearliness
and tardiness. Compared with other maintenancedstihg
for plants and railways, the problem considerethis study
has containership-specific considerations such abng
schedule, component operation schedule (due-datadi
maintenance activity), maintenance activity typesuijine
and operation-level), workforce availability, wonlg time
limitation, inter-maintenance time constraint. Tepresent
the problem mathematically, a mixed integer progremng
model is suggested. Then, due to the complexitythef
problem, we suggest a heuristic algorithm togetbitr three
priority rules. Computational experiments were damea
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number of randomly generated test instances andethats
showed that the heuristic can give reasonable tyusdilu-
tions.

This research can be extended in several directkirs,
one may consider other features, e.g., bunkeringootai-
nership, general load of components, etc. Secoizdneeded
to develop more sophisticated algorithms, espacitdie
method to generate more efficient component operati
schedules. Finally, it is needed to check the giteappli-
cations of the model and the algorithm to othetesys such
as plants, other transportation equipment, etc.
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