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Abstract

Maintenance tasks scheduling is one of the essential factors in maintenance engineering, which is the bridge connecting
maintenance decision optimization and the implementation of maintenance activities. The success of a maintenance policy
depends on the spare parts logistics, the technicians, the tool kit and reasonable task scheduling under the proper environment.
This paper focuses on the maintenance task scheduling problem in confined spaces under resource-constrained scenarios (e.g.,
maintenance task planning during level maintenance or annual inspections in ship engine rooms or offshore drilling
platforms), where spatial limitations and multi-resource availability jointly impact maintenance efficiency. Considering the
constraints of different priority of maintenance tasks, unequal required area for maintenance activities and corresponding
maintenance time with different resource limits, it is important to organize and schedule the maintenance activities in a way
which can minimize the total maintenance duration. In this paper the main objective is to obtain the optimal order and resource
allocation level of each maintenance task within minimal completion time under a given irregular limited area. The problem
is modelled as a mixed integer quadratic programming problem, and numerical case studies with 12 maintenance tasks are
used to illustrate the optimal solutions under different scenarios and to verify the effectiveness of the proposed model. The
study provides a very prototype model and based on which some dynamic scheduling strategy can be proposed through
modifying the task priority, maintenance resource level and parameters of limited space.
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Highlights
e Maintenance tasks scheduling is developed in an engine room
with irregular layout.
e The priority is used to simplify the logical relationship among
maintenance tasks.

e The maintenance resource and time of each maintenance task

are not the same.

e FEach maintenance task needs a required work area which

cannot be overlapping.

e The scheduling problem is modelled by a mixed integer

quadratic programming problem.

1. Introduction
Maintenance is a very important way that keeps the desired
system reliability and significantly reduces system security risk
for any mechanical equipment in various fields, such as aviation

industry, naval vessels, nuclear power plants, etc. Current

mainstream and existing reliability modelling concerning
maintenance models can be classified as follows:

(1) Degradation modelling and remaining useful life (RUL)
estimation by statistical methods and by stochastic process: In
[1] the remaining useful life prognostic is utilized to make
maintenance decision to minimize production fluctuations in
a factory which consists of multiple complex systems using
redundant components. In [2] a multi-state system subject to
competing and hidden failures by degradation and random
shocks is studied where the impact of imperfect inspection is
considered.

(2) Integration maintenance decision with multiple
constraints: In [3] a tri-objective optimization problem is
modelled based on the maintenance of a multi-unit nuclear
power plant sites, where the unavailability, risk and cost are

minimized. In [4] the framework of predictive Maintenance

Eksploatacja i Niezawodnosc — Maintenance and Reliability Vol. 29, No. 2, 2027



https://creativecommons.org/licenses/by/4.0/
http://doi.org/10.17531/ein/237616
https://orcid.org/0000-0002-7592-6962
https://orcid.org/0000-0001-9845-1536

(PdM) solutions for industry 5.0 is discussed with the related
domains including the human, task, organization and
environment. In [5] a multi-stage hybrid assembly flow-shop
scheduling is incorporated with considerations for job release
times and service tasks to implement preventive maintenance.
In [6] the limited maintenance resources is considered to jointly
optimize the fleet-level selective maintenance and repairpersons
assignment. In [7] a resource-constrained project scheduling
problem with state-dependent maintenance activity motivated
by aircraft maintenance projects is studied.

(3) Upstream such as product design, spare parts and
logistics: The design and sequential preventive maintenance
schedule are integrated with minimal repair of a system and
a two-stage stochastic programming model is deduced where
the numbers of components to be used in the subsystems are
optimized in the first stage by [8]. In [9] a m-out-of-n standby
system with imperfect element reactivation is considered where
the mission success probability and expected mission cost are
evaluated.

(4) Integrated maintenance with production and other
indicators: In [10] the maintenance tasks and production are
scheduling simultaneously to minimize the makespan and the
total maintenance cost. In [11] the information collected from
physical assets for predictive maintenance is planned to be
utilized by a digital twin way integrating the prediction and
production by dynamic simulation. In [12] the selective
maintenance for part of the system is considered with uncertain
operating conditions for the next mission. With the framework
of Markov decision process, the mission-critical systems whose
deterioration can be controlled by adjusting the performance
levels is studied by [13]. To schedule maintenance and
production activities for a job-shop production system,
a rolling-horizon approach is proposed through dynamic
opportunistic maintenance grouping and modelled by a mixed-
integer nonlinear mathematical model in [14].

The above literatures about maintenance modelling and
optimization are all concerned with several factors:
1) Uncertainty of RUL and failures result in stochastic
maintenance decision; 2) Maintenance decision should be made
by considering constraints in practice, including maintenance
time window, limited resources and so on. Thus it is necessary

to establish a model which could bridge the gap between

maintenance decision and maintenance task scheduling.
1.1. Maintenance scheduling in industrial practice

Most existing literatures focus on reliability modelling and
maintenance optimization. However, the mission success of
maintenance activities was rarely being studied due to it crosses
several disciplines. Taking a broad definition, maintenance is
a comprehensive set of behaviors composed of decision-making,
specific maintenance activities, spare parts inventory, tools and
maintenance personnel and all the other relevant activities. The
successful implementation of the maintenance strategy depends
on many factors. For example, an early study [15] is about the
scheduling of workers in a constricted area motivated by an
aircraft maintenance scheduling problem. Later [16] considers
the maintenance tasks with limited resources. In [17] workers-
constrained shutdown maintenance scheduling with flexible
skills is investigated. For the detailed and refined maintenance
activity scheduling and optimization model can be referred to
[18], which is a flexible job-shop scheduling problem
considering machine capacity, time lags, holding times, and
sequence-dependent setup times.

Maintenance task scheduling is the bridge of maintenance
planning and maintenance management to industrial practice.
Recently some researchers concentrate on building the
maintenance scheduling models including the diverse-skilled
technician, routing of the crew, the maintenance resource and
the maintenance environment in [19]. In [20] the authors dealt
with the resource assignment problem for maintenance
activities scheduling by generating an optimal sequence of tasks.
In [21] a multi-criteria methodology to insert new tasks into
a planned maintenance tasks schedule is proposed with the aim
of finding the best resource and time to perform each
maintenance task. Aircraft maintenance management is
modelled as task network-based project scheduling in [22],
where the resource constraints, coordination of multiple
projects and dynamic re-scheduling are considered. In [23]
a two-stage iterative heuristic algorithm is proposed to optimize
the maintenance service network by optimizing the workforce
capacity in repair shops with a single location repair shop

through cross-training.
1.2. Maintenance scheduling in limited areas

Apart from the typical representatives highlighted above,
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maintenance tasks scheduling with limited resources and
limited areas distinguishes itself. Restricted areas are defined as
places where access is limited, or where certain environmental
conditions or safety requirements need to be considered.
Examples of limited areas include nuclear power plants, oil
refineries, engine room, and chemical plants. In the engine room
of a vessel, large equipment, such as steam turbines, booster
boilers, propulsion and other electromechanical equipment are
located in. The facility layout problem of the engine room or
cabins has been studied by [24,25] usually with the objectives
of overall material handling costs, number of workshops,
utilization ratio of workshop and the safety factors. The
optimum layout considering efficiency and quality of
maintainability design of a ship cabin is proposed by [26],
where the maintenance operating space and such practical
factors for routine operation and maintenance are considered.
Further in [27] the worker skills and ergonomic constraints are
considered.

Among the competing objectives integrated with the interest
of multiple players including manufacturers, customers and
operators, efficiency of maintainability is one of the hidden
problems easy to be neglected. However, maintenance is the last
but not the least. During a long-lasting mission, the engineers
and maintenance staffs carry out periodic maintenance and
condition-based maintenance for safety and efficient operation.
The time window for all types of inspection and maintenance
activities on board of all the large equipment are limited, which
put forward the requirement of the efficiency of maintenance.
On one hand, the size of maintenance staffs and maintenance
resource (such as tools, spare parts) are limited during the
maintenance mission. Thus, when facing several maintenance
tasks in sequence, the maintenance staffs and resource may not
be available all the time. On the other hand, from the perspective
of mechanism structure design and space layout, the engine
room is limited by the height and length and the size of passages
between machines are limited. Maintenance activities require
specific and sufficient work area as safe operating space due to
physical and psychological factors from the aspect of operating
tools and technicians. Thus, some maintenance activities cannot
be implemented due to the conflicts of staffs, resources, space
and time. The main challenges of maintenance scheduling in

limited areas include:

e  Limited access: limited areas often have limited access,
which can make it difficult to implement maintenance
activities as by [26].

e  Safety requirements: limited areas often have specific
safety requirements that need to be met during
maintenance, which can add complexity to the
scheduling process.

e  Environmental conditions: limited areas may be subject
to specific environmental conditions, such as high
temperatures or corrosive environments, that need to be
taken into account when scheduling maintenance as by
[4].

e  Time windows: in some limited areas, maintenance may
need to be performed during specific time windows to
minimize disruptions or potential hazards, which can
also make scheduling more difficult.

e  To address these challenges, researchers have proposed
various models and algorithms for maintenance
scheduling optimization. Some of the approaches
include:

e  Mathematical models: researchers have proposed
mathematical models for maintenance scheduling
optimization, such as linear programming and mixed
integer programming [28,29,30].

e  Optimization techniques: researchers have proposed the
use of optimization techniques such as genetic
algorithms, simulated annealing, and particle swarm
optimization to solve maintenance scheduling problems
in limited areas or with limited resources [31,32].

e  Simulation: researchers have also proposed the use of
simulation to evaluate the performance of different
maintenance schedules and identify the most effective
strategies [19].

Nevertheless, to the best knowledge of the authors, the study
of scheduling of maintenance tasks based on a limited area with
irregular layout considering space conflict is rare. For the most
of existing literatures, the space conflict due to the limited area
is simplified as a factor which decides the sequential
relationship or structure between nodes of task network. The
influence of space conflict in the limited area has never been
fully investigated. In order to complete the maintenance tasks in

time within limited resources and limited area, meanwhile keep
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the safety and reliability, this study develops an integrated
model to balance the resource allocation, order of tasks and
space conflict. The contribution of the paper is to develop a very
prototype model which put forward the effects of space conflicts
when scheduling tasks and based on which some dynamic
scheduling strategy considering randomness can be proposed
through modifying the task priority, maintenance resource level
and location parameters.

The remainder of the paper is organized as follows. Section
2 presents the model background and the elementary
assumptions. Section 3 provides a detailed description of the
mathematical model considered in the study. Section 4 provides
a comprehensive numerical experiments and optimal solution
verification. The conclusions and directions of future work are

presented in Section 5.

2. Maintenance in a limited space: background and
assumptions

2.1. Elementary of maintenance model

Due to the scale and the operating mechanism of limited area,
such as in a ship engine room, maintenance on board usually
consists of  periodic or routine maintenance,
preventive/condition-based maintenance, corrective/emergency
maintenance and recently the so-called predictive maintenance.
In this study, we present a simplified and general model whose
assumptions are abstracted based on the practical experience for

equipment maintenance and repair.
2.1.1. Maintenance task

This study focus on the implementation success of the
scheduled maintenance tasks. Due to the limited maintenance
staff and limited space in machine room onboard, sometimes
different maintenance activities have to wait in queue until the
necessary staff, resource and space are in position. Without
considering the specific and useful purpose of each maintenance
activities corresponding to each machine, we label each specific
M,} and
simplify it by the following four properties: priority of

maintenance activities as maintenance task {M;, M, .,
maintenance task, maintenance resource, maintenance space
and maintenance time duration.

In the numerical examples, each maintenance task
represents an equipment-specific maintenance job in a confined

engine-room-like workspace rather than a purely abstract job.

Representative assets include pumps, valves, filters, heat
exchangers, auxiliary piping modules and similar service
equipment commonly arranged in close proximity in ship
engine rooms or offshore utility compartments. The
maintenance activities considered in this prototype model
correspond to typical onboard interventions such as inspection,
disassembly, cleaning, replacement of wear parts, alignment,
tightening and functional testing. The detailed engineering
content of each task is abstracted into four scheduling attributes,
namely task priority, maintenance resource demand,

maintenance space requirement and maintenance duration.
2.1.2. Priority of maintenance task

The priority of a maintenance task concerns to the failure
consequence of the involved component, the cost of corrective
maintenance and the other inherent properties related to the
component. The priority of a maintenance task can change with
time:

e  Scenario 1): for condition-based/predictive maintenance
of a critical component, the maintenance is scheduled in
advance with uncertainty. During the waiting time, with
more incoming information, the confidence of the real
state of the component will be updated and the
classification of the priority will be modified.

e Scenario 2): for some critical components with
redundancy, one of them is scheduled for maintenance
with a given classification of priority. As the component
is in the waiting queue, the health state of the redundancy
degrade drastically, then it is necessary to upgrade the
priority of the maintenance task in waiting queue.

The priority of maintenance task M; is denoted as p;. In this
prototype model the priority of maintenance task keeps constant
until its maintenance activity completed. We stipulate that tasks
with higher priority must be completed before tasks with lower
priority. The tasks with the same priority level will be scheduled

due to the other constraints.

2.1.3. Maintenance resource and maintenance time

duration

The implementation of maintenance task needs staff with toolkit
and spare parts, which can be referred to maintenance resources.
The time required to perform maintenance task is partly

dependent on the resource that it is allocated. Usually the
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maintenance resource is limited onboard and the ship in the
distant ocean is inconvenient to be supplemented or rescued.
The maintenance resource is one of the prime constraints which
affect the scheduling and completion of maintenance task. In
this study we do not differentiate the diverse categories of
maintenance resource and assume that the total amount of
maintenance resource is denoted by R. The maintenance
resource is assumed to be reusable and thus the total
maintenance resource occupied during the maintenance mission
at any time should be less than the threshold R. When
a maintenance task is completed, the occupied resource will be
released and be available for the other maintenance tasks
immediately. The time duration of each maintenance task is
dependent on the level of maintenance resource allocated on the

maintenance task.
2.1.4. Maintenance space

Due to the limited space and the layout in the engine room, the
effective space for maintenance operation is limited. Figure 1
gives two examples of simplified two-dimensional layouts of
two engine rooms with 6 the maintenance tasks labelled as M;,
i=1,2,...,6. The rectangle texture area shows the accessible area
for the maintenance crew with toolkit and spare parts. When M,
or My is being performed, the pathway to the accessible area of
M>,M3,Ms and Ms is blocked down. The similar problem has
been studied widely in the flowshop scheduling [33,34] and
automated guided vehicles (AGVs) scheduling field [35] and
truck scheduling problem at dock [36]. But our problem is
different in the following ways:

The operating conditions motivating the model are those of
confined technical compartments in which several maintenance
crews work under limited access, narrow passages and safety-
clearance requirements. Typical environmental conditions
include elevated temperature, humidity, vibration, oil
contamination and, for offshore platforms, potentially corrosive
marine exposure. These factors do not change the deterministic
optimization structure directly in the present paper, but they
justify why non-overlapping work envelopes and coordinated
resource allocation are essential practical constraints.

e  For the classic AGV scheduling problem, the discharge
time at each discharging place is assumed to be equal.

But in this study, due to the complexity of different

maintenance tasks, the time of each maintenance task is
unequal.
e  The layout of the port is usually regular and symmetrical,
but the layout of the engine room in this study is irregular.
e  The maintenance task needs a required work area during
maintenance activity.

Engine Room 1

©) Regular lyout

§5200Y

Engine Room 2

(b) Irregular lyout

Figure 1. Regular and irregular layouts of two engine rooms.

Engine Room

Figure 2. Engine room with a maintenance task in progress.

Besides, due to the size of the spare parts and the layout of
the equipment, each maintenance task requires a certain work
area to carry out. Thus, in some cases even the pathway is
available, the residual space is not enough for a maintenance
task. Figure 2 gives an example where a maintenance task(M3)
is in progress and the shadow surrounding M3 with dotted line
is the space that M3 needs to take. And even though the pathway
to Ms and M, are accessible, the work area of these maintenance
tasks marked by dash dot and dash respectively are partly

overlapping with M3. Thus these maintenance task cannot be
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implemented in the same time and the sequence of maintenance

tasks should be optimized.
3.  Mathematic model of maintenance in a limited space
3.1. Assumptions and definitions
3.1.1. Maintenance space

The time required to perform maintenance tasks is denoted by ¢
of task M; with amount of maintenance resource y; allocated to
M;. In order to simplify the model, the machines with different
area occupancies in the engine room is labelled as maintenance
tasks M;, i = 1,2,...,n with the meshed layout. For example,
a layout with size 6x8 units with » rectangular shadow area is
shown by Fig 3. And the rules of numbering of the maintenance
tasks is based on a coordinate system and starts from the two-
dimensional origin (0,0) and ends at (8,6) as shown by Fig 3.
Each maintenance task is identified according to its coordinates
of the four corner points of the rectangle shadow and labelled
by ascending order according to the abscissa and ordinate. For
example, the machine located in top left corner is labelled as Mg
with coordinate {(0,5),(0,6),(4,5),(4,6)} and the machine
located in the bottom right-hand corner is labelled as M3 with
coordinate {(6,1),(6,2),(8,1),(8,2)} in Fig 3. Notice that in this
study, the situation of diagonally connected of two
machines(maintenance tasks) doesn't included, indicating that

the maintenance tasks are disjointed among each other.

Figure 3. Engine room with 6 labelled maintenance tasks.

The area of the maintenance task M; is defined based on the
coordinate and precisely by S; = (x] — x))(y}* — y&), where
x} and x] are two coordinates of the M; along the horizontal
direction, yf* and y* are two coordinates of the M; along the

vertical direction respectively.
3.1.2. Required space of maintenance tasks

In this study, the time spending on the path to each machine is

negligible compared to the time duration of maintenance. As

mentioned in Section 2.1.4, the implementation of each
maintenance task needs some specific work area which cannot
overlap among different maintenance tasks. Based on the
Section 3.1.1 for each M; the required work area is defined based
on A(l;,r;,di,u;), where [; and r; denote the number of rows of
mesh located in the left and right of M; and similarly u; and d;
denote the number of rows of mesh located upper and down of
M;. And the required work area is the surrounded area defined
by the intersection of the four coordinates of the four corners
minus the area of M;. Figure 4 gives an example of M4 with
A(ls,ra,ds,us) = (1,1,1,1), where the texture area surrounding the
M, is the required work area of My. If A(l,r2,do,u0) = (1,1,1,1)
for M- given A(ls,ra,da,us) = (1,1,1,1), then the work areas of M,
and M, are overlapping, which leads to the conflict between M-

and M if they are scheduled to be maintained in the same time.

0 1

(%)
S~
W

6 7 8

(b) Conflict of work areas of two tasks.
Figure 4. Layout of maintenance tasks with required work

area.
3.1.3. Priority constraint

For clarity, in Egs. (1)-(4), s; and s; denote the starting times of
tasks M; and Mj, respectively; # and ¢ denote their maintenance
durations; and e;= s; + #; and e; = s; + ¢; denote their completion
times. The corresponding indicator in Eq. (1) takes value 1 when

the two execution intervals overlap in time and 0 otherwise. In
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the space-related expressions, the geometric description of each
task is determined by its rectangular location in the meshed
layout together with the required work-area extension
A(li,ri,di,ui), where [, ri, di and u; denote the left, right, lower
and upper buffer widths required for safe maintenance
operations.

The priority of maintenance task M; denoted by p;, is fixed
and is given at the beginning for the present model. The priority
of maintenance task is represented by the rule that the finish
time of maintenance tasks with high priority should be no later
than the starting time of the maintenance task with low priority.
Let the starting time of maintenance task M; be s; and the
maintenance duration time be #. Then e¢; = s; + #; is the time
when M; is finished. The indicator function that indicates the

conflict of start time of maintenance tasks A; and M, is denoted

by ITij and is defined as follows:

IT — {1 (Si - Sj)(sj - ei) >0 (1)
Y 0 others

. 5 R —
o —3 e S

Si S Ei € time

; S

R = | 1

5 e s ¢ fime

*—

li ererreeseressasnsssnssaens
(c) :I‘

5 ‘j—r ¢ time
'

(a) 3 scenarios of time line of two maintenance tasks

Tj
T

Ui
,_L|x]’~ xu—l—\

i

Yj

u

Vi

(b) Conflict of work areas of two maintenance tasks
Figure 5. Schema of potential conflict of maintenance time and
work area between two maintenance tasks.

As shown by Fig 5(a), between two maintenance tasks M;

and M, three scenarios are exclusive: (a)conflicted with ITU =

1, (b)disjointed with ITl.]. = 0 and (c)successive with ITU. =0.
3.1.4. Space conflict

Recall the definition of x}, x7, y¥, y and A(l;,ri,d;,u;) by Fig
5(b). Based on the analysis of Eq 1, the indicator function
indicating the conflict of maintenance work area of maintenance
tasks M; and M; is denoted by Is;; and is defined as follows:
Accordingly, Eqs. (2) and (3) describe whether the required
work areas of M; and M, overlap in the horizontal and vertical
directions, respectively. The related indicators equal 1 when
overlap exists in the considered direction and 0 otherwise; Eq.
(4) then combines the two directional conditions to determine
whether a spatial conflict is present.

1 (xf—Li—xf+ 1) =L —x[—1)>0
0 others

Is, 00 = @

where i,j € N,i #j.(x} —l; —x} +)(x} = | —x] —1;) <0 means
that M; and M, are conflicted with each other in horizontal
direction and hence I5,;(x) = 1 given x{ —1; <x/ — ;. For the
scenario of x{ — I; > x/ — I;, the similar function can be deduced.
d d d
s () = {1 Of —di—y +d)0 —di—y'—u) >0 (3)
N 0 others

where i,j EN,i # j.(y¢ —d; —yt +d))f —d; —yi —
u;) means that M; and M; are conflicted with each other in
vertical direction and hence Isl.j(y) =1 giveny? — d; < y]-d -
d;. For the scenario of yi—d; > y]-d — d;, the similar function

can be deduced.
ISij =15ij(x)*15ij(y)'i'jEN'i #:] (4)
If and only if both Isl.].(x) =1 and Isij(Y) =1, ie., the
conflict occurs both with the direction of horizon and vertical,

M; and M, are conflicted with each other.
3.2. Model 1: unlimited maintenance resource

The MIQP formulation was chosen because the prototype model
contains pairwise non-overlap logic linking task timing and
workspace conflict. In the present formulation, these pairwise
relations can be expressed directly and compactly. A linearized
MILP reformulation is possible, but it would require additional
auxiliary binary variables and big-M constraints for many task
pairs. This would enlarge the formulation and may also weaken
the linear relaxation if the big-M values are conservative. Since
the main purpose of this study is to establish a clear exact

prototype model for limited-space maintenance scheduling, the
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MIQP form was retained in order to keep the conflict structure
explicit and the formulation relatively compact.

The operation of each maintenance task is characterized by
two variables: the starting time s; and the maintenance duration
time #;, and is denoted by (s;, #;). The maintenance decision is to
optimize the s; and ¢ in order to minimize the total maintenance

time duration 7epg.

min mcllvx(sl- +t;) (LP1)

A
s.t. Xit,05 <1, fori,j=1.2,...,n (LP1-1)
7210 <1, fori,j=12,...,n (LP1-2)
f=125=10i =1, fori,j =12,...,n (LP1-3)

Y71 0i(pi —pj) 20, fori,j=12,...,n (LP1-4)
110 (si—s)) <0, fori,j=12,...,n (LP1-5)
Iy, oI5, =0, fori,j=1.2,...,n (LP1-6)

Constraints of the integer programming problem (LP1-1,

LP1-2 and LP1-3) guarantee that the order of maintenance tasks

M;, i € N should satisfy the following condition, i.e., for each

M;, i € N there exists only one preceding maintenance task and

only one succeed maintenance task except the first (which has

no preceding task) and the last (which has no succeed task)
according to the order. Thus an auxiliary variable is introduced
and is denoted by O = (0;j)nxn » 0;j € {0,1}, where O is

a matrix with size nxn. Hence n maintenance tasks generate

a sequence of tasks with length n-1. According to the following

example,
010 - 0
001 - 0
o=|: + + = 5)
000 - 1
000 - 0

the above matrix O (Eq 5) presents the sequenceas 1 - 2 —
3...> n > n— 1 and decides the maintenance order be as: the
maintenance starts from M then followed by M, and eventually
ends when M, is completed. Notice that matrix O is a designed
auxiliary decision variables which guarantee the procedures of
optimization to be proceeded. The optimal decision variables
are (si, t;), 1.e., the optimal starting time and maintenance time
duration for each maintenance task M;.

Constraints (LP1-4) guarantee the property of priority of
maintenance task. Constraints (LP1-5) make sure that the
starting time of maintenance task with higher priority will be

earlier than the one with lower priority.

R=65: Limit of resource

I fi: Maintenance time

.
2 I
Ao
& =
[
T

15 Ro: Resource occupied

I R:: Resource available

2 W = th

0 10 20 26 Time

Label of maintenance task

—_—

Figure 6. Constraint of resource with sliding window.
Constraints (LP1-6) make sure that the work area and the

time are feasible. Constraints (LP1-6) can be satisfied if and

only ifITl.j =0and Isij =0.
3.3. Model 2: limited maintenance resource

In this subsection, the maintenance resource is reusable and
limited with a constant limit R, which means that the cumulative
maintenance resource that the undergoing maintenance tasks
occupied should be less than R from the beginning to the end of
the total maintenance mission. And further, each maintenance
task can be completed with three levels from high, medium to
low with different maintenance time duration corresponding to
three levels of resource allocation: (t¥,y¥) ,where 0 < y¥ <
R,i € N,k = 1,2,3 corresponding to high, medium and low
level respectively. Once the resource of amount of y[ is
distributed to M;, the resource will keep as constant as ;¢ from
time moment s; to moment s; + t¥. For simplification, the
restrict of maintenance resource is considered by discrete time
unit and is followed the following optimization problem as:
' LP1 (LP2)
i=1/=1
Y Y05 +y) <R, fori,j=12,...,n;k,h € {1,23} (LP2-1)
where LP1 and variables O; are defined in Section 3.2.
Constraints (LP2-1) restrict the maintenance resource under the
limit during all time duration of the maintenance mission.
Figure 6 provides an illustration of the constraint of (LP2-1),
which indicates that the maintenance resource occupied by M;
will be released when M; is completed. Thus the resource

constraint is in a way of sliding window.
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Figure 7. Case study: a two-dimensional layout with 12

maintenance tasks.

4. Solutions and experimental results el of maintenance
in a limited space

4.1. Parameters setting

A case of a two-dimensional layout with 12 maintenance tasks
is considered as shown in Fig 7. By meshing densely, the 12
maintenance tasks are characterized as the following parameters
in Table 1 where x! and y{ denote the coordinates of the left
lower corner of M;, x] — x} and y¥ — y{ denote the length and

the width of the location of M.. [;, r;, d; and u; denote the required

priority of M; and the higher value of priority means the sooner
the starting time should be arranged. The figure in the left of Fig
7 is the original layout of the machine room and the figure in
the right presents the required area for maintenance of M;, where
M; is colored by black, the required area for maintenance
operation is colored by blue and the conflict of required area is
highlighted by red.

In the case study, the 12 tasks can be interpreted as
representative maintenance jobs distributed over a confined
engine-room-like layout. They correspond to equipment items
or subsystems such as pumps, valve groups, filters, auxiliary
drives or pipe-connected service units. The associated
maintenance actions are routine or preventive interventions, for
example inspection, opening/access preparation, part
replacement, cleaning, adjustment and final testing. The
operating context is a limited-access maintenance period, such

as annual inspection or level maintenance, in which several jobs

. : compete simultaneously for manpower, tools and safe
work area surrounding the maintenance task M;. p; denotes the
workspace.
Table 1. Parameters setting of 12 maintenance tasks.
Coordinates \ Tasks M, M, M; M, M;s M M, My M, Mo My M,
x} 542 54 312 751 107 352 718 336 565 64 718 191
yi 36 55 75 78 185 216 284 333 366 382 419 528
x7 — x} 111 132 176 87 176 301 156 156 88 198 131 301
yi -yt 131 98 92 155 131 65 99 118 198 118 198 89
[; 35 38 20 69 75 55 46 37 51 45 46 4
7 46 4 38 71 20 52 46 35 46 35 63 35
d; 25 38 52 55 13 39 2 12 35 46 25 20
u; 13 22 13 36 12 44 25 54 71 20 34 34
t 2 3 2 1 4 1 3 2 1 3 2 4
Priority p; \ Tasks M, M, M; M, Ms M, M; My M, Mo M M,
Casel 1 1 1 1 1 1 1 1 1 1 1 1
Case2 1 2 3 4 5 6 7 8 9 10 11 12
Case3 3 3 3 3 2 2 2 2 1 1 1 1
Case4 2 1 3 2 2 2 3 1 1 1 1 3

4.2. Experimental verification of the optimality of

solutions

The solutions of the mixed integer quadratic programming
problem 4.2.3 and LP2 are based on Python and Gurobi
Optimizer. First, we will design the following experiments to
verify the optimality of the solutions. For the 12-task instance
considered in this study, the MIQP model was implemented in

Python in PyCharm 2022.1 (Professional Edition) and solved

with Gurobi 10.0.2.
4.2.1. Baseline experiment with the same level of priority

As shown by Table 1, for the column labelled as Case 1, the
priority of each Mi takes the same value pi = 1for , which means
that each Mi has the same chance to be selected as the first batch
of task to be maintained. Similarly, Case 2 in Table 1 presents
a fixed sequential arrangement of 12 maintenance tasks with 12

different values of priority. We set Case 1 and Case 2 as the
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baseline experiments and find the optimal solutions of 4.2.3 and

conduct some contrast experiments in the next two subsections.

4.2.2. Optimal solution of maintenance tasks scheduling

with partly fixed order

In order to verify the optimality of the proposed 4.2.3, we can
artificially design some potential suboptimal solutions by fixing
the order of several M;s as the following procedures:

e Let P=|[py,...,p12] =[11,...,1] denote the priority
vector of 12 M;s of the baseline experiment according to
Case 1 in Table 1.

e  Assign higher priority to each of the 12 maintenance
tasks: Let P? = [1,1, ...,2, ...,1] denote the vector of the
priority where the ith item isp; = 2,i = 1,2, ...,12. Then

we can obtain 12 sets of cases where each P/ is

and the minimal time duration of the maintenance
mission.

Assign higher priority to two of the 12 maintenance tasks:

Let P§ =[1,2,3,1,...,1] denote the priority vector where the

lylz
iith and #»th items are 2 and 3,i; # i, = 1,2,...,12. Then
we can obtain 12X 11 sets of cases and obtain 12 X 11
sets of optimal solutions and the minimal time duration
of the maintenance mission.

Assign higher priority to j of the 12 maintenance tasks:

Let P’=[1234,..,j,j+1,1,..,1] denote the priority

vector where the iith, ..., ijth items take values from 1 to
j+1. Then we can obtain 12!\ ;! sets of cases where each

P? =[1,2,...,j,j + 1,1] is corresponding to the situation

corresponding to the scenario of assigning the first batch of assigning the first batch of task fromM; , ... ML-],, and
of task as {M;}, and obtain 12 sets of optimal solutions obtain 12!\ j! sets of optimal solution.
Table 2. Comparison of optimal solutions of cases with assigned priority of random maintenance tasks.
Tena P Py Py Py p? pP? pP? p? pPg pP§ Py P P?,
min 7 8 10 11 13 15 18 19 19 22 22 25 28
max 7 11 14 15 18 21 22 24 26 26 27 28 28
mean 7 9.3 11.9 13.3 15.8 18.3 19.8 21.1 22.2 23.8 24.5 26.5 28

The results of the previous procedure are summarized by
Table 2. As the numbers of maintenance tasks with different
priority increase, the optimal maintenance time duration
increases. For P = [1,1,1,1,1,1,1,1,1,1,1] all the maintenance
tasks are equally to be scheduled and yields to the minimal and
optimal maintenance time duration among the P7,i =
1,2,...,12 as Case 1 in Table 1. P?, means that the order of the
12 maintenance tasks are all fixed randomly and thus both the
minimal and maximal of the optimal solution are the largest.
Eventually, the Case 2 of Table 1 is one of the cases of P, from
12! cases. The results are reasonable, because theoretically
assigning higher priority to some M;s will reduce the feasible

solution space and thus the suboptimal solutions are obtained.

4.2.3. Optimal solution of maintenance tasks scheduling

with fixed priority

In order to further verify the optimality of the proposed problem
4.2.3, we can assign several M;s the same and higher priority as
the following procedures:

° Let P=[1,1,...,1] denote the vector of the priority of 12

M;s of the baseline experiment according to Table 1.

Assign the priority of a maintenance task: Let P; =
[1,1,...,2,...,1] denote the priority vector where the ith
item isp; = 2,i = 1,2, ...,12. Then we can obtain 12 sets
of cases where each P; is corresponding to the situation
of assigning the first batch of task as M;, and obtain 12
sets of optimal solutions and the minimal time duration
of the maintenance mission.

Assign the priority of two maintenance tasks: Let P, =

[1,2,2,1,...,1] denote the priority vector where the i;th and
lyulz

irth items are 2, i;,i, = 1,2, ...,12. Then we can obtain

12X 11 sets of cases and obtain (12X 11)/2 sets of

optimal solutions and the minimal time duration of the

maintenance mission.

Assign the priority of j maintenance tasks: Let P, =

[1,2,2,2,...,1] denote the priority vector where the iith, ...,

Qg
ijth items take the same value as 2. Then we can obtain
Clj2 sets of cases where each P; = [1,2,..,21] is

corresponding to the situation of assigning the first batch
of task from M; 12

tyr (12-pHjt

M;;, and obtain cl, = sets of
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optimal solutions.

Table 3. Comparison of optimal solutions of cases with partly assigned priority.

Tend P 124 Py Py Py Pe pPe P? pPg P§ PY P PY,
min 7 8 8 9 7 10 10 10 9 9 8 7 7
max 7 11 14 14 14 14 14 14 14 14 11 7
mean 7 9.3 10.3 11.0 11.5 12.6 12.8 12.3 11.4 10.8 10.2 9.1 7

It is obvious that the optimal solutions of the above
procedure in Table 3 are better than the results of Table 2.
Because for the operation of scheduling with fixed priority,
some M;s are assigned by the same and higher priority. Due to
the other constraints of problem , the M;s with the same priority
will be scheduled and optimized further. Hence the feasible
solution space is between the baseline case(optimal solution

among all cases) and the worst case in Section 4.2.3.
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Figure 8. Track and Gantt chart of the optimal scheduling of
Case 1 in Table 1.

4.3. Case study-model 1: unlimited maintenance resource

In this subsection, we focus on Case 1, 3 and 4 in Table 1. The
track of the optimal of scheduling of maintenance tasks of Case

1 is shown by Figure 8, where the shadow surrounding each M;

means M; being under maintenance by taking the required work
area. The Gantt chart by Figure 8 presents the scheduling and
the procedure of the completion of maintenance tasks. The
constraint of priority doesn't work and thus the maintenance
time duration and the required work area of M, dominate the
optimality of Case 1 with the same priority of all M;.

Case 3 is a regular ordering with three equally divided parts
and the results are shown by Figure 9. The aim of Case 3 is to
provide an intelligible example for our model and solution. It
can be seen clearly that Ms,Me,M; and Mz are of the same
priority taking value 2, yet the starting time of Ms and Mz are
delayed due to the conflict of required work area. Case 4 shown
by Figure 10 presents a random setting of priority and the

optimal 7e,s= 12 which is between Case 1 and Case 3.
4.4. Case study-model 2: limited maintenance resource

Considering the limited maintenance resource through sliding
window modeled by the mixed integer quadratic programming
problem LP2 and illustrated by Figure 6, the extra parameters
of the maintenance resource allocation with depending
maintenance duration are listed in Table 4. t},t?and t? are
corresponding to three levels of maintenance time duration for
each M; with three levels of resource y},y? and y}
corresponding to high, medium and low level respectively. Due
to the constraint of resource, the computational complexity
increases greatly and the computation time increases
exponentially. Thus, in this section, we focus on the effect of the
limitation of resource with the optimal mission completion time:
(R, Tena) given the priority of all M; in the same level.

Due to the results shown by Table 5, we can notice that as
the limit of maintenance resource R increases, the optimal
mission time T.,s decreases and eventually when R = 150, the
optimal solution is obtained with almost every ¥/ and ¢ take
the high level. When the maintenance resource is very limited
as under 80, the convergence of the optimal solution is quick.
As aresult, when R >150, the increase of resource will not lead

to the optimal solution be further optimized.
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Figure 9. Track and Gantt chart of the optimal scheduling of
Case 3 in Table 1.
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Figure 10. Track and Gantt chart of the optimal scheduling of
Case 4 in Table 1.

Table 4. Parameters setting of maintenance resource allocation with depending maintenance duration.

M M M3 My Ms Ms M7 Ms Moy Mo M M
yi 25 35 30 10 50 10 35 25 10 35 30 50
y? 15 25 15 10 30 10 25 15 10 25 15 30
y? 10 15 10 5 15 5 15 10 10 15 10 15
t} 1 2 1 1 2 1 2 1 1 2 1 2
t? 2 3 2 1 4 1 3 2 1 3 2 4
5 3 4 3 2 6 2 4 3 1 4 3 6

From a scalability perspective, the present exact formulation
is best interpreted as a prototype and benchmark model rather
than a large-scale real-time scheduler. For an instance with n
maintenance tasks, the core sequencing and workspace-conflict
logic is generated at the task-pair level, so the number of
unordered task pairs is n(n—1)/2. This gives 66 potential pairs
for n = 12, 190 for n = 20, and 1225 for n = 50, even before
introducing the additional coupling created by resource
allocation and priority relations. In that sense, the difficulty does
not arise only from the number of tasks themselves, but from
the simultaneous interaction among starting times, pairwise
ordering relations, workspace non-overlap, and, in Model 2,
resource allocation over the planning horizon. More precisely,
if H denotes the discretized mission horizon in Model 2, the
sliding-window resource feasibility conditions introduce an
additional O(nH) layer of temporal coupling, because resource
usage must remain feasible across time units while task

durations themselves depend on the selected resource levels.

Priority constraints further couple tasks across groups and may
also grow quadratically in the worst case, depending on how
many cross-priority precedence relations are induced by the
given priority structure. This helps explain why the exact MIQP
can still solve the 12-task prototype case reported here, yet may
become increasingly difficult when the number of tasks, the
density of spatial interference, and the effective mission horizon
grow simultaneously. Therefore, for larger industrial scenarios,
the most promising direction is not simply to solve the same
exact model at a larger scale, but to exploit the model structure:
one may first build a conflict graph from the layout so that only
genuinely interfering task pairs are kept in the core optimization
model; one may also decompose sequencing and resource-
allocation decisions, or split the problem by spatial zones and
time windows within a rolling-horizon framework. In addition,
heuristic and metaheuristic approaches can use the present
MIQP as an exact benchmark or as a local improvement module,

thereby preserving the engineering meaning of the space-
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conflict constraints while improving scalability.

Table 5. Comparison of optimal solution with different limitation of maintenance resource.

R= 60 T end
Starting time 6 4 2 0 1 2 6 8 2 5 0
Ending time 5 1 2 4 7 9 6 8 9
Resource level 1 1 3 1 1 1 1 1 3 3 1
R=70 Tena
Starting time 3 6 6 7 2 0 7 2 0 2 2
Ending time 6 8 8 3 2 8 6 5 4 8
Resource level 3 1 1 1 1 1 1 1 1 3 1
R= 80 T end
Starting time 0 3 4 3 2 3 3 0 1 2 5
Ending time 2 7 5 3 7 4 1 7
Resource level 2 3 1 3 1 3 1 1 3 1 1
R=285 Tend
Starting time 3 0 6 1 2 0 0 3 1 2 5
Ending time 6 3 2 3 2 1 4 7 7
Resource level 3 2 1 2 2 1 1 1 3 1 1
R=90 T end
Starting time 1 0 4 2 4 3 0 0 1 2
Ending time 2 4 1 6 3 1 2 6
Resource level 1 3 1 3 1 1 1 1 1 2 1
R=100 T end
Starting time 5 0 1 3 2 5 1 0 2
Ending time 6 3 5 1 6 6 2 2 1 6 6
Resource level 1 2 2 3 1 3 1 1 1 1 1
R=110 T end
Starting time 1 2 2 0 4 2 2 0 0 4 3
Ending time 1 5 4 1 2 5
Resource level 1 1 1 2 1 1 1 1 1 1 1
R=140 T end
Starting time 3 3 4 0 2 0 4 2 0 3 3
Ending time 4 5 5 2 3 2 5 3 5
Resource level 1 1 1 3 1 1 1 1 1 1 1
R=150 Tend
Starting time 0 2 2 1 3 1 2 3 2 0 0
Ending time 1 4 2 4 3 4 4 1 2 4
Resource level 1 1 1 1 2 1 1 1 1 1 1

5. Conclusion and future work

This paper deals with the maintenance optimization problem in
a limited space, where the maintenance tasks are carried out in
a limited space, where the implementation of maintenance task
should be subject to the pre-described priority level and the rule
of no overlapping of the required work area. The maintenance
resource is considered by the way of sliding window which is
practical for the limited maintenance crew and special
equipments. The model is formulated by a mixed integer
quadratic programming problem and solved by Python and
Gurobi solver by optimizing the starting time and the resource
allocation. The numerical experiments are exploited and the
optimal solutions are compared with different settings of
numbers of maintenance tasks (up to 12 in an irregular layout
of engine room), priority and limits of maintenance resource.

The optimal upper limit of resource is given from the

perspective of minimizing the total maintenance time. In the
future, the varying required work area for each maintenance
task will be considered. Besides, the access of the engine room
will be considered which will increase the part of path planning
of the maintenance crew.

The present model is two-dimensional because it is intended
as a first exact representation of workspace conflict in limited
areas. Nevertheless, a direct engineering extension to three
dimensions is meaningful. In a 3D formulation, each
maintenance task would no longer be represented only by
a planar work area, but by a work envelope with length, width
and height, and conflict would be checked simultaneously in all
three directions. This matters in engine rooms because two tasks
may appear non-overlapping in the floor plan and still be
incompatible in practice: for example, one crew may require
scaffolding or lifting clearance above a machine while another

crew works on nearby piping at a different elevation, so the two
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activities interfere through vertical occupation rather than description of equipment, access corridors and safety clearance

planar overlap. A 3D extension would therefore improve envelopes. For this reason, it is considered a natural next step
realism, but it would also require additional geometric after the 2D prototype developed in this paper.
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