
 
 

Delft University of Technology

A bin packing approach to solve the aircraft maintenance task allocation problem

Witteman, Max; Deng, Qichen; Santos, Bruno F.

DOI
10.1016/j.ejor.2021.01.027
Publication date
2021
Document Version
Final published version
Published in
European Journal of Operational Research

Citation (APA)
Witteman, M., Deng, Q., & Santos, B. F. (2021). A bin packing approach to solve the aircraft maintenance
task allocation problem. European Journal of Operational Research, 294(1), 365-376.
https://doi.org/10.1016/j.ejor.2021.01.027

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.ejor.2021.01.027
https://doi.org/10.1016/j.ejor.2021.01.027


European Journal of Operational Research 294 (2021) 365–376 

Contents lists available at ScienceDirect 

European Journal of Operational Research 

journal homepage: www.elsevier.com/locate/ejor 

Innovative Applications of O.R. 

A bin packing approach to solve the aircraft maintenance task 

allocation problem 

Max Witteman, Qichen Deng 

∗, Bruno F. Santos 

Air Transport and Operations, Faculty of Aerospace Engineering, Delft University of Technology, The Netherlands 

a r t i c l e i n f o 

Article history: 

Received 17 June 2020 

Accepted 16 January 2021 

Available online 22 January 2021 

Keywords: 

Scheduling 

Bin packing problem 

Worst-fit decreasing 

Task allocation 

Aircraft maintenance 

a b s t r a c t 

This paper addresses the scheduling of aircraft maintenance tasks that must be carried out in multiple 

maintenance checks to keep a fleet of aircraft airworthy. The allocation of maintenance tasks to mainte- 

nance opportunities, also known as the task allocation problem (TAP), is a complex combinatorial prob- 

lem that needs to be solved daily by maintenance operators. We propose a novel approach capable of 

efficiently solving the multi-year task allocation problem for a fleet of aircraft in a few minutes. We for- 

mulate this problem as a time-constrained variable-sized bin packing problem (TC-VS-BPP), extending 

the well-known variable-sized bin packing problem (VS-BPP) by adding deadlines, intervals, and arrivals 

for the repetition of tasks. In particular, we divide the planning horizon into variable size bins to which 

multidimensional tasks are allocated, subject to available labor power and task deadlines. To solve this 

problem, we propose a constructive heuristic based on the worst-fit decreasing (WFD) algorithm for TC- 

VS-BPP. The heuristic is tested and validated using the maintenance data of 45 aircraft from a European 

airline. Compared with the solution obtained with an approach using an exact method, the proposed 

heuristic is more than 30% faster for all the test cases discussed with the airline. Most of the cases have 

optimality gaps below 3%. Even for the extreme case, the optimality gap is still smaller than 5%. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Modern airliners have thousands of parts, systems, and com- 

onents that need to be recurrently maintained after undergoing 

ertain flight hours (FH), flight cycles (FC), calendar days (DY), or 

onths (MO). The FH, FC, DY, and MO are known as usage param- 

ters, and their maximums allowed in operation are defined as in- 

pection intervals. The optimal allocation of the maintenance tasks 

o the best maintenance opportunities is a challenging problem 

olved daily by maintenance planners. The common approach fol- 

owed by these planners is to group tasks into maintenance checks 

e.g., A-, B- 1 , C- and D-check) to ensure a consistent maintenance 

rogram in which all tasks are performed before their associated 

ue dates. A typical A-check includes inspection of the interior or 

xterior of the airplane with selected areas opened, e.g., checking 

nd servicing the oil, filter replacement, and lubrication ( Ackert, 

010 ). C-check requires thorough inspections of individual systems 
∗ Corresponding author. 

E-mail address: q.deng@tudelft.nl (Q. Deng). 
1 B-checks are rarely mentioned in practice. The tasks that could be included in 

-checks are commonly incorporated into successive A-checks. 
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nd components for serviceability and function. D-check 2 uncov- 

rs the airframe, supporting structure and wings for inspection of 

ost structurally significant items. 

To determine the optimal start date of the tasks, it is com- 

on in practice to adopt a sequential process: first, schedule the 

-, C- and D-checks and then allocate maintenance tasks to each 

heck. Although some tasks can quickly be packaged into these 

etter checks, a large number of other tasks (more than 70% for 

n Airbus A320 aircraft) are dephased from the intervals of these 

hecks. It means that they either have to be allocated to a more 

requent letter check or manually allocated by maintenance opera- 

ors to different maintenance events based on the suitability of the 

ask to that check and the urgency of performing the task in due 

ime. In practice, both approaches are conducted according to the 

xperience of maintenance planners, leading to inefficiencies. 

The task allocation problem (TAP) in aircraft maintenance refers 

o the process of optimally allocating tasks in predefined main- 

enance checks. It determines the optimal start dates of aircraft 

aintenance tasks so that all preventive tasks are performed as 

lose to their due dates as possible. TAP is complicated because of 
2 Many airlines merge D-check into C-check and label it as a heavy C-check or 

tructural check. 

nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Snapshot of maintenance overlap situation between aircraft. 
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ts combinatorial nature, and it has to be solved for the entire fleet 

t the same time. In real-life applications, multiple aircraft checks 

an be scheduled in parallel, and tasks allocated to these checks 

ill share the maintenance resources. For example, Fig. 1 illus- 

rates a case for five C-checks overlapping in time. Maintenance re- 

ources include material, equipment, and a set of labor hours from 

ifferent skills. Furthermore, the allocation process is intricate also 

ecause the maintenance tasks involved in these checks are usu- 

lly associated with different intervals and elapsed time. 

In this paper, we propose a novel approach to efficiently ad- 

ress the TAP, which can solve the problem very fast without com- 

romising the quality of the solution. Maintenance plans are fre- 

uently being affected by flight schedules disruptions or the need 

or unscheduled maintenance tasks, and they constantly need to 

e revised or even re-planed ( Steiner, 2006 ). Inspired by the bin 

acking problem (BPP), we consider pre-scheduled maintenance 

hecks to be bins of different (time) dimensions and sharing a 

ulti-dimensional capacity, referring to the multiple types of labor 

kills involved in the execution of the tasks. The items are the tasks 

hat need to be packed in the bins, and they also subject to time 

onstraints that limit the bin options. We formulate the problem 

s an extension of the variable size bin packing problem (VS-BPP) 

 Friesen & Langston, 1986 ) in which items are repeated within time 

ntervals, and bins have a variable time dimension. This extension 

f the VS-BPP is named time-constrained VS-BPP (TC-VS-BPP). We 

resent a constructive algorithm to solve this problem efficiently. 

e test this heuristic in a case study using data from a major Eu- 

opean airline and compare the results with the ones obtained us- 

ng an exact method. The main contribution of this research can 

e summarized in the following: 

• This work is the first to formulate the TAP as a bin packing 

problem and solve it with an efficient constructive algorithm. 
• For the first time, to the best knowledge of authors, the classic 

VS-BPP formulation is extended to consider time intervals for 

the allocation of repeated items and variable time dimensions 

for the bins. 
• We adapt the worst-fit decreasing algorithm for the classic BPP 

to efficiently solve the TC-VS-BPP. The resulting constructive al- 

gorithm is validated with a real case study and benchmarked 

against the solution obtained using a commercial linear pro- 

gramming solver. 

The outline of this paper is as follows: Section 2 gives 

n overview of the relevant literature on maintenance related 

APs and bin packing problems (BPPs). The formulation of the 

C-VS-BPP for aircraft maintenance is described in Section 3 . 

ection 4 presents a task allocation framework and an associated 

euristic algorithm. Section 5 shows a case study from a Euro- 

ean airline and the algorithm performance analysis. The last sec- 

ion summarizes the research with concluding remarks and gives 

n outlook on future work. 
366 
. Related work 

In this section, we briefly discuss previous works. We divide 

his literature overview into two subsections. The first subsection 

eviews the research works dealing with the TAP for aircraft main- 

enance, with different perspectives and methodologies. The sec- 

nd subsection discusses the literature on the bin packing prob- 

em. 

.1. Maintenance task allocation 

In one of the initial studies on TAP of aircraft maintenance, 

an Buskirk et al. (2002) combined the maintenance task alloca- 

ion with aircraft operation to one single problem. The authors 

resented a two-stage system that supports maintenance chiefs in 

lanning both aircraft operations and maintenance activities. The 

rst stage assigns the planes to flight operations using a custom- 

uilt, multi-level greedy search algorithm. The second stage 

chedules all maintenance activities according to a constraint sat- 

sfaction problem. The authors tested the system with 17 jets, and 

esults indicate that the system can schedule 3750 maintenance 

ctivities for a 3-month planning horizon within 20 minutes. The 

uthors also state that the goal was to plan the activities given var- 

ous constraints: calendar-based actions have to be done within a 

pecific time window; usage-based actions have to be done when 

he usage clock on a part or subsystem reaches a particular value; 

ersonnel has to be available to do the job (mechanics can only do 

obs that they are qualified for), and maintenance jobs have to be 

nspected by a quality/safety inspector and so forth. However, this 

nitial work does not optimize the maintenance schedule given 

hat support for the flight operation was the top priority. 

In contrast to Van Buskirk et al. (2002) , Steiner (2006) pre- 

ented a heuristic for aircraft maintenance planning, aiming at 

inimizing the overall number of maintenance actions and uni- 

ormly distributing the capacity and flying hours over a given time 

orizon. The main idea was to split the whole process into sub- 

rocesses that could be handled computationally fast at the same 

ime. Determining the optimal position of the maintenance actions 

as the least difficult one, whereas the balancing step was the 

ost challenging one. Even under various settings and constraints, 

he proposed algorithms have shown to work reliably, fast, and 

ith good optimization results. According to the case study for a 

-year time horizon, the number of tasks scheduled per fleet was 

round 50–500. The time to compute a new maintenance plan was 

bout 15 minutes. 

In practice, many large airlines adopt the top-down approach 

y appropriately grouping maintenance tasks into large packages 

nd fitting them into letter checks. Muchiri and Smit (2009) fol- 

owed this approach and developed a maintenance item allocation 

odel (MIAM) to cluster aircraft maintenance tasks into packages. 

he MIAM first simulates the aircraft utilization, calculates when 
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 maintenance item turns due, and then fits each maintenance 

tem into a package. The authors use the concept of de-escalation 

o assess the quality of their MIAM, which can be interpreted as 

he loss associated with maintenance items being performed more 

requently than necessary. The authors proposed a translation of 

he de-escalation into additional labor costs essential in the long- 

erm to perform extra maintenance activities. According to a case 

tudy of a Boeing 737-NG aircraft, the authors claimed that intro- 

ucing an initial de-escalation, i.e., performing the first base main- 

enance before its due date, leads to a lower de-escalation labor 

ost over time. The authors obtained the best result for an initial 

e-escalation of 30 days, leading to a savings of 248 labor hours 

or €13,902) for a single aircraft. The importance of Muchiri and 

mit (2009) is that it provides an alternative of assessing main- 

enance costs using the causal relationship between expense and 

abor hours. 

Maintenance operation costs, in more detail, include the costs 

f maintenance tools, labor hours, and aircraft spare parts. Each 

aintenance task associates a cost. Since there are 10 0 0–30 0 0 

asks involved in aircraft maintenance, and many tasks can be 

erformed in parallel, one of the biggest challenges is to execute 

he right maintenance task at the right time. Assigning priori- 

ies to maintenance tasks, such as the rule of “the most urgent 

ask first”, can significantly reduce problem complexity. Hölzel, 

chröder, Schilling, and Gollnick (2012) considered this aspect and 

resented an optimization method for aircraft maintenance task al- 

ocation integrating simulations of aircraft life-cycles. In a real-life 

pplication, the authors obtained the best results when sorting the 

asks by cost (labor hours) in descending order. In this way, the 

ptimizer allocated the most expensive tasks to maintenance op- 

ortunities closer to the end of the lives of the components. 

From an efficiency perspective, finding the best maintenance 

pportunities and allocating maintenance tasks one after another 

s exceptionally time-consuming. Since each task has some basic 

roperties to indicate similarities, such as ATA code, maintenance 

nterval, zone, and check type, it is more convenient to combine 

everal similar tasks into a work package and reduce the total 

umber of tasks. Li, Zuo, Lei, Liang, and Lu (2015) followed this 

dea and gave different weights on properties to indicate task sim- 

larities. Based on engineering experience, weighting factors 0.05, 

.8, 0.05, and 0.1 are assigned to ATA code, maintenance interval, 

one, and check, respectively. The authors solved the TAP of an air- 

ine using a fuzzy C-means clustering algorithm. Although conver- 

ence and improvements were both achieved, the authors stated 

here are still some pitfalls that need to be investigated, such as 

he influence of model parameters on solution quality and conver- 

ence rate. 

In general, the literature on TAP, especially for a long term plan- 

ing horizon, is very limited. Some of them address TAP on air- 

raft level ( Li et al., 2015; Muchiri & Smit, 2009 ), while others on

eet level ( Hölzel et al., 2012; Steiner, 2006; Van Buskirk et al., 

002 ). Even in the research work of TAP in fleet level, the authors 

ackled task allocation of each aircraft independently, and eventu- 

lly looped over the entire fleet. Furthermore, none of those re- 

ated works has assessed the optimality of the proposed models or 

euristics. There is no comparison of how close the solution from 

roposed models or heuristics to local/global optimum. 

.2. The bin packing problem 

Despite the various task allocation models and methods dis- 

ussed before, the TAP of aircraft maintenance is very analogous 

ith bin packing problem (BPP), where for TAP, the maintenance 

pportunities are equivalent to bins, and maintenance tasks are 

onsidered as items. The keys to solving BPP are the bin se- 

ection and item allocation. For bin selection strategies, Johnson 
367 
1974) lists four fundamental and widely used algorithms, next-fit 

NF), first-fit (FF), best-fit (BF), and worst-fit (WF): 

• Next-Fit (NF): If the item fits in the same bin as the previous 

item, put it there. Otherwise, open a new bin and put it in 

there. 
• First-Fit (FF): Put each item as you come to it into the oldest 

(earliest opened) bin into which it fits. Only open a new bin if 

an item does not fit into any previous bin. 
• Best-Fit (BF): Put items in bins in a way that it maximizes the 

utilization of the bins that already have been opened. 
• Worst-Fit (WF): Put each item into the emptiest bin among 

those with something in them. Only start a new bin if the item 

does not fit into any bin that has already been started. If there 

are two or more bins already started which are tied for empti- 

est, use the bin opened earliest from among those tied. 

If all items are the same size, there is no difference in the four 

lgorithms. Since items are very likely to have different sizes, the 

llocation of items to bins becomes intricate and time-consuming. 

nd this may involve shifting bin contents continuously until the 

tem list is empty. Thus, some researchers proposed prioritizing 

he items before putting them in bins. Johnson (1972) has sug- 

ested some alternatives to the FF and BF. The author states that 

f the items are sorted in descending order (i.e., the largest item 

oes first), the worst-case behavior of bin packing problems can 

e significantly improved. Therefore, it is now a common step 

o prioritize items before allocation when solving the BPP. The 

esulting algorithms are the equivalent first-fit decreasing (FFD) 

nd best-fit decreasing (BFD) algorithms. Similarly, there are also 

ext-fit decreasing (NFD) and worst fit decreasing (WFD) algorithms. 

In practice, not only items can have various sizes, but also bins 

an have different capacities, and this leads to variable-sized BPP 

VS-BPP). VS-BPP is an extension of the classic BPP, in which bins 

o longer have the same size, and the cost of a bin is proportional

o its size ( Friesen & Langston, 1986 ). VS-BPP is more challeng- 

ng since putting items in bins affects the selections of opening 

ew bins later on and item allocations and vice versa. VS-BPP is 

P-hard ( Correia, Gouveia, & da Gama, 2008 ). Researchers tend to 

olve it using approximation algorithms instead of finding the ex- 

ct global optimum. Friesen and Langston (1986) listed some algo- 

ithms for VS-BPP, such as next-fit using largest bins only (NFL), and 

rst fit decreasing using largest bins and at the end repack to small- 

st possible bins (FFDLR). The authors also showed that allowing 

epacking small bins and shifting bin contents improves algorithm 

fficiency. And the FFDLR has better worst-case performance than 

FL because there is no repacking in the NFL. Friesen and Langston 

1986) further developed a new algorithm first fit decreasing us- 

ng the largest bins, but shifting as necessary (FFDLS) to dynamically 

hifting bin contents during the construction of packing. Case stud- 

es prove that with dynamically shifting bin contents, FFDLS out- 

erforms both NFL and FFDLR in the worst cases. 

While Friesen and Langston (1986) is one of the first works in 

S-BPP, research in this topic continues and flourishes in many 

ther studies ( Correia et al., 2008; Csirik, 1989; Haouari & Serairi, 

009; Kang & Park, 2003 ). The main focus of these studies is on 

he development of algorithms. There is no deadline for putting 

ach item in bins in all of those studies. VS-BPP in scheduling, 

specially maintenance planning, is very distinct from other fields 

ue to time constraints. For example, each maintenance task asso- 

iates a due date. In VS-BPP, it is equivalent to imposing a deadline 

or each item (each item has to be put in a bin before a specific

ime). Besides, and some tasks have to be performed repeatedly. 

nce the task is executed, we can anticipate the next arrival time 

f the same task. 

The arrival times of items and item allocation deadlines make 

he maintenance scheduling related VS-BPP unique and more 
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omplex. Some researchers categorize the VS-BPP, in which each 

tem has an associated arrival time and allocation deadline, as 

ime-constrained VS-BPP (TC-VS-BPP). In one of the very few avail- 

ble references, Fazi, van Woensel, and Fransoo (2012) presents 

 Markov Chain Monte Carlo (MCMC) heuristic to address the 

C-VS-BPP in a working paper. The main difference between 

C-VS-BPP and VS-BPP is that in TC-VS-BPP, the arrival times of 

he items have specific patterns, e.g., a probability distribution 

n Fazi et al. (2012) , and each item has to be allocated before a

articular deadline. The MCMC heuristic is a combination of local 

earch and Monte Carlo sampling. It starts with a simple greedy 

pproach to obtain an initial feasible solution. In this step, the 

uthors create two non-ordered lists for bins and items, respec- 

ively, and apply the FF algorithm to put items in bins. After that, 

he authors use MCMC to improve the initial feasible solutions 

teratively. One interesting finding from Fazi et al. (2012) is that 

hen time constraints are introduced, smaller and faster bins are 

referred to meet the deadlines. But in the classical VS-BPP, items 

re often concentrated in few high capacitated bins. Two main 

eatures in TC-VS-BPP, arrival times of the items and deadlines 

f the items ( Fazi et al., 2012 ), are also common in maintenance

cheduling. Since most of the maintenance tasks have deadlines 

nd follow periodic patterns, once a task is performed, we can 

lready anticipate its next execution. 

The review of the literature on TAP, BPP, VS-BPP, TC-VS-BPP, 

nd corresponding solution techniques indicates that an aircraft 

aintenance TAP is similar to TC-VS-BPP in the model formula- 

ion in terms of maintenance capacity constraints, availability of 

ach maintenance hangar, the different costs in task execution, 

orkloads of performing tasks, task execution intervals, and dead- 

ines of the maintenance tasks, meaning that the solution strate- 

ies, such as NFD/FFD/BFD/WFD, to BPP/VS-BPP/TC-VS-BPP, can be 

sed to address TAP. Based on the findings from the literature, we 

ropose a constructive heuristic based on the WFD algorithm to 

olve the long-term aircraft maintenance TAP. The main reason is 

hat more than 55% of the tasks belong to heavy maintenance (C- 

D-check), and we want to let the available workforce address as 

any heavy maintenance tasks (large task blocks) as possible in 

ircraft C-checks. In our problem, we are not trying to reduce the 

umber of bins being used – these were already pre-defined in 

he maintenance schedule and as a consequence of the overlap- 

ing of multiple checks in time. Furthermore, we want to spread 

he tasks over the multiple bins in such a way that we avoid re-

ource limitations at any point. So the idea is always to allocate 

he item to the bin with the minimum load (or higher resources 

vailable). Since our work focuses on practical application, instead 

f worst-case performance analysis, we compare the results from 

he heuristic to a solution from exact methods. 

. Problem formulation 

In this section we define the TC-VS-BPP for aircraft mainte- 

ance task allcoation. We start the section with specifying the 

roblem and its scope ( Section 3.1 ), followed by a description of 

he assumptions followed ( Section 3.2 ). In Section 3.3 we introduce 

ome model considerations, including the concept of time segment 

nd the generation of the task items in our TC-VS-BPP. Finally, in 

ection 3.4 we present the optimization model formulation. 

.1. Problem definition and scope 

.1.1. Task Classes 

In the aircraft maintenance context, tasks can represent regular 

aintenance jobs needed for the continuous airworthiness of the 

ircraft or repairing works that need to be performed to correct 
368 
alfunctions or damage. Accordingly, the tasks can be divided into 

wo main classes ( Ackert, 2018 ): 

• Routine Tasks : these are the regular tasks outlined in a Main- 

tenance Planning Document (MPD) provided by the aircraft 

manufacture or defined by the airline in their Operator Ap- 

proved Maintenance Program (OAMP). These tasks have to be 

scheduled within certain fixed intervals, specified in terms of 

usage parameters such as FH, FC, and calendar days. A routine 

task has to be performed before one of the usage parameters 

reaches the specified interval. 
• Non-Routine Tasks : these are non-scheduled tasks that can re- 

sult from defaults or damage identified when executing a rou- 

tine task, pilot reports, or abnormal events such as hard land- 

ings or ground damages. They can also represent abnormal 

maintenance interventions suggested by, e.g., the aircraft man- 

ufacturer (service bulletins) or the regulatory body (airworthi- 

ness directives). When generated, these tasks are also associ- 

ated with a time window for their execution. And this time 

window can vary from having to perform the task before the 

next flight to a couple of weeks after they were generated. 

.1.2. Task intervals 

The aircraft maintenance tasks, regardless of being routine or 

on-routine, have to be allocated to a maintenance event. These 

vents include line maintenance inspections (i.e., performed at the 

amp or remote stands during the turn-around time of the aircraft) 

nd hangar inspections. In this article, we only consider the latter 

nd ignore the small tasks usually performed during line mainte- 

ance inspections. 

orkforce 

The available workforce constrains the task allocation to main- 

enance check; each maintenance task is associated with the work- 

orce requirements to perform the task. The maintenance work- 

orce is divided per skill types (e.g., engines and flight control 

ystems, avionics, aircraft metallic structure, and painting techni- 

ians). It is limited per day or shift, according to the daily work- 

orce schedule. In this study, the availability of the workforce per 

kill is an input to the model. The number of hours needed per 

kill type is a characteristic of the task, which can only be allo- 

ated to a maintenance opportunity if there is enough workforce 

or all skill types involved in task execution. 

.1.3. Time horizon 

Given that routine tasks have to be scheduled based on inter- 

als and that these intervals are re-started every time the tasks are 

erformed, the TAP should consider a time horizon that is large 

nough to cover at least two following task executions. The reason 

eing that, otherwise, a possible action could be to delay the first 

ask as much a possible, disregarding the possibility of executing 

he tasks the next time. And this can result in a poor or unfea- 

ible solution in the long-term. For this reason, given that some 

asks having very large intervals (i.e., some are not performed ev- 

ry year), a multi-year planning horizon is adopted. 

.1.4. Sequential approach 

To plan hangar inspection tasks, we follow a sequential ap- 

roach, consistent with the practice of most airlines. That is, we as- 

ume that the aircraft maintenance check scheduling (AMCS) was 

olved beforehand and that an optimal letter check schedule is 

rovided. According to this schedule, each check is considered as 

 maintenance opportunity to perform a maintenance task. Conse- 

uently, the goal of the TAP is to allocate the maintenance tasks to 

he opportunities that are as close as possible to their due dates. 
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Fig. 2. Overlapped maintenance checks are divided into several time segments. 
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.2. Assumptions 

This research is subject to the following assumptions: 

A. There are sufficient aircraft spare parts and available mainte- 

nance tools and equipment, without constraining the optimal 

allocation of tasks. 

B. The optimal allocation of tasks is constrained by the workforce 

available. The optimal distribution of tasks per shift or worker 

is not considered in the TAP. 

C. A-check tasks can be performed in a C-check, but not the other 

way around. 

D. Non-routine tasks generated while executing other tasks can 

also be performed during the same check, and this is consid- 

ered by augmenting the task duration and labor power needed 

according to “non-routine rates” estimated from historical data. 

The first two assumptions are reasonable, considering that the 

AP is a long-term problem and spare parts, maintenance tools 

nd equipment, and labor force are planned following the mainte- 

ance schedule. Assumptions A3 and A4 are common in practice. 

he first, because the resources, skills, and time needed to perform 

ost C-check tasks are not compatible with the planning of an A- 

heck. The second, because the differing tasks from a hangar check 

an result in pressure to perform these tasks another day, even- 

ually causing disruptions in operations. Therefore, airlines usually 

refer to pre-allocate a time and workforce buffer in each mainte- 

ance check to execute these non-routine tasks. 

.3. Model considerations 

.3.1. Time segments 

In practice, maintenance operators are typically confronted with 

ituations of overlapped maintenance checks, in which several air- 

raft undergo the same type of maintenance check at the time and 

herefore competing for the limited maintenance resources. Fig. 2 

epicts an example of such a schedule, and five aircraft are sched- 

led to perform C-checks maintenance between Apr 21 st and May 

0 th . During these overlap periods, resources have to be shared, 

onstraining the optimal allocation of tasks. 

We divide the planning horizon depicted in Fig. 2 into time seg- 

ents. A time segment is created every time the overlap condi- 

ions change. In Fig. 2 , the overlap of checks change on Apr 24 th 

nd 30 th , May 12 th , 15 th , 18 th , 21 st and 30 th . Therefore, we cre-

te seven time segments: Apr 21 st –24 th , Apr 24 th –30 th , Apr 30 th –

ay 12 th , May 12 th –15 th , May 15 th –18 th , May 18 th –21 st and May

1 st –30 th . Each time segment of an aircraft is considered to be a 

in, with a given duration (in days) and constrained by the labor 

vailable on these days for each given skill type. For example, AC- 

 has four bins, T4–T8; AC-5 has only one bin, T3; AC-16 has four 

ins, T1–T4; AC-17 has five bins, T2–T6; AC-21 has two bins, T6 

nd T7. It is worth mentioning that all the bins and their associ- 

ted sizes are defined based on the maintenance check schedule 
369 
nd kept open. Unlike the classic BPP, we do not need to open a 

in when we allocate items (tasks). For the rest of the paper, when 

e refer to TC-VS-BPP, we also imply that all the bins are prede- 

ermined. 

.3.2. Task items and maintenance opportunities 

Most routine tasks have to be scheduled more than once for 

he same aircraft over the time horizon considered. For example, 

 task that has to be performed in every A-check (about every 7–

 weeks), may have to be executed 38 times in a 5-year horizon. 

n our approach, we consider each occurrence of these tasks to be 

n item in our TC-VS-BPP. That is, a routine task that has to be 

xecuted at most N times in the planning horizon will be trans- 

ated into N tasks items in our optimization model. To do so, we 

ave to estimate the maximum number of repetitions in the plan- 

ing horizon. Table 1 illustrates our approach for a given task of 

 specific aircraft. In this example, the maintenance task has to be 

erformed every ten weeks, while the aircraft A-checks are per- 

ormed every seven weeks. There are five maintenance events dur- 

ng the time horizon for the execution of the task (four aircraft A- 

hecks and one aircraft C-check, presented in chronological order). 

his task can be executed from two times (only in A2 and A3 ) to

ve times (in every maintenance check), which can be translated 

s five task items in the task allocation. The procedure for creating 

ask items and defining the respective maintenance opportunities 

an be summarized as follows: 

- Step 1: The maintenance opportunities for the first execution 

of the task are determined, according to the state of the task at 

the start of the planning horizon and its inspection interval. 

- Step 2: If the earliest maintenance opportunity for the previous 

task item is the last maintenance event in the planning horizon, 

we stop. Otherwise, we create a new task item (next execution). 

- Step 3: For the new task item (new execution), 

◦ Step 3.1: the first maintenance opportunity is the mainte- 

nance event right after the earliest maintenance opportunity 

from the previous task item; 

◦ Step 3.2: the last maintenance opportunity is the last main- 

tenance event, within the planning horizon, that can be con- 

sidered before the end of its fixed interval. 

◦ Step 3.3: all maintenance events between the first and 

last maintenance opportunities are considered in the set of 

maintenance opportunities. 

- Step 4: Go back to Step 2. 

or the task items which can potentially be allocated to a main- 

enance check after the end of the planning horizon, we create a 

ctitious maintenance opportunity (bin). The fictitious bin is needed 

ecause, eventually, not all task items have to be allocated within 

he planning horizon to keep the aircraft airworthy. The fictitious 

in is added on the day right after the end of the planning horizon, 

ssociated with infinite resources and no costs, and it is consid- 

red as a bin for all task items that can be scheduled after the end
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Table 1 

Illustration of the maintenance opportunities for repeated items of one maintenance 

task with an inspection interval of 10 weeks (Task 1 1 –1 5 represent the 1 st –5 th exe- 

cution of the same task). The value of “1” indicates that the associated maintenance 

check (column) is a possible maintenance opportunity for the execution (row). 

A1 A2 C1 A3 A4 Fictitious 

week 1 week 8 week 12 week 15 week 22 opportunity 

Task 1 1 1 1 0 0 0 0 

Task 1 2 0 1 1 1 0 0 

Task 1 3 0 0 1 1 1 1 

Task 1 4 0 0 0 1 1 1 

Task 1 5 0 0 0 0 1 1 
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f the planning horizon. This step-wise approach, repeated to all 

aintenance tasks, will result in a list of task items N k per aircraft 

 and the respective set of maintenance opportunities R i,k associ- 

ted with each task i in the list. 

There are several task execution plans for the example pre- 

ented in Table 1 . Each plan is associated with a de-escalation cost, 

epending on the letter checks that the task is executed. We can 

hoose a high-cost plan in which the task is executed in every 

aintenance check (i.e., five times in the planning horizon) or a 

ow-cost plan in which the task is executed only twice, during the 

1 and the A3 checks. Even for two plans with the same num- 

er of total executions of a task, the de-escalation is different. For 

nstance, performing the task in A2 , C1 and A3 results in a de- 

scalation cost of: 

10 − 8) + [10 − (12 − 8)] + [10 − (15 − 12)] = 15 weeks (1) 

xecuting the task in A2 , A3 and A4 results in a de-escalation cost 

f: 

10 − 8) + [10 − (15 − 8)] + [10 − (22 − 15)] = 8 weeks (2) 

e can observe from (1) and (2) that the latter execution plan has 

 lower de-escalation cost, and the goal of task allocation is to find 

he task execution plan with the lowest cost, given the resources 

vailable and the urgency of other tasks “competing” for the same 

aintenance opportunities. 

.4. Problem formulation 

.4.1. Nomenclature 
• Sets 

• i : task indicator 
• K: set of aircraft 
• N k : set of task items for aircraft k ( k ∈ K) 
• T k : set of time segments for aircraft k ( k ∈ K) 
• R i,k : set of time segments for task item i ( i ∈ N k ) of aircraft

k ( k ∈ K) 
• J: set of skills 
• O i,k unit set with the task item that follows task item i ( i ∈

N k ) of aircraft k ( k ∈ K) 

• Parameters 
• c t 

i,k 
: cost of allocating task item i ( i ∈ N k ) from aircraft k ( k ∈

K) to maintenance opportunity belonging to time segment t 

( t ∈ T k ) 

• GR 
j 

t : amount of available labor hours of skill type j ( j ∈ J) at

time segment t 
• GR 

j 

i,k 
: amount of labor hours of skill type j prescribed to per- 

form task item i of aircraft k 
• σ j,l : “non-routine rate” indicating the amount of labor hours 

needed from skill type l for every labor-hour prescribed 

from skill type j (note: σ j, j ≥ 1 . 0 ∀ j ∈ J) 
• d i,k : maximum number of days between rescheduling task 

item i ( t ∈ T ) for aircraft k ( k ∈ K) 
k 

370 
• d t : number of days from the start of the planning horizon 

till maintenance opportunity belonging to time segment t 
• f h i,k : maximum number of flight-hours between reschedul- 

ing task item i for aircraft k 
• f h t : number of accumulated flight-hours from the start of 

the planning horizon till maintenance opportunity belong- 

ing to time segment t 
• f c i,k : maximum number of flight-cycles between reschedul- 

ing task item i for aircraft k 
• f c t : number of accumulated flight-cycles from the start of 

the planning horizon till maintenance opportunity belong- 

ing to time segment t 
• O _ day i : total days of aircraft operations from the start of the 

planning horizon to the due date of performing task item i , 

following the task fix interval and if no resource constraints 

are considered 

• interv al i : average fix interval for task item i measured in 

days 
• labor _ rate j : labor rate, per hour, of skill type j ( j ∈ J) 
• other _ costs i,k : non-labor costs associated with task item i 

( i ∈ N k ) of aircraft k ( k ∈ K), such as costs of spare parts and

tooling 

• Decision variables 
• x t 

i,k 
: 1 if task item i is assigned to maintenance opportunity 

belonging to time segment t for aircraft k , and 0 otherwise 

ixed Integer Linear Programming (MILP) Formulation 

Given a long-term aircraft A- and C-check schedule, we formu- 

ated the TAP as a 0–1 MILP model. 

in 

∑ 

k ∈ K 

∑ 

i ∈ N k 

∑ 

t∈ R i,k 
c t i,k × x t i,k (3) 

ubject to: ∑ 

∈ R i,k 
x t i,k = 1 ∀ i ∈ N k ∀ k ∈ K (4) 

 

k ∈ K 

∑ 

i ∈ N k 

∑ 

j∈ J 
GR 

j 

i,k 
× x t i,k × σ j,l ≤ GR 

l 

t ∀ t ∈ T k ∀ l ∈ J (5) 

∑ 

 ∈ R p,k 

d m × x m 

p,k −
∑ 

t∈ R i,k 
d t × x t i,k ≤ d i,k ∀ i ∈ N k ∀ p ∈ O i,k ∀ k ∈ K 

(6) 

∑ 

 ∈ R p,k 

f h m × x m 

p,k −
∑ 

t∈ R i,k 
f h t × x t i,k ≤ f h i,k ∀ i ∈ N k ∀ p ∈ O i,k ∀ k ∈ K 

(7) 

∑ 

 ∈ R p,k 

f c m × x m 

p,k −
∑ 

t∈ R i,k 
f c t × x t i,k ≤ f c i,k ∀ i ∈ N k ∀ p ∈ O i,k ∀ k ∈ K 

(8) 
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t 
i,k ∈ { 0 , 1 } ∀ k ∈ K ∀ i ∈ N k ∀ t ∈ T k (9) 

The objective function (3) aims at minimizing the total mainte- 

ance costs, which reflect the de-escalation costs associated with 

cheduling the task earlier than its due date and, consequently, 

aving to perform the task more frequently in the future. To com- 

ute these costs, we estimate the due date to allocate the task 

tem beforehand. For example, if a maintenance task is to replace 

n aircraft component, based on its previous execution date and 

he associated maintenance interval, we simulate the utilization of 

he component using the average aircraft’s daily utilization. In this 

ay, we can estimate the next due date of replacing this compo- 

ent and its ideal maximum utilization O _ day i . The de-escalation 

osts can then be calculated by comparing how earlier the task 

tem is allocated when compared with its desired day ( Hölzel et al., 

012 ): 

 

t 
i,k = 

O _ d ay i − d t 

interv al i 
×

[ ∑ 

j∈ J 

( ∑ 

l∈ J 
GR l i,k × σ l, j 

) 

× labor _ rate j + other _ costs i 

] 

(10) 

he de-escalation costs indicated by (10) is a reference cost used as 

 proxy of the goal of scheduling the tasks as later as possible, or 

s less frequent as possible. In (10) , the cost of allocating task item

 of aircraft k to maintenance opportunity t is a function of the 

asted interval of the task (first term), the labor hours required to 

erform the task (second term), the labor hours cost per labor skill 

third term) and additional costs associated with maintenance task 

 such as the cost for materials or expensive tooling (last term). 

nd this formulation aims at allocating tasks to the maintenance 

pportunity closer to its due date while giving a higher priority to 

abor-intensive tasks and tasks involving many labor skills or high 

dditional costs. 

Constraints (4) guarantee that each task item is allocated ex- 

ctly once, either to a maintenance event or to the fictitious main- 

enance event after the planning horizon. Constraints (5) make 

ure that the available labor hours for each skill type is not ex- 

eeded in each of the maintenance time segments. The left-hand 

ide of these constraints sums the labor hours needed to perform 

ach task item, including the workforce needed to perform the task 

nd, eventually, associated “non-routine” tasks. These two sets of 

onstraints are the ones that define the classic VS-BPP. The other 

hree set of constraints (6) –(8) are the features of TC-VS-BPP and 

lso ones that represent the maintenance time-intervals. They im- 

ly the arrivals and deadline of tasks. Constraints (6) guarantee 

hat a subsequent task item is scheduled within the number of 

ays defined in the fix interval for the respective task, while con- 

traints (7) and (8) reflect the fix interval in terms of flight-hours 

nd flight-cycles, respectively. 

. Task allocation framework 

The same as BPP, TC-VS-BPP is also NP-hard ( Garey & Johnson, 

990 ). Optimal solutions to small TC-VS-BPPs can be obtained us- 

ng exact methods. Still, unfortunately, when the size of the prob- 

em grows, the running times of these exact methods become pro- 

ibitive, especially for practical implementations. For this reason, 

e propose a constructive heuristic to solve the TAP efficiently. The 

roposed approach is an iterative process based on the WFD al- 

orithm. To the TAP for aircraft maintenance, we start by sorting 

he tasks from the multiple aircraft into decreasing order of prior- 

ty and then allocate those tasks one after another to the suitable 

in that has a lower load. In this section, we provide details on 

he proposed constructive heuristic, explaining the general frame- 

ork, including the input data ( Section 4.1 ), the necessary pre- 

omputation ( Section 4.2 ) and the algorithm itself ( Section 4.3 ). 
371 
.1. Input data 

Four sets of input data are needed to formulate and solve the 

AP. The first set consists of maintenance task information present 

n the OAMP for the considered aircraft fleet. This information 

s not necessarily limited to maintenance tasks described in the 

PD. It could include additional maintenance tasks as required 

y the airline, service bulletins, airworthiness directives, deferred 

efects, or modifications ( Ackert, 2018 ). Furthermore, information 

bout the last executed date of the routine tasks is used to calcu- 

ate the first due-date of the maintenance task. The second set in- 

ludes the estimated daily aircraft utilization, in DY, FH, and FC, of 

ach aircraft for the entire time horizon. For the short term, these 

alues could be obtained using aircraft routes or flight schedules, 

hile in the long run, the most common approach is to use aver- 

ge aircraft utilization per day of the week, per month, or season. 

t is convenient, however, to use the same input values used to 

roduce the maintenance check schedule. The third set of input is 

he available workforce per skill type, per day, for the entire time 

orizon. Again, detailed daily schedules could be provided for the 

hort term, while the average workforce per day can be used for 

he longer term. The last set of data used is the A- and C-check 

chedule, defining the starting dates and duration of all checks in 

he planning horizon for each aircraft in the fleet. 

.2. Pre-computation 

A set of pre-computation steps are necessary before initiating 

he constructive task allocation algorithm. These steps can be di- 

ided into task items and bins related pre-computations. Start- 

ng with the task items related steps, maintenance tasks from the 

ame aircraft that have identical intervals, in terms of FH, FC, and 

Y, are clustered together to reduce the number of tasks to be con- 

idered. For the resulting tasks, a set of task items are created, fol- 

owing the procedure explained in Section 3.3 . The following step 

s to compute the due-dates for the first item of the maintenance 

asks. And this is done by considering the initial state of each task 

i.e., number of FH, FC, and DY since its previous execution), the 

ask intervals as defined by the OEM or airline, and the simulation 

f the aircraft utilization over time. Some tasks, such as deferred 

efects or modifications, can be input already with fixed due dates 

nstead of task intervals. 

For the bin related steps, the checks schedule is used to di- 

ide the maintenance opportunities into bins, as explained in 

ection 3.3.1 . The bins are variable in size and discrete, composed 

y a set of days. After that, we continue to convert the labor power 

btained per day into labor power available per bin. 

.3. Constructive heuristic 

A constructive heuristic based on WFD is proposed for task 

llocation. The pseudo-code of the heuristic is presented in 

lgorithm 1 , while the main procedures of the heuristic are ex- 

lained next. 

ort Task List 

After uploading the input data, the first procedure is to sort 

he task items list according to the priorities of the items included 

n the list. The prioritization is done according to a prioritization 

unction p(i ) that classifies each task item i . This prioritization 

unction divides task items into three classes: 

• High Priority – these are items from maintenance tasks that 

have an interval equal to the interval of the aircraft checks. The 

allocation process for these items is trivial since those tasks 

have to be allocated to all equivalent checks in the schedule. 
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Algorithm 1 Task Allocation Algorithm. 

1: N ← set of task items from all aircraft , N = ∪ N k 

2: GR 
j 

t ← available labor hours from skill j in bin t 

3: GR 
j 

i,k 
← amount of labor hours of skill j prescribed to perform 

task item i of aircraft k 

4: σ j,m 

← “non-routine rate” from skill m from every hour of skill j 

5: procedure Sort Task Items List 

6: Sort and reindex N so that p(i 1 ) ≥ p(i 2 ) ≥ … ≥ p(i n ) � 

Prioritization of task items 

7: end procedure 

8: procedure Task Items Loop 

9: while N 
 = ∅ do 

10: Select i from N � Select the first task in the list 

11: R i ← R i,k ∪ t 0 � Add t 0 as a fictitious opportunity 

12: Sort and reindex R i so that 
∑ 

j∈ J 
GR 

j 

t i, 1 
≥

∑ 

j∈ J 
GR 

j 

t i, 2 
≥ … ≥

∑ 

j∈ J 
GR 

j 

t i,n 

13: procedure Allocate to Bin 

14: n ← 0 

15: while n < | R i | do 

16: n ← n + 1 

17: if GR 
j 

t ≥
∑ 

j∈ J 
GR 

j 

i,k 
× σ j,m 

∀ m ∈ J then 

18: Allocate i to t i,n 

19: Set GR 
j 

t i,n 
= GR 

j 

t i,n 
−

∑ 

j∈ J 
GR 

j 

i,k 
× σ j,m 

∀ m ∈ J 

20: Compute next due-date for task item i 

21: if Next due-date not within time horizon then 

22: N ← N \ { i } � Remove the maintenance task 

23: else 

24: Sort Task Items List 

25: end if 

26: break 

27: end if 

28: if n = | R i | then � In case of no allocation possible 

29: Allocate i to t 0 
30: Report Alert 

31: end if 

32: end while 

33: end procedure 

34: end while 

35: end procedure 

t

4

g

t

b

q

c

i

o

t

c  

c

t

i

i

d

t

f

f

t  

t

4

l

e

t

I

t

s

c

r

a

t

F

w

z  

a

t

l

c

5

a

p

u

d

f

a

c

n

t

n

d

e

f

s

c

t

f

f

This strategy of starting the allocation process with these tasks 

follows the scheduling practice observed in practice, assigning 

the workforce necessary to these tasks before starting the allo- 

cation of maintenance tasks with more flexibility. 
• Medium Priority – these are the maintenance tasks dephased 

from the aircraft checks intervals. Each of these tasks has an 

interval length larger than the A-check interval (e.g., the task 

in Table 1 ) and hence they will not necessarily be allocated to 

every maintenance check. 
• Low Priority – these are the maintenance tasks with a low 

frequency of occurrence. They are dephased from the aircraft 

checks by, at least, being able to skip at least one A-check from 

any day within the planning horizon. These tasks have some 

flexibility, and they can be allocated at last. 

The tasks within each of these classes are sorted by the main- 

enance costs, as expressed in the second and third terms in (10) . 
372 
.3.1. Task items loop 

Task item loop (TIL) is the main procedure of the algorithm. The 

oal is to choose the best maintenance opportunity that minimizes 

he maintenance costs, as defined in (10) , and to select from the 

ins the one that less compromises the best allocation of subse- 

uent task items. After sorting all the task items according to their 

osts, the first task item has the highest priority; the second task 

tem has the second-highest priority, and so forth. We define a list 

f bins that would allow a feasible allocation of task item i before 

he associate task interval is expired according to the maintenance 

heck schedule. A fictitious bin ( t 0 ) is added to this list of bins in

ase none of the available bins has enough resources to allocate 

he task item. Other than that, we will not create any new bin dur- 

ng the task allocation. 

After that, we sort the available bins for task item i accord- 

ng to the maintenance resources within bins in descending or- 

er. Namely, the bin with the most resources is always the first 

o assign the task in it. After that, the allocation of each task item 

ollowing a “worst bin” selection process in the fourth step. There- 

ore, the TIL procedure gives a higher preference to the bins closer 

o the due date of the task item and, among these bins, to the ones

hat have more available maintenance resources. 

.3.2. Allocation of tasks to bins 

The next procedure is to allocate the task items to a bin, fol- 

owing the sorted list of bins. If the bin under consideration has 

nough available labor hours for the necessary skills to perform 

he respective maintenance task, we allocate an item to the bin. 

n this case, we subtract the labor hours consumed to execute the 

ask from the total available labor hours from that bin. The next 

tep is to check the need to remove the task that has been allo- 

ated. For a routine task, we simulate the evolution of usage pa- 

ameters after allocation and estimate its new date according to 

ircraft daily utilization. If the next due date is beyond the end of 

he time horizon, we just remove the task from the task item list. 

or a non-routine task, since they are not recurrently performed, 

e generate a new due date after the end of the planning hori- 

on. For the case of running out of bins to which the task can be

llocated, we generate an alert and put the task into fictitious bin 

 0 . This fictitious bin includes all the tasks that have not been al- 

ocated to any available bin, and we will inform the maintenance 

ontroller and let them address those tasks. 

. Case study 

In this section, we present a case study on a major European 

irline and illustrate the applicability of the TAP approach. The in- 

ut data includes aircraft utilization, a 4-year maintenance sched- 

le generated by the dynamic programming based methodology 

escribed in the paper of Deng, Santos, and Curran (2020) , task in- 

ormation from a heterogeneous fleet of 45 aircraft, and an associ- 

ted estimation of available workforce per day. Our airline partner 

urrently follows a manual process to allocate the aircraft mainte- 

ance tasks to checks, supported by a digital solution that keeps 

rack of the open tasks and suggests a prioritization of mainte- 

ance activities. There are two maintenance planners in the airline 

oing this job for the entire fleet. 

We consider eight skill types and that the productivity factor of 

ach worker is equivalent to 4.8 productive labor hours per day, 

ollowing the airline practice. The remaining hours of the labor 

hift are dedicated to transitioning meetings between work shifts, 

ollection of materials or equipment, obtaining information about 

he maintenance task, reporting, and ancillary activities. 

The results from this case study are discussed in Section 5.1 , 

ollowed by an analysis of the current airline practice of not per- 

orming any aircraft C-check tasks in an A-check ( Section 5.2 ). In 
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Fig. 3. Labor hours distribution per aircraft and skill type. 

Fig. 4. The amount of labor hours used for each skill type during the time segments within the overlap situation. Each time segment has eight different bars and each bar 

represent a particular skill type (Group 1, Group 2,..., Group 8). 
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ection 5.3 , we validate the results obtained using the proposed 

ask allocation heuristic. We suggest assessing the algorithm per- 

ormance by comparing it with the solution obtained when using 

n exact method for solving the MILP presented in Section 3.4 . Fur- 

hermore, all results obtained by the proposed heuristic were vali- 

ated by the maintenance planners of the airline partner. 

.1. Optimization results 

In this subsection, we apply the proposed task allocation al- 

orithm to the case study, following the airline current policy of 

ot allowing to allocate C-check tasks to A-check maintenance op- 

ortunities. The problem was solved in less than 14 minutes by 
373 
he algorithm. The outcome is a 4-year, fleet-wide task allocation 

lan that satisfies labor-hour constraints and tasks fix intervals. 

he plan includes around 85 thousand task items, from which 24% 

f them are C-check tasks, and 76% are A-check tasks. Despite this, 

he C-check tasks consume about 65.5% of the labor hours allo- 

ated to perform the tasks. The algorithm achieves an average de- 

scalation of 205 days for C-check tasks and 19.3 days for A-check 

asks. 

Fig. 3 shows the distribution of labor hours per skill for the 

aintenance of all aircraft in the fleet for the full planning horizon. 

here is significant diversity in the required labor hours among the 

ircraft. And the difference in aircraft age, the number of C-check 

vents in the maintenance schedule, and the differences in terms 
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Fig. 5. Average wasted interval in days for increased C-check task labor hours thresholds. 
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f aircraft utilization cause this diversity. For instance, aircraft 

C-41 is phased-out a few days after the start of the planning 

orizon, while AC-24 is phased out one and half years after the 

eginning of the planning horizon, following a minor C-check and 

0 A-checks. In the same way, it is possible to identify the aircraft 

hat perform a C-check early in the planning horizon and hence 

ave to undergo three C-check before the end of the planning 

orizon. And this applies to aircraft AC-25, AC-26, and AC-29. 

To analyze the maintenance plan in more detail, we decided to 

ocus on the overlap situation presented in Fig. 2 . The allocation 

f labor hours per time segment is depicted in Fig. 4 . In this fig-

re, there are eight bars per time-segment, representing the eight 

ifferent skill types. We observe that the first six time-segments 

onsume all the available labor hours of the Group 2 skill type. 

nd this restricts the allocation of tasks requiring labor hours from 

roup 2 skill for AC-5, AC-16, and AC-17 since these aircraft will 

ave a fully constrained overlap situation. And this forces some of 

he A-check tasks from these aircraft to be allocated to a previous 

-check. Similarly, there are also C-check tasks being anticipated 

t an earlier C-check. In the latter case, it means that some com- 

onents are inspected or replaced about two years earlier than in- 

ended. 

.2. Flexible task allocation policy 

In this subsection, we question the current airline policy of not 

llocating any C-check task to A-check maintenance opportunities, 

ven though we observe that there is a surplus of labor hours in 

he A-checks scheduled. Several small C-check tasks would fit in 

n A-check, in terms of time and resources needed. For this rea- 

on, we performed a simulation in which these C-check tasks are 

llowed to be allocated to A-check opportunities. We carry out the 

nalysis considering different thresholds for the size of these tasks. 

fter discussing with maintenance planners from the airline, we 

gree on using the labor hours needed for the task as the refer- 

nce metric for task size, and to consider a threshold varying from 

ero to 2.5 labor hours. 

The simulation results (presented in Fig. 5 ) indicate that the de- 

scalation of C-check tasks can be reduced from more 205 days to 

32 days when allowing C-check tasks within 2.5 labor hours to 

e executed on A-check opportunities. From the results, it can also 

e concluded that the marginal gain of extending the threshold re- 
374 
uces as the threshold increases in value. In fact, it can be inferred 

rom Fig. 5 that, for this airline, after a labor hours threshold of 

.0 or 2.5, there are barely any benefits of extending this thresh- 

ld. The reason being that very few C-check tasks consume more 

han 2.5 labor hours and can still be allocated in an A-check with- 

ut compromising the allocation of the A-check tasks to their best 

-check opportunities. 

.3. Algorithm performance analysis 

To analyze the performance of the task allocation algorithm, we 

ompare it with the performance of an approach using an exact 

ethod to solve the TAP formulated in Section 3.4 . To provide a 

ore detailed comparison, we decided to vary the productivity fac- 

or of the workforce, from the initial considered 4.8 labor hours per 

ay to a restricted case of 3.2 labor hours per day. 

To compute solutions with the exact method in a reasonable 

ime for the more restricted cases, we follow an iterative pro- 

ess for the creation of task items and maintenance opportunities 

or each maintenance task ( Section 3.3.1 ). That is, we initially run 

he MILP, then add new items and maintenance opportunities for 

hose task items that had the constraints violated and rerun the 

ILP until the problem becomes feasible. For the 4.8 labor hours 

ase, the MILP formulation resulted in 1.15 million decision vari- 

bles and 373 thousand constraints. The task allocation algorithm 

s coded in Python 3.7, while the exact method is addressed using 

he commercial solver Gurobi. The results from both approaches 

re computed on an Intel Core i7 2.6 GHz laptop with 8GB ram. 

We summarize the results in Table 2 . Each line of Table 2 com-

ares the computation times and presents the optimality gap for a 

iven productivity factor between two different approaches, where 

he results obtained from the solver is used as a reference. While 

he computation time of the exact method (MILP solver) explodes 

ith the decrease of the productivity factor, the same does not 

appen to the proposed heuristic algorithm. The proposed heuris- 

ic is more than 30% faster than the exact method for the default 

roductivity factor of 4.8 labor hours, and the optimality gap is 

nly 0.03%. Even though the productivity labor hours decrease to 

.2, the optimality gap is still within 5%. 

It is worth mentioning that for the most constrained test case, 

he exact method requires about 4.9 hours to compute the optimal 

olution, while the proposed heuristic needs less than 15 minutes. 
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Table 2 

Simulation results of performance analysis. 

Productivity Computational time (s) Solution Gap 

Labor hours MILP solver Heuristic Heuristic vs. Solver 

4.80 1,135 773 0.03% 

4.72 1,148 775 0.03% 

4.64 1,154 776 0.03% 

4.56 1,159 778 0.04% 

4.48 1,168 779 0.05% 

4.40 1,172 787 0.11% 

4.32 1,181 792 0.23% 

4.24 1,186 798 0.36% 

4.16 1,187 803 0.54% 

4.08 1,195 811 0.81% 

4.00 1,639 818 1.17% 

3.92 1,821 822 1.44% 

3.84 1,903 828 1.61% 

3.76 2,570 835 1.43% 

3.68 3,097 839 1.90% 

3.60 3,857 846 2.45% 

3.52 4,702 851 2.88% 

3.44 5,679 861 3.38% 

3.36 8,243 866 3.89% 

3.28 13,828 871 4.47% 

3.20 17,636 879 4.95% 
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n summary, from a perspective of solution quality, the solution 

ap between the heuristic algorithm and the optimal solution is 

ithin 5% for all test cases. For cases where the productivity factor 

as higher than 4.0 labor hours, the solution gap is below 1%, and 

his confirms that the heuristic algorithm is capable of producing 

ood solutions in minutes for a realistic TAP with a fleet of 45 air-

raft. 

. Conclusion 

The task allocation problem (TAP) of aircraft maintenance is 

efined as assigning tasks to their optimal maintenance opportu- 

ities. In this research, we formulate TAP as a time-constrained 

ariable-sized bin packing problem (TC-VS-BPP), in which we treat 

aintenance opportunities as bins and the tasks as items, and 

here are time constraints on both bins and items. TC-VS-BPP is 

P-hard and, therefore, challenging to solve for large case in- 

tances. For this reason, we proposed a constructive heuristic to 

olve the TAP (TC-VS-BPP). The proposed approach is an efficient 

terative process based on the worst-fit decreasing (WFD) algo- 

ithm. According to a real-life case study on a heterogeneous fleet 

f 45 aircraft, the heuristic is more than 30% faster than an ex- 

ct method, while the solution gap is smaller than 0.1%. For the 

ost restricted test case, the solution from the heuristic is only 

% worse than the solution obtained from the exact method, while 

eing much faster. The computation time of TAP is essential in the 

ircraft maintenance domain since changes to the priority/urgency 

f existing tasks or new (non-routine) tasks can require running 

he proposed constructive heuristic many times per day. Therefore, 

n algorithm that runs in a reasonable and stable computational 

ime, regardless of how restrictive is the problem, is something 

ery useful. 

During the case study, we are told that some airline technicians 

ork just part-time at the hangar, and we overestimated the main- 

enance capacity if we set the productivity labor hours to 8 (all 

echnicians are working full time, 8 hours a day). The maintenance 

apacity constraint (5) is not the main restriction during the task 

llocation process. Since there is no other data to support sensi- 

ivity analysis, we change the productivity labor hours to test the 

roposed heuristic in a more constrained context. 

The research presented in this paper is also one of the re- 

uirements from the airline, continuing the work of aircraft main- 
375 
enance check scheduling optimization described in Deng et al. 

2020) . The dynamic programming based methodology in Deng 

t al. (2020) first determines the optimal start dates of all main- 

enance check for the entire fleet, and the optimal maintenance 

heck schedule indicates in which checks a maintenance task can 

e allocated. Otherwise, without a maintenance check schedule, it 

s very time-consuming to know when, which aircraft, and what 

aintenance tasks should be performed. The results of the main- 

enance task allocation are the task execution plans for all mainte- 

ance checks, which help the technicians to execute the right task, 

n the right aircraft, at the right time. 

We structure the task allocation problem of aircraft mainte- 

ance as a bin packing problem (BPP) so that it can be solved 

uickly using the worst-fit decreasing algorithm. Whenever un- 

cheduled maintenance tasks occur, we can use the dynamic pro- 

ramming based methodology presented in Deng et al. (2020) to 

btain a new maintenance check schedule, and then apply the task 

llocation framework to update the tasks accordingly. The task al- 

ocation framework is suitable for real-life applications. It can pro- 

ide near-optimal solutions to the TAP, significantly reducing the 

orkload currently required in practice for the creation of mainte- 

ance plans. Besides, given that it runs in minutes, it can poten- 

ially be used to dynamically adjust the task allocation plans given 

ight schedule disruptions during operations or emergency of un- 

cheduled tasks during the execution of maintenance inspections. 

urthermore, the task allocation framework can be used to test 

r analyze different maintenance concepts or policies, as demon- 

trated in Section 5.2 . 

Future research on this work may consider the stochasticity as- 

ociated with the TAP problem, or explore the uncertainty related 

o, e.g., the emerge of “non-routine tasks” or the aircraft utiliza- 

ion over the planning horizon. And this could enhance the robust- 

ess of the outcoming task execution plan. Furthermore, a stochas- 

ic approach could extend the current work to consider health 

rognostics and diagnostics, investigating the possibility of incor- 

orating condition-based maintenance in the proposed framework. 

n alternative interesting future research direction is to integrate 

he maintenance check schedule optimizer with the task allocation 

ramework proposed. And this could improve the overall quality of 

he maintenance plan, including checks schedule and task alloca- 

ion per check. 
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