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Abstract. The robust aircraft maintenance routing problem (RAMRP) is adopted
by airlines to determine aircraft routes with better withstanding for possible dis-
ruptions. This can be achieved using a common approach called the buffer time
insertion approach (BT). From the literature, it was observed that this approach
has a pitfall of reducing the fleet productivity while inserting long buffer times.
Besides, it cannot accommodate flight delays while inserting short buffer times.
These disadvantages were the motivation to conduct this study to propose a
RAMRP solution that incorporates a novel robustness approach, called turn-
around-time reduction (TR), in which all the previous drawbacks are avoided. An
ant colony-based algorithm (AC) was developed to solve the proposed RAMRP.
To demonstrate the viability and effectiveness of the proposed approach, experi-
ments are conducted based on real data obtained from a major airline company
located in the Middle East. The results show that the proposed TR outperforms
the existing BT in terms of fleet productivity and delay accommaodation.

Keywords: Aircraft Maintenance Routing Problem, Airline Operations, Ro-
bustness, Ant Colony Optimization

1 Introduction

The aircraft maintenance routing problem (AMRP) is essential for airlines because it
constructs the aircraft routes and schedules the aircraft maintenance visits. The AMRP
has been addressed in the literature through three different variants: tactical (TAMRP)
[1, 2], operational (OAMRP) [3-7], and robust (RAMRP) [8-11]. The focus of this
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research is the RAMRP, which adopts the robustness idea to create flexible routes that
can withstand unpredictable events [8-11]. In RAMRP, the flight delays are considered
besides the operational maintenance requirements. Usually, the robustness can be
achieved using an approach, called the buffer time insertion approach (BT). This ap-
proach is used to insert buffer or slack time between flight legs to deal with the expected
flight delays. Indeed, the BT approach was widely adopted in the literature [12, 13].
However, there are significant drawbacks of the BT approach. On the one hand, impos-
ing a large buffer time among flight legs reduces the number of flight legs covered by
each aircraft, henceforth reducing fleet productivity, mainly when covering many flight
legs. On the other hand, inserting a short buffer time may not be enough to absorb the
expected delays. The recent survey in [14] provides further details about the AMRP.

This study makes the following contributions; first, in contrast to the BT robustness
approach, we propose a novel robustness approach, called the TR. Before proposing
this approach, it is essential to define the turn-around time (TRT) as the time required
by the airlines, or other service companies, to help the aircraft complete the operations
related to the last covered flight legs and to finalize the operations associated with the
next flight legs. These operations are called ground handling operations and include
unloading the luggage of the previously covered flight leg, loading the luggage for the
next flight leg, moving the aircraft between gates, and fueling the aircraft. The main
idea of the TR is to speed up or to reduce the normal TRT by allocating more ground
resources (i.e., workforce and facilities) while observing any delay. Consequently, the
accumulated propagated delay can be mitigated, avoiding the delay propagation for the
downstream flight legs, leading to significant recovery cost savings for the airlines
company. Before designing the TR, several interviews were made with experts in a
major Middle Eastern airlines company, they mentioned that allocating more ground
resources can contribute to speeding up some ground operations, resulting in a 30-50%
reduction in the normal TRT. Based on this remark, three types of TRT were addressed:
the normal TRT, the reduced TRT (i.e., 30% reduction of the normal TRT), and the
extra-reduced TRT (i.e., 50% reduction of the normal TRT). The first TRT is applied
when the accumulated propagated delay does not appear, whereas the rest of the TRTs
are used when the delay appears.

The remainder of this paper is organized as follows. In Section 2, the model formu-
lation is presented. The solution method for the RAMRP and the computational exper-
iments are provided in Section 3. Finally, Section 4 gives the conclusions of the study.

2 Model formulation

The RAMREP is formulated based on the connection network [3]. The node sets of
the network include the flight legs set (I) and the maintenance stations set (MT),
whereas the arc sets of the network include the normal TRT coverage arc set (COVN),
the reduced TRT coverage arc set (COVR), the extra-reduced TRT coverage set
(COVE), the visiting maintenance arc set (VMA), and the leaving maintenance arc set
(LMA). The normal TRT coverage arc covn(i,j) € COVN is used to link two consec-
utive flight legs, such that the TRT is normal, i.e. when there is no accumulated



propagated delay. On the other hand, when the accumulated propagated delay appears,
covr(i,j) € COVR and cove(i,j) € COVE, are used, depending on the severity of the
accumulated propagated delay. The visiting maintenance arc vma (i, m) € VMA is de-
signed to prepare maintenance visits for the aircraft, whereas the leaving maintenance
arc lma (m, j) € LMA isincorporated in the network to let the aircraft leave the mainte-
nance stations and resume covering the subsequent flight legs.

Notations used throughout the model are given as follows:

Sets and indices:

A Set of airports, indexed by a.
MT Set of maintenance stations, indexed by m.
I Set of flight legs, indexed by i or j.
K Set of aircraft, indexed by k.
teT Turn-around time (TRT) types {n, r, e}, such that n, r, and e

represent the normal TRT, the reduced TRT, and the extra-
reduced TRT, respectively.

v €{1,2,..,%}  The average number of maintenance checks that each aircraft
should receive during the planning horizon.

{o, s} Starting and ending node of the modified connection net-
work.
Parameters:
DT; Flight leg i departure time.
Oia Binary integer. It takes a value of 1 if the origin airport of
flight leg i is airport a and 0 otherwise.
AT; Flight leg i arrival time.
D, Binary integer. It takes a value of 1 if the destination airport
of flight leg i is airport a and O otherwise.
FT; Duration of flight leg i.
TRT! Turn-around time of type t. It is noteworthy that TRT is the

time consumed in unloading and loading the luggage, and
fueling the aircraft

E(NPD;) The expected value of the non-propagated delay of flight
leg i.
Mb,,, Binary indicator. It takes a value of 1 if maintenance station
m is located at airport a and O otherwise.
MAT Time required to complete Type A maintenance check.
FS Fleet size
Y The maximum average number of maintenance checks

should be received by each aircraft. The value of ¥ can be
achieved through ¥ = Y\;cnp FTi/ (Tinax FS).

M A big number.
PDfj, The propagated delay value appears when flight leg i and j

are consecutively flown by aircraft k, while using turn-
around time of type t, before receiving the maintenance
check number v.



PDjy, The accumulated propagated delay value appears before cov-
ering flight leg i by aircraft k, before receiving the mainte-
nance check number v.

SEV Severity threshold for the accumulated propagated delay such
that going beyond it causes sever delays for the downstream
flights.

Cpp Expected cost incurred by the airline for each minute of prop-

agated delay.

Decision variables:

xfiky € {0,1} It takes a value of 1 if aircraft k covers two consecutive flight
legs i and j using turn-around time of type t, before receiving
the maintenance check number v, and 0 otherwise.

YVimkw € {0,1} It takes a value of 1 if flight leg i is covered by aircraft k,
then the aircraft proceeds to maintenance station m to receive
the maintenance check number v, and 0 otherwise.

Zmjiw € {0,1} It takes a value of 1 if aircraft k leaves maintenance station
m to cover flight leg j, after receiving the maintenance check
number v, and 0 otherwise.

RTyym >0 The ready time when aircraft k completes receiving the
maintenance check number v at maintenance station m, and
can fly the next scheduled flight legs.

Based on the previous defined notations, the formulation of the RAMRP can be rep-
resented as follows:

MinY,—1 . wCop(Tkex Tier Tjer Deer PDfjy, xitjkv) 1)
Subject to

PDfjiy = (PDyy + E(NPD;) — (DT; — AT; — TRT®))* VijeELVtET,VkEK Vv =
1,..,¥ @)
) keK(ZjEIU{S}ZtET vew xztjkv + Ymemr Lvew }’imkv) =1 Viel (3)
Y jelufo) LteT xfikv + XmeMT Zmiky = Djelufs) LteT xitjkv +

ZmEMTyimkv VlEI,VkEK,Vv=1,,‘P (4)
Yjer Zv=1,..w Yimkv = Ljeluie} Zv=1,...¥ Zmjkv vmeMT,VkeK )
AT; + TRT* = DTy < M(1—x{y,) VijELVtET,VKkEKVV=1.., ¥ (6)
ZkEKxitjkv SZQEADiana Vl,]EI,VU= 1,...,llj (7)
Xy + Xy + X <1 VijelLVkeKvVvv=1,.,¥ (8)
1—PDyy, < M(1—xl%,) VijelLVkEKVv=1,.,¥ 9)

PDyyy, — SEV < M(1 — x[}4,) VijELVkEKVv=1,.,¥ (10)



SEV — PDyy < M(1 — xfiy,) VijeELVkeKVv=1,.,¥ (11)
Y kek Vimky < Yaea DiaMbima VieElLVmeMT,Vv=1,.,¥ (12)
2 kek Zmjiv < Yaea Mbpg Ojq VmEMT,VjelLVv=1,.,¥ (13)
RTyym — DT; < M(1 = Zpmjny) VmEMT,VjELVYkEKVv=1,.. ¥ (14)

RTyym 2 Yicrufo} X jervie) Zmemr(AT; + MAT) Zp jiry VkeEK,Vv=1,.,¥,YmeMT

(15)

The objective function stated in (1) is to minimize the expected propagated delay
cost over the planning horizon. Constraints (2) express the propagated delay calcula-
tions. Constraints (3) are cast to cover all the flight legs, which indicates covering each
flight leg strictly by one aircraft. Balance constraints (4) and (5) are formulated to keep
the aircraft's circulation throughout the network. To connect two flight legs by using
the same aircraft, that connection should be feasible in terms of time and space consid-
erations, as described by constraints (6) and (7). As mentioned earlier, one of the dis-
tinctive features of the proposed model is using the TR as a robustness approach. This
approach is indicated in constraints (8) — (11). To prepare a maintenance visit for the
aircraft, constraints (12) are formulated to consider the locations of the maintenance
stations. After finishing the maintenance operation, the aircraft should resume covering
its route. For this purpose, constraints (13) - (15) are developed.

3 Solution method and Computational experiments

Since the RAMRP is modeled as a network-based problem, the ACO has been se-
lected as it has been successfully applied in solving large and complex network-based
problems [15-18]. The ACO based-algorithm proposed by Eltoukhy, et al. [5] was used
to solve the RAMRP model. In addition, this algorithm employs a neural network al-
gorithm for flight delay prediction [19]. The adopted ACO algorithm has two main
parts; route construction with the help of an ant that simulates an aircraft moving
throughout the network, and updating the pheromone trail to improve the solution qual-
ity through several iterations.

To demonstrate the effectiveness of the proposed TR approach, computational experi-
ments were conducted based on real data obtained from a major Middle Eastern airline.
A summary of the data is given in Table 1.

Table 1. Features of the collected test cases

Maximum .
Number of . Number of Maintenance
Test cases flight legs Fleet size number of airports Stations
take-offs
Case 1 400 65 15 28 18
Case 2 2040 332 15 35 24
Case 3 4080 664 15 35 24




3.1  Performance analysis

To test the superiority of the proposed TR over the BT approach, our experiments are
conducted to compare the performance of the TR with the BT approach proposed by
Liang, et al. [12]. The performance of the robustness approaches is shown in Table 2.

Table 2. Performance characteristics of the two robustness approaches

Test No. of BT approach TR approach B

case Ifélgsht 7 FP 7 FP %(@pr | %(FP)pr
Casel | 400 6849 365 6,325 400 7.65 8.75
Case 2 2040 53,308 1802 47,754 2040 10.42 11.67
Case 3 | 4080 154,501 3526 135,652 4080 12.20 13.58

Regarding the TR and the BT, Table 2 shows that the structure of the TR enables it
to outperform the BT by about 7.65 — 12.20% and 8.75 — 13.58% while handling the
propagated delay costs and fleet productivity, respectively. The proposed approach was
able to reduce the TRT times by allocating more ground resources when the propagated
delay appears. This results in accommodating the propagated delay, leading to signifi-
cant savings in the propagated delay costs. In contrast to the TR, the BT sometimes
inserts short buffer times, which may not be enough to absorb the propagated delays,
increasing the propagated delay costs. Moving to the reason for the outperformance in
terms of fleet productivity. Indeed, the BT sometimes imposes a long buffer time be-
tween the flight legs, which reduces the number of flight legs that should be covered
by each aircraft. Consequently, the BT suffers from reduced fleet productivity, mainly
when covering many flight legs. Opposite to the BT, the TR does not include those
large-time slots, so the fleet productivity reduction can be easily avoided.

4 Conclusions

This study investigates the RAMRP and sought to propose a novel robust approach,
called the TR. The effectiveness of the proposed TR approach is demonstrated through
computational experiments using real data acquired from a major Middle Eastern air-
line. In our computational experiments, we demonstrate the importance of the TR,
which is included in the RAMRP, by making a comparison with the BT approach. The
results reveal an outperformance of the TR over the BT by about 7.65 — 12.20% and
8.75 — 13.58% while handling the propagated delay costs and fleet productivity, re-
spectively. The results of this study indicate that the novel TR has excellent potential
for implementation in the airline industry. Since the airlines have high uncertainty lev-
els, it could be fruitful to develop an AMRP model while considering stochastic param-
eters such as arrival and departure times [20-22]. For future research, it is recommended
to carry out further tests to assess the superiority of the new approach over the existing
ones, particularly in different real-life scenarios. Besides, the sensitivity of the obtained
results against changes in external parameters might be another avenue for future re-
search.
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