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Abstract

Aircraft maintenance is a very important aspectiofraft fleet management since it usually
accounts for a substantial part of the overall af@mal costs and sets constraints on the
planning of flight operations. Maintenance scheuulunderlies typically a large number of
constraints. Among them are capacities of maintemdacilities, capacities, and skills of
maintenance staff, fleet-specific maintenance ralesvell as inter-maintenance flying hours
and quarterly flying hour demands.

In this paper, we present a novel heuristic metfad preventive aircraft maintenance
scheduling which has been developed in a jointeptopf the Institute of Data Analysis and
Process Design (IDP) and the Swiss Air Force (SAF).

For two fleets we show some results and findindge @lgorithms have shown to work very
reliable, fast, and with good optimisation reselgn with strong constraints, e.g. with various
manual settings. One of the major benefits is aifsi@nt increase in speed to compute a new
maintenance/flight plan (now within 5 to 15 minytbsfore: 1.5 to 2 days). This allows for a
fast reaction on events like thunderstorms (Ber@serland, August 2005), tsunamis (Sumatra
mission, January/February 2005) etc. Moreover, stigations of ‘What-If-Analyses’ to
compare different maintenance strategies can naveusiezd out efficiently.
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1. Introduction

Aircraft maintenance is a very important aspecaioéraft fleet management since it usually
accounts for a substantial part of the overall afi@nal costs and sets constraints on the
planning of flight operations. Maintenance schatylunderlies typically a large number of
constraints. Among them are capacities of maintemdacilities, capacities, and skills of
maintenance staff, fleet-specific maintenance rakesvell as inter-maintenance flying hours
and quarterly flying hour demands. Moreover, thetgmf a specific maintenance action
(MA) are not constant in general, but may depenith lom time and on capacity utilisation,
since additional work force or maintenance fae$itmay lead to extra costs.

Due to the large number of constraints and the ¢exitg of costs, maintenance scheduling
problems are normally time-consuming to solve, el for large fleets. Additionally,
maintenance plans, even for fleets servicing sdeddtlights, are hard to follow due to
changes in flight plans or corrective maintenanti&as on aircraft components. This holds
even more for fleets servicing unscheduled fliglatmbulance, air force flights, leisure etc.).
Fleets allocated for such flights are typically ifac highly variable and unpredictable
demand. Therefore, maintenance plans have to bateghdrequently. From this, it follows
that the generation of a maintenance plan musasteahd efficient.

The ten different fleets considered in this projemsist of 10 to 50 aircrafts. Depending on
the fleet, the required maintenance capacities bmrsubstantially reduced by performing
some calendar-based maintenance actions (CBMASs)uaade-based maintenance actions
(UBMAS) at the same time, i.e., merging specificNdss and CBMAs.

Plans are usually set up for a period of five yeHi@avever, deviations from flight plans are
common due to corrective actions, urgent missigpu®r weather conditions etc. Thus,
deviations from the nominal maintenance plan becsmen too large and therefore the
maintenance plan has to be updated frequently. Thisedious and time-consuming,
especially with a semi-automated procedure as & uged before the presented method was
introduced.

In 2002, the Swiss Air Force (SAF) evaluated conuiadly available tools for maintenance
scheduling that cover their specific needs. Howewene of them was capable of meeting the
various requirements given by the operation ofSAE& fleets.

! For the sake of simplicity, we will use aircradt both aircrafand helicopter throughout this document.
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The major aim of this project was to develop a méthogy to schedule maintenance actions
so that (i) the overall number of MAs is minimisadd (ii) the capacity requirements and

flying hours are distributed evenly in time. Additally, a customer-specific software tool

was developed in which the algorithms were integtaThe various intentions of the project

are summarised in Table 1.

Table 1 Project aims

Maintenance/flight plans that include:
o0 Maintenance actions per aircraft, and
o Flying hours per aircraft per week required to coyité the plan

These plans must meet the various operational ontst according to Table 2 (see
section 2 and the explanations therein).

The resulting maintenance capacity requirementsflget should have a minimum
number of exceedings of the limits and a smallateon over time

The flying hours per aircraft shall also have loariation throughout the planning
horizon

Substantial reduction of the time to generate a mamtenance plan

Maximising the number of merged maintenance actams therefore minimising the
maintenance time (this holds of course only foetfewith both CBMAs and UBMAS)

Developing a software tool, with:

0 An interface to the existing business software mment, i.e., a connection to the
ERFP software system (SAP); besides the import of ERE,dthis includes also
semi-automated data pre-processing

o0 Interaction capabilities via GUI (e.g., allowing mel settings of maintenance
actions, decommissionings etc.)

Implementation of an algorithm such that:
o All fleets can be handled the same way
o Specific knowledge and experience of operatonsdsrporated

Both aspects allow for a user-independent operatien every fleet can be managed by
any operator.

In the subsequent sections we present a novel shieurnethod for preventive aircraft
maintenance scheduling, which has been developadaomt project of the Institute of Data
Analysis and Process Design (IDP) and the SAF.

The document is structured as follows: In sectiornw2 discuss the various constraints
considered and in section 3, we describe in détaimethodology developed. Although there
are some important fleet-specific requirements,géeeral procedure is very similar for all

2 ERP: Enterprise Resource Planning
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fleets. In section 4, we present the results aeltidor some of the fleets. Section 5 concludes
with a summary, lists the customer benefits, amégga short outlook on further research on
this topic.
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2. Constraints

As already mentioned, maintenance scheduling igestdal to a large number of constraints.
In Table 2 below, we list the constraints considdrethis project. We identified four groups,
to which we can assign the following constraints:

Constraints that are defined by the MAs themse#&go #4 in Table2)

Constraints that are defined through manual settingthe operator (i) global settings
(#6, #7 and #10), and (ii) interactive settings &8l #9)

ERP data up to the time of scheduling (#8); ERRx damprehend information on (i)
remaining flying hours until the next MA, type dfet running UBMA and/or CBMA (if
any) together with its finish date, (iii) type dfet next UBMA and (iv) type and due date
of the next CBMA (if any).

General specifications (#11)

To get meaningful maintenance plans, the followgogstraints must be relaxed to a certain
extent:

Quarterly flying hour requirements (#6 in Table 2he quarterly flying hour budgets are
important for planning purposes. Due to frequerdangfes in flight plans or corrective
maintenance actions on aircraft components, iteammngful to allow deviations within a
certain range. This is important since it allowdital a reasonable solution that meets the
strict constraints.

Maximum flying hours per aircraft per week (#7):i§konstraint has (i) a large influence
on the deviations from the quarterly flying houesyd (ii) a minor influence on the
distribution of the flying hours within the plangmorizon.

Maximum maintenance capacities (#10): Specificténdn maintenance capacities exist
for each location. External capacities can be pasetl to overcome temporal shortages.
As shown in Table 1, the required maintenance d¢apa@s well as the flying hours per

aircraft per week are to have a low variation. Thelsort exceedings of the available

capacities are accepted since it allows the algorib find a feasible solution.

Shifting tolerances (#2, for UBMASs only): For alééts, the tolerance ranges for shifting
UBMAs forward and backward, respectively can besemosuch that a maximum number
of mergings is possible.
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Table 2 Constraints considered in this project.
# | Constraint Inst.| Type' | Description
1 | Inter-maintenance M S |The number of flying hours between two
flying hours consecutive maintenance actions is important
regarding safety aspects.
2 | Shifting tolerances M S Each MA can be shifted within a defined tolesan
of maintenance range.
actions
3 | Sequence and M/A S | The sequence of the maintenance actions finatk
duration of maintet by the aircraft manufacturer and the SAF. The
nance actions duration of the MAs depends on the working process
and on the available work force at the local agdsa
4 | Rules for mainte- | M/A S For fleets with both UBMAs and CBMAs, some
nance mergings defined combinations of MAs can be merged!
5 | Fixed special M/A S |Tasks like aircraft upgrades (e.g., upgrade o
services electronic components) are defined usually by the
manufacturer and the SAF, whereas decommission-
ings are planned by the SAF only.
6 | Quarterly flying A R |To meet the long-term requirements of the SAF
hour requirements (flight trainings, military services) as well as of
external institutions (for transportation or rescue
missions etc.), the compliance with nominal flying
hours per fleet per quarter, is of great importance
Max. flying hours | A R | Maximum flying hours peraiaft per week
ERP data A S | The daily changing ERP data comiatnaft specific
information like remaining flying hours, upcoming
MAs with their due dates etc.
9 | Fixed flying hours| A S | To have maximum flexibility, flying hours, awd/
and/or MAs MAs can manually be fixed to certain periods by the
operator (within their allowed tolerance ranges).
10 [ Available mainte- | A R |To conduct the MAs, only a limited number of
nance capacities facilities and personnetf™) are available.
11 | Restrictions due tg - S For the allocation of flying hours, the numbmsr

public holidays

public holidays per week is considered.

% Decisive institution for specifying constraints:@® Aircraft manufacturer, & Swiss Air Force

* Type of constraint: ® must be strictly met, ® can be relaxed to a certain extent, if required
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3. Methodology

3.1 Overview

We identified four operational functiongfAir traffic¢ and d¢.ocal service¢ are both
decentralised services, where#@®ata Managemefitand ®aintenance plannirlyare
centralised tasks. The proposed tool is integratetie service 'Maintenance planning'. The
interrelations between these tasks are illustratddgure 1. The focus of this project was on
the development of scheduling algorithms, requwétin the maintenance-planning tool (see
bottom of Figure 1).

Figure 1 Overview of the operative air traffic frework. Within the rectangle containing
the maintenance planning steps (bottom), bluewarnmdicate processes and
orange arrows indicate data flows. Black/grey wasrondicate general work-
flows.

Air traffic ﬁ
¥ iﬂ:ﬁ@%@flﬁ
10 fleets at different locations
A A
A 4
Local services . .
Maintenance, repair and upgrade tasks,
Training courses etc.
A A
A\ 4 A 4
Data management
Dynamic data management &——
(ERP system) -
A
A\ 4
Maintenance planning Maintenance planning tool
A4
4 Y A A A A A A
)] 1 6! ®©. 6. G. OO0l 6l
0 Set fixing
Sett!ng ere} Data pre- Compute initial Set upgra'de_/ Compute second constraints (main- Perform Show final
spec:jﬁc basic e processing P master plan P decommlsgomng > master plan > tenances and/or > imisati P i plan 1
ata constraints flight hours)
7'y
v v v v A 4 \ 4 \ 4 \ 2

I:I Batch process I:I Interactive process
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To clarify the planning procedure, a short desmipis presented in Table 3. However, only
the two crucial steps are explained in detail sgbsetly: In section 3.2, we introduce the
computation of the so-called ‘Master plan’ (MPIsteps 3 and 5 in Figure 1) and in section
3.3, we describe the optimisation task (&step seven in Figure 1).

Table 3 The eight steps of the maintenance plarmpmocedure.

Step # | Description

1 Set fleet specific basic data (duration of MAdes for MA mergings etc.): This
step needs to be performed rarely and therefaretipart of the tool.

2 Data pre-processing: This step allows the ope(gtto check and validate the ERP
data and (ii) to perform adjustments on theseqtiired.

3 Compute initial ‘Master plan’ (MPL): The MPL indes (i) performing the
mergings (if required) and (ii) generates a fidsinpwith the CBMAs and UBMAs
together with their appropriate tolerance rangessfofting. (Details see section
3.2))

4 Set upgrades/decommissioning constraints (opjioma interactive mode, the
operator can insert periods with planned upgradecommissionings for specific
aircrafts.

5 Compute second MPL (only required if step 4 waggomed): Since upgrades
and/or decommissionings (set in optional step 4) change the fraction of
available aircrafts substantially, it is important, rerun the MPL task. The
algorithm is very similar to the one performed tieys3.

6 Fixing of MAs and/or flying hours (optional): Ipractice, local services ask the
operator (i) to perform some MAs at certain periadd/or (ii) to use one or more

aircrafts to some predefined conditions (flying f&yoeriod). To include this in the

planning procedure, the operator can shift anaomfintenance actions as well as
set required flying hours for specific aircraftslgreriods.

7 Perform optimisation (OPT): Based on the inputsmf previous steps, the
optimisation is performed. The main intentionstarposition MAs optimally and to
distribute flying hours evenly. For a detailed dggion, see section 3.3.

8 Show final maintenance plan: The MAs as well e recommended number of
flying hours per aircraft per week are visualisedEIXCEL spreadsheets (one per
year). The required number of flying hours is impot for the local services when
setting up flight plans.

The process of generating a MPL consists, amoner dthings, of positioning the CBMAS
and UBMAs according to current ERP data, a proeedfiimerging CBMAs and UBMAS to

®> We will use the abbreviation MPL for ‘Master plahtoughout this document
® We will use the abbreviation OPT for ‘Optimisatidhroughout this document

8
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minimise the overall maintenance time and to at®center-maintenance flying hours

according to the regulations. The optimisation a@kprehends finding positions of the MAs
such that (i) the various operational constraines met (according to Table 2), (ii) the

resulting maintenance capacity requirements pet flave a minimum number of exceedings,
and (iii) both the maintenance requirements andljtregy hours per aircraft per week have a
low variability. For the sake of simplicity, we haomitted a fleet index in the rest of this
document.

To complete this overview, we list the propertidsMAs with some short explanations in
Table 4.

Table 4 Properties of maintenance actions.
# | Property Typé | Description
1 |Code u/C Each maintenance type has a unique: ¢dBBAS

with 1** | CBMAS with 2** . ** |s an increasing num-
ber reflecting that MAs are sorted in ascendingenrd
according to their duration.

Duration u/C Duration of the maintenance action
Repetition time U The number of flying hours aftehich the same
UBMA must be performed again
4 | Interval tolerance U The tolerance (z) for theetéion time of an UBMA
Calendar time C The time between two successBMAS
Weight u/C According to the maintenance capaxitrequired,

each MA is given a certain weight.

7 | Tolerance range u/C For UBMAs, the shifting taleces are the same in
positive and negative direction. However, for CBMAs
we explicitly distinguish between positive and
negative tolerance. Thus, for #7 we have the p@siti
tolerance range for a CBMA and for #8 the negative
one.

8 | Negative C see #7
tolerance range

" Maintenance types: ® holds for UBMAs only, G® holds for CBMAs only, U/G® holds for both types

9
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3.2 Computation of the ‘Master plan’

In Figure 2, the procedure for computing the MPishewn. No distinction is made between
the procedures involved in generating the initiadl ahe second master plan (see Figure 1,
steps 3 and 5).

Figure 2 Extended pseudo code describing the catipatof the MPL

Import data (calendar, global parameters, fleet spedifta, quarterly flying hour budgets, ERP data etc.)
Determine vectors containing codes of applicable UBMAs andM28: u =[u;, Uy ,uK]T andd =u if

fleet has only UBMAsuU =[uy, Uy ,uK]T, c=[g, g, ,c|_]T ,andd :[uT cT]T, if fleet has both

UBMAs and CBMAs;[>}T indicates the transpose of a vector or matribpeesvely).

Compute the nominal the flying hours per week (for the Vehibeet) over the whole planning horiz@n vector
h"°™ (size[W " 1]).

Write (i) running MAs (UBMAsand CBMAs) and all CBMAs, (ii) special services, ariil) (pending special
services (decommissionings, upgrade servicesgiatenance plan

Set jstart:]_
While i <W -1 (W : number of weeks within planning horizon)
For j = jS@tow-1
Removeall UBMAs entries that start in weeks j, to make ensure that the UBMAs can be correctly

written after a successful merging
For k =1to N (N : number of aircrafts in fleet)
If positive tolerance of next CBMA is reached
Determinethe optimal UBMA of aircraftk within an allowed range, i.e. the one, which has
the largest duraticend results in the lowest deviation from the origihEBMA position
If an UBMA is found (i.e., a merging gets possible)
Perform merging and write CBMA in maintenance plan

Determine new starting weelj S

Sethinary variablev to 1, signalling a successful merging
Else
Write code of next CBMA in maintenance plan
End
Else
If repetition time of next UBMA is reached
Write code of next UBMA in maintenance plan
End
End
End
Update variables and store all data of weg¢k
if v=1 (i.e. a merging was performed)
Exit for-loop ()
End
End
Setv=0
Ifj=w-1
Stop MPL computation and exit
End
End
Export final maintenance plan to file server

10
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In the procedure described in Figure 2, the follayv@spect is of special importance: Once the
algorithm has found two MAs for merging, the mergeperformed resulting MA is written
to the maintenance plan. To consider the new numib@vailable aircrafts, the affected range

is determined and the computation starts agaiheafitst week (5®") before this range. This

ensures that, especially for small fleets, the merdo not lead to additional variabilities.

3.3 Performing the optimisation task

The optimisation task consists of finding the ogtirpositions of the MAs such that (i) the
various operational constraints are met (accortbngable 2), (ii) the resulting maintenance
capacity requirements per fleet have a minimum remdd exceedings, and (iii) both the
maintenance requirements and the flying hours peraft per week have a low variability.
Section 3.3.1 gives a general overview of the ogaiion task. In section 3.3.2, we discuss
the computation of the optimal positions. In sattB3.3, we have a closer look on balancing
the flying hours between adjacent quarters.

3.3.1 General procedure

In this section, we give a general overview of thgtimisation procedure. As for the
computation of the MPL, we do this with pseudo cadehown in Figure 3.

Figure 3 Extended pseudo code describing the ogdiion procedure

Import data (calendar, global parameters, fleet specifta,djuarterly flying hour budgets, ERP data etc.)

Determine vectors containing codes of applicable UBMAs andM28: u =[u, Uy ,uK]T andd =u if
fleet has only UBMAsu =[u;, Uy ,uK]T, c=[g, g, ,c|_]T ,andd =[uT cT]T, if fleet has both
UBMAs and CBMAs;[>]£T indicates the transpose of a vector or matrixpeetvely).

Compute the nominal the flying hours per week (for the Vehiteet) over the whole planning horiz@n vector
h"o™ (size[W" 1]).

Read data from 'Master plan (MPL)' and build matiix (size [N” W], N: number of aircrafts in fleety :

number of weeks within planning horizon), compretiag all MAs together with their appropriate
tolerance ranges.

Determine all non-fixed MAs inF and compute unsorted priority tab"S°" (size [M * 5], whereM is the

total number of non-fixed MAs). Each row containk the following information for each MAm
(m=1 M):

Column 1: Aircraft numben(™ to which MA m belongs, withn(™MT {1..N}
Column 2: Maintenance type™ of MA m, with d™T {d;, ,ds, .dg} (f only UBMASs) or
dMT{d;, ,dg, ,dg.dk+1, .dk+ )} (if UBMAs and CBMAS)

Column 3: Earliest possible beginning of MA: tég]r)"est

11
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Column 4: Initial position of the MAn: t(()m)
Column 5: Latest possible beginning of MA: tlg?gst

Sort matrix PU"S°" according to (i) maintenance tymE™ (in descending order), (ii)t((;;r)Iiest (in ascending

order), and (jii) aircraft number (in ascendingen® matrix PS°"

PSOI’t

For all rows in matrix (from highest to lowest priority)

Compute optimal positiont,k(m) for each MA (details see section 3.3.2 below)

End
Compute nominal flying hours between MAS, considering fixentries and/or special services and enter again
the inter-maintenance flying hours (weighted i}’™ to get an optimal basis for the subsequent steps)

Compute actual and nominal flying hours per quarter dnd=[f;, , fq, fQ]T, containing the flying hour
differences (actual minus nominal) per quarter, ehg=1 Q and Q denotes the overall nhumber of
quarters within the planning horizon.

Compute the transfer of flying hours between adjacent aquarto meet the quarterly flying hour budgets
(details see section 3.3.3)

Compute limiting the flying hours to a (fleet-specifid)"®* (details see section 3.3.4)

Compute performance indicators

Export final maintenance plan to file server

The optimization algorithm computes ideal positibmsall MAs disposable for shifting. The
positions of MAs running at the time of optimizatjoor those fixed by the user are not
changed by the optimization.

3.3.2 Determining optimal positions of maintenance actions

The optimum positions(™ are determined for each maintenance actioaccording to the

priorities assigned:

3
t{™ =argmin  w p™,
t '
i=1

where p{’ (i=1.3) are penalty functions and their respective weights. Functiop{}’

penalizes the extent to which MA is shifted fromt((,m), and reflects that any shift away from
the original position leads to a more uneven distion of flying hours over time. Function
p(ZT) penalizes the degree to which capacity requiresnart maintenancen overlap with
those demanded by the previous 1 maintenance actions. Finally, functimé(? determines

conflicts with user-set weekly flying hours. In Eig 4, we show the sequential computation
scheme to determine an optimal position of eaatcedable UBMA.

12
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Figure 4 Extended pseudo code that describes thputation of the optimal positions of
the maintenance actions. The following notatibokl: 1,,, c; and e; are the

duration of MAm computed by the MPL, the total capacities requiredieek
j by m-1 MAs already set and a binary variable that inésdhe presence or

absence of user-set weekly flying hours duringekvg for aircraft n(m
(explicitly defined by MAm), respectively.

Read matrix PSO't

Form=1toM
For j =1toW
Compute capacity requirements for week up to MA m- 1. Vector r contains the maintenance

resources required by maintenance tgpand is defined as =[r, ,fg, ,rK]T (only UBMAS)

or r=[r, .fs .fc.Tks1, fk+L]' (both UBMAs and CBMAS), wher®<rg£1 ( s) holds.
K denotes the total number of UBMAs ahdis the total number of CBMAs.
Fori =1toN

g if min‘Fij(m' D_gf=0
S

Cj =C; +

0 otherwisei.e., Fij(m' DcontaingnoMA)

where F; denotes the maintenance plan entry of aircrafin week j after MA m- 1

(m-1)
|
anddg denotes the maintenance code at posi§idn vectord .

End
Compute binary variable that reflects the availability ofdd flying hours in weekj for aircraft n(™:
it hd (m-1)
_ 1 if hdoWn < Fn(m)’j < hup

e = '
o otherwise(i.e.,Fn(% 1} containmofixed flying hours)

whereh®"" and h"P denote the lower and upper limits of flying hoairaft/week " =0,

h'P =99) . Please note thdt"P? > ™ holds.

End
Fort = te(zr:r)liest to tl(aTe)zst
Compute penalty function piT) , pg?) , and pg?) , respectively
t+lp,-1 t+lm-1
P =[t-"] PP = anap{P = ey,
j=t j=t
where the weight coefficients,, w,, and wy were set to 0.25, 1 and 1000, respectively t@cefl
that capacity constraints are more critical toaevenly distributed flying hours and that usdr-se
weekly flying hours need to be respected abshlut
End
Compute the optimal position of MAmM :

™ = argminfu; {7 + wy G +uispl)

Write coded™ of MA m to positionstfm), ,tfm) +1, - 1 for aircraft n(M in maintenance plaﬁ(m)
End

Setc®t=c;, j=1 W

13
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3.3.3 Balancing quarterly hours between adjacent qu  arters

Due to the previous actions, the sum of quartdsgiing hours of the whole fleet usually
deviate from their nominal values. This shall berected with this step.

Figure 5 Extended pseudo code of the balancingeproe for transfer flying hours
between adjacent quarters. Weeks are numberedlysestarting with week one
at 01.01.2003.

Readvector f Mt | containing the flying hour differences per quased setf =finit
For g =1toQ-1 (Q: number of quarters within planning horizon)
Wq :[Wanln, ,Wanax]T
Fori =1toN
Determine week numbers in quarters and q +1, where MAs are performed for aircraft

— T _ T
Mig =[My My, Ml Miger =[Ma, My, M, ]
Determine week number, where the last MA endg{) and/or the next MA beginsnf,qﬂ):

s W4 = [WeRT ,Wgﬁx]T : week numbers of quarters and g +1 respectively

and

max oifmgg min . if m; 1
miy = Emasguy 5 andm?. = Mgy 2 0
min(wgq) - 1 otherwise 4 max@w 1) +1 otherwise

Update sums of flying hours performed after the last MS(({()) in quarterq and before the next MA

(5821) in quarterq+1, i.e., add the contributions from aircraft
max(wq)
(m) -
Sér) _ S(({) + Fi ~ if mg <maxiwg) and
k:mi'q +1
0 otherwise
”\fqﬂ' 1
Sé'll _ Sé'il + R if M a1 > MIN(Wg41) |
k=1
0 otherwise

End
Compute coefficients, which determine the proportion ohdable flying hours per quarter that needs to be
transferred between quarteysand q+1:

fq :(sg”- fq)/s(({) andfq+1:(sé'3l+ fq)/sé'zl
If fq>0U7,,>0

Perform transfers
Fori =1toN

If fq >0 (transfer from quarteq to q+1 required,0< 7, <1)
F“(J‘) = F”((’l“)fq,for allky =y +1, , max@,)
_ (m)
Dy =(1- £4) kg

R = B + Dy /[mga - min(wgag )] for allky = minwgay), Mge - 1

14
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Else (transfer from quarteg+1 to g required,0< fqul 1)
F”(g‘) = F(m)fq+l,forall ko =min(Wg.q), M ger- 1
— (m)
D, = (1' fq+1) ky ik

F(m = F““’ + D, /Imaxwg) - mg ] forallky =my +1, ,max(g)

Ikl
End
End

End
Update vector f

Sq=5§) + S - fq and Syuq = Gl + ST + g

=% S "o

End

3.3.4 Introducing an upper limit of flying hours pe r aircraft per week

After balancing the flying hours between quartdes, some aircrafts the number of flying

hours are above a certain threshold. To prevemgd®in flying hours between successive
weeks (e.g., difference of more than four hours)intduced the following procedure: For

weeks with exceedings, the amount above the thigsbtallocated to the adjacent weeks.
The entries are weighted with the nominal flyingufsofor the whole fleet in the appropriate
weeks to ensure that the previously balanced qlafftging hour budgets are not changed
too much again. The smaller the threshold is &et,nore difficult it gets to distribute the

remaining flying hours to the adjacent weeks. Ineotwords: deviations between the actual
and the nominal flying hours per quarter increagairawith decreasing upper limits. The

influence on the deviation depends strongly orfldet and on number and type of constraints
set. In section 4, we show the influence of theghold on the deviations for two fleets with

some typical configurations. The inter-maintenafigeag hours are not changed due to this
procedure.
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4. Results

In this section, we present the achievements af phoject. In section 4.1, we introduce the
performance criteria applied. In section 4.2, wiefbyr describe the fleets investigated and in
sections 4.3 and 4.4, we show the results aftepoting the MPL and performing the OPT,
respectively. To conclude, in section 4.5 we presehrief the implemented tool (GUI).

4.1 Performance criteria

To get an overview, in Table 5 we link the paramsetand the performance criteria,
respectively, to the steps performed. It is imparta note, that finding the optimal position
of the MAs and balancing the flying hours betwedjaeent quarters are independent steps.

This holds also for parameteng2x (maximum flying hours per aircraft per week) agfl

(maximum available maintenance capacities), as showable 5.

Table 5 Parameters and performance criteria. Alhglsatisfied the strict constraints.
Therefore, only the weak constraints are consatlaere.
Step Parametgr Performance criterion
hmax | cim9 1 UBMA | Criterion | Description
tol.

Compute MPL 0 0 + f merg Fraction of achieved to
(section 3.2) possible number of mergers
Find optimal 0 ++ T Dcap( ct"m) Exceeding of available
position of MAs maintenance capacities
(section 3.3.2)
Perform balancing + 0 T F(h) Cumulative distribution of
(section 3.3.3) and flying hours for the whole
limitation (section fleet over planning horizon
ﬁosufs) ?gtjlt)r/\”t]gsks ++ 0 T dq(hmaX) Deviation of flying hours

- per quarter from nominal
within OPT) value

8 Influence: ++® strong, +® minor, 0® none, T® not investigated in detail

o ct”“n does currently not depend on time,(é'@1 =clim ,"t holds; c'm >0 denotes a constant (real).
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In the following, we briefly introduce the four permance criteria according to Table 5.
Mergers completed

The fraction of achieved to possible number of raesd M9 is computed as follows:

B
fmerg:l %

B b=1

where B is the number of CBMAs available for merging, the whole fleet within the
planning horizon, andy, is a binary variable, computed as

1 if CBMA b wasmergedsuccessfly
0 otherwise '

Deviations of actual from nominal quarterly flying hours

The deviation between the actual and nominal suiuafterly flying hours for the planning
horizon is computed as follows:

(q?:l‘ Sgct( hmax)_ Sgom

Q nom
q:lsq

dq(hmax):loo ,
where s2°{ h™®) denotes the actual flying hours, depending onugeer flying hour limit
Sy

h™M&, sg°™ is the nominal number of flying hours in quartgrand finally qu(hmax) denotes

the overall deviation in percent.

Distribution of the flying hours

As mentioned in section 3.3.4, the flying hourstar&éave a low variation over time. A good
measure to quantify this is the cumulative disttidou function (cdf) of the flying hours. For
this, the flying hours of the whole fleet in thephing horizon were considered:

Flh=  ph),
h £h

where F(h) is the cumulative distribution functiory denotes the computed flying hours,
with i=1 ,R (R: the number of bins oh), p(k) denotes the relative frequency nf

(o£ph)£L, p(h)=1), andh represents the flying hours, for which we compheecdf.
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The aim is to have distributions with low variantce,, we require cdfs(h) without long tails
to the right. Thus, we examineglh)=0.995 1 in detall, i.e., the flying hours lying in the
upmost 0.5% (see section 4.4.2).

Number of exceedings of available maintenance captes

To quantify the number of exceedings as well agr tlngth, the following formula is
applied:

)= (g g T (e am),
e=1 t=tgtart
where n®* denotes the number of independent sequences eée@ixgs,e denotes a specific
exceeding,t$2" and t&" are the begin and end of an exceeding, respegtisad ¢ and
c¢im indicate the actual and the nominal capacityraéti. Finally, ¢ denotes a constant that
determines the weight of penalty functicﬁrgnd- tgta“+1)d. In other words, ifa>1, long

exceedings are penalised more than shorter onesetwe-2.

4.2 Test fleets and setup

For the tests presented here, two fleets were tigadsd in detail. Fleet one consists of
UBMAs as well as CBMAs, whereas fleet two has ddBMAs. For specific demonstration
purposes, a third fleet is used (see section 4Téakle 7).

Table 6 Nominal flying hours for fleet 1 and 2,pestively.

yeary ® 2006 2007 2008 2009 2010

fleet #® 1 2 1 2 1 2 1 2 1 2

quarterq (bl | [l | [l | [l | [l | [l | [h] | [h] | [h] | [h]
1 690 | 550| 951| 825 875 1000 675 860 65 980
2 1254 750| 1245 455 87% 84D 675 775 675 680
3 1113 700| 1023 825 875 76D 6715 825 675 810
4 849 | 850| 780| 650 875 850 675 5%0 6f5 740

sum/yea® 3906 | 2850f 3999 2755 3500 3450 2700 3010 2700 3210

For both fleets, the tests were carried out withidyl configurations. The number of manual
constraints was set low to make the results conbjpara
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Higher deviations can arise, depending on the numbadditional constraints. Especially for
small fleets with a large number of fixed mainter@actions, special services or fixed flying
hours, larger deviations in the quarterly flyinguh® are expected. Nevertheless, for all tests
performed, the deviations were always within megfuhranges.

We will not explain the constraints as well as BRP data in detail here.

4.3 Some comments on the 'Master plan'

Computing the MPL includes (i) the entry of the M&sd (ii) performing mergings between
feasible CBMAs and UBMAs (for those fleets with bdypes of MAS).

The quality of a master plan is measured mainlyth®y fraction of achieved to possible
mergers { me9). For the fleets considered™'9> 095, i.e., nearly all possible mergers could

be conducted successfully. However, in a few c#fsisswvas not possible because the ranges
for shifting the CBMAs were too small. Since ths a strict constraint defined by the
regulations, the number of mergers cannot be iseskavithout changing this constraint.

To summarise we can say, that the performancei®tabk is very good with respect to MA
entries and mergings. Although computing the MPLnmgortant, the performance of the
approach is measured after the optimisation takichwis done in the following section.

4.4 Assessment of maintenance plan after optimisati on

In this section, we assess the quality of the reagmice plans after the optimisation according
to the performance criteria defined in section 4&.is important to state at this point that we
only get meaningful results, sin@dl tasks (MPL, balancing quarterly flying hours, and
limitation of the flying hours per aircraft per wgecan be carried out successfully.

4.4.1 Flying hours

To begin, we have a look at the resulting flyingufsofor the two fleets and the whole
planning horizon under conditions as defined irtieacd.2. As shown in Figure 6a, fleet one
has a high demand in the first 7 quarters, whiatefiected by the relatively large number of
flying hours in this range. In contrary, fleet Z2¢sFigure 6b) has significantly less flying
hours in the sixth quarter.

19



Swiss Transport Research Conference

March 15 — 17, 2006

Flying hours for the configurations acaeogdto section 4.2: (a) Fleet 1, with
h™& = 3.5 hours, (b) Fleet 2, with™® = 3 hours. Cells with zero flying hours

indicate weeks with either MAs or holidays ordyy., Christmas/New Year).

Figure 6

Jaquinu yesony

Distribution of flying hours per aircraft per week

4.4.2

In Figure 7, the cumulative distribution functiookflying hours subject tc™®* are shown
for three fleets. In general, the intention is swd a small number of entries that deviate

largely from the mean.

, and f) we can determine thgeaof flying hours that comprise the

From Figure 7 (b, d

we get the following ranges: (i) flée#.3 to

10 hours
8.4 hours, (ii) fleet 2: 3.7 to 9.1 hours, and) fiieet 3: 6.2 to 8.8 hours. The appropriate mean

is 1.77, 1.39, and 2.62 hours, respectively. Wetlsaiethe number of flying hours lying in the
upmost 0.5% of all cases is low, which is well gtable from an operational point of view.

upmost 0.5% of all cases. FpP#*
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Especially for fleets with a small number of aiftsg(fleet 1: 37, fleet 2: 43, and fleet 3: 11
aircrafts) the deviations are somewhat larger sthedanfluence of each MA compared to the

number of available aircrafts is higher for smad#ets. This fact is well

comparing Figure 7e to Figure 7a and 7c, respdygtive

illustrated by

Cumulative distributions of flying hoursrpaircraft for three fleets: (a, b) top

(fleet 1, UBMAsand CBMAS), with h™

(fleet 2, UBMAs only), withh™®

Figure 7

3545 10 hours, (c, d) middle

10 hours and (e

, T) bottom (fleet 3,

= 3|4l

UBMAs and CBMAS), with h™® =45 10 hours. The left side shows the full

cdf, whereas the right side shows only the rangg

0.995 1.
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4.4.3 Deviations from nominal flying hours per quar ter

In Figure 8, for fleets 1 and 2 the deviationsh# tictual from the nominal flying hours per
quarter are presented. For both fleets, the deviatbecome smaller with increasimg®
(see a, b). Foh™®>6hours, the deviations are acceptable. The specific cheniatics per
fleet are mainly determined by the actual configora From (c, d) we see, that with
increasingh™® the deviations get smaller for both fleets.

Figure 8 Deviations of actual from nominal quastdlying hours subject ta™®*. In (a)
and (b) the deviations in percent from the noimiadues per quarter are shown
for fleet 1 and fleet 2, respectively. (c) and) (show the deviation

dq(hmax) of flying hours over the whole planning horizom figet 1 and fleet 2,
respectively.
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From sections 4.4.2 and 4.4.3, we see that a mgfahiselection ofh™m@ is a compromise
between two opposite requirements: The goal ofrgad small variation in flying hours
requires to chosen™® small. From the viewpoint of small deviations afagterly flying
hours, we need to sef"@* above a certain threshold.
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Independent of the weight of the two requirements, recommend to chose™ in the
following range:

Sgom

nom
q Sq £ hMmax £ 4 q

23 wPhN wPhN

where s§°™ is the nominal number of flying hours in quartgr wP" denotes the number of
weeks with the planning horizon, i.e"’" @60, and N is the number of aircrafts of the fleet
investigated. The lower boundary reflects the faat is determined by the deviations

In practice,(]/wth) qsgom is slightly lower than the actual mean of therftyihours per

aircraft per week, since it does not take into aotadhe MAs. However, to get a rough
estimate of the mean, it works well.

Depending on the individual and/or fleet-dependegight hm2* can be chosen closer to the
lower or the upper limit.

In practice, the number, type and range of the tcaings need to be considered too when
setting this parameter.
4.4.4 Capacity requirements

The actual capacity requirements and the availedgb@cities are shown in Figure 9. For both
fleets, the requirements were met well, given teppropriate configurations.

Figure 9 Capacity requirements after optimisatiod available capacity for fleet 1 (a)
and fleet 2 (b).

Capacity [-]
| I
]:E-
|
| |
|
R
|}

|
A
=
|
|
|
|
1)
|
1 |
o |
= |
===
| |
Capacity []

23



Swiss Transport Research Conference
March 15 — 17, 2006

For the capacity requirements as shown in Figutbeédyalues oi:?ap( c{im) are:
Fleet 1: Dcap( cm =clm =3 (const)= 4
Fleet 2: Dcap( M =clm =4 (constﬂz 0

Both cases are well acceptable, although for theet some short exceedings occur. For fleet
one, the maintenance capacity provided could bacestiaccording te/™ =2, t 3 100.

4.4.5 Final maintenance (and flight) plan

Figure 10 shows the final maintenance plan as EX&Bpreadsheet. For each year in the
planning horizon, a separate spreadsheet is prbvidditionally, a customer-specific pull-
down menu was implemented to ease and supporntaection processes (see Figure 10,
right).

Figure 10 Excerpt of final maintenance/flight pkfter optimisation: The cell entries show
the maintenance action (each colour represesisaific type of maintenance
action) and/or the weekly flying hours, respeaiv The first row denotes the
planning year and the week numbers, respectiwvehereas the first column
denotes the aircraft number. In the right halfhef figure, the fleet-specific pull-
down menu is shown.
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4.5 Maintenance Planning Tool

To be compatible with the customers’ operating&ays{MS Windows®) and their familiar
office software environment (MS Office), we implemed the software tool in Visual
Basic®?° (VB for MS EXCEL®). The core functionalities (MPand OPT algorithms) were
implemented in MATLAB®&®. According to the procedure shown in Figure 1pst2, 4, 6,
and 8 are interactive, whereas steps 3, 5, andn/the appropriate MATLAB® executables
(see also Figure 11).

Figure 11 Graphical User Interface (GUI) of the mi@mance-planning tool: The main
menu is in accordance with the procedure predentEigure 1. Please note that
the tool consists of steps 2 to 8 only since t@mis (step 1) are not changed
during standard operation and therefore do nqtiire access via GUI. The
second worksheet 'Management of fleet data' alk®iting the fleet specific data
like quarterly flying hour budgets etc. but ig sbown in detail.

oelolclclele

% visual Basic and EXCEL are registered trademafkdiorosoft Corporation
" MATLAB is a registered trademark of The MathWorks;.
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5. Conclusions and Outlook

5.1 Conclusions

We presented a new algorithm for aircraft mainteeascheduling for unscheduled flights.
For two fleets we have shown some results andrfgediThe implemented tool together with
its algorithms has shown to work reliable, fast] anth good optimisation results even under
heavy constraints, e.g. with various manual sedting

As for most software tools, besides the tasks desttin the preceding sections, a substantial
part of the project was required (i) to define wimws that meet the requirements of the

customer while still being feasible to implementdn) to investigate/define the numerous

combinatorial special cases and restrictions, mathle to the large number of manual

interaction possibilities.

The tool is in operation at the Swiss Air Forcenpliag central since June 2005. The payback
time of this project is about two years. The acbteustomer benefits are listed in Table 7.

Table 7 Customer benefits

Operational tool that fully meets all intentiondided in section 1 (Table 1)

The time to compute a new maintenance/flight planpow within 5 to 15 minutes
(depending on the fleet size and the number oftcaings), compared to the previously
1.5 to 2 days. This allows for:

o Fast reaction on events like thunderstorms (Berr@berland, August 2005),
tsunamis (Sumatra mission, January/February 2005)rest fires (Leuk, summer
2003) while still meeting all maintenance requiretse

o Efficient investigation of ‘What-If-Analyses’ to owgpare different maintenance
strategies

Automated compliance of regulations like inter-nt@imance flying hours etc

Besides the computation of optimal maintenance spldne recommended number of

flying hours is an important benefit for the losatvices, since it allows them a much better
setup of their flight plans., i.e., the allocatiohaircrafts to required flights. It has been

shown, that this leads to another substantial remiiction.
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5.2 Outlook

Based on our experiences, we currently see thewoly main topics for further research:

Extension of the optimisation procedure such that:

o The optimal upper limit §"®*) of the flying hours per aircraft per fleet is elehined

against both the deviation of quarterly flying h®wand the variance of the flying
hours (per aircraft per week)

o The optimisation can be carried out for all fleédsshare common maintenance
capacities

o The capacity limit is considered as a strict caistr However, this might require
some changes in the regulations, since the tolereantges for shifting the CBMAs
are currently very small and thus restrict theifiéity considerably

o The available maintenance capacity becomes timendkgmt

Another interesting aspect is the extension ofgheedure to applications other than
aircraft maintenance. With the development of aceph for the maintenance of railway
fleets, a first step in this direction was madeergly by the IDP.
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