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Abstract

Air New Zealand had done verlttle work in the area of aircraft schedulingsing
optimisdion techniques until last year. A basic optimisdion modé was developed to
alocate flights and mantenance to drcraft ove a paiod oftime. This poject implements
severalextensionsto this model. Departure time windows were incorporated to allow
flexibility within theflight sthedule Each of the individud sectors wee aso dlocated a
priority. These priorities were then usel to reduce the numbe of arcraft in thefleet. A
linear progamming(LP) relaxation and branch and bound approach wsedto solvethis
modd as a genedised sd-patitioning problem. This gproach led to the efficient
construction of agod qualitylegal solution of the Being 747-400 fleet.

1 Introduction

The airline industryis a perfect eemple ofwhere schedulingplays an importantrole.
During the past decades, air transportation has uondergexensive growth. This
devebpment has neantan ncreasen the ran@ of praditcal probkems assoated wih the
bushess hat need ¢ be soled. Almost every aspectof an arlines operabn can be
considereda schedulingproblem. Aircraft, crew, passemgs and sundrytems must be
organised into an efficient operation on a ddilgsis. Therefore the potentlanefitsfor
using optimisation methods to produce optimal or near-optimal scheuegificant. It
is thesefinancialmotivesthat are drivinghe airline industryo make use of optimisation in
all areas of operation.

1.1  Air New Zealand

Air New Zealand is the major national and international airbasedin New Zealand.
Like manyotherairlinesAir New Zealand has a laeghumber of resources to maeag he
company must organise he arcraft and hen neke surethat they are adequadly staffed
with pilots and flight attendants.

In today’s hichly compditive maket Air New Zealand must efficiently utilise and
mana@ these resources to provide a satisfactewel of customer service or rig&sing
valuable business.



1.2  Airline Scheduling Problems

The airline schedulingproblem consists of several sub-problems that msgract with
each dber D vanying degees. TIs resutsin a large and corplex overal problem Day
[2] describes the fundamental problem common to eslipe asthe “choice of schedule,
schedulingof aircraft and the subsequent schedubhgircrew to those aircraft”.

Attempting to solvethe entire problem of aircraft scheduling and aircrew scheduling as
a sinde globd problem is impractical. This is whymany airlines divide the problem into
smaller sub-problems of a more practical nature.

Figure 1 givesan overview of the airline schedulingroblem. Usuallythe aircraft are
scheduled first with little or no regard for crew consideations. Cews ae then scheduled
with the input beindhe fixed aircraft schedule.
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1. The airline schedulingroblem

The focus for this project was in the Aircraft scheduling
1.2.1 Aircraf t Scheduling Problem

The arcraft scheduling is usudly thefirst stage in solvingthe arline sdheduling problem.

A completed flidnt schedule determines the overall productiatyd profitability of the
airline. The desig of a flight schedule involves the construction of timetables of aircraft
routes (schedule planning and thescheduling of arcraft to these timetabled routes (aircraft
assigment).

Scheduleplanninginvolves determiningvhich routes are to be flown, their frequency
and theassocated departure and arival times.

A secbr is a non-stop fligpt from orign to destination. AFlight Scheduldas alist of
thosesectors for a fixed peaiod of time. The combindion of flight sestors to whidh an
individual aircraft has been assegl for a certain period de schedulas calleda Line-of-
Wak. Air New Zealand creates these lines-of-work for a period of a week (Maioday
Sunday

Once he schedud is deermined, he nex step s to decde how b efficienly allocaie
resources to flythe schedule. The aircradssighmentprobleminvolvesthe allocationof
the particular aircraft both fye (for example B37-300 or B67-200) and tail number
(specfic arcraft)

There are several factors that need to be looked at when nthiindecision about
aircraft assigment. f a small aircraft flies a sector with a ludemandhe opportunityto
carry more passergys has been lost alonwgith the associated revenue that could have
potentiallybeengenerated. Converselyif alarge aircraft was assigd to flya sector with




very little demand, fuel is wasted and hifixed landingcosts areéncurredunnecessarily
Also the aircraft might have been more profitablyysed on another route. The airline is
therefore interested in an airline schedule that results in a well ‘filled’ aeroplargo@ahd
utilisation of existing transpotation capacities. Aacomplishingthis mach of capacity and
demand for optimd revenueis thegoal of thefleet assigiment.

1.3 R oblem Definition

In 1999 a basic optimisation packag was developed for solvintpe international fligt
schedulingproblem at Air New Baland. The overall aim of thigsojectwasto look atthe
effect and implementation of departure time windows. Thisherea flight candepart
with a certain time peiod and the actud departure time is no longr fixed. An etra
extension was b place a pwority on individual secors. Ths then alows seabrs b be Eft
out of the solution.

There are two ways in which the prioritising of sectors @uld beincluded. A sd of
flights could be provided that is unable to be coverethéycurrent fleet. This would be
the case if an airline wanted to expand into aeas not dready flown to. This optimisi#on
packa@ would return the sectors that were unablddaovered. The other approach
would beto try and reduce the current fleet while still attemptingto cover as much of the
current schedule as possible. This is known as the fleet minimisation problem.

The outmme of this wok is the constuction of a flight sthedule tha dedails the
sequence of fligts each aircraft must perform over a period of time.

2 Model Formulation

Many of the schedulingroblems that arise from the transportation industrnbe posedas
massive sd patitioning zero-one integer programs. Dueto the complex naure of the
problem it is gnerally unrealistic to solve the model itis form using conventional
integer linear programming
To formulate and solve the international Aigschedulingporoblem a model is required

which reflects the realworld characeristics of he probem In order b acheve the
objective of constructingpigh quality legal and feasible schedules areasonablemount
of time, the flight scheduling problem must besolved using mahematical optimisadion
methods.

2.1  ObjectiveFunctions

In general the objective fundion for scheduling problems is to maimise profits. In its
simplest form profit is the difference between revenue apdreses.

For airlines, the phsical aircraft contribute the most to both the revenue and cost
components. n this waythere are trade-offs that have to be made. The main source of
revenue for an airline is from the sale of seats or the transportation éit foeigcheduled
flights. Owning flying and mantaining arcraft on theothe hand are the largest costs
incurred. Also for everflight flown there is associated labour and operatsgys.



The numbe of aircraft an arline opeates is theoveal driving factor in determining the
nunber of saff requred b maintain the arcraft (engneering), to fly the aircraft andtend to
the passengrs (techntal and cabm crew) and severather essemdl servces. Therefore
the ultimate goal of this research is to minimisethe totd numbe of arcraft required to
operate the international flig schedule.

2.2  Set Rartitioning Model

The schedulinggroblem can be modelled mathematicaiynga generalisedversionof the

set partitioningmodel. The variables can be partitioned to correspond to feasible lines-of-
work for each of the individual aircrafB]. The schedulinget partitioningporoblem (SPP)

can bewritten & :

(SPP) Minimise  z=¢'
Subjecto AX =
X

where

the ekment of A can be defined as:
a; = 1 if sectoii is performed in line-of-work j; or
aj = 0 otherwise.

b is the ridgt-hand-side vector and isvgn by
b =1fori=1,...p.

The ekment of x can be defined as:
xi = 1 if the line-of-worki is included in the solution; or
x; = 0 if the line-of-worki is not included in the final solution

In the context of internationd flight scheduling, the rows of the A matrix correspond to the
flig ht sectorswhich must be performed bgne aircraft of a particular g exactly once in
the scheduled period. The columns of fenatrix represent feasible lines of work for a
one-weekperiod,consistingof a subset of fligt sectors. A solution or schedule isen as
a patition of theflight sestors bythelines-of-work.

The explicit constraint incorporated in the highand-side vector,,bensureshat each
flight sector in the desigted week appears inaotly one row of the schedule solution.

The solution vector contains the solution and refers to a particular colunf ifhe
optimd solution theefore will includelines-of-work tha contan all sectors for the aircraft
to fly with thelowest oveal cost.

2.3  Expansion ofthe model

With the number of aircraft beingsed in the model unable to cover all of s@plied
sectors, (either due to pansion of the number afectorsor a reductionin the fleet size)
some of the sectors are natigy to be able to be covered.o takethis into accounttrue
slackswereaddedto the end of thé matrix. The cost asso@ted wih these ines-of-work
(that contained only one secbr) are redted to the priority that is placed on hat individual
sectors. A sector with a Hhigpriority would havea high costassociatedvith not being
covered in a line of work. The cost would beegtedto be inverselyproportionalto the



expected profit that could begenerated on thesector. This diminated any problems with
infeasibility. The optimisationstage was were the fleet minimisation took place. Arrax
constraint was added onto the bottom of Ahenarix to limit the numbe of aircraft tha
could be used. Eachof the lines-of-work contained a one in this constraint while the true
slacks contained aew. This additional constraint has been added uirdi@.
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2. Matrix showingadditiond constiaint for fleet minimisaion

The user inputs the number of aircraft utilised so tlsey choose whether the number
should be reduced.

3 Solution Method

The approach used to obtain the solution to the internationfatl §anedulingproblem was
divided into three main stag: generation, optimisation and reportingresults.

3.1 Method of Next Availables

The generation stag was divided into two sub-problems. The first sub-problem of the
generation processinvolved the method of next availables. The list of néxavailable
sectors for aigen aircraft tpe wasconstructedisinga completeenumeratiorprocedures.

It was desiged to gnerate all the possible sectors that an aircraft coulgh\fnits current

port and time

Severalextensionshadto be addedto this stag in the gneration process. Each sector
had to be yen open and close time windowsat were feasible. Thesetime windows
couldvary from zero up to a maxmum of 24 hours. Air New &aland provided these time
windows.

The sectors were then sorted accordmghe closingime of the time window.If the
time window has not closed then there is the possibtligt that sector could become an
available. tis irrelevant at this stagwhat time the window opened.

Using the original dak the duraton for each of he seabrs werecalculated. This
duraton was lhen usedd generat the nex avalables for each ofhe seobrs. Taking each
sector individudly the earliest possibldinish timewas mmputal. Othe sectors with stat



windows that were still open are then considered as possili@velablesproviding that
they are athe sane port

For the purposes of this project the prioriyp eachof the sectorswas basedon the
lengh of the time window. This in realityould not be the case. Priority would be based
on expected gnerated revenue, operatingsts and customer demand.

Upon finishingcomplete enumeration, the list of mewailables became the necessary
input for the second stagf the gneration process: the construction of the lines-of-work.

3.2 Construction of Lines of Work

The secondstage of the generationprocess involved the construction of complete lines of
work. This phase used the solutions obtained from the mefhoekt availables. Similar

to thefirst stage, dl possiblelines-of-work were constiucted usinga complete enumeation
procedure.

Lines-of-work began with sectors tha had stating times less tha a speified time on
Monday The nex sector that was added to the line-of-work was deperafetiite current
sector, and also on thaepth of subsequendthat is, whehe it was thefirst available
sector or a sector with a greater linktime). Anothe factor taken into consideation was the
maxmum pemitted linktime (that is, the maximum pemitted time between subsguent
flights) This pocedure stepped forward until oneof thefollowing things occurred:

the end of the schedulimpgeriod was attained,

the maximum number of fights alowed n a sequence was reached,

the sector ended after a specified time on Surwtay

there were no moe eements I€ft in thelist of next possiblesectors to add to the
sequence.

When this stag was in which achieved the corresponding-of-work was complete
and this information was stored. The procedure then stepped back, rermavicgrrent
sectorfrom the sequenceand addingthe next sector in the previous list on rtepossible
sectors. This processcontinueduntil all the sectors had beenhexisted, without violating
the user-spetiied paramters.

Onceagain there were severaxensions hat had b be addedd this stage © dealwith
theincorporation of time windows.nitially the most important aspect to be added was the
dynamicgeneration of start times for each of the sectors. This was calculated aghseing
earliestpossibletime that the aircraft became available or when the time window for the
sector bang added was opaed. One thefixed stat time was confirmed, then finishtime
was calculated usinpe duration gnerated in the method of rteavailables.

When serching the next available file for the sector to put up into thdine of work it
becamenecessaryo checkthatthe available was still feasible (check the time window still
open).

3.3  Optimisation Solution Rocedure

The modeldevelopedor the international flight schedulingproblem was solved usirthe
Revised Simplex MethodThe revised simplexnethod starts with anthitial Feasible
Solution of lines-of-work tha sdisfy the explicit constaints of the problem. Theinitial
solution is €&asible since it sdisfies the constiaints implidtly, as theright hand sideis by



definition equatlto one. Howevern this case t is infeasble in a pracitcal senseébecauset
containsonly slack variables in the solution which represents an under-covefrialy of
the seobrs.

The Revised Simplekethod moves from one current solution to an impraadtion
by consideringall the lines-of-work that are not in the solution and decidivfych would
improve the solution. This is continued until no more improvements can be made to the
objective function.

A fractional solution has no practical applications so a bramctboundtechniqueis
implemented to remove non-ineg¥gralues from the solution. Thefeetionswereremoved
using branch and bound. The best irsegolution found duringhis procesdecomeshe
optimd integer solution to thegproblem.

ZIP, a zeo-one integer program package was usel to solve this sé patitioning
problem. It controls all of the basic stegps of the optimisaion solution pocess br the
problem under consideration.

The optimise returns thefeasible and optima lines-of-work.

3.4  Reporting of Results

At the end of the optimisdion phase the solution wa output to dile and areport-writer
progam written in ‘C’, created the international figschedule (for eachircraft type).
Essatidly, this pogram reported theadlocation of lines-of-work to arcraft (of a particular
type). These results were written to a file in a forthatcould be readandunderstoody
Air New Zealand software and users. This file is useth@yproductionof the graphical
solutions in the form of spider and block chart$. |

Becausehe in this projectthe start times were dgmically created the start times for
the secbrsin the soltion had ¢ be recatulated. This was perforred n exacly the sane
manner as in theegeration of the lines-of-work. This then added another dimemsion
the reportingof results because the time differences had to be taken into accoeonvént
thearrival and departure times for each sector to local tintesad these times that had to
be used in the production of results into Air Negaldnd format.

4 Results and Oscussion
4.1  Graphical Solutions

Solutions could onlye obtained for one aircraftpty usingthe techniques pursued in this
project. Thesesolutions were produced in two differeraghical representations: spider
charts and block @nt) charts. Air New &aland, usinghe data contained in the outilg
produced bythe report-writer pragum created both theagphical solutions.

Spide charts, illustrated in figure 3, disply arcraft destindions (orts) on thevertical
axis and time along the horizontd axis. Each of the ports is indi@ted by ther assocated
three letter code while time is consideed in teems of Greenwich Mean Time. Each
sequencef connectd ine segnent (each hghlighted n a diferent colour) represestthe
path of a particular aircraft as it follows a scheduled aircraft route over the period of a
week. The hoiizontd line segments denote peaiods of time when the arcraft is on the
groundat an airport, and the diagal line sements show periods of time when the aircraft



is flying between airports. Every sinde line sggment is labdled as a sparate sector, with
the numbe supplied referring to theflight numbe of tha sector. Sectors thd were omitted
from the soltion can be seen dsé segnent that are notconnectd b anyothers.
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3. Spider Chart solution of @&ing 747-400 fleet

The second form ofrgphical representation, block charts, are much easier to follow. The
optimised solution for the &ing 747-400 fleet is shown in fige 4.

Block chars representeach secor as a sige receingilar block abng with the
assocated stat and finish pots, lo@ pott stat and finish times and theflight numbe.
Similar to the spider charts each sequence of blocks indicates the patpadicular
aircraft as t follows a schedeld arcraft route over he perod of a week. Thereforie
numberof completelineson the vertical axs represent the total number of aircraft required
to operate the fligt schedule for a particular aircrafps: Thesinge blocksarethe sectors
that were left unmvered when dedling with thefleet minimisaion problem. There are two
horizontal axes, each reflectindifferent time bnes. Thehorizontalaxis runningacrosghe
top of the page refers to thetime in teems of Greenwich Mean Time while the time axis
runningacross the bottom is in terms of Neeafand time.

Thefirst line in theblodk chart is represented bythebrown lineis thespide chart. It
begns with flight 90 from Auckland to Toky(NRT).



4. Block Chart of Being 747-400 Solution

4.2 Optimisation Results

With theinclusionof time windows the aircraft schedulingoblem increased dramatically
in size This unbrtunaely led to thegeneration of 6 million variables in the A matrix for
eachof three dfferent aircraft types. Thé was hen bo large o be soled usng the
optimisationtechniqueseingimplemented. The @&ing 747-400 was the onljeet where

a feadble solution coud be obained. Ths is becausehis fleetcontainsonly sevenaircraft
and gnerally performed longr sectors (londpaul) to ports on the other side of the world.
Therefore the number of sectors flown in a week lpagod was sigificantly reduced.

Before looking at the fleet minimisation problem thechedulewas solved just
incorporatingthe time windows. This solutionegerated several lines-of-work as those
containedn thefixed schedule. However when the number of aircraft was reduced better
lines-of-work were chosen.

When the original solutionwas generated for this arcraft type the mantenance sector
was oneof theflightstha was not mvered in aline of work. This is tearly impractical, as
the need for maintenance is paramount in the construction of the schedule. Tdhigteas
alow priority beingplacedon this sector. It did not appear to be attractive to the optimiser.
The costof not coveringthe maintenance far outwéigd the cost of inclusion. This was
then amended bincreasingthe cost of not performinmaintenancdar abovethe costof
anypossible line-of-work.

Several atempts were nade D generat a soltion for the oher arcraft types. Because
the B767-300 and B37-300 aircraft tended to operatectorghrouchoutthe dayandhave
a rest peiod from midnight to early the next moming thee were no steduled flights
between these times. Theefore the schedule could be sepaated into seen oneday
schedulesatherthantrying to obtaina solution for the entire week. This approach showed



real possibilities, unfortunateldue to time constraints this method was unabléeo
implemented fullyand no solutions were obtained.

5 Conclusions

Previous work has mnduded thd it is possibleto constuct a modé using optimisdion-
based techniques to solve the internationahflgchedulingproblem atAir New Zealand.
The procedure developed in this project was successfyromiding a method for
generatinga feasible schedule with time windows for theelBig 747-400fleet at Air New
Zealand. tl can also be said that a schedule carcreatedstill completingsignificant
amountsof the work, utilising onelessaircraft. These techniques were also tried with the
other aircraft tpes that are currentlgwned byAir New Zealand,but unfortunatelythe
problem sized increasedsignificantly to the point where solutions were unable to be
obtaned. Theresults obtened from optimisdion runs peformed using actud data from

Air New Zealand have proved satisfactéoy the 747 fleet.

In order for results to be obtained in the future a different method of attack needs to be
implemented. Dynamic column generation is one of the techniques the migroved
feasible in the future. This would then reduce the probleemathout effectingfeasibility
and optimalityyet still be able to produce qualigplutions.

Intimate knowledg of and egerience with the airline industrgre two implicit
componentf the manualdesigh process of the international flig schedule at Air New
Zealand. In order for these computer optimised solutions to be competitive with the current
manud solutions,significant extensionswould need to be made to this modeto reflect
these implicit components.
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