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Abstract

In this paper we present methodologies for improving thealgresponsiveness of air trans-
portation systems. The main ingredients are the flexihititransportation capacity provided
by an innovative aircraft and an integrated model where lsuggmand interactions are explic-
itly formulated. The integrated model benefits from the dtemeous schedule planning and
revenue management decisions. The schedule planningst®nsischedule design and fleet
assignment models. Revenue management decisions areatetégvith an itinerary choice
model which gives the market shares of the available itmmesan the market according to
their price, travel time, number of stops and departure tifnne day. The integrated model
also includes spill and recapture effects based on the dmadel. Furthermore, the demand
model is developed for economy and business classes anglhalleocation for these classes is
determined by the integrated model. The resulting modehisxad integer nonlinear problem
and we propose a heuristic to tackle with the complexity efgloblem.
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Fleet assignment, supply-demand interactions, integretbedule planning, discrete choice
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1 Introduction and Motivation

The increase in air travel demand in the last decades resititdrequent delays and cancel-
lations of flights. In such an environment it is difficult to demand responsive for airlines.
We believe that to tackle with the shortcomings of the curagntransportation system actions
need to be taken from both supply and demand sides. In thdy ste address improvements
in both dimensions. We study the supply side by developimy@piate models for an inno-
vative flexible aircraft. When it comes to modeling demand,integrate an itinerary choice
model into the scheduling model in order to define supply-@®iinteractions. The objective
of this study is to identify the challenges in integratingrdand and supply models and develop
appropriate methodologies.

A new flexible air transportation concept, called Clip-As, developed at EPFL. Clip-Air's
flexibility is mainly provided by the detachable load unitspsules The capsules can be
detached from the carrying uniying. This decoupling brings in many advantages in terms
of airline and airport operations. In terms of modeling, GAp necessitates two level of
fleet assignments for the decoupled units. Therefore wetanadleet assignment model to
appropriately represent the flexibility of Clip-Air. In ond® quantify the potential advantages
of Clip-Air we build models for both standard planes and Clip-@apsules and wings. We refer
tolAtasoyet al. (2011) for a preliminary analysis on the potential perfoncegof Clip-Air in
comparison to the existing aircratft.

The focus of this paper is the integrated schedule plannigigravenue management model.
The schedule planning model is an integrated schedule resig fleet assignment model.
Schedule design decision is included with the existence afional set of flights that can be
canceled. The revenue management decision includes tigascon the pricing, spill and
recapture as well as the seat allocation for economy andéssclasses. Revenue management
is based on an itinerary choice model. The itinerary ch@damadeled as a logit formulation
using a joint revealed preferences (RP) and stated prefesé®ie) data. RP data is a booking
data provided by a major European airline. RP data has lovabiity due to the absence
of non-chosen alternatives. Therefore we use the SP datanfibfrom its elasticity that is
ensured by the design. At the end we use the model for RP ddia mptimization. The logit
model includes the variables of price and time interacteith Wie number of stops; and the
departure time of the day.

The added-value of the integrated model is illustrated wisiet of experiments. However, the
integrated model is a mixed integer nonlinear problem whiggeconvexity is not guaranteed.
Therefore, we are able to solve medium sized instances wiltahle solvers in reasonable
time. In order to overcome these limitations, we proposearristic which works on a sim-

plified model and explores the feasible region with price glamg and variable neighborhood
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search techniques. We provide results on the performarite dieuristic and discuss potential
improvements based on Lagrangian relaxation and subgrtamj@mization.

2 Related literature and the contributions of the paper

In this section we focus on the closely related literaturéeims of the demand modeling,
integrated schedule planning, revenue management antbsatoethodologies.

Itinerary choice models have been studied in the literatuith an increasing interest in the last
decade, as a more appropriate tool for demand forecastimgar@d to the classical models.
We refer tao Garrow (2010) where the motivation for the usdg#iszrete choice methodology
in air travel demand is presented together with several stagkes. Various specifications are
provided such as logit and nested logit models.

The schedule planning model we consider in this study isiiedpby the work of
Lohatepanont and Barnhart (2004). They present an inteysafeedule design and fleet as-
signment model where they include spill and recapture tffbased on the Quality Service
Index (QSI). They take the price and demand values as inputeetmodel. We refer to this
model agprice-inelastic schedule planning moddihe integrated model presented in this pa-
per considers explicit supply-demand interaction due ¢oittegration of the demand model.
Therefore the integrated model is elastic to the price ahdrattributes of the itineraries in
the market. In sectidn 5 we compare the integrated modektptice-inelastic schedule plan-
ning model, in order to show the impacts of the integratiothef demand model. Since we
do not have access to the parameters of the recapture raéibkdhatepanont and Barnhart
(2004) use, we utilize our demand model to estimate the temapatios between itineraries.
Sheraliet al. (2010) also present an integrated schedule design and fisgmneent model
where they work with itinerary-based demands for multigeefclasses. They optimize the
allocation of seats for each fare class as we do in our integnraodel. However they do not
include supply-demand interactions in the model.

In terms of the integration of discrete choice models in neemanagement, we refer to the
work of Talluri and van Ryzin (2004a) who introduce a reven@magement model based on a
discrete choice methodology. They decide on the subset®pfaducts to offer at each point
in time according to the discrete choice model. They comsdele-leg, multiple-fare-class
products.|_Schon (2008) presents an integrated schedutgdéset assignment and pricing
model which is similar to our idea. She provides differerg@fications of the demand model
as logit and nested logit where the only explanatory vagiabkhe price. However, she does
not consider spill and recapture effects and she providestsebased on a synthetic data.

In classical revenue management models the capacity isdesad as a fixed input which is
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assumed to be obtained by the schedule plan (Talluri and vaim R2004b). We refer to this
common practice asequential approachOur integrated model decides on the capacity and
the demand sides simultaneously. In order to see the imp#ussimultaneous optimization,
we compare our model with the sequential approach in s€btion

The presented model in this paper is a mixed integer nonlipezblem (MINLP) where we
can not guarantee the convexity. For the difficulties in MENand the review of available
methodologies we refer to D’Ambrosio and Lodi (2011).

3 Demand model

We develop an itinerary choice model in order to explicitiyegrate supply-demand interac-
tions in the schedule planning moddtinerary is referred as each available product, which
may include more than one flight leg, for a market segment.ritémket segmentss,c S”, are
defined by the origin and destination (OD) pairs whemepresents the cabin class: economy
and business. The choice situation is defined for each sdgmeéth a choice set of all the al-
ternative itineraries in the segment represented,byhe index; for each alternative itinerary
in segment, carries the information of the cabin class of the itineraug tb the definition of
the segments. In order to better represent the reality, aledeno-revenue optiongl, C I,),
which represent the itineraries offered by competitivéraes.

The utility of each alternative itinerary including the no-revenue options, is represented by
V; and the specification is provided in Table 1. The alternatjecific constantsASG, are
included for each itinerary in each segment except one ohtiwlich is normalized to O for
identification purposes. Other parameters are represdytedfor each of the explanatory
variables. We have different models for economy and busickssses. The superscript
indicates the model for economy itineraries and the parammetith B represent the model for
business itineraries. The superscripts and.S are used to indicate whether the itinerary is a
non-stop or a one-stop itinerary. The explanatory varmhte described as follows:

e p; is the price of itinerary in €, which is normalized by 100 for scaling purposes,

e time is the elapsed time for itineragyin hours,

e non-stopis a dummy variable which is 1 if itineranyis a non-stop itinerary, 0 otherwise,

e stop is a dummy variable which is 1 if itineranyis a one-stop itinerary, O otherwise,

e economyis a dummy variable which is 1 if itineraryis an economy itinerary, O other-
wise,

e businessis a dummy variable which is 1 if itineranyis a business itinerary, 0 otherwise,

e morning is a dummy variable which is 1 if itineraryis a morning itinerary departing
between 07:00-11:00, O otherwise. The time slot is inspinethe studies in literature
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that show that the individuals have higher utility for thegdgures in this slat(Garrow,
2010).

Table 1: Specification table of the utilities

Parameters Explanatory variables

ASCY 1 x economy
constants _

ASCP 1 x business
BE’NS In(p;/100) x non-stop x economy
, 85N | In(p;/100) x non-stop x business
brice 65’5 In(p;/100) x stop x economy
By In(p,/100) x stop x business
A time; x non-stop x economy
time fr;,gi time,.- X non-stop x business
time time; x stopg x economy
e time; x stop x business
time-of-day Broming mornihg x economy
Bhorming morning x business

As seen in Tablel1, the time and price variables are intettaeitd the number of stops, i.e. the
dummies ofnon-stopandstop The motivation behind this interaction is that there arersj
correlations between the number of stops and both the tirdepene of the itinerary. The
one-stop itineraries have longer travel time and usuallyenexpensive compared to non-stop
itineraries. We specify the price variable as a log formafasince it improves the model
significantly. The idea behind is that, the effect of the @ase in price is not linear for a low
price itinerary and a high price itinerary.

The explanatory variables include the pripg,as a policy variable which can be controlled by
the integrated model in order to increase the profit. Therakplanatory variables are context
variables which we denote by the vectgr These context variables provide information for
the demand and improves the estimation of the market shatesah not be modified by the
integrated model. In order to explicitly represent thesgaldes we refer to the utilitieg; as

The resulting logit model gives the choice probability fa@ch itinerary: in segments and
when multiplied with the total expected demand of the segmen it provides the estimated
demand of each itinerary as represented by equation 1.

i —D. exp (Vi(ps, i3 8))
Zexp (Vi(pj, 2; B))

jels

Vhe HseS"icl, (1)
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The logit model is also used to model the spill and recaptifexts. Passengers, who can
not fly on their desired itineraries, may accept to fly on otneilable itineraries in the same
market segment in case of such shortages. Airlines can thiemtage of this knowledge when
planning for the schedule and the design of fleet capacitgy Thn keep their capacity at prof-
itable levels by taking into account the possibility of mediting passengers to the alternative
itineraries. We assume that the spilled passengers angtueed by the other itineraries with a
recapture ratio based on the logit formulation. Therefoeerecapture ratio is represented by

equation[(R).

exp (V;(pj, zj; B))
Z exp (Vi (pg, 2k; B))

kel \{i}

bi; = Yhe HseShie(I,\1,),je€ . (2)

The recapture ratids ; represent the proportion of recaptured passengers byatingamong
t;; number of spilled passengers from itinerary The recapture ratio is calculated for the
itineraries that are in the same market segment where theedésnerary: is excluded from
the choice set. Therefore lost passengers may be recaptyirdse@ remaining alternatives of
the company or by the no-revenue options.

For the estimation of the demand model we use an RP data pdovidee context of ROADEF
Challenge 20(% This is a booking data from a major European airline whiabvjates the
set of airports, flights, aircraft and itineraries. The mfi@tion provided for the itineraries
includes the corresponding flight legs therefore we can ckethe information on the departure
and arrival time of itinerary, the trip length and the numbéstops. Additionally, we have
information on the demand and average pri€gfor each cabin class. Since the RP data does
not include non-chosen alternative we have lack of vaiighiht some attributes. This results
with statistically insignificant estimation of key paramest of the choice models. Therefore,
in this study we combine the RP data with an SP data, where tii@bugy is obtained by
design. This SP data is based on an Internet choice surviecisal in 2004 in the US. The
Internet survey was organized to understand the sengitifair passengers to the attributes of
an airline itinerary such as fare, travel time, number gpstéegroom, and aircraft. By design,
the data has enough variability in terms of price and otheeales. For the estimation, the
parameters of the logit model corresponding to the RP dataarstrained to be the same as
those of the SP data. The estimation of the two logit modelt®two data sets is carried out
simultaneously. For the details on the SP model and the samebus estimation we refer to
Atasoy and Bierlaire (2012).

The estimation of the parameters is done with a maximumiltiked estimation using the
software BIOGEME |(Bierlaire and Fetiarisan, 2009). The riésglparameters can be seen

Ihttp://chal |l enge. roadef. or g/ 2009/ en



An integrated fleet assignment and itinerary choice moded feew flexible aircraft May 2012

Table 2: Estimated parameters for the model with joint RP dnd&a

Bp J Btime J
non-stop stop non-stop sto /Bmorning
-2.23 -2.17| -0.102 -0.0762 0.0283
-1.97 -1.96| -0.104 -0.0821 0.0790

economy
business

in Table[2. The cost and time parameters have negative sgyagpected since the increase
in the price or the time of an itinerary decreases its utiliiyey also indicate that, economy
demand is more sensitive to price and less sensitive to tongared to business demand as
expected (Belobabet al, [2009). Departure time of the day paramet&f,, ...y, IS higher for
business demand compared to the economy demand, which niedrisisiness passengers
have a higher tendency to chose morning itineraries.

The details on the demand model and results on the demarwhiods such as the price and
time elasticities as well as the willingness to pay are mgtesiiin Atasoy and Bierlaire (2012).

In order to illustrate the application of the demand modgetber with the spill and recapture
effects we choose an arbitrary OD pair A-B. There are two réiires of economy itineraries
which are both nonstop itineraries with the same travel tinve include the no-revenue
itinerary A-B. The values of attributes can be seen in Table 3. Accordirthdaattributes
the resulting choice probability, which is referred as tinarket shareis presented in the last
column. The itinerary 2 has the lowest price and is a morrtingriary. Therefore it attracts the
biggest number of passengers.

With the same example we illustrate the spill and recaptfieets. The resulting ratios accord-
ing to the given attributes are presented in Table 4. For pl@nn case of capacity shortage
for itinerary 1, at most 55% of spilled passengers will beapgtared by itinerary 2 and 45%
will be lost to the itineraries offered by competitive aiis. Since the price of itinerary 2 is
lower than the price of competitors, the probability to beaured by itinerary 2 is higher.

Table 3: Attributes of the itineraries and the resulting keashares

oD price  morning| market share
A-B; | 225 0 0.26
A-Bs | 203 1 0.44
A-B" | 220 0 0.30

Table 4: Resulting recapture ratios

| AB; A-B, | AB
0 0.552| 0.448
0.487 0| 0.513

A-B,
A-Bs
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4 Integrated schedule planning and revenue management
model

We present an integrated schedule planning and revenuegeraeat model for a single airline.
The schedule is based on a time-space network. The paranodétére model is provided in

Table[% and the decision variables of the model are present@dble[6. We indicate the

decision variables as schedule planning and revenue mayeagevariables for the ease of
explanation. The mathematical formulation of the integglanodel is given in Figuld 1.

Table 5: Parameters of the integrated model

Set Definition

F the set of flight legs indexed by

F the set of mandatory flight legs

Fo the set of optional flight legs

cT the set of flights flying at count time

A the set of airports indexed ly

K the set of fleet types indexed lay

T the set of time of the events in the network indexed by

N(k,a,t)  the setof the nodes in the time-line network
for fleet typek, airporta and timet

In(k,a,t)  setof inbound flight legs for nodé (,t)

Out(k,a,t) set of outbound flight legs for nodé,,t)

H set of cabin classes indexed by

Sh the set of market segments indexedsbyor cabin class
1, the set of itineraries in segmesntindexed byi

I, the set of no-revenue itinerariel, € I,

Parameter  Definition

Ch.f operating cost for flighf when operated by fleet tyge
Ry, available number of planes for type

Qx the capacity of fleet typg in number of seats

minkE,; the time just before the first event at airpart

mazE;S the time just after the last event at airport

it 1 ifitineraryi uses flight legf, O otherwise

UB; the upper bound on the price of the itinerary

V; the utility of itinerary:

Z; the vector of explanatory variables for itinerary

I6] the vector of parameters of the logit model

Objective functiori(B) maximizes the profit calculated byergue minus operating costs. Firstly,
we have the fleet assignment constraints. Constrdihts (4yetise coverage of mandatory
flights which must be served according to the schedule dpuedat. Constraints [5) are for
the optional flights that have the possibility to be cancel@dnstraints[(6) maintain the flow
conservation of fleet. Constrainks (7) ensure that the udaggch plane type is consistent with
the number of available planes. It is assumed that the nkteanfiguration at the beginning

8
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Table 6: Decision variables of the integrated model

Variable Definition

Schedule planning
T, f 1 if fleet typek is assigned to flight, O otherwise
Yk.a,t- the number of typé planes at airpord just before time
Ykat+ the number of typé planes at airpord just after timet
Revenue management

d; demand of itinerary based on the logit model

d; realized demand of itinerary

Di price of itineary:

tij redirected passengers from itinerary itinerary;

bi recapture ratio for the passengers spilled from itinefary
and redirected to itinerary

w,’gf assigned seats for flightin a typek plane for cabin clask

and at the end of the period, which is one day, is the samenmstef the number of planes at
each airport((8).

The relation between the supply capacity and the actual déslaould be maintained. There-
fore we have the constrain{g (9) which maintain that thegassl capacity for a flight should
satisfy the demand for the corresponding itineraries. Tdteah demand is composed of the
original demand of the itinerary minus the spilled passengéus the recaptured passengers
from other itineraries. The same constraints ensure tleattititeraries do not realize any de-
mand if any of the corresponding flight legs is canceled. Weéhie allocation of business and
economy seats to be decided by the model as a revenue mamdgiosion. Therefore, we
need to make sure that the total allocated seats does nacettwe capacity (10).

Demand related constraints include the constrainis (1ighwhaintain that the total redirected
passengers from itineraryto all other itineraries including the no-revenue optionosndt ex-
ceed its realized demand. Finally, we have the nonnegathanhstraints and upper bounds
(@14)-(20) for the decision variables.

5 Results on the added value of the integrated model

The mixed integer nonlinear problem is formulated in AMPLdeBONMII\E is used to ob-
tain feasible solutions. Since we cannot guarantee theesagvof the problem, BONMIN
serves an an approximation method. In order to see the addee of the integration of the
demand model we need to support our observations with a sepefiments. For that purpose
we identified 18 data instances with different charactesghat are listed in Tablg 7. For the

2https:// projects. coin-or.org/Bonmn
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max Z Z Z (d; — Z tij + Z t;,ibj.i)pi

heH sestie(I\L)  delk JEINIL)
— > Chsany ®
keK
feF
S.t.z Th,f = Vfe e 4)
keK
> wpp < VfeF°  (5)
keK
Yk,at— T Z Th,f = Yk,at+ T+ Z Tk, f V|k,a,t] € N (6)
fein(k,a,t) feOut(k,a,t)
Y Upamnes T D Thy < Ry Vke K (7)
acA fecr
Yk,a,minE; = Yk,a,maxe" Vke K,ae A (8)
Do 2 updi= Y Gigtigt D0 digtiby
s€S" je (A1) gels JEUNL)
<> VheH,feF  (9)
keK
STk < Quany VfeFkeK  (10)
heH
Dty <d; Vhe HseShiel, (11)
JEIs

i =D, exp (Vi(ps, zi; 8))
Z exp (V;(pj, 25 8))

jel,
exp (V;(py, 255 8))

Vhe H seShiel, (12)

bij = Vhe H,seShie(I,\I),jel, (13)
> exp (Vi 23 8))
keI \{i}
zy,r € {0,1} VkeK,feF  (14)
Yk,a,t = 0 vk, a,t] € N (15)
>0 VheHkeK feF  (16)
0<d; <d; Vhe HseShiel, (17)
0<p; <UB, Vhe H,seShicl, (18)
ti; >0 VheHseS"ie(I,\L),jel, (19)
bij >0 Vhe H,se S"ie(I,\I),jel, (20)

Figure 1: Integrated schedule planning and revenue maregenodel

experiments, we present the number of airports and the nuohBeghts in the network. More-
over, the flight density stands for the average number oftliger route. The average demand
gives the average number of passengers per flight accomaenand forecast. The fleet com-
position provides information on the number of differerdan types in the fleet together with
the seat capacity for each type.

10
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Table 7: The experiments

No | . . Flight Average .
Airports  Flights _ Fleet composition
density  demand

1 3 10 1.67 51.9 2 50-37 seats

2 3 11 2.75 83.1 2 117-50 seats

3 3 12 2 113.8| 2 164-100 seats

4 3 26 4.33 56.1 3 100-50-37 seats

5 3 19 3.17 96.7) 3 164-117-72 seats

6 3 12 3 193.4| 3 293-195-164 seats

7 3 33 8.25 71.9 3 117-70-37 seats

8 3 32 5.33 100.5 3 164-117-85 seats

9 2 11 55 173.7) 3 293-164-127 seats
10 4 39 4.88 64.5 4 117-85-50-37 seats
11 4 23 3.83 86.1 4 117-85-70-50 seats
12 4 19 3.17 101.4 4 134-117-100-85 seats
13 4 15 1.88 58.1 5 117-85-70-50-37 seats
14 4 14 2.33 87.6) 5 134-117-85-70-50 seats
15 4 13 2.6 100.1) 5 164-134-117-100-85 seats
16 8 77 2.08 67.84 4 117-85-50-37 seats
17 7 56 2.33 87.84 4 164-117-85-50 seats
18 8 97 3.46 90.84 5 164-117-100-85-50 seats

For the considered data instances, we compared our integnaddel with the price-inelastic
schedule planning model and the sequential approach. Thparative results are presented in
Table[8. In the table, price-inelastic schedule plannindeh represented ISP, sequential
approach is represented ByAand the integrated model is representedMyLet us note that
for the first 15 experiments BONMIN reports 0% duality gap foe integrated model although
we cannot guarantee optimality. For the last three experisnthe solution has a duality gap
which results with lower profit compared to the sequentiarapch.

It is observed that the price-inelastic schedule plannindehis outperformed by the two other
models for all the experiments. The flexibility obtained Iwg tcontrol on the demand and
price results with superior decisions. The analysis of @garison between the sequential
approach and out integrated model is more interesting Isecliey both have the flexibility
on the demand side however our integrated model decideseosctiedule planning simul-
taneously with the revenue management. This simultaneptiisii@aation provides superior
decisions on the schedule planning. In TdbBle 9, we reporintipeovement of the integrated
model over the sequential approach, for the experimentsavitimprovement. It is observed
that for 7 of these 15 instances there is an improvement Wwehrtegrated model in terms of
the profit and transported number of passengers. Theseaoasies where the simultaneous

11
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optimization of the schedule planning and revenue managelead to different scheduling
decisions such as the operated number of flights or the nuafladiocated capacity.

Table 9: The advantage of the integrated model over the séquapproach

Experiments, Profit Transported pax.
2 | 5.55% 33.50%
41 1.43% 14.18%
6 | 0.30% -
9| 0.43% 5.83%
10| 0.83% 4.94%
11| 3.36% 1.40%
14 | 1.45% 16.69%

When we analyze the instances where there is an improvemerdbserve that the improve-
ment is higher when the demand levels for the flights has hagiation but there is a few num-
ber of plane types. In those cases, the integrated modeldsabdjust the capacity according
to the demand and has significant improvement over the saglapproach. Experiment 2 is a
good example for this phenomenon. There are 2 differenttflpes with 50 and 117 seats. The
sequential approach does not use the larger aircraft whichstlier to fly. On the other hand
the integrated model uses this large aircraft thanks toatstility in controlling the demand
by pricing decisions. As a result, there is a 5.55% increageafit and 33.5% more passengers
are transported. Similarly, for the experiments 4, 6, 9,8l 11 the integrated model decides
to use more capacity with the knowledge on the demand behdwiaddition to the decision
on the allocated capacity, the integrated model may deoidpérate more flights by changing
the attractiveness of the corresponding itineraries. Kample, for experiment 14, the inte-
grated model operates 2 more flights with the same overadlagpcompared to the sequential
approach. We observe a similar increase in the number otdligrexperiment 4.

6 Heuristic approach

We are limited by the complexity of the mixed integer nonéinproblem. When we go beyond
the presented instances in secfidn 5 we are not able to detsible solutions in reasonable
computational time with BONMIN. Therefore we propose a h&igiin order to be able to test
the integrated model for larger instances which represenidality better.

The heuristic method is based on two simplified versionsefibdel that is presented in Figure
. The first model, which is referred as FARlenables us to explore new fleet assignment
solutions based on lacal searchmechanism. The local search is developed by combining a

12
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price samplingand avariable neighborhoogbrocedure. The price sampling is done such that
a random price is drawn for each itinerary and according i®ghce the demand values and
recapture ratios are fixed based on the equations 12 &nd di8bMeneighborhood procedure is
designed by fixing a subset of fleet assignments (Hansen aadedibvi, ' 2001). The number
of fixed assignment is representediby,.., and varied according to the quality of the solution.
When the solution is improved antensificationis applied by increasing;,.q. On the other
hand when there is not an improvement for a number iterafahsgersificationis utilized by
fixing less assignments. The local search mechanism thieref@ables us to visit better fleet
assignment solutions. The set of fixed assignments is repess by... Each fixed assignment

I indicates a fleet typg/**** and a flightf/”**. We add this constraint to the model as given
by equatioi 2ll. Therefore the FARIhas the objective functiof](3) subject to the constraints
@)-(1), [12){1¥),[(19), and the new defined constrdid}(2.et us note that the variablds

p, b are parameters for the model due to the price sampling.

xkifized7flfized — ]. VZ E L (21)

The second model is referred as REWhich optimizes the revenue for the fleet assignment
solutions explored by solving the FANMmodel at each iteration of the local search. Therefore
this model has the fleet assignment model variables afidy as parameters. The objective
can be reformulated as in equatiod 22 and maximized sulgettiet constraintd {9)-(13) and

(18)-(20).

max Z Z Z (d; — Z tij + Z t;ibji)Di (22)

heH seSh ie(I\I) Jels je(I\I7)

The heuristic procedure consists of iteration each of whkimkies FAM® and REVS models
subsequently until the maximum number of iteratidhgs,., is reached. When the solution of
BONMIN is available we terminate the iterations if the dematfrom this solution, referred
as z,,: is smaller thare. This procedure is presented by Algorithin 1 wherg,, andn,,..
are defined as the minimum and maximum number of fixed assigtsraecording to the data
instance.

6.1 Performance of the heuristic

For testing the performance of the heuristic we use the sat sistances provided in Table
[4. The results of the heuristic compared to BONMIN is presgémelable 10. The time limit
set for BONMIN is 12 hours, on the other hand maximum compaonati time allowed for the

13
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Algorithm 1 Heuristic procedure

Require: T, %o, do, Po, tos Doy T0s 25 Zopts Kmazs € Mmins Mmaz
k=0, Nfized = Mmin
repeat
pr. .= Price sampling
{d}, b} := Demand modej{)
{fk, y:k, z?k, fk}7: SOlveZFAMLS(dk, bk, nfmed)
{ﬁk, dy, by, T, tk} = SO|V€ZREVLS<3_?k, gk)
if improvement{gg\is) then

Updatez*

Intensification:n izeq := N figed + 1 WhNN fizeq < Nipag
else

Diversification:n fizeq := N figea — 1 WNENN figed > Nmin,
end if
k=k+1

until [|zepe — 2% < eor k > ks

heuristic is 1 hour. For both of them we report the time whenést solution is found. For the
experiments 1-3 and 12-15 the heuristic is able to find thedmdgtion of BONMIN in a few
seconds. For other experiments we have 10 replications aneéport the minimum, average
and the maximum deviation from the best solution. Similasg report the minimum, average
and maximum computational time needed.

In the majority of the instances the heuristic has a conalderreduction in computational
time. When we analyze the quality of the solutions, the denarom the best solution is on
the average 2.3 % for the first 15 experiments. Let us noteliledast three experiments were
the ones where BONMIN reported a duality gap. These are iostawith higher complexity
due to increased number of flights. It is seen that the heuisbutperforming BONMIN
for experiment 16 with a higher profit and using significamélys computational time. For this
particular experiment the maximum profit attained is 208 @ich is still inferior to the result
of the sequential approach (see Table 8).

14
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Table 10: Performance of the heuristic versus BONMIN

Best solution reported Heuristic
by BONMIN % deviation Time(sec)
Experiments)  Profit Time (sec) min avg. max| min  avg. max
1| 15,091 11 - 0.00% - - 1 -
2| 37,335 27 - 0.00% - - 2 -
3| 50,149 56 - 0.00% - - 33 -
4| 70,904 2479 1.32% 1.77% 2.06% 288 1,510 3,129
5| 82,311 1,493 0.00% 0.13% 0.22% 18 900 3,092
6 | 906,791 12,964 7.37% 7.37% 7.37% 25 279 1,434
7 | 135,656 23,662 13.88% 16.36% 18.84% 74 1,714 3,534
8 | 115,983 209 0.00% 0.01% 0.12% 643 1,955 3,432
9 | 858,544 7,343 3.42% 4.79% 6.92% 1 762 3,322
10 | 138,575 37,177 2.76% 3.94% 4.98% 929 1,775 2,891
11| 96,486 17,142 0.00% 0.16% 0.90% 236 1,625 3,574
12 | 49,448 32 - 0.00% - - 1 -
13| 27,076 36 - 0.00% - - 5 -
14| 53,128 141 - 0.00% - - 2 -
15| 26,486 14 - 0.00% - - 4 -
16 | 194,598 42,360 -5.89% -4.04% -2.41%| 293 1,652 2,990
17| 191,091 39,447 0.48% 2.13% 4.46% 32 1,646 3,305
18 | 351,655 17,424 4.91% 7.94% 11.22% 840 2099 3331

6.2 Future work on the heuristic method

We believe that the performance of the heuristic can be ivgaravhen considered in a La-
grangian relaxation framework. If we relax the constrdli})(of the integrated model presented
in Figure[1l and introduce Lagrangian multiplieks,, for each flightf and fleet typeé: we can
decompose the problem into two subproblems. The first pnolidea revenue maximization
model which optimizes the pricing and seat allocation decs The objective function of this
subproblem can then be formulated as in equafion 23 whereaweethe Lagrangian multipli-
ers. The related constraints for the revenue subprobler@@3) and[(16)£(20).

max Z Z Z (d;i — Ztm‘ + Z tjibji)pi + Z Ak.f Z Th s (23)

heH seSh je(I,\I)) JEIs je(Is\I;) keEK feF heH
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The second subproblem on the other hand is a fleet assignmasiem where Lagrangian
multipliers serves as a penalty on the allocation of the cigparlhe objective function can be
formulated as in equatidn P4. The related constraintd §r@j4and [14){(15).

min Z (Ck,ka,f_/\k’,f@lcxk,f) (24)

kEK feF

These two subproblems can be integrated in a subgradigntination framework which will
provide an upperbound to the problem. This is importanttierlarge instances where we do
not have solutions from the BONMIN solver. This work on the taaggian relaxation is a work
in progress.

7 Conclusions and Future Research

In this paper an integrated schedule planning and revennagement model is presented. The
added value of the integration is evaluated in comparis@hganodels which mimic the state-

of-the-art models. It is observed that the explicit repnégigon of supply-demand interactions
lead to superior schedule planning decisions.

As a solution method for the MINLP a simple heuristic methegtoposed based on a local
search procedure. The results on the heuristic are prognisiterms of the reduction in the
computational time and the quality of the solutions. Thefetwork regarding the heuristic
is the utilization of a Lagrangian relaxation based mettagip The heuristic then needs to
be tested for larger instances to see the limit of our metloggo For the simplification of the
model a piecewise linear approximation of the logit model lsa considered.

The demand model included in the integrated model has oelyptite variable as a policy

variable. The other attributes of the itineraries cannotdgrolled by the integrated model.

Therefore a future direction is the extension of the modedngtihe flights can be rescheduled
based on the demand model.
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Table 8: The comparative results of the experiments

Experiments | Models Profit Transported pax. Flights Allocated seats
1 PISP| 11,559 281 8 124
SA | 15,091 284 8 124
IM 15,091 284 8 124
2 PISP| 27,872 400 8 150
SA | 35,372 400 8 150
IM 37,335 534 8 217
3 PISP | 41,997 884 10 300
SA | 50,149 859 10 300
IM 50,149 859 10 300
4 PISP| 53,604 943 22 274
SA | 69,901 931 22 274
IM 70,904 1,063 24 324
5 PISP| 66,129 1,186 16 333
SA | 82311 1,145 16 333
IM 82,311 1,145 16 333
6 PISP | 763,321 1,466 10 1,148
SA | 904,054 1,448 10 1,148
IM | 906,791 1,448 10 1,312
7 PISP | 102,756 1,800 32 498
SA | 135,656 1,814 32 498
IM | 135,656 1,814 32 498
8 PISP| 82,253 2,207 26 691
SA | 115,983 2,236 26 691
IM | 115,983 2,236 26 691
9 PISP | 687,314 1,270 10 1,016
SA | 854,902 1,270 10 1,016
IM | 858,544 1,344 10 1,090
10 PISP | 110,055 1,474 34 391
SA | 137,428 1,517 34 391
IM | 138,575 1,592 34 476
11 PISP| 78,527 1,143 20 387
SA | 93,347 1,144 20 387
IM 96,486 1,160 20 457
12 PISP| 38,104 982 12 370
SA | 49,448 1,050 12 370
IM 49,448 1,050 12 370
13 PISP | 22,356 446 10 207
SA | 27,076 448 10 207
IM 27,076 448 10 207
14 PISP | 44,499 605 10 267
SA | 52,369 599 10 267
IM 53,128 699 12 267
15 PISP| 19,625 479 6 185
SA | 26,486 504 6 185
IM 26,486 504 6 185
16 PISP | 173,513 2,676 62 958
SA | 208,561 2,678 62 958
IM | 194,598 2,664 59 873
17 PISP | 162,601 2,717 46 1,044
SA | 196,434 2,742 46 1,044
IM | 191,091 2,929 48 1,161
18 PISP | 292,956 5,362 75 1,784
SA | 365,753 5,388 75 1,784
IM | 351,655 5,295 73 1,667
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