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Abstract

This paper is the second of two papers entitled “Airline Planning Benchmark Problems”, aimed at devel oping benchmark data that
can be used to stimulate innovation in airline planning, in particular, in flight schedule design and fleet assignment. The former
has, to date, been under-represented in the optimization literature, due in part to the difficulty of obtaining data that adequately
reflects passenger choice, and hence schedul e revenue. Revenue modelsin airline planning optimization only roughly approximate
the passenger decision process. However there is a growing body of literature giving empirical insights into airline passenger
choice. Here we propose a new paradigm for passenger modelling, that enriches our representation of passenger revenue, in aform
designed to be useful for optimization. We divide the market demand into market segments, or passenger groups, according to
characteristics that differentiate behaviour in terms of airline product selection. Each passenger group has an origin, destination,
size (number of passengers), departure time window, and departure time utility curve, indicating willingnessto pay for departurein
time sub-windows. Taking as input market demand for each origin-destination pair, we describe a process by which we construct
realistic passenger group data, based on analysis of empirical airline data collected by our industry partner. We give the results of
that analysis, and describe 33 benchmark instances produced.
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1. Introduction (see Klabjan (2005) or Bazargan (2004), for example). How-
) . ) o ever, as noted in Klabjan (2005), for the most part flight sched-

This paper is the second of two papers entitled “Airline e planning is a manual process. Notable exceptions are dis-
Planning Benchmark Problems’. Our primary goal in these  yssed in two papers, Yan and Tseng (2002) and Yan, Tang,
papers is to stimulate and facilitate further research in airline g Lee (2007), on flight scheduling in Taiwan, and in Lo-
planning. Currently, real data is difficult to obtain, creating a hatepanont and Barnhart (2004). Yan and Tseng (2002) for-
barrier to entry for many researchers, and limiting the ability of mulate schedule design as akind of network design problem in
the research community to compare approaches. Each research a time-space network, in which the passengers are represented
group or paper typically consider a specific problem variant, a5 explicit multicommodity flows in the network designed by
with problem specification and data not likely to be availableto the aircraft variables. There is a commodity for each OD pair,
the broader community. Thereis also relatively little work that and the total commodity flow is bounded above by the market
has tackled the first stage of the airline planning process: flight demand. They use a standard ticket price for each commodity
schedule design. . on each flight leg, and apply a“holding cost” to time passengers
In these two papers, we teke some first steps towards ad-  gpend on the ground at intermediate stops, dependent only on
dressing these issues, by developing a data generation method-  Op pajr and time spent. Thelatter isthe only way in which pas-
ology, and realistic benchmark instances, that providestandard-  senger utility with respect to alternate itineraries is considered.
ized data with which to initiate the airline planning process. In Yan et al. (2007) extend this work to embed a more sophisti-
particular, we focus on the the development of airline demand cated passenger choice model, in which the presence of compe-
data, which is critical to scheduledesign. tition in the market is modelled by assuming passengerswill be
Optimization has been key to airline planning for many decades ynayailableto the airlineif they have to wait too long to depart.
The passenger loss parameters require a complicated calcula-
tion taking into account airline preferences, ticket prices, flight
frequency and travel time, which is nonlinear in the decision
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signment with incremental flight schedule design, and take into
account passenger choice viaa spill-and-recapture model based
on earlier work of Kniker (1998). Each possible itinerary in a
market receives a rating, based on an industry standard known
as the Qantitative Share Index (QSl)?, for measuring the “at-
tractiveness’ of an itinerary, taking into account time of day
of departure, length of trip, and number of connections. This
is converted into a probability that passengers will be recap-
tured by an itinerary if spilled from the preferred itinerary for
the market. The measure is independent of fare category, and
depends only on market. We note that itinerary-based market
share indicators are still a subject of current research, see Col-
dren, Koppelman, Kasturirangan, and Mukherjee (2003), for
example. However like the QSI, Coldren et a. (2003), treat
the market (OD pair) as whole, e.g., only average fares for an
airline are considered.

A common feature of passenger choice models in sched-
ule design optimization is that passengers with the same OD
pair aretreated identically. Furthermorethe effects of passenger
choice on revenue are modelled in a relatively ssimple way: (i)
revenue penalty for long connections in multi-flight itineraries
(Yan and Tseng (2002)), (ii) lost passengers due to long waits
for departure (Yan et al. (2007)) and (iii) lost passengers at
itinerary-based rates with recapture options (L ohatepanont and
Barnhart (2004)). However both common sense and emerging
research indicate that the passenger market is segmented, with
different groups of passengers with the same OD pair showing
different passenger choice behaviours, and exhibiting different
utility functions with respect to a range of factors. For exam-
ple, Walker (2006) analyse empirical data to show that pas-
sengers with different time-of-day preferences show different
utility functions with respect to schedule delay. Walker (2006)
asoindicatesthat whether the traveller isbusiness or leisure, or
whether thetraveller ismore sensitiveto their arrival time rather
than departure time, can affect their utility functionsfor sched-
ule delay. Koppelman, Coldren, and Parker (2008) aso finds
differences in schedule delay utility for business versus leisure
travellers, and furthermore observes differences depending on
whether the trip is out-bound or in-bound. Walker (2006) finds
that the business and leisure segments put different dollar fig-
ures on factors such as total time for the trip, number of stops,
aircraft changes, and so on. This is confirmed by the work of
Garrow, Jones, and Parker (2007), who also showed that depar-
ture versus arrival sensitivity can affect preferred travel time,
with departure-sensitive travellers showing strong morning and
evening peaks, with arrival-sensitive passengers having a mid-
day peak.

We concludethat the airline passenger market is segmented,
and propose that schedule design optimization should be based
on revenue models that better reflect this market segmentation.
In particular, we propose to represent airline demand by pas-
senger groups, according to characteristicsthat differentiate be-
haviour in terms of airline product selection. We argue that
this can be naturally modelled in an optimization setting. For

1Also sometimes referred to as the Quality Service Index.

example, in multi-commodity flow models, such as those of
Yan and Tseng (2002) and Yan et a. (2007), a commodity for
each passenger group could be defined instead of for each OD-
pair. In itinerary-based models such as those of Lohatepanont
and Barnhart (2004), an extra subscript would be required for
passenger-itinerary variables. This is likely to increase model
size. However we propose that departure time window should
be a defining characteristic of a passenger group, so the sub-
network for each group will be necessarily limited. Thiswill to
some extent mitigateincreasein model size. Furthermore, deal-
ing with larger models is a challenge the optimization research
community tends to enjoy, so we hope this proposal, with its
associated benefits for improved revenue modelling, will stim-
ulate such research. Indeed, we have made asmall start on such
work: our companion paper Akartunall, Boland, Evans, Wal-
lace, Waterer, and Smith (2009b) studies an integrated airline
schedule design and fleet assignment problem, for which pas-
senger groups provide the necessary detailed information.

Clearly substantial new empirical research is required to
identify the “best” way of representing passenger groups. In
this paper, we have taken a pragmatic approach, applying a mix
of common sense and the insights from the empirical literature,
together with the insights of our industry partner and their anal-
ysis of airline passenger data (Evans (2009)). We view this as
afirst step, that can be used to test the concept. Thus we focus
on what we believe are the key features. Of course a passenger
group must have an OD-pair, and represent a specified number
of passengers. The business versus leisure divide features in
most recent analysis; here we do not explicitly define those as
characteristics, but instead associate afare with each passenger
group, representing what they arewilling to pay to travel at their
preferred time. Since preferred time of day has been identified
as having animportant impact on schedule delay utility, (e.g. by
Walker (2006)), we also characterize passenger groups by their
departure time window, and a travel time utility curve, which
subtracts schedule delay disutility from the fare the passenger
iswilling to pay to travel at their preferred time.

In what follows, we describe in detail the methodology we
used to construct passenger group datafor our benchmark prob-
lems, taking as input a flight network, and OD-pair demand, to-
gether with other design parameters and template data that we
discussin detail as required. Unlike Part | of this paper, Akar-
tunall, Boland, Evans, Wallace, and Waterer (2009a), in which
an optimization model was devel oped to solve the inverse prob-
lem of deriving OD-demand from observed passenger loads on
flight network arcs, the methodology here does not require so-
phisticated mathematics. However it does require some anal-
ysis and modelling of airline data, and careful explanation, so
that the resulting benchmarks can be properly understood.

We firgt, in Section 2, discuss our key assumptions, and de-
fine necessary terminology and notation. We also give our tem-
platefor travel time utility curves. In Section 3, we explain how
we determine the number of passenger groupsto create for each
OD-pair, and how we define values for the time of day, fare and
utility curve for each group. In Section 4 we describe how we
partition the given OD-pair demand between passenger groups.
Our benchmark instances are described in Section 5.



2. Assumptions, notation and utility curvetemplates

Thisanalysisisrestricted to short-haul air travel where most
flying occurs during the day and evening, and there is similar
flying from one day to the next. In this context, our industry
partner observes that most time-sensitive passengers fal into
one of three types:

e Those wishing to travel early in the morning, e.g. busi-
ness travellers who are to work at the destination for a
day and return in the evening;

e Thosewishingtotravel early inthe evening, e.g. business
travellers returning from a day trip or business travellers
travelling the night before to be ready for an early morn-
ing meeting; and

e Those preferring to travel at atime that does not involve
early rising or late dining, and thus with a preference to
travel around the middle of the day.

This categorization is consistent with Table 6.6b in UK Depart-
ment of Transport (2006), which shows morning and afternoon
demand peaks for the purpose of “Business’ but a single broad
spread centred on the middle of the day for the purpose of “Hol-
iday/Day trip/Other”. Astime constraintsaretighter for thefirst
two types, such passengers are willing to pay a higher fare to
travel at their preferred time compared to the third type (noted
also by Garrow et a. (2007)).

We conjecture a fourth type of budget-conscious passen-
ger: those who are unconcerned with the time of flying (time-
insensitive), aslong asthe fareislow. The presence of thistype
of passenger is inferred from the revenue management strate-
giesthat are in place at most airlines around the world. In do-
ing so, we note the difficulty of inferring passenger preferences
from flight data. For economic reasons, airlines must keep their
high capital-cost assets working continuously, and so must fly
during the middle of day, when passenger survey data suggests
demand is low. The airlines handle this via revenue manage-
ment, seeking to attract budget-conscious time-insensitive pas-
sengers onto flights in the middle of the day, and by attempt-
ing to locate middl e-of-the-day capacity on flights between port
pairs for which there is low frequency of service, so passengers
have little choice.

Werefer to these four types of passenger as morning, evening,
midday and time-insensitive, respectively.

In all cases, for the sake of simplicity, we assume passen-
gersare departure-timesensitive. Garrow et al. (2007) findsthat
thisistruefor the majority of passengers, and also findsthat the
minority arrival-time-sensitive passengersare generally midday
travellers, speculating that hotel check-in times are the cause.
In the context of short-haul operations and midday travel, when
time zone impacts are relatively minor, we believe preferred
arrival time can reasonably be “mapped back” to preferred de-
parture time, and so restricting our attention to departure-time
sensitive groups is a reasonabl e approximation (see also Evans
(2009)).

For each of the four passenger types, we propose a different
shape of travel time utility curve. The shapes for the first three
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Figure 1: Travel time utility curves for morning, afternoon and evening passen-
ger groups

are shown in Figure 1. Moving from left to right across the
time axis, labelled t, we see the morning, midday and evening
curves respectively. In all cases, we use a piecewise constant
function with three pieces, defined over a time window. For
morning passengers, since we assume these are travelling for
some scheduled activity at their destination, we assume their
preference is to travel at the right time to make the activity,
but could be willing to travel earlier if the price was right. For
evening passengers, we assume they need to complete some ac-
tivity at their origin prior to travel (e.g. completing the activity
they travelled for before returning home, or completing a day
at their home office before travelling for an early start the fol-
lowing day), and so reverse the shape of the curve for morning
passengers. Midday passengers simply have a preferred time
of travel, and are willing to travel either earlier or later, for the
right price. The curve used for time-insensitive passengers is
simply aflat line, indicating that they will only fly if the priceis
right, and then would be willing to fly at any time for that price.

Before discussing our assumptions about these curves fur-
ther, we first define some notation and terminology. Since we
use adaily setting, we let 7~ denote the length of a day in time
units e.g. minutes. So time parametersfor passenger groups are
chosen from the interval [0, 7]. G denotes the index set of all
passenger groups, each g € G having an origin o4 and destina-
tion dy. There are g passengersin group g € G. Each group
g € G dso hasan earliest departuretime, t3, and latest departure
time, tg, defining the start and end of the time window [tg, t] in
which the passengersfrom thisgroup arewilling to travel. Each
group g € G hasa preferred interval for travel, [t5, t§] ¢ [t5. tS],
and a fare they are willing to pay to travel in that interval, pg.
We call thesethe peakinterval and peak fare respectively; these
correspond to the peaksin the utility curves shown in Figure 1.

Given the time window, peak interval and peak fare for a
passenger group, the rest of the utility curve is specified by a
fixed formula, for each passenger type. Based on independent
studies (see, e.g. Commission of the European Communities
(2007), Civil Aviation Authority (2008)), we assume morning



and evening passenger groups consist of about 25% business
travellers and 75% leisure travellers, and that the proportion of
business travellers in any midday group is negligible. We take
the value of timeto be vB = $68.97 and v- = $19.64 per hour for
business and leisure travellers respectively, based on the study
of Garrow et a. (2007), and thus the value of time for morning
and evening groups to be on average v = 0.25v® + 0.75v", and
v+ for midday groups. We assume the utility curves have iden-
tical width ug = t§ — t§ for each of the three pieces, and so can
compute the formulae

Pg» tE
Po(t) =4 pg— g, tg—Ug
Pg—2Ug, t5—2Ug<t<t

for morning groups g, a similar formulae for evening groups,
while for midday groups g the formulais simply

Pa> t
Pot) = { pz — Vtug, tge [t§ — Ug. t5] U [, tE + ug].
Of course time-insensitive passengers simply have utility func-
tion Py(t) = pg foral t € [0,77].
Other key assumptions we make in generating passenger
group data for our benchmark instances are as follows. If the
user has additional data to hand, it would not be hard to relax

these assumptions and still apply the methodol ogy.

¢ Weassumethat each OD-pair hasasingletime-insensitive
passenger group, and that the proportion of time-insensitive
passengersfor each OD pair is constant, i.e. thereisasin-
gle constant, which we refer to as ¢mins € [0, 1], so that
the proportion of passengersin an OD market alocated
to the time-insensitive group is ¢um.ins, irrespective of OD
pair.

e We assume that for any given OD pair, there is no over-
lap between peak intervals for the passenger groups with
that OD pair (other than with the time-insensitive group,
which has a single “peak” interval covering the whole
time period). In effect, the peak interval (preferred time
of travel) for morning, midday and evening groupsuniquely
definesthe group. Ideally, we would have alternative pas-
senger groups, with different utilities, sharing a preferred
travel time. However at present thereis no datato support
thislevel of detall.

e For each OD pair (0, d), there is a basic length of time,
which we call the unit width for that pair, denoted by 4 4,
so that for all passenger groups g € G with og = 0 and
dg = d, ug = peg for g a morning or evening group,
and uy = 2uqq for g a midday group. The difference
for midday travellers is due to our assumption that their
preferred travel time arises from adesireto avoid early or
latetravel, rather than from aneed to travel before or after
aparticular activity, and our assumption that they are pre-
dominantly leisure travellers. Both factors imply greater
flexibility for midday groups. The use of a unit width for

each OD pair reflects the idea that passengers willing-
ness to be flexible in the time they travel is a function of
the frequency of service on the OD-pair; clearly passen-
gersin remote locations expect to wait longer for service,
whereas passengers travelling between major cities will
expect aflight closetotheir preferredtravel time. In other
words, the more itineraries available passengers from an
OD pair, the narrower their utility curve will be.

We discuss the latter point further in the next section.

3. Creating passenger groups

In this section, we describe how passenger groups are cre-
ated, and how the time of day data, as well as the data defining
the travel time utility curves, are determined for each group.

Calculating unit width. In order to generate specific passenger
groups and data values for those groups, we first calculate the
unit width value po g for each OD pair (o,d). As mentioned
above, we postulate that passengers willingness to be flexible
about when they travel, (and hence the unit width), depends on
the frequency of service they expect to see on that OD pair. At
first sight, one might think thisis a function of D4, the given
market demand for OD pair (o, d) (total number of passengers
wishing to travel (daily) from o to d, generated as described in
Akartunali et al. (2009a)). However this figure could be mis-
leading. To illustrate, consider an OD pair (o,d) where the
flight network includes direct flights, but where there is also
a reasonable one-stop service via port i. Then the frequency
of the one-stop service depends on the expected frequency for
OD pairs (0,i) and (i,d). This could get quite difficult to es-
timate, since these in turn depend on expected frequency on
indirect paths, so for simplicity, we assume that frequency of
one-stop services (or other indirect services), such as (o, i, d),
can be well estimated from the OD demands D; and D; 4. We
assume whichever is the smaller of these creates a bottleneck,
and the frequency of service is predicated on that value. We
thus solve a maximum flow problem for each OD-pair, to max-
imize the flow from o to d on all reasonable paths fromo to d
in the flight network (our definition of “reasonable” is givenin
Akartunali et al. (2009a)), with arc capacities give by the val-
ues D; j for each arc (i, j). We call the resulting maximum flow
val ue the surrogate demand, denoted by D, 4 for each OD pair
(o, d). Thisis converted to approximate the number of services
that might be available to the OD pair, N gﬁ;", by using the aver-
age aircraft capacity, while accounting for average | oad factors.
We also scale down by 1— ¢imins, Since airlinestypically do not
put on services to meet the low-budget demand, instead using
revenue management to manipulate that demand to “fill gaps’.
To determineunit width u, 4 from expected service frequency

NS5 » weassumethat passengersarewilling to beflexible enough
towait for theinterval of time between services, without reduc-
tionintheir utility, and simply assume an even spread of service
over the available time. Since most airports do not operate 24
hours per day, we define the airport operating interval, which
we take to be 18 hours, (e.g. if the port operates from 5am to



11pm), denoted by 7 oper, aNd assume services are spread across
thisinterval. Thus unit width can calculated ssimply as

Hod = Topel’/N(ieév-

Creating passenger groups. Since unit width determines the
width of the peak interval, ug, for each passenger group g, and
since we make the assumption that no two passenger groups
(other than the time-insensitive group) can have overlapping
peak intervals, we see that creating the passenger groups for
each OD pair is simply a matter of stepping through time. (We
also assume that each time isin a peak interval for some pas-
senger group. |f the demand profile doesn’t support this, then
we would expect the passenger group to be assigned zero pas-
sengers in Section 4, so the group could be ignored.) Defining
morning to end at time Ty, and evening to start at time T, we
can simply create a passenger group for each interval of length
Hod from the start of the day until T, then create a group for
each interval of length 2uq4 until Te, and finish by creating a
group for each interval of length uo g until the end of the day.
(In addition, we must create the single time-insensitive group:
this is explained in Section 2.) However depending on how
nicely 7, Tm and Te — T, divide by uog4, this could lead to a
somewhat skewed collection of passenger groups. So instead
we start at the centre of the day, and work outwards. Our al-
gorithm is specified as Algorithm 1. It is helpful to note that
if the peak interval [t5, tf] falls so that its mid-point is at time
Tm or earlier, it is deemed a morning group, at time T or later
an evening group, and otherwise it is amidday group. Thefirst
while loop calculates the time characteristics for intervals be-
fore midday, taken to be (T + Te)/2, and the second while loop
doesit for after midday intervals. We use A to denote the set of
morning (“am”) groups, M to denote the set of midday groups,
and P to denote the evening (“pm”) groups created for an OD
pair. Note that we only explicitly describe calculation of the
peak interval parameters t5 and t§ for each group g, since all
other times, including ug, can be calculated from these or from
Hod Using the formulae given in Section 2 and the knowledge
of which type of groupitis.

As Algorithm 1 is stated, it creates passenger groups across
the whole time interval [0, 77]. However, as mentioned earlier,
some airports may have constrained operating hours, and this
may affect passenger expectationsfor travel. In such cases, one
could just take zero to befirst time at which passengers may be
willing to travel, and replace 7~ in Algorithm 1 with the length
of the time interval over which passengers wish to travel.

We note that this algorithm and some of our assumptions
might need to be adjusted for longer flights, particularly in a
west-to-east direction, when changesin time zones would seem
likely to affect passenger preferences. We discuss this point
further in Section 4.

To complete our specification of thetravel time utility curve
for each passenger group, we need to determine the peak fare
pg for each group g.

Calculating peak fares. For each passenger group, we need to
determine the fare passengersin the group are willing to pay to

Data: Unit width p, 4 for each OD pair (o, d)
Result: The set of passenger groups G, together with
time characteristics of each groupg e G
Initializeg := 0;
forall OD pairs (0o, d) do
SetA:=0,M:=0and P :=0;
Setg:=g+1,04:=0anddg:=d;
Create the time-insensitive group:
setts:=0andtf =7,
if pod < Z then
Setg:=g+1,04:=0anddg:=d;
Create afirst midday group:
calculatet ;= Imtle;
settg =1- lod andtg =1+ Uod;
addgto M;
Setti=t- od;
whilet > 0do
Setg:=g+1,04:=0anddy :=d;
if t—uod = Tmthen

Create another midday group:
settg =t—2ung andtg =1
addgto M;

Sett:=t— 2uod;

else

Create amorning group:
setty =t —pog andtg = t;
addgto A;

Sett:=t— uod;

end

end

Sett = % + Hod;

whilet <7 do
Setg:=g+1,04:=0anddy :=d;
if t+ tod < Tethen

Create another midday group:
settg :=tandtg =t + 2uqqg;
addgto M;

Sett =1+ 2ueg;

else

Create an evening group:
settg :=tandtg =t + log;

addgtoP;
Sett:=1t+ uog;
end
end
end
end
SetG:=1{1,...,q

Algorithm 1: Creating passenger groups and their time char-
acteristics



fly at their preferred time. To do this, we adopt a standardized
fare profile, which describes fare variation by time of day, ir-
respective of OD pair. The fare profile is thus a function f(t)
defined over t € [0, 77]. We discuss this function and how we
arrive at it in more detail below. For now, we note only that
it is normalized, and applied to a specific OD-pair by scaling
with OD-specific costs, for example, related to the shortest path
in the flight network between the origin and destination. This
givesafareprofile, fod(t) = aodf(t), Specific to OD pair (o, d),
where a4 is the scale factor. For each passenger group g € G,
wethen calculate the average fare over its peak interval to arrive
at the peak fare, i.e. we set

fttjtg f°g>dg (t)ydt
S

The scale factor aq 4 iS computed so that the minimum fare
seen in f mapsto an estimate of the lowest fare one would ex-
pect to see for travel from o to d. We takethisto beb + tg:"d”r,
where b and r are assumed to be industry standard values indi-
cating the fixed cost and per unit flight time charge, per passen-
ger, per trip respectively, and tgjid” indicates the least flight time
apassenger could reasonably expect to accumulatein travelling
from o to d in the given flight network. For these first two pa
rameters, we use the current industry standards of b =$50.50
and r =3$0.60 per minute flight time. Thus @4 can be calcu-
lated by .

@od = (b+ gj{j”r)/terpoig1 f(t).

We note that for each time-insensitive group g, we simply
et pg to be the minimum fare that could be expected for its OD
pair, i.e. pg = b+ tg;ifjjgr.

To determine peak fares for time-sensitive groups, we how
return to discuss our standardized fare profile, f(t), in more de-
tail. To derive such a profile, our industry partner analysed fare
data on two typical busy mid-week days on a single 700km
short-haul route between two large cities with a high number
of flights. This could be classed as a “shuttle” route, i.e. a
relatively short route with a high frequency of service. Therea-
son for analysing such aroute is the hope that it would reveal
willingness to pay, independent of offered capacity, and inde-
pendent of strategies used by airlines to smooth demand. Such
aroute would al so maximize the length of time over which data
points could be observed.

The airline chosen for analysis was one with the the fol-
lowing characteristics: (i) on the route selected, the interval
between flights ranged from 15 minutes to one hour accord-
ing to the expected passenger load, and (ii) its revenue man-
agement system includes multiple fare categories, with higher
fares at timeswhere thereis more demand and where customers
have provenwilling to pay higher pricesto travel at thosetimes.
These characteristics enabled usto gather fare datafromtheair-
line's web booking system. Data comprising the lowest avail-
able fare and the number of scheduled flights in each hour was
averaged over flightsin both directions on the route to minimise
the effects of “waves’ of flights (sometimes known as “bank-

Average Fare - Wednesday
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Figure 2: Actual and fitted fare profiles

Type(ly) 7y oy W

Morning 70 10 75
Midday 11.0 35 30
Evening 1775 20 75

Table 1: Fare profile function parameters

ing”), and compared between two days to give an indication of
variability.

Both days showed morning and evening peaks at the same
time (around 7am and 6pm respectively, which appear to be
very close to the peaks in Figures 2 and 4 of Koppelman et a.
(2008)). Both also showed soft midday peaks. However there
was significant variation between the two daysin terms of rela-
tivefare values: Tuesday’s morning peak was much higher than
its evening peak, whereas the two peaks for Wednesday (see
Figure 2), were of similar height (see Evans (2009) for further
details).

The data for these two days was fitted with a combination
of 3 normal distribution functions, one for each of the morning,
midday and evening peaks, i.e. we constructed

f(t) = h3(t) + h™(t) + h&(t)
where each function took the form

(t- ‘z'y)2
2032,

h(t) = wy exp(- )+ 80

for each y € {a, m, e}, where ry and oy are the two normal dis-
tribution function parameters (representing mean and standard
deviation respectively), and wy is a weighting factor. ($80 was
the“baseline” fare for thisroute.) The parameters found to best
fit thetwo daysof dataare shownin Table 1, and resulting func-
tion f is shownin Figure 2.

Like the passenger group peak interval definitions, the fare
profile might need to be adjusted for longer flights, particularly
in a west-to-east direction. We discuss this further in the next
section.



4. Demand allocation

Thefinal step of our approach isto partition market demand
Do g for each OD pair, (0, g), (calculated in our first paper Akar-
tunali et a. (2009a)), amongst the passenger groupsfor that OD
pair. We call this step demand allocation.

For each time-insensitive group g the number of passengers
associated with this group, 74, is Ssimply

Ng = ¢trn_insDog,dg

where ¢imins iS the fixed proportion of time-insensitive passen-
gers, unless no other passenger groups were generated for this
OD pair. The latter case could occur if the surrogate demand
for the OD-pair is very low, in which case uo 4 exceeds 7 /2. If
this occurs, the time-insensitive group is the only group for its
OD pair, and so we set 774 to the entire market demand:

Ng = Dog,dg~

As for the peak fare calculation, for time-sensitive groups
we use a standardized demand profile: afunction d(t) for each
t € [0, 7] that indicates the proportion of demand seen at timet.
We discuss below how we arrive at this function. The function
is normalized so that the area under the curveis 1, and then the
number of passengersnq associated with passenger groupg € G
is calculated as follows:

F

g
ng=(1- ¢tm_ins)Dog,dg( B d(t)dt).
t=ts

We notethat for both the fare and demand profiles, our main
motivation for using standardized profiles is the lack of ade-
guate data to support alternatives. Whilst passenger load data
is generally more readily available than fare data, both types of
data can only represent preferences for the offered itineraries,
which for many OD pairs can be very infrequent. By contrast
data derived from passenger surveyswould beideal for our pur-
poses. However the literature in this area is quite sparse, (e.0.
Walker (2006), Garrow et al. (2007)), and the data collected to
date is not rich enough to allow us to differentiate demand pro-
files by OD pair characteristic (with the possible exception of
travel direction, which we discuss further below). Since this
seems to be emerging as a growing field of research, we hope
in the future studies will be carried out that will permit greater
differentiation of OD pairs. In the meantime, we adopt stan-
dardized profiles as a pragmatic approach that we believeyields
realistic data useful for optimization benchmarks.

Finding the standardized demand profile. To determinethe func-
tion d(t), our industry partner analysed the same shuttle route
data as was used for deriving the fare profile (see Evans (2009)
for more detail). In this case, the number of flights per hour was
recorded across each of the two days investigated. The datafor
one of those daysis plotted in Figure 3. Again, the data showed
strong morning and evening peaks, with a soft midday peak.
Figures 4 and 5 of Garrow et al. (2007) show similar results,
with the morning and evening peaks occurring for one type of
travellers, and the central peak for another. We thus again seek

Flights Per Hour - Wednesday

~+ Actual
= Fomuia

Local Departure Hour

Figure 3: Actual and fitted demand profiles

Type (y) Hy oy Wy

Morning 70 10 5
Midday 11.0 35 2
Evening 17.75 20 55

Table 2: Demand profile function parameters

to fit a combination of 3 normal distributions to this data, i.e.
we construct

d(t) = £2(t) + 8™() + B°(t)
where each function took the form

(t- Ty)2
2032,

BY(1) = wy exp(- )

for eachy € {a, m, &}, where ry and oy are the two normal dis-
tribution function parameters (representing mean and standard
deviation respectively), and wy is a weighting factor. (d(t) will
be set to d(t) multiplied by a normalizing factor.) The parame-
ters found to best fit the two days of data are shownin Table 2,
and the resulting function a(t) isshownin Figure 3.

We note that Walker (2006) al so suggests approximating the
demand distribution by time of day with a combination of nor-
mal distributions.

Differentiating by direction of travel. Aswe have already men-
tioned, passengers' preferred travel time can be affected by the
length of the trip, and its direction, in particular if a changein
time zone is involved. Research presented by Walker (2006),
Garrow et a. (2007) and Evans (2009) suggests that travel time
preferences are similar for all directions of travel except for
west-to-east, and the difference is more noticesable for travel
which includes at |east one time zone change, and takes more
than 3 hours.

To illustrate, we give a sample of the results given in Evans
(2009), obtained by analysing schedules operating at the end
of 2007 for 44 carriers flying to 994 different airports in Eu-
rope, North America, Asia, Africa, South America and Aus-
tralia, including all airlines in the Star alliance, al arlines in
the oneworld alliance, Malaysia Airlines and Jetstar. The data



used only included scheduled services, and did not include ac-
tual passenger data, so only the available capacity of each leg
was used in the analysis. Plots of total flight capacity by local
hour of departureare given for all non-west-to-east flights (with
net west-east travel |ess than 750km), broken down by length of
trip, in Figure 4. Similar plotsfor west-to-east travel are shown
in Figure 5 (the case of trips less than 1000km is omitted, be-
causeit isvery similar to the non-west-to-east case).

Non-West-East Weekday Capacity vs Dep Hour Non-West-East Weekday Capacity vs Dep Hour
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Figure 4: Non W-E Capacity versus local hour of departure
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Figure 5: W-E Capacity versuslocal hour of departure

The differences are particularly apparent for trips of greater
than 2000km. In these cases, it appears that a significant por-
tion of the late afternoon/evening demand is shifted to arrive
after 5am instead of before midnight. This may be a natural
consequence of airport curfews, or may reflect actual passenger
preferences.

Thus we adjust our demand profile function on OD pairs
corresponding to long west-to-east trips, by shifting the portion
of demand that would arrive between midnight and 5am to the
next day. Mathematically, we construct an OD-specific demand

profile

d(t) + d(TS+t—T>M), T2#M <t <T@M4TE-_TS
dod(t) = { 0, Tog<t<T§
d(t), otherwise,

where [T, Tf] istheinterval of time during which trips depart-
ing o can be expected to arrive at d in the midnight to 5am in-
terval, and T 52" is obviously 5am in commensurate time units.

This is clearly something of an ad hoc adjustment, and in
future work, we plan to derive fare and demand profiles, and
adjust the timing for types of groups, differentiated by direction
and length of travel.

5. Benchmark problems

Inthis section we present summary statistics of the 33 bench-
mark instances created using the methodology described in this
paper, taking as input the flight network and OD-pair demand
data generated in our first paper Akartunali et a. (2009a). The
complete set of instances and supporting material isavailable at
theURL www.infotech.monash.edu.au/~wallace/airline_
benchmarks aong with the reference Evans (2009).

The 33 instances consist of 30 with asingle hub, and 3 with
two hubs. The instances are grouped into threes. Each group
of three networks were generated using the same parameters
except the number of spokes which was varied to provide net-
worksof different sizes. Theinstances show avariety of charac-
teristics, from small to largein terms of thetotal passenger mar-
ket, flying range, and size of the flight network. They also have
differing degrees of asymmetry in the geometry of the flight
network, as well as in the OD-pair demand, which also range
over the proportion of passengers with an available direct ser-
vice, versus those with at best a one-stop service. More details
can be found in Akartunali et a. (2009a).

Herein Tables 3 and 4 we show for each instance the flight
network size, total number of OD-pair demands, total number
of passengers and summary statistics of the passenger load on
arcsthat was used to infer the OD-pair demand. We also give, in
the column “Pax groups’, the total number of passenger groups
generated by the methodology we have described here, which
ranges from just over 100 up to nearly 21,000 in the largest
case. In the four columns headed “OD-pair pax groups’ we
give summary statistics of the number of passenger groups gen-
erated for each OD-pair. These range from 1, meaning that the
expected frequency of service on that OD-pair was so low that
only the time-insensitive group was generated, to a high of 29.
In the final four columns, headed “OD-pair max revenue” we
give summary statistics for the total revenue available in each
OD-pair market. Thisis calculated by multiplying the number
of passengersin each group by its peak fare, and is the revenue
that would be collected if every passenger could be carried at
their preferred time of travel.

As can be seen from the tables, the instances display arange
of features. They offer good opportunitiesfor testing optimiza-
tion approaches, with the ability to investigate performance against
various characteristics, aswell as to test scalability algorithms.



Spoke oD Pax Arc pax count Pax OD-pair pax groups OD-pair max revenue
Instance ports Arcs pairs  count avg stdev.  min max groups ag sStdev minmax  avg stdev min max
H1A 72 144 2496 72408 502.83 28521 107 1472 2523 101 018 1 4 172888 72053 533.19 883862
H2A 12 24 106 14160 590 327.26 212 1472 112 106 042 1 4 840564 143718 241536 920988
H3A 24 48 359 23232 484 29063 30 1472 365 102 023 1 4 388639 852394 907.91 651856
H4A 72 144 2834 72408 502.83 28521 107 1472 2861 1.01 0.17 1 4 151334 559832 556.61 769987
HAA 24 48 450 71410 1487.71 1340.7 124 4860 1848 411 43 1 29 306823 89911  242.79 794261
HBA 72 144 3374 106474 7394 82165 28 4860 6513 193 189 1 29 580823 30411.6 195.95 804883
HCA 120 240 8968 224898 937.08 911.61 68 4860 20348 227 204 1 29 445185 259185 176.5 737051
HDA 24 48 423 71410 1487.71 1340.7 124 4860 1773 419 448 1 29 32472 89176  247.47 826253
HEA 72 144 3393 106474 7394 82165 28 4860 6804 201 195 1 29 574971 292149  200.63 779450
HFA 120 240 8955 224898 937.08 911.61 68 4860 20985 234 211 1 29 44243 235644 146.5 682306
HGA 24 48 448 53230 110896 118957 83 4860 1412 315 364 1 29 251107 80359.1 247.47 895615
HHA 72 144 3254 104278 72415 80863 28 4860 5930 182 181 1 29 638346 332158 219.37 775166
HIA 120 240 8353 173132 721.38 789.65 36 4860 14877 178 173 1 29 410004 233954  200.63 665039
HJA 24 48 468 53230 110896 118957 83 4860 1500 321 371 1 29 23719.6 65873.7 224.05 715108
HKA 72 144 3333 104278 72415 80863 28 4860 6187 186 187 1 29 617027 27577.4 210 639773
HLA 120 240 8283 173132 721.38 789.65 36 4860 14944 18 178 1 29 4101.18 20096  200.63 553658
HMA 12 24 104 17564 73183 810.76 50 2640 178 171 202 1 12 526826 152894 331.78 967105
HNA 24 48 426 27824 579.67 64389 45 2640 544 128 13 1 12 167422 505658 252.15 478385
HOA 60 120 1851 51246 427.05 47921 15 2640 2024 109 0.69 1 12 841469 49929.2 20531 1.30E+006
HPA 12 24 120 17564 731.83 810.76 50 2640 205 171 212 1 12 447416 111124 256.84 700961
HQA 24 48 410 27824 579.67 64389 45 2640 567 138 143 1 12 172709 481324 252.15 419344
HRA 60 120 1821 51246 427.05 47921 15 2640 2038 112 0.74 1 12 852044 464693 20531 1.22E+006
HSA 12 24 127 20062 83592 40354 253 1472 175 1.38 1 1 4 675058 110607 828.28 620770
HTA 24 48 435 23740 49458 281.04 30 1472 441 101 021 1 4 261815 659738 369.25 542610
HUA 60 120 2323 56192 46827 256.74 155 1472 2329 1 009 1 4 116255 434993 359.89 584179
HVA 12 24 136 20062 83592 40354 253 1472 196 144 107 1 4 627319 104070 903.23 530357
HWA 24 48 441 23740 49458 281.04 30 1472 447 101 021 1 4 257603 63262 472.3 495093
HXA 60 120 2466 56192 46827 256.74 155 1472 2472 1 009 1 4 109073 39692.7 355.2 546277
HYA 12 24 100 14160 590 327.26 212 1472 106 106 043 1 4 894043 176875 907.91 1.04E+006
HZA 24 48 298 23232 484  290.63 30 1472 304 102 025 1 4 470931 115725 83297 804993
Table 3: Summary statistics for single hub benchmark instances
Spoke oD Pax Arc pax count Pax OD-pair pax groups OD-pair max revenue
Instance ports Arcs pairs  count avg stdev.  min max groups avg stdev minmax  avg stdev min max
HAB 22 74 443 94290 127419 1030.61 167 4860 2395 541 412 1 29 29889.6 787888 78.85 631689
HCB 70 226 3340 184406 81596 88814 25 4860 9654 289 25 1 29 806579 41779.7 505 693051
HEB 118 378 8315 287234 759.88 82593 35 4860 20236 243 227 1 29 530871 389212 505 1.32E+006

Table 4: Summary statistics for two hub benchmark instances



6. Conclusions and futurework

In this paper, we have argued that market segmentation and
the use of passenger groups represent a natural “next step” in
passenger choice models for use in airline planning optimiza-
tion. We have described one approach to defining such groups,
which attempts to balance sometimes divergent empirical in-
sights against what can practically be instantiated using cur-
rently available data. We have presented a methodology by
which realistic passenger group data can be generated from a
given flight network and OD-pair demands, and produced 33
benchmark instances exhibiting a range of characteristics use-
ful for testing optimization algorithms.

The data we have presented here can be used immediately
for testing aternative passenger choice models, provided an air-
line schedule is also available. We intend in future work to gen-
erate schedules to accompany this data, indeed Akartunali et al.
(2009b) explores first steps in this direction. Clearly the gen-
eration of realistic schedules depends on the available airline
resources. While much data on aircraft types and configura-
tions, airline fleets, and operating costsis publicly available, in
future work, we plan to extend our benchmark data to include
aircraft, and so provide complete sets of input datafor the flight
schedule design process. We hopethat in doing so we can stim-
ulate further research in this hitherto less-studied area of airline
planning.
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